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-nucleophilic bromo-cyclization
of alkenyl carbonyl compounds without organic
wastes using alkali metal reagents in green solvent†

Katsuhiko Moriyama,* Chihiro Nishinohara, Toru Sugiue and Hideo Togo*

A bromo-lactonization of alkenyl carboxylic acids and a bromo-cyclization of N-allyl amides as oxygen-

nucleophilic bromo-cyclization reactions were developed via the oxidative umpolung of bromide using

alkali metal bromide and inorganic oxidant to provide the corresponding cyclization products in high

yields. In particular, the use of AcOEt, the solvent of choice for green sustainable reactions, led to the

high reactivities of the present reactions. This methodology is highly recommended for green sustainable

chemistry because it uses stable and non-hazardous reagents instead of other bromo reagents and

oxidants, and does not produce organic wastes that pollute the environment.
Introduction

The halogenation of organic molecules is a very important tool
for producing the carbon halides, which are indispensable
intermediates for a variety of transformations.1 Electrophilic
bromination of p-electron donors has employed molecular
bromine (Br2)2 and organic bromo reagents, such as N-bromo-
succinimide (NBS),3 1,3-dibromo-5,5-dimethylhydantoin (DBH),4

2,4,4,6-tetrabromohexa-2,5-dienone (TBCO),5 and pyridinium
tribromide.6 However, when utilizing these reagents it is difficult
to avoid handling of hazardous compounds or producing stoi-
chiometric amounts of the corresponding organic wastes, which
must be puried by silica gel chromatography (Fig. 1, eqn (1)).
On the other hand, oxidative transformations via the umpolung
of halides (I�, Br�, and Cl�) into halonium ions (X+) using
oxidants are an essential process in many organisms7 and have
attracted much attention as a green sustainable method in
organic synthesis.8 Alkali metal halides are one of the most
abundant natural resources on earth; they are stable in air, easy
to handle, neutral, and non-toxic, and non-elaborating products
polluted the environment. We have developed various oxidative
transformations via the umpolung of bromide using alkali metal
bromide including intramolecular bromo-amination of N-alke-
nylsulfonamides and N-alkenoxysulfonamides,9a direct benzylic
oxidation of alkylarenes,9b Hofmann-type rearrangement of
cyclic imides,9c KBr-catalyzed oxidation of alcohols,9d and
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debenzylation of N-benzylamide andO-benzyl ethers.9e However,
those methods require such problematic solvents for health,
safety, and environment as MeNO2 and MeCN. The oxygen-
nucleophilic bromo-cyclization is a very effective method for
producing oxygen-containing heterocycles, which are useful
building blocks of natural products and pharmaceuticals.10 For
the oxygen-nucleophilic bromo-cyclization of alkenyl carbonyl
compounds with NBS, organocatalysts or activating reagents
have been adopted to promote the electrophilic addition of
bromonium ion (Br+) to alkenes.11 Recently, some oxidative
bromo-lactonization reactions of alkenyl carboxylic acids using
alkali metal bromides have been reported. However, those
reactions also require a stoichiometric or catalytic amount of
Fig. 1 Oxidative bromo-cyclization of alkenyl carbonyl compounds.

This journal is © The Royal Society of Chemistry 2015
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organic chalcogen compounds, such as organotelluride,12a,b

arylselenic acid,12c aryl benzyl selenoxide,12d,e organic dis-
elenide,12f,g and methyl phenyl sulfoxide,12h or hypervalent
iodine, such as (diacetoxy)iodobenzene.12i We also disclosed
diastereoselective bromo-lactonization of a-substituted 4-pen-
tenoic acids and 4-pentenamides using alkali metal bromide but
this method is limited to a-substituted alkenyl carbonyl com-
pounds.9fNevertheless, the high performance of bromonium ion
species generated from alkali metal bromide with oxidant has
possibility of various oxygen-nucleophilic bromo-cyclization of
alkenyl carbonyl compounds without any additives. In this
regard, both research laboratories and chemical industry are
looking into the possibility of using green solvents, such as H2O,
alcohols, and acetic esters, for green sustainable chemistry.13 We
report herein an oxidative oxygen-nucleophilic bromo-
cyclization in a green solvent, which involves the umpolung of
bromide into bromonium ion using alkali metal bromide and
inorganic oxidant without activating organic reagents. The
reaction is a green sustainable method because it proceeds
under mild conditions and does not produce any organic wastes
(Fig. 1, eqn (2)).
Results and discussion

