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AESTIRACI

The successful conversion of asperulcside tc prcstaglandin
interrediate 31a was achieved. Since Ohnc [71,72] and co-
" werkers have 7recently reported the conversicn of benzcate

31b tc PGF,q and 1l-deoxy-lle-hydroxymethyl ECE, .,

O o
0 0-
X e Y
\\/o \\\\\ \/Y\N
i | 0
AcO Oglu RCOO
31a R=CH,
31b R=CgH,

the use of similar procedures should allow the conversicn cf

acetate, 3la, tc the sare prostancids.

In ceneral the problems associated with the conversicn cf
iridoiés tc prcstanoids e.g. hydrogenation without hydrocce=-
nclysis, hydrclysis, epimerizaticn and decradaticn were
studied. Hich resoluticn NMR (ur tc 270 MHz), mass spectra
and X-ray techniques were used tc¢ assign the structures and

stereochemistry.
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B new prccedure for cleaving acetals (tsing titaniunm

tetrachloride/acetyl chloride) is reported.
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Chapter I
HISTORY OF PROSTAGLANDINS RESEABCH

The term Yprostaglandin" was given in 1935 bty von Euler {1]
in the belief that the newly discovered biclcgically active
subsfance originated frcm the prostate gland. Goldblatt (2]
in England and von Euler [3] in Sweden, independently dis-
covered the striking physiological effects of exfracts from
sheep vesicular glands and human seminal plasma. The active
substance produced a fall in blood pressure c¢f various ex-
perimental animals and had a stimulatory acticn cn a variety
cf isolated intestine and uterine smocth muscle prepara-
tions. Von Euler showed that the active principle, prosta-
glandin, was a lipid soluble acid and thus differed cheni-
cally fron all other known substances with similar
btiological activity, such as histamine, acetylcholine and

adenylic compoundse.

A systematic study of prostate and vesicular glands
from a variety c¢f animals revealgd that exceﬁt for human ma-
terial, only the sheep vesicular glands contained the new
substance in large amounts. Other crgans in the sheep also
seemed to contain small arounts of the same substance, but
the quantity fcrmed was always less than one rercent of that

in the prostate cland.
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Hith the assistance cf I. G. Farben Cc. 1in Elberfelgd,
Cermany, vcn Euler prccessed large batches of -vesicular
clands frcm thcusands of sheer ccllecteé Lty the Icelard
Slaughter Co.. The o0ily 1esidue from chlorcfcrm extracts cf
the glands was ccnverted to the barium salt which was cb-
tained as a dry amcrphcus powder suitaeble fcr stcrage after
desiccaticne. Bt von Euler's suggesticn, Erofeésor Sune
Bergstrcem in 1547 tcok up the proklem of prcstaglandin puri-
ficaticn. Nearly a qguarter century elapsed retween the ear-
iier studies by vcn Euler and the final anéd ccrplete eluci-
dation cf the structure cf the active principle.
Prostaglaﬁdin research progressed slcwly initially due to
the scericity c¢f the naturally occurring material and lack
cf a <suitable rethod cf separation and analysis cf small

samples.

Preliminary studies ty Bergstrcr [ 4] ccnfirmed the un-
saturated fatty acid nature of prostaglandins, but it was
not untill 1957 that Bergstrcem and Sjovall [S? succeeded in
isolating a crystalline prcstaglandin substance from
freeze-dried precstate glands. The crystalline substance was
termed PGF. Surprisincly, hcwever, the isolated ccmpound did
nct exibit any effect cn the blocd pressure cf rabbit [6].
It did posses the usual stimulatory effect con smccth muscles
cf rattits intestinal strips [6]. This was intriguing since
vasoderresscr effects were characterstic cf all prostaglan-

din extracts rrepared hithertc from bioclccical material.

..'2_
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Nevertheless, in their first repcrt in 1957, Bergstrom and
Sjovall [ 5] had ncted that at 1least one other active acidic
substarce was rresent in extracts of sheer rrostate gland.
They scon anotnced the isolation of a seccnd crystalline
1ipid soluble substance frcm the prostate gland of the
sheep, which showed activity bcth c¢n intestinal strips and
cn rattit blcod pressure [6,7]. This ccmpound appeared re-
sgonsitle for the most of the biclogical activity in fresh

cr frczen vesicular glands and was named PCE.

Ccmparative testinc of the biclogical effects of the
two prcstaglandins revealed that the earlier kioclogical ac-
tions cf partially purified preparations c¢f prestaglandins
cculd be largely explained by assuming that they contained a
rixture of PCE and PGF [6_. lLater, additional compounds with
similay biclogical activities were isolated. It socn became
arparent that "prostagléndin“ is not a sincle Subscance, but

instead is a farily.of closely related ccmpcunds.

Bergstrom and his coworkers ([8-12)] nade a series of
brilliant investications which resulted in the structure of
a whole series of néw rrostaglandins by 21566. The prcsta-
glandirs and their derivatives were degraded by chemical
nethods énd their rproducts separated‘by gas chrcmatcgraghye.
Mass srectrcsccpy was used extensively bcth cn the parent
ccmpound and cn the decradaticen products fer cttaining

structuvral infc¢rtmation.
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1.1  RECENT HISTORY

Cespite the great nurber and variety of prostaglandin
syntheses develcped during the past decade anéd a half, few
syntheses have teen brougt to practcal use by industry. At
least four prostaglandins prepared by synthesis are current-
1y avilable commercially for human or veterinary use and se-
veral more are undergoiné clinical tests. Extensive clini-
cal studies with the naturally occurring prcstaglandins and
their analogs have estatlished effectivenes fcr inducing la-
ber at term and for induéing therapeuic abortion. Other ac-
tions of prostaclandins which have been confirmed chemically
include bronchcdilation, inhibition of gastric acid secre-

tion (for treatment of peptic ulcers), vasodilation and 4i-

uresise.

There have been over 15,000 publicatiéns on prostaglan-
din research. Several reviews on different aspects of prcs-
taglandins are avilable. In addition, a number of mcnographs
and procedings of symposia have been published. The journal
“frostaglandinY and a quaterly newsletter YProstaglandins
and Therapeutics" published by the Upjohn ccmpany provide a
centinuing source cf new information in this fieldé. The Up-
john company also publishes a computer printed "Prostaglan-
din Bibliography" which is supplemented pericdically and is
the single most comprehensive record of all prostaglandin
publications. There are also two excellent kcoks on prosta-
glandin synthesis by Bindra and Bindra [13] and by A. Mitra
[14].
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NOMENCLAJURE OF PROSTAGLADINS

1.2

“\“\\\/\/\/ COOH

Prostanoic Acid
The ncreclature of prostaglandins is based cn the saturated
skeltcn called prcstancic

cyclopentane C-20 carboxylic acid

o) (o) (o)
RN C C 1 awt C 1
c Cs Co
PGA PGB PGC
P"? o) HO
@ * ¢ T o C 1 W c 7
dé ~>Cs HO™ ~Cs HOQ' ‘Cs
PGD
PGE PGFaorB

acid (1) - The rrostaglandins are divided intc several grcups

which édiffer from each cther in the nature of the S5-membered
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ring functicnalities. The basic skeltons zare designated as
ECA, ECB, ©PCGC, PCD and PCF. The subscript nurerals after
the series dercte the nurber cf double bcnds in the mole-
cule. The rcstaglandins A,, By, Eqy, F4 have only one
(13,14) trans c¢cuble bond and E,, etc. have 13,14 trans

dcuble bond as well as a 5,6 cis double kcnd. Prcstaclan-

dins Ry, By, E;, Fy have an additicnal cis double bond at

the 17,18 position.

0 HO
\\“‘\/\/\/coo H WY N N"NCOOH
Ho' HO™
OH OH
PGE 2 PGFZa
HCé) o
~ O WCOOH \\\\\\/WCOOH
HO OH OH
11-deoxy-1la-hydroxymethyl PGFZa PGA2

Figure 1: Examples of Prostaglandin Nomenclature
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The F prostaglandins have an &-hydrcxy grcup &t the C(9) pc-
sition. Some metabolites tearing a C(9) hydrcxy group in the
g-position are also known. Prostaglandins, as written, ccr-
responé to the absolute ccnfiguraticn cf prestancids. A few

examples of rprcstaclandins are given in figure 1.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Chapter 1II
INTRODUCTION AND PROPOSED ROUTIE FROM IRIDOIDS

The synthesis cf prostaclandins continues to ke exciting de-
spite the fact that the ccmplex molecule has Leen ccnstruct-
ed iﬁ several elecant ways. It is not conly because of the
challenging structure, but the fact that a variety of physi-
clogical activities is exibited by prostaglandins and their
analogs (prestanoids)e. The major problems encountered in
the synthesis c¢f prostaclandins are ihe sterecchemistry and
the sensitivity of the functional groups present in these
rolecules. The stereochenical contrcl at C(15), placed in a
‘fobile side chain and at considerable distance from the
ring,. poses a difficult prpblem. The mcst ccmmon synthetic

targets are the E and F series.

Basically there are four majcr approaches to prostalan-

din synthesis:
1. PBRicycloheptane precursors
2. Cyclohexane érecursors
3. Acyclic precursors
u. 'Cyclopeptane precursors

Several miscellaneous aprroaches will also ke noted.

-8-

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



FICYCLCHEETANE PRECURSCRS

—— G it > Y - ST W

2.1

In 1969 Corey [15] ané his cowcrkers at Harvard revcluticn-
ised tlre synthesis of prostaglandins with the ticyclcheptane
approach. The cormon intermediates for varicus prostaglan-
dins and the flexibility for analog synthesis are the spe-
cial features cf this synthetic agprcach. His synthesis has

even been adapted for pilct plant producticn.

2.1.1 Corey's Retrosynthetic Plan (Scheme=1)

Y

In his synthetic plan, Ccrey [15-17] tcok advantage cf the
two dcrble bcnds in prostaglandins.IIn principle, these dcu-
ble becnds cculd be intrcduced at the last stage cf the
synthesis ty Wittig-type reacticns cn the dialdehyde 5. Fcr
the stepwise addition of two different side chains, however,
it was necessary tc differentiate the aldehyde functionali-
ties. This was cleverly done by combining the C(5) aléehyde
with the C(9) hydroxyl grcup in the form cf a 5-membered
lactone which cculd be unmasked when necessary by reducticn
tack tc the aldehyde stage. A Diels-Alder reacticn was used

to establish the functicnality and correct stereochemistry

fcr the key intermediate 4.
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SCHEME 1

Corey's Retrosynthetic Plan

| Ra R |
: /o
ﬂb = ﬂ}j<=
1.

COOH o

1

\\\I : o
Y = Y-
ot R ®

Ho R
3 4
HO (|:00H HO
[::]w“ - “\CHO
Ho' R

mnQ)
o)
X
o
Q)

Q\\\\\‘ <__ Q\‘\\\\;N=/\/\\ﬁo OH
Ho'  YCHO 3
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2.1.2 Corey's Actual Synthesis (Schere-2)

The first step was achived@ by the alkylaticn cf cyclopenta-
diene with chlcromethylmethylether c¢r chlcrcrethyl Ekenzyl
ether. The thallous salt of cyclcpenntadiene’l was prefered
cver alkali metal salts tecause it did nct cause unwanted
dcuble bond rearrancaments of the cyclopentadiene alkylaticn
productse. However, on a larger scale chlcrcmethyl benzyl
ether was used as it cculd be remcved easily by catalytic
hydrogenaticn thus avoiding the use of borcn tribrcmide to
remove the methyl groug. Thé diene 6 was caused to react
with 2-chlcroacrylcnitrile at OOC in the presence c¢f cupric
tetrafluroacetate. The Diels-Alder adduct 7 was isclated in
0% yield, and 7 was coverted tc € by basic hydrolysis. Se-
veral alternative preparaticns of the bicyclic ketcne which

avoid the use cf the toxic thallium compound have alsc been

reported.

Ezeyer-Villiger oxidaticn cf the bicyclic ketone 8 af-
fcrded lactcne 9, which has a masked hydroxyl group at C(11)
with the ccrrect stereochemistry. Cn basic hydrolysis, lac-
tcne 9 affcrded the hydrcxy acid 10, and rescluticn was
achieved at this stage by treating the 1C with either
(+) ~erhedrine or (+)-amphetamine [18]. The corresponding
(+) -salt fcrmeé led to the corresponding naturally cccurring

prostaclandins.

..11 -
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SCHEME 2

Ccrey's Bctual Synthesis

———————-
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6
- ROCH ROCH;
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CN
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9 Ho\\ CHZ R

]
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Neightcrirc group participation was used 1in 10 to gre-
vide tte'required C (9) hydroxy group by icdclactonizaticne.
After rrotecticn cf the C(11) hydroxyl grcugr and removal of
the icdine atcm, the tetrasubstituted cyclcrentadiene nu-
cleus of the fprostglandins was achieved with the prcper
sterecchemistrye. The benzyl or methyl ether of the C(12)
hydroxyl grcup was successfully cleaved with catalytic hy-
drogenation cr toron tribromide, respectively, and cxidaticn
cf alcchol 14 tc the required aldehyde 15 was achieved using
Ccllins reacent [15,17]. On a larger scale, Pfitzner-Mcffat
[19] cxidaticn cf the chlorine-methyl rhenyl sulfide complex

[20] wes used.

B nodifiec¢ Wadswecrth-Emmons reaction [21} was emplcyed
tc intrcduce the lcwer side chain. Zinc borchydride recducton
then geve a mixture of 1SS and 1SR alcohols from which the
recuired iscmer (15S) was serarated using chrcrmatcgrarhy.
The crtically ective reagent prepared frcm thexylbcrane,
(+) -linonene and t-butyllithium [17,22] was vsed tc selec-

tively prcduce the 15(S) alcchcl. Removal cf the C(11) es-

- 14 -
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ter grcup and further protection of the C(11) and C(15)
alcohol functicnalities as tetrahydcpyranyl ether prcvided

19.

Tte aldehyde Trequired for introducing the C(8) acid
chain was fcrmed by reducing the lactone $ tc lactcl 20

with diisotutylaluminiur hydride. Wittic reacticn cf 20

with S-trirherylphcsphcniopentancic acidé and dimsyl anicn

[23] fcllowed Ly mild acid hydrclysis provided PCEF .

Trte present procedure fcr intrcducinc the two side
chains has Leen utilized by so rany researchers that they
are esseﬁtially accepted as conventional nethcds. Thus,
synthesis of Ccrey aldehyde 15 or encne 16 and their analcgs

is essentially considered a ccmplete synthesis.

Irost and Tamura [24 7 utilized acrylic acid as a ketene

MeOCH, MeOCH

a,b,c

Y

o/

COOH

23 24

a) 2 eqe 1.4 fcllowed by Me,S,; b) NCS/ NaHCC, / alcchol; c)

aqueous HC1.

-15 -
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equivalent. Bcrylic acid is an excellent diencphile.

Ccnversion of the Diels-Rlder adduct acid 23 tc the Ccrey

(l:l
H s-CH; *g-CH,
><COOH > ><COOH —> coo” —*

s | OR
>=S-CH; —» ><OR —> ><0R

—» >=0

bicyclic ketcne 8a is based on a three step decarboxylaticn

procedure.

Ranganathar and his coworkers [25] hcwever, utilized
nitroethylene a2s a ketene egquivalent. Nitroethylene is also
an excellent dienorhile, which wundercoes Diels-2lder addi-
tion even at -1000C. The Diels-Alder adduct, nitro compcund
24, was transicrrmed to Corey'é bicyclic ketcne gg by a pro-

cedure of McMurry [26] (using sodium methcxide and titanium

trichlcride at pH 5-5) .

..16-
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MeOCH, MeOCH,

Y

NO,

24 8a

Tre Pfizer group [271 and Peel and Sutherland [28] in-

dependently develcped a similar apprcach usinc the Prins re-

HO,C

25 A 26

action [29 ] on ncrbornadiene as the key ster. Reacticn of

ncrborradiene with parafcrmaldehyde in formic acid contain-

...17...
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ing a catalytic amount of sulfuric acid cave the necrtricy-
clane c¢iformate 25 in 84% yield. Jcnes' oxidaticn of 25 led

directly tc ketcacid 26.

The Manchester group opened the cycloprcrane ring of 26

| Ho,C HO,C
o)

27a, X=Br 28a, X =Br
27b, X =Cl 28p, X =ClI

with hydrobremic acid to give 27a while the Pfizer grcup
used hydrochloric acié tc give 27t. Bicyclic ketones 27 were
ccnverted tc Ccrey alcchel 31 using prccedures essentially

similaxr to Ccrey*s.

Tre only cther difference was that the Manchester group
ccnverted the C(12) carboxyl grcup of 28a tc a hydrcxymethyl
croup befcre the intramclecular displacement of halcgen

while the Pfizer group proceeded in the reverse crdere.

- 18 -~
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2.1.3 The Acetoxyfulvene égngésﬁ
E.lP. Erown [30] and cowcrkers at I.C.I. 1in the U.K. devel-
cred ¢ useful approach to Corey aldehyde starting with
6-acetcxyfuvene 32. Diels-hlder reacticn of 32 with
2-cholcroaéry1cnitrile in refluxing btenzene cave 33 in 73%
yield. The enclacetate group in 33 was hydrclysed with 2N
HC1 in acetcne to give 34 (the product cf kinetic ccntrel),
which was isomerized tc the more stable prcduct 35 by re-
fluxinc with hydrechloric acid in dicxane. Prctecticn of the

aldehyce in 35 fcllowed by ccnversion of the chloronitrile

rciety to a ke tone using pctassium hydoxide afforded ketone

- 19 -
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OAc

CHO

. CN
34
OMe
MeO
CN

36

OAc

—>
—> ci
CN
33
OHC
—>
/ ci
CN
35
OMe
MeO
/ o
o)
37

37. EBicyclic ketone 37 was then converted tc Corey aldehyde

using essentially the sequence developed by Ccrey.

