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Abstract: Trlisoprop>lvlyl cnol cthcr\ react wth (TsN)?Sc tu gl\c u-~Wtosylammo derivatives in modest to good yields. In the 

absence of I.?-diaxial lnteraclions the N-tosylammo group prefers an axial conformation. The axial N-tosylamino derivatives can be 
readily transformed into the azabryclol3.3. I ]nonane skelelon, the core structure of a number of alkaloids. 

The traditional chemistry of trialkylsilyl enol ethers has almost exclusively involved the prototype 

trlmethylsilyl (TMS) enol ethers.] Typically, TMS en01 ethers react with a wide range of electrophiles (E) to give 
a-functionalized carbonyl derivatives, Scheme 1. The TMS enol ether 1 forms the oxonium ion intermediate 

la, which undergoes nucleophilic attack at the silicon atom by X- to give the “ate” intermediate lb, which then 
leads to the a-functionalized derivative 2. 

Scheme 1 

TMSO 

1 la lb 2 

This type of chemistry has been widely used in organic synthesis, and is most notable in instances 

avoiding anion exchange (equilibration), and consequently maintains the regiospecificity of the original TMS 

enol ether. The process shown in Scheme 1 is subject to defined elements of stereoelectronic control. The 

electrophile adds to 1 from an axial trajectory (maximum overlap) to give la where E is in an axial 
conformation. Conformational relaxation in the final product leads to the thermodynamically more stable 

equatorial conformer 2. Expressed in a different way, the desilylation process precludes further regiospecific 

silyl enol ether chemistry and allows rapid conformational equilibration. 

We became intrigued by the idea of preventing the desilylation step (lb) by surrounding the Si atom with 

bulky substituents. In this way one might observe truly kinetic silyl enol ether electrophilic chemistry. 

Triisopropylsilyl (TIPSI enol ethers provide the steric bulk, and both the kinetic and thermodynamic enol ethers 
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are, in most cases, readily ava~lahlc. Scheme 2 outlines this notion with the stereoelectronic and conformational 

details2 ‘The electrophile adds to 3 from an axial trajectory to give 3a where E is in an axial configuration. The 

intermediate onium ion 3a should be prevented from desilylation by the bulky triisopropyl groups, and as a 

consequence is expected to undergo axial proton loss to give 4. We anticipated that 4 would prefer the depicted 

axial conformation because of steric reasons (A(,3-strarn) and possibly the stabilizing electronic interaction 
between the o*(E-C) and the n-system. While we have examined a variety of electrophiles, the vast majority of 
effort has been concentrated on the tntroduction of a nitrogen atom a- to the enol ether functionality.3 Our 

particular interest in nitrogen functionalization stems from past indole alkaloid research, and more topically our 

recent research on the esperdmicin-cajicheamicin antitumor agents.4 

Scheme 2 

3 3a 4 

Initially. we dccidcd to examine the Sharpless aminating reagent 5, which is usually thought to be 

TsN=Se=NTs. although recent work suggests otherwise.. s.6 Nevertheless, from the mechanistic point of view it 

is conveniently simple to use the selenodiimide formulation for 5 since it readily allows prediction of the 

regiochemistry of Mtosylamination. For example, one would predict that treatment of 6 with 5 should give 7. 

This arises from an initial “ene” reaction 6a to give the intermediate 6b, followed by [2.3]-sigmatropic 

rearrangement to gave 6~. which upon hydrolysis or reduction of the N-Se bond provides 7, Scheme 3. In the 

event, treatment of 6 with 5 (generated in situ from selenium metal and chloroamine-T) gave after hydrolysis 7 
(39%). We have treated a number of TIPS enol ethers with 5, and in genera] the yields of the a-Mosylamine 

Scheme 3 

7 NHTs 
TsNHSe’ 

NTs 6~ 

range from 23 to 5 1%. TABLE 1 shows eight examples of the a-amination reaction. In the cyclohexenyl 

systems the -NHTs group occupies an axial conformation, except in the 4,4-dimethyl case (15) where there is a 

1,3-diaxial interaction between the -NHTs group and the grm-methyl which causes the -NHTs group to become 
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equatorial. I f  the corresponding trrt-butyldimethylsilyl or trimethylsilyl enol ethers are used, the yield of the a- 

amination products are negligible. The trialkyl silyl groups are too labile and extensive dehydrogenation takes 

place to give a large number of products many of which contain selenium. 

TABLE I 

PS Enol Ether Product(s) TIPS Enol Ether Product(s) 

a (39%) 

TIPS0 

10 

TIPS0 

11 (49%) 

TIPS0 

6 

PSO 
I 

7 (39%) 

TIPS0 
I 

NHTs 
-- 

PSO o- / Me 

-Ll 

TIPS0 

NHTs 

18 19 (23%) 21 (38%) 

The a-aminated adducts 7, 8, 11, 13. and 15 gave suitable crystals for single crystal X-ray 

crystallographic analysis. 7 In 7,8. 11, and 13, the -NHTs group is in an axial conformation. Figure 1 shows 

a Chem 3D representation of 11 (H’s on the -TIPS and p-tolyl removed) which clearly illustrates that the 

cyclohexenyl ring i\ in a \ofa conformation wrth the -NHTs group axially oriented. Figure 2 shows a Chem 

3D representation of 15 (tl’s on the -TIPS, and p-tolyl group removed) and illustrates that the 4.4-dimethyl 

adduct 15 prefers the -NlITs substituent to occupy an equatorial conformation. For the compounds 7, 8, 11, 

and 13, which lack any I.5NHTs/methyl diaxial interactions. the axial conformer is the thermodynamically 
more stable conformer. When the IVcr* stabilizatton is allowed to compete against I $NHTs/methyl diaxial 

interactions. substrate 15 prefers the -NHTs group in an equatorial conformation. It is highly probable that the 
observed pseudo-axial orientation for the a-amino TIPS enol ethers ensues from both effects (At1,3) and n-o*) 

acting in unison.x 
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Figure 1. Chem 3D of 11 from Figure 2, Chem 3D of 15 from 
X-ray coordinates. X-ray coordinates. 

Only m the \lmplest case, namely 3. did we observe the regioisomeric P-NHTs adduct 9 (11%). The 

major hy-product Isolated from the a-amination reaction with 3 is the a-chloro compound 23 (5-15%), 

Scheme 4. Treatment of 3 with chloramine-T and a catalytic amount of tellurium metal (10%) forms 
exclusively 23 (65% 1. The a-amino silyl enol ether 8 was not detected by thin layer chromatography (TLC) or 

by IH NMR spectroscopy. 

Scheme 4 

TIPS0 TIPS0 TIPS0 TIPS0 

3 0 (39%) 22 23 (5-15%) 

The a-N-tosylammc yields depend on the molar ratio between the Sharpless reagent 5 and the silyl enol 

ether. The optimal conditiona that were used by Sharpless (5 0.63 eq to 0.83 eq with respect to the alkene do 

not, in our case. bring the reaction to completion. I .OS Equivalents of 5 are necessary to complete the reaction. 
If  an excess of the \clenodiimide 5 is used, the a-imino silyl enol ether 22 is formed by over-oxidation of 8. 

The a-imino silyl cnol ether 22 can be prepared independently by oxidation of 8 with selenium dioxide in 

aqueous dioxane in 57% yield. Scheme 4. 

The a-N-to\ylamination reaction with 12 forms only one stereoisomer 13. The -NHTs functional group 

ih in the axial position (X-ray). Oxidation of 13 with SeOz/dioxane gave the imine 24 (81%) which upon 

reduction with N~BHJ or LiAlH4 gave exclusively the equatorial adduct 25 (79%), Scheme 5. This 

corresponds to rhc delivery of hydride from an axial trajectory. 9 Similarly addition of lithium 

trimethylsilylacetylide gave only axial addition. resulting in 26 (60%). The equatorial conformation of the 

-NHTs group in both 25 and 26 was confirmed by X-ray crystallography. All of the crystal structures show the 

cyclohexenyl ring In a sofa conformation. 
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Scheme 5 

TIPS0 

QIHy fjNTs ) @HTS @/yMe3 

Me Me Me Me 

13 24 (81%) 25 (79%) 26 (60%) 

To illustrate some of the synthetic potential of the aminated adduct 13 we have carried out the following 
transformations. Exposure of 13 to m-CIC~H~C0~HICH~Cl~120°C followed by NaHC03/H20 gave the a- 

OCOAr-a’-NHTs ketone 28 (70%). Scheme 6. t() None of the rrans-diastereomer could be detected. When 13 

was treated with m-CIC~H4C03H/20°CINaHCO~ the hemiacetal 27 was isolated as a moderately stable 

compound. Aqueous NaHC03 converted 27 into 28. The epoxide 13a could be observed both by tic and ‘H 

NMR; presumably the zwitterion 13b is trapped by the m-chlorobenzoate anion in a reversible manner and only 

13c can undergo benzoyl-transfer to the ortho-ester intermediate 13d which collapses to the hemiacetal 27. *H 
NMR data shows that the a’-TsNH and a-OCOAr groups are axial in 27 and relax to an equatorial 

conformation in 28. 

Scheme 6 (Ar = mCgH&I) 

TIPS0 TIPSO@ 

A 

TIPS0 JXOAr 

/ \,NHTs .I\ NHTs ,, 8 .A ,F’Ts 00 ,&\NHTs 

I 

ITS 1 o,,. x ,,NLTs 

Y .“H 
Me 

Y “‘H 
Me 

Since the -NHTc group is in an axial conformation in 13 it is ideally situated for intramolecular reactions 

to construct azabicyclic structures. N-Alkylation of 13 with E-I ,4-dibromo-Z-butenelaH/THF readily gave 29 

(98%). After investigating a number of Lewis acids it was found that treatment of 29 with 1. I equivalents of 

silver (1) trifluoromethanesulfonate gave a single bicyclic product 30 albeit in low yield (207~). 



11092 P. MAGNUS rt al. 

Scheme 7 

TIPS0 TIPS0 

13 29 3 

TIPS0 TIPS0 TIPS0 

II 31 Me 32 Me 34 

Me 
TIPS0 TIPS0 

Me 33 

Condmons 9, NaHiE- I,J-dlhromo~?~butene/HF rctlux (986). h) AgOTf/CH$I2/-60 to 0°C (20%). 
c) Hy’Rh/Alum~na (lOOc/r). d) Se (powder)/chloramlne~T/CH?CI? (279of33). e) NaH/E-1.4.dihromo-2 
hutene/DMF/ZS’C (XX%). I) ApOTf/CH~NO$WC (515%) 

Hydrogenation of dihydrocarvone TIPS enol ether 31 over rhodium on alumina gave 32 (100%). 
Unfortunately, the cr-N-tosylaminatton reaction, which had always been regioselective (except with 3) gave a 

complex mixture of products. tH NMR analysis of the crude reaction mixture revealed the formation of a (2: 1) 

mixture of amino silyl enol ethers, probably the ~133 and p 34 tsomers. The two products CC 33 and fi 34 were 

not separable by chromatography, however 33 (27%) was isolated by recrystallization from hexane. The large 
amount of the p isomer 34 is probably due to the steric hindrance introduced by the isopropyl group which 

shields the approach of the reagent to the a-face of the TIPS enol ether. Alkylation of the tosylamide anion of 33 

with E- 1.3.dibromobutene/DMF gave 35 (88%). When 35 was treated with silver (I) trifluoromethanesulfonate 

in nitromethane a single bicyclic derivative 36 was obtained in 5 1% yield. The structure and stereochemistry of 

36 was verified by single crystal X-ray analysis. 

