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1. Introduction: The Scope of Biocatalytic Oxidation
Catalysis

NatureQs arsenal of catalysts (enzymes) not only enables
life as we know it but also can be gainfully used in organic
synthesis. Nowadays, industrial and academic chemists are
well aware of the benefits of hydrolases as stereoselective
catalysts operating under mild reaction conditions. Oxido-
reductases are now at the edge of becoming truly useful
catalysts for selective oxidation and reduction reactions.
Especially oxidative enzymes provide the synthetic chemist
with unforeseen means for selective oxidation and oxy-
functionalisation reactions.

In this Review, we critically evaluate the current state of
the art and point out promising new developments, but also
name current limitations and areas where improvements are
needed.

2. The Catalysts

Mechanistically, biocatalytic oxidation reactions fall into
two categories: dehydrogenation (Scheme 1) and oxyfunc-
tionalisation reactions (Scheme 2). In the dehydrogenative
case, an acceptor molecule (mostly a nicotinamide or flavin

cofactor; see the Supporting Information, Figure S1)
abstracts a hydride from a heteroatom-substituted carbon
atom. Laccase- and peroxidase-catalysed hydrogen-atom
abstraction reactions, mostly on phenols, are also known,
resulting in phenoxy radicals as primary products.

Oxyfunctionalisation pathways rely on the reductive
activation of molecular oxygen (in the case of mono- and
dioxygenases) or on already reduced hydrogen peroxide (in
the case of peroxygenases) and subsequent electrophilic
insertion into the starting material.

Oxidation chemistry using enzymes is approaching maturity and
practical applicability in organic synthesis. Oxidoreductases (enzymes
catalysing redox reactions) enable chemists to perform highly selective
and efficient transformations ranging from simple alcohol oxidations
to stereoselective halogenations of non-activated C@H bonds. For
many of these reactions, no “classical” chemical counterpart is known.
Hence oxidoreductases open up shorter synthesis routes based on
a more direct access to the target products. The generally very mild
reaction conditions may also reduce the environmental impact of
biocatalytic reactions compared to classical counterparts. In this
Review, we critically summarise the most important recent develop-
ments in the field of biocatalytic oxidation chemistry and identify the
most pressing bottlenecks as well as promising solutions.

From the Contents

1. Introduction: The Scope of
Biocatalytic Oxidation
Catalysis 9239

2. The Catalysts 9239

3. General Considerations and
Concepts 9241

4. Oxidation of C@H Bonds 9242

5. Oxidation of C=C Bonds 9247

6. Oxidation of Alcohols 9249

7. Oxidation of Amines 9251

8. Oxidation of Aldehydes and
Ketones 9253

9. Oxidation of Carboxylic Acids 9255

10. Heteroatom Oxidation 9256

11. Final Remarks 9256

Scheme 1. Biocatalytic oxidation by dehydrogenation. Dehydrogenases
and oxidases mediate a hydride abstraction from alcohols and amines
(X=O, NH); laccases and peroxidases mediate H atom abstraction
reactions from phenolic starting materials.
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2.1. Dehydrogenation Catalysts

Alcohol dehydrogenases (ADHs, E.C. 1.1.1) and imine
reductases (IREDs, E.C. 1.4.1) are classical dehydrogenation
catalysts, mediating the reversible transfer of a hydride from
an alcohol or amine carbon atom to the nicotinamide cofactor
(NAD(P)+; Scheme 1 and Figure S2). Compared to their use
in reductive processes (generating chiral centres), oxidative
applications (destroying a chiral centre) are far less common.

Flavin-dependent oxidases (E.C. 1.1.3; Scheme 1 and Fig-
ure S3) utilise an enzyme-bound flavin moiety (generally
flavin adenine dinucleotide, FAD) as the primary hydride
acceptor.[1] Regeneration of the oxidised cofactor occurs by
direct aerobic reoxidation, yielding H2O2 as a byproduct
(Figure S3). At first sight, H2O2 as a stoichiometric byproduct
may appear as a challenge for enzyme robustness. However,
in most cases, simple addition of catalase is sufficient to

circumvent such issues. More importantly, the poor O2

solubility in aqueous media (ca. 0.25 mm) makes efficient
O2 intake essential to avoid limitations.[2]

