Figure 2. A computer-generated perspective drawing of kempene-2 (3).
Hydrogens are omitted for clarity.

as the diffraction data were converted to normalized structure
factors.!? Phases were assigned to the 250 largest E values by
a multiple-solution weighted tangent formula approach.!! The
resulting F synthesis showed most of the nonhydrogen atoms.
The remaining atoms were located by tangent formula re-
finement with all | E] = 1.00. Hydrogens were located in dif-
ference electron density syntheses.!2 Full-matrix least-squares
refinements with anisotropic temperature factors for nonhy-
drogen atoms and isotropic temperature factors for hydrogens
have converged to a conventional crystallographic residual of
0.040 for the observed reflections. Tables of fractional coor-
dinates, bond distances, bond angles, and observed and cal-
culated structure factors can be found in the supplemental
material.

A perspective drawing of the final x-ray model less hydro-
gens is given in Figure 2. The absolute configuration was not
determined by the x-ray analysis (vide infra). Kempene-2 is
a dome-like tetracyclic array of five-, six-, and seven-membered
rings. Most of the substituents are on the convex surface, the
exceptions being the hydrogens at C-1 and C-11. The bond
distances and angles show no pronounced strain effects. The
diene system is twisted ~20° out of planarity.

The kempenes are closely related to the trinervitenes, e.g.,
TG-2 (1)23 and hence the absolute configuration should be as
drawn in 2 and 3. However, the configurations of the C-12
methyls are inverted. The absolute configuration shown is
corroborated by the positive Cotton effects due to the positively
twisted diene system!3 in the kempene skeleton (see stereo-
structure 5).
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Prostaglandin Synthesis via Carbopalladation
Sir:

Synthesis of the primary prostaglandins has been a focal
point for organic chemists for almost 10 years; during this time
several elegant total syntheses have been achieved by a variety
of workers.! We wish to report a different approach to this
problem which has now led to the development of an excep-
tionally efficient and short conversion of cyclopentadiene into
prostaglandin.

Our general strategy for synthesis of, for example, PGF,,
(1) initially involved the development of methods for the direct

oH OH
B z R-X
NN COz = -
—_— H
Q\N\/\/ # @“@R .
SH OH oM

i

attachment of two side-chain fragments R and R’ to the
unactivated double bond of an appropriately substituted cy-
clopentene derivative. To this end, preliminary studies in our
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laboratory have produced methodology permitting regiospe-
cific attachment of stabilized enolates at either C-2 or C-4 of
simple olefinic amines or sulfides leading, after reduction of
intermediate palladium complexes, to v- and e-amino- and
alkylthio esters in high yield.2? Furthermore, we have dem-
onstrated that the intermediate palladium complexes may be
easily converted to enones in the presence of an appropriate
vinyl ketone.2:4

Application of this methodology to prostanoid synthesis
required that carbopalladation proceed with complete ste-
reospecificity as well as regiospecificity. Indeed, there exists
literature precedent® which allows one to predict exclusive
trans addition of malonate and palladium to the olefinic link-
age. Verification of this postulate has been provided in the
following way. Addition of hydrogen chloride gas to cyclo-
pentadiene gave the very reactive chloride 26 which was added
directly without isolation to a solution of excess anhydrous
dimethylamine in tetrahydrofuran (THF) at —78 °C. After
the solution was warmed to room temperature over a 12-h
period, cyclopentenylamine 37 could be isolated in 95% yield:®
bp 35 °C (20 mm); NMR (CDCls) 6 1.60-2.30 (m, 4), 2.20
(s, 6),3.67 (m, 1), 5.83 (m, 2); IR (CHCls) 3.45, 6.85, 7.34,
9.65 u. Carbopalladation of 3 with sodium diethyl malonate
in THF at 0 °C for 2 h proceeded smoothly to afford a palla-
dium complex, presumably 4, which deteriorated sufficiently
rapidly so as to preclude isolation and characterization.
However, introduction of a stream of hydrogen gas directly into
the THF solution at 0 °C rapidly gave a precipitate of metallic
palladium® and amino diester 5:7 bp 117-120 °C (1 mm, Ku-
gelrohr); NMR (CDCl3) 6 1.27 (t, 6, J = 8 Hz), 2.19 (s, 6),
332(d,1,J =7Hz),413 (q,2,J =8Hz),420(q,2,J =8
Hz); IR (CHCl;) 3.44,5.78,6.89, 7.32, 9.5 u; 93% yield.2 The
trans stereochemistry assigned to 5 was unambiguously
demonstrated by conversion to the methiodide, which was
treated directly with aqueous KOH in dimethylformamide,