The morphine alkaloids have generated enormous synthetic interest for many years.) t The axial -NHTs 

functionality offers a very simple strategy for the synthsis of the benzomorphine pharmacophore directly from 
the TIPS enol ether of fl-tetralone. t * 
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Scheme 0 

TIPS0 

37 (R = H) 
46 (R = CH2CH=CH2) 

TIPS6 

38 (R = H) 
47 (R = CHzCH=CHz) 

TIPS0 
39 (R = H, X = Br) 
40 (R = H, X = SPh) 
41 (R = H. X = SOPhl 
48 iR = CHpZH=CH;, X = Br) 
49 (R = CH2CH=CH2, X = SPh) 
50 (R = CH$H=CH, X = SOPh) 

Rqi:R$$N; 

0 0 

45 (R = H) 44 (R = H) 
54 (R = CH,CH=CHa) 53 (R = CH,CH=CH,) 

43 (R = H) 42 (R = H) 
52 (R = CH>CH=CH2) 51 (R = CH$H=CHz) 

P-Tetralonc was converted Into the trti\opropylstlyl enol ether 37 (94%) by treatment with 

KHMDSITlPSCUTHFIO “C. Exposure of 37 to (TsN),Se at 25°C for 40h gave the axially aminated adduct 38 

(7 1%). Remarkably. this reaction did not result in any aromatiz.ation products, which suggests that there is little 

or no charge bmld-up in the “ene”/[2.3]sigmatropic rearrangement process. The -NHTs group was assigned an 

axial (pseudo) configuration on the basis of the methine couplings (ABX, JAX 6.0 Hz, JBX 6.0 Hz). Treatment 

of 38 with NaH/BrCH~CH~Br/THF180”C gave the N-alkylated compound 39 (84%). which was directly 

converted into the sulfide 40 (NaSPhlTHF/80”C)(Y4%). When the derived sulfoxides 41 (m-CPBAICHZCH~I- 

78”C)(97%) were treated with trifluoroacetic acid anhydride/2,6-di-r-butyl-4-methylpyridine/CH2Cl2/OoC, 

followed by addition of chloroben/,ene and rapid heating to 13O”C, the benzomorphanone 44 was isolated in 

SO%, yteld. Scheme 8. I’ The overall structure of 44 and the stereochemistry of the -SPh substituent was 

determined by single crystal X-ray crystallography. The sulfonium ion 42 is ideally aligned with respect to the 
n-system of the triisopropylsilyl enol ether to give the oxonium ion 43. For the case 44 (R=H), only the axial- 

SPh (synclinal attack) diastereomer was formed. This stereochemical outcome appears to be a consequence of 

aligning the =SPh ton away from the benzo-portion of 44 (R=H). Removal of the -SPh and -Ts groups and 

concommitant N-methylatton of44 to give 45 (60%‘) was accomplished by treatment of 44 with Na/NH$THF, 

followed by methyl iodide. 
Starting with the I-ally1 derivative of p-tetralone. its tritsopropylsilyl enol ether derivative 46 (97%) was 

converted into 47 t59%), 48 (87% ). 49 (87%) and 50 (99%) as described for 37. When 50 was exposed to 

the Pummerer reaction conditions (TFAALL.6.di-t-butyl-4-methylpyridine/ CH2C12 at O’C then PhCl at 130°C) 

the benzomorphanone adduct 53 was isolated as a mixture of epimers( 1.7:1, 79% yield) at the C-SPh bond. 
Treatment of 53 with Na/NH;/THF. followed by methyliodide gave 54 (57%). 
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In summary. the one step direct introduction of -NHTs functionality CL- to a TIPS enol ether group while 

retaining the TIPS enol ether is a useful transformation. While, in some cases, the yields are not as good as one 

would like, the directness can offset that deficiency. IJ 

Experimental 

Unless noted otherwise. all starting materials were obtained from commercial suppliers and were used 
without further purification. Diethyl ether (Et20) and tetrahydrofuran (THF) were distilled from 

sodium/benzophenone under nitrogen prior to use. NJ-Dimethylformamide (DMF), hexane and benzene were 

distilled from calcium hydride. Methanol (MeOH) was distilled from magnesium methoxide and stored over 3A 

molecular sieves under argon. Triethylamine was dIstIlled from calcium hydride and stored under argon. All 

reactions involving organometallic reagents or other moisture sensitive reactants were executed under an 

atmosphere of dry nitrogen or argon using oven dried and/or flame dried glassware. 

Melting points were determined on a Thomas-Hoover melting point apparatus and are uncorrected. ‘H- 

NMR spectra were recorded on a General Electric QE-300 (300 MHz) spectrometer as solutions in 

deuterochloroform I CDCl3 1. unless otherwise inchcated. Chemical shifts are expressed in parts per million 

(ppm. 6) downfield from tetramethylsilane (TMS) and are referenced to CHC13 (7.24 ppm) as internal standard. 

Splitting patterns are designated as s, singlet; d, doublet: t, triplet; q, quartet; m, multiplet; br, broad. Coupling 
constants are given in hertz. (Hz). 13C-NMR spectra were recorded on General Electric QE-300 (75 MHz) 
instrument as solutions in CDCl3 unless otherwlse Indicated. Chemical shifts are reported in parts per million 

(ppm, 6) downfield from TMS and are referenced to the center line of CDC13 (77.0 ppm) as internal standard; 

(e) or (0) indicate even or odd numbers of hydrogens carried by the carbon. IR spectra were recorded either neat 

on sodium chloride plate\ or as solutions in solvent as indicated using a Perkin-Elmer 1600 FI-IR spectrometer, 

and are reported in wave numbers (cm-l). Low resolution chemical ionization (CI) mass spectra were obtained 

on a TSQ 70 instrument. and the exact mass determinations were obtained on a VG analytical ZAB2-E 
instrument. 

Routine momtormg of reactions were performed using MERCK Alufolien Kieselgel 60 F254 silica gel, 

aluminum-backed TLC plates. Flash chromatography was performed using silica gel MERCK Kieselgel 60H 

F254 and Florisil IO-200 Mesh with the solvent indicated. 

6-hlethyl-l-triisopropylsilyl(oxy)-cyclohex-l-ene 6. General procedure for the synthesis of 

TIPS enol ethers from ketones under kinetic conditions. Under an argon atmosphere, potassium 

hexamethyldisilazide ( IO mL. 0.5 M. 5 mmol) was added dropwise. over ten minutes, to a solution, cooled to 

-78°C. of 2-methylcyclohexanone 5 (0.55 mL. 4.S5 mmol) m tetrahydrofuran (15 mL). After stirring for 15 

minutes at -78°C. trllsopropylsilyl trifluoromethanesulfonate ( I .34 mL. 5. 00 mmol) was added. The reaction 

mixture was stirred for 30 minutes at -78°C and then slowly warmed to room temperature. Saturated aqueous 

solution of ammonium chloride (30 mL) was added and the phases were separated. The organic phase was 

washed with aqueous solutions of ammonium chloride (2 x 20 mL) and sodium chloride (20 mL), dried over 

magnesium sulfate, flltered. and the solvent was removed under reduced pressure. The crude product of the 

reaction was analyted by I H NMR spectroscopy to determine a (> IO: I ) ratio between the tri- and tetrasubstituted 

isomers. The product was purified by flash chromatography over silica gel (eluent hexanes, Rf 0.56) to give a 
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colorless oil 6 (806 mg. 66%). bp 6O”C/I .7S mmHg. IR (film) 2942, 2892, 2866, 1660, 1463 cm-t. tH NMR 
(300 MHz, acetone-de) 6 4.77 (IH, t. J = 3.7 Hz), 2.24-2.14 (lH, m), 2.00-1.94 (2H, m), 1.84-1.72 (lH, 

m), 1.64-1.52 (IH, m). 1.50-1.32 (2H, m). 1.20-1.08 (2lH, m). 1.03-1.00 (3H, d, J = 7.0 Hz). t3C NMR 
(75 MHz, APT, ChDh) 6 154.8 (e). 101.8 (o), 34.2 (o) , 24.8 (e). 22.1 (e), 20.6 (e), 19.2 (o), 18.4 (o), 13.2 

(0). CIMS (MH+) m/c 269. base 269 ( 100). 268 (88), 326 (18) . 225 (96) 197 (5), 157 (2). HRMS (M+) m/e 
calcd for Ct6HJ20Si 268.223. Found 268.222. 

2-Methyl-l-triisopropylsilyl(oxy)-cyclohex-l-ene 10. General procedure for the synthesis of 

TIPS enol ethers from ketones under thermodynamic conditions. In an oven-dried 200 mL flask, triethylamine 

(4. I5 mL, 28.8 mmol. 2 eq) was added. at 0°C. to a solution of 2-methylcyclohexanone (1.67 g, 14.9 mmol, 

I .O eq) in dichloromethane (50 mL). The solution was placed under an argon atmosphere and was stirred for 2 

minutes. Triisopropylsilyl tritluoromethanesulfonate (4. l mL. 15.2 mmol, I .02 eq) was added dropwise. After 

30 minutes, an aqueous solution of sodium chloride (40 mL) was poured into the reaction mixture and the 

phases were separated. The organic phase was washed with aqueous solutions of ammonium chloride (30 mL) 

and sodium chloride (30 mL). dried (magnesium sulfate), filtered. and the solvent was removed under reduced 

pressure. The crude reaction mixture was analyzed by ) H NMR spectroscopy to determine a (4: I) ratio between 

the tetra- and trisubstituted isomers. The product was purified by flash chromatography over silica gel (eluent 

hexanes. Rf 0.44) to give a colorless oil 10 (2.64 g, 67%). bp l24’C /I .5 mmHg. IR (film) 2927, 1686, 1464 

cm-t. tH NMR (300 MHz, CDCI3) 6 2.15-2.05 (2H. m), 1.97-1.90 (2H, m), 1.66-1.58 (2H, m). 1.61 (3H, 

s), 1.57-1.50 (2H. m). 1.18-1.03 (2lH. m). t3C NMR (75 MHz, APT, CDClj) 6 143.3 (e), 110.8 (e), 30.4 

(2. e). 23.Y (e). 23.0 Cc), 18.1 (o), 16.5 (0). 13.2 (a). CIMS (MH+) m/e 269, base 269 (100). 268 (68) 225 
(X5). 197 (4). I57 (4). HRMS (M+) n~ccalcd for Ctr,HizOSi 268.222. Found 268.223. 

I-Triisopropylsilyl(oxy)-cyclohex-l-ene 3. Synthesized in an analogous manner to 10 from 

cyclohcxanone (4.25 g. 43.3 mmol). The product was purified by flash chromatography over silica gel (eluent 

hexanes) to give a colorless oil 3 ( 10.66 g. 97%). bp I 15°C /2 mmHg. IR (film) 2934, 2868, 1669, 1465, 
1367, 1267. I I89 cm). tH NMR (300 MHz, CDCI?) 6 1.89 (IH, t. J = 3.7 Hz), 2.05-1.97 (4H, m), l.70- 

I.61 (2H, m), 1.54-1.18 (2H. m), 1.25-1.00 (?lH, m). )jC NMR (75 MHz, CDCI,) 6 150.6, 103.5, 29.9, 

23.9, 23.3. 22.4, 18.0. 12.7. EIMS m/e 254 (18). base 7 I I (100). I83 (30). HRMS (M+) m/e calcd for 

C)sHir)OSi 254.307. Found 254.207. 

4-Methyl-l-triisopropylsilyl(oxy)-cyclohex-I-ene 12. Synthesized in an analogous manner to 

10 from 4-methylcyclohexanone (2.45 mL, 20.0 mmol). The product was purified by flash chromatography 

over silica gel (eluent hexanes~ to give a colorless oil 12 (5.36 g, 99%~). bp 105-l 1O”UO.I mmHg. IR (film) 
2960. 1666. 1466. 1374. II94 cm-). tH NMR (300 MHz, C’DCI3) 6 3.88-4.80 (IH, m), 2.20-1.94 (2H, m), 

1.77-1.56 (2H. m), I .X-l.00 (24H. III), 0.94 (3H. d. J = 6. I Hz). HRMS (M+) m/e calcd for CtrjH&Si 

368.222. Found 368.?3. - - 

4,4-Dimethyl- 1 -triisopropylsilyl(oxy )-cyclohex- 1 -ene 14. Synthesized in an analogous 

manner to 10 from 4.5.dimethylcyclohexanone ( I.33 g, IO.52 mmol). The product was purified by flash 

chromatography over silica gel (eluent hexanes) to give a colorless oil 14 (I .62 g, 53%). IR (film) 2946, 2867, 
1670. I-165 cm-t. tH NMR (300 MHz. CDCI;) 6 4.77 (IH. t. J = 4.0 Hz), 2.05 (2H. m), 1.80 (2H. m). 1.40 
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(2H. t, J = 6.50 Hz), 1.20-1.05 (21H. m), 0.92 (hH, s). l3C NMR (75 MHz, APT, CDC13) 6 149.5 (e), 102.1 

(01, 37.9 (e). 36.1 (e), 28.6 (e). 28.1 (o), 27.5 (e). 18.0 (0). 12.7 (0). CIMS (MH+) m/e 283, base 283 (loo), 

282 (17), 240 (4). 23Y (21), I75 (6), 127 (7). HRMS (M+) m/e calcd for C17H340Si 282.238. Found 

282.237. 

