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Abstract 
The major part of this thesis describes the synthesis of enantiopure alcohols 
and diols by combining ruthenium-catalyzed racemization or epimerization 
and lipase-catalyzed asymmetric transformations. A minor part of this thesis 
is focused on ruthenium-catalyzed redox reactions for transfer hydrogenation 
of 1,3-cycloalkanediketones. 

Kinetic resolution of racemic γ-hydroxy acid derivatives was performed 
via Pseudomonas cepacia lipase (PS-C)-catalyzed transesterification. γ-
Hydroxy esters and γ-hydroxy amides were studied showing in higher selec-
tivity and yields for the γ-hydroxy amides. The enzyme PS-C tolerates both 
variation in the chain length and different functionalities giving good to high 
enantioselectivity. Combining enzymatic kinetic resolution with a ruthe-
nium-catalyzed racemization led to a dynamic kinetic resolution (DKR). The 
use of 2,4-dimethyl-3-pentanol as a hydrogen source to suppress ketone for-
mation in the dynamic kinetic resolution increased the yields of the acetate 
product. The synthetic utility of this procedure was illustrated by the practi-
cal synthesis of the γ-lactone (R)-5-methyltetrahydrofuran-2-one.  

 A distereoselective transformation of cis/trans-1,3-cyclohexandiol using 
Candida antarctica lipase B (CALB)-catalyzed transesterification was of 
interest. Desymmetrization of cis-1,3-cyclohexanediol to the (R)-
monoacetate was successfully accomplished.  Enantiopure (R,R)-diacetate 
was obtained from the (R)-monoacetate in a DYKAT process at room tem-
perature. Metal- and enzyme-catalyzed transformation of cis/trans-1,3-
cyclohexanediol using PS-C, gives a high diastereoselectivity for cis-
diacetate. The (S)-mono-acetate was obtained from cis-diacetate by CALB-
catalyzed hydrolysis. In addition, it was shown, by the use of deuterium-
labeling that intramolecular acyl migration does not occur in the transforma-
tion of cis-monoacetate to the cis-diacetate. 

Ruthenium-catalyzed transfer hydrogenation of 1,3-cyclohexanedione un-
der microwave heating was developed as an efficient and fast method for the 
preparation of 1,3-cycloalkandiols. 
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Abbreviations 

Abbreviations and acronyms used are in agreement with the standards of the
subject.i Only nonstandard and unconventional ones that appear in the thesis
are listed here. 
  
  
Aspergillus Aspergillus sp. 
CALB Candida antarctica lipase B 
p-ClPhOAc p-chlorophenyl acetate 
CRL Candida Rugosa lipase 
CSA camphor sulphonic acid 
DIBAL-H Diisobutylaluminium hydride 
DIPE diisopropyl ether 
DKR dynamic kinetic resolution 
DYKAT dynamic kinetic asymmetric transformation 
E enantiomeric ratio 
ee enantiomeric excess 
KAT kinetic asymmetric transformation 
KR kinetic resolution  
LiAlH4 lithium aluminum hydride   
LiOH lithium hydroxide 
MeCN acetonitrile 
MeOH methanol  
MPV Meerwein-Ponndorf-Verley 
NaBH4 sodium borohydride 
NaCN sodium cyanide 
n.d. not determined 
PF Pseudomonas fluorescense lipase 
PPL Pancreas porcine lipase 
PS-C Pseudomonas cepacia lipase 
PS-D Pseudomonas cepacia lipase 
TBME tert-butyl methyl ether 
 

                               
i (a) J. Org. Chem. 2005, 70, 26A-27A. The ACS Style Guide. A Manual for Authers and 
Editors, 2nd ed.; Dodd, J. S., Ed.; American Chemical Society: Washington, DC, 1997; pp 
107-141. 



 



1 Introduction 

The absolute configuration of a molecule is often important for the biologi-
cal activity. During recent years, tremendous efforts have been made to pre-
pare enatiomerically pure compounds, due to their importance in the phar-
maceutical, agricultural, and food industries (Figure 1). 

S-Limonene
lemon fragrance

R-Limonene
orange fragrance  

Figure 1. Enantiomers of limonene. 
 

Many drugs in use can exist in stereoisomeric forms. The pharmacologi-
cal effects of drugs are often based on their interactions with proteins, which 
are homochiral. The metabolism of a drug may therefore be highly enanti-
oselective, leading to different pharmacologically activities of the two enan-
tiomers.1 One of the most well-known examples of the importance of stereo-
chemistry is probably the tragedy associated with the serious side-effects of 
thalidomide (Figure 2). It was commonly known as Neurosydyne and was 
distributed as a racemate in the 1960s. The drug was prescribed to pregnant 
women to cure morning sickness. At that time it was not known that while 
the (R)-enantiomer has the desired effect, its mirror image, the (S)-
enantiomer was teratogenic and caused malfunctions among children.2  
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Figure 2. Enantiomers of thalidomide. 
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For this reason, in 1992, the US Food and Drug Administration (FDA) is-
sued a statement regarding chiral drugs.3 The pharmaceutical companies can 
market chiral compounds as a racemic mixture or as a single enantiomer, but 
the development of racemates had to be rigorously justified by separate test-
ing of each enantiomer. This has led to an overall increased need for enanti-
omerically pure compounds, which was reflected in the fact that the sales of 
single-enantiomer small-molecule drugs in 2002 reached c. US $10 billion. 
Today nine of the top ten drugs are chiral and six are supplied as single en-
antiomers. 4 

1.1 Chiral Compounds 
In principle there are three ways to prepare enantiomerically pure com-
pounds. The first route makes use of the chiral pool, which consists of enan-
tiopure compounds present in nature, e.g carbohydrates, amino acids, ter-
penes or steroids. The drawback is that the compound often exists in only on 
enantiomeric form and many synthetic steps are required to obtain the de-
sired product. This makes only 10-20% of these compounds are available to 
an affordable prize.  

Asymmetric synthesis, i.e. synthesis of a chiral compound with desired 
chirality in the form of a single enantiomer or diastereomer, is the second 
approach towards enantiomerically pure compounds. This often requires the 
use of chiral auxiliary reagents, which make this method fairly expensive. 
However, the use of chiral catalysts in asymmetric synthesis is more cost 
efficient and has become a field of increasing interest.   

The last method is resolution of a racemic mixture by either a physical 
process or by a chemical reaction yielding maximum 50% of a single enanti-
omer. An example of a physical process is crystallization of a conglomerate. 
The enantiomers of compounds that crystallize as conglomerates crystallize 
at different rates. Example of a chemical process can be conversion to di-
astereomers or kinetic resolution for example with the use of enzymes.5,6 

 In order to evaluate the efficiency of the above mentioned methods it is 
necessary to be able to determine the enantiomeric composition of the com-
pounds produced. Usually the enantiomeric composition is expressed by 
enantiomeric excess (ee). It describes the excess of one enantiomer over the 
other. 

ee = 100
(XR - XS)
(XR + XS)

(XR > XS)
 

Equation 1. Enantiomeric excess. 
 

In Equation 1 XR = moles of the major enantiomer and XS = moles of the 
minor enantiomer. 
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1.2 Enzymes in Organic Synthesis 
Enzymes have been classified into six categories according to the reaction 
they catalyze. The enzyme classes are oxidoreductases, transferases, hy-
drolases, lyases, isomerases and ligases.7 Hydrolases constitute the most 
commonly used enzyme class among organic chemists to day. Due to their 
broad substrate specificity, hydrolases often accept various synthetic inter-
mediates as substrates in high stereoselctivity. Except for hydrolysis, hy-
drolases catalyze several related reactions for instance condensations (con-
dansation of two amino acid derivatives) and transesterfication reactions (a 
cleavage using an alcohol instead of water).8  

Between the years 1987-2003, 60% of the research on chemical reactions 
using enzymes utilized hydrolases. Within hydrolases, the subclass lipases 
(EC-number 3.1.1.3), is the most commonly used. In fact, about 40% of all 
biotransformations up to date have been reported with lipases.9  

The natural role of lipases is to hydrolyze triglycerides into fatty acids 
and glycerol. They can also hydrolyze and form carboxylic ester bonds. Li-
pases belong to the serine hydrolases class of enzymes, and share a common 
mechanism for the active site, that contains the so-called catalytic triad 
(Scheme 1).10  
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Scheme 1. The serine hydrolase mechanism. 
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 The special arrangement of these three groups causes a decrease of the 
pKa-value of the serine hydroxyl group, thus enabling it to perform nucleo-
philic attack on the carbonyl group of the substrate (ester, in case of trans-
esterification it is the acyl donor). The acyl moiety of the substrate becomes 
covalently linked to the enzyme, forming the acyl enzyme intermediate by 
liberating the leaving group (R1OH). The nucleophiles, for instance water, 
alcohols or amines, can in turn attack the acyl enzyme intermediate, regener-
ating the enzyme and releasing the acid, ester or amide.9 

1.2.1 Acyl Donors in Enzymatic Acylation 
In organic solvents, lipases can catalyze esterification of alcohols by the use 
of an acyl donor. The ideal acyl donor should be inexpensive, acylate the 
alcohol fast and irreversibly and be unreactive in the absence of the lipase. 
This is, however, seldom the case. Transesterifications are generally reversi-
ble and this leads to a slow reaction rate and can cause depletion of enanti-
oselectivity. To avoid or minimize this problem, an excess of acyl donor can 
be used to shift the equilibrium towards the product. Alternatively an acyl 
donor that ensures a more or less irreversible reaction can be chosen. Several 
techniques to displace the equilibrium or to employ irreversible acyl transfer 
reactions have been reported (Figure 3).11 Examples of acyl donor for this 
purpose are S-ethyl thiooctanoate (1) that after deacylation gives ethanethiol. 
The ethanethiol is volatile and by evaporation shifting the equilibrium to-
wards the product. Activated esters as trichloroethylesters 2 have been used, 
after deacylation it forms a weak nucleophile that does not compete with the 
substrate (alcohol). Enol esters such as 3 and 4, are considered to be com-
pletely irreversible, since it liberates unstable enols as coproduct, that 
tautomerizes to give the corresponding aldehyde or ketone.  

S

O

O R

O

1 3 R = H
4 R = Me

O CCl3

O

2
 

Figure 3. Acyl donors. 
 

In this thesis the acyl donor focused on will be p-chlorophenyl acetate 
(Figure 4). This is an efficient acyl donor and after deacylation p-
chlorophenol is produced. This is developed especially to be suitable for 
DKR (chapter 1.4). Due to lack of α-protons, it can not form an aldehyde or 
ketone that could react with the metal-catalyst and interfere with the DKR 
process.   

OAc

Cl
5  

Figure 4. p-Chlorophenyl acetate. 
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1.3 Enzymatic Kinetic Resolution 
In the 1850’s, Pasteur found that the mold Penicillium glucum microbially 
degraded d-enantiomer faster than the l-enantiomer of a racemic mixture of 
ammonium tartrate. This was considered to be the first kinetic resolution as a 
method to obtain enantiomerically enriched compounds. Enzyme-catalyzed 
transformations are increasingly being developed both in academia and for 
the manufacture of a wide range of intermediates in the pharmaceutical, ag-
rochemical, fine-chemical and food industries.12  

A kinetic resolution (KR) is based on a chemical reaction of a racemate, 
in which one of the two enantiomers forms the product more rapidly (rR >> 
rS) (Scheme 2). 

rR

rS

(R)-substrate

(S)-substrate

(R)-product

(S)-product

maximum
50% yieldfast

slow  
Scheme 2. Kinetic resolution. 

 
 This process is based on the difference in reaction rates between the two 

enantiomers, which arises from a difference in energy of the diastereomeric 
transition states between the enzyme and the substrate (∆∆G#). The selectiv-
ity of a resolution can be described with the dimensionless enantiomeric 
ratio (E), which remains constant throughout the reaction and is the parame-
ter that quantifies the enantioselectivity displayed by the enzyme (Equation 
2). 
 

