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Summary: The palladium-catalyzed annulation of 1,4- 
dienes by aryl halides bearing ortho-heteroatoms and 
carbanion-stabilizing groups affords monocyclic and bi- 
cyclic 6-membered ring heterocycles and carbocycles in 
high yields by a process involving arylpalladium formation 
and addition to the diene, palladium migration, and 
intramolecular r-allylpalladium displacement. 

Annulation processes are among the most important in 
organic synthesis, though few are very general with regard 
to the different types of compounds that successfully 
undergo annulation. However, the palladium-catalyzed 
annulation of 1,2J and 1,3-dienes,2 unsaturated cyclo- 
propanes and cyclobutanes? and alkynes4 by aryl halides 
bearing ortho-substituted heteroatoms or carbanion- 
stabilizing groups affords a convenient, very versatile, new 
route to a wide variety of heterocycles and carbocycles 
(Scheme I). A number of useful new synthetic processes 
have already recently taken advantage of the unique ability 
of palladium to migrate along carbon chains.6 We hereby 
report the successful combination of these two processes 
to provide a synthetically useful annulation of l,(-dienes. 
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Using the following general procedure, the annulation 
of a wide variety of 1,4-dienes has been achieved, a~ 
summarized in Table I. Palladium acetate (5 mol 5% 1, the 
aryl halide (0.5 mmol), the base (1.75 m o l  for heteroan- 
nulation), n-BQNCl(O.5 mmol), the 1,4-diene (2.5 mmol), 
DMF (1 mL) , and 5 mol 5% PPh3 (where indicated in Table 
I) were heated under Nz for the appropriate time, and the 
reaction mixture was worked up using ether and saturated 
aqueous NH4C1, dried, and chromatographed. Carboan- 
nulation reactions were run on half this scale using 1.25 
mmol of base. 
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Table I. Palladium-Catalyzed Annulation of 1,rl-Dienes 
aryl reaction % isolated aryl reaction % isolated 

entry halide 1,4-diene condnsa product(s)b yield (ratio) entry halide 1,4-diene condnsa product(s)b yield (ratio) 
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a Reaction conditions: presence or absence of 5 mol % PPha (+ or 4, base used, temperature, time. All products gave appropriate lH and 
13C NMR, IR, and mass spectral or elemental analysis data. Diene is an EIZ mixture. 

The annulation of 1,4-dienes by o-iodophenols produces 
benzopyrans (entries 1-4). The reaction gives high yields 
when run at  100 "C in the presence or absence of PPh3 and 
using sodium bicarbonate or carbonate as the base. Three 
different dienes have been utilized. 1,4-Pentadiene and 
5-methyl-1,Chexadiene gave high yields of a single isomer 
(entries 1,2, and 4), but 3-methyl-1,4-pentadiene afforded 
an isomeric mixture in which the side product appears to 
be that shown in entry 3, although it is not obvious how 
it is formed mechanistically. 

In general, cleaner reactions were observed when the 
o-iodophenols were replaced by o-iodoaniline (entries 5-8). 
Only minor amounts of side products were observed, even 
when 3-methyl-l,4-pentadiene was employed. The anal- 
ogous tosyl derivative also affords the corresponding 
nitrogen heterocycles in high yields (entries 9-11). 

The carboannulation of 1,4-dienes can also be effected 
in excellent yield (entries 12-14). Best results have been 
obtained by running these reactions at  a lower temperature 
(60 OC) for longer reaction times (5-7 days). 

As indicated in Table I, a wide variety of 1,Cdienes can 
generally be employed in this annulation process. Ary- 
lation occurs cleanly on the least substituted double bond 
of the diene, and nucleophilic attack provides exclusively 
the six-membered ring product. No eight-membered ring 
products have ever been observed. It is noteworthy that 

the carboannulation of 2,4-dimethyl-1,4-pentadiene (entry 
12) yields only the trans-substituted carbocycle. Espe- 
cially exciting is the observation that even the strained 
bicyclo[3.3.1]non-2-ene ring system can be produced in 
good yield by this methodology (entry 14). 

Mechanistically, this 1,Cdiene annulation process ap- 
pears to proceed as shown in Scheme 11. Precedent exists 
for each step. The final, nucleophilic displacement of 
palladium from the a-allylpalladium intermediate may 
proceed by backside or frontside displacement, presumably 
depending on the nature of the nucleophile. Clearly, 
formation of the bicyclic carbon system present in entry 
14 requires frontside attack on palladium, followed by 
reductive elimination, an unusual process for stabilized 
carbanions, but one observed previously in the carboan- 
nulation of cyclic, 1 ,3 -d iene~ .~~  
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