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CHAPTER 24

Vanadium Chloroperoxidases
as Versatile Biocatalysts

RON WEVER,** ROKUS RENIRIE? AND FRANK HOLLMANNP

#Van 't Hoff Institute for Molecular Sciences (HIMS), Faculty of Science,
University of Amsterdam, The Netherlands; ® Department of
Biotechnology, Delft University of Technology, van der Maasweg 9, 2629
HZ Delft, The Netherlands

*Email: r.wever@uva.nl

24.1 Introduction

The vanadate-dependent haloperoxidases are enzymes that catalyse a rather
simple reaction - the two-electron oxidation of a halide by hydrogen per-
oxide resulting in the formation of hypohalous acids, according to eqn
(24.1).

Cl~ +H,0, + H" — HOCI 4+ H,0 (24.1)

These hypohalous acids are very reactive and are able to halogenate a
broad range of organic substrates. In the absence of organic compounds, the
formed HOX will non-enzymatically react with the substrate hydrogen per-
oxide resulting in the formation of singlet oxygen (*O,, eqn (24.2). The rate of
the non-catalytic reaction between HOCI and H,0, is pH dependent and
decreases strongly at low pH (<7)."

HOCI + H,0,—10, + H,0 + HCl (24.2)
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Vanadium Chloroperoxidases as Versatile Biocatalysts 549

Haloperoxidases able to catalyse the oxidation of chloride, bromide or
iodide are named chloroperoxidases and enzymes able to oxidise bromide
and iodide are characterised as bromoperoxidases. The iodoperoxidases are
only able to oxidise iodide and, thus, will not be discussed here. Since a
bromoperoxidase may also oxidise chloride, albeit with low specificity con-
stant, the distinction between the haloperoxidases is somewhat arbitrary.
The vanadium bromo- and iodoperoxidases (VBPO’s, VIPO’s) are mostly
found in the marine environment (macro-algae and cyanobacteria) and are
involved in the production of large amounts of brominated and iodinated
compounds that are released in the marine environment.>* These BPO’s
produce oxidised bromine species (HOBr, Br, and Br; ) that will react se-
lectively with a range of organic molecules and organic matter.”® However,
there is some evidence that some VBPO’s from red seaweeds are selective
since they show diastereoselectivity in the bromohydrin formation.”®
The VBPO'’s are highly stable and the peroxidases from the brown seaweed
Ascophyllum nodosum have been used in the biosynthesis of brominated
compounds. The many properties and successful use of this enzyme in
bromination reactions are described in detail elsewhere®'® and will only be
discussed here shortly.

The vanadium chloroperoxidases (VCPO’s) are especially interesting be-
cause of their ability to oxidise Cl™. They are found in a group of terrestrial
fungi, the so-called dematiaceous hyphomycetes belonging to the phylum
Ascomycota. These fungal VPO’s probably function in the decay of plant
debris and have a possible role in the degradation of the cell walls of the
plant host via the formation of HOCL'" These enzymes just release HOCI in
solution and there is no evidence for regio- or stereoselective halogenation
catalysed by these fungal VCPOs.

In contrast, the vanadium peroxidases NapH1 and Mcl24 from the marine
prokaryote Streptomyces bacteria Streptomyces sp. CNQ-525 and Streptomyces
sp. CNH-189, respectively, catalyse stereoselective halogenation of mero-
chlorin and napyradiomycin molecules. These enzymes do not form free
diffusible HOCI as judged from their inability to chlorinate mono-
chlorodimedone, a widely used assay'’ to asses halogenating activity, but
instead are able to specifically catalyse the stereoselective chlorination-
cyclisation of their natural substrates. This suggests a very specific bind-
ing of the substrate to the active site of these enzymes. A detailed description
of the properties of these enzymes and their dedicated role in the bio-
synthetic route to the napyradiomycin family of bacterial meroterpenoids
can be found elsewhere.">"?

