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Abstract Thermolysts reactwns of the exo (dtstal) and endo (proxtmal) tsomers of 7-vtnyL6b,7&8a- 

tetrahydrocyclobut[a]acenaphthylen-7-01 (la and lb) have been studred. both tn rejltuutg~lene and tn a packed 

pyrolysts column These eptmers were prepared from the correspondtng cyclobutanone (3) An o.q-Cope 

rearrangement of lb was not observed w&r any cot&tons Both eptmers gave the same thermolysrs products, a 

fused cyclohexanone denvattve 15 (a formal [13] slufi product) and vtnyl ketone I6 (a retro-ene product) At 

temperatures above 250 “c some acenaphthylene was also obtatned The antontc oxy-Cope vanant gave only 15 A 

common dtradtcal tntermeaiate ts proposedfor the thermal reactwns 

Thermal [3,3] s:gmatroptc (Cope) rearrangements of m-1,2-dlalkenylcyclobutanes provtde a useful 

route to 1,5cyclocctienes 1.2 The correspondmg trans isomers cannot undergo an eqmvalent pencyclic 

reacnon, but react by a combmatton of a formal [1,3] s:gmatroprc shaft to 4-alkenyl-1-cyclohexenes, and 

eptmenzatron to the crs isomer 23 A short-hved btsallyhc dnadrcal IS a plausible mtermedtate m the reactions of 

the trans tsomer and rehef of four-membered nng suam facrhtates the reacttons of both isomers 

The oxy-Cope modtficatton, employmg CIS-l,2-dralkenylcyclobutanols, leads to a range of 4-cycloocten- 

l-ones, generated by tautomenzanon of the nnnally formed cyclooctadtenols 4.6 These reacnons are accelerated 

substannally by formahon of the substrate oxyamon,5 and have provided an elegant approach to the synthesis of 

natural products mcorporatmg eight-membered carbocychc MgS 7 Rearrangements of trans- (or drstal) 1,2- 

dralkenylcyclobutanols are more vaned, proceeding m some cases to 4alkenylcyclohexanones by a [ 1,3] 

shtft,a.s m other mstances to ring-opened denones by a retro-ene (or P-hydroxyolefin cleavage) reacnon,4h6,9 

and even to cyclooctenones by a formal [3,3] stgmatroptc process 6 

Based on these facts and pnncrples, we began a study of thermolysrs reacttons of the exo (distal) and 

endo (proximal) tsomers of 7-vlnyl-6b,7,8,8a-tetrahydrocyclobut[a]acenaphthylen-7-o1 (la and lb) Molecular 

mechamcs exammatron of the vinyl rotamers of lb (the proxrmal Isomer) led us to conclude that an oxy-Cope 

rearrangement was plausible 10 Such a rearrangement would lead to the novel bndged acenaphthene 2, 

followmg ketomzanon of the mmally formed enol The unusual confomrattonal mterconversrons and 

transannular reactions we anacrpated for 2 provided addrhonal mcenhve for our study The &stal isomer la 

should not undergo an oxy-Cope rearrangement unless rt expenences pnor eptmenzatton to lb 
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Synthesis of la and lb, and other compounds used m this project. proceeded from 6b,7,8,8a- 

tetrahydrocyclobut[a]acenaphthylen-7-one, 3,1*b prepared f?om acenaphthylene m two steps la The cls-fused 

four-membered rmg 1113 causes the strucm to fold m such a way that the convex (exo) side of the carbonyl 

groups 1s less hmden=d than its concave (endo) face Addmon of organometalhc reagents occurs predommantly 

from the convex side Thus, xeacnon of 3 with vmyl magnesmm bronude gave la, but no detectable lb 

Our efforts to prepare epnner lb were based on the expectation that an exocychc double bond, denved 

from ketone 3, would be epoxldzed predommautly hm the convex face. Rep;loselectwe E2 opemng of such 

an epoxlde would then yield the desired endo-vmyl epuner. Thus, ethyhdenemphenylphosphoraue reacted with 

3 to gwe a modest yield of the ethyhdene denvatwe 4, as a 1.1 rmxtme of ste.reoisomers Epoxldatlon of thus 

nnxture yielded the expected exo-epoxldes 5, together with a trace of endo isomers (> 10 1) Attempts to effect 

ehmmaaon of 5 to generate lb ftied, although we had successfully achieved an eqnvalent conversion in an 

earler study 13 Treatment of epoxlde Sa or b with LDA gave the unstable &ene 6, apparently by an uutlal E2 

ehmmanon mvolvmg the benzyhc hydrogen atom m 5, followed by electrocychc opemng of the resultmg 

cyclobutene (Scheme 1) A I)lels-Alder remon of 6 with &ethyl acetylen&carboxylate gave adduct 7, 

which served to confirm thus assignment 

3 4a,b 5a.b 

I 

LDA 

Scheme 1 
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By estabbshmg xe@ccontrol m the ehmmahon step, we were able to currect the problem encountered III 

our fast approach to lb. Thus, methyl phosphonoacetate reacted with 3 m the expected f&on14 to @ve a 

10 1 rmxture of unsaturated esters 8a and 8b. The asqnment of 88 as the E-isomer was founded on 

lanthamde shttI measurements and NOE expenments. Reducuon of Sa with dusobutyl alummum hydnde, 

followed by epotiuon of the allyhc alcohol product gave a 2: 1 rmxture of exo and endo epoxldes 9a and 9b 

(Scheme 2) These alcohols were converted to theu mesylate davatlves (lOa,b), separated by 

chromatography, and finally each was treated with excess sodturn itide m xeflexmg acetone As expected, 10a 

gave lb and lob gave la 

CH$SO&I 
&N 

10a - 

Scheme 2 

The ehrmnatwe opening of 10 by l&de ion proceeds vm an uut~al Sn2 reaction, the mterme&ate epoxy 

l&de IS actually isolated as a mmor product of the reactton An altemanve procedure, m which an epoxy 

mesylate 1s treated with stium naphthahde 15, did not yield any 1 from 10 Other compounds used m this 

study were the acetate denvanves of la and lb (lla,b), the t-butyldunethylsllyl (TBDMS) denvatwe of la 

(12a), the exo-phenylcyclobutanoll3 and the exo-cyclopropylcyclobutanol 14. 

