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An efficient protocol for the bromolactonization of alkenoic acids is presented that obviates the use of
molecular bromine or exogenous bromenium sources. Vanadium (V) oxide catalyzes the in situ oxidation
of bromide salts to bromenium (Br+) in a process mediated by urea–hydrogen peroxide complex. Initial
mechanistic investigations indicate that the presence of urea does not accelerate the halolactonization
reaction.
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Marine algae have evolved impressive metalloenzymes that our ability to effect the desired bromolactonization to return

make use of the mM concentration of bromide in ocean water as
a terminal halogen source for the electrophilic bromination of sec-
ondary metabolites. The so-called haloperoxidase enzymes feature
a vanadium (V) oxo active site that promotes the oxidation of bro-
mide to bromenium (Br+) mediated by hydrogen peroxide as the
terminal oxidant.1 Building on our previous work on vanadium
(V) oxide-mediated oxidations,2 we present here a bio-inspired
approach toward the bromolactonization of alkenoic acids medi-
ated by a similar V2O5-catalyzed in situ oxidation of bromide to
bromenium. Previous attempts at exploiting haloperoxidase-like
chemistry with V2O5 in different transformations have been sty-
mied by very high catalyst loadings (i.e., >0.5 equiv relative to sub-
strate).3 In the case of our method, V2O5 (�$0.25/g) is employed in
a reasonable 0.05 equiv loading with 3 equiv of urea–hydrogen
peroxide complex as the terminal oxidant. The protocol is opera-
tionally simple, often returning products after acid–base extraction
without the need for column chromatography. This method repre-
sents an attractive alternative to bromolactonizations that employ
molecular bromine or other exogenous bromenium sources (i.e.,
NBS, 1,3-dibromo-5,5-dimethylhydantoin, etc.), particularly in
light of instances such as the 2011 accidental release of approxi-
mately 50 L of molecular bromine in Chelyabinsk, Russia that
resulted in the hospitalization of 40 people.4

We began our investigation by evaluating the bromolactoniza-
tion of 4-phenyl-4-pentenoic acid (1). We were encouraged by
c-bromolactone 2 in 84% yield mediated by 0.5 equiv of V2O5 in
an ACN/H2O/H2O2 (6:1:1) solvent system with NH4Br as the termi-
nal bromine source (Table 1, entry 1).

Similar conditions with NaBr as the bromine source returned 2 in
a reduced 73% yield (entry 2). Reducing the catalyst loading to 0.2 or
0.1 equiv V2O5 (entries 3–7) resulted in reduced yields with both
NH4Br and NaBr. A notable exception was the acceptable 89% yield
with 0.2 equiv V2O5 and 5 equiv NH4Br that resulted from warming
the reaction mixture to 65 �C (entry 5). An extensive solvent and co-
oxidant screen finally returned conditions whereby lactone 2 was
isolated in 93% yield with as low as 0.1 equiv of V2O5 (entries 8
and 9). Ammonium bromide was confirmed as the halide source of
choice, given that NaBr returned bromolactone in an unacceptable
43% yield coupled with significant formation of the corresponding
dibromo carboxylic acid product resulting from the rupture of the
bromonium intermediate with bromide (entry 10). In all cases,
regardless of conditions, the reactions were homogenous.

The catalyst loading could be further lowered to 0.05 equiva-
lents with only a marginal decrease in yield of 2 to 90% (entry
11). In the event, the optimal conditions were found to be
0.05 equiv V2O5, 3 equiv of urea–hydrogen peroxide complex
(UHP), and 3 equiv of NH4Br in a 6:1 mixture of acetone and water
at room temperature (entry 11, highlighted in bold). Further reduc-
tion in the catalyst loading to 0.01 equiv V2O5 resulted in a poor
yield of 12% of lactone 2 coupled with significant formation of
the vicinal dibromo by-product (entry 12). Conducting the reaction
in the absence of V2O5 confirmed that any background reaction
resulting from direct H2O2-mediated oxidation of bromide was
negligible (entry 13).
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Table 1
Optimization of V2O5 promoted bromolactionization

equiv)

equiv)

Entry V2O5 (equiv) Solvent Oxidant (equiv) Br� source (equiv) Yield (%)

