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Abstract: 3-tert-Butyldimethylsilyloxyalk-2-enylsulfonium salts, generated in situ from the reaction of a,f-
enones with dimethyl sulfide in the presence of TBSOTf, underwent a novel nucleophilic substitution with
allylindiums to give silyl enol ethers of 9,e-alkenyl ketones in good yields, which correspond to formal Michael
addition products. In a similar manner, 1,4-propargylation of propargylindiums onto the sulfonium salts
produced the corresponding silyl enol ethers of d,e-alkynyl ketones in good yields. Organoindium reagents
derived from y-substituted propargyl bromide and indium afforded the corresponding silyl enol ethers of
[-allenyl ketones in good yields. The reaction proceeds via an addition-substitution mechanism involving
the formation of allylic sulfonium salts. The presence of the intermediate sulfonium salt was confirmed by
observation of the low-temperature *H NMR spectra.

Michael addition of organometallics ,3-unsaturated car-  addition reactions. Generally, allylindiums reacted wat}f-
bonyl compounds is one of the most useful and important unsaturated aldehydes to afford 1,2-addition products in good
methods for G-C bond formation. It has been normally achieved yields® Reaction of 4-phenyl-3-buten-2-one, which is a unique
by using organocopper and organomagnesium reagents in theexample of ana,f-unsaturated ketone, with allylindiums
presence of an additive such as copper hdliddthough produced a regioselective 1,2-addition produdbwever, there
pB-substituted silyl enol ethers are generally obtained feqfit are few reports on the Michael addition reaction @f3-
enones by 1,4-addition of organocopper reagents followed by unsaturated ketones with allylindiurh&ecently, it was reported
enolate trapping, such procedures are sometimes inconvenientthat indium-mediated allylation to 1,1-dicyano-2-arylethenes
and the requisite reagents are difficult to obtafurthermore, gave 1,4-addition products in aqueous media with good yfélds.
as far as we are aware, there have been very few reports on the ) () Lee, P. H.; Bang, K.; Lee, K.; Lee, C.-H.; ChangTstrahedron Lett
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Tetraorganoindium ate-complexes reacted wiffrunsaturated
ketones in a 1,4-addition fashi6hThe reaction of allylindium
with a,f-unsaturated carbonyl compounds, in which two
electron-withdrawing groups were attached to alkenes, pro-

ceeded in a 1,2-addition mode, whereas a 1,4-addition reaction

took place with 1,1-dicyano-2-arylethenes, which are extremely
electron-deficient olefin& Although a variety of examples of
the indium-mediated allylation to aldehydes and ketones have
been reported,as far as we are aware, few examples of the
regioselectivgs-allylation too,f-unsatursated ketones have been
published®® Recently, indium-mediated propargylation or al-
lenylation to carbonyl compounds was reportétowever, 1,4-
propargylation and allenylation ontm,3-unsaturated ketones
is very difficult because the 1,2-addition mode of propargyl or
allenyl group is a major pass. In addition, there is no example
of the indium-mediated3-propargylation toa,3-unsaturated
ketones As part of our continuing effort to expand the synthetic
utility of indium, we now report on a novel nucleophilic
substitution of in-situ-generatedt8¢-butyldimethylsilyloxyalk-
2-enylsulfonium salts with organoindiums to obtain silyl enol
ethers of ,e-alkenyl ketones),e-alkynyl ketones, ang-allenyl
ketones, respectively, which correspond to Michael addition
products (Scheme 1.

Results and Discussion

Indium-Mediated g-Allylation onto a.f-Unsaturated Ke-
tones. First, optimum conditions for In-mediategtallylation
were examined with 3ert-butyldimethylsilyloxycyclohex-2-
enylphosphonium saltsl),** which could be prepared from
phosphoniosilylation of 2-cyclohexen-1-one. WHenas treated
with allylindium in THF at 60 °C for 2 h, the desired
tert-butyldimethylsilyl enol etherl9 of 3-allylcyclohexanone
was obtained in 15% yield (Table, entry 11). We next explored
the feasibility of the corresponding sulfonium sal®. (Thus,

(6) (a) Wang, L.; Sun, X.; Zhang, YSynth. Commun1998 28, 3263. (b)
Araki, S.; Shimizu, T.; Jin, S.-J.; Butsugan, @hem. Commuri991, 824.
(c) Araki, S.; Horie, T.; Kato, M.; Hirashita, T.; Yamamura, H.; Kawali,
M. Tetrahedron Lett1999 40, 2331. (d) Lee, P. H.; Ahn, H.; Lee, K;;
Sung, S.-Y.; Kim, STetrahedron Lett2001, 42, 37.

(7) (a) Li, C.-J.; Chan, T.-HTetrahedron Lett1991, 32, 7017. (b) Beuchet,
P.; Marrec, N. L.; Mosset, Pletrahedron Lett1992 33, 5959. (c) Kim,
E.; Gordon, D. M.; Schmid, W.; Whitesides, G. NI. Org. Chem1993
58, 5500. (d) Li, C.-J.Chem. Re. 1993 93, 2023. (e) Bindra, W. H.;
Prenner, R. H.; Schmid, WTetrahedron1994 50, 749. (f) Isaac, M. B.;
Chan, T.-H.Tetrahedron Lett1995 36, 8957. (g) Chan, T.-H.; Lee, M.-
C.J. Org. Chem1995 60, 4228. (h) Li, C.-JTetrahedronl996 52, 5643.
(i) Li, X.-R.; Loh, T.-P. Tetrahedron: AsymmetriQ96 7, 1535. (j) Loh,
T.-P.; Ho, D. S.-C.; Chua, G.-L.; Sim, K.-YSynlett1997, 563. (k) Li,
C.-J.; Chan, T.-HOrganic Reactions in Aqueous Mep&liley: New York,
1997. (I) Loh, T.-P.; Ho, D. S.; Xu, K.-C.; Sim, K.-YTetrahedron Lett.
1997, 38, 865. (m) Chan, T.-H.; Lu, WTetrahedron Lett1998 39, 8605.
(n) Li, C.-J.; Chan, T.-HTetrahedron1999 55, 11149.

