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Abstract:
Oxidative racemic resolution of 1,2-diols is a method for the
synthesis of enantiopure diols not easily accessed by reduction.
The constraints generally found for oxidation to hydroxy
ketones can be overcome by coupling various techniques. To
circumvent product inhibition, a membrane reactor with solvent
extraction of the lipophilic product was chosen. For the
oxidative regeneration of NAD+ from NADH anodic oxidation
mediated by ABTS was used. The kinetic characteristics of the
system were determined independently for each significant
system step. However, it proved difficult to simulate the coupled
process completely with the kinetic data obtained independently,
as true reaction conditions are not covered by kinetic experi-
ments. A mixed approach using a system of ordinary differential
equations corrected with data from the process (e.g. enzyme
activity) leads to a satisfactory description. This model was
applied as a starting point for identifying the relevant process
parameters.

1. Introduction
Oxidoreductases are versatile biocatalysts; dehydrogenases

in particular catalyze oxidations and reductions of interest
to organic chemists and the fine chemical industry.1-3

However, the effective application of dehydrogenases is often
limited for reasons affecting this class of catalysts in
general.4,5

Since the majority of dehydrogenases use a cofactor as
redox equivalents, their in situ regeneration has to be
considered for cost reasons. Additionally, kinetic inhibition
by either the oxidized or reduced form must be overcome.
Amongst the numerous methods for oxidative regeneration,

electrochemical regeneration by mediated anodic oxidation
is one of the most successful.6,7

A further kinetic complication for these biotransformations
is the inhibition of the enzymes by carbonyl compounds.
The concentration of the inhibitor must be low for the
reaction to commence at reasonable rate. One possibility of
overcoming product inhibition is the use of an extractive
enzyme membrane reactor (EEMR).8-16 The hydrophobic
product is extracted with an organic solvent conveniently
using a phase contactor module, whilst the enzyme is retained
by means of ultrafiltration.11,12

Suitable and versatile catalysts still have to be discovered
for the preparation ofS-enantiomers of 1,2-diols via reduction
of ketones. Until then kinetic racemic resolution by oxidation
is the method of choice,13 since these enzymes are com-
mercially available at reasonable cost.1

The approaches of electrochemical regeneration of
NAD+ 14-18 and extraction19,20 were combined in the elec-
trochemical extractive enzyme membrane reactor (E3MR)
for the oxidative racemic resolution of a 1,2-diol with
glycerol dehydrogenase fromCellulomonasspp.(GDH, EC
1.1.1.6).19,2121For the cofactor regeneration indirect electro-
chemical oxidation of NADH to NAD+ mediated by the
ABTS2-/ABTS•- redox couple (2,2′-azinobis(3-ethylben-
zothiazoline-6-sulfonate) was used.22 It was found to be a
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fast and selective oxidant for regeneration of NAD+.18

The overall reaction is depicted in Figure 1. A simplified
setup for the E3MR combining extraction and ultrafiltration
using a solvent-stable ultrafiltration module8 was utilized
(Figure 2).

Complete numerical description of the system is often
impossible, partly because the nature of the overall reaction
setup is complex and there is a relatively small amount of
data obtained by initial rate measurements; furthermore the
actual reaction conditions may differ from characterization
conditions. Due to the complex nature of the reaction system,
simulations of the system were hampered. Therefore a model
was built on the basis of independent characterizations of
the relevant processes and modules. This model was refined
by experimental data to account for influences under reaction
conditions, which cannot be covered by independent initial
rate experiments. The model consists of a system of ordinary
differential equations. To some extent it is able to describe
the concentration courses, as well as the process quantities,
i.e., conversion and enantiomeric excess. To this end, it was
necessary to take experimentally obtained enzyme activity
and the cofactor dosage into account. The model was further
used to extrapolate possible changes to the experimental
conditions.