Copper-dependent oxidases (E.C. 1.1.3, Figure S3) are
also well-known. Galactose oxidase (GaOx) is certainly one
of the most frequently used copper-dependent oxidases.[3]

Especially its engineered variants show significant potential
for kinetic resolution reactions.[4]

Laccases (E.C. 1.10.3.2) are copper-dependent oxidases,
reducing molecular oxygen to water (Figure S4). The sub-
strate scope of laccases is rather restricted to phenols and
similarly activated compounds. Furthermore, phenoxy radi-
cals are formed as the primary products, which then further
react chemically to oligomers or quinoid products. Therefore,
preparative applications of laccases are mainly focussed on
so-called laccase mediator systems (LMSs) wherein the
laccase oxidatively regenerates a low-molecular-weight
redox mediator acting as the actual oxidant (Figure S4).

2.2. Oxyfunctionalisation Catalysts

Oxygenases are, from a synthetic point of view, the most
exciting enzymes. They catalyse the selective insertion of
oxygen into C@H, C@C, and C=C bonds, thereby generating
new functional groups instead of “just” converting existing
ones. They utilise activated electrophilic oxygen species such
as organic peroxides or high-valent metal oxo complexes
(Scheme 3).[5]

In the case of mono- and dioxygenases, these activated
species are formed by reduction of O2. The reducing
equivalents are derived from reduced nicotinamide cofactors
(NAD(P)H). As mentioned above, the high cost of the latter
has driven the development of a range of in situ regeneration
systems (Table S2).

Flavin-dependent monooxygenases catalyse a broad
range of epoxidation, hydroxylation, and halogenation reac-
tions of activated arenes, heteroatom oxygenations, and
Baeyer–Villiger oxidations.[6] They depend on NAD(P)H to

Dr. Frank Hollmann is Associate Professor in
the biocatalysis group of the Department for
Biotechnology at the Delft University of
Technology. The biocatalysis group brings
together scientists from the areas of biocatal-
ysis, enzymology, organic chemistry, and
molecular imaging. Their research towards
a fundamental understanding of enzymes
and the application thereof in organic
chemistry forms the basis for the application
of enzymes in industrial processes, with
green chemistry as one of their leitmotifs.

Scheme 2. Biocatalytic oxidation by oxyfunctionalisation.

Scheme 3. The most common active species used by oxygenases:
a) 4a-peroxoflavins, b) oxyferryl heme species, and c) compound Q in
non-heme iron monooxygenases.[5] The electrophilic oxygen atoms are
shown in red.
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reduce the enzyme-bound flavin cofactor, which, after
reaction with O2, forms the oxygenating 4a-peroxoflavin
(Scheme 3a and Figure S5). Unproductive oxidation of
NAD(P)H, yielding H2O2 and wasting reducing equivalents,
can occur but is generally not as pronounced as with P450
monooxygenases.

Heme-dependent monooxygenases are more powerful
oxyfunctionalisation catalysts as they also act on non-
activated C@H bonds.[7] The formation of the active species
(compound I, Scheme 3b and Figure S6) is more complex
than with flavin-dependent monooxygenases. FeIII, in contrast
to flavins, cannot accept a hydride from NAD(P)H directly
but requires a relay enzyme in between to transform the
hydride donation event (by NAD(P)H) into two successive
single-electron-transfer processes (Scheme 4).

P450 monooxygenases are prone to the “oxygen
dilemma”.[8] The mediators are single-electron mediators,
which react with molecular oxygen in a diffusion-controlled
process, hence uncoupling the electron transport chain. As
a consequence, not only reactive oxygen species are formed
but also valuable reducing equivalents are wasted. This is
possibly one of the reasons for the comparably low turnover
numbers for P450 monooxyge-
nases, limiting their general prepa-
rative usefulness.

Peroxygenases are structurally
related to the P450 monooxyge-
nases as they also contain a heme
moiety and rely on compound I as
the oxygenating species.[9] In con-
trast to P450 monooxygenases,
however, peroxygenases form
compound I from H2O2 (in the so-
called peroxide shunt pathway;
Figure S6), and in principle
thereby enable much simpler reac-

tion schemes.[9, 10] H2O2, however, is also a strong inactivator
of heme enzymes (Figure S6), necessitating adjusted provi-
sion with H2O2 to enable the peroxygenase reaction while
minimising the oxidative inactivation. A range of in situ H2O2

generation systems have been developed to address this
challenge (Table S3).