+ 

lob 

Nal , Acetone 



7554 
K S REHDER andW REUSCH 

Thermolysls studKs were conducted m two ways The first mvolved reflux of a 0 01 to 0.02 M solution 

of the substrate 111 o-xylene (bp a 165 OC) for periods of 24 to 48 h These reacnons were conducted under 

argon 111 peroade-free solvents The second procedure used an electncally- heated pyrex pymlys~ column 

packed with pyrex beads, to wluch a solunon of the substrate m THF was mtroduced dropwse, as a stream of 

argon swept volaule products mto a cooled receiver The matenal balance was better in the former procedure, 

but even then it seldom exceeded 70% at >95% conversion of the startmg matenal 

Ph 

14 

0 

ct!l =I : 
15 

0 

16 

The results of thermolysls expenments m refluxmg xylene are easily su mmanzed, masmuch as only the 

vmyl alcohols la and lb, and the TBDMS denvatlve 12a, undergo any reacaon Both la and lb were 

transformed completely m the course of heaMg for 48h, each yleldmg an ldentlcal3 2 nurture of cyclohexanone 

15 and vmyl ketone 16 m 70% yield after chromatographlc separation No mterconverslon of these epuners 

was observed at shorter reaction times The acetate denvatlves lla,b were recovered unchanged under the 

same con&tions, but the TBDMS denvatlve 12a reacted to grve 15 as the only isolable product b 70%) The 

expected sllyl enol ether precursor of this product was not detected, even at short reaction times, and usmg non- 

acidic workup con&hons Cyclohexanone 15 was also the only product obtamed when la or lb was treated 

under amomc oxy-Cope reaction condmons (KH m THF/HMPA at 0’ C) 

The assignment of structure 15, expected on mechamstlc grounds, to the maJor thermolysls product was 

not mvlal The location of the carbonyl fun&on on the SIX-membered nng, and the nng fusion contiguratmn 

reqmred independent support Base-catalyzed deutenum exchange of 15 (D20/ DMF/ EtsN, 24h reflux) gave 

the tetra-deuterated analog, 17, ldennfied by mass spectrometry and lHNMR This not only estabhshcd the 

presence of a methylene group on each side of the carbonyl function, but also exposed the couplmg pattern of 

the P-methylene group (CHmHn)wlth the vlclnal bndgehead proton (Hb) We were able to analyze the 1HNMR 

spectra of 15,17 and the bls-thloacetal 18 to provide an unambiguous nng fusion assignment The coupling 

constants J,, J,, Jb,,,, Jb,, were particularly informative (see Table 1, Expenmental Sectlon) 

“y$& g-g I$-$ $==$ 
15 17 19 
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Thermolyas reacnons conducted 111 refluxmg solunon am comphcated by the possrbthty that labtle 

products may undergo subsequent transformatrons For example, a mtm-ene reactron of 2 could generate vmyl 

ketone 16 Consequently, we explored a rapid-flow pyrolysrs procedure m whrch short-hved products tmght 

be preserved by condensauon m a cooled receiver When the pyrolysrs column was held at 300 OC, both la and 

lb were converted m 20 to 45% yreldto mrxtures of cyclohexanone 15. vmyl ketone 16 and acenaphthylene 111 

roughly a 2 1 1 raao. The formatton of acenaphthylene 1s very temperature dependent, since at 245 OC none 1s 

formed - the products consrsung only of 15 and 16 These products are stable under the pyrolysrs condmons, 

save for 16 which suffers some polymenzatton Although acetate denvaaves lla,b fatled to react m refluxmg 

xylene, flow pyrolysrs at 250 ‘C gave a moderate yreld (Ml%) of enol acetate 19, the product of a formal [1,3] 

slgmatroprc shift Acid-catalyzed hydrolysis of 19 produced the expected 15 

Palladntm-catalysrs has been effective for some [3,3]-stgmatroptc rearrangement@, mcludmg the oxy- 

Cope vanant, and the relanvely nuld condmons under whtch these reacttons proceed augured well for the 

rsolatron of sensruve products In the event, treatment of la or lb with bts (acetomtnle) palladmm &chlorrde 111 

THF gave a mtxture of cyclopentanone and cyclopentenone products we beheve to be 20 and 21 This mode of 

reacuon was prevrously observed by Clark and Thrensathrt17 for a simpler vmyl cyclobutanol dertvauve The 

product mtxture proved drfflcult to separate, and the components were therefore not well characterized 

Dtscussion 

Our efforts to mduce lb or denvatrves thereof to undergo an oxy-Cope [3,3] srgmatmp~c rearrangement 

have been unsuccessful The mmally formed tram, trans-cyclooctadrenol tautomer has a connderably greater 

stram energy than lb Consequently, other lower-energy transformaaons dommate the reacttons The nature of 

these suggests a common du-adrcal mtermedtate, formed by homolysrs of the 6b 7 bond (Scheme 3) Smce the 

startrng cyclobutanol 1s not eplmerrxed, thus homolysts 1s unhkely to be reverstble Instead, allyhc bondmg 

generates a six-membered nng precursor to 15, hydrogen transfer (essennally a retroNornsh type II process) 

gives vmyl ketone 16, and a second homolysts (8 8a) leads to acenaphthylene Efforts to intercept the 1,4- 

dtradtcal mtermedtate proposed here, for example by reacuon wtth excess mbutyltm hydrrde. were 

unsuccessful 
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la,b 

16 

The combmatlon of hydroxyl, naphthyl and vmyl subsntuents on the 6b 7 bond, together ~th nng stram 

makes the homolysls of this bond more factle than normal All these factors conmbute to the excepttonal 

reachvlty of compounds la and lb, as is demonstrated by the fiulum of the acetate denvattves and the phenyl 

and cyclopropyl analogs (W and 14) to gave nrmlar or derived homolysts products. The lack of reaction by the 

phenyl analog is pamcularly surpnstng, and from MMX calculations10 we belteve it reflects the predomtnance 

of a stereoelectrorncally unfavorable conformer about the phenyl cyclobutane bond 

