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ABSTRACT
(Q 1.50 equiv Br; H
R N/}EO toluene/CH,Cl,, -78 °C to rt ~
) \ &/NBr \/
H N1 OTBS \
TBS-Br

drup to 9:1

A stereoselective halo-etherification of chiral enamides is described here. This work provides an approach to halogen containing cyclic ethers

and reveals further mechanistic insights to the chemistry of chiral enamides.

With elegant advances in metal-cataly2¢dlkenylations;

encountered an interesting phenomenon involving enamides

chiral enamides should emerge as versatile building blockswhen we attempted years ago to transform enamidts

for developing stereoselective synthetic methods.We

(1) For reviews, see: (a) Dehli, J. R.; Legros, J.; Bolm, Ghem.
Commun.2005 973. (b) Ley, S. V.; Thomas, A. WAngew. Chem.Int.
Ed. 2003 42, 5400. (c) Hartwig, J. FAngew. Chem.nt. Ed. 1998 37,
2046. (d) Wolfe, J. P.; Wagaw, S.; Marcoux, J.-F.; Buchwald, SAdc.
Chem. Res1998 31, 805.

(2) For recent enamide syntheses, see: (a) Chechik-Lankin, H.; Livshin,

S.; Marek, 1.Synlett2005 2098. (b) Han, C.; Shen, R.; Su, S.; Porco, J.
A., Jr.Org. Lett.2004 6, 27. (c) Pan, X.; Cai, Q.; Ma, DOrg. Lett.2004

6, 1809. (d) Brice, J. L.; Meerdink, J. E.; Stahl, S.(xg. Lett.2004 6,
1845. (e) Jiang, L.; Job, G. E.; Klapars, A.; Buchwald, SQrg. Lett.
2003 5, 3667. (f) Shen, R.; Lin, C. T.; Porco, J. A., Jt.Am. Chem. Soc.
2002 124, 5650.

(3) Zhang, X.; Zhang, Y.; Huang, J.; Hsung, R. P.; Kurtz, K. C. M;
Oppenheimer, J.; Petersen, M. E.; Sagamanova, |. K.; Tracey, M. R.
Org. Chem.2006 71, 4170.

(4) Tracey, M. R.; Hsung, R. P.; Antoline, J. E.; Kurtz, K. C. M.; Shen,
L.; Slafer, B. W.; Zhang, Y. Ir§cience of Synthesidouben-Weyl Methods
of Molecular TransformationdVeinreb, S. M., Ed.; Georg Thieme Verlag
KG: New York, 2005; Chapter 21.4.

(5) For reviews, see: (a) Rappoport, The Chemistry of Enamines in
The Chemistry of Functional Groupdohn Wiley and Sons: New York,
1994. (b) Whitesell, J. K.; Whitesell, M. ASynthesis1983 517. (c)
Hickmott, P. W. Tetrahedron1982 38, 1975. (d) Hickmott, P. W.
Tetrahedron1982 38, 3363.

(6) Fora-metalations of chiral enamides, see: Lander, P.; Hegedus, L.

S.J. Am. Chem. Sod994 116, 8126.

10.1021/0l701768n CCC: $37.00
Published on Weh 10/02/2007

© 2007 American Chemical Society

chiral ynamide® via a sequence of brominatiewlimination
of the intermediat@-bromo-enamide8 and4 [Scheme 1}#
Two intriguing observations were made. First, the bromi-
nation behaved differently from a standard bromination of
olefins. It was reversible with or without an amine base, and
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Scheme 1. An Arrested BrominatiorElimination of Enamides

Table 1. Temperatures and Choice of Activations

0 . .
\ Br, or NBS & temp time yield 8¢
Ph“(_N/b:O - 40 °C, CIGH,CH,CI CSL%E_:‘BT entry activation solvent [°C] [h] [%]* pyrans dr® [%]
H% upon warming up to rt O\J 7 U 1 Br toluene? —78tort 12 92 7-Br 69:1 0
with or without Et;N "Ph 2 CH,Cl, -78 2 63 7Br 691 0
1: chiral E-enamide 2: N-acyl iminium salt 3 CHyCly, —45¢ 2 73 7-Br 7.0:1 0
I o Aat83 °Clno Et,N 4 CH,Cl, —20¢ 2 82 7Br 701 0
B 5 CH,Cly, 0° 2 81 7-Br 7.0:1 0
Fn \N\Ao KO#Bu Ph-‘/\;)*o . %\ )H\ . 6 CH,Cly rte 1 8 7Br 691 0
Il op LA B 0\/’14 j‘ 7 NBS CHyCl;, -78to40 24 NR  7-Br 0
"Ph 8 NBS+ CHyCl, —45tort 6 42 7-Br 1:12 0