6-Phenyl-I-triisopropylsilyl(oxy)-cyclohex-l-ene 16. Synthesized in an analogous manner to 

10 starting from 2-phenylcyclohexanone (870 mg. S.0 mmol) and using the genera1 procedure for the synthesis 

of TIPS enol ethers from enolates formed under thermodynamic control. The crude product of the reaction was 

analyzed by t H NMR spectroscopy to determine a (8: I ) ratio between the tri- and tetrasubstituted isomers. The 

product was purified by flash chromatography over silica gel (eluent hexanes) to give a colorless oil 16 (1.32 g, 
80%). IR (film) 3057.2943,2866, 1661, 1603. 1495, 1464. 1455 cm-t. tH NMR (300 MHz, CDC13) 6 7.26- 

7.09 (SH. m), 5.07-5.03 (IH. m). 3.39 (IH, t, J = 5.6 Hz). 2.15-1.95 (3H, m), 1.74-1.42 (3H, m), 1.15- 
0.95 (2lH. m). l3C NMR (75 MHz APT, CDCl3) 6 151.0 (e), 144.6 (e), 128.4 (0). 127.8 (o), 125.7 (o), 

104.4 (0). 46.5 (o), 33.4 (e), 24.3 (e). 19.9 (e). 17.9 (01, 12.7 (0). HRMS Calcd for C2tH,,OSi M+ 330.238. 

Found m/e 330.238. 

5-Methyl-l-triisopropylsilyl(oxy)-cyclopent-l-ene 18. Synthesized in an analogous manner to 
6 from 2-methylcyclopentanone (490 uL. 4.55 mmol). The crude product of the reaction was analyzed by ‘H 

NMR spectroscopy to determine a (2.7: I) ratio between the tri- and tetrasubstituted isomers. The product was 

purifted by flash chromatography over silica gel (eluent hexanes, Rf 0.5 1) to give a colorless oil 18 (294 mg, 
25%). )H NMR (300 MHz. CDClj) 6 4.05 (IH. m), 2.5 (IH. m), 2.20-2.12 (2H, m), 2.12-1.98 (lH, m), 

1.33-1.32 (IH. m). 1.20-I.10 (3II, m). 1.10-1.03 (2lH, m). t’C NMR (75 MHz, CDC13) 6 154.9, 99.7, 

3Y.6, 30.6. 26.8. 1X.X. 1X.0. 12.5. CIMS (MH+J m/e 255. base 255 (100). 254 (84), 253 (84), 212(7), 211 
(9). 183 (2). 157 (3). HRMS (M+) m/e calcd for ClsH3oOSi 254.207. Found 254.205. 

2-Methyl- 1 -triisopropylsilyl(oxy)-cyclopent-l-ene 20. Synthesized in an analogous manner to 
10 from 2-methyl-cyclopentanone (550 mg, 5.6 mmol). The crude product of the reaction was analyzed by tH 

NMR spectroscopy to determine a (4: I) ratio between the tetra and trisubstituted isomers. The product was 

purified by tlash chromatography over silica gel (eluent hexanes) to give a colorless oil 20 (859 mg, 59%): IR 
(film) 2942 (w). 2X66 (w). 1690 (w), 1465 (w) cm-). lH NMR (300 MHz, CDC13) 6 2.37-2.29 (2H, m), 

2.21-2.13 (2H, m). 1.X3-1.73 (2H. t, J = 6.5 HL). 1.58 (3H. s), 1.22-1.03 (21H. m). t3C NMR (75 MHz, 
APT. CDCli) 6 146.7 (e). 112.1 (ei. 34.0 (e). 33.5 (e). lY.9 (e). 17.9 (o), 12.9 (o), Il.9 (0). CIMS (MH+) 

m/e 255 (22), base 253 (IOO), 254 (21). 227 (32). 225 (21). HRMS (M+) m/e calcd for CtsH3oOSi 254.207. 

Found 254.207. 

6-(4-Methylphenylsulfonyl)amino-l-triisopropylsilyl(oxy)-cyclohex-l-ene 8 (General 
procedure for the synthesis of cr-N-tosylamino TIPS enol ethers). In a 100 mL flask, a suspension of selenium 

powder (200 mg. 2.53 mmol. I.0 eq) and anhydrous chloramine-T (1.29 g. 5.19 mmol, 2.2 eq) in 

dichloromethane (20 mL) was \tnred under argon at 2S”C for 48 hours until it became a white suspension. An 

equivalent result was obtained if the mixture is heated at reflux for three hours. To this suspension, cooled at 

O”C, was added the silyl enol ether 3 (709 mg . 2.79 mmol. I. I eq) as a solution in dichloromethane (3 mL). 
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The temperature was slowly allowed to increase to 25°C and after 3 hours the reaction mixture was quenched 

with a saturated solution of sodium bicarbonate (40 mL). After I .5 hr of stirring, the mixture was filtered 

through a celite pad. The organic phase was separated. washed with aqueous solutions of ammonium chloride (2 

x 20 mLj. sodium chloride (20 mL), and dried over sodium sulfate. After filtration, the solvent was removed 

under reduced pressure. Hexane (20 mL) was added to the crude reaction mixture. The mixture was filtered, 

separating the insoluble /T-toluenesulfonamide. The solvent was removed under reduced pressure to give an oil. 

The crude mixture was purified by flash chromatography over silica gel (eluent hexanes 85, ethyl acetate 15) to 

give two compounds. The less polar fraction (Rf O.Sl) is a colorless solid 8 (418 mg, 39%). M.p 84-86°C 
(hexane). IR (film) 3277. 2942. 2922, 2866. 1663. 1597. 1463 cm-t. tH NMR (300 MHz, CDC13) 6 7.78 

(2H, d, J = 8.14 Hz). 7.26 (2H, d. J = 8.14 Hz), 5.03 (lH, d, J = 4.17 Hz), 4.93 (lH, t, J = 3.5 Hz), 3.63 

(IH, t. J = 4 Hz), 3.39 (3H. s), 2.06-1.83 (3H. m), 1.X4-1.72 (IH. m), 1.70-1.52 (lH, m), 1.52-1.40 (lH, 
m). 1.08-0.80 (21H. m). tic NMR (75 MHz. APT, CDCl3) 6 146.9 (e), 142.8 (e), 137.4 (e), 129.3 (o), 

126.9 (o), 106. Co), S2.i (0). 30.0 (e), 23.3 (2. e) . 21.2 (ok. 17.7 (o), 12.4 (0). CIMS (MH+) m/e 424 (15), 

base 380 (100). 422 (4): 381 (22), 385 (7). 284 (44). 269 (h), 253 (47). HRMS (M+) m/e calcd for 
C22H37N03SiS 423.226. Found 423.226. Anal calcd for CzlH3,N03SiS C, 62.37.; H, 8.80, N, 3.31. Found 

C, 62.38.; H, 8.88.: N, 3.42%. 

The more polar fraction (Rf 0.43) is a colorless oil 9 t I I9 mg, 11%). IR (film) 3272, 2944, 2892, 2966, 1659, 

1463 cm-t. tH NMR (300 MHz, CDCIj) 6 7.79 (2H. d, J = 8.2 Hz), 7.30 (2H, d, J = 8.2 Hz), 4.70 (lH, d, J 

= 8.7 Hz), 4.40 (1H. d, J = 4.0 Hz). 3.96-3.93 (IH, m), 2.42 (3H, s), 2.00-1.92 (2H, m), 1.75-1.45 (4H, 
m). 1.05-0.95 (21H. m). t3C NMR (75 MHz, APT, CDClj) 6 155.1 (e), 143.0 (e). 138.6 (e), 129.6 (o), 

126.8 (0). 103.3 (0). 49.S (o), 29.9 (e). 29.3 (e), 21.3 (o), I9 I (ej, 12.8 (o), 12.4 (0). CIMS (MH+) m/e 424 

(50). base 253 (100). other 380 (4). HRMS (M+) m/e calcd for Cx2H?7NO$SSi 423.226. Found 423.225. 

6-(4-Methylphenylsulfonyl)amino-6-methyl-l-triisopropylsilyl(oxy)-~yclohex-l-ene 7. 

Synthesized in an analogous manner to 8 from 6 (610 mg. 2.27 mmol, 1.1 eq). The product was purified by 

flash chromatography over silica gel (eluent hexanes 9, ethyl acetate 1) to give a colorless solid 7 (353 mg, 

39%). M.p 75-79°C (hexane). IR (film) 3377, 3287, 2943, 2922, 2893, 1660, 1600, 1464 cm-t. tH NMR 
(300 MHz, CDCIjj 6 7.70 (2H. d, J = 8.22 Hz), 7.19 (2H. d. J = 8.22 Hz), 4.95 (IH, s), 4.67 (lH, t, J = 4.0 

Hz), 2.34 (3H, s), 2.10-2.03 (IH, mj. 1.92-1.84 (2H, in), 1.73-1.65 (IH, m), 1.55-1.45 (lH, m). 1.45-1.35 

(IH, m). 1.30 (3H. sj. 1.20-1.00 (21H, m). “C NMR (75 MHz, CDC13) S 151.0, 142.5, 140.7, 129.3, 

126.9, 102.5. 58.8, 35.3, 25.3, 23.8. 21.4, 18.7, 17.6. 12.7. CIMS (MH+) m/e438 (9), base 267 (loo), 439 
(2). 437 (2). 436 (4). 394 (21) 284 (9), 268 (24). HRMS (Mf) m/e calcd for C23H39N03SiS 437.242. Found 

437.237. Anal calcd for Cz3H3,N03S~S, C, 63.1 I.; H, 8.98.: N, 3.20. Found C, 63.54.; H, 8.89.; N, 3.31%. 

6-(4-Methylphenylsulfonyl)amino-2-methyl-l-triisopropylsilyl(oxy)-cyclohex-l-ene 

11. Synthesized in an analogous manner to 8 from 10 (748 mg, 2.79 mmol, 1.1 eq). The product was purified 

by flash chromatography over silica gel (eluent hexanes 9, ethyl acetate 1) to give a colorless solid 11 (542 mg, 

49%). M.p 150.152°C (hexane). IR (film) 3280, 2942, 2922, 2865, 1676 (w), 1463 (m) cm-t. tH NMR (300 
MHz. CDC13) 6 7.76 (2H, d, J = 8.3 Hz), 7.28 (2H. d, J = 8.3 Hz), 4.68 (lH, d, J = 3.83 Hz), 3.88 (lH, s), 

2.41 (3H, s), 1.95-1.85 (2H, mj, 1.85-1.75 (2H, m), 1.59 (3H, s), 1.56-1.42 (2H, m), 1.10-1.00 (21H, m). 
“C NMR (75 MHz, CDClj) 6 143.0, 141.0, 139.0, 129.4. 126.8, 117.0, 53.6, 30.1, 28.9, 21.4, 18.0, 17.1, 
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13.4. CIMS (MH+) m/e 43X ( 16). base 267 (100). 437 ( I), 436 (4), 394 (20), 268 (22). HRMS (M+) m/e calcd 
for C23H?gN03SiS 437.242. Found 437.237. Anal calcd for C23H39N03SiS C, 63.11.; H, 8.98.; N, 3.20. 

