
1 
 

Planar Bismuth Triamides: A Tunable Platform for Main 

Group Lewis Acidity and Polymerization Catalysis 

Tyler J. Hannah,a W. Michael McCarvell,a Tamina Kirsch,a Joseph Bedard,a Toren Hynes,a Jacqueline 

Mayho,a Karlee L. Bamford,a Cyler W. Vos,b Christopher M. Kozak,b Tanner George,c Jason D. Masuda,c S. 

S. Chitnisa* 

 

a Chemistry Department, Dalhousie University, 6274 Coburg Rd, Halifax, NS, B3H 4R2, Canada 

b Department of Chemistry, Memorial University of Newfoundland, St. John’s, NL, A1B 3X7, Canada 

c Department of Chemistry, St. Mary’s University, 923 Robie St., Halifax, NS, B3H 3C3, Canada 

* Corresponding author: saurabh.chitnis@dal.ca 

 

 

Supplementary Information 

 

 

 

 

 

 

 

 

Electronic Supplementary Material (ESI) for Chemical Science.
This journal is © The Royal Society of Chemistry 2023



2 
 

Contents 
Experimental ................................................................................................................................................. 3 

Synthesis of L1: ......................................................................................................................................... 3 

Synthesis of L2: ......................................................................................................................................... 4 

Synthesis of 2b: ......................................................................................................................................... 4 

Computational Methods ........................................................................................................................... 4 

Additional Figures Referenced in Manuscript: ............................................................................................. 5 

DOSY NMR Data .......................................................................................................................................... 16 

Calculated Fluoride Ion affinities ................................................................................................................ 21 

Percent Buried Volume Calculations .......................................................................................................... 22 

Computational Data: ................................................................................................................................... 23 

Characterization Data: ................................................................................................................................ 28 

Polymerization Data: ................................................................................................................................... 63 

1H-NMR ................................................................................................................................................... 63 

Gel Permeation Chromatography Traces ............................................................................................... 88 

MALDI-TOF Mass Spectrometry ............................................................................................................ 109 

Alternate X-Ray Crystal Structure Images ................................................................................................. 113 

References: ............................................................................................................................................... 117 

 

 

 

 



3 
 

Experimental 

 

 

 

S11, S22, S33, 1a4, 3a5, Bi(NMe2)3
6, BiHMDS7, Me3PS, and Et3PS8 were prepared as previously reported.  

Synthesis of L1: 

 

S1 (13.95 g, 53.8 mmol) was suspended in acetic acid (500 mL). Br2 (29.7 g, 215 mmol) was added slowly, 

and the reaction mixture was refluxed for 16 hours. Mixture was then cooled to room temperature and 

distilled water (500 mL) was added. The suspension was filtered and washed with additional water (2 x 

100 mL), collecting the orange solid L1 (87 %, 19.46 g). mp > 260 ºC.  

Elemental Analysis: Found: C, 35.0; H, 1.85; N, 9.6. Calc. for C12H7Br2N3O4: C, 34.6; H, 1.7; N, 10.1. 

1H NMR: δ H (500 MHz, CDCl3) 10.89 (1 H, s, N-H), 8.36 (2 H, d, J 2.4, Ar-H), 7.63 (2 H, dd, J 9.0, 2.3, Ar-H), 7.42 (2 H, 
d, J 8.9, Ar-H). 

13C NMR: δ C (126 MHz, CDCl3) 137.83 (CAr), 135.82 (CAr), 129.39 (CAr), 121.10 (CAr), 113.94 (CAr).  

ESI-HRMS (negative ion mode): calculated for [C12H6Br2N3O4]- = 413.8731 m/z, observed = 413.8730 m/z 
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Synthesis of L2: 

 

L1 (19.2 g, 46.0 mmol), zinc dust (39.1 g, 598 mmol), and ammonium chloride (29.5 g, 552 mmol) were 

weighed out into a round bottom flask. THF (250 mL) was added, and the suspension was refluxed until 

the orange colour was no longer present (approximately 24-48 hours). The reaction mixture was cooled 

to room temperature and filtered through celite. The filtrate was evaporated to dryness resulting in a 

brown solid (71 %, 11.7 g). mp 137-140 ºC.  

1H NMR: δ H (500 MHz, CDCl3) 6.91 (2 H, d, J 2.2, Ar-H), 6.83 (2 H, dd, J 8.3, 2.2, Ar-H), 6.56 (2 H, d, J 8.3, Ar-H), 4.85 

(1 H, s, N-H), 3.67 (4 H, s, NH2). 
13C NMR: δ C (126 MHz, CDCl3) 140.00 (CAr), 129.74 (CAr), 122.50 (CAr), 121.77 (CAr), 119.13 (CAr), 116.20 (CAr). 

