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Abstract 

Dynamic kinetic resolution (DKR) is a powerful method for obtaining com-
pounds with high optical purity. The process relies on the combination of a 
kinetic resolution with an in situ racemization. In this thesis, a combination 
of an immobilized hydrolase and a transition metal-based racemization cata-
lyst was employed in DKR to transform racemic alcohols and amines into 
enantioenriched esters and amides, respectively. 

In the first part the DKR of 1,2-amino alcohols with different rings sizes 
and N-protecting groups is described. We showed that the immobilization 
method used to support the lipase strongly influenced the stereoselectivity of 
the reaction.  

The second part deals with the DKR of C3-functionalized cyclic allylic 
alcohols affording the corresponding allylic esters in high yields and high 
ees. The protocol was also extended to include carbohydrate derivatives, 
leading to inversion of a hydroxyl substituted chiral center on the carbohy-
drate.  

The third part focuses on an improved method for obtaining benzylic pri-
mary amines. By using a novel, recyclable catalyst composed of Pd nanopar-
ticles on amino-functionalized mesocellular foam, DKR could be performed 
at 50 °C. Moreover, Lipase PS was for the first time employed in the DKR 
of amines. 

In the fourth part DKR was applied in the total synthesis of Duloxetine, a 
compound used in the treatment of major depressive disorder. By performing 
a six-step synthesis, utilizing DKR in the enantiodetermining step, Duloxe-
tine could be isolated in an overall yield of 37% and an ee >96%. 

In the final part we investigated how the enantioselectivty of reactions 
catalyzed by Candida Antarctica lipase B for δ-substituted alkan-2-ols are 
influenced by water. The results showed that the enzyme displays much 
higher enantioselectivity in water than in anhydrous toluene. The effect was 
rationalized by the creation of a water mediated hydrogen bond in the active 
site that helps the enzyme form enantiodiscriminating binding modes. 
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Abbreviations 

Abbreviations and acronyms are used in agreement with standards of the 
subject.1 Only nonstandard and unconventional ones that appear in the thesis 
are listed here. 

 
Ala  Alanine 
AmP Aminopropyl 
Asp Aspartic acid 
CALB Candida Antarctica lipase B 
cat. catalyst 
CIP Cahn-Ingold-Prelog 
conv. Conversion 
DKR Dynamic kinetic resolution 
DYKAT Dynamic kinetic asymmetric transformation 
E  Enantiomeric ratio 
ee  Enantiomeric excess 
EWG Electron withdrawing group 
FDA Food and drug administration 
Glu Glutamic acid 
His  Histidine 
KAT Kinetic asymmetric transformation 
KR  Kinetic resolution 
MCF Mesocellular foam 
MS 4Å Molecular sieves, 4 Ångström 
nd.  Not determined 
nr.  No reaction 
o.n. Over night 
rac. Racemic 
sec. Secondary 
Ser   Serine 
STS Surfactant-treated Subtilisin Carlsberg 
Thr Threonine 
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1. Introduction 

1.1 Chirality 
An object is said to be chiral if it is not superimposable on its mirror image. 
A commonly used example to illustrate this phenomenon is the relationship 
between the right and the left hand. They both have the same kind of fingers 
connected to the palm; however, they are mirror images of each other and 
thus are not equal. The phenomenon of chirality is also found in chemistry, 
with chemical compounds having identical connectivity but different spatial 
arrangement. In organic chemistry, the asymmetry or chirality most often 
occurs on carbons that covalently binds to four different substituents. The 
substituents can be positioned in two different spatial arrangements, which 
lead to two non-superimposable molecules (Figure 1). 

 
Figure 1. The two enantiomers of a carbon atom that covalently binds four different 
substituents. 

The atom where the chirality arises is called a chiral center and, apart from at 
a carbon atom, chiral centers can also arise at heteroatoms such as sulfur or 
phosphorous.2 Organic molecules with identical connectivity but different 
spatial arrangement are called stereoisomers and the special case of mole-
cules being mirror images of each other are called enantiomers. Enantiomers 
are classified as either (R) or (S) depending on the orientation of the substit-
uents, according to the so called Cahn-Ingold-Prelog (CIP) priority rule.3 A 
mixture consisting of equal amounts of both enantiomers is called a 
racemate. 

If a molecule has two or more (n) chiral centers, the molecule can exist in 
three to 2n stereoisomeric forms. The forms that are not enantiomers of each 
other are called diastereomers (Figure 2).  
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Figure 2. Enantiomers and diastereomers of Chloramphenicol 

The isomers that are enantiomers of one another will always display identi-
cal physical and chemical properties (e.g. boiling and melting points) in an 
achiral environment, with the exception of their ability to rotate plane-
polarized light in different directions. However, in a chiral environment such 
as all biological systems, the enantiomers may differ in their interaction.4 As 
a consequence, chirality is an important property to take into consideration 
when investigating the interaction between organic molecules and biological 
receptors, enzymes and transporters. Often one of the enantiomers of an 
organic molecule shows higher biological activity than the other, and some-
times it is only one that possesses a specific activity. In this case the other 
enantiomer might be inactive or, have effects that are harmful or even fatal.5 
Two examples for which the enantiomeric pairs have completely different 
pharmacological responses are Chloramphenicol and Thalidomide (Figure 
3). For Chloramphenicol the (R,R)-enantiomer possesses antibacterial prop-
erties while its (S,S)-enantiomer is inactive,6 and for Thalidomide the (R)-
form is an effective sedative, whereas the (S)-form, is teratogenic and causes 
birth defects on fetuses. 
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Figure 3. Chiral molecules with enantiomers displaying different biological activity. 

In 1992, as a consequence of the potential negative effects of certain enanti-
omers, the U.S. FDA issued a demand for the analysis of the pharmacologi-
cal effects of both enantiomers of a racemic drug.7 This demand initiated an 
even greater intensity in both academia and industry to develop new methods 
for preparing compounds as single enantiomers. Moreover, pharmaceuticals 
started to be released as single enantiomer drugs. Some of the racemic drugs 
on the market were also re-issued as single enantiomers, which led to formu-
lations possessing higher pharmacological activities. An example of this is 
racemic Omeprazole, sold as Losec or Prilosec, and its enantiopure counter-
part Esomeprazole, sold as Nexium. (Figure 4).8 

 
Figure 4. Omeprazole and Esomepraszole. 

The methods available for obtaining enantiomerically enriched compounds 
can be divided into three categories: (i) resolution, where the two enantio-
mers of a racemic substrate mixture are separated from each other utilizing 
crystallization or a resolving agent, (ii) asymmetric synthesis, where a new 
chiral center is created from a prochiral substrate by induction from a second 
source of chirality and (iii) the chiral pool approach, using naturally occur-
ring enantiomerically pure compounds such as amino acids, carbohydrates or 
terpenes as starting material for the synthesis of more complex molecules.9 
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1.2 Enzymatic catalysis in organic synthesis 
Enzymes are biomolecules that catalyze the formation and cleavage of 
chemical bonds. Even though enzymatic processes have been utilized by 
humans since ancient times for conservation and production of food (e.g. 
cheese making or brewing), it was first in the 19th century that the nature of 
enzymes started to be understood.10 A great breakthrough was made in 1897 
when Buchner proposed that enzymes do not require the environment of a 
living cell to be active.11 This finding opened up for enzymes to be used in 
various areas such as production of food, leather, textiles, paper, and as bio-
catalysts in chemical production.  

Because of enzymes being inexpensive, environmentally friendly cata-
lysts reacting with high regio- and stereoselectivity they have been frequent-
ly used in chemical applications during the past century. One enzyme class 
that has attracted a lot of attention is hydrolases; catalyzing reactions where 
a chemical bond is cleaved by water.12 Nature uses these hydrolytic reactions 
to digest nutrients into smaller entities that can be utilized by the cells. For 
example, proteases break down proteins into smaller peptides or amino ac-
ids, and hydrolases hydrolyze lipids to glycerol and fatty acids.13 It was long 
believed that enzymes only worked in an aqueous environment and required 
water as a solvent to function.14 However in the early 80’s the scientific 
community started wondering, ”How much water do enzymes really need?”. 
When subjecting enzymes to reactions in almost completely dry organic 
solvents catalytic activities was indeed found for some enzymes, especially 
hydrolases such as proteases and lipases.15 It was later found that the water 
bound to the enzyme or a monolayer of water around the enzyme was suffi-
cient to keep its flexibility and thus maintain its catalytic activity.16  

There were several benefits of being able to perform the reaction in or-
ganic solvent: (i) better solubility of the substrate (usually organic molecules 
experience low solubility in aqueous solutions), (ii) simpler product recov-
ery, (iii) modified enzyme properties and (iv) reversal of hydrolytic reac-
tions. The latter feature makes it possible for hydrolases to catalyze the for-
mation of an ester or amide from an alcohol or amine, respectively. For al-
cohols the reaction is denoted as an esterification if the acyl moiety origi-
nates from an acid and a transesterification if the acyl donor is an ester.  

The mechanism of esterification and transesterification follows a ping-
pong bi-bi mechanism, depicted for a sec-alcohol in Scheme 1.17 The reac-
tion takes place in the active site of the enzyme where a serine is made 
nucleophilic by hydrogen bonds formed with nearby histidine and aspartic or 
glutamic acid.18 The serine attacks the acyl donor forming a tetrahedral in-
termediate (TI) that releases the first product (water or an alcohol) and forms 
an acyl-enzyme intermediate. This intermediate is subsequently attacked by 
the sec-alcohol forming a new TI. The negative charge of both the TIs is 
stabilized by hydrogen bonds in an oxyanion hole. Next, the TI breaks down, 
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releasing the free enzyme and an ester of a sec-alcohol. All steps are reversi-
ble and hydrolysis of esters passes through the same TIs; however, the selec-
tivity in the different reaction directions might differ due to solvent effects.13 

 
Scheme 1. Transesterification mechanism of a serine hydrolase. Reaction starts in 
the upper left corner. 

The reversibility gives rise to an important point to consider when designing 
a transesterification. Since the alcohol released from the acyl donor might 
function as a nucleophile hydrolyzing the formed ester it is desirable to 
choose an acyl donor that posses an alcohol moiety that is slow or incapable 
of acting as nucleophile. By selecting an appropriate acyl donor, the reaction 
can in principle be made irreversible (Scheme 2). Additionally, the type of 
leaving group and the length of the acyl chain can influence the performance 
of the enzyme and as a result different types of acyl donors have been stud-
ied and used in enzyme-catalyzed transesterifications (exemplified in 
Scheme 2 by isopropenyl acetate, 1, p-chlorophenyl acetate, 2, and 2,2,2-
trifluoroethyl butyrate, 3).13 
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Scheme 2. Examples of acyl donors used in irreversible, enzyme catalyzed, 
transesterification reactions. 

1.2.1 Hydrolases as enantioselective catalysts 
Since a hydrolase and its active site are chiral, the reactivity of the two enan-
tiomers of a chiral substrate, such as a sec-alcohol, is different. This leads to 
the enzyme catalyzing the formation and hydrolysis of ester enantiomers at 
different rates. Since the ground states of the free enantiomers are equal, the 
level of stereoselectivity can be considered to be the energy difference be-
tween the two diastereomeric transition states formed during the catalysis of 
the (R) and (S) enantiomers. The TS is close in energy to the substrate bound 
TI, hence the selectivity difference can be approximated to the different rela-
tive energy of the two tetrahedral intermediates.19 

The stereopreference for a lipase-catalyzed tranesterification of sec-
alcohols can be predicted by the empirical rule proposed by Kazlauskas.20 
The rule states that the size of the substituents residing at the chiral center 
determines which enantiomer that will be preferred. Assuming that the large-
sized group has a higher priority than the medium-sized according to the CIP 
rule, lipases are (R)-stereoselective. The transesterification catalyzed by pro-
teases from the families Subtilisin and Chemotrypsin works with a highly 
similar mechanism; however, their catalytic machinery is mirror imaged to 
that of lipases, hence they usually display (S)-stereoselectivity.10 

 
Figure 5. The enantiomer preferred in a lipase- or a protease catalyzed reaction. 
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1.3 Enzymatic kinetic resolution  
The ability of lipases and proteases to enantioselectively catalyze 
transterification and hydrolysis reactions is exploited in the field of kinetic 
resolution (KR). In an enzymatic KR a racemic substrate is subjected to a 
biocatalyst that enantioselectively converts one substrate enantiomer into 
product, after which the product and the substrate can be separated from 
each other by standard purification methods (Scheme 3).  

 
Scheme 3. Example of lipase catalyzed KR of a sec-alcohol. 

In the ideal case, the enzyme is fully selective for one enantiomer leading to 
that a racemic substrate mixture is perfectly resolved into two compounds, 
both having an enantiomeric excess (ee) close to 100%. However, this is 
rarely the case, since the enzyme often catalyzes the conversion of the other 
enantiomer as well, but at a slower rate. Therefore, the resolution must be 
stopped before the conversion reaches 50%, in order to attain a high ee of the 
product. If instead the substrate is desired in a high ee, the reaction is re-
quired to proceed beyond 50% conversion. In both cases, a separation must 
be performed once the reaction is complete in order to access the resolved 
optically active compound. 

In order to quantify the enantioselectivity of an enzyme-catalyzed reac-
tion, the dimensionless parameter ‘Enantiomeric Ratio’ (E value) has been 
developed. The E value expresses the ratio of the rate constants of the two 
enantiomers kfast/kslow and is a constant that is unaffected by the conversion. 
The resolution benefits from a large E value, which in practice means that 
the selectivity for the wanted enantiomer is high. Since the rate of the indi-
vidual enantiomers can be tedious to measure due to the requirement of pure 
samples of both enantiomers, Eq (1), (2) and (3) have been developed. They 
allow the E value to be calculated from any two of the following parameters: 
enantiomeric excess of the starting material (ees), enantiomeric excess of the 
product (eep) and conversion of the reaction (c).21  
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       Eq. (1) 

      Eq. (2) 

 
/

/
  Eq. (3) 

 

Examples of stereoselective enzymes that have been used within this thesis 
are the lipases Candida Antarctica Lipase B (CALB) and Lipase PS from 
Burkholderia Cepacia and the protease Subtilisin Carlsberg.  

