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The potent and diverse biological activity of pro&gland&’ (Fig. 1) has attracted the attention of numerous 
scientists from academic and industrial laboratories. Many novel synthetic routeato the naturally occurring 
materials have been devised following the pioneering work of Professors Corey and Fried. 

The more adaptable syntheses have been used to prepare a host of analogues of the natural 
compounds in an effort to find an orally active prostanoid of specific biological activity that might find 
use as a drug. Partial modification of the C-12 side chain has been particularly rewarding and I.C.I. are 
marketing Estrumate* (1) and Equimate’ (2) as veterinary aids. 
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Since our main interest in the prostaglandins lies in their pharmacological activity we required short 
flexible and stereospecific routes so that a wide range of compounds could be synthesised as potential 
drugs. In addition the syntheses had to start from cheap and commercially available chemicals and be 
amenable to plant scale preparations. 
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Of the numerous synthetic approaches to the prostaglandin system two have proved to be popular: 
(a) Conjugate addition to substituted cyclopentenones using an organometallic reagent to deliver the 

protected octenol side chain. 
(b) Syntheses using bicychc intermediates. 
In this report we will concentrate on recent developments in prostaglandin synthesis relying on the 

latter strategy since other texts are available that detail the other approaches? 
Bicyclic and tricyclic systems are particularly attractive prostaglandin intermediates because their 

inherent locked stereochemistry may be used to define the stereospecificity of the synthesis. In addition 
the subtle infIuences which one ring often has on the chemistry of another may be employed to give 
additional regio and stereochemical control. 

By 1973 Corey and Jenny had established that the bicyclic lactone (3) was convertible into 
prostaglandins 4, & and Fti and that the lactones (4 and 5) were valuable intermediates in the synthesis 

3 4 5 

of prostaglandin A2 and prostaglandin C2 respectively. Prostaglandin B2 is available from the last 
mentioned prostaglandins on treatment with base, while later work by a group in the Upjohn laboratories 
showed that lactone systems related to 3 could easily be transformed into thromboxane B2’. Furthermore 
prostaglandin F,_ yields prostaglandin I2 methyl ester in three steps’ so that most of the natural 
prostaglandins are available from the bicyclic lactones 3-5. 

We set out, therefore, to define short, flexible routes to the lactones 3-S and also to the ketone (6) 
since this represents a useful precursor to prostagiandins & and C2. 
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Although cyclopentadiene is an obvious and convenient starting material we were not attracted to the 
usual method of functionahzation of this molecule via a [4 + Zlcycloaddition reaction due to the inherent 
difficulties in this strategy?. We preferred to employ the 12 + Z]cycloaddition of dichloroketen and the 
diene’ to give the dichlorobicycloheptenone (7; Scheme 1) for the following reasons. Fist, this reaction 
is regiospecific, high yielding and amenable to large scale work. Reduction of the dichloroketone (7) can 
be controlled to give either the monochloroketone (8) or the parent bicyclo(3.2.0]hept-2en-6-one (9). 

Secondly, the cyclobutanone ring so formed can be modified (viz. expanded, contracted or cleaved) 
in many ways. 
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Scheme 1. 9 

Thus the compound 9 can be readily converted into the tricyclo[3.2.0.Oz’]heptan&one system 
(Section 2), the 3-oxatricyclo[4.2.0.02”]octan-%one system (Section 3), the 6-oxabicyclo[3.l.O]hex-2-ene 
system (Section 4) and the bicyclo[3.l.O]hex-2-ene system (Section 5) and all these systems can be used 
to prepare prostaglandins and prostanoids (Fig. 2). 
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Section 2 

Our early synthetic work (Sections 2-5) utilised the racemates of the ketones (7-9) although the 
reaction schemes will depict only that enantiomer which affords the naturally occurring prostaglandin 
system. Resolution of the ketone (9) and enantiospecitic prostaglandin synthesis will be described in 
Section 6. 

IThe [4 + Zj-cycloaddition sutTers from two major disadvantagea. The first ix that a S-substiMed cyclopentadiene is required, the 
S-substituent eventually beaming the &sidechain of the prostqbmdiu Such compounds may be prepared via alkylatioa of sodium or 
lithium cyclopentadienide with for instance chloromethyi ethas, however uley readily isomerise leading to mixtnres of cyclondducts 
after the Diels-Alder reaction. An alternative ~KNX&IE employs the thsUou9 salt of cyclopentadiene but although this minim&s 
isomerisation thslbus salts are very toxic. Ope of the best way3 of oveawmiqt this problem is to use acctoxy Nvene since the exocyclic 
double bond in the molecule prevents isomer&ion. 

Theseconddisadv~~isthpttheketoaefunctioa~forfurthadrborotionofthcnorboraeneunnotbeintroduced 
directly. Various dien@&s e.g. 2&oroaaybnitrik, 2-acetoxyacrybnibik aod achloroacrytyl chloride have been used to 
generate substituted norbornenea which are subsequentty amvetted to the reqdred norboi~none. 
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Scheme 2. 

2 SyNTBEsls OF PRosTACLAND!NS A*, Ch 4, E, AND FL FROM TRKYCLo(3.~O.~‘jI?EPTAN-&DNE3 

Honoconjugate addition of a cuprate reagent to a readily available tricycle [3.2.0.@*‘]heptanone is 
the key step in this synthetic route to prostaglandins as illustrated in Scheme 2. Some aspects of the 
individual steps are described in the appropriate sub-sections (a to k). 

Section 2a 

9 

10: R=Br 13: R=OH 
11: R=OMe 14: R=OcOMe 
12: R = OCH?Ph 19: R = 0SiMe:Bu 



Stcric control in pfostaglandin syntksis 

Brom~ation of the ketone (9) occurs in a highly stereoselective manner fur&hi the 
~b~moketone (10) as the only isolated product! On conducting the bromination Of 9 in me&nO~ 
benzyl alcohol, water, or acetic acid, the bromoethers (11 or 12), the bromohydrin (13) or the bromoester 
(14) respectively were obtained almost exclusively (Table 1)9 indicating that the exe-bromonium ion (15) 
is formed preferentially and is attacked regioselectively by the attendant nucfeophile at C-3 (Scheme 3) 

Scheme 3. 

through the favoured ~nsjtion state (16) which has the cyclopentane ring in an ~o~nvelo~ 
couformation. The e&-envelope conformation is calculated to be the most stable form for the parent 
molecule (17)‘O and X-ray data corroborates NMR evider& that the b~mohy~ (13) ‘exists in this 
conformation. 
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A detailed study of the addition of HOBr to the alkenone (9) showed that while the bromohydrin (13) 
was the major product the three other possible stereoisomers were also present (each 34%). 

Table I. Reaction of some biiyclo[3.2.0]bept-2cndones with some brominating agents 

R' Solvent Yield of I CR)* 

(Xl 

Cl BI. 

