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The achiral cyclohexene derivative dimethyl cis-1,2,3,6-tetrahydrophthalate has been subjected to oxida-
tion catalyzed by cytochrome P450 monooxygenase P450-BM3, leading to diastereoselective epoxidation
rather than oxidative hydroxylation. This reaction occurs with 94% diastereoselectivity in favor of the
anti-epoxide, in contrast to m-CPBA which delivers unselectively a 70:30 mixture of anti/syn diastere-
omers. The experimental results are nicely explained on a molecular level by docking experiments and
molecular dynamics computations.
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Cytochrome P450 monooxygenases (CYPs) have been used for a
long time in order to perform regio- and stereoselective oxidative
hydroxylation of organic compounds (RH ? ROH), molecular oxy-
gen O2 serving as the oxidant under mild conditions.1 The mecha-
nism involves abstraction of a hydrogen atom by a catalytically
active high-spin heme-Fe@O intermediate (so-called Compound
I; Scheme 1) with formation of the respective R-radical followed
by rapid CAO bond formation. Whenever wild-type (WT) CYPs
are not regio- or stereoselective in the hydroxylation of a given
substrate, protein engineering using rational design2 or directed
evolution3 can be applied in order to manage the synthetic prob-
lem. These protein engineering techniques provide (bio)catalysts
which are generally complementary to synthetic reagents or
catalysts.4

Compounds containing olefinic double bonds are often
hydroxylated at the allylic positions by CYP-catalysis, but they
may also undergo epoxidation.1,5 The reasons for the preference
of one reaction type versus the other are not fully understood,
but the specific pose of a given substrate in the CYP binding pocket
is crucial in determining its oxidative ‘fate’. The mechanism of
epoxidation of alkenes by CYPs has not been studied as intensively
as oxidative hydroxylation. A hydroperoxo–Fe-heme complex has
been postulated in some cases, but Compound I is generally
believed to be the catalytically active species.5,6 A concerted pro-
cess is generally favored based on stereochemical results, although
in rare cases a two-step radical mechanism may be involved.
Irrespective of which mechanism is preferred, the stereochemistry
of epoxide formation will be determined by the face of the double
bond that is placed closest to the heme species.

When prochiral olefins are epoxidized, enantioselectivity is
relevant, while in the case of chiral olefins, the control of
diastereoselectivity constitutes the challenge (in addition to the
regioselectivity problem). A special example is the P450cam-cat-
alyzed epoxidation of chiral 5,6-dehydrocamphor which results
in the selective formation of 5,6-exo-epoxycamphor.5b

In the present study we report a different type of diastereose-
lectivity, namely syn/anti-selectivity in the epoxidation of an achi-
ral substituted cyclohexene derivative. In this system it was
possible to explain the origin of diastereoselectivity on a molecular
level using docking and molecular dynamics (MD) computations.
We employed P450-BM3 as the catalyst, a well-known self-suffi-
cient CYP from Bacillus megaterium1,7 which has been used very
often in oxidative hydroxylation, but less so in epoxidation.1,5

Commercially available dimethyl cis-1,2,3,6-tetrahydrophtha-
late (1) was chosen as the substrate (Scheme 2), which can be pre-
pared by Diels–Alder reaction of butadiene and dimethyl maleate.8

WT P450-BM3 proved to be 78% regioselective in favor of

http://crossmark.crossref.org/dialog/?doi=10.1016/j.tetlet.2015.03.076&domain=pdf
http://dx.doi.org/10.1016/j.tetlet.2015.03.076
mailto:reetz@mpi-muelheim.mpg.de
http://dx.doi.org/10.1016/j.tetlet.2015.03.076
http://www.sciencedirect.com/science/journal/00404039
http://www.elsevier.com/locate/tetlet


