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ABSTRACT

The synthesis of methyl 1ll«,15-dihydroxy-9-oxo-prost-5,
13-dienoates (PGE, methyl esters), having the natural and unnatural
configuration at C-15, are described, Methyl 15-hydroxy-9-oxo-prost-
5,10,13-triencate (PGA, methyl ester), was also obtained and is
described, This synthesis is based on the PGE; and F,, synthesis
of Just and Simonovitchi??%8, Two new acetylenic prostaglandins--
methyl 1l,.,15-dihydroxy=9-0x0-proste5-yn-13~enoate and its 15-
epimer -~ obtained as intermediates in the PGE, methyl ester synthesis,

are described,
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INTRODUCTION

In 1933 and 1934, Golblatt and von Euler®, recognized
that human seminal plasma contained some principle with striking pharmaco-
dynamical actions that could be differentiated from the then known
compounds., This active principle was not identified until the late
fifties and early sixties when Bergstrom and co-workers® were able to
isolate no less than thirteen différént related compounds. These
compounds were derivatives of a C,, fatty acid, called prostanoic acid (I)
(which is not found in nature) and became known as the prostaglandins3

(PG*s).

There are six basic or primary compounds (Figure 1)* from which all the

* The configuration of the natural PG around the ring is such that the
C-8 and C-11 substituents are on the same side (&) and the C-12
substituent is on the opposite side (8). The 8.iso epimer has the C-8
substituent @, At C-15, the natural PG configuration is written as
indicated in Figure I, In this thesis, the unnatural configuration
at C-8 and C.15 will be referred to as ''8-iso-'* and '*15.epi~PG'?
respectively., Otherwise the natural configuration will be implied,
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others are derived: prostaglandin E's (PGE) have oxo and hydroxy
substituents whereas the prostaglandin F's (PGF) have two hydroxy
substitutents in the ring., The three E's ( and three F's) differ
only in their degree of unsaturations. The compounds in the E
series have four asymmetric centers at C.8, C-1i, C-12, C-15,
In the F series, there is an additional asymmetric center at C-10.
In the E series the ll.hydroxy group is very sensitive to
both acid and base. For example, PGEe'will eliminate water to form
the £,@ unsaturated ketone, PGA,, with acid or mild base (Scheme I).
With further base treatment, this bond shifts into conjugation to form
PGB,. These compounds have characteristic ultraviolet absorption
(PGA, ¢ Apax 217 mp, € 10,700 and PGB, : Amax 278 mu, € 28,000) which

gives a good test for the presence of prostaglandins E(1 3)°

Scheme I




The structure of PGE, was elucidated from studies of the
fragments obtained by oxidative ozonolysis of three derivatives,
PGBy, PGA; and PGE;-237. The degradation products of these compounds
were separated by gas chromatography and identified by mass spectrometry,
The étructure of the other compounds was elucidated in a similar mammer.
An account of this work has been given by Samuleson.? Using X-ray
crystalographic techniques on the tris-p-bromobenzoate of PGFiP, the
relative configuration of the prostaglandins was postulated and their
structure was confirmed by Abrahamsson and co-workers.ea’b The absolute
configuration was recently established by Nugteren and co-workers®d
by determination of the optical rotation of 2-hydroxyheptanoic acid
derived from oxidative ozonolysis of PGE; methyl ester.

Prostaglandins have pronounced physiological and pharmacological
activity which can be classified into four major areas:*

A. Smooth Muscle Stimulation.

Studies on the PG stimulated contractions of the human
myometrium (muscular wall of the uterus) and the'relatively large
concentration of PG's in seminal fluid have linked them with the
reproductive process, particularly spermtransport into the fallopian
tubes, Other smooth-muscle organs which are stimulated by PG's are
thevgastro intestinal tract, respiratory tract, and reproductive tract.
B. (Cardiovascular Responses.

Intravenous injection of PG's causes lowering of blood pressure
and increased heart rate, However, marked quantitative and qualitative
differences occur between species as well as between various parts of

the cardiovascular system,
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C. Nervous System.
Extracts with prostaglandin.like behaviour have been prepared

from the central nervous system of various animals, Stimulation of
peripheral nerves increased the release of these substances, Such
release in the criterion for a neurohumoral transmitter substance and
these results implicated the PG's in such a role.

D. Metabo]ic Effects.

PG's inhibit lipolysis (fat breakdown) induced by catecholamine
(in vivo) or adrendine and noradrenaline (;'l.n vitro)., Free fatty acid
(FF\.) mobilization was found to increase with the pfesence of PG's., It
has been shown that PGE, inhibits the cyclic adenosine 5-phosphate (AMP)
accumulation induced by epinephrine, Cyclic-AMP is thought to be an
intermediate in activation of the hormone-sensitive lipase of adipose
tissue which leads to mobilization of FFA.

Prostaglandins seem to have a wide distribution in the human
as well as other animal bodies.® They have been detected in seminal
plasma, menstrual fluid, lungs, iris, thymus, pancreas, brain, spinal
cord and kidney, but in most organs the concentration is very smell,

The largest number of individual prostaglandins occur in human seminal
plasma.

Tritium labelling experiments have shown that all prostaglandins
are metabolized in the body relatively fast and by apparently similar \
mechanisms. The prostaglandins in the E series are metabolized by
reduction of the O3 double bond and oxidation of the secondary alcohol
group at C-15.% PGFy4, on the other hand, was metabolized to a consi-

derable degree to 2,3-dinor~PGFyq ¢ i.e. by g-oxidation.



Using **C.labelled precursors, it has been demonstrated -9
that prostaglandins are produced enzymatically in vesicular grands and
lung tissue by autoxidation of dihomo-)-linolenic and arachidonic
acids, The biosythesis involved two molecules of oxygen as indicated

in the biosynthesis of PGE, and PGF« in Scheme II.

Scheme IT

CHy(CH Y,y (SH26C0; 22, (CH2)5002

dihomo-¥-linplenic acid

o—qH  (CH2%C02 (CHggCO

-——> >'—\_O B .--OH
CH4(CHy), CH3(CH2)4
/ o

(CHy)gCO5
0
CHg(CH,), _< ]
PGE1

Recently, this autoxidation was found to take place non-enzymatically

in very low yield.®



The biochemical importance and potential medical usefulness
of prostaglandins has stimulated much interest in their total synthesis,
The main features or problems involved in the synthesis of the primary
prostaglandins are: a) the functionalities and stersochemistry of
the substituents on the ring, b) the various points of unsaturation
differing in stereochemistry about the double bond (this is not a
problem in the synthesis PGE;, or its derivatives), c¢) the allylic
15-hydroxy group, and d) the sensitive il-hydroxy group in the E series,

Some less complicated derivatives and structurally related
prostaglandins were the first to be synthesized., J.F. Bagli et all?®
synthesized 9/3, 15e-dihydroxyprost-13-encic acid in thirteen steps
starting the ethyl 2-cyclopentanone carboxylate. A short time later,
an elegant synthesis of dihydro-PGE, ethyl ester, a natural prostaglandin,
and the corresponding dihydro-PGF;p methyl ester was published,%

E. Hardegger et al,'% subsequently published synthesis of PGB; and
PGE,-237 starting from an intermediate deseribed in the synthesis of

the prostanocic acid derivative.13 Finally, J, Fried et al,*% have
reported the synthesis of (t)-?-oxaporstagiandin Fyx,s a novel prostaglandin
containing an ether linkage at the 7-position, Excépt for the final
introduction of the 15-hydroxy group, this synthesis was stereospecific,

The first synthesis of the primary prostaglandins, PGE, and
PGF; , was achieved by G. Just and Ch. Simonovitchi”?18(Scheme IV).

The critical step in this synthesis was the solvolytic opening of a
cyclopropyl ring which introduced the 11 ,15-hydroxy groups and the
trans O*3 double bond in one step. This approach was based on a
solvolysis of bicyclo[3.1.0] hexane-6.methyl tosylate (II) in potassium

acetate buffered acetic acid which gave a reaction mixture containing 755



ring opened producti?(Scheme III).

Scheme III

= | ‘ =
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The endo isomers, solvolyzed under the same conditions, gave ; much more
complicated mixture of products and a much smaller percentage (19. 5%) of
ring opening.
The aim in the PGE, synthesis was to make 6-exo-(1'-heptenyl)-
2.( 6¢v~carbomethoxyhexyl)bicyelo[3,1.0] hexan-3-one (X), and to carry out
a ring opening solvolysis similar to that reported by Wiberg and Ashe,*?
The bicyclic katone X was synthesized by two toutesi??i®,
In the first sequence, cyclopentadiene was converted to cyclopent-3-en-
1.0l (IVa)?® which was then treated with dihydropyran and a few drops
of phosphorus oxychloride®® to form the tetrahydropyranyl (THP) ether (IVb).
Adﬂﬁon of ethyl diazoacetate?® to IVb gave a mixture of exo and endo
bicyelic ethyl esters which could be epimerized to the exo isomer Va with
methanolic sodium methoxide, Reduction of Xa with lithium aluminum
hydride followed by oxidation with Jones reagent®® gave the exo aldehyds Vb.
This compound was then subjected to a Wittig reaction®* with
hexyltriphenyl phosphomium bromide from which the cis olefin Ve was
obtained in good yield. Cleavage of the tetrahydropyranyl ether in mild
acid followed by oxidation with Jones reagent gave the bicyclic ketone



Scheme IV
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XXTV. Alkylation of XXIV with methyl c~bromo(or iodo)heptanoé.te gave
X in 25-39% yield7%18921, Tpn the alkylation there wére two isomers
formed: the o« isomer (trans configuration) X was the major product

of kinetic control, However, on equilibration, the 3 isomer (cis
configuration) was predominant by a ratio of 35:6%1,

The second sequence leading to X avoided the alkylation steps.
Cyclopentadiene (III) was epoxidized with peracetic acid®” to give 1,2-
epoxycyclopentene (VII). Grignard reagent displacement on the epoxide
VII using 7-pyranyloxyheptyl magnesium bromide gave VIII of undefined
stereochemistry in 30% yield. Pyranylation of VIII followed by
addition of ethyl diazoacetate and epimerization, as in the first
sequence, gave the bicyclic ester IXa, also of unknown stereochemistry,
The final steps to X involved reduction of IXa with lithium aluminum
hydride followed by oxidation to the aldehyde IXb, This was again
reacted with hexyltriphenyl phosphonium bromide to give IXc, Cleavage
of the tetrahydropyranyl ether with mild acid, oxidation with excess
Jones reagent, and esterification with diazomethane gave the keto ester X.

The solvolysis was achievedl??1® in buffered formic acid and
hydrogen peroxide but the yields of products obtained werel low, The
results were challenged by R.G. Holden et al.2°, However, the reaction
has been repeated and the conditions improved to that PGF,, and PGFy .
were isolated in 2-8% yield as erystalline products®*, Best results
were obtained when the solvolysis was carried out on the isolated

epoxide XTa in trifluorocacetic or formic acids. When the corresponding
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dimesylate XIb was solvolyzed in acetone-water 2:1 at 25°C, crystalline
dl-PGE, methyl ester and the C-15 epimer were each isolated in 5-10%
yields?2,

Using a totally different approach, E.J. Corey et al2?
have synthesized pure dl PGE,_,-FM,-FW,-A1 and -By. In a second
synthesis®®, a route to the C-11 epimers of the natural E, and F,
hormones as well as their corresponding C-15 epimers was provided.

Both sequences were designed to give a key intermediate which was
subsequently converted to PGE; and its epimers in eight steps;

The approach to PGE, methyl ester (Scheme VA and B) described
in this thesis was based on the previously discussed PGE, synthesis of
Just and Simonovitch7?18, Tyo routes leading to the intermediate XXV
were explored, In Chapter I, the synthesis of the acetylenice side
chain XXITTb and the subsequent alkylation of the previously synthesizedi??ie
bicyclic ketone XXIV (Scheme W) will be discussed. Chapter IT deals
with attempts to synthesize XXV by another route (Scheme VB).

In Chapter ITT various attempts to rearrange the cyclopropyl carbinyl
system will be described and the transformation of XXV to PGE, methyl

ester will be discussed,
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CHAPTER I
Synthesis of MeQxl 7=iodo=5~heptynoate

The first problem in the synthesis of PGE, methyl ester was
the construction of the unsaturated (C,~-C,) side chain having a
ODP-cis olefinic bond or an acetylenic bond at the 5 position which
could iater be reduced to the cis olefin, such as methyl 7-iodo-
5-heptynoate (XXTIIb).

The synthesis of this propargylic iodide XXIIIb was based on
the selective Cwalkylation of propargylic alcohols with alkyl halides
in liquid ammonia using lithium amide as the base®%, D'Engenieres and
co-workers3* had found that when sodium amide was used as base, both
O- and C-alkylation took place, If, however, lithium amide was used
as base, the C-alkylated alcohol was the only compound isolated,

On repeating this reaction with propargyl alcohol (XITIa) and
l.bromo=3~chloropropane using lithium amide as the base, the chloride
XIITa was obtained as the major product (Scheme VI). A minor product
(20%) which was not fully characterized was also separated®s, From
the n.m.r. (d' 4.03 ppm, 2H, t, J = 2,0 cps; § 3.62 ppm, 2H, t, J = 6.0 cps;

§ 6.5 = 5.5 ppm, 3H, multiplet) and infrared spectra (y max 3070 2230,
1650, 1085 em™*), and the carbon - hydrogen elemental analysis, XXVI is
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the probable structure of the by~product,

Alkylation of 3-tetrahydropyranyloxypropyre (XITIb) with
3-bromo-1.chloropropane gave only the monoalkylated chloride XIITb in
good yiéld.

The displacement of the chloride of XTITb by iodide was
achieved in good yield using sodium iodide in refluxing acetone. The
conversion of the resulting iodide XIV to 7=hydroxy-5-heptynoic acid
(XVI) via its Grignard reagent and carbonation of the latter, was not
successful, The Grignard reagent could not be generated in either
diethyl ether or tetrahydrofuran (THF). In all cases the magnesium
powder used was first washed with dilute hydrochloric acid to remove
surface oxides, then, after drying, activated with iodine.

An alternative method for preparing the acid XVI from the
chloride XITTa irvolved conversion of XITTa to the nitrile, followed
by hydrolysis. The chloride XIITa was converted to the cyano acetylene
XVa with sodium cyanide in dimethyl sulfoxide. Since XVa was difficult
to separate from traces of dimethyl sulfoxide, it was converted to its
acetate XVb by means of pyridine and acetic anhydride and purified by
column chromatography on silica gel,

Acid hydrolysis of the nitrile acetate XVb gave a mixture of
neutral compounds. The acetylenic bond probably had been hydrated3 ¢
since the v(C=C) band in the infrared spectrum had disappeared,
Multiplets at § 6,2.4.9 ppm in the n.m.r. spectrum, characteristic of
olefinic proton resonance, indicated that the compound had reacted in
an undesired manner under these conditions, Basic hydrolysis of the
nitrile gave predominately an acid fraction. However it was a mixture

from which the desired acid XVI could not be isolated,
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Scheme VI
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Since it was found difficult to add a one carbon unit to
the chlorohexyne XIII, an attempt was made to produce the C, chain by
reaction of propargyl alcohol with a C, unit, 4-tetrahydropyranyloxybutyl
bromide (XIXb).

Y-Tetrahydropyranyloxybutyl bromide (XIXb) was synthesized in
four steps (Scheme VIT ) starting with }'-butyrolac.tone (VII),
Treatment of the lactone with saturated aqueous hydrogen bromide at
reflux for 15 hours gave 4-bromo butyric acid (XVIIIa)3%, This was
esterified with diazomethane3®3, and the ester was reduced with excess
lithium aluminum hydride in diethyl ether at -350°C to give 4-bromo-
butanol (XIXa). Finally, treatment of the bromo aleohol XIXa with
dihydropyran and a trace of phosphorws oxychloride®¢, gave XIXb,

Yields of better than 90% were realized for each step in this sequence,

Reaction of XIXb with propargyl alcohol by the previously
described method of D'Engenieres®? gave 7=-tetrahydropyranyloxyhept-2-
yn=1l-0l (XXa) in 30-60% yield. Only moderate yields were realized
because of the formation of the two by-products XXb (2,5%) and XXc
(25%) which resulted from O-alkylation of propargyl alcohol and XXa,
respectively.

The iodo-ester XVIII was obtained from XXa by the following
sequence., The hydroxy groups of XXa were mesylated by first forming the
lithium alcoholate with butyl lithium followed by slow addition of mesyl
chloride in diethyl ether at 0° under nitrogen., 7-Tetrahydropyranyloxy-
2-heptynyl mesylate XXIa was then treated with sodium iodide in dry
acetone for 1.5 hours3? to give the corresponding iodide XXIc. The
bromide XXTb was similarly prepared by refluxing the mesylate with
anhydrous lithium bromide in acetone for 24 hours®®, Cleavage of the
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tetrapyranyl ether with dilute methanolic hydrochloric acid gave
7-iodohept~5=-yn=-o0l (XXId) which was oxidized with excess Jones
réagent at 0° to the carboxylic acid XXITIa., Finally, esterification
of XXIITa with diazomethane gave methyl 7-iodo-5-heptynoate (XXIIIb)

in 20% overall yield starting from XXa.

