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Abstract: Diphenyl diselenide catalyzes the halolactoniza-
tion of unsaturated acids with N-halosuccinimides under
mild conditions. The diselenide not only accelerates the
reactions, but in some cases affords regiocontrol in favor of
γ-lactone products. Experiments show that the regioselec-
tivity in favor of γ-lactones is a result of kinetic rather than
thermodynamic control.

In the years since its discovery in the early 1900s,
halolactonization has proven to be a versatile reaction
in organic synthesis, allowing facile formation of small
or medium ring size lactones.1 The utility of the product
halolactones has been repeatedly demonstrated by their
use in total syntheses.2 The first reports of halolacton-
ization utilized a weak base, KI, and molecular iodine1

for the cyclofunctionalization of unsaturated acids. Simi-
larly, reagents such as N-bromosuccinimide,3 Br2,4 H2O2/
NaBr,5 CuBr2/Al2O3,6 Tl2CO3/Br2,7 and ZnBr2/Pb(OAc)4

8

have been shown to effect bromolactonization of unsatur-
ated acids or carboxylates. Despite the utility of these
reactions, control of the regio- and stereochemistry of the
product bromolactones has not been properly addressed.
With this in mind, it is particularly surprising that there
are no reports of catalytic halolactonization. In this
regard, it is noteworthy that Detty has developed a
selenium-catalyzed protocol for halolactonization of un-
saturated acids with H2O2/NaX;5 however, this method
is best described as a catalytic oxidation of halides. While

quite useful, the catalytic oxidation produces freely
diffusing electrophilic bromine species and thus leaves
little hope for control of selectivity. With the goal of
catalytically halogenating organic substrates through
nucleophilic activation of typical electrophilic halogen
sources, we have turned to the use of similar selenium
catalysts with “preoxidized” halogenating agents. Herein
we report that simple arylselenides catalyze the halolac-
tonization of unsaturated acids in the presence of N-
halosuccinimide oxidants. Furthermore, in some cases
the use of selenium catalysts allows kinetic control of the
regioselectivity and thus the lactone ring size.

In an effort to develop catalytic halogenation reactions,
we recently investigated the selenium-catalyzed allylic
halogenation of â,γ-unsaturated acids (eq 1).9 While the

reaction was apparently general for alkyl-substituted
olefins, upon switching to styrylacetic acid we discovered
the ability of selenium reagents to catalyze halolacton-
izations. Specifically, trans-styrylacetic acid (R ) Ph)
undergoes cyclization in the presence of phenylselenyl
chloride and N-chlorosuccinimide to afford only the
â-chloro-γ-lactone product (2). In the absence of PhSeCl,
<1% of 2 is formed under the same conditions. In this
instance, no allylic halogenation was observed. Attempts
to favor chlorolactonization of alkyl-substituted unsatur-
ated acids by addition of bases (K2CO3, pyridine, Et3N,
and i-Pr2NEt) invariably led to mixtures of allyl chlorides
and chlorolactones. Furthermore, during the slower
reactions, the base-initiated dehydrohalogenation of the
chlorolactones resulted in the formation of butenolides
as well.10

The lack of generality of the catalytic chlorolactoniza-
tion led us to investigate the analogous catalytic bromo-
lactonizations. Specifically, trans-styrylacetic acid was
treated with 5 mol % of PhSeSePh and 1.1 equiv of
N-bromosuccinimide (NBS) in CH3CN at -30 °C. After
3 h, the â-bromo-γ-lactone was isolated in 90% yield.
While the addition of catalytic PhSeSePh provided for
an increase in yield relative to the reported 54% with
NBS alone,3 styrylacetic acid has a strong preference for
formation of γ-lactones so regiochemistry was not an
issue. In the interest of investigating catalyst-controlled
regiochemistry, we employed trans-3-hexenoic acid as a
substrate since it is known to react with poor regiochemi-
cal selectivity. The reaction of trans-3-hexenoic acid (1b)
with NBS in acetonitrile at room temperature affords a
2:1 mixture of γ- and â-lactones (3b and 4b, eq 2).
Addition of 5 mol % of PhSeSePh to the reaction mixture
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significantly improved the selectivity, yielding a 17:1
mixture of γ- and â-lactones. The selenium-catalyzed
reaction also afforded a small amount (7%) of dibromi-
nated acid (5b), which was not present in the uncatalyzed
product mixture.

