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NEW SYNTHESES OF PROSTAGLANDINS' 17?2
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A detailed account of the total synthesis of prostaglandins
by the tropolone approach is given. The preparation of
novel modified prostaglandins, including ll-substituted

and ll-nor-prostaglandins, is also mentioned.

In the past, we have reported the preparation of a number
of modified prostaglandins (PC) by two different approaches3. The
first pathway used a known synthetic scheme, which was appropria-
tely modified in order to chtain new PG analegs. The second route
used PGA,, iselated from the marine corals Plexaura homomalla,
which was submitted to a number of chemical and photochemical
processes, thus affording structurally interesting, novel entitics,

In recent ynars, we have been engaged in a rescaw n program
having as its main objective the design of a synthesis that would

allow the preparation of both natural and modified PG through an

Dedicated to Dr. Ken'ichi Takeda on occasion of his

seventieth birthday.
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intermediate possessing the cyclop:nterone moiety characteoristic
of PGAR,.

This paper prescnts a detailed account of our new synthetic
approach.

Our synthesis is based on work by Dauben g£_§;.4 whe roeported
that irradiation of ag-tropolone 1.:thyl ether (gg) in methanol
afforded in 55% yield 7-methoxy-3,06-bicyclol 3.2.0] heptadiene-2-one
{(5) via the l-methoxy isomcr (4). Tropolone (3a) is commercially
available5 and is prepared in two steps from cyclopentadiene (1}-

Cyclopentadicene (1) constitutes an ideal starting material,
since it is a cheap compound and available in large guantity. It
reacts with dichloroketene to give Lthe kicyclic intermediate (2)6,
which tcadily rearranges upon treatment5d with aqueous acetic
acid in the presence of triethylamine, to afford e—tropolone (3a)
in yields higher than %0% #rom (1). Methylation of (3a) with diazo-
methane in cether solution gives nearly guantitatively tropolone
methyl ether (3b).

We investigated the photochemical reaction further because
we felt that the bicyclic photo-product (5) constituted an ideal starting
matarial for PG synthesis. Tndeed, compound (3), obtained in on-
step from {3b), contains the cyclopentenone unit of PGAz as well as
fraoments of both alkyl chainsg at C-8 and C-12.

We foungd that quartz-~filtered irradiation of tropolene methyl
ather (3b) in relatively concentrated anhydrous methanol solution
at room temperature for & hr, using a Hanau TQ-150 high pressure

mercury arc lamp, afforded the bicycliec enone (5), in 80% yield.
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The photochemical rearrangement of (2b) to {5) is of
fundamental interest. Mechanistic explanation of this deep-seated
change must account not only for the problematic methoxyl shift
but also for the observation that a methyl group in the 4-position
shifts simultanecusly, while a methyl group in the &-position is
unaffected.

The rearrangenent has been accounted for by two distinct

4'7'8. The first step is an electrocyclic reaction,

steps, as follows
in extenso a light-in uced valence tautomerization of the trvopolone
ring {3b}, which vields the isolable bicyclic valence tautomer (4).
This is analogous to the shotoisomerization of colchicine7. An
examination of the geometry of compound (4) with molecular models
indicates -“hat the Inte-wmediate (4) exists as a bent bicyclic
system in which the stercochemistry (A) is such that the 7-orbital
of the nonconjuyated double bond can interact with the wn-orbital
of the conjugated double bond during guantum absorpticn of (4).
This is evidenced by an ultraviolet absorption kand at Amax 224 nm,
whereas PGAZ, for example, exhibits an absorphtion at Amax 217 nm.
The excited state that is directly responsible for the second
rearrangement step is schematically represented as a dipolar state
(B), because the ensuing rearrangement is characteristically a
polar process. Migraticn of the acyl group,as shown in (B), leads
to a new excited state (C), which collapses to. a ground state —
the rearranged bicyclic photoisomer (5) (Amax 225 nm, ¢ 6,800).

The driving force of the acyl migration in (B) is presumed to be

the stabilization of the positive charge by the methoxyl in the

rearranged excited state {C). The seguence of events leading to

(727)




a dipolar state such as (C) is reasonable and has some precedents
in photoahemistry9

In addition, to the shift of the methoxyl group from
position 1 to 7, this mechanism alsc accounts for the results
obtained from the series of labelling experiments in which alkyl
groups were used as labelsq'7’8.

En alternative interpretation has been proposed for this
chotochemical reactions. irradiation of the bicyclic compound (4)
at liguid nitrogen temperaturz {-196°) showed the presence of an
intermediate exhibiting a ketene carbonyl band in the infra-red
spectrum. This ketene (D), alsc formed on irradiation off the 7-
methoxy-compound (5), isomerizes thermally at -70° to the bicyclic
ketones; The authors8 assigned the structure cis, ¢is-2-methoxy-
bicvelo[ 2.1.0)pent—-2-en-5-yl ketene (D) to this int rmediate,
presumably formed photochemically from the kicyclic ketones (4)
and (5) by a Norrish type I process, vhich probably occurs in a
l(n,nx) excited state. The thermal isomerization of the ketene
to the bicyeclic ketones is a Cope rearrangementa.

