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Computational Methods 

Gas-phase geometry optimizations were carried out via Gaussian 16 package (Revision C 01)1 

with PBEPBE2-3 functional and the Ahlrichs Def2-TZVP4-5 basis sets. Grimme’s D36 dispersion 

with Becke-Johnson damping (D3BJ)7 and automatic density fitting approximation8-9 (keyword 

AUTO) with pure spherical harmonic 5d and 7f functions were utilized for all optimization and 

SMD solvation computations. The vibrational frequency computations were used to verify the 

natures of all stationary points. All located transition states were obtained with only one imaginary 

frequency, and minima without any imaginary frequencies were obtained. The IRC (intrinsic 

reaction coordinate) computations from the located transition states were performed, and both 

directions of the reaction path following the transition state were computed (see ESI for the IRC 

plots). The Gaussian 16 default ultrafine integration grid, 2-electron integral accuracy of 10-12, and 

SCF convergence criterion of 10-8 were used for all computations. The self-consistent reaction 

field (SCRF) single-point computations in benzene using the solvation model based on density 

(SMD)10 were used to model the solvation effects [SMD-PBEPBE-D3BJ/Def2-TZVP//PBEPBE-

D3BJ/Def2-TZVP]. All computations were performed at 1 atm and 298.15 K. The molecular 

orbitals were generated by Multiwfn package (version 3.7)11-12 and VMD package (version 

1.9.3)13-14. The 3D molecular structures were created via Cambridge Structural Database (CSD) 

Mercury package (version 4.0.0)15-16. NMR (nuclear magnetic resonance) computations 

(PBEPBE-D3BJ/Def2-TZVP) were carried out using Gauge-Independent Atomic Orbital 

(GIAO)17-19 method based on the gas-phase optimized geometry. All simulated proton chemical 

shifts were relative to the computed absolute shift of TMS (tetramethylsilane, 31.21 ppm at the 

level of PBEPBE-D3BJ/Def2-TZVP).  
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Figure S1. The free energy diagram for various species in the conversion of 1-(C5H5)Ge(Me)3. 

Gibbs energies from (SMD)-PBEPBE-D3BJ/Def2-TZVP//PBEPBE-D3BJ/Def2-TZVP 

computations are given in kcal/mol. 

 

 

Figure S2. The HOMO of isomers 1, 2 and 3. 

Isovalue=0.05. Color codes for 3D structures: black, C; white, H. 
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Scheme S1. The resonance structures of isomer 1. 

 

 

Scheme S2. The resonance structures of isomer 2. 

 

 

Scheme S3. The resonance structures of isomer 3. 
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Figure S3. Computed paths for the proton shift in the conversion of cyclopenta-1,3-diene. 

The PBEPBE-D3BJ/Def2-TZVP computed gas-phase Gibbs free energies and electronic 

energies (parentheses) are given in kcal/mol.  

 

 

Figure S4. Computed paths for the proton shift in the conversion of 1H-pyrrol-1-ium. 

The PBEPBE-D3BJ/Def2-TZVP computed gas-phase Gibbs free energies and electronic 

energies (parentheses) are given in kcal/mol.  

  



S7 
 

 

 

Figure S5. The matched DFT optimized structures with reported X-ray crystal structures (Color 

green).  

(CSD entries: NAWPAE and XALCOE01)20 
 
 

 

Scheme S4. The second path of Diels-Alder addition of isomer 3 with TMSBO. 

TMSBO = 4-(trimethylsilyl)-3-butyn-2-one. R = Si(CH3)3. Gibbs energies from (SMD)-PBEPBE-

D3BJ/Def2-TZVP//PBEPBE-D3BJ/Def2-TZVP computations are given in kcal/mol. Gibbs 

energies are refer to isomer 1  
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Scheme S5. The second path of Diels-Alder addition of isomer 1 with TMSBO. 

TMSBO = 4-(trimethylsilyl)-3-butyn-2-one. R = Si(CH3)3. Gibbs energies from (SMD)-PBEPBE-

D3BJ/Def2-TZVP//PBEPBE-D3BJ/Def2-TZVP computations are given in kcal/mol. Gibbs 

energies are refer to isomer 1  

 

 

Scheme S6. The path of Diels-Alder addition of isomer 2 with TMSBO. 

