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Abstract

A biocatalytic transformation has the potential to perform organic reactions
that are quite challenging to achieve with synthetic organic chemistry. They
also catalyze these reactions with a chemo and enantio selective manner.
The discovery and development of new chemoenzymatic methods for
the synthesis of these chiral structures is essential to the production
of a wide range of bioactive compounds. In this study, two important
pharmaceutical precursors were synthesized chemoenzymatically and
subjected to biocatalytic conversions with different dehydrogenases.
One of these compound is an a-acetoxy enone structure 4-methoxy-
2-oxacyclohex-3-enyl acetate and the other is an a-hydroxy ketone
6-hydroxy-3-methoxycycyclohex-2-enone. To obtain these pharmaceutical
precursors, 3-methoxy-cyclohex-2-enone was prepared using 1,3-diketone
as a starting material. After obtaining this material, a-acetoxy enone was
synthesized by chemical acetylation and a-hydroxy ketone prepared by
enzymatic deacetylation. The structure of these products was elucidated
by NMR analysis. In addition, biocatalytic reduction reactions involving
the enzymes galactitol dehydrogenase (GatDH), shikimate dehydrogenase
(SDH) and diaphorase were carried out with these products.

Keywords: Acetoxy enone, Biotransformation, Dehydrogenase, Lipase,
a-hydroxyketon

INTRODUCTION

Drug discovery and development are among the most important translational
science activities that contribute to human health and well-being. However,
the development of a new drug is a complex, expensive and lengthy process
(Celik et. al. 2021). The sequence of biologically active molecules alters their
physiological properties, which highlights the importance of preparing
stereoisomers of the precursor molecule (Zhuozhuo, et. al. 2022). Since enzymes
and biological catalysts have asymmetric structures, they can perform selective
and targeted biological functions in nature. Moreover, special attention is paid to
the currently available methods for their asymmetric synthesis (Ari, 2022). They
are used in the synthesis of biologically active molecules, such as pharmaceutical
molecules and agricultural control agents, where optical purity (% ee) is the most
important criterion for such structures (Csuk, et. al. 1990). The human body is
also enantioselective and consequently enantiopure drugs are essential for
the treatment of disease. Therefore approximately 50 % of drugs produced in
pharmaceutical industry are chiral (Mane, 2016).

One of the most demanded chiral structures in pharmaceutical industry is chiral
alcohols. They are also found in the structure of many bioactive compounds.
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a-hydoxy ketones are the versatile chemical structure that
contain a functional group at the a carbon attached to a
chiral carbon atom. Asymmetric catalysis has emerged
as a general and powerful approach to prepare chiral
compounds. Developing new chiral ligands and catalysts
that can effectively induce asymmetry in reactions is
crucial in modern chemical synthesis (Huang, 2022).
Since the carbonyl group can be easily converted into
other functional structures such as diols, halo or amino
derivatives, these structures are important bioactive
building blocks (Kataoka, et. al. 2003). Reduction
products of alpha hydroxy ketones are diol structures
(Faber, 1996). Diols are likewise as important structures
as a hydroxy ketones considering the chiral information
they carry and the functionality of the alcohol groups.
Vicinal diols are used in the synthesis of aldehydes and
ketones (Noyori, et. al. 2006). They are also known to be
used in the synthesis of 1,2-diketones and the formation
of a-ketoalcohols (Demir, et. al. 2007). Biocatalytic
methods can be used effectively in the synthesis of
the chiral structures such as enzymatic oxidation and
reduction, deacetylation and kinetic decomposition
reactions (Heiba, et. al. 1974).

In this study, the reactions of two chiral a-hydroxy ketone
formed by biocatalytic deacetylation of a-acetoxy
enone and a-acetoxyenone structures to be used as
substrate in biocatalytic reduction with dehydrogenase
enzymes. The first structure, 4-methoxy-2-oxacyclohex-
3-enyl acetate, is a 2-ring polyoxo ketone, and this type
of substances are important structural units of many
bioactive molecules as shown in Figure 1 (Noyori, 2006).
Among efficient asymmetric synthesis methods, metal-
acting radical reactions using Mn(OAc), are one of the
most widely used approach (Faber, 1996). Reactions
using Mn(OAc), have been used in the development of
many chemo- and stereoselective synthesis methods
(Demir, et. al. 2007). The use of in situ preparations of
Mn(OAc), from KMnO4/Mn(OAq), is also available in the
literature (Heiba, et. al. 1974).