5: chiral ynamide 4: Z-bromoenamide  3: E-f-bromoenamide TBAB
B - TBS or TIPS For R = OTBS or OTIPS: Not found 9 NCS toluened —78to 60 48 NR 7-Cl¢ 0.
10 NCS+ CHyCl, —45tort 24 54 7-Cl  6.8:1 30

TBAC!
. . . 1 1y CH,Cl, —78t040 24 30 7 1:1.1 33
3 and4 were obtained only if the r_eactlor_1_was heated_ at 1, N CH,Cl, —78t040 24 NR  7-1 0
>80 °C without base. Although upon its addition the bromine ;3 1 CH,Cl, —78tort 2 70 71 601 0

color disappeared rapidly in a colormetric titration manner,
the color returned upon warming to rt. Second, when R is a
TBSO or TIPSO group, the bromination led to a completely
different product, thereby failing to access ynamiéeda

this protocol. While we suspected tiheacyl iminium salt
intermediate? to be responsible for the reversibility issue
[see blue arrows], we recently resolved the mystery product

in the second observation. We reported here a stereoselective

alsolated yields. NR: no reaction3Ratios assigned usintH and/or
13C NMR ©¢X = H at C3. See Scheme 2 for the structut8r, was added
as a 0.5 M solution in CbCly: toluene:CHCI; is 3:1. ¢ Br, was added at
—78 °C. The reaction was stirred at the temperature and time indicated
after the additionf TBAB: tetran-butyl ammonium bromide; NBS: TBAB:
= 1.5:1.5:1. NBS and TBAB were premixed-a¥8 °C for 10 min.9 X =
Clat C3." TBAC: tetran-butyl ammonium chloride; NCS:TBAG:= 1.5:
1.5:1. NCS and TBAC were premixed &8 °C for 10 min.i dr for 8 =
2:1.14 A MS was useds X = | at C3.'dr for 8 = 3:1.

halo-etherification of chiral enamides in the synthesis of
halogen containing cyclic ethers.

When chiral enamid@&® was subjected to bromination
conditions in which 1.33 equiv of Bwas added at-35°C
and the resulting mixture was heated at €3 in CICH,-
CH,CI for 20 h, pyran7-Br was isolated in 43% vyield as a
single isomer. Its relative stereochemistry was unambigu-
ously assigned via single-crystal X-ray structure [Scheme
2]. No -bromo-enamides related ®and 4 were found,

Scheme 2. Observation of a Desilylative Bromo-Etherification

o
L X
Ph~™y70 1.88 equiv Brp added at - 35 °C O>L D

N" O
H7xrH otes CICH.CHLCL 83°C, 20 h d_1

and pyran7-Br implies a bromine-promoted desilylative
cyclization had taken place instead.

Given that halogen-induced etherificatiéfs involving
enamides, especially chiral enamide& have only been
sparsely explored, we examined this reaction in greater detail.
As shown in Table 1, we were able to establish that (1) the
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bromo-etherification could take place readily at much lower
temperatures with best yields obtained betwe@® °C and
rt with the diastereomeric ratio being independent of tem-
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perature [entries 16], (2) we could achieve chloro- and |

iodo-etherification using NCS/TBAC and ICI, respectively Scheme 3. A SequentiaN-Alkenylation and
[entries 10 and 13], and (3) while Jentry 11] was not as Bromo-Etherification

useful, NXS [X= Br, Cl, and 1] did not work at all [entries o B
11 Ph? [/\"«O Ph _[):: [e} j/j
N

7,9, and 12]. When using NCS/TBAC ang e isolated a L o o N
substantial amount of pyrah[entries 10 and 11], which is \L\)OP ﬁ; PH >LT
likely a result of adventitious HCI or HI promoted cycliza- b A d'i:ne;hngﬁe g = jmas MR P

tion. 2.0 equiv Cs;,GO; - P
With these protocols in hand, we investigated the effect ~ '° ~ dox@ne.80°C.24h 1770 - 18Br 0% 9]
. - .. . N-alkenylation halo-etherification
of the chiral auxiliary on the stereoselectivity. The dia-
stereomeric ratio appears to be sensitive to the types of
auxiliary used [Figure 1]. In comparison to Evans’ auxilia-  Given the prevalence of halogenated cyclic ethers among
natural products, we next explored the formation of halo-

_ genated oxacycles with various ring sizes. As shown in

Figure 2, we were able to construct 5-, 7-, 8-, as well as
Br- . Cl.. -~ Br- . Br-
3 Rl S S
Sno”  wo” o no |
NS oL ° oL,
PH Y
9-Br: 87%; [2.8:1] 10-Cl: 35%; [1.1:1] 10-Br: 91%; [3:1] 11-Br: 83%; [7.4:1] i\; (o] X,
A H)'i‘ff-
o Br\]\/j J\/j s OBz T\As .0Bz Q N"Q S
y ( Ph o
SN0 »\N ,LAJ J bh T_?