ESI-HRMS (negative ion mode): calculated for [C12H10Br2N3]- = 353.9247 m/z, observed = 353.9237 m/z 

 
 

Synthesis of 2b: 

 

Bi(NMe2)3 (14 mg, 0.04 mmol) and 1b  (20 mg, 0.04 mmol) were dissolved in C6D6 (0.6 mL) and immediately 

sealed in an NMR tube, resulting in a colour change to red. After 10 minutes mixture was analyzed by 

NMR.  

1H NMR: δ H (500 MHz, C6D6) 7.52 (2 H, d, J 8.6, Ar-H), 7.26 (2 H, d, J 2.3, Ar-H), 6.85 (2 H, dd, J 8.5, 2.3, Ar-H), 3.22 
(3 H, s, HN(CH3)3), 1.81 (18 H, d, J 6.4, HN(CH3)3), 0.29 (18 H, s, Si(CH3)3). 
13C NMR: δ C (126 MHz, C6D6) 149.46 (CAr), 148.22 (CAr), 122.92 (CAr), 118.30 (CAr), 117.54 (CAr), 112.96 (CAr), 37.89 
(HN(CH3)2), 2.23 (Si(CH3)3). 
 

Computational Methods 

All calculations were carried out using Gaussian 16. The PBE0 functional with D3BJ dispersion 

correction was used in all cases. FIA calculations were carried out using the def2-TZVP basis set 

and benchmarked to the Me3SiF/Me3Si+ couple for higher accuracy.9  
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Additional Figures Referenced in Manuscript: 

 

Figure S1.  Gutmann-Beckett results of Lewis acids combined with Et3PO in a 5:1 ratio. All spectra are 

recorded in C6H6 and referenced to the residual solvent peak in 1H NMR, corrected for 31P. 31P {1H} NMR 

(121 MHz, C6H6).  
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Figure S2. Gutmann-Beckett results of Lewis acids combined with Me3PS in a 5:1 ratio. All spectra are 

recorded in C6H6 and referenced to the residual solvent peak in 1H NMR, corrected for 31P. 31P {1H} NMR 

(121 MHz, C6H6). 
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Figure S3. Gutmann-Beckett results of Lewis acids combined with Et3PS in a 5:1 ratio. All spectra are 

recorded in C6H6 and referenced to the residual solvent peak in 1H NMR, corrected for 31P. 31P {1H} NMR 

(121 MHz, C6H6). 
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Figure S4. Gutmann-Beckett results of Lewis acids combined with Et3PO in a 5:1 ratio. Results showing 

change in chemical shift upon addition of 1 and 2 equivalents of pyridine in an attempt to displace the 

phosphine. All spectra are recorded in C6H6 and referenced to the residual solvent peak in 1H NMR, 

corrected for 31P. 31P {1H} NMR (121 MHz, C6H6). 
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Figure S5. Gutmann-Beckett results of Lewis acids combined with Me3PS in a 5:1 ratio. Results showing 

change in chemical shift upon addition of 1 and 2 equivalents of pyridine in an attempt to displace the 

phosphine. All spectra are recorded in C6H6 and referenced to the residual solvent peak in 1H NMR, 

corrected for 31P. 31P {1H} NMR (121 MHz, C6H6). 
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Figure S6. Gutmann-Beckett result of B(C6F5)3 combined with Et3PO in a 5:1 ratio. Spectrum is recorded in 

C6H6 and referenced to the residual solvent peak in 1H NMR, corrected for 31P. 31P {1H} NMR (121 MHz, 

C6H6). 
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Figure S7. Gutmann-Beckett result of B(C6F5)3 combined with Me3PS in a 5:1 ratio. Spectrum is recorded 

in C6H6 and referenced to the residual solvent peak in 1H NMR, corrected for 31P. 31P {1H} NMR (121 MHz, 

C6H6). 
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Figure S8. Gutmann-Beckett results of 3b combined with Et3PO while varying the amount of Lewis acid. 

All spectra are recorded in toluene and referenced to an internal standard of the phosphine in a sealed 

capillary. A shows stacked spectra while B is a plot of chemical shifts showing trend. 31P {1H} NMR (121 

MHz, C6H6). 

 

Figure S9. Gutmann-Beckett results of 3b combined with Me3PS while varying the amount of Lewis acid. 

All spectra are recorded in toluene and referenced to an internal standard of the phosphine in a sealed 

capillary. A shows stacked spectra while B is a plot of chemical shifts showing trend. 31P {1H} NMR (121 

MHz, C6H6). 
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Figure S10. Gutmann-Beckett results of 3b combined with Et3PS while varying the amount of Lewis acid. 