O
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Figure 1. Structure of 4-methoxy-2-oxacyclohex-3-enyl
acetate.

6-Hydroxy-3-methoxycycyclohex-2-enone structure can
be obtained by biocatalytic deacetylation of the acetoxy
enone molecule with lipase or esterase enzymes. Among
enzymatic methods, lipase enzymes are particularly
used to obtain optically pure compounds by kinetic
dissociation reactions. In this study, the experimental
design was to obtain optically pure product by subjecting
the racemic starting material to kinetic dissociation. By

taking the advantage of enantioselective deacetylation
property, the enzyme lipase is planned to employ for this
kinetic resolution reaction. Due to the nature of kinetic
resolution reactions, the product formed with 50%
yield at the best resolution level and the untransformed
starting material can be obtained with high optical
purity as well.

The other group of biocatalysts used in this study are
dehydrogenase enzymes. Galactitol dehydrogenase (EC
1.1.1.16) and shikimate dehydrogenase (EC 1.1.1.24)
and diaphorase are the enzymes that we selected to
carry out for the biocatalytic reduction reactions . As
a result of these catalytic reductions, it was our aim to
obtain a cyclic chiral alcohol or diol structures. Galactitol
dehydrogenase (galactitol:NAD*oxidoreductase; GatDH)
was first isolated from the galactitol-utilizing mutant
bacterium Rhodobacter sphaeroides (Carius et.al. 2010).
This homotetrameric enzyme reduces galactitol and
catalyses its conversion to L-tagatose (Demir, et. al. 2004).
This enzyme has also been used in biotransformation
studies for the reduction reactions of molecules such as
hydroxyacetone and hydroxyketone. The other enzyme
used in this study for bioreduction conversion shikimate
dehydrogenase (SDH) was isolated from Corynebacterium
glutamicum (Schoepe, et.al, 2006). Corynebacterium
glutamicum is a microorganism often used in industry
for bioconversion of aromatic structures. It also appears
to provide an attractive route for sustainable indole
production from tryptophan in Corynebacterium
glutamicum in the bioconversion production process
(Mindt M. et. al. 2021). As for diaphorase a commercially
available enzyme that is frequently reported in
biotransformation studies, especially in the reduction of
double bond structures (Fronza et.al 1996)

Here we aim to identify new enzymes that can be used
in the synthesis of chiral molecules with pharmaceutical
value. To this end, it is essential to screen enzyme
candidates applicable to chemoenzymatic methods.
The starting materials we have chosen here to create
chiral centres by reduction reactions are 4-Methoxy-2-
oxacyclohex-3-enylacetate and the esterase reaction
product 6-Hydroxy-3-methoxycycyclohex-2-enone.
While the enzymes we selected have the catalytic
properties to give the candidate reactions, the range of
non-specific substrates is unknown. An important factor
in the selection of these enzymes is that they have been
isolated, characterized and produced in quantities that
can be used in chemoenzymatic studies. As a result of
the optimization studies performed with these enzymes,
4-Methoxy-2-oxacyclohex-3-enylacetate, 6-Hydroxy-3-
methoxycycyclohex-2-enone did not form any reduction
product as a result of the analysis of the products isolated
from the enzymatic reaction medium. The deacetylation
product obtained by metal-activated radical reactions
using Mn(OAc), and lipase enzyme reactions was
previously developed but was successfully applied again
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with some modifications. This was followed by screening
of the products with some of the new and previously
unapplied dehydrogenase enzymes in the literature
that may enable the synthesis of more advanced chiral
structures.

