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Abstract - Electrolysis of a series of terminal allenlc ketones e.g. (71, 

(101, (17) and (21) 1s shown to result in intramolecular reductive 

cycllsation, throuqh the exe-mode, produclnq five-membered rrnqs, viz (8), 

(91, (20) and (22) respectively, lncorporatlnq a brIdgehead hydroxyl qroup. 

The unsaturated alcohols 181, (20) and (221, are also obtalned when the 

allenlc ketones (7), (17) and (211 are treated with sodium naphthalenlde. 

By contrast treatment of (10) in the sodium naphthalenlde qlves d low 

yield (c_a 7%) of the lsomerlc lndenol (11) by cycllsatlon through the 

e--mode. 

Reductive cycllsatlons of the terminal acetylenic ketones (141 and (301 

produce the correspondIn unsaturated alcohols (26) and (31) 

respectively. Treatment of the alcohols (26) and (31) with catalytic 

selenium dloxlde then provides the enedlols (27) and (32) respectively, 

which make up the B/C ring systems of the novel marine natural products 

capnellenedlol (1) and isoaml]lol (2). 

The construction of rlnq systems is a fundamental process I” synthesis, and an enormous array of 

procedures involving carbon-to-carbon and carbon-to-heteroatom bond formatlon by the coupling of 

nucleophlllc and electrophlllc centres, and by perlcyclic processes have been developed for this 

purpose. By contrast, the correspondlnq use of free radical lntermedlates in the synthesis of 

r1n9 systems, has until recently been llmlted to studies of a more mechanlstlc bias. 
‘,2 

These mechanlstlc lnvestlgatlons have however served to Illustrate the potentlal for free 

radicals I” synthesis, and in particular the wide potential for intramolecular radical-mediated 

reactIons 1” both the reglo-and stereoselectlve synthesis of all types of r1nq systems. 3 This 

feature is perhaps nowhere better Illustrated than I” the area of reductive cycllsatlons. 
4,586 

In connectIon with our lnvestiqations of the total synthesis of the marine terpenolds 

7 
capnellenedlol (1) , and ~soanrl~lol (2) 

8 
we required a method for the annulatlon of a 

carbocycllc rlnq with concomitant lntroductlon of unsaturatlon and a brldqehead hydroxyl 9ro”p 

in the fused rlnq system. We were attracted to the posslblllty of achlevlnq this dim by 

intramolecular radical coupling of the correspondIn ternlnal allenlc ketones VIZ Old. 
9 

- 

Although an analogy was drawn with the previously reported radical coupling of terminal 

acetylenic ketones, 
Sa,lO 

to our knowledge the intramolecular radical coupllnq of terminal allenlc 

ketones hltherto has not been described. Indeed, with a few exceptlax, 
11.14 

little 1s known 

concerning the role of the allene function as an electron acceptor I” radical cycllsation 

react 10”s 

We began our lnvestlgatlon of the reductive cyclisatlon of terminal allene ketones using 

the &llenlc ketone (71, which was prepared by alkylation of the anion derived from lsobutyl- 

cyclopentyl Imine (5) with 1-bromobuta-2,3-dlene (6),15 followed by mild hydrollsis. Cyclic 
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voltammetry studtes showed that the reduction of (7) OCCW'S at -2.45 to -2.49V (versus Aq/AqI), 

and that optimum condltlons are achieved with a mercury cathode using so1utlor.s I” dry 

dimethylformam~de and tetraethyla~onl~m p-toluenesulphonate as co-electrolyte. Under these 

condltlons, electrolysis of (71 resulted I” smooth reductive cycllsation to the cyclopencenol (8) 

in 41% isolated yield. Radical addition to the allene system I” (7) had therefore occurred I” a 

reqiosclectlve manner to give (8) via a 5-e$?-d;q process. - The kinetic preference far radical 

trapFln¶ to Occur with 1,5-cycllsatlon I” a” exo-manner is well known from studies of - 

&aike”yl radlcnls.16 The origins of the selectrvity have been attributed to clther sterlc, 
17 

stereoelectronlc 
18 19 

or entropic effects, although it is likely that all three effects play a 

contributlnq role. The same selective mode of cyclisatlon of (7) was observed when the allene 

ketone was treated wit” sodium naphthalene radical anlo” I” tetcahydrofuran, and (81 was the 

sole product. The product yield, however, was reduced substantially (30~1 with the recovery of 

starting material due to enolate formation with sodium naphthalenlde, durlnq the reactlo”. It 

1s Interesting to note that attempts to syntheslse cyclic tertiary alcohols, suck as 181, 3 

intramolecular radical additions I” the reverse mode, that IS, addltio” to ketones by means of 

organometalllc reagents have proved dlfflcult. 
20 

With the establishment that allenes can participate as electron acceptors I” radical 

medlated cycllsatlon reactions, It was of Interest to determine the role that the size of ring 

already present in the startlnq allene ketone, had o” the course of the cyclisatlo”. 

Accordingly, the six-rinq allene ketone (10) was prepared in a similar manner to that described 

for (71. Electroreduction of the ketone 110) under the same conditions as employed for the 

cyclopentanone (71 agal” produced a blcycllc allyllc alcohol viz (9) by way of a selective - 

S-ez-dlq cycllsation. To our surprise however, when the allene ketone (10) was treated *rith 

sodium naphthalenlde, the only product isolated, albeit in only 7% yield, was the lsomer&c 

lndenol (111 ostensibly produced by a thermodynamically preferred 5-et?-dig process. Separate 

studies established that the endo-(9) and exo-lndenols (11) do not undergo lsomerlsation - 

under the radical forminq conditions. 

