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Chapter 1. General introduction 

Biocatalysis is an active area of research in both academia and industry. The steady need to 

develop technologies with increased efficacy, productivity and selectivity, but reduced costs and 

minimal environmental impact has driven researchers’ and engineers’ interest and effort into the 

field of biocatalysis. The studies and work carried out in the past decades demonstrated that there 

are only a few limitations to the application of enzymes or whole cells as catalysts in organic 

synthesis. 

Besides high catalytic activity and selectivity (chemo-, regio- and stereoselectivity), decisive 

factors for the successful application of enzymes are stability and recyclability. Moreover, the 

economic viability of a certain process strongly depends on the productivity of the biocatalyst. 

Increased stability in non-natural media (for instance in organic solvents) and the possibility to 

recover and reuse the biocatalyst can be achieved by enzyme immobilization. In addition to this, 

continuous-flow operation of immobilized enzymes offers means of upgrading the productivity. 

Due to the fact that the two enantiomers of a chiral compound can have different 

physiological effects the use of enzymes as catalysts is particularly appealing for pharmaceutical 

industry where they can offer biocompatible and selective routes for the synthesis of optically 

pure compounds. It is worth mentioning that the potential of a compound does not depend only 

on structural complexity or optical purity but also on the ability to obtain it through an up-

scalable technology. Furthermore, an important aspect regarding the process engineering is 

represented by the possibility to ensure a facile downstream procedure enabling the high-yield 

recovery of the desired product(s). 

The present thesis addresses several aspects regarding the application of lipases in kinetic 

resolution processes in organic solvents for obtaining highly useful enantiomerically enriched 

secondary alcohols. 

The first part of Chapter 4 (Personal contribution), Tailor-made sol-gel immobilized 

lipases for the enzymatic kinetic resolution of heteroarylethanols in batch and continuous-
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flow systems, describes the application of various highly stable lipase preparates immobilized 

through sol-gel entrapment for the efficient stereoselective synthesis of optically pure heteroaryl 

secondary alcohols in batch and continuous-flow reactors, affording a good background for 

additional process development. 

The second part of Chapter 4, Click reaction-based downstream strategy applied in the 

enzymatic kinetic resolution of (hetero)aromatic secondary alcohols, referring to the 

challenges of separating the post-kinetic resolution mixtures at industrial level, presents the 

development of a new, facile downstream procedure for enzymatic kinetic resolution processes, 

allowing the recovery of both enantiomers of (hetero)aromatic ethanols in high yields conserving 

the excellent enantiomeric purities obtained through the EKR processes. 
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Chapter 2. Literature overview (literature data) 

Chapter 3. Aim of the thesis 

 to develop efficient enzymatic kinetic resolution processes for the synthesis of valuable 

enantiomerically enriched heteroaromatic ethanols using tunable sol-gel entrapped lipases from 

Pseudomonas fluorescens and Candida antarctica B in batch and continuous-flow reactors; 

 

 to develop a simple, cost-effective and up-scalable strategy for the separation of kinetic 

resolution products with the aid of mild and selective click reactions. The study focused on the 

separation of alcohol-ester mixtures obtained after lipase-mediated enantioselective 

transesterifications of racemic (hetero)aromatic secondary alcohols. 
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(Hetero)aromatic ethanols were chosen as compounds of interest due to their undisputed 

importance as versatile chiral synthons in pharmaceutical and fine chemicals industries. 

Heteroaromatic structures like benzofuran, benzo[b]thiophen, phenothiazine and 2-phenylthiazol 

occurring in natural products and drugs, are associated with anti-bacterial, anti-viral, anti-fungal, 

anti-cancer, anti-malarial, anti-inflammatory, analgesic or anticoagulant activities.1-4 
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Chapter 4. Personal contribution 

4.1. Tailor-made sol-gel immobilized lipases for the enzymatic kinetic resolution of 

heteroarylethanols in batch and continuous-flow systems 

4.1.1. Introduction (literature data) 

4.1.2. Results and discussion 

4.1.2.1. Chemical synthesis of racemic heteroaromatic ethanols rac-2a-i and their 

corresponding acetates rac-3a-i 

Firstly the chemical synthesis of racemic substrates and products was performed 

using known methods (Scheme 1a).Error! Bookmark not defined.-Error! Bookmark not defined. Racemic 

ols rac-2a-i were further used as substrates in lipase-mediated O-acylation reactions 

(Scheme 1b). 

 

Scheme 1. a) Chemical synthesis of racemic ethanols and corresponding acetates; b) Lipase-mediated EKR; 

Reagents and reaction conditions: I. NaBH4, MeOH, rt; II. CH3MgI, dry Et2O; III. Cl-CO-CH3, 1% 

DMAP/Pyridine, dry CH2Cl2 
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4.1.2.2. Optimization of EKR of racemic ethanols rac-2a-i through O-acylation with 

vinyl acetate and immobilized lipase preparates in organic solvents 

The immobilization of lipases was accomplished by adsorption on Celite 545, sol-gel 

entrapment in silica materials obtained from binary (BS) or ternary (TS) silane precursors 

mixtures, or the combination of these two methods, as presented in Table 1. The sol-gel 

entrapment of enzymes was performed by two different methods: Method 1 using NaF as 

catalyst for simultaneous hydrolysis and polycondensation and Method 2 using a sol prepolymer 

obtained with HCl. 

Table 1. Immobilized lipase preparates description 

a Lipases source: CaL-B- lipase B from Candida antarctica, AK- lipase from Pseudomonas fluorescens; b VTMOS 

(vinyltrimethoxysilane), PhTMOS (phenyltrimethoxysilane), MeTMOS (methyltrimethoxysilane), OcTMOS 

(octyltrimethoxysilane) and TMOS (tetramethoxysilane). 

With the aim of finding possible applications of the investigated lipase preparates in the 

enzymatic synthesis of enantiomerically enriched heteroaromatic compounds, biocatalyst and 

solvent screenings were performed. Accordingly, the transesterification of the selected substrates 

rac-2a-i (40 mM) was first accomplished in neat vinyl acetate in the presence of immobilized 

lipases. Since the nature of the solvent could have a significant influence upon the 

selectivity and activity of the biocatalyst, the enzymatic acylation of racemic ethanols (10 

mM) with vinyl acetate (3 equiv.) in presence of the previously selected optimal 

biocatalysts was tested in several dry organic solvents with different polarities, such as n-

Preparate codea Immobilization method 
Silane precursorsb 

(molar ratio) 

CaL-B 1 BS Method 1 VTMOS:TMOS (4:1) 

CaL-B 1 BSC Method 1 + adsorption on Celite 545 VTMOS:TMOS (4:1) 

CaL-B 1 TS Method 1 PhTMOS:VTMOS:TMOS (1.6:0.4:1) 

CaL-B 1 TSC Method 1 + adsorption on Celite 545 PhTMOS:VTMOS:TMOS (1.6:0.4:1) 

CaL-B 1 TS* Method 1 PhTMOS:MeTMOS:TMOS (1.6:0.4:1) 

CaL-B 2 TS Method 2 PhTMOS:MeTMOS:TMOS (1.6:0.4:1) 

CaL-B 2 TSC Method 2 + adsorption on Celite 545 PhTMOS:MeTMOS:TMOS (1.6:0.4:1) 

CaL-B Celite Method 3 (adsorption on Celite 545) - 

AK 1 BS Method 1 OcTMOS:TMOS (1:1) 

AK 1 BSC Method 1 + adsorption on Celite 545 OcTMOS:TMOS (1:1) 

AK 1 TS Method 1 PhTMOS:VTMOS:TMOS (1.6:0.4:1) 

AK 1 TSC Method 1 + adsorption on Celite 545 PhTMOS:VTMOS:TMOS (1.6:0.4:1) 

AK 2 TSC Method 2 + adsorption on Celite 545 PhTMOS:MeTMOS:TMOS (1.6:0.4:1) 
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hexane, toluene, diisopropyl ether (DIPE), tert-butyl methyl ether (MTBE), acetonitrile 

(ACN) and dichloromethane. The biocatalytic performance was assessed in each case using 

three parameters: conversion c, enantiomeric excesses (of the untransformed substrate eeS and of 

the formed product eeP), and enantiomeric ratio E. 