1.4 Dynamic kinetic resolution and racemization 
The drawbacks of the 50% maximum yield of the KR approach can be cir-
cumvented by the introduction of an in situ racemization catalyst that keeps 
the substrate racemic throughout the reaction. This is referred to as a dynam-
ic kinetic resolution (DKR) and if the enzyme is highly stereoselective the 
product can, in theory, be formed in 100% yield with an ee of 100%, 
(Scheme 4).22  

 
Scheme 4. (R)-selective dynamic kinetic resolution of a sec-alcohol. 

If the DKR protocol is applied to a diastereomeric compound the two inter-
converting species will have different energy, implying that the Keq ≠ 1. The 
substrates in the enzymatic reaction will have different starting energies and 
the process is called a kinetic asymmetric transformation (KAT) instead of 
KR. The inversion of a chiral center in a diastereomeric compound is called 
epimerization and the combination of epimerization and KAT is termed dy-
namic asymmetric transformation (DYKAT).23 There are several types of 
DYKAT reported and in this thesis a variant depicted in Scheme 5 has been 
employed.  
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Scheme 5. (R)-selective DYKAT of a diastereomeric substrate. 

Depending on the compound that needs to be racemized, there are different 
methods available. Some examples of racemization are: (i) thermal racemi-
zation, (ii) base and acid-catalyzed racemization, (iii) racemization via 
Schiff-base intermediates, (iv) enzyme-catalyzed racemization, and (v) rac-
emization via reduction-oxidation (redox) reactions.24  

In this thesis two homogenous organometallic and one heterogenous 
nano-structured catalysts, working via hydrogen transfer mechanisms (re-
dox-type racemization) have been used to achieve racemization of sec-
alcohols and primary amines. The catalysts abstract a hydride from the chiral 
alcohol or amine, thereby forming a prochiral ketone or imine intermediate. 
The alcohol or amine is then reformed by hydride re-addition, and since this 
occurs in an achiral fashion the stereochemical outcome is random (Scheme 
6). Repetition of this process enables racemization of enantiomerically pure 
sec-alcohols and primary amines. 

R R'

R R'

X

[M]

[M]

H + H+

prochiral

HHX

R R'

XHH

X : O, NR''

[M]

-[M]

-[M]

+

 
Scheme 6. General principle of a redox racemization. 

There are numerous metal complexes of ruthenium, iridium, palladium, and 
rhodium developed, capable of performing the hydrogen transfer reaction 
required to achieve racemization.25 However, not all of them are suitable for 
chemoenzymatic DKR. To ensure a well-functioning process the following 
criteria have to be fulfilled:  
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(i) the racemization catalyst must be compatible with the enzyme,  

(ii) there must be no racemization of the product,  

(iii) the racemization rate should be at least equal, and preferably faster, 
compared to the rate of conversion of the fast reacting enantiomer (i.e 
krac≥kfast).  

However, if the stereoselectivity of the resolution catalyst is high, it is 
sufficient that krac is much greater than kslow.23,26 A few racemization catalysts 
fulfilling these criteria have been developed for the racemization of sec-
alcohols and some of the processes have also found industrial applications 
(Figure 6).27,28  The first example was published by Williams and co-
workers, who achieved racemization with rhodium acetate; however, only a 
moderate yield of 60% was obtained.29 Shortly after the Bäckvall group re-
ported a DKR with high yield and excellent ee, employing the Shvo catalyst 
(4) for racemization.30 Further improvement of the DKR was possible after 
the development of the monomeric catalysts 5-9, which were easier to com-
bine with the enzymes due to their high activity at ambient temperature.31 
Catalyst 4 and 5 are used in this thesis and will be discussed in more detail. 

 
Figure 6. Examples of homogeneous, enzyme-compatible racemization catalysts. 

1.4.1 Shvo’s catalyst 
The Shvo catalyst (4) is a dimeric organoruthenium compound used in many 
organic reactions including oxidations, reductions and racemizations.32 Cata-
lyst 4 has successfully been employed in combination with enzymes for the 
DKR of both alcohol and amine substrates.27a Upon heating in solution the 
dimer splits heterolytically into the two monomeric ruthenium entities 4a 
and 4b (Scheme 7). Complex 4b is a 16-electron species that acts as a dehy-
drogenation catalyst, which transforms a sec-alcohol into a ketone while 
interconverting itself into 18-electron complex 4a. 4a then acts as a hydro-
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genation catalyst that in an achiral fashion reduces the ketone back to the 
alcohol simultaneously reforming 4b.  

It is generally accepted that the dehydrogenation of alcohols with catalyst 
4 operate via an outer-sphere mechanism, which means that the ketone in-
termediate formed does not stay coordinated to the metal complex. Instead it 
might dissociate from the coordination sphere if re-addition of hydride is not 
sufficiently fast.33 This might lead to formation of oxidized byproducts in 
reactions using 4 as racemization catalyst. Another drawback of the racemi-
zation mediated by catalyst 4 is its requirement of elevated temperatures in 
order to be activated. Consequently, the enzymes combined with 4 must be 
thermostable. 

Ru

OPh

Ph
Ph

Ph

Ph

Ph
H

O
Ph

Ph

H
RuOC COCO CO

4

Ru

OH
Ph

Ph

Ph Ph

OC
OC H

Ru

O
Ph

Ph

Ph Ph

COOC

Ru

OH
Ph

Ph

Ph Ph

OC
OC H

Ru

O
Ph

Ph

Ph Ph

COOC

R1

OH

R2R1

OH

R2

R1

O

R2
R1

O

R2

4a 4b

4a

4b  
Scheme 7. Racemization via hydrogen transfer catalyzed by 4a and 4b. 

1.4.2 Racemization catalyst 5 
Catalyst 5 is an 18-electron ruthenium complex that has been shown to be 
able to racemize 1-phenylethanol completely within 10 minutes at room 
temperature.31 The catalyst has also been successfully applied in many DKR 
processes of sec-alcohols.34 The proposed racemization mechanism is shown 
in Scheme 8.35 The active species, 5a, is obtained after nucleophilic dis-
placement of the chloride ligand with a t-butylalkoxide anion (Scheme 8, 
step i). This activation can easily be observed when performing the reaction, 
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since the reaction mixture immediately changes color from yellow to orange 
upon addition of t-BuOK. Subsequent alcohol-alkoxide exchange forms the 
ruthenium sec-alkoxide complex 5b (step ii). The substrate stays coordinated 
to the metal while a CO dissociation enables a β-hydride elimination to form 
ketone intermediate 5c (step iii). This is followed by insertion of the ketone 
into the Ru-hydride bond which forms alkoxide 5d (step iv). The re-addition 
of the hydrogen can occur at either face of the ketone intermediate, thereby 
leading to racemization of the alcohol. After a ligand exchange, the rac-
alcohol is exchanged by another sec-alcohol and the cycle can start all over 
again (step v). Until recently, it was debated whether the coordination site, 
needed in the formation of the ruthenium hydride (5c), proceeded via a CO 
dissociation or a ring-slippage from η5 to η3. Recent results, based on both 
theoretical and experimental studies support the CO dissociation.35c-d  

 
Scheme 8. Proposed catalytic cycle for the racemization of sec-alcohols by 5. 
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1.5 General concerns regarding DKR 
A common issue when designing a chemoenzymatic DKR reaction is to find 
an optimal rate for both the enzymatic process and the racemization. One of 
the most straightforward methods to alter the rate and enantioselectivity of 
enzyme-catalyzed reactions are adjustments of the solvent and its water ac-
tivity. However, due to requirements of the racemization catalysts, these 
alterations are not always allowed in a DKR. For example, catalyst 4 and 5 
are air-stable and can be stored at room temperature, but their activated cata-
lytic species formed during catalysis are highly sensitive to water and oxy-
gen. The reactions require an inert atmosphere and dry, non-polar solvents, 
preferably toluene, in order to achieve a well functioning racemization. The-
se requirements limit the engineering of the reaction conditions to mainly 
adjustment of the catalysts loading and alterations of the reaction tempera-
ture.  

For catalyst 5, which is more sensitive than 4, a few precautions have to 
be made. The substrate requires pre-drying with molecular sieves, the acyl 
donor requires distillation and storage over MS 4Å. Furthermore Na2CO3, 
dried under vacuum at 200 °C, needs to be added to the reaction. Na2CO3 is 
postulated to have two effects; extra drying of the solvent and buffering of 
any acid formed via acyl donor hydrolysis.36  

Catalyst 4 on the other hand where the intermediate ketone may dissociate 
from the catalyst, sets some restriction on the use of acyl donor. In order for 
4a not to react with anything else but the ketone intermediate, no hydride 
acceptor can be present in the reaction. This excludes the use of acyl donor 
such as isopropenyl acetate (1), since acetone is formed as a byproduct. In-
stead catalyst 4 must be used in combination with one of the acyl donor re-
leasing an alcohol with low nucleophilicity such as p-chlorophenyl acetate 
(Scheme 3, 2). 

1.6 Objectives of this thesis 
The general efficiency of the DKR using hydrolases and transition metal-
complexes has increased constantly over the past decade, and the level of 
substrate complexity has increased accordingly. The aim of this thesis is to 
further explore the limits of the DKR protocol and incorporate novel struc-
tural motif. The majority of the projects describe the application of the DKR 
protocol on various substrate classes. Focus is put on obtaining high yields 
and ees while keeping reaction conditions as mild as possible. Rather than 
performing reactions on substrates with highly similar substitution patterns 
we make an effort to subject synthetic interesting substrates to the method.  

Enzymes play a crucial role in all reactions performed in this thesis; how-
ever, their selectivity is not always fully understood. In the last project we 
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study CALB-catalyzed reactions in hydrous and anhydrous environments. 
The two reactions are postulated to proceed with different levels of 
enantioselectivity and we try to rationalize why this difference occur. 
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2. Dynamic Kinetic Resolution of Cyclic 1,2
Amino Alcohols 

2.1 Introduction 
Chiral 1,2-amino alcohols are versatile intermediates used in the synthesis of 
several biologically active substances, unnatural amino acids and chiral 
auxillaries.37 The sub-class of N-heterocyclic alcohols are found in a wide 
range of biologically active alkaloids. Some examples are ROCK-inhibitors, 
targeting several cardiovascular diseases38 and 3-hydroxypyrrolidinols that 
can be converted into the Geisman-Weiss lactone; a common precursor to 
various alkaloids in the necine base family.39 Optically active N-heterocycles 
can also be used as chiral ligands in organometallic complexes or as 
organocatalysts (Figure 7).37 

 
Figure 7. Examples of N-heterocycles derived from 3-piperidinol and 3-
pyrrolidinol. 

Various methods have been described for the preparation of N-heterocyclic 
alcohols in an optically active form,40 however there are only scarce exam-
ples of enzyme-catalyzed kinetic resolutions and they generally require high 
loadings of biocatalyst.41 Moshida and co-workers41b published a kinetic 
resolution protocol where benzyl-protected 3-pyrrolidinol 11a in a two-step 
synthesis was transformed into enantiomerically enriched acetate 12a in 83% 
yield and 91% ee (Scheme 9) 
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Scheme 9. Moshida’s method for preparing enantiomerically enriched N-substituted 
3-acetoxypyrrolidine. 

We envisioned that by transforming this KR protocol into a DKR protocol 
both the yield and the product ee could be increased, making the preparation 
of 12a more efficient. Also, it would be interesting to expand the scope of 
the reaction to include both pyrrolidinols and piperidinols with various N-
substituents. 

2.2 Results and discussion 

2.2.1 Optimization of KR and DKR of 11a and 13a 
The KR of 13a was optimized in toluene at room temperature employing 
isopropenyl acetate (1) as acyl donor (Table 1). As previously shown,40c non-
immobilized lipase PS was very slow in catalyzing the transesterification 
(Entry 1). When using lipase PS immobilized on ceramic beads or celite, 
marked as PS-C and PS-IM respectively, the activity increased but only 
moderately enantioselective reactions were obtained (Entries 2-3).  

Table 1. Kinetic resolution of 13a with various enzymes.a 

 

Entry Enzyme 
conv. 
(%)b 

eeOH 
(%)c 

eeOAc 
(%)c 

Ed 

1 PS 0 - - - 
2 PS-C 13 13 89 20 
3 PS-IM 19 16 91 25 
4 IL1-PS 48 88 98 >200 (290) 
5 CALB 51 96 89 67 

a) Reaction conditions: 13a (0.25 mmol), enzyme (20 mg/mmol), isopropenyl acetate (1), (2 
equiv) were stirred in toluene (1 mL) for 20 h. b) Calculated from c=ees/(ees+eep). c) 
Determined by chiral HPLC. d) Calculated from the eeOH and eeOAc according to Eq. (3). 
Value given after considering the maximal measurement error, exact number in parenthesis. 
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Interestingly, the same enzyme coated with an ionic liquid, IL1-PS,42 cata-
lyzed the transesterification in a fast and highly selective manner (Table 1, 
Entry 4). This highlighted the impact the immobilization technique can have 
on the performance of the lipase. CALB also was found to catalyze the 
transesterification of 13a at a high rate; however, the selectivity obtained 
was considerably lower than that of IL1-PS (Table 1, Entry 5). 

A DKR of 13a, employing Shvo’s catalyst (4) for the racemization and 
IL1-PS for the resolution, was performed at 50 °C. The reaction did not pro-
ceed to full conversion within 20 h and the ee of 14a was only 86% (Table 2, 
Entry 1). Increasing the temperature to 70 °C allowed the DKR to proceed in 
full conversion to the acetate with an ee of 91% (Entry 2). The reason for the 
increase in ee was argued to be due to the increased racemization rate of 4 at 
elevated temperatures. Further elevation of the temperature was not possible 
since lipase PS is known to decompose at temperatures above 70 °C.43 In-
stead a change of racemization catalyst to monomeric Ru-complex 5 was 
made, with the aim of obtaining a more efficient racemization. At 70 °C the 
DKR with complex 5 in combination with acyl donor 1, Na2CO3, and IL1-PS 
fully converted 13a into 14a in 94% ee (Entry 3). By lowering the tempera-
ture to 60 °C the ee could be increased to 96% (Entry 4).  