A possible explanation for the formation of (11) may rest in the greater potential of 

sodium “aphthslene radical anlon (-3.09V versus Aq/AgI) 
21 

as compared with the electrode potential 

of -2.43V employed in the electrochemical generation of the ketyl-radical (12) from (10). Thzs 

mlqht serve to provide a ketyl radical of hlqher energy, capable of surmounting thermodynasic 

actlvatlo” energy barriers. 

Combined with the closer proximity of the rwctlng centtes in (10) compared to (71, this allows for 

the opportunity of radical addition via either the kinetically preferred pathway and exo-closure, - - 

or via the thermodynamically preferred endo-mode and formatlo” of the lndenol (111. In the - 

cyclohexanone system (101, the sp’hybridlsed ketyl carbon, and the central sp-hybrldlsed carbon of 

the allene system are sufficiently close in the transatlon state to allow at least some deqree of 

orbktal overlap between the SOMO of the ketyl radical and both of the LlJMO’s of the allene 

residue (Scheme 1). This orbital overlap together with the higher energy of the ketyl sddlcal 

whe” produced chemically, enables radical additlon onto the allene system to proceed via the - 

thermodynamically preferred pathway to 91ve the more stable secondary radical (13), and hence 

rrnq closure via a” endo-mode. - - The lower energy of the electrochemlcally produced ketyl radical 

limits the addltlon to the klnetlc pathway, and hence m-ring closure. For the correspondlnq 

cyclopentanone allene system (71 orbital overlap is only viable with one LUMO system of the 

allene residue (Scheme 1) and this confines radical addition to the ez-rlnq closure mode, vld - 

both electrochemical and chemical methods. 

The size of the cycloalkanone rlnq used in the reductive cycllsatlons of terminal allene 

substituted ring ketones 1s therefore of siqnlflcance, since It affects the nature of the orbital 

overlap between the reactlnq centres. Of equal importance 1s the role played by the length of 

the allene side-chain: that IS, the number of lntervenlng carbon atoms between the two reaching 
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Scheme 1 
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centres in the cyclisatlon. We have lnvestlgated this effect using the allene ketone (17) which 

was produced from the known acetylenic ketone (14). lobfollowing reduction to the carblnol (151, 

chain extension to (161, 
22 

and oxidation of (16) uslnq barium manganate. 
23 

Radical mediated cycllsatlon of the allene ketone (17) was found to be completely regio- 

and stereoielectlve, and using either electrochemical or chenucal radical generation condltlons, 

proceeded via and z-trigcyclisatlon to give the pentalenol (20). - The stereochemlstry at the 

ring puncture 1” (20) was asslgned as c&-, since the corresponding trans-bicycloI3.3.01 octane 

1s highly strained, and the trans-relatlonshlp between the vinyl group and the bridgehead 

hydroxyl group in the bicycle follored from inspection and comparison of n.m.r. shift data with 

those of related systems. 
24 

The oriqln of the selectivity observed in the cycllsatlon of (17) can perhaps be ratlonallsed 

I” terms of the mechanism outlined in Scheme 2. The radical addltlon of the initially generated 

oxy-anlon radical (18) to the Inner terminus of the allene system generates the vinyl radical 

lntermedlate (19). In this Intermediate at least some negative ctmrge resides in both 

the oxygen atom, and the recipient radical bearing carbon atom. The respective electron 

densities therefore repel each other, and the moieties adopt oriencatlons of maxxwm distance, 

so leading to the formation of the z-homoallyllc alcohol (20). The result IS in agreement 

with the flndlngs of Shone et al 
25 

- -) I” their comparative studies of the radical cycllsatlons of 

&oleflnlc ketones, where a similar pattern of selectivity was observed. 

The observations made with the cyclic ketone (17) were reInforced when we examined the 

reductive cycllsation of the acyclic allene ketone (21). Thus, controlled potentional electro- 

lysls of (211 agaln promoted a 5-exe-trigcyclisation leadlng to the selective formation of the - 

cyclopentanol (22) in 55% yield. These last two examples of the cyclisation of allenic ketones 

viz (17)-(20) and (21)-(221 serve to illustrate some of the salient features of radical - 

reactions, namely (i) that carbon-to-carbon bond formatlon can, and does occur I” a predictable 

reqlo- and stero-chemically defined manner, and (11) that this can be accomplished without the 

net loss of functionality. Thesesituations are not always achieved with a number of 

conventional ionic ring-forming reactions. 

The present studies thus established that the intramolecular reductive cyclisation of 

terminal allenlc ketones provides an expeditious synthesis of fused-ring cyclopentanes with 

simultaneous IncorporatIon of a brldgehead hydroxyl group. Our origlnal aim of uslnq this 

strategy to synthesise the ene-diol units maklng up the B/C ring portions of the natural 

products capnellenediol (11 and lsoamijlol (21 was somewhat thwarted however, since the 

afor?mentloned cycllsations led largely to the w-ene alcohols e.g. (8) and (9) instead of the 

corresponding exo-isomers viz (4). - Although the ene-dlol unit I” (1) could be elaborated from - 

the corresponding endo-ene alcohol (25) by way of the epoxlde derived from the latter, we found 

It convenient to Instead proceed via the E-ene alcohol (23) produced from intramolecular - 

reductive cycllsation of the acetylenic ketone (24). This chemistry, which has now been 

publlshed,26 was first modelled with the 2-methyleneblcyclo [3.3.01octanedlol (28). 

Thus, intramolecular reductive cycllsatlon of the acetylenlc ketone (141, by cathodic 

electrolysis or using sodium naphthalenide, led to the correspondlnq known bicyclooctanol (26) 

1” 52% yield. Allylx oxldatlon of (261, using catalyticselenium dioxide produced a single 

crystalline ene-dlol which was assigned the 10,3a_configuratlon (27) on the basis of the 

expected dellvery of the new functionality to the less hlndered convex face of the bicycle (261, 

and also by comparison of p.m.r. spectral data with those of natural capnellene-m,lO Bdlol (1). 

