
TETRAHEDRON 
LE'ITERS 

Pergamon Tetrahedron Letters 40 (1999) 7379-7383 

The synthesis of a new palladacycle catalyst. Development of a 
high performance catalyst for Heck reactions 

Futoshi Miyazaki ,  a Kentaro Yamaguchi  b and Masakatsu Shibasaki ~* 
aGraduate School of Pharmaceutical Sciences, The University of Tokyo, Hongo, Bunkyo-ku Tokyo 113-0033, Japan 

bChemical Analysis Center, Chiba University, 1-33 Yayoicho, Inageku, Chiba 263-0022, Japan 

Received 9 July 1999; revised 2 August 1999; accepted 4 August 1999 

Abstract 

The new palladacycle catalyst 5 was synthesized, and this Pd catalyst showed high catalytic activity with turnover 
numbers of up to 8 900 000 (mol product per mol Pd) and turnover frequencies of up to 400 000 (mol product per 
mol Pd per h) in the coupling of aryl halides with olefins. This is the highest catalytic activity of all Heck reactions 
reported to date. © 1999 Elsevier Science Ltd. All rights reserved. 

Keywords: Pd catalysts; Heck reactions. 

Heck reactions are one of the most important C-C bond-forming reactions known to date. Generally, 
these reactions require fairly high catalyst concentrations (1-10 mol%) because of the formation of 
palladium deposits at high temperature. This limits their attractiveness for large scale commercial ap- 
plications. Recently, some groups reported high performance Heck reactions with palladacycle catalysts 
where elemental palladium was formed either not at all, or only in trace amounts.l-5 Among them, 
Milstein's catalysts 1 and 22 are very attractive. Considering generality of substrates and synthetic utility, 
this has proven to be the most effective catalyst for Heck reactions. However, in terms of the practical 
use of Heck reactions, there are still several problems such as the facile synthesis of the catalysts 1 and 
2 and the catalytic activity when aryl halides with electron donating groups are used as substrates. Quite 
recently, Bedford et al. synthesized the catalyst 34 by changing a phosphine part of the catalyst 4 to a 
phosphite part, resulting in improvement of the synthetic accessibility and catalytic activity of the catalyst 
4.1 So we envisioned and synthesized the catalyst 5 which was found to be very efficient to overcome the 
above-mentioned problems (Fig. 1). 

The catalyst 5 was prepared by the method shown in Scheme 1.7,8 This catalyst was synthesized by a 
one-pot reaction from 2-iodoresorcinol, 9 constituting an easier preparation of $ than Milstein's catalysts. 2 
The catalyst 5 has been characterized by satisfactory elemental analysis, IH, 13C, 31p NMR,6 and single 
crystal X-ray analysis (Fig. 2), II and can be purified by silica gel column chromatography. Moreover, 
solid 5 shows remarkable stability to air and moisture. 
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I 1) 7 (3.0 mol equiv.), tetrazole (6.0 mol equiv.) 
H O . ~ , / O H  THF (0.05 M), -78 °C --,. r.t., 2 days ,, 5 

2)Pd2(dba)a,~3HCI a (0.5 mol equiv.) 26% 
toluene ( . 0 . , . ~ ,  23 °C, 12 h 

Scheme 1. 

Figure 2. X-Ray crystal structure of 5 
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Table 1 
Heck reactions using 1.0 ppm of the catalyst 5 

run cone. (M) = u ~ ; .  c a ~ l ~  ~mp. (=c) ~ ( % ) "  TbNn'OF 
(ppm) /time (h) (S.M. recov.) c,-- ~=,= ,., ,-- ~. 

~eimecl~ ~ .mpe iper h ) 
I a 1 (7.0) 140/40 4" 5650/140 
2 a 2 (7.0) 140/84 100 c 142900/2200 
3 2.0 5 (1.0) 140/88 20 (68.%) 200000/2300 
4 1.0 5 (1.0) 140/40 43 430000/11000 
5 0.50 5 (1.0) 140/40 65 (30%) 650000/16000 

_.6_ . . . . . .  9:a_s. . . . . . . . . . . .  : . . . . . . . . . .  s..(1.o_l . . . . .  t ~ :  . . . .  .S.l.t.,~..) . . . . . .  . s ~ . .  
7 0.50 HO d (1.0 mol %) 5 (1.0) 140/40 68 (30%) 680000/17000 
8 0.50 5 (2.0) 140/126 43 (46%) 210000/1700 
9 1.0 5 (1 .Q)~ tS~,la 95 950000/53000 
asee the ref. 2. blsolated yield. CDetermineCby GC: .~ , i s  hydte~l~one. 

The coupling reactions of iodobenzene with n-butyl acrylate using 1.0 ppm o f  the catalyst 5 are 
summarized in Table 1. First of all, substantial quantities of polyolefins were found to be formed 
when using the catalyst 5 in this Heck reaction. 4 To prevent this polymerization, optimization of the 
concentration of the reaction mixture was examined. However, excellent chemical yields were not 
obtained (up to 65% in run 3-6 of Table 1). To obtain further improvement, we then used hydroquinone 
(1.0 mol%) as an additive, however without much improvement in chemical yield (68%, run 7, Table 1). 
In addition, chemical yield could not be improved even when 2.0 ppm of the catalyst 5 was used (run 
8, Table 1). Finally, we were pleased to find that nearly quantitative chemical yield (95%) was obtained 
when the reaction temperature was increased from 140°C to 180°C (run 9, Table l). 

0 catalyst 1, 2 and 5 

Phi + ~',~,,,OnBu Na2COs (1NMp.0 mol equiv.) . P h ~ O n B u O  

(1.2 equiv.) 

