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Abstract: Isocarbacyclln [(+)-9(0)-methano-A6(9a)-prostaglandln I11 (2) was 
synthesized from blcycllc synthons such as 2-phosphorylated, 2-(thlo)phosphorylated, 2- 
tosylated, 2-methoxycarbonylated, and 2-chloro-3-methyleneblcycloI3 3 Oloctanes v$a 
highly regloselectlve SN2’ alkylatlon with zmc-copper reagents 9 in excellent yields 

Chemically stable analogs of prostacyclln3 (prostaglandm 12, 1) have been developed as 

hopeful therapeutic agents for treatment of various vascular diseases 4 Isocarbacycl& [(+)- 

9(0)-methano-A6(9a)-prostaglandln 111 (2) IS one of the most promrsmg candidates because of 

both Its potent prostaglandm like actlvlty and chemical stablllty, hence lntenslve efforts have 

been made focusing on the efficient synthesis of lsocarbacycl& and Its congeners 6c,7 

Previously, we reported several synthetic routes to them, which Involve regloselectlve 

deoxygenatlve allyllc alky1atlon6h,6n of the blcycllc alcohol 3 with the lrthlated ortho-ester 

moiety 7 m the presence of copper lodlde or reglospeclflc decarboxylative alkylatlong of the 

methoxycarbonylated IntermedIates 4 with the bls(sulfone)-ester 8 In the presence of Pd(0) 

catalyst as a key step These synthetic routes required addItIonal deprotectmg reactlons to obtam 

the final product after the alkylatlon reactlons In order to introduce directly a butanoate cham, 

zinc-copper reagents9 were selected as the most suitable organometalhcs to construct the 

lsocarbacychn framework Here, we report the short synthesis of lsocarbacyclm by the use of 

several blcycllc synthons, I e , the phosphates 5 and the tosylates 6. via regloselectlve SN 2’ 

alkylatlon with the ester-contalnrng zmc-copper (Zn-Cu) reagents 9 prepared from methyl 4- 

lodobutanoate 
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3: R=H 
4: R = MeOCO 
5a: R = (Et0)2P(=O) 

LI2* 7 IZn(X)CumCOOCH, 

7 9a: X = CN 

9b: X = I 
9c: X =Br 

(PhSO&&HCH,CH,COOCH, 9d: X = Cl 

5b: R = (Ph0)2P(=O) 
6: R = p-MeC6H4S02 
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Scheme 1 Synthetic rout to the key mtermedlate 3 

COOMe c/c - _ 

11: X=MeCO 13: X=H 21: R=OSIMe2’B u 22: R=OSIMe2’B u 

12: X=Me&CO 14: X=(EtO)zP(=O) 23: R=H 24: R=H 
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Previously, we reported6hq6m the preparation of the blcychc allyllc alcohol 3 as a key 

IntermedIate startmg from the protected choral (R)-4-hydroxy-Z-cyclopentenone 10 in six steps 

as follows (1) conjugate addition of an organocuprate to the cyclopentenone 10 followed by a 

s11yl protected lodoalkyne trapping of the resulting enolate, 10 (2) methylenatlon of the resulting 

cyclopentanone. (3) stereoselectlve hydroboratlon of the exocycllc methylene group, (4) 

desllylatlon of the protected acetylene, (5) oxldatlon of the alcohol to the aldehyde, (6) reductive 

cycllzatlon of the y-ethynyl aldehyde (Scheme 1) The final reductive cycllzatlon reaction 

resulted m the formatlon of the blcycllc allyllc alcohol 3 as a mixture of two dlastereomers, S -3 

and R-3, m a ca 13 ratio The product mixture of 3 IS separable mto each dlastereomer, S-3 and 

R-3, by chromatography The phosphorylated blcycllc allyhc alcohols 5 (S-5 and R-5) were the 

first substrates for the zinc-copper alkylatlon reaction Phosphorylatlon of the blcycllc alcohols 

3 (S-3 and R-3) was achieved by treatment of the alcohols with n-butylllthmm (“BuLI) followed 

by reaction of the resulting llthlum alkoxlde with dlethyl chlorophosphate m tetrahydrofuran 

(THF) to yield the corresponding allyllc phosphates 5a (85%). S-5a (76%), and R-5a (86%). 

respectively The product 5a was found to be constituted of S-5a and R - 5 a with the 

correspondmg ratio to the mltlal ratlo of the starting alcohol isomers Similarly, 

phosphorylatlon of 3 with dlphenyl chlorophosphate afforded the correspondmg phosphate 5 b 

(80%) Acylatlon of 3 with acetlc anhydride, plvaloyl chloride, or methyl chloroformate was 

accomplished to give acetate 11 (90%). plvalate 12 (77%). or methoxycarbonate 4 (88%) as a 

dlastereomerlc mixture Thus, the obtained substrates 4, 5, 11, and 12 were submitted to the 

subsequent reaction with the zinc-copper reagents 9 

The blcycllc phosphates were reacted with the functlonallzed zinc-copper reagents 9 

Methyl 4-lodobutanoate was treated with zinc powder activated with 1,2-dlbromoethane and then 

chlorotrlmethylsllane according to Knochel procedure9b to generate an organozinc reactant 

The supematant obtained as a solution of the organozmc reagent was subsequently treated with a 

variety of cuprous salts and llthrum chloride (LICI) to result m the rn stfu formation of the Zn-Cu 

reagents 9 Firstly, dlastereomerlc 5a (S-5a R-5a = CB 1 3) was alkylated with the Zn-Cu reagent 

9a obtained by using cuprous cyanide (CuCN) to afford a mixture of the y-adduct 21 as a major 

product and the a-adduct 22 as a minor one m 95% yield (entry 1) The mixture of 21 and 22 was 

treated with tetrabutylammonlum fluoride to obtain a desllylated mixture contammg the 

corresponding products 23 and 24 The product ratlo of 23 and 24 was determined to be 98 7 1 3 

by HPLC measurement This Indicated that the reaction proceeded with high SN2’ resioselectivity 

This result was compatible with that calculated by their olefmlc protons of 21 and 22 in the NMR 

spectrum Alkylatlon of other substrates obtained above were also studied using the Zn-Cu 

reagents prepared by several cuprous salts The results are summanzed m Table 1 Alkylatlon of 

5a by using cuprous halides (Cur, CuBr, CuCI) Instead of CuCN In the presence of LlCl were 

exammed to result m higher regloselectlve formatlon (more than 99%) of 21 as a y-adduct in 

high yields (entrtes 2, 3, and 4) These alkylatlons of the phosphorylated derivative 5a with the 

ester-containing Zn-Cu reagents 9 proceeded with the highest regloselectlvlty among other 

reported SN 2’ alkylatlons 9a.9b. 11* 12 Moreover, effects of cuprous salts on the y-regloselectlvlty 

in the present zinc-copper alkylatlon reaction were different from those in the copper(I)- 
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catalyzed cross-coupling reactions of allyllc carboxylates 

CuCN showed y-regloselectlvlty and CuCl did a-onetz 

with spj-Gngnard reagents, where 

Cuprous salts such as CuI-tnbutyl- 

phosphme, CuBr-Me2S. I-pentynylcopper(1) m the presence of hexamethylphosphorous tnamlde 

were ineffective m the allyllc alkylatlon reaction of the phosphate Sa The reaction of 

dlastereomerlc S-58 prepared from S-3a showed complete regloselectlvlty by using CuCl In 

comparison with R-Sa (entries 5 and 6) This alkylatlon reaction was also performed In one-pot 

sequence starting from the allyllc alcohol 3 through rn situ formatlon of the phosphonate 

intermediate Sa, to furnish alkylated 23 with slmdar high regloselectlvlty (entry 7) Reactlon of 

the phenyl derivative 5b m the presence of CuCl brought about similar selectlvlty (entry 8) 

Instead of phosphorylated synthons, the methoxycarbonyl synthon 4 gave the poor alkylated 

products with similar regloselectlvlty, whereas acetyl and plvaloyl synthons 11 and 12 gave no 

alkylated products recovenng the startmg materials (entnes 9, 10, and 11) 

To Investigate the SN2’ regloselectlvlty of this zinc-copper alkylatlon, the allyllc isomer 14 

was prepared from the corresponding alcohol 13 and was allowed to react with the Zn-Cu 

reagents, 9a and 9d, obtained from both CuCN and CuCl In both cases, the y-adduct 22 was 

obtained as a major product showing SN2’ regioselectivlty (entnes 12 and 13) This SN2’ selectivity 

for the isomerlc 14 was lower than 90%, probably due to both more difficult attack of the zinc- 

copper reagent to the y-posalon of the synthon 14 and dlffrcult ellmmatlon of the primary 

phosphoryloxy group from 14 than in the case of Sa In this reactlon, the y-adduct 22 and 

desllylated product 24 were homogeneous by HPLC and NMR analyses mdlcatmg the preferential 

formation of a smgle isomer presumably with R-conflguratlon 

8O"C, 24 h 

L- 
in toluene 

15: R =Et 18: R = Et 

16: R = Me 19: R = Me 

(EtO),P(=O)S,,f 
. 

