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Abbreviations 

 

ACS – Acute coronary syndrome 

AE – Atom economy 

AIDS – Acquired immune deficiency syndrome 

API – Active pharmaceutical ingredient 

AHAS-I – Acetohydroxyacid synthase I 

ATA – Amine transaminase 

(Boc)2O – di-tert-butyl dicarbonate 

CER solution – phosphomolybdic acid staining solution 

CRTH2 – chemo-attractant receptor expressed on Th2 cells  

CV – column volume 

1,4-dach – cis-1,4-diaminocyclohexane 

DIBAL – diisobutylaluminium hydride 

DIP–Cl – chlorodiisopinocampheylborane 

DMSO – dimethylsulfoxide 

DNFB – 1–fluoro-2,4-dinitrobenzene 

3,3-DPPA – 3,3-diphenylpropionic acid 

DVB – divinylbenzene 

3FCR Y59L/Y87F/Y152F/T231A – amine transaminase 3FCR-ATA-4M  

FID – flame ionization detector 

GC – gas chromatography 

GC/MS – gas chromatography/mass spectrometry 

GDH – glucose dehydrogenase 

HCl – hydrochloric acid 

HCV – hepatitis C virus  

HEPES – 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 

HHDH – halohydrin dehalogenase 

HLB – hydrophilic-lipophilic balanced reversed-phase column 

H-NMR – proton nuclear magnetic resonance 

HPLC – high-performance liquid chromatography 

JAK2 – Janus kinase 2 inhibitor 

KRED – ketoreductase 

KPi – potassium phosphate buffer 

LK-KRED – alcohol dehydrogenase from Lactobacillus kefir  

LOD – limit of detection  

MeCBS – tetrahydro-1-methyl-3,3-diphenyl-1H,3H-pyrrolo[1,2-c][1,3,2]oxazaborole 
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NAD(P)H – nicotinamide adenine dinucleotide phosphate 

NBD-Cl – 4-chloro-7-nitrobenzo-2-oxa-1,3-diazole  

NBD-OH – 4-hydroxy-7-nitrobenzofurazan 

(1R,2R)-NPE – (1R,2R)-norpseudoephedrine  

OPA – o-phtaldialdehyde  

PAC – a peak area of the analysed compound  

(R)-PAC – (R)-phenylacetylcarbinol 

PAIS – the peak area of the internal standard 

PEA – phenylethylamine 

[Pt(1,4-dach)Cl2] – platinum complex kiteplatin  

PET – polyethylene terephthalate 

PhINTs – N-tosyliminobenzyliodinane 

PLP – pyridoxal phosphate 

PMP – pyridoxamine phosphate 

PS – polystyrene 

SMO – smoothened receptor inhibitor 

SPE – solid-phase extraction 

STY – space-time-yield 

TBSA – tert–butanesulfinamide 

TEMED – tetramethylethylenediamine 

TFA – trifluoroacetic acid 

TFA – trifluoroacetyl anhydride 

TFAA – trifluoroacetic anhydride 

ThDP – thiamine diphosphate 

TLC – thin-layer chromatography  

TRIS – trisaminomethane 

WCX – weak cation exchange column 
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1. Introduction 

 

1.1. Significance of chiral amines and amino alcohols in the synthesis of 

pharmaceuticals 

 

Today in the pharmaceutical industry a demand for chiral compounds is constantly 

growing. One fourth of all active pharmaceutical ingredients represent molecules that contain 

a chiral amine moiety.1 Numerous studies confirm that different enantiomers or 

stereoisomers of various chiral pharmaceuticals and especially amines are differently 

recognized by biological systems and can have dramatically different pharmacologic effects 

and pharmacokinetic and pharmacodynamic properties.2 For instance, (S)-ibuprofen, a non-

steroidal anti-inflammatory drug, is over 100-fold more potent as an inhibitor of 

cyclooxygenase 1 than (R)-ibuprofen.3 (S)-Albuterol, a β2-adrenergic receptor agonist for 

asthma treatment, has been shown to be superior in the comparison with its racemic mixture 

in clinical trials.4 Another interesting example is ephedrine: this chiral β-amino alcohol exists 

as four stereoisomers, namely (1R,2S)-(-)-ephedrine, (1S,2R)-(+)-ephedrine, (1S,2S)-(+)-

pseudoephedrine, and (1R,2R)-(-)-pseudoephedrine. They possess different biological 

effects: (1R,2S)-(-)-ephedrine is applied as a bronchodilator for asthma, bronchitis and 

emphysema treatment while (1S,2S)-(+)-pseudoephedrine is used as a decongestant.5  

Noteworthy, chiral amines and amino alcohols are particularly interesting as building 

blocks for various active pharmaceutical ingredients.1 For example, ticagrelor (Brilique and 

Brilinta, Astra-Zeneca), the compound of the chemical class of cyclopentyl-triazolo-

pyrimidines, is an anti-thrombotic agent employed for stroke or heart attack prevention in 

patients with acute coronary syndrome (ACS) or myocardial infarction. It contains a chiral 

amino alcohol moiety (Figure 1), the key intermediate in the medicament synthesis.6 

Oseltamivir (Tamiflu), an antiviral agent against influenzas A and B,7 is another 

pharmaceutical, whose synthesis is performed via an amino alcohol derivative (Figure 1).8 

Merck & Co developed Indinavir, a protease inhibitor for AIDS treatment containing (1S,2R)-

1-amino-indan-2-ol, one of its key building blocks.9 Cis- and trans-4-aminocyclohexanol are 

synthons applied in the preparation of cis-4-(isoquinolin-6-yloxy)-cyclohexylamine, an Rho-

kinase inhibitor for treatment of various cardiovascular and non-cardiovascular disorders, e. 

g. hypertension, glaucoma, retinopathy,10 and ambroxol, a secretolytic agent,11 and also of 

novel bioactive molecules with a potential clinical interest12 like the alkaloid epibatidine, 

showing a remarkable analgesic activity (200-500 times more potent than morphine).13 

Trans-2-aminocyclohexanol and cis-/trans-1,2-cyclohexanediamines (Figure 1) have found 

their application in the synthesis of the antiarrhythmic medicament vernakalant and spleen 

tyrosine kinase inhibitor,14,15 κ-opioid analgesics.16 Trans-1,4-cyclohexanediamine is 
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employed for the synthesis of some anti-tumor agents, like a PLK1 inhibitor against 

leukemia,17 drugs important for stem cell research such as an UM171, a potent agonist of 

human hematopoietic stem cell renewal,18 and drugs for the treatment of bone-related 

diseases, like aminobisphosphonate ligands.19 

 

 

Figure 1. Active pharmaceutical intermediates containing chiral amino alcohol and diamine structures 

(marked in red). 

 

Chiral amines and amino alcohols have also found a wide application as chiral 

auxiliaries and ligands in the asymmetric organic synthesis, particularly, a wide variety of 

1,3- and 1,4-amino alcohols and their derivatives are employed. They vary from small alkyl 

compounds to multicyclic and heterocyclic structures, and derive from natural products or 

are produced synthetically. 1,3-Amino alcohols are employed as chiral auxiliaries for Diels-

Alder reactions and other cycloadditions, for aldol reactions and alkylation of anions, and for 

addition of organometallic reagents to ketals and carbonyl groups.20 They are also used as 

chiral ligands chelated to transition metals and other catalysts for allylic alkylation and 

reduction of enamines and carbonyl groups. For instance, Pedrosa and co-workers applied 

8-methylaminomenthol as the auxiliary for intramolecular [3 + 2] cycloadditions for the 

conversion of bicyclic aldehydes into the corresponding chiral bicyclic pyrrolidine-based 

products with moderate to good yields.20 E. Mayans et al describes synthesis of bifunctional 

κ 
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chiral catalysts employing 3-aminocyclobutanol, its derivatives and thiourea and its 

employment for the reaction of conjugate addition of diethyl malonate to (E)-β-nitrostyrene 

(Figure 2A). The products were synthesized with mostly modest yields 60-85% and 

enantiomeric ratios, (S):(R)% (62-74):(26-38)%.21 

In turn, 1,4-amino alcohols are successively employed in the enantioselective 

alkylation reaction of aldehydes by diethylzinc, which is one of the most challenging areas in 

the asymmetric synthesis of C-C bond formation.22 C. Tanyeli and co-workers have 

synthesized a chiral norbornene-based 1,4-amino alcohol and demonstrated its application 

for the catalytic process toward the formation of (S)-1-phenylpropanol, resulting in 98% 

isolated yield with 88% enantiomeric excess (ee).23 In another study, an N-methyl 1,4-amino 

alcohol ligand proved to be successful in the synthesis of the wide range of mono- and 

bicyclic (S)-alcohols with 78-98% conversions and 92-98% ee.24 Additionally, cis-

cyclopropane-based 1,4-amino alcohol ligands, synthesized from the cheap intermediate of 

the pyrethroid insecticide, promoted an enantioselective diethylzinc addition to aromatic 

aldehydes under mild reaction conditions to afford secondary alcohol products in 60-94% 

isolated yield with 90-97% ee.22 There is a recent study describing the synthesis and 

employment of the series of chiral 1,4-amino alcohol-based ligands consisting of rigid aminal 

and o-xylylene structures for this type of reactions as well. The chiral ligand bearing two 3-

trifluoromethylphenyl groups afforded best reaction outcomes using aromatic aldehydes 

(Figure 2B) with mostly 73-94% yield and 96-98% ee.25 

 

 

Figure 2. Chiral catalysts and ligands composed of chiral amines and amino alcohols facilitate 
asymmetric organic synthesis reactions. 
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There are also examples of chiral cyclic amines, which have found their application 

as chiral catalysts in the organic synthesis.26 Trans-1,2-cyclohexanediamines immobilized on 

polystyrene (PS) sulfonic acid resins were employed in the direct aldol reactions 

demonstrating their suitability for a range of ketone donors and aldehyde acceptors (Figure 

3). These heterogeneous catalysts afforded high yields (up to 99%), excellent 

diastereoselectivity (anti/syn up to 96:4) and enantioselectivity (up to 99% ee). Catalysts 

were also recycled and reused maintaining similar results of the synthesis. They also 

showed good activity and stereoselectivity in the reaction of Michael addition of ketones to β-

nitrostyrenes.27 

 

 

Figure 3. Heterogeneous catalysts containing chiral diamine structures employed in aldol reactions. 

 

In summary, chiral amines and amino alcohols have proven to be a functionally 

active class of compounds of wide applications in the synthesis of various pharmaceuticals 

as well as in the chemical synthesis as chiral catalysts and ligands today. Various examples 

mentioned above highlight the importance of efficient strategies and technologies for amino 

alcohol preparation at laboratory and industrial scale production. 

 

1.2. Chemical routes towards chiral amino alcohol synthesis 

 

Chiral 1,3- and 1,4-amino alcohols are usually accessed by already well-established 

enantio- and diastereoselective chemical routes. For the preparation of chiral 1,3-amino 

alcohols, these possible approaches are the reduction of prochiral 1,3-amino and 1,3-amido 

ketones, the hydrogenation of enantiopure β-amino ketones via metal catalysis,28 prepared 

through a proline-catalyzed Mannich reaction.29 The enantioselective Mannich reaction is a 

key step in the construction of optically active β-carbonyl compounds and is important for 

carbon-carbon (C-C) bond formation. Different chiral organocatalysts such as chiral 

phosphoric acids, secondary amines and (S)- or (R)-proline are applied in these reactions.30 
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Unmodified nucleophilic donors, e. g. aldehydes for amino alcohol synthesis, are activated 

via the reaction with proline to afford enamine formation. Afterwards, an imine, generated in 

situ, reacts with the intermediate enamine product to give – after hydrolysis – the 

enantiometrically enriched Mannich adduct. For instance, the study of Cordova et al 

demonstrated the one-pot three-component asymmetric synthesis of 3-amino-3-

arylpropanols (Figure 4) performed with propionaldehyde as the donor and various aromatic 

aldehydes as acceptors resulting in good isolated yields of 62-88% and an enantiometric 

purity of 75-99%. The reactions were also scaled up to multigram levels while yield and 

enantioselectivity were not affected.31 Another study showed the application of proline and 

chiral pyrrolidine-based catalysts in the direct asymmetric Mannich-type reactions employing 

different aldehydes and p-methoxyphenyl-based aldimines for the highly enantioselective (up 

to 99% ee) synthesis of chiral amino alcohols.32 

 

 

Figure 4. A one-pot, three-component enantioselective Mannich synthesis of 3-amino-3-
arylpropanols. 

 

Barluenga and colleagues synthesized chiral 1,3-amino alcohols via the prochiral 1,3-

amino ketone intermediate formation employing tetrahydropyrimidine as a starting material 

(Figure 5). The first reaction was performed under acidic conditions to furnish syn-1,3-amino 

ketones. Afterwards, for the isolation of the last one, derivatization with di-tert-butyl 

dicarbonate and a subsequent recrystallization and deprotection with trifluoroacetic acid 

(TFA) were performed (Figure 5A). The reduction of the obtained amino ketones with various 

metal containing reduction agents like diisobutylaluminium hydride (DIBAL), LiAlH4 or NaBH4 

(Figure 5B) afforded chiral amino alcohols with good reaction yields, namely 87-95%, and 

moderate to good syn,syn : anti,syn ratios of 37-99:63-1.33 

Chiral 1,4-amino alcohols are synthesized via a metal catalysis from prochiral 

ketones, cyclic ethers and oxazines. Their diastereoselective preparation is performed by the 

reduction of a γ-keto-vinyl sulfoximine with a subsequent C-methylation and then a 

palladium(0)-catalyzed allylic sulfoximine to allylic sulfinamide rearrangement follows with a 
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1,4-stereochemical control from a remote hydroxyl group (Figure 6). The C-methylation 

reaction was conducted at -78°C applying 2.2 equivalents of n-butyllithium, furnishing the C-

methylated alcohol derivatives with 55% yield and a diastereomeric mixture of 67:33%. 

Further treatment of the last ones with tetrakis(triphenylphosphine)palladium(0) (Ph3P)4Pd 

afforded chiral 1,4-amino alcohols with 89% yield and an isomer mixture of 90:10%.34 

Another recently reported study described the one-step synthesis of non-cyclic 1,4-amino 

alcohols from tetrahydrofuran treated with N-tosyliminobenzyliodinane (PhINTs) with the 

subsequent reaction applying a Grignard reagent, e.g. methyl-, ethyl-, allyl- and 

phenylmagnesium bromide.35 Allylic and cyclic amino alcohols could be accessed by a 

nitrogen-oxygen bond fission of oxazines employing various reagents such as lithium 

aluminum hydride, zinc dust and acetic acid and a subsequent hydrolysis. For instance, cis-

1-hydroxy-4-amino-2-cyclohexene was synthesized from the adducts of 1,3-

cyclohexadiene.36 The last ones as well as other cyclic nitroso precursors applied for the 

preparation of various amino alcohols are usually accessed via a Diels-Alder reaction. It 

requires a metal catalysis, strong oxidizing agents like meta-chloroperoxybenzoic acid, 

hydrogen peroxide application.37 

 

 

Figure 5. A. Synthesis of anti-1,3-amino ketones employing tetrahydropyrimidines as starting 
materials. B. Reduction of 1,3-amino ketones to corresponding 1,3-amino alcohols applying DIBAL, 
LiAlH4, and NaBH4. 
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Figure 6. Chiral synthesis of 1,4-amino alcohols via the diastereoselective reduction of a γ-keto-vinyl 
sulfoximine followed by C-methylation and a palladium-(0)-catalysed allylic sulfoximine to allylic 
sulfinamide rearrangement with 1,4-stereochemical control from a remote hydroxyl group. 

 

Gallou and colleagues describe the synthesis of cyclic substituted 1,4-

aminocyclohexanols in a stereoselective manner applying a reductive amination. Titanium-

based acidic reagents such as titanium tetraalkoxide promoted both a dehydration – imine 

formation and a chelation of a free hydroxyl group to furnish selective product formation 

(Figure 7). The synthetic methodology included a broad substrate scope and afforded 

various cyclic amino alcohols with good to excellent cis:trans ratios and isolated yields. The 

selectivity dropped to 70% in the cases, when a free amino or hydroxyl group was present in 

the molecule. They induced the imine formation in a boat-like conformation, thus promoting 

the hydride reduction from the opposite face of the cyclohexane ring.38 

 

 

Figure 7. Chiral synthesis of cyclic substituted 1,4-aminocyclohexanols via the reductive amination: 
A) a reaction scheme; B) a reaction mechanism. 

 

Although some of these methods allow an access to amino alcohols with high 

stereoselectivity, many steps include metal catalysis, harsh reaction conditions like very low 

or high temperatures, organic flammable solvents, strong oxidizing reagents and a necessity 

for an intermediate product isolation and purification. These conditions present difficulties for 

a large scale implementation as well as safety and cost-efficiency considerations. 

Noteworthy, these syntheses are waste-intensive processes due to the complexity of target 

molecules and the necessity to install multiple functional groups and two or more 
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stereocenters in one building block.1 Therefore, the efficient multifunctionalization of simple 

starting materials by a cascade of regio- and stereoselective reactions is very attractive, and 

the development of chemoenzymatic39,40 one-pot and tandem41-45 reactions has grown as an 

important research field.  

  

1.3. Biocatalytic routes towards chiral amino alcohol synthesis 

 

Both, transaminases and ketoreductases, lyases are applied industrially for active 

pharmaceutical ingredients (API) and their chiral building blocks synthesis in the last 

decades.45-47,42 They are combined in the cascades to provide target amino alcohols with two 

stereocentres (Figure 8). 

  

 

Figure 8. Combination of transaminases and ketoreductases, lyases in the cascade reaction for chiral 
amino alcohol synthesis. 

 

Numerous studies report alternative enzymatic routes of already existing synthetic 

ways of various chemicals and pharmaceuticals. Results demonstrate higher yields, 

enhanced selectivities and economic efficiency of the processes. Protein engineering 

technologies,48 bioinformatics,49 metagenomics50 and metabolic engineering51 reveal their 

potential to provide biocatalysts for specific applications or to widen their substrate scope. 

Therefore, an industrial sector has drawn its attention to the biocatalysis in the recent years. 

Ketoreductases and transaminases have found the extensive application in the synthesis of 

various pharmaceuticals. This is demonstrated by numerous patents in the field of industrial 

biocatalysis.52 For instance, synthetic processes of various industrially important API or their 

building synthons, including such blockbuster drugs as sitagliptin,53 montelukast,54 

vernakalant,55 (Figure 9) applied transamination or ketoreduction steps, which allowed 

shortening of the number of reaction steps and improved yields of syntheses. The processes 

for sitagliptin and montelukast were scaled-up to a pilot scale production. Transaminases 

were specifically designed via a directed evolution approach and demonstrated high activity 
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and selectivity to produce the desired stereoisomer (up to 99.9% optical purity).53,55 There 

are many other examples of established industrial large-scale processes as wells as ones at 

the development stage applying transaminases. This includes the synthesis of various drugs 

or their building blocks for the treatment of respiratory diseases (e. g., chemo-attractant 

receptor expressed on Th2 cells (CRTH2) antagonist MK-724656, formoterol57), cancer58,59 

(e. g., smoothened receptor (SMO) inhibitor60, niraparib and Janus kinase 2 (JAK2) 

inhibitor61,62), and type 2 diabetes (e. g., saxagliptin57,63) (Figure 9). For example, Pfizer Inc. 

researchers developed a chemo-enzymatic route containing both a transaminase and an 

alcohol dehydrogenase to synthetize chiral intermediates used for a multikilogram production 

of a gamma secretase inhibitor. The process employed the transaminase catalyzed 

reductive amination of a substituted tetralone and the alcohol dehydrogenase catalyzed 

reduction of an α-ketoester with GDH for cofactor recycling with the excellent 

stereoselectivity of >99% and good yields, 95% and 88%, respectively.58 

 

 

Figure 9. Compounds, which can be synthesized by employing transaminases and ketoreductases. 

 

Ketoreductases were employed in the industrial syntheses of intermediates for a 

cholesterol lowering agent atorvastatin, a decongestant drug phenylephrine, and an anti-

asthmatic agent montelukast.61 The atorvastatin synthesis was developed as a two-step 

process consisting of three enzymes, namely halohydrin dehalogenase (HHDH), glucose 

dehydrogenase (GDH) and ketoreductase (KRED). The last one was involved in the first 

step for the ethyl-4-chloroacetate reduction. The multi-enzyme process demonstrated not 

only economic efficiency, but also ecological one in the comparison with the chemical 
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synthesis. In the synthetic route of montelukast, a hazardous 

chlorodiisopinocampheylborane (DIP-Cl) catalyst yielded a key drug intermediate. This step 

was replaced via a KRED employment. The engineered enzyme showed high 

enantioselectivity (>99.9%) and stability in ~70% organic solvents at 45°C. The biocatalytic 

process is currently operated at >200 kg scale.61 The synthesis of ezetimibe, a lipid-lowering 

compound, is another example of the engineered ketoreductase application for the 

manufacturing process improvement and waste reduction. The engineered ketoreductase 

reduced efficiently an oxazolidinone ketone providing a high level of chemical and chiral 

purity of the product and circumventing the necessity for a toxic and hazardous MeCBS 

catalyst and BH3-THF reagent.63  

 

1.4. Multi-step (chemo)-enzymatic synthesis 

   

Multi-enzymatic and chemo-enzymatic cascades present a particular interest for an 

industrial synthetic process development or improvement. Multi-step enzymatic cascades 

represent a combination of several enzymatic transformations in a concurrent one-pot 

process. Multi-step chemoenzymatic cascades couple chemical and enzymatic reactions in 

a tandem one-pot process.41 Concurrent biocatalytic cascades are reactions where all 

required enzymes and reagents are already present in the beginning. They provide an 

efficient shift of the reaction equilibrium to the product side and consequently, a higher 

space-time yield due to a shorter amount of time required for a reaction to reach completion. 

However, they present also certain challenges, such as substrate or product inhibition of the 

biocatalyst and cross-reactivity which may lead to side products. Therefore, reaction 

engineering by a careful balancing of the reaction conditions in terms of pH, enzyme and 

substrate concentrations, temperature is necessary to achieve robust cascade syntheses at 

excellent performance.   

A sequential approach is another way to combine multiple enzymatic transformations 

in a one-pot system. It can resolve the issue of cross-reactivity, since the biocatalyst for the 

second step is added only after the substrate is completely converted during the first step. 

Another advantage of the sequential approach is resolving the problem of enzyme inhibition 

by high substrate or product concentrations and incompatibility of certain reaction conditions 

or components. Concerning the space-time yield level, it might be lower compared with the 

cascade approach due to longer reaction times. In order to maximize it, a proper system for 

the reaction equilibrium shift should be chosen.  

For 1,2-64 and 1,3-amino alcohols,65 efficient one-pot syntheses or chemoenzymatic 

cascades can be employed for their synthesis, but an enzymatic approach is lacking for 1,4-

amino alcohols. Due to their excellent regio- and stereoselectivity, enzymes as catalysts 
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often shorten synthetic routes, as demonstrated in the synthesis of norephedrine (Figure 

10B), where a two-step enzymatic approach was developed as alternative to the seven-step 

classical synthesis.66 Two-step stereoselective syntheses to access 2-amino-1,3-diols were 

also reported combining an engineered transketolase and transaminase in one-pot (Figure 

10A).67 These processes could serve as an ecologically and economically attractive way to 

step-intensive procedures applying toxic catalysts for the synthesis of these important 

classes of pharmaceutically relevant compounds. Additionally, they improve product yields 

and reaction selectivity allowing an easy access to the valuable drug isomers. 

Due to their unique selectivity, remarkable catalytic activity, wide acceptability of 

various substrates not found in nature, various biocatalysts meet the challenges of 

pharmaceutical industry, what allowed to widen the toolbox on the way to more sustainable 

and environmentally benign processes.68,69 Although enzymatic transformations operate at 

mild reaction conditions and offer high enantio-, regio-, and substrate selectivity, they also 

require reaction engineering in order to meet the requirements of a sustainable and cost-

effective process, namely high atom efficiency, excellent optical purity and final product 

yield, biocatalyst operational stability and recyclability, low enzyme loading and an absence 

of a biocatalyst inhibition by a reaction product. Therefore, multistep one-pot enzymatic 

syntheses operating in a cascade or sequential way is an attractive and elegant solution, 

which could meet many of the mentioned above process requirements. 

 

 

Figure 10. One-pot two-step reaction for the synthesis of: A) (2S,3R)-2-amino-1,3,4-butanetriol; B) 
(1R, 2S)-norephedrine. 

 

For example, to achieve efficient transformations with amine transaminases 

operating in the cascade or sequential mode, the proper amino donor choice and a by-

product removal system are the key factors. Nowadays numerous industrial processes apply 

preferentially isopropylamine as the most cost-effective amino donor. The reaction by-
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product acetone can be easily removed by evaporation, low pressure or slight heating,70 but 

other strategies are also emerging, e. g., in situ hydrophobic acetone pervaporation using a 

poly(dimethylsiloxane) membrane.71 For example, in the preparation processes of 

pregabalin, monoacylglycerol acyltransferase 2 inhibitors,52 niraparib59, and besifloxacin72, 

transaminations with isopropylamine as the amino donor were applied. Due to the enzyme 

stability, wide substrate scope and simple cofactor recycling methods, ketoreductases are 

also widely applied in cascade reactions today.43 The glucose / glucose dehydrogenase 

system and isopropanol are employed for the cofactor regeneration, but isopropanol is 

industrially preferred due its low cost and an easiness of the acetone by-product 

removal.73,74 

Hence, in this thesis we decided to draw our attention to multienzymatic one-pot 

systems and the combination of a transaminase and a ketoreductase to produce a 1,4-

aminoalcohol. We chose 4-aminocyclohexanol, due to its simplicity, and at the same time its 

relatively demanding chemical synthesis. 

 
1.5. Chemical routes towards 4-aminocyclohexanol synthesis 

 

Although 4-aminocyclohexanol 1 is a rather simple molecule, no efficient 

stereoselective synthesis of cis- or trans-1 has been reported until today. A modular route 

giving access to both stereoisomers is desirable: the trans-1 is a valuable precursor of drugs 

such as ambroxol (a secretolytic agent) and lomibuvir (an HCV protease inhibitor),11,75 and 

also of novel bioactive molecules with a potential clinical interest (e. g., SNX 2112) (Figure 

11).76 The cis-1 is required as a building block for substituted isoquinolone derivatives10 and 

certain spirocyclic compounds (Figure 11).77 

An established industrial synthesis of 1 involves a platinum- or palladium-catalyzed 

synthetic procedure starting from phenol or nitrobenzene (Figure 12).78 N-acetyl-p-

aminophenol is prepared by the reaction of 4-hydroxyacetophenone with a hydroxylamine 

salt and a base to obtain the ketoxime of the ketone 4-hydroxyacetophenone oxime, and 

then subjecting the ketoxime to a Beckmann rearrangement in the presence of a catalyst 

Amberlyst 15 to form the N-acyl-hydroxy aromatic amine (Figure 12, Route A). The yield 

may vary between 66-89%.78 Alternatively, N-acetyl-p-aminophenol can be synthesized in 

the following way: the nitration reaction of phenol with sodium nitrate gives the two isomers 

2-aminophenol and 4-aminophenol (Figure 12, Route B). In the palladium-catalysed 

reduction, the latter one is connected to 4-aminophenol, which is then acetylated with acetic 

anhydride. Afterwards, 4-aminophenol is hydrogenated with the palladium catalyst, and the 

resulting compound is deacetylated to furnish 1 with a trans/cis ratio, which varies between 

1:1 to 4:1 (Figure 12). 
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 Since the current chemical preparation of the amino alcohol is not stereoselective, it 

requires a resolution of the obtained racemate performed via crystallization in 50% sodium 

hydroxide solution upon cooling to -10°C in order to allow the trans-isomer to crystallize out. 

The overall isolated yield of the trans-1 is 31%.79 

 

 

Figure 11. Examples of APIs, which syntheses apply cis-1 and trans-1. 

 

 

Figure 12. Chemical synthetic routes for the production of 4-aminocyclohexanol and its intermediate 
synthons.78,82,80,83,84,85 

  

Additionaly, one has to address challenges of the isolation and purification of 

intermediate products as well. For example, a number of processes seeks to purify 

acetaminophen and p-aminophenol.80 The patent by Fruchey et al. specifically describes a 
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method for the purification of N-acetyl-p-aminophenol consisting of the following steps: 

formation of a hot aqueous solution of a crude substance, its agitation with an acid washed 

activated carbon, which has been pretreated by an aqueous solution of a reducing sulfite.81 

In the recent years, there were also several studies reported concerning the 

improvements of single steps employed in the 4-aminocyclohexanol synthesis via chemical 

catalysis.86,87 For instance, Rodríguez-Ramos and co-workers describe a stereoselective 

hydrogentaion of paracetamol to 4-trans-acetamidocyclohexanol via ruthenium-supported 

catalysis. Noteworthy, the stereoselectivity of the hydrogenation reaction depends on the 

metal used, e. g., rhodium and platinum have some selectivity towards the cis-1, nickel is 

selective for yielding the trans-1 (cis:trans ratio 37:63%), but causes the formation of high 

amounts of hydrogenolytic cleavage products.86,87 The ruthenium catalysts supported on the 

oxidic supports Al2O3 and SiO2 exhibit weaker selectivity towards trans-1 (cis:trans ratio 

47:53%) in the comparison with nickel, but give better results in terms of activity and 

selectivity for acetamidocyclohexanols (99% yield).86 

Many recent studies have focused on catalyst development for the reduction of 4-

nitrophenol to 4-aminophenol. Wu and colleagues developed Ni nanoparticles as an 

alternative to a Raney Ni catalyst, which demonstrated higher selectivity, stability and activity 

for the 4-aminophenol synthesis.88 Another study reports concerning the production of 

ordered mesoporous silver nanoparticles/carbon composites, which efficiently reduced 4-

nitrophenol and manifested similar catalytic performance without any significant reduction in 

the substrate conversion even after 10 cycles.89 In order to increase catalyst performance, 

activity, and to provide a larger reaction area and more active sites for the reduction, Ni 

nanoparticles utilizing silicate nanotubes,90 Ag supported Fe2O3 microboxes with a 

nanoporous structure,91 CuO nanostructures92, and gold nanoparticles93 were produced and 

applied for the 4-aminophenol synthesis. 

In summary, although various routes for the preparation of 1 exist and chemical 

catalysts were optimized to improve single process steps, these approaches do not allow a 

highly stereoselective synthesis of the target compound. Furthermore, they require the 

applications of metal catalysis, toxic organic solvents, and extreme reaction conditions like 

high temperature and pressure. In addition, application of various metal catalysts does not 

provide the necessary reaction selectivity for 4-aminocyclohexanol isomers and causes 

formation of different side products. Another limitation of the existing technology is the 

isolation and purification of intermediate products in order to achieve the necessary level of 

their purity for the utilization in the next reaction steps. Consequently, additional work-up 

steps contribute to intermediate product losses as well as an excessive use of organic 

solvents and consumables. This reduces the overall yield of the final product, increases its 

cost and the amount of produced wastes. Therefore, we were highly motivated to develop a 
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new efficient methodology for the synthesis of cis-1 and trans-1, which could help to cope 

with all the above mentioned limitations and disadvantages of the exsiting approaches. 

 

1.6. Evaluation of reaction metrics 

 

Enantioselective and stereoselective enzymes present an alternative and efficient 

approach for API synthesis to existing chemical routes. But even if the enzyme has excellent 

selectivity and allows to synthesize a product in >99% yield, this is often not enough for an 

efficient industrial process. An investigated reaction process needs optimization and 

engineering before its final industrial application as an economically viable and ecologically 

safe process. For this, one has to consider reaction metrics parameters and follow principles 

of ‘green’ chemistry.  

Reaction metrics parameters. These criteria are reaction yield, productivity 

expressed as space-time-yield (STY, g/L/h or g/L/d), high substrate loadings, biocatalyst 

yield and reaction selectivity (typically, ee around 99% required).94,95 For high value products 

like APIs, reasonable STY values are around 1 g/L/h applying whole cells as the biocatalyst 

and around 10 g/L/h applying isolated enzymes. For an establishment of pharmaceutical 

processes, it is often the case that it is necessary to fit a process into an existing equipment. 

