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Abstract 

Chemoenzymatic multistep one pot processes 

offer a highly attractive concept in synthetic 

chemistry. Due to the minimized number of 

workup and purification steps, the 

combination of bio- and chemocatalytic 

reactions in a one pot fashion gives rise to 

significantly improved overall process 

efficiency. In this thesis sequential and 

simultaneous chemoenzymatic one pot 

cascade reactions are presented by combining 

a metal (Pd/Cu) catalyzed coupling reaction or 

a gold catalyzed hydration reaction, both 

generating a ketone, with a subsequent 

enzymatic transformation of the newly 

created functional group. This is investigated 

by applying enantiodivergent alcohol 

dehydrogenases for the production of 

enantiopure alcohols, or ω-transaminases for 

the production of enatiopure amines, 

respectively. The simultaneous cascade was 

performed in an aqueous system using two 

different compartments seperated by a 

polymer membrane, which enabled an overall 

reaction concentration of up to 100 mM 

substrate without dilution or any other 

intermediate step before the biocatalytic 

transformation. To demonstrate the versatility 

of the developed method, both enatiomeric 

forms of the respective chiral alcohols were 

produced in moderate to high yields and 

excellent enantiomeric purities. Further, an 

extremely straightforward method for the 

chemoenzymatic production of enantiopure 

alcohols in a sequential mode was developed 

by combining a gold catalyzed hydration of 

alkynes with an enzymatic reduction. Within 

this process, the solvent of the metal 

catalyzed transformation serves as 

cosubstrate for the subsequent 

biotransformation. In this case no spatial 

separation of the metal catalyst from the 

enzymatic part of the reaction was required 

and an economical attractive strategy was 

developed, in which the overall reaction 

mixture of the first step can be employed in 

the second step of the desired 

chemoenzymatic one-pot cascade reaction.

 

Figure A-1 Creation of a new functionality which subsequently undergoes a biotransformation  
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Kurzfassung

Chemoenzymatische mehrstufige “Eintopf“ 

Prozesse stellen ein attraktives Konzept in der 

Synthesechemie dar. Durch die reduzierte 

Anzahl an Aufarbeitungs- und Reinigungs- 

schritten führt die Kombination von Bio- und 

Chemokatalyse zu einer deutlich verbesserten 

Prozesseffizienz. In dieser Arbeit werden 

sowohl sequentielle, als auch simultane 

chemoenzymatische Eintopf-Kaskaden-

Reaktionen vorgestellt, die die Kombination 

von metallkatalysierten (Pd/Cu) 

Kupplungseaktionen bzw. goldkatalysierten 

Hydratisierungsreaktionen mit einer 

nachfolgenden enzymatischen Transformation 

der neu geschaffenen funktionellen Gruppe 

beinhalten. Dieser Prozess wird untersucht 

durch die Verwendung enantiodivergenter 

Alkoholdehydrogenasen zur Hertsellung von 

enantiomerenreinen Alkoholen bzw ω-

Transaminasen zur Herstellung von Aminen. 

Die simultane Kaskadenreaktion wurde in 

wässrigem Medium durch Verwendung zweier 

durch eine Polymer-membran getrennten 

Reaktionskammern durchgeführt. Dieser 

Reaktionsaufbau erlaubt Substrat-

konzentrationen von 100 mM ohne jegliche 

Verdünnung oder andere Zwischenschritte vor 

der nachfolgenden enzymatischen Reaktion. 

Um die Vielseitigkeit dieser Methode zu 

demonstrieren, wurden diverse chirale 

Alkohole in moderaten bis hohen Ausbeuten 

und exzellenter optischer Reinheit hergestellt. 

Des Weiteren wurde eine äußerst einfache, 

sequentielle Methode durch die Kombination 

von goldkatalysierten Hydratisierungs-

reaktionen mit enzymatischen Reduktions-

reaktionen für die chemoenzymatische 

Herstellung von enantiomerenreinen 

Alkoholen entwickelt. Hierbei dient das 

Lösungsmittel des metallkatalysierten 

Schrittes als Cosubstrat für die nachfolgende 

Biotransformation. In diesem Fall bedarf es 

keiner räumlichen Trennung zwischen 

Metalkatalysator und der enzymatischen 

Teilreaktion. Somit wurde eine ökonomisch 

attraktive Strategie entwickelt, in der die 

gesamte Reaktionsmischung des ersten 

Schrittes im zweiten Schritt der 

chemoenzymatischen Kaskadenreaktion 

verwendet werden kann. 
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A  Synthetic schemes 

All compounds prepared or used as starting materials in this thesis are numbered in bold Arabic 

numerals with prefixes A, B, C, D, E, F, or G. Thioesters are designated with the prefix A. Ketones are 

labeled with the prefix B and chiral alcohols with prefix C. Amines are labeled with the prefix D and 

the respective amides with the prefix E. Boronic acids are labeled with the prefix F and alkyne 

structures are designated with the prefix G. Structures not prepared or used in this thesis are labeled 

with Arabic numbers without prefix. Other compounds and general structures are labeled with 

roman numerals. 
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A.I Synthesis of racemic alcohols 

 

 

 

 

 

 

Alcohol Yield [%] Cpd. No. 

1-(4-Methylphenyl)ethan-1-ol 98 C-1 

1-(3-Methylphenyl)ethan-1-ol 100 C-2 

1-(4-Fluorophenyl)ethan-1-ol 91 C-3 

1-(3-Fluorophenyl)ethan-1-ol 92 C-4 

1-(4-Chlorophenyl)ethan-1-ol 84 C-5 

1-(3-Chlorophenyl)ethan-1-ol 88 C-6 

1-(4-Bromophenyl)ethan-1-ol 91 C-7 

1-(3-Bromophenyl)ethan-1-ol 99 C-8 

1-(4-Trifluormethylphenyl)ethan-1-ol 69 C-9 

1-(3-Trifluormethylphenyl)ethan-1-ol 95 C-10 

1-(4-Methoxylphenyl)ethan-1-ol 100 C-11 

1-Phenylpropan-1-ol 84 C-12 

1-(1-Naphtyl)ethan-1-ol 92 C-13 

1-(2-Naphtyl)ethan-1-ol 94 C-14 

 

Scheme A-1 Reagents and conditions: a) NaBH4, EtOH abs. 
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A.II Synthesis of racemic amides 

 

 

 

 

 

 

 

R Yield [%] Cpd. No. 

H 81 E-1 

CH3 82 E-2 

F 73 E-3 

 

 

Scheme A-2 Reagents and conditions: a) acetic anhydride, DCM 
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A.III Substrate synthesis by Liebeskind Srogl 

cross coupling 

A.III.1 Pd(PPh3)4 catalyzed ketone synthesis 

 

 

 

 

 

   

 

   

 

   

 

 

 

 

Scheme A-3 Reagents and conditions: a) CuTC, Pd(PPh3)4, heptane 
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A.III.2 Pd2(dba)3 catalyzed ketone synthesis 

 

 

 

   

 

   

 

   

 

 

 

 

Scheme A-4 Reagents and conditions: a) CuTC, Pd2(dba)3, P(OEt)3, H2O/i-PrOH 
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A.IV Substrate synthesis by Au(III) catalyzed 

hydration of alkynes 

 

 

 

 

 

 

       

 

 

       

 

 

     

 

 

Scheme A-5 Reagents and conditions: a) H2O, AuCl3, i-PrOH 
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A.V Biotransformations: Alcohol 

dehydrogenases 

A.V.1 Enzymatic reductions applying alcohol dehydrogenase from Saccharomyces cerevisae 

 

 

 

 

 

   

 

   

 

   

 

 

Scheme A-6 Reagents and conditions: a) ADH, NADP+, glucose, glucose dehydrogenase 
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A.V.2 Enzymatic reductions applying ADH-A and LK-ADH as whole cell lyophilisate 

 

 

 

 

 

 

 

(S)-and (R)-alcohol ADH-A 
Conversion 
[%] (S) 

LK-ADH 
Conversion 
[%] (R) 

Cpd. No. 
(S)- or (R)- 
alcohol 

1-Phenylethan-1-ol 96 95 C-0 

1-(4-Methylphenyl)ethan-1-ol 90 83 C-1 

1-(3-Methylphenyl)ethan-1-ol 85 17 C-2 

1-(4-Fluorophenyl)ethan-1-ol 99 83 C-3 

1-(3-Fluorophenyl)ethan-1-ol 95 91 C-4 

1-(4-Chlorophenyl)ethan-1-ol 97 90 C-5 

1-(3-Chlorophenyl)ethan-1-ol 92 88 C-6 

1-(4-Bromophenyl)ethan-1-ol 98 90 C-7 

1-(3-Bromophenyl)ethan-1-ol 99 45 C-8 

1-(4-Trifluormethylphenyl)ethan-1-ol 99 99 C-9 

1-(3-Trifluormethylphenyl)ethan-1-ol 99 0 C-10 

1-(4-Methoxylphenyl)ethan-1-ol 99 40 C-11 

1-Phenylpropan-1-ol 91 0 C-12 

1-(2-Naphtyl)ethan-1-ol 77 0 C-14 

Scheme A-7 Reagents and conditions: a) ADH, i-PrOH, Tris-HCl 

  



Patricia Schaaf, Ph. D. Thesis 
Synthetic schemes 

17 

 

A.VI Biotransformations: ω-Transaminases 

 

 

 

 

 

 

 

 

R Conditions Conversion [%] Cpd. No. 

H a-1 92 (R)-D-1 

H a-2 86 (R)-D-1 

CH3 a-2 83 (R)-D-2 

F a-2 90 (R)-D-3 

 
Scheme A-8 Reagents and conditions:  

a-1) alanine, lactate dehydrogenase, NADH, glucose, glucose dehydrogenase  
a-2) ω-ATA, PLP, isopropylamine, triethanolamine (codexis ω-transaminases) 
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A.VII Chemoenzymatic one pot reactions  

A.VII.1 Liquid-liquid biphasic system- Synthesis of chiral alcohols 

 

 

 

   

 

   

 

   

 

 

 
Scheme A-9 Reagents and conditions: a) CuTC, Pd(PPh3)4, heptane (10 % overall reaction volume)  

b) ADH, NADP+, glucose, glucose dehydrogenase (90 % overall reaction volume) 
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A.VII.2 Liquid-solid biphasic superslurper system- Synthesis of chiral alcohols and amines 

 

A.VII.2.1 Alcohol dehydrogenase embedded in sodium polyacrylate 

 

 

 

 

Scheme A-10 Reagents and conditions: a) CuTC, Pd2(dba)3, P(OEt)3, heptane b) ADH, NADP+, glucose, glucose dehydrogenase, sodium 
polyacrylate 

 

A.VII.2.2 ω-Transaminase embedded in sodium polyacrylate 

 

 

 

 

Scheme A-11 Reagents and conditions: a) Boronic acid, CuTC, Pd(PPh3)4, 50 °C, heptane b) ω-transaminase, codexis mastermix (0), sodium 
polyacrylate 
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A.VII.3 Membrane based system- Synthesis of chiral alcohols 

 

 

 

 

 

   

 

   

 

   

 

Scheme A-12 Reagents and conditions: a) CuTC, Pd2(dba)3, P(OEt)3, H2O/i-PrOH, b) ADH, i-PrOH, Tris-HCl 
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A.VII.4 Au(III) based single-phase system- Synthesis of chiral alcohols 

 

 

 

 

 

       

 

 

       

 

 

     

 

Scheme A-13 Reagents and conditions: a) H2O, AuCl3, i-PrOH, 65 °C, b) ADH, i-PrOH, Tris HCl buffe
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B  Introduction 

The present thesis deals with the development of chemoenzymatic one pot processes in a cascade 

fashion. This comprises the precise investigation of both the chemical and the enzymatic reaction 

and, in the following, the approximation of the naturally not combinable reaction conditions of the 

two single cascade steps. Various strategies for a successful combination were examined and 

optimized. This included studies of several compartmentalization strategies and the related effect on 

scope and limitations of the single cascade reactions. In any case, the metal catalyzed step comprises 

the formation of a new functional group that subsequently undergoes the enzymatic transformation 

(Scheme B-1). 

 

 

 

Figure B-1 Concept of a chemoenzymatic reaction cascade implying the formation of a new functionality (FG3)  

 

B.I Metal assisted C-C cross coupling reactions 

Transition metal catalyzed cross-coupling reactions had an enormous impact on C-C bond formation 

in organic synthesis which was rewarded with the noble prize in chemistry 2010.[1] Mild reaction 

conditions, high functional group tolerance and facile accessability of starting materials led to the 

tremendous impact of metal catalyzed cross coupling reactions. The coupling between organometals 

(R1M) and organic electrophiles (R2X) is undoubtedly one of the most straightforward methods for 

the formation of C-C bonds (Scheme B-1). 

 

 

Scheme B-1 General concept of cross coupling reactions 
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However, the development of metal assisted cross-coupling procedures and their function in a stable 

manner was a long process. In the early development stage, the scope of cross-coupling regarding 

the organo-metal species was largely limited to Mg- and Li-organyls. Organometals containing these 

metals undergo cross-couplings only with certain relatively unhindered alkyl halides. In 1941, 

Kharasch and Fields cross-coupled an arylhalide with Grignard reagents using metal salts (CoCl2, 

CuCl2, MnCl2, NiCl2 and FeCl3) as catalysts and thereby invented the first transition metal-catalyzed 

cross-coupling reaction[2]. Unfortunately, several side reactions including homo coupling occurred. 

Almost 30 years later, Tamao et al.[3] as well as Corriu and Masse[4] independently reported that Ni 

complexes, especially Ni-phosphine complexes are suitable catalysts for the reaction of Grignard 

reagents with alkenyl or aryl halides. Caused by the basicity and high nucleophilicity of Grignard 

reagents, they do not tolerate many functional groups. Thus, the scientific community was interested 

in developing milder alternatives. Hence, Murahashi and coworkers[5], Negishi and coworkers[6] and 

Fauvarque and Jutand[7] reported independently their investiagtions of Pd-catalyzed cross-coupling 

reactions. Due to moderately large atomic size of this transition metal a certain stability of 

organopalladiums is observed. Further, the preference for the 0 and +2 oxidation states separated by 

a narrow energy gap leads to a lower probability of one-electron or radical processes (compared to 

Ni) and thereby side reactions are limited to a certain extent. Moreover, a “ready to use” and 

reversible two-electron oxidation & reduction occurs, which is obviously fundamental for the 

catalytic activity. The relatively high electronegativity of Pd results in a high chemoselectivity. By the 

replacement of Mg by Al in the Kumada-Tamao-Corriu reaction, it was demonstrated that not only 

Grignard reagents are suitable organometallic species, but also metals other than Mg have the 

potential to participate in the transmetallation step[3-4]. Finally, several alternative organometallic 

coupling partners were investigated out of which the prominent coupling protocols involving zinc 

(Negishi)[8], tin (Stille)[9], boron (Suzuki)[10] and silicon (Hiyama)[11] emerged. The “classical” cross 

coupling methods were applied in a variety of synthetic sequences with outstanding success. 

However, these protocols suffer from certain limitations. In general, they follow the same reaction 

mechanism, which requires on the one hand an organic (pseudo)halide and on the other hand an 

organometallic species. Therefore, in reaction sequences where more than one halide is placed on a 

reaction partner, selectivity issues can occur.[12] This is even more problematically, since the trend in 

cross-coupling reactions goes into the direction of carrying out multiple cross-coupling steps in a one 

pot fashion.[13] The Kumada group was one of the first groups having a deeper look into the 

mechanism of cross coupling procedures and thereby proposed the widely adaptable three-stage 

catalytic cycle including oxidative addition, transmetallation and reductive elimination, which is 

fundamental for the general understanding of this reaction type[14].   
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The three-stage catalytic cycle published by the Kumada group in 1972 was in the following studied 

more intensively and the importance of the involved ligands was implemented (Scheme B-2), even if 

the initially proposed catalytic cycle is still valid. 

 

Scheme B-2 Revised version of the catalytic cycle for metal catalyzed cross coupling reactions 

 

The main steps of the revised catalytic cycle remain unchanged. Thus, the initial step of the catalytic 

cycle is the oxidative addition, in which the coordinatively unsaturated zero-valent catalyst can be 

generated via either reduction of the divalent metal or via ligand loss and thus it is able to undergo 

the oxidative addition into the C-LG bond. The relative rate of the oxidative addition into the C-LG 

bond is largely dependent on bond strenghts which leads to the following order of reactivity: I > Br, 

OTf>>Cl>>F. Besides the leaving group, also the organic part of the C-LG coupling partner has a large 

influence on the rate of oxidative addition. The most reactive substituents are vinyl halides followed 

by aryl halides. In contrast, alkyl halides (sp3 carbon) react very slowly and competing β-hydride 

elimination can occur. The rate of the transmetallation step is highly dependent on the applied 

organometallic species and the present reaction conditions. For Grignard reagents the 

transmetallation is extremely fast (for both Ni and Pd) but with less reactive metals (B, Si, Sn, Zn) it 

can be the rate determining step[15]. The reductive elimination as final step of the cycle regenerates 

the active catalyst and forms the coupling product. Since transmetallation gives the thermo-

dynamically favoured trans-substituted intermediate and reductive elimination only takes place 

when the two coupling partners are in cis-configuration, the transmetallation step has to be followed 

by either isomerization or ligand dissociation. 
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B.I.1 Liebeskind-Srogl cross coupling reaction 

 

Transition-metal-catalyzed C-C bond generating reactions have revolutionized the field of organic 

synthesis in the last two decades.[16] Classically, cross-coupling procedures usually involve the 

reaction of a nucleophilic organometallic reagent with an electrophilic organohalide (or related 

analogues). But also organosulfur compounds have been reported as potential electrophilic coupling 

partners. Although the oxidative addition of organosulfur compounds to a low-valent transition 

metal species has been extensively investigated, the key to catalytic turnover with organosulfur 

species is the activation of the very stable bond that is formed between the catalytically active metal 

and the soft sulfur atom. [17] Considering a variety of biochemical transformations, the selective 

activation of a stable carbon-sulfur bond is achieved in the presence of a great diversity of oxygen 

and nitrogen heteroatoms. To undestand Nature’s use of biologically relevant thiophilic metals (e.g. 

Ni) in order to achieve selective disconnection of the carbon-sulfur bond in water, the concept of 

hard-soft acids and bases must be applied. As a consequence of these inspiring features, the 

scientific community is interested in laboratory-based synthetic procedures that comprise metal-

catalyzed carbon-sulfur bond cleavage that lead to new C-C bond formation under mild conditions.[18] 

Moreover, cross coupling protocols involving boronic acids as coupling partners are prominent, due 

to their stability against air and moisture and their low toxicity. Moreover, boronic acids are 

commercially available in a broad variety.[16] In 2000, Liebeskind and Srogl took advantage of these 

key features, and reported the first example of a palladium-catalyzed, copper-mediated cross 

coupling between thioesters and boronic acids under base-free conditions.[18] This mechanistically 

unprecedented Pd catalyzed cross-coupling protocol leads to the formation of ketones from 

thioesters and boronic acids under neutral conditions (Scheme B-3).  

 

 

Scheme B-3 Initially published Liebeskind Srogl coupling[18] 

 

One of the main characteristics of this reaction is the requirement of a stoichiometric amount of a 

CuI-carboxylate species as a metal co-cataylst. The replacement by simple CuI sources such as CuI 

halides is not effective.   
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Best results were achieved, when CuI reagents like copper(I) thiophene-2-carboxylate (CuTC) and 

copper(I) 3-methylsalicylate (CuMeSal) were applied as cofactor. The proposed mechanism for the 

classical palladium catalyzed, CuI-mediated desulfitative cross-coupling is presented in Scheme 

B-4.[19] 

 

 

Scheme B-4 Mechanism of the Liebeskind Srogl coupling [19] 

 

The first step is the oxidative addition of thioester A to the Pd0 catalyst. The copper(I) carboxylate 

polarizes the Pd-S bond through CuI coordination to the sulfur center. Simultaneously, the 

carboxylate coordinates to the boron, activating the trivalent boron compound. The nature of the 

hydrogen-bonded ternary complex C as reaction intermediate was confirmed.[20] A full equivalent of 

the CuI additive is required because it is needed as a scavenger for the thiolate released in the 

reaction. This unique, base free coupling protocol tolerates the involvement of base-sensitive 

starting materials and products and further it can even be utilized in the presence of Suzuki-active 

bromides. A successful application of the Liebeskind-Srogl coupling was demonstrated on a variety of 

thioorganic starting materials, like peptidylthiol esters,[21] heteroaromatic thioethers,[22] 

benzylthiocyanates,[23] thioalkynes,[24] bis(arylthiobutenediones),[25] methyl thiopseudourea 

derivatives[26] and cyclic thioamides [27] with either boronic acids or organostannanes. In 2002 

Liebeskind and Srogl disclosed, that also π-deficient heteroaromatic thioethers (at a carbon center of 

oxidation stage +III) can undergo C-C bond formation under the standard conditions initially 

developed for thioesters.[28] This made the reaction a valuable tool for the decoration of heterocyclic 

compounds. Further, the synthesis of natural products (-)-d-erythro-sphingosine[29] and 

litseaverticillol B[30] was conducted via this ketone generating protocol. In 2007 Villalobos, Srogl, and 

Liebeskind described a mechanistically unique Cu-catalyzed coupling of thioesters and boronic acids 

under air in the absence of a Pd catalyst employing CuMeSal (Scheme B-5).[31]  
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Scheme B-5 Cu catalyzed, aerobic coupling of boronic acids and thioesters 

 

So far, in all coupling procedures applying boronic acids and thioesters as starting material catalytic 

quantities of Pd and a stoichiometric amount of CuI carboxylate was obligatory. Further, they were 

conducted under strictly anaerobic conditions. Contrary, this novel Cu-catalyzed protocol depends 

only on an active Cu species without any Pd source. The lack of Pd in the catalytic sequence and the 

absence of a precedent for oxidative addition of the thioester to CuI point to a formally related, but 

mechanistically unique C-C bond formation. A variety of investigations into the scope of this reaction 

have revealed that only thioesters, providing an appropriately positioned ligating S-pendant group 

generate the respective ketone efficiently. S-aryl-NHtBu thiosalicylamides proved to be suitable 

reaction partners because of the steric bulk and favorable spatial orientation of the S-pendant group. 

The scope of this protocol has been studied by employing different S-aryl-NHtBu thiosalicylamides 

and 2.5 equivalents of a boronic acid in the presence of 5 mol% CuMeSal in DMF at 50°C under air. 

Aromatic, aliphatic, and α,β-unsaturated thioesters were successfully coupled with aromatic, 

heteroaromatic, and alkenylboronic acids. In all cases, the S-arylated byproduct and the desired 

ketone were generated in approximately a 1:1 ratio. All CuI sources effectivly initiated the reaction 

regardless of the counterion in even catalytic amounts. In the case of CuII sources, only those bearing 

an oxygenate counterion (carboxylate or diphenylphosphinate) were able to initiate and support the 

aerobic reaction. It was suggested, that CuI must be disposable for efficient catalysis and thereby the 

in situ reduction of CuII to the active CuI by the boronic acid is required, which is facile in the 

presence of an oxygenate counterion, but not in the presence of a halide counterion. For 

regeneration of CuI a second equivalent of boronic acid must be added to cleave the strong Cu-S 

bond in the initially formed Cu–thiolate species, and to regenerate the key Cu–oxygenate species. In 

contrast to the intensively studied oxidative addition/transmetallation/reductive elimination 

pathway in transition-metal catalysis, this reaction obviously follows a novel mechanism templated 

by a higher oxidation state Cu species (Scheme B-6).[16] 
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Scheme B-6 Mechanism of the Cu catalyzed coupling of boronic acids and thioesters (adapted from Prokopcova et al.)[16] 

 

Based on the knowledge of CuI dioxygen reactions, the authors proposed an initial aerobic activation 

of the CuI-coordinated thioester A to a higher oxidation state CuII/III intermediate B. The nucleophilic 

R2 moiety is directed towards the thioester by on the one hand Lewis acid activation of the thioester 

by coordination to Cu and on the other hand the activation of the trivalent boron by coordination of 

the oxygenate species to the boron center (C). Thus, the desired ketone and higher oxidation CuII/III-

thiolate D was generated. Finally, the weakly coordinating thioether (byproduct) is formed via the 

reaction of CuII/III-thiolate D and the second equivalent of the boronic acid. Thereby, the key CuI–

oxygenate species is generated and is accessible for the re-entry in the catalytic cycle. Further, Yang 

et al. developed a coupling procedure for thioesters and boronic acids at room temperature.[21, 29] 

Clearly, this protocol (Scheme B-7) was of special interest for us with regard to an ambient reaction 

temperature in a potential chemoenzymatic one pot process. 

 

 

 

Scheme B-7 Liebeskind Srogl coupling at room temperature[29] 
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Via Liebeskind-Srogl coupling both a C-C bond is formed and a novel functional group is created 

without the addition of a base, like in many other coupling protocols. These characteristics and the 

creation of a highly interesting new functionality regarding a biocatalytic follow-up step gave rise to 

the idea of applying the Liebeskind Srogl coupling as a first step in a chemoenzymatic reaction 

cascade. 
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B.II Gold catalyzed hydration of alkynes 

In various transformations such as enyne cyclization, polymerization and metathesis reactions, metal 

complexes of alkynes are essential intermediates. The classical Dewar–Chatt–Duncanson model[32] 

describes the bonding between the metal and the alkyne as a combination of a σ- and a π-

interaction. [33] Moreover, σ donation and π acceptance are outlined as having a synergistic bonding 

effect.[34] In the case of late transition metals, such as Hg, Cu, Pd, Pt, Au, etc., a more important σ -

contribution to the bond with almost no back-donation is observed. Thus, the electron density on the 

alkyne is minimized and thereby its susceptibility to a nucleophilic attack is increased. This reactivity 

mode has been intensively exploited over the pastdecades. Alkynes have been reported to undergo 

the addition of C, N, S and O nucleophiles via π-activation with transition metals. An excellent way to 

obtain access to aldehydes, ketones or the respective acetals, is the nucleophilic addition of water or 

alcohols to alkynes, according to a Markownikoff or anti-Markownikoff pathway.[33] When Ru(II) as 

catalytic species is used, the reaction favours the anti-Markownikoff manner, which is demonstrated 

in Scheme B-8.[35] 

 

 

Scheme B-8 Metal catalyzed hydration of alkynes (adapted from Mokar et al.) [35] 

 

One of the most valuable functionalization of unactivated alkynes is displayed by a hydration 

reaction to the respective ketone, which is often connected with a large access of acidic reagent.[36]  

However, a multitude of catalysts for this hydration reaction has been investigated. The “classical” 

catalytic system employs toxic mercury (II) salts in acidic media. [37] Naturally, these mercury salts had 

to be replaced, first because of its toxicity, but also the rapid formation of the reduced Hg (0) species, 

which is catalytically inactive, was a problem. Metals like Ag(I), Cu(I), Tl(III), Pd(II), Ru(III), Rh(III) and 

Os(II) were investigated, but the studied reactions suffered from a limited scope. In contrast, Pt(II), 

Au(I) and Au (III) showed a highly promising profile with regard to scope, selectivity and catalytic 

activity. Caused by the strong relativistic effects affecting the coordination behavior, the most 

efficient catalysts are based on gold.[33] Moreover, gold chemistry gained enhanced attention in the 

last years, due to the unpredicted properties of the supported metal in the size of nanoparticles and 

in general due to the reactivity characteristics.   
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More specifically, gold shows a high affinity for alkynes as Lewis acid.[38] Further, the “alkynephilicity” 

of gold resembles that of mercury, which results from the common electronic properties of these 

two elements.[38] In general, good yields were reported when gold(I) catalysts were combined with 

strong acids under increased temperatures.[38-39] Further, procedures for the hydration of alkynes at 

room temperature [40] in eg. CH3CN [41] or by application of gold isocyanide complexes [42] were 

developed. Moreover, the reaction was efficiently performed in aqueous media without using any 

organic solvents. Therefore, a novel bifunctional catalyst with Au nanoparticles covalently bonded to 

HS/SO3H functionalized periodic mesoporous organosilica and a temperauture of 80 °C was 

needed.[43] In 2015 Das et al. demonstrated for the first time a ligand- and acid-free procedure for the 

synthesis of methylketones via hydration of terminal alkynes, which is catalyzed by gold(I) chloride. 

The presented method produces the respective Markovnikov ketones without any acid promoters or 

additives in moderate to high yields (Scheme B-9). This atom-economical and operationally easy 

procedure is extremely straightforward, inexpensive, environmentaly benign and provides an 

excellent functional group tolerance. Both aliphatic and aromatic alkynes, including functional groups 

such as alkoxy, chloro, bromo, fluoro, hydroxy, and tertiary amine were converted into the respective 

ketones.[36] 

 

 

Scheme B-9 Goldchloride catalyzed hydration of alkynes[36] 

 

The properties of the reaction medium significantly influence this reaction. MeOH was exchanged by 

EtOH and i-PrOH for the hydration of phenylacetylene. The conversion of 98 % by applying the 

standard conditions droped to 88% (EtOH) or 72% (i-PrOH). Further, several other solvent systems 

were tested.[36] In terms of a subsequent chemoenzymatic cascade reaction, this procedure shows 

excellent prerequisite. The first example of a gold(III) catalyzed transformation of unactivated alkynes 

into ketones was demonstrated in 1991 by Fukuda and Utimoto[44]. The treatment of terminal 

alkynes with 2 mol% of sodium tetrachloroaurate in aqeous methanol led to the formation of methyl 

ketones in excellent yields. Due to limited regioselectivity, the hydration of internal alkynes resulted 

in a mixture of ketones. Further, by using 2 eqivalents of MeOH without the addition of water to the 

reaction, the Utimoto group achieved direct formation of dimethyl acetals from alkynes under 

appropriate reaction conditions.[37] In 2003 Casado et al. proposed that the gold(III)-catalyzed 

hydration of alkynes occurred by the direct attack of water.[45]  



Patricia Schaaf, Ph. D. Thesis 
Introduction 

32 

 
Based on theoretical calculation, Lein et al. reported in 2010 for the first time the complete 

mechanism of the gold(III) catalyzed nucleophilic addition of water to an unactivated triple bond. 

Moreover, it was claimed that the reaction is not only catalyzed by gold(III) but also catalyzed by 

water at the same time.[46] However, Das et al. performed the reaction in large excess of water and in 

pure water and did not observe any product formation. This observation led to the disqualification of 

a direct attack by water to the alkyne moiety, irrespective of wether gold(I) or gold(III) serves as 

catalyst. Ketone formation was only observed applying alcoholic solvents and thus the mechanism 

presented in Scheme B-10 was proposed.[36] 

 

 

 

Scheme B-10 Proposed mechanism for the hydration of alkynes (adapted from Das et al.) [36] 

 

Catalyst bearing gold (III) centers were frequently applied in form of complexes like 

BzPPh3[Au(NHCmes)Cl3] and [Au(NHCIPr)Br3] or salts (e.g. NaAuCl4).
[36] This can be explained by the fact 

that the efficiency of Au-catalysts seems to be enhanced by the addition of appropriate ligands, 

which thereby enabled a minimized loading of the precious catalyst.[47] However, especially Au(III) 

catalysts are interesting, since they provide catalytic properties unseen in other metals.[46] Further, 

this oxidation state is the most stable one, which is highly beneficial regarding the core idea of a 

chemoenzymatic one pot process. Moreover, as evaluated by in vitro cytotoxicity assays, gold ions 

are found to be less toxic or nontoxic toward cultured cells.[48] 
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B.III Biotransformations in organic chemistry  

For centuries, chemists were inspired by the fact, that living organisms have the remarkable ability to 

convert simple starting materials to complex molecules. Due to the emerging field of biocatalysis, 

researchers now have the oportunity to mimic synthetic strategies that were so far only used by 

nature efficiently.[49] Whereas the development of new processes is the focus of attention, 

surprisingly less attention has been put on the combination of synthetic methodologies.[50] 

Undoubtly, biocatalysis is one of the greenest technologies for the synthesis of chiral molecules due 

to exquisite regioselectivity and stereoselectivity in water under extremely mild conditions. 