Some preliminary general observations regarding the screenings were made. It was noticed 

from the biocatalyst screening results that all lipase preparates were highly enantioselective 

towards the racemic heteroaromatic ethanols in neat vinyl acetate, except for two L-AK 

preparates, AK 1 TSC and AK 2 TSC in the acylation reaction of rac-2b (E= 25-58). The 

conversion, on the other hand, was strongly influenced by the structure of the substrate and the 

immobilization method. Moreover, when performing the solvent screening, it was generally 

observed that while the selectivities remained high, the reaction times decreased significantly as 

compared to experiments carried out in neat vinyl acetate. 

The best results obtained in the optimized EKRs are summatively presented for each 

substrate in Table 2. 

Table 2. Lipase-catalysed O-acylation of rac-2a-i (10 mM) with vinyl acetate (3 equiv.) in n-hexane at 25 °Ca,b 

a eeP>99%, E»200; b experiments were performed in triplicate and standard deviations from average values are given in 

brackets; c determined from peak areas of GC or HPLC chromatograms; d calculated with the formula c = 

[eeS/(eeS+eeP)] 

 

Entry 
Substrate 

Biocatalyst 
Reaction 

time (h) 

eeS
c 

(%) 

cd 

(%) rac-2a-i 

1 rac-2a 
CaL-B 1 BSC 

1 
>99 50 

CaL-B Celite >99 50 

2 rac-2b 
CaL-B 1 TS* 

5 
92 (± 1.6) 48 (± 0.5) 

CaL-B Celite >99 50 

3 rac-2c AK 1 BS 21 86 (± 1.2) 46 (± 0.5) 

4 rac-2d 
CaL-B 1 TS* 19 94 (± 2.1) 49 (± 0.5) 

CaL-B Celite 2 92 (± 2.5) 48 (± 0.8) 

5 rac-2f AK 1 BS 8 >99 50 

6 rac-2g AK 1 BS 9 >99 50 

7 rac-2h CaL-B Celite 27 99 (± 0.5) 50 

8 rac-2i CaL-B 2 TSC 28 95 (± 2.2) 49 (± 0.8) 
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4.1.2.3. Operational stability of the immobilized lipase preparates in batch 

processes 

One of the essential requirements for an industrially relevant biocatalyst is long-term 

catalytic efficiency. In this regard, the reusability of the best performing lipase immobilizates 

was studied in the enantioselective transesterifications of rac-2a,c,d,g,i with vinyl acetate, in n-

hexane (Figures 1-4). Each reaction was repeated with the same lipase preparate up to 10 times 

and was allowed to proceed to ~50% conversion, or as long as the preparate maintained its 

activity and enantioselectivity, before subjecting the biocatalyst to the next cycle. Between 

reaction cycles the catalyst was washed three times with anhydrous n-hexane and afterwards 

immediately reused. 

As Figure 1A-B indicates, the selected immobilized lipases were efficient catalysts for the 

acylation of the benzothiophenic ethanol rac-2a in ten consecutive reaction cycles. The adsorbed 

lipase (CaL-B on Celite) showed even higher reuse efficiency than the enzyme entrapped in a 

binary sol-gel matrix containing vinyl pending groups (CaL-B 1 BSC). 

        A.                                                                           B. 

 

Figure 1. Recycling capacity of the selected biocatalysts for the EKR of rac-1-(benzo[b]thiophen-2-yl)ethan-1-ol 

rac-2a (10 mM) with vinyl acetate (3 equiv.) in n-hexane at 25 °C using: A) CaL-B 1 BSC and B) CaL-B on Celite 

545 (after 40 min reaction time). Error bars represent standard deviations from average. 

The multiple use results for AK 1 BS in the transesterification of rac-2c (Figure 2A) show a 

significant conversion decrease from 42 to 23% c in just three acylation cycles; the enantiopurity 

of the product however remained maximum. Additionally, the same biocatalyst, AK 1 BS, was 
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subjected to recyclability tests in the acetylation of rac-2g and in this case it was observed that 

the conversion started to decline only after five reaction cycles, from 50 to 35% c (Figure 2B). 

These results indicate that the reusability of a biocatalyst depends on the substrate structure.  

         A.                                             B. 

 

Figure 2. Recycling capacity of AK 1 BS in the EKR of: A) rac-1-(benzofuran-2-yl)ethan-1-ol rac-2c (10 mM) 

with vinyl acetate (3 equiv.) in n-hexane at 25 °C (after 20 hours reaction time) and B) rac-1-(10-ethyl-10H-

phenothiazin-3-yl)ethan-1-ol rac-2g (10 mM) with vinyl acetate (3 equiv.) in n-hexane at 25 °C (after 8 hours 

reaction time). Error bars represent standard deviations from average. 

Benzofuranic ethanol rac-2d, although being a positional isomer of rac-2c, was observed to 

have a different behaviour in the lipase-mediated EKR process. While for rac-2c lipase AK  was 

the most efficient biocatalyst, for rac-2d CaL-B was more appropriate, the best immobilized 

preparate (CaL-B 1 TS*) demonstrating high catalytic efficiency throughout repeated use 

(Figure 3).  
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Figure 3. Recycling capacity of CaL-B 1 TS* in the EKR of rac-1-(benzofuran-3-yl)ethan-1-ol rac-2d (10 mM) 

with vinyl acetate (3 equiv.) in n-hexane at 25 °C (after 20 hours reaction time). Error bars represent standard 

deviations from average. 

Furthermore the operational stability of a lipase preparate obtained through Method 2 of 

sol-gel immobilization (CaL-B 2 TSC), was studied in the EKR of the phenyl-thiazolyl 

secondary alcohol rac-2i. The results presented in Figure 4 indicate that this immobilized CaL-B 

preparate is not an appropriate candidate for multiple use, although it showed (in the screening 

study) comparable catalytic power and enantioselectivity with the best performing immobilizates 

obtained with Method 1. A rapid decrease in catalytic performance was observed, as the 

conversion fell from 49 to 17% c in the second cycle. 
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Figure 4. Recycling capacity of CaL-B 2 TSC in the EKR of rac-1-(2-phenyl-thiazol-4-yl)-ethanol rac-2i (10 mM) 

with vinyl acetate (3 equiv.) in n-hexane at 25 °C (after 28 hours reaction time). Error bars represent standard 

deviations from average. 

