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An important step in a recently described synthesis of the antiflu Scheme 1.

medicine oseltamivirk, Tamiflu) was the bromoamidation of the
diene ester2 to form the bromoamide derivativ@ regio- and
stereoselectively.The ready availability oR by a short enantio-

selective synthesis coupled with the effectiveness of the bromo-
amidation process was critical to the development of this short and

efficient (> 30% overall yield) route td. In this paper, we provide
further evidence of the utility of this haloamidation reaction and

information regarding scope and mechanism. The results obtained
in this study can serve to guide the rational use of this process for

the elaboration of the core € C functional group to a wide variety

of products having the amino function attached at one terminus.
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An initial study of bromoamidation was conducted wik

bromoacetamide as the halogen source, acetonitrile as solvent,

cyclohexene as the olefinic substrate, and gr@Glthe activating

Lewis acid. The previous work had established the superiority of

CH3CN in bromoamidation and the requirement of a Lewis acid to
activate the Br donor! Although the use of commercial reagent
grade CHCN proved to be satisfactory in these initial studies, our

more recent experiments have demonstrated that the presence of

ca. 1 equiv of water in the reaction mixture is essential for optimum
yields. This fact and the observation that LM was by far the
most efficacious solvent for the bromoamidation of olefins sug-
gested that CECN might participate in the reaction by nucleophilic
attack on an initial bromonium ion, in a fashion analogous to the
well-known Ritter reactio:® Thus, reaction of cyclohexene, 1.2
equiv of N-bromoacetamide, 0.4 equiv of SnCand 1.2 equiv of
H,0 in CH,CN as solvent at OC for 1 h produced therans
bromoacetamidé stereoselectively in 91% yield, whereas the same
reaction in GHsCN as solvent afforded thigans bromopropion-
amide5 in 92% yield (see Scheme 1). Boron trifluoride etherate
(BF3-Et,0) worked just as well as a catalyst for the conversion of
cyclohexene ta@l (91% yield) under the same conditions that were
used for SnCl Thetrans bromo urea derivativé was similarly
obtained from cyclohexene witk,N-dimethyl cyanamide (5 equiv)
as nucleophile (Scheme 1) in @El; as solvent. Comparable results
were obtained for the bromoamidation of cyclohexene using
N-bromosuccinimide as Brdonor instead oN-bromoacetamide,
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chloroacetamid®, but the reaction was slower and required 20 h.
The transformations outlined in Scheme 1 show that the amidation
process can function to give vicinal iodo-, bromo-, or chloroamides
in good yields, and that the reaction pathway from cyclohexene to
4 traverses the intermediatés B, andC.
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The scope of the bromoamidation process usiHgromoacet-
amide in CHCN as solvent is indicated by the 11 examples listed
in Table 1. In the case of entry 1, the higher reactivity of the
intermediatetrans bromoamide resulted in further conversion to
the oxazoline to produce the oxazoliBewhich was isolated in
75% vyield. A similar result is documented in entries 3 and 5; the
intermediate in each case is a reactirans 2-acetamido bromide
(isolable by rapid workup) that gives rise to the oxazolib&snd
13. The formation of these oxazolines, precursors of the corre-
sponding cis amino alcohols, shows that the bromoamidation
reaction can be extended to constitute an olefinic amino hydroxyl-
ation process.

The examples given in entries-80 of Table 1 illustrate a very
useful selectivity aspect of the olefinic bromoamidation process
apart from the positional selectivity (Markovnikov-type) implied
by the cases shown in entries 3 and 5 for trisubstituted olefinic

but the process was somewhat more convenient with the lattersubstrates. The example in entry 6 is taken from the original
because the co-product acetamide is water soluble and more easilypromoamidation reaction that was employed in our recent synthesis

removed than is succinimide. Treatment of cyclohexene with |
using 1 equiv of SnGlas catalyst in CECN with 1.2 equiv of
H,0 at 23°C for 1 h gave the iodoacetamide derivati&éScheme
1) in 98% yield. The corresponding reaction witlchlorosuccin-

of oseltamivir (). We rationalize the regio- and stereoselectivity
of the process by whicti4 is formed as follows: (1) bromonium
ion complexatiortisto the NHBoc group is favored by an attractive
interaction between the carbonyl oxygen of the Boc group (axially

imide (NCS) under the same conditions gave a 90% yield of the located) and Br; (2) preferential diaxial opening by GBN as
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Table 1. Amidation of Olefins at 0 °C2

