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Abstract: The L,ewls-acid-promoted reactmn of allyltr~methylsilane with enones IS shown to afford the 3-ally1 
ketone derivatives (Sakurru products) along with the trimethyfsilylcyclopentanes ([3+2] cycloadcbtion products) 
The stereochenustry of the [3+2] cycloaddltion products IS determmed by X-ray analysis 

We have shown that allyltrimethylsdane exhibits dual reactivity on titanium-tetrachloride-promoted addition 

to a&unsaturated ketones, providing the ally1 derivatives 2 as well as the cyclopentanes 4 (Scheme 1). 
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First, we reinvestigated the titamum-tetrachloride-promoted addition of allyltrimethylsilane to l-acetyl- 

cyclohexene 8. Our optimized experimental procedure involves addition of a solution of the enone in 

dichloromethane to a solution of titanium tetrachloride in dichloromethane at -20°C in order to generate the 

Lewis acid-enone complex. At -78°C a solutron of the allylsrlane is added and the reaction temperature 

slowly raised to -20°C. After a total reaction ttme of 19h the addition is quenched by addition of aqueous 

ammomum chloride soluhon. Standard workup and separauon by flash chromatography afforded the 

expected Sakurai product, the ally1 derivative 10, as a mixture of diastereomers (76% yield) along with the 

“srlyl group containing by-product” 11 in 18% yield (Scheme 4). 
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The DEF’T expenment revealed that a signal of a CH group was significantly shifted to high field (c+TMS 

CH. 23.55 ppm) rather than a signal of a CH2 group, as one would have expected for the trimethylsilylcyclo- 

butane 9. The structure of the trimethylsilylcyclopentane 11 was unambiguously confumed by an X-ray 

crystal structure determination of its 2,4-dmitrophenylhydrazone derivative 12 (Figure 1).12 The crystal 

structure also established for the first time that exclusively the anti diastereoisomer has been formed in this 

annulation process (syn and anti give the position of the silyl group relative to the acetyl group). 
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Figure 1 
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The most important impact of silicon in organic chemistry is clearly its ability to stabilize a positive charge 

on the Pcarbon atom, the so called p-effect. Three different mechanisms have been suggested to contribute 

to the P-effect.13 1. Silicon is more electropositive than carbon and therefore may stabilize the positive 

charge in the @-position by through-bond o-induction. 2. The carbon-sihcon o-bond is able to stabilize the 

positive charge by hyperconjugation (donation of C-Si o-electrons to the empty carbon p-orbital) due to its 

high polarizability, vertical stabilization according to Traylor. 3. Silicon may stabilize the positive charge by 

internal nucleophilic neighboring group participation to form a siliranium ion, non-vertical stabilization 

according to Traylor. The siliranium ion represents a bridged non-classical pentavalent silicon catron,r4 in 

which the pentavalency of silicon is permitted by its d-orbitals. 

We proposed the pentavalent silicon cation as an intermediate of the tnmethylsilylcyclopentane annulation 

three years ago when we reported the first examples. 3 The stereochemical outcome of the [3+2] 

cycloaddition of allylsilanes (anti selectivity) as well as the cychzation involving a cationic 1 ,Zsilyl shift15 

is explained by the proposed mechanism presented in Scheme 5. The trtanium-tetrachloride-promoted addi- 

tion of allyltrimethylsilane to 1-acetylcyclohexene 8 by nucleophihc attack of the allylsrlane at the p-enone 

position provides the p-silyl cation 13. Non-vertical stabdization of the posrtive charge by the silicon atom 

provides the two diastereomeric bridged non-classical pentavalent srhcon cations 14 syn and 14 anti, which 

can interconvert via the open form 13. Intermolecular attack of a chloride anion at the srhcon atom of either 

one of the three cationic species leads by elimination of chlorotrimethylsilane and subsequent hydrolysis to 

the Sakurai product 10. We found in an extensive optimization of the [3+2] cycloaddition of allylsilanes that 

the Sakurai reaction is suppressed by having bulky substituents at the silicon atom.16 The cyclization to the 

trimethylsilylcyclopentane is a highly stereospecific process, since it requires an “attack from the back’ by 

collinear approach of the titanium enolate P-carbon at the unsubstituted carbon atom of the srliranmm ran in 

the direction to the carbon-silicon bond (5exe-ret cyclization)l7 and therefore, occurs with retention of 

configuration of the carbon-silicon bond. For stereoelectronic reasons the 14 anti isomer cyclizes much 
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faster by intramolecular nucleophilic attack of the titanium enolate onto carbon atom of the pentavalent 

silicon cation and affords on aqueous workup exclusively the anti-configurated bicyclo[4.3.0]nonane 11. 