MATERIALS AND METHODS

Synthesis of Substrates Used in Enzymatic Reduction
Reactions

Two substrates were prepared for the bio-reduction
reactions catalysed by galactitol dehydrogenase,
shikimate dehydrogenase and diaphorase. First
one is acetoxyenone (4-methoxy-2-oxocyclohex-
3-enlylacetate) and deacetylation product of
this  structure alphahydroxyketone (6-hydroxy-3-
methoxycycyclohex-2-enone). First, 3-methoxycyclohex-
2-enone was synthesized from cyclohexane-1,3-dione by
methylation method. This substance was then acetylated
with manganese-lll acetate. The resulting 4-methoxy-2-
oxocyclohex-3-enlyacetate was converted to 6-hydroxy-
3-methoxycycyclohex-2-enone by lipase and esterase
enzymes. This material was used as starting material for
enzymatic reduction reactions.

Synthesis of 3-Methoxycyclohexan-2-enone

4.500 g of 1,3-cyclohexanedione was taken into a 100
ml flask and 1 mL of CH,COOH was added and stirred
for a while in the heating mantle to dissolve. Then 50
ml of methanol was added to this medium and the
back cooling process was started. The formation of the
product was monitored by TLC (hexane: ethyl acetate
1:1). After the reaction was completed (approximately
12 hours), the product was extracted twice with ethyl
acetate at a volume ratio of 1:1. The pH was adjusted
to 7-8 with saturated NaHCO, solution. A silica-filled
column was used for purification of the product by
column chromatography. The column was conditioned
at (2:1) Hexane:EtOAc and the product was fractionated
at (1:1) Hexane: EtOAc. The structure of the product was
determined by 'H-NMR analysis.

Synthesis of 4-Methoxy-2-Oxocyclohex-3-Enyl
Acetate

Synthesis of 4-Methoxy-2-Oxocyclohex-3-Enyl Acetate
was carried out following the method described in
Demir et al. (2004) with some modifications. As organic
solvent benzene was used for this reaction. For this first
anhydrous benzene was prepared. Na was added to the
benzene in round bottom flask and the reaction was
carried outat 70 °Cin argon gas environment. Evaporated
water is condensed and collected in a separate flask and
this process was repeated several times.

For the reaction, potassium permanganate (KNInO4) was
dissolved in 10 mL of acetic acid (CH, COOH) and 90 mL of
anhydrous benzene was added. Reaction was performed

in a round bottom flask and placed in a heating mantle.
After reflux started the mixture was filtered and the
residual KMnO, was removed from the medium. The
medium turned to a purple colour due to the formation
of manganese(lll)acetate. Then the flask was placed into
the heating mantle again and total amount of 1260 mg
of enone was added slowly at a molar ratio of 1:4 Enone:
KMnO,. Since the separation of undissolved KMnO, from
the medium by filtration was laborious, Mn(OAc)s.ZHZO
was also used instead of KMnO,. For this, Mn(OAc),. 2H,0
was kept in an oven for 12-24 hours to obtain anhydrous
Mn(OAc),. For the acetylation step 3 g manganese (lll)
acetate (Mn(OAc), ) in 10 ml acetic acid (CH, COCH) in
a 250 ml flask is used and 90 ml benzene was added to
start the reaction. Reaction performed under reflux with
Dean-Stark trap and 45 minute later 1000 mg enone
was added slowly and the reaction was continued for
2-3 days. TLC controls were performed with 1:1 Hexane:
Ethyl acetate system. For extraction, benzene was
evaporated, and the product was dissolved in ether and
extracted with ethyl acetate. The extraction mixture was
neutralized with saturated aqueous NaHCO, solution.
The column was conditioned in 1:1 EtOAc-Hexane and
the product collected for separation. Structure analysis
of the product was performed by' H-NMR.