 

4.1.2.4. Continuous-flow lipase-mediated EKR of racemic heteroarylethanols using 

packed-bed reactors  

In an effort to upgrade the efficiency of the investigated biotransformation processes, 

another aim of the present study was to test the best performing lipase immobilizates in 

continuous-flow experiments using packed-bed reactors (50 × 2.1 mm). In this regard, two from 

the previously selected efficient biocatalysts, one from each lipase source - CaL-B 1 TS* and AK 

1 BS - were chosen and investigated, while benzofuranyl-ethanols rac-2c,d were elected as 

substrates (Figure 5). The most important parameters influencing the productivity of a 

continuous system process – temperature, flow rate and substrate concentration - were tested. 
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Figure 5. Lipase-mediated O-acylation of racemic benzofuranyl-ethanols rac-2c,d in continuous-flow packed-bed 

reactors 

In the first set of experiments the continuous-flow EKRs were investigated at different 

temperatures in the range of 25 – 65 °C using a 10 mM substrate solution at 0.5 mL min-1 flow 

rate (Figure 6A). In both studied cases the conversion increased with the temperature; the 

maximum value was reached at 65 °C. Noteworthy, the continuous-flow EKRs proceeded 

enantioselectively (E » 200) throughout the investigated temperature domain (25 – 65 °C). 

Next, for enhancing the conversion of the studied EKR processes involving racemic ethanols 

rac-2c,d, the flow rate was gradually decreased from 0.5 to 0.1 mL min-1, while the temperature 

was set at 65 °C. As Figure 6B shows, the racemic substrates were almost completely resolved 

(48% and 50% conversion). 

Moreover, in an attempt to increase the productivity of the continuous-flow packed-bed 

reactor, substrate concentrations in the range of 10 – 100 mM were investigated at 65 °C at 0.1 

(Figure 6C) and 0.5 mL min-1 flow rate. Regarding CaL-B 1 TS*-mediated O-acylation of rac-

2d, no significant drop in reaction conversion was observed over the studied substrate 

concentration domain at 0.1 mL min-1 flow rate. In the case of AK 1 BS preparate, the 

conversion of the acylation of rac-2c decreased with increased substrate concentration, at 100 

mM the conversion being half of the initial value. Importantly, the enantiomeric excesses of the 

products were maximum (>99%) even at higher substrate concentrations. 

The maximum productivity achieved using lipase AK 1 BS in the EKR of rac-2c was 37.4 

µmol of product min-1 g-1 at 65 °C, 0.5 mL min-1 flow rate and 100 mM substrate concentration, 



17 Chapter 4. Personal contribution 

 

 

while the maximum productivity of CaL-B 1 TS* in the EKR of rac-2d was 157.5 µmol of 

product min-1 g-1 at 65 °C, 0.5 mL min-1 flow rate and 50 mM substrate concentration. 

 

 

 

 

 

 

 

 

Figure 6. The effect of temperature (A), flow rate (B) and substrate concentration (C) on the continuous-flow EKRs 

of rac-2c (–□‒) and rac-2d (–○‒) with vinyl acetate (0.75 and 3 equiv., respectively) in n-hexane mediated by 

lipases AK 1 BS (–□‒) and CaL-B 1 TS* (–○‒), respectively. Error bars represent standard deviations from average. 
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Another aim was the study of the long-term operational stability of the two selected 

biocatalysts in continuous-flow mode, using a 10 mM substrate concentration and 0.1 mL min-1 

flow rate. The results indicated that the immobilized lipase AK 1 BS preserved almost 95% of its 

initial activity at 55 °C after 100 h of continuous operation, while CaL-B 1 TS*, proved even 

higher stability, the results showing practically no decline of activity after 100 h at 65 °C (Figure 

7). In this case, once again, the enantioselectivities of both lipase-mediated continuous-flow 

EKRs were not altered during continuous long-term operation of the biocatalysts. 

 

Figure 7. Long-term operational stability of immobilized lipase preparates AK 1 BS and CaL-B 1 TS* in the 

continuous-flow EKRs of rac-2c,d (10 mM) with vinyl acetate (0.75 and 3 equiv., respectively) in n-hexane at 55 °C 

and 65 °C, respectively and 0.1 mL min-1 flow rate. Error bars represent standard deviations from average. 

Additionally, the productivities of the investigated continuous-flow systems and those 

obtained in batch processes were compared by means of specific reaction rates values calculated 

with Equations 5 and 6. 70 

𝑟𝑏𝑎𝑡𝑐ℎ =
𝑛𝑃

𝑡×𝑚𝑒
[

µ𝑚𝑜𝑙

min×𝑔 
]  (Equation 5) 

𝑟𝑓𝑙𝑜𝑤 =
[𝑃]×𝑓

𝑚𝑒
[

µ𝑚𝑜𝑙

min×𝑔
]  (Equation 6) 

A major difference in specific reaction rates values was observed for AK 1 BS-mediated 

batch and continuous-flow acylation of rac-2c, the biocatalyst affording under continuous-flow 

operation a >4 times higher productivity (rbatch = 1.1 µmol min-1 g-1, rflow = 4.5 µmol min-1 g-1, at 

0

10

20

30

40

50

0 20 40 60 80 100

C
o

n
v
er

si
o

n
 /

 %

Time / h

AK 1 BS, 55 °C

CaL-B 1 TS*, 65 °C



19 Chapter 4. Personal contribution 

 

 

48% conversion, 65 °C, 10 mM substrate concentration, 0.75 equiv. of vinyl acetate and 0.1 mL 

min-1 flow rate). On the other hand, for CaL-B 1 TS*-catalysed acylation of rac-2d higher 

productivities were obtained in both systems; however, the specific reaction rate calculated for 

continuous-flow mode was nearly 1.5 times higher than the one correspoding to batch mode 

(rbatch= 6.7 µmol min-1 g-1, rflow= 9.8 µmol min-1 g-1, at 50% conversion, 65 °C, 10 mM substrate 

concentration, 3 equiv. of vinyl acetate and 0.1 mL min-1 flow rate). 
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4.2.  Click reaction-based downstream strategy applied in the enzymatic kinetic 

resolution of (hetero)aromatic secondary alcohols 

4.2.1. Introduction (literature data) 

4.2.2. Results and discussion 

In order to apply the click reaction-based products separation in the EKR of 

(hetero)aromatic ethanols one of the mixture components, the formed enantiopure ester, should 

bear either an alkynyl or an azido group. Therefore, in order to set-up an efficient click reaction-

based processing procedure for the EKR process, an appropriate reagent which plays two roles 

should be selected: 1) it has to be an efficient acylating agent in the EKR step and 2) it can form 

an ester product reactive in CuAAC. The most accessible approach uses 2-(prop-2-yn-1-

yloxy)acetates as acylating agents, forming enantiomerically enriched clickable esters. 

According to this click-chemistry-aided EKR products separation methodology various 2-

(prop-2-yn-1-yloxy)acetates 4A-D were tested as acylating agents for the enatioselective lipase-

mediated KRs of racemic (hetero)arylethanols rac-2c,d,i,j. As shown in Scheme 2, the reaction 

mixture, containing the untransformed alcohol enantiomer [(S)-2c,d,i,j] and the formed ester 

bearing an alkynyl group [(R)-5c,d,i,j] was reacted with an azido-functionalized tertiary amine, 

the ester being quantitatively transformed into ionisable aminoalkyl-triazoles [(R)-6c,d,i,j]. 

