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I. General Information 

Unless otherwise noted, all reactions were carried out under nitrogen, and all commercial reagents were used 

as received. Anhydrous Et2O and THF were purchased from Kanto Chemical Co. Inc. and used as received. 

Anhydrous acetone was purchased from Wako Pure Chemical Industries, Ltd. and used as received. 

1,2-Dichloroethane was distilled from P2O5. Dichloromethane was purified by passing through a Glass Contour 

solvent purification system. THF for LDA was distilled from sodium and benzophenone. Diisopropylamine for 

LDA was distilled from CaH2. Methyl-d3-triphenyl-phosphonium bromide was synthesized according to the 

literature procedure.[1] 1H, and 13C{1H} NMR spectra were recorded on a JEOL ECS-400, ECX-400 or ECX-800 

spectrometer. IR spectra were recorded on a JASCO FT/IR-410 infrared spectrometer. ESI-MS and DART-MS was 

performed on a JEOL JMS-T100LCS. Gel permeation chromatography (GPC) was carried out with JAI LC-9201 

with JAIGEL 2.5H. Flash column chromatography was carried out with silica gel 60N (Kanto Chemical Co., Inc.). 

 

II. Computational Details 

All the calculations for structure optimization and vibrational frequency calculation were performed by using 

Gaussian 09 (revision D.01) program,[2] by M06 method[3] using SDD basis sets[4] with ECP for palladium and 

cc-pVDZ basis sets[5] for other atoms, with empirical dispersion correction (DFT-D3[6]). Single point PCM 

correction using SMD method[7]-[9] (1,2-dichloroethane) was adopted for single point calculation. All the values of 

free-energy change are at 298.15 K. To explore TS of the associative alkene exchange, we applied the artificial 

force induced reaction (AFIR) method[10]-[12] and The locally updated planes (LUP) method[13], [14] in GRRM17 

program.[15], [16]
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III. Structural and Electronic Parameters of Palladium Hydride Intermediates/TSs Containing 

1,10-Phenanthroline and Propene Ligands. 

 

Table S1. Energy Decomposition Analyses of Propene Hydride Palladium Intermediates/TSs (kcal/mol)a 

  

      

 TS(1-2) 2 TS(2-3) TS(1-4)  4 TS(4-3) 

ΔG 8.5 4.6 5.9 6.0 4.0 9.7 

ΔE0 9.3 5.9 7.0 7.1 6.1 11.0 

INTa -37.8 -39.6 -39.2 -38.6 -39.3 -38.9 

DEFalkene
a 4.8 3.2 4.1 3.5 3.2 6.9 

DEF[Pd]
a 0.9 1.0 0.8 0.9 1.0 1.6 

a) For energy decomposition analysis (EDA), the optimized structure is divided into the catalyst fragment [Pd] and 

the alkene, whose energies are calculated without further structural optimization. Separately, the two fragments are 

structurally optimized and then their energies are calculated. The interaction energy, INT, is defined as the 

difference between the total electronic energy (ΔE0) of the original palladium complex and the sum of ΔE0 of the 

structurally-unoptimized fragments. The deformation energy, DEF, is defined as the difference between ΔE0 of the 

structurally-optimized and -unoptimized fragment. 
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Table S2. Structural Parameters around the Propene Ligand of the Hydride Palladium Intermediates/TSs 

 

 

 

 

  

      

 TS(1-2) 2 TS(2-3) TS(1-4)  4 TS(4-3) 

H1–C1=C2–H3

 

167.9° 165.4° 161.4° 160.2° 164.4° 168.5° 

H2–C1=C2–C3 

 

153.9° 162.8° 165.3° 163.7° 163.7° 148.6° 

C1=C2 

 

1.381 Å 1.380 Å 1.380 Å 1.382 Å 1.380 Å 1.384 Å 

C3–C2–H3 

 

115.9° 115.5° 116.3° 116.3° 115.9° 116.0° 

H1–C1–H2 

 

116.8° 116.5° 116.5° 117.0° 116.4° 115.9° 

Pyramidalization 

angle (C1H2)a 
17.1° 14.4° 14.5° 17.3° 15.1° 17.1° 

Pyramidalization 

angle (C2HMe)a 
14.3° 11.4° 12.8° 12.6° 10.9° 18.1° 

a) The pyramidalization angle is defined as the angle between the C=C bond and the plane formed by one of the 

alkene carbon, the hydrogen substituent, and the ligating atom of the R substituent (R = Me or H).  
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Table S3. Structural Parameters Concerning the Relationship between Propene and the Palladium Center 

  

      

 TS(1-2) 2 TS(2-3) TS(1-4)  4 TS(4-3) 

Pd–C1 

 

2.175 Å 2.186 Å 2.213 Å 2.166 Å 2.174 Å 2.214 Å 

Pd–C2 

 

2.297 Å 2.232 Å 2.217 Å 2.276 Å 2.252 Å 2.239 Å 

Pd–centroid 

 

2.128 Å 2.099 Å 2.105 Å 2.111 Å 2.103 Å 2.116 Å 

Pd–alkene 

distance 

 

2.119 Å 2.097 Å 2.105 Å 2.104 Å 2.100 Å 2.116 Å 

N1–Pd–centroid 

 

109.3° 101.4° 107.5° 109.8° 104.6° 117.0° 

C4–N1–Pd–centroid 

 

-5.8° -3.4° 0.6° 8.2° 5.4° -1.6° 

Pd–centroid–C1 

 

95.3° 92.0° 90.2° 94.8° 93.4° 91.1° 
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Table S4. Structural Parameters Concerning the Relationship between the Hydride/1,10-Phenanthroline Ligands 

and the Palladium Center of the Propene Complex 

  

      

 TS(1-2) 2 TS(2-3) TS(1-4)  4 TS(4-3) 

Pd–H4 

 

1.531 Å 1.542 Å 1.537 Å 1.541 Å 1.540 Å 1.528 Å 

N2–Pd–H4 

 

90.7° 94.7° 91.6° 91.6° 93.7° 89.3° 

Pd–N1 

 

2.226 Å 2.206 Å 2.230 Å 2.211 Å 2.222 Å 2.266 Å 

Pd–N2 

 

2.100 Å 2.107 Å 2.103 Å 2.105 Å 2.105 Å 2.123 Å 
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Table S5. NBO analyses of the Propene Hydride Palladium Intermediates/TSs 

 

 

 

 

  

      

 TS(1-2) 2 TS(2-3) TS(1-4)  4 TS(4-3) 

σ(C1=C2) a 1.99 1.99 1.99 1.99 1.99 1.99 

σ*(C1=C2) a 0.01 0.01 0.01 0.01 0.01 0.01 

p(C1) of σ(C1=C2) b 65.2% 65.3% 64.9% 65.3% 65.3% 64.5% 

p(C2) of σ(C1=C2) b 65.5% 65.7% 65.7% 65.5% 65.4% 65.9% 

π(C1=C2) a 1.67 1.67 1.66 1.66 1.66 1.65 

π*(C1=C2) a 0.19 0.18 0.20 0.21 0.18 0.22 

p(C1) of π(C1=C2) b 96.1% 96.4% 96.9% 96.1% 96.2% 97.2% 

p(C2) of π(C1=C2) b 96.9% 96.7% 96.6% 97.4% 97.2% 96.5% 

bond index (Pd–C1) 0.37 0.32 0.31 0.39 0.33 0.30 

bond index (Pd–C2) 0.27 0.28 0.28 0.26 0.26 0.29 

bond index (C1=C2) 1.57 1.57 1.56 1.55 1.57 1.54 

Mulliken Charge 

(alkene) 
0.35 0.38 0.35 0.36 0.38 0.33 

Mulliken Charge 

(Pd) 
0.20 0.14 0.18 0.17 0.15 0.22 

Natural Charge 

(alkene) 
0.18 0.21 0.19 0.18 0.21 0.17 

Natural Charge (Pd) 0.28 0.27 0.27 0.27 0.26 0.28 

a) The occupancy of the natural bond orbital. 

b) The p character of the orbitals of the corresponding atom in the natural bond orbital. 
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Figure S1. The quadratic regression of the strain energy of the propene (DEFalkene) on the sum of the propene 

pyramidalization angles of the intermediates/TSs. 

