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Abstract - The inter- and intramolecular palladium-catalyzed arylation and 
vinylation of cyclic alkenes provides a useful new route to 3-arylcycloalkenes and 
cyclic 1,4-dienes. Applications of this chemistry to the synthesis of inhibitors of 
blood platelet activating factor and prostaglandins are described. Taking 
advantage of the ability of palladium to migrate along carbon chains, one can 
easily prepare long chain aromatic aldehydes, ketones and other carbonyl- 
containing compounds. Palladium-promoted cyclization also affords novel new 
routes to unsaturated lactones, bicyclic acetals, benzofurans, indoles, quinolines 
and isoquinolines. Finally, palladium-catalyzed hetero- and carboannulation 
provides still another convenient route to hetero- and carbocycles. 

INTRODUCTION 

Organopalladium chemistry has become one of the most active areas of organometallic chemistry 
directed towards organic synthesis (refs. 1, 2). Our own recent work in this area has focused on (1) 
inter- and intramolecular arylation and vinylation of cyclic alkenes, (2) palladium migration chemistry 
and (3) cyclization and annulation chemistry. These areas will be reviewed in that order. 

PALLADIUM-CATALYZED ALKYLATION OF CYCLIC ALKENES 

A number of workers have reported the palladium-promoted arylation of cyclic alkenes using 
arylmercurials, aryl halides, aryl sulfinate salts, aryl diazonium salts or aryl amines (ref. 3). In general 
these reactions either require stoichiometry amounts of palladium, proceed in low yields or provide 
mixtures of double bond isomers. We have recently developed convenient procedures for such 
arylation using aryl halides and only catalytic amounts of palladium which overcome all of these 
previous difficulties (eq. 1). 
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ArI + 5Q cat.Pd(0) [ -6.1 
n 

PROCEDURE A: 2.5% Pd(OAc)2, n-Bu4NC1, 3 KOAC 
B: 3% Pd(OAc)z, 9% PPh3, 2Ag2C03 

C: 2.5% Pd(OAc)Z, n-BudNC1, 3 KOAC, 2.5% PPh3 

Procedure A works nicely using a variety of aryl halides and cyclic alkenes (eq. 2), but isomerization 
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is a major problem when cycloheptene (eq. 3) or cyclic ethers are employed. Fortunately, these 
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difficulties can be overcome by using a procedure, Procedure B, first reported by Overman (ref. 4) for 
similar intramolecular arylation processes (eq. 4, ref. 5). While this procedure was found to work well 

99% 

for cyclic alkenes prone to isomerization, neither of these procedures works well for a number of 
functionally-substituted aryl halides. Fortunately, the addition of catalytic amounts of PPh3 to 
Procedure A (Procedure C) gave excellent results for such aromatic halides (Table 1). 

TABLE 1. Comparison of Procedures for the Synthesis of Functionally- 
Substituted 3-Arylcyclopentenes 

*=I + 5 Q  - xm 
% Yield 

O-OH 42 
o - N H ~  6 
o-NHAc 0 
o-CH~OH 0 
O-CHO 0 
@NO2 0 
PNO2 0 

0 
0 
0 
0 
0 

70 
52 

66 
52 
76 
99 
87 
90 
85 

When employing Procedure C on cyclic vinylic ethers, such as 2,3-dihydrofuran, complete 
isomerization of the double bond around the ring was observed. This has provided a novel new 
route to inhibitors of blood platelet activating factor (ref. 6, Scheme I). 

Scheme 1 

An analogous palladium-catalyzed intermolecular vinylation process has also recently been 
developed (eq. 5, ref. 7). 
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This chemistry has since been employed in an efficient synthesis of prostaglandin E2 (Scheme I I ,  ref. 
8). 

Scheme 2 

HO I- - - - 
OSi(CH3)2t-Bu 

c o"0 - 5% Pd(OAc)2 
PBU~NC~,  2.5 i-Pr,NEt 

HO DMF, 25OC, 5 days 
L 
HO &3i(CH3)2t-Bu 

1. 2.2 LiN(i-Pr)2 
2. 3Ph3SnC1 

c -L 3. 5 ICH2C~C(CH2)3C02Me 

HO 6Si(CH3)2t-Bu 
72-75% 

n 0 

C02Me r~ 

- - - - 
HO &(CH,),t-Bu HO OH 

51% PGE2 

This chemistry also affords a convenient method for the arylation or vinylation of bicyclic alkenes 
when K02CH is added as both a base and a reducing agent (eq. 6, ref. 9). 

Intramolecular variations of this chemistry have now been reported by several groups (refs. 4, 10 and 
11) including ourselves (eqs. 7 and 8,  ref. 12). 

cat. Pd(0Ach 
cat. PPh3 (7) 

72% 
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~ cat. cat. Pd(OAc)z PPh3 * & 
Ag2C03 H 

77% 

PALLADIUM MIGRATION CHEMISTRY 

The ability of palladium to migrate along carbon chains by a process involving palladium hydride 
elimination and subsequent readdition with the opposite regiochemistry has been observed by 
several groups. We, for example, reported the convenient preparation of x-allylpalladium 
compounds by arylpalladium addition to non-conjugated dienes (eq. 9, ref. 13). The synthetic utility 

of this process has recently been put to use in the construction of aryl-substituted long chain carbonyl 
compounds (eq. 10, ref. 14). 

5% Pd(dba);! 

