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Abstract - Electrolysis of a series of terminal allenlc ketones e.g. (71, 
(10). (17) and (21) is shown to result in intramolecular reductive 
cycllsatlo", through the exo-mode, produclng five-membered rugs, z (a), 
(9), (20) and (22) respectively, incorporating a bridgehead hydroxyl group 
rhe unsaturated alcohols (8), (20) and (221, are also obtained when the 
allenic ketones (7), (17) and (21) are treated with sodium naphthalenide. 
By contrast treatment of (10) I" the sodium naphthalenlde gives a low 
yield (~a 7%) of the isomeric lndenol (11) by cycllsation through the 
endo-mode. 
Reductive cyclisatlons of the terminal acetylenlc ketones (14) and (301 
produce the corresponding unsaturated alcohols (26) and (31) 
respectively. Treatment of the alcohols (26) and (31) with catalytic 
selenium dioxide then provides the enedlols (27) and (32) respectively, 
which make up the B/C ring systems of the novel marine natural products 
capnellenediol (1) and lsoamijiol (2). 

The constrsctlon of ring systems is a fundamental process in synthesis, and a" enormous array of 

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

nucleophlllz and electrophlllc centres, and by perlcycllc processes have bee" developed for rhl.s 

purpose. ry conrrast, the corresponding use of free radical intermediates in the synthpsls ?i 

ring systens, has until recently been lunited to studies of a more mechanlstlc bias."' 

These mechanistic lnvestlgatlons have however served to illustrate the potentlal for i?ee 

radicals 1:' synthesis, and in particular the wide potential for intramolecular radical-mediated 

reactions :n both the reglo-and stereoselectlve synthesis of all types of ring systems. 3 ?‘r,lS 

feature 1s raerhaps nowhere better illustrated than I" the area of reductive cycllsatlons. 
4 ,',,C 

in cor?ect1o" with our lnvestigatlons of the total synthesis of the marine terpenolds 
7 

capnelleneoiol (1) , and lsoamljiol (2) 
8 

we required a method for the annulatlon of a 

carbocyclir ring with concomitant introduction of unsaturation and a brldgehead hydroxyl group 

In this fusvi r1nq system. We were attracted to the possibility of achieving this aim by 
Q 

lntranolecular radical coupling of the corresponding terminal allenic ketones VIZ (3)* 141. 

Although ar, analogy was drawn with the previously reported radical coupling of ternlnal 

acety1en1c ketones, 
5a,lO to our knowledge the intramolecular radical coupl1nq of terminal aiif'r!lc 

ketones hlrherto has not been described. Indeed, with a few exceptions, 
11-14 

little 1s knc,x,n 

concernlnq the role of the allene function as a" electron acceptor I" radical cycl1sa:lon 

reactions. 

be begin our lnvestlgatlon of the reductive cycllsatlon of terminal allene ketones uslr:q 

the &aller!lc ketone (7), which was prepared by alkylatio" of the anion derived from lsohutvl- 

cyclopentyl inane (5) with 1-bromobuta-2,3+iene (61, 15 followed by mild hydrollsls. cyc1:< 
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voltammetry studles showed that the reduction of !7) occurs at -2.45 to -.?.4YV (versus Aq/AqIl, 

and that optimum condltlons are achieved with a mercury cathode uslnq solutions I" dry 

dunethylformamlde and tetraethylammonlum e-toluenesulphonate as co-electrolyte. IJnder these 

condltlons, electrolysis of (7) resulted I" smooth rcductlve cycllsallo" Tao t.he cyclopentenol (8: 

I" 41% isolated yield. Radrcal addltlon to the allene system 1" ('71 had therefor? or-curred 11, d 

regloselectlve manner to qlvr (8) ",a a i-exe-dly process. '?he klnetlc preference for radical 

trapplnq to occur with l,i-cyclasatlon in a" exe-manner 1s well know from studits of - 

S-alkenyl radicals. 
16 

The orlqlns of the selectlvlty have been attrlbutcd to slther sterlc, 
17 

stereoelrctro"x18 or e"tropxlY effects, although it 1s likely that 311 three efferts play a 

contr1hut1ng role. The same selectlvc mode of cycllsatlon of (7) was observiad when the aller!~ 

ketone was treated with sodium naphthalene radical a",~" 1" tetrahydrofuran, and (8) was the 

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

starting material due to enolate formatlon with sodlurn ndphthalenldc, during thf: reactlo". It 

1s lnterestlng to note that attempts to syntheslse cyclic tcrtldry alcohols, such di (8), vld 

utramolecular radical addltlons 1" the re"erse mode, that IS, addltlon to ketones by red"s of 

orqanometall~c reagents have proved dlfflcult. 
20 

with the establishment that allenes can partlclpate as electron acceptors 1" radical 

medlated cycllsatlon reactions, It was of Interest to deterrune the role that the size :,f ring 

already present I" the starting allene ketone, had on the course of the cycllsatlon. 

Accordingly, the six-ring allene ketone (10) was prepared I" a slmllar manner to that described 

for (7). Electroreduction of the ketone (10) under the same condltlons as employed for the 

cyclopentanone (7) again produced a blcycllc allyllc alcohol viz (9) by way of a selective 

5-exe-dig cycllsatlon. - To our surprise however, when the allene ketone (10) was treated wlrh 

sodium naphthalenlde, the only product Isolated, albelt I" only 7% ylold, was the lsomerlc 

lndenol (11) ostensibly produced by a thermodynamically preferred 5-sen-dlq process. separat<z 

studies established that the, endo- and exe-lndenols (11) do "ot underqo lsomerlsatlon 

under the radical forming condltlons. 

