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Cyclopentanoids from Phenol. Part 4.' 3-Substituted 4-Hydroxy- 
cyclopent-2-enones 
By Robert M. Christie, Melvyn Gill, and Rodney W. Rickards,' Research School of Chemistry, Australian 

National University, Canberra, A.C.T. 2600, Australia 

Various 3- halogeno- and 3,5,5-trihalogeno-4- hydroxycyclopent-2-enone derivatives were prepared from 3,5,5- 
trichloro-4-hydroxycyclopent-2-enone (2), which is available in two steps from phenol via (1 R*.4R*) -3,5,5- 
trichloro-l,4-dihydroxycyclopent-2-ene-l -carboxylic acid (1 ) .  Conjugate addition-elimination reactions of the 
3-chloro-4-(dimethy-t-butylsilyloxy)-, the 3-chloro-4-tetrahydropyranyloxy-, and the 5,5-dichloro-3-iodo-4- 
tetrahydropyranyloxycyclopent-2-enones (20), (21 ), and (7), respectively, with lithium and magnesium cuprate 
reagents lead to synthetically useful 3-alkyl-4-hydroxycyclopent-2-enones in high yield. 

T H E  reaction of p1 ienol in alkaline solution with chlorine, 
first described in 1887 by Hantzsch,2 gives in 50-60y0 
yield an acid shown by more recent studies to have the 
structure 3 9 4  ancl stereochemistry ( l ) ,  namely (1R*, 

C I  .SO2" CI 

HO 

( 1 )  

4R*) -3 ,5,5--trichl{~ro- 1,4-diliydroxycyclopent-2-ene- 1- 
carboxylic acid. Despite intense synthetic interest in 
natural products containing cyclopentanoid rings, the 
generation of tliis nucleus by phenol ring contraction lias 
hitherto found limited application. Acid (1) has served 
as a precursor to (&)-caldariomycinJ4 and the 2-propyl 
homologue of tlie acid (1) , a product of alkaline chlorin- 
ation of 3-propylphen01,~ lias been used in a synthesis of 
(+)-~ryytosporiopsin.~ Since the acid (1) is readily 
available from phenol or 2,4,6-trichlorophenol in racemic 
form with the potential for resolution if required, we 
have studied tlie selective modification of this highly 
functionaliscd cyclopentenoid with a particular view 
towards prostaglandin synthesis. The realisation of this 
goal by two efficient routes has been described in pre- 
liminary publications.1y8 

We describe here syntheses from the racemic acid (1) 
of t lie typic a1 3-a1 kyl-4-1 i ydrox yc yclopent -2-enone deriv- 
atives i(l6) ancl (17)] in overall yields of ca. 50 and GOYO, 
respectively, in which the 3-alkyl substituent is intro- 
duced by a conjugate addition-elimination reaction 
between the corresponding 3-halogeno-4-hydroxycyclo- 
pentenone and an organo-copper reagent. 3-Alkyl- 
substituted cyclopentenones of this type are valuable 
prostanoid precursors -lo by virtue of their further 
conversion 8.10$ l1 into the isomeric 2-alkyl-4-hydroxy- 
cyclopent-2-eiioncs. 

RESULTS AND IIISCUSSION 

The syntlieses were initiated by oxidative decarboxyl- 
ation of tlie Hantzsch acid (1) with lead tetra-acetate l2 

to afford 3,5,5-trichloro-4-hydroxycyclopent-2-enone (2) 
in quantitative yield. The resulting carbonyl function 
greatly facilitates subsequent modifications of the cyclo- 

pentenoid nucleus, which, for the present purpose, 
include suitable protection of the 4-hydroxy-functionJ 
reductive removal of the g e m  chlorine atoms, and replace- 
ment of the vinylic chlorine atom by an alkyl group. 
The preferred sequence and mode of these operations 
have been studied extensively. 

Route A ; Protection-Alkylation-Reduction. -The ace- 
tate (3) was produced in good yield upon treatment of 
the trichloro-enone (2) with acetic anhydride and a 
trace of acid, and was reduced in moderate yield to the 
monocliloro-enone (22) with zinc-hydrochloric acid in 
ether.13 However, since acetate is of limited value as a 
protecting group in prostaglandin synthesis , we turned 
to the preparation of ethers. The tetrahydropyranyl 
ether (4) of the trichloro-enone (2) is a mixture of dia- 
stereoisomers, which can be separated by crystallisation or 
chromatography. Not unexpectedly, i t  suffered exten- 
sive degradation under the acidic conditions used to 
reduce the corresponding acetate. Attempts to prepare 
the dimethyl-t-butylsilyl ether (5) of the trichloro-enone 
using imidazole as base l4 resulted in substitution at C-3 
by an addition-elimination process, with formation of 
the S-imidazol- 1 - yl-4- hydroxy c yclopent enone (8) 
together with its silyl ether (9). None of the desired 
silyl ether ( 5 )  could be detected. 

We next examined the possible alkylation of the 
protected trichloro-enones (3) and (4) by conjugate 
addition-elimination processes with various organo- 
metallic reagents. Preliminary reactions of the acetate 
(3) with lithium dibutylcuprate and dibutylcadmium 
reagents were not promising, and only limited success 
was achieved in the reaction between the tetrahydro- 
pyranyl ether (4) and the sodium salt of diethyl 2- 
heptylma10nate.l~ The reports by Piers et aZ.15 that  
cyclic p-halogeno-ap-unsaturated ketones undergo effi- 
cient addition-elimination reactions with lithium alkyl 
(pheny1thio)cuprates prompted us to treat the tetra- 
h ydrop yran yl ether (4) with lithium but yl (phen ylthio) - 
cuprate. Low yields (5-110/d) of the desired 3-butyl- 
cyclopentenone (1 1) resulted, together with the mono- 
declilorinated analogues, (12) and (13) , of this product 
(15-34%) and of the starting material (40%), respec- 
tively. The formation of these two analogues reflects the 
ease of reduction l6 of the a'a'-dichloroketone systems in 
both the product (11) and the starting material (4), the 
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hydroxy-group, we turned to the reduction of the un- 
protected trichloro-enone (2) itself. 