llO”C, 24 h 
w 

in toluene 
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Further exammatlon of the regloselectlve allyllc alkylatlon with Zn-Cu reagents was carried 

out on the sulfur-contaming phosphates A similar phosphorylatlon of dlastereomerlc 3 with 

drethyl chlorothlophosphate III THF after treatment of 3 with “BuLl provrded desrred 

thlophosphate 15 (86%) accompanied by a small amount of rearranged isomer 18 (4%) Heatmg 

of resulting thlophosphate 15 m toluene at 80°C for 24 h gave 18 (88%) as a [3,3]-sigmatropIc 

rearrangement product This type of thermally [3,3]-slgmatroplc rearrangement was reported by 

Pudovlk and Aladzheva In the cases of crotyl or methallyl thlophosphate system l3 [II a similar 

manner, the thlophosphate 16 was obtained III 77% yield from dlastereomerlc 3 and the 

thlophosphate 17 from 13 m 98% yield The product 16 was converted Into thermally rearranged 

Table 1. Alkylation of Phosphates and Esters with Zinc-Copper Reagents 

------------------------------------------------------------------ 
entry substrate CuX condltlon yield(%) 21(23*) 22(24*) 

1 5a CUCN O’C, 2 h, then r t , 18 h 95% 98 7 13 

2 Sa GUI O”C, 2 h, then r t , 18 h 94% 99 3 07 

3 Sa CuBr O’C, 1 h, then r t , 4 h 97% 99 8 02 

4 5a CuCl O”C, 2 h, then r t , 3 h 97% 99 7 03 

5 S-5a CuCl O”C, 2 h, then r t , 3 h 97% 100 ND 

6 R-Sa CuCl O°C,2h,thenr t, 18h 96% 98 3 17 

7 (5a) CllCl O’C, 2 h, then r t , 18 h 84%** 99 5 05 

8 5b CuCl r t,3h 94% 98 3 17 

9 

10 

11 

4 

11 

12 

CuCl 

CuCl 

CuCl 

CUCN 

CuCl 

CuCl 

CuCl 

CuCl 

CuCl 

CuCl 

CuCl 

r t,lSh 

O’C, 1 5 h, then r t , 20 h 

O’C, 1 5 h, then r t , 20 h 

68% 96 8 32 

trace trace ND 

trace trace ND 

12 

13 

14 

14 

O”C, 1 h, then r t , 3 days 42% 16 8 83 2 

0°C. 1 h, then r t., 8 h 86% 127 87 3 

14 15 

15 16 

r t,3h 

0°C 2 h, then r t , 18 h 

O’C, 2 h, then r t , 8 h 

O”C, 2 h, then r t , 8 h 

O’C, 2 h, then r t , 18 h 

O’C, 2 h, then r t , 18 h 

90% 97 9 21 

91% 96 4 36 

16 20 

17 17 

18 18 

19 19 

95% 98 4 16 

84% 119 88 1 

95% 15 8 84 2 

96% 14 0 86 0 

~~ --___ _________---- 
* Product ratlo determmed by HPLC measurement of 23 and 24 after destlylation 
** Yield based on the startmg alcohol by one-pot sequence 
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product 19 (97%) by heatmg m toluene The Isomer 17 was also heated m toluene under reflux 

for 24 h to obtam thermally rearranged product 20 (63%) as a homogeneous product The Zn-Cu 

reagent 9d prepared by use of CuCl was allowed to react with thlophosphoates 15 and 16 as well as 

rearranged phosphorylthlo derlvatlve 20 to give expected product 2 1 m high yields with high 

SN2’ regioselectivities (entnes 14, 15, and 16) On the other hand, either thlophosphoate 17 or 

rearranged products 18, 19 gave the y-adduct 22 in good yields with good SN2’ regloselectlvlty 

(entnes 17, 18, and 19) 

Sulfonates were other substrates for the zinc-copper alkylatlon Treatment of the 

dlastereomerlc allyhc alcohol 3 (S-3 R-3 = ca 1 3) with tosyl chlonde after llthmm alkoxldatlon 

with “BuLi resulted in the rn MIA formatlon of the tosylate 6 accompamed by a small amount of 

the chlorides 25 and 26 (vrde znfro) detected by TLC 9a Attempts to Isolate the resultant tosylate 6 

were unsuccessful because of Its labile property Therefore, the alkylatlon of the crude tosylate 6 

with the Zn-Cu reagent 9a was performed to obtam an alkylated mixture of 21 and 22 (90 10) In 

75% yield (entry 20) Slmllar results were obtamed for each dlastereomer S-6 or R-6 rn suu 

generated from S-3 or R-3, respectively (entries 21 and 22) The SN2’ regloselectlvltles for the 

tosylates (6, S-6, and R-6) were lower than 90% Since the allyhc chlorides were also considered 

to be the substrates for the Zn-Cu alkylatlon, chlormatlon of each allyhc alcohol S-3 or R-3 and 

the reactlons of the resultmg chlorides with the Zn-Cu reagents were subsequently studled The 

allyllc alcohol R-3 was chlormated with tosyl chloride m the presence of 4-(dlmethyl- 

ammo)pyrldme to give the labile chloride 25 accompanied by a small amount of the chloride 2 6 

as an 85 15 mixture On the other hand, the eplmerlc alcohol S-3 was chlormated In a srmllar 

manner to result In the myor formatlon of 26 (25 26 = 10 90) Chlormatlon of 13 m a slmllar 

manner afforded the chloride 26 as a major product (25 26 = 4 96) Thus, the Isolated chloride 25 

was alkylated with the Zn-Cu reagent 9a prepared by usmg CuCN to give the alkylated product m 

a 94% yield, which tncluded the product 21 as a major product (21 22 = 97 3) The other primary 

chloride 26 was similarly alkylated to obtain the y-adduct 22 m 95% yield as a maJor product 

(21 22 = 18 82) It was consldered that the poor regloselectlvlty for the rn situ generated 

dlastereomerlc tosylate 6 might be due to the undesired formatlon of 22 from the concomitantly 

formed chloride 26 VUI the tosylatlon of 3 

S-6 
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Accordmg to Yoshlda’s reportga and other,t2 the secondary chlonde 25 was expected to be 

alkylated with the ztnc reagent tn the presence of catalytic CuCN to gave the SN2’ alkylated 

product 21 However, this type of the catalyttc alkylatlon resulted in the poor SN2’ reglo- 

selectivity affording a mixture of the alkylated product 21 and 22 tn a 40 60 ratto tn 71% yield 

Prevtously, Shtbasaki et al reported that allyltc alkylattons of a bromo derivative correspondmg 

to 26 with several 3-butenylated organometalllcs were found to result m poor regioselecttvlties 

(a y = 1 10 to 3 1). and that alkylation of the acetate of 13 with the GIlman reagent generated from 

3-butenylltthmm and CuI afforded the desired a-adduct (ca 90%) together with a small amount of 

the undesired y-adduct (ca 3%) m a highly selective manner 6f Yamamoto et al also reported 

that reactions of allylzmc bromides with allylphosphates m the presence of CuCN/XXl proceeded 

in a similar SN2’ fashion with high regioselectivtties 1 4 

In conclusion. tt was found that 2-phosphorylated btcycltc synthons as well as sulfur- 

contatnmg phosphates were good substrates for the regloselectlve alkylatton of the zinc-copper 

reagent to construct the protected lsocarbacyclm skeleton m excellent yields The rn situ 

generated and the synthons were substrates for alkylattons under 

condltlons These regloselectlve alkylatlon of the derivatives 

with Zn-Cu reagents an effective for new bond formation the 

y-posltlon allyltc alcohols 

Table 2. Alkylation of Tosylates and Chlorides with Zinc-Copper Reagents 

entry substrate CuX condition yield(%) 21(23*) 22(24*) 

