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The direct functionalization of alkanes to alkanones by means
of molecular oxygen represents one of the so-called “dream
reactions”.! A reaction type of particular interest in this area
is the oxidation of (higher homologous) cycloalkanes to the
corresponding cycloalkanones according to the synthetic
concept shown in Scheme 1. The synthesis of cyclohexanone
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Scheme 1. Reaction type of the direct oxidation of cycloalkanes to
cycloalkanones with oxygen.

(2a), cyclooctanone (2b), as well as cyclododecanone by this
route is of particular interest due to the economic importance
of these compounds (although other synthetic approaches to
them also exist).”!! For example, cyclohexanone (2a) is
a building block in the large industrial scale manufacture of
e-caprolactam, which is required for the production of nylon-
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6, as well as for the synthesis of adipic acid, which is required
for the production of nylon-6.6. Cyclooctanone (2b) is
a monomeric building block that serves as the starting
material for the production of polymers. In addition, cyclo-
dodecanone is needed for the production of laurin lactam and
polyamides (nylon-12, nylon-6.12), and is also used industri-
ally in the production of fragrances and UV absorbers.

A current route for the production of cycloalkanones, in
particular higher homologue cycloalkanones with eight or
more carbon atoms, on a large industrial scale is based on the
use of molecular oxygen as the oxidation agent according to
the Bashkirov process.”! However, drawbacks of this multi-
step procedure include the need for a stoichiometric amount
of boric acid, the selectivity of the cycloalkane oxidation,
which is acceptable only at low conversions (< 40 %), as well
as the extensive distillation-based separation procedure of the
product mixture formed because of the low conversion.”! In
recent years, nitrous oxide has been used instead of oxygen as
the oxidation agent for the efficient industrial transformation
of cycloalkenes to cycloalkanones.™

In the following we describe a biotechnological process, in
which the desired cycloalkanone 2 is obtained directly by
a one-pot process starting from a cycloalkane 1. This concept
is characterized by the reaction taking place in water, by
molecular oxygen being used as the oxidation agent, and by
no further cosubstrate being required.®’! Thus, this process
fulfills the criteria of the “dream reaction” according to the
synthetic concept shown in Scheme 1. In the initial step of this
process, the cycloalkane 1 is hydroxylated with molecular
oxygen by means of a P450 monooxygenase to afford the
corresponding cycloalkanol 3 (Scheme 2). The reduced form
of the cofactor NAD(P)H is required for this step, and is then
oxidized to NAD(P)*. This is followed by a further alcohol
dehydrogenase catalyzed oxidation of the cycloalkanol 3 to
afford the desired cycloalkanone 2. This transformation of 3
proceeds in situ (without isolation of intermediate 3), and in
this step the oxidized form of the cofactor (resulting from the
first step) is converted back to the reduced form NAD(P)H by
means of the alcohol dehydrogenase. This regenerated
(recycled) reduced form of the cofactor NAD(P)H is then
available for the next monooxygenase-catalyzed hydroxyl-
ation step. Accordingly, only cycloalkane and molecular
oxygen are needed as reagents. A P450 monooxygenase, an
alcohol dehydrogenase, and the cofactor NAD(P)H are used
as the catalytic components. In contrast, the addition of
stoichiometric amounts of (“external”) cosubstrates for
regeneration of the cofactor, which is a typical feature of
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Scheme 2. Concept of an enzymatic direct oxidation of cycloalkanes to
cycloalkanones with oxygen.

enzymatic redox reactions with monooxygenases and dehy-
drogenases, is not required in this double-oxidation concept
(with the exception of O,). The reaction system described
above is shown schematically in Scheme 2. Another type of
double oxidation, consisting of the combination of an alcohol
dehydrogenase with a Baeyer—Villiger monooxygenase, was
proven in an earlier study by Willetts et al. to be suitable for
the preparation of lactones.!