Hence, the STY should be matched to an equipment size dependent on a production rate.96 

Regarding the reaction yield, it is determined by downstream product recovery requirements, 

downstream processing, biocatalyst specific activity.95 Additionally, the required purity of a 

compound or its isomer is a critical factor. Nevertheless, a minimum threshold of 90% could 

be defined for reactions such as asymmetric reductions. Noteworthy, thermodynamic 

equilibrium is a very significant factor influencing on the yield. Therefore, at the stage of 

synthesis development, it is important to determine it under the conditions to be applied in 

the process. The biocatalyst yield (gram of product produced/ gram of biocatalyst added) is 

another essential criterion for a biocatalytic process.95 Expensive biocatalysts and methods 

for their preparation (enzyme production requiring fermentation, protein isolation, purification 

and immobilization, if it is necessary for a process) make a significant contribution to final 

product and overall product costs. Therefore, industrial processes need enzymatic catalysts 

with high specific activity and stability, which will allow to keep their concentration low during 

the process and to develop efficient recycling strategies. These parameters should be 

determined and optimized during the development process of a certain reaction. In addition, 

low enzyme loadings will help to avoid excessive steps in protein removal and will allow a 

minimal amount of steps required for the separation of a synthesized product from other 

reaction components. 
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A review of the literature on this subject found the examples of some efficient 

industrial processes meeting the mentioned above criteria (Table 1). These are the 

processes for the synthesis of the following pharmaceuticals and building blocks of APIs:  

1) sitagliptin,53 a medication to treat diabetes mellitus type 2;  

2) (S)-1-(5-fluoropyrimidine-2-yl)-ethylamine, a building block for the synthesis of a 

compound JAK2 kinase inhibitor AZD1480 developed for myelofirbosis and idiopathic 

rubra vera treatment;97  

3) (2R,5R)-hexanediol, a valuable building moiety in the synthesis of pharmaceuticals and 

chiral phosphine ligands;98 

4) ethyl (S)-4-chloro-3-hydroxybutanoate, a chiral synthon of the cholesterol-lowering drug 

Lipitor;99  

5) (1R,2R)-norpseudoephedrine ((1R,2R)-NPE), the compound widely used in the 

preparation of ligands and chiral auxiliaries for organic synthesis and directly as APIs.66 

Green chemistry principles are attracting a widespread interest in the pharmaceutical 

industry today due to the historically large amount of waste produced during the drug 

manufacturing, which is in many cases, more than 100 kg per kg of API.102 Many 

pharmaceutical companies apply them at the stage of API synthetic process development 

and succeed to achieve dramatic reductions of produced waste amounts, for example, the 

processes for the anti-diabetic agent sitagliptin,53 anti-depressant drug sertraline,103 the 

leading drug for high cholesterol treatment simvastatin.104 

Atom Economy (AE), Waste Prevention (E-factor), Less Hazardous Chemical 

Syntheses and Safer Solvents and Auxiliaries are the green chemistry principles102 which 

should already be considered at the stage of process development at a small scale. AE aims 

to maximize the incorporation of all reactants used in a synthesis to a final product.105 The 

principle of Less Hazardous Chemical Syntheses relates to the development of safer 

synthetic methodologies, which generate substances having low or no toxicity to human 

health and environment. The principle of Safer Solvents and Auxiliaries prevents the use of 

solvents or other auxiliary substances in the process, if it is possible.106  

Substrate loadings, reaction volume, catalyst selection, downstream processing 

techniques to isolate a synthesized product influence significantly the amount of wastes 

obtained during the process. Consequently, the E-factor (kg waste per kg product) can 

demonstrate this, since it takes into account not only the amount of synthesized side 

products, but also includes solvents used as a reaction medium as well as for a target 

product isolation.102 Concerning the green solvents, various factors are included to classify 

these reagents as safe and sustainable to be applied at the industrial scale. The most 

important criteria are toxicology and health hazard assessment, environmental impact, 

health impact and safety evaluation, recyclability.107  
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Table 1. Synthetic processes of APIs and their building synthons corresponding to the criteria of 
reaction metrics. 

Target 
molecule 

Structure Synthesis Comments 

Sitagliptin53, 94 

 

 

Scale: 487 mmol 
Yield: 92% 
Isomeric purity: 99% ee 
STY: 183 g/L/d 
Catalyst: an immobilized (R)-
ATA CDX-017 (Codexis) 
enzyme 

An improved third generation 
process with the following 
advantages: 

 Shortening of the synthetic route 
from five steps to only one step 

 Increase in the product yield from 
78% to 92% 

 Extensive protein engineering of 
the biocatalyst for the catalyst 
stabilization to tolerate high 
substrate and amino donor 
loadings and high co-solvent 
concentrations and increased 
enzyme stereoselectivity 

 Reduction of waste by 19% 
 

(S)-1-(5-fluoro-
pyrimidine-2-yl)-
ethylamine97,94 

 

Scale: 34.9 mmol 
Yield: 66%  
Isomeric purity: 97% ee 
STY: 51 g/L/d 
Catalyst: whole cells 
containing ω-transaminase 
from Vibrio fluvialis 
 

 A two-phase system with 20% 
toluene to use high substrate 
concentrations  

 A removal the acetophenone by-
product from the aqueous phase 
to avoid of enzyme inhibition and 
denaturation100 

(2R,5R)-
hexanediol98,94 

 

Scale: 56 mol 
Yield: 78% 
Isomeric purity: >99% ee, 
>99% de 
STY: 64 g/L/d 
Catalyst: whole cells of 
Lactobacillus kefir  
 

 Enantio- and diastereoselective 
synthesis 

 The process applying 
continuously operated stirred 
tank reactor 

 
 

Ethyl (S)-4-
chloro-3-
hydroxybuta-
noate99,101 

 

Scale: 18 mol 
Yield: 97% 
Isomeric purity: 99.5% ee 
STY: 14.3 g/L/h 
Catalyst: whole cells of 
Lactobacillus kefir 
 

 An optimized process with a 
substrate fed-batch strategy 

 High concentration and 
enantioselectivity of the product 
in the aqueous-organic solvent 
reaction system 

(1R,2R)-
norpseudoe-
phedrine66,94 

 

Scale: 0.939 mmol 
Conversion: >96% (a 
sequential reaction), 83% (a 
recycling cascade) 
Isomeric purity: >98% de, 
>99% ee 
STY: 3.5 g/L/d 
Catalyst: a thiamine 
diphosphate(ThDP)-
dependent acetohydroxyacid 
synthase I and a transaminase 

 A one-pot two-step synthesis 
combining a lyase and a 
transaminase 

 An efficient equilibrium shift 
without the addition of further 
enzymes or co-substrates 

 

Additionally, water is considered as the green solvent, but one of its main issues is 

recycling. Although water is neither a hazardous solvent, nor does it pose flammability and 

explosion risks, it possesses a very high polarity, which complicates its recycling processes. 

A typical biocatalytic reaction contains more auxiliary reagents rather than product. An 

aqueous reaction mixture will still contain trace amounts of reaction components even after 

the downstream processing. Additional resources or energy will be required for any 

treatment of this mixture, therefore, it will be considered to be disposed. However, Greiner 

and co-workers demonstrated that the recycling of the aqueous reaction mixture can reduce 

the E-factor by more than 10-fold. Perhaps, it is also necessary to consider other strategies, 
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for instance, enzyme immobilization and their reuse, high substrate loadings which could 

decrease a reaction volume. For the industrial processes for the synthesis of fine chemicals, 

50-100 g/L substrate concentrations are preferred.108 Therefore, synthesis “greenness” is 

defined by the combination high AE, maximized reaction yield and optimal reaction 

conditions.109 

Although it is important to work at the proofs-of-the-concepts for the synthesis of new 

pharmaceuticals and their synthons, or improvement of the existing methodologies of drug 

chemical synthesis, one should also consider process and biocatalyst engineering to deliver 

an environmentally-benign as well as economically profitable technology meeting the 

principles of green chemistry. 
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2. Aims of this PhD thesis 

 

The aim of the thesis is the diastereoselective synthesis of cis- and trans-4-

aminocyclohexanol 1 (Figure 13) starting from 1,4-cyclohexanedione 2 employing two 

multistep enzymatic procedures.  

The feasibility of two routes should be investigated: The first route (Figure 13, 

route A) would involve the formation of 4-hydroxycyclohexanone 3 from diketone 2 via a 

ketoreductase-catalyzed (KRED) monoreduction coupled with a subsequent transamination 

by an amine transaminase (ATA). The second option (Figure 13, route B) is to switch the 

order of steps of the previous sequential approach: a selective monoamination of 2 yields 4-

aminocyclohexanone 4, followed by reduction of the remaining carbonyl group of the 

intermediate to give 1.  

In this context our goals are the following ones: 1) the development of a one-pot 

sequential synthesis using stereoselective enzymes to obtain 1 in 100% theoretical yield and 

without isolating any intermediate; 2) the development of a concurrent cascade reaction in 

case that suitable biocatalysts without cross-reactivity issues can be identified and that it is 

possible to balance system parameters in terms of substrate loading, enzyme 

concentrations, and pH compatibilities. 

  

 

Figure 13. Proposed cascades towards cis- and trans-4-aminocyclohexanol 1. The employed 
enzymes ketoreductase (KRED) and amine transaminase (ATA) must be selective to avoid formation 
of by-products (diol 5 and diamine 6).  
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Although this looks straightforward, several challenges have to be addressed: The 

aim of route A is to find a selective KRED that ideally stops after one reduction step to avoid 

formation of the unwanted 1,4-cyclohexanediol side-product 5. This requires a selective 

catalyst efficiently discriminating between the very similar di- and hydroxyketones 2 and 3. 

Employing a collection of commercial and in-house KREDs, the substrate specificities should 

be evaluated by photometric assays and verified by gas chromatography (GC). For 

accessing cis- or trans-4-aminocyclohexanol in the second step, we aim to identify 

stereoselective ATAs with complementary stereopreferences. Ideally, ATA would act only on 

the hydroxyketone 3, but not on the diketone substrate to avoid the formation of 4-

aminocyclohexanone 4 and possibly 1,4-cyclohexanediamine 6 as impurities. In a similar 

manner, the route B should be investigated. Here the aim is to find a substrate-selective 

ATA, which would perfectly stop after one amination step synthesizing only the amino ketone 

4 and avoiding the diketone 2 ‘over-amination’ to the diamine 6. Screening of the laboratory 

collection of wild-type enzymes and various variants in biocatalytic reactions should be 

performed. Once a suitable ATA is found, then stereoselective KREDs for cis- and trans-1 

synthesis should be identified. They should reduce particularly the aminoketone 4, but must 

not act on the diketone 2, otherwise the diol 5 or hydroxyketone 3 will form as side products. 

Besides the evaluation of necessary enzymes for two key synthetic routes, it is 

important to be able to detect qualitatively substrates, intermediate products, side products 

and the target amino alcohol as well as to calculate substrate conversion, concentrations of 

synthesized products and side products. Therefore, analytical methods for the qualitative 

and quantitative detection of all possible reactants and substrates should be developed. 

In case of success, an important goal is to apply the enzymes in cascades. In this 

context the aims are (I) optimization of both reaction steps of ketoreduction and 

transamination in order to maximize substrate conversion and minimize by-product 

formation; (II) investigation of the reaction arrangement in the sequential or concurrent mode 

and (III) optimization of parameters such as pH, temperature, substrate concentration, and 

co-solvents; (IV) balancing of specific enzyme activities and stabilities in order to avoid 

enzyme inhibition by reactants. 

Although 4-aminocyclohexanol is the industrially significant building block for the 

synthesis of various pharmaceuticals, techniques to isolate and purify it are time consuming 

and material demanding. Hence, another important aim of the work is to develop an efficient 

isolation technique for the 1,4-amino alcohol. Because of its high hydrophilicity, different 

approaches should be investigated. 
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3. Results 

 

 3.1. Development of analytical procedures 

 

Table 2 summarizes analytical procedures developed for substrates, intermediates, 

products and possible by-products of a reaction cascade. For each method, the linear range 

was investigated (Table 2). 

 

Table 2. Developed analytics for the project 

Analyte Purpose 
Method 

used 

Linear range, 

mM 

Rf-value / 

Retention time, 

min. 

1,4-cyclohexanedione 
Qualitative analysis 

Quantification 

TLC 

GC/MS 

GC 

2-20 

0.25-20 

0.25-20 

0.66 

20.01 

9.5[c]  

4-hydroxycyclohexanone 
Qualitative analysis 

Quantification 

TLC 

GC/MS 

GC 

2-20 

0.25-20 

0.25-20 

0.44 

17.5[b] 

11.18[c] 

cis-1,4-cyclohexanediol 
 

Qualitative analysis 

Quantification 

 

 

TLC 

GC/MS 

Chiral GC 

 

2-20 

0.25-20 

0.25-20 

 

0.34 

16.5[b] 

11.78[c] 
trans-1,4-cyclohexanediol 

cis-4-aminocyclohexanol Qualitative analysis 

Quantification 

Qualitative analysis  

Cis:trans ratio determination 

TLC 

HPLC[d] 

TLC 

HPLC[d] 

0.5-20[a] 

0.01-4 

0.76[e]   

3.7[d] 

trans-4-aminocyclohexanol 0.5-20[a] 

0.01-4 

0.76[e]   

3.17 

4-aminocyclohexanone 
Qualitative analysis 

 

TLC 

GC/MS 

2-20 

N. D. 

0.8[e]  

N. D. 

cis-1,4-cyclohexanediamine Qualitative analysis 
TLC 

GC/MS 

2-20[a] 

N. D. 

0.65[e]  

N. D. 

trans-1,4-cyclohexanediamine 
Qualitative analysis 

 

TLC 

GC/MS 

2-20[a] 

N. D. 

0.6[e]  

N. D. 

 [a]Sensitivity for the following TLC detection conditions is indicated: ninhydrin staining / UV 366 nm 

detection of NBD-Cl derivatives. 
[b]Retention time is indicated for HYDRODEX β-TBDAc column. 
[c]Retention time is indicated for CP Chirasil-DeX CB. 
[d]NBD-Cl derivatization of compounds was done before HPLC performance. 
[e]TLC without NBD-Cl derivatization performed on polyethylene terephthalate (PET) sheet aluminium 

oxide plates 

 

Each compound could be detected by thin-layer chromatography (TLC), some 

compounds could be detected by gas chromatography (GC) (including chiral GC), gas 

chromatography/mass spectrometry (GC/MS) or high performance liquid chromatography 

(HPLC) depending on their polarity and solubility properties in the organic solvents. 
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  3.1.1. Thin-layer chromatography  

 

The diketone substrate 2, hydroxyketone 3 and the diol by-product 5 could be semi-

quantitatively analysed by TLC via staining with CER solution with a detection limit of 2 mM 

(Table 2). Diamines and amino alcohols could be stained by a ninhydrin solution with the 

detection limit 5, 2 and 20 mM, respectively (Table 2). To improve the limit of detection 

(LOD) of amino alcohol 1, we investigated different staining solutions for the visualization of 

compounds. These included Ehrlich’s reagent, 2,4-dinitrofluorobenzene solution, CER 

solution after the derivatization with phtaldialdehyde, and Dragendorff’s reagent (see sub-

section 6.2, TLC Methods 5-8). However, they were not effective the cis-1 and trans-1 

visualization in TLC. Therefore, we decided to apply the 4-chloro-7-nitrobenzo-2-oxa-1,3-

diazole (NBD-Cl) derivatization of amino alcohols and diamines (see sub-section 6.2, TLC 

Method 2), following a protocol from  H.-J. Klimisch and L. Stadler.110 The compounds were 

applied in the reactions with an NBD-Cl reagent prior to the TLC assay. NBD-Cl reacted with 

amine groups of amino alcohols (Figure 14), and in the result their derivatives could be 

visualized by an irradiation with UV (366 nm) light, resulting in yellow-green fluorescent 

spots (Figure 15). After subsequent extraction and sample concentration after the 

derivatization reaction, quite low concentrations of cis-6 and trans-6, and cis-1 and trans-1 till 

0.5 mM could be detected in the TLC assay.  

 

 

 

 

 

 

 

Figure 14. Reaction between cis-1 and trans-1 with NBD-Cl. 

 

A    B     C   

Figure 15. TLC chromatogram of cis-1 and trans-1 (UV, 366 nm) (see Section 5.2, TLC Method 2). A: 
1, 2 - 20 mM and 0.3 mM cis-1; 3, 4 - 20 mM and 0.3 mM trans-1. B: cis-1: 1 – 20 mM, 2 – 0.5 mM. C: 
trans-1: 1 – 20 mM, 2 – 0.5 mM. 

  

NBD-Cl 
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3.1.2. Gas chromatography / (mass spectrometry) 

 

The next step was the development of reliable methods for the quantification of 

substrates, intermediate products, products and by-products to analyze conversion and 

determine the cis/trans ratio of target amino alcohol products. GC, chiral GC and GC/MS 

analyses were applied for this purpose, applying BPX5, HYDRODEX β-TBDAc and CP 

Chirasil-DeX CB columns, respectively. 

  

1,4-Cycylohexanedione, 4-hydroxycyclohexanone, 1,4-cyclohexanediol analysis 

 

Hydroxyketone 3 and diol 5 could not be separated till a base line by applying an 

achiral BPX5 column, which made their quantification difficult with this method (Figure 16). 

 

 

Figure 16. Separation of diketone 2 (10.1 min), hydroxyketone 3 (12.6 min) and rac diol 5 (11.3 min) 
according to the GC/MS Method 1 (see sub-section 5.2). 

 

However, a chiral HYDRODEX β-TBDAc column solved this problem. It afforded an 

excellent separation (Figure 17) for all three compounds, namely the diketone 2 substrate, 

the hydroxyketone 3 product and diol 5 by-products. 1-methylcyclohexanol was applied as 

an internal standard. Therefore, this analytical method (see section 6.2, GC/MS Method 2) 

was used for the quantification of compounds in the analysis of biocatalytic reactions. 

Additionally, another alternative method applying a chiral CP Chirasil-DeX CB column was 

developed and allowed a good separation of all compounds as well, but during shorter time 

(Figure 18). It was also employed for the quantification of all substances in the biocatalytic 

synthesis analysis (see sub-section 6.2, Figure 46). 

The high hydrophilicity of diol 5 made it necessary to extract the compound five times 

from the reaction solution after saturating an aqueous medium with sodium chloride before 

the analysis. 
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Figure 17. Separation of 1-methylcyclohexanol (an internal standard compound) (12.1 min.), diketone 
2 (19.9 min.), hydroxyketone 3 (17.5 min.) and cis-/trans-5 (16.1, 16.2 min.) according to the GC/MS 

Method 2. 

 

 

Figure 18. Separation of an internal standard 1-methylcyclohexanol (6.5 min), diketone 2 (9.2 min), 
hydroxyketone 3 (10.9 min), diol 5 (1 – 11.5, 2 – 11.6 min) according to the GC Method 2. 

 

In order to increase precision of diol 5 detection and avoid its accumulation in the injection 

syringe, a blank sample with only ethyl acetate was injected after the analysis of each 6-10 

samples. Additionally, due to the diol 5 high polarity, it could also interact with a column 

stationary phase forming strong hydrogen bonds. Therefore, biocatalytic reactions for the 
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hydroxyketone 3 synthesis from the diketone 2 were followed by a semi-quantitative TLC as 

well. 

 

Cis- and trans-4-aminocyclohexanol analysis 

 

Cis-1 and trans-1 could not be separated (see sub-section 8.3.1, Figure 60), when 

they were analyzed by the GC-MS Method 1 (see sub-section 6.2) employing the BPX5 

column. On the contrary, applying a chiral GC analysis with the CP Chirasil-DeX CB column 

containing a cyclodextrin bonded to dimethylpolysiloxane as a stationary phase afforded a 

near-baseline separation. However, it was not possible to optimize their separation till the 

base line (Figure 19).  

 

 

Figure 19. Separation of cis-1 and trans-1 (15.1 and 17.7 min) according to the GC Method 4.1. 

 

Taking into account these results and considerations we decided to derivatize amino 

alcohols with trifluoroacetyl anhydride (TFA) and di-tert-butyl dicarbonate ((Boc)2O). The GC 

chromatogram of trifluoroacetamides yielded peaks that were not smooth, but contained 

several small shoulders originating from unknown sources (Figure 20). We supposed that 

cis-1 and trans-1 were derivatized differently, and a heterogeneous fraction of their 

derivatives with completely and partially substituted amino groups was obtained.  
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Figure 20. GC analysis of trans-1 (19.8 min) after the TFA derivatization according to the GC Method 
4.2. 

 

In the case of the derivatization with (Boc)2O, reaction parameter optimization (time, 

aqueous and organic medium) was performed. In order to check derivatization reaction 

completeness, the reaction performed in the aqueous medium was analyzed in different time 

points (5, 15, 30, 60 min) by a chiral GC (see sub-section 8.3.2, Figures 61-64) method (see 

sub-section 6.2, GC Method 5.1). The reactions in the aqueous and organic (methanol) 

media were measured by an H-NMR method (see sub-section 8.3.3, Figures 91, 92). This 

revealed that the derivatization was not complete, when the reaction was performed in the 

aqueous medium. Moreover, cis- and trans-isomers had different reaction rates resulting in 

different peak areas in the GC chromatograms. Perhaps, the reason for this is the presence 

of a hydrogen bond between the amino and hydroxyl groups of cis-1, which also contributes 

to the difference in the reaction rates of cis-1 and trans-1. Noteworthy, the H-NMR analysis 

revealed reaction incompleteness in the aqueous medium, since signals corresponding to 

trans-1 were still present. Additionally, the signals of Boc-protected amino alcohols could 

overlap with the underivatized compounds, which makes the analysis more complex. The 

derivatization reaction was complete in methanol as confirmed by the H-NMR analysis. We 

employed two equivalents of (Boc)2O, and the reaction proceeded at room temperature 

25°C, 90 min. However, the method could not be applied for the amino alcohol analysis of 

biocatalytic samples, as it was impossible to extract them completely from the aqueous 

medium due to their high hydrophilicity. Noteworthy, the (Boc)2O derivatization reaction was 

complete only with the isolated pure cis-1 and trans-1. Therefore, we developed a method 

with an NBD-Cl derivatization prior to an HPLC detection to estimate concentration and 

cis:trans ratio of 1. 
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3.1.3. High performance liquid chromatography 

 

Amino alcohol hydrophilicity made their derivatization necessary in the aqueous 

reaction medium prior the detection by an HPLC method. Two reagents, namely 1-fluoro-

2,4-dinitrobenzene (DNFB) and NBD-Cl, were investigated for this purpose. The 

derivatization of cis-1 and trans-1 by DNFB was not complete, and it was hard to separate 

the derivatization reagent from derivatized amino alcohols. In the case of an NBD-Cl 

derivatization, a good separation of derivatized cis-1 and trans-1 and isopropylamine or D,L-

alanine was obtained. It was not necessary to purify these derivatives from a derivatization 

reagent excess prior to analysis, as they can be detected at different wavelengths (Figure 

21). Amine and amino alcohol derivatives absorb at 480 nm, NBD-Cl absorbs at 342 nm. 

Therefore, this method was applied to detect the concentration of amino alcohols. 

 

Figure 21. Separation of cis-1 and trans-1 and isopropylamine derivatized by NBD-Cl at 480 nm: A: 
2.7 min – derivatized trans-1, 3.1 min - derivatized cis-1, 4.1 min – derivatized isopropylamine; B:  3.1 
min – derivatized cis-1, 2.7 min - derivatized trans-1, 1.9 min – derivatized alanine. 

 

Cis:trans ratio was estimated on the basis of calculated concentrations of both 

isomers. It was not possible to accurately evaluate it by the HPLC analysis, because the 

derivatization reactions for cis-1 and trans-1 had different rates and were not complete. The 

sensitivity of the method was increased till the detection of 0.01 mM amino alcohol 

concentration due to the subsequent extraction of derivatized products with dichloromethane 

from an aqueous reaction medium acidified with an HCl aqueous solution till 0.04 M end 

concentration. Further sample concentration by vacuum evaporation was performed. NBD-Cl 

is hydrolyzed in the alkaline medium, and 4-hydroxy-7-nitrobenzofurazan (NBD-OH) is 

formed. The last one can interfere with a fluorescent derivatized product. Therefore, 

Isopropylamine – derivative Cis-derivative 

Trans-derivative 

    Cis- derivative 

    Trans- derivative 

alanine derivative  

 

A 

B 
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acidification of the reaction mixture was applied in order to decrease this background 

reaction.111,112 

When analysing the samples of biocatalytic reactions, a peak corresponding to the 

derivatized trans-isomer was observed in the control reaction samples containing the cell 

lysate of E. coli cells with an empty vector in the different conditions (Figure 22). As the 

differences in the HPLC retention times with the derivatized trans-1 was only 0.07-0.1 min., it 

was not clear whether this peak corresponds to trans-1 or whether there are some side 

reactions taking place. 

  

 

Figure 22. Formation of putative trans-1 dependent on the pH valule of the control biocatalytic 
reactions containing cell lysate of E. coli cells with an empty vector in the following reaction 
conditions: 20 mM hydroxyketone 3 substrate, 2% DMSO, 500 mM isopropylamine, 0.1 mM PLP, pH 
7.5-9.5 in 50 mM HEPES buffer. Samples were analyzed by HPLC with prior NBD-Cl derivatization 
(see sub-section 5.2, HPLC Method 1). 

 

 

Figure 23. Formation of putative trans-1 over time in the biocatalytic control reaction. It was 
performed at the preparative scale, with the cell lysate of E. coli cells with an empty vector in the 
following reaction conditions: 20 mM hydroxyketone 3 substrate (23 mg), 2% DMSO, 500 mM 
isopropylamine, 0.1 mM PLP, pH 7.5 in 50 mM HEPES buffer. Samples were analyzed for the trans-1 
presence by HPLC with prior NBD-Cl derivatization (see sub-section 5.2, HPLC Method 1). 
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We suspected that there were some E. coli enzymes that contribute to the synthesis 

of the trans-1, concluding from the control reactions performed with the lysate of the E. coli 

cells containing an empty vector. However, other reasons could cause the presence of this 

signal: Since NBD-Cl is applied for protein derivatization and detection,113,114,115 it could react 

with the enzyme or cell lysate proteins during the sample preparation. Moreover, the cell 

lysate can also contain different amines and amino acid metabolites of the E. coli cells,116 

which could be derivatized and cause this signal. All these hypotheses were investigated 

experimentally.  

 In order to check the presence of E. coli enzymes117 potentially synthesizing the 

trans-1, we performed a preparative scale reaction with the cell lysate of the E. coli cells 

containing an empty vector and 23 mg of the hydroxyketone 3 substrate. HPLC analysis 

showed the presence of the product (Figure 23), therefore, we performed its isolation and 

column purification. After the protein removal by filtration and solid-liquid extraction with 

methanol, reaction products and an isopropylamine excess were derivatized with di-tert-butyl 

dicarbonate. Then products derivatized with (Boc)2O as carbamates were isolated by column 

chromatography. Afterwards, an H-NMR analysis was performed (Figure 24), and the 

spectra of the isolated compound and trans-4-Boc-aminocyclohexanol were compared. As 

the signals and patterns of both samples were different, we concluded that the trans-isomer 

was absent in the sample with the isolated product, and decided to investigate other possible 

reasons of the current problem. 

In order to check for any side reactions occurring between proteins, amine 

metabolites of E. coli cells and NBD-Cl, freshly isolated dialyzed cell lysates of ATA-3FCR-

4M and LK-KRED were incubated in the biocatalytic reaction conditions, namely 50 mM 

HEPES, pH 7.5, 500 mM isopropylamine, 2% DMSO, 0.1 mM PLP. Dialysis was necessary 

for the removal of amino acid and amine E. coli metabolites. Obtained protein fractions 

before and after the incubation were applied in the reactions with NBD-Cl and analyzed by 

HPLC. In the dialyzed samples the peak corresponding to the derivatized trans-1 was 

observed (Figure 25). All these results lead us to the conclusion that side reactions with 

enzymes and E. coli proteins take place during the amino alcohol derivatization with NBD-Cl. 

Therefore, in order to be able to apply the following method for the 4-aminocyclohexanol 

quantification and cis:trans ratio determination, it was necessary to remove proteins from the 

samples prior the derivatization and HPLC analysis. 
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A  

B  

Figure 24.  A. The product isolated after the downstream processing of the reaction performed with 
the lysate of the E. coli cells containing an empty vector. B. The reference compound trans-4-Boc-
aminocyclohexanol. The solvent is CD3OD with 0.05% (v/v) TMS. 

 

To remove a maximum protein amount from the samples, reaction samples were 

quenched and mixed by pipetting with a triple volume of 30% methanol solution in ultrapure 

water and centrifuged (17000 g, 5 min.) to sediment any precipitated proteins. Then the 

same volume of ultrapure water was added to the samples. Then they were applied on 

Amicon® Ultra-0.5 3K centrifugal filter columns and centrifuged (7245 g, 30 min.) to remove 

remaining proteins in the samples. The columns remove 95% of all sample proteins, which 

are smaller than 3kDa, according to the manufacturer instructions.118 Afterwards, the NBD-Cl 

derivatization of aqueous filtrates of samples was performed, they were applied for the 

HPLC analysis. The results demonstrated that the peak observed before was absent (Figure 

25). Consequently, most of the proteins were removed, and this treatment now allowed to 

evaluate the cis:trans ratio of 1. For preparative scale syntheses, calculations of cis:trans 

ratios of 1 were done according to the HPLC analysis results with the prior NBD-Cl 

derivatization. Since the derivatization is incomplete, this method needed a careful 

calibration to account for the different reaction rates of the cis- and trans-isomers. Therefore, 
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for preparative scale experiments these results were further verified after the product 

isolation and purification after di-tert-butyl dicarbonate derivatization by GC and H-NMR 

measurements. 

 

A  B  

Figure 25. HPLC chromatograms after NBD-Cl derivatization of samples after the incubation in the 
amination reaction conditions (2% DMSO, 500 mM isopropylamine, 0.1 mM PLP, in 50 mM HEPES 
buffer, pH 7.5): A: 1 – dialyzed amine transaminase 3FCR Y59L/Y87F/Y152F/T231A (3FCR-ATA-
4M), 2 – dialyzed alcohol dehydrogenase from Lactobacillus kefir (LK-KRED), 3 – the biocatalytic 
sample of the reaction containing ATA-200 and LK-KRED after the protein removal by 30% aqueous 
methanol solution and an Amicon® Ultra-0.5 3K centrifugal filter column; B: 1 – dialyzed amine 
transaminase 3FCR-ATA-4M, 2 – dialyzed LK-KRED, 3 – the biocatalytic sample of the reaction 
containing 3FCR-ATA-4M and LK-KRED after the protein removal by 30% aqueous methanol solution 
and an Amicon® Ultra-0.5 3K centrifugal filter column, 4 – the analytical standard of 0.2 mM trans-1, 5 
- dialyzed 3FCR-ATA-4M with spiked 5 mM trans-1, 6 - dialyzed LK-KRED with spiked 5 mM trans-1. 
HPLC Method 2. 

 
3.1.4. Proton nuclear magnetic resonance analysis 

 

 Finally, discrimination of cis-1 and trans-1 was achieved by H-NMR. Since several 

signals in the spectra of cis-1 and trans-1 have differences in their chemical shifts, which do 

not overlap with each other, it was possible to detect both compounds in one spectrum.  

The assignment of cis-/trans-isomers was achieved through the detection of 

differences in the chemical shifts of axial and equatorial protons of both isomers, their amino 

groups and coupling constants.  In 1,4-substituted cyclohexanes with cis-configuration, one 

of the substituents is in the axial (a) position, another substitutent is in the equatorial (e) 

position.119 Therefore, in the case of 1,4-aminocyclohexanol, an equilibrium of two 

energetically similar a,e-conformations exists, if a carbon ring adopts a chair conformation: 

an amino group can be in the axial or equatorial orientation, whereas a hydroxyl group will 

reside in the opposite position (Figure 26). In addition, a twist-boat conformation can be 

formed, which usually is less favorable, but in the case of 4-aminocyclohexanol, it can be 

stabilized by an intramolecular hydrogen bond between the hydroxy- and amino 
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substituents. At the contrary, the e,e- and a,a-conformations of the trans-isomer differ in their 

energy: Due to lower sterical interactions, the e,e-conformation is energetically more 

favorable, because both substituents point away from the cyclohexane chair ring. Thus, both 

isomers have predominantly their minimum-energy conformations, which is a chair with the 

hydroxyl group in the equatorial position.120 This is confirmed after determining the coupling 

constants between H1 and vicinal H2 protons (Figure 27). 

 

 

Figure 26. Conformations of cis-1 and trans-1. 

 

The H1 signals from both isomers (3.03 – 3.10 ppm for trans-isomer, 3.07 – 3.17 ppm 

for cis-isomer) appear as multiplets (triplet of triplets at the spectrum of trans-isomer). The 

H1 signal of trans-isomer has coupling constants of 11.2 Hz and 3.9 Hz, corresponding to 

two axial-axial couplings and axial-equatorial couplings (Figure 27). Since the H1 signal of 

cis-isomer does not exhibit a well-resolved pattern, it is not possible to determine 

corresponding coupling constants. Perhaps, the reason for this is a chair flipping of the 

disubstituted cyclohexane molecule via the boat and twist-boat conformations. 

 The position of the amino group was determined by the differences in the chemical 

shifts for both isomers. In the cis-isomer the equatorial proton H4 (e-H4) appears in a slightly 

lower field (Δ δ = 0.5 – 0.7 ppm) than the axial proton H4 (a-H4) of the trans-isomer due to 

C-C bond anisotropy. Thus the H4 proton resonates at δ 3.95 ppm in the cis-isomer (e-H4), 

and at δ 3.55 – 3.6 ppm in the trans-isomer (a-H4). e-H4 of the cis-isomer is coupled with 

adjacent methylene protons of C3 and C5, which are all gauche.119 For this reason, it 

appears as a multiplet in the spectrum (Figure 27). a-H4 of the trans-isomer is coupled with 

the same protons as e-H4 of the cis-isomer and gives a well-resolved multiplet with the axial-

axial and axial-equatorial coupling constants of 4 Hz and 10.5 Hz, respectively (Figure 27). 

Additionally, we observed the difference in the signal shifts of the cyclohexane ring 

protons for cis- and trans-isomers. This allowed us to distinguish two isomers as well. In the 

cis-isomer spectrum, cyclohexane ring protons (H2, H3, H5, H6) appear at 1.57 – 1.66 ppm 

and 1.75 – 1.86 ppm. In the trans-isomer spectrum, these protons have chemical shifts at 

1.28 – 1.52 ppm and 1.99 – 2.06 ppm. According to the available literature data for 

cyclohexane compounds, axial protons appear in the higher field, and equatorial protons 
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appear in the lower field: The steric positions of amino and hydroxyl groups and the way they 

are coupled with the cyclohexane ring protons exhibit different electron density distributions 

between the ring chain protons, what results in shielding and deshielding effects on 

them.119,121 

 

A 

 

 

B 

 

Figure 27. 1H-NMR spectra of cis-1 (A) and trans-1 (B). 

