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best catalyst, and morpholine enamines were used as 
substrates. 

The results of the reaction of morpholine enamines 
derived from various aldehydes are summarized in Table 
L6 While a product 2d was obtained in only 14% yield 
using a reaction time of 20 h, a prolonged reaction (72 h) 
led to an increase in the yield of 2d (entry 2). The car- 
bon-carbon double bond in le remained intact under the 
reaction conditions (entry 3). The reaction of trisubsti- 
tuted enamines lf-h also gave a-(siloxymethylene) amines 
2f-h, respectively, but in somewhat lower yields (entries 
4-6). Attempted improvement of the yield of 2h was not 
successful even at  prolonged reaction times (120 h). In 
contrast to enamines, the reaction of enamides and en- 
imides with HSiEt2Me and CO did not result in incorpo- 
ration of CO, with only the substrates being recovered.' 

Importantly, the enamine function in the products can 
be easily hydrolyzed to a carbonyl group. Treatment of 
a-(siloxymethylene) amines 2c-h with aqueous acid 
(H20/TsOH, 70 "C, 1 day) gave a-siloxy ketones 4-9 in 
quantitative yields. 

To the best of our knowledge, the rhodium-catalyzed 

(6) A typical experimental procedure is illustrated below for the re- 
action of 4-(l-hexenyl)morpholine (IC). In a 100-mL stainless steel au- 
toclave were placed IC (423 mg, 2.5 mmol), HSiEhMe (766 mg, 7.5 mmol), 
[RhCI(C0)2]2 (19 mg, 0.05 mmol), and 5 mL of benzene. The autoclave 
was charged with carbon monoxide to 50 atm at 25 "C and then heated 
with stirring at 140 OC for 20 h. GC analysis showed that 4-[1-(di- 
ethylmethylsiloxy)-l-hepten-2-yl]morpholine (2c) was obtained in 75% 
yield. Kugelrohr distillation (140 OC (5 Torr)) gave pure 2c in 62% yield. 

(7) Hydroformylations of enamides and enimides are known. See: (a) 
Sato, S. Nippon Kagaku Zasshi 1969, 90, 404; Chem. Abstr. 1969, 71, 
21828. (b) Becker, Y.; Eisenstadt, A.; Stille, J. K. J. Org. Chem. 1980, 
45, 2145. (c) Cavinato, G.; Toniolo, L.; Botteghi, C.; Gladiali, S. J. Or- 
ganomet. Chem. 1982,229,93. (d) Delogu, G.; Faedda, G.; Gladiali, S. 
J. Organomet. Chem. 1984,268,167. Attempted hydroformylation of IC 
([RhCl(CO),],, H2/C0 (1:l) 50 atm, benzene, 140 "C) resulted in hydro- 
genation, not carbonylation. 

reaction of enamines with a hydrosilane and CO represents 
a first example of incorporation of CO into enamines. 
Regioselective incorporation of CO into the a-carbon atom 
of enamines gives a-(siloxymethylene) amines, which are 
amenable to further synthetic elaboration? Moreover, the 
present reaction provides an efficient route from aldehydes 
to a-siloxy ketonesg (Scheme I). 
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(8) a-(Siloxymethylene) amines obtained here have both enol eilyl 
ether and enamine moieties. For reviews on the synthetic application of 
enol silyl ethers, see: (a) Fleming, 1. In Comprehensive Organic Chem- 
istry; Jones, D. N., Ed.; Pergamon: Oxford, 1979; Vol. 3, Part 13, pp 
584-592. (b) Colvin, E. W. Silicon in Organic Synthesis; Butterworths: 
London, 1981; pp 198-287. (c) Weber, W. P. Silicon Reagents for Organic 
Synthesis; Springer-Verlag: New York, 1983; pp 206-254. For reviews 
on the synthetic applications of enamines, see: (d) Cook, A. G. Enamines: 
Synthesis, Structure, and Reactions; Marcel Dekker: New York, 1969. 
(e) Tietze, L. F.; Eicher, T. Reacktionen und Synthesen; Thieme Verlag: 
Stuttgart, 1981. 