All spectra are recorded in toluene and referenced to an internal standard of the phosphine in a sealed 

capillary. A shows stacked spectra while B is a plot of chemical shifts showing trend. 31P {1H} NMR (121 

MHz, C6H6). 

 

Figure S11. Gutmann-Beckett results of 3c combined with Et3PO while varying the amount of Lewis acid. 

All spectra are recorded in toluene and referenced to an internal standard of the phosphine in a sealed 

capillary. A shows stacked spectra while B is a plot of chemical shifts showing trend. 31P {1H} NMR (121 

MHz, C6H6). 
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Figure S12. Gutmann-Beckett results of 3c combined with Me3PS while varying the amount of Lewis acid. 

All spectra are recorded in toluene and referenced to an internal standard of the phosphine in a sealed 

capillary. A shows stacked spectra while B is a plot of chemical shifts showing trend. 31P {1H} NMR (121 

MHz, C6H6). 

 

Figure S13. Gutmann-Beckett results of 3c combined with Et3PS while varying the amount of Lewis acid. 

All spectra are recorded in toluene and referenced to an internal standard of the phosphine in a sealed 

capillary. A shows stacked spectra while B is a plot of chemical shifts showing trend. 31P {1H} NMR (121 

MHz, C6H6). 
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Figure S14. Gutmann-Beckett results of 3d combined with Et3PO while varying the amount of Lewis acid. 

All spectra are recorded in toluene and referenced to an internal standard of the phosphine in a sealed 

capillary. A shows stacked spectra while B is a plot of chemical shifts showing trend. 31P {1H} NMR (121 

MHz, C6H6). 

 

Figure S15. Gutmann-Beckett results of 3d combined with Me3PS while varying the amount of Lewis acid. 

All spectra are recorded in toluene and referenced to an internal standard of the phosphine in a sealed 

capillary. A shows stacked spectra while B is a plot of chemical shifts showing trend. 31P {1H} NMR (121 

MHz, C6H6).  
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Figure S16. Gutmann-Beckett results of 3d combined with Et3PS while varying the amount of Lewis acid. 

All spectra are recorded in toluene and referenced to an internal standard of the phosphine in a sealed 

capillary. A shows stacked spectra while B is a plot of chemical shifts showing trend. 31P {1H} NMR (121 

MHz, C6H6). 

DOSY NMR Data  
 

Table S1. Monomer-dimer solution phase analysis by DOSY NMR 

Compound 
(conc) 

Diffusion coefficient (D, 
m2s-1) 

Molecular weight (g mol-1)a Theoretical molecular 
weight (g mol-1) 

3b (0.01 M) 6.01 × 10-10 712 707.37 

3c (0.01 M) 5.85 × 10-10 750 875.69 

3d (0.01 M) 5.84 × 10-10 752 769.69 

3d (0.05 M) 5.16 × 10-10 945 769.69 
aConversions to molecular weight were done using Grubbs’ DOSY calibration curve.  
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Figure S17. DOSY report for 3b (0.01 M).   
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Figure S18. DOSY report for 3c (0.01 M). 
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Figure S19. DOSY report for 3d (0.01 M).  
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Figure S20. DOSY report for 3d (0.05 M).  
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Calculated Fluoride Ion affinities 
 

Table S2. Calculated FIAs  

Compound FIA (kJ/mol) 

3a 304 

3b 336 

3c 327 

3d 378 

3e 395 

BiCl3 333 

BPh3 324 

B(C6F5)3 440 

 

 

 

Table S3. Reaction Energies of Various Compounds with 1 and 2 Equivalents of Me3PO and Me3PS, all 
values are given in kJ/mol  

BiCl3 BPh3 BCF 3a 3b 3c 3d 3e 

Me3PO -22.0 -71.6 -123.8 -84.1 -90.4 -62.8 -111.2 -118.6 

ΔEint Me3PO -23.4 -188.2 -246.6 -93.8 -100.6 -100.3 -133.5 -158.4 

Me3PS -17.2 -36.4 -50.2 -74.2 -78.9 -38.1 -88.4 -103 

ΔEint Me3PS -18.3 -131.7 -171.5 -79.9 -85.4 -82 -114.7 -124.2 

2 Me3PO 
   

-183.1 -193.8 -105.8 -255.1 -205.6 

2 Me3PS 
   

-143.5 -159.6 -94.3 -176.9 -195.7 
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Percent Buried Volume Calculations 
 

Table S4. Percent buried volume calculations for 3b-d.  

