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flood lamp for 2 h at  20 "C provides 40% of oxygenated 
enone 14 and 40% of unsaturated aldehyde 15. Appar- 
ently, singlet oxygen adds to alkoxy diene 12 to give mainly 
the dioxetane 13, as reported in related ~ y s t e m s . ~  

Fortunately, photooxygenation of the acetoxy diene 10 
did lead to products that could be converted to peroxy 
ketals 1 and 2. Irradiation with a sun lamp of a 3 X 
M solution of acetoxy diene 10 in 19:l CH,C12:MeOH for 
8 h at  10 "C  in the presence of rose bengal M) and 
oxygen affords 45% of a 3:2 mixture of peroxy hemiketals 
16 and 17. The sensitizer is fully photobleached during 
the first hour of irradiation. Yet, disappearance of the 
starting material requires irradiation for 8 h. The bleached 
products from rose bengal are necessary for reaction, since 
10 is stable to irradiation with a sun lamp in the absence 
of rose bengal. Irradiation of 10, rose bengal, and oxygen 
with a visible wavelength flood lamp, the usual conditions 
for singlet oxygen generation, results in isomerization of 
the diene to the E,E and Z,E isomer, followed by slow 
reaction to give other products. Irradiation of these 
isomeric dienes, rose bengal, and oxygen with a sun lamp 
also gives 16 and 17. The preparation of hemiketals 16 and 
17, which involves addition of oxygen and cleavage of the 
ester, may not be a singlet oxygen reaction. We are ex- 

ploring the mechanism of this photooxygenation and its 
potential for the preparation of cyclic peroxides that 
cannot be prepared by classical singlet oxygen reactions. 
Formation of a cyclic peroxide does not occur on irradia- 
tion of methoxy diene 3 and oxygen with a sun lamp using 
rose bengal as a sensitizer. 

Peroxy hemiketals 16 and 17 are converted quantita- 
tively to a 1.1:1 mixture of the desired peroxy ketals 18 
and 2b by reaction with a catalytic amount of p-toluene- 
sulfonic acid in MeOH for 40 h at  25 "C. Either pure 
hemiketal isomer gives the same 1.1:l mixture of peroxy 
ketals 18 and 2b. The success of this reaction was ex- 
pected, since Wells has reported that chondrillin (la) is 
very sensitive to base, but relatively stable to acid.' The 
peroxy ketals can be separated by flash chromatography 
on silica gel. The spectral data of the minor isomer 2b are 
identical with those reported for the natural p r ~ d u c t . ~  The 
spectral data of the major isomer 18 are virtually identical 
with those reported for chondrillin (la),'v3 which has four 
additional methylene groups in the side chain. 

This synthesis produces peroxy ketals 2b and 18 in seven 
steps from phenol in 15% overall yield by a route which 
will permit us to prepare analogues. The key step in the 
sequence is the rose bengal sensitized photooxygenation 
of acetoxy diene 10 to give peroxy hemiketals 16 and 17, 
which proceeds with a sun lamp, but not with a visible 
wavelength flood lamp. We are currently exploring the 
mechanism of this photooxygenation and its scope for 
preparing other endo peroxides not available by standard 
singlet oxygen reactions. 

Note Added in Proof. Photolysis of enone 11 under 
the conditions used to convert 10 to peroxy hemiketals 16 
and 17 gives 67% of peroxy hemiketals 16 and 17 and 5% 
of 18 and 2b. I t  therefore seems likely that the first step 
in the conversion of acetoxy diene 10 to 16 and 17 is hy- 
drolysis to enone 11. Photoenolization of o-methylaryl 
ketones and aldehydes in the presence of oxygen gives 
peroxy hemiketal~. '~  Copper sulfate sensitized photo- 
oxygenation of mesityl oxide gives 6% of the peroxy 
hemiketal.15 

Supplementary Material Available: Procedures for the 
preparation of 9, 10, 16,17, 18, and 2b with spectral data (3 pages). 
Ordering information is given on any current masthead page. 
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Summary: A new short-step synthesis of isocarbacyclin 
is described which features a crucial single-pot, three-step 
transformation, Le., tandem tertiary allylic vinyl ether 
formation, Claisen rearrangement, and ene cyclization, to 
lead to a bicyclo[3.3.0] framework, overcoming previous 

0022-3263/90/1955-5671$02.50/0 

endocyclic double bond and one-carbon elongation prob- 
lems. 

