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Experimental 

1. Electrochemistry 

Cyclic voltammograms were recorded with a BASi Epsilon E2P (USA) potentiostat. The device comprises a measuring unit, PC DellOptiplex 320 with the Epsilon-

EC-USB-V200 software. Tetrabutylammonium tetrafluoroborate (C4H8)4NBF4 was used as background electrolytes. The working electrode was a stationary disc 

glassy-carbon electrode (the surface area of 6 mm2). Ag/AgCl (0.01 M KCl) was used as a reference electrode. The reference electrode was connected with the cell 

solution by a modified Luggin capillary filled with the supporting electrolyte solution (0.1 M Bu4NBF4 in CH3CN). Thus, the reference electrode assembly had two 

compartments, each terminated with an ultra-fine glass frit to separate the AgCl from the analyte. A platinum wire was used as an auxiliary electrode. The scan rate 

was 100 mV∙s−1. The measurements were performed in a temperature-controlled electrochemical cell (volume from 1 mL to 5 mL) in an inert gas atmosphere (N2). 

Between measurements or prior to a registration of a voltammetry wave, the solution was actively stirred with a magnetic stirrer in the atmosphere of constant inflow 

of an inert gas that was run through a dehydrating system, and then through a nickel-based purification system BI-GAS cleaner (manufactured by OOO Modern 

Laboratory Equipment, Novosibirsk) to remove trace quantities of oxygen. 

2. NMR experiments 

NMR spectra were recorded with multi-nuclear spectrometer Bruker AVANCE-400 (400.1 MHz (1H), 100.6 MHz (13C) and 162.0 MHz (31P)). Chemical shifts are 

given in parts per million relative to SiMe4 (1H, internal solvent) and 85% H3PO4 (
31P, external). 

3. TG-DSC and melting point measurement 

Thermogravimetric analysis was performed on the NETZSCH STA 449F3 with a heating rate 10 K per minute up to 400°C in an argon atmosphere. Melting points 

was measured with Stuart SMP30 (Stuart, Cole-Parmer, UK). 

4. Calculation 

All calculations were performed with the Gaussian 16 suite of programs [1] The hybrid PBE0 functional [2] and the Ahlrichs’ triple-ζ def-TZVP AO basis set [3] 

were used for optimization of all structures. In all geometry optimizations the D3 approach [4] to describe the London dispersion interactions together with the 

Becke–Johnson (BJ) damping function [5-7] were employed as implemented in the Gaussian 16 program.  

5. Mass Electrospray ionization mass spectrometry (ESI-MS) was performedon the AmazonX mass spectrometer (Bruker Daltonik GmbH, Bremen, Germany). 

The measurements were carried out in the positive/negative ion detection mode in the m/z range from 100 to 1000. The voltage on the capillary was 140 V. Data 

was processed using the DataAnalysis 4.0 program (Bruker Daltonik GmbH, Bremen, Germany) 

6. Reagents and research subjects 

All the work related to the preparation of the initial reagents, the synthesis and the release of products, was carried out in an inert atmosphere using standard Schlenk 

apparatus. All solvents and purchased reagents were absolute by the appropriate methods, mainly by distillation in an inert atmosphere. 

t-BuLi (“1.6M solution”) (by Sigma Aldrich) were used without a preliminary purification. 

7. Synthesis 

7.1 General procedure 

The procedure for the synthesis of di(tert-butyl)ferrocenylphosphine In a two-necked Schlenk vessel equipped with a magnetic stirrer, ferrocene (10.3 mol, 1.923 

g) and t-BuOK (1.55 mmol, 0.173 g) were placed, the mixture was dissolved in 150 ml diethyl ether. The solution was cooled to -78 ° C. A solution of t-BuLi (10.3 

mmol) was added over 10-15 minutes. Stirring of the reaction mixture was carried out at -70 ° C. for 1 hour. An orange precipitate of di(tert-butyl) 

ferrocenylphosphine was observed to form. The reaction mixture then was warmed to 0 °C and t-Bu2PCl (5.15 mmol, 0.98 mL) dropwise was added. After the 

completion of the dropping, the cooling bath was removed, the reaction mixture was warmed to room temperature. After Et2O was removed in vacuum, residue was 

dissolved in 200 ml of the petroleum ether and filtered through short silica column. Remove of the solvents yields dark-brown solid 2.431 g (71%). 31P (Petroleum 

ether, δ, ppm) NMR: 28.5 (s). 