Moreover, protection and deprotection of functional groups is in general not required due to the 

outstanding chemoselectivity and the mild reaction conditions.[51] The reactions run under 

physiological temperatures and of course the use of organic solvents is drastically minimized.  

To truly empower the “green aspect” of biocatalysis, it is essential to integrate enzymatic 

transformations into chemical transformations on a retrosynthetic level.[51] The “natural synthetic 

strategy”, is based on three main aspects: the application of enzymes as catalysts, the 

compartmentalization of biocatalysts in cellular organells and the sequential application of enzymes 

in cascade reactions, represented by biosynthetic pathways. The field of biocatalysis uses the 

compartmentalization strategy as observed in living beings by applying different immobilization 

strategies.[49] Nowadays, novel chemoenzymatic routes are investigated to meet process 

requirements on cost-efficiency, waste reduction, energy consumption and throughput on the basis 

of the requirements for an optimal synthetic pathway. This involves a clear improvement towards 

the previous strategy of designing synthetic pathways around limited tool boxes of biocatalysts.[51] 

Further, the development of robust directed evolution and novel screening technologies to improve 

enzyme properties contributed to this development. One of the main advantages of enzymatic 

catalyzed reactions is a potential rate enhancement of as much as 1012. Further, structurally diverse 

substrates can undergo biotransformations. Enzymes can be over-expressed and directed evolution 

can be performed to improve the efficiency and the substrate specificity. And obviously during 

biocatalytic processes only a small amount of chemical waste is produced, which leads togehther 

with the physiological conditions to “greener” reaction conditions as mentioned above. Moreover, 

the waste streams from fermentations are usually suitable for municipal sewers.[52]  
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In contrast to these beneficial characteristics, there are also some issues regarding the use of 

biocatalysts in organic chemistry. Especially, isolated enzymes suffer from instability and they require 

cofactors, as well as their recycling. Moreover, the purchase of specialized equipment for 

fermentations is cost-intensive and displacing established processes is often connected with 

difficulties.[52] However, often neglected by synthetic organic chemists beginning their investigations 

on a biocatalytic process, is to study the biocatalyst itself, whereas an understanding of the exact 

nature of the catalyst and the optimum way in which the catalyst should be presented to the 

reaction medium are crucial for the success of the methods.[53] By now, a variety of stable, “easy to 

use” enzymes can be purchased and used by synthetic organic chemists having no access to a culture 

collection, microbiology and do not have any fermentation skills. Biocatalysts are even increasingly 

designed for the application in organic synthesis.[53]  

Especially in the context of a potential use of biocatalysts in organic chemistry, it is worth to describe 

the differences of applying isolated enzymes versus whole-cell transformations. For example 

commercially available hydrolases and lipases do not require cofactors and thereby reactions can be 

easily performed with isolated enzymes as long as they are stable in a pure state. Cofactors are non-

protein components, such as metal ions or vitamins and are bound to the enzyme and required for 

biological activity. In contrast, when single or multiple cofactors (in stoichiometric quantities) are 

required whole-cell fermentations are preferred, since living cells already have all of the necessary 

cofactors in place as part of their metabolism. Further, a whole cell system provides enhanced 

enzyme stability due to the additional “barrier” of the cell wall. Of course, also problems can come 

up using biocatalysts. For example due to the presence of other enzymes, that metabolizes the 

substrate. Moreover, problems in transporting the substrate or product in and out of the cell are 

sometimes observed, or the substrate or product may be toxic to cells at increased concentrations in 

the range of organic reactions.[52] Especially in large-scale industrial preparation, the use of 

immobilized enzymes is advantageous. An immobilized enzyme is usually more active as well as more 

stable and the space-time yields of optimized reactions tend to be higher.[52] As an outlook into the 

future, the development of novel biocatalytic chemical and pharmaceutical processes, which might 

replace chemical routes with poorer process efficiency and higher manufacturing costs will gain 

tremendous attention.[51] 
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B.IV Alcohol dehydrogenases 

Chiral alcohols serve as valuable building blocks for the synthesis of many pharmaceuticals and 

agrochemicals.[54] The enzyme catalyzed synthesis can be realized starting from prochiral carbonyl 

compounds by asymmetric reduction using NAD+- or NADP+- dependent alcohol dehydrogenases.[55] 

Outstanding enantioselectivities in combination with an easily available (bio)catalyst and excellent 

productivity explains the growing appeal of alcohol dehydrogenases as biocatalysts for large scale 

applications.[56] Further, the transformation of ketones to the corresponding alcohols and vice versa 

is one of the most common redox-reactions in organic chemistry. Whereas traditional synthetic 

methods mainly use metals and cost-intensive complex hydrides, biotransformations offer diverse 

advantages.[57] As mentioned above, the majority of dehydrogenases and reductases used for the 

reduction of ketones and oxidation of alcohols require nicotinamide cofactors, such as NADH and 

NADPH. For the recycling of the nicotinamide cofactor two strategies are generally applied (Scheme 

B-11). 

 

 

Scheme B-11  Strategies for nicotinamide-cofactor-recycling (adapted from Kroutil et al.) [57] 

 

The most simple and sophisticated system employs a single enzyme, which simultaneously 

transforms substrate and co-substrate (Scheme B-11 a). To drive the equilibrium towards the 

direction of the product, the co-substrate must be utilized in large excess. Consequently, the 

“coupled-substrate” approach is frequently hindered by cosubstrate-inhibition. Thus, the main 

requirement for efficient, large scale coupled-substrate systems is the availability of chemo-stable 

dehydrogenases. Moreover, cofactor-recycling can be performed by using a second enzymatic 

reaction, which provides a more complex “coupled-enzyme” approach (Scheme B-11 b). This second 

enzymatic reaction is preferably irreversible. The coupled-substrate system is beneficial, because it 

can be used in the oxidation and reduction mode, whereas separate cofactor-recycling systems are 

required for the coupled-enzyme system. A very common regeneration system for NADH is 
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demonstrated by the application of formate dehydrogenase (FDH) and formate as hydrogen donor. 

By using these two enzymes not in an isolated form, but overexpressed in a single host, a much more 

elegant approach was displayed by Matsuyama et al., who demonstrated this for Pichia finlandica 

ADH and Mycobacterium FDH (Scheme A-12).[58] In general, the development of so called 

“designerbugs” (whole-cell organisms co-expressing all required enzymes) gains enourmous 

attention nowadays. 

 

 

 

Scheme B-12  Coupled enzyme approach using ADH and FDH in E. coli (adapted from Kroutil et al.)[59] 

 

The employment of Escherichia coli as host is very common and it is in general the most prominent 

example for microbial strains used for biocatalysis (Figure B-2). E. coli can be seen as one of the 

workhorses in biotechnology and the “standard” bacterium used for genetic engineering. The 

diameter of the E. coli cells varies between 0.5 and 1.5 μm.[59]  

 

 

 

 

Figure B-2 Escherichia coli, the most important microbial strain in biocatalysis[60] 

 

With regard to a potential previous metal assisted step, single enzyme systems, which are able to 

perform the substrate transformation and cofactor recycling simultaneously, are obviously 

enormously beneficial due to their plainness.   



Patricia Schaaf, Ph. D. Thesis 
Introduction 

37 

 
Moreover, the application of i-PrOH in access is not only important to shift the equilibrium to the 

product side, but it also enhances the solubility of lipophilic substrates in aqueous medium. As a 

consequence, the maximum tolerable concentration of i-PrOH applied for cofactor regeneration was 

constantly increased to maximize the productivity of such coupled-substrate approaches even more. 

This obviously requires extremely chemo-stable enzyme preparations.[57] 

One of the most popular biocatalysts is baker´s yeast (Saccharomyces cerevisiae), which was 

investigated along this line for almost a century. The most important application of baker’s yeast in 

organic synthesis is the asymmetric reduction of ketones. Due to the required nicotinamide cofactors 

(usually NADPH), the use of whole cells in comparison to isolated enzymes is preferred to avoid the 

need for enzyme purification and cofactor regeneration.[61] Notably, a NADPH-dependent reductase 

from baker´s yeast was one of the first biocatalysts used for the asymmetric reduction of carbonyl 

compounds, which led to alcohols of high enantiomeric purities (>98% ee).[62] Further, reductases 

from baker´s yeast have been used to reduce a β-keto-ester substituted by a secondary alkyl group at 

the alpha position. The corresponding β-hydroxy ester having three consecutive chiral centers was 

obtained in excellent stereoselectivity.[63] The Stewart group presented in 2004 a systematic 

investigation of carbonyl reduction catalyzing Saccharomyces cerevisiae enzymes. The reductases 

from baker´s yeast have been over produced in Escherichia coli as gluthathione S-transferase fusion 

proteins. A set of α- and β-keto esters were tested as substrates for each purified fusion protein. 

Both, the enzyme and the substrate structure had influence on the stereoselectivities of β-keto ester 

reductions. Also, sets of enantiocomplementary enzymes were discovered with largely overlapping 

substrate profiles, hence, enabling access to L- and D-alcohols with high stereoselectivities.[64] In 

general, individual yeast ketone reductases deliver the respective alcohols with very high 

stereoselectivities and most are specific for NADPH.[61] However, for our purpose alcohol 

dehydrogenases that can be used via a coupled substrate approach are clearly more attractive, since 

only the requirements of one single enzyme has to be met. Further, more potent enzymes were 

developed, which are most suitable for chemoenzymatic processes.  
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B.IV.1 (S)-Selective alcohol dehydrogenase “A” from Rhodococcus ruber 

In 2003 a novel secondary alcohol dehydrogenase (ADH-A) with outstanding solvent and 

temperature stability from Rhodococcus ruber DSM 14855 was purified and characterized by the 

Faber group.[65] Due to the special characteristics, this biocatalyst appears to be highly interesting for 

industrial applications. Also today, many identified alcohol dehydrogenases require a second ADH or 

otherwise a set-up for co-factor recycling. 

However, the simultaneous recycling of the co-factor and the reduction of the desired ketone by a 

single enzyme in the coupled substrate approach is only applicable with a few alcohol 

dehydrogenases. In the case of ADH-A, both reactions are catalyzed by the single enzyme in a 

hydrogen transfer like fashion. Another important feature of this biocatalyst is its impressive 

operational stability in the presence of high concentrations of organic compounds, for instance it is 

active in i-PrOH up to 80% v/v. This enables an effective shift of the equilibrium towards the product 

side, and further enhances the substrate solubility of more hydrophobic ketone substrates.[66] 

Further, the tolerance against co-solvents, primarily acetone and isopropanol, which act as co-

substrates for ADH activity in the reductive and oxidative directions, respectively, serves for in situ 

recycling of the requisite nicotinamide cofactor.[67] In comparison to the wild type, lyophilized cells of 

E. coli containing the overexpressed ADH-A provided an outstanding enantioselectivity. Selected 

substrates, which were initially converted by the wild type-catalyst (WT) with low stereoselectivity, 

were converted by the partially purified ADH-A. Thereby, for instance enantiopure (S)-β-tetralol with 

> 99% ee was produced, which gave 83 % ee applying the wild type. This clearly indicates that further 

alcohol dehydrogenases competed for this substrate in the WT. In general, various building blocks 

that were not accessible by the wild type catalyst were now obtained in > 99% ee.[66] Further, the 

applicability of overexpressed ADH-A was investigated for reduction of a set of ketones (Scheme 

B-13) employing nonconventional aqueous-organic solvent systems like mono- and biphasic 

aqueous-organic solvent systems (50% v/v) as well as micro-aqueous organic systems (99% v/v). The 

extremely robust biocatalyst efficiently functions in micro-aqueous media composed of 99% of a very 

hydrophobic organic solvent and 1 % of buffer. The highest biocompatibility was found for 

hydrophobic solvents (log P > 2), such as toluene, cyclohexane and hexane. By using the micro-

aqueous organic system high substrate loadings of up to 2.0 M were successfully converted.[68] 
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Scheme B-13   Biotransformations in high concentrations of organic solvent (adapted from Karabec et al.)[67] 

 

The enzyme was purified from the wild-type strain of Rhodococcus, and found to be a protein with a 

monomer molecular weight of 38 kDa, containing one zinc atom per monomer. To gain more precise 

information about the connection of structure, substrate specifity and solvent tolerance of this ADH 

Karabec et al. conducted studies into its three-dimensional structure [67]. The solution of the structure 

has been solved from data collected on crystals grown at both pH 5.5 and pH 8.5, refined to 

resolutions of 2.0 and 2.8 Å respectively.The structure was in general similar in fold to other 

homotetrameric ADHs (Figure B-3), showing a strong similarity with enzymes from thermophilic 

organisms. 

 

 

Figure B-3 Ribbon structure of ADH-A 
Left: Structure of homotetramer presenting subunits A–D in purple (A), green (B), yellow (C) and coral (D). 

Right: Monomer of ADH-A showing the cofactor NAD+ in ball-and-stick representation. (adapted from Karabec et al.) [67] 

 

Each subunit contained one structural zinc atom coordinated by a four-cysteine cluster, and 

additional zinc at the active site. This additional zinc was closely associated with the cofactor NAD+ in 

the case of both structures. Furthermore, the substrate 2-octanone was docked into the active site 

using Autodock. In the two clusters with the lowest energy the carbonyl oxygen atom of the ketone 

was bound to the Zn ion (Figure B-4). Amino acids and the docked 2-octanone are shown in pink and 

green respectively, the cofactor in yellow.  
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Figure B-4 2-Octanone docked into active site showing a comparison of representative binding modes from the two lowest energy docking 
clusters. (Active site pocket is shown in a semi-transparent surface representation) (adapted from Karabec et al.) [67] 

 

The carbonyl carbon atom is in close proximity to the C4-atom of the cofactor. Thus, the hydride 

would be transferred onto the re-face of the carbonyl group, which is consistent with the (S)-

selectivity of ADH-A. Moreover, the methyl group of the substrate interacts with the indole moiety of 

Trp-295, which might be the reason for the lower activity of the enzyme towards bulky-bulky ketones 

due to the apparent steric hindrance.[67] Previous protein engineering studies have suggested that 

the protein’s stability in organic solvents might be defined by the proportion of hydrophobic residues 

at its surface and also the number of stabilizing interactions in the interior of the protein.[69] Karabec 

et al. thus compared the structure of ADH-A with the structures of structural related, known ADHs 

with a lower solvent tolerance. For this purpose the ADH from Thermoanaerobium brockii (Tb-ADH, 

1YKF)[70] was selected. This ADH has been studied intensively, is commercially available and has 

already been subject of reports on its solvent stability. The resulting comparative analysis of the 

structures of ADH-A and Tb-ADH by the program PISA[71] displays that the Tb-ADH tetramer appears 

to be more closely packed than ADH-A. Further it has a larger surface area and more hydrogen bonds 

at the A–B or C–D dimer interface. Thereby, the surface of its tetramer is less hydrophobic. A 

superimposition of the structures also discloses some exposed loops in the region of Tb-ADH 321-326 

where the ADH-A structure is more compact (Figure B-5). 

 



Patricia Schaaf, Ph. D. Thesis 
Introduction 

41 

 

 

 

Figure B-5 Superimposition of ribbon structure of homotetramer of ADH-A (3JV7, blue) with alcohol dehydrogenase from T. brockii 
(Tb ADH, 1YKF, green).  Exposed surface loops between residues 321–326 in each monomer of Tb-ADH are highlighted by the black box in 

monomer B. (adapted from Karabec et al.) [67] 

 

Impressively, the major dimer interfaces between A–B and C–D in ADH-A, are each connected by ten 

salt bridges, whereas the equivalent dimer interfaces in Tb-ADH dimers have none. These 

investigations provide some of the first insights into the possible molecular basis for the remarkable 

chemotolerance of this ADH. Therefore, this ADH provides perfect characteristics for the 

combination with the classical chemical step of the envisaged cascade. Further, a variation of the 

enantioselectivity of the ADH would be of interest, to demonstrate the versatility of the 

chemoenzymatic process. 

 

B.IV.2 (R)-Selective alcohol dehydrogenase from Lactobacillus kefir 

 

A very early example of the practical application of an alcohol dehydrogenase as catalyst for organic 

synthesis was demonstrated by Hummel in 1990. Acetophenone was converted enantioselectively to 

(R)-phenylethanol by a novel (R)-selective alcohol dehydrogenase, found in a strain of Lactobacillus 

kefir. Magnesium ion (Mg2+) addition was found essential for persistant enzyme activity and thus 

complete inactivation of the enzyme by addition of EDTA was observed. Further investigations 

delivered the key characteristics of this novel biocatalyst: it shows a pH optimum at 7.0 for the 

reduction of acetophenone and at 8.0 for the oxidation of phenylethanol and depends strongly on 

NADPH. Further, the Km (acetophenone) 0.6 mM and Km (NADPH) 0.14 mM was determined. A 

variety of other aromatic and long chained aliphatic secondary alcohols were found to be suitable 

substrates for this new alcohol dehydrogenase.   
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For the regeneration of NADPH glucose/glucose dehydrogenase, glucose-6-phosphat/glucose-6-

phosphat dehydrogenase and i-PrOH were studied and all approaches proved to be functional (79-86 

% conversion). Overall, this publication can be seen as a breakthrough in biocatalytic processes 

delivering chiral alcohols.[72] The batch-wise conversion of acetophenone was conducted with a 

substrate concentration of 10 mM, using cell free extract in the presence of 0.2 mM NADPH. In 1992 

the overall stereochemistry of the enzymatic reduction catalyzed by L. kefir alcohol dehydrogenase 

(LK-ADH) and a wide extension of the substrate profile was demonstrated. A variety of cyclic, 

aromatic and aliphatic ketones were converted to the respective (R)-alcohols with high enantiomeric 

access (94-99 % ee) and good yields, by the transferation of the pro-R hydride from the cofactor to 

the si face of carbonyls. Like most alcohol dehydrogenases studied at that time, substrates bearing a 

methyl group as one side chain are preferred substrates over other side chains. But the successfull 

conversion of cyclic substrates implies an important novelty in the field. [73] Further, this biocatalyst 

was applied for the diastereoselective synthesis of optically active (2R, 5R)-hexanediol in quantitative 

yields with an enantiomeric excess and diastereomeric excess of >99 % by Haberland et al.[74] 

Weckbecker et al. were able to isolate the gene of the ADH produced by lactobacillus kefir DSM 

20587 and determined the complete nucleotide sequence. The gene includes 759 bp and encodes a 

protein of 252 amino acids with a calculated molecular weight of 26 781 Dalton. The amino acid 

sequence suggests a high similarity to short-chain dehydrogenases. After cloning and expression in 

Escherichia coli, purification and characterization was carried out. The stereoselective reduction of 

aliphatic, aromatic and even β-keto esters was performed with the purified enzyme to prove its 

preparative applicability.[54] 
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B.V ω-Transaminases 

The first research publications dealing with ω-transaminases were published about 50 years ago.[75] 

However, it took until the end of the last century for this enzyme class to be taken into consideration 

as attractive biocatalytic species in synthetic applications.[76] As well as chiral alcohols, chiral amines, 

especially in enatiopure form also represent important chemical building blocks. They are particularly 

recognized in the pharmaceutical industry for imparting desirable biological activity to chemical 

entities. Some prominent examples are presented in Scheme B-14. (R)-Sitagliptin (3) is an 

antidiabetic drug[77], (S)-rivastimine (4) is applied in the treatment of dementia[78] and (R)-mexiletine 

(5) to treat ventricular arrhythmias.[79] 

 

 

Scheme B-14   Chiral amine based pharmaceuticals: (R)-sitagliptin, (S)-rivastigmine, (R)-mexiletine (from left to right) 

 

A variety of synthetic strategies to produce chiral amines via biocatalytic as well as chemical 

transformations have been developed. These days, ω-transaminases (ω -TAs) have attracted growing 

attention as promising catalyst, giving an environmentally benign access to chiral amines with 

exquisite stereoselectivity and excellent catalytic turnover.[80] These enzymes catalyze the 

deamination reaction of an amine donor (Scheme B-15) and the accompanying amination of a ketone 

or aldehyde (amine acceptor). Thus, during the reaction an amino moiety is transferred between two 

molecules.[76] Recently, the Turner group presented biocatalytic transaminations with near-

stochiometric and inexpensive amine donors.[81] 

 

 

Scheme B-15 Potential amine donors 

 

In contrast to α-transaminases, ω-transaminases are not limited to α-amino and α-keto acids. In 

principle, ω-transaminases are able to aminate any ketone or aldehyde functionality. As a 

consequence, they are also referred to as amine transaminases.[76] 



Patricia Schaaf, Ph. D. Thesis 
Introduction 

44 

 
Due to the reversibility of the amination or deamination, ω-transaminases can be applied for the 

production of optically pure amines in two ways: (a) by kinetic resolution, in which one enantiomer 

of a racemic amine is transformed into the corresponding ketone, leaving the desired amine 

enantiomer unaffected (Scheme B-16, a), or (b) in asymmetric synthesis starting from the prochiral 

ketone (Scheme B-16, b).[76] Asymmetric synthesis is clearly the preferred process, since the product 

can be obtained in up to 100 % yield in contrast to only 50 % via kinetic resolution.[82] 

 

 

 

Scheme B-16 Kinetic resolution (a) and asymmetric synthesis (b) applying ω-transaminases (adaped from Kroutil et al.)[83] 

 

Each method has its advantages and suffers also from drawbacks. The kinetic resolution requires a 

single enzyme and is in general thermodynamically favored if the amine acceptor is pyruvate. But the 

enantiomeric excess of the amine depends on the conversion, and only 50 % yield can be reached at 

maximum in case of highest enantioselectivity. In contrast to that, the asymmetric reductive 

amination allows converting prochiral ketones and aldehydes in the best case in quantitative yield.[82] 

In any case these enzymes need pyridoxal 5-phosphate (PLP (V)) as cofactor, which acts as an 

intermediate amine acceptor and electron sink in the mechanism (Scheme B-17).[76] PLP (V) serves 

thereby as molecular shuttle for ammonia and electrons, transferring an amino group between the 

amine donor and the acceptor. But not only PLP is crucial for the mechanism, also its reductively 

aminated form PMP (VI) (pyridoxamine-5-phosphate).[76] PLP (V) forms a Schiff base with a lysine 

residue in the enzyme backbone (F). The C=N bond of the Schiff base is attacked by the substrate 

amine. Thereby, an imine is formed between substrate amine and PLP (G).   
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The attack is enabled by a water molecule in the active site and the phenolic oxygen of the PLP (V), 

while the phenolic hydroxy group in the ortho-position stabilizes the Schiff base in both cases 

through a hydrogen bond. A lysine residue then abstracts the proton at the amine carbon, which is 

now more acidic due to the imine formation, formally generating a carbanion. The abstraction of the 

proton leads to isomerization to the resonance methide form (I), which is rearomatized by the 

proton of the base from the first deprotonation step (J). The recently generated imine is then 

hydrolyzed, which liberates the ketone product and an enzyme-PMP complex (K). Since all steps of 

the mechanism are reversible, the PMP (VI) complex is able to transfer the amino group to another 

ketone substrate by the reverse pathway. The pyridine nitrogen of the cofactor plays an important 

role since this heterocycle, especially in its protonated form, can stabilize the postulated methide 

form (I) of the cofactor, which is fundamental for efficient catalysis. In the case of deaza-PLP as 

applied cofactor, the enzymatic activity drops by four to nine orders of magnitude. In terms of chiral 

information transfer, the substrate is positioned in a large (L) pocket and a small (S) pocket within the 

active site (Figure B-6), enabling a high degree of predictability for biotransformations. 

 

 

 
Figure B-6 Schematic view of the binding site of an ω-TA (adapted from Fuchs et al.)[76] 

 

Thus, the wild-type enzymes do not accept substrates with two large substituents next to the 

carbonyl functionality. The Bornscheuer group overcame this major challenge by extensive protein 

engineering followed by optimization of the identified motif. The resulting biocatalysts demonstrated 

up to 8.900-fold higher activity in comparison with the starting scaffold and are highly stereoselective 

(up to >99.9% ee) in the asymmetric synthesis of a set of chiral amines holding bulky substituents.[84] 

Moreover, using bioinformatic tools, the Bornscheuer group identified variants of the ATA from 

Vibrio fluvialis, a frequently used (S)-ATA, with a widened binding pocket as exemplified for a range 

of ketones. The asymmetric synthesis of 2,2-dimethyl-1-phenylpropan-1-amine - not accessible by 

any wild-type ATA- was successfully performed. The best variant containing four mutations gave 

100% conversion of the ketone and >99% ee, notably with a preference to the (R)-enantiomer. In 

silico modeling enabled the reconstruction of the substrate binding mode to the newly evolved 

pocket and hence the experimental results were expained.[85]  
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Scheme B-17 Structure of PLP (bottom) & mechanism for the transamination (adapted from Fuchs et al.)[76] 

 

The substrates and products (amine donor and acceptor, product, co-product) exist in equilibrium 

with each other in the reation mixture. Hence, depending on the substrates’ and products’ nature 

reaction engineering or follow-up reactions might be obligatory to push the reaction towards the 

product side.[86] In fact, one of the major problems is, particularly in the case of asymmetric synthesis 

to shift the equilibrium to the product side, which lies naturaly strongly on the substrate side.[76] 

Therefore, the development of process-adapted enzymes or methods to shift the equilibrium was 

crucial for the success of amine synthesis using ω-transaminases.[82] Options to circumvent this issue 

are either the utilization of a large excess of amine donor and/or removal of the co-product. One way 

to solve that problem was recently demonstrated by the application of an artificial multienzyme 

network that was successfully expressed in a single host.[87]   
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However, to use ω-ATAs for a high-output asymmetric reductive amination the thermodynamic 

barrier has to be overcome to shift the equilibrium toward product formation. Currently, several 

convenient methods are available like (1) removing volatile co-products (e.g., acetone, propanone)[88] 

or (2) the application of designated amine donors,[89] or (3) the use of multienzyme networks 

(Scheme B-18) as well as (4) nonenzymatic spontaneous reactions. [82] 

 

 

 

Scheme B-18 Enzyme coupled techniques to shift the equilibrium in ω-ATA catalyzed reactions 

 

In the following, the most common “equilibrium shifting enzyme cascades” will be briefly explained. 

The applicability of lactate dehydrogenase was first proven by the incorporation of a glucose 

dehydrogenase (GDH) for recycling of the cofactor nicotinamide NADH in form of a ωTA/LDH/GDH 

coupled system (Scheme B-19). 

 

 

 
Scheme B-19 LDH/GDH multi-enzyme network to shift the equilibrium towards product formation 

(LDH = lactate dehydrogenase, GDH = glucose dehydrogenase) 
 

Another way to shift the equilibrium is the removal of pyruvate from the reaction medium by 

incorporation of a pyruvate decarboxylase (PDC), which converts pyruvate to acetaldehyde and CO2. 

Thus, both species can easily be removed leading to a consequently irreversible system.[82] Hereby, 

only two enzymes and no additional NADH recycling is required.   
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While in the above described methods only alanine was used as amine source, an alternative cascade 

was established by using iso-propylamine as cheap and achiral amine donor. In this case, the 

coproduct acetone was removed employing a yeast alcohol dehydrogenase (YADH) from 

Saccheromyces cerevisiae in combination with a NADH recycling system including formate 

dehydrogenase (Scheme B-20). 

 

 

Scheme B-20 Acetone removal by YADH 

 

Further, nonenzymatic methods for the equilibrium shift were developed. One example is the 

application of amine donors such as 2-propan- and butanamine, which is highly attractive due to the 

volatility of the formed byproducts (acetone and butanone) and because this amine donors are very 

economical.[82] But not every ω-TA accepts every amine donor. Amine donors are limited to a 

restricted number of ω-TAs being able to accept the respective donor. This limitation can be 

bypassed by reaction engineering enabling very attractive single enzyme systems or by rational 

protein engineering.[88b, 89] Alternative amine donors are for example derivates of 1-phenylethylamine 

but also more complex amines as for example an amino-cyclohexadien-derivative (Scheme B-21). 

 

 

 

Scheme B-21 Ketone removal via spontaneous tautomerization 
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During this shifting-approach the formal intermediate coproduct ketone resulting from the 

commercial available amino-cyclohexadien derivative undergoes an irreversible tautomerization to 3-

hydroxybenzoic acid. In this case, only one enzyme is required and expensive cofactors such as NADH 

are completely avoided. However, the system suffers from the rather expensive amine donor which 

has to be added in equimolar amounts.[90]  
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B.VI Chemoenzymatic cascade reactions & 

combination strategies 

Nature’s elegance of efficiently assembling cascade type reactions inspired biologists and chemists all 

around the world. The understanding and mimicking of such networks are of highest interest for 

both academia and industry. By combining either the advantages of chemo-, regio-, and 

stereoselectivity of biocatalysts or promiscuity and productivity of chemocatalysts a few multistep 

one-pot reactions were recently developed. Thus, a variety of concepts, inspired by different 

disciplines (biocatalysis, metabolic engineering, synthetic chemistry, and material science), have 

been published.[91] Regarding process efficiency and sustainability, the combination of individual 

reaction steps has a tremendous potential for decreasing solvent consumption and waste production 

due to the decreased number of overall required work-up steps.[50] Further, space-time yields can be 

significantly improved, which leads to an increased general interest in this topic of one-pot processes 

from an industrial standpoint (see Figure B-7). 

 

 

Figure B-7 Basic concept of chemoenzymatic one pot processes 

 

Processes of the same type of technology, meaning chemocatalysis[92] (e.g. domino reactions)[93] on 

the one and biotransformations[94] (e.g. fermentations)[95] on the other hand were investigated, 

extensively. However, combinations of these two worlds are rather rare. With respect to a suitable 

solvent for a biocatalytic step, the majority of these processes are conducted in aqueous medium, 

which beneficially leads to “greener” processes in general and besides that, choosing water as a 

solvent enables in principle the use of the full range of enzymes as water represents the natural 

reaction media for all enzymes. Combinations of chemocatalysis and biocatalysis for consecutive 

reactions in aqueous media are of particular importance.[50]   
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Since the two reaction types traditionally require substantially different reaction conditions, 

particularly regarding solvent, reaction temperature and substrate concentration, it is obviously a 

challenging task to bring these apparently contradictive worlds together, that are naturally not 

combinable. The development of combination strategies can only be realized in consideration of 

enzyme activity maintenance on the one hand, and metal catalyst activity maintenanace on the other 

hand. 