1 0.5 ACN/H2O (6:1) H2O2 (aq)a NH4Br (5) 84
2 0.5 ACN/H2O (6:1) H2O2 (aq) NaBr (5) 73
3 0.2 ACN/H2O (6:1) H2O2 (aq) NH4Br (5) 65
4 0.2 ACN/H2O (6:1) H2O2 (aq) NaBr (5) 75
5 0.2 ACN/H2O (6:1) H2O2 (aq) NH4Br (5) 89b

6 0.1 ACN/H2O (6:1) H2O2 (aq) NaBr (5) 59
7 0.1 ACN/H2O (6:1) H2O2 (aq) NH4Br (5) 54
8 0.2 Acetone/H2O (6:1) UHP (3) NH4Br (3) 92
9 0.1 Acetone/H2O (6:1) UHP (3) NH4Br (3) 93

10 0.1 Acetone/H2O (6:1) UHP (3) NH4Br (3) 43
11 0.05 Acetone/H2O (6:1) UHP (3) NH4Br (3) 90
12 0.01 Acetone/H2O (6:1) UHP (3) NH4Br (3) 12
13 0.0 Acetone/H2O (6:1) UHP (3) NH4Br (3) 0

a H2O2 denotes a 30% aq solution of H2O2 employed as a co-solvent in a 6:1:1 ratio with ACN and water, respectively.
b Reaction was warmed to 65 �C. Isolated yields after acid–base extraction.
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Next we turned to a brief exploration of the substrate scope of
the transformation (Chart 1). Under our optimal conditions
(Table 1, entry 11), lactone 2 was returned in an average isolated
yield of 90%. Similarly, c-lactones 3–6 were returned in yields
ranging from 83% to 96% depending on the electron donating abil-
ity of the arene para substituent.

The corresponding d-lactone 7 was isolated in a modest 50%
yield (with a higher 0.1 equiv catalyst loading). In this case a sub-
stantial portion of the starting material was converted to the vici-
nal dibrominated by-product, reflecting the slower cyclization of
six versus five-membered rings. The gem-dimethyl derivative 8
was returned in an excellent yield of 97%, taking advantage of
the Thorpe–Ingold effect. Unsubstituted c-bromolactone 9 was iso-
lated in 50% yield from 4-pentenoic acid. Benzolactone 10 was iso-
lated in 93% yield from the corresponding 2-allylbenzoic acid.
Finally, trans-bromolactone 11 was returned in 63% yield on the
reaction of trans-styrylacetic acid in the presence of 0.1 equiv cat-
alyst. In this singular example, we found it necessary to include
3 equiv of p-toluenesulfonic acid as an additive to prevent the for-
mation of the butenolide elimination product.
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Chart 1. Substrate scope. aReaction conducted with 0.1 equiv V2O5. bReaction
conducted with 3 equiv p-toluenesulfonic acid as an additive.
Finally, the reaction performs well at larger scale. Using our
standard reaction conditions, 1 g (5.7 mmol) of alkenoic acid 1
was converted to 1.3 g of c-bromolactone 2 (90% yield, Eq. 1). This
scaled experiment highlights the synthetic ease of our protocol.
Pure lactone product was returned after acid–base extraction of
the reaction mixture without recourse to column chromatography.

O

O

BrPh

Ph
OH

O

1 g, 5.7 mmol 2, 1.3 g (90%)

V2O5 (0.05 equiv)

NH4Br (3 equiv)
urea-H2O2 (3 equiv)

acetone:H2O (6:1), rt

ð1Þ

A number of methods with the aim of effecting brominations
while circumventing the use of molecular bromine have appeared,
and an assessment of our method compared to the prior art seems
appropriate. A number of methods promote the in situ oxidation of
inorganic bromide salts to molecular bromine or bromenium (Br+).
Notable oxidants include sodium perborate,5 lead acetate,6 ceric
ammonium nitrate,7 sodium periodate,8 and Selectfluor�.9 While
effective, these methods rely on expensive and relatively environ-
mentally unfriendly oxidants (as compared to the ideal cases of
hydrogen peroxide or molecular oxygen). One of the most rou-
tinely employed methods for promoting the oxidation of bromide
to bromenium is the treatment of sodium or ammonium bromide
with Oxone�.10 These methods suffer from the use of stoichiome-
tric or superstoichiometric loadings of Oxone�, a triple salt of the
composition 2KHSO5�KHSO4�K2SO4, which yields a significantly
large salt waste stream per unit of active oxidant. Additionally,
Oxone� is a powerful oxidant that has been demonstrated to react
with a number of functional groups,11 highlighting the potential
for the formation of undesirable by-products.