Complex Vburied  

3b 55.1% 

 

3c 70.2% 

 

3d (Anti conformation) 77.3%  

 

3d (Syn conformation 61.7%  
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Computational Data:  

 

 

Figure S21. Optimized Structure of 3a at the PBE1PBE/def2-TZVP level.  
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Figure S22. Optimized Structure of 3b at the PBE1PBE/def2-TZVP level.  
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Figure S23. Optimized Structure of 3c at the PBE1PBE/def2-TZVP level.  
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Figure S24. Optimized Structure of 3d at the PBE1PBE/def2-TZVP level.  
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Figure S25. Optimized Structure of 3e at the PBE1PBE/def2-TZVP level.  

 

Reference for Gaussian: Gaussian 16, Revision A.02, M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. 

Scuseria, M. A. Robb, J. R. Cheeseman, G. Scalmani, V. Barone, G. A. Petersson, H. Nakatsuji, X. Li, M. 

Caricato, A. Marenich, J. Bloino, B. G. Janesko, R. Gomperts, B. Mennucci, H. P. Hratchian, J. V. Ortiz, A. F. 

Izmaylov, J. L. Sonnenberg, D. Williams-Young, F. Ding, F. Lipparini, F. Egidi, J. Goings, B. Peng, A. Petrone, 

T. Henderson, D. Ranasinghe, V. G. Zakrzewski, J. Gao, N. Rega, G. Zheng, W. Liang, M. Hada, M. Ehara, K. 

Toyota, R. Fukuda, J. Hasegawa, M. Ishida, T. Nakajima, Y. Honda, O. Kitao, H. Nakai, T. Vreven, K. Throssell, 

J. A. Montgomery, Jr., J. E. Peralta, F. Ogliaro, M. Bearpark, J. J. Heyd, E. Brothers, K. N. Kudin, V. N. 

Staroverov, T. Keith, R. Kobayashi, J. Normand, K. Raghavachari, A. Rendell, J. C. Burant, S. S. Iyengar, J. 

Tomasi, M. Cossi, J. M. Millam, M. Klene, C. Adamo, R. Cammi, J. W. Ochterski, R. L. Martin, K. Morokuma, 

O. Farkas, J. B. Foresman, and D. J. Fox, Gaussian, Inc., Wallingford CT, 2016. 
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Characterization Data: 

 

Figure S26. 1H-NMR (500 MHz, CDCl3) of L1 
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Figure S27. 13C {1H} NMR (126 MHz, CDCl3) of L1 
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Figure S28. Infrared spectrum of L1 

 

Figure S29. Mass spectrum of L1 
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Figure S30. UV-Vis absorption spectrum of L1 
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Figure S31. 1H NMR (500 MHz, CDCl3) of L2 
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Figure S32. 13C {1H} NMR (126 MHz, CDCl3) of L2 
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Figure S33. Mass spectrum of L2 
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Figure S34. 1H NMR (500 MHz, C6D6) of 1b 



36 
 

 

Figure S35. 13C {1H} NMR (126 MHz, C6D6) of 1b 



37 
 

 

Figure S36. 1H NMR (300 MHz, C6D6) of 1c 
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Figure S37. 13C {1H} NMR (75 MHz, C6D6) of 1c 
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Figure S38. Mass spectrum of 1c 
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Figure S39. 1H NMR (500 MHz, CDCl3) of 1e 
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Figure S40. 13C {1H} NMR (126 MHz, CDCl3) of 1e 
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Figure S41. Mass spectrum of 1e 
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Figure S42. 1H NMR (300 MHz, C6D6) of 3b 
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Figure S43. 13C {1H} NMR (75 MHz, C6D6) of 3b 
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Figure S44. Infrared spectrum of 3b 

 

Figure S45. Mass spectrum of 3b 
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Figure S46. 1H NMR (500 MHz, C6D6) of 2b 
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Figure S47. 13C {1H} NMR (126 MHz, C6D6) of 2b 
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Figure S48. 1H NMR (300 MHz, C6D6) of 3c 



49 
 

 

Figure S49. 13C {1H} NMR (75 MHz, C6D6) of 3c 
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Figure S50. Infrared spectrum of 3c 

 

Figure S51. Mass spectrum of 3c 
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Figure S52. 1H NMR (500 MHz, C6D6) of 2d 
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Figure S53. 13C {1H} NMR (126 MHz, C6D6) of 2d 
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Figure S54. Infrared spectrum of 2d 
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Figure S55. UV-Vis absorption spectrum of 2d 
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Figure S56. 1H NMR (500 MHz, C6D6) of 3d 
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Figure S57. 13C {1H} NMR (126 MHz, C6D6) of 3d 
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Figure S58. Infrared spectrum of 3d 

 