entry substrate product catalyst time (h),
(eq) yield (%)
H
o SnCly (0.4) 1,75
A -
N BF3Et,0 (04) 1,76
H
9
2 o QB' SnCl, (0.4) 1,85
NHAc
10
H
o
3 >—  SnCly(0.4) 0.5,70
N
@ Q SnCl, (0.4) 1,40
4
BF3-Et,0 (1.0 1,88
NHAc 3Et;0 (1.0)
H
o
5 )—  SnCly(0.4) 1,86
N
13
NHBoc NHBoc
Q /O:Br SnBry (0.05) 4,75b
6
b
E0,C - NHAc SPCla(0-1) 8, 69
14
7 @ Q SnCl, (0.4) 0.5,74
NHAc
ODNB ODNB
; WBr
8 Q SnCl, (0.4) 1,72
NHAc
16
DNB = 3,5-dinitrobenzoyl
o)
NHBoc HN—
H ~‘\o
9 Q SnCly (0.1) 0.5,90
Br
17
[o) [
~Br
SnCl, (0.4 2,81
o o nCly (0.4)
NHAc
18
NHAc
.wBr
1 O‘ BFyELO (10) 1,82

19

aReactions carried with GCONHBr in CH;CN with 1.2 equiv of HO.
b Reaction temperature was40 °C.

the nucleophile (on the flipped conformer with equatorial NHBoc)
determines both the structure and stereochemistry of prdduct
An exactly analogous argument explains the selective formation
of bromoamidesl5 and 16 in entries 7 and 8 of Table 1. The
structures ofl5and16 were determined frortH NMR (400 MHz)

Scheme 2. Possible Pathway for the Formation of 17 and 20
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The bromoamidation of the unsaturated bridgeelctone in entry
10 of Table 1 involves Brattachment at the sterically less screened
face of the double bond and diaxial nucleophilic opening of the
resulting bromonium ion to form8, the structure of which was
confirmed by X-ray crystallographic analysis. The six-membered
carbocyclic ring of18 adopts the boat conformation in the solid
state.

The scope of the bromoamidation disclosed herein appears to
be quite broad not only with regard to the olefinic component but
also in terms of the nitrile partner. A variety of nitriles were found
to react with cyclohexene as the test olefin &itlromoacetamide
to form the correspondingans-1-bromo-2-acylaminocyclohexanes
21 in the vyields indicated below. The reactions were generally
carried out in CHCI, at 0°C with 0.4 equiv of BE-Et,O as catalyst
and 1.2 equiv of water using ca. 15 equiv of the nitrile. In the case
of benzonitrile, the reaction was run neat.

O:Br
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R = +-Bu (75%)

R = CgH; (77%)

R = CH,=CH (70%)
R = CH,CN (61%)
R = CH,CI (75%)

The readily available bromoamided also provide access to
either N-acyl aziridines or oxazolines and a host of other com-
pounds, such agic amino alcohols (from oxazolines by reduction
and hydrolysis) otrans-substituted amines (via ring opening of
N-acyl aziridines). For example, bromoamidek R = t-Bu and
CeHs, were converted either td-acyl aziridine22, R = t-Bu (82%)
and 22, R = CgHs (91%), by treatment with 1.2 equiv of LiN-
(SiMes), in THF at 0°C for 0.5 h or to oxazoline23, R = t-Bu
(92%) and23, R = CgHs (93%), by exposure to 2 equiv of &t
and 0.2 equiv of DBU in DME at reflux for 4 h.
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22, R = t-Bu or C¢Hs 23, R = t-Bu or CgHs

T

Acknowledgment. X.G. is the recipient of an NSERC Post-
doctoral Fellowship (Canada).

Supporting Information Available: Experimental procedures for
the reactions described herein and characterization data for reaction
products. X-ray crystallographic data for bromoamitiéand18. This
material is available free of charge via the Internet at http:/pubs.acs.org.

References

spectral analysis of these compounds and their N-deuterated (1) geung Y.-Y.;Hong, S.; Corey, E. J. Am. Chem. So2006 128 6310~

analogues. Structurg? followed from analysis of théH NMR
spectral data and also from single-crystal X-ray diffraction analysis.
A reasonable pathway for the formation®f is shown in Scheme

2. The co-produc0, which was shown to be present in the crude
reaction product byH NMR analysis, is readily separated from
17 by hexane extraction, even though the chromatographic mobili-
ties of 17 and 20 are very similar on silica gel.

(2) Kurti, L.; Czako, B.Strategic Applications of Named Reactions in Organic
SynthesisElsevier Inc.: Amsterdam, 2005; pp 38383.

(3) The literature contains sporadic examples of the trapping of bromonium
ions by CHCN. See: (a) Hassner, A.; Levy, L. A.; Gault, Retrahedron
Lett 1966 3119-3123. (b) Ye, C.; Schreeve, J. M. Org. Chem2004
69, 8561-8563. (c) Belluci, G.; Bianchini, R.; Chiappe, &.Org. Chem.
1991, 56, 3067-3073.

JA063675W

J. AM. CHEM. SOC. = VOL. 128, NO. 30, 2006 9645