Enzymatic Hydrolysis of 4-Methoxy-2-Oxocyclohex-
3-Enyl Acetate

The starting material 4-methoxy-2-oxacyclohex-3-
enylacetate (20 pl) which was prepared in previous steps
was dissolved in 200 pl DMSO and added to 10 ml 50
mM phosphate buffer (pH: 7) containing the enzyme
Porcine Liver esterase (30 mg) or Lipase (40 mg). The
reaction was incubated at 30°C with 100 rpm rotation for
50 hours for racemic product and 22 hours for optically
enriched product formation. The reaction progress was
monitored by TLC in 1:1 EtOAc:Hexane mobile phase.
Product analysis was carried out by HPLC (Chiralpak AD,
90:10 Hexane:lsopropanol, 0.8 ml/min) for determination
of the enantiomeric excess (ee) and by H' - NMR for
structural analysis.

Producing Galactitol Dehydrogenase and Shikimate
Dehydrogenase from Recombinant E. coli Cells

Recombinant cells (E. coli BL21 were grown in sterile
LB (Luria Broth) agar containing 100 mg/ml ampicillin
and then transferred to 10 mL LB liquid media in 50 mL
falcon tube. Ampicillin was added at a concentration
of 100 pg/mL. After an overnight incubation (150 rpm
37 °Q) cells were transferred to 250 mL volume of the
same medium and incubated at the same conditions
for approximately 3-4 hours until OD value reaches
0.6-0.7 at 600 nm. At the end of this period, IPTG
(Isopropyl-D-thiogalactopyranoside) was added to the
culture medium with a final concentration of T mM for
transcription initiation. IPTG was sterilized before the
procedure by passing through a 0.2 um filter (Millipore®).
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After 5-8 hours incubation, cells were separated from the
medium by centrifugation (5000 rpm 4 °C, 10 min) and
then supernatant was discarded. Cells were resuspended
in phosphate buffer (50 mM, pH:7.5) containing 10
mM NacCl, 10 mM imidazole, 10 mL 2 mg lysozyme for
extraction. Crude extract was prepared by sonication (2
min, 2 sec intervals) and centrifugation (20000 rpm, 10
min at 4° C). For long-term storage, it was lyophilized for
1-2 days or stored in 20% glycerol at -20° C.

When we stored lyophilized cells instead crude extract,
cells were suspended in 50 mM phosphate buffer (pH:
6.5), lysozyme was added and incubated in an ice bath
for 5 min.The cells were lysed with the help of a sonicator
for a total of 2 min, 2 sec intervals and then the mixture
was centrifuged at 9000 rpm for 10 min. The crude
extract was used directly in enzymatic reactions or kept
in 20% glycerol at -20 °C for long term storage.

Bradford Protein Detection Method

Standard Preparation: Protein was determined according
to the Bradford method. 500 ul Bovine Serum Albumin
(Sigma) from 1mg/ml stock solution was diluted to 0.5
mg/ml with 500 pl of water. 500 pl of the 0.5% solution
was taken and diluted to 0.25 mg/ml with 500 pl of
water. A 0.125 solution was also obtained by the same
procedure. A blind sample, i.e. one without protein, was
also prepared. 50 ul of each of these solutions was added
to spectrophotometer cuvettes containing 1.5 ml of
Bradford reagent.

Sample Measurement: The samples to be measured for
protein concentration were diluted 1:100 and added to
1.5 ml of Bradford reagent and their optical absorbance
at 595 nm was measured and protein values were
determined.

Biocatalytic Reactions of 4-Methoxy-2-Oxocyclohex-
3-Enylacetate with Dehydrogenase Enzymes

Recombinant enzymes (GatDH and ShDH) prepared
as described above were added to 50 mM phosphate
buffer. For reactions with GatDH, 1 mM MgCI2 was added
to the reaction medium. To this mixture 6 mg of NADH in
300 uL DMSO was added. The reaction mixture was left at
35 °C with a rotation speed 80 rpm for 2 days. Reactions
with diaphorase enzyme were carried out with 4 mg of
lyophilized enzyme (Sigma, 6-8 U/mg). After 24 h, same
amount of enzyme was added to the reaction mixture.
Product formations were monitored by TLC (1:1 EtOAc:
Hexane). The reaction medium was extracted twice with
ethyl acetate, once with concentrated NaCl solution and
dried over magnesium sulfate (MgSO4). Product was
separated on a silica column (Hexane: Ethyl acetate 1:1).
Control experiments were carried out with enzyme-free
and substrate-free reaction mixtures.