(8) (a) Isaac, M. B.; Chan, T.-HChem Commun 1995 1003. (b) Yi, X.-H.;
Meng, Y.; Hua, X.-G.; Li, C.-JJ. Org. Chem 1998 63, 7472. (c) Nair,
V.; Jayan, C. N.; Ros, STetrahedron2001, 57, 9453.
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sulfonium salt ) was generated in situ from 2-cyclohexen-1-
one, dimethyl sulfide, and TBSOTTf at78 °C, and then treated
with the allylindium reagent prepared separately from allyl
bromide and indium. Among several reaction conditions ex-
amined, the best results were obtained with allylindium, which
was generated in situ from the reaction of 1 equiv of indium
with 1.5 equiv of allyl halide. The use of indium in less than 1
equiv and allyl halide in less than 1.5 equiv resulted in a sluggish
reaction and gave lower yields as well as a longer reaction time.
Because the sulfonium salt was thermally unstable, the reaction
was carried out at low temperature {8 °C) in THF.

To demonstrate the efficiency and scope of the present
method, we applied these optimum conditions to numewgfis
enones and allyl halides. The results are summarized in Table
1. The sulfonium sal reacted with allyl bromide and indium
to produce 1,4-addition produt® in 65% yield (Table 1, entry
11). Reaction oR with organoindiums, which were obtained
from crotyl bromide and prenyl bromide in THF, ga26 and
21in 62% and 61% vyields, respectively,-a78 °C for 10 min
(Table 1, entries 12 and 13). It should be noted that the
substitution reaction showed an exclusiveegioselectivity.
Consequently, these two-step conversions in one pot correspond
to the conjugate addition of organoindiums tgS3-enones.
Treatment of sulfonium saft with organoindium derived from
ethyl iodoacetate affordezR in 62% yield under the optimized
conditions (Table 1, entry 14). Similarly, whéhwas reacted
with ethoxycarbonyled allylindium, the desired produZ3sand
24 were obtained in 42% and 22% vyields, respectively (Table
1, entry 15). It is interesting to note that sulfonium salts are
easily displaced by organoindiums derived from ethyl iodo-
acetate and ethyl bromocrotonate in which substituents pos-
sessing labile alkoxycarbonyl or alkoxycarbonyl olefin are

(9) For some previously reported examples using other reagents, see: (a)present at thes-position. Generally, lithium, magnesium, or

Paquette, L. A.; Han, Y.-KJ. Am. Chem. S0d981, 103 1831. (b) Corey,
E. J.; Rucker, CTetrahedron Lett1982 23, 719. (c) Haruta, J.; Nishi, K.;
Matsuda, S.; Akai, S.; Tamura, Y.; Kita, ¥. Org. Chem199Q 55, 4853.
(d) Shibata, I.; Kano, T.; Kanazawa, N.; Fukuoka, S.; BabaAAgew
Chem, Int. Ed. 2002 41, 1389.

(10) For a preliminary letter of this work, see: (a) Lee, P. H.; Lee, K.; Kim, S.
Org. Lett 2001, 3, 3205. (b) Iwasawa, N.; Miura, T.; Kiyota, K.; Kusama,
H.; Lee, K.; Lee, P. HOrg. Lett 2002 4, 4463. (c) Miura, T.; Kiyota, K.;
Kusama, H.; Lee, K.; Kim, H.; Kim, S.; Lee, P. H.; lwasawa, ®Ig.
Lett 2003 5, 1725.

(11) (a) Kozikowski, A. P.; Jung, S. H. Org. Chem 1986 51, 3402. (b) Kim,
S.; Lee, P. HTetrahedron Lett1988 29, 5413. (c) Kim, S.; Lee, P. H.;
Kim, S. S.Bull. Korean ChemSoc 1989 10, 218. (d) Lee, P. H.; Kim, S.
Tetrahedron Lett1992 13, 580. (e) Lee, P. H.; Kim, J. S.; Kim, Y. C.;
Kim, S. Tetrahedron Lett1993 34, 7583. (f) Lee, P. H.; Kim, H. S.; Kim,
S. Chem Lett 1994 2401. (g) Lee, P. H.; Cho, M.; Han, 1.-S.; Kim, S.
Tetrahedron Lett1999 40, 6975.

copper reagents containing these groups are difficult to obtain.
Several sulfonium salts of other cyclicS-enones 4 and 6)
underwent this novel nucleophilic substitution with the same
efficiency. Also, the reaction worked equally well with the
sulfonium salt of acyclic 4-hexen-3-on8)(

Indium-Mediated f-Propargylation and f-Allenylation
onto o,f-Unsaturated Ketones.lwasawa recently reported a
novel W(CO}(L)-catalyzed cyclization ofw-acetylenic silyl
enol etherd? where 5-siloxy-5-en-1-ynes undergo efedo
cyclization2awhile 7-siloxy-6-en-1-ynes undergo eitheeko
or 6-endocyclization by an appropriate choice of the reaction

J. AM. CHEM. SOC. = VOL. 125, NO. 32, 2003 9683
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Table 1. Indium-Mediated g-Allylation onto a,3-Unsaturated Ketones

Entry o,B-Enones  Allyl Halides Product Isolated Yield(%)*

Entry o,B-Enones Allyl Halides Isolated Yield(%)?

