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Abstract: Isocarbacyclin  [(+)-9(0 )-methano-A8(9¢).prostaglandin  I;] (2) was

synthesized from bicyclic synthons such as 2-phosphorylated, 2-(thio)phosphorylated, 2-
tosylated, 2-methoxycarbonylated, and 2-chloro-3-methylenebicyclo[3 3 OJoctanes via
highly regioselective SN2' alkylation with zinc-copper reagents 9 1n excellent yields

Chemically stable analogs of prostacyclin3 (prostaglandin 1, 1) have been developed as
hopeful therapeutic agents for treatment of various vascular diseases 4 Isocarbacychnd [(+)-
9(0)-methano-A6(9%).prostaglandin  1;] (2) 1s one of the most promising candidates because of
both 1ts potent prostaglandin like activity and chemical stability, hence 1ntensive efforts have
been made focusing on the efficient synthesis of 1socarbacyclin® and 1s congeners 6¢.7
Previously, we reported several synthetic routes to them, which i1nvolve regloselective
deoxygenative allylic alkylation®h.61 of the bicychic alcohol 3 with the htmated ortho-ester
molety 7 in the presence of copper iodide or regiospecific decarboxylative alkylation8 of the
methoxycarbonylated intermediates 4 with the bis(sulfone)-ester 8 1n the presence of Pd(0)
catalyst as a key step These synthetic routes required additional deprotecting reactions to obtain
the final product after the alkylation reactions In order to introduce directly a butanoate chan,
zinc-copper reagents? were selected as the most suitable organometallics to construct the
1socarbacyclin framework Here, we report the short synthesis of isocarbacyclin by the use of
several bicyclic synthons, 1 e, the phosphates 5 and the tosylates 6, via regioselective Sy2'

alkylaion with the ester-containing zinc-copper (Zn-Cu) reagents 9 prepared from methyl 4-
1odobutanoate
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Synthesis of 1socarbacychn 1863

Previously, we reported®h.6m the preparation of the bicychc allylic alcohol 3 as a key
intermediate starting from the protected chiral (R)-4-hydroxy-2-cyclopentenone 10 in six steps
as follows (1) comjugate addition of an organocuprate to the cyclopentenone 10 followed by a
silyl protected 10doalkyne trapping of the resulting enolate,!0 (2) methylenation of the resulting
cyclopentanone, (3) stereoselective hydroboration of the exocyclic methylene group, (4)
desilylation of the protected acetylene, (5) oxidation of the alcohol to the aldehyde, (6) reductive
cyclization of the y-ethynyl aldehyde (Scheme 1) The final reductive cyclization reaction
resulted i the formation of the bicyclic allylic alcohol 3 as a mixture of two diastereomers, S-3
and R-3, maca 13 rauo The product mixture of 3 1s separable nto each diastereomer, S-3 and
R-3, by chromatography The phosphorylated bicyclic allylic alcohols § (8-5 and R-5) were the
first substrates for the zinc-copper alkylation reaction Phosphorylation of the bicyclic alcohols
3 (S-3 and R-3) was achieved by treatment of the alcohols with n-butyllithrum (®BuLi) followed
by reaction of the resulung hthium alkoxide with diethyl chlorophosphate 1n tetrahydrofuran
(THF) to yield the corresponding allylic phosphates Sa (85%), S-5a (76%), and R-5a (86%),
respectively The product 5a was found to be constituted of S-5a and R-5a with the
corresponding ratio to the imtial ratio of the starting alcohol 1somers Similarly,
phosphorylation of 3 with diphenyl chlorophosphate afforded the corresponding phosphate 5b
(80%) Acylation of 3 with acetic anhydrnide, pivaloyl chlonde, or methyl chloroformate was
accomplished to give acetate 11 (90%), pivalate 12 (77%), or methoxycarbonate 4 (88%) as a
diastereomeric mixture Thus, the obtained substrates 4,5,11, and 12 were submitted to the
subsequent reaction with the zinc-copper reagents 9

The bicychc phosphates were reacted with the functionalized zinc-copper reagents 9
Methyl 4-iodobutanoate was treated with zinc powder activated with 1,2-dibromoethane and then
chlorotrimethylsilane according to Knochel procedure9b to generate an organozinc reactant
The supernatant obtained as a solution of the organozinc reagent was subsequently treated with a
variety of cuprous salts and hthium chlonde (LiCl) to result in the in situ formation of the Zn-Cu
reagents 9  Firstly, diastereomenic Sa (S-5a R-5a =ca 13) was alkylated with the Zn-Cu reagent
9a obtained by using cuprous cyamde (CuCN) to afford a mixture of the y-adduct 21 as a major
product and the a-adduct 22 as a munor one in 95% yield (entry 1) The muxture of 21 and 22 was
treated with tetrabutylammonium fluoride to obtain a desilylated mixture containing the
corresponding products 23 and 24  The product ratio of 23 and 24 was determined to be 98713
by HPLC measurement This imdicated that the reaction proceeded with high SN2 resioselectivity
This result was compatible with that calculated by their olefimc protons of 21 and 22 in the NMR
spectrum Alkylation of other substrates obtained above were also studied using the Zn-Cu
reagents prepared by scveral cuprous salts The results are summanzed i Table 1  Alkylaunon of
5a by using cuprous halides (Cul, CuBr, CuCl) mmstead of CuCN in the presence of LiCl were
examined to result in higher regioselective formation (more than 99%) of 21 as a y-adduct in
high yields (entries 2, 3, and 4) These alkylations of the phosphorylated derivative Sa with the
ester-containing Zn-Cu reagents 9 proceeded with the highest regioselectivity among other
reported Sp2' alkylations 92.9b. 11. 12 Moreover, effects of cuprous salis on the y-regioselectivity

in the present zinc-copper alkylation reaction were different from those in the copper(l)-
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catalyzed cross-coupling reactions of allylic carboxylates with sp3-Gngnard reagents, where
CuCN showed 7-regioselecuvity and CuCl did w«-onel?  Cuprous salts such as Cul-tnibutyl-
phosphine, CuBr-MesS, 1-pentynylcopper(I) 1n the presence of hexamethylphosphorous triamide
were 1neffective in ihe allylic alkyiaiion reaciion of ihe phosphaic Sa The reaction of
diastereomeric S-5a prepared from S-3a showed complete regioselectivity by using CuCl m
comparison with R-5a (entries 5 and 6) This alkylation reaction was also performed 1n one-pot
sequence starting from the allylic alcohol 3 through in situ formation of the phosphonate
intermediate Sa, to furmish alkylated 23 with similar high regioselecvity (entry 7)  Reaction of
the phenyl derivative S5b in the presence of CuCl brought about similar selectivity (entry 8)
Instead of phosphorylated synthons, the methoxycarbonyl synthon 4 gave the poor alkylated
products with similar regioselectivity, whereas acetyl and pivaloyl synthons 11 and 12 gave no
alkylated products recovering the starting matenals (entnies 9, 10, and 11)

To invesuigate the Sy2' regloselectivity of this zinc-copper alkylation, the allylic 1somer 14
was prepared from the corresponding alcohol 13 and was allowed to react with the Zn-Cu
reagents, 9a and 9d, obtamed from both CuCN and CuCl In both cases, the y-adduct 22 was
obtained as a major product showing Sp2' regioselectivity (entries 12 and 13) This SN2' selectivity
for the isomeric 14 was lower than 90%, probably due to both more difficult attack of the zinc-
copper reagent to the y-position of the synthon 14 and difficult elimmmation of the prnimary
phosphoryloxy group from 14 than n the case of §a In this reaction, the y-adduct 22 and
desilylated product 24 were homogeneous by HPLC and NMR analyses indicating the preferential

formation of a single 1somer presumably with R-configuration
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Synthesis of 1socarbacyclin 1865