(9) For other syntheses of a-hydroxy ketone derivatives, see: (a) Ru- 
bottom, G. M.; Vazquez, M. A.; Pelegrina, D. R. Tetrahedron Lett. 1974, 
4319. (b) Hassner, A,; Reus, R. H.; Pinnick, H. W. J. Org. Chem. 1976, 
40,3247. (c) Wissner, A. Tetrahedron Lett. 1978,2748. (d) Rubottom, 
G. M.; Gruber, J. M. J. Org. Chem. 1978,43, 1599. (e) McCormic, J. P.; 
Tomasik, W.; Johnson, M. W. Tetrahedron Lett. 1981,22,607. (f) Lee, 
T. V.; Toczek, J. Tetrahedron Lett. 1982, 23, 2917. (9)  Davis, F. A.; 
Sheppard, A. C. J. Org. Chem. 1987,52,954. (h) Moriatry, R. M.; Dun- 
can, M. P.; Prakash, 0. J. Chem. SOC., Perkin Trans. 1 1987,1781. (i) 
Tanaka, T.; Yamada, T.; Rhode, 0.; Mukaiyama, T. Chem. Lett. 1991, 
281. 
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Summary: Reaction of (E)-l-(phenylseleno)-2-(tri- 
methylsily1)ethene (1) with vinyl ketones 2a-d in the 
presence of SnC1, gave cyclopropane products by a formal 
[2 + 11 cycloaddition accompanied by 1,2-silicon migration 
rather than [2 + 21 cycloaddition. 

Development of methods for synthesis of cyclopropane 
derivatives has attracted much attention,' since they are 
useful intermediates in organic synthesis owing to ring 
strain2 and because many natural products include 
three-membered rings? In this paper, we describe a novel 

(1) For reviews, see: The Chemistry of the Cyclopropyl Croup, Rap- 
poport, Z., Ed.; John Wiley and Sons: New York, 1987. 

(2) For reviews, see: (a) Smoll Ring Compounds in Organic Synthesis 
I, 11, 111, 1% de Meijere, A., Ed.; Springer-Verlag: New York, 1986, 1987, 
1988, 1990. (b) de Meijere, A.; Wessjohann, L. Synlett 1990, 20. 

(3) For reviews, see: (a) Corey, E. J.; Cheng, X. The Logic of Chemical 
Synthesis; John Wiley and Sons: New York, 1989. (b) Thomas, A. F.; 
Bessiere, Y. The Synthesis of Monoterpenes, 1980-1986. In The Total 
Synthesis of Natural Products; Apsimon, J., Ed.; John Wiley and Sons: 
New York, 1988; Vol. 7. 
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one-step [2 + 11 cycloaddition synthesis of cyclopropanes 
using (E)- l-(phenylseleno)-2- (trimethylsily1)ethene (1). 

Recently, several studies on the [2 + 21 cycloaddition 
reactions of sulfur-substituted olefins activated by elec- 
tron-withdrawing groups and Lewis acid promoters have 
been r e p ~ r t e d . ~  Since 1 should be activated by a com- 
bination of the a-seleno5 and the &silicon cation stabili- 
zation effects: we expected that [2 + 21 cycloaddition 

(4) (a) Takeda, T.; Fujii, T.; Morita, K.; Fujiwara, T. Chem. Lett. 1986, 
1311. (b) Hayashi, Y.; Narasaka, K. Chem. Lett. 1989,793. (c) Hayashi, 
Y.; Narasaka, K. Chem. Lett. 1990, 1295. (d) Hayashi, Y.; Niihata, S.; 
Narasaka, K. Chem. Lett. 1990,2091. 

(5) !a) M+lelland, R. A.; hung, M. J. Org. Chem. 1980,45,187. (b) 
Hevesi, H.; Piquard, J. L. J. Am. Chem. SOC. 1981,103,870. (c) Halazy, 
S.; Hevesi, L. J. Org. Chem. 1983,48,5242. (d) Nsunda, K. M.; Hevesi, 
L. Tetrahedron Lett. 1984,25, 4441. 

