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Abstract 

The major part of this thesis describes the asymmetric synthesis of β- and γ-
amino alcohols through the combination of ruthenium catalyzed racemiza-
tion and enzymatic kinetic resolution.  

The dynamic kinetic resolution, DKR, protocol for chlorohydrins was  
improved by employing Bäckvall’s catalyst, which is a base activated race-
mization catalyst, in combination with Burkholderia cepacia lipase. These  
optimized conditions broadened the substrate scope and improved the yields 
and ee’s of the obtained chlorohydrin acetates. The utility of the method was 
demonstrated in the synthesis of (S)-salbutamol. 

In the second part of the thesis, DKR was utilized in the enantio-
determining step of the total synthesis of (R)-duloxetine. Optimized DKR 
conditions, combining Bäckvall’s catalyst together with Candida antarctica 
lipase B, afforded a β-cyano acetate in high yield and ee. (R)-Duloxetine was 
accessible through synthetic alterations of the enantioenriched β-cyano  
acetate in high overall yield. 

A dynamic kinetic asymmetric transformation, DYKAT, protocol to  
obtain enantio- and diastereomerically pure γ-amino alcohols was developed. 
In a first step N-Boc-aminoketones were obtained in high enantiomeric  
purity through a proline-catalyzed Mannich reaction. Subsequent in situ  
reduction coupled with a highly efficient DYKAT yielded γ-amino acetates 
in high dr and ee. The γ-amino alcohols were available through simple  
hydrolysis/deprotection with retained stereochemistry. 

In the final part of the thesis a heterogeneous bifunctional catalytic system 
is reported, which combines the catalytic properties of transition metal-
catalyzed racemization with enzymatic acylation. A novel ruthenium-
phosphonate complex was synthesized and then covalently anchored to the 
active site of solid supported Candida antarctica lipase B. The partially  
inhibited beads proved to be catalytically active both in racemization as well 
as enzymatic acylation. 
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are listed here. Origin of the enzymes employed can be found in  
Appendix B. 
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aspartic acid 

cat. catalyst 
conv. conversion 
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DKR dynamic kinetic resolution 
DYKAT dynamic kinetic asymmetric transformation 
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Glu glutamic acid 
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KR  kinetic resolution 
MPV Meerwein-Ponndorf-Verley 
o.n. over night 
PCPA para-chlorophenyl acetate 
PNP para-nitrophenol 
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1. Introduction 

In this thesis the challenge of combining enzymatic and organometallic  
catalysis is explored. The work is mainly focused on developing and  
applying a catalytic system for the synthesis of small chiral building blocks.  

The existence of optical isomers was first discovered by Louis Pasteur in 
1848 when he was able to separate the two isomers of tartaric acid.2,3 How-
ever, it was not until 1874 that Van’t Hoff3,4 and Le Bel3,5 independently 
developed the theory of chirality. Chirality is the concept of two compounds 
existing in nonsuperimposable mirror images to one another.6 A carbon atom 
that binds four different substituents can be spatially arranged to exist in two 
different forms (Figure 1). The carbon is the stereogenic center and the two 
forms are denoted enantiomers.  

 

Figure 1: The two enantiomers of a carbon atom binding four different substituents. 

A chiral compound can have one, or more, stereogenic centers. If a  
molecule has one stereogenic center it can exist in two different forms,  
enantiomers. If a molecule has two stereocenters it can exist in four different 
forms, two different pairs of enantiomers. These two pairs of enantiomers 
are said to be diastereomers to each other. With increasing number of stereo-
genic centers the molecule becomes more and more complex. Enantiomers 
will display identical physical and chemical properties in a symmetric  
environment but they will demonstrate different chemical properties in a 
chiral environment. However, diastereomers will display different chemical 
properties in a symmetric environment and can be separated by the standard 
purification methods used by an organic chemist.3,6  

Carbon, with an inherent chirality, is one of the main constituents of  
biological molecules, and consequently nature is highly asymmetric at the 
molecular level.3,6 All proteins in the cell are built up of chiral building 
blocks (L-amino acids), thereby forming an asymmetric environment. This 
means that chiral molecules interacting with the chiral environment in the 
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body may give different responses. The consequence is that two enantiomers 
may taste or smell differently or that they may have different  
pharmacological effect.3,6 Enantiopure substrates are therefore of great  
importance in many areas of chemistry e.g. pharmaceutical, agricultural, 
flavor and fragrance industries.7,8  

Methadone, an analog to morphine, is an example of a chiral molecule 
where the two enantiomers show different therapeutic properties (Figure 2). 
Methadone is an orally active analgesic drug with fewer side effects than 
morphine or heroin. (R)-Methadone is twice as potent as morphine, while 
(S)-methadone is inactive.9  

 

Figure 2: The two enantiomers of methadone. 

In 1992 the US Food and Drug Administration and the European  
Committee for Proprietary Medicinal Products determined that each  
enantiomer of a potential drug has to be characterized for their individual 
physiological action.7,8 Over the past two decades approximately 50% of all 
marketed drugs have possessed at least one stereogenic center and since 
2001, racemic mixtures are practically no longer registered. This has  
presented the chemical community with a great challenge to meet the  
markets demand for large quantities of substrates with high degree of  
enantiomeric excess.  

The strategies for preparation of enantiomerically pure compounds can be 
divided into three techniques.8,10 One approach is to use the chiral-pool 
source of naturally occurring chiral molecules, such as α-amino acids and 
carbohydrates etc., as precursors in the synthesis of more complex  
substrates.7,8,11 Separating enantiomers through resolution of a racemic  
mixture is another possibility.12 The third option, asymmetric synthesis, 
makes use of a chiral agent to introduce a chiral center in a prochiral  
substrate.8 The advances in asymmetric synthesis were awarded the Nobel 
Prize in chemistry in 2001.13 The strategy used in this thesis focuses on an 
overall asymmetric transformation process where racemization is coupled 
with resolution of racemic mixtures. 
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1.1 Enzymes in organic chemistry 

Enzymes are proteins that catalyze chemical reactions within the cell.  
Depending on the type of reaction that an enzyme catalyzes it is divided into 
one of the six different enzyme classes (Table 1).14 

Table 1: The six different enzyme classes. 

Entry Enzyme class Type of reaction catalyzed 

1 Oxidoreductases Oxidations and reductions 

2 Transferases Group transfer reactions 

3 Hydrolases Hydrolysis reactions 

4 Lyases Addition or removal of groups to or  
from double bonds 

5 Isomerases Isomerization and intramolecular  
group transfers 

6 Ligases Joining two substrates at the expense  
of ATP hydrolysis 

 
Lipases are the group of enzymes utilized in this thesis and they belong to 

the 3rd class, i.e. hydrolases. The physiological role of lipases is to catalyze 
the hydrolysis of water-insoluble esters such as triglycerides. However,  
lipases can also catalyze the reverse reaction in non-aqueous media in  
esterification, interesterification and transesterification reactions. In addition, 
lipases display promiscuity, accepting a wide range of substrates such as 
carboxylic acids, alcohols, amines, and esters. The catalyzed reactions  
usually proceed with high regio- and/or enantioselectivity. Due to this versa-
tility, lipases have attracted great scientific attention and are often the  
enzymes of choice for applications in the food, detergent, and pharmaceuti-
cal industries.15  

Hydrolysis and esterification are bisubstrate reactions following the ping-
pong bi-bi mechanism (Scheme 1). It indicates that the first substrate (S1) 
binds to the enzyme (E) and leaves as product one (P1) altering the enzyme 
(E’) before substrate two (S2) binds, and after reacting, leaves as product two 
(P2).16 
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Scheme 1: The ping-pong bi-bi reaction mechanism. 

The ping-pong bi-bi reaction mechanism described for serine hydrolases, 
involves a catalytic triad of serine (Ser), histidine (His), and glutamic acid 
(Glu) or aspartic acid (Asp). A more detailed picture of the mechanism for 
transesterification involving the catalytic triad can be seen in Scheme 2, 
where an ester acts as substrate one (S1) and an alcohol as substrate two 
(S2).17  

 

Scheme 2: Catalytic cycle of Candida antarctica lipase B. Transesterification of a 
secondary alcohol. 

The catalytic reaction takes place in the active site of the enzyme. The 
function of the active site can be divided into i) the substrate binding site and 
ii) the catalytic site.18 The substrate binding site generally shows high speci-
ficity for the substrate, which influences the enantioselectivity displayed by 
the enzyme. However, the catalytic site encloses a limited number of func-
tional groups required for catalysis. It is here the catalytic triad is situated. 
These groups do not generally provide specificity for the substrate but rather 
activity for the reaction.   
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The enantiopreference displayed by lipases in transesterification reactions 
of secondary alcohols and amines is in agreement with Kazlauskas’ rule.19 It 
predicts that the (R)-alcohol will be favored if the larger group has higher 
priority than the medium group according to the Cahn-Ingold-Prelog6 classi-
fication (Figure 3).   

 

Figure 3: Kazlauskas’ rule for resolution of secondary alcohols. 

The two enzymes employed in this thesis, Candida antarctica lipase B and 
Burkholderia cepacia lipase, both follow this prediction. In contrast to  
lipases, serine proteases demonstrate preference for the (S)-enantiomer in 
transesterification reactions.20 Subtilisin is an example of a serine protease 
that has been successfully utilized in dynamic kinetic resolution to obtain the 
(S)-enantiomer of secondary alcohols.21,22  

1.2 Racemization 

The irreversible formation of a racemate from a pure enantiomer is the  
definition of racemization and the process always leads to total loss of  
optical activity. The increase in entropy caused by mixing of the two  
enantiomers is the predominant driving force of the racemization process.23  
There are several ways to achieve the inversion of an enantiomer into its 
mirror image and the different techniques can be divided into i) base-
catalyzed racemization, ii) enzyme-catalyzed racemization, iii) thermal  
racemization, iv) acid-catalyzed racemization, v) racemization via Schiff 
bases, and vi) racemization via redox- and radical reactions.23 The organo-
metallic chemistry in this thesis focuses on transition metal-catalyzed  
racemization proceeding through redox reactions.  

1.2.1 Metal-catalyzed racemization 

In the middle of the 1920’s Meerwein/Schmidt,24 Ponndorf,25 and Verley26 
independently achieved reduction of aldehydes and ketones in the presence 
of aluminum alkoxides using isopropanol as a hydrogen donor (Scheme 3). 
A few years later, in 1937, Oppenauer27 studied the reverse route, the  
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oxidation reaction, with acetone as the hydrogen acceptor. This process was 
also promoted by aluminum alkoxides (Scheme 3).  

 

Scheme 3: Meerwein-Ponndorf-Verley (MPV) reduction and Oppenauer oxidation. 

The transfer of hydrogen from an alcohol to an aldehyde/ketone is a  
reversible process and the equilibrium can be pushed in either direction by 
altering the excess of either component. By increasing the amount of iso-
propanol the Meerwein-Ponndorf-Verley (MPV) reduction is favored  
whereas increasing the amount of acetone favors the Oppenauer oxidation. 
The MPV-Oppenauer reactions are promoted by a main group metal and 
undergo direct hydrogen transfer, propose to occur via a concerted  
mechanism involving a six-membered cyclic transition state.28,29 The major 
drawback with these reactions is that the aluminum alkoxide is often needed 
in stoichiometric amounts.29 For this reason catalytic systems are of interest 
and in the 1960’s the first example was reported by Henbest where an  
iridium based catalyst was employed in hydrogen transfer reactions.30,31 
Many systems have been developed since then using e.g. rhodium, iridium 
and ruthenium complexes.28 In contrast to main group metals, transition  
metal complexes are thought to operate via a mechanism called the hydridic 
route with formation of either a monohydride or a dihydride complex 
(Scheme 4).28 

 

Scheme 4: Monohydridic (path A) versus dihydridic (path B) pathways. 

When applying transition metal-catalyzed racemization in combination 
with biocatalysis, compatibility is an issue that has to be considered.  
Although several ruthenium-based complexes have been developed for  
racemization of alcohols and amines, only a few of them tolerates the  
presence of enzymes.32 Shvo’s catalyst (1a) and Bäckvall’s catalyst (2) are 
two examples of racemization catalysts that have been successfully applied 
in combination with enzyme-catalysis. 
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1.2.2 Shvo’s catalyst 

Shvo’s catalyst (1a) is a dimeric ruthenium complex that was first synthe-
sized in 1984.33,34 It is a versatile catalyst which has found utility in oxida-
tion, reduction and racemization reactions.35-37 The Shvo catalyst 1a, and the 
methoxy-substituted analog 1b, are heat activated and dissociates into two 
catalytically active monomers, one 18 electron complex (1’) and one 16 elec-
tron complex (1’’) (Scheme 5).38,39 

 

Scheme 5: Thermal dissociation of 1 into monomers 1’ and 1’’, and the principle of 
their function in transfer hydrogenation. 

In the catalytic cycle the 18 electron complex (1’) will act as a hydrogena-
tion catalyst, whereas the 16 electron complex (1’’) acts as a dehydrogena-
tion catalyst. Complexes 1’ and 1’’ interconvert during this process (Scheme 
5). Readdition of hydrogen occurs at either side of the oxidized substrate 
with no discrimination between the two faces. The mechanism for racemiza-
tion has been extensively studied and it has shown to be different for  
alcohols/ketones compared to amines/imines.40 It is generally accepted that 
the dehydrogenation of alcohols and the hydrogenation of ketones operate 
via a concerted outer-sphere mechanism38,41 while the mechanism involving 
amines/imines is still under debate. 42-44 One major disadvantage with Shvo’s 
catalyst is that it can only be combined with thermostable enzymes and  
substrates.  
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1.2.3 Bäckvall’s catalyst 

Bäckvall’s catalyst, ruthenium complex 2, was utilized to circumvent the 
drawback of a heat activated catalyst.45 The ruthenium complex is activated 
by base and can efficiently racemize secondary alcohols at ambient tempera-
ture. For example, full racemization of (S)-1-phenylethanol can be achieved 
within 10 min.45,46 A simplified version of the proposed catalytic cycle is 
depicted in Scheme 6.46-50 First the precatalyst is activated by base,  
preferably an alkoxide (step i). Activation using t-BuOK is instantaneous, 
visualized by a color change from yellow to orange/red.  This is followed by 
an alkoxide exchange which introduces the alcohol into the catalytic cycle 
(step ii). The alcohol then undergoes β-hydride elimination which requires a 
free coordination site at the ruthenium. Originally it was proposed to occur 
via ring-slippage, forming a η3-keto-hydride species (step iii).46,47 More  
recent results favor dissociation of a CO ligand creating a vacant site on the 
ruthenium.49,50 Insertion of the hydride to either face of the prochiral ketone 
provides racemization of the alcohol (step iv). The alcohol is subsequently 
released by an alkoxide exchange (step v). 
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Scheme 6: Proposed catalytic cycle for Bäckvall’s catalyst, 2. 