EXPERIMENTAL 

In general, all reacuons were conducted under a dry argon or mtrogen atmosphere, using solvents 

dsttlled from appropnate drymg agents Meltmg pomts were measured on either a Thomas-Hoover capillary 

melhng potnt apparatus or a Retchert hot stage mtcroscope Infmred (IR) spectra were recorded with a Ntcolet 

IIU42 spectrometer Mass spectra (MS) were obtamed with a Fmmgan 4000 CWMS spectrometer NMR 

spectra, both tH and 1%. of deutermchloroform soluhons were measured usmg either a Brucker WM 250 or a 

Vanan VXR 300 specaometer, and are calibrated m parts per nullion (8) from tetramethylsllane (TMS) as an 

internal standard mgh-resolution mass spectra (HRMS) were measured by the Michigan State Umverslty, 

Department of Bmchemmry, Mass Spectroscopy Faclhty, East Lansmg, MI, nucmanalyses were performed by 

Jem James m the analyttcal servtces laboratory of the Michigan Btotechnology Insmute, East Lansing, MI 

Flow Thermolvs~s was conducted usmg a glass column (35 cm long, 20 mm m diameter) packed wtth glass 

beads and equipped with a 125 mL addmon funnel The column was heated by reststance windings on an 

external ceranuc Jacket, and the temperature was momtored by a thermocouple placed between the Jacket and the 

column The bottom of the column was attached to a 250 mL flask, cooled to -78’ C and pamally filled with 

tetrahydrofuran An argon stream camed volatile mater& through the column mto the collecuon flask 



7557 
2-Aryl- 1-vmylcyclobutanol 

Cyclobutanone (3) Acenaphthylene (7.00 g, 46 0 mmol) was reacted with hchlorokeycne. generated in SW 

by ultrasomc enhanced dechlorinanon of tnchlomacetylch (17.0 mL, 152 3 mmol) by zmc dust (10 10 g, 

154 5 mmol) suspended 111 ether (200 mL). The resulhng crude brown oil was used Hrlthout further punficatmn 

m the next step A small amount of thts mater& was chromatographed (2 1 hexane to ether), followed by 

crystalhzanon from hexane to gave the dtchlorocyclobutanone adduct as off-whte crystals, mp 115 ‘T (htl% 

115-116 “C), tH NMR (250 MHz, CDCl3) 6 7 8-7 2 (m. 6H), 5 51 (d, J = 7 3 Hz, lH), 4 91 (d, J = 7 3 Hz, 

1H) ppm, 13C NMR (62.5 MHz, CDC13) 6 1915, 139 3, 138 5, 136 2.1318. 128 4,128 1, 125 3, 124 8, 

124 3, 121 1,87 0,67 1,57 9 ppm, IR(CHzC12) 1807 cm-l, MS (EI) m/z (rel mt ) 262 (3), 199 (lOO), 163 

(31), 152 (29) Dechlormanon of the crude adduct was effected by zmc dust m cold methanol, saturated ~th 

ammonium chkmde Chromatography of this product (s&a gel, 2 1 hexane ether) ytelded cyclobutanone 3 

(6 69 g, 84% from acenaphtbylene). whtch was crystalhzed from hexanes to gwe needles, mp 78-80 “C (l@’ 

80-81 “C), 1H NMR (250 MHz, CDC13) 6 7 8-7.2 (m, 6H), 5 18 (m, lH), 4 25 (m, 1H). 3 61 (ddd, J = 18 3, 

95,37Hz,lH),283(ddd.J=183,44,37Hz)ppm, 13C NMR (75 MHz, CDC13) 6 205 31, 146 23, 

139 13, 137 91, 13191, 128 53, 128 25, 124 09, 123 80, 120 60, 120 15,7194,52 61, 34 63ppm, IR 

(CH2C12) 1780 cm-l, MS (EI) m/z (rel mt ) 194 (7). 165 (28), 154 (100) 

Ethylidene cyclobutane (4) A suspension of ethyhdenemphenylphosphorane in toluene (17 2 mmol) was 

reacted with cyclobutanone 3 at reflux The crude product was chmmatographed (slhca gel. hexanes) to yield 

ethyhdene cyclobutane 4 (a yellow oil, 0 20 g, 37%) as a 1 1 rmxture (‘H NMR) of mseparable stereoisomers 

1H NMR (250 MHz, CDCl3) 6 7 8-7 2 (m, 12H), 5 42 (m, lH), 5 20 (m, lH), 4 88 (m, lH), 4 74 (m. lH), 

4 19 (m, 2H), 3 26 (m, 2H), 2 45 (m, 2I-Q 176 (m, 3I-Q 141 (m, 3H) ppm, t3C NMR (75 MHz, CDC13) 6 

148 78, 147 12, 146 10. 14106, 139 93, 139 91, 132 17, 132 08, 128 15, 128 00, 127 95, 123 39, 122 83, 

12279, 12272, 12268, 12263, 11997, 11911, 11904, 11900, 11873. 118.69, 11852,5348,5234, 