(6) For 8-silicon stabilization of a carbonium ion, see: (a) Jarvie, A. 
W. Organomet. Chem. Rev., Sect. A 1970,6,153. (b) Cooke, M.; Eat", 
C.; Walton, D. R. M. J. Organomet. Chem. 1970,24,301. (c) Bourne, A. 
J.; Jarvie, A. W. P. Ibid. 1970,24,335. (d) Taylor, T. G.; Berwin, H. J.; 
Jetkunica, J.; Hall, M. L. Pure Appl. Chem. 1972, 30, 599. 
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reactions of 1 with vinyl ketones in the presence of Lewis 
acids would occur readily. Surprisingly, instead of four- 
membered ring formation, an unexpected cyclopropanation 
resulted via a 1,2-shift of the trimethylsilyl group7** 
(Scheme I). The structure of the products was established 
by spectral data and conversion to the cyclopropane-con- 
taining natural product (A)-rothrockene (4).9 Cyclo- 
propane ring closure presumably occurs via a zwitterionic 
intermediate which is stabilized by interaction with the 
adjacent carbon-silicon bond. This is the first example 
of a 1,2-silicon shift leading to cyclopropanation. 

In the presence of SnC& (1.5 equiv for 2a-c and 2.4 
equiv for 2d), the reaction of 1l0 (1 equiv) and vinyl ketones 
2a-d (1.3 equiv) was carried out in CH2C1, a t  -78 "C for 
3 h." Quenching with triethylamine (2.3-6.9 equiv) gave 
products 3a-d (3a 62%, 3b 62%, 3c 55%, 3d 42%) which 
are isomers of the expected four-membered compounds 
5a-d. However, the presence of a saturated cyclobutyl 
ketone moiety is incompatible with the observed IR spectra 
(1692-1698 cm-') of 3a-c. An alternative reaction pathway 
is three-membered formation via a 1,241icon migration 

(7) For a review of 1,2-cationic rearrangements in organosilicon com- 
pounds, see: Brook, A. G.; Bassindale, A. R. In Rearrangements in 
Ground and Excited States; de Mayo, P., Ed.; Academic Press: New 
York, 1980, Vol. 11, p 190-192. 
(8) For synthetic applications of 1,2-silicon migration in [3 + 21 cy- 

cloaddition, see: (a) Danheiser, R. L.; Carini, D. J.; Basak, A. J. Am. 
Chem. SOC. 1980,102,6311. (b) Danheiser, R. L.; Carini, D. J.; Fink, D. 
M.; Basak, A. Tetrahedron 1983,39,935. (c) Danheiser, R. L.; Kwasi- 
groth, C. A.; Tsai, Y.-M. J. Am. Chem. SOC. 1985, 107, 7233. (d) Dan- 
heiser, R. L.; Becker, D. A. Heterocycles 1987, %, 277. 
(9) (a) Epstein, W. W.; Grudioso, L. A. J. Org. Chem. 1982, 47, 176. 

(b) Barbachyn, M. R.; Johnson, C. R.; Glick, M. D. J. Org. Chem. 1984, 
49, 2746. (c) Epstein, W. W.; Graudioso, L. A,; Brewster, G. B. J. Org. 
Chem. 1984,49, 2748. 
(10) Yamazaki, S.; Hama, M.; Yamabe, S. Tetrahedron Lett. 1990,31, 

2917. 
(11) A typical experimental procedure in Scheme I is described for 3a. 

To a solution of SnC14 (366 mg, 1.40 mmol) in CH2C12 (1.8 mL), cooled 
to -78 OC, was added 1 (234 mg, 0.917 "01) in CH2Cl, (0.4 mL), followed 
by methyl vinyl ketone 2a (82.2 mg, 1.17 "01). The mixture was stirred 
at -78 OC for 3 h. The reaction mixture was quenched by triethylamine 
(213 mg, 2.1 mmol), and then water was added to the mixture. The 
mixture was extracted with CH2C12 and the organic phase was washed 
with saturated aqueous NaHCO:3 and water, dried (Na2S04), and evapo- 
rated in vacuo. The residue w a ~  purified by column chromatography over 
silica gel eluting with hexane-ether (41) to give 3a (184 mg, 62%). 