TMSBO = 4-(trimethylsilyl)-3-butyn-2-one. R = Si(CH3)3. Gibbs energies from (SMD)-PBEPBE-

D3BJ/Def2-TZVP//PBEPBE-D3BJ/Def2-TZVP computations are given in kcal/mol. Gibbs 

energies are refer to isomer 1   
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Table S1. Computed and experimental proton chemical shifts of 1-(C5H5)Si(Me)3 at variable 

temperatures. 

Experimental proton chemical shifts were obtained in neat solvent. The PBEPBE-D3BJ/Def2-

TZVP computed gas-phase proton chemical shifts are given in the Table.  
 

 

 

 

 

 

H1 H2/H5 H3/4 Me3 

Me3Si(C5H5) 

–10°C 

3.29 ppm 

(6.71 ) 

6.6 ppm 

(3.4 ) 

6.6 ppm 

(3.4 ) 

-0.01 ppm 

(10.01 ) 

Comput  

 –10°C 
3.89 ppm 6.79 ppm 6.98 ppm -0.12 ppm 

Me3Si(C5H5) 

130 °C 

5.87 ppm 

(4.13 ) 

5.87 ppm 

(4.13 ) 

5.87 ppm 

(4.13 ) 

-0.01 ppm 

(10.01 ) 

Comput  

 130 °C 
6.21 ppm 6.21 ppm 6.21 ppm -0.12 ppm 

 

 
 

Figure S6. Comparisons of the computed proton chemical shifts and experimental 1H NMR of 1-

(C5H5)Si(Me)3. 
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Figure S7. IRC plots for the proton shift in the conversion of cyclopenta-1,3-diene. 

 

 

 

  
 

 
Figure S8. IRC plots for the silicon migration and proton shift in the conversion of 1-

(C5H5)Si(Me)3. 
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Figure S9. IRC plots for the formation of products a, b, c and d from Diels-Alder addition. 

 

 

Table S2. The selected molecular orbitals of proton shift TS-1 in cyclopenta-1,3-diene. 

Isovalue=0.05. Color codes for 3D structures: black, C; white, H. 

 

 

 

 

 

Table S3. The selected molecular orbitals of proton shift TS-1-i in cyclopenta-1,3-diene. 

Isovalue=0.05. Color codes for 3D structures: black, C; white, H. 

HOMO-3 

 

HOMO-2

 

HOMO-1

 

HOMO

 
 

 

HOMO-3

 

HOMO-2 

 

HOMO-1 

 

HOMO 
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Table S4. DFT optimized structures of 1-(C5H5)Si(Me)3. 

Color codes for 3D structures: yellow, Si; gray, C; white, H. 

Complex 1 

 

Complex 2

 

Complex 3 

 

TS-1 

 
TS-1-1 

 

TS-1-2

 

TS-2-3 

 

TS-3-3 

 

TS-1-2-i

 

TS-2-3-i

 

TS-3-3-i

 

 

Table S5. The computed relative Gibbs free energies and electronic energies (parentheses) of 1-

(C5H5)Si(Me)3.  

The PBEPBE-D3BJ/Def2-TZVP computed gas-phase Gibbs free energies and electronic 

energies (parentheses) are given in kcal/mol.  

 

1 2 3 TS-1 TS-1-1 TS-1-2 

0.0 

(0.0) 

3.1 

(2.4) 

4.2 

(3.6) 

6.1 

(3.7) 

13.3 

(11.5) 

23.6 

(25.1) 

TS-2-3 TS-3-3 TS-1-2-i TS-2-3-i TS-3-3-i  

24.6 

(26.2) 

27.0 

(27.3) 

71.9 

(75.6) 

75.2 

(79.6) 

78.0 

(82.1) 
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Table S6. The selected molecular orbitals of silicon migration TS-1-1 in 1-(C5H5)Si(Me)3. 

Isovalue=0.05. Color codes for 3D structures: yellow, Si; black, C; white, H. 

 

Table S7. The selected molecular orbitals of proton shift TS-1-2 in 1-(C5H5)Si(Me)3. 

Isovalue=0.05. Color codes for 3D structures: yellow, Si; black, C; white, H. 
 

HOMO-3 

 

HOMO-2 

 

HOMO-1 

 

HOMO 

 
 

Table S8. The selected molecular orbitals of proton shift TS-1-2-i in 1-(C5H5)Si(Me)3. 