Aside from heme-dependent oxygenases, a range of non-
heme-iron-dependent mono- and dioxygenases also exist.[5]

While the actual oxyfunctionalisation mechanism differs
somewhat from those of the heme-dependent enzymes (Fig-
ure S7), the electron supply mechanisms (together with the
issues outlined above) are similar. Copper-dependent lytic
polysaccharide monooxygenases (LPMOs) are receiving
tremendous research interest as their contribution to a more
efficient use of biomass is envisaged.[11]

3. General Considerations and Concepts

3.1. Cofactor/Enzyme costs

For decades, the high cost of the nicotinamide cofactors
has been seen as the major challenge towards economical
oxidoreductase reactions. As a consequence, a broad range of
in situ regeneration systems have been developed that enable
the use of NAD(P) in catalytic amounts (Table S1). As a rule
of thumb, the turnover number for NAD(P) should exceed
1000.

More recently, enzyme costs are also coming to the
forefront. As pointed out by Woodley and co-workers,[12]

biocatalyst prices are subject to the economy of scale, and
enzymes produced on very large scale only cost around
several hundred euros per kilogram. To estimate the cost
contribution of an enzyme to the final product, its turnover
number is a good indication. Table 1 gives an overview of the
approximate turnover numbers (TNs) minimally needed for
an enzyme to meet the requirements of a given product
category. It should be emphasised here that these numbers are
meant as a rule of thumb.

3.2. Whole-Cell Catalysis versus Isolated Enzymes

The choice of the enzyme formulation, either as whole,
metabolically active cells or as isolated enzymes, is a funda-

Table 1: Enzyme performance requirements.[12]

Industry segment Product price
range
[E kgprod.

@1]

Allowable cost
contribution
of the catalyst
[E kgprod.

@1]

Minimal
productivity
[kgProd. kgcat.

@1][a]

Minimal
productivity [TN][b]

pharma >100 10 20 4000
fine chemicals >15 1.5 133 26666
speciality chemicals 5 0.25 800 160000
bulk chemicals 1 0.05 4000 800000

[a] Assuming an average catalyst cost of 200 Ekg@1 (for crude enzyme preparations). [b] Assuming an
enzyme molecular weight of 40 kDa and a product molecular weight of 200 gmol@1. TN=mol-
(product)Wmol(enzyme)@1.

Scheme 4. Generalised regeneration scheme for P450 monooxyge-
nases. The reducing equivalents are derived from NAD(P)H and
delivered sequentially via single electron mediators (e.g., ferredoxin or
flavins) to the monooxygenase subunit.
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mental decision to be taken at an early stage of the synthesis
planning. Both approaches have specific (dis)advantages.
Using whole cells, for example, makes external cofactors and
their regeneration obsolete. On the other hand, whole-cell
biotransformations require specialised equipment, which is
not readily available in chemical laboratories. Moreover,
undesired side reactions are frequently observed owing to
metabolisation of the reagents by endogenous host enzymes.
With isolated enzymes, higher productivities can often be
reached, albeit at the expense of lower biocatalyst robustness
under the process conditions.

Overall, a general recommendation for either biocatalyst
formulation cannot be given. The ideal system depends on
specific factors related to the existing infrastructure and the
requirements of the reaction.

3.3. Substrate Scope

Depending on their natural function, enzymes can be
highly specific for one substrate, exhibiting poor or no activity
on anything else but the natural substrate. This is especially
true for enzymes originating from the primary metabolism.
Other enzymes, however, exhibit a much more relaxed
substrate scope, converting a broad range of starting materi-
als. Also, the natural selectivity of a given enzyme not
necessarily meets the requirements of the envisaged trans-
formation. Furthermore, enzyme activity or stability may not
be sufficient.

Protein engineering is the method of choice to address
these issues. The past two decades have seen an astonishing
development of protein engineering methods.[13] Some exam-
ples are discussed throughout this Review.