The secondary alcohol group in (27) could be Inverted, most conveniently by conversion to the 

correspondlnq mesylate followed by reactlon with potassium superoxIde. This procedure led to 

the 143l?-d101 (28) contaminated by the product (29) resulting from sunultaneous SN2’ 

displacement wlthln (27). 
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In d slmlar manner, reductive cycllsation of the acetylenic ketone (301, derived vza - 

alkylation of Z-methylcycloheptanone with 5-iodo-I-pentynyltr~methylsllane, using sodturn 

naphthalenlde led to the G-blcycllc alcohol (31). Treatment of (31) with catalytlr selenium 

dioxide then produced the crystalline 344 q%-enedlol (32). and this model study provided the 

basis for the completion of our total synthesis of ~soami~~ol via the blcycIof5.3.0) decenone - 

lntermedxate (331, and the tricycle (34j.t 

EXPERIMENTAL 

Proton n.m.r. Spectra were recorded on a Perkin-Elmer R32 at 9OMHz, or on a Bruker WM 250 PFT for 
solutions I" deuterlo-chloroform. Molecular weights were determined from mass spectra measured 
with a VG MM 7070E or A.E.I. MS-902 instrument. 

Analytical t.1.c. plates f&rck Kleselgel 60F2 4 
? 

on alum~n~um sheets) were visuallsed with 
LodIne vapour,2,4-dinltrophenylhydrazlne, basic po asslum permanqanate or dodecamolybdenum 
phosphonic acid sprays. All g.1.c. analyses were done on glass columns packed with 10% SE-30 
on dlatomlte. 

Organic solvents were dlstilled before use, and organlc solutions were dried over 
magnesium sulphate. 

Electrochemical Reducelve Cycllsatlons : General Procedure 
The electrolysis apparatus was a standard H-cell I" which the dlaphraqm was a Nafion cation- 

exchange membrane, and the cathodic and ancdic chambers were 12~11 and 5ml respectively. The cell 
was equipped with a mercury pool cathode (2.2~~0 diameter), a carbon rod anode (5mm diameter), and 

a reference electrode comprising a silver wire Immersed I" a solution of tetra- butylammonium 
Iodide (109) I" dry dlmethylformamide (lml). 

The electrolyte, that is, a solution of terra-ethylanrmonium tosylate (591 In dry dlmethyl- 
formamlde (DHFI (25ml) was placed I" the cathodic and anodic chambers, and the allene ketone was 
then added to the catholyte. Under the external cool1n9 of a water bath (lO°C) the electrolysis 
was carried out at a cathode potential of -2.43%' versus Ag/AgI until 9.1.~. analysis 
(SE3C,150-204°C1 Indicated the consumption of starting material. The catholyte was stirred wzth 
a maqnetic bar during the electrolysis, and the control reduction potentlal was malntained with a 
HI-tek Instruments DT2101 potentiostat. The catholyte was poured Into water l25ml), and the 
aqueous solution wds then saturated with tilm chloride and extracted with ether (3x30ml). 
Evaporation of the drked extracts gave the crude product which was purified by column chromato- 
graphy on S111ca gel C using ether-hexane (1:2) as eluant. 

Reductive Cyclisation Initiated with Sodium Naphthalene Radical Anlon : General Procedure 
Y'o a solution of dry recrystalllsed naphthalene (1.929) 1" dry tetrahydrofuran (THF) (20ml1, 

stirred under nitrogen at room temperature, was added freshly cut sodium (580mgl in small pxeces. 
The resulting green solution was then starred at room temperature for 3h. This routznely gave d 
0.6M solction of the reagent. 

The solution of sodium naphthalenlde was added dropwlse under nitrogen to a well stirred 
solution of the allene ketone in dry tetrahydrofuran at room temperature until a faint green end 
point was reached. The colouratlon discharged by itself i" about 3 min. after turning 
off the nitrogen. The mixture was poured into water (3Gmi) and then extracted wl:h ether 
13x25ml). 

The combined ether extracts were washed with dtlute hydrochloric acid (30ml), followed by 
water until they were neutral. Evaporation of the dried extracts qave the crude product which 
was purlficd by column chromatography on Slllca gel G using ether hexane (l:l)~s eluant. 

4-w-1,2-butadzene 16) 
Bromo-allene was prepared from the correspondifg carblnol (45P), 

trlbromide, and showed b.p. 58-64'C at 93mmH9 (Lit 
by treatment with phosphprus 

b-p. 64-6‘+C at 18lrmnHq): wmax1945,1205cm 
&5.51lm,lH,:CH),4.98 (m,2H,:CH2)J_68(m,ZH,CH2Br)p.p.x. 

~-Cvclopentvlidene-2-methvl-l-pro~namlne (5) 
A solution of cyclopentanone (10.00q,0.12mol) and s-butyiamlne 18.69g,O.l2moi) in dry 

benzene (100ml) was heated under reflux for 10h. The water produced was separated continuously 
with a Dean and Stark trap. After coollnq, the benzene was evaporated at reduced pressure. The 
residue was dIstAlfed to 91~s the lmlne 113.559, 81.9~1 as a colourless liquid, b.p. 52OC at 
3mmH9; ~~~~168Ocrn 
6H,CH3) p.p.m. 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

2-(3,4-Butadlenyl) cvclopentanone (7) 
A solution of n-butylllthlum (1.67M) In hexane 139.Om1,65rmnol) was added dropwrse to d 

rolutlon of dllsopropylamlne (9.Iml,65mmoI) I" dry HHPA (11.3ml) stirred under nitrogen at -2OY. 
After stirrins at -2O*C for 3Omin. a solution of the freshly dlrtilled imine (5) (8.2Oa.59mmol) I" 
dry THF (?%I~ was added dropwise. 