Method for the synthesis of methyl(di-tert-butyl)ferrocenylphosphonium iodide (4a). 

Iodomethane (0.191 ml, 3.06 mmol) was added to di(tert-butyl)ferrocenylphosphine (0.507 g, 1.53 mmol) with stirring at -70°C for 30 min. After that reaction 

mixture was left to warm up to room temperature. The product was then vigorously stirred twice with 20 ml of petroleum ether and twice with 20 ml of diethyl ether 

in 10 minutes each. After each stirring, the solvent was removed with a cannula with a filter nozzle, the solvent residues are removed in vacuo. Yield 0.449 g (62%). 

Mp = 74° C. 31P NMR (162 MHz, CDCl3, ) 48.34; 1H NMR (400 MHz, CDCl3, δ), 1.49 (d, 3JPH = 15.47 Hz, 18H), 2.43 (d, 2JPH = 10.09, 3H), 4.46 (s, 5H), 4.74 (s, 

2H), 4.83(s, 2H); 13C{1H} NMR (100 MHz, CDCl3, δ) 18.98 (d, 1JPC = 36.83 Hz), 27.24, 30.78 (m), 60.5 (d, 1JPC = 86.03 Hz), 71.13, 72.38 (d, 2JPC = 8.38 Hz), 

73.22(d, 3JPC = 9.90 Hz) 345.2 [M]+ . Anal. calc. (%):C, 48.33; H, 6.40; Fe, 11.83; I, 26.88; P, 6.56. Found: C, 48.41; H, 6.35; I, 27.22; Fe, 11.65; P, 6.37.  

 

General procedure for the synthesis of propyl-, hexyl-, decyl-, tetradecyl (di-tert-butyl)ferrocenylphosphonium bromides (4b-e). An equivalent amount of alkyl 

bromide was added to di-tert-butylferrocenylphosphine. The reaction mass was stirred at 70°C. (4b), 75°C. (4c), 90°C. (4d) and 100°C (4e) for 5 hours. The product 

was vigorously stirred with 2 portions of 20 ml of petroleum ether and 2 portions of 20 ml of diethyl ether. After each stirring, the solvent was removed with a 

cannula with a filter nozzle, the solvent residues are removed in vacuo. 

 

 

Propyl(di-tert-butyl)ferrocenylphosphonium bromide (4b). 

Orange solid, yield 0.426 g (78 %), m.p. 60-70 °C. 31P NMR (162 MHz, CDCl3, ) 48.57; 1H NMR (400 MHz, CDCl3, δ) 1.29 (m, 3H, CH3), 1.53 (d, 3JPH = 14.17 

Hz, 18H), 2.18 (m, 2H), 2.91 (m, 2H), 4.43 (s, 5H), 4.78 (s, 2H), 4.85 (s, 2H, HCp). 
13C{1H} NMR (100 MHz, CD3OD, δ) 14.93, 17.99 (d, 3JPC = 5.75 Hz), 20.56 (d, 

1JPC = 43.36 Hz), 27.00 (s, 6Me), 35,71 (d, 1JPC = 38.94 Hz), 58.63 (d, 1JPC = 83.18 Hz, CCp,ipso), 70.93 (s, CCp’), 73.03 (d, 3JCP = 9.05 Hz), 73.15 (d, 2JCP = 8.75 

Hz). Anal. calc. (%): C, 55.65; H, 7.56; Br, 17.63; Fe, 12.32; P, 6.83. Found: C, 54.59; H, 7.42; Br, 18.96; Fe, 12.25; P, 6.78 

Hexyl(di-tert-butyl)ferrocenylphosphonium bromide (4c). 