T
  

 
Most enzymatic 

that the E value can
tion of the two reac
KM is the Michaelis 

 

 
In some cases th

for each of the enan
omerically pure sub
mathematical linkag
∆∆G# = - RT ln E         or          E = e-∆∆G#/R
Equation 2. 

KRs follow the Michaelis-Menten kinetics; this means 
 also be defined in terms of the ratio of the rate of forma-
ting enantiomers, where kcat is the turnover number and 
constant (Equation 3). 

(kcat / KM)R
(kcat / KM)S

E =
 

Equation 3. 

e determination of all individual rate constants (kcat, KM) 
tiomers tends to be difficult, since this requires enanti-

strates. In the case of an irreversible kinetic resolution, a 
e between the enantiomeric ratio (E), conversion (c), and 

 5 



enantiomeric excess of substrate (ees) and product (eep) has been derived 
(Equations 4 and 5).  

ln[1-c(1+eep)]

ln[1-c(1-eep)]
E =

ln[(1-c)(1-ees)]

ln[(1-c)(1+ees)]
E =

 
Equation 4-5. 

   
The equations above give reliable results except for very low and very 

high conversions. In these cases it is better to use Equation 6. 
 

[eep(1-ees)]
(eep+ees)

[eep(1+ees)]
(eep+ees)

In

In
E =

 
Equation 6. 

 
E values below 15 are unacceptable for practical purposes, values in the 

range of 15-30 can be regarded as moderate to good, and when they exceed 
this value they are excellent. E values over 200 are often difficult to deter-
mine, as extremely small variations of ees and eep cause large changes of the 
E value, thus requiring good analytical tools. In this thesis, this has been 
taken under consideration and estimated errors have been reported.9,11 

1.4 Combined Ruthenium and Enzyme Catalysis 
Despite the development of asymmetric synthesis during the last decades, 
kinetic resolution still has a dominant role in the synthesis of enantiomeri-
cally enriched compounds. Kinetic resolution has the limitation of maximum 
50 % yield of the pure enantiomer. However, if the substrate is quickly ra-
cemized to maintain a dynamic equilibrium between the two enantiomers in 
the reaction mixture, the theoretical yield is 100 %. This type of deracemiza-
tion processes are called dynamic kinetic resolution (DKR).13 Analogously, a 
mixture of diastereomers can be transformed into a single diastereomer. This 
takes place via epimerization and is called dynamic kinetic asymmetric 
transformation (DYKAT).14  

The racemization/epimerization (Scheme 3) sequence is of importance in 
DKR/DYKAT, since it can affect the reaction outcome. The starting material 
ought to be fast interconverted, although the product has to remain unaf-
fected.  
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(R) (S) (R,S) (S,S)
k1 k1

k -1 k -1

k1 = k -1k1 = k -1 /
Racemization Epimerization

 
Scheme 3. Racemization/epimerization. 

 
The racemization/epimerization techniques, depends to a large extent on 

the compound that is going to be racemized. These techniques have been 
classified into six different categories as: (i) base-catalyzed racemization, (ii) 
Schiff base-mediated racemization, (iii) thermal racemization, (iv) enzyme-
catalyzed racemization, (v) acid-catalyzed racemization, and (vi) racemiza-
tion via redox and radical reactions.15 

During the past decade dynamic kinetic resolution (DKR) has become an 
active and important area of research in organic synthesis. DKR is a power-
ful tool to prepare enantiomerically enriched compounds in high yields over-
coming the limitation of maximum 50% yield in the traditional kinetic reso-
lution. With DKR the unreactive enantiomer is continuously racemized and 
the product can be obtained theoretically in 100% yield and 100% ee. In a 
good DKR process the rate of racemization should be higher than the rate of 
product formation, (rR, rS) and the reaction rate of one of the enantiomers 
should be considerably faster than that of the other (rR >> rS) (Scheme 4). 
However if the enantiomeric ratio (E) is very high, the racemization may be 
slower than rR, although, in all cases the racemization has to be faster than rS.  
 

rR

rS

(R)-substrate

(S)-substrate

(R)-product

(S)-product

(100% yield)

Racemization

Fast

Slow  
Scheme 4. The principle of R-selective DKR. 

 
One of the easiest approaches to perform DKR is the combination of the 

traditional enzymatic kinetic resolution with an in situ racemization of the 
substrate using a transition metal catalyst.16  
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1.5 Transfer Hydrogenation 
Racemization of secondary alcohols in enzymatic resolutions has been ac-
complished by transition-metal catalysis. A number of rhodium, iridium and 
ruthenium complexes are known to racemize alcohols under relatively mild 
conditions. These hydrogen transfer reactions involve reversible formation 
of a ketone from an alcohol (Scheme 5). 

 

Ph

OH

Ph

OH

Ph

O[TM] [TM]

 
Scheme 5. Racemization of 1-phenyletanol. 

1.5.1 Hydrogen Transfer Reactions 
Hydrogen transfer reaction, transferring hydrogen from an alcohol to a ke-
tone was first developed by Meerwein,17 Ponndorf,18 and Verley19 in 1920s. 
In the original version, aluminium isopropoxide was used for the transfer 
hydrogenation of isopropanol and a ketone, forming acetone and the corre-
sponding alcohol (Scheme 6, (a)). In the middle of the 1930s, Oppenauer 
found that this reaction could be used in the opposite direction, in the oxida-
tion of secondary alcohols to ketones by using an excess of acetone (Scheme 
6, (b)).20 

R1 R2

O OH Al(Oi Pr)3+

excess
R1 R2

OH O
+ (a)

 

R1 R2

OH O Al(Oi Pr)3

excess
R1 R2

O OH
+ + (b)

 
Scheme 6.   

 

These hydrogen transfer reactions are equilibrium processes and can be 
pushed in either direction using excess of the alcohol or ketone. The draw-
back with the hydrogen transfer reactions in Scheme 6 is that the aluminum 
salt is often required in stoichiometric amounts. This has resulted in research 
focused on the development of catalytic as well as asymmetric processes 
using metals such as iridium, ruthenium, samarium or rhodium.21 Applying 
chiral ligands in asymmetric processes have turned out to be a versatile tool 
in organic synthesis.  

1.5.2 Mechanistic Considerations 
In the classical aluminum-promoted reaction (MPV, Oppenauer), a direct 
hydrogen transfer via a cyclic mechanism is supposed to take place. The 
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alcohol and ketone coordinates to the metal and the hydride transfers directly 
from the C-H of the alcohol to the carbonyl compound.22  

Aluminum and samarium-catalyzed racemization reactions are thought to 
proceed via a direct hydrogen transfer not involving metal hydrides. How-
ever, recent results seem to be at variance with a direct transfer.23 An elec-
tron transfer pathway has been proposed to be involved in hydrogen transfer 
reactions catalyzed by non-transition metal (Scheme 7).22   

R1 R2

O

H

O O

H

O
MM O

M

R1

R2 H
O

+ +

 
Scheme 7. Direct hydrogen transfer. 

 
With transition metals, it is believed that the hydrogen transfer process 

involves formation of a metal hydride. The hydridic route can be divided 
into two pathways, a monohydridic and a dihydridic mechanism (Path I re-
spective Path II) (Scheme 8).  

OH
H*

O

O

R1

O

R2

R1

O

R2

OH

R2R1 H*

OH

R2R1 H*
OH*

R2R1 H

LnMX

LnM

LnMH*

LnMH*H

HX+

+

+

+

Path I

Path II  
Scheme 8. Monohydridic and dihydridic mechanism. 

 
Rhodium- and iridium-catalyzed reactions are believed to follow path I, 

the monohydridic pathway. Ruthenium-catalyzed reactions are more com-
plex and may involve either path I or path II.23  

1.5.3 Ruthenium in the Racemization of Secondary Alcohols 
A few groups have introduced the use of metal-based racemization catalysts 
together with enzymes in DKR of secondary alcohols. Different metal cata-
lysts have been used; by the foremost commonly used are ruthenium-
complexes. The first efficient ruthenium-catalyzed chemoenzymatic DKR 
was reported by Bäckvall in 1997, using the Shvo’s catalyst 6.16d This cata-
lyst 6 is a diruthenium complex and is activated by heat, resulting in disso-
ciation of the dimer into the active monomers. The next catalyst was the 
indenyl-ruthenium complex 7, an excellent racemization catalyst, which has 
been reported in the DKR of a few substrates.24 Later (p-cymene)-ruthenium 
complexes 8 were successfully used in DKR of allylic alcohols at room tem-
perature.25   
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Figure 5. Catalysts employed in DKR. 

 
The importance of DKR was further emphasized by DSM, who developed 

a large-scale process for the DKR of alcohols using various lipases in com-
bination with a range of ruthenium catalysts (Figure 5).26 The preferred 
catalyst for the improved process was 9, prepared from complex 8a and 
(R,S)-α-methyl phenylglycinamide.27 Kim and Park developed catalyst 10 
as a highly reactive racemization catalyst at ambient temperature, which was 
effective in  DKR of both aliphatic and aromatic alcohols, although with 
long reaction times.28,29 Sheldon has studied RuCl2(PPh3)3 and complex 11 in 
combination with 2,2,6,6-tetramethyl-1-piperidinyloxy (TEMPO) in DKR of 
1-phenyletanol with moderate success.30 Catalysts 12 developed in Bäck-
vall’s group resulted in a significant improvement and progress in DKR, due 
to fast room temperature racemization of alcohols and high compatibility 
with the enzyme, which led to short reaction times.31 In this thesis the main 
focus of racemization catalyst will be on the Shvo catalyst 6, since it toler-
ates a broad variety of functionalized secondary alcohols.  
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Figure 6. Dissociation of the pre-catalyst 6 to from the active species 6a and 6b. 
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2. Kinetic Resolution and Chemoenzymatic 
Dynamic Kinetic Resolution of Alcohol 
DerivativesΙ,ΙΙ 

2.1 Introduction 
Kinetic resolution (KR) is limited to maximum 50 % yield of one enanti-
omer. However if the substrate is quickly racemized in the reaction mixture 
the yield can be up to 100 %. This type of resolution with in situ racemiza-
tion is called dynamic kinetic resolution (DKR) or second order asymmetric 
transformation.8,13a,d  

The DKR of secondary alcohols using enzymatic kinetic resolution in 
combination with a transfer hydrogenation catalyst has been a subject for 
investigation during the past decade.  

The importance of enantiomerically enriched γ-hydroxy acid derivatives 
as precursors of versatile building blocks in asymmetric synthesis is well 
established. Perhaps the most important products that can be synthesized 
from γ-hydroxy acid derivatives are the corresponding γ-lactones. Chiral γ-
lactones are present in a large number of natural products, e.g. fragrances, 
attractants and pheromones. In addition, they are important substructures in 
the synthesis of natural products and biologically active compounds.32  

Several approaches for the preparation of enantiomerically pure γ-
hydroxy acid derivatives have been developed.33 Among them, microbial or 
enzymatic reductions of the ketone to the alcohol have played a dominant 
role.33c,d Lipase-catalyzed kinetic resolution can be a useful alternative, espe-
cially since coenzyme regeneration, which is an inherent problem of enzy-
matic redox-reactions, is not required.34 In the past few years, there have 
only been a few examples of lipase-catalyzed kinetic resolution of γ-hydroxy 
acid derivatives via either esterification or transesterification.32e,35 

 One of the easiest approaches to perform DKR is the combination of a 
traditional enzymatic kinetic resolution with an in situ racemization of the 
substrate using a transition metal catalyst.16 Recently, this strategy has been 
applied in the DKR of secondary alcohols by combining a lipase-catalyzed 
transesterification with a ruthenium-catalyzed racemization.16d-o  
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There are two pathways for the enzymatic synthesis of enantiomerically 
enriched γ-lactones from the corresponding racemic γ-hydroxy acid deriva-
tives: (i) Enantioselective acylation of the hydroxyl group followed by dea-
cylation and acid catalyzed lactonization. (ii) Intramolecular esterification 
resulting in direct formation of the lactone. In this procedure the ester group 
of the substrate will function as an intramolecular acyl donor.  