Alkylation of BExo-6-( 1 "-heptenvl) -bicyelo[3.1.0]) hexan-3-one (XXIV)

In the PGE; synthesis®, one of the most difficult steps had
been the alkylation of 6-( 1*-heptenyl)~bicyclo[3.1.0] hexan~3-ore (XXIV)
with methyl 7-iodo-heptancate., In this synthesis, the leaving groups
of the alkylating agent was propargylic and therefore more reactive
than its saturated counterpart. Better yields of tne alkylated product
were therefore anticipated, This expectation was not realized,

It was found that the reaction conditions were extremely
eritical: the solvent (THF) had to be completely anhydrous and the
reaction had to be done in a dry nitrogen atmosphere; there had to be
a large excess of alkylating agent present compared to the ketone, other-
wise (paradoxically) dialkylation predominated; the addition of freshly
prepared potassium tubutoxide™® dissolved in anhydrous THF had to be
done slowly so that the temperature was maintained at 0-5°, Best
results in the alkylation reaction in the PGE; synthesis had been obtained
when potassium t-butoxide dissolved in dimethoxyethane or THF was used
as the base and it was added to a mixture of the ketone and alkylating

agent18?21, Therefore no variations with respect to base were attempted,

* Commercial potassium t-butoxide was found to be unsatisfactory.
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In the first alkylation attempts, the tetrahydropyranyl
ether intermediates XXTa-c with three different leaving groups
(X = mesylate, bromide, iodide) were used as the alkylating agents,

Of these, only the iodide XXIc gave any alkylated product,

When the ratio of iodide to ketone was 1:1, 30% dialkylated
material was isolated, In the n.m.r. spectrum of this compound the
ratio of the olefin protons (& 5.5-4.6 pmm), ketal protons ( 4.53 pm ),
ard ether protons ( 3.9-3.1 ppm ) was found to be 2:2:8, This is
the precise ratio of these protons in the dialkylated molecule,
while for the monoalkylated compound the ratio is 2:1:4, For further
proof, the compound was converted to the keto acid by reducing the
ketone with lithium aluminum hydride, cleaving the 'tetrahydx:opyranyl
ether with mild acid, and finally oxidizing the triol with excess
Jones reagent. The n.m.r. spectrum of this keto acid showed a
carboxylic acid proton resonance at § 9,45 Ppm and an olefinic proton
resonance at § 5,9-4.8 ppm in the ratio 1:1, confirming the assigmment
since for the monoalkylated product the ratio would be 1:2,

When this reaction was repeated using a two-fold excess of the
iodide XXTc, and a longer addition time, the monoalkylated products XXVa
were obtained in 19% yield. (The cis and trans isomers were not isolated,
but by analogy with the alkylation results obtained in the PGE; synthesis®?,
they were probably both present,) The n.m.r. spectrum clearly showed the
characteristic olefinic proton multiplet ( § 5.6-4.6 ppm), the ketal
protons (4.58 ppm) and the ether protons (%.0-3.2 ppm) in the correct
ratio of 2:1:4, The mass spectrum gave no' parent peak, although

there was a large peak at m/es 302 corresponding to M+-8’+, or loss of the
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tetrahydropyranyl ether group which is not unusual for such ethersSt,
When the ether was cleaved with mild acid, the mass spectrum of the
resulting keto~-alcohol gave the correct parent peak: Mt 302, The
cleavage of the tetrahydropyranyl ether was followed by TLC and verified
by the disappearance of the characteristic THP bands (1138, 1120,

1075, 1060, 1033 1020 cm~') in the infrared spectrum.

Oxidation of the above keto alcohol with Jones reagent gave
an acid, but in poor y'leld.. The major product was a mixture of neutral
compounds which probably resulted from hydration of the triple bond
in the acidic oxidation conditions. Because of the poor yields in
this oxidation step, the iodide XXIc was first converted to the iodo
ester XXIITb as described above. It was then condensed with the ketone
XXTV. The oxidation of the iodo.alcohol, XXId to the corresponding acid
with Jones reagent also gave poor results, a large portion of the
reaction product being neutral, TLC of the mixture indicated that this
neutral fraction consisted of about five compounds which were not
further investigated.

Alkylation of the ketone XXIV with a three fold excess of the
iodo ester XXITIb gave four alkylated products which were separated from
the unreacted starting material by column chromatography on silica gel,
and then from each other by preparative TLC on silica gel (benzene -
ether, 9:1). The major product was the monoalkylated compound XXV
(M+ 330), obtained as a mixture of cis and trans ( £ and B ) isomers in
23% yield (based on the total ketone XXIV used in the reaction). The
other three products were the di- (M+ 468), tri- (M+ 606) and tetra-

(M+ 744) alkylated compounds obtained in 8, 11, and <5% yields respectively.
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The structure of these compounds was confirmed by their infrared, n.m.r.
and mass spectra., The detailed assignments are given in the Experimental
Section,

The results of all the alkylation reactions are summarized
in Table I, |

Gas. liquid chromatography (GLC) of the monoalkylated product
(6', 3% SE30 on chromosorb W, 200°C) indicated that there were two
compounds present (Rt = 2,9 min, and R, = 4,75 min,) in the ratio 3:7.
In the PGE, series, the analogous alkylation products had retention
times of 3.05 min., and 4:67 min, on the same GLC column and had been
obtained in the ratio 28:722%, The minor component (R, = 3.05 min., )
had been assigned the trans configuration, since it had been converted
to PGFy g Based on the close parallelism of the two sets of reactions,
the minor and major components must be the trans(x) and cis(@) compounds
of XXV,

GLC of the dialkylated product (6', 3% SE30 on chromesorb W,
248°C) showed two peaks (Rt = 5,25 min, and R, = 3,50 min,) in the ratio
5:1, Too little was known to make a structural assigmment for the two
dialkylated products, However, it has been shownt*?* that the second
condensation reaction occurs predominantly at the more substituted
carbon,

The tri- and tetra-alkylated products were not eluted off the

column at temperatures up to 250°,



Table I

Conditions and results of direct alkylation experiments on exo-6-(1'-heptenyl)-bicyclo [3.1.0] hexan-3-one (XXIV)

Equivalents Alkylating Equiv, of Equiv, of Solvent Reaction Temperature % alkylated
of t-BuOK agent alkylating ketone, XXIV time of reaction products
agent isolated
1.5 XVITTa 1 1 THF 30 min, -10°C none
1.5 XXVIIiIa 3 1 THF 2 hrs, 0 - 5°C
12 hrs, 22°C none
21 hrs, reflux
1,5 XXVIIIa 1 1 THF 24 hrs, 22¢C none
1.5 XXVI1Ta 1 1 DME 15 hrs, 22°C none
2 hrs, reflux
1.5 XXVIIIb 3 1 THF 30 min.* 0 - 5°C none
1.5 XXVITIc 1 1 THF 60 mingF 0 - 5°C 304 dialkylated
1.5 XXVIIIc 2 1 THF 4 hrs.* 0 - 5°C 19% monoalkylated
1.5 XVIIiI 3 1 THF 6 hrs.* 0 - 5°C 23% mono-
8% di-
11% tri-
5% tetra-

* addition time: worked-up immediately after addition

€2
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I.r.(CCl,) and n.m.r,(CCL,) of 7-tetrahydropyranyloxyhept-

2=yn=l.0l (XXa).
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Figure III: I.r.(CCl,) and n.m.r.(CCl,) of methyl 7-iodo-5-heptymoate
(XxXIIIb).
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Figure IV:

Mass spectrum of methyl 7-iodo-5-heptynoate (XXIIIb).
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Figure V: Tore(film) and nem.r.(CDCly) of exo-6-(1'-heptynyl)-2&
and /3;(6"-carbomethoxyaz-hexynyl)-bicyclo[3.1.0];

hexan-3-one (XXV).
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Figure VI: Mass spectrum of exo.-6-( 1 heptynyl)=-2L and
B=(6"*~carbomethoxy-2-hexynyl)-bicyclo[3.1.0] -
hexan-3-one (XXV).
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CHAPTER II

The Exploration of Other Routes to Exo-6-$1"-hegtenx12-trans-2-

(6"-carbomethoxv;Z-hexynyl)-bicyclo43.1.0 hexan-3-ona

Route A
Tn order to avoid the alkylation step described in Chapter I,
a second route was explored, It was based on the alternative scheme
described by Simonovitch® and outlined in the Introduction, This
route involved introduction of the acid side chain by a Grignard reaction

on 1,2-epoxycyclopentene (VII).

OH

+ RMgX ——

Vil

The Grignard reagent used in this case was propargyl magnesium
bromide (XXIX) which was easily prepared*® in diethyl ether when the
reaction temperature was maintained below 20°. If the temperature was
above 20°, or if tetrahydrofuran was used as solvent, undesired side
reaction occurred which involved the formation of an allene*?,

The slow addition of 1,2-epoxycyclopentene (VII) to excess
propargyl magnesium bromide at 0° gave, along with polymeric material,

a mixture of alcohols from which two major products could be isolated

by careful column chromatography on silica gel (Scheme VIITA)., The
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desired alcohol 2.propargylcyclopent-3-en~i-ol (XXX) ==formed by .
displacement at the most electrophilic (C-3) position--was obtained

as the major product'(32-40%). The other major component (10-12%)

was Y-propargyleyclopent-2-en-1-ol (XXXI). This compound was formed by
either 1,2 displacement at C-2, followed by allylic rearrangement on

work up, or direct 1,4 displacement at C-4. The minor products were not
completely characterized. They consisted first, of a mixture of allenes
(3%) which polymerized on standing. These allenes () . 1955 em™t) probably
resulted from the reaction of the allene Grignard reagent®* XXVII with

the epoxide. Second, there was isolated a tertiary alcohol (10%).

HO C=CH
CH —c—c/_C=CH
2 \MgBr
XXVII XXVIII

The n.m.r. and infrared spectra (detailed in the BExperimental section)
and elemental analysis suggested XXVIII as the structure of this by-
product. The product probably resulted from the reaction of the Grignard
reagent with the ketone impurity which was always found to contaminate
the epoxide (omax 1755 cm"", 1680 cm™') to the extent of 10-15%

(judged from the relative intensities of the bands.)*

*Tf XXVIIT is the correct structure for this by-product, the ketone
impurity contaminating the epoxide VII was probably 3-cyclopentenone.
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Scheme VIII

; OH
—= y C=CH —
. Q7= e O e = T
MgBr A

XXIX XXX
O S gy
i f—C-CR i ’_C"C-\/\/O

XXXlla R=H /(j
b R=""N"0""0 XXXIV
R
4
O
/ - i
XXXVlla R=CHO

XXXVI O
b R=
R <O]

XXXl XXXH

Q R

COoCH,CHy
XXXV

XXXVIN N



Figure VIL: N.m.r.(CCl,) spectra of 2-propargyleyclopent-2-en-1-0l

(XxXX) and 4-propargyleyclopent-3-en-i.ol (xXxx1I).
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The structure of the two major products XXX and XXXI was
proven in the following manner. Both alcohols were treated with excess
active manganese dioxide®? in refluxing pentane for 2l hours, The

alcohol XXXI gave an «, 3 unsaturated ketone ® nax 3055, 1725, 1650 em™;

lNkOH o1

max 237 mp, €10,900) whereas, XXX was not oxidized under these

conditions. Since manganese dioxide is known to oxidize only allylic
alcohols*2, XXXI was an allylic alcohol and XXX was not, This
conclusion was substantiated by comparison of the chemical shift

of the proton o€ to the hydroxy group for the two aleohols. For XXX,
the chemical shift for this proton was 4.27 ppm while for XXXI, it was
4,91 ppm, The down-field shift of 0.63 ppm in the latter compound was
due to thedehielding of the proton by the double bond next to it
The n.m.r. spectrum of XXXI also showed a quintet centered at 3.09 ppm
which integrated to one proton. This was interpreted to be the C-4
allylic hydrogen atom. On the basis of this interpretation, the
substitution of XXXI was postulated to be 1,4 rather than the equally
possible 1,2, If the substitution were 1,2, there would be two allylic
protons at C-4 resonating in the same fegion (3.0 ppm) which would be
expected to be split into a doublet,

The stereochemistry of XXX, was not certain, Based on melting
points of derivatives, Korach and co-workers®’® reported that 1,2-epoxy-
cyclopentene, after hydrolysis and hydrogenation, gave mainly cis-
1,2-cyclopentanediol, This was an unexpected result since epoxide

displacement reactions usually result in the formation of trans products*?,



The stereochemical course of the Grignard displacement of
1,2-epoxycyclopentene was proven in the following manner, The
alcohol XXX was benzoylated and completely hydrogenated. The resulting
penzoate XLIV was then compared with cis and trans benzoates of 2-n-
propyleyclopentan~i-ol (XLV and XLIV) which were synthesized by another
route (Scheme IX).

The benzoates XLIV and XLV were synthesized in the following
manner. Cyclopentanone was alkylated with allyl bromide (XL) via the
magnesium salt of its cyclohexylimine XXXIX to give 2-allyl cyclopentanone
XLI in moderate yield**, Reduction of XLI with 1ithium aluminum hydride
in diethyl ether gave both cis and trans-2-allylcyclopentan-i-ol
(XLI1Ia and ¥LITa) which were separated by careful column chromatography
on silica gel. Each separated isomeric alcohol was then benzoylated
with benzoyl chloride in pyridine®’ and catalytically hydrogenated to
give cis- and trans-(2-n-propyl c:yclopentyl) benzoate (XLV and XLIV)
respectively.

In order to prove the stereochemistry of XLIV and XLV, the
isomeric alcohols XIIIa and XLIITa were first transformed into their
respective tetrahydropyranyl ethers XLITb and XLITIb®5, The olefinic
linkage was then cleaved to the corresponding acid using sodium periodate
with a trace of potassium permanganate in an aqueous potassium carbonate
solution at room temperature*é, The resulting potassium carboxylate was
then acidified with 10% sulfuric acid and stirred at room temperature
for four hours. Under these conditions the tetrahydropyranyl ether
cleaved to give a hydroxy acid. In the case of XLIIIb, the product

isolated after this sequence of reactions was the Y -lactone XLVIT
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(omax 1776 em™*), The hydroxy acid must therefore have had the cis
configuration, Under the same reaction conditions, the epimer XLITb
gave the hydroxy acid XLVI (J . 3610, 3370, 3300-2500, 1710 cm™*)
with no evidence of lactonization, The acid XLVI must therefore have
the trans configuration., The assignment was further corroborated by
the TLC behaviour of the corresponding olefinic alcohols XLIITa and
XIITa, in which the cis-compound XLITTa had a larger Rf value than
its epimer XLIIa.

Having thus identified the cis- and transe(2-n-propylcyclo-
pentyl) benzoate, a direct comparison could be made with benzoate
obtained from 2.propargyleyclopent-3-en-l-ol (¥¥X). Comparison of
infrared and n.m.r. spectra, and R_f values on TLC system showed that the
saturated benzoate obtained from XXX was identical with trans-(2-n-
propyleyclopentyl) benzoate (XLIV) and different from the cis isomer (XLV).
The comparisons of the n.m.r. spectra gave the bsst proof for this -
assigmment, The chemical shift of the protoﬁ R to the benzoate group in
the cis isomer XLV was 5.32 ppm while that of the trans isomer XLIV was
4,95,

The stereochemistry of the displacement of 1,2-epoxycyclopentene
was, therefore, found to be consistent with the general stereochemical
course of 5.2 reactiorson epoxides*7,

Trans-2-propargylcyclopent-3-en-1-0l (XXX) was pyranylated
in the usual way®é, The terminal acetylene of the tetrahydropyranyl ether
XXXITa was then alkylated with 4-tetrahydropyranyloxybutyl bromide XIXb
using lithium amide in liquid armonia®t, This gave 2-[7-tetrahydropyranyl-
oxy;z-heptyne]-1-tetrahydropyranyloxycyclopent-3-ene (XXXITb) in 80% yield.

The next step was the addition of carboethoxy carbene to the
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double in XXXITb in order to introduce the [3.1.0]-bicyclic system.
Although this carbene, generated from ethyl diazoacetate by heating
with copper powder catalyst, will add to triple bonds'?32s%8, the
addition has been found to be selective to the double bond on reaction
with hex-l-en-4.yne*®, Also, since triple bonds are generally less
susceptible to electrophilic attack than double bonds®é, it was thought
that the desired selectivity would be achieved on XXXITb,

When the reaction was carried out at 100°, two products were
isolated from the reaction mixture in approximately equal amounts. In
the first compound, XXXIV, obtained in 244 yield, the carbene added only
to the triple bond forming a cyclopropene (M%héB; Omax1900 em™t;
$5.70 ppm) while in the second compound, XXXV, obtained in 26
yield, addition occurred both to the triple and double bonds (M%554,
Jmax1900 em™t), ALl spectroscopic data was consistent with the structures
proposed for these two compounds. A detailed interpretation of these
data is given in the Experimental section., The rest of the reaction
mixture contained only unreacted XXXIIb, diethyl maleate, and diethyl
fumarate, There was no evidence of any selective addition to the
double bond., When the same reaction was carried out at H0° iﬂstead of
100° only addition to the triple bond occurred, i.e., only XXXV was
isolated in 20-25F yield. The rest of the reaction mixture consisted
of unreacted XXXIV, and diethyl maleate (no diethyl fumarate was observed).
Again there was no evidence of addition to the double bond.

The reason for the preferential addition to the triple bond

in the presence of the double bond by the carboethoxy carbene was not

clear, One explanation could be that the positions of the large tetra-



Figure VITI: Ir(cCCl,) and n.m.r.(CCl,) spectra of 2-[1'-methenyl-2"'-
carboethoxy-3"-( 4! ' ~tetrahydropyranyloxybutyl)-cyclo-

propene]-1.tetrahydropyranyloxycyclopent.3-ene (XXXIV).
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Figure IX: Ir(CCl,) and n.m.r.(CCl,) spectra of 2-[i'-methyenyl-2'-
carboethoxy-3'-( 4 '-tetrahydropyranyloxybutyl)cyclopropene]-

6-carboethoxy-2-tetrahydropyranylbicyclo [3.1.0] hexane (XXXV).
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Figure X:

Mass Spectra of XXXIV and XXXV.