Cl NBAb 

H NBA 

H NBA 

H NBSC 

H NBA 

na NBA 

Me NBA 

ccl. 79 

t4e.C0.H 86 

MeOH 90 

PhCHzOH 90 

H,Oltk,CO 60 

IWCOsH 90 

H&H 75 

HsO/lie.CO a7 

(Br) 

(lxone) 

(one) 

(OCHaPh) 

(OH) 

(Ocona) 

(Ok) 

(OH) 

a after chromatography and/or crystallization 

b N-Bromxcetamide 

c N-Brmosuccinimide 

7Substituted bicycloheptenones behave in much the same way as the parent system (Table 1) except 
in certain cases when an adjacent halogen atom activates the carbonyl group so that transannular 
interactions are translated into chemical bonds leading to the formation of tricyclic compounds (Scheme 

- _ 
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Scheme 4. Reagents: i. MeCONHBr. MeOH. ii, MeCONHBr, H20, M&Q. 

In relation to the synthesis of prostaglandins C2, I& & and Fti the highly selective formation of the 
bromohydrin (13). or congener, from the ketone (9) is crucial since the hydroxyl group is destined to 
become the Poxy-substituent of the prostanoid ring. 

The crystalline bromohydrin (13) can be derivatised in a number of ways: for instance the 
I-butyldimethylsilyloxyketone (18) can be synthesised in the standard manner.” 
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section 26 

f--f 

4 c ? t 
A 

10: R=Br 
1*: R=OMe 
12: R = 0CH2Ph 
14: R = OCOMe 
18: fl = OSiMe,‘Bu 

E 
21 

2 

Abstraction of a proton from the activated C-7 methylene group of the bromoketones (1612), (14 
and 18) by a non-nucleophili~ base followed by intramolecuIar displacement of bromide ion gave the 
corresponding tricyclo[3.2.0.02*‘]heptanone derivative (19-23) which could be isolated and stored for long 
periods. This tricyclic system had previously been prepared (but not isolated) by Dreiding% and othersI 
whilst more recently Gilbert et aI.” obtained X-ray data on the crystalline bromo compound (19). 

2-Bromo-7-substitute bicyclohe~tanones could be dehy~oh~ogenated to the co~es~nding tricyclic 
ketone in a similar manner.“ai6 

Section 2c 
LiClC~CC& 

k- 

24 _ 
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R 

19: R=Br 25: R = Br. R’ = SlMq’Bu 
20: R=OMe 26: R = OMe, R’ = SiMe’Bu 
21: R = OCHsPh 27: R = OCHpPh, R’ = SiMe?‘Su 
22: R = OCOMe 28: R=OH,R’=THP 
23: R =OS#&.JBu 29: R = 0Sih4&fB~, R’ = SiMi$Bu. 

Weak nucl~ph~s (e.g. water and meth~ol) and powerful nu~leoph~es (e.g. cyanide ion and 
thiophenoxide ion) open the tricyciic ketone stereospecifically, with cleavage of the Cl-C7 bond being 
observed in all cases (Table 2). 

Table 2. Reaction of some tricydoheptanones with some nuckophiles 

R Nucleophile Yield of 1. (It') 
CZ) 
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Likewise, the heterocuprate reagent (24) reacted with the tricycloheptanones (19-23) to give the 
corresponding norbomanone (25-29) in high yield.” 

The reaction of the tricyclic ketone with nucleophiles is the key step in this approach to prostaglan- 
din synthesis. Its flexibility allows the stereospecific synthesis of a wide variety of 7-substituted 
norbomanones and the reaction with the heterocuprate reagents means that the complete /3-sidechain of 
the natural prostaglandins may be introduced in one step and in very high yields. 

The majority of other syntheses that utihse bicyclic and tricyclic intermediates rely on introducing a 
simple group such as a protected hydroxymethyl moiety which is subsequently modified to give the 
/3-sidechain. This type of approach involves several extra synthetic steps and lacks flexibility. 

Homoconjugate addition to monoactivated cyclopropyl systems is usually dilIicult’* unless the 
cyclopropyl ring is strainedI as is the case in the present example. As expected the relatively unstrained 
oxa-bicyclooctanone system (300>” proved inert to nucleophilic attack whilst the closely related 
di-activated system (31) has been shown to react smoothly with a cuprate reagent (Scheme 5)” 

The regiospecificity of the nucleophilic ring opening of the tricyclo[3.2.0.ti7]heptanone system may 
be due in part to a weakness in the Cl-C7 bond” but force-field calculationsP suggest that the approach 
of nucleophilic species to C-2 is so hindered that this may be the sole factor dictating the specificity of 
the ring-opening process. 

Section 2d 

25: R=Br 
27: R = OCH?Ph 
29: R = OSim’Bu 

By analogy with earlier work involving the oxidation of 5-e.xo-chloro-n and S-exe-bromo-7-anti 
substituted norbomanonesU (Scheme 6) we expected that the norbomanones (25,27 and 29) would be 
readily converted into the appropriate la&ones (32-34) which can be regarded as late-stage intermediates 
to prostaglandins and prostanoids. However, only the bromoketone (u) gave the corresponding lactone 
(32) in high yield on reaction with mchloroperoxybenxoic acid; the non-halogenated norbomanones (27 
and 29) gave unacceptable mixtures of the desired product together with the isomeric lactones (35 and 
36) respectively resulting from migration of the methylene group rather than the methine group. 
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(i) M&O&i 

Scheme 6. 

35: R = OCHtPh 
38: R = OSIM&Bu 

Model studies= indicated that the following factors increased the amount of product resulting from 
undesirable methylene group migration: 

(i) an electron ~th~awi~ substi~ent in the uffri-confi~tion at C-7 
(ii) the use of a peracid derived from a strong acid 
(iii) employment of relatively high reaction tempera~res. 
On the other hand a substituent at C-5 endo capable of forming a hydrogen bond (e.g. Br) tended to 

promote the migration of the bridge-head carbon atom (Fig. 3). 

c\ R 

Fko-o- 

% CO,, 
._.__& 

Fig. 3. 

Guided by these results we reacted the ketone (29) with peracetic acid in acetic acid butfered with 
sodium acetate to give the lactone (34) in 65% yield after chromatography to remove the isomer (36),” 
Later work indicated that oxidation of the ketone (29) with peracetic acid in acetic acid at -200 gave a 
mixture of the lactone (34) and the isomer (36) in the ratio 79: 21. Partial hydrolysis of this mixture using 
0.2 N NaOH gave, after filtration through a column of silica gel, pure lactone (34; 70%) and the acid (37; 
14%). 

Similarly, peracetic acid oxidation of the benzyloxyketone (27) over ten days gave the lactone (33; 
6%%) and the lactone (35; 1%). On working up this reaction at an earlier stage the required lactone (33; 
70%) was isolated along with the undesired isomer (35; 30%). 

We attribute the more rapid hydrolysis of the 3-oxabicyclooctanone system (35, 36) relative to the 
2~xabicycl~t~one system (33,34) under acidic or basic reaction conditions to less severe co~estion 
within the tetrahedral intermediate formed from the former system (38a) compared with that from the 
latter (3Sb).26 
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In summary, reaction of the ketone (29) with per-acetic acid followed by treatment with dilute 
aqueous sodium hydroxide furnished the prostanoid synthon (34) in 76% yield without recourse to extensive 
chromatography. 