Further examination of the regioselective allylic alkylation with Zn-Cu reagents was carned
out on the sulfur-contaiming phosphates A simmlar phosphorylation of diastereomeric 3 with
diethyl chlorothiophosphate 1 THF after treatment of 3 with 2Buli provided desired
thiophosphate 15 (86%) accompamied by a small amount of rearranged isomer 18 (4%) Heating
of resulung thiophosphate 15 in toluene at 80°C for 24 h gave 18 (88%) as a [3,3]-sigmatropic
rearrangement product This type of thermally [3,3]-sigmatropic rearrangement was reported by
Pudovik and Aladzheva in the cases of crotyl or methallyl thiophosphate system !13 In a similar
manner, the thiophosphate 16 was obtamned in 77% yield from diastereomeric 3 and the
thiophosphate 17 from 13 1n 98% yield The product 16 was converted into thermally rearranged

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

entry substrate CuX condition yield(%) 21(23*) 22(24* )_
1 5a CuCN 0°C,2 h, thenr t, 18 h 95% 98 7 13
2 5a Cul 0°C,2 h, thenr t, 18 h 94% 993 07
3 5a CuBr 0°C,1h,thenr t, 4 h 97% 99 8 02
4 S5a CuCl 0°C,2h,thenr t, 3 h 97% 99 7 03
5 S-5a CuCl 0°C,2h,thenr t, 3h 97% 100 ND
6 R-5a CuCl 0°C,2 h, thenr t, 18 h 96% 983 17
7 (5a) CuCl 0°C,2 h,thenr t, 18 h 84%** 995 05
8 5b CuCl rt,3h 94% 983 17
9 4 CuCl rt,18h 68% 96 8 32
10 11 CuCl 0°C, 15h, thenr t,20 h trace trace ND
11 12 CuCl 0°C,15h,thenr t,20h trace trace ND
12 14 CuCN 0°C, 1 h, thenr t, 3 days 42% 16 8 832
13 14 CuCl 0°C, 1 h,thenr t.,8h 86% 127 873
14 15 CuCl rt,3h 90% 979 21
15 16 CuCl 0°C,2 h, thenrt t, 18 h 91% 96 4 36
16 20 CuCl 0°C, 2 h,thenr t, 8h 95% 98 4 16
17 17 CuCl 0°C,2 h,thenr t, 8h 84% 119 88 1
18 18 CuCl 0°C,2 h,thenr t, 18 h 95% 158 842
19 19 CuCl 0°C,2 h,thenr t, 18 h 96% 14 0 860

*  Product ratio determined by HPLC measurement of 23 and 24 after desilylation

** Yield based on the starting alcohol by one-pot sequence
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product 19 (97%) by heating in toluene The i1somer 17 was also heated in toluene under reflux
for 24 h to obtan thermally rearranged product 20 (63%) as a homogeneous product The Zn-Cu
reagent 9d prepared by use of CuCl was allowed to react with thiophosphoates 15 and 16 as well as
rearranged phosphorylthio denvative 20 to give expected product 21 in high yields with high
SN2' regioselecuvities (entries 14, 15, and 16) On the other hand, either thiophosphoate 17 or
rearranged products 18, 19 gave the y-adduct 22 m good yields with good Sy2' regioselectivity
(entries 17, 18, and 19)

Sulfonates were other substrates for the zinc-copper alkylation Treatment of the
diastereomeric allylic alcohol 3 (8-3 R-3 =ca 13) with tosyl chlonde after Lithium alkoxidation
with #BuLi resulted in the 1 situ formation of the tosylate 6 accompamed by a small amount of
the chlondes 25 and 26 (vide infra) detected by TLC92 Attempts to 1solate the resultant tosylate 6
were unsuccessful because of its labile property  Therefore, the alkylation of the crude tosylate 6
with the Zn-Cu reagent 9a was performed to obtain an alkylated mixture of 21 and 22 (90 10) n
75% yield (entry 20) Similar results were obtained for each diastereomer S-6 or R-6 in sutu
generated from §-3 or R-3, respectively (entries 21 and 22) The Sn2' regioselectivities for the
tosylates (6, S-6, and R-6) were lower than 90%  Since the allylic chlorides were also considered
to be the substrates for the Zn-Cu alkylation, chlonnation of each allylic alcohol S-3 or R-3 and
the reactions of the resulting chlorides with the Zn-Cu reagents were subsequently studied  The
allylic alcohol R-3 was chlornated with tosyl chloride in the presence of 4-(dimethyl-
amino)pyridine to give the labile chlonde 25 accompanied by a small amount of the chlonde 26
as an 8515 mixture On the other hand, the epimeric alcohol S-3 was chlorinated 1n a similar
manner to result 1n the major formation of 26 (25 26 = 1090) Chlornnation of 13 1n a similar
manner afforded the chloride 26 as a major product (25 26 = 496) Thus, the isolated chloride 25§
was alkylated with the Zn-Cu reagent 9a prepared by using CuCN to give the alkylated product in
a 94% yeld, which included the product 21 as a major product (21 22 = 973) The other primary
chloride 26 was similarly alkylated to obtamn the y-adduct 22 i 95% yield as a major product
(21 22 = 18 82) It was considered that the poor regioselecuvity for the in situ generated
diastereomeric tosylate 6 mught be due to the undesired formation of 22 from the concomitantly
formed chlonde 26 via the tosylation of 3
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Synthesis of 1socarbacyclin 1867

According to Yoshida's report?2 and other,12 the secondary chloride 25 was expected to be
alkylated with the zinc reagent 1n the presence of catalync CuCN to give the Syn2' alkylated

product 21 However, this type of the catalytic alkylation resulted 1n the poor SN2’ regio-
selectivity affording a mixture of the alkylated product 21 and 22 1n a 4060 rauo in 71% yweld
Previously, Shibasaki et al reported that allylhc alkylations of a bromo dernvative corresponding
to 26 with several 3-butenylated organometallics were found to result in poor regioselectivities
(ay = 110 to 3 1), and that alkylation of the acetate of 13 with the Gilman reagent generated from
3-butenyllithium and Cul afforded the desired a-adduct (ca 90%) together with a small amount of
the undesired y-adduct (ca 3%) i a highly selective manner 6 Yamamoto et al also reported
that reactions of allylzinc bromides with allylphosphates in the presence of CuCN/2LiCl proceeded
i a similar Sy2' fashion with high regioselecuvities 14

In conclusion, 1t was found that 2-phosphorylated bicyclic synthons as well as sulfur-
containing phosphates were good substrates for the regioselective alkylation of the zinc-copper
reagent to construct the protected 1socarbacyclin skeleton 1n excellent yields The n situ
generated 2-tosyl and the 2-chloro synthons were also substrates for the alkylations under
similar conditions These highly regioselective alkylation reactions of the phosphate dernvatives
with the Zn-Cu reagents provides an effecuve way for new carbon-carbon bond formation at the

y-position of allylic alcohols

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

entry substrate CuX condition yield(%) 21(23*) 22(24*)
20 6) CuCN 0°C,2h 75%** 90 10
21 (S-6) CuCN 0°C,3 h 80%** 87 13
22 (R-6) CuCN 0°C,25h T1%** 86 14
23 25 CuCN 0°C,2h 94 % 97 3
24 26 CuCN 0°C,2h 95% 18 82
25 25 cat CuCN*#* 60°C, 3 h 71% 40 60