Other substrates were treated under our established
conditions and in most cases the bromolactones were
afforded in moderate to good yields (Table 1). For
substrates that generally favor formation of γ-lactones,
the addition of PhSeSePh only affects the time and/or
conditions required for cyclization. However, for sub-
strates where regiochemistry is an issue, catalytic quan-
tities of PhSeSePh also favor formation of γ-lactones. For
example, cyclohexenylacetic acid provides â-lactone ex-
clusively when treated with NBS alone, but with 5 mol
% of PhSeSePh γ-lactone is favored. Attempts to lower
the catalyst loading to 1 mol % resulted in total loss of
regiocontrol. Furthermore, PhSeSePh did not provide any
regiocontrol in the catalytic bromolactonization of ter-

minal â,γ-unsaturated acids, which are known to strongly
favor formation of â-lactones.11

In an effort to establish the nature of the regiocontrol
by PhSeSePh, we tested whether the product ratio was
the result of kinetic or thermodynamic control. We
thought it was possible that PhSeSePh/NBS simply
catalyzed the equilibration of â-lactone to the thermo-
dynamically favored γ-lactone. To address this issue a
2:1 mixture of γ- and â-lactones was generated by
uncatalyzed bromolactonization of trans-3-hexenoic acid
followed by treatment with either 5 mol % of PhSeSePh
or with the combination of PhSeSePh and 1 equiv of NBS.
After 2 h at room temperature, no equilibration of
â-lactone to the γ-lactone was observed in either case.
Similarly, treatment of dibrominated product 5b under
the conditions of catalysis does not result in formation
of γ-lactone 3b. Collectively, these reactions demonstrate
that the product selectivity is a result of kinetic rather
than thermodynamic control.

Next, we felt it was necessary to substantiate the
catalytic effect of diphenyl diselenide despite the causal
evidence in the change of kinetic product ratios. Toward
this end, variable-temperature NMR spectroscopy al-
lowed us to directly observe the reaction under the
conditions of the reaction. Two reactions, one without
PhSeSePh and one with PhSeSePh, were run with trans-
3-hexenoic acid under otherwise identical conditions.
Specifically, a 0.32 M trans-3-hexenoic acid solution in
CD3CN was treated with 5 mol % of PhSeSePh then
cooled to -30 °C. NBS (1.1 equiv) was added, and the
reaction mixture was placed in a precooled NMR probe
at -30 °C. While the reaction mixture containing Ph-
SeSePh had completely consumed the soluble NBS before
the first spectrum was obtained, the control reaction had
consumed <5% of the dissolved NBS. Although the
soluble NBS was rapidly consumed to give halolactone
when PhSeSePh was present, the hexenoic acid was not
completely converted to product (30% conversion). Fur-
ther reaction was more sluggish as evidenced by the low
conversion (6%) of the remaining hexenoic acid over the
following 10 min. This is a consequence of the low
solubility of NBS in CD3CN at -30 °C. From this
information, it was surmised that the catalyzed reaction
rate is limited by the rate of dissolution of NBS at low
temperature.12 To test this idea, the reaction mixture was
warmed to -15 °C. At this temperature, product lactone
began to form rapidly in the mixture containing Ph-
SeSePh. Once again, free NBS was not observed, indicat-
ing mass transport limited kinetics. In contrast, the
uncatalyzed reaction did not ensue despite the observable
increase in NBS concentration. These experiments un-
equivocally establish that PhSeSePh is a catalyst for
bromolactonization.