>\/€J-\E-F'r 19-Cl-trans: 41% and 19-Cl-gjs: 20%
Ph" bR - X-ray of 19-Br 19-Br: 76%; [=20:1] assigned via NOE
12-Br: 92%; [7.7:1] 13-Br: 63%; [5.8:1] 14-Br 14-Br'
NTs X.

Figure 1. Effect of the chiral auxiliary on stereoselectivity. All o] 0 {) O o) J\/D
are isolated yields. Conditions: At78 °C in toluene or CHCl,, }‘N 0 O»“N o]
added a respective halogen source; Br5 M in CH,Cl;] and O “on Ph \/]-.Ph
NCS/TBAC,; stirred from—78 °C to rt for 0.5-2 h, except it is 20-Br: 21-Br 22.Brs 60% (220 1] 23.Br: 25%,

24—48 h for the chlorination with NCS/TBAC. 43%: [22041] 99% [831] 22 40%: [51]  23: 28% [2201]

) - o Figure 2. Halo-oxacycles of different ring sizes. All are isolated
ries?° Seebach’s auxilial} appears to be better givirip- yields.

Br in a 7.7:1 ratio, although the ratio was lower when using

Close’s auxiliary? for the preparation of3-Br. Interestingly,

an additional substituent such as OBz [at C5] eroded the 10-membered rings, although yields suffered in the 10-

ratio 14-Br/14-Br'. membered-ring case. It is noteworthy that the ratios are all
The best result came when using Sibi's auxiliary. As duite high in most of these examples, and for chloro-furan

shown in Scheme 3, in a sequence that is intended tolg-C|, the minor isomer is aCtua”y thﬂ'S, which was not

demonstrate the synthetic potential of this method in Seen in other cases.

Conjunction with N_a|keny|ation via amidative cross- While Synthetica”y this method representsastereoselective
coupling?2 enamidel 7 substituted with Sibi’s auxiliary was ~ approach for constructing chiral secondary halides, mecha-
prepared emp|0ying Ma’'s conditioRsThe ensuing bromi- nistically, these halo-etherifications can provide insight to
nation gave bromo-pyrah8-Br in 90% vyield with a dr of the chemistry of chiral enamides. On the basis of the
9:1. observed stereochemical outcome, a proposed mechanistic

model is shown in Scheme 4.
(18) For some examples on halo-etherfication and halo-lactonization of ~ While the chiral oxazolidinone of the enamide plays a

enamides, see: (a) Rudler, H.; Denise, B.; Xu, Y.; Parlier, A.; Vaissermann, Hicti ; s ; :

J.Eur. J. Org. Chem2005 3724, (b) Rudier, .- Denise, B.: Parlier, A distinct role in prowd!ng the facial Elﬁs for the halog_en to
Daranb, JChem. Commur2002 9, 940. (c) Marin-Lopez, M. J.; Bermejo-  approach from theSiface [seeA],°* the desilylative
GonZdez, F. Tetrahedronl998 54, 12379. (d) Williams, R.; Milreis, G. — cyclization throughN-acyl iminium ionB represents a critical

F. Tetrahedron Lett199Q 31, 4297. (e) Shin, C.; Sato, Y.; Yoshimura, J. . . .
Tetrahedron Lett1981, 32 2401. (©) second step. An initial €N bond isomerization [blue arrow]

(19) For oxidative etherifications of enamides, see: (a) Rameshkumar, in B could occur to providéC in which the iminium G=N

grgxgﬁgmgoozr%%e{égﬂg ?b) ,\Bﬂirg)m%SRc Ycaop'érej es“j“gg'vﬁafken geometry is both devoid of allylic strain and favored for the
D. L. V. Org. Lett 2002 4, 2337. For oxidative lactonizations of enamides, ~€nsuing cyclization. The cyclization is also likely initiated

see: (c) Stolowich, N. J.; Wang, J.; Spencer, J. B.; Santander, P. J.; Roessnek;i i imini
C. A Scott, A I J. Am. Chem. Sod996 118 1657, (d) ihara. M. With complexation of the oxygen atom to the iminium