48



K

k9

0SS

»w

002

AX XX
Ha'HI09

oo

*woHo%9
L

0S¢y 007 0s¢ 00€ 0s2
.‘_ L A_ T | T THE : i ,:T_, .
N ._— _; 7 i

|

__

AIXXX




hydropyranyl group on the ring and the long side chain trans to it
sufficiently hindered both sides of the double bond so that the carbene
added faster onto the triple bond, This conclusion was supported by
the fact that the cyclopropene was formed at 50° to the exclusion of

any cyclopropane formation.

Route B

It was known that bicyclo[2.2,1]heptadiene (XXXVI) on reaction
with peracetic acid, gave, instead of an epoxide, bicyclo[B.l.O]_
hex-3-en-6-endo-carboxaldehyde (XXXVIIa) in good yield?¢, Therefore
it was thought that the carbene reaction could be avoided by starting
with XXXVI instead of cyclopentadiene (Scheme VILIB),

The endo aldehyde XXXVIIa was ketalized with ethylene glycol
in benzene containing a trace of p~toluenesulfonic acid, The infrared
spectrum of the resulting ketalXXXVilbwas consistent with the structure
proposed. However, the n.m.r. specfrum showed two doublets at § 4,33 ppm,
J = 8,0 cps and 4,52 ppmy J = 5.5 cps in the ratio 3:1, The absorption
was due to the methine proton H, coupled with the cycloprdpyl proton H

A B®
The two doublets indicated that the resulting ketal comsisted probably

O
NS Mg o
% oSN

endo exo
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of a mixture of endo and exo isomers, Not enough was known to make a
definitive assigmnment, It cannot be completely ruled out that the two
doublets are due to two conformers of the endo isomer arising from
hindered rotation, This possibility is however unlikely,

The ketal mixture XXXVIIb was reacted with peracetic acid at
0° to give recovered ketalXXXVIIb and the epoxide XXXVIII in 58% yield,
(In this case the two methine doublets were reversed w- the one with the
larger coupling constant being at lower field.) The epoxide XXXVIII
probably consisted of a mixture of & and 3 epoxides, the double bond
having been oxidized from both sides., In the exo keta1; in particular,
both sides would be relatively unhindered,

The mixture of epoxides was then added to propargyl magnesium
bromide in diethyl ether, to effect a Grignard displacement similar to
the one obtained for 1,2.epoxycyclopentene, Since cyclopropyl rings
have some T character, it was assumed that the most electrophilic
position would be at C-2 and that the major compound, as in the previous
case, would be the desired 3-hydroxy product. After chromatographing
the product on silica gel, it was found, however, that the reaction mixture
consiéted of only 17% displacement products which in turn was found by
TLC to be a mixture of six compounds, (Six isomers would be expected if
one started with « and 8 exo and & endo epoxides.)

Most of the reaction mixture consisted of a ketonic fraction
(25%) (omax 175 en™') and a mixture of saturated alcohols (23%) which
did not contain a propargyl group. Epoxides reacting with strong, non-

nucleophilic bases are known to undergo rearrangementss®, This type of
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transformation was demonstrated by Cope and co-workers®® to proceed

by the mechanism outlined in Scheme X,

Scheme X523

+ tBuli —_ Li

In the Grignard reaction on XXXVIII, rearrangements rather than
displacement probably predominated because the @B side of the epoxide,
particularly the endo-epoxide, was sterically shielded by the ketal
group.

The rest of the reaction mixture (35%), was not recovered
from the column, and probably consisted of polymeric material,

This route to XXV was also abandoned because of the unexpected
poor yields and the large number of isomers in the displacement products.
There was, therefore, no advantage in this approach over the sequence

discussed in Chapter I.
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CHAPTER IIT

Final Steps to the Synthesis of PGE, Methyl Ester

To complete the synthesis, the bicyclic ketone XXV had

to be transformed to prostaglandin E, methyl ester (LXXVII).

0]
% C=C P
2 _\/\COZCH3 . \—-_—/\/\0020H3
—_—
‘ _/\/\ HO/ / -’
=CH HO® H
XXV LXXVIlb

This involwved basically four steps:
1, The transformation of the olefinic linkage to an appropriate

leaving group which would give the ring opened homoallylic system upon

solvolysis.
2. The separation of PG like material from its 15~epimer X 1In

the synthesis of PGE,2%, 15-epi PGE, methyl ester could be separated

from the solvolysis reaction mixture by chromatography.

* ¢.f. the footnote on P. 1 of this thesis.
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3. The reduction of the triple bond to a cis-double bond., This

step can in principle be done by catalytic hydrogenation using

Lindlar catalyst®s,

4, The epimerization of 8-iso PGE, to PGE, methyl ester or

separation of the two isomers. This step was necessary since the
bicyclic ketone XXV was a mixture of C-2 and C-23 epimers (Chapter I).
This problem was recently resolved’® when 8-iso-PGE, was isomerized to
PGE; by the reaction of potassium acetate in ethanol at room temperature.
The equilibrium mixture consisted of PGE; and 8;iso-PGE1 in the ratio

of 9:1,

As has been mentioned in the Introduction, the initial
solvolysis attempts in the PGE, synthesisi7°18920 yere difficult to
reproduce. In this reaction, the olefin had been transférmed to an
epoxide with performic acid and solvolyzed, in situ, with formic acid,
When the epoxide XLVIII in the F series had been isolated and solvolyzed
with formic or trifluroacetic acids, PGF; methyl ester (L) and its
C-15 epimer had been isolated in 2,5-10% yields??, implying 5-20%
ring opening. The major product in the reaction had been the corresponding
unrearranged glycol XLIX., A pinacol rearrangement giving LI had also
been found*® to compete with the cyclopropyl carbinyl rearrangement
(Scheme XTA). Recently it has been reported®? that the solvolysis of
the dimesylate LIT in aqueous acetone at room temperature gave PGE; and
15-epi-PGE; methyl esters (LIII) each in 5-10% yield, The only other
product isolated was the glycol monomesylate LIV which could be recycled

(Scheme XIB).
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In any case, the solvolysis of the epoxide or dimesylate
under conditions of kinetic control gave only 15.20% of the desired
rearrangement products. In many instances, it was known that the
rearrangement of cyclopropyl carbinyl system gave, under kinetic
control, the cyclopropyl carbinol as the major product50?51952361262364,
but that under thermodynamically controlled conditions, the homoallylic
system was favoredS??58,

In principle, thermodynamic control would be achieved by
treating the glycol XLIX with mineral acid. However, one competing
reaction -- a pinacol rearrangement -- and, in the E-series, the known
acid instability of the PG which is dehydrated to the PGA compounds,
made this route unsuitable. It was thought that the problem could be
solved by solvolyzing the ditrichloroacetate in trichloroacetic acid,
Under these conditions, any regenerated ditrichloroacetate would be
resolvolyzed, giving efféctiﬁely thermodynamic control,

Because of the difficulty in synthesizing the alkylated
bicyclic ketone XXV and since the side chain shodld not greatly affect
the yields of rearranged products, the unalkylated ketone XXIV was used
as a model in the subsequent solvolysis studies.

The ditrichloroacetate LVI was prepared by treating the
diol LV with excess trichloroacetylvdhloride in pyridine., The glycol
LV was prepared by first reacting the olefin XXIV with performic acid
in buffered formic acid and then hydrolyzing the resulting hydroxy

formate with sodium carbonate in agueous methanol®?,
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The solvolysis of the ditrichloroacetate was carried out at
various temperatures in : °  trichloroacetic acid, trichlorocacetic acid
and dioxane 1:1, and trichloroacetic acid containing some p-toluene-
sulfonic acid., Pyrolysis of the ditrichloroacetate was also attempted.
In order to determine if rearrangement had taken place, the reaction
mixture was taken up in ether and washed with 5% sodium bicarbonate and
water to removelall the acid solvent., Some of the resulting material
was then treated with 0.9% sodium hydroxide in methanol at 50-60° for
10 minutes. If rearrangement had taken place, the resulting @B-hydroxy
ketone LVII would be converted to the conjugated ketone LXVI in the

same way that PGE,_, were converted to PGB,.;. This compound would be
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easily identified by its ultraviolet spectrum (Amax 268 msy€ 26,000) .

OH

LVII LXVI

The results of the solvolyses are summarized in Table IT,
There was no detectable rearrangement of any of the solvolysis reaction
carried out in trichloroacetic acide TLC of the products on silica gel
(benzene - ether, 7:3) showed only recovered ditrichloroacetate,
Pyrolysis at 230° gave a small amount of rearrangement along with
considerable charring, At 120.140°, no reaction took place.

A solvolysis of the ditrichlorocacetate was also attempted in
refluxing acetone-water 1:1, These conditions were based on a
solvolysis of the trichloroacetate of endo-bicyclo [3.1.0) hex-2-en-
6-yl-methanol (LVIII) in refluxing agueous acetone reported by Lumb and
Whitham56, This solvolysis gave a mixture of epimeric Levinylcyclopent-

enols (LVIX) in 0% yield. When these conditions were applied to IVI
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TABLE IT

Conditions and results of the solvolysis of exo-6-(1¢ ,2'.'

ditrichloroacetoxyheptanyl)-bicyclo {3.1.0] hexan~3-one (LVI).

Solvent Temperature Time % Rearrangement®
C1,CO0,H 60-65°C 5 min, NONE
30 min,
19 hours
80°C L5 min, NONE
1.5 hours
13 hours
15 hours
140°¢C 15 hours NONE
C1, CCO, H/pTSA é0°C 12,5 hours NONE
dioxane/ClC00,H 1:1  reflux 12 hours NONE
NONE 230°C 8 min, g+
decomposition
120-140°C 1 hour NONE
acetone/H,0 reflux L days 2%

*Percent rearrangement was determined from the extinction of the QA

268 e in the ultraviolet spectrum after the base treatment, max
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Lviil LVIX

(the solution having been boiled for four days), 635% of the

recovered reaction mixture consisted of the starting ditrichlorocacetate.

The remainder consisted of glycol LV and about 2% homoallylic diol LVII.
The reason for the failure of this reaction is not clear.

Two possible explanations are the following:

1) The reaction might be very slow. No extensive data on the

reactivity of trichloroacetates, or the solvolysing ability of tri-

chloroacetic acid have been reported.

2) The neighbouring trichloroacetate group may stabilize the

incipient carbonium ion to such an extent that participation by the

cyclopropyl group is greatly reduced so that the transition state

looks more like LXa than LXb,

CCl
QA 3 A
<:l 0,CCClg
Sy

LXa LXb
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Next, it was decided to investigate the solvolysis of the
dibromide IXI (Scheme XII). This compound should react in a manner
similar to the.dimesylate LIT22 but can be prepared from the olefinic
ketone XXIV in one rather than the two steps required for the dimesylate,

The dibromide LXI was prepafed by treating XXIV with
pyridinium hydrobromide perbromide?! in anhydrous chloroform at
room temperature, Two products were obtained. The major (556 yield)
desired dibromide was separated with much difficulty by column
chromatography from a minor product. This minor product could not
be completely separated from the dibromide., However, the infrared
spectrum of the mixture showed bands at 1720 and 1630 em™ which
suggested an‘£;53 unsaturated, five-membered ring ketone, Such a
compound would be formed if, during the bromination reaction, rearrange-
ment occurred as well, Since the reaction was done under slightly acidic
conditions in an aprotic solvent, elimination might occur to give
the «,/3 unsaturated ketone LXII as shown in Scheme XII.

The dibromide IXI was solvolyzed in aqueous acetone at room
temperature, The reaction was followed by TLC on silica gel (benzene-
ether 7:3), After 62 hours two spots different from the dibromide
(Rf 0.86) were observed., The first (Rf 0.39) was much more intense then
the second spot (Rf 0.05). The compounds were separated by preparative
TLC after solvolysing for 112 hours. The compounds recovered from the

reaction mixture consisted of the dibromide IXI (63%), the unrearranged
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bromohydrin IXTTI (198), (M" 289, 291; m/e 210, ¥'-7%Br, ®*Br) and =
slow moving fraction (5%) which was found to be a mixture of four
compounds, The low Rf value of this mixture suggested that it consisted
of diols. Probably the mixture contained some rearranged product, but
there was not enough material available to characterize it properly.

It was at first thought that rearrangement had occurred because
when the crude product was treated with O,5% sodium hydroxide in
methanol at 50°, a compound was obtained that gave the correct ultra-
violet absorption for LXVI (Aﬂ:gH 268 mu , € 8,500), It was
subsequently found that IXVI had indeed formed, but via the epoxide
IXVa, which in twrn, was formed from the bromohydrin IXTTI, It has been
shown? %, that under these basic conditions the epoxide LXVa will rearrange
to LXVb, With further base treatment, ILXVb isomerizes to the completely
conjugate ketone IXVI,

The structure of the bromohydrin LXIII was proven by synthesizing
it directly from XXIV using N-bromosuccinimide®?, Oxidation of LXIII
with Jones reagent at 0° gave LXIV in good yield (v max 1748, 1700 em™t 8¢

4,27 ppm, 1H, triplet, J = 6,5 cps.)

The dibromide solvolysis was much slower than that of the
dimesylate but faster then that of the ditrichloroacetate., This order
of reactivity of the leaving groups is the expected one®?,

Since the generation of a ''normal'! carbonium ion gave products
of rearrangement in less than 20% yield, it was decided to try to
generate a *thot!' carbonium ion, IXIX, by nitrous acid deamination of

the amine®® IXVITII (Scheme XIII).
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Addition of iodine isocyanate®® to the olefin.XXIV gave the
iodo isocyanate IXVII in good yield. The mode of addition follows from
subsequent reactions. The isocyanate was hydrolyzed to the amine LXVIII
in agueous acetone, This was not isolated bup treated, in situ, with
formic acid and sodium nitrite at -4°, After one hour at this temperature
and 3.5 hours at 25°, the only compound isolated was the unrearranged
iodohydrin IXX (M% 336; m/e 209,.M+-I). If any rearrangement did .
occur, it was to an extent of less than 10%, and certainly no higher
than in the dimesylate solvblysis.

The strugture of the iodohydrin LXX was proven by its n.m,r,
spectrum which showed no olefinic proton resonance in the §6.0-5.5 ppm
region, Its Jones oxidation product LXXI showed a low field triplet
at 4,48 ppm, J = 4,0 cps (100 MC n.m.r.) as in the case of the
bromoketone IXTV.,

Considerable work has been done to study the cyclopropyl-
carbinyl solvolysis and to understand the nature of the carbonium ion
which was involved,55 Although rate enhancement of the solvolysis due
to the participation of the cyclopropyl group adjacent to the leaving
group has been widely demonstrated19’°1’5°’51’53f the exact nature
of the carbonium ion is controversial55257262 and the extent of
rearrangement in various cyclopropylcarbinyl systems under similsr

solvolytic conditions is quite unpredictablel?9?563%67363,

¥ The solvolysis results obtained in this work also support this
conclusion, The leaving group adjacent to the cyclopropyl ring in the
dibromide IXT and iodo amine IXVIII deamination was solvolyzed much
faster than the other one., In the case of the iodohydrin LXX, the
iodide could not be solvolyzed to the diol when refluxed in agqueous
acetone for 24 hours.
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The reason for the limited rearrangement in the bicyclic
system discussed in this chapter may depend on a number of factors.
The most probable explanation (which was previously discussed) is the
participation of the neighbouring group with the formation of the
carbonium ion of type LXa which minimizes the effect of the cyclopropyl
group. Each of the neighbouring groups (bromine, trichloroacetate,
mesylate, iodine) was able, in principle; to participate in such a way.
However, the higher rate of solvolysis of the group next to cyclo-
propyl ring suggests some participation by it. Therefore other factors
must also influence the extent of rearrangement, The stereochemical
arrangement of the leaving groups to the migrating bond*°’¢S and the
amount of ring strain in the transition state caused by bond breaking
and rearranging63?6#?65 have been found to greatly influence the type
of products obtained in a solvolysis. In the solvolysis reactions
discussed above, only the exo.bicyclic ketone XXIV was used, based on
the results of Wiberg and Ashel®, However the compounds studied by
this group are quite different from XXIV and more favorable results
might be obtained if the configuration of XXIV were endo.

Since the solvolysis of the dimesylate in aqueous acetone
gave best yields of rearranged compounds of the systems that were
investigated, and since the by-product of the reaction; the hydroxy
mesylate, could be recycled this seemed to be the best system to use
for the final steps in the PGE, methyl ester synthesis (Scheme XIv).

6-Exo0-( 11-heptenyl)-2£and B-( 6* ! ~carbomethoxy-2-hexynyl)

bicyclo[3.1.0]hexan-3-one (XXV) obtained from the alkylation reaction
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described in Chapter I, was reacted in buffered formic acid with 30%
hydrogen peroxide®®, The resulting hydroxy formate was hydrolysed with
sodium carbonate in aqueous methanol, to give the diol IXXTITa in

87% yield (M' 364, m/e 263 vicinal diol cleavage). Since both the

cis and trans olefins were present in XXV, the diol consisted of a
mixture of erythro and threo isomers®?i,

The diol was then treated with an excess of methanesulfonyl
chloride in anhydrous pyridine at -10°C. The reaction was worked.up
in the cold and gave the corresponding dimesylate LXXIIb in 78-85%
yields. The n.m.r. spectrum of the crude dimesylate, vwhich consisted of
eight isomers (threo and erythro configurations for each cis and trans
orientation of Ithe ring substituents) showed four peaks due to the
methyl protons of the mesylate groups (189.8, 189.1, 188,0, 187.2 cps)e
TLC on silica gel (benzene-ethyl acetate 1:1) of the crude dimesylsie,
however, showed only one spot.