  

Analogously, the discrimination between cis- and trans-4-(Boc)-aminocyclohexanols 

is possible, the spectrum patterns (see sub-section 8.3.3, Figures 87, 88) are similar to the 

spectra of amine hydrochloride salts with some slight differences in the chemical shifts. 

Similarly, the distinction of cis- and trans-1,4-diaminocyclohexane dihydrochlorides 

(see sub-section 8.3.3, Figures 89, 90) was performed. A cyclohexane ring signal pattern of 

both isomers is similar to the patterns of 4-(Boc)-aminocyclohexanol and its hydrochloride 

isomers. Both isomers contain one signal corresponding for the proton of C1 and C4 

H1 H4 

H2,     H3,     H5,     H6 

H1 H4 

H2, H3, H5, H6 
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exhibiting different signal shifts. This difference allowed us to identify clearly cis- and trans-

isomers. 

 

 3.2. Enzyme screening 

 

3.2.1. Ketoreductase screening 

 

For the first step of route A (see chapter 2, Figure 13), we screened 24 KREDs from 

the Codexis® KRED Screening Kit and four recombinantly expressed KREDs available in 

the laboratory collection with a photometric NAD(P)H-assay employing the compounds 1,4-

cyclohexanedione, 4-hydroxycyclohexanone, and 4-aminocyclohexanone as substrates. Half 

of the enzymes converted the diketone 2 and hydroxyketone 3 with no or only a slight 

preference of 2 (see section 8.2). However, there are also notable exceptions: 4 hits with 

significant selectivity and high activity towards the diketone 2 were identified. Next, these hits 

were employed in biocatalytic reductions of 50 mM of the diketone 2 using two equivalents of 

propan-2-ol for cofactor recycling. We used this low excess of the electron-donating propan-

2-ol to prevent ‘over’reduction to the diol 5, but still wanted to enable the full reduction of the 

diketone to investigate the substrate selectivity of the enzymes. Three KREDs showed 

excellent activity and selectivity during reduction of the diketone, and we observed only small 

amounts of 1-4% of undesired diol (Table 3, entries 1, 3 and 9). Particularly, the KRED from 

Lactobacillus kefir (LK-KRED) and KRED-P2-C11 (Codexis) emerged as the best candidates 

leading to the highest conversions (>93%) and the best ratio between the target 

hydroxyketone 3 and by-product diol 5 (entries 1 and 9). 

To optimize the reduction towards high conversions, we varied the percentage of 

propan-2-ol ranging from 0.76% to 40% (v/v). Interestingly, the best performances remained 

those achieved with the lowest percentage of propan-2-ol as reductant. Thus, although the 

ratio of hydroxyketone and diol increased slightly for LK-KRED and remarkably for KRED-

P2-C11 to a higher percentage of the monoalcohol, the conversion gradually declined with 

higher percentages of propan-2-ol (Table 4). It is worth highlighting not only the selectivity, 

but also the high degree of conversion that is reached in the reduction of the diketone 2 with 

the low propan-2-ol content of 2 equivalents. Compared to our successful monoreduction of 

2 (route A, see chapter 2, Figure 13), no KRED was identified having activity towards the 

aminoketone 4 which prompted us to discard route B (see chapter 2, Figure 13). 
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Table 3.  Reduction of 1,4-cyclohexanedione employing KREDs. 

 

Entry Enzyme 
Specific 

activity, U/mg[e] 
2 [mM] 3 [mM][d] 5 [mM][d] 

1 

LK-ADH from 

Lactobacillus kefir 

(LK-KRED)[a] 

327 3.7 45.1 1.2 

2 

LB-ADH from 

Lactobacillus brevis 

(LB-KRED)[a] 

4 11.6 30.7 - 

3 

RR-ADH from 

Rhodococcus ruber 

(RR-KRED)[b] 

2 4.5 44.6 0.8 

4 KRED #1 P1-A04[c] 17 6.9 37.7 5.3 

5 KRED #2 P1-B02[c] 17 19.6 28.2 2.2 

6 KRED #6 P1-C01[c] 29 39.3 10.7 - 

7 KRED #9 P2-B02[c] 412 46.4 3.6 - 

8 KRED #10 P2-C02[c] 422 47.0 3.0 - 

9 KRED #11 P2-C11[c] 439 2.3 47.2 0.5 

10 KRED #13 P2-D11[c] 17 12.1 36.5 1.4 

11 KRED #18 P3-G09[c] 19 39.8 10.2 - 

[a]Reaction conditions: 2 (50 mM), 1.0 mM NAD(P)+, propan-2-ol (100 mM, 0.76% v/v), 50 mM sodium 
phosphate buffer, pH 7.0, 30°C, 700 rpm, 12 h. Lactobacillus kefir (LK)-KRED was produced in E. coli 
and applied as a crude cell lysate. 
[b]Reaction conditions: the same as in [a], except pH 8.0. Rhodococcus ruber (RR)-KRED was 
produced in E. coli and applied as a crude cell lysate. 
[c]Reaction conditions: the same as in [a], except 125 mM potassium phosphate buffer, 1.25 mM 
magnesium sulfate. Enzymes were used as supplied in the Codexis® KRED screening kit. 
[d]3, 2 and 5 concentrations were determined by GC/MS Method 2. 
[e]Specific activity was evaluated by dividing enzyme activity expressed in U/mL per protein 
concentration in mg/mL. Enzyme activity (U/mL) was determined in a photometric NADPH assay, and 
protein quantification was performed by BC Assay (chapter 6.4). 

 

Table 4. Influence of isopropanol excess on LK-KRED and KRED-P2-C11. 

Enzyme 
Enzyme 

concentration, 
mg/mL 

3 [mM] 5 [mM] 

Isopropanol, % (v/v) Isopropanol, % (v/v) 

0.76 10 20 30 40 0.76 10 20 30 40 

LK-KRED 0.32 38.3 35.7 32.8 32.2 33.0 2.3 3.9 2.4 1.7 1.6 

KRED-P2-C11 0.08 43.8 41.9 40.6 38.0 36.1 1.4 1.1 0.9 0.8 0.7 
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Reaction conditions: 50 mM 2, 1.0 mM NAD(P)+, 0.76 % (100 mM) – 40 % isopropanol, 50 mM 
sodium phosphate buffer, pH 7.0, 125 mM potassium phosphate, 1.25 mM magnesium sulfate, pH 
7.0, 30°C, 700 rpm, 6 h. Substrate, product and by-product concentrations were determined by 
GC/MS Method 2. 

 

3.2.2. Alternative approaches for 4-hydroxycyclohexanone synthesis 

 

We identified also alternative approaches to reach the intermediate hydroxyketone 3 

as a first cascade step. These are the synthesis of 3 from 5 by a monooxidation employing 

laccases or following a recently reported methodology for the oxidation of sterically hindered 

alcohols122 with NaOCl and 2-azaadamantane N-oxyl (AZADO). Laccases afforded substrate 

conversions of only 15% (Figure 28, Table 5). 

 

 

Figure 28. Selective catalytic mono-oxidation of 1,4-cyclohexanediol as a first cascade step. 

 

AZADO is considered as an effective catalyst for the oxidation of alcohols in the 

combination with a stoichiometric co-oxidant NaOCl, which produces the corresponding 

oxoammonium salt (with N=O) (Figure 29A). Under slightly basic conditions, a charge 

transfer complex between AZADO and diol is formed (Figure 29B).123,124 The hydrogen atom 

at C4 of the diol (Figure 29B) is eliminated by the catalyst affording a desired carbonyl 

derivative (ketone product) and hydroxylamine of AZADO (with N-OH). In the reaction 

system, salts of KBr or NaHCO3 were added as buffer, in order to achieve pH 8.6 – 9.4.125 

After the reaction investigation with different organic co-solvents, the best outcome 

came from a NaClO/KBr solution (pH 12) which avoided diketone 2 formation despite low 

substrate conversion (~50%) (Table 5). 

 

 

   5                      3   
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A B  

Figure 29. Oxidation of alcohol groups to carboxyls or ketones by the KBr/NaClO system with AZADO 
organocatalys. 

 
Table 5. Reaction approaches for hydroxyketone 3 synthesis starting from diol 5 as substrate. 

Entry Catalyst Co-solvent, % pH 
Buffer 
condi-
tions 

5 substrate, 
[%[d]] 

3 product, 
[%[d]] 

2 by-product, 
[%[d]] 

1 
Laccase from T. 

versicolor 
Acetonitrile, 10% 5.0 1[a] 85 15 n.d. 

2 
Laccase from C. 

versicolor 
Acetonitrile, 10% 5.0 1[a] 85 15 n.d. 

3 
Laccase from A. 

bisporus 
Acetonitrile, 10% 5.0 1[a] 100 n.d. n.d. 

4 
Laccase from R. 

vernicifiera 
Acetonitrile, 10% 5.0 1[a] 100 n.d. n.d. 

5 AZADO Acetonitrile, 25% 12.5 2[b] 55 40 5 

6 AZADO Ethanol, 25% 12.5 2[b] 85 15 n.d. 

7 AZADO Acetone 25% 12.5 2[b] 90 10 n.d. 

8 AZADO 
Tetrahydrofuran, 

25% 
12.5 2[b] 70 20 10 

9 AZADO - 12.5 2[b] 55 30 15 

10 AZADO - 12.5 3[c] 50 50 n.d. 

[a] 1 - 50 mM citrate buffer. 
[b] 2 - 400 mM NaClO, 120 mM NaHCO3 aqueous solution. 

[c] 3 - 400 mM NaClO, 120 mM KBr aqueous solution. 
[d] The conversions are semiquantitative estimations obtained from TLC. 

 
3.2.3. Amine transaminase screening 

 

After optimizing the cascade first step using KREDs, we screened our collection of 82 

recombinant ATAs (wild-type ATAs and variants) towards amination of hydroxyketone 3 

using isopropylamine or alanine as amino donors. For the pre-screening we produced ATAs 

in microtiter plates and analyzed reactions by TLC with NBD-Cl derivatization to increase 

sensitivity.112,126 Among wild-type enzymes, only the (S)-selective ATAs from Ruegeria 

pomeroyi (ATA-3HMU), Ruegeria sp. (ATA-3FCR), and Chromobacterium violaceum (ATA-

Cvi) were able to aminate hydroxyketone 3 (see Section 8.2, Table 16). From our variant 

collection, 9 out of 28 variants of ATA-3FCR and ATA-3HMU converted 4-

hydroxycyclohexanone (see Section 8.2, Table 17) and several variants from the ATA Vibrio 

fluvialis (ATA-Vfl), despite the inactivity of the wild type (see section 8.2, Table 16). 



3 Results 

 

45 
 

Next, the most promising ATAs were purified (see section 8.1, Figures 58, 59) and 

employed in biocatalytic reactions to analyze conversion and stereoselectivity. Most of these 

ATAs afforded 1 with conversions higher than 60% using isopropylamine (Table 6).  

 

Table 6. Wild-type and variant ATAs employed in the quantitative screening applying isopropylamine 
as an amine donor. 

 

Entry Origin organism Enzyme name 
Enzyme 
conc., 
mg/mL 

3 [mM]b 
Cis-/trans-1c  

[mM] 
C, % 

Cis:trans 
ratio, % 

1 Vibrio fluvialis JS17 Vfl L56V **0.25 18.1 n.d 0 - 

2 Vibrio fluvialis JS17 Vfl L56V W57F F85V *1.3a 9.9 n.d 0 - 

3 Vibrio fluvialis JS17 Vfl L56V W57C V153A *1.6a 9.3 n.d 0 - 

4 Vibrio fluvialis JS17 Vfl L56V W57C F85V V153A *1.4a 9.9 n.d 0 - 

5 Ruegeria sp. TM1040 3FCR **0.5 16.9 n.d 0 - 

6 Ruegeria sp. TM1040 3FCR T231A R420A **0.45 5.7 14.7:3.2 71 82:18 

7 Ruegeria sp. TM1040 3FCR Y59F R420A **0.25 8.7 10.4:2.8 56 79:21 

8 Ruegeria sp. TM1040 3FCR T231A **0.35 5.3 12.6:2.1 73 86:14 

9 Ruegeria sp. TM1040 
3FCR-4M: Y59W Y87F Y152F 

T231A 
*2.85a 7.8 5.1: n.d 26 - 

10 Ruegeria sp. TM1040 
3FCR Y59L Y87F Y152F 

T231A 
*3.75a 0.2 19.8: n.d 99 >95:1 

11 Ruegeria pomeroyi 3HMU **0.5 0.2 9.7:3.9 68 71:29 

12 Ruegeria pomeroyi 3HMU W63Y **0.5 0.4 18.0:1.6 98 92:8 

13 Ruegeria pomeroyi 3HMU V419M **0.5 0.2 11.6:4.8 82 71:29 

14 Ruegeria pomeroyi 3HMU F92Y **0.55 0.3 15.7:4.0 99 80:20 

15 
Chromobacterium 

violaceum 
CVi **0.5 0.2 9.7:4.5 71 68:32 

16 
Arthrobacter sp. 
KNK168 (V306I) 

ATA-117 **0.2 0.2 9.9:4.6 73 68:32 

aEnzyme (as cell lysate). 
bDetermined using GC Method 3. 
cDetermined using HPLC Method 2.  
n.d. – not detected. 
*Cleared cell lysate as an enzyme source was applied in the biocatalytic reactions. 
**Purified enzyme was applied in the biocatalytic reactions. 

 
Interestingly, all of them exhibited marked cis-selectivity. In particular, the variant 

ATA-3HMU W63Y led to 92% of the cis-1 (Table 6, entry 12), and the variant of ATA-3FCR 

designed for accepting bulky substrates (ATA-3FCR-4M)126 (Table 6, entry 10) containing 

four amino acid substitutions afforded the target amino alcohol with high (>99%) cis-

selectivity. Regarding reactions with D,L-alanine as an amino donor, four of the previous 

enzymes were active but led to poor levels of amino alcohol 1 despite significant 
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consumption of the substrate (see section 8.2, Table 19). This substrate depletion also 

occurred in the absence of an ATA, and control reactions revealed that a glucose 

dehydrogenase (used for cofactor recycling) partially catalyzes reduction of hydroxyketone 3 

to diol 5. 

Alternatively, we assayed the panel of engineered ATAs from Codexis® with the aim 

of finding a trans-selective enzyme. Most of the ATAs turned out to be very active and 

catalyzed the amination of hydroxyketone 3 with isopropylamine with high conversions, 

again predominantly forming cis-1 (Table 7). For example, the ATAs 200, 237, 251 and 254 

led to cis-1 with perfect stereoselectivity and conversions of >95% (Table 7, entries 1, 2, 4, 

5).  

 

Table 7. Transaminases from Codexis® ATA kit quantitatively investigated for the synthesis of 1. 
 

 

Entry Enzyme 3 [mM][b] Cis-/trans-1 [mM][c] C, % Cis:trans ratio, % 

1 ATA-200 0.2 19.8 99 >99:1 

2 ATA-237 0.5 19.5 98 >99:1 

3 ATA-238 0.2 9.2:10.6 99 46:54 

4 ATA-251 0.2 19.8 99 >99:1 

5 ATA-254 0.2 19.8 99 >99:1 

6 ATA-256 *N. d.[a] 20 >99 >99:1 

10 ATA-415 0.2 5.1:14.7 99 26:74 

11 TA-P1-B04 0.2 15.9:3.9 99 80:20 

15 ATA-013 0.2 9.5:10.3 99 48:52 

16 ATA-025 0.2 9.7:10.1 99 49:51 

17 ATA-113 0.5 3.1:12.6 98 20:80 

19 ATA-217 0.2 10.2:9.6 99 49:51 

20 ATA-234 0.2 5.6:14.2 99 28:72 

21 ATA-301 *N. d.[a] 5.9:14.1 >99 30:70 

22 ATA-P1-F03 2.4 9.0:8.6 88 51:49 

25 ATA-024 0.2 9.5:10.3 99 48:52 

26 ATA-033 0.2 10.6:9.2 99 54:46 

27 ATA-P1-A06 0.8 7.3:11.9 96 38:62 

28 ATA-P1-G06 0.6 7.0:12.4 97                36:64 

[a]N. d. – not detected. 
[b]Determined using GC Method 3. 
[c]Determined using HPLC Method 2. 
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On the other hand, only three enzymes, namely ATAs 113, 234 and 415, exhibited 

slight trans-selectivity (Table 7, entries 10, 17, 20), yielding 4-aminocyclohexanol with 

cis:trans ratios of up to 3:7. 

After the initial ATA-screening results, we aimed to increase trans-selectivity by 

optimizing reaction conditions (pH, temperature, DMSO concentration) for the two best ATA 

candidates 113 and 234. Although the selectivity towards trans-1 formation increased 

significantly for ATA-113 at higher pH values (Table 8, entries 1 and 3), activities diminished 

markedly (Figure 30). On the contrary, ATA-234 was able to keep high conversions to the 

product at the same level as during the screening phase, and improved selectivity for trans-1 

(cis/trans 20:80) (Figure 30). The cis:trans ratio improved towards the amino alcohol trans-

isomer formation at pH 8.5 and 10.0 (Table 8, entries 1, 4). Unfortunately, ATA-113 did not 

enable to achieve high product concentrations, the last one decreased to 32% in comparison 

with >95% under the initial screening conditions. In the conditions of the increased DMSO 

concentration, ATA-113 showed improved cis:trans ratios up to 87-91% of trans-1, but 

conversion levels were very low (only 2 – 30%) (Table 8, entries 5, 7). At the same time, 

ATA-234 led to the decrease in trans-isomer synthesis from 72% to 63% with conversions 

up to 70% (Table 8, entries 6, 8, 10). A possible explanation for maintaining of high 

conversions by ATA-234 is its lower Km value towards hydroxyketone 3. The cis:trans ratio 

towards the trans-1 production did not improve in the case of both biocatalysts in the 

conditions of a decreased reaction temperature to 25°C (Table 8, entries 11, 12), too. In 

addition, the product concentrations declined by more than 60%.  

 
Table 8. Optimization of reaction conditions employing mutated ATA-113 and -234 from the Codexis® 
Transaminase Screening Kit and isopropylamine as amino donor 

Entry Enzyme 
Enzyme 

conc. 
(mg/mL) 

DMSO % 
(v/v) 

pH 3 [mM] 
Cis-/trans-1 

[mM] 
C, % 

Cis:trans 
ratio, % 

1 ATA-113 4 2 8.5 13.6 0.1:6.3 32 2:98 

2 ATA-234 4 2 8.5 n. d. 6.3:13.7 >99 32:68 

3 ATA-113 4 2 10.0 19.2 n.d.:0.8 4 - 

4 ATA-234 4 2 10.0 n. d. 3.9:16.1 >99 20:80 

5 ATA-113 4 5 7.5 14.0 0.8:5.2 30 13:87 

6 ATA-234 4 5 7.5 9.5 2.9:7.6 53 28:72 

7 ATA-113 4 10 7.5 16.8 0.3:2.9 16 9:91 

8 ATA-234 4 10 7.5 9.1 3.4:7.5 55 31:69 

9 ATA-113 4 20 7.5 19.6 n.d.:0.4 2 - 

10 ATA-234 4 20 7.5 6.1 5.2:8.7 70 37:63 

11 ATA-113a 4 2 7.5 14.4 0.9:4.7 28 16:84 

12 ATA-234a 4 2 7.5 14 2.2:3.8 30 37:63 

Reaction conditions: 3 (20 mM), 100 mM potassium phosphate buffer (1 mM PLP, 1 M 
isopropylamine), 30°C, 600 rpm, 24 h. 
aReaction conditions: 3 (20 mM), 100 mM potassium phosphate buffer (1 mM PLP, 1 M 
isopropylamine) pH = 7.5, 2% (v/v) DMSO, 25°C, 600 rpm, 24 h.  
n.d. – not detected. 
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Since it was not possible to achieve a high cis:trans ratio towards the trans-1, we 

decided to continue optimization attempts of reaction parameters for ATA-113 and ATA-234. 

Therefore, co-solvents (isopropanol and methanol 5%, 10%) at 30°C and 10% DMSO at 

temperatures 30°C, 40°C, 50°C were chosen as the optimization conditions. In order to 

investigate a substrate inhibition effect of enzymes, 20 and 50 mM hydroxyketone 3 were 

chosen as substrate concentrations. 

Different solvents and variation of their concentrations also did not improve the 

cis:trans ratio (Figure 31). In all conditions, including two different substrate concentrations, 

enzyme selectivity towards trans-1 was around 75-80% for ATA-113, and 60-70% for ATA-

234. ATA-113 did not afford high substrate conversions, ranging only from 10% to 30%, 

perhaps, due to substrate inhibition. ATA-234 showed higher activity allowing around 70-

80% conversion. 

 

     

Figure 30. Substrate conversion (%, marked as dots) and enzyme selectivity towards trans-1 (%, 
showed as columns) depending on the applied conditions for enzymes ATA-113 and -234. 

 

        

Figure 31. Enzyme selectivity towards trans-1 and substrate conversion depending on the reaction 
co-solvents with the following concentrations of 3: A) 20 mM; B) 50 mM. 

 

We applied ATA-113 and ATA-234 in biocatalytic reactions employing 10% (v/v) 

DMSO and varied only temperatures (30-50°C). High temperatures and substrate 

A B 

A B 
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concentration diminished ATA-113 activity markedly resulting in low conversions (less than 

15%). Therefore, ATA-113 selectivity towards cis-/trans-1 could not be determined 

accurately. In the case of ATA-234, substrate conversion decreased to 50% at 50°C in the 

conditions of the high substrate concentration (50 mM hydroxyketone 3), perhaps, due to 

decreased enzyme activity as well. 

Taking into consideration and analysing obtained results, we decided to select ATA-

234 for further preparative scale experiments, as it showed higher stability and activity under 

the investigated conditions. 

 

3.3. Modelling 

 

Intrigued by our observation that most transaminases showed cis-selectivity, we 

conducted molecular modelling to understand the molecular reasons for this trend. We 

investigated how 4-hydroxycyclohexanone conformations could contribute to cis- or trans-1 

formation. The cyclohexane moiety of the quinonoid structure adapted a chair conformation 

(Figure 32A). The second chair conformation and the quinonoid structures that will lead to 

trans-1 were obtained by manual modeling. During these manual manipulations, the twisted 

boat conformations were also obtained, but they were rapidly reverting to the more stable 

chair conformations during the short simulation periods. Figure 32 shows the conformations 

obtained after a short simulation (10 ps) and energy minimization. It is noteworthy that the 

chair conformation 2 leads to a bending of the dihedral  formed by atoms C4, C4’, N of 

PMP and C of the bound 3 (compare Figure 32A and B). Ideally, this angle is near to 180° 

to ensure that during catalysis, an efficient orbital overlap with the cofactor’s pi-orbitals 

facilitates abstraction of the C proton by delocalizing the electron pair after C 

deprotonation in PLP’s pyridine ring system. 

In the conformation chair-1 (Figure 32A),  is 151°. However,  decreases to 126° in 

chair conformation 2 (Figure 32B). Visual inspection of the structure showed that this is 

necessary to prevent sterical clashes of the 4H-atom of the cyclohexanone ring with the wall 

of the active site (F91). This suggests that chair conformation 2 plays a minor role for 

catalysis. In the conformations leading to trans-1, the 4-hydroxy group is oriented towards 

the wall of the active site and thus it is not well accessible for solvation compared the 

quinonoid intermediate leading to cis-1. For chair conformation 2 (Figure 32D), the position 

of the hydroxy group is a bit more favourable for solvation. However, similar to the above 

argumentation, we conclude that chair conformation 2 is not the relevant one observed in 

catalysis: the dihedral  is decreased to 131° compared to 156° observed in chair 

conformation 1 (Figure 32C+D). In summary, the modelling results suggest that the 
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preference for forming cis-1 can be explained by a better solvation of the hydroxy group of 

the cyclohexane ring in the active site. Unfortunately, the amino acid sequences of the trans-

selective ATA are not known, what prevented the construction of a model for comparison. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 32. Modelled quinonoid intermediates in ATA-3HMU W63Y formed after the condensation of 3 
(magenta sticks) and PMP (black sticks). Subsequent catalytic steps will lead to cis-1 in panel A and 
B, and to trans-1 in panel C and D. The surface shows the active site entrance tunnel, red spheres 
are oxygen atoms of water molecules (added by the YASARA program prior to energy minimization). 

 

 

 

 

 

A)  Chair conformation 1 leading to cis-1 B)  Chair conformation 2 leading to cis-1 

C) Chair conformation 1 leading to trans-1 D) Chair conformation 2 leading to trans-1 

C N 
C4’ 

C 

PMP 

F91 

4-OH group 
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3.4. Preparative scale syntheses 

 

Once both catalytic steps were reliably established, we took the challenge of 

performing their assembly in a one-pot fully convergent approach in which the resulting 4-

hydroxycyclohexanone should be subsequently or concurrently aminated (without isolation 

or purification steps) by ATAs. For this, we planned experiments in the preparative scales 

(80 and 160 mg of substrate 2) combining LK-KRED for the first step and the variant ATA-

3FCR-4M, ATA-200 and ATA-234 for the amination to synthesise cis-1 and trans-1, 

correspondingly. 

The results of seven preparative scale syntheses are summarized in Table 7. 

Pleasantly, the impact of KRED and NADPH on the bioamination step was negligible and the 

target amino alcohols cis-1 or trans-1 were obtained with ≈90% conversion (Table 9, entries 

1-3).  

 

Table 9. Synthesis of cis- and trans-1 using one-pot sequential and cascade reactions 

Entry  Reaction 
    mode ATA Cb [%] 1 

cis:transa 
5 

[%] 
6 

[%] 
Scale 
[mg 2] 

1 sequential 3FCR-4M 91 80:20 9 0 80 

2 sequential ATA-200 85 99:1 9 6 80 

3 sequential ATA-234 88 20:80 4 0 80 

4   cascade 3FCR-4M 98 80:20 2 0 160 

5   cascade ATA-234 89 25:75 3 0 160 

6   cascade ATA-200 44 99:1 0 48 160 

7 ATA only ATA-200 0 98:2[c] 0 99 80 

[a]Substrates and products, cis:trans ratios were determined with HPLC and GC. 
[b]Percentage of total product cis-/trans-1 formed from 3 as detected by HPLC/GC. 
[c]Cis:trans ratio was evaluated by H-NMR (see subsection 8.3.3, Figure 98). 

 

The reaction mixtures contained small amounts (<9%) of the diol 5 by-product and 

the ATAs maintained good to excellent stereoselectivities under the one-pot conditions, 

although ATA-3FCR-4M performed slightly better in terms of selectivity when used in an 

isolated reaction. 

Since amino alcohol 1 is a very hydrophilic compound, several work-up strategies 

were investigated for its isolation from the aqueous medium (see section 6.7). The best 

isolation approach was an optimized extraction protocol and crystallization as hydrochloride 

(see sub-section 3.4.4), facilitating ≈75% isolated yield in most cases. Product purification by 

column chromatography worked best after di-tert-butyl dicarbonate derivatization (see sub-
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section 3.4.2). Carbamate derivatives of the amino alcohol 1 were analyzed by the chiral GC 

method (see section 6.2, GC Method 5.2) to confirm a cis:trans ratio obtained in the result of 

the syntheses. 

The current chapter is focused on the detailed analysis of the preparative syntheses 

for cis- and trans-1 employing the sequential and cascade approaches as well as identified 

bottlenecks of them. 

 

3.4.1. One-pot sequential synthesis of 4-aminocyclohexanol 

 

 Cis-4-aminocyclohexanol synthesis with ATA-3FCR-4M 

 

Accordingly, for the preparative scale of 80 mg substrate for cis-1 synthesis, we 

performed the reduction of substrate 2 applying the most optimal conditions for LK-KRED, 

namely the enzyme cell lysate in 50 mM sodium phosphate buffer, pH 7.0 (1 mM NADP+, 

0.76% (v/v) propan-2-ol) and shaking at 250 rpm and 30°C.  

 

   

Figure 33. Cis-1 sequential synthesis. A. The first reaction step of the diketone 2 bioreduction by LK-
KRED. B. The second reaction step of the hydroxyketone 3 amination by ATA-3FCR-4M. 

 

The synthesis was performed in the opened vessel in order to allow an acetone evaporation 

from the reaction system to shift an equilibrium to a product side. In order to minimize the by-

product diol 5 formation, we added only 50% (1071.36 U, 0.07 mg/mL) of the LK-KRED cell 

lysate amount used in the previous experiments at the analytical scale. But according to the 

TLC and GC data, the reaction stopped at 50% of diketone 2 conversion after 22 h (Figure 

33). 

Therefore, we decided to add more KRED biocatalyst (1831 U, 0.13 mg/mL), and 

after 21 h, we were able to achieve the full substrate conversion with 91% of the 

hydroxyketone 3 product and 9% of the diol 5 by-product according to the TLC and GC data 

(Figure 33A, see sub-section 8.3.2, Figures 65, 66). By balancing the applied reaction 

Addition of 

KRED 

A B 
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conditions in terms of pH or further enzyme engineering, diol formation might be further 

suppressed to 0-3%. 

As the second step to synthetize cis-1, we diluted the reaction mixture to 25 mM 

substrate concentration by adding the purified and concentrated transaminase (100 U, 1.03 

mg/mL) and 50 mM HEPES buffer pH 9.5 (500 mM isopropylamine, 1 mM PLP, 2% (v/v) 

DMSO) and stirred the reaction at 250 rpm and 30ºC during 24 h. The reaction pH was 

adjusted to 9.5. The target amino alcohol 1 was obtained with 91% of overall conversion 

after 7 hours of the reaction (as judged by GC and HPLC) (see sub-section 8.3.2, Figure 67) 

and 80% of cis-isomer (as determined by HPLC Method 2) (Figure 35A). Perhaps, higher pH 

and enzyme concentration were responsible only for less time needed to achieve almost full 

substrate conversion. Although ATA-3FCR-4M maintained good stereoselectivity under the 

one-pot conditions, its performance was slightly better in the isolated reaction at the 

analytical scale.  

The final product was isolated by an optimized extraction protocol and crystallization 

as hydrochloride (see sub-section 6.7.5). This method was applied for the isolation and 

purification of the final product in all preparative scale experiments. Product purification by 

column chromatography worked best after Boc derivatization. This method of downstream 

processing afforded 50% yield of the isolated 4-(Boc-amino)cyclohexanol. 

 
 

Cis-4-aminocyclohexanol synthesis with ATA-200  

 

Since ATA-200 had high stereoselectivity towards cis-1 (>99%), we employed it for 

the second amination step in the one-pot sequential synthesis of cis-1 as well. We 

performed the synthesis at the preparative scale (80 mg of the substrate 2) starting with the 

diketone 2 monoreduction by LK-KRED, which was fulfilled in the same conditions as for the 

cis-1 synthesis with ATA-3FCR-4M, (see sub-section 4.3.1.1). After 90% of the substrate 

has been converted (see sub-section 8.3.2, Figure 69), we added necessary reaction 

constituents employing ATA-200 (2 mg/mL) and isopropylamine (500 mM) as amino donor. 

The reaction pH was adjusted to 7.5. LK-KRED, NADPH and propan-2-ol did not have any 

influence on the activity and stereoselectivity of ATA-200. We observed that most of the 

hydroxyketone 3 substrate was converted in the first 7 hours of the reaction (Figure 34) (as 

confirmed by GC (see sub-section 8.3.2, Figure 70)). After 24 hours of the reaction, 85% of 

the overall substrate conversion was achieved, but 9% of the diol 5 by-product was also 

present according to TLC and GC results (see sub-section 8.3.2, Figure 70). Concerning the 

cis:trans ratio, determined by HPLC Method 3 (Figure 35B), >99% of cis-1 was synthesized 

as at the analytical scale. 
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Figure 34. Cis-1 sequential synthesis. A. The first reaction step of the diketone 2 bioreduction by LK-
KRED. B. The second reaction step of the hydroxyketone 3 amination by ATA-200. 

 

    

Figure 35. Synthesis of 1 – HPLC chromatogram after 24 hours of the reaction: A) with the 
transaminase ATA-3FCR-4M (100 U, 1.03 mg/mL): 22.8 mM (91%) product was formed with 80:20% 
cis:trans ratio; B) with the transaminase ATA-200 (2 mg/mL): 22 mM (85%) product was formed with 
99:1% cis:trans ratio. R – NBD-Cl moiety. 

 

Trans-4-aminocyclohexanol synthesis with ATA-234 

 

After the optimization of reaction conditions for the transamination step in order to 

increase the trans-1 concentration, we investigated a one-pot sequential synthesis at a scale 

80 mg of the substrate 2 starting with the diketone monoreduction by LK-ADH, and 

continuing sequentially with ATA-234 for the amination as the second step. The first 

bioreduction step was performed in the same conditions as for the cis-isomer synthesis. 

After the full substrate conversion within 24 hours (Figure 36A) (as confirmed by GC and 

TLC) (see sub-section 8.3.2, Figure 71), we diluted the reaction mixture to 25 mM 

intermediate hydroxyketone 3 substrate concentration by the addition of necessary 

components for the second step including ATA-234 and 500 mM isopropylamine. The 

reaction pH was adjusted to 10.0. The reaction lasted 28 h, no enzyme inhibition by the 

substrate or product was observed according to the time-course analysis of the reaction 

A B 

A B 
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(Figure 36B). The impact of NADPH and LK-KRED was not very significant on the overall 

substrate conversion as well as enzyme stereoselectivity. Conversion was 88% as judged by 

GC (see sub-section 8.3.2, Figure 72). Regarding the cis:trans ratio, determined by HPLC 

Method 2 (see sub-section 8.3.2, Figure 73) and confirmed by GC analysis (Figure 38A), we 

obtained 80% of trans-1 as at the analytical scale during the optimization step. 