In our initial experiments, an enzyme screening (P450
monooxygenases and alcohol dehydrogenases) was con-
ducted for both oxidation steps individually. The recombinant
P450 monooxygenase BM-3 from Bacillus megaterium was
the starting point for the initial hydroxylation step.””
Recently, there have been multiple reports on the introduc-
tion of suitable mutations to improve the catalytic properties
of this hydroxylating enzyme, which in its native form only
shows poor activity toward alkanes and cycloalkanes. For
example, by means of protein engineering, Urlacher and co-
workers obtained turnover frequency (TOF) values (oxida-
tion rates) of up to 230 min~! for cycloalkanes,' Drone and
co-workers achieved total turnover numbers (TTNs) of up to
410 for alkanes," Arnold and co-workers observed TTN val-
ues of up to 33400 for alkanes,"” and product formation of up
to 8.4 mm accompanied by turnover numbers (TONs) up to
3632 was reached by Reetz and co-workers for n-butane.™!
All of these transformations, however, required the use of an
“external” cosubstrate or the addition of a stoichiometric
amount of the cofactor.

To find a monooxygenase mutant optimized with respect
to the hydroxylation of cycloalkanes we screened a BM-3
mutant library, with cyclooctane (1b) chosen as the cyclo-
alkane substrate. The molar amount of the corresponding
P450 monooxygenase in the lyophilisate was first determined
(in umolg™"' of lyophilized crude extract) and subsequently
the specific activity in the form of the corresponding
oxidation rate (expressed as TOF in min™") of the converted
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cofactor NADPH was measured spectrophotometrically. By
using the already known mutant 19A12,! for which we
recently reported an expression system for its preparation,’!
in our determination of the photometric activity for cyclo-
octane, we were pleased to find a high specific activity of
1749 Ug™" for the lyophilisate at a P450 monooxygenase
content of 0.123 ymolg™ in the lyophilized crude extract,
which corresponds to a TOF of 1422 min~! (Scheme 3).

P450-monooxygenase

mutant BM-3 19A12 OH
1b \‘ 3b
NADPH NADP*

P450 monooxygenase mutant BM-3 19A12: activity: 174.9 U g~" lyophilisate
(content: 0.123 umol g~ Iyophilisate) TOF: 1422 min™

Scheme 3. P450 monooxygenase-catalyzed hydroxylation of cyclooc-
tane.

Accordingly, we selected this BM-3 mutant 19A12 as well as
the BM-3 F87V variant—which had already been identified to
be suitable in earlier studies"*'* and for which we determined
spectrophotometrically a TOF of 14 min~'—for the subse-
quent synthetic studies towards the cosubstrate-free double
oxidation.

We identified (among others) an ADH from Lactobacillus
kefir as an alcohol dehydrogenase (ADH) suitable for the
conversion of cycloalkanols 3 into cycloalkanones 2 under
transformation of the cofactor NADP* into NADPH
(Scheme 4).7181 We observed an enzyme activity of 84%

OH alcoholdehydrogenase from 0]
Lactobacillus kefir

N

NADPH

3b 2b

NADP*

19.7 U mg~" specific enzyme activity
84% relative enzyme activity
(in comparison to phenylethan-1-ol, 100%)

alcohol dehydrogenase
from Lactobacillus kefir:

Scheme 4. Alcohol dehydrogenase-catalyzed oxidation of cyclooctanol.

(corresponding to a specific activity of 19.7 Umg™") for the
conversion of cyclooctanol (3b) into cyclooctanone (2b); this
value is in a similar range to that for the oxidation of the
reference substrate 1-phenylethanol (100 %, corresponding to
23.4 Umg 117,