-___-_____-- __------ --- 
20 (6) OT, 2 h 75%** 90 10 

21 (S-6) CuCN OT, 3 h SO%** 87 13 

22 (R-6) CuCN O’C, 2 5 h 71%** 86 14 

23 25 CuCN OT, 2 h 94% 97 3 

24 26 CuCN 0°C. 2 h 95% 18 82 

25 25 cat CuCN*** 60°C. 3 h 71% 40 60 

__- ------__- __----- _~__________ 
* Product ratlo determmed by HPLC measurement of 23 and 24 after desllylatlon 

** Yield based on the startmg alcohol by one-pot sequence 

*** Procedure accordmg to the cited method 9a 
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Experimental 

IR spectra were recorded on a JASCO A102 spectrometer t H- and 13C-NMR spectra were 
obtamed on a JEOL JNM-GX400 (400 MHz) or HITACHI R-90H (90 MHz) spectrometer Chemical shifts 
and couplmg constants (J) are given In 8 (ppm) relative to Internal tetramethylsllane and Hz, 
respectively The followmg abbreviations are used s (singlet), d (doublet), t (triplet), m 
(multlplet). b (broad) Mass spectra (MS) were taken at 70 eV on a HITACHI M-80B mass 
spectrometer Optical rotations were measured on a Union Glken PM-101 automatic polarlmeter 
For high-performance liquid chromatography (HPLC) analysis. a Shlmadzu Model LC-6A equipped 
with a Shlmadzu SPD-6A UV detector (210 nm) and a Shlmadzu C-RJA chromatopac was employed 
Slllca gel column chromatography was performed using Dalso gel IR-60 silica gel Thm-layer 
chromatography (TLC) was performed using Merck silica gel (Klesel gel 60 F254) analytical plate 
The plates were sprayed with a solution of 2% p-anlsaldehyde m 5% ethanollc sulfunc acid and 
then heated until the spots became clearly visible All reactions were carried out under nitrogen 
Solvents for reactions were purified if necessary before use by dlstlllatlon from suitable drying 
agents Solvents for extraction and chromatography were GR grades 

Preparation of (~S,2R,3R,5S)-3-t-butyldimethylsilyloxy-2-[(S,E)-3-t-butyld~methyl- 
silyloxy-l-octenyl]-6-methoxycarbonyloxy-7-methyieneb~cyclo[3.3.O]octane (4). 

Methyl chloroformate (567 mg, 6 0 mmol) was added at O°C to a mixture of dlastereomerlc 3 
(1 16 g, 2 0 mmol) and pyndme (10 ml) m CHzCl2 and the resulting mixture was stirred at 0°C for 1 
h Saturated aqueous NH4Cl solution was added and then extracted with EtOAc (3 x 100 ml) The 
combined extracts were washed with saturated aqueous KHS04 solution, saturated aqueous NaHC03 
solution, and then bnne Drying (MgS04). filtration, and evaporation of the solvents gave a crude 
011~ product, which was chromatographed on silica gel (50 g) elutmg with hexane-EtOAc (20 1) to 
provide 4 (996 mg, 1 76 mmol, 88%) as a dlastereomeric mixture, Rf 0 49 (9 1 hexane/EtOAc), IR 

(neat) 3080, 1750, 1665, 1265, 1120, 955, 925, 850, 835, 770 cm- l, lH-NMR (CDC13) 8 0 02 (s, 12H), 0 86 
(s, 9H), 0 89 (s, 9H). 0 8-3 0 (m, 18H), 3 77 (s, 3H), 3 5-3 9 (m, lH), 3 9-4 2 (m, lH), 4 9-5 4 (m, 3H), 5 4- 
5 6 (m, 2H), MS (m/z) 551 (M+-15), 509 (M+-57). 433, 359, 319, 227, 171, 133, 131, 73, High-resolution 
MS for C27H4905Sl2 (M+-‘Bu) Calcd m/z 509 3116 , Found 509 3120 

Preparation of (lS,2R,3R,5S)-3-t-butyIdimethyIsilyloxy-2-[(S,E)-3-t-butyIdrmethyI- 
silyloxy-l-octenyl]-6-d~ethoxyphosphoryloxy-7-methylenebicyclo[3.3.O]octane 
(5a) 

A 1 50 M hexane solution of nBuL1 (3 40 ml, 5 10 mmol) was added at -78’C to a stirred solution 
of a dlastereomenc mlxturc (6s 6R = C(I 1 3) of (lS,2R,3R,5S)-3-t-butyld~methyls~lyloxy-2-[(S,~)-3-r- 
butyld~methyls~lyloxy-l-octenyl]-6-hydroxy-7-methyleneb~cyc~o[3 3 Oloctane (3) (2 37 g, 4 66 
mmol) m THF (40 ml), and the resultmg mixture was stirred at -78°C for 10 mm Dlethyl chloro- 
phosphate (1 21 g, 7 0 mmol) was then added at -78OC to the resulting hthlum alkoxlde solution. and 
the mixture was stirred at O°C for 2 h The reactlon mixture was poured into saturated aqueous 
NH4Cl solution (100 ml) and the organic layer was taken up m EtOAc (100 ml) The orgamc layer 
was separated and aqueous layer was extracted twice with EtOAc (2 x 50 ml) The combined organic 
extracts were washed with brine (100 ml), dried over MgS04, filtered, and concentrated under 
reduced pressure to leave a crude product, which was separated by silica gel column chromato- 
graphy (200 g) with a 4 1 and then 3 1 mixture of hexane and EtOAc as eluants, to give phosphoate 
Sa (2 55 g, 3 96 mmol, 85%) as a dlastereomenc mixture (6s 6R = C(I 1 3), Rf 0 33 (2 1 hexane/EtOAc). 

IR (neat) 3080, 1260, 1105. 1035, 1000, 975, 900, 855, 835, 775 cm-l, ‘H-NMR (CDC13) 8 0 02 (s, 12H). 
0 84 (s, 9H), 0 90 (s, 9H), 0 8-3 0 (m, 18H). 1 38 (t x 2, 6H, J = 7 Hz), 3 5-4 4 (m, 6H), 4 6-4 8 (bd, lH, J = 7 
Hz), 4 9-5 35 (m. 2H). 5 4-5 53 (m, 2H), MS (m/z) 629 (M+-15). 587 (M+-57). 451, 433, 429, 359. 229, 
227. 215, 211, 75, 73, High-resolution MS for C2gH5606PS12 (M+-‘Bu) Calcd m/z 587 3350, Found 
587 3350 
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Preparation of (lS,2R,3R,5S,6S)-3-~-butyldimethylsilyloxy-2-[(S,R)-3-t-butyl- 
dimethylsilyloxy-l-octenyl]-6-diethoxyphosphoryloxy-7-methylenebicyclo[3.3.0]- 
octane (S-5a). 

The titled compound (S-Sa) was also prepared 1n 76% yield with a similar procedure wng 
the less Polar 6S-isomer (S-3. 115 mg. 0 226 mmol, Rf 0 48. 4 1 hexane/EtOAc), “BuLI (1 50 M hexane 

solution, 0 18 ml, 0 27 mmol). and dlethyl chlorophosphate (59 mg, 0 34 mmol) 1n THF (5 ml), [alD25 

+37 0' (C 19% MeOH), lH-N= (CDC13) 8 0 02 (s, 12H), 0 86 (s, 9H), 0 89 (s. 9H), 0 8-3 0 (m. 18H), 134 

(t X 2, 6H, J = 7 HZ). 3 5-4 4 (m, 6H), 4 85-5 3 (m. 3H), 5 4-5 6 (m. 2H), 13C-NMR (CDC13) 8 -4 8, -4 7, - 
4 5, -4 3, 14 0, 16 1, 16 2, 18 1, 18 2, 22 6, 25 1, 25 9, 319, 33 7, 34 5, 38 6, 40 3, 41 5, 57 6, 63 8, 63 9, 73 2, 
77 6, 79 8, 79 9. 108 6. 130 4, 135 0, 148 2, 148 4 

Preparation of (lS,2R,3R,5S,6R)-3-f-butyldimethylsilyloxy-2-[(S,E)-3-t-butyl- 
d~methylsilyloxy-l-octenyl]-6-diethoxyphosphoryloxy-7-methylenebicyclo[3.3 O]- 
octane (R-Sa). 

The 6R-ep1mer (R-5a) was analogously prepared 1n 86% yield using the more polar 6R 
alcohol (R-3, 318 mg, 0 625 mmol, Rf 043), “BuLl (0 5 ml, 0 75 mmol), and dlethyl chlorophosphate 

(162 mg, 0938 mmol) 1x1 THF (5 ml), [U]D 25 -11 lo (c 1 68, MeOH), lH-NMR (CDC13) 8 0 02 (s, 12H). 
0 86 (s, 9H), 0 89(s, 9H), 0 8-3 0 (m, 18H). 1 32 (t x 2. 6H), 3 6-4 5 (m. 6H), 4 6-4 85 (d, lH, J = 7 Hz). 5 12 
(bs, lH), 5 27 (bs, lH), 5 4-5 6 (m. 2H), 13C-NMR (CDCI,) 6 -4 8. -47, -46, -43, 140, 160, 162, 18 1, 
18 3, 22 6, 25 2, 25 9, 26 0, 31 9. 35 4, 38 6, 38 7, 43 1, 45 7, 45 8, 56 7, 63 6, 63 7, 73 2, 77 8, 86 8, 86 9, 
1127, 1305. 135 1, 149 0, 149 1. 