* Product ratio determimned by HPLC measurement of 23 and 24 after desilylation
**  Yield based on the starting alcohol by one-pot sequence

*** Procedure according to the cited method 92
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Experimental

IR spectra were recorded on a JASCO Al102 spectrometer 1H- and !13C-NMR spectra were
obtained on a JEOL JNM-GX400 (400 MHz) or HITACHI R-90H (90 MHz) spectrometer Chemical shifts
and coupling constants (J) are given mn & (ppm) relative to 1nternal tetramethylsilane and Hz,
respectively The following abbreviations are used s (singlet), d (doublet), t (triplet), m
(muluplet), b (broad) Mass spectra (MS) were taken at 70 eV on a HITACHI M-80B mass
spectrometer Optical rotations were measured on a Umon Giken PM-101 automatic polanmeter
For high-performance liquid chromatography (HPLC) analysis, a Shimadzu Model LC-6A equipped
with a Shimadzu SPD-6A UV detector (210 nm) and a Shimadzu C-R3A chromatopac was employed
Silica gel column chromatography was performed using Daiso gel IR-60 silica gel Thin-layer
chromatography (TLC) was performed using Merck silica gel (Kiesel gel 60 Fps54) analytical plate
The plates were sprayed with a solution of 2% p-amisaldehyde in 5% ethanolic sulfunc acid and
then heated untul the spots became clearly visible  All reactions were carried out under nitrogen
Solvents for reactions were purified 1f necessary before use by distillation from suitable drying
agents  Solvents for extraction and chromatography were GR grades

Preparation of (15,2R,3R,5S5)-3-t-butyldimethylsilyloxy-2-[(S,E)-3-f-butyldimethyl-
silyloxy-1-octenyl]-6-methoxycarbonyloxy-7-methylenebicyclo[3.3.0]Joctane (4).

Methyl chloroformate (567 mg, 6 0 mmol) was added at 0°C to a maxture of diastercomeric 3
(116 g, 20 mmol) and pyndine (10 ml) in CH;Cl; 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 KHSO4 solution, saturated aqueous NaHCO4
solution, and then brine  Drying (MgS0Oy4), filtration, and evaporation of the solvents gave a crude
oily product, which was chromatographed on silica gel (50 g) eluting with hexane-EtOAc (20 1) to
provide 4 (996 mg, 176 mmol, 88%) as a diastercomeric mixture, Rf 049 (91 hexane/EtOAc), IR
{neat) 3080, 1750, 1665, 1265, 1120, 955, 925, 850, 835, 770 cm'1, IH-NMR (CDCl3) § 002 (s, 12H), 086
(s, 9H), 089 (s, 9H), 08-30 (m, 18H), 377 (s, 3H), 35-39 (m, 1H), 39-42 (m, 1H), 49-54 (m, 3H), 54-
56 (m, 2H), MS (m/z) 551 (M*-15), 509 (M*+-57), 433, 359, 319, 227, 171, 133, 131, 73, High-resolution
MS for Cy7H4905S13 (M*-fBu) Caled m/z 5093116 , Found 509 3120

Preparation of (15,2R,3R,5S5)-3-¢t-butyldimethylsilyloxy-2-[(S,E)-3-t-butyldimethyl-
silyloxy-1-octenyl]-6-diethoxyphosphoryloxy-7-methylenebicyclo[3.3.0]octane
(5a)

A 150 M hexane solution of #BuL1 (340 ml, 510 mmol) was added at -78°C to a surred solution
of a diastereomeric mixturc (65 6R =ca 13) of (15,2R,3R,55)-3-t-butyldimethylsilyloxy-2-[(S,E)-3-1-
butyldimethylsilyloxy-1-octenyl}-6-hydroxy-7-methylenebicyclo{3 3 Oloctane (3) (237 g, 466
mmol) 1n THF (40 ml), and the resulting mixture was stirred at -78°C for 10 min  Diethyl chioro-
phosphate (121 g, 70 mmol) was then added at -78°C to the resulting lithrum alkoxide solution, and
the muxture was stirred at 0°C for 2 h  The reaction mixture was poured into saturated aqueous
NH4CI solution (100 ml) and the organic layer was taken up in EtOAc (100 ml) The organic layer
was separated and aqueous layer was extracted twice with EtOAc (2 x 50 ml) The combmed organic
extracts were washed with brine (100 ml), dried over MgSO4, filtered, and concentrated under
reduced pressure to leave a crude product, which was separated by silica gel column chromato-
graphy (200 g) with a 41 and then 3 1 mxture of hexane and EtOAc as eluants, to give phosphoate
5a (255 g, 396 mmol, 85%) as a diastereomenic mixture (6S 6R =cal3), Rf 033 (21 hexane/EtOAc),

IR (neat) 3080, 1260, 1105, 1035, 1000, 975, 900, 855, 835, 775 cm-!, 'H-NMR (CDCl3) 8 002 (s, 12H),
084 (s, 9H), 090 (s, 9H), 08-30 (m, 18H), 138 (t x 2, 6H, J = 7 Hz), 35-44 (m, 6H), 46-48 (bd, 1H,J =7
Hz), 49-535 (m, 2H), 54-553 (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 Cy9H35604PS15 (M*-!Bu) Calcd m/z 587 3350, Found
587 3350
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Preparation of (15,2R,3R,55,65)-3-¢-butyldimethylsilyloxy-2-[(S,E)-3-¢-butyl-
dimethylsilyloxy-1-octenyl]-6-diethoxyphosphoryloxy-7-methylenebicyclo[3.3.0]-
octane (S-5a).

The titled compound (S-5a) was also prepared in 76% yield with a similar procedure using
the less polar 6S-1somer (S-3, 115 mg, 0226 mmol, Ry 048, 41 hexane/EtOAc), "BuLi (150 M hexane
soluuion, 0 18 ml, 027 mmol), and dicthyl chlorophosphate (59 mg, 034 mmol) in THF (5 ml), [a]p23
+370° (c 199, MeOH), 'H-NMR (CDCl3) & 002 (s, 12H), 0 86 (s, 9H), 0 89 (s, 9H), 0 8-3 0 (m, 18H), 134
(tx 2, 6H, J = 7 Hz), 35-44 (m, 6H), 485-53 (m, 3H), 54-56 (m, 2H), !13C-NMR (CDCl3) 5 -48, -47, -

45,-43,140,161, 162, 181, 182, 226, 251, 259, 319, 337, 345, 386, 403, 415, 576, 638, 639, 732,
776,798,799, 108 6, 1304, 1350, 1482, 1484

Preparation of (15,2R,3R,58,6R)-3-t-butyldimethylsilyloxy-2-[(S,E)-3-¢t-butyl-
dimethylsilyloxy-1-octenyl}-6-diethoxyphosphoryloxy-7-methylenebicyclo[3.3 0]-
octane (R-5a).

