
 

Synthesis and enzymatic post-modification of chiral polymers

Citation for published version (APA):
Yeniad, B. (2013). Synthesis and enzymatic post-modification of chiral polymers. [Phd Thesis 1 (Research TU/e
/ Graduation TU/e), Chemical Engineering and Chemistry]. Technische Universiteit Eindhoven.
https://doi.org/10.6100/IR741378

DOI:
10.6100/IR741378

Document status and date:
Published: 01/01/2013

Document Version:
Publisher’s PDF, also known as Version of Record (includes final page, issue and volume numbers)

Please check the document version of this publication:

• A submitted manuscript is the version of the article upon submission and before peer-review. There can be
important differences between the submitted version and the official published version of record. People
interested in the research are advised to contact the author for the final version of the publication, or visit the
DOI to the publisher's website.
• The final author version and the galley proof are versions of the publication after peer review.
• The final published version features the final layout of the paper including the volume, issue and page
numbers.
Link to publication

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

            • Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain
            • You may freely distribute the URL identifying the publication in the public portal.

If the publication is distributed under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license above, please
follow below link for the End User Agreement:
www.tue.nl/taverne

Take down policy
If you believe that this document breaches copyright please contact us at:
openaccess@tue.nl
providing details and we will investigate your claim.

Download date: 24. May. 2023

https://doi.org/10.6100/IR741378
https://doi.org/10.6100/IR741378
https://research.tue.nl/en/publications/a216613c-c471-4008-b41e-f727bfc7f95b


  

 

 

 

 

 
Synthesis and Enzymatic Post-Modification of Chiral 

Polymers 
 
 
 
 
 
 

PROEFSCHRIFT 
 
 
 
 

ter verkrijging van de graad van doctor aan de 
Technische Universiteit Eindhoven, op gezag van de 
rector magnificus, prof.dr.ir. C.J. van Duijn, voor een 

commissie aangewezen door het College voor 
Promoties in het openbaar te verdedigen 

op woensdag 9 januari 2013 om 16.00 uur 
 
 
 
 

door 
 
 
 
 
 

Bahar Yeniad 
 
 
 
 

geboren te Istanbul, Turkije 
 

 
 
 
 
 
 
 
 
 
 



 
 
 
 
 
 
 
 
Dit proefschrift is goedgekeurd door de promotor: 
 
 
prof.dr.ir. C. E. Koning 
 
 
Copromotor: 
dr. A. Heise 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Yeniad, B. 
 
A catalogue record is available from the Library Eindhoven University of Technology. 
 
ISBN: 978-90-386-3309-1 
 
Copyright © 2013 by Bahar Yeniad 
 
The results described in this dissertation formed part of the research program of the Dutch 
Polymer Institute (DPI), DPI project # 684. 
 
Cover design by Birol Malkamak, Martin Fijten & Gözde Tuzcu 
 
Printed by IPSKAMP drukkers 



 

 

 

 

 
                                                                                                      Life is the greatest gift… 
 
                                                                                                      Hayat en güzel hediye… 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

To my father who came from a little village and created a big world for us, and to my mother 
who dedicated her life to us… 

 
 
 
 

Ufak bir kasabadan gelip bize kocaman dünyalar yaratan babama and hayatını bize adayan 
anneme… 

 
 
 
 
 



 



v 

 

 
 
 

CONTENTS 
 
 

GLOSSARY viii 

  SUMMARY xi 

  1  INTRODUCTION 
 1.1. Smart materials 2 

1.1.1 Enzyme responsive materials (ERMs) 2 

1.2. Alcohol dehydrogenases (ADHs) 3 

1.2.1. The structure and the mechanism of ADHs 4 

1.2.2. The substrate specificity of ADHs 6 

1.2.3. The reaction conditions: the solvent and the substrate concentration 7 

1.3. Controlled radical polymerization (CRP) 8 

1.3.1. Atom transfer radical polymerization (ATRP) 9 

1.3.2. Reversible addition-fragmentation chain transfer (RAFT) polymerization 10 

1.4. Click chemistry 10 

1.5. Lipases 11 

1.5.1. Candida antarctica Lipase B (CALB) 11 

1.5.1. The mechanism of CALB-mediated reactions 12 

1.5.1.2 The enantioselectivity of CALB 13 

1.5.1.3 CALB in polymer synthesis 14 

1.5.1.4 CALB in the enantioselective modification of synthetic polymers 15 

1.6. The scope of the dissertation 17 

 
References 19 

   2  ALCOHOL DEHYDROGENASE-CATALYZED REDUCTIONS OF THE AROMATIC 
KETONES 

 2.1. Introduction 24 

2.2. Results and Discussion 25 

2.2.1. Effect of the substrate size 29 

2.2.2. Effect of the substrate solubility 31 

2.2.3. Effect of electron withdrawing and electron donating property of the substituent 31 

2.2.4. Effect of electronic charge distribution 33 

2.3. Conclusions 38 

2.4. Experimental part 39 

 
References 47 



vi 

 

 

 
 

  
 
3  SYNTHESIS AND ENZYMATIC MODIFICATION OF CHIRAL (CO)POLYMERS 

 

  3.1. Introduction 52 

3.2. Synthesis of chiral polymers via RAFT-mediated polymerization 53 

3.2.1 Homopolymers 53 

3.2.2. Copolymers 57 

3.3. Enantioselective enzymatic polymer modification 60 

3.3.1. Chiral homopolymers 60 

3.3.2. Chiral homopolymer mixtures 67 

3.3.3. Chiral copolymers 68 

3.4. Conclusions 69 

3.5. Experimental part 70 

 
References 74 

   4  ENZYMATIC MODIFICATION OF CHIRAL BLOCK COPOLYMERS  
 4.1. Introduction 78 

4.2. Synthesis of block copolymers 79 

4.3. CALB-catalyzed enantioselective esterification of block copolymers 82 

4.4. Conclusions 86 

4.5. Experimental part 86 

 
References 90 

   5  SYNTHESIS AND ENZYMATIC MODIFICATION OF CHIRAL DENDRIMERS 
 5.1. Introduction 92 

5.2. Model study: Synthesis of poly(n-butyl acrylate) with chiral chain end groups 
via ATRP and their CALB-catalyzed esterification 

93 

5.3. Synthesis of chiral 2,2-bis(methylol)propionic acid (bis MPA) dendrimers and 
their CALB-catalyzed enantioselective esterification 

100 

5.4. Conclusions 107 

5.5. Experimental part 108 

 
References 113 

   6  VINYL METHACRYLATE AS THE ACYL DONOR IN CALB-CATALYZED 
ESTERIFCATIONS 

 
6.1. Introduction 116 

6.2. CALB-catalyzed esterifications of chiral polymers in the presence of vinyl 
methacrylate 

117 

6.3. Michael addition reactions 119 



vii 

 

 
 
 
6.3.1. Model reactions 119 

6.3.2. Chiral polymers 122 

6.4. Conclusions 124 

6.5. Outlook 125 

6.6. Experimental part 125 

 
References 127 

   EPILOGUE 129 

  LIST OF PUBLICATIONS   135 

  CURRICULUM VITAE   137 

  ACKNOWLEDGEMENTS   139 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



viii 

 

 
 

 

GLOSSARY 
 

 
AcNitrile 

ADH                              

ADH-LB                        

ADH-T                          

AIBN                          

APG4  

ATR                                 

ATRP                              

bisMPA                        

Bpy                                 

BHT                               

CALB                              

CDCl3 

CRP                                 

CTA                                 

CuAAC                           

D                                      

DCTB                             

DDMAT                         

DETA                              

DFT-B3LYP                   

DMA                                

DMF                                

DMSO                             

DMPP                             

DSC                                 

E                                      

EBiB                               

ee                                    

ERMs  

EWG                             

f1                                           

f                                       

FID                                 

F                                      

FDH                               

FRP                                

FT-IR                           

GC                                  

GDH                               

GMA                               

GPEC                             

HA     

Acetonitrile 

Alcohol dehydrogenase 

Alcohol dehydrogenase from Lactobacillus  

Alcohol dehydrogenase from Thermoanaerobacter sp.  

2,2′-azobis(2-methylpropionitrile)  

Acetone powder of Geotrichum candidum cells 

Attenuated total reflection 

Atom transfer radical polymerization 

2,2-bis(methylol)propionic acid 

Bipyridine 

3,5-di-t-butyl-4-hydroxytoluene 

Candida antarctica Lipase B 

Deuterated chloroform 

Controlled radical polymerization 

Chain transfer agent  

Cu-catalyzed azide/alkyne cycloaddition  

Polydispersity index 

Trans-2-[3-(4-tertbutylphenyl)-2-methyl-2-propenylidene] malononitrile 

2-(dodecylthiocarbonothioylthio)-2-methylpropionic acid  

Diethylenetriamine  

Density functional theory  

N,N-dimethylacetamide 

N,N-dimethylformamide  

Dimethylsulfoxide 

Dimethylphenylphosphine  

Differential scanning calorimetry 

Enantiospecificity 

Ethyl -bromoisobutyrate  

Enantiomeric excess 

Enzyme responsive materials 

Electron withdrawing group 

Feed ratios 

Functionality 

Flame ionization detector 

Average copolymer composition 

Formate dehydrogenase  

Free radical polymerization 

Fourier transform infrared spectroscopy 

Gas chromatography 

Glucose dehydrogenase 

Glycidylmethacrylate  

Gradient polymer elution chromatography  

Hexylamine  



ix 

 

         

                      

 

HF 

kp                                   

KRED   

kt                           

L                                 

LCST 

log P 

MALDI-ToF-MS       

MeOH                         

Mn                                     

Mn,th                                 

Mp                                    

Mtn                               

Mtn /L                         

Mw                                    

MWCO                         

NADPH                        

n-BA                            

NMP                              

NMR                      

NMRP                           

NLLS                            

Novozym 435          

PBS                               

PCV                                

PDMSs                           

PEG-SH                         

PIBs                                   

PMDETA                            

PolyBA                              

ppm                                    

PRE                                      

PTFE                                    

r                                            

R.                                          

RC                                         

RI                                          

RT                                         

RAFT                                    

ROP                                       

RX                                          

SAM                                       

SDR                                       

SEC                               

TEA                                       

Tg       

 

 

 

Hartree-Fock  

Propagation rate coefficient 

Ketoreductase 

Termination rate coefficient 

Ligand  

Lower critical solution temperature 

Logarithm of the octanol-water partition coefficient 

Matrix assisted laser desorption ionisation time of flight 

Methanol 

Number-average molecular weight 

Number-average molecular weight, theoretical 

Peak mass 

Transition metal species 

Transition metal complex  

Weight-average molecular weight 

Molecular weight cut off 

Nicotinamide adenine dinucleotide phosphate 

n-butyl acrylate         

N-methyl-2-pyrrolidone  

Nuclear magnetic resonance  

Nitroxide mediated radical polymerization  

Non-linear least square  

Immobilized Candida antarctica Lipase B 

Phosphate buffered saline 

Protein binding cavity volume  

Polydimethylsiloxanes  

Poly(ethylene glycol) methyl ether thiol  

Polyisobutylenes  

N,N,N’,N’’,N’’-Pentamethyldiethylenetriamine 

Poly(n-butyl acrylate) 

Parts per million 

Persistent radical effect 

Polytetrafluoroethylene 

Reactivity ratios  

Radical 

Regenerated cellulose 

Refractive index  

Room temperature 

Reversible-addition-fragmentation chain transfer  

Ring-opening polymerization  

Alkyl halogen bond 

Self-assembled monolayers  

Short-chain dehydrogenase/reductase  

Size exclusion chromatography 

Triethylamine  

Glass transition temperature  



x 

 

 

 

                                      

THF                        

TREN                                      

UV                                          

v/v                                         

wt/wt                                    

XPS                                        

3 -HSD                              

[ ]D                                              

 

 

 

 

 

Tetrahydrofurane 

Tetradentate tris(2-aminoethyl)amine  

Ultraviolet 

Volume/volume 

Weight/weight 

X-ray photoelectron spectroscopy 

3 -hydroxysteroid dehydrogenase  

Specific rotation 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



xi 

 

 

 

SUMMARY 

 

Smart materials, which respond to external stimuli, are well known for a long time. Typically 

these materials undergo an (ir)reversible property change upon exposure to an external stimulus. 

In the majority of cases the stimulus is a change in temperature, pH or is light induced. A relatively 

new concept that was recently developed involves smart materials that produce a change in 

response to the action of an enzyme, so called Enzyme Responsive Materials (ERMs). The 

response that the ERM produces can be any of a wide range of changes such as a change in 

fluorescence, the release of a drug or the generation of some form of physical aggregation such as 

the formation of micelles. Enzymes do not only exhibit regio-selectivity but they generally exhibit 

extremely high stereo-selectivity as well, i.e. the enzyme exclusively acts on one enantiomeric 

form of a molecule whilst leaving the other enantiomer untouched. Our approach to ERM 

synthesis is based on this principle, where the extent of the response that the ERM produces to 

the enzyme is encoded within the chirality of the material. By using different ratios of the 

enantiomers (building blocks) within the ERM, the extent of the response can be programmed-in 

without causing any changes in the general physical properties of the material.  

With this principle in mind, a number of acetophenone-derivatives with different functional 

groups in the para-position of the phenyl ring were synthesized (Chapter 2). In an attempt to 

reduce these prochiral ketones to their enantiomeric forms by employing two commercially 

available alcohol dehydrogenases (ADHs), namely (R)-producing Lactobacillus (ADH-LB) and (S)-

producing Thermoanaerobacter sp. (ADH-T) as the catalysts for the reductions, a significant 

difference in the substrate acceptance by these enzymes was observed despite claims concerning 

their broad substrate spectrum. The examination of the various factors such as the solubility of 

the substrate in the reaction medium, the size of the substrate and the electronic character of the 

substituent at the para-position of the acetophenone derivatives did not offer any trend to explain 

the difference in the substrate acceptance by ADH-LB and ADH-T. Instead, we realized that non-

polar para-substituents were favored over polar or ionizable para-substituents in the reductions. 

Mapping of the electronic charge distribution in the molecules revealed a correlation between the 

location of the highest electron density on the molecule and the success of the reaction. The 

substrates with the highest electron density on the carbonyl group could be reduced almost 

quantitatively to their enantiomeric forms. However, if the highest electron density is located on a 

different functional group of the substrate, then the substrate could not be reduced. ADH-

catalyzed reduction of acetophenone-derivatives resulted in the synthesis of two types of 

enantiopure building blocks having an enzyme sensitive unit (phenyl ethanol): one with a 

polymerizable group, ((R)- and (S)-1-(4-vinylphenyl)ethanol), and the other one with a clickable  
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moiety, ((R)- and (S)-1-(4-ethynylphenyl)ethanol). In chapter 3, homo and copolymers were 

synthesized from enantiopure (R)- and (S)-1-(4-vinylphenyl)ethanol and styrene by RAFT 

(co)polymerization. Well-defined polymers with low polydispersities were obtained. Kinetic 

investigations confirmed that the enantiopure monomers and styrene have similar reactivity 

ratios resulting in random copolymers. In chapter 4, block copolymers comprising two blocks 

with pendant hydroxy groups of opposite chirality were synthesized in which the length of 

starting block, (R)-block, was kept constant at 7,200 g/mol. The length of the second block, (S)-

block, was varied from 2,100 to 6,400 g/mol. The optical rotation decreased from 29.8˚ to 1.5˚ 

with increasing (S)- to (R)- block length ratio. Noteworthy is that the blocky character of these 

chiral polymers would only manifest itself in the optical rotation since it is reasonable to claim 

that the chemical and physical properties of the individual chiral (S)- and (R)-blocks are identical. 

In chapter 5, linear and star-shaped poly(n-butyl acrylate)s (BAs) were prepared via ATRP of n-

butyl acrylate by employing different ATRP initiators. Consecutive click reactions with (R)-1-(4-

ethynylphenyl) ethanol after the chain end functionalization with an azide were not quantitative, 

probably due to loss of some of the end groups. In addition, chiral dendrimers were prepared 

from different mixtures of (R)- and (S)-1-(4-ethynylphenyl)ethanol, and the matching azide-

functional bisMPA dendrimers using click chemistry. The specific optical rotation of the 

dendrimers increased linearly with increasing percentage of (R) end-groups in the dendrimer, 

which indicates that (R)- and (S)-building blocks had been incorporated into the dendrimer in 

agreement with the enantiomeric feed ratio in the click reaction. The molar rotation values of the 

dendrimers were found to be directly proportional to the number of (R)-building blocks clicked to 

the periphery, implying that each stereogenic group at the periphery behaves like an isolated 

molecule and does not induce any additional chiral substructure. Prior to the exposure of the 

synthesized chiral polymers to Candida Antarctica Lipase B to study the response of these 

macromolecules to an enantioselective enzyme, model reactions were performed to investigate 

the optimal reaction conditions. Since the chiral homopolymers synthesized in this study were not 

soluble in common hydrophobic solvents like hexane or toluene, in which CALB generally shows 

optimum activity, different organic solvent systems, both polar as well as mixtures of polar and 

apolar solvents, were employed for the CALB-mediated esterification of phenylethanol units with 

vinylacetate. Toluene/THF (2/1 v/v) was found to be the most appropriate solvent mixture for 

the post-functionalization of (R)-polymer. It was shown that the lipase-catalyzed polymer 

analogous esterification of the chiral hydroxy groups was strongly (R)-selective, in agreement 

with the preferred lipase enantioselectivity. However, even after extended reaction times, 

esterification on the (R)-polymers was limited to around 50 %, which was much lower than the 

results obtained with small model compounds. Increasing the molecular weight of (R)-polymers 

from 5,400 g/mol to 16,200 g/mol resulted in a decrease of the esterification yield (55% to 42%).  
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This suggests that steric factors play a role in the esterification, although it cannot be ruled out 

that a decrease of polymer solubility in toluene/THF (2/1) with increasing molecular weight also 

contributes to this result. When (R)-1-(4-vinylphenyl)ethanol-styrene copolymers with different 

chirality were exposed to CALB, an increase in the extent of esterification (from 21 to 53%) was 

observed whilst the composition ratio of (R)- 1-(4-vinylphenyl)ethanol/styrene was increased 

from 0.25 to 4. However, further increase in the enzyme-sensitive monomer concentration in the 

backbone did not further improve the extent of esterification (the maximum reached in these 

conditions with homopolymer was 55%). This might suggest that not only steric effects play a role 

but that possibly also the local environment of the hydroxy groups is important for the extent of 

the reaction. CALB-catalyzed esterification of the chiral block copolymers was stereoselective and 

only one of the present blocks was esterified, thereby converting these chiral block copolymers 

into block copolymers with chemically and physically distinguishable blocks. CALB-catalyzed 

esterification of (R)-phenyl ethanol groups at the chain end of polyBAs was successful and 

principally validated the proposed strategy of enantioselective enzymatic esterification of 

globular multifunctional chiral materials. The extremely high selectivity of CALB towards the R 

enantiomer of the 1-phenyl-ethanol moiety was retained also on the periphery of dendrimers. 

Furthermore, the chirality of the dendrimer directly correlates to a chemical reaction yield using 

an enantioselective catalyst. In the last chapter, vinyl methacrylate was used as the acyl donor in 

the CALB-catalyzed post-polymerization modification of selected (R)-chiral polymers as a 

comparison to vinyl acetate. These modifications provided pendant methacrylic double bonds 

which were utilized in thiol-ene reactions, viz. the Michael addition of poly(ethylene glycol) 

methyl ether thiol (PEG-SH), for further modification. The preliminary results showed that vinyl 

methacrylate could be used successfully as the acyl donor in the CALB-catalyzed esterifications. 

However, the extent of the esterification of pendant (R)-OHs with vinyl methacrylate was lower 

(35%) compared to that with vinyl acetate (55%) performed under the same reaction conditions. 

In conclusion, the proof of principle described in this dissertation can be employed to 

program reactivity into otherwise indistinguishable molecules. It can be stated that chirality can 

be used as a means of encoding macromolecules and that a key characteristic of enzymes, i.e. 

enantioselectivity, can be utilized to read-out this code by correlating it to a chemical reaction. 

Although the macromolecules at present are not “smart” enough yet, the concept offers 

possibilities for the development of a new type of ERM. 
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                                     INTRODUCTION   

 

1 

A brief introduction, comprising general background information and selected literature 

examples, introduces the techniques and the chemistry employed in the work described in this 

dissertation. The scope of this dissertation is presented at the end of this chapter. 
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1.1. Smart materials 

Smart materials have been studied for a long time. Typically these materials undergo a 

reversible (or irreversible) property change upon exposure to an external stimulus such as 

temperature, ionic strength, solvent polarity, electric/magnetic field, light or small (bio)-

molecules.1 The resulting response is generally observed in the form of a drastic change in shape, 

surface characteristics and solubility, the formation of a molecular self-assembly or a sol-to-gel 

transition. Such stimuli-responsive materials opened up possibilities for the development of 

several novel applications in the delivery of therapeutics, tissue engineering, cell culture, 

bioseparations and sensor systems. Many interesting examples are well documented in 

literature.2-4 

1.1.1. Enzyme responsive materials (ERMs) 

A new type of smart materials has been introduced recently, viz. so called Enzyme Responsive 

Materials (ERMs). ERMs produce a change in response to the action of an enzyme. Using enzymes 

as an external stimuli is advantageous since enzymes work under mild conditions and are highly 

(chemo)-, (regio)- or/and (stereo)-selective. All ERMs have an enzyme sensitive unit (substrate or 

a substrate mimic) such as a peptide or a lipid and a component that directs changes in (non)-

covalent interactions such as hydrogen bonding, interaction or van der Waals forces resulting 

in a macroscopic transition in a material.1 The response created as a result of this transition can 

be different types of changes, and can be tailored depending on the final application of the 

material. For example, the response can be a change in mechanical or thermal properties5, a 

change in fluorescence6, a transition in physical state, the release of a drug7,8, the generation of 

some form of physical aggregation such as micelles9-11 or the (dis)assembly of some particles.12,13 

ERMs hold great promise in biomedical applications (such as regenerative medicine and drug 

delivery) and in biomedical equipment, since enzyme responsiveness allows for a mutual 

communication between the material and the biological environment, similar to natural biological 

systems.1,14 Although many interesting examples of ERMs have been reported in the literature, the 

following four examples are presented to highlight the concept of ERMs (Table 1).15,16 
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Table 1. Selected examples of ERMs described in the literature. 

Response Schematic presentation 

 
Formation of spherical 
micellar nanoparticles 
via enzyme catalyzed 
dephosphorylation9 

 
 
 

 
Colorimetric glucose 
sensing via enzyme 
triggered aggregation 
of molecules or gold 
nanoparticles10,11 

 

 
Release of 
encapsulated guest 
molecules via enzyme 
triggered swelling of 
the hydrogel particles8 

 

 
Sol-gel transition via 
enzyme catalyzed 
crosslinking17 

 

 

1.2. Alcohol dehydrogenases (ADHs)  

Biotransformations offer a number of advantages over traditional chemical methodologies 

which generally employ toxic metals and complex hydrides. Ruthenium complexes and borane 

adducts are only a few examples of very efficient, though toxic, chemical catalysts used in industry 

demanding special treatments, in particular when used in large quantities.18 Biocatalysts are 

generally exploited in water and generally demand much milder reaction and handling conditions 

than chemical catalysis. Enzymes are higly enantio-, regio- and chemoselective owing to the 

recognition of the substrate by the enzyme. In addition, the enzymes are isolated from the natural 

resources such as microorganisms and plants via different solid/liquid separation techniques, and 

can be decomposed in nature after use. However, in terms of space-time yield, they are 

outperformed by chemical catalysts due to long reaction times and low substrate concentrations 
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required for the enzymatic reactions.19 Recently, the asymmetric biocatalytic reduction of ketones 

to optically pure alcohols has gained great attention both in academia and industry since pure 

chiral alcohols can be used for or turned into different functionalities to synthesize important 

intermediates for pharmaceuticals, agrochemicals and natural products.20,21 Specially, ADHs have 

been used in an increasing number of industrial processes.20 

1.2.1. The structure and the mechanism of ADHs 

ADHs are zinc metalloenzymes and depend on nicotinamide cofactors such as nicotinamide 

adenine dinucleotide phosphate (NADPH) which serves as a hydride source in the reaction. The 

C4 of nicotinamide (Figure 1, marked as 1) is the place of the hydride transfer in the recycling of 

the cofactor from NADP+ to NADPH. The designations HR and HS refer to the stereospecificities of 

various dehydrogenases for transferring the hydrogen to and from the nicotinamide coenzyme. 22 

 

Figure 1. (A) The structure of NADP+ and (B) the mechanism of the redox reaction taking place 

on NADPH. 

To reduce the cost of the hydride source, ‘coupled-substrate’ or ‘coupled-enzyme’ recycling 

strategies are used (Figure 2). In the former case, an excess of a second substrate (‘cosubstrate’), 

generally an alcohol such as isopropanol is used for recycling of cofactor from NADP+ to NADPH. 

In the latter, an additional enzyme such as glucose dehydrogenase (GDH) or formate 

dehydrogenase (FDH) is employed in the presence of a hydrogen donor such as glucose or 

formate.23 
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Figure 2. The cofactor recycling strategies in ADH-catalyzed reductions of the ketones: (A) 

Coupled-substrate and (B) Coupled-enzyme strategy. 

The structure of the free enzyme and the ternary complexes show two domains, viz. a 

hydrophobic dinucleotide binding domain (Rosman fold) and a substrate binding domain. The 

phenyl ring of the substrate interacts with the hydrophobic side-chains (Ala93, Leu152, Val195, 

Leu198 and Met205) and with the aromatic ring of Tyr189, while its carbonyl group forms a 

hydrogen bond with the terminal hydroxyl group of Tyr155 which is the most conserved residue 

of the whole short-chain dehydrogenase/reductase (SDR) superfamily.39 Upon the ternary 

complex formation in the crystalline state, the methyl group of the substrate is covered by the 

surrounding side chains (Leu152, Glu144, Tyr155, and Tyr189) and NADP, and there is little 

space for a larger group which is in line with the enantiospecificity of the enzyme. In contrast to 

the methyl group, the phenyl ring is not completely covered in this state and points towards the 

solvent.24-26 ADHs have two Zn+2, one in the active site (catalytic zinc) and one away from the 

active site (structural zinc). In the ternary complex, catalytic Zn+2 is ligated to Cys46 (thiol group), 

Cys174 (thiol group) and His67 (imidazole group) residues of the active site and to the alcohol 

group of the substrate.27 In the free enzyme, the coordination site of the alcohol is displaced by a 

molecule of water.28 The coordination to zinc lowers the pKa value of the alcohol dramatically (8-

9 units lower) and facilitates the dissociation of the proton.29 Thus, the catalytic zinc plays a 

crucial role in the mechanism of ADH enzymes. A hydrogen channel which is a hydrogen bonded 

network of OH groups of the substrate, ribosyl-2’-OH and some amino acid residues, has been 

proposed to explain the hydride transfer in the mechanism.30,31 In addition, Phe-93 which is 

located in the substrate binding pocket plays a role in the orientation of the substrate in the 

pocket depending on the steric constrains. The rate of the catalytic activity of ADHs is dependent 

on the substrate orientation and the mobility.32 In addition, it has been shown that the catalytic 

activity of ADH-LB depends strongly on the binding of Mg+2 in contrast to most of the SDR 

enzymes.25 Although Mg+2 is not a direct catalytic cofactor, the Mg+2 binding side is structurally 
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linked to the substrate binding region via an extended hydrogen bonding network. This structural 

link is thought to be responsible for the strong Mg+2 dependency of the enzyme. 

1.2.2. The substrate specificity of ADHs 

Although there are more than 150 different commercially available alcohol dehydrogenases, 

not much is known about the scope and the limitation of the substrate specificity of the isolated 

enzymes.29 Since the substituted acetophenones are of importance for this project, this section 

focuses only on the reductions of the acetophone derivatives by different alcohol dehydrogenases. 

Various examples concerning the reduction of aliphatic ketones or cyclic alkyl ketones by these 

catalysts are excluded. 

The electronic character of the substituent of acetophenones was found to greatly affect the 

activity of some of the tested ketoreductases although the enantioselectivity was mostly retained. 