The solvolysis of the dimesylate was carried out in acetone-
water (2:1) at room temperature (22-25°) for 36 hours in a nitrogen
atmosphere. The reaction was followed by TLC on silica gel (benzene-
ethyl acetate 1:1) and was found to be more than 955 complete after
this time. The products had less mobility than the dimesylate on silica
gel in either benzene-ethyl acetate 1:1 or ethyl acetate, and were
clearly separable from the starting material. Using ethyl acetate as
the solvent system, the mixture was found to consist of five components.
The two major products (R p 0.62 and 0,48) were hydroxy mesylates LXIII,
where eight isomers would be expected as in the case of the starting

dimesylate, A minor product (Rf 0.37) was also hydroxy mesylate but it



was never obtained pure for proper characterization. The two other
bands (Rf.0.29 , 0.19) were identified as 15-epi-5-dihydro PGE, (LXXV)
and 5-dehydro PGE, (LXXIV) methyl esters respectively., BEach epimer
consisted of a mixture of 8-oC and Bisomerss A small amount (1-2%)
of dimesylate was also recovered.

The yield of the recovered hydroxy mesylates based on the
starting dimesylate was 70-80%. The 100 MC ne.m.r. spectrum of each
of the major products was identical., Each compound exhibited two sharp
peaks at 310.,0 and 307.9 cps assigned to the methyl protons of the
mesylate; When two major hydroxy mesylates, Rf 0.62 and 0.48, were
remesylated and solvolyzed independently, the same mixture of products
as described above, was obtained.

The two epimeric prostaglandins LXXTV and LXXV were obtained
in 11.16% yield from the dimesylate., The slower moving epimer LXXTV
was found to have the same Rf value on silica gel as PGE, methyl ester
using ethyl acetate as the solvent system. On 10% silver nitrate
impregnated silica gel, the PGE, methyl ester had lower mobility than
LXXIV and IXXV, which virtually moved together in both the MITT and AIX
solvent systems?®, Also, it was found that LXXIV was more active than
IXXV in a biocassay on a smooth muscle (Table IV). The PG with natural
configuration at C-15 is known to be more active than its 15-epimer.®
Therefore IXXIV was postulated to have the natural and LXXV the
unnatural configuration at C-15.

Spectroscopic data were consistent with the prostaglandin
structure for both IXXIV and ILXXV. The mass spectrum of both compounds

was identical except for small differences in intensities of some peaks.
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The fragmentation pattern was consistent with the structure and same of
the more important fragments are listed in Table ITI. The 100 MC n.m.r.
spectrum of LXXIV and LXXV was consistent with the structure ( § 5.9-
5.2 ppm, 2H, multiplet, HC=CH; 4.1 ppm, 2H, multiplet, CH-O; 3.68, 3H,
singlet, OCH;). The spectrumd thetwo epimers differed slightly in
the chemical shift of the olefiniec. prot-on multiplet and the protons

to the hydroxy group, In the 15-epi.5-dihydro PGE, methyl ester (IXXV)
these protons absorbed at slightly lower field (2-3 cps) than in 5-
dehydro~-PGE, methyl ester (LXXIV)., The infrared spectrum was identical
for the two compounds and consistent for a compound having two hydroxy
groups, a methyl ester and five-membered ring ketone (vma.x 3400, 1740,
1163, 1080 em™'), The infrared spectrum of PGE, methyl ester obtained
from natural PGE, differed only slightly in the finger print region
from that of the 5-dehydro-PGE, .

A small amount of the mixture of LXXIV and LXXV was treated
with 0.5 sodium hydroxide in methanol -at 38.48° for 1,5 hours. The
ultraviolet spectrum of the reaction mixture was taken in methanol at
various times as the reaction progressed. After 5 minutes at 38°
€ ,5 Was 18,000, This rose to 28,300 after 1.5 hours, The compound
formed was 5-dehydro-PGB, methyl ester (LXXVI) confirming that LXXIV
and IXXV were PGE like material, When the solution was further heated
or if the reaction was carried out in refluxing methanol (66°) even for
short times (15 to 20 minutes), the chromophore was found to disappear.
Presumably IXXVI decomposes under these more wigorous conditions. |

In an attempt to get the pure 5-dehydro-PGE, methyl ester
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Ir(film) and 100 MC n.m.r.(CDCl;) spectra of 8«4 and 3 -

5-dehydro-PGE, methyl ester (LXXIV).
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Figure XII:

Ir(film) and 100 MC n.m.r.(CDCl;) spectra of 8K and B~
15-epi=5-dehydro PGE, methyl ester (IXXV).
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Figure XIIT: Mass spectra of 8« and [3-5-dehydro-PGE, methyl ester
(IXXIV) and 8K and B-15-epi-5~dehydro-PGE, methyl

ester (LXXV).
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TABLE IIX

Interpretation of the major fragments of 5-dehydro-PGE, methyl esters

LXXIV and 1XXV, and PGE, methyl esters IXXVII and LXXVIII

Compound m/e Fragment

5.dehydro-PGE, methyl 346 M'-H,0

esters (IXXIV) and +

(LxXxv) 328 M -2H,0
315 nfe 346-0CH,
297 m/e 328-0CH,
285 mfe 328-GH,
293 M -CgHly s
275 mfe 346-CsHyy
317 mfe 346-HC=0
207 nfe 346-CgH,,0, ¢

PGE, methyl esters 348 M -H,0

(LXXVII) and (LXXVIIT) +
330 M -2H,0
317 m/e 348 - OCH,
316 m/e 348 - HOCH,
299 mfe 330 - OCH,
298 m/e 330 - HOCH,
299 M - CoHy,
277 mfe 348 - CgHyy
208 mfe 348 = CgH;,0,

190 m/e 208 - H,0
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(uncontaminated with the 8-isoepimer), the isomeric mixture LXXIV was
treated with 56 sodium acetate in methanol for seven days at roon
temperature, This was too long a time since an appreciable amount

of 5-déhydro.PGB, methyl ester (LXXVI) had formed and the 5~dehydro-PGE,
could not be obtained pure from the reaction mixture, However, this
impure produét was submitted for bioassay along with the isomeric
mixtures of LXXIV and LXXV.

The bioassay was done in vitro on a strip of isolated smooth
muscle, rat stomach fundus, using natural PGE; as the reference, This
did not give a quantitative measure of the 5-dehydro-PGE, methyl
ester activity, However, a qualitative measure and relative activity
was obtained, It was found that the activity of the synthetic,
acetylenic prostagi@ndins was less than that of PGE,. The pattern
of relative activity, which has been observed for other prostaglandins??,
was also noted in this series. That is, the unnatural, 15-epi LXXV
was found to be considerably less active-than the natural C-15 isomer,
LXXIV. Also, isomerization of LXXIV increased its activity suggesting
that the natural isomer at C-8, which should predominate under the
reaction conditions’?, was more active than the 8iso epimer. The
results are summarized in Table IV,

The final step in the synthesis of PGE, methyl ester was
the reduction of the acetylenic bond to a cis double bond, This was
achieved by catalytic hydrogenation using Lindlar catalyst poisoned
with quinoline®3, The reaction, however, was very sluggish with the
prostaglandins (simple acetylenic compounds such as phenyl acetylene

were easily reddced) and the reaction was incomplete even when it was
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allowed to continue for 24 hours. (The reaction should be complete
in 10 to 90 minutes®5,) It was found that when the catalyst was
poisoned with only 1.3% quinoline* (by weight), the reaction was
complete and 8«¢ and B-PGE, methyl éster(IXXVIIQ was isolated in 63%
yield; The 15-epi=5-dehydro~PGE, methyl ester was hydrogenated in
the same way to ILXXVIIT,

The 15-epi PGE, methyl ester (IXXVIIT) was characterized
by its mass spectrum, The fragmentation was the same as for the
PGE, methyl ester obtained by Bergstrom et al®!, The interpretation of
the major peaks is given in Table IIT. Exact mass measurement of
m/e 348 was correct for G, ,H;,0, (Caled 348,230045; Found: 348,229694) .
The fragment m/e 190 was particularly characteristic of FGE, methyl
ester since it was one of the most abundant fragments, Exact mess
measurement was consistent with an empirical formula Cy4H; 02
(Caled, 190,135758; Found, 190,13599%0) or the loss of the ester side
chain with hydrogen transfer and loss of water from G, 1H;20,. The
fragmentation could have occurred by one of two ways: 1) side chain
cleavage followed by hydrogen capture or 2) a concerted hydrogen
transfer involving an eight.membered ring. Since such a fragmentation
was not found in the 5-dehydro-PGE, methyl ester and since nfe 190 was
a very abundant fragment, the hydrogen capture mechanism was ruled out,

The proposed fragmentation scheme is given below.

* . s . s
The original procedure®S uses 5% or more quinoline,



+0OH
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OH
m/e 348 m/e 208
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m/e 190

TLC comparison of mobilities of synthetic PGE, methyl ester
and its C-15 epimer with the methyl ester of natural PGE, on silica
gel (ethyl acetate) and 10% silver nitrate impregnated silica gel
(MIIT) confirmed the stereochemical assigrment of LXXVIIa.and LXXVIII
at C-15 (Table V).

The mixture of 8oC and B-PGE, methyl ester was treated
with 3% ethanolic potassium acetate solution for 9% hours at 22°, The
resulting reaction mixture consisted of mainly 8«.PGE, methyl ester
LXXVITb(80%), 84-PGA, methyl ester (LXXIX) (188) (A_, 217 mk,
€9,000; M 348) and PGB, methyl ester (24) (A, 277 mp). The

stereochemical assignment at C.8 was made on the basis of the bioassay
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Table IV

Results of the bioassay of: A, the synthetic
5-dehydro PGE, methyl ester for smooth muscle
stimulating activity using the rat stomach
fundus¥, B, the synthetic PGE, methyl esters
for smooth muscle stimulating activity using
gerbil colon¥,
Compounds tested Weight (x 10™°g) of Potency

material required for
equivalent contraction

A, Natural PGE, 20 1.0
8 and f-15-epi-5-
dehydro PGE, methyl
ester(LXXV) 720 0.028
8et and @-5-dehydro
methyl ester (LXXIV) 192 0,10
Epimerized LXXIV 160 0.13
Mixture of LXXIV and LXXV 256 0.078

B. 8cand @-15-epi PGE,
methyl ester(IXXVIII) 0.21

8« PGE, methyl ester
(LXXVIIb) 3.38

*Bioassay carried out by Dr. L. Wolfe, Montreal Neurological Institute,
Montreal, Canada.

=l=B.’Loza.se;a.y carried out by Dr. J.R. Weeks, The Upjohn Company, Kalamazoo,
Michigan,
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on the smooth muscle, ger‘bil colon®* (Table IV) and by analogy to
the results of the epimerization of 8-iso~PGE,7°.

The isomerization product LXXVIIb was found to be of very
high biological activity, and in the expected order of potency?®?,
Although PGE; and PGE, activity has not been compared on gerbil
colon, it was estimated®® that PGE, would be several fold more
potent, On the rabbit duodenum, the activity of PGE, was about
three fold PGE; and they were about equal on guinea.pig ileum’S,
Further, in tests on other prostaglandins, it has not been found that
esterification with methyl has any great effect on activity in

isolated muscle baths,

TABLE V

Rf values on silica gel

10% AgNO, /MIII Ethyl acetate

PGE, methyl ester

from natural PGE, 0.31 0.27
PGE, methyl ester

LXXVIIh 0.31 0.27
15-epi-PGE, methyl

ester LYXVIII 0.32 0.35
S5=-dehydro-PGE,

methyl ester LXXIV 0.39 0.27

The n.m.r., (100 MC) spectrum of IXXVIIb was consistent with
the structure, The spectrum was the same as that for 5=dehydro PGE,

methyl ester (LXXIV) except that a second multiplet appeared in the



Figure XIV:

100 MC n.m.r.(CDCl;) and mass spectra of synthetic PGE,
methyl ester (IXXVIID).
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Figure XV: Mass spectra of S8« and (3 -15-epi~PGE, methyl ester
IXXVIII and 8K-PGA, methyl ester LXXIX.
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olefinic proton region ( § 5.4 ppm) which integrated for two protons.
The olefin, oc ~hydroxy and ester methoxy protons were found to be in
the correct ratio (#:2:3) for PGE, methyl ester,

The infrared spectrum of IXXVIIIb was identical with that
of the natural PGE, methyl ester,

The mass spectrum of IXXVIIb was identical with that of
LXXVIIT and the natural PGE2 methyl ester except for the intensities
of the fragments m/e 190 and 20§. In the case of IXXVIIb the m/e 208
fragment was consistently more abundant than the m/e 190 fragment,
Although when the spectrum was taken at 155° and the probe was kept
in the source for 40 minutes, the relative abundance of the two
masses changed and became nearly the same, In the spectrum of
natural PGE, methyl ester taken on the same mass spectrometer at 160°
gave a more abundant m/e 190 mass, the m/e 208 fragment being about
62% as abundant., On the other hand, in the mass spectrum reported by
Bergstrom et al,’%, the m/e 208 fragment was only 13% as abundant as
m/e 190, In the spectrum of PGA, methyl ester also taken at 160°,
m/e 190 was again found to be very abundant, while the relative
intensity of m/e 208 was only 2% of the m/e 190 fragment, The reason
for this variation in relative intensities of the m/e 190 and 208
fragments was not understood, From the rest of the fragmentation
pattern, other spectral data, mobility on TLC and results of the

bioassay, it was clear that PGE, methyl ester had been obtained,
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EXPERIMENTAL

CHAPTER I

1-Tetrahydropyranyloxy-2-propyne (XIIb)., The ether XIIb was prepared

according to the procedure of H.B. Henbest et al,®S,
Anal, Caled. for CgH;,0,: C, 68.54; H, 8,63

Found : C, 68.,40; H, 8.77

6-Chloro-2-hexyn-1-0l (XII1Ta). The chloro alcohol XIITa was prepared

according to the procedure of M. Duchon D'Engenieres et al,®?

Anal,  Caled, for C¢Hg0Cl: C, 54.11; H, 6.79; Cl, 26.79
Found: C, 54.39; H, 6.75; Cl, 26.09

The by-product XXVI isolated?5 from the reaction mixture

was assigned this structure on the basis of the following spectral

and analytical data: i.r.(CCl,) 3070 cm™*(=CH) 2230 em™*(C=C),

1650 em~*(c=C), 1085 em™* (C-0-C); nem.r.(CCLl,) § 6.5-5.5 (my3H,

H, C=CH) , %03 (t, 2H, J = 2,0 cps, OCH,C=), 3.9 (m, 2H, =CCH,0),

3.62 (t, 2H, J = 6.0 cps, GE,Cl), 2.6-1.8 (m, MK, =CCH, GH.)+
Aral, Caled. for CoH 30Cl: C, 62.61; H, 7.54

Found : C, 63021; H, 7455

1-Tetrahxdrogy_ganxloxx-6-chloro-Z-heer SXIIib}. This was prepared

according to the procedure of M. Duchon D'Engenieres et al,3?
Anal, Caled. for C,4H,,0,Cl: C, 60.93; H, 7.91; Cl, 16,39

Found: C, 61.08; H, 7.76; Cl, 16,31

* In nym.r. descriptions, s = singlet, d = doublet, t = triplet,
qu = quartet, q = quintet, m = multiplet.
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1-Tetrahydropyranyloxy-6~iodo-2-hexyne (XIV). 1-Tetrahydropyranyl-

oxy=6=-chloro-2-hexyne (XiIIhb'(é.lg) was placed in 50 ml acetone
containing 1.1 equivﬁlents of sodium iodide, The solution was
refluxed for 15 hours with stirring. A white precipitate (sodium
chloride) formed as the reaction progressed; After cooling the mixture
to room temperature, the reaction was worked up as usual with ether¥
The yield of XIV was 9&%: i.re (£ilm) 665 cn™ (C-Cl); nemers (CCL,)

$ 3.30 pom (t, 2H, J = 6.0 cps, CL,I) instead of § 3.57 ppm

(cg.Cl). Otherwise there was no change from the spectrum of XIITb

in either i.r. or n.am.r.

6-Cyano~2-hexyn=1-ol (XVa)., 6~Chloro-2-hexyn.l-ol (XIIIa) (6.75 g)

was dissolved in 30 ml anhydrous DMSO (freshly distilledover calcium
hydride under nitrogen). To this was added 1.1 equivalents of |
sodium cyanide which had been dried overnight at 90° in vacuo. The
reaction solution was always kept under a stream of dry nitrogen to
ensure anhydrous conditions. The mixture was then heated at Q° in
an oil bath while the solution was magnetically stirred,%” On
heating, the granular sodium cyanide crystals were replaced by a
galatious precipitate, After heating for 5 hours, the solution was
cooled to room temperature, diluted with water and worked up as usual

with chloroform, The resulting oil, which still contained DMSO,

* Unless otherwise mentioned, the term ?'worked up as usual'' means
extraction with a specified solvent, washing the combined extracts
with water and saturated aqueous sodium chloride, drying over anhydrous
sodium sulfate or magnesium sulfate filtering and finally evaporating
the solvent in vacuo,.



was chromatographed through a column of silica gel (benzene-ether 9:1)
and the hydroxy nitrile XVa.. was obtained in 90% yield: i.r. (CHCls)
3580, 3420 cm™* (OH), 2250 am™® (C=N, C=C); n.m.r. (CDCl,) § 4.48 (t,
2H, J = 2.0 cps, O (=), 3.0-2.4 (m, 4, =CCGH, CHC=N), 2.3-1.8

(m, 2H, CH,), 2.72 (s, 1H, exchangeable, OH).

1.A cetony.6-cyano-2-hexyne (XVb)., The crude hydroxy nitrile XITIa was

dissolved in 100 ml dry pyfidine and a slight molar excess of acetic
anhydride was added, This was heated at 60° for 1.5 hours, The
pyridine was then stripped off in vacuo and the residue was eluted
through a silica gel column with benzene followed by benzene-ether
9:1, The yield of the acetate was 32% based on the starting hydroxy
chloride, XITTa: i,r. (CCLl,) 2244 am™* (C=N, C=C), 1745 en™* (C=0),
1268 em™! (C-0-C); num.r. (CCL,) S 4.58 (t, 2H, J = 2.0 cps,
OCH, C=), 2402 (s, 3H, CH30),

Anal, Caled. for CgH,;0,N: C, 65.45; H, 6.67; W, 8,48,

Found: C, 65.29; H, 6.73; N, 8.55.