40 32.40 20, 36 95,34 95. 13 94. 13 28 ppm. MS (EI) m/z (rel mt ) 206(6), 191(5), 152(6), 40 (100) 

HRMS, M+ calcd for C&I100, 194 0732, found, 194 0721 

Spiro ethylidene oxide (5) Epoxldatlon of 4 (124 3 mg, 0 60 mmol) was effected by meta-chloro- 

perbenzoic acid (129 0 mg, 0 75 mmol) m methylene chlonde Sp~o oxtdes 5 were obtamed (yellow oil 133 6 

mg, 99%) as a 10 10 1 1 rmxture (tH NMR) of stereoisomers 1H NMR (250 MHz, CDCl3) 6 7 8-7 2 Hz (m, 

6H). 4 55 (d, J = 6 5 HZ, lH), 4 40 (d, J = 6 5 Hz, lH), 4 1 (overlappmg m, 1I-Q 2 8 (overlapping m, 2l-I), 

2 2 (overlapping m, lH), 1 38 (d, J = 5 5 Hz, 3H), 1 21 (d, J = 5 5, 3H), 1 15 (d, J = 5 5 Hz, 3H), 0 77 (d, 

J = 5 5 Hz, 3H) ppm, MS (El) m/z (rel mt ) 222 (8), 207 (2), 193 (l), 178 (17). 165 (lOO), 152 (64) 

Diene (6) Reaction of epoxide Isomers 5 (50 2 mg, 0 23 mmol) with LDA (0 23 mmol) m ether (3 00 mL) 

was complete in 30 mm at 0 “C Chromatography of the crude product (sihca gel, methylene chloride) yielded 

dlene 6 as a pale yellow oil (417 mg, 83%) tH NMR (250 MHz, CDC13) 6 7 8-7 3 (m ,6I-I), 7 08 (s, lH), 

5 69 (s, 1l-Q 5 61 (s, lH), 4 92 (q. J = 8 3 Hz, 1H). 1 85 (br s, H-I), 1 49 (d, J = 8 3 Hz, 3H) ppm, 13C 

NMR (62 5 MHz, CDC13) 6 147 8, 140 8, 139 0, 129 0, 128 2, 127 8, 127 5, 127 0, 125 3, 124 4, 123 8, 

112 7,69 7,23 0 ppm, MS (EI) m/z (rel mt ) 222 (4), 178 (9), 152 (72), 84 (75), 43 (100) 

Dlels-Alder cycloadduct (7) Dlmethylacetylene dicarboxylate (0 02 mL, 0 16 mmol) reacted slowly with 

dlene 6 (15 0 mg, 0 07 mmol) Chromatography of the crude product (slhca gel, 4 1 hexane ether) gave Dds- 
Alder cycloadduct 7 (17 3 mg, 70%) 1H NMR (250 MHz, CDC13) 6 7.8-7 3 (m, 6I-I). 5 58 (q, J = 8 3 HZ, 

lH), 4 08 (dd, J = 7 9,5 0 Hz, H-I), 3 92 (s, 3H), 3 63 (s, 3H), 3 32 (dd, J = 17 5, 5 0 Hz, H-I), 2 72 (dd, 
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J=17 5,7 9 Hz, H-I), 2 30 (br s, lH), 144 (d, J = 8.3 Hz, 3H) ppm, MS (EI) m/z (rel mt > 364 (3). 362 (2), 

332 (8), 315 (6). 304 (26), 287 (12), 273 (23), 261 (30), 229 (93), 217 (41). 202 (100) 

Vinyl ester (8) Reaction of cyclobutanone 3 (7 30 g, 37.6 mmol) with methylphosphonoacetate ylrde (50 4 

mmol) gave, after lmnal chromatography (sdlca gel, 2 1 hexane.ether), vmyl esters 8 as an ofi (72%) as a 10.1 

nnxture (‘H NMR) of stereolsomers Further chromatography penmtted lsolatlon of each isomer, both as oils 

Malor Isomer @a). 1H NMR (250 MHz, CDCl3) 6 7 8-7 2 (m, 6H), 5.83 (dd, J = 4 6,2 8 Hz, lH), 4 74 (br 

s, lH), 4 16 (m, lH), 4 00 (q. J = 7 0 Hz, 2H), 3 65 (dddd, J = 18 9,9 2,2 8, 12 Hz, lH), 2 91 (ddd, J = 

189,46,4OHz, lH),l 12(t,J=70Hz,3H)ppm, 13C NMR (62 5 MHz, CDC13) 6 166 3, 166 2, 147 4, 

144 1, 139 7, 132 0, 128 2 (overlapping), 123 6, 123 1, 119 4, 119 3, 115 1, 59 7, 54 3, 41 6, 39 7, 14 2 

ppm, IR (CH2Cl2) 1709.1265 cm-l, MS (EI) m/z (rel mt ) 264 (39). 249 (2), 235 (16). 218 (24), 205 (6), 

189 (57), 179 (24), 165 (19), 152 (100) Anal calcd for CtsHl&, C, 8178, H, 6 11 Found C, 8198, H, 

6 14 Minor (8b) HRMS, M+ calcd for ClsHl&, 264 1150, found, 264 1138 

Epoxy alcohol (9) Reduction of the maJor vinyl ester Isomer 8a (3 00 g, 11 4 mmol) in ether (25 0 mL) 

was effected by DIBAH. Chromatography of the crude product (slhca gel, 2 1 hexane ether) yielded unreacted 

vinyl ester 8a (0 97 g, 32%) together with the correspondmg allyhc alcohol (1 54 g, 61%), which was 

crystallized from hexane as needles, mp 75-76’ C, 1H NMR (250 MHz, CDCl3) 6 7 8-7 2 (m, 6H), 5 41 (m, 

lH), 4 62 (br s, lH), 4 05 (m, lH), 3 67 (t, J = 5 5 Hz, 2H), 3 17 (ddt, J = 16 5,9 5, 14 Hz, lH), 2 37 