1.3 Enzymatic kinetic resolution 

Resolution is a process aimed at separating one enantiomer from a racemic 
mixture with the aid of a resolving agent.12 A chiral catalyst can serve as a 
resolving agent and upon interaction with the two enantiomers it will form 
two different diastereomeric transition states. These diastereomeric transition 
states will differ in free energy, making one enantiomer react faster than the 
other, which results in a kinetically controlled process, i.e. a kinetic resolu-
tion (KR).12 The chiral catalyst used as a resolving agent can be of chemical 
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or biological character, and if an enzyme is used, the process is called enzy-
matic kinetic resolution (Scheme 7).51  

 

Scheme 7: Schematic picture of a (R)-selective enzymatic kinetic resolution, KR. 

To achieve an efficient resolution the difference in reaction rate between 
the two enantiomers has to be sufficiently large. In the ideal case one of the 
enantiomers reacts very fast to give the desired product, whereas the other 
enantiomer does not react at all. In this case the reaction will cease automati-
cally at 50% conversion and both the product and the starting material can be 
recovered in optically pure form (in theory 100% ee). In reality this is rarely 
the case, and so to distinguish between a sufficient and an insufficient kinetic 
resolution the efficiency of the process can be quantified.52,53 For a biocata-
lyzed reaction the efficiency is described by the enantiomeric ratio (E value), 
a measurement of the enzyme’s ability to discriminate between enantiomers 
under defined reaction conditions. The E-value can be calculated from any 
of the two following parameters: enantiomeric excess of the starting material 
(eeS), enantiomeric excess of the product (eeP) and conversion of the reaction 
(c), using one of the equations (1) and (2) developed by Sih (Figure 4).54 An 
E-value above 100 is excellent, around 50 considered good, between 20-50 
moderate and below 20 insufficient.52,53,55  
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Figure 4: Equations used to calculate the E-value. 

Kinetic resolution suffers from a few disadvantages. The two major ones 
being i) the process is limited to a maximum of 50% yield and ii) separation 
of product from the remaining starting material.52 In spite of these drawbacks 
and the advances made in asymmetric synthesis, kinetic resolution is still the 
most common method used to prepare enantiomerically pure compounds on 
industrial scale.8,51 
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1.4 Dynamic kinetic resolution 

In dynamic kinetic resolution (DKR) the process of racemization is com-
bined with resolution to overcome the limitation of KR. By in situ conver-
sion of the slow reacting enantiomer into its mirror image, the equilibrium of 
the substrate (SR/SS) is constantly re-adjusted. The fast reacting enantiomer is 
therefore never depleted and the process will give a theoretical yield of 
100% of the desired enantiopure product (Scheme 8).52,53,56 

 

Scheme 8: Schematic picture of a (R)-selective dynamic kinetic resolution, DKR. 

There are several challenges with achieving a successful DKR. The race-
mization and resolution, which are both fine-tuned processes that require 
specific conditions, have to be compatible. The kinetic resolution has to be 
irreversible and there should be no racemization of the product. To ensure 
high enantiomeric excess of the product the following criteria has to be ful-
filled. The racemization should never be slower than the resolution of the 
slow reacting enantiomer (krac > kslow). If the selectivity of the kinetic resolu-
tion is moderate the racemization should be at least 10 times faster than the 
resolution of the fast reacting enantiomer (krac >> kfast > kslow). If the selec-
tivity is high (kfast >> kslow), then krac can be equal to the resolution of the fast 
reacting enantiomer but it is preferred that it is greater to ensure a fast reac-
tion (krac ≥ kfast).

57 An E-value no lower than 20 is necessary to obtain an 
efficient DKR.52,53,58  

A successful DKR is a powerful method to obtain substrates in excellent 
enantiomeric excess and high yields.59 Chemoenzymatic DKR60-63 employs a 
transition metal catalyst for the racemization and an enzyme to achieve the 
kinetic resolution and was first highlighted in 1997 by Stürmer.64 Since then 
it has attracted much attention and has for example been used in the prepara-
tion of enantiopure secondary alcohols,46,65,66 amines67,68 and diols.69-71 
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1.5 Dynamic kinetic asymmetric transformation 

The concept of dynamic kinetic resolution is applicable to enantiomers. If 
however the substrate exposed to the process has two, or more, stereocenters 
it is defined as a dynamic kinetic asymmetric transformation (DYKAT).56 In 
a DYKAT a single enantiomer is obtained from a mixture of diastereomers. 
A kinetic asymmetric transformation (KAT) of a diastereomeric 1:1 syn/anti 
mixture will give a maximum theoretical yield of 25% of the desired enan-
tiomer. To circumvent this limitation the remaining diastereomers can be 
equilibrated in situ by an epimerization catalyst. Epimerization is defined as 
the inversion of one stereocenter in a compound containing several stereo-
centers. If at least one stereocenter in the substrate remains unaffected this 
process will lead to a change but not a complete loss of optical activity.23 In 
a recent article by Steinreiber et al., different types of DYKAT’s were  
defined as type I, II, III and IV.56 In this thesis a new type of DYKAT is 
explored where one stereocenter is untouched by the epimerization catalyst. 

1.6 Objectives of this thesis 

The major part of this thesis focuses on developing new synthetic pathways 
to obtain enantiomerically pure β- and γ-amino alcohols. This is achieved 
through the development and application of DKR of β-chlorohydrins, a  
β-cyano alcohol and DYKAT of 1,3-amino alcohols. The last part of the 
thesis involves the development of an analog to the Bäckvall catalyst that 
can be anchored to a lipase in order to explore the possibility of  
immobilizing both catalysts on the same media. 
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2. Highly efficient route for enantioselective 
preparation of chlorohydrins via dynamic ki-
netic resolution (Paper I and II) 

2.1 Introduction 

Optically active chlorohydrins are versatile synthetic intermediates and can 
be used as direct precursors in the synthesis of epoxides,72 β-amino  
alcohols,73 pyrrolidines74 and functionalized cyclopropanes.75 β-Amino  
alcohols, such as propranolol and salbutamol, belong to the family of  
arylethanolamines, which all have the same basic structure and are used in 
the pharmaceutical industry as targets for the β-adrenergic receptors.76  
Propranolol77 is a β1-antagonist used to treat cardiovascular diseases whereas 
salbutamol,78,79 a short-acting β2-adrenoceptor agonist, is used in the treat-
ment of asthma (Figure 5).  

 

Figure 5: Propranolol and salbutamol, chiral β-amino alcohols. 

By utilizing DKR in the enantiodetermining step a wide range of β-amino 
alcohols could easily be synthesized starting from a racemic mixture of the 
corresponding β-chloro alcohols (Scheme 9). 
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Scheme 9: Synthetic application of β-chloro alcohols. 

Asymmetric synthesis of chlorohydrins can be achieved by different  
methods, such as asymmetric transfer hydrogenation72,80 and asymmetric 
hydroboration,73,81 both providing high yield and high enantiomeric excess. 
Enzymatic methods include biocatalytic hydrogen-transfer reduction,82,83 
kinetic resolution84-86 and dynamic kinetic resolution.87  

Previously, our group has reported the synthesis of a few enantiopure 
chlorohydrins based on the concept of DKR with Shvo’s catalyst (1a) com-
bined with Burkholderia cepacia lipase, PS-C II.87 Since Bäckvall’s catalyst 
(2) has improved the DKR process, making it highly efficient at room tem-
perature,46 the aim of this project was to improve and broaden the scope of 
the DKR of chlorohydrins and to apply this to the enantioselective synthesis 
of (S)-salbutamol.  

2.2 Results and discussion 

2.2.1 Preparation of β-chloro alcohols 

There are different synthetic routes to obtain β-chloro alcohols depending on 
the accessible starting material. 2-Chloro-1-phenylethanol (3a depicted in 
Table 3 and Table 4) was commercially available. β-Chlorohydrins 3b-d 
were available through simple NaBH4 reduction of the corresponding  
ketones (Scheme 10). 

 

Scheme 10: Reduction of α-chloro ketone. 
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Ring opening of the corresponding epoxide using CuCl2 and LiCl pro-
vided β-chloro alcohols 3e and 3f in high yields (Scheme 11). 86 

 

Scheme 11: Synthesis of 3e and 3f by ring opening of the corresponding epoxide. 

The Friedel-Crafts reaction is a useful way to acylate aromatic rings and 
was used as a first step in the preparation of chlorohydrins 3g and 3h 
(Scheme 12).88 

 

Scheme 12: Synthetic route toward β-chloro alcohols 3g and 3h. 

Friedel-Crafts acylation can potentially give rise to side products arising 
from acylation at undesired positions on the aromatic ring.89 The success of 
the reaction is dependent on the directing effect of the substituent present on 
the aromatic ring. Selectivity for the para-substituted product was fairly 
good and gave α-chloro ketones 4g and 4h in moderate yields. The small 
amount of ortho-substituted product obtained was not explored further in the 
DKR study. Subsequent NaBH4 reduction of the obtained α-chloro ketones 
4g and 4h yielded the β-chloro alcohols 3g and 3h. 
β-Chloro alcohols 3i-k were obtained by direct α-chlorination of the  

corresponding acetophenones with N-chlorosuccinimide (NCS) as the  
chloride source, followed by NaBH4 reduction (Scheme 13).90 The α-chloro 
ketones were obtained in moderate yield due to incomplete conversion and 
byproduct formation. The major byproduct was identified as the bis-
chlorinated ketone i.e. with two chlorides in the α-position.  
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Scheme 13: Synthesis of 3i-k by chlorination of the corresponding ketone with NCS, 
followed by reduction. 

To circumvent the problem of bis-chlorination, an alternative two-step 
procedure to prepare α-chloro ketones 4l and 4m was developed (Scheme 
14). Hydroxy(tosyloxy)iodobenzene (HTIB)91 was utilized to oxytosylate the 
corresponding ketone in the α position.92 Subsequent replacement of the 
oxytosyl group through a simple SN2 reaction using MgCl2 yielded the  
α-chloro ketones,93 which were reduced in a following step affording the  
β-chloro alcohols 3l and 3m. 

 

Scheme 14: Synthetic route towards β-chloro alcohols 3l and 3m.  

This straightforward route could be performed as a one-pot two-step reaction 
since no purification was needed between the oxytosylation and chlorination 
steps. The desired products were obtained in high overall yields and the  
revised method completely suppressed formation of the bis-chlorinated by-
product.  
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2.2.2 Kinetic resolution 

In previous work it was observed that PS-C II displayed high selectivity in 
KR of β-chlorohydrins. CALB also showed good selectivity albeit slower 
activity.87 Therefore the former lipase was the enzyme of choice for the  
kinetic resolution. The selectivity displayed by PS-C II towards β-chloro 
alcohols was determined for a few substrates. The enzyme was used in com-
bination with the substrate in toluene employing isopropenyl acetate as acyl 
donor (Table 2). The selectivity of the lipase (E-value) was determined by 
measuring the ee of the alcohol, (R)-3, as well as the ee of the acetate, (S)-6, 
and calculated according to equation 2 (Figure 4). PS-C II showed excellent 
selectivity towards aromatic β-chloro alcohols at room temperature, with E 
values above 300 (entry 1, 4-7). The presence of electron-donating or  
electron-withdrawing substituents on the aromatic moiety was not observed 
to influence the selectivity. However, poor selectivity was observed for the 
aliphatic chlorohydrin 3f (Entry 3). PS-C I and PS-D II were employed in a 
KR of 3f, but no improvement of the E-value was observed. It was found 
that the racemization rate of 1-chloro-3-phenoxy-2-propanol 3e was slow at 
room temperature (vide infra) and therefore the selectivity displayed by  
PS-C II in the kinetic resolution was determined at 80 °C (entry 2). Although 
an E-value of 81 (entry 2) was a dramatic decrease, the selectivity displayed 
by the lipase should still be sufficient for an efficient DKR, provided that the 
racemization is rapid.52,53,94  
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Table 2: Kinetic resolution of chlorohydrins.a 

 

Entry Substrate t  

(h) 

conv.b  

(%) 

% eec 

((S)-6) 

% eec 

((R)-3) 

Ed 

1 

3e 

 

5 

 

33 

 

>99e 

 

48e 

 

>300 

2f 

3e 

5 

(80°C) 

46 94e 81e 81 

3 
3f 

1 40 42 28 3.2 

4 

3h 

 

3 

 

42 

 

99 

 

71 

 

>300 

5 

3i 

 

3 

 

44 

 

>99 

 

77 

 

>300 

6 

3k 

 

3 

 

32 

 

>99 

 

47 

 

>300 

7 

3l 

 

3 

 

40 

 

>99 

 

65 

 

>300 

a) 0.5 mmol 3, 12.5 mg PS-C II (25 mg/mmol), 0.5 mmol Na2CO3, 1.0 mmol iso-
propenyl acetate, 1 mL toluene. b) Calculated value c) Determined by chiral GC. d) 
Calculated value. e) Determined by chiral HPLC. f) 1.25 mg PS-C II (2.5 mg/mmol) 
at 80 °C. 
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2.2.3 Racemization 

The rate of racemization was explored for β-chloro alcohols 3a, 3b and 3e 
(Table 3). 1-Aryl-2-chloroethanols 3a and 3b were fully racemized within 5 
min at room temperature (entry 1, 2). However, the racemization of β-chloro 
alcohol 3e was much slower under these conditions, displaying an ee of 30% 
after 120 min. A fast racemization is advantageous for a successful DKR and 
absolutely necessary if the selectivity of the KR is moderate (krac >> kfast > 
kslow, section 1.4). By increasing the temperature the rate of racemization was 
significantly enhanced and at 80 °C 3e was fully racemized within 5 min 
(Entry 3).  