2.2 Transesterification of γ-Hydroxy Acid Esters  

2.2.1 KR Studies 
In order to achieve an efficient DKR, one main requirement is that the KR 

conditions should be compatible with the in situ racemization process. The 
DKR performance is affected by the racemization rate of the ruthenium cata-
lyst, the efficiency of the ruthenium catalyst in turn depends on the solvent 
and the temperature. The type of acyl donor used in the dynamic kinetic 
resolution is of importance because unwanted interactions with the catalyst 
can decrease, or even stop, the racemization. The use of vinyl acetate, which 
is a common acyl donor, results in the formation of acetaldehyde after the 
acyl transfer process. This species can interfere with the metal catalyst em-
ployed in the DKR.36 For this reason, p-chlorophenyl acetate (5) was chosen 
as acyl donor since it is known to be compatible with the Ru-catalyzed ra-
cemization of alcohols. After acylation, this donor forms p-chlorophenol, 
which will not interfere with the racemization process due to the absence of 
α-hydrogens. Various reaction conditions were screened to find the most 
efficient and selective conditions for the kinetic resolution. The lipases used 
were temperature resistant up to a reaction temperature of 60-70 °C.  

We first studied the enzymatic enantioselective acylation of ethyl 4-
hydroxypentanoate (13a) easily accessible by reduction of the commercial 
available 4-ketovaleric acid ethyl ester.37 Initially, different lipases were 
screened under standard kinetic resolution (Table 1). The highest enanti-
omeric excess of product 14a was observed using Candida antarctica lipase 
B (CALB). However, it seems like the formation of the corresponding lac-
tone was a competing reaction and large amounts of racemic γ-lactone, was 
observed (entry 2).  
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Table 1. Enantioselective acylation of ethyl-4-hydroxypentanoate (13a).a   

OEt
OH

O
OEt

OAc

O
O

O

Lipase,

(rac)-13a 14a

Toluene,  70 oC

p-ClPhOAc (5),
+ *

15  

Entry Enzymeb Amount 
(mg) 

Time 
(h) 

Yield 
14a (%)c 

ee 
14a 
(%)d 

Yield 
15 (%)c 

ee 
15 

(%)d 
1 PS-C 0.5 4.5 22 48 16 5 
2 CALB 0.1 3 12 90 18 rac 
3 PF 10 3 7 62 12 4 
4 PS-D 5.0 2 40 47 7 9 
5 CRL 5.0 7 n.d. n.d. 26 rac 
6 PPL 5.0 24 2 30 68 rac 

a Reactions were performed on a 0.1 mmol scale, 0.39 mmol p-ClPhOAc, 1 mL tolu-
ene at 70 °C. b PF = Pseudomonas fluorescens lipase, CALB = Candida antarctica li-
pase B, PS-C, PS-D = Pseudomonas cepacia lipase, CRL = Candida Rugosa lipase, 
PPL = Pancreas porcine lipase. c Determined by 1H NMR. d Determined by GC using 
a CP-Chirasil-Dex CB column using racemic compounds as references. 

 
Several reaction conditions were examined to investigate the origin of the 

lactonization. The reaction could either be enzymatic or non-enzymatic 
(thermal or acid catalyzed). The thermal lactonization was ruled out since no 
lactone was formed when 13a was stirred without reagents in toluene at 70 
°C for 24 h (Table 2, entry 1). However, the lactone formation occurred 
when the acyl donor was present (entry 2). This is possible due to traces of 
p-chlorophenol being present in the p-chlorophenyl acetate. When a mild 
acyl donor such as isopropyl acetate was employed, no lactonization was 
observed (entry 3). When investigating the enzymatic lactonization, it was 
clear that CALB catalyzes the lactonization (entry 4). This means that the 
ester group of the substrate most likely enters the enzyme and acylates it. 
The hydroxyl moiety on the enzyme-coordinated substrate acts as an internal 
nucleophile, resulting in an enzyme-catalyzed acylation in an intramolecular 
fashion forming the lactone. 

Table 2. Origin of the lactonization to 15.a 
Entry Enzyme Acyl donor Time (h) Yield (%)  

1 ----- ----- 24 < 0.5 
2 ----- p-ClPhOAc 24 30  
3 ----- Isopropylacetate 24 < 0.5 
4 CALB ----- 3 100  

a 0.1 mmol ethyl 4-hydroxypentanoate, 0.39 mmol acyl donor, 1 mL toluene, 
5 mg of enzyme at 70 °C. 
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In order to avoid intramolecular lactonization, a sterically hindered ester 
group was chosen for further studies. This effectively prohibits the ester-
function to enter into the enzyme and hence the intramolecular lactonization. 

2.2.2 KR of t-Butyl 4-Hydroxypentanoate  
The sterically hindered t-butyl 4-hydroxypentanoate (13b) was prepared in 
two steps from 4-ketovaleric acid via esterification38 and reduction.37 The 
KR of 13b was studied under various conditions. The effect of different li-
pases and solvents on the enantioselectivity was investigated, using p-
chlorophenyl acetate (5) as the acyl donor. In a first set of experiments, 
CALB, PF and PS-C were screened for the KR of 13b in toluene at 70 °C 
(Table 3, entries 1-3). PF showed good activity but the enantiomeric ratio 
was very low (entry 1). Even though CALB showed the highest activity (en-
try 2), the best enantiomeric ratio was obtained with PS-C (entry 3). It is 
known that lipase-catalyzed kinetic resolutions can be greatly influenced by 
solvent variation.9  Thus, the solvent effect in the PS-C catalyzed transesteri-
fication of 13b was studied (entries 3-6). Although the conversions were 
similar in all the solvents, the best enantiomeric ratio was observed in tolu-
ene (entry 3). 

Table 3. Kinetic resolution of 13b.a 
 

OtBu
OH

O
OtBu

OAc

O

Lipase,

(rac)-13b 14b
Solvent, 70 οC

p-ClPhOAc (5),

 

Entry Enzymeb Solvent 
Yield of 

14b 
(%)c 

ee 14b 
(%)d Ee 

1 PF Toluene 55 9 1.3 
2f CALB Toluene 51 67 10 
3 PS-C Toluene 52 89 68 
4 PS-C TBME 56 77 34 
5 PS-C Cyclohexane 54 80 31 
6 PS-C EtOAc 44 93 60 

a Unless otherwise noted, all reactions were performed on a 0.2 mmol scale 
using 20 mg of enzyme and 3.9 equiv. of 5 in 2 mL solvent at 70 °C for 4 h. 
b PF = Pseudomonas fluorescens lipase, CAL B = Candida antarctica lipase 
B, PS-C = Pseudomonas cepacia lipase. c Determined by 1H NMR. d Deter-
mined by GC using a CP-Chirasil-Dex CB column using racemic compounds 
as references. e Enantiomeric ratio.  f After 20 minutes. 
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2.2.3 DKR of t-Butyl 4-Hydroxy-pentanoate 
On the basis of the preliminary KR results, the best conditions were com-
bined with a ruthenium-catalyzed36 racemization process employing the 
dimeric Ru-precatalyst 6 (See Figure 6).  

Under DKR conditions, a significant formation of ketone 16 was ob-
served (Table 4, entry 1). The latter is formed in the racemization process. 
Therefore, the use of a hydrogen source was needed to shift the equilibrium 
back to the alcohol 13b.  

Three hydrogen donors, shown in Figure 7, were tested and the results are 
summarized in Table 4. 
 

OH
OH

17 18

H2

19  
Figure 7. Hydrogen sources. 

 
The equilibrium between ketone 16 and alcohol 13b was successfully 

shifted towards 13b by the use of 19 (1 bar). However, the racemization 
became slower resulting in a drop in enantioselectivity (entry 2). In order to 
improve the enantioselectivity it was necessary to increase the relative rate 
of the racemization compared to the acylation process of the enzyme. This 
was accomplished by reducing the enzyme/ruthenium catalyst ratio, which 
increased the enantiomeric excess of 13b to 89% (entry 3).  

The alcohols 17 and 18 also worked well as hydrogen sources. Initially 
0.5 equiv. of the hydrogen source was used, since the formation of ketone 16 
was 50% (entry 1). However, after optimization, 1 equiv. of 18 had to be 
used while only 0.5 equiv. of 17 was needed. In the case of hydrogen source 
18, a larger amount is required compared to 17, since the former was partly 
enzymatically acylated. A further improvement of the enantioselectivity was 
obtained when the reaction was carried out using hydrogen gas (1 bar) at 60 
°C and an increased amount of ruthenium-catalyst (Table 4, entry 6). The 
higher selectivity is most likely due to two reasons: (i) the reduction in the 
enzyme/ruthenium catalyst ratio results in a faster racemization and a slower 
enzymatic acylation; (ii) the optimum temperature for PS-C is between 55 
and 60 °C. There is a possibility that the selectivity of the enzyme is higher 
at 60 °C then at 70 °C. 39   
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Table 4. Dynamic kinetic resolution of 13b.a 

OtBu
OH

O

PS-C,

OtBu
OAc

O
OtBu

O

O

Ru-cat 6 (4 or 6 mol%),

rac-13b 14b

toluene, 60 or 70 °C,
48 h

p-ClPhOAc 5 (3.9 equiv.),

16

+

 

Entry Amount 
(mg) Hydrogen sourceb T(°C) 

Yield 
of 14b 
(%)c 

Yield 
of  16 

(%)c 

ee of 
14b 
(%)d 

1 5 --- 70 43 50 93 

2 5 H2 70 80 3 71 

3e 1 H2 70 65 4 89 

4 1 17 70 69 2 86 

5 1 18 70 70 1 90 

6e 3 H2 60 70 3 94 
a Unless otherwise noted, all reactions were performed on a 0.1 mmol scale, using PS-C as 
enzyme, 3.9 equiv. of 5, 4 mol% of 6 in 1 mL toluene for 48 h. b H2 (1 bar) was added in 
the beginning and 17 (0.5 equiv.) and 18 (1.0 equiv.) were added after 24 h. c Determined 
by 1H NMR. d Determined by GC using a CP-Chirasil-Dex CB column. e 6 mol% of 6 
used.  

2.3 Transesterification of γ-Hydroxy Amides 

As discussed above, transesterification of γ-hydroxy esters resulted in both 
enzymatic and non-enzymatic lactonization in the studied KR. In order to 
avoid this problem and to increase the selectivity an attempt was made to 
modify the substrate. Substrate modification means that by variation of the 
substrate structure, most easily performed by the addition or removal of pro-
tective groups of different size and/or polarity, better fit of the substrate may 
be achieved, which leads to an improved selectivity of the enzyme. Since 
PS-C showed higher selectivity with bulky esters, a less reactive carboxylic 
acid derivative with bulky substituents was of interest. The sterically hin-
dered N,N-diisopropyl-4-hydroxyamides (20) was thus considered, since 
amides are less prone to undergo non-enzymatic lactonization than the corre-
sponding esters. 

