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The  enantioselective  bromocyclization  of
allenes is accomplished through the use of a
chiral  dinuclear  gold  complex  and/or  chiral
phosphate  anions  in  the  presence  of  an  N-
bromolactam  as  an  electrophilic  bromine
source.  This  method  provides  access  to
heterocyclic  vinyl  bromides  with  an  allylic
stereocenter  in  excellent  yield  and
enantioselectivity.  These  enantioenriched
vinyl  bromides  may  serve  as  a  handle  for
further  derivatization  via  cross-coupling
reactions.

The formation of halogenated molecules has been
an  area  of  continuous  interest  in  synthetic
chemistry;  numerous  applications  exist  in  the
production  of  both  pharmaceuticals  and
agrochemicals.  In  recent  times,  the  asymmetric
halofunctionalization  of  alkenes  has  emerged  as
an intense area of research,1 mainly through the
use of chiral  organocatalysts  such as phosphoric
acids,  alkaloids,  and  ureas.2 Although  employed
less often, chiral transition metal complexes have
also  proven  to  be  competent  catalysts.3

Surprisingly,  the  corresponding
halofunctionalization  of  allenes  is  relatively
unexplored, considering the potential utility of the
vinyl halide products to partake in further cross-
coupling  reactions.  Fluoro-,  bromo-,  and
iodocyclization  reactions  of  allenes  with  alcohol,
acid, amide, and carbamate nucleophiles yielding
racemic  products  with  fair  to  excellent
diastereoselectivities  have  been  reported;4

however  no enantioselective  variants  have  been
described to date.  In contrast, the corresponding
gold-catalyzed  enantioselective  hydroamination
and  hydroalkoxylation  reactions  of  allenes  have
been developed.5 These reactions are proposed to
proceed through a vinylgold intermediate  A that
forms upon gold-promoted nucleophilic addition of
the  heteroatom  nucleophile  to  the  allene.6

Although protodeauration7 is the usual fate of this
intermediate,  we  envisioned  an  in  situ

intermolecular  halodeauration  with  an
electrophilic halogen source (eq 1) to yield a vinyl
halide containing an allylic stereocenter.
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On  the  basis  of  previous  reports8 of  faster
reaction rates and improved yields of the desired
halogenated  product  compared  to  control
reactions  without  gold  catalyst,  we  selected  N-
iodosuccinimide  (NIS)  and  N-bromosuccinimide
(NBS)  as  convenient  and  air-stable  halogen
sources.   We  initiated  our  studies  using  the
bisphosphinegold(I)  4-nitrobenzoate   complexes
previously  employed  in  the  gold-catalyzed
enantioselective  hydroamination  of  allenes.5h

Unfortunately,  the  DM-BINAP(AuPNB)2-catalyzed
reactions  of  1a  in  the  presence  NIS  and  NBS
afforded racemic 2a and 3a in modest yield as a
result of the fast uncatalyzed background reaction
(Table 1, entries 1 and 2).9 In contrast,  when  N-
chlorosuccinimide  (NCS)  was  employed  as  the
halogenating reagent (Table 1, entry 3), moderate
enantioselectivity  was  observed,  suggesting  the
majority  of  product  was  formed through a  gold-
catalyzed  processes;  however,  the  decreased
reactivity  of  NCS  allowed  for  competitive
protodeauration and a significant amount of side-
product 5a was also produced.

While  use  of  NCS  as  a  halogen  source  was
moderately  successful,  uncatalyzed  background
reaction  and  competitive  protodeauration
persisted  as  problems  in  subsequent
optimizations.  For  example,  in  attempts  to
decrease  the  amount  of  5a produced,  we
explored addition of an external base, such as Na-
2CO3. Although  the  amount  of  5a did  decrease,
incomplete  conversion  was  observed  (Table  1,
entry  4).    Similarly,  the  presence  of  additional
succinimide was also found to be detrimental  to
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the reaction, dramatically lowering both the yield
and ee (Table 1, entry 5).