First, we investigated the oxidative bromo-lactonization of
alkenyl carboxylic acids using alkali metal bromides and
oxidants. We screened for solvents, oxidants, and alkali metal
bromide or alkaline metal bromide for the oxidative bromo-
lactonization of 4-pentenoic acid 1a (Table 1). When 1a was
Table 1 Screening for alkali metal bromide or alkaline metal bromide,
oxidant, and solvent for oxidative bromo-lactonization of 1a

Entry MX Oxidant Solvent Time (h) Yield (%)

1 KBr Oxone® MeCN 5 69
2 KBr Oxone® CH2Cl2 20 14
3 KBr Oxone® AcOEt 20 57 (28)a

4 KBr Oxone® THF 5 71
5 KBr Oxone® Toluene 20 38
6 KBr Oxone® MeNO2 20 98
7 KBr H2O2 aq. MeNO2 20 9 (64)a

8 KBr mCPBA MeNO2 20 54 (15)a

9 KBr PhI(OAc)2 MeNO2 20 26 (36)a

10 KBr K2S2O8 MeNO2 20 7 (35)a

11 NaBr Oxone® MeNO2 20 72
12 CaBr2 Oxone® MeNO2 20 17 (49)a

13 KBr Oxone® AcOEt 26 92
14b KBr Oxone® MeNO2 23 97
15b KBr Oxone® AcOEt 30 98

a Numbers in the parenthesis indicate the recovery of 1a. b The reaction
was carried out at �10 �C.

This journal is © The Royal Society of Chemistry 2015
treated with KBr and Oxone® (2KHSO5$KHSO4$K2SO4) in MeCN
at room temperature, 5-(bromomethyl)butyrolactone (2a) was
obtained in 69% yield (Entry 1). Whereas the reaction in THF
showed similar reactivity to that in MeCN, the reactions in
CH2Cl2, AcOEt, and toluene gave 2a in low yields (Entries 2–5).
The reaction in MeNO2 gave 2a in 98% yield (Entry 6). Other
oxidants, such as H2O2 aq., mCPBA, PhI(OAc)2, and K2S2O8,
were much less effective than Oxone® (Entries 7–10). Use of
NaBr and CaBr2 instead of KBr decreased the yields of 2a
(Entries 11 and 12). Fortunately, the bromo-lactonization of 1a
with AcOEt was completed in 26 h, and its yield was similar to
that of the bromo-lactonization in MeNO2 (92% vs. 98% for
Entries 13 vs. 6, respectively). It was reported that AcOEt is the
solvent choice for green sustainable reactions.13 Lowering the
reaction temperature gave the best results in the presence of
both solvents (Entries 14 and 15).

The bromo-lactonization of a-substituted alkenyl carboxylic
acid is problematic in terms of the diastereoselectivity of the
product. Indeed, the reaction of 2-methyl-4-pentenoic acid (1b)
with alkali metal bromide at room temperature provided the
bromo-lactonization product (2b) in a quantitative yield with
moderate diastereoselectivity (dr ¼ 67 : 33 to 72 : 28) (Table 2,
Entries 1 and 2). Treatment of 1bwith KBr andOxone® inMeNO2

or AcOEt at �10 �C slightly increased the diastereoselectivity of
the bromo-lactonization (Entries 1 vs. 3 and 2 vs. 4).

To explore the scope of the oxidative bromo-lactonization via
the umpolung of bromide using alkali metal bromide, various
alkenyl carboxylic acids 1 were examined under the optimum
conditions (Table 3).

For the bromo-lactonization in MeNO2, various substrates
bearing a,a-disubstituents (1c and 1d) as well as geminal-disub-
stituted (1e and 1f) and vicinal-disubstituted (1g–1j) alkenes were
converted into the corresponding products (2c–2j) in high yields,
respectively (Entries 1–8). When b-substituted alkenyl carboxylic
acid (1k) was used, b,g-disubstituted g-lactone (2k) was obtained
in 90% yield with moderate diastereoselectivity (dr ¼ 63 : 37)
(Entry 9). Moreover, the six-membered ring cyclization by bromo-
lactonization proceeded efficiently to give d-substituted d-lactone
(2l) in 81% yield (Entry 10). The bromo-lactonization in AcOEt
using KBr and Oxone® showed similar reactivity to that in
MeNO2 except for the six-membered-ring bromo-lactonization
Table 2 Oxidative bromo-lactonization of a-substituted alkenyl
carboxylic acid 1b