There are a number of other enzyme classes that are able to carry out ha-
logenations reactions and are, or maybe become, synthetically useful. These
are the heme-dependent haloperoxidases, the non-heme o-keto glutarate-
dependent halogenases and the flavin-dependent halogenases. This chapter
focuses on the use of the fungal VCPOs that are more stable than enzymes
from the other classes in biocatalytic halogenation reactions. For information
on these classes, the reader is referred to several reviews.'**°
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550 Chapter 24

24.2 Fungal Vanadium Chloroperoxidases

Many mechanistic and molecular details are available for vanadium chlor-
operoxidases. Most studies have been done with the enzyme from the fungus
Curvularia inaequalis, though enzymes from other species have also been
studied, e.g., those from Drechslera biseptata'’ and Embellisia didymospora.*®
This includes detailed structural data of the enzyme," the nature of the
active site, the nature of the peroxido intermediate that is formed during
catalysis®® and the role of the various amino acids ligated and coordinated to
the vanadate.*""*

24.2.1 Stability of the VCPO

Early on it was discovered that the fungal VCPO is unusually stable, like
the VBPOs from the marine environment. The enzyme can be stored for
weeks in water-miscible and immiscible solvents such as methanol, ethanol,
2-propanol or ethylacetate,®** and also remains active when used as a
cosolvent.”® The enzyme is also resistant towards chaotropic agents. For
example, at incubation in guanidine-HCI only at a concentration of 2 M the
enzyme starts to lose activity>> and at 3.7 M, only half the original activity is
lost. At these concentrations most enzymes have lost their activity com-
pletely. Also, the VCPO remains catalytically active in a polydisperse non-
ionic surfactant, for at least 10 h, converting H,0, into a constant flow
of '0,.>® The thermostability as shown in Figure 24.1 is also very high and
close to that of thermostable enzymes. The midpoint temperature of de-
naturation of the CPO’s from Curvularia inaequalis and Drechslera biseptata
are about 90 and 82 °C, respectively.

These midpoint temperatures of thermal denaturation are close to those
found for thermophilic enzymes. The enzyme structure of VCPO from C.
inaequalis is mainly o helical with two four-helix bundles and some anti-
parallel beta sheets. The high stability is probably due to the very compact
packing of the helices and the hydrophobic interaction in the middle of
these bundles. There are no disulphide bridges."’

Currently five VHPO crystal structures are available and the active site
in all these enzymes consists of negatively charged vanadate held in place by
positively charged amino acids lysine and two arginines. Further, there is a
covalent bond to the Ng, of a histidine and two hydrogen bonds to a serine
and a glycine residue. Finally, there is a hydrogen bond of the axial oxygen
atom to the Ng;, atom of a histidine. The active site, as illustrated in
Figure 24.2, is conserved in all vanadium haloperoxidases known to date,
with some minor differences.

Thus, the vanadium enzymes differ significantly in their active site
structure from the well-known heme peroxidases. These enzymes and their
prosthetic group the oxido-metallate are very resistant towards oxidative
inactivation by both substrate (hydrogen peroxide) and products (hypoha-
lous acids and singlet oxygen) as will be discussed in some detail. This
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Figure 24.1 The thermostability of VCPO. Samples of VCPO were incubated for
5 min in Tris-buffer (pH 8.3) after which time the chlorinating activity
was measured. Prolonged incubation for 15 min did not affect the
midpoint temperature.
Reproduced from ref. 23 with permission form John Wiley and Sons, ©
2020 Federation of European Biochemical Societies.
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Figure 24.2 The active site of VCPO from Curvularia inaequalis (PDB accession

number 11DQ).
Adapted from ref. 26 with permission from John Wiley and Sons, ©

2020 Federation of European Biochemical Societies.



552 Chapter 24

resistance towards inactivation®**” is in strong contrast to heme-containing

enzymes which are rapidly inactivated even at micromolar concentrations
presumably by the oxidation of the labile cofactor.