Preparation of (1S,2R,3R,5S)-3-t-butyIdimethylsilyloxy-2-[(S,E)-3-~-butyIdimethyl- 
silyloxy-l-octenyl]-6-diphenoxyphosphoryloxy-7-methyleneb~cyclo[3 3.0loctane 
(5b). 

The phosphorylat1on reactlon was conducted with a slm1lar procedure (r t , 20 h) to that 
described m the syntheses of a senes of 5a by using dlastereomerlc 3 (452 mg, 0 89 mmol) 1n THF 
(10 ml), “BuL1 (1 50 M hexane solution, 0 8 ml, 1 2 mmol), and d1phenyl chlorophosphate (403 mg, 
1 5 mmol) The crude reaction product obtamed after extractlve work-up and solvent removal was 
SubJected to silica gel column chromatography (50 g) with 10 1 mixture of hexane and EtOAc as 
eluant to give 5b (525 mg, 0 71 mmol, 80%) as a dlastereomenc mixture, Rf 0 48 (4 I hexane/EtOAc), 

IR (neat) 3080, 1590, 1490, 1460. 1285, 1250, 1190, 1110, 1045, 1005, 945, 835, 770, 685 cm-l, *H-NMR 
(CDC13) 6 0 04 (s. 12H), 0 85 (s, 9H). 0 88 (s, 9H), 0 8-3 0 (m, 18H). 3 5-3 9 (m. lH), 4 O-4 3 (m, lH), 4 8- 

5 3 (m. 3H). 5 4-5 5 (m. 2H), 7 O-7 5 (m, lOH), MS (m/z) 725 (M+-15), 683 (M+-57). 551, 439, 433, 419, 
359. 325, 307, 227, 94, 73, High-resolution MS for C36H6806PS12 (M+-‘Bu) Calcd m/z 683 4288, Found 
683 4168 

PreParatlOn of (lS,5S,6R,7R)-2-acetoxy-7-t-butyld~methyls~lyloxy.6-[(S,R)-3-~- 
butyldimethylsilyloxy-l-octenyl]-3-methylenebicyclo[3.3.O]octane (11). 

TO a stirred solution of dlastereomer1c 3 (278 mg, 0 547 mmol) 1n pyrldme (2 ml), acetlc 
anhydride (I ml) was added at 0°C After being stirred at r t for 20 h, MeOH (2 ml) was added to 
the mixture, and the resulting mixture was stirred at the same temperature for 30 m1n Ethyl 
acetate (100 ml) was added and the organic layer was washed with saturated aqueous KHS04, 
saturated aqueous NaHC03, and then brme The filtered orgamc layer was dried (MgSOd), and 
concentrated rn wcuo to leave an oily residue, which was separated by slllca gel column 
chromatography (30 g) with a 10 1 mixture of hexane and EtOAc to give acetate 11 (270 mg, 0 49 
mmol, 90%) as a dlastereomerlc mixture, RfO 62 (9 1 hexaneiEtOAc). IR (neat) 3100, 1745, 1670, 

1250, 1240, 1120, 1060, 1020, 970, 855, 835, 775 cm- l, lH-NMR (CDC13) 6 0 02 (s, 12H), 0 84 (s. 9H), 0 86 
(s. 9H). 0 8-3 0 (m, 18H). 2 01 (s. 3H). 3 5-3 9 (m, lH), 4 O-4 3 (m, lH), 4 9-5 3 (m, 3H), 5 35-5 65 (m, 
2H), 13C-NMR (CDC13) 6 -4 9, -4 8, -4 6, -4 3, 140. I8 2, 21 3. 22 6, 25 1, 25 8. 25 9, 31 8, 35 9, 38 6, 39 0, 

43 3, 44 9, 56 4, 73 2, 77 8, 83 4, 112 6, 130 5, I35 0, 148 9, 170 9, MS (m/z) 535 (M+-15). 493 (M+-57), 
433, 355, 319, 227, 117, 73. High-resolution MS for C27H4904S12 (M+-tBu) Calcd m/z 493 3167, Found 
493 3191 
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Preparation of (~S,2R,3R,SS)-3-~-butyldimethylsilyloxy-2-[(S,E)-3-t-butyldimethyl- 
silyloxy-l-octenyl]-6-methylene-7-pivaloyloxybicyclo[3.3.O]octane (12). 

TO a sttrred solutton of dtastereomertc 3 (508 mg, I 0 mmol) m pyndtne (3 ml), plvaloyl 
chlonde (603 mg, 5 0 mmol) was added at O°C and the resultmg mtxture was stured at r t for 20 h 
The reactton mtxture was poured Into saturated aqueous KHS04 and the organrc layer was taken up 
m EtOAc (100 ml) The separated organtc layer was washed with saturated aqueous NaHC03 end 
then brine, dried (MgS04). and evaporated under reduced pressure to afford a crude product The 
residual 011 was subJected to silica gel column chromatography (30 g) wtth hexane-EtOAc (30 1) to 
yield pivalate I2 (458 mg, 0 774 mmol, 77%) as a dtastereomertc mixture, Rf 0 75 (9 I 

hexane/EtOAc), IR (neat) 3100, 1735, 1670, 1280, 1260, 1160, 1120, 970, 855, 835, 775 cm-l, tH-NMR 
(CDC13) 6 0 02 (s, 12H), 0 86 (s, 9H). 0 89 (s, 9H), 1 18 (s, 9H), 0 8-2 9 (m, l8H), 3 5-3 9 (m. lH), 4 O-4 3 

(m. 1H). 4 9-5 4 (m. 3H), 5 4-5 6 (m, 2H), 13C-NMR (CDCl3) g-48, -47, -46, 43, 140, 18 I, 18 2. 226, 
25 1, 25 9, 26 0, 26 5, 27 1, 27 2, 319, 36 0, 38 6, 39 0, 43 2, 449, 56 4, 73 2, 77 9, 83 1, 112 3, 130 6, 135 0, 
149 0, 178 4. MS (m/z) 577 (M+-15). 535 (M+-57). 433. 359, 317, 287. 227, 201, 159, 73, Hugh-resolutton 
MS for C3oH5504St2 (M+-@u) Calcd m/z 535 3636, Found 535 3631 

Preparation of (~S,5S,6R,7R)-7-t-butyIdimethylsilyloxy-6-[(S,E)-3-t-butyIdimethyl- 
silyloxy-~-octenyl1-3-(d~ethoxyphosphoryloxymethyl)b~cyclo[3.3.0]-2-octene (14) 

Dlethyl chlorophosphate (120 mg, 0 7 mmol) was added at r t to a stirred solutton of 
(1S,5S,6R,7R)-7-t-butyld~methyls~lyloxy-6-[(S,~)-3-r-butyld~methyls~lyloxy-1-octenyl]-3- 
(hydroxymethyl)btcyclo[3 3 Ol-2-octene (13, 171 mg, 0 337 mmol) and pyrldme (05 ml) m CH2C12, 
and the resultmg mtxture was stxred at the same temperature for 18 h Ethyl acetate (100 ml) was 
added to the reaction mtxture and the resultmg orgamc layer was washed wrth saturated aqueous 
KHS04 solution, and then saturated aqueous NaHC03 solution The separated orgamc layer was 

dried over MgS04, filtered. and evaporated to afford a crude product, which was chromatographed , 
on slltca gel (30 g) usmg a 4 1 and then 3 1 mtxture of hexane and EtOAc as eluants, prov&ng 
tnled compound 14 (184 mg, 0 286 mmol, 85%) as a colorless 011, RfO 22 (2 I hexane/EtOAc), [aID - 

18 4’ (C 103, MeOH), IR (neat) 1255, 1110, 1035, 970, 855, 835, 770 cm-t, IH-NMR (CDC13) 6 0 02 (s, 
12H), 0 84 (s, 9H), 0 86 (s, 9H), 0 8-3 2 (m. l8H), I 2 (t x 2, 6H, J = 7 Hz), 3 5-4 3 (m, 6H), 4 44 6 (d, 2H, J 
= 7 Hz), 5 4-5 55 (m, 2H), 5 62 (bs, IH), 13C-NMR (CDC13) 6 -4 7, -4 6, -4 5, -42, I4 1, I6 I, I6 3, 18 I, 

18 3. 22 7. 25 2, 26 0, 32 0, 37 6, 38 8, 40 2, 43 7, 45 6, 57 2, 63 8, 63 9. 66 2, 66 3, 73 4, 78 I, 130 8, 133 5, 
135 1, 137 0, 137 2. MS (m/z) 587 (M+-57). 359. 309, 287, 227, 211, 183, 155, 127, 99. 75, 57, Htgh- 
resolunon MS for C2pH5606PS12 (M+-@I) Calcd m/z 587 3350, Found 587 3278 

Preparation of (1S,2R,3R,~S)-3-t-butyld~methylsilyloxy-2-[(S,R)-3-t-botyldimethyl_ 
s~lYloxY-~-octenyll-6-d~ethoxythiophosphoryloxy-7-methylenebicyclo[3 3 O]octane 
(15). 