Section 2e 

34 39 41: R=Me 
4% R=H 

The ES-&tone (34) was reduced to the hydroxyaldehyde (Mactol; 39) in virtually quantitative yield 
using d~sobu~l~~~ hydride. The hydroxyaldehyde (39) was reacted with ylid (40) derived 
from carboxybutyltriphenylphosphonium bromide using potassium t-butoxide in tetrahydrofuran or 
benzene over 24 hr to give (after esterification) not only the expected 9,lMiprotected prostaglandin-Fz, 
ester (41,53%) but also the isomer (42,28%) resulting from migration of the silyl group. The propensity 

42: R=Me 
44: R=H 

of the silyl group to shift in this fashion has also been observed by other workersen In order to overcome 
this problem the Wittig reaction involving 39 and 40 was carried out in benzene at ambient temperature 
and quenched after 5 min. whereupon the cyclopentanol(43) and the isomer (44) were obtained in 79% 
and 2% yield respectively.= 

Removal of the t-butyldimethyls~yl protecting groups from 43 using the standard conditions of 
aqueous acetic acid in tetrahydrofuran gave prostaglandin Fzp and 15-epi-prostaglandin-Fz, in practically 
q~ti~ve yield. 

Using the sequence a-f (Scheme 2), pmstagiandin Fti (16%) and lS+&vostaglandin Fti (16%) 
we= prepared fmn the ketone 9. 



Steric control in bin synthesis 2173 

Secht 2g 

Oxidation of the 9,lSdiprotected prostaglandin Fti derivative (41) using pyridinium chlorochromate 
proceeded in 89% yield. Removal of the sibyl protecting group on the sidechain of the ketone (4!5) 
presented no ditIicuIty. ~~o~nately, attempted removal of the O-C-9 silyl group using aqueous 
hydrochloric acid, aqueous acetic acid, or tetrabutylammonium fluoride failed to provide 
prostaglandin 4 ester due to concurrent dehydration of the /3-ketol. However treatment of the bissilyl 
ketone (4!3) with aqueous HF in acetonitrile29 gave prostaglandm 92 methyl ester and the C-15 epimer in 
76% yield.m 

Summary 
The sequence a-e, g (Scheme 2) represents the most practicable route to pnwtaglandin 4 (a potent 

inhibitor of blood platelet a~r~ation~31 yet deuised3’ and involves nine s?eps from the bicyc~ic ketone 
(9). 

An entry into the E class of prostaglandins was obtained on establishing that the hydroxy S-la&one 
(46) rapidly rearranged to the hydroxy y-la&one (47)?3 This rearrangement, which is not peculiar to 
compounds having the pros~~~n side chain attached to C-8;” can be a~ornp~sh~ under acidic 
(aqueous hydrochloric acid) or basic (tetrabutylammonium throride) conditions in 70-80% yield presum- 
ably through the intermediacy of the tricyclic species (48). The y-lactone (47) was converted into 
prostaglandin I$ using improved literature methods (see Section 3d). 

Summary 

48 

The well &nown prostagkmdin I$ precursor (47) is available from the bicyclohep&none (9) in fits 
steps (a-d), (h) (Scheme 2). 
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Section 2i 

25: R-Oh&+, R’=SiMa$Bu 62 
27: R = OCHzPh. R’ = SiM81’Su 52 
25: R=OH, R’=THP 54 
29: R = OSM$Bu, R’ = Sih&$Bu 5s 

The photochemistry of simple norboranones has been extensively investigated by Yates?j The 
parent impound (49) behaves typically (Scheme 7) ~de~o~ Norrish Type 1 cleavage to give the 
alkyl-acyl diradical (So). Abstraction of H-7 syn by the acyl radical leads to the formation of 
cyclopent-2cn-1-ylacctaldehyde (51) in good yield Siarly, photolysis of the 5-e&- ‘I-anh’- nor- 

Q+& -. & - (q-y* 

49 SO 

Scheme 7. 

51 

bomanones (M-29) gave the corresponding 2-alkyenyl-S-substituted cyclopent-2_en-l-ylacetaldehyde 
(~2-55) cleanly (Table 3). Each aldehyde was subjected to a Wittig reaction and further modified 

Table 3. Conva-sion of some S,7diwbstilutcd ~~~~~C~~~ 

, 

e R 

& +_ &.%%/&.+.%%/& 

I II 

R’ R Yield of I* Yield of IIa 
(Xl Q) 

Sf140.tBU OSiXs*tBU 37 zzb 
silk?.‘Bu one 39 69 

SlH**tBu OCll,Ph 45 70 

lw 08 53 

b not 0ptimUed 

according to titerature procedures to give prostaglandin C!z from SD* and anaIogues from 52,s and 
ssw . 
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Summary 
The photolysis step in this pathway (a)-(c), (i) (Scheme 2) to the known p~staglandin C, pncursor 

(54) e@ts the introduction of the Cl 1432 double bond and simultaneously generates an aldehyde unit 
which can be elaborated to form the a-side chain of the prosta&ndin. This strategy avoids the 
troublesome double bond isomeri>ation that is essential in other published mutes (Scheme 8).a 

Section 2j 

32 66 67 

Dehydrobromination of the bromolactone (32) was achieved using diazabicycloundecene (DBU) in 
boiling toluene. The unsaturated lactone 54 was isolated 78% yield and was rearranged to the 7-lactone 57 
(65%) on heating in dimethylformamide:)9 de-silylation occurred to a small extent under the latter reaction 
conditions. The y-lactone SI has been converted into prostaglandin A2 (see Section 4d). 

Section 2k 

gdpH + F*H 

66 61 
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Partial reduction of the lactone (S6) using di-isobutylahuninium hydride gave the hydroxyaldehyde 
(!I& 65%)” after chromatography to remove the dioi (59). A Wit@ reaction followed by a Collins 

oxidation and removal of the silyl group gave 9deoxa-9,1Odehydro-prostaglandin 4 (60)” and the C-15 
epimer (6i).Q 

Summary 
Z?te ~~sf~oid ($0) has not been jso~a~~ from natural sources as yet, but does possess potent 

biological actiuity. This mute (aHd), (j), (I) provides this interesting mole&e in nine steps from the 
kefone (9) (see also Section 5). 

3. - OF STAGES 4, & AND Ft, FROM ~~~~~~~~-7~~ KEM, 

The bromoketone (13) is readily available (Section 2a). Conversion into advanced prostaglandin 
intrudes involves replacement of the bromine atom at C-2 with the octenol side chain (in whole or 
in part) with retention of configuration. In Section 2 we illustrated that this can be achieved by protection 
of the OH group before performing two SN2 (inversion) reactions at C-2 using a carbanion formed at 
C-7 for the initial displacement followed by &e-substitution using a cuprate reagent. In this section we 
show that the oxygen atom bonded to C-3 can be used for the initial nucleophilic attack: subsequent 
epoxy-ring opening by organometahic reagents is partially stereo-controhed by the adjacent bmembered 
ring as indicated in Scheme 9 and described in detail in this section. These complementary synthetic 
approaches to pros~and~ Ft, from the same inte~ediate have some ~teres~ st~eo~hemi~ 
consequences which are discussed in Section 6. 