Found C, 62.98.; H, X.YX.; N, 3.13%. 

trans-6-(4-Methylphenylsulfonyl)amino-4-methyl-l-triisopropyl-silyl(oxy)-cyclohex- 

I-ene 13. Syntheslred in an analogous manner to 8 from 12 (211 mg, 0.785 mmol, 1.02 eq). The product 

was purified by flash chromatography over silica gel (eluent hexanes 9, ethyl acetate 1) to give a colorless solid 

13 (171 mg, 51%). M.p 135.136°C (ether). IR (CHCl3) 328 2, 2946, 2867, 1665, 1600, 1330, 1201 cm-l. 1H 
NMR (CDC13, 300 MHz) 6 7.77 (2H. d, J = 8.3 Hz), 7.28 (2H, d, J = 8.3 Hz), 4.91 (IH, dd, J = 5.0, 2.1 

Hz), 4.57 (IH, d. J = 4.2 Hz). 3.67-3.59 (IH. ml, 2.31 (3H, a) . 2.13-1.97 (2H, m), 1.89-1.50 (2H, m), 1.32 
(IH. ddd. J = 11.3, 11.1, 4.2 Hz), 1.05-0.93 t2lH, m). 0.90 (3H. d, J = 6.2 Hz). ‘3C NMR (CDC13, 75 

MHz,) 6 147.2, 133.0. 137.6. 129.4. 127.1. 106.5. 53.0, 37.7, 32.0. 23.1, 21.4, 20.8, 17.8, 12.5. Anal c&d 

Ibr C?jH39NOjSiS. C, 63. Il.; H, X.98.; N. 3.20. Found C, 63.10.: H, 9.17.; N, 3.17%. 

6-(4-Methylphenylsulfonyl)amino-4,4-dimethyl-l-triisopropyl-silyl(oxy)-cyclohex-l- 

ene 15. Synthesized in an analogous manner to 8 from 14 (1 .O g, 3.54 mmol, 1.02 eq). The product was 

purified by flash chromatography over silica gel (eluent hexanes 23, ethyl acetate 2) to give a colorless solid 15 

(580 mg. 37%). M.p X7-90°C (hexane). IR (CHC13) 3338, 1668, 1599, 1464 cm-l. IH NMR (300 MHz, 
CDClj) 6 7.73 (2H, d, J = X.2 Hz), 6.76 (2H. d. J = X.2 Hz), 4.98 (lH, d, J = 3.6 Hz), 4.64 (lH, t, J = 2.1 

Hz). 3.77 I IH. hr), 1.77-1.73 (IH. m), 1.72 (3H. I\). 1.60-1.52 (IH, m), 1.36-1.29 (2H, m), 0.88-0.74 

(2lH. m), 0.60 (3H. 5). 0.58 (3H, s). 1K NMR (75 MHz. APT. CDCls) 6 146.4 (e), 142.9 (e), 138.7 (e), 

129.6 (0). 127.6 (0). 104.7 (0). 52.0 Co), 44.0 Cc), 37.X (e). 30.6 (0). 29.7 (e), 26.0 (o), 21.1 (o), 18.2 (o), 

13.0 (0). CIMS. (MH+) m/e452 (31), base 781 (100). 451 (2), 308 (26), 298 (2), 297 (7), 296 (16), , 253 
(12). 172 (3). HRMS (MH+I m/e calcd for C24HJ:NO,SiS 452.265. Found 452.265. 

6-(4-Methylphenylsulfonyl)amino-6-phenyl-l-triisopropylsilyl(oxy)-cyclohex-l-ene 

17. Synthesized in an analogous manner to 8 from 16 (456 mg, 1.379 mmol, 1.1 eq). The product was 

purified by flash chromatography over silica gel (eluent hexanes 9. ethyl acetate 1) to give a colorless solid 17 

(162 mg. 26%). M.p W-IOO’C (hexanes). IR (filmi 3392. 3364, 3058, 3028, 2943, 2922, 2893, 1668, 1599, 
1495, 1364 cmi. ‘H NMR (300 MHz, CDClj) 6 7.73 (21~. d. J = 8.2 Hz), 7.46 (2H, d, J = 8.2 Hz), 7.22- 

7.10 (SH, m). 5.35 (IH, x), 4.97 (lH, dd. J = 3.95. 3.7 Hi). 2.34 (3H, s). 2.27 (IH, dd, J = 12.6, 3.0 Hz). 
1.98-1.85 (3H. m). 1.3-1.0 (SH, m). 1.00-0.90 I IXH, ml. 13C NMR (75 MHz, APT, CDCI3) 6 148.5 (e), 

144.1 (e). 142.6 (e). 140.7 (ei. 129.3 (o), 127.7 (0). 127.3 (0). 127.1 (o), 126.8 (o), 104.4 (o), 65.0 (e), 33.8 

(e), 23.6 (eL 21.4 (01. 18.4 (e), 18.1 (o), 12.7 (0). CIMS (MH+) m/e 500 (lo), base 329 (loo), 501 (3), 499 
(2). 456 (23), 330 (31 I, 2X5 (2). 2X4 (5), 253 (3). HRMS (M+) m/e calcd for C28H4,N03SiS 499.258. Found 

499.251. Anal calcd [or C~,H,tNO3SiS, C. 67.29.: H. 8.27.; N. 2.80. Found C, 67.15.; H, 8.38.; N, 2.67%. 

5-(4-Methylphenylsulfonyl)amino--5-methyl-l-triisopropylsilyl(oxy)-cyclopent-l-ene 

19. Synthesized in an analogous manner to X from 18 (220 mg, 0.864 mmol, 1.1 eq). The product was 

purified by flash chromatography over silica gel (eluent hexanes 9, ethyl acetate 1) to give a colorless oil 19 (75 
mg. 23%). IH NMR (300 MHz, CDCI,) 6 7.75 (2H. d, J = X.2 HZ), 7.26 (2H, d, J = 8.2 Hz), 4.8 (IH, s), 

4.55 (1H. t. J = 2.3 Hz). 2.4 13H. s). 2.35-2.25 IIH, mj. 2.15-2.05 (2H, rn), 1.95-1.85 (1H. rn), 1.29 (3H, 
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s), 1.20-1.15 (3H. mj. 1.15-1.05 (18H. m). ‘%I NMR (75 MHz, CDCI,) 6 155.1, 142.6, 140.5, 129.3, 

126.7, 100.5, 66.2, 35.7, 25. I. 24.5, 21.4, 17.9, 12.3. SMIE (MH+ -43) m/e 380, base 284 (IOO), 285 (ZO), 
252 (8). 209 (32). HRMS (MH+) m/e calcd for C22H3,N03SiS 424.234. Found 424.231. 

5-(4-Methylphenylsulfonyl)amino-2-methyl-l-triisopropylsilyl(oxy)-cyclopent-l-ene 
21. Synthesized in an analogous manner to 8 from 20 (468 mg, 1.84 mmol, 1.1 eq), The product was purified 

by flash chromatography over silica gel (eluent hexanes 9. ethyl acetate 1) to give a colorless solid 21 (270 mg, 
38%). M.p 107.108°C (hexane). tH NMR (300 MHz. CDCI?) 6 7.4 (2H, d, J = 8.2 Hz), 7.28 (2H. d, J = 8.2 

Hz), 4.53 (IN, d, J = 6.1 Hz). 4.1 (IH, br), 2.42 (3H, SJ. 2.28-2.15 (IH, m), 2.10-1.95 (2H. m). 1.68-1.59 
(IH. m), 1.57 (3H, s), 1.05-0.85 (ZIH, m). liC NMR (75 MHz, CDC13) 6 144.1. 143.1, 138.1, 129.5, 

127.1. 117.7. 60.0. 30.Y. 28.5. 21.4. 17.8. 12.9. 12.6. CIMS (MH+) m/e 424 (6), base 253 (loo), 423 (2), 
380 ( l6), 284 (9), 200 (X). HRMS (MH+) m/e calcd for Cz2H3,NOjSiS 424.234. Found 424.23 I. Anal calcd 

for C22H37N03SiS. C. 62.38.: H. 8.81.; N, 3.31. Found C. 62.09.; H, 8.79.; N, 3.30%. 

6-(4-Methylphenylsulfonyl)imino-l-triisopropylsilyl~oxy)-cyclohex-l-ene 22. Selenium 

dioxide (30.6 mg, 0.275 mmol) was added to a solution of 8 (109 mg, 0.257 mmol) in aqueous dioxan (5 mL) 

at 25°C. The reaction temperature was brought to 50°C. After 3 hours. 3 spatulas of sodium sulfate were added, 

and 30 minutes later the mixture was filtered through a celite pad. The solvent was removed under reduced 

pressure and the product was purified hy flash chromatography over silica gel (hexanes/ethyl acetate 17/3) to 

give a colorless solid 22 (62 mg, 57%). M.p 89°C thexane). IR (film) 1620. 1583 cm-t. tH NMR (300 MHz, 
CDClj) 6 7.83 (2H. d. J = 8.25 Hz), 7.29 (2H, d, J = X.25 Hz). 6.15 (IH, t, J = 4.7 Hz), 3.23 (2H, t, J = 6.6 

Hz), 2.43 (3H. s), 2.42-2.30 (2H, m), I .Y5-1.85 (?H, m). 1.00-0.85 (21H, m). t3C NMR (75 MHz, CDC13) 
6 178.1. 147.9, 143.1. 138.7. 130.0. 128.3, 127.0, 32.5, 34.5, 2l.Y. 21.4, 17.7, 12.5. CIMS (MH+)m/e 

422, base 378 (100). 42 1. 266. 180, 152. HRMS (MH+) m/e calcd for C22Hj6N03SiS 422.219. Found 

422.216. 

6%Chloro-I-triisopropylsilyl(oxy)-cyclohex-1-ene 23. Tellurium powder (25 mg, 0.197 
mmol, 0.10 eq) and anhydrous chloramine-T ( 1.29 g. 5. I9 mmol , 2.2 eq) were added to a solution of 3 (500 

mg, 1 .Y6S mmol, 1.0 eq) m dlchloromethane (30 mL) at 25°C. The mixture was stirred under argon at 25°C for 

I6 hours. The reaction wa4 quenched with a saturated solution of sodium bicarbonate (30 mL) and filtered 

through a celite pad. The organic phase was separated, washed with an aqueous solution of ammonium chloride 

and dried over magnesmm sulfate. After filtration, the solvent was removed under reduced pressure. Hexane (20 

mL) was added to the crude reaction. The mixture was filtered, separating the insolublep-toluenesulfonamide, 

and the product was purified by flash chromatography over silica gel (hexanes/ethyl acetate 9/l) to give a 
colorless oil 23 (367 mg, 65%). IR (film) 2944. 2866. 1661, 1463 cm-t. tH NMR (300 MHz, CDCI,) 6 4.98 

(IH, dd, J = 4.75, 3.2 HI.). 4.49 (IH, t, J = 2.7 Hz). 2.20-1.95 (4H, m), 1.92-1.75 (1H m), 1.70-1.55 (lH, 
m). 1.22-1.06 (21H, m). I’C NMR (75 MHz, APT, CDCI,) 6 148.7 (e), 106.6 (o), 58.2 (0). 33.0 (e), 23.7 

(e), 17.9 (0). 17.0 (e). 11.6 (o). CIMS (M+) m/e 290 (37CI, 71, 288 (ISCI, 22), base 253 (100), 290 (4), 288 
(111, 287 (6), 254 (25). 247 !16), 745 (33). HRMS (M+) m/e calcd for CtsH,90Si3sCl 288.168. Found 

288.167. 
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6-(4-Methylphenylsulfonyl)imino-4-methyl-l-triisopropylsilyl(oxy)-cyclohex-l-ene 

24. Sulfonamide 13 (917 mg, 2.09 mmol) was dissolved in THF (8.0 mL) and Se02 (290 mg, 2.61 mmol) 

was added. The resulting heterogenous mixture was heated to reflux under argon for 4 h, at which time red 

residues had formed on the sides of the flask. Ether was added and the mixture filtered through a pad of Celite 

with added ethyl ether. After solvent removal, the residue was chromatographed on silica gel with 5% EtOAc in 

hexane as eluent to give sulfonimide 24 (739 mg. Xl%). IR (film) 2945, 2857, 1621, 1582, 1462 cm-t. lH 
NMR (CDCI3. 300 MHz) 6 0.82-1.18 (24H. m). 1.92-2.22 (2H, m), 2.37 (lH, d, J = 13 Hz), 2.42 (3H, s), 

2.57 (lH, dd. J = 1.2 Hz. J = I7 HT), 3.61 (IH, d, J = 17 Hz), 6.09 (lH, d, J = 4.6 Hz), 7.28 (2H, d, J = 
7.9 Hz), 7.82 (2H. d, J= 7.9 Hz). 13C NMR (CDC13, 75 MHz) S 12.5, 17.7, 20.7, 21.4, 29.5, 32.7, 40.3, 

127.1, 127.5, 128.9. 138.7. 143. I. 147.9, 176.0. HRMS Calcd for C23H37N03SSi M+ 435.226. Found m/e 

435.226. 