Biocatalytic Reactions of 6-Hydroxy-3-
Methoxycyclohex-2-Enon with Dehydrogenase
Enzymes

6-Hydroxy-3-methoxycyclohex-2-enon (10 mg) was
dissolved in 300 yL DMSO and added to 50 mM pH 6-8
phosphate buffer containing 6 mg NADH, the enzyme
used for this conversion were GatDH (28 U) and SDH
(100 mg total protein of crude enzme). It was left at
35°C with a rotation speed 80 rpm for 2 days. Reactions
with diaphorase enzyme were carried out with 4 mg of
lyophilized enzyme (Sigma, 6-8 U/mg). Reactions with
enzyme-free and substrate-free mixtures were also
performed as control experiments. Product formation
was monitored by TLC (EtOAc: hexane 1:1). The reaction
medium was extracted twice with ethyl acetate, once
with concentrated NaCl solution, dried with magnesium
sulphate and cleaned on assilica column (1:1 Ethyl acetate:
Hexane). The resulting product was analysed by "H-NMR.

RESULTS AND DISCUSSION

Synthesis of 4-Methoxy-2-Oxacyclohex-3-Enyl
Acetate

We aimed to synthesize a cyclic acetoxy enone structure
(4-methoxy-2-oxocyclohex-3-enlylacetate) to use in
enzymatic reduction reactions. The first step to obtain
this substance was to synthesize 3-methoxy-cyclohex-
2-enone from cyclohexane-1,3-dione to prepare the
starting material for the acetylation reaction.

The synthesis of enone structure from cyclohexane-1,3-
dione was carried out in acidic medium (1:50 mixture of
acetic acid and methanol). The product was monitored
by TLC and the RF value of the product was determined
as 0.802 (EtOAc:Hexane 2:1) and product formation was
observed within the first 6 hours. Starting material was
completely consumed after 16 hours. According to the
proton MNR analysis, the methoxy group in the molecule
appeared at 3.63 ppm, the olephinic proton at 5.29 ppm
and the other -CH, peaks were 2.36-2.33, 2.29-2.25, 2.29-
2.25.("HNMR (CDCl, , 400 MH2):6 5.29 (s, 2H), 3.63 (s, 3H),
2.36-2.33 (m, 2H), 2.29-2.25 (m, 2H), 1.95-1.88 (m,2H)).
Based on this, the results showed that the substance
obtained is the structure of the expected enone (Figure
4.2).

4-methoxy-2-oxacycyclohex-3-enyl acetate was
synthesized as a starting material for two different
enzymatic reactions (enzymatic reduction and
deacetylation reactions). a, B a’ acetoxylation products
of unsaturated ketones are important chiral ligands.
Many methods have been reported related to synthesis
of these compounds. The method had been used in this
work is found to be advantageous because there is no
arylated by-product is formed. The reaction mechanism
asitis shown in the figure 2 proceeds radically.
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3-Methoxy-cyclohex-2-enone acetylated at the 3 enyl
position by adding 3 equivalents of manganese acetate
in acetic acid: benzene medium (Figure 3). The oxidation
product was obtained with 40-60% conversion rate
in 48-54 hours. Since the reaction is not proceeded
enantioselective the product obtained as racemic

mixture (Demir, 1991).