2. Experimental Section
2.1. General.2,2′-Azinobis(3-ethylbenzothiazoline-6-sul-

fonate) diammonium salt, glycerol and all buffer salts were
supplied by Sigma-Aldrich, Steinheim, Germany. NADH was
obtained from Biomol, Hamburg, Germany. NAD+, glycerol
dehydrogenase fromCellulomonasspp.(GDH, EC 1.1.1.6),
and formate dehydrogenase fromCandida boidinii (FDH,
EC 1.2.1.2) were purchased from Jülich Fine Chemicals,
Jülich, Germany. All chemicals employed were of the highest
purity available and used without further purification. All

solutions were prepared from deionized water, obtained by
nanofiltration (Milli-Q, Millipore, Germany). Carbonate
buffer was prepared by adjusting a solution of potassium
bicarbonate (0.1 M) with a solution of dipotassium carbonate
(0.1 M). This buffer solution was used at pH) 9.0 unless
otherwise stated. 2-Hydroxyacetophenone was prepared
according to a procedure described elsewhere.25,26 UV
spectrometry was carried out at 25°C on a Spectrophotom-
eter UV 160 (Shimadzu Europe, Duisburg, Germany) using
quartz cuvettes (d ) 1 cm) or on a microplate reader (Thermo
max, Molecular Devices, Heidelberg, Germany) using 96-
well plates. Protein content was determined as described in
the literature.27-29 Conversion and enantiomeric excess
(enantiomeric ratio) were monitored using an HP6890 gas
chromatograph (Agilent Technologies, Waldbronn, Ger-
many), equipped with a CP-Chirasil-Dex CB column (Varian,
Darmstadt, Germany), with racemic 1-phenyl-1,2-ethanediol
used as a standard (carrier gas: hydrogen, gas flow: 140
mL/min, pressure: 0.5 bar, isotherm 130°C, 35 min, typical
retention times: 2-hydroxyacetophenone: 5.7 min, (S)-1-
phenyl-1,2-diol: 23.2 min, (R)-1-phenyl-1,2-diol: 24.8 min).

2.2. Cyclic Voltammetry. Cyclic voltammetric experi-
ments were performed on a BAS 100 B/W Version 2.3
Electrochemical Workstation (Bioanalytical Systems, West
Lafayette, Indiana, U.S.A.) using a three-electrode electro-
chemical cell. The working electrode was a glassy carbon
disk (3-mm diameter), and platinum wire was used as the
counter electrode. All potentials were measured and quoted
versus Ag|AgCl|3 M KCl as a reference electrode.

The experiments were carried out at 25°C after degassing
the solution with high-purity helium under nitrogen atmo-
sphere. Prior to each experiment, the working electrode was
polished mechanically to a mirror finish using 0.05µm
alumina powder and rinsed with deionized water followed
by buffer. The reduced cofactor was added as a solid and
the solution stirred between experiments.

2.3. Electrochemical Oxidation of ABTS2- to ABTS•-.
Electrochemical oxidation was performed in a quasi-divided
flow cell. The glass flow cell was equipped with a thermo-
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Figure 1. Reaction system of the oxidative kinetic racemic resolution with in situ regeneration of the oxidized cofactor NAD+ by
anodic oxidation mediated by the ABTS redox couple (GDH: glycerol dehydrogenase).

Figure 2. Modified E3MR with electrochemical cofactor
oxidation electrochemical flow cell (1), aqueous circuit pump
(2), ultrafiltration/extraction module (3), organic circuit pump
(4), continuous distillation (5).
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stating jacket. The anode was prepared from rolled graphite
felt (Sigratherm, 4 mm, 26.5 cm× 8.5 cm, 4.6 g, SGL
carbon, Bonn, Germany) contacted with platinum wire. The
counter electrode (Pt-wire in a dialysis tube to prevent direct
electrical contact) and the pseudoreference electrode (Ag-
wire in a dialysis tube to prevent direct electrical contact)
were placed in the center. Circulation was established using
a peristaltic pump (Watson-Marlow GmbH, Germany). The
cell was thermostated to 25°C. Potentiostatic electrolysis
was performed at 0.585 V (Amel potentiostat model 553,
Milan, Italy) and absorbance of the radical cation 420 nm27,28

was measured online in a flow cell (d ) 1.5 mm) in a UV
photospectrometer (AD2000, Avantes, Netherlands).

2.4. Reaction of ABTS• - with NADH. The reaction was
followed by detecting the decrease in absorbance of ABTS•-

(0.01 M in buffer), prepared by electrolysis of ABTS2- at
585 mV vs Ag/AgCl at 420 nm,24,25 upon the addition of
NADH at varying concentrations.

2.5. Stability Measurements.2.5.1. NAD+. A solution
of 1 mM NAD+ in potassium carbonate buffer was thermo-
stated at 25°C. The NAD+ concentration was measured after
reduction by formate dehydrogenase (FDH, EC 1.2.1.2)
according to the following procedure. The NAD+ solution
(0.1 mM) was allowed to react with FDH (0.06 mg/mL) in
0.1 potassium formate solution at pH) 7.0 and 25°C for
10 min. Absolute concentrations of NADH were determined
by UV spectrometry at 340 nm.