(ddt, J = 16 5,5 8,3 1 Hz, lH), 1 82 (br s, 1H) ppm, ‘3C NMR (62 5 MHz, CDC13) 6 148 1, 144 9, 139 7, 

1319, 128 1, 128 0, 123 0, 122 9, 122 5, 119 5, 119 1, 118 9, 59 2, 53 4, 405, 35 2 ppm, IR (CH2C12) 

3605, 3055,2927,2876, 1603 cm-l, MS (EI) m/z (rel mt ) 222 (18), 203 (50), 191 (26). 178 (33), 165 (20), 

152 (100) HRMS, M+ calcd for CtaH1402,238 0094, found, 238 1007 This allyhc alcohol (876 mg, 3 94 

mmol) was epoxldized by MCPBA (880 mg, 5 11 mmol) m methylene chlonde (20 0 mL) Spiro epoxy 

alcohol 9 (940 mg, 99%) was obtamed as a 2 1 nuxture (1H NMR) of stereolsomers Chromatography (slllca 

gel, 2 1 ether hexane) yielded both isomers as off-white sohds Major isomer (9a) 1H NMR (250 MHz, 

CDC13) 6 7 8-7 2 (m, 6H), 4 47 (br d, J = 7 0 Hz, lH), 4 21 (m, lH), 3 40 (br d, J = 12 8 Hz, lH), 3 10 (m, 

lH), 2 95 (m, 2H), 2 24 (ddd, J = 14 0.4 0, 15 Hz, lH), 2 10 (br s, IH) ppm, 13C NMR (62 5 MHz, 

CDC13) 6 147 1, 143 2, 143 1, 131 8, 128 1, 128 0, 123 5, 123 3, 119 7, 119 6, 67 7, 61 2, 58 6, 54 1, 

37 7,34 3 ppm, IR (CH2Cl2) 3601,3055,2938, 1605, 1493 cm-l, MS (EI) m/z (rel mt ) 238(10), 219(3), 

207(g), 191(5), 178(27), 165(85), 152(100), Mmor Isomer (9b) 1H NMR (250 MHz, CDC13) 6 7 8-7 2 (m, 

6H), 4 50 (d, J = 5 8 Hz, lH), 3 98 (dt, J = 8 8,5 8 Hz, lH), 3 75 (dd, J = 12 2,3 5 Hz, lH), 3 49 (dd, J = 

122,52Hz,1H),325(dd,J=52,35Hz,1H),297(ddd,J=140,90,15Hz,1H),213(dd,J= 

14 0,4 9 Hz, lH), 2 37 (br s, 1H) ppm, 13C NMR (62 5 MHz, CDC13) 6 148 3, 1417, 140 0, 132 1, 128 0, 

127 9, 123 4, 123 1, 1214, 118 6, 64 1, 61 6, 61 2, 53 1, 37 7, 35 5 ppm, IR (CH2C12) 3698, 3601, 3057, 

2940, 1604 cm-l, MS (EI) m/z (rel mt ) 238(23), 219(7), 207(27), 178(33), 165(93), 152(100) 

Epoxy mesylate (10) was prepared from the 2 1 nuxture of epoxy alcohols 9a,b (2 21 mmol) by reactlon 

with methanesulfonyl chlonde (2 58 mmol) and tnethylanune (3 23 mmol) m methylene chlonde (10 0 mL) 

The epoxy mesylates 10 (689 mg, 98%) were obtained as a 2 1 mixture (1H NMR) of stereolsomers 

Chromatography yielded both isomers as unstable 011s which were used unmedlately m subsequent steps 

Exo-Vinylcyclobutanol (la). Cyclobutanone 3 (840 mg, 4 32 mmol) reacted smoothly with vinyl 

magnesium bronude (70 9 mmol) in tetrahydrofuran (55 0 mL) at 0 “C Chromatography of the crude product 
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(ghca gel, methylene chloride) gave exo-vmylcyclobutanol la (629 mg, 67 %), which was cqstalhzed (hexane) 

as needles, mp 82-83 OC, tH NMR (250 MHz. CDCl3) 6 7 8-7 2 (m,6H), 6 37 (d, J = 17.7, 10 4 Hz, X-I), 

5 47 (d, J =17 7 Hz, lH), 5 23 (d, 10 4 Hz, lH), 4.41 (br d, J = 6 1 Hz, lH), 3.84 (dt, J = 8.5, 6 1 Hz, H-I), 

2 97 (ddd, J = 12 8, 8 5, 2 4 Hz, lH), 1.96 (br s, lH), 1 88 (dd, 12 8,6 1 Hz, 1H) ppm, t3C NMR (62 5 

MHz, CDC13) 6 149 6, 143 0, 1414, 140 6, 132 1, 127 9, 127 7, 123 7, 122.5, 122 2, 118 4, 111 3.73 2, 

57 4,43 5,34 9 ppm, IR (CH2Q) 3572,3053, 1604, 1363,1221,1009 cm-l, MS (EI) m/z (rel mt ) 222 

(6), 167 (15) 152 (100) Anal calcd for C1.#140, C, 8645, H, 6 35 Found C, 86 42. H, 6 33 

Therrnolysis A solunon of la (0 296 g, 1 33 mmol) m o-xylene (20 0 mL) was refluxed 48h, and the residue 

chromatographed (nhca gel, 2 1 hexane ether) to yield cyclohexanone I5 (46%) and vinyl ketone 16 (25%) 