The 6R-epimer (R-5a) was analogously prepared in 86% yield using the more polar 6R
alcohol (R-3, 318 mg, 0625 mmol, Rf 043), "Buli (05 ml, 075 mmol), and diethyl chlorophosphate

(162 mg, 0938 mmol) in THF (5 ml), [a]p25 -11 1° (c 168, MeOH), LH-NMR (CDCl3) § 002 (s, 12H),
0386 (s, 9H), 0 89(s, 9H), 08-30 (m, 18H), 132 (t x 2, 6H), 3645 (m, 6H), 46485 (d, 1H, J = 7 Hz), 5 12
(bs, 1H), 527 (bs, 1H), 54-56 (m, 2H), 13C-NMR (CDCl3) & -48, -47, -46, -43, 140, 160, 162, 181,
183, 226, 252, 259, 260, 319, 354, 386, 387, 43 1, 457, 458, 567, 636, 637, 732, 778, 868, 869,
1127, 1305, 1351, 1490, 149 1,

Preparation of (15,2R,3R,55)-3-¢t-butyldimethylsilyloxy-2-[(S,E)-3-t-butyldimethyl-
silyloxy-1-octenyl]-6-diphenoxyphosphoryloxy-7-methylenebicyclo[3 3.0]octane
(5b).

The phosphorylation reaction was conducted with a similar procedure (r t, 20 h) to that
described 1n the syntheses of a senes of 5a by using diastereomeric 3 (452 mg, 089 mmol) in THF
(10 ml), "BuL:1 (150 M hexane solution, 08 ml, 12 mmol), and diphenyl chlorophosphate (403 mg,
15 mmol) The crude reaction product obtained after extractive work-up and solvent removal was
subjected to silica gel column chromatography (50 g) with 10 1 muxture of hexane and EtOAc as
cluant to give 5b (525 mg, 071 mmol, 80%) as a diastereomenc mixture, R¢ 048 (41 hexane/EtOAc),
IR (neat) 3080, 1590, 1490, 1460, 1285, 1250, 1190, 1110, 1045, 1005, 945, 835, 770, 685 cm"!, ITH-NMR
(CDCl3) 8 004 (s, 12H), 085 (s, 9H), 088 (s, 9H), 08-3 0 (m, 18H), 35-39 (m, 1H), 40-4 3 (m, 1H), 4 8-
53 (m, 3H), 54-55 (m, 2H), 70-75 (m, 10H), MS (m/z) 725 (M+-15), 683 (M+-57), 551, 439, 433, 419,
359, 325, 307, 227, 94, 73, High-resolution MS for C34HggOgPS13 (M*-fBu) Caled m/z 683 4288, Found
683 4168

Preparation of (15,55,6R,7R)-2-acetoxy-7-t-butyldimethylsilyloxy-6-[(S,E)-3-¢-
butyldimethylsilyloxy-1-octenyl]-3-methylenebicyclo[3.3.0]Joctane (11).

To a stirred solution of diastereomenic 3 (278 mg, 0547 mmol) i pyndine (2 ml), acetic
anhydride (1 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 resuling mixture was stirred at the same temperature for 30 min Ethyl
acetate (100 ml) was added and the organic layer was washed with saturated aqueous KHSOy,
saturated aqueous NaHCOj;, and then brine  The filtered organic layer was dned (MgSOQOy4), and
concentrated n vacuo to leave an oily residue, which was separated by silica gel column
chromatography (30 g) with a 10 1 mixture of hexane and EtOAc to give acetate 11 (270 mg, 049
mmol, 90%) as a diastereomeric mixture, RfO 62 (91 hexane/EtOAc), IR (neat) 3100, 1745, 1670,
1250, 1240, 1120, 1060, 1020, 970, 855, 835, 775 cm-1, IH-NMR (CDCl3) § 002 (s, 12H), 0 84 (s, 9H), 0 86
(s, SH), 08-30 (m, 18H), 201 (s, 3H), 35-39 (m, 1H), 40-43 (m, 1H), 49-53 (m, 3H), 535-565 (m,
2H), 13C-NMR (CDCl3) 6-49, 48, 46, -43, 140, 182, 213, 226,251, 258, 259, 318, 359, 386, 390,
433, 449, 564, 732, 778, 834, 1126, 1305, 1350, 1489, 1709, MS (m/z) 535 (M*+-15), 493 (M*-57),
433, 355, 319, 227, 117, 73, High-resolution MS for Cy7H4904S15 (M*-!Bu) Calcd m/z 493 3167, Found
493 3191
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Preparation of (15,2R,3R,5S5)-3-¢-butyldimethylsilyloxy-2-[(S,E)-3-t-butyldimethyl-
silyloxy-1-octenyl]-6-methylene-7-pivaloyloxybicyclo[3.3.0]Joctane (12).

To a sturred solution of diastereomeric 3 (508 mg, 10 mmol) in pyndine (3 ml), pivaloyl
chloride (603 mg, 50 mmol) was added at 0°C and the resulung mixture was stirred at r t for 20 h
The reacuion mixture was poured into saturated aqueous KHSO4 and the orgamic layer was taken up
m EtOAc (100 ml) The separated organic layer was washed with saturated aqueous NaHCO3; and
then bnine, dned (MgSOy4), and evaporated under reduced pressure to afford a crude product The
residual o011 was subjected to silica gel column chromatography (30 g) with hexane-EtOAc (30 1) to
yield pivalate 12 (458 mg, 0774 mmol, 77%) as a diastereomeric mixture, Rp 075 (91
hexane/EtOAc), IR (neat) 3100, 1735, 1670, 1280, 1260, 1160, 1120, 970, 855, 835, 775cm-l, IH-NMR
(CDCl3) 8 002 (s, 12H), 086 (s, 9H), 0 89 (s, 9H), 1 18 (s, 9H), 08-29 (m, 18H), 35-39 (m, 1H), 40-43
(m, 1H), 49-54 (m, 3H), 54-56 (m, 2H), }3C-NMR (CDCl3) 648, -47, 46, -43, 140, 181, 182, 226,
251,259,260, 265,271, 272, 319, 360, 386, 390, 432, 449, 564, 732, 779, 831, 1123, 1306, 1350,
1490, 178 4, MS (m/z) 577 (M*-15), 535 (M*-57), 433, 359, 317, 287, 227, 201, 159, 73, High-resolution
MS for C3gHs504815 (M*-fBu) Calcd m/z 535 3636, Found 535 3631

Preparation of (15,55,6R,7R)-7-¢t-butyldimethylsilyloxy-6-[(S,E)-3-f-butyldimethyl-
silyloxy-1-octenyl]-3-(diethoxyphosphoryloxymethyl)bicyclo[3.3.0]-2-octene (14)
Diethyl chlorophosphate (120 mg, 07 mmol) was added at r t to a surred solution of
(15,55,6R,7R)-7-t-butyldimethylsilyloxy-6-[(S,E)-3-t-butyldimethylsilyloxy-1-octenyl]-3-
(hydroxymethyl)bicyclo[3 3 0]-2-octene (13, 171 mg, 0337 mmol) and pyndine (05 ml) in CH,Cl,,
and the resuling mixture was stirred at the same temperature for 18 h  Ethyl acetate (100 ml) was
added to the reaction mixture and the resulting organic layer was washed with saturated aqueous
KHSO4 solution, and then saturated aqueous NaHCO3 solution  The separated organic layer was

dnied over MgSQO,, filtered, and evaporated to afford a crude product, which was chromatographed
on silica gel (30 g) using a 41 and then 3 1 mixture of hexane and EtOAc as eluants, providing
titled compound 14 (184 mg, 0286 mmol, 85%) as a colorless oil, Rp022 (21 hexane/EtOAc), [a)p25 -
18 4° (c 103, MeOH), IR (neat) 1255, 1110, 1035, 970, 855, 835, 770 cm"!, IH-NMR (CDCl3) & 002 (s,
12H), 084 (s, 9H), 086 (s, 9H), 08-32 (m, 18H), 1 2 (t x 2, 6H, J = 7 Hz), 35-43 (m, 6H), 44-46 (d, 2H, J
= 7 Hz), 54-555 (m, 2H), 562 (bs, 1H), 13C-NMR (CDCl3) 8-47, 46, -45, 42, 141, 161, 163, 181,
183,227,252, 260, 320, 376, 388, 402, 437, 456, 572, 638, 639, 662, 663, 734, 781, 1308, 1335,
1351, 1370, 1372, MS (m/z) 587 (M*+-57), 359, 309, 287, 227, 211, 183, 155, 127, 99, 75, 57, High-
resolution MS for CygHj5606PS1, (M+.tBu) Calcd m/z 587 3350, Found 587 3278

Preparation of (15,2R,3R,55)-3-t-butyldimethylsilyloxy-2-[(S,E)-3-t-butyldimethyl-
silyloxy-1-octenyll-6-diethoxythiophosphoryloxy-7-methylenebicyclo[{3 3 0Joctane
(15).

