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Abstract 
 

Throughout the last three decades, the transition towards a sustainable and “green” 
approach to chemistry has been set as a future goal for many states and industrial 
players. In pursuit of this goal, the research on enzymes as biocatalysts and on 
enzymatically driven synthesis of industrially relevant compounds has intensified. 
During that time, first industrial-scale applications containing enzymatic reaction steps 
have been adopted by pharmaceutical and agrochemical manufacturers. Enzymatic 
catalysis possesses many advantages compared to conventional organic chemistry 
synthesis pathways, yet it also has its drawbacks, which often prevents enzymes from 
replacing their conventional counterparts in the manufacturing process. Nevertheless, 
some of those drawbacks, like product inhibitions and unfavorable reaction equilibria, 
can be circumvented by reaction engineering towards combining the reaction with a 
simultaneous separation process, removing the product to another phase. This process 
is called in situ product removal (ISPR). This work investigates ISPR approaches 
based on product removal to the solid phase, namely reactive crystallization, focusing 
on their application for the (chemo)enzymatic synthesis of the compound classes of 
chiral amines and chiral carboxylic acids.  

In the first part, a previously developed concept for the reactive crystallization of chiral 
amines from transaminase-catalyzed reactions is reverted to a simple downstream 
processing concept to test its selectivity towards the high molecular weight amino 
products compared to low molecular weight amino donors. A model compound is 
crystallized selectively as an ammonium-carboxylate salt with very high purity and 
high yield recovered from the reaction mixtures. In the process, this crystallization 
technique is further adopted for another class of enzymatic reaction systems (amine 
dehydrogenases), broadening the application field for this separation method to other 
enzymatic methods of amine synthesis. The selectivity of this product crystallization 
system is tested under duress with varying crystallization parameters and surpluses of 
low molecular weight amino donors, showing robustness and reproducibility of high 
purities and yields of the crystallized amino product salts. 

In the second part of this work, the amine product salt crystallization concept, 
previously developed for reactive crystallization of primary α-chiral amines, is adopted 
for the transaminase-catalyzed synthesis of β-chiral amines. As a representative 
β-chiral amine model compound, (R)-β-methylphenethylamine is chosen. A dynamic 
kinetic resolution of its precursor, 2-phenylpropanal, is performed, using a highly 
stereoselective transaminase as the enzymatic catalyst. Reactions, which are 
augmented by the described reactive amine product salt crystallization concept, show 
much higher yields, than the controls without reactive crystallization, reaching 
productivities of 16 g/(l⸱d) on preparative scale. Therefore, in the second part of this 
work, the concept for continuous reactive crystallization of amino product salts from 
transaminase-catalyzed reactions is proven to be applicable in the synthesis of β-chiral 
amines, a compound class represented among important pharmaceuticals. 
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In the third part of this work, a novel reactive crystallization concept is established for 
the (chemo)enzymatic dynamic kinetic resolution of chiral racemic compounds. On 
the basis of mandelic acid as a model substrate, enzymatically driven racemization (via 
a mandelate racemase) was successfully combined with diastereomeric salt 
crystallization. The resolution of the racemic mandelic acid towards (R)-mandelic acid 
was achieved via diastereomeric salt crystallization with an enantiopure ammonium 
counterion. On preparative scale, the developed concept led to yields of up to 60 % 
(based on the total amount of the racemate) and a very high enantiomeric excess of 
95 % for the isolated mandelic acid enantiomer, underlining the enantioselectivity of 
the crystallization. Remarkably, this concept was realized in an aqueous medium, 
although the initial solubility of mandelic acid in water is fairly high (1 M).  
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Zusammenfassung 
 

In den letzten 30 Jahren wurde der Übergang zur nachhaltigen und „grünen“ Chemie 
zum Zukunftsziel vieler Staaten und Industriespieler deklariert. Als eines der Mittel 
zum Erreichen dieses Ziels, nahm unter anderem die Forschung am Einsatz von 
Enzymen als Biokatalysatoren und enzymatischer Synthese industriell relevanter 
Chemikalien deutlich zu. In dieser Zeit fanden die ersten Prozesse mit Einsatz von 
Enzymen ihre Anwendung im industriellen Großmaßstab in der pharmazeutischen und 
agrochemischen Industrie. Enzymatische Katalyse hat viele Vorteile gegenüber 
klassischen organisch-chemischen Syntheserouten. Dennoch hat sie auch Nachteile, 
welche den Einsatz von Biokatalysatoren anstatt klassischer Techniken verhindern.  
Manche dieser Nachteile, wie z.B. Produktinhibitionen und ungünstige 
Reaktionsgleichgewichtslagen, können mithilfe von in situ Produktentfernung (ISPR) 
überwunden werden, welche die Kombination der Reaktion mit einem simultanen 
Trennverfahren darstellt, wobei das Reaktionsprodukt in eine andere Phase entfernt 
wird. In dieser Arbeit werden ISPR-Methoden basierend auf der reaktiven 
Kristallisation von Reaktionsprodukten (Entfernung in die feste Phase) untersucht. 
Dabei liegt der Fokus auf der Anwendbarkeit dieser in (chemo)enzymatischen 
Reaktionssystemen zur Synthese von chiralen Aminen und chiralen Carboxylsäuren.  

Im ersten Teil der Arbeit wird ein bereits entwickeltes Reaktivkristallisationskonzept 
für chirale Amine aus Transaminase-katalysierten Reaktionen in einen einfachen 
Separationsprozess umgewandelt, um dessen Selektivität für die hochmolekularen 
Aminoprodukte gegenüber niedermolekularen Aminodonoren zu untersuchen. Eine 
Modellverbindung wird selektiv als Ammonium-Carboxylat-Salz kristallisiert, wobei 
sehr hohe Reinheit und hohe Ausbeuten des Produktsalzes erzielt werden. Dabei wird 
das Konzept auch auf ein weiteres enzymatisches System, die Amindehydrogenasen, 
erweitert, was den Anwendungsbereich der Kristallisationsmethode in der chiralen 
Aminsynthese vergrößert. Die Selektivität der Kristallisation wird auf verschiedene 
Parametereinflüsse und Konzentrationsüberschuss der Aminodonoren geprüft. Hierbei 
zeigt das Kristallisationskonzept Beständigkeit und Reproduzierbarkeit, sowie hohe 
Reinheit und Ausbeuten der kristallisierten Aminoproduktsalze. 

Im weiteren Verlauf dieser Arbeit wird das Reaktivkristallisationskonzept, welches 
ursprünglich für primäre α-chirale Amine entwickelt worden ist, auf die Transaminase-
katalysierte Synthese von β-chiralen Aminen angewandt. Als β-chirale 
Modellverbindung wird dabei (R)-β-Methylphenethylamin durch eine dynamisch-
kinetische Racematspaltung aus 2-Phenylpropanal mittels einer stereoselektiven 
Transaminase hergestellt. Reaktionen, welche mit dem Reaktivkristallisationskonzept 
von Aminoproduktsalzen kombiniert werden, erzielen deutlich höhere 
Produktausbeuten, als Kontrollversuche ohne Kristallisation, und Produktivitäten von 
bis zu 16 g/(L⸱d) im präparativen Maßstab. Demnach wird im zweiten Teil dieser 
Arbeit die Anwendung des Konzepts der selektiven kontinuierlichen 
Reaktivkristallisation von Aminoproduktsalzen aus Transaminase-katalysierten 
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Reaktionen auf die Stoffklasse der β-chiralen Amine übertragen, wessen Vertreter 
unter wichtigen Pharmazeutika vorzufinden sind. 

Als letzter Teil dieser Arbeit wird ein neu erarbeitetes Reaktivkristallisationskonzept 
vorgestellt, welches durch Kombination von enzymatischer Racemisierung und 
diastereomerer Salzkristallisation eine neue Route zur dynamisch-kinetischen 
Racematspaltung bietet. Mandelsäure, welche als racemische Modellverbindung 
festgelegt wurde, wird kontinuierlich durch das Enzym Mandelatracemase racemisiert 
und parallel wird (R)-Mandelsäure mit einem enantiomerenreinen 
Ammoniumgegenion als diastereomeres Salz herauskristallisiert. So wird im 
präparativen Maßstab eine Ausbeute von 60 % (bezogen auf die gesamte 
Racematstoffmenge) und ein sehr hoher Enantiomerenüberschuss der isolierten 
(R)-Mandelsäure von 95 % erreicht, was die Enantioselektivität des Prozesses 
unterstreicht. Dabei ist bemerkenswert, dass der Vorgang im wässrigen Medium 
abläuft und solch hohe Ausbeuten trotz der hohen Löslichkeit von reiner Mandelsäure 
in Wasser (1 M) aufzeigt. 
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Abbreviations 
 

1PEA 1-Phenylethylamine HFCS High-fructose corn syrup 
2BPA 2-Biphenylcarboxylic acid HIV Human 

immunodeficiency virus 
2DPPA 2,2-Diphenylpropionic acid IPA Isopropylamine 
25CNA 2-Chloro-5-nitrobenzoic acid IRED Imine reductase 
3D Three-dimensional IScPR In situ co-product 

removal 3DPPA 3,3-Diphenylpropionic acid 
34CA 3,4-Dichlorobenzoic acid ISPC In situ product 

crystallization 
4BPA 4-Biphenylacetic acid ISPR 

IUBMB 
In situ product removal 
International Union of 
Biochemistry and 
Molecular Biology 

43CNA 4-Chloro-3-nitrobenzoic acid 
AADH Amino acid dehydrogenase 

ACE Angiotensin converting 
enzyme 

KR Kinetic resolution 

ADH Alcohol dehydrogenase LE-AmDH-v1 L-lysine dehydrogenase 
from Geobacillus 
stearothermophilus 
F137A mutant 

ADP Adenosine diphosphate 
ADPE 2-Amino-1,2-diphenylethanol 
AmDH Amine dehydrogenase 
AMP Adenosine monophosphate MA Mandelic acid 
API Active pharmaceutical 

ingredient 
MAO Monoamine oxidase 

ATA Amine transaminase MIO  3,5-dihydro-5-
methyldiene-4H-
imidazol-4-one 

ATP Adenosine triphosphate 

BPA Biphenyl-4-carboxylic acid β-MPEA β-Methylphenethylamine 
CAL-B Candida antarctica lipase B NAD+/NADH Nicotinamide adenine 

dinucleotide CR Chiral resolution 
DKR Dynamic kinetic resolution NADP+/NADP

H 
Nicotinamide adenine 
dinucleotide phosphate DNA Deoxyribonucleic acid 

DPAA Diphenylacetic acid NOx NADH-oxidase 
DPEN 1,2-Diphenylethanediamine PCPA 1-

Phenylcyclopentanecar-
boxylic acid 

EA Activation energy 
EC Enzyme commission 
ee Enantiomeric excess PFA 5-Phenyl-2-furoic acid 
e.g. Example given PGA Penicillin G acylase 
EI Enzyme-inhibitor complex PLP Pyridoxal 5'-phosphate 
EP Enzyme-product complex PMP Pyridoxamine 5'-

phosphate 
er Enantiomeric ratio RNA Ribonucleic acid 
ES Enzyme-substrate complex Rpo-ATA ATA from Ruegeria 

pomeroyi 
ESI Enzyme-substrate-inhibitor 

complex 
TPEA 
 

1,2,2-
Triphenylethylamine 

FAD/FADH2 Flavin adenine dinucleotide TTQ  
 

Tryptophan 
tryptophylquinone FDH Formate dehydrogenase 

GABA γ-aminobutyric acid   
GDH Glucose dehydrogenase   
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1. Introduction 
 

1.1 Catalysis and biocatalysis 
 

Chemical reactions require a certain amount of energy to occur. According to the 
Arrhenius equation, the minimum amount of energy required for a reaction is called 
activation energy (EA). Without providing this amount of activation energy, the 
reaction encounters a thermodynamic barrier and cannot proceed. Naturally, for some 
reactions the activation energy can be quite high, hindering conventional synthesis.1–4 
A common way to provide the needed activation energy is to elevate the reaction 
temperature, thus essentially flooding the reaction system with energy from the 
outside. However, although it is an efficient method to circumvent this thermodynamic 
barrier, not all substances may remain stable and intact with rising temperatures, 
leading to unwanted by-products and side reactions. Thus, another approach may be 
chosen, lowering the required reaction energy. This is achieved by the process called 
catalysis. A catalyst is, per definition, a substance, which modifies the transition state 
of the reaction by forming a complex with the reaction substrates, thus lowering the 
activation energy. After the reaction is finished, the reaction product dissociates from 
the catalyst, returning it to the reaction system in an unchanged form. Thus, a catalyst 
cannot be consumed during the reaction.5 Although it alters the activation energy of a 
reaction system, a catalyst does not alter the energies of the reaction substrates and 
products, meaning, that the reaction equilibrium is not altered as well (see Figure 1 I.). 
Consequently, a catalyst simply accelerates the reaction, although, with no effect being 
induced in the reaction equilibrium, the reaction can still run both ways, it is reversible.  

 
Figure 1: Comparison of activation energy for catalyzed and uncatalyzed reactions. I. The utilization of 
a catalyst (red curve) significantly decreases the required amount of activation energy (EA) to reach the 
transitional state of the reaction. II. Activation energy of the catalytic steps in enzymatic catalysis (red 
curve) compared to an uncatalyzed reaction (black curve). Adapted from Faber 2018.6 

A special subdivision of catalysis is biocatalysis. As the name suggests, biocatalysis 
makes use of biocatalysts, biological structures naturally occurring in living organisms 
for catalysis of chemical reactions under their respective hosts physiological 
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conditions.6,7 Most of the variety of biocatalysts is made up of catalytic proteins called 
enzymes (either in a free form or within living organisms, so-called whole cells)6, 
although other biocatalysts, such as ribozymes (catalytic RNA)8 and deoxyribozymes 
(catalytic DNA)9  exist. This work will focus on enzymes, thus only enzymes will be 
discussed in detail. Since enzymes catalyze reactions of the hosts metabolism within 
the confined space of a single cell, most of them were shaped by evolution to have 
high regio- and stereoselectivities, as well high chemoselectivity allowing for high 
substrate specificities. This means, that enzymes are highly specialized on the 
formation of specific reaction products, making them very efficient for their respective 
chemical reaction.6,10 This, however, does not imply, that a certain enzyme is highly 
specialized on only one “natural” substrate. While this may be true for highly 
conserved enzymes from the primary metabolism (energy provision for life) of 
organisms, most enzymes of the secondary metabolism exhibit a varying level of 
substrate promiscuity towards natural, non-natural and even artificially made 
substrates.6 Enzymes follow the general principle of catalysis, forming an enzyme-
substrate complex with the reactants, thus lowering their respective activation energy. 
The formed product is then briefly bound in the enzyme-product complex, which then 
dissociates yielding the freed product and unchanged enzymatic catalyst. All three 
steps require a certain amount of activation energy, however it is usually much lower, 
than the EA of the uncatalyzed reaction (see Figure 1 II.).6,10  

 

1.2 Enzymes: Classification, structural elements and their 
function 
 

Enzymes are usually classified in accordance with the guidelines of the Nomenclature 
Committee of the International Union of Biochemistry and Molecular Biology 
(IUBMB). The guidelines produce an international system of codification called the 
“Enzyme Commission numbers” (EC-numbers) assigned to each enzyme individually. 
EC-numbers consist of main classes and following subcategories. With this 
nomenclature the enzymes are sorted by their respective catalyzed reaction types. 
Those are shown in Table 1 with their corresponding reaction type. The first six main 
classes of EC-numbers show the original classification as it was first proposed, while 
the 7th class of translocases was added only in 2018.11 
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Table 1: Classification of enzymes according to IUBMB guidelines into EC-classes. 

Enzyme Class EC-
number 

Catalyzed reaction Examples 

Oxidoreductases EC 1.X Redox (oxidation and 
reduction) reactions 

Oxygenases, 
peroxidases, 

dehydrogenases 
Transferases EC 2.X Transfer of functional 

groups between molecules 
Methyltransferases, 

acyltransferases, 
kinases, 

transaminases 
Hydrolases EC 3.X Hydrolysis of bonds under 

consumption of water 
Esterases, 
proteases 

Lyases EC 4.X Breaking or formation of 
bonds without the 

consumption of water 

Decarboxylases, 
dehydratases, 

aldolases 
Isomerases EC 5.X Isomerization of molecules, 

incl. racemization 
Racemases, 
epimerases 

Ligases EC 6.X Formation of bonds under 
consumption of energy 

(simultaneous breakdown 
of ATP) 

Chelatases, 
DNA-ligases 

Translocases EC 7.X Transport of compounds 
and ions across membranes 

Transporter 
proteins 

 

The latest release of the EXPASY-Database contains 6843 active entries for classified 
enzymes. However, the classification only ranges up to the catalyzed reaction. Thus, 
if enzymes from certain organisms follow the same reaction pattern, they are grouped 
under the same EC-number.11 That is why the respective entries contain listings of 
enzymes from another database called UniProt/SwissProt. The UniProt database is a 
general protein database classifying proteins (thus also enzymes) via their unique 
protein sequences. In UniProt, a simple search query of “enzyme” shows over 64000 
reviewed enzyme sequences, while the number of unreviewed enzymatic sequences is 
far over 11 000 000 for this query only.12 With the assumption, that there are over 2.1 
million described eukaryotic species on earth13, while bacteria and viruses (also 
possessing enzymes) have not been counted, the real number of existing unique 
enzymes is much higher. 

As already mentioned above, enzymes are proteins. Proteins per definition are 
macromolecules composed of amino acids which are chained together via peptide 
(amide) bonds. In living organisms, proteins perform a variety of functions, ranging 
from catalysis (enzymes) to structural integrity and compound transportation. As with 
many biological concepts, with all proteins the structure-function relationship is 
important, as only a certain spatial structure allows the protein to perform its function 
properly. Generally, protein structures can be subdivided into four categories (see 
Figure 2). The primary structure of a protein is the simple chain of amino acids, 
essentially a polyamide (Figure 2 I.). Primary chains can however assume different 
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forms, coordinated through forces of intramolecular attraction between the side chains 
of the amino acids and the polar elements of the peptide bonds. These are subdivided 
into two types of secondary protein structures: the α-helices and β-sheets (see Figure 
2 II.). Since the primary amino acid chain of a protein can easily encompass 300 - 400 
amino acids, several secondary structures can be formed sequentially within one 
protein. Those in turn form the tertiary structure of the protein (see Figure 2 III.), 
which is again held together by intramolecular attraction, like hydrogen bonds, π-π-
stacking and Van der Waals forces, as well as through covalent bonds between amino 
acid side chains (disulfide bonds). However, sometimes proteins aggregate into a 
quaternary structure, consisting of several tertiary protein molecules as subunits (see 
Figure 2 IV.). Those quaternary structures (also referred to as protein complexes) can 
be homogenous (consisting only of one type of protein) or heterogenous (several 
different types of subunits). Both tertiary and quaternary structures of the proteins are 
functional within organisms, the formation of quaternary structures being dependent 
on the organism of origin of the protein. Both can complex metal ions and organic 
molecules within a single tertiary structure or the quaternary conglomerate.14  

 

Figure 2: Subdivision of protein structure types. I. Primary structure, II. Secondary structure elements, 
III: Tertiary structure of a protein, IV. Quaternary structure. Adapted from Whitford 2005. 14  

Proper tertiary protein structure is achieved by a process called folding. It is estimated, 
that the functional tertiary structure, the so-called native form of a protein, represents 
a (local) minimum of the free energy level from all tertiary folding possibilities. 
However, since there are different minima in such a process, other (than the native) 
folding forms for the tertiary structure of the same protein can exist. Such misfolded 
forms usually are hindered in their function. Sometimes, such errors in folding, 
induced either by genetic mutations or outside factors, can cause disease in complex 
organisms.15–17 That is why organisms even have specialized protein folding and 
“proofreading” machineries based on so-called chaperones. Those assist the folding 
and unfolding of tertiary structures both during and after protein synthesis.18 Since 
within living cells an aqueous medium is predominant, most proteins are folded with 

forms, coordinated through forces of intramolecular attraction between the side chains 

of the amino acids and the polar elements of the peptide bonds. These are subdivided 

into two types of secondary protein structures: the a-helices and -sheets (see Figure 

2 II.). Since the primary amino acid chain of a protein can easily encompass 300 - 400 

amino acids, several secondary structures can be formed sequentially within one 

protein. Those in turn form the tertiary structure of the protein (see Figure 2 III.), 

which 1s again held together by intramolecular attraction, like hydrogen bonds, nt-m- 

stacking and Van der Waals forces, as well as through covalent bonds between amino 

acid side chains (disulfide bonds). However, sometimes proteins aggregate into a 

quaternary structure, consisting of several tertiary protein molecules as subunits (see 

Figure 2 IV.). Those quaternary structures (also referred to as protein complexes) can 

be homogenous (consisting only of one type of protein) or heterogenous (several 

different types of subunits). Both tertiary and quaternary structures of the proteins are 

functional within organisms, the formation of quaternary structures being dependent 

on the organism of origin of the protein. Both can complex metal ions and organic 

molecules within a single tertiary structure or the quaternary conglomerate.'* 
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Figure 2: Subdivision of protein structure types. I. Primary structure, II. Secondary structure elements, 

I1I: Tertiary structure of a protein, IV. Quaternary structure. Adapted from Whitford 2005. 14 

Proper tertiary protein structure 1s achieved by a process called folding. It is estimated, 

that the functional tertiary structure, the so-called native form of a protein, represents 

a (local) minimum of the free energy level from all tertiary folding possibilities. 

However, since there are different minima in such a process, other (than the native) 

folding forms for the tertiary structure of the same protein can exist. Such misfolded 

forms usually are hindered in their function. Sometimes, such errors in folding, 

induced either by genetic mutations or outside factors, can cause disease in complex 

organisms.'>™'7 That is why organisms even have specialized protein folding and 

“proofreading” machineries based on so-called chaperones. Those assist the folding 

and unfolding of tertiary structures both during and after protein synthesis.!® Since 

within living cells an aqueous medium 1s predominant, most proteins are folded with 
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polar amino acid side-chains facing outwards, while hydrophobic non-polar side-
chains face inward of the 3D-structure, greatly increasing the protein’s stability.19 
However, through contact with non-optimal temperatures, pH-values or with organic 
solvents the tertiary structure is destabilized, those hydrophobic side chains can start 
facing outwards, prompting the molecule to quickly change its structure to a new free 
energy minimum. Through this, the functional structure is lost and the solubility in 
water greatly decreases. This state of the protein is called denatured.20,21 

Within the enzyme, a region for substrate binding exists, which allows for the 
formation of the enzyme-substrate complex. This region also usually is the catalytic 
ground of the enzyme and is called an active site. Since only substrates with certain 
functional groups can form a catalyst-substrate complex with a specific enzyme 
(chemoselectivity), enzymatic catalysis can be described with the so-called “key-lock” 
principle, wherein both the substrates and the enzymatic active site follow the same 
geometry of their respective shape, allowing for an ideal fit for the reaction. The 
geometry of the active site hereby is generated by the residues of the amino acids 
forming the tertiary protein structure. However, since enzymes as proteins are dynamic 
structures, the “key-lock” principle was augmented in its description to yield the 
“induced fit” theory. It states, that an active site, while being specialized for a certain 
substrate, changes conformation by its binding, bending the side chains of its amino 
acids into shape. The same happens after product dissociation, restoring the active site 
to its pre-binding conformation (see Figure 3). This approach also explains the certain 
levels of substrate promiscuity within the borders of the same catalyzed reaction, 
which some enzymes are known to have.6,22,23 

 
Figure 3: Visualization of an enzymatic catalytic cycle following the induced fit theory. The 
conformational change of the active site occurs for the binding of the substrates, forming the enzyme-
substrate complex (I.-II.). After the catalytic step, the product dissociates from the active site, restoring 
its original shape and conformation (III.-IV.). 

Only a small number of amino acid residues, mostly polar, act as the catalytic medium 
while the rest of active site-adjacent residues coordinate the substrate binding 
geometry and act as possible nucleophiles/electrophiles to accommodate possible 
charges of the substrate.6 A prominent milestone, allowing for an insight into the 
mechanisms of enzymatic catalysis, was the discovery of the “catalytic triad”. The 
catalytic triad was first described for serine proteases (e.g. chymotrypsin), enzymes 
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Figure 3: Visualization of an enzymatic catalytic cycle following the induced fit theory. The 
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catalyzing the hydrolysis of proteins.24 Later, homologous catalytic motives were 
found predominantly in the enzyme classes of hydrolases and transferases (see Figure 
4).6,25  

 
Figure 4: The catalytic triad of a serine protease (e.g. chymotrypsine). The mechanism of hydrolysis of 
a peptide (amide) bond is showcased in four separate steps through the charge relay within the catalytic 
triad. Adapted from Wieczorek et al. 2017 26 and Rauwerdink et al. 2015 27. 

A regional grouping of three amino acids allows for a creation of a charge relay system, 
which transfers electrons in the process of bond cleavage/formation. The nucleophile 
amino acid residue (serine) is polarized by the basic histidine, which in turn is 
coordinated and polarized by the sour aspartic acid. Hence, the activated serine 
nucleophile can attack the substrate, while the residual proton is accommodated by the 
histidine. Through the rearrangement of the peptide bond, the amine is cleaved, taking 
the previously deposited proton from the histidine. Then, the nucleophilic aspartic acid 
attacks the histidine residue’s other electrophilic proton, rearranging the histidine’s 
charge and turning it into a nucleophile, which in turn attacks a water molecule’s 
proton. This prompts the oxygen of the water molecule to bind to the substrate-serine 
binding site. Through charge rearrangement, the serine is then cleaved and attacks the 
electrophilic proton of the histidine, which in turn returns its other electrophilic proton 
from the aspartic acid. This restores the catalytic triad to its starting form.6,24,25 
Depending on the enzyme class, mechanisms involving catalytic dyads (two active 
residues)28 or tetrads (four active residues)29 have also been described. 

An alternative to the catalytic triad is a cofactor-based mechanism. Cofactors are small 
non-protein molecules or ions, that are required for the catalytic process of certain 
enzymes. They are divided into inorganic cofactors, which are represented by metal 
ions, and organic cofactors or coenzymes, which are represented by small organic 
molecules. Organic cofactors are further divided into prosthetic groups, which are 
permanently bound to the protein covalently or by intermolecular forces (e.g. heme 
group), and co-substrates, which are loosely associated to the enzyme and can 
dissociate and reattach at any time. Examples of organic cofactor molecules are shown 
in Figure 5.6,30  
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Figure 5: Examples of organic cofactors. The abbreviations mean the following: AMP/ADP/ATP – 
adenosine mono-/di-/triphosphate; PLP – pyridoxal phosphate; NAD+/NADP+ – nicotineamide adenine 
dinucleotide/dinucleotide phosphate in its oxidized form. 

Inorganic cofactors, such as metal ions, play a diverse role for enzyme activity. They 
augment the electron transfer and enzyme substrate complex stabilization, when they 
are a part of the active site. This happens due to the metal ion’s ability to coordinate 
negative charges. However, this ability can also play a role in the stabilization of the 
enzymes tertiary structure while not participating directly in the catalytic process. 
Catalytically active metal ions, acting as Lewis acids or redox centers are also 
known.31,32 Enzymatic structures accommodating different metal ions, ranging from 
simple alkaline earth metals, like Mg2+ and finishing with heavy metals from the 4th-
5th periods, like cobalt or molybdenum have been described in literature.31 

Organic cofactors are also fairly common to be found in the active site or in its vicinity. 
A number of organic cofactors exist, covering different roles in the catalytic reactions 
of enzymes. As will be shown on the example of transaminases, cofactors like 
pyridoxal phosphate (PLP) can act as catalytic intermediates, transiently binding 
functional groups for transfer on other molecules, being regenerated to its original state 
after this process. Then again, cofactors like nicotineamide adenine dinucleotide 
(NAD+/NADH) or its phosphorylated form (NADP+/NADPH) act as electron donors 
or acceptors in enzymatically catalyzed redox reactions, thus also possessing an 
oxidized and a reduced form. If the enzymatic reaction requires additional activation 
energy, cofactors like adenosine triphosphate/diphosphate (ATP/ADP) commonly 
provide this energy through the hydrolysis of the pyrophosphate bond. Enzymes 
previous to cofactor binding are called apoenzyme, while enzymes with the bound 
cofactor are called holoenzyme.6,30,33  
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Figure 5: Examples of organic cofactors. The abbreviations mean the following: AMP/ADP/ATP — 

adenosine mono-/di-/triphosphate; PLP — pyridoxal phosphate; NAD"/NADP" — nicotineamide adenine 

dinucleotide/dinucleotide phosphate in its oxidized form. 
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provide this energy through the hydrolysis of the pyrophosphate bond. Enzymes 

previous to cofactor binding are called apoenzyme, while enzymes with the bound 
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1.3 Advantages and disadvantages of enzymatic catalysis 
 

Like any technique in chemical synthesis, the route using enzymatic catalysis has its 
advantages and disadvantages. Since enzymes exist in living organisms, one of their 
main advantages is their catalytic function in mild conditions. Enzymes usually have 
their catalytic optimum in aqueous media under the retainment of “physiological” 
conditions, such as narrow pH ranges of 5-8 (mostly pH 7) and temperature ranges of 
20-40 °C. This has two subsequent advantages. Firstly, possibilities of side-reactions 
of the substrates and products, such as decompositions or rearrangements, are reduced. 
Secondly, mild reaction conditions combined with reaction processes in water reduce 
the environmental impact of those processes overall, contributing to sustainability. 
Although performing at low temperatures, the efficiency of enzymatic catalysis is very 
high. With reaction rates 108-1010-fold higher than uncatalyzed reactions and 
employed catalyst loadings of 0.001-0.01 mol% (opposed to chemocatalyst loadings 
of 0.1-1 mol%), the efficiency of enzymatic catalysts can rival that of chemocatalysts 
quite comfortably. Then again, as previously mentioned, although enzymes possess 
high chemo- and regioselectivity, enzymes are known to show certain promiscuities in 
terms of their catalytic activity and specificity.34 Literature describes three types of 
exhibited promiscuity, the first being condition promiscuity, allowing for the catalyzed 
reaction to occur in media not native for the enzyme (e.g. solvent other than water). 
Another possible variance in the enzyme’s activity is catalytic promiscuity, meaning 
the possibility of catalyzing different side reactions in addition to its main catalytic 
activity. Examples of the exploitation of such “accidental” catalytic side activities and 
even the intended induction of catalytic promiscuity have been also described in 
literature. The third type of catalytic deviation would be substrate promiscuity. 
Substrate promiscuity describes the phenomenon of possible (main) catalytic activity 
towards non-natural substrates, meaning that a range of different molecules can be 
accepted for the catalysis of the same reaction. Thus, substrate promiscuity allows for 
a certain degree of universal applicability of the same enzymatic catalyst to different 
substrates. All three promiscuity types combined elevate the universality factor of 
enzymes even further, allowing for some enzymes to be applied outside of their native 
conditions for catalysis of a broad substrate range, this fact, of course, being a major 
advantage.34,35 All those advantages can then be combined with another major plus of 
enzymatic catalysis – its high stereoselectivity. Due to their biological origin, enzymes 
are composed of mainly L-amino acids (naturally most occurring form of amino acids 
in proteins), this fact already making them chiral catalysts. Adding the fact, that many 
biological processes also depend on only one enantiomer of a chiral compound, it 
becomes obvious, that the existence of a plethora of highly stereo- and enantiospecific 
enzymes in every organism is an evolutionary necessity. This pool of finely tuned 
biocatalysts can in turn be applied in asymmetric synthesis, since, depending on the 
organism, enzymes have been shown to exist for the catalysis of an overwhelming 
quantity of classic reactions of organic chemistry.6,10 

Nevertheless, some advantages of enzymatic catalysis may also become its drawbacks. 
While mild reaction conditions may be environmentally sustainable, the changes in 
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those conditions may be critical to the enzyme’s stability. Enzymes being proteins, an 
elevation of reaction temperature for the increase in reaction speed is risky beyond the 
40 °C mark due to the risk of the enzyme’s deactivation (e.g. through misfolding) or 
even denaturation of its tertiary structure and thus irreversible loss of catalytic activity. 
The same can be said about pH values, although exceptions exist in the form of 
enzymes from thermophilic or acidophilic organisms, which are naturally adapted to 
higher temperatures and/or pH values. Furthermore, while enzymes are highly 
stereoselective, this stereoselectivity only comes in one form. As naturally occurring 
proteins use L-amino acids as their backbone, an enzyme’s other “enantiomer” 
consisting of D-amino acids is not obtainable, not allowing a simple change in chirality 
for the reaction products. Thus, another enzyme has to be found for synthesis of the 
product’s other enantiomer. The stereopreference of an enzyme can usually only be 
modified through its artificial mutagenesis. While exhibiting substrate promiscuity, 
enzymes are known to be prone to inhibitions. For example, since a certain range of 
substrates can be bound in the active site of the enzyme, there is a possibility of binding 
a substrate, which cannot be converted by the enzyme. Such an inhibitor would then 
occupy the active site, blocking it for the desired substrate (competitive inhibition). 
The inhibition phenomena will be discussed in detail further. Finally, another 
disadvantage is the reliance on cofactors for some enzymes. Here, two factors come 
into play. Some organic cofactors can be unstable, e.g. ATP has a highly energetic yet 
unstable pyrophosphate bond and is prone to autohydrolyze into the more energetically 
balanced di- and monophosphate forms. Partially, such instability causes the second 
factor, namely the relatively high cost of organic cofactors, since those are difficult to 
replace, being essential to the enzyme’s catalytic activity.6,10  

A disputable point is the reliance of enzymes on water. While it is true, that enzymes 
are naturally specialized on reactions being performed in aqueous environments, in 
nature, plenty of enzymes are native to hydrophobic environments as well, e.g. bound 
to membranes. Hydrophobic substrates in organic synthesis possess very limited 
solubility in water, thus limiting substrate availability for a potential enzymatic 
reaction. Furthermore, enzymes have water molecules interspersed within their native 
tertiary structures, mediating hydrogen bonds and thus assisting in maintaining its 
stability. Nevertheless, it was found, that some enzymes require only trace amounts of 
water in their structure, sometimes referred to as “structural water” to remain 
catalytically active, while the remaining aqueous environment (so-called “bulk water”) 
may be replaced by organic solvents.6 A prominent example of such an enzyme is the 
lipase from Candida antarctica (CAL-B), of which plenty application examples in 
organic media exist throughout literature and industry.36,37 As for the matter of 
substrate/product solubility, compromising and combinatorial approaches for 
enzymatic catalysis can be utilized. The former involves partially aqueous reaction 
media, which are obtained through addition of water-miscible organic solvents into the 
reaction mixture. With this approach, enzymes have been shown to tolerate fairly high 
percentages of organic solvents in their respective reaction media. For the latter, 
multiphasic systems have been adopted, combining an aqueous phase containing the 
enzymes with organic phases, accommodating the substrates and sometimes the 
products within the organic solvent layer, simultaneously benefiting product 
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separation. Enzymes were shown to survive on phase boundaries between organic and 
aqueous layers. In the matter of solvent choice for enzymatic reactions, the tolerance 
towards organic solvents has to be reviewed for each enzyme individually.6,10 

 

1.4 Enzyme inhibition 
 

As mentioned previously, enzymes are prone to several kinds of inhibition phenomena. 
An inhibitor for an enzyme can be defined as a molecule, that diminishes or eliminates 
the activity of an enzyme through binding to it. Several mechanisms of inhibition exist. 
They are divided into irreversible inhibition and reversible inhibition, while the 
reversible category also has several subcategories (see Figure 6).10,38 As explained 
previously, following the “induced fit” theory, the substrate binds to an active site by 
being sterically positioned through intermolecular forces with the amino acid residues 
within the active site. However, if a molecule fitting into the active site was to 
covalently bind to one or several amino acid residues without the possibility to reverse 
this binding (e.g. through the proceeding reaction with the catalytic residue), then the 
active site is occupied and no reactions can proceed within the enzyme. Such a 
molecule, forming an irreversible covalent bond within the active site would then be 
called an irreversible inhibitor.39,40 

