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Alcohol dehydrogenases (ADH) are enjoying increasing
interest as versatile and selective biocatalysts in the context
of both academic research and industrial implementation.[1]

The stereospecific reduction of prochiral ketones is an area of
application most attractive to preparative organic chemists.[2]

In contrast, the oxidation of alcohols is less popular because
chirality is mostly destroyed rather than generated.[3] Fur-
thermore, ADH-catalyzed oxidation is limited to the con-
version of primary or secondary alcohols into the correspond-
ing aldehydes and ketones. The few biocatalytic examples
reporting on the complete oxidation of alcohols to the
corresponding carboxylic acids focused on either whole
cells[4] or the combination of an ADH with an aldehyde
dehydrogenase (AldDH).[5] Simplifying the reaction scheme
to ideally only one biocatalyst would greatly increase the
preparative value of the biocatalytic synthesis of carboxylic
acids from alcohols. In principle, the ADH-mediated oxida-
tion of aldehydes is well-known as the dismutation activity of
some ADHs.[6] Quite surprisingly, however, this reactivity has
been largely considered a curiosity and preparative applica-
tions are, to the best of our knowledge, yet unknown.

Hence we became interested in evaluating the scope of
the ADH-catalyzed oxidation of aldehydes yielding the
corresponding carboxylic acids. As a model reaction we
choose the oxidation of (racemic) profen aldehydes. Profens
(2-methyl-arylpropionates), efficient nonsteroidal antiinflam-
matory drugs, are generally marketed as racemates. With the
growing demand for enantiomerically pure, active pharma-
ceutical ingredients, routes to enantiomerically pure profens
are being increasingly investigated.[7] To circumvent the

intrinsic drawbacks of the kinetic resolution of racemic
profens, enantioselective routes are gaining relevance.[8]

We envisaged an oxidative dynamic kinetic resolution
(DKR) as shown in Scheme 1. Compared to the previously
reported reductive DKRs of profen aldehydes yielding

enantiopure profen alcohols[8a–c] this approach produces the
desired product directly without further chemical oxidation.

To evaluate whether aldehyde oxidation is a common
activity amongst ADHs or rather an exception, we screened
the proprietary c-LEcta ADH collection, comprising 70
ADHs from diverse origins recombinantly expressed in
Escherichia coli for the oxidation of racemic 2-phenyl
propionaldehyde.[9] Regeneration of catalytic amounts of
NAD(P)+ was achieved by using an H2O-forming NAD(P)H-
oxidase (NOX) from Lactobacillus sanfanciscensis.[10] To
ensure efficient regeneration of NAD(P)+ and to compensate
for the comparably poor stability of this enzyme, it was
applied at more than 100-fold excess (based on activity).[11]

Out of the 70 ADHs screened, 9 showed significant accumu-
lation of the desired acid (Table 1). Both R- and one S-specific
ADHs were identified.[9] Notably, there was a significant
background activity of the E. coli host enzymes with modest
R selectivity. Possibly, endogeneous aldehyde dehydrogen-
ases or ADHs exhibiting “dismutase activity” accounted for
this.

In analogy to the generally accepted mechanism of ADH-
catalyzed alcohol oxidation, we assumed that aldehyde
oxidation proceeds via the aldehyde hydrate form of the
aldehyde. Hence, we suspected an influence of pH on the rate
and equilibrium of the aldehyde hydrate formation. Indeed,
raising the pH generally increased the ratio of acid over
alcohol formed (Table 1). Interestingly, however, the initial
rates of the reactions were hardly influenced by the pH value,

Scheme 1. The oxidative dynamic kinetic resolution of profen alde-
hydes. ADH: alcohol dehydrogenase.
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which was unexpected considering the general preference of
ADHs for alkaline media in oxidative direction.[12] Possibly,
this trend is counteracted by the decreasing NOX activity
under alkaline conditions.[9, 10] Nevertheless, NMR experi-
ments corroborated that already at neutral pH the concen-
tration of the aldehyde hydrate of 2-phenyl propionaldehyde
was sufficiently high.[9]

Encouraged by these results, we further investigated
ADH-9. A protein-engineering campaign was initiated to
increase the activity and enantioselectivity of ADH-9, result-
ing in an improved variant (ADH-9V1, which was also
purified).[9,13] To further understand the mechanistic origin for
acid selectivity we compared the Michaelis–Menten param-
eters of ADH-1 (exhibiting the lowest acid selectivity) with
those of ADH-9 (exhibiting high acid selectivity) and ADH-
9V1 (Table 2). The most striking difference between ADH-9
and the other enzymes investigated lies in the very poor
affinity towards the reduced nicotinamide cofactor (NADH),
which delivers a kinetic argument for the higher acid

selectivity of ADH-9 relative to that of ADH-1 and ADH-
9V1, respectively.

