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The  discovery  of enzymes  that  utilize  hydrogen  peroxide  to  oxidize  bromide  under  physiological  con-
ditions  provided  a  strong  stimulus  to the  field  of  oxidative  bromination.  A synthetically  useful  enzyme,
to  catalyze  the  oxidation  of  bromide,  for  bromofunctionalization  of  donor-substituted  arenes  in solu-
tions  of hydrogen  peroxide  and  sodium  bromide,  is a  vanadate(V)-dependent  bromoperoxidase  from  the
brown  alga  Ascophyllum  nodosum.  This  enzyme  operates  in  homogeneous  solutions  of  buffered  aqueous
tert-butanol  (pH  6.2),  or,  to simplify  repetitive  use,  in  a  two-phase  system  after  immobilization  onto  mag-
netic beads.  Synthesis  of  cyclic  bromohydrin  ethers  (tetrahydrofurans  and  tetrahydropyrans)  and  vicinal
dibromides  from  unsaturated  hydrocarbons,  on  the  other  hand,  occurs  more  effectively  in polar  aprotic
romoperoxidase
romocyclization
rown alga
yrrole
xidation catalysis
anadium

solvents.  Under  such  conditions  the  more  lipophilic  tert-butyl  hydroperoxide  serves  as  oxidant,  which
is  activated  by  oxovanadium(V)  complexes  (functional  bromoperoxidase  mimics).  Protons  and  bromide

ions,  which  are  consumed  for in  situ  generation  of  bromine,  are  supplied  in organic  solution  by
fragmentation  of 3-bromopropionic  acids.  The  structure-reactivity  data  obtained  from  oxidations  cat-
alyzed  by  bromoperoxidases  

selectivity  in  biomimetic  synth

Abbreviations: BPO, bromoperoxidase; CHD, cyclohexa-1,4-diene; DTAB, dodecyl tr
owest  unoccupied molecular orbital; MES, morpholine-4-ethanesulfonic acid; M-PVA, m
N),  01 and 12 refer to particle sizes; 118NBS, N-bromosuccinimide; NHE, normal hydr
romoperoxidase; VBrPO(AnI), vanadate(V)-dependent bromoperoxidase from Ascophyllu
∗ Corresponding author. Tel.: +49 631 205 2431; fax: +49 631 205 3921.

E-mail address: hartung@chemie.uni-kl.de (J. Hartung).

010-8545/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.ccr.2011.04.003
and  functional  enzyme  mimics  pose  a valuable  guideline  for  predicting

esis  of  organobromines  from  terpenes,  acetogenins,  and  pyrrole  alkaloids.

© 2011 Elsevier B.V. All rights reserved.

imethyl ammonium bromide; HOMO, highest occupied molecular orbital; LUMO,
agnetic polyvinyl alcohol-coated beads, either epoxide (E) or amino-functionalized
ogen electrode; TBHP, tert-butyl hydroperoxide; VBrPO, vanadate(V)-dependent
m nodosum, isoenzyme I, PDB access code 1QI9.
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. Introduction

.  . .A myriad of simple haloalkanes have been isolated from
marine algae. . .It seems likely that the “smell of the ocean” is
due to this potpourri of volatile halocarbons. . ..  [1]

Organobromines have always come along with human civiliza-
ion and will continue to do so [2,3]. Bromoalkanes are formed
n enormous quantity and diversity from photochemical reactions
n the marine boundary layer [4,5], geothermal events [6],  and

etabolic pathways (Scheme 1) [7–9]. Industrial production of
rganobromines started in the middle of the 19th century [10], that
s, with some offset from the time that Carl Löwig (1825) [11,12]
nd Antoine-Jérôme Balard (1826) discovered bromine as a new
hemical element [13,14].

The use of organobromines in life and society is a tribute to
he unique properties of the carbon–bromine bond. A bromo-
ubstituent is able to raise lipophilicity of an organic molecule,
hich improves properties of a substance to serve as emulsifier,

nsecticide, or biologically active compound [15,16]. Aryl-bound
romosubstituents lower the rate of oxidative arene metabolism,
hich is important to increase the in vivo stability of pharma-

euticals. Conjugation between an aromatic �-system and a pair
f non bonding electrons at bromine shifts electronic excitation
nergies of chromophors and thus induces auxochromic effects.
n other arenes, the carbon bromine bond is a key structural ele-

ent to achieve flame retarding properties of a material (vide infra)
17–20]. The aliphatic carbon–bromine bond, on the other hand,
ombines in a unique manner stability and chemical reactivity. This
ond can be selectively broken in heterolytic or homolytic reac-
ions, to serve as progenitor of carbocations, carbanions, or free
arbon radicals [10,21].  The propensity to undergo chemical trans-
ormations is the reason for the use of bromoalkanes as rodenticides
22], fire extinguishants [23], and gasoline additives [10]. Surpris-
ngly little is known about the biological role of naturally occurring
rganobromines [3],  but it seems reasonable to assume that pro-
ucing organisms have similar interests in these substances as man.

The common bromine source for synthesis of organobromines
s bromide. Bromide-containing minerals, such as bromocarnal-
ite (MgBr2·KBr·6H2O), bromosylvinite [K(Cl,Br)], and silver halide
res {bromoargyrite (AgBr), embolite [Ag(Cl,Br)], capgaronnite
HgS·Ag(Cl,Br)]} unfortunately are rare in the earth’s crust [10].
eemingly unlimited quantities of bromide, however, are dissolved
n the oceans (65 mg  L−1 to 6.5 g L−1), which therefore serve as
ndustrial bromide resource to produce electrophilic bromination
gents [10].

In synthesis, carbon–bromine bonds are formed from radical
eactions, nucleophilic substitutions, and electrophilic additions
2,24].  The majority of organobromines, however, originates from

lectrophilic additions, which requires an a priori oxidation of
romide [25,26].  To oxidize bromide on a technical scale, manu-
acturers in the early days used manganese dioxide–sulfuric acid
lends, whereas chlorine (Steaming-Out Process) or air–chlorine

C Br

[ Br ]

Br –

bromination

mineralisation, metabolism

activation

1.2 10 oceans: 11 t

109

• biological activity

  t
 crust:
 boundary layer:

1010 mobilization•t
• intermediate

cheme 1. Sources and sinks of organobromine compounds in the planetary
romine cycle {[Br] = Br+

solv, Br• , BrOn
• , BrXn

− (n = 1, 2, . . .;  X = e.g. Cl, Br), BrY (Y = Br,
H)}.
ry Reviews 255 (2011) 2204– 2217 2205

mixtures in combination with sulfuric acid (Blowing-Out Process)
are standard procedures today. The annual production of bromine
has continuously increased over the past decades and has reached
a global volume of more than 563,000 ton world wide in 2004 [10].

Molecular bromine is a favorable agent for synthesis, but it is
corrosive and toxic. Transport, storage, and handling of bromine
therefore require strict safety standards [10]. For synthesis of 1 ton
of the flame retardant tetrabromobisphenol A (Scheme 2), 1.18 ton
of bromine are needed. To produce this amount of bromine, bro-
mide from about 134 m3 of Dead Sea brine [�20 = 1.2334 g L−1,
0.055 molar in bromide] [27,28] has to be crystallized as alkali
salt and subsequently oxidized. Production of 1 ton of tetrabromo-
bisphenol A also provides 165 m3(0.6 ton), of hydrogen bromide
as by-product. The hydrogen bromide must be separated in a
recovery unit and disposed of, or oxidatively recycled. Hydrogen
bromide, which is either supplied from a waste stream or an alkali
bromide–mineral acid mixture, is oxidized on a technical basis
with hydrogen peroxide at elevated temperature, to in situ-produce
bromine. This method is the chemical basis for a procedure called
the on-site bromination and is used to industrially prepare bro-
moarenes [29]. Low world market prices of bromine (1.39 $ per
kilogram in 2006 in the United States) [30], high energy costs, and
limited fields of application, however, preclude a wider spread use
of the on-site bromination concept at the moment.