 
Figure 6: Graphical illustration of different enzyme inhibition mechanisms. I. Irreversible inhibition: 
An inhibitor is covalently irreversibly bound in the active site, not allowing further access to it for 
substrates. II. Competitive inhibition: The inhibitor competes with the substrate in the binding to the 
active site while not reacting with the enzyme itself. III. Allosteric inhibition: In uncompetitive 
inhibition, the allosteric site only becomes accessible to the inhibitor when the enzyme-substrate 
complex is formed. In non-competitive inhibition, the allosteric site can also be accessed by the inhibitor 
prior to substrate binding. As soon as the inhibitor is bound, the active site changes its conformation, 
impairing the reaction at the stage of an enzyme-substrate complex. E – enzyme, I – inhibitor, P – 
product, [ES] – enzyme-substrate complex, [EI] – enzyme-inhibitor complex, [ESI] – enzyme-substrate-
inhibitor complex. 

separation. Enzymes were shown to survive on phase boundaries between organic and 

aqueous layers. In the matter of solvent choice for enzymatic reactions, the tolerance 

towards organic solvents has to be reviewed for each enzyme individually.%!° 

1.4 Enzyme inhibition 
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within the active site. However, if a molecule fitting into the active site was to 

covalently bind to one or several amino acid residues without the possibility to reverse 
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active site 1s occupied and no reactions can proceed within the enzyme. Such a 

molecule, forming an irreversible covalent bond within the active site would then be 

called an irreversible inhibitor.>”*" 
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Figure 6: Graphical illustration of different enzyme inhibition mechanisms. I. Irreversible inhibition: 

An inhibitor 1s covalently irreversibly bound in the active site, not allowing further access to it for 

substrates. II. Competitive inhibition: The hibitor competes with the substrate in the binding to the 

active site while not reacting with the enzyme itself. III. Allosteric inhibition: In uncompetitive 

inhibition, the allosteric site only becomes accessible to the inhibitor when the enzyme-substrate 

complex is formed. In non-competitive inhibition, the allosteric site can also be accessed by the inhibitor 

prior to substrate binding. As soon as the inhibitor is bound, the active site changes its conformation, 

impairing the reaction at the stage of an enzyme-substrate complex. E — enzyme, I — inhibitor, P — 

product, [ES] — enzyme-substrate complex, [EI] —enzyme-inhibitor complex, [ESI] —enzyme-substrate- 

inhibitor complex. 
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For reversible inhibition, as the name suggests, the inhibitor molecules only bind 
reversibly to the enzyme, impairing its function. Here, competitive and allosteric 
inhibition mechanisms exist. For competitive inhibition, the inhibitor is mostly a 
structurally similar molecule (possessing some degree of affinity to the active site) to 
the substrate, which cannot be converted to a product by the enzyme. Such a molecule 
then associates to the active site, occupying it and not allowing the real substrate to 
bind. With time, the competitive inhibitor then dissociates, freeing up the active site 
for the real substrate (reversible inhibition, see Figure 6 II.). This type of reversible 
inhibition thus slows the reaction not by altering the enzyme’s reaction steps, but by 
competing with the substrate for binding at the active site. Thus, higher substrate 
concentrations are needed to statistically reach the same reaction velocities as with an 
uninhibited reaction.40,41 

Opposed to competitive inhibition, allosteric inhibition does indeed alter the reaction 
steps of an enzyme by binding to the enzyme-substrate complex and not to an empty 
active site. With this type of reversible inhibition, an allosteric inhibitor binds to an 
allosteric site (distinctly other binding site than the active site), causing a 
conformational change within the enzyme-substrate complex, not allowing the 
reaction to proceed. Within allosteric inhibition, two mechanisms are distinguished: 
uncompetitive and non-competitive inhibitions (see Figure 6 III.) They vary in the 
mode of allosteric inhibitor binding. With uncompetitive inhibition, the inhibitor 
exclusively binds to the enzyme-substrate complex, thus not impairing the substrate 
binding at all. However, due to the deactivation of the enzyme-substrate complex, the 
velocity of the reaction is slowed (until dissociation of the inhibitor). Non-competitive 
inhibitors can bind to the allosteric site both when the active site is free (decrease in 
substrate binding affinity) and when it is occupied (deactivation of the enzyme-
substrate complex).40,41  

There is also another special type of reversible inhibition, called substrate or product 
inhibition, which can be observed in some enzyme classes (e.g. transaminases). Here, 
elevated concentrations of either the substrate or the product (or both) may influence 
the enzyme’s activity. An exemplary explanation for the product inhibition would be 
for example, that due to similar structure, the product may act as a competitive 
inhibitor, when accumulated to a significant concentration. Exemplary for substrate 
inhibition would be the case, when multiple substrate molecules bind to the enzyme-
substrate complex (due to high concentrations), thus not being able to be converted to 
a product.42–44 

The mechanism of enzymatic inhibition is often exploited in pharmaceutical science, 
with over 100 different enzyme inhibitors being marketed.45 The enzyme inhibitory 
market has been estimated to number 95 billion US dollars annually in 2007.46 This is 
not unexpected since even though enzymes regulate almost all reactions in the human 
body, faulty enzymes also regulate reactions, that cause diseases, not even mentioning, 
that human pathogens have their own enzymes. Thus, enzymatic inhibitors can be 
found in therapy approaches ranging from high blood pressure (angiotensin-converting 
enzyme inhibitors – ACE inhibitors) to cancer therapy and treatment of HIV.45–48 
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1.5 Chirality and optically active compounds 
 

Chirality is defined as a molecular property based on molecular asymmetry. Only 
when a molecule cannot be converted into itself by means of rotation or reflection in 
symmetry plains (asymmetry), but can be mirrored along its rotatory axis, it is 
considered chiral. Another term for chirality would be handedness. Said mirroring 
along its rotatory axis produces two enantiomers of a molecule. In practice, this means, 
that as soon a molecule assumes a non-planar three-dimensional form, it may produce 
enantiomers, if it shows asymmetry.49,50 On the most widely spread example of a 
carbon atom, which forms 4 bonds and thus assumes a tetrahedral 3D-structure, that 
asymmetry is given only when all four bonds are formed with different substituents. 
Then the molecule can be mirrored along its rotatory axis, producing two enantiomers 
(see Figure 7), while the carbon atom acts as a so-called chirality center. 

 
Figure 7: A. Two enantiomers of a molecule, formed from a quaternary substituted carbon atom. The 
nomenclature is determined by the CIP rule, placing A as highest priority and D as lowest. B. Two 
enantiomers of alanine in Fischer projection showing the nomenclature of the D-/L- enantiomeric 
nomenclature.50 

The assignment of the correct nomenclature to the respective enantiomers is performed 
via the Cahn-Ingold-Prelog sequence rule (CIP rule). Here, possible substituents are 
sorted in a sequential priority. The substituent with the lowest priority is then 
positioned pointing away from the observer. If the priority of the remaining three 
substituents decreases clockwise, it constitutes an (R)-enantiomer, if it decreases 
counterclockwise, it is an (S)-enantiomer. Another version of stereochemical 
nomenclature used predominantly in sugars and amino acids is the D-/L- nomenclature 
based on their Fischer projection. Here, a molecule’s D- or L- enantiomeric 
configuration is determined on the basis of its bottom placed stereocenter. If the higher 
prioritized substituent is facing right it constitutes a D-enantiomer, if it is facing left – 
an L-enantiomer (see Figure 7).51 
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Figure 7: A. Two enantiomers of a molecule, formed from a quaternary substituted carbon atom. The 
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The optical purity of a compound can be expressed via two different parameters – the 
enantiomeric excess (ee) and the enantiomeric ratio (er). Both show a degree of 
prevalence of one enantiomer over the other. Enantiomeric excess is calculated as the 
difference between the mole fractions (x) of both enantiomers in the mixture. The 
enantiomeric ratio is a quotient of the dominant enantiomer and the less dominant 
enantiomer. Both are interconvertible, as shown below (formula 1). A mixture of the 
two enantiomers in equal ratios is called a racemate. A racemate would have an ee of 
0 and an er of 1.52 

 

𝑒𝑒 =
𝑥(𝑅)−𝑥(𝑆)

𝑥(𝑅)+𝑥(𝑆)
=

𝑒𝑟−1

𝑒𝑟+1 
           𝑒𝑟 =

𝑥(𝑅)

𝑥(𝑆)
=

1+𝑒𝑒

1−𝑒𝑒
 (1) 

Two enantiomers usually show the same physical properties and are only 
distinguishable by their optical characteristics of light polarization or by interaction 
with a chiral environment. However, a racemate can differ in its physical properties 
from a pure enantiomer, e.g. in solubility, melting point, density etc.53,54 Another 
aspect to consider is the biological impact of the different enantiomers, which makes 
chirality especially important for pharmaceutical synthesis.55–57 

If a molecule possesses more than one stereocenter, it can automatically produce two 
stereochemical variations at each stereocenter, increasing the number of optically 
active molecule variants (e.g. two stereocenters = 4 different stereochemical 
configurations). Such molecules, which are equal in constitution but different in 
stereochemical configuration are called diastereomers. Diastereomers usually consist 
of enantiomeric pairs (see Figure 8) and display different physical properties, thus 
allowing for separation methods based on those properties.58–61 

 
Figure 8: Exemplary stereochemical configuration of diastereomers with two stereocenters. 
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Figure 8: Exemplary stereochemical configuration of diastereomers with two stereocenters. 
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1.5.1 Resolutions of stereoisomers: classical, kinetic and dynamic 
kinetic resolutions 
 

One of the broadly used pathways for obtainment of enantiopure compounds is called 
resolution. A racemic mixture is converted into a product by a resolving agent, which 
is stereoselective. Classical approaches are based on physical properties of the 
molecules in question, mostly involving chromatographic separation or diastereomeric 
crystallization (chiral resolution – CR).62,63 

However, if a stereospecific catalyst (e.g. chemocatalyst or enzyme) is chosen as the 
resolving agent, the resolution is called a kinetic resolution (KR). Here, the catalyst 
converts both enantiomers of the racemic mixture at different reaction rates (kR >> kS). 
So, while over time one enantiomer is fully converted into the product with a total 
surplus, the other enantiomer remains essentially unchanged due to its very slow 
reaction rate (see Figure 9).64  

 
Figure 9: A. The main principle of a kinetic resolution. Due to the discrepancy in reaction rates for the 
enantiomers, only one enantiomerically pure product is accumulated in surplus. B. Principle of a 
dynamic kinetic resolution. The addition of a racemization step allows for yields of the desired 
enantiomerically pure product of up to 99 %. 

Since many enzymes are naturally stereospecific catalysts, they often get employed as 
the resolving agent in kinetic resolutions. The ratio of asymmetric synthesis to kinetic 
resolution of racemic mixtures for enzymatic applications is estimated at 1:4.65 Due to 
the structural conformation of the enzymes active site (allowing for the 
stereospecificity in the first place), the formation of an enzyme-substrate complex is 
energetically beneficial only with one of the enantiomers, thus mediating the 
discrepancy in the reaction rates between the respective enantiomers through the 
difference in activation energies (see Figure 10).  
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stereospecificity in the first place), the formation of an enzyme-substrate complex 1is 

energetically beneficial only with one of the enantiomers, thus mediating the 

discrepancy in the reaction rates between the respective enantiomers through the 

difference in activation energies (see Figure 10). 

14 



 

 

     15 

 
Figure 10: Activation energy profile of an enzymatic kinetic resolution. The difference in activation 
energy for the formation of the enzyme-substrate complex between the R- and S- enantiomers mediates 
the preferential formation of the Rp-product. Adapted from Keith et al. 2001 64  and Faber 2018 6.  

Both classical and kinetic resolution approaches are limited in their maximum 
achievable yield, which is capped at 50 % of the racemic mixture due to preferentially 
converting only one enantiomer, while the other enantiomer frequently gets discarded. 
This challenge is addressed in the concept of dynamic kinetic resolution (DKR). A 
racemization step is added to the kinetic resolution approach, allowing for the 
interconversion of the unchanged enantiomer into a racemate. Thus, the supply of the 
converted enantiomer is replenished, allowing for yields of up to 99 % (see Figure 9 
B.).64,66–69 Said racemization step can be performed by various means. The substrate 
itself may be self-racemizing via tautomerism (e.g. keto-enol tautomerism) or a 
reaction equilibrium.70–72 Alternatively, racemization may be performed through a 
catalyst, including the utilization of enzymes. In the enzyme class of isomerases, there 
exists a subgroup of racemases (EC 5.1.), enzymes, which are naturally trimmed for 
the interconversion of enantiomers into each other.65,73 The broad possibilities for 
employment of enzymes as both a racemizing agent and a resolving agent has led to 
an increase in published chemoenzymatic74–77 and purely enzymatically driven 
reaction cascades for dynamic kinetic resolutions of various compounds in the last two 
decades.78 Thus, DKR represents an industrial tool for the production of optically pure 
compounds which is more sustainable, than classical resolutions and KRs, yet still 
simple in its realization, just like KR. With the progress achieved in the last 30 years 
for the discovery and development of robust and productive enzymes for industrial 
purposes, the sustainability factor of DKRs applying those is increased greatly on the 
path to a “greener” chemistry. 
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Figure 10: Activation energy profile of an enzymatic kinetic resolution. The difference in activation 
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the preferential formation of the ? -product. Adapted from Keith et al. 2001 ** and Faber 2018 °. 
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decades.”® Thus, DKR represents an industrial tool for the production of optically pure 

compounds which 1s more sustainable, than classical resolutions and KRs, yet still 

simple 1n its realization, just like KR. With the progress achieved in the last 30 years 

for the discovery and development of robust and productive enzymes for industrial 

purposes, the sustainability factor of DKRs applying those is increased greatly on the 

path to a “greener” chemistry. 
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1.6 Chiral amines 
 

An important compound class for chemical and pharmaceutical synthesis are chiral 
amines. Finding their use as building blocks in the assembly of more complex 
chemicals, the utilization of chiral amines ranges from pharmaceutical synthesis and 
agrochemical synthesis79–81 to the application as chiral auxiliaries in analytical 
resolutions of other chiral molecules82–84. Furthermore, chiral amines can be applied 
as a part of stereoselective metalloorganic catalysts.85–87 Especially relevant in the 
pharmaceutical sector, estimates suggest, that up to 40 % of APIs (active 
pharmaceutical ingredients) contain a chiral amine moiety as a structural element.79,88 
Some important chiral amine pharmaceuticals are shown in Figure 11. 

As can be seen, all amine classes find usage in chiral pharmaceuticals. However, it is 
always important for those to possess the right stereochemical configuration, since the 
effect of a wrongfully employed enantiomer on the human organism may vary from 
no desired effect at all to a harmful impact with long-term consequences. A relatively 
harmless example for such a case would be the employment of thyroxine, also known 
as the hormone of the thyroid gland (T4). It possesses two enantiomers (see Figure 12), 
however only (S)-thyroxine (L-enantiomer) can act as the hormone, while 
(R)-thyroxine (D-enantiomer) has no such effect. (R)-thyroxine was employed as a 
commercial pharmaceutical due to its lowering effect on cholesterol levels, however 
this was discontinued due to its association with high mortality rates in cardiac patients 
and the general availability of more effective drugs.89,90 

 
Figure 11: Important APIs containing chiral amine moieties. The pharmaceuticals are sorted by their 
respective amine classes into primary, secondary and tertiary amines. 
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Another example of an amine drugs, of which only one enantiomer actually produces 
a desired effect, would be sitagliptin91 with only the (R)-enantiomer mediating the 
most therapeutic effect. However, in the case of the well-known pharmaceutical 
scandal involving thalidomide (also known as Contergan® scandal after the 
commercial name of the compound), the employment of a racemic mixture of this 
compound led to severe malformations in fetuses, whose mothers were prescribed 
Contergan® during pregnancy to relieve morning sickness or as a sleeping medication. 
While (R)-thalidomide was therapeutically active, (S)-thalidomide caused the 
described side effects (see Figure 12).92 Hence, the development of efficient synthesis 
strategies for the stereoselective production of chiral amines is important to maximize 
the therapeutic efficacy and avoid harmful side effects. 

 
Figure 12: Structures of the enantiomers of thyroxine and thalidomide with their respective 
pharmaceutical effect. 

 

1.7 Chemical synthesis of amines 
 

Having established the importance of amines for industrial and pharmaceutical 
purposes, it is important to understand different synthesis pathways towards this 
compound class. In classic organic chemistry, a number of synthetic routes towards 
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form with the same reaction components due to the direct addition mechanism at the 
carbonyl C-atom being favored.50,93 Finally, another prominent name reaction for the 
synthesis of primary amines is the Gabriel synthesis reaction. In its mechanism, it is 
essentially a nucleophilic substitution reaction of alkyl halides, where the nitrogen acts 
as the nucleophile. However, due to the possibility of multiple nucleophilic 
substitutions with one nitrogen atom (as its nucleophilicity is gradually increased with 
each subsequent substitution) and the resulting possibility of formation of secondary 
and tertiary amines, the N-nucleophile is introduced into the reaction in a “protected” 
form, being bound within a phthalimide moiety (with the two electron pulling carbonyl 
groups acidifying the nitrogen), thus only being able to react once. Having performed 
the substitution, the phthalimide moiety is separated using hydrazine, yielding a 
primary amine.50,94 

Secondary and tertiary amines can also be produced via several synthesis strategies. 
The multiple nucleophilic substitution of alkyl halides, previously mentioned in the 
context of the Gabriel synthesis is one such strategy. Here, ammonia can act as the 
“unprotected” nucleophile, allowing for multiple substitutions towards secondary and 
tertiary amines. On this strategy, the so-called Hofmann elimination mechanism is 
based (also called exhaustive methylation). Here, a multiple nucleophilic substitution 
with a primary or secondary amine takes place, after which a quaternary ammonium 
hydroxide is formed with AgOH, dissociating from its initial compound as a tertiary 
amine through condensation.50 The other important synthesis pathway for the 
obtainment of secondary and tertiary amines is reductive amination. Here, a carbonyl 
moiety reacts with an amine forming an imine. This imine can then be reduced to a 
secondary/tertiary amine. In practical applications, there is a challenge for this 
strategy, since the carbonyl group of the unreacted carbonyl is more likely to be 
reduced (due to higher reactivity) than an imine group, thus theoretically diminishing 
the possibility for a successful reduction of the imine. 
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Figure 13: Scheme of established chemical synthesis routes towards primary, secondary and tertiary 
amines.50 
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This can be circumvented either by using tailored reductive agents in acidic conditions 
(protonating the imine to a more reactive iminium ion), which cannot react with 
carbonyl moieties (e.g. NaBH3CN) or catalytic (selective) hydrogenation.50 Another 
pathway for reductive amination would be the Leuckart-Wallach reaction, where 
formic acid reduces the iminium ion under hydride transfer, allowing for the formation 
of an amine.95,96 Similar mechanisms also work in the Eschweiler-Clarke and Pictet-
Spengler reactions.97,98 

However, the presented methods in most cases do not yield enantiopure compounds, 
mostly producing racemic mixtures of chiral amines. Thus, such racemic mixtures can 
be subjected to resolution processes (chiral, kinetic or dynamic kinetic resolution) to 
obtain the enantiopure amine compounds.99 The other option for the production of 
chiral amines would in turn be asymmetric synthesis under employ of chiral catalysts 
(mostly metal-based or on the basis of chiral Brønsted acids). All corresponding 
approaches for this pathway can be summarized under two main routes.99,100 The first 
is, again, reductive amination (including asymmetric addition and hydroamination). 
Prochiral imine/iminium/aldimine moieties are created through addition, after which a 
selective catalyst is applied, ensuring the reduction towards an amine product.99,101–107 
The second route is called asymmetric hydrogenation. Here, the prochiral precursor 
can also be an imine, but enamines and other forms of prochiral allylic amines can be 
employed as well. Those precursors can then be hydrogenated using a stereoselective 
catalyst (see Figure 14).100,104,108–111 Chemical asymmetric synthesis of chiral amines 
can be challenging due to several factors. Firstly, imines and their amine products can 
act as ligands to the very metal ions employed in the selective catalysts or form metal-
amine/amide complexes with them, thus deactivating those catalysts. Secondly, imines 
in acyclic configurations can assume E- and Z-isomeric forms, thus effectively 
inverting the stereoselectivity of the catalyst depending on the formed isomer. 
Furthermore, if multiple amine moieties are present on the desired molecule, the 
usually applied reaction conditions make the use of protective groups obsolete due to 
their easy dissociation. Thus, either the catalyst has to be highly selective towards only 
one amine moiety, or multiple undesired reductive aminations can happen within one 
reaction.101 

 
Figure 14: Reductive amination and asymmetric hydrogenation as main asymmetric chemical synthesis 
routes for chiral amines. 
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Although remarkable advances towards stereoselectivity and productivity of the 
described chiral amine synthesis strategies have been made in recent years, most of 
those synthesis approaches apply fairly harsh conditions, like high pressures or 
temperatures, although a trend towards milder temperatures of 20-50 °C can be 
observed.99,100 Biocatalysis can help to avoid such downsides, while having the 
advantage of “built-in” stereoselectivity, which makes it a viable alternative to the 
classical synthesis routes. 

 

1.8 Enzymatic amine synthesis 
 

Some of the previously presented chemical amine synthesis methods can also be found 
in a natural setting, catalyzed by enzymes. Several of such enzyme classes have been 
shown in literature to catalyze amine formation outside of their natural setting, thus 
making them applicable in laboratory and industrial chiral amine synthesis. Those 
classes include ammonia lyases, monoamine oxidases (MAOs), imine reductases 
(IREDs), reductive aminases, amine/amino acid dehydrogenases (AmDHs/AADHs) 
and transaminases (see Figure 15).112 

 
Figure 15: Different enzyme classes for stereoselective synthesis of chiral amines. Cofactor 
abbreviations: MIO - 3,5-dihydro-5-methyldiene-4H-imidazol-4-one; TTQ - Tryptophan 
tryptophylquinone; PLP - pyridoxal 5'-phosphate. Adapted from Gomm et al. 2017.112 

Ammonia lyases are enzymes, that naturally catalyze the reversible elimination of 
amino groups from amino acids. Mechanistically similar aminomutases can also 
catalyze the translocation of amino groups through the formation of an unsaturated 
intermediate. Thus, the reversibility of this reaction can be used to perform 
nucleophilic addition of amines to α,β-unsaturated carboxyl compounds, usually in the 
α-position for ammonia lyases, as it is the natural position for proteinogenic amino 
acids. While synthetic examples of pharmaceutically relevant building blocks by 
ammonia lyases exist, they are nevertheless limited in their substrate scope due to the 
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need of adjacent carboxylic groups in their substrates. However, examples of 
ethanolamine ammonia lyases exist, where the reaction proceeds without the need for 
a carboxyl group, although no chiral molecule is formed.113 Monoamine oxidases 
catalyze the stereoselective oxidation of amines to imines, being able to convert both 
primary and secondary/tertiary amines.114 This trait can be effectively used in kinetic 
resolutions of racemic amine mixtures, but also in stereoselective chiral amine 
synthesis through reductive amination (as the means for the formation of an imine 
precursor).114,115 The other mentioned enzyme classes catalyze reactions of reductive 
amination under consumption of reductive cofactors. All of those enzyme classes 
function under the formation of an imine/iminium intermediate in their active site, 
which is subsequently reduced through different mechanisms of electron transfer. 
IREDs catalyze the asymmetric reduction of imines under consumption of NADPH as 
their cofactor, relying on imine substrate feed or spontaneous imine formation under 
specific reaction conditions.116 Reductive aminases, of which far fewer examples exist 
due to being a fairly recently employed enzyme class, can facilitate imine formation 
in their active site, prior to its reduction under the same mechanism, as IREDs. From 
a protein sequence-activity standpoint, IREDs and reductive aminases are very similar, 
to the point of not being distinguishable at a primary sequence level.117–119 The 
drawback of IREDs and reductive aminases is their reliance on a fairly expensive 
cofactor (NADPH) and an already existent amine precursor, which is however 
compensated by their ability to synthesize secondary and tertiary amines. Amino acid 
dehydrogenases and, in particular, amine dehydrogenases solve one of those issues, 
utilizing the inexpensive ammonia as an amino source, but still relying on expensive 
cofactors of the NAD(P)H family to facilitate their imine transition state reduction. 
Amine dehydrogenases, sometimes through protein engineering, allow for the efficient 
synthesis of many primary amines from mostly inexpensive substrates.120,121 
Transaminases as an enzyme class catalyze the asymmetric transfer of an amino group 
between an amino donor and a carbonyl (ketone or aldehyde) compound. They utilize 
PLP as a cofactor, which serves as a shuttle for the amino group, binding and cleaving 
it from the amino donor and transferring it to the converted carbonyl compound. 
However, transaminases, like IREDs, rely on already existent amines or amino acids 
to serve as amino donors.112,122,123 Further enzyme classes, less frequently employed 
for amine production, include Pictet-Spenglerases and berberine-bridge 
enzymes.124,125 

 

1.8.1 Transaminases 
 

Since transaminases are a crucial part of this work, they will be discussed in detail. As 
already mentioned, transaminases (or otherwise called aminotransferases) catalyze the 
transfer of amino groups between two molecules, an amino donor and an amino 
acceptor. There are several methods of classification for transaminases.126 
Transaminases are PLP-dependent enzymes, which are subdivided into seven classes 
based on their fold type and named after the first identified enzyme of this type. Among 
those seven fold types of PLP-dependent enzymes, transaminases are found in the fold 
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types I (named aspartate transaminase fold) and IV (named D-alanine transaminase 
fold). The type I fold is the most common transaminase fold type. The three-
dimensional fold types can be subdivided into four further subgroups, based on the 
primary protein sequence relations: I - aspartate-, alanine-, tyrosine-, histidinol-
phosphate- and phenylalanine transaminases; II - acetylornithine-, ornithine-, ω-amino 
acid-, 4-aminobutyrate- and diaminopelargonate transaminases; III - D-amino acid- 
and branched-chain amino acid transaminases; IV - serine- and phosphoserine 
transaminases.126–131 

Another classification method, more frequently referred to in literature, is the 
classification of transaminases based on their substrate specificities. This classification 
distinguishes between α- and ω-transaminases. α-Transaminases can solely transfer an 
amino group bound in alpha-position to the carboxyl group (so-called α-C-atom of 
amino acids) of the substrate.112,123,132 ω-Transaminases on the other hand facilitate 
amino group transfers further away from the carboxyl group of amino acids.112,123,132 
Here, some confusion can be found throughout different sources, because a further 
structurally based subdivision into α-, β- and γ-transaminases exists, which also 
frequently correlates with their respective substrate preference (in terms of their 
respective substrate/structure Greek letter nomenclature).126,129 Within the ω-
transaminases, the subgroup of amine transaminases (ATAs) exists. Transaminases of 
this subgroup are able to transfer amino groups between molecules without carboxylic 
moieties, thus also accepting simple ketones and aldehydes as substrates. ATAs are of 
particular interest for synthetic applications and found a broad applicability in 
stereospecific synthesis routes towards agrochemicals and pharmaceuticals.123 

Mechanistically, transaminases rely on the cofactor PLP, complexed within their 
active site. Due to toxicity of ammonia to living cells, PLP acts as a temporary acceptor 
of the transferred amino group, effectively a shuttle for it, which is able to transfer 
electrons via forming a conjugated π-system. The mechanism follows a so-called Ping 
Pong Bi Bi pattern133 and is shown in Figure 16. 

 
Figure 16: Mechanism of transaminase-catalyzed amino group transfer between an amino donor and 
amino acceptor molecule. The mechanism follows the Ping Pong Bi Bi pattern and relocates the 
electrons from the formed aldimine and ketimine states via a transition of PLP to a quinonoid with a 
conjugated π-system.133–135  
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Starting from PLP binding to the catalytic highly conserved catalytic lysine residue, a 
Schiff-base is formed (I.), allowing for a nucleophilic substitution of this internal 
aldimine by the amino donor, forming an external aldimine (II.). The freed lysine can 
in turn attack the alpha-proton of the bound amino donor. The resulting negative 
charge is stabilized by the formation of a quinonoid system (III.). After the 
rearrangement of this system, the surplus proton is transferred from the lysine onto the 
imine-adjacent C-atom of PLP, forming a ketimine, which is subsequently hydrolyzed 
under consumption of water, freeing the carbonyl co-product of the reaction, formed 
from the amino donor (IV.). The amino group thereby remains bound to the PLP-
residue, forming pyridoxamine 5'-phosphate (PMP). From this point, the mechanism 
mirrors its first half. The amino group of the PMP can bind to the amino acceptor 
carbonyl, forming a ketimine under the condensation of water (V.). This ketimine is 
then transformed to an internal aldimine through the attack of the catalytic lysine on 
the imine-adjacent PMP proton (VI.) and the resulting electron transfer and π-system 
rearrangement in the quinonoid system (VII.). In the final step (VIII.), the external 
aldimine is replaced by the internal aldimine with the catalytic lysine, freeing the 
amine product and regenerating PLP.133–135 

Transaminase-catalyzed amine synthesis has its advantages and disadvantages 
described throughout literature. Among the main advantages of transaminases, their 
excellent stereoselectivity must be mentioned.122,136  Due to their folding architecture, 
transaminases, and especially ω-transaminases, usually possess two distinct binding 
pockets in the active site, a small one and a big one, in which other substrate 
functionalities can be accommodated.112,122,137–139 Thus, a substrate can only be bound 
and coordinated into one specific position, facilitating only one enantiomer being 
produced in the reaction. The recycling of the cofactor PLP during the reaction without 
the need for an extra recycling system is also an advantage especially compared to 
other amine-producing enzymes.123 Combined with the usual advantages of enzymes 
in general (e.g. mild reaction conditions, replacement of toxic metal catalysts/organic 
solvents), transaminases present a viable catalytic tool for stereospecific amine 
synthesis. Nevertheless, some drawbacks of transaminases have to be considered prior 
to their utilization. First of all, the very reason for the transaminase’s stereoselectivity 
can be its drawback, since the binding pockets allow only for substrates with one bulky 
and one small (usually a proton or methyl group) substituent, while substrates with a 
bigger “small” substituent lead to a decrease in activity. This issue is usually resolved 
by protein engineering, widening the binding pockets through mutations in the 
protein.112,138–140 Furthermore, transaminases may suffer from unfavorable reaction 
equilibria in terms of amine product formation, since their reaction mechanism is 
reversible. Their product yields are relatively low when the substrates are dosed 
stoichiometrically into the reaction.6,141,142 This drawback can be alleviated by shifting 
the reaction equilibrium through reaction engineering. Often, the increase in the 
concentrations of the amino donor to a significant surplus is a chosen method, reaching 
10-50-fold excesses of the amino donor molecule compared to the acceptor.141,142 
Amino donor concentrations of up to 1 M can be encountered in literature.143,144 
However, this can only be done to a certain degree, since transaminases can also show 
co-substrate inhibitions or co-product inhibitions.6 Thus, co-product removal is also a 
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widely applied strategy. This can be realized through the evaporation of volatile co-
products, like acetone (formed from isopropylamine amino donor), or the subsequent 
conversion of pyruvate (formed from alanine amino donor) in a reaction cascade, e.g. 
by combination with pyruvate decarboxylases, amino acid dehydrogenases or lactate 
dehydrogenases.112,141,142,145 Also, transaminases face the challenges of product 
inhibition, which can only be circumvented by product removal from the reaction, 
which will be discussed in detail in a later section. 

Due to their advantages, transaminases found their deserved place in scientific and 
industrial applications. This enzyme class can be employed in amine synthesis with 
two main synthetic approaches. The first application field would be kinetic resolution 
of racemic amine mixtures. Due to their high stereoselectivity, transaminases are a 
highly efficient resolving agent for kinetic resolutions, converting only one enantiomer 
back to its carbonyl form. Due to previously mentioned reaction equilibria 
characteristics, what is a challenge in amine formation turns into an advantage in this 
mode of operation, since, if the reaction equilibrium is on the side of the carbonyl 
compounds, the undesired enantiomer will be converted more efficiently. 
Nevertheless, the kinetic and, occasionally, dynamic kinetic resolutions using 
transaminases also work in the direction of amine synthesis from chiral racemic 
substrates.146–148 The second application possibility would be asymmetric synthesis of 
amines from prochiral substrates (e.g. ketones). Having been shown to effectively 
catalyze the transamination of a variety of ketones and aldehydes122,123, transaminases 
are constantly being improved to broaden their substrate scope and modify their 
properties towards substrate acceptance, stability, etc.149–151 Some transaminases have 
even been shown to be efficient catalysts in organic solvents, like MTBE.152 In 
industrial processes, both synthetic pathways have found application.153,154 Some 
examples of such industrial applications of transaminases are shown in Figure 17. In 
recent years, Merck & Co demonstrated a dynamic kinetic resolution in the kilogram-
scale synthesis of the drug niraparib155 (I.) and an asymmetric synthesis application in 
the synthesis of the experimental compound MK-7246 156 (II.), both utilizing a 
transaminase. Furthermore, Codexis and Merck & Co reported a highly efficient 
chemoenzymatic pathway for the synthesis of the drug sitagliptin (III.) under employ 
of an engineered transaminase, enabling a 53 % increase in process productivity and a 
19 % reduction of waste due to the use of said transaminase.157 In turn, Pfizer reported 
a transaminase-based DKR approach in the synthesis of a smoothened receptor 
inhibitor (SMO, IV.) for blood-related cancer therapy.158  
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Figure 17: Examples of the industrial application of transaminases.155–158 
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Amine dehydrogenases (AmDHs) as an enzyme class catalyze the stereospecific 
reversible reductive amination of ketones to amines under employ of a redox cofactor, 
utilizing ammonia as the amino donor. They are closely related to amino acid 
dehydrogenases (AADHs), which catalyze the oxidative deamination of amines to 
ketones (with ammonia as a co-product), but require the presence of a carboxylic group 
in the substrate (amino acid). However, this reaction is reversible and the reverse 
reductive amination is strongly preferred with equilibrium constants (Keq) for some 
AADHs reaching up to 1014-1018.159  This fact combined with the usage of cheap 
ammonia and an overall better atom economy (compared to ω-transaminases) makes 
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amine dehydrogenases a valuable option in the enzymatic toolbox for the asymmetric 
synthesis of primary amines.120,160 

While amino acid dehydrogenases are a widely studied and utilized enzyme 
class159,161,162, not so many examples of pure amine dehydrogenases can be found in 
literature. That owes to the fact, that pure amine dehydrogenases are not so easy to 
come by. In general, amine dehydrogenases can be subdivided in natural amine 
dehydrogenases and non-natural amine dehydrogenases.120,163–165 Of natural amine 
dehydrogenases discovered in diverse organisms, few examples possess the described 
activity towards ketones without a carboxylic group in proximity.120,165,166 For some 
of those examples, however, no DNA or protein sequence could be identified, making 
those experiments not reproducible, while their selectivity and specific activity 
towards industrially applicable ketones were not satisfactory.163,164,166 Further, more 
efficient native amine dehydrogenases were also discovered by genome mining, 
sometimes displaying catalytic promiscuity in the utilization of the redox cofactors 
NADH and NADPH, although previously known AmDHs were solely NADH-
dependent.120,166–169 The catalytic performance of those native AmDHs could then 
further be improved by protein engineering.167,170 Altogether, a review from 2022 
shows 25 experimentally validated native wild-type amine dehydrogenases and a 
review from 2024 shows over 30 native AmDHs, most of which were published in the 
last 10 years.120,160 Thus, due to this shortage of wild-type amine dehydrogenases, a 
variety of non-natural amine dehydrogenases were developed in the last two decades. 
Such non-natural amine dehydrogenases have been obtained exclusively from L-
AADHs, which is not surprising, given on one hand the similarity in the reaction 
mechanisms and, on the other hand, natures dependence on proteinogenic L-amino 
acids.164 Several protein engineering approaches have produced efficient amine 
dehydrogenase mutants, including ones derived from phenylalanine 
dehydrogenases171–174 and leucine dehydrogenases.121,175–177 Through domain 
shuffling of such AmDHs derived from both phenylalanine and leucine 
dehydrogenases, Bommarius et al. designed a chimeric AmDH of improved 
functionality and substrate scope, which was extended towards benzylic ketones.178 
Furthermore, although amine dehydrogenases natively utilize ammonia as their amino 
source, Tseliou et al. reported the generation of secondary amines with primary amine 
donors.165 Furthermore, the same working group created a highly versatile amine 
dehydrogenase mutant LE-AmDH-v1, derived from an ε-deaminating-L-lysine 
dehydrogenase. While having a broad substrate scope, including bulky substrates, it 
also possessed high thermostability (Tm = 69 °C), aside from very high 
stereospecificity.164,179,180 From all described literature, the present-day substrate scope 
of amine dehydrogenases includes linear and fatty acid ketones and aldehydes, benzyl 
ketones, aliphatic cyclic ketones and even polycyclic ketones and aldehydes.  