The phosphorylatlon reaction was conducted with a slmllar procedure (r t , 20 h) to that 
described In the preparatton of 5a by using dtastereomenc 3 (397 mg, 0 782 mmol) tn THF (10 ml), 
“RuLt (1 50 M hexane solutton, 0 63 ml, 0 938 mmol), and dtethyl chlorothtophosphate (192 mg, 1 02 
mmOl) instead of dtethyl chlorothtophosphate The restdual 011 obtatned after extracttve work-up 
and evaporatton was separated by stltca gel column chromatography (50 g) elutmg With 3 10 1 and 
then 3 1 mixture of hexane-EtOAc to yteld less polar 15 (446 mg, 0 676 mmol, 86%) as a 
dlastereomerlc mixture accompanted by more polar (lS,5S,6R,7R)-7-t-butyldlmethylsllyloxy-6- 
[(~,~)-3-t-butyld~methyls~lyloxy-l-octenyl]-3-(dlethoxyphosphorylth~omethyl)b~cyclo[3 3 O]-2- 
octene (18) (I9 mg, 0029 mmol, 4%) Less polar I5 was found to be converted mto more polar 18 
wtth slltca gel on TIC Plate 15, Rf 0 67 (4 I hexane/EtOAc), IR (neat) 3080. 1665, 1255, 1100. 1025, 

970, 900. 835. 775 Cm-‘. IH-NMR (CDCl3) 6 002 (s, 12H). 0 86 (s, 9H), 0 89 (s, 9H). 0 g-3 0 (m. 18H), 

133 (t X 2, 6H. J = 7 Hz), 3 5-4 7 (m, 6H), 4 7-5 35 (m. 3H), 5 4-5 6 (m, 2H), MS (m/z) 645 (M+-15) 603 
(M+-57), 458. 434, 360, 302, 287, 245, 227, 73, Hugh-resolutton MS for C29H5605FSS12 (M+-&u) Calcd 
m/z 603 3 121, Found 603 3098 18, RI 0 22 (4 1 hexane/EtOAc), [aID +I 3“ (c I 54, MeOH), IR 

(neat) 1255. 1105. 1045, 1020, 965, 905, 835, 775 cm- l. IH-NMR (CDC13) 6 0 02 (s, 12H), 0 86 (s, 9H), 
0 89 (s, 9H). 0 8-3 2 (m. 1gH). 1 35 (t x 2, 6H, J = 7 Hz), 3 4-3 55 (d. 2H, J = 13 HZ), 3 6-4 5 (m, 6~). 5 4- 
5 55 (m. 2H). 5 6 (bs. 1H). 13C-NMR (CDC13) 6 -5 0, -4 8, -4 7, -44, I3 9, 15 9, 16 0, 17 9, I8 I, 22 5, 25 1, 
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25 7, 25 8, 31 3, 31 7. 38 6, 38 7, 39 9. 43 6, 45 5, 56 9, 63 4, 63 5, 73 2, 77 7. 130 5. 133 5, 134 9, 136 7, MS 
(m/z) 645 W-15). 603 (M+-57), 491, 471, 457, 433, 287, 245, 227, 171, 129, 73, Hlgh-~solutlon MS for 

C2gH#+SI2 (M+-bu) C&d m/z 603 3122. Found 603 3100 

Preparation Of (1S,2R,3R,SS)-3-l-butgldimethylsilyloxy-2-[(S,R)-3-t-butyldimethyl- 
silyloxy-l-octenyl]-6-dimethoxythiophosphoryloxy-7-methylenebicyclo[3.3.0]- 
octane (16). 

Smular phosphorylatron process (r t , 3 h) usmg dlastereomerlc 3 (508 mg. 1 0 mmol), *BuLI 
(0 8 ml, 12 mmol), and dlmethyl chlorotlnophosphate (241 mg, 15 mmol) m THF (10 ml) furmshed 
desired product 16 (487 mg, 0 77 mmol, 77%) as a dlastereomenc nuxture after usual work-up and 
slhca gel column chromatography (60 g, hexane EtOAc = 10 1). Rf 0 56 (4 1 hexane/EtOAc), IR 

(neat) 3100, 1665, 1255, 1110, 1040, 990, 900, 835. 775 cm- l, IH-NMR (CDC13) 6 0 02 (s, 12H). 0 86 (s, 
9W 0 88 6, 9W. 0 8-2 9 (m, 18H). 3 6-3 9 (d x 2, 6H, J = 14 Hz), 3 6-4 3 (m, 2H), 4 8-5 4 (m. 3H), 5 4-5 6 
(m. 2H), MS (m/z) 617 (M+-15), 575 (M+-57), 443, 433, 429, 301. 287, 227, 199, 75, 73, High-resolution 
MS for C27H5205PSS12 (M+-‘Bu) Calcd m/z 575 2809, Found 575 2584 

PrepsratIOn of (1S,5S,6R,7R)-7-t-butyIdlmethyls~lyloxy-6-[(S,R)-3-t-butyldimethyI- 
SilylOxy-l-OCtenyl]-3-(diethoxythiophosphoryloxymethyl)bicyclo[3.3.0]-2-octene 
(17). 

Analogous phosphorylatlon process (r t , 3 h) usmg 13 (311 mg. 0 612 mmol). “BuLI (049 ml, 
0 734 mmol), and cbethyl chlorotiophosphate (173 mg, 0918 mmol) m THF (5 ml) provided 17 (396 
mg, 0 60 mmol. 98%) after usual work-up followed by purlficatton by &ca gel column 
chromatography (30 g, hexane EtOAc = 19 1). Rf 0 67 (4 l hexane/EtOAc), [aID -8 7O (c 242, 

MeOH), IR (neat) 1255, 1160, 1000, 1020, 970, 835, 775 cm- l, IH-NMR (CDC13) 6 0 02 (s, 12H). 0 86 (s, 
W, 0 89 6% 9H), 0 8-3 2 Cm. 18H), 140 (t x 2, 6H, J = 7 Hz), 3 6-3 9 (m. lH), 3 9-4 7 (m. 7H), 5 4-5 6 (m. 
2H), 5 65 (bs, lH), t3C-NMR (CDC13) 8 -4 7, -4 6, -4 5, -4 2, 14 1, 15 9, 16 1, 18 1, 18 3, 22 7, 25 3, 26 0, 
31 9, 37 7, 38 8, 40 1, 43 6. 45 6, 57 1. 644, 66 8, 66 9, 73 4, 78 0. 130 8, 133 6, 135 1, 136 8, 136 8, MS 
(m/z) 645 (M+-15). 603 (M+-57). 528, 433, 419, 287, 245, 227, 75, 73, I-hgh-resolution MS for 
C2gH-j&PSS12 (M+-‘Bu) Calcd m/z 603 3122, Found 603 3150 

Preparation of 18 by thermal rearrangement of 15 
A stIrred solution of 15 (220 mg, 0 333 mmol) m toluene (5 ml) was heated at 80°C for 24 h 

The reactIon rmxture was concentrated under vacuum to leave an oily residue, which was 
chromatographed on slhca gel (30 g) with hexane-EtOAc (3 1) to give 18 (193 mg, 0 292 mmol, 
88%) The product 18 was Identical with the by-product of 18 obtamed by the above-mentIoned 
phosphorylation reactIon of 3 with &ethyl chlorothiophosphate 

Preparation of (lS,5S,6R,7R)-7-t-butyldimethylsilyloxy-6-[(S,R)-3-t-butyldimethyl- 
srlyloxy-l-octenyl]-3-(d~methoxyphosphorylth~omethyl)b~cyclo[3.3 O]-2-octene 
(19) by thermal rearrangement of 16 