 

    

Figure 36. Trans-1 sequential synthesis. A. The first reaction step of the diketone 2 bioreduction by 
LK-KRED. B. The second reaction step of the hydroxyketone 3 amination by ATA-234. 

 

3.4.2. One-pot tandem synthesis of 4-aminocyclohexanol 

 

 Cis-4-aminocyclohexanol synthesis with ATA-3FCR-4M 

 

The tandem synthesis of cis-1 was performed at a scale of 160 mg of the substrate 2 

combining ketoreduction and amination steps in the following conditions: 0.4 and 2 mg/mL of 

the cell lysates of LK-KRED and ATA-3FCR-4M, respectively, 1 mM NADP+, 100 mM 

(0.76% v/v) propan-2-ol, 1 mM MgCl2, 500 mM isopropylamine, 1 mM PLP, 2% DMSO in 50 

mM HEPES buffer, pH 7.5, 30°C, 250 rpm, 48 hours. Magnesium chloride was applied to 

support the LK-KRED activity.127,128 As the tandem reaction required using one common pH 

for both steps, stereoselectivity decreased for ATA-3FCR-4M. A time-course analysis 

(Figure 37) of the reactions revealed the following challenges of the cascade mode: As 

expected, the activity of LK-KRED for the reduction decreased after the first 20 h of the 

reaction, when 90% of the diketone was converted. At the same time, the amine 

transaminase activity was very low: in the beginning, the hydroxyketone 3 accumulated and 

its conversion was less than 20% when 90% of the diketone 2 was consumed. However, the 

transamination rate started to increase when the substrate 2 concentration was below 10 

mM, indicating that the diketone acted as an inhibitor of the transaminase. The overall 

substrate conversion was 97% (as judged by GC and HPLC (see sub-section 8.2, Figures 

74, 75)). The cis:trans ratio was obtained as 80:20% (as confirmed by GC (Figure 38B)). 

A B 
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Figure 37. Cascade synthesis of cis-1 employing LK-KRED and ATA-3FCR-4M. 

 

      

Figure 38. Chiral analysis of the synthesis of 1: A) the one-pot sequential reaction with the 
ketoreductase LK-KRED (0.3 mg/mL) and the transaminase ATA-234 (2 mg/mL) (22 mM (88%), 
20:80% cis:trans ratio); B) the cascade reaction with the ketoreductase LK-KRED (0.4 mg/mL) and 
transaminase ATA-3FCR-4M (2 mg/mL) (49 mM (98%), 80:20% cis:trans ratio).  GC was performed 
after isolation, purification and derivatization as 4-(Boc-amino)cyclohexanol. R – Boc-moiety.  

 

Cis-4-aminocyclohexanol synthesis with ATA-200 

 

In order to achieve a higher cis:trans ratio towards cis-1 employing a concurrent 

cascade approach, we performed the tandem reaction with ATA-200 in the same conditions 

as with the variant ATA-3FCR-4M. We did not observe transaminase inhibition by the 

diketone substrate, but ATA-200 also synthesized diamine 6 as a by-product, as identified by 

TLC with NBD-Cl derivatization (Figure 39B). This revealed enzyme cross-reactivity towards 

A B 
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2. Consequently, the substrate conversion was only 44% (Figure 39A), and hydroxyketone 3 

concentration was relatively low during the reaction course in the comparison with the 

cascade reaction performed with the variant ATA-3FCR-4M (Figure 37). Therefore, ATA-200 

gave superior results in the sequential mode.  

There was no impact of LK-KRED and NADPH observed on the enzyme 

stereoselectivity, and the synthesis with ATA-200 allowed to obtain the highest cis:trans ratio 

of cis-1 of >99:1% (Table 9, Figure 40) in the accordance with analytical scale results. 

 

  

    

Figure 39. A. Cis-1 tandem synthesis with LK-KRED (0.4 mg/mL) and ATA-200 (Codexis®) (2 
mg/mL). B. TLC with previous NBD-Cl derivatization of reaction samples: 1 – after 24 hours, 2 – after 
30 hours, 3 – after 48 hours. 

 

 

Figure 40. Synthesis of 1 – HPLC chromatogram after 24 hours of the reaction with the transaminase 
ATA-200 (2.0 mg/mL): 18.2 mM (36.4%) product was formed with >99:1% cis:trans ratio. R – NBD-Cl 
moiety. 

 

 

 

1       2            3 
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Trans-4-aminocyclohexanol synthesis with ATA-234 

  

We also performed the tandem synthesis with ATA-234 to get an access to trans-1, 

applying almost the same conditions as for cis-1 synthesis, but in 100 mM potassium 

phosphate buffer, pH 7.5. The behavior of both enzymes was the same as in the case of cis-

1 synthesis with the in-house expressed transaminase. Similarly, ATA-234 inhibition 

occurred due the high diketone 2 concentration in the beginning of the reaction (Figure 41). 

The substrate conversion and cis:trans ratio were 89% and 20:80% (Figure 42), respectively. 

 

 

Figure 41. Cascade synthesis of trans-1 employing LK-KRED and ATA-234. 

 

 

Figure 42. GC analysis of the synthesis of 1: cascade reaction with the ketoreductase LK-KRED (0.4 
mg/mL) and transaminase ATA-234 (2 mg/mL). GC was performed after isolation, purification and 
derivatization as 4-(Boc-amino)cyclohexanol  (38 mM (89%), 20:80% cis:trans ratio). R – Boc-moiety. 
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One-step synthesis of 1,4-cyclohexanediamine with ATA-200 

 

The transaminase ATA-200 has shown the potential to be applied for the synthesis of 

diamine 6 starting from the bio-based129 2130 substrate. Starting from 80 mg of the diketone 

2, a transamination furnished the diamine with a nearly quantitative conversion (Table 9, 

entry 7, Figure 43, see subsection 8.2, Figures 79, 80). Remarkably, H-NMR revealed that 

cis-1 was formed with an excellent cis:trans ratio of 98:2% (Table 9, Entry 7; see sub-section 

8.3, Figure 98). To the best of our knowledge, the preparation of cis-6 by transamination 

represents its first highly stereoselective synthesis.  

 

 

Figure 43. One-step synthesis of diamine 6 employing ATA-200. 

 

3.5. Development of method isolation for 4-aminocyclohexanol 

 

Since amino alcohol 1 is a highly hydrophilic compound, downstream processing 

method development was one of the most challenging parts of this project. Hence, we 

explored different methods, namely extraction with organic solvents, solid-phase extraction 

(SPE), derivatization with di-tert-butyl dicarbonate ((Boc)2O), crystallization with organic 

acids, extraction with organic solvent mixtures and subsequent crystallization, in order to find 

the most efficient isolation protocol. 

As the target amino alcohol 1 has a limited solubility in the organic non-polar 

solvents, polar protic solvents were employed, for instance, ethyl acetate and 

dichloromethane, but their extraction from the aqueous basic medium with these solvents 

was not possible. 
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3.5.1. Solid-phase extraction 

 

Four stationary phases were chosen for a preliminary screening: the EXtrelut® 

column, the silica column Sep-Pak® tC18 Silica–SiC18H37, the hydrophilic-lipophilic balanced 

reversed-phase column Oasis HLB and the weak cation exchange column Oasis WCX N-

Vinylpyrrolidone–DVB copolymer–COOH (Figure 44). 

EXtrelut® column. The stationary phase is chemically inert, wide-pore and based on 

the diatomaceous earth material, which absorbs water during the aqueous sample 

application. The target compound could be isolated with any non-water-miscible solvent.131 

Due to the good solubility of amino alcohol 1 in methanol and 1-butanol, we applied long-

chain non-water-miscible alcohols like 1-hexanol, 1-pentanol and 1-decanol for 4-

aminocyclohexanol elution from EXtrelut® columns. They facilitated amino alcohol 1 isolation, 

but as these solvents have high boiling points,132 it was difficult to evaporate them and to 

obtain the target compound in the form of a crystalline powder.  

 

A  

B          C  

Figure 44. Solid-phase extraction stationary phases applied for 4-aminocyclohexanol isolation: A) a 
silica column Sep-Pak® tC18; B) a hydrophilic-lipophilic balanced reversed-phase Oasis HLB column; 
C) a weak cation exchange Oasis WCX column. 

 

Silica column Sep-Pak® tC18. We decided to start the screening from the strongly 

reversed-phase silica C18 column, which gives a strong retention to many compounds. As 

Sep-Pak® tC18 has a quite large hydrophobic group providing the interaction with an 

analyte, this means that the retention increases with the hydrophobicity of an analysed 

compound. Thus 1 retains on the column due to van der Waals forces between hydrogen-

carbon bonds of the amino alcohol 1 and hydrogen-carbon bonds of the stationary phase.133 

Since hydrophobic interactions are promoted in the polar medium,134 the target compound 

Sep-Pak® tC18 
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was loaded in the aqueous solution onto the column. Subsequently, washing with water and 

elution with methanol were performed. The amino alcohol 1 was present in all fractions. 

Probably, hydrophobic interactions of the analyte cyclohexane ring with the column’s 

hydrophobic groups were not strong enough in order to retain it.  

Hydrophilic-lipophilic balanced reversed-phase column Oasis HLB contains two 

different monomers in its stationary phase. The first one is a hydrophobic monomer 

divinylbenzene (DVB), which is responsible for hydrophobic interactions. The second polar 

one is N-vinylpyrrolidone providing retention for more polar compounds. The last ones 

should be applied in their uncharged state in order to promote better retention on the 

column.133 Amino alcohol 1 was applied under alkaline conditions, namely in the ammonium 

acetate buffer at pH 9.0. However, it was still observed in the flow-through. The washing and 

elution steps were done with 10% methanol aqueous solutions and 5% ammonia in 

methanol, but the amino alcohol was present already in the washing fraction.  

Weak cation exchange column Oasis WCX. Oasis WCX is similar to Oasis HLB by 

the stationary phase, but contains carboxylic acid-functionalities as ionic groups. As 

carboxylic acids are weak acids – pKa values around 4.5-5.0 – it was necessary to adjust 

column pH above 3 to keep it charged and being able to retain an analyte.133 Thus, cis-

/trans-1 was applied in the buffer with a pH range of 7.5-8, but it was still present in the flow-

through fractions. Washing steps were performed in the same conditions as loading or with 

5% NH4OH in methanol, for elution we applied 5% formic or triflouroacetic acid in methanol 

in order to discharge an ion exchanger. However, the amino alcohol 1 was present in all 

fractions. Optimization of the SPE protocol was performed by decreasing loading buffer pH 

to 6.5 to ensure a stronger interaction of the amino alcohol 1 with the stationary phase, 

washing with the buffer of pH 7.5 to remove matrix compounds with low polarity and not to 

disturb ionic interactions between the cis-/trans-1 and the carboxylic acid residues. However, 

none of these modified protocols resulted in a practicable extraction method. Perhaps, the 

interaction of an analyte amino group with a weak carboxylic acid ion was not strong enough 

to retain the compound on the column. 

 

3.5.2. Downstream processing by the di-tert-butyl dicarbonate derivatization 

 

Previous studies described an efficient isolation of cyclic amines as carbamates with 

(Boc)2O,122,135 and therefore, we decided to apply this method for isolating 1, which should 

have made it possible to recover it from an aqueous medium.  

Thus, after the removal of enzymes by centrifugation and solid-liquid extraction, an 

isopropylamine excess and amino alcohols were derivatized as carbamates with (Boc)2O. 

Further flash chromatography enabled pure 4-(Boc)-aminocyclohexanol in a high purity, but 
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very low yield (15%). A detailed analysis of the work-up revealed that it was not possible to 

achieve complete derivatization, even when applying temperature more than 70°C. 

Experiments with a commercial standard of cis/trans-1 mixture worked till completeness 

which indicates some kind of influence of the high excess of isopropylamine. We suspected 

that the problem was in the high concentrations of isopropylamine, although we applied a 

double excess of (Boc)2O to all amine groups of analytes present in the derivatization 

reaction. Perhaps, isopropylamine had a higher reaction rate with (Boc)2O or contributed to 

hydrolysis of the Boc anhydride. 

Thus, we decided to remove isopropylamine in the following way: By means of 

extraction with a mixture of chloroform:propanol-2-ol (3:1), amino alcohols 1 and 

isopropylamine and also diketone 2, hydroxyketone 3, diol 5 were removed from an aqueous 

phase. Then vacuum evaporation allowed to eliminate isopropylamine completely. Amino 

alcohols were dissolved in methanol and derivatized with 2 equivalents of (Boc)2O (in the 

presence of 1.2 triethylamine in the case of hydrochloride salts). The reaction was performed 

19 h at room temperature, and its completeness was confirmed by TLC analysis. In order to 

purify 4-(Boc)-aminocyclohexanol from the (Boc)2O excess, column chromatography was 

performed, and it afforded the final product with high purity as confirmed by an H-NMR 

analysis (see sub-section 8.3, Figures 95, 96). 

 

3.5.3. Downstream processing by crystallization with organic acids 

 

4-Aminocyclohexanol crystallization with organic acids could allow us theoretically to 

achieve a complete isolation of the amino alcohol 1 as a salt directly from the aqueous 

reaction medium. The basic idea of the methodology is described at the figure 45.  At least 

one organic acid should have been found, which forms a salt with 1 and precipitates due to 

its low solubility in the aqueous medium. Afterwards, the amino alcohol salt precipitate could 

be isolated by filtration. This method is suitable to isolate various amines from ATA-

catalyzed reactions.136 

 

 

Figure 45. Amino alcohol 1 crystallization by a reaction with an organic acid. 
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Figure 46. Organic acids applied for the screening for amino alcohol crystallization reaction. 

 

In order to promote the interaction between an amine group and a carboxyl group, 

the reaction should be performed in the neutral or slightly basic conditions. Since carboxylic 

acids are weak acids, they partially dissociate in the aqueous neutral environment forming 

carboxylate ions. Under these conditions amines are protonated, thus, the reaction of amine 

carboxylate salt formation could occur.137  

At first, we screened nine potentially active organic acids (Figure 46), which were 

identified as the most promising candidates in earlier studies.136 At this stage we determined, 

which of the acids could form salts with the target amino alcohol. We applied 1 and 2 

equivalents of each acid in the relation to the amino alcohol concentration and these 

solutions were left at +4°C for 24 and 48 hours in order to promote salt precipitation. Only 

one of the acids, 3,3-diphenylpropionic acid (3,3-DPPA), formed a salt with 1, and a white 

salt precipitate was observed. Then the reaction was performed in the same conditions, but 

applying amino alcohol salt as a seed in order to promote more intense salt precipitation 

(Figure 47). We also tried to perform the reaction in methanol, but it occurred only for high 

concentrations of the amino alcohol and the acid, namely 100 mM and higher (Figure 48). 

The reason for this is a higher solubility of the acid in the organic rather than in the aqueous 

medium. In both media, the salt formation with trans-1 proceeded faster than with cis-1, 

perhaps, due to a hydrogen bonding presence between the hydroxy and amino group of the 

latter one. 
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Figure 47. The reaction of 1 with 3,3-DPPA in aqueous solutions applying a seeding method. 
Reaction conditions: 20 mM amino alcohol 1, 20 mM 3,3-DPPA, +4°C, 44.5 hours, 1.0 mL volume, pH 
7.5, 1 - 50 mM HEPES buffer, 2 – 100 mM potassium phosphate buffer. 2 mg of the respective isomer 
salt as the seed were added to the solutions 1 – 4. 2 mg of the respective isomer salt mix as the seed 
were added to the solutions 5 – 8. Samples: 1 – a cis-1 reaction in 1, 2 – a trans-1 reaction in 1, 3 – a 
cis-1 reaction in 2, 4 – a trans-1 reaction in 2, 5 – a 50:50 mixture of cis-/trans-1 reaction in 1, 6 – a 
20:80 mixture of cis-/trans-1 reaction in 1, 7 – a 50:50 mixture of cis-/trans-1 reaction in 2, 8 – a 20:80 
mixture of cis-/trans-1 reaction in 2. 

 

A                   B  

                                         1                      2                                                1                        2 
Figure 48. A. Precipitation of 1 with 3,3-DPPA in methanol. Reaction conditions: 200 mM amino 
alcohol 1, 200 mM 3,3-DPPA, RT, 24 hours, 2.0 mL volume, RT. Samples: 1 – a cis-1 reaction, 2 – a 
trans-1 reaction. B. Treatment of 1 with 3,3-DPPA after isopropylamine extraction in the aqueous 
medium. Reaction conditions: 50 mM HEPES, pH 7.5, 24 hours at 4°C. Samples: 1 – 25 mM cis-1, 
300 mM 3,3-DPPA, 2 – 25 mM trans-1, 300 mM 3,3-DPPA. 

 

In order to optimise the reaction, we decided to apply a larger excess of the acid to 

shift the equilibrium to crystallization in the aqueous and aqueous organic medium. Since in 

the biocatalytic reaction isopropylamine is used as the amino donor, reactions of the acid 

with isopropylamine were also performed under the same conditions to investigate, whether 

its salt would precipitate, too. Indeed, precipitation was observed in all the cases (Figure 49), 

which means that the amino alcohol salt could be contaminated with the amino donor salt, if 

the reaction would be carried out at 500 mM isopropylamine presence.  

 

Cis-1         Trans-1      Cis-1      Trans-1            

      

 

50 mM HEPES              100 mM KPi 

Cis-/Trans-1 Cis-/Trans-1  Cis-/Trans-1 Cis-/Trans-1       

    50:50           20:80              50:50           20:80  

      

 

50 mM HEPES              100 mM KPi 

Salt 

precipita-

tion 

Salt 

precipita-

tion 
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                    1                                          2                                          3                                       4                             

Figure 49. The salt formation of amino alcohol 1 in the presence of isopropylamine with 3,3-DPPA in 
the aqueous and aqueous-organic media. Reaction conditions: 20 mM amino alcohol 1, 500 mM 
isopropylamine, 40 mM (2 eq) 3,3-DPPA, 50% methanol, in 50 mM HEPES, pH 7.5, 48 hours at 4°C. 
10 mg of the respective isomer salt as the seed were added to the reactions 1, 2. Samples: 1 – cis-1 
reaction, 2 – trans-1 reaction, 3 – isopropylamine reaction without methanol, 4 – isopropylamine 
reaction. 

 

Therefore, we decided to do further optimization of the reaction only in aqueous conditions. 

Taking into account the fact that higher acid concentrations cause a reaction equilibrium shift 

to a salt formation,138 saturated acid solutions were applied to promote salt precipitation. 

Additionally, this ensured full isolation of the amino alcohol 1 salt from the reaction solution. 

Considering the results of the previous experiments, it was necessary to remove 

isopropylamine before the reaction proceeding. After the protein removal by precipitation and 

filtration, the amino donor was extracted four times with a double volume of diethyl ether. 

Since the target amino alcohol has a quite limited solubility in this solvent (0.2 g/L, 2 mM), 

after this procedure our losses could apparently be 25-30% of the product. But at the same 

time this ensured the purity of the formed salt of 4-aminocyclohexanol and 3,3-DPPA. 

150 mM and 300 mM of 3,3-DPPA and 10 mM and 25 mM of cis-/trans-1 were 

applied in the reactions after isopropylamine extraction. The salt precipitation was 

immediately observed in the case of the trans-1 reaction, but on the contrary only after 24 

hours, in the precipitation reaction with cis-1. Thus, 300 mM 3,3-DPPA concentration was 

chosen for the application in the downstream processing of the target product. 

Amines and amino alcohols are usually used as hydrochloride salts for API 

synthesis,139 particularly, cis-1 and trans-1.10,77 Because of this reason, there was a necessity 

to isolate amino alcohol 1 as hydrochloride from amine carboxylate salt with 3,3-DPPA. The 

methodology is represented at the figure 50. Noteworthy, due to different reaction rates of 

cis- and trans-1 with 3,3-DPPA, they could be separately isolated: the trans-1 salt would 

precipitate within the first several hours of the reaction, while the cis-1 salt would stay longer 

in the solution. 
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Figure 50. Cis-1 and trans-1 isolation methodology applying 3,3-DPPA. 

 

In order to check efficiency of the methodology for amino alcohol 1 isolation, we used 

the samples mimicking the results of biocatalytic reactions, namely the sample 1 containing 

90% of cis-1, 10% trans-1 and the sample 2 containing 80% of trans-1, 20% cis-1. Cis:trans 

ratios of the isolated fractions was not possible to evaluate exactly according to H-NMR 

spectra due to present of impurities (approximately less than 20%) (see sub-section 8.3, 

Figures 100-103). However, it was possible to recover 3,3-DPPA with the purity more than 

90% (see sub-section 8.3, Figures 104, 105). Unfortunately, it was also not possible to 

separate totally cis-1 and trans-1. We obtained two fractions from the sample 1 with 

approximately 91:9% cis:trans ratio and 100% cis-1, and two fractions from the sample 2 

with approximately 40:60% and 20:80% cis:trans ratio. 

We tried also to perform the product isolation of two preparative scale reactions (80 

mg and 160 mg of the substrate), at first, precipitating and removing proteins and extracting 

isopropylamine. As in the case with the reference compounds, amino alcohols could not be 

isolated as crystalline powders, but only as yellowish oily substances. H-NMR analysis 

revealed the presence of many impurities, especially DMSO, in the isolated fractions. Even a 

prolongation of the crystallization for 48 hours at +4°C did not allow us to isolate the target 

product fully, it was still present in the aqueous reaction medium (as confirmed by TLC). The 

presented results confirm that amino alcohol 1 crystallization with 3,3-DPPA was possible, 

but required more optimization steps due to a high solubility of the salt. 
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3.5.4. Downstream processing by extraction with organic solvent mixtures and 

subsequent crystallization 

 

Thinking over more straightforward ways to resolve our problem, we decided to try an 

extraction of amino alcohol 1 with organic solvent mixtures, namely diethyl ether : 

isopropanol 3:1. Such a method is quite frequently applied in industry for the extraction of 

highly hydrophilic compounds.140,141 Thus, after the removal of enzymes and cell lysate 

proteins by 5% HCl, 20% NaCl treatment and filtration, we extracted the highly hydrophilic 

amino alcohol from the solution several times with diethyl ether : isopropanol 3:1. Under 

these conditions the target product solubility is 0.7 mg/mL in the extracting solvent. 

Additionally, NaCl facilitated an amino alcohol transfer from an aqueous layer to an organic 

phase. Then, after the removal of an organic solvent and isopropylamine excess by vacuum 

evaporation, cis-1 and trans-1 were converted to the corresponding hydrochlorides in ethyl 

acetate. In order to get the crystals of cis-/trans-1 free from impurities (especially DMSO), 

which was co-extracted together with the amino alcohol, we performed recrystallization in 

ethyl acetate : isopropanol 2:1. However, an H-NMR analysis revealed that the product still 

contained many impurities, particularly DMSO (see sub-section 8.3, Figures 106).  

In order to remove impurities at the last stages of a synthetic preparation, amine 

hydrochloride salt crystals are usually washed with methyl-tert-butyl ether, ethyl acetate or 

acetone.128 But to achieve a considerable purity level of 1, this method did not give the best 

result. Since its hydrochloride salt has a quite limited solubility in acetone, we performed 

crystallization in cold acetone at +4°C, at first, cooling down the suspension at -20°C. As a 

result, amino alcohol hydrochloride formed crystals, leaving impurities in the solution. This 

method of downstream processing afforded 50-75% yield of the isolated product for all 

preparative scale syntheses (see sub-section 8.3, Figures 107, 108), and 85% of the 

isolated compound for the experiment carried out with the reference compounds (see sub-

section 8.3, Figures 107). All isolated compounds were obtained with a considerable purity, 

majority of impurities were removed. 
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4. Discussion 

 

Amine transaminases and ketoreductases have found an extensive application for 

amine and amino alcohol synthesis.142 For instance, technologies for 1,2- and 1,3-amino 

alcohol synthesis were developed as proof of principle for enzymatic syntheses for 

compounds of this class.64,65 Regarding 1,4-amino alcohols, previous works have only been 

limited to the development and improvement of chemical synthetic preparation procedures or 

their separate steps. In this work, we developed an enzymatic cascade for the synthesis of 

4-aminocyclohexanol. The cascade consisting of a ketoreductase and an amine 

transaminase can operate in the one-pot sequential and tandem mode and provides high 

substrate conversions. The developed cascade could be considered as a proof of principle 

of 1,4-amino alcohol enzymatic synthesis. 

 
4.1. Development of analytical procedures 

 

Development of reliable analytical procedures for all reactants was the first and 

crucial step of the project. In order to analyse them qualitatively, we developed TLC methods 

with various mobile phases and detection systems, e.g. visualization of the compounds 

containing hydroxy and keto groups via a CER staining solution,143,144 compounds with 

amine groups via a ninhydrin solution or solutions used for the detection of alkaloids145 to 

increase method sensitivity. Since our attempts were not successful in the case of amino 

alcohol 1, we drew our attention on the derivatization reagent NBD-Cl, which forms stable 

condensation colored products with primary and secondary amines.146 

Substrate 2, product 3 and by-product 5 of the ketoreduction step were quantified by 

GC/MS and GC methods. Since the diketone 2, hydroxyketone 3 and diol 5 are structurally 

similar to each other and differ only in one or two functional groups, chiral columns 

containing cyclodextrin in their stationary phases (e.g., HYDRODEX β-TBDAc, CP Chirasil-

DeX CB147) were applied and suited well for their separation.  

We needed also to find methods which would allow us to distinguish efficiently 

between cis-1 and trans-1. A chiral GC method and HPLC method with prior derivatization 

were applied for this purpose. The chiral GC analysis did not allow to achieve a good 

separation of isomers, probably, due to their low volatility and high polarity.148 Noteworthy, 

dipole-dipole and hydrophobic interactions,149 hydrogen bond formation via functional 

groups150 promote an interaction of an analyte with a column stationary phase. Perhaps, the 

hydrogen bond between amino and hydroxy groups in the position 4 in the amino alcohol 1 

decreases the possibility of the molecule interaction with the stationary phase. To confirm 

cis:trans ratios of preparative scale reactions, we applied a GC method with a prior (Boc)2O 
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derivatization.  An HPLC method with a prior NBD-Cl derivatization allowed us to achieve a 

base-line separation of cis-1 and trans-1 as well as isopropylamine and alanine amino 

donors. Since one could detect a derivatization reagent excess and NBD-Cl derivatives at 

two different wavelengths, 342 nm and 480 nm, there was no necessity to separate them. 

Since development of analytical procedures for cis-1 and trans-1 was one of the most 

critical parts of the project, we addressed the following important factors: derivatization 

reaction completeness to ensure that there were no non-derivatized amino alcohol 1 

molecules left, and reaction rate difference between cis-1, trans-1, amino donor and 

dervatization reagents. The last aspect is of high importance, since it may influence the 

precision of cis-1 and trans-1 quantification and completeness of their derivatization. 

Therefore, to quantify amino alcohol 1 and calculate a cis:trans ratio by the HPLC method 

with a prior NBD-Cl derivatization, we performed a separate calibration of each isomer in the 

conditions of a biocatalytic reaction. To achieve complete (Boc)2O derivatization of both 

isomers, we isolated them from the biocatalytic reaction medium and separated from the 

amino donor excess before the derivatization reaction. 

After the establishment of analytical methods for all reactants, we proceeded to the 

next important step of enzyme screening to find biocatalyst candidates for one or both 

cascade routes. 

 

4.2. Enzyme screening 

 

In order to investigate two different routes of the enzymatic cascade for cis-1 and 

trans-1 synthesis, we started ketoreductase screening with diketone 2, aminoketone 4, 

hydroxyketone 3 substrates. Two enzymes demonstrated marked selectivity and activity in 

the reduction of diketone 2 with such a low sacrificial propan-2-ol content of 2 equivalents, 

contrasting with previously reported enzymatic ketoreductions of other substrates.151,73 This 

makes this reaction more attractive from an economic point of view. Compared to previous 

attempts,152 this is the first efficient enzymatic access to produce hydroxyketone 3 (Figure 

51). KRED is able to distinguish the two structurally very similar hydroxyketone and diketone 

and performs a selective monoreduction of the last one. The industrial synthesis of 3 is 

performed in the aqueous conditions starting from a 1,4-cyclohexanedione mono ethylene 

ketal reduction to 4-hydroxycyclohexanone ethylene ketal with sodium borohydride (Figure 

51). Subsequently, the reaction is acidified with a p-toluenesulfonic acid to give the product 

3.152 Only one approach was recently reported that facilitates a selective reduction, but 

needs a large amount of whole cells (10 g wet cells for 40 mg of substrate).153 It is 

noteworthy that hydroxyketone 3 itself represents a valuable building block for syntheses of 

compounds against immune disorders,154 viral155 and neurological156 diseases. 
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Figure 51. Enzymatic and chemical syntheses of 4-hydroxycyclohexanone. 

 

Since the regioselective KREDs with marked activities towards diketone 2 were found 

and no enzymes converting aminoketone 4 were identified at the first stage of screening, we 

decided to investigate an amine transaminase laboratory collection to find the enzymes with 

the activity towards hydroxyketone 3 according to the reaction route A. In addition, we were 

aiming to find ATAs with complementary stereopreferences, which will give an access to 

both isomers cis-1 and trans-1. As a result of amine transaminase screening two enzymes 

ATA-3FCR-4M and ATA-234 were identified for cis-1 and trans-1 synthesis, respectively. In 

order to improve the selectivity of ATA-234 towards trans-1 synthesis, we decided to 

optimize the reaction parameters. It is known that selectivity and activity of transaminases 

could be affected by temperature,157,158 co-solvents159 and substrate concentration.157 For 

example, in order to synthetize enantiometrically enriched (R)-4-phenylpyrrolidin-2-one, a 

valuable synthon of pharmaceuticals for neurological disorder treatment, the optimization of 

reaction conditions with a respect to pH and co-solvent concentration for ATA-117 was 

performed. 5-15% (v/v) DMSO led to the enhancement of enantioselectivity from 58% to 

65% ee and 68% ee, respectively.160 Another example is the synthesis of propargylic amines 

employing an (S)-selective ω-transaminase from Chromobacterium violaceum. These 

amines are important moieties for synthesis of various pharmaceuticals and biologically 

active compounds. In the presence of 10% (v/v) DMSO at 30°C, a slight increase in the 

enzyme enantioselectivity towards a desired (S)-isomer from 96% ee to 99% ee was 

observed.160 With these precedents in mind, we performed the optimization of reaction 

parameters in terms of co-solvent percentage (2-20% DMSO, 5 and 10% propan-2-ol and 

methanol), pH (7.5-10.0), reaction temperature (25-50°C) and substrate concentration (20 

and 50 mM). However, we did not succeed with this approach to increase the trans-

selectivity of ATA-234. The preferred cis-selectivity of the majority of investigated 

transaminases was another intriguing observation at the screening stage. Therefore, taking 
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all these results into account, we performed molecular modelling as endeavors to 

understand the enzyme cis-selectivity and possibly to have some ideas, which amino acid 

residues in the enzyme active site could be responsible for trans-selectivity. 

 

4.3. Modelling 

 

During catalysis, 3 can be bound to pyridoxamine-5’-phosphate in two different 

orientations that will lead to the cis- or trans-configuration upon transamination. We modelled 

the quinoid intermediate leading to cis-1 (Figure 52) in the active site of the ATA-3HMU 

W63Y variant. The 4-hydroxyl group of the bound 3 (modelled in both chair conformations) 

can be easily solvated because it is oriented towards faces the solvent molecules that fill the 

active site entrance tunnel. For trans-selective transamination, 3 must be bound in a way 

orienting its 4-hydroxyl group towards the wall of the active site tunnel (it would take the 

place of the hydrogen atom shown in figure 52. Then it would face the hydrophobic amino 

acids L62 and F91, what impedes its solvation and thus is energetically less favorable. 

Because these two residues are highly conserved (as revealed from a multiple sequence 

alignment containing >1000 proteins with sequence identities of 50-99% with ATA-3HMU), 

this explains the general cis-selectivity of wild-type PLP-fold type I ATA. To verify this 

hypothesis and to construct trans-selective ATA-variants, these residues might be the target 

of a mutagenesis study in the near future. 

  

 

Figure 52. Modelled quinoid intermediate in ATA-3HMU W63Y formed after the condensation of 3 
(magenta sticks) and PMP (black sticks). Subsequent catalytic steps will lead to cis-1. Note that for 
obtaining the trans-1, 3 must bind in an orientation where its 4-hydroxyl group and 4-H atom swap 
their place. This would hinder solvation of the 4-hydroxyl group.  The surface shows the active site 
entrance tunnel, red spheres are oxygen atoms of water molecules (added by the YASARA program 
prior to energy minimization). 



4 Discussion 

 

72 
 

4.4. One-pot sequential and cascade syntheses 

 

Our developed approach is an attractive alternative to the established 3–5-step 

preparation of racemic 1, starting from phenol or nitrobenzene (see Figure 12, sub-section 

1.4). The approach can be operated in a sequential or tandem mode and represents an 

efficient functionalization of a simple starting material by a sequence of precisely arranged 

reactions. It is a nice example how cross-reactivity – a common challenge in cascades – can 

be avoided by identifying two regioselective enzymes that discriminate between two very 

similar substrates such as the employed diketone 2 and hydroxyketone 3. The developed 

synthesis avoids intermediate product isolation, metal catalysis, minimizes by-product 

formation and affords high reaction yields 85-98%. The sequential approach afforded STYs 

in the range of 3.02 – 5.65 gL-1d-1 for the first step of hydroxyketone 2 synthesis by a 

ketoreductase and 0.97 – 1.27 gL-1d-1 for the second step of amino alcohol 1 synthesis by an 

amine transaminase. STYs of the cascade approach are 2.56 – 2.82 gL-1d-1, only the 

synthesis with ATA-200 afforded STY only 1.27 gL-1d-1 due to the diamine 6 by-product 

formation. To achieve these results, the system required parameter balancing in terms of 

enzyme specific activities and concentrations, solvent concentrations and pH compatibility. 