Figure 3. Synthesis of 4-methoxy-2-oxacycyclohex-3-
enyl acetate

After product formation observed by TLC (Rf: 0.320;
2:1 EtOAc: Hexane) at the end of 20 hrs, anhydrous
manganese acetate was added to the reaction medium.
To our observation using anhydrous manganese acetate
was an important factor affecting the efficiency of the
reaction. The reaction was terminated after 54 hours
when there is no change was observed. After isolation
and purification of the product, it was analysed by NMR
(Figure 4). Structure of the product was easily determined
by the proton NMR spectrum where the methyl peak
of the acetyl group was observed at 2.18 ppm and the
alpha proton was observed as dd at about 5.30 ppm. (' H
NMR (CDCl,, 400 MHz): 6 5.41 (d, J=1.5 Hz, 1H), 5.30 (dd, ,
J=5.3and 12.6 Hz, 1H), 3.71 (s, 3H), 2.67 (dddd, J=1.6, 5.2,
12.0 and 17.4Hz, 1H), 2.52 (ddd, J=2.9, 5.3 and 17.8 Hz,
1H), 2.27-2.20 (m,1H), 3.71 (s, 3H), 2.15-2.06 (m, TH)).
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Figure 4. NMR spectrum of 4-methoxy-2-oxacycyclohex-

3-enyl acetate

Asymmetric Hydrolysis of 4-Methoxy-2-Oxacyclohex-
3-Enyl Acetate Catalysed by the Enzymes Lyase and
Esterase: Synthesis of 6-Hydroxy-3-Methoxycyclohex-
2-Enone

The alpha hydroxy enone structure was formed
by deacetylation of the acetoxy enone structure.
Enzymes Porcine Liver Esterase (EC. 3.1.1.1.1) (PLE)
and Amanolipase (EC. 3.1.1.3.3) were chosen because
these enzymes carry out acetyl group transfers (e.g.
in amino acid synthesis) in the cell and these reactions
are enantioselective reactions (Figure 5). Due to these
properties, they are used in biotransformation studies
in acetyl group transfers, especially in deacetylation
reactions (Tanyeli, 2002). In this way, enantiospecific
synthesis of some valuable alcohols of pharmaceutical
o]

importance is carried out (Zelinski, 1994).
o]
°© OMe OMe

Figure 5. Synthesis of 6-hydroxy-3-methoxycycyclohex-
2-enone.

Esterase, Amano Lipase
pH 6.8, KPi

The GC-MS analysis of the product we synthesized shows
that the molecular weight of product is 142.1 and this
can be seen in the mass analysis, in addition, the mass
of the molecule formed because of a proton break (m/
z=141.1) can also be observed. In the mass analysis of
alcohol-containing compounds, the observation of the
M-1 peak accompanied by the molecular ion (M*) peak
and the presence of water exit (M8 peaks are quite
distinctive. The M"® peak of the compound was observed
at 124.1. The alpha hydroxyketone, which is expected to
be formed because of deacetylation by esterase reaction,
was analysed by proton NMR as well (Figure 6). The
methyl group of the acetyl group of this substance is not
observed in the spectrum and the alpha proton peaked
at a lower ppm (4.06 ppm) as expected. While the peak
should be split into three, it was split into two because
the substance is chiral. Apart from these, the proton
of the hydroxy group is seen as a doublet at 3.83 ppm,
which proves that the substance is the desired product
hydroxy enone structure. H NMR (CDCI3, 400 MHz): 6 5.42
(d, J=1.6 Hz, 1H), 4.06 (ddd, J=1.2, 5.5 and 13.1 Hz, 1H),
3.83 (d, J=1.2 Hz, TH), 3.73 (s, 3H), 2.63 (dddd, J=1.7, 5.0,
12.6 and 17.7 Hz, 1H), 2.49 (ddd, J=2.2, 5.2 and 17.9 Hz,
1H), 2.37 (dtd, J=2.3, 5.2 and 12.7 Hz, 1H), 1.84 (dq, J=5.3
and 12.7 Hz, 1H).
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Figure 6. NMR spectrum of  6-hydroxy-3-
methoxycycyclohex-2-enon

Production of Galactitol Dehydrogenase
and Shikimate Dehydrogenase Enzymes and

Determination of Enzyme Activity

During an enzyme production, it is necessary to know
the time when the enzyme is expressed at the highest
level and therefore the time point for enzyme extraction.
In this study, E. coli strains BL21 and DH5a carrying genes
encoding galactitol dehydrogenase and shikimate
dehydrogenase enzymes (D GatDH pET and CgISDH-L
correspondently) were used for enzyme production.
After induction with IPTG, production was terminated
after 5-8 hours, and cells were collected by centrifugation.
After obtaining the crude extract, enzyme-catalysed
reactions were carried out with this crude extract. The
enzyme activity in the crude extract was measured via
the reduction of GatDH 1,2-hexanedione and the specific
activity in the crude extract was calculated as 0.8-1 U/mg.
For the enzyme shikimate dehydrogenase, the activity
could not be calculated since the natural substrate of the
enzyme could not be obtained. However, experiments
were carried out with a crude extract mixture with a
determined total protein amount (100 mg) to able to
corelate the amount of the biocatalyst.