[e] oTBS
1 /\)J\/ P /\)\/K/ 7 65

3

oTBS
2 N /\H\/\/ 8 69(1:1.1)°
oTBS
3 \I/\/Br /\,)\/\/ 9 62

0 otBs
‘ I_COsEt O - 10 72
o oTBS
5 B COEt ao’u\/\)\)\/ 1 70(1:4.8)*

o oTBs
EtO 7 12(1:1)°
X

o) oTBS
6 é B 13 62
N
4 oTBS
7 B 14 64(1:1)°
A
oTBS
8 \(\/B' 15 61
A
oTBS
9 I_-COzEt 16 74
CO,Et
oTBS OTBS
Bra_ -~ COEt 1:3)0
10 X d/wcoz& Q/\ 72(1:3)
COEt
17 18 (1:1.2)°

15°

Product
9 oTBS \
1 19 25
@ B @\/\ i
0
N 65
5

12 ~AUBP 20 62(1:1)°
B

13 Y\/Bf 21 61
X

62
14 I\ CO:E @vcoza 22
oTBS oTBs
d
15 Bre_~\_CO,Et 64(1:1.9)
h e N COzEt N
CO,E
23 24(1:1.6)°
o oTBS
16 B 25 65
N
6 oTBs

17 B 26 69(1:1)°
X
18 ﬁé\/sr 27 66
X
19 IN_-COEt 28 71
CO,Et
S

ot oTBs
Br- X -CO-Et 1 9d
20 Y ©\/\vcozst @/\ 60(1:1.9)
COE
29 30(1:1)°

aReaction performed with 1.0 equiv of enone, 1.0 equiv of In, 1.5 equiv of propargyl bromide, 1.2 equiw®f &hel 1.05 equiv of TBSOTf, unless

otherwise noted? Isomeric ratio of crotyl bromide; cis:trars 1:5. ¢ The ratios

in parentheses indicate the diastereomeric fafioe ratios in parentheses

indicate the ratios of constitutional isomet$hosphonium salt was usé@-Cyclohexen-1-one:In:allyloromide 1.0:0.67:1.09 Me,S was not used.

conditions!?® On the other hand, only one specific example was
disclosed for the ®ndocyclization of the 6-siloxy-5-en-1-yne
derivativel?2One reason for this scarcity is the lack of a good

and simple method for preparation of the requisite substrates.

Therefore, it is highly desirable to develop a concise method
for the direct 1,4-propargylation onto,S-unsaturated ketones
with simultaneous silylation of the produced enoldfes.0On

the basis of the above-mentioned indium-medigtedlylation
onto a,B-unsaturated ketones, we applied in-situ-generated

(12) (a) Maeyama, K.; lwasawa, N. Am. Chem. Sod.998 120, 1928. (b)
Iwasawa, N.; Maeyama, K.; Kusama, Blrg. Lett.2001, 3, 3871. (c) Miura,

T.; Iwasawa, N.J. Am. Chem. So2002 124, 518. (d) Kusama, H.;
Yamabe, H.; lwasawa, NOrg. Lett. 2002 4, 2562. References for the
W(CO)(L)-promoted reactions are cited therein. See also: (e) Imamura,
K.; Yoshikawa, E.; Gevorgyan, V.; Yamamoto, Yetrahedron Lett1999

40, 4081. (f) Imamura, K.; Yoshikawa, E.; Gevorgyan, V.; Sudo, T.; Asao,
N.; Yamamoto, Y.Can. J. Chem2001, 79, 1624.

(13) Generally, 1,4-propargylation ontgS-unsaturated ketones is not an easy
process because 1,2-addition of propargyl (or allenyl) metallic reagents
usually occurs preferentially. Some exceptions are reported using allenyltin
and several other reagents; see: (a) Shibata, I.; Kano, T.; Kanazawa, N.;
Fukuoka, S.; Baba, AAngew. Chem., Int. EQ002 41, 1389. (b) Haruta,

J.; Nishi, K.; Matsuds, S.; Akai, S.; Tamura, Y.; Kita, ¥. Org. Chem
199Q 55, 4853. (c) Corey, E. J.; Rucker, Cetrahedron Lett1982 23,
719. (d) Paquette, L. A;; Han. Y.-Kl. Am. Chem. Sod.981, 103 1831.
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organoindium reagents, which are derived from the reaction of
indium with propargyl halides, to a variety of/-unsaturated
ketones to obtain silyl enol ethers 6fe-alkynyl ketones and
B-alkenyl ketoned® The results are summarized in Table 2.
The sulfonium salt2 was treated with the indium reagent
generated from propargyl bromide and indium to produce the
conjugate addition produdt2 in 86% vyield (Table 2, entry 8).