Endo-Vinylcyclobutanol (lb) The maJor epoxy mesylate isomer 1Oa (36 0 mg, 0 99 mmol) m acetone 

contammg scdmm l&de (13 34 mmol) was refluxed 72h Chromatography of the crude product (s&a gel, 2 1 

hexane ether) gave epoxy l&de (45 0 mg, 13%), startmg epoxy mesylate 10a (38 0 mg, 1 l%), and endo- 

vinylcyclobutanol lb (89 2 mg, 41%) mp 87-88 ‘C, 1H NMR (250 MHz, CDCl3) 6 7 8-7 2 (m, 6H), 5 43 

(dd,J=174,107Hz,1H),492(dd,J=174,12Hz,lH),472(dd,J=107,12Hz,1H),420(m, 

2H), 2 63 (ddd, J = 12 7,9 2,2 7 Hz, lH), 2 42 (br s, lH), 2 09 (dd, J = 12 7,5 2 Hz, 1H) ppm, 13C NMR 

(62 5 MHz, CDC13) 6 148 7, 143 0, 141 5, 140 2, 1319, 127 9, 127 8, 123 2, 122 8, 1214, 118 9, 112 3, 

78 3,58 6,417,37 1 ppm, IR (CH2Cl2) 3685,3056, 1605, 1179 cm-l, MS (EI) m/z (rel mt ) 222 (3), 205 

(l), 193 (17), 178 (7), 165 (36), 152 (53), 55 (100) 

Thermolvs& A solution of lb (44 2 mg, 0 20 mmol) m o-xylene (15 0 mL) was refluxed 48h, and the residue 

was chromatographed (nhca gel, 2 1 hexane ether) to yield cyclohexanone 15 (18 9 mg, 43%) and vmyl ketone 

16 (12 0 mg, 27%), a colorless 011 1~ NMR (250 MHz, CDCl3) 6 7 8-7 2 (m, 6H), 6 37 (dd, J = 17 7, 10 2 

Hz, lH), 6 17 (d, J = 17 7 Hz, lH), 5 80 (d, J =lO 2 Hz, lH), 4 15 (m, lH), 3 69 (dd, J = 17 4, 8 1 Hz, 

lH), 3 13 (dd, J= 17 4,5 2 Hz, lH), 2 89 (m, 2H) ppm, 13C NMR (250 MHz, CDC13) 6 199 6,144 0, 

1384,1368,1285,1280,1278,1231,1224,1194,1189,1147,467,384,383ppm 

Exo-Vmylcyclobutyl acetate (lla) Reaction of exo-alcohol la (84 0 mg, 11 3 mmol) m benzene (2 00 

mL) with acetic anhydnde (7 00 mL, 74 0 mmol) was promoted by methylamme (0 15 mL, 108 mmol) and 

DMAP Chromatography of the crude product (slhca gel, 2 1 ether hexane) gave lla (89 3 mg, 89%) as a 

yellow oil 1H NMR (250 MHz, CDC13) 6 7 8-7 2 (m. 6H), 6 40 (dd, J = 17 4, 10 7 Hz, lH), 5 38 (d, J = 

17 4 Hz, lH), 5 25 (d, J = 10 7 Hz, lH), 4 53 (dd, J = 5 5,2 4 Hz, lH), 3 77 (m, lH), 2 89 (ddd, J = 12 8, 

8 4,3 1 Hz, lH), 2 04 (dd, J = 12 8.7 3 Hz, lH), 174 (s, 3H) ppm, l3C NMR (250 MHz, CDC13) 6 169 9, 

1488, 1422, 1408, 1323, 1279, 1277, 1237, 1229, 1228, 1182, 1136,795,558,417,373,212 

ppm, IR (CH2Cl2) 1738,1368, 1252, 1223,824,789 cm- 1, MS (EI) m/z (rel mt ) 264 (2), 222 (4), 193 (3), 

178 (l), 165 (18), 152 (100) Anal calcd for Cash&& C, 8178, H, 6 11 Found C, 8174, H, 5 86 

Thermolvsis A solution of lla (0 023 g, 0 09 mmol) in o-xylene (15 0 mL) was refluxed 48h, and the residue 

was chromatographed (nhca gel, 2 1 hexane ether) to yield only recovered stamng matenal 

Endo-Vmylcyclobutyl acetate (llb) was prepared from endo-vmylcyclobutanol lb (11 8 mg, 0 05 

mmol) as above Chromatography (nhca gel, 2 1 ether hexane) gave llb (12 0 mg, 87%) 1~ NMR (250 

MHz,CDC13)678-72(m,6H),552(dd,J=174,11OHz,1H),464(d,J=110Hz,1H),457(d,J= 

17 4 Hz, lH), 4 49 (d, J = 7 0, lH), 4 11 (m, lH), 2 96 (ddd, J = 13 7, 10 1, 1 8 Hz, lH), 2 29 (ddd, J = 

13 7,4 6, 1 2 Hz, lH), 2 10 (s, 3H) ppm HRMS, M+ calcd for ClsH]&, 264 1150, found, 264 1142 
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X~~Q&US: A solution of acetate llb (0 012 g, 0 05 mmol) m o-xylene (15 0 mL) was refluxed 48h, and the 

residue was chmmatographed (sthca gel, 2 1 hexane:ether) to yteld only recovered starung materral 

Exo-Vinyl t-butyldimethylsilyl ether (12a) was prepared by reactton of la (0 254 g, 1.142 mmol) 111 

DMF (50 0 mL) wrth t-butyUmethylstly1 chlonde (1128 mmol) and mduole. Chromatography gave 1% 
(0 197 g, 51%) as an oil: 1H NMR (300 MHz, CDC13) 6 7.8-7.2 (m, 61-I). 6 36 (dd, J = 17.4, 10 8 Hz, lH), 

545(d,J=174Hz,lH).520(d,J=l08Hz,lH),428(d,J=27Hz,lH),3.77(dt,J=84,6OHz, 

lH), 2 96 (ddd, J = 12.3, 8.4, 2 7 Hz, H-I), 2.00 (dd, J = 12.3.6 0 Hz, lH), 0.64 (s, 9H), -0.12 (s, 3I-I). - 