_. 
The mixture was stirred at 20°C for 20 min. before cooling to 

-b<OC. A solution of the bromide 16) (11.5Os.86mmol) was then added droowlse over 40min. After _- _. _ 
stlrrrng at -65Y for 40 min. the mixture was warmed to -50°C, and then acldlfied with aqueous 

t Unpublished work 
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tartar~c acid solution. The mixture was allowed to warm to rc~om temperature over 3h. The 
aqueous layer was separated and extracted with ether (3xEOmll. The combined organic phases 
were washed successively with aqueous hydrocholorlc acid (2M,40ml), saturated sodium bxartcnate 
solution (4Qnl) Bdlxxle (anll. Evaporation of the dried extracts left a red liquid (8.159). which 
was purified by column chromatography on Slllca gel G us1n9 ether-hexane (]:2) as eluant to 9ive 
the allene ketone (3.509,43.69) as d pale yellow liquid; V 
4.68,1m,2H.:CH2),3.00-l.OO(m,9H)p.p.m.; 6C219.7,209.0,87.7(~?~ 

1957,1742cm- , 6 5.10(m,lH,:CH), 
75.2(t).48.7(dy, 38.l(t),29.2(t), 

28.6 (t), 20.7tt)p.p.m; (Found:m/z 136.0863; C H 0 requires M 136.0898). The 2,4_dlnltrophenyl- 
hydrazone derivative crystalllsed from methane 9 l2 as Irridescen; yellow crystals, m.p. 103-3.5’C 
(Found :C, 56.84%; H,5.193,K,17.90%. C15H16N404 requires C,56.95%,H,5.10%,N,17.71%). 

~-2,3,6,6a-Tetratiydro-4-me~hyl-?a(lH)-pentalenol (8) 
(al Electroreductlon of the allene-ketone (209.6mg,l.Srmnol) by the general procedure, 

follow?9 by chromatography gave the alcohol (86.8mq,40.8%) as a colourless 011; v 3340,3330, 
1657cm ; 5 5.37(m,lH,:CH),2.87-l.OS(m, 911), 1.94(s,lH,OH),1.72(m,3H.CH C:lp.p.m.?%Xl42.2, 
126.7(d~,96~1,50.l~d~,38.0~t~,37.8~t~35.O~t~,25.6~t~,l~.A~q~p.p.m.; (Foind:m/z 138.~044,C,77.85%; 
H 10.57%. 

(b) 
C H140 requires E 138.1036; C,78.219; H,lO.Sl%) 

Trea ment ? of a solution of the allene ketone(71 l617mg,4.5mmol) I” dry THF (23 ml) with 
a solution of sodium naphthalene radical anlo” (0.6H I” THF,6.4ml) by the general procedure, 
followed by chromatography, gave the alcohol (113.2nq,27.8\, eluted second) dnd recovered 
startlnq mnterlal (215.8mq,35%, eluted flrst). Tl‘e carblnol showed ldentlcal spectral data with 
those of an authentic sample prepared us1n9 electrochemical reductive cycllsatlon. 

2-(2,3-8uradlenyl)cyclohexanone (101 
A solution of n-butvlllthlum (1.38H) in hexane l31.8m1.44mmol) was added dropwlse to a 

solution of dlxopropylamine (6.2m1,441mnol) III dry THF (SOml), contalnlnq HMPA(&l), stlrred 
under nltoqen at -3OOC. ter stlrrlnq at -30°C for 30 min. , N-cyclohexylldene-2-methyl-l- 
,rxopa”am~ne (6.75q,44mmol in dry THF (18ml) was added dropwIse, and the mixture was then 
stirred at -30aC for lh. before coollnq to -65°C. A solution of the bromide 16) (6.7Oq,5Ommol) 
II? dry THF (18ml) was then added dropwlse over 45 ml”. After stlrrlnq at -65OC for lh. the 
mixture was warmed to -50°C, and then acldlfled with aqueous tartdrlc acid solution. -he 
nlxture was shaken v19orously and extracted with ether at 1O’C. The combined extracts were 
washed successively with aqueous hydrochloric acid (2H,40ml), saturated sodium bicarbonate 
solution (40ml), and brine (40ml). Evaporation of the dried extracts left an orarxje llquld 
(5.029), which was dlstllled to 91~ the allen 
llquld, b.F. 92-5” at 5mmH9; 

__f ketone (2.12q,32.0%) as an almost colourless 

(m,llH)p.D.m.;S 211.9,209.fl,88!!?~~.74.7ct,, SO.!(d), 42.1(t) 
1355,171Ccm 6 5.16(m,lH,:CH), 4.64(m,2H,:CH,), 2.96-!.80 

p.p_m. ; (Found:& 150.1329; C10H140 requires F( 150.1045). 
, 33.7(t), 28.4(1),28.3(t), 25.1(t) 

:ne 2,~,-dlnitrop~:er,ylhydrdzone derlvatlve cryscalllsed from methanol as lrrldescent orange 
crystals, m.p. 110.5 - 111.5OC (Found: C,58.200; H,5.559, N,17.1R%. 
C,58.17%; ll,5.49%,N,16.96%). 