Table 3: Racemization of enantiopure (R)-β-chloro alcohols.a 

 

Entry Substrate t  

(min) 

T 

 (ºC) 

% eeb  

((R)-3) 

1 

3a 

5 rt 0 

2 

3b 

5 rt 0 

3 

3e 

120 rt 30c 

30 60 5c 

5 80 5c 

a) 0.3 mmol (R)-3, 0.015 mmol 2 (5 mol%), 0.03 mmol t-BuOK (10 mol%), 0.3 
mmol Na2CO3, 0.6 mL toluene. b) Determined by chiral GC. c) Determined by  
chiral HPLC. 
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2.2.4 Dynamic kinetic resolution 

The separate investigation of the lipase selectivity in the KR and the rate of 
racemization was a good starting point for optimizing the conditions for a 
successful DKR. By further altering the amount of acyl donor (isopropenyl 
acetate) the DKR of 1-phenyl-2-chloro-1-ethanol (3a) can be achieved with 
83% GC-yield and 99.5% ee within 13 h (Table 4, entry 1). Full conversion 
was obtained after 24 h at room temperature.  With these optimized DKR 
conditions in hand a variety of β-chloro alcohols were investigated (Table 4).  

Table 4: DKR of β-chloro alcohols. a 

 

Entry Substrate t  

(h) 

Yieldb,c  

(%) 

% eeb 

((S)-6)  

1 

3a 

13 

24 

83 

>99 (81) 

99.5 

>99 

2 

3b 

22 97 >99 

3 

3c 

24 >99 >99 

4d 

3d 

30 

(80 °C) 
99 98 

5e 
3e 

48 

(90 °C) 
84f 92f 

6 
3g 

24 97 99.3 
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7 

3h 

22 >99 >99 

8 
3i 

48 

(60 °C) 
>99 98 

9 

3j 

24 

(80 °C) 
>99 98 

10 

3k 

26 

(60 °C) 
>99 98 

11 

3l 

24 87 >99 

12 
3m 

24 99 99.1 

a) 0.5 mmol 3, 0.025 mmol 2 (5 mol%), 12.5 mg  PS-C II (25 mg/mmol), 0.05 mmol 
t-BuOK (10 mol%), 0.5 mmol Na2CO3, 1.0 mmol isopropenyl acetate, 1 mL toluene. 
b) Determined by chiral GC. c) Isolated yield in parenthesis. d) 10 mmol 3d, 0.05 
mmol 2 (0.5 mol%), 240 mg PS-C II (24 mg/mmol), 0.05 mmol t-BuOK (0.5 
mol%), 2 mmol Na2CO3, 15 mmol isopropenyl acetate, 5 mL toluene. e) 1.25 mg 
PS-C II (2.5 mg/mmol). f) Determined by chiral HPLC. 

The DKR conditions were highly effective for both activated and deactivated 
aromatic chlorohydrins, producing the chloro acetates with ee’s exceeding 
99% in several cases (entry 1-3, 6, 7, 11, 12). Substrates with highly electron 
withdrawing groups required elevated temperature to ensure efficient race-
mization. The slight loss in enzyme selectivity at elevated temperature was 
hardly noticeable as the products were obtained in 98% ee (entry 4,  
8-10). For 1-chloro-3-phenoxy-2-propanol 3e it was found that the best  
results concerning yield and ee value were obtained when running the DKR 
at 90 °C (entry 5). 
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2.2.5 Synthetic applications 

Epoxides are interesting synthetic precursors with high reactivity due to  
inherent polarity and ring strain. They can easily be converted into a variety 
of products, one of them being β-amino alcohols. With the ability to obtain  
chloro acetates in high yields and high ee’s it was of interest to demonstrate 
the usefulness of these as precursors to form chiral epoxides. Treating the 
chlorohydrin acetates with LiOH in ethanol afforded the corresponding  
styrene oxides within 5 to 30 min in high yields with retained enantiomeric 
excess (Table 5).  

Table 5: Ring-closing to epoxide.a 

 

Entry Substrate Product Yieldb 

(%) 

% eec 

((S)-7) 

1 

6a 7a 

87 98 

2 

6b 7b 

97 98 

3 

6g 7g 

96 99 

4 

6m 7m 

95 95 

a) 1.0 mmol (S)-6, 3 mmol LiOH, 10 mL 95% EtOH. The reaction was quenched by 
addition of 6 mmol NaHCO3. b) Isolated yields. c) Determined by chiral HPLC. 

The synthetic utility of the DKR protocol was also demonstrated by  
performing DKR of chlorohydrin 3d on a 10 mmol scale to obtain synthetic 
intermediate (S)-6d in 99% yield and 98% ee using only 0.5 mol% of  
ruthenium catalyst 2. This chlorohydrin acetate has previously been used for 
the transformation into pharmaceutically important cyclopropanes 8 

(Scheme 15).95,96  
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Scheme 15: Large scale DKR affording pharmaceutically important intermediate 
6d. 

2.2.6 Total synthesis of (S)-salbutamol 

The usefulness of the method was finally demonstrated when applied as a 
key step in the total synthesis of (S)-salbutamol (Scheme 16).  

 

Scheme 16: Total synthesis of (S)-salbutamol. 

α-Chloro ketone 9 was available via Friedel-Crafts acylation of readily 
available salicylaldehyde in the presence of AlCl3 following a published 
procedure.97 When the reaction mixture was analyzed by 1H-NMR both the 
para- and ortho-isomers were observed as well as small amounts of  by-
products which were not identified. The desired para-hydroxy-isomer (9) 
was purified by recrystallization from hot 2-butanone. A regioselective 
NaBH4 reduction in acetic acid gave α-chloro ketone 10.98  Protection of the 
hydroxy groups with 2,2-dimethoxypropane and subsequent NaBH4 reduc-
tion of the ketone 4n yielded the desired β-chloro alcohol, 3n. Reduction of  
the aldehyde and ketone in one step gave a mixture of compounds and even 
with an additional step, the depicted synthetic route was found to be more 
efficient than the shorter pathway (Scheme 16). 
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The displayed selectivity towards β-chloro alcohol 3n was investigated by 
screening different lipases for the kinetic resolution (Table 6). 

Table 6: Investigating the selectivity of different lipases in the kinetic resolution of 
β-chloro alcohol 3n.a 

 

Entry Enzymeb t 

(h) 

conv.c 

(%) 

% ee d 

((R)-3n) 

% ee d 

((S)-6n) 

Ec 

1 PS-IM 3 21 26 >99 >200 

2 AH SD 24 10 11 >99 >200 

3 PS-C I 3 14 16 >99 >200 

4 CALB 24 34 50 >99 >200 

5 AK 24 23 28 95 51 

6 TL 1 40 64 98 192 

7 AYS 24 1 - - - 

8 F-AP-15 24 1 - - - 

a) 0.1 mmol 3n, 5 mg enzyme (50 mg/mmol), 0.1 mmol Na2CO3, 0.2 mmol iso-
propenyl acetate, 0.2 mL toluene. b) See Appendix B for the enzymes origin. c) 
Calculated values. d)  Measured by chiral GC. 

PS-IM as well as PS-C I displayed excellent selectivity and good activity 
(entry 1, 3), whereas, CALB and AH-SD showed good selectivity but rather 
low activity (entry 2, 4). Lipase AK showed moderate selectivity and activity 
(entry 5) while lipase TL showed the highest activity of the enzymes investi-
gated with good selectivity as well (entry 6). Lipase AYS and F-AP-15 did 
not show any activity at all (entry 7 and 8). PS-IM was used for the enantio-
selective resolution in the DKR. However, it was observed that while race-
mization was occurring, giving a 1:1 ratio of the (R)- and (S)-alcohol (3n), 
the DKR was slow, providing only 73% 1H-NMR yield of the (S)-acetate 
(6n, 99% ee) after 24 h. Suitable conditions were found by increasing the 
amount of enzyme (100 mg/mmol) and acyl donor (3 equiv.). Due to diffi-
culties in dissolving β-chloro alcohol 3n the reaction had to be diluted. The 
DKR was efficiently run at 40 °C and full conversion was obtained within  
48 h with (S)-acetate 6n isolated in 69% yield and 98% ee (Scheme 17).  
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Scheme 17: Optimized conditions for DKR of β-chloro alcohol 3n. 

The epoxide was obtained as previously described by treating the acetate 
with LiOH in ethanol, affording (S)-7n in quantitative yield with retained 
stereochemistry (98% ee) (Scheme 16). The reaction was carefully moni-
tored so that the hydroxyether or the diol byproducts were not formed.  
Regioselective ring opening of the epoxide with tert-butyl amine gave  
β-amino alcohol (S)-11 (Scheme 16). This reaction was rather slow and 
needed close to 5 days for completion. The desired regioisomer was the  
major product with a selectivity of ~ 85:15 between (S)-11 and iso-11. The 
final deprotection of the cyclic acetal in acetic acid/water yielded the acetate 
salt of (S)-salbutamol ((S)-12) in quantitative yield with high optical purity 
(Scheme 16).99 

2.3 Conclusion 

A successful DKR process was developed and the possibility to obtain  
chlorohydrin acetates in high yields and high ee’s by this method was  
demonstrated. After careful optimization the DKR protocol could be  
efficiently applied on a wide range of aromatic β-chlorohydrins, with both 
activating and deactivating substituents present on the aromatic ring. The 
approach to combine the DKR protocol with base-induced ring-closure is a 
powerful method to prepare enantiomerically enriched epoxides. Moreover, 
the DKR process proved to be efficient on large scale employing a catalyst 
loading of only 0.5 mol% of ruthenium catalyst 2. Finally, the utility of the 
process was demonstrated in the efficient and straightforward synthesis of 
(S)-salbutamol. By employing DKR in the enantiodetermining step, with  
PS-IM as the enantioselective catalyst and ruthenium catalyst 2 for racemi-
zation, key intermediate β-chloro acetate (S)-6n was obtained in 98% ee.  
The subsequent three synthetic steps yielded the salt of (S)-salbutamol with 
high optical purity.  
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3. A chemoenzymatic dynamic kinetic resolu-
tion approach towards enantiomerically pure 
(R)-duloxetine (Paper III) 

3.1 Introduction 

Functionalized aryl alcohols are highly interesting substrates in the pharma-
ceutical industry, and the asymmetric syntheses of these are of great impor-
tance. In the previous chapter an efficient DKR of β-chloro alcohols was 
developed. In the present chapter attention is focused on DKR of a  
β-hydroxy nitrile and its application in the total synthesis of (R)-duloxetine. 
Through simple transformations, β-hydroxy nitriles can give access to  
β-hydroxy acids as well as γ-amino alcohols.100 Previous reports from our 
group describe a DKR protocol of β-hydroxy nitriles employing Shvo’s  
catalyst 1a and CALB.100,101  

Duloxetine belongs to a class of antidepressant drugs that simultaneously 
inhibit the reuptake of serotonin as well as norepinephrine. In addition to 
being an important pharmaceutical in the treatment of psychiatric disorders it 
can be used to treat urinary incontinence and obsessive compulsive disorder. 
Duloxetine is sold in its (S)-form as a hydrochloride salt under the name 
CymbaltaTM (Figure 6).102-104 Different synthetic pathways towards  
duloxetine are described in the literature. Many of these introduce chirality 
by asymmetric reduction of a γ-chloro ketone intermediate.105-108  Resolution, 
classical as well as enzymatic, has also been applied.109-114 
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Figure 6: (S)-duloxetine (CymbaltaTM). 

A possible route towards (R)-duloxetine (17) is depicted in Scheme 18. 
Syntheses involving a β-hydroxynitrile are not as well explored as those 
involving γ-chloro ketones and only a few processes are reported.107,112 For-
mation of the desired product (R)-17 can be achieved through a nucleophilic 
aromatic substitution of enantiopure 1,3-amino alcohol (R)-16. This diverse 
amino alcohol could also be used to produce (S)-duloxetine simply by invert-
ing the alcohol based on a Mitsunobu protocol.112 Mono-methylated amino 
alcohol (R)-16 is in turn derived from carbamate (R)-15 by reductive clea-
vage of the carbamate protecting group. The disconnection between (R)-15 
and (R)-14 is a protection of the intermediate primary amine, obtained from 
enantiopure acetoxynitrile (R)-14 through a simple reduction. (R)-14, being 
the key intermediate, could be obtained in enantiomerically pure form by 
DKR of racemic hydroxynitrile rac-13. Finally, rac-13 is accessed from a 
commercially available aldehyde by nucleophilic addition with the appropri-
ate nitrile. 

 

Scheme 18: Retrosynthesis of (R)- and (S)-duloxetine. 
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3.2 Results and discussion 

The desired β-hydroxynitrile 13 was available through deprotonation of  
acetonitrile and subsequent reaction with thiophenecarboxaldehyde (Scheme 
19). Different conditions were explored employing either t-BuOK or LDA as 
base, altering the temperature from -78 °C to room temperature and finally 
varying the concentration of acetonitrile. 

 

Scheme 19: Synthesis of β-hydroxynitrile 13. 

The best yield was obtained by employing LDA as a base with one equi-
valent of acetonitrile performing the reaction at -78 °C. These conditions 
generated 13 in 91% yield. 

To find suitable conditions for an efficient DKR a range of enzymes were 
investigated in the kinetic resolution to determine the selectivity (E-value) 
towards 13. Previous work in our group showed that CALB displayed high 
selectivity towards β-hydroxynitriles.100,101 However, in the literature PS-D is 
most commonly utilized in the KR of 13.115 The selectivity of the resolution 
was determined by screening the reaction in toluene using isopropenyl ace-
tate or 2,2,2-trifluoroethyl butyrate as acyl donor. Both (R)- and (S)-selective 
enzymes were investigated in the study. Burkholderia cepacia lipase (PS-D, 
PS-IM, PS-C) as well as CALB displayed high selectivity at room tempera-
ture (entry 1-3 and 5) with PS-D giving an E-value of 170 (entry 3) whereas 
CALB gave an E-value >200 (entry 5). On the other hand the activity of 
CALB at room temperature was extremely low with only 6% conversion 
after 6 h. Increasing the temperature decreased the selectivity displayed by 
PS-D considerably (entry 4) while CALB still showed excellent to good 
selectivity and more importantly higher activity (entry 6-8). The (S)-
selective enzymes employed did not show any selectivity at all (entry 9-11). 
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Table 7: Investigating the selectivity of different enzymes in the kinetic resolution of 
β-hydroxynitrile 13.a 

 

Entry Enzymeb T 

(ºC) 

t 

(h) 

conv.c 

(%) 

% ee d 

(13) 

% ee d 

(14) 

Ee,f 

1 PS-IM rt 3 35 52 97 110 (R) 

2 PS-C rt 3 44 76 96 112 (R) 

3 PS-D rt 2 33 54 98 170 (R) 

4 PS-D 80 2 38 51 82 16 (R) 

5 CALB rt 6 6 6 >99 >200 (R) 

6 CALB 50 4 21 25 >99 >200 (R) 

7 CALB 70 2 23 27 98 128 (R) 

8 CALB 80 4 35 56 96 86 (R) 

9 
CALB- 

W104Ag 
50 24 14 14 81 10 (S) 

10h Subtilisini 38 4 41 5 8 1.2 (S) 

11h Subtilisini 50 5 23 6 18 1.5 (S) 

a) 0.25 mmol 13, 12.5 mg enzyme (50 mg/mmol), 0.25 mmol Na2CO3, 0.5 mmol 
isopropenyl acetate, 0.5 mL toluene. b) See Appendix B for the enzymes origin. c) 
Measured by 1H-NMR. d) Measured by chiral HPLC. e) Calculated values. f) The 
selectivity displayed by the enzyme is given in parenthesis. g) A mutated form of 
CALB proven to be (S)-selective.116-118 h) 0.1 mmol 13, 10 mg subtilisin (100 
mg/mmol), 0.1 mmol Na2CO3, 0.3 mmol 2,2,2-trifluoroethyl butyrate, 0.2 mL  
toluene. i) 1:4:4 subtilisin:Brij:Octyl-β-D-glucopyranoside.  