Methyl 4-bromobutyrate (XVIIIb)., The crude 4-bromo butyric acid

(XVIITIa), prepared from the procedure of Avison et al,3*, was treated
with ethereal diazomethane35 at 0°, The ether was then removed
in vacuo. The product distilled at 77°/15 mm: i.r, (CCL,) 1778,
1740 em™* (C=0); num.r. (CCL,) § 3.59 (s, 3H, OCH,), 3.38 (t, 2H,
J = 6.0 cps, CH,Br), 2.63-1.96 (m, 4H, GH, CH, ).

Anal. Caled. on CsHoQpBr: C, 33.15; H, 4.97; Br, 44,19

Found: C, 33.42; H, 5.06; Br, 43,98
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4-Bromobutanol (XTXa), A one liter, three-necked, round-bottom flask

was Titted with a thermometer (low temperature), dropping funnel,
mechanical stirrer and nitrogen gas inlet and outlet, Under a
stream of nitrogen, the flask was charged with 250 ml of anhydrous
ether and 3.05 g lithium aluminum hydride. The stirred slurry was
cooled to -60° in a dry ice-methanol bath and 23,8 g (0,130 moles)
of ester XVIIIb,dissolved in 200 ml anhydrous ether, was slowly
added so that the temperature did not go above -50°, After addition,
the reaction was kept below -60° for 1.5 hours, then slowly allowed
to warm to -10°, The reaction was then quenched with 200 ml of 2N
sulfuric acid and workéd up as usual with ether. The resulting alcohol
XIXa was obtained in 95% yield (b.p. 48~49°/3mm): i.r.(CCL,) 3630,
3300 em™' (OH), 1060 cu™* (C-0); nem.r.(CCL,) § 3.68 (t, 3H, J =
6.5 cps, CH,0), 3.46 (t, 3H, J = 6,0 cps, CH,Br), 2,25-1.50 (m, 4H,
CH,CH. ), 4.62 (s, 1H, exchangeable, OH).

Anal, Calecd for C,H4OBr: C, 31.37; H, 5.88; Br, 52.22

Found: C, 31.49; H, 5.83; Br, 51.98

4.Tetrahydropyranyloxybutyl bromide (XIXb). One equivalent of the

" above alcohol was treated (neat) with a slight molar excess of 3 ,4..'
dihydropyran and three drops of phosphorus - oxychloride. A vigorous
exothermic reaction started almost irmediately after the phosphorus
oxychloride had been added (in one instance, the reaction startea
without addition of catalyst, probably because the mixture was
contaminated with some mineral acid)., The reaction temperature was
controlled with an ice-water bath, After the -exXothermic reaction

had subsided, the reaction mixture was stirred at room temperature



for three hours. The mixture was then taken up in ether and washed
twice with 5% aqueous potassium hydroxide, followed by the usual
work up procedure. The resulting tetrahydropyranyl ether could be
distilled at 82.84°/2mm as long as the distillation apparatus was
acid free, otherwise the tetrahydropyranyl ether would cleave,
Purification was also achieved by column chromatography on silica gel
using hexane, then hexane-benzene mixtures (2.5 to 20%) as the solvent
system, The yield of XIXb was better than 95%: i.r.(CCl,) 1143, 1130, .
1038, 1028 em™* (C-0-C), 914, 872 cu™* (C-C-C); nemer.(CCL,) § %.53
(my 1H, HC ketal), 4,05-3.18 (m, 6Hy 2 (OCH,)y CH,Br), 2.25-1.35
(m, 10H, CH,).

Anal, Caled. for C¢Hy,0,Br: C, 45.59; H, 7.17; Br, 33.75

Found: C, 45.33; H, 7.38; Br, 33.93

[=Tetrahydropyranyloxy~2-heptyn-1.ol (XXa). A 500 ml, three-necked,

round~bottom flask was fittedwith a Claisen 'ada.pter on the middle neck,
and a stop-cock adapter (nitrogen inlet) and dropping funnel on the
other two necks, A mechanical stirrer was passed through the middle
neck and a dry-ice condenser was placed on the other arm of the
Claisen adapter., The system was flushed with nitrogén gas and flame
dried, The reaction flask was charged with 0,22 moles lithium amide,
the flask and condeﬁser ‘were then cooled to -80° (isopropyl alcoholw
carbon dioxide), and 200 ml ammonia was distilled through the
condenser into the flask, It was not found necessary to redistill

the ammonia from sodium metal., After the distillation, the system was

again flushed with nitrogen and the dropping funnel was charged



93

with 0,10 moles propargyl alcohol in 30 ml of anhydrous ether, The
alcohol was added dropwise with stirring. The coolant from the flask
was then removed and the solution was stirred for 2 hours. After this
time, the dropping funnel was charged with 0,09 moles of the bromide
(XXVIb), in 20 ml of anhydrous ether under a positive nitrogen pressure.
The bromide was added dropwise and then the reaction mixture was stirred
for 6 hours at ~33° (refluxing ammonia). After this time the reaction
was quenched by the addition of 0.05 moles of ammonium chloride and the
ammonia was allowed to evaporate overnight, The resulting solid mass
was then taken up in water and ether, The ether was separated and the
aqueous phase was further extracted (six times) with ether. The work
up was then continued in the usual way. The crude reaction product
was chromatographed on a silica gel column (30 g silica gel to 1 g
mixture). The column was eluted.with hexane containing increasing
amounts of ethyl acetate (2.55-20%). |

The compounds that were isolated from the reaction mixture are
given below in the order that they were eluted off the column,

1, U4-Tetrahydropyranyloxybutyl propargyl ether (XXb) was eluted

with 2.5-5% ethyl acetate in hexane and obtained in 2.5-5% yield:
i.r. (CCL,) 3310 em™* (=CH), 2120 am™* (C=C, terminal), 1124, 1105,
1079, 1038, 1023 em™* (C-0-C); nem.r.(CCL,) § 4.53 (m, 1H, HC ketal),
4,09 (d, 2H, J = 2.5 cps, OCH,C=), 3.9-3.1 (m, 6H, OCH,), 2.57 (t,
1H, J = 2.5 cps, =CH), 1.8-1,4 (m, 10H, CH).

Anal, Caled, for CiH» o0zt C, 67.89; H, 9.50

Found: C, 68.10; H, 9,66



2. 4-Tetrahxdrogx;anyioxybutvl—7-tetrathggpxganyioxv;z-heptvnvl

ether (XXc) was eluted with 5-10% ethyl acetate in hexane and obtained
in 20-25% yield: i,r.(CCl,) 2230 em™* (C=C), 1145, 1130, 1085, 1075,
1045, 1030 cm™® (C-0-C); num.r.(CCL,) S 4.59 (m, 2H, HC ketals),
4,09 (t, 2H, J = 2.0 cps, =CCH,0), 4.0-3.2 (m, 10H, CH,0), 2.2 (m,
2H, CHpC=) 1.9-1.3 (m, 20H, GH,).

Anal, Caled. for G, 4HaeOs: C, 68.44; H, 9.85

Found: C, 68.04; H, 9.74

3. 7-Tetrahydropyranyloxy-2-heptyn-l-ol (XXa) was eluted off

the column with 20% ethyl acetate in hexane and obtained in 50-60%
yield., Distillation of this compound was unsatisfactory because of
tétrahydropyranyl ether cleavage: i.r.(CCl,) 3610, 3450 cm™* (OH),
2220 em™* (cC=C), 1140, 1123, 1039, 1025 (C-0-C); n.m.r.(CCL,)§4,60(m, 1H,
HC ketal),.4.17(t, 1H, J = 2,0 cps, OCH,C=), 4.0-3.2(m, 4H, CH,0), 2.5
2,1(m, 2H, GH,C=), 2,0-1.4(m, 10H, ‘G ), 2.91(s, 1H, exchangeable, OH).

Anal, Caled, for CypH, 03¢ C, 67.89; Hy 9.50

Found: C, 68,09; H, 9.63

7-Tetrahydropyranyloxy~2-heptynyl mesylate (XXIa). A solution of
n-butyl lithium (Alfa Inorganics) in hexane (66 g of 22.6% by weight)
was transferred under nitrogen in a ''glove bag!' into a one liter,
three-necked flask, The flask was then fitted with a nitrogen inlet
stopcock, mechanical stirrer, dropping funnel and nitrogen outlef.
Under a stream of nitrogen, the solution was cooled to 0° (ice~water
bath) and the dropping funnel was charged with 45 g (0.212 moles)

of alcohol XXa in 100 ml of anhydrous ether, The ethereal solution
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of alcohol was slowly added with stirring over a period of 1 hour,
then stirred at 0°C for an additional hour to ensure complete salt
formation. UMesyl chloride (24.3 g) in 70 ml anhydrous ether was
placed into the dropping funnel and slowly added at 0°, A precipitate
formed immediately, After addition (about 1 hr) the solution was
allowed to stand an additional three hours. The reaction was then
quenched with ice water and worked up as usual in ether, The yields
of the crude mesylate were better than 9% and was used as such for
conversion to the iodide XXIc, The mesylate was purified by column
chromatography on silica gel and elution with 2,5-10% ethyl acetate-
hexane, This purified material was used for the alkylation: i.r.
(ccl,) 2245 an™' (c=C), 1390, 1188 an™* (50,), 1145-1025 cm™*

(c-0-C).

1-Todo-7-tetrahydropyranyloxy~2-heptyne (XXTe). Sodium iodide (75g),

which had been heated in the oven at 120° for two hours, was placed in

a 2-liter, three-necked flask fitted with a nitrogen gas inlet, outlet
and mechanical stirrer. The sodium iodide was dissolved in 500 ml
anhydrous acetone and the resulting solution was cooled to 0° under
nitrogen. The crude mesylate XXIa (113g) dissolved in 500 ml arhydrous
acetone was added at once with stirring, The solution became cloudy,
and finally turned into a thick, light browm slurry. This was stirred
at 0°-20° for 1.5 hours, then diluted with ether and worked up the
usual way. The crude iodide XXIc, obtained in 85-90% yields, was
purified by column chromatography on silica gel using 2.5-10% ethyl

acetate in hexane as the solvent system: i.r.(CCl,) 2240 cn™t (cz0),
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1155-1032 em™* (C-0-C); num.r.(CCL,) § 4.60 (m, 1A, HC ketal),
3.76 (t, 2H, J = 2,0 cpsy CHaI)y 3.9-3.2 (m, M, CGH,0), 2.30 (m,

2H, CH,C=), 1.9-1.4 (m, 10H, CH,).

1-Bramo-7-tetrahydropyranyloxy-2~heptyne (XXTb). The mesylate XXIa

(1.55 g) was dissolved in anhydrous acetone under nitrogen, A slight
molar excess of anhydrous lithium bromide was added and the solution -
was heated at 80°C for one hour. After cooling the solution was
concentrated in vacuo, taken up in ether and worked up as usual, The
bromide XXTb, obtained in 85% yield, was purified by column chromato-
graphy on alumina ITI-IV using hexane as the solvent system: i.r.(CCL,)
2245 en™* (C=C), 1142-1025 an™* (C-0-C); nam.r.(CCL,) S 4.43 (m, 1H,
HC ketal), 3.79 (t, 2H, J = 2,0 cps, BrCH,C=), 3.7-3.1 (m, 4H, GH,O0),
2.21 (m, 2H, QH,C=), 1.8-1.3 (m, 10H, CHy).

Anal, Caled. for CypH,402Br: C, 52.36; H, 6.91; Br, 29.09

Found : C, 52.13; H, 7.10; Br, 28,89

1-Todo-2-heptyn-7-ol (XXId)., The iodide XXIc (0.39 moles) was dissolved

in 500 ml of methanol in a one liter, three-necked flask containing a
magnetic stirrer., Under a stream of nitrogen, 1 ml of concentrated
hydrochloric acid was added and the solution was stirred at room
temperature for four hours., Most of the methanol wﬁs then removed in
vacuo at room temperature, and the residue was diluted with ether, and
washed with 5% sodium carbonate. The aqueous fraction was extracted
with ether in the usual manner. The crude hydroxy iodide XXId was

not purified but oxidized directly with Jones reagent: i.r.(CCL,)
3635, 3460 em™* (OH), 2240 an™* (C=C), 1063 an™ (C-0); num.r.(CCL,)
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S 3.73 (ty J = 2.0 cps, ICI._.‘IaCE)9 369-3.4 (m, CLIZO), 2.23 (m, @205)9

1,8-1.2 (m, CHo)s 3.99 (s, exchangeable, OH).

Methyl 7=-iodo=5-heptynoate (XXI1Tb). The qrude hydroxy iodide XXTId

was dissolved in - 1 1, acetone in a two liter'three-neckéd flask: fitted
with a mechanical stirrer, dropping funnel and thermometer. The solution
was cooled to 5° and stirred while molar excess Jones reagent was

added at such a rate that the temperature did not go above 10°.

(The addition took about 2.5 hours.) After the addition, isopropyl
alcohol was added to destroy exces. chromic acid, and the reaction
mixture was diluted with water and ether., The aqueous phase was
separated and extracted five times with ether, The combined, ether
fraction was then extracted with 5% sodium bicarbonate., This basic
fraction was reacidified with 6N hydrochloric acid and back extracted
with ether., The ethereal solution was washed with brine, dried over
'sodium sulfate, filtered and concentrated. The crude acid was then
again dissolved in anhydrous ether, cooled to 0°. and treated with an
ethereal solution of diazomethane, Concentration of this solution
gave a brown oil which was chromatographed on a silica gely column
using 10% ethyl acetate in hexane as the solvent system, The pure
jodo ester XXIIIb was obtained as a colorless liquid in 20% overall
yield from XXa: 1.r.(CCL,) 2240 em™* (C=C), 1740 an™* (C=0), 1163 cam™*
(C~-0-C); nemer.(CCL,) § 3.70 (t, J = 2.0 cps, ICHC=), 3.68 (s,
OCH,), these peaks overlap but integrate together to 5H, 2.5-2.1

(m, 4H, CH, (0, CHaC=), 1.83 (m, 2H, CH,); mass spectrum: Mt 266;

nfe 235, M = OCHys m/e 207, M = 00,CHy; m/e 179, M - CH,CH, 0O, CHy 3
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mfe 139, M - I; m/é 193, M = CH,00,CHy.

6=FEx0~(1'~heptenyl)-la L and @B -(6''-carbomethoxy~2-hexynyl).

bicyclo[3.1.0] hexan-3-one (XXV), A two liter, three-necked flask

was fitted with a stopcock adapter (nitrogen inlet), charged with the
purified iodo ester, XXITIb (0.0752 moles) and the biecyclic ketone
XXIV¥* (0.026 moles) and connected to a distillation apparatus as the
receiving fiask, Tetrahydrofuran (THF) had been heated to reflux
over lithium aluminum hydride for 12-16 hours in the apparatus. The
still head (Ace Glass, Inc. No. 9214) of the distillation apparatus
was such that the receiving portion could be independently flushed with nitro-
.gen, Therefore after éonnecting the flask and flughing it with nitrogen,
400 ml anhydrous THF was distilled into it. The flask was then removed
under a stream of nitrogen, fitted with a mechanical stirrer, a mercury
trap and thermometer. The solution was then cooled to 3° in an ice-
water bath, Finally a one liter dropping funnel containing potassium
t-butoxide (0.0395 moles) dissolved in 900 ml of‘anhydrous THF was
fitted onto the three-necked flask,

Since commercial grade potassium t-butoxide was unsatisfactory
(it contained too much potassium hydroxide which was not soluble in THF)
the base had to be freshly prepared each time. An excess of t-butanol
was distilled over potassium in a nitrogen atmosphere. into a one-
liter three-necked flask containing potassium (0.0395 moles), After all
the metal had dissolved, the excess t-butanol was removed in vacuo
leaving a white solid., The flask was then connected, under nitrogen, to

the above mentioned distillation apparatus and 9CO ml THF was distilled

¥ This compound was generously supplied by the Upjohn Company,
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‘ into it. The clear solution was then transferred into a dropping funnel
in a *'glove bag'!' under nitrogen.

The base was now slowly added to the stirred solution of the
ketone and iodide over a period of six hours with the temperature being
maintained between 0-5°., After about 30 minutes of addition, the
solution became cloudy and assumed a beige colour which did not change
throughout the addition although the solution became thicker., This
was probably due to potassium iodide precipitating out. After the base
had been added, the reaction was quenched with 50 ml of 5% hydrochloric
acid. The solution was then concentrated on an aspirator to about 300
ml, diluted with water and extracted with ethyl acetate (5 times, 100 ml),
Thé combined dark organic fraction was then washed with 5% sodium
thiosulfate to remove iodine and with brine and finally dried over
sodium sulfate, The solution was then filtered and concentrated. A
brown oil (19.1 g) was obtained,

Attempts to strip off unreacted ester and ketone failed at a
vacuum of 5 M~ at 100°, A more efficient vacuum was required but was
not available. The material was then chromatographed on a 1 kg silica
gel column, eluted with hexane followed by 2.5-40% ethyl acetate in
hexane, The components of the mixture eluted in the i‘oliowing order:

1. Unreacted XXW and XXITIb (5% EtOAc) which were identified by TLC

comparison with the pure compounds,

2. Monoalkylated ketone XXV (5-10% EtOAc) was obtained in 23% yield:

ier.(£ilm) 1740 em™* (C=0) ketone and ester, 1165 am™* (C-0-C);
namer.(CDCL;) § 5.6-4.6 (m, 2H, HC=CH), 3.62 (s, 3H, OCH,).
Mass spectrum: mt 330; m/e 299, M. OCH, ; m/e 271, wt . CO, CH; 5



mfe 302, M - 00; mfe 243, M - (CH,)»C0,Cly; mfe 191, M' -
+
CH, C=C(CH, )3 002 CHy ; mfe 273, M ~ C,Hge

3. Dialkylated ketone (10-20% ethyl acetate) was obtained in &%

yield; i.r.(film) 1740 cm™* (C=O) ketone and ester, 1168 em™* (C-0-C);
n.m,r.(CDCl;) § 5.6-4,7 (m, 2H, HC=CH), 3.66 (s, 6H, OCH;).