Dark orange solid 0.449 g (71 %), m.p. 67-68 °C%). 31P NMR (162 MHz, C6D6, ) 47.85; 1H NMR (400 MHz, DMSO-d6, δ) 0.93 (t, 3JHH = 6.91 Hz, 3H), 1.27 (m, 

4H), 1.37 (d, 3JPH = 15.08 Hz, 18H), 1.59 (m, 2H), 1.99 (m, 2H), 2.47 (m, 2H), 4.42 (s, 5H), 4.80 (s, 2H), 4.92 (s, 2H); 13C{1H} NMR (100 MHz, C6D6, δ) 14.08, 

20.12 (d, 1JPC = 54.25 Hz), 22.64, 24.79, 28.45(s, 6Me), 31.64 (d, 2JPC = 15.85 Hz), 31.90, 36.25 (d, 1JPC = 36.16 Hz), 50.86 (d, 1JPC = 97.68 Hz, CCp,ipso), 71.34 (s, 

CCp’), 73.19 (d, 2JCP = 7.53 Hz), 73.37 (d, 3JCP = 8.69 Hz). ESI-MS (m/z) 415.3 [M]+ . Anal. calc. (%): C, 58.20; H, 8.14; Br, 16.13; Fe, 11.28; P, 6.25. Found: C, 

57.74; H, 8.05; Br, 16.62; Fe, 11.27; P, 6.32. 

Decyl(di-tert-butyl)ferrocenylphosphonium bromide (4d). 

Brown glass 0.796 g (69 %), m.p. 58-70 °C. 31P NMR (162 MHz, C6D6, ) 47.45; 1H NMR (400 MHz, C6D6, δ) 0.84 (t, 3JHH = 7.11 Hz, 3H), 1.24 (m, 12H), 1.38 (d, 
3JPH = 15.08 Hz, 18H), 1.61 (m, 3JHH = 7.47 Hz, 2H), 2.00 (m, 2H), 2.43 (m, 2H), 4.32 (s, 5H), 4.49 (s, 2H), 4.80 (s, 2H);  13C{1H} NMR (100 MHz, C6D6, δ) 13.93, 

19.26 (d, 1JPC = 42.07 Hz), 22.55, 24.48 (d, 3JPC = 5.80 Hz), 28.03 (s, 6Me), 29.18, 29.30, 29.36, 29.44, 30,79 31.65 (d, 2JPC = 14.00 Hz), 31.76, 36.11 (d, 1JPC = 

38.29 Hz), 58.89 (d, 1JPC = 80.18 Hz, CCp,ipso), 70.86 (s, CCp’), 72.89 (d, 3JCP = 8.78 Hz), 73.45 (d, 2JCP = 8.66 Hz). ESI-MS (m/z) 471.4 [M]+. Anal. calc. (%): C, 

60.99; H, 8.77; Br, 14.49; Fe, 10.13; P, 5.62. Found: C, 61.97; H, 9.36; Br, 13.74; Fe, 9.60; P, 5.33. 

Tetradecyl(di-tert-butyl)ferrocenylphosphonium bromide (4e). 

Brown solid, yield 0.418 g (59%), m.p. 61-71 °C. 31P NMR (162 MHz C6D6, ) 47.76; 1H NMR (400 MHz, DMSO-d6, δ) 0.85 (t, 3JHH = 7.44, 3H), 1.25 (m, 20H), 

1.37 (d, 3JPH = 14.94 Hz, 18H), 1.58 (m, 3JHH = 7.47 Hz), 1.99 (m, 2H), 2.58 (m, 2H), 4.42 (s, 5H), 4.80 (s, 2H), 4.92 (s, 2H); 13C{1H} NMR ( 100 MHz, C6D6, δ) 

14.09, 19.81 (m), 22.64, 24.80, 28.46, 29.32, 29.47, 29.64, 31.65 (d, 2JPC = 15.98 Hz), 31.90, 36.29 (d, 1JPC = 36.42), 59,97 (d, 1JPC = 82.12 Hz), 71.34, 73.33. ESI-