The lessons learned from nature show that the chemical ele-
ments are turned over in cycles, and sustainable production of
organobromines therefore has to somehow follow the planetary
bromine cycle (Scheme 1) [31]. The planetary bromine cycle starts
from bromide. By looking at the structures of brominated sec-
ondary metabolites it is obvious that in biochemistry, as in organic
synthesis, electrophilic hydrocarbon bromination dominates. To
perform electrophilic bromination in nature requires the existence
of effective pathways for bromide oxidation under physiologi-
cal conditions. The quest for the origin of naturally produced
organohalogens [32–34],  led, among others, to the discovery of
the marine bromoperoxidases [7,35–37], which utilize hydrogen
peroxide to oxidize bromide dissolved in ocean water [38–40].

In the decades that followed the discovery of the bromoperox-
idases, oxidative bromination has expanded into a dynamic area
of research [25]. In this article, we therefore summarize the most
recent developments in bromoperoxidase chemistry, and trans-
formations using functional mimics for sustainable synthesis of
organobromines [41,42]. To give the reader a better understand-
ing of vanadate(V)-catalyzed oxidation for synthesis of naturally
occurring organobromines, we  included aspects of peroxide chem-
istry of vanadium(V), and peroxide-mediated oxidation of bromide.
For bromide oxidation catalyzed by rhenium- [43], molybdenum-
[44], tungsten- [39,45], and cobalt complexes [46], as well as
organobromine formation via free radical reactions [47,48] or
nucleophilic substitutions [49], the reader is referred to special-
ized articles, reviews, and book chapters [50,51]. The same should
be done for aspects dealing with the systematics of brominated
secondary metabolites [52–54].

2. General aspects

2.1. Peroxide-mediated oxidation of bromide

Standard reagents to oxidize bromide in bromoperoxidase
chemistry are hydrogen peroxide and tert-butyl hydroperoxide
(TBHP) [55]. For both compounds the mass fraction of transferable

and therefore active oxygen is significant (47% for hydrogen perox-
ide and 17.8% for tert-butyl hydroperoxide), and by-products that
are left from the oxygen atom transfer (water and tert-butanol) pose
no concern for waste disposal. Hydrogen peroxide is administered
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Scheme 2. Stoichiometry for synt

s aqueous 30–50% solution, crystalline urea hydrogen peroxide
UHP) inclusion compound, or as hydrolyzable persalt (percar-
onate, perborate or persulfate) [56]. tert-Butyl hydroperoxide is
ommercially available as 5.5 molar solution in nonane, 80% solu-
ion in di-tert-butylperoxide and water, and a reasonably priced
0% aqueous solution. The aqueous solution may  be used to pre-
are an anhydrous ∼3 molar solution of tert-butyl hydroperoxide

n toluene [57], which is suited for most applications in oxidation
atalysis.

Oxidation potentials show that hydrogen peroxide and tert-
utyl hydroperoxide are able to oxidize bromide in aqueous or in
olar aprotic solvents to furnish bromine (Table 1). At neutral pH,
he two peroxides, however, are surprisingly inert toward bromide
nd have to be activated by a Brønsted- or a Lewis-acid [58–60].
he activated peroxide converts bromide into hypobromite (BrO−),
hich exists in neutral aqueous solution predominantly as undis-

ociated hypobromous acid (pKa = 8.7) [61] (Scheme 3) [58].

.2. Reactivity of oxovanadium(V) compounds toward
ucleophiles and hydrogen peroxide

Vanadate(V) exists in neutral aqueous solution as a mixture
f monovanadate (HVO4

2− and H2VO4
−), divanadate, and tetra-

anadate. The equilibrium in a concentration range of 1–10 mM
f vanadate(V) is in favor of the monomer [70]. Monovanadate
eacts in pH-neutral to weakly acidic solution with alcohols [71,72],
iols [73], and phenols [74], to furnish esters of orthovanadic acid,
hat is H3VO4 (pK1

a = 3.5, pK2
a = 7.8, pK3

a = 12.5) [75]. If treated
ith carboxylic acids [76], peptides [77,78],  phosphate [79,80],

r arsenate [79], monovanadate forms mixed anhydrides. Con-
ensation of monovanadate and hydroxycarboxylic acid [81–83],
rovides mixed anhydride esters and water. Hydrogen peroxide
pKa 11.6) and monovanadate (H2VO4

−) form oxoperoxovana-
ate(V) (Eq. (4); Scheme 4) [84]. The observed rate constant of
his condensation in strongly acidic solution is k5 = 5 × 103 M−1 s−1

I = 3 M,  25 ◦C; Eq. (5)) [85]. From acid and hydrogen peroxide

ependence it was concluded that k5 consists of three terms. One of
he terms is directly proportional to proton concentration, the sec-
nd indirectly, and the third independent from the acid strength.
rom pressure dependence of these rate constants in the pH-

able 1
xidation potentials of elementary reactions associated with oxidative bromination

½ Br2  +  e

+  H2O
–

–

HOBr  +  H    +  2e–+

ROOH  + 2H     +  2e

(eq. 1)

+ –

(eq. 2)

(eq. 3)ROH  +  H2O

r

r

E0
1

E0
2

E0
3

–

.

Solvent Eq. E0/Va

H2O (1) E0
1 = 1.09 [62,63]

CH3CN (1) E0
1 = 0.86 [64]

H2Ob (2) E0
2 = 1.33 [65]

H2Oc (3) (R = H) E0
3 = 1.35 [66]

CH3OH/C6H6 (3) (R = tBu) E0
3 = 1.20 [67]

a Versus NHE.
b pH 0; 0.76 V at pH 14.
c pH 7; 1.76 V at pH 0 and 0.87 V at pH 14 [66].
Scheme 3. Proposed mechanism for peroxide activation and bromide oxidation
(R = H or tBu; M = e.g. H or VV) [42,68,69].

range of 0–1.5 activation parameters for oxoperoxovanadate(V)
formation (Eq. (5)) of �H‡ = 21 kJ mol−1, �S‡ = −69 J mol−1 K−1

and �V‡ = 15 cm3 mol−1 were determined [85]. The equilib-
rium constant for oxoperoxovanadate(V)-formation in the range
between pH 6.7 (K4 = 3 × 103 M−1; ∼20 ◦C; I = 1.0 M)  [86] and pH
1 (K5 = 3.7 × 104 M−1; 25 ◦C; I = 0.3–1.0 M)  [87] is only moderately
dependent on acid concentration [88].

Hydrogen peroxide reacts with monoperoxovanadate(V) to
give bisperoxovanadate(V) (Scheme 4). The rate constant at pH
2 (aqueous HClO4) is k7 = 3.5 × 103 M−1 s−1 (I = 3 M,  25 ◦C). Acti-
vation parameter for this reaction (Eq. (7)) are �H‡ = 40 kJ mol−1,
�S‡ = −42 J mol−1 K−1 and �V‡ = 0 cm3 mol−1 [85]. The equilibrium
constant decreases from K6 = 2 × 105 M−1 (pH 6.7, ∼20 ◦C, I = 1 M)
[86] to K7 = 0.6 M (pH 1.0, 25 ◦C, I = 0.3) [87], as the solution becomes
more acidic.