24.2.2 Kinetic Properties Vanadium Chloroperoxidase from
Curvularia inaequalis

This enzyme shows a pH optimum in the bromination or chlorination
varying from pH 5 to 5.5 depending on the concentration of hydrogen per-
oxide, the halide used and its concentration.?® Steady-state kinetic studies™
on the oxidation of chloride by VCPO reveal a mechanism in which hydrogen
peroxide binds first to the enzyme forming a peroxido intermediate which
oxidises the halide. High halide concentrations inhibit the enzyme strongly
whereas high peroxide concentrations have hardly any effect.>**® This sub-
strate inhibited Bi Bi Ping-Pong mechanism resembles that of the VBPOs.
At pH values below the pH optimum the chlorinating activity is inhibited
by chloride whereas higher pH values chloride oxidation follows a
Michaelis-Menten type of curve. As Table 24.1 shows, the K, value for
chloride oxidation is strongly dependent on pH and its value increases
nearly linearly with pH. The kinetics of bromide oxidation is similar to that
of the chloride oxidation.***°

However, the K, for bromide in the order of pMolar is surprisingly small
(<10 uM) in the pH range 4.2-6.3 and it is much less dependent upon pH.
Bromide is much more inhibitory than chloride.?® This should be kept in
mind when applying the enzyme in synthetic halogenation procedures. It
should be noted that the turnover frequencies (k... values) mentioned in
Table 24.1 have been obtained for pure enzyme and are derived from Vi,
values from Lineweaver-Burk plots. These values are in general significantly
higher than those obtained at a fixed halide and H,O, concentrations.
Table 24.1 also shows that the K, values for H,O, are in the pMolar range.
Inhibition by H,0, even at high concentrations has not been reported so,
again, in preparative purposes the H,O, concentration is not crucial. The
specificity constants (k../K;;) for the oxidation of Br are about 5-10-times

Table 24.1 Kinetic parameters of the oxidation of Br~ and Cl™ catalysed by VCPO.

X~ H,0,

: —1 kcati/lfmi 1 —1 kcatllfmi 1
Halide pH K, (WM) K (s™) (M 's™)  Kp (M) Keae(s) (M ‘s
Br~ %% 42 <5 253 >5.1x107 90 250 2.6x10°

52 9 248 2.8x107 35 203 5.8x10°
6.3 7 37 5.3%10° <5 33 6.6x10°
8.0 120 1 8.3x10° <5 1 >2x10°
cl” % 50 1.1x10° 23 2.0x10* 49 183 3.7x10°
6.3 1.0x10* 7.3 7.1x10% 2.6 152 5.8x10°

8.0 1.1x10° n.d. n.d. n.d. n.d. n.d.
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Vanadium Chloroperoxidases as Versatile Biocatalysts 553

higher than those for chloride oxidation, in part reflecting the ease of oxi-
dation of Br .

24.2.3 Use of the VCPO in the Production of Singlet Oxygen

In fact, the VCPO can be used as a highly efficient catalyst for the production
of singlet oxygen®” under mildly acidic conditions according to eqn (24.1)
and (24.2). In these reactions the halide is regenerated and the process is
catalytic, resulting in slow and controlled formation of 'O,. To minimise the
side reactions of 'O, with compounds other than HOCI, high H,0, con-
centration (0.1 M-1.0 M) should be used.

Figure 24.3 illustrates the surprising stability of VCPO against 0.5 M H,0,
under continuous turnover producing 'O, for at least one hour in the
presence of 5 mM chloride. This system under appropriate conditions may
function as efficient catalytic system for the generation of 'O, under slightly
acidic conditions.?” Chloride should be used as substrate rather than
bromide since with the latter formation of side products is observed. The
VBPO from Ascophyllum nodosum has also been tested as singlet oxygen
producer. Unlike the VCPO, this enzyme though it initially produces singlet
oxygen, is inactivated in time. Using anthracene-9,10-bis(ethane sulphonate)
as a singlet oxygen trap full conversion is observed into the corresponding
endoperoxide. During the conversion®” the enzyme activity is not affected for
25000 turnovers within 75 minutes with a turnover frequency of 5.6 s~ *. The
rate is about 10*-times higher than those based on Na,MoO, or La(NO;);/
NaOH and which are not effective at slightly acidic pH values. The enzyme is
also active in singlet oxygen formation in non-ionic micro-emulsions and