Table 2. DKR of model substrates 11a and 13a.a 

 

Entry Substrate Ru-cat. 
Temp. 
(°C) 

Conv. 
(%)b 

ee 
(%)c 

1 4 70 >99 90 
2 4 60 >99 91 
3 5 70 >99 94 
4 5 60 >99 96 

5 4 60 >99 4 

a) Reaction conditions Shvo’s catalyst (4): sec-alcohol (0.5 mmol), Ru-cat. 4 (2.5 mol%), 
IL1-PS (40 mg/mmol), p-chlorophenyl acetate (2) (3.5 equiv) stirred in dry toluene (1 mL) 
under Ar-atmosphere. Reaction conditions Ru(CO)2Cl(η5-C5Ph5) (5): sec-alcohol (0.5 mmol), 
Ru-cat. 5 (5 mol%), t-BuOK (6 mol%), Na2CO3 (0.5 mmol), IL1-PS (25 mg/mmol), 
isopropenyl acetate (1) (2 equiv) in dry toluene (1 mL). b) Determined by 1H NMR c) 
Determined by chiral GC or chiral HPLC 

In parallel with the optimization of the DKR of 13a, the DKR of substrate 
11a was investigated using catalyst 4. However, the ee was as low as 4% and 
an oxidized byproduct, N-benzylpyrrole, had been formed in approximately 
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10% yield (Entry 5). The low ee was surprising, and slow racemization of 4 
alone could not account for this drop in enantioselectivity. In order to eluci-
date the poor ee, 11a was subjected to a small enzyme screening, which 
showed that IL1-PS displays low enantioselectivity for substrate 11a (Table 
3, Entry 2). PS-IM and PS-C1 on the other hand were highly stereoselective 
for 11a, once again highlighting the remarkable effect the immobilization 
method can have on the enantioselectivity of the enzymatic reaction. 

Table 3. Comparison of the E values obtained in the KR of 11a and 13a.a 

Entry Substrate 
E valuesb 

PS-C1 PS-IM IL1-PS 

1 20 25 290 

2 115 >600 11 

a) Reaction conditions: sec-alcohol (0.25 mmol), enzyme (20 mg/mmol), isopropenyl acetate 
(1) (2 equiv) stirred in toluene (1 mL) for 20 h. b) Calculated from the eeOH and eeOAc 
according to Eq. (3). ee for all reactions are displayed in Table 4 

2.2.2 Substrate scope 
The scope of the enantioselective transesterification reaction was investigat-
ed by varying the N-substituents of both 3-pyrrolidinol and 3-piperidinol. 
Because of the variation observed in enantioselectivity for different lipases 
in KR of 13a and 11a every substrate had to be screened in detail, in order to 
find its ideal biocatalyst (Table 4). PS-IM and IL1-PS were both highly 
enantioselective for isopropyl- and cyclohexyl N-substituted 3-piperidinols 
13b and 13c (Entry 5-10). With a cyclohexylmethyl substituent on the nitro-
gen (13d), both PS-IM and IL1-PS lost all catalytic activity while CALB 
displayed high selectivity and high activity (Entries 11-13). All investigated 
enzymes displayed good enantioselectivty for substrate 13f (Entry 14-16), 
with CALB being the most active. PS-IM was the most stereoselective en-
zyme for Cbz-protected 3-pyrrolidineol 11b (Entry 20-21). IL1-PS was best 
for 11c; however, the E value was only moderate (Entry 22-24).  

No clear trend regarding which factors that influence the 
enantioselectivities could be delineated from the results obtained in the en-
zymatic screening. Instead the results highlighted the importance of investi-
gating each cyclic amino alcohol for its most suitable lipase. 
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Table 4. KR of N-heterocyclic alcohols employing different lipasesa 

 

Entry Substrate Enzyme 
Conv. 
(%)b 

eeOH 

(%)c 
eeOAc 

(%)c 
Ed 

1 

 

PS 0 - - - 
2 PS-IM 19 16 91 25 
3 IL1-PS 48 88 98 >200 (290) 
4 CALB 51 96 89 67 

5 

 

PS-IM 18 20 99.7 >400 (810) 

6 IL1-PS 11 9 99.4 >200 (363) 

7 CALB 41 64 96 95 

8 

 

PS-IM 26 36 99.0 >200 (283) 

9 IL1-PS 48 93 99.4 
>600 

(1143) 
10 CALB 50 94 93 98 

11 

 

PS-IM 5 nd - - 

12 IL1-PS 5 nd - - 

13 CALB 42 nd 98 >200 

14 

 

PS-IM 9 12 99 200 

15 IL1-PS 34 50 99 >200 (327) 

16 CALB 47 90 99 >300 (617) 

17g 

 

PS-IM 20.5 nd 99.8 
>600 

(1285) 

18 IL1-PS 65 nd 52 11 

19 CALB 100 - - - 

20f 

 

PS-IM 45 80 >98 >200 (244) 

21f IL1-PS 55 99.8 82 67 

22 

 

PS-IM 20 23 94 40 

23 IL1-PS 51 92 90 62 

24 CALB 73 46 - 10 

a) Reaction conditions: sec-alcohol (0.25 mmol), enzyme (20 mg/mmol), isopropenyl acetate 
(1) (2 equiv) stirred in dry toluene (1 mL) for 20 h. b) Calculated from the formula 
c=ees/(ees+eep). c) Determined by chiral HPLC or chiral GC. nd = not determined. d) 
Calculated from the eeOH and eeOAc according to Eq. (3). Value given after considering the 
maximal measurement error, exact number in parenthesis. 
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2.2.3 Dynamic Kinetic Resolution 
With the knowledge of which enzyme to use for every substrate the KRs 
were expanded into DKRs. DKR of 13b was attempted at 50 °C using 40 
mg/mmol of PS-IM. Unfortunately, full conversion was not reached within 
24 h and the ee was slightly lower than expected (Table 5, Entry 2). In order 
to increase the rate of the transesterification the temperature was increased to 
60 °C in combination with larger amounts of enzyme (80 mg/mmol) and 
acyl donor (4 equiv). This provided 14b in 76% yield and in 95% ee (Entry 
3). By performing the reaction at 50 °C instead of 60 °C the enzyme selec-
tivity was enhanced and an ee of 96% could be obtained (Entry 4).  

Increased amounts of acyl donor and enzyme were required to ensure an 
efficient DKR of all substrates bearing an aliphatic N-substituent (13b-13e). 
N-cyclohexyl-3-acetoxy-piperidine, 14c, was isolated in an 89% yield and an 
excellent ee of 99% and its unsaturated analog 14d was converted in 83% 
yield with an ee of 99%44 (Entry 5-7). The resulting conversion and ee of 
14e were lower than expected under the optimized conditions and further 
modification of the reaction conditions failed to improve the 
enantioselectivity (Entry 8). 1-Tosylpiperidin-3-yl acetate 14f was obtained 
in 88% yield and 96% ee (Entry 9). This result shows that both the enzyme 
and racemization catalyst are compatible with compounds having several 
heteroatoms. N-Benzyl and Cbz protected 3-pyrrolidinol 11a and 11b were 
efficiently converted to the enantioenriched acetates 12a and 12b, respec-
tively, in yields above 80% and more than 95% ee (Entry 10-11). 

The DKR of 1-phenyl-3-pyrrolidinol (11c) was first conducted with IL1-
PS, since this enzyme displayed the highest stereoselectivity in the KR 
study. The result was discouraging though, with a product ee of 28% (Entry 
12). However, PS-IM, albeit being less selective and slower, was able to 
deliver the desired acetate in 82% yield and 86% ee (Entry 13). 

2.3 Conclusion 
The efficiency of the enzyme-catalyzed preparation of 12a has been in-
creased by employing a DKR protocol instead of a KR protocol. We found 
that less enzyme could be used by employing immobilized enzyme prepara-
tions. Interestingly the method of immobilization had an impact on the 
enantioselectivity of the enzyme. The DKR protocol was also successfully 
applied to various 3-pyrrolidinols and 3-piperidinols equipped with both 
electron-withdrawing and electron-donating N-substituents. Compounds 12a, 
12b, 14a and 14f are of special interest since these potentially can be 
deprotected, forming unsubstituted cyclic 1,2-amino alcohols. 
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Table 5. Dynamic kinetic resolution of substrates 13a-f and 11a-c.a 

 

Entry Product 
Enzyme 

(x mg/mmol) 
1 

(equiv) 
Yield 
(%)b 

ee 
(%)c 

  1 IL1-PS (25) 2 91 96 

  2d PS-IM (40) 2 (84) 92 

  3 PS-IM (80) 4 76 95 
  4d PS-IM (80) 4 86 96 

  5d PS-IM (80) 6 89 99 

  6d PS-IM (80) 4 (70) nd 

  7d PS-IM (80) 6 (83) 99e 

  8 CALB (40) 4 73 90 

  9f CALB (25) 2 88 96 

  10 PS-IM (25) 2 80 95 

  11 PS-IM (25) 2 87 95 

  12 IL1-PS (40) 2 (>99) 28 

  13 PS-IM (25) 4 82 86 

a) Typical conditions: sec-alcohol (0.5 mmol), Ru-cat. 5 (5 mol%), t-BuOK (6 mol%), 
Na2CO3 (0.5 mmol), lipase (25-80 mg/mmol), isopropenyl acetate (1) (2-6 equiv) were stirred 
at 60 °C for 20 h. b) Isolated yield. Value in parenthesis shows conversion based on 1H NMR. 
c) Determined by chiral GC or chiral HPLC. d) Reaction performed at 50 °C. e) ee determined 
after hydrogenation of a 1:1 mixture of diastereomers into enantioenriched 13c. f) 6 mol% of 
Ru-cat. 5 used. 
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3. DKR and DYKAT of Functionalized Cyclic 
Allylic Alcohols. Application to Glycal 
Derivatives 

3.1 Introduction  
Cyclic allylic alcohols are synthetically useful intermediates that can be fur-
ther functionalized through transformations such as epoxidations, SN2’ reac-
tions, and Claisen rearrangements (some selected examples are shown in 
Scheme 10). If the alcohol is enantiomerically enriched the chirality could in 
theory be transferred to the product and also used to induce chirality into a 
new chiral center.4547 

 
Scheme 10. Examples of possible functionalization of cyclic allylic alcohols 

Optically active allylic alcohols have traditionally been prepared by asym-
metric reduction of α,β-unsaturated ketones, enantioselective addition of 
alkenyl metal reagents to aldehydes or the enantioselective addition of alkyl 
metal reagents to 2-enals.4850 There are also a few examples of 
chemoenzymatic DKR of racemic allylic alcohols, affording enantioenriched 
allylic acetates.51 Racemization has mainly been achieved by either oxo tran-
sition-metal reagents, capable of forming racemic allyl cations, or 
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organoruthenium catalysts working via redox mechanisms.52 Common prob-
lems observed in the redox processes are the competing oxidation and isom-
erization reactions, which respectively, forms a α,β-unsaturated ketone or a 
saturated ketone as byproducts (Scheme 11). The formation of oxidized by-
products is associated with the conjugated enone intermediate formed in the 
oxidation step of the racemization. The conjugation makes the intermediate 
more stabile and this will increase its barrier for reduction.  

The isomerization has been found to be more severe if the allylic moiety 
is on a terminal position and if the enone intermediate can adopt an s-cis 
conformation, since this can bring the olefin in a favorable geometry for a 
1,4-hydride addition.53  

The aim of this project was to extend the scope of the lipase- and rutheni-
um-catalyzed DKR to also include C3 functionalized cyclic allylic alcohols. 
An initial concern was that both catalyst 4 and 5 have been shown to be effi-
cient isomerization catalysts for allylic alcohols; however, since the racemi-
zation usually is faster than the isomerization we believe that the amount of 
isomerized byproducts could be constrained.54  Moreover, monomeric cata-
lyst 5 does not perform the 1,4-hydride addition on medium-sized cyclic 
substrates due to the distance between the metal hydride and position 4 in the 
intermediate s-trans enone.55 

 
Scheme 11. Side reactions leading to byproducts in the racemization of allylic alco-
hols.   

3.2 Results 

3.2.1 Kinetic resolution 
Before the DKR was studied the enzymatic stereoselectivity for cyclohex-2-
enols with 3-substituents of different sizes was measured. The reactions were 
carried out in toluene at room temperature, employing isopropenyl acetate, 1, 
as acyl donor. Alcohol 15a was well resolved by both CALB and PS-IM (E 
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value 160 and 170, respectively) at a moderate rate, with the former being 
the faster. AK Amano 20, PS-C1 and IL1-PS all delivered 16a at a low rate, 
and therefore these enzymes were not further evaluated.  

With smaller substituents at C3 the enantioselectivity displayed by the 
enzymes decreased; for instance CALB had an E value of 63 for 3-
methylcyclohex-2-enol (15b) and 2.2 for cyclohex-2-enol (15c). These re-
sults are nonetheless interesting since they show that even a minor size dif-
ference such as that between a saturated and an unsaturated bond makes it 
possible for the enzyme to display enantioselectivity (Table 6). 

Table 6. KR of 3-substituted cyclohex-2-enols.a 

 

Entry Substrate Enzyme 
Time 
(h) 

conv.b 
eeOH 

(%)c 
eeOAc 
(%)c 

Ed 

1 

 

CALB 4 46 83 97 160 
2 PS-C1 4 8 nd nd nd 
3 IL1-PS 4 1 nd nd nd 
4 PS-IM 4 23 34 98 170 
5 AK Amano 20 4 4 nd nd nd 

6 

 

CALB 1 22 27 96 63 

7 PS-IM 1 7 5 82 11 

8 

 

CALB 1 40 20 30 2.2d 

9 PS-IM 1 65 31 17 1.8d 

a) Reaction conditions: 15 (0.2 mmol), isopropenyl acetate (1) (2 equiv) and enzyme (25 
mg/mmol) stirred in toluene (0.5 mL) at r.t. nd = not determinded, due to insufficient 
conversion. b) Determined by 1H NMR. c) Determined by chiral GC or HPLC. d) Calculated 
by eeOH and eeOAc according to Eq. (3). d) Reaction is (R)-selective. 