Rrother bicyclcheptane arproach to prcstanoids utilizes

cxidative cleavage of a dcuble bond in a substituted norbcr-

nene:

-20-.
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Jcnes-and his ccwerkers [31,32] at I.C.I. started with the
unsymmetrically substitued ncrbcrnene derivative 38, bearing
dif ferentially fprotected carbcns at c(e) and C(12) destined
tc beccme the o and w side chains of PC's. The lactcre and
acetal functcens in 38 were reduced and protected in stepwise
fashicr follcweé by oxidative cleavage cf the dcukle bong,
giving dialdehyde 39. Ccnversion of the twc aldehyde fun-
cionalities intc ketones followed by Paeyer-Villiger cxida-
tion provided the C(9) and C(11) hydrcxyl grcups. Cleavage
of the.benzyl croup, tosylation, and displacement with cyan-
jde fcllowed Lty saponificaion gave Corey 1actone on acid

wcrkupe.

Kztasube [33] alsc reported a similer synthesis of
Ccrey lactcne 42. Their synthesis differed from the I.C.I.
arproach, in that the cleavage cf the bicyclcheptane ring

was pcstpcned until after the horologation cf the carbcn-8.

- 21 -
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H
=
A
OEt Et
38 °
QHO \_40
A OCH,Ph z wOCH,Ph
S “CH,OMe o N oM
OHC 20 — CH,ONe
o]
39 40
0
HO g——r |
ANCHCN :
Ho' CH,0Me Ho®  YCH,OMe

41 42

2.2 CYCLCHEXENE PRECURSCRS

Wcodwcrd and his ccworkers [34] repcocrted an ingenicus ster-
ecspecific syntﬁesis of PGan starting with cis-cyclohexane
1,3,5 triol 1. The key step in the synthesis is the pina-
cclic cdeaminaticn and ring contracticn of the «-hydroxy cy-
clohexylamine derivative 1_(_3 (Schen.e-3) .

- 22 -
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SCHEME 3

Hoodword's Synthesis

HO OH _
$ o -
OH 0
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OH OH e
3 4
HO |
M — (Bﬁ —
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o) o)
| AN B
7 8
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HO CHO

Treatment cf 1 with glyoxalic acid fcllcwed by scdium
bcrohycéride recucticn gave the dicl 3. Mesylaticn of 3 fcl-
lcwed ty refluxing with tase afforded the bicyclic olefin
resylate 4, which furnished tricyclic cartincl 5 after scl-
voclysis. Mesylation of 5 and fcllcwed by refluxing with base

afforded the key tricyclic clefin 6.

Ercxidaticn cf_g_géve a mixture of a majcr (62%) 8 and
a mincr compdnent 2. After separaticn, the rajcr (desired)
ccmpénent was treated with aquecus amrmonia soluticn in a
sealed tube at 100°C. Treatment of the resuvlting amino alcc-

hcl.g with metlanoclic KECl1l afforded the key internediate 10.

—2“-
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The rihg contracticn of 10 wagfachieved by Qiazotiza-
tioh followed ty mild base treatment to give the desired hy-
droxy aldehyde acetal 11. The rest of the synthesis was
ccmpleted by introducinc the fwo side chains wusing ccnven-

tional procedures.

Corey énd Snicder [35] started with a readily available
lactone 12, cbtained from the 2 + 2 adduct of cyclo-
hexadiene and dichloroketene. Reduction cf lactone 12 with
diisobutylaluminium hydride follcwed by prctection cf the
lactol hydroxyl function (using cyclohexanol/boron triflucr-
jde ethrate) gave 13. N-phenyltriazolinedicne and 13 under-
went an Yene" reaction, and the allylamine derivative was
isolated in 44% yield. Methylation.of i4 followed by hydrox-
ylation of the double bond with osmium tetrcxide gave 153.
After hydrolysis of the triazole moiety, the hydrazine 16
was converted tc amine 17 by hydrogenclysis cver Adams cata-
lyst. The rinc contraction was achieved using a procedure

similar to that of Woodword et. al. [34].

Rosen and his coworkers at Hoffmann La-Roche [36] uti-
lized a Favorskii type ring ccntraction of
z-chlcro-alkylcyclchexane-1,3-diones (18 to 19) to establish

the cyclopentane nucleus.

‘On the other hand Kuo at. al. at Merck [37] cleaved cy-
clohexene intermediate 20 and then cyclized .the resulting
diacid (using acetic anhydride/sodium acetate) to the de-
sired.cyclopentane nucleus 21.

- 25 -

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



N
\\‘\\\

4

12

OR

_26-

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Cl

CH,0,C
CO,CH, ,

18 19

[o
(CH,)sCOMe
1 H
o~ O
20 21

243 BCYCLIC ERECURSORS

Cne of the earliest aprrcach tc prostancids used the aldcl
ccndensaticn as the key step. Ccrey's aprrcach was throuch
the formaticn ¢f the C(8)-C(12) bond, while Mayano's ap-

proach involves the formation cf the C(8)-C(9) bcnd.

In Corey's aprroach [38], diene 1 and dienecphile 2
gave Diels-RAlder adduct 3 in high yield. Beczuse of the sen-

sitivity of the C(11) hydrexyl function in Evprcstaglandins

..27-.
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tc dehydraticn, the 9-ketc grcup was masked as a nitro group
as in 3. Reducticn of the nitrc grour fcllcwed by dithiane-

dioxalene ketal exchange gave 4.

Cxidative cleavage of the double bcend in 4 followed by
the decsired base catalysed <cyclizaticn cenerated the cyclc-

pentane nucleus,'isolated as acetate €, which was converted

_28 -
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into ECE; by transfoermaticn of the C€(13) ketc group intc a
dcuble bdnd ard the C(9) amino grcup tc a ketcne (via an

irine).

“piyanc [39 on the other hand treated B-ketcacid 7 with

styrylclyoxal {8) in aqueous citrate buffer (pgH 4.5-5.0) ard

isolated 9 in 85% yield. The cyclopentane nucleus cf 10 was

..29 -
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achieved by aldcl condensation of 9. Cleavace of the styryl
dcuble bond in 10 (using osmium tetroxide/pericdate) fol-
lcwed ty reduction of the remaining double Ekcnd and kittig
ccndensaticn gave a mixture of c¢f diasterecisomers 11 and
12. Tre reguired isomer 12 was separated bty chrcmratcgraphy
and its conversion to the PGE and PCF series was achieved
with sodiur cyancborohydride and scdium Ecrohydride re-

srectively.

CO,CH,Ph CO,CH,Ph
CO(CH,);COEt ﬂ (eH.)sCo,Et

(o] CO,Me (o) CO,Me

13 14

COOH

NoCH)COE L pge 4 g,
o ¥Co,Me

15

In the Kojima-Sakai [u40,41] synthesis, the key step is
the base (pctassiur bicarbonate/methanocl) catalysed cycliza-

tion cf diketcester 13 tc afford 14. Hydrccenaticn of 14

15, which was converted tc PGE1_as weil as PGE1 o
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B synthesis of PGE1 involvincg C(9)-C(10) tond fcrmation

o)
EtOC (cH,)CO,EL f :(cuz)scozst

16 17

has been reported by Finch and his coworkers at Ciba-Ceigy
[u2]. The key step is the «cyclization of 16 (using scdium
hydride/ether fcllcwed by acid treatment). Cyclopentancne
diester 17 was isolated in 92% yield. C(11) functicnality
was introduced by first making the C(8) -C (12) double Lbondé

fcllowed by allylic bromination.

2.4  CYCLCPENIANE PRECURSORS

A numter cf syrtheses of prostaglandins start with a cyclc-
pentane nucleus. Basically there are three kinds cf ap-

proaches:

1. opening cf suitably substituted epcxide (1) with a
nucleophile, as shcwn by Ccrey, Fried, Partridge, and

Stork.

- 31 -
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1
2. stepwise alkylaticn of cyclopentane 1,3 dione as

" shown by Upjohn.

3. .Conjugate additicn of crganometallics.derivatives to
e-substituted cyclopentencnes as shcwun by Sih,

Syntex, Eernady and Storke.

* IW\€\44¢\\R2)n
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In Corey's apprcach [437, known lactone 1 uas treated with
40% peracetic acid in acetic acid and the desired epoxide 2
was isclated in 89% yield. Reduction of lactcne 2 (using di-
isobutylaluminium hydride) and protection cf the resulting
lactol (methancl/tcron trifiuoride etherate) gave 3. When 3
was reacted with divinyllithiumcuprate, a recicspecific:
cpeninc [44] of the epcxide was cbserved and alcohcl 4 was
isolated in 94” yield. Protection of the hydroxyl functicn
(as urethane) and cleavage of the dcuble bcnd (csmium tet-
rcxide)pericdate) afforded aldenyde 5, a well kncwn interme-

diate for varicus prostaglandins.

Wren Fried and his ccworkers [u45,46] treated epoxide 7
with 2lane 6, a completely stereospecific cpening o¢f the
epoxide was cbserved and 8 was isolated in €2% yield. Subkse-
quent removal c¢f the t-butyl gréup (usinc triflucroacefic
acid), and transformaticn of the triple tcnd to a dcuble
tend (using LAE) cave a mixture of C(9) and C(15) diaster-
ecmerse. After selective tritylation cf the primary hydrcxy

functién, the required 15 (S) iscmer was separated by chrcra-
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tcgraphy. Prctection c¢f the secondary hydrcxyl groups as
acetates, and selective detrilylation (90% acetic acid at

25°C) foilcwed Ly cxidaticn (Ft/0,) and base hydrolysis af-

fcrded the Ccrey 1lactone 10. Later, it was fcund that S

cculd te ccnverted to Ccrey 1lactcne 10 directly with plati-

num ané oxygen in £0% yield.
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Stork [47 ] treated cyclopentadiene cxide 11 with the
1ithiur salt of the ethoxyethylether cf 1-cctyn-3-c0l and cb-
tained cyclopentenol 12, isolated in 45% yield. The free hy-

droxy croup was protected as the benzyl ether, followed by
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selective removal éf the ethoxyethyl grcurp, and treatment
with benzyl chlcrorethyl ether tc give 13, which was ccn-
verted td 14 Yty regiosrecific additicn ¢f hypobromous acid
(NBS in DMSC-H,C) . Oxidation of bromchydrin 14 with Jones'
reagent follcwed by addition of the top chain completeé the

synthesis.
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Sih and his coworkers [48] in 1972 repcrted the first

synthesis cf prostanoids, 15-decxy PCE4, wutilizing the ccn-

o | |
- . . M . -
| /dj/ (CHy)sco,Me 4+ wBusPLi Cud
THPO i 2
' (_) 16 : , o/\

(-)17

CSHH

w(CH)COoMe -~ (_)pgE,

w L

jugate additior of suitably substituted cyclpentencnes. Lat-
exr he extended the use of conjugate additicn tc synthesize

PGE [49,50].

When substituted optically active cyclcplentenone 16 wes
treated with crganccuprate . 17, cbtainaktle frcem
3(S) ~hydrcxy-1-iodo-1-trans octene, a sterecspecific addi-
tion was obseved and (-)-PGE, methyl ester was isclated in
65-70% yield [%1,52]. A similar conjucate addition was used

fcr the preparaticn of (-)-PGE, [52,53].
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Stork and Isobe [S54] repcrted another applicaticn cf

ccnjugate addition. When U-cumylcxy-2-cyclcpentencne 19 was

I~ CsHr

reacted with the cuprate-tri-n-butylphosphine complex from
3(S)-trans-1-icdo-cctene-3-0l benzyloxy methyl ether (20),
followed by formaldehyde, a ca. 1.3:1 ratic of (resp.) 23
and 22 were obtained. Hydroxymethylcyclopentanone 23 was
cenverted to methylenecyclopentanone 24 by\ mesylaticn
foilowed by Lase treatment. Addition of 24 to the
divinylcuprate obtained from the vinyl iodide 25 gave 26.
Removal of the ethoxyethyl group, oxidation and reduction of
the C(9) keto group using tri-isobutyllithium borochydride

ccmpleted the synthesis [55].

I -
ja -“
o_ - -_ab o CsHu —
'¢:>‘: - ¢:><:

19 21

OMm

\/o\/¢ -
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2.5 PISCELLANEQUS APPROACHES
There are less ccmmon approaches to Prostancids starting
with bicyclohexane, bicyclooctane and bicyclcnonane deriva-

tives.

- 0riginally developed by Just and Simonovitch [56] and
later rodified in collatcration with the Upjchn greup [57],
epoxide 1 was treated with either formic acid at rccm temp-
‘erature or trifluoroacetic acid at uooc, giving a mixture

from which dl-PGE‘1°= methyl ester cculd be isclated in 2-3%

yield.
HO OH
o (CH,)sCO - Me A (CH: )sCO, Me
—>
CH-CH-C;sHy HO
Yo’ | OH
I c'il-PGZE"lcl methyl ester
| + 15-epimer

‘Later the Upijchn group [ 58] modified the procedure by
treating 2 with osmium tetroxide, giving a rnixture of four
diastereoisoreric glyccls. Conversion to the corresponding

bis-methanesulfonates 3 and then treating them with acetone-
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«(CH;),COMe w(CH,)sCO2Me

CH=CH-C:sH11 %H_C;—CSHH
| MsO OMs
2 3
o .
SN CO:zMe
HO"
OH

c.'ll—PGEl methyl ester + l5-epimer

water cave apprcximately 5% of d1-PGE, methyl ester. Just
and Fernadi [59 applied this prccecdure tc the preparaticn

cf d1-FGE, methyl ester.

Trte Upjchrn group found that when an endc-bicyclohexane
isomer derivative was treated under similar ccnditicns, the

yield cf PGE2 methyl ester was imprcved tc 15%.

Ccrey [€0] on the other hand started with
é-methcxy—bicyclo[3,1,0}hex-1-ene 4. Treating 4 with dichlc-
rcketene followed by dechlorinaticn and Paeyer-Villicer oxi-
dation gave 5, which after cleavace of the methyl ether
croup using bcron tribromide provided the key intermediate

[
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Oxidaticn cf 6 with chromic acid gave Ccrey aldehyde 7
which was imrediately ccnverted by Emmcns-Hcrner reacticn to

enone £ ﬁhich was isolated in 12% yield (based on 6).

Ivrner's synthesis {[61],

the only example with a
bicyclc[ 3,3,0]octane precursor, starts with the inexrensive,

ccmmercially availakle dicyclopentdiene (dimer) 9, This was
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cenverted tc glycol 10 in  28% yield by ccld pctassium
cermancanate. Cleavage of the glycol (10 tc. 11) and conver-
sion cf the dizldehyde to a diketone gave 12. Csmium tet-
rcxide cxidaticn cf the remaining double kcnd, acetylaticn
and Bayer-Villiger oxidation provided tetraacetate 14. Sapc-
nification of 14 and the pericdate cleavage cf the resulting

tetracl 15 affcrded Corey lactcl 16, and the rest cf the

synthesis was ccmpleted using conventicnal methods.
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2.6 (CHIRAL PFCSTAGLANLCIN SYNIHESIS

Basically there are two kinds cf apprcaches in obtaining cc-
tically active prostaglandins without goinc through the tirme
ccnsuming, inefficient‘procedures of chemrical rescluton i.e.
eifher the chirality should be introduced at scme point in
the synthesis Ly the use cf chiral reagents, or one shculd
start from . readily available optically active starting ma-

terials.

Sk e e e oo Sy ememan b e e . -

2.6.1.1 The Hcffmann la-Roche Approach

Fartridge, Chedha and Uskokovic at Hoffmanr La-Rcche [62]’
developed an asymetric synthesis cf epcxy dicl 3, which had
been previously ccnvertéd to prostaglandins byAFried and his
ccworkers. Wren cyclcpentadiene substituted ester 1 was
treated with (+)-di-3-pinanylborane fcllowed ty alkaline hy-
drogen percxide, optically active hydroxy ester 2 was iso-
lated in U45% yield. - The prcduct was cf 96% cptical purity.
Subsequently 2 was converted toc optically active prcstazglan-

din intermediate 3 by simrle chemical transfcrrations.
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'246.1.2 Micrcbial Transformation

Microbial transformations have also been used as an alter-
nate way to cbtain optically active prostaglandis. Sih ete.
ale. [52] obtained (+)-3(S)-icdcalcohol 2 in 10% yield by mi-
crobial reduction of 1 using washed cells cf Penicillium

decumbens.

'W - 'V\/\/\\/
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Sih et. al. [52] also found that the mcst suitable mi-

crobe for the reduction of 3 to 4 and 5 to 6 was Dipodascus

0 | o)
| (cH,); cooH (CH,)sCOOH
| —>
o o wo© O
3 4
)
e~__~(CH;)scO Me w~__~[cH,)sco,Me
. -—* \)
o) o |40§ ~o
S 6

uninucleatus which effected completely sterecspecific reduc-

tion (100% optical purity)e.

266¢1.3 Chiral Syﬁthesis cf Bicyclic Ketone

Lewis acid catalysed Diels-Alder reaction has been wused in
the prepération of optically active Corey bicyclic ketone 4.
Diels-Rlder reaction of (-)-menthyl acrylate 2 with cyclo-
pentadiene 1 gave adducts with up to 50% assymmetric induc-

tion. However Ccrey and Ensley [63] have found that the chi-
- 47 -
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ral alcohol 6 prepared from S-(-) -pulegone is superior to

that from (-)-rmenthol as a chirality transfer agent.