Section 34 

f 

9 Lc 98 / 

\ 

f 
02 

Ketahxation of the b~mohy~ (13) followed by base ~tment formed the epoxyketal (62).” A 
more practicable route to this epoxy-ketal involved ketalization of bicycloheptenone (9) followed by a 
“one-pot” b~mohy&oxy~tiondehy~ob~~on procedure which gave the desired compound 62 in 
72% yield“ from the ketone 9. 
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4 
Scheme 9. 

TETRA Vol. M No. IS-B 
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Section 3b 
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62 

66 

-$6iO 
/ 

2 

66 

Ho 
69 

Regioselective ring-opening of the epoxide (62) was crucial in this synthetic route. Earlier work 
involving acid-catalysed epoxy-ring opening of the epoxyketone (63) and the epoxylactone (64) indicated 
that the 4-membered ring exerted some control of the regioselectivity of the nucleophilic attack (Scheme 
lo)?5 

+ OFBr + op,,.,,.o” 

4 : 1 

HP, 
HBr ‘““‘.O” 

1 : 1 

Scheme 10. 

Similarly the epoxyketal (62) was attacked by a wide variety of organometallic reagents with 
pronounced regioselectivity in the desired sense (Table 4)? 
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Table. 4. Reaction of 3aa!ricyclo(4.2.O.~‘joctam7-one ketal with some orgawmetauicreagellrs 

2179 

I II 

orgumeta11ic Tenp. Yield Products formed (ratio) 
rleq2nt C.2) 

C.B.E$Cl/CUI -30. 90 (1)(1X) R - C.H. (8O:ZO) 

,S 
LiCH 

'S > 

LiCUCzCC.H, 

I 
C+CwRGEra 

I 
24 OS~~.%IU 

-20" 91a (I)(111 R - CH 
2 

'S 
(73:27) 

-789 72' (I)(II) R - CH(sl4a)CR-CHSna (83:17) 

-300 86. (I)(111 R - CH-CHCHC~H,,(80:20) 

1 
0sm.tBu 

80. 97b (I)(111 R - CPCCHC,H,, (67:33) 

1 
OH 

a after chrmatography 

b after desilylatlon and chrcmtography 

Two reactions of the epoxide 62 are particularly noteworthy; first with the cuprate reagent 24 to give 
the prostaglandin synthon 65 (6%) and isomer 66 (17%) and secondly with the alane 67 to give after 
desilylation and chromatography the desired alkyno168 (65%) and the isomer 69 (32%). 

III contrast the epoxyacetal(70) reacted regioselectively with LiCu (CH=CH&,” but non-selectively 
with LiCH(SCH3)CH=CHSCHJg and not at all with the reagent 24 (Scheme 1 l).@ 

70 

4 

CK 

F + / 
4 :1 

sChme II 
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We believe that epoxy-ring opening in the bicyclo[3.2.0]heptane system is controlled by the presence 
of the relatively inPlexible 4-membered ring such that the preferred diaxial opening of the oxirane ring 
takes place through t~nsition state (a) rather than transition state fb), while in the more flexible 
oxabicyclo[3.3.0]octanone system there is little difference in energy between the two possible transition 

9 ” ? Nu 
I 

a b C d 

Fig. 3. 

states (c) and (d) generally leading to a re~orandom substitution pattern (Fig. 3). 

Section 3c 

r” 0 

!s@r- 
?- 

66 
y-4-l 

0 

wi!T- 

c 

B 

71 72 

*r_ 

63 

Desilylation of the ketal ($!I) or lithium aluminium hydride reduction of the alkyne (68) afforded the 
dihydroxyketai (71) in hi yield, the 15(S)- and IS(R)- components of which were readily separated. 
The dihydroxyketal71 gave the ketone 72 upon treatment with aqueous acid. 

Section 3d 

/ 

b-x- 
72 

47 
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Simple bicyclo[3.2.0]heptenb-ones~J’ and bicyclo[3.2.0]heptanA-ones1° undergo Baeyer-Villiger 
oxidation with peracid to give the ring expanded product resulting from highly selective migration of the 
methine group (Scheme 12). 

scheme 12. 

The diiydroxyketone (72) readily formed the bis-silyoxyketone (73) but oxidation of either ketone 
using a variety of peracids at ambient temperature led to the formation of unacceptable quantities (up to 
20%) of the isomeric lactone system (75). This problem was overcome by oxidizing the ketone (72) with 
mchloroperoxybenxoic acid at low temperature to give a 96% yield of the lactone (47). Silylation of the 
OH groups gave the lactone (74). 

! .’ . 

e+ b,’ 
75 R = Ii or SIMe$Bu 

The bis-silyloxylactone (74) was converted into prostaglandin & according to prescribed procedures 
(Scheme 13~3~3s but with two important improvements. Fiit the Wittig reaction was carried out in 

!schen?e 13. 

benzene at 7s” using potassium-t-b&oxide as the base and was quenched after 10 mins to give the bis-1 1, 
15-silyl derivative (77) in 77% yield along with only 4% of the corresponding his-9,15-silyl isomer 
resulting from silyl migration. Secondly the final deprotection step was carried out using aqueous HF in 
acetonitrile. In this way prostaglandin & and 15-cpi-pr&a&An I$ were obtained in virtually 
quantitative yield. Using the literature method (‘THF, H20, CH&!GH) for deprotection we obtained the 
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required products in 40% yield aloug with considerable amounts of prostagh&in AZ and 15-e@ 
prostagfandin A*. 

Summary 
~s~ag~~in & is uva~ab~e fern bicyclof3.2.0lircpt-2-cnbon (9) in efeven steps (a-d) (Scheme 9). 

Secfion 3e 

h . 
k?r- 

72 78 

An attractive alternative to the Baeyer-Vifliger reaction for the conversion of a cyclobutanone into a 
2-substituted tetrahydrofuran involves photolysis of the former species in an appropriate protic 
solvent.” An oxacarbene is the proposed intermediates (Scheme 14, path a): the major side reaction that 
can occur is the formation of an ester and an alkene via a cycloelimination process (Scheme 14, path b). 

b W I 

114 - 
4 

II + ii 
“J-OR 

scheme 14. 

Photolysis of 2-exo,3-endodisubstituted bicyclo[3.2.0]beptan-6-ones in metbanol led to only modest 
yields of the required acetals (Table 5). “.u Roughly equimolar quantities of the cyclopentene derived by 
retro[2 + 2J~ycload~tion were formed concurrently. 

Table 5. Photolysis of some Riiyclo[3.2.Ojhc#ado~cs in ndanol or water 

PR 

P’ R’ R Yield of I’ Yield of II’ 

(X1 (X) 
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The synthetic potential of the photolysis procedure was dramatically improved by conducting the 
photo-reactions in aqueous acetonitrile or aqueous tetrahydrofuran (Table S).% In these solvent systems 
photolysis of the ketone (72) gave only a small quantity of the non-polar alkene and a moderate amount 
of the required lactol (78) was isolated by chromatography. In view of the instability of this y-lactol it 
seemed prudent to perform the subsequent Wittig reaction directly on the crude photolysis product. 
Using this strategy the readily available dihydroxyketone (72) gave prostaglandin Fzp in a highly 
satisfactory 4% yield” (Scheme 15). 