0 57 (s, 3H) ppm, 13C NMR (75 MHz, CDC13) 6 149.85, 145 38, 143.19, 140.90, 132.10, 127.67. 127 41, 

123 24, 122 90, 122 61, 117.76, 110 70. 58 34,42&t, 35 83. 25.56, 17.90, -2 93, -3.69 ppm, IR(CH2Cl2) 

2957,2930,1256,1250, 1127 cm- 1 HRMS, M+ calcd for CZZHBOW, 336.1909, found, 336.1925 

Thermolvsts: A soluuon of l2a (0 187 mmol) 111 o-xylene (10 0 mL) was refluxed for 48h Chromatography 

of the product ytelded cyclohexanone 21(18.9 mg, 45%) and recovered starttng mater& (9 7 mg, 15%) 

Exo-Phenylcyclobutanol (13) was prepared from cyclobutanone 3 (80 1 mg, 0 41 mmol) m 

tetrahydrofuran (50 0 mL) by reactton wtth 18M phenylhthmm (0 50 mL, 0 90 mmol) m7:3 hexane ether 

Chromatography (s&a gel, 3 1 hexane ether) ytelded 13 (85.1 mg, 76%) 1H NMR (300 MHz, CDC13) 6 

78-72(m,1lH).463(d,J=66Hz,1H),400(dt,J=93.6.0Hz,lH),327(ddd,J=132,93,l8Hz, 

lH), 2.14 (s. lH), 2.13 (dd, J = 13 2,6.0 Hz, 1H) ppm. 13C NMR (75 MHz, CDCl3) 6 149 75, 146 93, 

141 50, 140 85, 132 39, 128 50, 128.30, 127 98, 127.06, 124 63, 124.14, 122 90, 122.35, 118.89, 74 95, 

59.57,45 49,36.00 ppm, IR(CH2Cl2) 3568,3052,2974,2932.1603 1495,1449 cm-l Anal calcd. for 

CzuHr60, C, 88 20, H, 5 93 Found C, 88 05, H, 5.80 

a: A soluuon of phenylcyclobutanoll3 (29 2 mg, 0 107 mmol) 111 o-xylene (10 0 mL) was tefluxed 

for 48h, and the residue was chromatographed (sthca gel, 2:l hexane.ether) to yteld recovered stamng matenal 

Exo-Cyclopropylcyclobutanol (14) was prepared by reaction of cyclobutanone 3 (50 0 mg, 0 25 mmol) 

m tetrahydrofuran (50 0 mL) wtth cyclopropyl magnenum bromtde ( 0 50 mmol) Chromatography (stltca gel, 

2 1 hexane.ether) ytelded 14 (48 0 mg, 79%) mp 74-75 ‘C, tH NMR (300 MHz, CDCl3) 6 7 8-7 2 (m, 6I-I), 

423(dd,J=66,O9Hz,lH),369(dt,J=90.6.0Hz,lH),2,62(ddd.J=l26,57,2lHz,lH),l72 

(s, lH), 166 (dd, J = 12 6.6 0 Hz, XI), 140 (m, lH), 0.5 to 0 7 (m, 4H) ppm; 13C NMR (75 MHz, CDC13) 

6 150 11, 142.00, 140 73. 132 33, 128 10, 127 89, 123 77, 122 67, 122 02, 118 55, 73 74, 5649,4182 

3.5 70,20 11, 1.06,O 74 ppm, IR(CH2Cl2) 3574,3053,2978,1605, 1221, 1107, 1020 cm-l, MS(E1) m/z 

(rel int ) 236(24), 167(23), 152(100) HRMS, MC calcd for Ct7Ht&. 236 1202, found, 236 1199 Anal 

calcd for Ct7Ht60, C, 86 40, H, 6 83. Found C, 86 26; H, 6 41 

Thermolvsls A solutton of cyclopropylcyclobutanoll4 (111 1 mg, 0.470 mmol) in o-xylene (20.0 mL) was 

refluxed for 48h Chromatography yrelded recovered startrng matenal(88%) 

Preparation of Cyclohexanone 15 from la To a cooled (-15’ C) soluuon of potassmm hydrtde (167 g, 

40 0 mmol) in tetrahydrofuran (10 0 mL) was added hexamethylphosphorarmde (8.00 mL, 46.00 mmol) and 

exovmylcyclobutanol la (197 mg, 0 89 mmol) Thus soluuon was surred lh at -15’ C, lh at 0” C, and 30 mm 

at 25’ C After quenchmg with cold 1 1 nuxture of aqueous aceuc actd pentane, the reacuon nuxture was 

extracted wtth pentane Chromatography (sihca gel, methylene chloride) ytelded cyclohexanone 15 (111 mg, 

56%), which was crystalhzed from hexane to gave colorless needles, mp 113’ C, 1~ NMR (250 MHz, CDC13) 

6 7 8-7 2 (m, 6I-Q 4 04 (m, lH), 3 91 (m, lH), 2 91 (dd, J = 15 6,6 4 Hz, lH), 2 66 (dd, J = 15 6,7 0 Hz, 
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H-I), 2 5-2.3 (m, HI), 2 3-2.1 (m, HI), 2.1-1.9 (m. 2H) ppm, 13C NMR (62 5 MHZ, CDC13) 6 212 1, 

131 3, 128.2, 1232, 123 1, 119 1, 119.0, 43 0, 41 8, 40.9, 36.9, 265 ppm; IR (CH2Cl2) 3055, 1715, 

1605, cm-l, MS (EI) m/z (rel. mt,) 222 (40). 193 (3). 179 (18), 165 (lOO), 152 (20) Anal. calcd for 

C16H140, C, 86 45; H, 6 35 Found C, 86.75; H, 6 25. 

