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Abstract - The palladium-catalyzed reaction of vinyl triflates with P-substituted-a,P- 
unsaturated carbonyl compounds affords regio- and stereoselectively the 
corresponding vinylic substitution derivatives. The application of this reaction to the 
synthesis of quinolines, coumarins, and cardenolides is described. The palladium- 
catalyzed reaction of unsaturated triflates with functionalized internal and terminal 
alkynes produces a variety of heterocyclic compounds such as furans, benzo[hIfurans, 
indoles, butenolides, y-alkylidene-y-butyrolactones, and precocenes. 

INTRODUCTION 

Palladium catalysis represents a well established and very useful methodology in organic synthesis and in 
the last decades many papers dealing with reaction mechanisms and synthetic applications appeared in the 
literature. A large number of reactions involve the generation and transformation in situ of a-vinyl or u- 
arylpalladium complexes 1. 

I 

The increased use of these complexes as reaction intermediates paralleled the utilization of more convenient 
and versatile precursors for their preparation. Switching from vinyl- and arylmercury compounds (eq. la) to 
vinyl and aryl halides (eq. lb)  widened considerably the scope and utility of this methodology. More 
recently, our discovery that vinyl triflates (trifluoromethansulfonates) can be used as precursors of o- 
vinylpalladium complexes (eq. lc)  in the reaction with olefinic systems (1) and the development by Stille 
and co-workers of a procedure to allow the cross-coupling of vinyl triflates with organostannanes (2) 
marked a further, significant step forward in homogeneous catalysis. 

RHgCl + PdC12 - RPdCl + HgCll (1 a) 
RX + Pd(0) - RPdX X=l ,Br  ( Ib) 
ROTf + Pd(0) - RPdOTf TfO = OSO2CF3 U C )  

R = vinyl, aryl 

Considering unsaturated triflates as pseudohalogens provided in fact the chemist with the new and 
extraordinary possibility of looking at a wide variety of ketones and phenols as potential vinyl and aryl 
donors i n  palladium-catalyzed reactions. In addition, the presence of the poorly coordinating triflate 
counterion in the coordination sphere of palladium in organopalladium complexes made it possible to take 
advantage of their peculiar properties in unusual synthetic applications. In little more than ten years, the 
triflate-based palladium chemistry has grown tremendously and now this methodology represents a valuable 
tool in organic synthesis. 
Our own recent work in this area focused mainly on the reaction of unsaturated triflates with alkenes and 
alkynes, particularly on (a) vinylic substitution of fbsubstituted-a,fhnsaturated carbonyl compounds, (b) 
vinylic substi tutionlcyclization of f3-substituted-a,f3- unsat urated carbonyl compounds, (c) 
coupling/cyclization of alkynes, (d) cyclization of alkynes promoted by a-vinyl- or a-arylpalladium 
complexes, (e) hydrovinylatiodcyclization of alkynes. These are the themes of the present paper. 
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VlNY LIC SUBSTITUTION OF FSUBSTITUTED-CI#-UNSATURATED CARBONYL COMPOUNDS 

Since our first report on the utilization of vinyl triflates in the Heck reaction ( I ) ,  a variety of alkenes 
containing carbon-carbon double bonds conjugated to electron-withdrawing substituents have been reacted 
with vinyl and aryl triflates in the presence of palladium catalysts. In the great majority of these studies, 
however, the substitution pattern of a, p-unsaturated carbonyl compounds has been quite simple and very 
little has been done with P-substituted-a,f3-unsaturated carbonyl compounds (3,4). Recently we have 
developed a general methodology for the preparation of vinylic substitution derivatives from f3-substituted- 
a,p-unsaturated carbonyl compounds and vinyl triflates (5 )  (eq. 2a). 

Tf HC R = Ph (88%), Nle (81%). 
n-Pr (75%), n-Bu (7656) I 

- 
54% 

Q . 