200

150-0® o o ® o G
®

100

VCPO activity (s)

wn
o
I

0
0 20 40 60
Time (minutes)

Figure 24.3 Resistance of the VCPO against inactivation by H,0, and 10,.
The formation of 'O, was initiated by the addition of 0.5 M H,0, and
5 mM Cl . At selected time intervals samples were taken and the
brominating activity of the VCPO assayed.
Reproduced from ref. 27 with permission from John Wiley and Sons,
Copyright © 2003 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
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554 Chapter 24

fully stable for at least 10 h converting H,O, in a constant flow of '0,.>* This
makes the enzyme a viable alternative for inorganic systems.

24.2.4 Use of VCPO in Decarboxylation of Amino Acids

Nitriles are important building blocks in the synthesis of a variety of
pharmaceuticals, in polymer production or as industrial solvents such as
acetonitrile. Many methods to produce them are available but they are either
energy-intensive or use toxic chemicals (e.g., HCN) and there is clearly a need
for greener alternatives. In this respect, VCPO may be a viable alternative.
When the amino acid phenylalanine and glutamate are exposed to the en-
zyme in the presence of Br~ and H,0, at pH 5.6 the amino acids are dec-
arboxylated®' resulting in the formation of the corresponding nitriles
(phenylacetonitrile and 3-cyanopropanoic acid). The amino group of the
amino acid reacts with HOBr forming a N-bromo-intermediate that decays to
3-cyanopropanoic acid and CO, (Scheme 24.1).

This scheme shows that Br™ is regenerated and thus the reaction is catalytic
in bromide. Since the K,, for bromide oxidation is very small (<10 uM, see
Table 24.1) only a catalytic amount of bromide is needed. Other amino acids
are also converted by this enzymatic system, e.g., phenylalanine into pheny-
lacetonitrile. However, in this conversion not only phenylacetonitrile is
formed but also the corresponding aldehyde as a side product. This oxidative
decarboxylation catalysed via formation of HOBr may have a potential appli-
cation in the valorisation of biomass that is rich in glutamic acid.**

24.2.5 Sulphoxidation by VBPO and VCPO

Optically active sulphoxides are important synthons in particular for the
preparation of biologically active compounds and they also function as
carriers of chiral information in asymmetric transformations. No general
method is available to synthesise these compounds. Several oxidoreductases
catalyse the enantioselective sulphoxidation of a variety of sulphides and
also the VBPO’s have been successfully used in this reaction'® though the k¢
values of enantioselective sulphoxidations (1 min~') are in general much
slower than the k., of the brominating activity (166 s~ ') of for example the
VBPO from A. nodosum.?* In contrast to VBPO, VCPO is not capable of a
direct and selective oxygen transfer to methyl phenyl sulphide and a racemic
mixture is formed. It has been suggested®® that the aromatic sulphide is
directly oxidised by the very reactive peroxido enzyme intermediate by one

o) o} o

VCPO, Br M
—_— >
HO OH NG OH

NH,  +Hp0, +CO2 + 2 H0

Scheme 24.1 Enzymatic oxidative decarboxylation of glutamic acid into 3-
cyanopropanoic acid by vanadium chloroperoxidase from C. inaequalis.
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Vanadium Chloroperoxidases as Versatile Biocatalysts 555

electron and the formed positively charged sulphur radical decays to the
racemic sulphoxide.