Route B ; Reduction-Protection--A lkylation.-Reduc- 
tion of the trichloro-enone (2) at  0 "C with chromium(I1) 
chloride gave the unstable monochloro-enone (19) in 
79% yield after distillation. Treatment of this product 
( 19) in dimet hylf ormamide with chlorodimet h yl- t-but yl- 
silane and imidazole l4 afforded, in addition to the silyl 
ether (20) (61y0), an unacceptably high yield (34%) of 
the corresponding 3-imidazolyl analogue (10). The 

resulting intermediate enolate anions (14) and (15) 
being protected from conjugate addition and protonated 
only upon work-up. The thermodynamically more 
stable trans-arrangement of chlorine and tetrahydropy- 
ranyloxy substituents in these major reduction products 
(12) and (13) is indicated by the 3-Hz coupling constant 
between C-4-H and C-5-H in the lH n.m.r. spectra of 
these compounds.17 

In order to  promote conjugate addition relative to 
the competing reduction, the 3-iodocyclopentenone (7) 

Cl cfi 
R ~ Q  R' 

( 2 )  R ~ = c ~ , R ~ = H  
( 3 )  R ' = C L , R ~ = A C  
( 4 ) R' = CL,R2 = Thp 
( 5 1 R' = C l J R 2  = Me2ButSi 
( 6 1 R ! = ' !  , R 2  = H  
( 7  1 R ' =  I ,  R2 =Thp 

ThpO 75 R1 

( 1 4  1 R' = Bu 
( 1 5 )  R ' =  C I  

( 8 )  R 2 = H , R 3 = C l  
( 9 1 R2 = Me2Buf Si , R3 = C l  
(10 1 R 2  = Me2Bu'Si R 3  = H 

i 

R 2 0  A Bu 

(16 1 R2 = Thp 
( 1 7 )  R 2  = Me213utSi 

( 1 8 )  R 2  = H 

clfi C l  

ThpO Bu 

( 11 1 

R 2 0  h Cl 

( 1 9 )  R2 = H 
(20) R 2  = Me2Bu'Si 

( 2 1 )  R 2  = Thp 
( 2 2 )  R2  = Ac 

ThpO R1 

( 1 2 )  R ' =  Bu 
( 1 3 )  R ' =  C I  

A Bu Bu 
R 2O 

I231 R2 = Me2ButSi 
( 2 4 )  R 2  = Thp 

was prepared from the parent trichloro-enone (2) by 
boron trifluoride-catalysed halide exchange l2 followed 
by tetrahydropyranylation of the resulting alcohol (6). 
The reaction of lithium butyl(pheny1thio)cuprate with 
this iodo-analogue (7) was far more regio-selective than 
with the chloro-compound (4), the required 3-butyl- 
5,5-dichloro-4-tetrahyrlropyranyloxycyclopen t-2-enone 
(11) being obtained in 63% yield. Reductive removal 
of the gem chlorine substituents with chromium( 11) 

chloride afforded 3-butyl-4-tetrahydropyranyloxycyclo- 
pent-2-enone (16) in 40% overall yield from the acid (1) .  

The a'a'-dichloro-substituents were clearly complicat- 
ing the reactions of the p-halogeno-enone systems with 
organometallic reagents. Since removal of these sub- 
stituents was best affected under acidic conditions which 
might also partially cleave ethers protecting the 4- 

isolation of an appreciable quantity of the desired 
derivative (20) in the case of this monochloro-enone (II)), 
in contrast to that of the trichloro-enone (Z) ,  illustrates 
the electronic deactivation of the p-chloro-enone system 
which accompanies the reductive removal of the gem 
chlorine at  oms. Sign ificarit ly , dimethyl- t-but y-silyl- 
ation of the monochloro-enone (19) in hexamethyl- 
phosphoric trianiide (HMPT) without added base gave 
the desired ether (20) cleanly in 77% yield. Indeeed, it 
was found that silylation of the monochloro-enone (19) 
also occurred in dimethylformamide in the absence of 
imidazole (cf. ref. 14), but the yield was inferior to that 
obtained with HMPT as solvent. 

The chloro-enone (19) is sufficiently unstable a t  room 
temperature to warrant its derivatisation without prior 
purification. In this way the dimethyl-t-butylsilyl 
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ether (20) was obtained in 61% overall yield from (l), 
while tetrahydropyranylation of (19) gave the ether (21) 
in 62% overall yield. 

Reaction of the ethers (20) and (21) with lithium 
butyl(pheny1thio)cuprate at -20 "C afforded good 
yields (63-74(:/,) of the required 3-butylcyclopentenones 
(17) and (16), respectively. A stoicheiometric 1.5-fold 
excess of cuprate served to optimise the yields of cyclo- 
pentenone products (cf. Table 1) ,  whereas with higher 

TABLE 1 
Reaction of lithium butyl(p1ienyltIiio)cuprate 
with the chlorocyclopentenones (20) and (2 1 ) 

Substrate (equivalents) ("C) Time/h (product) 
Cuprate Temperature "/o Yield 

1 5  - 20 1.5 74 (17) 
2 - 10 0.76 48 (16) 
I .5 - 20 2.6 63 (16) 
3 - 20 2.5 64 (16) 
5 - 20 2.5 15 (16) 

(20 )  
(21) a 
(21) 
(21) a 
(21) a 

Mixture of diastereoisomers. Isolated yields. 

cuprate : substrate ratios some further butylation of 
the initial products occurred leading to the cyclopent- 
anones (23) and (24). A similar problem of over- 
alkylation was encountered when the tetrahydro- 
pyranyl ether (21) was allowed to react with lithium 
dibutylcuprate . 

We next examined the reactions of these chloro- 
cyclopentenone ethers (20) and (21) with magnesium 
cuprate reagents. Normal additions in various pro- 
portions of the silyl ether (20) to a mixture of butyl- 
magnesium bromide and cuprous iodide (in constant 
2 : 1 mol ratio) at  -20 "C produced only moderate 
yields of the 3-butylcyclopentenone (17) (cf. Table 2). 