Best results have been obtained in the presence of KOAc and Pd(0Ac)z. The utilization of a variety of other 
bases (Et3N, NaHCO$n-B@CI, K2CQ/n-B@CI, NaOAc) and phosphine ligands resulted in lower 
yields. The reaction is regioselective and preferential fl-attack of vinyl units is invariably observed 
supporting the notion that electronic effects play a dominant role in controlling the direction of the 
carbopalladation step in the vinylic substitution of olefins bearing electron-withdrawing substituents. Only 
small amounts of regioisomeric vinylic substitution derivatives have been isolated in some cases, most 
probably as the result of competing steric effects. As far as the stereochemistry is concerned, essentially one 
stereoisomer has been obtained in the reactions we run and vinylic substitution derivatives contain the added 
vinylic unit trm to the carbonyl group. 
Depending on the nature of unsaturated triflates and p-substituted-a, fl-unsaturated carbonyl compounds, 
the formation of hydrovinylation products (formal conjugate addition) (6) has been also observed (eq. 2b). 

VlNYLlC SUBSTITUTION/CYCLIZATlON OF ~~-SUBSTITUTED-U,~~-UNSATURATED CARBONYL 
COMPOUNDS 

This reaction appears especially promising for the design of annulation processes. In fact, as the 
stereochemical course of the Heck reaction puts the p-substituent and the carbonyl group of the starting 
a,p-unsaturated carbonyl compound on the same side, in the presence of nucleophilic centers on the p- 
substituent the initially formed vinylic substitution derivative could undergo an intramolecular cyclization 
reaction. Accordingly, 4-(n-acetamidophenyl)-3-buten-2-one 2 and methyl 4-(o-hydroxyphenyl)-3- 
butenoate 3 have been reacted with vinyl triflates and aryl halides to provide new access to a variety of 
substituted quinolines (5 )  (eq. 3a) and coumarins (5 )  (eq. 3b). 

, . 
/ 

d2'iy' ++ 3:X=OH;R=OMe* b d; 0 (3) 

66% OTf 70% 

The reaction has been applied to the synthesis of the cardenolide 7 starting from the steroidal triflate 4 and 
ethyl 4hydroxy-2-pentenoate 5 (7) (eq. 4). No reaction was reported to occur when 4 was reacted with 5 
in the presence of Pd(OAc)2, PPh3, and triethylamine (3). Furthermore, when we carried out the reaction 
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employing the NaHC@/n-BuqNCI or K2C03In-Bu4NCl combinations, the butenolide derivative 6 was 
isolated only in trace amounts. 

OTf 

DMF, 60 "C, 24 n 
I 
I 
I 
I EIOAC, 

room temmrature. 

I I I fi (4) 
I 

4 5 0 (66%) 3 h 7 (99%) 

COUPLlNGlCYCLlZATlON OF ALKYNES 

The palladium-catalyzed reaction of vinyl triflates with 1-alkynes (8) provides a useful entry into the 
interesting class of conjugated enynes (eq. 5). 

method b: E12bhI, Cul, rwm temperature 71 -96% 
method c: NaOAc, 60°C 

The reaction occurs with a wide variety of alkyl- and arylacetylenes and can tolerate numerous 
functionalities both on the vinyl triflate and on the alkyne moiety. Dienynes related to vitamin D (9), 
propargylglycine derivatives (lo), dienediynes related to neocarzinostatin ( 1 l) ,  a potent antitumor agent, 
and 5-alkynyluracils (12) have been prepared in this manner. 
In the presence of nucleophilic centers near the carbon-carbon triple bond, enynes resulting from the 
coupling step can be reacted to give cyclization products. 
This chemistry has been employed in an efficient synthesis of 2-vinyl-indoles 10 from o-ethynylaniline 8 
(13 j (eq. 6). 