Mass spectrum: Mt 168, m/e 437, M. OCH, ; m/e 409, VA 00, CH, 3

mfe 440, M' - 00; m/e 329, M' - CH,C=C(CH, ), 00,CHs; m/e 425, M - CiH,;
mfe 411, M" = CHo.

4, Trialkylated ketone (20-40% ethyl acetate) was isdlsted in 11%

yield: i,r.(film) 1740 em™* (C=0) ester and ketone, 1168 am™' (C-0-C)
nam.r.(CCly) § 5.6~4.6 (m, 2H, HC=CH), 3.68 (s, 9H, OCH;).

Mass spectrum: M' 606; mfe 575, M - OCH,; m/e 547, M - CO,CH,;

mle 578, M - 00; m/e 549, M - C,Ho; m/e 467, M - CH, C=C(CH, )4 CO, CHs »

5. Tetraalkylated ketone (20-40% EtOAc) was isolated in 5% yield:

ier.(£ilm) 1740 an™* (C=0) ester and ketone, 1168 em™* (C-0-C);
Nemere(CDCLy) § 5.6-4.6 (m, 2H, HC=CH), 3.79 (s, 12H, OCH,).
Mass spectrum: il 7445 mfe 713, M. OCH, ; m/e 685, M. €0, CH, ;
mfe 716, M" - 00; mfe 699, M" - C,Hy; mfe 605, M - CH, C=C(CH, ), 00, CHs
The four alkylated products were purified by preparative TLC on silica
gel HF 254 using benzene~ether 9:1 as the solvent system, The yields
were calculated on the total amount of XXIV used in the reaction.

GLC of the monoalkylated product (67, 3% SE 30 on chromosorb
W, 200°) showed two peaks (Rt 2.9 min and 4,75 min) in the ratio 3:7.

On the same column the retention time of XK was 3.05 min and XP were
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4,67 minS Also on the same column (248°) the dialkylated ketone showed
two peaks (Rt 3.50, 5.25) in the ratio 1:5, The tri- and tetra-

alkylated products did not come off the column at this temperature.

Alkylation of XXTV with 1.io0do=7~tetrahydropyranyloxy-2-hexyne (XXIc).

a) The procedure was used as described above except that the
molar ratio of ketone to iodide was 1:1., Column chromatography of the
product on silica gel (hexane and ethyl acetate solvent system) gave
only one alkylated product in 30% yield, Spectral and elemental analysis
showed this to be dialkylated: i.r.(CCl,) 1750 emn™® (C=0), 1145-1025 em™*
(Cc-0-C) Wtrahydropﬁawl group; nemer.(CCl,) § 5.6-4.6 (m, 2H, HC=CH),
4,52 (m, 2H, HC ketals); 4,1-3.1 (m, 8H, CH.0).

Anal, Caled for G, gHs ¢03(monoalkylated): C, 77.67; Hy 9.91

Caled for Cs,HgeOs(dialkylated):s C, 76.51; H, 9.72
Found: C, 75.23; H, 11,31

b) The procedure was the same as described above except that
the molar ratio of ketone to iodide was 1:2, Column chromatography on
silica gel using hexane and hexane-ethyl acetate mixtures as eluents
gave the monoalkylated ketone XXVa in 19% yield. No serious attempt
was made to isolate polyalkylated materials.

T.r.(CCL,) 1775 cm™* (C=0); 1138-1025 an™* (C-0-C) tetrahydropyranyl
ether; nom,r.(CCl,) § 5¢5-4.6 (m, 2H, HC=CH), 4.5 (m, 1H, HC ketal),

4,0-3.0 (m, 4H, CH,0). Mass spectrum: nfe 302, ut - dihydropyrans*;

* Y and X B are the two isomers obtained in the alkylation step in
the PGE, synthesis (c.f. Introduction). The samples were supplied by
the Upjohn Co.
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m/e 84, CSH50+ (dihydropyran); mfe 274, 302 - M; m/e 245, 302 -
C,Ho; m/e 243, 302 - CyH,0; mfe 272, 302 - CH,0; m/e 191, 302 -

side chain,

Cleavage of THP group of XXVa., The alkylated ketone XXVa (200 mg)

was refluxed in methanol containing a drop of concentrated hydrochloric
acid for 30 minutes, The resulting hydroxy ketone was obtained

in quantitative yield: i.r.(CCl,) 3640, 3460 em™' (OH), 1745 am™*
(c=0), 1055 em~* (C-0); Mass spectrum: il 302, the rest of the

fragmentation was the same as for XXVa.
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CHAPTER IT

1,2-Epoxycyclopentene (VII). This was prepared from cyclopentadiene

by the method of Korach et al®9%, It was consistently found to be
contaminated with a carbonyl compound (i.r. 1755 an™, 1680 eam™t),
In the reaction described below the contamination was about 10-15%,

estimated from the intensity of the carbonyl band,

Propargyl magnesium bromide (XXIX), This was prepared as described

by Gaudemar et al.,*® A 500 ml three-necked flask was fitted with a
thermometer, water condenser, dropping funnel, magnetic stirrer,
nitrogen inlet and mercury trap on top of the condenser., The flask
was flame dried and cooled under a stream of nitrogen., Magnesium
powder ,367 moles) was placed into the flask along with a few crystals
of mercuric chloride and covered with anhydrous diethyl ether, and a
‘small amount of this was added to the magnesium to start the reaction,
Once the reaction was initiated, the mixture was cooled in an ice-water
bath, and the rest of the bromide was added at such a rate that the
temperature of the reaction was kept below 20°, When the addition
was complete, the solution was stirred an additional hour below 20° ;

to complete the reaction,

2=Propargylcyclopent-3een-i-cl (XXX). The propargyl megnesium bromide

was cooled to 0° in an ice-water bath and 1 s2=epoxycyclopentene

(0,126 moles) was slowly added in 25 ml of anhydrous ether with stirring.
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The rate of addition was such that the temperature remained between
3.7°, After addition, the reaction was stirred an additional two

hours at this temperature. The reaction was then quenched by the
addition of a saturated aqueous ammonium chloride solution, and

the reaction was worked up in the usual way with ether. The reaction
mixture consisted of five compounds, as determined by TLC. The desired
and major product could be isolated by careful column chromatography
on silica gel eluting with benzene followed by benzene-ether mixtures.
The components of the mixture were eluted from the column in the
following order:

1, Allene mixture (3%) eluted from the column with 2.5F ether;

1.r.(CCL,) 3605, 3585, 3480 eam™* (OH), 3320 em™* (=cH),3060 cu™* (=CH),
2110 ean™* (C=C terminal), 1955 em™* (C=C=C), 1618 em™* (C=C),
1063 an™" (C-0), 852 an™' (C=C=CH,).

2, 1-Propargylcyclopent-3-en-i.ol (XXVIII) . was obtained in 10%

yield and eluted from the column with 2.5-55 ether: i.r.(CCL,)
3695, 3605, 3490 an”' (OH), 3320 cm™' (=CH), 3060 em™' (=CH), 2110 eu™®
(C=C terminal), 1618 en™* (C=C), 1070 em™* (C-0); n.m.r.(CC1,)
S 5.67 (s, 2H, HC=CH), 2.50 (m, 6H, CH.C=, CH,C= ), 1.98 (t, 1H,
J = 2.5 cps, HC=), 3.11 (s, 1H, exchangeable, OH).
. Anal, Caled, for CgH 40: C, 78,65; H, 8.25
Found: C, 78.90; H, 8.35

3. 2-Propargylecyclopent-3-en-l-o0l (XXX) was obtained in 32% yield

and eluted from the column with 5% ether in benzene: i.r.(CCl,) 3610,

3580, 3465 em™* (OH), 3060 em™* (=CH), 3320 em™' (=CH), 2120 em™*
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(C=C terminal), 1612 am™* (C=C), 1070 em™t (c-0); n.m.r.(CCL,)
J 5.81 pmm (s, 2H, HC=CH), 4.27 (m, 1H, HOO), 2.18-2,95 ( m, 5H
HaCC=, HaCC=, HCC=) 1.89 (t, 1H, J = 2.5 cps, =CH), 3.13 (s, 1H,
exchangeable, OH).
Anal, Caled. for CgH,q0: C, 78.65, H, 8.25
Found: C, 78.86, H, 8,49
4, L4-Propargylcyclopent~2=en-1l-ol (XXXI) was obtained in 10% yield

and eluted fram the column in 10% ether in benzene: i,r.(CCl,) 3620,

3605, 3460 ean”* (OH), 3320 am™* (=CH, terminal), 3060 cm™* (=CH),

2110 em™! (C=C, terminal); 1615 em™® (C=C), 1062 em™' (C-0); n.m.r.

(ccl,) § 5.89 (s, 2H, HC=CH), 4.91 (m, 1H, =CCH-0), 3.09 (q, 1H,

J = 6.5 eps, =CCH-), 2.18 (d, 2H, Jyp = 2.5 cps, Jp. = 7.0 cps,

HyC=CCH, - CH.)» 1.99(m, 3H, HC=CH,), 3.87 (s, 1, exchangeable OF).
Anal, Caled. for CgHgO: C, 78.65; H, 8.25

Found: C, 77.15; H, 7.85

Oxidation of XXX with manganese dioxide., The acetylenic alcohol

XXX was refluxed in pentane for 24 hours with a large excess of active
manganese dioxide®?, There was no evidence of oxidation from spectral
(i.r. or UV) analysis of the product indicating that the compound does
not have an allylic alcohol.

Oxidation of XXXI with manganese dioxide to XXXIITI. The acetylenic

alcchol XXXT was refluxed in pentane for 24 hours with a large excess
of active manganese dioxide®’. Oxidation occurred and from the
spectral data on the product and the starting alcohol, the resulting

ketnne was assigned structure XXXTIT: i.r.(CCl,) 3320 em™* (=CH),
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050 en~* (=CH), 2110 ean”* (C=C, terminal), 1725 an™" (C=0),
1650 em™* (C=C); n.m.r.(CCl,)§7.67 (qu, 1H, =CHM), 6.19 (qu, 1H,
HC=), 3.13 (m, 1H, =CCH), 2.52-1,98 (m, 5H, =CH, =CCH,, CH>(0);
uv max (CH3OH) 217 mpe (e 10,900).
Anal, Caled. for CgHgO: C, 79.97; H, 6.71
Found: C, 79.75; H, 6.74

2..Propargyl.l-tetrahydropyranyloxycyclopent.3-ene (XXXITa)., The
alcohol XXX was mixed (neat) with a slight excess of 3,4-dihydropyran
and two drops of phosphorus oxychloride. The exothemmic reaction
started almost irmediately and was controlled with an ice-water bath.
After the initial reaction had subsided, the mixture was stirred at
room temperature for 3-4 hours, The reaction mixture was taken up in
ether and washed with 5% potassium hydroxide followed by water and
brine. The organic phase was then treated in the usual way. The
tetrahydropyranyl ether XXXTTa obtained in 0% yield, was purified by
column chromatography on silica gel using hexane ether 7:3 as the
solvent system: i.r.(CCL,) 3300 an™* (=CH), 3050 an™* (=CH),
2110 an~t (C=C), 1610 an™* (C=C), 1135-1025 au™* (C-0-C); n.m.r.(CCL,)
S 5.69 (s, 2H, HC=CH), 4.70 (m, 1H, HC ketal), 4.3-3.2 (m, 3H, CH,0).
Anal, Caled. for Cy;3H;g0s: C, 75.69; H, 8.80

Found: C, 75.86; H, 8.63

2.(7*-Tetrahydropyranyloxy=2'=hexynyl)-1i~tetrahydropyranyloxycyclo-

pente3-ene (XXXIIb). The apparatus was set up for a liquid ammonia

reaction as was previously described for the preparation of XXa
(Chapter I) using a 500 ml three-necked flask. Lithium amide (24.0

mmoles) was placed into the flask and about 170 ml liguid ammonia was
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distilled into the flask from a condensed sodium-ammonia solution. The
tetrahydropyranyl ether, XXXIla 22.5 moles, in 20 ml of anhydrous ether
was then slowly added with stirring., The solution gradually turned
pink, After addition and stirring the solution for an hour, by
tetrahydropyranyloxybutyl bromide XIXb (22.3 mmoles) in 10 ml anhydrous
ether was slowly added. The solution gradually changed fram pink to
brown as the addition proc'éeded. The reaction was stirred for nine
hours at -33° (refluxing ammonia) and then the ammonia was allowed to
evaporate over night, The residue was taken up in ether and worked up
in the usual manner. The product, purified by column chromatography
on 30 g alumina IIT using hexane as the solvent system, was obtained
in 87% yield: i.r.(CCL,) 3058 em~' (=CH), 2215 em™* (C=C), 1620 ean™*
(c=C), 1138-1025 em™* (C-0-C); nem.r.(CCL,) § 5.69 (s, 2H, HC=CH), 4.6
(m, 2H, HC ketal), 4.3-3.2 (m, 7H, CH.0).

_Anal, Caled. for CppH3,0,¢ C, 72.89; H, 9.45

Found: C, 71.83; H, 9.89*

Ethyl diazoacetate addition on XXXTTb

a) XXxIIb(1.02 g) was placed into a 50 ml three-necked flask
fitted with a magnetic stirrer, dropping fumnel, and gas outlet. Copper
powder (100 mg) was added to the flask and the mixture was heated in an
0il bath at 108°, The mixture was vigorously stirred and ethyl diazo-

acetate (1,5 ml) in 10 ml anhydrous ether was added slowly over a period

* This sample was contaminated by impurities in the hexane used as
eluent in the chromatography., From the spectral data of the compound
and the products of the subsequent reaction, there was no doubt about
its structure,
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of four hours, After the addition was complete, the mixture was heated
another hour, with stirring, at 100°% = The mixture was then cooled to
room temperature, diluted with ether and filtered through celite to
remove the copper powder. Concentration of the ethereal solution gave
2.34 g of crude product which was chromatographed on a column of alumina
IIT - IV (35 g) using hexane and hexane-benzene (up to 50% benzene) as
the solvent system., The components of the mixture:were eluted from the
column in the following order:

1, Mixture of starting material XXXITb, diethyl fum rate, diethyl
mal eate: n.am.r.(CCl,) &§ 6.78 (diethyl fumarate), 6.16 (diethyl
mal e ate), 5.65 (XXXIIb).

2, 2=[1t.Mothenyl-2'-carboethoxy=3'=(4**~tetrahydropyranylbutyl)-
cyclopropene ]-1-tetrahydropyranyloxycyclopent-3-ene (XXXTV) was eluted

from the column with 10% benzene in hexane in 24% yield: i.r.(CCl,)

3055 am™* (=CH), 1720 an™* (C=0), 1900 em™* (C=C, cyclopropene),

1618 em™* (C=C), 1175 en™* (C-0-C, ester), 11331025 am™* (C-0-C,
tetrahydropyranyl ether); n.m.r.(CCl,) § 5.70 (s, 2H, HC=CH), 4.62 (m,
2H, CH ketal), 4.,2-3.2 (m, CH,0)--includes quartet, 4.08 (J = 7.25 cps,
OCLIZ ester), 3.0-2.2 (m, CH,C=, CH,C=), 1.99 (s, cyclopropene CH),

1.6 (m, CH,), 1423 (t, J = 7.25 cps, CH, ester). Mass spectrum:

M 44B; mfe 385, M - 00,CH,CHy; m/e 363, K" - C4H40 (tetrahydropyrenyl);

m/e 105, CH,OCsH,0; m/e 85, CsHoO.

2;[3. 1 Methenyl-2'=carboethoxy=3'=(4??-tetrahydropyranylbutyl) cyclo~

propene]-6-carboethoxy-2 -tetrahydropyranyloxy-bicyclo[3,1.0] hexane (XXXV)

was eluted from the column with 20% benzene in hexane in 266 yield:
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j.r.(CCL,) 3035 am™* (CH, cyclopropyl) 1900 en™t (C=C; cyclopropene),
1725 em™* (Cc=0), 1180, 1165 an™* (C-0-C, ester), 1133-1025 em™*
(C-0-C, tetrahydropyranyl ether); n.m.r.(CClL,) § 4.53 (m, 2H, HC ketal),
443,15 (m, 11H, OCH,) -- this region includes a quartet 4.08
(J = 7.25 cps, OCH, ester); 2,8-2,2 (m, CH,C=) -~ this includes a
singlet 2,02 (HC, cyclopropene); 2,0-1.1 (m, CH,) -~ this includes
two triplets 1.27 and 1.08, J = 7.25 cps (CH; of the two ester groups);
1,1.0.8 (m, CH, cyclopropyl). Mass Spectrum: Mt 534; m/e 489,
M" - OCH, CH, ; m/e 461, M" = 00,CH, CHy; mfe 449, M' - CsHoO (tetra-
hydropyranyl); m/e 105, CH,OCsHs0; m/e 85, CsHq0.

b) The above reaction was repeated at 50°C using 0.49 ¢
XXXIIb, 65 mg copper powder, and 0.80 ml ethyl diazoacetate in ether which
was slowly added over a period of 1.5 hours. The only isolated product
was XXXIV (by TLC and infrared spectrum comparisons.) The rest of the
recovered mixture was the starting material XXXIIb, and a considerable
amount of diethyl malie.ate (diethyl fumarate was not formed at this

temperature).