3.2.2 Optimization of the DKR  
Compound 15a was studied in a DKR employing catalyst 5 for racemization 
and CALB for the resolution. After 24 h at room temperature the reaction 
had reached 86% conversion, with 16a formed in 47% in a moderate ee of 
86% (Table 7, Entry 1). As predicted, no isomerization product was detect-
ed, instead the remaining material, were identified as 10% oxidized product 
17a and 29% ether compound 18a (in a diastereomeric mixture). With the 
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aim of reducing the byproduct formation the reaction was repeated at 40 °C; 
however, the result was unsatisfactory by displaying even lower conversion 
and ee of (R)-16a and a considerable amount of 18a (Entry 2). The origin of 
18a was not clear, but previous studies on electron-rich 3-aryl-cyclohex-2-
enols have shown that these compounds can undergo spontaneous ether for-
mation at room temperature.56 However, compound 15a could be stored in 
toluene at room temperature for several weeks without any detectable for-
mation of 18a. Clearly, one or several of the components in the DKR in-
duced this undesired background reaction. In order to elucidate which com-
ponent that facilitates the formation a racemization test was conducted with 
only (S)-15a and the activated ruthenium catalyst 5. Within 1 h all of the 
alcohol had been converted into 18a, showing that 5 catalyzed this formation 
and that a change of racemization catalyst was necessary.  

Table 7. Optimization of the dynamic kinetic resolution of 3-phenylcyclohex-2-enol 
(15a) with lipase Ru-cat. 4 or 5.a 

Ph

OH

Ph

OAc

Ph

O

Ph

O

16a 17a 18a15a

Ru-cat. 4 or 5 (5 mol%)
acyl donor (2 equiv)

Ph

toluene

 

Entry Cat. Enzyme 
Temp 

(°C) 

eeOAc
b 

(%) 

15ac 

(%) 

16ac 

(%) 

17ac 

(%) 

18ac 

(%) 

1 5 CALB (25 mg/mmol) r.t. 86 14 47 10 29 

2 5 CALB (25 mg/mmol) 40 60 22 43 10 25 

3 4 CALB (25 mg/mmol) 60 80 - 90 10 - 

4 4 CALB (25 mg/mmol) 70 80 - 88 12 - 

5 4 CALB (25 mg/mmol) 80 84 - 86 14 - 

6 4 CALB (2 mg/mmol) 60 90 - 74 26 - 

7 4 PS-IM (50mg/mmol) 60 97 - 91 9 - 

8 4 PS-IM (50mg/mmol) 60 96 - 92 8 - 

9d 4 PS-IM (50mg/mmol) 60 95 17 70 13 - 

10e 4 PS-IM (50mg/mmol) 60 94 12 62 26 - 

11f 4 PS-IM (50mg/mmol) 60 91 - 86 14 - 

a) Conditions using Ru(CO)2Cl(η5-C5Ph5) (5): 15a (0.25 mmol), Ru-cat. 5 (5 mol%), t-BuOK 
(5 mol%), Na2CO3 (0.25 mmol), lipase, isopropenyl acetate (1) (2 equiv) were stirred in dry 
toluene (1 mL) for 24 h; Conditions using Shvo’s catalyst (4): 15a (0.25 mmol), Ru-cat. 4 (5 
mol%), lipase, p-chlorophenyl acetate (2) (2 equiv) were stirred in dry toluene (1 mL) for 24 
h. b) Determined by chiral GC. c) Determined after 24 h by NMR analysis. d) Performed in 
cyclohexane. e) Performed in acetonitrile. f) Performed in diisopropyl ether. 

Thus, we turned our attention to catalyst 4 and carried out a DKR keeping 
the CALB loading at 25 mg/mmol and increasing the temperature to 60 °C. 
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The reaction reached full conversion within 24 h with a moderate product ee 
of 80%. Gratifyingly, no ether or isomerization byproducts had been formed 
and the amount of ketone 17a was the same as observed in the DKR with 5 
(Table 7, Entry 3). Monitoring the reaction by GC revealed that the substrate 
ee was not racemic during the reaction, suggesting that the rate of the race-
mization was insufficient and did not keep up with the transesterification 
rate. Attempts to increase the rate of the racemization by performing the 
DKR at 70 or 80 °C did not improve the ee considerably (Entry 4-5). Lower-
ing the enzyme loading did raise the ee to 90%, but the slower reaction led to 
increased amounts of ketone (Entry 6). By employing the more selective and 
slower resolution catalyst PS-IM in a DKR at 60 °C the conversion of 16a 
could be increased to 91% in a high ee of 97% (Entry 7). Addition of a hy-
dride donor or performing the reaction in other solvent than toluene did not 
improve the conversion or the product ee (Entry 8-11). 

3.2.3 Scope of the reaction 
Allylic alcohols 15b and 15d-15h were synthesized according to literature 
procedures.57 A DKR of 3-methylcyclohex-2-enol (15b) employing CALB 
for the resolution delivered (R)-15b in full conversion, but only in a moder-
ate ee of 60%. As indicated by the kinetic resolution, the lipases displayed a 
low stereoselectivity for substrates with smaller substituent at C3, explaining 
the result. DKR with larger electron-deficient substituents in the vicinal posi-
tion, represented by a p-chlorophenyl, proceeded smoothly converting 15d to 
16d in 91% yield and with an ee of 96% (Scheme 13).With a p-
methoxyphenyl at C3 (15e), a large amount of ether was formed and the ee 
of the acetate obtained was 0%. Both the formation of 18e and the absence 
of optical activity might be explained by the formation of a stabilized carbo-
cation (Scheme 12).  

 
Scheme 12. Plausible explanation of the formation of racemic 16e product and the 
formation of ether 18e in the DKR of 15e. 
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Scheme 13. Substrate scope for the dynamic kinetic resolution of cyclic allylic alco-
hols. Method A employs the Shvo catalyst (4) and Method B employs 
Ru(CO)2Cl(η5-C5Ph5) (5). The conversion was measured by 1H NMR with remain-
ing material consisting of oxidization product 17 unless otherwise noted. Isolated 
yields in parentheses. n.i. = not isolated. a) CALB (5 mg/mmol) used instead of PS-
IM and 2,6-dimethylpentan-4-ol (1 equiv) added. b) 31% ketone, 28% ether 18e. 

Transformation of 15f into sulfonyl-substituted cyclohex-2-enyl acetate 16f 
was achieved in full conversion with an ee of 94%. Compound (R)-16f is 
highly interesting due to the electrophilic site that the sulfonyl creates in 
position 2 of the cyclic enol. This structural feature has been used extensive-
ly in the preparation of a wide range of functionalized molecules.58  

If the DKR of 3-iodocyclohex-2-enol (15g) was stopped at 82% conver-
sion, 11% of ketone and 71% of acetate 16g in 96% ee had been formed. 
Prolonged reaction times led to lowered ee and increased amounts of oxi-
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dized byproducts. Further optimizations using racemization catalyst 4 failed 
to improve these results; however, by changing to catalyst 5 an efficient 
DKR was obtained reaching 16g in full conversion, with no detection of 
ketone or ether byproducts, and ee over 99%. 3-Undecylcyclohex-2-enol 
(15h), a precursor for the total synthesis of the anitfungal Tanikolide,59 was 
converted to 16h in 87% yield and with an ee of 91%.  

Two cyclopent-2-enol compounds were investigated. 3-
(phenylsulfonyl)cyclopent-2-enol (15i) provided 16i in a moderate ee of 
88% and with 40% of enone side product. Given that the E value of PS-IM 
for 15i was 150, we came to the conclusion that the racemization was much 
slower than the rate of the enzymatic reaction for this electron-deficient sub-
strate. When 15j was subjected to the DKR conditions, enone formation was 
completely avoided, but 16j was only obtained in an ee of 26%. The low ee 
was explained by a E value of only 30 in combination with a slow racemiza-
tion. 

3.2.4 Synthetic application of 16g 
Because of the high versatility of compounds bearing a vinyl iodine, and 
since 16g was isolated in excellent ee we were inspired to perform further 
reactions on this substrate. Inspired by a literature procedure we conducted a 
Stille cross-coupling reaction installing a vinyl group at C3.60 Gratifyingly, 
the ee of 16g was fully retained in product 19. Also, a lithium-halogen ex-
change was possible, which afforded a vinyl lithium species that could be 
trapped with various electrophiles.61 We showed one example where the 
lithiated species 20 was quenched by water yielding enantiopure, 
cyclohexen-3-ol, 15c in 77% yield. This result was rewarding, since 15c 
initially could not be prepared in high ee using lipases; however, the detour 
through 16g enabled its preparation in perfect ee. 

 
Scheme 14. Alteration of substrate 16g by Stille cross-coupling yielding 19 and by 
reduction of the iodine yielding compound 15c. In both reactions the stereochemis-
try is fully retained. 
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3.3 DYKAT on carbohydrate derivatives 

3.3.1 Background 
Carbohydrates are most often acquired as pure stereoisomers from natural 
sources and the orientation of the functional groups influnce the chemical 
and biochemical properties of the carbohydrate. By inverting the chiral cen-
ters of readily available carbohydrates it is possible to reach rare or even 
non-natural occurring variants of carbohydrates.62 Inversion of non-anomeric 
carbons with hydroxyl substituents regularly follows two-step procedures 
such as triflation followed by nucleophilic displacement or oxidation and 
subsequent stereoselective reduction.63,64 An alternative procedure would be 
to perform a DYKAT reaction where a chiral center of a carbohydrate is in 
situ epimerized and an enzyme stereoselectively acylates the epimer of the 
starting material (Scheme 15). This would constitute a highly attractive one-
step method for performing an inversion of hydroxyl substituted chiral cen-
ter and reaching rare carbohydrates. 

Enzymes are known to successfully distinguish between sec-alcohols on 
carbohydrates in both transesterification and hydrolysis reactions. The 
stereopreferences are the same as for any sec-alcohol with lipases preferen-
tially acylating the (R)-epimer, whereas proteases are selective for the (S)-
epimer (vide supra).65 

 
Scheme 15. General principle of DYKAT of carbohydrates leading to hydroxyl 
inversion. 

The metal-catalyzed epimerization of carbohydrates is less studied. Since the 
two epimers have different free energy the epimerization does not necessari-
ly equilibrate into a 50:50 ratio between the two species. Metal-catalyzed 
epimerization instead enables an experimental way of addressing the posi-
tion of equilibrium between the carbohydrate epimers and thereby determine 
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their relative stabilities. Catalyst 5 has been utilized in such a study of par-
tially protected glucose, mannose and allose derivatives. The protocol em-
ployed 5 mol% of activated 5 and required a reaction temperature of 120 °C 
for 24-120 h to reach equilibrium. This high temperature disqualified this 
epimerization to be combined with an enzyme-catalyzed reaction.66  

Catalyst 5 is usually excellent for the epimerization of sec-alcohols at 
room temperature; however the electron deficient groups present on carbo-
hydrates renders the sec-alcohols to have a high energy barrier for the oxida-
tion step, retarding the epimerization. Furthermore, the steric bulk around the 
sec-alcohol was large, inhibiting the formation of the ruthenium-alkoxide 
intermediate, further decreasing the rate of epimerization. By modifying the 
carbohydrate substrates to their protected glycal analogues, the number of 
bulky electron withdrawing groups would be reduced. In this study we in-
vestigated the epimerization and DYKAT of stereomerically pure carbohy-
drate derivatives 21, 22 and 23 having a free hydroxyl group at the chiral 
center of C3 and the remaining hydroxyl groups protected as benzylidene 
acetals or benzyl ethers (Figure 8). 

 
Figure 8. Substrates investigated in the DYKAT protocol leading to chiral center 
inversion. 

3.3.2 Epimerization and DYKAT of compound 21 and 22  
Initially epimerization of 21 in toluene was tested employing complex 4, 5 
and 10 (Figure 6). All have previously shown to racemize allylic sec-
alcohols; however, in the epimerization of 21 only 5 showed activity at room 
temperature. An equilibrium of 2:1 of 21 and protected allal 22 was estab-
lished after less than 30 minutes.51,67  

By monitoring the epimerization by 1H NMR experiments in toluene-d8 at 
25 °C using 10 mol% of 5 it was observed that the equilibrium between 21 
and 22 was reached after less than 5 min. The quantities of the different spe-
cies were observed by 1H NMR and apart from 21 and 22, the ruthenium-
alkoxide intermediates 21* and 22* were detected (Figure 9).68 From the 
integrals of these species it was possible to determine the equilibrium con-
stants K2 and K1*K3 to 0.56 and 0.90, respectively. 
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Figure 9. Above. Equilibrium between compounds 21 and 22 using 10 mol% of 5, 
H2 shown for clarity; Below. Part of the 1H NMR spectrum at 25 °C of the equilibri-
um mixture, showing the H2 resonances. Peaks arising from the ruthenium-alkoxide 
complexes are marked with asterisks ([Ru] = catalyst 5). 