The rate of racemization was studied at room temperature, 50, 70 and  
80 °C (Table 8). It was clear that elevated temperature was necessary for the 
rate of racemization to be sufficient in a DKR process. The ee of the (S)-β-
hydroxynitrile only decreased to 57% within 2 h at room temperature (entry 
1). At higher temperature the rate of racemization was sufficient (entry 2-4) 
and at ≥70 °C (S)-β-hydroxynitrile was fully racemized within 5 min (entry 
3, 4). 
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Table 8: Racemization of (S)-β-hydroxynitrile 13 at rt, 50, 70 and 80 °C.a 

 

Entry T 

(°C) 

t 

(min) 

% eeb 

(13) 

1 rt 120 57 

2 50 20 0 

3 70 5 0 

4 80 5 0 

a) 0.40 mmol 13, 0.020 mmol 2 (5 mol%), 0.024 mmol t-BuOK (6 mol%), 0.40 
mmol Na2CO3, 0.8 mL toluene. b) Measured by chiral HPLC. 

From these individual studies it seemed as the optimal conditions for a 
successful DKR would be to run the reaction at a temperature above 70 °C 
and employ CALB for the resolution. Running a DKR at 80 °C with CALB 
proved very disappointing as 20% of an undesired side product arising from 
elimination (18) was observed. In addition the ee for (R)-14 was substan-
tially lower than expected (81% ee) (Scheme 20).  

 

Scheme 20: Unsuccessful DKR of 13. 

Owing to these poor results, the reason for the low ee of (R)-14 and the 
origin of the elimination product 18 were further investigated. Hydrolysis of 
14 was observed in a control experiment indicating the presence of water. In 
the same reaction large amounts of elimination product 18 had been formed. 
Hydrolysis of (R)-14 and isopropenyl acetate gives (R)-13 and isopropanol 
respectively, with acetic acid formed as a side product. Under slightly acidic 
conditions it is possible to protonate the substrates and thereby initiate elimi-
nation. It is reasonable to conclude that water causes the increase of elimi-
nation product. To address the issue of the observed low ee a control expe-
riment, excluding CALB from the DKR conditions, was conducted. In this 
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case a small amount of acylated product 14 was observed after 25 h, thus 
confirming an ee-eroding chemical acylation as a background reaction.  

In order to increase the activity of the KR and to circumvent the back-
ground reaction of chemical acylation it was investigated how the activity 
and the selectivity of the KR was affected by increased loading of CALB 
and isopropenyl acetate (Table 9).  

Table 9: Optimization of KR in order to find suitable reaction conditions for the 
DKR.a 

 

Entry CALB 
 

(mg/mmol) 

Isopropenyl  
acetate 

(equiv.) 

conv.b 

 

(%) 

% ee c 
 

((S)-13) 

% ee c 
 

((R)-14) 

E 

1 50 2 21 25 >99 >200 

2 100 2 33 47 98 158 

3 100 3 32 44 98 152 

a) 0.5 mmol 13, 0.5 mmol Na2CO3, 1 mL toluene. b) Measured by 1H-NMR.  
c) Measured by chiral HPLC. 

By doubling the amount of CALB the rate of the resolution was increased by 
approximately 50% (entry 1, 2) whereas increasing the concentration of iso-
propenyl acetate showed no apparent effect on the resolution (entry 2, 3). 
Nevertheless, increased amount of acyl donor generally improves the overall 
DKR process. After optimization the DKR was successfully run at 50 °C 
with 100 mg/mmol of CALB and 3 equivalents of isopropenyl acetate added. 
Under these conditions the DKR reached 93% conversion within 25 h and 
(R)-14 was isolated in 87% yield with 98% ee and only 2% byproduct was 
observed (Scheme 21). 

 

Scheme 21: DKR of 13 yielding (R)-14. 
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Reduction of the nitrile functionality of (R)-14 and subsequent protection 
of the amine afforded (R)-15 (Scheme 22). Employing LiAlH4 as reducing 
agent failed to yield the desired product. Borane-dimethyl sulfide 
(BH3·SMe2) in THF has previously shown to reduce nitriles and esters in 
good yields.119 Reducing (R)-14 with 3.8 equivalents of BH3·SMe2 and, after 
quenching with methanol, immediately subjecting the crude to ethylchloro-
formate, afforded the desired product (R)-15 in 67% yield over two steps. 
Increasing the amount of BH3·SMe2 lowered the yield of the desired product 
while quenching the reaction with a strong acid followed by base119 resulted 
in product decomposition. Wang et al.106 has reported high yields when 
quenching with methanol, hot water and ethyl acetate but this was not  
successful in our case. Formation of the carbamate was promoted by  
addition of the weak base NaHCO3, while utilizing 10% NaOH (aq) or  
pyridine did not improve the yield. 

Subjecting (R)-15 to LiAlH4 reduction afforded the amino alcohol (R)-16 
in 87% yield (Scheme 22). The final step in the synthesis of (R)-duloxetine 
was a nucleophilic aromatic substitution. In order to retain the optical purity 
of the product, suitable conditions were developed. Prolonged reaction time, 
increased temperature and using an increased amount of base decreased the 
enantiomeric excess of the final product. Deprotonation of  (R)-16 by one 
equivalent of NaH in DMSO at room temperature and subsequent substitu-
tion with 1-fluoronaphthalene at 50 °C gave (R)-duloxetine in 80% yield 
with the optical purity  maintained at a high level (>96% ee) (Scheme 22).120 
This approach also provides a formal total synthesis of (S)-17, since the 
transformation of (R)-16 to (S)-17 has been previously reported.112 
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Scheme 22: Synthesis of (R)- and (S)-duloxetine. 

3.2 Conclusion 

The total synthesis of (R)-duloxetine was described in this chapter. An  
efficient DKR of a β-hydroxynitrile was developed which gave the β-cyano 
acetate in high yield (87%) and excellent ee (98%). After further synthetic 
transformations via the γ-amino alcohol, (R)-duloxetine was obtained in 37% 
overall yield over six steps. The developed route also constitutes a formal 
total synthesis of (S)-duloxetine.  
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4. Enantioselective synthesis of  
1,3-amino alcohols (Paper IV) 

4.1 Introduction 

Acyclic chiral 1,3-amino alcohols with two stereogenic centers are of phar-
macological interest since the functionality is present in biologically active 
natural products including several antibiotics.121-123  They are also useful 
building blocks in organic synthesis and are often used as chiral ligands in 
asymmetric synthesis.124 Consequently, they are an important target structure 
among 1,3-bifunctionalized compounds and their preparation has attracted 
much work and devotion.125 There are, however, only a few methods  
described in the literature for the preparation of enantio- and diastereo-
merically pure 1,3-amino alcohols and most of them are based on diastereo-
selective reduction providing either the syn- or the anti-diastereomer.125-129 
The objective of this project was to develop new types of efficient DYKAT 
processes to obtain 1,3-amino alcohols in enantio- and diastereomerically 
pure form.  

4.2 Results and discussion 

4.2.1 Developing a DYKAT for 1,3-aminoalcohols involving 

intramolecular acyl transfer (Appendix C)  

Our group has previously developed a method to transform a racemic dia-
stereomeric mixture of 1,3-diols,  into enantio- and diastereomerically pure 
diacetates via a DYKAT using Candida antarctica lipase B (CALB) and the 
Shvo catalyst 1a.71 This process combines three different transformations: i) 
enzymatic transesterification, ii) ruthenium-catalyzed epimerization, and iii) 
intramolecular acyl migration (Scheme 23).  
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Scheme 23: Schematic picture describing DYKAT of 1,3-diols/1,3-amino alcohols. 

The first transformation, a kinetic asymmetric transformation (i) yields the 
monoacetylated intermediate. For steric reasons only the alcohol group next 
to the methyl group will be enzymatically acylated, while the functional 
group next to the R group stays untouched by the enzyme. In the second 
transformation, in situ epimerization (ii), the diastereomers are intercon-
verted to ensure that the fast reacting substrate is always readily available. 
The third transformation is an intramolecular acyl transfer (iii). The success 
of this transformation lies in the energy difference between syn and anti acyl 
transfer (Scheme 24). The acyl migration will proceed through a 6-
membered intermediate. For the syn-diastereomer both the medium and the 
large group will be in an equatorial position in the 6-membered intermediate, 
whereas for the anti-diastereomer one group will be in an axial position and 
the other one in the equatorial position.  Having both groups in an equatorial 
position in the intermediate is more energetically favorable (up to 1.5-2 
kcal/mol), thus benefiting syn acyl transfer.130 

 

Scheme 24: Acyl migration for the syn- and anti-diastereoisomer. 

A selective reacylation by the enzyme of the alcohol group next to the  
methyl group eventually leads to the formation of enantiomerically and  
diastereomerically pure (R,R)-diacetylated product, assuming the enzyme is 
(R)-selective. Under dynamic conditions the process will give a 100%  
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theoretical yield of the desired product. The overall transformation consti-
tutes a new type of dynamic kinetic asymmetric transformation (DYKAT). A 
similar DYKAT has been demonstrated for 1,2-diols.131 Inspired by the work 
done previously on 1,2- and 1,3-diols,71,131 we envisioned that the same con-
cept could be applied to 1,3-amino alcohols. 

4.2.1.1 Substrate synthesis 

It has previously been shown that the rate of racemization of a methylated 
amine is approximately 20 times faster than the racemization of the corres-
ponding primary amine.132 Therefore, synthetic routes towards mono-
methylated amino alcohols were investigated to circumvent the possible 
problem of slow epimerization. 1,3-Amino alcohols can be obtained in two 
steps via an aldol reaction133 followed by reductive amination134 of the  
hydroxy ketone intermediates (Scheme 25).  

 

Scheme 25: Synthesis of 1,3-amino alcohols 19a and 19b. 

The desired amino alcohols were obtained in approximately 40% overall 
yield with a 60:40 syn/anti ratio. Unfortunately the synthesis was only appli-
cable for aromatic compounds. When synthesizing tert-butyl- or cyclohexyl- 
derivatives the reductive amination failed. For the cyclohexyl derivative a 
mixture of the amino alcohol and the diol was obtained, while for the tert-
butyl only the diol was observed. Another drawback with the method was 
the difficulty to obtain diastereomerically pure products, necessary for  
further studies. 

Instead, a different route towards 1,3-amino alcohols was developed 
(Scheme 26). Reacting the corresponding aldehyde with tert-butyl carbamate 
and the benzenesulfinic acid sodium salt gave the masked Boc-protected 
imine 20. Through base-induced elimination of benzenesulfinic acid an  
aldimine intermediate was formed, which could undergo addition with  
sodium tert-butyl acetoacetate.135 These transformations afforded adduct 21. 
Deprotection and decarboxylation of crude product 21 under acidic condi-
tions yielded β-aminoketone hydrochloride 22.135 Trapping of the free amine 
with ethyl chloroformate gave the ketocarbamate 23.136 By selective reduc-
tion of the ketone the diastereoselectivity of the protected amino alcohol 24 
could be controlled. Employing LiAlH4 as reducing agent gave a selectivity 
of 30:70 (syn/anti) while L-selectride gave the opposite outcome with a 
syn/anti ratio of 70:30.The diastereomers were separable by flash chromato-
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graphy. The last step was a LiAlH4 reduction of the carbamate to obtain the 
methylated amino alcohol 19a.  

 

 

Scheme 26: Synthesis of 1,3-amino alcohol 19a. 

4.2.1.2 Studying the selectivity of the enzymatic acylation and the acyl 

transfer 

The selectivity of the acyl transfer was investigated by performing a KAT 
with a 33:66 syn/anti mixture of amino alcohol 19a, employing isopropenyl 
acetate and CALB (Scheme 27). The resolution reached approximately 50% 
conversion within 24 h at room temperature giving a mixture between the 
starting material (19a), the anti-amino acetate (R,S)-25 and the syn diacety-
lated product (R,R)-26 (99% ee). When heating the KAT to 90 °C overnight 
the anti-amino acetate (R,S)-25 was converted to the anti diacetylated pro-
duct (R,S)-26 (99% ee). From these results it can be concluded that acyl 
transfer occurs at room temperature for the syn diastereomer whereas higher 
temperature is required for the anti configuration.  Both (R,R)-26 and (R,S)-
26 were obtained in high enantiomeric excess which indicates high enzyme 
selectivity. 
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Scheme 27: Investigating acyl transfer selectivity. 

The results from the previous study indicate that CALB displays high  
selectivity in the kinetic asymmetric transformation of 1,3-amino alcohol 
19a. However, the selectivity displayed by the lipase will be different in the 
first and the second transformation. To obtain information about the selec-
tivity the E-value was measured for the second acylation by resolving a 
60:40 syn/anti mixture of N-acylated amino alcohol 27 with CALB in the 
presence of isopropenyl acetate. For both diastereomers an E-value above 
300 was obtained.   

 

Scheme 28: Measuring the E-value for the second acylation. 