MS (m/z) 527.5 [M]. Anal. calc. (%): C, 63.27; H, 9.29; Br, 13.15; Fe, 9.19; P, 5.10. Found: C, 63.27; H, 9.29; Br, 13.15; Fe, 9.19; P, 5.10 

General procedure for the synthesis of methyl-, propyl-, hexyl-, decyl-, tetradecyl-(di-tert-butyl)ferrocenylphosphonium tetrafluoroborates (5a-e). Salts (4a-e) were 

dissolved in 10 ml of ethyl alcohol, a twofold excess of sodium tetrafluoroborate solution in ethyl alcohol was added to them. The reaction mixture was stirred for 



12 hours. The solvent was evaporated in vacuo, and the salt was dissolved in 20 ml of methylene chloride and washed with distilled water. The organic phase was 

separated and dried over magnesium sulfate. The solvent is evaporated, and the salt is dried under vacuum at 50 ° C for 8 hours. 

Methyl(di-tert-butyl)ferrocenylphosphonium tetrafluoroborate (5a). 

Orange solid, yield 0.312 g (86 %), m.p. 69-80 °C. 31P NMR (162 MHz, CDCl3, ) 49.54; 1H NMR (400 MHz, CDCl3, ) 1.47 (d, 3JPH = 15.48 Hz, 18H), 2.18 (d, 
2JPH =10.44 Hz, 3H), 4.43 (s, 5H), 4.63 (s, 2H), 4.82 (s, 2H). ESI-MS (m/z) 345.2 [M]+, 87.2 [BF4]

-. Anal. calc. (%): C, 52.82; H, 7.00; B, 2.50; F, 17.59; Fe, 12.93; 

P, 7.17. Found: C - 54.23; H - 7.65; B - 2.39; Fe - 12.21; P - 6.58.  

Propyl(di-tert-butyl)ferrocenylphosphonium tetrafluoroborate (5b). 

Orange solid 0.472 g (82 %), m.p. 57-67 °C.31P NMR (162 MHz, CDCl3, ) 47.53; 1H NMR (400 MHz, CDCl3, ) 1.34 (t, 4JPH = 2.17 Hz, 3JHH = 7.18 Hz, 3H), 1.47 

(dt, 3JPH = 15.27 Hz, 18H), 2.13 (m, 2H), 2.51 (m, 2H), 4.40 (s, 5H), 4.62 (s, 2H), 4.86 (s, 2H). ESI-MS (m/z) 373.24 [M-HBF4]
+, 87.2 [BF4]

-. Anal. calc. (%) C, 

54.82; H, 7.45; B, 2.35; F, 16.52; Fe, 12.14; P, 6.73. Found: C, 53.97; H, 6.58; B, 2.16; Fe, 11.16; P, 6.19. 

Hexyl(di-tert-butyl)ferrocenylphosphonium tetrafluoroborate (5c).  

Brown solid, yield 0.472 g (81 %), m.p. 51-52 °C. 31P NMR (162 MHz, CDCl3, ) 48.11 (s); 1H NMR (400 MHz, CDCl3, ) 0.97 (t, 3JHH = 6.02 Hz, 3H), 1.28 (m, 

4H), 1.48 (d, 3JPH = 15.28 Hz, 18H), 1.70 (m, 2H), 2.07 (m, 2H), 2.52 (m, 2H), 4.40 (s, 5H), 4.62 (s, 2H), 4.87 (s, 2H). ESI-MS (m/z) 415.3 [M]+, 87.2 [BF4]
- Anal. 

calc. (%): C, 57.40; H, 8.03; B, 2.15; F, 15.13; Fe, 11.12; P, 6.17. Found: C, 56.21; H, 7.62; B, 2.15; Fe, 10.49; P, 6.16. 

Decyl(di-tert-butyl)ferrocenylphosphonium tetrafluoroborate (5d).  