Moreover, the rapid establishment of the equilibrium between 21 and 22 
enabled the epimerization to be studied using a 1D 1H EXSY NMR experi-
ment.69 Since this experiment requires a very rapid epimerization the tem-
perature had to be increased to 90 °C. The 1D 1H EXSY NMR experiment 
was performed by selective excitation of H2 on epimer 21 or 22, followed by 
a mixing time of 3 s (Figure 10). From the results it was possible to perform 
a full exchange matrix analysis giving the exchange rates k+ = 0.055 s–1 and 
k– = 0.075 s–1. The ratio between compounds 21 and 22 equilibrated at 4:3 
and the catalyst-substrate intermediates was also visible giving the equilibri-
um constants K1 · K3 = 0.71 and K2 = 1.10.  
After a couple of minutes of epimerization at 90 °C the 1H NMR spectrum 
started to show a build-up of the two ketones 24 and its suggested saturated 
analogue 25 (Figure 10); both irreversibly formed through oxidation and 
redox isomerization processes previously described (Scheme 11).53b 
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Figure 10. Left. Equilibrium between 21 and 22, facilitated by complex 5 in toluene-
d8 solution at 90 °C and detected by: a) 1D 1H EXSY NMR with selective excitation 
of the H2 resonance at 4.52 ppm in 21, b) 1D 1H EXSY NMR with selective excita-
tion of the H2 resonance at 4.74 ppm in 22 and c) the corresponding 1D 1H NMR 
spectrum; Right. Byproducts 24 and 25 observed while studying the epimerization of 
21 and 22 by 1H NMR at 90 °C 

With an effective epimerization at hand the DYKAT was investigated. Since 
the stereochemistry at C3 of glucal 21 is of (R)-configuration, an enzyme 
capable of acetylating its (S)-epimer is needed if an inversion to the allal 
epimer is desired (Figure 11).  

 
Figure 11. Structural analysis of epimers 21 and 22. Stereochemistry at carbon three 
marked. 

As stated in section 1.2, proteases of the families Subtilisin and 
Chemotrypsin generally show (S)-selectivity and Subtilisin Carlsberg is a 
protease that previously has been used in (S)-selective DKR protocols. Un-
like CALB and Lipase PS, Subtilisin Carlsberg is not active in toluene and 
requires an acyl donor with at least 4 carbons in the acyl chain to perform 
transesterification. Hence, the (S)-selective DKRs has previously been per-
formed in THF with butyrate or valerate esters e.g. 2,2,2-trifluoroethyl bu-
tyrate 3 (Scheme 2).70 

Moreover, Subtilisin Carlsberg is commercially available as a lyophilized 
crude enzyme mixture and needs to be treated with surfactants such as octyl 
β-D-glucopyranoside and Brij56 in order to be catalytically active in organic 
solvents (Figure 12).  
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Figure 12. Surfactants used in the treatment of Subtilisin Carlsberg’s. 

The surfactant treatment is done by mixing Subtilisin Carlsberg with the 
surfactants in a phosphate buffer, followed by lyophilization.71 The surfac-
tants form a reversed micelle around the enzymes with the concomitant solu-
bilization of small amounts of water, thereby providing a stable aqueous 
microenvironment.  

The water in the enzyme preparation in combination with THF, being a 
more polar solvent than toluene, complicates the combination with the water 
sensitive catalyst 5. In an initial DYKAT experiment with surfactant-treated 
Subtilisin Carlsberg (STS) in THF, using 10 mol% of complex 5, 3 as acyl 
donor and Na2CO3 as drying agent an immediate color change from red to 
brown was observed. The color change indicated a decomposition of 5. Ana-
lyzing the reaction by 1H NMR after 18 h showed 33% of allal ester 26, with 
the rest of the reaction mixture composed of 21 (Table 8, Entry 1). This re-
sult shows that the epimerization catalyst swiftly sets the equilibrium to 2:1 
before it decomposes. In the coming hours the enzyme is acylating all the 
available epimer 22 into 26. Noteworthy is the high diastereoselectivity dis-
played by the enzyme since no acylation of 21 was detected.  

Most probably 5 decomposed due to the relatively high water content of 
the reaction, and to reduce the water content several measures were taken. 
The THF was distillation over Na and benzophenone, followed by storage 
over activated molecular sieves (4Å) for 3 h giving it a water content of 10 
ppm. The STS and 21 were stored in vacuo for three days with activated 
molecular sieves (4Å) and the acyl donor was distilled twice. Combining 
these dried reagents resulted in a DYKAT that after 24 h had proceeded to 
26 in 55% conversion, with the remaining reaction mixture consisting of 
only 21, again showing the high diastereoselectivity of the enzyme (Entry 2).  
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Table 8. DYKAT of glucal derivative 21. 

 

Entry 
5 

(mol%) 

Time 

(h) 

26a 

(%) 

27 

(%) 

1b 10 18 33 - 

2b 5 24 55 (44) - 

3c 7.5 40 78 (71) 7 

a) Isolated yield in parenthesis. b) Full amount of 5 present at the beginning of the reaction. c) 
2.5 mol% 5 activated by 2.5 mol% of t-BuOK present at the start of the reaction. Two extra 
batches of 2.5 mol% activated 5 in dry THF (0.1 mL) added after 18h and 36h.  

The absence of allal epimer 22 and an observed color change of the reaction 
from red to dark brown after 4 h again suggested that the catalyst had de-
composed. In order to verify the suggested decomposition of complex 5 and 
simultaneously ensure that Subtilisin Carlsberg was still active (S)-1-
phenylethanol was added to the reaction. After 2 h the added sec-alcohol had 
been converted to its corresponding butyrate in 16% conversion; however, 
no racemization to give (R)-1-phenylethanol was observed.  

By adding extra portions of epimerization catalyst after 18 and 36 h the 
conversion could be increased. At every addition the catalyst survived long 
enough to reset the 2:1 equilibrium between 21 and 22 making it possible to 
acquire 26 in 71% isolated yield (Entry 3).  

 
Scheme 16. DYKAT of allal derivative 22. 

The reverse epimerization reaction, preparing glucal ester 28 from allal 22 
was achieved using CALB as transesterification enzyme. The reaction could 
be performed in toluene and 83% of 28 was isolated after 18 h reaction time 
(Scheme 16). No acylation of 22 was observed indicating that also CALB is 
highly selective in this reaction.  
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3.3.3 Epimerization and DYKAT of compound 23  
Both unsaturated carbohydrates 21 and 22 can be prepared from their natu-
rally occurring saturated analogues, making the interconversion between 
glucal 21 and allal 22 a reaction of mainly academic interest.72  

A transformation that would be more useful would be the inversion of the 
hydroxyl chiral centre of L-Rhamnal derivative, 23, yielding axial compound 
29. This epimer can be transformed into L-digitoxose which is a structural 
element found in various biological active substances such as Jadomycin B73 
and Kijanimicin74 (Scheme 17). The synthesis of L-digitoxose usually re-
quires several synthetic steps and setting the stereochemistry of C3 have 
often shown to be challenging.75  

 
Scheme 17. DYKAT epimerization of 23 would give 29; a precursor for L-
digitoxose, which is found in biological active substances. 

We started by studying the epimerization of 23 and 30 which was shown to 
be much slower than that of 21 and 22; requiring four days to reach equilib-
rium (Figure 13).  

 
Figure 13. Plot of the epimerization equilibrium between 23 (red squares) and 30 
(blue circles) after treating 23 with t-BuOK-activated 5 (10 mol%) in toluene-d8 
solution at 25 °C. Oxidation byproducts 31 and 32 (green triangles) are formed in 
small amounts. Solid lines are drawn through the data points as an aid to the eye. 
Populations are obtained by integration of 1H NMR spectra. 
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We hypothesized that the slow epimerization may be ascribed to the steric 
bulk created by the freely rotating protecting group adjacent to the hydroxyl 
group. This can potentially interfere in the interaction between Ru-cat. 5 and 
the hydroxyl group. Supported by the absence of ruthenium-substrate com-
plex in 1H NMR, we concluded that the Ru-alkoxide complexes of 23 and 30 
were disfavored compared to the free Ru-OtBu complex.  

As for allal 22, L-Rhamnal 23 has a sec-alcohol at the C3 chiral center 
with an (S)-configuration. In order to achieve the inversion of stereochemis-
try by transesterification of the (R)-epimer, CALB was chosen as enzyme. 
The reaction was performed in toluene with 5 mol% 5 yielding 81% of 29 
with the remaining reaction mixture being constituted of 8% and 11% of 31 
and 32, respectively (Scheme 18). Because of the slow epimerization the 
reaction required 6 days to reach completion.  

 
Scheme 18. DYKAT of substrate 23 with isolated yield of 29 in parenthesis. 

3.4 Conclusion 
Efficient dynamic transformations of various cyclic allylic alcohols have 
been developed. Optimization of the DKR conditions for C3-functionalized 
cyclohex-2-enols and cyclopent-2-enols enables the transformation into their 
corresponding allylic esters in high ee and yields. Byproducts are, controver-
sial to that predicted, decreased by employing catalyst 4 instead of 5. How-
ever, electron deficient substrate 15g can be combined with complex 5 giv-
ing 16g in high yield and perfect enantioselectivity. By performing a cross-
coupling and a lithiation reaction the versatility of 16g is demonstrated. The 
results show the versatility and importance of this substrate. 

The DKR protocol was extended to also include the first DYKAT of 
glycal substrates. Partially protected D-glycals 21 and 22, and L-glucal 23 
were treated with complex 5 and a hydrolase, acylating the corresponding 
epimers of each substrate. The outcome of the reaction was an inversion of a 
hydroxyl substituted chiral center, yielding an epimer of the starting glycal. 
The epimerization was studied by 1H NMR experiments making it possible 
to determine equilibrium constants and exchange rates for the unsaturated 
carbohydrate epimers.  
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4. Dynamic Kinetic Resolution of Primary 
Amines, using a Recyclable Nanopalladium 
Catalyst for Racemization  

4.1 Introduction 
Optically active amines and amides are versatile synthetic intermediates that 
are frequently encountered in a variety of biological active molecules. There 
exist several techniques for preparing enantioenriched amines, such as opti-
cal resolution of racemic amines by crystallization, reductive amination or 
transamination of prochiral ketones,76,77 hydrogenation or alkylation of 
prochiral imines and enamines,78 and aminohydroxylation of alkenes.79 Also 
hydrolase-catalyzed KR, functioning under mild reaction conditions and 
giving high enantioselectivities, has been used in several studies.15 However, 
transforming a KR into a DKR of amines has proved to be more challenging 
than for sec-alcohols. This is due to the increased harshness of the reaction 
conditions required to achieve the in situ racemization of the amine. Hence, 
most metal catalysts capable of racemizing amines are more or less inactive 
at temperatures below 100 °C making the racemization process more diffi-
cult to combine with most enzymes.80  

In recent years a few DKR systems employing metal-catalyzed racemiza-
tion have emerged, which have been able to deliver chiral amides in high ees 
and good yields (Figure 14). The first example of a DKR using transition 
metal-catalyzed racemization together with a lipase was reported by Reetz 
and co-workers in 1996. Palladium on carbon was used for the racemization 
and CALB for the enzymatic resolution of 1-phenylethylamine, 33a, yield-
ing 64% of enantiopure 34a after 8 days of reaction.81  

The next advance in the field was when our group reported on a DKR us-
ing an electron rich version of Shvo’s catalyst, 4’, for the racemization. The 
system could be applied to both benzylic and aliphatic amines; however, a 
temperature of 90 °C was required.36 In parallel to our study, Jacobs and co 
workers published a catalyst consisting of Pd deposited on basic support. 
Their Pd nanoparticles were within an average size range of 5-10 nm and the 
DKR of 33a and other benzylic amines could be performed at 70 °C; howev-
er, dilute conditions were required.82  
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Following this study, other catalytic systems using Pd nanoparticles have 
been developed;83 the most efficient being a system by Kim and Park em-
ploying Pd nanoparticles entrapped in an aluminum oxide matrix.84 The high 
activity of their racemization catalyst was ascribed to the small size of the 
nanoparticles (average diameter 1.73 nm). This system transformed 33a into 
enantiopure 34a in 6h at 70 °C. The reaction also worked at 50 °C; however, 
the ee dropped to 98% and the reaction requires 48 h to reach completion. 

 
Figure 14. Previous advances in the metal- and lipase-catalyzed DKR of racemic 
amines. The systems employ different racemization catalysts and require dilute 
conditions and elevated temperatures. 

In several of the reported reactions a common problem has been the lowered 
yield due to a background reaction between the intermediate imine formed in 
the racemization and a substrate amine. This process forms a dimer that sub-
sequently can be reduced and split to ethylbenzene and an amine. The imine 
intermediate is also sensitive to moisture and might decompose to the corre-
sponding ketone (Scheme 19). Hence, most DKR reactions have required 
dilute conditions leading to long reaction times. A further disadvantage of 
the reported DKRs is that the elevated reaction temperatures have implied 
that CALB virtually has been the only enzyme used. 
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Scheme 19. Metal-catalyzed racemization of benzylic primary amines and possible 
side reactions forming ketones and/or deaminated products. 

In order to further improve the DKR protocols of amines, our group devel-
oped a heterogeneous catalyst consisting of Pd nanoparticles deposited on 
amino-functionalized siliceous mesocellular foam (Pd0-AmP-MCF). This 
MCF support has an amorphous three dimensional network of pores with 
large internal surface, which protects the palladium nanoparticles from 
leaching as a result of mechanical grinding. The Pd is added to the material 
as Li2PdCl4 and then reduced by NaBH4 to form nanoparticles with an aver-
age diameter of 2.5 nm.85 

The catalyst was tested in the racemization of amines and delightfully the 
Pd0-AmP-MCF was able to racemize 33a at 50 °C and also to some extent at 
40 °C. Later on, the catalyst has also been successfully employed in several 
other organic transformations, such as oxidation of alcohols, reduction of 
olefins and nitro compounds, and Suzuki cross-coupling reactions.86 The 
MCF material could also be used to co-immobilize CALB and Pd nanoparti-
cles in the same cavity, and the resulting hybrid catalyst was used in the 
DKR of 33a.87 Even though the rate of the reaction was enhanced within the 
cavity, optimization of the reaction conditions was difficult because of the 
fixed ratios between the two catalytic species. Because of this and due to the 
fact the pure Pd0-AmP-MCF catalyst never had been optimized for the DKR 
of amines we were interested in studying the DKR with this racemization 
catalyst. The aim was to explore the scope of the reaction in terms of tem-
perature and substrates, incorporate enzymes that are less thermostable than 
CALB and analyze the recyclability of the system. 
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4.2 Result and discussion  

4.2.1 Optimization of DKR 
From previous studies it is known that CALB shows excellent 
stereoselectivity for amine 33a, even at elevated temperatures.36 In general, 
two types of acyl donors have been used, alkyl acetates or alkyl 
methoxyacetates. The ether oxygen at the carbonyl part of the latter acyl 
donor is believed to create an extra hydrogen bond in the active site, thereby 
increasing the nucleophilicity of the substrate amine. This makes the en-
zyme-catalyzed reaction with alkyl methoxyacetates about 200 times faster 
than that of their corresponding alkyl butyrate.88 An initial DKR in toluene 
under H2 gas atmosphere at 70 °C using 2.5 mol% of Pd0-AmP-MCF, 2 
equiv of ethyl methoxyacetate, 35 (Table 9), as acyl donor and Na2CO3 as 
drying agent converted 33a into 34a in excellent ee, however only in 63% 
conversion (Table 9, Entry 1). By concentrating the reaction from 0.15 M to 
0.40 M the reaction went to completion within 16 h (Entry 2). A change 
from Na2CO3 to molecular sieves further decreased the time required to 
reach full conversion and also made it possible to decrease the palladium 
loading to 1.25 mol% (Entry 3-4). This low Pd and CALB loading, high 
substrate concentration and short reaction time makes the reaction more effi-
cient than any of its predecessors. It is also noteworthy that none of the by-
products obtained in several of the previous reported DKR protocols were 
detected in any of the DKR involving substrate 33a. 