4.2.1.3 Epimerization of the 1,3-amino alcohol 

A challenge that could arise when developing the DYKAT is the limited 
amount of catalysts that efficiently epimerizes amines and alcohols under the 
same conditions while being compatible with enzymatic resolution. Racemi-
zation of secondary amines is generally slower than racemization of secon-
dary alcohols.32 If the epimerization of the amine functionality appears to be 
slower than the acyl transfer for the anti-diastereoisomer (krac < kacyl transfer) it 
would lower the diastereomeric ratio of the product. Three different  
transition metal complexes were investigated as possible epimerization  
catalysts (Table 10). Ruthenium complex 1b,67 supported Pd nanocatalyst 
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([Pd0/AlO(OH)])137,138 and iridium complex 28
139 (Figure 7). These catalysts 

have all been reported to efficiently racemize amines. 

 

Figure 7: Iridium complex 28 reported to racemize secondary amines.139 

Starting with a syn/anti ratio of 33:66, 1b efficiently epimerized 1,3-amino 
alcohol 19a within 24 h at 90 °C shifting the syn/anti ratio to 60:40 (entry 1). 
The higher stability of the syn diastereomer can be explained by the same 
model as used for the acyl transfer (Scheme 24). Neither the supported  
palladium nanocatalyst nor the iridium complex 28 displayed any activity in 
the epimerization of 19a (entry 2-3). It is important to note that these  
experiments do not give any information about the epimerization rate of the 
secondary alcohol versus the secondary amine. 

Table 10: Epimerization of 19a employing different catalysts. 

 

Entry Epimerization  

catalyst 

syn/antia 

START 

T 

(°C) 

t 

(h) 

syn/antia 

STOP 

1b 1b 33:66 90 24 60:40 

2c [Pd0/AlO(OH)] 40:60 70 22 40:60 

3d 28 98:2 80 25 98:2 

a) Measured by 1H-NMR. b) 0.25 mmol 19a, 7.5 µmol 1b (3 mol%), 1.5 mL  
toluene. c) 0.25 mmol 19a, 12.5 µmol Pd (5 mol%, 0.5% wt. of Pd loaded on 
AlO(OH)), 2 mL toluene. d) 0.125 mmol 19a, 6.25 µmol 28 (5 mol%), 0.5 mL  
toluene. 
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4.2.1.4 Making the reaction dynamic  

The challenge was now to combine the epimerization with the kinetic 
asymmetric transformation. With the knowledge gained from studying these 
two processes separately the outcome seemed promising. However, the task 
proved more difficult. A highly efficient DKR of a variety of functionalized 
primary amines has previously been reported by our group.67 The protocol 
utilized the more electron-rich para-methoxy substituted Shvo derivative 1b 
(Scheme 5) as a racemization catalyst. Consequently it was employed in the 
DYKAT of 1,3-amino alcohol 19a (Scheme 29). The progress of the reaction 
was monitored by 1H-NMR and disclosed a mixture of substrates in varying 
concentrations (Scheme 29).  

 

Scheme 29: DYKAT performed with ruthenium catalyst 1b. 

The DYKAT was very slow yielding 40-50% (R,R)-26 within 100 h, in good 
but not excellent diastereomeric ratio ranging from 96:4 to 70:30 (syn/anti). 
As 1b is activated by heat anti-acyl migration is more likely to occur, which 
is not desirable.  Approximately 35% of byproducts (29-32) were formed in 
the initial experiments, with up to 20% of 29. para-Chlorophenyl acetate 
(PCPA), initially utilized as acyl donor, gave chemical acylation resulting in 
low ee and dr. Therefore isopropyl acetate was used instead which un-
fortunately gives isopropanol as a side product. An accumulation of iso-
propanol will be unfavorable for the epimerization process (Scheme 5).  
Several sets of conditions140 were studied trying to diminish byproduct  
formation and increasing the yield of the desired (R,R)-26. By addition of a 
hydrogen source the amount of the oxidized byproducts 31 and 32 could be 
reduced. Employing hydrogen gas as hydrogen donor in place of the steri-
cally hindered alcohol, 2,4-dimethyl-3-pentanol, gave a cleaner reaction. 
However, running the reaction under hydrogen atmosphere decreased the 
rate of epimerization. It was hypothesized that deamination and elimination 
were promoted in slightly acidic conditions. By addition of base the amount 
of byproduct was reduced. Low syn/anti ratio was observed when NEt3 was 
added which indicates that the base promotes chemical acylation. The use of 
proton sponge decreased the amount of byproduct (29) to 11%.  The most 
promising results were obtained when utilizing both hydrogen gas and  
proton sponge as additives. Under these conditions the reaction reached full 



42 

 

conversion within 6 days with 47% (R,R)-26 (96:4 dr), 11% byproduct  
formation (29) and the rest being intermediate 25 (17%) and 27 (25%) 
(Scheme 30).  

 

Scheme 30: Conditions for running a DYKAT of 19a. 

The main difficulty with the DYKAT was the compatibility of the reac-
tion conditions with the amine functionality of the substrate. Given that 
CALB displayed high selectivity towards acylation of the N-acylated amino 
alcohol 27 (vide supra) this substrate was subjected to a DYKAT (Scheme 
31). 

 

Scheme 31: DYKAT of N-acylated amino alcohol 27. 

After 20 h GC-analysis showed full conversion of the reaction with (R,R)-26 
and (R,S)-26 obtained in high enantiomeric excess. Considering that the  
results were very promising, a solution to prepare enantiopure 1,3-amino 
alcohols could possibly be to utilize N-protected 1,3-amino alcohols in the 
DYKAT. The main criteria for this approach to be successful would be that 
the preparation of the starting materials is straightforward, enantioselective, 
and that the employed protective group easily could be cleaved off at a later 
stage.  
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4.2.2 Developing a synthetic route towards chiral 1,3-amino alcohols 

involving organo-, organometallic and enzymatic catalysis 

An alternative approach to prepare enantiopure 1,3-amino alcohols  was 
envisioned by combining organo-, organometallic  and enzymatic catalysis 
(Scheme 32). By employing organocatalysis (R)- and (S)-Boc-protected  
1,3-aminoketones could be synthesized in high enantiomeric excess.  In situ 
reduction of the ketone coupled with a highly selective enzymatic DYKAT 
would give N-Boc protected (R,S)- as well as (R,R)-1,3-amino acetates in 
excellent enantio- and diastereoselectivity.  

 

Scheme 32: Synthetic route towards1,3-N-Boc-amino acetates 36. 

4.2.2.1 Substrate synthesis 

Recently, List et al. described the synthesis of chiral 1,3-aminoketones 
through a selective proline-catalyzed Mannich reaction, allowing the use of 
aromatic N-Boc-imines.141  Proline is a chiral amino acid used in asymmetric 
synthesis as an organocatalyst. Both D- and L-proline are commercially 
available allowing access to either the (R)- or (S)-product in high enantio-
meric excess, depending on the present need. In the catalytic cycle acetone 
reacts with proline to give an enamine (Scheme 33). The stereoselectivity 
possessed by the chiral catalyst will provide enantiofacial discrimination 
between the Re- and the Si-face of the enamine. Subsequent electrophilic 
addition to the N-Boc-imine yields the enantiomerically enriched 1,3-amino-
ketone 35 after hydrolysis. The high enantioselectivity displayed by the  
catalyst is proposed to originate from hydrogen bonding between the  
carboxylic acid and the imine and is illustrated in a Zimmerman-Traxler 
model of the six-membered transition state.  
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Scheme 33: Schematic mechanistic cycle of the proline-catalyzed Mannich reaction. 

The N-Boc protected aryl imines (34) were prepared following a two-step 
reaction procedure (Table 11).142 The α-amido benzenesulphones (20) were 
synthesized from the corresponding aldehydes in yields varying from 26% to 
94%. Subsequent base-induced elimination gave the pure aldimines in quan-
titative yield. Finally, the β-aminoketones (35) were available through a  
proline-catalyzed Mannich reaction between the aldimines (34) and acetone 
to yield the desired products in good to excellent ee’s (Table 11).141  
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Table 11: Synthesis of N-Boc-β-aminoketones 35a-g. 

 

Entry R 20
a 

(%) 

34
b 

(%) 

35
c 

(%) 

1 

a 

94 quant. 76 (99% ee (S)) 

44 (99% ee (R)) 

2 

b 

70 quant. 58 (>99% ee (S)) 

67 (>99% ee (R)) 

3 

c 

40 quant. 49 (96% ee (S)) 

47 (96% ee (R)) 

4 

d 

79 quant. 32 (>99% ee (S)) 

5 

e 

72 quant. 32 (91% ee (S)) 

6 

f 

26 quant. 39% (99% ee (S)) 

7 
g 

54 quant. 42% (98% ee (S)) 

a) 50 mmol aldehyde, 25 mmol BocNH2, 50 mmol PhSO2Na, 50 mmol HCOOH, 75 
mL MeOH/H2O (1:2). b) 15 mmol 20, 90 mmol K2CO3, 105 mmol Na2SO4, 150 mL 
THF. c) 10 mmol 34, 2 mmol D- or L-proline (20 mol%), 100 mL acetone. 

The moderate yield of the proline-catalyzed reaction can be attributed to the 
large amount of byproduct formed, identified as the hydroxyketone 37 and 
the dimeric compound 38 (Figure 8). 
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Figure 8: Byproducts formed in the proline catalyzed Mannich reaction. 

Attempts were made to diminish byproduct formation by decreasing the 
water content and diluting the reaction. Performing the reaction in dry  
acetone did not improve the yield. Diluting the reaction or running it in dry 
acetonitrile resulted in a decrease of the hydroxyketone 37 but an increased 
amount of the dimeric byproduct 38. The presence of 37 and 38 generally 
made purification troublesome and these difficulties were circumvented by 
acetylation of the hydroxyketone 37 resulting in a better separation, while 
the carbamate was removed by stirring in water, followed by filtration of the 
β-aminoketone. 

4.2.2.2 Selectivity of the reduction 

The possibility that the chiral amine functionality of the 1,3-aminoketone 
could influence the outcome of the reduction of the prochiral ketone was 
investigated utilizing different reducing agents (Table 12). 

Table 12: Investigating the selectivity of the reduction. 

 

Entry Reducing agent T 

(°C) 

t 

(h) 

(S,S)/(R,S)a 

1b NaBH4 0 to rt 0.5 33:67 

2c L-Selectride -78 1 75:25 

3d 1a 70 24 26:74 

4e 1a 90 20 33:67 

a) The syn/anti ratio was measured by 1H-NMR. b) 0.38 mmol (S)-35a, 1.1 mmol 
NaBH4, 5 mL MeOH. c) 0.38 mmol (S)-35a, 0.46 mmol L-selectride, 5 mL THF.  
d) 0.25 mmol (S)-35a, 10 µmol 1a (4 mol%), 0.625 mmol 2,6-dimethyl-4-heptanol, 
1 mL toluene. e) 0.25 mmol (S)-35a, 10 µmol 1a (4 mol%), H2, 1 mL toluene.  
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Reduction with NaBH4 or hydrogenation utilizing ruthenium catalyst 1a led 
to poor diastereoselectivity in favor of the anti diastereomer (entry 1, 3-4). 
The opposite selectivity was displayed when L-selectride was used (entry 2). 
These results clearly indicate that a second asymmetric transformation is 
necessary to obtain the 1,3-amino alcohols in high enantiomeric and dia-
stereomeric excess. The high enantioselectivity displayed by lipases in trans-
esterification reactions of secondary alcohols would amplify the selectivity 
of the second transformation.  

4.2.2.3 Efficiency of epimerization 

The efficiency of epimerization was evaluated utilizing ruthenium catalysts 
1a and 2 (Table 13). 

Table 13: Epimerization of syn-1,3-amino alcohol 39a. 

 

Entry Epimerization 

catalyst 

T 

(°C) 

syn/antia 

1b 1a 70 50:50 

2c 1a 70 85:15 

3 d 2 50 30:70 

a) Measured by 1H-NMR. b) 0.2 mmol syn-39a, 4 µmol 1a (2 mol%), H2, 0.8 mL 
toluene. c) 0.2 mmol syn-39a, 4 µmol 1a (2 mol%), 0.24 mmol 2,6-dimethyl-4-
heptanol. d) 0.2 mmol syn-39a, 10 µmol 2 (5 mol%), 12 µmol t-BuOK (6 mol%), 
0.2 mmol Na2CO3, 0.8 mL dry toluene.  

Both ruthenium catalysts 1a and 2 demonstrated efficient epimerization of 
the alcohol moiety (entry 1, 3). The rate of epimerization decreased when 
2,6-dimethyl-4-heptanol was added as hydrogen donor to diminish ketone 
formation (entry 2). The epimerization utilizing ruthenium catalyst 2 showed 
that the anti-diastereoisomer (entry 3) is more stable than the syn-isomer 
which is the opposite to that previously observed for 1,3-amino alcohol 19a 
(entry 1, Table 10).   
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4.2.2.4 Enzyme selectivity 

The E-value for the unsymmetrical 1,3-amino alcohol was determined by 
studying the KAT for racemic syn- and anti-39a employing CALB and 
2,2,2-trifluoroethyl acetate (Scheme 34). CALB was chosen as a suitable 
lipase due to its thermostability, wide substrate scope and high enantio-
selectivity for secondary alcohols.  

 

 

Scheme 34: Determining the E-value for KAT of 39a. 

CALB displayed excellent selectivity for the (R)-configuration of the alcohol 
with an E-value above 200 for the syn-1,3-amino alcohol as well as for the 
anti-1,3-amino alcohol (Scheme 34). However, in the DYKAT performed, 
the lipase resolves the diastereomers of the 1,3-amino alcohol and not the 
enantiomers. Therefore the pseudo E-value was evaluated by performing a 
KAT of a 50:50 mixture of (R,S)-39a and (S,S)-39a as well as of a 50:50 
mixture of (R,R)-39a and (S,R)-39a (Scheme 35).  

 

Scheme 35: Determining the pseudo E-value for KAT of 39a. 

The same equations were used to calculate the pseudo E-value as for the true 
E-value by replacing the enantiomeric excess with the diastereomeric excess 
(de) (eq 1 or 2, Figure 4). KAT of a 50:50 mixture of (R,S)-39a and (S,S)-
39a led to the formation of (R,S)-40a with an anti/syn ratio of >99.5:0.5 at 
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36% conversion with a de of 60% of the remaining starting material 
(Scheme 35). This gave a pseudo E-value of >200 (350) for this kinetic 
asymmetric transformation. CALB displayed excellent selectivity for the 
other pair of diastereomers as well. At 48% conversion, the amino acetate 
(R,R)-40a had been formed in a syn/anti ratio of >99.5:0.5 while the syn/anti 
ratio of the remaining starting material was 3:97 giving a pseudo E-value of 
>200 (712) (Scheme 35). 