A stIrred solution of 16 (274 mg, 0 433 mmol) m toluene (10 ml) was heated at 80°C for 24 h 
Snmlar work-up and purlflcatlon to that described above provided rearranged product 19 (265 
mg, 0 420 mmol, 97%), Rf 0 23 (4 1 hexane/EtOAc), [aID 25 -0 7’ (C 2 33, MeOH), IR (neat) 1255, 1110, 

1040, 1020, 970, 905, 835, 775 cm- l. ‘H-NMR (CDC13) 8 0 02 (s, 12H), 0 86 (s, 9H), 0 89 (s, 9H), 0 8-3 3 
b, 18Hh 3 4-3 7 (d, 2H, J = 13 Hz), 3 6-4 3 (m, 2H), 3 7-3 9 (d, 6H, J = 13 Hz), 5 4-5 55 (m, 2H), 5 6 (bs. 
lH), 13C-NMR (CDCI,) 6 -47, -4 6, -45, -42, 14 1, 18 1, 18 3, 227, 25 3, 260, 31 5, 31 9, 36 2, 38 8, 40 1, 

43 8, 45 8, 53 8, 53 9, 57 1, 73 4, 78 0. 130 7, 1340, 135 1. 1369, MS (m/z) 610 (M+-15), 575 (M+-57), 443, 
433, 429, 301. 287, 227, 199, 75, 73, I-hgh-resolution MS for C27H5205PSS12 (M+-tBu) Calcd m/z 
5752809, Found 575 2841 

Preparation of (1S,2R,3R,5S)-3-t-butyId1methyIsilyIoxy-2-[(S,E)-3-t-butyId1methyl- 
s~lyloxy-l-octenyl]-6-diethoxyphosphorylthio-7-methyleneb~cyclo[3 3.0loctane 
(20) by thermal rearrangement of 17. 
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A stirred solut100 of 17 (264 mg, 0 40 mmol) IO tolueoe (10 ml) was refluxed for 24 h Similar 
work-up and separation afforded rearranged product 20 (166 mg. 0 251 mmol, 63%) as a 
diastereomerically almost pure product accompaored by uoreacted substrate 17 (74 mg, 0 112 
mmol, 28%). Rf 0 33 (4 1 hexane/EtOAc), R, 20 6 m1o (Zorbax, hexane THF = 20 1). [a]D25 -6 2O (c 

2 16, MeOH), IR (neat) 3090, 1660, 1255, 1110, 1045, 1020, 970, 910, 835, 775 cm-l, IH-NMR (CDC13) 8 
0 02 (s, 12H), 0 86 (s, 9H), 0 89 (s, 9H), 0 8-3 0 (m, 18H), 1 35 (t x 2, 6H, J = 7 Hz), 3 5-4 4 (m, 7H), 5 05 
(bs, 1H). 5 24 (bs. 1H). 5 4-5 55 (m. 2H), 13C-NMR (CDC13) 8 -47, -46. -45, -42, 14 1, 160, 162, 18 2, 
18 3, 22 7, 25 2. 26 0, 319. 36 2, 38 7, 412, 43 5. 47 8, 48 0. 55 6, 56 5, 63 6, 63 7, 73 3, 77 6. 111 5, 130 4, 
135 3, 150 8, MS (m/z) 645 (M+-15). 603 (M+-57). 491. 471, 433, 419, 245, 227, 171, 75. 73, High- 
IWO~UQOO MS for C2gH5605PSS12 (M+-fBu) Calcd m/z 603 3122, Found 603 3142 

General procedure for the alkglatioo of phosphooates with zinc-copper reagents. 
IO a 10 ml flask were placed zmc powder (196 mg, 3 0 mmol) and THF (2 5 ml) Accordlog to 

the cited procedure,9b to this was added 1,2-dlbromoethaoe (15 ~1) and the mixture was heated at 
65°C for 1 m1o The mixture was cooled to r t , and st1rred at the same temperature for 30 m1o 
Theo, chlorotr1methyls1laoe (20 ~1) was added and the mixture was st1rred at r t for 30 m1o To 
the reaction mixture was added methyl 4-lodobutanoate (570 mg, 2 5 mmol) IO THF (2 5 ml), 
prepared from methyl 4-chlorobutaooate by treatment with NaI 10 methyl ethyl ketone under 
reflux1ng for 10 h, and the resultlog mixture was heated at 40°C for 18 h In another 25 ml flask 
were placed 2 5 mm01 of cuprous salt (CuCI, 248 mg, CuBr. 359 mg, CuI. 476 mg, CuCN, 112 mg), 
anhydrous LlCl (213 mg, 5 0 mmol), and THF (5 ml) To thus cooled suspension at O°C was added a 
supematant of the organoz1oc solution by us1og a syrloge, and the mixture was stirred at 0°C for 
30 mio To the zinc-copper solution was added at O°C a solut1oo of a b1cychc substrate (0 20 mmol) 
1n THF (5 ml), and then the react100 mixture was stirred at 0°C for several hours and successively 
at r t for add1t1ooal several hours The resultlog reaction mixture was poured loto saturated 
aqueous NH4CI solut1oo and EtOAc (100 ml) was added for extraction The separated aqueous layer 
was extracted with EtOAc (2 x 50 ml) The combloed organic extracts were washed with brine, 
dried over MgS04, filtered, and concentrated under reduced pressure The residual 011 was 

subjected to silica gel column chromatography (30 g) elut1ng with a 19 1 mixture of hexaoe and 
EtOAc to give a product fraction (Rf 050, 4 1 hexane/EtOAc) as an 1somenc mixture of the a-adduct 
and the r-adduct The yield was evaluated on the basis of the 1somenc mixture The 1somer1c ratio 

of the product was roughly estimated by lH-NMR measurement of this product 11,15-0-B1s(t- 
butyld1methyls1lyl)-9(0)-methaoo-A6(9u)- prostaglaod1n 11 methyl ester (21), [aID -143” (c 0 99, 

MeOH), IR (neat) 1740, 1255, 1110, 1005, 970, 835, 775 cm- l, lH-NMR (CDCl3) 6 0 02 (s, 12H). 0 86 (s, 
9H), 0 89 (s, 9H), 0 8-3 2 (m, 26H). 3 5-3 8 (m, lH), 3 63 (s, 3H). 4 O-4 3 (m. lH), 5 23 (bs, 1H). 5 35-5 6 
(m. 2H), 13C-NMR (CDCl3) 8 -49, -4 7, -4 6, -4 3, 140. 18 1. 18 2. 226, 24 7, 25 2, 25 9. 26 2, 27 2, 30 6, 
31 8, 340. 39 9, 40 7, 43 3, 45 4, 51 5, 57 1, 73 4, 77 9, 128 5, 131 1, 1346, 141 6, 174 6. MS (m/z) 592 
(M+), 577 (M+-15), 561 (M+-31). 535 (M+-57). 521, 329, 303. 171, 147, 75, 73, High-resolut1oo MS for 
C30H5504S12 (M+-tBu) Calcd m/z 535 3636, Found 535 3658 (lS,2R,3R,5S, 6R)-3+butyl- 
d1methyls1lyloxy-2-[(S,E)-3-t-butyld1methyls1lyloxy-l-octeoyl]-6-(3-methoxycarbooyIpropyl)-7- 
methyleoeb1cyclo[3 3 Oloctane (22), [a]D 25 -7 lo (c 0 77, MeOH), IR (neat) 3080, 1740, 1660, 1255, 

1110, 1005, 970, 835, 775 cm- ‘, ‘H-NMR (CDCl3) 6 0 02 (s, 12H). 0 86 (s. 9H). 0 89 (s, 9H), 0 8-2 5 (m, 

25H), 3 6-3 95 (m, lH), 3 68 (s. 3H), 4 O-4 2 (m, lH), 4 7-5 0 (m. 2H), 5 35-5 6 (m, 2H), 13C-NMR (CDCl3) 
6 -4 7, -4 5. -4 2, 14 1, 18 2, 18 3, 22 7, 23 2, 25 3, 26 0, 32 0, 34 3, 37 3, 38 8, 42 2, 44 0, 44 9, 51 7, 52 6, 
56 7. 73 5, 78 6, 1067, 131 1, 1348, 155 4, 1747, MS (m/z) 577 (M+-15). 535 (M+-57), 403, 328, 309, 279, 
149, 132, 105, 75, 57, High-resolution MS for C30H5504S12 (M+-@u) Calcd m/z 535 3636, Found 
535 3628 