In our hands, the only product isolated at the end of the
reaction was the photo-product (5). Its isomexr (4) was not present.
Additionally, in spite of the known reactivity of ketenes toward
methanol, the solvent in which the irrsdiation is performned, we
have never isolated reaction pro@ucts resulting from the addition
of methanol to the prosumed ketene intermediate (D).

The mechanistic pathway of the a~tropolone methyl ether (3a)

to 7-methoxy-3,6-bicycleo[ 3.2.0] heptadiene-2-cne (5) is quite complex,
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in eitﬁer interpretation, yet it gives the photo-product (5) in high
yieldlo.

Specific examples of the methodology used to build PG intermediates

and products  from the bicyclic intermediate (5) are illustrated

in secguence.

An important chemical property of the bicyclic intermediate
(5) is the selective reactivity displayed by the double bonds.
Indeed, on the one hand ozonolysis of compound (3) in pyridine-
methanol-methylene chloride solution at -78° took place selectively
at the enol ether double bond to provide the ozonide, which was
cleaved with distilled sulfur dioxide at —20°, thus affording the
dimethyl acetal (6). This substituted cyclopentenone in principle
can be transformed to natural PG by the methodclogy known in PG

s 11 . . . s s
chemistry™ ", such as epoxidation, Michael addition of a proper group

12 13

at position 1177, or other appropriate chemical transformations
On the other hand, catalytic reduction of the substituted

cyclopentenone (5) over prehydrogenated platinum in ethyl acetate

solution took place selectively at the conjugated double bond vielding

almost quantitatively the corresponding cyclopentanone (ZY. Ozonolysis

of the enol ether bond of the bicyclic intermediate (7) at -78°

in 5:l-methylene chloride-methanol soluticon was followed by

treatment of the ozonide with liquid sulfur dioxide®?, thus

providing the relatively stable dimethyl acetal (8}). Alkylation

2 was performed by reaction with

15

of this keto-ester at position 81

under an atmosphere of

followed by treatment with ethyl 7—iodoheptanoate16, producing

potassium hydride in dimethyl sulfoxide

argon,
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‘the diester (2) in good yield.
Decarboxylation of compound (9), a key-step in the synthesis,
was smoothly effected with sodium cyanide in hexamethylphospheric

triamide for one hour at 70°17

; affording in 90% yield the keto-
ester (10). The acetal group is not affected by these mild rcaction
conditions. Treatment of ketone (10) wit™ ethanolic potassium
acetate, known ecuilibration conditionsls, led to unchanged material
thus confirming the trarns relationship between the substituents
on the cyclopentancone., Cleavage of the acetal protecting group in
the intermediate (10) with p~toluenesulfonic acid in acetone
liberated the aldehyde (11) in guantitative yield.

The concluding steps of the synthesis have been worked out

prcviously19'2o.

Reaction of intermediate (11) with the sodium salt
of dimethyl 2ﬁoxoheptylphosphonate provided the expected enedione
(12}, characterized by the tipical spectral properties of its
enone chromophorezo.

In our initial approach, the dicne (12) was converted to
the diketal (13) by trecatment with ethylenegliycol in the
prasence of a trace amount of p-toluenesulfonic acid in bengzene
soluticn. Selective hydrolysis of the 15-ketal was .performed by
reaction with p-toluenesulfonic acid in acetone at -20°, thus
regenerating the enone chromephore (14). Zinc borohydride reduction

in dimethoxyethane21 gave a mixture of epimeric l5-alcchels (15},

which were treated with agueous acetic acid to remcve the 9-ketal
protecting group. Separatioh by thin layer c¢hromatography (TLC)

of the resnliting ll-deoxy PG ethyl esters (l6a) and (17) affcrded

(7310
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the desired keto-uwster {(16a), which was hydrolyzed using agueous
methanel potassium carbonate to give 1ll-deocxy PGEl (16b) .

This was a long seguence, which has now been shortened.

We investigated a number of borohydride reducing agents on the
ene-dione (12), in the hope that a éelective reagent could be found.
Borohydride reagents, in some similar cases had been shown to be
extremely sensitive to the environment of the carbonyl group.

First, we found that both zinc borohydride and sodium
borohydride gave very substantial reduction at €C-9. We then turned
our attention to thexyllimonylborohydride (TLBH)ZZ, a highly
selective reducing agent, which had been used successfully for
the conversion of the enone to the allylic alcochol -n the E;
seriesz3, although the yield was only of the order of 40%.