Entry Solvent Temp. (�C) Time (h) Yield (%) dr of 2b

1 MeNO2 r.t. 18 99 67 : 33
2 AcOEt r.t. 12 99 72 : 28
3 MeNO2 �10 12 99 72 : 28
4 AcOEt �10 12 98 77 : 23

RSC Adv., 2015, 5, 85872–85878 | 85873
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Table 3 Oxidative bromo-lactonization of 1 using KBr and Oxone®

Entry Substrate Product

Yields (%)

MeNO2 AcOEt

1 99% (12 h) 95% (12 h)

2 95% (18 h) 95% (18 h)

3 99% (12 h) 98% (24 h)

4 99% (10 h) 99% (12 h)

5 91% (dr ¼ >99 : <1) (28 h) 90% (dr ¼ >99 : <1) (28 h)

6 85% (dr ¼ >99 : <1) (12 h) 85% (dr ¼ >99 : <1) (12 h)

7 89% (dr ¼ >99 : <1) (8 h) 94%a (dr ¼ >99 : <1) (20 h)

8 87%b (dr ¼ >99 : <1) (30 h) 86%c (dr ¼ >99 : <1) (45 h)

9 90% (dr ¼ 63 : 37) (18 h) 81% (dr ¼ 53 : 47) (18 h)

10 81%d,e (7 h) 0%d (48 h)

a The reaction was carried out in AcOEt (0.125 M). b The reaction was carried out in AcOEt (0.0625 M). c The reaction was carried out at �40 �C.
d TsOH (10 mol%) was added. e The reaction was carried out in a solution of MeNO2 and toluene (3 : 1).

85874 | RSC Adv., 2015, 5, 85872–85878 This journal is © The Royal Society of Chemistry 2015
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Scheme 1 Oxidative bromo-lactonization of a-substituted 4-pente-
noic acid (1).

Scheme 2 Transformation into g-azidomethyl lactone (3c) from 1c
without purification of 2c via oxidative bromo-lactonization using KBr
and Oxone®.

Fig. 2 NMR spectra of 2a after the bromo-lactonization using KBr and
Oxone®. (a) NMR spectrum of crude product 2a obtained by filtration
with Celite and evaporation (Table 1, Entry 15). (b) NMR spectrum of
product 2a purified by column chromatography.

This journal is © The Royal Society of Chemistry 2015
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(Entries 1–10, right column). Subsequently, the bromo-
lactonization of a-substituted 4-pentenoic acids (1m–1w) was
investigated by performing the oxidation of bromide in both
MeNO2 and AcOEt (Scheme 1). The reaction of a-alkylated pen-
tenoic acids (1m–1o) also provided a,g-disubstituted g-butyr-
olactones (2m–2o) in high yields (83–99%) with moderate
diastereoselectivities (dr ¼ 71 : 29 to 81 : 19). a-Arylated alkenyl
pentenoic acids bearing various substituents on the aromatic
ring (1p–1w) were also transformed into the corresponding
products (2p–2w) in excellent yields (95–99%) with moderate
diastereoselectivities (dr ¼ 74 : 26 to 85 : 15). The reactivity of
the bromo-lactonization when AcOEt was used as the solvent
(Solvent B) was similar to that when MeNO2 was used as the
solvent (Solvent A).

To conrm that the KBr/Oxone® system did not generate
organic waste in the present reaction, the NMR spectrum of
crude product 2a, which was obtained by ltration with Celite
and evaporation in vacuo, was compared with that of pure 2a
(Fig. 2). It was found that crude product 2a obtained by the
reaction with the KBr/Oxone® system had sufficiently high purity
that was comparable to that of the pure product (Fig. 2(a) vs. (b)).

Then, we attempted to perform a transformation into g-azi-
domethyl lactone (3c) from 1c without purication of interme-
diate (2c) through the bromo-lactonization, followed by the
nucleophilic substitution with sodium azide (Scheme 2). Aer
the bromo-lactonization of 1c using KBr and Oxone® in AcOEt at
�10 �C, the reaction mixture was ltered with Celite and evap-
orated to remove K2SO4, and AcOEt, respectively. The crude
product of 2cwas reacted with NaN3 in the presence of 15-crown-
5 as the catalyst in MeCN at 90 �C. The nucleophilic substitution
proceeded to provide desired product 3c in 89% yield. Therefore,
it was conrmed that the KBr/Oxone® system, which does not
produce organic waste that pollutes the environment, is an
effective methodology for applicative transformations.