g — [@] — d
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first at room temperature for 18 h, then at ~120 °C (with
distillation of water) for 12 h, to produce, after extraction from
aqueous acid, the lactone 61° in 85% yield.

With these results in hand, our synthetic strategy focused
upon the preparation of Corey lactone diol 7, an intermediate
which has previously been converted to PGF3, in two chemical
steps and 80% overall yield.!! Lactone 7 was envisioned to come
from enone 8 via reduction of enone, deprotection, and hy-
drolysis-lactonization-decarboxylation as above. Amino
diester 8 might be prepared by homoallylic alkoxypallada-
tion-ketovinylation3.12 of 9, with regiochemistry directed by
the sterically shielding diethyl malonate group. We hoped that
olefinic amino diester 9 would in turn become available from
dehydropalladation of complex 4.

In the event, addition of potassium rerz-butoxide to the THF

?
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solution of complex 4 at room temperature rapidly gave a
mixture of olefinic isomers, with the undesired isomer 10
strongly predominant. However, treatment of 3 with stoi-
chiometric amounts of lithium tetrachloropalladate (LTP) and
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sodium diethyl malonate in THF at 0 °C for 2 h, addition of
diisopropylethylamine (5 mol equiv), and warming to reflux
for 30 min, led, after filtration of palladium, to isolation of
isomerically pure desired olefin 97 in 92% yield: bp 117-120
°C (1 mm, Kugelrohr); NMR (CDCls) 6 1.27 (1,6, J = 8 Hz),
2.17 (s, 6),3.30 (m, 2), 4.16 (q, 4, J = 8 Hz), 5.73 (m, 2); IR
(CHCl3) 3.43, 5.80, 6.89, 7.34, 8.55,9.67 .
Alkoxypalladation-ketovinylation of 9 proved to be a more
difficult proposition. It was necessary to select an alcohol
partner for the reaction having (a) sufficient bulk so that in-
terference of the adjacent malony moiety would direct addition
to 11 exclusively to position 4, and (b) an alkyl portion which
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could subsequently be removed to reveal the free alcohol. We
have found B-chloroethanol to be suitable for this purpose.
Thus, treatment of 9 with LTP in a mixture of 4:1 8-chlo-
roethanol-Me,SO containing 5 mol equiv of diisopropyl-
ethylamine at 0-5 °C for 18 h gave rise to palladium complex,
presumably 12 (isolation and characterization prevented by
decomposition), which was immediately treated with n-pentyl
vinyl ketone!3 in 2:1 dimethylformamide-benzene at room
temperature for 24 h.!4 Filtration of palladium metal followed
by preparative layer chromatography led to isolation of two
enone products, unwanted diene 13 (20% yield from 11) and
the desired enone 87:15 (50% yield® from 11): NMR (CDCl;)
62.21(s,6),4.13(q,2,J = 8 Hz),4.14 (q, 2, J = 8§ Hz), 6.18
(d,1,J =16 Hz),6.79 (dd, 1,J = 7,16 Hz); IR (CHCl;) 3.41,
5.77,5.97,6.11,6.86,7.31, 8.30 u. We have not yet been able
to clearly decipher the origin of 13 nor have we been able to
circumvent its formation. We are still attempting to overcome
this problem.