It is especially noteworthy that the substitution reaction showed
an exclusivea-regioselectivity. There is no allenic compound
formed in the reaction. Consequently, these two-step conversions
in one pot correspond to the 1,4-propargylation of organoindium
reagents too,5-enones. Treatment of sulfonium s&@twith
organoindium reagents derived from 3-bromobutyne gé®e

in 81% yield with a-regioselectivity under the optimized
conditions (Table 2, entry 9). However, the reactiorRafith
1-bromo-2-butyne having a methyl group at theosition in

(14) Reaction with allyltrin-butyltin with chalcone in the presence of TgCl
and TMSCI gave the conjugate adduct as a silyl enol étitak/hen we
carried out the conjugate addition of allenyitrbutyltin with chalcone in
the presence of Tagand a silyl chloride such as TMSCI or TBSCI, only
hydrolyzed conjugate adduct was obtained, and none of the desired silyl
enol ether was detected in the crude mixtures.
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Table 2. Indium-Mediated S-Propargylation and -Allenylation onto o,3-Unsaturated Ketones
Entry o,f-Enones  Propargyl Halides Product Isolated Yield(%)® Entry oB-Enones  Propargyl Halides Product Isolated Yield(%)
/\/ICJ)\ /‘\ « P omes o oTBS
1 A N Z 35 74°(1:2.6)° 8 42 86
Br
Ph o Ph  Z th ///\Br =
5
o oTBsS
2 é z e d/& 36 82 oTBS
4 9 /Br = 43 81(1:1.3)°
oTBS
3 /\Br P 37 71(1:2.1)°
oTBS
pZ Br d
oTBsS 10 / ©\/ 44 64
4 /\Br d/ 38 69
o oTBs
o oTBS 11 @/ = B @i/ 5 76°
. é/ P @ 39 81 33
32 oTBS
oTBS )\ b .
46 64%(1:1.1
/\ . 12 = B z (1:1.1)
6 B =z 40 85(1:.2.6)
oTBs o oTBS
d e
7 /\Br @ a1 73 13 \Q P \@\/ a7 48
34

aReaction performed with 1.0 equiv of enone, 1.0 equiv of In, 1.5 equiv of propargyl bromide, 1.2 equiy®fane 1.05 equiv of TBSOTf, and silica
gel was treated with 5% Bl in hexane prior to column, unless otherwise noteleaction performed with 1.0 equiv of enone, 2.0 equiv of In, 3.0 equiv
of propargyl bromide, 1.3 equiv of M8, and 1.1 equiv of TBSOTf, and silica gel was treated with 54NHb hexane prior to column, unless otherwise
noted.¢ The ratios in parentheses indicate the diastereomeric falae equivalent of Lil was usedReaction performed with 1.0 equiv of enone, 2.0
equiv of In, 3.0 equiv of propargyl bromide, 1.3 equiv of e and 1.1 equiv of TBSOTT, unless otherwise noted.

the presence of indium afforded selectively allef® with
y-regioselectivity in 64% yield in THF at78 °C for 10 min
(Table 2, entry 10). In the case of 2-methyl-2-cyclohexen-1-
one, the desire@l-propargylation products were obtained with
propargyl bromide and 3-bromobutyne in 76% and 64% yields,
respectively (Table 2, entries 11 and 12). Exposure of 5,5-
dimethyl-2-cyclohexen-1-on&4) to propargylindium gave the
desired product? in 48% yield because of steric hindrance
(Table 2, entry 13). The case of 4,4-dimethyl-2-cyclohexen-1-
one gave only the 1,2-addition product in 74% yield (rati@.of
toy = 1.2:1). 2-Cyclopenten-1-one and 2-methyl-2-cyclopenten-
1-one underweng-propargylation with organoindium reagents

Addition-Substitution Mechanism of -Allylation, f-Pro-
pargylation, and f-Allenylation. The preparation of sulfonium
salts is classified into several parts on the basis of the structural
nature of the sulfide¥® It is well known that dialkyl sulfides
have enough nucleophilicity for smooth reaction with primary
alkyl halides under mild condition$.The sulfonium salts are
easily prepared by the reaction of dialkyl sulfides with primary
alkyl halides, but secondary and tertiary alkyl halides do not
give good results because of the low reactivity toward dialkyl
sulfides. Thus, silver tetrafluoroborate is added for metal assisted
substitutiont” In 1952, Schoberl reported that dialkyl sulfides
underwent a conjugate addition éqS-unsaturated carboxylic

to produce the desired compounds in good yields (Table 2, acid in the presence of anhydrous hydrogen chlotidm

entries 2, 3, 5, and 6). Whehand32 were selectively reacted
with indium reagents derived from 1-bromo-2-butyne, allene
products38 and41 were obtained in good yields, respectively
(Table 2, entries 4 and 7). However, the reaction of 2-cyclo-
hepten-1-one with propargylindium yielded I-gthynyl)-
methylenyl-2-cycloheptene, which was produced by the 1,2-
addition reaction of propargylindium followed by the elimination
reaction of water, in 72% yield. Although chalcoB& was
treated with 3-bromobutyne in the presence of indium to give
the 1,4-addition produc5 (Table 2, entry 1), other acyclic

o,3-enones [4-hexen-3-one, 3-methylene-2-norbornanone, and

trans-4-(2-thienyl)-3-buten-2-one] produced 1,2-addition prod-
ucts.

contrast with dialkyl sulfides, the reaction of aryl sulfides with
alkyl halides takes place only in the presence of silver or
mercury(ll) salts because the nucleophilicity of aryl sulfides is
appreciably weaker than that of dialkyl sulfidédt has been
known that conjugate addition of triphenylphosphinectg-
unsaturated carbonyl compounds occurs in the presence of the
carbonyl group activation reagents such as hydrogen chloride

(15) stirring, C. J. MThe Chemistry of the Sulfonium CompopWdley: New
York, 1981.

(16) Speziale, A. J.; Tung, C. C.; Ratts, K. W.; Yao, A.Am. Chem. Soc
1965 87, 962.