The phosphorylation reaction was conducted with a similar procedure (r t, 20 h) to that
described 1n the preparation of 5a by using diastereomenc 3 (397 mg, 0782 mmol) in THF (10 ml),
2BuL1 (150 M hexane solution, 063 ml, 0938 mmol), and diethyl chlorothiophosphate (192 mg, 102
mmol) nstead of diethyl chlorothiophosphate The residual o1l obtamned after extractive work-up
and evaporation was separated by siica gel column chromatography (50 g) eluttng with a 101 and
then 3 1 mixture of hexane-EtOAc to yield less polar 15 (446 mg, 0676 mmol, 86%) as a
diastereomeric mixture accompanied by more polar (15,55,6R,7R)-7-t-butyldimethylsilyloxy-6-
[(S,E)-3-t-butyldimethylsilyloxy-1-octenyl]-3-(diethoxyphosphorylthiomethyl)bicyclo[3 3 0]-2-
octene (18) (19 mg, 0029 mmol, 4%) Less polar 15 was found to be converted into more polar 18
with silica gel on TLC plate 15, Rf 067 (4 1 hexane/EtOAc), IR (neat) 3080, 1665, 1255, 1100, 1025,
970, 900, 835, 775 cm-l, IH-NMR (CDCl3) & 002 (s, 12H), 086 (s, 9H), 089 (s, 9H), 08-3 0 (m, 18H),
133 (t x 2, 6H, J = 7 Hz), 35-47 (m, 6H), 47-535 (m, 3H), 54-56 (m, 2H), MS (m/z) 645 (M*-15), 603
(M*-57), 458, 434, 360, 302, 287, 245, 227, 73, High-resolution MS for CpgHs5g05PSS15 (M*-!Bu) Calcd
m/z 603 3121, Found 6033098 18, R, 022 (41 hexane/EtOAc), [@]lp25 +13° (¢ 154, MeOH), IR
(neat) 1255, 1105, 1045, 1020, 965, 905, 835, 775 cm-l, IH-NMR (CDCl3) § 002 (s, 12H), 086 (s, 9H),
089 (s, 9H), 08-32 (m, 18H), 135 (t x 2, 6H, J = 7 Hz), 34-355 (d, 2H, J = 13 Hz), 36-45 (m, 6H), 5 4-
555 (m, 2H), 56 (bs, 1H), 13C-NMR (CDCl3) §-50, -48, -47, -44, 139, 159, 160, 179, 181, 225, 251,
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257,258,313,317, 386, 387, 399, 436,455, 569, 634, 635,732, 777, 1305, 1335, 1349, 1367, MS
(m/z) 645 (M*-15), 603 (M*+-57), 491, 471, 457, 433, 287, 245, 227, 171, 129, 73, High-resolution MS for
Cy9Hs5605PSS1y (M*+-/Bu) Calcd m/z 603 3122, Found 603 3100

Preparation of (15,2R,3R,55)-3-¢-butyldimethylsilyloxy-2-[(S,E)-3-t-butyldimethyl-
silyloxy-1-octenyl}-6-dimethoxythiophosphoryloxy-7-methylenebicyclo[3.3.0]-
octane (16).

Similar phosphorylation process (r t, 3 h) using diastereomeric 3 (508 mg, 10 mmol), "BulLi
(08 ml, 12 mmol), and dimethyl chlorothiophosphate (241 mg, 15 mmol) in THF (10 ml) furmshed
desired product 16 (487 mg, 077 mmol, 77%) as a diastereomenc mixture after usual work-up and
silica gel column chromatography (60 g, hexane EtOAc = 10 1), R r 056 (41 hexane/EtOAc), IR
(neat) 3100, 1665, 1255, 1110, 1040, 990, 900, 835, 775 cm-!, IH-NMR (CDCly) & 002 (s, 12H), 086 (s,
9H), 0 88 (s, 9H), 08-29 (m, 18H), 36-39 (d x 2, 6H, J = 14 Hz), 36-43 (m, 2H), 48-54 (m, 3H), 54-56
(m, 2H), MS (m/z) 617 (M*-15), 575 (M*-57), 443, 433, 429, 301, 287, 227, 199, 75, 73, High-resolution
MS for C37H5205PSS13 (M*-IBu) Caled m/z 575 2809, Found 575 2584

Preparation of (15,55,6R,7R)-7-t-butyldimethylsilyloxy-6-{(S,E)-3-t-butyldimethyl-
:ill-,y)loxy-l-octenyl]-3-(diethoxythlophosphoryloxymethyl)bicyclo[3.3.0]-2-oclene

Analogous phosphorylation process (r t, 3 h) using 13 (311 mg, 0612 mmol), #BuL1 (049 ml,
0734 mmol), and diethyl chlorothiophosphate (173 mg, 0918 mmol) in THF (5 ml) provided 17 (396
mg, 060 mmol, 98%) after usual work-up followed by punfication by silica gel column
chromatography (30 g, hexane EtQOAc = 19 1), Ry 067 (41 hexane/EtOAc), [a]D25 -87° (¢ 242,
MeOH), IR (neat) 1255, 1160, 1000, 1020, 970, 835, 775 cm-!, TH-NMR (CDCl3) & 002 (s, 12H), 086 (s,
9H), 0 89 (s, SH), 08-32 (m, 18H), 140 (t x 2, 6H, J = 7 Hz), 36-39 (m, 1H), 3947 (m, 7H), 54-56 (m,
2H), 565 (bs, 1H), 13C-NMR (CDCl3) 3-47, -46, 45, 42, 141, 159, 161, 181, 183, 227, 253, 260,
319, 377, 388,401, 436, 456, 571, 644, 668, 669, 734, 780, 1308, 1336, 1351, 1368, 1368, MS
(m/z) 645 (M*-15), 603 (M+-57), 528, 433, 419, 287, 245, 227, 75, 73, High-resolution MS for
C9H5405PSS19 (M*-IBu) Caled m/z 603 3122, Found 603 3150

Preparation of 18 by thermal rearrangement of 15

A stirred soluton of 15 (220 mg, 0333 mmol) in toluene (5 ml) was heated at 80°C for 24 h
The reaction muxture was concentrated under vacuum to leave an oily residue, which was
chromatographed on silica gel (30 g) with hexane-EtOAc (3 1) to give 18 (193 mg, 0292 mmol,
88%) The product 18 was identical with the by-product of 18 obtained by the above-mentioned
phosphorylation reaction of 3 with diethyl chlorothiophosphate