Table I. 'H and I3C NMR Spectra of 3a 
0 

'H 6 (ppm) JHH (H4 13C 6 (ppm) ~JCH (Hz) 
Hi1 0.166 (8, 9 H) C11 -1.897 120 (9) 
HSa 0.747 (ddd, 1 H) 3.97 C3 19.72 164 (t) 

6.37 
8.19 

4.56 
HSb 1.32 (ddd, 1 H) 3.97 

8.63 

4.56 
Hi 1.53 (ddd, 1 H) 4.17 C1 

8.19 
H2 1.72 (dddd, 1 H) 4.17 C2 

6.37 
8.63 
10.7 

Hb 1.93 (8, 3 H) c5 

H9,10 7.24-7.30 (m, 3 H) Ca,9,10 

He 2.09 (d, 1 H) 10.7 C6 

Ha 7.55-7.59 (m, 2 H) 
c7 
c4 

29.98 

29.91 

30.43 
36.26 
127.5 
129.1 
134.4 
130.6 
207.7 

163 (d) 

163 (d) 

127 (9) 
129 (d) 
161 (d) 
164 (d) 
163 (d) 
(8 )  
(8 )  

____t THF-HzO NalO, 0 2 + P h S e d  OH 

0(39%) B (12.9%) 
( € : 2 = 8 : 1 )  

8 -  
THF 

4 (67%) 

to give cyclopropane derivatives (Scheme I). The IR 
spectra agree with the cyclopropyl ketone structures 3a-d. 
The structure of 3a was established by 'H NMR, 13C 
NMR, 13C/lH COSY, long-range 13C/lH COSY, and 2D- 
NOESY spectra. All data are in complete agreement with 
the cyclopropane structure (Table I). The observation 
that H1, H2, Ha, and H3b are coupled to each other while 
H6 is coupled only with H2 supports structure 3a (see 
numbering of H and C atoms in Table I). 'JCH values (J 
= 163-164 Hz (Cl,2,3)) in the 13C NMR spectrum, which 
are characteristic of cyclopropanes, also support structure 
3a. The existence of long-range coupling, 3JcH, C6-Si- 
C1l-Hll, and 3JCH, c7-sfd6-H6, indicates that Se and Si 
atoms reside on the same carbon (C&. The assignment of 
the trans stereochemistry of the acetyl and CH(SePh)- 
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(SiMeJ groups is based on 2D-NOESY. The relative 
configuration at  C2 and C6 could not be determined from 
the NMR spectra. 

The reaction of 1 and 2a with SnC, in CH,C12 (-78 “C, 
3 h), followed by quenching with water instead of tri- 
ethylamine gave 3a (51%) and the Michael adduct (E)-  
6-(phenylseleno)-5-hexen-2-one (6) (8%). The NMR 

PhSe 2 
6 

spectra of the cycloadducts 3b-d are also in complete 
agreement with the cyclopropane structures. 

The structure of 3a was confirmed by a three-step 
conversion to the three-membered natural product, (&I- 
rothrockene (4)9 (Scheme 11). Methylenation of the 
carbonyl group of 3a by Zn-CHzBrz-TiC122 gave 7 in 90% 
yield. Olefin 7 was oxidized with NaIO, in THF-H20 
solution a t  room temperature to give the sila-Pummerer 
products 8 and 9.13 Aldehyde 8 was obtained in 39% yield 
as a major product along with the ring-opened byproduct 
9 (12.9% yield, E / Z  = 8/11. Wittig reaction of 8 with 
isopropylidene-triphenylphosphorane in THF gave (A)- 
rothrockene (4) in 67% yield. The spectral data of 4 are 
in accord with the reported data.g 

The observed preference for cyclopropanation instead 
of four-membered ring formation is rationalized as follows. 
In the first step, the nucleophilic vinyl selenide 1 attacks 

(12) Lombardo, L. Tetrahedron Lett. 1982, 23, 4293. 
(13) (a) Reich, H. J.; Shah, S. K. J. Org. Chem. 1977, 42, 1773. (b) 

Brook, A. G.; Anderson, D. G. Can. J. Chem. 1968,46,2115. (c) Carey, 
F. A.; Hernandez, J .  Org. Chem. 1973,38,2670. (d) Vedejs, E.; Mullins, 
M. Tetrahedron Lett. 1975, 2017. 