24.2.6 Halogenation of Phenolics and Alkenes by
Haloperoxidases

Chemical halogenation of organic compounds by elementary halogens or
hypohalous acids suffers from the high reactivity of the reagents leading to
unwanted side products and the direct use of these reagents requires special
non-corrosive equipment. N-halocompounds as halogenating agents may
also be used but these need to be halogenated as well, causing significant
organic waste. Similarly, vanadium-based catalysts may be used,** but in
general the turnover is low. Transition metals such as W and V and van-
adium peroxides have been shown to be useful in the conversion of olefins to
halohydrines.>®*” The best method from a green-chemistry perspective
would be the generation of halogenating species from halides by the oxidant
H,0, or 0,.*® Alternatively oxone®® (potassium monopersulphate) in the
presence of alkali metal bromides may be used to obtain brominated com-
pounds. Given the importance of organohalogens, the use of enzymes able to
halogenate compounds under mild conditions is becoming more and more
attractive since the process may be greener and more selective. Several
studies and reviews have appeared'®*°™*® in which the application of the
heme chloroperoxidase form Caldariomyces fumago in halogenation of sev-
eral compounds is discussed. The popularity of using this enzyme in con-
versions is mainly due to the fact that it is commercially available and its
initial high turnover frequency (1000 s ') but it is rapidly inactivated by
moderate peroxide concentrations.** In addition, the activity of the heme
CPO is readily eliminated at temperatures above 50 °C and storage at slightly
elevated temperatures leads to inactivation.*’

Alternatively, the VBPO from Ascophyllum nodosum can be used in the
synthesis of brominated organic compounds and several studies have ap-
peared'® of the successful application of this enzyme in the synthesis of
brominated phenols, barbituric derivatives and pyrroles. In particular, the
controlled and slow generation of HOBr in solution allows more specific
bromination of a susceptible site on the organic substrate.’® However,
though the VBPO may be purified in pretty large amounts'® from its natural
source (e.g., the seaweed Ascophyllum nodosum) this source is not universally
accessible. To date, successful methods to express this enzyme or other
VBPO'’s in sufficient amounts from seaweeds have failed due to the for-
mation of insoluble inclusion bodies from which it is difficult to obtain
active enzyme. Also, this VBPO is only moderately resistant towards oxidative
inactivation by H,0,.>”*’

A much better alternative may be the VCPO considering its superb stability
and the fact that it can easily expressed in sufficient amounts in convenient
hosts.>!*>*® Recently the VCPO was also successfully His-tagged without any
effect on known enzymatic parameters (unpublished results). Despite this
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556 Chapter 24

OH OH OH OH
VCPO Br Br
—_— + +
+ Hx0, + Br + H*
Br +2H0 Br

Scheme 24.2 Bromination of thymol to 2-bromo, 4-bromo and 2,4-dibromothymol
by VCPO.

only a few studies have appeared on the use of the enzyme in conversions. To
investigate the feasibility of the VCPO in bromination and chlorination re-
actions, the electrophilic halogenation of thymol was chosen as model
substrate.>® Since the kinetic properties of the VCPO towards bromide or
chloride (Table 24.1) differ it is difficult to compare the efficiency and spe-
cificity at the same pH or substrate concentrations. For example, it was
observed that when using 10 mM of each halide at pH 5 and dosing the
incubation every 30 min for 6 h with 1 mM H,0O, complete conversion of the
thymol in brominated compounds was observed (see Scheme 24.2) whereas
when chloride was used the conversion was only 50%. In this bromination
reaction an apparent turnover frequency of 55 s~ ' was found.

This bromination process is kinetically controlled. In the initial stage of
the reaction first 2-bromo- and 4-bromo thymol are formed which are sub-
sequently converted into the 2,4-dibromothymol. Up-scaling the process to
obtain synthetic useful amounts is hampered by the fact that high bromide
concentrations (>10 mM) inhibit the reaction®® and bromide was added
continuously to the incubation. Further thymol poorly dissolves in water and
50% of ethanol had to be used as co-solvent. This semi-preparative method
yielded 0.09, 0,69 and 0.14 g of 2-bromo-,4-bromo- and 2,4-dibromothymol,
respectively. The turnover frequencies obtained®* are high, up to 55 s~ and
close to the maximum value of 250 s~ that can be obtained for the enzyme
under optimal conditions (see Table 24.1). A total turnover number of 2x10°
can be calculated from the data. This illustrates the robustness of this
enzyme and its insensitivity to hydrogen peroxide which makes this enzyme
a better catalyst than the heme-containing chloroperoxidase from
Caldariomyces fumago for which the concentration of added hydrogen per-
oxide has to be carefully controlled,*® and an even better catalyst than the
vanadium bromoperoxidase.*®