The observation of small amounts of dibrominated
product 5b indicated that it was possible that molecular
bromine was being formed and was responsible for the
observed bromolactonization as well. Thus, trans-3-
hexenoic acid was treated with Br2 at -30 °C in CH3CN
in both the presence and absence of PhSeSePh. In both
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TABLE 1. Yields and Selectivities of
Selenium-Catalyzed Bromolactonizations

a γ vs â or γ vs δ. b Reactions were run with 5 mol % of
PhSeSePh, 1.1 equiv of NBS, CH3CN, -30 °C. c Combined yield.
d Mixture of diastereomers reflecting the E/Z ratio of starting
material. e 5:1 mixture of diastereomers. f 3:1 mixture of diaster-
eomers.
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cases, the reaction cleanly afforded a 1:1 ratio of γ-lactone
3b and dibromination product 5b. Thus, the 17:2 ratio
of 3b:5b in the selenium-catalyzed reaction is inconsis-
tent with the formation of molecular bromine. On the
basis of this evidence, and the fact that selenium provides
for kinetic control of the product ratio of halolactoniza-
tion, we suggest that the reaction occurs through a
selenium-bound electrophilic bromine species. We cannot
rule out the possibility that dibrominated acid 5b is
formed from a low concentration of freely diffusing
bromine.

Finally, we wanted to address catalyst speciation.
Sharpless has demonstrated that PhSeSePh reacts with
N-chlorosuccinimide to give two separate selenium spe-
cies, phenylselenyl chloride and phenylselenyl succinim-
ide (eq 3).13 In light of this precedent, we became curious

whether PhSeBr or phenylselenyl succinimide was singly
responsible for the catalytic bromolactonization. In an
effort to determine the active catalytic species, phenyl-
selenyl bromide and N-phenylselenopthalimide14were
separately screened as catalysts for the halolactonization
of trans-3-hexenoic acid. While both catalysts effected
halolactonization, the 3b:5b product ratios (4:1 for phen-
ylselenyl bromide, and 2:1 for N-phenylselenopthalimide)
obtained were not consistent with that observed with
PhSeSePh. The fact that neither catalyst reproduced the
experimental results given by PhSeSePh suggests that
the diselenide may not be oxidatively cleaved by NBS
during catalysis.

Although more experiments are required to elucidate
the mechanism of catalysis, we suggest the following
mechanism based on the available experimental results.
First, we propose that the NBS undergoes nucleophilic
attack by the diselenide to produce the cationic selenium
complex (A) with a succinimide counterion (Scheme 1).
This transformation is equivalent to the first step in the
well-known oxidative cleavage of diselenides with mo-
lecular bromine.15 The resulting succinimide anion is
expected to rapidly deprotonate the carboxylic acid (1)
to form the carboxylate. To rationalize the observed

regiocontrol, we suggest that lactone formation proceeds
through nucleophilic displacement of a selenium-coordi-
nated bromonium ion (B). Such a cyclization is reminis-
cent of halocyclizations with bromopyridinium reagents,
where the pyridine derivative remains coordinated to
bromine during lactone ring formation.16

In conclusion, we have demonstrated that diphenyl
diselenide is an efficient catalyst for the halolactonization
of unsaturated acids. This is to our knowledge the first
example of catalytic halolactonization. Moreover, sele-
nium catalytically activates halogen oxidants toward
reaction, which is a new approach to oxidative halogena-
tion. In the future, we hope to take advantage of our
ability to alter the ligand environment of selenium to
achieve higher degrees of regioselectivity.

Experimental Section
General Procedure for Bromolactonization of â,γ- or

γ,δ-Unsaturated Acids. Diphenyl diselenide (0.05 mmol) was
dissolved in 5 mL of CH3CN (stored over 4 Å MS), producing a
yellow solution. The unsaturated acid (1.00 mmol) was added,
and the resulting mixture was cooled to -30 °C. Next, N-
bromosuccinimide (1.1 mmol) was added and the resulting
reaction mixture was stirred for the reported time. The resulting
solution was concentrated to <1 mL, and 10 mL of diethyl ether
was added. The ether was decanted from the solid and washed
with H2O (2 × 3 mL). The resulting ether layer was dried over
MgSO4 and concentrated, and the residue was purified by flash
chromatography (100% methylene chloride).
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