 

 

 

Figure B-8 General compatibility issues between metal- and biocatalysis affecting each other 

 

Additionally the general process requirements such as high conversions, yields and selectivity must 

be taken into account.[50] In the early 1980s, the van Bekkum group elegantly combined a 

heterogenized metal-catalyzed hydrogenation with an enzymatic isomerization and thereby laid the 

foundation for this development[96]. The process comprises the synthesis of the sugar substitute D-

mannitol starting from D-glucose, which is in situ transformed into D-fructose employing a D-glucose 

isomerase. Subsequent heterogeneous Pt-catalyzed hydrogenation delivered the desired D-mannitol 

as major product. Next major contributions made for dynamic kinetic resolutions by combining a 

chemocatalytic racemization and a hydrolase catalyzed resolution in water was done by the Williams 

group jointly with Harris[97] and the Wang as well as Beller group[98] utilizing metal catalysts and 

organocatalysts, respectively, for racemization. In parallel a range of dynamic kinetic resolutions of 

alcohol and amines based on metal catalyzed racemization and lipase catalyzed resolution through 

acylation was developed in organic solvent by the groups of Bäckvall, Kim, and Berkessel.[99]  

The efforts regarding the combination of metal catalysis and biocatalysis also result from the fact 

that both catalyze unique reactions that often cannot be conducted by the other catalytic discipline. 

Thereby, from a biocatalysis point of view those metal-catalyzed transformations for combinations 

are particularly interesting, for which enzymatic processes do not exist such as cross-coupling 

reactions (Pd catalysis for Heck reaction, Suzuki-reaction), metathesis (Ru-catalysis or Mo- catalysis) 

and Wacker-oxidation (Pd catalysis).   
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Further, organic reaction mixtures from heterogeneously catalyzed hydrogenations were combined 

with subsequent biotransformations. This was demonstrated by the Mihovilovic group for the 

hydrogenation of cyclic enones conducted in a flow reactor and a subsequent epimerization with an 

ion-exchange polymer, followed by a monooxygenase catalyzed Baeyer-Villiger oxidation to form a 

lactone with >99 % ee, >99 % de and a space-time-yield of 3.4 g/(L*d)[100]. Moreover, a Suzuki cross-

coupling reaction was efficiently combined with an enantioselective biocatalytic reduction 

collectively by the Gröger and Hummel groups (Scheme B-22)[101]. The boronic acid which is required 

for the coupling reaction turned out to be a critical component due to its strong inhibition of the 

alcoholdehydrogenase.  

 

 

Scheme B-22 Combination of a Suzuki cross coupling reaction and a biocatalytic reduction (adapted from Gröger et al.)[50] 

 

By application of a two-step one-pot strategy and thus addition of the enzyme to the reaction 

mixture after the completed biaryl formation and full consumption of the boronic acid (F-0), the 

biocatalyst was compatible with the reaction mixture from the Suzuki reaction and the biaryl-

substituted alcohol (14) was formed with high conversion (91%) and >99% ee. An extension of this 

process was demonstrated by Prastaro et al. employing water-soluble palladium nanoparticles 

stabilized within the protein cavity of a thermostable DNA binding protein as the metal catalyst,[102] 

and Gauchot et al. demonstrated an efficient re-use of chemocatalyst and biocatalyst when using 

ionic liquid and buffer as a biphasic system[103]. The earlier contributions with Suzuki reactions at 

elevated temperatures were further investigated and a biocompatible Suzuki reaction at room 

temperature was developed based on a water-soluble palladium-TSPP catalyst [104]. However, to 

conduct both reactions under the same pH conditions was not realized at that time. Another Pd-

catalyzed reaction of industrial interest is the Heck reaction, and its combination with an enzymatic 

reduction towards a one-pot process in aqueous medium was conducted by Boffi et al. [105] (Scheme 

B-23). 
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Scheme B-23  Combination of a Heck reaction and a biocatalytic reduction (adapted from Gröger et al.)[50] 

 

Based on a former combination of a Heck reaction in organic media[106], this Pd catalysis was 

performed in aqueous medium using a phosphine-free perfluoro-tagged palladium nanoparticle[105] 

and combined with an ADH in a two-step one pot system. The allylic alcohol products were observed 

in yields of up to 92 % and with >99 % ee. Another interesting one pot process in aqueous media, 

which formally corresponds to an enantioselective hydration reaction, is a Pd-catalyzed Wacker 

oxidation starting from a prochiral alkene, giving an aldehyde or ketone, coupled with an 

enantioselective enzymatic reduction. Gröger and Hummel demonstrated this transformation of 

styrene into 1-phenylethanol via acetophenone (Scheme B-24).[107] 

 

 

Scheme B-24 Combination of a Wacker oxidation with a biocatalytic reduction in a one-pot process (adapted from Gröger et al.)[50] 

 

The compatibility of two reaction types was only achieved in the presence of a catalytic amount of an 

additive known to bind to the present palladium species (e.g., thiourea), even if the effect of this 

additive was not clear. A complexation of the palladium species which directly or indirectly (e.g. by 

interaction with the cofactor) inhibits the enzymatic process was suggested. In this chemoenzymatic 

process, the alcohol product was obtained in up to 68 % yield and with up to 99 % ee. [108] Further, 

olefin metathesis is another metal catalyzed method complementary to the reaction spectrum of 

enzyme catalysis and was combined with a biotransformation towards a one-pot process (Scheme 

B-25).[109] 
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Scheme B-25  Combination of an olefin methathesis with an enzymatic hydrolysis  (adapted from Gröger et al.)[50] 

 

When starting from a diallylmalonate, ring-closure metathesis gave the cycloalkene derivative (21), 

which was then converted into the respective monoester (22) by pig liver esterase (PLE) in 94% 

overall yield. The PLE was added after the formation of the cycloalkene, and high compatibility of the 

metathesis catalyst with the enzymatic hydrolysis was demonstrated. Moreover, a metathesis 

reaction was combined with a P450-monooxygenase catalyzed oxidation in aqueous medium, 

generating various epoxides in a tandem fashion as recently reported by Denard et al.[110] The 

cooperative action of the two catalysis types enables the combination of a dynamic equilibration of 

the alkenes with a selective epoxidation of the desired cross-metathesis product to form the 

epoxidized carboxylic acid. With 27 % yield this one-pot tandem process gave a 1.5-fold higher yield 

compared to the hypothetical yield of 18 % resulting from a stepwise process comprising of the two 

reactions steps and the isolation of the intermediate.  

In extension of the combination of classic types of chemocatalysts with biocatalysts, artificial 

metalloproteins can serve as chemocatalyst moieties in chemoenzymatic one-pot processes. This was 

demonstrated by Köhler et al. by applying an artificial transfer hydrogenase combined with various 

redox enzymes.[111] L-Pipecolic acid was synthesized in a deracemization-process starting from the 

bulk chemical L-lysine, which provides an example for such a process. An initial oxidation catalyzed 

by an L-amino acid oxidase and subsequent hydrogenation by the iridium-complex-containing 

metalloprotein generates the racemic amino acid, which then is resolved highly enantioselectively by 

a D-amino acid oxidase and catalase to decompose the formed hydrogen peroxide. The unchanged L-

enantiomer of pipecolic acid is finally obtained in high enantiomeric excess. Up to three enzymes 

where thereby integrated in the cascade. An outstanding compatibility of such (chemo-)catalysts 

with enzymes is assumed, since artificial metalloproteins bear a chemocatalytic moiety surrounded 

by a protein structure.  

Thus, a concurrent cross methathesis and enzymatic oxidation was demonstrated by Köhler et al. in 

2014. A revesible ruthenium catalyzed reaction was thereby combined with an irreversible enzymatic 

transformation using cytochrome P450 BM3 monooxygenase.[112]   
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Notably, also an increasing number of efficient asymmetric organocatalytic methodologies combined 

with biocatalytic steps have been investigated in the last 20 years. A proof of concept for such a 

process was recently reported by Baer et al., consisting of a combination of an organocatalytic aldol 

reaction with a biocatalytic reduction of the aldol adduct leading to 1,3- diols [113]. This group also 

presented the first chemoenzymatic one-pot process, in which the organocatalytic aldol reaction as 

well as the enzymatic reduction proceeds in aqueous medium.[114] The desired 1,3-diols were 

observed with up to 89 % conversion and a diastereomeric ratio of up to >25:1 with 

enantioselectivities of up to 99 % ee (Scheme B-26). [114] 

 

 

Scheme B-26  Asymetric organocatalytic reaction with a biocatalytic reduction (adapted from Gröger et al.)[50] 

 

Two years later an extension of this process was published by the same group.[115] An elegant option 

for the compartmentalization of the two different catalyst types was applied using a commercially 

available superabsorbing material. The immobilization was conducted based on a literature known 

protocol, which was developed by Jeromin in 2009. Jeromin reported the finding of a “new catalyst” 

for asymmetric reduction, which ment a superabsorbed alcohol dehydrogenase. The immobilisate 

contains all components for the reaction, i.e. enzyme, the coenzyme NADP+, buffer and cofactors. 

This “all inclusive catalyst” is easy to prepare by simply embedding the enzyme in the superabsorber 

matrix. Further, the superabsorbent polymer is economically attractive and commercially available. 

Prochiral ketones, acetophenone and 4-acetylpyridine were successfully converted into the 

respective (R)- and (S)-alcohols with a superabsorbed ADH from Lactobacillus brevis and a 

superabsorbed ADH from Thermoanaerobicum sp. in i-PrOH as organic solvent and at the same time 

the cofactor-regenerating substrate. Jeromin obtained yields from 97-100 % and achieved 

enantiomeric excesses of 99 %.[116]. This immobilization procedure was applied in the following by 

the Gröger group for the embedment of an ADH from lactobacillus kefir and its employment in the 

reduction of acetophenone as a model substrate, which led to high conversion (>95 %). A mixture of 

aqueous buffer/isopropanol (75/25 (v/v)) was used as solvent.   
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Further, the immobilized biocatalysts turned out to be suitable for the diastereoselective reduction 

of an organocatalytically prepared enantiomerically enriched aldol adduct. High conversion, 

diastereomeric ratio and enantioselectivity for the resulting 1,3-diols were observed via application 

of a “fixed-bed” reactor for the separation of the two catalyst types.[115]  

In 2014 a further extension was published by Heidlindemann et al., which is based on a “one-pot 

like” process for 1,3-diols, again based on immobilized organo- and biocatalysts used in different 

compartments, but this time completely in organic media. The efficient biocatalyst provided good 

reusability and simple product separation from the immobilizate under avoidance of any tedious 

extraction steps during the process. During these studies it turned out, that the use of polar solvents 

(e.g. buffer/isopropanol) in the reaction mixture leads to a dramatic leaching of enzyme and cofactor, 

which can be explained by the fact, that i-PrOH extracts water from the superabsorber matrix and 

therefore substantially lowers the water activity (aw) in the hydrogel compartment and thereby dries 

out the aqueous compartment. Further in the presence of i-PrOH the overall concentration of i-PrOH 

in the superslurper phase is enhanced and could thereby inactivate the ADH.[117] Thus, whenever this 

combination approach is applied, the use of i-PrOH must be avoided. Nevertheless, this protection 

strategy for the ADH has the beneficial effect, that the substrate concentration is lower in the 

superslurper matrix due to solubility reasons, which is highly desirable to avoid substrate inhibition. 

The discussed investigations were of high relevance for the in this thesis targeted chemoenzymatic 

one pot processes. A concept for a potential reaction setting is demonstrated in Figure B-9. 

 

Figure B-9 Concept of a liquid-solid biphasic system for the targeted one pot process 

 

Heidlindemann et al. adressed a very general issue by running this process completely in organic 

media, since the insufficient stability of biocatalysts under processing conditions displays one of the 

major barriers for the use of enzymes in industrial biotechnology. The use of organic solvents instead 

of aqueous media for enzymatic reactions would offer numerous advantages, such as an increased 

solubility of hydrophobic substrates or suppression of water-dependent side reactions (e.g. 

hydrolysis reactions). However, organic solvents in most cases inactivate enzymes.   
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Thus, industry and academia are highly interested in strategies to enhance the lifetime of enzymes in 

the presence of organic solvents.[118] Therefore the influence of organic solvents on enzymes, even 

though every biocatalyst has to be studied individually, was intensively investigated and discussed. 

However, the same effect of a beneficial distribution of a hydrophobic substrate between aqueous 

and organic phase can be expected for a strictly non miscible, liquid-liquid biphasic system (Figure 

B-10). Further, the organic solvent itself does not affect the biocatalyst to a critical amount due to it’s 

highly apolar character. 

 

Figure B-10 Concept of a liquid-liquid biphasic system for the targeted one pot process 

 

A different technical possibility using multiple catalysts or reagents in a cascade fashion is to site-

isolate catalysts from each other by applying a semipermeable membrane system. One prominent 

example of reagents being completely incompatible is water and LiAlH4 reacting rapidly with each 

other and therefore they can not be added to the same reaction vessel. In 2008 the Bowden group 

used polydimethylsiloxane (PDMS) to develop a general method to site-isolate water from LiAlH4 and 

Grignard reagents to carry out a series of cascade reactions[119]. In this case PDMS timbles were 

employed to completely encapsulate water (Scheme B-27).  

 

 

 

 

Scheme B-27  Diffusion of small non-ionic organic molecules through the PDMS membrane  
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PDMS is a hydrophobic, commercially available polymer which is used as a membrane in separation 

devices, due to the characteristic that small molecules can diffuse through it readily. The flux rates of 

non-ionic organic molecules through PDMS are typically high, whereas very polar molecules have low 

flux rates caused by their low solubilities in PDMS. Thus, water has a very low flux rate through PDMS 

owing to its highly polar and hydrogen-bonding structure which is incompatible with the hydrophobic 

matrix. PDMS can be purchased in form of a two-component kit and readily cast into the desired 

shape. The two components are mixed to form a viscous liquid that cures into a solid after a few 

hours at 65 °C. However, the difference in flux rates of polar and non-polar molecules allows 

incompatible reagents to remain on the interior or exterior of PDMS barrier for a long time. This 

method provides interesting opportunities to carry out cascade reactions using this material as tool 

in the synthesis of organic molecules because it allows multiple reagents and catalysts to be used 

without regard for whether they poison or affect in any other means each other.[119] Of course this 

provides an interesting concept for potential chemoenzymatic one pot reactions. In 2015, the Gröger 

group demonstrated a Wacker oxidation using CuCl/PdCl2 as a catalyst system combined with a 

subsequent enzymatic ketone reduction. Styrene was converted enantioselectively into 1-

phenylethanol in a one-pot process, although the two reactions conducted in aqueous media are not 

compatible due to enzyme deactivation by Cu ions (Scheme B-28).  

 

 

Scheme B-28  Combination of Wacker oxidation and enzymatic reduction (adapted from Sato et al.)[120] 

 

Conducting the Wacker oxidation in the interior of a PDMS thimble enables diffusion of only the 

organic substrate and ketone product into the exterior where the biocatalytic step takes place. Thus, 

the Cu ions, which inactivate the enzyme, are withheld from the reaction media of the 

biotransformation. Via this sequential process, which formally corresponds to an asymmetric 

hydration of alkenes, a range of 1-arylethanols were generated with high conversions and 98–99 % 

ee (Scheme B-29). Additionally, the influence of the oxidation state of the copper was investigated, 

indicating that CuII ions are much more harmful regarding enzyme inactivation, than CuI species.[120] 
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Scheme B-29  Site-isolation of catalysts using a PDMS thimble to combine a wacker oxidation and an enzymatic reduction[120] 

 

Another novel chemoenzymatic process applying the PDMS material was demonstrated recently by 

Latham et al.[121] In the field of C-H activation discrimination between two similar, unactivated C–H 

positions is beyond the scope of current chemocatalytic methods. Therefore, this group 

demonstrated that integration of a regioselective halogenase with Pd-catalysed cross-coupling 

chemistry in one-pot reactions successfully addresses this problem. The chemoenzymatic process 

delivers functionally diverse arylated products that are impossible to access using either enzymatic or 

chemocatalytic C–H activation separately under mild, aqueous conditions (Scheme B-30). The 

compatibility issues of enzyme and transition metal are overcome through membrane 

compartmentalization, with the optimized process requiring no intermediate isolation or purification 

steps.[121] 

 

 

Scheme B-30  Combination of a halogenase catalyzed transformation and a Suzuki-Miyaura cross coupling using flavin reductase (Fre) and 
glucose dehydrogenase (GDH) enzymes for cofactor recycling[121] 
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This technology was clearly another interesting option for the development of a chemoenzymatic 

cascade reaction within our project (Figure B-11). 

 

 

Figure B-11 Concept of compartmentalization by application of a semipermeable mebrane 

 

In 2015 a combination of a ruthenium catalyzed isomerization of allylic alcohols with a ω-

transaminase catalyzed reaction was demonstrated by Rios-Lombardia et al.[122] The resulting amines 

were observed with high yields and enantiomeric excesses, but the process had to be accomplished 

in a sequential fashion due to incompatibility issues of the catalysts. Moreover, the same group 

recently presented the first chemoenzymatic process without the requirement of a 

compartmentalization or separation of the two cascade steps or the two catalyst types. The process 

was conducted in aqueous medium, in both sequential and concurrent fashion, and it provides 

enantiomerically pure alcohols from racemic allylic alcohols. This was realized by combining a 

ruthenium(IV)-catalyzed isomerization with a bioreduction promoted by ketoreductases (Scheme 

B-31).  

 

 

Scheme B-31 Concurrent ruthenium(IV)-catalyzed isomerization and bioreduction promoted by ketoreductases 
 (adapted from Rios-Lombardia et al.)[123] 

 

In case of the sequential process published before, ketoreductase and cofactor was added and a 

decrease of the temperature was required. Regarding the concurrent process, both the metal 

catalyst and biocatalyst were able to coexist and work simultaneously from the start of the cascade 

reaction, thus furnishing the final products with yields close to 85 %.[123] 
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C  Project description 

Despite the great attractiveness, the implementation of concurrent cascade reactions that combine 

an organometallic catalyst with a biocatalyst has proven challenging because of the mutual 

inactivation of both catalysts.[111] However, driven by the outstanding strengths of the contrarily 

appearing catalyst types, this work aims on a chemoenzymatic one-pot cascade reaction, which is 

based on a combination of a metal catalyzed reaction and a subsequent enzyme mediated 

transformation of the newly created carbonyl group. An option to solve the problem of the described 

poisoning effect is to site-isolate catalysts and reagents from each other in a way that they do not 

come into contact.[119] To realize this in a one pot fashion and thus without any intermediate step 

between the two partial reactions, the general compatibility issues of these different catalysis types, 

namely overall reaction concentration, inactivation of the enzyme by metal species, reaction 

temperature and solvent, have to be solved. To demonstrate the versatility of the developed 

method, we aimed on identifying two enantiodivergent alcohol dehydrogenases that provide access 

to both enantiomeric forms of the desired chiral alcohol (Figure C-1). Further, the employment of a 

transaminase was envisaged for the production of chiral amines. 

 

 

Figure C-1 Enantiodivergent biotransformations applying the by metal catalyzed reaction generated substrate 

 

More specific, this thesis focuses on a concept to overcome the necessity of effortful intermediate 

steps during the two-step reaction sequence. In the following we envisaged a simultaneous 

combination of a coupling reaction, which generates a new functional group that subsequently 

undergoes the biotransformation leading to an enatiomerically pure compound. This should in 

general facilitate concomitant operation of both catalytic reactions in presence of each other, 

representing a Domino-type conversion. Moreover, the project was extended by combination of a 

gold catalyzed hydration reaction of alkynes, again generating a carbonyl group, and a subsequent 

reduction of the novel functionality in an extremely straightforward fashion. 
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D  Results & Discussion 

This chapter implies detailed investigations of the individual steps of a prospective chemoenzymatic 

cascade reaction (Figure D-1) meaning metal catalyzed step, enzymatic step and in the following the 

development of four different combination strategies. Therefore, the influence of the variation of 

several reaction parameters had to be studied in detail to bring these two contrary appealing worlds 

of metal- and biocatalysis together.  

 

 

 

Figure D-1 Envisaged chemoenzymatic one pot cascade for the synthesis of chiral compounds 

 

The general objective during the development of a successful chemoenzymatic one pot process is to 

indentify a commom denominator regarding the present reaction conditions for both catalysis types. 

Our approach was to initially study the metal catalyzed reaction to achieve “near-biocompatible” 

reaction conditions within the first cascade step that generates the new functionality (FG3). Having 

the respective reaction conditions for the metal catalyzed transformation in hand, the 

biotransformation was studied with respect to a substrate overlap. As a result, four strategies based 

on different reaction settings were developed for the combination of both individual steps applying 

two different enzyme classes. The actually applied biocatalysts must be evaluated individually with 

respect to their unique characteristics and behavior in the present one pot system. Overcoming the 

general compatibility issues was very complex, especially since the adaption of single reaction 

parameters influences the impact of other ones (Figure D-2). 
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Figure D-2 General compatibility issues between metal- and biocatalysis affecting each other 

 

The main criterion was of course to preserve the activity of both, the metal catalyst and the 

biocatalyst. First of all, the enzyme suffers from the high concentrations of starting materials within a 

metal catalyzed reaction and consequently the comparable high concentration of the potential 

substrate holding the novel functional group (FG3). Further, the metal species itself displays a 

complexity regarding the combinability due to the general inhibitory action on various enzymes. 

Moreover, metal catalyzed reactions are classically performed in organic solvents. This is clearly the 

next task during the design of a chemoenzymatic one pot process, since biocatalysts in general only 

tolerate a limited content of organic solvent. Next, enzymes naturally perform under physiological 

conditions meaning reaction temperatures from about 20-37 °C, which is obviously not given in most 

metal assisted transformations.  
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D.I Development of a liquid-liquid biphasic 

system 

This chapter comprises the entire development of the first chemoenzymatic one pot process 

presented within this thesis and provides an overview about future design possibilities. The 

development of this liquid-liquid biphasic system is based on early observations within this project of 

both the coupling reaction and the enzymatic reduction. 

 

D.I.1 Initial studies and adaption of the Liebeskind-Srogl coupling reaction catalyzed by 

tetrakis(triphenylphosphine)palladium 

 

This section contains preliminary studies of the Liebeskind Srogl coupling reaction. The decision to 

first approach the reaction conditions of the applied enzymes within the metal assisted step is based 

on a narrow operational window for variations in the biocatalytic cascade step. 

The mechanistically unprecedented coupling of a boronic acid and a thioester for the synthesis of 

ketones under neutral conditions was first demonstrated in 2000 by Lanny S. Liebeskind and Jiri 

Srogl. The C-C cross coupling procedure is in general performed under the presented reaction 

conditions (Scheme D-1). 

 

Scheme D-1 Reagents and conditions: a) CuI cofactor, Pd0, THF, 50 °C 

 

The fact that this metal catalyzed ketone synthesis does not require the addition of a base, which is 

obligatory for many other coupling protocols makes it potentially very attractive for our purpose. 

With regard to a combination with a biocatalyst it offers further advantageous characteristics. Within 

this reaction a carbonyl functionality is generated, which is a highly interesting functional group 

regarding a subsequent enzymatic step. The overall aim was to convert this newly created functional 

group by a subsequent biotransformation to a chiral product. Since most boronic acids show a good 

stability against air and moisture and are commercially available in a great diversity [16], the 

procedure was even more interesting.   
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Nevertheless, having a look on the initially published protocol the following critical properties 

regarding a potential combination with a biotransformation were determined: 

 

I. Cu (I) thiophene-2-carboxylate (CuTC) as cocatalyst 

II. THF as solvent 

III. 50 °C reaction temperature 

IV. 250 mM initial thioester concentration 

 

Preliminary experiments conducted by Moumita Koley indicated that CuTC inactivates the applied 

ADH (from Saccharomyces cerevisae) even at very low concentrations. This was also observed for the 

ADH from lactobacillus kefir by Sato et al.[120] and in general the influence of copper species on 

enzymes, especially alcohol dehydrogenases is rigorous.[124] However, a key feature of the Liebeskind 

Srogl coupling is the requirement of at least stoichiometric amounts of CuI-carboxylate species as a 

cofactor,[16] which is related to the mechanism of this protocol. The copper cofactor plays the dual 

role of both, polarizing the Pd-S bond through CuI coordination to the S center and at the same time, 

activates the trivalent boron center through coordination of the carboxylate group to the Boron 

atom (Scheme D-2). 

 

 

 

Scheme D-2 Role of CuTC in the mechanism of the Liebeskind Srogl coupling  
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As a consequence, the minimization or elimination of the copper species was no option during the 

cascade design. Even the procedure using only 5 mol% CuMeSal and no palladium catalyst (see 

Introduction, Scheme B-5) developed by Villalobos et al. [31] holds a copper content that is not 

tolerated by the respective alcohol dehydrogenases. Based on this knowledge, a separation or 

compartmentalization strategy of biocatalyst and copper ions was mandatory, using this coupling 

procedure as first cascade step. The next assignment was the identification of a solvent system that 

is tolerated by both catalyst species. In 2012 our research group (Koley et al.) presented the first 

Liebeskind Srogl coupling in water.[125] Within this protocol 2-(methylthio)pyridine and 2-

(methylthio)benzothiazole were reacted in the presence of a Pd(0) catalyst and copper(I) thiophene-

2-carboxylate with a series of arylboronic acids. The coupling procedure gave moderate yields, 

especially when electron-rich boronic acids were employed as coupling partners. 

 

 

Scheme D-3 Reagents and conditions: a) CuTC (1.2 equiv.), Pd(PPh3)4 (5 mol%), AcOH (0.25 equiv.), 50 °C, H2O 

 

Based on this protocol, which was in the following transferred to our approach, S-tert-butyl 

thioacetate (A-1) was coupled with phenylboronic acid (F-0) using a mixture of water and i-PrOH (9:1) 

to synthesize the model substrate acetophenone (B-0) applying the respective reaction conditions 

(Scheme D-4). B-0 served as model substrate for all initial studies, since it is a commonly used 

substrate for alcohol dehydrogenases and ω-transaminases, which we took into account for the 

biotransformation step. Thus, it could at the same time serve as model substrate in the envisaged 

biotransformation step.  

 

 

 

Scheme D-4 Reagents and conditions: a) Boronic acid (1.1 equiv.), CuTC (1.2 equiv.), Pd(PPh3)4 (5 mol%), 50 °C 

H2O/i-PrOH 
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Therefore, the temperature was set to 50 °C and different solvent ratios of i-PrOH and H2O were 

investigated (Scheme D-4, Table D-1) to achieve enhanced substrate solubility in the inhomogeneous 

reaction mixture. The addition of 10 % i-PrOH (v/v) delivered the best result (entry 1), whereas a 

higher content of i-PrOH did not lead to satisfying yields at 50 °C (entries 2, 3). Thus, exchanging THF 

against this aqueous solvent system led in the best case to an isolated yield of 46 % and indicated 

that one of the three main issues can in general be solved (Figure D-3), even if only a moderate yield 

was achieved. 

Table D-1  Solvent studies of the Liebeskind Srogl coupling in mixtures of H2O/i-PrOH 

Entry H2O/ i-PrOH ratio Yield [%] 

1 9:1 46 

2 3:1 39 

3 1:1 16 

 

 

Figure D-3 Combination issues between metal catlysis and biotransformation 

 

Applying this aqueous solvent system, the influence of indispensable compounds of the biocatalytic 

step was investigated (Table D-2). Especially when ω-transaminases are applied this was of interest, 

since in this case an amine donor must be employed in excess to achieve a shift of the equilibrium 

towards the amine product. A classical and economically attractive amine donor is isopropylamine, 

which is converted to acetone during the transamination reaction that generates α-

methylbenzylamine (D-1) from acetophenone (B-0). Isopropylamine is thereby used in high excess, in 

fact up to 100 equiv. amine donor (see general procedure F.XIV), to achieve an attractive result 

within the amine formation. 

 

 

Scheme D-5 Potential chemoenzymatic cascade reaction applying ω-transaminases 

Solvent 
Enzyme 

activity 
Temperature 
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Table D-2  Addition of components comprised in transamination reaction, 

250 mM thioester concentration, H2O/i-PrOH (9:1), 50 °C 

Entry Added component 
 

Added amount 
 [equiv.] 

Yield 
[%] 

1 Isopropylamine 1 37 

2 Isopropylamine 10 8 

3 Acetone 1 55 

4 Methylbenzylamine 1 46 

 

The generated results indicated, that the addition of isopropylamine, especially when it is applied in 

excess (here only 10 equiv. instead of 100 equiv.) has a negative influence on the product formation 

(entries 1, 2). This observation might result from hydrolysis of the thioester starting material and also 

the complexation of the required copper species under the respective conditions is concievable.  

In contrast to that, the addition of 1 equiv. acetone leads to a slightly increased yield of 55 %, 

whereas 1 equiv. methylbenzylamine (D-1) has no influence, which might result from a lower water 

solubility compared to isopropylamine. Based on these results, a successful combination of 

Liebeskind-Srogl coupling and ω-transaminase using a classical one pot reaction setting was 

improbable. In contrast to this, the key compounds needed for cofactor recycling in an enzymatic 

reduction (i-PrOH and acetone) applying a coupled substrate approach do not inhibit the coupling 

reaction (Scheme D-6). Moreover, when a recycling system is applied in form of a coupled enzyme 

approach, inhibiting effects on the coupling reaction are not apparent. 

 

 

Scheme D-6 Potential chemoenzymatic cascade reaction applying alcohol dehydrogenases 

 

The next issue to investigate was the reaction temperature which had to be decreased to reach 

physiological conditions. Thus, it was first set to 40 °C, which led to an unsatisfying result of 18 % 

yield. To compensate this decrease in yield the percentage of i-PrOH was increased to 50 %, which 

resulted in only 14 % isolated yield (B-0) (Table D-3). Thus, the minimization of the reaction 

temperature did not lead to satisfying results. Therefore, the adjustment of more than one 

parameter at the same time was in this case not expedient. 
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Table D-3  Temperature studies of the Liebeskind Srogl coupling in mixtures of H2O/i-PrOH 

Temperature [°C]  H2O/ i-PrOH ratio Yield [%] 

50   9:1 46 

40   9:1 18 

40   1:1 14 

 

Driven by these results, the development of a biphasic system was intended to approach the 

respective conditions of every individual step at once and further to achieve an advantageous 

partition between the two phases. Therefore it was important to identify a solvent, suitable for the 

Liebeskind Srogl coupling, which could serve as second phase in a one pot process. To successfully 

protect the biocatalyst in a biphasic system, the application of a solvent that is strictly water 

immiscible is obligatory. In the last decades some promising biphasic systems for biocatalytic 

reactions were reported [68, 126]. Amongst other strictly water immiscible solvents heptane showed 

promising characteristics as organic phase [127] Thus, we envisaged a biphasic system using heptane 

as second phase and thereby as solvent for the metal catalyzed cascade step. To ensure that also the 

thioester and the resulting leaving group is predominantly content of the organic phase, the 

thioester was changed from S-tert-butyl thioacetate (A-1) to the slightly more lipophilic S-phenyl 

thioacetate (A-0). First, we performed the model reaction in pure heptane and thereby observed a 

conversion of 99 % to B-0 applying the specified conditions (Scheme D-7, Table D-4).  

 

 

Scheme D-7 Reagents and conditions: a) Boronic acid (1.1 equiv.), CuTC (1.2 equiv.), Pd(PPh3)4 (5 mol%), heptane 

Table D-4  Acetophenone synthesis by Liebeskind-Srogl coupling in heptane 

Thioester 
Cpd.No. 