Even higher concentration and aliquots of hydrogen peroxide
provide tris- and tetrakisperoxovanadates from vanadate(V) [89].
The conditions required to prepare tris- and tetrakisperoxo com-
plexes differ from parameters used in oxidation catalysis. Kinetic
and thermochemical aspects dealing with tris- and tetrakisperox-
ovanadate formation therefore are not further considered in this
article.

Molecular orbital theory predicts that peroxo coordination
between vanadium(V) and oxygen occurs via �- and �-bonding
(Fig. 1). �-Bonding shifts electron density from the pair of non
bonding electrons at the peroxide oxygens toward the metal,
thus lowering repulsive interactions within the peroxo entity [90].
Transfer of electron density from the ligand to the metal is spec-
troscopically detectable by a ligand-to-metal-charge-transfer band
at 455 nm (ε = 278, in 5 × 10−3 M HClO4), which gives rise to the

reddish brown color of oxoperoxovanadate [91]. Bonding of a sec-
ond peroxo ligand causes the �-bond order to decrease from 1
to 0.5 because p-orbitals from two oxygen atoms now interact
with the same vanadium-d-orbital. This model helps to explain the

+  H2O2 K5

K6–

(eq. 5)

(eq. 6)

VO2
+ VO(O2) +  H2O+

+  H2O2 VO(O2)2 +  H2O

+  H2O2 K4 (eq. 4)H2VO 4 VO 2(O 2) +  2 H2O– –

K7– (eq. 7)VO(O2) +  H2O2
+ VO(O2)2 +  2 H +

VO2(O 2) –

k5

k7

Scheme 4. Stoichiometry for peroxovanadate (Eqs. 4 and 5) and bisperoxovana-
date formation (Eqs. 6 and 7; cH2O was  treated as constant to obtain values and
dimensions of K4–7 provided in the text) [85–88].
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performed using enzymes from different organisms, inconsis-
toms), and bonding interaction relevant for oxygen atom transfer from peroxo-
andate(V) to a nucleophile X (X = e.g. Br−).

ypsochromic shift of the ligand-to-metal-charge-transfer band to
max = 350 nm (ε = 310) in the pale yellow oxobisperoxovandate(V)

on [91].
Binding to vanadium(V) lowers the energy of the

xygen–oxygen �*-orbital of the peroxide, which facilitates
xygenation of a nucleophile (Fig. 1, right) [92,93].  Although
olecular orbital theory predicts that the �-bond order between

he peroxo oxygen atoms and vanadium in bisperoxovanadates
s lower than in monoperoxovanadates, the bisperoxo complex is
enerally less reactive toward nucleophiles than the monoperoxo
orm. The origin of this dichotomy is the acid strength of neutral
isperoxovanadate, that is VO(O2)2H [pKa = 0.43] [91]. In neutral
olution, the bisperoxo compound exists predominantly as anion
nd therefore repels an incoming nucleophile. Protonation of a
isperoxovanadate, in turn, enhances bisperoxo complex reactiv-

ty, for example, by a factor of 104 for sulfoxidation, if referenced
oward reactivity of the monoperoxo form [94].

Dipeptides with carboxyl-, hydroxyl-, or amino-functionalized
ide chains preferentially bind via the deprotonated amide nitro-
en to vanadate(V). The carboxylate oxygen is the second best
onor in peptides, which, however, binds stronger to vanadate(V)
han the N-terminus. No significant affinity seems to exist for
anadate(V)-coordination to the heterocyclic nitrogen atom of
-methyl imidazole, glycyl l-histidine, or l-histidyl glycine. Equi-

ibrium constants for peptide binding to vanadate(V) and its peroxo
erivatives at pH 6.7 are generally small [95–97].

Physical organic investigations on haloperoxidases [98,99] show
hat a protein interacts with vanadate(V) in more complex manner
han a dipeptide. The constant for monovandate dissociation from
he apoenzyme of the bromoperoxidase I from the brown alga Asco-
hyllum nodosum [VBrPO(AnI), EC 1.11.1.10] is 55 nM.  In the crystal
PDB accession code 1QI9), the vanadate(V) co-factor is attached to
he distal imidazol nitrogen of the l-histidine486 side chain. This
inding site is situated at the bottom of a substrate funnel, which is
bout 12 Å wide and 8 Å deep. The substrate funnel is located at the
nd of a four-helix bundle that constitutes an important structural
omain of the 120 kDa-homodimer. X-ray diffraction analysis of a
ydrogen peroxide-soaked crystal shows that His486 also is the
inding site for the monovanadate(V) co-factor in its peroxo form
Fig. 2). In the absence of bromide, the peroxo-loaded-vanadate co-
actor shows little to no catalase activity, and seems to bind stronger
o the apoenzyme than monovanadate [100,101].  Experimentally,
o evidence so far exists that a second hydrogen peroxide molecule
nters the monoperoxovanadate coordination sphere of the loaded
o-factor [102]. For reasons given above, protein-bound bisperox-
vanadate(V) is expected to be a less reactive oxidant for bromide
han the monoperoxo form.

Differences in binding affinities of vanadate(V) toward dipep-
ides and the apoenzyme of VBrPO(AnI) point to a decisive role of
ydrogen bonding between the co-factor, amino acid side chains,
nd presumably water. On the basis of computational analysis,

ydrogen-bonded water molecules at the active site play an essen-
ial role for rapid hydrogen peroxide-loading of vanadate, and its
ctivation for bromide oxidation [103]. This water structure would
Fig. 2. Proposed structure of the active site in peroxo-loaded VBrPO(AnI) (adapted
from X-ray diffraction data; numbers refer to amino acid sequence of the protein)
[98].

collapse, if the apoenzyme was  removed from the co-factor, to leave
monovandate in homogeneous aqueous solution.

2.3. Alkylperoxy complexes of oxovanadium(V)

Oxovanadium(V) compounds undergo ligand substitution, if
treated with alkyl hydroperoxides (Scheme 5) [59]. The equilibrium
constant for the reaction between triethyl vanadate and tert-butyl
hydroperoxide (pKa 12.3; Scheme 7, Eq. (8)) is K8 = 6 × 10−2 (CDCl3,
−40 ◦C), and thus significantly smaller than the reference value for
monoperoxo complex formation [104]. Substitution of tert-butyl
peroxy for ethoxy is detectable, for example, via mass spectrom-
etry or vanadium-51 NMR-spectroscopy, but generally not by
UV/vis-spectroscopy, because electronic changes associated with
the substitution are comparatively small [41,104,108].

Binding to a d0-transition metal, such as vanadium(V), is a
prerequisite for activation and the use of an alkyl hydroperox-
ide as terminal oxidant in oxidation catalysis [42,60,105,106].
According to molecular orbital theory, coordination between the
distal oxygen (Od) and vanadium occurs via �- and �-bonding
(Fig. 3). In extension to the principles of structural peroxide
chemistry, it is expected that VOOR (e.g. R = tBu) preferentially
adopts a gauche conformation to minimize lone pair repulsion. In
the gauche conformer n2

O → �∗
V,O − and n2

O → �∗
C,O − interactions

reduce Coulomb repulsion within the peroxy entity. The sp2-
type lone pair at the proximal oxygen (Op), in this model,
does not point in a noteworthy manner toward vanadium. A
perester-type alkylperoxy binding, which means an end-on coor-
dination, therefore is favored. This interpretation deviates from
the crystal structure analysis of oxo[2,6-dipicolinato(−2)](tert-
butylperoxy)vanadium(V), which so far is the only report in the
literature on a solid state structure of an alkylperoxy complex [107].
In the investigated crystal, the tert-butyl peroxy ligand is side-on
bound. In solution and in the gas phase, however, the end-on mode
of binding seems to be the adequate structural model to describe
alkyl peroxy binding to vanadium(V) [108].