3.4. Substrate Loading

The majority of the reagents of interest are rather
hydrophobic, with poor solubilities in the aqueous reaction
media required for many oxidoreductase reactions. For those

cases where non-aqueous biocatalysis is not possible, the two-
liquid phase system (2LPS) is an appropriate compromise,
enabling overall high reagent loadings (Scheme 5).

Furthermore, 2LPS can help shift unfavourable reaction
equilibria, remove reactive species (thus preventing unde-
sired side reactions), and reduce toxic effects of the reagents
on the catalysts. 2LPS will be discussed throughout this
Review.

3.5. Cascade Reactions

Combining oxidative reactions with further (bio)catalytic
transformations represents a sustained trend in academic
research.[14] The potential of such cascade reactions is related
to their efficiency in terms of reactor use (several trans-
formations occurring simultaneously instead of sequentially)
and environmental impact (downstream processing and
product purification are usually rather material-intensive).
Some interesting cascades will be discussed later.

4. Oxidation of C@H Bonds

Selective transformations of C@H bonds into C@X bonds
are a challenging task for organic synthesis. The inertness of
C@H bonds even in allylic or benzylic positions necessitates
rather potent oxidation agents for which discrimination
between similar C@H bonds is difficult. Particularly, the
presence of C@H bonds that are more activated than that of
the position of interest reduces the selectivity of the desired
oxyfunctionalisation reaction. Hence, the outcome of many
“chemical” oxidation reactions is often dominated by the
properties of the starting material rather than by the
oxidation catalyst. In this respect, enzymatic C@H bond
activations excel because the oxidation agent is embedded
within the well-defined structure of an enzyme active site.
Hence, positioning of the starting material relative to the
reactive agent can override the chemical reactivity of the
starting material.

A broad range of biocatalytic C@H activation reactions
are known today, and a representative selection will be
discussed in the following Section.

4.1. Oxidation of C@H to C@OH
4.1.1. Hydroxylation of C(sp3)@H bonds

(Non-)heme monooxygenases catalyse the regio- and
stereospecific hydroxylation of non-activated C@H bonds.
Especially, P450 monooxygenases have received significant
attention, resulting in vast knowledge with regard to their
catalytic mechanisms as well as various wild-type and mutant
enzymes with tailored properties.[7, 15] Scheme 6 gives a repre-
sentative, yet incomplete, overview of the versatility and often
superb selectivity of monooxygenases in hydroxylation reac-
tions. In essence, any given starting material can be hydroxy-
lated with P450 monooxygenases.

Scheme 5. The two-liquid-phase system (2LPS) comprising an aqueous
reaction medium with biocatalysts and a hydrophobic organic phase
serving as the substrate reservoir and product sink.
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Not every wild-type enzyme exhibits the desired regio-
and/or enantioselectivity for a given starting material. Recent
advances in protein engineering, however, enable tailoring
the selectivity of a given P450 monooxygenase. In this respect,
the P450 monooxygenase from Bacillus megaterium
(P450BM3) is one of the most intensively studied enzymes.[21]

Scheme 7 shows some selected examples that impressively
demonstrate the power of protein engineering to adjust the
selectivity of P450BM3.

In addition to protein engineering, reaction and substrate
engineering also efficiently modulate the reactivity and
selectivity of P450 monooxygenases. Decoy molecules, for
example, are experiencing some interest in facilitating the

conversion of small substrates.[22] Watanabe, Reetz, and
others have reported that perfluorinated fatty acids can
accelerate P450BM3-catalysed oxyfunctionalisation reactions
of small aromatics,[23] short-chain alkanes,[24] and even meth-
ane.[25] The rationale behind these results is that the inert
decoy compounds partially fill up the spacious active site of
the enzyme and thereby facilitate the orientation of the small
substrate to the heme active site.

Another non-protein-engineering-based approach to
improve the activity or selectivity of an enzyme towards
non-natural substrates is based on the temporary introduction
of bulky protecting/directing groups. Early contributions by
Griengl and co-workers demonstrated that the hydroxylation
of cyclopentanone does not occur using the P450 monoox-
ygenase from Beauveria bassiana whereas the corresponding
spirooxazolidine was converted rather efficiently.[26] Similarly,
Bell and co-workers achieved the selective 4-hydroxylation of
ester- or ether-protected cyclohexanols.[27] Very impressive
changes in the regioselectivity of a P450 monooxygenase-
catalysed hydroxylation of macrolides have been achieved
with this approach (Scheme 8).[28]

Aside from the selectivity issues, P450 monooxygenase
reactions also suffer from the generally low turnover numbers

of the oxyfunctionalisation catalysts.
Typically, TNs of no more than 50000
are reported.[29] This also explains why
preparative-scale[30] or even industrial-
scale applications of P450 monooxy-
genase reactions today are still pre-
dominantly realised in the pharma-
ceutical industry. Two exceptions
developed by BASF are summarised
in Scheme 9.