The electronic properties, the steric factors and the ability to form a hydrogen bond to the 

substituents at the ortho-position were shown to be important for both the activity and the 

enantioselectivity of ketoreductase (KRED)-catalyzed reductions.33 The enantioselectivity of the 

baker’s yeast reduction of trifluoroacetylbenzene derivatives was improved by the introduction of 

some functional groups like -CO2H, -NH2 or -OH at the para-position.34 When the para- or the 

meta-position of acetophenone was substituted with a trifluoroacetyl, KRED could selectively 

differentiate between methyl and trifluoromethyl ketones, and the reduction of the electron-

deficient trifluoromethyl ketone was favored compared to methyl ketone indicating the 

chemoselectivity of these enzymes.35 In another study, the rate of the reduction on the 

acetophenone derivatives by Rhodotorula sp. AS2.2241 was found to be dependent on the 

electronic effects of the substituents at the para-position. The electron-withdrawing substituents 

(e.g., -NO2, -Cl, or -Br) were more favorable for this alcohol hydrogenase while poor reaction rates 

or yields were obtained for the electron-donating substituents (-OMe, -NH2). However, the 

stereoselectivity was retained in all cases.36 Similar results were reported for Candida 

magnoliae.37 In the asymmetric reduction of some acetophenones containing halogen substituents 

at different positions by the fungus R. Arrhizus, the enantiomeric excess (ee) increased with 

increasing size of the halogens (-F < -Cl < -Br) and the effect of the position of the halogen on the 

reaction rate was in the order of o- > p- > m-.38 However, no general trend was observed for the 

effect of the substituent at the phenyl ring on the activity of carbonyl reductase from 

Sporobolomyces salmonicolor while the position of the substituent was found to exert an effect on 

the activity in the increasing order of o->m->p- for -Cl and -CH3 groups.39  
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The effect of the substituents at the -position of acetophenone on the stereoselectivity in 

G.candidum cells (APG4)-catalyzed reductions was also investigated. When the methyl moiety was 

changed to a trifluoromethyl group, the reduction resulted in the opposite configuration of the 

corresponding alcohol. The stereoselectivity shifted from the acetophenone type to the 

trifluoromethyl type depending on the number of the fluorine substituents at the -position. A 

similar trend in the shift of the stereoselectivity was observed when two chlorine atoms were 

incorporated at the -position instead of the fluorine atom. However, the yields were much lower 

compared to that of the corresponding fluoroacetophenones, and trichloroacetophenone was not 

reduced at all. No inversion was observed when the methyl group was changed to a bulkier group 

like tert-butyl. Thus, the inversion in the stereochemistry is not only caused by the bulkiness of 

the trifluoromethyl group but also by the electronic factor imparted by the halogens. Noteworthy 

is that the presence of several enzymes in the mentioned APG4 system catalyzing the same 

reaction with different substrate specificity may be the reason for the stereochemical results 

obtained with this organism.40 

1.2.3. The reaction conditions: the solvent and the substrate concentration 

Most ketones of interest are highly hydrophobic, and thus possess low solubility in aqueous 

media. Generally only low substrate concentrations ranging 5 to 10 mM were achieved leading to 

nonsatisfactory volumetric productivities. The presence of an organic solvent could improve the 

solubility of the poorly water-soluble ketones but several kinds of the ADHs were found to be 

unstable in the presence of organic solvents. To solve this problem, either new ADHs were cloned 

and expressed, which made them tolerant to the presence of organic solvents or different 

methods were developed to solubilize the substrate without deactivating the ADHs. 

For example, mono and biphasic aqueous-organic solvent systems (50% v/v) as well as micro 

aqueous organic systems (monophasic, <1% v/v water and > 99% v/v organic solvent) were 

successfully employed for the biocatalytic reduction of various ketones catalyzed by ADH-A from 

Rhodococcus ruber. Hydrophilic (water-miscible) organic solvents (log P < 0) such as DMSO or 

1,4-dioxane led to complete deactivation whilst high biocompatibility was found for the 

hydrophobic solvents (log P > 2) such as toluene, cyclohexane and hexane.* The use of the organic 

solvents allowed the use of substrate concentrations close to 2.0 M.41 In another study of the same 

group with Paracoccus pantotrophus DSM 11072, on the contrary, DMSO which exhibits the 

                                                                        
* P is the partition coefficient which is the ratio of concentrations of a compound in the two phases of a 

mixture of two immiscible liquids (generally water/octanol) at equilibrium. The logarithm of this coefficient is 

used as a measure of lipophilicity. 
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lowest log P value of all of the investigated solvents was not only exceptionally tolerated by the 

enzyme but even led to higher conversions and relative activity compared to the corresponding 

reactions without the organic solvent.42 In another study, biphasic reaction media employing 

different organic solvents were examined for enhancement of the substrate solubility. 

Ethylacetate and toluene were found to deactivate the enzyme significantly whereas long-term 

stability was obtained in the presence of aliphatic hydrocarbons like n-hexane or heptane. 

Employing such suitable biphasic media, good conversions were obtained event at a substrate 

concentration of 0.1 M.43 In another approach, a water immiscible ionic liquid (10%) was 

employed, which facilitated the conversion of 50 g L−1 ketone to the chiral alcohol with a reaction 

rate four times higher compared to that of not using the co-solvent.44 

It is recommended that instead of the hydrophobicity of the solvent (log P), the compatibility 

of its functional groups with the enzyme should be considered when screening for a solvent for a 

specific enzyme.45 

1.3. Controlled radical polymerization (CRP) 

The development of controlled radical polymerization techniques like Atom Transfer Radical 

Polymerization (ATRP) and Reversible-Addition-Fragmentation chain Transfer (RAFT) 

minimized/eliminated the limitations of the conventional free radical polymerization with respect 

to the degree of control over the molecular weight distribution, composition and architecture, and 

opened up new possibilities for the synthesis of complex macromolecules. A dynamic equilibrium 

between the propagating radicals (active species) and the dormant species is required for all CRP 

techniques. The radical should be reversibly terminated (deactivation) like in ATRP or reversibly 

transferred like in RAFT (Figure 3). A fast exchange between the active and the dormant species is 

crucial to achieve a good control over the molecular weight and the polydispersity.50 This 

exchange suppresses all the processes that cause irreversible termination of the chains and hence, 

extends the lifetime of the polymeric radical throughout the polymerization. This allows chemists 

to do synthetic manipulations, e.g. end functionalization or chain extension with a second 

monomer on the polymer, which is not possible in the conventional radical polymerization. 
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Figure 3. The reaction mechanism of controlled radical polymerization techniques ATRP (top) 

and RAFT (bottom). 

1.3.1. Atom transfer radical polymerization (ATRP) 

ATRP originates from a well-known organic reaction called ATRA. This technique consists of a 

transition metal species (Mtn) which can increase its oxidation number, a complexing ligand (L) 

and a counter ion which can form a bond with the metal centre (see Figure 3 upper part). The 

transition metal complex (Mtn /L) cleaves the alkyl halogen bond (RX) homolytically resulting in 

the generation of the corresponding higher oxidation state metal complex (Mtn+1 /L) and a radical 

(R.).46 (R.) propagates with the monomer or is reversibly deactivated by Mtn+1 /L. It can terminate 

as in free radical polymerization (FRP) by either coupling or disproportionation. However, 

termination is minimized by the persistent radical effect (PRE) which is however not present in 

the RAFT process (see lower part of Figure 3). Although a variety of metals have been employed 

in ATRP, Cu has been the most extensively used catalyst. Generally nitrogen-based ligands in 

combination with Cu have been used including different derivatives of the bidentate bipyridine 

(bpy)47, the tridentate diethylenetriamine (DETA)48 and the tetradentate tris(2-aminoethyl)amine 

(TREN)49. A halide ion is used as counterion.50  

ATRP is advantageous since only a catalytic amount of the transition metal complexes is 

required and various initiators (including multifunctional ones) are commercially available. In 

addition, the end group functionalization is generally simple and the blockcopolymerization can 

be conducted in any order (with halogen exchange51). However, the drawback of this system is 
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that the transition metal complex should be removed from the product due to its toxicity and 

color. 

1.3.2. Reversible-addition-fragmentation chain transfer (RAFT) polymerization 

RAFT is one of the most successful CRP techniques owing to its applicability to a wide range of 

monomers and reaction conditions. It can be performed by simply adding a chain transfer agent 

to a conventional radical polymerization. Thus, the initiation and the radical-radical termination 

occur as in the conventional radical polymerization.52 An appropriate choice of RAFT agent for a 

particular monomer is crucial for successful results. The structure of the R and Z groups are 

equally important to provide good control over the polymerization.53,54 A summary of the 

available types of RAFT agents, how to select an appropriate RAFT agent for a particular 

monomer, the reaction conditions and the possible macromolecular structures have been 

reviewed by Thang et al.52 In RAFT-mediated block copolymerization, the order of the 

polymerization of the different monomers is of key importance to achieve controlled growth of 

the second block. In addition, since a continuous generation of new radicals is required for the 

generation of new polymer chains, it is not possible to synthesize 100% pure blockcopolymers. 

The limited commercial availability of transfer agents as well as their multistep synthesis is also a 

limitation on this process. However, its tolerance to a variety of functional groups and reaction 

conditions is the advantage of the RAFT process. 

1.4. Click chemistry 

Click chemistry has been widely used in the synthesis and modification of polymers due to its 

inherent simplicity and efficiency. The most well known click reactions are Cu-catalyzed 

azide/alkyne cycloaddition (CuAAC) and thiol-ene addition (anti-Markovnikov radical addition 

and base or nucleophile catalyzed Michael addition). Different click strategies have been used to 

prepare terminal- and pendant-functional polymers, (multi)blockcopolymers, star-, graft-, 

hyperbranched- or dendritic-polymers and bio-polymer conjugates in combination with 

controlled polymerization techniques. The most common methods for incorporating clickable 

units into polymer chains are the use of a functional initiator or a transfer agent, post-

polymerization transformation of the end groups and the direct polymerization of the 

corresponding functional monomers.55-57 

The first method guarantees the presence of the clickable group at the -terminus of each 

polymer chain. However, the commercial availability and the compatibility of this clickable group 
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with the applied polymerization technique should be taken into account. The post-polymerization 

transformation of the end groups, including halogens from an ATRP initiator or a dithiobenzoate 

group from a RAFT chain transfer agent requires high efficiency to conjugate different functional 

groups at the end of the polymer chain in a quantitative way. The direct polymerization of a 

functional monomer or the grafting of a clickable moiety onto the polymer backbone prior to the 

click reaction yield the pendant functionality which can be utilized to prepare graft polymers via 

click strategies. 

1.5. Lipases 

In recent years enzyme catalysis has been successfully applied in polymer and organic 

synthesis. Specifically, lipases appeared in the last decade as outstanding catalysts for different 

reactions including both regio- and enantio-selective synthesis. Lipases are hydrolases by nature 

catalyzing an ester bond-cleavage reaction by hydrolysis. Under synthetic conditions they have 

been employed as catalysts for the reverse reaction, i.e. the ester bond-forming reaction. Lipases 

are transesterification catalysts.  

1.5.1. Candida antarctica Lipase B (CALB) 

CALB is produced by the basidomycetous yeast Candida antarctica which was originally 

isolated at Antarctica.58 It is a serine hydrolase with a molecular weight of 33 kD and it catalyzes 

the reversible hydrolysis of esters to carboxylic acids and alcohols.59 It is very active towards a 

broad range of esters, amides and thiols. Hence, it dominates the literature of enzymatic polymer 

synthesis and modification. To increase the activity and the stability of CALB in organic solvents at 

higher reaction temperatures, different immobilization methods such as adsorption on a support, 

entrapment in a matrix via sol-gel process or covalent binding to a support have been 

introduced.60 However, Novozym 435 which is the immobilized from of CALB prepared by its 

adsorption on a hydrophobic macroporous polymer based on methyl and butyl methacrylate 

esters crosslinked with divinylbenzene, is by far the most applied lipase in polymer applications.61 

The reasons are both technical as well as practical since Novozym 435 not only is one of the most 

active lipases but it also offers the easiest way to use in the hands of chemists unfamiliar with 

enzymology due to its robustness, stability and simple removability from the reaction products. 

Noteworthy is that leakage of CALB from the commercial Novozym 435 into the reaction medium 

can occur upon use since it is not covalently bound to the support.62 
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1.5.1.1. The mechanism of CALB-mediated reactions 

Mechanistically lipase reactions are well understood. The active site of CALB contains the 

catalytic triad, Ser105-His224-Asp187, where Ser acts as the nucleophile, His as the basic residue, 

and Asp as the acidic residue.63,64 The catalytic amino acids, serine and histidine, and histidine and 

aspartic acid form a hydrogen bonding network, which is essential for the catalytic activity of a 

lipase.65 The carbonyl of the substrate ester is coordinated in the catalytic site. This polarizes the 

carbonyl double bond and renders the carbonyl carbon more prone to the nucleophilic attack by 

the active-site serine. Nucleophilic attack by serine results in covalent linkage of the acyl moiety of 

the substrate onto the enzyme, forming the ‘acyl-enzyme intermediate’ (Figure 4).66-71 Deacylation 

of the acyl-enzyme intermediate by an appropriate nucleophile such as water produces the 

corresponding -hydroxycarboxylic acid/ester. If the nucleophile is an alcohol or amine, the 

product contains the corresponding ester or amide as an end-group. 72,73 The physical restrictions, 

the hydrophobic nature of the active size pocket and the way the tetrahedral intermediate is 

stabilized in the pocket determine the substrate selectivity.58  

High log P solvents are recommended for the esterification reactions catalyzed by CALB. 

However CALB is also stable and active in more polar organic solvents like tert-butanol, acetone 

or acetonitrile. It is important to use anhydrous reaction conditions to prevent hydrolytic side 

reactions. Different acyl donors have been used such as methyl and ethyl esters, propenyl and 

vinyl esters, and acrylic and methacrylic esters. The use of enol esters makes the esterification 

reaction irreversible due to the stable acetaldehyde formation resulting from tautomerization. 



 
 

1 

 

13 

 

 

Figure 4. The transesterification reaction mechanism of CALB. 

1.5.1.2. The enantioselectivity of CALB 

The enantioselectivity of hydrolases towards secondary alcohols and amines is well 

documented in literature.74-77 Although the overall structure and serine triad conformations are 

similar in all lipases, their substrate specificities and degrees of stereoselectivity differ strongly. 

In general, lipases display a strong R-selectivity towards secondary alcohols. In the case of 

Candida antarctica Lipase B, for example, an enantiospecificity (E) of 106 has been reported in the 

kinetic resolution of (rac)-1-phenylethanol.78 Substrate mapping of lipases has been carried out 

for the secondary alcohols and it is shown that the stereoselectivity is higher if there is one small 

and one large substituent on the chiral carbon rather than two substituents of approximately 

equal sizes. This is because the lipases normally consist of two binding pockets for the substrates, 

viz. a large acyl binding hydrophobic pocket and a medium size hydrophilic binding pocket –‘’the 

stereoselectivity pocket’’- for the secondary alcohol moiety. In these stereospecific pockets, the 

smaller substituent of the secondary alcohol can be placed during reaction, while the larger 
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substituent resides in the larger cavity (Figure 5). The spatial orientation of these cavities implies 

that R-secondary alcohols are highly preferred and the docking of an S-secondary alcohol leads to 

significant steric hindrance.79,80 Moreover, the absence of the hydrogen bond between the 

catalytic histidine residue of the triad and the oxygen of the alcohol moiety of the S-enantiomer in 

the enzyme-substrate complex, which is normally present in case of R-enantiomer complex with 

the enzyme, favors high selectivity towards the R-enantiomer.81 Although the origin of the 

enzyme’s ability to discriminate between the enantiomers is the steric difference between the 

enantiomers in their relative transition state, it is not only caused by the enthalpic activation 

energy differences between them but also by the entropic differences.82 The activation entropy is 

influenced by different factors such as changes in the protein itself, the secondary alcohol, the acyl 

chain, and differences in the solvation of the active site.81,83-86 

 

Figure 5. The proposed transition state binding modes of CALB: (A) The preferred enantiomer (B) 

The non-prefered enantiomer.82 

1.5.1.3. CALB in polymer synthesis 

Numerous examples of ring-opening polymerization (ROP) and polycondensation have been 

documented in the literature.87 The exploitation of enzymes in polymer science offer new 

possibilities to further increase the diversity of polymeric materials especially if they are 

combined with other (chemical) polymerization techniques so as to achieve polymer structures 

with unique properties, in particular block copolymers and graft copolymers, which make them 

interesting candidates for specialty applications in nano-structured and biomedical materials.88 

Synthetic strategies for block copolymer synthesis involving enzymes either include enzymatic 

polymerization from functional polymers (macroinitiators) or the enzymatic synthesis of 

macroinitiators followed by another polymerization technique. The former strategy is mainly 

reported for ring opening polymerization of caprolactone or other cyclic esters with chemically 
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obtained hydroxyl-terminated polymers89-91 or for enzymatic polycondensation.92,93 The latter 

strategy employs the end-functionalization of the enzymatic block with an initiator moiety 

capable of selectively initiating the subsequent polymerization technique like e.g. atom transfer 

radical polymerization (ATRP) in a separate reaction step after the enzymatic polymerization94,95 

This strategy may also follow a dual initiator approach where the polymer analogous end-group 

modification is avoided and a bifuntional initiator is used to initiate enzymatic and chemical 

polymerization in tandem.96-100 

1.5.1.4. CALB in the enantioselective polymer modification of synthetic polymers 

Although a lot of research has been conducted to use enzymes to catalyze the synthesis of 

polymers as described in the previous section, there are remarkably few examples of enzymes 

being used to modify synthetic polymers particularly via bond forming reactions. The 

modifications were made mostly on the end groups. The modifications on the main chain and the 

pendant groups are scarce. Some examples are given in Figure 6.  

The first example of the CALB-catalyzed modification of the backbone of a synthetic polymer, 

i.e. polybutadiene, was described by Javie et al., where a selective epoxidation of double bonds in 

the backbone was performed in organic solvents in the presence of hydrogen peroxide and 

catalytic quantities of acetic acid.101 The primary hydroxyl groups of hydroxyl-functionalized 

polyisobutylenes (PIBs) were quantitatively methacrylated by the transesterification of vinyl 

methacrylate in the presence of CALB.102 The asymmetric methacrylation of -hydroxy 

functionalized PIB was achieved in a regioselective fashion leaving the sterically hindered 

hydroxyl group intact.103 Commercially available polydimethylsiloxanes (PDMSs), PDMS-

monocarbinol and PDMS-dicarbinol were also quantitatively functionalized by the 

transesterification of vinyl methacrylate under solventless conditions.103 PEGs with various 

molecular weights and molecular weight distributions were quantitatively (meth)acrylated by the 

CALB-catalyzed transesterification.104 The CALB-catalyzed Michael addition of the -amino 

terminated poly(ethylene glycol) methyl ether to 1,3,5-Triacryloylhexahydro-1,3,5-triazine was 

also shown by the same research group.103  The CALB-catalyzed esterifications of the poly(acrylic 

acid) with different polyols were nearly 100% regioselective meaning that only one of the alcohol 

groups of the polyol reacted with a pendant acrylic acid group, and CALB did not catalyze the 

intermolecular reactions between the pendant free hydroxyl groups of the polyol and the 

carboxylic acid groups of another polyacrylic acid.105 
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Figure 6. Some examples of the CALB-catalyzed modifications on the polymer end groups 104, 

the pendant groups107 and the backbone101. 

Recently, the CALB-catalyzed enantioselective polymer modification was used to develop a 

new chiral enzyme-responsive polymer by Duxbury and coworkers.5 The two enantiomers of 

para-vinylphenylethanol and styrene were copolymerized with compositions ranging from 100% 

R to 100% S alcohol in the side chains. The exposure of the polymers to CALB in the presence of 

vinyl acetate resulted in the selective modification of the pendant (R)-secondary alcohols of the 

chiral copolymer. The glass transition temperature (Tgs) of the polymers after the post-

modification were found to be dependent on the extent of the modification, hence on the action of 

CALB on the polymers. Similarly, a copolymer of styrene and 4-vinylbenzyl alcohol with 10% 

primary hydroxyl functionality was used to graft vinyl acetate.106 Enzymatic transesterification of 

polymers carrying ester side groups with alcohol provided a clear-cut regioselective 

transesterification reaction. Enzymatic modification on the pendant ester groups was found to be 



 
 

1 

 

17 

 

strongly dependent on the distance of the ester moiety from the polymer backbone. For ester 

groups in close proximity to the polymer backbone, no reaction took place. This was in contrast to 

the modification of polyalcohols, where a merely reduced reactivity was reported in comparison 

to the monomeric alcohols. However, a complete absence of the reaction was not observed. 107 

This type of enzymatic functionalization of spacer-dependent regioselectivity has not been 

observed for the corresponding chemical reactions.  

1.6. The scope of the dissertation 

The aim of the work described in this dissertation was to prove a concept for the synthesis of 

a new type of Enzyme Responsive Materials (ERMs), where the extent of the response that the 

ERM produces to the enzyme is determined by the composition of the chiral building blocks in the 

material. To achieve this goal, the requirements, i.e. the synthesis of a library of pure enantiomeric 

forms of polymerizable or clickable building blocks, the synthesis of materials with different 

chirality and a way to monitor the enzyme’s ability to read the incorporated chirality in the 

material have to be fulfilled (Figure 7). 

 

Figure 7. A schematic presentation of the scope of this dissertation. 

Two commercially available enantio-complementary ADHs, that is, (R)-producing 

Lactobacillus (ADH-LB) and (S)-producing Thermoanaerobacter sp. (ADH-T) were employed as 

the catalysts for the biocatalytic reduction of some polymerizable or clickable acetophenone 

derivatives in order to obtain enantiomerically pure building blocks. The effect of the substituents 

at the para-position of these acetophenone derivatives on the reductions was investigated and 

described in Chapter 2. The roles of the solubility of the substrate in the reaction medium, the size 
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of the substrate, the electronic character of the substituent at the para-position of the 

acetophenone derivatives and the electronic charge distributions over the whole molecule were 

discussed to explain the results obtained. 

In Chapter 3, chiral homo and copolymers were synthesized via RAFT-mediated radical 

polymerization. The CALB-catalyzed esterification of these polymers in the presence of vinyl 

acetate was investigated in detail by changing the reaction parameters, and the results were 

compared to those of the model compounds. The effect of molecular weight and possible effects of 

dilution with “neutral” monomers like styrene on the enantioselective post-modification was 

discussed. Then the mixture of the homopolymers with opposite chirality was exposed to CALB in 

order to investigate if the (R)-selectivity of CALB is retained in the polymeric mixtures.  

In Chapter 4, block polymers which have two blocks differing only in chirality were prepared 

via RAFT-mediated radical polymerization. The ability of CALB to distinguish between these two 

blocks was investigated.  

In Chapter 5, star-shaped poly butylacrylates were prepared via ATRP. The chain ends were 

substituted with the azide groups in order to insert clickable enantiopure substrates. CALB 

recognition of (R)-chain ends is given as preliminary results for the second part of this chapter, 

where an azide functional dendrimer was functionalized by using different ratios of the clickable 

enantiomers in the CuAAC reaction. This resulted in the formation of five chiral denrimers which 

differ only in the composition of chiral groups at the periphery. The recognition of this difference 

by CALB was shown.  

In Chapter 6, the CALB-catalyzed esterification of some selected chiral polymers was 

conducted in the presence of vinyl methacrylate to insert pendant double bonds to the polymers. 

These double bonds were utilized for further functionalization via phosphine-catalyzed Michael 

addition with thiol end functional polyethylene glycol to obtain graft polymers. 
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ALCOHOL DEHYDROGENASE-

CATALYZED REDUCTIONS OF THE 

AROMATIC KETONES   

 
 
 
 
 
 
  2 

To obtain a library of chiral building blocks, the reduction of several derivatives of acetophenone 

was investigated employing Alcohol Dehydrogenase (ADH) from Lactobacillus brevis (LB) and 

Thermoanaerobacter sp. (T). Ketones with non-demanding (neutral) para-substituents were 

reduced to enantiomerically pure secondary alcohols by these enzymes whereas those with 

demanding (ionizable) substituents could not be reduced. The effect of substrate size, the 

substrate solubility in the reaction medium, the presence of electron donating and withdrawing 

groups on the ligand and also the electronic charge density distribution on the substrate 

molecules are discussed in detail. The results suggest that the electronic charge distribution in the 

substrate molecules influences the orientation of the substrate in the active site of the enzyme and 

hence the ability of the enzyme to reduce the substrate.   
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2.1. Introduction 

Enantiopure alcohols are valuable intermediates and have found important applications in the 

synthesis of pharmaceuticals and other fine chemicals.1-10  The asymmetric reduction of prochiral 

ketones is one of the straightforward approaches used to access enantiomerically pure alcohols. 

In this regard, a variety of chiral metal complexes have been developed as catalysts for 

asymmetric ketone reductions.11-16 These methods predominantly use toxic metals and expensive 

metal hydrides, which require special reaction conditions.  In the search for alternatives, several 

biocatalytic methods for stereoselective reduction of ketones have been developed17-19, which 

hold a great potential with respect to environmental compatibility and catalytic efficiency.   

Dehydrogenases are non-heme redox enzymes which catalyze hydrogen-transfer reactions in 

the presence of a coenzyme as hydrogen donor or acceptor.  A number of different 

dehydrogenases (isolated from different sources) have been utilized for the asymmetric reduction 

of carbonyl functionalities. Stereoselective reduction of ketones using alcohol dehydrogenases 

(ADHs) has become an important method for industrial preparation of optically pure alcohols.20-24  

Unfortunately, most of the biocatalytically applicable ADHs show a rather narrow substrate 

pattern: preferentially ketones which bear small, non-ionizable, non polar, non-demanding 

substituent functional groups have been reduced successfully.25 To the best of our knowledge, the 

available literature on the ADH reductions does not satisfactorily disclose the effect of different 

functional groups on the biocatalytic reduction. However, correlating substrate profiles of the 

ADHs with their sequential and structural information would provide valuable insight into the  

understanding of how these enzymes control activity and enantioselectivity, which will eventually 

help in the development of suitable enzymatic reduction strategies for substituted ketones. 

In this chapter, ADH enzymes from Lactobacillus brevis (R selective) (ADH-LB) and 

Thermoanaerobacter sp. (S selective) (ADH-T) were employed for enantioselective reduction of 

acetophenone derivatives. For the goal to create a library of enantiopure monomers for 

macromolecules with defined chirality, it was important to know the substrate specificity of these 

ADH enzymes. Therefore a series of acetophenone derivatives with different demanding 

substituent functional groups were synthesized.  These aromatic ketones were exposed to ADH-

LB and ADH-T, and the effect of different parameters such as substrate size, reaction medium 

(mono/biphasic), electron donating and withdrawing properties of the functional groups at the 

para-position of the phenyl ring on the reduction was studied in detail to understand the possible 

reasons for the failure or the success of the reduction. In addition, the electronic charge density 
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distributions on the substrate molecules have been mapped and correlated to the results 

obtained. 

2.2. Results and Discussion  

Figure 1 shows the library of the functional ketones employed in the systematic study of ADH 

reductions. I, III, VIII, IX, X, XI, XII, XIII were commercially available. II was prepared by as 

described previously.26 IV was synthesized by simple methacrylation of 4-amino acetophenone 

using methacryloyl chloride in presence of triethylamine as a base at room temperature in 

anhydrous dichloromethane. VI was prepared by the modification of 4-hydroxy acetophenone 

with mono-chlorodiethyleneglycol in presence of a base and subsequent treatment with 

methacryloyl chloride in presence of an organic base yielded V.  Ketone VII was prepared by 

Huisgen 1,3-dipolar cycloaddition reaction between 4-ethynyl acetophenone and the organic 

azide prepared by the azidation of glycidyl methacrylate.  Reaction schemes for the synthesis are 

depicted in the experimental section of this chapter. 

The major factors influencing the reduction according to the literature27 are the pH of the 

medium, the temperature of the reaction, the size of the substrate and their solubility in the 

reaction medium.  The effect of pH and reaction temperature on the enzymatic reduction of ADH-

LB and ADH-T has already been studied extensively.28,29 In the literature it is reported that 

although the activity of these enzymes increases with increasing temperature the half-life of the 

enzyme decreases steadily.  Hence, an optimum temperature of 37 C was chosen for the reaction. 

All reactions were carried out at pH 7.4. Initially, all of the ketones were subjected to ADH-LB and 

ADH-T in presence of NADPH as cofactor at 37 C in PBS buffer (pH 7.4)/isopropyl alcohol (4/1 

v/v) solution. A series of samples were withdrawn from the reaction mixture at different time 

intervals, worked up, dried, concentrated and dissolved in appropriate solvents for the respective 

analyses (THF for GC measurements and CDCl3 for 1H-NMR analysis). 



 Alcohol dehydrogenase-catalyzed reduction of the aromatic ketones 

 

26 

 

 

Figure 1. Various para-substituted acetophenone derivatives employed in the reduction by ADH-

LB and ADH-T. 

Reduction of acetophenone (I) under these conditions (Method A) took 5 days for achieving 87 – 

90% conversion.  Even further continuation of the reaction and addition of fresh enzyme or 

NADPH did not increase the percentage of conversion.  Substitution of para-hydrogen in I by a 

more hydrophobic vinyl group in 4-vinyl acetophenone (II) resulted in a higher reaction rate and 

conversion, as the reaction completed in 2-3 days with 95-97% conversion yielding enantiopure 

alcohols (Table 1). The enantiopurity of the resulting chiral alcohols was excellent (ee >99% by 

chiral GC, Figure 2) and the unwanted enantiomer was not detectable in either reaction. 1H-NMR 

of 4-vinyl acetophenone (II) before and after reduction is shown in Figure 3 as an example. As the 

reaction proceeds, there is a disappearance of the methyl peak of the ketone at 2.6 ppm and the 

appearance of two new sets of peaks, namely a quartet at 4.9 ppm for the methylene proton and a 

doublet at 1.5 ppm for the methyl proton of the secondary alcohol.  Also an upfield shift of 

aromatic and vinyl protons was observed. The reaction was also monitored with FT-IR spectra 

showed the presence of an alcoholic –OH band at 3353 cm-1 and the disappearance of the 

characteristic ketone C=O peak at 1674 cm-1. Similar results were obtained for I, III and XI (with 

slightly lower extent of reduction) as well, while the reduction of XII resulted in much lower 

yields (the resulting alcohol product was not isolated) (Table 1). 
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Figure 2. Enzymatic reduction of II (top) and the corresponding chromatograms obtained from 

chiral GC of the resulting (R)- and (S)- monomers (solid line and dotted line, respectively) 

(bottom). 