Through pH adjustment-extraction steps the facile separation and isolation of enantiomerically 

enriched ethanols (S)-2c,d,i,j and triazoles (R)-6c,d,i,j was achieved without affecting their 

enantiopurity. The last step consisting in a mild enzymatic deprotection of the click product (R)-

6c,d,i,j allowed the recovery of the reactive enantiomer of the substrate (R)-2c,d,i,j with 

unaltered enantiopurity. 
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Scheme 2. Click reaction-aided separation of EKR products 

 

4.2.2.1. Chemical synthesis of racemic 2-(prop-2-yn-1-yloxy)acetates rac-5c,d,i,j, 

clickable acylating agents 4A-E and reactants 

The chemical synthesis of the racemic aromatic ethanols rac-2c,d,i,j was performed as 

already presented; the corresponding racemic 2-(prop-2-yn-1-yloxy)acetates rac-5c,d,i,j102, 2-

(prop-2-yn-1-yloxy)acetic acid and its ethyl103, isopropyl, propargyl and 2,2,2-trifluoroethyl 

estersError! Bookmark not defined. 4A-D,  2-azido-N,N-diethylethan-1-amine and the triazolic ester 4E 

were synthesized according to Scheme 3. All compounds were characterized through 1H and 

13C-NMR spectroscopy and mass spectrometry. 
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Scheme 3. Chemical synthesis of a) racemic clickable esters rac-5c,d,i,j, b) acylating agents 4A-D, c) azido-

functionalized tertiary amine and d) triazolic acylating agent 4E. Reagents and reaction conditions: I. DCC, 

DMAP, dry CH2Cl2, rt, 3 h; II. NaH, dry THF, Ar, rt, 12 h; III. MTBE, NaOH, TBAB, rt; IV. SOCl2, CHCl3, 0 °C - 

reflux, 4 h; V. NaN3, DI H2O, 80 °C; VI. CuI, n-hexane, rt, 12 h. 

 

4.2.2.2. Copper(I) source screening for the click reaction 

With the aim to find the optimal reaction conditions for the click reactions of the 

investigated compounds a preliminary click reaction test and the optimization of Cu(I) source 

were next performed on the model click reaction between propargyl alcohol and 2-azido-N,N-
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diethylethan-1-amine in apolar solvents (Scheme 4). From the tested catalysts [CuI, CuI(PPh3) 

and Cu2SO4×5H2O + N2H4×H2O], CuI was selected as most efficient copper(I) source. 

 

Scheme 4. Optimization study on preliminary model click reaction 

4.2.2.3. Optimization of lipase-catalysed O-acylation of racemic (hetero)arylethanols 

rac-2c,d,i,j with 2-(prop-2-yn-1-yloxy)acetates 4A-E 

In order to obtain enantiomerically enriched compounds with high conversions, the lipase-

catalysed enantioselective transesterifications of rac-2c,d,i,j with 2-(prop-2-yn-1-yloxy)acetates 

4A-D were investigated in various organic solvents at analytical scale. Lipase B from Candida 

antarctica in the form of the commercially available preparate Novozyme 435 (CaL-B adsorbed 

on macroporous acrylic resin), previously found as efficient in the enantioselective O-acylation 

of racemic (hetero)arylethanols rac-2d,i,j with vinyl esters,Error! Bookmark not defined.,Error! Bookmark not 

defined. was chosen as biocatalyst for the EKR/click reaction-based separation process of these 

substrates as well. Similarly, lipase from Pseudomonas fluorescens (L-AK) found optimal for the 

enzymatic transesterification of racemic 1-(benzofuran-2-yl)ethan-1-ol, rac-2c, with vinyl 

acetateError! Bookmark not defined. was selected as biocatalyst for the present study. Various organic 

solvents frequently used in lipase-mediated reactions, solubilizing both the substrates and the 

products [n-hexane, dichloromethane, acetonitrile (ACN), tetrahydrofuran (THF), tert-butyl 

methyl ether (MTBE), diisopropyl ether (DIPE), cyclohexane and toluene] were tested.  

 Initially, analytical scale enzymatic transesterifications of rac-2c,d,i,j using ethyl 2-

(prop-2-yn-1-yloxy)acetate 4A as acyl donor were tested in the selected organic solvents to 

determine the most appropriate reaction medium for each substrate (Table 3). 
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Table 3. Solvent screening for the enzymatic acylations of rac-2c,d,i,j (10 mM) with ethyl 2-(prop-2-yn-1-

yloxy)acetate 4A (1 equiv.) at 30 °C and substrate:biocatalyst ratio 1:1, w/wa 

Compound 

 
  

 

Solvent 
crac-2c

b,c 

(%) 

ee5c
b,c 

(%) 
crac-3d

d,e 

(%) 

ee5d
d,e 

(%) 
crac-2i

e,f 

(%) 

ee5i
e,f 

(%) 
crac-2j

e,g 

(%) 

ee5j
e,g 

(%) 

n-Hexane 17 (± 1.4) >99 10 (± 1.6) >99 n.d. <5 17 (± 0.8) >99 

CH
2
Cl

2
 n.d. n.d. 11 (± 1.4) >99 15 (± 0.5) >99 n.d. n.d. 

ACN n.d. n.d. 18 (± 1.4) >99 n.d. n.d. n.d. n.d. 

THF n.d. n.d. 15 (± 0.5) >99 n.d. n.d. n.d. n.d. 

MTBE n.d. n.d. 18 (± 0.9) >99 n.d. <5 n.d. n.d. 

DIPE n.d. n.d. 21 (± 0.9) >99 4 (± 0.5) 30 (± 1.2) n.d. n.d. 

Cyclohexane n.d. n.d. 30 (± 1.2) >99 25 (± 1.4) 39 (± 1.2) 16 (± 0.5) >99 

Toluene n.d. n.d. 26 (± 0.8) >99 18 (± 2.1) 86 (± 2.1) n.d. n.d. 

a experiments were performed in triplicate and standard deviations from average values are given in brackets; b after 120 

h; c Lipase from Pseudomonas fluorescens (L-AK); d after 15 h; e Lipase B from Candida antarctica (Novozyme 435); f after 130 

h; g after 4 h; n.d. not detected. 

It is notable that both Novozyme 435 and L-AK were highly enantioselective in all EKRs 

involving rac-2c,d,j (eeP > 99%) providing detectable conversion, while for rac-2i high 

enantiomeric purity of the product was achieved only in CH2Cl2. However, using the ethyl ester 

4A as acyl donor could only lead to unsatisfactory conversions, the maximum value, 30% c, 

being reached after 15 hours in the case of rac-2d. Unfortunately, allowing the reactions to 

proceed for longer reaction times and investing the effect of several parameters such as 

temperature, amount of acyl donor and biocatalyst did not significantly enhance the conversions, 

which can be explained by ethanol liberation reversing the transesterification reaction. 

Consequently three other esters 4B-D [the isopropyl, propargyl and 2,2,2-trifluoroethyl 

esters of 2-(prop-2-yn-1-yloxy)acetic acid] were tested as acyl donors in EKRs of racemic 

ethanols using the selected most suitable solvents (n-hexane for rac-2c,j, cyclohexane for rac-2d 

and CH2Cl2 for rac-2i). By performing the enzymatic acylations of rac-2c,d,i,j with esters 4B-D 

(Figure 8), sterically hindered or weakly nucleophilic alcohols with decreased reactivity were 

liberatedError! Bookmark not defined., thus shifting the equilibrium of the transesterification reactions 

towards product formation. The 2,2,2- trifluoroethyl ester 4D proved high efficiency as acyl 
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donor for all investigated substrates rac-2c,d,i,j, affording maximum or close to maximum 

conversions (c = 48–50% after 7-90 h) without decrease in enantiomer selectivity (eeP > 99% in 

all cases).  

