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a b s t r a c t

Wild-type P450-BM3 is able to catalyze in a highly regio- and diastereoselective manner the oxidative
hydroxylation of non-activated disubstituted cyclohexane derivatives lacking any functional groups,
including cis- and trans-1,2-dimethylcyclohexane, cis- and trans-1,4-dimethylcyclohexane, and trans-1,4-
methylisopropylcyclohexane. In all cases except chiral trans-1,2-dimethylcyclohexane as substrate, the
single hydroxylation event at a methylene group induces desymmetrization with simultaneous creation
of three centers of chirality. Certain mutants increase selectivity, setting the stage for future directed
evolution work.

� 2014 Elsevier Ltd. All rights reserved.
1. Introduction

Enzymes are being increasingly used as catalysts in the pro-
duction of fine chemicals, stereoselectivity often being the focus of
interest.1 Of particular importance are those transformations,which
are difficult or impossible using state of the art synthetic transition
metal catalysts ororganocatalysts. The toolboxof organic chemists is
greatly enriched by the development of complementarymethods.1,2

Until recently the traditional limitations of enzymes as catalysts in
synthetic organic chemistry and biotechnology have prevented
broad application, but fortunately the advent of directed evolution3

as a viable protein engineering technique has changed the situation
so that even retrosynthetic approaches based on enzymes are now
emerging.4 One of the current challenges in synthetic organic
methodology development is regio- and stereoselective CH-
activating oxidative hydroxylation of simple and complex organic
compoundsRH/ROH. Significantprogressusing synthetic catalysts
or reagents has been achieved in this exciting area,5 but a number of
problems remain unsolved. A complementary approach is to use
; fax: þ49 (0)6421 28 25620;
eetz).
cytochrome P450 monooxygenases,6 and indeed a number of in-
dustrial processes utilizing natural forms (wild-type, WT) are
known.7

Whenever WT P450 monooxygenases fail to be regio- and ster-
eoselective in a transformation of synthetic interest, which is re-
quired for applications, two strategies are possible to solve this
problem: (1) Testmutants generated previously for other substrates
and hope that a good catalyst will be found.8 (2) Apply directed
evolution,3 which has a higher probability of success.9 Directed
evolution has been applied to P450 enzymes for more than decade,
but the control of both regio- and stereoselectivity remained elusive for
a long time. In early work, Arnold and co-workers reported the ap-
plication of directed evolution to the P450-catalyzed oxidative hy-
droxylation of linear alkanes such as octane or nonane, which
resulted in some improvement of regioselectivity, but poor to
moderate enantioselectivity.9c Later Zhao et al. utilized saturation
mutagenesis in order to improve and invert the enantioselectivity of
P450(pyr) as a catalyst in the hydroxylation of N-benzylpyrrolidine
at the 2-position, wild-type (WT) being slightly (S)-selective (43%
ee) and the bestmutants leading to 65% ee (S) and 83% ee (R).9d Later
Li et al. performeddirected evolution in order to boost (S)-selectivity
to 98% ee, but enhanced (R)-selectivity was not reported.9f Recently
we reported laboratory evolution of a P450 monooxygenase
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Scheme 1. Possible oxidation products by WT P450-BM3 catalyzed oxidation of
substrates 3 and 4.
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enabling both pronounced regio- and enantioselectivity in oxidative
hydroxylation, both (R)- and (S)-selective mutants being evolved.10

Using cyclohexene carboxylic acid methyl ester as substrate, highly
(R)- and (S)- selective (>95% ee) mutants of P450-BM311 were
evolved using iterative saturationmutagenesis (ISM),2,12 essentially
complete regioselectivity in favor of the 3-hydroxy products being
observed.10 In another recent study, >95% regio- and >95% dia-
stereoselectivity in the oxidative hydroxylation of steroids was en-
sured by 2b- and 15b-selective mutants generated by directed
evolution on the basis of ISM.13 A number of other recent studies
likewise addressed the challenge of regio- and stereoselectivity,
rational design or directed evolution being used to generate ap-
propriate mutants.9 In many cases only one of the two possible
enantiomerswas accessedbyprotein engineering. Complete control
of regio- and stereoselectivity as well as access to both stereoiso-
mers on an optional basis remains a challenge for many types of
substrates, as in the case of such simple molecules as 1-
methylcyclohexene.9l