 

Figure 3. 1H-NMR of II (bottom) and the corresponding chiral alcohol obtained by ADH-LB-

catalyzed reduction of II (top). 
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XIII could be reduced to some extent by modifying the reaction conditions (section 2.2.2). 

However, ketones from IV to X could not be reduced at all under these conditions, not even after 1 

week of continuous reaction (the results are not shown in Table 1).  An increase in reaction 

temperature to 42 C did not improve the reaction. Although all substrates are from the same 

family of acetophenone derivatives and only differ in para-substituent functional group, the 

results on enzymatic reductions were completely contradictory.  This prompted us to study the 

effect of different parameters on the enzymatic reduction of acetophenone derivatives in detail. 

The other parameters, which might influence the reaction, are the size of the substrate and their 

solubility in the reaction medium.  Complete insolubility of the substrate in the reaction medium 

or substrates being bigger than the cavity of enzyme will prevent reduction. In addition, the 

electron withdrawing/donating nature of the functional groups at the para-position of the phenyl 

ring and the charge distribution over the whole substrate might have an influence on the ADH-

catalyzed reduction of these acetophenone derivatives. These parameters are tabulated in Table 1 

and will be discussed in the following sections.   
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Table 1. Properties of acetophenone derivatives with different para-substituent (I-XIII) and the 

enzymatic reductions of I-XIII by ADT-LB and ADH-T‡. 

E(a) Method(b),(c) Ketone Molecular 
size  

(Å3)(d) 

Conversion  
(%)  

(1H-NMR) 

Solubility 
in reaction 
medium(f) 

Property of 
para-

substituent 

[a]D 
(°)(g) 

ee 
(%)(h) 

A
D

H
-L

B
 

A I 138.14 99 +/- None +55.1 100.0 

A VIII 144.07 0 
 

Strongly ED - - 

A X 147.07 0 
 

Strongly ED - - 

A XI 165.22 89 
 

Strongly ED +51.0 99.0 

A III 165.84 99 +/- EWD +47.5 100.0 

A II 168.15 97 +/- EWD +52.7 100.0 

A IX 187.49 0 
 

EWD - - 

B XII 210.23 26 (e) +/- Mildly ED - - 

A IV 219.59 0 
 

EWD - - 

B XIII 219.78 15(e) -- EWD - - 

A VI 234.78 0 +/- EWD - - 

A VII 306.78 0 
 

Mildly ED - - 

A V 309.64 0 ++ Mildly ED - - 

A
D

H
-T

 

A I 
 

94.9 
  

-52.8 100.0 

A II 
 

97.5 
  

-58.3 100.0 

A III 
 

100 
  

-53.4 100.0 

A XI 
 

82 
  

-56.6 100.0 
(a) E stands for enzyme. (b) Method A: Consists of 20% (v/v) solution of 2-propanol in 50 mM PBS Buffer (pH 7.0). (c) Method B: 

Consists of 50/50 (v/v) mixture of an organic solvent (ethylacetate or dichloromethane or diisopropylether) and 20% 

solution of 2-propanol in 50 mM PBS Buffer (pH 7.0)) (d)The sizes of the ketones were calculated by SPARTAN program after 

minimization of energy of the structure. (e) Sparingly soluble =+/-, soluble=++, insouble=-- (f) The product was not isolated. (g) 

Measured at Na-line at 25 C (for the solvents employed in the measurement, see the experimental section). (h) Calculated by 

chiral GC.  

2.2.1. Effect of the substrate size 

It is well known that all enzymatic reactions are performed through interaction of the active 

site of the enzyme with the ligands or substrate molecules.  These active sites are normally buried 

inside the enzyme and are only accessible through a small channel called cavity.  The size and 

shape of these cavities play a crucial role in the binding specificity.30  For the ketone to be reduced 

it must first reach the active site through the cavity and then the carbonyl group of the ketone 

should bind to the active site of the ADH through a ternary-complex with the co-substrate NADPH.  

                                                                            

‡ For simplicity, the results obtained by ADH-T were presented only if there was any reduction. 
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Hence, the size of the ketone is a very important factor in the enzymatic reduction.31 However, 

proteins are not rigid but are in a dynamic flexible state and ligand binding causes variation in the 

protein binding cavity volume (PCV).32 Binding of the ligand to a protein may cause 

conformational changes that align the residues involved in binding in their correct orientation 

and hence changes in cavity volume.33,34 The size of the substrate does influence the binding 

specificity and hence the enantioselectivity or stereospecificity.35 The ADH-LB has a large 

hydrophobic cavity, next to the nicotinamide ring of the co-factor, leading to the active site.  The 

volume of the cavity has been determined to be ~310 Å3 using Q-SiteFinder36 and pocket-finder37.  

The binding site for the substrate form ADH-LB is reported to be formed by the nicotinamide 

moiety of NAD(P) and a hydrophobic patch on the enzyme surface.38 The phenyl ring of the 

substrate interacts with the hydrophobic side-chains (Ala93, Leu152, Val195, Leu198 and 

Met205) and with the aromatic ring of Tyr189, while its carbonyl group forms a hydrogen bond 

with the terminal hydroxyl group of Tyr155, which is the most conserved residue of the whole 

short-chain dehydrogenase/reductase (SDR) superfamily and the established catalytic base of the 

oxidative reaction direction.38 Upon ternary complex formation in the crystalline state, the methyl 

group of the substrate is covered by the surrounding side chains (Leu152, Glu144, Tyr155, and 

Tyr189) and NADP, and there is little space for a larger group which is in line with the 

enantiospecificity of the enzyme. In contrast to the methyl group, the phenyl ring is not 

completely covered in this state and points towards to solvent. The introduction of a chloro 

substituent at the ortho-position of the phenyl ring, i.e. hydrophobic region, resulted in a dramatic 

decrease in the activity of the enzyme.38,39 

The molecular size of all the ketones investigated, in the present study, is less than ~310.0 Å3 

as calculated by the SPARTAN program40 after applying the Hartee-Fock model of density 

functional theory and minimization of energy.  The active cavity therefore has sufficient space to 

accommodate all ketone substrates investigated in this study. However, ketones I to III with 

molecular size ranging between ~ 140.0 Å3 – 170.0 Å3 were successfully reduced by ADH-LB as 

well as by ADH-T, whereas ketones VIII & X although smaller than 150.0 Å3 were not reduced 

(Table 1). Also, ketones XII and XIII with molecular sizes higher than 200 Å3 were reduced to 

some extent.  From these results presented in Table 1, it seems that though we cannot completely 

rule out the effect of size, the enzymatic reduction of ketones did not show a direct correlation to 

the size of the ketone substrate, at least for the substrates investigated in this study.  In addition, 

these results suggest that not only the size but also the nature of the substrate might influence the 

reaction.   
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2.2.2. Effect of the substrate solubility 

The other important criterion that has significant influence on the reaction is the solubility of 

the substrate ketones.  Practically the enzymatic reactions are generally carried out in a buffer 

solution to maintain the optimal conditions considering enzyme stability.  However, the majority 

of ketones of interest is highly hydrophobic, and thus possesses low solubility in aqueous media 

leading to low substrate concentrations ranging from <5 to 10 mM.  One of the traditional 

methods used to overcome this drawback is the usage of two phase systems in which a co-solvent 

is added to raise the substrate solubility in the reaction mixture.41-47 This co-solvent can either be 

water-miscible48-51 resulting in a one-phase system or it can be water-immiscible41,42,52 leading to 

an aqueous-organic two-phase system. Table 1 summarizes the effect of solubility of different 

ketones used in the present study on the enzymatic reduction. From the results it is observed that 

there is no specific trend of the reduction with solubility. Ketones I, II and III, though sparingly 

soluble in the buffer medium, are quantitatively reduced whereas V though soluble (and VI 

sparingly soluble) in the medium remain unreduced.  However, XIII, which is a solid and insoluble 

in the medium, is reduced to an appreciable amount using the two-phase system with 

ethylacetate.  In case of other ketones, we did not observe any change in results by changing the 

reaction conditions to a two-phase system with an organic solvent.  This indicates that solubility 

is also not the criterion which is influencing the reaction as the use of a suitable two-phase solvent 

system would aid the reaction in case the substrate is insoluble in the reaction medium.  For XII 

and XIII the reaction stopped at conversions of 26 and 15%, respectively and further addition of 

NADPH or enzyme did not increase conversion.   

2.2.3. Effect of electron withdrawing or electron donating property of the substituent 

Enzymes utilize electrostatic interactions, hydrophobic interactions, hydrogen bonds and 

repulsive steric interactions for discrimination of two enantiomers. In case of asymmetric 

chemical catalysis, chiral ligands are generally employed as ‘enzymes’ to discriminate two 

prochiral faces by repulsive steric interactions or in some cases by attractive interactions such as 

CH/π interaction between the aryl of the substrate and the arene in the catalyst. The calculation of 

electrostatic potential-based atomic charges of the substituted acetophenones showed that 

electrostatic interactions as well as inherent solvation effects and dispersion interactions are 

important for the rate of the reduction of the ketone moiety and the enantioselectivity of the 

catalytic system.53 However, asymmetric reductions of various ortho-, meta- and para-substituted 

acetophenones by chiral metal complexes, such as diphosphane/diamine-ruthenium complexes, 

showed that the electronic effects of the substitutents on the extent of the reduction were 
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relatively small and the reduction could tolerate many ring subtituents such as -F, -Cl, -Br, -OCH3,  

-NO2, -NH2 and -NHCOCH3. In addition, the steric hindrance caused by the bulky ortho-

substituents was not significant.13 Similarly Alonso at al. showed that ruthenium-catalyzed 

asymmetric reduction of various acetophenone derivatives resulted in high conversions (≥90%) 

and enantiomeric excess (ee), irrespective of the position and the type of the substituent except 

two outliners, i.e. -NH2 and -NO2.54 The introduction of electron withdrawing groups such as –Br 

or –CF3 in the para-position of the aryl ketone generally resulted in higher reaction rates but 

slightly lower enantioselectivity while electron donating substituents such as -CH3 and -OCH3 on 

the aromatic ring generally decreased the conversions (to 88 and 66%, respectively). However, in 

case of NH2-substituted acetophenone, for example, para- and ortho- substitution resulted in very 

low conversions (<10%) while meta-substitution led to quantitative reduction.  

In biocatalytic reduction of acetophenone derivatives, the effect of the substituents on the 

extent of the reduction was more pronounced. Gröger et al. showed that para-substituted 

acetophenone derivatives such as para-Cl, para-Br, para-CH3 or para-OCH3 exhibited satisfactory 

to excellent activities compared to acetopheone while para-OH and para-NH2 showed very low 

reactivity (19 and 17% of that of acetophenone respectively).55 They proposed that electronic 

properties of the substituent rather than its steric effects determine the suitability of a substrate 

to be reduced. In a recent study on effects of para-substituted acetophenones on the catalytic 

activity of 3 -hydroxysteroid dehydrogenase (3 -HSD) from rat liver (Rattus norvegicus) Uwai et 

al. showed that the electron donating/withdrawing property of a para-substituent group 

influences the rate of reduction.56 The introduction of an electron withdrawing group increases 

the rate of reduction whereas an electron donating reduces it similar to the ruthenium-catalyzed 

asymmetric reductions described above. This is further supported by a study on the reduction of 

substituted acetophenones by a carbonyl reductase from Candida magnolia by Zhu et al.57  

In this study, ketones II & III with non-ionizable hydrophobic and mild electron-withdrawing 

para-substituents could be reduced quantitatively to their corresponding alcohols by both ADH 

enzymes as well as XIII (to a lesser extent). At first sight it appeared that substitution of an 

electron donating group at the para-position of acetophenone (V, VI, X) greatly hindered the 

reduction of the ketone to an extent of zero reduction. However, ketones XI and XII, although 

containing strongly electron donating functional groups, were successfully reduced. These results 

show that the electronic nature of the substituent group at the para-position of acetophenone 

greatly affects the catalytic activity of ADHs from Lactobacillus brevis and Thermoanaerobacter sp 

and hence plays an important role in the reduction of the ketone. However, there was no trend 
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observed between the electron withdrawing/donating character of the para-substituent and the 

extent of the reaction of ADH-LB and –T catalyzed reductions of acetophenone derivatives. 

Similarly no general trend was observed for the effect of substituents at the phenyl ring on the 

activity of carbonyl reductase from Sporobolomyces salmonicolor while the position of the 

substituent was found to exert the effect on the activity in the increasing order of para- < meta- < 

ortho- for -Cl and -CH3 groups.58  

Noteworthy is that, although the position of the substituent was found to exert an effect on the 

activity of the enzymes employed, the absence of any activity was not observed in any 

aforementioned examples from literature. However, in the work described here, this was the case 

for some tested substrates.   

In another work, Zhu et al. also showed that substituting an electron-withdrawing group at 

the -position to the ketone instead of substituting at the para-substitution increased the relative 

activitiy of the alcohol dehydrogenase from the hyperthermophilic archaeon Pyrococcus furiosus 

by 10 times.59  Thus, a higher electronic charge density far away from the carbonyl group of the 

ketone may be playing a critical role in the reduction of the substrates. This will be discussed in 

the next section. 

2.2.4. Effect of electronic charge distribution 

If we carefully analyze the results and compare them with the nature of the para-substituent 

groups of the substrate ketones, the ketones with a neutral functional group at the para-position 

were reduced successfully while reduction of ketones with ionically demanding functional groups 

was unsuccessful.  These observations suggest that there is indeed a strong electronic effect of the 

nature of the para-substituent on the catalytic activity of alcohol dehydrogenases from 

Lactobacillus brevis and Thermoanaerobacter sp but not through the electron withdrawing or 

donating properties. 

Tidor et al.60,61 observed that the electrostatic interactions between ligand and biomolecules 

play an important role in determining binding affinities and specificities. The electrostatic 

interaction between the receptor protein and a ligand was described as a screened Coulombic 

interaction between two charges separated by an effective distance.62 Therefore, the electrostatic 

interaction between the ligand and protein hugely depends on the charge density which is simply 

the electron charge distribution on the ligand. Careful observation of the structure of the 

acetophenone derivatives (I to XIII) and their results suggests that a higher electronic charge 
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density far away from the carbonyl group of acetophenone may be playing a critical role in the 

reduction of the substrates. Therefore the direct information about the electronic charge 

distribution of the ligand molecule should provide complete insight into its interaction with the 

enzyme. The electrostatic potential map, an overlaying of a quantity called the electrostatic 

potential (energy of interaction of a point positive charge with the nuclei and electrons of a 

molecule, depends on the location of the point positive charge) onto the electron density, is 

valuable for describing overall molecular charge distribution.40 Another important parameter 

which provides valuable information on the molecular charge distribution is the local ionization 

potential map which is an overlaying of the energy of electron removal (“ionization”) onto the 

electron density. 

 The electrostatic potential and local ionization potential surfaces for the acetophenone 

derivatives in the present study have been determined using the SPARTAN program.40 The 

electrostatic density potential map is a direct representation of the distribution of the electron 

charge density throughout the molecule and the local ionization density surface is similarly a 

measure of the charge distribution at any location around the molecule.  The red color depicts 

regions of the most negative electrostatic potential, while the blue color depicts the regions of the 

most positive electrostatic potential.  Intermediate colors represent intermediate values: red < 

orange <yellow < green < blue. 

The Figures 4A and 4B show the electrostatic density potential (in kJ/mol at the default 

isovalue 0.002 electron/Bohr3) and local ionization density (in kJ/mol at the default isovalue 20.0 

electron/Bohr3) maps for ketones III and XI which were reduced easily by the ADH-LB and ADH-T 

enzymes under study.  From the figures it is observed that there is a high electron density (low 

ionization potential energy = red color) around the carbonyl group of the ketones. 
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Figure 4. Calculated electrostatic density potential (a) and local ionization density (b) surfaces 

showing the electron charge distribution on the molecule for Ketone III (A) and Ketone XI (B).§ 

 

 

Figure 5. Calculated electrostatic density potential (a) and local ionization density (b) surfaces 

showing the electron charge distribution on the molecule for Ketone IV (A) and Ketone VI (B) 

                                                                            

§ The electrostatic density potential and local ionization density surface of the substrates discussed in this 

chapter were calculated by Hemantkumar Naik. 

a) a)

b) b)

A) Ketone III B) Ketone XI

a) a)

b) b)

A) Ketone IV: B) Ketone VI:
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Figures 5A and 5B show the electrostatic density potential and local ionization density maps 

of ketones IV and VI, which remain unreduced by the enzymes applied in this study. In contrast to 

Figures 4A & 4B, it is observed that the electron density is situated at the para–position, far away 

from the carbonyl group of the ketone. Similar observations were noticed for the rest of the 

ketones (Table 2).   

In case of ketone IV the local ionization density map (Figure 5A(b)) gives valuable information 

on the electron charge distribution though the density potential map (Figure 5A (a)) does not 

show clear information.  The same is true for ketone XI. In this case, the density potential map 

(Figure 4B (a)) provides complete information about the charge distribution over the molecule 

though the local ionization density map (Figure 4B (b)) does not show clear information.  

Therefore the electrostatic density potential and the local ionization density maps together 

provide better information on the electronic charge distribution on a molecule.    

These observations strongly suggest that the electron charge density might be playing an 

important role in the enzymatic reduction of ketones.  With this information we hypothesize that 

the molecule may be entering the cavity of the enzyme with the part of the molecule having the 

highest electron charge density facing the active site of the enzyme.  In case of ketones I, II, III and 

XI, the carbonyl group has the highest electron density. This allows the carbonyl group of the 

ketone to bind to the active site (productive binding) and get reduced.  However, in case of 

ketones IV, V and VI it is the para-substituent group with the highest electron density which is 

facing the active site while the molecule is entering the cavity of the enzyme.  This results in an 

‘unproductive binding’ of the substrate, which is inhibitory to the enzyme and hence these 

ketones cannot be reduced.   
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Table 2. Calculated electrostatic density potential and local ionization density surfaces showing 

the electron charge distribution on the molecule for Ketone II, IV, VII, VIII, IX, X, XII, XIII. 

Ketone Electrostatic density potential map(a) Local ionization density map(b) 

II 

  

V 

  

VII 

  

VIII 

  

IX 

  

X 

  

XII 

  

XIII 

  
(a) in kJ/mol at the default isovalue 0.002 electron/Bohr3 (b) in kJ/mol at the default isovalue 20.0 electron/Bohr3  
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2.3. Conclusions   

From the analysis of the various factors like solubility, electronic effects and molecular size 

that could possibly explain substrate acceptance by the alcohol dehydrogenase enzymes from 

Lactobacillus brevis and Thermoanaerobacter sp. it became more evident that non-polar para- 

substituents are favored over polar or ionizable para-substituents.  With these results we 

conclude that there is an effect of the nature of the substituent group on the reduction of aromatic 

ketones using alcohol dehydrogenases from Lactobacillus brevis and Thermoanaerobacter sp, 

which were enantio-complimentary ketoreductases giving (R-) and (S-) enantiomers of the same 

ketone, making them useful in the synthesis of enantiopure alcohol intermediates.  The binding of 

substrates to the specificity pocket of an enzyme involves a combination of chemical forces 

including hydrogen bonds and electrostatic, hydrophobic, and steric interactions.  Shape and 

charge complementarity between enzyme and substrate have been proposed as keys to enzyme 

function.  The difference in any of these complementarities influences the binding.  In the present 

study, we observed that there is a charge complementarity difference between enzyme and 

reactive group of some of the substrates induced by their electronic charge distribution.  Thus, the 

electronic charge distribution in the molecules might be influencing the orientation of the 

substrate in the active site of the enzyme and hence the ability to reduce the substrate. We believe 

that the substrate shows a unique, productive binding orientation which facilitates the enzyme 

only if the highest electron density is on the carbonyl group of the molecule. In this way, the 

resulting orientation of the substrate in the cavity allows the carbonyl group of the ketone to bind 

to the active site of the enzyme and get reduced. 
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2.4. Experimental part 

Materials Commercial reagents were used as received. Solvents for reactions (THF, 

diethylether, benzene, toluene and dichloromethane) were filtered over columns of dried alumina 

under a positive pressure of argon. Solvents for extractions and flash column chromatography 

were of technical grade and were distilled prior to use. Acetophenone (I), 4-ethynylacetophenone 

(III), N-(4-acetylphenyl)acetamide (IX) and 4-hydroxy acetophenone (VIII) were purchased from 

Acros. 4-aminoacetophenone (X), 1-(4-methoxyphenyl)ethanone (XI), 1-(4-tert-

butylphenyl)ethanone (XII), 1-(biphenyl-4-yl)ethanone (XIII), 2-chloroethyl benzene, sodium 

azide (NaN3), glycidylmethacrylate (GMA), N,N,N’,N’’,N’’-pentamethyldiethylenetriamine 

(PMDETA), aluminum oxide (Al2O3), aluminum chloride (AlCl3), acetyl chloride, (2-chloroethyl) 

benzene,  copper (I) bromide (Cu(I)Br), cesium carbonate (CsCO3), triethylamine (TEA), 

hydrochloric acid (HCl), potassium hydroxide pellets (KOH) and NaHCO3 were purchased from 

Aldrich whilst ammonium chloride (NH4Cl), methacryloyl chloride and 

monochlorodiethyleneglycol were obtained from Fluka, and all used as received.  N-(4-

acetylphenyl)methacrylamide (IV), 1-(4-(2-(2-hydroethoxy)ethoxy)phenyl)ethanone (V), 2-(2-(4-

acetylphnoxy)ethoxy)ethyl methacrylate (VI) and 5-(4-(4-acetylphenyl)-1H-1,2,3-triazol-1-yl)-4-

hydroxy-2-methylpent-1-en-3-one (VII), were synthesized in our lab.  NADPH and alcohol 

dehydrogenase from Lactobacillus brevis (4100 U/mL) (ADH-LB) and Thermoanaerobacter sp. 

(331 U/mL) (ADH-T) were purchased from Julich Chiral Solutions GmbH, a Codexis company, 

Germany.  All the solvents are obtained from Biosolve. 

Computational details The SPARTAN 06 program40, running on Workstation Intel® CoreTM2 

Quad CPU Q9550 2.66 GHz processor with 4GB RAM under Windows XP operating system, was 

used to carry out Hartree-Fock (HF) and Density Functional Theory (DFT-B3LYP) ab initio 

calculations.  The geometries were fully optimized at the DFT B3LYP level of theory with a 6-

311G* basis set and using ab-initio HF method with a 6-311G* basis set.  Electrostatic density 

potential and local ionization density surfaces were calculated at both HF/6-31G* and 

DFT/B3LYP/6-31G* levels.  The electrostatic density potential surfaces are represented in kJ/mol 

at default isovalue 0.002 electron/Bohrs. 

Synthesis of substrates 

 1-(4-vinylphenyl)ethanone (II): AlCl3 (34.1 g = 0.26 mol) and anhydrous dichloromethane 

(150 mL) were placed in a three neck round bottom flask which was charged with a condenser 

and dropping funnel. Acetyl chloride (20.1 g = 0.26 mol) was added dropwise to this mixture at 
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0˚C. Then a solution of 2-chloroethyl benzene (30 g = 0.21 mol) in anhydrous dichloromethane 

(150 ml) was added slowly to this mixture. The reaction mixture was allowed to stir overnight. 

The reaction mixture was poured into a mixture of ice and HCl. The organic layer was washed 

with water, NaHCO3 and brine, and dried over sodium sulfate and concentrated to get a brown 

liquid (34 g = 0.18 mol = 88.6% yield).  The dark brown crude product (21 g = 0.11 mol) was 

dissolved in MeOH (50 ml) was added dropwise to a solution of KOH (15.4 g = 0.28 mol) in MeOH 

(150 ml) at 0˚C. The reaction mixture stirred at room temperature overnight. The mixture was 

filtered off and poured into an ice/water mixture and then extracted with diethyl ether. The 

organic layer was washed with brine and dried over sodium sulfate, and concentrated to get a 

yellowish liquid (15 g = 0.1 mol = 90.9% yield) (see Scheme 1). Formula: C10H10O; 1H NMR (400 

MHz, CDCl3 ): (ppm) 2.59 (s, 3H), 5.40 (d, J = 10.88 Hz, 1H), 5.87 (d, J = 17.60 Hz, 1H), 6.76 (dd, J 

= 17.60, 10.89 Hz, 1H), 7.48 (d, J = 8.57, 2H), 7.92 (d, J = 8.36, 2H) 

 

Scheme 1. Synthesis of 1-(4-vinylphenyl)ethanone (II); a) acetyl chloride, anhydrous 

dichloromethane, RT, 24h; b) KOH, MeOH, RT. 

N-(4-acetylphenyl)methacrylamide (IV): A solution of 4-amino acetophenone (5.0 g = 37 

mmol) dissolved in anhydrous THF (75 mL) was treated with triethylamine (4.49 g = 6.22 mL = 

44 mmol) followed by drop-wise addition of a solution of methacryloyl chloride (4.25 g = 3.98 mL 

= 41 mmol) in 25 mL of anhydrous THF in an Argon atmosphere at 0 C.  The reaction mixture was 

allowed to stir for 1 hour at 0 C and then 12 hours at room temperature before it was quenched 

by adding 20% NaHCO3 solution at 0 C and extracted with ethyl acetate.  The organic layer was 

washed with 2M HCl, water, and brine, dried over sodium sulfate and concentrated to get a 

yellowish solid. The crude product was re-crystallized in petroleum ether (7.39 g = 36.37 mmol = 

98.2% yield) (See Scheme 2). Formula: C12H13NO2; 1H NMR (400 MHz, CDCl3 ): (ppm) 2.06 (s, 

3H), 2.57 (s, 3H), 5.51 (d, J = 1.48 Hz, 1H), 5.82 (s, 1H), 7.69 (d, J = 8.72, 1H), 7.93 (d, J = 8.70, 2H), 

7.89 (s, 2H); 13C NMR (CDCl3):  (ppm) 18.68, 26.41, 119.36, 120.62, 129.59, 137.72, 140.52, 

142.56, 167.10, 197.22; FTIR (neat) cm-1 : 3351, 3328, 1671, 1627, 1516, 1273, 832; LC-MS (m/z 

(%)) : 204.2 (4) 
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Scheme 2. Modification of the amino group of 4-aminoacetophenone yielding N-(4-

acetylphenyl)methacrylamide (IV); a) CH2=C(CH3)COCl, N(C2H5)3, dichloromethane, room 

temperature. 

1-(4-(2-(2-hydroxyethoxy)ethoxy)phenyl)ethanone (V): A solution of 4-hydroxy 

acetophenone (20 g, 146.9 mmol) and mono-chlorodiethyleneglycol (21 g, 168.6) in 200 mL of 

N,N-dimethylformamide (DMF) was refluxed with CsCO3 (82 g, 251.7 mmol) in an argon 

atmosphere for 15 h. The reaction mixture was then treated with excess of water and extracted in 

ethyl acetate. The organic layer was washed with water, brine, dried over sodium sulfate and 

concentrated to obtain V (29.52 g = 131.78 mmol = 89.7% yield) (See Scheme 3). Formula: 

C12H16O4; 1H-NMR (CDCl3):  (ppm) 2.53 (s, 3H), 3.65 (t, J=4.79, 4.19 Hz, 2H), 3.75 (m, 2H), 3.80 (t, 

J=4.80, 4.51 Hz, 2H), 4.17 (t, J=4.57, 4.77 Hz, 2H), 6.92 (d, J=8.75 Hz, 2 H), 7.90 (d, J=8.71 Hz, 2H); 

13C NMR (CDCl3):  (ppm) 26.24, 61.52, 67.50, 69.28, 72.71, 114.16, 130.51, 162.55, 196.86; FTIR 

(neat) cm-1: 3430, 2927, 2874, 1671, 1598, 1575, 1508, 1454, 1419, 1358, 1307, 1252, 1172, 

1127, 1050, 957, 927, 886, 834, 732; GC-MS (m/z (%)) : 224.2 (6) 

2-(2-(4-acetylphenoxy)ethoxy)ethyl methacrylate (VI): V was dissolved in anhydrous 

dichloromethane (200 mL) and treated with triethylamine (158.14 mmol) followed by slow 

addition of a solution of methacryloyl chloride (131.78 mmol) in 50 mL of anhydrous 

dichloromethane in an argon atmosphere at 0 C. The reaction mixture was allowed to stir for 1 

hour at 0 C and then 12 hours at room temperature before it was quenched by adding 10% NaOH 

solution at 0 C and extracting with ethyl acetate. The organic layer was washed with 2M HCl, 

water, and brine, dried over sodium sulfate and concentrated to get a light yellow oil.  The crude 

oil was purified by column chromatography (hexane: ethyl acetate: 90:10) to get pure VI (32.43 g 

= 111.02 mmol = 84.25% yield) (See Scheme 3). Formula: C16H20O5; 1H-NMR (CDCl3): (ppm) 

2.06 (s, 3H), 2.68 (s, 3H), 3.95 (t, J = 4.81, 2H), 4.01 (t, J=4.70, 2H), 4.32 (t, J=4.71, 2H), 4.46 (t, J = 

4.81, 2H), 5.69 (d, J = 1.33, 1H), 6.25 (d, J = 1.33, 1H), 7.07 (d, J = 8.73, 2H), 8.05 (d, J = 8.72, 2H); 

13C NMR (CDCl3):  (ppm) 18.20, 26.23, 63.65, 67.54, 69.26, 69.37, 114.18, 125.70, 130.37, 130.45, 
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136.00, 162.58, 167.16, 196.56; FTIR (neat) cm-1: 2926, 2874, 1715, 1673, 1598, 1576, 1509, 

1453, 1420, 1358, 1297, 1251, 1155, 1126, 1052, 936, 831, 733; GC-MS (m/z (%)) : 293.3 (13.5) 

 

Scheme 3. Synthesis of 1-(4-(2-(2-hydroxyethoxy)ethoxy)phenyl)ethanone (V) and 2-(2-(4-

acetylphenoxy)ethoxy)ethyl methacrylate (VI); a) HOCH2CH2OCH2CH2Cl, Cs2CO3, 1,4-dioxane, 

80 C, 24h; b) CH2=C(CH3)COCl, N(C2H5)3, dichloromethane. 

3-(4-(4-acetylphenyl)-1H-1,2,3-triazol-1-yl)-2-hydroxypropyl methacrylate (VII): To a 

solution of NaN3 (1.37 g, 21.1 mmol), NH4Cl (1.67 g, 31.2 mmol) and N,N-dimethyl formamide 

(DMF, 10 ml) at 50°C,  glycidyl methacrylate (1g, 7.0 mmol) was added slowly and the mixture 

was stirred for 8 hours in an argon atmosphere. The precipitated salts were filtered off and a 

solution of 4-ethynyl acetophenone (1.11 g, 7.67 mmol) in 60 mL of tetrahydrofuran was added 

followed by Cu(I)Br (0.200 g, 1.4 mmol) and PMDETA (0.318 g, 1.83 mmol) under an argon flow 

at room temperature. After 2 hours of reaction, the mixture was passed through a column of 

alumina (Al2O3) to remove Cu(I)Br, concentrated and then treated with a large excess of water.  