(?Bz o
+ RO )v —>
- | 2
1
BzO ' BzO
— > —
OR ' o
o )
4
3
o) OH
~ 0]
= —» —>
CHy' CH}
S : 6
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' 2.7 CPTICALLY ACTIVE PRECURSORS

In last few years, a few chiral syntheses cf prcstaglandins
have been reported starting from cptically active, naturally

cccurring materialse.

2.7.1 ann§gn:§ Synthesis
Jchnsor and his coworkers [64] repcrted the preparaticn cf
Ccrey-alcohocl starting from naturally cccurring sugar

S-(-) -ralic acid.

2.7.1.1 Retrcsynthetic Analysis (Scheme-u)

By breaking the C(8)-C(12) bend, the Corey aldéehyde IV cculd
be derived from III by the use cf aldcl condensaticn. Alky-
latlon of protected S-( -)-mralic acid dlchlcrlde II could

cive 111 and stlsegquent transfcrmatlon to Corey aldehycde.

2¢7.1.2 Bctual Synthesis (Scheme=-5)

Treatment of S-(-)-malic acid 1 with acetyl chloride affcrd-
ed S-(-)-2-acetcxy succinic anhydride 3, which was ccnverted
tc the corresgonding succinyl chlcride 3 in 80% overall
yield by refluxing with dlchlorcmethyl ether in the presence
cf zinc chlcricde as a catalyst. PRlkylation cf acid chlorlde
3 was achieved Lty treating it with § eq. cf the dianicn cf
rethyl hydroger malonate (derived frcm methyl hydrocgen malo-
nate and iscprcpyl magnesium brcmide) at 0°c in tetrahydrc-

furan. The prcduct, “(-) -4 (S) -acetoxy 3,6-dicxcsuterate 4,
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SCHEME 4

Johnson's Retrosynthetic Flan
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isolated as an unstable cil in 70% yield, was then subjeéted
tc Dieckmenn cyclizaticn with a buffer (triethanclamine/
triethenolamine hydrochlcride) at pH 8.5. The cyclizaticn
was corplete in 30 miﬁutes and gave a mixture of cyclcpene-
ncnes S and 6. As 6 was the majcr preduct, the difference
ray lie in the transiticn states (1) and (ii) 1leading tc 5
and 6 respectively. In the case cf (i) the desired crienta-
tion may nct ke achieved as easily because c¢f the interac-

tion of the acetoxy group with the enclate chgen atcm.
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.SCHEME &

Johnscen's Synthesis
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Tre wajor product, 6, was purified by direct

crystalliaization (50% cverall yield from 3). Catalytic hy-
drogenation (5% Pd/EaSOA) affcrded the cyclcrentenone 7 in
95% yield. Either cis addition cf the hydrccen to the doutle
tcnd fcllowed ty spontanecus equilitraticn cf the resulting
g-keto ester «cr 1,4-addition tc the a«,B-unsaturated ketone
fcllowed Sy ketonizaticn would exflain the thermcdynamicaliy
stable trans-stereochemistry found in 7. Scdium borchydride
reducticn c¢f 7 followed by hydrolysis (potassium hydrcx-
ide/methanol) and acidificaticn afforded lactone 9 in 69%

overall yield from 7. - The subsecuent reducticn of the car-
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tcxyl croup of 9 was accomplished after prctection of the
hydroxyl grcup as an acetate (100%), followed ty its conver-
sion tc the acid chloride using dichlorcmethyl ether in the
presenfe of zinc chloride and reduction with sodium bcrchy-
dide. The overall yield of prostaglandin precurscr 10 ex-

ceeds 3I0%.

Stork's group at Coloumkia develcped an atundant chiral
Séurce for prostaglandins, namely carbohydrates. Because of
the relatively simple structure of the cyclcgentane nucleus,
he started with PCA and later extended a similar methodclcgy

to the PGE and EGF series.
2¢7.2.1 Stork-Raucher's Apprcach

2¢7¢2.2 Retrcsynthetic Bnalysis (Scheme-é6)

From a stereochemical point of view, the secrment C(12) to
C(15) seenrs tc be the mcst impcrtant in the structure cf
PGAz. The stereochemistry at C(8) was of nc ccncern since
this is an epimerizable carbon and can te trought to the
thermodynarically favorable configuration at any time in the
synthesis. PCA cculd be derived from 1 Ly the use cf Dieck-
rann cyclizaticn. Completion cf the side chain cculd ke dcne
through a differentiation btetween a primary and seccndary

alcoholic grours. I can te derived f{from I1 thrcugh the use
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SCHEME 6

Stcrk-Raucher®' Retrosynthetic Plan
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cf an orthoester-Claisen rearrangemennte. Wittig reacticn of
III (in equilibrium with hemiacetal 1IV) shculd lead to II.
There is a kncwn precursor for IV, the abundent natural

scurce L-erythrose V.

2.7.2.3 Actual Synthesis (Scheme-7)

" Reaction of 2,3-isopropylidene-L-eythrose with vinyl magne-
sium bromide gave the allylic alcohol 2. Prctection of the
primarylalcohol in 2 as the methYl carbonate ester followed
by orthoester-Claisen rearrangement with trimethylorthoace-
tate and mild hydrolysis gave 8. The choice cf a chlorofor-
rate ester for the protection of the primary alcohcl group
was essential tc the success of the next Claisen rearrange-
rent which regquired that the allylic alcochol functon, which
was masked as its acetonide in 3, be made selectively avail-
able. In fact, mild acid hydrolysis of 3 followed by treat-
rent with triethylamine (1 eq. in methylene chloride) gave
the allylic alcohol-cyclic carbonate 5. Orthoester Claisen
rearrangement of 5 to 6 was now carried out with-the orthc-
ester 11 and the resulting product was hydrolysed with pota-

ssium carbonate in dry methanol. The diol § was isolated in

59% overall yield from the acetonide 3.

The crucial transfer of chirality in the transformation
cf §A to 6 tock place as predicted presumakly because the
carbonate ring preferred in the equatorial orientation in

the chair transition state, as shown in 12. Since there is
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SCHEME 7

~ Stork-Raucher's Synthesis
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nc specially preferred crientation for the chain'R in 12, it
was exrected tkat the Claisen prcduct 6 wculd Le a mixture
cf diastereciscrmers at carbcn-8, as shown. Since C(8) is an
erimerizable carbon, it cculd be brcught tc the thermodynam-
ically more statle stereochemistry at the end. Partial hy-
drogenation of the triple bond over 5% Pd/BasSC,, selective
protection cf the primary alcohcl (as tosylate) followed by

protection of the secondary alcchcl (ethyl vinyl ether) gave

Cwe

the tcosylate 7 in 79% overall Yield from 6. Reaction cf 7
with di-n-butylcuprate completed the lcwer side chain. Di-
eckmann cyclization of 8 followed by acidificaticn gave the

11-deoxy PGE2 derivative 9, in which the acid chain has also
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been equilibrated to the correct epimer. The required dcutle
bend in the cyclopentane nucleus for PGB series was intrc-
duced by selective «x-selenation followed by oxidaticn.
Rfter removal cf the ethcxyethyl prctectinc crcup, (+)-PCR,
was obtained in 7.7% overall yield from 1.

2.7.2.4 Stork-Takahashi's Approach (Schere-8)

Stork extended his methcdclcgy to the synthesis cf FECE . The
absolute conficuration at C(11) was produced frcm D-glycer-

aldehyce

Methyl oleate was the choice for ccnstructing the
C()-C(9) segrnent because of the fact that its double bcnd
ends up at the proper place to be a latent carbecxyl of the
eventual heptancic acid chain. Cnce the internediate 2 was
fcrmed, the ccnfiguraticn of the rest cf the PCEy molecule

was cénpleted ty an efficient means cf kinetic resoluticn.
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247425 Actual Syﬁthesisw

Additicn of 3 in tetrahydrofuran to the anicn cf 4 (lithium-
diisoprobylamide in THF, 10% hexamethylphosphcranride, -78°C)
gave 5 after g‘hours.‘ Protection of the seccndary hydroxyl

group . (excess chloromethyl methyl ether, diisopropylamine)
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SCHEME 8
Stork-Takahashi's Approach
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10 I

gave 6 in 86% yield. Removal of the isopropylidene group and
simultaneus lactonizaticn (10% sulfuric acid-THF, rt, 48 hr)

- gave 7.

Conversion to the tosylate 8 was followed by its trans-
fcrmation to the hydroxy aldehyde cyanohydrin 9 via the lac-
tol (using diisobutylaluminium hydride). After protecticn of
the hydroxyl grcups (ethyl vinyl ether), the cyclopentane
ring of 10 was formed ky refluxinQ in benzene for 6 hours

with 3 equivalents of scdium hexamethyldisilazane.
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Cleavage cf the dcuble bond with sodium periodate-po-
taséium permancanate, removal of the ethoxyethyl protecting
group with aquecus acid and esterificaticn with diazomethane
gave 11 in 46% yield. Ireatment of 11 in ether-THF with 2%

sodium hydroxide provided cyclopentenone 2 in 80% yield.

When 2 Qas treated with 3 equivalents cf cuprate derived
from -racemic vinyl iodide 13 under kinetically controlled
conditicns, only the desired isomer 12 was obtained. Trans-
formation of the C(13)-cis-C(15R) sequence of 12 to the
C(13)-trans-C(15S) arrancement of PGE; has been previously

dcne and thus ccmpletes the remarkable synthesis of optical-

ly active PGE4.

2¢7.2 .6 From D-Glucose (Scheme-9)

ASoon after synthesizing PGA2 from a four cartcn sugar, L-er-
ythrose, Stork also utilized another carbohydrate, this time
a six carbon sucar, D-glucose in such a way that the chiral-
ity at C(11) as well as at C(15) were intrcduced together

[67].

By additicn of of cne carbon, using HCN, and simple
chemical reactions, gluccse was ‘converted tc the key inter-
rediate 1. The cirality at the‘eventuél C(12) centermwas ef-
fected using the orthoester-Claisen method (to produce 3).
The constructicn of the allylic side éhain C(1e) tc C(20)

was completed ty using essentially the same sequence of re-
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SCHEME 9

Frcm L-Gluccse 'Retrosynthetic Plan’
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actions as used in the synthesis of PGA . The crude product
4 was simultanecusly derrctected and lactonized to 5 (aque-

ous H,504/THF/Tt).

After protecting both of the free hydroxyl groups in § as .
as ethoxyethyl ethers, it was alkylated with the t-butyldiphe-
nyisilyl ether cf 7—bromo-qig-s-heptene-l-ol to give 6. Reduc-
tion of the lactone to the hemiacetal (using diisobutylalumin-
ium hydridg) was fcllowed by the addition of HCN and the remo-
val of the ethoxyethyl groups. Selective tcsylation of only
the primary alcchol and protection of the remaining alcohols

gave 8.

éyclizaticn was achieved by treating 8 with 6 equiva<
lents of potassium hexamethyldisilazane. The silyl protect-
ing group was removed with fluoride ion and the resulting
alcohcl was oxidized first to aldehyde (using Collins re-
agent) and then tc an acid (silver nitrate/aqueous-alcoholic
potassium hydrcxide), affording 10 in 83% isolated yield

(from 9).

The synthesis was conpleted by remcval cf the protect-
ing group in 10 (50% AcCH/THF) follcowed by reduction of thé

.ketone group thus uncovered with lithium selectride.
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SCHEME 10

Frcm D-gluccse °'Actual Synthesis'
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2.7.3 FEropm Igrtaric Acid (§shgmg:_1..1.i .

Coura end his coworkers [68] repcrted the ccnversicn of D-
and L-tarteric acid acid to 4 (R) - and
4 (S)-hydroxy-2-cyclopentenones resﬁectively. Since Stork

and Iscbe have converted (+)-4-cumyloxy-2-cyclcpentencnes to
prostaclandins, the use of R-8-hydroxy-2-cyclcpentenone can
provide optically active prcstaglanndins cf the natural se-

ries.

The pathway for making U4 (R)-hydroxy-2-cyclorentenocne is
summarized in scheme-11. Prctection of the clyccl nciety in
D-tartaric acid with direthoxypropane, reductcn cf both the

carbonyl grcu;s'to alcohols, fcrmation c¢f tosylates and
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SCHEME 11

Frem Tartaric Acid
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their displacement with icdide, provided crtically active
1,u-diiodo—z,3-isopropylidenedicxybuténe 3 in n2% yield.
This was reacted with the lithic derivative (5) cf methyl'
thiomethylsulfcxide (4) followed by acid hydrclysis to give

4 (R) ~hydroxy-2-cyclopentenone in £2.5% yield.
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2.7.4 From Ierrein (Scheme-12)
Mitscher and his coworkers [69] reported the rreparaticn of

4 (R) ~acetoxy-2-cyclcocpentenone, similarly useful as a

SCHEME 12
From Terrein '
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prostaglandin synthon, from terrein. Terrein is a metabo-
lite of Aspergillius fitcherii and has the correct absolute

configuration needed for prostaglandins.

Terrein was selectively converted to S-acetyl deriva-
tive 2 by treating it with acetic anhydride (1 equivalent)
and sodium acetate (1.5 eguivalent) for 48 hours at 65 C.
Reduction cf 2 with chromcus chloride in acetone afforded 3
in 99% yie;d. 3 was acetylated and the resultant dieneone 4
was cleaved using osmium tetroxide/sodium periodate oxida-
tion in agueous acetone. Decarbonylation of 5 was achieved
using Wilkinson's reagent and cyclopentenone 1 was isolated

in 56% yield.

2.7.5 Heinges's Bpproach (Scheme=13)

Weinges et. al. [ 70] have recently converted catalpol (1) to
cptically active tetrasubstituted cyclopentencne 4 and have
shown their desire to convert 4 into naturally occurring

forms of prostaglandins.

The cyclopentenone nucleus of 4 is the same as that of
the PGF series and besides, it also has two side appendages
in the oxidaticn states of alcohol and aldehyde, which could
te used in the stepwise introduction of twc side chains.
Hexaacetyl dihydrccatalpol 2 was isolated in almost guanti-
tative yield ty acetylation and subsegquent hydrogenaticn

from catalpol, which after LAH reduction in tetrahydrofuran

- §C =

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



SCHEME 13

Heinges's Approach

cave 3 via a recioselective epoxide cleavace. On treating 3
with scdiunr periodate 4 was obtained in 78% yield. The ccn-
figuration at C(6) of 4 should be the same as that cf catal-
pcl and correspcnds' to the C(11) configuraticn of prosta-

clandirse.

2746 Ohnc's Bpproach (Scheme-14)

Chno and coworkers [71,72] have successfully ccnverted aucu-

bin 1 to PCFje as well as 1l-deoxy-ll«-hydroxymethyl PGEé“.
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They staited with the known tetrahydroanhydrcacubigenin 2,
cbtained frcm aucubin by catalytic hydrogenaticn follcwed by

acid treatment.

The kncwn tosylate 3 cbtained from 2 was treated with
excess ethanedithicl in dimethcxyethane. and tcron triflucr-
ide ethterate (2.4 eg.) to give the moncthicacetal 4 in guan-
titative yield [71]. Ccrnforth oxidation cf U4 gave the lac-
tcne §} On treating 5 with boron trifluoride etherate (2.0
equivalent) in ethanethiol, the dithio acetal E was produced
quantitatively. After benzcylaticn (75% yield), the dithio
acetal grour of 1 was deprotected using N-chlcrosuccinimide-
silver nitrate in acetonitrile/water. The resculting erireric
rixture of aldehydes was converted to the mcre stable iscmer
8 by treating with potassium acetate/methancl in 68% overall
yield. This is homoloc cf Ccrey aldehyde was ccnverted to
11-de61y-11¢-hydroxymethyl ECF, . using conventicnal prcce-
dures. . Fer naturally occurring prostaclandins, the

11-hydrcxymethyl group of 8 was converted to 1l1-hydrcxy
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SCHEME 14

Ohno's Apprcach
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group using a known prccedure of decarboxylative

rearrangement [36]. ‘ .

In an alternate procedure {72], the free hydrcxl grcup
cf tetrahydroanhydroaucubigenin (2) was inverted by first
oxidation and then reduction by lithium aluminium hydride.
The resulting alcohol (9) was converted to its benzcate 10.
Ireatment of 10 with 1.1 equivalent of 2-acetoxy-l-heptene
and 1.1 equivalent of titanium tetrachlecride gave 11 as the

rajor rroduct.

,

Reaction cf the hydrcxyketone 11 with chlcroacetylchlo-

ride afforded the chlorcacetate 12, and treatrent of 12 with
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p-toluenesulfonic acid in acetic anhydride at 70°C for 2.5
hcurs cave the encne 13. Isomerization cf 13 to the mcre
stable enone 14 was achieved using a catalytic amount cf p-
toluenesulfonic acid in acetic acid at 105°C fcr 4 hours.
Reducticn cf the encne, remcval of chlotrcacetyl grocup and
introduction of the C(B) acid chain by esfablished prcce-
dures ccmpleted  the conversion cg aucubin  to

11-decxy-1l«-hydroxymethyl EGF,q

2.8 ENANTICCCNVERGENT APPRCACH

There 1is a third aprrcach in cbtaining crtically active
prostarocids. Unlike fhe more ccmmeh apprcaches which rely
cn classical chemical resoluticn and loss cf the undesired
€nanticmer, 1in this apprcach there is no intrinsic loss of

raterizl.

2.8.1 Trcst's Approach (Scheme-15)

Irost's key intermediate is such that a 1,3-hydroxyl shift
interccnverts the enanticmers [747]. 7The separation of the
required enanticmer and equilibration of the remaining
-mixture could conveft the whole mixture to any single

enatiomer.