Subsequently, the identified P450 monooxygenases and
alcohol dehydrogenase were used in preparative transforma-
tions according to the synthetic concept of the double
oxidation mentioned above (Scheme 2). The direct oxidation
of cyclooctane (1b) to cyclooctanone (2b) was initially chosen
as the target reaction, and we were pleased that we could
successfully demonstrate the proof of concept for this novel
synthetic conception of the biocatalytic direct oxidation of
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cycloalkanes 1 to cycloalkanones 2 with molecular oxygen in
water according to Scheme 2. For the analytical determina-
tion of cyclooctanone we used the method employed by
Schmid, Urlacher, and co-workers,® who made conclusions
about productivity by means of measuring the product
concentration/amount of product (in mm and gL', respec-
tively). Since a significant amount of the substrate cyclo-
octane can in general evaporate during the reaction (as well as
work-up), this analytical method for determining the amount
of product appeared to be a more accurate indicator for the
progress of the reaction than determining a conversion. The
experiments were carried out preferentially using NADP™" as
a cofactor (instead of the direct use of NADPH) as well as 2-
propanol to initiate the reaction through in situ formation of
the reduced cofactor form NADPH, which is required for the
initial hydroxylation step.'”] A first proof of concept of this
new synthetic approach of double oxidation could already be
demonstrated in preliminary experiments at the elevated
substrate concentration of 100 mm of cyclooctane (1b) and
even in the presence of the less active mutant BM-3 F87V,
with the desired product cyclooctanone (2b) being obtained
at a concentration of 3.9 mm (Table 1, entry 1). This corre-
sponds to a product amount of 0.49 gL™' and a turnover
number (TON) of 72. An even more pleasing result was
obtained when using the P450 mutant BM-3 19A12 in
combination with the alcohol dehydrogenase from L. kefir
for the double oxidation of cyclooctane: in this case, cyclo-
octanone (2b) was formed with a high product concentration
of 6.3mM, which corresponds to a product amount of
0.80gL™" and a TON of 11641, by using a significantly
lower amount of P450 monooxygenase (entry 2). This product
concentration as well as the TON value are among the highest
values reported so far for synthetic biotransformations with

Table 1: Double oxidation of cyclooctane depending on the mutant used.

P450 BM-3 mutant OH
(7.64 U mmol~" cyclooctane)

ADH from L. kefir
(200 U mmol™")
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P450 monooxygenases under insitu regeneration of the
cofactor.”"

In addition, the enzymatic double oxidation process
turned out to be suitable for the synthesis of cyclodecanone
(2¢). The oxidative direct transformation of cyclodecane (1¢)
to cyclodecanone (2¢) proceeds under formation of the
desired product 2¢ in a product amount of 0.24 gL'
(Scheme 5). Since the experiments thus far were performed
using a (relatively high) “standard amount” of 10 mol% of
cofactor, the use of a lower amount of the cofactor was
investigated. In this study we found that the oxidation of 1¢ in

P450 monooxygenase BM-3 19A12, 0
alcohol dehydrogenase from L. kefir,
NADP* (10 mol%), iPrOH, 1 mm MgCl,

+ 0,
phosphate puffer pH 7.0,
RT, 24h
1c 2c
100 mm product formation: 0.24 g L'
TON = 645 (referring
to the P450 monooxygenase)

Scheme 5. Enzymatic double oxidation of cyclodecane.

P450 monooxygenase BM-3 19A12,
alcohol dehydrogenase from L. kefir,
NADPH (10 mol%), 1 mm MgCl,

O

phosphate puffer pH 7.0, é

RT, 24h 2a

product formation: 0.41 g L™
TON = 6531 (referring
to the P450 monooxygenase)

O+02

1a
100 mm

Scheme 6. Enzymatic double oxidation of cyclohexane.

the presence of a lower (and not
yet optimized) amount of the
cofactor (1 mol%) leads to a sim-
ilar result.””!

Furthermore, the oxidative

O
24h, FN
1b phosphate buffer
100 mm (PH 7.0) 3b

NADP*-----> NADP*

direct transformation of cyclohex-
ane (la) to cyclohexanone (2a)
Once

%

NADPH NADPH proceeded  successfully.
T ‘ (10 mol %) | again, the P450 monooxygenase
""""""""""""""""""""""""""""""""""" ) mutant BM-3 19A12 turned out
ADH to be most efficient for this syn-
from L. kefir . .
thesis, and led to the formation of
OH @ the desired product 2ain 0.41 gL ™
A N (Scheme 6).?"
(0.25v%) In summary, we have reported
Entry® Mutant Productivity in terms of cyclooctanone (2b) formation an enzymatic one-pot two-step
gL [mmol L] TONE! process, in which a cycloalkanone
] F87V 0.49 39 72 2 is obtained directly from the
2 19A12 0.80 6.3 11641 corresponding cycloalkane 1. This