2.3.1 Synthesis of γ-Hydroxy Amides 
In order to investigate the scope and limitation of KR and DKR of γ-hydroxy 
amides, a variety of γ-hydroxy amides were synthesized. The synthetic strat-
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egy was ring-opening of the epoxides 21a-g by employing the lithium 
enolate of N,N-diisopropyl acetamide. Epoxides 21a-d,f,g and N,N-
diisopropyl acetamide were commercially available. Epoxide 21e was syn-
thesized according to a literature procedure.40   
 

R
O

N(iPr)2

O

R
N(iPr)2

OH

O2)   H3O+
(rac)-20

LDA

1)

20a R = Me (71%) 
20b R = Et  (70%)
20c R = n-Pr (30%)
20d R = n-Bu (43%)
20e R = CH2=CH-CH2- (20%)
20f  R = MeOCH2- (42%)
20g R = ClCH2- (35%)

(rac)-21a-g

,

 
Scheme 9. Synthesis of γ-hydroxy amides 20. 

 
For the synthesis of substrates 20a-g the lithium enolate of N,N-

diisopropylacetamide was formed and reacted with monosubstituted epox-
ides yielding the γ-hydroxy amides in moderate to good yields (Scheme 9).41  

The most difficult synthesis turned out to be that of 20g. The reproduci-
bility of this reaction was poor and in some cases there was no product 
formed. We found out that the temperature is critical for the outcome of this 
reaction, and lowering the temperature from reflux to room temperature re-
sulted in reproducible yields. 

 Synthesis of the cyano-substituted amide 20h via the route described 
above was not possible since the preparation of the corresponding epoxide 
was unsuccessful. 

Epoxyamide 22 was isolated as a side-product in the preparation of 20g. 
Ring opening of epoxy amide 2216n was unsuccessful and the starting mate-
rial was recovered (Scheme 10). 

N(iPr)2

O MeOH/H2O
N(iPr)2

OH

O
(rac)-20h22

O
 NaCN NCX

 
Scheme 10. Initial attempt of synthesis of 20h. 

 
We thus investigated the possibilities to use the corresponding chloro al-

cohol 20g as starting material. In the literature we found tree different syn-
theses of the nitriles from β-chloro alcohols.42 In the first reaction (i) NaCN 
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and 18-crown ether in MeCN resulted in an unclean reaction, however, 
traces of the epoxide and the nitrile were detected (Scheme 11). 

 

N(iPr)2

OH

O
N(iPr)2

O

(rac)-2220g

Cl O

N(iPr)2

OH

O

NC

Mixture of Products
i)

ii)

iii)

20h (70%)
 

Scheme 11. Synthesis of 20h  
i) NaCN and 18-crownether in Dry MeCN, ii) NaCN in H2O/MeOH, iii) 
NaCN/DMF, 105 °C.  

In the reaction (ii), the conditions were NaCN in a water/methanol solu-
tion, similar to the conditions used in Scheme 9. In this reaction, only the 
epoxide was isolated and there were no traces of the nitrile or other byprod-
ucts. The third reaction (iii), which was run with NaCN in DMF at 105 οC, 
gave the expected product 20h in good yield. 

2.3.2 KR of N,N-Diisopropyl-4-Hydroxy Amides 

Fortunately, according to our prediction, bulkier carboxylic acid derivatives 
gave higher selectivity for PS-C in the enzymatic acylation. The selectivity 
was excellent for amide 20a in the first KR attempt. However CALB showed 
the opposite trend (Figure 8).   

OEt
OH

O

OtBu
OH

O

N(iPr)2
OH

O

PS-C

CALB E = 21 E = 10 E = 3

E = 3 E = 68 E = >250

 
Figure 8.  E values of 4-hydroxy derivatives. 
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We, therefore decided to study N,N-diisopropyl-γ-hydroxy amides more 
in detail using 20a as model substrate.  

In a first set of experiments, the efficiency of several commercially avail-
able lipases to catalyze the transesterification of γ-hydroxy amide 20a and a 
variety of solvents were investigated (Figure 2. and Table 5).  

From the enzymes tested CALB, PS-C and PF showed good activity. Al-
though the enzyme CALB showed high activity, the transesterification pro-
ceeded with low enantiomeric ratio (E < 5) (entry 1). However, PS-C 
showed reasonable activity and excellent enantioselectivity (entry 2).  
 

Table 5. Kinetic resolution of γ-hydroxy amide 20a.ª 

N(iPr)2

OH

O

N(iPr)2

OAc

O

N(iPr)2

O

Lipase,

Solvent,  70 oC
Acyl donor (3 equiv.),

(rac)-20a

+

(R)-23a (S)-20a

OH

 

Entry Enzymeb Solvent Time 
(h) 

Yield
of 23 
(%)c 

ee of 23 
(%)d Ee 

1 CALB Toluene 0.25 43 36 3 

2 PS-C Toluene 6 41 99 >25043 

3f PF Toluene 24 47 99 >35043 

4f,g PF Toluene 8 40 98 195 ±40 

5f,h PF Toluene 24 40 99 >25043 

6 PPL Toluene 24 n.r   

7 CRL Toluene 24 n.r   

8 Aspergillus Toluene 24 n.r   

9i PS-C TBMEj 8 48 95 113 ± 15 

10 PS-C DIPEk 5 49 93 83 ± 8 

11 PS-C Cyclohexane 4 45 94 75 ± 5 
 a Unless otherwise noted, all reactions were performed on a 0.1 mmol scale with 5 mg of 
enzyme and 3 equiv. of 5 in 1 mL of solvent at 70 ºC. b CAL B = Candida antarctica lipase 
B, PS-C = Pseudomonas cepacia lipase, PF = Pseudomonas fluorescens lipase, PPL = 
Porcine Pancreas lipase , CRL = Candida Rugosa lipase, Aspergillus = Aspergillus sp., c 
Determined by 1H NMR. d Determined by GC using a CP-Chirasil-Dex CB column using 
racemic 23a as reference. e Enantiomeric ratio with estimated errors. f 50 mg of enzyme 
used. g Vinyl acetate was used as acyl donor.  h Isopropenyl acetate was used as acyl donor. 
n.r = no reaction. i the reaction was performed at 60 ºC. j TBME = tert-butyl methyl ether. k  
DIPE = diisopropyl ether.  
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The corresponding reaction with PF was very slow although the enanti-
oselectivity was excellent. In order to obtain a reasonable acylation, the 
amount of enzyme was increased (entry 3). In an attempt to further enhance 
the acylation process, the more reactive acyl donors vinyl acetate and 
isopropenyl acetate were used (entries 4 and 5). Vinyl acetate proved to 
enhance the enzymatic acylation, however, a decrease in enantioselectivity 
was observed. The conclusion is that these acyl donors are not better than p-
chlorophenyl acetate, considering their drawbacks in the DKR process. 
Other lipases examined (lipase from porcine pancreas, Candida Rugosa and 
Aspergillus sp.) showed no reaction after 24 h (Table 5, entries 6-8). 

The choice of solvent is important, since the results show that the 
enantioselectivity of the enzyme in the acylation of 20a is greatly dependent 
on the solvent. Ethers and cyclohexane gave lower enantioselectivity 
compared to toluene (Table 5, entry 2 vs. entries 9-11). 

The KR of additional substrates (20b-h) with different R-groups, were in-
vestigated, using PS-C and PF (Table 6). Our study indicates that the enanti-
oselectivity and the activity decrease with increasing chain length (entries 1-
6). Thus, for PS-C the E value was >250 for the methyl-substituted substrate, 
whereas for ethyl and propyl substrate it was 146 and 54, respectively. It is 
interesting to note that even with propyl as the small group gave a reasonable 
selectivity and acylation rate was obtained.44 When the carbon chain was 
extended to a butyl group, the limit for achieving an efficient enzymatic 
acylation had been reached. The reaction was run for 6 days in order to 
achieve a reasonable yield (entry 7). Using PF as the enzyme, the E value 
was slightly higher than for the corresponding substrates using PS-C al-
though the acylation rate was very slow. This rules out the use of PF as an 
efficient enzyme in DKR. The KR of the functionalized substrates 20e-h 
proceeded with high enantiomeric excess (entries 8-11). 
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Table 6. Kinetic resolution of compound 20a-h.a  

R N(iPr)2

OH

O
R N(iPr)2

OAc

O
R N(iPr)2

O

Lipase,

 70 oC
Toluene,

5 (3 equiv.),

(rac)-20

+

(R)-23 (S)-20

OH

 

Entry Substrate R-Group Time 
(h) 

Yield 
of 23 
(%)b 

ee of 23 
(%)c Ed 

1 20a Me 6 41 99 >25043 

2e 20a Me 24 47 99 >35043 

3 20b Et 24 48 96 146 ± 25 

4e 20b Et 144 35 98 168 ± 30 

5 20c n-Pr 36 41 93 54 ± 5 

6e 20c n-Pr 144 35 95 65 ± 5 

7 20d n-Bu 144 44 n.d f  

8 20e CH2=CH-CH2- 36 42 95 80 ± 5 

9 20f MeOCH2- 22 43 96 106 ± 10g 

10 20g ClCH2- 22 41 95 78 ± 5 

11 20h NC-CH2- 24 40 95 74 ± 5 
a Unless otherwise noted, all reactions were performed on a 0.1 mmol scale with 5 mg of 
Pseudomonas cepacia lipase and 3 equiv. of 5 in 1 mL of toluene at 70 ºC. b Determined 
by 1H NMR. c Determined by GC using a CP-Chirasil-Dex CB column using racemic 
compounds as references. d Enantiomeric ratio with estimated errors. e 50 mg of 
Pseudomonas fluorescens lipase was used. f n.d = not determined. g Determined by HPLC 
using an OJ column. 

e.  

2.3.3 DKR of N,N-Diisopropyl-4-Hydroxyamides 

On the basis of our preliminary results of KR, substrate 20a was subjected to 
DKR conditions using PS-C and the acyl donor p-ClPhOAc (5) with a 
ruthenium-catalyzed racemization process via hydrogen transfer employing 
the dimeric Ru-precatalyst 6 in toluen

Under “standard” DKR conditions (i.e. 70 ºC, 5 mg of PS-C and 4 mol % 
of 6), formation of large amounts of ketone 24a was observed; the latter is 
formed as previously described in the hydrogen transfer process (Table 7, 
entry 1). Several attempts to increase the efficiency of the process by reduc-
ing the amount of ketone was carried out. In order to shift the equilibrium 
back to alcohol 20a, various hydrogen sources were added: 2,4-dimethyl-3-
pentanol (17), 2,6-dimethyl-4-heptanol (18), hydrogen gas (19), HCOOH 

 21 



(25) and HCOOH.NEt3 (1:1) (26). The equilibrium between alcohol 20a and 
ketone 24a was successfully shifted towards the alcohol 20a with hydrogen 
sources 17, 18 and 19 (entry 1 vs. entries 2-4). When 25 and 26 were used as 
hydrogen sources, no activity or slower reaction rate was observed and the 
selectivity decreased slightly (entries 2-4 vs. entries 5-6). 
 

Table 7. Dynamic kinetic resolution of γ-hydroxy amide 20a.ª 

 N(iPr)2

OH

O

PS-C,

 N(iPr)2

OAc

O

 N(iPr)2

O

O

6 (4  mol%),

(rac)-20a 23a

toluene,
5a (3 equiv.),

24a

+

70 oC,

 

Entry Hydrogen source Time (h) 
Yield 
of 23 
(%)b 

Yield 
of 24 
(%)b 

ee of 23 
(%)c 

1 --- 48 57 43 99 

2 17 48 76 11 97 

3 18 48 79 1 96 

4 19 48 89 3 96 

5 25 48 n.r   

6 26 48 48 28 95 

7d 17 48 77 10 98 

8e 17 48 78 11 97 
a Unless otherwise noted, all reactions were performed on a 0.1 mmol scale for 
48 h using 5 mg of Pseudomonas cepacia lipase, 0.5 equiv. of hydrogen source, 
3 equiv of 5 and 4 mol% of 6 in 1 mL of toluene at 70 ºC. b Determined by 1H 
NMR. c Determined by GC using a CP-Chirasil-Dex CB column using racemic 
compounds as references. d 2,4-dimethyl-3-pentanol (17) was added after 24 h. e 

6 mol% of  6 was used.  n.r = no reaction. 