Table 9. Optimization of the DKR of 33a at 70 °C.a 

 

Entry Pd-loading Additive 
Time 

(h) 

Toluene 

(mL) 

Conv. 

(%)b 

ee 

(%)b 

1 2.5 mol% Na2CO3 (1 equiv) 24 4 63 99 

2 2.5 mol% Na2CO3 (1 equiv) 16 1.5 99 99 

3 2.5 mol% Mol. Sieves (4Å) 6 1.5 99 99 

4 1.25 mol% Mol. Sieves (4Å) 6 1.5 99 99 

a) Reaction conditions: 33a (0.6 mmol), Pd0-AmP-MCF, 35 (1.2 mmol), CALB (25 
mg/mmol) and MS 4Å (300 mg) or Na2CO3 (0.6 mmol) were stirred in toluene (1.5 mL) 
under 1 atm hydrogen gas using pentadecane as internal standard.  b) Determined using chiral 
GC and pentadecane as internal standard. 
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A DKR of 33a at 50 °C employing 5 mol% of Pd and molecular sieves (4Å) 
formed 34a in full conversion and 98% ee (Table 10, Entry 1). Because of 
the slower racemization at 50 °C compared to 70 °C the reaction required 24 
h in order to reach completion. The slight decrease in ee was found to be due 
to a background amidation reaction, which could be avoided by changing 
drying agent from molecular sieves to Na2CO3 (Entry 2). Moreover, with 
Na2CO3 as drying agent the palladium loading could be lowered further to 
2.5 mol% and still give satisfactory result; however, 36 h was required (En-
try 3). The possibility to run the DKR of amines at lower temperatures ena-
bles the incorporation of other enzymes than CALB, which potentially could 
widen the substrate scope. This novel feature was demonstrated by employ-
ing Amano Lipase PS-C1 (lipase from Burkholdera cepacia immobilized on 
ceramic beads) in a DKR with 5 mol% of Pd0-AmP-MCF, affording 34a in a 
good isolated yield and excellent ee (Entry 4). This study constituted the first 
example where lipase PS was used in the DKR of amines. 

Table 10. Optimization of the reaction at 50 °C and evaluation of two different 
lipases.a 

 

Entry Pd-loading Additive 
Time 
(h) 

Lipase 
Conv. 
(%)b 

ee 
(%)b 

1 5 mol% Mol. Sieves (4Å) 24 CALB 99 98 

2 5 mol% 
Na2CO3 

(1 equiv) 
24 CALB 99 99 

3 2.5 mol% 
Na2CO3 

(1 equiv) 
36 CALB 99 99 

4c 5 mol% 
Na2CO3 

(1 equiv) 
36 

Lipase 
PS 

82d 99 

a) Typical reaction conditions: 33a (0.6 mmol), Pd0-AmP-MCF, 35 (1.2 mmol), CALB (25 
mg/mmol) and MS 4Å (300 mg) or Na2CO3 (0.6 mmol) were stirred in toluene (1.5 mL) 
under 1 atm hydrogen gas using pentadecane as internal standard. b) Determined using chiral 
GC and pentadecane as internal standard. c) Reaction was carried out in dry toluene (2 mL) 
under 1 atm hydrogen gas using 33a (0.6 mmol), 35 (1.2 mmol), Amano Lipase PS-C1 (333 
mg/mmol) and dry Na2CO3 (1 equiv). d) Isolated yield.  
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4.2.2 Scope of the reaction 
The scope of the DKR of amines using the nano-catalyst was investigated 
using the optimized conditions for 33a at 70 °C. In general, the DKR of 
benzylic amines proceeded smoothly, forming 34b-34d in high yields and 
excellent ees (Table 11, Entry 2-4). Also, bicyclic compound 34e was isolat-
ed in high yield and excellent ee (Entry 5). Substrates with an electron-
donating or withdrawing group on the arene (33f and 33g) could also be 
transformed in high ees after a change from molecular sieves to Na2CO3 and 
an increase of palladium loading from 1.25 to 2.5 mol% (Entry 6-7). The 
change was required in order to avoid non-enzymatic amidation.  

Unfortunately, halogen- and nitrile-substituted arenes were not compati-
ble with this system as they were found to undergo reduction by the Pd cata-
lyst. 

4.2.3 Recycling study 
One attractive feature of using a heterogeneous catalyst like Pd0-AmP-MCF 
is the possibility to easily separate it from the reaction mixture and reuse it. 
We set up a recycling study for the DKR of substrate 33a yielding 99% con-
version and 99% ee in the first round (Table 12). The metal catalyst was 
separated from the reaction mixture, suspended in toluene and centrifuged. 
Excess toluene was removed with a pipette and the procedure was repeated 
three times before the catalyst was dried under vacuum over night. Next, the 
catalyst was added to a new DKR reaction, thereby starting a new cycle. The 
recycling was repeated four times, each with a reaction time of 15 h, before a 
small loss in conversion was observed. Tests of leached palladium content 
was possible for the first three cycles and revealed that the leaching was 
negligible in the first two cycles and very low in the third cycle (1.8 ppm in 
the reaction solvent, 0.15% of the total Pd-content). Even though the Pd 
content of the solvent in the last two runs was not investigated we found Pd 
leaching as an unlikely explanation for the loss of activity. This is supported 
by previous studies of Pd0-AmP-MCF under reductive conditions, where 
only low levels of leaching have been observed.86c,89 Instead, we reasoned 
that the decreased activity could be traced to losses of catalyst in the work-
up procedure between the runs. 
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Table 11. Scope for the DKR of amines using Pd0-Amp-MCF as racemization cata-
lyst.a 

Entry Substrate Product 
Time 
(h) 

Yield 
(%) 

eeprod 
(%) 

1 

 

6 99 99 

2 

 

16 87 99 

3 

 

16 97 97 

4b 

 

16 91 98 

5 

 

HN

O

O

34e

16 95 99 

6c 

 

16 96 99 

7c 

 

16 89 97 

a) Method A: Reaction was performed in dry toluene (1.5 mL) under 1 atm hydrogen gas 
using Pd0-AmP-MCF (10 mg, 1.25 mol%), 33 (0.6 mmol), 35 (1.2 mmol), CALB (25 
mg/mmol) and MS 4Å (300 mg). b) 2.0 mol% Pd0-AmP-MCF used. c) Method B: Reaction 
was performed in dry toluene (1.5 mL) under 1 atm hydrogen gas using Pd-AmP-MCF (20 
mg, 2.5 mol%), 33 (0.6 mmol), 35 (1.2 mmol), CALB (25 mg/mmol) and dry Na2CO3 (0.6 
mmol). 
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Table 12. Recycling of the catalyst in the DKR.a 

 
Cycle Conv. (%)b ee (%)c 

1 99 99 

2 99 99 

3 98 99 

4 99 99 

5 90 98 

a) Reaction conditions: 33a (0.6 mmol), Pd0-AmP-MCF, 35 (1.2 mmol), CALB (25 
mg/mmol) and MS 4Å (300 mg) were stirred in toluene (1.5 mL) under 1 atm hydrogen gas 
using pentadecane as internal standard. b) Determine by GC using pentadecane as internal 
standard. c) Determined by chiral GC. 

4.3 Conclusion 
The DKR of amines have been improved by the use of an efficient, recycla-
ble catalyst consisting of Pd0 nanoparticles dispersed on a amino functional-
ized siliceous material (Pd0-AmP-MCF). The DKR of 1-phenylethylamine, 
33a, was completed after 6 h at 70 °C using low catalytic loadings of Pd. 
The DKR was also performed at 50 °C; however, 24 h reaction time and an 
increase of catalyst were required for full conversion. Still, these result are 
among the best reported in terms of yield, Pd loading, reaction temperature 
and concentration. It was also demonstrated that the catalyst can be used for 
the synthesis of various substituted primary benzylic amines and also com-
patible with Lipase PS that previous to this report never had been used in the 
DKR of amines. Finally, a recycling study showed that the catalyst could be 
reused up to 4 times without any significant loss in activity.  
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5. Enantioselective Synthesis of Duloxetine 

5.1 Introduction 
Even though the chemoenzymatic DKR has been investigated for a wide 
number of substrates, there are only a few examples where the methodology 
has been incorporated into a multi-step synthesis of biologically active com-
pounds.90 More common is the reports of syntheses using hydrolases in KRs, 
generally leading to compounds with excellent ee.91 The benefit of upgrad-
ing a synthetic pathway based on a KR into one using a DKR is the mainte-
nance of the high stereoselectivity while doubling the theoretical yield. 

An important aspect to consider when designing an asymmetric total syn-
thesis is the preservation of the ee throughout the synthesis. Preferably the 
enantiodetermining step should be late in the synthetic pathway; however, 
for chemoenzymatic DKR concerns have to be given to the racemization 
catalyst and enzyme. The enzyme has restrictions regarding the size of the 
substituents on the chiral center; hence it is necessary to perform the reaction 
on a rather small molecule, and the ability of the racemization catalyst to 
efficiently racemize the substrate is usually depending on the electronic 
properties around the chiral center. 

With these considerations in mind we aimed at synthesizing 
enantiomerically enriched Duloxetine 37, utilizing DKR on intermediate 36 
to introduce the optical activity (Figure 15).  

 
Figure 15. (R)-Duloxetine, (R)-37, can be obtained via DKR of β-hydroxy nitrile 36. 

Duloxetine is a dual inhibitor acting at the reuptake of both serotonin and 
norepinephrine in the presynaptic cell. For patients treated with Duloxetine 
this results in higher concentrations of both serotonin and norepinephrine in 
the synaptic cleft.92 Since these neurotransmitters are intimately involved in 
a wide range of physiological and behavioral processes Duloxetine is pre-
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scribed to treat symptoms of depression.93 Duloxetine, sold as a hydrochloric 
salt by Eli Lilly under the name CymbaltaTM, was in 2013, before the first 
generic version was released, the 11th most sold drug in the world with a 
global annual sale of $5.2 billion.94 For Duloxetine the (S)-enantiomer has 
been found to be twice as potent as the (R)-enantiomer and Cymbalta is 
therefore sold as a single enantiomer drug.93d 

Clearly, with such an immense economical value, many routes for the 
preparation of enantiopure Duloxetine are described. The vast majority of 
these induce enantiomeric purity by either asymmetric reduction or kinetic 
resolution, with the asymmetric reduction of ketone 38 and kinetic resolution 
through crystallization of 39 being the most common approaches (Scheme 
20).95,96 The industrial process of Eli Lilly relies on the latter methodology in 
a resolution-racemization-recycle synthesis.97 

 
Scheme 20. The most common methods to obtain enantiopure Duloxetine, 37. 

Chiral intermediate (S)-39 is subsequently decorated with an O-naphthalene, 
followed by N-demethylation yielding Duloxetine (S)-37 (Scheme 21). The 
demethylation process requires three synthetic steps and has some critical 
problems, such as low yield due to byproduct formation. Thus, a synthesis 
from the already monomethylated, 3-(methylamino)-1-(2-thienyl)propan-1-
ol (40), has been proposed as a better route for the production of Duloxe-
tine.97  
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Scheme 21. Duloxetine, 37, can be reached in either four steps from 39 or one step 
from 40. 

In order to prepare (R)-37 via intermediate 40, we proposed a retrosynthetic 
synthesis depicted in Scheme 22. We intended to gain access to enantiopure 
40 by performing a DKR on β-hydroxy nitrile 36, which in turn could be 
synthesized from readily available and inexpensive 2-thiophene 
carboxaldehyde. Apart from being a precursor for molecules like Duloxetine, 
β-hydroxy nitriles can, through simple transformations give access to β-
hydroxy acids as well as γ-amino alcohols.98 Previous reports by our group 
have described DKR protocols of β-hydroxy nitriles employing CALB with 
both Shvo’s catalyst (4) and catalyst 5.34a,98 However, prior to this study there 
were only a few reports on the enzymatic KR of hydroxy nitrile 36 and no 
DKR protocol had been reported.99  

Moreover, the (S)-enantiomer of Duloxetine could potentially also be ob-
tained from this route by performing a Mitsunobu reaction on Boc-protected 
intermediate 40 as previously described.99a  

 
Scheme 22. Retrosynthetic analysis of both Duloxetine enantiomers. 
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5.2 Result and discussion 
The racemic key intermediate 36, was obtained through a condensation reac-
tion between 2-thiophene carboxalydehyde and acetonitrile. The reaction 
was run in THF at different temperatures employing t-BuOK or LDA as 
bases. Using LDA at -78 °C with a one-to-one ratio of the two substrates 
proved to be the optimal conditions, which formed alcohol 36 in 91% yield 
(Scheme 23). 

 
Scheme 23. Synthesis of β-hydroxynitrile 36. 