3. Bromoperoxidase catalysis

In the decade that followed the discovery of vanadate(V)-
dependent bromoperoxidases (VBrPOs), several experiments were
tent enzyme/substrate-ratios, and a variety of buffers to conduct
oxidative transformations of nucleophiles. The results showed
that bromoamine formation, bromocyclization, indole function-
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+  tBuOOHVO(OEt)3 K 8 (eq. 8)+  EtOHVO(OEt)2(OOtBu)

VOL1(OEt) +  tBuOOH +  EtOHVOL1(OOtBu)

H2L1 =
N

OH

CO2H

δ = – 578δ = – 538

(eq. 9)

nadate (top) [104] and an oxovanadium(V) Schiff-base complex (bottom) [41].
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Scheme 5. Oxoperoxyvanadium(V) compound formation from triethyl va

lization, and bromohydrin synthesis are feasible under such
onditions [40,109]. None of the reports, however, provided infor-
ation relevant to organic synthesis, such as yields, mass balances,

urnover numbers, catalyst lifetimes in different buffers, or residual
ctivity for repetitive use of bromoperoxidases. Also, no func-
ional group systematic was set up to predict selectivity for
atural product transformation via bromoperoxidase-catalyzed
xidation. The aspect of functional group systematic was  recently
ddressed in a study on methyl pyrrole-2-carboxylate bromina-
ion (Schemes 6 and 7) [110]. Methyl pyrrole-2-carboxylate (1)
s a metabolite from the amino acid pathway [111], and gives a
iagnostic mixture of bromination products from electrophilic aro-
atic substitution, to provide insight into reactivity and selectivity

f bromoperoxidase chemistry [110,112].
The selected enzyme, that is the VBrPO(AnI), catalyzes oxida-

ion of bromide with hydrogen peroxide in weakly acidic solutions
pH 6.2–6.5) [37]. The turnover rate of this process exceeds the

ost active nonenzymatic alternatives by four orders of magnitude
39]. The enzyme tolerates organic co-solvents, such as alcohols,
,4-dioxane, acetonitrile, and temperatures of up to 60 ◦C, without
otably loss of bromoperoxidase activity over time spans that are
equired to perform synthesis [100,113].  Vanadate-dependent bro-
operoxidases from other organisms than A. nodosum, for example

rom fungi or lichens, have been isolated [36,114]. None of the-
es enzymes, however, shows similarly favorable characteristics for
pplication in organic synthesis as VBrPO(AnI)  [25,26,115].

.1. Bromoperoxidase preparations

In the time between January and April, A. nodosum exhibits

articularly high levels of VBrPO(AnI) [35,116], which makes

solation of the bromoperoxidase attractive during this season.
n established freeze–drying, milling, and liquid–liquid parti-

ioning process provides a mixture of isoenzymes, which must
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ig. 3. Molecular orbital model for alkylperoxy binding to vanadium(V) (C refers to
 carbon substituent such as tert-butyl; n2

O = p-type lone pair at oxygen).
Scheme 6. Proposed biosynthetic relationship between methyl pyrrole-2-
carboxylate (1), compounds prepared from sustainable bromination, and natural
products [110,111].

be separated via hydrophobic interaction and size exclusion
chromatography [116]. Preparations of the VBrPO(AnI) obtained
from this procedure exhibit peroxidase activity of up to 693 units
UT mg−1 in the triiodide test [117] (pH 6.3). In this test iodide is
oxidized into triiodide, as expressed with the index in UT. One  unit
(1 U) thereby refers to the amount of enzyme necessary for turning
over 1 �mol  of substrate per minute. The specific activity, on the

other hand, refers to the number of units per mg of enzyme, that is,
UT mg−1. The enzymatic activity in the monochlorodimedone assay
[34] was  up to 172 UMCD mg−1 (pH 6.5). In the MCD-assay, the time
dependent decrease of the MCD-absorbance at �max = 290 nm

2 H2O H+ / H2O2

Br– / H2O

P
V
O OH

O–HO

P
V
O

O
OHO

[ HOBr ] a

Scheme 7. Stoichiometry for VBrPO(AnI)-catalyzed bromide oxidation (P = protein,
i.e.  apoenzyme; aproposed intermediate in an early phase of the reaction; see also
Section 5).
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Fig. 4. Illustration of a reaction vessel for VBrPO(AnI)-catalyzed oxidation during
substrate turnover (I) and after magnetic separation of the immobilized enzyme (II)
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unctionalized beads E01 ©,  and 0.7–4.5 �m for amino-functionalized beads �;
A = glutardialdehyde) [118].

s correlated with the rate of 2-bromo-2-chlorodimedone
ormation.

The VBrPO(AnI) was immobilized on magnetite particles for
ollecting the enzyme after substrate turnover from the reac-
ion mixture via magnetic separation with a neodyme/iron bar

agnet (Scheme 8, Fig. 4) [118]. The bromoperoxidase retains
bout 30–40% of its initial activity, upon attachment to the solid
hase. Long term measurements show that preparations stored

n Tris–HCl buffer (pH 9.0, 4 ◦C) lose about a third of their bro-
operoxidase activity within the first 70 days. For the immobilized

BrPO(AnI), such as preparations 3 and 4, bromoperoxidase activity
eyond this point remains approximately constant [100,118].

.2. Sustainable bromination in homogeneous and heterogeneous
ystems

Parameter variation showed that a bromoperoxidase activity
f 1.3 UT is necessary to quantitatively convert 36 �mol  of pyr-
ole 1 into 94% of bromopyrrole 5 within 24 h (Table 2, entry 1).
romoperoxidase reactivity in homogeneous solution and from

mmobilized preparations, that is 3 and 4, are approximately simi-
ar (Table 2, entries 2–4). The use of morpholine-4-ethanesulfonic
cid (MES)-buffer for synthetic application poses a major improve-
ent, compared to the phosphate buffers used in the early days.

or example, the half-life time of bromoperoxidase activity of the
nzyme is about 5 h, if stored at 4 ◦C in phosphate buffer (pH 6.3),
hich extends to about 9 days in MES-buffer (pH 6.2). On the micro-
olar scale, the hydrogen peroxide may  be added in portions or in a
ingle batch, whereas continuous administration is more effective
s the process is scaled-up (vide infra).

An alternative to external administration of the oxidant, is
he in situ hydrogen peroxide generation via aerobic oxidation

able 2
eaction parameters for methyl pyrrole-2-carboxylate bromination [118]

N CO2CH 3

BPOcat.

tBuOH / H2O

H2O2 / NaBr

1
pH 6.2 / 23 °C

H

5

N CO2CH 3

H

Br
4

5

.

Entry n1/�mol  Conv. 1/% Time/h 

1 36 Quant. 24 

2  36 77 3 

3 200  54 3 

4 200 75  3 

a Initial enzyme activity 526 U0
T mg−1 for entries 1–2, 118 ± 12 U0

T mg−1 for entry 3, an
y  triiodide tests.
Scheme 9. Combination of two  enzymatic processes for pyrrole bromination
(GO = d-glucose oxidase; a77/23-mixture of 4/5-isomers of 5) [118].

of d-glucose, catalyzed by d-glucoseoxidase (GO) [119,120] from
Aspergillus niger (1.67 U, 147 U mg−1). In order to effectively com-
bine the two enzymatic processes, the pH of the reaction mixture
has to be set to 5.8. This value is a compromise between the pH
for maximum activity of the VBrPO(AnI)  (6.2) and the applied d-
glucoseoxidase (5.6). Pyrrole conversion under such conditions is
97%, to furnish 77% of bromopyrroles 2 and 5 (Scheme 9) [118].