R 

The cyclization step has been carried out in an acidic CH$32/3 N HCI two-phase system in the presence of 
the n-BuN4CIPdCI:! combination. The procedure proved to be especially convenient for the one-flusk 
conversion of 8 into 10, without the isolation of the intermediate 9. Under these conditions compounds 1 0 
have been isolated in 62-98% yield. Related reactions have been camed out starting from o-ethynylphenols 
1 1 and propargyl ethylmalonates 12 to afford 2-substituted-benzo[b]furans (14) (eq. 7) and functionalized 
butenolides (15) (eq. 8). 

91 % 

NaH 

DMSO, 
80°C 

- 
50% 

As to the coupling of propargyl malonates 12 with vinyl triflates and aryl halides (eq. 8),  it is worth noting 
that good to high yields of coupling products can be obtained although propargyl esters (acetates, 
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trifluoroacetates, carbonates, sulfinates and sulfonates) have been reported to undergo a variety of 
palladium-catalyzed transformations through the supposed intermediacy of a-allenylpalladium complexes 
(16). The palladium-catalyzed coupling of vinyl triflates with I-butyn-4-ols, followed by the reaction of the 
obtained 1 -hydroxy-3-yn-5-enes in an acidic two-phase system, in the presence of the n-BuNqCIIPdCI~ 
combination, led to the formation of y'-hydroxy-a,p-enones (eq. 9). most probably through the 
intermediacy of an unstable oxygen-containing five-membered ring system (17). Both the coupling step and 
the conversion of the carbon-carbon triple bond into the ketonic group have been performed at room 
temperature. The whole process can be carried out through a one-flask process, without the isolation of 1- 
hydroxy-3-yn-5-enes. 

COOEt COOEt 

COOEt 

* +  

OTf 

'Q 
89% lY 

PdCIz, n-BuqNCI 

r. t., 6.5 h 

- 
ai,a,, HCI 3 N, y 57% 

OH 

(9) 

CYCLIZATION OF ALKYNES PROMOTED BY -VINYL- OR (FARYLPALLADIUY COMPLEXES 

The scope of the palladium chemistry of unsaturated triflates and alkynes is considerably widened by the 
observation that nucleophiles near the carbon-carbon triple bond can participate in the reaction through 
intramolecular attack on the multiple bond activated by the coordination to a-vinyl- and a-arylpalladium 
complexes generated in siru (eq. 10). 

R' Pd R' 

cR + 
R' PdOTf 

R' Pd 

R' Pd 6: 
Heteroannulations promoted by a-vinyl- and a-arylpalladium complexes appear to be extremely valuable 
since the generation of cyclic compounds combines with the ability of accommodating functionalities 
amenable to further functional-group manipulation and with a rapid increase in molecular complexity. (€)- 
6-vinyl-y-methylene-y-butyrolactones (18) (eq. 1 I ) ,  2,3-disubstituted indoles (19) (eq. 12), 2 , 3 , 5  
trisubstituted furans (20) (eq. 13), 3-substituted benzo(h1furans ( 14) (eq. 14), and 2.3-disubstituted 
benzo[blfurans (14) (eq. 15) have been prepared by reacting vinyl triflates and aryl halides with suitable 
functionalized alkynes. 

&ph 

NHCOCFq 

+ 

COOEt 

(Y 

62% / -  

COOEt 

6 
H 90% - 

OTf 
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DMF, 60°C. 2.5 h - 

L (14) 
MeCN, 45 "C, 8 h 56% OH PhCOO 

dh+ \ 
p 72F4I MeCN, 45°C - Cg I ' h (15) 