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

sodium naphthalene radical anlo" (-3.09V versus Aq/AgI) 
21 

as compared with the electrode potential 

of -2.43V employed 1" the electrochemical qeneratlon of the ketyl-radical (12) from (10). This 

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

activation energy barriers. 

Combined with the closer proximity of the reactlnq centres 1" (10) compared to (7), this allows for 

the opportunity of radical addition z either the krnetlcally preferred pathway and e-closure, 

or "la the thermodynamically preferred endo-mode and formatlon of the lnderlol (11). In rhe 

cyclohexanone system (lo), the sp*hybrldxd ketyl carbon, and the central sp-hybrldlsed carbon of 

the allene system are sufflclently close I" thr transltlon state to allow at least some degree of 

orbltal overlap between the SOMO of the ketyl radical and both of the LUMO's of the allene 

residue (Schem? 1). This orbital overlap together with the hlqher energy of the ketyl radical 

when produced chemically, enables radical addltlon onto the allene system to proceed via the - 

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

ring closure "la an endo-mode. The lower energy of the electrochem~cally produced ketyl radical 

llmlts the addition to the klnetlc pathway, and hence E-ring closure. For the correspondlnq 

cyclopentanone allene system (7) orbltal overlap 1s only vlable with one ImUM system of the 

allcne residue (Scheme 1) and this confines radical addltlon to the fxo-rlnq closure mode, s 

both electrochemical and chemical methods. 

The size of the cycloalkanone ring used in the reductive cvcllsatlons of terminal allene 

substituted rlnq ketones 1s therefore of slgnlflcance, since It affects the nature of the orbltal 

overlap between the reacting centres. Of equal Importance is the role played by the length of 

the allene side-chain; that =s, the number of Intervening carbon atoms between the two reachlnq 
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centres in the cyclisation. We have uwestiqated this effect uslnq the allene ketone (17) which 

was produced from the known acetylenic ketone (14), lobfollowlnq reduction to the carbinol (15), 

chain extension to (16), 
22 

and oxidation of (16) uslnq barium manqanate. 
23 

Radical medlated cycllsation of the allene ketone (17) was found to be completely regio- 

and stereoielectlve, and uslnq either electrochemical or chemical radical generation conditions, 

proceeded via and exe-trigcycllsatlon to give the pentalenol (20). The stereochemistry at the 

ring puncture in (20) was assigned as %-, since the corresponding u-blcyclo[3.3.01 octane 

is hlqhly strained, and the trans-relationship between the vinyl group and the brldgehead 

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

those of related systems. 
24 

The oriqln of the selectivity observed in the cyclisatlon of (17) can perhaps be rationallsed 

in terms of the mechanism outlined in Scheme 2. The radical addltlon of the lnltially generated 

oxy-anion radical (18) to the inner terminus of the allene system generates the vinyl radical 

intermediate (19). In this intermediate at least some negative charge resides in both 

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

densities therefore repel each other, and the moieties adopt orlentatlons of maximum distance, 

so leadlnq to the formation of the m-homoallylic alcohol (20). The result IS in agreement 

with the findlnqs of Shono et al, 
25 

XI their comparative studies of the radical cyclisations of 

&olefinic ketones, where a slmllar pattern of selectlvlty was observed. 

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

reductive cyclisatlon of the acyclic allene ketone (21). Thus, controlled potentlonal electro- 

lysls of (21) again promoted a 5-exo-trigcycllsation 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)-(22) serve to illustrate some of the salient features of radical - 
reactions, namely (i) that carbon-to-carbon bond formation can, and does occur in a predictable 

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

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

conventional ionic ring-formlng reactions. 

The present studies thus establlshed that the intramolecular reductive cyclisatlon of 

terminal allenic ketones provides an expeditious synthesis of fused-rlnq cyclopentanes with 

simultaneous incorporation of a bridgehead hydroxyl group. Our orlqlnal aim of using this 

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

products capnellenediol (1) and lsoamljlol (2) was somewhat thwarted however, since the 

aforementioned cycllsations led largely to the endo-ene alcohols e.g. (8) and (9) instead of the 

corresponding exe-isomers VIZ (4). Although the ene-diol unit in (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 fron intramolecular - 

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

published, 
26 

was first modelled with the 2-methyleneblcyclo I3.3.0loctanediol (28). 

Thus, intramolecular reductive cycllsatlon of the acetylenlc ketone (14), by cathodic 

electrolysis or uslnq sodium naphthalenlde, led to the corresponding known bicyclooctanol (26) 

in 52% yield. Allylic oxidation of (261, using catalyticselenlum dloxlde produced a slnqle 

crystalline ene-diol which was assigned the 1~,3ctconflqurat1on (27) on the basis of the 

expected delivery of the new functionality to the less hindered convex face of the bicycle (26), 

and also by comparison of p.m.r. spectral data with those of natural capnellene-Pa,10 bdiol (1). 

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

corresponding mesylate followed by reactlon with potassium superoxide. This procedure led to 

the la,3 6-dial (28) contaminated by the product (29) resulting from simultaneous SN2' 

displacement within (27). 
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In a similar manner, reductive cyclisatio" of the acetylenic ketone (301, derived "la - 

alkylatlo" of 2-methylcycloheptanone with 5-lodo-l-pentynyltrimethylsllane, using sodium 

naphthalenlde led to the c&-bicyclic alcohol (31). 1'reatmrnt of (?I> with catalytic selenium 

dioxide then produced the crystallIne 344 (ySc1-e"edlol (321, and this model study provided the 

basis for the completion of our total synthesis of lsoarn~~~ol "la the blcyclo[5.3.01 docenone 

intermediate (33), and the tricycle (341.1 

EXPERIMENTAL. 