The VBrPO(AnI)-activity, that is conserved in oxidative bromi-
nation of 1, may  be used for further experiments, leading to
a maximum turnover number of 2 × 106 (Scheme 10) [118]. In
state-of-the-art oxidation catalysis, it is not only the turnover num-
ber of the catalyst that is important but also the efficiency for
the use of all substrates. To attain maximum efficiency for sub-

strate bromination, sodium bromide (1.3 equivalents), hydrogen
peroxide (1.1 equivalents) and MES-buffer must be added contin-
uously to a solution containing 0.75–1.5 mmol  of pyrrole 1 and
the enzyme at ∼20 ◦C. Regioselectivity of monobromide forma-

BPO UT Ufinal
T mg−1a 5/% (4/5)

VBrPO(AnI) 1.3 117 94 (93/7)
VBrPO(AnI) 1.3 239 60 (82/18)
3 6.9 Active 40 (90/10)
4 6.9 Active 32 (93/8)

d 194 ± 39 U0
T mg−1 for entry 4; active refers to residual enzyme activity as judged
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Scheme 10. Efficiency for oxidative methyl pyrrole-2-carboxylate bromination
(144 �mol) in sequential reactions [4.96 U0

T of VBrPO(AnI); homogeneous MES-
buffered solutions; histograms refer to conversion of 1 (gray), and yields of 2 (yellow)
and 5 (blue)] [118].
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cheme 11. Synthesis of naturally occurring brominated pyrrole 2 from A. oroides
110,121].

ion thereby declines and dibromide 2 is formed as additional
roduct, presumably due to higher reactant concentrations (cf.
cheme 10,  experiment 1). The dibromide becomes the major
roduct, if amounts of VBrPO(AnI)  (34.6 UT), sodium bromide,
nd hydrogen peroxide are doubled. Synthesis of methyl 3,4-
ibromopyrrole-2-carboxylate 3a poses a biomimetic approach
o prepare a naturally occuring constituent from the marine
ponge Agelas oroides (Scheme 11)  [121]. The compound shows
ntiplasmoidal, cytotoxic, and interesting electrophysiologic prop-
rties and therefore has attracted attention of medicinal chemists
122,123].

To conserve a higher degree of bromoperoxidase activity for a
se in consecutive runs, immobilized VBrPO(AnI) is recommended
o be used as oxidation catalyst. For immobilized VBrPO(AnI)-
reparation 3, the maximum number of experiments attainable

o far is 15 (Fig. 5). The turnover number under such conditions
s 1.1 × 106. Although this number is by a factor of two smaller
han for the enzyme in homogeneous solution, the use of immo-
ilized bromoperoxidase is by far the more practical method for

ig. 5. Histograms for presenting conversion (gray) and yields (blue) for consecutive
se  of VBrPO(AnI)-preparation 3 for oxidative pyrrole bromination (in aqueous tert-
utanol, pH 6.2, 23 ◦C) [118].
ry Reviews 255 (2011) 2204– 2217

catalyst recycling. The origin of irreversible bromoperoxidase activ-
ity loss in oxidation catalysis is unclear. Attempts to reconstitute
bromoperoxidase activity by orthovanadate addition failed.

3.3. Bromination of arenes

Substituted benzenes are models for acetogenins and
shikimates, to investigate selectivity of arene bromination in
bromoperoxidase-catalyzed oxidation (Table 3). Brominated
phenols, for example, were isolated from marine sponges of the
genera Didiscus or Dysidea (Scheme 12,  bottom) [124,125].

The substrates chosen for probing reactivity of arene bromi-
nation in VBrPO(AnI)-catalyzed oxidations differ in turnover
efficiency. The yields of products 7–8 under conditions that are
limited in hydrogen peroxide (1.0 equivalent) and sodium bro-
mide (1.1 equivalents), decrease along the series of substrates
aniline (6a) > phenol (6b) > O-methyl thymol (6f) > 2-tert-butyl
phenol (6c) > thymol (6d) > anisole (6e) (Table 3, entries 1–6)
[126]. Evidence for sidechain bromination of, for example,
isopropyl-substituted benzenes 6d and 6f were not apparent
from NMR-spectra of associated reaction mixtures [126]. tert-
Butylbenzene, chlorobenzene, and methyl benzoate were not
brominated under such conditions, even as aliquots of hydrogen
peroxide and sodium bromide were increased by a factor of three.
Triiodide tests showed that VBrPO(AnI)-activity in all instances is
retained. The lack in reactivity therefore is not caused by enzyme
inhibition, either by the substrate or the product(s), but points to
insufficient reactivity of the applied arenes.

�-Naphthol 9, a model for naturally occurring hexaketides, is
converted in a bromoperoxidase-catalyzed reaction into a 65/35-
mixture of 4/2-isomers of bromonaphthol 10 [127,128].  Substrate,
reactant, and buffer were added continuously. Enzymatic activity
(17.3 UT for 0.75 mmol  of 9) was  lost at a substrate conversion
of about 58%. Attempts to brominate 1-methylnaphthalene under
standard conditions led to phase separation without affecting
enzyme activity. Bromination of 1-methylnaphthalene, however,
did not occur under such conditions.

4,6,8-Trimethylazulene (11) [129], a compound of similar reac-
tivity in electrophilic aromatic substitution as pyrrole, undergoes
20% conversion (formation of 19% of bromoazulene 12),  if treated
with sodium bromide and hydrogen peroxide in aqueous, MES-
buffered tert-butanol. If the reaction is performed in aqueous
acetonitrile containing diethyl ether as additional co-solvent, and
dodecyl trimethyl ammonium bromide (DTAB) as phase transfer
catalyst, the yield of brominated azulenes 12 and 13 [130] increased
to a total value of 71% (Scheme 13,  top). The end of substrate
conversion correlated with the loss of bromoperoxidase activity.
Brominated azulenes are natural products. 1-Bromoguiazulene, for
example, is a bluish purple pigment of the deep sea gorgonian
Euplexaura erecta [131].

To sum up, bromoperoxidase-catalyzed oxidation of bromide
in solutions of hydrogen peroxide is the basis for synthesis of
bromoarenes from �-nucleophilic aromatics. The method is a sus-
tainable version of the on-site halogenation, and provides insight
into selectivity of biomimetic organobromine synthesis.

4. Functional bromoperoxidase mimics

Transition metal complexes, that are able to catalyze the oxida-
tion of bromide, are named functional bromoperoxidase mimics
[42,132,133]. The difficulty to use bromoperoxidase mimics in
synthesis of complex natural products arises from the fact that

one proton is consumed per equivalent of oxidized bromide
(Scheme 14). In order to maintain turnover rates for bromide oxi-
dation at a reasonable level, protons must be supplied from an
external source. In the first generation of bromoperoxidase mim-
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Table  3
Bromination of substituted in VBrPO(AnI)-catalyzed oxidations [126]

6

R1

R2

7

R1

R2

8

R1

R2

+

VBr PO(AnI)

tBuOH / H2O

H2O2 / NaBr

pH 6.2 / 23 °C
R3 R3 R3

Br Br2

.