9 72 L 

Scheme IS. 

In short the photolytic procedures using methanol aflorded acetals. Yields were modest and the 
acetais needed further treatment to generate the required lactols. However the lactols could be obtained 
directly and in good yield from the cyclobutanone on conducting the photolyses in an aqueous medium. 

Summary 
The synthetic pathway a-c, e (Scheme 9) represents the shotiest synthesis of prostaglandin Fz, yet 

devised. 

Section 3f 

By redeployment of protecting groups the ketoester (79) is available from the hydroxyketal (6). 
Photolysis of the cyclobutanone (79) in aqueous tetrahydrofuran afforded the Iact (Table 5) a known 
precursor to prostaghtndin 4.” 

4. SyNTBEms OF PU~ACLANDlN As AND ANALOGUFS FROM ~.OXABKYC~~.~.O]~W-%ENE DERIVATIVES 

In the synthetic route to prostaglandin A2 described below (Scheme 16) the ability of a cuprate 
reagent to perform an !?A anti reaction with an ally1 epoxide is utilized. 
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section 40 

B-8-A + CL 
9 81 82 83 

2-O~bi~yclo[3.3.O~~t~n-3~ne (81) is available from the ketone (9) by peracetic acid oxidationm 
Allylic emotion of the lactone (81) using N-bromosucc~~i& in carbon te~~o~de under 
floodlamp irradiation gave a mixture of the isomeric lactones ($2 and 83; ratio 3:2) from which the 
required isomer (82) could be isolated (35%) by fractional crystalliition.B Further quantities of this 
material were obtained by refhrxing in toluene the mother liquors of the crystallization which contained a 
mixture of bromol~tones (82, 83) that was rich in the unwanted isomer (83). A 1,3-halogen shift 
owurred to give a reconstituted mixture of 82 and 83 (ratio 4: 1); this ratio was also attained on refluxing 
pure samples of the lactones (82 and 83) in toluene indicating that the observed ratio probably results 
from a the~od~~c control. In this way the b~rno~c~ne (82) was produced from the ketone (9) in 
50% overall yield. 

The bromolactone (82) reacted with simple nucleophiles e.g. thiophenoxide ion and morpholine 
primarily in the s?; syn manner (Scheme 17)” It should be noted that attack at C-8 from the en&-face 

PBS- 
& 

0 

0 
ET_ 

(!&2 reaction) is made unfavourable by the adjacent la&one ring. In contrast lithium dibutyl cuprate 
reacted with the la&one (82) in s;i anti fashion preferentially (Scheme 17). Others workers have recently 
shown that cycloalk-2-enyl epoxides ‘~2 and ester@ and ally1 ether@” react with cuprate reagents to 
give rearranged (S&) and/or wed (SN2) products with complete inversion of configuration. The 
isomeric bromolactone (83) reacts with thiophenoxide ion in s2 and S& syn fashion to an equal extent 
and with the less bulky acetate ion through &2 ~sp~ment only, while lithium dibutyl cuprate again 
reacted in sl; anti fashion preferentially (Scheme 18). 
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Section 46 

38% 101 

Scheme 18. 

2.52 

The above results highhght the tendency for cuprate reagents to perform S& anti reactions. Hence 
in order to use such reagents to introduce the octenol side chain of the prostaglandin the leaving group 
on the cyclopentene ring must be appropriately situated and cis to the acid side chain precursor. This 
was quite simply armnged by treating the bromolactone (82) with potassium carbonate in methanol 
whereupon the epoxyester (84) was formed in 83% yield. Unfortunately the bromolactone (83) could not 
be converted into the desired epoxide via an intramolecular Sk anti reaction under these or more 
forcing conditions. 

Section 4c 

a4 57 85 - 

The alkenylcuprate reagent (24) reacted with the epoxy ester (84) to give two products, the desired 
prostaglandin A2 precursor (57; 43%) and the isomer (8!5; 14%). 

Similarly treatment of the epoxyester (84) with the more reactive lithium dibutyl cuprate gave a 
mixture of four butyllactones with the product formed from the s anti mode of reaction being 
predominant (Scheme 19). 
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Corey et al. prepared the lactone (57) through an $2 reaction of the silyloxylactone (Sa) with a 
homocuprate reagent (Scheme 2Q.65 

!khcme 20. Reagents: i, OH-; ii, KI,; iii, ‘BuSiMeJ!I; iv, DBN; v, LiCNCH: CHCH(OSiMc2’Ru)C~H,,]*; vi, H’. 

These workers did not report the isolation of the lactone (II!!) derived by an SA anti reactiont 
~though the same lactone (Ss) reacted with lithium dibutyl cuprate to give roughly equimolar amounts of 
the products derived from Su2 and S,!, reactions.66 

Scheme 21. 

We belie@’ that the ally1 bromides (82 and &3) and the ally1 epoxide (84) suffer nucleophihc 
substitution by the cuprate reagents with inversion of co~tion to give either an ally1 copper (III) 
intermediate (V7)6’ or a w-ally1 complex which maintains stereochemical integrity.w Migration of the 
alkyl ligand can take place with (path a) or without (path b) rearrangement of the double bond to give 
the products of Sk anti and SN2 ~kyiation respectively (Scheme 21). Other workers resuW” may 
also be interpreted in this way. 

tAddad ‘in proof: We have repeated this experiment and in contrast to the literature report we consistently obtain a mixture of 
lactones (9) and (85) (6046 yield) in the ratio 1: 3. 
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Previously reported method#@ were used to convert the Iactone 57 into the Sprotected p~s~~~n AZ 
(88); the final desiiylation step was performed in quantitative yield using aqueous HF in acetonitriie. 
Paste A2 and its C-15 epimer are readily separated by c~mat~phy. 

Summary 
l%e synthesis of p~sta~~di~ A2 desckbed in Scheme 16 is simpfe and e#icient and the number of 

steps jn#o~uiRg the protection and deproiection of functional groups is minimized. 

5. SYNTIiJ!SIS OF eDEoXA-9,l~D~~O~~AG~D~-~ AND PRDSTAGLANDIN-At ANALOGUES USING dSUB- 
SHTUTQ BI~C~[3.1.0] H~-~~~~~~~A~X~DE~~ 

2-0xatricycIo[3.3.0.0’~6]oct-7-en-3-one undergoes acyfoxy group displacement on reaction with a 
cuprate reagent (Scheme 22). The 6substituted bicy~io[3.l.Olhex-2~n~endo carboxylic acid so formed 

scllcmc 22. 

is converted into the corresponding carboxaidehyde which undergoes a Cope rearrangement to form an 
8-su~~t~ 2~~bi~y~lo[3.2.lJ~~-3,~ne (Scheme 22). An a&native very efficient route to this 
aldehyde enol-ether system involves hydrolysis and subsequent rearrangement of the readily available 
6(7)-acetoxy4substituted 7(6)-chlorobicyclo[3.2.0]hept-2-enes. Acid hydrolysis of the aldehydeenol 
ether mixture leads to a y-lactol which can be converted into a prosily AZ analogue or into an 
hydroxy aldehyde which is a precursor to Pdeoxa-9,lOdehydroprostaglandin 4. 