Preparation of (15,55,6R,7R)-7-t-butyldimethylsilyloxy-6-[(S,E)-3-ft-butyldimethyl-
silyloxy-1-octenyl]-3-(dimethoxyphosphorylthiomethyl)bicyclo[3.3 0]-2-octene
(19) by thermal rearrangement of 16

A surred solution of 16 (274 mg, 0433 mmol) in toluene (10 ml) was heated at 80°C for 24 h
Similar work-up and punfication to that described above provided rearranged product 19 (265

mg, 0420 mmol, 97%), Ry 023 (41 hexane/E1OAc), [a]p25 -07° (¢ 233, MeOH), IR (neat) 1255, 1110,
1040, 1020, 970, 905, 835, 775 cm-l, 1TH-NMR (CDCl3) § 002 (s, 12H), 086 (s, 9H), 0 89 (s, 9H), 08-33
(m, 18H), 34-37 (d, 2H, J = 13 Hz), 36-43 (m, 2H), 37-39 (d, 6H, J = 13 Hz), 54-555 (m, 2H), 56 (bs,
1H), 13C-NMR (CDCl3) §-47, -46, -45, -42, 141, 181, 183,227, 253, 260, 315, 319, 362, 388, 401,
438,458, 538,539, 571, 734, 780, 1307, 1340, 1351, 1369, MS (m/z) 610 (M*-15), 575 (M+-57), 443,
433, 429, 301, 287, 227, 199, 75, 73, High-resoluion MS for Cy7H5,05PSS13 (M*-fBu) Calecd m/z
575 2809, Found 575 2841

Preparation of (15,2R,3R,55)-3-t-butyldimethylsilyloxy-2-[(S,E)-3-¢t-butyldimethyl-
silyloxy-1-octenyl]l-6-diethoxyphosphorylthio-7-methylenebicyclo[3 3.0Joctane
(20) by thermal rearrangement of 17.
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A stirred solution of 17 (264 mg, 040 mmol) in toluene (10 ml) was refluxed for 24 h  Similar
work-up and separation afforded rearranged product 20 (166 mg, 0251 mmol, 63%) as a
diastereomenically almost pure product accompanied by unreacted substrate 17 (74 mg, 0112

mmol, 28%), Rf 033 (41 hexane/EtOAc), R; 20 6 mimn (Zorbax, hexane THF = 20 1), [(I]D25 -62° (¢
216, MeOH), IR (neat) 3090, 1660, 1255, 1110, 1045, 1020, 970, 910, 835, 775 cm-!, IH-NMR (CDCl3) &
002 (s, 12H), 086 (s, SH), 089 (s, 9H), 08-30 (m, 18H), 135 (t x 2, 6H, J = 7 Hz), 35-44 (m, TH), 505
(bs, 1H), 524 (bs, 1H), 54-555 (m, 2H), 13C-NMR (CDCl3) 647, -46, -45, -42, 141, 160, 162, 182,
183,227,252, 260, 319, 362, 387,412, 435, 478, 480, 556, 565, 636, 637, 733, 776, 1115, 1304,
1353, 1508, MS (m/z) 645 (M*-15), 603 (M*+-57), 491, 471, 433, 419, 245, 227, 171, 75, 73, High-
resolution MS for CygH5405PSS1p (M*+-fBu) Caled m/z 603 3122, Found 603 3142

General procedure for the alkylation of phosphonates with zinc-copper reagents.
In a 10 ml flask were placed zinc powder (196 mg, 30 mmol) and THF (25 ml) According o

the cited procedure,9b to this was added 1,2-dibromoethane (15 ul) and the mixture was heated at
65°C for 1 min  The mixture was cooled to r t, and stirred at the same temperature for 30 mun
Then, chlorotnimethylsilane (20 pl) was added and the mixture was stirred at r t for 30 mmn  To
the reaction mixture was added methyl 4-iodobutanoate (570 mg, 25 mmol) in THF (25 ml),
prepared from methyl 4-chlorobutanoate by treatment with Nal 1n methyl ethyl ketone under
refluxing for 10 h, and the resulting mixture was heated at 40°C for 18 h  In another 25 ml flask
were placed 25 mmol of cuprous salt (CuCl, 248 mg, CuBr, 359 mg, Cul, 476 mg, CuCN, 112 mg),
anhydrous LiCl (213 mg, 50 mmol), and THF (5 ml) To this cooled suspension at 0°C was added a
supernatant of the organozinc solution by using a synnge, and the mixture was sturred at 0°C for
30 min  To the zmnc-copper solution was added at 0°C a solution of a bicyclic substrate (0 20 mmol)
in THF (5 ml), and then the reaction mixture was stirred at 0°C for several hours and successively
at r t for additional several hours The resulting reaction mixture was poured into saturated
aqueous NH4Cl solution and EtOAc (100 ml) was added for extracion The separated aqueous layer

was extracted with EtOAc (2 x 50 ml) The combined organic extracts were washed with brine,
dried over MgSOy4, filtered, and concentrated under reduced pressure The residual o1l was

subjected to silica gel column chromatography (30 g) eluting with a 19 1 mxture of hexane and
EtOAc to give a product fraction (Ry 050, 41 hexane/EtOAc) as an 1someric mixture of the a-adduct
and the y-adduct The yield was cvaluated on the basis of the isomeric mixture The i1somerc ratio
of the product was roughly estimated by !'H-NMR measurement of this product 11,15-0 -Bas(t-
butyldimethylsilyl)-9(0)-methano-A6(9%) _prostaglandin I; methyl ester (21), [a]p25 -143° (¢ 0 99,
MeOH), IR (neat) 1740, 1255, 1110, 1005, 970, 835, 775 cm-l, lH-NMR (CDCl3) & 002 (s, 12H), 086 (s,
9H), 089 (s, 9H), 08-32 (m, 26H), 3 5-38 (m, 1H), 3 63 (s, 3H), 40-43 (m, 1H), 523 (bs, 1H), 535-56
(m, 2H), 13C-NMR (CDCl;) 3-49, -47, -46, -43, 140, 181, 182, 226, 247, 252, 259, 262, 272, 306,
318, 340, 399, 407, 433, 454, 515, 571, 734, 779, 1285, 1311, 1346, 1416, 1746, MS (m/z) 592
(M), 577 (M*+-15), 561 (M+-31), 535 (M*+-57), 521, 329, 303, 171, 147, 75, 73, High-resolution MS for
C30H550481, (M*-#Bu) Caled m/z 5353636, Found 535 3658 (1S,2R,3R,5S8, 6R)-3-t-butyl-
dimethylsilyloxy-2-[(S,E)-3-t-butyldimethylsilyloxy-1-octenyl]-6-(3-methoxycarbonylpropyl)-7-
methylenebicyclo[3 3 OlJoctane (22), [a]D25 -71° (¢ 077, MeOH), IR (neat) 3080, 1740, 1660, 1255,
1110, 1005, 970, 835, 775 cm"l, lH-NMR (CDCl3) § 002 (s, 12H), 0 86 (s, SH), 0 89 (s, 9H), 08-25 (m,
25H), 3 6-3 95 (m, 1H), 3 68 (s, 3H), 40-42 (m, 1H), 47-50 (m, 2H), 5 35-5 6 (m, 2H), 13C-NMR (CDCl;)
5-417, -45, 42,141, 182, 183, 227, 232, 253, 260, 320, 343, 373, 388, 422, 440, 449, 517, 526,
567, 735, 786, 1067, 131 1, 1348, 1554, 1747, MS (m/z) 577 (M*+-15), 535 (M*-57), 403, 328, 309, 279,
149, 132, 105, 75, 57, High-resolution MS for C3oHs5504S15 (M*-fBu) Calcd m/z 5353636, 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 10 M solution of tetrabutylammomum fluoride mn THF  The
reaction mxture was diluted with EtOAc (100 ml) and washed with saturated aqueous KHSO4
solution, saturated aqueous NaHCOgj, and then brine The aqueous phase was extracted twice with
EtOAc (2 x 50 ml) The combined organics were dned (MgSO,), filtered, and evaporated to afford a
crude desilylated product (R;045, 14 hexane/EtOAc) including the corresponding desilylated