The Diels-Alder adduct 2 of butadiene and acrylic acid
cave 1,as shcwr in scheme 15. The urethanes (& and 5) of 1
with ar optically active amine were btrought to equilibrium

by mercury (II) trifluorcacetate catalysed allylic rearrance-

y | - -
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SCHEME 15

Trost's Approach

o)
CO,H
—_— (o]
2 3
O+ Q
- HO ““OH
la 1= 1b
c02M3

‘0
o)—R R—%o
4 5
c02 Me

- 75 -

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



CO,Me CO,Me

CHO
CHO

Arcoo™ Y YOH Arcoo™

OH

7 8

(__:0 2 Me .

Q/CHO ’ S N=""\CO,Me
\\\ olllll
ArCOO z
OH
9 10

nent. The recuired diastereocisorer 5 was separated and the
remaincer (4) was subjected to the equilitrium ccnditions
acain. Thus the racemate was ccnverted eventually to the

single enantioreric isomer 1la.

Tre p-phenylbenzoate ester 6 cf 1la was hydrcxylated
with csrium tetroxide and cleavage cf the clyccl followed by
condensation of the dialdehyde 8 provided chiral prcstaglan-
din intermediate 9. Several prostanoids can be rregpared
from tris intermediate, hcwever Trost carried interrediate 9

tc a kncwn prostancid 10.
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2.8.2 Terashima's Approach (Scheme=16)

Jerashima, Yamada and Nara {74] started with a symmetric
ccmpound, cis-z-cyclopentene-l,u-diol 1. When they treated 1
with (S)—N-methylsulfonylphenylalanyl chloride (1.0 eqg.) 1in
pyridire (rt, i1t hours), they cbtained a nixtﬁre of monces-
ters (2 and 1) jn 51% yield and the diester g in 24% yield.
2 and 4 vere ccnverted to a single optically active prosta-

glandir intermediate 8, whereas the diester 3 'was ccnverted

back tc the starting material.

Efotection of the alccholic functicn cf 4 as the tet-
rahydrcpyranyl ether fcllowed by hydiolysis cf the chiral
acyl group gave 6. When 6 was subritted to crthoester-Clais-
en rearrangemert with triethylcrthoacetate, it gave cptical-
1y active 8 after alkaline hydrclysis and lactcnization. The
same ofrtically active isomer 8§ was alsc cbtained by orthoes-
ter Clzisen rearrangement on straicht 2 or its tenzoate.
Thus 2 and 4 were converted tc a single cptically active

prostaclandin intermediate 8.

By similax methodclcgy, the sare CIcCup of researhers
have also converted cis-cycyclohegene-l,u-dici to the cpti-
cally zctive cyclchexene lactone [75]. This cyclchexene 1éc~
tcne is an impcrtant prcstaglandin intermediate as shown by
Ccrey znd his coworkers. This work shcwed that the total
arount of ueso_compound cculd be converted tc a single enan-

tiomer.
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SCHEME 16

Terashima's Apprcach
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2483 Hoffmarm la-Roche Approach

The Hcffmann La-Roche group [{77], on the other hand, started

with a symmetrically suktstituted norktcrnene derivative, 1.

CH,OH
CH,OH
1
\
. .
CH,O0CONHR | CH,OH
CH,OH CH, OCONHR
2 3
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Meso intermediate 1 was treated with a chiral reagent and
the‘desired isomer 2 was separated by fracticn crystalliza-

tion. Since the undesired enantiormer is readily recycled,

the chiral efficiency of this synthesis is very high.

2.9° PROPOSED ROUIE ERCM IRIDOIDS
.Most cf the syntheses mentioned above require either a chem-
icalhresolution or an assymmetric induction, in both of
which the efficiency is cenerally low, is inapplicable to
large scale reaction, or fhe undesired isomer has to be dis-
carded or recycled. Although a few syntheses of optically
active prostaglandins have been repbrted which start with
naturally occurrinc chiral substances, theses are generally
fairly long, e.c. 17-21 steps from carbchydrates-[su—67].
‘The syntheses starting from terrein [69] or tartaric acid

[68] require 5 steps tc tring them as far as 4-substituted

cyclopentanone stace.

He believe, there is a shorter route to optically ac-
tive prostaglandins starting fror another natural source,
jridoids. The iridoids are optically active, cyclopentancid
terpene glycosides [77] and are ;tructurally'very similar to
prostaglandins. Many iridoids (e.g. . asperulcside, aucubin)
as well as the rprostaglandins are tetrasustituted at the cy-
clopentane nucleus. The hydrolysis of the encl ethar;acetal
moiety.in A could provide the dialdehyde E, which could be

epimerized to the dialdehyde C, an important potential pros-
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tagladin itermediate. The two side chains cf prcstaglandins

could then be introduced bty the use of successive.Wittig or

R | R
ww W
\o CHO
o _ “CHO
OR’ B
A .
R R
WU\ CHO N \“‘\\=/\A COOH
CHO
OH
c D

Wadswcrth-Ennons reacticn. The variations at the cyclcpen-
tane nucleus cf iridoids cculd alsc brovide new, yet un-
known, prostancids for investigation of their ticlogical ac-
tivitye. A few structural variations at the cyclopentane
nucleus of iridcids and their pcssible ccnversion tc prosta-

ncids ere giver below.

Initially, it was decided to investicate the mcdifica-
tion cf aucubin and asperuloside, in order tc study the
problers asscciated with the encl-acetal system, the extra

carboxyl carton for asperuloside, hydrcgenaticn (without hy-
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drogenclysis) with proper sterecchemitry, rrctlems ccmmon to
the ccrnversicn cf rany iridoids tc prostancids. The primary
cbjective has been to prepare a known ccrmpcund c¢f known
physiclogical activity. Since this project was started,
Ohno and his ccworkers reported (sec. 2.8.7) successful ccn-
versicns cf avcubin to prcstancids. Weinces (sece 2.5.6)
also reported the conversion of catalpcl tc a possible pros-

taglandéin interrediate. .

2,10 THE ABSCLUTE CONFICURATICN OF IRILCOIDS AND

- — ——— ——— ———— — o — — — — G — VA — Y > G ————— - - ——

. - > - G " S O - ——— —

Ee;gstrom and his coworkers in a series cf trilliant inves-
tigaticns 1revealed the structure of the whcle family of
prostaclandins purely by chemical degradaticn and character-
ization of the isolated products. Final prccf of the struc-
ture along with the stereochemical array of the molecule was
ottained by Abrahmson [79,80] fror a three dihensicnal sin-
cle crystal X-ray analysis of the tris p¥brcmobenzoate of
the methylester of PGF . FRecently the structures cf PGE;,
PCGE,, FGFy, PGR; and PGB, have also been deternined by X-ray
diffraction. Hcwever, althcugh the relative stereochemistry
cf all groups was firmly established by this procedure, the

absolute .ccfiguration remained to be determined.

Since all these prostaglandins have kteen either inter-
cenverted cr derived from each other, they uvndouktedly have

the sane absclute configuraticn. The correct aksolute ccn-
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figuration cf prostaglandins was assicned [€1] con the basis
cf cherical decradation studies. Dehydraticn cf EGE, (1) by
0.5N scdiur hydrcxide at room temperature resulted in the
fcrmation of a new compound, PCE, (2) which was ccnverted to
its méthyl ester with diazomethane. PGE, methyl ester was
then sutjeted tc oxidatiVe ozonclysis and the prcducts, mo-
ncmethyl sukerate 3, succinic acid 4 and «-acetoxyheptancic
acid £ were isolated. Saponification cf: the isolated
u-acetcxyhéptancic acid and measurement of the optical rocta-
tion cf the resulting acid as well as its scdiumr salt re-
vealed that it was 2(S) -hydroxyhertancic acid. The fcrraticn
of‘z(S)-hydrcxyheptanoic acid therefcre requires 1 tc be the
absolute structure of PGE . If the abtsolute structure were 7
insteag, cne would have expected' the fcrmation cf

2 (R) ~hydroxyhertanoic acid (7).

The structure and absclute configuraticn'of loganin 1
was fcund by X-ray crystallographic analysis cf the bromome-
thoxide pentaacetate 2, using heavy atom techniques [811.
Asveruloside 3 has been previously ccrrelated with loganin
[82] by its transformaticn to loganin pentaacetate: Selec-
tive catalytic hydrogenclysis of asperulcside tetraacetate
fcllowed by esterificaticn with diazomethane gave dialkene
4. Oxidaticn cf 4 with m-chlorc perbenzcic acid followed by
treatment with Lkoron trifuoride gave ketcne 6, which was re-
duced with scdium borohydride. The resulting hydro#y grcup

was inverted by tcsylation follcwed bty treatment with tetra-
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ethyl amrmonium acetate. the resulting locanin pentaacefate

was identical to the one obtained frcom naturally cccurring

loganin. Therefore asperuloside has the sarme absolute cc-

nfiguretion [83] as locanin and its conversicn to prosta-

noids will provide the correct absolute sterecchemistry.
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Chapter III
RETROSYNTHETIC PLAN

For most of the syntheses of naturally occurring prostaglan-
dins, fhe Corey aldehyde ({!) has been the key intermediate.
Boeth asperulcside and the Corey aldehyde are tetrasubstitut-
ed at carbons 8,9,11 and 12 of the cyclopentane nucleus.
However asperuloside possesses an extra double bond
[C(7)-C(8)] and also two extra carbons C(3) and C(10).
Reduction of the double bond frcm the nore accessible
(convéx) side cf the molecule and hydrolysis of the enol
acetal syster (for removal of glucose) would release
dialdehyde intermediate II. Removal of the C(3) aldehyde
group and epimerizaticn of the C(13) aldehyde group will
provide the 11-homclog cf the Corey aldehyde - I1I, further
degradation of which by a one carton unit will give Corey

aldehyde 1V.

The two aldehyde groups in {I have to be differentiated
so that C(3) aldehyde group will not interfere during intro-
duction of the w- side chain upon Wittig or Wadsworth-Emmons
reaction of the C(1) aldehyde. This may be accomplished by
the oxidation cf the encl-ether sysfem to give aldehyde-acid
V or reduction to cive aldehyde-alcohol VI which may'be OXi~-

dized to V after protecting the aldehyde grcup. The acid V
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SCHEME 17

Conversion cf BAsperuloside to Prostaglandins
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is a nalonic acid derivative which cculd be ccnverted tc the

hcmoloc of Ccrey aldehyde III, the key intermediate,

by the
lcss cf carbcecn dioxidee.

The proklems associated with the conversion of asger-

vloside to the key intermediate (III) are the fcllowing:

1. Hydrcgeraticn of the C(7)-C(8) Vdouble bend frem the
g—-face.

2. Remcval cf the gluccse.

3. Remcval cf the encl ether carbon, C(3).

4., Epimerization of the C{12) carbon.
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S« Eventual loss of C(10) if PGan is the desired goal.

rcutes :

The akcve trancsformations could be achieveé by the fcllowing

3.1 C€XIDAIION RCUIE (§QEEH§:1§)
SCHEME 18
Oxidation Route
o o
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-, » v/
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Oxidaticn of the enol‘ether

carbon of aspercvlcside can prc-

vide the dilactone YII‘ Reducticn

c¢f the dcuble bcnd (!1}
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tc VIII), hydrclysis, and decarboxylation and epimerization
can then give the thermodynamically more stable Corey

aldehyde homolcg III, a key intermediate.

Ccnversion of asperuloside to its tetrahydrc derivative IX,
followed by acid hydrolysis (for removal of glucose) can
provide the hemiacetal Xa« Hemiacetai Xa is in equilibrium
with the hydrcxy aldehyde Xb, which has a hydroxymethyl
group on the S5-membered lactcne. Cxidaticn c¢f the hydroxy-
rethyl group tc the aldehyde or the acid follcwed by the re-
tro Claisen or decarboxylation shoﬁld p;ovide the key inter-

rediate ;1;.

If it were bossible to isolate the dihydrcprcduct I
from hydrogenation of the C(7)-C(8) double bond, the remain-
ing enol ether bond could be oxidized to the lactone stage,
as 1in the oxidation route above, giving an alternative

synthesis of VIII.

The basic difference between the oxidafion and reduc-
tion routes is that in the former, the oxidation of unwanted
carbon C(3), fcr eventual removal is taken care of first,
while in the reduction route, the hydrocenation of the
C(7)-C(8) [C(;O)-C(ll) of prostaglandins] double bond is

planed first, and cxidaticn of C(3) at a later stage.
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SCHEME 19

Reduction Rcute
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Cnce obtained, III could be converted to
11-deoxy-11«-hydroxymethyl PGF,e in a manner [13,14] essen-
tially similar to that cf the c;:nversion of.the Corey alde-
hyde to PGE,,, itself. On the other hand, Lty protecting the
aldehyde of I1I, ‘and cxidizing the hydroxymethyl group to
carboxylic acid (XI), the protected Corey aldehyde XIi, a
we11~knoun intermediate for PGF, ,- cculd be cbtained using a
known [ 36] decradation procedure. Alteratiyely one could
first convert III to XIII by Emmons-Horner reaction followed
by oxidaticn and degradation tg XV, alsoc a known intermedi-

ate fcr PCF,, synthesis.
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Chapter 1IV
EXTRACIION CF ASPERULOSIDE

Historically, asrerulcside has been kncwn under several
names, such as chlorogenin {84], rubichlcric acid [85] and
alstonin. It was not until 1925 however, when Herissey [86]
isolated it for the first time in crystalline form fror As-
pérulo odorata, that the name asperuloside was ccined. The
correct structure was finally aséigned cnly in 1963 ¢ty

Briggs and his coworkers 87 7.

Tre isoclation of iridoids is known.to te complicated by
their instatility to acid. Asperulcside fpresents a special

probler of being unstable to bases as well as acids.

Briggs [87  1isolated asperuloside frcr five coprcsra
species: c. tenuifolia (2.9%), c. arbcrea (0.6%), c. rchbusta
(1.2%), c. rerens {1.7%) and c. 1lucida, and detected its
presence by colcr reapticn in 68 other species. The dried
bark of asperuloside rich plants was extracted with ethyl
acetate or acetone wusing a Soxhlet apparatus for 50-100
hcurs. RAfter filtration and concentraticn, the acetcne ex-
tract deposited colorless needle-like «crystals cf asperulo-
side (rp 1SH°C). The ethyl acetate extracticn, cn the other

hand wezs allcwed to stand for twc days after which the su-
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pernatant liquid was decanted. The residual viscous liquid
was triturated with alcohol, washed with hct acetone and

crystallized frcm methanol to yield asperulcside.

Fcr our purpcse, the best source of asperulcside in the
United States was Coprcsma repens, Wwhich we obtained frcm
Hines ¥Wholesale Nurseies, Santa Ana, Caif. and Strying Ar-
bcrefun, San Franciscc, Calif.. Initially when we tried
Brigg's extraction procedure, not even a traée of asperulc-

side was detected even after 200 hours of extraction.

With the failure in extraéting- asperulcside by a kncwn
procedure; we decided toc apply a variation cf Duff's proce-
dure [ €8] whick we had employed in the isclation cf a dif-
ferent iridoid, aucubin. For aucubin,' we bciled the rlant
cuttincs with hot water containing some calcium carbonate.
The water‘extract was ccncentrated; adsorbed on celite and
loaded on the top of a celite column pre-eguilibrated with
butancl-saturated water. The cclumn was then eluted with wa-
ter-saturated tutanol; the fractions containing aucubin were

collected and ccncentrated.

Wrken we arplied similar prccedures for asperuloside, we
did not have any success initially. However, when we omitted
the additon cf calcium carbonate, a mixture cf asperulcside
(Rf=0.88) and a slower moving ccmpound (Rf=0.73) arpeared on
TLC (when developed in 2/1 95% ethyl alcchcl-acetone and

sprayec with sclfuric acid, both cave a blue cclored spot).
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Bs with atcubin, the water extract was ccncentrated to

a dark krown gum and adsorbed cn celite. The adscrbed mater-
ial was 1locaded on the top of a celite colunmn previously
eguilitrated with butancl-saturated water, and the cclumn
was eluted with water-saturated butancl. B811 fracticns giv-
ing blve spots on TLC, namely asperuloside and the slightly
slower moving compound were collected and ccncentrated to
cive a brown gum. Vhen acetylated (acetic anhydide/pyridine)
the brcwn gum cave two products. Cne cf the products ap-
péared (TLC) to be the same as asperulcside tetraacetate
prepared frcm an authentic sample §f asperulcside given to
us by Ir. J. Bobbitt (University of Connecticut, Storrs).
The coclumn chrcmatography of this mixture cn silica gel (3/2
ethyl acetate-hexane) afforded rpure aéperulcside tetraace-
tate in U5% yield. The identity of the material was ccn-
~firmed by the elemental composition and ty comparisicn cf
its IR and NMR spectra with those of a sanple prepared from'

authentic (Bcbkitt) asperuloside.

It has been reported [87] that when asgperuloside is
bciled with water it suffers lactcne ring opening. When an
auvthentic sample of asperulcside was boiled with water, it
was fcund that this was indeed true and a ccmpcund slower
rcving than asreruvloside was formed (ILC). 1Ihis slower mcv-
ing prcduct has the same Rf value (compared side by side) as

the one we had cbtained from the extraction cf c. repens.