Cis-6-(4-Methylphenylsulfonyl)amino-4-methyl-l-triisopropylsilyl(oxy)-cyclohex-l- 

ene 25. Sulfonimide 24 (106 mg. 0.24 mmol) was dissolved in THF (7.0 mL) and cooled to -50°C under 

argon. Lithium aluminum hydride powder (14 mg. 0.36 mmol) was added and the mixture stirred at -50°C for 

3.5 h. Ethanol (7 mL) was added, followed by CH2Cl2, and the mixture transferred to a separatory funnel, 

where the organic phase was washed with water. The aqueous phase was back-extracted with CH2C12 and the 

combined organic phases dried (MgS04) and filtered. After solvent removal, the residue was chromatographed 

on a preparatory TLC plate (2 mm) and eluted with 15% EtOAc in hexane. This afforded sulfonamide 25 (84 
mg, 794). M.p. 1 IX-120°C (from Et,O). IR (CHCI~) 3339, 3023. 2950, 2870, 1668, 1458, 1399, 1353, 

1317, 1230. 1226. 1314. 1204. 1162. 1093, 1075. 1012. 883, 859 cm-t. tH NMR (CDC13, 300 MHz) 6 0.93 

(?H. d, J = 6.7 rI71, 0.95-1.10 (ZIH. m), 1.25-1.41 (IH, m). 1.55-1.74 (2H, m): 1.94-2.05 (IH, m), 2.22. 

2.30 (IH, m). 2.42 (3H. ). 3.67-3 76 (IH, m), 4.X4-4.90 (IH, m), 5.04 (lH, d, J = 2.0 Hz), 7.28 (2H, d, J 
= 8.0 Hz) 7.76 I’H. d J = X.0 Hz). t3C NMR ((‘DClj, 75 MHz) 6 12.6, 17.9, 21.37, 21.43. 27.54, 32.16, 

3958. S:i::iZ. &I. ,1-\ 2, 129.5, 137.0, 143.2. IJh.2. Anal calcd for C23H3yNOjSSi: C. 63.1 I.; H, 8.98.; 

N, 3.20. Found. C, 63.28.; tI, X.67.; N, 3.18%. 

Cis-6-(4-Methylphenylsulfonyl)amino-6-(trimethylsilylethyn)-4-methyl-l-triisopropyl 

silyl(oxy)-cyclohexene 26. To a solution of 13 (33.7 mg. 0.1 mmol) in THF (1 mL) at -78°C was added 

trimethylsilylethvnvl lithium (3.0 cq. I .5 M solution 111 THF). After O.Sh at -78°C the mixture was quenched . _ 
with saturated aqueous ammonium chloride solution and extracted with ethyl acetate (3 x 5 mL). The dried 

(Na$304) organic phase was evaporated in L‘UUW to give 26 (32 mg, 60%). M.p. I19-120°C (from Hexane). 

IR (CHCI;) 3354. 2869, 1671. 1464. 1389. 1316. 1251. 1314. 1159. 1093, 1005 and 845 cm-t. tH NMR 
(CDCl3, 300 MHr) S 0.00 (9H. \). 1.01-1.30 (24H, m). 1.31-2.07 (4H. m), 2.48-2.54 (4H, m), 4.85 (IH, d, 

J = 5 H7). 5.60 I 111. \). 7.32 (2H. d. J = 7.0 Hz). 7.83 (2H, d. J = 7.9 Hz). t3C NMR (CDC13, 75 MHz) 6 

146.83. 152.75. 13X.X1, 129.30. 127.72. I04 70. 103.20. X8.26. 5.5.96, 44.33, 32.05, 25.86, 21.52, 21.30, 

18.14, 1X.06. 12.60. -0.-$9. Anal calcd for C‘~~H~7NO~SSIZ: C. 62.99.; H, 8.87.; N, 2.62. Found. C, 63.06.: 
H. X.95.: N, 7.5O’;i. HRMS Calcd for C~,~HJ(,NOISi~S (M+ iPrl 390.227. Found m/e 490.227. 

2~-(4-Methylphenylsulfonyl)amino-4~-methyl-6~-(3-chlorohenzoyloxy)-cyclohex-l- 

one 28. To a solution of 13 (43.7 mg. 0. I mmol) In dlchloromethane (I .O mL) at 25°C was added m- 
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chloroperoxybenzoic acid ( 17.2 mg, 0.1 mmol), followed by NaHC03 (10 mg). The mixture was stirred at 

25°C for 3h at which point tic indicated that 13 had been consumed. The above suspension was directly 
chromatographed over silica gel eluting with ethyl acetate to give 27 (45 mg, 75%). IR (film) 3625.3333, 3029- 

2868, 1709-16X1, 1599, 1575, 1460, 1428 cm-j. tH NMR (CDCl3, 300 MHz) 6 0.90 (3H, d, J = 6.4 Hz), 

1.13-0.94 (ZlH, m). 1.73-1.59 (3H. m), 1.98-1.86 (2H, m) , 2.42 (3H, s), 3.33-3.31 (IH, m), 4.17 (IH, s), 

5.15 (1H. sj, 5.17 (IH. d, J = 7.6 Hz). 7.2X (2H. d. J = X.2 Hz), 7.46 (IH, t, J = 7.9 Hz), 7.58 (2H, d, J = 
8.4 Hzj, 7.72 (2H, d. J = X.2 Hz), 7.96 (1H. d. J = X.9 Hz), 8.04 (IH, s). 13C NMR (CDQ, 75 MHz) 6 

165.6, 143.6. 136.2. 134.7, 133.3. 131.4. 130.0, 129.6. 127.7, !27.3, 93.42, 57.63, 35.67, 21.39, 21.05, 

20.43, 18.09, 17.58. 12.74. 

A solution of 27 (45 mg) in tetrahydrofuran (0.5 mL) was treated with saturated aqueous NaHC03 

solution (0.5 mL). After Ih the mixture was extracted with dichloromethane (4 mL), dried (MgS04) and 

evaporated to give 28 (2X.9 mg. 95%j. M.p. 159.l62’C (from heptane). JR (film) 3276, 3026.2846, 1745, 
1721 and 1255 cm-l. tH NMR (CDCl3. 300 MHz) 6 1.33 (3H, d, J = 7.3 Hz), 2.81 (IH, ddd, J’s = 4.7, 13.1 

and 17.7 Hz), 3.10 (IH, ddd, J’s = 4.0, 12.0 and 17.8 HzQ.43 (3H, s), 2.50-2.22 (3H, m), 4.14 (lH,ddd, 

J’s=5.1,5.7and 12.1 Hzj,5.51 (lH,dd,J=6.7and l?.YHz).5.63(lH,d,J=5.1 Hz),7.31 (2H,d,J= 

X.1 Hz), 7.39 (IH, t. J = 7.X Hz), 7.55 (IH, d J = X.1 Hz). 7.81 (2H, d, J =X.2 Hz), 7.91 (lH, d, J = 7.9 
Hz), 8.00 (lH, s). t7C NMR (CDCl3, 75 MHz) 6 200.0. 164.0, 133.8, 136.5, 134.5, 133.4, 130.8, 129.9, 

129.X, 129.7. 127.9. 126.8, 73.31. 56.19. 42.10. 3X.67. 25.62, 21.50. 18.02. Anal calcd for 

C:tH2&INO$S: C, 57.86.: H. 5.09.; N. 3.21. Found. C. 57.86.; H. 5.02.: N, 3.19%. 

E-6-N,N’-[~4-Methylphenylsulfonyl)-(4-bromo-2-butene)]amino-4-methyl-l-triiso 

propylsilyl(oxy)-cyclohex-1-ene 29. At 0°C. in an oven-dried, three-necked, round-bottomed 50 mL 

flask. equipped with a thermometer, a magnetic sttrring bar and an argon inlet, sodium hydride (17 mg, 0.57 

mmol. I .25 eq, 80% suspension in mineral oil j and Em I .4-dibromo-2-butene (977 mg, 4.57 mmol, 10 eq) were 

added to a solution of 13 (200 mg, 0.46 mmol, 1 cqj in THF (20 mL). After 15 minutes, more sodium hydride 

(5 I mg. 1.7 I mmol, 3.75 eq, 80% in \trspension in mineral oilj was added. The solution was heated at reflux 

for one hour and then cooled to 25°C. The reaction was quenched with a saturated solution of ammonium 

chloride and the phases were separated. Ether was added to the organic phase, which was washed with an 
aqueous solution of sodium chloride (20 mL) and dried over sodium sulfate. After filtration, the solvent was 

removed under reduced pressure. The product was purified by flash chromatography over silica gel (eluent 

hexanes/ethyl acetate 9/l) to give a colorless oil 29 (255 mg, 9X%). 1R (film) 2946, 2925, 2892, 1662, 1598, 
1464 cm-t. tH NMR (300 MHz. ChDr,) 6 7.71 (2H. d, J = X.1 Hz). 7.25 (2H, d, J = 8.1 Hz), 5.X6-5.68 (2H, 

mj. 5.02 (IH, t, J = 3.85 Hz). 4.32-3.25 (IH. mj, 4.03-3X4 (3H. m), 3.71 (IH, dd, J = 16.6, 7.2 Hz), 2.40 

(3H. sl. 2.16 (IH. td, J = 4.8, 16.9 Hz). 2.05 (IH. td. J = 2.9. 13.6 Hz), 1.X7-1.80 (lH, m). 1.67-1.50 (2H, 
mj. 1.10-0.9.5 (24H. mj. tic NMR 175 MHz. APT. CnDh) 6 145.5 (ej, 142.6 (e), 138.0 (e), 133.9 (o), 129.3 

(01. 127.X (oj. 127.7 (oj. 108.5 (01, 56.X (o)? 46.3 (cr. 39.5 (e). 31.9 (e), 31.7 (e), 23.9 (0). 21.3 (o), 20.6 

(01. 18.0 (oj, 17.‘) (oj. IL.8 (0). CIMS (MH+j m/c 572 (17). base 267 (IOO), 570 (X), 526 (3), 490 (X), 416 

(IXj, 415 (12). 414 (Xl. 334 (4), 207 (6). 17.5 (4X). HRMS (M+j m/c calcd for C27H45NOjSiSBr 570.206. 

Found 570.207. 
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N-(4-Methylphenylsulfonyl)-6-Methyl-3-vinyl-l-aza-bicyclo[3.3.l]-nonan-9-one 30. 

At -60°C. in an oven-dried, three-necked, 50 mL flask, wrapped with aluminum foil, equipped with a 

thermometer, a magnetic stirring bar and an argon inlet, silver trifluoromethanesulfonate (I) (100 mg, 0.389 

mmol, I. I eq) was added to a solution of 29 (202 mg, 0.353 mmol, I eq) in dichloromethane. The temperature 

was slowly allowed to increase. After 30 minutes at 0°C the mixture was filtered through a celite pad. The 

solvent was removed under reduced pressure. The product was purified by flash chromatography over silica gel 
(eluent hexanes/ethyl acetate 4/l) to give a white solid 30 (23 mg, 20%). M.p 165168°C (hexanes). tH NMR 

(300 MHz, CeDh) 6 7.6 (2H, d, J = X.2 Hz), 6.7 (2H, d, J = 8.2 Hz), 5.20-5.05 (lH, m), 4.73 (lH, d, J = 

17.0 Hz), 4.68 (IH, d, J = IO.2 Hz), 3.98-3.94 (IH, m), 3.90-3.82 (IH, dd, J = 11.8, 5.45 Hz), 2.80-2.70 

(IH, mj, 2.58-2.48 (IH, m), 2.39-2.22 (IH. m) 1 2.18-2.1 I (2H. m), 1.82 (3H, s), 1.48-1.40 (lH, m), 1.33. 
1.24 (IH. m), 1.19-1.09 (1H. td, J = 13.0, 4.0 Hz), 0.60 (3H, d, J = 6.5 HZ). 13C NMR (75 MHz, APT, 

Cf,Dn) 6 20Y.I (c), 143.5 (e), 138.0 (o), 134.4 (e). 129.9 (o), 127.8 (o), 115.9 (e), 63.3 (o), 50.2 (o), 48.2 

(e), 44.X (ej, 44.5 (o), 42.X (ej? 22.6 (o), 2 1. I (0). 20. I (0). CIMS (MH+j m/e 334, base 334 (loo), 335 (7), 

180 (7), 178 (6). HRMS (M+j m/e calcd for CtxH23NO$ 333.140. Found 333.140. 

