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A procedure for the a-chlorination or bromination of a number of a,b-unsaturated carbonyls, and the
dichlorination or bromination of alkenes, is developed using bisacetoxyiodobenzene (BAIB) and the
HCl or HBr salt of pyridine. The reaction proceeds in an acceptable to a good yield and has a broad sub-
strate scope. The dibromination is also achieved using a chiral I[V] reagent, although little enantioselec-
tivity could be achieved.

� 2009 Elsevier Ltd. All rights reserved.
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Recently, gymnastatin F (1), isolated from the cellular extracts
of the Halichondria sponge-derived fungus Gymnascella dankalien-
sis, was shown to inhibit dramatically the growth of P388 lympho-
cytic leukemia cells.1 While the total synthesis of gymnastatin F (1)
is yet to be achieved the formation of the deschloro analog of its
biological precursor, gymnastatin A (4), has been reported by Wipf,
via dearomatization of a tyrosine derivative as the key step
(Fig. 1).2

As part of our studies towards the synthesis of gymnasatin F (1),
the tandem TBS deprotection and oxidation of enone 5a3 were re-
quired (Scheme 1). It has been observed that modified Cr[VI] re-
agents are able to remove silyl protection from primary alcohols
and effect their oxidation,4 thus a similar transformation using
pyridinium chlorochromate (PCC) was attempted. Unfortunately,
oxidative deprotection could not be achieved when enone 5a was
exposed to PCC. This outcome was attributed to the rapid decom-
position of the desilylated enone.5 To enhance the rate of oxidation,
the reaction was repeated using PCC and bisacetoxyiodobenzene
(BAIB)/TEMPO.6 While these conditions provided some aldehyde,
a-chlorinated enone 6a was the major product (Table 2, entry 10).7

Since this transformation introduces chlorine as ultimately re-
quired to access gymnastatin F (1), it was decided to investigate
its utility. Furthermore, while there are various methods for the
a-bromination8 or a-iodination9 of enones, there are far fewer pro-
cedures for a-chlorination.10,11 Most procedures for the a-chlori-
nation of enones utilize strong oxidants such as Oxone�,10a–c

MCPBA,10d or dimethyldioxirane10e to generate electrophilic chlori-
nating agents; or potentially toxic and expensive selenium-based
reagents.10f,10g There is a single report on the use of BAIB in the
presence of TMSCl to achieve a-chlorination; however, this exam-
ple is limited to flavanone substrates.11 The opportunity to develop
operationally simple and broadly applicable conditions for the
ll rights reserved.
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a-chlorination of enones, and our own synthetic needs, prompted
an exploration of the utility of this reaction.

In order to simplify the optimization studies, enone 5a was
replaced with cyclohexen-2-one (5b), which reacted to provide
a-chloro enone 6b in a similar yield (Table 1, entries 1 and 2).
observed
6a

Scheme 1.
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Table 1
Optimization of the a-chlorination of cyclohexenones 5a and 5b

O O

ClCl source, BAIB, solvent,
 temp., time

RR

5a, R = (CH2)3OTBS
5b, R = H

6

Entry Enone Cl source BAIB (equiv) Solvent Tempa/time Yieldb (%)

1c 5a PCC (1 equiv) 1 CH2Cl2/DMFd �40 �C 14 h 65 (80)
2c 5b PCC (1 equiv) 1 CH2Cl2/DMFd �40 �C 14 h 68 (80)
3 5b PCC (1 equiv) 1 CH2Cl2/DMFd �40 �C 14 h 67 (80)
4 5b PCC (1 equiv) 1 CH2Cl2/DMFd rt 14 h 69 (80)
5 5b PCC (2.4 equiv) 1.2 CH2Cl2 rt 14 h 88 (100)
6 5b C5H5N�HCl (2.4 equiv) 1.2 CH2Cl2 rt 6 h 91 (100)

a Reactions were set up at the indicated temperature and allowed to warm to room temperature in the cooling bath.
b Isolated yield after column chromatography, conversion in parentheses determined by 1H NMR analysis.
c TEMPO (0.1 equiv).
d 5% DMF in CH2Cl2.
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Removal of TEMPO and DMF, relevant for the attempted tandem
deprotection and oxidation, was found to have no bearing on the
reaction outcome (Table 1, entries 3 and 5). Similarly it was found
that the reaction could be conducted at ambient temperature
rather than at �40 �C (Table 1, entry 4). At this juncture, the molar
equivalents of PCC were increased allowing the reaction to reach
completion, providing chloride 6b in 88% yield (Table 1, entry 5).
Finally, it was reasoned that PCC was simply serving as a source
of pyridine hydrochloride. This proved to be the case, and when
PCC was replaced with Py�HCl, the transformation was achieved
in 91% yield over 6 h (Table 1, entry 6).12

Having developed conditions for the a-chlorination of cyclo-
hexenone 5b the scope of the reaction was investigated. When
Py�HCl was replaced with Py�HBr, a-brominated cyclohexenone
7b was formed in a good yield (Table 2, entry 2).6 While this trans-
formation can be achieved with a number of reagents,8 it was sat-
isfying that conditions for chlorination translated to the
bromination. Introduction of a methyl group at the b-position of
the enone had no bearing on the reaction outcome with 2-
chloro-3-methylcyclohex-2-enone (6c) forming in 75% yield (Table
2, entry 3). The chlorination of 4,4-dimethylcyclohexenone was
investigated and found to give the expected chloride 6d in 94%
yield, although a longer reaction time, and increased stoichiometry
of both BAIB and Py�HCl were required (Table 2, entry 4). The suc-
cess of this reaction bodes well for the synthesis of gymnastatin F
(1), which bears c-disubstitution. The a-chlorination of cyclo-
pentenone (5e) (Table 2, entry 5) proceeded using the same mod-
ifications necessary for enone 5d.