products, 9(0)-methano-A6(9®)_prostaglandin I; methyl ester (23, R,21 6 min) and (15,2R,3R.5S,
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6R)-7-hydroxy-6-{(S.E)-3-hydroxy-1-octenyl]-2-(3-methoxycarbonylpropyl)-3-methylene-

bicyclo[3 3 OJoctane (24, R;251 min), respecively The crude samples were subjected without
further punfication to HPLC analysis (Nucleosil, 25 cm x 46 mm ID.) using 3% cthanol-hexane as
a mobil phase at 08 ml/mmn as a flow rate Each product of 23 and 24 for analysis was further
punified by preparauve HPLC (YMC-PACK SH-043 S-15 SIL column, 25 cm x 20 mm ID) eluting
with 3% ethanolic hexane (99 ml/min) One of the desilylated product, 24, was found to be a
single 1somer judged by both HPLC analysis of their crude samples and !3C-NMR spectrum of an
1solated 24. 23, [@]p25 +95° (¢ 102, MeOH), IR (neat) 3360, 3040, 1740, 1435, 1200, 1170, 1090, 1020,
995, 965, 830 cm-l, IH-NMR (CDCl3) § 089 (t, 3H, J = 7 Hz), 12-25 (m, 24H), 29-3 1 (m, 1H), 2 67 (s,
3H), 37-3 85 (m, 1H), 4 15-4 25 (m, 1H), 527 (bs, 1H), 55-565 (m, 2H), 13C-NMR (CDCl3) 5140, 226,
247,252,272, 306, 318,340,372,396,397,444, 457, 515, 582, 732, 772, 128 4, 1335, 1356, 1413,
1742, MS (m/z) 346 (M*- 18), 328 (Mt*- 36), 315 (M+-49), 302 (Mt+- 62), High-resolution MS for
CyyH3403 (M*-Hp0) Caled m/z 346.2508, Found 346 2516 24, IR (neat) 3360, 3080, 1740, 1660, 1435,
1200, 1170, 1090, 1020, 970, 885 cm-1, IH-NMR (CDCl3) § 089 (1, 3H, J = 7 Hz), 12-29 (m, 24H), 3 67 (s,

3H), 36-375 (m, 1H), 395-405 (m, 1H), 480 (bs, 1H), 485 (bs, 1H), 54-555 (m, 2H), !3C-NMR
(CDCl3) 5140, 226, 231, 252, 318, 342, 343, 368, 372, 410, 446, 447, 515, 526, 576, 732, 772,

1070, 1332, 1355, 1544, 1741, MS (m/z) 346 (M*-18), 328 (M+-36), 315 (M+-49), 302 (M+- 62), High-
resolution MS for CyoH3403 (M*-H20) Calcd m/z 346 2508, Found 346 2560
Reagents, conditions, yields, and product ratios for each substrate are summanzed in Table 1

One-pot alkylation of 3 via the in situ generated phosphate intermediate (5a).

According to the above-mentioned procedure, phosphorylation reaction was performed by
usmng 3 (102 g, 20 mmol), "Bul1 (150 M hexane solution, 167 ml, 25 mmol), and diethyl chloro-
phosphate (432 mg, 25 mmol) After being stirred at r t for 30 min, to the reaction mixture of the
tn suu generated phosphate 5a was added at 0°C the Zn-Cu reagent solution which was prepared
by a similar manner to general procedure by using zinc powder (392 mg, 6 0 mmol), methyl 4-
1odo-butanoate (1 14 g, 50 mmol), CuCl (495 mg, 50 mmol), and LiCl (425 mg, 10 mmol) in THF (20
ml)  The resulting mixture was stirred at 0°C for 2 h and at r t for additional 18 h A similar
work-up and chromatographic separation (silica gel 100 g, hexane EtOAc = 19 1) gave a product
(995 mg, 168 mmol, 84%) involving two adducts The product (136 mg, 023 mmol) was treated with
a solution of tetrabutylammonium fluonde (2 ml, 20 mmol) at r t for 20 h Usual work-up
supplied a crude desilylated product The ratio of 23 and 24 was determined to be 99505 by HPLC
analysis of the crude product mixture

One-pot alkylation of 3 via the in sttu generated tosylate intermediate (6).

A 150 M hexane solution of #BuLi (036 ml, 054 mmol) was added at -78°C to a stirred solution
of a diastereomeric mixture (65 6R =cal13) of 3 (200 mg, 0394 mmol) in THF (2 ml), and the
mixture was surred at -78°C for 10 mun  To the reaction mixture was added tosyl chlionde (90 mg,
048 mmol) at 0°C and the resulting mixture was stured at r t for 3 h TLC analysis of the reaction
mixture showed to form tosylates (6, Ry 033 and 038, 91 hexane/EtOAc) accompanied by a small
amount of the chlorides 25 and 26 (Rf 070) The Zn-Cu reagent 9a (16 ml, 96 mmol) prepared in a
similar method by use of CuCN was added at 0°C to the reaction mixture, and the resulting mixture
was stirred at 0°C for 2 h Similar work-up (quenching, extraction, drying, filtrauon, and
evaporation) gave a crude oily product (344 mg), which was chromatographed on silica gel (50 g)
with hexane-EtOAc (1 99) as an eluant to provide y-alkylated compound 21 (175 mg, 0296 mmol,
75%) as a major product The product distribution for major 21 and minor 22 was determined as
90 10 by the same HPLC analysis

One-pot alkylation of S§-3 via the in situ generated tosylate intermediate (S-6).

The in situ genarated tosylate 27 by treatment of the diastereomencally pure S-3 (83 mg,
0163 mmol) with 2BuL:1 (0 136 ml, 0 204 mmol), tosyl chlonde (44 mg, 0228 mmol) in THF (12 ml) at
0°C for 3 hr was also allowed to react with the above-mentioned solution of 9a (083 M in THF
solution, 47 ml, 39 mmol) Similar work-up and chromatographic separation provided a mixture
(77 mg, 0130 mmol, 80%) of 21 and 22, which was constituted of 87 13 of a product ratio judged by
a similar HPLC examination
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One-pot alkylation of R-3 via the in situ generated tosylate intermediate (R-6).