[a] For the experimental procedure and determination of the formed amount of product, see the
Experimental Section. Blue: reagents used and the resulting product, purple: enzymes used as well as
the cofactor and 2-propanol (for initial formation of the cofactor form NADPH required for the first
step). [b] The TON value refers to the P450 monooxygenase and was calculated on the basis of the
amount of product 2b formed as well as the amount of P450 monooxygenase used.
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oxidation process proceeds in
water and requires only molecular
oxygen as the oxidation agent, with
the P450 monooxygenase and an
alcohol  dehydrogenase, two
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enzymes that are complementary with respect to the required
cofactor form (NADPH, NADP"), used as catalysts. The
products 2 were obtained with high product concentrations,
amounts of product, and TON values which are in a good
range for P450 monooxygenases. One focus of our current
studies in this field is process optimization by using improved
recombinant biocatalysts, with the goal of increased TON
values (in particular refering to the monooxygenase and
cofactor) and amount of product formed. Furthermore, the
molecular biological optimization of the P450 monooxyge-
nase with respect to activity, stability, and improvement of the
“coupling efficiency” represents a current challenge. Exten-
sion of this concept of biocatalytic double oxidation towards
the synthesis of other ketones is also in progress.

Experimental Section

The corresponding cycloalkane (1, 0.1 mmol) was treated with
a mixture of phosphate buffer (997.5 pL; pH 7.0, 50 mM, 1 mm
MgCl,) and 2-propanol (2.5 uL) in a 25 mL round-bottom flask. A
P450 monooxygenase mutant of type BM-3 19A12 or BM-3 F87V (in
each case as a lyophilized crude extract, 0.764 U refering to the
cycloalkane 1) and an alcohol dehydrogenase from Lactobacillus kefir
(LK-ADH, crude extract, diluted with glycerol (1:1), 200 Ummol
cycloalkanol, 3) were then added successively. The reaction was then
started through addition of the cofactor NADP™ (0.01 mmol), and the
reaction mixture stirred for 24 h at room temperature in the closed
round-bottom flask. Subsequently, the reaction mixture was extracted
with methylene chloride (3x1mL). For determination of the
conversion, the work-up of the combined organic phases depended
on the cycloalkane component and was carried out either by
1) transfer into a 5 mL volumetric flask and filling with methylene
chloride, followed by subsequent determination of the absolute
amount of cycloalkane by means of a calibration curve obtained by
gas chromatography (GC instrument: Shimadzu GC-2010; capillary
column: Rt-BDEXm; carrier gas: molecular nitrogen (N,), 100 kPa;
detector: flame ionization detector) or 2) careful removal of the
solvent in vacuo (at 900 mbar) and subsequent determination of the
absolute amount of the cycloalkanone by "H NMR spectroscopic
analysis of the crude product with the aid of an external standard
(pyridine) and the weigh-out quantity, respectively. Method (1) was
used for 2a,¢, and method (2) for 2b. The absolute amount of the
cycloalkanone product 2 determined was set relative to the volume of
the solvent used (1 mL) and stated in mmolL™" and gL', respec-
tively.
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Only low turnover numbers in terms of the cofactor (cofactor-
related TON) of <1 are obtained when using 10 mol% of
cofactor as a (high) “standard amount” in the proof of concept
reactions, whereas when 1 mol% of the cofactor is used, the
turnover number is already >1 (cofactor-related TON with
cyclodecane as a substrate: 2). Further optimization of the
amount of cofactor and the increase of the cofactor-related TON
is the subject of current studies on process development.

In this experiment the cofactor NADPH was used directly,
whereas in the other experiments, which are shown in Table 1
and Scheme 5, the NADPH for the initial hydroxylation was
generated in situ from NADP" and 2-propanol.
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