TABLE 2 
Reaction of tlie cl~lorocyclopentenone (20) with butyl- 

magnesiuin bromide and cuprous iodide ( '  normal ' 
ad tli t ion) 

Amount 
Grignard 
reagent r- 

(equiv.) (17) 
1 .o 1 3 
1.3 2 0  
I .:I 1' 21 
2.0  34 

4.0 3 0  * 
(:I7 *) 

%, Yield 

(20) 
84 
76 
73  
50 

62 * of 
(64 *) 

(23 )  
Yields determined by g.1.c. except those marked * which 

refer to isolated rnaterial. * Performed over 16 11. 

If 2 equiv. or less of Grignard reagent were employed, LL 

considerable amount of substrate was recovered un- 
changed, whereas the use of 4 equiv. produced the 
dibutylcyclopentanone (23) in addition to the mono- 
alkylated species. 

By employing an ' inverse ' addition procedure, i.e. 
adding the butylinagnesium bromide to a mixture of the 
chlorocyclopen tenone (20) and cuprous iodide, excellciit 
yields of the required 3-butylcyclopentenone (17) were 
obtained (cf. Table 3). If sufficient Grignard reagent 

TABLE 3 
Reaction of the chlorocvclopentenone (20) with butyl- 

magnesium broniide and cuprous iodide (' imerse ' 
ad clition) 

Amount 
Grignard yo Yicld 
rcagcnt --dp 7 

(cquil..) ( ' 7 )  (20) 
1.0 ti3 17 
1.4 90 10 
1.9 96 1 ..? 

(93 *) ( 2  *) 
(I Yiclds dcterininccl by g.1.c. except * xvhich rcfers to isolated 

material. 

was used to produce (at least formally) more than 1 
equiv. of a dibutylmagnesium cuprate species then some 
dibutylcyclopentanone (23) was also isolated. Alkyl- 
ation of the tetrahydropyranyl ether (21), under similar 
conditions of ' inverse ' addition, gave the 3-butyl- 
cyclopentenone (16) in 78 yo yield. Significantly, treat- 
ment of the chloro-enone (20) with butyl-lithium or 
butylmagnesium bromide alone yielded the tertiary 
allylic alcohol (25), a product not detected from the 
copper-mediated processes. 

The 3-butyl-4-hydroxycyclopent-2-enone ethers (17) 
and (16) are thus accessible in 59% and 48% overall 
yields, respectively, from the readily available Hantzsch 
acid (1) by the reactions of route B. These ethers can, 
if required, be liydrolysed with mild acid in high yield 
to the free 3-butyl-4-hydroxycyclopent-2-enone (18). 
The reduction-protection-alkylation sequence of route 
B is more direct and efficient than route A, and unlike 
route A can also provide the silyl ethers, which offer 
advantages in subsequent extensions of the synthesis to 
prostanoids.138g lo 

EXPERIMENTAL 

1.r. spectra were measured as KRr discs (solicls) or 
between NaCl plates (oils) on a Perkin-Elmer 267 spectro- 
meter. hT.m.r. spectra were recorded on Varian HA-100 
('H) and Jeol JNM-FXGO (13C) spectrometers for solutions 
in deuteriochlorofonii with tctramethylsilane as intcmal 
stantlard unless otlierwise stated. Mass spectra were run 
on a GEC-AEI MS 902 instrument operating at 7 0  eV. 
Melting points werc determinet1 on a Kofler hot-stage. 
G.1.c. analyses were performed on a I'erkin-Elmer 88 1 
chromatograph with a 72 x 0.25 in. internal tliametcr 
glass column containing 2'3{, OV-17, and w-ere rccortlctl 0 1 1  a 
Hcwlett l'acltartl 3380A integrator. 

Matevin1s.-Petrol refers to light petroleum of b.p. 60- 
80 "C. Merck Kicselgel 60 FZs4 was used for preparative 
t.1 c. and column cliromatography. Copper(r) iodide was 
continuously extracted with tetrahydrofuran in a Soxlilet 
extractor for 24 h and dried in vacuo a t  room temperature 
before use. Copper(1) tliioplienoxitle was prepared froni 
red copper oxide and thioplienol sccortlinq to l'osner et al.18 

'Tetrahydrofuran was distilled from so(1iuni benzoplieiione 
ketyl immediately prior to use. Reactions were routinely 
performed under an argon atniosplierc. Compounds ( 1) , 
(2), and (6) were prepared as previously descnbed.l2 

epzone (4) .-Dihydropyran (277 mg, 3.3  n~tnol) was added 
dropwise over 0.5 11 to the tricliloro-enone (2) (604 mg, 3.0 

: 3 , t i , T > - T v i c / i l o r o - 4 - ( t e t v a l i ~ ~ ~ o ~ ~ ~ ~ ~ n - 2 - y ~ ~ x ~ v ) c ~ ~ c l ~ ~ ? e n t - ~ -  



mmol) in methylene dichloride (10 mI) containing 
tolueiie-p-sulplionic acid ( 0 . 0 1 ~ ) .  After stirring a t  ambient 
temperature for 16 h the solution was diluted with ether 
slid washed successively with 5% aqueous sodium Iiydrogen- 
carbonate and water before drying (MgSO,) . Evaporation 
of the solvent gave the t e t r a J i ~ i d r o ~ ~ i v a ~ z ~ Z  ether (4) (860 mg, 
quantitative yield) as a mixture of diastereoisoniers. These 
could be separated by fractional crystallisation from aque- 
ous methanol to afford a move soluble ~ S O P I Z P Y ,  neetlles, 1n.p. 