 

 

 

Figure S2. The direction of the vibration vectors of imaginary frequencies at the transition states during the chain 

walking over the three-carbon alkyl chain. 
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Figure S3. The changes of the Gibbs free energy along the intrinsic reaction coordinate for the pathway from 2 to 1 

and some structures of the palladium complexes on the IRC. 

 

 

Figure S4. The changes of the Pd–H bond length and the angle between the Pd plane (square plane) and the C1–C2 

bond along the intrinsic reaction coordinate for the pathway from 2 to 1. 
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IV. Calculated Reaction Pathways of the Palladium Chain Walking on the Three-Carbon Alkyl Chain and 

Alkene Exchange 

 

Figure S5. Comparison of the alkene exchange pathways in the (phen)Pd chain walking in the three-carbon chain. 

The number associated with each structure is the Gibbs free energy (ΔG, kcal/mol). 
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Figure S6. The calculated pathways in the (phen)Pd chain walking on the three carbon chain. The number associated with each structure is the Gibbs free energy (ΔG, 

kcal/mol).
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Figure S7. Comparison of the associative alkene exchange pathways in the (phen)Pd chain walking in the three carbon chain. The pathways differ by the orientation 

of the propene ligands. The number associated with each structure is the Gibbs free energy (ΔG, kcal/mol). 
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Figure S8. Examination of the associative alkene exchange pathways via direct association of the incoming propene with the (phen)PdnPr complex. The number 

associated with each structure is the Gibbs free energy (ΔG, kcal/mol). 
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Figure S9. Examination of the associative alkene exchange pathways via direct association of the incoming propene with the (phen)PdiPr complex. The number 

associated with each structure is the Gibbs free energy (ΔG, kcal/mol).
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V. Structural and Electronic Parameters of Palladium Hydride Intermediates/TSs Containing 

1,10-Phenanthroline and Cis-2-Butene Ligands. 

 

Table S6. Energy Decomposition Analyses of Cis-2-Butene Hydride Palladium Intermediates/TSs (kcal/mol)a 

  

    

 9c TS(7c-9c) 9c’ TS(7c-9c’) 

ΔG 2.4 5.7 3.2 6.5 

ΔE 7.6 9.2 6.6 10.6 

INTa -39.8 -39.5 -41.0 -40.9 

DEFalkene
a 2.2 3.8 2.7 6.1 

DEF[Pd]
a 1.2 0.9 1.0 1.5 

a) For energy decomposition analysis (EDA), the optimized structure is divided into the catalyst fragment [Pd] and 

the alkene, whose energies are calculated without further structural optimization. Separately, the two fragments are 

structurally optimized and then their energies are calculated. The interaction energy, INT, is defined as the 

difference between the total electronic energy (ΔE0) of the original palladium complex and the sum of ΔE0 of the 

structurally-unoptimized fragments. The deformation energy, DEF, is defined as the difference between ΔE0 of the 

structurally-optimized and -unoptimized fragment. 
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Table S7. Structural Parameters around the Cis-2-Butene Ligand of the Hydride Palladium Intermediates/TSs 

 

  

    

 9c TS(7c-9c) 9c’ TS(7c-9c’) 

C1–C2=C3–H2 

 

-163.3° -155.4° -164.7° -150.1° 

H1–C2=C3–C4 

 

162.5° 166.8° 163.3° 165.7° 

C2=C3 

 

1.385 Å 1.387 Å 1.385 Å 1.390 Å 

C1–C2–H1 

 

114.7° 115.7° 114.9° 115.7° 

C4–C3–H2 

 

114.7° 115.2° 114.8° 115.3° 

Pyramidalization angle 

(C2HMe)a 
13.5° 15.9° 12.3° 15.6° 

Pyramidalization angle 

(C3HMe)a 
13.4° 14.4° 12.8° 20.2° 

a) The pyramidalization angle is defined as the angle between the C=C bond and the plane formed by one of the 

alkene carbon, the hydrogen substituent, and the ligating atom of the R substituent (R = Me or H).  
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Table S8. Structural Parameters Concerning the Relationship between the Cis-2-Butene and the Palladium Center 

 

    

 9c TS(7c-9c) 9c’ TS(7c-9c’) 

Pd–C2 

 

2.224 Å 2.205 Å 2.235 Å 2.261 Å 

Pd–C3 

 

2.224 Å 2.275 Å 2.237 Å 2.218 Å 

Pd–centroid 

 

2.111 Å 2.130 Å 2.126 Å 2.129 Å 

Pd–alkene distance 

 

2.111 Å 2.127 Å 2.126 Å 2.128 Å 

N1–Pd–centroid 

 

101.2° 107.5° 108.3° 116.9° 

C4–N1–Pd–centroid 

 

-2.0° 1.9° -1.1° -3.3° 

Pd–centroid–C1 

 

90.2° 93.1° 90.1° 91.9° 

 



S18 

 

Table S9. Structural Parameters Concerning the Relationship between the Hydride/1,10-Phenanthroline Ligands 

and the Palladium Center of the Cis-2-Butene Complex 

 

    

 9c TS(7c-9c) 9c’ TS(7c-9c’) 

Pd–H3 

 

1.542 Å 1.534 Å 1.536 Å 1.532 Å 

N2–Pd–H3 

 

94.4° 91.5° 92.1° 90.0° 

Pd–N1 

 

2.211 Å 2.230 Å 2.264 Å 2.264 Å 

Pd–N2 

 

2.106 Å 2.102 Å 2.105 Å 2.119 Å 
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Table S10. NBO analyses of the Cis-2-Butene Hydride Palladium Intermediates/TSs 

 

 

    

 9c TS(7c-9c) 9c’ TS(7c-9c’) 

σ(C2=C3) a 1.98 1.98 1.98 1.98 

σ*(C2=C3) a 0.02 0.02 0.02 0.02 

p(C2) of σ(C2=C3) b 64.9% 64.8% 65.5% 65.4% 

p(C) of σ(C2=C3) b 65.0% 65.7% 65.4% 65.3% 

π(C2=C3) a 1.66 1.64 1.66 1.66 

π*(C2=C3) a 0.20 0.21 0.19 0.24 

p(C2) of π(C2=C3) b 97.3% 97.8% 96.6% 96.8% 

p(C3) of π(C2=C3) b 97.2% 96.5% 96.6% 96.7% 

bond index (Pd–C2) 0.30 0.26 0.31 0.27 

bond index (Pd–C3) 0.30 0.36 0.31 0.33 

bond index (C2=C3) 1.5444 1.496 1.5334 1.529 

Mulliken Charge 

(alkene) 
0.38 0.35 0.39 0.35 

Mulliken Charge (Pd) 0.16 0.20 0.15 0.21 

Natural Charge 

(alkene) 
0.22 0.19 0.23 0.20 

Natural Charge (Pd) 0.27 0.27 0.27 0.27 

a) The occupancy of the natural bond orbital. 

b) The p character of the orbitals of the corresponding atom in the natural bond orbital. 
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VI. Structural and Electronic Parameters of Palladium Hydride Intermediates/TSs Containing 

1,10-Phenanthroline and Trans-2-Butene Ligands. 