To determine these product ratios exactly, each of the products (a mixture of 21 and 22) was 
treated at r t for several hours with a 1 0 M solut1oo of tetrabutylammon1um fluoride 10 THF The 
reaction mixture was diluted with EtOAc (100 ml) and washed with saturated aqueous KHS04 
solution. saturated aqueous NaHC03. and then brine The aqueous phase was extracted twice with 
EtOAc (2 x 50 ml) The combined organ1cs were dned (MgS04). filtered, and evaporated to afford a 
crude desllylated product (Rf 0 45, 1 4 hexane/EtOAc) 1ncludmg the correspondmg desllylated 

products, 9(O)-methano-A6(ga)-prostaglandln 11 methyl ester (23, R, 21 6 mm) and (lS,2R,3R,5S, 
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6R)-7-hydroxy-6-[(S.E)-3-hydroxy-l-octenyl]-2-(3-methoxycarbonylpropyl)-3-me~hylene- 
tncyclo[f 3 Oloctane (24. R, 25 1 mm). respectively The crude samples were subJected without 
further punficabon to HPLC analyst (Nucleosll. 25 cm x 4 6 mm I D.) usmg 3% ethanol-hexane as 
a mob11 phase at 0 8 ml/mm as a flow rate Each product of 23 and 24 for analysis was further 
punfied by preparative HPLC (YMC-PACK SH-043 S-15 SIL column, 25 cm x 20 mm I D ) elutmg 
with 3% ethanollc hexane (9 9 ml/mm) One of the desllylated product. 24, was found to be a 
single isomer Judged by both HPLC analysis of their crude samples and 13C-NMR spectrum of an 
isolated 24. 23, [aID +9 5” (c 102. MeOH), IR (neat) 3360, 3040, 1740, 1435, 1200, 1170. 1090, 1020, 

995, 965, 830 cm-l, lH-NMR (CDC13) 8 0 89 (t. 3H, J = 7 Hz), 12-2 5 (m. 24H). 2 9-3 1 (m, lH), Q 67 (s, 

3H). 3 7-3 85 (m. 1H). 4 15-4 25 (m. lH), 5 27 (bs, lH), 5 5-5 65 (m, 2H), 13C-NMR (CDC13) S 14 0, 22 6, 
24 7, 25 2. 27 2, 30 6, 318, 34 0. 37 2, 39 6. 39 7. 444, 45 7. 515, 58 2, 73 2, 77 2, 128 4, 133 5, 135 6, 1413, 
174 2, MS (m/z) 346 (M+- 18). 328 (M+- 36), 315 (M+-49), 302 (M+- 62). High-resolution MS for 
C22H3403 (M+-H20) Calcd m/z 346.2508. Found 346 2516 24, IR (neat) 3360, 3080. 1740, 1660, 1435, 

1200, 1170, 1090, 1020, 970, 885 cm- l, IH-NMR (CDCl3) S 0 89 (t, 3H. J = 7 Hz), 1 2-2 9 (m. 24H). 3 67 (s, 

3H), 3 6-3 75 (m. 1H). 3 95-405 (m. 1H). 4 80 (bs. 1H). 4 85 (bs. lH), 5 4-5 55 (m, 2H). 13C-NMR 
(CDC13) 8 14 0. 22 6, 23 1, 25 2, 31 8, 34 2, 34 3, 36 8, 37 2, 41 0, 44 6, 44 7, 51 5, 52 6, 57 6, 73 2, 77 2, 

107 0. 133 2. 135 5. 1544, 174 1, MS (m/z) 346 (M+-18). 328 (M+-36). 315 (M+-49). 302 (M+- 62), High- 
fesolutlon MS for C22H3403 (M+-H20) Calcd m/z 346 2508, Found 346 2560 

Reagents. condltlons, yields. and product ratios for each substrate are summanzed In Table 1 

One-pot alkylation of 3 VW the rn srtu generated phosphate intermediate (Sa). 
Accordmg to the above-mentloned procedure, phosphorylatlon reaction was performed by 

usrng 3 (1 02 g, 2 0 mmol), “Buk (1 50 M hexane solution, 1 67 ml, 2 5 mmol), and dlethyl chloro- 
phosphate (432 mg, 2 5 mmol) After being stirred at r t for 30 mm, lo the reactlon mixture of the 
VI suu generated phosphate 5a was added at O°C the Zn-Cu reagent solutlon which was prepared 
by a similar manner to general procedure by using zinc powder (392 mg, 6 0 mmol), methyl 4- 
lodo-butanoate (1 14 g, 5 0 mmol), CuCl (495 mg. 5 0 mmol), and LICK (425 mg, 10 mmol) m THF (20 
ml) The resulting mixture was stlrred at 0°C for 2 h and at r t for addItIona 18 h A slmllar 
work-up and chromatographlc separation (slllca gel 100 g, hexane EtOAc = 19 1) gave a product 
(995 mg, 1 68 mmol, 84%) rnvolvmg two adducts The product (136 mg, 0 23 mmol) was treated with 
a solution of tetrabutylammonlum fluonde (2 ml, 2 0 mmol) at r t for 20 h Usual work-up 
supplied a crude desilylated product The ratlo of 23 and 24 was determmed to be 99 5 0 5 by HPLC 
analysis of the crude product mixture 

One-pot alkylation of 3 YEU the rn srtu generated tosylate Intermediate (6). 
A 1 50 M hexane solution of “BuLI (0 36 ml, 0 54 mmol) was added at -78°C to a stlrred solution 

of a dlastereomerlc mixture (6s 6R = C(I 1 3) of 3 (200 mg, 0 394 mmol) m THF (2 ml), and the 
mixture was stlrred at -78°C for 10 mm To the reaction mixture was added tosyl chloride (90 mg, 
0 48 mmol) at 0°C and the resulting mixture was stIrred at r t for 3 h TLC analysis of the reactlon 
mixture showed to form tosylates (6, Rf 0 33 and 0 38, 9 1 hexane/EtOAc) accompamed by a small 
amount of the chlorides 25 and 26 (Rf 0 70) The Zn-Cu reagent 9a (16 ml, 9 6 mmol) prepared m a 
slmllar method by use of CuCN was added at 0°C to the reactlon mixture, and the resulting mixture 
was stirred at O’C for 2 h Slmllar work-up (quenchmg, extraction, drying, flItratIon, and 
evaporation) gave a crude oily product (344 mg), which was chromatographed on slllca gel (50 g) 
with hexane-EtOAc (1 99) as an eluant to provtde y-alkylated compound 21 (175 mg, 0 296 mmol, 
75%) as a maJor product The product dlstrlbutlon for maJor 21 and mmor 22 was determmed as 
90 10 by the same HPLC analysis 

One-pot alkylation of S-3 via the in sUu generated tosylate intermedlate (S-6). 
The m mu genarated tosylate 27 by treatment of the dlastereomerlcally pure S-3 (83 mg, 

0 163 mmol) with “BuLI (0 136 ml, 0 204 mmol), tosyl chlonde (44 mg, 0 228 mmol) m THF (1 2 ml) at 
O’C for 3 hr was also allowed to react with the above-mentioned solution of 9a (0 83 M m THF 
solution. 4 7 ml, 3 9 mmol) Snnilar work-up and chromatograpluc separation provided a mixture 
(77 mg. 0 130 mmol, 80%) of 21 and 22, which was constituted of 87 13 of a product ratlo Judged by 
a slmllar HPLC exammatlon 
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One-pot alkylatlon of R-3 via the an srtu generated tosylate intermediate (R-6). 
Another dmstereomerlcally pure R-3 (114 mg, 0 224 mmol) was slmllarly treated with “BuLl 

(0 187 ml. 0 280 mmol). tosvl chlonde (60 me, 0 314 mmol) m THF (1 2 ml) at r t for 1 5 h. followed 
by a so&on of 9aS- (0 g3 M, 6 5‘ ml, -5 4 mmol) at 0°C fo; 2 5 ‘h Slmllar work-up and 
chromatographlc separation gave a mixture (95 mg, 0 160 mmol. 71%) of 21 and 22, which was 
constituted of 86 14 of a product ratio Judged by a similar HPLC assay 

