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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 0C 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 

(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 718 along with an approximately equal portion of 
7a, epimeric at C-15, in 75-80% combined yield from enone 
8. 

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,'9 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 isomer20 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 lactones1 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 hydrogenation2 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 la and lb with 
HRh(Ph3P)3CO, known to be an excellent double-bond 
isomerization catalyst (eq I).3 In both cases isomerization lo 
the corresponding butenolides 2a4 and 2b is complete.5 Ii is 
thus apparent that an effective double-bond isomerization 
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catalyst must not be present during the catalytic synthesis of 
la and lb from CO and the corresponding ethynyl alcohols; 
i.e., the invariably exo position of the double bond results from 
kinetic control. 

Before writing a mechanism for this reaction it is also nec
essary to know the origin of the two hydrogens on the exo-
methylene group. The appropriate labeling study and kinetic 
studies to be mentioned below were carried out using a slightly 
modified (PdI2, 1 equiv of BU3P, CH3CN solvent) version of 
the original PdC^/thiourea/acetone catalyst system.1 Cata
lytic results are comparable, but, as it remains homogeneous 
for many turnovers, the modified version is far better suited 
for mechanistic study. Its use on a deuterium-labeled substrate 
alcohol establishes that the labile deuterium is, stereospecifi-
cally, incorporated cis to the carbonyl in the exo-methylene 
group (eq 2).6 

„OD CO.Pdl 

Ru P C I i CN 
(2) 

A mechanism which explains both of the preceding obser
vations begins with nucleophilic attack by the alcohol end of 
a butynol on a carbonyl ligand coordinated to palladium (II) 
(eq 3). A carbonyl ligand coordinated to a Pd" would be ex
pected to be very susceptible to nucleophilic attack. There are 
numerous precedents for reactions of this sort.7 

Pd11CO + HOCHRCHRC=CH 

O 

nil 
— - Pd COCHRCHRC^CH + H+ (3) 

3 

We propose that the carboalkoxy species 3 next adds in-
tramolecularly to the triple bond. Numerous precedents 
suggest that this addition will proceed with cis stereochemis
try.8 ' ' Control of the direction of addition to the triple bond 
results, as cis addition in the direction opposite to that shown 
in eq 4 would form a highly strained six-membered ring con
taining a trans double bond. 

Pd H 

n C 

3 - -
P d - C -

XHR 
H C = C - -CHR 

T CHR 

6—CHR 
(4) 

Finally, cleavage of 4 with the H + formed in reaction 3 
generates the product a-methylene lactone 5 (eq 5), and 
coordination of another equivalent of carbon monoxide re
generates the Pd" carbonyl and returns to the beginning of the 
catalytic cycle (eq 6). 

Y" 
I I 

O CHR 

Pd" + CO Pd11CO 

(5) 

(6) 

This mechanism accounts for the selective synthesis of an 
a-methylene group and, as required, does not involve any in
termediates, such as palladium hydrides, which would be ex
pected to isomerize the double bond. Furthermore, reaction 
5 explains the stereospecific deuterium incorporation when 
deuterated alcohol is used as substrate. Vinyl palladium and 
platinum complexes are known to be readily cleaved by acids,12 

and retention of stereochemistry at the vinyl a carbon is ex
pected (it has been demonstrated for vinyl complexes of the 
isoelectronic Rh ' 1 3 ) . 

Somewhat similar mechanisms have been written by a 
number of workers for related palladium-catalyzed processes, 
e.g., by Fenton14 for the intermolecular hydrocarboxylation 
of olefins and by Heck15 for the intermolecular carboxyalk-
ylation of acetylenes. However, there is little hard evidence to 
support these proposals.16 There has, for example, been no 
report of the reaction of an isolable, well-characterized car
boalkoxy palladium complex with an acetylene, either inter-
or (as required in the present case) intramolecular. 

We set out to provide such an example by making a com
pound analogous to the proposed mechanistic intermediate 3 
under aprotic conditions so that the cleavage step, reaction 5, 
could not occur. We initially employed an internal acetylene, 
as well as bulky triphenylphosphine ligands, in order to slow 
down the rate of the insertion step, reaction 4. Treatment of 
3-pentyn-l-ol with phosgene and addition of the resulting 
chloroformate 6a to Pd(Ph3P)4 yields the expected17'18 neutral 
carboalkoxy palladium complex 7a (88%) (eq 7).19 After a few 

CO2CH2CH2C=CR 

PdL, + CICO 2CH 2CH 2CS=CR 

63,R=CH1 

80 G 
* • 

toluene 
4h 

- P d — L 

I 
Cl 

7a,R = CH, 

(7) 

minutes in boiling xylene, 7a undergoes an intramolecular 
acetylene insertion, as in reaction 4 of the proposed mechanism, 
to give 8a (50%) (eq 8).20 Only after the addition of acid can 
cleavage, analogous to that in reaction 5 in the catalytic cycle, 
proceed, giving the known 
lactone (9a, 45%) (eq9). 