A possible solution to this may be
the use of peroxygenases
(E.C. 1.11.2.1). Already in the 1960s,
but especially in the 1990s, the perox-
ygenase from Caldariomyces fumago
(CfuUPO) received attention as an
alternative to P450 monooxyge-
nases.[32] More recently, Hofrichter
and co-workers reported on a signifi-
cantly more active peroxygenase from
Agrocybe aegerita (AaeUPO),[9,33]

Scheme 6. Selection of monooxygenase-catalysed hydroxylation reac-
tions: a) w-1 hydroxylation,[16] b) w hydroxylation,[17] c) stereospecific 3-
or 4-hydroxylation of, for example, proline,[18] d) allylic hydroxylation,[19]

e) steroid hydroxylation.[20]

Scheme 7. Selected examples of P450BM3 engineering to change the selectivity.[19c, 20]

Scheme 8. Controlling the regioselectivity of a macrolide hydroxylation
with ester directing groups.[28]
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which was soon followed by further peroxygenases from other
sources, such as Marasmius rotula (MroUPO)[34] or Copri-
nopsis cinerea (CciUPO).[35] These enzymes exhibit interest-
ing differences in their selectivity: Alkane hydroxylation by
AaeUPO occurs preferentially in w-1 and w-2 position
whereas MroUPO is highly selective for the terminal
w position. The degree of overoxidation also differs signifi-
cantly. For example, selective monohydroxylation of cyclo-
hexane to cyclohexanol was observed with AaeUPO whereas
MroUPO exhibited higher overoxidation activity and con-
sequently generated larger amounts of cyclohexanone.[36]

Gutierrez and co-workers compared the dramatic selec-
tivity difference of two peroxygenases (AaeUPO and
CciUPO) in the hydroxylation of cholecalciferol (vita-
min D).[35b] Whereas AaeUPO was rather unselective, giving
at least three different hydroxylated isomers, CciUPO gave
only one product (25-OH-cholecalciferol). These observa-
tions were rationalized by differences between the molecular
architectures and the resulting differences in the mobilities of
the substrates in the active sites.

We expect that our systematic knowledge and under-
standing of structural determinants for peroxygenase activity
and selectivity will increase in the near future. Already today,
TNs of more than 400000 have been achieved. Together with
efficient in situ H2O2 generation systems,[37] this will render
peroxygenases truly preparatively useful hydroxylation cata-
lysts.

The cofactor independence of peroxygenases brings about
another advantage over P450 monooxygenases. Peroxyge-
nases can be applied under non-aqueous, or even neat,
reaction conditions. In a proof-of-concept study, enantiomer-
ically pure products were obtained in up to 120 mm from such
a neat reaction system using immobilised AaeUPO.[38]

4.1.2. Hydroxylation of Aromatic C(sp2)@H Bonds
4.1.2.1. Hydroxylation of Non-Activated Arenes

Hydroxylations of non-phenolic aromatic compounds are
clearly the domain of (non-)heme iron monooxygenases.
Only these enzymes exhibit the oxidation power required for
the conversion of non-activated C@H bonds. The generally
accepted mechanism for this reaction comprises the forma-
tion of an arene oxide, which spontaneously rearranges into
the phenol product (NIH shift). This oxidative power,

however, also frequently causes selectivity issues, especially
when alkyl-substituted arenes are employed as starting
materials (ring hydroxylation vs. benzylic hydroxylation).
Recent advances in (semi-)rational enzyme engineering,
however, demonstrate that this issue can be solved.[39]

With peroxygenases,[40] further conversion of the phenol
products into phenoxy radicals (and further radical reactions)
represents an undesired side reaction, which can be circum-
vented either by co-administration of antioxidants or, more
elegantly, by protein engineering.[41]