C1,03 requires C, 42.05; H, 3.0;  Cl, 37.25(;,); vnlSLy. 1 725 
cn1-I; S 1.4-2.2 (6 H, m, CH, in tctraliydropyranyl ring), 

5.18 (1 H, b r s ,  OCHO), aiid 6.37 (1 H,  d, J 1.3 H z ,  2-H): 
and a less soluble isomer, m.p. 67-70 "C (Found: C, 41.75; 
H,  3.6; C1, 37.27"); vmau, 1 725 cni-1; 8~ 1.5-2.0 (6 H, ni, 
CH, in tetrahydropyranyl ring), 3.69 and 4.10 (total 2 H,  
each ni, CH,O), 5.23 (1 H,  d, J 1.5 H z ,  4-H), 5.23 (1 H, br s ,  
OCHO), and 6.40 (1 H, d, J 1.5 Hz, 2-H); 8(j 188.3, 127.9, 
165.0, 83.1, and 83.1 (C-1 to C-5, respectively, of cyclo- 
pentenone ring). 

Reaction of the TrichZoro -enone ( 2 )  with ClilorodinzetJLyZ- 
Z-butylsilane and 1midazoZe.-To the trichloro-enone (2) 
(201 mg, 1 mmol) and chlorodiiiiethy-t-butylsilane (18 1 
mg, 1.2 mmol) in clirnethylforniamide (0.5 nil) a t  0 "C was 
added iniidazole (170 ing, 2.5 mniol) in dimethylfortnamide 
(0.5 ml). After 3 li water (5 ml) was added antl the pre- 
cipitated solid (155 nig) was filtered off Extraction of the 
filtrate with methylene dichloride (6 x 10 ml) and removal 
of the washed (saturated aqueous sodium chloride) and 
dried (MgSO,) solvent gave 5,,5-dicldo~o-4-Jiyd~ox~~-3- 
imidazol-l-ylcyclopent-2-enone (8) (59 mg) as needles from 
acetone, 1n.p. 178-180 "C (Found: C, 41.2; H, 2.7; C1, 
30.8; N, 11.55. C,H6Cl,N20, requires C, 41.25; H,  2.6; 
C1, 30.45; N, 12.0%); v,,,,. 1730 cn-l;  8([zH,]DMSO) 

J 9 Hz ,  OH), and 7.28, 7.90, and 8.45 (each 1 H,  br s, 
imidazolyl protons). Chromatographic purification of the 
precipitated solid (155 mg) in niethylene dichloride- 
methanol (10 : 1) gave further enone (8) (67 nig, total 126 
mg, 54% yield) and 4-(dimethyZ-t-butyZsilyloxy)-5,S-dicAZoro- 
3-imidazol-l-ylcyclopent-2-enone (9) (57 mg, 16%) as needles 
from methanol, n1.p. 145-148 "C (Found: C, 48.35; H, 6.1; 
C1, 20.65; N, 7.65. C,,H2,C1,N,02Si requires C, 48.4; H, 
5.8; C1, 20.4; N, 8.05%) ; 1 730 cni-l, 8([zH6]DMSO) 
0.30 and 0.32 (each 3 H, s, SiMe,). 0.86 (9 H, s, t-Uu), 6.17 
(1 H, s, 4-H), 6.94 (1 H, s, 2-H), and 7.44, 7.89, and 8.60 
(each 1 H, br s, imidazolyl protons). 

3-Chloro-4-?iydroxycyclo~ent-2-enone ( 19) .-To tlic tri- 
chloro-enone (2) (201 mg, 1 mmol) in acctone (5 nil) under 
carbon dioxide was added an aqueous solution (8 nil) of 
chroniium(r1) ,After 15 min the solution was 
extracted with ether and the extracts wcrc waslied with 
saturated aqueous sodium cliloritle, dried (MgSO,) , a n t 1  
evaporated. Distillation of the residual oil (b.p. 45 "C a t  
0.1 mmHg) gave the chlovo-enone (19) as a colourlcss, 
unstable oil (Found: C, 44.9; €1, 4.15; C1, 26.75. C,H,- 
C10, requires C, 45.3; H, 3.8; C1, 26.75':(,); v,~, : ,~ .  1 720 
cn-l;  ~3([~H,]acetone 4- I>,O, cf ref. 12) 2.36 (1 H, tltl, J 
18.0 and 2.3 Mz, 5-H truns to 4-H), 2.90 (1 H, tltl, J 18.0 a n t 1  

H z ,  4-H), and 6.25 (1 H, (1, J 1.0 Hz, 2-H). 

(20) .--Chloro-t-butyldimethylsilane (485 mg, 3.22 mmol) 
was added during 5 niin to the crude cldoro-enona (19) 

58-62 "C (F'o~ntl:  6, 42.05; H,  3.75; C1, 37.4. CloHll- 

3.58--4.40 (2 H, 111, CHZO), 5.07 (1 H, d, J 1.3 Hz, 4-H), 

5.74 (1 H,  d, J 9 Hz, 4-H), 6.81 (1 H, S, 2-H), 7.62 (1 H, d ,  

6.2 Hz, 5-H G ~ S  to 4-H), 4.89 (1 H, ddtl. J 6.2, 2.3, and 1.0 

4- (nimethyZ-t-butyZsil?,lo,ry) -~~-cJiZoroc~~clo~eizf-3-enol.ze 

J . C S  Perkin I 
[247 mg, prepared from trichloro-enone (2) (1.61 mmol) 
by the method described above and used without purific- 
ation] in hexamethylphosphoric triamide (2 ml) a t  0 "C. 
After stirring at 4 "C for 20 11 the solution was diluted with 
water (10 ml) and extracted with ether ( 3  x I0 nil). 'l'he 
combined ether extracts were washed with water (3  x 10 
nil), dried (MgSO,), and evaporated to give a pale yellow 
oil (456 mg) which was cliromatogniplml on ;t colunin of 
silica gel (25 g) with nicthylene dicliloride-riietlianol (50  : 1) 
as eluant. The siZyZ ether (20) [243 rug, 61% from ( l ) ]  was 
obtained as a colourless oil (b.p. 75 "C a t  0.05  mmfIg,  
I<ugelrohr) (Found: C, 53.75; 13, 7.85; C1, 14.15. Cll- 
Hl,CIO,Si requires C, 53.55; H, 7.75; C1, 14.350,;); v,,,~,, 
1 730 cm-l; 6n 0.14 and 0.16 (each 3 H, s, SiMe,), 0.93 
(9 H, s, t-Bu), 2.43 (1 H,  cld, J 18 3 and 2.4 Hz,  5-H trans 
to 4-H), 2.87 (1 H, dd, J 18.3 and 6.0 Hz, 5-H cis to 4-H),4.84 
(1 13, ddd, J 6.0, 2.4, ancl 1.0 Hz ,  4-H), 6.22 (1 H, d, J 1.0 
H z ,  2-H); aC 200.1, 131.5, 170.2, 72.7, and 46.4 (C-1 to 
C-5, respectively, of cyclopentenoiie ring). 