Dark orange solid, yield 0.538 g (89 %), m.p. 34-38 °C. 31P NMR (162 MHz, CDCl3, ) 48.33; 1H NMR (400 MHz, CDCl3, ) 0.90 (t, 3JHH = 7.01 Hz, 3H), 1.28 (m, 

12H), 1.49 (d, 3JPH = 14.82, 18H), 1.71 (m, 2H), 2.07 (m, 2H), 2.56 (m, 2H), 4.41 (s, 5H), 4.64 (s, 2H), 4.87 (s, 2H). ESI-MS (m/z) 471.4 [M]+, 87.2 [BF4]
-. Anal. 

Calc. (%): C, 60.24; H, 8.67; B, 1.94; F, 13.61; Fe, 10.00; P, 5.55. Found: C, 61.24; H, 9.25; B, 1.84; Fe, 9.49; P, 5.25. 

Tetradecyl(di-tert-butyl)ferrocenylphosphonium tetrafluoroborate (5e).  

Brown solid, yield 0.493 g (81 %), m.p. 57-60 °C. 31P NMR (162 MHz, CDCl3, ) 48.55; 1H NMR (400 MHz, CDCl3, ) 0.90 (t, 3JHH = 6.74 Hz, 3H), 1.30 (m, 20H), 

1.48 (d, 3JPH = 15.15 Hz, 18H), 1.67 (m, 2H), 2.15 (m, 2H), 2.57 (m, 2H), 4.45 (s, 5H), 4.78 (s, 2H), 4.95 (s, 2H). ESI-MS 527,5 [M-]+, 87.2 [BF4]
-. Anal. Calc. 

(%):C, 62.55; H, 9.19; B, 1.76; F, 12.37; Fe, 9.09; P, 5.04. Found: C, 63.35; H, 9.70; B, 1.68; Fe, 8.67; P, 4.81. 

 

 

 

 

  



 

 
 

 Fig.1.31P NMR spectra of the methyl(di-tert-butyl)ferrocenylphosphonium iodide (4a)  

 

 



 
Fig.2. 1H NMR spectra of the methyl(di-tert-butyl)ferrocenylphosphonium iodide (4a) 

 



 
 

Fig.3. 13C{1H} NMR spectra of the methyl(di-tert-butyl)ferrocenylphosphonium iodide (4a) 



 
Fig.4. 13C{1H} NMR spectra of the propyl(di-tert-butyl)ferrocenylphosphonium bromide (4a) 



 

 
Fig.5.31P NMR spectra of the hexyl(di-tert-butyl)ferrocenylphosphonium bromide (4c) 



 
Fig.6.1H NMR spectra of the hexyl(di-tert-butyl)ferrocenylphosphonium bromide (4c) 

  



 
Fig.7. 13C NMR spectra of the hexyl(di-tert-butyl)ferrocenylphosphonium bromide (4c) 

  



  
Fig.8. 1H NMR  spectra of the decyl(di-tert-butyl)ferrocenylphosphonium bromide (4d) 

 



  
Fig.9. 31P NMR spectra of the decyl(di-tert-butyl)ferrocenylphosphonium bromide (4d) 



  
Fig.10.13C NMR spectra of the decyl(di-tert-butyl)ferrocenylphosphonium bromide (4d) 



  
Fig.11.31P NMR spectra of the tetradecyl(di-tert-butyl)ferrocenylphosphonium bromide (4e) 

  



 
Fig.12.13C NMR spectra of the tetradecyl(di-tert-butyl)ferrocenylphosphonium bromide (4e)  



  
Fig.13. 31P NMR  spectra of the methyl(di-tert-butyl)ferrocenylphosphonium tetrafluoroborate (5a) 

 



  
Fig.14. 1H NMR  spectra of the methyl(di-tert-butyl)ferrocenylphosphonium tetrafluoroborate (5a) 

 



 
Fig.15.1H NMR  spectra of the hexyl(di-tert-butyl)ferrocenylphosphonium tetrafluoroborate (5c) 