The product was extracted in chloroform, washed with brine, dried over sodium sulfate and 

concentrated under reduced pressure. The residual yellow oil re-crystallized in a small amount of 

toluene at 50 C to give white crystalline materials which were dried in a vacuum oven (0.78 g, 2.4 

mmol, 34.3% yield) (See Scheme 4). Formula: C17H19N3O4; 1H-NMR (CDCl3): 1.97 (s, 3H), 2.62 (s, 

3H), 3.52 (s, OH), 4.30 (m, 2H), 4.45 (m, 2H), 4.65 (m, 1H), 5.65 (s, 1H), 6.17 (s, 1H), 7.85(d, J = 

8.32 Hz, 2H), 7.98(d,  J = 8.32 Hz , 3H); 13C-NMR (CDCl3):  (ppm) 18.5, 27.0, 53.5, 65.8, 68.5, 122.5, 

125.7, 127.0, 129.0, 134.5, 135.8, 136.5, 146.2, 167.5, 197.6; FTIR (neat) cm-1 : 3354,  1717, 1674, 

1637, 1611, 1296, 1164, 958, 814; LC-MS (m/z (%)) : 330.2 (100) 
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Scheme 4. Synthesis of 3-(4-(4-acetylphenyl)-1H-1,2,3-triazol-1-yl)-2-hydroxypropyl 

methacrylate (VII); a) NaN3, DMF, 60 C, 12h; b) CH CC6H4COCH3, CuBr, PMDETA, DMF, 25 C. 

Enantioselective reductions of ketones using alcohol dehydrogenase 

General Procedure A: (In a homogeneous medium):  

Using alcohol dehydrogenase from LB (ADH-LB): 1 g of the substrate (ketone) was 

dissolved/suspended in a reaction mixture of 2-propanol (40 mL) and PBS buffer solution (pH 

7.4, 160 mL) containing 20 mM NADPH and 0.5 mM MgCl2 and maintained at 37 C with uniform 

mixing. The enzyme ADH-02 (50 L, 4100 U/mL) was then added to the reaction mixture and the 

mixture was allowed to stir overnight. The progress of the reaction was monitored by TLC and 

Chiral GC (Varian 430-GC) measurements and the mixture was treated with excess of water and 

extracted in methyl t-butyl ether. The organic layer was washed with brine, dried over 

magnesium sulfate and concentrated under reduced pressure.  

Using alcohol dehydrogenase from T (ADH-T): Substrates were reduced by ADH-05 using the 

procedure similar to the one used for ADH-02 enzyme but without MgCl2. In brief, 1 g of the 

substrate (ketone) was dissolved/suspended in a reaction mixture of 2-propanol (40 mL) and PBS 

buffer solution (pH 7.4, 160 mL) containing 20mM NADPH and maintained at 37 C with uniform 

mixing, followed by the addition of ADH-05 enzyme (285 L, 331 U/mL).  The reaction mixture 

was allowed to stir overnight and the progress of the reaction was monitored by TLC and Chiral 

GC (Varian 430-GC) measurements.  The mixture was treated with excess of water and extracted 

in methyl t-butyl ether. The organic layer was washed with brine, dried over magnesium sulfate 

and concentrated under reduced pressure.  

General Procedure B: (In a heterogeneous medium):  

In this method, the substrates were reduced by the respective enzymes in a heterogeneous 

organic/aqueous biphasic medium to improve the solubility of the poorly water-soluble or water 

insoluble ketones. The reaction conditions were similar to those in procedure A for both the 

enzymes, except that the medium contained a solvent varying from aqueous (PBS buffer pH 7.4/2-
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propanol) to an organic solvent (dichloromethane, diisopropylether, ethylacetate or ionic liquid 

(AMMOENGTM 100)) in varying volume ratios. 

Chiral alcohols obtained by enantioselective reductions of ketones using alcohol 

dehydrogenases 

(1R)-1-phenylethanol  

Formula : C8H10O; Yield: 88%; [ ]D25 =+55.12 (c = 0.01 in CHCl3) 

1H-NMR (CDCl3):  (ppm) 1.51 d, J =6.46 Hz, 3H), 1.98 (b, 1H, OH), 4.91 (q, J =6.46 Hz, 1H), 

7.29 (m, 1H), 7.39 (m,5H); 13C NMR (CDCl3):  (ppm) 25.16, 70.23, 125.46, 127.37, 128.44, 145.93; 

FTIR (neat) cm-1: 3336, 2973, 2927, 2874, 1493, 1451, 1368, 1285, 1203, 1097, 1075, 1028, 1010, 

996, 897, 758, 690; GC-MS (m/z (%)) : 122.1 (16); Chiral GC : retention time, t = 8.41 min; ee (%) 

= 99.0. 

(1S)-1-phenylethanol                       

Formula: C8H10O; Yield: 89%; [ ]D25 = -52.83 (c = 0.01 in CHCl3) 

1H-NMR (CDCl3):  (ppm) 1.50 (d, J=6.46, 3H,), 1.93 (b, 1H, OH), 4.89 (q, J=6.45, 1H), 7.28 

(m,1H), 7.37 (m, 4H); 13C NMR (CDCl3):  (ppm) 25.15, 70.25, 125.45, 127.38, 128.45, 145.92; 

FTIR (neat) cm-1: 3333, 2973, 2927, 2874, 1493, 1451, 1368, 1286, 1203, 1097, 1075, 1028, 1010, 

996, 897, 758, 690; GC-MS (m/z (%)) : 122.1 (16); Chiral GC : retention time, t = 8.69 min, ee (%) 

= 100. 

(1R)-1-(4-vinylphenyl)ethanol                            

Formula: C10H12O; Yield: 98%; [ ]D25 = +26.21 (c = 0.01 in ethylacetate) 

1H NMR (400 MHz,CDCl3 ppm  1.49 (d, J = 6.45 Hz, 3H), 4.88 (q, J = 6.45 Hz, 1H),  5.24 (dd, J 

= 10.88, 0.91 Hz, 1H), 5.75 (dd, J = 17.60, 0.92 Hz, 1H), 6.71 (dd, J = 17.61, 10.89 Hz, 1H), 7.36 (m,  

4H), 13C-NMR (CDCl3):  (ppm) 25.1, 70.1, 113.7, 125.6, 126.3, 136.5, 136.8, 145.5; FTIR (neat) cm-

1 : 3353, 2972, 1675, 1630, 1511, 1270, 1088, 1071, 989, 900, 840, 755; GC-MS (m/z (%)) : 147.8 

(6); Chiral GC : retention time, t = 13.28 min, ee (%) = 99.9. 
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(1S)-1-(4-vinylphenyl)ethanol                               

Formula: C10H12O; Yield: 95%; [ ]D25 = -29.13 (c = 0.01 in ethylacetate) 

1H NMR (400 MHz, CDCl3 ppm 1.49 (dd, J = 6.45, 1.18 Hz, 3H), 4.88 (q, J = 6.45 Hz, 1H), 5.24 

(d, J = 10.88 Hz, 1H), 5.75 (d, J = 17.61 Hz, 1H), 6.72 (dd, J = 17.60, 10.88 Hz, 1H), 7.36 (m, 4H); 13C-

NMR (CDCl3):  (ppm) 25.1, 70.1, 113.7, 125.6, 126.3, 136.5, 136.8, 145.4; FTIR (neat) cm-1 : 3359, 

2973, 1675, 1630, 1510, 1272, 1088, 1071, 989, 899, 840; GC-MS (m/z (%)): 147.8 (7); Chiral GC : 

retention time, t = 13.45 min, ee (%) = 99.9. 

(R)-1-(4-ethynylphenyl)ethanol                                  

Formula: C10H10O; Yield: 99%; [ ]D25 = +50.90 (c = 0.01 in THF) 

1H-NMR (CDCl3):  (ppm) 7.46 (d, J = 7.74 Hz, 2H)), 7.30 (d, J = 7.78, 2H), 4.86 (q, J = 6.46, 6.46, 

6.44 Hz, 1H), 3.06 (s, 3H), 1.45 (d, J = 6.46 Hz, 3H); 13C-NMR (CDCl3):  (ppm) 25.0, 69.9, 77.0, 83.2, 

121.1, 125.0, 132.2, 146.4; FTIR (neat) cm-1 : 3287, 2973, 1670, 1603, 1500, 1402, 1263, 1081, 

1070, 1007, 897, 834, 734; GC-MS (m/z (%)): 145.0 (10); Chiral GC : retention time, t = 12.95 min, 

ee (%) = 91.0. 

(1S)-1-(4-ethynylphenyl)ethanol                                    

Formula: C10H10O; Yield: 98%; [ ]D25 = -51.04 (c = 0.01 in THF) 

1H NMR (400 MHz, CDCl3  (ppm) 7.47 (d, J = 8.39 Hz, 1H) ,  7.32 (d, J = 7.99 Hz, 1H), 4.89 (q, J 

= 6.47 Hz, 1H), 3.06 (s, 1H),  1.47 (d, J = 6.47 Hz, 1H); 13C-NMR (CDCl3):  (ppm) 25.1, 70.0, 83.6, 

121.1, 125.5, 132.2, 146.6; FTIR (neat) cm-1 : 3287, 2973, 1672, 1603, 1502, 1402, 1265, 1085, 

1070, 1008, 896, 796, 737; GC-MS (m/z (%)): 145.0 (11); Chiral GC : retention time, t = 12.98 min, 

ee (%) = 99.9. 

(1R)-1-(4-methoxyphenyl)ethanol                                 

Formula: C9H12O2; Yield: 89%; [ ]D25 = +51.00 (c = 0.01 in CHCl3) 

1H NMR (400 MHz, CDCl3 (ppm) 1.46 (d, J = 6.40 Hz, 3H),  1.81 (b, 1H, OH), 3.80 (s, 3H), 

4.85 (q, J=6.40 Hz, 1H),  6.88 (m, 2H), 7.30 (m, 2H); 13C-NMR (CDCl3):  (ppm) 25.02, 55.21, 69.64, 

113.73, 126.68, 138.18, 158.75; FTIR (neat) cm-1 : 3373, 2971, 2933, 2837, 1611, 1586, 1511, 
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1456, 1369, 1299, 1240, 1205, 1175, 1085, 1032, 1005, 985, 829, 808; GC-MS (m/z (%)): 152 (5); 

Chiral GC : retention time, t = 12.53 min, ee (%) = 99.0. 

(1S)-1-(4-methoxyphenyl)ethanol                              

Formula: C9H12O2; Yield: 82%; [ ]D25 = -56.61 (c = 0.01 in CHCl3) 

1H NMR (400 MHz, CDCl3  (ppm) 1.48 (d, J = 6.40 Hz, 3H),  1.81 (b, 1H, OH), 3.80 (s, 3H), 4.85 

(q, J=6.40 Hz, 1H),  6.88 (m, 2H), 7.30 (m, 2H); 13C-NMR (CDCl3):  (ppm) 25.02, 55.23, 69.74, 

113.76, 126.66, 138.13, 158.81; FTIR (neat) cm-1 : 3374, 2970, 2982, 2837, 1611, 1586, 1511, 

1456, 1368, 1299, 1240, 1174, 1085, 1032, 1005, 895, 829, 807; GC-MS (m/z (%)): 152.0 (5); 

Chiral GC : retention time, t = 12.92 min, ee (%) = 100. 
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 Homo and copolymers were synthesized from enantiopure (R)- and (S)-1-(4-vinylphenyl)ethanol 

by RAFT polymerization. The polymerization conditions were optimized, which resulted in 

dioxane as the preferred reaction solvent. First-order polymerization kinetics was found and well-

defined enantiopure homopolymers with low polydispersities were obtained. In agreement with 

their enantiomeric composition, the (R)- and (S)-polymers gave opposite optical rotations of light. 

The polymer analogous esterification of the chiral hydroxy groups catalyzed by enantioselective 

Candida antarctica Lipase B (CALB) was strongly (R)-selective. Esterification of secondary 

alcohols present on the homopolymer and copolymers could be achieved to a maximum of around 

50%, suggesting that in addition to steric effects also the local environment of the enzyme 

sensitive unit possibly plays a role. 
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3.1. Introduction 

Biocatalysis has become an attractive alternative to chemical catalysis for the synthesis and 

modification of polymers.1-8 Initially, research in this area had been motivated by the replacement 

of conventional catalysts or harsh reaction conditions for existing materials like polycarbonates, 

polyamides and most prominently polyesters. Other research explored the combination of 

enzymatic and chemical polymerization (chemoenzymatic polymerizations) with the intention to 

further increase and benefit from the macromolecular complexity achievable by enzymatic 

catalysis. For example, the successful combinations of lipase-catalyzed (Novozyme 435) ring-

opening polymerization (ROP) with atom transfer radical polymerization (ATRP)9-15, nitroxide 

mediated radical polymerization (NMRP)16 and reversible addition-fragmentation chain transfer 

(RAFT) polymerization17 for the synthesis of block and graft copolymers were disclosed. 

However, few of the reported examples exploit the clear advantages offered by enzymes like high 

enantio-, regio- and chemo-selectivity to design novel materials or concepts not available by 

applying chemical catalysis. One example was reported by Gross utilizing the regioselectivity of 

Candida antarctica Lipase B (CALB, Novozyme 435) in the copolymerization of sorbitol, adipic 

acid and octanediol.18 The reaction occurred predominantly at the primary alcohol groups of 

sorbitol with a regioselectivity of 95% and allowed multifunctional monomers to be directly 

polymerized into linear polymers while avoiding the necessity of applying protective group 

chemistry. Similar polymerizations with glycerol or bis(hydroxymethyl)butyric acid resulted in 

terpolymers with free hydroxy or carboxylic acid groups, respectively.19 Palmans et al. reported 

another example concerning the polymerization of isopropyl aleuritate using Novozyme 435 with 

a regioselectivity close to 100%.20  

In many naturally occurring polymers, such as proteins, DNA and cellulose, the chirality plays 

a key role in, for example, molecular recognition and catalytic activity. This fact prompted us to 

explore enzyme enantioselectivity in synthesizing polymers. Introducing functional groups into 

synthetic polymers susceptible to enantioselective enzyme response might open new possibilities 

in enzyme-responsive materials and be complementary to selective enzyme stimuli previously 

reported.21-26 In this regard, the extraordinary enantioselectivity of lipases offers new 

perspectives towards these materials and examples of lipase-catalyzed synthesis of chiral 

polymers from racemic monomers have been reported. Most published examples rely on kinetic 

resolution, i.e. the significantly faster polymerization of one enantiomer over the other, which e.g. 

was shown for the polymerization of racemic substituted caprolactones.16,27-32 Recently also 

chemoenzymatic dynamic kinetic resolution (DKR) was successfully employed in the synthesis of 
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chiral polymers.33-37 In this process a racemization catalyst dynamically racemizes the slower 

reacting enantiomer or polymer end-group in situ, thereby constantly supplying the preferred 

enantiomer for the polymerization. Kobayashi et al. reported the synthesis of an optically active, 

helical poly(phenylacetylene) by the Candida antarctica Lipase B (CALB)-catalyzed 

enantioselective transesterification of a racemic phenylacetylene, followed by the subsequent 

copolymerization of the obtained optically active phenylacetylenes in one-pot. The resulting 

polymer exhibited formation of a one-handed helix. In other words, the modification of the 

pendant groups by CALB-catalyzed resolution influenced the main chain conformation. In 

addition, further modification of the pendant hydroxy groups with some achiral bulky molecules 

resulted in the inversion of the helix-sense of the copolymer. Recently Heise and coworkers 

introduced a new concept in which polymers were encoded using enantiomerically pure 

monomers. (R) and (S)-1-(4-vinylphenyl)ethanol were obtained by selective alcohol 

dehydrogenase (ADH) reduction of the corresponding ketone 1-(4-vinylphenyl)ethanone and 

copolymerized with styrene by free radical polymerization to afford enantiomerically pure 

copolymers.38 Both (R) and (S) copolymers had identical chemical and physical properties and 

could only be distinguished by their optical rotation or enantioselective bioresponse. The 

selective esterification of the pendant chiral alcohol groups on the polymer with vinyl acetate, 

catalyzed by immobilized Candida antarctica Lipase B (Novozyme 435), was only successful for 

the copolymer comprising the (R)-enantiomer, resulting in a change of thermal properties for this 

polymer as a function of (R)-content. However, questions about the effect of enantiomer 

distribution along the polymer backbone, molecular weight and possible effects of dilution with 

“neutral” monomers like styrene on the enantioselective post-modification are still unanswered. 

In this chapter, in order to address these questions, chiral homo and random copolymers from 

enantiopure (R)- and (S)-1-(4-vinylphenyl)ethanol of controlled molecular weight and 

composition were synthesized by RAFT-mediated polymerization. The optimization of the 

polymerization conditions with respect to reaction kinetics and copolymerization parameters, 

and the enantioselective post esterification of the synthesized polymers were systematically 

investigated. 

3.2. Synthesis of chiral polymers via RAFT-mediated polymerization 

3.2.1. Homopolymers 

Enantiopure monomers were synthesized by selective alcohol dehydrogenase (ADH) 

reduction of the corresponding ketone 1-(4-vinylphenyl)ethanone 1 as described in the previous 

chapter. The reduction of 1 by (R)-producing Lactobacillus (ADH-LB) and (S)-producing 
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Thermoanaerobacter sp. (ADH-T) resulted in molecules (S)-1-(4-vinylphenyl)ethanol (2R) and 

(R)-1-(4-vinylphenyl)ethanol (2S) that bear both an alkene (polymerizable group) and a chiral 

phenyl ethanol (enzyme sensitive unit) (Figure 1). The enantiomeric excess (ee) of 2S and 2R was 

found to be > 99% as determined by chiral gas chromatography (GC) (Chapter 2, Figure 2). The 

racemic monomer (Rac)-1-(4-vinylphenyl)ethanol (2Rac) was synthesized by the chemical 

reduction of 1 with NaBH4 in ethanol/THF (1/1) at room temperature. 

 

Figure 1. Synthesis of enantiopure monomers 2R and 2S via alcohol dehydrogenase (ADH)-

catalyzed reductions of 1-(4-vinylphenyl)ethanol (1) and RAFT-mediated polymerization of 

racemic (2Rac) and the enantiopure monomers 2S and 2R. 

RAFT was chosen for the polymerization of the enantiopure monomers because of its 

tolerance to various solvents and functional groups.39-41 Since 2-(dodecylthiocarbonothioylthio)-

2-methylpropionic acid (DDMAT) was shown to be compatible with styrene and substituted 

styrene derivatives it was selected as chain transfer agent (CTA) together with 2,2′-azobis(2-

methylpropionitrile) (AIBN) as radical initiator.42 2Rac was used for the initial kinetic studies and 

a single set of reaction conditions (T = 70 ˚C, [Monomer] = 2 mol/L and [Monomer]0 : [I]0 : [CTA]0  

= 100 : 0.25 : 1) was employed for all polymerizations. The polarity of the stereoisomers of 2 and 

their corresponding polymers dictated the use of a polar polymerization solvent. Since the choice 

of solvent might dramatically affect the polymerization kinetics of the hydroxyl-functional 

styrenes as well as the Mn profiles, toluene, N-methyl-2-pyrrolidone (NMP) and 1,4-dioxane were 

systematically investigated as polymerization solvents while keeping all other reaction 

parameters constant (Table 1). As can be seen in Figure 2, ln([M]0/[M]t) vs. time as well as Mn vs. 

conversion increase linearly for the styrene polymerizations in all solvents. The rate of the 
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polymerization was found to decrease in the order NMP > dioxane > toluene. Experimental Mn 

values obtained by SEC were in very good agreement with Mn,th values for the polymerizations in 

toluene and 1,4-dioxane, while the polymers exhibited low polydispersities (D ~ 1.1), signifying 

good control over the process.  

Table 1. Results of RAFT-mediated polymerizations of styrene and 2Rac in 1,4-dioxane, toluene 

and NMP (T = 70 ˚C, [Monomer] = 2 mol.L-1 and [Monomer]0:[I]0:[CTA]0 = 100:0.25:1). 

Entry Monomer Solvent Time Conversion Mn,th(a) Mn,SEC(b) D 

   
(h) ( %), (GC) (g/mol) (g/mol) 

 
1 Styrene 1,4-dioxane 30 34 3,900 3,500 1.1 

2 Styrene Toluene 30 27 3,172 2,800 1.1 

3 Styrene NMP 30 41 4,628 3,800 1.4 

4 2Rac 1,4-dioxane 28 66 10,132 5,900 1.2 

5 2Rac Toluene 5 23 3,768 2,100 1.1 

6 2Rac NMP 27 60 9,244 6,500 1.2 
(a) Mn,th was calculated according to the following equation: MCTA + MM x Conversion x [M]0/[CTA]0.. (b) SEC calibrated with 

polystyrene standards. 

 

Figure 2. Kinetic plot (A) and molecular weight (Mn) as a function of conversion (B) for the 

homopolymerization of 2Rac and styrene in 1,4-dioxane, toluene and NMP at 70 ˚C using DDMAT 

as CTA and AIBN as radical initiator. 

Only in the case of NMP a low molecular weight tailing was observed in the SEC trace, which 

resulted in a higher polydispersity around 1.4. The polymerization of 2Rac also revealed a linear 

increase of ln([M]0/[M]t) as a function of time and of Mn as a function of conversion for all solvents 
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with the rate of polymerization decreasing in the order toluene > dioxane > NMP. Along with the 

low dispersities obtained, these results indicate a good control over the polymerization of 2Rac in 

all tested solvents. Compared to styrene, 2Rac polymerized faster in all three solvents, i.e. 4 times 

faster in toluene, 2.8 times faster in 1,4-dioxane and 2.4 times faster in NMP (calculated by the 

slope of ln([M]0/[M]t) versus time graph). The slope of ln([M]0/[M]t) versus time graph is directly 

proportional to the propagation rate coefficient (kp) and the radical concentration. Hence, the 

differences in the polymerization rates of styrene and 2Rac can be explained by a difference in kp, 

radical concentration or both. Propagation kinetics of para-substituted styrenes showed that kp 

changes only by a factor of 1.5-2 by changing the para-substituent.43 Thus, the difference in the 

polymerization rates of styrene and 2Rac can be predominantly due to the difference in radical 

concentration which is inversely proportional to the square root of the termination rate 

coefficient (kt). The termination rate coefficient involves segmental motion of the polymeric 

radicals and in case of poly2Rac H-bonding might hinder the segmental motion of the polymeric 

radical resulting in a lower kt for poly2Rac.  

Mn values measured by SEC for poly2Rac were lower than Mn,th values in all cases. This is 

believed to be due to the difference between the hydrodynamic volume of poly2Rac and the 

polystyrene SEC standards. During the polymerization of 2Rac in toluene, a precipitation of 

polymer was observed after 5 h (22% conversion, Mn = 2,100 g/mol). While no precipitation 

occurred during the polymerization in NMP, similar to the styrene polymerization, a tailing at the 

low molecular weight side was observed in the SEC traces resulting in higher polydispersities 

(1.2-1.3). Based on these results 1,4-dioxane was selected for the polymerization of enantio-pure 

2R and 2S to obtain chiral homopolymers. As expected the reaction kinetics of both 2R and 2S 

were found to be identical to that of 2Rac (not presented). Four different [M]0/[CTA]0 ratios were 

used in the polymerization of 2R and the results are summarized in Table 2. Poly2R with 

molecular weights ranging from 5,400 to 13,300 g/mol were synthesized as well as a poly2S with 

a Mn of 5,000 g/mol. In agreement with their enantiomeric composition, poly2R and poly2S gave 

opposite optical rotation of light (+39.4˚ and -36.1˚, respectively) while poly2Rac (Table 1, entry 

4) did not lead to any significant rotation of light (+0.062˚). 
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Table 2. Results of RAFT-mediated polymerizations of 2R and 2S at 70 ˚C in 1,4-dioxane. 

M [M]/[RAFT] Time 
(h) 

Conversion 
(%), GC 

Mn,th(a) Mn,SEC(b) 

(g/mol) 
D Optical rotation(c) 

(˚) 

(R)- 100 30 51 8,356 5,400 1.1 +39.4 

(S)- 100 20 53 8,356 5,000 1.1 -36.1 

(R)- 200 24 48 14,572 8,600 1.3 +40.6 

(R)- 400 25 40 24,044 11,500 1.2 ND 

(R)- 600 23 55 49,204 13,300 1.2 ND 
(a) Mn,th was calculated according to the following equation : MCTA + MM x Conversion x [M]0/[CTA]0. (b) SEC calibrated with 

polystyrene standards. (c) Measured at Na line at room temperature. 

3.2.2. Copolymers 

 

Figure 3. RAFT-mediated copolymerization of 2R and styrene (S). 

Moreover, to provide polymers to study the effect of chiral group density on the CALB-

catalyzed esterification, copolymers of 2R and styrene were synthesized (Figure 3). Five different 

[2R]/[styrene] feed ratios (f1) were aimed at (1/1, 2/3, 3/2, 1/4 and 4/1) and all 

copolymerizations were performed in 1,4-dioxane at 70 ˚C with a total monomer concentration of 

2M and a [M]/[I]/[CTA] ratio of 100/0.25/1 (Table 3).  

Table 3. RAFT-mediated copolymerization of 2R and styrene at different monomer feed ratios 

and corresponding average copolymer composition determined from kinetic plots. 

Entry Feed ratio 
 [M]:[sty] 

Time 
(h) 

Conversion 
(%), GC 

Mn,SEC (a) 
(g/mol) 

D Composition (b) 
[M]:[sty] 

 

  

1 20 : 80 25 37 3,800 1.2 19 : 81 

2 40 : 60 29 39 4,200 1.2 39 : 61 

3 50 : 50 26 42 4,400 1.2 51 : 49 

4 60 :40 29 51 5,000 1.2 62 : 38 

5 80 : 20 29 51 5,800 1.2 81 : 19 
(a) Calibrated with polystyrene standards. (b) Obtained from ln([M]0/[M]t) versus time plots. 
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For all monomer ratios a linear increase of ln([M]0/[M]t) versus time was recorded for both 

monomers. When compared with the homopolymerizations it was noticeable that the 

polymerization rate of 2R decreased while the rate of styrene increased. For example, in the 1/1 

copolymerization, 2R reached an ln([M]0/[M]t) value of 0.49 in 22 min. whereas, a value of 0.80 

was reached in the homopolymerization after the same time (Figure 4C and Figure 2A). 

 

Figure 4. Kinetics plot for the copolymerization of 2R and styrene with different feed ratios (f1) at 

70 ˚C in 1,4-dioxane (A-E), and Molecular weight (Mn) and polydispersity (D) plotted against 

conversion of 2R for the copolymerization of 2R and styrene with different feed ratios (F). 
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A comparatively smaller difference was observed for styrene, reaching ln([M]0/[M]t) = 0.30 in 22 

min. in the homopolymerization and 0.46 in the copolymerization after the same reaction time. All 

copolymerizations proceeded in a well-controlled way, irrespective of momomer feed ratio, as 

evidenced from the linear increase of Mn with conversion (Figure 4) and the narrow 

polydispersities < 1.2. Due to overlapping peaks the average copolymer composition could not be 

determined by 1H-NMR spectroscopy very precisely. An alternative method, implying deriving the 

data from the kinetics plots (ln([M]0/[M]t) versus time) of the copolymerizations, was 

employed.44 First, the reaction time to reach a certain conversion of one monomer was calculated 

by using the equation obtained by linear fitting of the data points of this monomer. Then, the 

calculated reaction time was multiplied by the slope of the kinetic plot of the second monomer to 

calculate the conversion of the second monomer (Slope*time=ln(1/(1-conversion))) at that 

specific time. By knowing the conversion of both monomers at a certain time, the incorporated 

fractions of monomers were calculated and plotted as a function of monomer feed composition. 