Entry 7 R1 R2 R3 Conv. 6/%a 7/% (o/p)b 8/% (o,o/o,p)b

1 6a NH2 H H 93 7a:  66 (45/55) 8a:  20 (20/80)
2  6b OH H H 90c 7b:  69 (9/91) 8b:  1 (<2/98)
3 6c OH tBu H 62 7c: 33 (30/70) 8c: 11 (<2/98)
4 6d OH iPr CH3 46 7d:  34 (18/82) 8d:  1 (<2/98)
5  6e OCH3 H H 22 7e:  18 (<2/98) 8e:  –e

6 6f OCH3 iPr CH3 64 7f:  53 (<2/98) 8f: –e

a 34.6 UT for 1.5 mmol  of 6.
b Referenced versus R1; o = ortho; p = para.
c Additional product: 6% of 2,4,6-tribromophenol.
e Not detected.
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2 H   / 2 Br–+
cheme 12. Bromination of �-naphthol 9 (top) and structure formula of naturally
ccurring brominated phenol derivatives (bottom; compare also products shown in
able 3) [110,124,125].

cs, this prerequisite was met  by running oxidative bromination in
trongly acidic aqueous solutions (pH ∼ 1) [68,69]. Such conditions,

owever, are incompatible with the stability of most organic func-
ional groups and therefore precluded a wider spread use of this

ethod in natural product synthesis. A reexamination of published
rocedures moreover showed that none of the existing methods

11 : 12 (67%)

Br

Br

from Euplexaura erecta

R

R = H
R = Br: 13 (4%)

75% conv.

VBrPO(AnI)

CH3CN / Et 2O

H2O2 / NaBr

pH 6.2 / 23 °C

cheme 13. Bromination of 4,6,8-trimethylazulene 11 (top; 8.65 U0
T for 0.375 mmol

f  11)  and structure formula of a bluish purple pigment of a deep see gorgonian
110,131].
Scheme 14. Reaction cycle for bromide oxidation using a vanadium(V)-based func-
tional bromoperoxidase mimic  [VV(OR); R = e.g. tBu] as catalyst [42].

is able to maintain the catalytic cycle for oxidative bromination at
neutral pH [26]. Either strong aqueous Brønsted-acids (pH < 2–3) or
substantial amounts of vanadium(V) reagents in aqueous solutions
were essential to achieve notable substrate conversion for reasons
given above. In all instances, the acidity of the reaction mixture
drove peroxide activation and thus bromide oxidation. This finding
agrees with results from the pioneering study of Maass and Hiebert,
who  published in 1924 that hydrogen peroxide oxidizes hydrogen
bromide in a rapid and exothermic reaction, to give bromine [58].
No external catalyst is needed!

4.1. Masked hydrogen bromide-equivalents

The quest for a proton source that does not notably affect
acid strength of an organic solution led to the discovery of the
3-bromopropionic acids, such as 14a–c, as buffer reagents. The
compounds are available from renewable resources or low-priced
bulk chemicals, and decompose if treated at ambient temperature
with catalytic amounts of bromide in solutions of dimethyl car-
bonate (DMC), propylene carbonate (PC), or ethyl acetate (EtOAc).
Fragmentation of 3-bromopropionic acids furnishes a proton, a
bromide ion, carbon dioxide, and an alkene [134]. Relative rates
of fragmentation correlate with stability of the resulting alkene
(Scheme 15).

If tert-butyl hydroperoxide is added to a solution of a 3-
bromopropionic acid 14 and a catalytic amount of sodium
bromide in, for example, propylene carbonate, no bromide oxi-
dation occurs, as probed by addition of 3-tert-butylcyclohexene
(15) to quench possibly formed bromoelectrophiles. Addition
of 1 mol% of Schiff–Base complex VOL2(OEt)(EtOH) [41,135],
aminodiol-derived coordination compound VOL3(OEt), pyridine
analogue VOL4(OEt) [136], VO(acac)2 (Hacac = pentane-2,5-dione),
or VOSO4·4H2O as low-priced alternative (Fig. 6; Table 4, entries

1–5), induces rapid and stereoselective conversion of cycloalkene
15 into dibromocyclohexane 16 (Table 4).

From parameter and reagent variation it was concluded that
piperidine complex VOL3(OEt) in combination with 14b, tert-butyl
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Scheme 15. Relative reactivity of 3-bromopropionic acid-fragmentation [134].
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to the �-bond. As the �-substituent of the alkenol changes from
phenyl via methyl to hydrogen, the fraction of 6-endo-cyclized

T
T

t

xidase mimics [cf. Table 4; protons that are released as auxiliaries coordinate to
anadium(V) are printed in bold].

ydroperoxide, and 40 mol% of cyclohexa-1,4-diene (CHD) as co-
eductant poses an efficient reagent combination to convert an
lkene into a vicinal dibromide. Addition of cyclohexa-1,4-diene
ccelerates conversion of alkene 15 by a factor of three and
mproves the yield of dibromide 16 by 12% points to 84%. In
he absence of cyclohexa-1,4-diene, additional products appear,
uch as 3-tert-butylcyclohex-5-enone. Isolation of dibromide 16
rom propylene carbonate solution is feasible by extraction with
yclohexane and distillation of the hydrocarbon-extract. The cyclo-
exane extraction leaves a yellow propylene carbonate solution
ontaining the catalyst. To resume oxidative bromination, aliquots

f cycloalkene 15,  tert-butyl hydroperoxide, and bromopropionic
cid 14b, simply have to be added.

able 4
he use of 2,2-dimethyl-3-bromopropionic acid (14b) as in situ hydrogen bromide source

Bu

solvent15

[V]cat.

tBu

Br
(±)-16

Br
TBHP / 14b.

CHD / NaBrcat.

.

Entry [V]cat. (mol%) Additive 

1 VOL2(OEt)(EtOH) CHD 

2  VOL3(OEt) CHD 

3  VOL4(OEt) CHD 

4  VO(acac)2 CHD 

5  VOSO4·4H2O CHD 

6 VOL3(OEt) None 

7 VOL3(OEt) CHD 

8  VOL3(OEt) CHD 

a Conditions: 1.25 equiv. of 14b, 1.1 equiv. of TBHP, 30 ◦C, 0.1 equiv. MBr, 1% [V]cat.
Fig. 7. Products of vicinal dibromination of alkenes from vanadium-catalyzed
oxidations (for conditions see text) in propylene carbonatea or ethyl acetateb;
cdiastereomerically pure [134].

4.2. Dibromination of alkenes

Almost all substitution patterns of alkenes that occur in nature
provide dibromides, if treated with the reagent combination of
VOL3(OEt), tert-butyl hydroperoxide, and 14b (Fig. 7). (E)- and
(Z)-configured alkenes are transformed into diastereomerically
pure dibromides. pH-measurements of hydrolyzed samples show
that no acid accumulates in the course of 3-bromopropionic acid
turnover, which allows to brominate acid labile substrates accord-
ing to this method (Fig. 7). Bromination of polar alkenes provides
products that are not quantitatively extractable from solutions of
propylene carbonate with cyclohexane. In such instances, ethyl
acetate is recommended as solvent for conducting the oxidative
bromination [134].

4.3. Bromocyclizations

(R)-Linalool (17a) provides a 47/53-mixture of brominated
tetrahydrofuran 18a and tetrahydropyran 19a, if treated with
VOL3(OEt), 14b, and tert-butyl hydroperoxide (Scheme 16,  top)
[134]. Vicinal bromohydrin ethers 18a and 19b are structural
related to a number of marine secondary metabolites, such as
furoplocamioid A [137] and aplysiapyranoid A [138] (Scheme 16,
bottom).