5.2.1 Kinetic resolution 
As previously mentioned, the KR and racemization are often studied sepa-
rately before they are combined in a DKR. In the previously described KR of 
compound 36, lipase PS has been used most extensively. The majority of 
these studies were conducted at room temperature in solvents such as DIPA 
and EtOAc. However, these solvents are less suitable than toluene for the 
transition metal-based complexes used for racemization. Hence, the 
enantioselectivity of different enzymes in the transesterification of 36 was 
measured in toluene at different temperatures employing 1 or 3 as acyl donor 
(Table 13). Indeed, the enzymes from Burkholderia cepacia (PS-IM, PS-C 
and PS-D) displayed high selectivity for the (R)-enantiomer at room temper-
ature, but the selectivity decreased at higher temperatures (Table 13, Entry 1-
4). On the other hand, the more thermostable CALB was capable of main-
taining high selectivity even at elevated temperatures (entry 5-8). Two (S)-
selective enzymes, Subtilisin Carlsberg and CALB mutant W104A, devel-
oped by Hult and co-workers, 100,101 were also investigated but both failed to 
distinguish between the enantiomers of 36 (Entry 9-11).  
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Table 13. Investigation of the selectivity of different enzymes in the kinetic resolu-
tion of β-hydroxynitrile 36.a 

 

Entry Enzyme 
Temp 

(ºC) 

Time 

(h) 

Conv.b

(%) 

eeOH
c 

(%) 

eeOAc
c 

(%) Ed 

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-W104Ae 50 24 14 14 81 10 (S) 

10f Sub. Carlsbergg 38 4 41 5 8 1.2 (S) 

11f Sub. Carlsbergg 50 5 23 6 18 1.5 (S) 

a) Reaction conditions: 36 (0.25 mmol), enzyme (50 mg/mmol), Na2CO3 (0.25 mmol), 
isopropenyl acetate (1) (2 equiv) stirred in dry toluene (0.5 mL). b) Measured by 1H NMR. c) 
Measured by chiral HPLC. d) Values calculated from eeOH and eeOAc accodring to Eq (3), the 
selectivity displayed by the enzyme is given in parenthesis. e) A CALB variant proven to be 
(S)-selective.101 f) Reaction conditions: 36 (0.1 mmol), subtilisin (100 mg/mmol), Na2CO3 
(0.1 mmol), 2,2,2-trifluoroethyl butyrate 3 (3 equiv) in toluene (0.2 mL) g) 1:4:4 
subtilisin:Brij:Octyl-β-D-glucopyranoside.70 

5.2.2 Racemization 
Earlier racemization studies on β-hydroxy nitriles have revealed that elevat-
ed temperatures are often required for these alcohols to be efficiently 
racemized. This is due to the electron-withdrawing nitrile disfavoring the 
hydride abstraction.102 The racemization was studied using activated mono-
meric complex 5 at room temperature, 50, 70 and 80 °C (Table 14). At 70 °C 
and above the enantiomerically pure alcohol 36 was racemized within 5 
minutes (Entry 1-2), whereas it took 20 minutes to achieve the same result at 
50 °C (Entry 3). At room temperature alcohol 36 still had an ee of 57% after 
2 h reaction time confirming that the thiophene nitrile is more challenging to 
racemize than analogues benzylic sec-alcohols with alkyl substituents (Entry 
4).  
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Table 14. Racemization of (S)-β-hydroxy nitrile 36 at rt, 50, 70 and 80 °C.a 

 

Entry 
Temp 

(°C) 

Time 

(min) 

eeb

(%) 

1 80 5 0 

2 70 5 0 

3 20 20 0 

4 rt 120 57 

a) Reaction condidions: 36 (0.40 mmol), Ru-cat. 5 (5 mol%), t-BuOK (6 mol%), Na2CO3 
(0.40 mmol) were stirred in dry toluene (0.8 mL) b) Measured by chiral HPLC. 

5.2.3 DKR 
The racemization study made it clear that an elevated temperature would be 
required for the DKR; hence a reaction was set up at 70 °C. However, even 
though both the racemization and enzymatic reactions were expected to pro-
ceed well at this temperature the result was unsatisfactory and delivered the 
product in only a moderate ee of 81%. Furthermore, under these conditions, 
the fully conjugated elimination product 42 was formed in 20% yield 
(Scheme 24).  

 
Scheme 24. Unsuccessful DKR of rac-36 giving rise to a considerable amount of 
byproduct 42. 

In order to elucidate why the resulting ee did not correspond to what was 
expected from the E value, a control experiment was performed. The reac-
tion was performed under DKR conditions, omitting the enzyme; showing 
that a non-enzymatic acetylation was taking place as a background reaction. 
The background reaction would be disfavored and hopefully avoided if the 
reaction was performed at a lower temperature and to test this hypothesis a 
DKR was carried out at 50 °C. Gratifyingly, the ee of the acetate was in-
creased to 94% and simultaneously the amount of elimination product was 
lowered to 6% (Scheme 25). However the reaction was much slower at this 
temperature and required 48 h to reach 81% yield of the product. 
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Scheme 25. Result from the DKR of rac-36 at 50 °C. 

The rate can by enhanced by increasing the amount of CALB and/or acyl 
donor. Hence, the potential effect of these adjustments was investigated by 
three kinetic resolutions of 36 at 50 °C (Table 15). By doubling the enzyme 
loading the yield of acetate (R)-41 was increased from 21 to 33%, while 
keeping a high enantioselectivity (Table 15, Entry 1-2). Increasing the 
amount of acyl donor from 2 to 3 equiv had no significant effect and the 
same stereoselectivity within measurement margin of error was observed 
(Table 15, Entry 3). 

Table 15. Optimization of KR in order to find suitable reaction conditions for the 
DKR.a 

 

Entry 
CALB 

(mg/mmol) 

1 

(equiv) 

Conv.b 

(%) 

eeOH
c 

(%) 

eeOAc
c 

(%) E 

1 50 2 21 25 >99 >200 

2 100 2 33 47 98 158 

3 100 3 32 44 98 152 

a) Reaction conditions: 36 (0.5 mmol), Na2CO3 (0.5 mmol), isopropenyl acetate (1) (2 equiv) 
were stirred in dry toluene (1 mL). b) Measured by 1H-NMR. c) Measured by chiral HPLC. 

By performing the DKR reactions with small amounts of water it was found 
that the amount of elimination product increased. In the presence of water, 
the acyl donor and the acetate (R)-41 can possibly be hydrolyzed forming 
acetic acid. If the heterogeneous Na2CO3 does not neutralize the acid imme-
diately, these slightly acidic conditions might promote protonation of the 
product, which in turn initiates elimination. Taking extra precaution in the 
drying of all reaction components and also employing higher concentrations 
of acyl donor and enzyme (3 equivalents and 100 mg/mmol respectively) a 
DKR set up at 50 °C gave a positive outcome. The reaction yielded minimal 
amount of the elimination product (2%) and reduced the effect of the non-
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enzymatic esterification, making it possible to isolate the acetate in 87% 
yield and in 98% ee (Scheme 26).  

 
Scheme 26. Optimized conditions and best results obtained for the DKR of 36. 

5.2.4 Total synthesis of Duloxetine 
With the enantiomerically pure (R)-41 at hand the subsequent steps towards 
intermediate 40 and eventually Duloxetine (37) could be conducted (Scheme 
28). Reduction of the nitrile and acetate of 41 was first tried with 3 equiv of 
LiAlH4; however, the desired product 43 was not formed. Instead large 
amounts of decomposition products were observed. We therefore turned to a 
described procedure using borane dimethylsulfide (BH3•SMe2) in THF, ac-
complishing the formation of amino alcohol 43 (Scheme 27).103 

 
Scheme 27. Reduction of compound 41 followed by addition of ethyl chloroformate 
in order to yield N-carbamate protected compound 44. 

In order to avoid the tedious workup associated with amino alcohols the 
crude reaction mixture was only treated with MeOH to quench any excess 
hydride reagent before being transferred to a two-phase system of aqueous 
NaHCO3 and DCM containing ethyl chloroformate. This afforded carbamate 
44 in 67% over two steps (Scheme 27 and 28).  

N-methyl compound 40 was obtained in 87% yield after treating 44 with 
an excess of LiAlH4 in refluxing THF over night (Scheme 28).  
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In the last step, a nucleophilic aromatic substitution of 40, employing 1-
fluoronaphthalene as electrophile in DMSO would form Duloxetine. Accord-
ing to literature procedures the reaction should start by deprotonation of the 
substrate with 1 equiv of NaH at 50 °C for 1h, followed by addition of 1-
fluoronaphthalene at 95°C.96d In our hands this method resulted in a severe 
racemization of the product. When less harsh conditions were used, deproto-
nating at room temperature and adding the electrophile at 50 °C, the reaction 
did not go to completion. However, the enantiomeric excess was retained in 
the product. To increase the yield the amount of NaH was increased to 1.5 
equiv. This led to a drop of ee, which showed that only 1 equiv of the base 
was to be added. To ensure that the base was not consumed by anything else 
but alcohol 40 the reaction was carried out under argon atmosphere with 
freshly distilled and degassed DMSO. After addition of NaH, the mixture 
was stirred vigorously to assure full solvation of the base before 40 was add-
ed. The substrate was stirred with the base for 30 minutes at room tempera-
ture before 1-fluoronaphthalene was added, and the reaction temperature was 
increased to 50 °C. After an additional hour, (R)-Duloxetine ((R)-37) was 
obtained in 80% yield, with almost complete retention of stereochemistry. 

 
Scheme 28. Synthesis of (R)- and (S)-Duloxetine. 
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5.3 Conclusion 
A total synthesis of (R)-Duloxetine, (R)-37, has been developed utilizing 
DKR in the enantiodeterming step. An overall yield of 37% was obtained 
over six steps starting from an inexpensive and simple aldehyde precursor 
(Scheme 28). The DKR proceeded smoothly, delivering key intermediate 36 
in high yield (87%) and in high enantiomeric excess (98%). The synthetic 
route also constitute a formal total synthesis of (S)-Duloxetine. 
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6. Investigation of the Impact of Water on the 
Enantioselectivity Displayed by CALB in the 
Kinetic Resolution of δFunctionalized Alkan
2ol Derivatives 

6.1 Introduction 
Because of its high stereoselectivity and activity, CALB is one of the most 
widely used lipases in KRs and DKRs of sec-alcohols, and its properties and 
catalytic machinery have been studied intensively.104 CALB’s active site is 
accessed through a funnel-shape structure, creating a narrow binding site in 
which the large-sized group of the alcohol and the acyl chain of the ester 
moiety are oriented during catalysis. The catalytic triad of the active site is 
built up by Ser105, His224 and Asp187, and the negative charge of the tetra-
hedral intermediate (TI) is stabilized by the hydroxyl group from the side 
chain of Thr40 and the two back-bone amides of Gln106 and Thr40. The 
active site also comprises a small cavity called the stereospecificity pocket 
that hosts the medium-sized group of the fast reacting enantiomer of a sec-
alcohol during catalysis (Figure 16). 105  

 
Figure 16. Active site of CALB with the serine bound tetrahedral intermediate of 2-
hexanol. The large pocket, shown in red, points towards the entrance of the active 
site. The stereospecificity pocket, shown in green, accommodates the α-methyl 
group. The negative charge is stabilized in the oxyanion hole (dashed lines from 
Thr40). 

Thr 40
Ile 285

Ala 281

Leu 278

Asp 187

Ser 105

His 224

Trp 104
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The slow-reacting enantiomer cannot access the active site without orienting 
its large group into this small stereospecificity pocket, leading to a low spec-
ificity for this enantiomer. Hence, for compounds that have a clear size dif-
ference between the large and medium groups, CALB generally shows ex-
cellent enantioselectivity with minimal to no reaction of the slow-reacting 
enantiomer.106 

Our group found an exception to this general trend in a study where un-
symmetrical 1,4-diols like rac-45 was converted into γ-hydroxy ketone (R)-
48 using a combined DYKAT and oxidation protocol (Scheme 29). The hy-
droxyl group in the least sterically hindered position was acylated by CALB, 
whereas the other hydroxyl group was not due to the surrounding steric bulk. 
Catalyst 4, employed for racemization, had a dual effect and oxidized the 
hindered alcohol into a ketone, forming the desired γ-hydroxy ketone. De-
spite CALB showing a pseudo E value107 of 285 for rac-45 (corresponding 
to a theoretical ee in DKR of >99%) the ee of (R)-48 was only 90%. The 
cause of this drop from the theoretical ee was found to originate from a very 
poor E value of only 2.2 for the intermediate δ-keto alkan-2-ol 47 (corre-
sponding to a theoretical ee in DKR of 38%). Thus, a highly enantioselective 
reaction would only be obtained if rac-45 was first acetylated to (S,R)/(R,R)-
46, then oxidized to (R)-48, while the reversed reaction order first forming 
oxidized rac-47, would result in a low enantioselectivty (Scheme 29). Since 
both the selective and unselective process occurred simultaneously, the 
product ee was lower than first expected.  

 
Scheme 29. Example of DYKAT forming γ-hydroxy ketone (R)-48 from unsymmet-
rical 1,4-diol rac-45. Enantiomeric ratio of the two CALB catalyzed processes giv-
en. 

A similar finding was made in a project converting symmetrical 1,4-diol 49 
into 1,4-diacetate 51.108 Acetylation of the first hydroxyl group proceeded 
with high enantioselectivity; however, upon acetylation of monoester 50, a 
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lower selectivity was observed. The selectivity drop was found to depend on 
the relative configuration of the acetoxy group and the alcohol. For anti-5-
acetoxy-2-hexanol the E value was as low as 7, whereas its syn disasteromer 
had an E value of 94. 

 
Scheme 30. Stereoselectivities observed in the CALB catalyzed transesterification 
of a) meso-49 and b) rac-49 in toluene. 