C16H18N404 requires 

cls-1,4,5,6,7,7a_Hexahydro 3-methyl-la(lH)lnden-3a-02 (9) - 
Electroreductlon of the allene ketone (10) (302.3mq,2nmoll by the general procedure, 

follow?? by chromatography gave the alcohol (132.5mq, 43.29) as a colourless 011; v 3390, 
1652~~ , 6 5,49(m,lH,:CH), 2.56-0.96(m.12H),1.7l(m,3H,CH C:)p.p.m.d 145.5,126.O(t)Tfl?.l,46.6(d 
34.8, 33.0(p), 28.6(t),23.1(t),21.7(t),ll.7(q)p.p.m.; lF&nd:m/z 15!?.1163;C,79.00%, H,lO.8e$ 
C10H160 requires z 152.12Cl; C,78.89%: H,10.59%). 

c~s-Octahydro-3-methylene-3a-(1~l-~-3a-~(lll - 
Treatment of a solution of the allene ketone (10) (545.Omq,3.6mmol) I” dry THF (17mll with a 

solution of sodium naphthalene radical anlo 13 THF,5.Oml,3mmol) by the qeneral procedure, 
followed by chromatography qave rpe alcohol 

~o~0.6H 
(22.3mg,7.00, eluted second) as an almost 

colo”rless 011; v 3425,1660cm, 
C:l,2.66-1~3(H,12~~.p.m.;~ 156.5, 

,6 5.08 and 4.97 (dt,J 11,J 2.5,2H,:CH),2.66-2.37(m,ZH.CH. 
10~.6~t~,79.4,46.4~d,;SEi~8~t~~~.1lt~,27.l~tl,25.7~t~,23.2lt~f 

23.l(t)p.p.m.; (Found:m/z 1?2.llR3: C H 
startlnq material (263.5mq,48.3%, elui8d’p 

0 requires I? 152.12011, toqether with recovered 
1rst I. 

2-(3-8atynyl)cyclopentanone (14) 
e-Toluenesulphonylhydrazlde (26.OO9,O 14moll was added to a solutlonof hexahydrolndeno 

[3a,4-blox~ren-2(laH)one ~20.28q,0.13m01~28~n qlaclal dcetlc acid (22Oml) and dlchloromethane 
(EfiOml) stlrred at -17OC under nltroqen. The resultant yellow solution was stlrred at -17’C 
for lh, rhcn at -1 to -2OC overnlqht, and flnally at room temperature for 2h to 91~ a clear 
orange solution. Solld sodium carbonate was added to neutrallse the acetlc acid, and watpr 
(250ml) was thw added to dissolve any solld present. -he aqueous phase was separated and 
ertracted with dlcb.loromethane (3x300~1). The combined orqanlc phases were washed successively 
watt saturated sodium bicarbonate solution (2x300ml) and brine (300ml). Evaporation of the 
dried extracts qave an oranqe-red liquid, dlstlllatlon of which qaybthe acetylenlc ketone 
(10.549, 58.1%) as a_~olourless llquld, b.p. 65’C at 0.7mmH9 (Lit. b.p.71°C/5mmHq); 
” 3290,2120,1730cm : 6 2.46-1.40(m,llH),1.96(t,J2.6,lH,:CH)p.p.m.:6 220.2,88.7,69.1(d), 
4~~(d),38.l(t),29.6(t),2~.7(t),20.8(t),16.8(t)p.pTm.; (Found: m/z 136(30870; C H 0 requires 
M 136.0898). The 2,4-dlnltrophenylhydrazone derlvatlve crystalllsed from methane d.s g ‘f 
lrridescent orange crystals, n.p. 129-131’C (Found: 
recqlres C.56.95\; H.5.100; N,17.71%). 

C,56.76\; H,5.20\,N,l7.65%. C15H16N504 
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c&s-2-(3-Butynyl) cyclopentanol ‘15) 
TO a solution of L-SelectrIde IlM) (3 equivl I” THF (29~11) stlrred under nltroqen at -78’C 

wds added d solution of the acetylenlc ketone (14) (1.32q,lOmmoll in dry THF (6ml). After 
stIrring at -78OC for Zh, the mixture wds allowed to warm to room temperature where it wds 
stirred for 4h. The excess hydride wds destroyed by the addition of wet THF (6ml). Aqueous 
sodium hydroxide solution (2M,24ml) was added at O’C, followed by the slow addition of aqueous 
hydrogen peroxlde (30%,48ml) and the mixture was saturated with sodium chloride and the 
aqueous layer was then separated and extracted with ether (3xSOml). The combined orqanlc phases 
were washed with aqeous sodium thlosulphate solution (25ml) and brine (25ml). Evaporation of the 
dried extracts gave an almost colourless llquld (1.419) which wds purified by column chromato- 
graphy on Silica gel G uslnq ether - llqht petroleum (b.p. 40-60°C)(1:1) as eluanLlto give the 
acetylenlc alcohol (1.2Oq,83.01) ds a colourless llquld: w 3400(br),3305,2130cm ,6 4.20 
(m,lH,CljOH),Z.S4(br s,lH,OHl, 2.26(d,J6.5,2H,CH C:),1.98(t~~,lH:CH),2.80-1.00(m,9H~p?p.m.; 
6 85.0,74.1(d),68.4(d),45.0(d),34.9(t),28.7ltl,~ 
CtH140 requires !j 138.1048). 

8 l(t),21.8~t),17.2(tlp.p.m.;(found:m/z 138.1046; . 

G-2-(3,4-PentadlenylIcyclopentanol (16) 
A solution of parafornaldehyde (1.44q,16rmnol) cuprous bromide (1.62q,5.6mmol), dilsopropy- 

lanlne (4.6m1.33nunol). and the alcohol (15) (3.8Oq,2.8nmol) I” dry dloxan (46ml) wds stlrred 
under gentle refluw in an atmosphere of nitrogen for 2lh. After coollnq, the mixture wds 
quenched by the addltlon of water (50ml). Solid ammonium chloride was added to saturate the 
solution, and the mixture was then shaken thorouqhly and extracted with ether (4x75ml). The 
combined organic phases were washed successively with saturated ~llver nltrdte solution (30ml), 
aqueous hydrochloric acid (2H,40ml), saturated sodium bicarbonate salutation (40ml), and brine 
EOnll. Evaporation of the dried extracts gave an orange llquld, which wds purlfled by column 
chromatography on Silica gel G uslnq ether hexane (1:2)_~5 eluant, to qlve the allenic alcohol 
(1.64q,39.1%) as a pale yellow llquld; vmBx 3430,195Ocm 6,5.17(m,lH,:CH),C.68(m,2H,:CH2). 