1992,57,6-8 

the electrophilic olefins 2a-d activated by a Lewis acid to 
give carbonium ion X in Scheme I. The regioselectivity 
of this reaction with respect to selenium is the same as it 
is in the reaction of 1 or 1-(phenylse1eno)-1-(trimethyl- 
sily1)ethene (10) and unsaturated acid chlorides in the 
presence of Lewis acids.14J0 Furthermore, the zwitterionic 
intermediate X is stabilized by interaction with the adja- 
cent carbon-silicon bond (“8-silicon effect”) to give a sil- 
icon-bridged carbocation Y. Nucleophilic attack of Cs at  
the kinetically favored C, position rather than at C, gen- 
erates the cyclopropane ring as a result of a 1,2-shift of the 
trimethylsilyl group (Scheme I). 

To our knowledge, this is the first example of a 1,2- 
silicon migration giving rise to a cyclopropane ring. The 
synthetic utility of the unsymmetrically substituted cy- 
clopropane products is demonstrated by the synthesis of 
(f)-rothrockene (4). Further studies are under way in our 
laboratory so as to determine why the Se-Si combination 
leads to a strained three-membered ring and to carry out 
further applications of this novel cyclopropanation. 
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Summary: A general procedure for producing homoeno- 
late equivalents consists of reductive lithiation, induced 
by 4,4’-di-tert-butylbiphenylide, of carbonyl-protected 
@-(phenylthio) carbonyl compounds prepared in turn by 
thiophenol addition to enones or the alkylation of silyl enol 
ethers by a-chlorothioethers. 

Although homoenolate anions and their synthetic 
equivalents have been long recognized as potentially 
powerful synthons,’ there are as yet no general methods 
available for their preparation. We now present the most 
general and versatile preparative method for homoenolate 
equivalents. It is based on the reductive lithiation2 of 
carbonyl-protected 8- (phenylthio) aldehydes and ketones. 
The key is the ease with which the substituted B-(phe- 

(1) (a) Kuwajima, I.; Nakamura, E. Top. Curr. Chem. 1990,155,l. (b) 
Hoppe, D. Angew. Chem., Int. Ed. Engl. 1984,23,932. (c) Stowell, J. C. 
Chem. Reu. 1984,84,409. Werstiuk, N. H. Tetrahedron 1983,39,205. 

(2) (a) Cohen, T.; Bhupathy, M. Acc. Chem. Res. 1989,22, 152. (b) 
Cohen, T.; Daniewski, W. M. Tetrahedron Lett. 1978,2991. Screttas, C. 
G.; Micha-Screttas, M. J. Org. Chem. 1978, 43, 1064; 1979, 44, 713. 
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nylthio) carbonyl compounds are prepared. One method 
(A) involves the nearly quantitative 1,4 addition of thio- 
phenol to a,B-unsaturated aldehydes and ketones3 as 
shown for mesityl oxide in eq 1. Another involves al- 

g : p F &  CHfiPh H O C w H m  H+ 8 CHZSPh (2) 

R = H  84% 3 ( R = H )  95% 4 (R = H) 

R=Me 79% 3(R=Me)  92% 4 (R = Me) 

kylation, of the enol silyl ethers5 of ketones with 8-chloro 

(3) Bachi, M. D.; Bosch, E. Tetrahedron Lett. 1988,29,2581. Bakuzis, 
P.; Bakuzis, M. L. F. J. Org. Chem. 1981,46, 235. 

(4) Paterson, I.; Fleming, I. Tetrahedron Lett. 1979,995. Peterson, 
I. Tetrahedron 1988,44, 4207. 

(5) House, H. 0.; Gall, M.; Olmstead, H. D. J. Org. Chem. 1971, 36, 
2361. House, H. 0.; Czuba, L. J.; Gall, M.; Olmstead, H. D. J. Org. Chem. 
1969,34, 2324. 
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