4.2.2.5 Developing an efficient DYKAT 

There are numerous arrangements possible when altering the conditions to 
achieve a successful DYKAT. For example, both catalysts 1a and 2  
displayed efficient rates of epimerization towards N-Boc-amino alcohol 39a 

(vide supra). A DYKAT was performed utilizing ruthenium catalyst 2, 
CALB and isopropenyl acetate at 50 °C (Scheme 36). 

 

Scheme 36: DYKAT of (R/S,S)-39a with ruthenium catalyst 2 effecting the epimeri-
zation. 

Under these conditions 81% 1H-NMR yield of (R,S)-40a (99% ee, >99:1 dr) 
was observed within 24 h. Given these results the reaction has to be con-
sidered as fairly successful. Even so, applying ruthenium complex 2 as an 
efficient epimerization catalyst in the DYKAT of 1,3-amino alcohols was 
not explored further because of difficulties with solubility of the amino  
alcohols and the need of prior reduction of the ketone.  

The individual reduction and epimerization experiments (vide supra) 
demonstrated the possibility to exert ruthenium complex 1a as a dual cata-
lyst.143,144 A one-pot procedure transforming enantiomerically pure 1,3-
aminoketones to enantiomerically and diastereomerically pure 1,3-amino 
alcohol derivatives via reduction/DYKAT was apprehended (Table 14). The 
reaction conditions for the reduction/DYKAT were optimized applying 1,3-
aminoketone (S)-35a as a model substrate with para-chlorophenyl acetate 
(PCPA) as acyl donor.  
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Table 14: Optimizing the conditions for the reduction/DYKAT.a 

 

Entry PCPAb 

(equiv.) 

T 

(ºC) 

conv.c 

(%) 

drc 

((R,S)-40a) 

% eed 

((R,S)-40a) 

1 1.2 70 70 >95:5 >99 

2 1.2 80 67 >95:5 >99 

3 1.2 90 72 >95:5 >99 

4 2.5 90 89 >95:5 >99 

5e 2.5 90 79 >95:5 >99 

6f 3.5 90 99 (92)g 98:2h >99 

a) 0.25 mmol (S)-35a, 5 µmol 1a (2 mol%), 10 mg CALB (40 mg/mmol), para-
chlorophenyl acetate, 1 mL toluene, H2 for 24 h then Ar for 24 h. b) PCPA= para-
chlorophenyl acetate. c) Determined by 1H-NMR, d) Determined by chiral HPLC. e) 
Reaction run under H2 for 48 h. f) 20 mg of CALB (80 mg/mmol). g) isolated yield 
of pure acetate. h) Determined by chiral HPLC on pure acetate.  

The first parameter to be investigated was the temperature (entry 1-3).  
Increasing the temperature had no effect on the conversion, the dr or the ee. 
However, by examining the syn/anti ratio of the intermediate alcohol 39a it 
was observed that true equilibrium was reached first at 90 ºC with a 1:1 
syn/anti ratio. This indicates that a temperature of 90 ºC is required for an 
efficient epimerization. The next parameters to be altered were the amount 
of acyl donor and catalyst added. Increasing the amount of the acyl donor 
PCPA to 2.5 equivalents gave a higher conversion (entry 4), while increasing 
the loading of the Shvo catalyst 1a to 4 mol% did not lead to any noticeable 
improvement. However, efficient reaction conditions were achieved by 
doubling the amount of CALB added (80 mg/mmol) and by further  
increasing the amount of PCPA to 3.5 equivalents. Under these conditions 
the reaction reached full conversion within 48 h and (R,S)-40a was isolated 
in 92% yield with a 98:2 dr and >99% ee (entry 6).  

A hydrogen donor is required in the reduction of the ketone and therefore 
the effect of running the reaction under hydrogen atmosphere was explored. 
A sterically hindered alcohol such as 2,6-dimethyl-4-heptanol can also be 
employed as a hydrogen donor. Nevertheless, hydrogen gas was chosen  
because the reaction was cleaner and easier to analyze. Having hydrogen 
present during the whole reaction decreased the yield of the desired product 
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(entry 5). However, since hydrogen is detrimental in the catalytic cycle of 
epimerization the yield of the product could be increased by changing the 
atmosphere from hydrogen to argon after 24 h for the coupled process of 
reduction/DYKAT (compare entry 4 and 5). 

To investigate the scope of the process the aminoketones obtained from 
the proline-catalyzed Mannich reaction were subjected to the optimized 
DYKAT conditions (Scheme 37). 

 

Scheme 37: Reaction scope of 1,3-amino alcohols synthesized through DYKAT. 

Both (S)- and (R)-aminoketones were successfully employed, providing 
access to both (R,S)- and (R,R)-amino acetates in diastereomeric ratio of up 
to >98:2 and enantiomeric excess of >99%. It is noteworthy that the high 
selectivity of the DYKAT completely overrides the inherent diastereo-
selectivity of the reduction giving access to both syn- and anti-1,3-amino 
acetates in good to high yields and high ee’s. Both electron-rich as well as 
electron-deficient/halogenated phenyl derivatives were accepted and amino-
ketones 35a-c were transformed into enantiomerically pure amino acetates 
40a-c, in either syn or anti configuration. Moreover, aminoketones 35d and 
35e were successfully converted to (R,S)-40d and (R,S)-40e, respectively, in 
high yields and high ee’s, displaying the acceptance for para- and  
meta-substituted phenyl derivatives. In addition, the more bulky naphthyl 
derivative 35f as well as the heteroaromatic derivative 35g were tolerated, 
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affording (R,S)-40f
145

 and (R,S)-40g, in good yields and with high enantio- 
and diastereomeric excess.  

It was observed that the reduction/DYKAT yielding (R,S)-40 was slightly 
faster than the corresponding transformation giving (R,R)-40. As demon-
strated earlier the reduction of the chiral aminoketone displays a preference 
for the formation of the anti-amino alcohol (syn/anti 1:2, entry 4, Table 12). 
Reduction of (R)-35 yields the anti amino alcohol (S,R)-39 to a larger extent, 
which has to undergo epimerization before it can be enzymatically acylated.  

The slightly lower diastereomeric ratio displayed in the DYKAT of the 
para-chloro derivative ((R,S)-40c and (R,R)-40c) and the meta-tolyl deriva-
tive ((R,S)-40e) is derived from the lower ee of the aminoketone obtained 
from the proline-catalyzed Mannich reaction. The lower diastereomeric ratio 
of the 2-furyl derivative ((R,S)-40g) however is probably a result from a 
slightly less selective enzymatic resolution. 

 

Scheme 38: Deprotection of N-Boc-amino acetate (R,S)-40a. 
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The deprotected 1,3-amino alcohol was easily accessed in two steps with 
retained enantiomeric and diastereomeric excess (Scheme 38). Hydrolysis of 
the acetate in the presence of K2CO3 in methanol/water yielded (R,S)-39a in 
85% yield and >97:3 anti/syn ratio with 99% ee. The Boc group was cleaved 
off in the presence of trifluoroacetic acid in dichloromethane yielding the 
free amino alcohol (R,S)-41a in quantitative yield. The stereochemical  
assignment was confirmed by transforming the amino alcohol into the  
corresponding cyclic carbamate (R,S)-42a. 

4.3 Conclusion 

Great effort was put in to developing a DYKAT of 1,3-amino alcohols  
involving  acyl migration. Different conditions for the DYKAT were  
explored. The most promising results were achieved by utilizing CALB for 
the KAT, ruthenium catalyst 1b for the epimerization and running the reac-
tion under hydrogen atmosphere, with isopropyl acetate and proton sponge 
added. Full conversion of the amino alcohol 19a was observed within 6 days 
giving diacetylated amino alcohol (R,R)-26 in 47% yield with 96:4 dr. The 
remaining material was identified as a mixture of intermediate 25 and 27 
(42%) and byproduct 29 (11%). The results show the need of new catalysts 
that epimerizes amines and alcohols equally efficient for this type of  
DYKAT process to be successful. 

In the second part of the project a highly selective tandem reduc-
tion/DYKAT of N-Boc protected aminoketones was developed. A proline-
catalyzed Mannich reaction afforded (R)- or (S)-N-Boc-aminoketones (35). 
By subjecting these to a one-pot two-step reduction/DYKAT both dia-
stereomers (R,S) and (R,R) of the amino acetates (40) were obtained in high 
enantio- and diastereomeric excess. Hydrolysis of the acetate and deprotec-
tion of the Boc group yielded the amino alcohol (R,S)-41a in high yield and 
without any loss of optical purity. 
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5. Covalent linking of a ruthenium racemiza-
tion catalyst to lipase on solid support  
(Paper V) 

5.1 Introduction 

5.1.1 Metal-enzyme hybrids 

Chemoenzymatic DKR is a very well-studied reaction where a homogeneous 
catalyst and a biocatalyst are combined.61,63 The metal catalyst is designed to 
be compatible with the biocatalyst and an enzyme is selected that is stable 
and active in organic media and tolerates the presence of the metal.  
However, when combining a homogeneous catalyst with a biocatalyst com-
patibility issues such as deactivation of the catalysts are not uncommon. 
Issues like instability and insolubility of the metal complex and the enzyme 
in different media have to be considered when combining them in one pot. In 
an artificial metalloenzyme the homogeneous catalyst is incorporated into 
the enzyme. The protein will shield the catalyst from its harmful surrounding 
and also increase its biocompatibility. To generate an artificial metallo-
enzyme the metal-containing moiety can be either covalently or non-
covalently (i.e. supramolecularly) incorporated into the enzyme.146,147 The 
metal-containing moiety consists of the metal complex coupled to an anchor. 
The anchor will add (quasi) irreversibly to the enzyme, which must contain a 
binding site or a unique functionality where the reaction can take place. 
Meal-enzyme hybrids can find different applications such as i) stereo-
selective non-enzymatic catalysts,148 ii) radioactive149 and luminescent150 
labels, and iii) novel pharmaceutical treatment.151 In this chapter the field of 
metal-enzyme hybrids is explored by incorporating a novel organometallic 
ruthenium complex into the active site of a solid supported serine hydrolase, 
CALB N435. Due to the ease of the immobilization method, partial inhibi-
tion of the lipase sites could provide a novel DKR system where both the 
racemization catalyst and the enzyme are recyclable and combined on one 
type of support. 
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5.2 Results and discussion 

5.2.1 Synthesis of a ruthenium complex with an acetylene linker 

Recently cutinase was successfully modified with different synthetic organo-
metallic ECE pincer-metal complexes to generate so-called semi-synthetic 
pincer-metalloenzymes.152-156

 By modifying the organometallic pincer-
moiety with a lipase-reactive phosphonate group the pincer complex could 
be covalently attached to the active site of cutinase. The phosphonate,  
bearing a leaving-group functionality, acts as the anchor and can be cova-
lently linked to the serine residue in the active site of the lipase. The  
coupling between a lipase-reactive phosphonate and a ruthenium complex 
acting as a racemization catalyst is achievable by the use of click 
chemistry.157 The synthesis of a phosphonate ester with an azide moiety has 
previously been published (vide infra).156 Consequently a ruthenium com-
plex bearing an acetylene functionality with structural resemblance to  
ruthenium catalyst 2 was considered. Ruthenium complex 44 was available 
via a 3-step synthetic route (Scheme 39). In the first step (4-bromo-
phenylethynyl)trimethylsilane was lithiated and subsequently reacted with 
tetraphenylcyclopentadienone, followed by a LiAlH4 reduction which  
afforded the TMS-protected ligand 43 in 70% yield. The protected ruthe-
nium complex TMS-44 was obtained in 34% yield in the second step by 
lithiation of ligand 43 followed by transmetalation with an appropriate  
ruthenium source.158 The acetylene was finally deprotected with tetrabutyl-
ammonium fluoride (TBAF) in the third step giving ruthenium complex 44 
in 90% yield. 
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Scheme 39: Synthetic route toward ruthenium complex 44. 

5.2.2 Synthesis of an azide functionalized phosphonate 

Phosphonate ester 47, with a three carbon long azide linker was synthesized 
for the purpose of acting as a lipase-reactive anchor (Scheme 40).156 Treating 
commercially available 3-bromopropylphosphonate with azide-exchange 
resin gave 45. Subsequent selective replacement of one of the phosphonate 
ester groups yielded the hydrolysis-sensitive chlorinated product 46, which 
was treated immediately with para-nitrophenol, yielding the azide functiona-
lized phosphonate 47 in 67% overall yield. 
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Scheme 40: Synthesis of lipase-reactive phosphonate 47. 

5.2.3 Linking the phosphonate and the ruthenium complex 

The phosphonate moiety 47 and the ruthenium complex 44 were linked to-
gether via click chemistry,157 enabling mild reaction conditions and thereby 
keeping the reactive phosphonate ester intact. The conditions were optimized 
using two different copper catalysts, 49

159,160
 and 50,161 screening different 

solvents (MeCN, CH2Cl2) and by altering the concentration of the reactions 
(Scheme 41). It was found that the shortest reaction time and highest yield 
was obtained utilizing Cu(I) amino arenethiolate catalyst 49 in dichloro-
methane. Both ruthenium complex 44 and phosphonate ester 47 displayed 
better solubility in dichloromethane than in acetonitrile. The rate of the  
reaction increased at higher concentrations, with an optimum of 0.1 M. Cu(I) 
amino arenethiolate 49 was easier to remove during workup compared to the 
Cu(I) triazole  catalyst 50 which is an advantage.  
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Scheme 41: Synthesis of ruthenium complex 48 via click chemistry. 

These optimized reaction conditions were used to perform the click reaction 
monitoring the progress by 31P-NMR spectroscopy. After 4 days full con-
version was reached and ruthenium complex 48 was isolated in 84% yield 
after workup.162  The long reaction time, which is rather uncommon for click 
reactions,157 might derive from special electronic and steric properties of the 
acetylene ruthenium complex 44 since azide-functionalized phosphonates 
has previously shown to be highly reactive.152-156  

5.2.4 Anchoring of the ruthenium-phosphonate complex into the 

enzyme 

The inhibitory activity of ruthenium complex 48 towards lipases in general 
was evaluated by a control inhibition study employing cutinase (Scheme 42). 
A solution of cutinase in Tris/Triton buffer (pH 8.0) was incubated with 48 
(8 equiv.) for 24 h after which it was purified by dialysis to remove the 
excess of inhibitor 48. When the phosphonate inhibits the enzyme, para-
nitrophenolate (PNP), a bright yellow compound, is released. The process of 
inhibition seemed to be fairly slow but after 12 h the reaction had turned 
yellow. 
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Scheme 42: Inhibition of cutinase by 48. 