The configuranon of I.5 was assrgned on the strength of tH NMR couplmg constants The protons 

labeled m an earher structure atsplay the couphngs hsted m the followmg table. Two boat conformers of 

roughly equal energy commute the crs rsomer. but one of these 1s strongly favored in throacetal18 

Table 1 

Tetradeuteriocyclohexane 17 was prepareo from cyclohexanone 15 (12 6 mg, 0 06 mmol) in DMF (100 

mL) by heaung with methylanune (0 05 mL. 0 36 mmol) and deutermm oxide (0 10 mL. 5 53 mmol) 

Chromatography (s&a gel, 2 1 hexane ether) gave tetradeutenocyclohexanone 17 (110 mg. 86%): 1H NMR 

(250 MHz, CDC13) 6 7 8-7 2 (m, 6I-Q 4 07 (m. HI), 3 96 (m, H-I), 2 42 (dd, J = 14 1.5 6 Hz, H-I), 2 03 

(dd. J = 14 1,7 0 Hz, 1H) ppm, MS (EI) m/z (rel mt ) 226(92), 181(31), 165(100), 152(32) 

Thioketal 18 was prepared by reachon of cyclohexanone 15 (4 50 mmol) wrth ethanedrthrol(l7 2 mmol) and 

boron mfluonde etherate (4 07 mmol) m methylene chlonde Chromatography (srhca gel, 1 1 hexane ether) 
yielded 18 (94%) as a yellow or1 1H NMR (250 MHz, CDC13) 6 7 8-7 2 (m, 6I-Q 3 68 (m, HI), 3 53 (m. 

HI), 3 15 (m, 4H), 2 39 (ddd, J = 13 6,6 0,O 9 Hz, lH), 2 15 (m, 2H), 195 (m. 2H), 171 (dd, J = 13 6, 

10 7 Hz, 1H) ppm, MS (EI) m/z (ml mt ) 298 (25). 281 (3), 269 (5). 237 (7), 205 (100). 165 (77), 152 (56) 

En01 acetate 19 Pyrolysts of a soluuon of exo-vmylcyclobutyl acetate lla (77 0 mg, 0 292 mmol) tn 

tetrahydrofuran (250’ C), followed by chromatography (nhca gel, 2 1 hexane ether) of the product, ytelded 

recovered startmg matenal(l0 0 mg, 13%) and enol acetate 19 (31 2 mg, 41%) 1~ NMR (250 MHz, CDC13) 

678-72(m,6H),645(t,J=66Hz,lH),401(q,J=72Hz,lH),383(q,J=59,lH),278(m,2H), 

2 30 (m, 2I-0, 2 01 (s, 3H) ppm, MS(E1) m/z (rel mt ) 264(8), 222(7), 193(2), 178(2), X4(14), 152(100) 

Palladium catalyzed reactions A solunon of endo-vmylcyclobutanol lb (20 3 mg, 0 09 mmol) m 

tetrahydrofuran (3 00 mL) was treated wrth bts(acetommle) palladmm dlchlonde (2 6 mg, 0 01 mmol) The 

reacuon nuxture was stured 24h , filtered through a Cehte pad, and the residue chromatographed (nhca gel, 1 1 

hexane ether) to gave a rmxture of 20 a,b and 21 a,b (12 3 mg, 61%) as a 14 4 1 1 rmxture (1H NMR) Ltke 

treatment of exo-vmylcyclobutanol la gave a smular nuxture (22 3 17) Repeated chromatography allowed for 

rsolatton of Exo-methylcyclopentanone 20a, and for tentatrve asstgnment of other products (21a)- 1~ NMR 

(250 MHz, CDC13) 6 7 8-7 2 (m, 6H), 6 16 (d, J = 1 Hz, lH), 5 78 (d, J = 1 Hz, lH), 4.88 (m, lH), 4 30 

(m, lH), 3 13 (dd, J = 19 2,9 6 Hz, lH), 2 67 (dd. J = 19 2,4 4 Hz, HI) ppm, (21b) *H NMR (250 

MHz, CDC13) 6 7 8-7 2 (m, 6H), 4 71 (m, lH), 3 21 (dd, J = 18 0.7 6 Hz, IH), 2 71 (dd, J = 18 0,5 8 HZ, 
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lHj, 2.08 (d, J = 2.4 Hz, 3H) ppm; @@a): 1H NMR (250 MHz, CDCl3) 6 7 8-7.2 (m, 6H), 4.17 (m, lH), 

3.68 (t, J = 8.4 Hz, lH), 2.86 (dd, J = 18.8, 10 5 Hz, H-I), 2 56 (ddd, J = 18.8, 5.5, 1 8 Hz, 1H). 2 06 (m. 

1I-I). 125 (d. J = 7 3 Hz, 3H) ppm; 13C NMR (75 MHz, CDCD) 6 219.39, 147.69, 147 64, 137.53, 13180, 

128 34, 128.19, 123 41, 123.35, 119 64, 118 92, 52.85, 50.03, 42 36, 42.08, 14.26 ppm, (20b) 1H NMR 

(250 MHz, CDCl3) d 7.8-7.2 (m, 6H), 4.6 (m, lH), 1 10 (d, J = 7.3 Hz, 3H) ppm. 

Tributyltinhydride trapping experiments. In a representative procedure, a solutton of 12a (20.3 mg, 

0 060 mmol) and tnbutylan hydride (0 10 mL, 0.37 1 mmol) tn o-xylene (10.0 mL) was tefluxed for lh. The 

residue was chmmatographed (s&a gel, 2 1 hexane ether) to yield acenaphthylene (1 1 mg, 12%). recovered 

startmg matenal(2.0 mg, 10%) and cyclohexanone 15 (6 7 mg, 50%) 
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