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Abstract :  The palladium-catalyzed arylation of acrylates, so-called the Heck reaction, was 
accelerated and partially controlled under high pressure conditions. 

It is well known that reactions in the solution state having negative activation volumes (AV ~ < 0), such 
as intermolecular incorporations, are accelerated, while those having positive activation volumes (AV* > 0), 
such as extrusion reactions, are suppressed under high pressure conditions. 2 

The palladium-catalyzed alkenylation or arylation of olefins is well known as the Heck reaction 3 and 
has been widely used in the field of synthetic organic chemistry. 4 The following three reactions in this type of 
catalytic carbon-carbon bond formations are considered to be accelerated under high pressure conditions, 

because these might have negative activation volumes; (1) formation of active Pd(0) species, (2) oxidative 
addition of Pd(0) to alkenyl or aryl halides, and (3) complexation of Pd species with olefins. On the contrary, 
decomplexation might be suppressed on the basis of their positive reaction volumes. These predictions suggest 

that the steps for the carbon-carbon bond formations in the Heck reaction will be accelerated and that for the 
termination will be retarded under high pressure conditions. We focused our study on this point and report 
herein the preliminary results concerning effects of high pressure on the Heck reaction. 

The Predictive Influences of High Pressure on the Reactions Commonly 
Observed in Organometailic Chemistry 

Intermolecular Intramolecular Extrusion 
Incorporation >> Reaction >> Reaction 

(aV" < O) (aV* ~ O) (aV* > O) 
oxidative addition insertion reductive elimination 

¢omplexation migration decomplexation 
deinsertion 

At first, we examined the effect of high pressure on the Heck reaction. 5 A mixture of iodoarenes 1 (1.0 

equiv), ethyl acrylate (1.0 equiv), (Ph3P)'2PdC12 (2% mol), and Et3N (2.0 equiv) in MeCN was pressured 
under a variety of conditions (Table 1). 6 Comparison of Entry 1 with Entries 2 and 3 revealed that the rate of 
the Heck reaction was accelerated dramatically by high pressure and was completed even at 25 °C. At higher 

temperature, diarylated product 3a was also formed (Entries 5 and 6), which could not be obtained either 
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R (Ph3P)2PdCI2 (2% rrlol) A r I ~ / C O O E t  + A r . . ~ C O O E  t 
+ ~ " C O O E I  ElaN (2,0 equiv) 

R 1 MoCN 2 3 
a:  R= H,b: R= CH3. 
¢: R = CH(CH3) 2 + recovery of 1 

Table 1. Results of the Heck Reactions under  Atmospheric  and High Pressure Condit/ons 

Entry S ta r t i ng  Pressure  Tempexature Reaction Yield (%) 
Material (xlO spa a) (°C) Time (h) 2 3 1 

1 l a  1 25 12 
2 In lxlO 4 25 12 62 
3 la lxlO 4 25 24 80 
4 la 1 90 20 80 
5 la lxlO 4 90 26 54 
6 la lxlO 4 140 b 4 
7 lb 1 25 18 7 
8 lb IxlO'* 25 20 21 
9 lb lxlO 4 90 9 92 
10 lc lxlO 4 90 20 37 

38 
76 

99 
32 

75 
67 
7 
57 

a) Pa is Pascal, one Newton per square meter: lxlO s Pa = 1 bar = 1.013 atm 
b) The reaction was carried out in DMF instead of MeCN. 

under high pressure conditions at room temperature (Entries 2 and 3) or under atmospheric pressure conditions 

in boiling MeCN (Entry 4). This result tells us that the reactivities between acrylate and cinnamate toward 

phenylpalladium intermediate differ markedly under atmospheric pressure, but are much the same under high 

pressure conditions. The high pressure conditions might accelerate the complexation of the phenylpalladium 

intermediate with the acrylate and might cause the formation of diphenylacrylate 3a. In the case of iodoarenes 

I b and l e  7 (Entries 7-10), only cinnamate derivatives 2 were formed and 3,3-diarylacrylates 3 were not 

obtained at all. Since the ortho-dialkyl groups protect sterically the reaction center at C3-position of cinnamate, 

the second arylpalladium species might not approach the reaction center of 2b and 2 e even under high pressure 

conditions. 