The remarkable biological activity of prostacyclin (PG12) 
(2) and its very low natural abundance have promoted 
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research on its efficient total synthesis.’ However, 
prostacyclin is a very unstable compound owing to the 
presence of a labile enol ether group, and hence it cannot 
be used for therapeutic purpose in its natural form. The 
design of stable PGIp analogues which retain the biological 
activity has therefore been an important topic for active 
research.* 
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As one elegant solution, the stable analogue called iso- 
carbacyclin (1) has recently been introduced as the “carba” 
version of prostacyclin3 and shown to be a hopeful thera- 
peutic agent for treatment of various vascular  disease^.^ 
A number of synthetic methods for 1 have been reported 
by several groups utilizing different  intermediate^.^,^ In 
most cases, optically active intermediates involved in the 
well-established synthetic methods for primary PG’s, for 
instance 35h or 4,5c have been used as reasonable ap- 
proaches. However, there emerge two main problems of 
adopting these aproaches to 1: one is how to elongate one 
carbon a t  the Sa-position efficiently and another is how 
to introduce the endocyclic double bond selectively. In 
this sense, a still more efficient synthetic approach to 1 
is required. 

In this paper, we report a new efficient synthetic ap- 
proach to 1, which is outlined in Scheme I. A key feature 
of our approach is to build the so-called upper and lower 
five-membered rings in that order, which reverses the order 
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(a) i. Et20/-82 O C ,  1 h; ii. Si02/hexane,  room temperature, 36 

h; (b) t-BuLi/Et20/-82 O C ,  1 h; (c) Et20/-82 “C, 1 h; (d) phenyl 
vinyl sulfoxide/NaH (1 equiv)/KH (cat.)/THF, room temperature, 
4 h; (e) NaHC03 (excess)/2:1 decalin-a-pinene, 200 O C ,  24 h; (f) 
PCC (3 equiv)/CH2C1,, room temperature;  ( 9 )  NaBH4/EtOH,  
room temperature; (h) n-Bu4NF/THF, room temperature; (i) 0.5 N 
HC1-acetone, room temperature, 7.5 h; (j) t-BuOOH (excess), room 
temperature, 12 h. 

taken in the hitherto reported methods. In the previous 
methods, the upper five-membered ring is assembled onto 
the preexisting lower five-membered rings, which is com- 
mon in the primary PG’s, by several means involving 
one-carbon elongations corresponding to C-Sa. Our syn- 
thetic strategy starts from the upper five-membered ring. 
The lower one is constructed efficiently by tandem Claisen 
rearrangement leading to a formyl functionality, followed 
by ene cyclization of the 5-en-1-a1 framework to form the 
lower cyclopentanol framework. 

As shown in the Scheme I, (4S)-4-acetoxy-2-cyclo- 
penten-1-one (5)6 was used as the starting compound. It 
should be noted that the corresponding 4R isomer bearing 
a (tert-butyldimethylsily1)oxy group at  C-4 is requisite for 
Noyori’s elegant three-component coupling strategy for PG 
synthesis’ including iso~arbacyclin~~ and, accordingly, the 

(6) Prepared from 4-(tert-butyldimethylsiloxy)-2-cyclopenten-l-one 
isomer supplyed from Teijin Co. through TBDS deprotection (HF- 
pyridine) and acetylation (Ac20/pyridine): [ul2OD -111O ( c ,  0.51, CHC13). 
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Michael type additions of alcohols to vinyl sulfoxide, 
followed by thermal syn elimination of the ArSOH unit, 
should generate allyl vinyl ethers. Eventually, the tertiary 
hydroxyl group in 10 added smoothly to vinyl phenyl 
sulfoxide by the action of NaH and a catalytic amount of 
KH to afford 11 in 89% yield. 

Thus, a novel system was in hand with appropriate 
functionalities for the tandem vinyl ether formation, the 
Claisen rearrangement, and the ene reaction in a single 
operation. A solution of 11 in decalin was heated at 200 
"C for 24 h under argon in the presence of both sodium 
bicarbonate and a-pinene (for scavenging released sulfinic 
acid and minimizing unwanted side reactions), to give the 
bicyclic compound 12 in 45% yield. While only one dis- 
appointing outcome in this transformation was that the 
11-hydroxyl group had the stereochemistry opposite to that 
required for 1, its chirality conversion was accomplished 
by a conventional means, i.e., an oxidation-reduction se- 
quence as shown in the Scheme I. 