8 

Scheme 5 

10 
11 

The [3+2] cycloadditron of allylsrlanes involves a P-stlyl-cation-induced 1,Zsilyl shift vin an intermediate 

siliramum ion and IS terminated by the nucleophilic attack of the titanium enolate at the pentavalent silicon 

cation. Therefore, the overall process might be considered a sila-Wagner-Meerwem rearrangement. The 

same mechanism as described above has been used by others in order to explain further examples of this 

cycloadditronr* that have been reported subsequent to our first communication.3 

Next we investigated the dependence of the ratio Sakurai product/cycloaddition product on the temperature 

used for hydrolyzing the reaction mixture, which has been described by House and MaJetrch for their 

examples of “sihcon-containing byproducts . ” 8*g Warming the reaction mixture to room temperature prior to 

hydrolysis, according to those reports, should increase the yield of our cycloadduct at the expense of the 

Sakurar product. The best results were obtained by addition of the cold (-78°C) reaction rmxture to refluxing 

dtchloromethane and subsequent quenching. * However, in our hands none of the alternative workup 

procedure&g led to an improvement of the yield of the cyclopentane 11. 
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The titanmm-tetrachloride-promoted additron of allyltrimethylsilane to 1-acetylcyclopentene 1519 afforded, 

under the same reaction and workup conditions as described above for 8, a dtastereomeric mixture of the 

Sakurat product 16598 along with the btcyclo[3.3.0]octane 17, which was obtained as one diastereoisomer m 

4% yield (Scheme 6). 
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Scheme 6 

The structure and the stereochemistry of 17 have been assigned based on comparison of its t3C-NMR data 

(a-TMS CH: 28.1 ppm) with those of the bicyclo[4.3.0]nonane 11 and those of analogous compounds.16 

The alternative workup procedure as reported by House8 was also checked for this example, but transfer of 

the reaction mixture into a refluxmg solution of dichloromethane prior to hydrolysis gave the same result 

(4% yield of 17). 

In the TiCld-promoted addition of allyltrimethylsilane to 3-vinyl-2-cyclohexen- l-one 1820, the formation of 

a trimethylsdylmethylcyclobutane derivative has also been reported.9 The dienone 18 offered for the first 

nme the possibility of investigating a vinylogous case of our [3+2] cycloaddition of allylsilanes (Scheme 7). 
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First, we repeated the reaction onginally described by Majetich and co-workers9 in order to prove that the 

structure of the product has to be reassigned. In this reaction the titanium tetrachloride-dienone complex was 

prepared by addition of tttamum tetrachlonde to a solution of the dienone 18 in dichloromethane at -78°C 

(“normal addition”). Subsequent addition of the allyltrimethylsilane at -78°C and workup by pouring the 

cold reactron mixture mto refluxing dichloromethane before aqueous hydrolysis provided two diastereo- 

isomers 19 anti and 19 syn in a ratio of approxtmately 1:1.4 (10% yreld). The structure assignment was 

based on the IH-NMR and 13C-NMR spectra (CL-TMS CH: 25.28 and 26.24 ppm). In our extenstve study of 

optunization of the stlylcyclopentane annulation which we reported recently,l6 we have shown that 

allyltriphenylsilane leads to considerably improved yields of the cycloadducts. However, by using the same 

procedure as described above for allyltnmethylsilane (“normd addition” for the preparation of the Lewis 

acid complex) a 1: 1.3 mtxture of the two dtastereoisomers 20 anti and 20 syn was obtained in the same yield 

(10%). If the Lewis acid-dienone complex was prepared by addmon of a solution of the dienone 18 to a 

solutron of tttanium tetrachlonde in tichloromethane (“inverse addition”, according to our optimtzed 

standard procedure16) the cycloaddrtion with allyltriphenylsilane afforded a 1O:l ratio of the two 

diastereorsomers 20 anti and 20 syn. The major diastereotsomer of this mixture has been successfully 

transformed to tts 2,4-dinitrophenylhydrazone derivative 21. The structure assignments are based on spectral 

compartson with related systems reported by us previously. t~,4,*6 Our present knowledge of the [3+2] 

cycloaddition with allylsilanes suggests that the low yield observed in the reaction with 18, even under 

optimized condttrons, IS a general trend for 2-cycloalkenone type systems (see below). 

Next we investigated the titanmm-tetrachloride-promoted addition of allyltnmethylsilane to the steroidal 3- 

oxo-4,6-diene 22 (kmdly provided by Dr. G. Sauer, Schering AG, Berlin). For this reaction Laurent et al. 

reported the formation of a trimethylsilylmethylcyclobutane annulation product along with the expected 7a- 

ally1 dertvatrve.10 However, our own results with the steroid dienone 22 demonstrated that the initial 

structural assignment has to be corrected. 

//\/ S’% 

CH2C12, TiCI -78 to 25°C ) 

23 (R = CH3) 

24 (R = CPr) 

The structure of the “silicon-contaming by-product” has been determined as the trimethylsilylcyclopentane 

23 by the t3C-NMR spectrum m combinatton with the DEPT experiment (a-TMS CH: 14.39 ppm). The 

stereochemtstry of 23 has been unequtvocally confirmed by an X-ray crystal structure analysis (Figure 2).12 























9972 H.-J. KNOLKER et al. 

9. 