4.~7~m,lH,C~OH~,2.83~m,lH,OH~,3.08-0.78~m,llHlp.p.m.: 6 208.6,90.2(tl,74.7(d),74.5(dl, 
45.3(d),34.9(t),28.8(t),28.7(t),27.4(t),Zl.9(t)p.p.m.; c Found:m/z lSl.llOO(M-1); 
CloH160 requires n-1 151.1123). 

2-(3,4-PentadlenylIcyclopentanone (171 
A solution of the allenic alcohol (16M533.6mq.3.5mmol) in drv dichloromethane was stlrred 

with excess bxlun Mnqanate (9.52q,37nunol?at room-&perature for.37h. The excess barium 
manqanate wds filtered off under suction, and then washed with dlchloromethane (2x75ml). 
Evaporation of the dlchloromethane solution left a pale yellow liquid (345.3mq) which wds purified 
by column chronatoqraphy on Slllca gel G uslnq ether-hexane (2:l) as eiydnt to qlve the am- 
ketone (284.3mq.57.09) as an almost colourless liquid; V 1955,173scn ; Q15.12(m,lH,:CH), 
4.68(m,ZH:CH ),2.90-0.90(m,llH)p.p.m.6 219.8,208.8,89.5l~~~74.9(t),48.4(d),38.0~t~,29.7~t~, 
29.3W,26.3?tI,20.8Op.p.m.; (Found cm/z 150.1018; C H 0 requires H 150.1045). The 
2,4_dlnitrophenylhydrazone derivatiW?crystalllsed from met an01 ds d yeilow sold, m.P. 75-7’C. 

10 ft4 

(3a,3a6,6aB)-3-Ethenylhexahydro-3a(l~)-pentalenol (20) 
La) Electroreductlon of the allene ketone I171 (170.9nq.l.lrmnol) bv the general procedure 

followe by chromatography, gave the alcohol (64.4mq,37.2%i.as 
-Q 

a colourless 011; V 3380, 
1640cm ;6 5.88 (m,lH,:CH),S.O7(m,2H,:CH l,2.47(m,lH,CHC:l,1.72(m,2H,CH CC:l,2.52-~d~Z(m,lOH) 
p.p.m.; 6 ~38.2~d~,115.5(t~,92.8,55.6ld)t51.5(d),37.7~t~,34.8~t~,3O.l~t 
(Found:m/C 134.1100 (Y-H 0) 

5 ,29.9(t),25.9(tlp.p.m.; 
; c 

(b) Treatment of a silutlon 0 lo 
H 0 requires 3-H 0 134.10961. 

t6the allene ket8ne (17)(218.2mq) I” dry THF (8nl) with d 
solution of sdlum naphthalene radical anion (0.6M in THF,1.4ml) by the general procedure, 
followed by chromatography, qave the alcohol (44.0mq,23.3%, eluted second) ds a colourless 
llquld, and recovered startlnq materlal (61.7mq,28.3%, eluted flrst). The carblnol showed 
ldentlcal spectral data with those of an authentic sample prepared uslnq electrochenlcal 
reductive cycllsatlon. 

2-Hethyl-2-(2,2-dimethyl-4-pentyny1)-1,3-dloxola4% 
To d solution of 4.4-dimethvl-6-heptvn-2-one l4.57q.33mmolj 1” dry benzene (200ml), wds 

added ethylene qlyco1~(4.20ml,~5mmol)~a~d pyrldlnlum t&ylate (0.96q,j.8mnol). The mixture was 
stlrred under reflux for 3h with continuous removal of water (Dean and Stark trap). After 
coollnq, the solvent wds evaporate?, and the residue wds then taken up I” ether (100ml) and 
washed with saturated sodium bicarbonate solution (75ml1, followed by brine (75ml). Evaporat ran 
of the dried ether ex rdcts qave the crude dloxolane (4.2Oq,89.4%1 sxfflciently pure for further 
use; \,,3300,2125cm 

-i i 6 3.97(s,4H,CH20). 2.25~d,J2.5,2H,CH2C:~,1.99~t,J2.5,1H,:CHl,1.80~s,2H,CH2 
CO).1.36(s,3H,CH3C0),1.0~(s,6H,CH31p.p.m. 

A solution of parafornaldehyde (1,23q,14mnol),cuprous bromide (1.21q,4.2mnol), dllsopropy- 
lamlne (4.10m1,29mmol) and 2-methyl-2~2,2-d~methyl-4-pentynyl~-l,3-dioxolane (4.2Oq,28mmol) 1n 
dry dloxan (42ml) was stirred under gentle reflux under nitrogen for 17h. After coollnq, the 
mixture WBS quenched by the addltron of water (50ml). Solld drmnon~um chloride wds added to 
saturate the solution, and the mixture was then shaken thoroughly and extracted with ether 
(4x75ml). 
The combined ether extracts were washed successively with saturated sliver nltrdte solution (3Oml) 
aqueous hydrochloric acid (2H,40ml), saturated sodium bicarbonate solution (4011111, and brine 
(40ml). Evaporation of the dried extracts gave the &ne(l.67q,36.99) as d pale yellov llquld, 
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which was used wlthout further purification; v 1950cm -I: 65.14(m,lH,:CH),4.62(dt,J_7 and 2,ZH, 

:CH ),3.94(s,4H,CH20),2.04(dt,J7 and 2,2H,CH2C~:l.69(s,2H,~H2 C0),1.34(s,3H,CH3CD)>l.00 

&H,CH3)p.p.n. 

