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ABSTRACT: We synthesized a new Pd(0) complex bearing π-acceptor ligands and a σ-donor ligand and confirmed that it can ex-

hibit high air stability and catalytic activity in direct arylation reactions. Moreover, stoichiometric reactions of the complex revealed 

that a σ-donor ligand does not dissociate from the Pd center. 

Transition-metal-catalyzed cross-coupling reactions are effec-

tive methods to construct C-C or C-hetero atom bonds.1-3 Var-

ious precursors and ligands of Pd catalysts have been devel-

oped and used in many types of coupling reactions. Bi- or 

zero-valent Pd complexes are used as Pd catalyst precursors.4 

Since Pd(II) complexes have high air stability, they can be 

easily handled and stored in air atmosphere (Figure 1a). How-

ever, the process of forming a catalytic active Pd(0) species 

causes decomposition of substrates or ligands at the initial 

stage of cross-coupling reactions.5-7 To solve this problem, 

many efforts have been devoted to the development of Pd(II) 

complexes that can be smoothly reduced to Pd(0) active spe-

cies without the decomposition of substrates or ligands.8-10 

Because Pd(0) complexes have the same oxidation state as 

catalytic active species, they do not cause the decomposition 

reactions. (Figure 1b). However, Pd(0) complexes are general-

ly unstable in air.11 Multidentate ligands have been studied to 

provide air stability to Pd(0) complexes.12-14 Recentry, Soós 

and co-workers have developed an air-stable Pd(0) complex, 

Superstable Pd catalyst (Pd[P{3,5-(CF3)2C6H3}3]3 = SSPd), 

which bears three π-acceptor phosphine ligands (Figure 1c).15 

The ligands decrease electron density of the Pd center to sup-

press oxidation of Pd.16 In catalytic reactions, strong electron-

donating phosphine (σ-donor) ligands with steric bulkiness are 

preferred to achieve a high catalytic activity.17 Therefore, we 

designed a new Pd(0) catalyst precursor bearing a σ-donor 

ligand to impart catalytic activity and a π-acceptor ligand to 

provide air stability (Figure 1d). During a catalytic reaction, 

the π-acceptor ligands may selectively dissociate from the Pd 

center because of their weak coordination ability compared 

with that of the σ-donor ligand. Herein, we synthesize a novel 

Pd(0) complex and determine its stability and catalytic activity 

for the direct C-H arylation reaction.3 

The target Pd(0) complex was synthesized from SSPd through 

a ligand exchange reaction with tricyclohexylphosphine 

(PCy3) in 68% yield (Scheme 1). The reaction of SSPd with 1 

equivalent of PCy3 afforded a mixture of Complex 1 and re-

sidual SSPd. The quantitative formation of Complex 1 was 

observed in the reaction with 2 equivalents of PCy3 or an ex-

cess of PCy3. The structure of Complex 1 might be thermody-

namically stable in terms of steric and electronic aspects. 

 

 

Figure 1. Various Pd catalyst precursors.  
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Scheme 1. Synthesis of Complex 1. 

 

Doublet and triplet signals with an integral value of 2:1 were 

observed through 31P NMR spectroscopy (Figure S2). These 

signals indicate that the Pd(0) complex possesses two types of 

phosphine ligands in 2:1 ratio. To obtain detailed structural 

information, single crystal X-ray analysis was conducted (Fig-

ure 2).  

 

Figure 2. ORTEP drawing of Complex 1 with thermal ellip-

soids at 30% probability level. All hydrogen and disordered 

fluorine atoms are omitted for clarity. Selected bond lengths 

(Å): Pd1-P1 = 2.3565(8), Pd1-P2 = 2.2856(8), Pd1-P3 = 

2.3565(8). Selected bond angles (º): P1-Pd1-P2 = 119.16(3), 

P1-Pd-P3 = 126.71(3), P2-Pd1-P3 = 113.31(3). 

 

The structure with a σ-donor phosphine (PCy3) and two π-

acceptor phosphines (P{3,5-(CF3)2C6H3}3) is consistent with 

the 31P NMR spectroscopy results. The bond length of Pd1-P1 

(2.3565(8) Å) was longer than those of Pd1-P2 and Pd1-P3 

(2.2856(8) and 2.3565(8) Å). The long Pd1-P1 length is pre-

sumably due to the presence of bulky cyclohexyl groups in 

PCy3.18 In addition, back donation from Pd to the π-acceptor 

phosphines may result in short Pd1-P2 and Pd1-P3 bonds. 

To prove our concept, the air stability of Complex 1 was eval-

uated and compared with that of other Pd(0) complexes. Com-

plex 1 did not decompose in air at room temperature for a 

month, which was confirmed by 31P NMR spectroscopy (Fig-

ure S3). This observation verifies that Complex 1 has good air 

stability, which enables its storage and handling in air. Accel-

erated aging tests were conducted to evaluate air stability un-

der harsh conditions (in air, 60 ºC, Figure 3). Because the col-

or of Pd(PCy3)2 turned to black for 1 h, Pd(PCy3)2 was decom-

posed under the tested condition (Figure S4). In contrast, 

Complex 1 and SSPd showed no color change. The π-acceptor 

ligand, P{3,5-(CF3)2C6H3}3, decreased the electron-density of 

the Pd center of Complex 1 and imparted high air and thermal 

stability similar to those of SSPd.  