 

Table S11. Energy Decomposition Analyses of Trans-2-Butene Hydride Palladium Intermediates/TSs (kcal/mol)a 

  

    

 9t TS(9t-8’t) TS(8t-9t) 8’t 

ΔG 2.0 3.1 10.1 1.7 

ΔE 6.0 6.6 13.8 6.3 

INTa -40.8 -40.6 -40.1 -41.6 

DEFalkene
a 4.5 5.0 10.8 5.8 

DEF[Pd]
a 0.9 0.8 1.8 0.8 

a) For energy decomposition analysis (EDA), the optimized structure is divided into the catalyst fragment [Pd] and 

the alkene, whose energies are calculated without further structural optimization. Separately, the two fragments are 

structurally optimized and then their energies are calculated. The interaction energy, INT, is defined as the 

difference between the total electronic energy (ΔE0) of the original palladium complex and the sum of ΔE0 of the 

structurally-unoptimized fragments. The deformation energy, DEF, is defined as the difference between ΔE0 of the 

structurally-optimized and -unoptimized fragment. 
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Table S12. Structural Parameters around the Trans-2-Butene Ligand of the Hydride Palladium Intermediates/TSs 

 

  

    

 9t TS(9t-8’t) TS(8t-9t) 8’t 

C1–C2=C3–C4 

 

160.6° 160.8° 140.7° 158.4° 

H1–C2=C3–H2 

 

165.1° 161.9° 169.1° 161.5° 

C2=C3 

 

1.384 Å 1.384 Å 1.389 Å 1.388 Å 

C1–C2–H1 

 

116.0° 116.5° 115.5° 116.4° 

C4–C3–H2 

 

115.8° 116.5° 115.9° 117.1° 

Pyramidalization angle (C2H2)a 13.4° 14.3° 19.4° 15.8° 

Pyramidalization angle (C3HMe)a 14.4° 15.5° 21.9° 16.8° 

a) The pyramidalization angle is defined as the angle between the C=C bond and the plane formed by one of the 

alkene carbon, the hydrogen substituent, and the ligating atom of the R substituent (R = Me or H).  
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Table S13. Structural Parameters Concerning the Relationship between the Trans-2-Butene and the Palladium 

Center 

  

    

 9t TS(9t-8’t) TS(8t-9t) 8’t 

Pd–C2 

 

2.208 Å 2.254 Å 2.269 Å 2.265 Å 

Pd–C3 

 

2.230 Å 2.196 Å 2.222 Å 2.182 Å 

Pd–centroid 

 

2.108 Å 2.115 Å 2.135 Å 2.113 Å 

Pd–alkene distance 

 

2.108 Å 2.113 Å 2.134 Å 2.109 Å 

N1–Pd–centroid 

 

104.4° 108.1° 118.5° 110.1° 

C4–N1–Pd–centroid 

 

3.1° 2.3° -7.3° 1.1° 

Pd–centroid–C1 

 

92.0° 91.0° 92.5° 93.6° 

 



S23 

 

Table S14. Structural Parameters Concerning the Relationship between the Hydride/1,10-Phenanthroline Ligands 

and the Palladium Center of the Trans-2-Butene Complex 

  

    

 9t TS(9t-8’t) TS(8t-9t) 8’t 

Pd–H3 

 

1.542 Å 1.542 Å 1.521 Å 1.546 Å 

N2–Pd–H3 

 

93.2° 91.9° 88.4° 91.9° 

Pd–N1 

 

2.225 Å 2.223 Å 2.273 Å 2.212 Å 

Pd–N2 

 

2.103 Å 2.101 Å 2.119 Å 2.104 Å 
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Table S15. NBO analyses of the Trans-2-Butene Hydride Palladium Intermediates/TSs 

 

  

    

 9t TS(9t-8’t) TS(8t-9t) 8’t 

σ(C2=C3) a 1.98 1.98 1.98 1.98 

σ*(C2=C3) a 0.02 0.02 0.02 0.02 

p(C2) of σ(C2=C3) b 65.4% 65.4% 65.3% 65.5% 

p(C) of σ(C2=C3) b 65.7% 65.6% 66.0% 65.7% 

π(C2=C3) a 1.65 1.65 1.64 1.64 

π*(C2=C3) a 0.20 0.22 0.23 0.24 

p(C2) of π(C2=C3) b 97.0% 97.3% 96.8% 97.2% 

p(C3) of π(C2=C3) b 96.4% 96.4% 96.1% 96.4% 

bond index (Pd–C2) 0.29 0.27 0.27 0.26 

bond index (Pd–C3) 0.33 0.35 0.36 0.37 

bond index (C2=C3) 1.53 1.51 1.50 1.49 

Mulliken Charge 

(alkene) 
0.39 0.38 0.34 0.36 

Mulliken Charge (Pd) 0.16 0.15 0.23 0.16 

Natural Charge 

(alkene) 
0.22 0.20 0.17 0.18 

Natural Charge (Pd) 0.26 0.26 0.29 0.27 

a) The occupancy of the natural bond orbital. 

b) The p character of the orbitals of the corresponding atom in the natural bond orbital. 
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Figure S10. The quadratic regression of the strain energy of the trans-2-butene (DEFalkene) on the sum of the 

propene pyramidalization angles of the intermediates/TSs.
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VII. Calculated Reaction Pathways of the Palladium Chain Walking on the Four-Carbon Alkyl Chain and Alkene Exchange 

 

Figure S11. The calculated pathways in the (phen)Pd chain walking on the four carbon chain. The number associated with each structure is the Gibbs free energy (ΔG, 

kcal/mol). 
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Figure S12. Comparison of the pathways for associative alkene exchange of the trans- or cis-2-butene complex with propene. The number associated with each 

structure is the Gibbs free energy (ΔG, kcal/mol). 
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VIII. Calculated Reaction Pathways of the Palladium Chain Walking on the Five-Carbon Alkyl Chain 

 

 
Figure S13. The calculated pathways in the (phen)Pd chain walking on the five carbon chain. The number associated with each structure is the Gibbs free energy (ΔG, 

kcal/mol). 
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IX. Calculated Reaction Pathways of the Palladium Chain Walking on the Six-Carbon Alkyl 

 

 
Figure S14. The Gibbs free energy diagram of the calculated pathways for the (phen)Pd chain walking between the 

3- and 4- position of the six carbon chain via trans-3-hexene intermediates. The pathways differ by the orientation 

of the terminal methyl groups. The number associated with each structure is the Gibbs free energy (ΔG, kcal/mol). 

 

 
Figure S15. The calculated pathways for the (phen)Pd chain walking between the 3- and 4- position of the six 

carbon chain via cis-3-hexene intermediates. The pathways differ by the orientation of the terminal methyl groups. 