)

)
(17) Trost, B. M.; Hammen, R. K. Am. Chem. Sod 973 95, 962.
)
)

1
(18) Schoberl, A.; Lang, GAngew Chem 1952 64, 224.
(19) Franzen, V.; Schmidt, H. J.; Mertz, Chem Ber. 1961, 94, 2942.
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and TMSCH120 Although dialkyl sulfides are much less ated from indium and allyl halides to give silyl enol ethers of
nucleophilic than triphenylphosphine, it may be possible that o,5-unsaturated ketones in good yields, which correspond to
dialkyl sulfide undergoes conjugate addition ont@-unsatur- Michael addition products. Also, facilg-propargylation and
ated carbonyl compounds. We have investigated their sulfo- g-allenylation occurred by the reaction of sulfonium salts with
niosilylation reactions in the presence of TBSOTf. As is shown various organoindium reagents derived from propargyl bromide

in Scheme 2, to prove the sulfoniosilylationbutyllithium was
added to the reaction mixture of sulfonium salat —78 °C,
and sulfide50 was isolated in 24% yield. It is assumed that

and indium to produce silyl enol ethers dk-alkynyl ketones
andp-allenyl ketones, respectively, in good yields. The reaction
proceeds via an addition-substitution mechanism involving the

sulfide50 might be produced via 2,3-sigmatropic rearrangement formation of allylic sulfonium salts, which are highly unstable

of intermediate49. Because the present result indicates the
existence of the sulfonium séltin an indirect manner, direct
and definite proof for the formation of sulfonium sdltmust

be sought. Direct evidence was then obtained by low-temper-
ature’H NMR spectroscopy.

2-Cyclohexen-1-one was treated with 1.1 equiv of TBSOTf
and an excess amount of dimethyl sulfide in chlorofairat
—50°C, and the reaction mixture was slowly warmed to room
temperature. Low-temperatutel NMR spectroscopy in chlo-
roform-d at —50 °C exhibited two singlets ai 4.51 and 4.86
ppm resulting from an olefinic proton and the proton adjacent
to the dimethylsulfonium group (Figure 1). However, sulfonium
salt 1 was decomposed above45 °C. That is to say, after
2-cyclohexen-1-one was gradually regenerated abed®°C,

a clear'H NMR spectrum of 2-cyclohexen-1-one was obtained
at —20 °C.

Furthermore, diphenyl sulfide, which is less nucleophilic than
dimethyl sulfide, did not undergo conjugate additionotg-
enones. In summary, the sulfonium salts are highly unstable
species, and their existence could only be detected by low-
temperaturéH NMR spectroscopy. The reaction proceeds via
an addition-substitution mechanism involving the formation of
allylic sulfonium salts. The addition of dimethyl sulfide dg3-
enones in the presence of TBSOTf produced the allylic
sulfonium salts. Substitutions of dimethyl sulfide by in-situ-
generated allylindium, propargylindium, and allenylindium
reagents then yielded the desired products (Scheme 3).

Conclusions

In conclusion, 3tert-butyldimethylsilyloxyalk-2-enylsulfo-
nium salts in-situ-generated from the reactionogf-enones
with dimethyl sulfide in the presence of TBSOTf underwent a
novel nucleophilic substitution with allylindium reagents gener-

(20) Kraus, G. A.; Gottschalk, Pretrahedron Lett1983 24, 2727.
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species. The addition of a dimethyl sulfide dg3-enones in

the presence of TBSOTf produced the allylic sulfonium salts.

Substitutions of dimethyl sulfide by in-situ-generated allyl-
indium, propargylindium, and allenylindium then yielded the
desired products. AlthougB-substituted silyl enol ethers are

(at -60 °C)

[}

S

(at-20°C)

J__J -

= ¥ T T T T T

Figure 1. H NMR spectrum of 34ert-butyldimethylsilyloxy)-2-cyclo-
hexenyldimethylsulfonium trifluoromethanesulfonate in Cp&l—50 and
—20 °C, respectively.
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generally accessible ta,5-enones by conjugate addition of concentrated under reduced pressure. The residue was purified by silica
copper reagent ta,3-enones followed by enolate trapping, few gel, which was treated with 5% 4t in hexane, column chromatography
reports for the Michael addition reaction of allyl, propargyl, Using n-hexane to give 1t¢rt-butyldimethylsiloxy)-3-(prop-2-ynyl)-

and allenyl reagents t@,3-enones have been publisi&dlhus, cyclohexene (215 mg, 869} NMR (400 MHz, CDC}): 6 4.83 (br

the present method would find an abundant use as a synthetic’” 1H), 2.46-2.30 (m, 1H), 2.12 (dd) = 7.2, 2.7 Hz, 2H), 2.041.90
method, for example, for cyclopentene annulation. Also, because(™: 2H); 1.93 (t3=2.7 Hz, 1H), 1.86-1.60 (m, 2H), 1.68 1.43 (m,

) " o . 1H), 1.29-1.16 (m, 1H), 0.90 (s, 9H), 0.11 (s, 6HFC NMR (100
sulfonium salts have been utilized mainly in the generation of MHz, CDCk): 6 151.8, 107.8, 83.4, 68.9, 34.3, 29.8, 28.3, 25.8, 25.7,

sulfur ylideg! and have seldom been used as Ieay_ing grétips, 21.4,18.0-4.3,—4.5. IR (film): 3313, 2929, 2858, 2118, 1666, 1200
the present method enhances the synthetic utility o#r8- cm L. HRMS (EI): caled for GaH60Si M* 250.1753, found 250.1750.

butyldimethylsilyloxylalk-2-enylsulfonium salts. Typical Experimental Procedure of f-Allenylation onto o.f-

Experimental Section Enones.Dimethyl sulfide (75.0 mg, 1.2 mmol).and TBSQTf (278 mg,
) ) ) ) 1.05 mmol) were added successively to a stirred solution of 2-cyclo-

