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I.     Experimental Procedures 
General: All reactions and polymerizations were carried out using a standard glovebox or Schlenk techniques 

under argon purified by passing through a hot column packed with BASF catalyst R3-11. All polymerization 

reactions were performed in a 300-mL stainless steel autoclave. 

 

Instrumentation: Nuclear magnetic resonance (NMR) spectra were recorded on a BRUKER Ascend500 (1H: 

500 MHz, 2H: 77 MHz, 13C: 126 MHz, 31P: 202 MHz) NMR spectrometer. Chemical shift values for protons 

are referenced to the residual proton resonance of benzene-d6 (δ: 7.16) or CDCl3 (δ: 7.26). Chemical shift 

values for deuteriums are referenced to the deuterium resonance of benzene-d (δ: 7.16). Quantitative 13C 

NMR analyses of polymers were performed in a 5-mm probe on ca. 5~15 weight% solutions of the polymers 

and 0.05-M Cr(acac)3 as a relaxation agent in 1,1,2,2-tetrachloroethane unlocked at 120 °C using a 30° pulse 

of 16.8 µs, a spectral width of 30 kHz, a relaxation time of 2 s, an acquisition time of 1.1 s, and inverse-gated 

decoupling (BRUKER Ascend500). 1 , 2 , 3  Chemical shift values for carbons are referenced to the carbon 

resonance of 1,1,2,2-tetrachloroethane (δ: 74.20). Size exclusion chromatography (SEC) analyses were 

carried out with a Tosoh instrument (HLC-8121GPC/HT) equipped with two SEC columns (Tosoh TSKgel 

GMHHR-H(S)HT) and a refractive index (RI) detector by eluting the columns with 1,2-dichlorobenzene at 

1.0 mL/min at 145 °C. Molecular weights were determined using narrow polystyrene standards and were 

corrected for by universal calibration using the Mark–Houwink parameters reported by Rudin et al.: K = 1.75 

× 10–2 cm3/g and α = 0.67 for polystyrene, K = 5.90 × 10–2 cm3/g and α = 0.69 for LLDPE.4 

 

Materials: Ethylene (>99.9%) was purchased from Takachiho Chemical Industrial Co., Ltd. (Takachiho), and 

dried, deoxygenated by passing through a dry column DC-HDF300-A3 made by Nikka Seiko Co., Ltd. 

Anhydrous toluene were purchased from Kanto Chemical Co. Inc. (Kanto) and purified by the method of 

Pangborn et al.5 Dehydrated benzene were purchased from Kanto and used as received. 2,6-lutidine and 1-

eicocene were purchased from Tokyo Chemical Industry, Co., Ltd. (TCI) and distilled from calcium hydride 

before use. The other reagents were purchased from TCI, Kanto, or Sigma-Aldrich Chemical Co. and used as 

received. The following compounds were prepared according to literature procedures: [2-(t-

Bu2P)C6H4SO3]PdMe(2,6-lutidine), 6  [2-(i-Pr2P)C6H4SO3]PdMe(2,6-lutidine), 7  [2-(Cy2P)C6H4SO3]PdMe(2,6-

lutidine), 8  [2-(Men2P)C6H4SO3]PdMe(2,6-lutidine),6 [2-(Ph2P)C6H4SO3]PdMe(2,6-lutidine), 9  [2-(bis(2-

methoxyphenyl)P)C6H4SO3]PdMe(2,6-lutidine),10 and [2-(o-Ani2P)C6H4SO3]PdH(t-Bu3P).11 

 

General Procedure of the Homopolymerization of Ethylene (Table 1) 
A 300-mL autoclave charged with catalyst (0.010 mmol) and toluene (100 mL) was stirred under ethylene 

pressure (3.0 MPa or 1.0 MPa) at 80 °C for 1 h. After cooling to room temperature, methanol (200 mL) was 

added into the autoclave. The polymer was isolated by filtration, washed with methanol, and dried under 

vacuum. The obtained polyethylene was analyzed without further purification. The number of branches per 

1000 carbons was determined by quantitative 13C NMR analysis using inverse-gated decoupling. 

 
 

 



 S3

H/D Exchange Reaction of Ethylene and MeOD using [2-(o-Ani2P)C6H4SO3]PdH(t-Bu3P) 

 
In a 5-mm J-young NMR tube (internal volume 3.0 mL), [2-(o-Ani2P)C6H4SO3]PdH(t-Bu3P) (14.2 mg, 20 

µmol) and 1,4-bis(trimethylsylil)benzene-d4 (9.9 mg, 44 µmol, as an internal standard) in benzene (0.50 mL) 

and MeOD (20 µL) was cooled with liquid nitrogen bath and evacuated under high vacuum. After warming to 

ambient temperature, to the mixture was added atmospheric pressure of ethylene. Then, the mixture was 

sealed and heated at 60 °C for 36 h with using a shaking apparatus (Tosoh DF-8020). During the above 

experiment, not the formation of palladium black, but a slight formation of colorless precipitate was observed. 