Initial thioester 
concentration [mM] 

Temperature 
[°C] 

Conversion 
(GC), 24 h[%] 

A-0 250 50  99 

 

Consequently, a partition study of key components of the Liebeskind-Srogl coupling was conducted 

starting from a concentration of 125 mM of all components referred to the heptane phase (Table 

D-5).  
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Table D-5 Partition study applying a biphasic system, H2O/ heptane (1:1)  

Entry Reactant of the coupling procedure  
 

Partition between the 
two phases 

1 S-Phenyl thioacetate 1:180 

2 Acetophenone 1:15 

3 1-Phenylethanol 1:1.3 

 

To our delight, we found a partition equilibrium that is extremely beneficial, since substrate 

inhibition (entry 2), product inhibition (entry 3) as well as potential inactivating effects caused by the 

thioester (entry 1) could be circumvented using this biphasic system. The resulting concentrations in 

the aqueous phase containing the biocatalytic cascade step were in a range that is well tolerated by 

the applied ADH. Thus, the reaction in heptane was further investigated at 37 °C. Additionally, 2-

methyltetrahydrofurane was considered as second phase. Consequently, the Liebeskind Srogl 

coupling reaction starting from S-phenyl thioacetate (A-0) was conducted in both potential organic 

phases (Table D-6). 

 

Table D-6  Acetophenone synthesis via Liebeskind-Srogl coupling at 37 °C in solvents potentially serving as 

organic phase in a chemoenzymatic process 

Initial thioester 
concentration 
[mM] 

Solvent Temperature 
[°C] 

Conversion 
(GC), 24 h 
[%] 

250 Heptane 37  30 

125 Heptane 37  24 

250 2-Methyl-THF 37  80 

 

The use of heptane as solvent for the coupling reaction delivered 24-30 % conversion to B-0 at 37 °C, 

depending on the initial thioester concentration. Conversely, 2-methyltetrahydrofuran led to a 

conversion of 80 %. However, the solvent was unfortunately not tolerated by the applied ADH (see 

section D.I.2). The same effect of this solvent on enzymatic activity was observed by Bornadel et 

al[126d]. Therefore, further investigations were conducted in a biphasic system consisting of heptane 

and water using two different ratios of the immiscible solvents (Table D-7). 
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Table D-7  Acetophenone synthesis by Liebeskind Srogl coupling in biphasic systems at 37 °C 

Initial thioester 
concentration [mM] 

Heptane/H2O 
ratio 

Conversion 
(GC) [%] 

250 1:1 21 

250 1:9 0 

 

Driven by these results a sequential process was envisaged, since the temperature issue could not be 

solved using a biphasic system. Further, the copper ions predominantly present in the aqueous phase 

that potentially contains the biocatalyst ruled out a simultaneous biphasic process. As a 

consequence, the focus was set on a sequential chemoenzymatic reaction applying heptane as 

solvent for the Liebeskind Srogl reaction performed at 50 °C (Figure D-4), complemented by a 

subsequent centrifugation step after the metal assited reaction to remove copper species prior to 

the enzymatic reduction.The respective reaction setting is presented in Figure D-4. 

 

 

Figure D-4 Concept of a sequential liquid-liquid biphasic system  

 

Consequently, potential ketone substrates were synthesized (Table D-8) using the specified 

conditions (Scheme D-8) with regard to a substrate overlap with the applied alcohol dehydrogenase 

from Saccharomyces cerevisae. Good to excellent conversions from 67-99 % were observed, 

depending on the electron withdrawing or donating effect of the respective substituent of the 

boronic acid, as well as the thioester. 

 

 

 

Scheme D-8 Reagents and conditions: a) Boronic acid (1.1 equiv.), CuTC (1.2 equiv.), Pd(PPh3)4 (5 mol%), 50 °C, 

heptane 
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Table D-8 Synthesis of prochiral ketones applying heptane as organic phase in a sequential chemoenzymatic one 

pot process 

Entry Cpd. No. Conversion (GC), 

24 h [%] 

1 B-0 

 

99 

2 B-1 

 

86 

3 B-11 

 

99 

4 B-5 

 

67 

5 B-13 

 

89 

6 B-15 

 

99 

7 B-16 

 

99 

 

The hereby generated reaction mixtures bearing the ketone substrates (entries 1-7) for the 

subsequent biocatalytic reduction were applied within the liquid-liquid biphasic chemoenzymatic one 

pot system presented in section D.I.3. 

 

D.I.2 Initial studies and adaption of the biotransformation applying alcohol dehydrogenase from 

Saccharomyces cerevisiae 

 

Within this chapter, the characteristics of the applied alcohol dehydrogenase will be investigated in 

the context of a liquid-liquid biphasic system, which was presented above for the metal assisted step.  

For this approach, a key reductase from baker’s yeast (Saccharomyces cerevisiae) was chosen. This 

methylglyoxal reductase (YOL151w, pIK3) has been overproduced in Escherichia coli as glutathione S-

transferase fusion protein by the Stewart group in 2004.[64] Based on preliminary experiments 

conducted by Moumita Koley, which indicated that a combination within a chemoenzymatic process 

is feasible under certain conditions, this (S)-selective ADH from yeast was applied. The biocatalyst 

was either applied as cell free extract requiring a recycling system containing an additional enzyme 

(see B.IV) or as resting cells in M9 medium. Via the application of resting cells, the induction of an 

additional protection barrier in form of the cell wall was intended.   



Patricia Schaaf, Ph. D. Thesis 
Results & discussion 

73 

 
Initially, a temperature screening was conducted applying resting cells in M9 medium with an OD of 

10, which also excludes a potential influence of glucose dehydrogenase on the overall process ( 

 

Scheme D-9). This screening, using the model substrate (B-0) with a concentration of 4 mM, clearly 

indicated decreased enzymatic activity under temperatures higher than 37 °C. Between 37 °C and 39 

°C the conversion drops from 86 % to 48 % (Figure D-5). 

 

 

 

Scheme D-9 Reagents and conditions: a) ADH, M9 medium (OD: 10) 

 

 

Figure D-5 Influence of the reaction temperature on enzyme performance  

 

Further, intending to design a biphasic system the tolerated content of organic solvent was of 

interest. Initially, a system containing 50 % (v/v) organic solvent was envisaged. A variety of organic 

co-solvents were tested using cell free extract as well as resting cells, but the high solvent contents in 

general led to rapid enzyme inactivation in any case see (Table D-9). Since heptane was already 

investigated as second phase in a biphasic process with regard to the Liebeskind-Srogl reaction in the 

section above, the heptane content in the biotransformation was lowered to 20 % or 10 %, 

respectively. Finally, the reaction with 10 % heptane content delivered an acceptable conversion in 

the enzymatic reduction of 89 % when cell free extract was applied (entry 8). All approaches using 

resting cells gave no conversion to the desired alcohol. Thus, further experiments were conducted 

applying cell free extract as lyophilized powder. Consequently, a heptane content of 10 % in the 

chemoenzymatic process turned out to be feasible. The next step was to determine ketone 

substrates that can be synthesized by Liebeskind Srogl coupling and at the same time deliver good 
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conversions within the biocatalytic step, thus a substrate screening was conducted first. Within this 

screening diverse highly suitable substrates were identified (Table D-10). 

Table D-9 Influence of the diverse organic solvents on enzymatic reduction applying resting cells 

Entry Solvent content 
in H2O  
 

Conversion (GC),   
24 h [%] 

1 50 % MTBE  0 

2 50 % 2-Methyl-THF 0 

3 50 % Diethylether 0 

4 50 % DCM 0 

5 50 % Dodecane 0 

6 50 % Heptane 0 

7 20 % Heptane 0 

8 10 % Heptane 89 

 

Table D-10 Enzymatic reduction of potential substrates in a chemoenzyamtic one pot process  

(4 mM initial ketone concentration) 

 

 

Cpd. No. 
 

Conversion (GC), 
24 h [%] 

ee 
[%] 

(S)-C-0 

 

99 >99 

(S)-C-1 

 

88 >99 

(S)-C-11 

 

78 >99 

(S)-C-5 

 

100 >99 

(S)-C-13 

 

99 >99 

(S)-C-15 

 

100 n.a. 

(S)-C-16 

 

61 -* 

 *No separation observed for enantiomers of reference alcohol 
Reagents and conditions: a) ADH (YOL151w, pIK3), NADP+, glucose, glucose dehydrogenase 
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D.I.3 Design of a liquid-liquid biphasic system  

 

Driven by these results the focus was put on a sequential chemoenzymatic one pot reaction applying 

heptane as solvent for the Liebeskind Srogl reaction performed at 50 °C. After centrifugation of the 

resulting reaction mixture, bearing the ketone that will be reduced during the subsequent 

biotransformation, the supernatant was added to the aqueous phase containing enzyme and buffer 

and the required recycling system (Scheme D-10). The attempt to combine the ADH with an initial 

not centrifuged reaction mixture containing acetophenone failed in any case due to the present 

copper salts in the coupling reaction mixture. However, as a result of a heptane content of 10 % in 

the chemoenzymatic process, a beneficial dilution of the metal catalyzed reaction mixture was 

achieved.  

 

 

 
Scheme D-10 Reagents and conditions: a) Boronic acid (1.1 equiv.), CuTC (1.2 equiv.), Pd(PPh3)4 (5 mol%), 50 °C, heptane 

 b) Centrifuged coupling reaction 10 % (v/v), ADH, NADP+, glucose, glucose dehydrogenase 

 

Next, the optimal concentration of the Liebeskind-Srogl coupling applied in the subsequent 

biotransformation was determined by adjusting different concentration in the centrifuged coupling 

reaction (Table D-11). Quantification was done after extraction of the overall biphasic reaction with 

EtOAc containing methylbenzoate as internal standard. The results show an excellent conversion of 

97 % starting from 5 mM ketone substrate. Higher substrate concentrations deliver 57 % (entry 2), or 

34 % conversion (entry 3). Nevertheless, using a higher lyophilisate loading, this effect can be 

overcome (entry 4). 
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Table D-11 Sequential one pot reactions applying different concentrations of the centrifuged coupling reaction 

(10 % (v/v) coupling reaction in heptane, 30 °C) 

Entry Amount of cell free 
extract lyophilisate 
[mg] 

Acetophenone 
concentration 
[mM] 

Conversion (GC), 
24 h [%] 
 

1 10  5 97 

2 10 10 57 

3 10  15 34 

4 20  15 74 

 

Since a dilution of the coupling reaction was anyway mandatory within this process, we set the initial 

ketone concentration in the coupling reaction to 50 mM, which results in a concentration of 5 mM in 

the subsequent chemoenzymatic process. Now the reaction mixtures bearing different ketone 

substrates were utilized after the reaction mixtures were centrifuged and diluted to achieve a ketone 

concentration of 5 mM in the one pot process (Table D-12). 

Table D-12 Sequential one pot reactions (5 mM ketone concentration, 10 % (v/v) coupling reaction, 30 °C) 

 

 

Entry Cpd. No. Conversion (GC), 
24 h [%] 

ee 
[%] 

1 (S)-C-0 

 

57 >99 

2 (S)-C-1 

 

44 >99 

3 (S)-C-11 

 

63 >99 

4 (S)-C-5 

 

91 >99 

5 (S)-C-13 

 

49 >99 

6 (S)-C-15 

 

80 n.a. 

7 (S)-C-16 

 

5 - 

Reagents and conditions: a) Boronic acid (1.1 equiv.), CuTC (1.2 equiv.), Pd(PPh3)4 (5 mol%), 50 °C, heptane 
 b) Centrifuged coupling reaction 10 % (v/v), ADH, NADP+, glucose, glucose dehydrogenase 

 



Patricia Schaaf, Ph. D. Thesis 
Results & discussion 

77 

 
Within this liquid-liquid biphasic reaction setting, the desired alcohols were observed from 5 % to (S)-

C-16 (entry 7) up to 91 % conversion to (S)-C-5 (entry 4) depending on the bulkiness and steric 

orientation of the substrates. All chiral alcohols were produced with outstanding optical purities. This 

development delivered the first chemoenzymatic one-pot process within this thesis. Even though a 

centrifugation step and a dilution of the coupling reaction were required, a successful sequential 

one-pot process for the production of enantiopure alcohols was achieved. The results of this section 

can be interpreted as proof of concept for the desired chemoenzymtic cascade reaction.   
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D.II Development of a liquid-solid biphasic 

superslurper system 

The following section comprises the design of a chemoenzymatic one pot process applying a 

superabsorber material (sodium polyacrylate), containing the aqueous phase of the envisaged 

biphasic one pot system. Within this reaction setting the biocatalyst as well as the complete recycling 

system is embedded in the superslurper phase and benefits from the additional protecting barrier 

between the immiscible phases. The basic functionality of the applied material was introduced above 

in section B.VI (Figure B-9). Further, the design of this process implies the application of an additional 

Liebeskind-Srogl reaction variant running at room temperature.[21, 29] 

 

D.II.1 Initial studies and adaption of the Liebeskind-Srogl reaction catalyzed by 

Tris(dibenzylideneacetone)dipalladium 

 

In 2007 the Liebeskind group presented a protocol for the coupling of thioesters and boronic acids 

which proceeds at room temperature. [21, 29] α-Amino acid thiol esters derived from N-protected 

mono-, di-, and tripeptides were coupled with aryl, π-electron-rich heteroaryl, or alkenyl boronic 

acids in the presence of stoichiometric amounts of CuTC and catalytic Pd2(dba)3/triethylphosphite to 

generate the corresponding N-protected peptidyl ketones in moderate to excellent yields (48-99 %) 

(Scheme D-11). 

 

 

Scheme D-11 Reagents and conditions: a) Boronic acid (1.5 equiv.), CuTC (1.6 equiv.), Pd2(dba)3 (2.5 mol%), 20 

mol% P(OEt)3, RT, THF [21, 29] 

 

This peptidyl ketone formation also proceeds under nonbasic conditions and demonstrates a high 

tolerance to several functionalities. Triethylphosphite plays thereby an important role as a 

supporting ligand by mitigating an undesired palladium-catalyzed decarbonylation-β-elimination of 

the α-amino thiol esters. [21] Naturally, this protocol represents an attractive option to finally solve 

the temperature issue we had to overcome to design a more productive sequential or even 

simultaneous chemoenzymatic process.   
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Besides the decreased reaction temperature, also a decreased thioester (A-0) concentration of 100 

mM compared to 250 mM in the initially published variant[18] is applied within this procedure. Thus, 

the model substrate was synthesized utilizing the specified conditions (Scheme D-12). When THF was 

applied as solvent 69 % conversion was observed, while heptane gave 99 % conversion to 

acetophenone. 

 

 

Scheme D-12 Reagents and conditions: a) Boronic acid (1.5 equiv.), CuTC (1.6 equiv.), Pd2(dba)3 (2.5 mol%),  

20 mol% P(OEt)3, RT 

 

Based on these considerations, this procedure turned out to be highly interesting, since now the 

solvent as well as temperature issue was solved using a biphasic setting (Figure D-6).  

 

 

Figure D-6 Combination issues between metal catlysis and biotransformation 

 

Nevertheless, the liquid-liquid biphasic process was so far limited regarding the overall content of the 

organic solvent in the final one pot reaction and the general incompatibility of both catalyst species. 

Thus, further protection of the biocatalyst was desirable. Having a closer look on the utilization of 

enzymes in industrial processes, their insufficient stability under processing conditions, for instance 

in organic solvents, poses a major problem. However, the application of enzymes in organic solvents 

would offer numerous advantages, such as increased solubility of hydrophobic substrates or 

suppression of water-dependent side reactions. Considerable effort into the development of 

effective strategies to increase the lifetime of enzymes in the presence of organic solvents has been 

made in the last decades. The approaches are based on isolation of novel enzymes functioning under 

extreme conditions, modification of enzyme structures to enhance their resistance or modification of 

the solvent environment to decrease its denaturing effect on enzymes. [118] Especially immobilization 

strategies proved to achieve enhanced protection of the biocatalytic species.[117-118, 128]   

Solvent 
Enzyme 

activity 
Temperature 
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Inspired by the work of Jeromin[116] which comprises a successful and straightforward immobilization 

of an alcohol dehydrogenase, we aimed on a liquid-“solid” biphasic superslurper system. 

 

D.II.2 Initial studies and adaption of the biotransformation applying ADH from Saccharomyces 

cerevisiae 

 

To develop a proliferous chemoenzymatic system of this type we started with investigations of the 

required reaction conditions to ensure unrestricted enzymatic activity within this embedment 

strategy. As superabsorber sodium polyacrylate was applied. A general concept of the envisaged 

liquid-solid system is presented below (Scheme D-13). The crucial parameters during the design of a 

suitable reaction setting are presented below: 

 

I. Ratio between organic phase and aqueous phase 

II. Amount of sodium polyacrylate to ensure optimal interchangeability at the phase boundary 

III. Substrate concentration within the organic phase to achieve a suitable diffusion rate into the 

aqueous superslurper phase 

IV. Optimal distribution of enzyme and cofactor recycling system within the superslurper 

material 

 

Scheme D-13 Reagents and conditions: a) Coupling reaction in heptane, ADH, NADP+, glucose, glucose dehydrogenase,  

sodium polyacrylate 

 

We started our investigations by first mimicking a chemoenzymatic one pot reaction applying an 

embedded ADH surrounded by a heptane phase containing the respective concentration of the 

model substrate. Substrate concentrations are in the following calculated with regard to the overall 

reaction volume, even if the substrate is initially located in the organic phase. First, the substrate (B-

0) concentration was set to 4 mM, which corresponds to the substrate concentration applied in the 

activity control of this enzyme. The amount of cell free extract lyophilisate was maintained (see F.XI), 

whereas the temperature was set to 37 °C. Based on the literature, polar solvents aside from H2O 

were strictly avoided to prevent leaching effects of the superslurper phase.[117]  
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In the following, the term superslurper phase is used for an aqueous phase containing ADH, NADP+, 

glucose and glucose dehydrogenase, embedded in the superslurper material sodium polyacrylate. 

Using 10 % (v/v) superslurper phase surrounded by heptane under the below defined conditions only 

unsatisfying conversion was observed (Table D-13, entry 1). Via addition of the four fold amount of 

only the content of the superslurper phase (biocatalyst and the recycling system), not the 

polyacrylate amount, a conversion of 41 % was achieved (Table D-13, entry 2).  

 

Table D-13 Systematic development of a superslurper system; 

Determination of a suitable ratio between the two phases (4 mM ketone concentration, 37 °C) 

Entry Amount of cell free 
extract lyophilisate [mg] 

Ratio (superslurper 
phase/ heptane phase) 

Sodium polyacrylate 
amount [mg] 

Conversion (GC)[a] 
24 h [%] 

1 10 1:9 5 12 

2 40 4:6 5 41 

 [a] Quantification after extraction of the overall biphasic reaction with EtOAc 

 

Next, the model substrate (B-0) concentration was increased to 16 mM following the enhanced 

amount of superslurper phase content. Further, by enhancing the substrate concentartion in the 

heptane phase we aimed on a suitable diffusion rate into the aqueous superslurper phase (Table 

D-14, entry 1). In addition, the influence of the sodium polyacrylate amount was studied (Table D-14, 

entries 2, 3) and applying the initial amount of superabsorber material, a conversion of 81 % to 1-

phenylethanol was monitored (Figure D-7). Consequently, we set the sodium polyacrylate amount to 

5 mg for further investigations. 

 

Table D-14 Systematic development of a superslurper system (40 mg cell free extract lyophilisate,  

Ratio (superslurper phase/heptane phase) 4:6, 37 °C) 

Entry Amount of sodium 
polyacrylate [mg] 

Acetophenone 
concentration 
[mM] 

Conversion (GC), 
24 h [%] 

1 5 16 81 

2 7 16 64 

3 10 16 49 

 [a] Quantification after extraction of the overall biphasic reaction with EtOAc 
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Figure D-7 Investigation of sodium polyacrylate amount containing the biocatalytic reaction of the cascade 

 

To determine if the reaction is completed after 24 hours, a time course was performed using the 

biphasic reaction presented in Table D-14 (entry 1). Since an extraction of the overall reaction 

mixture was required, it was performed in triplicate and extracted after 18, 24 and 72 hours, which 

indicated that no further product formation occured after 24 h. To push the reaction further, a 

second equal superslurper phase, containing exactly the same amounts of biocatalyst as well as 

components of the recycling system, was added after 24 h, which led to a conversion of 91 % within 

48 h. When the two phases were added from the beginning (T0), the desired alcohol was observed 

with 88 % conversion after 48 h. This result indicates an effective protection of the biocatalyst 

against the inactivating surrounding of the filled superslurper over a period of 48 h. 

Moreover, we were interested in converting higher substrate concentrations, which was studied 

starting from 32 mM and 48 mM B-0, respectively. In comparison with the reaction that gave 81 % 

conversion starting from 16 mM substrate concentration (Table D-14, entry 1), the results of this 

concentration study are demonstrated in Figure D-8. Thus, the system was suitable to convert 

concentrations up to 48 mM. 

 

 

Figure D-8 Variation of the model substrate concentration  
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Moreover, the content of NADP+ was doubled to verify a sufficent disposability within the 

superslurper phase. Since, this did not improve the conversion; the NADP+ was used in the initial 

concentration of 1.2 mM. 

 

D.II.3 Design of a liquid-solid biphasic superslurper system applying an alcohol dehydrogenase 

 

This chapter focusses on the development of a liquid-solid superslurper system, now applying the 

real coupling reaction as organic phase. The general concept of the novel chemoenzymatic one pot 

system is presented below. 

 

 

Scheme D-14 Reagents and conditions: a) CuTC, Pd2(dba)3, P(OEt)3, 50 °C, heptane 
 b) ADH, NADP+, glucose, glucose dehydrogenase, sodium polyacrylate 

 

Based on the preliminary results (D.II.2, Table D-14, entry 1), the developed reaction setting and 

conditions (5 mg sodium polyacrylate, 40 mg cell free extract lyophilisate, ratio superslurper 

phase/heptane phase (4:6)) were applied and a sequential combination of metal- and enzyme 

catalyzed reaction step was envisaged first. To create similar conditions to the developed liquid-

liquid system, a centrifuged coupling reaction catalyzed by Pd(PPh3)4 (F.VI.1.1), adjusting B-0 in a 

concentration of 16 mM, was used. This gave a conversion of 37 % in a first attempt. By addition of a 

second supersluperphase at T0 (start of the reaction), the reaction delivered the alcohol C-0 in a 

conversion of 81 %. 
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Scheme D-15 Reagents and conditions: a) Boronic acid, CuTC, Pd(PPh3)4, 50 °C, heptane 
b) ADH, NADP+, glucose, glucose dehydrogenase, sodium polyacrylate 

 

However, even more successful was the application of the Pd2(dba)3 catalyzed coupling reaction 

mixture (F.VI.2.1). This reaction yielded in a conversion of 74 % over two steps (Scheme D-16) with an 

ee of >99. Since in this case 99 % conversion was observed within the coupling procedure, a 

concentration of 59 mM (60 % heptane content) of B-0 was successfully converted using the 

superslurper system. Thus, immobilizing the ADH using sodium polyacrylate enables higher substrate 

loadings as well as an extremely high content of organic solvent (60 %). 

 

 

Scheme D-16 Reagents and conditions: a) CuTC, Pd2(dba)3, P(OEt)3, 50 °C, heptane 
b) ADH, NADP+, glucose, glucose dehydrogenase, sodium polyacrylate 

 

All attempts using an initial, untreated coupling reaction failed, since copper was accumulating in the 

lower aqueous superslurper phase (see blue discoloration in Figure D-9) and led thereby to complete 

enzyme inactivation.  

 

Figure D-9 Copper accumulation within the aqueous superslurper phase  
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D.II.4 Design of a liquid-solid biphasic superslurper system applying an ω-Transaminase 

 

To demonstrate the versatility of the developed system, we were interested in a chemoenzymatic 

process utilizing ω-transaminases (ATAs) as biocatalytic species. Thus, for three ω-transaminases out 

of the Codexis screening kit (received from the Bornscheuer group) an activity test was conducted 

(Scheme D-17, Table D-15).  

 

 

Scheme D-17 Reagents and conditions: a) ω-ATA (codexis screening kit), PLP, isopropylamine, triethanolamine 

 

Table D-15 Comparison of different (R)-selective ω-transaminases 

Applied ω-ATA Conversion 
(GC)[a], 24 h [%] 

ee[b], 
[%] 

ATA 025 86 >99 

TA P2- A07 75 >99 

ATA 033 78 >99 

[a] Quantification after pH-value adjustment to ≥11  

[b] Determined after acetylation with acetyl chloride 

 

Following the strategy above, a mimicked chemoenzymatic one pot reaction applying embedded 

ATA025 and ATA033, surrounded by a heptane phase containing the respective concentration of B-0 

was utilized. Since ATA025 delivered the most promising results (Table D-16, entry 2), the substrate 

concentration was increased to 50 mM, yielding in a decreased conversion of of 31 %. 

 

Table D-16 Systematic development of a superslurper system, 

20 mg ATA, ratio (superslurper phase/heptane phase) 4:6, 37 °C, 5mg sodium polyacrylate) 

Entry Applied ATA 
(codexis) 

Acetophenone 
concentration[mM] 

Conversion (GC), 
24 h [%] 

1 033 10 69 

2 025 10 72 

3 025 50 31 

 [a] Quantification after after pH-value adjustment to ≥11  

and extraction of the overall biphasic reaction with EtOAc 
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Moreover, to study the influence of the components of the Liebeskind-Srogl coupling reaction, the 

single components of the coupling catalyzed by Pd2(dba)3 were added to the transamination which in 

general delivers methylbenzylamine in a conversion of 86 % (F.XIV.1). Moreover, a biphasic system 

containing 60 % heptane content was applied without any further additives. 

 

Table D-17. Preliminary studies of ATA 025 regarding a combination  

with a Liebeskind-Srogl coupling reaction (10 mM ketone concentration, 37 °C) 

Entry Addition of  Conversion (GC)[a] 
24 h [%] 

1 S-phenyl thioacetate [100 mM] 0 

2 S-tert-butyl thioacetate [100 mM] 62 

3 Phenylboronic acid [170 mM] 0 

4 Pd2(dba)3 [2.5 mol %] 78 

5 Triethylphosphite [20 mol %] 8 

6 Triethylphosphite [10 mol %] 18 

7 Thiophene-2-carboxylic acid [160 mM] 47 

8 Heptane [60 %] 59 

[a] Quantification after pH-value adjustment to ≥11  

and extraction of the overall biphasic reaction with EtOAc 

 

This screening clearly indicated that the presence of S-phenyl thioacetate (A-0), triethylphosphite 

and phenylboronic acid pose a major problem in this transamination reaction. As a consequence, the 

thioester was exchanged to S-tert-butyl thioacetate (A-1) and the Pd(PPh3)4 catalyzed coupling 

reaction was utilized in the following. Since the phenylboronic acid was crucial for the process, an 

exchange was not feasible but applying a biphasic system, the phenylboronic acid (F-0) is potentially 

predominantly located in the organic phase. A general concept of the reaction setting is presented in 

Scheme D-18. Thus, using a doubled amount of the biocatalyst, first the centrifuged coupling reaction 

(F.VI.1.1) was utilized as organic phase and the embedded ATA025 along with the respective 

mastermix as aqueous phase (Table D-18, entry 1, 2). 
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Scheme D-18 Reagents and conditions: a) Boronic acid, CuTC, Pd(PPh3)4, 50 °C, heptane 
b) ω-transaminase, codexis mastermix (0), sodium polyacrylate 

 

When the B-0 concentration was set to 16 mM, a conversion of 51 % was achieved. A higher 

substrate loading was not converted efficiently. However, in any case outstanding optical purity was 

observed for the amine product. However, the Bornscheuer group conducted preliminary 

experiments indicating a certain tolerance of the transaminases against copper ions. Even when a 

simultaneous process could not be executed effectively using this superslurper system, we were 

interested in applying the untreated, not centrifuged coupling reaction in a one pot process 

generating enantiopure amines. Thus, the reaction was performed with untreated coupling reactions 

holding different acetophenone concentrations (Table D-18). 

 

Table D-18 Sequential liquid-solid biphasic system for the production of amines, coupling reaction, 

40 mg ATA025, ratio (superslurper phase/heptane phase) 4:6, 37 °C, 5mg sodium polyacrylate) 

Entry Form of applied 
coupling reaction 

Acetophenone 
concentration 
[mM] 

Conversion (GC)[a] 
24 h, 48[b] h [%] 

1 centrifuged 16 51 

2 centrifuged 32 31 

3 untreated 16 27 

4 untreated 32 19 

5 untreated  44 0 

6 untreated  16 47[b] 

 [a] Quantification after after pH-value adjustment to ≥11  

and extraction of the overall biphasic reaction with EtOAc 

[b] Addition of second superslurper phase after 24 h, 48 h reaction time 

 

Thereby, the best result was achieved starting from 16 mM concentration of B-0 by addition of a 

second superslurper phase after 24 h and an overall reaction time of 48 h (Table D-18, entry 6). 
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D.III Development of a liquid-liquid membrane 

based system 

Regarding a successful simultaneous process the problem of rapid enzyme inactivation by present 

copper ions was not solved so far. To overcome this issue, a strict spatial separation of copper 

species and biocatalyst was obligatory. Therefore a reaction setting employing a semipermeable 

membrane to ensure this separation was intended (Figure D-10). 

 

 

Figure D-10 Concept of compartmentalization by application of a semipermeable mebrane 

 

As already introduced, a promising material for the design of a chemoenzymatic one pot process like 

this is polydimethylsiloxane (PDMS), which allows the diffusion of lipophilic compounds, in contrast 

to metal ions, that are not able to pass the membrane[119-121, 129]. Utilizing this strategy in combination 

with the coupling reaction at room temperature, it was possible to address all isues at once to design 

an effective chemoenzymatic one pot process in a simultaneous fashion (Figure D-11). 

  

 

Figure D-11 Combination issues between metal catlysis and biotransformation 

  

Solvent 
Enzyme 

activity 
Temperature 
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D.III.1 Continual studies and adaption of the Liebeskind-Srogl reaction catalyzed by 

Tris(dibenzylideneacetone)dipalladium with regard to a membrane based system 

 

Using the coupling procedure as part of a membrane based system implies a complete change of the 

reaction setting. To perform the metal catalyzed ketone synthesis in organic solvent results in a good 

solubility of substrates and product and complies with the original reaction conditions[18]. However, 

polydimethylsiloxane is swelling against various organic solvents[130] and thereby looses its 

functionality, which means an effective separation of both reaction chambers can not be assured 

anymore. Consequenetly, we were interested in identifying a solvent or solvent mixture that does 

not lead to membrane swelling and thereby to the diffusion of copper ions through the membrane 

and further it should of course deliver satisfying results in the coupling reaction. The first attempt 

was to perform the ketone synthesis in H2O according to the initial approach of the single phase 

reaction. To ensure a certain substrate solubility 10 % i-PrOH was added (Scheme D-19). Within this 

reaction a yield of only 28 % was isolated, which was not expected since die GC chromatogram 

indicated a complete consumption of A-0. To investigate the influence of the applied aqueous 

solvent system, the coupling reaction was conducted both in H2O with 10 % i-PrOH and in THF. The 

reaction performed in the aqueous solvent system led to 41 % conversion to acetophenone and an 

overall recovery of thioester and ketone of 45 % determined by GC. In contrast, the Liebeskind-Srogl 

coupling performed in THF gave 69 % conversion to acetophenone and an overall recovery of starting 

material and product of 83 %. Thus, it was likely that the starting material (A-0) suffers from 

hydrolysis under these reaction conditions. 