Proton ".m.r. spectra were recorded on a PerkIn-Elmer R32 at 90MHz, or on a Bruker WM 250 PFT for 
solutions I" deuterio-chloroform. Molecular weights were determlned from mass spectra measured 
with a VG MM 7070E or A.E.I. MS-902 instrument. 

Analytical t.1.c. plates (Merck Kieselgel 60F on aluminium sheets) were vlsualised with 
iodine vapour,2,4-dinltrophenylhydrazine, basic po asslum permanganate or dodecamolybdenum 2?4 
phosphonic acid sprays. All g.1.c. analyses were done on glass columns packed with 10% SE-30 
on dlatomlte. 

Organic solvents were dIstIlled before use, and organic solutions were dried over 
magnesium sulphate. 

Electrochemical Reductive Cyclisations : General Procedure 
The electrolysis apparatus was a standard H-cell I" which the diaphragm was a Nafion catlon- 

exchange membrane, and the cathodic and anodic chambers were 12ml and 5ml respectively. The cell 
was equipped with a mercury pool cathode (2.2~10 diameter), a carbon rod anode (5mm diameter), and 
a reference electrode comprising a silver wire immersed in a solutlo" of tetra- butylammonium 
iodide (log) I" dry dunethylformamlde (lml). 

The electrolyte, that is, a solution of tetra-ethylammonlum tosylate (5g) I" dry dimethyl- 
formamIde (DMF) (25ml) was placed in the cathodic and anodlc chambers, and the allene ketone was 
then added to the catholyte. Under the external cooling of a water bath (IO'C) the electrolysis 
was carried out at a cathode potential of -2.43V versus Ag/AgI until g.1.c. analysis 
(SE30,150-204'C) indicated the consumption of starting material. The catholyte was stirred with 
a magnetic bar during the electrolysis, and the control reduction potential was maintained with a 
Hi-tek Instruments DT2101 potentlostat. The catholyte was poured into water (25ml), and the 
aqueous solution was then saturated with s&urn chloride and extracted with ether (3x30ml). 
Evaporation of the dried extracts gave the crude product which was purified by column chromato- 
graphy on Silica gel G using ether-hexane cl:21 as eluant. 

Reductive Cyclisatlon Initiated with Sodium Naphthalene Radical Anion : General Procedure 
To a solution of dry recrystalllsed naphthalene (1.92g) in dry tetrahydrofuran (THF) (20ml), 

stirred under nltroge" at room temperature, was added freshly cut sodium (5ROmq) I" small pieces. 
The resulting green solution was then stirred at room temperature for 3h. This routinely gave a 
0.6M solctlon of the reagent. 

The solution of sodium naphthalenide was added dropwise under nltroqen to a well stirred 
solution of the allene ketone in dry tetrahydrofura" at room temperature until a faint green end 
point was reached. The colouration discharged by Itself I" about 3 min. after turning 
off the nitrogen. The muture was poured into water (30ml) and then extracted with ether 
(3s25ml). 

The combined ether extracts were washed with dilute hydrochloric acid (30ml1, followed by 
water until they were neutral. Evaporation of the dried extracts gave the c,-ude product which 
was purified by column chromatography on Slllca gel G using -ther hoxane (l:l)<~s elualt. 

4-promo-1,2-butadlene (6) 
Bromo-allene was prepared from the correspond1 

r!? 
carblnol (4581, by treatment with phosph rus 

trlbromide, and showed b.p. 58-64'C at 93mmHg (Lit b.p. 64-6°C at 18lmmHq); V 
-P 

1945,12@5cm , 
6S.Sl(m,lH,:CH),4.98 (m,2H,:CH2),3..68(m,2H,CH,Br)p.p.m. 

max 

N-Cyclopentylidene-2-methyl-1-propanamlne (5) 
A solutlo" of cyclopentanone (10.00g,0.12mol) and set-butylamine (8.69g,O.l2mol) 1" dry - 

benzene (100ml) was heated under reflux for 10h. The water produced was separated continuously 
with a Dean and Stark trap. After cooling, the benzene was evaporated at reduced pressure. The 
residue was dlstilied to give the unlne (13.55g, 81.9%) as a colourless lio;uld, b.p. 52'C at 
7mmHg; vmax1680cm 
6H,CH3) p.p.m. 

6H3.04(d,J7,CH2N:),l.95-2.48(2xapp.t,4~i,CH2C:),1.63-1.95(m,5H),O.94(d,J7, 

2-(3,4-Butadlenyl) cyclopentanone (7) 
A solution of n-butyllithium (1.67M) in hexane (39.0m1,65mmol) was added dropwIse to a 

eolution of dilsopropylamlne (9.lm1,65mmol) I" dry HMPA (11.3ml) stirred under "ltroge" at -2OOC. 
After stirrlng at -2O'C for 30min, a solutio" of the freshly dlstilled imine (5) (8.2Oq,59mmol) 1n 
dry THF (25ml) was added dropwise. The mixture was stirred at 20°C for 20 min. before cooling to 
-65OC. A solution of the bromide (6) (ll.SOg,86mmol) was then added dropwlse over 40mi". After 
stirring at -65OC for 40 ml". the mixture was warmed to -5O'C, and then acidified with aqueous 

t Unpublished work 
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rartelr1c ,iCld solutlo”. The mixture was allowed to warm to room temperature over 3h. 't: r 
aqueous I<~yer was separated and extracted with ether (3x80ml). The combined organic phasci 
werx washed successively with aqueous hydrocholorlc acid (2M,40ml), saturated sodium b~car?.aute 
SolLltlon (4Qnl) andbrlne (4Gml). Evaporation of the dried extracts left a red liquid iFi.lSq), which 
was purlfled by column chromatography on Silica gel G using ether-hexane ( :2) as oluan+ lo qivr 
the allene ketone (3.5Oq,43.6%) as a pale yellow liqud; V 1957,1742cm 