Biotransformation of 4-Methoxy-2-Oxacyclohex-3-
Enyl Acetate 2 And 6-Hydroxy-3- Methoxycyclohex-
2-Enone with 3 Dehydrogenase Enzymes

Galactitol dehydrogenase, shikimate dehydrogenase
and diaphorase are the enzymes selected for biocatalytic
conversion of the acetoxy enone 4-methoxy-2-
oxacyclohex-3-enyl acetate and the cyclic alpha
hydroxy enone 6-hydroxy-3-methoxycyclohex-2-enone.
Bioconversion reactions were carried out under optimum
reaction conditions for each enzyme according to the
reduction reaction in which the co-enzyme (NADH) is
oxidized. For dehydrogenase enzymes, the reduction
reaction takes place mostly at relatively acidic pH
levels compared to oxidation reactions. For this reason,
enzymatic reduction reactions were tested at different pH
levels in the range of pH 6-8. The reactions were carried

out completely in buffer medium, i.e. water. In our study,
DMSO (1%) was added to the reaction medium due to
the poor solubility of the substrates we synthesized for
the reduction reactions in water.

First, acetoxyenone structure was used for reduction
transformations (Figure 7). All three enzymes mentioned
above were used to test the biocatalytic reduction of this
structure. TLC checks at regular intervals from the first
30 minutes of the reactions and a product was observed
in all enzymatic transformations during the reactions.
However subsequent NMR analysis showed that this
compound was a a-hydroxy ketone structure formed
by the hydrolysis of the acetyl group. It is thought that
this hydrolysis product is not formed because of an
enzymatic conversion under the specified conditions
(pH: 6-8, 25-30 °C). However, these hydrolysis products,
which occurred at different rates and conversion yields
for each enzyme, were analyzed by HPLC to determine
the enantiomeric excess. The results showed that
the products had ee values in the range of 15-22% in
experiments with GatDH and SDH. Experiments were also
carried out with a control group in buffer medium only
and in buffer medium containing NADH. In these control
experiments, the deacetylation product was also formed,
it was observed that it occurred much slower and in
lower yields than the enzymatic reactions. This result was
difficult to interpret in terms of biocatalytic conversions.
It is well known phenomena that the enzymes are
promiscuous for their natural substrate and sometimes
also for their natural reaction type. But the evidences
here are not clear enough to conclude that this reaction
occurred due to this type of a promiscuous mode of
action of the correspondent enzymes. Therefore, we
need to have more evidence of this kind of deacetylation
reactions in aqueous media at different pH to be certain
about if this this conversion observed as a result of an

enzymatic reaction.
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Figure 7. Expected reactions of 4-methoxy-2-

oxacyclohex-3-enyl acetate with GatDH, SDH and
diaphorase enzymes.
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Anotherstarting material 6-hydroxy-3-methoxycyclohex-
2-enone was synthesized for bio-reduction reactions.
Bioconversion conditions that have been used in
previous bio-reduction reactions were again relatively
alkaline and aqueous at 25-30 °C. However, no product
formation was observed under any of the conditions
(Figure 8).
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Figure 8. Expected reactions of 6-Hydroxy-3-
methoxycyclohex-2-enone with GatDH, SDH and
diaphorase enzymes.

For our biodegradation experiments, the enzyme
diaphorase was also used since to examine the bio-
reduction of double bond of the enone structure.
However, according to the NMR and GC- MS analyses no
such product was observed as a result of the enzymatic
bioconversions with this enzyme for both of the
substrates 4-Methoxy-2-oxacyclohex-3-enyl acetate and
6-hydroxy-3-methoxycyclohex-2-enone.

