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ABSTRACT

A chiral phosphoric acid catalyzed enantioselective bromocyclization of olefins is described. Various cis-, trans-, or trisubstituted γ-hydroxy-
alkenes and γ-amino-alkenes can cyclize under the reaction conditions to give optically active 2-substituted tetrahydrofurans and
tetrahydropyrroles in up to 91% ee.

Halogenation of olefins provides an effective approach
to introduce two heteroatoms onto C�C double bonds.1

In recent years, asymmetric halogenations have received
considerable attention from chemists and significant pro-
gress has been made in this area.2 A number of reagent-
controlled enantioselective halogenations of olefins have
been developed using chiral Lewis acids,3,4 chiral amines,5�7

or chiral sulfides.8 A variety of catalytic systems have also

been established with chiral Lewis acids,9�12 chiral
amines,13�17 or chiral Pd(II) complexes18 as the catalyst.
As part of our general interest in functionalization of
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olefins,19 recently we have been exploring various catalytic
electrophilic addition reactions with olefins (Scheme 1).20

Herein we wish to report our preliminary studies on chiral
phosphoric acid catalyzed bromocyclization ofγ-hydroxy-
alkenes and γ-amino-alkenes.21�23

Initial studies were carried out with cis-dec-4-en-1-ol
(1a) as the substrate, NBS as the bromine source, and
BINOL-derived chiral phosphoric acid as the catalyst.
Among the catalysts examined, (S)-3,30-bis(2,4,6-triiso-
propylphenyl)-BINOL phosphoric acid (3c)24 was found
to be the most effective catalyst for both conversion
and ee (Table 1, entries 1, 2, 3). Among the solvents
screened, DCM was found to be the solvent of choice

(Table 1, entries 3, 4, 5). For the current substrate (1a) and
catalyst (3c), the reaction temperature did not have a large
impact on the enantioselectivity (Table 1, entries 3, 6, 7,
and 8). However, at higher temperature, the reaction gave
a higher yield for the product and required a shorter

Scheme 1

Table 1. Studies on Reaction Conditionsa

entry 3 solvent

t

(�C)
time

(h)

yield

(%)b
ee

(%)c

1 3a DCM �60 48 83 10

2 3b DCM �60 48 22 �68d

3 3c DCM �60 48 77 70

4 3c CHCl3 �60 48 74 57

5 3c PhMe �60 48 45 50

6 3c DCM �30 48 97 75

7 3c DCM 0 18 97 75

8 3c DCM rt 6 93 71

aThe reaction was carried out with 1a (0.20 mmol), NBS (0.24
mmol), and 3 (0.02 mmol) in solvent (2.0 mL) unless otherwise stated.
b Isolated yield. cDetermined by chiral GC analysis. dThe opposite
enantiomer of product 2a was obtained.
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reaction time. Running the reaction in DCM at 0 �C
appeared to be optimal for both yield and ee.
With the optimized reaction conditions in hand, various

cis-, trans-, and trisubstituted γ-hydroxy-alkenes were
subsequently investigated for the bromocyclization
(Table 2, entries 1�12). In general, the reaction proceeded
cleanly in all cases examined (63�96%yield).Only in a few
cases (especially trans-olefins), therewere small amounts of
isomers (possibly 6-endoproducts) formedas judgedby the
1H NMR (Table 2, entries 7�10). Up to 81% ee was
obtained for cis- and trans-γ-hydroxy-alkenes (1a�k)
(Table 2, entries 1�11). In the case of the trisubstituted
olefin examined, a much lower enantioselectivity (21% ee)
was obtained (Table 2, entry 12). For phenyl substituted
olefin 1m, the 6-endo product was formed predominately
with little enantioselectivity (Table 2, entry 13).

Further studies showed that various sulfonyl-protected
γ-amino-alkenes were effective substrates. Generally high-
er enantioselectivities (81�91% ee) were obtainedwith cis-
γ-amino-alkenes (Table 3, entries 1�7) as compared to
trans-γ-amino-alkenes (56�70%ee) (Table 3, entries 8�11).