The reagent combination of a 3-bromopropionic acid, tert-butyl
hydroperoxide and a bromoperoxidase mimic  seems to be a quite
general system to bromocyclize alkenols, such as 17b–e, which dif-
fer from linalool 17a in the chemical nature of substituents attached
product 19 thereby decreases in a synthetically interesting manner,
which is explained below (Table 5, entries 1–5).

 in oxidative bromination of cycloalkene 15 (30 ◦C)a

MBr  Solvent (±)-16/%

NaBr PC 44
NaBr PC 84
NaBr PC 52
NaBr PC 76
NaBr PC 42
NaBr PC 72
NBu4Br DMC  74
NBu4Br EtOAc 83



D. Wischang et al. / Coordination Chemistry Reviews 255 (2011) 2204– 2217 2213

17a

OH
O

Br H O

Br

18a (37%) 19a (42%)

cis:trans = 62:38 cis :trans = 64:36

+

O

Br

Cl

Br

O
Br HCl

Cl

Br

OH

TBHP / 14b.

PC / 30 °C

CHD / NaBrcat.

VOL3(OEt)cat.

d stru

o
p
b
a
c

b
a
e

5

r
b
e
t
a

T
S

R

T
P

t

furoplocamioid A

Scheme 16. Products of linalool bromocyclization (top) an

The yields in oxidations catalyzed by functional bromoper-
xidase mimics compare to results obtained from conventional
rocedures that, however, applied stoichiometric amounts of N-
romosuccinimide or 2,4,4,6-tetrabromocyclohexa-2,5-dienone in
cetonitrile, nitromethane, or dichloromethane, to achieve bromo-
yclization [139–141].

To sum up, alkenes and alkenols afford products of oxidative
romination, if treated at 30 ◦C with a 3-bromopropionic acid, such
s 14a–c, and tert-butyl hydroperoxide in an organic carbonate or
thyl acetate. The reaction is catalytic in vanadium(V) and bromide.

. Mechanistic considerations

Bromoperoxidase-catalyzed oxidations occur in water and
equire hydrogen peroxide as oxidant, while oxidations catalyzed

y functional mimics, for reasons of selectivity, are prefer-
ntially conducted in polar aprotic organic solvents and use
ert-butyl hydroperoxide as terminal oxidant. Nevertheless, par-
llels between the methods exist that justify a unified discussion

able 5
ynthesis of vicinal bromohydrin ethers from alkenols [134]

TBHP / 14b.

PC / 30 °C

CHD / NaBrcat.
17

VOL3(OEt)cat.

18 19

2

OHR3
O

Br

R2
R3

OR3

R2

Br
+

2
3R1

R1
R1

δ
ε

.

Entry 17 R1 R2 R3

1 17b Ph H H 

2 17c Ph CH3 H 

3  17d Ph CH3 CH3

4  17e H Ph H 

a Not detected (1H NMR).
b Traces
c Refers to relative configuration at C2 and C3.

able 6
hysical and chemical properties of selected bromination reagents.

Reagent EA/eV IP/eV 

Br2 2.51 ± 0.10 [148] 10.52 ± 0.01 [
Br3

− –b 4.1 [151] 

HOBr  1.00 [153] 10.638 ± 0.00

a Electronegativity (EN) of bromination reagents calculated according to Sanderson’s pr
he  Pauling scale [157].

b Not available.
aplysiapyranoid A

cturally related natural products (bottom) [134,137,138].

of mechanistic aspects of organic substrate bromination in the fol-
lowing chapters.

5.1. Equilibria and reactivity in aqueous solution

Hypobromous acid is the primary product of bromoperoxidase-
catalyzed oxidation in an aqueous solution of sodium bromide and
hydrogen peroxide. Hypobromous acid and bromide react to afford
bromine (Eq. (10)), which is transformed by additional bromide
to give tribromide as major product (Eq. (11)), and pentabromide
(Br5

−), and bromate (BrO3
−) as minor products [142–144].

The law of mass action for Eq. (10) transforms on the
assumption of infinitesimal substrate concentrations (I = 0 M)  into
lg(cHOBr/cBr2 ) = −7.05 + pH − lg cBr

−. This correlation shows, that
the fraction of bromine in an aqueous solution of hypobromous acid

increases, as the pH decreases and bromide-concentration rises
(Fig. 8).

Selectivity profiles of arene bromination in VBrPO(AnI)-
catalyzed reactions, and bromine-mediated electrophilic aromatic

CHD 18/% (cis:trans) 19/% (cis:trans)

– 18b: 51 (29:71) 19b: –a

CHD 18c: 48 (34:66) 19c: 21 (>98:2)
CHD 18d: 14 (41:59) 19d: 68 (96:4)
CHD 18e: <5b 19e: 71(<2:98)c

ENa BDEBr,X/kJ mol−1

149] 2.96 111.9 ± 0.2 [150]
1.97 42–54 [152]

1 [154] 2.91 202 ± 3 [155]

inciple of group electronegativity [156], using atomic electronegativity values from
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Fig. 8. Double logarithmic plot derived from Eq. (10) for I = 0 M at pH 6.2 (–––), 4.1
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Fig. 10. HOMO coefficients of selected aromatic compounds that undergo elec-
·····),  and 1.0 (– · – ·; bottom).

ubstitutions, are nearly identical [110,130,158].  Molecular
romine is a strong electrophile that rapidly reacts with �-
ucleophilic aromatics. Electrophilicity of bromine is reflected by

ts electron affinity (EA), whereas nucleophilicity of the arene is
iven by its ionization potential (IP) (Table 6). In frontier molecular
rbital (FMO)-theory [159], the electron affinity correlates with the
nergy of the lowest unoccupied molecular orbital (LUMO) and the
onization potential with the highest occupied molecular orbital
HOMO). For reactions between bromine and nucleophilic arenes,
uch as phenol (6b) (IP = 8.5 eV), anisole (6e) (8.4 eV), pyrrole
IP = 8.2 eV), aniline (6a)  (7.7 eV), and azulene (7.4 eV), favorable
UMOBr2 –HOMOarene interactions exist in the transitions states
s evident from correlation diagrams [for anisole (6e) see Fig. 9].
electivity in this model originates from interactions between the
lectrophile and the site of the largest HOMO-coefficient of the
ucleophile (Figs. 9 and 10). If the energy difference between
OMO and HOMO–1 is small, such as for 1 (Fig. 10),  two occupied
rbitals interact with the electrophile, which makes interpretation
f selectivity more difficult.

In terms of reactivity, a limit of IP < 8.8 seems to exist
or an arene to undergo electrophilic aromatic substitution in
BrPO(AnI)-catalyzed reactions, as concluded from the observa-

ion that ethyl benzoate (IP = 9.3 eV), chlorobenzene (9.1 eV), and
ert-butylbenzene (∼8.8 eV) were inert under such conditions. The
act that 1-methylnaphthalene (IP = 8.1 eV for naphthalene) was  not
rominated, and bromination of 4,6,8-trimethylazulene required

 more lipophilic co-solvent in addition to a phase transfer cata-
yst to notably occur, shows that the role of substrate lipophilicity
n reactivity in bromoperoxidase-catalyzed oxidations needs to be
ddressed in a future study.
Br2

Br Br

E

HOMO (–8.4 eV)

LUMO

O
CH30.44

–0.42
–0.30–0. 35

0.15
0.49

0.24

6e

OCH3

–2.5  eV

ig. 9. Correlation diagram displaying most attractive interaction between the
UMO (i.e. �*) of Br2 and the HOMO of anisole (6e) (HOMO coefficients refer
o  B3LYP/6-31G-population analysis of B3LYP/6-31 + G**-minimized wavefunction)
159,160].
trophilic aromatic substitution in bromoperoxidase-catalyzed oxidations (for 1:
HOMO (top left) and HOMO–1 (top center); coefficients of relative magnitude <0.10
have been omitted for clarity; for theoretical method refer to legend of Fig. 9) [160].