(5S)-(+~-5-Isopropenyl-2-methyI-l-triisopropylsilyl(oxy)-cyclohex-l-ene 31. 

Synthesized in an analogous manner to 8 from (+j-dihydrocarvone (I5 mL, 91.2 mmol, 1 eq). The crude 

product of the reaction was analyzed by t H NMR spectroscopy to determine a (88/12) ratio between the tetra- 

and trisubstituted isomers. The product is purified by flash chromatography over silica gel (eluent hexanes/ethyl 
acetate 4/l) to give a colorless oil 31 (24.10 g, 85%). bp 129.130 “C /0.6 mmHg. [a]*5, = +59.2 (c = 1.75, 

CHCI?j. IR (film) 2943. 2866, 1688. 1645. 1464 cm-j, lH NMR (300 MHz, CDCls) 6 4.72 (2H, m), 2.30. 

1.91 (5H. m). 1.74 (3H. sj. 1.80-1.70 (lH, m), I.63 (3H. s), 1.45-1.06 (2lH, m). t3C NMR (75 MHz, APT, 
CDCljj 6 149.4 (ej, 142.7 (e). 110.2 (e). 108.7 (e), 42.6 (oj, 35.7 (e), 30.4 (e), 27.9 (e), 20.8 (o), 18.1 (o), 

16.2 (0). 13.2 (0). CIMS (MN+) m/e 309, base 309 (100). 308 (43), 265 (14), 173 (23), 157 (ll), 153 (20), 

151 (31). HRMS (M+) m/e calcd for Cl9H3eOSi 308.254. Found 308.254. 

(5~S)-(+)-5-Isopropyl-2-methyl-l-triisopropylsilyl~oxy)-cyclohex-l-ene 32. To a solution 
of 31 (23.10 g, 77.5 mmol) in ethyl acetate (80 mL) was added a catalytic amount of rhodium adsorbed on 

alumina. The suspension was stirred vigorously under an hydrogen atmosphere for 48 hours. The mixture was 

filtered through a celite pad and the solvent removed under reduced pressure to give a colorless oil 32 (23.91 g, 

100%). No further purification is necessary. [a]Is~ = +60.2 (c = 1.07, CHCl3). IR (film) 2944, 2867, 1690, 
1464 cm-t.tH NMR (300 MHz, CDCl3) 6 2.10-1.80 (4H, m). 1.76-1.64 (IH, m), 1.61 (3H, s), 1.55-1.40 

(IH, Sept., J = 6.6 Hz), 1.42-1.25 (2H, m), 1.1XI.05 (2lH, mj, 0.89 (3H, d, J = 6.6 Hz), 0.88 (3H, d, J = 
6.6 Hz). t3C NMR (7.5 MHz, APT, CDCI3) 6 143. I (e), 110.3 (e), 41.8 (o), 34.2 (e), 32.3 (o), 30.6 (e), 26.5 

(e), 20.1 (o), 19.7 (o), 1X.1 (o), 16.2 (o), 13.2 (0). CIMS (MH+j m/e 311, base 311 (loo), 310 (67), 267 

(62), I69 (17), I53 (34). IS1 (IS). HRMS (M+) m/e calcd for CtgH3goSi 310.269. Found 310.269. 

~+)-(~R,6S)-5-Isupropyl-6-(4-methylphenylsulfonyl)amino-2-methyl-l-triisopropyl 

sily(oxy)-cyclohex-I-ene 33. At 0°C in a 500 mL flask, selenium powder (4.0 g, 50.66 mmol, 1 eq) and 

anhydrous chloramine-T (24.22 g, 106.4 mmol , 2.1 eq. dried over phosphorous pentoxide) were added to 100 

mL of dichloromethane. The mixture was heated at reflux for three hours. The suspension was cooled to 25°C. 



Trialkylsilyl enol ether chemistry 11103 

diluted with dichloromethanc (50 mL), and stirred for I6 hours at 25°C. To this white suspension, at 0°C was 
added the sllyl enol ether 32 ( IS.73 g, 50.66 mmol. I eq) in dichloromethane (25 mL). The mixture was stirred 
for 6 hours at 0°C. The reaction mixture was quenched with a saturated solution of sodium bicarbonate (60 mL). 

After one hour of stirring. the mixture was filtered through a celite pad. The organic phase was separated, 

washed with aqueous solutions of sodium bicarbonate ( IO0 mL). water ( 100 mL). sodium chloride (2 x 100 

mL) and dried over magnebium sulfate. After filtration, the solvent was removed under reduced pressure. 

Hexane (150 mL) was added to the residue. The crude mixture was filtered, separating the insoluble p- 

toluenesulfonamide. The solvent was removed under reduced pressure to give an oil (24.92 g) which contains a 

(2: I) mixture of a- and p-amino isomers 33/34 respectively. The a-amino isomer was recrystallized several 

times from hexanc to give 3.0 g of 33. The crude mixture was purified by flash chromatography over silica gel 
(hexanesiethyl acetate 4/l ) and recrystallized again to give 33 (2.46 g). The a-amino product 33 is thus 

obtained a\ a white solid (6.46 g. 77%). M.p 131°C’ (hexane). lal25t) = +69.6 (c = 1.96, CHC13). IR (film) 

3281. 2947, 2868. 16X3. I464 cm-l. 1 H NMR (300 MH/, CDCI3) 6 7.75 (2H, d, J = 8.1 Hz), 7.20 (2H, d, J 

= 8.1 Hz), 4.37 (IH. d. J = X.3 HI). 4.09 (IH. d. J = X.0 Hz, br). 2.38 (3H, s), 2.00-1.92 (2H, m), 1.7% 

1.70 (IH, m), I.53 (3H. \). 1.30-0.95 (24H. m). 0.93 t3H. d. J = 6.4 Hz), 0.77 (3H, d, J = 6.4 HZ). 13C 
NMR (75 MHz, APT, CDCl3) 6 143.5 (e), 142.2 (e). 140.0 (e). 129.0 (0). 126.5 (o), 114.2 (e), 55.7 (o), 

47.5 (0). 29.8 (e). 27.7 (o). 21.3 (0). 21.3 (0). 20.4 (o), 20.3 (e). 18.0 (o), 17.9 (o), 16.9 (o), 13.4 (0). 

CIMS (MH+) m/e 4X0. ba\e 309 (1001. 464. 336. HRMS (M+) m/e calcd for C2hHh5NO$iS 479.289. Found 

479.289. 

E-(5R.6S.~-S-Isopropyl-6-~~~,~~‘-(4-methylpheny~sulfonyl~-(4-bromo-2-butene)] 
amino-2-metbyl-l-triisopropylsilyl(oxy)-cyclobex-l-ene 35. At 0°C. in a three-necked, round- 

bottomed 100 mL flask. equipped with a thermometer. a magnetic stirring bar and an argon inlet, sodium 

hydride (510 mg. 16.X mmol. I.25 eq. 80’% suspension in mineral oil) and E-l,4-dibromo-2-butene (3.17 g, 
14.8 I mmol. I. IO eq I were added to a solution of 33 (6.46 g, 13.46 mmol, I eq) in anhydrous DMF (70 mL). 

After 30 minutes of \tirrin g at 25°C. the reaction was quenched with a saturated solution of ammonium chloride 

and the phases were \cparated. Ether- (100 ml.) was added to the organic phase, which was washed with 

aqueous solutions of sodium chloride (2 x 60 mL). The aqueous phase was extracted several times with ether. 

The organic phases ucre combined and dried over sodium sulfate. After filtration, the solvent was removed 

under reduced pressure. The product w;i\ purified by flash chromatography over silica gel (hexanes/ethyl acetate 
4/l) to give a colorless oil 35 (7.23 g, 88%). l3C NMR (75 MHz, APT, CDC13) 6 142.7 (e), 141.0 (e), 138.2 

(e), 133.7 (0). 129.1 to). 12X.1 (0). 126.4 (0). 117.7 te). 56.5 (0). 47.7 (0). 47.0 (e), 32.1 (e). 30.0 (e), 27.7 

(0). 32.8 (01, 21.4 to). 20.0 to), 19.4 ce), 18.1 (01, IX.0 (o), 17.3 (o), 13.8 (0). CIMS (MH+) m/e 613 (5) 

base 309 (100). 570 (5). 532 (21). 3X0 (5). 436 (8). 349 (121. 335 (16). 281 (27), 265 (30). 227 (I I), 175 

(71). HRMS (M+) de calcd for C~r)tIsnNO~SiSBr 61?.233. Found 613.246. 

azabicyclo [3.3.11-nonan-P-one 36. At 25°C. in a round-bottomed 100 mL flask, wrapped with 

aluminum foil, silver tritluoromethanesulfonate (3.34 g. 12.99 mmol, I. I eq) was added to a solution of 35 

(7.235 g. I I.81 mmol. I eq) in nitromethane (20 mL). After 30 minutes of stirring, the mixture was filtered 

through a celite pad. Ether and an aqueous solution of sodium chloride were added to the crude reaction mixture. 
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The phases were separated and the aqueous phase was extracted several times with ether. The organic phases 

were combined and dried over magnesium sulfate. After filtration, the solvent was removed under reduced 

pressure to give an oil. The product was purified by flash chromatography over silica gel (hexanes/ethyl acetate 
4/l) to give a white solid 36 (2.261 g, 5 I %). M.p 107°C (hexane). [a]25~ = + 38 (c = 2.68, dichloromethane). 

IR (CHC13) 3019, 2960, 2932. 2872. 1721, 1598, 1493 cm-t. 1H NMR (300 MHz, C6D6) 6 7.73 (2H, d, J = 

8.2 Hz), 6.76 (2H. d. J = 8.2 Hz), 5.3X3.18 (IH, m), 4.86 (IH, dd, J = 10.3, 1.3 Hz), 4.73 (lH, d, J = 2.6 

Hz), 4.66 (lH, d, J = 17 Hzj. 3.73 (IH, dd. J = 15.7, 7.25 Hz). 3.48 (lH, dd, J = 15.7, 12.5 Hz), 1.88-1.67 

(2H, m), 1.82 (3H. s). 1.66 (lH, dd, J = 13.9, 4.95 Hz). 1.42-1.20 (3H, m), 1.13 (3H, d, J = 6.5 Hz), 1.25- 
0.95 (IH, m), 0.78 (3H. d. J = 6.8 Hz), 0.68 (3H, s). t3C NMR (75 MHz, APT, C6Dg) 6 210.6 (e), 143.3 

(e), 137.8 (e). 133.3 (0). 129.8 (o), 127.9 (o), I1Y.I (e), 62.1 (o), 52.0 (o), 50.6 (o), 47.2 (e), 47.0 (e), 35.3 

(e). 29.5 Co), 25.5 ce), 2 1 .O (o), 2 I .O (o), 20.9 (0). 20.6 (0). CIMS (MH+) m/e 376, base 376 (loo), 361 (23), 

360 (97). 347 ( 100). 336 (26), 292 (32). 263 (72). 262 (100) 249 (21), 222 (71). HRMS (M+) m/e calcd for 
QtH29NO?S 375.187. Found 375.187. Anal calcd for C,,H2,NO,S C, 67.17.; H, 7.78.; N, 3.73. Found C, 

67.09.; H, 7.74.; N. 3.37%. 

