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Cycloaddition reactions represent almost the ideal in terms of 
synthetic efficiency: they are highly atom economical and 
frequently are selective. Among such reactions, the Diels-Alder 
reaction stands out. One of the strengths of this process has been 
the ability to replace carbon by other elements, notably het-
eroatoms like nitrogen and oxygen, in both reaction partners, 
opening opportunities for synthesizing heterocycles.1 We won
dered whether a transition metal might function in such a role 
since the resultant "heterocycle" could undergo further reactions, 
such as reductive elimination, to generate ring systems not 
available by direct Diels-Alder reactions as illustrated in eq 1. 
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Although vinylalkylidene complexes like 1 are known, their 
participation in a process like that illustrated in eq 1 is not.2'3 We 
report that such a process may be a general approach for the 
construction of unusual cyclopentenoids. 

The indication that such a process may occur came as a result 
of our probing the mechanism of the enyne metathesis with 
tetrakis(methoxycarbonyl)palladacyclopentadiene (TCPC)4 and 
its related trifluoroethyl and heptafluorobutyl esters (TCPCTFE 

and TCPCHFB).56 Heating a 2.5:1 mixture of ynediene 2 and 
methyl pentadienoate (3) with 2.5 mol % of TCPCHFB in C6D6 
at reflux gave a 90% yield of a single cycloadduct 47 as a 5:1 
mixture diastereomeric at the carbon bearing oxygen (eq 2, major 
adduct depicted). The assignment of the relative stereochemistry 
of the acrylate and the cyclopropane arises by analogy to the 
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stereochemistry of a cycloadduct whose stereochemistry was 
established by X-ray crystallography.8 The stereochemistry at 
the carbon bearing oxygen derives from the absence of an NOE 
to the cyclopropyl methylene protons in the major adduct but its 
presence in the minor one. The reaction is best envisioned as 
involving interception of the vinylalkylidene complex 5b formed 
via a presumed metallavinylcyclopentene to metallavinylcyclo-
propane rearrangement of the initial adduct 5a by the pentadi
enoate to give 5c followed by reductive elimination to product as 
shown in eq 2.6 

Simple olefins, even those "activated" by conjugation to either 
an aryl ring or a carbonyl group, fail to intercept the intermediate. 
On the other hand, a wide variety of conjugated systems illustrated 
in Scheme 1 successfully serve as a trap. Several points are to 
be noted. TCPCTFE generally appears to be a more effective 
catalyst than TCPCHFB. For example, the yield of 8 (X •• H)7 

is 61 % with TCPCHFB compared to 71 % with TCPCTFE. Electron-
withdrawing groups enhance the effectiveness of the trap (cf. 
formation of 6 to 97). A dramatic illustration is the comparison 
between 1-ethynylcyclohexene and l-((methoxycarbonyl)ethy-
nyl)cyclohexene wherein the former fails to react but the latter 
gives cycloadduct 12,7 albeit in modest yield. In all cases, the 
sterically more hindered unsaturation preferentially reacts. For 
acceptors bearing electron-withdrawing groups, the unsaturation 
distal to that group preferentially reacts. Nevertheless, steric 
hindrance on the reactive unsaturation does impede reaction. 
Thus, whereas adducts 77, 8,7 and 97 form with high efficiency, 
methyl 5-methylhexadienoate fails to intercept the reactive 
intermediate: only self-trapping product of the enyne was 
observed.6 The chemoselectivity of the reaction is quite high, as 
illustrated by the compatibility of free hydroxyl groups, aldehydes, 
esters, acetylenes, etc. 

With a reactive trap like methyl pentadienoate, a 1:1 ratio of 
substrate to acceptor suffices to completely suppress dimerization 
of the enyne. The reaction has been performed with as little as 
0.1 mol % of catalyst, but a lower limit has not yet been established. 
The reaction directly scales up; thus, adduct 7 was obtained in 
75% yield on a 10-mmol scale using a 1:1 ratio of reactants and 
1 M concentration. 

Substituents on the allyl fragment of the ynediene are well 
tolerated. Thus the silyl (14) and methyl (15) substrates form 
the cycloadducts 167 and 177 in high yields (eq 3). Particularly 
interesting are the cases of the cyclic substrates 18 (n - 1 and 
n = 2) (eq 4). Substituents on the olefin of the enyne unit are 
also well tolerated. A particularly interesting example is substrate 
21 since it derives from a simple palladium-catalyzed cross-
coupling of the enyne 20 and methyl 2-butynoate (eq 5). 
Cycloaddition with methyl pentadienoate under the standard 
conditions with TCPCTFE at 43 0C gave a 52% yield of a major 
adduct7 in addition to two minor stereoisomers. The presence of 
a highly acidic proton in 22 adjacent to the ester may account 
for the isomers since the substrate 23 undergoes cycloaddition to 
a single cycloadduct in 90% yield (eq 6). An NOE combined 
with DEPT, COSY, and HETCOR spectra allows assignment 
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Scheme 1. Acceptors for (Vinylalkylidene)palladium Intermediate" 
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complexation with the unsaturation having the lowest LUMO 
and/or that which is sterically less hindered (eq 7). The 
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of the stereochemistry depicted. In particular, the methyl group 
shows NOEs with Hb and Hd, but not He, whereas Ha shows an 
NOE with He, in agreement with the trans stereochemistry. 
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This cycloisomerization-cycloaddition reaction catalyzed by 
novel palladium complexes is a general reaction involving two 
unique processes: formation of a (vinylalkylidene)palladium 
complex by isomerization and its cycloaddition. The broad scope 
of the reaction is illustrated by the tolerance of substitution at 
each site of unsaturation on both reacting partners as well as on 
the tether of the ynediene substrate. The structural characteristics 
of the acceptor and the chemoselectivity suggest that cycload-
ditions of intermediates like 1 may not be straightforward. The 
results would be consistent with initiation of the cycloaddition by 

unsaturation conjugated to the coordinating site is then delivered 
to the terminal position of the metalladiene to give either a w or 
a o- complex as illustrated. While a ir-allyl complex is attractive, 
the ability of vinylacetylenes to be acceptors which cannot form 
such t;3 complexes suggests that the a complex may form directly. 
This picture nicely accommodates why the sterically more 
hindered double bond of l,3-dienes or the double bond remote 
from the electron-withdrawing group preferentially reacts. These 
observations help to define more generally the characteristics 
that may be necessary to utilize metalladienes in [4 + 2] type 
cycloaddition reactions. This process, which increases molecular 
complexity10 greatly in a single operation by a simple addition 
reaction, is both highly selective and highly atom economical; as 
such it constitutes a synthetically efficient way to construct 
complex structures. 
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