Figure S59. Mass spectrum of 3d 
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Figure S60. 1H NMR (500 MHz, CD3CN) of 3e 
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Figure S61. 13C {1H} NMR (126 MHz, CD3CN) of 3e 
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Figure S62. 1H NMR (300 MHz, CD3CN) of 3e; attempting to improve signal by heating in NMR probe. Top 

spectrum = 340 K; bottom spectrum = 300 K.  
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Figure S63. 1H NMR (300 MHz, C6D6) of 3e; attempting to improve signal by heating in NMR probe. Top 

spectrum = 340 K; bottom spectrum = 300 K. Note extreme broadening observed in non-coordinating 

solvent.  
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Figure S64. Infrared spectrum of 3e 

 

Figure S65. Mass spectrum of 3e 



63 
 

Polymerization Data: 
1H-NMR 

 

Figure S66. 1H NMR (300 MHz, C6H6) of ε-caprolactone polymerization in C6H6. Chemical shifts are 

uncorrected; peak further downfield corresponds to polycaprolactone while further upfield corresponds 

to the monomer. Conditions: 3a catalyst, 0.02 mol % loading, benzene, 80 ºC, 15.5 hours.  
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Figure S67. 1H NMR (300 MHz, C6H6) of ε-caprolactone polymerization in C6H6. Chemical shifts are 

uncorrected; peak further downfield corresponds to polycaprolactone while further upfield corresponds 

to the monomer. Conditions: 3b catalyst, 0.02 mol % loading, benzene, 80 ºC, 20 hours. 
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Figure S68. 1H NMR (300 MHz, C6H6) of ε-caprolactone polymerization in C6H6. Chemical shifts are 

uncorrected; peak further downfield corresponds to polycaprolactone while further upfield corresponds 

to the monomer. Conditions: 3b catalyst, 0.1 mol % loading, benzene, 80 ºC, 19 hours. 
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Figure S69. 1H NMR (300 MHz, C6H6) of ε-caprolactone polymerization in C6H6. Chemical shifts are 

uncorrected; peak further downfield corresponds to polycaprolactone while further upfield corresponds 

to the monomer. Conditions: 3c catalyst, 0.1 mol % loading, benzene, 80 ºC, 15 hours. 
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Figure S70. 1H NMR (300 MHz, C6H6) of ε-caprolactone polymerization in o-DCB. Chemical shifts are 

uncorrected; peak further upfield corresponds to polycaprolactone while further downfield corresponds 

to the monomer (a different reference peak was chosen for this experiment due to better peak separation 

in o-DCB). Conditions: 3b catalyst, 0.02 mol % loading, ortho-dichlorobenzene, 120 ºC, 6 hours. 
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Figure S71. 1H NMR (300 MHz, C6H6) of ε-caprolactone polymerization in C6H6. Chemical shifts are 

uncorrected; peak further downfield corresponds to polycaprolactone while further upfield corresponds 

to the monomer. Conditions: 3d catalyst, 0.1 mol % loading, benzene, 80 ºC, 16 hours. 
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Figure S72. 1H NMR (300 MHz, C6H6) of ε-caprolactone polymerization in C6H6. Chemical shifts are 

uncorrected; peak further downfield corresponds to polycaprolactone while further upfield corresponds 

to the monomer. Conditions: 3b catalyst, 1 mol % loading, benzene, 80 ºC, 16 hours.  



70 
 

 

Figure S73. 1H NMR (300 MHz, C6H6) of ε-caprolactone polymerization in C6H6. Chemical shifts are 

uncorrected; peak further downfield corresponds to polycaprolactone while further upfield corresponds 

to the monomer. Conditions: 3b catalyst, 100:1 monomer:I, benzene, 80 ºC, 40 hours.  
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Figure S74. 1H NMR (300 MHz, C6H6) of ε-caprolactone polymerization in C6H6. Chemical shifts are 

uncorrected; peak further downfield corresponds to polycaprolactone while further upfield corresponds 

to the monomer. Conditions: 3b catalyst, 200:1 monomer:I, benzene, 80 ºC, 16 hours.  
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Figure S75. 1H NMR (300 MHz, C6H6) of ε-caprolactone polymerization in C6H6. Chemical shifts are 

uncorrected; peak further downfield corresponds to polycaprolactone while further upfield corresponds 

to the monomer. Conditions: 3b catalyst, 500:1 monomer:I, benzene, 80 ºC, 16 hours.  
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Figure S76. 1H NMR (300 MHz, C6H6) of ε-caprolactone polymerization in C6H6. Chemical shifts are 

uncorrected; peak further downfield corresponds to polycaprolactone while further upfield corresponds 

to the monomer. Conditions: 3b catalyst, 1000:1 monomer:I, benzene, 80 ºC, 16 hours.  
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Figure S77. 1H NMR (300 MHz, C6H6) of ε-caprolactone polymerization in C6H6. Chemical shifts are 