We hypothesize that the ratio of KM(NAD+) over KM-
(NADH) could represent a simple diagnostic value to predict
the suitability of an ADH for aldehyde oxidation. Further
investigations to support this are currently underway.

However, even if the chemoselectivity of a given ADH is
not exclusive, application of an efficient NAD(P)+ regener-
ation system may be suitable to shift the disproportionation
reaction into the desired oxidation direction. To validate this
hypothesis we compared the conversion of 2-phenylpropion-
aldehyde with ADH-9 and ADH-9V1 (the latter as a crude
extract as well as a purified enzyme, to exclude potential
contributions of E. coli proteins) in the presence and absence
of a NAD+ regeneration system (Figure 1). In the absence of

a NAD+ regeneration system the “natural” chemoselectivity
of the ADHs resulted in the formation of trace amounts of
alcohol in the case of ADH-9 and an almost equimolar ratio
of acid and alcohol in the case of ADH-9V1 (both as a crude
extract and a purified enzyme). If however, under the same
conditions NOX was added for cofactor regeneration, only
trace amounts of alcohol were observed after a reaction time
of 40 h resulting in almost exclusive acid selectivity with both
enzymes. Hence, we conclude that even an ADH with
“unfavorable” acid selectivity can be used for the oxidation
of aldehydes, provided efficient NAD+ regeneration is
performed.

A typical time-course for the conversion of racemic 2-
phenylpropionaldehyde using ADH-9V1 is given in Figure 2.
The starting aldehyde was consumed within the first 5 h
yielding the desired (S)-2-phenylpropionic acid in greater
than 90% yield and 88% ee. Trace amounts of 2-phenyl-
propionyl alcohol formed at the beginning of the reaction
(< 10% conversion) were slowly consumed over time,
presumably via the aldehyde to give the acid.

Table 1: Results from the initial ADH screening for the oxidative turnover
of 2-phenyl propionaldehyde.[a]

Entry[b] Aspec [UmL�1][c] Acid/alcohol[d] ee [%][e]

pH 7 pH 9 pH 7 pH 9 pH 7 pH 9

R-specific ADHs
1 0.1 0.04 0.6 1.6 72 53
2 0.7 0.7 3.6 5.3 50 47
3 0.6 0.7 3.9 7.5 46 49
4 0.4 0.2 2.4 9.6 37 47
5 0.7 0.2 2.1 2.4 23 21
6 0.7 0.6 1.9 2.8 81 81
7[f ] 2.2 2.1 3.2 5.4 94 90
8 0.1 0.04 1.3 >10 39 45
S-specific ADHs
9[g] 0.4 0.2 >10 >10 77 46
control[h] 0.02 0.04 >10 >10 45 (R) 40 (R)

[a] Conditions: 50 mm Tris/HCl buffer (30 8C, pH 7 or pH 9, 2 mm

MgCl2); 1% (v/v) DMSO; c(2-phenylpropionaldehyde)0 = 5 mm,
c(NAD+) = c(NADP+) =1 mm, crude NADH oxidase (NOX) extract.

[b] Each entry represents a different ADH recombinantly expressed in
E. coli. [c] Specific activity of crude cell extracts determined after 3 h.
[d] For values exceeding 10, only the acid was detected by HPLC analysis.
[e] ee value of the acid (2-phenyl propionic acid) was determined by
HPLC on a chiral stationary phase. [f ] Corresponds to E. coli ADH dkgB
(2,5-diketo-d-gluconate reductase B, GenBank: BAL37507.1). [g] For the
sequence of ADH-9 please refer to the Supporting Information. [h] E. coli
cells containing the empty expression vector under otherwise identical
conditions.

Table 2: Comparison of the kinetic parameters of (un)selective ADHs.[a]

KM [mm] Selectivity[b]

NAD+ NADH

ADH-1 0.059 0.054 0.6
ADH-9 0.26 13.3 4.55
ADH-9-V1 0.12 0.37 1.38

[a] Conditions: 50 mm Tris/HCl buffer (30 8C, pH 7, 2 mm MgCl2); 20%
(v/v) DMSO; c(2-phenylpropionaldehyde)0 = 5 mm, c(NAD+) = 1.5 mm.
[b] Selectivity= [acid]/[alcohol] (Table 1).