Another diastereomerically pure R-3 (114 mg, 0224 mmol) was similarly treated with ?BuLi
(0 187 ml, 0280 mmol), tosyl chloride (60 mg, 0314 mmol) m THF (12 ml) at r t for 15 h, followed
by a solution of 9a (083 M, 65 ml, 54 mmol) at 0°C for 25 h Stmilar work-up and
chromatographic separation gave a mxture (95 mg, 0160 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 sturred solution of diastereomenic 3 (6§ 6R =ca 13, 200 mg, 039 mmol) m CHyCly (1 ml)
was added 4-(dimethylamino)pyridine (195 mg, 16 mmol) and the mixture was cooled at 0°C To
the mixture was added tosyl chlonde (229 mg, 12 mmol) and the resulung mixture was stirred at
0°C for 15 h  After being surred at r t for additional 3 h, the reaction mixture was quenched by
addition of saturated aqueous NH4Cl solution (30 ml) The muxture was extracted twice with diethyl
cther (2 x 50 ml) The combined extracts were washed with saturated aqueous KHSO, solution, and
then saturated aqueous NaHCOg solution The organic layer was dned over MgSQy, 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 191 mixture of hexane and EtOAc as an eluant, giving
a product fraction (Rf 075 91 hexane/EtOAc, 142 mg, 027 mmol, 69%), which included two types of
chlondes, (1§,2R,3R,5S,6R)-3-t-butyldimethylsilyloxy-2-{(S,E)-3-¢t-butyldimethyl-silyloxy-1-
octenyl]-6-chloro-7-methylenebicyclo[3 3 OJoctane (25) and (15,5S,6R,7R)-7-t-butyldimethyl-
silyloxy-6-[(S,E)-3-t-butyldimethylsilyloxy-1-octenyl]-3-(chloromethyl)bicyclo[3 3 0]-2-octene
(26) The product rato of the chlondes 25 (R, 122 min) and 26 (R; 131 min) was assessed as 62 38
by HPLC analysis of the product mixture (Zorbax Sil, 25 cm x 46 mm ID, 210 nm) using 001% 2-
propanol-hexane as a mobil phase at 20 mi/min as a flow rate  Each product was isolated by
preparative HPLC (YMC-PACK SH-043 S-15 SIL column, 25 ¢cm x 20 mm ID) eluting with hexane
(99 ml/min) to give 25 and 26 as an almost pure form The chloride 25 was however found to be
unstable under either silica gel column chromatographic condition or preparative HPLC
separation 25, lH-NMR (CDCl3) & 003 (s, 12H), 086 (s, 9H), 089 (s, 9H), 0 8-3 1 (m, 18H), 35-39 (m,
1H), 39-42 (m, 1H), 4 36 (bs, 1H), 508 (bs, 1H), 523 (bs, 1H), 54-56 (m, 2H), !3C-NMR (CDCl3) §-4 7,
46,140, 181, 226, 251, 259, 260, 319, 353, 386, 400, 432, 494, 567, 680, 73 1, 1113, 1300, 1349,
1505, MS (m/z) 471 (M*- 57), 469 (M*- 57), 455, 337, 323 26, lH-NMR (CDCl3) & 003 (s, 12H), 086
(s, 9H), 089 (s, 9H), 08-32 (m, 18H), 36-39 (m, 1H), 39-43 (m, 1H), 410 (s, 2H), 54-555 (m, 2H),
565 (bs, 1H), 13C-NMR (CDCl3) §-47, -46, -44, -41, 140, 181, 183, 226, 252, 259, 260, 319, 379,

387,399, 434,437,457, 570, 732, 779, 1304, 1342, 1348, 1375, MS (m/z) 471 (M*- 57), 469 (M+-
57), 455, 359, 323

Chlorination of R-3 with tosyl chloride and 4-(dimethylamino)pyridine.

Epmmeric R-3 (100 mg, 020 mmol) was analogously chlonnated in 60% yield by treatment
with 4-(dimethylamino)pyridine (116 mg, 095 mmol) and tosyl chlonde (115 mg, 060 mmol) in
CH,Cly S ml) at r t for 24 h The chlondes 25 and 26 were found to be 8515 by HPLC analysis

Chlorination of S-3 with tosyl chloride and 4-(dimethylamino)pyridine.

The diastereomernically pure allylic alcohol S-3 (110 mg, 022 mmol) was also chlorinated in
50% yield with a simlar procedure (r t, 20 h) using 4-(dimethylammno)pynidine (130 mg, 106
mmol), tosyl chlonde (127 mg, 0 67 mmol), and CH;Cly (5 ml) The product ratio of 25 and 26 was
determined as 1090 by a similar HPLC analysis of the sample obtained by chromatographic
separation

Chlorination of 13 with tosyl chloride and 4-(dimethylamino)pyridine.

To a stirred solution of 13 (201 mg, 040 mmol) in CH;Cly (15 ml) was added 4-
(dimethylamino)pyridine (195 mg, 160 mmol) at 0°C  Then, tosyl chlonde (229 mg, 120 mmol) was
added at 0°C and the mixture was stirred at 0°C for 35 h  The reaction mixturc was quenched by
addition of water (5 ml) and extracted twice with EtOAc (2 x 50 ml) Similar work-up (washing,
filtration, and concentration) afforded a crude product (210 mg), which was separated by silica
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gel column chromatography (30 g) with hexane-benzene (7 3) to give almost pure 26 (112 mg,
0212 mmol, 53%) The product ratio of 25 and 26 was determined 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 alkylation of phosphates, a solution of the Zn-
Cu reagent 9a was prepared by treatment of a supernatant solution of zinc powder (850 mg, 13
mmol) and methyl 4-i0dobutanoate (285 g, 125 mmol) n THF (7 ml) with a soluhon of CuCN (990
mg, 11 mmol) and LiCl (950 mg, 22 mmol) in THF (10 ml) at 0°C for 10 mmn  The Zn-Cu solution (6
ml, 4 mmol) was added at -25°C to a solution of the above chloride 25 (42 mg, 0079 mmol, 97%
purity by HPLC estimation) n THF (1 ml) and the resuling mixture was stirred at 0°C for 2 h
Similar work-up (quenching, extraction, drying, filtranon, and evaporation) gave a crude oily
product (84 mg), which was chromatographed on silica gel (30 g) with hexane-EtOAc (199) as an
eluant to provide y-alkylated product 21 (44 mg, 0074 mmol, 94%) as an approximately pure
product  The product distmbution for major 21 (R, 136 min) and minor 22 (R, 154 mun) was
esumated to be 973 by HPLC analysis (Zorbax Sil, 25 cm x46 mm ID, 210 nm) using 007%
ethanol-hexane at 12 mi/min

Similarly, a solution (6 ml, 4 mmol) of the Zn-Cu reagent 9a obtained above was allowed to
react with a solution of 26 (76 mg, 0 14 mmol, 96% punty by HPLC estimation) in THF (1 ml) at 0°C
for 4 h The crude reaction product (137 mg) obtamned after extracive 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 mor product The product ratio of
minor 21 and major 22 was determined to be 18 82 by the same HPLC system

Catalytic alkylation of chloride 25 with zinc reagent

According to the cited procedure,2® a suspension of a zinc-copper couple (13 mg, 02 mmol)
and methyl 4-10dobutanoate (46 mg, 02 mmol) m THF (1 ml) was surred at r t for 1 h and then at
60°C for 1 h  The resulung organozinc mixture was filtered through Celite to obtamn a organozinc
filtrate, which was added at r t to a solution of the chlonde 25 (49 mg, 0093 mmol) in THF (1 ml)
To the reaction mixture, CuCN (45 mg, 005 mmol) was added and the resulting mixture was stirred
at 60°C for 3 h The reaction was quenched by addition of water and the orgamic layer was taken
up 1 ether (50 ml) The separated organic layer was washed with brine, dnied over MgSO4,

filtered Removal of solvents left a crude residue, which was chromatographed on silica gel (20 g)
using a 501 and then 30 1 mixture of hexane and EtOAc to obtain a mixture of 21 and 22 (39 mg,
0066 mmol, 71%) The product ratio of 21 and 22 was estimated by NMR measurement to be about
40 60
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