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Stable Electroenzymatic Processes by Catalyst Separation

Falk Hildebrand[a] and Stephan L�tz*[a, b]

Electroenzymatic synthesis[1]

combines the superior selectiv-
ity of redox enzymes with the
waste-free supply of redox
equivalents by electric current.
However, for the last two de-
cades, electroenzymatic synthe-
sis has not fulfilled its great po-
tential, because the synthetic
value is often diminished by
reduced enzyme stability.[2,3]

During the coupling of the
electrochemical reduction of
nicotinamide cofactors
(NAD(P)H) by the rhodium complex [Rh ACHTUNGTRENNUNG(bpy)][4–7] to an
enzymatic synthesis reaction (see Scheme 1), the low biocat-
alyst stability is associated with the presence of the media-
tor. Since the precise nature of the interaction is not yet
known, we describe here the elucidation of the inactivation
mechanism as well as an approach to overcome this limita-
tion by separating the two catalysts. This results in an elec-
troenzymatic reactor setup with yet unreported catalyst sta-
bilities and utilisations.

To overcome the low enzyme stability in the presence of
mediator, three approaches have been described in the liter-

ature so far. Firstly, for a comparable, nonelectrochemical
application of [Rh ACHTUNGTRENNUNG(bpy)], the enzyme immobilisation
through its nucleophilic side chains (-NH2 and -SH) was
studied to prevent harmful interactions between the side
chains and the mediator.[8] Although this permitted work for
a period of a few hours, a decreasing reaction rate and in-
complete conversion indicate that other factors also play a
part in the inactivation.

Secondly, the use of a nucleophilic buffer to saturate the
coordination sites at the rhodium complex has been report-
ed to prevent an interaction with the enzyme.[9] In this case
as well, the reaction system was stabilised to a certain
extent, but product formation collapsed at very low conver-
sion (<10 %).

Thirdly, in a previous contribution we reported that con-
siderably increased enzyme stability can be achieved by the
addition of a nonreactive protein (bovine albumin).[2] In this
way, it was possible to quantitatively convert 17 mmol L

�1 of
substrate, and to achieve total turnover numbers of 35 (ratio
of product formed to catalyst consumed) for both mediator
and cofactor. However, a reduction of the reaction rate was
also found here in the course of the reaction. Since the pro-
cess is limited by the heterogeneous electrode reaction and
thus conforms to a zeroth-order rate equation this also
points to an inactivation. These observations have not yet
been explained satisfactorily.

We were unable to observe any stabilising effect for any
of the enzymes studied using the first two methods men-
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Scheme 1. Electroenzymatic reaction system for the synthesis of chiral alcohols.
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tioned above.[3] It is therefore doubtful whether these three
concepts can be generally applied.

Since enzyme activity was still present at the end of the
reaction when a nonreactive protein was added, we thus
concluded that the termination of the reaction cannot be
brought about solely by the inactivated enzyme but also by
inactivated mediator. As yet, the stability of the mediator
under reaction conditions has received little attention in the
literature. To investigate the interactions between the medi-
ator and the amino acids in more detail, we determined the
influence of amino acids on the mediator activity by cyclic
voltammetry. In the presence of amino acids, an in part dras-
tic reduction in the cathodic peak current was detected,
which is directly correlated with the catalytic activity of the
mediator. Figure 1 shows the ratio of the peak currents in
the presence and absence of amino acids.

The measurements support the hypothesis that the activity
of the mediator is reduced in the presence of proteins.
Above all, the amino acids cysteine, histidine and trypto-
phan drastically reduce the activity of the mediator.[3] Even
if the nucleophilicity of the amino acids can vary as part of
a protein, nevertheless it is to be expected that proteins that
have these amino acids at accessible positions will inactivate
themselves and the mediator within a short period by reac-
tion with the mediator.

This is thus the first time that a systematic study has been
conducted to investigate the aspect of mediator stability in
connection with an enzyme reaction. These results enabled
us to assign the inactivation to certain amino acids and to
correct the previous hypothesis, which generally stated that
the basic amino acids and cysteine are involved in the inacti-
vation.[8] Whereas, as expected, cysteine and histidine led to
high losses of mediator activity, the effect was less pro-
nounced for the other two basic amino acids lysine and argi-
nine. A possible reaction with the mediator had already

been proposed for cysteine[8] and a high reactivity between
cysteine and heavy metals had also already been observed
for other enzymes.[10] Moreover, the inactivating effects of
tryptophan and histidine are very strong, since the heteroar-
omatic rings can insert into the rhodium coordination
sphere. Other amino acids have less influence on the catalyt-
ic activity of the mediator, although in this case the a-amino
groups may also interact with the mediator. In a protein,
these groups would not be reactive as part of the peptide
bonds. This becomes apparent on the basis of the high resid-
ual activity with proline, which does not contain a free
amino group.