The extent of inhibition was evaluated by running an activity test employing 
para-nitrophenyl butyrate as the control substrate. The inhibited cutinase, 
cutinase-48, displayed 30% remaining hydrolytic activity compared to the 
free cutinase, indicating 70% inhibition by ruthenium complex 48 (Appendix 
D). Although the rate of inhibition appears slow, the experiment provides 
evidence that supports lipase inhibition by a novel type of ruthenium  
complex.163  

A slightly different strategy was chosen for the inhibition of 48 into 
CALB (Scheme 43). By covalent binding of 48 to the immobilized lipase, 
the racemization catalyst would be converted into a heterogeneous catalyst.  

 

Scheme 43: Inhibition of CALB by 48. 

The amount of accessible CALB active sites on the beads was first estimated 
by a calibration study. Different batches of CALB (20.2 mg) were incubated 
with varying amount of 48, running the reaction in a Tris/Triton buffer (pH 
8). After incubation overnight the batches were washed with water and  
dichloromethane, to remove para-nitrophenolate (PNP) and unreacted 48. 
The residual hydrolytic activity displayed by the beads was measured  
utilizing para-nitrophenyl butyrate as the substrate. The absorbance of  
released para-nitrophenolate after 2 min was measured and correlated to the 
amount of 48 added (Appendix D). 

The hydrolytic activity of the beads decreased upon increasing amounts of 
added 48. When the amount of ruthenium complex 48 exceeded 0.025 
mmol[Ru]/g(beads), the residual activity of the beads remained relatively 
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constant. Inhibition on large scale was performed using the optimal ratio of 
0.025 mmol inhibitor per gram of beads. Taking into account that only one 
enantiomer of the racemic phosphonate complex 48 binds to the lipase, the 
surface loading of the ruthenium racemization precatalyst CALB-48 was 
estimated to 0.0125 mmol[Ru]/g(beads), which is lower than that for similar 
heterogeneous racemization catalysts.164 Nevertheless, the benefit of the 
immobilization method described here lies in the ease and mild reaction 
conditions employed. Furthermore no pretreatment of the polymeric support 
or elevated temperature during prolonged periods of time is required. The 
amount of accessible (non-inhibited) catalytic sites can be controlled relative 
to the amount of ruthenium sites, enabling the composition of the catalytic 
material to be varied and fine-tuned.  

5.2.5 Catalytic studies 

The ruthenium catalyst attached in the active site of immobilized CALB was 
screened for catalytic racemization activity. The racemization of (S)-1-
phenylethanol was studied utilizing CALB-48 as well as homogeneous  
ruthenium complexes 2 and 48 (Table 15). The purpose of the study was not 
to investigate the kinetics of the catalysts but to observe racemization of 
CALB-48 and therefore the experiments were not monitored with specific 
time intervals. The experiments with ruthenium catalyst 2 served as control 
runs. It is well known that activated 2 racemizes (S)-1-phenylethanol within 
10 min at room temperature.45,46 All three ruthenium complexes are pre-
catalysts which require activation by base. When activation was accom-
plished by t-BuOK the racemization employing ruthenium complexes 2 and 
48 was complete within 5 h (entry 1, 3), whereas the ee decreased to 34% 
within 42 h utilizing CALB-48 (entry 4). Since the progression of the reac-
tion was not monitored, it is not known if full racemization with complex 48 
was achieved after a shorter period of time. Nevertheless the results clearly 
illustrate that ruthenium complex 48 exhibits catalytic activity. Similar  
racemization studies have shown that K3PO4 is an effective base to activate 
heterogeneous racemization catalysts.164 In analogy, activation of 2 and 
CALB-48 was achieved by K3PO4 and full racemization was observed  
within 24 h (entry 2, 5). Once again the progression of the reaction was not 
monitored so the time for complete racemization is not known. The long 
reaction time might be caused by the reduced accessibility or the site isola-
tion of the ruthenium metal centers on the support. For a successful DKR, 
the resolution rate of the enzyme should not exceed the racemization rate to 
avoid depletion of the fast resolved enantiomer.52 For CALB-48, the reaction 
time required for the racemization of (S)-1-phenylethanol could be decreased 
by using a higher catalyst loading, making the catalyst better suitable for 
DKR. Even so, CALB-48 exhibits reasonable activity in the racemization 
reaction described.  
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Table 15: Racemization of (S)-51 with different ruthenium complexes. 

 

Entry Ru-cat. 

 

 [Ru] 

(mol%) 

Base  c of 51  

(M) 

t  

(h) 

% eea 

((S)-51) 

1b 2  5 t-BuOK 0.20 5 0 

2c 2  1 K3PO4 0.125 24 0 

3b 48  5 t-BuOK 0.20 5 0 

4d CALB-48 ~5 t-BuOK 0.20 18 45 

 42 34 

5e CALB-48  ~1 K3PO4 0.125 24 0 

 a) Determined by chiral GC. b) 0.1 mmol (S)-51, 15 µmol t-BuOK (15 mol%). c) 
0.20 mmol (S)-51, 0.20 mmol K3PO4. d) 0.05 mmol (S)-51, 7.5 µmol t-BuOK. (15 
mol%). e) 0.025 mmol (S)-51, 0.025 mmol K3PO4. 

During the inhibition studies CALB-48 displayed residual activity of less 
than 2%, indicating remaining lipase activity of the uninhibited lipase sites 
on CALB-48. A kinetic resolution was performed with CALB-48 and  
racemic 1-phenylethanol (51) employing isopropenyl acetate as acyl donor 
to evaluate the remaining lipase activity (Table 16). Uninhibited CALB gave 
full acylation of (R)-51 within 3 h (entry 2). Interestingly, the partially  
inhibited CALB-48 beads gave 28% acylation of (R)-51 after 3 h (entry 1), 
indicating that the uninhibited lipases were still accessible and catalytically 
active in the transesterification reaction. 
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Table 16: Kinetic resolution of 51 with CALB and CALB-48.a 

 

Entry Catalyst t 

(h) 

conv. b 

(%) 

% ee c 

((S)-51) 

% ee c 

((R)-52) 

1 CALB-48 0.5 5 5 >99 

  1 9 10 >99 

  3 28 38 >99 

2 CALB 0.5 35 53 >99 

  1 46 85 >99 

  3 50 >99 >99 

a) 0.5 mmol rac-51, 3.0 mg enzyme beads (6 mg/mmol), 0.5 mmol Na2CO3,  
0.75 mmol isopropenyl acetate, 1 mL toluene. b) Calculated values. c) Determined 
by chiral GC. 

These results demonstrate that CALB-48 exhibits dual catalytic activity of 
racemization and esterification that can potentially be utilized in a DKR. An 
explorative DKR experiment was performed with CALB-48 (~1 mol%)  
activated by K3PO4, rac-51 (1 equiv.) and isopropenyl acetate (1.8 equiv.). 
After 24 h, the reaction displayed 18% conversion towards the acylated 
product with >99% ee of (R)-52 and a 14% ee of the remaining alcohol 51. 
The rate of racemization and the enzymatic acylation is slower in this  
explorative DKR compared to the results obtained from the individual race-
mization and kinetic resolution studies. However, this is not uncommon for a 
DKR. Even so, the results indicate that racemization has occurred parallel to 
the enzymatic acylation, since with only kinetic resolution the ee of the star-
ting material 51 would have been 22% at 18% conversion. However, for a 
more efficient DKR more experiments need to be conducted. Nevertheless, 
CALB-48 is a dual catalytic system that can potentially be recycled and 
reused.  
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5.3 Conclusions 

In this project the synthesis of a novel ruthenium complex 48 has been  
described. By applying Cu(I)-catalyzed click chemistry the azide containing 
phosphonate ester 47 was coupled to an acetylene linked ruthenium complex 
44 under mild reaction conditions, affording ruthenium complex 48 in 84% 
yield. Furthermore, this reactive phosphonate-ruthenium complex could be 
anchored to the lipase cutinase and to immobilized CALB, thereby demon-
strating the reactivity of 48 towards homogeneous as well as heterogeneous 
lipases. Neither pretreatment of the polymeric support nor elevated tempera-
tures during a prolonged period of time were required. CALB-48 exhibited 
catalytic activity in the racemization of (S)-1-phenylethanol, with complete 
racemization within 24 h when activated by K3PO4. Additionally a kinetic 
resolution study revealed that the free lipase sites on the partly inhibited 
CALB-48 possessed catalytic activity in the enantioselective acylation of 
racemic 1-phenylethanol. A first attempt towards a DKR was explored. The 
rate of racemization and enzymatic acylation displayed by CALB-48 in the 
DKR were rather slow. The catalytic properties of the bifunctional catalytic 
material could possibly be optimized by altering the ratio between ruthenium 
inhibitor complex 48 and CALB. 

Even though the process is at an early stage, the concept of using site-
selective reagents on immobilized enzymes to generate a multifunctional 
catalytic material has been demonstrated.  
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6. Concluding remarks 

This thesis has combined the areas of enzymatic and organometallic  
catalysis mainly through DKR. Different protocols were developed for the 
main purpose to synthesize β- and γ-amino alcohols. By utilizing this  
technique in the synthesis of chiral building blocks we take advantage of the 
high selectivity of enzyme catalysis while circumventing the limitation of a 
normal kinetic resolution by converting the slow-reacting enantiomer to the 
fast reacting one. 

  The DKR of chlorohydrins was improved by using Bäckvall’s catalyst 
(2) for the racemization and Burkholderia cepacia lipase for the kinetic  
resolution. β-Chlorohydrin acetates can now be obtained in high yields and  
excellent ee’s. The usefulness of the method was also demonstrated by  
synthesizing (S)-salbutamol. 

Furthermore the enantioselective synthesis of (R)-duloxetine via a DKR 
was reported. A DKR protocol was developed for 3-hydroxy-3-(thiophene-2-
yl)propanenitrile yielding the corresponding (R)-β-cyano acetate in high 
yield and high ee (98%). Further synthetic modifications yielded  
(R)-duloxetine in 37% overall yield over six steps.  

The synthesis of enantiomerically and diastereomerically enriched  
1,3-amino alcohols was developed employing organo-, organometallic and 
enzymatic catalysis. 1,3-Amino acetates were obtained by subjecting chiral 
N-Boc-aminoketones to in situ reduction coupled to a highly efficient  
DYKAT. Both diastereomers, (R,S) and (R,R), of the amino acetates were 
available in high enantiomeric- and diastereomeric excess. Hydrolysis of the 
acetate and deprotection of the Boc group yielded the amino alcohol in high 
yield with maintained optical purity. 

A route toward dual immobilization of DKR catalysts was demonstrated. 
The synthesis of novel ruthenium complex 48 was described as well as the 
anchoring of the complex to immobilized CALB. The partially inhibited 
CALB-48 proved to be active in racemization (0% ee within 24 h) as well as 
enzymatic acylation (28% conversion within 3 h), giving a system where the 
racemization and resolution catalysts are immobilized on the same support.  
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Appendix A 
 
Contribution to publications I-V 

I. Performed the major part of the synthetic work. Supervised 
 the work done by diploma worker Madeleine Warner. 
 Took part in writing the article and wrote the supporting 
 information. 

II. Performed half of the synthetic work. Supervised the work 
done by exchange PhD student Carmen E. Solarte.  
Wrote the article. 

III. Performed half of the synthetic work. Supervised the work 
done by diploma worker Richard Lihammar.  
Wrote the article. 

IV. Performed approximately half of the synthetic work. Took 
part in supervising the work done by diploma worker  
Michiel Petrus. Wrote half the article. 

V. Performed half of the synthetic work. Wrote the article 
based on a chapter from Birgit Wieczorek’s PhD thesis. 
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Appendix B 
 
Enzymes employed in the thesis 

CALB Candida antarctica lipase B,165 N435.  
Commercially available from Novozymes A/S. 

PS-C I Burkholderia cepacia lipase.  
Commercially available from Amano Enzyme Inc. 

PS-C II Burkholderia cepacia lipase.  
Commercially available from Amano Enzyme Inc. 

PS-D II Burkholderia cepacia lipase.  
Commercially available from Amano Enzyme Inc. 

PS-IM Burkholderia cepacia lipase.  
Commercially available from Amano Enzyme Inc. 

AH SD Burkholderia cepacia lipase.  
Commercially available from Amano Enzyme Inc. 

AK Pseudomonas fluorescence lipase.  
Commercially available from Amano Enzyme Inc. 

TL Thermomyces lanuginosus lipase.  
Commercially available from Amano Enzyme Inc. 

AYS Candida rugosa lipase.  
Commercially available from Amano Enzyme Inc. 

F-AP-15 Rhizopus oryzae lipase.  
Commercially available from Amano Enzyme Inc. 