2.5.2. NADH.A solution of 0.5 mM NADH in buffer was
stored at 25°C. Samples were analyzed for NADH concen-
tration by UV spectrometry.

2.5.3. GDH.A solution of 2 mg/mL GDH in buffer was
stored at 25°C. Samples of this solution were withdrawn
and analyzed for enzyme activity towards glycerol. A
solution of 20 mM glycerol and 2 mM NAD+ in buffer was
monitored for change in absorbance at 340 nm after addition
of the enzyme.

2.6. Characterization of GDH. The reaction was fol-
lowed by monitoring increase in absorbance of NADH at
340 nm at 25°C in buffer. The reaction was initiated by
addition of GDH (0.26 mg/mL). Standard concentrations
were racemic 1-phenyl-1,2-ethanediol 100mM; NAD+: 2
mM. Concentrations were varied to obtain kinetic data.

2.7. Extraction. A solution of 1 mg/mL 1-phenyl-1,2-
ethanediol and 0.3 mg/mL 2-hydroxy-1-phenylpropanone
(300 mL) was pumped (0.5 L/min) through the hollow fibers
of the extraction module (Minikros-module, 8000 cm2 surface
area, PS, MWCO 10 kD, membrapure, Germany, peristaltic
pump: Watson-Marlow GmbH, Germany), whereas isooc-
tane was pumped through the outer shell of the extraction
module in counter-current flow (13 mL/min, pump: telab,
Germany) (Figure 2). The organic solvent (500 mL) was
continuously distilled from the extracted compounds under
reduced pressure (180( 10 mbar, 65°C, Rotavapor RE 111,
Vacobox R-160, Büchi GmbH, Göppingen, Germany).

2.8. E3MR Experiment. The reaction was carried out by
combining the electrolytic cell and extraction module in
series as shown in Figure 2. A buffered solution of 1-phenyl-

1,2-ethanediol (300 mL, 33 mM), 0.4 mM NAD+, 0.56 units/
mL GDH (18 units/mg) and 0.2 mM ABTS2- was used as
the aqueous phase. Initial concentrations were [R-diol]0 )
16.5, [NAD+]0 ) 0.4, [NADH] ) 0.0, [ABTS2-]0 ) 0.2,
and [ABTS•-]0 ) 0.0. The reaction was started by raising
the electrolysis potential to the desired value. Cofactor was
replenished at 0, 28.4, 53.2, 166.5, and 199.2 h with 0.4,
0.2, 1.3, 0.5, and 0.3 mM, respectively. Enzyme activity is
indicated in Figure 3. Samples were periodically withdrawn
and analyzed for protein content, residual enzyme activity,
concentration, enantiomeric ratio (S/R), and enantiomeric
excess ((S- R)/(S+ R)) of diol and hydroxyketone.

2.9. Simulation.The model parameters were obtained by
analysis of the independent experiments preceding the
E3MR experiment, as described above. The unadjusted
parameters were employed for simulation of the E3MR
experiment, i.e., none of the parameters was adapted by
fitting the simulated curves to the experimental ones. The
simulations were carried out using Maple 7 (Waterloo Maple
Inc.). The numerical solution was found using the embedded
Livermore Stiff ODE solver, lsode.

3. Results and Discussion
3.1. Five stepscontributing significantly to reaction rate

and selectivity were identified (Figure 1):
(A) heterogeneous formation of the radical cation ABTS•-

from ABTS2-,
(B) homogeneous oxidation of NADH to NAD+ by the

radical cation,
(C) enzyme-catalyzed oxidation of 2-phenylpropane-1,2-

diol (rac-diol),
(D) extraction of the inhibiting hydroxyketone from the

reaction mixture,
(E) decay of the enzyme and the cofactor under reaction

conditions.
These steps corresponding to the modules used in the

overall setup were then characterized independently.
A batch experiment in the electrochemical E3MR was

carried out. This experiment was then simulated with the
kinetic parameters of the five steps as characterized by the
inital rate experiments,18 taking into account measurements
of enzyme activity and the adjustments of enzyme and
cofactor concentration during the experiment. Different

Figure 3. Enzymatic activity during the course of the E3MR
experiment. The increases in the enzyme activity over time
result from supplementing enzyme at 16, 53,166, and 199 h.
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parameters were then altered to extrapolate the results to other
conditions to gain insight into the system and identify
possible limitations to be overcome.