Bicyclo[3.1.0) hex-2-ene-6~endo-carboxaldehyde (XXXVITa). This compound

was prepared from norborna-2,5.diene (XXXVI) according to the procedure

of Meinwald et al,5%

Bicxclol2.1.0]hex-Z-ene-é-carboxaldegxde ethylene ketal SXXXVIIb}.

A 500 ml three-necked flask was fitted with a stopcock adapter, a dropping
funnel, magnetic stirrer, Dean.Stark separator and condenser. Aldehyde
XXXVIIa (7.66 g) was dissolved in 100 ml dry benzene and placed in the

dropping funnel. The flask was charged with 200 ml dry benzene and
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50 mg of p-toluenesulfonic acid, The benzene was then refluxed for

one hour under nitrogen to remove any water. After cooling the benzene
an excess of ethylene glycol (26.1 g) was added, followed by XXXVIIa in
benzene. The solution was then refluxed for 24 hours in which time

an equivalent of water had separated out., After 12 hours, another 10 g
of ethylene glycol was added to ensure that it was in excess. The
benzene was then removed by distillation at atmospheric pressure and
the product was distilled in vacuo (b.p. 56,5°C/3mm). The yield of
distilled product was 47%; i.r.(CCl,) 3055 em™* (=CH), 3035' em™t (cH,
eyclopropyl), 1673 an™! (Cc=C), 1102 em~* (C-0-C); n.m.r.(CCL,) § 6.0-
5.4 (m, 2H, HC=CH), %4.52 (d, 1/3H, J = 5.5 cps, exo CH ketal), 4.32

(d, 2/3H, J = 8.0 cps, endo CH ketal), 4.0-3.2 (m, 4H, OCE.CH:0),

2.7-2.2 (m, 2H, CH,C=), 2.2-1,6 (m, 2H, HC;CsH), 1.3-0.8 (m, 1H, CcH).

2 .3-Epoxybicyclo[ 3. 1.0] hexan-b.carboxaldehyde ethylene ketal (XXXVIIT).

The bieyclic kstal XXXVIIb (32.1 mmoles) was dissolved in 30 ml methylene
chloride. Anhydrous sodium carbonate (40 mmoles) was added and the
suspension was cooled to 0-5° in an ice-water bath, Peracetic acid

(41%, 18.0 mmoles), previously treated with 0.2 g sodium acetate to
neutralize any sulfuric acid that was present, was added at such a rate
that the temperature did not go above 10°, After addition, the

solution was stirred at 5° until all the peracid had reacted (3 hours).
The reaction was followed by iodometric titration, The reaction mixture
was then filtered and the filter cake washed with methylene chloride.

The methylene chloride was removed by atmospheric distillation,

Distillation in vacuo gave first unreacted olefin XXXVIIb (58° /3rm)
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followed by the epoxide XXXVIII (b.p. 96-98°/imm) in 55% yield:
i.r.(CCL,) 3030 an™' (CH, cyclopropyl), 1105 an™* (C-0-C; ketal),
945 em™* (C-0-C, epoxide); n.m.r.(CCl,) & %4.69 (d, 2/3H, J = 7.5 cps,
CH endo ketal), 4,56 (d, 1/3H, J = 5.0 cps, CH exo ketal), 4.1-3.8
(m, 4H, OCH,CH,0), 3.48 (m, 1H, C,H), 3.16 (m, 1H, GH), 2.2-1.7

(m, 3H, GH, and CsH), 1.4-0.8 (m, 2H, C;HC,H).

Addition of Propargyl magnesium bromide to XXXVIIT. The reaction

was carried out in the same way as previously described in the synthesis
of 2-propargyleyclopent-3-en-l.ol (XXX). The reaction mixture was
chromatographed on a silica gel column using hexane-ethyl acetate as
the solvent system. The components of the mixture were eluted in the
following order:

1, A ketonic fraction was first eluted with 5% EtOAc in hexane in 25F
yield: i.r.(CCl,) 3035 em™t (CH, cyclopropyl), 1750 em™t (c=0),1112-
1000 cm™* (C-0-C).

2, Alcoholic fraction containing no unsaturation, eluted with 5-20%
EtOAc in hexane, was obtained in 256 yield: i.r.(CCl,) 3600, 3470 am™*
(OH), 3042 em™* (CH, cyclopropyl), 1125, 1110, 1030 em™* (C-0-C,
ketal), 1090 em™* (C-0, alcohol).

3. Alcoholic fraction containing a terminal acetylene group eluted
with 20-50% EtOAc in benzene, was obtained in 156 yield: i.r.(CCl,)
3605, 3460 em™' (OH), 3320 em™* (=CH),3030 cm~* (CH, cyclopropyl),
2110 an™* (c=C, terminal), 1135, 1113, 1040 cm™* (C-0-C, ketal),

1088 em™* (C-0, aleohol).
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Cyclohexylimine of cyclopentanone®® (XXXTX)., Cyclopentanone (0.1 mole)

was dissolved in 300 ml dry benzere containing 0.2 mole of cyclohexyl-
amine and a trace (50 mg) of p-toluenesulfonic acid in a 500 ml round
bottom flask fitted with a Dean-Stark separator. The solution was
refluxed for 16 hours although most of the theoretical amount of water
had separated after six hours., The benzene was removed by distillation
at atmospheric pressure. The resulting imine, distilled at 63°/0,25 mm,
1

(1lit,4® 143-4°/18 mm), was obtained in 90% yield: i.r.(CCl,) 1685 cm™

(c=N).

2-Alkyleyclopentanone (XLI)., This was prepared according to the method

described by Stork**. A 500 ml three-necked flask was fitted with a
condenser, stopcock adapter (nitrogen inlet), dropping funnel and magnetic
stirrer, The system was flame dried under a stream of nitrogen. The
flask was then charged with magnesium turnings (0.0525 moles) and a
crystal of iodine., Ethylbromide (0.0505 moles) in 50 ml anhydrous THF
was slowly added until the reaction started. The reaction was controlled
by cooling the flask in an ice-water bath as more ethylbromide was added,
After the addition, the solution was refluxed for 3 to 4 hours to ensure
completion of the reaction. The Grignard reagent was then cooled to

room temperature, The imine XXXIX (0.0515 moles) in 25 ml THF was

slowly added with stirring and the resulting solution was refluxed for

6 hours. The reaction mixture was again cooled to room temperature

and allyl bromide (0.0515 moles) was slowly added in 50 ml THF. The
solution was then refluxed for 20 hours, After this time, the mixture
was cooled, the THF was removed in vacuo and the resulting crude imine

was hydrolyzed by refluxing it for 3 hours in 10% aqueous hydrochloric
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acid, The aqueous fraction was then extracted with ether in the
usual manner, The crude product was chromatographed on a column of
silica gel. Elution with hexane-ether 95:5 gave a 36% yield of 2.

allylcyclopentanone: i.r.(CCl,) 3080 an~t

(=CH), 1750 em™* (C=0),
1650 em™* (C=C) 990, 920 em™* (CH=CH,); n.m.r.(CCl,) & 5.87-4.61
(m, 3H, HC=CH,), 2.46~1,17 (m, 9H, CH,, =CCH.).

‘Anal, Caled. for CgHy,0: C, 77.37; H, 9.7

Found: C, 77.30; H, 9.80

Cis and trans-2-allylcyclopentanol (XLITa and XLITTa). Lithium aluminum

hydride (4.80 mmoles) was added to 100 ml anhydrous ether in a 500 ml
three-necked flask under nitrogen. The flask was also fitted with a
dropping funnel, gas outlet comnected to a mercury trap and magnetic
stirrer. The slurry was cooled to 0° in an ice-water bath and XLI
(9.65 mmoles) was added dropwise in 50 ml ether, After addition, the
reaction mixture was stirred an additional hour at room temperature,
then quenched at 0° with 25 ml 2N sulfuric acid., The solution was further
diluted with water aﬁd worked up in the usual manner in ether. The
crude product consisted of two alcohols. Column chromatography on 60 g
of silica gel and elution with hexane-ether, gave XLIIa (45%) and
XLITIa (49%) as pure compounds, the latter coming off the column

first: 1.2.,(CCLl,) 3600, 3490 cem™* (OH), 3080 am™* (=CH), 1650 cm™*

(c=C), 990, 920 em™* (CH=CH,).

Trans-2-allylcyclopentyl benzoate (XLITc). The alcohol XLITa was

benzoylated according to the procedure of Shriner and Fuson®?; i.r.(CCL,)
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3080 an”™* (=CH), 1720 en™* (C=0), 1650 en™* (C=C), 1275 en™* (C-0-C),
990, 920 em™' (CH=CH,).

Irans-2-n.propyleyclopentyl benzoate (XIIV). A 50 ml hydrogenation flask

was connected to a low pressure hydrogenator and charged with 70 mg. 5%
palladium on calcium carbonate catalyst, 5 ml absolute ethanol and a
magnetic stirrer. The system was flushed and filled with hydrogen, The
alcohol XIITc (200 mg), dissolved in a small amount of ethanol, was
added to the hydrogenation mixture in the flask., Most of the theoretical
amount of hydrogen had been picked up after 20 minutes. After an
additional 10 minutes reaction time, the catalyst was filtered through
celite and washed with ethanol. The solvent was then evaporated in
vacuo and the benzoate XLIV, purified by preparative TLC on silica gel
(benzene-sther 7:3), was obtained in 80% yield: i.r.(CC1,) 1720 em™*
(c=0), 1275 em™* (C-0-C); n.m.r.(cCCl,) § 7499 (m, 2H, ortho CH), 7.40
(m, 3H, meta and para CH), 4.98 (m, 1H, CH-0), 2.25-0.65 (m, 14H,
CH, and CH,).

Anal. Caled, for CygH,o0,: C, 77.55; H, 8,68

Found: C, 77059; H, 8.74

Cis-Z-allxlczclogntxl benzoate {XLIIIcZ. The alcohol XIIIIa was

benzoylated according to the procedure of Sheiner and Fuson®?: i,r.(CCL,)
3080 em™* (=CH), 1720 an™* (C=0), 1650 et (C=C), 1273 em™* (€~0-C)
990, R0 em™* (HC=CH,).

Cis-2-n-propylcyclopentyl benzoate (XLV). The hydrogenation was carried

out on XLITIc in the same way as described for the hydrogenation of
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XLITe: i.r.(CCL,) 1720 em™* (C=0), 1273 am™* (C-0-C); n.m.r.(CCL,)
& 8.00 (m, 2H, ortho CH), 7.43 (m, 3H, meta and para CH), 5.32 (m, iH,
CH-0), 2.11-0,68 (m, 14H, CH,, CHs)e
Anal, Caled. for CygHi1002: C, 77.55; Hy 8.68
Found: C, 77.63; H, 8.65

2-n-Propyleyclopentyl benzoate from (XXX). The acetylenic alcohol
XXX was first benzoylated according to the procedure in Shriner and
Fuson®?, then hydrogenated in the same way as described for XLIIc and
XiITIc, In this case, the benzoate (2.5 mmoles) using 128 mg of
5 P@-Caooa catalyst required 12 hours for complete hydrogenation,
Work up and purification was the same as described for the reaction
of XLITc and XLITTd: i.r.(CCL,) 1720 en™* (C=0), 1275 em™' (C-0-C);
nm.r.(CCL,) § 7.99 (my 2H, ortho CH), 7.40 (m, 3H, meta and para CH),
4,98 (m, 1H, CH-0), 2.25-0.65 (m, 14H, CH, and CH;).

Anal, Caled, for CysH,o0a: C, 77.55; H, 8,68

Found: C, 77.07; H, 8.82

Stereochemical assiggmeﬁf of cis and trans-2-allyleyelopentanol

A, The hydroxyl group of the alcohol XLITa was protected as
the tetrahydropyranyl ether in the ususl way®S to give XLIIb in good
yield; i.r.(CCl,) 1135, 1118, 1078, 1037, 1026 em™* (C-0-C, bands
of the THP ether).

The double bond was then cleaved according to the procedure of Lemieux
et al5%2, The tetrahydropyranyl ether XLITb (1.1l mmoles) was dissolved
in 20 ml acetone and mixed with potassium carbonate (3,0 mmoles),

potassium permanganate (0.13 mmoles) and sodium periodate (8.0 mmoles)
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in 40O ml water. The reaction was stirred for 40 hours at room temperature
and then acidified with 104 sulfuric acid., The acidified solution was
further stirred for 4 hours at room temperature. The reaction miiture

was then extracted several times with ether. The combined ether extracts
were washed with water, brine, dried over anhydrous sodium sulfate, and
concentrated. The infrared spectrum of crude product (60 mg) clearly
indicated that it was a hydroxy acid., No lactonization had taken

place: i.r.(CCl,) 3610, 3370 cm™* (OH, alcohol), 3300-2500 en*

(OH, acid), 1710 ean™* (C=0), 1282, 1232, 1078 am™ (C-0, acid and
alcohol).

B, The alcohol XLITIIa was subjected to the same reactions
under identical conditions as described above for XLITa. The product
after the cleavage reaction was the- §-lactone XLVIT: i.r.(CCL,)

1776 em”* (c=0, ¥-lactone), 1160, 1175 em™* (C-0-C); n.m.r.(CCL,)
§ 5.00 (m, 1H, CH-0).
Anal, Caled., for C,Hso0a: C, 66.64; H, 7.99

Found: C, 66.,42; H, 8,04
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CHAPTER IIT

Ex0-6=(1* ,2t~dihydroxyheptyl)-bicyelo [3.1.0] hexan-3-one (LV)., Exo-

6-[1*-heptenyl]-bicyclo[3.1.0] hexan-3-one (XXIV) (5.0 x 10"% moles)
was dissolved in 25 ml ice cold 97-98% formic acid buffered with

25 x 10> moles sodium carbonate in a 100 ml three-necked flask fitted
with a magnetic stirrer. The solution was cooled to 0° in an ice-
water bath and 5 x 10™% moles hydrogen peroxide was added as a 30%
solution with stirring. The solution was brought to room temperature
and stirred for 30 to 40 minutes under a stream of nitrogen. The
formic acid was then stripped off on a vacuum pump and the residue was
dissolved in 80 ml of methanol. To this was added with stirring

18 g sodium carbonate dissolved in 50 ml water and the suspension was
stirred at room temperature for three hours, The mixture was then
acidified with 3N hydrochloric acid, diluted with water, extracted
with methylene chloride in the usual manner. The yield of the diol

" was 85h: i.r.(CCl,) 3620, 359 am™* (OH), 3030 an™* (CH, cyclopropyl),

1745 em™t (Cc=0), 1060 an™ (C-0).

Exo-6-(1',2'~ditrichloroacetoxyheptyl)-bicyclof3.1.0] hexan-3-one (LVI).

Anhydrous pyridine (20 ml) was placed into a 50 ml three-necked flask
fitted with a magnetic stirrer, gas inlet and outlet, and a thermometer.
The pyridine was cooled to 0° in an ice-water bath and trichloroacetyl
chloride (20 mmoles) was added, To the cold solution was then added LV

(4 mmoles) in 5 ml pyridine at such a rate that the temperature did not
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go above 10°, The mixture was stirred at 0°. for 2 hours. The reaction
mixture was then poured onto crushed ice and extracted with methylene
chloride in the usual way., The pyridine was stripped off in vacuo and
the ditrichloroacetate LVI was obtained in 99% yield: i.r.(CCl,) 1768 cn™*
(C=0, acetate), 1748 an~* (C=0, ketone), 3035 en”* (CH, cyclopropyl),
1223 e (C-0-C); nem.r.(CCL,) § 5.31 (m, 1H, C,H-0), 4.77 (m, 1H,
CeH-0).

Anal, Caled., for Cy,H,oO0sCls: C, 39.45; H, 3.87; Cl, 41.00

Found: C, 39.83; H, 3.80; C1, 40.09

Example of a solvolysis of ditrichloroacetate ILVI in trichloroacetic acid.
A 25 ml three-necked flask was fitted with a magnetic stirrer, stopcock
adapter (nitrogen inlet) and condenser. The system was flushed with
nitrogen and 1.5 g anhydrous trichloroacetic acid was added. The acid
was heated to 60-65° and of ‘the ditrichloroacetate (6.0 mg), dissolved
in a few drops of THF, was added. After 5 minutes the reaction mixture
was cooled, diluted with ether and poured onto crushed ice. The ether
was separated and the aqueous layer was extracted with ether, The
combined ether fractions were washed with 5% sodium bicarbonate, water
and dried over magnesium sulfate, The ether was then filtered and
concentrated., The product was spotted on silica gel TLC plate along
with the starting material and eluted with benzene-ether 7:3., The rest
of the product was diluted with methanol and a portion heated in 0,50
sodium hydroxide in methanol at 50°C for 10 minutes and an ultraviolet
spectrum was taken of the sample before and after the base treatment,
The results of the solvolysis reactions that were carried out are

tabulated in Table IT,
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Ex0=6-{ 1? .2*'=dibromoheptyl)-bicyelo 1,0] hexan-3-one (IXI). The

bicyclic ketons XXIV (3.1 rmoles) was dissolved in 40 ml anhydrous
chloroform in a 1C0 ml three-necked flask., The solution was stirred
magnetically and under a stream of nitrogen an equivalent of pyridinium
hydrobromide perbromide’! was added at room tempereture over a period
of 20 minutes. The pyridinium salt gradually disappeared leaving a
yellow solution. The chloroform solution was then washed with water,
dried over magnesium sulfate, filtered and concentrated. The crude
product was chromatographed on silica gel column (30 g) eluting with
hexane-ethyl acetate mixtures. Two compounds were separated.