After cooling to ambient temperature, the ratio of deuterium in ethylene and palladium–hydride was 

determined by quantitative 1H and 2H NMR measurements; 3.7% in ethylene, and 72% in palladium–hydride. 

Given that the atmospheric ethylene was also deuterated in the same ratio, the total amount of deuterated 

ethylene was calculated as follows; {1.1 mmol (=atmospheric ethylene) + 0.1 mmol (ethylene in 

benzene)}×0.037 = 44 µmol. 

 

H/D Exchange Reaction of 1-Eicocene and MeOD using [2-(o-Ani2P)C6H4SO3]PdH(t-Bu3P) 

 
In a 5-mm J-young NMR tube, [2-(o-Ani2P)C6H4SO3]PdH(t-Bu3P) (14.2 mg, 20 µmol), 1-eicocene (56.0 mg, 

0.20 mmol), and 1,4-bis(trimethylsilyl)benzene-d4 (11.2 mg, 49.4 µmol, as an internal standard) in benzene 

(0.50 mL) and MeOD (20 µL) was heated at 60 °C for 24 h with using a shaking apparatus (Tosoh DF-8020). 

During the above experiment, the formation of palladium black was not observed, but the formation of a 

slight amount of colorless precipitates was observed. 

After cooling to ambient temperature, the ratio of deuterium in the resulting 1-eicocene and palladium–

hydride complex was determined by quantitative 1H and 2H NMR measurements; 1.8% in C1 position of 1-

eicocene, 0.06% in C2 position of 1-eicocene, and 72% in the palladium–hydride complex. Even with 

ignoring natural occurrence of deuterium, the selectivity of the C1/C2 deuteration reached ca. 30. 

After the reaction, most of the phosphine species observed by 31P NMR analysis remained as the initial 

palladium–hydride or the deuterated palladium–deuteride complexes. However, the quantitative 1H and 2H 

NMR analyses suggested ca. 10% of the initial palladium–hydride complex was converted to something other 

than the two complexes. Judging from the formation o f a slight amount of colorless precipitates observed 

after the reaction and the reactivity of [2-(o-Ani2P)C6H4SO3]PdH(t-Bu3P) complex reported by Mecking and 

coworkers, the loss of palladium/phosphine–sulfonate species can be attributed to the formation of (P^O)2Pd 

species which is not soluble in the reaction media.  
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II. NMR Spectra and SEC Charts of Polyethylene 

 
Figure S1. Quantitative 13C NMR spectrum (inverse gated decoupling, 126 MHz, 1,1,2,2-tetrachloroethane, 0.05-M Cr(acac)3, 120 °C) of polyethylene obtained by [2-(t-

Bu2P)C6H4SO3]PdMe(2,6-lutidine) under 1.0 MPa of ethylene pressure at 80 °C (Table 1, entry 2). 
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Figure S2. SEC chart of polyethylene obtained by [2-(t-Bu2P)C6H4SO3]PdMe(2,6-lutidine) under 1.0 MPa of ethylene pressure at 80 °C (Table 1, entry 2).  

Mn (PS) = 10,400 was corrected to Mn (PE) = 4,500 by universal calibration. 
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Figure S3. Quantitative 13C NMR spectrum (inverse gated decoupling, 126 MHz, 1,1,2,2-tetrachloroethane, 0.05-M Cr(acac)3, 120 °C) of polyethylene obtained by [2-(i-

Pr2P)C6H4SO3]PdMe(2,6-lutidine) under 1.0 MPa of ethylene pressure at 80 °C (Table 1, entry 5). 

e+f 

l h g i ** 
* * * ** 

** k j 



 S7

 
Figure S4. SEC chart of polyethylene obtained by [2-(i-Pr2P)C6H4SO3]PdMe(2,6-lutidine) under 1.0 MPa of ethylene pressure at 80 °C (Table 1, entry 5).  

Mn (PS) = 8,400 was corrected to Mn (PE) = 26,000 by universal calibration. 
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Figure S5. Quantitative 13C NMR spectrum (inverse gated decoupling, 126 MHz, 1,1,2,2-tetrachloroethane, 0.05-M Cr(acac)3, 120 °C) of polyethylene obtained by [2-

(Cy2P)C6H4SO3]PdMe(2,6-lutidine) under 1.0 MPa of ethylene pressure at 80 °C (Table 1, entry 7). 
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Figure S6. SEC chart of polyethylene obtained by [2-(Cy2P)C6H4SO3]PdMe(2,6-lutidine) under 1.0 MPa of ethylene pressure at 80 °C (Table 1, entry 7).  