However, the established system has also several limitations. These are by-product 

formation, low STYs and low trans-1 selectivity in the comparison with the requirements to 

an economically viable process for API synthesis and examples mentioned before. Side 

product formation can be further supressed by the optimization of enzyme concentrations. In 

order to increase STYs, it is necessary to increase substrate loadings or enzyme activity, but 

this might lead to by-product formation. Application of high substrate concentrations will 

require enzyme engineering to increase its stability and to relieve substrate and intermediate 

product inhibition. In order to enhance the reaction selectivity for trans-1 synthesis from 80% 

to 95-99%, protein engineering is required as well. The first step for this is already done: 

modelling was performed to analyse the preferred cis-selectivity of the enzyme ATA W63Y. 

Crystallization could only serve as a way to upgrade isomer purity of 1161 (see also for details 

the chapter 1). 

Additionally, further balancing of specific enzyme activities and stabilities is required 

in order to avoid enzyme inhibition by reactants of one or another step. For example, in the 

cascade reactions, ATA-3FCR-4M and ATA-234 were inhibited by the accumulating 

hydroxyketone 3 from the previous reaction step. Their activity was very low: only 20% of 3 

was converted, when 90% of the diketone 2 was reduced in the first reaction step. 

The time-course analysis of the cascade for cis-1 synthesis performed with ATA-200 

revealed transaminase cross-reactivity towards the diketone 2 as a main challenge, since 

diamine 6 formation was observed. Therefore, the combination of KRED and ATA-200 as a 



4 Discussion 

 

73 
 

two-step sequential reaction gave superior results with 85% of overall conversion and >99% 

of cis-1. At the contrary, diamine 6 is a valuable synthon and applied for the synthesis of 

various polymers and pharmaceuticals including some anti-cancer drugs. Cis-1,4-

cyclohexanediamine is used as a building block for a tyrosine kinase inhibitor synthesis162 

and as ligand (1,4-dach) in the platinum complex kiteplatin [Pt(1,4-dach)Cl2], which recently 

has been shown to be active against colon cancer cells lines that are resistant to cisplatin 

and oxaliplatin.163,164,165 Furthermore, cis-6 and trans-6 are used to modify the properties of 

polymers such as polyamide.166,167 Therefore, we made a first attempt to explore the 

synthetic potential of ATA-200 in the one-step reaction starting with 2. Pleasantly, we 

obtained diamine 6 with >99% yield and 98% of cis-6. The potential of ATA-200 for 

synthesizing chiral diamines is remarkable and should be further explored in the future, as 

only one study showed that few ATAs are able to convert the cyclic isosorbide diketone to 

give the diamine, but with low yields.168 

Process evaluation in terms of reaction metrics. We also estimated developed 

processes in a relation to ‘green’ chemistry metrics. Table 10 demonstrates a comparison of 

evaluated process metrics parameters for our sequential and concurrent reactions to the 

industrial requirements. 

 

Table 10. Process metrics parameters evaluation 

Parameter Industry 
Sequential reaction 
(trans-1 synthesis with 

ATA-234) 

Concurrent reaction 
(cis-1 synthesis with 

ATA-3FCR-4M) 

Substrate loading 50-100 g/L 2.8 g/L 5.6 g/L 

STY >100 g/L/d169 1.27 g/L/d 2.82 g/L/d 

Atom Economy 100% 67% 29% 

E-factor (incl. water) - 506.5 253.7 

E-factor (without water) 25-100 136.2 68.5 

E-factor (incl. water and 
enzyme recycling) 

- 31.1 14.5 

Yield 100% 50% 50% 

 

In the pharmaceutical industry 50-100 g/L of substrate loading is required for high 

value products.170 In the case of our developed methodology, the substrate loadings are 2.7-

5.3 g/L. It is necessary to investigate LK-KRED stability in terms of substrate and product 

inhibition as well as ATA engineering in terms of tolerance and stability towards higher 

substrate/product concentrations. This will also help to increase STY of the syntheses. 

Noteworthy, STY for the concurrent reaction is higher than of the sequential one due to 

higher substrate loadings applied. 
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Regarding the AE, it should ideally be 100%.171 AE of our developed sequential and 

cascade syntheses is 25-29% and 67% only for the sequential synthesis for trans-1 with 

ATA-234 (Table 10). Further reaction engineering will minimize by-product formation and, 

consequently, enhance AE of the syntheses. 

E-factor of a synthetic process is one of the most important criteria of its 

environmental safety. Ideally, it should be equal to 0.171 The typical E-factor of 25-100 for 

pharmaceuticals production was first published by Sheldon. This enhanced the 

understanding of waste issue importance and promoted various solutions to address it.105 

For example, water contributes significantly to waste generation. E-factors of both sequential 

and cascade reactions show this (Table 10). Increase of reaction substrate loadings is a 

good approach to reduce water consumption for the process, one could apply a two-liquid-

phase system for this.105 Additionally, enzyme recycling could also significantly decrease the 

amount of generated wastes and improve the process E-factor by almost 5-fold (Table 10). 

Solvents used for extraction and silica gel, solvents for column purification of Boc-derivatives 

of amino alcohol 1 were not included into the E-factor calculation, because they can be 

recycled. Recent studies demonstrate that silica gel, which is a most often used column 

chromatography medium, could be recycled.172,173 Thus, its contribution to the waste 

generation of a process could decrease. 

‘Green’ chemistry guidelines require to pay attention, which solvents are applied in 

the synthesis to produce a target molecule. In our process, for the amino alcohol 1 isolation 

steps, we applied the following solvents: diethyl ether, ethyl acetate, isopropanol, methanol, 

acetone and hexane. Diethyl ether and hexane present flammability and explosion risk and 

aquatic impact as major known issues for their industrial application. Methanol possesses 

the risk of volatile organic compound emission.107 We can consider to exchange of these 

solvents for safer and ‘greener’ ones, e. g., ethanol, cyclohexane and cyclopentyl methyl 

ether. 

 

4.5. 4-Aminocyclohexanol isolation 

 

During a process of synthetic methodology development, not only reaction system 

optimization to achieve high conversion and selectivity are important, but a downstream 

processing method to isolate a final product with a highest possible yield and purity make a 

considerable impact on the process itself as well as an amount of waste produced. Since 

amino alcohol 1 is a very hydrophilic compound, several work-up strategies were 

investigated for its isolation from the aqueous medium. These are solid-phase extraction, 

crystallization with organic acids, and extraction with organic solvent mixtures and 

subsequent crystallization. 
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In the research and pharmaceutical industry, a solid-phase extraction method is 

applied for the sample preparation and isolation of highly hydrophilic compounds.174,175 For 

example, the cephalosporin isolation combines hydrophobic interaction and ion exchange 

chromatographies.176 Various cation-exchange resins were applied for the isolation of 

biogenic amines177 and antibiotics178 from the biological samples. With these precedents in 

mind, we decided to isolate the compound by solid-phase extraction. We observed amino 

alcohol 1 presence already in the flow-through and washing fractions. The possible reasons 

for such a result could be a high concentration of the analyte applied on the column, 

interaction of matrix ions (other ions present in the analyte solution) with an ion exchanger 

due to their high affinity to it or high concentration or losses of an amino alcohol ionization 

during the washing phase.134 Since this method suffers from a number of disadvantages in 

the case of application for the amino alcohol 1 isolation, we decided to investigate a 

crystallization method, which is widely used to remove hydrophilic compounds from an 

aqueous medium.  

Nowadays crystallization is one of the most important and efficient methods for 

selective compound isolation, purification and separation in the research as well as in the 

industry.138 Numerous compounds were efficiently isolated applying this methodology, for 

example, building blocks for pharmaceuticals and agrochemicals such as cis- and trans-

isomers of 2- and 3-aminocyclohexanols,179,180 APIs such as pregabaline,181 salmeterol.182 

Recently, a new method for amine crystallization based on their reactivity with organic acids 

was developed, which allowed to isolate them from the aqueous medium with a high degree 

of purity.136 The precipitation of 1 with organic acids, such as 3,3-diphenylpropionic acid was 

also possible, but due to a high solubility of the salt required more optimization steps, 

especially, at the stage after the salt dissociation to isolate the amino alcohol 1 

hydrochloride. Moreover, as a 3,3-DPPA excess could not isolate 4-aminocyclohexanol as 

the salt completely, a more comprehensive screening should be performed in order to 

identify more efficient acid. 

Thus, the best isolation approach was an optimized extraction protocol and 

crystallization as hydrochloride, facilitating approximately 75% isolated yield in most cases. 

Product purification by column chromatography worked best after di-tert-butyl dicarbonate 

derivatization. Although it is considered an expensive method for compound separation in 

industry, it has found a wide application for purification of few milligrams to several hundred 

grams of pharmaceuticals or drug synthons.183 In the comparison with typically applied 

techniques like crystallization or extraction, column chromatography can be also a cost-

effective separation method and applicable for large-scale purifications. Method optimization, 

solvent-sparing technologies like solvent recycling can aid to manage this.184 
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Additionally, to achieve the separation of cis-1 and trans-1, one could use the 

industrial method, namely application of 2-4 mol concentrated potassium or sodium 

hydroxide solutions with 0.5-3 M amino alcohol with cooling down to -8°C to precipitate 

trans-1.161 The cis-1 could be isolated from the basic aqueous medium by the method 

described before. 
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5. Summary 

 

Amino alcohols are exemplary for many pharmaceuticals: Their syntheses are waste-

intensive processes due to the complexity of the target molecules and the necessity to install 

multiple functional groups and two or more stereocenters in one building block. Therefore, 

the efficient multifunctionalization of simple starting materials by a cascade of regio- and 

stereoselective reactions is very attractive, and the development of chemoenzymatic one-pot 

and tandem reactions has grown as an important research field. However, the development 

of such cascade reactions is often challenging due to incompatibilities or cross-reactivities of 

the catalysts leading to side product formation. This PhD project developed a biocatalytic 

route for 1,4-amino alcohols preparation at the example of cis- and trans-4-

aminocyclohexanol, which are valuable synthons for pharmaceuticals, from the potentially 

bio-based precursor 1,4-cyclohexanodione. The herein developed one-pot reaction shortens 

existing approaches, which are based on wasteful resolutions of the diastereomeric mixture, 

by 2-3 steps. 

First, we identified regioselective keto reductases for the selective monoreduction of 

the diketone to give 4-hydroxycyclohexanone. Ketoreductase from Lactobacillus kefir and 

KRED-P2-C11 (Codexis®) were selected as the best candidates for this purpose: they 

afforded the highest substrate conversion with low by-product 1,4-cyclohexanediol formation 

(< 5%) already under the screening conditions. Other approaches towards 4-

hydroxycyclohexanenone were also investigated. These are (i) application of laccases and 

(ii) catalysts like AZADO to synthetize the target hydroxyketone from the diol, but the 

conversions were below 50%.  

After optimizing the already established first reaction step, we found 

stereocomplementary amine transaminases, which afforded both isomers of 4-

aminocyclohexanol with good to excellent diastereomeric ratios (cis:trans up to 99:1 and 

20:80). These are the cis-selective ATA-3FCR-4M from the laboratory collection – an 

engineered transaminase designed specifically for the conversion of bulky substrates – and 

the commercial ATA-200 (Codexis®). Interestingly, most screened mutated enzymes 

exhibited marked cis-selectivity. Only one transaminase from Codexis® – ATA-234 – 

demonstrated slight trans-selectivity giving a cis:trans ratio of 20:80 under optimized 

conditions. Furthermore, we identified ATA-200, which produces cis-1,4-cyclohexanediamine 

with diastereomeric ratios of >98:2. The diamine presents a valuable synthon for 

pharmaceuticals for cancer therapy and compounds used in polymer synthesis today. 

Once both catalytic steps were reliably established, we explored their combination in 

a one-pot sequential or concurrent cascade mode: the target amino alcohols cis- or trans-4-
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aminocyclohexanol were obtained with ≈85-90% conversion. The reaction mixtures 

contained only small amounts of by-products diol (≈3-9%) and diamine (≈6%), and the ATAs 

maintained good to excellent stereoselectivities under the one-pot conditions. 

Another important part of the project was the method development for product 

isolation from the aqueous reaction medium. Since 4-aminocyclohexanol is a highly 

hydrophilic molecule, several work-up strategies were investigated. The best isolation 

approach was an optimized extraction protocol and crystallization as hydrochloride, 

facilitating ≈75% isolated yield in most cases. Product purification by column 

chromatography furnished best results after Boc derivatization of the product. 

The example of the developed one-pot system for enzymatic synthesis of 1,4-amino 

alcohols highlights that the high selectivity of enzymes enables short and stereoselective 

cascade functionalizations to generate high-value building blocks from renewable starting 

materials. Additionally, the developed one-pot synthesis avoids intermediate product 

isolation, metal catalysis, and minimizes by-product formation. The developed system has a 

potential to be employed at the commercial scale, and for this it is necessary to continue its 

further optimization in terms of various parameters like substrate loading, catalyst 

formulation, and operation mode. 
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6. Materials and methods 

 
6.1. Materials 

 
Chemicals and consumables 

 

All chemicals were purchased from Merck (Darmstadt, Germany), VWR (Hannover, 

Germany), or Carl Roth (Karlsruhe, Germany) and were used without further purification. 

Aluminium foil silica gel plates (Fluka 60 F254) and aluminum oxide plates (Fluka, USA) 

were used for thin-layer chromatography (TLC). Consumables were purchased from 

Sarstedt (Nümbrecht, Germany), Greiner Bio-One (Frickenhausen, Germany) or Carl Roth 

(Karlsruhe, Germany).  

The analytical standards were purchased from Sigma (USA), Acros (USA), TCI 

(Japan). Lactate dehydrogenase (LDH, order number L2500-5KU) and glucose 

dehydrogenase (GDH, order number 19359-10MG-F) were bought from Sigma–Aldrich (now 

Merck, Germany).  

ATAs were obtained from Codexis® (“TA Screening Kit”) as lyophilised enzymes or 

were available as recombinant proteins of Greifswald University’s enzyme collection. KREDs 

were bought as “Codexis® KRED Screening Kit” from Codexis® as lyophilised enzymes. 

 
 Table 11. Used kits. 

Kit Supplier 

BCA-Assay Kit Pierce Thermo Fisher Scientific (Waltham, USA) 

TA ScreeningKit Codexis® 

KRED Screening Kit Codexis® 

 

Strains 

E. coli BL21 (DE3) {fhuA2 [lon] ompT gal (l DE3) [dcm] DhsdS} was purchased from 

New England Biolabs (Beverly, MA, USA). 

Media, buffers and solutions 

Table 12. Used media, buffers and solutions (All %-values are given in (v/v) unless stated otherwise). 

Medium, buffer or solution  Preparation 

10x Running buffer for SDS-PAGE  

 

30.3 g TRIS, 144 g glycine, 10 g SDS in 1000 mL aq. dest., 

adjust pH to 8.4 with HCl 

10x SOC  

 

10 mM NaCl, 2.5 mM KCl, 10 mM MgCl2, 20 mM MgSO4, 

20 mM glucose  
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10x TB-salts  

 

164.4 g K2HPO4 · 3H2O, 23.2 g KH2PO4 in 1000 mL aq. 

dest., autoclave at 120°C for 20 min 

Acrylamide solution for SDS-PAGE  

 

30% acrylamide (w/v), 0.8% N,N'-Methylenebisacrylamide 

(w/v) in aq. dest. 

Ammonium acetate buffer 50 mM CH3CO2NH4 in aq. dest.,  

adjust pH to 7.5 or 8.0 with acetic acid 

Ampicillin stock solution  100 mg·mL-1 in aq. dest., sterile filtrated 

APS for SDS-PAGE  10% (w/v) ammonium persulfate in aq. dest. 

Borax-NaOH buffer (100 mM) 4.8 g Na2B4O7 ·10 H2O, 8.6 g NaOH in 1000 mL aq. dest., 

adjust pH to 10.0. 

Buffer A  

 

50 mM HEPES, 300 mM NaCl, 5 mM imidazole in aq. 

dest., sterile filtrated and degassed 

adjust pH to 7.5 with HCl 

Buffer B  

 

50 mM HEPES, 300 mM NaCl, 10 mM imidazole in aq. 
dest., sterile filtrated and degassed 
adjust pH to 7.5 with HCl 

Buffer C 50 mM HEPES, 300 mM NaCl, 300 mM imidazole in aq. 

dest., sterile filtrated and degassed 

adjust pH to 7.5 with HCl 

Buffer D 0.53 g NaH2PO4, 4.3 g Na2HPO4·12 H2O (20 mM sodium 

phosphate), 500 mM M NaCl, 15 mM imidazole in aq. 

dest., sterile filtrated and degassed 

adjust pH to 7.4 with HCl 

Buffer E 0.53 g NaH2PO4, 4.3 g Na2HPO4·12 H2O (20 mM sodium 

phosphate), 500 mM NaCl, 500 mM imidazole in aq. dest., 

sterile filtrated and degassed 

adjust pH to 7.4 with HCl 

CER solution Phosphomolybdic acid (12.5 g), Ce(SO4)2 · 4 H2O (5 g), 

and conc. H2SO4 (30 mL) in H2O (470 mL) 

CHES buffer 100 mM CHES, adjust pH to 9.5 with 10N NaOH solution 

Chloramphenicol  50 mg·mL-1 in ethanol, sterile filtrated 

Coomassie staining solution 1 g Coomassie-brilliant-blue G250, 100 mL glacial acetic 
acid, 300 mL ethanol, 600 mL aq. dest. 

Destaining solution 100 mL glacial acetic acid, 300 mL ethanol, 600 mL aq. 
dest. 

Citrate buffer (50 mM) 2.15 g citric acid, 4.3 g C6H5O7Na3 · 2H2O in 1000 mL aq. 

dest., adjust pH to 5.0 

1,4-Cyclohexanedione solution 2.5 M 1,4-cyclohexanedione in DMSO 

2,4-Dinitrofluorobenzene solution 8.4 g NaHCO3, 1N NaOH (2.5 mL), aq. dest. (97.5 mL), 1 g 

2,4-dinitrofluorobenzene, methanol (10 mL) 

Dragendorff’s reagent solution 0.2 g Bi(NO3)3, glacial acetic acid (2.5 mL), 2 g KI, aq. dest. 

(15 mL) 

Ehrlich’s reagent solution 1 g 4-dimethylaminobenzaldehyde, 37% conc. HCl (25 

mL), methanol (75 mL) 

Glycerol stock solution  80% (w/v) glycerol in aq. dest. 

HEPES buffer 50 mM HEPES, adjust pH to 7.5 with 10N NaOH 

HPLC solution A (Method 2) 1% (v/v) acetonitrile, 0.1% (v/v) trifluoroacetic acid (TFA) in 
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aq. dest. 

HPLC solution A (Method 3) 1% (v/v) acetonitrile, 0.2% (v/v) formic acid in aq. dest. 

4-Hydroxycyclohexanone solution 1 M 4-hydroxycyclohexanone in DMSO, methanol, 

isoprpanol 

Isopropylamine solution 50 mM HEPES, 500 mM isopropylamine, adjust pH to 7.5 

or 9.5 with 37% conc. HCl 

IPTG stock solution  1 M in aq. dest., sterile filtrated 

Kanamycin stock solution  100 mg·mL-1 in aq. dest., sterile filtrated 

KPi buffer (100 mM)  

 

3.94 g KH2PO4, 16.16 g K2HPO4· 3H2O in 1000 mL aq. 

dest., adjust pH to 7.5 

KPi buffer (100 mM), isopropylamine 

(500 mM) 

3.94 g KH2PO4, 16.16 g K2HPO4·3H2O, 500 mM 

isopropylamine in 1000 mL aq. dest.,  

adjust pH to 7.5 with 37% conc. HCl 

KPi buffer (125 mM) 1.4 g KH2PO4, 3.5 g K2HPO4·3H2O, 0.15 g MgSO4, in 1000 

mL aq. dest. 

adjust pH to 7.0 

KPi buffer (100 mM), isopropylamine 

(1 M)   

 

3.94 g KH2PO4, 16.16 g K2HPO4·3H2O, 1 M 

isopropylamine in 1000 mL aq. dest.,  

adjust pH to 7.5 / 8.5 or 10.0 with 37% conc. HCl 

LB-medium  

 

1% (w/v) peptone/tryptone, 1% (w/v) NaCl, 0.5% (w/v) 

yeast extract in aq. dest., autoclave at 120°C for 20 min 

Loading buffer for SDS-PAGE  

 

20% (w/v) glycine, 6% (w/v) 2-mercaptoethanol, 0.0025% 

bromophenol blue in Upper-TRIS buffer 

Lower-TRIS buffer for SDS-PAGE  18.2 g TRIS, 0.1 g SDS in 100 mL aq. dest., adj. pH to 8.8 

Methanol solution 30% (v/v) methanol in Mili-Q water 

Sodium bicarbonate solution 1 5% (w/v) NaHCO3 in aq. dest. 

Sodium bicarbonate solution 2 100 mM NaHCO3 in aq. dest. 

Sodium hydroxide solution 10 M NaOH in aq. dest. 

NaPi buffer (50 mM), pH 7.5  

 

2.9 g NaH2PO4, 4.1 g Na2HPO4·12H2O in 1000 mL aq. 

dest., adjust pH to 7.5 

NaPi buffer (50 mM), pH 7.0  2.7 g NaH2PO4, 8 g Na2HPO4·7H2O in 1000 mL aq. dest., 

adjust pH to 7.0 

NBD-Cl solution 0.05% (w/v) NBD-Cl in methanol 

Ninhydrin solution ninhydrin (1.5 g), acetic acid (5 mL), 95% ethanol (495 mL) 

OPA derivatization solution 0.08 g o-phtaldialdehyde, β-mercaptoethanol (0.02 mL), 

acetone (10 mL) 

Separation gel (12%) for SDS-PAGE  

 

3.33 mL acrylamide solution, 2 mL Lower-TRIS buffer, 

2.677 mL aq. dest., 40 μL APS, 4 μL TEMED; lower or 

higher concentrated SDS-PA gels were prepared by the 

use of the respective acrylamide amount 

Stacking gel (4%) for SDS-PAGE  

 

0.52 mL acrylamide solution, 1 mL Upper-TRIS buffer, 

2.47 mL aq. dest., 40 μL APS, 4 μL TEMED 

TB-medium  

 

24 g yeast extract, 12 g peptone/tryptone, 8 g glycerol in 

900 mL aq. dest., autoclave at 120°C for 20 min, add 100 
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mL 10x TB-salts 

Triethanolamine buffer 100 mM triethanolamine in aq. dest., adjust pH to 7.0 

Upper-TRIS buffer for SDS-PAGE  6 g TRIS, 0.1 g SDS in 100 mL aq. dest., adjust pH to 6.8 

Vanillin solution 1 g vanillin, conc. H2SO4 (10 mL), 95% ethanol (90 mL) 

 

Equipment 

 

Table 13. Used equipment. 

Equipment  Name Producer 

Balances  PCB350-3  

PCB2500-2 

Explorer E14130  

MC1 Analytic AC 120S 

Kern & Sohn GmbH (Belingen, Germany) 

 

Ohaus (Parsippany, USA)  

Sartorius (Göttingen, Germany) 

Centrifuges Biofuge pico  

Biofuge 400R 

Multifuge 3S-R 

Fresco 17 

Sprout-Minizentrifuge  

Thermo Fisher Scientific (Waltham, USA) 

 

 

 

BiozymScientific (Oldendorf, Germany) 

Cleanbench  HeraSafe KS15 Thermo Fisher Scientific (Waltham, USA) 

FPLC  

 

ÄKTApurifier GE Healthcare (Buckinghamshire, 

United Kingdom) 

Gas chromatography  

 

GC-2010(plus) incl. AOC-20i/s 

GCMS-QP2010 

Shimadzu (Duisburg, Germany) 

Shimadzu (Duisburg, Germany) 

Heating-/stirring plate  RCT basic IKA Labortechnik (Staufen, Germany) 

Homogenization  

 

FastPrep-24 MP  

Sonopuls HD/UW 2070 

Biomedicals, Inc. (Eschwege, Germany) 

Bandelin (Berlin, Germany) 

HPLC 1200 Series LC System 

UFLC LC-MS System 8030 

Agilent (Santa Clara, USA) 

Shimadzu (Duisburg, Germany) 

Incubation  

 

Incucell  

 

Unitron  

Multitron 

MMM Medcenter Einrichtungen 

GmbH (Gräfeling, Germany) 

HT Infors (Bibra, Germany) 

 

Orbital shaker  Polymax 1040 Heidolph (Schwabach, Germany) 

pH-meter  

 

pH211 Microprocessor Hanna Instruments (Kehl am Rhein, 

Germany) 

Photometer V-550  

Fluostar Optima  

UVmini-1240  

Jasco (Tokyo, Japan)  

bmg-Labtechnologies (Offenburg, 

Germany) 

Shimadzu (Duisburg, Germany) 

Power Supply for EPS EV231  Consort (Turnhout, Belgium) 
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Electrophoresis Standard Power Pack 25 Biometra (Göttingen, Germany) 

Protein 

electrophoresis 

Minigel-Twin 010-130 Biometra (Göttingen, Germany) 

Sterilization V-120 autoclave  

Laboklav  

Dry-Line oven  

Systec (Bergheim-Glessen, Germany) 

SHP Steriltechnik (Detzel, Germany) 

VWR International (Darmstadt, Germany) 

Thermoshaker  Thermomixer comfort Eppendorf (Hamburg, Germany) 

UV table  Transilluminators UV-Start Biometra (Göttingen, Germany) 

Vortex  Vortex-Genie 2 Scientific Industries (Bohemia, USA) 

Water bath Haake  D8/G Fissons (Karlsruhe, Germany) 

 

6.2. Analytics 

 
6.2.1. Thin-layer chromatography 

 

Method 1. Alumina sheet silica gel plates (Fluka 60 F254) and the mobile phase: 

cyclohexane:ethyl acetate = 1:1 were used for TLC (2 μL per spot). The compounds, namely 

diketone 2, hydroxyketone 3, diol 5, were visualized by treatment with a phosphomolybdic 

acid staining solution (CER solution) followed by heating.  

Method 2. Visualization of diamine 6 and amino alcohol 1 was conducted via 

derivatizaion with 4-chloro-7-nitrobenzo-2-oxa-1,3-diazol (NBD-Cl) and subsequent 

irradiation with UV light (366 nm). NBD-Cl derivatization of amino alcohols and diamines was 

done as described in the section Method 1 of high-performance liquid chromatography 

(HPLC) analysis. Samples were concentrated till the volume 100 μL by nitrogen purge and 

applied for TLC analysis (5 μL per spot). Alumina sheet silica gel plates (Fluka 60 F254) and 

the mobile phase: cyclohexane:ethyl acetate = 1:1 were used for TLC. Observation of NBD-

Cl derivatives was done under UV, 366 nm. 

Method 3. Polyethylene terephthalate (PET) sheet aluminium oxide plates (Fluka 

71532) and the mobile phases: n-buthanol:acetic acid:water = 4:1:1, 

chloroform:methanol:acetic acid = 6:1:0.5 were used for TLC (5 μL per spot). Visualization of 

aminoketone 4 was conducted via the treatment with a solution containing vanillin (1 g), 

conc. H2SO4 (10 mL), 95% ethanol (90 mL), followed by heating. 

Method 4. PET sheet aluminium oxide plates (Fluka 71532) and the mobile phases: 

n-buthanol:acetic acid:water = 4:1:1, chloroform:methanol:acetic acid = 6:1:0.5 were used for 

TLC (5 μL per spot). Visualization of diamine 6 and amino alcohol 1 was conducted via the 

treatment with ninhydrin solution followed by heating. 

Method 5. PET sheet aluminium oxide plates (Fluka 71532) and the mobile phases: 

n-buthanol:acetic acid:water = 4:1:1, chloroform:methanol:acetic acid = 6:1:0.5 were used for 
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TLC (5 μL per spot). Visualization of diamine 6 and amino alcohol 1 was conducted via the 

treatment with a Dragendorff’s reagent solution followed by heating. 

Method 6. PET sheet aluminium oxide plates (Fluka 71532) and the mobile phases: 

n-buthanol:acetic acid:water = 4:1:1, chloroform:methanol:acetic acid = 6:1:0.5 were used for 

TLC (5 μL per spot). Visualization of diamine 6 and amino alcohol 1 was conducted via the 

treatment with an Ehrlich’s reagent solution followed by heating. 

Method 7. PET sheet aluminium oxide plates (Fluka 71532) and the mobile phases: 

n-buthanol:acetic acid:water = 4:1:1, chloroform:methanol:acetic acid = 6:1:0.5 were used for 

TLC (5 μL per spot). Visualization of diamine 6 and amino alcohol 1 was conducted via the 

treatment, at first, with a 2,4-dinitrofluorobenzene solution followed by heating at 40-45°C. 

Method 8. Visualization of diamine 6 and amino alcohol 1 was conducted via the 

derivatizaion with o-phtaldialdehyde (OPA) and observation under UV, 254 nm, or 

subsequent treatment with the CER solution followed by heating. OPA derivatization solution 

contained OPA (0.008 g), β-mercaptoethanol (0.002 mL), acetone (1 mL). Derivatization of 

amino alcohols and diamines was performed according to the following procedure: the 

reaction mixture contained 0.3 mL of the OPA reagent, 0.1 mL of the compound solution, 0.5 

mL of 100 mM Na2B4O7 ·10H2O solution (pH 10.0). The reactions were incubated 30 min at 

25°C or 37°C. Samples were applied for TLC analysis (5 μL per spot). Alumina sheet silica 

gel plates (Fluka 60 F254) and the mobile phase: cyclohexane:ethyl acetate = 1:1, 

chloroform:methanol = 6:1 containing 2% triethylamine were used for TLC.  

 

6.2.2. Gas chromatography / (mass spectroscopy) 

 

Gas chromatography / mass spectroscopy (GC/MS) Method 1 with a column BPX5 

was applied as an attempt for the separation of diketone 2, hydroxyketone 3 and diol 5, cis-1 

and trans-1 during ketoreduction reactions. GC/MS Method 2 with a chiral cyclodextrin 

column was applied to determine concentration of hydroxyketone 3, diketone 2 and diol 5 

during ketoreduction reactions. Alternatively, analysis was performed with Method 3 using a 

Chirasil-DeX CB column applying gas chromatography (GC) with a flame ionization detector 

(FID) detector (Figure 6). Method 4 applying the Chirasil-DeX CB column applying GC with 

FID detector (Figure 46) was used to determine cis:trans ratios of the Boc-derivatized amino 

alcohols. 

Method 1. GC/MS analysis was conducted with a Shimadzu GC2010 GC coupled to 

a QP2010 MS device with helium as carrier gas using a BPX5 column (25 m, 0.25 mm, 0.25 

μm) 5% phenyl polysilphenylene-siloxane. 
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The aqueous samples (200 μL) were saturated with solid NaCl and extracted with 

ethyl acetate (80 μL) five times, the phases were separated by centrifugation (17000 g, 2 

min), dried with sodium sulfate and subjected to analysis. 

Temperature profile: hold 15 min at 80°C, increase temperature 80°C to 180°C with a 

rate of 25°C/min, then hold 3.4 min at 180°C; injector: 250°C, total flow 14.7 mL/min, column 

flow 1.06 mL/min, linear velocity 41.6 cm/s, p = 55.4 kPa, FID: 220°C, H2 flow 40 mL/min. 

MS parameters: ion source temperature 250°C, interface temperature 310°C.  

Method 2. GC/MS analysis was conducted with a Shimadzu GC2010 GC coupled to 

a QP2010 MS device with helium as carrier gas using a HYDRODEX β-TBDAc column (25 

m, 0.25 mm, 0.25 μm) heptakis-(2,3-di-O-acetyl-6-O-t-butyldimethylsilyl)-β-cyclodextrin). 

The aqueous samples (200 μL) were saturated with solid NaCl and extracted with 

ethyl acetate (80 μL) five times, the phases were separated by centrifugation (17000 g, 2 

min), dried with sodium sulfate and subjected to analysis. In order to increase precision of 

diol 5 detection and to avoid its accumulation in the injection syringe, washing with ethyl 

acetate was performed after the analysis of each 6-10 samples, and residual diol content 

was analyzed in the blank sample. 

Temperature profile: increase temperature 65°C to 80°C with a rate of 5°C/min, then 

increase temperature to 170°C with a rate of 20°C/min, hold 2.5 min at 170°C, then increase 

temperature to 190°C with a rate of 2°C/min and hold at this temperature 10 min; injector: 

220°C, total flow 63.4 mL/min, column flow 1.95 mL/min, linear velocity 54.9 cm/s, p = 69.6 

kPa, FID: 220°C, H2 flow 40 mL/min. MS parameters: ion source temperature 220°C, 

interface temperature 220°C. 

Method 3. GC analysis was conducted with a Shimadzu GC 2010 Plus device with 

hydrogen as carrier gas using a CP Chirasil-DeX CB (25 m, 0.25 mm, 0.25 µm). 