Mechanistically, the reductive amination has few similarities to transaminase 
catalyzed reactions. The amino group is not shuttled by a cofactor, since it remains 
bound to the substrate throughout the imine formation process, while the substrate 
itself is not bound at all but coordinated in the active site (see Figure 18 A.). The 
ammonia nitrogen attacks the carbonyl group, forming an amino alcohol intermediate, 
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its charge being coordinated by adjacent amino acid residues (I.). This amino alcohol 
rearranges itself to an imine under the condensation of water (II.). The formed imine 
is then subsequently reduced under oxidation of the cofactor NADH to NAD+ (III.), 
yielding the amine product (IV.). 120,160,165 

 
Figure 18: A. Mechanism of amine dehydrogenase catalysis for reductive amination. Adapted from Liu 
et al. 2022 120 and Tseliou et al. 2024 160. B. Schematic possibilities of NADH cofactor regeneration 
through enzymatic cascades.120 

As can be seen, the main drawback of amine dehydrogenase-catalyzed reactions is the 
consumption of the cofactor NADH during the reaction. As this cofactor is usually 
expensive and the reaction cannot proceed without it, regeneration of NADH is 
required to achieve higher substrate conversions in the reaction. In existing literature, 
this is realized through the utilization of enzymatic cascades, combining the AmDH 
reaction with enzymes requiring NAD+ for their respective conversions. Examples of 
utilization of NADH-oxidases (NOx), formiate dehydrogenases (FDH), alcohol 
dehydrogenases (ADH) and glucose dehydrogenases (GDH) have been published in 
recent years and are shown schematically in Figure 18 B.120  

 

1.9 Beta-chiral amines 
 

A group of particular interest within chiral amines are β-chiral amines. β-chiral amines 
are defined by the positioning of their amino group. For α-chiral amines, the amino 
group is situated directly at the chiral α-C-atom. For β-chiral amines, the amino group 
is interspaced to the chiral center by another carbon moiety, bringing it into the 
β-position. Many of the β-chiral amine compounds possess physiological activity. 
Pharmaceuticals of this subgroup frequently are employed to medicate neurological 
issues, some of which are shown in Figure 19.  
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Figure 19: Examples for β-chiral amines as pharmaceuticals. 

Chemical synthesis pathways for β-chiral amines generally mimic the ones for α-chiral 
amines and can be subdivided into two groups (see Figure 20): asymmetric synthesis 
through either asymmetric alkylation or addition181–186 or synthesis of chiral 
precursors187–191, which are then converted to amines through unspecific reactions and 
the reductive amination of chiral α-branched aldehydes192, especially by the means of 
dynamic kinetic resolution.193 

 
Figure 20: Synthesis pathways for obtainment of β-chiral amines. I. Shows possibilities asymmetric 
synthesis of precursors for a following reduction of amines. II. Demonstrates the reductive amination 
of chiral α-branched aldehydes.  

For the described approaches, some chemoenzymatic alternatives were developed over 
the years. In terms of the synthesis and conversion of chiral precursors to β-chiral 
amines, nitrilases have been employed in the hydrolysis of nitriles.194 Biewenga et al. 
showed a one-pot three-step enzymatic cascade combining a michaelase and an 
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aldehyde dehydrogenase for the synthesis of GABA analogues.195 The DKR-based 
reductive amination of racemic α-branched aldehydes also demonstrates a variety of 
chemoenzymatic approaches to the synthesis of β-chiral amines. Most common are 
resolutions and cascades involving transaminases for a one-step conversion of the 
aldehyde moiety to an amine.72,148,196–199 However, for the synthesis of secondary 
β-chiral amines, the enzyme class of imine reductases has also been employed in a 
similar manner.200,201 Both approaches make use of the self-racemizing properties of 
α-branched aldehydes through keto-enol tautomerization, allowing for excellent 
enantiomeric excesses of the obtained amines, although some of the employed 
transaminases have been shown to invert their stereospecificity depending on the 
bulkiness and functionalization of their respective substrate.196 

 

1.10 Isomerases, racemases, mandelate racemase 
 

As previously defined, isomerases are one of the main enzyme classes (EC-
classification), catalyzing the conversion of one chemical isomer to another. 
According to EC-classification, they can be further subdivided into six subclasses, 
according to their respective catalytic functions: racemases and epimerases (EC 
5.1.x.x), cis-trans-isomerases (EC 5.2.x.x), intramolecular oxidoreductases (EC 
5.3.x.x), intramolecular transferases (EC 5.4.x.x), intramolecular lyases (EC 5.5.x.x) 
and isomerases altering macromolecular conformation (EC 5.6.x.x).202 The number of 
classified isomerases is relatively small, compared to other EC classes, as they catalyze 
only 4 % of known biochemical reactions in their natural setting, mainly revolving 
around carbohydrate (sugar) metabolism.203 Thus, most published works dealing with 
isomerases are also situated in sugar chemistry204, including the most widely known 
example of isomerase utilization in an industrial setting, the glucose isomerase (also 
known as xylose isomerase)205,206, utilized in the industrial production of high-fructose 
corn syrup (HFCS) since the 1970s. This enzyme converts glucose to its isomer, 
fructose, allowing for the enrichment of HFCS with fructose. Outside of sugar 
chemistry, several other isomerases have gained prominence in recent years. For 
instance, the styrene oxide isomerase has been shown to be a versatile enzyme, 
catalyzing the Meinwald rearrangement of epoxides to aldehydes or cyclic ketones. 
Thus, when combined in (chemo)enzymatic cascades, the enzyme allows for 
production of chiral alcohols, α- and β-chiral amines and carboxylic acids.207 

In the field of chiral chemistry, the subclass of racemases is important, especially in 
the field of dynamic kinetic resolutions of enantiomeric mixtures, since racemases 
catalyze the conversion of two enantiomers into each other, effectively racemizing 
enantioenriched mixtures, allowing for the conversion of the undesired enantiomer in 
DKR processes. Here, amino acid racemases are among the most studied racemase 
classes.73 Amino acid racemases mainly follow two different mechanisms. There are 
PLP-dependent amino acid racemases, following a mechanism similar to 
transaminases, shuttling the amino group through imine bonds with the cofactor PLP 
(without dissociation of the substrate), and cofactor independent amino acid 
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racemases, facilitating racemization only through catalytic amino acids.208,209 Due to a 
relative robustness of this enzyme class, examples of immobilization and the 
utilization of ISPR methods can be found for amino acid racemases throughout 
literature.73,210 On the basis of amino acid racemases, an amine racemase has recently 
been developed, broadening the possibilities for a potential dynamic kinetic resolution 
of chiral amines.211 

Another prominent racemase is the mandelate racemase from Pseudomonas putida 
ATCC 12633. It racemizes the mandelic acid molecule and thus can be used in the 
DKR of it. The enzyme itself is well studied, with its structure, substrate scope, 
immobilization techniques and mechanism having been published.209,212 While the 
recombinant expression and purification of this enzyme in e.g. E.coli can encounter 
challenges through formation of inclusion bodies213, the enzyme shows remarkable 
robustness, since it retains activity even after incubation in organic solvents.214 
Unfortunately, due to the need of high water activity in the catalytic process, the 
enzyme itself is inactive in organic media.214,215 The catalytic mechanism of the 
mandelate racemase is dependent on magnesium ions and facilitated by two catalytic 
residues: a lysine and a histidine (see Figure 21). The histidine attacks the free proton 
of the α-C-atom, creating an aci-carboxylate intermediate. Through the rearrangement 
within the intermediate, the catalytic lysine is deprotonated, creating the other 
enantiomer of mandelic acid. This reaction is absolutely reversible and can run in the 
reverse direction, starting with the lysine attacking the free proton. The negative 
charges of the oxygens of the molecule are coordinated by a magnesium ion in the 
active site.216  

 
Figure 21: Mechanism of mandelate racemase from Pseudomonas putida. Adapted from Bearne et al. 
2017216 . 

 

1.11 Circumvention of limitations in enzymatic catalysis 
 
While the previously mentioned advantages of biocatalysis make it a viable option for 
utilization in chemical synthesis, its disadvantages (depending on the enzyme) can as 
well make its utilization counterproductive or not lucrative enough for a process. 
Drawbacks with enzyme thermo- and reaction stability, its substrate scope or 
unfavorable reaction equilibria coupled with possible substrate or product inhibitions 
may present a challenge for the successful employment of biocatalysts. It is not 
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unexpected, since enzymes are drawn out of their native environments and placed into 
unnatural settings. For instance, substrate loadings employed in industrial processes 
may exceed natural substrate concentrations by 106-109 -fold (nM vs M).217 
Nevertheless, several paths revolving around both catalyst and reaction engineering lie 
open to even out such challenges. 

 

1.11.1 Enzyme engineering 
 

Since the structure-function relation for proteins applies to their catalytic function, it 
would be logical to assume, that the very same structure is responsible for other 
properties of an enzyme, like thermostability, solvent stability etc. Thus, by altering 
the enzyme’s structure, its properties can also be altered. This assumption is the 
docking point for the discipline of enzyme (catalyst) engineering through directed 
evolution or rational design. Since the proteins tertiary structure is formed by amino 
acids, altering the primary amino acid sequence of a protein influences its folding and, 
in the end, structural properties. Proteins are usually produced by living organisms 
through expression from DNA, which carries the information about the proteins 
primary structure. So, the exchange of amino acids and subsequent altering the protein 
structure is performed at the DNA-level through the mutation of genes encoding the 
enzyme of interest. This can be done through random and rational methods.218–221 

Random mutagenesis, as the name suggests, is based on mutating random amino acid 
positions within the enzyme through faulty DNA amplification. The obtained enzyme 
variants are then screened for the desired parameters and beneficial mutants are 
selected. Those can be subjected to further iterations of the same mutation approach, 
if necessary. Although it is one of the older approaches to mutagenesis, it is still 
successfully used up to this day to improve enzyme functions.222,223 

For rational mutagenesis, many different approaches exist. The main goal of it would 
be the identification of key amino acid residues which can then be subjected to targeted 
mutation. Techniques here range from site-saturation mutagenesis, where single 
targeted amino acid positions are randomized throughout the 20 possible proteinogenic 
amino acids, to computationally driven approaches and newly emerging computational 
tools like AlphaFold.224,225 Sometimes, such regions can be identified through 
homology screening, meaning, that different organisms may develop similar structural 
patterns for the same reaction catalysis, or even through the reconstruction of protein 
sequences from extinct species.224,226–228 

In today’s science, all existing methods can be combined and repeated in several 
iterative cycles, until the desired effects on the enzyme are reached. However, it is 
incorrect to assume, that all mutations introduced into the enzyme sequence and 
structure may be beneficial. Mutations can be destabilizing and lead to a decrease or 
loss of activity.229 Thus, the field of protein design predominantly drifts towards 
rational computationally driven protein design, based on structural predictions for 
potential mutants, to avoid unbeneficial mutants and reduce the time needed for the 
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obtainment of a mutated enzyme with desired properties.225,230 All in all, enzyme 
engineering through directed evolution is a powerful tool, having achieved the 
improvement in many properties for different enzymes, including solvent tolerance, 
thermostability, cofactor dependence, substrate scope, stereoselectivity and many 
others.231–235 

 

1.11.2 Le Chatelier’s principle 
 

The other approach to circumvention of enzymatic drawbacks is reaction engineering. 
One of the main pillars of reaction engineering, including enzymatic reactions, is the 
equilibrium law after Le Chatelier. It states, that a reaction system is always trying to 
reach the equilibrium state. Thus, under this principle, as soon as one of the 
equilibrium determining factors like pressure, temperature or substrate/product 
concentration is altered, the system tries to compensate and readjust the equilibrium 
by counteracting the change. This in turn means, that if an exothermic reaction is 
cooled, it will produce more product. If products were to be removed from the reaction 
equilibrium, the reaction would intensify to readjust the product concentration.236 This 
fact can be and is exploited in order to maximize reaction yields in industrial processes. 

 

1.11.3 Enzymatic cascades 
 

One of the paths for reaction engineering of enzymatic reactions is the cascading of 
enzymes. This method is essentially a simulation of naturally occurring processes 
within living cells, where reaction products are processed by subsequent (sometimes 
many) reaction steps and each of these steps is catalyzed by its own enzyme. Like this, 
the isolation and purification of the intermediates (and the loss of material) in a multi-
step synthesis can be circumvented. This same principle also works for possible 
product inhibitions, since the resulting intermediates are processed by the next cascade 
step immediately.6,237  

Enzymatic cascades are divided into five groups (see Figure 22): linear, parallel, 
orthogonal, convergent/divergent and cyclic. The application of such different cascade 
types may vary, depending on the chosen synthesis strategy. Linear cascades are a 
simple sequence of catalytic steps from multiple enzymes, leading to the final 
product.6,237 It can however have its disadvantages, especially if each enzyme requires 
different cofactors or even pH optima. Sometimes those can be bypassed by a clever 
selection of catalysts, for example when the used reduced cofactor form of the first 
enzyme is reused by the second.238,239 
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Figure 22: Types of enzymatic cascades. I. Linear cascades; II. Parallel cascades; III. Orthogonal 
cascades; IV. Cyclic cascades; V. Convergent and divergent cascades. 

Parallel and orthogonal cascades are similar to each other. They are both used for shifts 
of reaction equilibria in redox reactions, which is especially important in terms of 
cofactor recycling. Here, the formation of a product is coupled with a formation of a 
by-product, e.g. a reduced cofactor form. This by-product can either be used 
(regeneration of cofactor to oxidized form) by a second enzymatic reaction happening 
in the reverse direction (oxidation or reduction) with a second substrate (parallel 
cascade) or serve as a substrate itself for a second enzyme converting it into another 
compound (orthogonal cascade), in both cases effectively removing it from the 
reaction equilibrium, thus achieving a pull to the product side. Enzymes like glucose 
dehydrogenases (GDHs) or formate dehydrogenases (FDHs) have found a broad 
application field for exactly those cascade types.240–243 Convergent or divergent 
enzymatic cascades focus on a parallel conversion of one substrate towards two 
different products (divergent) or two substrates towards one product (convergent). In 
cyclic cascades, only one of two substrates is converted into an intermediate, which is 
in turn reconverted back into both initial substrates, which leads to the accumulation 
of one unconverted substrate in the mixture. Convergent and cyclic cascades are 
typical for deracemization of racemates, since the two used substrates can also be 
defined as two enantiomers.6  

 

1.11.4 Reaction engineering towards in situ product removal (ISPR) 
and in situ co-product removal (IScPR) 
 

While enzymatic cascades mostly focus on the immediate further conversion of 
reaction products or by-products to shift reaction equilibria, it is always beneficial to 
evaluate, whether an enzymatic cascade is the simplest solution to product inhibition 
or equilibrium challenges. While cascades can be productive, they also complicate the 
reaction mixture by e.g. the need for several cofactors. Then again, stabilities and 
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Figure 22: Types of enzymatic cascades. I. Linear cascades; IlI. Parallel cascades; IIl. Orthogonal 

cascades; I'V. Cyclic cascades; V. Convergent and divergent cascades. 
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inhibitions for multiple enzymes also have to be considered. Thus, other product and 
by-product removal strategies have also been developed. Those can be summarized 
under the terms in situ product removal (ISPR), sometimes also termed in situ product 
recovery, and IScPR (in situ co-product removal). ISPR is defined by the direct 
removal of reaction products from the reaction/catalyst amidst the progressing reaction 
via integrated simultaneous separation methods. Applying ISPR thus leads to fewer 
downstream processing steps for the biocatalytic processes, as well as reduced waste 
streams. This application field is fairly broad in terms of different separation methods 
in existence, which have to be selected according to the properties of the reaction 
product to be removed and the employed biocatalyst’s properties.244–247 Figure 23 
shows a possible decision-making scheme on the selection of an appropriate separation 
method for combination with a biocatalytic reaction, based solely on possible product 
properties.248–251 

 
Figure 23: Flowchart for the selection of ISPR separation method based on the properties of the 
recovered product. Depending on the prevalent product properties and its stability one property may 
outweigh the other for the applied ISPR technique. Adapted from van Hecke et al. 2014, Urbanus et al. 
2012 and Stark et al. 2003.248–250  

If configurated correctly, the advantages of ISPR have been described in literature. 
First of all, the main advantage of ISPR is the intensification of biocatalytic and 
fermentative processes in terms of productivity. Since product inhibition and product 
degradation can severely diminish productivity of processes, the transfer of the 
produced products directly out of the reaction equilibrium and, in some cases, the 
reaction itself altogether, increases productivity. Like this, product degradation can be 
prevented, while the removal from the equilibrium pushes the reaction towards the 
product side. Another advantage intertwined with productivity is product enrichment. 
Since some enzymes can naturally experience product inhibitions at very low product 
concentrations already, continuous product removal allows overall product 
concentrations in the reaction to reach higher levels, consequently making the 
separation process more effective in terms of isolated yields. This in turn also allows 
for higher substrate loadings for the processes, making them more lucrative for 
industrial applications.248 ISPR applications can be fairly flexible in their configuration 
and operational mode (see Figure 24), since the integrated separation process can be 
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performed within the reactor (internal ISPR) or outside of the reactor (external ISPR), 
e.g. by cycling the reaction broth out of the reactor through a separation module and 
back into the reactor. Thus, also the direct and indirect modes of operation exist for 
ISPR modules. In the direct configurations, the biocatalyst is in direct contact with the 
product-separating phase, while in indirect configurations the contact is not present 
(e.g. blocked via a catalyst retention module).244–246 

 
Figure 24: Schematic examples of different configurations and operation modes. R – reactor, S – 
separator, P – pump, CR – catalyst retention unit. Adapted from Woodley et al. 2008, Buque-Taboada 
et al. 2006 and Freeman et al. 1993.244–246  

Several classes of ISPR-examples have been published over the past two decades. 
From a purely chemical standpoint, ISPR can be performed via the engineering of the 
substrates or co-substrates. This leads to examples like “smart” co-substrates. 
Essentially, the co-substrates (like amine donors in transamination reactions) are 
designed to undergo intrinsic rearrangements or reactions (like formation of ring 
structures) after the desired enzymatic reaction plays out, effectively denying their 
availability for the reverse reaction, thus removing those by-products from the reaction 
equilibrium. Those can be called self-eliminating.252–254 Another possible approach 
would apply to volatile reaction products or by-products. Due to their volatility, it may 
be possible to remove them from aqueous media through simple pressure adjustments, 
using the principles of reduced pressure evaporation at mild temperatures. A constant 
reduced pressure or gas stream (so-called gas-stripping) would then carry away the 
product/by-product molecules from the forming gaseous phase, allowing the further 
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e.g. by cycling the reaction broth out of the reactor through a separation module and 

back into the reactor. Thus, also the direct and indirect modes of operation exist for 
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Figure 24: Schematic examples of different configurations and operation modes. R — reactor, S — 

separator, P — pump, CR — catalyst retention unit. Adapted from Woodley et al. 2008, Bugque-Taboada 

et al. 2006 and Freeman et al. 1993 ,2442% 
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diffusion of by-product molecules into the gas phase, in turn allowing for further 
formation of those molecules in the aqueous phase (equilibrium shift).255–257 However, 
considerations have to be made for the vapor pressures of the reaction components, so 
that the compound to be removed is not similar in vapor pressure to other substrates 
or products or the cosolvents. Ideally, the product would have the highest vapor 
pressure of them all. Since all reaction components would diffuse into the gas phase 
to some degree, this approach has the drawback of also extracting other reaction 
components, with possible losses in them and potential product impurities having to 
be considered.257 Other options for ISPR are membrane-based approaches. For 
instance, volatile compounds can be recovered from the reaction by means of 
pervaporation (combination of permeability and evaporation), where a membrane 
permeable only/mostly for the desired product is applied between the (liquid phase) 
reaction and a gaseous extraction medium. The product permeates to the other side of 
the membrane, allowing it to evaporate (e.g. under reduced pressure/gas stream).258–

260 Like that, the disadvantages of normal evaporation or gas-stripping can be 
mitigated, allowing for the evaporation of only one desired compound. A similar 
principle is applied in the membrane distillation approach. A hydrophobic membrane 
is spun in contact with a heated reaction broth. This membrane does not allow for 
liquid water/polar compounds to permeate, however allows permeation for vaporized 
polar compounds. Thus, with the right heating mode, volatile organic compounds can 
be condensed outside the reaction under minimal loss of water in the reaction 
system.250,261,262 Size-selective membranes can also be applied for simple diffusion-
based methods, like dialysis. Here, pore-size is decisive, if small-size products are 
formed from big-size substrates, which then permeate the membrane due to osmosis 
into an extraction phase.263 For charged compounds, this process can be accelerated 
by applying an electrical current for faster membrane permeation, resulting in the 
method of electrodialysis.264–266 In electrodialysis, ion exchange membranes can be 
applied, allowing product permeation based on its charge (cation/anion exchange 
membranes). The same physical principles as for membrane-based ISPR approaches 
can also be applied to adsorption ISPR. In this ISPR field, specific surfaces or resins 
are mostly applied allowing for the adsorption of the product based on its properties 
(e.g. charge) or even affinity binding through surface modification, removing it from 
the solution and thus from the equilibrium.267–270 Adsorption techniques can be applied 
for both charged and non-charged products. 

A further ISPR field is simultaneous extraction of the reaction product, typically 
achieved in two-phase systems. Extraction processes for biocatalytic ISPR can be 
facilitated by e.g. hydrophobic, water-immiscible organic solvents. Such an approach 
requires the product to possess a better solubility in the extraction solvents than in 
water, allowing its efficient recovery with the extraction phase. While the utilization 
of classical organic solvents for this ISPR process, also called reactive extraction, is 
fairly common in literature271–273, examples of the utilization of hydrophobic 
polymers, like polyethylene glycol, or supercritical fluids also exist.274,275 
Nevertheless, this approach suffers from comparable drawbacks, as evaporation and 
gas-stripping. The extraction process can be fairly unselective, if the substrates or by-
products also express a certain degree of hydrophobicity. Thus, reactive extraction 

diffusion of by-product molecules into the gas phase, in turn allowing for further 

formation of those molecules in the aqueous phase (equilibrium shift).?*>>>’ However, 
considerations have to be made for the vapor pressures of the reaction components, so 

that the compound to be removed is not similar in vapor pressure to other substrates 

or products or the cosolvents. Ideally, the product would have the highest vapor 

pressure of them all. Since all reaction components would diffuse into the gas phase 

to some degree, this approach has the drawback of also extracting other reaction 

components, with possible losses in them and potential product impurities having to 

be considered.”®’ Other options for ISPR are membrane-based approaches. For 

instance, volatile compounds can be recovered from the reaction by means of 

pervaporation (combination of permeability and evaporation), where a membrane 

permeable only/mostly for the desired product is applied between the (liquid phase) 

reaction and a gaseous extraction medium. The product permeates to the other side of 

the membrane, allowing it to evaporate (e.g. under reduced pressure/gas stream).>>% 

260 T ike that, the disadvantages of normal evaporation or gas-stripping can be 

mitigated, allowing for the evaporation of only one desired compound. A similar 

principle 1s applied in the membrane distillation approach. A hydrophobic membrane 

i1s spun 1n contact with a heated reaction broth. This membrane does not allow for 

liquid water/polar compounds to permeate, however allows permeation for vaporized 

polar compounds. Thus, with the right heating mode, volatile organic compounds can 

be condensed outside the reaction under minimal loss of water in the reaction 

system.?>%-201-262 Gjze-selective membranes can also be applied for simple diffusion- 
based methods, like dialysis. Here, pore-size 1s decisive, if small-size products are 

formed from big-size substrates, which then permeate the membrane due to osmosis 

into an extraction phase.’® For charged compounds, this process can be accelerated 

by applying an electrical current for faster membrane permeation, resulting in the 

method of electrodialysis.?®* 2% In electrodialysis, ion exchange membranes can be 
applied, allowing product permeation based on its charge (cation/anion exchange 

membranes). The same physical principles as for membrane-based ISPR approaches 

can also be applied to adsorption ISPR. In this ISPR field, specific surfaces or resins 

are mostly applied allowing for the adsorption of the product based on its properties 

(e.g. charge) or even affinity binding through surface modification, removing it from 

the solution and thus from the equilibrium.?*’" Adsorption techniques can be applied 
for both charged and non-charged products. 

A further ISPR field is simultaneous extraction of the reaction product, typically 

achieved in two-phase systems. Extraction processes for biocatalytic ISPR can be 

facilitated by e.g. hydrophobic, water-immiscible organic solvents. Such an approach 

requires the product to possess a better solubility in the extraction solvents than in 

water, allowing its efficient recovery with the extraction phase. While the utilization 

of classical organic solvents for this ISPR process, also called reactive extraction, is 

fairly common in literature’’'™"”3, examples of the utilization of hydrophobic 
polymers, like polyethylene glycol, or supercritical fluids also exist.?’**" 
Nevertheless, this approach suffers from comparable drawbacks, as evaporation and 

gas-stripping. The extraction process can be fairly unselective, if the substrates or by- 

products also express a certain degree of hydrophobicity. Thus, reactive extraction 

37 



 

38  

would also to some degree strip the reaction of substrates and contaminate the product 
isolate with undesired substances. Furthermore, the application of organic solvents 
may lead to the denaturation of the enzymes. However, this stability issue can be 
partially resolved through enzyme immobilization or the application of whole-cell 
biocatalysts. Improved reactive extraction strategies addressing those disadvantages 
have also been developed. In some cases, the extraction phase can be augmented by a 
complexing agent for the product, significantly improving the extraction selectivity.276 
Another possibility would be again the application of membranes in the process called 
perstraction (permeability and extraction). Here, a membrane is applied between the 
liquid reaction phase and a liquid extraction phase, facilitating the permeation of the 
desired product (again based on its properties, charged or non-charged) into the 
extraction phase.277,278 

The previously described ISPR methods can be grouped based on liquid-to-liquid or 
liquid-to-gas product separation. Methods based on liquid-to-solid product separation 
also exist. Those are crystallization based ISPR methods, which will be discussed in 
detail in the next section. All in all, ISPR as a reaction engineering approach presents 
a powerful tool for the improvement of biocatalytic process productivity and 
lucrativeness in terms of shifting reaction equilibria and more efficient downstream 
processing of the obtained products. 

 

1.12 Crystallization as a separation process 
 

A solid state can be crystalline and amorphous, the defining property of a crystalline 
solid being the arrangement of particles in a highly organized coordinated three-
dimensional pattern, a crystal lattice.  Amorphous solids lack the degree of particle 
arrangement a crystalline state possesses, although some form of coordination may be 
present. Crystallization is thus defined as the formation process of a solid phase by the 
arrangement of particles in said lattice, forming a crystal.279 Crystallization occurs 
spontaneously through fluctuations of the particle carrying phase (e.g. solution) in 
density and/or structure. This leads to a change in the free energy of the particles, 
which is compensated and lowered by the formation of an energetically minimized 
crystal state.280 There are 32 possible crystal classes, a categorization based on all 
possible planes and axes of symmetry within observed crystal forms of cube 
(hexahedron), octahedron and cubo-octahedron (combination of both). Those are 
grouped into seven crystal systems, shown in Table 2.279 
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 Table 2: Seven crystal systems and their defining properties.279 

Angles between the axes x and y have the designation α, between y and z – β and between x and z – γ. 
The axes describe the positioning within a three-dimensional coordinate system. 

In literature, several media exist, from which crystallization is achieved. Melts281 and 
supercritical fluids (CO2)282 are among possible media for crystallization. 
Nevertheless, the most utilized phase, from which substances are (industrially) 
crystallized, is the liquid phase, a solution. Thus, if crystallization can be initiated 
within another phase (the carrying medium), it can be used as a separation technique 
by forming a new solid phase consisting of the desired particles, automatically 
removing them from the liquid phase. That is why crystallization is a very important 
separation and resolution technique for downstream processing in chemical and 
pharmaceutical industry, allowing for the crystallization of relatively pure substances 
from reaction or extraction media and their further recrystallization for purity increase. 
Hereby, solution crystallization (from liquid solvents) is the primary choice for 
pharmaceuticals and specialty organic compounds. Crystallization can be used for both 
simple product isolations from reactions and for chiral resolutions (crystallizing only 
one enantiomer of a racemate).283 

Paramount for the estimation of crystallization conditions is the parameter of 
solubility. Each compound can be dissolved only to a certain concentration in a solvent 
of choice, this maximal concentration being called a solubility limit. A solution, in 
which the substance of choice concentration exceeds the solubility limit, is called 
supersaturated. Supersaturation can be maintained in a solution within a certain 
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(excess) concentration range for a certain period of time without the occurrence of 
crystallization. This range is called the metastable zone and the time until a solid phase 
is formed is titled the induction time. Within a supersaturated solution during the 
induction time, fluctuations of density and structure may occur. Those fluctuations 
lead to so-called nucleation. Nucleation is defined as the commencement of a new 
phase (solid for crystallization), nuclei being the seeds, around which crystallization 
may develop. In current literature, two nucleation models can be found (see Figure 
25).279,283 

 
Figure 25: Schematic illustration of the nucleation models in literature. Adapted from Chen et al. 
2011.280 

The classical approach to nucleation describes the fluctuations in both density and 
structure to occur simultaneously, allowing the particles to stick together, gradually 
forming an organized nucleus. Initially, this nucleus formation increases the surface 
free energy change for small nuclei, partially prompting them to resolve again. 
Nevertheless, from a certain radius of the nucleus the free energy change reaches its 
maximum and begins to decrease, making the further growth of the crystal 
energetically beneficial. This change in free energy can be described through a term 
(2) composed of the change in bulk volume free energy difference between the first 
(liquid) and second (solid) phases (ΔGv) and the change in surface free energy of the 
second phase per unit area (ΔGs): 

∆𝐺 = −
4

3
𝜋𝑟3∆𝐺𝑣 + 4𝜋𝑟3∆𝐺𝑠 (2) 

The two-step nucleation model, first introduced for protein crystallization284, states, 
that the fluctuations leading to nucleation rather are a transition from a structure 
fluctuation, forming a “superconcentrated” dense liquid droplet (density cluster), 
containing several particles of the compound (see Figure 25 I.), to a density 
fluctuation, reforming the droplet into a nucleus (Figure 25 II.).285 Nucleation can 
further be distinguished into primary and secondary, where with the primary approach, 
the nuclei form as described above, while the secondary nucleation is artificially 
induced through seeding nuclei from a previously existent crystal into the 
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supersaturated solution.279 Both supersaturation and nucleation are defining 
parameters for crystal growth and the resulting crystal size. By regulation of 
supersaturation and nucleation, the efficiency of crystallization can be regulated as 
well.279,283 An example for such a regulation is the application of ultrasound during the 
crystallization process.286,287 Ultrasound can facilitate an increase in nucleation (e.g. 
by breaking down forming crystals into secondary nuclei) but is not beneficial for 
crystal growth due to the same reason. A further influencing factor for supersaturation 
is the volume in which crystallization is to occur, as natural crystallization processes 
usually occur in confined volumes (e.g. pores of rocks).288 For a solution to reach 
supersaturation, the solubility of a compound can be manipulated by temperature 
(increase for higher solubility and decrease for supersaturation) or by solvent 
change/mixing and its subsequent partial evaporation.283 

To determine the conditions within a substance mixture (e.g. solution), in which the 
formation of a new phase (e.g. crystallization) by one of the substances of the solution 
may occur, a phase diagram of this mixture can be analyzed. A phase is the 
homogenous part of a system. The number of possible formed phases of a mixture is 
determined by the Gibbs phase rule (3): 

𝐹 = 𝐶 − 𝑃 + 2 (3) 

where F is the number of degrees of freedom, C is the number of compounds and P is 
the number of formed phases.279 As already described for crystallization, with a change 
in temperature, pressure, concentration (supersaturation) etc. a phase transition can 
occur. Phases are in equilibrium in an assortment of points along such varied 
conditions. The plotting of such equilibrium points against each other results in a phase 
diagram, from which the conditions for phase formations can be determined. A point, 
at which three phases can coexist, is called a triple point. In a two-component system 
(e.g. solvent and substance of interest), three factors determine phase formation: 
temperature, pressure and concentration (mole fractions).279 In Figure 26, examples 
for binary phase diagrams of temperature plotted against the mole fractions of two 
components (A and B) are shown, highlighting three possible cases of crystallization 
behavior within such a system: 

 
Figure 26: Binary phase diagrams for crystallization from a two-component system. A. Single eutectic 
system; B. Compound forming crystallization system; C. Mixed crystal system (solid solutions). A and 
B – substances forming the system, C – compound forming from both substances, E – eutectic point 
(marked in red). Adapted from Mullin 2004.279 
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Figure 26: Binary phase diagrams for crystallization from a two-component system. A. Single eutectic 

system; B. Compound forming crystallization system; C. Mixed crystal system (solid solutions). A and 
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The possibilities for the formed crystallization systems are dependent on the 
crystallization behavior of the substances in question. In the shown phase diagrams, 
the curves, called the liquidus, represent the condition transition line, beyond which 
both compounds exist in the liquid phase. The horizontal line or lines, called the 
solidus, represents the conditions transition, beyond which both compounds exist in 
their solid state. The point, where both liquidus curves and the solidus cross, is called 
the eutectic point. This is the transition point, at which the mixture’s melting 
temperature is at a minimum. As can be seen, the position of the eutectic point can 
create two disproportionate triangular-shaped areas, at which a pure substance is 
crystallized. Thus, the bigger this disproportion (set by the positioning of the eutectic 
on the x-axis), the broader the set of conditions for the crystallization of only one 
substance from the mixture. For a single eutectic crystallization system, the phase 
diagram is fairly simple (see Figure 26 A.). Over the liquidus lines, only one liquid 
phase exists, containing both substances. In the triangular areas, formed by the 
liquidus, the solidus and the eutectic point, one of the substances crystallizes as a solid, 
while the other remains in the liquid phase. Beyond the solidus, both substances are 
solid.279 The liquidus curves in a single eutectic system for a temperature-
concentration diagram can be described by the Schröder-van Laar equation (4)289: 

                               ln(𝑥) =  
∆𝐻𝑚

𝑅
(

1

𝑇𝑚
−

1

𝑇
)           (4)                                     

x is the mole fraction of the mixture, ∆Hm – the melting enthalpy and T and Tm – the 
respective temperature and melting temperature.  