Unfortunately, in ihe case of the ll-deoxy series the 15c:158-
alcohol ratio obtained on reducticn with TLBH was less useful than
that of the ll«hydroxy~sefies, i.¢. a ca. 2:1 mixture of 158-0QH
(17) : 15¢-CH {l6a), respectivel, was isolated.

Other borohydride reducing agent524, such as lithium yerhydro-
9b-boraphenalylhydride (PBPH)25 and lithium tri-sec-butylborohydride
(L—Selcctide)26 also gave mainly the wrong 158 -isomer (15R} (17)
and a substantial amowv it of diols. -

Fortunately, reduction of dicne (12) with sodium cyano;

23,2 .
s27 gave satisfactory results,

borohydride in acidic medium
Indeed, direct treatment ¢f the enedione (12) with this reagent
led to a reasonably regioselective reduction, affording a nearly

equal mixture of l15-alcohols. Tiae 15({R)-isomer (l17), together
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with any diols could be reoxidized in high yield to the encne (12),
by the Brown and Garg procedurezg, thus giving a good yield of

the desired alcohol (16a) after recycling. The ester group at C-1
was hydrolyzed with aqueous methanolic potassium carbonate to
provide the crystailine dl—ll~deox$r-~PGEl {16b), identical with an
authentic sample, thus confirming the correct sterecchemistry at
the three asymmetric centers, as well as the trans—geometry of

the double bond. This improved reduction.process substantially
simplified the synthesis, since it shortened the whole route by
tﬁree steps,

The approach just described leading to PG of the 1 series
{saturated upper chain) is sc¢ simple, easy to perform and high
yielding that it was given to undergraduate students for laboratory
practice in organic chemistryzg. The students prepared the appro-
priate intermediate compounds, e.g. the keto-esters (8), different
iode-astors (18) for alkylation at position 8, as well as phospho-
rancs (19) for the Wittic :rciction or the corresponding phosphonates
for the Horner-Emmons reaccion O on the aldehyde at position 12
in intermediates such as compound {11). This allowed the preparation
of a large array of novel prostaglandins of the type {(20).

11-Desoxy-PG are of interest not only because of their
intrinsic bioloyical properties, such as antagonists of the PG
belonging to the E and F—series3l, but also since they can bhe
transformed chemically32 to PGA and hence to ll-hydroxylated
entitiesil.

The difference in “he hemical reactivity of the double
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bonds in 7-methoxy-3,&~bicyclo| 3.2.0] heptadiene—-2-one {5)

(vide supra) is further illustrated by the conjugate addition

of lithium dimethylcopper33 to tne cyclopentenone (5}, which
proceedcd regioselectively in ca. 70% yield to afford only ll-
methylated derivaélveslz. In addition, a reasonably good sterec-
selectivity was of served, &ffording 80% of lla-methyl cyclopenta-
none (21a} wviz. 20% of the l11g-methyl isomer (21b). An exo-attack
of alkyl group was anticipated in this 1,4-addition because of
the bent geometry of the bicyclic system in (3).

Ozonolysis of the enol ether group of the lle-methyl isomer
(21a), followed by decomposition of the ozonide with sulfur dioxide
in methanol solution, afforded the keto-ester—acetal (22).

Various attempts to alkylate the substituted g-keto-ester '
(22) with ethyl 7-iodcheptanocate (gﬁg)ls gave mainly (ca. 60%)
the O-alkylation preoduct (23) and little {ca. 15%) of the desired
C-alkylated material (24). An examination of keto-ester (22) with
melecular nodels indicates that both sides are sterically hindered,
thus blocking C-alkylation at pesition 8. Fortunately, this steric
problem could be circumvented by making use of a nore "lineax"
alkylating chain, namely eithyl 7-iodo-5-heptyneate (22)34-
Reaction of keteo-ester (22) with potassium hydride in dimethyl
sulioxide, followed by treatment with ethyl 7-iodo~5-heptynoate
{25) at room temperature for 16 hr, gave exclusively the dosired
diester (26) in 73% yield.

The decérboxylation of the diester (26) was performed with
sodium cyanidel7 to afford the acetylenic monc-ester (27) in 95%

yield. Hydrogenation of the triple bond in the presence of
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Lindlar catalyst35 gave guantitatlvely the corresponding cis-
clefin intermediate {(28). Cleavage of the acetal group was achieved
with Amberlite 1R-120 in anhydrous acetone solution for 16 hr at

room temperature, thus affording quantitatively the aldehyde (29).

20,29

Treatment of aldehyde (29) by the usual procedure gave the

diene-dione (30) in ca. 60% yield.