- g8 -
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The fcfmation of two products during extracticn and af-
ter acetylatior can be interpereted as the fcrmaticn of as-
prerulocside (1) and oper lactone 2 during extraction, which
on acetylaticn cave 3 (asperulcside tetraacetate) and hex-
aacetate 4. The yield of asperuloside tetraacetate by this
nethod was ‘improved when acetic anhydride was added a few

" hcours tefore the additicn of pyridine (presurably scme cf

o
0— HO  cOOH
Coprosma ) RN /-\ - g‘
Plants . A/o + l X {o
AcO Oglu . AcO Oglu
1 2
O
: - o AcO° COOH
cetylation _ \ o + . ‘/O
AcO OglufAc), AcO Oglu(Ac),
3 4

the slcwer moving compound 2 upd'erwent lactcne forxr;_atioﬁ).
Asperuloside tetrzacetate was thus oﬁtained in 0.15% yield
based cn the weight of the fresh plant material cormmitted to
extraction. Since the plant material we had initially cb-

tained was fairly old, . we assume that all the asperuloside
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was in the oren, free carboxylic acid fornm (2) and acetcne

was not able tc extract it.

Recause the water extraction procedure is tedious and
rather long, cther possible methcds of extracticn were ex-
tlored. A variation c¢f Brigg's hct acetcne methcd [87]

worked out successfullye.

We boiled young coprcsma plants with acetcne twice, de-
canted and concentrated the extract. The ccncentrate was
lcaded cn the top of a short silica cclumn and eluted with
acetone followed by absolute alcchol. The f;actions civing
blue spoté cn TLC (develcped in 2/1 ethyl alcchol-acetcne
and sprayed with sulfuric acid) were ccncentrated. Cn the
small scale (1C0 grams), we were able'to isclate asperulé-
side in 0.48% yield and the slcwer moving (open-lactone)

ccmpound in 0.25% yield.

Hcwever, cn a larger scale (20 kilocrems), we acetylat-
ed the whole ccncentrate after desiccaticn, and asperuloside
tetraacetate was isolated by a combinaticn cf chrematoaraphy
and crystallizaticn in 0.2% yield based on the weight of the

fresh plant material.
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Chapter V
HYDROGENATION

Cur‘objectiﬁe was to hydrcgenate the C(7)-C(8) double bcnd
" cf asperuloside tetraacetate 3 to either the dihydrc-product

5 or the tetrahydro-product §, and with the 2ll-cis stereo-
chemistry as shcwn:

0
0 Z
N
B ———
- ro '
AcO OgluAc,
3
o

e

s 0

~

AcO OgluAc, AcO OgluAc,

Note that the cutcome

of hydrcgenatiocn

for the C(3)-C(4)
dcuble bond does not really

matter since after remcving the
unwanted carbon C(3), C(4) will become achiral. It was hoped
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and expected that hydrcgenation would cccur from the tcp
side orly, to mimic the the stereochemistry («)- at C(11)
found in natural prostaclandins (because cf the ccmplex

shape ¢f the mclecule)e.

A we had discovered [89] that 5% Rhcdium on Carben in
etﬁyl ecetate was an effective catalyst/sclvent ccmbinaticn
for fhe hydrcgenaticn of ancther iridoid (aucutin) with 1lit-
tle hydérogenolysis, we applied this sequence (successfully)
to asperuloside as well. Hcﬁever, the temrerature was found
tc be the biggest factor in ccntrolling the number of prcd-

uctse.

It was fcund that when the hydrcgenaticn was done at
0°C, there was one major produt and few'mincr rrcducts. The
major product cculé be isoclated either by dcuble crystalli-
zation cr HPLC (Prep 500) . However when the temperature was
raised from -3C°C to 0% cver a pericd of 2 hcurs, the same

{(mrajor) product was produced in quantitative yield.

After carefully monitoring the reacticn cn ILC, it was
fcund that an intermediate (slcwer moving than startinc ma-
terial) was fcrmed at ca. -150C and as the temperature was
raised to -5°C, the intermediate product was cocnverted to
the final product. It was presumed that one dcuble tond hy-
drcgenates at -15°C and the other at -5°C. However no at-
fempt vas nade to isolate the intermediate since it was al-
ways fcund tC‘te‘contaminated with the starting rmateriel and
presumnably the tetrahydro-product.
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The elemenrtal composition of the dihydrc and tetrahydro
products are within experimental error of each other, and
therefcre must te differentiated ty cther means. The parent
peaks were atsent from the mass specra of bcth asperuloside

tetraacetate and the hydrogenated product, but several major

Bsp (Rc), Asp (Ac) 4 H,
——- 255 -
235 - 23¢9
193 197
175 ‘ 179

fragments with a mass difference of four wvere present, ve
ccncluded, therefore, that we had probably prepared 2a tet-
rahydicproduct. That the product was indeed tetrahydroas-
peruloside tetraacetate was later confirmed by finding the
molecular ion rpeak (m/e 196) of aglucone (tetracyclic ace-

tal) 14.

5.1 HIGH RESCLUTION NMR OF THE.IEIRAHYDRO BRCDUCT

From the NMR spectrum (270 MHz) of the hydrcgeﬁatién prcé-
uct, it was easy to see that the C(3)-C{(Z) bond had Leen hy-
drogénated, since the peak at §7.23 corresgcnding to the

C(3) proton cf asperuloside tetraacetate [{77,87] was absent.
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NMR data of Asperuloside Tetraacetate (3):

H3 =.§7.03, H7 = §5.76
HS = 63.48, H9 = 63.23.
H6 = §5.51

NMR data of Tetrahydroasperuloside Tetraacetate (6):

B, = §5.40, H, = 8§3.89
By = 83.74, Hy = §5.03
Hg = §2.57, Hy = 62.35

J(9,5) = 10.5 Hz, J(9,8) = 8 Hz, J(9,1) = 0 Hz,
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The C(9) fproton (63.23) was found to be a doublet of a
dcublet (J=10.5, 8 cps). Hcwever when the C(1) prcton was
irradiated (at 65.84), the C(9) proton still remained a doukb-
let of doublets except that it became slightly sharper.
Therefcre C(9) -C(1) prctons do not couple significantly and

their coupling constant [J(9,1) ] is almost zerc.

~ When the C(é) protcn was irradiated (at §2.6), the C(9)
proton became 2 doublet (J=10.5 cps). And whe% the C(5) pro-
ton was irradiated (at 63.7), the C(9) prctcn was still a
doublet with J=8 cps. Therefore J(9,5) is 10.5 cps and

3(9,8) is 8 cps.

Fcr a cyclopentane ring, the dihedral angle for cis
protons is atout o' and J would be eipected to be about ©
cps, while fcr trans protcns the dihedral angle.is 90o and J
would te expected to be 0 cps. Since the okbserved coupling
constant J(9,8) of the tetrahydroproduct (6) 1is 8 cps, the
cis relaticnship of hydrcgens at C(8) and C(9) 1is warranta-
ble. Note that this is the stereochemistry at C(11l) cf
prostaclandins. The assignment cf cis-sterecchemistry was
later confirrned byAthe X-ray analysis of the tetracyclic

acetal 13
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Chapter VI
HYDROLYSIS

Aftéer achievinc success in hydrcgehating the C(7)-C(8) dou-
" ble bpnd cf asperuloside tetraacetate, our next cbjective
was to get the aglucone 15 by removing the .cluccse mciety
from tetrahydrcasperuloside tetraacetate (6). It was neces-
sary tc remcve the glucose.withcut removing thke primary ace-

tate since oxidation of another yet unformed rrimary alcchol

is required later.

o
\\ _’
|
AcO 0 glu(Ad),
- o—¢° - o—¢°
A [/_\L OH
\! W\
=
I o ' 1. CHO
AcO. OH AcO
15 . . 15a
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Hemiacetal 15 has a masked aldehyde (15a) grcup which cculd
te used for the introduction of the lower side chain ccmmcn
to prostaglandins by the use of Wittig or its Wadsworth-Em-

mcns mcdificatione.

'oR'
0 RCH™
9 \ORU
L1 o B
\ [
cO 0
ACOCHZ
OAc
0’ _ |
O
OAc (o)
OAc - _
6 i7

The acetal structure of tetrahydroasperulcside tetr-
aacetate 6 is similar to that of the (non-redicing) polysac-
charide 17 and as extensive wcrk has been dcne in hydrclys-
ing the later, we decided to apply methods fcr hydrolysing
simple acetals (16) as as well as of cf pclysaccharides

@n.
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6.1 BCEIAL MEIHODS

Most cf the acetal hydrclyses we tried were either tcc rild,
giving no significant amount cf cleavage or were too strong,
providing many products (ILC). The follcwinc examcle from

the literature [90], however, provided the method of chcice.

AcO 260 .
AcO 0 cO O OH
-
' (o
Et0,C O - o
o O
18 ' 19

We considered this to be a good examgle, since the
functicnalities cormon tc our aclucone 15 (acetate group,
S-membered lactone and the hemriacetal) survived wunder the
reacticn ccnditionse. Under similar conditions (900, 3 hr),
the reacticn of 6§ was only partially complete, but we decid-
ed to isolate and characterize the components because 15 is
the key intermediate. Rglucone 15 was separated from glu-
ccse tetraacetate and unreacted starting rmaterial by flash
chrométography {91] and was isclated in 36% yield. The ana-
iytical data (elemental composition, IR, .NMR) were consis-

tent with the_structuré shcwne. Since this was an important
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' 5/1 AcOH:H,O, 90-100°¢
e L

1.5 hr.

AcO | Oglu(Ac)4

15 (36'/.)

pctential intermediate in our synthetic plan, we decided to
study this reaction thoroughly and - find the ccnditicns under

which the reaction was clean and complete.

Whken the reaction was continued for 1lcncer times, the
prcduct was found to be a mixture of two acluccnes, A and B
{ILC) , which were separated by cclumn chrcrmatograghy using
absolute alcchcl as the eluting solvent. It was found that
the best (isclated) yield of aglucone 15 was cnly about 50%
when refluxing was maintained for 24 hours; 1loncer pericds
cf time gave lcwer yields. The yield of agluccne-B (yet un-
known structure) increased with reaction time but apparently

at the expense cf aglucone-A (15). By monitcring the reac-
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tion cn TLC, it was found that refluxing fcr at least fcur
days wes necessary for complete disappearence of agluccne-A
with fcrmaticn cf only aglucone-B. 1In practice the reacticn
was allowed to reflux fcr 8 to 12 days, after which it was
casier to separate the by-products (presumatly glucose cr
its deccompcsition products) by simple liquid-liquid (wa-
ter/chlcrofcrm) extraction. By this procedure aglutcne-g was
isolated in 86-92% yield. The fcrmation cf aglucone-E frcm
agluccre-A (15), the observed elemental ccmpcsition and the
ébsence of the acetate grcup in the NMR sucgested that aglu-

cone-B might have one of the fcllcwing three stuctures:

14
o —° o—°
\‘\\\ \ o /4 o
| e
HO OH

20 21

..]:11-
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The abéence of a peak due to ; free hydroxyl group in
the'IR aé well as the inertness of aglucone-B toward acety--
lation (treatment with acetic anhydride/pyridine gave cnly
recovered starting material) ruled out the possibility of
structures 20 cr 21, and therefore structure 14 was tenta-
tively accepted. That the real structure was indeed 14 was

later confirmed by X-ray analysis, and is all c¢is as shown:

H - 4,

= 0y, O
et

14

The same tetracyclic acetal 14 was also obtained in
roderate yields (43%) ty refluxing tetrhydroasperuloside
tetraacetate in acetone with a cétalytic amount c¢f sulfuric
acid. Note here the similarity of 14 to the tricyclic acetal
ckttained from aucubin by Chno [72] (10, pg 72) (and previous-

ly by Schmid [92]). Thus this is not an unexpected result.
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6.2 EQOLYSACCKARICE METHOD

From literature survey [93] it was found that polysacchar-
ides éculd te cleaved by treating them with a mixture of
acetic anhydride and sulfuric acid. When this was tried on
6, heating on a steam bath, there was very little cleavage
even after 5.5 hours. However when few drcps cf acetic acid
were aéded, the starting material disapreareé at rccm tenp-
erature in 5§ hr.. The rproducts were found to ke agluccre
22 and gluccse pentaacetate 23 and were serarated by cclumn
chromatcgraphy. The NMR c¢f 23 was identical to that of au-

thentic B-ancmer, except for the signal due tc cne (acetal)

proton; it appears that we have prepared the a-ancmer.

Literature [94] shcws that a hemiacefal acetate can be
cleavec¢ in the rresence of acetafe (24 to 25) (with AcOH/H20
0
/JTHF, 5/5/13 25 , 1% min). Under similar ccnditicns, hcw-

ever acluccne “diacetate 22 gave no reacticn even up tc 1
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0 o—¢°
Q Ac,0 /AcOH/H' Q
T
o O
W "'/,,, 7~ w
i | o
AcO Oglu(AC)4 AcO OAc
6 22(s5 )
+ QIU(Ac)5
' 23(88%)
OAc
o
- = AcOH_/H,0/THF (5:5:1)
| 25°c, 15 min
AcO :
OTHP
OH
24 o
Aco” :
OTHP

25

hr.. Cn the other hand, the hydrolysis of tetrahydroasper-

uloside tetraacetate € gave variable

yields cf the aglucone-
diacetate 22 (0-65%). Careful investigaticn showed that

part of aglucone 22 was hydrolysed during the aquecus work-
up to give the aglucone 15

(which stayed in the water lay-
er).
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6.3 'SUMMARY
We were unable to find a simple one step prccedure for mak-
ing pctential aglucone 15 from tetrahyéoasperuloside tetr-
aacetate, althtcuch it seems possible that the two step prc-
cedure, namely, treating tetrahydroasperulcside tetraacetate
with acetic anhkydride/acetic acid/sulfuric acid followed Ly
" aqueous acid wcrkup could lead to agldcone 15 in gcod yield.
Cn the other hand, a very high yield (86-92%), one step prc-

cedure for naking tetracyclic acetal 14 without chrcmato-

graphic separation was found.
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Chapter VII
& NEW PROCECURE FOR CLERVING ACETALS

Chno ard cowcrkers [72] tepcrted an elegant synthesis of cp-
tically active prostaglandin from a different iridoid, aucu-
bin. B key ster was the use of the Mukaiyama reaction [95]
on the known tricyclic intermediate 27 obtained from aucubin
(26) . When 27 was treated with titaniur tetrachloride
(l.leguivalent) and 2-acetoxy-l1-heptene (1.1 equivalent), 28
was obtained 2as a major product and 29 as a rinor prcduct.
The majcr ccmpcrent was separated using chroratography, and

was then carried on to prostaglandinse.

HO - ocop
\ > s > Q \I |
‘1, /o = hy, /o
i 4
HO Oglu ~o0
26 97
0CO¢ 0CO0¢%

Hune

O/%

/lllllll
o
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Ccnsidering the similarities of the tricyclic acetal 217
with tetracyclic aglucone (acetal) 14, and knowing a high

yield rrocedure of cbtaining 14 from asperulcside tetraace-

/nmu
O\

o
/llllllll
O\\

27 14

tate without ary chromatographic separation, we were tempted
to try a similar procedure with the hope of cetting interme-
diate 30 (Scherme 20). which in turn cculd ke converted to

31la an¢ then tc prostaglandinse.

Tte whole scheme amounted to finding a ccod scurce for
enol~écetate 33. During the 1literature survey tc find a
gcod preparative method for 33, it was found that Hcuse and
Kramer [96] had made 2-acetoxy-l-heptene frcm 2-heptanone
(32) ty first making the kinetically contrclled enclate an-
icn, wusing lithium diisoprcpylamide, fcllcwed by quenching
the rezcticn mixture with acetic anhydride. A mixture of
enolate acetates was isolated in 36% yield kut it was not

easy tc separate the required (kinetic) enclate acetate 33

- 117 -
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SCHEME 20

(o]
14 30
o)
Q_T
— — —> N > PG’s
|

AcO o

31a

from the thermcdynamically controlled iscrmers 34 and 35

Therefcre we cculd not use this prccedure fcr preparative

purpose and a different approach was soucht.

Hudrlik and Hudrlik [97] have made 2-acetcxy-l-hexene
as well as 2-acetoxy-l-octene (kinetically ccntrolled enol
acetates of 2-hexanone and 2-cctancne) frcm 1-hexyne and
l1-octyre, respectively. This is the procedure (alsc used Lty
Chno [72]) which we decided to try. The required majcr

product 37 was easily'separable fror the nmincr prcducts on
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GC. Useful amcunts were obtained by this prccedure in 23%

(isolated) yield starting from l-heptyne.

(o} ’ 1_Li+ N-(é-Pr)2
/u\/\/\ ' -
2.(CH,C0),0
32
OCOCH, ‘OCOCH,
)\/\/\ +
H
33
34,35

Ha(0COCH,), . BF;- Et,0

— —
o CH.CO),0
36 (cn;c0).
OCOCH, o
+ /U\/\/\ +
3. 32
CH,co0—=—" ">
38
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Hcwever, the Mukaiyama reaction of 14 with either
2-acetecxy-l-hegptene (37) cr iscprcpenyl acetate under condi-

tions similar tc those of Ohno or Mukaiyama, gave no reac-

z : O
o '\o/'\/lkR
14
39a’ R = _CH3
,39b, R = -CH,,

tion, and only startiné material was recovered. When the re-
action was investigated more carefully, it was discovered
that conly 43-57% (isolated) of the starfing material was re-
covered by using the usual wcrkup procedure. Similar to
Chno's results [72], a majocr (slower moving) and a minor
(fast nmoving) products were found by TLC exanrination of the
reacticn~mixfure. These products disappeared during usual

basic workup.

We finally resolved this workup problem ty first adding
a few drops cf water to the reaction mixture followed imme-

diately by 24ding excess solid scdium bicarktcnate or carbo-
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nate. The fitanium dioxide formed in this manner was chunky
and separated easily. The organic layer was simply decanted
or filtered cff and the organic products were then isolated
in 88% yield, =simply by concentraticn. The major product

was serarated ty crystallization using hot ethyl acetate.