 
Fig.16.1H NMR spectra of the decyl(di-tert-butyl)ferrocenylphosphonium tetrafluoroborate (5d) 



 
Fig.17.1H NMR spectra of the tetradecyl(di-tert-butyl)ferrocenylphosphonium tetrafluoroborate 5e 



  
Fig.18.1H NMR spectra of the hexyl(di-tert-butyl)ferrocenylphosphonium tetrafluoroborate (5c) 



  
Fig.19.31P NMR spectra of the hexyl(di-tert-butyl)ferrocenylphosphonium tetrafluoroborate (5c) 



  
Fig.20. 1H NMR spectra of the decyl(di-tert-butyl)ferrocenylphosphonium tetrafluoroborate (5d) 



  
Fig.21.31P NMR spectra of the decyl(di-tert-butyl)ferrocenylphosphonium tetrafluoroborate (5d)  



   
Fig.22. 1H NMR spectra of the tetradecyl(di-tert-butyl)ferrocenylphosphonium tetrafluoroborate (5e) 

  



 
Fig.23.31P NMR spectra of the tetradecyl(di-tert-butyl)ferrocenylphosphonium tetrafluoroborate (5e) 

 



 
Fig.24. ESI-MS spectra of the methyl(di-tert-butyl)ferrocenylphosphonium bromide (4a) 

 
Fig.25. ESI-MS spectra of the hexyl(di-tert-butyl)ferrocenylphosphonium bromide (4c) 



 
Fig.26. ESI-MS spectra of the decyl(di-tert-butyl)ferrocenylphosphonium bromide (4d) 

 
Fig.27. ESI-MS spectra of the tetradecyl(di-tert-butyl)ferrocenylphosphonium bromide (4e)



 
Fig.28. TG-DSC curve of the methyl(di-tert-butyl)ferrocenylphosphonium iodide (4a) 

 
Fig.29. TG-DSC curve of the hexyl(di-tert-butyl)ferrocenylphosphonium bromide (4c) 



 
Fig.30. TG-DSC curve of the decyl(di-tert-butyl)ferrocenylphosphonium bromide (4d) 

 
Fig.31. TG-DSC curve of the tetradecyl(di-tert-butyl)ferrocenylphosphonium bromide (4e) 

  



 
Fig.32. ESI-MS spectra of the methyl(di-tert-butyl)ferrocenylphosphonium tetraflouroborate (5a) 

 
Fig.33. ESI-MS spectra of the methyl(di-tert-butyl)ferrocenylphosphonium tetraflouroborate (5a) 



 
Fig.34. ESI-MS spectra of the hexyl(di-tert-butyl)ferrocenylphosphonium tetraflouroborate (5c) 

 
Fig.35. ESI-MS spectra of the hexyl(di-tert-butyl)ferrocenylphosphonium tetraflouroborate (5c)



 
Fig.36. ESI-MS spectra of the decyl(di-tert-butyl)ferrocenylphosphonium tetraflouroborate (5d) 

 
Fig.37. ESI-MS spectra of the decyl(di-tert-butyl)ferrocenylphosphonium tetraflouroborate (5d) 



 
Fig.38. ESI-MS spectra of the tetradecyl(di-tert-butyl)ferrocenylphosphonium tetraflouroborate (5e) 

 
Fig.39. ESI-MS spectra of the tetradecyl(di-tert-butyl)ferrocenylphosphonium tetraflouroborate (5e) 



 
Fig.40. TG-DSC curve of the propyl(di-tert-butyl)ferrocenylphosphonium tetrafluoroborate (5b) 

 
 

Fig.41. TG-DSC curve of the hexyl(di-tert-butyl)ferrocenylphosphonium tetrafluoroborate (5c) 



 
Fig.42. TG-DSC curve of the decyl(di-tert-butyl)ferrocenylphosphonium tetrafluoroborate (5d) 

 
Fig.43. TG-DSC curve of the tetradecyl(di-tert-butyl)ferrocenylphosphonium tetrafluoroborate (5e) 
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