After agaln surveying several known selective reducing agents
foxr the reduction of the diketone (30), sodium cyancborohydride in
acidic medium23'2? was still found to be the reagent of choice,
furnishing the 15(S)-hydroxy compound (31la). The ester grouy was
hydrolyzed with aguecus methanolic potassium carkbenate to afford
dl-lla-methyl-11-decoxy PGE, (éih)' identical in all respects (but
for the optical properties) with a sample obtained by lithium

3 X
6437 This completed the total

dimethylcopper addition to PGA2
synthesis of a PG belonging to ll-alkyl PG 2-series (A5’13J.

Some cther modifications of the ring have also been pexrformed.
In particular, conjucate addition of lithium diphenylccpper and
lithium di-n-butylcopper o the enone (5) provided the 1la-phenyl
(32a) and 11a~5—buty1 (32b} substituted cyclopentanones, respactively,
which can be transformed to the corresponding PG of the 2-series
(33) and the l-series (34) by the above described sequence of
reacitions.

Additionally, cyanide addition to the cyclopentenone (5}
has also keen performed. Reaction of enone (5) with acetone
cyanohtydrin in ethancl containing a catalytic amount of agqueous

38

potassium carbonate furnished exclusively the lla-cyano-intermediate
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(33) in about 70% yield. This result is significant since it gives
potential access to 1ll-oxygenated PG of type (36) by known metho-
dologyll.

So fax, we have mentioned the use of our new synthetic approach
for the preparation of natural PG, as well as PG meodified on the five-

membered ring, and in the chains. The last part of this report is

concerned with the preparation of four membered ring PG.

Reduction of the dichloro-cyclobutancone intermediate (2)
with zinc in acetic acid produced the bicyelic ketone (37) in

€c, 39
cver 90% yield . Treatment of this ketone (37) with lithium

aluminum hydride in tetrahydrofuran at -78° gave selectively (80%)
the endo-alcohol (38) by hydride attack from the exo-gide of the
bicyclic ketone (37).

Czonolysis of the olefinic bond of compound (38), followed
by treatment of the ozonide with hydrogen peroxide and formic acid
aifcrded the crystalline acid lactene (3%a) in over 88% yield. The
aclid was then converted to its methyl ester (39b} for further
identification and characterization.

The acid (32a) could be reduced to the primary alcchol (40)
by conversion to the mixed methyl carbonic anhydride by reaction
with methyl chlorcformate in tetrahydrofuran solution in the
presence of triethylamine4o, followed by treatment with zinc
borohydride in tetrahydrofuran solution. The y-lactene group was
not affected under these conditions but the alcohol (4Q) was only

cbtained in ca. 25% yield. Sodium borohydride in methanol also

did not give a satisfactory result.
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The yield in the conversion of acid (3%9a) to the corres-
ponding alcohol (40) was substantially increased, however when this
reduction was performed with borane in tetrahydrofuran4 , thus
affording the desired compound (40) in ca. 75% yield.

Oxidation of the primary alcohol (40) to the corresponding

aldehyde (41) was carried out in 70% yield by usual procedure42.

The concluding steps of the synthesis for the most part have
been worked out previouslyzo. Reaction of intermediate {(41) with
the sodium salt of dimethyl 2-oxoheptylphosphonate, followed by
equilibration, furnished the expected enone {42), characterized by
the typical spectral properties of the conjugated keto-chromophore.
Reduction of the keto-group with sodium borchydride gave a mixture of
isomers at C-15 (43a). The hydroxyl was converted to the tetrahydro-
pyranyl ether (43b) by treatment with dihydropyran in the presence
of acid. The lactoné group was then reduced with diisobutylaluminum
hydride in toluene ﬁﬂuthxﬁ3, thus providing-the hemi-acetal {44). Reaction
with the Wittig reagent,generated from {(4-carboxybutyl)}triphenylphos-
phonium bromide using potassium hydride in dimethylsulfoxide, afforded
the dl-1ll-nor PGEZG as its tetrahydropyranyl ‘ether derivative (45 ).
Acid hydrolysis then liberated the novel  four-membered PGF analog
{45b}, as a separable mixture of isomers at c-1544,

This part of the synthetic work benefited greatly from two
features, which are worth emphasizing. One is the stereoselectivity
observed during the reduction of ketone (37) tc the endo-alcohol
(38). The other is the efficient methodology employed in the

conversion of the bicyclic alcohol (38) to the lactone-aldehyde (41),

.Js giving ready access to this novel series of ll-nor-prostaglandins.
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The noteworthy features of these syntheses are their sim-—
plicity and flexibility. Substituted tropolones are known45, hence
allowing the preparation of a large array of new prostanoids not
easily secured by other rouktes. The key intermediates (5), (8),
(7)., (35), and (37} provide an ideal entry to a number of novel
modified PG not readily availlable by other routes, This work also
illustrates that photochemical reactions present an attractive

potential in the synthesis of biologically important substances.
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