A series of functional group transformations from 12 
leading to 1 was executed in a straightforward manner. 
Oxidation of the hydroxyl group and ensuing reduction 
with NaBH, regenerated the C-11 OH with the desired 
configuration in 90% overall yield. Sequential deprotec- 
tions of both the silyl (C-15-0) and acetal groups upon 
exposure to fluoride anion and acid, respectively, pro- 
ceeded smoothly to afford the silyl ketone, which was 
demasked to generate 1 under oxidative conditions in 52% 
overall yield from 12. The NMR spectra as well as the 
melting point (78-79.5 "C) and optical rotation ([cx]~~D 
+9.7" (c 2.32, MeOH)) of synthetic 1 were completely 
consistent with those of an authentic ~amp1e. l~  

The synthetic method reported in this communication 
has provided the shortest access to 1 starting from the 
easily a~a i lab le , '~  but the hitherto unused and valueless 
epimer in this field, which provided a solution to the 
one-carbon elongation problem. Introduction of the new 
mercury-free preparative method for tertiary allyl vinyl 
ethers is particularly significant from a practical stand- 
point. The importance of using the tandem Claisen-ene 
process16 can be appreciated because of simple and certain 
introduction of the bicyclo[3.3.0] backbone and endocyclic 
double bond. The whole synthesis has been carried out 
on a preparative scale without any problem. The under- 
lying synthetic strategy may obviously provide versatile 
routes to more complex polycyclopentanoid structures 
containing bicyclo[ 3.3.0loctane frameworks. 
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4s antipode has been a valueless compound in the previous 
synthetic methods. The one exception in this context is 
a novel approach reported quite recently by Danishefsky 
which features the 4 s  antipode as a starting material.* 
The present method revives 5 as the upper ring synthon 
in isocarbacyclin synt,hesis, which ensures the construction 
of the bicyclo[ 3.3.01 backbone with desired absolute 
stereochemistry and the endocyclic double bond with 
proper location, in simple operations, without suffering 
from the two main problems mentimed above. 

At first, a precursor of the w-side chain was stereose- 
lectively introduced, relying on the widely accepted Mi- 
chael addition of the optically pure mixed homocuprate 
6, prepared from the corresponding vinylic iodideg and 
1-pentyne, to 56 from the opposite side of the (4S)-acetoxyl 
group. The treatment of the crude Broduct with silica gel 
suspended in hexane-promoted acid-catalyzed elimination 
of the (4S)-acetoxyl group to afford the substituted cy- 
clopentenone 7 in 73% yield in optically pure form after 
chromatographic purification. 

The upper side chain 8, containing the terminal acyl- 
silane acetal functionality as a masked carboxylic acid, was 
prepared by our previous method.l0 Halogen-metal ex- 
change reaction between 8 and tert-butyllithium was nicely 
effected to afford the lithium reagent 9, which underwent 
clean 1,2-addition to 7, giving rise to the tertiary allylic 
alcohol 10 as a separable epimeric mixture in a ratio of 51. 

The next problem was the preparation of the tertiary 
allylic vinyl ether for Claisen rearrangement. Although 
this can be achieved by the traditional mercury salt cat- 
alyzed reaction of 10, with a large excess of ethyl vinyl 
ether," we were anxious to replace this reaction with a 
more practical methodology without using toxic mercury 
salts. No satisfactory mercury-free method for allyl vinyl 
ether formation, applicable particularly to tertiary allylic 
alcohois, has been available so far.I2 After much effort 
toward this goal, resorting to the vinyl sulfoxide techni- 
que13 provided us with a fruitful result. We expected that 
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lowed by oxidative rearrangement and ensuing hydrolysis (NaI04/diox- 
ane-H20/room temperature, 1 h), afforded 4-chlorobutyl trimethylsilyl 
ketone (acylsilane), which, on treatment with bis-0,O'-(trimethylsily1)- 
ethylene glycol in the presence of catalytic trimethylsilyl triflate (Tsu- 
noda, T.; Suzuki, M.; Noyori, Y. Tetrahedron Let t .  1980,21,1357-1358) 
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ment of the chlorine with iodine (NaI/acetone/overnight under reflux) 
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