3.1.1. Formation of ABTS•-. The oxidation of ABTS2-

to the teal-colored ABTS•- takes place in the electrochemical
flow cell (Figure 2). We characterized the influence of flow
rate as operating under conditions not limited by mass
transfer. Under experimental conditions (0.6 L/min,
[ABTS2-]0 ) 0.19 mM) the oxidation rate is a linear function
of ABTS2- concentration and thus can be described by a
pseudo-first-order rate law with the first-order rate constant
kf,ABTS•-. The reaction rate laws and the respective rate
constant are shown in Tables 1 and 2.

3.1.2. Homogeneous Oxidation.In the investigated con-
centration range, homogeneous oxidation of NADH to NAD+

by the radical cation was determined as first order in both
reactants with the rate constantkNADH. Due to the stoichi-
ometry, two molecules of ABTS•- are needed for the two-
electron step. The reaction order with respect to ABTS•-

could not be determined accurately and is under investigation.
We assume the first oxidation step to be rate limiting and
that successive oxidation is fast.

3.1.3. Enzyme Catalysis.The enzyme-catalyzed regio- and
enantioselective oxidation of the racemic 1-phenyl-1,2-
ethanediol (rac-diol)) to acyloin was determined by initial
rate experiments. It can be described by Michaelis-Menten-
type kinetics for both enantiomers with limiting reaction rates
Vmax,SandVmax,R, respectively, and complex binding constants
Km,SandKm,R. As the oxidation product, acyloin inhibits both
reactions and is accounted for by the inhibition constant
Ki,acyloin. Values from the nonlinear regression of the initial
rate measurements with the rate equations are given in Tables
1 and 2.

3.1.4. Extraction.Extraction of diol and acyloin from the
aqueous phase can be described by a first-order rate law with
rate constantskex,diol andkex,acyloin, respectively (Table 2). The
extraction is strongly dependent on the organic solvent, and
in the case of iso-octane a selectivity of 28 for the extraction
of the more lipophilic product acyloin can be achieved. The
usage ofn-octane, for example, is rather unselective. The
choice of solvent is mainly hampered by the phase contactor,
which is unstable with respect to other solvents of choice.
Since this is due to the instability of sealings and the housing,
further improvements can be predicted. Only commercial
phase contactors were used to maintain the generality of the
approach.

3.1.5. Decay of Cofactor and Enzyme.The decay of
NAD+ and NADH can be described by first-order rate laws
with the rate constantskd,NAD

+ andkd,NADH (Table 2).
The storage stability of the glycerol dehydrogenase from

Cellumonasspp.(GDH) was found to be high with a half-
life time of more than 80 days (buffer, pH) 9.0, 25°C).
Under reaction conditions this stability decreased due to the
deactivation in the hollow-fiber module.

Since loss in enzymatic activity during the E3MR experi-
ment was much higher than observed by stability tests
preceding the experiment, the simulations based on such
decay curves could not describe the experimental observa-
tions. Instead, enzymatic activity determined from samples
from the reactor run was used (see Figure 3) rather than the
first-order decay curves implied by the stability measure-
ments. Increases in enzyme activity indicate the addition of

Table 1. Rate laws for the individual steps of the overall oxidative racemic resolution

rate law reaction step

A kABTS
2-[ABTS2-] ABTS•- formation

B kNADH [NADH][ABTS •-] homogeneous oxidation

C-R
[GDH]Vmax,R[R-diol][NAD+]

(Km,R(1 +
[acyloin]
Ki,acyloin

) + [R-diol])(Km,NAD(1 +
[NADH]
Ki,NADH

) + [NAD+])
oxidation ofR-diol

C-S
[GDH]Vmax,S[S-diol][NAD+]

(Km,S(1 +
[acyloin]
Ki,acyloin

) + [S-diol])(Km,NAD(1 +
[NADH]
Ki,NADH

) + [NAD+])
oxidation ofS-diol

D-R kex,diol [R-diol] diol extraction
D-S kex,diol [S-diol]
D-acyloin kex,acyloin[acyloin] acyloin extraction
E-NAD+ kd,NAD [NAD+] NAD+ decay
E-NADH kd,NADH [NADH] NADH decay