The number associated with each structure is the Gibbs free energy (ΔG, kcal/mol). 

X. Deuterium Labeling Experiments 

 

Preparation of Acetate 14 
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The Grignard reaction and acetylation of the alcohols were carried out by a procedure similar to that reported 

in literature.[17]  

To a suspension of Mg (2.23 g, 92.4 mmol, 4.5 equiv) in 15 mL of Et2O was slowly added the alkyl bromide 

(4.03 g, 29.9 mmol, 1.5 equiv) in 30 mL of Et2O, and the mixture was refluxed for 10 min. After cooling to rt, a 

solution of acetone (1.17 g, 20.1 mmol, 1 equiv) in 15 mL of Et2O was slowly added to the reaction mixture, which 

was then stirred at rt for 3 h. A saturated aqueous solution of NH4Cl was then added to the resulting mixture, which 

was extracted three times with Et2O. The combined organic extracts were washed with brine, dried over MgSO4, 

filtered, and concentrated at 0 ˚C. Silica gel column chromatography (hexane: Et2O = 3:1) of the crude material 

afforded 1.43 g of the corresponding alcohol (61% yield) that was used without further purification. 

Acetic anhydride (2.04 g, 20.0 mmol, 2.0 equiv), pyridine (1.19 g, 15.0 mmol, 1.5 equiv), and 

4-(dimethylamino)pyridine (372 mg, 3.04 mmol, 0.3 equiv) were added to a stirred solution of the aforementioned 

alcohol in 25 mL of CH2Cl2 at rt. The reaction mixture was stirred for 16 h. After dilution with diethyl ether, the 

mixture was washed with saturated aqueous solution of NH4Cl, NaHCO3, and brine. The organic layer was dried 

over MgSO4, filtered, and concentrated at 0 ˚C. Silica gel column chromatography (hexane:EtOAc = 50:1) of the 

crude material afforded 696 mg of the corresponding acetate 14 (36% yield): IR (neat): 3079 w, 2979 s, 2935 m, 

1736 s, 1643 m, 1474 m, 1452 m, 1385 m, 1368 s, 1255 s, 1213 s, 1147 s, 1019 s, 997 m, 944 m, 911 m, 610 w 

cm-1; 1H NMR (400 MHz, CDCl3): δ 5.82 (ddt, J = 16.8, 10.0, 6.3 Hz, 1H), 5.07-4.98 (m, 1H), 4.98-4.92 (m, 1H), 

2.14-2.03 (m, 2H), 1.97 (s, 3H), 1.88-1.78 (m, 2H), 1.44 (s, 6H); 13C NMR (100 MHz, CDCl3): δ 170.5, 138.4, 

114.4, 82.0, 39.9, 28.3, 26.0 (2C), 22.4; HRMS (DART-TOF) m/z: [M+H]+ Calcd for C9H16O2 157.1229; Found 

157.1272. 

 

Preparation of 6.3. 4-(1,3-dioxolan-2-yl)-2-methylbutan-2-yl acetate S1 

 

The Grignard reaction was carried out by a procedure similar to that reported in literature.[18] The acetylation 

of the alcohols was carried out by a procedure similar to that reported in literature.[17] 

To a suspension of Mg (2.13 g, 88.3 mmol, 1.5 equiv) in 30 mL of THF was slowly added the alkyl bromide 

(10.6 g, 58.6 mmol, 1.0 equiv) in 40 mL of THF, and the mixture was stirred at rt for 2 h. A solution of acetone 

(3.36 g, 57.9 mmol) in 30 mL of THF was slowly added to the reaction mixture, which was then stirred at rt for 1h. 

A saturated aqueous solution of NH4Cl was then added to the resulting mixture at 0 ˚C, which was extracted three 

times with Et2O. The combined organic extracts were washed with brine, dried over MgSO4, filtered, and 
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concentrated. Silica gel column chromatography (hexane:EtOAc = 2:1 to 1:1) of the crude material afforded 4.70 g 

of the corresponding alcohol (53% yield) that was used without further purification. 

A solution of aforementioned alcohol in 40 mL of acetic anhydride and 20 mL of pyridine was stirred at 130 

˚C for 3 h under N2. Excess acetic anhydride and pyridine were removed by distillation of the reaction mixture.  

Silica gel column chromatography (hexane:EtOAc = 4:1) of the resulting residue the crude material afforded 2.56 g 

of the corresponding acetate S1 (43% yield) as colorless oil: IR (neat): 2979 m, 2939 m, 2887 m, 1809 w, 1734 s, 

1454 m, 1370 s, 1256 s, 1212 s, 1171 s, 1129 s, 1022 s, 949 m, 884 w, 611 w cm-1; 1H NMR (400 MHz, CDCl3): δ 

4.85 (t, J = 4.5 Hz, 1H), (m, 2H), (m, 2H), 1.97 (s, 3H), (m, 2H), (m, 2H), 1.45 (s, 6H); 13C NMR (100 MHz, 

CDCl3): δ 170.6, 104.6, 81.7, 65.1 (2C), 35.2, 28.6, 26.0 (2C), 22.5; HRMS (DART-TOF) m/z: [M+H]+ Calcd for 

C10H18O4 203.1283; Found 203.1333. 

 

Preparation of Acetate 14-d4 

 

    A solution of acetate S1 (2.01 g, 10 mmol) in 100 mL of THF was added HCl aq. (3 M, 80 mL) at 0 ˚C. the 

reaction mixture was stirred for 1 h at 0 ˚C and then for 1 h at rt. The mixture was neutralized by the addition of a 

saturated aqueous solution of NaHCO3. After volatile materials were removed by rotary evaporation, the mixture 

was extracted four times with Et2O. The combined organic extracts were washed with brine, dried over Na2SO4, 

filtered, and concentrated. Silica gel column chromatography (hexane:EtOAc = 4:1) of the crude material afforded 

1.32 g of the corresponding aldehyde that was used without further purification (84% yield, 94% purity including 

6% of acetal S1). 

    The aforementioned aldehyde (1.32 g, 8 mmol), DMAP (98.4 mg, 0.81 mmol) and 2.3 mL of D2O (99.8% D) 

were placed in oven-dried flask with reflux condenser. The reaction mixture was stirred for 1 h at 100 ˚C, and then 

cooled at 0 ˚C. The solution was added HCl aq. (0.5 M, 1 mL), and extracted three times with Et2O. The combined 

organic extracts were washed with saturated aqueous solution of NaHCO3, brine, dried over Na2SO4, filtered, and 

concentrated. Then, the deuteriation process was conducted again. Silica gel column chromatography 

(hexane:EtOAc = 1:1) of the crude material afforded 559 mg of the corresponding aldehyde (>98% D at the α 

position of aldehyde) that was used without further purification. 

    An oven-dried flack was charged with CD3PPh3Br (1.55 g, 4.30 mmol, 1.2 equiv) in 40 mL of THF and cooled 

at –78 ˚C. n-Butyllithium in Hexane (1.6 M, 2.2 mL, 1.0 equiv) was added dropwise to the solution, and then 
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stirred for 1 h at 0 ˚C. The aforementioned aldehyde (556 mg, 3.47 mmol) in 10 mL of THF was added slowly to 

the yellow solution at –78 ˚C and stirred for 2 h at 0 ˚C. The reaction mixture was quenched by addition of a 

saturated aqueous solution of NH4Cl (5 mL) and extracted three times with Et2O. The combined organic extracts 

were washed with brine, dried over MgSO4, filtered, and concentrated. Silica gel column chromatography 

(hexane:EtOAc = 50:1) of the crude material afforded 143 mg of the corresponding alkene 14-d4 as colorless oil 

(26% yield). 