P450 monoxygenases are Fe-heme dependent enzymes, the
catalytically active high-spin intermediate [heme-Fe]O] (Com-
pound I) inducing H-atom abstraction of the substrate RH with
formation of the radical R� followed by rapid CeO bond formation
and release of the product ROH.6,14 This means that high regio- and
stereoselectivity requires the compound to be held in a single
specific pose with the respective CeH moiety pointing to the cat-
alytically active species at an optimal angle of 130�.14b,c Substrates
having functional groups may undergo H-bonding as one of the
determining factors in positioning the compound in the large
binding pockets of CYPs, which means that selective hydroxylation
of substrates lacking such anchor points can be expected to be
difficult, 1-methylcyclohexene being an example.9l

In order to address these challenges, directed evolution has been
applied to small molecules, which are devoid of any functional
groups (not even olefinic bonds), the hydroxylation of achiral
methylcyclohexane 1 being a rare successful example.15 Two dif-
ferent P450-BM3 mutants were evolved utilizing ISM, which led to
regioselective hydroxylation with favored formation of cis-(1S,2R)-
2a (71% regioselectivity; 94% diastereoselectivity; 92% enantiose-
lectivity), and 2b (71% regioselectivity), respectively.15 In the case of
desymmetrization 1/cis-(1S,2R)-2a, two chiral centers are created
in a single activation step, a phenomenon that is of considerable
synthetic value.
Scheme 2. Oxidation products obtained by WT P450-BM3 catalyzed oxidation of
substrates cis-3 and rac-trans-3.
We were interested in the question whether a single oxidative
hydroxylation can lead to the creation of three new centers of
chirality and therefore considered disubstituted cyclohexanes as
model compounds in this challenging endeavor. The selective oxi-
dative functionalization of 1,2-dimethylcyclohexane (3) and 1,4-
dimethylcyclohexane (4) using P450-BM3 as catalyst has not
been attempted thus far. We also surmised that the regioselective
P450-mediated oxidation of 1,4-methylisopropylcyclohexane (5)
may constitute a novel access to biologically active compounds
such as menthol or stereoisomers thereof. The present study con-
stitutes an exploratory investigation of testing P450-BM3 as a cat-
alyst in the oxidation of substrates 3e5.
2. Results and discussion

In initial experiments,WT P450-BM3was used as the biocatalyst
in the oxidation of substrates 3 and 4, which can lead to different
regio-, distereo-, and enantiomers as indicated in Scheme 1.
Hydroxylation at the methylene groups gives rise to molecules,
which have three chiral centers. This ensures greater complexity
and therefore added value to the products, provided some degree of
stereoselectivity is achieved. This would be a highly desirable fea-
ture, but it also makes unambiguous stereochemical assignments
more difficult.
By GCeMS analyses, we have identified all products arising from
the P450-BM3 catalyzed oxidation of 1,2-dimethylcyclohexane (3)
and 1,4-dimethylcyclohexane (4) (Schemes 2 and 3) Subsequently,
the products were fully characterized by comparison with au-
thentic commercially available or separately prepared samples.
Initially, we used mixtures of cis- and trans-3, but the GC chro-
matograms of the crude productmixtures proved to be too complex



Scheme 3. Oxidation products obtained by WT P450-BM3 catalyzed oxidation of
achiral substrates cis- and trans-4.
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due to several overlapping peaks. Therefore, cis- and trans-3 were
reacted separately. When achiral cis-3 was used as starting mate-
rial, WT P450-BM3 proved to be cis-selective with respect to the
adjacent methyl group, in accord with the previously observed
reaction pattern of methylcyclohexane15 [Scheme 2; turnover fre-
quency (TOF) 2.6; total turnover number (TTN) 400]. Upon sub-
jecting racemic trans-3 to WT P450-BM3 catalyzed oxidation, high
diastereoselective preference for the formation of 1,2-cis-2,3-trans
6a resulted (Table 1; TOF 3.2; TTN 530). The fact that the product is
not quite racemic (5% ee) may be due to incomplete conversion and
some degree of kinetic resolution. The oxidations of achiral cis- and
trans-4 also proceeded regio- and diastereoselectively, although
with poor enantioselectivity (Table 1; TOF 6.1; TTN 970 and TOF 9.4;
TTN 1900 using as starting materials cis- and trans-4, respectively).
Of the four possible hydroxylation products, only compounds 6a,b
and 7a,b were detected. In this sense P450-BM3 is much more
diastereo- and regioselective than other catalysts.5e Similar results
were observed when subjecting cis- and trans-4 to P450-BM3 cat-
alyzed oxidative hydroxylation (Table 1).
Table 1
Oxidative hydroxylation of 1,2- and 1,4-dimethylcyclohexanes (3 and 4) catalyzed by WT P450-BM3a