The plot in Figure 5 shows the good agreement between the copolymer composition and the 

molar fraction (F2R) of 2R in the monomer feed for the copolymerization of 2R and styrene. The 

reactivity ratios (r) of the statistical copolymerizations were determined by non-linear least 

square (NLLS) fitting of the composition data-average copolymer composition (monomer 

sequence distribution) as a function of the monomer feed composition.45 Reactivity ratios of 1.19 

(±0.1) and 1.14 (±0.1) for 2R and styrene, respectively, were determined by this method. 

Although the reactivity ratios were determined at relatively high monomer conversion (30%), the 

almost identical kinetic plots of both monomers in copolymerization imply no or negligible 

influence of compositional drift at this conversion. The r-values together with the linear relation 

between f1 and F1 suggest the formation of random copolymers with expected properties 

intermediate to those of the two homopolymers.  
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Figure 5. Average molar composition expressed as molar fraction of 2R (F2R) in the copolymer for 

the copolymerization of styrene and 2R as a function of the molar fraction of 2R in the monomer 

feed (f2R) at 33% conversion. 

3.3. Enantioselective enzymatic polymer modification  

3.3.1. Chiral homopolymers 

Poly2R and poly2S (Table 2, entry 1 and 2) are identical in structure and functionality and 

very similar in molecular weight, implying that they are chemically indistinguishable by common 

polymer characterization techniques. They are equally reactive in any polymer analogous 

chemical modification of the secondary hydroxy groups. However, selective post-functionalization 

of these polymers with hydroxy groups of opposite chirality is possible with an enzyme that 

inherently exhibits distinctive enantioselectivity. As described also in Chapter 1, CALB 

immobilized on a macroporous resin (Novozyme 435) is known to be highly selective for the (R)-

1-phenyl-ethanol moiety with esterification rates 1,300,000 times higher than for the (S)-

enantiomer.46 Thus, Novozyme 435 was used for selective post-functionalization of these 

polymers. 
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Figure 6. CALB-catalyzed enzymatic esterification of chiral homopolymers, i.e. poly2R resulting in 

poly(2R)-co-(2Rester) (top) and poly2S resulting no reaction (bottom). 

Before carrying out the CALB-mediated esterification of the enantiopure homopolymers, the 

required reaction conditions were investigated by performing model reactions. Although solvent 

effects are complex, CALB generally shows optimum activity in organic solvents with higher logP 

values (hydrophobic solvent).47,48 However, the chiral homopolymers synthesized in this study 

are not soluble in common hydrophobic solvents like hexane or toluene. Thus, different organic 

solvent systems, both polar as well as mixtures of polar and apolar solvents, were employed for 

the CALB-mediated esterification with vinylacetate. The concentration of secondary OH groups 

was kept at 0.1 mol/L in all model reactions at a reaction temperature of 45 ˚C and the extent of 

conversion was determined by 1H-NMR. This reaction was first performed on (R)-1-phenylethanol 

and 2R. Both model compounds gave full conversions in a range of pure solvents and solvent 

mixtures within 5 minutes, except in NMP, DMSO and DMF for which the reaction did not occur at 

all (Table 4). This is due to the ability of these solvents to strip the essential water layer off from 

the catalytically active site of the enzyme, the presence of which is necessary for the catalytic 

activity.49,50 
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Table 4. Esterification of 1-phenyl-ethanol and 2R with CALB in different solvents. 

Entry Substrate Solvent Temperature 
(˚C) 

Esterification 
(%)(a) 

1 1-phenyl-ethanol toluene  100 

2 1-phenyl-ethanol THF 45 100 

3 1-phenyl-ethanol THF/toluene (1/2) 45 100 

4 1-phenyl-ethanol Acetone/toluene (1/1) 45 100 

5 1-phenyl-ethanol DMA/AcNitrile (2/3) 45 92 

6 1-phenyl-ethanol t-BuOH/pyridine (1/1) 45 100 

7 1-phenyl-ethanol t-BuOH/pyridine (4/1) 45 98 

8 1-phenyl-ethanol t-BuOH/pyridine (7/3) 45 98 

9 1-phenyl-ethanol DMF 70 0 

10 1-phenyl-ethanol DMSO 70 <5 

11 1-phenyl-ethanol NMP 45 0 

12 2R toluene 45 100 

13 2R THF 45 100 

14 2R THF/toluene (1/2) 45 100 

15 2R Acetone/toluene (1/1) 45 100 

16 2R DMA/AcNitrile (2/3) 45 99 

17 2R DMA/acetone (2/3) 45 100 

18 2R t-BuOH/pyridine (1/1) 45 100 

 

The esterification of homopolymers in the same solvents was either not successful or the 

yields were much lower compared to the corresponding yields for the model compounds (Table 

5). Toluene/THF (2/1) was found to be the most appropriate solvent mixture for the post 

functionalization of poly2R. Figure 7 shows a comparison of the esterification of both model 

compounds and poly2R (Table 2, entry 1) in toluene/THF (2/1). Both low molecular weight 

compounds reached 100% conversion within 5 minutes after the exposure to CALB while poly2R 

reached its maximum conversion of 55% after 30 h under the same conditions (Figure 7).  
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Table 5. CALB-catalyzed esterification of poly2R in different solvents. 

Entry Mn 
(g/mol) 

Mw 
(g/mol) 

D Solvent Esterification  
on (R)-OH  

(%)(a) 

[M] 
(mol/L) 

1 6,500 7,800 1.2 THF 0 0.2 

2 6,800 7,700 1.1 THF 5< 0.1 

3 6,800 7,700 1.1 THF/toluene (1/1) 30 0.2 

4 6,800 7,700 1.1 THF/toluene (1/1) 31 0.1 

5 6,800 7,700 1.1 THF/toluene (1/2) 55 0.1 

6 5,400 6,500 1.2 THF/toluene (1/2) 52 0.2 

7 10,000 11,800 1.2 THF/toluene (1/2) 53 0.1 

8 13,100 15,000 1.1 THF/toluene (1/2) 51 0.1 

9 16,200 17,700 1.1 THF/toluene (1/2) 42 0.1 

10 6,800 7,700 1.1 THF/toluene (1/3) 42 0.1 

11 6,800 7,700 1.1 Tol/acetone (1/1) 45 0.1 

12 6,800 7,700 1.1 DMA/AcNitrile (2/3) 0 0.1 

13 6,800 7,700 1.1 DMA/AcNitrile (2/3) 0 0.2 

14 29,300 66,900 2.2 DMA/AcNitrile (2/3) 0 0.2 

15 6,800 7,700 1.1 DMA/acetone (2/3) 0 0.2 

16 6,800 7,700 1.1 t-BuOH/pyridine (1/1) 0 0.2 
(a) The conversion values were calculated by 1H-NMR. The integrals of the peaks with respect to -CH ( 4.9 ppm) and ester form 

(5.8 ppm) were used. 

Extended reaction times or increasing the polymer [OH] concentration to 0.2 mol/L did not 

increase the yield of esterification on the polymer (Table 5). When poly2S was also exposed to 

CALB under the same reaction conditions no esterification was observed in 1H-NMR, as expected 

(Figure 8). Increasing the molecular weight of poly2R from 5,400 g/mol to 16,200 g/mol resulted 

in a decrease of the esterification yield (55% to 42%, Table 5 entry 6 and 9, respectively). This 

suggests that steric factors play a role in the esterification, although it cannot be ruled out that a 

decrease of polymer solubility in toluene/THF (2/1) with increasing molecular weight also 

contributes to this result. 
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Figure 7. CALB-catalyzed esterification of 2R, (R)-acetophenol and poly2R (Table 2, entry 1, Mn = 

5,400g/mol) with vinyl acetate in a toluene/THF (2/1) mixture at 45 ˚C. 

 

 

Figure 8. 1H-NMR spectra of poly2S (top), poly2R (middle) after CALB-catalyzed esterification and 

a poly2Rester (bottom). 
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To investigate the effect of steric factors, a fully esterified 2R (2Rester) and a fully esterified 

polymer (poly2Rester) (Mn= 11,900 g/mol, D=1.3) were prepared. First, 2Rester was hydrolyzed in 

two different solvent mixtures. The CALB-catalyzed hydrolysis of the ester moiety of 2Rester was 

quantitative in the mixture of acetone/PBS buffer (1/9) while only 67% of the ester groups could 

be hydrolyzed in the mixture of toluene/water (10/1) (Table 6, entry 2 and 1, respectively). 

However, the exposure of poly2Rester to CALB enzyme did not lead to any hydrolysis on the 

pendant ester groups, not even in different solvent mixtures. These findings support the role of 

sterics on the maximal conversion obtained in the esterification reactions. 

Table 6. CALB-catalyzed hydrolysis of 2Rester and poly2Rester 

Entry Substrate Solvent mixture 
(v/v) 

Temperature 
(˚C) 

Extent of hydrolysis 
(%) 

1 2Rester Toluene/water (10/1) 80 67% 

2 2Rester Acetone/PBS buffer (1/9) 50 100% 

3 poly(2Rester) Toluene/water (10/1) 80 - 

4 poly(2Rester) Acetone/PBS buffer (1/9) 50 - 

5 poly(2Rester) DMF/PBS buffer (9/1) 80 - 

6 poly(2Rester) THF/water  (10/1) 60 - 

 

Thermal analysis was performed on poly(2R), partly esterified poly(2R), i.e. poly(2R)-c-

(2Rester), (55% esterified, Table 5, entry 5) and poly(2Rester) obtained by the polymerization of 

2Rester. DSC traces showed a Tg of 93 ˚C for poly(2R) (Mn= 5400 g/mol) and of 54 ˚C for 

poly(2Rester) while poly(2R)-c-(2Rester) showed 2 Tgs, one at 80 ˚C and the other one at 117 ˚C 

(Figure 9). Normally we would expect only one Tg in between the Tgs of the homopolymers (93 ˚C 

and 54˚ C), which is characteristic for copolymers. As a comparison, a DSC measurement on a 

physical mixture of poly(2R) and poly(2Rester) (50/50 wt/wt) was performed. In this case, we 

observed 3 Tgs: 57 ˚C, 92 ˚C and 118 ˚C. These results prompted us to suppose that the 

esterification might lead to a copolymer structure consisting of some blocky parts which are 

either rich in esterified or hydroxy functional pendant groups. The intermolecular H-bonding 

between these blocky parts might reduce the flexibility of the chains, resulting in an enhanced Tg 

(118 ˚C).  
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Figure 9. DSC traces of the second heating cycle of poly2R, poly2Rester, poly2R after CALB-

catalyzed esterification and a 50/50 wt/wt mixture of poly2R and poly2Rester. 

FT-IR spectroscopy can provide information related to some specific interaction between 

polymer chains.51 Thus, to investigate further, FT-IR spectra of poly(2R)-c-(2Rester) were recorded 

upon heating and they are presented in two spectral ranges, viz. 2700-3700 cm-1 and 700-1870 

cm-1( Figures 10A and 10B). The spectra show the characteristic signals for C-H stretching 

vibrations (3100-3000 cm-1) due to the aromatic rings, C-H stretching vibrations due to CH2 and 

CH3 (2972-2854 cm-1), aromatic C=C bending (1613 cm-1), aromatic C=C stretching (1510 cm-1), 

C-O stretching (1119-1007 cm-1) and 1,4 disubstituted aromatic ring C-H deformation out of plane 

vibrations (834-803 cm-1). By comparison of the broad band at 3311-3384 cm-1, which is assigned 

to the OH stretching, a significant shift in the wavenumber (cm-1) to the higher vibrational 

frequency can be observed upon heating. This is due to the transformation of the hydrogen-

bonded O-H groups into “free” and non-hydrogen bonded O-H groups. The shoulder observed at 

the lower frequency side (at 1667 cm-1) of the free C=O band (1738 cm-1) is due to the hydrogen 

bonded C=O strectching vibration and simultaneously disappears upon heating as well. These 

results indicate the presence of intermolecular hydrogen bonding in poly(2R)-c-(2Rester) and 

hence might explain the enhanced Tg observed in the DSC trace of the copolymer. 
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Figure 10. FT-IR spectra of poly(2R)-c-(2Rester) recorded upon heating. The spectra show 

frequency ranges from 3600-2700 (A) and 1750-800 cm-1 (B), respectively. 

3.3.2. Chiral homopolymer mixtures 

An experiment was carried out to investigate whether the selectivity of esterification is 

retained in the presence of mixtures of enantiopure polymers. A mixture (50/50 wt/wt) 

containing a lower molecular weight poly2S (4,700 g/mol) and a higher molecular weight poly2R 

(10,100 g/mol) was exposed to CALB at 45 ̊ C for 2 days in the presence of vinyl acetate.  

SEC analysis confirmed an increase in molecular weight of only the poly2R in this process, 

consistent with a selective esterification of this polymer (Figure 11). 
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Figure 11. Molecular weight distributions of poly2R and poly2S mixture before and after 

enzymatic modification: (A) (Poly2S (Mn = 4,700 g/mol) and poly2R (Mn = 10,100 g/mol)), (B) 

Poly2R (Mn =5,400 g/mol) and poly2S (Mn = 9,600 g/mol)). 

According to 1H-NMR analysis 17% of the total amount of hydroxyl groups were esterified, 

corresponding to 34% of (R)-[OH]. A similar result was obtained for a polymer mixture containing 

a lower Mn poly2R (5,400 g/mol) and a higher Mn poly2S (9,600 g/mol) (Figure 11B). 

3.3.3. Chiral copolymers 

Copolymers of 2R and styrene with different copolymer composition were exposed to CALB 

enzyme in toluene/THF (2/1) at 45 ˚C for post modification. An increase in the conversion was 

observed when the copolymer composition ratio of 2R/styrene increased from 0.25 to 4 (from 21 

to 53%, respectively) in toluene/THF (2/1) at 45 ˚C (Table 6). However, further increase in 
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enzyme-sensitive monomer concentration in the backbone did not improve the extent of 

esterification further (the maximum reached in these conditions with homopolymer was 55%). 

This result is surprising, as one would expect that the maximum esterification of hydroxy groups 

should be obtained irrespective of the copolymer composition. This might suggest that not only 

steric effects play a role but that possibly also the local environment of the hydroxy groups is 

important.  

Table 7. CALB-mediated esterification with vinyl acetate on poly(2R-co-S) copolymers in 

toluene/THF (2/1) at 45 ˚C. 

Entry 2R Styrene Ratio 
 

(2R/sty) 

Mn 
 

(g/mol) 

D Esterification 
 

(%)(a) 

1 1 4 0.25 3,200 1.2 21 

2 2 3 0.67 3,700 1.2 30 

3 1 1 1 3,400 1.2 37 

4 3 2 1.5 3,900 1.2 38 

5 4 1 4 4,300 1.2 53 
(a) The amount of esterification was determined by 1H-NMR with respect to -CH (4.9 ppm) and ester form (5.8 ppm). 

3.4. Conclusions 

Enantiopure homo and styrene-copolymers were synthesized from enantiopure (R)- and (S)-

1-(4-vinylphenyl)ethanol and styrene by RAFT (co)polymerization. For the styrene-free 

homopolymerizations, using dioxane as a polymerization solvent, first-order polymerization 

kinetics were found and well-defined homopolymers with low polydispersities were obtained. 

Kinetic investigations confirmed that the enantiopure monomers and styrene have similar 

reactivity ratios resulting in random copolymers. Different organic solvent systems, both polar as 

well as mixtures of polar and apolar solvents, were employed for the CALB-mediated 

esterification of phenylethanol units with vinylacetate to investigate the optimal reaction 

conditions for polymer analogous. Toluene/THF (2/1) was found to be the most effective solvent 

mixture for the post functionalization of poly2R. It was shown that the lipase-catalyzed polymer 

analogous esterification of the chiral hydroxy groups was strongly (R)-selective. The lipase 

enantioselectivity is retained for mixtures of (R)- and (S)-homopolymers. However, esterification 

on the polymer was limited to around 50%, even after extended reaction times. This is most 

probably due to steric factors. CALB-catalyzed hydrolysis of 2Rester was quantitative in acetone/ 

PBS buffer (v/v 1/9) while no hydrolysis was observed in case of poly2Rester under the same 

reaction conditions, which emphasizes the important role of steric factors in the esterification 
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reaction. An increase in the conversion was observed when the copolymer composition ratio of 

2R/styrene increased, suggesting that the local environment of the enzyme sensitive unit might 

also play a role in the CALB-catalyzed esterification of these polymers. 

3.5. Experimental part 

Materials. All the chemicals were purchased from Sigma-Aldrich and used as received unless 

otherwise noted. All solvents were obtained from Biosolve and of technical grade. Anhydrous THF 

and toluene were dried on an alumina column. NADPH and alcohol dehydrogenase from 

Lactobacillus brevis (4100 U/mL) (ADH-LB) and Thermoanaerobacter sp. (331 U/mL) (ADH-T or 

ADH5) were purchased from Julich Chiral Solutions GmbH, Germany. Novozyme 435 

(immobilized Candida antarctica, Lipase B) was obtained from Novozymes. Styrene (Sigma 

Aldrich, 99.9%) was purified by passing over a column of basic aluminum oxide. 2,2-

Azobis(isobutyronitrile) (AIBN) was recrystallized from methanol prior to use. 2-

(Dodecylthiocarbonothioylthio)-2-methylpropionic acid (DDMAT) was synthesized according to a 

literature procedure.52  

Methods. 1H and 13C NMR spectra were recorded on a Varian Mercury Vx spectrometer 

operating at 400 MHz at 25 ˚C. Multiplicities are given as s (singlet), d (doublet), t (triplet), q 

(quartet), m (multiplet), and br (broad) for 1H spectra. Coupling constants, J, are reported in Hz. 

Infrared spectra were recorded on a Jasco FT-IR-460 Plus spectrometer equipped with a Specac 

MKII Golden Gate Single Reflection Diamond ATR System and reported in wave numbers (cm -1). 

Temperature-dependent FTIR spectra were obtained using a Varian 610-IR spectrometer 

equipped with a FT-IR microscope. The spectra were recorded in a transmission mode with a 

resolution of 2 cm-1. Polymer film obtained upon casting from THF was analyzed on a zinc 

selenium disk and heated from 30 ˚C to 140 ˚C. For the purpose a Linkam TMS94 hotstage and 

controller were used. Differential Scanning Calorimetry (DSC) was performed on a TA Q100 DSC. 

4-6 mg of dried polymer was weiged into aluminium hermetic pans. Temperature profiles from 

25 ˚C to 200 ˚C with a heating and cooling rate of 10 ˚C /min were applied. TA Universal Analysis 

software was used for data acquisition. Optical rotations were determined using a JASCO DIP-370 

Digital Polarimeter (589 nm, Na D-line, 25 ˚C) with a cylindrical glass cell ( 3.5 ID X 50 mm) at a 

concentration of 10 mg mL-1 in THF. Size exclusion chromatography (SEC) was performed on a 

Waters Alliance system equipped with a Waters 2695 separation module, a Waters 2414 

refractive index detector (40°C), a Waters 2486 UV detector, a PSS SDV 5 mm guard column 

followed by 2 PSS SDV 5 mm 500 Å columns in series (8 × 300) at 40 ˚C. Tetrahydrofuran (THF, 

Biosolve), stabilized with BHT, was used as eluent at a flow rate of 1 mL min-1. The molecular 
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weights were calculated with respect to polystyrene standards (Polymer Laboratories, Mp = 580 

g/mol up to Mp = 21,000 g/mol). Before SEC analysis was performed, the samples were filtered 

through a 0.2 µm PTFE filter (13mm, PP housing, Alltech). Copolymer compositions were 

determent from the kinetics plots (ln([M]0/[M]t) versus time) following a literature procedure.44 

First, the reaction time to reach a certain conversion of one monomer was calculated by using the 

equation obtained by linear fitting of the data points of this monomer. Then, the calculated 

reaction time was multiplied by the slope of the kinetic plot of the second monomer to calculate 

the conversion of the second monomer (Slope*time=ln(1/(1-conversion))) at that specific time. 

By knowing the conversion of both monomers at a certain time, the incorporated fractions of 

monomers were calculated and plotted as a function of monomer feed composition. 

Synthesis of monomers 

1-(4-Vinylphenyl)ethanone (1): described in Chapter 2. 

Rac-1-(4-Vinylphenyl)ethanol (2Rac): 1-(4-vinylacetophenone) (36 g, 0.24 mol) was 

dissolved in ethanol/THF ((v/v :1/1), 300 mL) and inserted into an ice bath. NaBH4 (12.05 g, 0.32 

mol) was added slowly. After dissolution of NaBH4, the reaction mixture was allowed to stir at 

room temperature overnight. The mixture was treated with excess of ice/water and then 

extracted in diethyl ether. The organic layer was washed with brine, dried over magnesium 

sulfate and concentrated under reduced pressure. Prior to polymerizations, the crude product 

was purified by passing through a silica column (t-butyl methyl ether/heptane: 1/4) and was 

obtained as a colorless liquid. Yield: 81.5 %. 1H NMR (400 MHz, chloroform-d, ppm 1.49 (d, J = 

6.46 Hz, 3H), 4.88 (dq, J = 6.42, 6.42, 6.37, 2.86 Hz, 1H), 5.24 (dd, J = 10.89, 0.88 Hz, 1H), 5.75 (dd, J 

= 17.60, 0.91 Hz, 1H), 6.72 (dd, J = 17.61, 10.89 Hz, 1H), 7.36 (dd, J = 28.17, 8.22 Hz, 4H); GC-MS 

(m/z (%)) : 147.8 (8%) [M+-H], 131 (100%) [C10H11+], 105 (30%) [C8H8+]; Chiral GC: retention 

time = 13.30 min and 13.46 min. 

(R)-1-(4-Vinylphenyl)ethanol (2R): described in Chapter 2. 

(S)-1-(4-Vinylphenyl)ethanol (2S): described in Chapter 2. 

(R)-1-(4-Vinylphenyl)ethyl acetate (2Rester): (R)-1-(4-vinylphenyl)ethanol (35 g, 0.2 mol) 

was weighed into a vial charged with Novozyme-435 (12 wt % with respect to the monomer, 3.60 

g) and 3Å molecular sieves. Then the vial was filled with nitrogen and dry toluene (700 mL), 

followed by vinyl acetate (69.8 g, 0.81 mol). The reaction mixture was stirred at 45°C for 2 days. 

The reaction mixture was then filtered and dried under vacuum. The crude product was purified 
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by passing through a silica column (dichloromethane/hexane : 3/2) and the product was obtained 

as a colorless liquid. Yield: 84.9%. [ ]D25 = +113.1 deg mL g-1 dm (c = 0.02 g mL-1 in THF). 1H NMR 

(400 MHz, chloroform-d, ppm): 1.57 (d, J = 6.60 Hz, 3H; CH-CH3), 2.11 (s, 3H; CO-CH3), 5.29 (d, J 

= 10.87, 1H; CH=CH2), 5.78 (d, J = 17.60, 1H; CH=CH2), 5.91 (dd, J = 13.14, 6.57 Hz, 1H; CH-CH3), 

6.75 (dd, J = 17.58, 10.89, 1H; CH=CH2), 7.4 (dd, J = 30.93, 8.12 Hz, 4H; Ar H). 13C-NMR (400 MHz, 

chloroform-d, ppm): 21.3 (CH-CH3), 22.2 (CO-CH3), 72.1 (CH-CH3), 114.1 (CH2=CH), 126.3 (Ar-

H), 136.4 (CH=CH2), 137.3 (Ar-C4), 141.2 (Ar-C4), 170.3 (C=O). FTIR (neat): v = 2982 (m, C-H), 

1731 (s, C=O), 1630 (m, C=C), 1060 (s, C-O), 838 (s, Ar C-H). GC-MS (m/z(%)) : 190.0 (20%) [M+], 

148.0 (50%) [C10H12O+], 131.0 (100%) [C10H11+], 105.2 (15%) [C8H8+]; Chiral GC: retention time = 

13.12, ee (%) = 99. 

 Synthesis of polymers 

Homopolymers: Individual stock solutions of the radical initiator (AIBN) and chain transfer 

agent (CTA, 2-(dodecylthiocarbonothioylthio)-2-methylpropionic acid (DDMAT)) were prepared 

with the respective solvent to ensure accurate reactant ratios for a set of reactions at given 

conditions. A representative example for polymerizations in 1,4-dioxane is as follows: In a 10 mL 

glass reaction vessel equipped with a magnetic stirring bar, DDMAT (49.3 mg, 0.135 mmol ), AIBN 

(5.55 mg, 33.8x10-3 mmol), 1 mL mesitylene and 6.7 mL dioxane were transferred using a fixed 

volume pipettor. 1-(4-vinylphenyl)ethanol (2 g, 13.5 mmol) was added to the vessel. The tube was 

sealed and deoxygenated by flushing with argon through the solution for approximately 30 

minutes. Then the vessel was placed in a preheated oil bath at 70 ˚C. During the polymerization, 

samples were taken at different times of conversion and used for analysis. The reaction was 

stopped after a certain time by cooling the flask in an icebath followed by the addition of THF. The 

polymer was recovered by precipitation in diethyl ether (50 mL), filtered, and dried under 

vacuum overnight. Mn and D obtained from SEC for this particular sample were 5,000 g/mol and 

1.1, respectively, and the conversion estimated by GC was 53%. Yield: 33%. 

Copolymers: The same procedure as described for homopolymerizations was used with the 

exceptions that a mixture of styrene and (R)-1-(4-vinylphenyl)ethanol was used. A representative 

example for copolymerizations in dioxane is as follows: To a 10 mL glass reaction vessel equipped 

with a magnetic stir bar, DDMAT (35.1 mg, 0.096 mmol ), AIBN (3.97 mg, 24.2x10-3 mmol), 0.5 mL 

mesitylene and 3.3 mL dioxane in total were transferred using a fixed volume pipettor. (R)- or (S)-

1-(4-vinylphenyl)ethanol (0.71 g, 4.8 mmol) and styrene were added (0.51 g, 4.9 mmol) to the 

vessel. The tube was sealed and deoxygenated by flushing with argon through solution for 
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approximately 30 minutes. Then the vessel was placed in a preheated oil bath at 70 ˚C. During the 

polymerization, samples were taken at different times of conversion and used for analysis. The 

reaction was stopped after a certain time by cooling the flask in an icebath and addition of THF. 

The polymer was recovered by precipitation in a generous amount of stirred diethyl ether (∼50 

mL), filtered, and dried under vacuum overnight. Mn and D obtained from SEC for this particular 

sample were 3,400 g/mol and 1.1, respectively. Yield: 17%. 

CALB-catalyzed esterifications 

For all reactions the [OH] concentration, mol equivalence of vinyl acetate to [OH] and weight 

percentage of CALB were kept constant and only the amount of solvent was varied in different 

reactions. The esterification of polymers is given as a representative example: Poly((R)-1-(4-

vinylphenyl)ethanol), (Poly2R), (120 mg, Mn = 5,400 g/mol, D = 1.20 ) was weighed into a vial. 

The vial was then charged with Novozyme-435 (12 wt % with respect to the polymer, 14.4 mg) 

and 3Å molecular sieves and vacuum dried at 60°C overnight to remove traces of moisture. Then 

the vial was filled with nitrogen, dry THF (1.5 mL) and dry toluene (3 mL) followed by vinyl 

acetate (0.7 mL). The reaction mixture was stirred at 45°C for 2 days. The samples were filtered 

and dried before being analyzed by NMR to determine the extent of esterification of the hydroxyl 

groups.  
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ENZYMATIC MODIFICATION OF 

CHIRAL BLOCK COPOLYMERS   

 
 
 
 
 
 
  4 

Block copolymers comprising blocks with pendant hydroxy groups of opposite chirality were 

synthesized by RAFT polymerization of (R)- and (S)-1-(4-vinylphenyl)ethanol (1R and 1S) as 

monomers. Poly(styrene) macro RAFT agents were chain extended with both enantiomeric 

monomers to obtain poly(styrene-b-1R) and poly(styrene-b-1S) with controlled molecular weight 

and low polydispersities. Enantioselective esterification with vinyl acetate by Candida antarctica 

Lipase B (CALB) was only possible on the 1R containing block copolymer. This concept was 

extended to a series of chiral block copolymers poly(1R-b-1S), which apart from their optical 

rotation behave like homopolymers. CALB-catalyzed selective esterification of the 1R-block 

converted them into polymers with chemically and physically distinguishable blocks. 
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4.1. Introduction 

Highly enantioselective biochemical interactions have evolved in nature manifested the fact 

that in most cases only one enantiomer is biologically active.1 For a given pair of enantiomers the 

biological recognition unit, for example an enzyme, is able to discriminate solely based on the 

chirality of molecules otherwise fully identical in structure and properties. We are interested in 

investigating whether this intriguing concept could be applied in synthetic polymers towards 

enzyme enantio-responsive materials. Utilizing the selectivity of enzymes to modulate material 

properties and triggering a macroscopic response led to the development of enzyme-responsive 

materials.2,3 Examples include changes in fluorescence4, the release of a drug5-10, the generation of 

some form of physical aggregation such as micelles11,12 or (dis)assembly of particles13,14. In some 

cases, proteolytic enzymes have been used to selectively cleave specific amino acid sequences 

thereby causing swelling of a polymer or payload release.15-19 Recently also examples of enzyme 

responsive synthetic block copolymers were reported.20-22 For example, Hawker demonstrated 

that by specific enzymatic hydrolysis by a phosphatase the amphiphilicity of a block copolymer 

could be modulated so as to trigger micelle formation.11 However, all reported examples are 

based on chemo- or regioselective enzymatic action. Duxbury et al. recently disclosed the first 

enantio-responsive polymer, which relied on functional enantiomerically pure polymerizable 

monomers and a highly selective enzyme.23 Based on a report by Hult that Candida antarctica 

Lipase B (CALB) esterifies (R)-1-phenyl-ethanol 1.3x106 times faster than the (S) enantiomer we 

selected (R)- and (S)-1-(4-vinylphenyl)ethanol (1R and 1S) as monomers.24 By copolymerization 

with styrene using free radical polymerization enantiomerically pure copolymers were obtained. 