For compound forming systems, the diagram is more complicated. Here, multiple 
different solids can be crystallized, formed by different proportions of the substances 
A and B (see Figure 26 B.). A typical example of such “compounds” consisting of 
both substances are hydrate salts, where water can be a part of the crystal lattice, but 
can be removed by e.g. drying. Due to the formation of a (or multiple) “compound”, 
the liquidus lines form several eutectic points with multiple different solidus lines, thus 
defining the regions of the “compound” crystallization beside the regions where the 
pure substances crystallize. Mixed crystal systems, also called solid solutions, are a 
special case for crystallization, since, as the name suggests, they form mixed crystals, 
in which both compounds are a necessary part of the crystal lattice. Thus, only one 
broad crystallization region exists (see Figure 26 C.) and the separation of the 
substances by crystallization becomes challenging.279 

For three-component systems (e.g. solvent and two substances), ternary phase 
diagrams can be prepared (see Figure 27), plotting the molar fractions of the 
compounds in question against each other. As can be seen, all three crystallization 
systems display a similar behavior to the two-component systems binary phase 
diagrams, presenting similar patterns for a single eutectic (Figure 27 A.) and mixed 
crystal systems (Figure 27 C.). For a compound forming system (Figure 27 B.) the 
pattern of the crystallization areas is a little different than for the binary phase diagram, 
however the same areas of “compound” and pure substance crystallization are still 
present.279 
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Am -1 1 In(x) = —* Ct=) (4) 
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Figure 27: Exemplary ternary phase diagrams for a three-component system at a fixed temperature. A. 
Single eutectic system; B. Compound forming crystallization system; C. Mixed crystal system (solid 
solutions). A and B – substances forming the system, C – compound forming from both substances, E 
– eutectic point (marked in red). Adapted from Mullin 2004.279 

A special case for phase diagrams is represented by racemic mixtures of two 
enantiomers, which can be viewed as the two substances in solution. Racemates can 
be divided into conglomerates and true racemates. Conglomerates are defined as an 
equimolar mixture of single enantiomer crystals, while true racemates crystallize as 
mixed crystals from both enantiomers.290 Conglomerates are estimated to constitute 5-
20 % of racemic mixtures, with the majority being true racemates.290,291 Figure 28 
shows the ternary phase diagrams for both cases. 

 
Figure 28: Ternary phase diagrams for racemic mixtures. A. Conglomerate; B. Racemate. R and S – 
enantiomers forming the system, RS – crystallizing racemate, E – eutectic point (marked in red). 
Adapted from Wang et al. 2008.290  

Enantiomers possess the same chemical constitution, thus, their physical and chemical 
properties are also the same. This fact is reflected in the presented phase diagrams of 
racemic mixtures, since they display an absolute symmetry between the areas of 
crystallization. For conglomerates, resolution through crystallization is simplified, 
since only mono-substance crystals can be formed. Thus, the field of one enantiomer 
crystallizing without the other is fairly broad. For true racemates, however, the 
formation of racemic crystals has to be considered in the selection of crystallization 
conditions, narrowing the set of conditions for pure enantiomer crystallization.290 
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1.12.1 In situ product crystallization (ISPC) 
 

While the value and popularity of crystallization for downstream processing cannot be 
undervalued, another application possibility for crystallization exists within the ISPR-
approach to chemical and biocatalytic reactions. Within the biocatalytic community, 
this approach is titled “in situ product crystallization” (ISPC), while in the chemical 
and engineering communities the term “reactive crystallization” prevails.291 The ISPC 
concept, as any ISPR concept, focuses on the removal of reaction products from the 
reaction phase to another phase, the solid phase, through crystallization. This offers 
several advantages. Some of those advantages are, of course, shared with other ISPR 
approaches, such as the increase in process productivity and selectivity, circumvention 
of (co-)product inhibitions and the protection of unstable/reactive products through 
removal. However, another advantage compared to liquid-liquid and liquid-gaseous 
ISPR can be found in the simplification of downstream processing, since the solid 
product can be filtered from the reaction broth (and recrystallized, if needed), reducing 
the number of downstream processing steps.291,292 

Modes of operation for ISPC in terms of technical setup mimic the configurations in 
which ISPR also can be performed (see Figure 24). Crystallization can be facilitated 
internally and externally in the reactor-separator setup, while the direct or indirect 
contact of the (bio)catalyst with the crystallization phase determines the direct or 
indirect mode.292 In terms of chemical properties of the crystallized compounds, three 
modes of operation can be distinguished: direct product crystallization, salt product 
crystallization and compound product crystallization. Direct product crystallization is 
based on the low solubility of the product compound in the solvent of choice, 
prompting it to precipitate. Thus, when this precipitation of the product is ignored, the 
employed catalyst’s productivity is wrongfully characterized as very high, although a 
simple equilibrium shift occurs through product crystallization.292 Direct 
crystallization can occur spontaneously or can be induced by artificially lowering the 
product solubility by acidification, temperature control or other means.291 Salt 
crystallization, on the other hand, must be induced. If the reaction product has the 
potential to form ions (e.g. through the presence of potentially ionic functional groups), 
a counterion can be added to form a product salt, which has much lower solubility in 
the solvent of choice, prompting it to crystallize out. Here, the counterion can be 
already present in the reaction (e.g. from previous steps) or can be added during the 
reaction process. Compound product crystallization can be defined as co-
crystallization. It can occur spontaneously, co-crystallizing another compound from 
the reaction with the product (e.g. solvent for the formation of a solvate), or induced 
by the addition of a co-crystallizing compound. Direct product crystallization is 
probably the most preferred for industrial processes, since the crystallization of a 
single desired product compound reduces production costs (not needing other 
crystallizing agents) and downstream processing steps, eventually needing only final 
purification steps. However, direct crystallization is not so frequently achieved, since 
it relies only on the solubility properties of the product and cannot always be 
sufficiently induced. Nevertheless, examples can be found throughout literature. An 
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example of direct product crystallization was presented by Merck & Co for the 
synthesis of the anti-viral drug islatravir in a multi-step enzymatic cascade (shown in 
Figure 29 A.) At the end of the process, the pure islatravir crystallized due to low 
solubility with a purity of 95 % and an overall process yield of 51 % (determined on 
the basis of all four steps).293 For salt ISPC, significantly more examples exist in 
literature. Those range from simple precipitation of metal salts from fermentation 
processes294,295, to the formation of more complex salts, as shown by Ren et al. (see 
Figure 29 B.) on the example of bulky quaternary ammonium salts of different 
dihydroxybenzoic acids as means to push the reaction equilibrium of a 
decarboxylase.296 ISPC can also be used for the removal of undesired or inhibiting co-
products of the reaction, which was recently shown by Merck & Co for an alternative 
chemoenzymatic route towards islatravir, removing the inhibiting hydrogenphosphate 
co-product ions as a simple calcium salt.297 For compound crystallization ISPC, 
examples for the crystallization of solvates are frequently found. In particular, several 
β-lactam antibiotics have been described to crystallize as mono- or trihydrates from 
reactions catalyzed by penicillin G acylase, allowing for the development of several 
efficient ISPC-based processes for their production (see Figure 29 C.), also helping to 
protect the antibiotic product from secondary hydrolysis.298–300 However, processes 
actively utilizing co-crystallization of products with other organic compounds can also 
be found throughout literature.301 

 
Figure 29: Examples for direct, salt and compound ISPC from literature. A. Direct ISPC of islatravir 
from a multi-step enzymatic cascade.293 B. Salt ISPC of dihydroxybenzoic acid from a carboxylase-
catalyzed reaction as quaternary ammonium salts.296 C. Compound ISPC of an amoxicillin solvate from 
a penicillin G acylase-catalyzed reaction. Crystallization prevents secondary hydrolysis of the reaction 
product.298 
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While crystallization is often used in classical chiral resolutions, it can also be utilized 
for dynamic kinetic resolutions to push the reaction equilibria towards the product side 
within an ISPC approach. Amphoteric compounds, like amino acids, display the 
lowest solubilities at neutral pH values (if only one amino and one carboxyl group are 
present). Thus, this can be exploited for direct product crystallization, especially if the 
amino acid possesses a hydrophobic side chain. This was shown by Encarnación-
Gómez et al. in a case study on the chemoenzymatic stereoinversion and dynamic 
kinetic resolution of DL-phenylalanine and DL-methionine towards the respective L-
amino acids. The crystallization itself was induced by cooling and achieved good 
process productivities.302 A similar approach, combining enzymatic racemization with 
preferential crystallization has been shown by Würges et al. for the dynamic kinetic 
resolution of DL-asparagine.303 The former approach make use of the direct product 
crystallization mode of ISPC, the latter approach crystallizes a monohydrate 
compound. 

 

1.12.2 ISPC of amines 
 

For amines, ISPC is often applied in the mode of salt crystallization, since the amine 
compounds tend to form ammonium cations. Thus, ISPC approaches can be 
encountered throughout literature, showing the application possibilities of reactive 
crystallization of amines. Hereby, ISPC concepts can be found both for enzymatic 
reactions, and as an improvement mechanism for existing classical (organic) chemistry 
synthesis approaches. In particular, Diab et al. show an optimization study for the 
synthesis of the anti-HIV drug nevirapine, where organic synthesis is coupled with 
continuous crystallization of nevirapine, purifying it in the process.304 Quon et al. show 
a potent system for the efficient crystallization of the drug aliskiren as a hemifumarate 
salt. Continuous reactive crystallization of aliskiren is performed from a balanced 
mixture of ethanol and ethyl acetate and reaches high yields (> 92 %) and very high 
purities (> 99 %).305 Reactive crystallization has also been applied for the chiral 
resolution of a variety of chiral amines from organic solvents by Kwan et al. Here, the 
amines were racemized using an iridium-based catalyst in continuous flow and 
crystallized as diastereomeric salts with either (S)-mandelic acid or 
(S)-ditoluoyltartaric acid, with diastereomeric excesses of the product salts reaching 
96 % and yields of the enantioenriched phase reaching 80 %.306 Another interesting 
approach for the reactive crystallization of amines can be found in the covalent 
formation of insoluble amides, their crystallization and recovery of the amine by bond 
breakage. Such an approach can be found for the synthesis of pharmaceuticals307,308 
and explosives precursors309 as well as in the dynamic kinetic resolution of mandelic 
acid.310 

For enzymatic amine synthesis, the application of ISPC has been particularly well 
studied for the enzyme class of transaminases. Hülsewede et al. proposed a concept of 
reactive crystallization of chiral amines (e.g. 1-phenylethylamine) from transaminase-
catalyzed reactions. Here, a small organic amine, isopropylamine (IPA), was used as 
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the amine donor in the asymmetric synthesis of 1-phenylethylamine from a prochiral 
ketone (see Figure 30). This reaction, however, suffers from an unfavorable reaction 
equilibrium and (co-)product inhibition. Thus, crystallization was applied to shift this 
reaction equilibrium. The amine donor was dozed in as a salt of a bulky carboxylic 
acid, possessing limited solubility in water. Only a portion of the amine donor would 
dissolve and then be consumed by the reaction. This would free up the counterion 
(carboxylate) to form a salt with the amine product. This carboxylate anion was 
selected to have a much lower solubility as a product salt than the amino donor salt, 
ensuring efficient product crystallization, as shown by the high substrate conversion 
of > 99 %. In parallel, the co-product of the reaction, acetone, was continuously 
removed by evaporation under reduced pressure, shifting the reaction equilibrium even 
more.311,312 This concept was further tested for a variety of chiral amines in 
transaminase-based reactions313,314 and adapted into a semi-continuous ISPC approach 
for a highly efficient synthesis of (S)-(3-methoxyphenyl)ethylamine by Neuburger et 
al., reaching cumulated yields of  > 1 M of product amine salt on a preparative scale.315 

 
Figure 30: Concept of amine salt ISPC for the asymmetric synthesis of chiral amines proposed by 
Hülsewede et al. The amino donor is applied to the reaction as a salt and is consumed, allowing the 
counterion to crystallize with the product as a product salt.311,312 

 

1.12.3 Crystallization and ISPR approaches for the production of 
enantiopure mandelic acid 
 

Mandelic acid is an important building block and chiral agent for resolutions of 
racemic mixtures.316,317 Several drugs, such as cyclandelate, clopidogrel and 
homatropine carry the base structure of mandelic acid or are its esters.316,318 Thus, 
many approaches have been used to obtain mandelic acid as an enantiopure compound.  

Usually, enantiopure mandelic acid is gained through classical resolution approaches, 
mostly employing diastereomeric crystallization.319–322 With this approach, a chiral 
resolving agent is added to a racemic mixture to form two diastereomeric salts, which 
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Figure 30: Concept of amine salt ISPC for the asymmetric synthesis of chiral amines proposed by 

Hiilsewede et al. The amino donor is applied to the reaction as a salt and is consumed, allowing the 

counterion to crystallize with the product as a product salt.?!!->12 
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would be equal in constitution but different in their physicochemical properties, 
including solubility in the solvent of choice, allowing to selectively crystallize only 
one diastereomeric salt (see Figure 31). However, as already mentioned, the efficacy 
of such a resolution is capped at the 50 % yield mark due to the availability of both 
enantiomers.  

 
Figure 31: Concept of diastereomeric salt crystallization as means of kinetic resolution of racemic 
mixtures 

Further, chemocatalytic stereospecific synthesis is also utilized.323,324 While showing 
excellent yields and enantiomeric excesses of the produced mandelic acid derivates, 
those synthesis strategies also employ a number of harsh reaction conditions, posing 
the question for the sustainability of such synthesis. Another approach frequently 
utilized for the obtainment of enantiopure mandelic acid would be KR and DKR, also 
already described in its principle. For the DKR of mandelic acid, the approaches differ 
in the selection of a racemizing agent and the resolving agent. With both aspects, 
enzymes are gaining ground, due to natural stereospecificity (resolving agent) or 
naturally occurring racemizing properties (racemizing agent). While enzyme classes 
like lipases may qualify as the resolving agent for mandelic acid and its derivates318,325, 
few come into question as a racemizing agent. One prominent possibility for this 
purpose are mandelate racemases.215,326,327  

In literature, there are also some examples of the application of in situ product removal 
in the synthesis of mandelic acid, mostly utilized to shift reaction equilibria of 
mandelate nitrilases in the DKR of mandelonitrile to mandelic acid, but those are 
scarce.328,329 Nevertheless, a work combining the mandelate racemase enzyme coupled 
to ISPR was published by Wrzosek et al., where chiral liquid chromatography was 
utilized as the resolving agent of the DKR of mandelic acid on a continuous basis, 
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Figure 31: Concept of diastereomeric salt crystallization as means of kinetic resolution of racemic 

mixtures 

Further, chemocatalytic stereospecific synthesis is also utilized.***-** While showing 
excellent yields and enantiomeric excesses of the produced mandelic acid derivates, 

those synthesis strategies also employ a number of harsh reaction conditions, posing 

the question for the sustainability of such synthesis. Another approach frequently 

utilized for the obtainment of enantiopure mandelic acid would be KR and DKR, also 

already described 1n its principle. For the DKR of mandelic acid, the approaches differ 

in the selection of a racemizing agent and the resolving agent. With both aspects, 

enzymes are gaining ground, due to natural stereospecificity (resolving agent) or 

naturally occurring racemizing properties (racemizing agent). While enzyme classes 

like lipases may qualify as the resolving agent for mandelic acid and its derivates®!332°, 
few come into question as a racemizing agent. One prominent possibility for this 

purpose are mandelate racemases.?!>-320-327 

In literature, there are also some examples of the application of in situ product removal 

in the synthesis of mandelic acid, mostly utilized to shift reaction equilibria of 

mandelate nitrilases in the DKR of mandelonitrile to mandelic acid, but those are 

scarce.>?%?” Nevertheless, a work combining the mandelate racemase enzyme coupled 
to ISPR was published by Wrzosek et al., where chiral liquid chromatography was 

utilized as the resolving agent of the DKR of mandelic acid on a continuous basis, 

showing high yields and enantiomeric excesses of the enantiopure product.®* 
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2. Objectives of this work 
 

This work’s main goal was to test different salt crystallization approaches and to 
integrate those into the biocatalytic synthesis of different chiral compounds, which 
serve as building blocks in the production of pharmaceuticals and fine chemicals. The 
general applicability of those crystallization techniques and their influence on the 
reaction system had to be evaluated for the efficiency in improving the synthesis yields 
and product separation. On the basis of this evaluation, a general toolbox of 
crystallization applications for biocatalytic reactions and the advantages of integrated 
product crystallization had to be showcased with the help of case studies on several 
structurally different model substrates. 

Several routes of integrated product crystallization were considered. The existing 
concept for amine product salt crystallization, previously proposed by Hülsewede et 
al. 312, was to be tested in another role. Although it was previously utilized for reactive 
crystallization of chiral amines in a continuous reaction setting, preliminary solubility 
data of the screenings showed, that the system also possessed potential as a 
straightforward approach for post-reaction product separation as a product salt, 
especially if reactive salt crystallization was not possible due to e.g. inhibition of the 
enzyme. This crystallization approach was to be tested for its selectivity towards the 
reaction product (amine) in the presence of large surpluses of low molecular weight 
amino donors (e.g. IPA) as those are usually present in biocatalytic amine synthesis. 
Furthermore, since other biocatalysts for amine synthesis also make use of large 
surpluses of their respective amino donors (e.g. amine dehydrogenases and ammonia), 
the post-reaction product isolation approach could also be tried for a possible transfer 
potential to those new reaction systems, since it was originally developed for 
transaminases only. For this purpose, a comparable model substrate had to be chosen, 
known to be reliably produced by both enzyme classes. 

However, the scope of the reactive crystallization also had to be tested. Since the 
concept was previously tried exclusively for α-chiral primary amines produced in a 
transaminase-catalyzed reaction, the substrate scope had to be tested for the β-chiral 
amine class, which is also a pharmaceutically relevant compound class, like the 
α-chiral amines. Thus, since transaminases have been shown in literature to produce 
β-chiral primary amines, the reactive salt crystallization concept was to be tested in 
the synthesis of β-chiral amines, especially since possible substrates for this synthesis 
can possess self-racemizing properties allowing to perform a dynamic kinetic 
resolution through transamination. 

Beside asymmetric synthesis, enantiopure compounds can be produced through the 
resolution of their respective racemates. Those are usually resolved via diastereomeric 
crystallization from organic solvent systems. So, if this concept would have to be 
integrated into biocatalytic synthesis, it would need to be adapted for aqueous media. 
With this adaptation, a chiral model compound, mandelic acid, had to be resolved to 
achieve high enantiomeric purity of the isolated enantiomer. This concept would 
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further need to be combined with biocatalytic reactions. This approach would need to 
tested by integrating enzymatic racemization of mandelic acid with simultaneous 
diastereomeric salt crystallization, creating a concept for dynamic kinetic resolution of 
racemates of pharmaceutically relevant compounds through reactive diastereomeric 
salt crystallization.  

For all three crystallization approaches, the respective reaction and crystallization 
conditions would need to be tested to achieve optimal yield improvements and 
enantiomeric purities of the target compounds. Moreover, the introduced integrated 
crystallization concepts would need to be tested on preparative scale to obtain a proof 
of concept of applicability in large-scale synthetic approaches, with the target being 
the introduction of integrated and reactive crystallization into biocatalytic industrial 
applications. 
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3. Case study I: Crystallization for 
selective post-reaction downstream 
processing of amines from enzymatic 
reactions 
 

The previously described reactive crystallization concept developed by Hülsewede et 
al.312 has proven a successful tool in the improvement of transaminase-catalyzed amine 
synthesis due to its ability to shift the reaction equilibrium to the product side by 
crystallizing the product amine as a carboxylate salt. The concept itself worked with 
dozing the carboxylate counterion into the reaction as a salt of the amino donor, which 
would be consumed during the reaction, allowing the free carboxylate to crystallize 
with the product (see Figure 30). While the concept was successfully applied in the 
synthesis of different chiral amines on a large scale315, it still had a significant 
challenge. As described by Hülsewede et al., most of the tested “bulky” carboxylate 
counterions acted as inhibitors to several different tested transaminases even at lesser 
concentrations of 12.5-50 mM.312 In fact, the discussed salt crystallization approach 
obtained a proof of concept with only one transaminase Rpo-ATA (SpATA in 
Hülsewede et al.) from the organism Ruegeria pomeroyi (old name: Silicibacter 
pomeroyi) due to it being the less inhibited one of the tested transaminase palette. 
Connected to this, a final choice of the carboxylate (3,3-diphenyl propionic acid – 
3DPPA) was partially based on the fact, that its inhibitory effect was less constituted 
in solution due to low solubility. In the end, this fact allowed for a continuous process 
in a suspension-to-suspension setting, with only a small portion of the carboxylate 
being fully dissolved in the solution at any given point in time, yielding its inhibitory 
effect negligible. However, although the Rpo-ATA is a fairly versatile enzyme with a 
broad substrate spectrum, as proven by Hülsewede et al. and Tiedemann et al.311,313,314, 
it is mostly (S)-selective. Thus, the reactive crystallization concept would be limited 
to finding another “fitting” transaminase, which would survive the inhibition by a 
“bulky” counterion, if the (R)-enantiomer of a product would be required.  

Nevertheless, this concept could be reworked to circumvent that limitation.  If it was 
used solely for the purpose of post-reaction amino product isolation, there would be 
no inhibitory effects of the counterion on the enzyme. Here, the selective 
crystallization of only one of the two amines present in solution (amino donor vs amino 
product) would be paramount to gain versatility in application possibilities throughout 
any transaminase-catalyzed reaction system. If the counterion would be selected 
correctly, then the amino product could be crystallized into the solid phase as a 
carboxylate salt, while the amino donor would remain in solution. This can be 
achieved, if the solubility of the amino donor salt would be significantly higher than 
the solubility of the product salt (with the same counterion). Furthermore, as a simple 
means of downstream processing and product isolation, this system could in turn be 
tested with other enzymatic systems, such as amine dehydrogenases. Those typically 
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also use low molecular weight amino donors (ammonia, comparable to isopropylamine 
for transaminases), which are present in solution as ammonium cations. Thus, the 
separation of the amino product from the amino donor directly out of the reaction broth 
would in theory also be achievable via product salt crystallization. The study presented 
below obtained a proof of concept for both those points by achieving selective post-
reaction product salt crystallization for both transaminase- and amine-dehydrogenase 
catalyzed reaction systems and establishing it as a viable downstream processing 
option by showing high yields and very high purities of the amino product salts.  

For the study, 1-phenylethylamine was chosen as a model amino product to be isolated, 
since this chiral amine and important building block was previously shown in literature 
to be produced by both enzymatic classes of transaminases and amine dehydrogenases. 
As the model enzymes, the Rpo-ATA was chosen for the transaminase class and the 
genetically engineered LE-AmDH-v1 by Tseliou et al. was chosen for the amine 
dehydrogenases.164,312 For both enzymatic systems, the usage of significant surpluses 
of their respective low molecular weight amino donor (IPA or ammonia, up to 2 M 
concentrations known in literature) is well established. Thus, for both systems, a 
carboxylate counterion would be needed to be found to have a much higher solubility 
as this donor salt, than as the product salt, to overcome the possible surplus interference 
and crystallize the product without significant impurities of the amino donor. 
Therefore, a solubility screening was performed for 10 counterions, which were 
selected based on preliminary works by Andrea Mildner and the screening performed 
by Hülsewede et al.312 for the reactive crystallization concept. This solubility screening 
(Table 3) was performed on both (IPA and ammonia) amino donor salts of the selected 
enzymatic systems, as well as the common model product, (S)-1-phenylethylamine, 
which was chosen to be enantiomerically pure due to the high stereoselectivity of both 
enzymes. It has to be noted, that the carboxylates in the screening were achiral, thus, 
the solubilities measured for the (S)-1-phenylethylamine salts would also be true and 
applicable for the (R)-enantiomer salts, since enantiomers do not differ in their 
physical and chemical properties and no further stereocenters were introduced. 
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Table 3: Solubility screening of different ammonium salts of the carboxylates for post-reaction 
(S)-1-phenylethylamine salt crystallization. 

Counterion (S)-1-
phenylethylamine 

salt solubility 
(mM) 

IPA salt solubility 
(mM) 

Ammonium salt 
solubility (mM) 

3DPPA 5.4 ± 0.1 51.7 ± 0.3 216.5 ± 87.5 

2DPPA 4.0 ± 0.1 78.6 ± 0.2 219.4 ± 23.2 

DPAA 10.8 ± 0.1 168.2 ± 1.3 223.5 ± 47.8 

4BPA 13.3 ± 0.5 83.6 ± 16.6 236.6 ± 56.0 

34CA 24.0 ± 0.7 203.1 ± 1.0 165.3 ± 49.0 

PCPA 18.9 ± 0.1 89.8 ± 0.5 192.8 ± 37.3 

43CNA 20.1 ± 0.4 1066.1 ± 20.0 2195.1 ± 121.7 

25CNA 62.5 ± 0.5 1529.2 ± 384.6 1714.8 ± 135.5 

2BPA 62.5 ± 1.0 649.8 ± 24.3 1092.8 ± 74.2 

PFA 69.1 ± 0.5 328.8 ± 35.4 470.1 ± 250.5 

 

Based on the results of the screening 3 counterions were selected, shown in Figure 32: 
DPAA (diphenylacetic acid), 34CA (3,4-dichlorobenzoic acid) and 43CNA (4-chloro-
3-nitrobenzoic acid). Those three possessed a very low product salt solubility 
(< 25 mM), while showing high amino donor salt solubilities. Although some other 
screening candidates had higher amino donor salt solubilities (e.g. 25CNA), their 
product salts also had a fairly high solubility. Thus, they were excluded from further 
investigation to maximize the obtained yields. 

 
Figure 32: Carboxylate counterions for post-reaction (S)-1-phenylethylamine salt crystallization, 
selected based on the screening results. 

The three selected carboxylates were subjected to a parameter screening to test the 
selectivity and effectiveness of the product salt crystallization. Here, in modelled 
reaction solutions containing 50 mM of the reaction product ((S)-1-phenylethylamine) 
and varied concentrations of the amino donor (50-1000 mM IPA or 250-2000 mM 
ammonia), the crystallization process was initiated by the addition of varying amounts 
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Figure 32: Carboxylate counterions for post-reaction (S)-1-phenylethylamine salt crystallization, 

selected based on the screening results. 
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and varied concentrations of the amino donor (50-1000 mM IPA or 250-2000 mM 

ammonia), the crystallization process was initiated by the addition of varying amounts 

33 



 

54  

of the carboxylate anion (50-250 mM). Furthermore, the influence of temperature on 
the crystallization efficiency was also screened. Here, the performance of the 
carboxylates varied. DPAA performed very well in terms of crystallizing very high 
product yields with both a transaminase- (IPA as amino donor) and an amine 
dehydrogenase-catalyzed (ammonia as amino donor) systems, with yields reaching the 
99 % mark. But in terms of selectivity, DPAA also crystallized a significant (over 
10 %) amount of IPA impurities, especially with high IPA-amino donor concentrations 
present, making it unfit as a selective crystallizing agent for transaminase-based 
reactions. Nevertheless, when ammonia was the amino donor, DPAA showed the 
overall best performance in yields and purity of the product salts, making it ideally 
qualified as a selective crystallization tool for amine dehydrogenase-based systems. 
34CA showed a mediocre performance in for both reaction systems in terms of yields 
and selectivity of product salt crystallization. In both systems, the yields with 34CA 
revolved around 60-80 %. 34CA also could withstand a significant surplus (1000 mM) 
of IPA, with the purity dropping only to 90 %. But 34CA was not able to withstand 
high ammonia concentrations, with product salt purity falling below the 70 % mark at 
2000 mM NH4

+. 43CNA performed better than 34CA as the counterion for product 
crystallization in both reaction systems. It showed product salt yields of 80-90 % and 
withstood high surpluses of both IPA and ammonia, with the product salt purities never 
falling below the 90 % mark, usually revolving at > 95 %. Thus, 43CNA had the most 
versatility, being an effective counterion for both the transaminase- and amine 
dehydrogenase-catalyzed systems. For amine dehydrogenases, it was only slightly 
beaten by DPAA in terms of obtained product salt yield, but was further utilized for 
transaminase-based reactions. 

For the further investigation of the selectivity of the product crystallization, ternary 
phase diagrams of the possible salt pairs were prepared. For transaminase reaction 
systems, the IPA-(S)-1PEA-43CNA salt pair was investigated (see Figure 33), for 
amine dehydrogenase reaction systems - the NH4

+-(S)-1PEA-DPAA salt pair. Both 
phase diagrams showed a single eutectic system for the crystallization behavior of the 
salt pair mixtures. Both phase diagrams also displayed extreme asymmetry with the 
positioning of the eutectic point, allowing for a very broad set of crystallization 
conditions for the crystallization of the (S)-1PEA product salts, proving the robustness 
of the selective salt crystallization systems and its broad applicability, withstanding 
high surpluses of interfering amino donors in different reaction conditions with the 
chosen counterions. 
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Figure 33: Exemplary phase diagram of the IPA-(S)-1PEA-43CNA salt pair. The positioning of the 
eutectic point on the extreme left allows for a broad spectrum of variability for the salt pair molar ratios 
to crystallize the pure product salt. 

The final setup of the post-reaction product crystallization was tested on some real 
enzymatic reactions catalyzed by Rpo-ATA and LE-AmDH-v1. Both reactions 
produced approximately 50-70 mM of 1-phenylethylamine and were subjected to post-
reaction product crystallization with 43CNA (transaminase) and DPAA (amine 
dehydrogenase). The obtained crystallized yields and product salt purities were fairly 
high (see Table 4) and can be seen as a proof of concept for both enzyme reaction 
systems. The post-reaction product crystallization concept showed very high 
selectivity and broad applicability as a downstream processing method for amine 
products from transaminase and amine dehydrogenase reaction broth. The presence of 
further ions, like cofactors, was shown to not affect the crystallization process, 
underlined by the high product salt purities. 

Table 4: Crystallization yields and product salt purities of the preparative-scale enzymatic synthesis of 
1-phenylethylamine. 

Enzyme 1-phenylethylamine 
final concentration 

Amino donor 
concentration 

in reaction 

Crystallization 
yield 

Product 
salt 

purity* 
Rpo-ATA 72 mM 1500 mM 84 % 96 % 

LE-AmDH-
v1 

55 mM 2000 mM 98 % 97 % 

*Determined by NMR 
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Figure 33: Exemplary phase diagram of the IPA-(S)-1PEA-43CNA salt pair. The positioning of the 

eutectic point on the extreme left allows for a broad spectrum of variability for the salt pair molar ratios 

to crystallize the pure product salt. 

The final setup of the post-reaction product crystallization was tested on some real 

enzymatic reactions catalyzed by Rpo-ATA and LE-AmDH-vl. Both reactions 

produced approximately 50-70 mM of 1-phenylethylamine and were subjected to post- 

reaction product crystallization with 43CNA (transaminase) and DPAA (amine 

dehydrogenase). The obtained crystallized yields and product salt purities were fairly 

high (see Table 4) and can be seen as a proof of concept for both enzyme reaction 

systems. The post-reaction product crystallization concept showed very high 

selectivity and broad applicability as a downstream processing method for amine 

products from transaminase and amine dehydrogenase reaction broth. The presence of 

further 1ons, like cofactors, was shown to not affect the crystallization process, 

underlined by the high product salt purities. 

Table 4: Crystallization yields and product salt purities of the preparative-scale enzymatic synthesis of 

1-phenylethylamine. 

Enzyme 1-phenylethylamine | Amino donor | Crystallization | Product 

final concentration | concentration yield salt 
in reaction purity*® 

Rpo-ATA 72 mM 1500 mM 84 % 96 % 

LE-AmDH- 55 mM 2000 mM 98 % 97 % 

vl 
*Determined by NMR 
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Manuscript Title: “Crystallization-based downstream processing of ω-
transaminase- and amine dehydrogenase-catalyzed reactions” 

Feodor Belov as the first author contributed the following to this manuscript: 
developed the concept of the study, performed most of the experiments and data 
curation, as well as the formal analysis of the data, its investigation and 
validation, developed the methodology and wrote the original draft of the 
manuscript, including all the visualization. Andrea Mildner as the second author 
helped in the development of the concept and methodology by performing some 
preliminary tests, while also helping in the editing and review of the manuscript. Tanja 
Knaus and Francesco G. Mutti provided the genetic material and methodology needed 
for the use of the LE-AmDH-v1 amine dehydrogenase and helped in the editing and 
review of the manuscript. Jan von Langermann also helped in the theoretical 
conceptualization of the manuscript and provided the funding and resources needed 
for the practical work, as well as helping in the editing and review of the manuscript. 
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4. Case study II: Broadening the product 
scope of pharmaceutically relevant 
amine classes for reactive crystallization 
 

Transaminases are mechanistically trimmed to produce primary amines as their 
transamination products. However, most of the works published for the transaminase 
enzyme class focuses on α-chiral primary amines, meaning that the amino group is 
situated directly at the stereocenter. Considering the accepted theory about how the 
active site of transaminases is formed (one small and one big substrate binding pockets, 
coordinating the substrate positioning), α-chiral amines can be considered as the more 
common, “native” form of the transamination product. However, literature shows, that 
transaminases can also produce other classes of primary chiral amines, like β-chiral 
amines.72,148,196 Those are important chemicals, especially relevant as pharmaceuticals. 
But, due to the described mechanistic/steric hindrances, the synthesis of such 
compounds can become challenging for transaminases, leading to a decrease in yields. 
Nevertheless, there is potential in the utilization of transaminases due to their high 
stereospecificity. Furthermore, since such primary β-chiral amines would be 
synthesized by transamination from α-branched aldehyde substrates, their intrinsic 
tautomery would allow for the aldehyde’s racemization, in turn allowing to perform a 
dynamic kinetic resolution (see Figure 34) and maximizing the yield of the desired 
β-chiral amine enantiomer. 

 
Figure 34: Transaminase-catalyzed DKR synthesis approach for β-chiral amines starting from auto-
racemizing (via tautomery) α-branched aldehydes. 

As can be seen, the only hindrance in realizing such a synthesis would be the 
unfavorable reaction equilibria of transaminases multiplied by possible steric 
hindrances of the substrate positioning in the active site. Here, the reactive 
crystallization concept by Hülsewede et al.312 could be applied to resolve this issue. 
Since it was never before tested for the synthesis of β-chiral amines, we decided to 
apply it to further broaden its application scope in the synthesis of primary chiral 
amines. For that purpose, we chose a model compound, which was previously 
successfully synthesized by Fuchs et al. via transamination, β-methylphenethylamine 
(sometimes also abbreviated β-MPEA).72 As the corresponding model transaminase, 
the well-established Rpo-ATA, which was also previously used by Hülsewede et al., 
was chosen. In initial tests, Rpo-ATA showed conversion of the α-branched racemic 
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Figure 34: Transaminase-catalyzed DKR synthesis approach for B-chiral amines starting from auto- 

racemizing (via tautomery) a-branched aldehydes. 

As can be seen, the only hindrance in realizing such a synthesis would be the 

unfavorable reaction equilibria of transaminases multiplied by possible steric 

hindrances of the substrate positioning in the active site. Here, the reactive 
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aldehyde 2-phenylpropanal to β-methylphenethylamine. However, the presence of 
another by-product could be determined in those reactions. The by-product could be 
identified as acetophenone. Due to significant levels of this by-product (meaning 
significant substrate loss for the reaction), the source of its formation was further 
analyzed. Tests for pH-levels, light and the removal of air from the reaction solution 
revealed, that the formation of acetophenone was significantly hindered, when air 
oxygen was removed from the reaction (see Figure 35). This inhibition of by-product 
formation in turn facilitated better synthesis yields of the transamination reaction as a 
whole. 