Section fa 
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!Mmm 24. Reagents. i, &4% NaOD, CH+&, ii, Br,, iii mchloropcroxyhuoic acid, iv, DBU, v, LiCuBu2, viLiCu[CH: 
CHCH(OSM~‘Bu)C~H,,h 

Section Sc 
w 

b-7 \ 
& _ & ~ a2 

91 93 95 91 R=Bu 

92 04 % 98 R = CH:CHCH(OSIM~@I)C~H,, 

The acids (91 and 92) were converted into the corresponding aldehydes (95 and W) by a two-step 
procedure involving lithium aluminium hydride reduction to the corresponding alcohols (93 and 94) 
followed by a controlled oxidation using Collin’s reagent. Like the parent aldehydem the Csubstituted 
compounds (% and W) exist in equilibrium with the appropriate enol ethers (97 and 98) through a Cope 
rearrangement: the ratio of aldehyde to enol ether as judged by NMR spectroscopy was co 4: 1 in favour 
of the aldehyde in both cases. 

Section Sd 

a> _ 4-““- g_ 
97 6( 

100 

&* 
% 

The butyloxabicyclooctanone (97) was hydrolysed (aqueous oxalic acid) to the butyllactol (IW) 
presumably through the intermediacy of the S-hydroxyaldehyde (99). Indeed the latter aldehyde (99) was 
prepared from the lactone (101) by partial reduction and was converted into the lactol(lO0) under the 
same acid conditions (Scheme 25). 
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In contrast, the enol ether (98) afForded the hy~oxy~dehyde (58) on reagent with an ever-aqu~us 
HCI two-phase system and neither this hydroxylaldehyde (58) nor the desilyiated material couId be 
induced to rearrange to the co~es~n~ y-lactol (Scheme 26) under a variety of acidic conditions. 

58 Scheme 26. 

Instead, the aldehyde (58) was converted into 9_deoxa_c),l~e~ydroprostagtandin 4 (69) as described 
above (Section 2k). 

Section Se 

K 
‘i, f 

a \ 
. 

Standard methodology (uiz, a Wit& reaction followed by a Jones oxidation) was employed to 
convert the lactol(100) into the desired prostaglandin AZ analogue (IaZ).” 

Section Sf 

8 182 104 

Conversion of tire readily available chloroketone (8)n into the d&&esters (103 and 104) involved 
stereospecific borohydride reduction,n acetylation and allylie bromination. The two isomers (103 and 
104) could be separated by crystallization and ch~~to~phy but this operation was non-essential from 
a synthetic viewpoint. 

Section Sg 

Reaction of the mixture of bromoesters (103 and 164; ratio 1: 1) with lithium dibutyl cuprate gave a 
mixture of the bu~~icyc~oh~te~s (105 and 106; ratio 1: 1). By ~~~ the same cuprate reaction 
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on each pure isomer it was shown that a regiospeciftc Sk syn reaction was occurrir~,‘~ We believe that 
this takes place through a concerted process (Scheme 27) that does not involve a Gun’ intermediate (cf 
Scheme 21, Section 4d). 

schenlc n. 

An initial I!&2 reaction to form the Curt’ species is thwarted by the presence of the pendant 
chloro-and acetoxy-substituents. The cuprate reagent (24) did not react with the bromoesters (103 and 

24 

104) in a satisfactory manner, 

Section 5h 

105 108 95 

The butyl compound (95) was prepared from the mixture of the bicycloheptenes (165 and 106) by 
hydroxide ion mediated ester cleavage and a subsequent ~~ernent (Scheme 28). Such rearrange- 
ments have been observed previously on base treatment of simpie %halobicycio[3.2.0] hept-2-en4-oIs.‘f 

SCIICIIIC 28. 

6. ENANTIOfPECIFIC SYNTWSS OF I%onAGLANDrNS &, 4,4 AND A* 

The majority of enantios~c~c prostaglandin syntheses make use of a classical resolution step and 
discard the unwanted enantiomer;‘6 however this is an expensive and wasteful procedure. Alternatively 
naturally occuring optically active compounds may be used as star@ materUn Several workers have 
employed optically active reagents to induce asymmetry into paste precursors. For instance 
Partridge ef nl.” obtained the optically pure lactone intermediate (1#7) via an asymmetric hydroboration 
reaction on the diene (I@?) using (+)di-3-pinanylborane. An elegant alternative is to use an enantio 
convergent synthesis.79 
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Our two major routes to prostaglandin Fza are summarised in Scheme 29 and, as can be seen, they 
are complementary with respect to the enantiospecfic synthesis of this prostaglandin. Thus enantiomer 
(1@9) of bicyclo[3.2.O]bept-2-en-6-one may be converted into nam prostagiandin Fti via the tricyelic 
ketone (110) and enantiomer (111) may also be converted into natural prostaglandin F,, but via the 
Gpoxide (4 12). A cheap method of resolution was therefore required which could be adapted to lare 
scale preparations of either the enantiomeric bicyclo[3.2.0)hept-2-en-6-ones or the corresponding enan- 
tiomeric bromohydrins. 

Reduction of _&G unresolved ketone (9) using actively fermenting bakers yeast furnished a mixture of 
two alcohols (113 and 114) which were separable by column chromatography or careful distillation on a 
spinning band column (Scheme 30)?“’ The less polar alcohol (113) was shown to have an endo_OH group 
and the more polar isomer (114) an exe-OH group by NMR spectroscopy. The expected S-configuration 
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a0 + uo” I 
d 

4 
k 

115 aD-600 

scheme 30. 

of the aIcohols” at Cd was proved by Jones oxidation to the corresponding ketones and subsequent 
Baeyer-ViIIiger oxidation. In this way the exe-alcohol afforded the known enantiomeric la&one (197).n 
Treatment of the alcohols (113 and 114) with N,NdiiromoJJ’dimethylhydantoin in aqueous acetone 
contain& a trace of acetic acid afforded the corresponding bromohydrins (115 and 116) respectively 
which after one CrystaIIisation were 98 and 100% optically pure. Additional proof of absolute 
stereochemistry was obtained by an X-ray analysis” of the bromohydrin (115). This resolution is 
economical and gives excellent optical and chemical (77%) yields of the alcohols (113 and 114). In 
addition fermentation processes of this type may be carried out on an industrial scale. 

Both enantiomeric bromohydrins may also be converted into natural prostaglandin Ez since rear- 
rangement of the &lactone (117; Scheme 31) derived from enantiomer (115) gives the y-lactone (118) 

which may also be obtained from enantiomer (116; Section 2h). Similarly natural prostaglandin 4 is 
available from either of the enantiomeric bromohydrins (Scheme 32) a&hot@ the photolytic route via 
the acetoxy cyclobutanone (119) is not an e&ient process (Sections 28 and 3f). 
TEIRA Vol. 36 No. IS-C 
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As can be seen from Scheme 33 natural prostaglandin AZ may also be prepared from either of the 
bicyclo[3.2.0]hept-2-en-6-one enantiomers. However since neither of these routes proceeds via the 
bromohydrins (115 and 116) it is necessary to obtain the bicyclic ketones (109 and 111) from the 
corresponding alcohols (113 and 114) respectively using a Jones oxidation (Sections 2j and 4c). 