Reaction of the Chlovo-enone (19) ~ ~ t h  CJiZorodintetJiyZ- 
t-bufylsilane and ImidazoZe .-To the chloro-enone ( 19) 
(132 mg, 1 nimol) and chlorodimethyl-t-,utylsilane (195 
mg, 1.3 mniol) in diinetliylforniamite (0.6 nil) at 0 "C was 
added iniidazole (204 nig, 3 nimol) in dimethylformamide 
(0.5 nil). After 3 h the mixture was poured into water 
(10 nil), and the products were extracted with ether (3 x 15 
ml). Evaporation of the washed (brine) and dried (MgSO,) 
solvent gave an oil (325 mg) wliicli upon silica gel chromsto- 
graphy [methylene dichloride-methanol (20 : l)] furnished 
3-chloro-4- (dimethyl- t-bu tylsilyloxy) c yclopent-Z-enone (2( 1) 
(150 nig, 61%) identical witli that  described above, antl 
4-(di~nethyl-t-butyIsilyloxy) -3-iinzdasol- 1 -ylc?iclopeizt-2-enone 
(10) (94 mg, 34%) as rliombs, m.p. 90-95 "C (from petrol) 
(Found: C, 60.6; H, 8.0; N, 10.15. C1,H,,N20,Si requires 
C, 60.4; H, 7.95; N, 10.050/,); vl,,,,. 1700 cni-l; S 0.16 
and 0.24 (each 3 H, s, SiMe,), 0.87 (9 H, s, t-Bu), 2.50 (1 H, 
dd, J 18.0 ancl 2.5 H z ,  5-H trans to 4-H), 2.94 (1 H, dd, J 
18.0 and 6.0 Hz, 5-H cis t o  4-H), 5.37 (1 H, dd, J 6.0 antl 
2.5 Hz, 4-H), 6.08 (1 H, s, 2-H), and 7.19, 7.27, and 8.01 
(each 1 H, br s, imidazolyl protons). 

(2 1) .-Dihydropyran was added dropwise during 15 min 
to  the crude chloro-enone (19) [prepared from trichloro- 
enone (2) (1.008 g, 5 mmol) by the method described above 
and used without purification] in niethylene dichloricle ( 10 
ml) containing toluerie-p-sulphonic acid ( 0 . 0 1 ~ ) .  When 
consumption of the substrate was complete (t.1.c.) tlic 
solution was diluted with ether, washed successively with 
5 yo aqueous sodium hydrogencarbonate ancl water, dried 
(MgSO,), and evaporated. Distillation of the residual oil 
(65 "C antl 0.1 mniHg) gave the telraJiydrop-yranyZ ether 
(21) (670 mg, 62%) as a colourless, oily mixture of diastereo- 
isomers (Found: C, 55.9; H ,  6.1; C1, 16.4. C,,H13C10, 
requires C, 55.45; H, 6.05; C1, 16.35%); v,,,,,. 1 730 cni-l; 
8 , ~  1.4-2.0 (6 H, 111, CH, in tetrahydropyranyl ring), 2.44 
;ind 2.49 (each 0.6 H,  cld, J 18.0 ant1 3.0 H z ,  6-H trans t o  
4-H), 2.84 and 2.96 (each 0.5 H,  dtl, J 18.0 and 6.0 Hz ,  5-H 
cis to 4-H), 3.3-4.2 (2 H, i n ,  CI-I,O), 4.82 (1 H, in, 4-H), 
4.99 (1 H, i n ,  OCHO), and 6.24 and 6.31 (each 0.5 H, d ,  
J 1.0 Hz, 2-H); aC: 200.9, 133.0 and 132.3, 168.8, 77.0 and 
73.8, and 44.7 and 43.1 (C-1 to C-6, respectively, of cyclo- 
pentenone ring). 

5,6- I>icJiloro-3-iodo-4-tetrah~vd~o,byvan- 2-y2oxycycZopent- 
2-enone (7). -T)ihytlropyran (420 mg, 5 mmol) was added 
tlropwise to the ~lichloro-iodo-eii[,ne (A)  ( I  . 3  g, 4.5 mniol) 

3-CJzloro-4-tetrahyd~opy~an-2-yloxycyclopent-2-enone 
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in methylene dichloride (20 ml) containing toluene-p- 
sulphonic acid ( 0 . 0 1 ~ ) .  After 16 h the solution was diluted 
with ether, washed successively with 5% aqueous sodium 
hylrogencarbonate and water, and dried (MgSO,) . 
Rcmoval of the solvent gave the tetrahydropyranyl ether (7) 
in quantitative yield. Crystallisation from aqueous 
methanol gave the less soluble diastereoisomer as pale yellow 
tablets, m.p. 115-116 "C (Found: C, 31.9; H, 2.95; C1, 
18.65; I, 33.15. C,,H,,Cl,IO, requires C, 31.85; H, 2.95; 
C1, 18.8; I, 33.650/); vmax 1730 cm-l; 6 s  1.4-2.2 (6 H ,  
m, CH, of tetrahydropyranyl ring), 3.68 and 4.20 (each 1 H, 
ni, CH,O), 5.26 (1  H, d, J 1.6 Hz,  4-H), 5.28 (1 H, m, OCHO), 
and 6.88 (1 H ,  d, J 1.6 Hz, 2-H); 6~ 188.9, 139.7, 135.2, 
86.0, and 81.9 (C-I to C-5, respectively, of cyclopentenone 
ring): and a more soluble diastereoisomcr as leaflets, m.p. 
95 "C (Found: C, 31.8; H, 2.7; C1, 18.6; I, 33.55y0), vmaX. 
1 725 cm-l; 6 1.4-2.2 (6 H, ni, CH, of tetrahydropyranyl 
ring), 3.66 and 4.18 (each 1 H,  m, CH,O), 5.03 (1 H,  d, J 
1.6 Hz, 4-H), 5.20 (1  H, br s, OCHO), and 6.85 (1 H, d ,  J 