CALB- 
W104A 

Candida antarctica lipase B W104A.  
Mutated in house according to a published procedure.116-

118
 

Subtilisin Bacillus licheniformis protease. 
Prepared according to a literature procedure.22  

Cutinase 
N172K 

Fusarium solani pisi cutinase.  
Provided by Unilever. 
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Appendix C 
 
Dynamic kinetic asymmetric transformation of 
1,3-amino alcohols involving intramolecular 
acyl transfer 

Renaud Millet, Annika Träff, Rémy Pellet, Jan-Erling Bäckvall 

Experimental section 

General procedures: All KAT, epimerization and DYKAT reactions were 
carried out using dry conditions in flame-dried glassware under dry argon 
atmosphere. The 1,3-amino alcohols were stored in a desiccator over P2O5. 
Isopropyl acetate as well as isopropenyl acetate were distilled before use. 
Dry toluene and THF were obtained from a VAC solvent purifier. Diiso-
propylamine was distilled over CaH before use. All other chemicals and 
solvents were used as purchased. Silica column chromatography was  
performed with chromatographic silica media for separation and purification 
appli-cations (35-70 micron). The diastereoselectivity was determined by 
1H-NMR. The enantiomeric excess was determined by chiral GC,  
conditions: 100 °C, 0 min; 1 °C/min to 170 °C, 0 min; 20 °C/min to 200 °C, 
1 min, column: CP_Chirasil_Dex CB (25 m x 0.32 mm x 0.25 µm). 1H-
NMR were recorded at 400 MHz. The chemical shifts are reported in ppm 
relative to the residual peak for the solvent, toluene-d8 (1H-NMR δ 2.08). 
Shvo’s catalyst 1a

38 and 1b,38 and iridium complex 28
139 were synthesized 

according to literature procedures. Pd nanocatalyst ([Pd0/AlO(OH)]) was 
prepared as previously described.166 1,3-amino alcohols 19a and 19b were 
obtained through an aldol reaction133 followed by reductive amination.134 
Compound 20,135 21,135 22

135 and 23
136 were synthesized following literature 

procedures. N-acylated amino alcohol 27 was obtained by classical chemical 
acylation of 19a followed by hydrolysis of the ester employing NaOH (2.5 
equiv.) in MeOH/H2O (4:1). 
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Preparation of ethyl (3-hydroxy-1-phenylbutyl)carbamate, 24:  
Employing LiAlH4: To LiAlH4 (91 mg, 2.4 mmol) in a flame dried flask was 
added 15 mL dry THF. The suspension was cooled to -78 °C and 23  
(471 mg, 2 mmol) dissolved in 10 mL of THF was slowly added. The reac-
tion was stirred for 1 h at -78 °C and then allowed to reach rt before it was 
quenched with 25 mL of sat. NH4Cl (aq). The phases were separated and the 
aqueous phase was extracted with EtOAc (3x20 mL). The combined organic 
phases were dried over Na2SO4, filtered and concentrated in vacuo which 
yielded crude 24 in 30:70 syn/anti selectivity. 
Employing L-selectride: 23 (471 mg, 2 mmol) was dissolved in 25 mL of 
THF and cooled to -78 °C. L-Selectride solution (1 M in THF) (2.4 mL, 2.4 
mmol) was added dropwise and the reaction was stirred for 1 h and then 
allowed to reach rt before it was quenched with 30 mL of sat. NH4Cl (aq). 
The phases were separated and the aqueous phase was extracted with EtOAc 
(3x30 mL). The combined organic phases were dried over Na2SO4, filtered 
and concentrated in vacuo which yielded crude 24 in 70:30 syn/anti  
selectivity. 
Separation of the two diastereomers was possible by flash chromatography 
(silica gel, gradient pentane:EtOAc, 4:1 to 1:1) with the syn- eluting before 
the anti-diastereomer. 

 
Preparation of 4-(methylamino)-4-phenylbutan-2-ol 19a: A flame-dried 
flask was charged with LiAlH4 (1.6 g, 42 mmol) and 50 mL dry THF and 
cooled on ice bath. 23 (2.5 g, 11 mmol) dissolved in 20 mL of dry THF was 
added dropwise. The suspension was heated to reflux and stirred for 14 h.  
5 mL of ethylenediamine, 5 mL of 15% NaOH (aq), and 10 mL of H2O was 
added subsequently in 10 min intervals. The mixture was stirred at room 
temperature for 2 h after which it was filtered through a thin pad of Celite 
and washed with 20 mL THF.  The organic solvent was removed under re-
duced pressure. The aqueous phase was diluted and extracted with Et2O 
(3x30 mL). The combined organic phases were washed with 1 M HCl (3x50 
mL). The combined aqueous phases were made basic (pH ~10) with 3 M 
NaOH and then extracted with Et2O (3x75 mL). The organic phases were 
dried over Na2SO4, filtered and concentrated in vacuo. The residue was puri-
fied by flash chromatography (silica gel, CH2Cl2:MeOH:NEt3, 95:4.5:0.5) 
giving a slightly yellow oil that turned solid upon standing (1.2 g, 6.6 mmol) 
in 63% yield. 
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KAT of 4-(methylamino)-4-phenylbutan-2-ol 19a: CALB (20 mg,  
40 mg/mmol) and 19a (syn/anti 33:66) (88 mg, 0.5 mmol) were added to a 
vial followed by 3 mL of dry toluene. Isopropenyl acetate (110 µL, 1 mmol) 
was added. The reaction was stirred at room temperature for 24 h after which 
a sample was collected by syringe for analysis. The temperature was then 
increased to 90 °C and the reaction was stirred for additional 14 h after 
which it was analyzed again by 1H-NMR and chiral GC.  

 

KAT of N-(3-hydroxy-1-phenylbutyl)-N-methylacetamide 27: CALB  
(10 mg, 40 mg/mmol) and 27 (syn/anti 60:40) (44 mg, 0.25 mmol) were 
added to a vial followed by 2 mL of dry toluene. Isopropenyl acetate (28 µL, 
0.25 mmol) was added. The reaction was stirred at room temperature for 24 
h after which it was analyzed by 1H-NMR and chiral GC.  

 

General procedure for epimerization of 4-(methylamino)-4-

phenylbutan-2-ol 19a (for amounts of reagents see Table 17): The catalyst 
was added to a vial. 1,3-amino alcohol 19a dissolved in dry toluene was 
added and the reaction was heated and stirred for the stated amount of hours 
after which it was analyzed by 1H-NMR. 

Table 17: Epimerization of 19a. 

 

Entry Epimerization  

catalyst 

[cat] 

(µmol) 

[cat] 

(mol%) 

19a 

(mmol) 

Toluene 

(mL) 

T 

(°C) 

t 

(h) 

1 1b 7.5 3 0.25 1.5 90 24 

2 [Pd0/AlO(OH)] 12.5 5 0.25 2 70 22 

3 28 6.25 5 0.125 0.5 80 25 
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General procedure for DYKAT of 4-(methylamino)-4-phenylbutan-2-ol 

19a (for amounts of reagents see Table 18): Ruthenium catalyst 1b, CALB 
and any solid additives were added to a vial. 19a (90 mg, 0.5 mmol)  
dissolved in dry toluene, acyl donor and any liquid additives were added and 
the reaction was heated to 70 °C.  Samples were collected with a syringe 
with 24 h intervals and analyzed by 1H-NMR and chiral GC.  

Table 18: DYKAT of 19a. 

1b 

 

(mol%) 

CALB 
 

(mg/mmol) 

Toluene 
 

(mL) 

c 
 

(M) 

Na2CO3 

 

(equiv.) 

Acyl 
donora 

(equiv.) 
 

 

H2 

 

 

Base 
 

(equiv.) 

3 30 4 0.125 0.3 2.5b - - - 

5 40 4 0.125 0.7 4b - - - 

4 40 2 0.250 0.7 4 Yes - - 

4 40 2 0.250 0.7 4 - Yes - 

4 80 2 0.250 0.7 4 - Yes - 

4 80 2 0.250 1.5 4 - Yes - 

4 80 2 0.250 - 4 - Yes 
NEt3 

1.5 

4 80 2 0.250 - 6 - Yes 
DBU 

1.5 

4 80 2 0.250 - 6 – Yes 
PSc 

1.5 

4 80 2 0.250 - 6d – Yes 
PSc 

1.5 

4 80 2 0.250 - 6d – Yes 
PSc 

0.5 

4 80 8 0.0625 - 6d – Yes 
PSc 

0.5 

4 80 8 0.0625 - 6e – Yes 
PSc 

0.5 

4 80 8 0.0625 - 6e – Yes 
PSc 

0.5 

4 80 8 0.0625 - 6 – Yes - 

4 80 8 0.0625 - 6 – Yes 
Na2SO4 

0.5 

a) Isopropyl acetate was used as acyl donor if not stated otherwise. b) para-
Chlorophenyl acetate was used as acyl donor. c) Proton sponge. d) Phenyl acetate 
was used as acyl donor. e) Isopropenyl acetate was used as acyl donor. 
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DYKAT of N-(3-hydroxy-1-phenylbutyl)-N-methylacetamide 27: Shvo’s 
catalyst 1a (26.5 mg, 20 µmol, 4 mol%), CALB (15 mg, 30 mg/mmol) and 
27 (syn/anti 30:70) (110 mg, 0.5 mmol) was added to a vial. Dry toluene  
(2 mL) was added as well as para-chlorophenyl acetate (105 µL, 0.75 mmol) 
and the reaction was heated to 70 °C. After 20 h the reaction was analyzed 
by 1H-NMR and chiral GC.  

Analysis 

 

syn-4-(methylamino)-4-phenylbutan-2-ol (syn-19a) 

1H-NMR (400 MHz, toluene-d8): δ 7.03-7.14 (m, 5H, Ar), 3.93-4.00 (m, 1H, 
-CH2-CHOH-CH3), 3.31 (dd, J = 9.9 Hz, 3.9 Hz, 1H, Ar-CHN-CH2-), 1.86 
(s, 3H, CH3-NH), 1.34-1.46 (m, 2H, -CH2-), 1.16 (d, J = 6.2 Hz, 3H,  
HOCH-CH3). 

 

anti-4-(methylamino)-4-phenylbutan-2-ol (anti-19a) 
1H-NMR (400 MHz, toluene-d8): δ 7.03-7.14 (m, 5H, Ar), 3.83-3.90 (m, 1H, 
-CH2-CHOH-CH3), 3.55 (dd, J = 6.7 Hz, 3.9 Hz, 1H, Ar-CHN-CH2-), 1.99 
(s, 3H, CH3-NH), 1.56 (ddd, J = 14.4 Hz, 8.1 Hz, 4.0 Hz, 1H, -CH2-), 1.47 
(ddd, J = 14.3 Hz, 6.7 Hz, 3.4 Hz, 1H, -CH2-), 1.09 (d, J = 6.2 Hz, 3H, 
HOCH-CH3). 
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syn-4-(methylamino)-4-phenylbutan-2-yl acetate (syn-25)  

Not isolated. 1H-NMR from reaction mixture (400 MHz, toluene-d8): δ 4.84-
4.92 (m, 1H, -CH2-CHO-CH3). This was the only peak that could be  
assigned to this compound. 

 

 

anti-4-(methylamino)-4-phenylbutan-2-yl acetate (anti-25) 
1H-NMR from reaction mixture (400 MHz, toluene-d8): δ 7.02-7.17 (m, 5H, 
Ar), 5.01-5.09 (m, 1H, -CH2-CHO-CH3), 3.38 (dd, J = 8.2 Hz, 5.6 Hz, 1H, 
Ar-CHN-CH2-), 2.10 (s, 3H), 1.76-1.80 (m, 1H, -CH2-), 1.62 (s, 3H), 1.54-
1.60 (m, 1H, -CH2-), 1.05 (d, J = 6.3 Hz, 3H, OCH-CH3,) 

 

syn-N-(3-hydroxy-1-phenylbutyl)-N-methylacetamide (syn-27) 
1H-NMR (400 MHz, toluene-d8): δ 7.02-7.16 (m, 5H, Ar), 6.14 (app t, J = 
4.8 Hz, 1H, Ar-CHN-CH2-), 3.61-3.69 (m, 1H, -CH2-CHO-CH3), 2.10 (s, 
3H), 1.76-1.82 (m, 1H,-CH2-), 1.64-1.70 (m, 1H, -CH2-), 1.66 (s, 3H), 1.12 
(d, J = 6.0 Hz, 3H, OCH-CH3).  
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anti-N-(3-hydroxy-1-phenylbutyl)-N-methylacetamide (anti-27) 
1H-NMR (400 MHz, toluene-d8): δ 7.02-7.16 (m, 5H, Ar), 6.12 (app t, J = 
4.6 Hz, 1H, Ar-CHN-CH2-), 3.50-3.58 (m, 1H, -CH2-CHO-CH3), 1.87 (s, 
3H), 1.72-1.80 (m, 1H, -CH2-), 1.63 (s, 3H), 1.55-1.62 (m, 1H, -CH2-),  1.30 
(d, J = 6.3 Hz, 3H, OCH-CH3).  

 

syn-4-(N-methylacetamido)-4-phenylbutan-2-yl acetate (syn-26) 
1H-NMR (400 MHz, toluene-d8): δ 7.02-7.17 (m, 5H, Ar), 6.17 (dd, J = 12.0 
Hz, 4.2 Hz, 1H, Ar-CHN-CH2-), 4.82-4.90 (m, 1H, -CH2-CHO-CH3), 2.28 
(s, 3H), 2.16-2.23 (m, 1H, -CH2-), 1.71 (s, 3H), 1.70 (s, 3H), 1.61-1.69 (m, 
1H, -CH2-), 1.30 (d, J = 6.3 Hz, 3H, OCH-CH3). 
GC: tR1 = 61.08 min (S,S); tR2 = 61.35 min (R,R) 

 

anti-4-(N-methylacetamido)-4-phenylbutan-2-yl acetate (anti-26) 
1H-NMR (400 MHz, toluene-d8): δ 7.02-7.17 (m, 5H, Ar), 6.28 (dd, J = 11.6 
Hz, 4.7 Hz, 1H, Ar-CHN-CH2-), 4.79-4.87 (m, 1H, -CH2-CHO-CH3), 2.02 
(s, 3H), 1.95 (s, 3H), 1.82-1.89 (m, 1H, -CH2-), 1.72 (s, 3H), 1.61-1.71 (m, 
1H, -CH2-), 1.15 (d, J = 6.3 Hz, 3H, -OCH-CH3). 
GC: tR1 = 59.87 min (R,S); tR2 = 60.37 min (S,R) 
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Appendix D 
 
Activity tests of inhibited lipases 

Activity tests of native cutinase and cutinase-48. To different batches of 
freshly prepared 0.1% (m/m) Triton, 50 mM Tris buffer (1.493 µL, pH 8.0) 
was added a solution of para-nitrophenol butyrate (7.0 µL, 50 mM) in 
MeCN. To these substrate solutions were added portions of inhibited and 
uninhibited cutinase (0.5 µL, 200 µM, 0.1 nmol) and the release of para-
nitrophenolate was measured at 400 nm during 10 min. 

0

0,5

1

1,5

2

2,5

3

0 0,2 0,4 0,6 0,8 1 1,2 1,4 1,6 1,8 2

t  (min)

Abs 

native Cutinase
cut-5

 

Native cutinase 
cutinase-48 

(400 nm) 
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Activity tests with inhibited CALB N435 (determination of the optimum 
surface loading). In different cuvettes, different batches of inhibited CALB 
N435 were weighed (3.0 mg) and freshly prepared 0.1% (m/m) Triton, 50 
mM Tris buffer (1.493 µL, pH 8.0) was added. To the different suspensions 
a solution of para-nitrophenol butyrate (7.0 µL, 50 mM) in MeCN was  
added, after which the suspensions were shaken during exactly 2 min.  
Subsequently, the beads were filtered off and a UV-VIS spectrum of the 
solution was recorded (600-200 nm). 
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