When a mixture of iodobenzene l a  (1.0 equiv), ethyl acrylate (1.0 equiv), (Ph3P)2PdC12 (2% mol), 

and N,N-dimethylaniline (2.0 equiv) in MeCN was pressured (8.4x108 Pa, 25 °C, 54 h, then 55 °C, 20 h), 

ethyl cinnamate 2a  (18% yield) and 3-phenylcinnamate 3a (4%) were produced together with the recovery of 

iodobenzene l a  (76%). Without an amine base, using either (Ph3P)2PdCI2 or (Ph3P)4Pd as a catalyst, the 

Heck reaction did not proceed at all and resulted in recovery (92%) of la .  The basicity of amines influenced 

the rate of the Heck reaction. 

The reaction of bromobenzene I d, instead of iodobenzene l a ,  with ethyl acrylate under the compatible 

conditions ( l x l 0  o Pa, 90 °C, 42 h) afforded ethyl cinnamate 2a (14% yield), ethyl 3-phenylcinnamate 3a  

(41%), and 48 (25%) (Scheme 1). No polymerized product was detected by the analysis of 1H NMR 

spectroscopy of the crude product. The product 4 could not be obtained from any reaction shown in Table 1 

and was amazingly produced from the reaction with 2 equiv of ethyl acrylate! In the compatible conditions 

under atmospheric pressure (refluxed in MeCN for 48 h), the reaction only gave ethyl cinnamate 2a  (78% 

yield). This means that the termination steps in the Heck reaction is not only suppressed partially but also 

controlled under high pressure conditions. The production of 4 indicates two important features of this 

reaction: One is that the alkylpalladium intermediates even having ~hydrogens could react further with the 

acrylate under these conditions 9~11 and the other is that the carbon-carbon bond formation catalyzed by 
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(Ph31~PdCI2 (2% tool) phF~COOEt  Pn 
Et3N (2.0 equiv) - ' "J~"  I'~ v COOEt R'r- Br + ~ C O O E t  

ld MeCN 2a 3=t 

lx109 Pa, 90 °C, 42 h (14"/o) (41"/o) 
lx10 s Pa, 90 °C, 48 h ('/8=/,,) (0%) 

Scheme 1 

cooEt I 

(2s%) 
(0%) 

palladium complexes was terminated when two molecules of the acrylate were incorporated. Comparison of 
Entry 3 with the result shown in Scheme 1 also tells us that the kind of halogen on the intermediary 

alkylpaUadium species is playing a key role to control the course of the reaction with the acrylate. The 
proposed mechanism is shown in Scheme 2. Using iodobenzene, the alkylpalladium intermediate 5 gave 
cinnamate 2a  via the 13-elimination and then the second Heck reaction followed. In the case of bromobenzene, 

some part of $ behaved like in the case of iodobenzene. The other part of 5 might partially have the "living" 
naturel2,13 and reacted with the second acrylate to afford 6, because the complexation of 5 with the acrylate 

might be accelerated under forcing conditions. The intermediate 6 might be suppressed for further reaction 
with the acrylate because of its stabilization by the chelation of two ester groups, and finally affords 4 via the 

I~-elimination followed by the palladium-catalyzed isomerization of the olefin. 

Ph--X + PdLn I ~ n  
I accelerated under high COOEt pressure 

3a 

R'I- I~dLn X / / s e c o n d  ~ C O O E t  

f'aocelerated under high pressure 
Heck reaction 

dP../.L.. Ln X = ', Br p n ~ C O O E t  COOEt 4 I H T C O O E t  " ~1 
Ph 

X = B r  

5 //isomerizetion of 
OEt / /  double bond 

dBrLn H ~ , , C  O0 Et 
m 

E t O ' ~ O  6 7 Scheme 2 

In conclusion, the Heck reaction is accelerated dramatically and is partially controlled under high 
pressure conditions depending on the kind of alkylpalladium intermediates. We are now investigating the role 

of halogens and studying the mechanism of this reaction. 
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