4,4-Dimethyl-6,7-octadien-2-one (21) 
To a soltition of 2-methyl-2(2,2-dimethyl-4,5-hexad~enyll-l,3-dioxolane (2.43g,l3nrmol) 1" aCetOne 
(9Oml) containing 1% water was added, pyrldlnium tosylate (960mg,3.8mmol) and the mixture was 

then stirred under reflux for 3h. After cooling, the solvent was evaporated, and the residue was 

taken up I" ether (100ml) and then washed with saturated sodium bicarbonate solution (75ml) 

followed by brine (751111). maporatIon of the dried ether phase left an orange liquid (1.69g), 

which was purlfled by column chromatography on Slllca gel G using ether-hexane (1.2) asleluant to 

m.p. 78.9'C (Found:C,57.450: 

H,6.04\;K,16.93\. C16H20N404 requires C,57.82\; H,6.079; N,16.86\). 

trans-2-Ethenyl-1,4,4-trlmethylcyclopentanol (22) 
(a) Electroreduction of the allene ketone(21) (150.4mg,lmmol) by the general procedure 

followed by chromatography gave the alcohol (83.2mg,54.6%) as a colourless 011: V 
-1 

3370,154ocm i 
6 5.84(m,l+CH),S.O8(mtZH,:CH ).2.69(m,lH,CHC:)2.20-0.69 (m,5H),l.l6(~,3H,CH ),l.Hfs,3H,CH COH), 

1!06(s,3H,CH )p.p.m.; 6 138.ltd~,115.6~t~,81.01,56.04~t~,55.O~d~,45.4~t~,37.~,32.llql,31.6~~~, 

25.l(q)p.p.m?:(Fo"nd:m/~ 154.1351;C,78.058;H,12.17%. C10H180 rcqu~res _n 154.1357; C,77.86\;H, 

11.76%). 
(b) Treatment of a solution of the allene ketone (21) (304.2mg) in dry THF (llml) with a 

solution of sodium naphthalene radical anion (0.6M III THF,2.8ml) by the general procedure, 

followed by chromatography, gave the alcohol (97.lmg,55.89, eluted second), and recovered 

starting material (132.6mg,22.1%, eluted first). The carbinol showed ldentlcal data with those 

of an authentic sample prepared using electrochemical reductive cycllsatlon. 

cls-Hexahydro-3-methylldene-3a(lH)-pentalenol (26) - 
Electroreductlon of the acetylenlc ysk one (14) (181.4mg,l.2mmol) by the general procedure 

-1 
gave; after chromatography, the alcohol (97.3mg,52.8$) as a colourless 011; v 3375,1665cm ; 
6 5.10 (m,lH,:CH ),4.96lm,lH,:CH ), 2.92-1.07(m,llH),2.0l(s,lH,OH)p.p.m.;6 159.1~~5.2(t),89.9, 

5~.2(d),41.0(t),52.6(t),32.4(r),~9.5(t),2~.7(t),p.p.~.; (Found:m/z 138.0906; C,78.080:H,10.76%. 

CgH140 requires I? 138.1043; C,78.2~%;U,10.21%). 

(2~,3a6)-Hexahydro-3-methylene-3aH-pentalene-2,3a-d~ol (271 

A solution t-butyl hydroperoxlde (350mg,3.9rmnol) in dichloronethane (4ml) was added to a 
stirred solution of the alcohol (26)(lOOmg,O.7nnno 

us 
selenlumdloxlde (20mg,0.2nnol), and 

sallCYllc acid (60mg,0.4rmnol) I" dlchloromethane (Bml), and the solution was then stlrred at 

room temperature for 4h. The solution was diluted with benzene (50ml) and then evaporated to a 

volume of approrlnately 40m1, before It was washed with aqueous potassium hydroxide solution 

(2H,30n;l). The aqueous wash was back extracted with ether (2x20ml). The combined extracts 
were dried and evaporated to give a VISCOUS 011 which was purified by column chromatography on 

Slllca gel G using acetone-hexane (1:2) as eluant to give the d& (40mg,35.8%) ?JT an 

amorphous cream-coloured solld, m.p. 60-2'C;v (CHCl )3600,3300,1630 (v.weak)cm ;6 5.30 and 

5.20 ( each m,2,H,:CH2 ),4.52(app.t,lH,CHOH), "a~.66-2?56(m,2H,0H),2.65-1.14(m,9H)p.p%.; 
6 160.6,137.4,88.4,75.3~d~,49.4~d~,4l.l~t~,39.6~t~,33.l~ddl,25.7~t~p.p.m.; (Found:m/z 154.0995; 

C:69.85\;H,9.30\. CgH1402 requires n 154.0994;C,70.10%,H,9.15%~. 

(243a6)-Hexahydro-3-methylene-3aH-pentalene-2,3a-dlol (281 and cls-2,3,6,6a-Tetrahydro-d- - 
(hydroxymethyl)-3a(lH)-pentalentalenol (291 (S.J. Teaguel 

A solution of freshly dlstllled methanesulphonyl chloride (91mg.0.8mm01) ln dry dlchloro- 

methane (2ml) was added dropwlse over 0.5h to a stlrred solution of the alcohol (27) 

(lOOmg,0.65rmnol) and dry trlethylamlne (150~1,1.1mm011 I" dry dlchloromethane (2Oml) at -25'C 

under nitrogen. The solution was then stlrred for 2h at -20°C, before quenchlnq with iced water 