Entry P450 Variant Substrate

1 WT cis-3 6a, 23%, dr 83:17 (1,2-trans/1,2-cis)b 6b, 77%, trans (er¼56:42)
2 WT trans-3 6a, 89%, dr 98:2 (1,2-cis/1,2-trans), (er¼55: 45) 6b, 11%, cis (er¼53:47)
3 WT cis-4 7a, 30%, dr 80:20 (1,2-cis/2,5-cis)b 7b, 70%, trans
4 WT trans-4 7a, 81%, dr >99 (1,2-cis/2,5-trans), (er¼64: 36) 7b, 19%, cis

a Values obtained from average of at least three independent experiments performed with resting cells using NADPþ 50 mM. %-values refer to regioselectivity of
hydroxylation. Owing to the tendency of 3 and 4 to evaporate under the reaction conditions, it is difficult to measure the exact %-conversion, which may vary when the
reaction is performed in plastic or glass plates.

b Enantiomeric ratio (er) not measured.
In an attempt to increase regio- and enantioselectivity, some of
our libraries of P450-BM3 mutants evolved for methylcyclohex-
ane15 were tested for substrates 3 and 4 without performing ad-
ditional mutagenesis experiments. Approximately 300
transformants were screened, but better catalyst in terms of en-
hanced regio- and enantioselectivities were not discovered, al-
though several mutants showed similar selectivities. Owing to the
tendency of 3 and 4 to evaporate under the reaction conditions, as
in the case of methylcyclohexane,15 it is difficult to measure the
exact %-conversion, which may vary considerably when the re-
action is performed in plastic or glass plates. Reactions were
allowed to run for 3e5 h, while longer reaction times (18 h)
additionally led to small amounts of dihydroxylated products as in
the case of 1-methylcyclohexene.9l

It was also of interest to test compound 5. The use of menthane
as substrate for P450-BM3 catalyzed hydroxylation has been
mentioned in the literature, but no details about the products.16 In
our study, the reaction products were established by performing
experiments using WT P450-BM3 as catalyst (TOF 2.9; TTN 500)
and by comparison with commercial or separately synthesized
chemical controls. To clearly assign the reaction products, and to
easily assign the relative configuration, we used only trans-1,4-
menthane (5) as the achiral starting material. The results of this
analytical work are summarized in Fig. 1, which features the GC
chromatogram of the crude product mixture.

The major product proved to be cis-2-isopropyl-5-
methylcyclohexan-1-ol (8c) (40%), known as isomenthol, the
crude reaction product containing significant amounts of tertiary
alcohols (8ad3% and cis-8bd27%) (Fig. 1, top and Scheme 4). It is
interesting to note that the relative configuration of the product 8c
is cis in accord with hydroxylation of substrates 3 and 4 and with
oxidation of substrate 1. However, the product proved to be race-
mic. Several mutants previously evolved for the regio- and ster-
eoselective hydroxylation of compound 115 were tested in the
oxidation of substrate 5, but only a moderate increase in selectivity
for neomenthol 8c was observed.

From the mutants screened, only A328F, a well-known variant,9

proved to be considerably more selective than WT P450-BM3, the
GC chromatogram of the crude product mixture indicating only
the presence of only one compound, namely 2-(4-
methylcyclohexyl)propan-2-ol 8e (Fig. 1, bottom). In order to ob-
tain enough products for structural analysis, reaction 5/8 was
performed using 180 mg of substrate employing mutant A328F
(TOF 1.7; TTN 150), pure products being successfully isolated fol-
lowing column chromatography (5e10% yield). The procedure was
not optimized for preparative purposes. It should be noted that
excessively longer reaction times when using WT or mutants al-
low the formation of the dihydroxylated species as observed by
GCeMS analysis.
3. Conclusions and perspectives