The chlorination of both acrolein (5f) and methyl vinyl ketone
(5g) proceeded to give an excellent yield of the expected products
without appreciable decomposition (Table 2, entries 6 and 7). The
suitability of this reagent system to these sensitive substrates at-
tests to the mildness of the reaction conditions. Cinnamaldehyde
(5h) also reacted smoothly to provide 6h in good yield (Table 2, en-
try 8). Finally, the chlorination of (E)-4-phenylbut-3-en-2-one (5i)
was achieved in an acceptable 54% yield (Table 2, entry 9), proving
the suitability of these conditions for acyclic a,b-unsaturated
ketones.

Mechanistically, the a-chlorination may proceed by one of two
pathways. In both pathways oxidation of Py�HCl by BAIB generates
an electrophilic chlorine source, such as 9, or an ionized form. In
pathway A, reaction of this species with the a,b-unsaturated car-
bonyl affords carbocation 10 which, following deprotonation, pro-
vides the a-chlorinated product. Alternatively, pathway B involves
activation of the a,b-unsaturated carbonyl-containing compound
by pyridine, providing b-pyridinium enolate 11, which upon reac-
tion with electrophilic chlorine gives intermediate 12. Elimination
would then provide the expected product (Scheme 2).
In order to gain insight into the reaction mechanism, the bro-
mination of (E)-prop-1-enylbenzene (13a) was attempted. If acti-
vation of the alkene by conjugate addition is required, then this
substrate should prove unreactive. The reaction gave dibromide
14a in a high yield and with anti-addition of the halogens. The
analogous dichlorination was successful; however, stereocontrol
was diminished and dichloride 15a formed as a 2:1 mixture of dia-
stereoisomers (Eq. 1).

BAIB (1.2 equiv),             
Py HX (2.4 equiv.),          
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a Reactions conducted using the conditions from Table 1, entry 6.
b Isolated yield after column chromatography, except as noted.
c Performed using Py�HBr.
d After 6 h, an additional 1.2 equiv of BAIB and 2.4 equiv of Py�HCl were added.
e Isolated by distillation and contaminated with some iodobenzene.
f Performed using the conditions from Table 1, entry 1 and products 6a and 8a

were isolated.
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Since direct halogenation of the alkene implicates a cationic
intermediate, it was reasoned that compounds bearing a nucleo-
philic heteroatom should provide heterocycles. When pent-4-
en-1-ol (13b) was exposed to BAIB and Py�HBr, none of the
tetrahydrofuryl product formed, and only dibromide 14b (X = Br)
was isolated. Similar results were obtained when carbon-elongated
analog 13c was reacted in the presence of either Py�HCl or Py�HBr
(Eq. 2).

BAIB (1.2 equiv),                                  
Py HX (2.4 equiv.),                           

CH2Cl2, rt, 6 h
X

X

14b (n = 1, X = Br): 68%
14c (n = 2,  X = Br): 98%
15c (n = 2, X = Cl): 87%

13b (n = 1)
13c (n = 2)

OH

n

HO

n

O

X

n
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ð2Þ

Trapping with amine 13d13 was equally unsuccessful with only
dibromide 14d isolated (Eq. 3). Thus it appears that the halogena-
tion proceeds via pathway A but that trapping of the intermediate
by the halide is faster than cyclization.

BAIB (1.2 equiv),
Py HBr (2.4 equiv.),

CH2Cl2, rt, 6 h
Br

Br
14d: 60%13d

NHBn BnHN
N

Br
None

Bn

ð3Þ

The dihalogenation, and specifically dichlorinations, described
above, further demonstrate the utility of our reagent system, which
tolerates protected amine and unprotected alcohol functionalities.
Surprisingly, an array of reagents for the dichlorination of alkenes
has not been reported.14 More uncommon still are examples of the
enantioselective dihalogenation of alkenes.15 Our interest in the
development of chiral I[V] reagents for enantioselective reac-
tions,16 along with success in the dihalogenations (Eqs. 1–3), led
to an investigation into the asymmetric version of the dihalogen-
ation reaction. Birman has recently reported enantiopure oxa-
zole-containing iodoxyarenes (for example 16) for an asymmetric
oxidative dearomatization/Diels–Alder reaction.17 Having previ-
ously prepared analogous iodides18 it was possible, equipped with
these conditions, to access the desired iodoxyarene. Unfortunately,
while this enantiopure reagent mediated the dibromination of 13a,
little asymmetric induction was observed (Eq. 4).19 Solvent and
temperature modifications were unable to improve significantly
the enantioselectivity.

NO

Bn

Py HBr (2.4 equiv.),
CH3 CH3

Br

Br

16 (1.2 equiv.)

CH2Cl2, 0 oC

O2I

14a: 82% yield
3% ee

13a
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A mild method for the a-halogenation of a,b-unsaturated car-
bonyls has been developed based on the use of BAIB and hydroha-
lide salts of pyridine. In the case of chlorination, this constitutes a
useful reagent system that allows the conversion of a range of sen-
sitive substrates into their chlorinated analogs. The reaction ap-
pears to involve initial halogenation of the alkene providing an
intermediate cation, which is then deprotonated to regenerate
the olefin. The conditions are also suitable for the dihalogenation
of simple isolated alkenes. This transformation has been achieved
with six alkenes, which all react smoothly and in good to high
yield. Unfortunately, while this reaction can be achieved using a
chiral BAIB surrogate, very little asymmetric induction was
observed.
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