OH

H2 (1bar)

18

19

HCOOH HCOOH.NEt3

25 26

OH

17

 
Figure 9. Hydrogen sources 

 
Although the DKR is faster with H2 19 than with 17 as hydrogen donor 

(entry 2 vs. 4), the latter was chosen as a hydrogen source in the DKR since 
it provided better enantioselectivity and it is a milder hydrogen donor 
compared to hydrogen gas. 
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The same conditions were used for amide 20b, yielding an excellent enan-
tioselectivity. Due to the longer carbon chain in 20b a slower acylation (65% 
conversion) was observed compared to 20a (93% conversion) after a reac-
tion time of 72 h (Table 8, entries 2 and 1, respectively). In order to achieve 
a reasonable acylation rate of 20c, the amount of enzyme was increased; 
however, this resulted in a decrease in enantioselectivity (entry 3). For 20e 
the DKR was unsuccessful at 70 oC and this agrees with the results of DKR 
of nitriles previously reported by Pàmies et al.16n Therefore, the reaction 
temperature was increased to 80 oC, which gave the corresponding acetate in 
high yield (entry 4). The lower enantioselectivity in this case might be due to 
that the optimum temperature of the enzyme was exceeded.45 In the DKR of 
20g and 20h, good yields and high enantioselectivities were obtained (entries 
5 and 6). Substrate 20e was incompatible with the racemization catalyst 6 
under the DKR conditions, forming both the corresponding saturated ketone 
and the corresponding conjugated ketone in high yields. 

 
Table 8.  Dynamic kinetic resolution of γ-hydroxy amides 20.a 

Entr
y Substrate (R) Enzyme 

(mg)b 
Yield of 
23 (%)c 

Yield of 
24 (%)c 

ee of 23 
(%)d 

1e 20a (Me-) 5 93 2 98 

2 20b (Et-) 5 65 10 98 

3 20c (Pr-) 20 59 9 92 

4 20f (CH3OCH2-) 10 85 6 91h 

5i 20g (CH2Cl-) 5 70 1 95 

6g 20h (NC-CH2-) 10 90 9 80 
a Unless otherwise noted, all reactions were performed on a 0.1 mmol scale for 72 h 
using 5 mg of PS-C lipase, 4 mol% of 6 and 3 equiv of 5 in 1 mL of toluene at 70 ºC. 
2,4-dimethyl-3-pentanol (17) (0.5 equiv.) was added after 24 h. bmg enzyme/0.1 mmol 
substrate. c Determined by 1H NMR. d Determined by GC using a CP-Chirasil-Dex CB 
column. e The reaction was performed on a 0.8 mmol scale using 3.9 equiv of 5 and 6 
mol% of 6. g 4 mol% of  6 was added after 14 h and  at the same time the temperature 
was raised to 80 oC, 17 was added after 38 h. h Determined by HPLC using an OJ 
column. i 4 mol% of  6 was added after 22 h and 17 was added after 46 h. 
 
Comparing the dynamic kinetic resolution results with those obtained 

from the kinetic resolution, the efficiency of the former method is striking: 
the yields are higher in the dynamic process and the enantioselectivity ranges 
from good to excellent. 
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2.3.4 Synthetic Use of γ-Hydroxy Amides 
A wide range of synthetic applications of this dynamic kinetic resolution 
procedure can be envisaged. One example is the practical synthesis of the 
versatile intermediate (R)-5-methyltetrahydrofuran-2-one (15) shown in 
Scheme 12.46 Thus, the enantiomerically enriched acetate 23a, isolated in 
86% yield from 20a was further transformed to 15 in a one-pot two-step 
procedure.  

N(iPr)2
OAc

O
O

O

PS-C,

(1) LiOH,

(R)-15

(86%)

MeOH, rt

(2) 2 M HCl,

6 (6 mol %),

toluene, 70 oC

5 (3.9 equiv.),

17 (0.5 equiv),

 70 oC

98% ee 92% ee

23a

20a

(86%)  
Scheme 12. Synthesis of lactone 15. 

 

The ee of 15 was determined by chiral GC and the absolute configuration 
was established by comparison with literature data yielding lactone 15 in an 
overall yield of 74%.47  

2.4 Conclusions 
Enantioselective transformations of an important substrate class, γ-hydroxy 
acid derivatives, were carried out under KR and DKR conditions. It was 
demonstrated that ruthenium- and enzyme-catalyzed dynamic kinetic 
resolution of t-butyl 4-hydroxypentanoate (13b) using PS-C successfully 
yielded the enantiomeric enriched acetate in 70% and 94% ee.  

DKR process.  

Substrate modeling, gave N,N-diisopropyl-4-hydroxy amides (20) that 
showed better selectivity and yields than the corresponding esters. PS-C 
allowed variations in the carbon chain attached to the γ-carbon. For a variety 
of γ-hydroxy amides (20) PS-C showed high enantioselectivity, in all cases 
over 93% ee. Together with racemization catalyst 1 and a hydrogen source, 
an efficient DKR was achieved. We have shown that dynamic kinetic 
resolution of t-butyl 4-hydroxypentanoate (13b) and N,N-diisopropyl-4-
hydroxy amide (20) is a powerful tool for preparing enantiomerically 
enriched γ-hydroxy acid derivatives in good yields in a single step. This 
provides a straightforward method to synthesize the corresponding 
enantiomerically enriched lactones. We also reported the potential use of 
2,4-dimethyl-3-pentanol (17) as a mild hydrogen source in the 
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3. Enzymatic Resolution, Desymmetrization 
and Dynamic Kinetic Asymmetric 
Transformation of 1,3-CycloalkanediolsΙΙΙ 

3.1 Introduction 
Enantiomerically enriched 1,3-cycloalkanediols are precursors for various 
building blocks in asymmetric synthesis,48 and recently the interest of 1,3-
cyclohexanediol derivatives as substructures in the pharmaceutical area has 
increased.49 This has led to the development of methods for diastereo- and 
enantioselective synthesis of 1,3-cyclohexanediols, however, these methods 
suffer from moderate yields and low selectivities.50 As an alternative ap-
proach, desymmetrization of cis-1,3-cyclohexanediol using enzymatic reso-
lution has been reported on a few occasions.51,52 The racemic cis/trans mix-
ture of 1,3-cyclohexanediol is an inexpensive commercially available chemi-
cal. An efficient enzymatic resolution of this mixture and analogous racemic 
cyclic 1,3-diols, possibly as a DYKAT, would provide a useful method for 
the synthesis of enantiomerically enriched 1,3-cycloalkanediols. Previous 
studies of DYKAT of acyclic 1,3-diols show that they suffer from low di-
astereoselectivity due to formation of meso-diacetate,53 and it was shown 
that this was caused by an intramolecular acyl migration in the syn-1,3-diol 
monoacetates.53c This may also be a problem in the cyclic 1,3-diols. 

Theoretically, in an efficient enzymatic kinetic asymmetric transformation 
(KAT) of racemic cis/trans- 1,3-cycloalkanediols, by an (R)-selective lipase, 
the products should be (S,S)-diol, (R,R)-diacetate and (R,S)-monoacetate. 
However, if intramolecular acyl migration occurs in the (R,S)-monoacetate 
(cis-diol monoacetate), all monoacetate would be converted to (R,S)-
diacetate, which is a meso compound (Scheme 13). Also, a nonselective 
acylation (according to Kazlauskas’ rule) of the (S)-alcohol in the (R,S)-
monoacetate would lead to (R,S)-diacetate (meso). In a dymanic kinetic 
asymmetric transformation (DYKAT), the products formed could therefore 
be a mixture of (R,R)-diacetate and (R,S)-diacetate. 

By favoring or disfavoring the formation of the (R,S)-diacetate in a 
DYKAT it should be possible to make either the (R,S)-diacetate or the (R,R)-
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diacetate, with high selectivity. Thus, if k2’ << k2 in the DKR of 1,3-
cyclohexanediol (Scheme 13) and if epimerization is fast, diacetate (R,S)-
29a would not be produced. This could occur if enzymatic (S)-acylation is 
slow and if a possible acyl migration in (R,S)-28a is shut down. In this case 
the reaction would be shifted towards the diacetate (R,R)-29a: epimarization 
of the monoacetate (R,S)-28a followed by enzymatic acylation of the 
monoacetate (R,R)-28a would give diacetate (R,R)-29a (Scheme 13). 

 
HO

OH

HO OH

HO

OH

AcO OH

AcO OH AcO OAc

AcO OAc

(R,R)-27

(R,S)-27

k1

k1'

k2

k2'

(S,S)-27

(R,R)-28a

(R,S)-28a (R,S)-29a

HO OAc

(S,S)-28a

k1''

(R,R)-29a

epimerization

epimerization

slow

epimerization

1. epimeri-
    zation

2. enzymatic
    acylation

 
Scheme 13. Reaction pathways for formation of trans/cis-diacetates. 

 
On the other hand, if k2’ >> k2 the reaction would be shifted towards the 

(meso)-diacetate (R,S)-29a provided that epimerization is fast. Under these 
conditions, a cis/trans diol mixture 27 could in principle be transformed into 
pure (R,S)-29a.  Thus, it should be possible to prepare either chiral diacetate 
(R,R)-29a or meso-diacetate (R,S)-29a. Under DYKAT conditions, there is 
an additional pathway for the formation of the (R,S)-diacetate. Low 
selectivity (low E value) in the first enzymatic acylation of the trans-diol 
(i.e. k1 only slightly larger than k1'') would give a mixture of monoacetates 
(R,R)-28a and (S,S)-28a. Subsequent epimerization of the latter followed by 
enzymatic acylation would lead to the formation of cis-diacetate (R,S)-29a. 

3.2 Mechanistic Considerations 
In order to study the possible formation of cis-diacetate via an intramolecular 
acyl transfer, the pure cis-diol was required. It was prepared from the 
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cis/trans-diol mixture by reaction with benzoyl chloride. The dibenzoates 
were separated using flash chromatography. Hydrolysis gave the pure cis- 
and trans-diols, respectively. From previous results regarding cyclic and 
acyclic 1,3-alkandiols, we would expect an acyl migration for the formation 
of a large amount of meso-diacetate.51a,53 

 

3.2.1 Racemization Studies 
To probe the possible involvement of an intramolecular acyl transfer in the 
formation of the meso-diacetate, we studied the racemization of (R,S)-28a. 
The monoacetate was prepared by enzymatic acylation using CALB and p-
chlorophenylacetate (5a). We expected that if an intramolecular acyl 
migration occurs, it would be enhanced by high temperature or addition of 
acid. Intramolecular acyl migration in (R,S)-28a would lead to ent-(R,S)-28a 
and hence racemization.  