General. Reactions were carried out in oven-dried glassware under peyen-1-one (96.0 mg, 1.0 mmol) in THF (1.5 mL)-a¥8 °C under
a nitrogen atmosphere. All commercial reagents were used without 4 nitrogen atmosphere. After 10 min, allenylindium reagent, which is
purification, and all solvents were reaction grade. THF was freshly generated from 1-bromo-2-butyne (199.0 mg, 1.5 mmol), indium (115
distilled from sodium/benzophenone under nitrogen. All reaction mg, 1.0 mmol), and lithium iodide (134 mg, 1.0 mmol) in THF (1.5
mixtures were stirred magnetically and were monitored by thin-layer mL), was added, and the mixture was stirred-&8 °C for 30 min.
chr_omatography gsing Merck s_ilica gel 68sFprecoated glass_plates, The reaction mixture was quenched with NaHG&aturated aqueous).
which were visualized with UV light and then developed by using Fluka 1o aqueous layer was extracted with ethex (20 mL), and combined

ili 1 1

silica gel 60 (0.048:0.063 mm, 236-400 mesh).'H NMR and *C organics were washed with water and brine (20 mL), dried with MgSO
NMR spectra were recorded on a Brucker DPX FT(400 MHz) filtered, and concentrated under reduced pressure. The residue was
spect_romete_r. Deuterated chloroform was used a_s_the sloyent, antyyrified by silica gel, which was treated with 5%3Htin hexane,
chemical shift valuesd) are reported in parts per million relative to column chromatography usinghexane to give Ltért-butyldimeth-

th_e residual _signals of this solvent 7.24 for'H andé 77.0 for°C). _ylsiloxy)-3-(1-methyl-1,2-propadienyl)cyclohexene (169 mg, 64%).
High-resolution mass spectra were recorded on a VG Autospec Ulpima. NMR (400 MHz, CDC): 6 4.97 (bs, 1H), 4.764.70 (m, 2H), 2.87
Infrared spectra were recorded on a JASCO FT/IR-460 plus FT-IR 2.84 (m, 1H) 2’121 85' m .4H) 1’81 (i,] ! A -11 Hz’3H)’ 1.7%

spectrometer as either a thin film pressed between two sodium chloride1 67 (M, 2H), 1.04 (s, 9H), 0.14 (s, 6HJC NMR (100 MHz, CDCY):
plates or a solid suspended in a potassium bromide disk. 5 206.32, 151.35, 107.09, 102.62, 74.69, 38.79, 29.84, 27.37, 25.87,
Typical Experimental Procedure of f-Allylation onto a.,f-Enones. 21.59, 18.02, 16.86-4.21,—4.57. IR (film): 2929, 2242, 1446, 1383,

Dimethyl sulfide (75.0 mg, 1.2 mmol) and TBSOTF (278 mg, 1.05 135 coo1 HRMS (EI): caled for GeHzsOSi M* 262.4784, found
mmol) were added successively to a stirred solution of 2-cyclohexen- 262 4781

1-one (96.0 mg, 1.0 mmol) in THF (1.5 mL) &{78 °C under a nitrogen . . .
atmosphere. After 10 min, allylindium reagent, which is generated from _ (£)-1-(tert-Butyldimethylsilyloxy)-4-methyl-1,3-diphenylhex-1-en-
5-yne (35).*H NMR (400 MHz, CDC}) major isomer: o 7.64-7.44

allyl bromide (218 mg, 1.5 mmol) and indium (115 mg, 1.0 mmol) in
THF (1.5 mL), was added, and the mixture was stirree-@8 °C for (m, 10H), 5.63 (dJ = 10.10 Hz, 1H), 4.06 (dd) = 10.10, 7.13 Hz,
30 min. The reaction mixture was quenched with NaHG@turated ~ 1H), 3.03-2.99 (m, 1H), 2.21 (d) = 6.49, 1H), 1.39 (d) = 7.02 Hz,
aqueous). The aqueous layer was extracted with ether 28 mL), 3H), 1.19 (s, 9H), 0.07 (s, 6H). Minor isomed: 7.64-7.44 (m, 10H),
and combined organics were washed with water and brine (20 mL), 5.72(d,J = 10.10 Hz, 1H), 4.14 (dd] = 10.10, 7.13 Hz, 1H), 3.08

dried with MgSQ, filtered, and concentrated under reduced pressure. 3:06 (M, 1H), 2.28 (d) = 6.49, 1H), 1.42 (d) = 7.02 Hz, 3H), 1.16

The residue was purified by silica gel column chromatography using (S: 9H), 0.08 (s, 6H)!C NMR (100 MHz, CDC{) major isomer: o
n-hexane to give 1trt-butyldimethylsiloxy)-3-(prop-2-enyljcyclohex- 15026, 142.31, 139.64, 128.64, 128.12, 127.81, 127.69, 126.58, 126.36,

ene (163 mg, 65%)!H NMR (400 MHz, CDC}): 6 5.78 (ddt,J = 112.66, 87.33, 70.16, 46.45, 32.61, 25.91, 19.21, 18:2902,—3.75.

17.38, 10.13, 7.09 Hz, 1H), 4.95 (d= 17.38 Hz, 1H), 4.92 (dJ = Minor isomer: 6 151.07, 143.37, 139.81, 128.36, 128.08, 127.96,

10.13 Hz, 1H), 4.80 (s, 1H), 2.242.19 (m, 1H), 2.051.97 (m, 4H), 127.69, 126.25, 110.87, 86.93, 65.86, 45.95, 33.28, 25.91, 19.71, 15.28,

1.77-1.66 (m, 2H), 1.56:1.53 (m, 1H), 1.16:1.07 (m, 1H), 0.92 (s, —4.02,—3.75. IR (film): 3303, 3055, 2986, 1645, 1265 cmMHRMS

9H), 0.12 (s, 6H)XC NMR (100 MHz, CDC}): 6 150.90, 137.35, (El): calcd for GsH3,0Si Mt 376.2222, found 376.2228.