 

Remote Arylative Substitution of Alkenes Possessing a Remote Acetoxy Group 

 

The remote arylative substitution was carried out by a procedure similar to that reported in literature.[17] 

To an oven-dried flask containing Pd(OAc)2 (8.98 mg, 0.040 mmol), 1,10-phenathroline (8.71 mg, 0.048 

mmol), and AgSbF6 (13.7 mg, 0.040 mmol) was added 1,2-dichloroethane (115 mL), and the mixture was stirred at 

25 °C for 10 min to form a yellow suspension. Arylboronic acid 15 (120 mg, 0.60 mmol), acetate 14 (63.2 mg, 0.40 

mmol), and 1,2-dichloroethane (5 mL) were added sequentially, and the resulting mixture was stirred at 60 °C for 

48 h. Hexane (90 mL) was added to the resulting mixture, which was then passed through a short column of silica 

gel (hexane:EtOAc = 7:1) and concentrated. Silica gel column chromatography (hexane only) of the crude material 

afforded 39.7 mg of the arylation product 16 (39% yield, l/b = 3.9). IR (neat): 3057 w, 2964 s, 2927 s, 2858 m, 

1592 w, 1567 w, 1470 s, 1439 m, 1376 m, 1099 w, 1022 m, 940 w, 832 w, 748 s, 659 m, 520 w cm-1; 1H NMR (400 

MHz, CDCl3): δ7.53 (dd, J = 8.1, 1,1 Hz, 1H, b), 7.52 (dd, J = 8.1, 1.1 Hz, 1H, l), 7.27-7.23 (m, 2H, b), 7.23-7.18 

(m, 2H, l), 7.07-7.00 (m, 1H, l+b), 5.16 (t, sept, J = 7.1, 1.4 Hz, 1H, l), 5.14-5.07 (m, 1H, b), 3.26 (sextet, J = 6.9 

Hz, 1H, b), 2.75-2.68 (m, 2H, l), 2.30 (dt, J = 14.1, 6.9 Hz, 1H, b), 2.19 (dt, J = 14.1, 6.9 Hz, 1H, b), 2.06 (q J = 7.4 

Hz, 2H, l), 1.70 (d, J = 1.1 Hz, 3H, l), 1.674 (br, 3H, b), 1.65 (tt, J = 7.4, 2.2 Hz, 2H, l), 1.61 (br, 3H, l), 1.57 (br, 

3H, b), 1.21 (d, J = 6.9 Hz, 3H, b); 13C NMR (l, 100 MHz, CDCl3): δ 141.9, 132.7, 132.0, 130.3, 127.33, 127.26, 

124.5, 124.1, 35.8, 35.5, 30.0, 27.7, 25.73, 17.7; 13C NMR (b, 100 MHz, CDCl3): δ 146.1, 132.9, 127.42, 127.37, 

127.22, 124.7, 124.1, 122.2, 38.5, 25.78, 20.1, 17.8; HRMS (DART-TOF) m/z: [M+H]+ Calcd for C12H18
79Br 

253.0592; Found 253.05961. 
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Derivatization to 2-(1,2,3,4-tetrahydronaphthalen-1-yl)propan-2-ol 18 

 

The cyclization reaction using LDA was carried out by a procedure similar to that reported in literature.[20] The 

epoxidation and ring opening reaction with LAH were carried out by a procedure similar to that reported in 

literature.[21]  

An oven-dried flask was charged with diisopropylamine (86.9 mg 0.86 mmol) in 2 mL of THF. After the 

solution was cooled at 0 ˚C, a solution of nBuLi in hexane (1.6 M, 0.33 mL, 0.53 mmol) was slowly added. The 

reaction mixture was stirred at 0 ˚C for 30 min. To a separate flask charged with the aryl bromide 16 (39.7 mg, 0.15 

mmol) in 0.7 mL of THF at rt, the aforementioned LDA solution (0 ˚C) was added rapidly via a cannula. The 

orange reaction mixture was stirred at rt for 3 h. After the reaction was quenched by addition of NH4Cl(sat.), brine 

was added, and the solution extracted three times with hexane. The extracts were dried over MgSO4, filtered and 

concentrated at 0 ˚C. the crude material was purified by silica gel column chromatography (Hexane:EtOAc = 50:1), 

and GPC (CHCl3), and product 17 was used without further purification.  

To a solution of aforementioned alkene 17 in CH2Cl2 (2 mL) m-chloroperbenzoic acid (143 mg, 0.83 mmol) 

was added. The resulting mixture was stirred for 1 h at room temperature. After the reaction mixture was diluted 

with ether, the organic layer was washed with a 10% aqueous solution of Na2S2O3 and then with a saturated 

aqueous solution of NaHCO3, and dried over MgSO4. Evaporation of the organic solvent gave a residue, which was 

directly used in the next step. LiAlH4 (15.2 mg, 0.40 mmol) was added to a suspension of the crude material in 1 

mL of Et2O at 0 ºC. After the mixture was stirred for 1.5 h at room temperature, the reaction mixture was carefully 

quenched with a saturated aqueous solution of NH4Cl at 0 ˚C. The solution was extracted three times with Et2O, 

and the combined organic extracts were washed with brine, dried over MgSO4, filtered, and concentrated. The 

crude material was purified by silica gel column chromatography (hexane:EtOAc = 10:1 to 4:1) and GPC (CHCl3) 

to afford 22.3 mg of alcohol 18 as a colorless oil (78% yield based on the mixture of linear and branched 16): IR 

(neat): 3445 m, 3060 w, 3017 m, 2933 s, 2865 m, 1677 m, 1601 w, 1489 m, 1451 m, 1371 m, 1288 m, 1144 s, 939 

m, 894 m, 774 m, 746 s cm-1; 1H NMR (400 MHz, C6D6): δ 7.57-7.51 (m, 1H), 7.12-7.05 (m, 2H), 7.03-6.98 

(m, 1H), 2.75 (t, J = 7.0 Hz, 1H), 2.56 (ddd, J = 15.8, 8.4, 5.4 Hz, 1H), 2.50 (dt, J = 15.8, 5.6 Hz, 1H), 1.86 (ddddd, 

J = 12.7, 6.0, 5.6, 5.4, 4.3 Hz, 1H), 1.68 (ddddd, J = 13.8, 7.0, 6.0, 4.3, 1.1 Hz, 1H), 1.50 (dddd, J = 13.8, 10.0, 7.0, 

4.3 Hz, 1H), 1.34 (ddddd, J = 12.7, 10.0, 8.4, 5.6, 4.3 Hz, 1H), 1.08 (s, 3H), 0.93 (s, 3H); 13C NMR (100 MHz, 

C6D6): δ 140.0, 137.5, 131.6, 129.1, 126.2, 125.4, 74.0, 48.3, 30.4, 29.6, 26.3, 26.0, 22.2; HRMS (DART-TOF) 

m/z: [M+O2]
­ Calcd for C13H18O 222.1256; Found 222.1257. 
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Figure S16. The coupling constants (Hz) of 1H NMR signals of methylene protons at the α- and β-positions of 18. 