Table 2. Kinetic constants used for the simulation and for
testing the steady-state assumption

parameter value unit

[GDH] Vmax,S 1.4× 10-3 mM s-1

[GDH] Vmax,R 1.0× 10-2 mM s-1

Km,R 15.6( 0.7 mM
Km,S 51.0( 0.8 mM
Km,NAD 0.71( 0.04 mM
Ki,acyloin (0.20( 0.05)× 10-6 mM
kex,diol (0.24( 0.06)× s-1

kex,acyloin (0.67( 0.03)× 10-5 s-1

kd,NAD (0.59( 0.05)× 10-5 s-1

[GDH] Vmax,RS
a 5.82× 10-3 mM s-1

Km,RS
a 25.0( 0.5 mM

kd,NADH
a (0.66( 0.04)× 10-6 s-1

kNADH
a (6.4( 0.1)× 103 M-1 s-1

kABTS
2- a (1.28( 0.07)× 10-2 s-1

a Only used for testing the steady-state assumption.
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enzyme at 16, 53,166, and 199 h. Because the enzyme
concentration was not accessible, it was decided to use the
product of enzyme concentration [GDH] andVmax for the
simulations.

3.2. E3MR Experiment. The combination of an ultrafil-
tration and extraction step using a solvent-stable ultrafiltration
module as phase contactor decreased the aqueous reactor
volume by more than 50% compared to previous ap-
proaches.8

3.3 Simulation. 3.3.1. Examination of the Reactions
Preceding the Enzymatic Catalysis.Given the numerical
values of the rate constants for the anodic and the homoge-
neous oxidation reaction it was investigated whether the
steady-state assumption was valid for the treatment of these
reactions.

For this purpose a system of ordinary differential equa-
tions (see eqs 1-7 and Tables 1 and 2) was formulated,
whereas a first-order rate law was postulated for both
compounds of the oxidation reaction as a first approximation.
The ABTS2- concentration was less than 0.12 mM through-
out the experiment.

Using these parameters (Table 2) and initial concentrations
(see above) the system of ordinary differential equations was
integrated for the first 2.8 h. On the basis of this simulation,
it was demonstrated that the NADH concentration was
constant at a very low level (<0.01 mM) during the entire
experiment and that after approximately 2.5 h the ABTS•-

concentration reached more than 0.99 of the initial ABTS2-

concentration (t1/2 ≈ 0.1 h). Not untilkNADH was decreased
by a factor of 100 could interim formation of NADH (>0.01
mM) be simulated. Hence, the regeneration of NAD+ (B) is
fast under the experimental conditions and does not deter-
mine overall rate.

3.3.2. Simulation of the E3MR Experiment.Due to the
previous modeling results, the equation for NADH, eq 4,
and the ABTS redox couple, eqs 1 and 2, were omitted from
the system of ordinary differential equations (ODE) (eqs
1-7). Furthermore, eq 3 could be reduced to the decay term
E-NAD+ since other contributions were shown to be
negligible. Also the inibition by NADH for the oxidation
can be neglected, because the inhibition term [NADH]/
Ki,NADH in the denominator of C-Rand C-Sis small. This
highlights the advantage of electrochemical oxidative regen-

eration for the reaction, since the relatively strong inhibition
by NADH (Ki,NADH ) 0.1 mM) can be neglected. The
parameters and initial conditions used for the simulation thus
were reduced to nine (Table 2), and the initial concentrations
were as given above. The dosage profile of NAD+ was taken
as given above. Actual values of the enzymatic activity
originated from the measured data (Figure 3). Since the
activity was determined from the racemic substrate, the
[GDH] Vmax values of the enantiomers were calculated by
balancing the respective reaction rates with regard to assay
conditions.

The time courses of the related reactants resulted after
integration of the ODE system within 0-242 h, see
Figure 4.

The results for conversion and enantiomeric excess (ee)
calculated from the simulated time courses are shown in
Figure 5.

Whilst the simulated concentrations forR-diol adequately
match the experimental points, the simulatedS-diol concen-
trations deviate from the experimental data. This may be
explained by the fact thatKi,acyloin and Km,NAD values were
not determined separately for each enantiomer. For the same
reason, calculation of the [GDH]Vmax,R and [GDH] Vmax,S

values from the [GDH]Vmax,RSvalue was imprecise.
Nevertheless, the model appears to be suitable for

identifying the limiting parameters restricting conversion rate
and enantiomeric excess. From sensitivity analysis it was
demonstrated that the main influencing parameters are the
inhibition constantKi,acyloin and the extraction coefficient
kex,acyloin.

d
dt

[ABTS•-] ) + A - B (1)

d
dt

[ABTS2-] ) - A + B (2)

d
dt

[NAD+] ) + B - C-R- C-S - E-NAD+ (3)

d
dt

[NADH] ) - B + C-R+ C-S - E-NADH (4)

d
dt

[R-diol] ) - C-R - D-R (5)

d
dt

[S-diol] ) - C-S - D-S (6)

d
dt

[acyloin] ) + C-R+ C-S - D-acyloin (7)

Figure 4. Simulated (lines) and experimental concentrations
(points) as a function of reaction time for R-diol (solid) and
S-diol (dashed, open).