The coupling reactions of iodobenzene with n-butyl acrylate using 0.10 ppm of the catalyst 5 at 180°C 
are summarized in Table 2. l° Initially we tried the Heck reaction with 0.10 ppm of the catalyst 5 at 180°C 
(run 1, Table 2), and only moderate chemical yield (60%) was obtained. To improve this yield, 1 tool% 
of hydroquinone was added to the reaction mixture as an additive, and the chemical yield was moderately 
improved from 60% to 79% (run 1 and 2, Table 2). To obtain further improvement, the concentration of 
the reaction mixture was optimized (run 2-4, Table 2). As a result, the highest chemical yield (89%) was 
obtained when the concentration was 1.5 M (run 3, Table 2). This is the highest catalytic activity of all 
Heck reactions reported to date with turnover frequencies of 400 000 and turnover numbers of 8 900 000. 
The best turnover number previously reported for the Heck reaction was 5 750 000 in the coupling of 
p-bromoacetophenone with styrene. 4 

O catalyst 5 (0.10 ppm) O 
II Na2CO3 (1.0 mol equiv;) 

Phi + ~ O n B  u o Ph ~ ' ~ O n B u  
(1.2 equiv.) NMP, 180 C 

The coupling reactions of p-iodoanisole with olefins are summarized in Table 3. In general, it's 
very difficult to obtain high catalytic activity by palladacycle catalysts when aryl halides with electron 
donating groups are used as substrates. So we tried to optimize the conditions of the Hock reaction using 
p-iodoanisole and catalyst 5. Initially 1.0 ppm of the catalyst 5 was used, but satisfactory chemical yield 
was not obtained (run 3, Table 3). To improve the chemical yield, 5.0 ppm of the catalyst 5 was used, but 
unexpectedly only slightly improved chemical yield was obtained (run 2, Table 3). These results suggest 
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run 

Table 2 
Heck reactions using 0.10 ppm of the catalyst 5 

conc. (M) additive time (h) yield (%)a TON/TOF 
(S.M. recov.) (m~ ~ ~,.~ Pd 

h'aOI pCOdUCt ~ reel Pd i ~ r  h} 

1 1.7 40 60 60000001150000 
2 1.7 HQ b (1.0 mol %) 40 79 (10%) 7900000/200000 
3 1.5 HQ b (1.0 mol %) 22 89 8900000/400000 
4 1.2 HQ b (1.0 mol %) 62 86 8600000/140000 

alsoieted yield, bHQ is hydroquinone. 

Table 3 
Heck reactions using p-iodoanisole as a substrate 

run conc. (M) R additive catalyst time (h) yield (%)b TON/I'OF 
(ppm) (S.M. recov.) (~ ,~ , ,~- t~ , ,~  

~.~ i x ~  i~ m~ Pd pw hi 
1 a Me 2 (7.0) 16 100 c 142900/8900 
2 1.0 n-Bu 5 (5.0) 72 66 (16%) 130000/1800 
3 1.0 n-Bu 5 (1.0) 72 44 440000/6100 
4 0.50 n-Bu 5 (1.0) 72 52 (48%) 520000/7200 
5 0.25 n-Bu 5 (1.0) 96 43 (43%) 430000/4500 
6 0.50 n-Bu HQ d (1.0 mol %) 5 (1.0) 72 98 980000/14000 

aSee the ref. 2. blsolated yield, cOetermined by GC. dHQ is hydroquinone. 

that substantial quantities of polyolefins are formed by the catalyst 5. 4 To prevent this polymerization, 
optimization of the concentration of the reaction mixture was again needed, and the best concentration 
was found to be 0.5 M (when 1.0 ppm of the catalyst 5 was used), giving 52% chemical yield (run 4, 
Table 3). In order to improve it further, hydroquinone (1.0 reel%) was again used as an additive. As a 
result, the highest chemical yield (98%) was obtained (run 6, Table 3) with turnover frequencies of 14 000 
and turnover numbers of 980 000. This is also the highest activity of all Heck reactions by palladacycle 
catalysts using aryl halides with electron donating groups as a substrate. The previous highest turnover 
number for any Heck reaction by palladacycle catalysts using aryl halides with electron donating groups 
was 142900 (run l, Table 3). 

catalyst 2 and 5 O 
Na2CO3 (1"0 m°l equiv; ) 

p-CH3OCsH41 + OR 
OR o C 

(1.2 equiv.) NMP, 140 CH30- v 

Comparing run 7 in Table 1 with run 6 in Table 3, it is obvious that p-iodoanisole is more reactive 
than iodobenzene. This result suggests that the rate-determining step in the Heck reaction of aryl iodide 
is not the oxidative addition to the actual palladium catalyst, but rather the insertion of the olefins into 
the aryl palladium intermediate. This assumption is further supported by the Herrmann's commentsJ 
The issue of a possible Pd(II)/Pd(IV) cycle in Heck catalysis is currently under debate, particularly 
for palladacycles. 1-3 We believe that the major pathway in Heck reaction by palladacycle catalyst is 
Pd(II)/Pd(IV) cycle, because the catalyst 1-5 shows different reactivities. If active species in Heck 
reaction by palladacycle catalysts is Pd(0), generated from the catalysts 1-5, these catalysts should show 
the same reactivity. 

In summary, we have synthesized the new palladacycle catalyst 5, which can be prepared very 
efficiently. Its catalytic activity is so high that the highest turn over numbers (8 900 000) of all Heck 
reactions reported to date were obtained when iodobenzene was used as a substrate. The highest turn 
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over numbers (980 000) were also obtained in any Heck reaction by palladacycle catalysts even when 
p-iodoanisole was used as a substrate. Further studies are currently under investigation to improve the 
yield for other substrates.12 
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