The results presented in Table 9 shows that the combination of high tem-
perature and enzyme is important for the racemization to occur. In cases 
where CALB was used at 25 °C and 70 °C, there was a significant increase 
in the rate of racemization (entries 1 and 2). Enzyme is necessary for the 
racemization to occur and the rate of racemization was further increased by 
increasing the temperature to 70 °C.  At 25 °C after 24 h, the enantiomeric 
excess of (R,S)-28a was 89%; however at 70 °C after 7 h the enantiomeric 
excess had dropped to 5% (entry 1 vs. 2). In the absence of enzyme no loss 
of enantioselectivity was observed after 24 h at elevated temperature (entry 
3). Addition of 20 mM camphor sulphonic acid (CSA), which is expected to 
facilitate acyl migration, resulted in only a slight decrease of the enantiose-
lectivity from >99.5% to 95% ee after 24 h (entry 4). The solvent affected 
the rate of racemization. Different solvents in combination with CALB 
showed that TBME had comparable a racemization rate as that in toluene 
(entry 2 vs. 5,6). Under the conditions used, it was found that the fastest ra-
cemization takes place in cyclohexane, followed by DIPE and toluene (en-
tries 2, 7 and 8). The racemization of the corresponding monopropionate 28b 
was slower than racemization of 28a (entry 2 vs. 9). This led us initially to 
believe that intramolecular acyl migration was involved in the formation of 
the cis-diacetate (R,S)-29a. 
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Table 9. Racemization of (R,S)-28a 

RCO2 OH RCO2 OH HO O2CR
+

28a R = Me (>99.5% ee)
28b R = Et (99% ee)

(R,S)-28 ent-(R,S)-28(R,S)-28

 

Entry Conditions Solventb Temp 
(°C) 

Time 
(h) 

ee of 
28 (%) 

t½ 
(h)c 

1 (R,S)-28a + CALB Toluene 25 24 89 95 

2 (R,S)-28a + CALB Toluene 70 5 21 3.5 

3 (R,S)-28a Toluene 70 24 99.5 --- 

4 (R,S)-28a + CSA Toluene 25 24 95 --- 

5 (R,S)-28a + CALB TBME 60 5 71 8.25 

6 (R,S)-28a + CALB TBME 25 24 83 38 

7 (R,S)-28a + CALB DIPE 70 5 6 2.25 

8 (R,S)-28a + CALB Cyclohexane 70 3.5 3 1.3 

9 (R,S)-28b + CALB Toluene 70 5 42 4.5 
 a Unless otherwise noted, all reactions were performed on a 0.2 mmol scale with 12 mg of 
CALB (in 1 mL of solvent with >99.5% ee of the cis-diol monoacetate. b TBME = tert-
butyl methyl ether, DIPE = diisopropyl ether. c  t½ = h at 50% ee, determined by GC with a 
CP-Chirasil-Dex CB column using racemic compounds as references. 

 
The inability of (R,S)-28a to racemize in toluene in the absence of CALB 

was puzzling. Internal enzyme catalyzed transesterification seemed more 
likely to explain the racemization of (R,S)-28a. To determine the exact 
mechanism for the formation of the diacetate in the enzymatic acylation 
further studies were required. 

 

3.2.2 Study of Formation of the cis-Diacetate by Deuterium 
Labeling. 
With deuterium labeling of the acetate in cis-monoacetate 28a it is possible 
to determine whether the cis-diacetate (R,S)-29a is formed due to 
intramolecular acyl transfer or via direct enzymatic acylation as a result of 
low selectivity. 
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The deuterium-labeled cis-monoacetate was obtained by enzymatic acyla-
tion of cis-1,3-cyclohexanediol using CALB and p-ClPhOAc-d3 (5a-d3) 
(Scheme 14). 
 

HO OH d3-AcO OHCALB,
p-ClPhOAc-d3,

toluene, rt.
>99.5% ee  

Scheme 14. Stereoselective preparation of cis-monoacetate 28a. 
 

The results in Table 9 show that the racemization of (R,S)-28a is faster at 
elevated temperature. The deuterium-labeled (1S,3R)-3-(2,2,2-trideuterio-
acetoxy)-1-cyclohexanol (R,S)-28a-d3 was therefore acylated to diacetate at 
70 °C using CALB and p-chlorophenylacetate (Scheme 15). The diacetate 
formed could have deuterium in the (R)-position, due to low selectivity, or 
deuterium in the (S)-position due to intramolecular acyl migration. In 
principle, a scrambled diacetate may be formed as a result of both low selec-
tiviy and acyl migration.  To determine the location of the deuterium in the 
diacetate, we took advantage of the fact that lipases are R-selective 
(according to Kazlauskas’ rule) in the hydrolysis of alcohol derivatives. 
CALB-catalyzed hydrolysis of the diacetate in aqueous phosphate buffer 
would lead to the formation of monoacetate ent-(R,S)-28a. The interesting 
question is whether the latter monoacetate is deuterated or not.    
 

HO OAc

(R,S)-28a

CALB,
p-ClPhOAc 5,

toluene, 70 oC
CALB,
0.1 M phospate
buffer pH 7.6, rt

ent-(R,S)-28a
>99.5% ee

AcO OAc-d3

d3-AcO OAc

or

(R,S)-29a

d3-AcO OH

>99.5% ee

 

Scheme 15. Enantioselective synthesis of monoaceatate. 
 

The deuterated diacetate (R,S)-29a obtained from CALB-catalyzed 
acylation of (R,S)-28a was hydrolyzed in an aqueous buffer solution using 
CALB as the enzyme. The monoacetate formed in the hydrolysis was ~96% 
non-deuterated according to NMR. Furthermore, it was confirmed by chiral 
GC that the monoacetate had the opposite configuration (ent-(R,S)-28a) to 
that of the starting (R)-monoacetate (R,S)-28a. These results unambiguously 
show that deuterium was in the R-position of the diacetate and that path B 
operates (Scheme 14). The pathway via acyl migration (path A) does not 
occur and the diacetate has been obtained via direct enzymatic acylation of 
the (S)-alcohol as a result of low selectivity (Scheme 16). 
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d3-AcO OH

HO OAc-d3

AcO OAc-d3d3-AcO OAc

Path A
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AcO-Enzyme

AcO-Enzyme

(R,S)-28a-d3

R

R RS S

S

observed not observed  
Scheme 16. Deuterium labeling to distinguish between acyl migration and enzy-

matic acylation.  
 
The cis-1,3-diol derivatives can possess two conformations, a diaxial and  

a diequatorial conformation (Figure 10), of which the latter is the more 
stable one. In the parent diol, the two configurations are relatively close in 
energy, due to stabilization of the diaxial form by hydrogen bonding.54 For 
an intramolecular acyl transfer, the alcohol and acetate group must be close 
to one another and this requires that the both substituents are axial. 

 
RO

OROROR
O O
2.7 Å

O O
4.9 Å  

Figure 10. Possible conformations of 1,3-cyclohexanediol. 
 
In the intermediate for the intramolecular acetyl migration, the oxygen 

substituents will be diaxial and furthermore the dioxane ring will have two 
carbons of the cyclohexane ring as axial carbons (Figure 11). For this reason, 
the energy of the acetyl migration intermediate is rather high for the cyclo-
hexane system compared to that of the acyclic syn-1,3-diol system.53c This 
would explain why the intramolecular acyl migration is unfavoured in the 
cyclic system. 

O O
MeHO

O
O

OH

Me

 
Figure 11. Possible conformations of acyl migration intermediate. 
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3.3 Kinetic Resolution and Desymmetrization 
In order to selectively make either the (R,S)-diacetate or the (R,R)-diacetate 
in high selectivity in a DYKAT, the selectivity in the enzymatic acylation 
needed to be studied for the trans- and cis-diol, separately.  
 

3.3.1 Kinetic Resolution of trans-Diol 
To explore the possibility that cis-diacetate (R,S)-29a could be formed from 
the (S,S)-diol due to low selectivity of the enzyme, it was desirable to 
determine the E value for the first acylation step of the trans-diol. Screening 
of several enzymes using different solvents55 in the kinetic resolution of (±)-
trans-27 showed a very poor selectivity (E1 ≤ 2) in all cases. The best result 
was obtained with CALB in toluene, which gave E1 = 2 (Scheme 17). 
However, the enzymatic resolution of racemic trans-monoacetate showed a 
much higher enantioselectivity (E2 = 48) using CALB in toluene. 

 
HO OH AcO OH

AcO OAc

(±)-trans-27

E1 = 2

E2 = 48

(R,R)-28a

(R,R)-29a

AcO OH

(R,R)-28a

AcO OH

(S,S)-28a

+

CALB

CALB

 
Scheme 17. E values for enzymatic acylation of trans-1,3-cyclohexanediol.  

 
Based on these results, we conclude that large amounts of cis-diacetate 

(R,S)-29a is expected to be formed from DYKAT of trans/cis-diol 27 due to 
low selectivity in the first step of the enzymatic resolution of the trans-diol 
(trans-27). 

 

3.3.2 Desymmetrization of cis-1,3-Cyclohexanediol 
Desymmetrization is a valuable tool in the field of asymmetric synthesis. 

In an enzymatic desymmetrization it is possible to obtain a maximum of 
100% yield of a single enantiomer (Scheme 18). To obtain trans-(R,R)-
diacetate from the meso-diol 27 in a DYKAT, it is necessary to have a selec-
tive desymmetrization of the meso-diol 27 to the (R,S)-monoacetate. In a 
DYKAT the (R,S)-monoacetate can be epimerized and enzymatically acy-
lated forming the (R,R)-diacetate. Hence, the enzymatic desymmetrization of 
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meso-diol (R,S)-27 to cis-monoacetate (R,S)-28a was studied, using different 
enzymes and solvents.  

HO OH AcO OAc

AcO OH

HO OAc

meso-diol
meso-diacetate

(R,S)-28a-(R)

(R,S)-28a-(S)  
Scheme 18. Desymmetrization of cis-1,3-cyclohexanediol. 

 

CALB showed good activity and (R)-monoacetate (R,S)-28a  was 
obtained in high yields and excellent enantioselectivity (>99,5% ee) in 
toluene (Table 10, entry 1). PS-C showed good activity although 
considerable formation of the diacetate was observed and the selectivity was 
poor (entry 2). PF on the other hand showed a poor selectivity and the 
reaction was slow (entry 3). The enzymes PPL, CRL and Aspergillus 
surprisingly gave (S)-selective acylation (entries 4-6). PPL, Aspergillus 
showed very low activity, whereas, in the case of CRL desymmetrization to 
enantiomerically enriched (S)-monoacetate 28a occurred in good yield and 
high enantioselectivity (entry 5).  

Table 10. Desymmerization of cis-cyclohexanediol. 

Entry Enzymeb Enzyme 
(mg) 

Time 
(h) 

Yield 
of 28a 
(%)c 

di-acetate 
(%)c % eed 

1 CALB 6 3.5 83 --- > 99.5 (R) 

2 PS-C 3 6 67 28 38 (R) 

3 PF 3 6 15 1 53 (R) 

4 PPL 75 6 < 5 --- 7 (S) 

5 CRL 12 6 68 8 93 (S) 

6 Aspergillus 75 6 < 5 --- 43 (S) 
 a Reactions were performed on a 0.1 mmol scale, 1.5 equiv./hydroxyl group of 5 (51 mg) 
in 0.5 mL of toluene at r.t. b CALB = Candida antarctica lipase B, PS-C = Pseudomonas 
cepacia lipase, PF = Pseudomonas fluorescens lipase, PPL = Porcine Pancreas lipase, 
CRL = Candida rugosa lipase, Aspergillus = Aspergillus sp., c Determined by 1H NMR. d 

Determined by GC, CP-Chirasil-Dex CB column with racemic compounds as references.  
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On the basis of these results, we decided to study the solvent effect for the 
formation of cis-monoacetate (R,S)-28a in the CALB-catalyzed acylation of 
cis-diol (R,S-27). In the cases of toluene, THF, TBME and DIPE the reaction 
rates were comparable (Table 11, entries 1-4); however, diacetate was 
formed to some extend in THF, TBME and DIPE. The reaction was slower 
in cyclohexane and the selectivity lower (entry 5). Based on these results, 
CALB and toluene was used in the DYKAT of the trans/cis-diol. 

 
Table 11. Solvent in CALB-catalyzed acylation of cis-cyclohexanediol.  

Entry Solventb Yield of 
28a c (%) 

di-acetate 
(%) % eed 

1 Toluene 83 --- > 99.5 (R) 

2 THF 85 3 > 99.5 (R) 

3 TBME 93 7 > 99.5 (R) 

4 DIPE 85 3 > 99.5 (R) 

5 Cyclohexane 21 5 98 (R) 
a Unless otherwise noted, all reactions were performed on a 0.1 mmol 
scale for 3.5 h using 6 mg of CALB, 1.5 equiv./hydroxyl group of 5 (51 
mg) in 0.5 mL of solvent at rt. b THF = tetrahydrofuran, TBME = tert-
butyl methyl ether, DIPE = diisopropyl ether. c Determined by 1H NMR. 
d Determined by GC using a CP-Chirasil-Dex CB column using racemic 
compounds as references.  