The (R) selective esterification of the pendant chiral alcohol groups with vinyl acetate by 

immobilized (CALB) resulted in a change of thermal properties as a function of (R)- content. This 

concept was further extended to dendrimers with enantiomerically pure end-groups (Chapter 

5).25 In Chapter 3, we synthesized random copolymers of 1R and 1S with styrene employing 

RAFT-mediated polymerization.26 It was found that the enzyme enantioselectivity was retained 

for these copolymers. Applying a controlled polymerization like RAFT offers the possibility to 

synthesize block copolymer comprising (R) and (S)-(4-phenyl)ethanol blocks. This is intriguing 

because the block character of these polymers would only manifest itself in the optical rotation 

and not in any other physical property. In other words, the chiral block copolymers would behave 

like homopolymers. We hypothesized that by selective enzymatic modification of one block it 

would be possible to convert them into block copolymers as shown in Figure 1B of which the 

separate blocks would be chemically and physically distinguishable. 
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Figure 1. Synthesis and CALB-catalyzed enantioselective modification of blockcopolymers. 

4.2. Synthesis of blockcopolymers 

The enantiopure monomers 1S and 1R were synthesized by selective alcohol dehydrogenase 

(ADH) reduction of the corresponding ketone 1-(4-vinylphenyl)ethanone with an enantiomeric 

excess (ee) > 99% as previously described in Chapter 2. All block copolymers were synthesized by 

RAFT polymerization using 2-(dodecylthiocarbonothioylthio)-2-methylpropionic acid (DDMAT) 

as the chain transfer agent (CTA) together with 2,2′-azobis(2-methylpropionitrile) (AIBN) as the 

radical initiator. In a first set of experiments poly(styrene) macroinitiators (Mn = 3,100 g/mol and 

D = 1.1) were chain extended with 1R and 1S, respectively (Figure 1A). Confirmation of the block 

copolymer formation was obtained from the shift of the size exclusion chromatograms (SEC) to 

higher molecular weight upon chain extension (Figure 2).  
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Figure 2. Molecular weight distribution of poly(styrene) macroinitiator (solid line) and the chain 

extension with 1R (dotted lines) at 70 ˚C initiated by AIBN using Poly(styrene)-CTA as 

macroRAFT agent. Samples taken at different monomer conversion. 

Both block copolymers, i.e. poly(styrene-b-1R) and poly(styrene-b-1S) were obtained with a 

comparable molecular weight of around 12,000 g/mol and a polydispersity index (D) of < 1.2 

(Table 1, entries 4 and 5). Contrary to the blocks present within one and the same block 

copolymer, the block copolymers themselves are chemically identical and indistinguishable by 

conventional polymer analytical techniques. In agreement with the opposite chirality of the block 

copolymers, optical rotation measurements resulted in similar values with opposite optical 

rotation of light, i.e. +32.3˚ and -30.9˚, respectively (Table 1, entries 1, 2, 4, 5). 

Then, 1R was polymerized using an initial monomer concentration of 2M and a 

[Monomer]0:[I]0:[CTA]0 = 100:0.25:1 molar ratio. Kinetic analysis revealed a linear increase of Mn 

as a function of conversion (Figure 3A) signifying that the polymerization of 1R proceeded in a 

controlled manner. In addition, SEC showed monomodal mass distributions with polydispersities 

< 1.2 (Figure 3B). The polymerizations were quenched at around 50% conversion (30 h, 

determined by GC) in order to retain the end groups for further chain extension yielding a 

poly(1R) with Mn = 5,400 g/mol and a D value of 1.2 (Table 1, entry 1). This polymer was 

employed as a macro-CTA for the polymerization of 1S in the presence of a small amount of AIBN 

in 1,4-dioxane. 
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Table 1. Chiral homo and block copolymers synthesized by RAFT-mediated polymerization. 

  

Block 1 
  
  

Block 2 
 
   

Entry M1(a) Mn(b) 
(g/mol)  

D M2(a) Mn(c) 
(g/mol) 

D Optical rotation  
(
○
) 

1 1R  5,400 1.2 - - - +39.4 

2 1S 6,600 1.1 - - - -38.8 

3 1Rester 7,400 1.2 - - - +107.0 

4 styrene 3,100 1.1 1R 12,100 1.2 +32.3 

5 styrene 3,100 1.1 1S 11,400 1.1 -30.9 

6 1R 5,400 1.2 1S 11,600 1.4 -10.9 

7 1R 7,200 1.2 1S 8,600 1.2 +29.8 

8 1R 7,200 1.2 1S 9,800 1.2 +21.9 

9 1R 7,200 1.2 1S 10,700 1.2 +11.2 

10 1R 7,200 1.2 1S 11,500 1.2 -1.5 

11 1S 5,300 1.1 1R 8,300 1.2 ND 

12 1R 5,400 1.2 1Rester 10,800 1.3 +61.8 

(a) M1, M2: monomer 1 and 2. (b) Mn values of macroRAFT agent after precipitation. (c) Mn values of blockcopolymers. 

 

Figure 3.  (A) Number average molecular weights (Mn) and polydispersity indices (D) as a function 

of monomer conversion. Solid lines represent linear data fit. Inset: SEC traces of poly(1R) 

macroRAFT agent (dotted line) and poly(1R-b-1S) after chain extension with 1S (solid line) (B) 

Molecular weight distribution of poly(1R) macroRAFT agent (dotted line) and poly(1R-b-1S) after 

chain extension with 1S (solid line). 
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Figure 3A shows a linear increase of molecular weight with conversion for the generation of 

the second block. The clear shifts of the corresponding SEC traces confirm that the polymerization 

of the second block started from the initial CTA-functionalized 1R-block and yielded the diblock 

copolymer poly(1R-b-1S) (Figure 3B). A low molecular weight tailing was observed in the SEC 

traces, which might be due to terminated macroinitiators. In addition, a high molecular weight 

shoulder (frontening) becomes more apparent with increasing monomer conversion in the 

polymerization of the second block. This can be attributed to radical-radical coupling of the 

growing chains. 

To systematically investigate the enantioselective esterification of the poly(1R) block, a series 

of four poly(1R-b-1S) block copolymers were synthesized in which the length of starting block, 

poly(1R), was kept constant at 7,200 g/mol to ensure that the extent of the esterification on the 

pendant hydroxy groups would be constant for the four block copolymers used. The length of the 

second block, poly(1S), was varied from 2,100 to 6,400 g/mol (Table 1, entries 7-10). In 

agreement with the change in the proportion of two blocks, the optical rotation decreased from 

29.8˚ to 1.5˚ with increasing 1S to 1R block length ratio (Table 1). 

4.3. CALB-catalyzed enantioselective esterification of blockcopolymers 

The ability of CALB to esterify both block copolymers was investigated in THF/toluene (1/2 

v/v) with vinyl acetate at 10 M equivalents of vinyl ester per OH groups in the polymers. The 

average conversion of the total number of OH groups was calculated from 1H-NMR spectra using 

the integrated peak areas at 4.8 and 5.8 ppm assigned to protons on the chiral center before and 

after esterification as shown in Chapter 3. Notably, no ester formation was detected for 

poly(styrene-b-1S), while a maximum of 45% esterification of OH groups was calculated for 

poly(styrene-b-1R) (Table 2, entries 5 and 4, respectively). A maximum of around 50% 

esterification on poly(1R) was previously observed in Chapter 3 and is believed to be due to 

sterical constrains.25,26 Gradient polymer elution chromatography (GPEC) and SEC were also used 

to monitor the reactions (Figures 4A and 4B, respectively). For example, the SEC trace of 

poly(styrene-b-1R) shifted to a slightly higher molecular weight, whilst the trace of the non-

reactive poly(styrene-b-1S) remained unchanged after the exposure to CALB and vinyl acetate. 

The GPEC elution time of both block copolymers (Table 1, entries 4 and 5) before CALB-catalyzed 

esterification was irrespective of their chirality (12 min.). For comparison, a fully esterified 

polymer was synthesized from 1Rester (denoted as poly(1Rester), Table 1, entry 3) and eluted at 18 

min. The elution time of poly(styrene-b-1R) was shifted to 16 min. (towards that of poly(1Rester)) 
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after enzymatic esterification, which indicates that the modification was stereo-selective and took 

place only on (R)-block. 

 

Figure 4. (A) Molecular weight distribution before (dashed line) and after (solid line) the CALB-

catalyzed esterification on poly(styrene-b-1R) (top) and poly(styrene-b-1S) (bottom) (B) GPEC of 

poly(1Rester) (Table 1, entry 3), poly(styrene-b-(1R-co-1Rester)), poly(styrene-b-1R) (Table 1, entry 

4), poly1R (Table 1, entry 1) and poly1S (Table 1, entry 2). The eluent was 30% water-70% THF 

for the first 3 minutes and gradually changed to 100% THF over 30 minutes. 

The fact that no reaction occurred on the 1S-block is in agreement with reported CALB 

selectivity signifying the retained enantioselectivity of CALB in block copolymer modifications. 

Encouraged by these results it was hypothesized that it should also be possible to selectively 

modify the 1R-block in a chiral block copolymer, i.e. poly(1R-b-1S), as well. Apart from the optical 

rotation, it is reasonable to claim that the chemical and physical properties of the individual chiral 

blocks are identical and such a block copolymer can thus be considered a homopolymer. 

Consequently, a successful enantioselective esterification of only one block would produce a block 

copolymer with chemically and physically distinguishable blocks. To validate this hypothesis 

CALB-catalyzed esterification of four poly(1R-b-1S) block copolymers in which the length of the 

starting block, poly(1R), was kept constant while varying the length of the second block, poly(1S), 

was carried out under the same conditions as applied for the esterification reaction of 

poly(styrene-b-1R). The maximum modification determined by 1H-NMR was dependent on the 1S 

to 1R block lengths ratio (Figure 5 and Table 2). For example 45% esterification was obtained for 

the polymer with the lowest ratio (i.e. relatively longest 1R-block) reaction, while only 23% were 

achieved for the highest 1S to 1R block length ratio.  
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Figure 5. 1H-NMR of poly(1R) and poly(1R-b-1S) after CALB-catalyzed esterification. 

Table 2. Summary of CALB-catalyzed enantioselective esterification of pendant alcohol groups on 

the blockcopolymers synthesized. 

Entry(a) Esterification on total-[OH]  
(%)(b) 

1S/1R block ratio(c) 

6 18 1.15 

7 44 0.22 

8 40 0.29 

9 36 0.39 

10 24 0.46 

4 45  - 

5 0 - 
(a) Entry numbers are corresponding to the ones in Table 1. (b) Conversion values were calculated by 1H-NMR with 

respect to CHOH before (4.7 ppm) and after (5.9 ppm) esterification (Chapter 2). (c) Block ratio was calculated based on 

the measured Mn values at SEC (calibrated by polystyrene standards in THF). 

The specific rotation of each block copolymer increased after the esterification due to the 

higher specific rotation of ester groups (Table 1, entry 12). However, the same trend was 

observed for the block ratio dependency of optical rotation (Figure 6). These results provide 

indirect evidence that esterification exclusively occurred on the poly(1R) block and are in 

agreement with the absence of any esterification on the 1S-block as was observed for 

poly(styrene-b-1S).  
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Figure 6. Optical rotation of blockcopolymers before (▼) and after esterification (◄), and extent 

of esterification of total amount of alcohol groups of the blockcopolymers as a function of block 

ratio (S/R) (■). 

Further evidence was obtained from gradient polymer elution chromatography (GPEC) 

analysis using a water/THF eluent gradient (Figure 7). The GPEC elution time of all block 

copolymers (Table 1, entries 7-10) before CALB esterification was irrespective of the block length 

(2.5 min.). The elution times of all poly(1S-b-1R) block copolymers after enzymatic esterification 

were between those of poly(1R) and poly(1Rester), which is indicative for the existence of 

copolymers. For comparison, poly(1R-b-1Rester) (Table 1, entry 12) was synthesized via RAFT-

mediated polymerization and eluted at 13 min. As the 1S-block length increases, the relative ratio 

of the modified monomer units to the total pendant hydroxy groups decreases and the elution 

time shifted closer to the one of pure poly(1R). A small peak due to the presence of homopolymer 

is still visible after the esterification reactions of block copolymers 9 and 10. This is probably due 

to poly(1S) formed during the elongated chain extension reaction time. Note that poly(1S) is 

unreactive in this esterification reaction. 
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Figure 7. Gradient polymer elution chromatography (GPEC) of poly(1R-b-1S) with a block ratio 

(S/R) of 0.29 (Table 1, entry 7), 0.39 (Table 1, entry 8), 0.46 (Table 1, entry 9) and 0.89 (Table 1, 

entry 10) before (dotted lines) and after (solid lines) enzymatic esterification. The eluent was 

70% THF 30% water for the first 3 minutes and gradually changed to 100% THF over 30 minutes. 

4.4. Conclusions 

In conclusion, we have presented a novel enzyme enantio-responsive polymeric system. Block 

copolymers comprising two blocks with pendant hydroxy groups of opposite chirality were 

synthesized. The chemical and physical properties (except optical rotation) of the individual 

chiral blocks are identical and the chiral block copolymers behave like homopolymers. By 

selective enantioselective esterification of only one of the present blocks these apparent 

homopolymers were converted into block copolymers with chemically and physically 

distinguishable blocks. 

4.5. Experimental part 

Materials. All the chemicals were purchased from Sigma-Aldrich and used as received unless 

otherwise noted. All the solvents were obtained from Biosolve and of technical grade. Anhydrous 

tetrahydrofuran and toluene were dried on an alumina column. NADPH and alcohol 

dehydrogenase from Lactobacillus brevis (4100 U/mL) (ADH-LB) and Thermoanaerobacter sp. 

(331 U/mL) (ADH-T) were purchased from Julich Chiral Solutions GmbH, Germany. Novozyme 

435 (immobilized Candida antarctica, Lipase B) was obtained from Novozymes. Styrene (Sigma 

Aldrich, 99.9%) was purified by passing over a column of basic aluminum oxide. 2,2-
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azobis(isobutyronitrile) (AIBN) was recrystallized from methanol prior to use. 2-

(Dodecylthiocarbonothioylthio)-2-methylpropionic acid (DDMAT) was synthesized according to a 

literature procedure.27  

Methods. 1H spectra was recorded on a Varian Mercury Vx spectrometer operating at 400 

MHz at 25°C. Multiplicities are given as s (singlet), d (doublet), t (triplet), q (quartet), m 

(multiplet), and br (broad) for 1H spectra. Coupling constants, J, are reported in Hz. Monomer 

conversions were determined using Varian 450-GC on a CP-Wax 52CB column (25 M×0.4 MM) 

with injector at 250 °C and FID 300 °C and a gradient temperature program from 40 °C (for 5 min) 

to 200 °C at 10 °C/min holding at 200 °C for 5 minutes. Optical rotations were determined using a 

JASCO DIP-370 Digital Polarimeter (589 nm, Na D-line, 25 °C) with a cylindrical glass cell ( 3.5 

ID X 50 mm) at a concentration of 10 mg mL-1 in THF. Size exclusion chromatography (SEC) was 

performed on a Waters Alliance system equipped with a Waters 2695 separation module, a 

Waters 2414 refractive index detector (40 °C), a Waters 2486 UV detector, a PSS SDV 5 mm guard 

column followed by 2 PSS SDV 5 mm 500 Å columns in series (8 × 300) at 40 °C. Tetrahydrofuran 

(THF, Biosolve), stabilized with BHT, was used as eluent at a flow rate of 1 mL min-1. The 

molecular weights were calculated with respect to polystyrene standards (Polymer Laboratories, 

Mp = 580 g/mol up to Mp = 21000 g/mol). Before SEC analysis was performed, the samples were 

filtered through a 0.2 µm PTFE filter (13mm, PP housing, Alltech). Gradient polymer elution 

chromatography (GPEC) was performed on a Agilent 1100 series HPLC system equipped with a 

degasser, a Quaternary pump, an autosampler, a diode-array detector, a column oven and a 

Alltech evaporative light scattering detector (3300 ELSD, with a nitrogen flow 1.5 mL/min, 

working at 60°C) and a Zorbax SB-C18 column (4.6 x 250 mm, 5 μm working at 25°C). An eluent 

gradient was 30% water (MilliQ) and 70% THF for first 3 min and then gradually changed to 

100% THF in 30 min.  

Synthesis of monomers 

(R)-1-(4-vinylphenyl)ethanol) (1R) and (S)-1-(4-vinylphenyl)ethanol) (1S). Synthesized 

by selective alcohol dehydrogenase (ADH) reduction of the corresponding ketone 1-(4-

vinylphenyl)ethanone with an enantiomeric excess (ee) > 99% as described in Chapter 2. 

(R)-1-(4-vinylphenyl) ethyl acetate (1Rester). Synthesized by CALB-catalyzed esterification 

of 1R as described in Chapter 3. 
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Synthesis of polymers 

Poly(1-(4-vinylphenyl)ethanol) (Poly(1R) and Poly(1S)). Individual stock solutions of the 

radical initiator (AIBN) and CTA (2-(Dodecylthiocarbonothioylthio)-2-methylpropionic acid 

(DDMAT)) were prepared with the respective solvent to ensure accurate reactant ratios for a set 

of reactions at a given condition. A representative example for polymerizations in 1,4-dioxane is 

as follows: In a 10 mL glass reaction vessel equipped with a magnetic stirring bar, DDMAT (39.4 

mg, 0.108 mmol ), AIBN (4.44 mg, 0.027 mmol), 1 mL mesitylene and  5.4 mL dioxane were 

transferred using a fixed volume pipettor. 1-(4-vinylphenyl)ethanol (1.6 g, 10.8 mmol) was added 

to the vessel. The tube was sealed and deoxygenated by flushing with argon through the solution 

for approximately 30 minutes. Then the vessel was placed in a preheated oil bath at 70 ˚C. During 

the polymerization, samples were taken at different times of conversion and used for analysis. 

The reaction was stopped after a certain time by cooling the flask in an icebath followed by the 

addition of THF. The polymer was recovered by precipitation in diethyl ether (50 mL), filtered, 

and dried under vacuum overnight. Mn and D calculated by SEC (Polystyrene standards in THF) 

for this particular sample were 7200 g/mol and 1.2, respectively, and the percent conversion 

estimated by GC was 51%.  

Polystyrene (PolyS). In a 10 mL glass reaction vessel equipped with a magnetic stirring bar, 

DDMAT (69.9 mg, 0.19 mmol), AIBN (7.89 mg, 0.048 mmol), 1 mL mesitylene and  8.6 mL dioxane 

were transferred using a fixed volume pipettor. Styrene (2.0 g, 19.2 mmol) was added to the 

vessel. The tube was sealed and deoxygenated by flushing with argon through the solution for 

approximately 30 minutes. Then the vessel was placed in a preheated oil bath at 70 ˚C. During the 

polymerization, samples were taken at different times of conversion and used for analysis. The 

reaction was stopped after a certain time by cooling the flask in an ice bath followed by the 

addition of THF. The polymer was recovered by precipitation in diethyl ether (50 mL), filtered, 

and dried under vacuum overnight (Mn= 3200 g/mol, D= 1.1) . 

Poly(1Rester). Individual stock solutions of AIBN and DDMAT were prepared with the 

respective solvent to ensure accurate reactant ratios for a set of reactions at a given condition. In a 

10 mL glass reaction vessel equipped with a magnetic stirring bar, DDMAT (7.7 mg, 0.021 mmol), 

AIBN (0.86 mg, 0.0053 mmol), 0.1 mL mesitylene and 0.9 mL dioxane were transferred using a 

fixed volume pipettor. 1Rester (0.40 g, 2.1 mmol) was added to the vessel. The tube was sealed and 

deoxygenated by flushing with argon through the solution for approximately 30 minutes. Then 

the vessel was placed in a preheated oil bath at 70 ˚C. During the polymerization, samples were 

taken at different times of conversion and used for analysis. The reaction was stopped after a 
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certain time by cooling the flask in an ice bath followed by the addition of THF. The polymer was 

recovered by precipitation in cyclohexane (50 mL), filtered, and dried under vacuum overnight 

(Mn= 7400 g/mol, D= 1.2, Conversion= 62%).  

Blockcopolymers.  The same procedure described above was used with the exceptions that 

macro-RAFT agent was added instead of DDMAT. A representative example for block 

copolymerizations in dioxane is as follows: A solution of Poly((S)- 1-(4-vinylphenyl)ethanol) (Mn= 

5300 g/mol, D = 1.11) (179.9 mg, 33.8x10-3 mmol), (R)- 1-(4-vinylphenyl)ethanol) (0.5 g, 3.38 

mmol), AIBN (1.39 mg, 8.4x10-3 mmol), and dioxane (1.7 mL) was mixed in a dried glass reaction 

vessel. After complete dissolution of all solids, the vessel was deoxygenated by flushing with 

argon through solution for approximately 30 minutes. Then the vessel was placed in a preheated 

oil bath at 70 ˚C. During the polymerization, samples were taken at different times of conversion 

which were used for analysis. The reaction was stopped after a certain time by cooling the flask in 

an ice bath and addition of THF (Mn= 8300 g/mol, D= 1.2, Conversion= 36%). 

CALB-catalyzed esterifications  

For all reactions the [OH] concentration (0.1 M), mol equivalence of acyl donor (vinyl acetate 

or vinyl methacrylate) to [OH] (10 : 1) and weight percentage of CALB were kept constant.  

A representative example for the esterification of blockcopolymers is as follows: Poly((R)-1-

(4-vinylphenyl)ethanol)-b-((S)-1-(4-vinylphenyl)ethanol), (Poly1R-b-1S), (30 mg, Mn = 9300 

g/mol, D = 1.1 ) was weighed into a vial. The vial was then charged with Novozyme-435 (12 wt % 

with respect to the polymer, 3.6 mg) and 3Å molecular sieves and vacuum dried at 60 °C 

overnight to remove traces of moisture. Then the vial was filled with nitrogen, dry THF (0.66 mL) 

and dry toluene (1.32 mL) followed by vinyl acetate (0.2 mL). The reaction mixture was stirred at 

45 °C for 2 days. The samples were filtered and dried before being analyzed by NMR to determine 

the extent of grafting onto the hydroxyl groups.  
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Alkyne-functional enantio-pure building blocks, i.e. (R)- and (S)-1-(4-ethynylphenyl)ethanol,  

were obtained by enantioselective reductions of the corresponding ketone employing two 

enantiocomplimentary alcohol dehydrogenase (ADH) enzymes as the catalyst. Dendrimers with 

defined composition of chiral end-groups were prepared from these enantiopure building blocks 

and the matching azide-functional bisMPA dendrimers using click chemistry. Optical rotation and 

CALB-catalyzed enantioselective modification is in agreement with the predetermined chirality of 

the dendrimers and permits unique molecular-level encoding of stereoisomeric dendritic 

libraries. 

 



 Synthesis and enzymatic modification of chiral dendrimers 

 

92 

 

5.1. Introduction 

In Chapters 3 and 4 we reported the synthesis of chiral homo and (block) copolymers from the 

enantiomerically pure monomers (R)- and (S)-1-(4-vinylphenyl)ethanol. In this chapter, the 

enantioselective end group modification was applied to synthesize chiral materials. This strategy 

was initially investigated on star shaped polymers. However, a general drawback of that system 

and indeed any material obtained by polymerization is the molecular weight distribution, at least 

if well-defined materials are targeted. Moreover, in the case of copolymers as investigated in 

Chapter 3 it leaves an uncertainty about the distribution of chiral units along the polymer chains 

and reduces the density of chiral groups in the material. To overcome these drawbacks we 

propose an alternative approach based on well-defined dendrimers, in which by orthogonal 

functionalization a defined optical rotation can be encoded into the dendrimer by the use of 

enantiomerically pure (R)- and (S)-building blocks.  

Since the advent of dendrimers several research groups have investigated the introduction of 

chirality into dendritic architectures.1,2 Naturally occurring chiral building blocks such as amino 

acids, carbohydrates or oligonucleotides as well as synthetic monomers have been used to 

construct different types of chiral dendrimers categorized into five classes: 1. dendrimers 

possessing a chiral core and achiral branches3-8; 2. dendrimers possessing chiral peripheral 

surface groups9-15; 3. dendrimers constructed from an achiral core and constitutionally different 

branches16; 4. dendrimers featuring chiral branched units17-19; 5. chiral dendrimers incorporating 

a chiral core, asymmetric branching units and optically active peripheral surface groups20.  

One of the primary reasons to introduce chiral building blocks to the dendrimers was that 

their well-defined structure, topology and molecular weight enabled detailed insights into the 

fundamental relationships between molecular and macroscopic chirality. Chirality plays an 

important role as a recognition feature in biological interactions. Because dendritic structures 

generally present the maximum degree of functionality to their surrounding environment (except 

in a few cases in which back-folding processes were observed21,22), the introduction of chiral 

groups into the periphery of dendrimers is particularly important for potential applications such 

as molecular recognition processes.23-26 In addition, enantioselective catalysis was also envisaged 

as a promising application for such dendrimers.27-30 In many other studies, the chirality of the 

dendrimer was of secondary importance with the prime area of interest being the interaction 

with other chiral environments, for example the interaction of glycodendrimers with cell surfaces 

and biomolecular recognition.31-35 Although there are few examples of dendrimers possessing 

chiral peripheral surfaces, chirality has not been utilized to encode a dendrimer. One reason is 
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that this requires the ready availability of two enantiomers, which can easily be attached to the 

dendrimer surface. The latter is possible with chiral molecules from natural sources such as 

sugars or amino acids, however, these molecules are usually only produced as one (the natural) 

enantiomer.  

The aim of the work presented in this chapter was to find a facile and simple method to 

synthesize chiral dendrimers, which respond to enantioselective enzymatic modification as a 

function of their predetermined chirality. In order to synthesize dendrimers in which the 

composition of the chiral chain ends can be varied, chiral building blocks of high (enantio) purity 

and an efficient method to decorate the dendrimer with these chiral building blocks are required. 

For the latter we employed the Huisgens azide-alkyne cycloaddition (‘click reaction’) due to the 

high efficiency of the reaction and the orthogonality of this methodology in the functionalization 

of various materials.36,37 However, prior to the synthesis of chiral dendrimers, linear and star 

shaped poly(n-butyl acrylate)s (polyBA) (3-arm. 4-arm, 6-arm) were prepared via ATRP as those 

were thought to be synthetically readily assessable dendrimer analogues. Br-chain ends of 

polyBAs were substituted with an azide group to insert the chiral building blocks to the chain 

ends via click chemistry. After the preliminary results on polyBAs, the same strategy was used on 

azide-functional bisMPA dendrimers. 

5.2. Model study: Synthesis of poly(n-butyl acrylate) with chiral end groups via ATRP and 

their CALB-catalyzed esterification 

 

Poly(n-butyl acrylate)s were prepared as described in literature.38 To synthesize star polyBAs, 

multifunctional ATRP initiators were employed (Figure 1). All reactions were performed in 

acetone at a temperature of 60 °C and different [monomer]:[initiator] ratios were used for the 

different initiators, while the [CuBr]:[ligand] ratio was kept constant at 1:1 for all reactions (Table 

1). To retain the end functionality of the polymer, the conversion was kept ≤50%. 

Typically all polymerizations showed a linear increase of Mn with conversion. Representative 

kinetic plots for the ATRP of n-BA employing a bi-functional ATRP initiator are shown in Figure 2. 

Narrow polydispersities (<1.2) were obtained for all polymerizations. Due to the low Tg 

(approximately -54°C39) of polyBA, the residual monomer and the solvent were removed by 

drying the polymers under vacuum in an oven at 70 °C . 
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Figure 1. Proposed synthetic route to polyBAs with chiral end groups by ATRP of n-butyl acrylate 

employing different ATRP initiators (I-V) and consecutive click reaction with (R)-1-(4-

ethynylphenyl)ethanol after the chain end functionalization with an azide. As an example the 

route using initiator I is shown. 
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Table 1. ATRP of n-butylacrylate employing different multifunctional initiators(a). 

Entry [M]0:[I]0(a):[CuBr]0:[L]0 Conversion Mn,th Mn Mw D 

    (%)(b) (g/mol) (g/mol) (c) (g/mol)   

  I      

1 100 : 1 : 0.5 : 0.5 24 3,270 2,800 3,100 1.1 

  II      

2 100 : 1 : 1 : 1 30 4,200 4,000 4,400 1.1 

  III      

3 100 : 1 : 0.5 : 0.5 32 4,660 4,600 5,000 1.1 

  IV      

4 150 : 1 : 0.5 : 0.5 32 6,880 5,500 6,100 1.1 

  V      

5 200 : 1 : 0.5 : 0.5 21 6,530 5,200 5,700 1.1 

(a) Initiator type is denoted by roman numbers. (b)The conversion was determined using GC. (c) Mn, Mw and D values were 

determined using SEC which was calibrated with polystyrene standards. 

 

Figure 2. Representative kinetic plots for ATRP of n-BA using bi-functional initiator II: Mn and D as 

a function of conversion (Left), and conversion as a function of time (Right). The dashed black 

lines represent a linear fit for the corresponding data points (R2=0.99). 