Reaction of Lithium n-Butyl(pheny1thio)cufirate with the 
Cliloro-enone (4) .-To a stirred suspension of (pheny1thio)- 
copper l8 (260 mg, 1.5 mmol) in dry tetrahydrofuran (10 
ml) a t  -20 "C was added dropwise n-butyl-lithium (1.0 ml, 
1 . 5 ~  in hexane). The pale yellow solution was stirred at 
-20 "C for 15 min and then cooled to -78 "C before drop- 
wise addition of the chloro-enone (4) (285 mg, 1.0 mmol) 
in a little tetrahydrofuran. The mixture was allowed to 
warm to -20 "C, maintained there for 2.5 h, and then 
worked up by the sequential addition of methanol (1 ml), 
saturated aqueous ammonium chloride (0.5 ml), magnesium 
sulphate (ca. 4 g), and ether (10 ml), followed by application 
to a short column of silica gel (ca. 10 g) and elution with 
etlicr (100 ml) .lea Further column chromatography [silica 
gel, petrol-ether (6 : l)]  gave an oil (143 mg) shown by lH 
n.  m .r. to comprise 3,5-dichloro-4-tetrahydropyran-2- 
yloxycyclopent-2-enone (13) (40%), 6 4.26 (1 H, d, J 3 
Hz, 5-€3) and 6.32 (1 H, d, J 1 Hz,  2-H), 3-butyl-5-chloro-4- 
tctrahydropyran-2-yloxycyclopent-2-enone (12) (15%), 
6 4.12 (1  H, d, J 3 Hz, 5-H) and 5.98 (1 H, br s, 2-H), and 
%but yl- 5,5-~1ichloro-4- te trahydropyran- 2-yloxycyclopent- 
Z-enone ( 11) (1 1 yo) (see below). Use of more cuprate (3.0 
mniol) under the same conditions gave (13), (12), and (11) 
(40%, 34%, and 5%,  respectively). 

3-Butyl-4- (dimethyl -t-butylsilyloxy ) cyclopent-2-enone (1 7) .- 
(i) From the chloro-enone (20) and lithium butyl(pheny1thio)- 
cuprate. The chloro-enone (20) (85 mg, 0.34 mmol) in 
tetrahydrofuran (1 ml) was added dropwise to lithium 
butyl(pheny1thio)cuprate (0.51 mmol, prepared as des- 
cribed above) in tetrahydrofuran ( 5  m1)-hexane a t  -78 "C. 
The mixture was allowed to warm to -20 "C over 1 h, 
and after a further 1.5 h a t  this temperature the mixture 
was poured into saturated aqueous ammonium chloride (10 
nil) and covered by a layer of ether (20 ml). After stirring 
overnight the layers were separated and the blue aqueous 
phase was estracted with ether (10 ml). The ether 
extracts werc combined, washed successively with ammo- 
nium chloride solution (10 ml) and brine (2 x 10 nil), and 
then dried (MgSO,). Evaporation of the solvent and chro- 
matography of the residue [methylene dichloride-methanol 
(50 : l)]  gave the 3-butylcyclopentenone (17) (67 nig, 74%) 
as x colourless liquid after distillatior, (Kugelrohr, b.p. 
85 "C at 0.04 mniHg) (Found: C, 67.25; H, 10.3. C,,H2s- 
0,Si requires C, G7.1 ; H, 10.5%) ; v,,,,,~. 1 725 cm-l; 8 , ~  0.12 
arid 0.15 (cacli 3 H, 5 ,  SiMc,), 0.95 (3 H, t, J 7.0 H z ,  CH,Me), 

1.6 Hz, 2-H). 

0.92 (9 H, s, t-Bu), 1.16-1.84 (4 H, m, CH,CH,), 2.25 (1 H ,  
dd, J 18.0 and 2.5 Hz, 5-H trans to 4-H), 2.47 (2 H, br t, J 8 
Hz, allylic CH,), 2.72 (1 H, dd, J 18.0 and 6.0 Hz, 5-H cis 
to 4-H), 4.78 (1 H, ddm, J 6.0 and 2.5Hz, 4-H), 5.92 (1 H, 
dt, J 1.3 and 1.3 Hz,  2-H); 6~ 205.0, 129.3, 181.8, 72.1, and 
45.8 (C-1 to C-5, respectively, of cyclopentenone ring). 

(ii) From the chloro-enone (20) and bzktylmagnesium 
bromide using inverse addition. A suspension of copper(r) 
iodide (68.5 mg, 0.36 mmol) in tetrahydrofuran (2  ml) 
containing the chloro-enone (20) (88 mg, 0.36 mniol) was 
stirred vigorously at 0 "C under argon. Dropwise addition 
of n-butylmagnesium bromide in tetrahydrofuran (0.72h.1, 
0.95 ml) produced a yellow-green solution which changed to 
deep green over 1 h a t  0 "C. After this time the reaction 
was rapidly quenched with saturated aqueous ammonium 
chloride (5 ml), and after addition of ether (5 ml) the mixture 
was stirred a t  room temperature for 1 h, then diluted with 
water (10 ml) and extracted with ether (5 x 10 ml). The 
combined extracts were washed with brine (2 x 5 ml), 
dried (MgSO,) and evaporated to yield an  oil (126 mg) 
which on chromatography gave the 3-butylcyclopentenone 
(17) (90 mg, 93%) identical with that described above, 
together with unreacted chloro-enone (20) (ca. 2 mg). 
Yields obtained using other ratios of chloro-enone to 
magnesium cuprate are shown in Table 3. 