(Sml). The nuxture was transferred to a cold separatlnq funnel and washed successively with ice- 

cold aqueous hydrochloric acid (2M,Sml) saturated sodium bicarbonate solution (5ml). The 
orqanlc phase was separated and dried at O'C and the solven: carefully evaporated to give the 

allyllc mesylate as a colourless all which rapidlv darkens tc a purple slurry above 1O'C. The 
crude mesylate was taken up in an Ice-cold nnxture of dry dlmethylsulphoxlde and dImethyl- 

formamldo (10m1,1:11, 2nd then poured Into a stIrled solution of pot.lsslum sljyrorlde (3OOmg, 
4.2mmol) and 18-crown-6 (2OOmg,0.8mmoll in Ice-cold dinethylsulphoxide (<ml) . The solution was 
stlrred fqr 2h at O°C then for lh at 2S°C, before water (20ml) was added and the mixture 
extracted with chloroform (3xlSml). The combined extracts were stlrred with trlphenylphosphine 
(150mg) at room temperature for lh. Evaporation of the dried extracts left an 011 uhlch was 
chromatographed on Silica qel G uslnq acetone-hexane (1:3) as eluant to give the * (80mq) 

conslstlnq of a 1:l mixture of the alcohols (28) and (29) by n.m.r. analysis;(i8)showed: 6 

5.5 and 5.4(each m,ZH, 

2.5-1.2(m,llH)p.p.m. 

:C~21,4.8(m,C~OH),2.6-1.2(m,llH); (29) showed: 
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2-Methyl-2-(4-pentYnyl)cycloheptanone (30) 
A solution of 2-methylcycloheptanone (1.39g,llmmol) I" dry DHE(8ml) was added to a stirred 

suspension of oil-free sodrum hydride (265mg,llnnol) an dry DME (6ml) and the mixture was then 
stlrred under nitrogen at roar temperature for 48h. To the resulting pale yello~2slurry of 
sodium enolate was added dropwIse d solution of 5-lodo-l-pentynyltrlmethylsllane (2.93g,llmmol) 
in dry DHE (10ml). The pale yellow slurry was allowed to stir and room temperature for 24h and 
then poured into an Ice-cold mixture of aqueous acetlc acid lZH,20ml) and ether OOml). The 
aqueous phase was separated and extracted with ether (3xlOml). The combined ether extracts were 
washed successively with aqueous sodium bicarbonate solution (2M,lOml) and water (2xlOml). 
Evaporation of the dried extracts and bulb-to-bulb distillation of the residue gav 

-7 
acetylenic 

ketone (1.32g,62.3\) as d colourless liqud, b.p.lOSOC at O.SmmHg,v 3275,170Ocm ; 
2.96-0.96(m,16H),1.97(t,J3,1H,:CHl,1.06(s,3H,CH 1p.p.m.; d 217.1,~~"9,68.7(d,,50.6,40.2(t), 

30.7(t),26.6ltl,24.5(t),23.3(t), 31.6(t).lE.&q)p.p.m.; (Found: m/z 192.1509; 
C,80.999:H,10.75\. C13H200 requires z 192.1513;C,81.20%;H,10.48~1. 

cis-Decahydro-9a-nethyl-4-methylene-4aH_ (31) 
Treatment of a solution of the acetylenlc ketone 00) (1.059,5.5mm01) I" dry THF (2Oml) with 

a solution of scdlum naphthalene radical anlo" lO.6M in XF,18.Om1,10.8mmol) by the general 
procedure, followed by colunn chromatography on Silica gel HF 254 using ether-light petroleum 
(b.p.40-60°C) (1:4) as eluant gave rpe alcohol (300.0mg,28.3\, eluted second) as an almost 
colourless 011; v 3455(br),1640cm ; 6 4.84(t,J1.65,1H,:CH ),4.73(t,J1.3,1H,:CH ),2.60-2.47 
(m,lH, -CH2C:),2.~8xl.42(m,16H),0.85(s,3#,CH )p.p.m.;d 153.3~108.4(t),78.1,41.8,3?.7(t),37.1(t), 
34.3(t),32.3(t)26.6(t),22.9(t),21.7(t),20.5( ),19.O(ql;.p.m.; 2 (round:m/z 194.1672;C H 0 
requires fi 194.1669), together with recovered starting materlal (403.2mg,38.4%, elulzd2?lrst). 

(3B,4a@,9aB-)-Decahydro-9a-methyl-4-methylene-4@ benzocycloheptene 3,4a-m (32) 
t-Butyl hydroperoxlde (70% solution I" water, 25~1) was added to a stlrred solution of the 

alcohol (311 (11.Omg,0.06nnnol), selenium dloxlde (120pq,lvmol), and salicyllc acid 
(8.3mg,O.O6mmol) in dlchloromethane (8ml), and the solution was then stlrred ;t room temperat,xe 
for 8h. The solution was diluted with benzene (2Oml) and then evaporated to a volume of 
approxlnately 15m1, before It was diluted with ether (10nl) and washed with aqueous potassium 
hydroxide solution (ZM,4x12ml). Evaporation of the dried organic phase left an 011~ residue 
which was purified by colunn chromatography on Slllca gel HF 254 using ether-hexane (1:2) to give 
the m (4.4mg,37.0%, eluted second) as a white solld. 
gave white crystals, m.p. 105-6'C: ICHCl )3350,1630cm 

_frystalllsation from ether-hexane (1:3) 
i S.lO(d,;_0.88,1H,:CH ,,4.97(d,h0,87, 

lH.:CH ~,4.33~t,~2.85,1H.CH~H~,~.65~~~1H,0H~,2.24-1.40~~,14H~,0.83~s,3H,CH )p.p.~%, 
192.1468(!4-H 0);C H 0 requires H-H20 192.15143, 

(Foond:m/z 

(4.4mg,40$, zl"tea3ft?st). 
toqether with recovered ztartlnq materlal 
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