115.70, 108.84, 41.38, 34.54, 29.96, 28.67, 25.73, 21.71, 18482, 1-(tert-Butyldimethylsiloxy)-3-(prop-2-ynyl)cyclopentene (36)*H

—4.49. IR (film): 3053, 2930, 1664, 1472, 1366, 1265, 1180 tm NMR (400 MHz, CDC}): ¢ 4.66 (s, 1H), 2.852.81 (m, 1H), 2.36-

HRMS (El): calcd for GsHs0Si Mt 252.1909, found 252.1905. 2.08 (m, 5H), 1.92 (tJ = 2.68 Hz, 1H), 1.581.55 (m, 1H), 0.92 (s,
Typical Experimental Procedure of #-Propargylation onto o.f- 9H), 0.16 (s, 6H)*C NMR (100 MHz, CDC}): ¢ 156.58, 106.28,

Enones.Dimethyl sulfide (75.0 mg, 1.2 mmol) and TBSOTf (278 mg, 84.16, 68.76, 41.68, 33.59, 27.85, 26.32, 26.07, 183620, —4.27.
1.05 mmol) were added successively to a stirred solution of 2-cyclo- IR (film): 3303, 3053, 2931, 1686, 1264 ctn HRMS (EIl): calcd for
hexen-1-one (96.0 mg, 1.0 mmol) in THF (1.5 mL)-af8 °C under C14H240Si M* 236.1596, found 236.1578.

a nitrogen atmosphere. After 10 min, propargylindium reagent, which  1_¢ert-Butyldimethylsiloxy)-3-(1-methylprop-2-ynyl)cyclopen-

is generated from propargyl bromide (80% in toluene, 223.0 mg, 1.5 {ene (37).2H NMR (400 MHz, CDC}) major isomer:d 4.71 (bs, 1H),
mmol) and indium (115 mg, 1.0 mmol) in THF (1.5 mL), was added, 5 70-2 g7 (m, 1H), 2.362.27 (m, 4H), 2.05-2.00 (m, 2H), 1.14 (d,
and the mixture was stirred a{78°C for 30 min. The reaction mixture 3 — 7,00 Hz, 3H), 0.93 (s, 9H), 0.173 (s, 3H), 0.168 (s, 3H). Minor
was quenched with NaHGOsaturated aqueous). The aqueous layer isomer: § 4.63 (bs, 1H), 2.762.67 (m, 1H), 2.36-2.27 (m, 4H), 2.05-
was extracted with ether (3 20 mL), and combined organics were 5 og (m, 2H), 1.15 (dJ = 7.00 Hz, 3H), 0.93 (s, 9H), 0.173 (s, 3H),
washed with water and brine (20 mL), dried with MgS@itered, and 0.168 (s, 3H)13C NMR (100 MHz, CDC}) major isomer:d 156.33,

104.59, 88.42, 68.36, 47.47, 33.49, 31.73, 25.69, 25.44, 18.19, 15.29
(21) (a) Johnson, A. WYlide ChemistryAcademic Press: New York, 1966. ’ T ; ! ’ ’ ’ ' ! ’
(b) Trost, B. M.; Melvin, L. S., JrSulfur Ylide Academic Press: New —4.55,-4.66. Minor isomer:6 153.90, 101.59, 87.76, 69.06, 41.09,
) \((o)rlé 1975 o T Am. Chom. S 4982 104 325, (b) Trost 33.23,30.97, 26.18, 25.44, 18.50, 14.13,55,—4.66. IR (film): 3303,
a) Trost, B. M.; Shibata, T. Am. Chem. So ! . rost, ) ;
B.M.; Martin, S. J.J. Am. Chem. S0d984 106 4263, (c) Matsuyama, 3093, 2932, 1687, 1265 cth HRMS (EI): calcd for GsHe0Si M*
H.; Nakamura, T.; Kamigata, Nl. Org. Chem 1989 54, 5218. 250.1753, found 250.1799.
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1-(tert-Butyldimethylsiloxy)-3-(1-methyl-1,2-propadienyl)cyclo-
pentene (38).!H NMR (400 MHz, CDC}): ¢ 4.85 (bs, 1H), 4.65
4.54 (m, 2H), 2.742.72 (m, 1H), 2.382.06 (m, 4H), 1.89 (t] =
2.71 Hz, 3H), 0.94 (s, 9H), 0.12 (s, 6H)C NMR (100 MHz,
CDCly): ¢ 203.15, 152.11, 106.28, 94.16, 73.15, 41.94, 37.99, 25.70,
18.10, 14.84, 10.60;3.99,—4.07. IR (film): 2930, 2248, 1446, 1383,
1350 cnmtt. HRMS (El): calcd for GsH260Si MT 250.1753, found
250.1750.