 

Figure 81. Acyl donors 4B-D (1 equiv.) screening in the kinetic resolutions of rac-2c,d,i,j (10 mM) mediated by 

Novozyme 435 (for rac-2d,i,j) or L-AK (for rac-2c) in the optimal solvents at 30 °C and substrate:biocatalyst ratio 

1:1, w/w; eeP > 99% in all cases. Error bars represent standard deviations from average. 

The ester 2,2,2-trifluoroethyl 2-((1-(2-(diethylamino)ethyl)-1H-1,2,3-triazol-4-

yl)methoxy)acetate 4E (Scheme 3d), was also tested as potential acyl donor in the enzymatic 

acylation of the model substrate rac-2j but proved to be unsuccessful. 

4.2.2.4. Set-up of click reaction-based protocol for the separation of EKR products 

In order to establish the click reaction-based protocol for the separation of enzymatic kinetic 

resolution products, mixtures of racemic compounds rac-2c,d,i,j and rac-5c,d,i,j, mimicking the 

post-EKR reaction composition, were used, following the methodology described in Scheme 2. 

In this way, ethanols rac-2c,d,i,j and triazoles rac-6c,d,i,j were isolated using extractive metods 

with >94% recovery for each component. 
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4.2.2.5. Isolation of enantiomerically enriched (S)- and (R)-(hetero)arylethanols 

2c,d,i,j by enzymatic O-acylation/click reaction-aided separation/enzymatic alcoholysis 

tandem process  

For isolation of both enantiomers of chiral (hetero)aromatic ethanols 2c,d,i,j with high 

enantiopurity the whole procedure was repeated at preparative scale maintaining the optimal 

reaction conditions found at analytical scale tests but applying 30-fold higher substrate 

concentration. The recovery of the reacting ethanol enantiomers (R)-2c,d,i,j was achieved 

through lipase-catalysed alcoholysis of enantiomerically enriched triazoles (R)-6c,d,i,j. The 

highly stable and thermotolerant form of lipase B from C. antarctica, obtained through covalent 

immobilization on single-walled carbon nanotubes (CaL-B-SWCNT)105 proved to be an efficient 

biocatalyst for the alcoholysis of (R)-6c,d,i,j, allowing the recovery of the reacting alcohols (R)-

2c,d,i,j from the racemates in good overall yields (87-91%) with maximum enantiomeric 

excesses (Table 4). 

Table 4. Isolated products and intermediates in the lipase-mediated KR/click reaction-based separation/enzymatic 

alcoholysis tandem process  

Non-reacting 

enantiomer 

Yielda 

(%) 

ee 

(%) 

Click-

product 

Yielda 

(%) 

ee 

(%) 
[𝜶]𝑫

𝟐𝟕b
 

Reacting 

enantiomer 

Yielda 

(%) 

ee 

(%) 

(S)-2c 96 93 (R)-6c 94 >99 +76.3 (R)-2c 88 >99 

(S)-2d 97 >99 (R)-6d 95 >99 +13.9 (R)-2d 90 >99 

(S)-2i 96 97 (R)-6i 94 >99 +63.2 (R)-2i 87 >99 

(S)-2j 97 >99 (R)-6j 96 >99 +48 (R)-2j 91 >99 

a determined after separation of EKR products; 100% theoretical yield for one enantiomer corresponds to 50% of the racemate;  
bc =1 mg mL-1 in acetonitrile 

To prove the feasability of this new methodology, the whole procedure was repeated at 

gram-scale for racemic 1-phenylethan-1-ol rac-2j (1.5 g) under the same conditions. It was 

noticed that the activity and selectivity of the employed biocatalysts remained similar to those 

previously observed, but the isolated yields for (S)-2j, (R)-6j and (R)-2j slightly increased 

(>99%, for each). 
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4.2.2.6. Continuous-flow CaL-B-SWCNT-mediated O-acylation of rac-1-

phenylethan-1-ol rac-2j with 2,2,2-trifluoroethyl 2-(prop-2-yn-1-yloxy)acetate 4D 

With the purpose of increasing the efficiency of large-scale production of 

(hetero)arylethanols through the novel developed methodology, next, the new and efficient 

acylating agent 4D was investigated in continuous-flow enzymatic O-acylation of the model 

compound, the racemic 1-phenyl-1-ethan-1-ol rac-2j, using a packed-bed reactor (30 × 4.6 mm, 

Figure 9). The remarkably stable, already described lipase preparate CaL-B-SWCNT was 

selected as biocatalyst as it previously demonstrated high operational stability.Error! Bookmark not 

defined. 

 

Figure 92. Continuous-flow transesterification reaction of rac-1-phenylethan-1-ol rac-2j with 2,2,2-

trifluoroethyl 2-(prop-2-yn-1-yl-oxy)acetate 4D in n-hexane at 60 °C in a packed-bed reactor 

Initially, the continuous-flow acylation reaction was investigated using a 10 mM substrate 

concentration and 0.75 equiv. of acylating agent 4D at 60 °C, at flow rates in the range of 0.1 – 

0.5 mL min-1. It was observed that the maximum conversion reached within this experiment was 

42% at 0.1 mL min-1. Consequently, with the aim to increase the conversion of the reaction, 

identical experiments were carried out using higher amounts of the acyl donor 4D (2, 3 and 4 

equiv.). 

The results are represented in Figure 10. It can be noticed that the molar ratio of the 

acyl donor influences the conversion of the continuous-flow enzymatic reaction. Since no 

significant modifications of conversion were seen from 0.5 to 0.1 mL min-1 when 4 equiv. 

of acyl donor were used (48-50%), this amount of acyl donor was further used as optimal. 
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    A.                                                                  B. 

 

Figure 30. Influence of substrate:acyl donor ratio on the conversion (A) and productivity (B) of CaL-B-SWCNT-

catalysed continuous-flow kinetic resolution of rac-2j (10 mM) with 2,2,2-trifluoroethyl 2-(prop-2-yn-1-yl-

oxy)acetate 4D in n-hexane at 60 °C. Error bars represent standard deviations from average. The productivity was 

calculated using the average value of conversion. 

Next, in an effort to increase the productivity of the studied biocatalytic continuous-

flow system, different substrate concentrations were tested at 60 °C using 4 equiv. of acyl 

donor 4D at 0.1 and 0.5 mL min-1 (Figure 11). As expected, the productivity increased 

with the concentration of the substrate, the maximum value being obtained at 100 mM 

substrate concentration and 0.5 mL min-1 flow rate (88.2 µmol min-1 g-1). Noteworthy, 

even at the highest studied substrate concentration (100 mM) the system afforded a very 

good conversion of rac-2j (45% at 0.1 mL min-1). 

             A.                                                                  B. 
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Figure 41. Influence of substrate concentration on the conversion (A) and productivity (B) of CaL-B-SWCNT-

mediated continuous-flow kinetic resolution of rac-2j with 2,2,2-trifluoroethyl 2-(prop-2-yn-1-yl-oxy)acetate 4D (4 

equiv.) in n-hexane at 60 °C. Error bars represent standard deviations from average. The productivity was calculated 

using the average value of conversion. 

Another goal of the study was to compare the productivities obtained in continuous-

flow and batch systems for the acylation reaction of rac-2j with 4D mediated by CaL-B-

SWCNT. The immobilized preparate CaL-B-SWCNT proved remarkable productivity in 

continuous-flow mode as compared to the one obtained in batch mode (rbatch = 1.0 µmol min-1 g-

1, rflow = 17.6 µmol min-1 g-1, at 42% conversion, 60 °C, 10 mM substrate concentration, 2 equiv. 

of acyl donor 4D and 0.5 mL min-1 flow rate), demonstrating the superiority of continuous-flow 

systems over batch processes. 
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Chapter 5. Experimental part (experimental data) 

 

Chapter 6. General conclusion 

The studies performed as part of this thesis present the optimization of lipase-mediated 

kinetic resolution processes involving (hetero)aromatic secondary alcohols on aspects of stability 

and productivity of the biocatalyst and separation of post-kinetic resolution mixtures. 