 
Figure 35: The influence of air oxygen and light on the formation of the acetophenone by-product and 
reaction yields, tested by degassing the reaction solutions and protecting them from light. 

To integrate the reactive crystallization concept with this reaction, a suitable 
crystallization counterion for the β-methylphenethylamine product salt needed to be 
found. Thus, a screening was performed using the ECS Acid Screening Kit (produced 
by Enzymicals), showing five promising candidates for the carboxylate counterions. 
Those were subjected to a further solubility screening to determine their solubility gap 
between the IPA salt solubilities (amino donor salt) and their respective product salts. 
β-Methylphenethylamine ((S)-enantiomer used in the screening) was kept 
enantiomerically pure to simulate the high stereospecificity of the transaminase, 
however the determined solubilities are also true for the other (R)-enantiomer, since 
all carboxylates of the product salts are achiral. The solubilities are shown in Table 5:  
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Figure 35: The influence of air oxygen and light on the formation of the acetophenone by-product and 

reaction yields, tested by degassing the reaction solutions and protecting them from light. 

To integrate the reactive crystallization concept with this reaction, a suitable 

crystallization counterion for the f-methylphenethylamine product salt needed to be 

found. Thus, a screening was performed using the ECS Acid Screening Kit (produced 

by Enzymicals), showing five promising candidates for the carboxylate counterions. 

Those were subjected to a further solubility screening to determine their solubility gap 

between the IPA salt solubilities (amino donor salt) and their respective product salts. 

B-Methylphenethylamine ((S)-enantiomer used 1n the screening) was kept 

enantiomerically pure to simulate the high stereospecificity of the transaminase, 

however the determined solubilities are also true for the other (R)-enantiomer, since 

all carboxylates of the product salts are achiral. The solubilities are shown in Table 5: 
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Table 5: Amino donor (IPA) and product salt solubilities for the chosen counterion carboxylates. 

Counterion (S)-β-
methylphenethylamine salt 

solubility (mM) 

IPA salt solubility (mM) 

3DPPA 14.4 ± 8.5 51.7 ± 0.3 

2DPPA 18.6 ± 3.6 78.6 ± 0.2 

DPAA 25.5 ± 5.8 168.2 ± 1.3 

BPA 18.4 ± 3.8 40.7 ± 1.0 

4BPA 15.4 ± 5.7 83.6 ± 16.6 

 

Based on those results, DPAA was excluded from further investigation to maximize 
future product yields due to its product salt having a solubility > 25 mM. All other 
counterions were subjected to a screening to determine their ISPC potential and to 
successfully integrate reactive crystallization into the workflow. It was started at 
50 mM counterion concentrations to check for possible inhibitions of the enzymatic 
reaction, the counterions being utilized as amino donor (IPA) salts. Based on this 
screening, 3DPPA was excluded from further investigation due to showing inhibitory 
effects on this reaction at this minor concentration already (see Figure 36). The 
concentrations of the remaining three counterions in the enzymatic reaction setup were 
gradually increased to determine the concentrations facilitating the most yield increase 
benefits for the reaction through reactive product salt crystallization. Here, 
concentrations between 100 and 150 mM proved to be most beneficial, with 2DPPA 
outperforming the other two counterions in terms of yield (see Figure 36). 

Having determined 2DPPA as the counterion of choice, a proof of concept for the 
successful integration of ISPC into the enzymatic Rpo-ATA-catalyzed synthesis of 
β-methylphenethylamine was obtained on a preparative scale. Experiments were 
performed with substrate concentrations of 100 and 200 mM and reached high yields, 
which were compared to control reactions without the integrated reactive 
crystallization (see Table 6). On the highest scale of 50 ml the reaction yielded 
240 mM (63.2 % yield) of the product amine, amounting to a process productivity of 
approximately 16 g/l·d. Rpo-ATA, although being an (S)-selective enzyme with 
primary α-chiral amines, changed its stereoselectivity for the β-chiral amine product, 
producing (R)-β-methylphenethylamine with an enantiomeric excess of up to 99 %. 
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Figure 36: Results of screening for counterion inhibitions and their gradual concentration increase, 
determining 2DPPA as the best suited counterion for reactive crystallization of 
β-methylphenethylamine. A. Inhibition screening with 50 mM of counterion. B. Determination of ideal 
counterion concentrations. All reactions were performed with 100 mM of initial 2-phenylpropanal 
(substrate) concentrations. 

 

Table 6: Yields and enantiomeric excesses of the preparative-scale β-methylphenethylamine synthesis. 

Reaction 
volume (ml) 
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(mM) 

2DPPA 
counterion 
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5 100 150 64.4 n.d. 

5 100 0 28.7 n.d. 

5 200 300 79.0 99.0 (R) 

5 200 0 43.0 94,6 (R) 

50 200 300 63.2 98.6 (R) 

50 200 0 43.3 96.8 (R) 
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Figure 36: Results of screening for counterion inhibitions and their gradual concentration increase, 

determining 2DPPA as the best suited counterion for reactive crystallization of 

B-methylphenethylamine. A. Inhibition screening with 50 mM of counterion. B. Determination of ideal 

counterion concentrations. All reactions were performed with 100 mM of initial 2-phenylpropanal 

(substrate) concentrations. 

Table 6: Yields and enantiomeric excesses of the preparative-scale B-methylphenethylamine synthesis. 

Reaction Substrate 2DPPA Yield (%) Enantiomeric 

volume (ml) | concentration counterion excess (%) 

(mM) concentration 

(mM) 
5 100 150 64.4 n.d. 

5 100 0 28.7 n.d. 

5 200 300 79.0 99.0 (R) 

5 200 0 43.0 94,6 (R) 

50 200 300 63.2 98.6 (R) 

50 200 0 43.3 96.8 (R) 
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Manuscript Title: “Crystallization Assisted Dynamic Kinetic Resolution for the 
Synthesis of (R)-β-Methylphenethylamine” 

Feodor Belov as the first author contributed the following to this manuscript: 
developed the concept of the study, performed most of the experiments and data 
curation, as well as the formal analysis of the data, its investigation and 
validation, developed the methodology and wrote the original draft of the 
manuscript, including all the visualization. Alina Gazizova as the second author 
helped in the measurement of the enantiomeric excess of the reactions by performing 
the LC-MS analysis, while also helping in the editing and review of the manuscript. 
Hannah Bork performed the synthesis of halogenated 2-phenylpropanals, which were 
tested for their activity with the Rpo-ATA enzyme, while also helping in the editing 
and review of the manuscript. Harald Gröger conceptualized the proposed mechanism 
of radical chain reaction degradation of 2-phenylpropanal, while also helping in the 
editing and review of the manuscript. Jan von Langermann also helped in the 
theoretical conceptualization of the manuscript and provided the funding and resources 
needed for the practical work, as well as helping in the editing and review of the 
manuscript. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Manuscript Title: “Crystallization Assisted Dynamic Kinetic Resolution for the 

Synthesis of (R)-p-Methylphenethylamine” 

Feodor Belov as the first author contributed the following to this manuscript: 

developed the concept of the study, performed most of the experiments and data 

curation, as well as the formal analysis of the data, its investigation and 

validation, developed the methodology and wrote the original draft of the 

manuscript, including all the visualization. Alina Gazizova as the second author 

helped in the measurement of the enantiomeric excess of the reactions by performing 

the LC-MS analysis, while also helping in the editing and review of the manuscript. 

Hannah Bork performed the synthesis of halogenated 2-phenylpropanals, which were 

tested for their activity with the Rpo-ATA enzyme, while also helping in the editing 

and review of the manuscript. Harald Gréger conceptualized the proposed mechanism 

of radical chain reaction degradation of 2-phenylpropanal, while also helping in the 

editing and review of the manuscript. Jan von Langermann also helped in the 

theoretical conceptualization of the manuscript and provided the funding and resources 

needed for the practical work, as well as helping in the editing and review of the 

manuscript. 

61 



 

62  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

     63 

5. Case study III: Combining 
diastereomeric salt crystallization with 
enzymatic racemization for the 
resolution of chiral carboxylic acids 
 

When enantiopure compounds are produced from their respective racemates, classical 
chiral or kinetic resolutions are mostly employed. In terms of product crystallization, 
approaches of diastereomeric crystallization are mostly chosen. For that purpose, 
organic solvents quite often find employ in such processes.320–322 Standard-issue chiral 
resolutions of course always possess their main drawback of yield, since they can 
convert only a maximal theoretical cap of 50 % of the utilized racemate, leaving the 
undesired enantiomer unprocessed. Opposed to that, in biocatalysis, as demonstrated 
on the basis of the previous two case studies, crystallization with the help of achiral 
compounds is widely employed (e.g. achiral counterion for an amine product leading 
to product salt crystallization).311–315 But even without the employ of a crystallization 
partner, in spontaneous or compound forming ISPC, the enantiopurity of the product 
is still defined only by the reaction itself. This means, that the utilized enzyme 
(catalyst) defines the enantiomeric excess of the product. While this fact can be 
beneficial if the utilized enzyme is highly stereospecific, producing 99 % enantiomeric 
excesses without the need to complicate the reaction system, an enzyme for such an 
application cannot always be found, especially when dealing with unnatural substrates. 
Thus, either catalyst engineering or another method for enantiopure product 
obtainment would be required. Here, a combination of diastereomeric crystallization 
with enzymatic synthesis can be applied. Diastereomeric crystallization is based on 
crystallizing only one diastereomer (based on only one of the product enantiomers) 
from the solvent of choice due to a difference in physical and chemical properties 
between diastereomers. Thus, in the case of insufficient enantiospecificity of the 
chosen enzyme, a chiral crystallization partner can be applied to the mixture of product 
enantiomers to preferentially crystallize only one product enantiomer as a 
diastereomer, significantly enriching the resulting enantiomeric excess. However, such 
an approach is very underrepresented in literature up to date.306 

In the presented work, it was decided to develop and test such a concept on the basis 
of mandelic acid. Mandelic acid is an important chiral building block and a base 
structure for several pharmaceuticals, including cyclandelate, homatropine and 
clopidogrel.331,332 While several approaches for chiral resolution through 
diastereomeric salt- or co-crystallization exist310,320–322, no approaches utilize 
diastereomeric crystallization for any kind of dynamic kinetic resolution of mandelic 
acid to circumvent the 50 % theoretical yield mark. This approach would require a 
simultaneous racemization of the remaining undesired enantiomer of mandelic acid to 
realize the DKR-approach, which up to date has been realized only via an enzymatic 
cascade between a mandelate racemase and a lipase327 or via the coupling of the 
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mandelate racemase enzyme to stereospecific chromatography.330 That is why we 
decided to use diastereomeric salt crystallization as the resolving agent in the DKR of 
mandelic acid, since the enzymatic racemization of mandelic acid via mandelate 
racemases has been fairly well studied, including its mechanism and the expression 
and preparation of the biocatalyst.213,216 We also decided to increase the sustainability 
of the process by performing the crystallization in water, avoiding the need for organic 
solvents typically used for this purpose. 

The first challenge, that needed to be overcome in this endeavor, was the finding of a 
suitable crystallization counterion. Mandelic acid possesses a very high solubility in 
water on its own, amounting to approximately 1 mol/l (over 150 g/kg of water for 
racemic mandelic acid, approximately half this amount for enantiopure mandelic 
acid).333 Due to this fact, a variety of bulky chiral amine counterions were chosen, 
based on the work of the Hirose group321,334,335, which introduced the resolution of 
mandelic acid as a diastereomeric salt of (1R,2S)-2-amino-1,2-diphenylethanol 
((1R,2S)-ADPE). We tried out several structurally similar counterions, including 
(S)-1-phenylethylamine ((S)-1PEA), (1R,2R)-1,2-diphenylethanediamine 
((1R,2R)-DPEN) and (R)-1,2,2-triphenylethylamine ((R)-122TPEA), creating 
diastereomeric salt pairs of both enantiomers of mandelic acid and measuring their 
solubility in water. The results of the measurements can be seen in Table 7: 

Table 7: Solubility screening of the diastereomeric mandelate salt pairs with selected amine counterions 
in water. 

Amine counterion Structure of amine 
counterion 

Solubility of 
(R)-MA salt, mM 

Solubility of 
(S)-MA salt, mM 

(1R,2S)-ADPE  67.1 ± 6.8 56.3 ± 2.7 

(1R,2R)-DPEN  33.6 ± 4.8 88.5 ± 3.1 

(S)-1PEA  6138.9 ± 370.9 204.1 ± 12.1 

(R)-122TPEA 
 

 

4.9 ± 1.1 9.3 ± 0.9 

(1R,2R)-DPEN salts were measured as monoamine salts. 

Two counterions showed a sufficient gap in the solubilities of their respective 
mandelate salts: (1R,2R)-DPEN and (S)-1PEA. This gap would allow to crystallize 
only one enantiomer of mandelic acid as a product salt, while the other one would 
mostly remain in solution. Thus, their performance in resolution experiments for 
racemic mandelic acid was tested (with varied amounts of counterion and racemic 
mandelic acid) and evaluated based on the achieved enantiomeric excess of 
enantiomerically enriched product salts (see Table 8): 
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Table 8: Results of the diastereomeric crystallization screening of (1R,2R)-DPEN and (S)-1PEA as 
potential resolving agents for racemic mandelic acid. 

Racemic 
mandelate, mM 

Amine Counterion Counterion, mM ee of product salt 

1000 (S)-1PEA 500 66.7 ± 7.0% (S) 

500 (S)-1PEA 500 67.6 ± 1.6% (S) 

1000 (S)-1PEA 400 63.9 ± 1.8% (S) 

1000 (S)-1PEA 300 74.9 ± 9.4% (S) 

1000 (S)-1PEA 250 77.5 ± 11.1% (S) 

1000 (S)-1PEA 200 77.2 ± 0.7% (S) 

200 (1R,2R)-DPEN 150 79.9 ± 2.6% (R) 

200 (1R,2R)-DPEN 100 84.3 ± 2.8% (R) 

200 (1R,2R)-DPEN 75 86.8 ± 4.3 % (R) 

 

As can be seen, (S)-1PEA had to be excluded from further investigation due to its 
inability to reach an enantiomeric excess of at least 80 % for the crystallized product 
salt. (1R,2R)-DPEN, on the other hand, showed promising data in terms of reached 
enantiomeric excess, although its solubility limits bound it to lower concentrations of 
mandelic acid for the resolutions. Nevertheless, when combined with racemization 
through a mandelate racemase, process continuity could be achieved and a higher yield 
accumulated over time.  

A reaction setup with the addition of the mandelate racemase enzyme (as the 
racemizing agent) was planned and executed with different varying concentrations of 
the (1R,2R)-DPEN counterion. The introduction of racemization of the uncrystallized 
mandelate enantiomer to the crystallization resolution process thus turned it into a 
DKR. As can be seen from Figure 37, while (1R,2R)-DPEN was kept at low 
concentrations, the yields of both the DKR-based setup and the control without 
racemization were comparable, the enantiomeric excess of the product salt staying 
fairly high at 90 %. However, the doubling of the counterion concentration allowed 
for a much higher yield in the DKR-based approach, while only insignificantly 
increasing the yield of the control, also leading to a slight decrease of enantiomeric 
excess for the control experiments. 
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Figure 37: Yield and enantiomeric excess of the DKR-based mandelate crystallization experiments and 
controls (without mandelate racemase) with varying concentrations of (1R,2R)-DPEN. 

Reaching yields of up to 60 % on a small scale, the applicability of this concept was 
further tested on preparative scale of 50 ml, reaching a yield of 60.3 % and an 
enantiomeric excess of 95 %. From the harvested product salt, mandelic acid was 
isolated with an isolated yield of 56 % and a purity of 94 %, proving the success of the 
introduced concept of dynamic kinetic resolution of mandelic acid by combination of 
diastereomeric salt crystallization with enzymatic racemization. 
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as well as the formal analysis of the data, its investigation and validation, 
developed the methodology and wrote the original draft of the manuscript, 
including all the visualization. Alexandra Lieb as the second author mainly helped 
in the gathering and analysis of XRPD data, as well as helping in the editing and review 
of the manuscript. Jan von Langermann helped in the theoretical conceptualization of 
the manuscript and provided the funding and resources needed for the practical work, 
as well as helping in the editing and review of the manuscript. 

 

 

  

 

75mM | | 150 mM 
pPEN | | DPEN 

100- I 
| 

80- I 

< 60- | 
S I 
O L 40 I 

20- I 

DKR control DKR control 

w/0 enzyme w/0 enzyme 

| EYieldin[%] MMeein[%] | 
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controls (without mandelate racemase) with varying concentrations of (1R,2R)-DPEN. 
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6. Conclusion and Outlook 
 

This work focused on the integration of crystallization methods to optimize 
biocatalytic provision of chiral pharmaceutically relevant compounds. The main goal 
was to achieve the optimization of classical biocatalytic synthesis in terms of yield 
output and the easing of further downstream processing steps. On the basis of three 
case studies, different forms of crystallization were tested out for different goals and 
reaction setups. In all three cases, a significant improvement of yields and downstream 
processing of the obtained products was achieved. 

The first case study focused on selective crystallization of amine products from 
transaminase- or amine dehydrogenase-catalyzed reactions, which are prone to high 
surpluses of low molecular weight amino donors. The study managed to establish a 
post-reaction product salt crystallization approach from the reaction broths, with which 
the amino product could be selectively crystallized from the reaction mixture with very 
high purity (only trace amounts of the amino donors). Two counterions for the amino 
products (43CNA and DPAA) were found for each type of reaction (transaminase or 
amine dehydrogenase respectively) to be successfully applied in preparative scale 
proof-of-concept experiments. Here, 43CNA achieved a crystallization yield of 84 % 
from a transaminase-catalyzed reaction for 72 mM of the product amine (60.5 mM 
crystallized) with a purity of the product salt of 96 %. An even greater efficiency was 
shown by DPAA in the amine dehydrogenase-catalyzed setup, where 98 % of 55 mM 
product amine were successfully crystallized with a purity of 97 %. The selective 
crystallization approach proved its robustness and reproducibility, since the 
crystallizations were performed at very high interfering amino donor concentrations 
1.5-2 M (20-35-fold higher concentrations compared to the product amine). Thus, this 
study showcased the potential for application of selective crystallization as a 
downstream processing technique in the enzymatic synthesis of chiral amines. In 
general, since this work showcased the robustness of the proposed crystallization 
approach towards high amino donor concentrations, this concept could be applicable 
to any enzymatic amine synthesis route using low molecular weight amino donors. 
Thus, it is reasonable to assume, that this system can be applicable for at least the 
ammonia lyase enzyme class (utilizing ammonia as an amino donor, similar to amine 
dehydrogenases). Further classes in question would be reductive aminases and imine 
reductases, which can produce secondary amines from primary amino donors. 
However, the crystallization behavior of secondary amines in terms of salt formation 
could also be more complex, thus a further investigation would be required. 
Furthermore, the extent of possible pure product crystallization has not yet been tested 
to the fullest. According to the acquired ternary phase diagrams, the reaction systems 
show a very broad set of reaction conditions, from which the amine products could be 
crystallized with a high purity. Thus, crystallizations of higher product concentrations 
can be possible, however, the dosage of the counterions (43CNA or DPAA) also has 
to be analyzed accordingly to not exceed the solubility limits of the amino donor salts, 
thus decreasing the purity of the crystallized products. Such boundaries can be the 
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subject of a further study into the application range of the proposed selective product 
salt crystallization system, showcasing the extent of its efficiency. The promising 
results of this study advocate for a broader use of selective crystallization in the 
downstream processing of amine products in opposition to standard extraction- and 
chromatography-based methods, showing the potential for shortening of the 
downstream processing pipeline and, thus, the isolation costs of amine products from 
biocatalytic synthesis. 

For the second presented case study, the concept of integrated in situ product salt 
crystallization was chosen. In literature, this concept has been applied to α-chiral 
amines from transaminase-catalyzed reactions311–315, but never to the class of β-chiral 
amines. This work successfully proved the applicability of the introduced in situ 
product crystallization system for the transaminase-catalyzed production of β-chiral 
amines, proving the versatility of the concept, developed by Hülsewede et al. for 
almost any kind of transaminase-catalyzed reaction. Native yields of the Rpo-ATA 
enzyme in the synthesis of β-methylphenethylamine, reaching approximately 40 %, 
were improved by integrated product crystallization to 60-80 %, with process 
productivity on highest scale of 16 g/l·d. Furthermore, this study also diminished a 
significant source of substrate “bleeding” through oxidation to acetophenone as a by-
product by the simple measure of degassing the experiments, also proposing the 
possible mechanism of substrate degradation through oxygen. The success of this 
study opens up new possibilities for the integration of the in situ product salt 
crystallization concept into the synthesis of β-chiral amines, especially in 
pharmaceutical industry. Previous studies on transaminase-catalyzed synthesis of the 
drug pregabalin and precursors for the drug brivaracetam196 showed imperfect yields 
with many enzyme variants, usually amounting to 30-70 % conversions on a 50 mM 
substrate scale. Through in situ product salt crystallization, those yields can be 
improved significantly by shifting the equilibrium of the enzymatic transamination by 
ISPR. However, despite almost perfect enantiomeric excesses (95-99 %) achieved in 
this study by the Rpo-ATA enzyme, the literary research showcased, that yield is not 
always the main challenge in the production of β-chiral amines for most transaminases, 
but rather the enantiomeric excess. Examples throughout literature were encountered, 
where usually very stereospecific transaminases produced almost racemic mixtures 
(e.g. ee of 4 %)196 of the β-chiral product, while in most cases the enantiomeric excess 
was around 50-60 %.72,148,196 This is explainable by the geometry of β-chiral amines, 
since the additional CH2-moiety separating the amino group from the chiral center can 
sterically interfere with substrate positioning in the highly conserved small and big 
substrate binding pocket of the transaminases, leading to possible inversions in 
stereopreference or decreases in stereoselectivity due to randomized substrate 
positioning (or, in the case of α-chiral aldehydes, increased acceptance of the undesired 
enantiomer). Thus, especially for such cases, another in situ product crystallization 
concept would need to be developed, which would not only improve the yield by 
crystallizing the product out of the reaction, but would also improve the enantiopurity 
of the crystallized product phase leaving the undesired product enantiomer in solution, 
allowing it to be reconverted back to the substrate (reverse reaction of transaminases) 
and to be converted into the new proportions to the desired enantiomer. The iteration 
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effect of this back-and-forth conversion-crystallization-reconversion process would 
lead to the accumulation of (ideally) an enantiopure crystallized product phase over 
time. 

Thus, in the third presented case study, an attempt was made to develop exactly such 
a concept through the introduction of integrated diastereomeric crystallization of 
mandelic acid from an enzymatic reaction in an aqueous phase with the help of a chiral 
amine counterion. Since mandelic acid also is a relevant precursor for the production 
of several pharmaceuticals, the introduced approach would not only be applicable for 
better crystallization of chiral amines, but would also present a viable option for the 
resolution and enantiospecific crystallization of pharmaceutically relevant carboxylic 
acids. The presented work managed to successfully couple enzymatic racemization of 
mandelic acid with diastereomeric salt crystallization, a technique frequently used in 
standard-issue chiral resolutions of racemates, in a DKR-based process. Yields of up 
to 60 % (calculated from the amount of utilized racemate, not a single enantiomer) 
were achieved with a very good enantiomeric excess of 95 % on preparative scale. 
Thus, a concept for enantioselective product salt crystallization from aqueous 
enzymatic reactions could be established, with a potential to get even better yields. For 
such an improvement, an investigation into the ternary phase diagram of the 
solubilities of the diastereomeric mandelate salts would be necessary, showcasing the 
limits of applicability (especially the maximum mandelic acid and counterion 
concentrations). However, the third case study just developed a preliminary concept, 
which has several possible routes of application development. First of all, it would be 
possible to utilize it for the DKR of other pharmaceutically relevant carboxylic acids, 
like ibuprofen, ketoprofen or naproxen336, if the right racemizing agent for them could 
be found. Then again, this concept could be inverted to utilize enantiopure mandelic 
acid to realize the proposed improvement of enantiomeric excesses in transaminase-
catalyzed production of chiral amines. For β-chiral amines this concept would be 
simpler, since the α-chiral aldehyde substrates already possess self-racemizing 
properties through keto-enol tautomerization. Nevertheless, this concept would also 
be applicable for α-chiral amines, although slower reaction rates can be expected with 
the more stable achiral ketone substrates (however, the reverse reaction of the 
undesired enantiomer would in turn be faster, as it would be energetically preferred). 
Then, this concept could also be developed into the form of an enzymatic cascade, 
where the costlier enantiopure mandelic acid could be replaced by a racemate with the 
addition of a mandelate racemase to the mixture. Like that, the diastereomeric 
mandelate salt of the overproduced product enantiomer would crystallize first, while 
the unused mandelate enantiomer would be racemized, ensuring a constant supply of 
the needed mandelate enantiomer to the process. Replacing the enantiopure mandelate 
with a cheap racemate would thus save some costs to the establishment of the process 
while retaining its benefits. 

To conclude, the presented work aimed to showcase the versatility of integrated 
crystallization methods for different types of applications in enzymatically catalyzed 
reactions, especially in the production of chiral amines. The findings of this work 
strongly encourage the utilization of integrated crystallization methods in biocatalytic 
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reactions, since they can not only mitigate some of the disadvantages of imperfect 
enzymatic catalysts with non-native substrates by increasing process productivities, 
but also shorten the downstream processing and purification pipelines, saving time and 
costs in the production of enantiopure compounds. 
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Appendix 
 

This part contains the original publications addressed in the chapters 3 to 5 and the 
formalities of the thesis. 
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Abstract: 

Biocatalytic synthesis is a powerful and frequently chosen method for the production of chiral amines. Unfortunately, 

these biocatalytic reactions often result in complex mixtures, bearing many components aside from the main product 

amine such as residual co-substrates, co-products, cofactors and buffer salts. This issue typically requires an 

additional effort during downstream processing towards the isolation of the desired chiral amine. For instance, 

transaminase- and amine dehydrogenase-catalyzed reactions, which often use high surpluses of amine or ammonia 

co-substrates, face complications in removing the residual amine donor or unreacted substrate and salts from the 

isolated amine products, thus complicating and increasing the costs of the process of product isolation and 

purification. This study explores the selective removal of chiral amines from model amine transaminase and amine 

dehydrogenase-catalyzed reactions via a salt-based specific crystallization step. The product amine is precipitated 

directly in one step from the reaction mixture as a product ammonium salt, which can easily be filtered from the 

reaction mixture, while the other reactants remain unchanged in solution for potential re-use. 

Baocatalyss 

"""""" i 

A nn’ % 0 | 
,r'l\-\ ,HJ‘M I Selactive crystallization 

W FAec-ATA _F___-r 1 

PLP 
5 R-CO0" 

o My a ] 
-0 MH= 

= " 
| 2 
= I 

Acelophenona {5} 1-Phenyiethylaming P 

Product salt 

89 



 

90  

 

 

 

 

 

O
p
e
n
 A
cc

es
s 

Ar
ti
cl
e.
 P
ub

li
sh

ed
 o
n 
24

 M
a
r
c
h
 2
02

3,
 D
o
w
n
l
o
a
d
e
d
 o
n 
2/
24
/2
02
5 
8:

29
:2

2 
A
M
.
 

Th
is

 a
rt

ic
le

 i
s 
li

ce
ns

ed
 u
nd
er
 a
 C
re

at
iv

e 
C
o
m
m
o
n
s
 A
tt
ri
bu
ti
on
-N
on
Co
mm
er
ci
al
 3
.0

 U
np
or
te
d 
Li

ce
nc

e.
 

Reaction 
Chemistry & 
Engineering 

ROYAL SOCIETY 
OF CHEMISTRY 

View Article Online 
View lournal | View Issue 

l M) Check for updates ‘ 

Cite this: React. Chem. Eng., 2023, 

8, 1427 

Received 14th November 2022, 

Accepted 21st March 2023 

DOI: 10.1039/d2re00496h 

rsc.li/reaction-engineering 

Crystallization-based downstream processing of 
w-transaminase- and amine dehydrogenase- 
catalyzed reactionsy 

Feodor Belov,? Andrea Mildner,® Tanja Knaus, ®°¢ 
Francesco G. Mutti @°¢ and Jan von Langermann @ *¢ 

Biocatalytic synthesis is a powerful and frequently chosen method for the production of chiral amines. 

Unfortunately, these biocatalytic reactions often result in complex mixtures, bearing many components 

aside from the main product amine such as residual co-substrates, co-products, cofactors and buffer salts. 

This issue typically requires an additional effort during downstream processing towards the isolation of the 

desired chiral amine. For instance, transaminase- and amine dehydrogenase-catalyzed reactions, which 

often use high surpluses of amine or ammonia co-substrates, face complications in removing the residual 

amine donor or unreacted substrate and salts from the isolated amine products, thus complicating and 

increasing the costs of the process of product isolation and purification. This study explores the selective 

removal of chiral amines from maodel amine transaminase and amine dehydrogenase-catalyzed reactions 

via a salt-based specific crystallization step. The product amine is precipitated directly in one step from the 

reaction mixture as a product ammonium salt, which can easily be filtered from the reaction mixture, while 

the other reactants remain unchanged in sclution for potential re-use. 
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Introduction 

Enzyme catalysis is a frequently used approach in the 

synthesis of complex chiral compounds. The benefits of 

enzymatic synthesis approaches compared to conventional 

organic synthesis typically include high enantioselectivity 

towards the synthesis of relevant products. This often also 

includes mild and environmentally friendly reaction 

conditions, such as moderate temperatures, an aqueous 

(main) solvent system and typically non-toxic reagents and 

starting materials.'® Since the early 2000s biocatalysis found 

its way into many industrial applications and developed itself 

from an industrial niche of kinetic resolution of just a few 

substances, mainly catalyzed by hydrolases, to a global tool 

for pharmaceutical and chemical synthesis.'”” With the global 

enzyme market reaching up to an estimated 11.47 billion $US 

“ Biocatalytic Synthesis Group, Institute of Chemistry, University of Rostock, Albert- 

Einstein-5tr. 3A, 18059 Rostock, Germany 

? Institute for Chemical and Thermal Process Engineering, Center of 

Pharmaceutical Engineering, Technische Untversitidt Braunschweig, D-38106 

Braunschweig, Germany 

“ HIMS-Biocat Group, Van' t Hoff Institute for Molecular Sciences, University of 

Amsterdam, Science Park 904, 1098 XH Amsterdam, Netherlands 

“ Biocatalysis, Institute of Chemistry, Otto-von-Guericke-University Magdeburg, 

Universitdisplatz 2, 39106 Magdeburg, Germany. E-mail: jan langermanni@oveu.de 

7 Electronic supplementary information (ESI) available. See DOL: https://doi.org/ 

10.1039/d2re00496h 

This journal is @ The Royal Society of Chemistry 2023 

in 2021, it is projected to reach 20.31 billion SUS by 2030, 

while the market of enzyme derived products is even larger.® 

However, even though the benefits of enzymatic synthesis 

often outweigh its limitations, there are some major 

challenges that the enzymatic processes face: biocatalyst 

stability, occasional dependency on expensive cofactors, 

unfavorable reaction equilibria and often rather complex 

downstream processing issues.' >*’ 

One significant class of chemical compounds increasingly 

produced  through enzymatic reactions are chiral 

amines.”'?" Finding usage as building blocks especially in 

pharmaceutical synthesis, up to an estimated 40% of 

currently commercialized APIs contain an optically active 

amine group.'®™’ Over the years, many enzymatic classes 

have been adopted for this purpose, among such 

transaminases (TAs), amine dehydrogenases (AmDHs), imine 

reductases (IREDs), P450 monooxygenases (P450s) and 

others."*™ 
This work will focus on the reaction systems of TAs and 

AmDHs. TAs are known to occasionally face challenges, e.g. 

unfavorable equilibria and inhibitions, thus, the 

establishment of reaction systems for TAs can require 

additional effort."®**** While the enzymes can be improved 

via enzyme engineering, process limitations still constrain 

their full potential.”®”*” Examples of approaches to circumvent 

limitations of transaminase-catalyzed reaction systems 

involve raising the amine donor concentrations to very high 

React Chem. Eng., 2023, 8,1427-1439 | 1427
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Paper 

excesses or shifting reaction equilibria through enzymatic 

cascades or more technical approaches.*° 

This statement is also true for AmDHs, which require an 

excess of ammonia as an amine donor to shift the 

equilibrium. In addition, these high concentrations are also 

needed due to the high Ky (Michaelis-Menten constant) for 

ammonia. High K,; values for ammonia are a distinguishing 

feature for most wild-type amino acid dehydrogenases and 

engineered AmDHs thereof, as well as wild-type AmDHs.*”*? 

Reagent excesses may in turn impede downstream 

processing since high concentrations of the substrates, such 

as amine donors, may complicate product recovery based on 

conventional means of  product extraction and 

chromatography.””"® In this context, crystallization of the 

desired product from the reaction broth may offer an 

alternative downstream processing route, as it focuses on a 

specific low solubility of a single target compound. 

Consequently, crystallization is often applied as a processing 

step for the production of chiral compounds. A major 

application example thereof is the diastereomeric salt 

resolution through selective crystallization,**™° when a 
counterion of defined chirality is added to an enantiomer 

mixture, yielding diastereomeric salts with differing 

solubilities. 

Noteworthy, a direct combination of asymmetric 

biocatalytic synthesis and crystallization is present within the 

concept of in situ product crystallization (ISPC), otherwise 

known as reactive crystallization, and has proven to be 

effective in transaminase-catalyzed reactions.””*"** 

However, ISPC may encounter challenges, such as enzyme 

inhibition by the applied counterion or mechanical 

challenges (e.g. stirring).”**® Thus, as an alternative, post- 

reaction product crystallization can be used for downstream 

processing, which still retains the high selectivity of the 

product crystallization. It allows for the use of any compound 

to facilitate crystallization, hence a counter-ion for the 

product can be selected based on the factors deemed as 

necessary. This study aims to highlight the benefits of the 

post-reaction  crystallization ~ downstream  processing 

approach. We focus on the development of a straight-forward 

crystallization strategy, which is applicable for product 

recovery from TA- and AmDH-derived reaction media. The 

study was performed around the well-established model 

reaction that converts acetophenone into (S)-1- 

phenylethylamine ((S)-1PEA), known in literature to be 

optimized for both enzyme classes. The amine products were 

removed as the ammonium salt of a carboxylic acid anion, 

while the amine donors, broadly applied in a significant 

surplus, as well as other reactants remained in solution. For 

that purpose, a screening of solubility margins between the 

amine donor and amine product salts was performed for a 

variety of possible carboxylic acid anions (see Fig. 1). With a 

selection of anions from the screening, the influence of 

several factors, such as temperature, amine donor 

concentrations and acid anion concentrations, on product 

isolation yields and purities was investigated. The results of 

1428 | React Chem. Eng., 2023 8, 1427-1439 

View Article Online 
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Biocatalysis 

] 
:A- NH.® @ 0 

a Selective cryslallization 1 )\ Roo-ATA )L\ 

T PLP 
5 R-CO0° 

o NH; o o 
R-COO NH3 

Acetophenone {5)1-Phenylethylamine 

NADH-+H" NAD® Product salt roduct sa 
A TeAmDH 
@ 

NH H-0 B. " 4 
Fig. 1 Reaction scheme of enzymatic approaches for the production 

of (5)-1-phenylethylamine used in this paper: A. scheme for the 

reaction catalyzed by the wild-type transaminase from Ruegeria 

pomercyi with isopropylamine (IPA) as the amine donor (green box); B. 
scheme for the reaction catalyzed by the amine dehydrogenase (LE- 

AmDH-v1) engineered from the L-lysine-(g-deaminating) 

dehydrogenase from Geobacillus stearothermophilus with ammonium 

ions as the amine donor (pink box). 

this investigation were validated on real enzymatic reaction 

media. 