Noguchi, K.; Fukumoto, K.; Kametani, Tretrahedron1985 41, 2109. carbon, and the loss of TBS-X would lead to the major
(20) Heathcock, C. HAldrichim. Acta199Q 23, 99. diastereomeR4-X.
gg g:gtseermvf‘,f"}JTé%‘?ecbrf‘ecr?]'lgseé”ighiTéfCtalggs 81, 2093, In contrast, the pathway leading to the minor isor®é+
(23) Sibi, M. P.; Porter, N. AAcc. Chem. Re€999 32, 163. X' suffers from an unfavorablReface halogenation and a
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Scheme 4. A Proposed Stereochemical Model

R g E Re A'-3-strain - C=N isomerization
0—; At R™H 0.0 H
O#"‘N T .nH of;ll:x Q&N xf\:7
R > — ) - T s
TBSO™ 7 ox 02 R.,o. Y
= p H TBS X . TBS
X ! B: favored C: favored iminium
X Si-face geometry and

bromination unhindered cyclization

TBSX -'i

Ay

24-)( major

—_—

m H 0. o  hindered
Xﬁlﬁ‘ cyclization
o]

24-X": mlnor

hindered cyclization through intermedidde Support for this
model arises from the halo-etherification in which the minor
isomerl4-Br' [Figure 1] was enriched relative to the reaction
leading to7-Br/7-Br'. The only difference is the presence
of the OBz group [see the box]. This is in fact consistent

anion to the iminium cation thar Iprovides a more facile
desilylation.

Another question concerns the involvement of the halo-
nium intermediatd [Scheme 5] and its significance versus

Scheme 5. Bromination of aZ-Enamide

)x I j }L"ﬂ/\j J/\j]

oN Q
TBS n=o1 - .,H °° 1ss
" x x® R
E: halonium ion F: N-acyl iminium ion
o] Br- Br.
Br,, toluene -
Ph‘-‘qq/tbo -78 °C to rt, 30 min 0 j\/j Q m
- 959 O»‘N 0 + O>L N "0
Yo
H
/KH(\L N o \/l o
1:2
6z  OTBS 7-Br 7-Br'

N-acyl iminium ionF. The isolation of19-Cl-cis, arriving
from its respectivé=-enamide, implies that halonium cation
E is likely not important because isomerization of theC

with related cation intermediates where an OR substituent bond [|n b|ue] is requ"'ed to g|V339 -Cl-cis. A more definitive

would prefer the axial positioff:2> This preference can only
be accommodated in intermedi@dnot shown but the OBz
group would be equatorial in intermediaeen route tal4-
Br].

In addition, the observations that NXS did not work and
I, was sluggish suggest that an effective desilylative cycliza-
tion through intermediat€ likely depends upon not solely
the nucleophilicity of the halide anion [versus succinimido
anion: see Figure 3] since khould be more nucleophilic

o_.0H (a) nucleophilicity for de-TBS
<,N X [ and/or [ QY
S 0 (b) iminium ion pair = -_0
R.,o Y 5
X \.TBS N ,-TBS
N [s] &
X=BrorCl L)%, °

Figure 3. Nucleophilicity and the nature of iminium ion pairs in
C.

than Br or CI~. Thus, we believe the proximity of the anion,
or the “tightness” of the iminium ion pair, is also very

answer came when we bromina®d®°and only obtained
transbromo pyran¥-Br and7-Br’ in 95% yield with a 1:2
ratio®® in favor of the latter isomer. We detected no
correspondingis-products. The fact that the olefin geometry
is not preserved again supports a free rotation of theCC
bond [in blue] occurring prior to the desilylative cyclization.

We have described here a stereoselective halo-etherifica-
tion of chiral enamides, leading to the synthesis of halogen-
ated cyclic ethers, which are prevalent among natural
products. While this work provides a stereoselective entry
to chiral secondary halides, these halo-etherifications also
provide mechanistic insight to the chemistry of chiral
enamides. Applications of this new synthetic method are
currently underway.
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important. In this regard, as the TBSO group approaches the

iminium carbon, Br or CI~ being a much tighter counter-
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(26) This reversal in ratio is consistent with the mechanistic model in
which the same favoreSii-face bromination 06-Z would lead to ariN-acyl
iminium intermediate that is slow to cyclize, whereas the hind&ethce
bromination gives the respectieacyl iminium intermediate that is more
favored for the desilylative cyclization.
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