Tailored sol-gel entrapped lipases from Candida antarctica B and Pseudomonas fluorescens 

were successfully applied in EKRs of various heteroaromatic ethanols. The stability and 

productivity of the biocatalysts were investigated in batch as well as in continuous-flow 

processes. Under continuous-flow operating conditions the tested biocatalysts (AK 1 BS and 

CaL-B 1 TS*) demonstrated improved productivity in the EKRs of racemic benzofuranyl-

ethanols as compared to the batch processes. Moreover, both biocatalysts were highly stable 

under prolonged continuous operation (100 h) at high temperature (55 or 65 °C), as more than 

95% of the initial activity was maintained, although at repeated use in batch processes only CaL-

B 1 TS* showed remarkable stability (more than 10 recycles in the EKR of rac-2d), AK 1 BS 

manifesting modest recyclability (approx. 55% enzymatic activity after three reaction 

cycles in the EKR of rac-2c). These results clearly demonstrate the superior efficiency of 

continuous-flow operating systems. 

Additionally, a novel procedure combining an efficient lipase-catalysed kinetic resolution of 

(hetero)arylethanols with a mild and selective click reaction-based downstream was developed, 

allowing the easy separation of post-KR mixtures and recovery of both enantiomers of secondary 

alcohols in good yields with excellent enantiomeric purities, avoiding the need for laborious, 

expensive chromatographic separation. The proposed methodology employs 2,2,2-trifluoroethyl 

2-(prop-2-yn-1-yl-oxy)acetate as best performing acylating agent in EKRs of secondary alcohols 

rac-2c,d,i,j, resulting in enantiopure (hetero)arylethyl 2-(prop-2-yn-1-yloxy)acetates (R)-5c,d,i,j 
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which are further reacted with an azido-functionalized tertiary amine in presence of CuI as 

catalyst affording ionisable triazole derivatives (R)-6c,d,i,j. Enantiomerically enriched ethanols 

(S)-2c,d,i,j are isolated from the ionisable triazoles by simple extraction. Mild lipase-catalyzed 

ethanolysis, using a highly stable and active lipase preparate (CaL-B immobilized on single-

walled carbon nanotubes) finally provided the enantiomerically enriched ethanols (R)-2c,d,i,j. 

The up-scalability of this new methodology was demonstrated for the model compound rac-

1-phenylethan-1-ol rac-2j in a batch process at gram-scale and also under continuous-flow 

operation using the highly active and stable CaL-B-SWCNT in a packed-bed reactor for the EKR 

of rac-2j with 2,2,2-trifluoroethyl 2-(prop-2-yn-1-yl-oxy)acetate 4D, demonstrating >17 times 

higher productivity in comparison to the batch system. 

 

 

 

 

 

 

 

 

 

 

 

 



32 References 

 

 

 

References 

                                                

1 K. M. Koeller and C.-H. Wong, Nature 2001, 409, 232-240. 

2 A. Schmid, J. S. Dordick, B. Hauer, A. Kiener, M. Wubbolts and B. Witholt, Nature 2001, 409, 

258-268. 

3 A. Pellis, S. Cantone, C. Ebert, and L. Gardossi, New Biotechnol. 2018, 40, 154-169. 

4 U. T. Bornscheuer, Curr. Opin. Biotechnol. 2002, 13, 543-547. 

5 A. M. Klibanov, Nature 2001 409, 241-246. 

6 S. Riva, Exploiting Enzyme Chemoselectivity and Regioselectivity, in Organic Synthesis with 

Enzymes in Non-Aqueous Media (G. Carrea and S. Riva), Wiley, 2008, 146-167. 

7 A. Goswami and J. D. Stewart, Organic Synthesis Using Biocatalysts, Academic Press, 

Amsterdam, 2016. 

8 P. Reis, K. Holmberg, H. Watzke, M. E. Leser and R. Miller, Adv. Colloid Interface Sci. 2009, 

147-148, 237-250. 

9  R. D. Schmid and R. Verger, Angew. Chem. Int. Ed. 1998, 37, 1608-1633. 

10 M. T. Reetz, Curr. Opin. Chem. Biol. 2002, 6, 145-150. 

11 K. Faber, Chem. Eur. J. 2001, 7 (23), 5004-5010.  

12 A. Ghanem, Lipase-catalysed kinetic resolution of racemates: a versatile method for the 

separation of enantiomers, in Enantiomer Separation Fundamentals and Practical Methods 

(F. Toda), Springer Netherlands, 2004, 193-230. 

13 L. T. Kanerva and A. Liljeblad, Transesterification – Biological, in Encyclopedia of Catalysis, 

Wiley, 2010, doi: 10.1002/0471227617.eoc197 

14 K. Faber and S. Riva, Synthesis 1992, 10, 895-910. 

15 V. Farina, J. T. Reeves, C. H. Senanayake and J. J. Song, Chem. Rev. 2006, 106, 2734-2793. 

https://doi.org/10.1002/0471227617.eoc197


33 References 

 

 

                                                                                                                                                       

16 R. J. Kazlauskas, A. N. E. Weissfloch, A. T. Rappaport and L. A. Cuccia, J. Org. Chem. 1991, 

56, 2656-2665.  

17 P. Adlercreutz, Chem. Soc. Rev. 2013, 42, 6406-6436. 

18 J. M. Guisán, Immobilization of enzymes and cells, in Methods in biotechnology, vol. 22, 

Humana Press, New York, 2006. 

19 L. Cao, Carrier-bound immobilized enzymes: principles, applications and design, Wiley-

VCH, Weinheim, 2005. 

20 R. A. Sheldon and S. van Pelt, Chem. Soc. Rev. 2013, 42, 6223-6235. 

21 C. Mateo, J. M. Palomo, G Fernandez-Lorente, J. M. Guisan and R. Fernandez-Lafuente, 

Enzyme Microb. Technol. 2007, 40, 1451-1463. 

22 R. A. Sheldon, Adv. Synth. Catal. 2007, 349, 1289-1307. 

23 U. Hanefeld, L. Gardossi and E. Magner, Chem. Soc. Rev. 2009, 38, 453-468. 

24 O. Barbosa, C. Ortiz, A. Berenguer-Murcia, R. Torres, R. C. Rodrigues and R. Fernandez-

Lafuente, Biotechnol. Adv. 2015, 33(5), 435-456. 

25 M. L. E. Gutarra, L. S. M. Miranda and R. O. M. A. de Souza, Chapter. 4 Enzyme 

Immobilization for Organic Synthesis in Organic Synthesis Using Biocatalysis (A. 

Goswami and J. D. Stewart), Academic Press, Amsterdam, 2016, p. 99-126. 

26 M. M. Zheng, Y. Lu, L. Dong, P. M. Guo, Q. C. Deng, W. L. Li, Y. Q. Feng and F. H. Huang, 

Bioresour. Technol. 2012, 115, 141–146. 