 

Remote Arylative Substitution of Alkenes Possessing a Remote Acetoxy Group 

 

To an oven-dried flask containing Pd(OAc)2 (8.90 mg, 0.040 mmol), 1,10-phenathroline (8.47 mg, 0.047 

mmol), and AgSbF6 (13.3 mg, 0.039 mmol) was added 1,2-dichloroethane (115 mL), and the mixture was stirred at 

25 °C for 10 min to form a yellow suspension. Arylboronic acid 15 (118 mg, 0.59 mmol), acetate 14-d4 (55.7 mg, 

0.35 mmol), and 1,2-dichloroethane (5 mL) were added sequentially, and the resulting mixture was stirred at 60 °C 

for 48 h. Hexane (90 mL) was added to the resulting mixture, which was then passed through a short column of 

silica gel (hexane:EtOAc = 7:1) and concentrated. Silica gel column chromatography (hexane only) of the crude 

material afforded 41.0 mg of the arylation product 16-d4 (46% yield, l/b = 3.9). 

 

Derivatization to 2-(1,2,3,4-tetrahydronaphthalen-1-yl)propan-2-ol 18-d4 

 

An oven-dried flask was charged with diisopropylamine (85.4 mg 0.84 mmol) in 1 mL of THF. After the 

solution was cooled at 0 ˚C, a solution of nBuLi in hexane (1.6 M, 0.33 mL, 0.53 mmol) was slowly added. The 

reaction mixture was stirred at 0 ˚C for 30 min. To a separate flask charged with the aryl bromide 16-d4 (41.0 mg, 

0.16 mmol) in 0.7 mL of THF at rt, the aforementioned LDA solution (0 ˚C) was added rapidly via a cannula. The 
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orange reaction mixture was stirred at rt for 3 h. After the reaction was quenched by addition of NH4Cl(sat.), brine 

was added, and the solution extracted three times with hexane. The extracts were dried over MgSO4, filtered and 

concentrated at 0 ˚C. the crude material was purified by silica gel column chromatography (Hexane:EtOAc = 50:1), 

and GPC (CHCl3), and product 3 was used without further purification.  

To a solution of aforementioned alkene 17-d4 in CH2Cl2 (2 mL) m-chloroperbenzoic acid (146 mg, 0.85 mmol) 

was added. The resulting mixture was stirred for 1 h at room temperature. After the reaction mixture was diluted 

with ether, the organic layer was washed with a 10% aqueous solution of Na2S2O3 and then with a saturated 

aqueous solution of NaHCO3, and dried over MgSO4. Evaporation of the organic solvent gave a residue, which was 

directly used in the next step. LiAlH4 (16.8 mg, 0.44 mmol) was added to a suspension of the crude material in 1 

mL of Et2O at 0 ºC. After the mixture was stirred for 1.5 h at room temperature, the reaction mixture was carefully 

quenched with a saturated aqueous solution of NH4Cl at 0 ˚C. The solution was extracted three times with Et2O, 

and the combined organic extracts were washed with brine, dried over MgSO4, filtered, and concentrated. The 

crude material was purified by silica gel column chromatography (hexane:EtOAc = 10:1 to 4:1) and GPC (CHCl3) 

to afford 15.6 mg of alcohol 18-d4 as a colorless oil (56% yield based on the mixtures of liner and branched 16-d4) 
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Figure S17. 2H{1H} NMR spectrum of 16-d4.  
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Figure S18. 13C{1H} NMR signals of three methylene carbons of 16-d4.  
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Figure S19. 13C{1H} and DEPT NMR spectrums of 16-d4.  
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Figure S20. A plausible reaction mechanism from the (phen)Pd chain walking and the reversibility of each 

steps in the remote arylative substitution, supported by the deuterium-labeling experiment and the DFT calculation.  

  

 
 

Figure S21. Possible pathways for deuterium migration in the remote arylative substitution. 
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Figure S22. A deuterium-labeling experiment of 18-d4. 
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XI. Calculated Reaction Pathways of the Palladium Chain Walking on the Six-Carbon Alkyl Chain with 

6-Phenyl, 2-OAc and 2-Me Groups 

 

 
Figure S23. Reaction pathways of remote arylative substitution with phenylboronic acid, which was used instead 

of 15 for the DFT calculation for simplicity. 
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Figure S24. Energy diagram of agostic β-H exchange of the homobenzylpalladium complexes. 

 

 

 
Figure S25. Energy diagram of chain walking of the palladium center from the homobenzylic position to the 

benzylic position. 
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Figure S26. Energy diagram of chain walking of the palladium center from the homobenzylic position to the 

γ-position of the acetoxy group. 

 

 

 
Figure S27. Energy diagram of agostic β-H exchange of 1-alkyl-3-phenylpropylpalladium complexes and chain 

walking of the palladium center from the γ-position to the β-position of the acetoxy group. 
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Figure S28. Energy diagram of β-OAc elimination, transmetalation and carbopalladation of the terminal alkene. 
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XII. Geometries of the Optimized Structures 
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XIII. Energies and eigenfrequencies of Optimized Structures 

Structure number 
Imaginary 

frequency (cm-1) 
E0 (Hartree) G (Hartree) 

1   -817.43962 -817.21846 

1-2  -62.5358  -817.42486 -817.20496 

1-4  -46.0546  -817.42846 -817.20882 

1-S12' -124.2352  -935.24003 -934.94601 

1-S14 -118.3428  -935.23915 -934.94548 

1-S15  -98.1267  -935.23853 -934.94443 

1-S16 -100.5426  -935.24000 -934.94485 

1-S17' -124.4792  -935.23942 -934.94739 

1-S18 -118.6946  -935.23860 -934.94478 

1-S20'  -94.2601  -935.24100 -934.94739 

1-S21 -114.8863  -935.23965 -934.94498 

2   -817.43019 -817.21113 

2-3  -56.3655  -817.42826 -817.20899 

2-S2 -148.0837  -817.40742 -817.19026 

2-S6  -56.6210  -935.24270 -934.94945 

2-S7  -48.1673  -935.24311 -934.94958 

2-S8  -43.7050  -935.24179 -934.94745 

2-S9  -34.0718  -935.24282 -934.94876 

2-S10-ts  -24.7174  -935.24125 -934.94859 

2-S10-ts’  -56.4031  -935.24138 -934.94890 

3   -817.44408 -817.22338 

3-3  -75.9545  -817.42958 -817.20889 

3-S1  -97.4526  -817.42549 -817.20497 

3-S2 -136.5302  -817.40848 -817.19160 

3-S2' -311.6408  -817.40882 -817.19248 

3-S24  -81.3202  -935.24333 -934.94989 

4   -817.42984 -817.21216 

4-3  -71.6846  -817.42208 -817.20294 

4-5  -39.3870  -935.24419 -934.95107 

4-S2' -191.0779  -817.40910 -817.19243 

4-S3-ts  -30.4910  -935.24350 -934.94883 

4-S3-ts’  -40.8585  -935.24084 -934.94893 
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Structure number 
Imaginary 

frequency (cm-1) 
E0 (Hartree) G (Hartree) 