The aqueous samples (200 μL) were withdrawn, diketone 2, diol 5, and 

hydroxyketone 3 were extracted with ethyl acetate (80 μL) five times, after adding NaCl to 

saturate the solution. The phases were separated by centrifugation (17000 g, 2 minutes), 

dried with sodium sulfate and subjected to analysis. In order to increase precision of diol 5 

detection and to avoid its accumulation in the injection syringe, column washing with ethyl 

acetate was performed after the analysis of each 6-10 samples. 

Temperature profile: increase temperature 65°C to 80°C with a rate of 5°C/min, then 

increase temperature to 170°C with a rate of 10°C/min, hold 2.5 min at 170°C, then increase 

temperature to 180°C with a rate of 20°C/min, hold 5 min at 180°C; injector: 220°C, total flow 

55.0 mL/min, column flow 1.4 mL/min, linear velocity 42.3 cm/s, p = 53.2 kPa, FID: 300°C, 

H2 flow 40.0 mL/min.  
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Figure 53. Calibration curves for diketone 2, hydroxyketone 3 and rac-diol 5 in a concentration range 
of 0.5 – 20 mM. 1-methylcyclohexanol is used as an internal standard, added in 10 mM concentration 
to the extracting solvent. [PAC/PAIS] – peak area of the analysed compound divided by the peak area 
of the internal standard, [mM] – concentration. 
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Figure 54. The calibration curves for diketone 2, hydroxyketone 3 and rac-diol 5 (1 – 11.5, 2 – 11.6 
min) for 0.25 – 10 mM concentration range. Samples were processed in the same conditions as after 
the biocatalytic reactions: NaCl was added at first, then samples were extracted five times with ethyl 
acetate, resulting in dilution in two times after the extraction. 1-methylcyclohexanol is an internal 
standard, added in 1 mM concentration to the extracting solvent. [PAC/PAIS] – a peak area of the 
analysed compound (PAC) divided by the peak area of the internal standard (PAIS), [mM] – 
concentration. 
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Method 4. GC analysis was conducted with a Shimadzu GC 2010 Plus device with 

hydrogen as carrier gas using a CP Chirasil-DeX CB (25 m, 0.25 mm, 0.25 µm). 

Method 4.1. Cis-1 and trans-1 (commercially synthesized reference compounds) 

were dissolved in methanol and subjected to analysis. 

Method 4.2. Derivatization of amino alcohols was performed according to the 

following procedure. 200 μL of toluene containing 0.05 M triethylamine were added to the 

dry samples. Then 50 μL trifluoroacetic anhydride (TFAA) was added to the samples, and 

they were mixed well. The samples were heated for 5 minutes at 45°C and then cooled to 

room temperature. 400 μL 5% (w/v) sodium bicarbonate solution was added to the samples. 

The last ones were mixed by vortexing until the top layer was clear. After the centrifugation 

an organic layer was taken out. The samples were dried with sodium sulfate and applied for 

the analysis. 

Temperature profile: hold 20 min at 120°C, increase temperature to 180°C with a rate 

of 10°C/min, injector: 120°C, total flow 22.5 mL/min, column flow 1.06 mL/min, linear velocity 

37.3 cm/s, p = 52.1 kPa, FID: 275°C, H2 flow 40 mL/min. 

Method 5. GC analysis was conducted with a Shimadzu GC 2010 Plus device with 

hydrogen as carrier gas using a CP Chirasil-DeX CB (25 m, 0.25 mm, 0.25 µm). 

Method 5.1. Cis-1 and trans-1 (commercially synthesized reference compounds) 

were dissolved in 50 mM HEPES buffer, pH 7.5. Solution pH was increased to 10.0 with 

triethylamine. 1.5 Equiv of di-tert-butyl dicarbonate were added to start the reaction. 

Samples were taken after 5, 15, 30, 60 min of the reaction, extracted with ethyl acetate two 

times, dried with magnesium sulfate and applied for the analysis. 

Method 5.2. After the purification by column chromatography and vacuum drying, the 

Boc-protected derivatives of cis-1 and trans-1 were dissolved in ethyl acetate and subjected 

to analysis.  

Temperature profile: hold 20 min at 120°C, then increase temperature to 180°C with 

a rate of 10°C/min, hold 15 min at 180°C; injector: 250°C, total flow 22.5 mL/min, column 

flow 1.06 mL/min, linear velocity 37.3 cm/s, p = 52.1 kPa, FID: 275°C, H2 flow 40.0 mL/min.  
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Figure 55. Separation of di-tert-butyl dicarbonate ((Boc)2O) (6.8 min), cis-4-(Boc-amino)cyclohexanol 
(31.9 min), trans-4-(Boc-amino)cyclohexanol (32.1 min) according to the GC Method 3. R – Boc-
moiety. 

 

6.2.3. High-performance liquid chromatography (HPLC) 

 

To determine cis-1 and trans-1 concentration during the screening experiments 

HPLC Method 1 was used. To determine the concentration of amino alcohols during the 

optimization and preparative scale experiments HPLC Method 3 was applied. Cis:trans ratio 

(%) was calculated according to the determined concentrations. 

Method 1. HPLC analysis was performed with an Agilent chromatographic system 

Technologies 1200 Series using a reversed phase column (Zorbax Eclipse XDB-C18, RR, 

1.8 μm, 4.6 x 50 mm, Agilent) and a UV detector at 480 nm (HPLC Method 1). 

Method 1 was employed for detection of concentration of cis-1 and trans-1. NBD-Cl 

derivatization of the aqueous reaction samples was done according to the developed 

protocol by Klimisch H.-J. and co-workers.110 Reaction mixture contained 25 μL of the 

aqueous sample, 200 μL of 0.05% (w/v) NBD-Cl solution in methanol, 5 μL of 0.1 M NaHCO3 

solution. The formation of hydrogen chloride during the reaction made alkaline conditions 

necessary, that’s why, the reaction was conducted with an addition of 0.1 M NaHCO3 

aqueous solution.110 Reaction conditions: dark, 55°C, 1.5 hours, mixing at 600 (250) rpm. It 

was performed in the dark, because the NBD-Cl derivatization reagent and derivatives are 

light sensitive. After the derivatization the samples were acidified with 200 μL of 0.1 M HCl 

aqueous solution and extracted two times with a volume of 0.5 mL dichloromethane, 

(Boc)2O 
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evaporated until dryness, dissolved in 50 μl of methanol and subjected to HPLC analysis 

(Method 1).  

Method 2. HPLC analysis was performed either with a Shimadzu UFLC liquid 

chromatograph mass spectrometer system liquid chromatography-mass spectrometry (LC-

MS) 8030 using a reversed phase column (Zorbax SB-C18, RR HT, 1.8 μm, 4.6 x 50 mm, 

Agilent) and a UV detector at 480 nm (HPLC Method 2). 

Method 2 was employed for detection of concentration of cis-1 and trans-1 (Figure 

48, 49). Reaction samples should be prepared for the analysis employing one of the two 

following protocols in order to avoid protein deivatization by NBD-Cl.113,114,115  

 

 

 

 

 

 

 

 

Figure 56. Separation of cis-1 and trans-1 derivatized by 4-chloro-7-nitrobenzo-2-oxa-1,3-diazol: 3.2 
min – derivatized trans-1, 3.7 min - derivatized cis-1, 5.9 min – derivatized isopropylamine. 

 

Protocol 1. Reaction samples (20 µL each one) were diluted 10 times with 180 µL of 

50 mM HEPES buffer, pH 7.5, and employed directly for NBD-Cl derivatization as described 

in the section Method 2.  

Protocol 2. Reaction samples (60 µL each one) were quenched with 180 µL of 30% 

methanol solution in Mili-Q water and centrifuged (17000 g, 5 min.). Then 180 µL of Mili-Q 

water was added to the samples. Then they were applied on Amicon® Ultra-0.5 3K 

centrifugal filter columns and centrifuged (7245 g, 30 min.) to remove remaining proteins in 

the samples. NBD-Cl derivatization of the aqueous filtrates of the reaction samples was 

done as described in the section Method 1. 

Isopropylamine – 

derivative Cis- derivative  

Trans- derivative  
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A  

 

B  

 

Figure 57. Calibration curves for cis-1 and trans-1 NBD-Cl derivatives for the final product 
quantification for 0.01 – 4 mM (A), 0.01 – 7 mM (B) concentration range: A – applying 50 mM HEPES 
buffer, pH 9.5, containing 0.5 M isopropylamine, 1 mM PLP; B – applying 100 mM potassium 
phosphate buffer, pH 7.5, containing 0.5 M isopropylamine, 1 mM PLP. Calibration curves were 
prepared using the same procedure as for the reaction samples. [PA] – peak area of the analysed 
compound, [mM] – concentration. 
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HPLC analysis was performed using the following solutions as mobile phase: solution 

A - 1% (v/v) acetonitrile, 0.2% (v/v) formic acid in water, solution B – acetonitrile applying the 

following program: 

Time (min) Solution A (%) Solution B (%) 

0 80 20 
10 50 50 
10.5 0 100 
13.5 0 100 
14 80 20 
18 80 20 

 

Analysis time was 18 min., at a flow rate of 1 mL/min, 40°C. Detection and spectral 

characterization of peaks (UV absorption maxima (Photodiode Array Detector SPD-M20A) at 

480 nm) were performed with a diode array detector and Labsolutions Version 5.85 software 

(Shimadzu). 

 
6.2.4. Proton nuclear magnetic resonance (H-NMR) analysis 

 

Method 1. Cis-1 and trans-1 (commercially synthesized reference compounds) were 

dissolved in D2O or CD3OD, 1 equiv of triethylamine was added. 1.5 Equiv of di-tert-butyl 

dicarbonate were added to start the reaction. NMR spectra were recorded from samples 

after 90 min of the reaction. 

Method 2. NMR spectra were recorded from samples dissolved in CD3OD containing 

TMS as internal standard.  

All chemical shifts are reported in ppm. 300 MHz spectra were obtained on a Bruker 

ARX300 spectrometer. 

 

6.3. Microbiological methods 

 

Strain maintenance 

 

All strains were maintained on agar plates containing the respective antibiotic as 

selection marker and stored at 4°C for up to two months. For longer storage glycerol stocks 

were prepared containing 30% glycerol and the desired cells from a pre-culture. These were 

stored at -80°C. 
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Cultivation and expression conditions in the deep-well blocks 

 

Expression and isolation of wild-type and mutated amine transaminases in deep-well 

blocks was carried out as described previously by Weiss M. and co-workers.185 Final IPTG 

concentration was 0.2 mM for mutated ATA variants. 

 

Cultivation and expression conditions 

 

Expression and isolation of the Ruegeria sp. TM1040 amine transaminase 3FCR 

Y59L Y87F Y152F T231A (ATA-3FCR-4M) was carried out as described previously by 

Weiss M. and co-workers.186 Site-saturation mutagenesis to obtain the variant was 

performed previously by Weiss M. and co-workers.186 Expression and isolation of the 

Lactobacillus kefir alcohol dehydrogenase (LK-KRED) was carried out as described 

previously.187 All enzymes (Table 10) were expressed as described previously.188,189,190 

  

6.4. Biochemical methods 

 

Protein quantification 

 

The protein concentration of ATA-3FCR-4M and LK-KRED was measured by the BC 

Assay (Pierce) according to manufacturer’s instructions. The assay was carried out in 96-

well microtiter plates. One well contained 25 μL of a BSA-standard or sample and 200 μL BC 

Assay working reagent (previously prepared as described in kit manual). The plates were 

then incubated for 30 min at 37°C. Subsequently, after cooling to room temperature the 

absorbance at 562 nm was determined. All measurements were conducted in triplicates. 

 

Protein purification via His-tag 

 

Purification of the ATA-3FCR-4M was carried out as described previously by Weiss 

M. and co-workers.186 It was performed applying a AKTA FPLC system and a hand-packed 

column system. All enzymes (Table 10) were expressed and purified as described 

previously.188,189,190 Amine transaminases (ATA) (Table 10, entries 1, 2, 6, 10, 11) were 

purified according to the Method 2. Amine transaminases (Table 10, entries 3-5, 7-9) were 

purified according to the Method 3. 

Method 1. Proteins were purified using a HisTrap HP column (5 mL column volume 

(CV), GE Healthcare, Buckinghamshire, UK) attached to the AKTA FPLC system. The 
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column was equilibrated prior to sample application with three CVs of a buffer B. 

Subsequently, the sample was loaded with a flow of 2.5 mL・min-1
 and the column was 

washed with three CVs of the buffer B and a flow of 5 mL・min-1. The bound protein was 

eluted with three CVs of 100% buffer C and the same flow. Fractions of 1 mL were collected 

automatically by the autosampler.  

Method 2/3. Proteins were purified using the hand-packed column (2 mL column 

volume (CV), Roti®garose-His/Co Beads, Carl Roth, Karlsruhe, Germany) by the gravity 

flow. The column was equilibrated prior to sample application with three CVs of the buffer B 

(D). Subsequently, the sample was loaded and the column was incubated 60 min on ice at 

+4°C and subsequently washed with three CVs of the buffer B (D). The bound protein was 

eluted with four CVs of the buffer C (E). Fractions of 2 mL were collected. 

 
Table 14. Purified amine transaminases applied in the quantitative screening with isopropylamine and 
D,L-alanine as amino donors 

Entry Origin organism Enzyme name 

1 Vibrio fluvialis JS17 L56V 

2 Ruegeria sp. TM1040 3FCR 

3 Ruegeria sp. TM1040 3FCR T231A R420A 

4 Ruegeria sp. TM1040 3FCR Y59F R420A 

5 Ruegeria sp. TM1040 3FCR T231A 

6 Ruegeria pomeroyi 3HMU 

7 Ruegeria pomeroyi 3HMU W63Y 

8 Ruegeria pomeroyi 3HMU V419M 

9 Ruegeria pomeroyi 3HMU F92Y 

10 Chromobacterium violaceum CVi 

11 Arthrobacter sp. KNK168 (V306I) ATA-117 

 

For further applications, the purified proteins had to be desalted, because imidazole often is 

interfering with other reagents. 

 

Desalting 

 

Desalting of purified proteins was done using the PD-10 Desalting Columns (GE 

Healthcare, Buckinghamshire, UK). The procedure was carried out in accordance with the 

supplied manual by hand using the gravity protocol. Desalting buffer was 50 mM HEPES, 

0.1 mM PLP, pH 7.5. 
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Concentration 

 

Desalting of purified proteins was done using the Vivaspin 20 (MWCO 10 kDa) 

Columns (Sartorius, Göttingen, Germany). The procedure was carried out in accordance 

with the supplied manual by hand using the centrifugation protocol. 

 

Protein dialysis 

 

Protein dialysis of LK-KRED and ATA-3FCR-4M was conducted only for the 

experiments concerning the HPLC method improvement. Protein dialysis was performed 

applying Carl Roth™ Regenerated Cellulose Dialysis Tubes Membrane (14kDa MWCO) 

according to manufacturer’s instructions. 

 

SDS-PAGE 

 

Enzyme expression levels and purification performance were analyzed by 

denaturating sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). 

Therefore, 5 μL of loading buffer were added to 20 μL sample and subsequently heated to 

95°C for 10 min. The centrifuged samples (1 min, 16000 g) and a protein marker were 

loaded on the polyacrylamide gel and electrophoresis was performed at 25 mA per gel and 

160 - 180 V. The separation was stopped when the samples reached the lower end of the 

gel after approx. 1 h. The gels were stained in the two following methods. 

Method 1. The gels were stained with Coomassie brilliant blue G250 overnight. 

Afterwards, the gels were rinsed with aq. dest. and incubated in destaining solution until 

clear blue protein bands were visible.  

Method 2. The gels were stained with InstantBlue™ Protein Stain (Expedeon Inc., 

San Diego, USA) for approx. 1 h. Afterwards, the gels were rinsed with aq. dest. until light 

blue background.  

As marker PageRuler Unstained Protein Ladder (Thermo Fisher Scientific, Waltham, 

USA) was used. 

 

NADPH Assay 

 

The direct kinetic NAD(P)H assay confirmed that LK-KRED was active.187 The activity 

of crude cell extract was determined in the microtiter plates and cuvettes. 

One cuvette contained 950 μL of the reaction solution containing 50 mM NaPi or 

HEPES buffer (pH 7.0 or 7.5), 50 mM substrate 2, NADPH (0.4 mM final concentration) and 
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50 μL diluted crude cell extract. In the microtiter plates the reaction volume was 200 μL and 

contained the reaction stock solution of 50 mM NaPi or HEPES buffer (pH 7.0 or 7.5), 

substrate 2 (50 mM final concentration), NADPH (0.4 mM final concentration) and 100 μL 

diluted crude cell extract. The activity was determined by observation of absorbance 

decrease by NADPH consumption at 340 nm, during 2 min. All measurements were 

conducted in triplicates. The following control reactions were performed: 1) a sample 

containing NADPH solution in the reaction buffer and enzyme solution; 2) a sample 

containing NADPH solution in the reaction buffer; 3) a sample containing reaction buffer and 

enzyme solution. 

Enzyme activity calculation. The slope of the standard curve of NADPH (Δabs/Δc = 

molar absorption coefficient, c – concentration of NADPH solution) was determined. The 

blank value (a sample containing NADPH solution in the reaction buffer and enzyme 

solution) (Δabs/Δt)blank (NADPH consumption) had to be subtracted from the change of 

absorption (Δabs/Δt) of the enzyme reactions. Then the activity was calculated according to 

the following equation: Activity (Units/mL) = (absorption/min*assay volume*dilution 

factor)/(absorption coefficient*path length*enzyme volume), where path length is 0.5 cm for 

microtiter plates, 1 cm for cuvettes. Definition: 1 Unit is equal to the conversion of 1 μmol 

substrate per minute.191 Specific activity (Units/mgtotal protein) was calculated using the protein 

content (mg/mL) determined by BC Assay. 

 

Acetophenone assay 

 

The acetophenone assay confirmed that all transaminases were active.192 The 

activity of a crude cell extract was determined in the UV microtiter plates. The reaction 

volume was 200 μL and contained the reaction stock solution of 50 mM HEPES buffer (pH 

7.5 or 9.5), substrate racemic methylbenzylamine (1.25 mM final concentration), pyruvate 

(1.25 mM final concentration), DMSO (1.66% v/v final concentration) and 100 μL diluted 

crude cell extract or purified enzyme. The activity was determined by observation of 

absorbance increase by methylbenzylamine conversion to acetophenone at 245 nm, 30°C, 

during 7 min. All measurements were conducted in triplicates. The following control reactions 

were performed: 1) a sample containing pyruvate solution in the reaction buffer and enzyme 

solution; 2) a sample containing substrate solution in the reaction buffer; 3) a sample 

containing reaction buffer and enzyme solution. 

Enzyme activity calculation. The slope of the standard curve of acetophenone 

(Δabs/Δc = molar absorption coefficient, c – concentration of acetophenone solution) was 

determined. The activity was calculated according to the following equation: Activity 

(Units/mL) = (absorption/min*assay volume*dilution factor)/(absorption coefficient*path 
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length*enzyme volume), where path length is 0.5 cm for microtiter plates, 1 cm for cuvettes. 

Definition: 1 Unit is equal to the conversion of 1 μmol substrate per minute.191 Specific 

activity (Units/mgtotal protein) was calculated using the protein content (mg/mL) determined by 

BC Assay. 

 

6.5. Enzyme and catalyst screening procedures 

 

6.5.1. Screening of amine transaminases 

 

The Greifswald University collection of 82 ATAs (wild type ATAs and variants) and 

Codexis® Transaminase Screening kit of 28 enzymes were employed in a qualitative 

screening towards conversion of hydroxyketone 3 (qualitative detection via NBD-Cl 

derivatization and analysis via TLC Method 2 or HPLC Method 1). Enzymes were expressed 

and isolated as described previously.188,189,190,193 

Each reaction had a total volume of 1 mL or 0.5 mL in a 1.5 mL Eppendorf tube / 1.5 

mL glass vials. The reactions were running 24 hours in 30°C and darkness with the shaking 

at 600 or 250 rpm, and reaction products were analysed by TLC with NBD-Cl derivatizaion 

and HPLC Method 2, remaining substrate was analysed with GC/MS Method 2, GC Method 

3. 

 

Qualitative screening procedures 

 

Qualitative screening of wild-type and mutated transaminases with isopropylamine as 

amine donor. The reactions were performed in 0.5 mL volume in 1.5 mL Eppendorf tubes in 

50 mM HEPES buffer, pH 7.5, containing 500 mM isopropylamine, 10 mM hydroxyketone 3, 

0.1 mM PLP, at 30°C, 600 rpm, 76 hours. 200 μL of cell crude lysate was applied for each 

reaction. 

Qualitative screening of wild-type transaminases with D,L-alanine as amine donor. 

Reactions were performed in 0.5 ml volume in 1.5 ml Eppendorf tubes containing 90 U/mL 

lactate dehydrogenase, 15 U/mL glucose dehydrogenase, 250 mM D,L-alanine, 150 mM D-

glucose, 1 mM NADH, 0.1 mM PLP and 20 mM hydroxyketone 3 in 100 mM CHES buffer pH 

9.5, at 30°C and 600 rpm for 76 hours.186 200 μL of cell crude lysate was applied for each 

reaction. 

Qualitative screening with D,L-alanine for mutated transaminases of Vibrio fluvialis 

(L56A, L56I, L56V, L56W, L56Y, L56F). Reactions were performed in 0.5 mL volume in 1.5 

mL Eppendorf tubes containing 90 U/mL lactate dehydrogenase, 15 U/mL glucose 

dehydrogenase, 250 mM D,L-alanine, 150 mM D-glucose, 1 mM NADH, 0.1 mM PLP and 10 
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mM hydroxyketone 3 in 50 mM HEPES buffer pH 7.5, at 30°C and 600 rpm, 76 hours.189,190 

200 μL of cell crude lysate containing the expressed transaminase was applied for each 

reaction. 

Qualitative screening with D,L-alanine for mutated transaminases. Reactions were 

performed in 0.5 mL volume in 1.5 mL Eppendorf tubes containing 200 mM D,L-alanine, 1 

mM D-glucose, 10 mM hydroxyketone 3, 1.1 mM NADH, 0.9 U/ml of GDH, 0.15 U/ml of LDH, 

0.1 mM PLP in 50 mM HEPES, pH 7.5 at 30°C, 600 rpm, 76 hours. 

 

Quantitative screening procedures 

 

For all reactions 1 M solution of the substrate is prepared in DMSO, and then 20 μL 

is added to 1 mL of the reaction solution containing all other reactants to initiate the reaction. 

Substrate and product concentrations were determined using GC Method 3 and HPLC 

Method 1 after NBD-Cl derivatization. After the derivatization reaction samples were 

centrifuged (17000 g, 1 minute) to remove any precipitate and 150 μL was transferred 

directly to the HPLC vial.   

Quantitative screening with isopropylamine and D,L-alanine for the selected wild-type 

and mutated ATAs. All enzymes were expressed and purified as described 

previously.188,189,190 Protein concentration was determined by Pierce Assay according to 

manufacturer’s instructions. Proteins were desalted using GE Healthcare PD-10 columns 

applying 50 mM HEPES buffer (pH 7.5) according to manufacturer’s instructions. 

All reactions are performed in 1 mL volume in 1.5 mL glass vials containing 0.2-0.55 

mg/mL purified ATA enzyme, 500 mM isopropylamine, 20 mM hydroxyketone 3, 2% (v/v) 

DMSO, 0.1 mM PLP in 50 mM HEPES buffer, pH 7.5, 30°C, 250 rpm, 24 hours. Reactions 

with D,L-alanine were performed in 1.0 mL volume in 1.5 mL glass vials containing 0.2-0.55 

mg/mL purified ATA enzyme, 90 U/mL lactate dehydrogenase, 15 U/mL glucose 

dehydrogenase, 250 mM D,L-alanine, 150 mM D-glucose, 1 mM NADH, 0.1 mM PLP, 20 mM 

hydroxy ketone substrate, 2% (v/v) DMSO in 50 mM HEPES buffer pH 7.5 at 30°C and 250 

rpm, 24 hours.  

Screening of transaminases from Codexis® with isopropylamine as amine donor. 

The reactions were performed according to manufacturer instructions, namely in 0.5 mL 

volume in 1.5 mL Eppendorf tubes in 100 mM potassium phosphate buffer, pH 7.5, 

containing 1 M isopropylamine, 20 mM hydroxyketone 3, 1 mM PLP, 2% (v/v) DMSO at 

30°C, 250 rpm, 24 hours. 4 mg/mL of cell lyophilizate was applied for each reaction.  

Quantitative screening of mutated transaminases designed for bulky substrates 

(3FCR Y59W Y87F Y152F T231A, 3FCR Y59L Y87F Y152F T231A, Vfl L56V W57F F85V, 

Vfl L56V W57C V153A, Vfl L56V W57C F85V V153A) with isopropylamine as amino donor. 
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Reactions were performed containing 500 µL ATA cell lysate in the same conditions as with 

the selected wild-type and mutated ATAs.  

Quantitative screening of mutated transaminases designed for bulky substrates 

(3FCR Y59W Y87F Y152F T231A, 3FCR Y59L Y87F Y152F T231A) with D,L-alanine as 

amino donor. Reactions were performed in 1.0 mL volume in 1.5 mL glass vials containing 

500 µL ATA cell lysate, 5 μL/mL lactate dehydrogenase, 0.05 mg/mL glucose 

dehydrogenase, 200 mM D,L-alanine, 25 mM D-glucose, 5 mM NADH, 1 mM PLP and 20 

mM hydroxyketone 3, 2% (v/v) DMSO in 50 mM HEPES buffer pH 7.5 at 30°C and 250 rpm, 

24 hours. 

Quantitative screening of mutated transaminases designed for bulky substrates (Vfl 

L56V W57F F85V, Vfl L56V W57C V153A, Vfl L56V W57C F85V V153A) with D,L-alanine as 

amino donor. Reactions were performed in the same conditions as with mutated 

transaminases designed for bulky substrates, but containing 90 U/mL lactate 

dehydrogenase, 15 U/mL glucose dehydrogenase, 220 mM D-glucose, 2 mM NADH, 0.1 mM 

PLP. The solutions were sealed and shaken at 30°C and 250 rpm, 24 hours. 

 

6.5.2. Screening of ketoreductases 

  

A screening of 24 ketoreductases (KRED) from Codexis® and 4 alcohol 

dehydrogenases (ADHs) of the lab collection was performed using photometric NAD(P)H-

assay using diketone 2, hydroxyketone 3, and aminoketone 4 as substrates. The assay was 

performed in the following conditions: 100 mM phosphate or triethanolamine buffer, pH 7.0, 

5-20 mM substrate, 0.2-0.4 mM NAD(P)H. The concentration of lyophilized KREDs was 0.1 

mg/mL, and 5-50 μL of ADH cell lysate was applied in the assay. The total assay volume 

was 200 μL. The measurements were done at 25°C, 2 min with the interval 20 sec at 340 

nm. 

Suitable enzymes identified from the photometric screening were employed in the 

biocatalytic reactions with the following conditions: 50 mM diketone 2/ racemic diol 5, 1.0 

mM NAD(P)+, 0.76% (v/v) (100 mM) isopropanol, 50 mM sodium phosphate buffer, pH 7.0 

(125 mM potassium phosphate buffer, 1,25 mM magnesium sulfate, pH 7.0), 30°C, 700 rpm, 

12 h. Substrate, product and by-product concentrations were determined using the GC/MS 

Method 2. 

 

6.5.3. Screening of laccases 

 

All reactions were performed in 1.0 mL volume in 1.5 mL glass vials containing 40 

mM racemic diol 5 substrate, 10%(v/v) acetonitrile, 58 mM TEMPO, laccase (T. versicolor 
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(1.84 U), C. versicolor (0.6 U), A. bisporus (8 U), R. vernicifiera (100 U)) 2 mg/mL in 50 mM 

citrate buffer (pH 5.0), at RT and 250 rpm, 24 hours as described previously.194 The reaction 

substrate and products were detected qualitatively by TLC Method 1 with the staining with 

CER solution. 

 

6.5.4. Screening of catalysts 

 

All reactions were performed in 0.7 mL volume in 1.5 mL glass vials containing 172 

mM racemic diol 5, 1.5 mM AZADO, 25% organic solvents, in 0.4 M NaOCl aqueous solution 

containing 119 mM NaHCO3 or KBr at RT, 250 rpm, 1 hour. The reactions were investigated 

with 1.5-7.5 mM AZADO and the following organic solvents: acetonitrile, ethanol, 

tetrahydrofuran, acetone. The reaction substrate and products were detected qualitatively by 

TLC Method 1 after treatment with CER solution, by-products were not observed for all 

reaction conditions.  

 

6.6. Biocatalysis reactions 

 

6.6.1. Biocatalysis reactions on the analytical scale 

 

All biocatalytic reactions on an analytical scale were performed with a final volume of 

1 mL with DMSO (in transamination reactions) and isopropanol (in reduction reactions) as 

co-solvents in glass vials at 30°C with shaking at 600 rpm, 24 h. 

Transaminations employing the mutated ATAs from the university collection. 

Biocatalysis employing ATA-3FCR-4M and 3HMU W63Y mutants was performed with 500 

mM isopropylamine as amine donor in 50 mM HEPES buffer or 100 mM CHES buffer (pH 

7.5-9.5). Reactions with 20 mM amino acceptor 3, 2% (v/v) DMSO, 0.1 mM PLP, 3.75 

mg/mL ATA cell lysate concentration were carried out. 

Transaminations employing Codexis ATAs. Reactions with ATA-113 and -234 from 

Codexis® were performed at 30°C in 100 mM potassium phosphate buffer (pH 7.5-10) 

containing 0.1 mM PLP and 1 M isopropylamine. After addition of lyophilized enzyme (4 

mg/mL) a stock solution of the amino acceptor was added to adjust the final concentration to 

20 mM of substrate 3 and 2-10% (v/v) DMSO.  

Reactions with ATA-113 and -234 from Codexis® were performed at 30°C in 100 mM 

potassium phosphate buffer (pH 7.5) containing 0.1 mM PLP and 1 M isopropylamine. After 

addition of lyophilized enzyme (4 mg/mL) a stock solution of the amino acceptor was added 

to adjust the final concentrations to 20 mM or 50 mM of substrate 3 and 5%,10% (v/v) 
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isopropanol or methanol at temperatures of 30°C, 40°C, 50°C, and 10% DMSO at 

temperatures 30°C, 40°C, 50°C. 

Redox reactions employing LK-KRED and KRED-P2-C11. Reactions were performed 

at 30°C, 700 rpm, 6 hours in 50 mM sodium phosphate buffer (pH 7, 7.5) containing 50 mM 

diketone 2, 1 mM NADP+, 0.76% (100 mM) – 40% (v/v) isopropanol, enzyme cell lysate 

(0.32 mg/mL). Substrate, product and by-product concentrations were determined using the 

GC/MS Method 2. 

 

6.6.2. Biocatalysis reactions on the preparative scale 

 

One-pot sequential syntheses 

 

Cis-4-aminocyclohexanol (One-pot sequential synthesis): Synthesis of cis-1 was 

performed at a 0.75 mmol scale (84 mg, 50 mM 2) in an opened one-necked flask equipped 

with a magnetic stirring bar (stirring at 250 rpm) and a heating bath (at 30°C). Freshly 

isolated cell lysate of LK-KRED (1071.36 U, 0.07 mg/mL) was added to 15 mL of 50 mM 

sodium phosphate buffer, pH 7.0, containing 1 mM NADP+ and 0.76% (v/v) (100 mM) 

isopropanol. After 22 hours the reaction stalled at 50% conversion, therefore an additional 

amount of KRED (1831 U, 0.13 mg/mL) was added to achieve full conversion of diketone 2 

to the intermediate product 3 after 21 hours. Then the reaction mixture was diluted to 25 mM 

by the addition of the freshly isolated, purified and concentrated ATA-3FCR-4M (100 U, 1.03 

mg/mL) in 50 mM HEPES buffer, pH 9.5 containing 500 mM isopropylamine, 1 mM PLP, 2% 

(v/v) DMSO and stirred at 250 rpm and 30°C during 24 hours. After 7 hours of the reaction, 

91% conversion was achieved.  

Downstream processing: Proteins were removed by addition of 5% (v/v) HCl, 20% 

(w/v) NaCl and filtration. Then basification followed by adding 2.5 eq of solid NaOH. Liquid-

liquid extraction was performed with diethyl ether: isopropanol (3:1) 4-8 times to isolate 

amino alcohols/amines. After solvent removal by vacuum evaporation at 15-20°C water 

bath, amino alcohol hydrochloride salts were formed in the solution of 2% isopropanol in 

ethyl acetate with 10x excess of 2M HCl in diethyl ether. Afterwards solvent was removed by 

vacuum evaporation at 15-20°C water bath, and the product was kept at +4°C overnight to 

allow crystallization on standing. To remove DMSO and other impurities, after the acetone 

addition, hydrochloride salt suspension was kept 3 hours at -20°C, then overnight at +4°C. 

After the separation of the solvent and salt crystals, the last ones were washed with cold 

acetone and dried under the nitrogen stream. The method afforded light yellow crystals of 

cis-1 hydrochloride (yield: 65%, 80:20% cis:trans ratio). To purify the products further, amino 

alcohol hydrochlorides were derivatized with di-tert-butyl dicarbonate (2 equiv) in the 
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presence of triethylamine (1.2 equiv in the relation to the amino alcohol 1 concentration) in 

methanol. The reaction was performed till the completion at 25°C (stirring at 400 rpm), 19 

hours. Afterwards column chromatography was carried out. The excess of the derivatization 

reagent was washed off from the silica column by hexane:ethyl acetate 1:1, 4-(N-Boc-)-

aminocyclohexanol was eluted by ethyl acetate. After the solvent removal by vacuum 

evaporation, white crystals of Boc-protected amino alcohols were obtained. 