Therefore,  we  refocused  our  attention  on
finding  a  more  suitable  electrophilic  halogen
source.10 We  envisioned  a  reagent  that  would
generate  a  stronger  internal  base  than  the
succinimide  anion,  hopefully  suppressing  the
protodeauration  pathway  (Figure  1a).11 To  this
end, we settled upon the N-halolactams, a class of
relatively  unexplored  compounds.  Unfortunately,
the use of N-chlorocaprolactam12 gave exclusively
5a, while N-iodopyrrolidinone2i yielded the desired
product but with no significant enantioenrichment
(Table 1, entries 6 and 7).13 In contrast, we were
delighted  to  find  that  use  of  1.1  eq  of  N-
bromopyrrolidinone14   (6a)  in  the  gold-catalyzed
bromocyclization  of  1a afforded  3a in  excellent
yield  and  ee,  although  accompanied  by  a  small
amount of 5a (Table 1, entry 8). By increasing the
loading  of  6a to  2  eq,  the  desired  product  was
obtained in pure form with no trace of the product
derived from competing

Table 1 Optimization of Gold-Catalyzed Enantioselective 
Aminohalogenation of Allenesa

X
Ns
N

5 mol % (R)-DM-BINAP(AuPNB)2
1.1 eq "X+" source, additive

MeNO2, r.t.1a 2a-5a

"X+" source % yieldb (% eec) % yield 5ab

63 (<5) 0

35 (<5) 0

57 (76) 16

entry

1

2

3

8 6a

9d 6a

83 (97) 7

88f (99) 0

NIS

NBS

NCS

6d

7e

NCl

NI

O

O

3

0 (n.d.) 89

67 (<5) 0

4 NCS

additive

-none-

-none-

-none-

2 eq Na2CO3 52 (83) 10

5d NCS 1 eq succimide 27 (15) 0

-none-

-none-

-none-

-none-

2a X = I
3a X = Br
4a X = Cl
5a X = H

NsHN

•

product

2a

3a

4a

4a

4a

4a

2a

3a

3a

a Ns: 4-nitrobenzenesulfonyl; PNB: 4-nitrobenzoate; 0.2 M 
in MeNO2. b Determined by 1H NMR using 1,3-
dinitrobenzene as an internal standard. c Determined by 
chiral HPLC. d 2 eq “X+” used. e 1.5 eq “X+” used. f Isolated 
yield after column chromatography.

Fig. 1 N-Bromolactams as electrophilic halogen
sources

protodeauration  (Table 1,  entry 9).   Moreover,  in
sharp  contrast  to  the  detrimental  effect  of
succinimide (Table  1  entry  5),  a  reaction  with  5
mol % (R)-DM-BINAP(AuPNB)2, 2 eq  6a, and 1 eq
2-pyrrolidone added initially to the MeNO2 solution
gave  3a  in  nearly  identical  yield  and

enantioselectivity (89% yield and 98% ee).
With  the  optimized  conditions  in  hand,  we

explored the scope of our bromofunctionalization
reaction  (Table  2).  A  range  of  tosyl-  (3d-3h)  or
nosyl-protected  (3a-3c)  amines  gave  excellent
enantioselectivities  in  the  chiral
bisphosphinegold(I)  4-nitrobenozate-catalyzed
bromoamination  reaction  employing  6a as  the
bromine source.  Moreover, the reaction tolerated
variation in the allene substituents (entries 7 and
8)  and  tether  substitution  (entry  6).  We  then
focused  our  efforts  on  substrates  containing
different  types  of  nucleophiles.  To  this  end,  (R)-
DM-BINAP(AuPNB)2-catalyzed reaction of 1i, under
the  same  conditions  employed  to  form
pyrrolidines  3a-h,  afforded  the  desired
isoxazolidine  3i in  only  61%  ee.   Attempts  to
enhance  the  enantioselectivity  of  this
transformation by changing the chiral  phosphine
ligand  did  not  result  in  significant
improvements.15  Given the observed dependence
of  enantioselectivity  on  the  identity  of  the
halogenating  reagent,  we  next  explored
modification  of  the N-bromolactam.  Fortunately,
varying  the  ring  size  of  the  N-bromolactam
allowed better  enantioselectivity to be achieved,
with  6b and  6c  giving  3i in  84%  and  91%  ee
(entry  9),  respectively.16 This  dependence  of  ee
on lactam ring size highlights the tunability as a
useful  feature  of  N-bromolactam  reagents.
Variation  of  the  lactam  again  proved  useful  in
gold-
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Table 2 Gold-Catalyzed Enantioselective 
Aminobrominationa