Next, we attempted to construct dihydrooxazoles bearing
a quaternary carbon center via the bromo-cyclization of N-allyl
amides (4) to expand the oxygen-nucleophilic transformation
using alkalimetal bromide and oxidant. To this end, we screened
for solvent, oxidant, and alkali or alkaline metal bromide for the
reaction with N-(2-phenylallyl)benzamide (4a) (Table 4).

Treatment of 4a with KBr and Oxone® in MeCN at room
temperature provided bromomethyl dihydrooxazole (5a) in 97%
yield (Entry 1). The use of other solvents, such as CH2Cl2, AcOEt,
THF, MeNO2, and toluene, decreased the yield of 5a (Entries
RSC Adv., 2015, 5, 85872–85878 | 85875
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Scheme 3 Oxidative bromo-cyclization of N-allyl amide 4. a The
reaction was carried out in AcOEt (0.125 M) at 0 �C. b The reaction was
carried out at �40 �C. c The reaction was carried out in AcOEt
(0.063 M) at 0 �C. d The reaction was carried out at 0 �C.

Table 4 Screening for alkali or alkali metal bromide, oxidant, and
solvent for oxidative bromo-cyclization of N-allyl amide 4a

Entry MX Oxidant Solvent Time (h) Yield (%)

1 KBr Oxone® MeCN 2 97
2 KBr Oxone® CH2Cl2 2 89
3 KBr Oxone® AcOEt 6 65 (28)a

4 KBr Oxone® THF 6 37 (54)a

5 KBr Oxone® MeNO2 6 40 (43)a

6 KBr Oxone® Toluene 6 84
7 KBr mCPBA MeCN 6 65 (23)a

8 KBr PhI(OAc)2 MeCN 6 89 (2)a

9 KBr H2O2 aq. MeCN 6 0 (99)a

10 NaBr Oxone® MeCN 6 88
11 CaBr2 Oxone® MeCN 6 9 (79)a

12 KBr Oxone® AcOEt 13 86
13b KBr Oxone® MeCN 5 95
14b KBr Oxone® AcOEt 13 92

a Numbers in the parenthesis indicate the recovery of 4a. b Oxone® (1.0
equiv.) was used.
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2–6). 5a was obtained in lower yield when mCPBA, PhI(OAc)2,
and H2O2 aq. were used as the oxidant, than when Oxone® was
used (Entries 7–9). NaBr was an effective bromo source for the
present reaction, whereas CaBr2 was much less effective than
alkali metal bromides (Entries 10 and 11). It was noteworthy
that extending the reaction time in the reaction using AcOEt
improved the yield of 5a to 85% (Entry 12). Decreasing the
amount of Oxone® to 1.0 equiv. in the reaction using AcOEt
improved the bromo-cyclization, whereas use of the same
amount of Oxone® in MeCN slightly reduced the yield of 5a
(Entries 13 and 14).

To explore the substrate scope for the bromo-cyclization of
N-allyl amides (4) via the oxidative umpolung of bromide
using KBr, various N-allyl amides (4) were examined under
the optimum conditions (Scheme 3). When MeCN was used
in the bromo-cyclization (Condition A), substrates bearing
various benzamides, such as 4-Br (4b), 4-Me (4c), 4-OMe (4d),
4-CF3 (4e), 3-Br (4f), and 2-Br (4g) benzamide, and acetamide
(4h) gave the corresponding products (5b–5h) in excellent
yields (82–99%). Various 2-arylallylamino groups, bearing 4-
Br (4i), 4-Cl (4j), 4-OMe (4k), 3-Cl (4l), 2-Cl (4m), and 2-NO2

(4n) on the aromatic ring, were also converted into the
dihydrooxazoles (5i–5n) in excellent yields (80–97%). When
N-allyl amides bearing 2-naphthyl (4o) and n-hexyl (4p) at 2-
position of the allyl amino moiety were used, desired prod-
ucts (5o and 5p) were obtained in 99% and 92% yields,
respectively. Fortunately, the reactivities when AcOEt was
used as the solvent for the present reaction (Condition B)
were similar to those when MeCN was used (87–98% yield),
although a long time was required for the transformation into
85876 | RSC Adv., 2015, 5, 85872–85878
bromomethyl dihydrooxazoles (5) (4–25 h). Thus, AcOEt can
be utilized as a solvent in the present reaction in spite of
having less reactivity than that in MeCN (2–10 h).

Conclusions

In conclusion, we have developed an oxygen-nucleophilic
bromo-cyclization of alkenyl carbonyl compounds via the
This journal is © The Royal Society of Chemistry 2015
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oxidative umpolung of bromide using alkali metal bromide and
an inorganic oxidant. In particular, AcOEt, the recommended
solvent for green sustainable reactions, is minimum amounts of
stable reagents, and does not produce any organic wastes that
pollute the environment. We hope that the present trans-
formation via the oxidative umpolung of halides using alkali
metal halides would be applicable to ne organic synthesis.