10. 

11. 

12. 

13. 

14. 

15. 

16. 

17. 

18. 

19. 

20. C. Crisan, H. Normant, Bull. Sot. Chim. Fr. 1957, 1451. 

21. G. Audran, H. Mono, G. LCandri, J.-P. Monti, Tetruhedron Z&t. 1993.34.3417. 

22. H.-J. Kndlker, R. Graf, unpublished results. 

G. Majetich, J. Defauw, C. Ringold, J. Org. Chem. 1988,53,50. G. Majetich, K. Hull, D. Lowery, C. 

Ringold, J. Defauw in Selectivities in Lewis Acid Promoted Reactions; D. Schinzer, Ed.; Khtwer 

Academic: Dordrecht, 1989; p. 169. 

K. Nickrsch, H. Laurent, Tetrahedron L&t. 1988,29, 1533. 

G. Majetrch, J.-S. Song, C. Ringold, G. A. Nemeth, Tetrahedron L&t. 1990,31,2239. 

Full details of the crystal structure investigations may be obtained from the Fachinformationszentrum 

Karlsruhe, Gesellschaft fur wissenschaftlich-technische Information mbH, D-76344 Eggenstein- 

Leopoldshafen (Germany), on quoting the depository number CSD-54594 (for l2)3 and CSD-57622 

(for 23), the names of the authors, and the journal citation. 

W. Hanstein, H. J. Berwin, T. G. Traylor, J. Am. Chem. Sot. 1970, 92, 829. T. G. Traylor, W. 

Hanstein, H. J. Berwin, N. A. Clinton, R. S. Brown, J. Am. Chem. Sot. 1971, 93, 5715. S. G. 

Wierschke, J. Chandrasekhar, W. L. Jorgenson, J. Am. Chem. Sot. 1985, 107, 1496. M. R. Ibrahim, 

W. L. Jorgenson, J. Am. Chem. Sot. 1989, 111, 819. T. Drewello, P. C. Burgers, W. Zummack, Y. 

Apeloig, H. Schwarz, Orgunometallics 19!JO,9, 1161. For an excellent review on this topic, see: J. B. 

Lambert, Tetrahedron 1990, 46, 2677. J. B. Lambert, E. C. Chelius, J. Am. Chem. Sot. 1990, 112, 

8120. J. M. White, G. B. Robertson, J. Org. Chem. 1992, 57,4638. J. B. Lambert, R. W. Emblidge, 

S.Malany, J. Am. Chem. Sot. 1993,115, 1317. 

The bridged pentavalent silicon cation should be called sihranium ion (or siloniacyclopropane) but 

not siliconium ion or silacyclopropylium cation. 

Precedents for cauonic 1,Zsilyl shifts have been described in the literature: A. W. P. Jarvie, A. Holt, 

J. Thompson, J. Chem. Sot. B 1969,852. M. A. Cooke, C. Eabom, D. R. M. Walton, J. Organomet. 

Chem. 1970,24, 301. D. Seyferth, D. L. White, J. Am. Chem. Sot. 1972,94,3132. R. L. Danheiser, 

D. J. Carini, A. Basak, J. Am. Chem. Sot. 1981,103, 1604. R. L. Danheiser, D. J. Carini, D. M. Fink, 

A. Basak, Tetrahedron 1983,39,935. 

H.-J. Kniilker, N. Foitzik, H. Goesmann, R. Graf, Angew. Chem. 1993,105, 1104; Angew. Chem. Znt. 

Ed. Engl. 1993,32, 1081. 

This work was presented at the 8th ORCHEM in Bad Nauheim (Germany), 24-26 September 1992. 

J. E. Baldwm, J. Chem. Sot. Chem. Commun. 1976,734. 

a) K. Ohkata, K. Ishimaru, Y.-G. Lee, K.-Y. Akiba, Chem. Mt. 1990, 1725. b) S. Imazu, N. 

Shunizu, Y. Tsuno, Chem. L&t. 1990, 1845. c) Y.-G. Lee, K. Ishimaru, H. Iwasaki, K. Ohkata, K.-Y. 

Aktba, J. Org. Chem. 1991,56, 2058. d) G. Majehch, J.-S. Song, C. Ringold, G. A. Nemeth, M. G. 

Newton, J. Org. Chem. 1991, 56, 3973. e) B. B. Snider, Q. Zhang, J. Org. Chem. 1991, 56, 4908. 

f) J. Ipaktscht, A. Heydarr, Angew Chem. 1992, 104, 335; Angew. Chem. Int. Ed. Engl. 1992, 31, 

313. g) R. L. Danhetser, B. R. Dixon, R. W. Gleason, J. Org. Chem. 1992, 57, 6094. h) J. S. Panek, 

N. F. Jam, J. Org. Chem. 1993,58,2345. 

N. Jones, H. T. Taylor, J. Chem. Sot. 1959,4017. T. Hudlicky, T. Smak, Tetrahedron L.&t. 1981.22, 

3351. 