CONCLUSION

This study covers the optimisation of chemoenzymtic
synthesis of pharmaceutically important chiral cyclic
enol structures. The first step was the synthesis of
starting material 3-methoxy-cyclohex-2-enone starting
from the cyclic diketone. This was followed by the
synthesis of 4-methoxy-2-oxacyclohex-3-enyl acetate by
alpha acetylation reaction and the enzymatic synthesis.
The formation of the products of these reactions was
confirmed by structure determination using proton
NMR analysis. The synthesized product was used for
biocatalytic digestion of dehydrogenase reactions as well
as acetylation with lipase and esterase enzymes to obtain
a second substrate for dehydrogenase conversions. The
formation of this substrate was also confirmed by both
proton NMR and GC-MS analysis and the enantiomeric
excess of this chiral structure was calculated by HPLC.
It was found necessary to use the racemic starting
materials for the enzymatic reactions which was planned
to be carried out with GatDH, SDH and diaphorase
enzymes. Depending on success of these trials then
we could proceed with the optically pure substrates.
For this reason, the reaction was first performed until
all the product was completed which results in racemic
mixture of deacetylation product. For the subsequent
experiments, reactions terminated at the end of the
20-24 hour therefore we could obtain 50% pure chiral
deacetylation product due to kinetic resolution of the
starting material. Following the synthesis of starting
materials  (4-Methoxy-2-oxacyclohex-3-enyl  acetate
and 6-hydroxy-3-methoxycyclohex-2-enone) GatDH,
SDH enzymes were produced using recombinant E. coli
cells carrying plasmids containing the genes encoding
the enzymes for use in biocatalytic reduction reactions
and prepared as crude extracts for biotransformation
reactions.

Biocatalytic reduction reactions of substrate in acetoxy

enone structure in aqueous medium with DMSO as
co-solvent did not produce the expected reduction
products. NMR analysis of the product showed that the
reduction product of the carbonyl group was not formed
but the acetyl group was cleaved. It would be stated as
this phenomenon was occurred due to the activity of
the other enzymes available in the medium for the bio-
reduction reaction performed with crude enzyme SDH.
But the same observation was obtained with the pure
dehydrogenase GatDH which was used for this reaction.
The reason for this may be that the acetyl group is not
formed because of an enzymatic reaction but because
of spontaneous deacetylation in aqueous medium.
HPLC analysis of the substance showed that product has
formed with a low enantiomeric excess (ee: 16%) and this
also suggests that both of the hypotheses may suggest
a explanation.

The fact that the expected product was not formed
should not be attributed to the deacetylation of the
substrate, but to the fact that the enzyme did not
convert this substance into a product under the specified
conditions. Because the alpha hydroxy ketone formed
as a result of deacetylation was also not converted into
any reduction product Moreover deacetylation reaction
took place quite slow (up to 16 hours), therefore it is not
expected to be competitive with the reduction reaction.

As it is stated before each substrate was also reacted with
another enzyme diaphorase for a possible reduction
reaction in double bond structure. Deacetylation
product that has been formed with GatDH and
SDH was not observed with this enzyme under the
specified conditions and within the specified time. In
biotransformation studies, dehydrogenase reactions
are carried out in buffer solution under acidic or basic
pH conditions, depending on the direction of the
reaction. Therefore, this type of biotransformation
method was used in our study. The reactions took place
at temperatures where the enzymes showed optimum
activity and the results obtained at different pH values
did not differ and the expected reduction product
was not obtained. Under these conditions, it can be
concluded that the dehydrogenase enzymes we used
do not prefer the substances 4-methoxy-2-oxacyclohex-
3-enyl acetate and 6-Hydroxy-3-methoxycyclohex-2-
enone as substrates for bio reduction reactions. These
pharmaceutically important compounds can be tested
with a different dehydrogenases for optimisation of
enantioselective reduction reactions.
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