2-Triisopropylsilyl(oxy)-3,4-dihydronaphthalene 37. B.p. 152°C at OSmm. IR (film) 1640, 
1580 cm-t. tH NMR (CDC13, 300 MHz) 6 6.81-6.75 (2H, m). 6.70 (lH, d, J = 6.3 Hz), 6.60 (lH, d, J = 6.3 

Hz), 5.56 (IH, s). 3.09 (2H, t, J = 7.2 Hz), 2.66 (2H, t. J = 7.2 Hz), 1.70-1.56 (3H, m), 1.56-1.46 
(lSH,mj. HRMS (M+I calcd for Ct9HJ(jOSi 302.206. Found 302.206. 

2-‘~riisopropylsilyI(oxy)-3-(4-methylphenylsulfonyl)amino-3,4-dihydro naphthalene 

38. Selenium powder (398 mg, 5.02 mmol) and anhydrous chloramine-T (2.40 g, 10.55 mmol) were stirred in 
CHzC12 (25 mL) at room temperature under argon for 2 days. The silyl enol ether 37 (1.65 g, 5.49 mmol) in 

dry CHzCl2 (5 mL I was added at 0°C. After 40 h, NaOH (50 mL, 0.1 M) was added and the mixture was stirred 

for 30 min. filtered through celite and washed with CH2C12. The aqueous layer was extracted with CH$& (2 x 

100 mL) and the combined organic extracts were dried (NazS04). evaporated, and purified by column 

chromatography o\er silica gel (100 g) eluting with hexane/ethyl acetate (5: I) to give the sulphonamide 38 (1.83 
g, 71%) as cubes after recrystallization from CHzCl$hexane. M.p. 93-94°C. IR (CHC13) 3685, 3615, 1520 

cm-t. tH NMR (300MHr., CDCI3) 6 7.71 (ZH, d, J = 8.2 Hz), 7.24 (2H, d, J = 8.2 Hz), 7.13-7.07 (2H, m), 

7.00 (IH. d, J = 7 4 HLI, 6.88 (IH. d, J = 7.4 Hz), 5.66 (IH, s), 4.78 (IH, d, J = 6.7 Hz), 3.90 (lH, q, J = 

6.0 Hz), 3.09 (1H. dd, J = 16.0, 5.7 Hz), 2.96 (IH, dd, J = 16.0, 5.7 Hz), 2.38 (3H, s), 1.19-0.97 (21H, 
m). t3C NMR (7SMHz. CDCI1) 6 151.73, 143.26, 137.66, 133.71, 129.57, 128.90, 128.33, 127.10, 

127.02, 125.55, 174.94. 106.36, 52.55, 36.66, 21.45, 17.86, 12.50. HRMS (EI) calcd for C26H37N03SSi 

471.2263. Found 471.2278. Anal calcd for C2eH37NO$Si, C, 66.20.; H, 7.91.; N, 2.97. Found C, 66.16.; 
H. 7.92.: N, 3.01%. 

2-Triisopropylsilyl(oxy)-3-[N,N’-(4-methylphenylsulfonyl)-(2-bromoethyl)] amino- 

3,4-dihydro naphthalene 39. The sulphonamide 38 (1.90 g, 4.03 mmol) in dry THF (15 mL) was added 

to sodium hydride (369 mg, 12.3 mmol) suspended in THF (20 mL) under argon at room temperature. After 1 

h, l&dibromoethane (7.0 mL, 80.7 mmol) was added. and the mixture was heated under reflux for 20 h. 
Saturated aqueous sodium bicarbonate (120 mL) was added and the mixture was extracted with CH2C12 (3 x 80 
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mL). The combmed organic extracts were dried (Na$04) and evaporated under reduced pressure. The residue 

was purified by column chromatography over silica gel (200 g) eluting with hexane/ethyl acetate (10: 1) to give 
the bromide 39 (1.Y6 p. 84%) as cubes after recrystallization from CH$lzlhexane. M.p. 102-103°C. IR 

(CHCf3) 1635. 1600. IS70 cm-t. )H NMR t300MHz, CDCI?) 6 7.71 (2H, d, J = 8.2 Hz), 7.25 (2H, d, J = 

8.2 Hz). 7.21-6.92 (AH. ml. 5.03 (IH. s). 4.47 (IH. dd. J = 7.4, 2.4 Hz). 3.27-3.15 (4H, m), 3.02 (lH, dd, 
J = 17.1, 2.3 H7). 2.74-2.68 (IH. m), 2.39 c3H. s). 1.15-O.Y3 (2lH, m). HRMS (EI) calcd for 
C2xHl()BrNO.?SSi 577.168. Found 577.167. 

2-Triisopropyfsifyl(oxy)-3-]~~,~~’-(4-methyfphenyfsuffonyl)-(2-phenylthioethyf)] 

amino-3,4-dihydro naphthafene 40. Thiophenol t I .6 mL 15.6 mmol) was added to sodium hydride (280 

mg, 9.34 mmof) suspended in THF (20 mL) under argon at room temperature. After 30 min. the bromide 39 

(I .X0 g. 3.1 I mmol) in THF (30 mL) was added, and the mixture was heated under reflux for 1 h. Saturated 
aqueous sodium bicarbonate ( 100 nd~ was added and the mixture was extracted with CH$& (3 x 100 mL). 

The combined organic extmcts were drted (Na2S04), evaporated, and purified by cofumn chromatography over 

Glica gel ( 170 g) eluting with hexane/ethyl acetate ( 10: I) to give the sulphide 40 (1.83 g, 97%) as cubes after 
recrystallization from CHCl~ihexane. M.p. 9596°C. IR (CHClj) 1635, 159.5, 1570 cm-t. fH NMR (300MHz, 

CDCfx) 6 7.65 (2H. d. J = X.3 Hz), 7.21-7.00 (IOH. m). 6.83 (fH, d, J = 7.3 Hz), 5.82 (lH, s). 4.52 (lH, 

dd, J = 7.7. 2.2 Hz,. 3.20 tlH, dd, J = 17.3, 7.7 Hz). 3.08-2.89 (4H, m), 2.48-2.35 (lH, m). 2.36 (3H, s): 

I. 17-0.96 (7 IH. m). HRMS t EI) calcd for CIJH~~NO~S~SI 607.261. Found 607.257. 

N-(4-methylphenyfsuffonyf)-5,6-henzo-3~-phenyfthio-l-aza-hicyclo[3.3.lJ-nonan-9- 

one 44. ill-Chforopcroxybenroic acid (525 mg , 2.58 mmol) in CHZC12 (I 2 mL) was added to the sulphide 40 
(1.50 u cr 2.47 mmof) m Cfi$l~ (75 mL) under argon a~ -78°C. After 20 min. saturated aqueous sodium sulfite 

(200 mL) and saturated aqueous sodium bicarbonate ( IO0 mL) were added. and the mixture was extracted with 
CH2Cl2 (3 x 100 ml.). The combined extracts were dried (Na?SO,), evaporated, and purified by column 

chromatography on ~ltca gel ( 150 g) elutmg with hexane/ethyl acetate (4: 1) to give the sufphoxides 41 (1.47 g, 
95%). Trifluoroacettc vnhydride (54 ftl, 0.38 mmol) was added to the sulphoxides (1 19 mg, 0.19 mmof) and 

2,6-di-ferr-hutyl-4-methylpyrtdme (47~1. 0.21 mmol) tn CH?Cf? (3.5 ml) under argon at 0°C. After 10 min. the 

mixture was allowed to warm to room temperature. Alter 20 min. chlorobenzene (3.5 mL) was added and the 

mixture was heated to 130°C. After 35 min. the \ofvent was evaporated under reduced pressure and the residue 

was purified by column chromatography over silica gel ( 17 g) efuting with hexane/ethyl acetate (5: 1) to give the 
benzomorphanone 44 (43 mg, 50%) a:, needles after recrystallization from CH$&/hexane. M.p. 140-141°C. 

fR (CHCfj) 1740, I5Y5. 1580 cm ’ ‘H NMR (3OOMHz, CDCI3) 6 7.73 (2H, d, J = 8.2 Hz), 7.33-7.04 

(lOH.m).6.79(lH.d, J =7.l Hz). 4.51 (IH.d,J=6.1 Hz).3.59-3,39(6H,m),2,40(3H,s). t3C NMR 
(7SMHz. CDC13) 6 202.50. 143.YY. 136.27. 135.88, 134.07, 133.30. 132.56, 129.73, 129.32, 128.54, 

128.25, 178.15. IX.04. 127.72. 177.46, 59.3Y. 53.70. 53.48. 41.52. 37.87, 21.61. HRMS (EI) calcd for 

C?~H:~NOJS~ 44Y. I 12. Found 44Y. I 13. Anal calcd fat- CzsH23NO 3s~. C, 66.79.; H, 5.16.; N, 3.12. Found 

C. 66.77.: fi, 5.23.; N. .I I I’;. 

N-.~~ethyf-~,6-henzo-l-aza-hicyclo[3.3.1]-nonan-9-one 45. Sodium metal (250 mg) was 

added to the sulphonamrdc 44 t 147 mg) in THF (3 mL) and liquid ammonia (5 mL) at -78°C under argon. After 
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30 min. methyl iodide (0.5 mL) was added to quench the reaction. The ammonia was allowed to evaporate, and 
saturated aqueous sodium bicarbonate (20 mL) was added. The mixture was extracted with CH.$I, (3 x 20 mL) 

and the combined organic extracts were dried (Na2S04), evaporated, and purified by column chromatography 

over silica gel (3 g) eluting with hexane/ethyl acetate/IO% ammonium hydroxide in ethanol (2:2: 1) to give the 
benzomorphanone 45 (39 mg, 60%) as an oil. IR (film) 1730 cm-t. tH NMR (300MHz, CDC13) 6 7.18-7.07 

(3H, m), 6.96-6.90 (lH, m), 3.52 (IH, d, J = 18.3 Hz), 3.48 (IH, bs), 3.25 (lH, d, J = 6.3 Hz), 3.09 (lH, 

dd, J = 18.3, 6.3 Hz). 2.80-2.71 (IH, m) , 2.53-2.33 (2H, m), 2.42 (3H, s), 1.84-1.78 (lH, m). t3C NMR 

(75MHz. CDClj) 6 210.76. 137.72. 135.20, 128.30. 127.08, 127.02, 126.90, 66.46, 50.20, 44.28, 41.91, 

35.63, 31.74. HRMS (EI) calcd for Ct~HtgN0 201.1 15. Found 201.114. 

l-Allyl-2-triisopropylsilyl(oxy)-3,4-dihydronaphthalene 46. Potassium hexamethyldisilazide 
(20 mL, 27.4 mmol) was added to I-allyl-p-tetralone (4.64 g, 24.95 mmol) in THF (120 mL) under argon at 

0°C. After 30 min triisopropylsilyl chloride (6. I mL, 28.7 mmol) was added. After 1 h, the mixture was poured 

onto brine ( I50 mL) and was extracted with ether (3 x 100 mL). The combined organic extracts were dried 

(NazSO,), evaporated, and purified by column chromatography over silica gel (140 g) eluting with hexane to 

give the silyl enol ether 46 (8.3 g, 97%) as an oil. IR (film) 1635, 1600, 1570 cm-t. tH NMR (300MHz, 
CDC13) 6 7.26-6.92 (4H, m), 5.90-5.77 (IH, m), 5.03 (IH. dd, J = 17.2, I.8 Hz), 3.28 (2H, d, J = 5.6 Hz), 

2.82 (2H, t, J = 7.9 Hz), 2.40 (2H. t, J = 7.9 Hz), 1.28-0.96 (ZIH, m). t3C NMR (75MHz, CDC13) 6 

150.38. 136.71, 132.76, 126.70. 126.29, 124.14, 122.43, 114.74, 112.47, 29.43, 29.37. 29.23, 18.06, 

13.36. HRMS (CI) calcd for C22H340Si 342.238. Found 342.238. 

l-Allyl-2-triisopropylsilyl(oxy)-3-(4-methylphenylsulfonyl)amino-3,4-dihydro 

naphthalene 47. Selenmm powder (1.83 g, 23.1 I mmol) and anhydrous chloramine-T (10.78 g, 47.38 
mmol) were stirred in CH+& (100 mL) at room temperature under argon for 6 days. The silyl enol ether 46 

(8.3 g, 24.27 mmol) in dry CH$& (40 mL) was added. After 2 h, NaOH (250 mL, O.lM) was added and the 

mixture was stirred for 90 min. then was filtered through celite and was washed with CH,CI,. The aqueous 

layer was extracted with CH,Cl, (2 x 100 mL) and the combined organic extracts were dried (Na$Oa), 

evaporated, and purified by column chromatography over silica gel (350 g) eluting with hexane/ethyl acetate 
(IO: 1) to give the sulphonamide 47 (7.34 g, 59%) as cubes after recrystallization from CH&l$hexane. M.p. 