It is well-known that achieving high regio- and stereoselectivity
in P450-catalyzed oxidative hydroxylation of ‘small’ molecules
lacking any functional groups is a daunting task,9l,15 as it is when
attempting to apply synthetic catalysts.5 In the present study we
have identified all products arising from the P450-BM3 catalyzed
oxidation of cyclic disubstituted alkanes 3e5, including the assign-
ment of relative stereochemistry. Several of them contain three new
centers of chirality. Whereas bioprocess optimization was not per-
formed for increasing isolated yields, the findings set the stage for
future directed evolution work in the quest to control this type of



Fig. 1. GC chromatograms of the trans-5 oxidation catalyzed by WT P450-BM3 (top) and mutant A328F (bottom) using resting cells (3 h of reaction time). GC conditions: 30 m
DBWaxetr, inner diameter 0.25 mm; pressure: 0.8 bar H2; injector: 230 �C; oven: temperature gradient: from 60 to 180 �C with 6 �C/min, then from 180 �C to 250 �C with 18 �C/min
FID detector: 350 �C.

Scheme 4. Oxidation products formed by WT P450-BM3 catalyzed oxidation of sub-
strate trans-5.
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desymmetrization more precisely. The creation of two, three or
more centers of chirality by a single oxidative hydroxylation of
functionalized or non-functionalized substrates in desymmetriza-
tion events with formation of value-added products opens a new
door in asymmetric catalysis. It will also be interesting to see if
synthetic catalysts can be designed that make such transformations
possible.

4. Experimental section

4.1. Molecular biology

4.1.1. Reagents. E. coli BOU730 cells used are described elsewhere.9l

Electro-competent cells were prepared in-house according to
standard protocols.17 Scaled up biohydroxylation using P450 mu-
tants was performed as described previously.15 Turnover
frequency; TOF (calculated as mol of product/nmol of protein/
min during the first hour of reaction); and total turnover number;
TTN (calculated as mol of product/nmol of after 1200 min of re-
action) have been calculated as previously reported15 in reactions
containing 1.5 nmol of P450-BM3 and different amounts of starting
materials 3, 4 or 5 (20, 20 or 10 mmol, respectively).

4.2. Chemistry

4.2.1. General remarks. cis-, trans-, and cisþtrans-1,2-
dimethylcyclohexane, cis-, trans-, and cisþtrans-1,4-
dimethylcyclohexane, trans-1-isopropyl-4-methylcyclohexane,
(�)-terpinen-4-ol, a-terpineol, (þ)-neomenthol, (þ)-menthol,
(�)-menthol, (�)-menthone, and 3,4-dimethylcyclohexan-1-ol
were purchased from SigmaeAldrich, Alfa Aesar, ABCR or TCI and
used without further purification. NMR spectra were recorded on
a Bruker Avance 300 (1H: 300 MHz, 13C: 75 MHz) spectrometer
using TMS as internal standard (d¼0). Analytical thin layer chro-
matography was performed on Merck silica gel 60 F254 while
for column chromatography Merck silica gel 60 was used. Conver-
sion and enantiomeric excess were determined by achiral and
chiral gas chromatography. Determination of the relative configu-
ration was performed after comparison with commercial or
separately prepared racemic samples. Diastereoisomeric mixtures
of cisþtrans-1-isopropyl-4-methylcyclohexan-1-ol (8a),18 cisþ-
trans-4-isopropyl-1-methylcyclohexan-1-ol (8b),19 cis-(1S,2S,5R)þ
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trans-(1R,2S,5R)-2-isopropyl-5-methylcyclohexan-1-ol (8c),20 cis-
(1R,2R,5S)-2-isopropyl-5-methylcyclohexan-1-ol, and trans-
(1R,2S,5R)-2-isopropyl-5-methylcyclohexan-1-ol (8c)20 were pre-
pared according to described literature protocols. (1R,2S,5S)-5-Iso-
propyl-2-methylcyclohexan-1-ol (8d) and (1S,2S,5S)-5-isopropyl-2-
methylcyclohexan-1-ol (8d) were prepared according to a protocol
described by Negoro et al.21 and Pavia et al.22 starting from (S)(þ)-
carvone and (R)(þ)-carvone. Their spectroscopic data are identical
to the published ones. Authentic samples of known products were
obtained as follows:

4.2.2. 1,2-cis-2,3-trans-2,3-Dimethylcyclohexan-1-ol (6a). A com-
mercial available mixture of four diastereoisomers (TCI) was sepa-
rated on column chromatography to afford 1,2-cis-2,3-trans-6a as
crude oil. 1H NMR (300 MHz, CDCl3) d 3.80e3.77 (m, 1H), 1.89e1.74
(m,1H), 1.68e0.76 (10H). 13C NMR (75MHz, CDCl3) d 71.9, 42.9, 35.1,
33.6, 32.2, 20.3, 20.7, 16.4.

4.2.3. cisþtrans-1,2-Dimethylcyclohexan-1-ol (6b). A mixture of
cisþtrans-1,2-dimethylcyclohexan-1-ol was prepared starting from
2-methylcyclohexan-1-one and CH3MgCl in dry THF according to a
published protocol used for the synthesis of 1-isopropylcyclohexan-
1-ol.23 The crude reaction product was loaded on a column chro-
matography and trans-1,2-dimethylcyclohexan-1-ol separated.
Spectroscopic data are in agreementwith published data.24 cisþtrans
6b: 1H NMR (300 MHz, CDCl3) d 1.77e1.52 (m, 4H), 1.44 (m, 4H),1.22
(m, 3H), 0.90 (m, 3H). cis 6b: 13C NMR (75 MHz, CDCl3) d 73.1, 42.4,
41.5, 32.2, 25.4, 24.3, 21.0, 15.4. trans 6b: 13C NMR (75 MHz, CDCl3)
d 71.1, 40.4, 40.1, 30.7, 28.7, 26.0, 22.2, 15.3.

4.2.4. 1,2-cis-2,5-trans-2,5-Dimethylcyclohexan-1-ol (7a). Compound
1,2-cis-2,5-trans-1,4-dimethylcyclohexan-1-ol 7a was separated from
a commercial diastereoisomeric mixture and characterized by NMR.
1H NMR (300 MHz, CDCl3) d 3.80 (s, 1H), 1.83 (d, 3J¼13.6 Hz, 1H),
1.73e164 (s, 2H), 1.55e1.04 (m, 6H), 0.91 (m, 6H). 13C NMR (75 MHz,
CDCl3) d 71.3, 42.3, 36.1, 34.9, 28.2, 25.7, 22.4, 18.3.

4.2.5. trans-1,4-Dimethylcyclohexan-1-ol (7b). Amixture of cisþtrans-
1,4-dimethylcyclohexan-1-ol was prepared starting from 4-
methylcyclohexan-1-one and CH3MgCl in dry THF according to
a published protocol used for the synthesis of 1-isopropylcyclohexan-
1-ol.23 The crude reaction product was loaded on a column chro-
matography and trans-1,4-dimethylcyclohexan-1-ol separated.
Spectroscopic data are in agreement with published data.25 1H NMR
(300 MHz, CDCl3) d 1.77e1.52 (m, 4H), 1.44 (m, 4H), 1.22 (m, 3H),
0.90 (m, 3H). 13C NMR (75 MHz, CDCl3) d 70.9, 39.9, 32.4, 31.9, 26.1,
21.6.

4.2.6. cisþtrans-2-(4-Methylcyclohexyl)propan-2-ol (8e). a-Terpineol
(300 mg, 1.94 mmol) was reduced using the same protocol as above,
to afford amixture of cisþtrans 2-(4-methylcyclohexyl)propan-2-ol. A
GC sample of the crude reaction productwas comparedwith products
resulting from hydroxylation reaction of trans-1-isopropyl-4-
methylcyclohexane catalyzed by WT P450. trans-8e was obtained
after hydroxylation reaction of trans-5, catalyzed by mutant P450-
A328F, and was scaled-up according to a general procedure de-
scribed elsewhere.5e After extraction and concentration using a rota-
vap, the crude reaction product was purified by column
chromatography (EA/PE¼1:4, Rf¼0.55) to afford compound trans-8e
as a colorless oil, yield <10%. 13C NMR (75 MHz, CDCl3) d 71.8, 49.0,
35.5 (2C), 27.5 (2C), 27.1 (2C), 22.7, 14.3.
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