4-S5  -36.8417  -935.24377 -934.94980 

4-S6  -26.8522  -935.24165 -934.94897 

4-S7  -42.2736  -935.23943 -934.94745 

4-S8  -61.6671  -935.23803 -934.94689 

5   -935.24676 -934.95265 

6   -699.57362 -699.43081 

7c   -856.72520 -856.47883 

7c-9'c  -63.3249  -856.70897 -856.46451 

7c-9c  -55.8981  -856.71127 -856.46579 

7c-S40c -113.7941  -856.69432 -856.45171 

7t   -856.72586 -856.47928 

7t-7c  -64.7422  -856.71079 -856.46361 

7t-8t -273.8366  -856.71557 -856.47136 

8't   -856.71583 -856.47210 

8't-8t  -71.3529  -856.71583 -856.47141 

8't-9t-ts  -54.7073  -856.71536 -856.46996 

8't-9t-ts’ -181.5623  -856.69271 -856.45122 

8t   -856.71591 -856.47133 

8t-9t-ts  -63.2898  -856.70387 -856.45882 

8t-9t-ts’ -182.0290  -856.69271 -856.45125 

9'c   -856.71374 -856.46976 

9c   -856.71530 -856.47101 

9c-S40'c -181.9623  -856.69196 -856.45012 

9c-S43  -37.6608  -974.52794 -974.20679 

9c-S43'  -39.6064  -974.52750 -974.20661 

9t   -856.71637 -856.47166 

9t-S42  -47.2221  -974.52916 -974.21009 

9t-S42'  -57.5057  -974.52879 -974.20973 

10'''c   -935.28485 -934.98383 

10'''c-12'c -279.9236  -935.27353 -934.97685 

10''c   -935.28493 -934.98522 

10''c-12''c  -48.5426  -935.27287 -934.97493 

10'c   -935.28669 -934.98690 
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Structure number 
Imaginary 

frequency (cm-1) 
E0 (Hartree) G (Hartree) 

10'c-12'c  -45.0257  -935.27378 -934.97547 

10c   -935.28583 -934.98651 

10c-12c -181.9451  -935.27467 -934.97827 

10t   -935.28782 -934.98821 

10t-10c -104.4420  -935.27210 -934.97359 

10t-11t -101.8628  -935.28259 -934.98267 

10t-13t  -95.4275  -935.28379 -934.98496 

11''t   -935.28989 -934.98866 

11''t-12''t  -27.1278  -935.26740 -934.96732 

11't   -935.28936 -934.98874 

11't-12't  -47.4078  -935.26689 -934.96868 

11t   -935.28882 -934.98937 

11t-12t  -83.2082  -935.26691 -934.97085 

12''c   -935.27660 -934.97959 

12''t   -935.27757 -934.98132 

12'c   -935.27795 -934.98022 

12't   -935.27712 -934.98195 

12c   -935.27878 -934.98342 

12t   -935.27870 -934.98110 

13t   -935.28782 -934.98657 

13t-12t -227.5347  -935.27685 -934.97926 

14   -502.70990 -502.51709 

S1   -817.42784 -817.20828 

S2   -817.40861 -817.19148 

S2'   -817.40926 -817.19194 

S3   -935.24662 -934.95236 

S4   -935.24525 -934.95117 

S5   -935.24662 -934.95431 

S6   -935.24595 -934.95155 

S7   -935.24644 -934.95317 

S8   -935.24569 -934.95089 

S9   -935.24675 -934.95319 

S10   -935.24571 -934.95232 
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Structure number 
Imaginary 

frequency (cm-1) 
E0 (Hartree) G (Hartree) 

S11   -935.24380 -934.94997 

S12   -935.24737 -934.95390 

S12-S13 -440.3122  -935.23960 -934.94797 

S12'   -935.24774 -934.95420 

S13   -935.24139 -934.95054 

S14   -935.24722 -934.95676 

S14   -935.24722 -934.95676 

S14-4 -331.2889  -935.23896 -934.94734 

S15   -935.24639 -934.95411 

S15-S7 -385.5098  -935.23949 -934.94842 

S16   -935.24660 -934.95430 

S16-S3 -592.8082  -935.23894 -934.94754 

S17   -935.24557 -934.95237 

S17-2 -457.9591  -935.23731 -934.94552 

S17'   -935.24784 -934.95418 

S18   -935.24685 -934.95191 

S18-S19 -425.1760  -935.23865 -934.94638 

S19   -935.24020 -934.95027 

S20   -935.24575 -934.95258 

S20-S8 -506.4311  -935.23772 -934.94747 

S20'   -935.24682 -934.95262 

S21   -935.24629 -934.95354 

S21-S4 -560.4182  -935.23949 -934.94810 

S22   -935.25276 -934.95906 

S22-S9 -352.3713  -935.24107 -934.94890 

S23   -935.25278 -934.95795 

S23-S5 -412.2389  -935.24031 -934.94807 

S24   -935.25287 -934.95908 

S24-S25 -342.5087  -935.24090 -934.94964 

S25   -935.24203 -934.95118 

S26   -935.25309 -934.96021 

S26-4 -376.5303  -935.24009 -934.94866 

S27   -935.25178 -934.95815 
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Structure number 
Imaginary 

frequency (cm-1) 
E0 (Hartree) G (Hartree) 

S27-S10 -493.2291  -935.23980 -934.94741 

S28   -935.25254 -934.95824 

S28-S7 -347.6856  -935.24061 -934.94841 

S29   -935.25136 -934.95928 

S29-S30 -377.1530  -935.23844 -934.94773 

S30   -935.24319 -934.94883 

S31   -935.25210 -934.96022 

S31-S32 -301.7656  -935.23972 -934.94803 

S32   -935.24061 -934.94973 

S33   -935.27438 -934.97647 

S33-S34 -728.9914  -935.19358 -934.89938 

S34   -935.27311 -934.97322 

S35   -856.72129 -856.47485 

S35-S35' -102.0844  -856.71592 -856.46874 

S35-S36  -67.0016  -856.70624 -856.46157 

S35'   -856.72108 -856.47402 

S35'-S36'  -64.0716  -856.70547 -856.46002 

S35'-S39  -27.7455  -856.70873 -856.46309 

S36   -856.71190 -856.46604 

S36-S36'  -89.7779  -856.70534 -856.46031 

S36-S37  -33.8367  -856.71050 -856.46488 

S36'   -856.71016 -856.46512 

S36'-S38'  -41.5326  -856.70849 -856.46331 

S37   -856.71071 -856.46496 

S37-S38 -236.9990  -856.71020 -856.46593 

S38   -856.72407 -856.47585 

S38-7t  -75.3186  -856.71158 -856.46533 

S38-S38'  -93.1566  -856.72026 -856.47255 

S38'   -856.72515 -856.47806 

S38'-7c  -17.4498  -856.70883 -856.46105 

S39   -856.71034 -856.46500 

S39-S38'  -48.9016  -856.70252 -856.45681 

S39-S41  -27.5716  -974.52477 -974.20368 
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Structure number 
Imaginary 

frequency (cm-1) 
E0 (Hartree) G (Hartree) 