To gain a deeper understanding of the low enantioselectivity for CALB-
catalyzed transesterification reactions of alkan-2-ols bearing a δ-keto or δ-
acetoxy substituent, a computational study by molecular dynamic simula-
tions was performed in our group. Simulations of the substrate-enzyme TIs 
of both unfunctionalized and δ-hydroxy, δ-acetoxy and δ-keto functionalized 
alkan-2-ols were studied.109 

The simulations showed that the stereoisomers of diols and unsubstituted 
alkan-2-ols, where the acylated chiral center was (R)-configured, adopted a 
relaxed conformation with the medium-sized group oriented towards the 
stereospecificity pocket. The stereoisomers having an (S)-configured chiral 
center had a strained, less favorable conformation. This is in accordance with 
the high E values that CALB displays for these substrates.110 
δ-Acetoxy alkan-2-ols, did not fit as well as the 1,4 diols, and the acetoxy 

group in the δ-position had to be positioned in a small polar cavity available 
in the large binding pocket formed in the gap between Ala281 and Ala282 
(Figure 17). In this pocket, acetates on an (R)-configured chiral center had a 
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more favorable conformation than the (S)-configured epimer, resulting in 
CALB favoring transesterification of monoacetates having the δ-acetate 
chiral center of (R)-configuration.  

 
Figure 17. Serine bound tetrahedral intermediates formed in the acetylation of a) 
(R,R)-50 (green) orienting the OAc group towards Ala282. This conformation is not 
accessible for (S,S)-50 (blue); b) (R)-52 (green) and (S)-52 (blue) that both adopts 
binding mode without enantiorecognition. 

For δ-keto alkan-2-ols, a strong electrostatic repulsion was observed between 
the two partially negatively charged carbonyls on the substrate and amino 
acid Thr40. Both enantiomers of 5-hydroxyhexan-2-one, 52, had to change 
their position directing the carbonyl group away from Thr40, consequently 
forcing the substrate to elevate from the active site. This led to that the α-
methyl group of both enantiomers was forced out of the stereo-specificity 
pocket, explaining the low enantiodiscrimination (Figure 17b).  

Interestingly, when a water molecule was positioned close to Thr40 in the 
model, a hydrogen bond was established from the water molecule to the δ-
keto substituent. This allowed the substrate to be positioned deeper into the 
active site, making the small group of the (R)-enantiomer fit favorably in the 
stereospecificity pocket (Figure 18a). However, this water effect was never 
tested experimentally. 

 
Figure 18. Position of the serine bound TI of (R)-52 (green) and (S)-52 (blue) in:  
a) wild type CALB with a water molecule placed next to Thr40; b) CALB mutant 
Ala281Ser. The (R)-enantiomer is in both cases able to orient its medium-sized 
group into the stereospecificity pocket due to the hydrogen bond between the car-
bonyl oxygen of (R)-52 and the water molecule or Ser281. 
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Based on the modeling, a plausible enzyme variant capable of mimicking 
this water molecule was suggested. By exchanging the alanine residue at 
position 281 to a serine residue, a hydrogen bonding hydroxyl group was 
installed at approximately the same site as the water molecule (Figure 18b). 
The variant was produced, and evaluated in one single experiment where it 
displayed high enantioselectivity for 52. However, only this substrate was 
investigated and CALB variant was not investigated for any of the δ-acetoxy 
substrates. 

By performing reactions with both wild type CALB and CALB variant 
A281S, we intended to test the hypothesis of the hydrogen bond aiding 
CALB’s ability to perform an enantioselective reaction for δ-keto alkan-2-
ols. We were also interested to see if a hydrogen bond effect is observed for 
anti-δ-acetoxy alkan-2-ols. 

6.2 Results 

6.2.1 Transesterification vs. hydrolysis 
In theory, the hypothesis of the water molecule close to Thr40 would imply 
that a transesterification reaction performed in an aqueous solution instead of 
a dry organic solvent potentially could show increased stereoselectivity. 
Experimentally though, performing the transesterification in an aqueous 
solution is not feasible since the presence of water will induce hydrolysis of 
the formed ester. However, by realizing that the hydrolysis and 
transesterification both pass through the same TI, the theory can be tested 
simply by performing the hydrolysis reaction of the δ-functionalized alkan-
2-ols (Figure 19). If enantioselectivity arises in these reactions, a strong sup-
port for this hypothesis is acquired. 

 
Figure 19. Illustrating the formation and deformation of the shared tetrahedral in-
termediate of the hydrolysis and transesterification 
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Transesterifications of the δ-acetoxy and δ-keto functionalized alcohols 46-
47 and 52-54 were performed in toluene with isopropenyl acetate (1) and 
immobilized CALB in the form of Novozym-435 (marked by Novozymes). 
As predicted, δ-keto substituted alcohols rac-47, rac-52 and rac-53 all had 
low E values of 10 or below (Entry 1-3). The stereoselectivity for anti-
acetoxy substrates rac-46 and rac-54 was modestly better with E values of 
18 and 36, respectively (Table 1, Entry 4-5). Comparing these results with 
that obtained in the transesterification of unsubstituted alkan-2-ol 55 (Entry 
6), it is clear that the δ-group has a negative effect on the enantioselectivity. 

Table 16. CALB catalyzed transesterification and hydrolysis of various alkan-2-ols. 

Transesterificationa Hydrolysisb 
Entry Substrate Ec Entry Substrate Ec 

1 6 (3)d 7 190 

2 9 (45)e 8 170 

3 3 9 431 

4 18 10 >500  

5 36 11 331 

6 >200  12 >200  

a) Reaction conditions: rac. sec-alcohol (0.1 mmol), supported CALB (Novozym 435, 40 
mg/mmol), isopropenyl acetate (1) (2 equiv), Na2CO3 (0.1 mmol) stirred in dry toluene (0.2 
mL) at 30 °C. b) Reaction conditions: rac-acetate (0.015 mmol), CALB solution (Lipozyme, 
4 µL) in KPO4 buffer (50mM, pH 7.0)/MeCN (85:15) shaken with 290 rpm at 30 °C. c) For 
conversions and ees see Paper VI. d) Lipozyme on celite e) Reaction performed in toluene 
saturated with water (aw=1) 
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In accordance with the previous prediction, introduction of water would 
result in an increase of specificity for the (R)-enantiomer. This was first test-
ed by performing the transesterification of 52 in wet toluene, taking a sample 
rapidly before the hydrolysis reaction was significant. The wet solvent in-
creased the E value of CALB to 45 (Table 16, Entry 2). 

The hydrolysis of 48 and 56-60 was performed in aqueous phosphate 
buffer solution using a liquid preparation of CALB, “Lipozyme”, also ac-
quired from Novozymes. In all cases the reaction proceeded with excellent 
enantioselectivity, strongly indicating that CALB is highly stereoselective 
for these substrates if water is present in the active site (Table 16, 7-12). In 
order to exclude that the difference in enantioselectivity originate from the 
fact that two different CALB sources had been used (liquid preparation and 
immobilized on polyacrylic resin) the transesterification of substrate 47 was 
repeated with Lipozyme immobilized on celite. However, a low E value was 
still observed (Table 16, Entry 1).  

6.2.2 CALB A281S 
The influence of the hydrogen bond can be further supported by mutating 
Ala281 to a Ser (CALB A281S), thereby creating an enzyme capable of 
mimicking the proposed water molecule around Thr40. The mutant was pro-
duced by site directed mutagenesis and expressed in P. pastoris. After cen-
trifugation, the supernatant containing the excreted CALB A281S was con-
centrated to reach a concentration of 1 g enzyme/mL buffer and immobilized 
onto celite in order to increase the stability of the enzyme in organic sol-
vents. The enantioselectivties for substrate 46-47 and 52-54 was tested in a 
transesterification reaction for 24 h using 1 as acyl donor. For δ-keto alkan-
2-ols CALB A281S was active and displayed enantioselectivities, three to 
twelve times higher than the wild type. The δ-acetates 46 and 54 were not 
acetylated by the enzyme, the reason was not elucidated, but we hypothesiz-
es that the change from alanine to serine reduced the size of the small pocket 
accommodating the δ-acetoxy group, inhibiting 46 and 54 from proper bind-
ing.  
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Table 17. Transesterification catalyzed by CALB A281S and wild type CALB.a 

R

OH

R

OAc

R

OH

acyl donor 1 (2 equiv)
CALB or CALB A281S

Na2CO3, toluene 30 °C  

Entry Substrate Product 
Eb 

CALB 
A281S 

Eb 
wt 

CALB 

Selectivity 
increase 

(%) 

 
1 

 
19 

 
6 

 
317 

2 

 

 
115 

 
9 

 
1278 

3 

 

 
19 

 
3 

 
633 

4 nr. 18 - 

5 

 

nr. 36 - 

a) Reaction conditions: (i) for CALB A281S; rac. sec-alcohol (0.1 mmol), supported CALB 
A281S (on Celite, 40 mg/mmol), isopropenyl acetate (1) (2 equiv), Na2CO3 (0.1 mmol) in dry 
toluene (0.2 ml), performed at 30 °C, reaction time 24 h. (ii) for wt CALB; racemic sec-
alcohol (0.2 mmol), supported CALB (Novozyme 435, 40 mg/mmol), isopropenyl acetate (1) 
(2 equiv), Na2CO3 (0.2 mmol) in toluene (0.2 ml), performed at 30 °C. b) Calculated 
according to Eq (1), (2) or (3). For conversions and ees see Paper VI. 

The enantioselectivity for CALB A281S-catalyzed hydrolysis of rac-56 was 
determined to 118 (Scheme 31). This is a lower E value than that obtained 
with the wild type; however, it is, within experimental error, identical to the 
E value that CALB A281S displayed in the transesterification of rac-52. 
This indicates that the serine-substrate interaction is present in the active site 
rather than the water-substrate interaction and that the mutation is responsi-
ble for the enantioselectivity increase in the ester formation. 

 
Scheme 31. Hydrolysis of rac-56 catalyzed by CALB variant A281S. 
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6.3 Discussion and Conclusion 
CALB catalyzes the hydrolysis and formation of δ-functionalized alkan-2-
acetates with very different enantioselectivites. Based on an earlier publica-
tion that analyzed the enantioselectivity of CALB with molecular dynamics, 
we hypothesize that the ability of CALB to perform an enantioselective reac-
tion of these substrates is dependent on the presence of a hydrogen bonding 
entity, close to Thr40 in the active site. The simulation predicted that the 
hydrolysis reaction, having a hydrogen bonding water molecule in the active 
site, would allow the (R)-enantiomer to adopt a beneficial conformation, 
whereas the (S)-enantiomer would be tilted away from the stereospecificity 
pocket. In the transesterification both enantiomers would adopt a non-
discriminating bonding, leading to a reaction with low stereoselectivity.  

For δ-keto alkan-2-ols both the result obtained in the hydrolysis and 
transesterification, in combination with that of the mutated version of 
CALB, mimicking the presence of this water molecule, supports the theory 
regarding the hydrogen bond stabilizing effect with the (R)-enantiomer, re-
sulting in a stereoselective reaction.  

For the δ-acetoxy alkan-2-ols the result is not as clear. The hydrolysis 
proceeds in high stereoselectivity, supporting the hydrogen bonding theory, 
however no computational modeling has been made for this substrate class 
and the mutant lacks activity for the substrate. Further experiments are need-
ed before any conclusion can be made. 

It is worth mentioning that water previously has been shown to effect the 
enantioselectivity of enzyme catalyzed reactions. Alteration of the water 
activity has resulted in increased, decreased and unaffected 
enantioselectivities. The differences are most often explained by the ability 
of waters to act as a lubricant increasing the amino acid mobility, increasing 
the active site polarity and increasing hydrophobic interactions between the 
enzyme and substrate.111113  

A report by Graber and co-workers goes deeper on the effect of water on 
the enatioselectivity displayed by CALB.114 By increasing the water activity 
from 0.02 to 0.2 in a transesterification reaction performed on pentan-2-ol in 
a solid/gas reactor they could see that enantioselectivity increased from 101 
to 320. With the aid of molecular modeling they proposed that water could 
fill up parts of the stereospecificity pocket, making it smaller, hence the 
enantiodiscrimination was larger. It is not unlikely that the effect observed in 
this project might be influenced by this factor as well.  
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7. General conclusions and outlook 

This thesis focuses on the investigation and improvement of enzyme-
catalyzed reactions. The major part of the projects involves DKR for various 
types of substrates. Racemization of alcohols and amines were achieved 
using ruthenium-based complexes and nano Pd-particles, respectively. In 
general, high yields and excellent ees were obtained under mild reaction 
conditions.  

In the first two projects N-hetereocyclic alcohols and cyclic allylic alco-
hols were transformed into their corresponding enantioenriched esters at 
temperatures between 50 or 60 °C. The results constitute an efficient way of 
preparing these compounds with high enantioselectivity. These studies also 
provided an increased knowledge about enzyme selectivity and the function 
of the racemization catalyst, which could be valuable in future developments 
of DKR protocols. 

In the third project the DKR of benzylic amines was improved by utiliz-
ing a recyclable heterogeneous Pd nanoparticle catalyst. It was previously 
known that the Pd catalyst was capable of efficiently racemizing amines; 
however, we optimized its performance in DKR. The reaction works at high-
er substrate concentrations, requiring lower catalyst loadings and reaction 
temperatures than most other DKRs. 

Moreover, we completed the enantioselective synthesis of (R)-Duloxetine, 
introducing the optical activity by a DKR of a β-hydroxy nitrile. The syn-
thetic pathway started from inexpensive 2-thiophenecarboxaldehyde, and the 
target structure was reached in six steps with an overall yield of 37% and ee 
above 96%. 

The last project was a study of CALB, one of the most widely used 
transesterification enzymes in organic synthesis. A theory based on molecu-
lar modeling simulations postulated that a water molecule in the active site 
of CALB potentially could have a positive effect on the enantioselectivity of 
certain δ-functionalized alkan-2-ols. The enantioselectivities that wild type 
CALB displayed in the aqueous hydrolysis reactions were superior to those 
obtained in the reverse transesterification reactions in dry organic solvent. 
This finding, together with the increased enantioselectivty observed for 
CALB variant A281S in transesterification of δ-functionalized alcohols, 
supported the postulated theory. 
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