2.5 NaHCO, 
1.1 n-BU4NCl 

D I  + 2 + 5 CH2(C02Et)z 

80°C DMSO CO2Et 
52% 

In a similar fashion, the arylation of long chain olefinic alcohols provides a novel approach to aryl 
aldehydes or ketones (eq. 11, ref. 15). This reaction no doubt proceeds by arylpalladation of the 

3% Pd(0Ac)z Ph 0 

Phl + -OH 2n-Bu4NC1 2.5LiOAc * P h d H  + ),& H (11) 

89 : 11 1 LiCl 
25OC DMF 

89% 

alkene, palladium migration, and finally palladium hydride elimination to an enol which tautomerizes 
to the observed carbonyl product. 

A related useful process employing palladium migration chemistry involves the coupling of vinylic 
halides or triflates with unsaturated carboxylic acids (eq. 12, ref. 16). 

CYCLIZATION A N D  ANNULATION PROCESSES 

Unsaturated lactones have also recently been prepared by the palladium(ll)-catalyzed 
dehydrogenative lactonization of unsaturated carboxylic acids (eq. 13, ref. 17). 
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.o 

0 2  
5% Pd(OAc), 

2 NaOAc 
25°C DMSO 

86% 

Bicyclic acetals are also readily available by palladium-promoted coupling of cyclic allylic alcohols, 
ethyl vinyl ether and Pd(OAc)2 (eq. 14, ref. 18) using Utimoto’s general procedure (ref. 19). 

H2C = CHOEt 8 Pd(OAc), 

56% 

This chemistry has recently afforded a novel approach to prostaglandins (Scheme Ill, ref. 20). Since 

Scheme 3 

so”’ 
HO - - - PZ 

“#+V 0 
* o  0 

Pd(0Ac)Z 
H,C=CHOEt 

H~C=CHCOCSH~ 1 

t-BuMqSiS) t-BuMqSiS) 

57% 

PGF2, 

the key intermediate bicyclic acetal has previously been epimerized by E. J. Corey (ref. 21) and 
carried on to PGF2u, this constitutes a highly efficient formal synthesis of this prostaglandin. 

Butenolides are also now readily available by the palladium-promoted cyclization of chloromercurio- 
acetate esters of acyclic allylic alcohols (eq. 15, ref. 22). 

6 
L H g  Cl 

Li2PdC14 
55% 

0 

@ 
andimlactone 
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Similar palladium-catalyzed cyclization processes have recently been developed for the synthesis of 
benzofurans (eq. 16, ref. 23), indoles (eq. 17, ref. 24), quinolines and isoquinolines. 

YOCH, 

5% Pd(OAc)2 

Na2C03 Na0,CH 
n-Bu4NCl DMF 

80°C 83% 

COCH3 
I 2% Pd(OAc)2 

CH3 

n-Bu4NCl a:\ 2.5NaOAc DMF * 

90% 

One of the most exciting recent developments in our laboratories has been the development of 
palladium-catalyzed processes for the heteroannulation of 1,3-dienes, 1 ,Cdienes, 1,2-dienes and 
alkynes (eqs. 18-21, ref. 25). 

100"C, 1 day 75% 

5% Pd(OAc)2 
n-Bu4NCl 

3.5 Et3N 

72% DMF 
100°C, 1 day 

5% Pd(OAc), 

n-Bu4NCl 5% PPh3 *s-"+/& 
3.5 Na2C03 \ \ (20) 

83% DMF 
100°C 2days 

5% Pd(OAch Ts 
I _  

5% PPh3 
n-Bu4NC1 

+ 5 PhCECPh 3.5 DMF Na2C03 bPh Ph 
100°C lday 50% 

Analogous carboannulation processes can also be effected under very mild conditions in high yields 
(eqs. 22-25, ref. 26). Unlike analogous intermolecular x-allylpalladium displacement processes, 

5% Pd(OAc), 
5% PPh3 CO2Et 

n-Bu4NC1 * & C02Et (22) 
5 Na2C03 

60°C 1 day 
DMF 87% 
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C02Me 

&COzh4e 
0 5% n-Bu4NC1 Pd(OAc), 6 MeOzc 

5 NaOAc 
60°C, 6 days 

+ 5  I (23) 

DMF 64% 

EtOzC COzEt 5% Pd(0AC)Z 
n-Bu4NCl - (24) 
5 Na2C03 

80°C, 8 days 
DMF 85% 

5% Pd(OAc)2 Et02C 

(25) 

n-Bu4NCl + 5 PhCiCPh 
5 NaZCO3 

8OoC, 1 day Ph 
DMF 61% 

these intramolecular reactions can be effected using simple esters, ketones and nitro groups (eqs. 
26-28). Vinylic halides can also be employed in these processes (eq. 29). These annulation 
processes appear extremely useful for the synthesis of a wide variety of hetero- and carbocycles. 

2 d  85% 
1.1 : 1 mixture 

of diastereomers 

56% 

5% Pd(0Ac)z 
5% PPh, 

,\\*NO2 

% cNo2 + 5 0 ;;g; * 
DMF, 80 OC 

7 d  

73% 

5% Pd(0AC)Z 
COZEt 

c H 3 ~ ~ ~ ~ ~  + 0 n-Bu4NC1 5 Na2C03 COzEt 

80°C, 1 day 
DMF 

75% 



660 R. C. LAROCK 

CONCLUSION 

A number of exciting new palladium-promoted carbon-carbon and carbon-heteroatom bond forming 
reactions have been recently developed. These synthetic transformations are unique. They proceed 
under mild reaction conditions in excellent yields. They require only catalytic amounts of palladium. 
They accommodate considerable organic functionality. They are sufficiently versatile to generate a 
wide variety of organic structures, and in many cases they involve the simultaneous formation of more 
than one new bond at a time. These reactions appear particularly promising for the synthesis of 
complex natural products. 
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