 

 

Scheme D-19 Reagents and conditions: a) Boronic acid (1.5 equiv.), CuTC (1.6 equiv.), Pd2(dba)3 (2.5 mol%), 20 

mol% P(OEt)3, H2O/i-PrOH, RT 

 

Consequently, hydrolysis studies for A-0 and A-1 were conducted by mimicking a coupling reaction 

applying the reaction conditions determined above omitting the Pd catalyst. Starting from A-1 80 % 

starting material was detected after 24 h, in case of A-0 only 1 % could be recovered after this time 

period. Consequently, S-tert-butyl thioacetate (A-1) served henceforth as starting material.   
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Moreover, in the following experiments conducted in the aqueous solvent system not only 

conversion to product is given, but also the recovery to survey potential hydrolysis. By exchange of 

the thioester we observed a conversion of 78 % with full recovery (Scheme D-20, Table D-19, entry 

1). Thus, the reaction conditions presented in Scheme D-20 were specified as prospective standard 

conditions. 

 

Scheme D-20 Reagents and conditions: a) Boronic acid (1.5 equiv.), CuTC (1.6 equiv.), Pd2(dba)3 (2.5 mol%), 

20 mol% P(OEt)3, RT 

Table D-19 Solvent screening for the coupling reaction using S-tert-butyl thioacetate as starting material in polar, 

protic and aprotic solvents for a potential application in PDMS membrane reactor 

Entry Solvent content 
in H2O 

Conversion (GC), 
24 h [%] 

Recovery 
[%] 

1 10 % i-PrOH  78 100 

2 50 % i-PrOH  30 100 

3 10 % EtOH 69 76 

4 100 % EtOH 74 94 

5 100 % Polyethylene glycol 25 47 

6 10 % THF  85 85 

7 10 % DMSO  61 66 

8 10 % Dioxane 57 71 

9 10 % DMF 56 72 

10 10 % DMPU 54 70 

 

Driven by this promising result, the coupling reaction was conducted in both protic and aprotic polar 

solvents and in mixtures with H2O, with respect to potential PDMS membrane compatibility. S-tert-

Butyl thioacetate, phenyl boronic acid, CuTC, triethylphosphite and Pd2(dba)3 were stirred in the 

respective solvent mixture for 24 h at room temperature (Scheme D-20, Table D-19). The screening 

with protic solvents delivered the best result in a mixture of H2O and 10 % (v/v) i-PrOH (Table D-19, 

entry 1) followed by pure EtOH (entry 4). Further, a high recovery was obtained in these cases, which 

indicates a low occurrence of thioester hydrolysis. Applying aprotic cosolvents (entries 6-10), the best 

conversion (85 %) was achieved using 10 % THF in H2O (entry 6), but only 85 % of the material was 

recovered in this case, which consequently points towards starting material hydrolysis to a certain 

extent. 
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Moreover, the influence of the triethylphosphite was investigated, since this compound was 

assumed to be critical regarding the combination with a biocatalyst, which indicated that 20 mol% 

P(OEt)3 are required in the coupling procedure at room temperature (Table D-20). 

 

Table D-20 Influence of triethylphosphite amount on the Liebeskind Srogl coupling  

P(OEt)3 amount 
[mol%] 

Conversion (GC), 
24 h [%] 

5  52 

10  56 

20  76 

 

D.III.2 Initial studies and adaption of the biotransformation applying ADH from Rhodococcus 

ruber  

 

In 2003 the Faber group purified and characterized the novel secondary alcohol dehydrogenase 

(ADH-A), that was introduced in section B.IV.1. This ADH from Rhodococcus ruber provides an 

outstanding solvent and temperature stability.[65] With respect to the idea of a chemoenzymatic one 

pot process, performed in two chambers, applying i-PrOH as cosubstrate in the coupling reaction, 

these characterisics offer great opportunities. In comparison with the ADH from Saccharomyces 

cerevisiae, this biocatalyst is much more appropriate for the purpose of a chemoenzymatic process 

since a second enzyme is not required within the enzymatic reduction. 

First of all, to exclude general incompatibilities the single components of the coupling reaction were 

added to an enzymatic reduction (Scheme D-21) in the respective concentrations present in the 

Liebeskind-Srogl coupling (Table D-21). Moreover, a substrate concentration of 100 mM was 

investigated to work with the ketone concentration that will be present in the case of full conversion 

within the metal catalyzed step. 

 

 

Scheme D-21 Reagents and conditions: a) ADH, i-PrOH, Tris-HCl 
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Table D-21 Preliminary studies of ADH-A regarding a combination with a Liebeskind-Srogl coupling reaction; 

Addition of components from the coupling reaction (5 mg whole cell lyophilisate, 100 mM substrate 

concentration, 16 % (v/v) i-PrOH, Tris-HCl buffer pH 7.5, 50 mM 30 °C) 

Entry Addition of  Conversion (GC),  
4 h [%] 

1 S-tert-butyl thioacetate 

[100 mM] 

95 

2 Phenylboronic acid  

[170 mM] 

93 

3 Triethylphosphite  

[20 mol%] 

82 

4 CuTC  

[160 mM] 

0 

5 CuTC  

[100 mM] 

0 

6 CuTC [160 mM],  

EDTA [160 mM] 

0 

7 Pd2(dba)3  

[2.5 mol%] 

70 

 

These results clearly indicated that ADH-A is in general compatible with all components of the 

Liebeskind-Srogl coupling reaction except with CuTC. This is what was observed for all applied alcohol 

dehydrogenases in any combination strategy. However, the employment of a PDMS membrane 

would solve this crucial issue. Next, a substrate screening was conducted with respect to a potential 

substrate overlap with the coupling reaction (Scheme D-21). 
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Table D-22 Enzymatic reduction of prochiral ketones (100 mM substrate concentration) 

 

Entry Cpd.No. 
(S)-alcohol 

Conversion (GC) 
24 h [%] 

ee 
[%] 

1 C-0 

 

96 >99 

2 C-1 

 

90 >99 

3 C-2 

 

85 >99 

4 C-3 

 

99 >99 

5 C-4 

 

95 >99 

6 C-5 

 

97 >99 

7 C-6 

 

92 >99 

8 C-7 

 

98 >99 

9 C-8 

 

99 >99 

10 C-9 

 

99 >99 

11 C-10 

 

99 >99 

12 C-11 

 

99 0 

13 C-0 

 

91 >99 

14 C-14 

 

77 >99 

Reagents and conditions: a) ADH, i-PrOH, Tris-HCl 
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In general, excellent conversions to the chiral alcohols were observed even with this high substrate 

concentration. Depending on the bulkiness of the ketone substrates und the orientation of the 

substituents, the desired alcohol was prouced in lower amounts (Table D-22, entries 3 & 14) due to 

the respective fit into the active side of the enzyme. Moreover, ADH-A can be used as whole cell 

lyophilisate, which enables high enzyme concentrations and a storage period up to several months. 

 

D.III.3 Initial studies and adaption of the biotransformation applying ADH from Lactobacillus kefir 

 

Based on these promising results, it was now interesting to identify an enantiodivergent counterpart 

to the solvent stable (S)-selective ADH-A. Thus, the ideal candidate would be a strictly (R)-selective 

ADH that efficiently produces secondary alcohols via coupled substrate approach, provides a certain 

tolerance against i-PrOH and that can be applied in the form of whole cell lyophilisate. Therefore, the 

(R)-selective ADH from lactobacillus kefir was studied more intensively. First, it was tested if the 

enzyme, that was in-house only used as cell free extract (CFE), is able to convert a concentration of 

100 mM acetophenone, when it is applied as whole cell lyophilisate. In a first shot experiment a 

conversion of 78 % was observed after 24 hours. This experiment was conducted using the same 

conditions as for ADH-A (see sectionF.IX). By simply doubling the amount of whole cell lyophilisate to 

20 mg in 500 µl reaction volume, a conversion to the enantiopure (R)-alcohol of 95 % was achieved in 

the presence of 16 % (v/v) i-PrOH (Table D-23, entry 1). To sum up, this ADH was most promising as 

enantiocomplementary counterpart for ADH-A in a chemoenzymatic one pot process. Consequently, 

a substrate screening was performed to check if there is a substrate overlap with both, Liebeskind-

Srogl coupling and the enzymatic reduction catalyzed by ADH-A (Table D-23).  

The ADH from lactobacillus kefir is clearly less efficient for m-substituted aromatic ketone substrates, 

again depending on the bulkiness of the substituents and their orientation (see entries 3, 9, 11-14). 

This can be explained by sterical characteristics, impeding access to the active side of the enzyme. 

However, the enzymatic reduction delivered in general very good conversion up to 99 %. Further in 

all cases, where conversion was observed an ee of >99 % was determined. 
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Table D-23 Enzymatic reduction of prochiral ketones (100 mM substrate concentration) 

 

Entry Cpd.No. 
(R)-alcohol 

Conversion (GC), 
24 h [%] 

ee 
[%] 

1 C-0 

 

95 >99 

2 C-1 

 

83 >99 

3 C-2 

 

17 >99 

4 C-3 

 

83 >99 

5 C-4 

 

91 >99 

6 C-5 

 

90 >99 

7 C-6 

 

88 >99 

8 C-7 

 

90 >99 

9 C-8 

 

45 >99 

10 C-9 

 

99 >99 

11 C-10 

 

0 - 

12 C-11 

 

40 >99 

13 C-0 

 

0 - 

14 C-14 

 

0 - 

Reagents and conditions: a) ADH, i-PrOH, Tris-HCl 
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D.III.4 Chemoenzymatic one pot reactions in PDMS membrane reactor  

 

In spite of concentration, temperature and solvent issues that were overcome at this point, a 

separation of CuTC from the biocatalytic reaction was still obligatory. Inspired by the work of Miller 

et al. [129b] and the Gröger group[120], we aimed on the application of a hydrophobic 

polydimethylsiloxane membrane, that prevents the contact of the biocatalyst with the strongly 

enzyme inhibiting CuTC, while lipophilic species, particularly the ketone substrate should retain the 

ablility to pass the membrane. Based on the method of Miller et al.[129a] PDMS thimbles were 

prepared (Figure D-12). The procedure is described in detail in section F.III. 

 

 

Figure D-12 PDMS coated vials holding an aluminium foil attachment for later removal from the glas mould 

 

In a first attempt, one of the prepared thimbles was filled with ADH-A whole cell lyophilisate in Tris-

HCl buffer (50 mM, pH 7.5) and 16 % (v/v) i-PrOH. The thimble was attached utilizing safety pin and 

thread in a larger reaction vial that contained the coupling reaction in H2O/i-PrOH (9:1) generating 

the model substrate (Scheme D-22, Figure D-13). 

 

 

Scheme D-22 Reagents and conditions a) CuTC, Pd2(dba)3, P(OEt)3, H2O/i-PrOH, b) ADH-A, i-PrOH, Tris-HCl 
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Figure D-13 First chemoenzymatic one pot reaction setting 

 

To our delight, this first simultaneous reaction delivered a conversion of 51 % to (S)-1-C-0. However, 

upon repeated usage of the thimble, it quickly became apparent that this design has some 

substantial limitations with respect to stability. Hence, a more convenient membrane-based one-pot 

reaction setting was developed for future investigations. With the support of Horst Lindenlaub the 

below presented PDMS membrane reactor (Figure D-14) was designed and manufactured. This 

reactor enables shaking with a high rpm number, it separates the chambers in an optimal way by 

providing some additional support to the membrane and, moreover, it provides the opportunity to 

sample from both chambers individually. 

 

 

Figure D-14 Novel membrane reactor  

 

 

 

Figure D-15 Attachment of the PDMS Membrane (see black arrows) between the reaction chambers 
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Applying this novel PDMS reactor, a “mimicked” simultaneous membrane-reactor transformation 

was conducted. Therefore, one chamber was filled with ADH-A, Tris-HCl buffer and i-PrOH and the 

other chamber was charged with the potential solvent for the coupling reaction and the model 

substrate (B-0). This also gave insigths into the diffusion grade of the ketone substrate into the 

enzymatic chamber. The most promising solvent mixtures for the coupling reaction, identified in 

section D.III.1 (Table D-19) were consequently studied (Table D-24). Since100 % EtOH was not 

acceptable with regard to PDMS membrane swelling and therefore inactivation of the enzyme by 

high solvent concentration and accumulation of Cu species in the enzymatic chamber, we focused on 

a solvent content of 10 % in the chamber of the coupling reaction. Best results were achieved using 

10 % i-PrOH or 10 % THF, whereas in the mixture of i-PrOH and H2O, a full recovery of the starting 

material was observed. Thus the focus was set on this solvent system for the Liebeskind-Srogl 

reaction chamber. 

 

Table D-24 Solvent studies for potential application in Liebeskind-Srogl coupling reaction chamber  

in membrane rector 

Potential solvent system for 
coupling reaction chamber 

Conversion (GC), 
24 h [%]  

100 % EtOH 0 

10 % THF in H2O 83 

10 % i-PrOH in H2O 80 

 

Consequently, a chemoenzymatic one pot reaction generating 1-phenylethanol (C-0) (Scheme D-22) 

was performed using the same conditions applied in the reaction setting of the thimble. In this 

approach a slightly enhanced conversion (60 %) to the alcohol was observed, again using ADH-A as 

biocatalyst. A conversion in the same range was also achieved using the enantiocomplementary ADH 

from lactobacillus kefir (55 %), which indicated that also this enzyme can be used within the 

developed process.  

After determination of the pH value in the individual reaction chambers, which was 5.2 in the 

enzymatic chamber and 4.8 in the chamber of the coupling reaction, which clearly led to complete 

enzyme inactivation, we were interested in a suitable Tris-HCl buffer concentration to adjust for the 

impact of present thiophenecarboxylic acid (160 mM) and boronic acid (170 mM). Thus, a screening 

utilizing different buffer concentrations was performed. However, the lowest effective concentration 

was consequently 330 mM. A reference reaction applying Tris-HCl concentrations of 50 to 350 mM 

and both ADHs indicated no influence on enzymatic activity. Conversions from 94-97 % were 

monitored after 4 hours reaction time. 



Patricia Schaaf, Ph. D. Thesis 
Results & discussion 

99 

 
Consequnetly, the initial chemoenzymatic one pot reaction utilizing a Tris-HCl buffer concentration of 

350 mM was performed in the novel membrane reactor. Now a conversion of 71 % was achieved. 

Holding this promising process in hands, the substrate scope for this simultaneous chemoenzymatic 

one pot process was expanded and thereby several enantiodivergent alcohols were synthesized 

without any intermediate step in yields from 37-99 % with perfect optical purities. The results 

presented in Table D-25 are givenover two steps and reflect the influence of both, the coupling 

reaction and enzymatic reduction. 

 

Table D-25  Simultaneous chemoenzymatic one pot reactions generating enantiopure alcohols 

 

Cpd. No. Product 
(S) or (R)-alcohol 

 

ADH-A 
Conversion [%][a] 
(S)-alcohol 

ee 
[%] 

LK-ADH 

Conversion [%][a] 
(R)-alcohol 

ee 
[%] 

C-0 1-(Phenyl)ethan-1-ol 65 99 81 99 

C-3 1-(4-Fluorophenyl)ethan-1-ol 75 99 64 99 

C-5 1-(4-Chlorophenyl)ethan-1-ol 60 99 57 99 

C-6 1-(3-Chlorophenyl)ethan-1-ol 47 99 53 99 

C-7 1-(4-Bromophenyl)ethan-1-ol 99 99 50 99 

C-9 1-(4-Trifluormethylphenyl)ethan-1-ol 61 99 53 99 

 [a] Dilution with AcCN containing an internal standard and treated with metal scavenger, 
Conversions determined by UPC2 
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D.IV Development of an Au(III) based single 

phase system  

D.IV.1 Au(III) catalyzed hydration of alkynes 

 

The synthesis of chiral molecules is nowadays not only reviewed in the sense of general feasibility, 

but also environmental and sustainable aspects are of high relevance [108, 131]. This equally applies for 

chemoenzymatic one pot cascades generating chiral compounds. As already discussed, the most 

challenging task is to arbitrate between the two parties of metal- and biocatalysis by finding a 

common ground with respect to general reaction conditions of the individual steps. Consequently, 

the choice of the metal catalyzed cascade step must take this into account to end up in a successful 

combination with a biocatalyst.  

Since spatial separation of the copper species was obligatory for the previously described one pot 

procedures (F.XV.1, F.XV.2 F.XV.4), we were interested in a metal species that does not shut down 

the enzymatic activity being present at very low concentrations. Thus, the choice of the catalytic 

metal species for ketone synthesis was reconsidered with regard to an easier combination strategy. 

The core idea behind the new cascade reaction was to perform the metal catalyzed step in a solvent 

that serves as cosubstrate in the subsequent biotransformation. More precisely, the resulting 

reaction mixture from the metal catalyzed transformation comprises both the substrate, and at the 

same time, the required cosubstrate for the enzymatic step. As an alternative to the Liebeskind Srogl 

coupling, another excellent way to get access to the respective methylketone intermediates is the 

nucleophilic addition of water or alcohols to alkynes.[33] Further, these hydration reactions are 

classically conducted in alcoholic solvents.[37, 47a, 132] On the reverse side, a prominent example for an 

economical attractive cosubstrate is i-PrOH, which opens the opportunity to use alcohol 

dehydrogenases accepting i-PrOH as cosubstrate for the desired subsequent enzymatic reduction 

(see Scheme D-23). 

 

 

Scheme D-23 Envisaged chemoenzymatic one pot process using i-PrOH as solvent for the 1st cascade step and 

cosubstrat for the 2nd cascade step 
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The hydration reactions of unactivated alkynes to the respective ketones were in general connected 

with a large access of acidic reagent,[36] which is obviously critical regarding a potential combination 

with a biocatalyst. However, in 2015 Das et al. demonstrated for the first time a ligand- and acid-free 

procedure for the synthesis of methylketones via hydration of terminal alkynes, which is catalyzed by 

gold(I) chloride. In addition to phenylacetylene (G-0), other aliphatic and aromatic terminal alkynes, 

including those bearing functional groups such as alkoxy, chloro, bromo, fluoro, hydroxy, and tertiary 

amine, underwent hydration, affording moderate to excellent yields (Scheme D-24). Das et al. 

presented 14 examples with 20-98 % yield [36]. 

 

 

 

Scheme D-24 Reagents and conditions: a) H2O, AuCl, MeOH, 65 °C 

 

We took up this procedure and conducted some preliminary studies regarding solvent, temperature 

and oxidation state of the applied gold catalyst again producing B-0 as model compound (Scheme 

D-25). First, we aimed at changing the catalyst to a gold(III) species, because this oxidation state is 

the most stable one, which is advantageous regarding the core idea of a chemoenzymatic one pot 

process. Further, we focused on i-PrOH as solvent, since this offers the opportunity to generate a 

reaction mixture, which can in total be used for a following enzymatic reduction, as substrate as well 

as cosubstrate are contained after the hydration reaction. Thus, by performing the hydration of G-0 

in i-PrOH applying AuCl3 as catalyst, we were pleased to observe a conversion of 98 % to B-0.  

 

 

Scheme D-25 Reagents and conditions: a) H2O, AuCl3, i-PrOH, 65 °C 

 

This result was used as starting point for further investigations regarding a future chemoenzymatic 

one pot process. Since, these studies (Table D-26) indicated a lower conversion in the hydration 

reaction, when either the reaction temperature is decreased to physiological conditions (37 °C), the 

reaction mixture is diluted to 100 mM substrate concentration, or the overall i-PrOH amount is 

decreased to a well-acceptable amount for the respective alcohol dehydrogenases (30 %), we 

decided to focus on a sequential chemoenzymatic process.  
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Table D-26 Variation of different reaction parameters in hydration of alkynes 

Entry Substrate concentration 
[mM] 

i-PrOH content in 
H2O [%] 

Temperature 
[C°] 

Conversion (GC), 
24 h [%] 

1 500 97 37 81 

2 100  97 65 50 

3 500 30 65 18 

 

Additionally, the reaction was performed in 1-butanol, which turned out to be a suitable solvent for 

the hydration of G-0, resulting in 83 % conversion and at the same time offers the opportunity to 

serve as second phase in a potential biphasic chemoenzymatic system due to the very low water 

solubility. This approach was not successful due to enzyme inactivation caused by the presence of 1-

butanol (see D.IV.2). Driven by these results, we investigated the substrate scope applying the 

modified conditions, and thereby synthesized a library of prochiral ketones starting from acetylenes 

bearing different substitution patterns. The modified hydration procedure gave moderate to 

excellent conversion (49-99 %) depending on the alkyne structure (Table D-27). B-0, B-1 and B-2 

were observed in excellent conversions. Aromatic acetylenes bearing a halogenide gave in general 

lower conversions (70-86 %), especially the para-substituted substrates. Acetylenes carrying a 

trifluoromethyl group (G-9, G-10), clearly exhibiting the strongest –I effect, were observed only in 

moderate conversions (49-57 %). 
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Table D-27 Synthesis of prochiral ketones applying modified reaction conditions 

 

Substrate 
Cpd.No. 

Product 
Cpd.No. 

Conversion (GC), 
24 h [%][a] 

G-0 

 

B-0 98 

G-1 

 

B-1 98 

G-2 

 

B-2 99 

G-3 

 

B-3 71 

G-4 

 

B-4 86 

G-5 

 

B-5 72 

G-6 

 

B-6 76 

G-7 

 

B-7 70 

G-8 

 

B-8 79 

G-9 

 

B-9 49 

G-10 

 

B-10 57 

 [a] Reagents and conditions: a) H2O, AuCl3, i-PrOH, 65 °C 

 

D.IV.2  Optimizing conditions for the transformation with ADH from Rhodococcus ruber 

 

Furthermore, the ADH was investigated with respect to the new requirements within this process. In 

the following, the biocatalytic reduction was conducted with a substrate concentration of 500 mM 

(Table D-28,entry 1), an i-PrOH content of 80 % (v/v) (entry 2) and in the presence of G-0 with a 

concentration of 100 mM (entry 3). These results pointed out that neither this high substrate loading, 

nor the presence of the starting material of the hydration reaction causes a major problem, in 

contrast to an i-PrOH content of 80 %, which led to only 5 % conversion.   
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Moreover, the feasibility of a biphasic system was studied by addition of alcohols with low solubility 

in water as potential phase for the hydration reaction (entries 5-8) and also as potential cosubstrate 

for the ADHs (entry 7) instead of i-PrOH. However, this did not deliver promising results, thus a single 

phase system applying i-PrOH and buffer was envisaged. 

 

Table D-28 Preliminary studies of ADH-A regarding the combination with a gold catalyzed hydration reaction 

 (10 mg whole cell lyophilisate, Tris-HCl buffer 350 mM, pH 8, 30 °C reaction temperature) 

Entry i-PrOH 
amount [%] 

Ketone 
concentration [mM] 

Addition of Conversion (GC), 
24 h [%] 

1 16 500 - 

 

50 

2 80 100 - 

 

5 

3 16 100 Phenylacetylene 

100 mM 

90 

4 16 100 - 

 

96 

5 10 100 1-Butanol  

20 % (v/v) 

3 

6 10 100 2-Butanol  

20 % (v/v) 

0 

7 - 100 2-Butanol  

30 % (v/v) 

3 

8 10 100 1-Pentanol 

20 % (v/v) 

5 

 

D.IV.3 Design of an Au(III) based single phase system  

 

As discussed above, the application of potent biocatalysts within chemoenzymatic one pot processes 

gains enormous attention currently. Apart from the very rare examples e.g. the work of Rios-

Lombardia et al. who presented a concurrent ruthenium catalyzed allylic alcohol isomerization and 

an asymmetric bioreduction,[123] most of these processes need a form of compartmentalization to 

separate metal- and biocatalyst from each other and thereby avoid the poisoning effect, respectively. 

For all examples presented in this thesis so far, a form of compartmentalization or seperation of 

enzyme and metal catalyst is required.  

Building upon the results for the potential metal catalyzed cascade step presented in section D.IV, we 

started to investigate the combinability of gold catalyzed hydration of alkynes and a subsequent 

enzymatic reduction (Scheme D-26). 
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Scheme D-26 Envisaged chemoenzymatic one pot process using i-PrOH as solvent for the 1st cascade step and 

cosubstrat for the 2nd cascade step 

 

Initially, we applied the reaction mixture that gave 98 % conversion in the Au(III) catalyzed hydration, 

containing B-0 (F.VII.1.1) and directly combined it with whole cell lyophilisate of ADH-A resuspended 

in Tris-HCl buffer (350 mM, pH 8). The high buffer concentration was necessary, because during the 

hydration reaction HCl is generated, which would lower the pH value in the subsequent 

chemoenzymatic one pot reaction. The final volume ratio was 30 % v/v hydration reaction mixture 

and 70 % v/v Tris-HCl buffer containing the ADH-A whole cell lyophilisate. This ratio was chosen since 

preliminary results indicated that 30 % i-PrOH was well tolerated by both alcohol dehydrogenases 

(ADH-A and LK-ADH).  

Pleasantly, the enzymatic reduction gave 93 % conversion, which resulted in a conversion of 91 % to 

(S)-C-0 with 99 % ee over two steps. This finding indicated that the present gold catalyst does not 

inactivate the (S)-selective ADH-A. Next, we conducted the one pot reaction using the ADH from 

Lactobacillus kefir and observed a conversion of 93 % to (R)-C-0 over two steps, also with an 

excellent ee for the enantiocomplementary alcohol. Thus, nor the relatively high i-PrOH content of 30 

%, neither the metal catalyst prevents an effective enzymatic reduction. 

Having these interesting results in hands, we perfomed the enzymatic reduction for a variety of 

ketone substrates (B-0 to B-10) by direct use of the respective reaction mixtures. Thereby, we 

observed conversions over two steps from 49-99 % for the (S)-selective ADH-A. Employing the (R)-

selective ADH, a conversion up to 93 % was achieved (Table D-29). All conversions are reported over 

two steps. 
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Table D-29 Synthesis of chiral alcohols via sequential chemoenzymatic one pot reaction  

 

Substrate 
in reaction mixture 
Cpd.No. 

Product 
Cpd.No. 

Conversion (GC)  4 h [%][a] ee [%] 
(S)-alcohol            (R)-alcohol (S)-and (R)-alcohol 

B-0 

 

C-0 91 93 >99 

B-1 

 

C-1 76 73 >99 

B-2 

 

C-2 99 15 >99 

B-3 

 

C-3 71 65 >99 

B-4 

 

C-4 86 74 >99[b] 

B-5 

 

C-5 71 69 >99 

B-6 

 

C-6 76 29 >99 

B-7 

 

C-7 67 67 >99 

B-8 

 

C-8 53 17 >99 

B-9 

 

C-9 49 49 >99 

B-10 

 

C-10 57 0 >99[b] 

[a] Reagents and conditions: a) H2O, AuCl3, i-PrOH, 65 °C; b) ADH, Tris Hcl buffer 
[b] Determined by chiral HPLC 

 

Moreover, we give an insight into scope and limitation regarding suitable ketone substrates. The ADH 

from lactobacillus kefir is in general less appropriate for m-substituted aromatic ketone substrates, 

depending on the bulkiness of the substituent. This can be explained by sterical characteristics, 

impeding an efficient access to the active side of the enzyme. Both alcohol dehydrogenases delivered 

the respective secondary alcohols in excellent ee values.  
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Further, two preparative scale experiments were conducted and the alcohols (S)-C-3 and (S)-C-6 

were isolated with a yield of 71 % (S)-C-3 and 64 % (S)-C-6 over two steps. 

Further, the feasability of the developed cascade was tested applying a membrane reactor (Scheme 

D-27), also used for the simultaneous cascade presented in section D.III. This attempt was not 

successful, since the for the hydration reaction applied solvents (1-butanol and i-PrOH), which were 

placed in the respective reaction chamber in pure form, diffused through the PDMS membrane and 

thereby inactivated the alcohol dehydrogenase in the present amounts. In both cases no conversion 

to the alcohol was observed. A further problem is the lipophilicity of G-0 that enables the substrate 

to pass the membrane and thus leads to an inconvienient partition between the two chambers, 

leading to lower phenylacetylene concentration in the hydration reaction chamber. Consequently, 

even the metal catalyzed step is impeded using a membrane reactor and gave in the best case 18 % 

to C-0. 

 

 

Scheme D-27 Reagents and conditions: a) H2O, AuCl3, i-PrOH or 1-butanol, b) 200 mg ADH-A, Tris HCl buffer pH 8, 

350 mM, 16 % i-PrOH in enzymatic chamber; (30 °C, 200rpm, 5000 µl) 

 

In summary, we were able to present a very straightforward sequential chemoenzymatic one pot 

process for the production of enantiopure alcohols, in which the full reaction mixture from the metal 

catalyzed step is used in the following for the enzymatic reduction without any spatial separation of 

metal species and biocatalyst. This is realized by use of i-PrOH as solvent for the Au(III) catalyzed 

hydration, which functions in the subsequent enzymatic reduction as cosubstrate for the two 

enantiodivergent ADHs. Thereby we produced enantiopure alcohols with conversions up to 99 % 

over two steps with excellent optical purity within an extremely atom-economical, simple 

chemoenzymatic one pot process. 
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E Conclusion and perspective 

Driven by the outstanding strengths of the complementary catalyst types, this work focused on a 

chemoenzymatic one-pot cascade reaction, which is based on a combination of a metal catalyzed 

reaction and a subsequent enzyme mediated transformation of the newly created carbonyl group. In 

summary, within this thesis four different chemoenzymatic one-pot processes are disclosed for the 

combination of a metal catalyzed transformation and a biocatalytic reaction to produce chiral 

alcohols or amines of outstanding optical purity. For the development of the desired one pot 

reaction, the general compatibility issues of these different catalysis types, namely overall reaction 

concentration, inactivation of the enzyme by the present metal species, reaction temperature and 

solvent, had to be solved.  

First, a chemoenzymatic one-pot reaction for the combination of a metal (palladium and copper) 

catalyzed Liebeskind Srogl coupling reaction and a subsequent biotransformation of the newly 

created functional group, generating enantiopure alcohols was developed. Moreover, the 

employment of the two enantiocomplementary alcohol dehydrogenases provided access to both 

enantiomeric forms with excellent ee (Figure E-1). A further key feature is the utilization of 

lyophilized whole cells, which facilitates the conversion of this high substrate concentrations (100 

mM) using only i-PrOH as economically attractive co-substrate. 

 

 

Figure E-1 Combination of Pd and Cu catalysis (Liebeskind Srogl coupling) with subsequent enzymatic reduction 

 

For this chemoenzymatic process three different reaction settings (see Figure E-2) were applied: 

either a liquid-liquid biphasic system (1), or by embedding the applied enzyme in a superabsorber 

material (liquid-solid system (2)), or via compartmentalization by using a semipermeable membrane 

that enables a simultaneous process without any intermediate step (3). 
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Figure E-2 Applied strategies for the combination of metal- and biocatalysis 

 

Furthermore, the versatility of the system was demonstrated by variation of the enzyme class of the 

bio-catalyst. Depending on the applied enzyme (alcohol dehydrogenase or ω-transaminase), chiral 

alcohols as well as amines were produced without the need for any intermediate isolation. When ω-

transaminases were used as biocatalytic species, the enzyme was placed in superslurper material (2) 

(see Figure E-3). 