Dioxygenases (DOs, E.C. 1.13.11) are very powerful
catalysts for the selective cis dihydroxylation of aromatic
compounds. Several hundreds of DO products have been
reported.[42] Mostly toluene dioxygenases (TDOs), naphtha-
lene dioxygenases (NDOs), benzoate dioxygenases (BDOs),
and biphenyl dioxygenases (BPDOs) from various organisms
are used (Scheme 10). Owing to their complex electron-

transport chains (Scheme 4), the majority of DO reactions
build on recombinant, whole-cell catalysts. Dioxygenases are
widely used in natural product synthesis.[43]

4.1.2.2. Hydroxylation of Activated Arenes

Flavin-dependent monooxygenases (FMOs,
E.C. 1.14.13.x) are mostly used for the selective ortho or
para hydroxylation of phenols.[47] Well-known representatives
of the FMO class are 4-hydroxybenzoate 3-hydroxylase
(PHBA),[48] hydroxyl biphenyl-3-monooxygenase (HbpA),[49]

and 3-hydroxybenzoic acid-6-hydroxylase (3HB6H),[50] which
all catalyse the selective ortho or para hydroxylation of
various phenols.

Scheme 9. Examples of industrial P450 monooxygenase catalysed
hydroxylation reactions.[31]

Scheme 10. Dioxygenase (DO)-catalysed cis dihydroxylation of aromatic
compounds and a representative selection of DO-derived products.
TDO: toluene dioxygenase;[44] BDO: benzoate dioxygenase;[45] NDO:
naphthalene dioxygenase.[46]
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Thus far, FMO-catalysed hydroxylations of phenols have
been reported to occur only in combination with rearomati-
sation, hence giving aromatic products. Very recently, Nar-
ayan and co-workers, however, reported various FMOs
catalysing the oxidative dearomatisation of substituted phe-
nols, giving access to a whole world of new synthons for
organic synthesis (Scheme 11).[51] Very exciting new reactions
may be expected in the future.

Aside from hydroxylation, the halogenation of activated
aromatics is also an emerging field of research. Haloperox-
idases, for example, initiate the halogenation of activated
aromatic compounds. The catalytic mechanism involves
oxidative activation of halides to hypohalites, which then, in
a non-enzymatic follow-up reaction, form the halogenated
products (Scheme 12). Aside from phenols, also pyrroles[52]

and indoles[53] have been converted in this fashion. As the
halogenation does not occur within the enzyme active site, the
selectivity of the halogenation reaction is dictated by the
chemical reactivity of the starting material rather than by the
enzyme, challenging its preparative scope. Nevertheless, the
very high catalytic activities (TN > 2000000 and TFaverage >
25 s@1) that have been achieved are very convincing.[37d,52,54]

Selective halogenations of aniline derivates are catalysed
by a range of flavin-dependent halogenases.[55] Most interest-
ingly, halogenases with complementary regioselectivities have
been reported. For example, tryptophan halogenases with
5-,[56] 6-,[57] or 7-selectivity[57b] are known.

Micklefield and co-workers recently demonstrated that
both the substrate scope and the regioselectivity of flavin-
dependent halogenases can be controlled by protein engi-
neering (Scheme 13).[58]

Seebach and co-workers have focused on the preparative
application of halogenases by designing elegant multi-enzyme
cascades to convert indoles into halogenated tryptophan
derivatives[59] on gram scale.[60] Halogenases have also been
used in more complex chemoenzymatic reactions, particularly
by using the halogenated products as starting materials for
Suzuki-type cross-coupling reactions.[61]

Nevertheless, despite the undoubted synthetic potential of
this enzyme class, the very low catalytic activity of flavin-
dependent halogenases (kcat values that are rather in the range
of h@1 than s@1) still challenges their broad applicability.