REFERENCES 
‘Chemisfry, Biochemisfry and Pharmacological Activity of Prostanoids (Edited by S. M. Roberts and F. Scheinmann). Pergamon 
Press, Oxford (1979). Prostaglandin Research (Edited by P. Crabbe), Drganic Chemistry: A series of Monographs 36. Academic 
Press, New York (1977). 

‘ICI Trademark. 
‘J. S. Bindra and R. Bindra, Prostaglondin Synthesis. Academic Press, New York (1977); A. Mitra, The Synthesis oj Prosfaglandin 
Derivatives. Wiley, New York (1978). Cs. Szankay and L. Novat, Recent aFvelopments in the Chemistry of Natural Carbon 
Compounds, Vol. 8. Akademiai Kiado, Budapest (1978); see also hi. P. L. Caton, Tetrahedron (1980). 

‘R. C. Kelly; I. Schletter and S. J. Stein, Tetrahedron LAfters 3279 (1976). 
TE. J. Corey, G. E. Keck and I. Szekely, 1. Am. Chem. Sot. 99.2006 (1977). R. A. Johnson, E H. Lincoln, 1. L. Thompson, E. G. 

Nidy, S. A. Mizsak and U. Axen. 1. Am. Chem. Sot. 99,4182 (1977); N. Whittaker, Tetrahedmn Lxtfers 2805 (1977). 
6E. J. Corey, N. M. Weinshenker. T. K. Schaaf and W. Huber, 1. Am. Chem. Sot. 91,567s (1%9); E. J. Corey, U. Kroelliker and J. 
Neuffer, Ibid. 93, 1489 (1971): E. J. Corey, S. hi. Albonico, U. Kroelliker, T. K. Schaaf and R. Kumar, Ibid. 93, 1491 (1971); E. J. 
Corey, T. Ravindranathan and S. Terashima, Ibid. 93,4326 (1971): E. D. Brown, R. Clarkson. T. J. Leeney and G. E. Robinson 1. 
Chem. Sot. Chem. Comm. 642 (1974). 

‘J. C. Martin, P. G. Colt, V. W. Goodlett and R. H. Hasek, 1. Org. Chem. Xl.4175 (1%5). 
*E. Mitch and A. S. Dreiding, Chimia (Switt.) 14,424 (1960). 
9Z. Grudzinski and S. M. Roberts, 1. Chem. Sot. Perkin 1, 1767 (1975). 
“A Brown, P. Murray-Rust, J. Murray-Rust and R. F. Newton, 1. Chem. Sot. Chem. Comm. 1178 (1979). 
“S’M. Ali and S. M. Roberts, 1. Chem. Sot. Perkin I, 1934 (1976). 
“El 1. Corey and A. Verkateswarlu, 1. Am. Chem. Sot. 94.6190 (1972). 
“S. M. Roberts, 1. Chem. Sot. Chem. Comm. 948, (1974); J. T. Lumb and G. H. Whitham, Ibid 400 (1966). 
“J C. Gilbert, T. Luo and R. E. Davies, Tetrahedron Leffers 2545 (1975). 
lJT. V. Lee, S. M. Roberts and R. F. Newton, 1. Chem. Sot. Perkin I, 1179, (1978). 
16Z. Grudzinski and S. M. Roberts, Tetrahedron Letters 389 (1978). The 2-bromo-7,7dimethyl bicyclol3.2.0]heptan-6one is unable to 

form a tricyclo[3.2.0.02J]heptan-6-one and instead forms the tricyclo[3.2.0.0’~‘]heptan-2-one which undergoes further reaction. 

“T. V. Lee, S. M. Roberts, M. J. Dimsdale, R. F. Newton, D. K. Rainey and C. F. Webb, 1. Chem. Sot. Perkin 1,1176 (1978). 
‘rS. Danishefsky and R. K. Singh, 1. Am. &WI. Sot. 97,3239 (1975); S. Danishefsky, R. McKee and R. K. Singh, Ibid 99.4783 (1977); 

H. 0. House, Accounfs Chem. Res. 59 (1976); K. Kondo, T. Unemoto, Y. Takahatake and D. Tunemoto, Tetrahedron L.&ten 113 
(1977): D. Tunemoto, N. Aralo and K. Kondo, Ibid. I09 (1977). 

19A Caimcross and E. P. Blanchard, 1. Am. Chem. Sot. 86.4% (1966); J. Meinwald and J. K. Crandall. Ibid. 1292; A. G. Cook, W. C. 
Mayer, K. E. Ungradt and R. H. Mueller, 1. Org. Chem. 31, I4 (1966). 

mS. M. Ali, T. V. Lee, S. M. Roberts and R. F. Newton, J. C/rem. Sot. Perkin I, 708 (1979). 
*‘E. J. Corev and P. L. Fuchs. 1. Am. Chem. Sot. 94.4014 (1972). 
“M. J. Tute and S. M. Roberts, unpublished observations. 
*)J. S. Bindra. A. Grodski. T. K. Schaaf and E. J. Corev. 1. Am. Chem. Sot. 95.7522 (1973). 
*‘R. Peel and’J. K. Sutherland. 1. Chem. Sot. Chem. C&m. I51 (1974). 
2JZ. Grudxinski, S. M. Roberts, C. Howard and R. F. Newton, 1. Chem. Sot. Perkin 1, 1182 (1978). 
=P. Deslongchamps, Tetrahedron 31,2463 (1976). 
*‘Y Torisawa. M. Shibasaki and S. Ikegami, Tefrahedrun Letfers 1865 (1979). 
*sR: F. Newton, D. P. Reynolds and C. F. Webb, unpublished observations. 
?lpR. F. Newton, D. P. Reynolds. M. A. W. Finch, D. R. Kelly and S. M. Roberts, Tetrahedron Letters 3981 (1979). 
*. F. Newton, D. P. Reynolds and S. M. Roberts, 1. Chem. Sot. Chem. Comm. I I50 (1979). 
“E. E. Nishixawa, W. L. Miller, R. R. Gonnan, G. L. Bundy, J. Svensson and M. Hamberg, Prostaglandins 9, I09 (1975). 
‘*cf. M. Hayashi and T. Tanouchi, 1. Org. Chem. 38,ZllS (1973). 
“N. M. Crossland, S. M. Roberts, R. F. Newton and C. F. Webb, 1. Chem. Sot. Chem. Comm. 660 (1978). 
“R. F. Newton, D. P. Reynolds, C. F. Webb, S. N. Young, Z. Gntdxinski and S. M. Robcrts. 1. Cheer. &c. PerMn 1 2789 (1979); 