uncorrected; peak further downfield corresponds to polycaprolactone while further upfield corresponds 

to the monomer. One equivalent of γ-caprolactone was added to compete for coordination. Note 

dramatically reduced TON (62 vs 4000 without γ-caprolactone). Conditions: 3b catalyst, 0.02 mol % 

loading, benzene, 80 ºC, 20 hours. 
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Figure S78. 1H NMR (300 MHz, C6H6) of rac-lactide polymerization in C6H6. Chemical shifts are uncorrected; 

spectra of isolated polylactide. Conditions: 3b catalyst, 0.05 mol % loading, neat, 120 ºC, 18 hours. 
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Figure S79. 1H NMR (300 MHz, C6H6) of rac-lactide polymerization in o-DCB. Chemical shifts are 

uncorrected; peak further downfield corresponds to polylactic acid, while peak further upfield 

corresponds to lactide. Conditions: 3b catalyst, 0.1 mol % loading, o-DCB, 80 ºC, 12 hours. 



77 
 

 

Figure S80. 1H NMR (300 MHz, C6H6) of rac-lactide polymerization in o-DCB. Chemical shifts are 

uncorrected; peak further downfield corresponds to polylactic acid, while peak further upfield 

corresponds to lactide. Conditions: 3b catalyst, 0.05 mol % loading, o-DCB, 80 ºC, 12 hours. 
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Figure S81. 1H NMR (300 MHz, C6H6) of rac-lactide polymerization in C6H6. Chemical shifts are uncorrected; 

peak further downfield corresponds to polylactic acid, while peak further upfield corresponds to lactide. 

Conditions: 3b catalyst, 0.02 mol % loading, C6H6, 80 ºC, 16 hours. 
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Figure S82. 1H NMR (300 MHz, C6H6) of rac-lactide polymerization in C6H6. Chemical shifts are uncorrected; 

peak further downfield corresponds to polylactic acid, while peak further upfield corresponds to lactide. 

Conditions: 3b catalyst, 0.05 mol % loading, C6H6, 80 ºC, 40 hours. 
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Figure S83. 1H NMR (300 MHz, C6H6) of rac-lactide polymerization in C6H6. Chemical shifts are uncorrected; 

peak further downfield corresponds to polylactic acid, while peak further upfield corresponds to lactide. 

Conditions: 3d catalyst, 0.05 mol % loading, C6H6, 80 ºC, 40 hours. 
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Figure S84. 1H NMR (300 MHz, C6H6) of rac-lactide polymerization in C6H6. Chemical shifts are uncorrected; 

peak further downfield corresponds to polylactic acid, while peak further upfield corresponds to lactide. 

Conditions: 3c catalyst, 0.05 mol % loading, C6H6, 80 ºC, 40 hours. 
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Figure S85. 1H NMR (300 MHz, C6H6) of rac-lactide polymerization in C6H6. Chemical shifts are uncorrected; 

peak further downfield corresponds to polylactic acid, while peak further upfield corresponds to lactide. 

Conditions: 3a catalyst, 0.05 mol % loading, C6H6, 80 ºC, 40 hours. 
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Figure S86. 1H NMR (300 MHz, C6H6) of rac-lactide polymerization in C6H6. Chemical shifts are uncorrected; 

peak further downfield corresponds to polylactic acid, while peak further upfield corresponds to lactide. 

Conditions: 3a catalyst, 100:1 monomer:I, C6H6, 80 ºC, 16 hours. 
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Figure S87. 1H NMR (300 MHz, C6H6) of rac-lactide polymerization in C6H6. Chemical shifts are uncorrected; 

peak further downfield corresponds to polylactic acid, while peak further upfield corresponds to lactide. 

Conditions: 3a catalyst, 200:1 monomer:I, C6H6, 80 ºC, 16 hours. 
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Figure S88. 1H NMR (300 MHz, C6H6) of rac-lactide polymerization in C6H6. Chemical shifts are uncorrected; 

peak further downfield corresponds to polylactic acid, while peak further upfield corresponds to lactide. 

Conditions: 3a catalyst, 500:1 monomer:I, C6H6, 80 ºC, 16 hours. 
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Figure S89. 1H NMR (300 MHz, C6H6) of rac-lactide polymerization in C6H6. Chemical shifts are uncorrected; 

peak further downfield corresponds to polylactic acid, while peak further upfield corresponds to lactide. 

Conditions: 3a catalyst, 1000:1 monomer:I, C6H6, 80 ºC, 16 hours. 
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Figure S90. Kinetic study of polymerization completion versus time for ε-caprolactone polymerization. 

Percent completion was measured by integration in 1H NMR, recording spectra every hour when possible. 