MALDI-ToF-MS was used to examine the end group fidelity. The desired product, viz. polyBA 

with a bromide end-group, was the main distribution with an additional minor distribution 

corresponding to proton-terminated polyBA ionized by K+ (Figure 3, structures A and B, 

respectively). Noteworthy is that proton-terminated polyBA could either be formed during the 

polymerization or during the MALDI-ToF-MS analysis. This leaves an uncertainty about the end 

group fidelity. 
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Figure 3. MALDI-ToF-MS spectra of monofunctional polyBA-Br (A), polyBA-N3 (C) and chiral 

polyBA (D) (top), and a zoomed-in version of the region 2200-2450 (m/z) (bottom). Characters 

(A-D) in peak assignments refer to the structures shown on the bottom right of the figure; 

numbers denote the degree of polymerization. 

All polyBAs were treated with sodium azide at room temperature in DMF overnight. FT-IR of 

the resulting polymers showed the characteristic azide peak at 2100 cm-1 (Figure 4). In order to 

confirm the presence of the azide-group on the polyBA chain ends, MALDI-ToF-MS spectra were 

recorded for all experiments. The main distribution corresponds to N3-substituted polyBA ionized 

by K+ confirming the substitution of Br-end groups with N3 (Figure 3, structure C). However, a 

small peak, denoted by a star, corresponding to polyBA-N3 with the loss of N2 was also visible. 
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Figure 4. FT-IR spectra of bromide-terminated polyBA (polyBA-Br, 1) (black) and azide-

terminated polyBA (polyBA-N3, 2) (red). 

The alkyne-functional enantiopure building blocks were obtained by selective alcohol 

dehydrogenase (ADH) reduction of the corresponding ketone 1-(4-ethynylphenyl)ethanone as 

described in Chapter 2. The reduction of 1-(4-ethynylphenyl)ethanone was performed in high 

yields (>90%) and an enantiomeric purity (ee) of more than 99% was obtained in both reactions 

(Chiral GC, Chapter 2). These reductions resulted in molecules 3S and 3R that bear both an alkyne 

functionality (for click reactions) and a chiral phenyl ethanol unit (for enzyme selectivity). N3-

substituted polyBAs were treated with (R)-1-(4-ethynylphenyl)ethanol, 3R, in the presence of 

CuSO4 and Sodium-L-ascorbate in THF/water overnight at ambient conditions. The polymers 

were purified via dialysis against water and analyzed by 1H-NMR, MALDI-Tof-MS and SEC. Figure 

5 shows the SEC traces of polyBA (black) and 1-(4-ethynylphenyl) ethanol (red). The UV 

absorbance at 254 nm for the SEC-UV trace of the resulting polymer confirmed the attachment of 

the aromatic 1-(4-ethynylphenyl) ethanol units to the polymer.  

In order to confirm the completion of the click reaction, MALDI-ToF-MS spectra were 

recorded for all experiments. A typical spectrum, depicted in Figure 3, shows the presence of both 

polyBA-N3 and chiral polyBA (structures C and D, respectively) after the reaction indicating that 

coupling efficiency was not 100%. 
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Figure 5. SEC traces of linear polyBA (4, black) and (R)-ethynylphenylethanol (3R, red): DRI 

detector (solid lines) and UV detector (254 nm) (dotted lines). 

Since MALDI-ToF-MS is not a quantitative technique, SEC-UV was used to calculate the extent 

of click reactions (before any purification). Since the total amount of UV-active compound (phenyl 

ethanol unit) does not change during the reaction, the relative amount of the polymer bearing the 

chiral phenyl ethanol unit and the residual (R)-1-(4-ethynylphenyl) ethanol was calculated by 

Gaussian multi-peak fitting and subsequent peak integration. Table 2 shows that the click 

coupling efficiencies (%) on mono-, bi-, tri- and tetra- functional polyBA-N3 were between 60-

100%, in line with the results reported in literature for the post-polymerization end group 

modification of some other polymers (70-95%).40 However, a very low coupling efficiency was 

obtained for hexa-functional polyBA-N3 (~20%). 

PolyBAs with chiral end groups ((R)-phenyl ethanol) were subjected to CALB enzyme in the 

presence of vinyl acetate in dry toluene for 2 days. The reaction was monitored by 1H-NMR 

(Figure 6). The integrals of the peaks with respect to -CH before (4.9 ppm) and after (5.8 ppm)  

the esterification were used. The CALB-catalyzed esterification of (R)-phenyl ethanol units at the 

chain ends was almost quantitative except for four-arm star polyBA (Table 2, entry 4).  
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Table 2. Click coupling efficiencies on polyBAs and the results of consecutive esterification 

reaction on polyBAs with chiral (R)-phenyl ethanol end groups obtained by click coupling. 

Entry  f (a) Coupling efficiency  
(%)(b) 

Esterification 
(%)(c) 

1 1 85 >99 

2 2 84 >99 

3 3 100 >99 

4 4 60 64 

5 6 18 >99 
(a) Functionality of the ATRP initiator employed. (b) Calculated by GPC-UV detector at 254 nm before any purification. The 

areas under the peaks were corrected according to the excess of (R)-1-(4-ethynylphenyl) ethanol used in the reactions and 

then used for the calculation. (c) Calculated by 1H-NMR. The integrals of the peaks with respect to -CH before (4.9 ppm) and 

after (5.8 ppm) the esterification were used. 

 

Figure 6. 1H-NMR spectra of polyBAs before (A; Table 2, entry 3) and after CALB-catalyzed 

esterification (B; Table 2, entry 3, and C; Table 2, entry 4). 
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These results emphasize the fact that the materials obtained by chain growth polymerization 

are prone to be less perfect in terms of the end group and the molecular weight distribution, 

which plays an important role with respect to the success of the click reaction. Well-defined 

structures, i.e. dendrimers, would serve as better templates to be encoded by orthogonal 

functionalization. Nevertheless, the results obtained by multifunctional polyBAs provided a first 

model study for the work described in the next section and showed that it is possible to convert 

any azide-functional polymeric material to a chiral polymer by end group funtionalization 

although some imperfection inherently exist in the polymers described here. 

5.3. Synthesis of chiral 2,2-bis(methylol)propionic acid (bisMPA) dendrimers and their 

CALB-catalyzed enantioselective esterification 

Synthesis of azide-terminated dendrimer 6, based on 2,2-bis(methylol)propionic acid 

(bisMPA) with 24 chain end functional groups, was accomplished by a divergent strategy as 

described in literature.41‡ The matching alkyne-functional enantiopure building blocks were 

obtained by selective alcohol dehydrogenase (ADH) reduction of the corresponding ketone 1-(4-

ethynylphenyl)ethanone to 3S and 3R. The chain end azide groups of 6 could then be decorated 

via click reactions with different ratios of 3S and 3R by simply physically mixing the isomers at 

the desired ratio before the reaction (Figure 7).  

The progress of the reactions was monitored using a combination of FT-IR, MALDI-ToF and 

1H-NMR spectroscopy. FT-IR spectra showed the disappearance of the characteristic signal of the 

azide group at 2100 cm-1 after coupling to form a triazole ring. In SEC a shift to higher molecular 

weight upon successful click reactions was observed by refractive index (RI) detection coupled 

with a low polydispersity of 1.02 (Figure 8). Comparison of the RI traces with UV-Vis detection 

provided further support for the chain end functionalization, as the starting azide-terminated 

dendrimer itself showed no UV activity whilst a UV trace due to the attachment of the aromatic 1-

(4-ethynylphenyl) ethanol units was detected in SEC after enabling the click reactions, which 

superimposes the RI trace.  

 

                                                                            

‡ Azide-terminated dendrimers were synthesized by Roey Amir from UC Santa Barbara, USA. 
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Figure 7. Synthesis of chiral bis-MPA dendrimers with different compositions of the chiral 

building blocks at the periphery. 

The progress of the reactions was monitored using a combination of FT-IR, MALDI-ToF and 

1H-NMR spectroscopy. FT-IR spectra showed the disappearance of the characteristic signal of the 

azide group at 2100 cm-1 after coupling to form a triazole ring. In SEC a shift to higher molecular 
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weight upon successful click reactions was observed by refractive index (RI) detection coupled 

with a low polydispersity of 1.02 (Figure 8). Comparison of the RI traces with UV-Vis detection 

provided further support for the chain end functionalization, as the starting azide-terminated 

dendrimer itself showed no UV activity whilst a UV trace due to the attachment of the aromatic 1-

(4-ethynylphenyl) ethanol units was detected in SEC after enabling the click reactions, which 

superimposes the RI trace.  

 

Figure 8. Left: FT-IR of azide-functional dendrimer (6) (black) and the dendrimer after Huisgen 

[2+2] cyclo addition (red); Right: Size exclusion UV and RI detector signals of azide-functional 

dendrimer 6 before and after Huisgen [2+2] cyclo addition of 3R. 

The MALDI-ToF spectrum of 6, showing a fragmentation in the process, produces a main peak 

at m/z 5614 corresponding to 6 with the loss of one azide group (theoretical m/z 5655 (5616 + 

K)) (Figure 9). Further removal of N2 produces peak 6a. After functionalization with 100% 3R, a 

dominant peak at m/z 9125 was obtained (peak 6A), which is close to the theoretical value of 

9126. Moreover, a small peak of dendrimer with various degrees of functionalization with 3R can 

be identified (denoted by a star). While the quantification of MALDI spectra is not possible, it is 

reasonable to assume that these are only present as minor traces. As the ability to desorb from the 

matrix in the MALDI process is higher for dendrimers with a lower number of OH groups and 

lower molecular weight, the small peaks representing dendrimers with lower degrees of 

functionalization are most likely over-emphasized. This is in agreement with SEC and IR results, 

suggesting that the functionalization of the azide-functional dendrimer with the chiral building 

blocks was achieved with high efficiency and in near quantitative yield.  
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Figure 9. MALDI-ToF MS of azide functional dendrimer before (6, black) and after the click 

reaction (6A, red). 

Optical rotation was measured and the specific optical rotation of the dendrimers increased 

linearly with increasing percentage of (R) end-groups in the dendrimer, which indicates that (R)- 

and (S)-building blocks had been incorporated into the dendrimer in agreement with the 

enantiomeric feed ratio (Figure 10). It has to be noted that as a consequence of the diminishing 

contribution of the stereogenic groups to the molecular weight, the specific rotation values 

decreased from free 3R ([ ]D= +50.9˚) to 6A containing 24 3R units on the periphery ([ ]D = 

+20.5˚). In order to investigate if any additional chiral substructure upon the dendrimer is 

induced by the insertion of the chiral units at the periphery, molar rotation values ([ ]D 

*Mw/100) were calculated and found to be directly proportional to the number of 3R units 

clicked to the periphery (molar rotation of 3R and 6 with 24 3R units are +75.3˚ and +1865.9˚ 

respectively). This implies that each stereogenic group at the periphery behaves like an isolated 

molecule and does not induce any additional chiral substructure upon the dendritic 

framework.42,43 These results confirm that a predetermined chirality can easily be encoded into 

the dendritic structures and read-out without changing their chemical or physical properties. 

Since the enantiomerically encoded materials are chemically identical in molecular weight, 

structure and functionality and only differ in their optical rotation, they can be described as 

dendritic stereoisomers with adjustable chiral properties. 
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Figure 10. Specific optical rotation of the dendrimers functionalized with different ratio of 3R/3S 

measured in THF, in Na D-line at 25 °C. 

While chemically indistinguishable, an enanotioselective biomolecule should be able to 

distinguish between the dendritic stereoisomers. Dendrimers having different compositions of 

chiral building units were exposed to an immobilized form of highly (R)-selective CALB in THF in 

the presence of vinyl acetate (Figure 11).  

 

Figure 11. A representative example to CALB-catalyzed enantioselective esterification of chiral 

dendrimers. 
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NMR and MALDI analysis showed that the ester bonds in the dendrimers remained intact after 

exposure to CALB enzyme. The extent of the esterification of the secondary alcohol groups as a 

function of the composition of chiral building blocks was quantified by 1H-NMR spectroscopy 

(Figure 12). No esterification was detected over a period of 48 h for the dendrimer with 100% 

(S)-groups. In contrast, when the dendrimer with 100% (R)-groups was used, 46% of the total 

alcohol groups were esterified. When the enzymatic reaction was carried out on a dendrimer 

containing an equimolar ratio of (R)- and (S)-alcohols, vinyl acetate reacted with approximately 

28% of the alcohol groups. Correspondingly, the use of 30% (R)- and 70% (S)-groups led to 

reaction of 20% of the secondary alcohol groups, whilst increasing the periphery (R)-content to 

70% resulted in an increase up to 40% in the extent of esterification. MALDI-ToF analysis 

qualitatively confirmed the results obtained by NMR. No change of the single mass peak was 

observed in case of the dendrimer containing 100% (S)-groups, while a mass distribution with a 

spacing corresponding to the methyl ester group (43 g.mol-1) was detected for all dendrimers 

containing various amounts of (R)-groups (Figure 13). 
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Figure 12. 1H-NMR spectra of dendrimers 6 (top) and, 6A before (middle) and after CALB-

catalyzed esterification (bottom). 
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Figure 13. MALDI-ToF MS of 6A after selective CALB-catalyzed esterification. 

A control esterification experiment was performed with 3S/3R mixtures exhibiting the same 

composition as the periphery of the chiral dendrimers under the same reaction conditions and the 
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extent of vinyl acetate grafting on the OH groups was found to be directly proportional to the 

increase in the amount of 3R in the mixture (Figure 14). However, notable is that the increase in 

the extent of vinyl acetate grafting was not directly proportional to the increase in the content of 

(R)-groups on the dendrimer and seems to level off at higher (R)/(S). This is probably a steric 

effect which has been observed in the enzymatic modification of other polymers as also described 

in Chapters 2-3.44,45 
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Figure 14. Extent of CALB-catalyzed grafting of vinyl acetate on secondary hydroxy groups of 

alkyne mixtures, i.e. (R)-1-(4-ethynylphenyl)ethanol (3R)/(S)-1-(4-ethynylphenyl)ethanol (3S)= 

0/100, 25/75, 50/50, 75/25 and 100/0  ( ) and on dendrimers functionalized with the same 

ratios of 3R/3S ( ). 

5.4. Conclusions 

Different linear and star-shaped polyBAs were prepared via ATRP of n-butyl acrylate by 

employing different ATRP initiators. Consecutive click reactions with (R)-1-(4-ethynylphenyl) 

ethanol after the chain end functionalization with an azide were not quantitative, probably due to 

loss of some of the end groups. CALB-catalyzed esterification of these (R)-phenyl ethanol groups 

at the chain end of polyBAs was successful and principally validated the proposed strategy of 

enantioselective enzymatic esterification of globular multifunctional chiral materials. This was 

further investigated on more defined chiral dendrimers. The extremely high selectivity of CALB 

towards the (R)-enantiomer of the 1-phenyl-ethanol moiety was retained on the periphery of 

dendrimers. Furthermore, the chirality of the dendrimer periphery directly correlates to a 



 Synthesis and enzymatic modification of chiral dendrimers 

 

108 

 

chemical reaction yield using an enantioselective catalyst. We envisage that this concept can be 

employed to program reactivity into otherwise indistinguishable molecules. 

5.5. Experimental part 

Materials. Commercial reagents were used as received. All the solvents were of technical 

grade and obtained from Biosolve. Anhydrous tetrahydrofuran was dried on an alumina column. 

All the chemicals were purchased from Sigma-Aldrich except 4'-ethynylacetophenone which was 

purchased from Acros. NADPH and alcohol dehydrogenase from Lactobacillus brevis (4100 U/mL) 

(ADH-LB) and Thermoanaerobacter sp. (331 U/mL) (ADH-T or ADH5) were purchased from Julich 

Chiral Solutions GmbH, a Codexis company in Germany, whilst Novozyme 435 (immobilized 

Candida antarctica Lipase B) was obtained from Novozymes. Copper(I)bromide (98%) was 

washed with acetic acid prior to use. N-butyl acrylate was passed over a basic alumina column 

prior to use to remove inhibitor. Spectra/Por® 7 dialysis tubing, MWCO 1000  RC, diameter 24 

mm was purchased from Serva Electrophoresis. (R)-1-(4-ethynylphenyl)ethanol and (S)-1-(4-

ethynylphenyl)ethanol were synthesized as described in Chapter 2. 

Methods. 1H NMR spectra were recorded on a Varian Mercury Vx spectrometer operating at 

400 MHz at 25°C. Infrared spectra were recorded on a Jasco FT-IR-460 Plus spectrometer 

equipped with a Specac MKII Golden Gate Single Reflection Diamond ATR System and are 

reported in wave numbers (cm-1). The enantiomeric excesses (ee%) were determined using a 

Varian 430-GC on a CP Chiralsil-DEXCB column (25M×0.25MM) with injector at 200 °C and FID at 

250 °C, and a gradient temperature program from 50 °C (for 5 min) to 195 °C at 15 °C/min 

holding at 195 °C for 2 minutes. Optical rotation was determined by using a JASCO DIP-370 Digital 

Polarimeter (589 nm, Na D-line, 25 °C) with a cylindrical glass cell (  3.5 ID X 50 mm) at a 

concentration of 10 mg mL-1 in THF. Size exclusion chromatography (SEC) was performed on a 

Waters Alliance system equipped with a Waters 2695 separation module, a Waters 2414 

refractive index detector (40 °C), a Waters 2486 UV detector and a PSS SDV 5mm guard column 

followed by 2 PSS SDV 5 mm 500 Å columns in series (8 × 300) at 40 °C. Tetrahydrofuran (THF, 

Biosolve), stabilized with BHT, was used as eluent at a flow rate of 1 mL min-1. The molecular 

weights were calculated with respect to polystyrene standards (Polymer Laboratories, Mp = 580 

Da up to Mp = 21,000 g/mol). Before SEC analysis was performed, the samples were filtered 

through a 0.2 µm PTFE filter (13mm, PP housing, Alltech). Mass spectra were recorded on a 

Voyager DE-STR from Applied Biosystems. The machine was equipped with a 337 nm nitrogen 

laser and an acceleration voltage of 25 kV was used. The polymer was dissolved in THF at a 

concentration of 1 mg/mL. The matrix and ionization agent used were respectively trans-2-[3-(4-

http://www.serva.de/enDE/CatalogDetails/3506_316_44232_Spectra_Por_reg_7_dialysis_tubing_MWCO_1000_RC_diameter_24_mm.html
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tertbutylphenyl)-2-methyl-2-propenylidene] malononitrile (DCTB) (40 mg/mL) and potassium 

trifluoroacetate (5 mg/mL) dissolved in THF. The matrix, ionization agent and the polymer 

mixture were mixed in a volume ratio of 4:1:4 and spotted (0.3 µL) on a stainless steel target 

plate. These spectra were recorded in the reflector mode, in positive mode. Spectra were recorded 

from 500 shots. The mixture was frozen in liquid nitrogen for several minutes and the frozen 

water was removed with a Christ Alpha 2–4 freeze dryer operated at 0.2 mbar and -57 °C. 

Synthesis  

Preparation of linear and multi-arm Br-terminated polyBA by ATRP (1). CuBr (25.01 mg, 

0.17 mmol), N,N,N’,N’’,N’’-pentamethyldiethylenetriamine (PMDETA) (36.41 μl, 0.17 mmol), n-

butyl acrylate (n-BA) (5 mL, 34.87 mmol), acetone (4 mL) and mesitylene, as internal standard, (1 

mL) were charged to a flask. (Depending on the functionality of the initiator the amounts of CuBr 

and PMDETA were varied; 1 molar equivalent of CuBr and PMDETA were added with respect to 

the number of functionality of the initiator.) In a separate flask, a stock solution of ethyl -

bromoisobutyrate (EBiB) (0.20 mL, 0.35 mmol) was prepared in acetone (4 mL). Both flasks were 

purged with argon for 30 minutes. The reaction flask was inserted in an oil bath of 60°C. Then, 1 

mL of the initiator solution was added into the reaction using an argon-filled syringe to initiate 

the polymerization. The reaction was left to run until the desired conversion was reached. 

Samples were taken periodically using an argon-flushed syringe, to determine the conversion 

using GC. To terminate the reaction, the flask was opened to air and THF was added. The reaction 

mixture was passed over a basic alumina column to remove the catalyst. Subsequently, the 

product was concentrated under vacuum and dried under vacuum at 70°C. Mn and D obtained 

from SEC for this particular sample were 2,800 g/mol and 1.1, respectively, and the conversion 

estimated by GC was 24%. Yield: 19%.  

End-group transformation of bromine terminated polyBAs (2). A 0.05 M solution of 

polymer in DMF was prepared in a round-bottom flask. 1.1 molar equivalent of sodium azide per 

arm was slowly added to the mixture. The reaction was left to run overnight at room temperature. 

The mixture was transferred to an extraction funnel. 10 mL of water was added. After shaking, 20 

mL of ethyl acetate was added. The layers were separated and the organic layer was washed three 

times with 10 mL of water, dried with Na2SO4, filtered and concentrated under vacuum. The 

resulting polyBA was dried in an oven under vacuum at 70°C.  

Click reaction between azide-functional polyBAs and (R)-1-(4-ethynylphenyl) ethanol 

(4). In a typical experiment, 200 mg of polymer was weighed into a round bottom flask. 
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Subsequently, 1.2 molar equivalent of alkyne-unit, 0.1 molar equivalent of CuSO4 and 0.3 molar 

equivalent of Sodium-L-Ascorbate per arm were added to the polymer. 4 mL of THF and 1 mL of 

demineralized water were added to the flask. This produced a yellowish homogeneous liquid. The 

reaction was left to run overnight at room temperature. In time, the mixture turned colorless. To 

collect the product, NaCl was added to saturate the water which induces phase separation. The 

top layer was collected. For work-up, the collected layer was transferred to a dialysis membrane 

with a molecular weight cut-off of 1000 g/mol. The product was was dialyzed first against DMSO 

and then against deionized water. For the duration of dialysis, the dialysate was changed for fresh 

dialysate solution. After dialysis, the samples were transferred to round bottom flasks, frozen in 

liquid nitrogen and frozen water was removed in a freeze-drier. 

Click reactions on bisMPA dendrimers. Stock solutions of known concentrations of 

Dendrimer-N3 and 1-(4-ethynylphenyl) ethanol in THF, and of sodium ascorbate and CuSO4 in 

deionized water were prepared (Table 1). A series of reaction mixtures were prepared from these 

stock solutions with varying amounts of R- and S- enantiomers of the alkyne (Table 2). The 

reactions mixtures were purged with Argon for 15 minutes prior to the addition of CuSO4 solution 

and then stirred overnight in a vertex rotor at room temperature. Once the reaction was complete, 

the reaction vessels were put in an ice bath and treated with solid NaCl to induce phase 

separation. The organic layer was separated and loaded to RC dialysis tubing (MWCO 1,000 

g/mol) and was dialyzed first against DMSO and then against deionized water. During the 

duration of dialysis, the dialysate was changed for fresh dialysate solution. After dialysis, the 

samples were transferred to round bottom flasks, frozen in liquid nitrogen and frozen water was 

removed in a freeze-drier. 

Table 3. Stock solutions. 

Reagent Mw 
(g/mol) 

Weight 
(mg) 

Volume of THF 
(μL) 

Concentration 
(M) 

Dendrimer-N3 5616.56 427 1260 0.060 

3R 146.07 155 187 5.675 

3S 146.07 155 187 5.675 

Sodium ascorbate 198.11 63.44 500 0.640 

CuSO4 249.7 34.35 1000 0.138 

 

  

 



 
 

5 

 

111 

 

Table 4. Equivalences of each reagent (mol/azide) and amount of each stock solution ( L) used 

for click reactions. 

  
Chiral dendrimers 

  
6A 6B 6C 6D 6E 

  
Ratio of 3R/3S 

  
100/0 70/30 50/50 30/70 0/100 

Reagent Equivalence(a) Volume of stock solutions (μL) 

Dendrimer-N3 1 150 150 150 150 150 

3R 1.3 75 52.5 37.5 22.5 0 

3S 1.3 0 22.5 37.5 52.5 75 

Sodium ascorbate 0.3 100 100 100 100 100 

CuSO4 0.07 100 100 100 100 100 
                                          (a) Mol equivalences are given compared to azide. 

CALB-catalyzed esterifications  

CALB-catalyzed esterifications on n-BA (5). PolyBAs (20mg) were weighed into different 

vials. The vials were then charged with Novozyme-435 (5mg) and 3Å molecular sieves and 

subsequently vacuum dried at 60 °C to remove traces of moisture. Then the vials were filled with 

nitrogen and dry toluene (2 mL) was transferred into the vials via a syringe, followed by vinyl 

acetate (10 L). The reaction mixture was stirred at 45 °C for 2 days. The samples were filtered 

and dried before being analyzed by NMR to determine the extent of grafting onto the hydroxyl 

groups at the periphery of the dendrimer.  

CALB-catalyzed esterifications on bisMPA dendrimers. The dendrimers (6A - 6E) (11mg) 

were weighed into different vials. The vials were then charged with Novozyme-435 (5mg) and 3Å 

molecular sieves and subsequently vacuum dried at 60 °C to remove traces of moisture. Then the 

vials were filled with nitrogen and dry THF (1.3 mL) was transferred into the vials via a syringe, 

followed by vinyl acetate (70 L). The reaction mixture was stirred at 60 °C for 2 days. The 

samples were filtered and dried before being analyzed by NMR to determine the extent of grafting 

onto the hydroxyl groups at the periphery of the dendrimer.  

CALB-catalyzed esterifications on alkyne mixtures. (R)-1-(4-ethynylphenyl)ethanol (3R) 

and (S)-1-(4-ethynylphenyl)ethanol (3S) were mixed in different mole ratios, i.e. 3R/3S= 0/100, 

25/75, 50/50, 75/25 and 100/0, and the mixtures were transferred to different vials (0.05g,, 0.3 

mmol). Dry THF (15 mL) was transferred into the vials. Then dried Novozyme-435 (6 mg) and 
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molecular sieves were added. The reaction mixture was inserted in an oil bath of 60 °C and vinyl 

acetate (0.3 mL, 3 mmol) was added via a syringe. The reaction was stirred for 2 days. The 

samples were filtered and dried before being analyzed by NMR to determine the extent of grafting 

onto the hydroxyl groups. 
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  6 

In this chapter, vinyl methacrylate was used as the acyl donor in the CALB-catalyzed post-

polymerization modification of selected (R)-chiral polymers as a comparison to vinyl acetate, used 

up to now in this dissertation, in order to make the step from a model to a more applicable 

system. These modifications provided pendant methacrylic double bonds which were utilized in 

thiol-ene reactions, viz. the Michael addition of poly(ethylene glycol) methyl ether thiol (PEG-SH), 

for further modification. The preliminary results showed that vinyl methacrylate could be used 

successfully as the acyl donor in the CALB-catalyzed esterifications. However, the extent of the 

esterification of pendant (R)-OHs with vinyl methacrylate was lower compared to that with vinyl 

acetate. Further experiments are needed to optimize this system.  
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6.1. Introduction 

Introducing functional groups into synthetic polymers susceptible to enantioselective enzyme 

response might open new possibilities for enzyme-responsive materials and could be 

complementary to selective enzyme stimuli previously reported.1-6 In this regard, the 

extraordinary enantioselectivity of CALB towards (R)-1-phenyl-ethanol7 might offer new 

perspectives towards these materials as discussed earlier in this dissertation. The syntheses of 

chiral homopolymers, block copolymers and dendrimers, and their enantioselective response to 

CALB enzyme have been reported in Chapters 3-5.8,9 In these chapters, vinyl acetate has been 

employed as the acyl donor for the selective esterification of the chiral alcohol groups present on 

these polymers. Vinyl methacrylate has also been used as the acyl donor for the functionalization 

of different polymers.10-12 Both vinyl acetate and vinyl methacrylate render the transesterification 

reaction completely irreversible since they form an unstable enol as one of the transesterification 

products, i.e. vinyl alcohol, which rapidly tautomerizes to the volatile acetaldehyde.13 However, 

vinyl methacrylate is of higher practical interest as it provides pendant double bonds, which could 

serve as a site for further modification on the polymer.    

Thiol-ene chemistry has been increasingly investigated in synthetic materials since these 

reactions are extremely fast and metal-free.14-18 Thiol–ene addition reactions describe the 

addition of a thiol to a double bond (ene) and can proceed by two routes: (i) anti-Markovnikov 

radical addition19-21 and (ii) base- or nucleophile-catalyzed Michael addition reaction22,23. The 

Michael reaction is advantageous due to mild reaction conditions, minimal by-product formation, 

high functional group tolerance and high conversions when optimized. Haddleton and coworkers 

recently have reported a systematic investigation on Michael addition of a range of thiols to 

dimers and oligomers of some (meth)acrylates in the presence of different amines and phosphine 

catalysts while varying the solvent, reactant ratio and temperature.23 

In this chapter we report the preliminary results on the secondary modification of well-

defined (R)-chiral polymers by means of thiol-ene addition. With the use of RAFT polymerization, 

we synthesized chiral polymers. These polymers were exposed to CALB enzyme in the presence of 

vinyl methacrylate for grafting methacrylate onto pendant secondary (R)-OHs. Furthermore, 

poly(ethylene glycol) methyl ether thiol (PEG-SH, Mn = 1,000 g/mol) was conjugated to these 

pendant double bonds via Michael addition (Figure 1). 
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Figure 1. Post-polymerization modification of chiral polymers. (A) CALB-catalyzed methacrylation 

of the pendant alcohols. (B) Michael addition of poly(ethylene glycol) methyl ether thiol (Mn = 

1,000 g/mol) (PEG-SH) to the pendant double bonds. 