Cis-4-aminocyclohexanol (One-pot sequential synthesis): Synthesis of cis-1 was 

performed at a 0.75 mmol scale (84 mg, 50 mM 2) in an opened one-necked flask equipped 

with a magnetic stirring bar (stirring at 250 rpm) and a thermometer (at 30°C). Freshly 

isolated cell lysate of LK-KRED (3575 U, 0.1 mg/mL) was added to 15 mL of 50 mM sodium 

phosphate buffer, pH 7.0, containing 1 mM NADP+ and 0.76% (v/v) (100 mM) isopropanol. 

After 40 hours almost full conversion of the substrate 2 to the intermediate product 3 was 

achieved. Then the reaction mixture was diluted to 25 mM by the addition of 60 mg of ATA-

200 lyophilizate (2 mg/mL) in 100 mM potassium phosphate buffer, pH 7.5 containing 500 

mM isopropylamine, 1 mM PLP, 2% (v/v) DMSO and stirred at 250 rpm and 30°C during 24 

hours. After 8 hours of the reaction, 85% conversion was achieved. Product isolation was 

performed as described above and afforded light yellow crystals of cis-1 hydrochloride (yield: 

65%, 99:1% cis:trans ratio). 

Trans-4-aminocyclohexanol (One-pot sequential synthesis): Synthesis of trans-1 was 

performed at a 0.75 mmol scale (84 mg, 50 mM 2) in an opened one-necked flask equipped 

with a magnetic stirring bar (stirring at 250 rpm) and a thermometer (at 30°C). Freshly 

isolated cell lysate of LK-KRED (0.4 mg/mL) was added to 15 mL of 50 mM sodium 

phosphate buffer, pH 7.0, containing 1 mM NADP+ and 0.76% (v/v) (100 mM) isopropanol. 

After 24 hours the substrate 2 was converted to the intermediate product 3. The reaction 

mixture was diluted to 25 mM by the addition of 60 mg of ATA-234 lyophilizate (2 mg/mL) in 

100 mM potassium phosphate buffer solution containing 500 mM isopropylamine (pH of the 

final solution was adjusted to 10), 1 mM PLP, 2% (v/v) DMSO. After 28 hours of the reaction, 

88% of the conversion were achieved. Product isolation was performed as described for cis-

1 hydrochloride (one-pot sequential synthesis) and afforded light yellow crystals of trans-1 

hydrochloride (yield: 50%, 20:80% cis:trans ratio). 

 

Concurrent cascade syntheses 

 

Cis-4-aminocyclohexanol (Concurrent cascade synthesis): Synthesis of cis-1 was 

performed at a 1.5 mmol scale (168 mg, 50 mM 2) in an opened one-necked flask equipped 

with a magnetic stirring bar (stirring at 250 rpm) and a thermometer (at 30°C). Freshly 

isolated cell lysate of LK-KRED (0.4 mg/mL) and ATA-3FCR-4M (2 mg/mL) were added to 
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30 mL of 50 mM HEPES buffer, pH 7.5, containing 1 mM NADP+, 0.76% (v/v) (100 mM) 

isopropanol, 1 mM MgCl2, 500 mM isopropylamine, 1 mM PLP, 2% (v/v) DMSO. After 48 

hours of the reaction 98% of the conversion were achieved. Product isolation was performed 

as described for cis-1 hydrochloride (one-pot sequential synthesis) (Section ‘Biocatalysis on 

the preparative scale’) and afforded light yellow crystals of cis-1 hydrochloride (yield: 50%, 

80:20% cis:trans ratio). 

Cis-4-aminocyclohexanol (Concurrent cascade synthesis): Synthesis of cis-1 was 

performed at a 1.5 mmol scale (168 mg, 50 mM 2) in an opened one-necked flask equipped 

with a magnetic stirring bar (stirring at 250 rpm) and a thermometer (at 30°C). Freshly 

isolated cell lysate of LK-KRED (2678 U, 0.2 mg/mL) and ATA-200 (2 mg/mL) were added to 

30 mL of 100 mM potassium phosphate buffer, pH 7.5, containing 1 mM NADP+, 0.76% (v/v) 

(100 mM) isopropanol, 1 mM MgCl2, 500 mM isopropylamine, 1 mM PLP, 2% v/v DMSO. 

After 48 hours of the reaction 44% of the conversion were achieved. Product isolation was 

performed as described for cis-1 hydrochloride (one-pot sequential synthesis) and afforded 

light yellow crystals of cis-1 hydrochloride (yield: 60%, 99:1% cis:trans ratio). 

Trans-4-aminocyclohexanol (Concurrent cascade synthesis): Asymmetric synthesis 

of trans-1 was performed at a 1.5 mmol scale (168 mg, 50 mM 2) in an opened one-necked 

flask equipped with a magnetic stirring bar (stirring at 250 rpm) and a thermometer (at 30°C). 

Freshly isolated cell lysate of LK-KRED (0.4 mg/mL) and ATA-234 lyophilizate (2 mg/mL) 

were added to 30 mL of 100 mM potassium phosphate buffer, pH 7.5, containing 1 mM 

NADP+, 0.76% (v/v) (100 mM) isopropanol, 1 mM MgCl2, 500 mM isopropylamine, 1 mM 

PLP, 2% (v/v) DMSO. After 48 hours of the reaction 89% of the conversion were achieved. 

Product isolation was performed as described for cis-1 hydrochloride (one-pot sequential 

synthesis) and afforded light yellow crystals of trans-1 hydrochloride (yield: 50%, 25:75% 

cis:trans ratio). 

 

One-pot synthesis 

 

Cis-1,4-diaminocyclohexane (One-pot synthesis): Synthesis of cis-6 was performed 

at a 0.75 mmol scale (84 mg, 50 mM 2) in an opened one-necked flask equipped with a 

magnetic stirring bar (stirring at 250 rpm) and a thermometer (at 30°C). 60 mg of ATA-200 

lyophilizate (2 mg/mL) was added to 100 mM potassium phosphate buffer, pH 7.5 containing 

500 mM isopropylamine, 1 mM PLP, 2% (v/v) DMSO and stirred at 250 rpm and 30°C during 

24 hours. After 16 hours of the reaction, >99% of the substrate 2 conversion was achieved. 

Product isolation was performed as described for cis-1 hydrochloride (one-pot sequential 

synthesis) (Section ‘Biocatalysis on the preparative scale’) and afforded light yellow crystals 

of cis-6 dihydrochloride (yield: 70%, >98:2 cis:trans ratio). 
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6.7. Development of 4-aminocyclohexanol isolation method  

 

6.7.1. Extraction 

 

Method 1. pH of 1 mL cis-/trans-1 solution (20 mM, HEPES buffer, 50 mM, pH 7.5) 

was adjusted to the value more than 12 with 10M NaOH solution. Then the aqueous solution 

was saturated with NaCl powder and extracted twice with 1.5 volumes of dichloromethane. 

The same procedure was performed for the extraction with ethyl acetate. 

Method 2. To perform an extraction with EXtrelut® (Merck) diatomaceous earth 

based solid phase, a column packing, extraction and regeneration for the sample volume 1 

mL are done according the manufacturer’s instructions. The sample applied on the column is 

cis-/trans-1 solution (20 mM in HEPES buffer, 50 mM, pH 7.5). Amino alcohol elution is 

performed with 1-pentanol, 1-hexanol or 1-decanol. 

 

6.7.2. Solid-phase extraction 

 

Silica column Sep-Pak® tC18. The solution of 20 mM cis-/trans-1 (5 mL, in HEPES 

buffer, 50 mM, pH 7.5) is used for solid-phase extraction. Solid-phase extraction is done by a 

gravity flow. At first, the column is conditioned with 10 mL of methanol, then with 10 mL of 

water. Afterwards, the aqueous sample (5 mL) is applied. Then the column is washed with 

water (15 mL), and additional water is removed by blowing air out of the column with a 10 

mL syringe. The product is eluted with 5 mL of methanol. The column is washed with 10 mL 

of water 3 times. 

 Hydrophilic-lipophilic balanced reversed-phase column Oasis HLB. The solution of 

50 mM cis-/trans-1 (0.5 mL, in HEPES buffer, 50 mM, pH 7.5) is used for solid-phase 

extraction. Solid-phase extraction is done by the gravity flow. The column is pre-conditioned 

with 0.5 mL of methanol and 0.5 mL of ultrapure water. 0.5 mL of the sample solution is 

loaded into the column. Subsequently, the column is washed with 0.5 mL of water:methanol 

(9:1, v/v) solution and additional water is removed by blowing air out of the column with a 1 

mL syringe. The analyte is eluted from the column with 0.25 mL of methanol:ammonia 

(NH4OH) (95:5, v/v). The column is washed with 1 mL of methanol 3 times. 

Weak cation exchange column Oasis WCX. The solution of 100 mM 4-

aminocyclohexanol (1.0 mL, in HEPES buffer, 50 mM, pH 7.5) is used for solid-phase 

extraction. Solid-phase extraction is done by the gravity flow.  

Method 1. The column is pre-conditioned with 2.5 mL of methanol and 2.5 mL of 50 

mM ammonium acetate buffer, pH 8.0. 1.0 mL of the sample solution is loaded into the 

column. Subsequently, the column is washed with 2.5 mL of 50 mM ammonium acetate 
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buffer, pH 8.0 or 2.5 mL of 5% NH4OH solution in methanol and additional liquid is removed 

by blowing air out of the column with a 1 mL syringe. The analyte is eluted from the column 

with 2.5 mL of methanol:formic acid (95:5, v/v). The column is washed with 1 mL of methanol 

3 times. 

Method 2.  The column is pre-conditioned with 2.5 mL of methanol and 2.5 mL of 50 

mM ammonium acetate buffer, pH 7.5. 1.0 mL of the sample solution is loaded into the 

column. Subsequently, the column is washed with 2.5 mL of 50 mM ammonium acetate 

buffer, pH 7.5 and additional liquid is removed by blowing air out of the column with a 1 mL 

syringe. The analyte is eluted from the column with 2.5 mL of methanol:trifluoroacetic acid 

(95:5, v/v). The column is washed with 1 mL of methanol 3 times. 

Method 3. The solid-phase extraction is performed according to the method 2, but 

the loading sample pH is adjusted to 6.5 with acetic acid. 

 

6.7.3. Di-tert-butyl dicarbonate derivatization of 4-aminocyclohexanol 

 

Method 1. 0.017 mmol of racemic 1 were dissolved in water and methanol. 0.035 

mmol (2 eq) of di-tert-butyl dicarbonate were added to each sample. The reaction was stirred 

at room temperature during 8 hours. The presence of the derivatized products and absence 

of free 4-aminocyclohexanol were followed by TLC Method 4 with the mobile phase 

cyclohexane:ethyl acetate 1:1. 

Downstream processing applying Method 1. The aqueous phase containing cis-

/trans-1 was evaporated till dryness using a rotatory evaporator. Then solid-liquid extraction 

of amino alcohol with methanol was performed 2 times. After the evaporation of the solvent 

till dryness, the solids were dissolved in 5 mL of methanol, and the derivatization reaction 

was fulfilled. 7 mmol (1.5 eq) of di-tert-butyl dicarbonate were added to the solution, and the 

last one was stirred at room temperature during 8 hours. The presence of the derivatized 

products and absence of free cis-/trans-1 were followed by TLC Method 4 with the mobile 

phase cyclohexane:ethyl acetate 1:1. The derivatized amino alcohols were purified by flash 

column chromatography. The excess of the derivatization reagent and derivatized 

isopropylamine were washed off from the column by hexane:ethyl acetate 1:1, 4-(-Boc-)-

aminocyclohexanol was eluted by ethyl acetate. 

Method 2. Amino alcohol hydrochlorides were derivatized with di-tert-butyl 

dicarbonate (2 equiv) in the presence of triethylamine (1.2 equiv in the relation to amino 

alcohol concentration) in methanol. The reaction was performed till the completion at 25°C 

(stirring at 400 rpm), 19 hours. The presence of derivatized products and absence of free 

cis-/trans-1 were followed by TLC Method 4 with the mobile phase cyclohexane:ethyl acetate 

1:1. 
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Downstream processing applying Method 2. The derivatized amino alcohols were 

purified by column chromatography. The excess of the derivatization reagent was washed 

off from the silica column by hexane:ethyl acetate 1:1, 4-(N-Boc-)-aminocyclohexanol was 

eluted by ethyl acetate. After the solvent removal by vacuum evaporation, white crystals of 

Boc-protected amino alcohols were obtained. 

 

6.7.4. Crystallization with organic acids 

 

Screening. 20 and 40 mM cis-1 and trans-1 solutions and solutions of the 

corresponding carboxylic acids (Table 15) are prepared in 50 mM HEPES buffer, pH 7.5. 

The reactions are performed in the microtiter plate in 0.2 mL volume applying 1 and 2 eq of 

acids in the relation to the amino alcohol concentration. They are kept at +4°C during 24 and 

48 hours. 

Optimization of the reaction conditions. Method 1. 20 mM cis-1 and trans-1 solutions 

and 20 mM 3,3-DPPA (Table 15) solutions are prepared in 50 mM HEPES buffer, pH 7.5, 

and 100 mM potassium phosphate buffer, pH 7.5. The reactions are performed in the glass 

vials in 1 mL volume applying 1 eq of the acid in the relation to the amino alcohol 

concentration. 2 mg of the respective isomer salt are added as a seed to the reactions. They 

are kept at +4°C, 24 and 48 hours. 

Method 2. 100 and 200 mM cis-1 and trans-1 solutions and 100 and 200 mM 3,3-

DPPA solutions are prepared in methanol. The reactions are performed in the glass vials in 

1 mL volume applying 1 equiv of the acid in the relation to the amino alcohol concentration. 

They are kept at +4°C, 24 hours. 

Method 3. 40 mM cis-1 and trans-1 solutions, 500 mM isopropylamine are prepared 

in 50 mM HEPES buffer, pH 7.5, and 80 mM solutions of the 3,3-DPPA are prepared in 

methanol. The reactions are performed in the flasks in 10 mL volume applying 2 eq of the 

acid in the relation to the amino alcohol concentration. 10 mg of the respective isomer salt 

are added as a seed to the reactions. The reactions with 20 and 40 mM 3,3-DPPA are 

performed in the same conditions with 500 mM isopropylamine solutions. They are kept at 

+4°C, 24 and 48 hours. 

Method 4. 20, 25, 50 mM cis-1 and trans-1 solutions and 300, 600 mM 3,3-DPPA 

solutions are prepared in 50 mM HEPES buffer, pH 7.5. 3,3-DPPA is dissolved in the buffer 

by 10 M NaOH solution addition, and then pH of the acid solution is adjusted to the value 

7.5. Isopropylamine is extracted 4 times with double volumes of diethyl ether. The reactions 

are performed in the 1.5 mL volume glass vials or eppendorfs in 1 mL volume applying 6, 12 

eq (as 300, 600 mM solutions) of the acid in the relation to the amino alcohol concentration. 
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2 mg of the respective isomer salt are added as a seed to the reactions. They are kept at 

+4°C, 24 and 48 hours. 

 
Table 15. Carboxylic acids applied for screening 

Entry Name Abbreviation Chemical formula 

1 2-Chloro-5-nitobenzoic acid 25CNA 

 

2 4-Chloro-3-nitrobenzoic acid 43CNA 

 

3 3,4-Dinitro-benzoic acid 34NA 

 

4 4-Chloro-3,5-dinitrobenzoic acid 435CNBA 

 

5 3,4-Dichloro-benzoic acid 34CA 

 

6 
1-Phenylcyclo-pentane-carboxylic 

acid 
PCPA 

 

7 Diphenyl-acetic acid DPAA 

 

8 2,2’-Diphenyl-propionic acid 2DPPA 

 

9 3,3’-Diphenyl-propionic acid 3,3-DPPA 

 

 

4-Aminocyclohexanol isolation procedure from the aqueous medium applying the 

crystallization with 3,3-DPPA. Solutions containing 45 mM cis-1 and 5 mM trans-1 (cis:trans 
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ratio 90:10%), and 10 mM cis-1 and 40 mM trans-1 (cis:trans ratio 20:80%) are prepared in 

50 mM HEPES buffer, pH 7.5, containing 500 mM isopropylamine. Solutions are basified 

with 2 eq NaOH by the addition of 10 M NaOH solution. Isopropylamine is extracted 4 times 

with double volumes of diethyl ether from both solutions. Then pH of the solution is adjusted 

to 7.5 with hydrochloric acid (HCl) and 6 eq (600 mM solution of 3,3-DPPA in 50 mM HEPES 

buffer, pH 7.5) of 3,3-DPPA are added to amino alcohol solutions. The reactions are 

performed in the conical tubes in the volumes of 6 mL, and kept at +4°C, 2 hours. Then the 

reaction solutions are centrifuged (13 300 rpm, 5 min.) to precipitate trans-1 salts. The 

supernatants are taken out, and cis-1 salts are dissociated with 3 eq NaOH by the addition 

of 10 M NaOH solution. Subsequently, 6 eq HCl in the relation to the amino alcohol and 3,3-

DPPA concentrations are added, and the acid is extracted 3 times with equal volumes of 

methyl-tert-butyl ether. Afterwards, aqueous phases are evaporated, and solid-liquid 

extraction with isopropanol of amino alcohol hydrochlorides is performed. The precipitates of 

trans-1 are dissolved in 1 mL of ultrapure water, and processed in the same way as cis-1 

fractions. Isolated amino alcohol hydrochlorides from all four fractions are dissolved in 

methanol containing 0.03% TMS and subjected to H-NMR analysis. 

4-Aminocyclohexanol isolation procedure from the preparative scale reactions 

applying the crystallization with 3,3-DPPA. The preparative scale reaction (80 mg substrate 

2, a one-pot sequential reaction with LK-KRED and ATA-3FCR-4M for cis-1 synthesis) was 

processed by the method described before in order to isolate cis-1 and trans-1 

hydrochlorides. Precipitated proteins were filtered after the isopropylamine extraction.  

 The preparative scale reaction (160 mg substrate 2, the tandem reaction with LK-

KRED and ATA-3FCR-4M for cis-1 synthesis) was processed by the method described 

before in order to isolate cis-1 and trans-1 hydrochlorides. 5% HCl, 17% NaCl are added to 

the biocatalytic reaction solution. After 3 hours, precipitated proteins are filtered, and the 

amino alcohols are isolated according to the procedure described before. 

Isolated amino alcohol hydrochlorides from all fractions are dissolved in methanol 

containing 0.03% TMS and subjected to H-NMR analysis. 

 

6.7.5. Extraction with organic solvent mixtures and subsequent crystallization 

 

Protein removal by addition of 5% HCl, 20% NaCl and filtration of precipitated solids, 

basification with 2.5 eq of solid NaOH, and further liquid-liquid extraction with diethyl ether : 

isopropanol (3:1) 4 times, solvent removal by vacuum evaporation at 15-20°C water bath, 

amino alcohol hydrochloride salt formation in ethyl acetate with 10x excess of 2 M HCl in 

diethyl ether, solvent removal by vacuum evaporation at 15-20°C water bath, afforded 
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yellowish oil of cis-1 and trans-1 hydrochlorides in DMSO. The fraction is kept at +4°C for 

further purification. 

Recrystallization. Before the recrystallization performance of the isolated products of 

preparative scale biocatalysis (80 mg substrate, a one-pot sequential reaction with LK-KRED 

and ATA-3FCR-4M for cis-1 synthesis), an investigation with the reference compounds is 

performed. 20 mg of cis-1 and trans-1 hydrochlorides are weighted in the glass test tubes. 

Ethyl acetate, ethyl acetate:isopropanol 3:1 and 2:1 are investigated in the recrystallization 

procedure. The last one is applied as a recrystallization solvent for the purification of the 

isolated products of biocatalysis. Recrystallization solvents are heated till 75°C and added till 

the complete dissolution of compounds. Afterwards, the solutions are cooled at room 

temperature, and then at a cold ice bath, until crystals are formed. 

 Crystallization. Acetone is added to the isolated product fraction, and the suspension 

is vortexed and kept for 3 hours at -20°C, then overnight at +4°C. Then the supernatant is 

removed, acetone washing of the obtained product crystals is performed. As a result, 

yellowish crystals of cis-1 and trans-1 hydrochlorides are obtained. 

 

6.8. Modelling 

 

Modelling was performed similar to an earlier study:188 

Using the YASARA software (Version 15.11.18),195 the atomic coordinates of PLP 

were adopted from the transaminase 3FCR after superposing both structures. The two 

sulfate molecules and seven water molecules bumping on PLP (HOH 767, 634, 672, 724, 

742, 517, 652) were deleted. All missing protons were added. Residue W63 was swapped to 

tyrosine. The hydrogen bonding network was optimized by repeated energy minimizations 

and short molecular dynamics simulations for 1200 fs at 298 K in vacuum using the 

AMBER99196 force field with a 7.86 Å force cut-off point and the particle mesh Ewald 

algorithm197 to treat long-range electrostatic interactions. The quinonoid intermediate of cis-

4-aminocyclohexanol condensed on PLP was built in YASARA, and water molecules 

causing clashes with the inserted atoms were deleted. The force field parameters for the 

quinonoid structure were assigned by AutoSMILES.198 Then, the substrate part of the PLP 

quinonoid intermediate (the part shown in magenta in Fig. 1 in the main manuscript) was 

minimized with a steepest descent and a simulated annealing energy minimization (the black 

part of the PLP moiety and the protein was fixed). Then, the whole structure was energy 

minimized with a simulated annealing minimization. Subsequently the system was simulated 

(Amber03 force field,18 time step 2 fs, standard parameters) for 1 ps. After the simulation, 

the final structure was energy minimized. 
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8. Appendix 

 

8.1. Isolation and purification of enzymes 
 
 
 
 

 
  

Figure 58. Expression and purification of ATA-3FCR-4M, and LK-KRED expression: 1 – cell lysate, 2 
– a flow-through fraction, 3 – Thermofisher standard protein ladder #26610, 4 – an elution fraction 1, 5 
– the elution fraction 2, 6 – the elution fraction 3, 7 – a washing fraction 1, 8 – the washing fraction 2, 
9 – the washing fraction 3, 10 – LK-KRED cell lysate. 
 
 

 
 

 
 

Figure 59. Expression and purification of ATA 3HMU W63Y: 1, 2 – cell lysate, 3 – a flow-through 
fraction, 4 – Thermofisher standard protein ladder #26616, 5 – a washing fraction 1, 6 – the washing 
fraction 2, 7 – the washing fraction 3, 8 – an elution fraction 1, 9 – the elution fraction 2, 10 – the 
elution fraction 3. 
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8.2. Enzyme screening 

 

Amine transaminases 

 
Table 16. Wild-type transaminases investigated for the synthesis of 4-aminocyclohexanol. 

Entry Origin organism Enzyme Amino donor 
Detected 

amino alcohol 

1 Aspergillus fumigatus Af293 ATA-AspFuma isopropylamine / D,L-Alanine No / No 

2 Gibberella zeae ATA-GibZeaa isopropylamine / D,L-Alanine No / No 

3 Neosartorya fischeri ATA-NeoFisa isopropylamine / D,L-Alanine No / No 

4 Rhodobacter sphaeroides 2.4.1 (DSM 158) ATA-RhoSpha isopropylamine / D,L-Alanine No / No 

5 Jannaschia sp. ATA-JanSpa isopropylamine / D,L-Alanine No / No 

6 Mesorhizobium loti (13) ATA-MesLotia isopropylamine / D,L-Alanine No / No 

7 Roseobacter sp. ATA-RosSpa isopropylamine / D,L-Alanine No / No 

8 Mesorhizobium loti maff303099 ATA-3GJUa isopropylamine / D,L-Alanine No / No 

9 Ruegeria sp. TM1040 ATA-3FCRa isopropylamine / D,L-Alanine Yes / No 

10 Ruegeria pomeroyi ATA-3HMUa isopropylamine / D,L-Alanine Yes / Yes 

11 Rhodobacter sphaeroides ATA-3I5Ta isopropylamine / D,L-Alanine No / No 

12 Arthrobacter sp. KNK168 
ATA 117 V306I Codexis 

mutanta isopropylamine / D,L-Alanine Yes / No 

13 Mesorhizobium sp. strain LUK ATA-2YKYa isopropylamine / D,L-Alanine No / No 

14 Vibrio fluvialis JS17 ATA-Vfla isopropylamine / D,L-Alanine No / No 

15 Chromobacterium violaceum ATA-Cvia isopropylamine / D,L-Alanine Yes / No 

16 Aspergillus oryzae ATA-AspOrya isopropylamine / D,L-Alanine No / No 

17 Aspergillus terreus ATA-AspTera isopropylamine / D,L-Alanine No / No 

18 Mycobacterium vanbaalenii ATA-MycVana isopropylamine / D,L-Alanine No / No 

19 Penicillium chrysogenum ATA-PenChra isopropylamine / D,L-Alanine No / No 

20 Burkholderia sp. ATA-BurSpa isopropylamine / D,L-Alanine No / No 

21 Rhizobium etli ATA-RhiEtla isopropylamine / D,L-Alanine No / No 

22 Hyphomonas neptumium ATA-HypNepa isopropylamine / D,L-Alanine No / No 

23 Gamma proteobacterium ATA-GamProa isopropylamine / D,L-Alanine No / No 

24 Labrenzia alexandrii ATA-LabAlea isopropylamine / D,L-Alanine No / No 

25 Marimonas sp. ATA-MarSpa isopropylamine / D,L-Alanine No / No 

26 Nocardia farcinica ATA-NocFara isopropylamine / D,L-Alanine No / No 

27 Mesorhizobium loti ATA-MesLota isopropylamine / D,L-Alanine No / No 

28 Rhodoferax ferrireducens ATA-RhoFera isopropylamine / D,L-Alanine No / No 

aWild-type transaminases from the laboratory collection 

 

Table 17. Mutated transaminases investigated for the synthesis of 4-aminocyclohexanol. 

Entry Origin organism Enzyme Amino donor 
Detected 

amino alcohol 

1 Vibrio fluvialis JS17 F85La isopropylamine / D,L-Alanine No / Yes 

2 Vibrio fluvialis JS17 Y150Fa isopropylamine / D,L-Alanine No / Yes 

3 Vibrio fluvialis JS17 Y150Ma isopropylamine / D,L-Alanine No / No 

4 Vibrio fluvialis JS17 V153Aa isopropylamine / D,L-Alanine No / Yes 

5 Vibrio fluvialis JS17 F85L Y150Fa isopropylamine / D,L-Alanine No / Yes 

6 Vibrio fluvialis JS17 F85L Y150Ma isopropylamine / D,L-Alanine No / No 

7 Vibrio fluvialis JS17 F85L V153Aa isopropylamine / D,L-Alanine No / Yes 

8 Vibrio fluvialis JS17 F19Ca isopropylamine / D,L-Alanine No / Yes 
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Entry Origin organism Enzyme Amino donor 
Detected 

amino alcohol 

9 Vibrio fluvialis JS17 F19Va isopropylamine / D,L-Alanine No / Yes 

10 Vibrio fluvialis JS17 F19Ya isopropylamine / D,L-Alanine No / Yes 

11 Vibrio fluvialis JS17 Y150M V153Aa isopropylamine / D,L-Alanine No / Yes 

12 Vibrio fluvialis JS17 F85L Y150M V153Aa isopropylamine / D,L-Alanine No / Yes 

13 Vibrio fluvialis JS17 L56Ab isopropylamine / D,L-Alanine No / No 

14 Vibrio fluvialis JS17 L56Fb isopropylamine / D,L-Alanine No / No 

15 Vibrio fluvialis JS17 L56Ib isopropylamine / D,L-Alanine No / Yes 

16 Vibrio fluvialis JS17 L56Mb isopropylamine / D,L-Alanine No / Yes 

17 Vibrio fluvialis JS17 L56Sb isopropylamine / D,L-Alanine No / Yes 

18 Vibrio fluvialis JS17 L56Vb isopropylamine / D,L-Alanine Yes / No 

19 Vibrio fluvialis JS17 L56Wb isopropylamine / D,L-Alanine Yes / No 

20 Vibrio fluvialis JS17 L56Yb isopropylamine / D,L-Alanine No / No 

21 Vibrio fluvialis JS17 V153Ia isopropylamine / D,L-Alanine No / Yes 

22 Vibrio fluvialis JS17 A228Ca isopropylamine / D,L-Alanine No / Yes 

23 Vibrio fluvialis JS17 A228Ga isopropylamine / D,L-Alanine No / No 

24 Ruegeria pomeroyi 3HMU F25Sc isopropylamine No 

25 Ruegeria pomeroyi 3HMU W63Yc isopropylamine Yes 

26 Ruegeria pomeroyi 3HMU F92Yc isopropylamine Yes 

27 Ruegeria pomeroyi 3HMU F91Ac isopropylamine No 

28 Ruegeria pomeroyi 3HMU F91Yc isopropylamine No 

29 Ruegeria pomeroyi 3HMU F92Vc isopropylamine No 

30 Ruegeria pomeroyi 3HMU A233Sc isopropylamine Yes 

31 Ruegeria pomeroyi 3HMU A233Tc isopropylamine No 

32 Ruegeria pomeroyi 3HMU V419Mc isopropylamine Yes 

33 Ruegeria pomeroyi 3HMU W63Y A233Sc isopropylamine No 

34 Rhodobacter sphaeroides 3I5T M60Lc isopropylamine No 

35 Rhodobacter sphaeroides 3I5T W89Fc isopropylamine No 

36 Rhodobacter sphaeroides 3I5T Y90Fc isopropylamine No 

37 Rhodobacter sphaeroides 3I5T R418Ac isopropylamine No 

38 Rhodobacter sphaeroides 3I5T R418Mc isopropylamine No 

39 Ruegeria sp. TM1040 3FCR S19Fc isopropylamine No 

40 Ruegeria sp. TM1040 3FCR Y59Wc isopropylamine No 

41 Ruegeria sp. TM1040 3FCR Y59Fc isopropylamine No 

42 Ruegeria sp. TM1040 3FCR Y87Fc isopropylamine Yes 

43 Ruegeria sp. TM1040 3FCR V88Fc isopropylamine No 

44 Ruegeria sp. TM1040 3FCR T231Ac isopropylamine Yes 

45 Ruegeria sp. TM1040 3FCR R420Ac isopropylamine No 

46 Ruegeria sp. TM1040 3FCR M422Vc isopropylamine No 

47 Ruegeria sp. TM1040 3FCR Y59W T231Ac isopropylamine No 

48 Ruegeria sp. TM1040 3FCR Y59W R420Ac isopropylamine No 

49 Ruegeria sp. TM1040 3FCR Y59F R420Ac isopropylamine Yes 

50 Ruegeria sp. TM1040 3FCR T231A R420Ac isopropylamine Yes 

51 Ruegeria sp. TM1040 3FCR T231A M422Vc isopropylamine Yes 

52 Ruegeria sp. TM1040 3FCR Y59W Y87F Y152F T231Ac isopropylamine / D,L-Alanine Yes / No 

53 Ruegeria sp. TM1040 3FCR Y59L Y87F Y152F T231Ac isopropylamine / D,L-Alanine Yes / No 

aMutated transaminases designed by Nobili A. and co-workers (Nobili, A.; Steffen-Munsberg, F.; Kohls, H.; Trentin, I.; Schulzke, C.; Höhne, M.; 
Bornscheuer, U. T., Engineering the active site of the amine transaminase from Vibrio fluvialis for the asymmetric synthesis of aryl-alkyl amines 
and amino alcohols. ChemCatChem 2015, 7, 757-760.). 
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bMutated transaminases designed by Skalden L. and co-workers (Skalden, L.; Peters, C.; Dickerhoff, J.; Nobili, A.; Joosten, H. J.; Weisz, K.; 
Hohne, M.; Bornscheuer, U. T., Two subtle amino acid changes in a transaminase substantially enhance or invert enantiopreference in cascade 
syntheses. ChemBioChem 2015, 16, 1041-1045.). 
cMutated transaminases from the laboratory collection. 
 
 

Table 18. Transaminases from Codexis ATA kit investigated for the synthesis of 4-
aminocyclohexanol. 

Entry Enzyme Amino donor Detected amino alcohol 

1 ATA-200 
isopropylamine 

Yes 

2 ATA-237 isopropylamine Yes 

3 ATA-238 
isopropylamine 

Yes 

4 ATA-251 isopropylamine Yes 

5 ATA-254 
isopropylamine 

Yes 

6 ATA-256 isopropylamine Yes 

7 ATA-260 
isopropylamine 

No 

8 ATA-303 isopropylamine No 

9 ATA-412 
isopropylamine 

No 

10 ATA-415 isopropylamine Yes 

11 TA-P1-B04 
isopropylamine 

Yes 

12 ATA-P2-B01 isopropylamine No 

13 TA-P2-B01 
isopropylamine 

No 

14 ATA-007 isopropylamine No 

15 ATA-013 
isopropylamine 

Yes 

16 ATA-025 isopropylamine Yes 

17 ATA-113 
isopropylamine 

Yes 

18 ATA-117 isopropylamine No 

19 ATA-217 
isopropylamine 

Yes 

20 ATA-234 isopropylamine Yes 

21 ATA-301 
isopropylamine 

Yes 

22 ATA-P1-F03 
isopropylamine 

Yes 

23 ATA-P1-G05 isopropylamine No 

24 ATA-P2-A07 
isopropylamine 

No 

25 ATA-024 isopropylamine Yes 

26 ATA-033 
isopropylamine 

Yes 

27 ATA-P1-A06 isopropylamine Yes 

28 ATA-P1-G06 
isopropylamine 

Yes 

 

Table 19. Wild-type and mutated ATAs employed in the quantitative screening applying D,L-alanine as 
amine donor. 