In the alcohol dehydrogenase from Lactobacillus brevis
(Lb-ADH), which is frequently used in both laboratory
scale and commercial scale, eight of these inactivating
amino acids are present[11] (2Cys, 4 His and 2 Trp), so that in-
activation is inevitable.

These findings make it clear why a stable electroenzymat-
ic reaction system is so difficult to establish. The inactivation
of the mediator by tryptophan cannot be prevented by mod-
ifying the thiol and amino groups.[6] Nucleophilic additives
cannot stabilise the reaction system either since the free co-
ordination site at the mediator, which is necessary for cata-
lytic activity, can always also react with the above-men-
tioned amino acids.[9] The addition of a nonreactive protein
leads to the retention of some of the enzyme activity but
only by completely inactivating the mediator, which likewise
leads to a termination of the reaction.[2] However, restricting
the choice of enzymes to those without these amino acids
present at accessible sites clearly negates a general applica-
bility of the process.

The only possibility of stabilising the enzyme and media-
tor and of establishing an efficient process is to create a spa-
tial separation. A compartmentalisation of the electrochemi-
cal activation of the mediator and cofactor reduction, on the
one hand, and the enzymatic synthesis reaction, on the
other hand, prevents direct contact between the enzyme and
mediator and should thus completely prevent inactivation.
This separation is made more difficult by the fact that the
cofactor must be able to reach both reaction chambers for
electron transfer. Since the mediator and cofactor are very
similar with respect to molecular weight and polarity,[3] the
molecular weight of the mediator has to be increased to ach-
ieve selective membrane retention.

The water-soluble polymer bonding of a catalyst for reten-
tion in the reactor chamber has already become well estab-
lished for a large number of processes.[12,13] [RhACHTUNGTRENNUNG(bpy)] has al-
ready been polymer-bound but only with a very high loss of
activity.[5,14] Since polymer bonding has to date only focused
on the retention of the mediator in the reactor chamber, in
which the enzyme was also present, the mediators only dis-
played minor stabilities.[15]

In contrast, we have developed a new synthesis route
leading to a hydrolysis-stable block polymer by the polycon-
densation of 2,2’-bipyridine-4,4’-di-aldehyde and a, w-func-
tionalised amino polyethylene glycol (M=6000 g mol�1) with
subsequent imine reduction by sodium borohydride (see

Figure 1. Activity loss of the mediator in the presence of amino acids. Re-
action conditions: 50 mmol L

�1 phosphate buffer, pH of 7; 2 mmol L
�1

mediator; 5 mmol L�1 amino acid; potential 0 mV to �1000 mV versus
Ag jAgCl; 100 mV s�1.
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Scheme 2). Complexation with rhodium then yields the
polymeric mediator.[16]

The polymeric mediator displays 26 % electrochemical ac-
tivity in comparison to the low-molecular-weight mediator
and is thus superior to the previously described [Rh ACHTUNGTRENNUNG(bpy)]
polymeric mediators with respect to rhodium activity.[3,15]

The loss of activity is mainly due to the steric shielding of
the rhodium centres by the nonreactive polymer, which
hampers contact to the electrode surface. Retention at a
membrane of regenerated cellulose (cut-off 3 kDa) is quan-
titative (>99.9 %), and also the leaching of rhodium out of
the complex is negligible.[3,13] This excellent retention means
that the reduced activity can be readily compensated by
higher catalyst loading.

To demonstrate the stabilisation of the reaction system,
an electroenzymatic reactor was constructed in which the
partial reactions took place at a distance from each other
(see Figure 2). The polymeric mediator is activated in an
electrochemical cell[17] and reduces the cofactor NADP+ to

NADPH. The mediator is subsequently selectively retained
at a membrane, whereas NADPH and the p-chloroaceto-
phenone substrate pass through the membrane and react at
the immobilised Lb-ADH[18] to form p-chloro-(R)-phenyle-
thanol and NADP+ . In this setup, substrate dosage is possi-
ble as is the separation of product solution, which is free of
the mediator and enzyme, thus facilitating processing and
saving costs.