Figure 1. Comparison of acid/alcohol selectivity of ADH-9 and ADH-
9V1 in the absence (left) and presence (right) of an NAD+ regener-
ation system. Conditions: 50 mm Tris/HCl buffer (30 8C, pH 7, 2 mm

MgCl2); 20% (v/v) DMSO; T = 30 8C; c(2-phenylpropionaldehyde)0 =
5 mm, c(NAD+) = 1 mm, c(ADH)= c(NOX)= 1 mgmL�1; t = 40 h.
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The yield and optical purity of the acid product clearly
corroborate the assumed dynamic kinetic resolution of the
racemic starting material (Scheme 1). Interestingly, when we
used purified ADH-9V1 we observed an inverse correlation
between the enantiomeric purity of the acid product and the
catalyst concentration applied.[9, 14] Hence, lowering the con-
centration of purified ADH-9V1 from 20 to 0.5 mg mL�1 (i.e.
decreasing the initial acid formation rate from 7.4 to
0.19 mmh�1) increased the ee value of the product from 52
to 97% ee. We attribute this to a comparably low racemiza-
tion rate of the aldehyde under the given reaction conditions
as had also been determined previously by Galletti et al.[8b]

Hence the oxidation rate even of the nonpreferred enantio-
mer exceedsthe rate of racemization. Potential solutions such
as lowering the pH value of the reaction mixture as well as
application of resins catalyzing the racemization[15] are
currently under investigation.

Next, we investigated the scope of this oxidation
approach. Starting from the corresponding alcohol it could
represent an interesting biocatalytic alternative to “classical”
chemical oxidations, particularly considering that oxygen
serves as terminal electron acceptor producing water as the
sole by-product. Table 3 demonstrates that both the oxidative
dynamic kinetic resolution of aldehydes as well as the
“through oxidation” starting from primary alcohols is feasible
with a broad range of substrates.

Finally, it should be mentioned here that the current setup
was somewhat limited by the poor overlap of operational
windows of the production enzyme (ADH) and regeneration
enzyme (NOX) as well as by the poor stability of NOX under
the reaction conditions.[9] Applying a substrate-coupled
approach would significantly simplify the reaction system to
only one biocatalyst. Hence, we also tested the oxidative
DKR of flurbiprofen aldehyde using acetone as a sacrificial
cosubstrate. Gratifyingly, also this setup was successful for the
chemoselective conversion using ADH-9. Already in the
presence of one equivalent of acetone more than 90% of the
flurbiprofen aldehyde was transformed into the acid, whereas
in the presence of two equivalents the conversion was

complete.[9] In any case, the corresponding alcohol was not
detected. ADH-catalyzed Oppenauer oxidations, unless per-
formed using special cosubstrates[16] are hampered by the
unfavorable equilibrium of the reaction. Thus, significant
molar surpluses are generally applied to shift the equilibrium.
This was not the case in the aldehyde oxidation proposed
here, which we attribute to the thermodynamic and kinetic
irreversibility of the acid formation. Performing the oxidation
of, for example, flurbiprofenaldehyde on a preparative (1 g)
scale was successful, although the modest yield of the reaction
(46 %) implies that significant improvements can be made in
the experimental procedure. Especially the high reactivity
and poor solubility of the aldehyde starting materials need to
be addressed. Experiments further exploring the scope of this
highly simplified reaction setup are currently underway in our
labs.

Overall, we report that also “old dogs” such as ADHs,
widely used and well-characterized as catalysts for chemical
redox chemistry, can be used for new tricks such as the
proposed oxidative DKR. The results presented suggest that
this activity may be present in a broad range of (commercially
available) ADHs. Compared to the established methods, our
approach is simple and has great potential for “greener”
syntheses of, for example, profens.
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Figure 2. Typical time-course of the ADH-9-catalyzed DKR of 2-phenyl-
propionaldehyde. Conditions: see Figure 1. (^): 2-phenylpropionic
acid, (&): ee value; (*): 2-phenylpropionyl alcohol; (~): 2-
phenylpropionaldehyde. The ee value of the product was 88 % through-
out the reaction.[17]

Table 3: Preliminary substrate scope of the ADH-9V1-catalyzed oxida-
tion[a] of alcohols and aldehydes.[17]

Product [mm] (conv. [%])[b]

starting from
Product alcohol aldehyde

1.4�0.2
(73)

1.39�0.01
(>99)

1.36�0.04
(70)

1.00�0.06
(67)

0.61�0.03
(37)

2.28�0.03
(95)

0.39�0.02
(9)

2.43�0.09
(94)

n.d.
0.72�0.07

(65)

[a] Conditions: 50 mm Tris/HCl buffer (30 8C, pH 7, 2 mm MgCl2); 20%
(v/v) DMSO; T = 30 8C; c(2-phenylpropionaldehyde)0 = 5 mm,
c(NAD+) = 1 mm, c(ADH)= 20 mgmL�1, c(NOX)= 10 mgmL�1, values
given represent the average of two independent experiments each;
t = 21 h. [b] Conversion calculated based on the concentrations deter-
mined after 21 h. [c] ee value depended on the biocatalyst concentra-
tion.[9] [d] ee value of the acid: 56 % ee. n.d.= not determined.
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