R

R
Br

X
N

XHN

•

R

R

entry               substrate                                NBL                product          % yield  %ee

TsHN

•
1f

3f

. N
Boc

NHNs
Br

NBoc

Ns
N

1 1a R = -CH2(CH2)3CH2-;  X = Ns 6a (2 eq) 3a 88 99

2b 1b R = Me;  X = Ns 6a (2 eq) 3b 89 98

3b 1c R = -CH2(CH2)4CH2-; X = Ns 6a (2 eq) 3c 93 99

4 1d R = -CH2(CH2)3CH2-;  X = TS 6a (2 eq) 3d 93 98

5 1e R = Me;  X = Ts 6a (2 eq) 3e 89 99

6b 6a (2 eq) 89 99

O

O

TsHN

•
1g

3g7b 6a (2 eq) 86 95

TsHN

•
1h

3h8c 6a (2 eq) 74 93

9 1i R = -CH2(CH2)3CH2- 6c (1.5 eq) 3i 75 91

10 1j R = Me 6c (1.5 eq) 3j 83 88

11 1k R = -CH2(CH2)4CH2- 6c (1.5 eq) 3k 88 91

.R

R

O
NHBoc

R

R
Br

O

Boc
N

1l 3l12 6b (1.5 eq) 80 96

.
NHNs

Br
Ns
N

1m (Z)-3m13 6a (2 eq) 74
2.6:1 (Z:E)

26 (Z)
91 (E)

a 5 mol % (R)-DM-BINAP(AuPNB)2, 0.2 M MeNO2, r.t., 12-14 
h. b (R)-Cl-MeO-BIPHEP(AuPNB)2. c (S)-BINAP(AuPNB)2.

catalyzed  amino  bromination  of  hydrazine  1l,
where the use of  6b gave the desired product in
80% yield and 96% ee (entry 12).  Moreover, the
catalyst  system  could  be  applied  to  the
bromoamination  of  racemic  1,3-disubstituted
allene  giving  a  2.6:1  mixture  of  Z:E-alkenes  in
26% and 96% ee, respectively (entry 13).17,5i

R

R
Br

O

3n 90% yield, 95% ee
3o  86% yield, 98% ee

.R

R

1n ( R =Me )

1o ( R =                       )

(2)O

HO

•

1p

2.5 mol % (R)-DTBM-BINAP(AuCl)2
5 mol% Ag-(S)-TRIP

1.7 eq 6b

toluene, -35 ºC

(3)

Br

O

HO O

3p  85% yield, 86% ee

2.5 mol % (R)-DTBM-BINAP(AuCl)2
5 mol% Ag-(S)-TRIP

1.7 eq 6b

toluene, -35 ºC

In  contrast,  under  the  standard  conditions
(MeNO2,  r.t.,  2  eq  6a)  the  DM-BINAP(AuPNB)2-

catalyzed  reaction  of  carboxylic  acid  1n gave
racemic  lactone  3n.   We  have  previously
observed  that  the  use  of  chiral  phosphate
counterions18 in  nonpolar  solvents  dramatically
improved  enantioselectivity  in  gold  catalyzed
lactonization  reactions  of  allenes.5f Gratifyingly,
these  findings  translated  to  the
bromolactonization  reaction  of  1n catalyzed  by
(R)-DTBM-BINAP(AuCl)2/Ag-(S)-TRIP in toluene and
6a as the bromine source, which furnished  3n in
48%  yield  and  88%  ee.   By  changing  to  N-
bromolactam  6b, the yield and enantioselectivity
were improved to 90% and 95% ee, respectively
(eq 2). The impact of the phosphate chiral  anion
on the selectivity is supported by the observation
that  3n was formed with lower enantioselectivity
when the anion was changed from (S)-TRIP (95%
ee) to either (R)-TRIP (81% ee) or p-nitrobenzoate
(85%  ee)  under  otherwise  identical  conditions.
Similarly,  the  bromoetherification  of  alcohol  1p
with  5  mol  %  (R)-DTBM-BINAP(AuCl)2/10  mol  %
Ag-(S)-TRIP  produced  tetrahydrofuran  3p in  86%
ee  (eq  3)  compared  to  the  25%  ee  generated
using DTBM-BINAP(AuPNB)2  as the catalyst.