J. Van Hooland. P. De Clercq and M. Vandewalle. Tetmhedrun Letlers 4345 (1974). 
3JP. Yates, 1. Photochem. 5.91 (1976); P. Yates and R. 0. Loutfy, Accoun.fs Chem. Res. 8,209 (1975). 
%N. M. Crossland, S. M. Roberts and R. F. Newton, 1. Chem. Sot. Perkin I, 2397 (1979). 
“N. M. Crossland, S. M. Roberts and R. F. Newton, 1. Chem. Sot. Chem. Comm. 886 (1977). 
mE. J. Corey and G. Moinet, 1. Am. Chem. Sot. %, 7185 (1973); E. J. Corey and C. R. Cyr, Tetrahedron Lefters 1761 (1974). 
j9cf. N. R. A. Beeley and J. K. Sutherland, 1. Chem. Sot. Chem. Comm. 321 (1977). 
@C. Gandolfi and G. Doria, II Fanaco, Edc. Sri. 29,405 (1974). 
“Prepared previously from prostaglandin F20. U.S. Pat. 3954844 (l975), 4016184 (1975). 
‘*S. M. Ali, M. A. W. Finch, S. M. Roberts and R. F. Newton, 1. Chem. Sot. Chem. Comm. 679 (1979). 
“R F Newton, C. C. Howard, D. P. Reynolds, A. H. Wadsworth, N. M. Crossland and S. hi. Roberts, 1. Chem. Sot. Chem. Comm. 

662 (1978). 



21% R F. NEWMAN and S. M. ROBERTS 

“Cc. C. Howard, R. F. Newton, D. P. ReynoIds, A. H. Wadsworth, D. R Kelly and S. hf. Roberts, 1. Chuu. Sot. Perkin I, paper 9/878 

‘s??AIi, N. M. Crossland T V Lee S M Roberts and R F Newton J Chent Sot Perkin I 122 (1979) 
&R. J. Cave, C. C. Howard, G. Klinkert: Rl F.‘Newton, D. P. *Reynolds, A. H. Wadsworth and S. M. Roberts; 1. Chuu. Sot. Perkin I, 

2954 ( 1979,. 
“E. J. Corey, K. C. Nicolaou and D. J. Beames. T&rhedmn Lcrters 2439 (1974). 
@E. 1. Corey and R. Noyori, Tetmhedmn L&&s 31 I (1970). 
‘PR. F. Newton, D. P. Reynolds and S. M. Roberts unpublished observations. 
s”P. A. Grieco, 1. 09. Chem. 37,2363 (1972). 
“S. M. Ali and S. M. Roberts, J. Chem. Sot. Chem. Comm. 887 (1975). 
?See Ref. I2 and for an improved method for desilylation Ref. 29. 
“D. R. Morton and N. J. Turro. Adu. Photo&m. 9, 1% (1974). 
yJ. A. Ahmann, I. Cl. Gsizmadia, hf. A. Robb. K. Yates and P. Yates, .I. Am. Chem. Sot. 100, 1653 (1978). 
“N. M. Crossland. D. R. Kellv. S. M. Roberts. D. P. Remolds and R F. Newton. L Chem. !i’oc. Chem. Comm. 681 11979). 
%cf D. R. Morton; E. Lee-Rug, R. M. Southam and N. J. Turro, J. Am. Chem. sbc. 92,4349 (1970). 

. , 

“R. F. Newton, D. P. Reynolds, N. M. Crossland, D. R Kelly and S. M. Roberts, 1. Chem Sot. Chem. Comm. 683 (1979). 
“E. F. Jenny, P. Schaublin. H. Fritz and H. Fuhrer, Tetmhedmn Letters 2235 (1974). 
w. A. W. Finch, T. V. Lee, S. M. Roberts and R. F. Newton, 1. Chem. Sot. Chem. Comm. 677 (1979). 
y. B. Chapko, M. A. W. Finch, T. V. Lee, S. M. Roberts and R. F. Newton, 1. Chem. Sot. Chem. Comm. 676 (1979). 
“D. M. Wieland and C. R Johnson, 1. Am. Chem. Sot. 93,3047 (1971); J. Staroscik and B. Rickbom, Ibid 93,3046 (1971). 
62J. P. Matino and D. M. Floyd, 7’&uhcdmn L&ten 675 (1979). 
“H. L. Goering and V. D. Singleton, 1. Am. C/rem. Sot. %,7854 (1976); A. F. Kreft, Tetrahedron L&ten 1035 (1977); G. Stork and A. 

F. Kreft, J. Am. Chcnr. Sot. 99,3850,3851 (1977). 
uA. Claesson and L. Olsson, 1. Chem. Sot. Chem. Comm. 621 (1978). 
6JE. J. Corey and J. Mann, J. Am. Chem. Sot. 95.6832 (1973). 
66G. T. Woolley, S. hf. Roberts and R F. Newton, unpublished observations. 
6’A. E. Jukes. Ada. Organometallic Chem. 12,215 (1974). 
“E. J. Corey and G. Moinet, 1. Am. Chem. Sot. 95,683I (1973). 
“S. M. Ah, S. M. Roberts and R. F. Newton, Tetrahedron Lclters 71 (1979). 
‘sM. Rey and A. S. Dreiding, H&I. Chim. Acta 48. 1985 (1965). 
“C. B. Chapleo, S. hf. Roberts and R. F. Newton, 1. Chem. Sot. Chem. Comm. 680 (1979). 
nM. Rey and A. S. Dreiding, Tctmhehn L&ten 3583 (1968); M. Rey, S. M. Roberts, A. DiefTenbacher and A. S. Dreiding, H&J. 

Chtm. Acta 53,417 (1970). 
nM. Rey and A. S. I&ding, Heiu. Chim. Ada 57,734 (1974). 
“cf. the St!, syn reaction of a cuprate reagent with an allylic carbamate, C. Gallina and P. G. Ciattini 1. Am. Chem. Sk. 10, IO35 

(1979). 
‘jP. R. Brook, A. J. Duke, J. M. Harrison, S. M. Rob&s, M. Rey and A. S. D&ding, He/u. Chbn. Acta 60,1528 (1977); P. R. Brook, 1. 

Chem. Sot. Chem. Comm. 565 (1968). 
%E. J. Corey, I. Vlattas and K. Harding, 1. Am. Chem. Sot. 91,535 (1969); J. Fried, C. H. Lin, J. C. Sii, P. Dalven and G. F. Cooper, 1. 

Am. Chcnr. Sot. 94,4342 (1972). 
“K. G. Paul, F. Johnson and D. Favara, 1. Am. Chem. Sot. %, 1285 (1976). 
‘sJ. J. Partridge, N. K. Chadha and M. R. Uskokovic, I. Am. Chem. Sot. %,7171 (1973). 
‘sB. M. Trost, J. M. Timko and J. L. Stanton, 1. Chem. Sot. Chem. Comm. 436 (1978). 
‘OR F. Newton, J. Paton, D. P. Reynolds, S. N. Young and S. M. Roberts, I. Chcm. Sot. Chem. Comm. 908 (1979). 
“K. Kieslich, Microbial Transformations of Chemical Compounds Excluding Stemidr and Non-cyclic Structuns. G. Time, Stuttgart 

(1976). 