OTf 60% 

Interestingly, while the reaction of palladium dichloride with functionalized alkynes generates Jc-palladium 
complexesable to react with nucleophiles such as the hydroxy (21, 22) the amino (22-25), and the amido 
groups (25, 26), n-palladium complexes generated from the coordination of the carbon-carbon triple bond 
to a-vinyl- and u-arylpalladium intermediates (27) apparently need anionic nucleophiles to allow the 
intramolecular nucleophilic attack. For example, in our palladium-catalyzed synthesis of 2,3-disubstituted 
indoles (19) (eq. 12), no indole derivatives were formed by reacting vinyl triflates and aryl halides with o- 
alkynylanilines or o-alkynylacetanilides and using K z C a  as the base. Good results were instead obtained 
with o-alkynyltrifluoroacetanilides, which are more prone to generate anionic nucleophiles. 
When such reactions are carried out under an atmosphere of carbon monoxide the formation of the carbon- 
heteroatom bond can combine with the formation of two carbon-carbon bonds as shown in the preparation 
of 13, an intermediate on the way to pravadoline 14, an indole derivative designed as a nonacidic analogue 
of non-steroidal anti-inflammatory drugs (NSAIDs) (28) (eq. 16). 

OMe 

NH 
COCF, I ' N  24h 

K2m3 overnight PdC12(PPh3)2, t-&u-gC' - 3 (16) 
\ steam bath, 

pf 6 + co DMF,&"C, - 
\ 

14(55%) 0 ;f 
13 (73%) 

As it has been shown, the reaction of 1 -alkynes with a-organopalladium intermediates can produce coupling 
products and cyclic derivatives. In some cases, products derived from both coupling and cyclization can be 
prepared by introducing apparently minor changes in the reaction mixture composition. The palladium- 
catalyzed reactions of vinyl tnflates with 4-pentynoic acid (29) (eq. 17) and o-ethynylphenols (14) (eq. 18) 
represent impressive examples of this. 

P ~ ( O A C ) ~ ( P P ~ ~ ) ~ ,  G 6 Pd(OAc)2(PPh3)2,CuI1 F- G @ h  (17) 

0 78% 
0 NPh* Et3N, O n-BqNCi, i-Pr2N-I 

DMSO, 25 o c ,  24 h M~CN. 60 OC, 45 min OTf 74% 
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. OTf 

56% 72% ' 

HYDROVINYLATION/CYCLlZATION OF ALKYNES 

The reaction of alkenes and alkynes with a-vinyl- and a-arylpalladium complexes in the presence of 
reducing agents, typically formate anions, is known to afford hydroarylation and hydrovinylation 
derivatives (30) (eq. 19). 

The extension of this methodology to unsaturated triflates may provide an interesting entry into new 
functionalizations of ketones and phenols. The reaction of vinyl triflates with p-substituted-a, fbunsaturated 
carbonyl compounds (eq. 2b) showed that hydrovinylation can occur even in the presence of potassium 
acetate, most probably as the result of the proton assisted heterolytic cleavage of the carbon-palladium bond 
of a-alkylpalladium intermediates derived from the addition of a-vinyl- and o-arylpalladium complexes to 
the carbon-carbon double bond. 
Our attention, however, has mainly been focused on the hydrovinylation of alkynes. Treatment of vinyl 
triflates with alkynes in the presence of potassium formate has been found to produce hydrovinylation 
products in good yield. Best results have been obtained in the absence of phosphine ligands (3 1) (eq. 20). 
The addition of phosphines to the reaction mixture tends to favor the competitive reduction to alkenes (32). 

& , + 

(20) 

Pd(OAc), 
KOOCH 

DMF,4O0C, Ph \ \ \ \ \  

24h 
TfO 

79% 15% Ph 

The reaction has been utilised to develop new syntheses of functionalized butenolides (31) (eq. 21) and 
precocenes (33) (eq. 22) 
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Me@poM* ___c gg!?;”’2. & OH room l)NaHC03. temperature MeOH, - Me A2) 
2)  Znclp, CH2C12, 

Me 
0 DMF. 40 “C 

\ OAc room temperatute 
OAc 

70% 63% OTf 

CONCLUSIONS 

A variety of new, and in many cases unique, palladium-catalyzed carbon-heteroatom and carbon-carbon 
bond forming reactions have been developed starting from unsaturated triflates (and halides) and alkenes or 
alkynes. These reactions can tolerate a wide range of functional groups, occur under mild conditions, and 
appear particularly promising for their application to the area of natural product synthesis. 
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