CO2Me

CO2Me

CO2Me

CO2Me
O

CO2Me

MeO2C

O CO2Me

MeO2C
O

1 2

2-anti 2-syn

WT
P450-BM3 +

CO2Me

CO2Me

OH

3

Scheme 2. Oxidation products resulting from WT P450-BM3 catalyzed oxidation of
substrate 1.10
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Scheme 1. Compound I [Ferryl (FeIV)-oxo-p porphyrin cation radical].
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epoxidation leading to 2, while allylic hydroxylation with forma-
tion of 3 in essentially racemic form occurred to a smaller extent
(22%) as revealed by GC analysis. Oxidative demethylation was
not observed. Importantly, 94% diastereoselectivity favoring the
anti-configuration 2-anti was observed (Fig. 1, top). This com-
pound constitutes an intermediate in the synthesis of effective
inhibitors of glycosidases.9 It was prepared as a mixture of anti/
syn-diastereomers by m-CPBA-mediated epoxidation, which had
to be separated by column chromatography.9 Upon repeating this
reaction, we indeed obtained a 70:30 mixture of 2-anti and 2-
syn, respectively (Fig. 1, bottom).
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Figure 1. GC chromatograms of oxidation products using 1 as starting material. Top: o
bottom: oxidation products in the transformation performed by chemical reaction using
2 bar H2; injector: 230 �C; oven: temperature gradient: from 50 to 300 �C with 12 �C/min
6.81.
Why does compound 1 undergo epoxidation to a greater extent
than oxidative hydroxylation, and why is anti-selectivity the pre-
ferred mode of attack? In order to address these questions, induced
fit docking and MD simulations were performed. Guided by the
crystal structure of P450-BM3 (PDB code 1JPZ),11 substrate 1 was
positioned in the active site using induced fit docking.12 The pose
which places the substrate closest to the heme has both the double
bond and one of the allylic hydrogen atoms of 1 close to the heme
(Fig. 2). In a previous QM/MM study of epoxidation and hydrox-
ylation of alkenes by P450cam, a preference for epoxidation over
allylic hydroxylation was observed when the two oxidation sites
were equally accessible to Compound I.13 If epoxidation is intrinsi-
cally preferred over hydroxylation, as is expected given that no
hydroxylated product is observed upon reaction of substrate 1
with m-CPBA, this would explain the observation that the epoxide
is the major product for the enzyme catalyzed reaction. A docking
pose was observed in which the methyl group of one of the ester
substituents is close to the heme. As no products are observed in
which either of the two methyl groups undergo hydroxylation, this
is not consistent with the observed reactivity. It is possible that
hydrogen abstraction is not energetically feasible from this posi-
tion, as it would lead to the formation of a primary radical
intermediate.

Now we turn our attention to the stereoselectivity of the epox-
ide formation. As already pointed out, the species responsible for
oxidation of alkenes by P450s is widely accepted to be
Compound I.1,5 When the Compd I oxygen atom is added to the
model, the docking pose is consistent with the formation of 2-anti.
No docking poses were observed in which oxidation would occur
on the opposite side of the double bond, hence providing an expla-
nation for the relatively low observed amount of 2-syn. To explore
the conformational flexibility of this enzyme/substrate complex,
two unrestrained MD simulations were performed starting from
the above mentioned docking pose.14 The substrate remains close
to the observed docking pose during both of the two 26 ns
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xidation products in the reaction catalyzed by WT P450-BM3 using resting cells;
m-CPBA as oxidant. GC conditions: 30 m DB1, inner diameter 0.25 mm; pressure:

FID detector: 350 �C. The peak assigned to substrate 1 was detected at retention time



Figure 2. Induced fit docking pose of substrate 1 in the active site of WT P450-BM3.
The docking pose places the substrate in an orientation in which oxidation will
result in formation of 2-anti.
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simulations. The active site of WT P450-BM3 is hydrophobic and,
while no hydrogen bonding interactions are observed between
the substrate and active site, the shape of the active site clearly
influences the orientation in which the double bond can approach
Compd I, to the extent that oxidation can only occur on one face of
the double bond.

In summary, we have discovered that P450-BM3 is an efficient
catalyst for the regio- and stereoselective epoxidation of the
achiral cyclohexene derivative dimethyl cis-1,2,3,6-tetrahydroph-
thalate (1) with preferential formation of the anti-configured epox-
ide 2-anti. The observed anti-diastereoselectivity was explained on
a molecular level by docking experiments and MD simulations,
resulting in a reasonable model. The product is a useful inter-
mediate in the synthesis of inhibitors of certain glycosidases.9
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