 

3.4 DYKAT of 1,3-Cyclohexanediol 

3.4.1 Cis-1,3-Cyclohexanediol 
The DYKAT of the cis-diol was initially investigated due to the possibility 
of the synthesis of (R,R)-trans-diacetate from the cis-diol. The aim was to 
perform a desymmetrization by enzymatic acylation allowing the formation 
of (R,S)-cis-monoacetate before the racemization catalyst is added. Epimeri-
zation of the cis-monoacetate (R,S)-28a (Scheme 13), followed by enzymatic 
(R)-acylation would give (R,R)-29a if  k2 >> k2’ and the epimerization is 
fast. An in situ desymmetrization of the cis-diol before applying the DYKAT 
may therefore increase the relative amount of (R,R)-diacetate 29a. Previ-
ously, the KR of 1,3-cyclohexanediols using S-ethyl thiooctanoate has been 
reported.51a Larger R-groups in the acyl donor may affect the cis/trans ratio 
of the product and was therefore studied in the desymmetrization-DYKAT 
sequence that follows. The reaction was accomplished by stirring the cis-diol 
27, CALB, ruthenium catalyst 6 and p-chlorophenyl esters (5a-f) at room 
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temperature in toluene for 3 h (KAT) and then increasing the temperature to 
70 °C (DYKAT). At room temperature catalyst 6 is inactive and therefore 
there will be no epimerization the first 3 hours. The dimeric ruthenium pre-
catalyst 6 is activated by heat and then it dissociates into the two active spe-
cies 6a and 6b. 

This study, showed that the use of larger R-groups on the acyl donor 
favors the formation of the cis-(R,S)-diesters rather than increasing the 
amount of trans-diacetate (Table 12). This can be a result of slow 
epimerization by the catalyst, in combination with a low ratio of k2/k2’.  

 
Table 12.  DYKAT of (1S,3R)-cyclohexandiol (27).a   

CALB,
Ru-cat. 6,

toluene,

Acyl donor,
(3 equiv.)

+
HO OH RCO2 O2CR RCO2 O2CR

Cl

O R

O

5a = Me-
5b = Et-
5c = Pr-
5d = Pentyl-
5e = (CH3)2CH-
5f = (CH3)2CH2CH-

5

(R,S)-27 (R,S)-29 (R,R)-29
3h at rt then,
3 - 4 d at 70 oC

 
Entry Acyl donor Time 

(h) 
Yield  
(%)b Cis:transc ee 

(%)d 

1 5a (R = Me-) 72 >95 65:35 97 
2 5b (R = Et-) 72 >95 49:51 98 
3 5c (R = Pr-) 96 >95 81:19 --- 
4 5d (R = Pentyl-) 96 >95 87:13 --- 
5 5e (R = (CH3)2CH-) 72 >95 80:20 --- 

6 5f (R = (CH3)2CH2CH-) 96 > 95 92:8 --- 
a Unless otherwise noted, all reactions were performed on a 0.2 mmol scale using 6.5 mg 
of CAL B, 5 mol% of catalyst, 0.6 mmol of acyl donor in 1 mL of toluene. p-ClPhOCOR 
5a-5f was used as acyldonor, 6 as catalyst, 2.5 mg Na2CO3 stirred at rt. for 3 h and 69 or 93 
h at 70 °C. Hydrogen source 2,4-dimethyl-3-pentanol (0.5 equiv/hydroxyl group) was 
added after 24 h. bDetermind by 1H NMR. c Diastereomeric ratio, determined by 1H NMR. 
d Enantiomeric excess of trans-diester, determined by GC using a CP-Chirasil-Dex CB 
column using racemic compounds as references.  

 
   
Due to the high temperature (70 °C) required for activation of racemiza-

tion catalyst 6, a moderate to low selectivity was obtained in the DYKAT 
process. However, we still believed that it would be possible to prepare the 
trans-(R,R)-diacetate from (R,S)-28a, and we decided to study the enzymatic 
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acylation, using the ruthenium-catalyst 12a, which recently was found to 
racemize alcohols at room temperature (Figure 5).31    

 

AcO OH

(R,S)-28a

CALB,
Ru-cat.  12a,

toluene, rt, 24 h

Isopropenyl acetate
(1.5 equiv.),

+
AcO OAcAcO OAc

(R,S)-29a(R,R)-29a
ee : > 99%

57%

91 : 9
 

Scheme 19. DYKAT of (1S,3R)-3-(acetoxy)-1-cyclohexanol. 
 
Fortunately, our prediction was correct, and reaction of (R,S)-28a with 

isopropenyl acetate in the presence of 12a and CALB afforded trans-
diacetate (R,R)-29a with high trans/cis ratio and with excellent 
enantioselectivity. In this case k2 is favored over k2’, which makes it a 
possible route for preparation of enantiomerically pure (R,R)-29a (Scheme 
19 and 20).    

AcO OH AcO OAc

AcO OH AcO OAc

k2

k2'

(R,R)-28a

(R,S)-29a(R,S)-28a

(R,R)-29a

epimerization

 

Scheme 20. DYKAT of (R,S)-28a. 

3.4.2 cis/trans-1,3-Cyclohexanediol 
By finding conditions favoring k2’ over k2 the formation of cis-diacetate 29a 
will be enhanced prior to the trans-diacetate (R,R)-29a (Scheme 20). This 
means that the rate of the enzymatic (S)-acylation in the cis-monoacetate 28a 
should be faster then the (R)-acylation of the trans-monoacetate (R,R)-28a), 
yielding the cis-diacetate as the product. For the purpose of preparing cis-
diacetate (R,S)-29a, we started from a cis/trans-cyclohexanediol mixture. 
The low selectivity of the first acylation is of less importance since (S,S)-
monoacetate 28a can be epimerized and (R)-acylated, forming the cis-
diacetate (R,S)-29a. In an initial experiment of DYKAT of cis/trans-
cyclohexanediol, we combined the KAT of the diols, using an enzyme and 
the p-chlorophenyl acetate, with a ruthenium-catalyzed epimerization proc-
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ess via hydrogen transfer employing the dimeric Ru-precatalyst 6 in toluene 
at 70 °C. It appears that elevated temperature favors the formation of cis-
diacetate (R,S)-29a. In the first reaction, CALB was used as the enzyme this 
resulted in a 43:56 ratio of the diacetates. The trans-(R,R)-diacetate 29a was 
obtained with 94% ee (Table 13, entry 1). This is actually a decrease in 
cis/trans ratio, the cis/trans ratio of the diol being 63:37. In the desymmetri-
zation of cis-diol 27 using PS-C as the enzyme, we observed that the first 
acylation is followed by a fast second acylation to give the cis-diacetate 
(R,S)-29a (Table 13, entry 2). This indicates that k2’ is quite large for this 
enzyme and presumably larger than k2. Applying PS-C in the DYKAT proc-
ess was very successful, yielding 29 with 97:3 diastereoselectivity in favor 
of the cis-diacetate (entry 2). In this way one can obtain the (R,S)-cis-
diacetate 29a from a mixture of cis/trans-diol 27.  

  
Table 13. DYKAT of cis/trans 27 at 70 °C.a 

Enzyme,
Ru-cat. 6,

toluene,
5a (3 eq.),

+
HO OH AcO OAc AcO OAc

(cis/trans)-27 (R,S)-29 (R,R)-29
 70 oC, 72 h

 

Entry Enzyme Yield of 29 
(%)b cis:transc ee of trans-29 

(%)d 

1 CALB >95 56:43 94 

2 PS-C >95 97:3e 92 
a Unless otherwise noted, all reactions were performed on a 0.2 mmol scale 
using 6.5 mg of CAL B, 5 mol% of catalyst 6, 0.6 mmol of 5a and 2.5 mg 
Na2CO3 in 1 mL of toluene was stirred at 70 °C for 72 h. Hydrogen source 
2,4-dimethyl-3-pentanol (6) (0.5 equiv/hydroxyl group) was added after 24 h. 
bDetermind by 1H NMR. c Diastereomeric ratio, determined by 1H NMR. 
dEnantiomeric excess of trans-diester, determined by GC using a CP-Chirasil-
Dex CB column using racemic compounds as references. eThe dr was 
determind by GC, the trans-diacetate was not detectable using 1H NMR. 

 
The DYKAT of cis/trans-cyclohexanediol was additionally studied at 

room temperature using Ru catalyst 12a and isopropenyl esters as acyldo-
nors. This resulted in the formation of the trans-diacetate as the major prod-
uct, which can be due to higher selectivity of the enzyme at lower tempera-
ture (Table 14). 

 36 



Table 14. DYKAT of cis/trans diol 27 at rt. a 

CALB,
Ru-cat. 7,

toluene,

Acyldonor
(3 equiv.),

+
HO OH RCO2 O2CR RCO2 O2CR

(cis/trans)-27 (R,S)-29 (R,R)-29
rt, 24h

 

Entry Acyl donor Yield of 29 
(%)b cis:trans c % eed 

1 Isopropenyl acetate 41 33:66 96 

2 Isopropenyl butyrate 26 22:78 >98 
a Unless otherwise noted, all reactions were performed on a 0.2 mmol scale 
using 6.5 mg of CAL B, 5 mol% of catalyst 7, 6 mol% KOtBu (0.5 M in THF), 
0.6 mmol of Isopropenyl- acetate or butyrate and 10 mg Na2CO3 in 1 mL of 
toluene was stirred at rt. bDetermind by 1H NMR. c Diastereomeric ratio, 
determined by 1H NMR. dEnantiomeric excess of trans-diester, determined by 
GC using a CP-Chirasil-Dex CB column using racemic compounds as 
references. 

9a.  

3.5 Conclusions   
Cis-diacetate 29a could be diastereoselective obtained in the metal- and 
enzyme-catalyzed transformation of trans/cis-diol 27, under dynamic 
conditions. Furthermore, the (R,R)-diacetate-29a could be formed from 
(1S,3R)-3-(acetoxy)-1-cyclohexanol (28a) with a high trans/cis ratio and 
excellent enantioselectivity. Desymmetrization of cis-diol 27 to cis-
monoacetate 28a was successfully accomplished up to >99.5 % ee and yields 
up to 93% for (1S,3R) (28a) using CALB. By applying CRL, an (S)-selective 
acylation was obtained forming (1R,3S) (28a) in 68 % yield and 93% ee. The 
large formation of the meso-diacetate was initially believed to be a result of 
intramolecular acyl migration. However, by the use of deuterium-labeling it 
was shown that intramolecular acyl migration does not occur in the 
transformation of cis-monoacetate (R,S)-28a to cis-diacetate (R,S)-2

By the combination of these methods, the commercially available racemic 
cis/trans mixture of 1,3-cyclohexanediol (27) can selectivity be transformed 
into (R,S)-29a, ent-(R,S)-28a,  (R,S)-28a and (R,R)-29a, respectively 
(Scheme 21). 
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> 97% cis

> 99.5% ee
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> 91% trans

(97%)

(83%)

(92%)

(57%)

Ru-cat 6,
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acyl donor,

Ru-cat 12a,
CALB,

acyl donor,

27

 
Scheme 21. Stereoselective synthesis of (R,S)-29a, ent-(R,S)-28a, (R,S)-28a and 

(R,R)-29a. 
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4 Transfer Hydrogenation of 1,3-diolsIV 

4.1 Introduction 
For our ongoing project with enzymatic acylation of diols, we needed an 
easy and general method for the preparation of the 1,3-diols from the 
corresponding diones. There are in principal three ways to perform reduction 
of ketones to the corresponding alcohols. One can either use a hydride 
reagent, a hydrogenation using molecular H2, or a transfer hydrogenation 
process. One example of the latter is Meerwein-Ponndorf-Verley reduction, 
which is a redox reaction between the substrate and most typically an excess 
2-propanol to give the alcohol product.  