-I , 6 S.l:l(m,lH,:CH), 
4.6h,(m,2H,:CH2),3.00-l.OO(m,9H)p.p.m.; SC219.7,209.0,87.7(#; 75.2(t).48.7(dy, 38.1(tl,29.2!tl 
‘1R.C. (t;, 20.7(t)p.p.m; (Found:m/z 136.0863; C H120,requires y 136.0898). 
hydrizone derlvatlve crystallised from methane 9 

The 2,4-dlnitrcphenyl- 
as lrridescent yellow crystals, 71.~. 101-'.5°C 

Fo!,nd :(~ , 56.84%; H,5.19%,N,17.90%. C15H16N404 requires C,56.95%,H,5.10%,Y,17.71%1. 

~~~-2,?,6,6a-Tetra~ydro-4-methyl-3a(lH)-pentale"ol (8) _- 
(a) El<sctroreductlon of the allene ketone (209.6mg,l.Smmol) by the genera: ~~oced:lr~, 

ollowe 
6i;cm 

-9 !~y chromatography gave the alcohol (86.8mq,40.8%) as a colourless 011; ~~~~3340,~0311, 
; 6 5.37(m,lH,:CH),2.87-l.O5(m, 9ll), 1.94(s,lH,OH),1.72(m,3H,CH C:)p.p.m.;'$.142.:, 

26.:(d),~~6~1,517.1(d),38.O(t),37.8(t~35.O(t~,25.6(t~,11.8(q~p.p.m.; (Fo?nd:m/z 138. 044,c‘,::. i 85%. , 
I lC.570. C H 0 requres M 138.1036; C,78.21%; H,lQ.Sl%) 

(b) TV-ea?m&dt of a solution of the allene ketone(7) (617mg,4.5mmol) I" dry THF !21 !n~ :YI:~ 
1 sn:utlo:! of sodium naphthalene radical anlo" (0.6M I" THF,6.4ml) by the general proceni~ri~, 
-ollowpd hy chromatography, gave the alcohol (113.2mg,27.8%, eluted secorid) dnd recovered 
>tartlng xaterlal (215.8ng,35%, eluted first). The carbinol showed tdentlcal spectral !at<i v~L;~ 
host of I" authentic sample prepared using electrochemical reductive cycllsatlor. 

.-(i,3-Suradlenyl)cyclohexanone (10) 
-2 solution of n-butvllithium (1.38M) in hexane (31.8m1,44mmol) was added dropwlso to j 

sol~,lion IIf dllsopropyl&nine (6.2m1,44mmol) in dry THF (50ml), containlnq HMPA(8ml), stIrred 
iader nlt<>qen at -3O'C. ?,J ter stirring at -30°C for 30 min., N-cyclohexylidene-2-methyl-l-j- 
propar.am~~,e (6.75g,44mmol) '1" dry THF (18ml) was added dropwlse, and the mixture was theI; 
stirred a' -30°C for lh. before cooll"g to -65OC. A solution of the bromide (61 (6,YOq,!'Im"lo!i 
11 dl-v THI- (181111) was then added dropwlse over 45 ml". After stlrrlnq at -65OC for Ih. t?e 
mixture 'was warmed to -50°C, and the" acldifled with aqueous tartarlc acid solution. Thi 
nux:ure wiis shaken vigorously and extracted with ether at 10°C. The combined extracts 'WI-" 
washed su,.cess~vely with aqueous hydrochloric acid (2M,40ml), saturated sodium blcarbonax 
solution 140ml), and brine (40ml). Evaporation of the dried extracts left an orange l~qul? 
(j.!lZg), which was dIstIlled to qlve the allenf ketone (2.12q,32.0%) as an almost colour! '5: 
llquld, b-p. 92-5' at 5mmHg; v 1955,171Ocm 6 5.16(m,lH,:CH), 4.64(m,%H,:CH,!, '.'"G-i.-? 
(m,lli!)n.i .m.;S 211.9,209.0,88.~?~).74.7(t), 50.!(d), 42.1(t), 
;a.~.,".; iFound:& 15C.1029; Cl0 14 

33.?(t), /8.4(t?,!8.011 , ".lftl 
H 0 requires M 150.10451. _ 

;1 ( / /,.-dlnitroplie:lylhydrazone derlvatlve crystalllsed from methanol 3s lrrldescpn orll:':[" 
cry+,-als, m.p. 110.5 - 111.5'C (Found: C,58.20%; H,5.55%, N,17.1R%. CLczlilRNjiiO, rPnx!re, 

J . 
(,',Kl'%; iI,5.49%,N,l6.96%). 

cls-i,4,5,6,7, 7a-Hexahydro 3-methyl-3a(lH)~nden-3a-& (91 ___ 
Elrctroreductlon of the allene ketone (10) (302.3mg,2mmol) by the general procrdnrc, 

follstio~ ',y chromatography gave the alcohol (132.5mq, 43.2%) as a colourless 011; v 339 , 
16’;>s:- , 6 5.49(n,lH,:CH), 2.56-0.96(m.lZH),1.7l(m,3H,CH C:)p.p.m.6.145.5,126.O(t~f~~.1,31;.~(d~, 
?a.: , 33. (!,, 28.6(t),23.1(t),21.7(t),ll.7(q)p.p.m.; (F;und:m/z 15 4 .116i;C,79.00%, 11,". "' 
r lC~?lEri riqulres K 152.1201; C,78.89%; H,10.59%). _ 

c~s-?~tahydro-?-methylene-3a-(1~)-~-3a-~(ll) 
Treatment of a solution of the allene ketone (10) (545.0mq,3.6mmol) I" dry THF (lin:li dish 11 

sol:,t~on ,~f sodium naphthalene radical annoy (0.6M I" "HF,5.Oml,im",ol) bv the qeneral F""“'d :IF-, 
Foll,awed :ay chromatography gave t 

-!? e alcohol 
mb(22.3mg,7.0%, eluted second) as a" alnost 

r-oloiirles~ 011; ‘V 3425,1660cm, ,fi 5.08 and 4.97 (dt,J 11,5 2.1,21i,:CR),2.66-2.i7ini,d!l,Cf!, 
C:),Z., F6-1-03(M,i2WB~.p.m.;d ~56.5,10~.6(t),79.4,46.4(d),~~~~(t)~~~.l(~!,~7.l(t~,2~.7(t),i'.~(~i, 
