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In any cascading carbometalation process, an intricate com
petition between the propagation and termination steps presents 
a challenging synthetic problem.2 On the one hand, the desired 
cascading propagation steps must take place without premature 
termination. On the other hand, the termination step is critically 
important for various purposes, one that pertains to carbopal-
ladation being incorporation of the stoichiometric carbopalla-
dation process into an overall catalytic cycle. We have previously 
reported examples of cascade termination via the Heck reaction3,4 

involving carbopalladation of an alkene followed by dehydro-
palladation.5'6 We have also found that the carbopalladation-
cross coupling sequence can be a satisfactory Pd-catalyzed 
cyclization process provided that the added organometallic 
reagents for trapping via cross coupling are of sufficiently low 
relative reactivity.7'8 

In conjunction with our studies directed toward the development 
of efficient routes to fused cyclic di- and polyenyl lactones, e.g., 
nagilactone F (I),9 we sought Pd-catalyzed cyclic carbopalla-

dation-carbonylation cascade that would be applicable to their 
syntheses. We now report that the catalytic cyclic carbopalla
dation of alkynes can proceed under the conditions for carbo-
nylation of organopalladiums without premature incorporation 
of CO and that in situ regeneration of a Pd-phosphine catalyst 
can be accomplished by termination of the carbopalladation 
cascade via deferred carbonylative esterification, as exemplified 
by the conversion of 2 to 310 (eq 1) and related conversion of 4-6 
to 7-910 in 80, 72, and 73% yields, respectively. In view of a 
multitude of possible reaction paths that are available to 2 {vide 
infra), its conversion to 3 in 66% yield via one-step pentacy-
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clization11 is quite remarkable even compared with our recently 
reported tetracyclization process,50 where the number of available 
paths was much more limited due to the absence of CO, and the 
results presented herein reveal some striking features and puzzles 
in the reactions where carbopalladation and carbonylation 
compete with each other. 

First, the cascade cyclic carbopalladation producing six-
membered rings can indeed proceed in good yields despite the 
fact that carbonylative esterification takes place in the absence 
of strategically positioned alkyne groups, as exemplifed by the 
conversion of 10 to 11 in 94% yield. Surprisingly, methanol has 

proved to be a highly satisfactory solvent which is, in fact, superior 
to several others employed in this and related previous studies, 
such as DMF, THF, MeCN, and benzene. The extent of 
premature esterification in the reaction shown in eq 1 was 
estimated to be :£2-3% by NMR analysis of the crude product. 
In accord with these findings, cascade termination can be 
satisfactorily effected even with external alcohols, e.g., MeOH, 
as indicated by the conversion of 12 to 1310 in 86% yield in MeOH 
(100 equiv).12 

Second, the formation of cyclic ketones via acylpalladation, 
i.e., addition of acylpalladium bonds to alkenes and alkynes, does 
not seriously compete with the desired cascade process, even 
though acylpalladation has been the dominant path in the Pd-
catalyzed reaction of iodoalkenes and iodoarenes containing an 
oi-alkenyl group in the presence of CO in cases where five- or 
six-membered ketones can be formed.13 Even in a competition 
between carbopalladation leading to cyclopentenes and acylpal
ladation giving five- and/or six-membered ketones, the carbo
palladation process is strongly favored, as indicated by the 
conversion of 14a into 15a10 in 71% yield under essentially the 
same conditions as in eq 1. This and the closely related 

14a : Z = SiMe2Bu-I 15a : Z = SiUe2Bu-; 16 17 
14b :Z = H 15b :Z = H 

transformation of 16 into 1710 in 62% yield indicate that the 
presence of two germinal ester groups in 2, 4-6, and 10 is not 
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Scheme 1 

C- i*cr* C 
essential to the desired cascade process. We tentatively conclude 
that, in the competition between cyclic carbopalladation and cyclic 
acylpalladation of alkynes, the former process producing a five-
or six-membered ring is strongly favored over the latter giving 
a five-, six-, and/or seven-membered ketone. This conclusion is 
in sharp contrast with the corresponding alkene reaction,13 as 
indicated in Scheme 1. 

Third, despite the above results, the acylpalladation of alkynes 
is not an intrinsically disfavored process, as indicated by our 
recent results14 on intermolecular reactions of this type. Fur
thermore, cyclic acylpalladation giving five-membered ketones 
is indeed faster than carbopalladation giving four-membered rings, 
as shown by eqs 2 and 3. We have recently demonstrated that 

L^Bu-r 

OO (600 psi) 
5% 0IjPd(PPh3), 
NEt3 (2 equiv.) 

C8H6, 1000C, 1Oh 

92%(fransrtte=S5/15) 

trapping of acylpalladiums with enolates as in eq 2 is a viable 
method of recycling Pd species as catalysts.1J In eq 3, the exocyctic 
double bond in the presumed initial product must migrate to 
alleviate electron repulsion between the two carbonyl groups. 

Fourth, since the reaction of PhI with even 1 atm of CO in the 
presence of 5 mol % of Cl2Ph(PPh3)2, 1-octyne (1 equiv), and 
MeOH (4 equiv) merely gives methyl benzoate in 73% yield 
without a sign of carbopalladation or acylpalladation, CO insertion 
is considerably faster than intermolecular carbopalladation. The 
results also indicate that trapping of acylpalladium species with 
MeOH (4 equiv) is decidedly faster than intermolecular acylpal
ladation. On the other hand, the relative rates of CO insertion 
and intramolecular carbopalladation of alkynes depend on the 
CO pressure and the ring size of cyclic carbopalladation. Thus, 
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treatment of 14b with CO (1 atm), NEt3 (4 equiv), and 5 mol 
% of Cl2Pd(PPh3)2 in MeOH (100 equiv) gave 15b in 59% yield 
along with a 19% yield of a premature esterification product 
18.10 These results indicate that cyclic carbopalladation producing 
five-membered rings can be faster than CO insertion-lactonization 
at low pressures of CO and that the butenolide formation via 
intramolecular alcoholysis of acylpalladium derivatives is at least 
103 times as fast as methanolysis. At the CO pressure of 20 atm, 
however, the only monomeric cyclic product was 18 (46% yield), 
indicating that CO insertion at high CO pressures can be 
substantially faster than cyclic carbopalladation producing 
cyclopentenes. 

Fifth, despite the fact that CO insertion is kinetically competi
tive with and can even be faster than cyclic carbopalladation, the 
latter process can still be dominant in the absence of a strategically 
positioned trapping group, e.g., OH, as exemplified by the 
conversion of 6 into 9 in 73% yield at 10 atm of CO. These 
results are readily explained in terms of ready reversibility of CO 
insertion. In accord with this interpretation, treatment of 19 
with NEt3 (2 equiv) and 3 mol % of Pd(PPh3)4 at 80 "C for 10 
h produced 2010 in 65% yield. Here again, the formation of the 
expected exocyclic, tetrasubstituted alkene is avoided via double 
bond migration. 

In conclusion, the present study not only provides a synthetically 
attractive methodology involving cascade carbopalladation-
termination via deferred carbonylative esterification but also 
permits, for the first time, the following generalization providing 
reliable predictions of the courses of various competing orga-
nopalladium reactions. The relative rates of various processes in 
the decreasing order of rates are CO insertion (and 5- or 
6-membered lactonization) =* 5-exo- or 6-exo-alkyne carbopal
ladation > 5-exo-alkyne acylpalladation > acylpalladium trapping 
with MeOH > intermolecular carbopalladation or acylpalladation. 
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