S40c   -856.69450 -856.45233 

S41   -974.52703 -974.20825 

S41-4  -34.1854  -974.52442 -974.20493 

S42   -974.53240 -974.21139 

S42-4  -44.3682  -974.52924 -974.21006 

S42'   -974.53246 -974.21235 

S42'-2  -26.4058  -974.52851 -974.20788 

S43   -974.53184 -974.21160 

S43'   -974.53159 -974.21111 

S43'-2  -35.8646  -974.52824 -974.20814 

S44   -896.00204 -895.73035 

S44-S44'  -73.6558  -895.99682 -895.72365 

S44-S45  -54.7223  -895.98727 -895.71637 

S44'   -896.00188 -895.72892 

S44'-S45'  -56.2004  -895.98641 -895.71470 

S44'-S48  -38.9528  -895.98961 -895.71770 

S45   -895.99269 -895.72121 

S45-S45'  -88.4861  -895.98658 -895.71615 

S45-S46  -57.8853  -895.99162 -895.71950 

S45'   -895.99112 -895.71925 

S45'-S47'  -35.6428  -895.98941 -895.71810 

S46   -895.99158 -895.71995 

S46-S47 -285.9443  -895.99085 -895.72075 

S47   -896.00474 -895.73007 

S47-S47'  -72.5041  -896.00133 -895.72781 

S47-S49t  -36.4023  -895.99254 -895.71963 

S47'   -896.00589 -895.73341 

S47'-S49c  -13.9206  -895.99002 -895.71559 

S48   -895.99096 -895.71994 

S48-S47'  -25.6915  -895.98414 -895.71159 

S49'c   -896.00555 -895.73244 

S49'c-S51'c  -40.3488  -895.99228 -895.72017 

S49't   -896.00752 -895.73398 
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Structure number 
Imaginary 

frequency (cm-1) 
E0 (Hartree) G (Hartree) 

S49't-S50t -190.9441   -895.99624  -895.72569 

S49c    -896.00660  -895.73517 

S49c-S49'c -108.2200   -896.00106  -895.72739 

S49c-S51c  -45.7850   -895.99308  -895.72145 

S49t    -896.00777  -895.73458 

S49t-S49't  -95.4440   -896.00234  -895.72853 

S49t-S49c -102.2316   -895.99212  -895.71956 

S49t-S51t  -64.0319   -895.98619  -895.71415 

S50c    -895.99413  -895.72211 

S50c-S51'c  -45.4939   -895.99202  -895.71992 

S50c-S52'c  -73.0642   -895.99408  -895.72334 

S50t    -895.99642  -895.72585 

S50t-S51't  -34.7197   -895.99572  -895.72426 

S51'c    -895.99596  -895.72676 

S51't    -895.99681  -895.72598 

S51't-S52't  -57.8555   -895.98496  -895.71324 

S51c    -895.99706  -895.72505 

S51c-S52c -215.6141   -895.99267  -895.72210 

S51t    -895.99831  -895.72772 

S51t-S52t -252.2593   -895.99575  -895.72452 

S52'c    -896.00512  -895.73146 

S52'c-S52't -117.3489   -895.99054  -895.71539 

S52't    -896.00691  -895.73328 

S52c    -896.00428  -895.73004 

S52c-S52'c  -69.6435   -896.00133  -895.72701 

S52c-S52't  -72.9289   -895.99056  -895.71783 

S52c-S52t  -88.2335   -895.99106  -895.71768 

S52t    -896.00582  -895.73248 

S52t-S52't  -89.6192   -896.00178  -895.72818 

S52t-S52t -150.4494   -895.99357  -895.72198 

S53   -1433.24935 -1432.80809 

S53-S54'  -94.4336  -1433.22912 -1432.78934 

S53-S54c -152.6141  -1433.22875 -1432.79120 
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Structure number 
Imaginary 

frequency (cm-1) 
E0 (Hartree) G (Hartree) 

S53-S54t  -94.4336  -1433.22912 -1432.78934 

S53-S57t  -50.3510  -1433.23703 -1432.79789 

S53'   -1433.24393 -1432.80581 

S53'-S57c  -39.8882  -1433.23181 -1432.79082 

S54'   -1433.24002 -1432.80339 

S54'-S55t -420.8125  -1433.22679 -1432.79356 

S54'-S57't  -84.0133  -1433.23059 -1432.79492 

S54'c   -1433.23899 -1432.80028 

S54'c-S55'c -398.8726  -1433.22296 -1432.78543 

S54'c-S55c -398.8726  -1433.22296 -1432.78543 

S54c   -1433.23992 -1432.79948 

S54t   -1433.24002 -1432.80339 

S54t-S55t -420.8125  -1433.22679 -1432.79356 

S54t-S57't  -84.0133  -1433.23059 -1432.79492 

S55'c   -1433.22363 -1432.78558 

S55'c   -1433.22363 -1432.78558 

S55'c-S56c  -32.1846  -1433.22349 -1432.78660 

S55c   -1433.22363 -1432.78558 

S55t   -1433.23308 -1432.79651 

S55t-S56t  -15.9375  -1433.22655 -1432.78937 

S56'c   -1433.24091 -1432.80464 

S56't   -1433.24306 -1432.80860 

S56't-S56'c -112.2240  -1433.22944 -1432.79500 

S56c   -1433.24732 -1432.80649 

S56t   -1433.24798 -1432.80778 

S57''c   -1433.23740 -1432.80037 

S57''c-S58c -298.3015  -1433.22742 -1432.79217 

S57''t   -1433.24156 -1432.80505 

S57''t-S58t -417.1989  -1433.23209 -1432.79857 

S57'c   -1433.23994 -1432.80229 

S57't   -1433.24647 -1432.80906 

S57't-S57'c  -12.8204  -1433.22656 -1432.78923 

S57c   -1433.24325 -1432.79859 
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Structure number 
Imaginary 

frequency (cm-1) 
E0 (Hartree) G (Hartree) 

S57t   -1433.24437 -1432.80526 

S58'c   -1433.23192 -1432.79492 

S58'c-S59c -405.7151  -1433.22672 -1432.79306 

S58c   -1433.23219 -1432.79580 

S58t   -1433.23506 -1432.80064 

S58t-S59t  -26.4833  -1433.21818 -1432.78303 

S59't   -1433.24050 -1432.80252 

S59't-S60t  -48.4445  -1433.22588 -1432.78842 

S59c   -1433.23651 -1432.79759 

S59t   -1433.24171 -1432.80399 

S59t-S60c  -39.9038  -1433.22193 -1432.78632 

S60c   -1433.23179 -1432.79396 

S60c-S61c -236.1747  -1433.21947 -1432.78674 

S60t   -1433.23873 -1432.80580 

S60t-S61t  -48.8266  -1433.21484 -1432.78254 

S61'c   -1433.22227 -1432.78988 

S61'c-S62c -156.0690  -1433.22187 -1432.78786 

S61't   -1433.22613 -1432.79221 

S61't-S62t  -62.9086  -1433.22595 -1432.79118 

S61c   -1433.22332 -1432.78957 

S61t   -1433.22517 -1432.79193 

S62c   -1433.23223 -1432.79435 

S62t   -1433.23705 -1432.80067 

S63   -1433.25658 -1432.81862 

S63-S64 -150.4043  -1433.23182 -1432.79704 

S64   -1433.24892 -1432.81230 

S65   -927.40625 -927.22643 

S66   -1335.47619 -1335.18133 

S67   -1433.22665 -1432.79234 

S67-S53 -298.8120  -1433.21088 -1432.77110 

S68    -505.81240  -505.58245 

S69    -408.02978  -407.93778 

S70    -404.96649  -404.91303 
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