Isovalue=0.05. Color codes for 3D structures: yellow, Si; black, C; white, H. 
 

HOMO-3 

 

HOMO-2 

 

HOMO-1 

 

HOMO 

 
  

HOMO-3

 

HOMO-2

 

HOMO-1

 

HOMO
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Table S9. The computed relative Gibbs free energies and electronic energies (parentheses) of 1-

(C5H5)Ge(Me)3. 
The PBEPBE-D3BJ/Def2-TZVP computed gas-phase Gibbs free energies and electronic 

energies (parentheses) are given in kcal/mol.  

 

1 1-Cs 2 TS-1 TS-1-1 TS-1-2 TS-1-2-i 

0.0 

(0.0) 

0.0 

(0.8) 

3.8 

(4.3) 

4.4 

(3.0) 

10.9 

(10.0) 

24.3 

(26.9) 

72.8 

(77.7) 

 

Table S10. DFT computed energies for species in Figures 1 and 2. 
 

Species 
E (PBEPBE-

D3BJ/Def2-TZVP) 
G (PBEPBE-

D3BJ/Def2-TZVP) 
Esoln (SMD-PBEPBE-

D3BJ/Def2-TZVP) 

1 -602.343980 

 

-602.194673 

 

-602.351643 

 
2 -602.340093 

 

-602.189775 

 

-602.347631 

 
3 -602.338219 

 

-602.188014 

 

-602.345782 

 
TS-1 -602.338009 

 

-602.184892 

 

-602.345998 

 
TS-1-1 -602.325661 

 

-602.173500 

 

-602.333518 

 
TS-1-2 -602.304005 

 

-602.156992 

 

-602.312435 

 
TS-2-3 -602.302203 

 

-602.155416 

 

-602.310779 

 
TS-3-3 -602.300473 

 

-602.151606 

 

-602.308993 

 
TS-1-2-i -602.223546 

 

-602.080136 

 

-602.231023 

 
TS-2-3-i -602.217052 

 

-602.074855 

 

-602.223979 

 
TS-3-3-i -602.213173 

 

-602.070296 

 

-602.220048 

 
a -1240.620676 

 

-1240.317372 

 

-1240.632011 

 
b 

 

-1240.621593 

 

-1240.317619 

 

-1240.632539 

 
c -1240.608683 

 

-1240.305924 

 

-1240.620195 

 
d -1240.611002 

 

-1240.306533 

 

-1240.621731 

 
e -1240.605806 

 

-1240.304195 

 

-1240.617351 

 
f -1240.608047 

 

-1240.304079 

 

-1240.619388 

 
3a -1240.578396 

 

-1240.286577 

 

-1240.589732 

 
3a2 -1240.578092 

 

-1240.286879 

 

-1240.590086 

 
3b -1240.577307 

 

-1240.286396 

 

-1240.589887 

 
3b2 -1240.577831 

 

-1240.285834 

 

-1240.589750 

 
1c -1240.584680 

 

-1240.295201 

 

-1240.595431 

 
1c2 -1240.580252 

 

-1240.291072 

 

-1240.593543 

 
1d -1240.581918 

 

-1240.291079 

 

-1240.594296 

 
1d2 -1240.580832 

 

-1240.289438 

 

-1240.594384 

 
2e -1240.579492 

 

-1240.288894 

 

-1240.591225 

 
2f -1240.579349 

 

-1240.288996 

 

-1240.590969 

 
TS-3a -1240.560012 

 

-1240.263998 

 

-1240.571675 
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TS-3a2 -1240.557985 

 

-1240.262607 

 

-1240.570917 

 
TS-3b -1240.557183 

 

-1240.262052 

 

-1240.570010 

 
TS-3b2 -1240.556460 

 

-1240.260701 

 

-1240.569864 

 
TS-1c -1240.559861 

 

-1240.264493 

 

-1240.573944 

 
TS-1c2 -1240.558669 

 

-1240.263648 

 

-1240.573007 

 
TS-1d -1240.552899 

 

-1240.256178 

 

-1240.564847 

 
TS-1d2 -1240.549182 

 

-1240.252133 

 

-1240.562137 

 
TS-2e -1240.559810 

 

-1240.263019 

 

-1240.572028 

 
TS-2f -1240.556888 

 

-1240.260415 

 

-1240.569943 
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