Entry Origin organism Enzyme name 
Enzyme conc., 

mg/mL 
4-Hydroxycyclohexanone 

concentration, mMb 

Cis-/Trans- 4-
aminocyclohexanol 

concentration 
(cis:trans), mMc 

1 Vibrio fluvialis JS17 L56Vd 0.25 1.7 n.d. 

2 Vibrio fluvialis JS17 Vfl L56V W57F F85Ve *1.3[a] 4.2 n.d. 

3 Vibrio fluvialis JS17 Vfl L56V W57C V153Ae *1.6[a] 4.2 n.d. 

4 Vibrio fluvialis JS17 Vfl L56V W57C F85V V153Ae *1.4[a] 4.7 n.d. 

5 Ruegeria sp. TM1040 3FCRg 0.5 4.8 n.d. 

6 Ruegeria sp. TM1040 3FCR T231Af 0.35 0.9 0.2: n.d. 

7 Ruegeria sp. TM1040 3FCR T231A R420Af 0.45 1.5 n.d. 

8 Ruegeria sp. TM1040 3FCR Y59F R420Af 0.25 1.2 n.d. 
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Entry Origin organism Enzyme name 
Enzyme conc., 

mg/mL 
4-Hydroxycyclohexanone 

concentration, mMb 

Cis-/Trans- 4-
aminocyclohexanol 

concentration 
(cis:trans), mMc 

9 Ruegeria sp. TM1040 3FCR Y59W Y87F Y152F T231Af *2.85a 7.6 n.d. 

10 Ruegeria sp. TM1040 3FCR Y59L Y87F Y152F T231Af *3.75a 7.4 n.d. 

11 Ruegeria pomeroyi 3HMUg 0.5 0.2 4.1: n.d. 

12 Ruegeria pomeroyi 3HMU W63Yi 0.5 0.3 3.5: n.d. 

13 Ruegeria pomeroyi 3HMU V419Mi 0.5 0.2 3.6: n.d. 

14 Ruegeria pomeroyi 3HMU F92Yi 0.55 0.1 n.d. 

15 
Chromobacterium 

violaceum 
Cvig 0.5 2.2 n.d. 

16 
Arthrobacter sp. 
KNK168 (V306I) 

ATA-117h 0.2 3.4 n.d. 

aEnzyme (as cell lysate) 
bDetermined using GC method 2 
cDetermined using HPLC method 1. n.d – not detected 
dMutated transaminases designed by Skalden L. and co-workers (Skalden, L.; Peters, C.; Dickerhoff, J.; Nobili, A.; Joosten, H. J.; Weisz, K.; 
Hohne, M.; Bornscheuer, U. T., Two subtle amino acid changes in a transaminase substantially enhance or invert enantiopreference in cascade 
syntheses. ChemBioChem 2015, 16, 1041-1045.). 
eMutated transaminases designed by Genz M. and co-workers (Genz, M.; Melse, O.; Schmidt, S.; Vickers, C.; Dörr, M.; van den Bergh, T.; 
Joosten, H.-J.; Bornscheuer, U. T., Engineering the amine transaminase from Vibrio fluvialis towards branched-chain substrates. ChemCatChem 
2016, 8, 3199 – 3202.). 
fMutated transaminases designed by Weiss M. and co-workers (Weiss, M. S.; Pavlidis, I. V.; Spurr, P.; Hanlon, S. P.; Wirz, B.; Iding, H.; 
Bornscheuer, U. T., Protein-engineering of an amine transaminase for the stereoselective synthesis of a pharmaceutically relevant bicyclic amine. 
Org. Biomol. Chem. 2016, 14, 10249-10254.). 
gWild-type transaminases from the laboratory collection. 
hMutated transaminase from Codexis. 
iMutated transaminases from the laboratory collection. 

 

 

Laccases and catalysts 

 
Table 20. Reaction approaches for 4-hydroxycyclohexanone synthesis starting from 1,4-
cyclohexanediol substrate. 

Entry Catalyst Co-solvent, % pH 
Buffer 

conditions 

1,4-cyclohexa-
nediol 

substrate, %d 

1,4-
cyclohexane-
dione product, 

%d 

1,4-cyclohexane-
dione by-product, 

%d 

1 Laccase from T. versicolor 
Acetonitrile, 

10% 
5.0 1a 85 15 n.d. 

2 Laccase from C. versicolor 
Acetonitrile, 

10% 
5.0 

1a 
85 15 n.d. 

3 Laccase from A. bisporus 
Acetonitrile, 

10% 
5.0 

1a 
100 n.d. n.d. 

4 Laccase from R. vernicifiera 
Acetonitrile, 

10% 
5.0 

1a 
100 n.d. n.d. 

5 AZADO 
Acetonitrile, 

25% 
12.5 2b 55 40 5 

6 AZADO Ethanol, 25% 12.5 
2b 

85 15 n.d. 

7 AZADO Acetone 25% 12.5 
2b 

90 10 n.d. 

8 AZADO 
Tetrahydrofuran, 

25% 
12.5 

2b 
70 20 10 

9 AZADO - 12.5 
2b 

55 30 15 

10 AZADO - 12.5 3c 50 50 n.d. 

a 1 - 50 mM citrate buffer. 
b 2 - 400 mM NaOCl, 120 mM NaHCO3 aqueous solution. 
c 3 - 400 mM NaOCl, 120 mM KBr aqueous solution. 
d The conversions are semiquantitative estimations obtained from TLC. 
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Keto reductases 

 

Screening of keto reductases by a photometric direct kinetic NAD(P)H assay 

The screening was performed by the NAD(P)H assay (sub-chapter 6.4) in the following reaction conditions: 50 mM NaPi 
or HEPES buffer (pH 7.0 or 7.5), substrate 2 (50 mM final concentration), NADPH (0.4 mM final concentration) and 100 
μL diluted crude cell extract, a reaction volume was 200 μL. The activity was determined by observation of absorbance 
decrease by NADPH consumption at 340 nm, during 2 min. 
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8.3. Copies of GC and HPLC chromatograms 

 

8.3.1. Development of the analytical procedures 

 

Analysis of cis- and trans-4-aminocyclohexanol by GC/MS and chiral GC 

 

 

Figure 60. Separation of cis- and trans-4-aminocyclohexanol (9.1 and 9.2 min, respectively) 
according to the GC-MS Method 1. 
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Derivatization of 4-aminocyclohexanol with di-tert-butyl dicarbonate 

 

 
Figure 61. Chiral analysis of the cis- and trans-4-aminocyclohexanol (30.9 and 31.1 min, 
respectively). Chiral GC was performed after 5 min of the derivatization reaction and extraction as 4-
(Boc-amino)cyclohexanol  according to the GC Method 5.1. R – Boc-moiety. 

 

 
Figure 62. Chiral analysis of the cis- and trans-4-aminocyclohexanol (30.9 and 31.1 min, 
respectively). Chiral GC was performed after 15 min of the derivatization reaction and extraction as 4-
(Boc-amino)cyclohexanol  according to the GC Method 5.1. R – Boc-moiety. 
 

 
 
 
 

(Boc)2O 

(Boc)2O 
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Figure 63. Chiral analysis of the cis- and trans-4-aminocyclohexanol (30.9 and 31.1 min, 
respectively). Chiral GC was performed after 30 min of the derivatization reaction and extraction as 4-
(Boc-amino)cyclohexanol  according to the GC Method 5.1. R – Boc-moiety. 

 

 
Figure 64. Chiral analysis of the cis- and trans-4-aminocyclohexanol (30.9 and 31.1 min, 
respectively). Chiral GC was performed after 60 min of the derivatization reaction and extraction as 4-
(Boc-amino)cyclohexanol  according to the GC Method 5.1. R – Boc-moiety. 
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8.3.2. Biocatalysis at the preparative scale 

 

One-pot sequential synthesis of cis-4-aminocyclohexanol applying non-

purified LK-KRED and ATA-3FCR-4M 

 

 

Figure 65. Synthesis of 4-hydroxycyclohexanone from 1,4-cyclohexanedione. The GC chromatogram 
after 24 hours of the reaction with LK-KRED (1071.36 U, 0.07 mg/mL):  25.6 mM (51%) of the product 
and 2.4 mM (5%) of the diol by-product were synthesized, 22 mM (44%) of the substrate was still 
present. Substrate, product and by-product were verified via GC Method 3. 
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Figure 66. Synthesis of 4-hydroxycyclohexanone from 1,4-cyclohexanedione. GC chromatogram 
after 48 hours of the reaction with LK-KRED (same as in Figure 21) after application of an additional 
amount of the enzyme (1831 U, 0.13 mg/mL): the. 45.6 mM (91%) of the product and 3.9 mM (8%) of 
the diol by-product were synthesized, 0.5 mM (1%) of the substrate was still present. Substrate, 
product and by-product were verified via GC Method 3. 

 

 
Figure 67. Synthesis of 4-aminocyclohexanol from 4-hydroxycyclohexanone. GC chromatograms at 
the start of the reaction and after 7 hours of the reaction with the transaminase ATA-3FCR-4M (100 
U, 1.03 mg/mL).  The substrate diketone was quantitatively consumed after 7 h. 2.2 mM (9%) of the 
diol by-product were detected. Substrate, product and by-product were verified via GC Method 3. 
Product formation was verified via HLPC Method 2 (Figure 35A). 

 

One-pot sequential synthesis of cis-4-aminocyclohexanol applying non-

purified LK-KRED and ATA-200 

 

 

t0 

t7 
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Figure 68. Synthesis of 4-hydroxycyclohexanone from 1,4-cyclohexanedione. GC chromatogram 
after 21 hours of the reaction with LK-KRED (0.1 mg/mL): 11 mM (22%) of the diketone substrate was 
present, 36.5 mM (73%) of the product and 2.6 mM (5%) of the diol by-product were synthesized. 
Substrate, product and by-product were verified via GC Method 3. 
 

 
Figure 69. Synthesis of 4-hydroxycyclohexanone from 1,4-cyclohexanedione. GC chromatogram 
after 40 hours of the reaction with LK-KRED (0.1 mg/mL): 3.7 mM (7%) of the diketone substrate was 
present, 42.2 mM (84%) of the product and 4.7 mM (9%) of the diol by-product were synthesized. 
Substrate, product and by-product were verified via GC Method 3. 

 

 
Figure 70. Synthesis of 4-hydroxycyclohexanone from 1,4-cyclohexanedione. GC chromatograms at 
the start of the reaction and after 21 and 40 hours of the reaction with the keto reductase LK-KRED 
(0.1 mg/mL). The substrate diketone was quantitatively consumed after 40 h. 42.2 mM (84%) of the 
product, 4.7 mM (9%) of the diol by-product were detected, 3.7 mM (7%) of the diketone substrate 
was present. Substrate, product and by-product were verified via GC Method 3.  
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One-pot sequential synthesis of trans-4-aminocyclohexanol applying non-

purified LK-KRED and ATA-234 

 

 
Figure 71. Synthesis of 4-hydroxycyclohexanone from 1,4-cyclohexanedione. GC chromatogram 
after 24 hours of the reaction with LK-KRED (0.4 mg/mL): the 49.8 mM (99.6%) of the product and 0.2 
mM (0.4%) of the diol by-product were synthesized, no substrate was present. Substrate, product and 
by-product were verified via GC Method 3. 
 

 

 
Figure 72. Synthesis of 4-aminocyclohexanol from 4-hydroxycyclohexanone. GC chromatogram after 
24 hours of the reaction with the transaminase ATA-234 (2 mg/mL): 1 mM (4%) of the 1,4-
cyclohexanediol by-product was synthesized, 2 mM (8%) of the substrate was still present. Substrate, 
product and by-product were verified via GC Method 3. 
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Figure 73. Synthesis of 4-aminocyclohexanol – HPLC chromatogram after 28 hours of the reaction 
with the transaminase ATA-234 (2 mg/mL): 22.8 mM (91%) product was formed with 80:20% cis:trans 
ratio. R – NBD-Cl moiety. Product formation was verified via HPLC Method 2. 

 
 

Concurrent cascade synthesis of cis-4-aminocyclohexanol applying non-

purified LK-KRED and ATA-3FCR-4M 

 

 
Figure 74. Analysis of the synthesis of 4-aminocyclohexanol: cascade reaction with the 
ketoreductase LK-KRED (0.4 mg/mL) and transaminase ATA-3FCR-4M (2 mg/mL). GC was 
performed after 48 hours of the reaction: 1.5 mM (3%) of the intermediate product was still present, 
1,4-cyclohexanediol by-product was not detected. Substrate, product and by-product were verified via 
GC Method 3. 
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Figure 75. Synthesis of 4-aminocyclohexanol – HPLC chromatogram after 48 hours of the cascade 
reaction with LK-KRED (0.4 mg/mL) and the transaminase ATA-234 (2 mg/mL): 47 mM (98%) product 
was formed with 80:20% cis:trans ratio. R – NBD-Cl moiety. Product formation was verified via HPLC 
Method 2. 

 
Concurrent cascade synthesis of trans-4-aminocyclohexanol applying non-

purified LK-KRED and ATA-234 

 

 

Figure 76. Analysis of the synthesis of 4-aminocyclohexanol: cascade reaction with the 
ketoreductase LK-KRED (0.4 mg/mL) and transaminase ATA-234 (Codexis Inc. kit) (2 mg/mL). GC 
was performed after 24 hours of the reaction: 40.0 mM (80%) of the intermediate product was formed, 
1 mM (2%) of the 1,4-cyclohexanediol by-product was detected. Substrate, product and by-product 
were verified via GC Method 3. 
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Figure 77. Analysis of the synthesis of 4-aminocyclohexanol: cascade reaction with the 
ketoreductase LK-KRED (0.4 mg/mL) and ATA-234 (Codexis Inc. kit) (2 mg/mL). GC was performed 
after 48 hours of the reaction: 4.0 mM (8%) of the intermediate product was still present, 1.5 mM (3%) 
of the 1,4-cyclohexanediol by-product was detected. Substrate, product and by-product were verified 
via GC Method 3. 

 

 

Figure 78. Synthesis of 4-aminocyclohexanol – HPLC chromatogram after 48 hours of the cascade 
reaction with LK-KRED (0.4 mg/mL) and the transaminase ATA-234 (2 mg/mL): 44.5 mM (89%) 
product was formed with 80:20% cis:trans ratio. R – NBD-Cl moiety. Product formation was verified 
via HPLC Method 2. 
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One-step synthesis of cis-1,4-cyclohexanediamine applying ATA-200 

 

 

Figure 79. Synthesis of 1,4-cyclohexanediamine from 1,4-cyclohexanedione. GC chromatogram after 
16 hours of the reaction with ATA-200 (2 mg/mL). The substrate diketone was quantitatively 
consumed after 16 h. Substrate presence was verified via GC Method 3. 

 

 

Figure 80. Synthesis of 1,4-cyclohexanediamine from 1,4-cyclohexanedione. GC chromatograms at 
the start of the reaction and after 16, 22 hours of the reaction with the transaminase ATA-200 (2 
mg/mL).  The substrate diketone was quantitatively consumed after 16 h. Product formation was 
verified via 1H-NMR (Figure 94). Substrate presence was verified via GC Method 3. 
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8.3.3. Copies of H-NMR spectra  
 
Reference Compounds 
 
1,4-Cyclohexanedione and 4-hydroxycyclohexanone 
 

 
Figure 81. 1,4-Cyclohexanedione. 

 

1,4-Cyclohexanedione: 1H NMR (CD3OD, with 0.05% v/v TMS, 300 MHz): residual internal 

CD3OD (δ 3.31), δ ppm 1.70 (m, 4 H), 2.03 (m, 4 H), 2.39 (m, 4 H), 2.69 (s, 8 H). 

 

 

Figure 82. 4-Hydroxycyclohexanone. 

 

4-Hydroxycyclohexanone: 1H NMR (CD3OD, with 0.05% v/v TMS, 300 MHz): residual 
internal CD3OD (δ 3.31), δ ppm 1.55 (m, 4 H), 1.73 (m, 4 H), 1.88 (m, 2 H), 2.04 (m, 2 H), 
2.32 (m, 2 H), 2.52 (m, 2 H), 3.67 (m, 1 H), 4.09 (m, 1 H). 
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Cis- and trans-4-aminocyclohexanol 

 

Figure 83. Cis-4-aminocyclohexanol. 

 

Cis-4-aminocyclohexanol: 1H NMR (D2O, 300 MHz): residual internal D2O (δ 4.85), δ ppm 
1.68 (m, 8 H), 3.20 (m, 1 H), 3.96 (m, 1 H). 

 

 

Figure 84. Trans-4-aminocyclohexanol. 

 

Trans-4-aminocyclohexanol: 1H NMR (D2O, 300 MHz): residual internal D2O (δ 4.85), δ ppm 
1.18 (m, 4 H), 1.70 - 1.93 (m, 4 H), 2.58 (m, 1 H), 3.55 (m, 1 H). 
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Cis- and trans-4-aminocyclohexanol hydrochloride 

 

Figure 85. Cis-4-aminocyclohexanol hydrochloride. 

 

Cis-4-aminocyclohexanol hydrochloride: 1H NMR (CD3OD, with 0.05% v/v TMS, 300 MHz): 
residual internal CD3OD (δ 3.31), δ ppm 1.61 (m, 4 H), 1.75 (m, 4 H), 3.10 (m, 1 H), 3.93 (m, 
1 H). 

 

 

Figure 86. Trans-4-aminocyclohexanol hydrochloride. 

 

Trans-4-aminocyclohexanol hydrochloride: 1H NMR (CD3OD, with 0.05% v/v TMS, 300 
MHz): residual internal CD3OD (δ 3.31), δ ppm 1.39 (m, 4 H), 2.01 (m, 4 H), 3.05 (m, 1 H), 
3.53 (m, 1 H). 
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Cis- and trans-4-(Boc-amino)cyclohexanol 

 
Figure 87. Cis-4-(Boc-amino)cyclohexanol. 

 

Cis-4-(Boc-amino)cyclohexanol: 1H NMR (CD3OD, with 0.05% v/v TMS, 300 MHz): residual 
internal CD3OD (δ 3.31), δ ppm 1.43 (s, 9 H), 1.64 (m, 8 H), 3.37 (m, 1 H), 3.79 (m, 1 H).   

 

 

Figure 88. Trans-4-(Boc-amino)cyclohexanol. 

Trans-4-(Boc-amino)cyclohexanol: 1H NMR (CD3OD, with 0.05% v/v TMS, 300 MHz): 
residual internal CD3OD (δ 3.31), δ ppm 1.25 (m, 4 H), 1.42 (s, 9 H), 1.90 (m, 4 H), 3.23 (m, 
1H), 3.51 (m, 1 H). 
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Cis- and trans-1,4-diaminocyclohexane dihydrochloride 

 
Figure 89. Cis-1,4-diaminocyclohexane dihydrochloride. 

 

Cis-1,4-diaminocyclohexane dihydrochloride: 1H NMR (CD3OD, with 0.05% v/v TMS, 300 
MHz): residual internal CD3OD (δ 3.31), δ ppm 1.94 (m, 8 H). 3.37 (m, 2 H).   
 

 
Figure 90. Trans-1,4-diaminocyclohexane dihydrochloride. 

 

Trans-1,4-diaminocyclohexane dihydrochloride: 1H NMR (CD3OD, with 0.05% v/v TMS, 300 
MHz): residual internal CD3OD (δ 3.31), δ ppm 1.55 (m, 4 H), 2.15 (m, 4 H), 3.10 (m, 2 H).   
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4-Aminocyclohexanol derivatization reaction by di-tert-butyl dicarbonate 

Reaction of 4-aminocyclohexanol and di-tert-butyl dicarbonate in the aqueous medium 

 

Figure 91. Reaction of 4-aminocyclohexanol and di-tert-butyl dicarbonate in the aqueous medium. 
Reactions conditions: D2O, 1 equiv of 4-aminocyclohexanol, 2 equiv of triethylamine, 2 equiv of di-tert-
butyl dicarbonate, 25°C, 90 min.  

 

Reaction of 4-aminocyclohexanol and di-tert-butyl dicarbonate in the aqueous medium: 1H 
NMR (D2O, 300 MHz): residual internal D2O (δ 4.85), δ ppm 1.06 (t, J = 7.36 Hz, 6 H) 
(triethylamine), 1.12 - 1.32 (m, 4 H) (trans-4-(Boc-amino)cyclohexanol), 1.35 (s, 9 H), 1.58 
(m, 4 H) (overlapping signals of cis-4-aminocyclohexanol and cis-4-(Boc-
amino)cyclohexanol), 1.84 (m, 4 H) (trans-4-(Boc-amino)cyclohexanol), 2.77 (q, J = 7.18 Hz, 
9 H) (triethylamine), 3.55 (m, 1 H) (trans-4-(Boc-amino)cyclohexanol), 3.79 (m, 1 H) (cis-4-
(Boc-amino)cyclohexanol). 
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Reaction of 4-aminocyclohexanol and di-tert-butyl dicarbonate in the organic medium 

 

Figure 92. Reaction of 4-aminocyclohexanol and di-tert-butyl dicarbonate in the organic medium. 
Reactions conditions: CD3OD, 1 equiv of 4-aminocyclohexanol, 2 equiv of triethylamine, 2 equiv of di-
tert-butyl dicarbonate, 25°C, 90 min.  

 

Reaction of 4-aminocyclohexanol and di-tert-butyl dicarbonate in the aqueous medium: 1H 
NMR (CD3OD, with 0.05% v/v TMS, 300 MHz): residual internal CD3OD (δ 3.31), δ ppm 1.19 
(m, 6 H) (triethylamine), 1.29 (m, 1 H) (trans-4-(Boc-amino)cyclohexanol), 1.43 (s, 9 H), 1.51 
(s, 9 H) (4-(Boc-amino)cyclohexanol), 1.65 (m, 4 H) (cis-4-(Boc-amino)cyclohexanol), 1.90 
(m, 1 H) (trans-4-(Boc-amino)cyclohexanol), 2.91 (q, J = 7.43 Hz, 9 H) (triethylamine), 3.25 
(m, 1 H) (trans-4-(Boc-amino)cyclohexanol), 3.38 (m, 1 H) (cis-4-(Boc-amino)cyclohexanol), 
3.49 (m, 1 H) (cis-4-(Boc-amino)cyclohexanol), 3.79 (m, 1 H) (cis-4-(Boc-
amino)cyclohexanol). 
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Triethylamine 

 

Figure 93. Triethylamine.  

Triethylamine: 1H NMR (D2O, 300 MHz): residual internal D2O (δ 4.85), δ ppm 0.94 (t, J = 
7.18 Hz, 6 H), 2.47 (q, J = 7.30 Hz, 9 H). 

 

 

Figure 94. Triethylamine.  

 

Triethylamine: 1H NMR (CD3OD, with 0.05% v/v TMS, 300 MHz): residual internal CD3OD (δ 
3.31), δ ppm 1.05 (t, J = 7.37 Hz, 6 H), 2.56 (q, J = 7.18 Hz, 9 H). 
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Products of preparative biocatalysis 
  
Cis-4-(Boc-amino)cyclohexanol synthesis 
  

 
Figure 95. Cis-4-(Boc-amino)cyclohexanol. Concurrent cascacde synthesis at the preparative scale 
(160 mg of the substrate):  cis:trans ratio: 80% of cis-4-(Boc-amino)cyclohexanol, 20% of trans-4-
(Boc-amino)cyclohexanol. 

 

Cis-4-(Boc-amino)cyclohexanol: 1H NMR (CD3OD, with 0.05% v/v TMS, 300 MHz): residual 
internal CD3OD (δ 3.31), δ ppm 1.29 (m, 4 H) (trans-isomer), 1.43 (s, 9 H), 1.65 (m, 8 H) 
(cis-isomer), 1.90 (m, 4 H) (trans-isomer), 3.23 (m, 1H), 3.41 (m, 1 H) (cis-isomer), 3.82 (m, 
1 H) (cis-isomer).   
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Trans-4-(Boc-amino)cyclohexanol synthesis 

 

 
 

Figure 96. Trans-4-(Boc-amino)cyclohexanol. One-pot sequential synthesis at the preparative scale 
(80 mg of the substrate): cis:trans ratio: 20% of cis-4-(Boc-amino)cyclohexanol, 80% of trans-4-(Boc-
amino)cyclohexanol.   

 

Trans-4-(Boc-amino)cyclohexanol: 1H NMR (CD3OD, with 0.05% v/v TMS, 300 MHz): 
residual internal CD3OD (δ 3.31), δ ppm 1.25 (m, 4 H) (trans-isomer), 1.42 (s, 9 H), 1.61 (m, 
2 H) (cis-isomer), 1.94 (m, 4 H) (trans-isomer), 3.50 (m, 1 H) (trans-isomer). 
 

 

Figure 97. Trans-4-(Boc-amino)cyclohexanol. One-pot cascade synthesis at the preparative scale 
(160 mg of the substrate): cis:trans ratio: 20% of cis-4-(Boc-amino)cyclohexanol, 80% of trans-4-(Boc-
amino)cyclohexanol.   
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Trans-4-(Boc-amino)cyclohexanol: 1H NMR (CD3OD, with 0.05% v/v TMS, 300 MHz): 
residual internal CD3OD (δ 3.31), δ ppm 1.15 - 1.35 (m, 4 H) (trans-isomer), 1.42 (s, 9 H), 
1.63 (m, 8 H) (cis-isomer), 1.90 (m, 4 H) (trans-isomer), 3.21 - 3.24 (m, 1 H), 3.54 (m, 1 H) 
(trans-isomer). 

 

Cis-1,4-diaminocyclohexane dihydrochloride synthesis 

 
Figure 98. Cis-1,4-diaminocyclohexane dihydrochloride. One-pot synthesis at the preparative scale 
(80 mg of the substrate), cis:trans ratio: 2% of trans-1,4-diaminocyclohexane dihydrochloride, >98% 
of cis-1,4-diaminocyclohexane dihydrochloride.   

 

Cis-1,4-diaminocyclohexane dihydrochloride: 1H NMR (CD3OD, with 0.05% v/v TMS, 300 
MHz): residual internal CD3OD (δ 3.31), δ ppm 1.52 (m, 4 H) (trans-isomer), 1.95 (m, 8 H) 
(cis-isomer), 2.10 - 2.17 (m, 4 H) (trans-isomer), 3.37 (s, 2 H) (cis-isomer). 

 

 

 
Figure 99. Synthesised cis-1,4-diaminocyclohexane dihydrochloride (red), in comparison with the 
analytical reference compounds trans-1,4-diaminocyclohexane dihydrochloride (green) and cis-1,4-
diaminocyclohexane dihydrochloride (grey). cis:trans ratio: 98:2.  
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Isolation method development for 4-aminocyclohexanol 

4-Aminocyclohexanol isolation the crystallization with 3,3-DPPA 

 

Figure 100. First fraction of isolated cis- and trans-4-aminocyclohexanol hydrochloride from the 
reference compound mixture with the cis:trans ratio 90:10%. 

4-Aminocyclohexanol hydrochloride: 1H NMR (CD3OD, with 0.05% v/v TMS, 300 MHz): 
residual internal CD3OD (δ 3.31), δ ppm 1.46 (m, 4 H) (trans-isomer), 1.63 (m, 4 H) (cis-
isomer), 1.81 (m, 4 H) (cis-isomer), 2.03 (m, 4 H) (trans-isomer), 3.12 (m, 1 H) (cis-isomer), 
3.56 (m, 1 H) (trans-isomer), 3.95 (m, 1H) (cis-isomer). 

 

 

Figure 101. Second fraction of isolated cis-4-aminocyclohexanol hydrochloride from the reference 
compound mixture with the cis:trans ratio 90:10%. 

 



8 Appendix 

 

150 
 

4-Aminocyclohexanol hydrochloride: 1H NMR (CD3OD, with 0.05% v/v TMS, 300 MHz): 
residual internal CD3OD (δ 3.31), δ ppm 1.62 (m, 4 H), 1.81 (m, 4 H), 3.11 (m, 1 H), 3.96 (m, 
1 H). 

 

 

Figure 102. First fraction of isolated cis- and trans-4-aminocyclohexanol hydrochloride from the 
reference compound mixture with the cis:trans ratio 20:80%. 

4-Aminocyclohexanol hydrochloride: 1H NMR (CD3OD, with 0.05% v/v TMS, 300 MHz): 
residual internal CD3OD (δ 3.31), δ ppm 1.45 (m, 4 H) (trans-isomer), 1.63 (m, 4 H) (cis-
isomer), 1.82 (m, 4 H) (cis-isomer), 2.02 (m, 4 H) 3.10 (m, 1 H) (cis- and trans-isomer), 3.55 
(m, 1 H) (trans-isomer), 3.95 (m, 1 H) (cis-isomer). 

 

 

Figure 103. Second fraction of isolated cis- and trans-4-aminocyclohexanol hydrochloride from the 
reference compound mixture with the cis:trans ratio 20:80%. 

4-Aminocyclohexanol hydrochloride: 1H NMR (CD3OD, with 0.05% v/v TMS, 300 MHz): 
residual internal CD3OD (δ 3.31), δ ppm 1.46 (m, 4 H) (trans-isomer), 1.64 (m, 4 H) (cis-
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isomer), 1.80 (m, 4 H) (cis-isomer), 2.02 (m, 4 H) (trans-isomer), 3.07 (m, 1 H) (trans-
isomer), 3.56 (m, 1 H) (trans-isomer), 3.95 (m, 1 H) (cis-isomer). 

 

 

Figure 104. 3,3-Diphenylpropionic acid isolated after its application for cis- and trans-4-
aminocyclohexanol hydrochloride isolation from the reference compound mixture with the cis:trans 
ratio 90:10%. 

3,3-Diphenylpropionic acid: 1H NMR (CDCl3, with 0.05% v/v TMS, 300 MHz): residual 
internal CDCl3 (δ 7.26), δ ppm 3.08 (m, 2 H), 3.21 (s, 1 H), 4.53 (t, J = 7.70 Hz, 2 H), 7.21 
(m, 10 H). 

 

 

Figure 105. 3,3-Diphenylpropionic acid isolated after its application for cis- and trans-4-
aminocyclohexanol hydrochloride isolation from the reference compound mixture with the cis:trans 
ratio 20:80%. 

3,3-Diphenylpropionic acid: 1H NMR (CDCl3, with 0.05% v/v TMS, 300 MHz): residual 
internal CDCl3 (δ 7.26), δ ppm 3.06 (m, 2 H), 3.21 (s, 1 H), 4.52 (t, J = 8.16 Hz, 2 H), 7.18 
(m, 10 H), 7.30 (m, 2 H). 
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4-Aminocyclohexanol isolation by the extraction with solvent mixtures and subsequent 

crystallization 

 

Figure 106. The fraction before the recrystallization: cis- and trans-4-aminocyclohexanol 
hydrochlorides isolated by the extraction with the mixture of organic solvens diethyl ether : 
isolpropanol 3:1. 

 

4-Aminocyclohexanol: 1H NMR (CD3OD, with 0.05% v/v TMS, 300 MHz): residual internal 
CD3OD (δ 3.31), δ ppm 1.43 (m, 4 H) (trans-isomer), 1.63 (m, 14 H) (cis-isomer), 1.78 (m, 4 
H) (cis-isomer), 2.06 (m, 4 H) (trans-isomer), 3.07 (m, 1 H) (trans-isomer), 3.58 (m, 1 H) 
(trans-isomer), 3.93 (m, 1 H) (cis-isomer). 
 
 

 

Figure 107. Cis- and trans-4-aminocyclohexanol hydrochlorides isolated by the extraction with the 
mixture of organic solvents diethyl ether : isolpropanol 3:1 and purified by the crystallization with 
acetone. The solution of reference compounds (25 mM 4-aminocyclohexanol, cis:trans ratio 20:80%) 
was applied. 
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4-Aminocyclohexanol: 1H NMR (CD3OD, with 0.05% v/v TMS, 300 MHz): residual internal 
CD3OD (δ 3.31), δ ppm 1.40 (m, 4 H) (trans-isomer), 1.61 (m, 4 H) (cis-isomer), 1.80 (m, 4 
H) (cis-isomer), 2.04 (m, 4 H) (trans-isomer), 3.08 (m, 1 H) (trans-isomer), 3.56 (m, 1 H) 
(trans-isomer), 3.94 (m, 1 H) (cis-isomer). 
 

 

Figure 108. 4-Aminocyclohexanol hydrochloride. Concurrent cascacde synthesis at the preparative 
scale (160 mg of the substrate):  cis:trans ratio: 80% of cis-4-aminocyclohexanol hydrochloride, 20% 
of trans-4-aminocyclohexanol hydrochloride. Cis- and trans-4-aminocyclohexanol hydrochlorides 
isolated by the extraction with the mixture of organic solvents diethyl ether : isolpropanol 3:1 and 
purified by the crystallization with acetone. 

 

4-Aminocyclohexanol hydrochloride: 1H NMR (CD3OD, with 0.05% v/v TMS, 300 MHz): 
residual internal CD3OD (δ 3.31), δ ppm 1.43 (m, 4 H) (trans-isomer), 1.61 (m, 4 H) (cis-
isomer), 1.82 (m, 4 H) (cis-isomer), 1.97 - 2.09 (m, 4 H) (trans-isomer), 3.12 (m, 1 H) (cis-
/trans-isomer), 3.58 (m, 1 H) (trans-isomer), 3.94 (m, 1 H) (cis-isomer). 
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