 

Figure E-3 Combination of Pd and Cu catalysis (Liebeskind Srogl coupling) with subsequent enzymatic transamination 

 

In addition to these combination strategies, which generally require a sort of compartmentalization 

for both single cascade steps, a sequential single phase process consisting of a gold catalyzed 

hydration of alkynes and an enzymatic reduction was designed. Thus, a very straightforward 

chemoenzymatic one pot process for the production of enantiopure alcohols, in which the full 

reaction mixture from the metal catalyzed step can be used in the following for the enzymatic 

reduction without any spatial separation of metal species and biocatalyst, is presented here. 

Therefore, a process that is easily feasible also for researchers from other fields than biocatalysis is 

demonstrated. This is realized by applying i-PrOH as solvent for the Au(III) catalyzed hydration, which 

also plays the role of co-substrate for cofactor regeneration in the subsequent enzymatic reduction 

for two enantiodivergent ADHs. After resuspension of the respective whole cell lyophilisate, the 

enzyme can directly be added to the hydration reaction mixture, in which the substrate is already 

formed in a concentration up to 150 mM. This operationally easy procedure is environmentally 

benign, economically attractive, and provides a good functional group tolerance. (Figure E-4). 
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Figure E-4 Combination of Au catalysis (Alkyne Hydration) with subsequent enzymatic reduction 

 

Regarding future chemoenzymatic one pot processes, the key challenge will remain the achievement 

of compatibility of the unequal catalytic species with each other. Further, more compatible (bio- and 

chemo-)catalysts with improved stability, reaction engineering like the application of immobilized 

biocatalysts and chemocatalysts in different compartments, will be of great significance in future 

developments for chemoenzymatic one pot processes.[108] However, the first example of a 

concurrent metal-catalyzed and biocatalyzed reaction presented by Rios-Lombardia et al. [123] opens 

up a new perspective in the field of chemoenzymatic one pot processes. 
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F Experimental part 

F.I Materials and methods – chemical synthesis 

Unless noted otherwise, all reagents were purchased from commercial suppliers and used without 

further purification. Chromatography solvents were distilled prior to use. For all other solvents 

quality grade is given in the reaction procedures. Column chromatography was performed on a Büchi 

Sepacore Flash System (2 x Büchi Pump Module C-605, Büchi Pump Manager C-615, Büchi UV 

Photometer C-635, Büchi Fraction Collector C-660) or standard manual glass columns using silica gel 

from Merck (40-63 µm) applying LP/Et2O, EtOAc mixtures or DCM. Preparative TLC was performed 

applying Uniplate thin layer chromatography plates (20 × 20 cm, 1000 microns) and DCM. Signals 

were visualized with UV light (254 nm). 

 

Table F-1. Recipes for TLC staining solutions  

TLC staining 
solution1 
(general purpose) 

 
TLC staining  
solution 2 
(general purpose) 

 
TLC staining 
 solution 
for acidic compounds 

 
TLC staining  
solution 
for carbonyl compounds 

6 g KMnO4  10 g 
phosphomolybdic 
acid hydrate 

 40 mg bromocresol green  0.8 g 
2,4-dinitro-
phenylhydrazine 

0.5 g KOH  1 g 
cerium 
ammonium 
nitrate 

 100 mL dry EtOH  200 mL 2N HCl 

40 g K2CO3  20 g H2SO4 conc.  

0.1 M 
NaOH until blue color 
appears 

 2 mL EtOH 

600 mL 
deion. 
H2O 

 
300 
mL 

EtOH     

 

Desiccation of organic solvents after extraction in reaction workup was performed using anhydrous 

sodium sulfate and subsequent filtration. NMR spectra were recorded from CDCl3 solutions on a 

Bruker AC 200 (200 MHz) or Bruker Advance UltraShield 400 (400 MHz) spectrometer and chemical 

shifts are reported in ppm. Whenever possible, calibration via residual solvent peaks was performed. 

Peak assignment is based on correlation experiments or software prediction.  

 

General conversion control and examination of purified products were conducted by GC/MS using a 

Thermo Finnigan Focus GC / DSQ II equipped with a standard capillary column BGB5 (30m x 0.32 mm 

ID). Enantiomeric excess was determined via GC using a BGB175 (30 m x 0.25 mm ID, 0.25 µm film) 

or BGB173 (30 m x 0.25 mm ID, 0.25 µm film) column on a ThermoQuest Trace GC 2000 and a 

ThermoFocus GC, both with FID detector.  
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One of the following temperature profiles was used: 

Table F-2.  Applied temperature profiles  

method profile 

A 80°C-2min→ 80-160°C, 5°C/min, 160°C-1min→ 160-220°C, 10°C/min, 220°C-8min 

B 80°C-1min→80-220°C, 2°C/min, 220°C-5min 

C 80°C-1min→ 80-220°C, 1°C/min, 220°C-5min 

D 80°C-1min→ 80-90°C, 5°C/min, 90°C-12min→ 90-220°C, 10°C/min, 220°C-5min 

E 65°C-0.5min→ 65-220°C, 25°C/min, 220°C-0min→ 220-290°C, 80°C/min, 290°C-3min 

 

Further, enantiomeric excess was determined via HPLC using a ChiralPak AS-H (250 mm x 4.6 mm ID) 

on a Thermo Scientific/Dionex Ultimate 3000 HPLC using mixtures of n-heptane/i-PrOH or EtOH as 

mobile phase: 

Table F-3.  Applied profiles  

method profile 

I Hex_EtOH_99.5_0.5_1ml/min_25 °C_40min 

II Hex_i-PrOH_99.2_0.8_1ml/min_25°C_40min 

II Hex_i-PrOH_99.8_0.2_1ml/min_25°C_60min 

 

Specific rotation was measured on an Anton Paar MCP500 polarimeter at the specified conditions. As 

general internal standard for GC and GC-MS analysis methylbenzoate was applied. Calibrations were 

conducted in a concentration range from 0.5 mM to 5 mM. Melting points were determined using a 

Kofler hot bench. For the preparation of polydimethylsiloxane sheets and thimbles, elastomer and 

curing agent (Sylgard 184, 10 gram clip-pak) purchased from Sigma-Aldrich was used.  

The conversions of the membrane reactor based simultaneous one-pot reactions were determined 

using an UltraPerformance Convergence Chromatography (UPC2) from Waters and methylbenzoate 

as internal standard. For the membrane reactor based production of 1-(4-fluorophenyl)ethan-1-ol 

and 1-(4-trifluormethylphenyl)ethan-1-ol 2-methylanisole was used instead as internal standard. As 

metal scavenger SiliaMetS Dimercaptotriazine (DMT) was applied.  
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F.II Materials and methods – 

biotransformations 

Bacterial cultures were incubated in baffled Erlenmeyer flasks in orbital shakers (InforsHT Multitron 2 

Standard) at 200 rpm. Bacteria on Agar plates were incubated in a Heraeus Instruments FunctionLine 

incubator under air. All materials and biotransformation media were sterilized by autoclaving at 121 

°C for 20 minutes. Various aqueous stock solutions were sterilized by filtration through 0.20 µm 

syringe filters. Agar plates were prepared with LBamp medium supplemented by 1.5% w/v Agar Agar. 

Cells lysis for the preparation of CCEs was affected using a Bandelin KE76 sonotrode connected to a 

Bandelin Sonopuls HD 3200 wave generator. 

 

Table F-4. Constituents of all bacterial growth media used in this thesis. 

LB Medium  TB Medium  M9 Medium  Trace Elemens Solution 

10 g bacto-peptone  12 g bacto-tryptone  0.8 g (NH4)2SO4  0.18 g ZnSO4·7H2O 

5 g yeast extract  24 g yeast extract  0.5 g NaCl  0.12 g CuCl2·2H2O 

10 g NaCl  16.4 g K2HPO4 ∙ 3 H2O  7.5 g Na2HPO4·2H2O  0.12 g MnSO4·H2O 

   2.3 g KH2PO4  3.0 g KH2PO4  0.18 g CoCl2·6H2O 

      1.0 mL 1.0 M MgSO4    

      1.0 mL 0.1 M CaCl2    

      0.6 mL 0.1 M FeCl3·6H2O    

      2.0 mL 1 mM thimine·HCl    

      10.0 mL trace elements sol.    

Concentrations on 1000 mL deionized water; M9 salt solutions are separately sterilized by filtration and then added to the main salts and 
dissolved in deionized water. 

 

F.II.1 Stock solutions 

 

Reagent Concentration in deionized H2O 

amp 50 mg mL-1 

kan 50 mg mL-1 

IPTG 839 mM 

NADP+ tetrasodium salt hydrate 0.1 M 

G6P 0.5 M 
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F.II.2 Expression conditions 

 

Table F-5  Growth and expression conditions for the biocatalysts used in this thesis. 

Biocatalyst Resistance Inducer 
Inducer 
Concentration 

Expression 
Temperature [°C] 

ADH-A amp IPTG 2 mM 20 

LK-ADH amp IPTG 1 mM 30 

ADH (YOL151w, pIK 3) kan IPTG 0.5 mM 24 

Asp Fum amp IPTG 0.1 mM 20 

 

 

F.II.3 ω-Transaminase in-house library 

 

Table F-6  Overview about His-tagged “inhouse” ω-transaminases 

Biocatalyst Resistance Inducer 
Inducer 
Concentration 

Expression 
Temperature [°C] 

AspTer (Aspergillus 

terreus) 
amp rhamnose 0.2% (w/v) 20 

AspFum (Aspergillus 

fumigatus) 
amp IPTG 0.1 mM 20 

NeoFis (Neosartorya 

fischeri) 
amp IPTG 0.1 mM 20 

MycVan (Mycobacterium 

vanbaalenii) 
amp rhamnose 0.2% (w/v) 20 

3HMU amp IPTG 0.1 mM 20 

3i5T amp IPTG 0.1 mM 20 

Vfl H6 kan IPTG 0.1 mM 20 

 

F.II.4 Preparation of permanent cultures 

 

E. coli strains were incubated at 37 °C on LBamp plates for 12-24 h. A single colony was selected and a 

10 mL preculture was inoculated and incubated (10 mL LBamp, 50 mL shaking flask, 37 °C, 18 h). After 

addition of 2 mL glycerol, the mixture was vortexed, transferred in 1 mL aliquots into Eppendorf vials 

and stored at -80 °C. 
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F.II.5 Preparation of Codexis mastermix for transamination reactions 

 

To 10 mL of deionized water, 1667 µl of isopropylamine, 295 µl of triethanolamine and 5.35 mg of 

pyridoxal 5-phosphate was added. The pH value was adjusted to 8 using HCl or NaOH. Finally, water 

was added to a final volume of 20 mL. 

 

F.III Preparation of polydimethylsiloxane 

sheets 

PDMS sheets were prepared according to Bowden[129a] with some modifications.  

 

Precuring: 

The elastomer and curing agent (Sylgard 184, 10 gram clip-pak, purchased from Sigma-Aldrich) were 

mixed and stored  at room temperature for 2 hours for degassing.  

 

Coating and baking: 

The PDMS mixture was evenly distributed (~8 cm diameter) on upside down crystallizing dishes and 

baked in oven at 65 degrees for 16 hours. The temperature was than increased to 110 °C for 1 hour. 

 

Delaminating and washing: 

The coated crystallizing dishes were placed in hexane for 5 min for delamination and the PDMS 

sheets were soaked twice for 2h in dichloromethane and finally dried in an oven at 110 °C for 2 h. 
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F.IV Synthesis of racemic alcohols - Reference 

compounds 

 

 

 

General procedure: 

 

To a stirred suspension of NaBH4 (1.5 equiv.) in 6 mL of abs. EtOH the corresponding substituted 

ketone (1 equiv.) was added and the resulting mixture was stirred at room temperature until the 

reaction was completed as monitored by GC-MS. After concentration in vacuo to remove EtOH, H2O 

(10 mL) was added and the reaction mixture was extracted with DCM (3 × 10 mL). The combined 

organic layers were washed with brine, dried over Na2SO4 and the solvent was removed to afford the 

desired racemic alcohol. If required, the purification was performed using preparative TLC or 

standard manual glass columns using silica gel from Merck (40-63 µm) and DCM. 

 

F.IV.1 rac-1-(4-Methylphenyl)ethan-1-ol (C-1) 

 

 

 

General procedure F.IV 

Reaction scale 100 mg (0.75 mmol) (B-1) 

Reaction time 4 h 

Yield 98 mg (98 %) colorless oil 

Sum formula, m.w. C9H12O, 136.19 

1H-NMR (200 MHz, CDCl3) = 1.46 (d, J = 6.5 Hz, 3H, H1), 2.11 (s, 1H, OH), 2.34 (s, 3H, Ph-CH3), 

4.83 (q, J = 6.4 Hz, 1H, H2), 7.07 – 7.31 (m, 4H, Ph). 

13C-NMR (50 MHz, CDCl3) = 21.0 (q, Ph-CH3), 25.0 (q, C1), 70.1 (d, C2), 125.3 (d, 2C, C4, C8), 

129.1 (d, 2C, C5, C7), 137.0 (s, C6), 142.8 (s, C3). 
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GCMS 136 (35, M+), 121 (94), 93 (100), 92 (21), 91 (96), 77 (56), 65 (36), 63 

(14), 60 (11), 51 (18) 

 

Analytical data was in accordance with the literature. [133] 

 

F.IV.2 rac-1-(3-Methylphenyl)ethan-1-ol (C-2) 

 

 

 

General procedure F.IV 

Reaction scale 100 mg (0.75 mmol) (B-2) 

Reaction time 4 h 

Yield 101 mg (100 %) colorless oil 

Sum formula, m.w. C9H12O, 136.19 

1H-NMR (200 MHz, CDCl3) = 1.49 (d, J = 6.5 Hz, 3H, H1), 2.40 (d, J = 9.1 Hz, 4H, OH, Ph-CH3), 

4.83 (q, J = 6.5 Hz, 1H, H2), 7.01 – 7.40 (m, 4H, Ph). 

13C-NMR (50 MHz, CDCl3) = 21.3 (q, Ph-CH3), 25.0 (q, C1), 70.1 (d, C2), 122.3 (d, C8), 126.0 (d, 

C6), 127.9 (d, C7), 128.2 (d, C4), 137.9 (s, C5), 145.8 (s, C3). 

GCMS 136 (16, M+), 121 (78), 119 (16), 118 (70), 117 (30), 115 (13), 93 (100), 

92 (13), 91 (92), 77 (49), 65 (31), 63 (13), 60 (11), 51 (13) 

 

Analytical data was in accordance with the literature.[134] 

 

F.IV.3 rac-1-(4-Fluorophenyl)ethan-1-ol (C-3) 

 

 

 

General procedure F.IV 

Reaction scale 100 mg (0.72 mmol) (B-3) 

Reaction time 4 h 
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Yield 94 mg (91 %) colorless oil 

Sum formula, m.w. C8H9FO, 140.16 

1H-NMR (200 MHz, CDCl3) = 1.48 (dd, J = 6.5, 0.8 Hz, 3H, H1), 1.79 – 1.85 (m, 1H, OH), 4.89 (q, 

J = 6.4 Hz, 1H, H2), 6.97 – 7.08 (m, 2H, C5, C7), 7.29 – 7.39 (m, 2H, C4, 

C8). 

13C-NMR (100 MHz, CDCl3) = 25.3 (q, C1), 69.7 (d, C2), 115.2 (dd, 2C, JCF = 21.3 Hz, C5, C7), 

127.0 (d, 2C, JCF = 8.1 Hz, C4, C8), 141.5 (d, JCF = 3.2 Hz, C3), 162.1 (d, 

JCF = 245.1 Hz, C6). 

GCMS 140 (22, M+), 125 (100), 123 (11), 97 (80), 96 (20), 95 (24), 77 (38), 75 

(20), 51 (15) 

 

Analytical data was in accordance with the literature. [133] 

 

F.IV.4 rac-1-(3-Fluorophenyl)ethan-1-ol (C-4) 

 

 

 

General procedure F.IV 

Reaction scale 296 mg (2.14 mmol) (B-4) 

Reaction time 4 h 

Yield 275 mg (92 %) colorless oil 

Sum formula, m.w. C8H9FO, 140.16 

1H-NMR (200 MHz, CDCl3) = 1.45 (d, J = 6.4 Hz, 3H, H1), 2.00 (s, 1H, OH), 4.84 (t, J = 6.5 Hz, 1H, 

H2), 6.82 – 7.36 (m, 4H, Ph). 

13C-NMR (50 MHz, CDCl3) = 25.2 (q, C1), 69.8 (d, JCF = 1.8 Hz, C2), 112.3 (dd, JCF = 21.8 Hz, C4), 

114.2 (dd, JCF = 21.2 Hz, C6), 120.9 (d, JCF = 2.8 Hz, C8), 129.9 (d, JCF = 

8.2 Hz, C7), 148.5 (d, JCF = 6.6 Hz, C3), 163.0 (d, JCF = 245.8 Hz, C5). 

GCMS 140 (15, M+), 125 (58), 97 (100), 96 (28), 95 (23), 77 (36), 75 (17), 51 

(10) 

 

Analytical data was in accordance with the literature. [133] 
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F.IV.5 rac-1-(4-Chlorophenyl)ethan-1-ol (C-5) 

 

 

 

General procedure F.IV 

Reaction scale 100 mg (0.65 mmol) (B-5) 

Reaction time 4 h 

Yield 85 mg (84 %) colorless oil 

Sum formula, m.w. C8H9ClO, 156.61 

1H-NMR (200 MHz, CDCl3) = 1.37 (d, J = 6.4 Hz, 3H, H1), 1.83 (s, 1H, OH), 4.78 (q, J = 6.5 Hz, 1H, 

H2), 7.21 (s, 4H, Ph). 

13C-NMR (50 MHz, CDCl3) = 25.2 (q, C1), 69.7 (d, C2), 126.8 (d, 2C, C4, C8), 128.6 (d, 2C, C5, 

C7), 133.0 (s, C6), 144.2 (s, C3). 

GCMS 158 (5, M+), 156 (14), 143 (10), 141 (33), 113 (25), 78 (10), 77 (100), 

75 (24), 74 (10), 51 (36), 50 (16) 

 

Analytical data was in accordance with the literature. [133] 

 

F.IV.6 rac-1-(3-Chlorophenyl)ethan-1-ol (C-6) 

 

 

 

General procedure  F.IV 

Reaction scale 100 mg (0.65 mmol) (B-6) 

Reaction time 4 h 

Yield 89 mg (88 %) colorless oil 

Sum formula, m.w. C8H9ClO, 156.61 

1H-NMR (200 MHz, CDCl3) = 1.49 (d, J = 6.5 Hz, 3H, H1), 1.85 (s, 1H, OH), 4.88 (q, J = 6.5 Hz, 1H, 

C2), 7.18 – 7.44 (m, 4H, Ph). 

13C-NMR (50 MHz, CDCl3) = 25.2 (q, C1), 69.8 (d, C2), 123.5 (d, C4), 125.6(d, C8), 127.5 (d, C6), 

129.8 (d, C7), 134.4 (s, C5), 147.8 (s, C3). 
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GCMS 158 (3, M+), 156 (10), 143 (11), 141 (35), 121 (12), 115 (11), 113 (37), 

78 (10), 77 (100), 75 (14), 51 (17) 

 

Analytical data was in accordance with the literature. [135] 

 

F.IV.7 rac-1-(4-Bromophenyl)ethan-1-ol (C-7) 

 

 

 

General procedure  F.IV 

Reaction scale 100 mg (0.50 mmol) (B-7) 

Reaction time 4 h 

Yield 92 mg (91 %) colorless oil 

Sum formula, m.w. C8H9BrO, 201.06 

1H-NMR (200 MHz, CDCl3) = 1.47 (dd, J = 13.3, 6.6 Hz, 3H, H1), 2.10 (s, 1H, OH), 4.85 (dq, J = 

16.4, 6.5 Hz, 1H, H2), 7.15 – 7.53 (m, 4H, Ph). 

13C-NMR (50 MHz, CDCl3) = 25.2 (q, C1), 69.8 (d, C2), 121.2 (s, C6), 127.1 (d, 2C, C4, C8), 131.5 

(d, 2C, C5, C7), 144.8 (s, C3). 

GCMS 202 (7, M+), 200 (8), 187 (24), 185 (29), 159 (14), 157 (21), 121 (13), 

78 (50), 77 (100), 76 (21), 75 (22), 74 (20), 63 (13), 52 (12), 51 (52), 50 

(32) 

 

Analytical data was in accordance with the literature. [133]  
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F.IV.8 rac-1-(3-Bromophenyl)ethan-1-ol (C-8) 

 

 

 

General procedure F.IV 

Reaction scale 100 mg (0.50 mmol) (B-8) 

Reaction time 4 h 

Yield 100 mg (99 %) colorless oil 

Sum formula, m.w. C8H9BrO, 201.06 

1H-NMR (200 MHz, CDCl3) = 1.48 (d, J = 6.4 Hz, 3H, H1), 2.08 (s, 1H, OH), 4.86 (q, J = 6.5 Hz, 1H, 

H2), 7.09 – 7.59 (m, 4H, Ph). 

13C-NMR (50 MHz, CDCl3) = 25.2 (q, C1), 69.7 (d, C2), 122.5 (s, C5), 124.0 (d, C8), 128.5 (d, C7), 

130.0 (d, C6), 130.4 (d, C4), 148.1 (s, C3). 

GCMS 202 (10, M+), 200 (11), 187 (29), 185 (35), 159 (24), 157 (28), 121 (24), 

78 (42), 77 (100), 76 (12), 75 (11), 51 (18) 

 

Analytical data was in accordance with the literature. [136] 

 

F.IV.9 rac-1-(4-Trifluormethylphenyl)ethan-1-ol (C-9) 

 

 

 

General procedure F.IV 

Reaction scale 100 mg (0.53 mmol) (B-9) 

Reaction time 4 h 

Yield 70 mg (69 %) colorless oil 

Sum formula, m.w. C9H9F3O, 190.17 

1H-NMR (200 MHz, CDCl3) = 1.50 (d, J = 6.5 Hz, 3H, H1), 1.98 (s, 1H, OH), 4.96 (q, J = 6.5 Hz, 1H, 

H2), 7.40 – 7.65 (m, 4H, Ph). 
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13C-NMR (100 MHz, CDCl3) = 25.4 (q, C1), 69.8 (d, C2), 122.8 (q, JCF = 272.0 Hz, CF3), 125.4 (q, 

2C, JCF = 3.8 Hz, C5, C7), 125.6 (d, 2C, C4, C8), 129.6 (dq, JCF = 32.4 Hz, 

C6), 149.7 (s, C3). 

GCMS 190 (9, M+), 176 (9), 175 (100), 147 (23), 145 (16), 127 (92), 77 (17), 

75 (12), 51 (13) 

 

Analytical data was in accordance with the literature. [137] 

 

F.IV.10 rac-1-(3-Trifluormethylphenyl)ethan-1-ol (C-10) 

 

 

 

General procedure F.IV 

Reaction scale 297 mg (1.6 mmol) (B-10) 

Reaction time 4 h 

Yield  285 mg (95 %) colorless oil 

Sum formula, m.w. C9H9F3O, 190.17 

1H-NMR (200 MHz, CDCl3) = 1.24 (d, J = 6.5 Hz, 3H, H1), 1.90 (s, 1H, OH), 4.69 (q, J = 6.5 Hz, 1H, 

H2), 6.95 – 7.45 (m, 4H, Ph). 

13C-NMR (50 MHz, CDCl3) = 25.3 (q, C1), 69.8 (d, C2), 122.2 (q, J CF = 3.8 Hz, C6), 124.1 (q, J CF = 

272.3 Hz, CF3), 124.2 (q, J CF = 3.8 Hz, C4), 128.8 (q, J CF = 1.5 Hz, C7), 

128.9 (d, C8), 130.8 (dq, J CF = 32.2 Hz, C5), 146.7 (s, C3). 

GCMS 190 (9, M+), 175 (100), 147 (16), 45 (15), 127 (78) 

 

Analytical data was in accordance with the literature (Sigma Aldrich).  
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F.IV.11 rac-1-(4-Methoxyphenyl)ethan-1-ol (C-11) 

 

 

 

General procedure F.IV 

Reaction scale 100 mg (0.67 mmol) (B-11) 

Reaction time 4 h 

Yield 101 mg (100 %) colorless oil 

Sum formula, m.w. C9H12O2, 152.19 

1H-NMR (200 MHz, CDCl3) = 1.46 (d, J = 6.4 Hz, 3H, H1), 1.97 (s, 1H, OH), 3.79 (s, 3H, OCH3), 

4.83 (q, J = 6.5 Hz, 1H, H2), 6.79 – 6.92 (m, 2H, H5, H7), 7.30 (d, J = 2.2 

Hz, 2H, H4, H8). 

13C-NMR (50 MHz, CDCl3) = 24.96 (q, C1), 55.22 (q, OCH3), 69.86 (d, C2), 113.76 (d, 2C, C5, 

C7), 126.60 (d, 2C, C4, C8), 137.98 (s, C3), 158.88 (s, C6). 

GCMS 151 (4, M+), 150 (34), 135 (100), 107 (18), 92 (16), 77 (27) 

 

Analytical data was in accordance with the literature. [138] 

 

F.IV.12 rac-1-Phenylpropan-1-ol (C-12) 

 

 

 

General procedure F.IV 

Reaction scale 100 mg (0.75 mmol) (B-12) 

Reaction time 4 h 

Yield 85 mg (84 %) colorless oil 

Sum formula, m.w. C9H12O, 136.19 

1H-NMR (200 MHz, CDCl3) = 0.92 (t, J = 7.4 Hz, 3H, H1´´), 1.69 – 1.84 (m, 3H, H1, OH), 4.60 (t, J 

= 6.6 Hz, 1H, H2), 7.35 (d, J = 3.8 Hz, 5H, Ph). 

13C-NMR (50 MHz, CDCl3) = 10.1 (q, C1´´), 31.9 (t, C1), 76.0 (d, C2), 125.9 (d, 2C, C4, C8), 127.5 

(d, C6), 128.4 (d, 2C, C5, C8), 144.6 (s, C3). 
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GCMS 136 (21, M+), 107 (100), 79 (60), 77 (25) 

 

Analytical data was in accordance with the literature. [135] 

 

F.IV.13 rac-1-(1-Naphtyl)ethan-1-ol (C-13) 

 

 

 

General procedure F.IV 

Reaction scale 100 mg (0.59 mmol) (B-13) 

Reaction time 4 h 

Yield 94 mg (92 %) colorless crystals 

MP[139] 31-33 °C (Lit. 34 °C) 

Sum formula, m.w. C12H12O, 172.23 

1H-NMR (200 MHz, CDCl3) = 1.67 (d, J = 6.5 Hz, 3H, H1), 2.08 (s, 1H, OH), 5.67 (q, J = 6.5 Hz, 1H, 

H2), 7.36 – 8.21 (m, 7H, naphtyl). 

13C-NMR (50 MHz, CDCl3) = 24.3 (q, C1), 67.1 (d, C2), 121.9 (s, C3), 123.1 (s, C7), 125.5 (d, 2C, 

C8, C2´), 126.0 (d, C3´), 127.9 (d, C4´), 128.8 (d, C1´), 130.2 (d, C4), 

133.8 (d, C5), 141.3 (s, C6). 

GCMS 172 (55, M+), 157 (56), 153 (10), 130 (12), 129 (100), 128 (53), 127 

(28) 

 

Analytical data was in accordance with the literature. [140]  
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F.IV.14 rac-1-(2-Naphtyl)ethan-1-ol (C-14) 

 

 

 
General procedure F.IV 

Reaction scale 100 mg (0.59 mmol) (B-14) 

Reaction time 4 h 

Yield 96 mg (94 %) colorless crystals 

MP[141]  54 °C (Lit. 53-54 °C) 

Sum formula, m.w. C12H12O, 172.23 

1H-NMR (200 MHz, CDCl3) = 1.58 (d, J = 6.5 Hz, 3H, H1), 2.03 (s, 1H, OH), 5.06 (q, J = 6.5 Hz, 1H, 

H2), 7.49 (ddt, J = 9.8, 7.5, 3.3 Hz, 3H, C8, C2´, C3´), 7.71 – 7.93 (m, 

4H, C4, C7, C1´, C4´). 

13C-NMR (50 MHz, CDCl3) = 25.1 (q, C1), 70.4 (d, C2), 123.7 (s, C3), 123.8 (s, C3´), 125.9 (d, 

C2´), 127.1 – 128.6 (m, C1´, C4, C4´, C5, C8), 133.0 (d, C7), 143.1 (s, 

C6). 

GCMS 172 (55, M+), 157 (49), 130 (12), 129 (100), 128 (50), 127 (28) 

 

Analytical data was in accordance with the literature. [142]  
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F.V Synthesis of racemic amides – Reference 

coumpounds 

 

 

 

General procedure: 

Acetic anhydride (2.1 equiv.) was added to a solution of the respective amine (1 equiv.) in DCM (10 

mL). The reaction was stirred at room temperature for 6 hours. Excess acetic anhydride was 

hydrolyzed by washing the reaction mixture with NaHCO3 (2 × 20 mL), until a basic pH value was 

observed. The organic phase was separated and the combined aqueous phases were extracted with 

DCM (3 × 10 mL). The combined organic layers were dried over Na2SO4 and the solvent was removed 

to afford the desired amide. 

 

F.V.1 N-(1-Phenylethyl)acetamide (E-1) 

 

 

 

General procedure F.V 

Reaction scale 500 mg (4.13 mmol) (D-1) 

Reaction time 6 h 

Yield 547 mg (81 %) colorless crystals  

MP[143] 102 °C (Lit. 101-102 °C) 

Sum formula, m.w. C10H13NO, 163.22 

1H-NMR (400 MHz, CDCl3) =1.45 (d, J = 6.9 Hz, 3H, H1), 1.94 (s, 3H, H3´), 4.98 – 5.19 (m, 1H, 

H2), 6.27 (d, J = 7.7 Hz, 1H, NH), 7.16 – 7.44 (m, 5H, Ph). 
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13C-NMR (100 MHz, CDCl3) =21.7 (q, C1), 23.2 (q, C2´), 48.7 (d, C2), 126.1 (d, 2C, C4, C8), 127.2 

(d, C6), 128.5 (d, 2C, C5, C7), 143.2 (s, C3), 169.2 (s, C1´). 

GCMS 163 (36, M+), 148 (23), 120 (26), 106 (100), 105 (17), 104 (36), 79 (30), 

78 (16), 77 (39), 51 (24) 

 

Analytical data was in accordance with the literature. [144] 
 

F.V.2 N-[1-(4-Methylphenyl)ethyl]acetamide (E-2) 

 

 

 

General procedure F.V 

Reaction scale 500 mg (3.70 mmol) (D-2) 

Reaction time 6 h 

Yield 535 mg (82 %) colorless crystals 

MP[145]  82 °C (Lit. 73-75 °C) 

Sum formula, m.w. C11H15NO, 177.25 

1H-NMR (200 MHz, CDCl3) = 1.46 (d, J = 6.9 Hz, 3H, H1), 1.96 (s, 3H, H3´), 2.33 (s, 3H, H Ph-

CH3), 5.07 (p, J = 7.1 Hz, 1H, H2), 5.99 (s, 1H, NH), 7.03 – 7.33 (m, 4H, 

Ph). 