2 1 , 2 2 , •[(£)-ethylidene]-7-butyro-

7a Cl—Pd-

8a,R 

, / 
(8) 

3 SO 
O 

= CH3 

H 
\ ^ 

8a 
CF1CO1H 

: >-
C H , 48h 

Q vc (9) 

O 
0 - ' 9a,R - CR, 

To carry out a similar sequence of reactions with R = H 
leading to a-methylene-7-butyrolactone (9b) itself, the use of 
a protecting group is necessary, as the reaction of the chloro
formate 6b (R = H) of 3-butyn-l-ol with PdL4 occurs pref
erentially at the triple bond. Treatment of 4-(trimethylsilyl)-
3-butyn-1 -ol23 with phosgene yields the chloroformate 6c (R 
= SiMe3) with its triple bond protected, and 6c adds smoothly 
to PdL4 to form 7c (R = SiMe3) (87%).24 Removal of the 
protecting trimethylsilyl group without disturbing the carbo
alkoxy palladium system is difficult (a number of standard 
methods fail) but can be accomplished by an adaptation of the 
fluoride ion method25 (fortunately the affinity of F - for Pd" 
is quite low). Stirring 7c with KF and dicyclohexyl-18-crown-6 

Journal of the American Chemical Society / 99:24 / November 23, 1977 



8087 

in CH2CI2 gives 7b (R = H) and, quite rapidly at room tem
perature, 8b (R = H) (60%).26-27 Acid cleavage (CF3CO2H/ 
CgH6) readily gives a-methylene-7-butyrolactone (9b, R = 
H). 

Complexes 7 and 8 represent stabilized, independently 
synthesized analogues of the proposed catalytic intermediates 
3 and 4. The fact that they react as suggested in reactions 4 and 
5 strongly supports the mechanism proposed, reactions 3-6 
above. Preliminary kinetic results28 indicate that the rate, 
expressed in turnovers per unit time, is first order in CO 
pressure and independent of substrate concentration above 1 
M. Under normal catalytic conditions the rate-determining 
step is therefore reaction 6, uptake of carbon monoxide by 
palladium(II). 

The observation that both the insertion and the cleavage 
steps are much slower for the internal-acetylene-derived 7a and 
8a than for the terminal-acetylene-derived 7b and 8b suggests 
that the catalyst system will be much more effective for the 
synthesis of a-methylenelactones than for re-alkylidenelac-
tones. Work in progress generally bears out this prediction. 
However, conversion of appropriate actyienic alcohols to 
chloroformates, addition to Pd0, insertion, and acid cleavage 
offer a potential two-flask stoichiometric synthesis of tv-alk-
ylidenelactones. 
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New Ferraboranes. Structural Analogues 
of Hexaborane(lO) and Ferrocene. A Complex of 
Cyclic B5Hi0

- , a Counterpart of C5H5
-

Sir: 

We report the preparation and characterization of two iso
mers of a new metalloborane, (775-C5H5)FeB5Hi0, which are 
isoelectronic, and in one case also isostructural, with (77s-
CsH5)2Fe (ferrocene). The reaction of anhydrous FeCl2 with 
Na+C5H5

- and Na+B5H8
- in tetrahydrofuran at 25 0C af

forded violet crystals of 2-(r?5-C5H5)FeB5Hio (I), whose 
proposed structure is shown in Figure 1. This compound was 
isolated in low yield as a moderately air-sensitive solid by ex
traction with methylene chloride followed by chromatography 
on a silica gel column. Large quantities of ferrocene and small 
amounts of other ferraboranes, currently under investigation, 
were also obtained. The fact that I is the major ferraborane 
product is in sharp contrast with the reaction of CoCl2, 
Na+C5H5

- , and Na+B5H8
- which generated a host of three-

and four-boron metalloboranes but gave no detectable five-
boron products.1 

The characterization of I was accomplished from its elec
tron-impact mass spectrum, which exhibited a parent ion with 
the major cutoff at m/e 186, the chemical ionization mass 

Figure 1. Proposed structures of 2-(7^-CsHs)FeBsHj0 (I) and 1-(T?5-
CsHs)FeBsHiO (II). Connecting lines between iron and boron are omitted 
in II to emphasize the sandwichlike arrangement of ligands. 
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