(iii) From the chloro-enone (20) and butylmagnesium 
bromide using normal addition. Copper(1) iodide (95.2 mg, 
0.5 mmol) was added to a vigorously stirred, cold (0 "C) 
solution of n-butylmagnesium bromide in tetrahydrofuran 
( 0 . 2 ~ ,  5 ml). Dropwise addition of the chloro-enone (20) 
(123 mg, 0.5 mmol) in tetrahydrofuran (2 ml) produced a 
deep green solution which was stirred a t  0 "C for 1 h prior 
to the addition of aqueous ammoniuni chloride (10 nil). 
Ether extraction and chromatographic purification [silica. 
gel, methylene dichloride-methanol (50 : l)]  of the crude 
product (145 mg) gave the 3-butylcyclopentenone (1 7) 
(50 mg, 37%) together with recovered substrate (20) (67 
mg, 54%). Yields of products obtained using other ratios 
of chloro-enone (20) to magnesium cuprate are presented in 
Table 2. 3,3-Dibuty2-4- (dimethyi-t-butylszZy1oxy)cycZopenta- 
none (23) was obtained as a very pale yellow liquid after 
distillation (Kugelrohr, b.p. 80 "C a t  0.35 mmHg) (Found: 
C, 70.2; H, 11.6. C,,H,,OZSi requires C, 69.85; H ,  
11.75%); vmx- 1745 cm-l; 6 0.05 and 0.07 (each 2 H,  s ,  
SiMe,), 0.88 (15 H, m, t-Bu and CH,Me) 1.24 (12 H,  m, 

J 18.0 Hz, 2-H), 2.17 (1 H, dd, J 18.0 and 3.0 Hz ,  5-H 
trans to 4-H), 2.56 (1 H, dd, J 18.0 and 6.0 Hz, 5-H cis to 
4-H), 4.13 (1 H, m, 4-H). 

(l6).-The chloro-enone (21) (ca. 0.5 mmol) was allowed to 
react in a similar manner to that described above for the 
dimethyl-t-butylsilyl ether (20) with the quantities of 
lithium butyl(pheny1thio)cuprate and under the reaction 
conditions shown in Table 1. Work-up 15a gave the 3- 
butylcyclopentenone (16) (maximum yield 64%, cf. Table 1) 
as a colourless mixture of liquid diastereoisomers (Kugel- 
rohr, b.p. 88 "C at 0.03 mmHg) (Found: C, 70.75; H, 9.0. 
C14H2203 requires C, 70.55; H, 9.3%); vmax. 1720 crn-l; 
6 0.96 (3 H, t, J 7.0 Hz, Me), 1.2-2.1 (10 H, m, CH,), 
2.28 and 2.45 (each 0.5 H, dd, J 18.0 and 3.0 Hz,  5-H trans 
to 4-H), 2.38 and 2.51 (each 1 H, br t, J 7.0 Hz, allylic 
CH,), 2.71 and 2.78 (each 0.5 H, dd, J 18.0 and 6.0 Hz, 
5-H cis to 4-H), 2.40-4.06 (2 H,  m, CH,O), 4.73 and 4.76 
(each 0.5 H, m, OCHO), 4.90 (0.5 H, ddm, J 6.0, 3.0 Hz, 

CH,CH,CH,), 1.96 (1 H, d, J 18.0 Hz, 2-H), 2.24 (1 H, d ,  

3-Butyl-4-tetrahydro~yran-2-yloxycyclopent- 2-enone 
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4-H), 4.94 (0.5 H, ddd, J 6.0, 3.0, and 1.3 Hz, 4-H), 5.98 
(0.5 H, dt,  J 1.3 and 1.3 Hz, 2-H), and 6.02 (0.5 H, m, 2-H). 
The 3-butylcyclopentenone (16) (78%) was also obtained from 
the chloro-enone (21) and butylmagnesium bromide- 
copper(1) iodide in an analogous way to  the dimethyl-t- 
butylsilyl ether (17)  (see above). 

3-Butyl-4-hydroxycyclopent-2-enone ( 18) .-The tetrahydro- 
pyranyl ether (16) (130 mg, 0.55 mmol) in acetic acid- 
tetrahydrofuran-water (3 : 1 : 1, 5 ml) was maintained a t  
room temperature for 24 h. Removal of the solvent under 
reduced pressure and chromatography [silica gel, methylene 
dichloride-methanol (20 : l)] gave the hydroxy-cyclopente- 
none (18) (85 mg, 1OOyo) as a colourless liquid (Kugelrohr, 
b.p. 90 "C a t  0.05 mmHg) (Found: C, 70.4; H ,  9.2. C,- 
H,,O, requires C, 70.1; H,  9.15%); urnax. 3 420, 1 710(sh), 
and 1 690 cm-l; 8 0.97 (3 H, t ,  J 7.0 Hz, Me), 1.2-1.9 (4 €1, 
m, CH,CH,), 2.18 (1 H,  m, OH), 2.31 ( 1  H, dd, J 18.0 and 
2.5 Hz, 5-H trans to  4-H), 2.56 (2 H, br t, J 8.0 Hz, allylic 
CH,), 2.82 (1 H,  dd, J 18.0 and 6.0 Hz, 5-H cis to 4-H), 4.86 
( 1  H, dm, J 6.0 Hz, 4-H), and 5.96 (1  H,  dt,  J 1.2 and 1.2 

Similar treatment of the dimethyl-t-butylsilyl ether (17)  
(13 mg, 0.05 mmol) gave the hydroxy-cyclopentenone (18) 