23.l!t,p.;,.m.; (Found:m/z lg2.1183; C H 0 requres !"J 152.12011, togeiher with ret over*<: 
';tar, ing -,aterlal (263.5mg,48.3%, e&d' B 1rst). 

I-(:-5-ryl)cyclopentanone (14) 
il-Tolirenesulphonylhydrazlde (26.00g,02814mol) was added to i solution Jf hexahydroindarir 

[?a,~l-b!orlren-2(laH)o"e (20.28g,O.l3mol) I" glacial acetlc acid (2201~11) and d~chlorometh.~n~~ 
(0.~OrlI s+lrred at -17°C under nitrogen. The resultant yellow solution was stirred at -17':‘ 
for 'i-, r?‘,~; at -1 to -2°C overnight, and finally at room temperature for 2h to glvc a <l,,,ir 
oran-:* so ut1on. Solid sodium carbonate was added to neutrallse the acetic acid, and v,?:~I 
(250n!b WC 5 the" added LO dissolve any solid present. The aqueous phase was separatfvd rir:! 
cvtricted with dlchloromethane (3x300nl). The combined organic phases (<are washed succch'~.:i'ly 
r,~th saturated sodxum bicarbonate solution (Zx300ml) and brl"e (3OOml). Evaporation of t!?c, 
erirl extracts qave an orange-red liquid, 
(10.<4q, C8.181 as a 

dlstlllatlon of which Y"'I~~;'E.:~E~~:~~:~,'~""':~~ 

\> 1290,, 120,173Ocm 
_~olourless liquid, b.p. 65°C at 0.7mmH9 (Lit. 

; & 2.46-1.40(m,llH),1.96(t,J2.6,1H,:CHip.p.m.;~C.~~~.2,8~.?,~9.~(~~, 
4Warrd,,3i.l(t!,29.6(t),2 g .7(t),20.8(t),16.8(t)p.p.m.; (?ound: m/z 136.08'0; C H 
M 13o.oFi9r ). 

9 lZGa~ecwY~ 
The 2,4_di"ltrophenylhydrazone derivative crystalllsed from methane 

1rr1<1escer II orange crystals, m.p. 129-131OC (Found: C,56.76%; ~,5.20%,N,l'.65%. iliN16Vi!J 
rna,:res (‘,56.95%; H,5.10%; N,17.714). 
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&-2-(3-Butynyl) cyclopentanol !15) 
To a solution of L-Selectrlde (1M) (3 equlv) in THF (29ml) stirred under nitrogen at -78'C 

was added a solution of the acetylenic ketone (14) (1.32g,lOmmol) in dry THF (6m1). After 
stlrrinq at -78°C for 2h, the mixture was allowed to warm to room temperature where It was 
stirred for 4h. The excess hydride was 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 peroxide (30%,48ml) and the mixture was saturated with sodium chloride and the 
aqueous layer ~3s then separated and extracted with ether (3x5011~1). The combined organic phases 
were washed with aqeous sodium thlosulphate solution (251111) and brine (25ml). Evaporatlo" of the 
dried extracts gave an almost colourless liquid (1.41g) which was purified by column chromate- 
qraphy on Silica gel G uslnq ether - light petroleum (b.p. 40-60°C)(1:1) as elua"t_lto give the 
acetylenic alcohol (1.2Og,83.0%) as a colourless llquld; V 3400(br),3305,2130cm ,d 4.20 
(m,lH,CHOH),2.54(br s,lH,OH), 2.26(d,J6.5,2H,CH C:),1.98(t~~~,lH:CH),2.8O-l.OO~rn,9H)p~p.m.; 
fi 85.0,~4.l(d),68.4(d~,45.0~d~,34.9~t~,28.7~t~,~8.l~t~,21.8~t~,l7.2~t~p.p.~.:~Found:~/~ 138.1046: 
C;H140 requires g 138.1048). 

cls-2-(3,4-Pentadlenyl)cyclopentanol (16) - 
A solution of parafornaldehyde (1.44g,16mmol) cuprous bromide (1.62g,i.Gmmol), dilsopropy- 

lanine (4.6m1,33mmol), and the alcohol (15) (3.8Og,2.8mmol) I" dry dloxan (46ml) was stirred 
under gentle reflux in a" atmosphere of nitrogen for 21h. After cooling, the mixture was 
quenched by the addition of water (501111). Solid ammonium chloride was added to saturate the 
solutlo", and the mixture was then shaken thoroughly and extracted with ether (4~75ml). The 
combined organic phases were washed successively with saturated silver nitrate solution (301~11, 
aqueous hydrochloric acid (2M,40nl), saturated sodium bicarbonate salutation (40ml), and brine 
40ml). Evaporation of the dried extracts gave a" orange liquid, which was purlfled by column 
chromatography on Silica gel G using ether hexane (L:2)_fs eluant, to give the allenic alcohol 
(1.64g,39.1%) as a pale yellow liquid; v 

miix 
3430,195Ocm &5.17(m,lH,:CH),4.68(m,2H,:CHZl. 

4.17~m,lH,C~OH~,2.83~m,lH,OH~,3.08-0.78~m,11H~p.p.m.; 6 208.6,90.2(t),74.7(d),74.5(d), 
45.3(dl,34.9(t),28.8(t),28.7(t),27.4(t),21.9(t)p.p.m.; ?Fou"d:m/z 151.1100(M-11; 
C10H160 requires M-l 151.1123). _ 

2-(3,4-Pentadxnyl)cyclopentanone (17) 