In  order  to examine our initial  premise (eq 1)
that  the  gold-catalyzed  hydroamination  and
aminobromination  reactions  were  proceeding
through  vinylgold  intermediate  A,  we  examined
both reactions under identical reaction conditions.
In  accord  with  this  hypothesis,  the
BINAP(AuPNB)2-catalyzed  hydroamination  and
aminobromination  reaction  of  1a afforded
pyrrolidines  5a   and  3a in  96%  and  93%  ee,
respectively  (eq  4).19,20   Similarly,  the  DM-
BINAP(AuPNB)2-catalyzed  cyclization  and
bromocyclization  reactions  of  1a produced  the
corresponding  adducts  with  nearly  identical
enantioselectivity (88 and 93% ee).  The similarity
in  enantioselectivity  is  most  consistent  with  an
enantiodetermining cyclization to form a vinylgold
intermediate;  therefore  the  enantioselectivity  is
independent  of  whether  this  intermediate
undergoes  either  proto-  or  bromodeauration.   In
contrast,  when  the  gold-catalyzed
bromolactonization  was  performed  under
conditions  we  previously  reported  to  give  the
lactone  in  82%  ee,5f  bromolactone  3n was
obtained in substantially  lower enantioselectivity
(51% ee,  eq  5).   This  result  lends  support  to  a
recent  study  from Gagné  and  Widenhoefer  that
concludes  that  cyclization  is  reversible  and
protodeauration  is  likely  the  enantiodetermining
step  in  gold-catalyzed  hydroalkoxylation
reactions;6c therefore  the  nature  of  the
electrophile  and  its  interaction  with  the catalyst
and its counterion in the deauration step is critical
to  the  enantioselectivity.21  Nevertheless,  the
enantioselectivity  for  the  bromolactonization  to
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give  3n  could  be  improved  to  95%  ee  (eq  2).
Moreover,  while  the  two  limiting  scenarios  of
nucelophile  influence  on  enantiodetermining
cyclization  and  deauration  are  discussed  above,
its  is  likely  that  cases  exists  where  the  relative
rates  of  these  two  steps  are  similar.  Taken
together, these results suggest a delicate balance
between the relative rates of cycloreversion22 and
electrophilic deauration of vinylgold intermediates
in  gold-catalyzed  cyclization  reactions;  thus
tuning  the  electrophilic  species  is  critical  to
achieving high enantioselectivity.

Ns
N

1a

5a, 96% ee[Au]*
Ns
N

Br
Ns
N

3a, 93% ee

6a

H+

MeNO2, r.t.

5 mol % (R)-BINAP(AuPNB)2
(4)

O

1n

Me

Me

82% ee (ref 5f)[Au]*

OMe

Me
Br

OMe

Me

3n, 51% ee

6a

H+

toluene, r.t.

2.5 mol % (R)-BINAP(AuCl)2
5 mol% Ag-(S)-TRIP

(5)

O

O

O

In  summary,  we  have  explored  in  situ
electrophilic deauration of vinylgold intermediates
to  achieve  the  first  asymmetric
bromofunctionalization  of  allenes.  The  use  of
relatively  underexplored  N-bromolactams  6 as
tunable  electrophiles  enabled  wide  substrate
tolerance  to  furnish  enantioenriched  pyrrolidine,
isoxazolidine,  pyrazolidine,  lactone,  and  furan
products.  The resulting  vinyl  halides  can  readily
be  employed  in  subsequent  cross-coupling
reactions,  further  demonstrating  the  orthogonal
reactivity  of  gold(I)-  and  palladium(0)-based
catalysts.23 The  broad  scope  of  amine,
hydroxylamine,  hydrazine,  acid,  and  alcohol
nucleophiles  highlights  the robust  nature  of  this
strategy and the usefulness of N-bromolactams as
a source of electrophilic bromine.
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