The reduction of ketones to alcohols is usually a simple task, however this 
is not the case for the reduction of 1,3-diketones to 1,3-diols. β-Diketones 
have  a keto-enol equilibrium, and the extent of enolization depends on the 
substituents, the ability of conjugation, the temperature and the solvent´s 
ability to stabilize the enol form (Scheme 22).56 For cyclic 1,3-diones the 
equilibrium is shifted far to the enol form and this can cause problems in 
their reduction to diols. 

O OOH O

ketoenol  
Scheme 22. Enol and keto form in 2,4-pentanedione. 

 
Reduction of 1,3-cyclohexanediones using traditional methods such as 

LiAlH4 resulted mainly in the unsaturated alcohols obtained from the reduc-
tion of the enol forms.57 DIBAL-H gave similar results as LiAlH4, while 
reduction with NaBH4 gave no or poor reduction into the diol.58 Reduction of 
1,3-cyclohexanedione with NaBH4 in combination with MgCl, required long 
reaction time, however the diol was obtained in a moderate yield.50h  

Hydrogenation using Raney-Ni has been employed; however it requires 
elevated temperature, long reaction times and high pressure of hydrogen 
gas.59  

In order to try to prepare the diols from the diketones, we decided to 
investigate the transfer hydrogenation under microwave heating.  
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The use of microwave heating in organic synthesis dates back to the end 
of the 1980s when it was first found that microwave ovens could work as a 
heating source in chemical reactions.60 The pioneering work was conducted 
in domestic kitchen microwave ovens with poor control, but nowadays spe-
cialized equipment with controlled microwave heating is used. Microwave 
heating is convenient to use in organic synthesis.61 The heating is instantane-
ous, very specific and there is no contact required between the energy source 
and the reaction vessel, reducing reaction times from hours to minutes. The 
use of microwaves to accelerate catalytic reactions has recently attracted 
attention.61,62,63  

4.2 Preparation of starting material 
To study the scope and limitations of the transfer hydrogenation of cyclic 
1,3-diones, alkyl-substituted dione 31a was prepared. 2,2-Dimethylcyclo-
hexanedione 31a was synthesized from the unsubstituted dione 30a (Scheme 
23).64 1,3-Cycloheptanedione (32) was synthesized from cyclopentanone via 
a three-step literature procedure.65 

O O O OMeI,
K2CO3,

Actone,
reflux
(43%)

30a 31a
 

Scheme 23. Preparation of 2,2-dimethyl-1,3-cyclohexanedione. 

4.3 Choosing the Transfer Hydrogenation Catalyst for 
Reduction of 1,3-Cycloalkanediones 
A number of ruthenium complexes, shown in Figure 12 were tried as 
catalysts for the transfer hydrogenation of 1,3-cycloalkandiones. The 
commercially available 2-methyl-1,3-cyclohexanedione (33a) was chosen as 
the model substrate.  

The reaction was studied with ruthenium complexes 6, 34, 35, and 36. 
Recently the Shvo analogues 34 and 35 have been synthesized and tested in 
the racemization of primary amines.66 These catalysts possess different elec-
tronic properties, and therefore they have different ability to hydrogenate a 
ketone. Noyori´s catalyst 38 has recently been used in microwave-mediated 
asymmetric transfer hydrogenation of ketones67 and was therefore of interest 
as well as catalyst 37. The Shvo 6 catalyst showed full conversion after 60 
minutes (Table 15, entry 1). In cases of Noyori’s catalyst and 37 the diol was 
formed to some extent (entries 2 and 3). For ruthenium complex 34, the con-
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version was lower than for 6 (entry 1 vs. 4). Complexes 35 and 36 showed a 
similar conversion as complex 6 (entries 1 and 5,6).   

 
Table 15. Transfer hydrogenation catalyzed by various Ru-complexes.a  

O O
Catalyst,
24 equiv. iPrOH,
toluene

HO OH HO OH HO OH
+ +

33a 33b
 

Entry Catalyst mol% of 
catalyst Base (mol%) 

Conversion 
after 60 min. 

(%)b 

1 6  1 --- >95 

2 37  2 KOH <5 

3 38  2 KOH <5 

4 34  1 --- 90 

5 35  1 --- >95 

6 36  1 --- >95 
a Unless otherwise noted, all reactions were run on a 1 mmol scale with 24 
equiv. of i-PrOH in 2.5ml toluene at 110ºC in a microwave oven. 
bDetermined by 1H NMR 
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Figure 12. Catalysts for transfer hydrogenation 

 
To obtain a more detailed comparison between the four catalysts, we stud-

ied the transfer hydrogenation of dione 33a. The transfer hydrogenation rates 
were measured using 1H NMR and it was found that catalyst 35 was the fast-
est catalyst followed by 36 and 6 (Figure 13). However, catalyst 6 was cho-
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sen for the transfer hydrogenation of 1,3-diones since it is easily accessible 
compared to catalyst 35.  
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Figure 13. Rate of formation of the 2-methyl-1,3-cyclohexandiol. 

4.4 Reduction of 1,3-Cycloalkanediones 
In the literature there are only a few examples on the transfer hydrogenation 
of ketones and imines using microwave irradiation.67,68 However, the transfer 
hydrogenation of diones under microwave heating has not previously been 
studied.  

O O
O

O

O O

30a R1
 = H, R2

 = H, R3
 = H

33a R1
 = Me, R2

 = H, R3
 = H

31a R1
 = Me, R2

 = Me, R3
 = H

39a R1
 = H, R2

 = H, R3
 = Me

R3

40a32a

R1 R2

 
Figure 14. 1,3-Cycloalkandiones. 

 

In our first attempt to reduce 1,3-cycloalkandiones, we tried the transfer 
hydrogenation of dione 33a, using 2 mol% of catalyst 6 and ten equivalents 
of 2-propanol under an atmosphere of hydrogen (Table 16, entry 1). Toluene 
was used as solvent to dissolve catalyst 6. After 2 h of heating at 110 ºC, all 
dione had been converted into diol 33b. By increasing the amount of 2-
propanol to 24 equivalents, the catalyst loading could be decreased to 1 
mol%, and the reaction was complete within 60 minutes (entry 2). The reac-
tion was clean, and no overreduction products could be detected. With the 
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increased amount of hydrogen donor, the hydrogen atmosphere was unnec-
essary, and the reaction went to completion within the same time when it 
was left out. The optimized conditions were tested on several cyclic 1,3-
diones, and the reactions were completed in 30 to 120 minutes. The unsub-
stituted six- and seven-membered rings were the fastest substrates, and full 
conversion was obtained after 30 min (entries 3 and 6). Surprisingly, dione 
39a required heating for 120 minutes at 120 ºC for full conversion (entry 5), 
while the more sterically demanding diones 33a and 31a could be reduced in 
60 minutes at 110 ºC (Table 16, entries 2 and 4).  

 
Table 16. Transfer hydrogenation of diketones.a 

Entry Substrate Time 
(min) Ratio of the productb Isolated Yield 

(%) 

1 33a 120 28:36:36 --- 

2 33a 60 28:36:36 85 

3 30a 30 58:42 93 

4 31a 60 56:44 83 

5 39ac 120 Not determined 73 

6 32a 30 40:60 91 

7 40ad 120 67:33 49e 
a Unless otherwise noted, all reactions were run on a 1 mmol scale with 1 mol% 
of 3, 24 equiv. of i-PrOH in 2.5ml toluene at 110ºC in a microwave oven. b 

Determined by 1H NMR. c Heated at 120 °C. d 2 mol% of 3 was used and the 
mixture was heated at 120 °C. e Determined by 1H NMR. 

 
 

In the case of 1,3-indanedione 40a, the reaction never went to completion 
(entry 7). Instead, a 1:1 mixture of diol 40b and the hydroxy ketone 41 was 
obtained. Starting from the hydroxy ketone 41, the reaction ceased after 20 
minutes and only about 50% had been converted to diol 40b (Figure 15). 
The conversion did not increase with prolonged reaction time, which can be 
due to decomposition of the catalyst, catalyst poisoning or an unfavorable 
equilibrium. 
 

OH

OH

OH

O

2 mol% 6,
iPrOH (24 equiv.),

toluene, 120 oC

40b41  
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Figure 15.  

 
To investigate a possible catalyst poisoning or decomposition in the 

reaction of 40a, the reaction was run for 120 minutes, yielding the expected 
1:1 mixture of diol 40b and hydroxyl ketone 41 (Scheme 24). Addition of 2 
mol% 6, and further reaction for 120 minutes maintained the 1:1 ratio. 
This result indicates that the conversion ending at 50% diol is most 
likely due to an unfavorable equilibrium.     
 

OH

O 2 mol% 6

120 oC,
120 min

O

O

2 mol% 6
24 equiv. iPrOH

toluene
120 oC
120 min

OH

OH40b

+

OH

O

OH

OH40b

+

ratio 1:1 ratio 1:1  
Scheme 24. Investigation of catalyst decomposition. 

  
 To confirm that the low conversion was a result of an unfavorable 

equilibrium, an experiment was run starting from diol 40b in the presence of 
23 equiv. of 2-propanol and 1 equiv. of acetone. After 2 h the ratio between 
40b and 41 was approximately 1:1. This shows that there is an equilibrium 
between 40b and 41 (Scheme 25). 
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OH

OH

6 2 mol%,
iPrOH (23 equiv.),
acetone (1 equiv.),

toluene, 120 oC

OH

OH

O

OH40b 40b 41
54% 46%  

Scheme 25. Investigation of equilibrium.  

4.5 Conclusions 
1,3-diones can be problematic to reduce using traditional reduction 
protocols. In order to expand the available methods for this type of 
reduction, we studied transfer hydrogenation catalysts to find a general and 
efficient protocol. It was found that using catalyst 6 under microwave 
heating, we obtained a fast and convenient method for the preparation of 1,3-
cyclohexandiols in 30-120 minutes in yields up to 93%. Reduction of 1,3-
cycloheptandione to the corresponding diol was obtained in 91% yield after 
30 minutes.  
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5 Concluding Remarks 

The main work presented deals with the combination of ruthenium-catalyzed 
racemization or epimerization with lipase-catalyzed transesterification of 
alcohols. The interest of DKR of DYKAT is obvious since it is possible to 
obtain the enantiomeric enriched product in a theoretical yield of 100%. 
Enantiomerically enriched γ-hydroxy acid derivatives can be starting materi-
als for the synthesis of γ-lactones. DKR of γ-Hydroxy acid derivatives was 
therefore studied, which provides the acetates in high yield and ee. The sub-
strate tolerance of PS-C in the DKR was broad, providing excess to a variety 
of γ-hydroxy amides.  

The mechanism of the formation of the cis-diacetate in enzymatic acyla-
tion of 1,3-cyclohexandiol was of interest. The initial study using deuterium-
labeling showed that intramolecular acyl migration does not occur in the 
transformation of cis-monoacetate to cis-diacetate. However, poor (R)-
selectivity of the enzyme resulted in the formation of the cis-diacetate. By 
taking advantage of the low selectivity and in combination with ruthenium-
catalyzed epimerization of trans/cis-cyclohexanediol made it possible to 
diastereoselectively obtain the cis-diacetate. Transformations of the cis-
diacetate gave (R,R)-diacetate, (R)-cis-monoacetate and (S)-cis-monoacetate.  

A brief study of ruthenium-catalyzed redox reactions by applying this to 
the transfer hydrogenation of diketones provided a fast method to prepare the 
corresponding diols.    
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