83.84°C. IR (CHCI3) 3305, 3260. 1630. 1600, 1355. I I55 cm-t. tH NMR (3OOMHz, CDC13) 6 7.60 (2H, d, 

J = 8.2 Hz), 7.23 (2H, d. J = 8.2 Hz), 7.17-7.10 (2H. m), 6.92 (IH, td, J = 7.1, 1.7 Hz), 6.52 (lH, d, J = 

7.4 Hz), 5.82-5.71 (IH, m). 5.03-4.95 (2H. m), 4.42 (IH, d, J = 8.2 Hz), 4.08-4.03 (IH, m). 3.28 (lH, dd, 

J = 15.8, 5.4 Hz). 3.18 (IH, dd, J = 15.8, 6.1 Hz), 2.79 (IH, dd, J = 16.0, 6.1 Hz), 2.65 (lH, dd, J = 16.0, 
3.9 Hz), 2.41 (3H. s), 1.27-1.00 (?lH, m). t3C NMR (75MHz, CDCl3) 6 148.19, 143.25, 139.09, 135.56, 

134.64, 129.58, 128.7Y, 328.47, 126.94. 125.29. 123.22, 116.44, 115.64, 53.18, 35.01, 29.54, 21.54, 

18.08, 13.44. HRMS (Cl) calcd for C29H.ttNO$Si 5 11.258. Found 5 11.258. Anal calcd for C29H4tN03SSi. 

C, 68.06.: H, 8.08.; N, 2.74. Found C, 68.03.; H, X.01.: N, 2.73%. 

l-Allyl-2-triisopropyIsilyl(oxy)-3-[~,N’-(4-methylphenylsulfonyl)-(2-bromoethyl)] 

amino-3,4-dihydro naphthalene 48. The sulphonamide 48 (5.90 g, 11.5 mmol) in dry THF (40 mL) was 

added to sodium hydride ( I .38 g. 46.2 mmol) suspended in THF (60 mL) under argon at room temperature. 
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After 1 h, 1,Zdibromoethane (14.Y mL, 173 mmol) was added and the mixture was heated under reflux for 20 
h. Saturated aqueous sodium bicarbonate (300 mL) was added and the mixture was extracted with CH&I, (3 x 
150 mL). The combined organic extracts were dried (NaZS04), evaporated, and purified by column 

chromatography over silica gel (400 g) eluting with hexane/ethyl acetate (I 5: 1) to give the bromide 48 (6.18 g, 

87%) as cubes after recrystallization from CH$Zl?/hexane. M.p. 110-l 11°C. IR (film) 1620, 1600, 1570 cm-t. 

‘H NMR (300MH/. CDClj) 6 7.70 (2H. d, J = 8.2 Hz). 7.29 t2H, d. J = 8.2 Hz), 7.24 (lH, d, J = 7.7 Hz), 

7.13 (IH, t, J = 7.6 Hz). 6.Y6 (IH. td, J = 7.4. 1.0 Hz). 6.67 (IH, d. J = 7.4 Hz), 5.x9-5.76 (lH, m), 5.12 

(IH. dd. J = 16.9, I.6 Hz). 5.07 (IH, dd, J = 9.6, 1.6 Hz). 4.63 (IH. d, J = 5.0 Hz), 3.50-3.42 (IH, m), 

3.27-3.07 (4H, m), 3.01-2.78 (3H. m) . 2.42 (3H, s), 1.34-1.19 (3H, m), 1.13-1.07 (18H. m). t3C NMR 
(75MHz, CDCI3) 6 145.37. 143.57. 138.05, 135.43, 134.38. 129.80, 127.35, 127.24, 127.09, 126.02, 

123.53. 121.03, 116.55, 55.34. 46.81. 34.93, 30.32. 2Y.65. 21.56, 18.14, 13.65. HRMS (CI) calcd for 

C3tH4dBrN03SSi 619.197. Found 61Y.199. 

l-Allyl-2-triisopropylsilyl(oxy)-3-[N,N’-(4-methylphenylsulfonyl)-(2-phenylthio 

ethyl)]amino-3,4-dihydro naphthalene 49. Thiophenol (5.0 mL, 48.5 mmol) was added to sodium 

hydride (890 mg, 295 mmol) suspended in THF (HO mL) under argon at room temperature. After I h the 
bromide 48 (6.04 g. 9.7 mmol) in THF (40 mL) wa\ added and the mixture was heated under reflux for 3 h. 

Saturated aqueous sodium bicarbonate (200 mL) was added and the mixture was extracted with CH2C12 (4 x 

100 mL). The combined organic extracts were dried (Na2SOd). evaporated, and purified by column 

chromatography ovzer silica gel (300 g) eluting with hexaneiethyl acetate (15: 1) to give the sulphide 49 (5.47 g, 
86%) as cubes after recrystallization from CH?Cl$hcxane. M.p. 94.95°C. IR (CHCl3) 1625, 1600. 1580, 1570 

cm-t. tH NMR (3OOMHz. CDCI?) 6 7.58 (2H. ct. J = 8.2 Hz), 7.21-7.08 (9H, m), 6.93 (IH, td, J = 7.2, 1.2 

Hz). 6.66 (IH, d, J = 7.2 Hz). 5X-5.71 (IH, m), 5.06 (IH. dd, J = 15.7, 1.5 Hz), 5.02 (IH, dd J = 10.3, 
1.5 Hz), 4.67 (IH. d. J = 5.4 Hz). 3.7X-3.24 (2H. ml. 3.0X-2.65 (6H. m). 2.38 (3H, s). 1.36-1.0X (21H. m). 

HRMS (El) calcd for CJ~HJYNO$:S~ 647.292. Found h47.292. 

N-(4-methylphenylsulfonyl)-4-allyl-5,6-benzo-3~-phenylthio-l-aza-bicyclo[3.3.l]- 

nonan-9-one 53p. m-Chloroperoxybenzoic acid ( I .69 g. 8.35 mmol) in CH;?Clz (50 mL) was added to the 

sulphide 49 (5.30 g. 8. IY mmol) in C’H,C12 (200 mL) under argon at -78°C. After 20 min. sodium sulfite (250 

mL) and saturated aqueous sodium bicarbonate (700 rnL~ were added and the mixture was extracted with 
CH*CI, (3 x 1.50 ~LJ. The combined extracts were dried (NazSOa), evaporated, and purified by column 

chromatography on silica gel (300 g) cluting with hexane/ethyl acetate (5: I) to give the sulphoxides 50 (5.40 g, 

99%). Trifluoroacetic anhydridc (3.5 mL. 32 mmol) was added to the sulphoxides 50 (5.3 g. 8.0 mmol) and 
2,6-di-r~rt-butyl-4-n~eth!~lpyrid~nc (3.26 g. 16.0 mmol) in CH,CI, (IO0 mL) under argon at 4°C. After 10 min 

the mixture was allowed to warm to room temperature. After 45 min chlorobenzene (75 mL) was added and the 

mixture waj heated to 130°C. Alter 40 min the solvent was evaporated under reduced pressure and the residue 

was purified by column chromatography over silica gel (300 g) elutmg with hexane/ethyl acetate (5: 1) to give the 

benzomorphanones j3n and 53p (3. I g. 79% ) as a I .7: I mixture of diastereomers, both as needles after 
recrystallization from C’H-Cll/hexane. Less polur (minor) pr,dwt. M.p. 148.149’C. IR (CHCI3) 1730, 1600 

cmt. ‘H NMR (300MHz. CDClj) 6 7.37 t2H. d. J = 8.2 Hz). 7.30-7.09 (8H, m), 7.14 (2H, d, J = 8.2 Hz), 

6.89 (IH. j). 5.34-5.2-t (1H. m), 5.13 (IH, dd. J = 16.8. I.5 H7). 4.89 (IH, d, J = 10.0 Hz). 4.65 (lH, d, J 
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= 6.6 HZ), 3.82 (IH, dd, J = 15.0. 4.9 Hz), 3.59 (IH, dd, J = 18.4, 6.7 Hz), 3.45-3.29 (2H, m). 2.91-2.78 

(3H, m), 2.40 (3H, s).HRMS (El) calcd for C2sH27N03Sz 489.143. Found 489.141. Anal calcd for 

C~H27N03S2, C. 68.68.; H. 556.: N, 2.86. Found: C, 68.52.; H, 5.63.; N, 2.81%. 
More polar (rngjor) product. M.p. 153.154’C. IR (CHCl3) 1735, 1600 cm-l. tH NMR (3OOMHz, CDC13) 6 

7.69 (2H, d, J = 8.3 Hz), 7.22-7.01 (I IH, m). 5.39-5.35 (IH, m), 5.03 (lH, d, J = 17.0 Hz), 4.89 (lH, d, J 

= 10.2 Hz), 4.56 (IH. br s). 3.53-3.37 (6H, m) , 2.49 (IH, dd, J = 15.2, 8.2 Hz), 2.39 (3H, s). ‘3C NMR 
(75MHz, CDCl3) 6 203.65. 143.81. 138.00, 136.57. 134.67, 134.46, 133.81, 132.58, 129.60, 129.22, 

128.48, 127.77, 127.50, 127.42. 118.04, 60.85. 59.92. 55.65. 44.51, 38.36, 35.80, 21.59. HRMS (EI) 

calcd for C28H27NO& 489.143. Found 489.344. 

N-Methyl-4-all~l-5,6-benzo-l-aza-bicyclo~3.3.1]-nonan-9-one 54. Sodium metal (4 g) was 
added to the sulphonamides 53c*/@ (2.9 g) in THF (50 mL) and liquid ammonia (100 mL) at -78°C under argon. 

After 3 h. methyl iodide (20 mL) was added to quench the reaction. The ammonia was allowed to evaporate and 
saturated aqueous sodium bicarbonate (200 mL) was added. The mixture was extracted with CH2C12 (3 x 120 

mL) and the combined organic extracts were dried (Na2S04), evaporated, and purified by column 

chromatography over silica gel (60 g) elutmg with hexane/ethyl acetate (2: I) to give the benzomorphanone (818 
mg, 57%) as cubes after recrystallization from CH$&/hexane. M.p. 76-77”ClR (film) 1730, 1635 cm-l. lH 

NMR (300MHz, CDClj) 6 7.19-7.09 (4H. m), 5.78-5.70 (lH, m), 5.08 (lH, dd, J = 17.1, 1.5 Hz), 4.97 

(IH, d, J = 10.0 Hz). 3.48 (IH, d, J = 18.2 Hz), 3.32 (IH, d, J = 6.0 Hz), 3.11 (lH, dd, J = 18.2, 5.9 Hz), 

2.85 (IH, dd, J = 14.8, 6.0 Hz) , 2.65-2.57 (2H. m), 2.51-2.44 (IH, m), 2.42 (3H, s), 2.26 (lH, td, J = 
12.8. 4.7 Hz), 1.60 (IH, d, J = 13.0 Hz). ‘3C NMR (75MHz, CDC13) 6 210.76, 139.57, 135.66, 135.04, 

127.34, 126.89. 136.75. 126.32. 117.51, 66.57. 51.46. 46.22, 42.04, 41.71, 37.35, 32.22. 29.69. HRMS 

(El) calcd for Ct6Ht~N0 241.147. Found 241.147. Anal calcd for Ct6Ht9NG, C, 79.63.; H, 7.94.; N, 5.80. 

Found: C. 79.70.; H, 7.97.; N, 5.86%. 
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