Table 2. Enantioselective Bromoetherification of γ-Hydroxy-
alkenesa

aThe reactions were carried out with 1 (0.50 mmol), NBS (0.60 mmol),
and 3c (0.05mmol) inDCM(5.0mL) at 0 �Cfor 18 hunless otherwise stated.
bThe ratio of isomers was by determined the 1H NMR of the isolated
products. The stereochemistry indicated represents the relative stereochemis-
try. c Isolatedyield. dDeterminedbychiralGCanalysisunlessotherwisestated.
eDetermined by chiral HPLC analysis. fReacted for 48 h. gReacted for 72 h.

Scheme 2

Table 3. Enantioselective Bromoaminocyclization of γ-Amino-
alkenesa

aThe reactions were carried out with 4 (0.30 mmol), NBS (0.36
mmol), and 3c (0.03 mmol) in DCM (3.0 mL) at 0 �C for 72 h unless
otherwise stated. bThe ratio of isomers was determined by 1H NMR of
the isolated products. For entries 2 and 8, the absolute configurations
were determined by comparing the optical rotations with L-proline
derivatives after reductive debromination. For entries 1, 3�7, and
9�11, the absolute configurationswere tentatively proposed by analogy.
For entry 12, the stereochemistry indicated represents the relative
stereochemistry. c Isolated yield. dDetermined by chiral HPLC analysis.
eReacted for 120 h. Ns = 4-Nitrobenzenesulfonyl; Trisyl = 2,4,6-
Triisopropylbenzenesulfonyl.
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Good enantioselectivity (74% ee) was also obtained in
the case of the trisubstituted olefin investigated (Table 3,
entry 12). The effect of a sulfonyl protecting group on the
enantioselectivity was found to be highly dependent on
the substrate. For example, in some cases, similar ee’s
were obtained with 4-Ns and Trisyl protected substrates
(Table 3, entry 1 vs 2, entry 3 vs 4).However, in other cases,
much lower yields and ee’s were obtained with the 4-Ns
group as compared to theTrisyl group. The stereochemistry
of 5d, 5k, and 5l were determined by the X-ray structures
(Figure 1 and Supporting Information). The absolute con-
figurations of 5b and 5hwere determined by comparing the
optical rotations with L-proline derivatives after reductive
debromination (Scheme 2).
While aprecise understandingof theoriginof the enantios-

electivity awaits further study, a plausible transition state

model is proposed in Figures 2 and 3. Phosphoric acid 3c

bearing both acidic and basic sites may act as a bifunc-
tional catalyst to activate both NBS and the nucleophile via

hydrogen bonding.25 Based on the established configuration
of 5b (Table 3, entry 2), it appears that transition state B is
disfavored for the cis-olefin probably due to the unfavorable
interaction between the triisopropylphenyl group of the
catalyst and the sulfonamide group of the substrate
(Figure 2). For the trans-olefin, transition state C appears
to be favored overD based on the determined configuration
of 5h (Table 3, entry 8) (Figure 3). Generally lower ee’s
obtained for trans-olefins than cis-olefins (Table 3) could be
attributed to the unfavorable interaction between the triiso-
propylphenyl group of the catalyst and the R group of the
substrate in transition state C as compared to A.
In summary, we have shown that various γ-hydroxy-

alkenes and γ-amino-alkenes can undergo efficient bromo-
cyclization using NBS as the bromine source and chiral
phosphoric acid as the catalyst, giving 2-substituted tetra-
hydrofurans and tetrahydropyrroles with generally good
yields and up to 91% ee. The current process illustrates the
potential of chiral Brønsted acid catalyzed halogenation21

as a viable approach to enantioselectively functionalize
olefins. Further efforts will be devoted to better under-
standing the origin of enantioselectivity and developing
more effective catalytic systems to improve the enantios-
electivity and to expand the substrate scope as well as
exploring other electrophilic addition reactions.
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Figure 3. Proposed transition state model for bromoaminocy-
clization of trans-γ-amino-alkenes.

Figure 1. X-ray structure of compound 5d.

Figure 2. Proposed transition state model for bromoaminocy-
clization of cis-γ-amino-alkenes.

(25) When NBS (1.0 equiv) was mixed with acid 3c (1.0 equiv) in
CD2Cl2, no obvious interaction between these two compounds was
observed by 1H NMR. Also little reaction was observed by 1H NMR
when the mixture was kept at 0 �C for 18 h.