27 V. V. Pace, J. V. Sinisterra and A. R. Alcántara, Curr. Org. Chem. 2010, 14, 2384-2408. 

28 M. T. Smith, J. C. Wu, C. T. Varner and B. C. Bundy, Biotechnol. Prog. 2013, 29(1), 247-254. 

29 J. C. Y. Wu, C. H. Hutchings, M. J. Lindsay, C. J. Werner and B. C. Bundy, J. Biotechnol. 

2015, 193, 83-90. 

30 M. T. Reetz, A. Zonta and J. Simpelkamp, Angew. Chem., Int. Ed. Engl. 1995, 34, 301-

303. 

31 M. T. Reetz, A. Zonta and J. Simpelkamp, Biotechnol. Bioeng. 1996, 49, 527-534. 

32 E. Magner, Chem. Soc. Rev. 2013, 42, 6213-6222. 



34 References 

 

 

                                                                                                                                                       

33 C.-H. Lee, T.-S. Lin and C.-Y. Mou, Nano Today 2009, 4, 165-179. 

34 M. T. Reetz, P. Tielmann, W. Wiesenhofer, W. Konen and A. Zonta, Adv. Synth. Catal. 2003, 

345, 717-728. 

35 P. Tielmann, H. Kierkels, A. Zonta, A. Ilie and M. T. Reetz, Nanoscale 2014, 6, 6220-

6228. 

36 D. Weiser, F. Nagy, G. Bánóczi, M. Oláh, A. Farkas, A. Szilágyi, K. László, A. Gellért, 

G. Marosi, S. Kemény and L. Poppe, Green Chem. 2017, 19(16), 3927-3937. 

37 G. Jas and A. Kirschning, Chem. Eur. J. 2003, 9, 5708-5723. 

38 I. Eş, J. D. G. Vieira and A. C. Amaral, Appl. Microbiol. Biotechnol. 2015, 99(5), 2065-2082. 

39 M. P. Kamble and G. D. Yadav, Ind. Eng. Chem. Res. 2017, 56(7), 1750-1757. 

40 J. C. Thomas, B. B. Aggio, A. R. M. de Oliveira and L. Piovan, Eur. J. Org. Chem. 2016, 36, 

5964-5970. 

41 I. Itabaiana Jr, L. S. M. Miranda and R. O. M. A. de Souza, J. Mol. Catal. B: Enzym. 

2013, 85–86, 1-9. 

42 A. Radadiya and A. Shah, Eur. J. Med. Chem. 2015, 97, 356-376. 

43 S. G. Dastidar, J.E. Kristiansen, J. Molnar and L. Amaral, Antibiotics 2013, 2, 58-72. 

44 J. Konstantinović, M. Videnović, J. Srbljanović, O. Djurković-Djaković, K. Bogojević, R. 

Sciotti and B. Šolaja, Molecules 2017, 22, 343-359. 

45 M. T. Chhabria, S. Patel, P. Modi and P. S. Brahmkshatriya, Curr. Top. Med. Chem. 2016, 

16(26), 2841-2862. 

46 A. Pellis, S. Cantone, C. Ebert and L. Gardossi, New Biotechnol. 2018, 40, 154-169. 

47 P. Dwivedee, J. Bhaumik, S. K. Rai, J. K. Laha and U. C. Banerjee, Bioresource Technol. 

2017, 239, 464-471. 

48 T. Siódmiak, M. Ziegler-Borowska and M. P. Marszałł, J. Mol. Catal. B: Enzym. 2013, 94, 7-

14. 

49 A. C. Mathpati, V. K. Vyas and B. M. Bhanage, J. Biotechnol. 2017, 262, 1-10. 

https://www.scopus.com/authid/detail.uri?authorId=36740678100&amp;eid=2-s2.0-85027450841
https://www.scopus.com/authid/detail.uri?authorId=56154752200&amp;eid=2-s2.0-85027450841
https://www.scopus.com/authid/detail.uri?authorId=39761066200&amp;eid=2-s2.0-85027450841
https://www.scopus.com/authid/detail.uri?authorId=55481084200&amp;eid=2-s2.0-85027450841
https://www.scopus.com/authid/detail.uri?authorId=24372641300&amp;eid=2-s2.0-85027450841
https://www.scopus.com/authid/detail.uri?authorId=7005337518&amp;eid=2-s2.0-85027450841
https://www.scopus.com/authid/detail.uri?authorId=57193097150&amp;eid=2-s2.0-85027450841
https://www.scopus.com/authid/detail.uri?authorId=8055184900&amp;eid=2-s2.0-85027450841
https://www.scopus.com/authid/detail.uri?authorId=8055184900&amp;eid=2-s2.0-85027450841
https://www.scopus.com/authid/detail.uri?authorId=35594464900&amp;eid=2-s2.0-85027450841
https://www.scopus.com/authid/detail.uri?authorId=7003989705&amp;eid=2-s2.0-85027450841
https://www.scopus.com/sourceid/13057?origin=recordpage
https://www.scopus.com/authid/detail.uri?authorId=56516933000&amp;eid=2-s2.0-85019377682
https://www.scopus.com/authid/detail.uri?authorId=8925201200&amp;eid=2-s2.0-85019377682
https://www.scopus.com/authid/detail.uri?authorId=57194228719&amp;eid=2-s2.0-85019377682
https://www.scopus.com/authid/detail.uri?authorId=6508197124&amp;eid=2-s2.0-85019377682


35 References 

 

 

                                                                                                                                                       

50 V. M. M. Silva, J. Bassut, I. Ivaldo Jr., S. P. de Souza, M. L. G. Estrada, L. S. M. 

Miranda, R. O. M. A. de Souza, RSC Adv. 2015, 5, 102409-102415. 

51 A. S. de Miranda, M. V. de M. Silva, F. C. Dias, S. P. de Souza, R. A. C. Leão and R. O. M. 

A. de Souza, React. Chem. Eng. 2017, 2, 375-381. 

52 P. Falus, Z. Boros, P. Kovács, L. Poppe and J. Nagy, J. Flow Chem. 2014, 4(3), 125-134. 

53 A. Tomin, G. Hornyánszky, K. Kupai, Z. Dorkó, L. Ürge, F. Darvas and L. Poppe, Process 

Biochem. 2010, 45, 859-865. 

54 C. Paizs, M. I. Toşa, V. Bódai, Gy. Szakács, I. Kmecz, B. Simándi, C. Majdik, L. Novák, F. D. 

Irimie and L. Poppe, Tetrahedron: Asymmetry 2003, 14, 1943-1949. 

55 M. I. Toşa, S. Pilbák, P. Moldovan, C. Paizs, G. Szatzker, Gy. Szakács, L. Novák, F. D. 

Irimie and L. Poppe, Tetrahedron: Asymmetry 2008, 19, 1844-1852. 

56 J. Brem, M. I. Toşa, C. Paizs, A. Munceanu, D. Matković-Čalogović and F. D. Irimie, 

Tetrahedron: Asymmetry 2010, 21, 1993-1998. 

57 J. Brem, S. Pilbák, C. Paizs, G. Bánoczi, F. D. Irimie, M. I. Toşa and L. Poppe, Tetrahedron: 

Asymmetry 2011, 22, 916-923. 

58 D. Hapău, J. Brem, M. Moisă, M. I. Toşa, F. D. Irimie and V. Zaharia, J. Mol. Catal. B:Enzym. 

2013, 94, 88-94. 

59 Z. Boros, P. Falus, D. Weiser, M. Oláh, G. Hornyánszky, J. Nagy and L. Poppe, J. Mol. Catal. 

B: Enzym. 2013, 85-86, 119-125. 