2 |
2 o 0 H
A

147-150'C

. ———> mp 115-6 C \ mp
~ (40a) ,
o

(a0b) 41

Elemental analysis c¢f the major product from reacticn
cf tetracyclic acetal 14 with either iscprorenyl acetate cr
2-acetcxy-1-heptene did not correspond tc the exrected stuc-
tures 39a and 39b. In fact, the elemental ccrpcsition of the

two were identical! Reﬁeated crystallizaticn cf #40a(mp 115-6°¢)
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or 40b (mp 133—3u°C) gave a single new product (41) with
Bp 1u1-1so°c.; the process is catalysed by adding few drcps

of methanol.

The mystery was finally resolved when it was fcund that

41 was identiczl in mp, mix mp, IR, NMR and elemental comgc-

sition to ;5; which was 1isolated previously by refluxing

tetfahydroasperuloside tetraacetate in 5/1 acetic acid-wa-
ter. 40a, 40t and 41 are probably epimers‘;t C(1) and/or

.C(9) . No atterpt was made tc ccmpletely characterize the
minor rroduct, which is probably 42. The formaticn cf prcd-
ucts in the atcve fashicn is explained in Scheme 21. The
différence might be due to the presence of the extra ring
(S-memkered 1lactcone). We also do not know yet why the

S-membered oxonium ion 48 in Chnc's system reacts with the

enol acetates while the 6-membered ion 43 in our case dces

not.
o ° 0CO9
= \\\\\\‘ Q\\\\\\\\/ o T i Cl 3
w “, %’ = E
-+ = Y
CITiO No”

43 48
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SCHEME 21

0~ 14 o
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e Z NCsHyq, : WS
e
., O ,, O
| & | § 5
o 43 AcO o
CL,Ti l c‘ CsHy,
: o—° o—°
, 44 l
CLTiO l ci AcO 42

o
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a1 15
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AcCl
R-OTiCl, — R-0-AC 4 TiCl,

49 50
From these studies, it was found that the enol acetate
is apparently dcing nothing more than replacing the -0TiClg
group ty the -CRc croup. It occured to us that, 1in princi-

ral, the same thing could also be done by using acetyl chlc-

ride;
o)
Q—r © o
~ \\\\\“\ 1. Ticl 4 , AcCl S W
—
: ,,}’0/0 2. aq. work up o O
-0 AcO OH
14 . 15

When tried, the success was beyond our expectations and
the potential aglucone 15 was isolated in 95% yield using
this procedure. Failure of the Mukaiyama reaction on cur

system and our determination tc find conditicns under which

this will work 1led us to the discovery of this new method
of cleaving acetals. Rlthcugh it is a two ster procedure for
obtaining the aglucone 15 from tetrahydroasperuloside tetr-
aacetate, it does give a high c¢verall yield and needs no

chromatogrphic separaticn.
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Applicaticn of this reaction to 51 [98], obtained from

aucubin gave an equal amounts of aceylated aldehyde $2 and

o
o
B

0~ “OMe
51 ‘
o—° o °

W + \
| CHO
H
AcO 0_ 0‘

52 (zsz) 53 (25 ")

hemiacetal 53 (no search was made for rethyl acetate).

Lower yields were primarily due to the small scale of the

experiment.

Since Ohno and his coworkers [71] have carried the ben-
2cate 31b to both PCF,,. and 11-deoxy-ll«-hydroxymethyl
PGFéal, we attempted to alter our procedure to producé ben-
zoate 31b instead of acetate 3la. It seemed reasonable that
titanium tetrachloride/benzoyl chlcride reaction with 14

would produce the benzoate hemiacetal .24, which cculd then
- 125 -
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e I
~o" ., ¢ €00 oH 54
o
0 o—°
) \ o . . \ A\
| 4 | i
AcO OH RCOO
|5 3' a ’ R=- CH3
3ib, R=-CgH;

be trarsformed to 31b. Hcéever, when attenpteé, we fcund
that there was practically no reaction even after 3 hrs. at
rcom temperature (vs. 15 min. with TiCl,/AcCl at OoC). When
we continued this reacticn for a lcnge; pericd cf time (2

days/rt), a new prcduct, 55, was isolated in 74% yiela.

The process does not seem unreasonatle, since the lcng-
€Y reaction time (2 days) and higher temreratctre (rt vs OOC)
required to prcduce the intermediate 56 (oxcnium ion) shcould
also have icnized chloride Z7. Eventual lcss cf a proten to
give tte prcducf (enol ether) 55, would cccur irreversibly,
similar to the formaticn of the minor compcnent 42 formed
during the titanium tetrachlcride/acetyl chlcride cr encl

acetateAreacticn on our tetracyclic aéetal i4.
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56 57

Therefcre the hope c¢f getting the tenzcate 31b had to
be given up and we diverted our attenticn tack tc cbtaining

the acetate 3la, as had crigcinally been planned.
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Chapter VIII
INTRODUCTION CF THE LCWER SIDE CHAIN

During the literature survey, it was found that Harriscn and
" his coworkers [99] have introcduced the lower side chain by
the use of the Wadsworth-Emmons modificaticn c¢f the Wittig

reacticn'on a hemiacetal (5-membered) 5S8. Hcwever the re-

sulting hydrcxymethyl added tc the encne pcrticn in a Michel

CH.OH CH,OH
= WA (o{0) 2 R Q\\“\\/WCO 2 R
0~ +OH | E /l/\;(\/\/
. o | o
58 59

reacticn and orly the adduct 59 was isolated. Similar use
cf the Nadswcrth;Emmons cr Wittig reacticn cn cur hemiacetal
(6-memtereéd) 15 could provide the encne €60 cr the Michael
adduct 61, each of which in prinfiple cculd ke conve;ted>to

prostaclandin intermediate 3la.

ﬁimethylsulfoxide was initially found tc be the mcst
suitable sclvert. Althcugh scdiur hydride did not give re-

producitle results on the small scale we used due tc the in-
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61 : 3la

homogeniety of the sodium hydride sample, butyllithium
worked well. After studyiné the reaétion with varicus equi-
valents of base, phosphonate and at different temperatures,
the set of conditions (shown below) was found to be the best.

The product was ultimately isolated in 73% yield.

The Wittig product 60 was found to be a mixture, sepa-
rable on HPLC, of two diastereoisomers 60a,b in a ratio of
approximately 8 to 1. The evidence suggests them to be epim-
ers at C(7) rather than at C(12). From the literature [72]

it was found that when the four groups on the cyclopentane
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(o) o | 6 eq. n-BulLi
s “ 6 eq. (MeO) ZPOCH2€005H11
E j\\‘

L
o o rt-50°C 0.5 hr.
I e 50-55°C 3 hrs.
AcO _ OH
15

60 a,b (73%)

#CO0  CH,OCHCI

#CO0  CH,OCH,CI

\\\‘\\\
H(s 61 9)
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'\\\\ “u M/ \\\\

AcO ("7"’3’)'!' (o)

\\“\\

~H(se~zo)

62a
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nucleus were in a cis-cis-cis configuraticn as shown in 62a,

the chemical shifts of the enone protons appear at §7.03 and
86.19. On the other hand, in the cis-trans-trans configura-
tion as shown in 62b, the enone rrotons appear at §6.69 and
66.20. Since both products 62a and €62b showed enone protcns
at §6.€5 and 66.20, it éeems very likely that the lower sigde
chain is attached B8 to the cyclopentane ring (and was epim-
erized either during the Wittig reaction c¢r the rrevious
step) . The ccupling ccnstant (J = 16) of the vinyl protcns
confirred the rresence cf a trans double bond. Thus 622 and

62b must be epimers abcut the only other epirerizable car-

bdn,ZC(7).
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Chapter IX
CXIDATION AND DECARBOXYLATICN

The last stage c¢f our synthesis required the remcval of the
hydroxymethyl croup from 60 withcut destrcying the lactcne,

enone cr the acetate moietiese.

(o,
o—° 0
: \wW%J,OH z o
W l\\‘ ;
AcO o AcO o

60 31a

Direct rencval of the hydroxymethyl grcup (retrcaldcl)
under neutral, acidic cr basic conditions was not success-
fuvll ard rather gave a mixture cf products. We thcught how-
ever, that cxidation of the hydroxymethyl grcup cf 60 tc the
aldehyde 63 followed by retrc Claiseh reacticn or cxidaticn
tc carboxylic acid 64 followed by decarbcxylaticn could

Fosssiktly lead to the target molecule Q;g,

All attemrts to oxidize the hydrcxymethyl group of €0

(Collirs, Ccrey's procedure [1007 wusing pyridinium dichrc-

-.]:32-
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W COOH
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AcO (o)
64

nate) were unsucessfull. When an insufficienf agount cf
Ccllins reacent was used, a new product, presumably 63 ap-
peared (HPLC), only to disappear with sufficient cr excess
reagent. Nc attempt was made to isolate cr characterize this
new prcduct because of its fcrmation in very pcor yield. At-
tempts to oxidize ‘the hydroxymethyl group to a carbcexyl
group with pyridinﬁum dichromate in dimethylfcrmamidee
(Corey's prccedure [100]) were alsc unsuccessfull. Cem-
pounds a.having hydroxy groﬁp g to the keto cxr ester grours
are kncwn to break at the adjacent carbon cartcn bond. How-

ever we can cnly speculate and do not know fcr sure what is

happening.,
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Initial ettempts to oxidize 60 wusing Jcnes' réagent
undér mild conditicns fer a shcrt pericd cave back the
startirg material. Higher temperature (refluxing acetone)
and.shcrt exposure worked well however and expcsure cf 60 te
Jcnes® reagent for only 60 seccnds in refluxing acetcne gave
the carboxylic acid as a mixture of two ccmpcnents (a majer
" and a_ninor, bcth soluble in scdium bicarbcnate) 1in greater

than 9t% yielc. .

The crude carboxlic acid was finally decartoxylated Lty

refluxing in glacial acetic acid for 3.5 hcurs. The overall

T vl
\\\\\\ co o H _—_> \\\\\\\
AcO 0 AcO 0

64 31a

yield cf oxidation and decarbcxylation (twc steps) was found

tc be U4%.
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Chapter X
CONCLUSICN

Cur sucessfull conversich cf asperuloside [1C1! is described
in Schene-22, Asperulcside tetraacetate 3 was hydrcgenated
cverisﬁ Rhedium on carbon in ethyl acetate:at 1 atme. by
stérting at -30°C and raising the temperature slowly tc OOC
during 3  hcurs. Tetrahydrasperuloside tetraacetate §€ was
isolated in virtually quantitative yield. Hydrclysis of 6 in
refluxing acetié acid/water (5/1) fcr 8 days at 100-110°C

afforded all cis tetracyclic acetal 14 in 86-92% yield.

When 14 was treated with TiCl, (1.25 eg.) and AcCl(2.5
eq.) ir methylene chloride for for 45 min. at 0°C, hemiace-
tal 15 was isolated in 95% yield. Wadsworth-Emmons reacticn
{21] of 15 proceeded smcothly with 2-oxohertylrhosphcnate (6
eg.) and n-butyllithium (6 eq.) in DMSO fcr arproximately 3
hcurs et 50°C, ¢iving a mixture of 60a/b (8/1 ratic) in 73%
yield. Expostre of 60 to Jones's reagent in refluxing ace-
tcne geve unstatle carbexylic acid 64, which was decarboxy-
lated withcut further purificaticn by ;efluxing in glacial

acetic acid, tc give 31a in 74% overall yield.

Since Chnc and cowecrkers [71,72] have converted the

benzoate 31t tc PGE‘Z‘= as well as ll-deoxy-ll«-hydrcxyrethyl
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SCHEME 22

Conversicn of Asperulcside to Prostaglandin Intermediate

0 —+ ()-—-145)
< o 3 .\\\\“ b
S e S
v, \\\\\ 7 {o
AcO OQ!U(AC)4 AcO . 0g Iu(AC) 4
3 6
- T
o—° o—+¢°
5 Hal 3 H d
W -E_’ W \ <5
w o H - "'/,/ / O
AcO OH (o
— 15 14
0 (o] 9 O
A 2 ., OH
(Y => s
o “n,,0 S
I g | 3
AcO OH AcO
15 60
o] o]
9_[ Q—T
- \\\\\\\ c 0 0 H g ~ \\\\\\
| T | |
AcO . ‘ AcO o
64 :

a) H,, 5% Rn/C, Et0Ac, -30°C to 0°C, 3 hr.; t) 5/1 AcOH/H,C,
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teflux. 8 days; c¢) 1.25 egq. TiCl,, 2.5 eq. AcCl, 45 min.,
0%c; a) 6 &q- n-Buli, 6 eq. (MeO), POCH2C0C5H" , Yt-50"C, 0.5
hre; 5C- 550 C, 3 hrs.; Jones' reaaent, refluxing acetone, 60
seconds. f) glacial acetic acid, reflux, 3.5 hr..

PGF, we assume that our acetate 3la would give the same

2’
prostancids using similar procedurese.

10.1 CONVERSION CF BENZOAIE 31b IO BGE,.:
Ohno and coworkers [71] treated the enone 31b with zinc bo-
‘fohydride. and cbtained a mixture of 15(S) and 15(R) alco-
hols. They 1isclated the required 15{5) iscmer by column
chromatoéraphy.on silica gel using ethyl acetate as eluent.
Protection of the desired alcohol (dihydrcpyran/p-toluene
sulfonic acid) followed by methanolyéis with an equimolar
amount of potassium carbonate in methanol gave the alcohcl
66, which was converteé to the carboxylic acid by reacting
with Ccrnfcrth's reagent [102]. Condensation of carboxylic

acid 67a with m-chloroperbenzoic acid followed by decarbcxy-

lative rearrancement by the kncwn prccedure [ 36] gave 68.

Methanolysis of 67k with potassium carbcnate in metha-
nol prcduced the alcohol §€9. Hydrolysis of 69 using acetic
acid/water (2:1) at uooc aforded the known diol 70, which
has been previcusly converted to naturally cccurring forms

of prostaglandins by quey and coworkers [157.
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SCHEME 23

T 9l
| g q;\/\/\/
[ | |
$CO0 ¢C00 OTHP
© 31b 65
o)

o—° 0

~ \\\‘\\ —_— ) e e
RCOO"

THPO OTHP OTHP
66 67a R=H
67b R=m CI-C4H.CO,
o
o—fo 0
> aw > e e
RCOO HO
OTHP 69 OTHP
R=mCI-C¢Hs- 68
o
o—° 0
Q:\\\y\/\/\/ Q\\“\\f\/\/\/
Ho" HPO"
OH T OTHP
70 71
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lllllo
o
X
X
mu o

o a NN COOH
THPO' : THP® :
| OTHP OTHP
72 73
HO
— W N==" " CcOOH
HO z
OH
PGF,,

Ccrey ccnverted 70 to 71 using dihydrcgyran and p-tol-
uvenesulfonic acid. However, frcm a synthetic point cf view,
the mcnoprotected alcohdl 69 dces not need déprotecticn to
70 befcre reprctection cf bcth the alcohcl functicnalities
and can be converted directly tc 71. Reducticn of lactone il
tc lactol 72 using diisobutylaluminium hydride followed ty
Wittigq reacticr with 5-triphenylphcsphonicrentancic aciad

provided 73. Deprotecticn cf 73 (2/1 acetic acid-water) gave

the naturally cccurring PCF, .

He assurme that our acetate 31la would c¢ive a commcn in-
termediate 66 under conditions similar tc the Chno's ben-
zcate 31b and aspéruoside could te a good synthon for cb-

taininc optically active PGFae.
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10.2 CONVERSION CF IHE BENZOATE 31b IO

The benzoate 31b was converted tc 11-deoxy-llee-hydrcxymethyl
PGEE“ using essentially conventional procedures [ 71 ]. Zinc
borohyéride reduction cf 31b and separation cf the required
158 a}cohol using columnm chromatcgraphy provided 74. Metha-
nolysics of Zﬂ with potassium carbonate in methancl gave 75.
Protection of the dialcchcl 75 (using. dihydr;pyran/p—
toluenesulfonic acid), reduction of the resulting lactone 76
provided lactcl 77. ~ Wittig reaction cf 77 with
S-triphenylphosrhoniopentanocic acid follwed Lty unmasking of

tetrahydropyranyl ether afforded 114deoxy-11¢-hydrcxymethy1

PGF .
2

We alsc assume that ocur acetate 3la would‘ provide
'11-deoxy-1le-hydroxymetyl PGF, under similar ccnditicns

through the common intermediate 7%.
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SCHEME 24

o)
9—f° o—f
\\\\\\ \\\\\ __}
#CO0 0 #COO OH
31b 14
0 —f° 0 —fo
| Q:\\‘\&\/\/\/ - .
| |
HO OH THPO OTHP
75
0 OH HO
THPO OTHP THPO OTHP
HO
I |
HO - OH
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10.3  STERECCEEMISIRY

Cn the basis of NMR studies (Sec. 5.1), we had previcusly
ccncluded that hydrogenaticn cf asperuloside tetraacetate
(3) proceeded with delivery of hydrogen frcm the top side
(convex face) to ‘give the desired (&) stereochemistry at
C(11) . The X-ray structure of the tetracyclic intermediate
18 (ficure-2), (graciously performed by Dr. John Blount cf
Hcffmarn La-Roche) proved that the the tetracyclic acetal is
indeed all cis. Subsequent transfcrmaticn wculd not have

affected the stereccheristry at C(11), and we 1indeed wvere

correct in cur assignment.

The ccurling constants (J=16) of the vinyl prctons in
31a reccnfirned the presence cf a trans dcukle boende The
chemical shifts of 'the enone protons (§6.6 and §6.2) alsc
prove that the arrangements on the cyclopentane ring 1is a

cis-trans-cis [72].