A linear production formation of 0.42 mmol L
�1 h�1 was

achieved for six hours (see Figure 3). Subsequently, at a con-
version of 90 % it was possible to recover the immobilised
enzyme without any loss of activity (activity at the start
5.5�1 U mg�1, and at the end 6�1 Umg�1). Due to the
complete avoidance of enzyme inactivation, this process rep-
resents a new quality in the field of electroenzymatic synthe-
sis. Additionally, of the initially charged 0.1 mmol L

�1 media-
tor (based on Rh-units), which achieved a turnover number
of 30, the majority (86%; 0.086 mmolL

�1) could be recov-
ered. This translates into a mediator utilisation of total turn-
over number of 214. This value represents the highest medi-
ator utilisation reported so far for an electrochemical activa-
tion of [Rh ACHTUNGTRENNUNG(bpy)] coupled to an enzyme reaction, once
again giving clear evidence of the superiority of the new
process. Side reactions were also effectively prevented, an
enantiomeric excess of more than 97.3 % could be achieved.

The rather high cofactor concentration of 1 mmol L
�1

NADP+ was deliberately chosen so that it was negligible for
the reactor stability. However, after successfully demonstrat-
ing that the spatial separation of enzyme and mediator enor-
mously increases the process stability, this concentration can
easily be reduced.[18]

Herein, we have elucidated that the low enzyme stability,
the main limiting factor in electroenzymatic syntheses, is
due to the reaction of certain amino acids with the mediator
and that both the enzyme and the mediator are inactivated
in this process. We can now explain why all previous at-

Scheme 2. Synthesis route for polymer bonding of the mediator.

Figure 2. Reactor setup: 1) pump, 2) membrane reactor, 3) electrochem-
ical cell, 4) immobilised enzyme.
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tempts to stabilise the reaction system during the last twenty
years experienced limited success since only the prevention
of direct contact between the mediator and enzyme permits
a stable reaction system. We verified this hypothesis by cou-
pling the mediator to a water-soluble polymer, and separat-
ing enzyme and mediator by a membrane.

The stable product formation rate and the high catalyst
stabilities demonstrate the robustness of the optimised
system and its superiority to systems previously reported in
the literature with respect to enzyme and mediator utilisa-
tion.[2,8,9,15] This is the first electroenzymatic process that em-
ploys [RhACHTUNGTRENNUNG(bpy)] for which the major obstacle of low catalyst
stabilities is overcome and for which both mediator and
enzyme could be recovered with very high residual activities.
Furthermore, the system described offers more optimisation
potential, whereby special attention should be focussed on
higher product concentrations and improved cofactor utilisa-
tion.

Experimental Section

Synthesis of the polymeric mediator : a,w-Aminated poly(ethylene
glycol) (1.0 g, 0.167 mmol) and 2,2’-bipyridine-4,4’-di-aldehyde (35.4 mg ,
0.167 mmol) were dissolved in dry toluene (50 mL) and dry sodium sul-
fate (1 g) was added. The reaction mixture was stirred by a magnetic bar
at 40 8C for 24 h. After filtration, the solvent was removed under reduced
pressure and the product was dissolved in absolute ethanol (50 mL).
Sodium borohydride (31.4 mg, 0.83 mmol) was added and the mixture
was stirred for one hour at room temperature. After water (50 mL) was
added, the product was purified by ultrafiltration (membrane cut-off
3 kDa). Lyophilisation yielded white flakes (1.0 g, 96%). This polymer
was then dissolved in dry methanol (50 mL) and [{Cp*RhCl ACHTUNGTRENNUNG(m-Cl)}2]

(61.8 mg, 0.1 mmol, synthesised ac-
cording to Spika.[15]) was added. After
the solution had been stirred for one
hour at room temperature, the sol-
vent was removed under reduced
pressure and the product was purified
by aqueous ultrafiltration. Lyophilisa-
tion yielded orange flakes (1.01 g,
97%).
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Figure 3. Synthesis of p-chloro-(R)-phenylethanol by immobilised Lb-ADH with electrochemical cofactor re-
generation. Reaction conditions: 100 mL 100 mmol L

�1 phosphate buffer, pH 7; 4 mmol L
�1 p-chloroacetophe-

none (squares); 0.1 mmol L
�1 polymeric mediator (relative to Rh units); 1 mmol L

�1 NADP+ ; 1 g Lb-ADH-im-
mobilisate[18] ; �800 mV versus Ag jAgCl; circles: p-chloro-(R)-phenylethanol; triangles: p-chloro-(S)-phenyl-
ethanol; open diamonds: enantiomeric excess ee.
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