5.2. Selectivity in polar aprotic solvents

In polar aprotic solvents, stereoselectivity of oxidative alkene
bromination, and regioselectivity of carbon–oxygen bond forma-
tion in bromocyclization, agrees with reactivity of bromine toward
�-bonds (Scheme 17).

The reaction between bromine and an alkene follows a two-
step mechanism. Both steps leave stereochemical fingerprints. In
the first step, a cyclic bromonium ion is formed from bromine and
the alkene in a rapid irreversible reaction. Selectivity in this step is
guided by frontier molecular orbital interactions between bromine
and the �-bond of the alkene. In the second step, the cyclic bromo-
nium ion opens in a stereospecific SN2-type reaction with bromide,
via a late and therefore product-like transition state. Charge effects
and steric repulsion between substituents are more important for
opening of cyclic bromonium ions than for their formation. In this
mechanistic picture, cycloalkene 15 provides axially dibromosub-
stituted cyclohexane 16 because nucleophilic attack at C4 furnishes
the product directly in a chair conformation (Scheme 18). Attack of
bromide at C3 leads to a high in energy, boat-like conformer, before
the structure can relax into a chair conformation, having the two
bromosubstituents bound equatorially [161].

In a similar way, selectivity of carbon–bromine- and
carbon–oxygen bond formation in bromocyclization reflects a
two-steps mechanism that proceeds via a cyclic bromonium ion
and nucleophilic opening of this intermediate by backside attack
of the hydroxyl oxygen. Carbon–oxygen bond formation from the
bromonium ion proceeds via a late transition state. Polar solvent
molecules and substituents attached to the �-bond therefore
exhibit a pronounced charge stabilizing effect to guide regiose-
lectivity of carbon–oxygen bond formation (Scheme 19). In this
mechanistic picture, bromocyclization of (E)-configured alkenol

17e gives 2,3-trans-disubstituted tetrahydropyran 19e as major
product. The phenyl group is able to stabilize positive charge,
which weakens (lengthens) the proximal carbon bromine bond, to
guide the incoming oxygen nucleophile toward the benzylic car-

– BrHOBr  +  Br     +  H 2  +  H2O

Br2 Br  +  Br 3
––

+ (eq. 10 )K10

K11 (eq. 11 )

Scheme 17. Equilibria between HOBr, Br2, and Br3
− in H2O [K10 = 1.45 × 108 M−2

for H2O at 20 ◦C (I = 0.1 M,  pH 2.6–3.8) [145] or 1.04 × 108 M−2 in H2O at 25 ◦C (pH
1.5) [146]; K11 = 16.9 M−1 in H2O at 25 ◦C [147]; 9 × 106 M−1 in CH3CN at 25 ◦C;
1.5 × 107 M−1 in DMC  at 25 ◦C].
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rans-19e on the basis of stereoelectronic and polar effects via intermediate bromo-
ium ion chemistry.

on of the bromonium ion. Regioselectivity of bromocyclizations
onducted in organic carbonates favor tetrahydropyran formation
ore than alternatives using, for example, N-bromosuccinimide

r 2,4,4,6-tetrabromocyclohexa-2,5-dieneone as bromination
eagent in solutions of in dichloromethane or nitromethane
139,141], presumably for reason of such polar effects.

To sum up, thermochemical data imply that tribromide is the
ajor product formed from bromide oxidation with hydrogen per-

xide catalyzed by the vanadate(V)-dependent bromoperoxidase
rom A. nodosum and from oxidations using bromoperoxidase mim-
cs in polar aprotic solutions. Tribromide, however, is a nucleophile,
s documented by its low group electronegativity of 1.97, compared
o bromine (2.96) and hypobromous acid (2.81) (Table 6) [162,163].
nly the electrophilic reagent bromine exhibits adequate reactivity

o explain the observed selectivities in oxidative substrate bromi-
ations using the enzyme and functional models thereof as catalyst.

. Concluding remarks

The discovery of the bromoperoxidases completely changed our
iew on organobromine formation, and challenged scientists to
ncover the mechanism of bromide oxidation under physiological
onditions. The largest body of mechanistic data so far is available
or a vanadate(V)-dependent bromoperoxidase from the brown

lga A. nodosum. This enzyme combines high affinity toward hydro-
en peroxide and sodium bromide with stability toward organic
o-solvents. Also, the bromoperoxidase tolerates elevated tem-
erature and significant concentration of organic substrates. To
ry Reviews 255 (2011) 2204– 2217 2215

explain these characteristics, we  assume that bromide oxidation
occurs at the active vandate site at some distance from electrophilic
hydrocarbon bromination, which we expect for reasons of reac-
tivity and selectivity to take place in bulk solution. We  therefore
expect that the bromoperoxidase will find its place as catalyst in
synthesis, wherever a sustainable alternative to bromine in water
is needed.

The typical reaction medium for the bromoperoxidases is
ocean water. Water, however is a nucleophile and therefore able
to intercept electrophiles, to change selectivity of, for example,
alkenol bromocyclization to vicinal bromohydrin formation. In
such instances, water needs to be replaced by a polar aprotic sol-
vent. To achieve bromide oxidation in organic solvents, an alkyl
hydroperoxide generally is needed as a more lipophilic oxidant,
and peroxide activation is achieved by a functional bromoperoxi-
dase mimic  instead of an enzyme. The role of the buffer to deliver
protons without changing the acid strength, is taken over in organic
solutions by 3-bromopropionic acids (pKs 4–5). Since the major
problems for application of oxidative bromination of acid labile
substrates in synthesis were solved in the course of this project,
we  expect that additional examples that apply this knowledge will
be reported in the upcoming years.

By looking at the achievements of bromoperoxidase chem-
istry, future perspectives, in our opinion, will not only deal with
organic synthesis in ocean water, but also with an understand-
ing of the role, the bromoperoxidases play in secondary metabolite
synthesis. The structure-reactivity data collected in the past years
for vanadate(V)-dependent bromoperoxidases justify the assump-
tion, that electrophilic bromination possibly not always is the final
step of a (bio)synthesis [53]. For arenes, a reactivity limit seems
to exist, which is guided by the energy of the highest occupied
molecular orbital. Methods for crossing this border are not yet
discovered. Alkenols furthermore provide racemic vicinal bromo-
hydrins as major components rather than enantiopure products of
stereoselective bromocyclization [100]. As the scientific journey to
unravel the principles of stereoselective aliphatic carbon–bromine
bond formation in natural product chemistry continues, it might be
instructive to turn back and see how far chemistry has already come
along this way. About three decades ago, the role of organohalogens
in science and society was summarized in an excellent textbook as
follows.

Although large numbers of organohalogens are known, very
few of them occur naturally. . ..  Almost all of the organohalo-
gen compounds in use today are synthetic in origin. Your may
wonder why, if nature doesn’t choose to make them, man  elects
to do so.  . ..  [164]

Nature does these experiments over and over! All it needs is the
right hypothesis and the right idea where to look!
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Rehder, H. Vilter, Pure Appl. Chem. 81 (2009) 1251.
[101] H.S. Soedjak, A. Butler, Biochim. Biophys. Acta 1079 (1991) 1.
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