13C-NMR (50 MHz, CDCl3) =21.0 (q, C-Ph-CH3), 21.6 (q, C1), 23.3 (q, C2´), 48.5 (d, C2), 126.1 (d, 

2C, C4, C8), 129.2 (d, 2C, C5, C7), 137.0 (s, C6), 140.1 (s, C3), 169.1 (s, 

C1´). 

GCMS 177 (27, M+), 162 (25), 134 (12), 120 (100), 119 (13), 118 (26), 117 

(13), 93 (20), 91 (27), 77 (14), 65 (16) 

 

Analytical data was in accordance with the literature. [146] 
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F.V.3 N-[1-(4-Fluorophenyl)ethyl]acetamide (E-3) 

 

 

 

General procedure F.V 

Reaction scale 500 mg (3.59 mmol) (D-3) 

Reaction time 6 h 

Yield 475 mg (73 %) colorless crystals 

MP[147] 146 °C (Lit. 148-150)  

Sum formula, m.w. C10H12FNO, 181.21 

1H-NMR (200 MHz, CDCl3) = 1.42 (d, J = 7.0 Hz, 3H, H1), 1.93 (s, 3H, H3´), 5.05 (p, J = 7.1 Hz, 

1H, H2), 6.25 (s, 1H, NH), 6.92 – 7.05 (m, 2H, H5, H7), 7.19 – 7.30 (m, 

2H, H4, H8). 

13C-NMR (50 MHz, CDCl3) = 21.7 (q, C1), 23.2 (q, C2´), 48.1 (d, C2), 115.3 (dd, 2C, J CF = 21.2 

Hz, C5, C7), 127.7 (d, 2C, J CF = 8.0 Hz, C4, C8), 139.1(s, C3), 161.8 (d, 

JCF = 245.4 Hz, C6), 169.2 (s, C1´). 

GCMS 181 (26, M+), 166 (24), 138 (23), 124 (100), 123 (15), 122 (35), 103 

(14), 97 (17), 96 (11), 95 (12), 77 (13), 75 (14) 

 

Analytical data was in accordance with the literature. [148] 
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F.VI Liebeskind Srogl cross coupling reactions 

F.VI.1 Liebeskind Srogl reactions catalyzed by Tetrakis(triphenylphosphine)palladium  

 

 

 

General procedure: 

S-Phenyl thioacetate (A-0) or S-phenyl benzothioate (A-2) (0.25 mmol, 1 equiv.), boronic acid (0.28 

mmole, 1.1 equiv.), CuTC (0.30 mmole, 1.2 equiv.), Pd(PPh3)4 (5 mol %) and 1 mL of heptane were 

charged into a screw cap vial and closed. The reaction mixture was stirred at 50 °C for 48 h. After the 

reaction was completed as monitored by GC-MS, it was cooled to room temperature and 4 mL of 

CH2Cl2 were added and stirred for 15 min. Then 8 mL of H2O was added, the reaction mixture was 

extracted with CH2Cl2 (3 x 8 mL) and the combined organic layer was then dried over Na2SO4. After 

filtration the organic phase was utilized for quantification by GC or GC-MS. 

 

F.VI.1.1 Acetophenone (B-0) 

 

 

 

General procedure F.VI.1 

Reaction scale 38 mg (0.25 mmol) (A-0) 

Substrate concentration 250 mM 

Reaction time 24 h 

Conversion 99 %  

Sum formula, m.w. C8H8O, 120.15 

GCMS: 120 (25, M+), 105 (72), 77 (100), 74 (13), 51 (77), 50 (24) 

 

Analytical data was in accordance with the purchased reference material. 
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F.VI.1.2 1-(p-Tolyl)ethan-1-one (B-1) 

 

 

 

General procedure F.VI.1 

Reaction scale 38 mg (0.25 mmol) (A-0) 

Substrate concentration 250 mM 

Reaction time 24 h 

Conversion 86 % 

Sum formula, m.w. C9H10O, 134.18 

GCMS 134 (32, M+), 119 (100), 91 (82), 65 (22) 

 

Analytical data was in accordance with the purchased reference material. 

 

F.VI.1.3 1-(4-Chlorophenyl)ethan-1-one (B-5) 

 

 

 

General procedure F.VI.1 

Reaction scale 38 mg (0.25 mmol) (A-0) 

Substrate concentration 250 mM 

Reaction time 24 h 

Conversion 67 % 

Sum formula, m.w. C8H7ClO, 154.59 

GCMS 156 (8, M+), 154 (23), 141 (30), 139 (100), 113 (15), 111 (47), 75 (19) 

 

Analytical data was in accordance with the purchased reference material. 
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F.VI.1.4 1-(4-Methoxyphenyl)ethan-1-one (B-11) 

 

 

 

General procedure F.VI.1 

Reaction scale 38 mg (0.25 mmol) (A-0) 

Substrate concentration 250 mM 

Reaction time 24 h 

Conversion 99 % 

Sum formula, m.w. C9H10O2, 150.18 

GCMS 150 (35, M+), 135 (100), 107 (18), 92 (15), 77 (27) 

 

Analytical data was in accordance with the purchased reference material. 

 

F.VI.1.5 1-(Naphtalen-1-yl)ethan-1-one (B-13) 

 

 

 

General procedure F.VI.1 

Reaction scale 38 mg (0.25 mmol) (A-0) 

Substrate concentration 250 mM 

Reaction time 24 h 

Conversion 89 % 

Sum formula, m.w. C12H10O, 170.21 

GCMS 170 (59, M+), 156 (12), 155 (100), 128 (12), 127 (86), 126 (17), 77 (10) 

 

Analytical data was in accordance with the purchased reference material. 
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F.VI.1.6 Benzophenone (B-15) 

 

 

 

General procedure F.VI.1 

Reaction scale 54 mg (0.25 mmol) (A-2) 

Substrate concentration 250 mM 

Reaction time 24 h 

Conversion 99 % 

Sum formula, m.w. C13H10O, 182.22 

GCMS 182 (60, M+), 181 (10), 105 (100), 77 (44) 

 

Analytical data was in accordance with the purchased reference material. 

 

F.VI.1.7 Phenyl(p-tolyl)methanone (B-16) 

 

 

 

General procedure F.VI.1 

Reaction scale 54 mg (0.25 mmol) (A-2) 

Substrate concentration 250 mM 

Reaction time 24 h 

Conversion 99 % 

Sum formula, m.w. C14H12O, 196.25 

GCMS 196 (57, M+), 181 (13), 119 (100), 105 (26), 91 (28), 77 (19) 

 

Analytical data was in accordance with the purchased reference material. 
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F.VI.2 Liebeskind Srogl reaction catalyzed by Tris(dibenzylideneacetone)dipalladium 

 

 

 

General procedure: 

Thioester A-1 (0.15 mmole, 1 equiv.), boronic acid (0.26 mmole, 1.7 equiv.), CuTC (0.24 mmole, 1.6 

equiv.), Pd2(dba)3 (0.004 mmole, 2.5 mol %), P(OEt)3 (0.03 mmole, 20 mol %) and 1.35 mL of H2O and 

150 µl of i-PrOH were charged into a screw cap vial and closed. The reaction mixture was stirred at 

room temperature for 24 h. After the reaction was completed as monitored by GC-MS, 4 mL of 

CH2Cl2 were added and stirred for 15 min. Then 8 mL of H2O were added, the reaction mixture was 

extracted in CH2Cl2 and the combined organic layers were then dried over Na2SO4 and the organic 

phase was utilized for quantification by GC or GC-MS. 

 

F.VI.2.1 Acetophenone (B-0) 

 

 

 

General procedure F.VI.2 

Reaction scale 20 mg (0.15 mmol) (A-1) 

Substrate concentration 100 mM 

Reaction time 24 h 

Conversion 78 %  

Sum formula, m.w. C8H8O, 120.15 

GCMS 120 (25, M+), 105 (72), 77 (100), 74 (13), 51 (77), 50 (24) 

 

Analytical data was in accordance with the purchased reference material. 
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F.VI.2.2 1-(p-Tolyl)ethan-1-one (B-1) 

 

 

 

General procedure F.VI.2 

Reaction scale 20 mg (0.15 mmol) (A-1) 

Substrate concentration 100 mM 

Reaction time 24 h 

Conversion 46 % 

Sum formula, m.w. C9H10O, 134.18 

GCMS 134 (33, M+), 119 (100), 91 (96), 89 (10), 65 (37), 63 (12) 

 

Analytical data was in accordance with the purchased reference material. 

 

F.VI.2.3 1-(4-Fluorophenyl)ethan-1-one (B-3) 

 

 

 

General procedure F.VI.2 

Reaction scale 20 mg (0.15 mmol) (A-1) 

Substrate concentration 100 mM 

Reaction time 24 h 

Conversion 31 % 

Sum formula, m.w. C8H7FO, 138.14 

GCMS 138 (24, M+), 123 (100), 95 (73), 75 (33) 

 

Analytical data was in accordance with the purchased reference material. 
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F.VI.2.4 1-(4-Chlorophenyl)ethan-1-one (B-5) 

 

 

 

General procedure F.VI.2 

Reaction scale 20 mg (0.15 mmol) (A-1) 

Substrate concentration 100 mM 

Reaction time 24 h 

Conversion 57 % 

Sum formula, m.w. C8H7ClO, 154.59 

GCMS 156 (8, M+), 154 (23), 141 (30), 139 (100), 113 (15), 111 (47), 75 (19) 

 

Analytical data was in accordance with the purchased reference material. 

 

F.VI.2.5 1-(3-Chlorophenyl)ethan-1-one (B-6) 

 

 

 

General procedure F.VI.2 

Reaction scale 20 mg (0.15 mmol) (A-1) 

Substrate concentration 100 mM 

Reaction time 24 h 

Conversion 68 % 

Sum formula, m.w. C8H7ClO, 154.59 

GCMS 156 (13, M+), 154 (38), 141 (33), 139 (100), 113 (17), 111 (57) 

 

Analytical data was in accordance with the purchased reference material. 
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F.VI.2.6 1-(4-Bromophenyl)ethan-1-one (B-7) 

 

 

 

General procedure F.VI.2 

Reaction scale 20 mg (0.15 mmol) (A-1) 

Substrate concentration 100 mM 

Reaction time 24 h 

Conversion 55 % 

Sum formula, m.w. C8H7BrO, 199.05 

GCMS 200 (25, M+), 198 (29), 185 (95), 183 (100), 157 (39), 155 (42), 76 (41), 

75 (41), 74 (25), 51 (15), 50 (39) 

 

Analytical data was in accordance with the purchased reference material. 

 

F.VI.2.7 1-(4-(Trifluoromethyl)phenyl)ethan-1-one (B-9) 

 

 

 

General procedure F.VI.2 

Reaction scale 20 mg (0.15 mmol) (A-1) 

Substrate concentration 100 mM 

Reaction time 24 h 

Conversion 41 % 

Sum formula, m.w. C9H7F3O, 188.15 

GCMS 188 (15, M+), 174 (10), 173 (100), 145 (83), 95 (14), 75 (13) 

 

Analytical data was in accordance with the purchased reference material. 
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F.VII Gold (III) catalyzed hydration of alkynes 

 

 

 

General procedure: 

In a screw cap vial, equipped with a magnetic stirring bar, AuCl3 (0.025-0.05 mmol) and 1mL of i-PrOH 

was added. The vial was closed and the reaction mixture was stirred for 5 minutes. Then the 

corresponding substrate alkyne (0.5 mmol, 1 equiv.) and 4 equiv. of H2O were charged into the vial 

and closed. The resulting reaction mixture was heated for 24 h at 65 °C. After completion of the 

reaction, the reaction mixture was diluted (ethylacetate containing methylbenzoate as internal 

standard) and quantitative analysis was performed by GC.  

 

F.VII.1.1 Acetophenone (B-0) 

 

 

 

General procedure F.VII 

Reaction scale 64 mg (0.5 mmol) (G-0); 5 mol% AuCl3  

Substrate concentration 500 mM 

Reaction time 24 h 

Conversion 98 % 

Sum formula, m.w. C8H8O, 120.15 

GCMS 120 (25, M+), 105 (72), 77 (100), 74 (13), 51 (77), 50 (24) 

 

Analytical data was in accordance with the purchased reference material. 
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F.VII.1.2 1-(p-Tolyl)ethan-1-one (B-1) 

 

 

 

General procedure F.VII 

Reaction scale 73 mg (0.5 mmol) (G-1); 5 mol% AuCl3 

Substrate concentration 500 mM 

Reaction time 24 h 

Conversion 98 % 

Sum formula, m.w. C9H10O, 134.18 

GCMS 134 (33, M+), 119 (100), 91 (96), 89 (10), 65 (37), 63 (12) 

 

Analytical data was in accordance with the purchased reference material. 

 

F.VII.1.3 1-(m-Tolyl)ethan-1-one (B-2) 

 

 

 

General procedure F.VII 

Reaction scale 73 mg (0.5 mmol) (G-2); 5 mol % AuCl3 

Substrate concentration 500 mM 

Reaction time 24 h 

Conversion 99 % 

Sum formula, m.w. C9H10O, 134.18 

GCMS 134 (37, M+), 119 (98), 91 (100), 65 (26) 

 

Analytical data was in accordance with the purchased reference material. 
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F.VII.1.4 1-(4-Fluorophenyl)ethan-1-one (B-3) 

 

 

 

General procedure F.VII 

Reaction scale 60 mg (0.5 mmol) (G-3); 10 mol% AuCl3 

Substrate concentration 500 mM 

Reaction time 24 h 

Conversion 71 % 

Sum formula, m.w. C8H7FO, 138.14 

GCMS 138 (24, M+), 123 (100), 95 (73), 75 (33) 

 

Analytical data was in accordance with the purchased reference material. 

 

F.VII.1.5 1-(3-Fluorophenyl)ethan-1-one (B-4) 

 

 

 

General procedure F.VII 

Reaction scale 60 mg (0.5 mmol) (G-4); 10 mol% AuCl3 

Substrate concentration 500 mM 

Reaction time 24 h 

Conversion 86 % 

Sum formula, m.w. C8H7FO, 138.14 

GCMS 138 (34, M+), 123 (100), 95 (83), 75 (24) 

 

Analytical data was in accordance with the purchased reference material. 
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F.VII.1.6 1-(4-Chlorophenyl)ethan-1-one (B-5) 

 

 

 

General procedure F.VII 

Reaction scale 68 mg (0.5 mmol) (G-5); 10 mol% AuCl3 

Substrate concentration 500 mM 

Reaction time 24 h 

Conversion 72 % 

Sum formula, m.w. C8H7ClO, 154.59 

GCMS 156 (8, M+), 154 (23), 141 (30), 139 (100), 113 (15), 111 (47), 75 (19) 

 

Analytical data was in accordance with the purchased reference material. 

 

F.VII.1.7 1-(3-Chlorophenyl)ethan-1-one (B-6) 

 

 

 

General procedure F.VII 

Reaction scale 68 mg (0.5 mmol) (G-6); 10 mol% AuCl3 

Substrate concentration 500 mM 

Reaction time 24 h 

Conversion 76 % 

Sum formula, m.w. C8H7ClO, 154.59 

GCMS 156 (13, M+), 154 (38), 141 (33), 139 (100), 113 (17), 111 (57) 

 

Analytical data was in accordance with the purchased reference material. 
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F.VII.1.8 1-(4-Bromophenyl)ethan-1-one (B-7) 

 

 

 

General procedure F.VII 

Reaction scale 91 mg (0.5 mmol) (G-7); 10 mol% AuCl3 

Substrate concentration 500 mM 

Reaction time 24 h 

Conversion 70 % 

Sum formula, m.w. C8H7BrO, 199.05 

GCMS 200 (25, M+), 198 (29), 185 (95), 183 (100), 157 (39), 155 (42), 76 (41), 

75 (41), 74 (25), 51 (15), 50 (39) 

 

Analytical data was in accordance with the purchased reference material. 

 

F.VII.1.9 1-(3-Bromophenyl)ethan-1-one (B-8) 

 

 

 

General procedure F.VII 

Reaction scale 91 mg (0.5 mmol) (G-8); 10 mol% AuCl3 

Substrate concentration 500 mM 

Reaction time 24 h 

Conversion 79 % 

Sum formula, m.w. C8H7BrO, 199.05 

GCMS 200 (32, M+), 198 (37), 185 (89), 183 (100), 157 (54), 155 (58), 77 (15), 

76 (53), 74 (22), 51 (11), 50 (22) 

 

Analytical data was in accordance with the purchased reference material. 
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F.VII.1.10 1-(4-(Trifluoromethyl)phenyl)ethan-1-one (B-9) 

 

 

 

General procedure F.VII 

Reaction scale 85 mg (0.5 mmol) (G-9); 10 mol% AuCl3 

Substrate concentration 500 mM 

Reaction time 24 h 

Conversion 49 % 

Sum formula, m.w. C9H7F3O, 188.15 

GCMS 188 (15, M+), 174 (10), 173 (100), 145 (83), 95 (14), 75 (13) 

 

Analytical data was in accordance with the purchased reference material. 

 

F.VII.1.11 1-(3-(Trifluoromethyl)phenyl)ethan-1-one (B-10) 

 

 

 

General procedure F.VII 

Reaction scale 85 mg (0.5 mmol) (G-10); 10 mol% AuCl3 

Substrate concentration 500 mM 

Reaction time 24 h 

Conversion 57 % 

Sum formula, m.w. C9H7F3O, 188.15 

GCMS 188 (15, M+), 173 (100), 145 (90), 125 (10), 95 (18), 75 (17) 

 

Analytical data was in accordance with the purchased reference material. 
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F.VIII Expression and preparation of alcohol 

dehydrogenases 

F.VIII.1 ADH-A  

 

Preparation of lyophilized cells of E. coliBL21(DE3)/pET22b(+)_adh-A (from Rhodococcus ruber) 

 

E. coli BL21(DE3)/pET22b(+)_adh-A was stored at -80°C in LB-amp containing 25% (ν/ν) glycerol. Prior 

to use, cells were plated on LB-amp plates (100 µg∙mL-1 final ampicillin concentration). A single 

colony was used to inoculate 200 mL of TB-amp (100 µg∙mL-1 final ampicillin concentration) in a 1 L 

baffled shake flask. ZnCl2 was added from a 100 mM stock to a final concentration of 1 mM and cells 

were grown at 30°C with shaking (120 rpm) for about 20 h. On the next day OD590 was checked 

(OD590~6.0) and 200 µL of ampicillin stock solution (50 mg∙mL-1 stock) were added. Protein 

production was induced upon addition of IPTG from a 100 mM stock to a final concentration of 2 mM 

and cells were cultivated at 20°C with shaking (120 rpm) for 24 h. Cells were harvested by 

centrifugation (6 000 x g, 15 min, 4°C). The medium was discarded; cells were re-suspended in sterile 

water, snap frozen in liquid nitrogen and lyophilized. This is an optimized procedure based on the 

literature.[66] 

 

F.VIII.2 LK-ADH 

 

Preparation of lyophilized cells of E. coliBL21(DE3)/pET21b(+)_LK-ADH (from Lactobacillus kefir) 

 

E. coli BL21(DE3)/pET21b(+)_LK-ADH was stored at -80°C in LB-amp containing 25% (ν/ν) glycerol. 

Prior to use, cells were plated on LB-amp plates (100 µg∙mL-1 final ampicillin concentration). A single 

colony was used to prepare 4 mL of an overnight culture in LB medium containing 100 µg∙mL-1 

ampicillin (added from a 50 mg∙mL-1 stock). The main culture was prepared by inoculation of 200 mL 

TB-amp (100 µg∙mL-1 final ampicillin concentration) in a 1 L baffled shake flask with 2 mL of the 

overnight culture. Cells were grown at 37°C with shaking (120 rpm) to an OD590 = 0.5. Enzyme 

expression was induced by the addition of IPTG (1 mM final concentration) from a 100 mM IPTG 

stock. Cells were cultivated at 30°C with shaking (120 rpm) and harvested by centrifugation (6 000  x 

g, 15 min, 4°C) after 24 h. The medium was discarded; cells were resuspended in sterile water, snap 

frozen in liquid nitrogen and lyophilized. 
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F.VIII.3 Yeast reductase  

 

Preparation of cell free extract of E. coliBL21(DE3)_ ADH (from Saccharomyces cerevisae)  

Gluthathione (S)-transferase (GST) fusion protein, YOL151w, pIK3, methylglyoxal reductase, 38.2 kDa 

 

E. coli BL21(DE3) cells harboring the ADH-encoding pIK plasmid were grown in LB-kan (100 µg∙mL-1 

final kanamycine concentration) medium (10 mL) at 37 °C and 200 rpm for approx. 17 h. The main 

culture in LB-kan (25 µg∙mL-1 final ampicillin concentration)  (500 mL) was inoculated with 5% v/v and 

shaken at 37 °C and 200 rpm for 2.5 h (OD600 = 0.70). The culture was cooled to 24 °C, then IPTG 

was added to a final concentration of 0.1 mM. Shaking was continued at 24 °C and 200 rpm for 6 h. 

The cells were harvested by centrifugation (6 kRCF, 4 °C, 10 min), then resuspended in TrisHCl (50 

mL, 50 mM, pH 7.5), and centrifuged again. The cells were stored at -20 °C o/n. The partly lysed cells 

were resuspended in TrisHCl (10 mL, as above) and sonicated at 4 °C (KE 76 probe, 50% amplitude, 5 

s pulse, 55 s pause, 8 cycles). Cell debris was centrifuged (4 °C, 15 min with 10 kRCF, then 20 min at 

15 kRCF). The supernatant was filtered (0.45 µm PES membrane), yielding 12 mL cleared crude cell 

extract (CCE) (Bradford assay: 18.1 ± 0.5 mg mL-1; approx. 0.4 g CCE L-1 culture). This solution was 

diluted with aqueous solutions of glycerol (12 mL, 50% w/v stock, 25% w/v final), DTT (24 µL, 1 M 

stock, 1 mM final), NaCl (240 µL, 5 M stock, 50 mM final), EDTA (192 µL, 0.25 M stock, 2 mM final) 

and MgCl2 (48 µL, 2 M stock, 4 mM final). The CCE was then stored at -20 °C (final conc: approx. 9.0 

mg mL-1). [64] For the preparation of cell free extract lyophilisate, the CCE was shock frozen in liquid 

nitrogen and lyophilized. 
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F.IX Biocatalytic reduction using whole cell 

lyophilistates 

 

 

General procedure: 

Lyophilized cells of E. coli (S)-selective ADH-A (10 mg), respective (R)-selective LK-ADH (20 mg) were 

rehydrated in Tris HCl buffer (pH 8, 320mM, 500 µl final volume) for 1 h at 30°C with 150 rpm in 

Eppendorf tubes (1.5 mL). Substrate (100mM) and 2-propanol (83 μl) were added and the mixture 

was agitated at 30°C and 200 rpm for 24 hours. The reaction was stopped by addition of ethyl 

acetate containing methylbenzoate as internal standard (10 μl reaction mixture extracted in 1 mL 

ethyl acetate). The organic layer was separated from the aqueous phase using centrifugation and 

dried over Na2SO4. Conversions and enantioselectivities were determined by GC analysis. For the 

production of (S)-alcohols the (S)-selective ADH-A from Rhodococcus ruber, for (R)-alcohols the (R)-

selective LK-ADH from Lactobacillus kefir was used.  
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Table F-7. Biocatalytic reductions using whole cell lyophilisate of (S)-selective ADH-A and 100 mM substrate 

concentration 

Cpd.No. Product 
(S)-alcohol 

Reaction scale  
(0.05 mmol) [mg] 

Conversion 
(GC) [%], 4 h 

ee[%] 

C-0 1-Phenylethan-1-ol [128a] 6 (B-0) 96 >99 % 

C-1 1-(4-Methylphenyl)ethan-1-ol [149] 7 (B-1) 90 >99 % 

C-2 1-(3-Methylphenyl)ethan-1-ol [120] 7 (B-2) 85 >99 % 

C-3 1-(4-Fluorophenyl)ethan-1-ol [a] 7 (B-3) 99 >99 % 

C-4 1-(3-Fluorophenyl)ethan-1-ol .[150] 7 (B-4) 95 >99 % 

C-5 1-(4-Chlorophenyl)ethan-1-ol [149] 8 (B-5) 98 >99 % 

C-6 1-(3-Chlorophenyl)ethan-1-ol [120] 8 (B-6) 97 >99 % 

C-7 1-(4-Bromophenyl)ethan-1-ol [149] 10 (B-7) 92 >99 % 

C-8 1-(3-Bromophenyl)ethan-1-ol [151] 10 (B-8) 99 >99 % 

C-9 1-(4-Trifluormethylphenyl)ethan-1-ol [a] 9 (B-9) 99 >99 % 

C-10 1-(3-Trifluormethylphenyl)ethan-1-ol [150] 9 (B-10) 99 >99 % 

C-11 1-(4-Methoxyphenyl)ethan-1-ol [149] 8 (B-11) 70 >99 % 

C-12 1-Phenylpropan-1-ol [149] 7 (B-12) 91 >99 % 

C-14 1-(2-Naphtyl)ethan-1-ol [b] 9 (B-14) 77 >99 % 

C-15 Diphenylmethanol 9 (B-15) 0 na 

C-17 2-Methyl-1-phenylpropan-1-ol 8 (B-17) 0 na 

C-18 (4-Chloroyphenyl)(cyclopropyl)methanol 9 (B-18) 0 na 

[a] Analytical data was in accordance with the isolated alcohol generated in the preparative scale experiment (F.X.1)/ (F.X.2). 

[b] Analytical data was in accordance with the purchased reference material. 
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Table F-8. Biocatalytic reductions using whole cell lyophilisate of (R)-selective LK-ADH and 100 mM substrate 

concentration 

Cpd.No. Product 
(R)-alcohol 

Reaction scale  
(0.05 mmol) [mg] 

Conversion 
(GC) [%], 24 h 

ee[%] 

C-0 1-Phenylethan-1-ol [128a] 6 (B-0) 80 >99 % 

C-1 1-(4-Methylphenyl)ethan-1-ol [149] 7 (B-1) 83 >99 % 

C-2 1-(3-Methylphenyl)ethan-1-ol [120] 7 (B-2) 17 >99 % 

C-3 1-(4-Fluorophenyl)ethan-1-ol [a] 7 (B-3) 83 >99 % 

C-4 1-(3-Fluorophenyl)ethan-1-ol .[150] 7 (B-4) 91 >99 % 

C-5 1-(4-Chlorophenyl)ethan-1-ol [149] 8 (B-5) 93 >99 % 

C-6 1-(3-Chlorophenyl)ethan-1-ol [120] 8 (B-6) 88 >99 % 

C-7 1-(4-Bromophenyl)ethan-1-ol [149] 10 (B-7) 71 >99 % 

C-8 1-(3-Bromophenyl)ethan-1-ol [151] 10 (B-8) 45 >99 % 

C-9 1-(4-Trifluormethylphenyl)ethan-1-ol [a] 9 (B-9) 99 >99 % 

C-10 1-(3-Trifluormethylphenyl)ethan-1-ol [150] 9 (B-10) 0 na 

C-11 1-(4-Methoxyphenyl)ethan-1-ol [149] 8 (B-11) 40 >99 % 

C-12 1-Phenylpropan-1-ol [149] 7 (B-12) 0 na 

C-14 1-(2-Naphtyl)ethan-1-ol [b] 9 (B-14) 77 >99 % 

[a] Analytical data was in accordance with the isolated alcohol generated in the preparative scale experiment (F.X.1)/ (F.X.2). 

[b] Analytical data was in accordance with the purchased reference material. 
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F.X Biocatalytic reduction: Preparative scale 

General procedure: 

Lyophilized cells of E. coli ADH-A (100 mg) were rehydrated in Tris HCl buffer (pH 8, 320mM, 5 mL) 

and were agitated for 1 h at 30°C with 200 rpm in Greiner tubes (50 mL). Substrate (100 mmol) and 

16 % v/v of i-PrOH (800 μl) were added and the mixture was agitated at 30°C and 200 rpm for 24 

hours. The reaction mixture was extracted with Et2O (3 × 10 mL). The combined organic layers were 

dried over Na2SO4 and the solvent was removed to afford the desired enantiopure alcohol. 

 

F.X.1 (S)-1-(4-Fluorophenyl)ethan-1-ol (C-3) 

 

 

 

General procedure F.X 

Reaction scale 69 mg (0.5 mmol) (B-3) 

Substrate concentration 100 mM 

Reaction time 24 h 

Yield 64 mg (91 %) colorless oil 

Sum formula, m.w. C8H9FO, 140.16 

GCMS 140 (22, M+), 125 (100), 123 (11), 97 (80), 96 (20), 95 (24), 77 (38), 75 

(20), 51 (15) 

ee (GC)    >99 % 

Specific rotation[152]  D
20 = –47 (c 1, CHCl3) (Lit. –42.5 (c 0.91, CHCl3) 
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F.X.2 (S)-1-(4-Trifluormethylphenyl)ethan-1-ol (C-9) 

 

 

 

General procedure F.X 

Reaction scale 94 mg (0.5 mmol) (B-9) 

Substrate concentration 100 mM 

Reaction time 24 h 

Yield 95 mg (64 %) colorless oil 

Sum formula, m.w. C9H9F3O, 190.17 

GCMS 190 (9, M+), 176 (9), 175 (100), 147 (23), 145 (16), 127 (92), 77 (16), 

75 (12), 51 (13) 

ee (GC)    >99 % 

Specific rotation[153]  D
20 = –33 (c 1, CHCl3) (Lit. –30.2 (c 1, CHCl3)) 
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F.XI Biocatalytic reduction applying ADH from 

Saccharomyces cerevisae 

 

 

General procedure: 

The (S)-selective yeast reductase (10 mg cell free extract lyophilisate) was rehydrated in Tris HCl 

buffer (pH 7.5, 50mM, 1 mL final volume) in Eppendorf tubes (1.5 mL). Then 8 μl of the substrate 

stock solution (in EtOH) was added (final concentration 4 mM), 9 μl of glucose stock solution was 

added (final concentration 10 mM), 0.7 μl glucose dehydrogenase stock solution was added (10 U/mL 

final concentration), 8 μl NADP+ stock solution was added (0.8 mM final concentration) and 10 % of i-

PrOH (100 μl) were added and the mixture was agitated at 30°C and 200 rpm for 24 hours. The 

reaction was stopped by addition of ethyl acetate containing methylbenzoate as internal standard 

(10 μl reaction mixture extracted in 1 mL ethyl acetate). The organic layer was separated from the 

aqueous phase using centrifugation and dried over Na2SO4. Conversions and enantioselectivities 

were determined by GC analysis.  