Having achieved the synthesis of 8 from cyclopentadiene
in three chemical steps and 44% overall yield, we turned to the
conversion of 8 into the required lactone 7. Reduction of enone
to allylic alcohol was best accomplished!6 through the use of
L-selectride!” (1.5 mol equiv) in 4:1 ether-THF solution at
—115 °C for 2 h. Isolation of allylic alcohol 14 at this stage was
hampered by the necessity to remove borane side products,
oxidative removall” being incompatible with tertiary amino
functionality. Therefore, isolation of material was delayed until
after deprotection and lactonization; subsequent to reduction,
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excess borohydride and lithium alkoxide were quenched by the
addition of acetone and ammonium carbonate, and solvent was
removed under reduced pressure and replaced with deoxy-
genated DMF. To this solution was added sodium cyanide (2.0
mol equiv) in DMF and the mixture was warmed to 75 °C for
18 h to allow conversion of chloride to nitrile. The solution was
cooled to room temperature and excess methyl iodide was in-
troduced to produce quaternary salt 15. Volatile material

-~
SN COLH ~N—"" C0,C,Hs
" C0pC5Hs AT
—_—
H Z 8 H
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1 ®

b

Ak
25 ReH, RP=OH %
Zﬂ" R#QH, R’=H
(methyl iodide, acetonitrile) was removed under reduced
pressure and decyanoethylation, hydrolysis, decarboxylation,
and lactonization were accomplished through the action of
aqueous potassium hydroxide in the same manner as previously
described for the 5 — 6 conversion. Extraction from dilute acid
afforded, after preparative layer chromatography, the racemic
lactone diol 7'® along with an approximately equal portion of
7a, epimeric at C-15, in 75-80% combined yield from enone

As previously stated, 7 has been converted to a variety of
natural prostaglandins in high yield, and synthesis of this
material thereby constitutes a synthesis of the natural products.
We believe that this synthesis is the simplest and most efficient
reported to date, affording 7 in ~35% overall yield in four
chemical steps from cyclopentadiene.

Two obstacles remain to be overcome. At this time synthetjc
7 consists of a racemic mixture of diastereomers. Although the
C-15 epimers are separable by chromatography, and it has
previously been established that 15-epi material may be re-
cycled by oxidation-reduction,!® we find this to be an aesthe-
tically unpalatable procedure. Although we have not yet con-
ducted experiments in this area, we believe that it may be
possible to direct the reduction of 8 to the desired isomer2° by
varying either the alkyl portions of the ester or the protecting
group attached to the hydroxyl at C-11. Secondly, it should be
noted that preparation of optically active materials should
present no great difficulty. We believe that resolution of the
very inexpensive amine 3 will prove to be an extremely simple
task, and from this point no further resolution should be nec-
essary.

A unique feature of this synthesis is the unambiguous es-
tablishment of four contiguous stereocenters about a cyclo-
pentane ring from a single amino directing functionality. This
sequence of reactions firmly establishes that carbopalladation
and alkoxypalladation occur via stereospecific trans addition
to the olefinic linkage, and that ketovinylation proceeds with
retention of configuration of the migrating group attached to
palladium. We believe that the principles delineated herein will
prove invaluable to organic synthesis; further studies involving
carbopalladation and natural product synthesis are in prog-
ress.
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Mechanism of the Palladium-Catalyzed Synthesis
of a-Methylene Lactones from Carbon Monoxide
and Acetylenic Alcohols

Sir:

. We have found that our palladium-catalyzed synthesis of
a-methylene lactones! proceeds with kinetic control of the
double-bond location, we have proposed a mechanism to ex-
plain this and other observations, and we have demonstrated
its feasibility by isolating and interconverting the proposed
organopalladium intermediates in complexes containing sta-
bilizing ligands.

Although the isomerization of the double bond of damsin
during its attempted hydrogenation? showed the thermody-
namic instability of some a-methylene lactones, we required
knowledge of the position of such isomerization equilibria, if
established, for the products of our catalytic reactions. We have
thus treated the simple fused-ring lactones 1a and 1b with
HRh(Ph3P);CO, known to be an excellent double-bond
isomerization catalyst (eq 1).3 In both cases isomerization to
the corresponding butenolides 2a% and 2b is complete.® It is
thus apparent that an effective double-bond isomerization
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