24.2.7 Formation of Halohydrins and Epoxides

Halohydrins are useful intermediates in the synthesis of more complex
compounds and can easily be converted into epoxides. Classical chemical
methods to obtain halohydrins suffer from the formation of side products
and the corrosive conditions that have to be used. Haloperoxidases have
been used early on* to produce o, halohydrins on an analytical scale from
gaseous alkenes (ethylene, propylene, butane-1, butane 2, isobutylene,
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Vanadium Chloroperoxidases as Versatile Biocatalysts 557

butadiene and allene) using the heme CPO from Caldariomyces fumago and
bovine lactoperoxidase. These enzymes are very susceptible to hydrogen
peroxide and the concentration used (30 mM) prevented long incubation
times and sufficient yields. In 1988 the formation of the bromohydrins
by a peroxidase®® - later shown to be a VBPO®' from the red seaweed Cor-
allina pilulifera - was reported. Substrates were substituted alkenes, in-
cluding cyclohexene, styrene, transcinnamyl alcohol, trans-cinnamic acid
and cis-propenylphosphonic acid. The results showed that the products
formed result from hypohalous addition across the carbon-carbon bond
forming a bromonium intermediate. As shown in Section 24.1.7, the use of
vanadium CPO may be a much better biocatalytic alternative and this was
evaluated®” using the halohydroxylation of styrene as a model reaction (see
Scheme 24.3).

Indeed, full conversion and formation of bromohydrin were obtained at
the pH optimum of the enzyme (pH 5) with only traces of side products.
When chloride was used as a substrate, the corresponding chlorohydrin was
formed. As expected from a process in which the enzyme produces HOBr or
HOCI, enantioselectivity is not observed. At more alkaline pH values more
epoxide is formed in line with the base-catalysed intramolecular ring clos-
ure. In the presence of 170 mM hydrogen peroxide and 160 mM KBr 40 mM
water soluble styrene-4-sulphonate was easily converted within 6.5 h into it
the corresponding bromohydrin by 0.1 pM VCPO. The data showed that the
VCPO performed 0.4x10° catalytic turnovers which could be increased to
1.3x10° by increasing the concentration of both the styrene-4-sulphonate
and the KBr concentrations. The turnover frequency initially was 69 s~ but
decreased to 15 s~ " at a later stage of the reaction. The values of these kinetic
parameters are close to those obtained in bromination of thymol by VCPO.
The substrate scope of the enzymatic halogenation is large. In the presence
of ethanol as a co-solvent for the poorly soluble substrates, various aromatic
and aliphatic alkenes were converted into the corresponding halohydrins
with satisfactory yields (60-88%). In general, at the same halide concen-
tration the yields with bromide are higher. Preparative scale (1.1 g) reactions
of some alkenes were also reported.”

Transformation of the formed halohydrins into the corresponding ep-
oxides is also possible. This ring closure occurs spontaneously at alkaline
pH. However, the VCPO (pH optimum 5) is only active at slightly acidic pH
values. A two-step procedure was carried out® in which first the halohydrin
is formed enzymatically followed by a pH increase to pH 10. This approach
was successful for most of the aromatic and aliphatic alkenes.

OH

X Br
©/\ VCPO oH

+HyOp + Br + H* +H0 +HBr

Scheme 24.3 Enzymatic formation of a,-bromohydrin from styrene.