Conditions: 3b catalyst, 0.1 mol % loading, benzene, 80 ºC.  
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Gel Permeation Chromatography Traces  
 

 

Figure S91: Gel permeation chromatogram (light scattering, refractive index, and viscometry traces) for 

polycaprolactone (Table 2, entry 1), Mn = 62.85 kDa and Đ = 1.31.  
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Figure S92: Gel permeation chromatogram (refractive index and viscometry traces) for polycaprolactone 

(Table 2, entry 2), Mn = 232.6 kDa and Đ = 1.15.  
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Figure S93: Gel permeation chromatogram (light scattering, refractive index, and viscometry traces) for 

polycaprolactone (Table 2, entry 3; Figure 8), Mn of 289.6 kDa, Đ 1.09.  
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Figure S94: Gel permeation chromatogram (refractive index and viscometry traces) for polycaprolactone 

(Table 2, entry 4), Mn of 177.7 kDa, Đ 1.17.  
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Figure S95: Gel permeation chromatogram (light scattering, refractive index, and viscometry traces) for 

polycaprolactone (Table 2, entry 5), Mn of 99.24 kDa, Đ 1.33.  
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Figure S96: Gel permeation chromatogram (light scattering, refractive index, and viscometry traces) for 

polycaprolactone (Figure 8), Mn of 12.63 kDa, Đ 1.48.  
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Figure S97: Gel permeation chromatogram (light scattering, refractive index, and viscometry traces) for 

polycaprolactone (Figure 8), Mn of 18.67 kDa, Đ 2.45.  
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Figure S98: Gel permeation chromatogram (light scattering, refractive index, and viscometry traces) for 

polycaprolactone (Figure 8), Mn of 48.59 kDa, Đ 1.59.  
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Figure S99: Gel permeation chromatogram (light scattering, refractive index, and viscometry traces) for 

polycaprolactone (Figure 8), Mn of 84.42 kDa, Đ 1.44.  
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Figure S100: Gel permeation chromatogram (light scattering, refractive index and viscometry traces) for 

polycaprolactone (Table 2, entry 6), Mn 82.31 kDa, Đ 1.37.  
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Figure S101: Gel permeation chromatogram (light scattering, refractive index and viscometry traces) for 

polylactide (Table 2, entry 8) Mn of 176.2 kDa, Đ 1.31. 
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Figure S102: Gel permeation chromatogram (light scattering, refractive index and viscometry traces) for 

polylactide (Table 2, entry 9) Mn of 105.9 kDa, Đ 1.44. 
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Figure S103: Gel permeation chromatogram (light scattering, refractive index and viscometry traces) for 

polylactide (Table 2, entry 8) Mn of 55.43 kDa, Đ 1.15. 

 

 

 

 

 

 



101 
 

 

Figure S104: Gel permeation chromatogram (light scattering, refractive index and viscometry traces) for 

polylactide (Table 2, entry 11) Mn of 118.2 kDa, Đ 1.31. 
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Figure S105: Gel permeation chromatogram (light scattering, refractive index and viscometry traces) for 

polylactide (Table 2, entry 12; Figure 8) Mn of 228.9 kDa, Đ 2.2. 
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Figure S106: Gel permeation chromatogram (light scattering, refractive index and viscometry traces) for 

polylactide (Table 2, entry 13) Mn of 84.91 kDa, Đ 1.54. 



104 
 

 

Figure S107: Gel permeation chromatogram (light scattering, refractive index and viscometry traces) for 

polylactide (Table 2, entry 14) Mn of 31.33 kDa, Đ 1.14. 
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Figure S108: Gel permeation chromatogram (light scattering, refractive index and viscometry traces) for 

polylactide (Figure 8) Mn of 21.11 kDa, Đ 1.16. 
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Figure S109: Gel permeation chromatogram (light scattering, refractive index and viscometry traces) for 

polylactide (Figure 8) Mn of 29.51 kDa, Đ 1.37. 



107 
 

 

Figure S110: Gel permeation chromatogram (light scattering, refractive index and viscometry traces) for 

polylactide (Figure 8) Mn of 41.87 kDa, Đ 1.50. 
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Figure S111: Gel permeation chromatogram (light scattering, refractive index and viscometry traces) for 

polylactide (Figure 8) Mn of 72.85 kDa, Đ 1.51. 