1-(tert-Butyldimethylsiloxy)-2-methyl-3-(1-methyl-1,2-propadienyl)-
cyclopentene (40)*H NMR (400 MHz, CDC}) major isomer:6 2.77—
2.63 (m, 2H), 2.282.21 (m, 2H), 1.99 (dJ = 2.44, 1H), 1.98-1.90
(m, 1H), 1.76-1.69 (m, 1H), 1.50 (s, 3H), 1.01 (d,= 7.04 Hz, 3H),
0.94 (s, 9H), 0.12 (s, 3H), 0.11 (s, 3H). Minor isomer:2.77—2.63
(m, 2H), 2.28-2.21 (m, 2H), 1.981.90 (m, 1H), 1.91 (dJ) = 2.74
Hz, 1H), 1.76-1.69 (m, 1H), 1.54 (s, 3H), 1.15 (d,= 7.04 Hz, 3H),
0.13 (s, 3H), 0.12 (s, 3H}*C NMR (100 MHz, CDC}) major isomer:

0 156.73, 104.99, 101.99, 88.91, 68.75, 47.87, 37.69, 33.89, 32.19,

26.09, 18.89, 18.58;-4.15,—4.25. Minor isomer:6 157.00, 105.12,

31.38, 29.88, 26.50, 25.74, 22.07, 17.944.19, —4.57. Minor
isomer: ¢ 152.11, 106.86, 88.14, 68.97, 39.95, 31.26, 29.95, 26.50,
25.72,21.70, 18.13;4.19,—4.54. IR (film): 3302, 3053, 2932, 1664,
1262 cml. HRMS (El): calcd for GgH260Si M 264.1909, found
264.1927.
1-(tert-Butyldimethylsiloxy)-2-methyl-3-(1-methylprop-2-ynyl)cy-
clohexene (46)*H NMR (400 MHz, CDC}) major isomer: o 2.89—
2.84 (m, 1H), 2.4%+1.18 (m, 7H), 1.93 (dJ = 2.47 Hz, 1H), 1.56 (s,
3H), 0.99 (d,J = 7.08 Hz, 3H), 0.94 (s, 9H), 0.11 (s, 3H), 0.10 (s,
3H). Minor isomer: 6 2.89-2.84 (m, 1H), 2.4+1.18 (m, 7H), 2.04
(d, J = 2.47 Hz, 1H), 1.63 (s, 3H), 1.19 (d,= 7.21 Hz, 3H), 0.123
(s, 3H), 0.116 (s, 3H):*C NMR (100 MHz, CDC}) major isomer:
146.70, 112.17, 87.23, 69.18, 44.14, 30.91, 28.37, 25.90, 24.11, 22.02,
18.76, 14.87, 13.70+-3.71,—3.82. Minor isomer:6 145.95, 113.44,
89.11, 68.50, 43.08, 30.77, 27.09, 25.86, 23.77, 21.84, 18.18, 14.13,
13.97,—3.99,—4.09. IR (film): 3310, 3054, 2986, 1421, 1265 tn
HRMS (EI): calcd for G/H300Si Mt 278.2066, found 278.2063.
3-(tert-Butyldimethylsilyloxy)cyclohex-2-enyldimethylsulfo-

104.82, 88.82, 69.46, 41.49, 38.43, 33.62, 32.13, 26.23, 19.54, 18.54,nium Trifluoromethanesulfonate. *H NMR (400 MHz, CDC}, at—50

—4.15,—-4.25. IR (film): 3303, 3053, 2931, 1686, 1264 cmHRMS
(El): calcd for GeH2s0Si Mt 264.1909, found 264.1945.
1-(tert-Butyldimethylsiloxy)-2-methyl-3-(1-methyl-1,2-propadienyl)-
cyclopentene (41)!H NMR (400 MHz, CDC}): 6 4.57-4.54 (m,
2H), 3.09-3.06 (m, 1H), 2.322.22 (m, 2H), 2.1+2.04 (m, 1H), 1.73
1.66 (m, 1H), 1.57 (tJ = 3.14 Hz, 3H), 1.48 (s, 3H), 0.94 (s, 9H),
0.12 (s, 6H)13C NMR (100 MHz, CDC}): 6 206.25, 148.22, 114.08,
100.96, 73.15, 49.94, 32.99, 25.70, 25.61, 18.10, 14.84, 16399,
—4.07. IR (film): 2929, 2245, 1440, 1350 cf HRMS (El): calcd
for C1eH260Si MT 264.1909, found 264.1909.
1-(tert-Butyldimethylsiloxy)-3-(1-methylprop-2-ynyl)cyclohex-
ene (43).*H NMR (400 MHz, CDC}) major isomer: 6 4.95 (s, 1H),
2.41-2.33 (m, 1H), 2.242.22 (m, 1H), 2.03 (tJ = 2.58 Hz, 1H),
2.01-1.96 (m, 2H), 1.841.73 (m, 2H), 1.581.52 (m, 1H), 1.46
1.19 (m, 1H), 1.17 (dJ = 7.00 Hz, 3H), 0.92 (s, 9H), 1.52 (s, 3H),
0.14 (s, 3H). Minor isomerd 4.84 (s, 1H), 2.4%2.33 (m, 1H), 2.24
2.22 (m, 1H), 2.03 (tJ = 2.58 Hz, 1H), 2.0%+1.96 (m, 2H), 1.84
1.73 (m, 2H), 1.581.52 (m, 1H), 1.46-1.19 (m, 1H), 1.17 (dJ =
7.00 Hz, 3H), 0.92 (s, 9H), 0.15 (s, 3H), 0.11 (s, 3HC NMR (100
MHz, CDCk) major isomer: 6 152.02, 106.63, 88.20, 68.99, 40.14,
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°C): 6 4.86 (d,J = 4.98 Hz, 1H), 4.50 (bs, 1H), 2.99 (s, 3H), 2.95 (s,
3H), 2.75-1.88 (m, 6H), 0.91 (s, 9H), 0.20 (s, 3H), 0.19 (s, 3H).
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