A solution of the allenlc alcohol (16)23(533.6mg,3.5mmol) 1" dry dlchloromethane was stirred 

with excess barium manganate (9.52g,37mmol) at room temperature for 37h. The excess barium 
manganate was filtered off under suctlo", and then washed with dichloromethane (2x75ml). 
~vaporat~o" of the dlchloromethane solution left a pale yellow liquid (345.3mg) which was purified 
by column chromatography on Slllca gel G using ether-hexane (2:l) as eQant to give the allene- 
ketone (284.3mg,57.0%) as an almost colourless liquid; v 1955,1735cn ;?$.12(m,lH,:CH), 
4.68(m,2H:CH,),2.90-0.90~~,1lH~p.p.~.~~219.8,208.8,89.5~~~~74.9~t~,48.4~d~,38.0~t~,29.7~t~, 
29.3(t),26.3(t),20.8(t)p.p.m.; (Found :m/z 150.1018; C H 

10 A4 
0 requires E 150.1045). The 

2,4_dlnitrophe"ylhydrazo"e derlvativecrystallised from met an01 as a yellow sold, m.P. 75-7'C. 

(3o,3aR,6aB)-3-Ethenylhexahydro-3a(lH)-pentalenol (20) 
(a) Electroreductlon of the allene ketone (17) (170.9ng,l.lmmol~ by the general procedure 

follorreq by chromatography, gave the alcohol (64.4mg,37.2%) as a colourless oil;" 3380, 
1640cm ;6 5.88 (m,lH,:CH),5.07(m,2H,:CH ),2.47(m,lH,CHC:),1.72(m,2H,CH CC:),2.52-~?2(m,lOH) 
p.p.m_; fi ~38.2(d~,115.5(t),92.8,55.6(d~~51.5(d),37.7~t~,34.8~t~,3O.l~t~,29.9~t~,25.9~t~p.p.~.; 
(Fou"d:m/$ 134.1100 (M-H 0); CloI-I 6O requires M-H 0 134.1096). 

(b) Treatment of a s&lo" 0 $ the allene Let&e (17)(218.2mg) 1" dry THF (EmI) with a 
solution of sodium naphthalene radical anion (0.6M in THF ,1.4ml) by the general procedure, 
followed by chromatography, gave the alcohol (44.0mg,23.3%, eluted second) as a colourless 
llquld, and recovered starting material (61.7mg,28.3%, eluted first). The carblnol showed 
ldentlcal spectral data with those of an authentic sample prepared using electrochenical 
reductive cyclisatlon. 

2-Methyl-2-(2,2-drmethyl-4-pentyny1)-1,3-dioxola~ 
To a solution of 4,4-d lmethvl-6-heptvn-2-one (4.57s.33wx)l) in drv benzene (200ml). was _ _, 

addfd ethylene glycol (4.2Oml,75mmol) and pyrldlnlum tosylate (0.96g,3.8mmol). The mixture was 
stlrred under rcflux for 3h with continuous removal of water (Dean and Stark trap). After 
cooling, the solvent was evaporated, ant' the residue was then take" up =n ether (100ml) and 
washed with saturated sodium bicarbonate solutlo" (75ml), followed by brine (751~11). Evaporation 
of the dried ether ex:yacts gave the crude dloxolane (4.2Og,89.4%3 sufficiently pure for further 
use; sax 3300,2125cm ;6 3.97(s,4H,CH20). 2.25(d,J2.5,2H,CH2C:),1.99(t,32.5,1H,:CH),1.80(s,2H,CH2 
CO),1.36(s,3H,CH3CO),l.0!(s,6H,CHj)p.~.m. 

A solution of parafornaldehyde (1,23g,lilmmol),cuprous bromide (1.21g,d.Zmmol), dilsopropy- 
lamine (4.10m1,29mmol) and 2-methyl-2~2,2-dimethyl-4-pentynyl~-l,3-dioxolane (4.2Og,28mmol) 1" 
dry dloxan (42ml) was stlrred under gentle reflux under "ltrogen for 17h. After cooling, the 
mixture was quenched by the addition of water (50ml). Solld ammonium chloride was added to 
saturate the solution, and the mixture was then shaken thoroughly and extracted with ether 
(4,:75ml). 
The combined ether extracts were washed successively with saturated sliver nitrate solution (301111) 
aqueous hydrochloric acid (2M,40ml), saturated sodium bicarbonate solution (401x11), and brine 
(40ml). EvaporatLon of the dried extracts gave the allene(1.67g,36.9%) as a pale yellow llquld, 
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Nhlr:h -was used wlthout further purlficatlon; v -1 
1950cm ; ~5.14(m,lH,:CH),4.62(dt,Ji and :',2H, 

:CH ),3.s4(s,4H,CHZ0),2.04(dt,J7 and 2,2H,CH2C??:1.69(s,2H,eH2 C0),1,34(5,3H,CH3CO),l.'~O 
(s,&I,CH,,i~.p.m. 

_ 

4,4-Dlmethyl-6,7-octadlen-2-one (21) ~- 
TO a solu'tion of 2-methyl-2(2,2-dimethyl-4,5-hexadienyl)-l,3-dioxolane (2.43q,13mmol) I" acetone 
(90ml) co"tal"l"g 1% water was added, pyridlnium tosylate (96Omq,3.8mmol) and the mixture was 
rhen stlrred under reflux for 3h. After cooling, the solvent was evaporated, and the residue was 
takiy" up 1" ether (100ml) and then washed wth saturated sodium bicarbonate solution (75ml) 