9]

10

20

30

w
9]

40



558 Chapter 24

H
AN Halohydrin
©/\ VCPO @j\/ dehalogenase

+Hy05 + Br + H* + H,0 +Br +H*

o

Scheme 24.4 Enzymatic cascade for the conversion of alkenes into epoxides.

An enzymatic cascade in a one-pot procedure was also developed®* using
the halohydrin dehalogenase that will catalyse the ring closure at more
neutral pH values (pH 7, see Scheme 24.4). Only 33% of the styrene was
converted into the epoxide. However, the low yield is due to a mismatch of
the pH optima, the dehalogenase has a pH optimum of 8-9 whereas that of
VCPO is 5-5.5. Combining a halohydrin dehalogenase with haloperoxidase
to obtain epoxides via an alternate pathway has been proposed before.*’
However, details on this study are lacking.

This enzymatic cascade has the advantage that bromide is regenerated in
the reaction and, thus, catalytically present.

The group of Dordick® reported a very peculiar reaction. VCPO from
C. inaequalis was shown to catalyse the hydroxylation, bromination and
demethylation of 2,4,6-trinitrotoluene (TNT) in the presence of H,0, and Br ™
under alkaline conditions (pH 8). This is a surprising result considering the
pH optimum of the enzyme (5-5.5) and the very low brominating activity at
pH 8 (1 s7', See Table 24.1). No follow-up study has been reported.

24.2.8 Haloetherification by Bromoperoxidases

Using the VBPO’s from marine red algae it was shown that the monoterpene
nerol and sesquiterpene (E)-(+)-nerolidol were brominated and cyclised to a
cyclic ether.”**® However, the yield (5%) was low and bromohydrins and
epoxides were also formed. It is likely the enzymes form a bromonium ion
that reacts at the alkene to form a bromonium intermediate, which, by a
nucleophilic reaction with a nearby alcohol group, results in a cyclic bro-
moether structure.

24.2.8.1 Halolactonisation of Unsaturated Carboxylic
Acids by VCPO

Bromolactonisation has been studied®®™® in the past using the heme lac-
toperoxidase from milk and a bromoperoxidase (BPO) from Laurencia nip-
ponica. In these studies, it was shown that these enzymes catalysed the
intramolecular cyclisation of (3E)- and (3Z)-laurediol to the 8-membered
bromoethers (E)-deacetyllaurencin and (Z)-prelaureatin. However, the yields
of brominated cyclic lactones were very low. Bromolactonisation of
4-pentynoic acid and formation of a brominated furanone using the VBPO
from the red alga Delisea pulchra was also reported.”
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Vanadium Chloroperoxidases as Versatile Biocatalysts 559

(0]
VCPO O, X
NCOZH —_— \]\;>_/
2 H,O

+ Ho05 + X+ H* +

Scheme 24.5 Halolactonisation of 4-pentanoic acid into 5-(bromomethyl)dihydro-
2(3H)-furanone.

HO _~_ -~~~ __Vero (j\/
Br
(@)

+ H202 +Br + H* +2 Hzo

Scheme 24.6 The etherification 40 mM of 5-hexen-1-ol into 2-(bromomethyl)tetra-
hydro-2H-pyran.

Recently it was shown that y,5-unsaturated carboxylic could also be ha-
locyclised by VCPO.*® Using 4-pentanoic acid as a substrate (Scheme 24.5)
the corresponding halolactones could easily be obtained.

It was possible to prepare 0.91 and 1.4 g of the chloro-and bromolactone
products from 10 mMol 4-pentenoic acid corresponding to 70% and 80%
isolated yield. Also, a number of y,0 unsaturated carboxylic acids were
converted into the corresponding brominated or chlorinated cyclic lactones.
As could be expected, the reaction proceeded optimally at pH 5. In most
cases the conversion was 100%.

24.2.8.2 Conversions of Alkenols into Haloethers by VCPO

Haloetherification was also studied*® using 5-hexen-1-ol as a substrate (see
Scheme 24.6) and could be converted into 36 mM 2-(bromomethyl)tetrahy-
dro-2H-pyran within 24 h.