Mn (PS) = 27,200 was corrected to Mn (PE) = 12,000 by universal calibration. 
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Figure S7. Quantitative 13C NMR spectrum (inverse gated decoupling, 126 MHz, 1,1,2,2-tetrachloroethane, 0.05-M Cr(acac)3, 120 °C) of polyethylene obtained by [2-

(Cy2P)C6H4SO3]PdMe(2,6-lutidine) under 3.0 MPa of ethylene pressure at 80 °C in the presence of additional 9.0 equivalent of 2,6-lutidine (Table 1, entry 9). 
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Figure S8. SEC chart of polyethylene obtained by [2-(Cy2P)C6H4SO3]PdMe(2,6-lutidine) under 3.0 MPa of ethylene pressure at 80 °C in the presence of additional 9.0 

equivalent of 2,6-lutidine (Table 1, entry 9). Mn (PS) = 27,100 was corrected to Mn (PE) = 12,000 by universal calibration. 
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Figure S9. Quantitative 13C NMR spectrum (inverse gated decoupling, 126 MHz, 1,1,2,2-tetrachloroethane, 0.05-M Cr(acac)3, 120 °C) of polyethylene obtained by [2-

(Men2P)C6H4SO3]PdMe(2,6-lutidine) under 1.0 MPa of ethylene pressure at 80 °C (Table 1, entry 11). 
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Figure S10. SEC chart of polyethylene obtained by [2-(Men2P)C6H4SO3]PdMe(2,6-lutidine) under 1.0 MPa of ethylene pressure at 80 °C (Table 1, entry 11).  

Mn (PS) = 67,800 was corrected to Mn (PE) = 29,000 by universal calibration. 
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Figure S11. Quantitative 13C NMR spectrum (inverse gated decoupling, 126 MHz, 1,1,2,2-tetrachloroethane, 0.05-M Cr(acac)3, 120 °C) of polyethylene obtained by [2-

(Ph2P)C6H4SO3]PdMe(2,6-lutidine) under 3.0 MPa of ethylene pressure at 80 °C (Table 1, entry 12). 
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Figure S12. SEC chart of polyethylene obtained by [2-(Ph2P)C6H4SO3]PdMe(2,6-lutidine) under 3.0 MPa of ethylene pressure at 80 °C (Table 1, entry 12).  

Mn (PS) = 11,500 was corrected to Mn (PE) = 5,000 by universal calibration. 
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Figure S13. Quantitative 13C NMR spectrum (inverse gated decoupling, 126 MHz, 1,1,2,2-tetrachloroethane, 0.05-M Cr(acac)3, 120 °C) of polyethylene obtained by [2-

(Ph2P)C6H4SO3]PdMe(2,6-lutidine) under 1.0 MPa of ethylene pressure at 80 °C (Table 1, entry 13). 
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Figure S14. SEC chart of polyethylene obtained by [2-(Ph2P)C6H4SO3]PdMe(2,6-lutidine) under 1.0 MPa of ethylene pressure at 80 °C (Table 1, entry 13).  

Mn (PS) = 11,700 was corrected to Mn (PE) = 5,100 by universal calibration. 
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Figure S15. Quantitative 13C NMR spectrum (inverse gated decoupling, 126 MHz, 1,1,2,2-tetrachloroethane, 0.05-M Cr(acac)3, 120 °C) of polyethylene obtained by [2-(o-

Ani2P)C6H4SO3]PdMe(2,6-lutidine) under 3.0 MPa of ethylene pressure at 80 °C (Table 1, entry 16). 
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Figure S16. SEC chart of polyethylene obtained by [2-(o-Ani2P)C6H4SO3]PdMe(2,6-lutidine) under 3.0 MPa of ethylene pressure at 80 °C (Table 1, entry 16).  

Mn (PS) = 31,600 was corrected to Mn (PE) = 14,000 by universal calibration. 
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Figure S17. Quantitative 13C NMR spectrum (inverse gated decoupling, 126 MHz, 1,1,2,2-tetrachloroethane, 0.05-M Cr(acac)3, 120 °C) of polyethylene obtained by [2-(o-

Ani2P)C6H4SO3]PdMe(2,6-lutidine) under 1.0 MPa of ethylene pressure at 80 °C (Table 1, entry 17). 
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Figure S18. SEC chart of polyethylene obtained by [2-(o-Ani2P)C6H4SO3]PdMe(2,6-lutidine) under 1.0 MPa of ethylene pressure at 80 °C (Table 1, entry 17).  

Mn (PS) = 30,000 was corrected to Mn (PE) = 13,000 by universal calibration. 
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III. NMR Spectra from H/D Exchange Experiments 
 

 
Figure S19. 2H NMR spectrum (77 MHz, benzene, 25 °C) of the reaction mixture after deuteration of ethylene (Scheme 4). 
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Figure S20. 1H NMR spectrum (500 MHz, benzene, 25 °C) of the reaction mixture after deuteration of ethylene (Scheme 4). 
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Figure S21. 31P NMR spectrum (202 MHz, benzene, 25 °C) of the reaction mixture after deuteration of ethylene (Scheme 4). 
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Figure S22. 31P NMR spectrum (77 MHz, benzene, 25 °C) of the reaction mixture after deuteration of 1-eicocene (Scheme 6). 
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Figure S23. 1H NMR spectrum (500 MHz, benzene, 25 °C) of the reaction mixture after deuteration of 1-eicocene (Scheme 6). 
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Figure S24. 31P NMR spectrum (202 MHz, benzene, 25 °C) of the reaction mixture after deuteration of 1-eicocene (Scheme 6). 
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