Results and discussion 
Determination of the crystallizing agent 

The determination of possible crystallizing agents is a 

crucial step for the subsequent crystallization. Taking into 

account that in the model systems there will always be at 

least two amine counterions available for crystallization, 

namely (S)-1PEA as the product and IPA/ammonium as 

the amine donor, one main consideration had to be made 

in the selection of the corresponding carboxylic acid 

anions as crystallizing agents. The solubility of the 

resulting (S)-1PEA salt had to be held as low as possible, 

while the solubility of the amine donor salt had to be 

held as high as possible. This principle of the crystallizing 

agent selection would allow for relatively high vields of 

product recovery from the reaction broth (minimal product 

salt solubility) whilst ensuring high purities of the 

crystallized product due to exclusion of isopropylamine 

(TA) or ammonia (AmDH) (via maximum amine donor salt 

solubility). 

Ten potential carboxylate anions (see Fig. 2) were selected 

based on a previous screening by Hiilsewede et al. (ESIf 

Hiilsewede et al; pp. 14-16)>° and ranked according to 

solubility differences of the resulting salt pairs. The results of 

the solubility measurements are shown in Table 1. 

The anions were sorted according to their respective 

quotient (see Table 1) of the amine donor (IPA and 

ammonium) salt solubility to the product salt solubility 

((S)-1PEA). In addition, acid anions resulting in high 

product salt solubilities (e.g. 25CNA) >25 mM and low 

amine donor salt solubilities (e.g. 3DPPA) <150 mM were 

excluded to maximize product crystallization yields and 

amine donor impurities in the product salt. Moreover, the 

This journal is © The Royal Society of Chemistry 2023 
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=] 

coo coo® coo® coo® 

= ~ = = cl 

Cl 

3,3-Diphenylpropionic  2,2-Oiphenylpropionic  Diphenylacetic acid 3,4-Dichlorobenzoic 

acid acid {DPAA) acid 
(3DPPA) (2DPPA) (34CA) 

® & = 
(=] 

O Ccoo fo0C 

4-Biphenylacetic 2-Biphenylcarboxylic  1-Phenylcyclopent b 
acid acid acid 

{4BPA) {2BPA) (PCFA) 

coo® Ccoo® 

| Y—coo® “ o 
OgN 

NO; 
cl 

5-Phenyl-2-furoic acid 2-Chloro-5-nitrobenzoic #-Chioro-3-nitrobenzoic (PEA) acid acid 
(25CNA) (43CNA) 

Fig. 2 Carboxylate anions utilized in the solubility screening. 

majority of the carboxylic acids screened in this work do 

not possess any noteworthy toxicities. Only 4BPA is known 

to be toxic to humans and was thus excluded from 

furthers experiments. 

On this basis, three carboxylic acid anions matched those 

criteria and thus were selected for the subsequent 

crystallization conditions screening: DPAA, 34CA and 43CNA. 

It has to be mentioned, that the desired salt qualities for in 

situ product crystallization differ from its use as a 

downstream processing strategy. Please note that this 

screening was performed as a mean for qualitative evaluation 

of pure substance amine salts to narrow down a potential list 

of candidates for effective product crystallization. Thus, any 

effects of the solubility product and the influence of side 

components on the final solubility in the reaction media are 

not considered. 

View Article Online 

Paper 

Crystallization condition screening for transaminase- 

catalyzed reactions 

After the determination of the respective salt pair solubilities 

and the selection of three possible carboxylic acid anions, a 

reaction model solution was created to allow for the 

investigation of the main factors for crystallization processes, 

mainly towards crystallized (S)-1PEA yields and obtained 

purities. As model conditions, the following parameters were 

chosen: the pH was kept at 7.5 with 50 mM phosphate buffer, 

(S)-1PEA concentration was kept at 50 mM to represent a 

somewhat high product concentration for the chosen 

reaction systems, starting from =100 mM substrate. With 

this constellation, the range of IPA, carboxylic anion 

concentrations, as well as the temperature were varied and 

tested as possible influencing parameters. The determined 

trends for those parameters are shown in Fig. 3. One must 

keep in mind that the reported results represent the initial 

precipitation of material without any additional washing 

steps that will lead to higher purities (see below for 

transaminase- and amine dehydrogenase-catalyzed reactions). 

As shown in Fig. 3, all three tested carboxylic anions chosen 

for this analysis basically follow the same trends, when the 

respective concentration is varied at a fixed amount of 500 

mM isopropylamine (77 = 22 °C). With increasing 

concentrations of the carboxylic anions in solution, product 

amine crystallization yield increases (1A through 3A). As 

expected, this leads to an increase of crystallization of the 

undesired isopropylamine salt, hence causing a decrease in 

the crystallized product purity. The effect is significant while 

using DPAA (1A), but only minor changes are found with 

34CA and 43CNA (2A and 3A). The best combination was 

found to be 43CNA with almost 90% yield and 95% purity 

(without additional washing steps). The parallel effect of a 

variation of applied isopropylamine shows a similar trend 

(1B through 3B). An addition of considerable amounts of 

Table 1 Results of the solubility screening of IPA-, ammonium and (5)-1PEA salts of potential carboxylic anion candidates at 30 °C 

NH;” 

NHE} 
+ 

NH;;'::J 

© © e 
.COO pelsle] COO 

R R R 

Acid IPA-salt/(S)-1PEA salt  IPA-salt solubility  (S)-1PEA salt solubility =~ Ammonium salt solubility =~ Ammonium salt/(S)-1PEA salt 
anion quotient (mM) (mM) (mM) quotient 

3JDPPA 9.6 51.7 £ 0.3 5401 216.5 £ 87.5 40.1 

2DPPA 19.7 78.6 £ 0.2 4.0 £ 0.1 219.4 + 23.2 54.9 

DPAA 15.6 168.2 + 1.3 10.8 £ 0.1 223.5+47.8 20.7 

4BPA 6.3 83.6 + 16.6 13.3 £ 0.5 236.6 £ 56.0 17.8 

34CA 8.5 203.1 £ 1.0 24.0 £ 0.7 165.3 £ 49.0 6.9 

PCPA 4.8 89.8 £ 0.5 189 £ 0.1 192.8 £ 37.3 10.2 

43CNA 53.0 1066.1 + 20,0 20.1 £ 0.4 2195.1 £ 121.7 109.2 

25CNA 24.5 1529.2 + 384.6 62.5 £ 0.5 1714.8 + 135.5 27.4 

2BPA 10.4 649.8 + 24.3 62.5 £ 1.0 1092.8 + 74.2 17.5 

PFA 4.8 328.8 £ 354 69.1 + 0.5 470.1 + 250.5 6.8 

This journal is @ The Royal Society of Chemistry 2023 React. Chem. Eng., 2023, 8,1427-1439 | 1429
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Temperature [°C] Temperature [°C] Temperature [*C] 

[~ (S)-1PEA yield —/ (S)-1PEA sall purily 

Fig. 3 Results of the parameter screening for the IPA-(S)-1PEA salt pair (transaminase reaction system). The columns show all three screened 

parameters for a particular carboxylic anion (marked above), while the rows show a certain parameter: A) varied acid anion concentration with 50 

mM (S)-1PEA, 500 mM IPA, pH 7.5, T = 22 °C; B) varied IPA concentration with 50 mM (S)-1PEA, 150 mM carboxylic anion, pH 7.5, T = 22 °C; C) 
varied crystallization temperature with 50 mM (5)-1PEA, 500 mM IPA, 150 mM carboxylic anion, pH 7.5. The shown arrows indicate the 

corresponding axes. 

isopropylamine into solution clearly leads to a decrease in 

yield and purity for all three anions, although, for 34CA and 

43CNA the crystallized purity could still be kept relatively 

high at =90% (2B and 3B). Those decreases can easily be 

explained with the increasing ratio of donor isopropylamine 

(IPA) to product amine ((S)-1PEA) of 10:1 (500 mM IPA) and 

20:1 (1000 mM IPA). An unexpected behavior was found with 

the shown effect of temperature on the investigated 

crystallization (1C through 3C). DPAA shows a remarkable 

increase of purity at higher temperatures, while the yield 

1430 | React Chem. Eng., 2023, 8, 1427-1439 

seems to not be affected at all (both at ca. 90%, 1C). This can 

partially be explained through the increase in solubility of 

the obtained IPA-DPAA salt, seeming to be heavily affected by 

temperature. The disproportion in the solubilities of the salt 

pairs causes the increase in crystallization purity, since the 

solubility increase affects the IPA-salts more significantly 

than the (S)-1PEA-salts. The other carboxylic ions remain 

relatively stable with a slight decrease of the observed yield 

over the same temperature range (2C and 3C). However, with 

these other two carboxylic ions a considerably higher purity 

This journal is © The Royal Society of Chemistry 2023 
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was obtained with up to >99%, while still retaining a 70% 

yield (3C). 

In summary, 43CNA has proven to be the most suited for 

crystallization of product amines from transaminase 

reactions under chosen conditions, having its product 

crystallization behavior least affected by the parameter 

variation in terms of crystallized product purities, while also 

retaining high product yields. One must note that those 

observations are relevant for reaction setups with roughly 50 

mM product amine, whereas the yields and purity will 

View Article Online 

Paper 

increase at and decrease at lower product 

concentrations. Hence, higher product concentrations are 

preferred. 

higher 

Crystallization condition screening for amine dehydrogenase- 

catalyzed reactions 

The screening of crystallization conditions 

dehydrogenase-catalyzed reactions was handled in a similar 

manner as shown above. The most relevant change is the 

for amine 
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Fig. 4 Results of the parameter screening for the ammonium - (S)-1PEA salt pair. The columns show all three screened parameters for a 

particular carboxylic anion (marked above), while the rows show a certain parameter: A) varied acid anion concentration with 50 mM (5)-1PEA, 
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the corresponding axes. 
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replacement of isopropylamine with significantly higher 

amounts of ammonia, which is required for amine 

dehydrogenase-catalyzed reaction. Model reactions were 

conceptualized in a similar manner with the same 

parameters as shown above (pH 7.5, ¢ ((S)-1PEA) = 50 mM, 50 

mM phosphate buffer). Those parameters were chosen for 

comparability with the transaminase conditions, since 

usually other buffers and pH values are set for AmDH 

reactions. Since this study focuses on the downstream 

processing of the resulting reaction product, such relatively 

mild conditions could be easily adjusted for product 

crystallization after an AmDH reaction would reach its 

equilibrium. Temperature, carboxylic anion and ammonia 

concentrations were screened as variable parameters 

influencing crystallization. The determined trends for those 

parameters are shown in Fig. 4. 

The results with the chosen three carboxylic anions follow 

roughly the same trend in comparison to the IPA-(S)-1PEA 

salt pair discussed above, but in general higher yields and 

purities obtained. The  difference  between 

isopropylamine and ammonia versus (S)-1PEA in precipitation 

is mainly caused by the higher solubilities of ammonium 

salts in comparison to isopropylammonium salts (also see 

Table 1). 

An increased concentration of acid anion (at T = 22 °C) 

within the crystallization solution again produces a 

significant yield increase, as expected, with a decrease of 

purity (1A-3A). The use of DPAA shows the highest yields 

with only a slight decrease of purity at higher concentrations 

(1A). For 34CA and 43CNA the yields are lower, however it is 

similarly coupled to a moderate purity decrease (2A and 3A) 

with a noticeable, but currently unclear dip at 150 mM 34CA. 

Regardless, high yields and purities of =90% were eventually 

obtained with all three chosen counterions. 

As for the variation of ammonium concentration (1B 

through 3B), DPAA showed a remarkable efficiency at even 

the highest ammonia concentrations with consistently high 

purities and yields (1B). These results allow to withstand 

enormously high ammonia concentrations and keep a high 

product  salt purity with  mounting ammonium 

concentrations. Lower, but still relatively good yields and 

purities were observed with the use of 43CNA, consistently at 

above 80 and 90% respectively (3B). The purities and yields 

with the use of 34CA experienced a relatively high decrease 

with an increase of ammonium in solution (2B). Here, only 

this anion follows the trends outlined for mounting donor 

amine concentration, as shown for isopropylamine in Fig, 3 

with having both yield and purity decreased significantly. The 

point, that DPAA and 43CNA product salts could keep 

relatively high yields and product salt purities even at 

ammonium concentrations of 2 M can as well be associated 

with the solubility differences as shown in Table 1. 

Finally, temperatures affect the results again along the 

trends as outlined for the first salt pairs for transaminases 

(1C through 3C). An increase of temperatures provoked only 

insignificant crystallization yield decreases for DPAA and 

were 

1432 | React Chem. Eng., 2023, 8, 1427-1439 
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43CNA, while their product salt purities remained constant 

on a very high level. DPAA was found again to be the most 

versatile counterion for high yields and purities at =95% 

(1C). As for 34CA, here the crystallization yield dropped 

significantly with an increase in crystallization temperature, 

what would follow the same explanation, as for the TPA salt 

pairs (2C). This is explained through the highest (S)-1PEA-salt 

and lowest ammonium salt solubility among the three salt 

pairs (also see Table 1), meaning, that at the most extreme 

temperature of 50 ©°C the disproportion between the 

solubilities within the 34CA salt pair was not sufficient to 

keep the high purity of the crystallized product salt in check 

(2C). 

In summary, considering the generated data, DPAA was 

proven to be the best suited for the amine dehydrogenase 

reaction system among the three tested anions, being able to 

generate the highest product salt purities throughout all 

tested condition extremes, while also generating the highest 

crystallization yields. 

Preparative application of amine crystallization 

After the determination of suitable crystallization conditions 

for all three selected carboxylic anions, two exemplary 

reactions were performed to show the efficacy of the 

proposed crystallization systems for downstream processing 

of biocatalyzed reactions. 

Transaminase-catalyzed reaction example 

The enzyme chosen for the practical application example for 

biocatalytic transamination was the transaminase from 

Ruegeria pomeroyi (PDB-code: 3HMU; herein abbreviated as 

Rpo-TA), as E. coli whole cells. It has consistently shown to 

efficiently convert acetophenone into (S)-1-phenylethylamine 

with high stereoselectivity in the presence of isopropylamine 

as amine donor.””” The reaction (300 mM acetophenone, 

1500 mM IPA, pH 7.5) was performed under a constant 

vacuum to enable a slight reaction equilibrium shift towards 

the product side by removing acetone as the by-product. The 

reaction was monitored via gas chromatography. After 96 h, 

the reaction mixture was cleared of the residual cells by 

centrifugation and a product concentration of approximately 

72 mM was determined. 

The following crystallization as described in the 

experimental section initially produced an overall product 

crystallization yield of 89% with a product purity of 80%. The 

product salt was then washed with water, which increased 

the salt purity to 96%, corresponding to a yield of 84% after 

the washing step. To provide an explanation for the efficiency 

of the selective crystallization step we decided to determine 

the underlying ternary phase diagram. The phase diagram for 

the IPA/(S)-1PEA-43CNA salt pair is provided in Fig. 5. The 

phase diagram shows an extreme asymmetry between the 

solubilities of the IPA salt and the (S)-1PEA salt. 

Noteworthy, the position of the eutectic is found to be 

extremely to the left hand side, creating an enormous 

This journal is © The Royal Society of Chemistry 2023 
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Fig. 5 Ternary phase diagram of the IPA/(S)-1PEA-43CNA salt pair in 10 mM phosphate buffer, pH 7.5. 

asymmetry in the phase behavior. Through such a 

disproportion coupled with very low (S)-1PEA salt saturation 

concentration (Fig. 5), a very broad zone for possible pure (S)- 

1PEA salt crystallization is created, with the eutectic point 

signifying the borderline crystallization proportions within 

the salt pair. Such a broad selection for the crystallization 

possibilities of pure (S)-1PEA salt crystallization again shows 

a broad applicability of the tested system on different 

reaction setups for efficient and specific amine product 

crystallization from the reaction broths. 

Amine dehydrogenase-catalyzed reactions 

A similar proof of concept for the selective product 

crystallization was obtained for the amine dehydrogenase- 

catalyzed reaction. An engineered amine dehydrogenase (LE- 

AmDH-v1) originated from the i-lysine-(e-deaminating) 

dehydrogenase from Geobacillus stearothermophilus, as 

reported by Tseliou et al., was selected and used as a cell-free 

extract obtained from E. coli.?”°®®" LE-AmDH-v1 was 

previously shown to acetophenone to (S)-1- 

phenylethylamine with high stereoselectivity and activity. The 

catalyst was used as cell-free extract to achieve uniformity 
with the cofactor regenerating formate dehydrogenase (FDH) 

from Candida boidinii, used in the reaction system as a pure 

protein suspension. The reaction (100 mM acetophenone, 2 

M ammonium, pH 8.5) was performed according to the 

experimental section and monitored via gas chromatography. 

convert 

This journal is © The Royal Society of Chemistry 2023 

After 72 h, the reaction mixture was cleared of the residual 

protein by centrifugation and the product concentration was 

determined at 55 mM. In the following crystallization step, 

an almost total yield could be obtained (99.9%) with an 

already very high purity of 94%, which approximately 

correlates with the screening study (see Fig. 4B). The 

crystallized product was again subjected to a washing step, 

vielding 97% purity with a remaining insignificant drop of 

yield to 98%. 

Similar to the 43CNA salt pair (see Fig. 5), a ternary phase 

diagram was prepared for the DPAA salt pair to prove the 

broad applicability of this crystallization system as a potential 

downstream processing strategy. The phase diagram for the 

ammonium/(S)-1PEA-DPAA salt pair is shown in Fig. 6. The 

disproportion and asymmetry of the phase diagram in Fig. 6 

is even greater, than for the 43CNA salt pair in Fig. 5. The 

eutectic is barely measurable at x > 0.99 and thus the zone 

for selective (S)-1PEA salt crystallization is expanded, incl. an 

even higher potential concentration of ammonia in the 

reaction mixture. 

Experimental section 

Salt preparation 

5 mmol of the corresponding carboxylic acid were dissolved 

in 20 ml methyl tert-butyl ether (MTBE) at room temperature, 

Mild heating up to 60 °C was applied, if necessary, to speed 

up the dissolution process. After dissolution of the carboxylic 

React. Chem. Eng., 2023, 8,1427-1439 | 1433
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Fig. 6 Ternary phase diagram of the ammonium/(S)-1PEA-DPAA salt pair in 10 mM phosphate buffer, pH 7.5. 

acid, 5 mmol of the corresponding amine were slowly added 

to the solution under constant stirring/shaking to avoid 

partial oversaturation. While isopropylamine and (S)-1- 

phenylethylamine were added as a pure liquid, ammonia was 

utilized/applied as a 25% (v/v) aqueous solution. The 

resulting mixture/suspension was thoroughly stirred/shaken 

and left for one hour at room temperature. Afterwards, the 

mixture/suspension was filtered to isolate the desired amine 

salt. The isolated salts were dried at room temperature 

overnight and verified via 'H- and '*C-NMR. 

Solubility measurements 

An appropriate amount of the corresponding amine salt was 

dissolved in 2 ml of high-purity water. Salt was added, until 

solution saturation was achieved. The saturated solution was 

shaken at 30 °C and 1000 rpm for 72 hours to achieve the 

dissolution equilibrium. The pH value was kept at 7. In the 

following step, the solutions were centrifuged for 5 min at 

14000 rpm and the resulting aqueous phase was filtered 

through 0.25 pm syringe filters to remove traces of crystalline 

salt. The aqueous phase was filtered into previously weighed 

vials. After that, the vials were weighted again to determine 

the exact amount of water in the sample. The water was 

evaporated at 40 °C under a constant argon stream in a 

Thermo Scientific Pierce ReactiTherm I & ReactiVap I heating 

and evaporation unit. The evaporated samples were weighed 

in the vials and the solubility of the amine salt was 

1434 | React. Chem. Eng., 2023, 8, 1427-1439 

calculated. The experiments were performed in triplicates for 

each salt. 

Precipitation from model solutions 

To survey the crystallization parameters, the following 

experimental model was used. Two separate 10 ml aqueous 

solutions were prepared in 50 mM phosphate buffer, 

adjusted to a pH of 7.5 after preparation. One solution, 

referred to as the “amine solution”, contained 100 mM (S)- 

1PEA and variable amounts of IPA or ammonia. The other 

solution, referred to as the “acid solution”, contained the 

carboxylic acid used for precipitation in the form of a Na'- 

salt. Such sodium salts were prepared by dissolving 1.5 g of 

the pure carboxylic acid in 50 ml of MTBE and adding 2 ml 

of a saturated NaOH-solution. The resulting sodium salt was 

filtered and dried overnight at RT. 

To initiate (S)}-1PEA precipitation, the acid solution was 

added to the amine solution in a dropwise manner under 

constant stirring at 700 rpm. Beforehand, GC-samples were 

drawn from the amine solutions as the 

concentration marker. The resulting precipitating mixture of 

20 ml was left stirring for 30 minutes, evening out the 

initial amine 

crystallization equilibrium. Thus, the experimental model 

worked with an end concentration of (S}-1PEA of 50 mM, 

thus halving the amine concentration of the amine solution 

and the carboxylic anion concentration of the acid solution. 

This journal is © The Royal Society of Chemistry 2023 
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The equilibrated precipitated mixtures were analyzed for 

yield and purity of the resulting (S)-1PEA salt. 

For crystallization yield analysis, GC-samples were taken 

according to the protocol below and compared to the initial 

concentration samples from prior to the crystallization 

procedure. Crystallization yield was calculated as: 

cr. yield = 100% — (r(product in solution)/n(product initial)) 

* 100% 

It has to be noted that the initial product amount would be 

calculated from a concentration measurement from the 10 

ml amine solution, while the dissolved product amount after 

crystallization would be calculated from a concentration 

measurement from the 20 ml mixed solution after removing 

the crystallized salt. 

In order to analyze the purity of the obtained (S)-1PEA 

salts, those were filtered from the precipitation mixtures and 

dried prior to being analyzed via '"H-NMR (in DMSO-d,). The 

purity was derived from the ratio of amine salt specific peaks 

(IPA/ammonium-salt to (S)-1PEA) to each other (see ESIT for 

further information). 

Gas chromatography. For the preparation of the gas 

chromatography measurements, 100 ul samples were drawn 

from amine containing solutions. 20 pl of saturated sodium 

hydroxide solution were added to facilitate amine 

deprotonation. The samples were vortexed. 140 pl of 

cyclopentyl methyl ether (CPME) were added per sample. 

With this, an extraction was performed by vortexing the 

samples for 1 minute at max. speed. After phase separation, 

50 pl of the CPME-phase were drawn for GC-analysis. This 

sample aliquot was added to 50 pl of pure CPME and 20 pl of 

25 mM n-decane solution in CPME as an internal standard, 

thus yielding a 120 ul sample for GC-measurements. 

The measurements were performed on a Thermo Fisher 

Trace 1310 gas chromatograph equipped with a flame 

ionization detector (FID). A J&W column (0.25 mm x 30 m 

x 0.25 um, HP-5 phase) by Agilent Technologies (series 

number 19091J-433), shortened for 1 mm on each end was 

used. Helium and synth air were used as the carrier. The 

following temperature program was used: starting 

temperature: 90 °C; 1. 90-100 °C: rate of 2 °C min™'; 2. 

100-130 °C: rate of 20 °C min '; 3. 130-180 °C: rate of 10 

°C min'; Split factor 35.0. The chromatograms were 

refined and analyzed via the Thermo Xcalibur Qual Browser 

software by Thermo Fisher. For amine quantification, the 

obtained amine peak areas were normalized with the 

internal standard, scaled for the internal standard value of 

100000 sqU and then the amine concentration was 

calculated according to the calibration parameters (see ESIT 

for amine calibration curve). 

Biocatalyst preparation 

Biocatalysts were prepared through overexpression in FE. coli 

BL21 cells. 

This journal is © The Royal Society of Chemistry 2023 
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Heat-shock transformation into BL21 cells. For the 

transformation, chemocompetent E. coli BL21 cells (50 pl 

aliquots) were thawed on ice for 10 min. After that, 1 pl of 

the available plasmid preparation was added to the cell 

suspension. The cells were then incubated for 30 min on ice. 

In the following step, the cell aliquot was placed into a 

prewarmed heating block for 30 s at 42 °C and placed back 

onto the ice immediately after, chilling on ice for 5 min. 950 

ul of LB medium were added to the cells. This suspension 

was incubated at 37 °C and 900 rpm for 1 hour. Variable 

volumes were plated onto selective LB-agar plates (ampicillin 

selection for Rpo-TA, kanamycin selection for LE-AmDH-v1). 

The plates were incubated overnight at 37 °C. 

Overnight cultivation. All overnight 

inoculated as 5 ml of LB medium and supplemented with 

antibiotics to a final concentration of either 0.05 mg ml™" of 

kanamycin or 0.1 mg ml™' ampicillin. Cultures were grown 

overnight (18 h) at 37 °C and 900 rpm. 

Preparation of cryostocks. To preserve the transformed 

strains made over the course of this work, cryostocks of those 

were made. For this purpose, 800 pl of overnight cultures 

were mixed with 200 pl of sterile glycerol (resulting in 20% v/ 

v glycerol stocks) and frozen at —80 °C. 

Expression. The expression cultures were grown in auto- 

induction medium for T7-promoter based expression systems 

(AIM, formulated after Studier 2005°) in 1 1 flasks. 500 ml 

of AIM were taken per flask. 500 ul of ampicillin/kanamycin 

(1:1000) were added. The cultures were inoculated to an 

0OD600 of approximately 0.05 from overnight cultures. The 

cultures were first incubated at 37 °C for 5-6 hours and 

afterwards at 30 °C for 18 hours under constant shaking at 

150 rpm. After a 24 hour cultivation the cells were harvested 

via centrifugation at 4000 x g for 10 min at 4 °C. The pellets 

were rtesuspended in 5 ml of utilized buffer (10 mM 

phosphate buffer for lyophilization) and centrifuged again at 

4000 x g for 10 min at 4 °C. After resuspension in 5 ml of the 

utilized buffer, the pellet suspensions were unified and 

lyophilized or frozen at —20 °C (only prior to lysis). 

AIM - auto-induction medium preparation: the following 

components were mixed together: 950 ml ddH,0, 10 g 

tryptone, 5 g yeast extract, 2.68 g NH,Cl, 0.71 g Na,SO,, 5 g 

glycerol 85%, 0.5 ¢ glucose, 2 g lactose and the resulting 

solution sterilized by autoclave. After the cooling to RT, the 

following solutions were added: 1 ml 2 M MgSO, (0.22 um 

filter sterilized), 40 ml 1 M K,HPO, (autoclaved), 10 ml 1 M 

KH,PO, (autoclaved) and the appropriate antibiotic(s) were 

added before usage. 

Cell lysis. For cell lysis, the frozen cell suspension was 

thawed in a water bath at 37 °C. 2 ul ml™" DNase I solution 

were added to the suspension. Cells were lysed through 

sonication by a Hielscher UP200S ultrasonic processor at an 

amplitude of 55% for 10 min (5 cycles of 1 min sonication 

and 1 min rest) while being chilled on ice. After lysis, the 

lysate suspension was centrifuged at 10000 x ¢ for 30 min at 

4 °C. The cleared lysate supernatant was collected and 

lvophilized. 

cultures were 

React. Chem. Eng., 2023, 8,1427-1439 | 1435
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Enzyme activity assays 

Transaminase. Enzyme activity was measured with a 

Specord 200 spectrophotometer from Analytik Jena (Jena, 

Germany) at a wavelength of 245 nm using the acetophenone 

extinction coefficient of 11.852 mM em™'. A 50 mM 

potassium phosphate buffer solution with 0.25% (v/v) DMSO 

was adjusted to pH 8 with saturated NaOH solution and 

conc. HCI to be used for all further solutions. 250 ul of the 

buffer solution, 250 ul of a 10 mM (S)-1-phenylethylamine 

solution in buffer and 250 pl of a 10 mM sodium pyruvate 

solution in buffer were premixed in the measurement 

cuvettes. The enzyme samples were prepared by dissolving 1 

mg of dry weight whole cells in 1800 pl of buffer and adding 

200 pl of a 10 mM pyridoxal phosphate solution in buffer. 

250 pl of this enzyme mix were then added to the pre- 

pipetted samples, briefly stirred and measured immediately. 

All experiments were measured against a reference solution 

by replacing the enzyme mix with 50 ul of the 10 mM 

pyvridoxal phosphate and 200 pl of buffer. Specific enzyme 

activity was calculated through the slope of acetophenone 

extinction over the course of 60 s. 

Amine dehydrogenase. AmDH activity was measured viag 

NADH absorption decrease. A 500 mM acetophenone stock 

solution in DMSO was diluted to 350 mM with 2 M HCOO 

NH,"/NH; buffer (pH 8.5). A 50 mM NADH stock solution in 

50 mM phosphate buffer (pH 8) was prepared, then further 

diluted to 10 mM with 2 M HCOO NH,'/NH; buffer. 1 mg of 

the prepared freeze-dried cell-free extract was dissolved in 2 

ml of 2 M HCOO NH, /NH; buffer as the enzyme stock 

solution. 

For the measurement, 639 ul of the 2 M HCOO NH, /NH; 

buffer (pH 8.5) were mixed with 86 pl of the 350 mM 

acetophenone solution and 250 pl of the enzyme solution. 

The mixture was prewarmed at 60 °C for 2 min. To start the 

measurement, 25 pl of the 10 mM NADH solution were 

added to the sample. NADH absorption decrease at 360 nm 

was measured for 1 min, its linear slope being used to 

calculate enzymatic activity according to the Lambert-Beer 

law (NADH extinction at 360 nm & = 4250 M cm ). A mixture 

of 914 ul of 2 M HCOO NH, /NH; buffer with 86 pl of the 

acetophenone solution were used as the reference. All 

measurements were performed in a triplicate. 

Reaction procedure with (S)-selective transaminase from 

Ruegeria pomeroyi (Rpo-TA) 

To obtain a practical demonstration for the described 

product crystallization, enzymatic batch reactions with an (S)- 

selective transaminase from Ruegeria pomeroyi were made. 

For this purpose, 1283 pl of pure IPA were dissolved in 10 ml 

50 mM sodium phosphate buffer to a final concentration of 

1500 mM IPA with the addition of 6.18 mg PLP (final 

concentration 2.5 mM) at pH 7.5. The pH was adjusted to 7.5 

with conc. HCl and NaOH. 16.75 U ml™' (670 mg) of 

cultivated dry weight E. coli cells bearing the overexpressed 

Rpo-TA (previously measured enzyme activity 250 mU mg ', 
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see ENZYME ACTIVITY ASSAYS) were added to the reaction 

mixture. The pH was again adjusted to 7.5. To start the 

reaction, 350 pl acetophenone were added (equals to 300 

mM). The reaction was incubated at 30 °C under constant 

stirring and a vacuum of 300 mbar for 96 h. For reaction 

monitoring, 100 ul samples were drawn every 24 h (see GC- 

method). The reactions were prepared in a triplicate to 

ensure sufficient volumes for product crystallization. 

After determining the reaction yields, cell material was 

removed from the reaction solutions via two centrifugation 

steps. The first centrifugation was performed at 4000 % g and 

4 °C for 10 min, whereafter the cleared supernatant was 

transferred into new tubes and centrifuged at 10000 x g and 

4 °C for 10 min. 10 ml of the cleared unified supernatant 

were then subjected to product crystallization. For this 

purpose, pure 43CNA™Na” salt was added to the supernatant 

to a final concentration of 150 mM. After the sodium salt 

dissolution, the pH was briefly adjusted to 7.5. The solution 

was left shaking at room temperature (22 °C) over night. 

Afterwards it was filtered to separate the product salt. The 

salt was dried and analyzed via NMR to determine its purity. 

The filtrate was analyzed via GC to determine the total yield. 

To ensure sufficient purity, the filtered salt was washed three 

times with 2 ml of pure H,O. After each washing step, 

samples were drawn for purity (NMR) and product loss 

(filtrate) analysis. 

Reaction procedure with engineered amine dehydrogenase 

from 1-lysine-(e-deaminating) dehydrogenase from 

Geobacillus stearothermophilus (LE-AmDH-v1) 

To obtain a practical demonstration for product 

crystallization from amine dehydrogenase reactions, an 

enzymatic batch reaction with the LE-AmDH-v1 was initiated. 

For this purpose, 132.7 mg NAD" (final concentration 10 

mM) were dissolved in 20 ml of a 2 M NH; HCOO buffer at 

a pH of 8.5. 30 U ml™" (2 g) of freeze-dried cell-free extract 

from E. coli bearing the overexpressed LE-AmDH-v1 

(previously measured enzyme activity 300 mU mg ', see 

ENZYME ACTIVITY ASSAY) were added to the reaction 

mixture. 213 ulL (16 U) FDH solution by Megazyme were 

added from a 75 U ml™* stock solution. The pH was adjusted 

to 8.5 with conc. HCI and NaOH. To start the reaction, 234 pl 

pure acetophenone were added (equals to 100 mM). The 

reaction was incubated at 30 °C under constant shaking for 

72 h. For reaction monitoring, 100 pl samples were drawn 

every 24 h (see GC-method). 

After determining the reaction yields, protein was removed 

from the reaction solutions via centrifugation at 10000 x g 

and 4 °C for 10 min. 10 ml of the cleared supernatant were 

then subjected to product crystallization. For this purpose, 

pure DPAA Na  salt was added to the supernatant to a final 

concentration of 150 mM. After the sodium salt dissolution, 

the pH was briefly adjusted to 7.5. The solution was left 

shaking at room temperature (22 °C) overnight. Afterwards it 

was filtered to separate the product salt. The salt was dried 

This journal is © The Royal Society of Chemistry 2023 
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and analyzed via NMR to determine its purity. The filtrate 

was analyzed via GC to determine the total yield. To ensure 

sufficient purity, the filtered salt was washed three times with 

2 ml of pure H,O. After each washing step, samples were 

drawn for purity (NMR) and product loss (filtrate) analysis. 

Generation of chosen phase diagrams for utilized salt pairs 

For further examination of the crystallization mechanisms, 

phase diagrams of the NH, /(S)-1PEA-DPAA and IPA/(S)-1PEA- 

43CNA were prepared. For this purpose, the two salts of each 

salt pair were mixed in 9 different proportions (with 

additionally each pure salt as a control) and dissolved in 0.01 

M phosphate buffer (pH 7.5) until a saturated solution was 

formed. To compensate for the dissolved parts, the same salt 

proportion mixture was added to each sample individually. 

The salts were left to dissolve at 25 °C and 150 rpm for 6 days 

(or until no further pH changes occurred) to reach solution 

saturation. Additional salt mixture was added on the second 

day, the pH was readjusted every 2 days. 

The salt solutions were centrifuged at 10000 x g for 5 min 

and the supernatant was filtered through 0.2 pum filters to 

remove all residual salt crystals. Afterwards, solution samples 

of approx. 1 ml were evaporated in a Thermo Scientific Pierce 

ReactiTherm I & ReactiVap I heating and evaporation unit 

under a constant argon stream. As was the case with other 

solubility measurements, the sample vials were weighed three 

times: empty, when filled with the samples (to determine the 

exact water amount) and after evaporation. The final ratios of 

the salt mixtures were determined via NMR. 

This data was summarized and the mole fractions of the 

used salts and water could be calculated. Those mole 

fractions were then mapped against each other as a ternary 

diagram with the Origin 2021 software, resulting into a 

ternary phase diagram of the salt pair. 