6.2. CALB-catalyzed esterification of chiral polymers in the presence of vinyl methacrylate 

We examined the CALB-catalyzed methacrylation of three types of chiral polymers 

synthesized in the previous chapters: poly1R (Mn = 5,400 g/mol), poly(styrene-b-1R) (Mn = 

12,100 g/mol) and poly(1R-b-1S)(Mn = 11,600 g/mol). For all reactions THF/toluene (1/2 v/v) 

was used as the solvent and anhydrous conditions were employed to prevent the reverse 

reaction, i.e. hydrolysis. All esterifications were done at 45-50 ˚C and 10 M equivalents of vinyl 

ester per OH groups in the polymers were used. The reactions were monitored by 1H-NMR and 

FT-IR. FT-IR showed characteristic C=C stretching vibrations at 1635 cm-1 and C=O stretching 

vibrations at 1715 cm-1 after grafting of methacrylate onto the polymer backbone. In addition, 

analysis of the polymers by 1H-NMR (Figure 2) confirmed the grafting of methacrylic ester to the 

pendant OH groups as indicated by the appearance of the signals corresponding to –C=CH2 at 6.1 

and 5.6 ppm (6 and 7), -CH at 5.9 ppm (5) and –C-CH3 at 1.9 ppm (8). The peaks assigned to the 

proton on the chiral center before (1) and after esterification (5) at 4.8 and 5.9 ppm were used to 

determine the extent of methacrylation of the OH groups. The results of the CALB-catalyzed 

esterification of the chiral polymers are summarized in Table 1. The CALB-catalyzed esterification 
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of poly1R employing vinyl methacrylate as the acyl donor resulted in 35% grafting, which is much 

lower than the extent of esterification obtained with vinyl acetate as described in the previous 

chapters (~50%). Similarly the extent of methacrylation of the pendant hydroxyl groups of 

poly(styrene-b-1R) and poly(1R-b-1S) was comparatively low (22% and 10%, respectively). The 

reduced esterification could be due to the reduced transacylation rate with the insertion of an 

double bond in the acyl donor as reported earlier by Hult and coworkers for the 

transacylation reaction between propan-1-ol and the saturated ester methyl propionate. 24 

 

Figure 2. 1H-NMR of poly1R before (A) and after (B) the CALB-catalyzed methacrylation of the 
pendant (R)-OH groups . 

Table 1. Summary of the CALB-catalyzed methacrylation of the selected chiral polymers. 

Block 1   Block 2   Esterification of (R)-[OH] 

  Mn (g/mol)
 (a)

   Mn (g/mol)
(a)

  (%) 

poly1R 5,400 - 
 

35 

poly1R 5,400 poly1S 11,600 10 

polystyrene 3,100 poly1R 12,100 22 
                                    ( a) Calculated by SEC with respect to polystyrene standards in THF. 
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6.3. Michael addition reactions 

6.3.1. Model reactions 

Before further modifying the methacrylated polymers, we performed some model reactions 

for the amine- or phosphine-catalyzed Michael addition reaction. Poly(ethylene glycol) methyl 

ether thiol (PEG-SH) (Mn = 1,000 g/mol) and benzyl methacrylate were used as Michael donor and 

Michael acceptor, respectively, in these reactions. A tertiary amine (triethylamine (TEA)), a 

primary amine (hexylamine (HA)) and a phoshine (dimethylphenylphosphine (DMPP)) were 

employed as catalysts. The model reactions were performed in an NMR tube in deuterated solvent 

in order to directly follow the conversion by 1H-NMR.  

 

Figure 3. Model reactions: Michael addition of poly(ethylene glycol) methyl ether thiol (PEG-SH) 

(Mn = 1,000 g/mol)  to benzyl methacrylate. 

Gimbert has reported that phosphine-based catalysts are known as very reactive catalysts for 

Michael addition reactions.25 Phosphines are much poorer bases than alkylamines and 

demonstrate enhanced nucleophilic catalytic behavior. Thus, the mechanism for such nucleophile-

mediated thiol reaction was proposed to be different than the base-catalyzed process (Figure 4A). 

In contrast to the base-catalyzed system, this proposed mechanism includes the nucleophilic 

addition of phosphine to the activated double bond, generating a strong carbanion which 

deprotonates the thiol (Figure 4B).26 Then, the thiolate anion undergoes direct thiol-Michael 

addition, regenerating the strong carbanion which deprotonates more thiol. The mechanism is 

believed to be the same for primary and secondary amines which are considered to be reacting 

not as bases but as nucleophiles.17 
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Figure 4. Proposed mechanisms for base-catalyzed (A) and nucleophile-mediated (B)  

hydrothiolation (EWG: electron withdrawing group, B: base, Nu: nuchleophile). 

We initially performed reactions in the presence of DMPP. It is known that highly reactive 

phosphine compounds can react with vinyl groups resulting in a side reaction, the amount of 

which is strongly dependent on the monomer to DMPP ratio. Haddleton and coworkers showed 

that the nucleophilic addition of a phosphine to a vinyl group increased from 4% to 23% with an 

increasing ratio of DMPP/monomer from 0.1 to 1.0 respectively.23 They also showed that solvent 

selection has a remarkable effect on the reaction rates. Therefore, first we tested acetone and 

DMSO as solvents (Table 2, entry 1-4) employing two different ratios of [DMPP]/[monomer], 

namely 0.05 and 0.5. In case of [DMPP]/[monomer] =0.05, we did not observe any conjugation 

product in acetone after 7h, while 37% conversion was obtained in DMSO in the same time. In 

case of [DMPP]/[monomer] =0.5, both reactions led to conjugation products with DMSO resulting 

in higher conversions. This can be attributed to the high polarity of DMSO, which allows a better 

stabilization of the thiolate ion. In addition, solvents with high dielectric constants, such as DMSO 
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or DMF, have been shown to facilitate the dissociation of thiol to thiolate ion to some extent in the 

absence of a catalyst. 17  

Since the possibility of side reactions increases with increasing DMPP/monomer ratio, we 

lowered the ratio to 0.2. In this case, the conversion increased to 72% within 50 min and to 89% 

after prolonged reaction time. The Michael addition was also carried out in the presence of 

triethylamine as the catalyst at ambient temperature with a ratio of [ene]/[thiol]/[cat] = 

1.0/1.1/5.0. Extended reaction times, i.e. 44 h, led to 35% conversion. In addition, a primary 

amine, i.e. hexylamine, was examined as the catalyst for the conjugation of benzyl methacrylate 

with PEG-SH at 40˚C. In this experiment the catalyst equivalence was lowered to 1.1. Li et al. 

showed that the side reaction, i.e. the addition of amine to the double bond, is more pronounced at 

higher [amine]/[thiol] ratio in case of primary amines.23 66% conversion was obtained which 

might be due to the higher temperature used and the fact that the primary amines are better 

nucleophiles than tertiary amines.  

All model reactions are tabulated in Table 2 and a comparison of the conversion versus time 

developments upon employing different catalysts in DMSO is depicted in Figure 3. Model 

reactions showed that DMPP is a better and more efficient catalyst under the applied conditions. 

Table 2. Michael addition of PEG-SH to benzyl methacrylate in the presence of different catalysts. 

Entry Catalyst Ratio Reaction time Conversion 

    [ene]/[thiol]/[cat] (h) (%) 

  

   

  

1(a) DMPP 1.0/1.0/0.05 7 0 

2(b) DMPP 1.0 /1.0/0.05 7 37 

3(a) DMPP 1.0/1.0/0.5 24 44 

4(b) DMPP 1.0/1.0/0.5 24 67 

5(b) DMPP 1.0/1.1/0.2 26 89 

6(b) TEA 1.0/1.1/5.0 44 35 

7(b),(c) HA 1.0/1.1/1.1 44 66 

All the reactions were performed at ambient temperatures except entry 7. The conversion values were calculated from 1H-

NMR data with respect to benzylic protons. (a) The reactions were performed in d6-acetone. (b) The reactions were performed 

in d6-DMSO. (c) The reaction was performed at 40 ˚C. 
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Figure 5. Conversion vs. time plot for the reaction of PEG-SH with benzyl methacrylate in the 

presence of different catalysts in d6-DMSO.  

6.3.2. Chiral polymers 

DMPP was used as the catalyst in thiol-ene reactions on the polymers, not only because it was 

the most efficient catalyst among the ones employed in the model reactions but also because 

amines might lead to the aminolysis of the RAFT agent present at the end of the polymer chains.27 

 Methacrylated poly1R, poly(styrene-b-1R) and poly(1R-b-1S) were dissolved in d6-DMSO and 

placed in separate NMR tubes together with PEG-SH. The Michael addition between PEG-SH and 

the pendant vinyl groups was carried out at ambient temperature with a ratio of 

[ene]/[thiol]/[DMPP]= 1.0/1.2/0.2. After 23 h, 1H-NMR showed almost complete disappearance of 

the double bonds for poly1R and poly(styrene-b-1R) (Figure 4). However, only 40% of the double 

bonds was reacted in case of poly(1R-b-1S) (Table 3). The reason for the difference in double 

bond conversion is unknown and further systematic experiments would be needed to investigate 

and explain this observation. For example, a larger library of chiral polymers with different 

molecular weights and different block lengths can be studied to provide better insights in this 

reaction. 
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Table 3. The results of the Michael addition of PEG-SH to the pendant methacrylic double bonds. 

Polymer Conversion of double bond 
(%)(a) 

Poly1R 92 

poly(1R-b-1S) 40 

poly(styrene-b-1R). 90 
(a) Conversion values were calculated from 1H-NMR data with respect to the double bonds and CH-OH at 6.1 ppm and 4.7 ppm, 

respectively. 

 

 

Figure 6. 1H-NMR of methacrylated poly1R after the Michael addition of PEG-SH to the pendant 

methacrylic double bonds. 

SEC traces showed a shift in the molecular weight distribution of the polymers to higher 

molecular weights (see Figure 5), indicating that PEG-SH was indeed grafted to the polymers. 

However, noteworthy is that the low molecular weight shoulder observed in Figure 5B became 

much less pronounced and the high molecular weight tail did not shift to the higher molecular 

weight side after the grafting of PEG-SH onto the poly(1R-b-1S) via Michael addition. As discussed 

in Chapter 3, increasing molecular weight of the polymer results in lower esterification yields due 

to steric effects and the reduced solubility of the polymer in the reaction medium. Possibly there 

was some terminated macroinitiator, i.e. poly1R, formed before the chain extension with 1S 
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during the RAFT-process. Similar to the results obtained with vinyl acetate in Chapter 3, CALB-

catalyzed methacrylation might have mostly occurred on these terminated poly1R and lower 

molecular weight poly(1R-b-1S). Hence, the PEG-SH might have mostly been grafted on these low 

molecular weight polymeric species.  

 

Figure 5. Molecular weight distributions of methacrylated poly1R (A), poly(1R-b-1S) (B) and 

poly(styrene-b-1R) (C) before (dotted lines) and after (solid lines) the Michael addition of PEG-SH 

onto the methacrylated block polymers.  

6.4. Conclusions 

In this chapter, we have presented a preliminary study of the CALB-catalyzed post-

polymerization modification of selected (R)-chiral polymers with vinyl methacrylate as the acyl 

donor. With these modification reactions, methacrylic double bonds were grafted onto the 

pendant secondary (R)-OH groups, which provided a platform for further modifications such as 

the Michael addition of any thiol-functional molecule. Model reactions with poly(ethylene glycol) 
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methyl ether thiol (1,000 g/mol) and phenyl methacrylate as Michael donor and Michael acceptor, 

respectively, showed that faster reaction rates and higher conversions could be obtained with a 

phosphine, namely DMPP, as the catalyst in DMSO. Thus, the Michael addition of poly(ethylene 

glycol) methyl ether thiol (PEG-SH) onto methacrylated chiral polymers was performed by 

employing DMPP in DMSO. The addition of PEG-SH to the pendant double bonds was almost 

quantitative for poly1R and poly(styrene-b-1R) whereas only 40% addition was obtained in case 

of poly(1R-b-1S). The reason for the difference in double bond conversion is unknown and 

further systematic experiments would be needed to investigate and explain this observation. 

6.5. Outlook 

The preliminary results obtained in this chapter show that vinyl methacrylate can be used as 

the acyl donor in CALB-catalyzed esterification of secondary (R)-alcohols. The grafted methacrylic 

double bonds can be used for further modification. For example, in this work we showed that 

thiol-functional materials can be grafted onto these double bonds via phosphine-catalyzed 

Michael addition reactions. However, further experiments are needed to improve or optimize the 

esterification reactions with vinyl methacrylate and the phosphine-catalyzed Michael additions. 

Especially a detailed characterization of the end products might provide insights into the side 

reactions if there are any.  

6.6. Experimental part 

Materials. All the chemicals were purchased from Sigma-Aldrich and used as received unless 

otherwise noted. Dimethylphenylphosphine (DMPP) was stored under argon. All the solvents 

were obtained from Biosolve and were of technical grade. Anhydrous tetrahydrofuran and 

toluene were dried on an alumina column. Novozyme 435 (immobilized Candida antarctica Lipase 

B) was obtained from Novozymes.  

Methods. 1H spectra were recorded on a Varian Mercury Vx spectrometer operating at 400 

MHz at 25°C. Size exclusion chromatography (SEC) was performed at 40 °C on a Waters Alliance 

system equipped with a Waters 2695 separation module, a Waters 2414 refractive index detector 

(40°C), a Waters 2486 UV detector, a PSS SDV 5 mm guard column followed by 2 PSS SDV 5 mm 

500 Å columns in series (8 × 300). Tetrahydrofuran (THF, Biosolve), stabilized with BHT, was 

used as eluent at a flow rate of 1 mL min-1. The molecular weights were calculated with respect to 

polystyrene standards (Polymer Laboratories, Mp = 580 g/mol up to Mp = 21000 g/mol). Before 
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SEC analysis was performed, the samples were filtered through a 0.2 µm PTFE filter (13mm, PP 

housing, Alltech). 

Model reactions 

Triethylamine (TEA)- or dimethylphenylphosphine (DMPP)-catalyzed thiol-ene Michael 

addition on benzyl methacrylate.‡ Poly(ethylene glycol) methyl ether thiol (Mn = 1,000 g/mol), 

benzyl methacrylate and catalyst (TEA or DMPP) were added into an NMR tube containing 

acetone-d6 or DMSO-d6. The reactions were carried out at ambient temperature and monitored 

by 1H NMR spectroscopy. In a typical reaction, 1 eq. (5.9 mg) of benzyl methacrylate , 1.1 eq. of 

poly(ethylene glycol) methyl ether thiol (39.9 mg) and 0.2 eq. (1.0 µL) of DMPP were added into 

an NMR tube containing deuterated solvent (0.5 mL).  

Hexylamine-catalyzed thiol-ene Michael addition on benzyl methacrylate.‡ The same 

procedure was used except the temperature. In this case the NMR tube was inserted in an oil bath 

heated to 40˚C. 

CALB-catalyzed esterifications  

A representative example for the esterification of block copolymers is as follows: Poly1R (70 

mg, Mn = 5,400 g/mol, D = 1.1) was weighed into a vial. The vial was then charged with Novozyme-

435 (12 wt % with respect to the polymer, 8.4 mg) and 3Å molecular sieves and vacuum dried at 

60 °C overnight to remove traces of moisture. Then the vial was filled with nitrogen, dry THF (1.5 

mL) and dry toluene (2.0 mL) followed by vinyl methacrylate (0.5 mL, 4.3 mmol). The reaction 

mixture was stirred at 45 °C for 2 days. The samples were filtered and dried before being 

analyzed by NMR to determine the extent of grafting onto the hydroxyl groups.  

FTIR: v = 3366 (b, OH), 2925 (m, C-H), 1715 (s, C=O), 1635 (m, C=C), 1064 (s, C-O), 830 (s, Ar 

C-H) 

Dimethylphenylphosphine (DMPP)-catalyzed thiol-ene Michael addition on polymer 

The reactions were carried out overnight at ambient temperature and monitored by 1H NMR 

spectroscopy. In a typical reaction, polymer (20 mg, 3.6*10-2 mmol pendant ene groups, 

poly(ethylene glycol) methyl ether thiol (Mn = 1,000 g/mol) (52 mg, 5.2*10-2) and DMPP(1.35 µL, 

9.4*10-3 mmol) were added into an NMR tube containing DMSO-d6 (0.5 mL) 

                                                                            

‡ The product was not isolated. 
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EPILOGUE 

 

 

Enzyme Responsive Materials (ERMs) are a relatively new class of stimuli responsive 

materials. Exploiting enzymes in stimuli responsive materials offers a number of advantages since 

enzymes are highly selective in the reactions they catalyze; they work under mild conditions and 

have important roles in many biological pathways. Moreover, the incorporation of enzyme 

responsiveness to materials allows a two-way communication between the biological 

environment and the material. Hence, in the last 10 years many nice ERMs have been reported in 

literature for potential applications in regenerative medicine, drug delivery and diagnostics.1,2 

Most of these examples are based on peptides or peptide-polymer conjugates. For example, 

Jasanoff and co-workers reported an MRI sensor in which the real time sensing of kinase A-an 

important neural signalling enzyme- was accomplished by kinase A-induced aggregation of 

protein-based nanoparticles.3 Yang and Xu showed an enzyme-triggered macroscopic sol-gel 

transition of a simple amino acid derivative as a potential way for screening the activities of 

inhibitors for an enzyme by the naked eye.4 Ulijn et al. reported the enzyme-triggered self-

assembly of aromatic peptide amphiphiles in which the formed nanowires showed significant 

charge transport offering a future utility in bio-electronics.5 In another study, Ulijn’s group 

showed the controlled release of encapsulated guest molecules via enzyme-triggered swelling of 

the hydrogel particles offering a good example for a highly selective drug release.6 Lee et al. 

developed an efficient enzyme responsive drug-delivery system in which the drugs were released 

only in E. Coli cells containing a specific enzyme and hence selectively killed the bacteria.7 

In contrast to peptide-based enzyme responsive systems, there are only a few examples of 

ERMs based on synthetic polymers although they offer the possibility to employ different 

functional groups with the potential to respond to different type of enzymes. One of such 

polymers was reported by Hawker’s group.8 They converted a block copolymer (PEG-b-

P(phosphorylated4-hydroxystyrene)) into an amphiphilic polymer (PEG-b-P(4-hydroxystyrene)) 

by the action of acid phosphotase (dephosphorylation), which resulted in the spontaneous 

formation of micellar nanoparticles in aqueous solution. In another recent example, the action of 
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the enzyme on a styrene-copolymer resulted in a change in the thermal properties of the 

polymer.9 Liu et al. recently reported enzyme-triggered aggregation of charge-generation 

polymers, which can be used as a colorimetric glucose sensor.10  

The aim of the work described in this dissertation was to investigate a new concept for the 

synthesis of a novel type of ERMs based on synthetic polymers. In this concept we aimed to utilize 

the unique ability of enzymes to discriminate between molecules fully identical in structure and 

properties solely based on their chirality. It was hypothesized that the extreme enantioselectivity 

of enzymes could be applied in synthetic polymers towards enzyme enantio-responsive materials 

for which the extent of the response that the ERM produces to the enzyme is determined by the 

composition of chiral groups in the material. 

 The requirements to achieve this goal were defined as follows: 

1. Synthesis of a library of pure enantiomeric forms of polymerizable or clickable building blocks. 

2. Synthesis of polymers with different composition of chiral building blocks. 

3. Monitoring the action of an enantioselective enzyme with respect to the composition of chiral 

building blocks in the materials.  

To synthesize a library of pure enantiomers, first a number of acetophenone derivatives with 

different functional groups in the para-position of the phenyl ring were synthesized. A biocatalytic 

approach was chosen due to its advantages such as mild reaction conditions to reduce these 

prochiral acetophenones to their enantiomeric forms in high purity and yield. Two commercially 

available alcohol dehydrogenases (ADHs), namely (R)-producing Lactobacillus (ADH-LB) and (S)-

producing Thermoanaerobacter sp. (ADH-T), were employed as the catalysts in these reductions. 

The reduction reactions showed that the functional group at the para-position of the phenyl ring 

plays an important role for the ability of the ADH to reduce the substrate. It became evident that 

non-polar para-substituents are favored over polar or ionizable para-substituents in the 

reductions. The possible effects of various factors like the solubility of the substrate in the 

reaction medium, the size of the substrate and the electronic character of the substituent at the 

para-position of the acetophenone derivatives were examined. However, these factors did not 

show any trend to explain the difference in the substrate acceptance by ADH-LB and ADH-T. 

Moreover, the electronic charge distribution in the molecules was mapped by using Spartan. A 

correlation between the location of the highest electron density on the molecule and the success 

of the reaction was found. If the highest electron density of the substrate is located on the 

carbonyl group, then the substrate could be reduced successfully. However, if the highest electron 

density is located on a different functional group of the substrate, then the substrate could not be 
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reduced. With these results, we hypothesized that the location of the electron density on the 

substrate might be influencing the orientation of the substrate in the active site of the enzyme and 

hence the ability to reduce the substrate. Enzyme-substrate docking studies with ADH-LB and 

some of the substrates studied here supported this hypothesis as well.‡ However, X-ray analysis of 

the enzyme crystals with bound substrate is required to realize the exact binding orientation of 

the substrate and prove this hypothesis. In spite of the limitation caused by the substrate 

acceptance of the ADH enzymes used, two types of enantiopure building blocks were successfully 

synthesized: one with a polymerizable group and the other one with a clickable moiety. Both 

building blocks have an enzyme sensitive unit: phenyl ethanol. 

The second step was to synthesize polymers with different compositions of these enantiopure 

building blocks. RAFT-mediated radical polymerization was used to obtain well-defined homo, 

random and block copolymers from polymerizable building blocks. As an alternative approach, 

CuAAc chemistry was used to insert clickable building blocks onto the matching end-groups of 

multi functional polymers. Both approaches gave chiral polymers differing in the composition of 

enantiopure building blocks.   

These polymeric materials were exposed to Candida antarctica Lipase B (CALB), which is 

known to esterify (R)-1-phenyl-ethanol 1.3x106 times faster than the (S) enantiomer.11 Different 

organic solvent systems, both polar as well as mixtures of polar and apolar solvents, were 

employed for the CALB-catalyzed esterification of phenylethanol units with vinylacetate to 

investigate the optimal reaction conditions. Toluene/THF (2/1) was found to be the most 

appropriate solvent mixture for the polymer analogous esterification. It was shown that the 

lipase-catalyzed polymer analogous esterification of the chiral hydroxy groups was strongly (R)-

selective and the lipase enantioselectivity was retained also for mixtures of (R)- and (S)-

homopolymers. However, esterification on the (R)-homopolymers was limited to around 50 %, 

even after extended reaction times. Increasing the molecular weight of (R)-homopolymer resulted 

in a decrease of the esterification yield. In addition, no hydrolysis was observed on the pendant 

ester groups when fully esterified (R)-polymer was exposed to CALB in hydrolysis conditions. 

This suggests that steric factors play an important role in the CALB-catalyzed esterification. 

Similar steric effects were reported previously in the CALB-catalyzed transesterifications on 

polymers.12 Close proximity of the enzyme-sensitive unit to the polymer backbone might interfere 

with the coordination between acyl-enzyme intermediate and the polymer. Thus, the introduction 

                                                                            

‡ unpublished results by Hemantkumar Naik 
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of a spacer group between the enzyme-sensitive unit and the polymer backbone might help to 

reduce the steric effects and increase the extent of modification on these chiral polymers. 

Block copolymers were synthesized comprising two blocks with pendant hydroxy groups of 

opposite chirality. The chemical and physical properties (except optical rotation) of the individual 

chiral blocks were identical and thus the chiral block copolymers behave like homopolymers. 

Exposure of these chiral block copolymers to CALB enzyme resulted in enantioselective 

esterification of only one of the present blocks converting them into block copolymers with 

chemically and physically distinguishable blocks. This polymeric system could potentially be 

optimized further to trigger a self-assembly by changing the hydrophilic/hydrophobic ratio of two 

blocks by the action of the enzyme. 

CALB-catalyzed esterification of more defined chiral dendrimers was also extremely selective 

towards the (R)-1-phenyl-ethanol moiety on the periphery of dendrimers. In other words, the 

composition of the chiral building blocks on the dendrimer periphery directly correlates to a 

chemical reaction permitting to read-out the molecular-level encoding of polymers by an enzyme. 

We envisage that this concept could be employed to program reactivity into otherwise 

indistinguishable molecules. However, this concept should be further improved in order to create 

a macroscopic response, which can be observed in the form of a drastic change in the material like 

shape, color, surface characteristics or solubility.  

With this motive in mind, to make the step from a model to a more applicable system, vinyl 

methacrylate was used as the acyl donor in the CALB-catalyzed esterifications instead of vinyl 

acetate to selectively graft reactive double bonds onto the polymer backbone. The resulting 

pendant double bonds serve as a platform for further modifications which might lead to 

macroscopic changes in the material. As an example, phosphine-catalyzed Michael addition of 

poly(ethylene glycol) methyl ether thiol onto the pendant double bonds was performed. However, 

additional experiments are needed to optimize this system and to create a macroscopic change. 

For example, a library of polymers with different molecular weights could be studied to find 

optimum conditions to change solution properties of these polymers from being water-insoluble 

to water soluble by the enantio-selective action of the enzyme. 

Similar studies can be envisaged on nanoparticles or chiral planar surfaces for a more realistic 

enzyme enantio-responsive material. For example, patterned chiral surfaces can be formed by 

clicking the chiral polymers onto self-assembled monolayers (SAM) deposited on gold or silicon 

surfaces. Selective modification of these chiral surfaces via biocatalysis might allow changing the 
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polarity and thus the solvent swelling behaviour of the reactive parts of the surfaces. This should 

result in a measurable change in layer thickness. Surface analytical techniques like XPS, FTIR and 

contact angle measurements can be applied to monitor the reaction.13 Another rational example 

can be the modification of gold nanoparticles with the chiral building blocks described in Chapter 

2 by click reactions or alternatively with thiol end-caped chiral polymers that can be obtained by 

aminolysis of the chain transfer agent (CTA) end-capped chiral polymers synthesized by RAFT 

polymerization in Chapter 3. The obtained (R)- and (S)- nanoparticles can then be selectively 

enzymatically modified using a similar methodology as used in Chapters 3-6. This might lead to a 

change in the solubility of the nanoparticles and, depending on the solvent, precipitation or 

aggregation as a response can be obtained. Selective precipitation or aggregation can be triggered 

by enzymatic-selective modification of mixed systems. However, in order to design an applicable 

ERM, not only chemical but also physical, biological and engineering aspects of the system should 

be taken into account. Especially enzyme diffusion kinetics and response time/sensitivity should 

be considered for the successful application of an ERM. Regarding the work described in this 

dissertation, there is still a lot of aspects to be improved or considered to turn this ‘proof of 

principle’ work into an applicable system. 
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sometimes (), you have been very special to me. Thanks for showing how to look at life from 
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ödeyemem, herşey için saol! My dear Turkish ladies-also the members of our famous euro-days 

club-Seda Cantekin and Ece, thanks for all the fun we had together! Patricia, I’ve learned a lot from 

you-thanks a lot for your endless support in any aspects of life!  

I’d like to acknowledge many other special people I met at TU/e: Marie-Claire (I really miss 

your intellectual and (sur)realistic approaches), Gemma (for all the English vocabulary and your 

friendship), Jérôme (the little superman!), Timo (for the fun in the office and your willingness to 

help), Raf (seems hard outside but actually very soft inside his heart), Mark Peppels (although you 
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Donglin (our Chinese king, thanks for ‘double happiness’es and all the wise jokes!), Ard +  

                                            
† Gianpiero Petriglieri, ‘Moving Around without losing your roots’, HBR Block Network, October 3, 2012. 

http://www.amazon.com/Global-Cosmopolitans-Creative-Difference-Business/dp/0230230784
http://www.amazon.com/Global-Cosmopolitans-Creative-Difference-Business/dp/0230230784
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Many thanks to Postert gang, especially Anne, Sam, Jip, Peggy, Marcel, Lily-Anne, Andy, Fleur, 
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(Ennuh? Joa ouch ennuh)! Asım, Nazan and İbrahim Kolay, thanks for supporting me in all of my 

choices and for your contribution to my life! Muzaffer abi, thanks for carrying me to the 

emergency without stopping even in the red lights and being a brother here! En zor günlerimde 

bana hızır acil gibi yetiştiğin çok teşekkürler! Sana borcumu ödeyebilmem mümkün değil! My 

dearest childhood friend Sinem Bakir, although I was an annoying kid sometimes, you always 

found a way to handle me! Thanks for being patient and keeping me in your heart throughout the 
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two are very special! Esra, thank you that you kept calling me even if I don’t deserve it sometimes! 

 Also many sincere thanks to Ezgi, Erman, Aliço and Atacan for all the activities and the fun in 
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I owe a big ‘thank you’ to my nanny, Güngör Yavuzaslan, who put an enormous effort to raise 
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142 

 

 

brother-our precious prince-, Barış Yeniad, for standing always by us whatever the reason or 

whatever the cost is! Feeling your support make me stronger in life! My sister-in-law-İrem, thanks 

for supporting me emotionally (and sometimes financially ) together with my brother since we 
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hence you have been my shelter that I ran into every time I stumble in life. Even though your 
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a very good man! My dear mother and father, I’m thankful for your life-long effort and dedication 
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