Experimental
General methods
1H NMR spectra were measured on a JEOL ECS-400 (400 MHz)
spectrometer at ambient temperature. Data were recorded as
follows: chemical shi in ppm from internal tetramethylsilane
on the d scale, multiplicity (s¼ singlet; d¼ doublet; t¼ triplet; q
¼ quartet; sep ¼ septet; m ¼ multiplet; br ¼ broad), coupling
constant (Hz), integration, and assignment. 13C NMR spectra
were measured on a JEOL ECS-400 (100 MHz) spectrometer.
Chemical shis were recorded in ppm from the solvent reso-
nance employed as the internal standard (deuterochloroform at
77.0 ppm). High-resolution mass spectra were recorded with
Thermo Fisher Scientic Exactive Orbitrap mass spectrometers.
Infrared (IR) spectra were recorded on a JASCO FT/IR 4100
spectrometer. For thin-layer chromatography (TLC) analysis
throughout this work, Merck precoated TLC plates (silica gel
60GF254 0.25 mm) were used. The products were puried by
neutral column chromatography on silica gel (Kanto Chemical
Co., Inc. silica gel 60N, Prod. no. 37560-84; Merck silica gel 60,
Prod. no. 1.09385.9929). Visualization was accomplished with
UV light (254 nm), anisaldehyde, KMnO4, and phosphomolyb-
dic acid. In experiments that required dry solvents, the solvents
were distilled prior to use.

General procedure for oxidative bromo-lactonization of
alkenyl carboxylic acids (1) (in AcOEt solution)

To a solution of 1a (25.1 mg, 0.25 mmol) and KBr (44.6 mg,
0.375 mmol) in AcOEt (1.0 mL) was added Oxone® (184.4 mg,
0.30mmol) at�10 �C. Aer stirring at�10 �C for 30 h, saturated
Na2SO3 aqueous solution (10 mL) was added to the reaction
mixture, and the product was extracted with AcOEt (15 mL � 3).
The combined extracts were washed with brine (10 mL) and
dried over Na2SO4. The organic phase was concentrated under
reduced pressure and the crude product was puried by silica
gel column chromatography (eluent: hexane/AcOEt ¼ 2/1) to
give desired product 2a (43.8 mg, 98%).

One-pot transformation of 1c into g-azidomethyl lactone (3c)

To a solution of 1c (32.1 mg, 0.25 mmol) and KBr (44.6 mg,
0.375 mmol) in AcOEt (1.0 mL) was added Oxone® (184.4 mg,
0.30 mmol) at �10 �C. Aer stirring at �10 �C for 12 h, the
reaction mixture was ltered through Celite with AcOEt to
remove the precipitate. The ltrate was concentrated under
reduced pressure and the crude product was dissolved with
MeCN (1.2 mL). 15-Crown-5-ether (10 mL, 0.05 mmol) and NaN3

(32.5 mg, 0.50 mmol) were added to the solution at room
temperature under argon atmosphere. Aer stirring at 90 �C for
This journal is © The Royal Society of Chemistry 2015
6 h, NaN3 (8.2 mg, 0.125 mmol) was again added to the reaction
mixture. Aer stirring at 90 �C for 18 h, the reactionmixture was
cooled to room temperature, and the suspension was ltered
through Celite with AcOEt. The ltrate was concentrated under
reduced pressure and the crude product was puried by silica
gel column chromatography (eluent: hexane/AcOEt ¼ 3/1) to
give desired product 3c (37.6 mg, 89%).
General procedure for oxidative bromo-cyclization of N-allyl
amides (4) (in AcOEt solution)

To a solution of 4a (59.4 mg, 0.25 mmol) and KBr (35.7 mg, 0.30
mmol) in AcOEt (1.0 mL) was added Oxone® (153.7 mg, 0.25
mmol) at room temperature. Aer stirring at room temperature
for 13 h, saturated Na2SO3 aqueous solution (10 mL) was added
to the reaction mixture, and the product was extracted with
AcOEt (15 mL � 3). The combined extracts were washed with
brine (10 mL) and dried over Na2SO4. The organic phase was
concentrated under reduced pressure and the crude product
was puried by silica gel column chromatography (eluent:
hexane/AcOEt ¼ 3/1) to give desired product 5a (72.7 mg, 92%).
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