Finally, aromatic nitration is worth mentioning. Arnold
and co-workers have reported mutants of the P450 mono-
oxygenase from Streptomyces scabies (TxtE) exhibiting
different regioselectivities in the nitration of tryptophan
(Scheme 14).[62]

4.2. Oxidation of C@H to C=O

Double oxidation of (cyclo)alkanes to the corresponding
aldehydes or ketones is possible through the combination of
NAD(P)H-dependent monooxygenases catalysing the C@H
hydroxylation with NAD(P)+-dependent dehydrogenases to
transform the intermediate alcohol into the carbonyl product
(Scheme 15). Such redox-neutral reaction schemes are attrac-
tive especially for the production of low-value-added com-

Scheme 11. ortho-Quinol products obtained by oxidative dearomatisa-
tion.[51] TropB: FMO from Talaromyces stipitatus; AzaH: FMO from
Aspegillus niger ; SorbC: FMO from Penicillium chrysogenum.

Scheme 12. Chemoenzymatic halogenation of phenols by haloperoxi-
dase-catalysed hypohalite formation.

Scheme 13. Halogenation of “non-natural” anthranilate substrates
using the tryptophan halogenase from Pseudomonas fluorescens (PrnA)
together with an FADH2-recycling system (Fre).[58]

Scheme 14. Enzymatic nitration of tryptophan with TxtE. The regiose-
lectivity of the wild-type enzyme was altered by protein engineering.[62a]
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pounds such as cyclohexanone, where any additional costs for
cosubstrates would make any possible production system
unattractive from scratch.

This strategy has been applied for the conversion of
(cyclo)alkanes,[63] of a-isophorone into ketoisophorone,[19b]

and of valencene into nootkatone.[64]

Reetz and co-workers have extended this system to obtain
all possible stereoisomers of 1,2-cyclohexanediol from cyclo-
hexane (Scheme 16).[65]

The selective oxidation of CH3 groups to the correspond-
ing aldehydes can be a challenge using whole-cell biocatalysts.
This is due to the presence of endogenous aldehyde dehy-
drogenases catalysing the undesired overoxidation. Aside
from microbial strain optimisation, the 2LPS approach is
a simple solution to this issue as the hydrophobic aldehyde is
extracted into the hydrophobic organic phase and thereby
removed from the oxidation catalyst.[66]

4.3. Desaturation of CH@CH to C=C Bonds

Desaturations of carbonyl compounds to the correspond-
ing a,b-unsaturated enones are principally possible by
exploiting the reversibility of flavin-dependent Old Yellow
Enzyme-like ene reductases.[67]

Even more interesting than the aforementioned desatu-
rations of “activated” C@C bonds is the desaturation of non-
activated C@C bonds as, for example, found in saturated fatty
acids. In principle, Nature already provides suitable catalysts

for this reaction in the form of the so-called fatty acid
desaturases (FADs). These non-heme diiron enzymes are
structurally and mechanistically related to some non-heme
diiron monooxygenases (Figure S8). Most FADs do not act on
the free fatty acid but rather on the corresponding thioester
with a so-called acyl carrier protein. Therefore, in vitro
applications of FADs do not appear practical nowadays. A
few reports deal with the in vivo overexpression of some
desaturases in whole cells, generating a few mgL@1 of, for
example, a-linoleic acid.[68]

Overall, oxidative desaturation is an interesting but not
yet very far developed reaction.

4.4. Amination (C@H to C@NH2)

Indirect C@H amination reactions can be achieved by
cascades of monooxygenase-catalysed hydroxylation fol-
lowed by ADH-catalysed oxidation to the aldehyde/ketone
and reductive amination (Scheme 17).[69]

More elegantly, Arnold and co-workers recently devel-
oped a method for the direct amination of C@H bonds by
designing P450 variants (particularly with a distal Ser instead
of the natural Cys ligand; named P411) capable of forming
nitrenoid intermediates that act as nitrene transfer agents
(Scheme 18).[70] An intramolecular variant of this reaction is
also catalysed by other heme-dependent enzymes.[71,72]

Although the turnover numbers reported for the P450
mutants tend to be low (ca. 1000), exciting future develop-
ments and synthetic applications are expected.

4.5. Halogenation (C@H to C@X)

Selective halogenation, especially of non-activated C@H
bonds, represents a major challenge for organic synthesis. In
contrast, Nature has developed an arsenal of halogenating
enzymes (halogenases) that combine oxidative power with
selectivity.[55a,73] In addition to the halogenases/haloperoxi-
dases discussed above, also a range of a-ketoglutarate-
dependent non-heme iron halogenases capable of halogenat-
ing non-activated C@H bonds are known. Their catalytic
mechanism resembles that of a-KG-dependent monooxyge-
nases, with the exception that the rebound of the C-centred

Scheme 15. Double oxidation of alkanes to ketones. The combination
of NAD(P)H-dependent monooxygenases with NAD(P)+-dependent
alcohol dehydrogenases enables overall redox-neutral reactions.