60 G. Hellner, Z. Boros, A. Tomin and L. Poppe, Adv. Synth. Catal. 2011, 353, 2481-2491. 

61 A. Cimporescu, A. Todea, V. Badea, C. Paul and F. Péter, Process Biochem. 2016, 51, 2076-

2083. 

62 A. Todea, P. Borza, A. Cimporescu, C. Paul and F. Péter, Catal. Today 2018, 306, 223-232. 

63 A. Ursoiu, C. Paul, T. Kurtán and F. Péter, Molecules 2012, 17, 13045-13061. 

64 A. Tomin, D. Weiser, G. Hellner, Zs. Bata Zs, L. Corici and F. Péter, Process Biochem. 

2011, 46, 52-58. 

65 M. Paravidino and U. Hanefeld, Green Chem. 2011, 13, 2651-2657. 



36 References 

 

 

                                                                                                                                                       

66 E. Abaházi, Z. Boros and L. Poppe, Molecules 2014, 19, 9818-9837. 

67 M. Ungurean, C. Paul and F. Péter, Bioprocess Biosyst. Eng. 2013, 36, 1327-1338. 

68 J. Brem, M. C. Turcu, C. Paizs, K. Lundell, M. I. Toşa, F. D. Irimie and L. T. Kanerva, 

Process Biochem. 2012, 47, 119-126. 

69 C. Paul, P. Borza, A. Marcu, G. Rusu, M. Bîrdeanu, S. Marc Zarcula and F. Péter, 

Nanomater. Nanotechnol. 2016, 6:3; doi: 10.5772/62194. 

70 C. Csajági, G. Szatzker, E. R. Tőke, L. Ürge, F. Darvas and L. Poppe, 

Tetrahedron:Asymmetry 2008, 19, 237-246. 

71 K. K. Bhardwaj and R. Gupta, J. Oleo Sci. 2017, 66(10), 1073-1084. 

72 L. Ren, T. Xu, R. He, Z. Jiang, H. Zhou and P. Wei, Tetrahedron: Asymmetry 2013, 24, 249–

253. 

73 C. M. Monteiro, N. M. T. Lourenço, F. C. Ferreira and C. A. M. Afonso, ChemPlusChem 

2015, 80, 42–46. 

74  M. Nogawa, M. Shimojo, K. Matsumoto, M. Okudomi, Y. Nemoto and H. Ohta, Tetrahedron 

2006, 62, 7300-7306. 

75 B. Hungerhoff, H. Sonnenschein and F. Theil, Angew. Chem., Int. Ed. Eng. 2001, 40, 2492-

2494 

76 Z. Luo, S. M. Swaleh, F. Theil and D. P. Curran, Org. Lett. 2002, 4(15), 2585-2587. 

77 P. Beier and D. O’Hagan, Chem. Commun. 2002, 1680–1681. 

78 A. Schmid, J. S. Dordick, B. Hauer, A. Kiener, Nature 2001, 409, 258-268. 

79 A. L. Gutman, D. Brenner and A. Boltanski, Tetrahedron: Asymmetry 1993, 4(5), 839-

844. 

80 M. Maywald and A. Pfaltz, Synthesis 2009, 21, 3654-3660. 

81 A. Rocha, R. Teixeira, N. M. T. Lourenço and C. A. M. Afonso, Chem. Sus. Chem. 2017, 

10, 296-302. 

82 M. Brossat, T. S. Moody, F. de Nanteuil, S. J. C. Taylor and F. Vaughan. Org. Proc. Res. 

Dev. 2009, 13(4), 706-709.  



37 References 

 

 

                                                                                                                                                       

83 A. Wolfson, N. Komyagina, C. Dlugy and J. Blumenfeld, Green Sustainable Chem. 2011, 

1, 7-11. 

84 R. ter Halle, Y. Bernet, S. Billard, C. Bufferne, P. Carlier, C. Delaitre, C. Flouzat, G. Humblot, 

J. C. Laigle, F. Lombard and S. Wilmouth, Org. Proc. Res. Dev. 2004, 8, 283-286. 

85 T. Yamano, F. Kikumoto, S. Yamamoto, K. Miwa, M. Kawada, T. Ito, T. Ikemoto, K. 

Tomimatsu and Y. Mizuno, Chemistry Letters 2000, 5, 448-448. 

86 Z. Maugeri, W. Leitner and P. D. de María, Tetrahedron Letters 2012, 53, 6968-6971. 

87 N. M. T. Lourenço and C. A. M. Afonso, Angew. Chem. Int. Ed. 2007, 46, 8178–8181. 

88 M. T. Reetz, W. Wiesenhöfer, G. Franciò and W. Leitner, Adv. Synth. Catal. 2003, 

345(11), 1221-1228. 

89 F. J. Hernández-Fernández, A. P. de los Ríos, F. Tomás-Alonso, D. Gómez and G. 

Víllora, J. Chem. Technol. Biotechnol. 2009, 84, 337-342. 

90 E. Miyako, T. Maruyama, N. Kamiya and M. Goto, Chem. Commun. 2003, 7, 2926-2927. 

91 L. S. Campbell-Verduyn, W. Szymański, C. P. Postema, R. A. Dierckx, P. H. Elsinga, D. 

B. Janssen and B. L. Feringa, Chem. Commun. 2010, 46, 898-900. 

92 A. Cuetos, F. R. Bisogno, I. Lavandera and V. Gotor, Chem. Comm. 2013, 49(26), 2625-

2627. 

93 V. de la Sovera, A. Bellomo and D. Gonzalez, Tetrahedron Lett. 2011, 52, 430-433. 

94 V. de la Sovera, A. Bellomo, J. M. Pena, D. Gonzalez and H. A. Stefani, Mol. Divers. 

2011, 15, 163-172. 

95 D. Polizzotti, B. D. Fairbanks and K. S. Anseth, Biomacromolecules 2008, 9, 1084-1087. 

96 C. Li, J. Tang and J. Xie, Tetrahedron 2009, 65, 7935-7941. 

97 I. Kwon, and B. Yang, Ind. Eng. Chem. Res. 2017, 56, 6535-6347. 

98 L. Liang and D. Astruc, Coord. Chem. Rev. 2011, 255, 2933-2945. 

99 L. Lavandera, S. Fernández, J. Magdalena, M. Ferrero, R. J.  Kazlauskas and V. Gotor, 

ChemBioChem 2005, 6, 1381-1390. 



38 References 

 

 

                                                                                                                                                       

100 F. Balkenhohl, K. Ditrich, B. Hauer and W. Ladner, J. Prakt. Chem. 1997, 339, 381-384. 

101 K. Ditrich, Synthesis 2008, 14, 2283-2287. 

102 B. Neises and W. Steglich, Angew. Chem. Int. Ed. 1978, 17, 522-524. 

103 M. Starck, P. Kadjane, E. Bois, B. Darbouret, A. Incamps, R. Ziessel and L. J. Charbonnière 

Chem. Eur. J. 2011, 17, 9164-9179. 

104 C. Xiao, Y. Cheng, Y. Zhang, J. Ding, C. He, X. Zhuang and X. Chen. J. Polym. Sci. Pol. 

Chem. 2014, 52, 671-679. 

105 L. C. Bencze, J. H. Bartha-Vári, G. Katona, M. I. Toşa, C. Paizs and F. D. Irimie, Bioresource 

Technol. 2016, 200, 853-860. 

 

 

 

 


	First page Abstract_Eng
	PhD Thesis Abstract_ Eng 11.01.2019