In the conversion cf asperuloside to prcstaclandin in-

termediate 3l1a, no reaction has teen used that wculd affect

the C(t) sterecchemistry, and therefore 31z has the same
.stereochemistry as asperuloside. As noted earliear, the ab-
solute sterecchemistry of asperulcside C(5) and prostaglan-
din C(8) are the same. Consequently the conversicn cf 3la to
prostancids will result in a material of the ccrrect, natu-

;al, atsolute configuraticn.
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Figure 2: X-ray Structure of Tetracyclic Acetal, 14.

s
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Chapter (I
EXPERIMENTAL

Melting points were determined on a Thomas Hoovér melting
point apparatus and are uncorrected. IR spectra were record?
ed on Perkin-Elmer model 237B or 598 using 0.1 mm NaCl soclu-
ton cells. The proton NMR spectra were determined at 60 MHz
 with a Varian rcdel EM-360. High field NMR were obtained at
the Southern New England High Field NMR Facility at Yale
university (270 Hz) or at Cclumbia university (250 MHz). The
chemical shifts are expressed in values (part per millicn)
relative to Me,Si internal standard and the J values (split-
ting constants) are expressed in Hertz. Mass spectra were
deternrined at 70 ev using a Varian MAT CH-5 for medium reso-
lution, an AEI MS-S for high resolution, and the services of
Pr. Frank Field of Rockefeller Uiversity fcr chemical ioni-
zation mass spectrometry. Optical rotations Wére measured

with a Perkin-Elmer mocdel 141 polarimeter.

All gas chroratographic analysis were carried out on a
Varian Berograrh series model 920 gas chromatcgraph equipped
with a thermal conductivity detector and helium as the car-
rier gas (flow rate 120 mlL/min at ambient temperature) using
a (10 £tX3/8 in) cclumn packed with 20% Apiezon-L on chromo-

sorb-VW. Silica gel rprecoated glass plates (E. Merck,
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1563-9H) were used for thin 1layer chromatcgraphy (ILC).
Silica gel (E. Merck-60, 9385) was used for "flash" [°1] cr
colunn chromatcaraphy. TLC plates were deveicped by spraying
with 10% methanolic sulfuric acid and heating c¢cn a hct
plate. High Pressure liquid Chromatography (HPLC) analyses
were performed on Waters BRssociates micro-porasii columns
(two 4 mmX30 cr silica 10 columns. in series) using Waters
Associates 600-SDS pump, U-6K injector equippgd with a model
uoi index of refraction detector. HPLC preparations were
‘conducted on a Waters Asscciates Prep-500 LC with two silica
columns in serjes. The starting material, asperuloside, was
purified using a 10 cm diameter column obtained from Glencoe
(Houston, Texas). The solvent was delivered to the column
from a stainless steel reservcir under 6 psi of air pres-
sure. Concentration of large gquantities cf liquid was mcst
efficiently done wusing a "“Cyclone" circulatcry evaporator
(Scientific Glass Apparatus Co., Bloomfield, N.J., cat. no.

JD 9350) at water pump pressure.

Methylene chloride and <¢imethyl sulfcxide were dis-
tilled (DMSO in vac) from calcium hydride and kept over
freshly activated mwolecular sieves of type 4A for at least
48 hours prior to use. Socdium hydride was employed as a S57%
cil dispersion which was washed with dry hexane immediately
before use. Fcr all anhydrous reactions performed under an

atmosrchere of dry N, or ARr, the equipment was dried in the

oven at 120°C for 1 hour prior to use. Rhecdium on Carkon
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(5%) was obtained from Encelhard Industries (Newark, N.J.).
Batéhes prior to 1975 apreared superior, for unknown rea-
sSOns. A given batch of catalyst was used at 1least three

times in succession with little lcss of activity.

All micro analysis were performed by either Spang Mi-
croanalytical laboratory, Eagle Harbor, Michigen or Gal-

braith laboratories, Kncxville, Tennessee.

EXTRACTION OF ARSPERULOSIDE USING DUEE's PRCCEDURE:

Coprosma plants (17.7 Kg) were chopped and bciled with 32 L
cf water for one hour. The liquid Qas decanted and the resi-
due was extracted with the same amount of water. The com-
bined extracts were concentrated to 2 L and adsorbed on 500

g of acid washed Celite-53S.

A column was packed with 1700 g of Celite (previously
rixed with 1700 rl of butanol-saturated water and equili-
brated overnight) in a 1C cm diameter column. The Celite
adsorbed plant extract was put on the top of the packed ccl-
umn and eluted with water-saturated butanol (flow rate 90
rl/min, pressure 6 psi). The ffactions showing blue épots on
TILC (Rf=0.88, 0.73; 2/1 95% ethanol-acetone) were collected

‘and concentrated to give 140 g of brown gum.
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For acetylation, 78.5 g‘of this gum was mixed with
rl (2.1 moles) of acetic anhydride, stirred mechanically
35 hours, then diluted with 30 mL (0.4 mole) cf pyridine

stirred for an additional 24 hours. The reaction

1985
for
ana

was

guenched by pouring into ice/water and the agquecus mixture

was extracted with chlorofcrm (3X300 ml) . The chicrcform ex-

tracts were corbined and washed with 5% aquecus HCl followed

by saturated aquecus socdium carbcnate and, °‘ finally water.

The combined organic extracts were then dried cver anhydrcus

magnesium sulfate, filtered and concentrated to give 64.9 g

cf yellow gunme.

‘This gum (50- g) was purified by silica gel cclumn chre-

matography (17" longX1l.7% diameter) using 3/2 ethyl acetate-

hexane as the eluting solvent. This afforded 22.6 g cf crude

asperuloside tetraacetate as an 0il, which cgave

10.3 g of

pure asperulcside tetraacetate, mp 1u8—150°C, upcn crystal-

lizaticn from absoclute ethanol. The analytical sample was

. 0
recrystallized from absolute alcchol: mp 150-151 C

(1it

0
[87] mp 154 C) . The yield@ was abcut 0.13-0.15% based on the

weight of fresh plant material committed for extracticn. NMR

and IR data were identical with the literature data [77,87]

and with that cf asperuloside tetraacetate prepared frcm an

,authentic sanple of asperulcside given to t¢s as a

Dr. J. Bobbitt.
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Analysis calculated for asperuloside tetraacetate

C p6Hydpt C 53.60, H, 5.22. Found: C, 53.60; H, 5.20.

One hundred grams of fresh coprosma plant cuttings were re-
fluxed with 2 L of acetcne for two hours. ' ‘The acetcne ex-
tract wés filtered and the residue washed with 200 ml of
acetone which was combined with the acetone extract. The
ccmbined acetone extracts cn concentration cave 4.9 g of
green cum. The green gum was adscrbed on 20 g cf silica and
loaded on the tcp.of silica column (10" longX1.5" diameter).
The column was then eluted, first wifh acetcne, and then
"with atsolute ethanol. The fractions giving blue spots on
TLC (2/1 95% ethanocl/acetcne, conmpared side by side with an
authentic sanple of asperuloside) on concenntraticn gave 480
g (0.48%) of asperuloside and 250 mg (0.25%) cf slcw-asper-

uloside (open-lactcne).

Hcwever on 1larger scale (20 Kag), fresh plants were
boiled twice with 50 gallcns of acetone (rost kindly done by
the direction cf Dr. W. Schreiber ¢f Internaticnal Flavors
anéd Fregrances, N.J. and Dr. V. Paragamian of ¥cNeil Labora-
toriés. PA., tc whom we are greatly indebted). The acetchne
extract was concentrated and dried in vacuo tc give approxi-

rately 400 g of brown cume. This gum (78 g) was mixed with
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500 mL of ether and left for a week after which the ether
extfact was decanted, replaced with fresh ether and kept for
a week. This process remcved most of the chlcrophyll. The
residue was dried in vacuo to give 65 g of brown gum which
was acetylated (acetic anhydride/pyridine) without futher
purification. The crude acetylated product (58 g) was par-
tially purified by placing on a (6" longX2" diameter) silica
coluﬁn and elutihg it with 1.5 L éf ethyl -acetate which on

concentration cave a yellcw gum (50 g).

Final purification of the acetylated product was
achieved by a ccmbinaticn of high pressure liquid chromatcg-
raphy (1/1 ethyl gcetate/hexane) and crystallization (abso-
lute alcohol), affordinc 6.3 g (apbrox. 0.2%), mp 1u3~150°c

~ of pure asperulcside tetraacetate.

EREPARATION OF TETRAHYDROASPERULOSIDE TETRAACEIATE:

Asperuloside tetraacetate (14.13 g, 24.3 mmel), 13.9 g of 5%
Rh/C (see above) and 2 L of ethyl acetate (either distilled
cr HPLC grade) were placed in a three neck; S litre round
bottonm flask ccnnected to a hydrogen reservoir and.- fitted
with a closed system magnetic stirrer. The flask was cooled
to -30°C and filled with hydrogen. Stirrinag was commenced
and the temperature was allowed to rise to OoC during a pe-

riod c¢f 3 hours. The scluticn was then filtered and concen-
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trated t§ give 15.4 g, 108% (one spot on TLC, Rf=0.35, 4/1
ether-ethyl acetate; one peak at 6.6 min on HPLC: 2/1 ethyl
acetate/hexane) of tetrahydroasperuloside tetraacetate as a
white foamy solid. Recrystallization gave 11.3 g(80%), nmp
1ue—9°c of pure tetrahydro product. The crude material,
however, could be used directly for hydrolysis. It was
found that used catalyst works as well as new, and was used
cver and over again.  NMR(270 MHz, CDClg): 2.35 (C-9, 1H,
dd, J(1,8)=0 Hz, J(5,9)=10.5 Hz,(1H,m); J(8,9)=8 Hz); 2.57
(C-8, 1H, m); 3.74 (C-5, iH, ddd); 503 (C~6, 1H, m);

S.40 (C-1, 1H, s); 3.89 (C-3, 2H, m).

Analysis calculated for CygHz0q5: C,53.245 H,5.50. Found:

c,53.48; H,5.83.

Jetrahydrasperuloside tetraacetate 6 (4.5 ¢, 7.7 mmcl), 200
mL of acetic acid and 40 mL of water were mixed in a 500 ml
round bcttom flask fitted with a magnetic stirrer and a re-
fluxinc condenser. The temperature was raised from rcom
temperatgre to 900C over a period of 1 hour and then main-

tained at 90-100°C for additional 1.5 hours.

The mixture was ccncentrated in the rctavap and the

residve was dried in vacuc to give 4.4 g of white foamy scl-
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id. TILC examination showed it to contain glucose pentaace-
tate 23 (Rf=0;59), tetrahydroasperuloside tetragcetate 6
(Rf=0.51), tetracyclic acetal 14 (Rf=0.37) and hemiacetal 15
(Rf=0.26) when developed in 2/3 methylene chlo:ide-ethyl
acetate. The hemiacetal 15 was 1isolated frcm this mixture
by column chroratography on a (10" longXl.5" diameter) sili-

ca gel (230-400 mesh) column using 2/3 methylene chloride- |
ethylacetate as the eluting solvent. Concentration of the
last fracticn cave 703 mg (36.1%) of hemiacetal 15 (mp
‘1&0-1050C). Double <crystallization of this material from

ethyl acetate cave 195 mg (mp 151-2°C) of analytical sample.

NMR (DMSO): 2.0(3H,s,acetate). IR: 1770 cm (5-membered

lactone), 1738 cm (acetate),33-3600 cn (-CH).

Analysis calculated for Cy,HeO, ¢ C, 56.35; H,6.29.

Found: C, 55.98; H, 4.46.

PREPARATION OF TETPACYCLIC ACETAL 14 EY HYDRCIYSIS CF TEIRA-

T —— —r ———— D - e A T T G T e P G T BN e G e Gaw e G e M e W e e e e e m—

A solution of 14.72 é (25.1 mmol) of tetrahydroasperuloside
tetraacetate 14 was refluxed in 360 nL of 5/1 acetic
acid-water (100-115°C) for 12 days. The resulting mixture
was concentrated on the rotavap and the residue was dried in
vacuo to give a brown gum. To this was added 400 mL of

water and 200 mlL of <chloroform and the mixture was
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crganic layer was separated and the aqueous extract was ex-

tracted again with chlcroform (2X200 mL). 211 the organic

extracts were ccmbined and washed with water, dried cver an-

hydrous magnesium sulfate, decolcrized with carben and ccn-

0
centrated tc give U4.76 ¢ of white solid (mr 103-6 C).

The

soiid was crystallized from chlcrcform/ether to give #.23 g

0
(86%) of tetracyclic acetal 14, mp 111-3 C (anal.

113-4%¢) . -

mp

In general, refluxing was ccntinued fcr €-12 days and

the acetal 14 was isolated in 86-92% yield.

IR: 1773 cr ! (5-membered lactcne). Mass Spectra: Mclec-

ular icn peak at n/e 196 (M*,20), m/e 128 (100%).

25 0 .
rctaticn: [a]I) -61.5 (c 0,036, chlorofornm)e.

Cptical

X-ray Analysis: The all cis-structure was ccnfirmed by

X—ray.analysis (Figure-2) most kindly perfbrned by Dr.

Plount of Hcffrann-LaRcche (Nutley, N.J.).

John

The crystals

were trigonal, space group P3,. The data he provided is re-

produced in aprendix-B.

PREPARPTION CE JETIFACYCLIC ARCETAL 14 'BY HYDRCLYSIS OF JETRA-

- " S Gt e T —— —— G > G o o —— — - —-————— —— o — ——-———-—-

Ietréhydroasperuloside tetraacetate (128 mg, .22 mncl)

refluxed with. 20 mL of acetone and 0.12 mL (2.3

was

cf

sulfuric acid fcr 19 hcurs. The reaction was quenched by
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pouring it' intc 25 nmlL of water. The water solution was
exfracted with chloroform (2X25 ml) and the ccrbined organic
extracts were washed with water and 5% aqueocus scdium bicar-
bonate. The organic extract was then dried cver rmagnesiun
sulfate, concentrated and dried in vacuo tc give 217 mg of

brown cil. -

" The tetracyclic acetal was isclated from this brown cil
by column chrcrmatography on a silica gel éclumn, eluting
first with ether and then with 4/1 ether-ethyl acetate, af-
fording pure tetracyclic acetal 14 (19.4ng, 43%), mp
112-3%. The IR, NMR and mp were identical with the previ-
ous 'sample oktained by reflux;ng tetrahydrcasperulcside

tetraacetate in 5/1 acetic acid-water..

BAnalysis calculated for C10H1204: C,61.22; H,6.16. Found:

C,61.05; H,6.15.

FREPARPTION CE CIACETOXY

n
HYDROASPERULOSILE TETRAACE
ACID/H':

Rcetic anhydride (20 mL, 21.6 g, 0.22 mole), 0.5 nlL (0.27
rmol) water and 0.5 mL (9.4 mmol) ccnc. sulfuric acid were
mixed and stirred for 30 minutes. Tc this mixture was added
485 ﬁg (0.83 mrcl) of tetrahydrasperuloside tetraacetate and
stirring was centinued for an additional 1 day. The reaction

was quenched by pouring this mixture into S0 nl of ice cold
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water. The agqueocus mixture ‘was extracted with chloroform
- {(2X50 L) . The organic extract was washed with saturated
agueous sodium kicarbonate followed by 25 ml cf water, and
then dried over anhydrous magnesium sulfate and concentrated
fo give 335 mc of white gum. Three ccmponents o¢f this cum
were separated using célumn chromatcgraphy (4/1 ether-ethyl
acetate) to cive 193 mg (60%) cf clucose pentaacetate and 90
mg (consisting of a major mp 112—11u°c and 'a minor compo-
nent) of diacetoxy agluccne 22 (analytical sample mp
11u-115°c was recrystallized from ether/chlorcform). It was
found that the isolated yield of diacetoxy aglucone 22 vari-
ed (9-65%), and TLC examinaticn showed that part cf 22 hy-

drolysed during workup to give hemiacetal 15.

Aralysis calculated for Cthw 7% C, ©56.37; H, 6.08.

Found (major ccmponent): C, 56.13; H, 5.92.

> S G S i S T P S M

A mixture of 110 rl (1.21 mole) of acetic anhydride, 197 mg
(0.62 rmol) cf mercuric acetate and 0.3 mlL (2.4 mmol) of tc-
ron trifluoride etherate was stirred for 5 minutes. To this
rixture 7.33 gl(76.3 mmecl) of 1l-heptyne was zdded and stir-

ring was continued for an additional 3 hours.
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The reaction was quenched by bouring into a 20% potas-
siuﬁ hydroxide solution (1000 mL) overlayed with 700 mL of
ether (precooled to OOC). The layers were separated and the
ether layer was washed with brine solution, dried over an-
hydrous magnesium sulfate and the ether was evaporated. The
residue was-distilled bullbk to bulb (1 atm) to give 5;9 g cf
colorless ocil. Pure 2-acetoxy-l-heptene was isolated by gas
chroﬁatography (2000C). The fraction with ' retenticn time
Rt= 21.0 min was collected. Multiple injecticns affcrded to

4.35 g of the product (36.5% yield).

NMR (CDCl,):  0.9(3H,t), 2.1(3H,s), 4.5-8.6(2H); Lit.
[96] BMR (PH): 1.75(3H), 4.59,4.78(2H,m).