Conclusion 

The claimed systems for post-reaction crystallization 

downstream processing were successfully tested for both the 

transaminase- and amine dehydrogenase-catalyzed reaction 

setups. Through a broad parameter variation, the ideal salt 

pairs within the tested scope could be determined. A proof of 

concept was obtained within realistic enzymatic reactions 

performed incl. high amine donor concentrations (1.5-2 M) 

for maximal interference simulation with the downstream 

processing. Nevertheless, very high purities of the amine 

product coupled with high yields in product recovery could 

be achieved. The following investigation into the salt pairs 

crystallization behavior by means of the ternary phase 

diagrams revealed a very broad spectrum of possible reaction 

setups, within which the amine products could be specifically 

crystallized despite extreme amine donor concentrations. 

The product itself can easily be recovered from the 

obtained product salt as described by Neuburger 

et al” While demonstrating a high efficiency, this 

method also allows for almost full recycling of the 

This journal is © The Royal Society of Chemistry 2023 
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applied carboxylic acid through simple acidification, 

including its non-precipitated excesses for subsequent 

crystallizations. 

Our proposed method for amine downstream processing 

from enzymatic reactions proved to be fairly versatile while 

also being relatively facile to accomplish. The broader 

selection of the tested salt pairs and their acquired solubility 

data offers an even broader palette to suit individual needs 

for post-reaction amine crystallization from enzymatic 

reactions. 
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Crystallization Assisted Dynamic Kinetic Resolution 
for the Synthesis of (R)-p-Methylphenethylamine 

Feodor Belov,” Alina Gazizova,” Hannah Bork,' Harald Gréger,' and 
Jan von Langermann* 

This study explores a combination of the concept of enantiose- 

lective enzymatic synthesis of [J-chiral amines through trans- 

amination with in situ product crystallization (ISPC) to overcome 

product inhibition. Using 2-phenylpropanal as a readily avail- 

able and easily racemizing substrate of choice, (R)-p-methylphe- 

nethylamine ((R)-2-phenylpropan-1-amine) concentrations of up 

to 250 MM and enantiomeric excesses of up to 99% are 

Introduction 

Chiral amines are a very important compound class, utilized 

predominantly as building blocks in pharmaceutical and agro- 

chemical synthesis."****! An estimated 40% of active pharma- 

ceutical ingredients (APIs) contain amine moieties.” Hence, 

efficient synthetic pathways for the production of such chiral 

building blocks are highly desired. Purely chemical approaches, 

such as reductive amination via metal catalysts, nucleophilic 

addition or diastereomeric crystallization of enantiomerically 

pure amine salts,'® may face challenges due to harsh reaction 

conditions or a generally high amount of waste produced in the 

reaction caused by the use of protective groups or discarding 

of the undesired enantiomer."#**1% 

Here, enzymatic synthesis approaches present a well- 

applicable alternative to conventional chemical synthesis, 

allowing to circumvent some of the mentioned challenges. 

Typically operating at mild reaction conditions, enzymes 

possess a high initial enantioselectivity as catalysts, which can 
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achieved when using a commercially available transaminase 

from Ruegeria pomeroyi in a fed-batch based dynamic kinetic 

resclution reaction on preparative scale. The source of substrate 

decomposition during the reaction is also investigated and the 

resulting unwanted byproduct formation is successfully reduced 

to insignificant levels. 

be engineered to even higher levels."" Although facing several 

limitations, such as stability, disadvantageous reaction equilibria 

and cofactor dependency, themselves, the benefits of one-step 

enantioselective synthesis usually outweigh the need for extra 

effort for enzymatic catalysis. 

A spectrum of enzyme classes, depending on the desired 

reaction conditions, can be employed for amine production: 

amine and amino acid dehydrogenases, P450 monooxygenases 

and amine oxidases, imine reductases, lipases, Pictet-Spengler- 

ases, berberine bridge enzymes and transaminases.”” The 

latter are a well-established enzyme class of pyridoxal-5'- 

phosphate-dependent (PLP-dependent) transferases, which 

transfer amino groups between an amine donor and an amine 

acceptor. This work will focus on amine transaminases (ATAs), a 

subgroup of w-transaminases, which found a broad applicability 

in enantioselective amine synthesis, converting carbonyl moi- 

eties into amino groups without requiring the presence of a 

carboxylic group in the substrate.'” 

w-Transaminases (and ATAs in particular) have mainly been 

utilized in the synthesis of primary o-chiral amines.!'"®"" 

However, only comparably few examples have been published 

in terms of p-chiral amine chemoenzymatic synthetic ap- 

proaches, while chemical methods still prevail in such for B- 

chiral amines." Fuchs et al. has shown a practical application of 

transaminases for a one-step synthesis of f-chiral amines from 

a-chiral aldehydes in 2014. The paper reported high yields of 

desired p-chiral amine products accompanied by high enantio- 

meric excesses of the products, all based on the self-racemizing 

properties of 2-phenylpropanal and its derivatives as chosen 

substrates in this dynamic kinetic resolution (DKR) and the 

stereoselectivity of the utilized enzymes."? This line of work 

was continued by Fuchs et al., resulting in a paper about a 

practical application for the synthesis of f-chiral amine API 

precursors for pregabalin and brivaracetam."® Other ap- 

proaches for DKR-based synthesis of [}-chiral amines include 

the works of Koszelewski et al,"”" and Chung et al"® In 2022, 

another such conversion was shown for a-branched aldehydes 

as part of an enzymatic cascade starting with epoxides as the 

© 2024 The Authors, ChemBioChem published by Wiley-VCH GmbH
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substrate."” The enzymatic toolbox for this application was also 

broadened by adapting the IRED enzyme class to synthesize a 

number of secondary [-chiral amines from o-branched 

aldehydes.”” However, all those publications, except for Chung 

et al., worked with relatively low substrate loadings, the highest 

being the preparative scale experiments of Fuchs etal 2014 

with a 50 mM substrate concentration. 

With transaminases facing product inhibitions and unfavor- 

able reaction equilibria, it may become difficult to realize a 

scalable and technically attractive enzymatic synthesis unless 

specifically tailored enzymes can be designed. To circumvent 

such unfavorable reaction equilibria, methods like self-eliminat- 

ing amine donors, enzymatic cascades, raising the amine donor 

concentrations to extremely high disproportionate excesses, 

in situ product extraction or other chemical engineering 

approaches are employed.”'*? However, commonly utilized 

high reagent excesses may not only complicate downstream 

processing and conventional product isolation (e.g. chromatog- 

raphy), but also present an additional economic burden due to 

increased reagent costs and high waste amounts unless the 

recycling of those reagents can be realized. In order to 

overcome such limitations, product crystallization offers an 

alternative route to pure product isolation from reaction media. 

Product crystallization can be applied as a simple means for 

post-reaction downstream processing,”’ or on a continuous 

process basis, shifting the reaction equilibrium to the product 

side via removing the reaction product to the solid phase. This 

concept is called reactive crystallization or insitu product 

crystallization (ISPC). While encountering its own limitations, 

such as potential enzyme inhibitions through the utilized 

counterions or stirring complications due to the forming of a 

suspension, it allows for a continuous reaction equilibrium shift 

to the product side, hence facilitating the circumvention of any 

possible product inhibition by crystallizing it out of said 

equilibrium. When the right counterion is found, very high 

product yields can be achieved on a continuous or a semi- 

continuous basis.”****" 

With this work, we aim to combine previous successful 

concepts for the enzymatic synthesis of p-chiral amines with 

ISPC to achieve an improvement of existing preparative 

conversions of the a-branched aldehyde 2-phenylpropanal 

towards the p-chiral amine (R)-2-phenylpropan-1-amine ((R)-p- 

methylphenethylamine). By combining the ISPC concept with 

the transaminase from Ruegeria pomeroyi (Rpo-ATA, see Fig- 

ure 1), we succeeded in running the process with high product 

concentrations and enantiomeric excesses in preparative scale 

fed-batch reactions. Furthermore, we identified the source of an 

unwanted byproduct formation during the reaction and 

successfully diminished its negative effects and substrate 

decomposition. 
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Figure 1. Concept of the ISPC-driven DKR of 2-phenylpropanal to (R)-Ji- 

methylphenethylamine. 

Results and Discussion 

Initial Reactions 

For our work, the commercially available and well-studied 

transaminase from Ruegeria pomeroyi (formerly Silicibacter 

pomeroyi) was chosen. The enzyme has shown a broad 

spectrum of accepted substrates, converting a variety of bulky 

ketones and its derivates, and excellent stereoselectivity, mostly 

towards the (S)-enantiomer of a-chiral amines.”*?"?® |[nitial 

reactions performed with the enzyme and 2-phenylpropanal as 

its substrate, although producing promising product yields, 

showed significant formation of a by-product, which proved to 

be acetophenone (data not shown). Hence, it was decided to 

analyze this by-product formation further, since it was reported 

in previous publications as well."*?* Furthermore, two halogen- 

ated substrates, 2-(4-chlorophenyl)propanal and 2-(4- 

fluorophenyl)propanal, synthesized via hydroformylation (see 

SI), were also tested, however both only facilitated yields of 

under 2 %. 

Limiting Formation of the Acetophenone Side Product 

Three potential reasons for acetophenone formation from 2- 

phenylpropanal were investigated (see Figure 2). At first, the 

influence of pH on acetophenone formation was analyzed. For 

this purpose, the normally used transaminase reaction mixture 

was adjusted to different pH values and 50 mM of 2-phenyl- 

propanal were added to those solutions. The reaction mixtures 

were shaken at 25°C and samples were taken at certain time 

points. Hence, a graph of acetophenone formation over time at 

different pH values could be prepared (see Figure 2 A). As can 

be seen, increasing basic pH-values led to an increase in 

acetophenone formation, culminating into almost 35% of the 

initial substrate degrading to acetophenone at pH9 after 

24 hours, while slightly acidic pH values kept the acetophenone 

formation at a much lower level. However, although at acidic 

pH values acetophenone formation remained relatively low at 

5-10% from the initial substrate concentrations, keeping the 

@ 2024 The Authors. ChemBioChem published by Wiley-VCH GmbH 
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Figure 2. Results of the parameter screening for acetophenone formation. A.: Influence of pH on acetophenone formation; 50 mM triethanolamine (TEA) 

buffer, 2.5 mM PLP, 250 mM IPA, 50 mM 2-phenylpropanal, 25°C, 150 rpm, 2 ml, 24 h. B.: Influence of air and light on acetophenone formation; 50 mM TEA 

buffer, 2.5 mM PLP, 250 mM IPA, 100 mM 2-phenylpropanal, 7.5 U/ml dry weight whole cells, pH 7.5, RT (22-23°C), 150 rpm, 2 ml, 24 h. C.: Influence of 

antioxidants on acetophenone formation, 50 mM TEA buffer, 2.5 mM PLP, 250 mM IPA, 100 mM 2-phenylpropanal, 10 mM antioxidant, 7.5 U/ml dry weight 

whole cells, pH 7.5, RT (22-23°C), 150 rpm, 2 ml, degassed, 24 h. 
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reactions at low pH values does not represent a favored 

solution due to transaminase pH optima lying in rather basic 

environments. 

Thus, as next parameters the potential influence of air 

oxygen (for possible oxidation of the substrate) and light were 

tested. For this purpose, reactions with 100 mM 2-phenyl- 

propanal and 7.5 U/ml enzyme were carried out in both a 

degassed and a non-degassed reaction broth (see Figure 2B). 

For light protection, clear vials were replaced by amber-colored 

vials and additionally covered with aluminum foil. As shown in 

the graph in Figure 2B, a simple degassing significantly 

decreased the amount of formed acetophenone, although the 

reactions were performed at a slightly basic pH of 7.5. The 

overall acetophenone formation decreased 2.5-fold from 26 mM 

(25% of the initial substrate concentration) in non-degassed 

solutions to approximately 10 mM (10% of the initial substrate 

concentration) in degassed solutions. It has to be noted, that 

due to taking multiple samples, the acetophenone formation 

might have been increased in the degassed reactions, which 

was later strengthened by lesser acetophenone formation 

values in degassed reactions, where only 24-hour samples were 

taken. Light, however, did not have a significant effect on 

acetophenone formation. Hence, we could identify oxygen as 

the main reason for the formation of the acetophenone by- 

product through aldehyde oxidation. 

A proposed mechanism for the acetophenone formation, 

which is based on the presence of radical intermediates, is 

shown in Figure 3. Accordingly, a tertiary radical of typel 

stabilized by the phenyl substituent would be formed in an 

initial step, followed by an addition of O, under formation of a 

peroxo radical (Il). Subsequent homolytic cleavage of the C—H 

bond of the aldehyde moiety within a 5-membered transition 

state then furnishes a carbonyl radical (lll), which then under- 

goes a decarbonylation and the thermodynamically favored 

cleavage of the O—-0O bond under formation of acetophenone. 

This cleavage of the thermodynamically labile O—O bond in 1l 

0. QR 
™ 

+ 0 - /0 

2 O Ph CH 

] 

O -H . Oy H Ose- 
j; +—R,.. chain ] *‘ififi{}]H 

i O 
Ph™ | 'CHj ~ R-H ph~->cH, | Propagation | pPh 5 

in initiati . 
]| 

[chaln |n|t|at|un] 

-H;0 
-C=0 

Oy H "OH 

T : 
Ph CH 

i ’ 
F'h).LGH3 

Figure 3. Proposed mechanism of acetophenone formation from 2-phenyl- 

propanal under influence of oxygen from air. The degradation of 2- 

phenylpropanal proceeds in the form of a radical chain reaction and contains 

a decarbonylation step. 

ChemBioChem 2024, 25, e202400203 (4 of 9) 

also represents a major driving force in this process and 

furnishes a hydroxy radical. The latter one is then suitable to 

initiate the next reaction cycle (chain propagation) by hydrogen 

abstraction, thus being converted to water. 

Taking into account the key role of O,, a simple degassing 

would suppress this side-reaction towards unsignificant levels. 

A decrease in acetophenone formation, in turn, led to an 

increase in the formation of the desired B-methylphenethyl- 

amine during the enzymatic transamination reaction from 

30 mM to 50 mM final concentrations (thus corresponding to a 

65% increase). In an attempt to completely eliminate the side- 

reaction, we added anti-oxidants at a 10 mM concentration to 

the reaction mixture (see Figure 2C). However, no significant 

improvement was observed with any tried anti-oxidant. Only o- 

tocopherol and sodium thiosulphate showed a slight decrease 

in the amount of formed acetophenone, a fact later applied in 

the preparative experiments, while other anti-oxidants rather 

demonstrated inhibitory effects on the enzymatic reaction, 

yielding no significant benefit. 

Screening for Suitable Crystallization Partners and Solubility 

Measurements 

After resolving the issue of substrate decomposition, a prelimi- 

nary study for [-methylphenethylamine crystallization was 

performed. The goal was to establish an insitu product 

crystallization driven reaction, which would allow for a continu- 

ous process of P-methylphenethylamine production. Hence, 

two criteria had to be met. First of all, as shown in Figure 1, the 

ISPC concept would be applied onto the amines of the reaction, 

resulting in the possible formation of the salt pair of IPA- 

carboxylates and [-methylphenethylamine-carboxylates. In or- 

der to achieve an attractive basis for post-reaction downstream- 

processing, the solubility of the IPA salt (amine donor) would 

be needed to be kept as high as possible, while the solubility of 

the p-methylphenethylamine-salt (product salt) would be 

needed to be kept as low as possible. The other prerequisite for 

an efficient process would be to keep the solubility of the 

product salt as low as possible to realize a better effect of the 

equilibrium shifting. The removal of the maximum amount of 

product from the reaction broth would be beneficial in order to 

prevent product inhibition of the biocatalyst and achieve a 

maximal pull of the reaction towards the product side. 

To determine possible crystallization partners for the amine 

reaction product, a screening of carboxylic anions was carried 

out using the ECS Acid Screening Kit (by Enzymicals). This 

screening produced nine possible hits for enantiomerically pure 

(S)-p-methylphenethylamine, four of which were considered as 

weak hits due to the lack of crystal formation. The strong hits 

are listed in Table 1 (all hits and the screening plate are found 

in Sl Figure 1 and Sl Table 1). 

A further investigation on the product salts of the most 

promising hits was performed. After creating such product salts 

from enantiomerically pure (R)- or (5)-p-methylphenethylamine 

and the corresponding carboxylates, they were subjected to a 

solubility screening to determine the possibility of their usage 

©@ 2024 The Authors. ChemBioChem published by Wiley-VCH GmbH 
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Table 1. Listing of p-methylphenethylamine screening results including 
their structures. 

Hit Carboxylate Structure 

anion 

Coo 

3.3-Diphenylpropionic o~ 

1 acid (3DPPA) » “fl\ ) 
o - 

LCoOr 
5 2,2-Diphenylpropionic x\“ B 

acid (2DPPA) C \© 

CcOO 

3 Diphenylacetic acid ~ 
(DPAA) | 2 

Biphenyl-4-carboxylic oo 

4 acid (BPA) \_7 

s 4-Biphenylacetic acid e 
(4BPA) < } <\ /:: 

for a continuous ISPC-process. For this application, the product 

salt solubility would need to be kept as low as possible, while 

the salt solubility of the amine donor (IPA) would require to be 

held as high as possible, or at least significantly higher, than the 

product salt solubility. Since the IPA salt solubilities of the 

carboxylates in question were mostly known from our previous 

works,”””! we measured the solubilities of chosen product salts 

(see Table 2). However, for the sake of sufficient product 

isolation from the reaction broth, a cut-off for the product salt 

solubilities was set at 25 mM. Hence, all product salts with 

higher solubilities were excluded from further investigation. 

This narrowed the range of the salt anions to only 4 possible 

candidates: 3DPPA, 2DPPA, BPA and 4BPA. These carboxylate 

anions were further tested in the enzymatic reaction to 

determine, whether they might have an inhibitory effect on the 

enzyme and thus be not suitable for a continuous process. 

Determining ISPC Potential of Screening Results 

Inhibitory effects of the chosen four salts were tested in small 

scale experiments by adding varying concentrations of the 

Table 2. Solubility of enantiomerically pure p-methylphenethylamine and 

IPA salts for strong screening hits. 

* MNH5* 

r-COO fij coo § 
) = Ph" 

Salt anion IPA-salt solubility Product salt solubility 

[mM] [mM] 

3DPPA 51.7 £0.3% 144485 

2DPPA 78.6 0.2 18.64+3.6 

DPAA 168.2 +1.3% 255+5.8 

BPA 40,7 +1.0 184+3.8 

4BPA 83.6 £ 16,6 154457 

ChemBioChem 2024, 25, 202400203 (5 of 9) 

corresponding IPA salts to the reaction as an ISPC starter and 

comparing the overall yields of such augmented reactions to a 

salt-free control. Since salt-free experiments previously yielded 

approximately 50 mM product concentrations (see Figure 2B) 

when starting from 100 mM 2-phenylpropanal, the first inhib- 

itory test was performed with a 50 mM IPA salt concentration to 

match the estimated product formation and 200 mM free IPA 

(250 mM overall IPA concentration). The results are shown in 

Figure 4. 

Herein, while no significant improvement in reaction yields 

could be achieved, the 3DPPA anion was shown to moderately 

inhibit the reaction at a 50 mM concentration, manifesting in a 

12% vyield drop. Hence it was excluded from further experi- 

ments (see Figure 4A). Further tests with the remaining three 

IPA—carboxylate salts were performed at salt concentrations of 

100 mM, 150 mM and 175 mM (see Figure 4B). While at all three 

salt concentrations an increase in product formation was found 

compared to the salt—free control, it has to be noted, that with 

mounting concentrations of the carboxylate, product formation 

first reached 20-30% improved values, but started to decrease 

again. The difference in product formation between 100 mM 

and 150 mM salt anion concentrations was rather negligible 

and at 175 mM product formation almost returned to the salt- 

free control levels. This coincided with noted difficulties in the 

proper mixing of the reaction solutions. Based on this observed 

correlation and its highest overall product vields (see Figure 4), 

the 2DPPA salt anion was chosen for further ISPC-based 

experiments, 

Although all the initial data showed good potential for ISPC 

with the chosen salt anion, we decided to survey the full scale 

of the  crystallization  potential of the chosen 

(0] NH," 00C. 
& Rpo-ATA o R 

Ph™ ™ ‘/,_fi_\ PR 

NH*00C.. O 

il o, 

s 
A, 100 B. €100, 

a0 'E' 90: 

804 £ 804 
70 E 70 

— B} 4 Bfl: 

Z 50 g 507 
= 40 s 401 

3y < 30 

20 = 20/ 
104 s 10 
0 = 0 

@ 50 100 150 175 3DPPA BPA 
control ZDPPA 4BPA 

IPA-salt 

B Acetophenone 
I 3-Methylphenethylamine 

IPA-salt [mM) 

Bl 2DPPA I EPA I 4BPA 

Figure 4. Results of the determination of ISPC potential for chosen 

carboxylates. A.: Inhibitory test with 50 mM IPA-salt; 50 mM triethanclamine 

(TEA) buffer, 2.5 mM PLP, 200 mM IPA, 50 mM IPA salt, 100 mM 2-phenyl- 

propanal, 7.5 U/ml dryweight whole cells, RT (22-23°C), 150 rpm, 2 ml, 
degassed, 24 h. B.: Determination of ideal carboxylate anion concentration 

for possible ISPC; 50 mM TEA buffer, 2.5 mM PLP, 250 mM overall IPA, 

varying IPA salt (see graph) and free IPA concentrations, 100 mM 2- 

phenylpropanal, 7.5 U/ml dryweight whole cells, pH 7.5, RT (22-23°C), 

150 rpm, 2 ml, degassed, 24 h. 
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IPA-BMPEA--2DPPA salt pair. For this purpose, a phase diagram 

of this salt pair in aqueous media was prepared (see Figure 5). 

While the solubility difference between the amine donor 

salt (IPA-2DPPA) and the product salt ((R)-BPMPEA-—-2DPPA) was 

only approximately 50 mM, the resulting phase diagram 

showed a very wide asymmetry between possible crystallization 

conditions of the corresponding salt. This asymmetry, due to 

the significant shift of the eutectic towards the left-hand side, 

benefited the crystallization of the product salt within a very 

broad set of crystallization conditions. Thus, the diagram 

confirmed a real benefit for the improvement of the reaction 

yield via ISPC through the utilization of 2DPPA. Hence, as a next 

step experiments on a preparative scale were conducted 

utilizing 2DPPA as a salt anion. 

Transfer to Preparative Reaction Conditions 

For the preparative reactions, the format of a fed-batch was 

chosen. Here, the amounts of 2-phenylpropanal and IPA were 

refilled to the initial concentrations every 24 h after measure- 

ment, using only IPA—2DPPA salt to refill the consumed IPA for 

ISPC-driven reactions. This would allow to keep a continuity of 

the ISPC-driven reactions, while creating a suitable comparison 

to unsupplemented controls over time. 

At first, the volume was scaled up from 2ml to 5ml 

(Table 3, entries 1 and 2). This was done to probe possible 

challenges of elevating the reaction volumes. As can be seen, 

while the ISPC-driven reaction kept the approximately same 

product levels (70% vyield), as in 2 ml small-scale reactions, the 

yield of the salt-free control dropped by more than 50% after 

24 h, not managing to surmount the 50 mM product concen- 

tration mark even after 48 h. Hence, since the general ISPC- 

driven concept did not face any challenges yet, it was decided 

to continue with an increase of the utilized substrate concen- 

trations. 

a 0.000 0 
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" 0.004 
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Figure 5. Ternary phase diagram of the IPA—PMPEA—2DPPA salt pair. The 

sector of possible PMPEA—2DPPA salt crystallization conditions {(at RT) is 

colored . 
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The substrate concentrations were all doubled and kept at 

the same proportions of 2-phenylpropanal to overall IPA 

concentration and free IPA to IPA—2DPPA salt concentrations 

(Table 3, entries 3 and 4). Here the salt-free control again did 

not reach the usual small-scale yields of 50% after 24 hours of 

reaction time (entry 4). After 48 hours, the yields dropped 

significantly, obviously reaching a product inhibition limit. In 

contrast, for ISPC driven reactions, the overall yields stayed 

quite high, reaching the usual small-scale 60-70% yields after 

24 h, while after 48 hours still producing a significant amount of 

product. With this result, it was decided to further scale up the 

reaction volume. As shown throughout the entries5 to 8 in 

Table 3, the described tendencies were also present during the 

volume increase up to 50 ml. Here, the reaction produced a 

record of 80% vyield after 24 h, although the vyield dropped to 

40% in the next 24 hours (entry 7). This derives from the fact, 

that the reaction mixture is rather heterogeneous with at least 

an undissolved 2-phenylpropanal phase and whole cells 

biocatalyst, aqueous reaction mixture and, in case of ISPC, with 

two additional partially soluble solids (IPA—2DPPA as the donor 

salt and PMPEA—-2DPPA as the product salt). This eventually 

leads to mixing discrepancies between different reaction 

volumes and thus a variation in reaction velocities, which lead 

to differences in product concentrations after 24 hours. How- 

ever, the final equilibrium-based product concentration after 

48 hours remains comparable throughout the entries 3, 5 and 7, 

as well as 4, 6 and 8. Nevertheless, all reactively crystallized 

reactions managed to surpass an overall product concentration 

of 200 mM after 48 hours. Further, the ISPC-driven concept 

provided an overall yield increase of 80-90% compared to the 

salt-free controls throughout a 10-fold volume increase and the 

doubling of substrate concentrations. Hence the ISPC concept 

proved successful in the facilitated yield increase and the 

ensuring of a constant process continuity. The measured 

enantiomeric excesses of the reactions also proved to be quite 

high, even displaying a slight increase in ISPC-driven reactions. 

Conclusions 

The chosen ISPC concept proved to be successful for the 

synthesis of the (-chiral amine MPEA. A yield improvement of 

up to 90% compared to the controls was achieved, while the 

overall product concentration reached 240-260mM in a 

preparative scale reaction. The oxygen-driven decomposition of 

the 2-phenylpropanal substrate was investigated and the 

subsequent formation of acetophenone was lowered to a mere 

5% of the utilized substrate. A viable concept for the 

production of B-chiral amines with the potential for further 

scale-up was established. The utilization of a semi-continuous 

approach, as described by Neuburger etal,”” may offer a 

concept for even higher overall yields, since the continuous 

approach of a fed-batch is bound to face stirring challenges 

over longer reaction periods due to the amount of formed 

product salt. However, the offered approach allows for a facile 

reaction process with a straightforward post-reaction down- 

© 2024 The Authors. ChemBioChem published by Wiley-VCH GmbH 
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stream processing approach of salt filtration/centrifugation 

coupled with the amine recovery by alkaline extraction. 

Experimental Section 

Enzyme Activity Assay 

Enzyme activity was measured with a Specord 200 spectrophotom- 

eter from Analytik Jena (Jena, Germany) at a wavelength of 245 nm 
using the acetophenone extinction coefficient of 11.852 

(mM-cm) . A 50 mM sodium phosphate buffer solution with 
0.25% (v/v) DMSO was adjusted to pH8 with saturated NaOH 

solution and conc. HCl to be used for all further solutions. 250 pl of 

the buffer solution, 250 pul of a 10 mM (S)-1-phenylethylamine 
sclution in buffer and 250 ul of a 10 mM sodium pyruvate solution 

in buffer were premixed in the measurement cuvettes. The enzyme 

samples were prepared by dissolving 1 mg of dry weight whole 
cells in 1800 pl of buffer and adding 200 ul of a 10 mM pyridoxal 

phosphate solution in buffer. 250 ul of this enzyme mix were then 

added to the pre-pipetted samples, briefly shaken and measured 
immediately. All experiments were measured against a reference 

solution by replacing the enzyme mix with 50 ul of the 10 mM 

pyridoxal phosphate and 200 ul of buffer. Specific enzyme activity 

was calculated through the slope of acetophenone extinction over 

the course of 60 s (see Sl section 4.4). 

IPA- and BPMPEA-Salt Preparation 

A desired amount of the chosen carboxylic acid (e.g. 2DPPA) was 

dissolved in 10-100 ml of cyclopentyl methyl ether (CPME) at room 

temperature. Mild heating up to 60°C was applied, if necessary, to 

speed up the dissolution process. An equimolar amount of amine 

(IPA or BMPEA) was added to the solution under constant stirring. 

The resulting suspension was left for one hour at room temperature 

under stirring. Afterwards, the residual CPME was evaporated to 

obtain the maximal yield of the desired salt. 

Phase Diagram Preparation 

The salts of the salt pair in question were mixed in 9 different molar 

ratios (with additionally each pure salt as a control) and dissolved 

in high—purity water. The pH was adjusted to 7.5 with weak HCI 

and NaOH solutions. The vials were shaken at room temperature 

and 150 rpm for at least five days or until no pH change occurred. 

The dissolved salts were compensated with the same salt ratio 

mixtures. The salt solutions were centrifuged at 10 000xg for 5 min 

and the supernatant was filtered through 0.25 um filters to remove 

all residual salt crystals. Filtrate samples of approximately 1 ml were 

evaporated in a Thermo Scientific Pierce ReactiTherm | & ReactiVap 

| heating and evaporation unit under a constant argon stream. The 

sample vials were weighed three times: empty, filled with the 

filtrate and evaporated. Ratios of the dissolved salts were 

determined via NMR. Mole fractions of the salts and water were 

calculated from this data and plotted in the ternary diagram format 
with the Origin 2023 software. 

Analysis via Gas Chromatography 

All reactions were monitored via gas chromatography on a Thermo 
Fisher Trace 1310 gas chromatograph equipped with a flame 

ionization detector (FID). A J&W column (0.25 mmx30 mx0.25 um, 

HP-5 phase) by Agilent Technologies (series number 19091J-433), 
shortened for 1 mm on each end was used. Helium and synthetic 

© 2024 The Authors, ChemBioChem published by Wiley-VCH GmbH 
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air were used as the carrier. The chromatograms were refined and 

analyzed via the Thermo Xcalibur Qual Browser software by Thermo 
Fisher. For amine quantification, the obtained amine peak areas 

were normalized with the internal standard, scaled for the internal 

standard value of 100000 sqU and then the amine concentration 
was calculated according to the calibration parameters. 

Fed-Batch Concept 

Reactions in the preparative format were conducted by utilizing a 

50 mM triethanolamine (TEA) buffer (pH 7.5). Pyridoxal phosphate 

was added to the selected buffer to a final concentration of 

2.5 mM. Pure IPA was added to the buffer solution to a desired final 

concentration (500 mM in reactions without [SPC, 200 mM in 

reactions with ISPC). The pH was adjusted to 7.5 with conc. HCl and 

NaOH solutions. The obtained buffer solution was degassed for 2- 

4 hours by passing an argon stream through it. 

To start the reactions, 7.5 U/ml of dry weight E.coli cells bearing the 

overexpressed Rpo-ATA enzyme were added to the buffer solution 

(specific activity was defined through a standard acetophenone 

assay, see S| section 4.4). For ISPC-experiments, IPA-2DPPA salt was 

added to a final concentration of 300 mM. To the 50 ml reactions, 

10 mM of sodium sulfite was added. The mixture was mixed 

thoroughly, the pH was adjusted to 7.5. The reactions were started 

by adding substrate to the reaction mixture to a final concentration 

of 200 mM. The reactions were stirred at 900 rpm and room 
temperature (22°C) and samples were drawn each 24 hours. After 

24 hours, the samples were measured via GC to quantify the 

residual IPA and substrate levels in the reaction. IPA and substrate 
were then refilled to reach their respective initial concentrations. 

Please note that this addition of substrates will result in a slight 

increase of reaction volume (< 5%). 

Sample Derivatization and Chirality Measurement 

Enantiomeric excess was determined via LC—MS analysis on a 

Dionex UltiMate™ 3000 (LC), LTQ XL™ (MS) with a Phenomenex® 
Kinetex® C18 column (150x2.1 mm, 2.6 um) at constant oven 

temperature of 35°C with an eluent compasition of 50:50 (vv-1) 

MeOH:H,O0 (+0.1% formic acid) (isocratic) and a flow rate: 
0.2 mimin '. The detection was done via MS for the specific mass 

of the derivatized amine and in parallel via UV/VIS at 254 nm. 

Samples were derivatized with 1.5 mM 2,3,4,6-Tetra-O-acetyl-p-D- 
glucopyranosyl-isothiocyanate and 1.5 mM NEt, in acetonitrile. 
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Abstract: 

Classical approaches for the preparation of enantiopure mandelic acid conventionally employ chiral resolution 

methods like diastereomeric crystallization or kinetic resolution. Those are, however, limited by their theoretical yield 

of 50% of the utilized racemate. Dynamic kinetic resolution solves this challenge by the addition of a racemization 

step for the unprocessed enantiomer, maximizing yields. For mandelic acid, a special enzyme class of mandelate 

racemases can perform this racemization step. In this study, we combine enzymatic racemization of mandelic acid 

with diastereomeric salt crystallization of ( F)-mandelic acid to achieve a chemoenzymatic dynamic kinetic resolution 

of mandelic acid at mild conditions in water. 
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catalyzed dynamic kinetic resolution of racemic 
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Classical approaches for the preparation of enantiopure mandelic acid conventionally employ chiral 

resolution methods like diastereomeric crystallization or kinetic resolution. Those are, however, limited by 
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their theoretical yield of 50% of the utilized racemate. Dynamic kinetic resolution solves this challenge by 

the addition of a racemization step for the unprocessed enantiomer, maximizing yields. For mandelic acid, 

a special enzyme class of mandelate racemases can perform this racemization step. In this study, we 

combine enzymatic racemization of mandelic acid with diastereomeric salt crystallization of (R}-mandelic 

rsclifreaction-engineering 

Introduction 

The synthesis of chiral chemical substances is one of the most 

important areas of research and the basis for their application 

in e.g. pharmaceutical and agrochemical products.'™ Normally, 

the preparation of enantiomerically pure compounds is divided 

into two general routes. Firstly, asymmetric synthesis, which 

typically converts an achiral compound into one of the desired 

enantiomers using an enantioselective catalyst. Due to the high 

demands to the enantiomeric purity of many chemical 

compounds, the use of a highly enantioselective catalyst is 

necessary. Secondly, the separation of usually inexpensive 

racemic mixtures, whereby separation methods such as 

chromatography and crystallization can be used in addition to 

catalytic methods. This concept is usually referred to as chiral 

resolution (CR}, while the utilization of catalysts in the 

separation process is called kinetic resolution (KR). In KR 

approaches, different reaction kinetics of the two enantiomers 

with a selective (bio)catalyst enable the separation of the 

racemic compound, ideally with a strong difference in reaction 

rates (conversion for one enantiomer much faster than for the 

other enantiomer).' " ° 

Enzymes usually possess a high substrate specificity and 

enantioselectivity, making them an already tailored catalyst for 

the desired reaction and broadly applied in KRs. Additionally, 

“Institute of Chemistry, Biocatalytic Synthesis Group, Otto-von-Guericke University 

Muagdeburg, Universitdtsplatz 2, 39106 Magdeburg, Germany. 