 

 

 

 

 

 

 

 

 

 



109 
 

MALDI-TOF Mass Spectrometry  

 

 

Figure S112: MALDI-TOF mass spectrum of polycaprolactone oligomer (Table 2, entry 9).  
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1872.63 𝑚 𝑧⁄

114.14 𝑚 𝑧⁄ (PCL)
= 16.406, if n = 16 then end groups = 0.406(114.14 𝑚 𝑧⁄ ) = 46.3 𝑚 𝑧⁄  

 

If n = 15, then end groups = 1.406(114.14 𝑚 𝑧⁄ ) =  160.5 𝑚 𝑧⁄  

 

160.5 𝑚 𝑧⁄  ≈ 160.4 𝑚 𝑧⁄  (N(Me3Si)2 + 1.01 𝑚 𝑧⁄  (H+) 

 
Figure S113: Expansion of MALDI-TOF mass spectrum of polycaprolactone oligomer in the region of m/z 

1560 to 1960. Masses correspond to polycaprolactone with degrees of polymerization of 13, 14 and 15 

and having (Me3Si)2N and H end groups. Shown below is structure of polycaprolactone oligomer based 

on MALDI-TOF mass spectrum and calculation of m/z of potential end groups. 
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Figure S114: Further expansion of MALDI-TOF mass spectrum of polycaprolactone oligomer of m/z 

1872.63 corresponding to a degree of polymerization of 15 caprolactone units (bottom) and predicted 

isotope pattern for polycaprolactone having (Me3Si)2N and H end groups, (Me3Si)2N-(C6H10O2)15-H (top).  
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Figure S115: (A) MALDI-TOF mass spectrum produced by 3b ε-caprolactone polymerization. (B) 

Expanded mass region (m/z 3060 – 3360, degree of polymerization 27, 28, 29) of the spectrum showing 

multiple mass distributions for the produced PCL. C) Structure of polycaprolactone oligomer based on 

MALDI-TOF mass spectrum with general end groups ( and ) and calculation of m/z of potential end 

groups. 

  

 

C)                                                                  
3196.48 𝑚 𝑧⁄

114.14 𝑚 𝑧⁄  (PCL)
= 28.004, if n = 28 then α + ω = 0.004(114.14 m 𝑧⁄ ) = 0.5 𝑚 𝑧⁄  

if n = 27 then α + ω = 1.004(114.14 𝑚 𝑧⁄ ) =  114.6 𝑚 𝑧⁄  

if n = 26 then α + ω = 2.004(114.14 𝑚 𝑧⁄ ) =  228.8 𝑚 𝑧⁄  

if n = 25 then α + ω = 3.004(114.14 𝑚 𝑧⁄ ) =  342.9 𝑚 𝑧⁄  

if n = 24 then α + ω = 4.004(114.14 𝑚 𝑧⁄ ) =  457.0 𝑚 𝑧⁄   
if n = 23 then α + ω = 5.004(114.14 𝑚 𝑧⁄ ) =  571.2 𝑚 𝑧⁄    

(A) 

(B) 
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Alternate X-Ray Crystal Structure Images 

 

Figure S116. Alternate views of the molecular structure of 2d. Ellipsoids have been drawn at the 50% 

probability level. Hydrogen atoms and solvent molecules have been removed for clarity. The Trip group 

has been shown in wireframe mode for clarity. Purple = bismuth, blue = nitrogen, red = oxygen, light 

yellow = silicon, yellow = sulfur, brown = bromine 
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Figure S117. Alternate views of the molecular structure of 3a. Ellipsoids have been drawn at the 50% 

probability level. Hydrogen atoms and solvent molecules have been removed for clarity. Purple = 

bismuth, blue = nitrogen, red = oxygen, light yellow = silicon, yellow = sulfur, brown = bromine 

 

Figure S118. Alternate views of the molecular structure of 3b. Ellipsoids have been drawn at the 50% 

probability level. Hydrogen atoms and solvent molecules have been removed for clarity. Purple = 

bismuth, blue = nitrogen, red = oxygen, light yellow = silicon, yellow = sulfur, brown = bromine 
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Figure S119. Alternate views of the molecular structure of 3c. Structure shown in the ball and stick 

model. Hydrogen atoms and solvent molecules have been removed for clarity. Purple = bismuth, blue = 

nitrogen, red = oxygen, light yellow = silicon, yellow = sulfur, brown = bromine 

 

Figure S120. Alternate views of the molecular structure of 3d. Ellipsoids have been drawn at the 50% 

probability level. Hydrogen atoms and solvent molecules have been removed for clarity. The Trip group 

has been shown in wireframe mode for clarity. Purple = bismuth, blue = nitrogen, red = oxygen, light 

yellow = silicon, yellow = sulfur, brown = bromine 
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Figure S121. Alternate views of the molecular structure of 3e-py. Ellipsoids have been drawn at the 50% 

probability level. Hydrogen atoms and solvent molecules have been removed for clarity. The Trip group 

has been shown in wireframe mode for clarity. Purple = bismuth, blue = nitrogen, red = oxygen, light 

yellow = silicon, yellow = sulfur, brown = bromine 
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