 

Figure 3. Accelerated aging test (in air, 60 ºC). 

 

Subsequently, Complex 1 was used as a catalyst for direct C-H 

arylation reactions.19 We optimized a loading amount of the 

Pd(0) complex (Table 1). The reactions with 2 mol% and 0.5 

mol% of Complex 1 afforded efficient product formation (En-

tries 1 and 2). Meanwhile, 0.25 mol% of Pd loading could not 

give full conversion of the reaction (Entry 3). Therefore, 0.5 

mol% (Entry 2) was considered as the optimal catalyst loading. 

 

Table 1. Direct arylation of 2-thiophenecarbonitrile with 4-

bromoanisole by Complex 1 

 

Entry X Yielda [%] 

1 2 87 

2 0.5 87 (83) 

3 0.25 60 

aThe yield was determined by 1H NMR analyses of a crude 

product with ferrocene as an internal standard. Number in 

parentheses is the isolated yield. 

 

To compare the catalytic activity, time conversion of the reac-

tion with the Pd(0) catalysts was investigated (Figure 4). The 

Pd(PCy3)2 system showed good catalytic activity in the initial 

stage. However, the catalytic activity decreased during the 

reaction. The relatively low catalyst loading (0.5 mol%) re-

sulted in the recognizable decomposition of the catalyst. Alt-

hough the reactions with Complex 1 and SSPd showed induc-

tion periods, these catalytic systems showed high catalytic 

activity in the middle to late stages of the reactions. Because 

the catalytic activity of Complex 1 was better than that of 

SSPd, PCy3 in Complex 1 can be considered to provide a posi-

tive effect on the catalytic reaction.  
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Figure 4. Time conversions of direct arylation reaction by 

various Pd(0) catalyst precursors. Conditions: Pd = 0.0025 

mmol, 4-bromoanisole = 0.50 mmol, 2-thiophenecarbonitrile = 

1.0 mmol, PivOH = 0.15 mmol, K2CO3 = 0.75 mmol, toluene 

= 1.7 mL, temp. = 100 ºC. Yield was determined by 1H NMR 

analysis of a crude product with ferrocene as an internal stand-

ard. 

 

A stoichiometric reaction of Complex 1 was conducted to 

determine the reason for high catalytic activity of Complex 

1.20 An oxidative addition reaction is the first step of the direct 

arylation reaction (Scheme S1). The model reaction of the 

oxidative addition reaction afforded a Pd(II) complex bearing 

PCy3 and P{3,5-(CF3)2C6H3}3 ligand (Complex 2 in Scheme 2). 

ORTEP drawing of Complex 2 showed that one of the π-

acceptor ligands is selectively dissociated and PCy3 remains 

on the Pd center in the oxidative addition reaction (Figure 5). 

This result supports our hypothesis that PCy3 remains on the 

Pd center during the catalytic reaction and provides good cata-

lytic activity.  

 

 

Scheme 2. Synthesis of Complex 2.  

 

 

Figure 5. ORTEP drawing of Complex 2 with thermal ellip-

soids at 30% probability level. All hydrogen atoms and incor-

porated molecules are omitted for clarity. Selected bond 

lengths (Å): Pd1-P1 = 2.3524(13), Pd1-P2 = 2.3177(12), Pd1-

I1 = 2.7003(5), Pd1-C1 = 1.995(6). Selected bond angles (º): 

P1-Pd1-P2 = 179.04(5), P1-Pd-I1 = 95.25(3), P2-Pd1-I1 = 

85.70(3), I1-Pd1-C1 = 171.23(16).  

Furthermore, we tested a substrate scope in direct arylation 

under the optimized conditions (Table 2). The reactions with 

the catalyst (0.5 mol%) afforded the products in good to mod-

erate yields (Entries 1-4). The yield can be further improved 

by optimization of the reaction conditions for each substrate. 

In conclusion, we synthesized the novel air-stable Pd(0) com-

plex bearing π-acceptor and σ-donor ligands. The Pd(0) com-

plex is stable in air at 60 ºC and serves as a good catalyst for 

the direct arylation reaction even with small amount of Pd 

loading. Additionally, Complex 1 shows a higher catalytic 

activity than that of other known Pd(0) complexes. A stoichi-

ometric model reaction reveals that the σ-donor ligand imparts 

the high catalytic performance of Complex 1. The strategy of 

combining “stabilization” and “activation” gives stimulus for 

catalyst chemistry.  

 

Table 2. Direct arylation reaction by Complex 1 

 

 

Entry Product Yielda [%] 

   

1  95 

   

   

2  50 

   

   

3  35 

   

   

4  40 

   

aThe yield was determined by 1H NMR analyses of a crude 

product with ferrocene as an internal standard. 
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