Figure 5. Simulated (line) and experimental (points) enantio-
meric excess as a function of conversion.
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3.4. Variation of Parameters. The model described
above was used to make predictions for the experimental
results obtained under modified process conditions.

Different approaches were formulated for the investigation
of alternating process conditions, which could influence the
experimental results. Kinetic constants of the enzyme were
not altered, as these are outside our influence. Only one
parameter was modified at a time so that the extrapolation
would show the significance of that parameter alone and
guide future efforts at improving the system. It is important
to consider that the selectivity depends on the relative
concentrations of the diols as well as the absolute concentra-
tions of the diol. The results are shown in Figure 6.

• Initial substrate concentration (Figure 6a,b)
Doubling the initial concentration of 1-phenyl-1,2-

ethanediol does not significantly affect conversion and ee.
However, due to deactivation, the enzymatic activity was
not high enough during the experiment for the transformation
of the 4-fold diol concentration.

• NAD+ dosage (Figure 6c,d)
Two alternative strategies were compared to the actual

experiment. A 6-fold higher initial concentration with no
supplemental dosage and a chemostatic approach with
constant NAD+ concentration were investigated. Both ap-
proaches could apparently improve the experimental results.

The use of an initial concentration of [NAD+]0 ) 3.0 mM
could significantly increase the ee. The high initial concen-
tration of NAD+ increases enzymatic reaction rate at the
beginning of the experiment so that the high molar concen-
trations ofR-diol available at that point in time could be
rapidly transformed with better enantioselectivity. Towards
the end of the experiment the small substrate amount
predominantly limits the rate of the enzymatic conversion.
Hence, keeping the NAD+ concentration at a constant level
of 3.0 mM could improve the experimental results.

• Extraction (Figure 6e)
Improving the extraction could strongly increase conver-

sion and ee. A higher degree of extraction was simulated by
an increase of the extraction constantkex,acyloinby factor 10.
This also changes selectivity towards the desired extraction
of the lipophilic product. Alternate solvents may yield
superior results, but the choice of solvents is reduced by the
stability of commercially available membrane modules.

• Enzyme stability (Figure 6f)
The deactivation of the enzyme turned out to have the

strongest influence. If deactivation was omitted from the
simulation, results were significantly enhanced. Here also
the use of a different solvent could be a suitable solution,
even though stability measurements did not indicate such a
drastic decrease of stability in the presence of the organic
solvent. The increase in enantioselectivity is mainly thought
to be attributable to increasing the reaction relative to the
extraction rate. If the reaction can be carried out on a shorter
time scale, the concentrations of the diol are higher in the
simulated experiment since extraction rate is unchanged. As
the enantioselectivity decreases with the concentration of the
substrate, a faster reaction favors selectivity.

4. Conclusions
The ABTS-redox couple is a fast mediator for the

electrochemical cofactor regeneration of NAD+. Utilization
of the E3MR is a feasible solution to overcome product
inhibition for the oxidation of 1,2-hydroxyketones to obtain
the desired enantiopureS-diol from oxidative racemic
resolution. The model enzyme system is far from being
optimal or of practical relevance. This holds true for both
stability under reaction conditions and stereoselectivity,
which can be emphasized by means of simulation. It is also
demonstrated that the electrochemical regeneration does not
limit the overall rate, whereas the extraction and the
replenishment strategy should be the targets of new inves-
tigations. The simulation proved to be a powerful tool for
determining the significant parameters in such a multistep
setup.
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Figure 6. Relative to the original model calculated conversion at 90% enantiomeric excess (left) and enantiomeric ratio at 50%
conversion (right) are plotted as function of varying experimental conditions; (a) 2-fold initial concentration (2[PED]0), (b) 4-fold
initial concentration (4[PED]0), (c) initial concentration [NAD +]0 ) 3 mM with no further cofactor addition, (d) constant [NAD +]t

) 3 mM, (e) improved extraction for 2-hydroxyacetophenone (10kex,ac), (f) no enzyme deactivation.
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