E-mail: jon langermann@ovgide 

? mstitute of Chemistry, Industrial Chemistry, Otto-von-Guericke University 

Magdeburg, Universitdtsplatz 2, 39106 Magdeburg, Germany 

f Electronic supplementary information (ESI) available. See DOIL: hitps://doi.org/ 

10.1039/d4re00576g 
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acid to achieve a chemoenzymatic dynamic kinetic resolution of mandelic acid at mild conditions in water. 

enzymes can perform reactions at very mild conditions, thus 

allowing for aqueous reaction media and environmentally 

friendly processes as a bonus.'®"® Nevertheless, the main 

limitation of “standard-issue” chemical and kinetic resolutions 

is its highest achievable theoretical yield: only 50% of the 

utilized racemate are theoretically able to be converted to the 

desired enantiomeric product, while leaving 50% of the 

“undesired” enantiomer unprocessed. Here, a dynamic kinetic 

resolution (DKR} approach can improve yield beyond 50% in 

favour of the desired enantiomer in which the kinetic resolution 

step 18 combined with the continuous racemization of the 

remaining, typically undesired enantiomer, allowing for 

theoretical vields of up to 100%.“%7'®'" However, the 

additional racemization step needs to be accommodated by the 

process requirements within the DKR to function in paralle] to 

the enantioselective synthesis reaction. To be more specific, 

ideally the racemization needs to be faster than the conversion 

of the undesired enantiomer into the product, effectively 

preventing the accumulation of the undesired enantiomer.'*” 

Racemization itself can be achieved spontaneously, e.g by labile 

stereocenters incl. keto-enol tautomerism, but typically needs to 

be induced by specific chemicals or (biojcatalytic reaction 

systems.”"'*?%  Even though less utilized, enzymatic 

(biocatalytic} racemization through racemases (E.C. 5.1.X.X} is 

of particular interest. Although, opposed to most other 

enzymes, their stereoselectivity is essentially non-existent, their 

sole purpose is to be able to bind both enantiomers of its 

substrate in order to convert it into the other.”* Thus, racemases 

also found their place in DKR-based processes as a the 

racemizing agent.*'*? 

An example, where resolution methods are often utilized, 

is the obtainment of enantiopure mandelic acid. Classical 

chemical methods usually produce a racemate of mandelic 

React. Chem. £ng., 2025, 10, 1145-153 | 1145
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acid, which then has to be separated.”** For this purpose 
some KR- and DKR-based chemoenzymatic approaches are 

found in literature.**® 
Other alternatives for enantiopure mandelic acid production 

include aforementioned asymmetric synthetic approaches (both 

enzymatic and chemical)’’”? and diastereomeric salt 
crystallization as means of chiral resolution. The latter approach 

utilizes different chemical properties of the corresponding 

salts, thus (co-Jerystallizing the different 

mandelate enantiomers with a chiral resolving agent.”” " 

This study focuses on the enzymatic racemization of 

mandelic acid and its integration into a diastereoselective 

crystallization step. This is achieved by mandelate racemases 

that are mostly utilized as a racemizing agent in DKR-based 

approaches towards enantiopure mandelic acid (derivatives) 

and require a secondary (biojcatalytic reaction system to 

derivatize mandelic acid in a biocatalytic cascade’ ™ or a 
separation method, as shown for a chromatography approach 

in the works of Wrzosek et al.” ® The presented combined 

biocatalysis-crystallization DKR is designed to efficiently 

convert racemic mandelic acid to (R)}-mandelic acid without 

the need to form the above mentioned mandelic acid 
derivative that eventually needs to be converted back to 

mandelic acid with extra process steps. It enables high yields 

and eases the downstream processing by synchronous in situ 

product crystallization (ISPC) of the desired mandelate 

enantiomer as its diastereomeric salt (see Fig. 1). The concept 

includes a simple fed-batch approach with high substrate 

concentrations and the removal of enantioenriched (R)- 

mandelic acid salt after the reaction process. 

diastereomeric 

Results and discussion 

Due to the need for high water activity for the selected 

mandelate racemase from Pseudomonas putida (E.C. 5.1.2.2), 

the racemization needs to be performed in aqueous media,” 

since its utilization in organic solvents has shown a complete 

loss of catalytic activity, although the enzyme itself retains 

activity when extracted back into aqueous media.”’ 

Unfortunately, most of the available literature about 

diastereomeric crystallization of mandelic acid (MA) makes 

use of organic solvents, while mandelic acid itself already 

possesses a very high solubility in water (approx. 1 M). Thus, 

OH OH HHy 

S E00 —————n coof| 
| /. = NH, 

Mandaiate o 
racamass - 

from 

Pspudomonas R, 

putida ( 

r \ v 0 
» ® . 

Fig. 1 Concept scheme for the proposed crystallization-based DKR of 

mandelic acid. 
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the search for an enantiospecific crystallization partner for 

diastereomeric salt resolution would need to have a “bulky”, 

preferentially hydrophobic structural base (thus lowering the 

solubility of the diastereomeric product salt) and ideally be 

commercially available for a broader applicability. Based on 

those ground rules, (1R,25)-2-amino-1,2-diphenylethanol 

((1R,2S)-ADPE) from prior works by Hirose et al.*>™" was 
chosen as a bulky chiral amine to crystallize with mandelic 

acid. To further possible options for crystallization partners, 

several structurally similar and commercially available bulky 

amines were selected: (S)-1-phenylethylamine ((S)-1PEA), 

(1R,2R)-1,2-diphenylethanediamine ((1R,2R)-DPEN) and (R)- 
1,2,2-triphenylethylamine ((R)-122TPEA). 

Solubility screening 

The main criterium towards the choice of the amine-based 

resolving agent was decided to be the solubility since it directly 

relates to the maximal yield. The solubilities of the above 

selected amines as diastereomeric salts with (R} and (S)- 

mandelic acid were investigated in the aqueous reaction 

medium and then compared according to the overall solubility 

difference between the corresponding diastereomeric salts and 

to the other salt pairs (Table 1). 

Two potential crystallization partners were eliminated right 

away. (R)-122TPEA had very low overall solubilities of both 

diastereomeric mandelate salts, while (1R,2S)}-ADPE did not 

have a sufficient solubility gap between its diastereomeric 

mandelate salts. The remaining two of the selected 

diastereomeric salt pairs exhibited a high discrepancy between 

the different enantiomer salts of mandelic acid with (1R,2R)- 

DPEN at low concentrations and (S)-1PEA at relatively high 

concentrations. Interestingly, those two salt pairs showed a 

preference towards crystallizing different enantiomers of 

mandelic acid. The most promising option appears to be 

(1R,2R}-DPEN with diastereomeric salt solubilities of 33.6 and 

88.5 mM, respectively, which facilitates a sufficiently low 

concentration towards the targeted (R)-enantiomer of mandelic 

acid. With (S}1PEA, the less soluble salt of (S)}mandelic acid 

possessed a relatively high solubility of ca. 200 mM, however 

due to its counterpart being very soluble at >6 M and the 

selected mandelate racemase being able to work at high 

substrate concentrations, it still presented a viable option. 

Optimizing diastereomeric salt crystallization conditions 

Having identified two potential resolving amine counterions, 

it was decided to attempt to form a first impression for the 

efficacy of the resolution of mandelic acid with those 

counterions. Therefore, simple crystallization experiments on 

a small scale of 1 ml were executed with varying racemic 

mandelate and amine counterion concentrations. It has to be 

noted, that both mandelate and the amine counterions were 

utilized as sodium (mandelate) or hydrochloride/di- 

hydrochloride salts ((S)}-1PEA and (1R,2R}-DPEN respectively). 

Since the ability to selectively crystallize only one enantiomer 

of mandelic acid was deemed the most important parameter 

This journal is © The Royal Society of Chemistry 2025 
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Table 1 Solubility screening for the diastereomeric salt pairs with selected amine counterions in water 

Amine counterion Structure of amine counterion Solubility of (R)-MA salt, mM Solubility of (S}-MA salt, mM 

(1R,25)-ADPE NHy* @ 

Da% e OH 

(1R,2R)}-DPEN 

(S)-1PEA NH* 

(R)-122TPEA 

6138.9 + 370.9 

67.1 + 6.8 56.3 + 2.7 

33.6 + 4.8 885+ 3.1 

49+1.1 

The solubility screening was performed at 30 °C in pure ddH,O at pH 7, the pH was adjusted with weak NaOH and HCI solutions, when 
needed. (1R,2R)-DPEN salts were measured as monoamine salts, 

of the experiments, the yield was not measured, focusing 

solely on the enantiopurity of the crystallization phase. The 

resulting enantiomeric excesses of the formed product salts 

are shown in Table 2. 
Although the (S)}-1PEA mandelate salts showed an exorbitant 

solubility difference between its respective (S)- and (R)-MA salts, 

it failed to reach enantiomeric excesses over 80% for its 

precipitated product, nearing this limit only for relatively low 

counterion concentrations, which would mean low yields of the 

enantiomerically enriched product phase. On the contrary, 

(1R,2R)-DPEN demonstrated fairly good enantiomeric excesses 

of up to 87% although its diastereomeric salts solubility limits 

were not that much apart. An increase in counterion 

concentrations led to a slight decrease of enantiomeric excess of 

the crystallized mandelate salts from 87% at 75 mM of (1R,2R)- 

DPEN to 80% at 150 mM of (1R,2R)}-DPEN. But since those were 
only preliminary experiments with a short time for 

crystallization of 3 hours, those values were acceptable and 

open to adjustment via longer crystallization times. Hence, it 

was chosen to continue with (1R,2R)-DPEN as the crystallization 

partner for mandelic acid resolution. 

Small-scale DKR experiments and enantiomeric excess 

optimization 

As the highest enantiomeric excess was obtained using 200 mM 

of racemic mandelic acid and 75 mM of (1R,2R)-DPEN as the 

chiral resolving agent, those concentrations were chosen for the 

initial DKR-based experiments. A corresponding control 

experiment was also performed and compared in triplicates of 

DKR- and chiral resolution based (controls without enzyme) 

reactions. The resulting yields and enantiomeric excesses are 

shown in Fig. 2 (left). This data shows, that both the CR and 

DKR-based approaches show similar results. The DKR-based 

yield might have been slightly better with 32.4% versus 28.5% 

for CR-based control, while the CR-based ee of 90.3% slightly 

surpassed the DKR-based ee of 89.9%. 

Based on the presented observations, it was decided to retry 

the DKR- to CR-comparison with a higher concentration of 150 

mM (1R,2R)}-DPEN according to the procedure utilized with 75 

mM (1R,2R)-DPEN on a fed-batch basis, the results shown in 

Fig. 2 (right). As can be seen, while the enantiomeric excess 

stays on the same fairly high level of 90%, the yield is improved 

Table 2 Results of crystallization screening of {1R,2R)-DPEN and (S)-1PEA as potential resolving agents for racemic mandelic acid 

Racemic mandelate, mM Amine counterion Counterion, mM ee of product salt 

1000 (S)}-1PEA 
500 (S}1PEA 
250 (S}1PEA 
100 (S}1PEA 
1000 (S}-1PEA 
1000 (S)}-1PEA 
1000 (S}-1PEA 
1000 (S}-1PEA 
1000 (S}1PEA 
200 (1R,2R}-DPEN 
200 (1R,2R}DPEN 
200 (1R,2R)-DPEN 
200 (1R,2R)-DPEN 

500 66.7 + 7.0% (S) 
500 67.6 + 1.6% (S) 
500 n.d. 
500 n.d. 

400 63.9 + 1.8% (S) 
300 74.9 + 9.4% (S) 
250 77.5 + 11.1% (S) 
200 77.2 + 0.7% (S) 
100 n.d. 
150 79.9 + 2.6% (R) 
100 84.3 + 2.8% (R) 
75 86.8 + 4.3% (R) 
50 n.d. 

Enantiomeric excess was determined by HPLC analysis of dried precipitated salts, which were harvested after 3 h at RT and 750 rpm. Where no 
product salt precipitate was obtained, the experiments are marked with “n.d.”. 

This journal is © The Royal Society of Chemistry 2025 React. Chem. Eng., 2025,10, 1145-1153 | 1147
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75 mM 150 mM 

DPEN DPEN 
100+ 

80- 

X 60- 
o 
@ 
< 40- 

20- 

0 

DKR control DKR control 

w/o enzyme w/o enzyme 

| EYieldin[%] MM eein[%] | 

Fig. 2 Left: Yield and enantiomeric excess of DKR-based and CR- 

based fed-batch experiments after 96 h; 200 mM racemic mandelate, 

75 mM (1R,2R)-DPEN, 10 U ml™! mandelate racemase extract {for DKR 

only), 50 mM HEPES-buffer with 3.3 mM MgCl,, pH 7.5, RT (22-23 =C), 
96 h, 5 ml Right: Yield and enantiomeric excess of DKR-based and 

CR-based fed-batch experiments after 96 h with doubled counterion 

concentration; 200 mM racemic mandelate, 150 mM (1R,2R)-DPEN, 10 
U ml™ mandelate racemase extract (for DKR only), 50 mM HEPES- 

buffer with 3.3 mM MgCl;, pH 7.5 RT (22-23 °C), 96 h, 5 ml 

Experiments were performed in triplicates. Substrates and 

crystallization counteragents were refilled after 24 and 48 h. 

significantly to reach slightly over 60% with the DKR-based 

approaches. For the CR-based controls, the yield reaches nearly 

40%, while the ee starts to experience a slight decrease towards 
87%. XRPD analysis of the harvested product material showed 

the presence of the monoamine salt as the dominant 

crystallized solid phase. XRPD results, including mono- and 

diamine reference salts of both mandelate enantiomers, are 

provided in the ESIf file (see Fig. S2 and S3). The yields were 

calculated based on HPLC (showing the mandelic acid 

remaining in solution) and XRPD investigations. 

Compared to the initial crystallization experiments, the 

ees of the product salts were higher with both 75 mM and 

especially 150 mM (1R,2R)-DPEN concentrations, with the 
only difference between the experiments being the time spent 

stirring (2-3 h vs. 24 h between refills). Thus, it was decided 

to monitor the change in enantiomeric excess of the formed 

product salt over time. 

For the purpose of simpler monitoring, 72 h long DKR- 

batches (without refilling) bearing 150 mM of (1R,2R}-DPEN 

were done as a triplicate and monitored only for ee over the 

course of 24 h. The progression of the ee is shown in Fig. 3. The 

shown progression explains the discrepancy between the initial 

crystallization screening and the outcome of DKR- and CR- 

based batches in terms of enantiomeric excess. A simple waiting 

period of 24 h elevates ee about 10% from 80 to 90% ee. 

However, additional waiting does not significantly contribute to 

the enantiopurity of the obtained product salt any further. 

M48 | React. Chem. Eng., 2025,10, 1145-1153 
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Fig. 3 Enantiomeric excess of the product salt over time in DKR- 

based 72 h batch with 150 mM (1R,2R)-DPEN. 200 mM racemic 

mandelate, 150 mM (1R,2R)-DPEN, 10 U ml™ mandelate racemase 

extract, 50 mM HEPES-buffer with 3.3 mM MgCl,, pH 7.5, RT (22-23 

2C), 72 h, 5 ml. 

Thus, a DKR-based system for resolution of mandelic acid 

can be established through the proposed approach on a 

continuous basis, presenting high yields and a fairly high 

enantiomeric excess of one product enantiomer. Finally, a 

proof-of-concept needed to be obtained to evaluate the 

scalability of the process. Therefore, the system was tested on 

a preparative scale. 

Preparative-scale DKR experiment 

After the successful initial experiments, the combined 

racemization-crystallization reaction concept was validated at 

preparative scale to showcase its synthetic potential. A 

reaction in the 50 ml format was prepared, operated in a fed- 

batch mode for 96 h and the reaction progress monitored 

periodically vie HPLC (see Fig. 4). The product salt was 

harvested and its purity was analyzed via NMR. The ee of this 

DKR-based approach was determined at 94.9% ((R)}-mandelic 

acid), with an overall yield of 60.3% (4.61 g of product salt) 

determined in accordance with isolated product mass and 

HPLC analysis. Afterwards, mandelic acid was extracted from 

the product salt {4.547 g after analytic procedures) to yield 

1.78 ¢ (56% overall yield based on racemic mandelic acid) of 

pure mandelic acid, with a purity of 94% determined via 

NMR, although it has to be noted, that 4.4% of the impurities 

can be attributed to the spontaneously formed isopropyl ester 

of the mandelic acid due to residual acid prior to extraction 

with isopropanol. The counterion was also extracted and 

yielded 2.24 g with a purity of 98.7%. 

Experimental 
Transformation 

Chemocompetent E. coli BL21(DE3) cells were thawed on ice 

in 50 pl aliquots. To the thawed cell suspension on ice, 1 pl 

of the plasmid solution of pET-52b(+), carrying the gene for 

This journal is © The Royal Society of Chemistry 2025 
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Fig. 4 Monitoring of the preparative DKR fed-batch. The black curve 

shows the concentration of mandelic acid at the measurement points, 

while the blue curve shows the enantiomeric excess of the product 

salt. The overall yield progression is shown as the orange curve. 200 

mM racemic mandelate, 150 mM (1R,2R)-DPEN, 30 U ml* mandelate 

racemase extract, 50 mM HEPES-buffer with 3.3 mM MgCl,, pH 7.5, RT 

{22-23 =C), 96 h, 50 ml, fed-batch. 

the mandelate racemase from Pseudomonas putida (N- 

terminal Strepll-tag and a C-terminal His,tag) and an 

ampicillin resistance gene,”® was added. The cell aliquot was 

incubated for 30 min on ice. After that, a heat shock was 

applied by placing the cell aliquot into a prewarmed heating 

block at 42 °C for 30 s. Immediately after, the cells were 

returned onto the ice and incubated there for another 5 min. 

950 pl of sterile LB medium were added to the cells. The cell 

suspension was incubated at 37 °C and 750 rpm for 1 h and 

variable volumes were plated onto selective LB-agar plates 

supplemented with 0.1 mg ml™" ampicillin. The plates were 

incubated at 37 °C overnight. 

Overnight cultures and Cryostocks 

Overnight cultures were prepared in 5 ml of sterile LB 

medium and supplemented with ampicillin to a final 

concentration of 0.1 mg ml™". The cultures were inoculated 

from single colonies from successful transformations or 

cryostocks and grown overnight at 37 °C and 180 rpm. 

Cryostocks were prepared by adding 800 ul of an overnight 

culture to 200 ul of sterile glycerol (resulting in 20% v/v 

glycerol stocks) and frozen at —80 °C. 

Protein expression 

Expression cultures were grown in 500 ml of LB medium in 2 

1 cultivation flasks without induction. 1 ml of 50 mg ml™ 

ampicillin stock solution (0.1 mg ml™" final concentration) 

was added. Furthermore, 500 ul of a sterilized 1:10 dilution 

of antifoam B (by Sigma Aldrich) were added to prevent 
foaming. The flasks were inoculated to a starting ODgg, of 

approximately 0.05 from overnight cultures. The resulting 

cultures were incubated at 37 °C for 4-5 hours under 

constant shaking at 200 rpm until reaching an ODgg, of 
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approximately 1. At this point, the cultures were harvested 

via centrifugation at 4000 x g for 10 min at 4 °C. The pellets 

were resuspended in 50 ml of 50 mM HEPES buffer (pH 7.5) 

containing 3.3 mM MgCl, and centrifuged again at 4000 x g 

for 10 min at 4 °C as a washing step, the liquid was 

discarded. After resuspension in 5 ml of 50 mM HEPES 

buffer (pH 7.5) containing 3.3 mM MgCl,, the pellet 

suspensions were unified and frozen at -20 °C. 

Lysis 

The frozen harvested cells were thawed on ice. To the thawed 

suspension, 0.5 ml of a 10 mg mi™" lysozyme stock solution 

(0.25 mg ml™" final concentration) and 200 pl of a 1 mg ml™’ 

DNAse I stock solution (0.1 mg mI™" final concentration) were 

added per 20 ml of suspension. Afterwards, the cells were left 

on ice for 30 min. As the next step, lysis was performed via 

ultrasonication on a Sonics & Materials Inc. VibraCell VC750 

ultrasonic processor equipped with a 3 mm in diameter 

tapered ultrasonic tip. For the time program, the -cell 

suspension (on ice for cooling) was pulsed for 5 s at an 

amplitude of 30% and left idle for 10 s. This cycle was 

repeated, until an overall pulse time of 3 min was reached. 

After that, the lysed cells were centrifuged at 13 000 rpm and 

4 °C for 45 min. The cleared supernatant was unified and 

shock-frosted with liquid nitrogen. The resulting cell extract 

was lyophilized overnight. The dried cell extract was then 

subjected to an activity assay to determine its specific 

activity. 

Activity assay for mandelate racemase 

For the activity test, the conversion of pure (R}mandelic acid 
was analyzed over time. For this purpose, a 20 mg ml™" stock 

solution of (R}-mandelic acid was prepared in 50 mM HEPES 

buffer with 3.3 mM MgCl, and the pH was adjusted to 7.5. 

The dried cell extract was also dissolved in the same buffer at 

pH 7.5 for a stock solution of 2 mg ml™. 500 ul of (R)- 

mandelic acid stock were put in a 2 ml microcentrifuge tube 

and preheated to 25 °C. To initiate the reaction, 500 ul of the 

enzyme stock solution were added, resulting into final 

concentrations of 10 mg ml™ (65.7 mM) of (R}mandelic acid 

and 1 mg ml™" enzyme (cell extract) in a final volume of 1 ml. 
The reactions were incubated at 25 °C and 900 rpm for 15, 

30, 45 or 60 s, at which point 100 pl samples were drawn and 

immediately mixed with 500 pl of acetonitrile to precipitate 

the protein and hence stop the reaction. The resulting 

samples were vortexed and then centrifuged at 13000 rpm for 

10 min. From the cleared supernatant 200 ul were drawn and 

mixed with 1300 pl of a 2 mM CuSO, solution in ddH,O in 

an HPLC-vial. This sample was then measured in a chiral 

HPLC set-up for the enantiomeric ratio between (R)- and (S)- 

mandelic acid. From the measured percentage and the fixed 

initial (R)-mandelic acid concentration of 65.7 mM the 

amount of formed (S)}-mandelic acid in pmol was calculated 

and plotted against time in min. The plot was linearized to 

yield an activity of the enzyme in U, which was then divided 

React. Chem. Eng., 2025,10, 145-1153 | 1149
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by the enzyme concentration of 1 mg ml™* (1 ml reactions) in 

the reaction, resulting in a final specific activity of the 

analyzed dried cell extracts. For each time point, a triplicate 

of reactions was performed. If within 15-60 s no clear linear 

plot could be obtained due to lower activity of the obtained 

dried cell extract, the measurement points were extended to 

1, 2, 4 and 8 min. 

Preparation of sodium mandelate, (1R,2R)-DPEN/(S)-1PEA 

hydrochloride salts and amine mandelate salts 

To prepare sodium mandelate, 2 g (13.1 mmol} of racemic 

mandelic acid were dissolved in 50 ml cyclopentyl methyl ether 

(CPME). To the dissolved mandelate, 500 pl of a saturated 

NaOH solution was added. The resulting suspension was stirred 

for 1 h at room temperature, after which the precipitated 

sodium mandelate was filtered out and dried at room 

temperature. The purity of the obtained sodium mandelate was 

analyzed via NMR. 

(1R,2R}DPEN and (S}F1PEA hydrochloride salts were 

prepared in a similar manner. An appropriate amount of the 

amines, 1-2 ¢ of (1R,2R}-DPEN (4.7-9.4 mmol} or 1 ml (7.8 

mmol} of {§)-1PEA, were dissolved in 50 ml of CPME. To this 

amine solution, 5 ml of a 3 M HCI in CPME solution {Sigma- 

Aldrich} was added. The resulting suspension was stirred for 

1 h at room temperature, after which the precipitated amine 

hydrochloride {dihydrochloride for (1R,2R}-DPEN} was filtered 

out and dried at room temperature. 

The amine mandelate salts for the solubility testing were 

prepared as follows. Separate solutions of (R} or (S}mandelic 

acid and their amine counterion in CPME were prepared, 

bearing equimolar concentrations. Thus, equimolar amounts 

of the stock solutions of mandelate and the amine 

counterion were unified. For the diamine salts of (1R,2R})- 

DPEN, the amount of mandelate was doubled. The resulting 

suspensions were stirred for 1 hour at room temperature. 

Monoamine salts of (1R,2R}-DPEN were prepared from water. 

Here, equimolar {75 mM} solutions of (R}- or (S}mandelic 

acid and the dihydrochloride of (1R,2R}-DPEN in water were 

mixed in equal proportions, the pH was adjusted to 7. To 

facilitate crystallization, approximately half ((R}-salt} to two 

thirds ((S}-salt} of the water volume was evaporated at 40 °C 

under an argon stream, until first crystals were visible in the 

remaining aqueous phase. Afterwards, the crystallization was 

left for 1 h at room temperature (if necessary, the suspension 

was left for 15 min at 4 °C). The precipitated mandelate salts 

were filtered out and dried at room temperature. 

Solubility screening 

A small amount (between 10-20 mg} of the chosen mandelate 

salt was mixed into 1 ml of ddH,0O. Additional salt was added 

until saturation was reached, if necessary. pH was kept at 7, 

adjusted with weak HCl and NaOH solutions, adjusted again 

after 24 h and afterwards every 48 h. Additional mandelate 

salt was added, if necessary. The saturated solutions were 

shaken at 30 °C and 900 rpm for 5 days or until no further 
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pH changes occurred. After no pH change was observed, the 

solutions were centrifuged for 10 min at 13 000 rpm and the 

cleared aqueous supernatant was filtered through 0.25 pm 

syringe filters to remove traces of crystalline salt. The filtrate 

was collected into previously weighed vials. Those vials were 

welghed again filled with the filtrate for the determination of 

the exact mass of the water. Then, the liquid in the vials was 

evaporated at 40 °C under a constant argon stream in a 

Thermo Scientific Pierce ReactiTherm I & ReactiVap I heating 

and evaporation unit. The evaporated vials were weighed and 

the solubility of the mandelate salts was calculated. The 

experiments for each salt were performed in triplicates. 

Crystallization screening for enantiomeric excess 

For resolution testing on small scale, solutions of sodium 

mandelate and its amine counterion hydrochlorides ((1R,2R}- 

DPEN or (S}-1PEA} in 50 mM HEPES buffer with 3.3 mM 

MgCl, (pH 7.5} were prepared in double the concentrations, 

that were meant to be analyzed. The pH was adjusted back to 

7.5 with conc. HCl and saturated NaOH solutions. 

Afterwards, the solutions were mixed in a 1:1 ratio to obtain 

1 ml of final volume (500 pl:500 ul), effectively halving their 

respective  stock solution concentrations. The resulting 

suspensions were shaken at 750 rpm and room temperature for 

3 hours. Then the tubes with the samples were centrifuged for 

10 min at 13000 rpm, the cleared supernatant was discarded. 

The obtained salt pellet was pressed onto filter paper to remove 

further liquid and dried for 2 hours at room temperature. The 

dried pellets were analyzed for enantiomeric excess via chiral 

HPLC according to standard procedure described below. For 

each analyte ratio, a triplicate was prepared. 

Batches und fed-batches on a 5 ml scale 

Small-scale experiments in the 5 ml format were prepared as 

follows. A 2.5 ml 400 mM sodium mandelate solution in 50 

mM HEPES buffer with 3.3 mM MgCl, (pH 7.5} was prepared, 

the pH was adjusted with conc. HCIl and saturated NaOH 

solutions. An analogous solution of either 150 mM or 300 

mM of (1R,2R}-DPEN dihydrochloride was prepared and pH- 

adjusted as well, although past the 150 mM mark the 

hydrochloride yielded rather a suspension than a solution. 

Both solutions were then mixed to yield a 5 ml reaction with 

200 mM of mandelate and either 75 or 150 mM of (1R,2R}- 

DPEN. The vial of the {1R,2R}-DPEN was flushed with the 

mandelate solution to avoid loss of (1R,2R}-DPEN. The pH of 

the formed reaction solution was again adjusted to 7.5. 

Afterwards, 10 U ml " of the mandelate racemase cell extract 

was added to the mixture, if the reaction was to be performed 

in a DKR format, the pH was checked and adjusted to 7.5, if 

necessary. The reaction was stirred at room temperature and 

750 rpm. 
For simple batch approaches (ee curve}, the reactions were 

stirred for 72 h. 200 ul samples were drawn on certain time 

points and prepared according to standard procedure (see 

HPLC method} to measure ee. For fed-batch reactions, 200 ul 
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samples were drawn after 24 h, measuring the mandelate 

concentration in solution and the respective ee (see HPLC 

method). The mandelate concentration was refilled to its 

initial value of 200 mM, while (1R,2R}-DPEN was refilled in a 

1:2 ratio (half the molar amount} to the refilled mandelate 

(all on a scale of 4.8 ml}, the pH was adjusted to 7.5. After 

another 24 h of stirring at room temperature and 750 rpm 

(48 h mark), the same refilling procedure {4.6 ml scale} was 

repeated. After refilling, another 10 U ml™" of mandelate 

racemase cell extract was added into DKR-based reactions. 

The refilled reactions were left stirring for another 48 h (96 h 

reactions in total} at room temperature and 750 rpm. At the 

96 h mark, further HPLC samples were drawn to calculate 

the yields of the reactions. The product salt was harvested by 

filtration, the reaction flask was flushed twice with the 

cleared filtrate to avoid product loss. The harvested salt was 

pressed into filter paper to remove residual liquid, dried at 

room temperature and weighed. 

X-ray powder diffraction (XRPD) analysis 

The analysis of a solid phase sample from the reactions and 

the reference salts was performed using a first-generation 

Empyrean  diffractometer  (PANalytical, Almelo, The 

Netherlands). Data was collected in reflection geometry 

(Bragg-Brentano} mode using a PIXcel3D 1 % 1 detector. The 

salt samples were prepared on zero background holders 

(silicon disks} and the measurements were performed in a 26 

range from 4-50° using Cu K, radiation. The step size 

was defined as 0.0131° and the time per step was set to 73.7 

s. The setup was controlled using the PANalytical Data 

Controller software (vers. 5.3). The data was plotted using the 

Origin software. 

Preparative scale experiment 

On preparative scale, the same approach was chosen, as with 

the 5 ml reactions. 25 ml of 400 mM sodium mandelate and 

25 ml of 300 mM (1R,2R)-DPEN dihydrochloride solutions in 

50 mM HEPES buffer with 3.3 mM MgCl, (pH 7.5} were 

prepared, their pH was adjusted to 7.5 with cone. HCl and 

saturated NaOH solutions. The solutions were unified in a 

100 ml Erlenmeyer flask, briefly stirred and their pH was 

adjusted. The vial of the (1R,2R}-DPEN was flushed with the 

mandelate solution to avoid loss of (1R,2R}-DPEN. 30 U ml™* 

of the mandelate racemase cell extract were added to the 

mixture, the pH was checked and adjusted, if necessary. The 

reaction was stirred at 900 rpm and room temperature for 24 

h. 200 pl samples were drawn after 24 h, the mandelate 

concentration in solution and the ee were measured (see 

HPLC method}. The reaction was refilled as described for 5 

ml fed-batches and stirred for another 24 h. Then, the 

refilling process was repeated at the 48 h mark, another 30 U 

ml ' of mandelate racemase cell extract were added as well, 

the pH was adjusted. The reaction was stirred for another 48 

h at room temperature and 900 rpm. Afterwards, 96 h HPLC 

samples were drawn to calculate the final vield from the 
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residual mandelate concentration in solution. The product 

salt was harvested by filtration, the reaction flask being 

flushed twice with the cleared filtrate to avoid product loss. 

The harvested salt was pressed into filter paper to remove 

residual liquid and dried at room temperature, weighed and 

analyzed for enantiomeric excess viz chiral HPLC and 

checked for impurities via NMR. 

The harvested product salt was suspended in 100 ml of 

ddH,O. 25 ml of saturated NaOH were added to the 

suspension, dissolving the product salt completely and 

obtaining a vellow precipitate of the (1R,2R}-DPEN. This 

solution was then extracted three times with 50 ml of 

previously dried CPME (24 h, 400 rpm, dried with anhydrous 

MgSO,). The organic phases were unified and evaporated to 

recover (1R,2R}-DPEN. To the aqueous phase, 50 ml of a 37% 

HCI solution were added, the pH was monitored to turn sour. 

The aqueous phase was then evaporated. The remaining solid 

was extracted five times with 50 ml of previously dried 

isopropanol (24 h, 400 rpm, dried with anhydrous MgSO,}. 

The extractions were centrifuged to leave the undesired NacCl 

solid out of the product phase. The extraction phases were 

evaporated to yield the extracted mandelic acid. The purities 

of the extracted mandelic acid and (1R,2R}-DPEN were 

analyzed via NMR. 

Chiral HPLC 

Chiral HPLC analysis was performed on a Shimadzu Nexera 

series HPLC consisting of the following modules: SCL-40, 

DGU-405, LC-40D, SIL-40C, CTO-40S, SPD-M40. For 
separation, a Phenomenex Chirex 3126 column {150 x 4.6 

mm; 5 pm, 110 A) was used. The diluent was a mixture of 

85% of 2 mM CuSO, solution in ddH,0O (pH ~4) and 15% of 

HPLC-grade acetonitrile. 

For concentration measurements, samples were prepared 

as follows. From the reaction mixture, 200 pl samples were 

drawn and centrifuged for 10 min at 13 000 rpm. From the 

cleared liquid phase, 100 pl were drawn into another vial. 

The product salt pellet was pressed onto filter paper and left 

to dry for 1 hour at room temperature for ee monitoring (24 

and 48 h samples). To the 100 pl of liquid phase, 500 pl of 

acetonitrile was added to precipitate all proteins prior to 

measurement, the sample was vortexed and then centrifuged 

for 10 min at 13 000 rpm. 200 pl of the cleared supernatant 

were added to 1300 ul of 2 mM CuSO, solution, the sample 

was vortexed. 1 ml of this mixture was drawn into a HPLC- 

vial. 200 pl of a 15 mM solution of p-alanine in 2 mM CuSO, 

was added as an internal standard for normalization. The 

readied samples were measured, the peak areas of (R}- and 

(S}mandelic acids were normalized by the internal standard 

and their concentrations were calculated in accordance to an 

appropriate calibration curve. 

For enantiomeric excess measurements of the product 

solid phase, samples were prepared as follows. For 24 and 48 

h samples, the centrifuged pellet of the 200 pl samples was 

used, for the final ee measurement, the sample was taken 
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from the dried harvested product salt. Approximately 3-10 

mg of the solid phase (product salt} were dissolved in 500 pl 

of 2 mM CuSO, with the addition of 10 pl of saturated NaOH 

solution. 500 ul of acetonitrile were added, the sample was 

vortexed. Afterwards, the samples were centrifuged for 10 

min at 13000 rpm. 200 pl of the centrifuged sample was 

added to 1 ml of 2 mM CuSO, to yield the final HPLC 

sample. The samples pH was adjusted to pH 4 with 

concentrated HCl (37% w/w)}. The sample was then briefly 

centrifuged again, if necessary, to remove possible copper- 

DPEN complexes precipitates and transferred into a HPLC- 

vial for measurement. All samples were measured in isocratic 

mode at a flow rate of 1 ml min ' for 60 min. Column 

temperature was kept at 30 °C, the detection wavelength was 

254 nm. 

Summary and conclusions 

This study aims to showcase the synthetic potential of 

dynamic kinetic resolution towards the preparation of 

enantiopure mandelic acid, consisting of a diastereomeric 

crystallization combined with enzymatic racemization using 

mandelic acid racemase. The presented approach for 

dynamic kinetic has shown great efficacy and presented a 

very good enantiomeric excess of the raw product phase. 

Furthermore, the diastereomeric crystallization was achieved 

at mild conditions and in a completely aqueous reaction 

phase, retaining high vields and enantiomeric excesses of the 

crystalline product salt. The system shows great potential for 

a continuous approach, including possible gravimetric 

separation of the product salt and a very good potential for 

the recyclability of the reaction broth, including the 

uncrystallized mandelic acid, since it i1s a racemate due to 

the racemase in solution, thus it would just need to be 

refilled to its initial concentration for process continuation. 

The shown dynamic kinetic resolution system using 

mandelate racemase may eventually outperform any form of 

chiral or kinetic resolution as yields of >50% are obtainable. 

Investigations of phase diagrams of the product salts of both 

enantiomers in water would help to determine ideal 

crystallization conditions and thus maximize possible 

obtainable vields from the preparative process. 
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