1, The dibromide 1XI, eluted first, was obtained in 556 yield:
i.r.(CCl,) 3040 an™* (CH, cyclopropyl), 1748 em™t (C=0) 1140 em™*
(C-C-C, ketone); n.m.r.(CCL,) § 4.18 (m, 1H, C,H), 3.72 (m, 1H, CH).
2. Mixture of the dibromide IXT and monobromide IXIT: i.r.(CCl,)
3040 em™t (=CH), 1725 (C=0, £ , (3 -unsaturated ketone on five-membered
ring®t), 1650 en™ (C=C), 1140 em™" (C~C-C, ketone).

Solvolysis of the dibromide IXT. The dibromide IXI (200 mg) was placed
in a2 50 ml flask with 30 ml of acetone-water 251 mixture. The solution
was stirred at room temperature for 112 hours., After this time the
solution was diluted with water and extracted with chloroform in the
usual manner. The crude products were then separated by preparative
TLC using benzene-ether 7:3 as solvent system. The mixture consisted
of the following components:

1. Starting dibromide IXT (Rf 0.86), recovered as the major

component (63%), was identified by TLC (benzene-ether 7:3): i.r.(CCl,)



3040 cn™t (cH, cyclopropyl), 1748 ™t (c=0), 1140 em™* (c-c-c,
ketone). |

2, Bromohydrin LXTIT (Rf 0.39), isolated in 15% yield: i.r.(CC1,)
3620, 3565, 3480 cm~*(OH), 3040 em™* (CH, cyclopropyl), 1748 em™*
(c=0), 1140 eam™* (C-C-C, ketone), 1060 ecn~' (C-0). Mass spectrum:

M 291, 289 for ®1Br and 79Br respectively; m/e 271, 273, M' - H,0;
nfe 260, 262, M _HOD; mfe 210, ¥ - Br; m/e 209, u" - HBr; mfe 191,
271 - 79Br, 273 - ®1Br; m/e 181, 260 - 79Br, 262 - 81Br; m/e 81,

81Br; m/e 79,7%Br. The sturcture was further proved by TLC comparison
with the bromohydrin IXIIT prepared from XXIV,

3., Mixtures of four components (Rf 0.02-0,05) obtained in 5% yield

could not be characterized because of lack of material,

Ex0=6- [1'-bromo-2*-hydroxyheptyll-bicyelo[3.1.0] hexan-3-one (IXITI).

This compound was prepared according to the procedure of Guss and
Rosenthal®®, The bicyclic ketone XXIV (5.21 mmoles) was mixed with
954 N.bromosuccinimide (5.25 mmoles) in 25 ml water at room temperature.
The reaction was stirred until all the solid N-bromosuccinimide had
disappeared (4 hours). The usual work-up in chloroform followed by
column chromatography on silica gel (30 g, benzene-ether mixture elutions)
gave the bromohydrin IXIIT in 60% yield: i.r.(CCl,) 3625, 3570 o™ (o)
3035 am™* (CH, cyclopropyl), 1748 em™* (C=0), 1140 em™* (C-é-C, ketone)
1058 em™" (€-0); n.m.r.(CCL,) & 4,08 (m, 1H, CH-0), 3.4 (m, 1H, CHBr),
3.43 (s, 1H, exchangeable, OH).

Anal, Calecd. for CygH,,0,Br: C, 53.97; H, 7.26; Br, 27.28

Found: C, 53.90; H, 7.40; Br, 27.50
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6=(L —bromoheptanoyl)-bicyclol3.1.0lhexan-3-one (IXTV), The bromo-
hydrin IXTTT (200 mg) was dissolved in 20 ml acetone in a 50 ml flask,

The solution was cooled in an ice-water bath and stirred magnetically,
A slight molar excess of Jones reagent was added dropwise and the
solution was stirred for 20 minutes at 0°, After this time, the

mixture was diluted in water and extracted with ether in the usual way.
The diketo bromide IXIV was obtained in 80% yield: i.r. (CCl,) 3045 cn™*

(cH, cyclopropyl)., 1748 em™t (c=0, ring ketone), 1700 an~t (c=0,
ketone « to cyclopropyl ring®%); n.m.r.(CCl,) § 4.27 (t, 1H, J = 6.5 cps,

CHBr adjacent to CHp).

Ex0=6=(1'=i0do-2"-isocyanoheptyl)-bicyclol3.1.0] hexan~3-one (XLVII).

This compound was prepared according to the procedure of Hassner et alto,
The silver isocyanate was freshly prepared before the reaction 60s8%,

The bicyclic ketone XXIV (5.21 mmoles) was dissolved in 25 ml anhydrous
ether in a 100 ml three-necked flask fitted with a nitrogen inlet,
thermometer, gas outlet, and magnetic stirrer, The flask was cooled in an
ice-salt bath to ~10°. and silver isocyanate (15,6 mmoles) was added with
stirring. The reaction mixture was then cooled to -13° . and iodine

(5.3 mmoles) was added, The solution became dark purple. It was then
stirred 2 hours in the cold and another 6 hours at room temperature.

By this time the colour of the solution was canary yellow., The silver
salts were then filtered through celite and the ether was removed in

the cold in vacuo., The yield of the iodo isocyanate was 755

i.r.(CCl,) 3030 cm™*(CH, cyclopropyl), 2245 em™* (NCO, v. strong),

1748 em™* (Cc=0).
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Hydrolysis and nitrous acid deamination of iodoisocyanate (QVIT). The
iodo isocyanate XLVII (75 mg) was placed in a 50 ml three-necked flask

fitted with a mapgnetic stirrer, nitrogen inlet, outlet and thermometer,
The flask was cooled to =10° in an ice-salt bath and 10 ml of aqueous
acetone (30% water) was added to hydrolyze the isocyanate. The  solution
was then cooled to -8° and sodium nitrite (4.7 mmoles) was added in 1 ml
water followed by formic acid (4.7 mmoles), The solution was stirred

at 0° for one hour and then 3.5 hours at room temperature., The raaction
mixture was then diluted with water and extracted with e'_ther in the

usual way. Purification by preparative TLC (benzene-ether 7:3) gave

the iodohydrin IXX (R ¢ Oe 58) in approximately 60% yield: i.r.(CCL,)

3545, 3520, 3460 am™* (OH), 3035 em™* (CH, cyclopropyl), 1743 em™t

(c=0), 1137 am™* (C-C-C, ketone), 1060 am™* (C-0); n.m.r.(CCL,)

100 MC § 4.19 (m, 1H, CH-0), 3.22 (m, 1H, CHI), 0.59 (m, CH, cyclopropyl).
Mass spectrum: M 336; m/e 318, " - H,0; m/e 308, M- 00; mfe 209,

M* - I; mfe 191, 318 - I; m/e 181, 308 - I.

Ex0=6-(X ~iodoheptanoyl)-bicyclof3. 1,0] hexan-3-one (IXXT). The iodo-

hydrin IXX (60 mg), obtained from the hydrolysis and deamination of the
iodo isocyanate IXVII, was oxidized with Jones reagent by the éa.me
procedure as described for the oxidation of the bromohydrin IXTIT.

The resulting diketoiodide LXXI was obtained in 80% yield: i.r.(CCl,)
3030 em™* (CH, cyclopropyl), 1745 an~* (C=0, ring ketone), 1695 an~t
(c=0, ketone o to cyclopropyl group®*); n.m.r.(CCl,) 100 MC §4.48

(t, 1H, J = 4.0 cps, CHI adjacent to CHp).
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Ex0wbu(1? 2'-dihydroxyheptyl)-2L and B -(6'!-carbomethoxy-2-hexynyl)=

bicxclog}.l.gl hexan-3-one (IXXTTa). The olefinic bicyclic keto ester

XXV was treated with perfommic acid in buffered formmic acid in the same

way as the unalkylated ketone XXIV. The diol LXXTTa was obtained in
87% yield: i.r.(film) 3440 em™* (OH); 3035 em™* (CH, cyclopropyl),

1740 em™* (c=0, ketone and ester), 1165 en™t (C-0-C, ester) 1065 em™t
(C-0, alcohol); nemers(CDCly) § 3.69 (s, 3H, OCHs), 3.7-2.7 (m, L4H,
CH-O and OH). Mass spectrum: M 364; mfe 333, M' - OCHy; m/e 305,

M" - 00,CHy; mfe 225, M" - CHpC=C(CHp )3 (0, CHy s mfe 263, M - CgHy,OH;
mfe 293, M = CgHyys mfe 289, M = C,Hgs mfe 346, K - H,0; m/e.315,

346 - OCH,.

Exo=6-(11,2" -dimesyloxvheptyl)=2tand B-(6*?~carbomethoxy=-2-hexynyl)-

biczclol 2.1.0] hexén-:}-one QLXXIIbl. A 50 ml round bottom flask was

fitted with a stopcock adapter, thermometer, gas outlet and a magnetic

stirrer, Anhydrous pyridine (10 ml) was added to the flask and it was
cooled to -15° in an ice-salt bath. A molar excess of methansulfonyl
chloride (3.26 mmoles) was added to the stirred solution under nitrogen.
After the temperature was again at -15°, the diol LXXITa (1,20 mmoles)
in 5 ml pyridine was added. The reaction was stirred in the cold for

3 hours and then kept at -10°C over night. The cold reaction mixture
was then poured onto crushed ice, saturated with sodium chloride and
extracted with ethyl acetate in the usual way., The ethyl acetate was
evaporated in vacuo at room temperature and traces of pyridine were

removed on a vacuum pump. The yield of the dimesylate was 78-83%:
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i.r.(£ilm) 3030 cm™* (CH, eyclopropyl), 1740 cm™* (C=0, ketone and
ester), 1350, 1180 an™* (50,); n.mer.(CDCL;) & 4.83 (m, 1H, C,H),
k.30 (my 1H, CeH), 3.65 (s, 3H, OCH,), four singlets: 189.8, 189.1,

188.0, 187.2 cps (6H, S0,CH;).

Solvolysis of the dimesylate LXXTTb. A solution of the dimesylate IXXITb

(380 mg) in 20 ml acetone-water (2:1) was stirred in a nitrogen atmosphere

*  The mixture was then diluted with

at room temperature for 36 hours.,
water and extracted with methylene chloride., The methylene chloride
extract was dried over anhydrous sodium sulfate, filtered and concentrated,
The reaction products were separated by preparative TLC on silica gel using
ethyl acetate as the solvent system., The components of the mixture

were detected on the TLC plates in the following manner: Silica gel

HF 254 (E. Merck) was used which enabled the detection of-.the hydroxy
mesylate bands on the plates by means of ghort wavelength ultraviolet
light. The prostaglandin bands could be detected only by spraying with

10% phosphomolybdic acid in ethanol, a destructive process. In order

to recover the prostaglandins, a small part of the mixture was sacrificed
for detection purposes and applied only a 4 x 10 cm plate, The remainder
was spread on 20 x 20 cm plates and separated by measuring the R £
obtained from the small plate. This made the separation difficult since
the bands did not travel uniformly,

The silica gel was extracted a few times with methanol., The

* In another run lasting 24 hours, similar results were obtained.
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methanol was then evaporated and the residue was taken up in methylene
chloride, dried over sodium sulfate and filtered through celite., The
recovery by this procedure was better than 95%.

The components of the reaction mixture separated on the TIC
plates were the following:
1. Exo-6-(1'-hydro

bicyclo[3.1,0]hexan-3-one (IXKITT), was obtained in 70-80% yield from

the starting dimesylate IXXITb, Three hydroxymesylates were obtained

(Rp 0,62, 0,48, 0.37)s The latter (Rp 0.37) was obtained only in

small amounts and could not be obtained pure for proper characterization,
The first two (Rf 0.62, 0.48) had identical infrared and n.m.r. spectra,
Both gave the same prostaglandin mixture on recyclising, therefore

no stereochemical assigment could be made: i.r.(film) 3475 em™t

(oH), 3030 an~* (CH, cyclopropyl), 1740 am™* (C=0, ketone and ester),
1355, 1180 em™* (S0,), 1070 cm™* (C-0); nem.r.(CDCly) 100 MC § 4.72

(m, 1H, CH, mesylate), 3.68 (s, 3H, OCH), 3.3k (m, 1H, CH alcohol),

3.09, 3.07 (s, 3H, SO,CH;), 0.64 (m, CH cyclopropyl).

2, 8 and 8ﬁj-DeL1vdro-15-egi-PG& methyl ester (LXXV) (Rf 0.29)

was obtained in 5-8% yield from the starting dimesylate LXXITb: -i.re(film)

3440 am~® (OH), 1740 cm™' (C-0, ester and ketone), 1170 em™* (C-0-C,
ester), 1070 em™*(C-0)§ n.m.r.(CDCl,) 100 MC § 5.9-5.2 (m, 2H, HC=CH),
b,1 (m, 2H, CH-0), 3.66 (s, 3H, OCH3)e Mass spectrum: m/e 346,

Mt . H,0 (c.f. Table III for detailed interpretation of the major
fragments,)

8 and 8p-5-Dehydro-PGE, methyl ester (LXXIV) (Rf 0.19) was
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obtained in 5-8% yield from the starting dimesylate LXXITb: i,r.(£ilm)
3400 en™* (OH), 1740 em™ (C=0' ketone, ester), 1163 an™* (C-0-C,
ester), 1080 em™ (C-0); num,r.(CDCL,) 100 MC §5.9-5.2 (m, 28,
HC=CH), 4.1 (m, 2H, CH-0), 3.68 (s, 3H, OCH). Mass spectrum:

m/e 346, M - H,0. The fragmentation was identical with that of the

15-epi IXXV (c.f. Table IIT for detailed interpretation of the fragments),

8K and B-PGE, methyl ester (IXxxXvIT), 8« and (3 ~=5-dehydro PGE,

methyl ester (LXXIV) (10.3 mg) was placed in a-sample cup with a small

amount of ethyl acetate. Lindlar catalyst®5 (75 mg) was placed into

a micro~hydrogenation flask and connected to a low pressure hydrogenation
apparatus®®, Ethyl acetate (3 ml), containing 1 mg quinoline®, was
added to the flask. The sample cup was put into place and the system
was flushed with hydrogen for 15 minutes. The system was then closed
and the burette was filled with hydrogen. After the system had equili.
brated, the sample was introduced and the solution was stirred,

Hydrogen was slowly picked up. After four hours the reaction was complete,
The solution was filtered through celite and the solvent was evaporated
in vacuo. The crude products were chromatographed on silica gel (TLC_)
using ethyl acetate solvent system. The PG band was detected and
extracted as was previously described, The isomeric mixture of LXXVIIa
was obtained in 63% yield: n.m.r.(CDCl,) 100 MC § 5.62 (m, 2H, trans

HC=CH), 5.38 (m, 2H, cis HC=CH), 4.1 (m, 2H, CH-0), 3.70 (s, 3H, OCHs ).

* More than %% quinoline, by weight, to the amount of catalyst
makes the reaction very slow. Best results were obtained using 1-2%
quinoline,
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Mass spectrum: m/e 348, M. H,0; a detailed interpretation of the

major fragments is given in Table IV,

15-Epi-8«K and G-PGE, methyl ester (IXXVIT  The hydrogenation on
15-epi~5-dehydro PGE, methyl ester LXXV was carried out in the same

way as described for ILXXTV., Because of lack of material, an n.m.r.
spectrum could not be taken.

Mass spectrum: m/e 348, i - H,0. Mass measurement found: 348,229694;
caled. for C,3Hz.0,: 348.230045; other possible empirical formulae for
this mass are: C;¢H3,N204y CioHa o305 and G, Hz o0, These are ruled
out because IXXVIIT could not contain any nitrogen., Mass measurement
of m/e 190: 190.135990; calcd, for CyaH;g0, 190.135758; another possible
empirical formula for this mass is Cy;H,,N; which is again ruled out

because ILXXVIIT contains no nitrogen.

Epimerization of the isomeric mixture of IXXVIT The 8« and B -PGE,

methyl ester (LXXVII mixture (6.3 g) was dissolved in 3 ml of a 3%
ethanolic potassium acetate solution and stirred at room temperature

for 94 hours. The reaction mixture was then diluted with wat;er and
extracted with pure methylene chloride. The organic layer was dried over
anhydrous magnesium sulfate, filtered and concentrated in vacuo. Pre-
parative TLC separation on silica gel, ethyl acetate of the crude mixture
gave two compounds:

1, 8L -PGA, methyl ester (LXXIX) consisted of 185 (0.7 mg) of the

reaction mixture: UV (MeOH) 217 np, € 9,000; mass spectrunm: M+ 348,
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mfe 330, ¥ - H,0; mfe 317, M - OCHy; m/e 299, 330 - OCHy; m/e 298,

330 - CH,0H; m/e 287, 330 - CyH,; mfe 190, 330 - C,H;o00,CH, + H transfer);
mfe 207, M - CoHy 000, CHy 3 mfe 141, [C,H 000, CH:,]t The PGA, was
contaminated with about 2% PGB, methyl ester: UV (MeOH) 277 m s

€ 2,200,

2, Mainly 8K -PGE, methyl ester (LXXVIIb) consisted of 80% (2.9 mg)

of the reaction mixture: 100 MC n.m.r.(CDCl;) using 109 scans which
were analyzed with a computer of average transients (C.A .T.-): S 5.6

(m, 2H, trans HC=CH), 5.3 (m, 2H, cis HC=CH), 4.1 (m, 2H, CH.-O0)

3.6 (s, 3H, O.C_Ha).' Accurate chemical shifts were not obtained because of
drifting in the spectrometer, Mass spectrum: m/e 343, Mt H,0; the
spectrum was identical to the PGE, methyl ester spectrum taken before

epimerization.
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CIATMS TO ORIGINAL RESEARCH

Total synthesis of PGE, methyl ester.
Synthesis of 15-epi-8k and B-PGE, methyl ester.
Synthesis of PGA, methyl ester.

Synthesis of the acetylenic prostaglandins:

8¢ and B-5-dehydro PGE, methyl ester and
15-epi-8ek and B -5-dehydro PGE, methyl ester,
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