followed by brine (75ml). Evaporation of the dried ether phase left a" orange liquid (1.6991, 
uihlr-h was purified by column chromatography on Silica gel G using ether-hexane (1.2) aslCluant to 
qlv~ the allene ketone (6.18.Omg,47.7%) as a" almost colourless 1iquid;V 

H,6.04%;N,16.93%. C16H20N404 requires C,57.82%; H,6.07%; N,16.86%). 

trans-2-Ethenyl-1,4,4-trlmethylcyclopentanol (22) 
(ai Electroreductlon of the allene ketone(21) (150.4ms.lmmol) bv the qeneral urocedure 

followed by chromatography gave the alcohol (83.2mg,54.6%) as a colourless 011; V' 3370,1~40cm-L; 
,J i.84(m,l~:CH),S.O8(m,2H,:CH ).2.69(m,lH,CHC:)2.20-0.69 (m,SHl,l.l6(s,3H,CH 
1!06(s,3W,CH 1p.p.m.; 6 138.1~d~,115.6~t~,81.01,56.04~t~,55.0~d~,45.4~t~,37. 

,,l,f$?s,3H,CH COH), 

2i_l(q)p.~.m~;(Fou"d:m/~ 154.1351:C,78.05%;H,l2.17%. 
2,32.l(q),31.6T;), 

_ 
11.76%). 

C10H180 rfqures M 154.1357; C,77.Ph%;H, 

(bi vestment of a solution of the allene ketone (21) (304.2mgl in dry THF (llml) wltn a 
soiution of sodium naphthalene radical anion (0.6M I" THF,2.8ml) by the general procedure, 
followed by chromatography, gave the alcohol (97.lmg,55.8%, eluted second), and recovered 
starting material (132.6mg,22.1%, eluted first). The carbinol showed lden'clcal data with those 
of a" authentic sample prepared using electrochemical reductive cyclisatlon. 

cls-Hexahvdro-3-methylidene-3a(lH)-pentalenol (26) 
Electroreductlon of the acetylenic 

gavr-; after chromatography, the alcohol 
l& one (14) (181.4mg,l.2mmol) by the general procedure 

(97.3mq,52.8%) as a colourless oil; v 
-1 

3375,1665cm ; 
6 5.10 (P,~H,:cH ),4.96(m,lH,:CH ), 2.92-1.07(m,llH),2.0l(s,lH,OH)p.p.1~..;~ 159.lf?ti5.2(t,,e9.9, 
i~.~(d),41.0(t),~2.6(t),32.4(t),59.5(t),2S.7(t),p.p.~.; (Fou"d:m/z 138.0906; C,78.08%;H,10.76%. 
c ,H.$O rrqulres E 138.1043; C,78.21%;#,10.21%). 
i _, 

(2A,3aD)-Hexahydro-3-methylene-3aH-pentale"e-2,3a-diol (27) 
A solution t-butyl hydroperoxide (350ng,3.9mmol) in dichloronethane (41~1) was added to & 

stirred solution of the alcohol (26)(10Omg,O.7mmo 
$dl 

selenlumdioxide (20mg,O.2mmol), and 
sallcYli(. acid (60mg,0.4mmol) in dlchloromethane (8ml), and the solution was then stlrre? dt 
roar remperature for 4h. The solution was diluted with benzene (50x11) and then evaporated tci a 
-mlumo of approximately 40m1, before it was washed with aqueous potassium hydroxide solution 
!2M,30ml:. The aqueous wash was back extracted with ether (Zx20ml). The combined extracts 
were' drlrd and evaporated to give a viscous oil which was purified by column chromatography oil 
Sll~ca gel G using acetone-hexane (1:2) as eluant to give the dial (40mg,35.8%) "5 a" 
amorphous cream-coloured solid, m.p. 60-2OC;V (CHCl )3600,3300,1630 (v.weak)cm ;6 5.3C an<3 
',.20 ! eazh m,2,H,:CH2 ),4.52(app.t,lH,CEOH), ma~.66-2~56(m,2H,0H),2.65-l.14(m,9H)~.p~m.; 
'$ 1~~~.6,117.4,88.4,75.3~d~,49.4~d),4l.l~t~,39.6~t~,33.l~dd~,25.7~t~p.p.m.; (Found:m/z 154.CriU'i; 
C:6?.R5%;q,9.30%. CqH1402 requires 5 154.0994;C,70.10%,H,9.15%). 

i2y3aB)-r~exahydro-3-methylene-3aH-pentalene-2,3a-diol (28) and E-2,3,6,6a-Tetrahydro-d- 
(hydrorymethyl)-3a(lH)-pentalentalenol (29) (S.J. Teague) 

P. solltlon of freshly distilled methanesulphonyl chloride (~lmq,0.8nmol) I" dry dlchiorn- 
methane (2~1) was added dropwlse over 0.5h to a stirred solution of the alcohol (27) 
!lOrlmg,O.~i5mmol) and dry trlethylamine (150~1,1.1mm01) in dry dichloromethane (20ml) at -lii"C 
a-ader "ltroge". The solution was then stirred for 2h at -20°C, before quenching with ~ce<~ :h'ai:er 
!5mll. Tw mixture was transferred to a cold separatinq funnel and washed successively with ice- 
colil aquews hydrochloric acid (2M,5",1) saturated sodlun bicarbonate solutlo" (5ml:. The 
oraanlc pnase was separated and dried at O'C and the solve" t carefully evaporated to "IVP the 
L+llyllc mpsylate as a colourl~ss oil which rapldlv darkens tc a purple slurry above ln"C ~lhe 
crude men~~late was take" up in a" ice-cold mixture of dry dlmetl~ylsulphouide and d]methv:- 