3-Butyl-  5,5-dichloro -4-tetralzydropyru n- 2-yloxycyclopent- 
2-enone (1  1) .-The 3-iodocyclopentenone (7) (188.5 mg, 0.5 
mmol) in tetrahydrofuran (1  mi) was added to lithium 
butyl(pheny1thio)cuprate [prepared as detailed above from 
(pheny1thio)copper (108 mg) and n-butyl-lithium ( MM, 
0.42 ml)] in tetrahydrofuran (3 ml) at -78 "C. After 0.5 h 
a t  that  temperature, the mixture was allowed to warm and 
then maintained a t  -10 "C for a further 0.5 h before 
quenching (methanol, aqueous ammonium chloride) as 
described earlier.15a Chromatographic purification of the 
product [silica gel (10 g), petrol-ether ( 6 :  l)] gave the 
~3-butyZ-5,5-dichZorocycZo~entenone ( 1 1) in two diastereoiso- 
meric forms; a faster-moving isomer (37 mg, 24%) an oil 
(Kugelrohr, b.p. 100 "C a t  0.01 mmHg) (Found: C, 54.55; 
H,  6.35; C1, 23.1. Cl,H,,C1,O, requires C, 54.75; H,  6.55; 
C1, 23.1%); vmax. 174Ocm-l; 6 0.96 ( 3 H ,  t, J 7.0Hz,  Me), 
1.2-2.1 (10 H, m, CH,), 2.56 (2 H, td,  J 6.0 and 1.5 Hz, 
allylic CH,), 3.4-4.2 (2 H ,  m, CH,O), 5.19 (2 H, m, OCHO 
and 4-H), and 6.07 ( 1  H,  dt,  J 1.5 and 1.5 Hz, 2-H): and a 
slower-moving isomer (50 mg, 33%) as needles from aqueous 
methanol, m.p. 131-138 "C (Found: C, 54.9; H ,  6.65%); 
v,,,. 1740 cm-l; 6 0.95 (3 H,  t, J 7.0 Hz, Me), 1.2-2.1 
(10 H, ni, CH,), 2.47 (2 H, td, J 6.0 and 1.5 Hz, allylic 
CH,), 3.4-4.4 (2 H,  m, CH,O), 4.99 (2  H, m, OCHO and 
4-H), and 6.06 ( 1  H, d t ,  J 1.5 and 1.5 Hz, 2-H). 

Similar treatment of the pure diastereoisomer, n1.p. 
116-116 "C, of the 3-iodocyclopentenone (7) gave the 
faster-moving diastereoisomer of (1  1) (63%). 

Dec/aloriization of 3-Butyt-5,5-dichloro-4-tetrahydropyran- 
2-yloxycycZopent-2-enone ( 1 1) .-To the oily diastereoisomer 
of the 3-butyl-5,5-diclilorocyclopentenone ( 1  1) (156 mg, 
0.5 mmol) in acetone (10 ml) at 0 "C and under carbon 
dioxide was added an aqueous solution (15 ml) of chrom- 
ium(I1) chloride l9 a t  0 "C. After 15 min the solution was 
diluted with water (10 ml) and extracted with ether (4  x 10 
nil). The combined ether extracts were washed with 
aqueous sodium chloride, dried (MgSO,), and evaporated to  
afford an oil (109 mg). Chromatography [silica gel (10 g), 
petrol-ether ( 1 : l)] then yielded 3-butyl-4-tetva~iydro;hyran- 
Z-yloxycyclopent-2-enone (16) (80 mg, 88%) as a single 

Hz, 2-H). 

(6 mg, 81%). 

diastereoisomer, an oil (Kugelrohr, b.p. 95 "C a t  0.05 
mmHg) (Found: C, 70.85; H,  9.1. C14H2203 requires C, 
70.55; H, 9 .3%);  V,,,~,,. 1720 cm-'; 6 0.96 (3 H, t, J 7.0 
Hz, Me), 1.2-2.1 (10 H, m, CH,), 2.28 ( 1  H, dd, J 18.0 and 
3.0 Hz, 5-H t r a m  to 4-H), 2.51 (2 H ,  br t, J 7.0 H z ,  allylic 
CH,), 2.71 ( 1  H, dd, J 18.0 and 6.0 Hz, 5-H cis to 4-H), 
3.60 and 3.94 (each 1 H, in, CH,O), 4.73 ( 1  H, br s, OCHO), 
4.94 ( 1  H, ddd, J 6.0, 3.0, and 1.3 Hz, 4-H), and 5.98 (1  H ,  
dt, J 1.3 and 1.3 Hz, 2-H). 

1 -Butyl-4- (dirnel2iyl-t-bzttylszl~~oxy) - 3-chlorocyclopent- 2-en - 
1-01 (25).-n-Butyl-lithium in hexane ( 1 . 4 ~ ,  0.393 ml) was 
added dropwise to 3-chloro-4-(dimethyl-t-butylsilyloxy) - 
cyclopent-2-enone (20) (123 mg, 0.5 mniol) in tetrahydro- 
furan (2 nil) a t  0 "C. After 1 h at 0 "C the bright yellow 
solution was poured into aqueous ammonium chloride (5 ml) 
and extracted with ether (3  x 10 ml). Evaporation of the 
washed (water) and dried (MgSO,) solvent gave an oil (172 
mg) which by g.1.c. and lH n.m.r. analysis consisted of 
90% of one diastereoisomer of the alcohol (25); 6 0.12 (6 H ,  
s, SiMe,), 0.90 (12 H,  br s, t-Bu and CH,Me), 1.1-1.7 
(6 H, m, CH,), 1.84 ( 1  H,  dcl, J 14.0 and 4.0 Hz, 5-H trans 
s, SiMe,), 0.90 (12 H,  br s, t-Bu and CH Me), 1.1-1.7 
(6 H, m, CH,), 1.84 (1  H ,  dd, J 14.0 and 4.0 Hz, 5-H trans 
to  4-H), 2.48 ( 1  H, dd, J 14.0 and 7.0 Hz, 5-H cis  to 4-H), 
3.70 ( 1  H,  br s, OH), 4.46 ( 1  H ,  dd, J 7.0 and 4.0 Hz, 4-H), 
and 5.82 ( 1  H, s, 2-H); nz/e 288/286 ( M +  - H,O), 249/247 
(AT+ - Bu), 231/229 (M' - H2O - Bu). 

We thank Mr. A. J .  Herlt and Mr. P. J .  Green for skilful 
technical assistance, and the A.N.U. Analytical Service Unit 
for microanalyses. 
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