Chlorination of 3 with tosyl chloride and 4-(dimethylamino)pyridine. 
To a stirred solution of dmstereomenc 3 (6s 6R = C(I 1 3, 200 mg, 0 39 mmol) m CH2C12 (1 ml) 

was added 4-(dlmethylammo)pyndme (195 mg. 1 6 mmol) and the mixture was cooled at 0°C To 
the mixture was added tosyl chlonde (229 mg, 1 2 mmol) and the resultmg mtxture was stlrred at 
0°C for 1 5 h After being stlrred at r t for additional 3 h, the reaction mixture was quenched by 
addition of saturated aqueous NH4Cl solution (30 ml) The mixture was extracted twice with dlethyl 
ether (2 x 50 ml) The combined extracts were washed with saturated aqueous KHS04 solution. and 
then saturated aqueous NaHC03 solution The organic layer was dned over MgSO4, filtered, and 
evaporated under reduced pressure to leave a crude product (232 mg) The residual product was 
chromatographed on silica gel (30 g) with a 19 1 mixture of hexane and EtOAc as an eluant, giving 
a product fraction (Rf 0 75 9 1 hexane/EtOAc, 142 mg. 0 27 mmol, 69%), which Included two types of 
chlorides, (1S,2R,3R,5S,6R)-3-~-butyld~methyls~lyloxy-2-[(S,~)-3-r-butyld~methyl-s~lyloxy-l- 
octenyll-6-chloro-7-methyleneblcyclo[3 3 Oloctane (25) and (lS,5S,6R,7R)-7-t-butyldlmethyl- 
s~lyloxy-6-[(S,E)-3-t-butyld~methyls~lyloxy-l-octenyl]-3-(chloromethyl)b~cyclo[3 3 O]-2-octene 
(26) The product ratlo of the chlorides 25 (RI 12 2 mm) and 26 (RI 13 1 mm) was assessed as 62 38 
by HPLC analysis of the product mixture (Zorbax Sil. 25 cm x 4 6 mm I D, 210 nm) using 0 01% 2- 
propanol-hexane as a mob11 phase at 2 0 ml/mm as a flow rate Each product was isolated by 
preparative HPLC (YMC-PACK SH-043 S-15 SIL column, 25 cm x 20 mm I D ) elutmg with hexane 
(9 9 ml/mm) to give 25 and 26 as an almost pure form The chloride 25 was however found to be 
unstable under either silica gel column chromatographlc condltlon or preparative HPLC 
separation 25, lH-NMR (CDCl3) 6 0 03 (s, 12H), 0 86 (s, 9H), 0 89 (s, 9H), 0 8-3 1 (m, 18H), 3 5-3 9 (m. 

lH), 3 9-4 2 (m. lH), 4 36 (bs, lH), 5 08 (bs, lH), 5 23 (bs, lH), 5 4-5 6 (m. 2H), 13C-NMR (CDC13) S -4 7, 
-4 6, 14 0, 18 1, 22 6, 25 1, 25 9, 26 0, 31 9. 35 3. 38 6, 40 0, 43 2. 49 4, 56 7, 68 0, 73 1, 111 3, 130 0, 134 9, 
150 5. MS (m/z) 471 (M+- 57). 469 (M+- 57). 455. 337, 323 26, IH-NMR (CDC13) 6 0 03 (s, 12H). 0 86 
(s, 9H), 0 89 (s, 9H), 0 8-3 2 (m. 18H), 3 6-3 9 (m, lH), 3 9-4 3 (m. lH), 4 10 (s, 2H), 5 4-5 55 (m. 2H), 
5 65 (bs, lH), 13C-NMR (CDC13) 6 -4 7, -4 6, -4 4, -4 1, 14 0, 18 1, 18 3, 22 6, 25 2, 25 9, 26 0. 31 9, 37 9, 

38 7, 39 9, 43 4, 43 7, 45 7, 57 0, 73 2, 77 9, 130 4, 134 2, 134 8, 137 5, MS (m/z) 471 (M+- 57), 469 (M+- 
57), 455, 359, 323 

Chlorination of R-3 with tosyl chloride and 4-(dimethylamino)pyridine. 
Eplmenc R-3 (100 mg, 0 20 mmol) was analogously chlorinated in 60% yield by treatment 

with 4-(dlmethylammo)pyrldlne (116 mg, 0 95 mmol) and tosyl chloride (115 mg, 0 60 mmol) In 
CHzCl2 (5 ml) at r t for 24 h The chlorides 25 and 26 were found to be 85 15 by HPLC analysis 

Chlorination of S-3 with tosyl chloride and 4-(dimethylamino)pyrIdlne. 
The dlastereomencally pure allyllc alcohol S-3 (110 mg, 0 22 mmol) was also chlormated In 

50% yield with a similar procedure (r t , 20 h) using 4-(dimethylammo)pyrldlne (130 mg. 1 06 
mmol), tosyl chlonde (127 mg, 0 67 mmol), and CH2Cl2 (5 ml) The product ratio of 25 and 26 was 
determined as 10 90 by a similar HPLC analysis of the sample obtamed by chromatographlc 
separation 

Chlorrnation of 13 with tosyl chloride and 4-(dimethylamlno)pyrIdlne. 
To a stirred solution of 13 (201 mg, 0 40 mmol) In CH2Cl2 (1 5 ml) was added 4- 

(dlmethylammo)pyndme (195 mg, 1 60 mmol) at O’C Then, tosyl chlonde (229 mg, 1 20 mmol) was 
added at 0°C and the mixture was stlrred at O’C for 3 5 h The reaction mixture was quenched by 
addltlon of water (5 ml) and extracted twice with EtOAc (2 x 50 ml) Similar work-up (washmg, 
filtration, and concentration) afforded a crude product (210 mg), which was separated by slllca 
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gel column chromatography (30 g) with hexane-benzene (7 3) to give almost pure 26 (112 mg, 
0 212 mmol, 53%) The product ratio of 25 and 26 was determmed to be 4 96 by HPLC analysis 

Alkylation of chlorides 25 and 26 with zinc-copper reagent 9a. 
In the same manner as used for the foregoing alkylatlon of phosphates, a solution of the Zn- 

Cu reagent 9a was prepared by treatment of a supematant solution of zmc powder (850 mg, 13 
mmol) and methyl 4-lodobutanoate (2 85 g, 12 5 mmol) m THF (7 ml) with a solution of CuCN (990 
mg, 11 mmol) and LlCl (950 mg, 22 mmol) m THF (10 ml) at 0°C for 10 mm The Zn-Cu solution (6 
ml, 4 mmol) was added at -25’C to a solution of the above chlonde 25 (42 mg, 0 079 mmol, 97% 
punty by HPLC estlmatlon) m THF (1 ml) and the resulting mixture was stlrred at 0°C for 2 h 
Slmllar work-up (quenching, extraction, drymg, filtration, and evaporation) gave a crude 011~ 
product (84 mg), which was chromatographed on silica gel (30 g) with hexane-EtOAc (1 99) as an 
eluant to provide y-alkylated product 21 (44 mg. 0 074 mmol, 94%) as an approximately pure 
product The product dlstrlbutlon for maJor 21 (R, 13 6 mm) and minor 22 (Rt 15 4 mm) was 
estimated to be 97 3 by HPLC analysis (Zorbax SII, 25 cm x 4 6 mm I D , 210 nm) usmg 0 07% 
ethanol-hexane at 1 2 ml/mm 

Slmllarly, a solution (6 ml, 4 mmol) of the Zn-Cu reagent 9a obtamed above was allowed to 
react with a solution of 26 (76 mg, 0 14 mmol, 96% punty by HPLC estimation) m THF (1 ml) at 0°C 
for 4 h The crude reactlon product (137 mg) obtamed after extractlve work-up and solvent 
removal was subJected to silica gel column chromatography (30 g) with the same solvent system to 
yield y-alkylated compound 22 (79 mg, 0 133 mmol, 95%) as a minor product The product ratlo of 
mmor 21 and maJor 22 was determmed to be 18 82 by the same HPLC system 

Catalytic alkylation of chloride 25 with zinc reagent 
According to the cited procedure,gb a suspension of a zinc-copper couple (13 mg, 0 2 mmol) 

and methyl 4-lodobutanoate (46 mg, 0 2 mmol) m THF (1 ml) was stirred at r t for 1 h and then at 
60°C for 1 h The resultmg organozmc mixture was filtered through Cehte to obtam a organozmc 
filtrate, which was added at r t to a solution of the chlonde 25 (49 mg, 0 093 mmol) m THF (1 ml) 
To the reactlon mixture, CuCN (4 5 mg, 0 05 mmol) was added and the resulting mixture was stlrred 
at 60°C for 3 h The reaction was quenched by addltlon of water and the organic layer was taken 
up m ether (50 ml) The separated organic layer was washed with bnne, dried over MgS04, 
filtered Removal of solvents left a crude residue, which was chromatographed on silica gel (20 g) 
usmg a 50 1 and then 30 1 mixture of hexane and EtOAc to obtam a mixture of 21 and 22 (39 mg, 
0066 mmol, 71%) The product ratlo of 21 and 22 was estimated by NMR measurement to be about 
40 60 
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