This corresponds to a total turnover number of 360 000. It was possible to
convert several other alkenols into the corresponding chloro- or bro-
moethers with good selectivity. The potential environmental benefits of the
enzymatic process compared to the chemical proces using bromo-
succinimide as a brominating agent were also demonstrated.*® The mass
intensities are comparable, but the chemical process yielded more waste.

24.2.9 Achmatowicz Reaction Catalysed by VCPO

The Achmatowicz reaction in which a-heterosubstituted furfural derivatives
are oxidatively converted into six-membered O- or N-heterocyclic building
blocks gives access to range of useful building blocks. In this reaction the
furan ring is oxidatively activated using for example m-chloroperbenzoic acid
or bromine.®*®' Also biocatalytic conversions have been reported. For ex-
ample, the heme chloroperoxidase from Caldariomyces fumago has been
used in the selective oxidation of furfuryl alcohols.®” However, the supply of
H,0, has to be carefully tuned in order to avoid oxidative inactivation of the
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o X vepoBr O
|/ — X =0, NH

R R™ ~x~ “OH
+ Ho0o +H0

Scheme 24.7 The (aza)-Achmatowicz conversion mediated by VCPO.

peroxidase. The very robust VCPO has been exploited® in an (aza)-Achma-
towicz reaction in which functionalised piperidinones or substituted pyr-
anones are formed (see Scheme 24.7).

As expected, the oxidation of furfural derivatives proceeded optimally at
pH 5 and for the aza-Achmatowicz reaction to proceed only low amounts of
bromide were needed. This prompted the group®® to carry out the reaction in
seawater which was buffered 1:1 with 0.1 M citrate buffer (pH 5) as a source
of bromide. Indeed, conversion of N-Boc protected 3-aminofuran was ob-
served though the rate was significantly slower than in defined buffers. This
was attributed to the high concentration of chloride in seawater and its in-
hibitory effect. Several furanyl derivatives® were fully converted into sub-
stituted piperidinones and prepared on a semi-preparative scale (about
0.2 g) using a reaction medium of ethanol with 100 mM citrate buffer at pH 5
[1:1 (v/v)] to solubilise the substrates. The turnover frequency was 8.7 s~ !
and the total turnover number was larger than 10°. It was also possible to
obtain a substituted pyranone via the Achmatowicz rearrangement of a
furfural alcohol. The use of VCPO in these rearrangements has several ad-
vantages. Since the enzyme remains active in mixtures of water and water-
soluble organics high concentrations of the substrates can be reached.
In contrast, the heme chloroperoxidase from C. fumago rapidly denatures
in these mixtures. Further, unlike the heme chloroperoxidase from
C. fumago,® there is no need to control the H,0, concentration.

24.3 Conclusion and Prospects

In many pharmaceuticals, halogens are introduced to increase their activity
and halogenated compounds are intermediates in the synthesis of more
complex molecules, e.g., the Suzuki-Miyaura palladium catalysed cross-
coupling of brominated compounds. In general, the halogenation pro-
cesses require deleterious reagent, most reaction conditions are corrosive
and waste is formed. There is clearly a need for other methods that are more
environment-friendly and can be carried out under mild conditions. The
research by the Hollmann group on the VCPO illustrates that such a viable
enzymatic halogenation method exists and that the enzymatic halogenating
methods can be carried out under very mild condtions. The only drawback of
the enzymatic halogenation using this class of enzymes is that the halo-
genation of organic compounds by the hypohalous acids formed will not be
regio- or stereoselective. Further the enzyme is not yet commercially avail-
able. Nevertheless, the results show that enzymatic halogenation should
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make part of the toolbox of organic chemists. Other applications of these
VCPOs have also been envisaged based on their stability and on the for-
mation of HOCI and HOBr. Hypohalites have antimicrobial and bleaching
properties and patent applications describing the use of VCPO on these
subjects are abundant.®*
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