iormamldn (lOml,l:l), dnd then poured into a stIrred. ?olutlo" of potasslurn syperowlde (3OOma, 
-t.2mmol) ,and 18-crown-6 (200mg,0.8mmol) in ice-cold dimethylsulphoxlde (5ml) The solntlon waq 
stIrred f>r 7.h at O'C then for lh at 25"C, before water (20ml) was added and the mlxturp 
extracted with chloroform (3xlSml). The combined extracts were stirred with triphpnylphosphlnt 
s15rirriq) a’- room temperature for lh. Evaporatlo" of the dried extracts left an 011 which was 
chromatographed on Silica gel G using acetone-hexane (1:3) as eluant to give the dlols (80msi 
conslst~n~j of a 1:l mixture of the alcohols (281 and (29) by ".m.r. analysls;(28)showed; A,< 
5.5 ind 5_4(each m,2H, 
2.i-l.2(m,llH)p.p.m. 

:CH2),4.8(m,CHOH),2.6-1.2(m,llH); (29) showed: 6H5.85(m,:CH$4.25(m,?H OH), 
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2-Methyl-Z-(4-pe"ty"yl)cyclohepta"o"e (30) 
A solution of 2-methylcycloheptanone (1.39q,llmmol) in dry DME(Eml) was added to a stirred 

suspenslo" of oil-free sodium hydride (265nq,llmnol) I" dry DME (6ml) and the mixture was the" 
stxred under nitrogen at roo'1 temperature for CRh. To the resultlnq pale yel10.~ slurry of 
sodium enolate was added dropwlse a solution of 5-lodo-l-pentynyltrlmethyls3la"e 

32 
(2.93g,llmmol) 

I" dry DME (10ml). The pale yellow slurry was allowed to stir and room temperature for 24h ani' 
the" poured l"to a" ice-cold nlxture of aqueous acetic acid (2M,ZOml) and ether (3Oml). The 
aqueous phase was separated and extracted with ether (3xlOmll. '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 dlstlllatlon of the residue gav 
ketone (1.32q,62.3%) as a colourless liquid, b.p.105'C at O.Smml-lgti 3~,i,170C:~-~;~ety1e"ic 

2 96 0 96(n 16H),1.97(t,~3,1H,:CH),l.O6(s,3H,CH 1p.p.m.; 6 217.1,~~?9,68.7(d),50.6,40.2(t), 
,$.;&,;7.,;;1 , 30.7(t),26.6(t),24.5(t),23.3(t),~1.6(t).lE.~(q)p.p.m.; (Found: m/z 192.1509; 
C,80.99%;H,10.75%. C13H200 requires M 192.1513;C,81.20%;t~,10.‘!8%). _ 

c~s-Decahydro-9a-nethyl-4-methyle"e-4aH-be"~ocyclohepte"-4a-~~ (311 
Treatment of a solution of the ace;yle"lc ketone (30) (1.05g,5.5mmol) I* dry THF (20ml) with 

a solution of sodium naphthalene radical anlo" (0.6M 1" THF,18.Om1,10.8mmol) by the general 
procedure, followed by column chromatography on Slllca gel HF 254 uslnq ether-llqht petroleum 
(b.p.40-60°C) (1:4) as eluant gave 'Qe alcohol (300.0mg,26.3%, eluted second) as a" almost 
colourless oil; v 3455(br),1640cm ; 6 4.84(t,J1.65,1H,:CH2),4.73(t,Jl.3,1H,:CH ),2.60-2.47 
(m,lH, -CH C:,,2.~tiX1.42(m,16H,,0.85(s,3 
34.3(t),32'3(t)26.6(t),22.9(t),21.7(t),. 

#,CH 1p.p.m.; 6 153.3,108.4(t),78.1,d1.8,3~.7(t),37.l(t), 
70.5(~),19.O(q)~.p.i.; (round:m/z 194.1672;C H 0 

requires M 194.16691, together with recovered startlnq material (403.7mg,38.4%, eluted l3 2#lrst). 

(3~,4afi,9&-)-Decahydro-9a-methyl-4-methylene-4~ benzocycloheptene 7,4a-dial (32) 
t-Butyl hydroperoxlde (70% solution I" water, 25111) was added to a stlrr~d solutlo" of the 

alcohol (31) (11.0mg,0.06mmol), selenium dlo::lde (120~g,lymol), and sallcyllc acid 
(8.3mg,O.O6mmol) I" dichloromethane (8ml), and the solution was the,-> stlrred _t room temperature 
for 8h. The solution was diluted with benzene (20mli and then evaporated to a VOlume of 
approximately 15m1, before It was diluted 191th ether (101~1) and ~.Jashed oilth aqueous potass]um 
hydroxide solution (2M,4x12ml). Evaporation of the dried orqanlc phase left a" 011~ residue 
which was purified by column chromatography on Slllca qel HF 254 using ether-hexane (1:2) to give 
the dlol (4.4mg,37.0%, eluted second) as a white solld. 
qave whxte crystals, m.p. 105-6'C; (CHCl )3350,1630cn 

_frystallisatlon from ether-hexane (1:3) 
; 

lH.:CH ),4.33(t,52.85,1H.CHOH),7.65T~:lH,OH~,2.24-1.40(n,14H 
5.10(d,-0 88,1H,:CH ),4.97(d,J0,87, 

102.14&(M-H 0);C H 0 reculres _ 2 
7,0_83(s:3H,CH )p.p.?., (?ou"dm/s 

~lute~3:f$x,.- 
?l-H 0 192.15141, together ruilth recovered gtartlnq material 

(4.4mq,40%, 
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