Scheme 16. Cascade P450BM3-catalysed, three-step oxyfunctionalisa-
tion of cyclohexane with stereospecific ADH-catalysed reduction of the
resulting hydroxyketones to yield all possible cyclohexane-1,2-diol
isomers.[65]

Scheme 17. Enzyme cascade for the transformation of cycloalkanes
into secondary amines.[69]
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radical does not occur with an iron-bound OH group but
rather with an iron-bound halogen atom (Figure S7). a-KG-
dependent halogenases are a relatively young class of
enzymes first reported in 2005 by Walsh and co-workers.[74]

Since then, a range of selective halogenations (mostly
chlorinations) have been reported (Scheme 19).[73]

Preparative applications of this enzyme class are chal-
lenged by their very high to exclusive substrate specificity
(including the need for tethering of the starting material to
a peptidyl carrier protein). In this respect, the recent
discovery of WelO5 from Hapalosiphon welwitschii
(Scheme 19),[77] catalysing halogenation on a freestanding
(i.e., non-carrier-protein-bound) substrate, may lead to fur-
ther developments. Their mechanistic and structural similar-
ity to a-KG-dependent monooxygenases also offers the
possibility of engineering of the latter into halogenases.[79]

This may well lead to a very significant broadening of the
scope of biocatalytic halogenation chemistry.

Overall, biocatalytic halogenation of non-activated C@H
bonds is a very young, but dynamically developing field.
Current limitations, such as the narrow substrate scope and
the rather poor turnover numbers of the biocatalysts reported
thus far, are expected to be solved in the coming years.

5. Oxidation of C=C Bonds

5.1. Epoxidation Reactions

Epoxidations of alkenes have been investigated with
various enzyme systems, ranging from peroxygenases and
monooxygenases to lipase systems (Scheme 20).

Schmid and co-workers, for example, pioneered prepara-
tive-scale epoxidation reactions using the SMO from Pseu-
domonas sp.[80c,82]

Recombinant whole-cell systems in 2LPSs are efficient in
producing enantiomerically pure styrene epoxides.[80c] Grow-
ing cells provide sufficient reductive power to promote the
monooxygenase reaction while the organic phases not only
increase the overall substrate loading but also alleviate toxic
effects of the reagents on the biocatalyst. Thus more than
600 mm of the enantiomerically pure product can be obtained
in excellent yields, pointing towards economically compatible
processes.[82a]

The substrate scope of the SMO from Pseudomonas sp.
VLB120 is limited to styrene derivates. This gap was closed by
a new SMO from Rhodococcus sp.[80b,83] enlarging the product
scope to include aliphatic terminal alkenes.

P450 monooxygenases[80a,84] and peroxygenases[81,85] also
catalyse the epoxidation of C=C double bonds. However,
allylic hydroxylation is a frequently observed side reaction.
Again, protein engineering is a very powerful tool to over-
come this limitation as, for example, demonstrated by

Scheme 18. Enantiospecific nitrene transfer to alkyl-substituted arenes
catalysed by engineered P450 monooxygenases. The P411 enzyme has
been generated from a P450 monooxygenase by ligand substitution.
Note that the reduced (FeII) oxidation state is the catalytically active
one. Below: Preliminary product scope; all chiral products are essen-
tially enantiopure.[70]

Scheme 19. Selection of selective halogenation reactions mediated by
halogenases. PCP: peptidyl carrier protein; ACP: acyl carrier protein;
SyrB2: halogenase from Pseudomonas syringae ;[74] Barb2: halogenase
from Lyngbya majuscule (involved in barbamide biosynthesis);[75]

CmaB: halogenase from Pseudomonas syringae (involved in coronatine
biosynthesis);[76] WelO5: halogenase from Hapalosiphon welwitschii
(involved in welwitindolinone biosynthesis);[77] CylC: non-a-KG-depen-
dent halogenase from Cylindrospermum licheniforme.[78]
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