 

Table F-9. Biocatalytic reductions using lyophilized cell free extract of (S)-selective ADH from Saccharomyces 

cerevisae (YOL151w, pIK3) and 4 mM substrate concentration 

Cpd.No. Product 
(S)-alcohol 

Conversion 
(GC) [%], 24 h 

ee[%] 

C-0 1-Phenylethan-1-ol 99 >99 % 

C-1 1-(4-Methylphenyl)ethan-1-ol 88 >99 % 

C-5 1-(4-Chlorophenyl)ethan-1-ol 100 >99 % 

C-11 1-(4-Methoxyphenyl)ethan-1-ol 78 >99 % 

C-13 1-(1-Naphtyl)ethan-1-ol 99 >99 % 

C-15 Diphenylmethanol 100 na 

C-16 Phenyl(p-tolyl)methanol 61 na* 

*no peak separation of the reference alcohol obtained 

Analytical data was in accordance with the isolated alcohols generated in.F.IV 
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F.XII Expression and preparation of ω-

transaminases 

E. coli BL21(DE3)/pET22b transaminases were stored at -80°C in LB-amp/ LB-kan (in case of VflH6) 

containing 25% (ν/ν) glycerol. Prior to use, cells were plated on LB-amp plates or LB-kan plates. A 

single colony was used to prepare 4 mL of an overnight culture in LB medium containing 100 µg∙mL-1 

ampicillin or 50 µg∙mL-1 kanamycine. The main culture was prepared by inoculation of 200 mL TB-

amp (100 µg∙mL-1 final ampicillin concentration) or TB-kan (50 µg∙mL-1 final ampicillin concentration) 

in a 1 L baffled shake flask with 2 mL of the overnight culture. Cells were grown at 37°C with shaking 

(120 rpm) to an OD590 = 0.7. Enzyme expression was induced by the addition of IPTG (0.1 mM final 

concentration) from a 100 mM IPTG stock or 0.2% (w/v) rhamnose (pGaston). Cells were cultivated at 

20°C with shaking (120 rpm) and harvested by centrifugation (6 000 x g, 15 min, 4°C) after 20 h.The 

medium was discarded; cells were resuspended in an aqueous PLP solution (1 mM), snap frozen in 

liquid nitrogen and lyophilized.[154]  
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F.XIII Biocatalytic transamination applying ω-

ATA from Aspergillus Fumigatus 

 

 

General procedure: 

Whole cell lyophilisate of the (R)-selective ATA from Aspergillus Fumigatus AspFum (20 mg) were 

rehydrated in sodium phosphate buffer (pH 7.5, 100mM, 500 μl final volume) in Eppendorf tubes (1.5 

mL). Then 84 μl of D-alanine stock solution (250 mM final concentration), 34 μl of D-glucose stock 

solution (final concentration 150 mM), 10 μl NADH stock solution (2 mM final concentration), 100 μl 

PLP stock solution (in H2O) were added (0.2 mM final concentration), 7 μl lactate-dehydrogenase 

stock solution were added (90 U/mL final concentration), 15 μl glucose-dehydrogenase stock solution 

were added (15 U/mL final concentration) and the substrate was added to a final concentration of 50 

mM. After the reaction was quenched with 2 N NaOH, ethyl acetate containing methylbenzoate as 

internal standard (10 μl reaction mixture extracted in 400 μl ethyl acetate) was added. The organic 

layer was separated from the aqueous phase using centrifugation and dried over Na2SO4. 

Conversions and enantioselectivities were determined by GC analysis.  
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F.XIII.1 (R)-1-Phenylethan-1-amine (D-1) 

 

 

 

General procedure F.XIII 

Substrate concentration 50 mM (B-0) 

Reaction time 24 h 

Conversion 92 % 

Sum formula, m.w. C8H11N, 121.18 

GCMS 121 (1, M+), 106 (100), 79 (37), 77 (20) 

ee (GC) >99 %  

 

Analaytical data was in accordance with the purchased reference material. 
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F.XIV Biocatalytic transamination applying 

Codexis-transaminases 

 

 

 

General procedure: 

The (R)-selective ATA 025 from the codex screening kit (2 mg) was rehydrated in Eppendorf tubes 

(1.5 mL) in a mastermix (180 μl) containing 1 M isopropylamine, 0.1 M triethanolamine and 2 mM 

PLP, pH 9. The substrate was added from a stock solution of the ketone in DMSO (c = 100 mM) (20 μl, 

final concentration 10 mM) and the mixture was agitated at 30°C and 200 rpm for 24 hours. 

Afterwards the reaction was stopped by addition of NaOH (pH >11) and extracted in ethyl acetate (10 

μl reaction mixture extracted in 200 μl ethyl acetate). The organic layer was separated from the 

aqueous phase using centrifugation and dried over Na2SO4. Conversions and enantioselectivities 

were determined by GC analysis. For the chiral GC analysis acetyl chloride (10 μl) was added to 10 μl 

of the reaction mixture and the Eppendorf tube was agitated for 30 min. After the reaction was 

quenched with 2 N NaOH, it was extracted in 200 μl ethyl acetate. The organic layer was separated 

from the aqueous phase using centrifugation and dried over Na2SO4. 

 

F.XIV.1 (R)-1-Phenylethan-1-amine (D-1) 

 

 

 

General procedure F.XIV 

Substrate concentration 10 mM (B-0) 

Reaction time 24 h 

Conversion 86 % 

Sum formula, m.w. C8H11N, 121.18 

GCMS 121 (1, M+), 106 (100), 79 (37), 77 (20) 
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ee (GC) >99 %  

 

Analaytical data was in accordance with the purchased reference material. 

F.XIV.2  (R)-1-(p-Tolyl)ethan-1-amine (D-2) 

 

 

 

General procedure F.XIV 

Substrate concentration 10 mM (B-1) 

Reaction time 24 h 

Conversion 83 % 

Sum formula, m.w. C9H13N, 135.21 

GCMS 135 (3, M+), 120 (100), 93 (39), 91 (29), 77 (15) 

ee (GC) >99 % 

 

Analaytical data was in accordance with the purchased reference material. 

 

F.XIV.3 (R)-1-(4-Fluorophenyl)ethan-1-amine (D-3) 

 

 

 

General procedure F.XIV 

Substrate concentration 10 mM (B-3) 

Reaction time 24 h 

Conversion 90 % 

Sum formula, m.w. C8H10FN, 139.17 

GCMS 139 (2, M+), 124 (100), 97 (26) 

ee (GC) >99 

 

Analaytical data was in accordance with the purchased reference material. 
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F.XV Chemoenzymatic one pot reactions 

 

F.XV.1 Liquid-liquid biphasic system- Synthesis of chiral alcohols 

 

 

 

 

General procedure: 

The (S)-selective yeast reductase (10 mg cell free extract lyophilisate) was rehydrated in Tris HCl 

buffer (pH 7.5, 50mM, 1 mL final volume) in Eppendorf tubes (1.5 mL). Then 14 μl of glucose stock 

solution were added (final concentration 15 mM) together with 0.7 μl glucose dehydrogenase stock 

solution (1 U/mL final concentration), 8 μl NADP+ stock solution (0.8 mM final concentration), 10 % of 

i-PrOH (100 μl) and 100 μl of centrifuged Liebeskind-Srogl coupling reaction (50 mM ketone 

concentration, final concentration 5 mM) were added and the mixture was agitated at 30°C and 200 

rpm for 24 hours. The reaction was stopped by addition of ethyl acetate containing methylbenzoate 

as internal standard. The organic layer was separated from the aqueous phase using centrifugation 

and dried over Na2SO4. Conversions and enantioselectivities were determined by GC or GCMS 

analysis.  
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Table F-10.  Sequential chemoenzymatic one-pot reactions using lyophilized cell free extract of (S)-selective ADH 

from Saccharomyces cerevisae (YOL151w, pIK3) and 5 mM substrate concentration (Ketones generated by 

Liebeskind-Srogl coupling reaction) 

Cpd.No. Product 
(S)-alcohol 

Applied coupling reaction Conversion (GC) 
[%],24 h 

ee[%] 

C-0 1-Phenylethan-1-ol F.VI.1.1 57 >99 % 

C-1 1-(4-Methylphenyl)ethan-1-ol F.VI.1.2 44 >99 % 

C-5 1-(4-Chlorophenyl)ethan-1-ol F.VI.1.3 91 >99 % 

C-11 1-(4-Methoxyphenyl)ethan-1-ol F.VI.1.4 63 >99 % 

C-13 1-(1-Naphtyl)ethan-1-ol F.VI.1.5 49 >99 % 

C-15 Diphenylmethanol F.VI.1.6 80 na 

C-16 Phenyl(p-tolyl)methanol F.VI.1.7 5 na* 

*no peak separation of the reference alcohol obtained 

Analytical data was in accordance with the isolated alcohols generated in.F.IV 

 

F.XV.2 Liquid-solid superslurper system: Alcohol dehydrogenase embedded in sodium 

polyacrylate 

 

 

 

General procedure: 

The (S)-selective yeast reductase (40 mg cell free extract lyophilisate) was rehydrated in 348 µl of Tris 

HCl buffer (pH 7.5, 50mM) in a glass vial (8 mL). Then 34 μl of glucose stock solution (final 

concentration 38 mM), 2.64 μl glucose dehydrogenase stock solution (4 U/mL final concentration) 

and 16 μl NADP+ stock solution were added (1.2 mM final concentration). The resulting mixture was 

vortexed and 5 mg of sodium polyacrylate was added into the glas vial. After vortexing again to 

ensure a proper distribution within the superslurper phase, the mixture was incubated at room 

temperature for 30 min. Finally, 600 µl of centrifuged Liebeskind-Srogl coupling reaction conducted 

in heptane (25 mM initial concentration of ketone B-0) was added to the vial containing the super 

slurper phase (15 mM final concentration). The biphasic reaction mixture was agitated at 37 °C and 

200 rpm for 24 hours. The overall reaction was extracted by 3 x 1 mL of EtOAc containing 

methylbenzoate as internal standard and dried over Na2SO4. Conversions and enantioselectivities 

were determined by GC or GCMS analysis. 
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F.XV.2.1 (S)-1-(Phenyl)ethan-1-ol (C-0) 

 

 

 

General procedure F.XV.2 

Coupling reaction F.VI.1.1 

Substrate concentration 15 mM (B-0) 

Reaction time 24 h 

Conversion 84 % 

Sum formula, m.w. C8H10O, 122.17 

ee (GC)    >99 % 

 

Analytical data was in accordance with the purchased reference compound. 

 

F.XV.3 Liquid-solid superslurper system: ω-Transaminase embedded in sodium polyacrylate 

 

 

 

General procedure:  

The (R)-selective codexis ATA025 (40 mg) was rehydrated in 400 µl of codexis mastermix (see 0) in a 

glass vial (8 mL). The resulting mixture was vortexed and 7 mg of sodium polyacrylate were added 

into the glas vial. After vortexing again to ensure a proper distribution within the superslurper phase, 

the mixture was incubated at room temperature for 30 min. Finally, 600 µl of centrifuged (A) or 

initial (B) Liebeskind-Srogl coupling reaction conducted in heptane (25 mM initial concentration of 

ketone B-0) was added to the vial containing the super slurper phase (15 mM final concentration). 

The biphasic reaction mixture was agitated at 37 °C and 200 rpm for 48 hours. The reaction was 

stopped by addition of 100 µl of 5M NaOH and vortexed. The overall reaction mixture was then 

extracted by 4 x 1 mL of EtOAc containing methylbenzoate as internal standard and dried over 

Na2SO4. Conversions and enantioselectivities were determined by GC or GCMS analysis.  
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F.XV.3.1 (R)-1-Phenylethan-1-amine (D-1) 

 

 

 

General procedure Fehler! Verweisquelle konnte nicht gefunden werden. 

Coupling reaction F.VI.1.1 

Substrate concentration 15 mM (B-0) 

Reaction time 48 h 

Conversion 51 % (A), 27 % (B)* 

Sum formula, m.w. C8H11N, 121.18 

ee (GC)    >99 % 

 

*By addition of a second super slurper phase after 24 hours, a conversion of 47 % was observed in 

reaction (B). 

 

Analytical data was in accordance with the purchased reference compound. 

  



Patricia Schaaf, Ph. D. Thesis 
Experimental Part 

160 

 
F.XV.4 Membrane based system 

F.XV.4.1 Synthesis of chiral alcohols 

 

The freshly prepared PDMS sheet was placed on one of the glass parts of the reactor, the sealing ring 

was applied and both reactor parts were screwed together holding the PDMS membrane between 

the two reaction chambers. 

Chamber A, Enzymatic chamber: Lyophilized cells of E. coli ADH-A (150 mg) respectively LK-ADH (200 

mg) were rehydrated in Tris HCl buffer (pH 8, 320mM, 1.7 mL) in a Greiner tube (50 mL) and agitated 

for 1 h at 30°C with 200 rpm. Before reaction chambers A were filled, 2-propanol (800 μl) was added 

into the Greiner tube and vortexed. 

Chamber B, Liebeskind-Srogl coupling chamber: Boronic acid (0.85 mmole, 1.7 equiv), CuTC (0.8 

mmole, 1.6 equiv) and Pd2(dba)3 (2.5 mol %) were added to chamber B. Additionally, 2.161 mL of 

H2O, 250 μl 2-propanol, thioester (A-1) (0.5 mmole, 1 equiv.), and P(OEt)3 (20 mol %) was placed in 

this chamber. 

The enzymatic mixture was transferred into chamber A and the membrane reactor was agitated at 

30°C and 200 rpm for 40 h.  

The reaction mixture (20 μl of both chambers separately) were added to 180 μl acetonitrile 

containing an internal standard, vortexed and treated with 50 mg of SiliaMetS (DMT) metal 

scavenger. Conversions were determined by UPC2. 

For product isolation, the combined chambers were extracted with DCM (4 × 10 mL). The combined 

organic layers were washed with brine, dried over Na2SO4 and the solvent was removed.  Purification 

was performed applying standard manual glass columns using silica gel from Merck (40-63 µm) and 

DCM (raw product/ SiO2; 1:70). 
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Table F-11. Simultaneous one pot reaction: synthesis of enantiopure alcohols 

Cpd.No. Product Conversion [%] 
(S)-alcohol  
ADH-A 

Conversion [%] 
(R)-alcohol  
LK-ADH 

Isolated yield [%] 
(R)-alcohol  
LK-ADH 

ee[%] 

C-0 1-Phenylethan-1-ol 65 81 - >99 % 

C-3 1-(4-Fluorophenyl)ethan-1-ol 75 64 - >99 % 

C-5 1-(4-Chlorophenyl)ethan-1-ol 60 57 51  >99 % 

C-6 1-(3-Chlorophenyl)ethan-1-ol 47 53 41  >99 % 

C-7 1-(4-Bromophenyl)ethan-1-ol 99 50 42  >99 % 

C-9 1-(4-Trifluormethylphenyl)ethan-1-ol 61 53 - >99 % 

E. coli ADH-A (150 mg) or LK-ADH (200 mg), boronic acid (0.85 mmole, 1.7 equiv), CuTC (0.8 mmole, 1.6 equiv),  
Pd2(dba)3 (2.5 mol %), thioester (A-1) (0.5 mmole, 1 equiv.), P(OEt)3 (20 mol %); 

 Quantification by UPC2 after dilution with AcCN containing internal standard 
 

Analytical data were in accordance with the reference compounds in F.IV
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F.XVI Sequential Gold (III) catalyzed 

chemoenzymatic one pot reactions 

 

 

 

General procedure: 

In a screw cap vial, equipped with a magnetic stirring bar AuCl3 (0.025 - 0.05 mmol, 5 -10 mol%) and 

i-PrOH (1 mL final reaction volume) was added. The reaction mixture was stirred for 5 min, and then 

starting material (0.5 mmol, 1 equiv.) and 4 equiv. of H2O were added. The reaction mixture was 

heated for 24 h at 65 °C. 

When the hydration step was completed as monitored by GC-MS, 50 mg of the (R)- or (S)-selective 

alcohol dehydrogenase whole cell lyophilisate was resuspended in 700 µl of 350 mM Tris-HCl buffer 

pH 8 in a separate vial and shaken 1 h at 30 °C and 200 rpm. Then 300 µl of the hydration reaction 

mixture was combined with the resuspended enzyme, which results in an overall i-PrOH content of 

30 %. After 4 hours the chemoenzymatic one pot reaction was completed as monitored by GC-MS 

and extracted with EtOAc containing methylbenzoate as internal standard and the conversion was 

determined by GC or GC-MS. 

In case of a preparative scale experiment 170 mg of the (R)- or (S)-selective alcohol dehydrogenase 

whole cell lyophilisate was resuspended in 2.333 mL of 350 mM Tris-HCl buffer pH 8 in a separate vial 

and shaken 1 h at 30 °C and 200 rpm. Then the complete hydration reaction mixture (1 mL) was 

combined with the resuspended enzyme. After 4 hours the chemoenzymatic one pot reaction was 

completed as monitored by GC-MS and the overall reaction mixture was extracted with DCM (3 × 10 

mL), washed with H2O (2 × 10 mL), and dried over Na2SO4. The solvent was evaporated, and the 

product was purified applying standard manual glass columns using silica gel from Merck (40-63 µm) 

and DCM (raw product/ SiO2; 1:40).  
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F.XVI.1  (S)-1-(Phenyl)ethan-1-ol (C-0) 

 

 

 

General procedure F.XVI 

Hydration reaction F.VII.1.1 

Substrate concentration 147 mM (B-0) 

Reaction time 4 h 

Conversion 93 % 

Conversion over two steps 91 % 

Sum formula, m.w. C8H10O, 122.17 

ee (GC)    >99 % 

 

Analytical data was in accordance with the reference compound in F.IV. 

 

F.XVI.2  (S)-1-(4-Methylphenyl)ethan-1-ol (C-1) 

 

 

 

General procedure F.XVI 

Hydration reaction F.VII.1.2 

Substrate concentration 147 mM (B-1) 

Reaction time 4 h 

Conversion 78 % 

Conversion over two steps 76 % 

Sum formula, m.w. C9H12O, 136.19 

ee (GC)    >99 % 

 

Analytical data was in accordance with the reference compound in F.IV. 
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F.XVI.3 (S)-1-(3-Methylphenyl)ethan-1-ol (C-2) 

 

 

 

General procedure F.XVI 

Hydration reaction F.VII.1.3 

Substrate concentration 149 mM (B-2) 

Reaction time 4 h 

Conversion  100 % 

Conversion over two steps 99 % 

Sum formula, m.w. C9H12O, 136.19 

ee (GC)    >99 % 

 

Analytical data was in accordance with the reference compound in F.IV. 

 

F.XVI.4 (S)-1-(4-Fluorophenyl)ethan-1-ol (C-3) 

 

 

 

General procedure F.XVI 

Hydration reaction F.VII.1.4 

Substrate concentration 107 mM (B-3) 

Reaction time 4 h 

Conversion 100 % 

Conversion over two steps 71 % 

Yield over two steps 50 mg (71 %) colorless oil 

Sum formula, m.w. C8H9FO, 140.16 

ee (GC)    >99 % 

 

Analytical data was in accordance with the reference compound in F.IV. 
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F.XVI.5 (S)-1-(3-Fluorophenyl)ethan-1-ol (C-4) 

 

 

 

General procedure F.XVI 

Hydration reaction F.VII.1.5 

Substrate concentration 129 mM (B-4) 

Reaction time 4 h 

Conversion 100 % 

Conversion over two steps 86 % 

Sum formula, m.w. C8H9FO, 140.16 

ee (GC)    >99 % 

 

Analytical data was in accordance with the reference compound in F.IV. 

 

F.XVI.6 (S)-1-(4-Chlorophenyl)ethan-1-ol (C-5) 

 

 

 

General procedure F.XVI 

Hydration reaction F.VII.1.6 

Substrate concentration 108 mM (B-5) 

Reaction time 4 h 

Conversion  99 % 

Conversion over two steps 71 % 

Sum formula, m.w. C8H9ClO, 156.61 

ee (GC)    >99 % 

 

Analytical data was in accordance with the reference compound in F.IV. 
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F.XVI.7 (S)-1-(3-Chlorophenyl)ethan-1-ol (C-6) 

 

 

 

General procedure F.XVI 

Hydration reaction F.VII.1.7 

Substrate concentration 114 mM (B-6) 

Reaction time 4 h 

Conversion 100 % 

Conversion over two steps 76 % 

Yield over two steps 50 mg (64 %) colorless oil 

Sum formula, m.w. C8H9ClO, 156.61 

ee (GC)    >99 % 

 

Analytical data was in accordance with the reference compound in F.IV. 

 

F.XVI.8 (S)-1-(4-Bromophenyl)ethan-1-ol (C-7) 

 

 

 

General procedure F.XVI 

Hydration reaction F.VII.1.8 

Substrate concentration 105 mM (B-7) 

Reaction time 4 h 

Conversion 95 % 

Conversion over two steps 67 % 

Sum formula, m.w. C8H9BrO, 201.06 

ee (GC)    >99 % 

 

Analytical data was in accordance with the reference compound in F.IV. 
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F.XVI.9 (S)-1-(3-Bromophenyl)ethan-1-ol (C-8) 

 

 

 

General procedure F.XVI 

Hydration reaction F.VII.1.9 

Substrate concentration 119 mM (B-8) 

Reaction time 4 h 

Conversion 67 % 

Conversion over two steps 53 % 

Sum formula, m.w. C8H9BrO, 201.06 

ee (GC)    >99 % 

 

Analytical data was in accordance with the reference compound in F.IV. 

 

F.XVI.10 (S)-1-(4-Trifluormethylphenyl)ethan-1-ol (C-9) 

 

 

 

General procedure F.XVI 

Hydration reaction F.VII.1.10 

Substrate concentration 74 mM (B-9) 

Reaction time 4 h 

Conversion 100 % 

Conversion over two steps 49 % 

Sum formula, m.w. C9H9F3O, 190.17 

ee (GC)    >99 % 

 

Analytical data was in accordance with the reference compound in F.IV. 
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F.XVI.11 (S)-1-(3-Trifluormethylphenyl)ethan-1-ol (C-10) 

 

 

 

General procedure F.XVI 

Hydration reaction F.VII.1.11 

Substrate concentration 86 mM (B-10) 

Reaction time 4 h 

Conversion 100 % 

Conversion over two steps 57 % 

Sum formula, m.w. C9H9F3O, 190.17 

ee (GC)    >99 % 

 

Analytical data was in accordance with the reference compound in F.IV. 

 

F.XVI.12 (R)-1-(Phenyl)ethan-1-ol (C-0) 

 

 

 

Gneeral procedure F.XVI 

Hydration reaction F.VII.1.1 

Substrate concentration 147 mM (B-0) 

Reaction time 4 h 

Conversion 95 % 

Conversion over two steps 93 % 

Sum formula, m.w. C8H10O, 122.17 

ee (GC)    >99 % 

 

Analytical data was in accordance with the reference compound in F.IV. 
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F.XVI.13  (R)-1-(4-Methylphenyl)ethan-1-ol (C-1) 

 

 

 

General procedure F.XVI 

Hydration reaction F.VII.1.2 

Substrate concentration 147 mM (B-1) 

Reaction time 4 h 

Conversion 74 % 

Conversion over two steps 73 % 

Sum formula, m.w. C9H12O, 136.19 

ee (GC)    >99 % 

 

Analytical data was in accordance with the reference compound in F.IV. 

 

F.XVI.14 (R)-1-(3-Methylphenyl)ethan-1-ol (C-2) 

 

 

 

General procedure F.XVI 

Hydration reaction F.VII.1.3 

Substrate concentration 149 mM (B-2) 

Reaction time 4 h 

Conversion 15 % 

Conversion over two steps 15 % 

Sum formula, m.w. C9H12O, 136.19 

ee (GC)    >99 % 

 

Analytical data was in accordance with the reference compound in F.IV. 
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F.XVI.15 (R)-1-(4-Fluorophenyl)ethan-1-ol (C-3) 

 

 

 

General procedure F.XVI 

Hydration reaction F.VII.1.4 

Substrate concentration 107 mM (B-3) 

Reaction time 4 h 

Conversion 92 % 

Conversion over two steps 65 % 

Sum formula, m.w. C8H9FO, 140.16 

ee (GC)    >99 % 

 

Analytical data was in accordance with the reference compound in F.IV. 

 

F.XVI.16 (R)-1-(3-Fluorophenyl)ethan-1-ol (C-4) 

 

 

 

General procedure F.XVI 

Hydration reaction F.VII.1.5 

Substrate concentration 129 mM (B-4) 

Reaction time 4 h 

Conversion 86 % 

Conversion over two steps 74 % 

Sum formula, m.w. C8H9FO, 140.16 

ee (GC)    >99 % 

 

Analytical data was in accordance with the reference compound in F.IV. 
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F.XVI.17 (R)-1-(4-Chlorophenyl)ethan-1-ol (C-5) 

 

 

 

General procedure F.XVI 

Hydration reaction F.VII.1.6 

Substrate concentration 108 mM (B-5) 

Reaction time 4 h 

Conversion 96 % 

Conversion over two steps 69 % 

Sum formula, m.w. C8H9ClO, 156.61 

ee (GC)    >99 % 

 

Analytical data was in accordance with the reference compound in F.IV. 

 

F.XVI.18 (R)-1-(3-Chlorophenyl)ethan-1-ol (C-6) 

 

 

 

General procedure F.XVI 

Hydration reaction F.VII.1.7 

Substrate concentration 114 mM (B-6) 

Reaction time 4 h 

Conversion 38 % 

Conversion over two steps 29 % 

Sum formula, m.w. C8H9ClO, 156.61 

ee (GC)    >99 % 

 

Analytical data was in accordance with the reference compound in F.IV. 
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F.XVI.19 (R)-1-(4-Bromophenyl)ethan-1-ol (C-7) 

 

 

 

General procedure F.XVI 

Hydration reaction F.VII.1.8 

Substrate concentration 105 mM (B-7) 

Reaction time 4 h 

Conversion 95 % 

Conversion over two steps 67 % 

Sum formula, m.w. C8H9BrO, 201.06 

ee (GC)    >99 % 

 

Analytical data was in accordance with the reference compound in F.IV. 

 

F.XVI.20 (R)-1-(3-Bromophenyl)ethan-1-ol (C-8) 

 

 

 

General procedure F.XVI 

Hydration reaction F.VII.1.9 

Substrate concentration 119 mM (B-8) 

Reaction time 4 h 

Conversion 21 % 

Conversion over two steps 17 % 

Sum formula, m.w. C8H9BrO, 201.06 

ee (GC)    >99 % 

 

Analytical data was in accordance with the reference compound in F.IV. 
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F.XVI.21 (R)-1-(4-Trifluormethylphenyl)ethan-1-ol (C-9) 

 

 

 

General procedure F.XVI 

Hydration reaction F.VII.1.10 

Substrate concentration 74 mM (B-9) 

Reaction time 4 h 

Conversion 100 % 

Conversion over two steps 49 % 

Sum formula, m.w. C9H9F3O, 190.17 

ee (GC)    >99 % 

 

Analytical data was in accordance with the reference compound in F.IV. 

 

F.XVI.22 (R)-1-(3-Trifluormethylphenyl)ethan-1-ol (C-10) 

 

 

 

General procedure F.XVI 

Hydration reaction F.VII.1.11 

Substrate concentration 86 mM (B-10) 

Reaction time 4 h 

Conversion 0 % 

Conversion over two steps 0 % 

Sum formula, m.w. C9H9F3O, 190.17 

 

Analytical data was in accordance with the reference compound in F.IV. 

  



Patricia Schaaf, Ph. D. Thesis 
Experimental Part 

174 

 

F.XVII Calculation and reporting of analytical 

screening data/ ee 

 

All enantiomeric excess values were calculated from peak areas of uncalibrated GC-FID 

measurements (achiral or chiral, as applicable) after automatic uniform integration unless noted 

otherwise. The following equations were used for the calculation: 

 

Measurement Unit Equation  

Relative conversion (Rel. Conv.) % 𝑅𝑒𝑙. 𝐶𝑜𝑛𝑣. =
∑ 𝐺𝐶 𝑎𝑟𝑒𝑎 𝑝𝑟𝑜𝑑𝑢𝑐𝑡(𝑠)

∑ 𝐺𝐶 𝑎𝑟𝑒𝑎 𝑠𝑡𝑎𝑟𝑡𝑖𝑛𝑔 𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙(𝑠) + ∑ 𝐺𝐶 𝑎𝑟𝑒𝑎 𝑝𝑟𝑜𝑑𝑢𝑐𝑡(𝑠)
∙ 100 (Eq. F-1) 

ee % 𝑒𝑒 =
𝐺𝐶 𝑎𝑟𝑒𝑎 𝑒𝑛𝑎𝑛𝑡𝑖𝑜𝑚𝑒𝑟 𝐴 − 𝐺𝐶 𝑎𝑟𝑒𝑎 𝑒𝑛𝑎𝑛𝑡𝑖𝑜𝑚𝑒𝑟 𝐵

∑ 𝐺𝐶 𝑎𝑟𝑒𝑎𝑠 𝑜𝑓 𝑒𝑛𝑎𝑛𝑡𝑖𝑜𝑚𝑒𝑟𝑠
∙ 100 (Eq. F-2) 

eeS: enantiomeric excess of starting material, eeP: enantiomeric excess of product. 

 

Conversion values were calculated from peak areas of calibrated GC-FID or GCMS measurements 

after integration and refer to product formation. In the case of preliminary substrate screenings 

conversions are given as relative conversions (see Eq. F-1).  

 

Table F-12  GC methods for chiral analytics and quantification 

GC Methods  

Method A (Standard-Biotrans_33min) 
80°C-2min→ 80-160°C, 5°C/min, 160°C-1min→  
160-220°C, 10°C/min, 220°C-8min 

Method B (PSC_Biotrans_75min_80-220_2ramp) 80°C-1min→80-220°C, 2°C/min, 220°C-5min 

Method C (PSC_Biotrans_150min_80-220_1ramp) 80°C-1min→ 80-220°C, 1°C/min, 220°C-5min 

Method D (PSC_Biotrans_35minSEP_iso) 
80°C-1min→ 80-90°C, 5°C/min, 90°C-12min→  
90-220°C, 10°C/min, 220°C-5min 

Method E achiral analysis  (STD_Achiral_PSC65-290_11min) 
65°C-0.5min→ 65-220°C, 25°C/min, 220°C-0min→ 220-290°C, 
80°C/min, 290°C-3min 
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G.III List of abbreviation 

Abbreviation  

ADH alcohol dehydrogenase 

amp ampicillin 

ATA transaminase 

aw water activity 

CFE cell free extract 

CuTC copper(I)-thiophene-2-carboxylate 

CuMeSal copper(I) 3-methylsalicylate 

DCM dichloromethane 

DMF diemthylformamide 

DMPU 
1,3-dimethyltetrahydropyrimidin-2(1H)-
one 

DMSO dimethyl sulfoxide 

DNA deoxyribonucleic acid 

E. coli  Escherichia coli 

ee enantiomeric excess 

FDH formate dehydrogenase 

FID flame ionization detector 

G6P glucose-6-phosphate 

G6PDH glucose-6-phosphate dehydrogenase 

GC gas chromatography 

GDH glucose dehydrogenase 

IPTG isopropyl-β-D-thiogalactopyranoside 

kan kanamycin 

LB lysogeny broth 

LDH lactate dehydrogenase 

LG leaving group 

MM master mix 

MS mass spectrometry 

NAD
+
 nicotinamide adenine dinucleotide 

NADH 
nicotinamide adenine dinucleotide 
(reduced) 

NADP
+
 

nicotinamide adenine dinucleotide 
phosphate 

NADPH 
nicotinamide adenine dinucleotide 
phosphate (reduced) 

o/n overnight 

OD optical density 

PDC pyruvate decarboxylase 

PDMS polydimethylsiloxane 

PLE pig liver esterase 

PMSF phenylmethylsulfonyl fluoride 

rpm rounds per minute 

RT room temperature 

THF tetrahydrofuran 

TLC thin layer chromatography 

Tris tris(hydroxymethyl)aminomethane 

v/v volume per volume 

WT wild type 

YADH yeast alcohol dehydrogenase 
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