The use of hydrogen peroxide as the terminal oxidant in these
transformations is particularly appealing from an environmental
standpoint. Owing to its reduced reactivity relative to Oxone�, early
examples employing hydrogen peroxide resorted to the use of
strongly acidic conditions including H2O2/H2SO4

12 and H2O2/
HBr13 reagent combinations. Detty and coworkers have pioneered
the use of various selenoxides, selenic acids, diselenides, and
organotellurides as catalysts for the oxidation of bromide mediated
by hydrogen peroxide.14 Additionally, the aerobic oxidation of HBr
catalyzed by sodium nitrite has been reported.15 Finally, sodium
bromide has been oxidized in situ by the action of a super-stoichi-
ometric loading of an organic sulfoxide and TMSOTf.16
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We were intrigued by the better performance of our method in
the presence of urea–hydrogen peroxide complex in lieu of 30%
aqueous hydrogen peroxide (see Table 1). We wondered whether
urea might be playing a catalytic role in our system. Indeed,
Braddock and co-workers observed that various N-containing
nucleophiles, including dimethyl amides (e.g., DMF) and tetra-
methylguanidine significantly accelerate bromolactonizations
mediated by N-bromosuccinimide.17 To probe whether a similar
catalytic process was at play in our system, we compared the
bromocyclization of 1 in the presence of 30% aqueous H2O2 with
and without 3 equiv of added urea (Scheme 1). These experiments
represent a slight modification of our optimal conditions, whereby
we replaced the water in the solvent system with an equal volume
of 30% aqueous H2O2. Using these modified conditions, the bromol-
actonization is not as efficient. Nonetheless, bromolactone 2 was
returned in a nearly identical 42% and 41% yield with and without
added urea, respectively. These data suggest that urea does not
play a catalytic role in our system, and the reason for the benefit
of utilizing urea–hydrogen peroxide complex in lieu of aqueous
H2O2 remains unclear.

The method disclosed herein compares favorably with many of
the aforementioned protocols for the in situ generation of molecu-
lar bromine or bromenium based on the fact that it employs hydro-
gen peroxide as the terminal oxidant (albeit as the convenient,
shelf-stable urea–H2O2 complex). This has marked advantages over
early advances in the field that employed less environmentally
friendly oxidants. Our catalyst, V2O5, is cheap (�$0.25/g), relatively
benign, and can be used in a reasonable 5 mol % loading. Finally,
our method also has the added benefit of returning the organic
products without recourse to chromatographic purification.

Nonetheless, our method suffers from some unfortunate draw-
backs including the necessity to employ 3 molar equivalents of
both the oxidant and halide source. Indeed, in some instances
our method may prove less economical than the use of molecular
bromine to promote bromolactonization. This fact, however, is a
common issue for the ‘alternative bromine’ field as a whole. In fact,
a 2008 study18 that evaluated nineteen alternative methods for
brominations (in lieu of molecular bromine) revealed that the
HBr/H2O2 reagent combination13 was the only known method that
compared favorably with the use of Br2 in terms of cost despite
considerable attention from the synthetic community. It seems
that our method shares similar limitations to many of the other
methods described in the prior art, but does, nonetheless offer
the significant advantage of circumventing chromatographic puri-
fication of products. We are actively pursuing means to further
optimize our protocol to address some of its limitations. Neverthe-
less, it compares favorably with other known means for the in situ
generation of Br+.

In conclusion, we have developed a novel approach toward bro-
molactonization that exploits the haloperoxidase-like activity of
catalytic loadings of V2O5 in the presence of urea–hydrogen perox-
ide complex and ammonium bromide. The process hinges on the
in situ oxidation of bromide to bromenium, thus obviating the
use of toxic, volatile molecular bromine or other exogenous
bromenium sources. The method is synthetically feasible, often
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Scheme 1. Evaluating the role of urea.
returning the desired products after simple acid–base extraction
without the need for column chromatography. Current efforts are
directed at expanding the utility of this novel reagent combination
as well as exploring related haloperoxidase-like activity with
chloride.
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