EIRL

REPARATION OF HEMIACETAL 1
4 WITH TITANIUM TETRACELCR

0 1)

P
i

A solution of 1% (3.1 ml, 1.1 eq.) titanium tetrachlcride in
dry methylene chloride and 7 mL (2.5 eq.) c¢f a 1% solution
cf iscpropenyl acetate in dry methylene chlcride were mixed
at -15°C in a 25 mL rcund bottor flask under argon atmos-
phere. To this mixture was addeq 50 mg (0.255 mmol) of tet-
racyclic acetal 14 in 2 ml of dry methylene chloride, drop-
wise over a period of 10 minutes. The resulting mixture was
stirred for 2 hours, during which the temperature rose to
-5°C. .A further 10 mL (3.6 eq.) of 1% titanium tetrachlo-
ride solution-was added and the rmixture was stirred for one
rore ﬁour at ~5°C.
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The reacticn was quenched by adding 450 m¢ cf sclid so-
dium bicarbonate and 4 drops of water and was stirred for
0.5 hour durinc which chunky titaniur dioxide preciritated.
Filtration and concentration gave 56 mg (86%) cf organic
substances containing major (Rf=0.20) and wminor (Rf=0.64)
components (ILC, 3/2 methylene chloride-ethyl acetate). The
mpajor component was separated by érystallizaticn frcm methy-
lene chloride-ethyl acetate, affording 32 mg *(49%) cf white
crystals, mr 115-600. Hhen recrystallized from ethyl ace-

'tate-methanol, . this material afforded a new ccmpcund mp

147-9°C but with the same Rf value.

Analysis calculated for C12H"pﬁz C, 56.25; H, 6.29.
Found (for sample mp 115-6°C): C, 56.34; H, 6.27.

EATING TETRACYCLIC
RIDE ANC 2-ACEIOXY-

PREPARETION _OF HEMIACETAL
ACEIAL 14 HIIH IITANIUN
1-HEPIENE:

Ietracyclic acetal 14, 100 rg (0.51 rmocl) was dissolved in 1
nl of methylene chloride in a 25 ml round bottom flask with
a magnetic stirrer under an érgon atmosphere at -10°C. To
this soclution, 148 mg (1.9 eq.) cf 2-acetoxy-l-heptene in 2
ml of methylene chloride was added. To this was then added 8
gL (1.5 eq.) cf a 1¥ sclution of titanium tetrachlcride in
‘rethylene chloride dropwise over a period of 10 minutes, and
the resultingc rmixture was stirred for 2 houré. During this

period the temperature rose to +isc.
~ 156 -
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The reaction was quenched by adding 365 mg cf solid so-
dium bicarbonate and # drops cf water and stirring for 0.5
hour, during which chunky titaniunm dioxide precipitated. Thre
soluticn was dried over anhydrous potassiur carbonate and_
filtered. The residue was washed with ethyl acetate, the
wash was combined withvthe filtrate and evapcrated to give
115 mg of white solid (mp 136-7°C). The white sclid was
crystallized frcm ethyl acetate/methanol, and afforded 64 mg

of white crystals (mp 187.5-149°C).

BAnalysis calculated for C12H1506‘ C, 56.25;3 H, 6.29,.
Found: C, 56.23; C, 6.26.

PREPARATION G
14 WITE TITAN

=™

MI
¥ TETRA

A solution of 1.000 g kS.l mmol) cf tetracyclic acetal 14 in
80 mL c¢f dry methylene chloride was placed in a 250 nL three
neck round bcttom flask fitted with a mégnetic stirrer, re-
fluxineg condenser and a dropping funnel under an argon at-
mosphere and surrcunded by ice/water rixture. To this flask
was then added 4.6 mL (12.95 mmol, 2.5 eg.) cf a 20% solu-
tion of-acetyl chloride in dry methylene chlcride, followed
by 7.0 mL (G.S.mmol, 1.25 eq.,) of a 10% soluticn cf titanium
tetrachloride in dry methylene chloride diluted with 20 nl
cf dry methylene chloride, added dropwise cver a pericd cof

10 minutes. Curing the addition of titanium tetrachloride -
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soluticn, the reaction mixture turned pale yellcw. The

reacticn mixture was stirred for an additional 45 minutes.

The reactiocn was quenched by adding 5 g of potassium
carbonate, 100 mlL of methylene chlcride and 2 rnL cf water
and stirring fcr 2 hours. During this time chunky titanium
dioxide precipitated and carbon dioxide gas was evclv?d. The
resulting mixture was decanted, dried over anhydrous potas-
sium carbonate and filtered. The residue was.hciled with 100
rLl of ethyl acetate, filtered and combined with the the pre-
vious filtrate. The combined filtrates were ccncentrated,
and the resulting residue was dried in vacuc to give 1.24 g
(95%) cf white solid, nmp 122-8°C{ which on crystallization
from ethyl acetate gave 1.08 g cf hemiacetal 15, mp 1uu—7°c

(anal. mp 183-151°C).

NMR and IR srectra were identical with those cbtained
from trte prcduct cf partial hydrolysis af tetrahydroasper-

uloside tetraacetate with acetic acid/water.

PREPARATION CF
ACETAL 14 WIIH

A solution of £0 mg of tetracyclic acetal 14 (.255 mmol) and
0.22 m@ (0.379 mmol, 1.5 eq.) of a 20% solution of benzcyl
- chloride in dry methylene chloride ané 0.35 nrlL (0.318 mmcl,

1.25 eg.) of titanium tetrachloride were mixed at 0°C. The
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temperature cf the mixture uas allowed to rise to rccm temp-

erature and stirring was continued for a total of 42 hours.

The reaction was quenched by adding 15 nL of methylene
chloride, a few drops cf water and 500 mg of potassium car- -
bonate and stirring for three hcurs. The rixture was the
dfied cver anhydrcus pctassium carbcnate, filtered and ccn-
centrated to giﬁe 82.2 rg of brown gume. This brewn gum was
loaded on the tcp of a silica column (7" lcngX1l.5Y diameter)
and eluted with 3/2 ethyl acetate-hexane. The eluent was
concentrated tc give 58.6 mg (white gqum) of 55 (74% which
cn crystallization from chlcrcform/ether gave 14.9 mg (mp

129.5-131%C) of white sclid.

There was no detectable (TLC) formaticn of products
.when the reaction was tried at OOC fer 1 hcur; Hcwever it
seems from TLC and NMR examination that the reaction had
progressed 30%, when the reacticn rmixture was stirred for
overnicht pericd and temperature was allowed to rise to rt

from 0°C.

NMR (CDClg): 7.3-8.2 (5H,m), 6.5 (IH). IR: 1776 cm

(5-memtered lactone).

Rnalysis calculated for C17H1605: C, 67.59; H, 5.73.

Found: C, 67.53; H, 5.50.
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EEEPARETION CE ENCNE 60 USING KITIIG RERCIION

n-Buty2lithium 10.4 mL (16.7 mmol, 1.6M in hexane) was added
dropwise to 20 nlL cf dry dimethylsulfoxide under a nitrogen
atmosphere and stirred for 20 minutes. To this dimsyl anion
soluticn, 3.6 nl (17.4 mmol) of dimethyl 2-cxc-heptyl phcs-
phoﬁate was added dropwise during 5 minutes and the mixture
was stirred for an additional 15 minutes. Hemiacetal 15,
. 724.4 vg (2.83 mmcl) in 3 mL of dry dimethylsulfcxide was
then injected at rcom temperature. The flask containing the
15 was rinsed with two 3 mL portions of dimethylsulfoxide
whicﬁ were alsc added to the reaction mixture. The tempera-
ture of the reaction mixture was then.raised to 50°C over a

period of 0.5 hour and maintained at 50-55 Cofor an addi-

tional 3 hours.

The reaction mixture was then ccoled tc rccm tempera-
ture and quenched by adding 3.4 nlL cf glacial acetic acid,
poured into 100 mL of water and extracted with 2X75 ml cf
rethylene chlcride. The combined organic extracts were
waéhed with 50 rlL of water which was back extracted with 50
nL of nethylene chloride. The back wash was combined with
the original organic extract, dried over anhydrous magnesium
sulfate, filtered and concentrated. The residue was dried in

vacuo for 4 hours at 100-110°C, giving 1.409 ¢ of brcwn gum.
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This brcwn gum was chromatograrhed on a2 silica column
(9" longX1l.5" diameter), eluting with 600 mL of 2/1 ethyl
acetate-hexane. The eluent was concentrated to 774 mg
(73.7%) of a mixture of enones 60a,b (major: 6.6 min; mincr:
8.3 min, in apprrox. 8/1 ratio, on HPLC: 2/1 ethyl acetate-

hexane, 2 mL/min) as a yellow gume.

| NMR (major component, CDC13): 6.65 (1H, dd, J=6,16);
6.2 (1H, 4, J=16); 4.9 (1H, m); 3.8-4,2 (QH); 2.1 (3H,
. S)s 0.9 (3H, t). IR = 3150-3600 (b), 1760 (s), 1740 (s)
cm . The NMR and IR cf minor ccmpcnent were virtually in-

distincuishakle to that of the major component.

Analysis calculated for C19H2606: Cc, 64.75; H, 8,01,
Found .(major): C, 64.64; H, 8.09. (minor): C, 64.04; H,
8.23. The analysis of the minor component was not repeated

due to insufficient material.

Jones*® [1047] reagent (4 ml) was added drop by drop to 16 ml
of acetone maintained at reflux by an oil tath at 59-60°C.
To this refluxing mixture, a sclution of 173.6 mg (0.49
rmol) of alcohcl 60 in 5 mL cf acetone was injected over a
period of 10 seconds and refluxing was continued fcr an ad-

ditional 50 seconds.
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The reéction was then queﬁched by adding excess
isoprcpanol (10 ml), poured into 200 ml of water and ex-
tracted with ether (4X100 mL). The ccmbined organic ex-
tracts were dried over anhydrous magnesium sulfate, filteread
and concentrated and the residuve dried in vacuo to give 168
ng (0.46 mmol, >90%) cf crude carboxxlic acid 64 which was

- uysed for decartcxylation without further purification.

The carboxylic acid was found to be a mixture of two
components (Rf=0.57, majors Rf=0.88, minor; absolute ethan-
cl). Both components were soluble in 5% sodium bicarbonate
and reappeared in the organic extract when acidified with 5%
hydrochloric acid. NMR shows a broad singlet at § 6.9, which
disappeares after addition of DZO.. Althouch § 6.9 might ap-
pear uncharacteristic of the carboxyl proton, there are se-
veral examples in the 1literature of intramolecular hydrogen

bonded carboxyl group with similar chemical shift [105].

Crude carboxylic acid 64 (168 ng, 0.u6 mmoi) was refluxed
with 100 mL of glacial acetic .acid for 3.5 hcurs. The mix-~
ture was concentrated and dried in vacuo tc give a brown
gum. This brown gum was dissolved in 10 mL of methylene
chloride and pcured over the top of a 1 in thick layer of

silica gel in a sintered glass funnel and eluted with 100 mL
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of methylene chloride followed by 100 mL of ethyl acetate.
The ccmbined filtrates were concentrated and dried in vacuo
tc give 115.3 rg (0.36 mmcl, 78%) of white gum , one spot on
TLC (Rf=0.52, 1/1 ethyl aéetate-hexane) and cne peak on HPLC
(7.3 min 1/1 ethyl acetate-hexane). The product 3la was
isolated in 72-74% overall yield for oxidaticn and decarbcx-

ylation.

H'NMR: (250 MHz, CDClj): 6.183(1H,d,3=15.6),
6.613(1H,dd,J=15.6,8.6), 2.024(3H,s), 4.05,4.16(2H,dd),
4.974( 1H,m), 2.518(2H,t,J=7.4), 0.886(3H,t,J=6.8),
1.286( 2H,m). IR: 1767, 1733, 1689, 1629 cm~'.  Optical

: 2
rotation [a]D5 -280 (c 0.073, chlcoroform)e.

BAnalysis calculated for CqgHy405: " C, 67.065 H, 8.13.

Found : C, 67.14;: H, 8.14.
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Appendix A

]

THE X-RAY DATA FOR THE TETIRACYCLIC ACETAL 14
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Atom
0(1)
0(2)
0(3)
0(4)
C(1)
C(2)
C(3)
c(4)
c(5)
c(6)
c(7)
Cc(8)
c(9)

c(10)
H(1)
H(2)
H(3)
H(4)
H(5)a
H(5)B
H(7)
H(8)A
H(8)B
H(9)

H(10)A

H(10)B

Table I.

X
0.7434(3)
0.4252(3)
0.5041(3)
0.9094(3)
0.8432(4)
0.7909 (4)
0.6429(4)
0.5654 (4)
0.6536 (5)
0.4891 (4)
0.5720(4)
0.6768(5)
0.8066 (4)
0.8397(6)
0.908
0.849
0.635

- 0.501

0.598
0.706
0.506
0.651
0.688
0.885
0.898
0.755

Y
0.7823(3)
0.5568(3)
0.5056(3)
0.7442(5)
0.8105(4)
0.7635(4)
0.7194 (4)
0.7318(4)
0.8265(4)
0.5924(5)
0.5682(5)
0.5336(4)
0.6393(4)
0.6139(6)
0.910
0.835
0.768
0.760
0.826
0.920
0.543
0.442
0.534
0.663
0.572
0.554

Final Atomic Parameters for
with Standard Deviations in Parentheses

Z
0.4193
0.3992( 6)
0.6987( 7)
0.5172( 8)
0.5803( 9)
0.8185( 7)
0.8629( 7)
0.6661( 7)
0.4898( 8)
0.5706( 8)
0.9077(°7)
0.9648( 8)
0.8561( 8)
0.6182(10)
0.582
0.928
0.997
0.721
0.360
0.553
1.033
0.905 -
1.131
0.958
0.623
0.534

% & % ok % % % % * % * % * *O

NoOoONd~NIaaumuT oy
L] [ ] [ ] L] L] L] [ 4 L] L] L] L]
[ NeNoNolofoNe oo NoNoNo

=
o

* Anisotropic thermal parameters are given in Table II
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Atom
o(1)
0(2)
0(3)
o(4)
Cc(1)
€ (2)
C(3)
C(4)
C(5)
c(6)
C(7)
c(8)
Cc(9)
c(10)

Table II. Final Anisotropic Thermal Parameters for

with Standard Deviations in Parentheses

B11x10
156 (3)
151 (4)
140(3)
139 (4)

114 (5) .

124 (4)
157 (5)

167 (5)

222(7)
102 (4)
141 (5)
222(7)
138(5)
207(7)

2

B22x10
164 (4)
259 (5)
143 (3)
292(7)
147 (6)
105(4)
151(5)
183(6)
144 (5)
194 (6)
185(6)
148(5)
165(5)
245(9)

2

4

B33x10
293( 8)
432(10)
505(11)
679 (15)
477(16)
329(11)
233( 9)
303(11)
361(14)
348(13)
344(14)
436 (15)
457 (15)
685(24)

B12x10
70(3)
71(4)
23(3)

111(5)
33(4)
43(3)
97 (4)

128(5)

116(5)
64 (4)
68 (5)
93 (5)
94 (5)

171(7)

4

B13x10
19( 4)
-73( 6)
-46( 5)
91( 6)
33( 7)
-58( 6)
-10( 6)
4( 7)

--46( 8)

-4( 7)
23( 7)
-51( 9)
-83( 7)
-21(10)

The anisotropic temperature factor has the form

4
B23x10
11( 4)
~-50( 6)
15( 5)
15( 8)
19( 7)
-54( 6)
-33( 6)
-33( 7)
-19( 7)
-21( 8)
48( 7)
24( 8)
-61( 8)
-74(11)

exp(-(h B1l + k B22 + 2 B33 + 2hkB12 + 2h&B13 + 2k{B23))
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Table III. Bond Lengths (A) in
with Standard Deviations in Parentheses

0(1l)~- C(1) 1.402(5) C(2)- C(9) 1.538(7)
o0(1)- C(5) 1.419(7) C(3)- C(4) 1.521(7)
0(2)- C(6) 1.203(6) C(3)- C(7) 1.526(6)
0(3)- C(6) 1.332(7) C(4)- C(5) 1.486(6)
0(3)- C(7) 1.453(6) C(4)- C(6) 1.498(6)"
0(4)- C(1) 1.369(8) C(7)- C(8) 1.482(8)
0(4)-C(10) 1.428(7) Cc(8)- C(9) 1.517(5)
C(1)- C(2) 1.530(6)" Cc(9)-C(10) 1.532(8)
C(2)- C(3) 1.532(6)

Table IV. Bond Angles (°) in
with Standard Deviations in Parentheses

C(l)- 0o(1)- C(5) 111.7(3)
C(6)- 0(3)- C(7) 111.0(4)
C(1l)- 0(4)-C(10) 106.8(4)
0(1l)- C(1l)- O(4) 107.5(4)
0(1)- C(1)- C(2) 115.0(3)
0(4)- C(1)- C(2) 106.7-(4)
C(1l)- c(2)- C(3) 116.8
C(1l)- C(2)- C(9) 104.8
C(3)- C(2)- C(9) 107.0
C(2)- C(3)- C(4) 116.1
C(2)- C(3)- C(7) 106.2
C(4)- C(3)- C(7) 103.7
C(3)- C(4)- C(5) 113.4
C(3)- C(4)- C(6) 104.4
C(5)- C(4)- C(6) 109.4
0(1l)- C(5)- C(4) 107.4
0(2)~- C(6)- 0(3) 121.1
0(2)- C(6)- C(4) 128.0
0(3)- C(6)- C(4) 110.8¢
0(3)-"C(7)- C(3) 105.1(4)
0(3)~ C(7)- C(8) 111.7 (4)
C(3)- C(7)- C(8) 107.6 (3)
. C(7)- C(8)- C(9) 106.9(4)
Cc(2)- C(9)~- C(8) 106.3(4)
C(2)- c(9)-C(10) 101.3(4)
c(8)- C(9)-C(10) 118.7(4)
0(4)-C(10)- C(9) 104.7(5)

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Appendix B

SPECTRA
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