
 S1 

Supplementary Information 
 

TEMPO-Promoted	 Thioacid–Amine	 Coupling	 for	
Peptide	Synthesis		
 
Surya	Pratap	Singh†a,	Upasana	Chatterjee†a,	Daniel	T.	Glatzhofera	and	Indrajeet	Sharma*a	
aDepartment	of	Chemistry	and	Biochemistry,	University	of	Oklahoma,	101	Stephenson	Parkway,	Norman,	Oklahoma	
73019-	5251,	United	States	

*Correspondence to: isharma@ou.edu 
 
 
 

Content 

Table of contents           S1 

Materials and methods          S2 

List of synthesized thioacids         S3 

General procedure for TEMPO-mediated thioacid-amine coupling    S3 

Optimization of the reaction conditions        S3 

Substrate scope of this methodology        S4 

Synthesis of tripeptides          S9 

Mechanistic studies           S11 

Physical observations of the reaction mixtures       S13 

UV-Visible studies of the starting materials and reaction mixtures    S14 

Cyclic voltammetry study for thioacetate and TEMPO      S15 

Plausible, detailed mechanistic pathway(s)       S16 

Computational Studies          S18 

XYZ Coordinates and Frequencies        S20 

References            S29 

Copies of NMR spectra          S32 
 
 

Supplementary Information (SI) for New Journal of Chemistry.
This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2026



 S2 

Materials and methods  

Reagents:  
Reagents and solvents were obtained from Sigma-Aldrich (www.sigma-aldrich.com), Chem-Impex 
(www.chemimpex.com) or Acros Organics (www.fishersci.com) and used without further purification 
unless otherwise indicated. Dry solvents (acetonitrile) were obtained from Acros Organics 
(www.fishersci.com), and dichloromethane was distilled over CaH2 under N2 unless otherwise indicated. 
THF purchased from Sigma-Aldrich was distilled over Na metal with benzophenone indicator. Toluene 
was obtained from Sigma-Aldrich.  

Reactions:  
All reactions were performed in flame-dried glassware under positive N2 pressure with magnetic stirring 
unless otherwise noted. Liquid reagents and solutions were transferred through rubber septa via syringes 
flushed with N2 before use. Cold baths were generated as follows: 0 °C with wet ice/water and -78 °C 
with dry ice/acetone.  

Chromatography:  
TLC was performed on 0.25 mm E. Merck silica gel 60 F254 plates and visualized under UV light (254 
nm) or by staining with potassium permanganate (KMnO4), cerium ammonium molybdate (CAM), 
phosphomolybdic acid (PMA), and ninhydrin. Silica flash chromatography was performed on Sorbtech 
230–400 mesh silica gel 60.  

Analytical Instrumentation:  
NMR spectra were recorded on a Varian VNMRS 400 and 500 MHz NMR spectrometer in CDCl3 unless 
otherwise indicated. Chemical shifts are expressed in ppm relative to solvent signals: CDCl3 (1H, 7.26 
ppm, 13C, 77.0 ppm); coupling constants are expressed in Hz. NMR spectra were processed using Mnova 
(www.mestrelab.com/software/mnova-nmr). Mass spectra were obtained at the OU Analytical Core 
Facility on an Agilent 6538 High-Mass-Resolution QTOF Mass Spectrometer and an Agilent 1290 UPLC.  

Nomenclature:  
N.B.: Atom numbers shown in chemical structures herein correspond to IUPAC nomenclature, which was 
used to name each compound. 
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List of thioacids used in TEMPO-promoted peptide bond formation:  
 

 
Figure S1: List of thioacids screened in this study. 

All the above-stated thioacids (2a1,2, 2b2, 2c3, 2d4, 2e5, 6, 2f6, 2g7, 2h8, and 2i9) were synthesized using 
the known synthetic procedures in the literature, as stated below.  

General Procedure for the synthesis of peptides using thioacid and amines: 

 
Figure S2: General scheme for the synthesis of peptides 

 
In an oven-dried vial equipped with a stir bar, amino acid methyl ester hydrochloride salt (0.1 mmol) was 
combined with thioacid (0.1 mmol, 1.0 equiv.), TEMPO (1.0 equiv.), K2CO3 (1.0 equiv.) was dissolved in 
CH3CN (0.1M). The mixture was stirred at room temperature for 6h - 8h. The reaction was monitored 
with thin-layer chromatography. The reaction mixture was diluted with ethyl acetate and washed with 
brine. The organic layer was combined, dried over Na2SO4, and evaporated to dryness. The crude was 
purified with column chromatography (EtOAc: Hexane) to afford the dipeptides and tripeptides. 

Optimization of the reaction conditions: 
We initiated our studies using L-alanine methyl ester hydrochloride (1a) as a model amine and Z-L-

Ala-SH (2a) as a model thioacid. To neutralize the amine hydrochloride salt, we employed K₂CO₃ as a 
base and screened TEMPO as an oxidant in acetonitrile. The reaction proceeded efficiently, delivering 
the desired peptide (3) in good yield within 6 hours (entry 1). Next, we evaluated DDQ as an alternative 
oxidant, which did lead to product formation, albeit in significantly lower yield (entry 2). Following this, we 
screened molecular oxygen (20 psi) as an oxidant, leading to peptide formation with poor yields (entry 
3), confirming TEMPO as the best oxidant. We also tested diisopropylethylamine (DIPEA) as an organic 
base (entry 4), which yielded a good result, although K₂CO₃ remained superior in terms of efficiency and 
reproducibility. Having optimized the oxidant and base, we turned our attention to solvents. In pursuit of 
greener and industrially viable conditions, we screened methanol (entry 5) and ethanol (entry 6), both of 
which afforded the product in good yields. However, when we tested tetrahydrofuran (THF), a 
coordinating and basic solvent (entry 7), and toluene, an aromatic solvent (entry 8), we observed only 
trace amounts of product, indicating incompatibility. Since biological peptide construction typically occurs 
in aqueous media, we also explored aqueous solvent systems (entries 9-13). Acetonitrile containing up 
to 30% water supported product formation in reasonable yields but increasing the water content to 40% 
and 50% drastically reduced the yield to trace levels. To further improve productivity, we increased the 
loading of thioacid to 1.5 equivalents (entry 14), and significant yield improvement was observed. We 
also performed reactions in the dark (entry 15) and in the presence of 440 nm blue light (entry 16). 
However, the outcome was unaffected and produced identical results. In summary, the optimized 
conditions involve using TEMPO as the oxidant, K₂CO₃ as the base, CH₃CN as the solvent, and 1.0–1.5 
equivalents of the thioacid; equimolar amounts were preferred for scope exploration. 
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Table S1: Optimization of the reaction conditions for TEMPO-mediated peptide bond formation.a 

 
aAll reactions were conducted with amine 1 (0.1 mmol, 1.0 equiv.), thioacid 2 (1.0 equiv.), additive (1.0 
equiv.), and solvent (1.0 mL, 0.1 M). bYields were calculated by analyzing 1H-NMR of crude sample with 
1,3,5-trimethoxybenzene as an internal standard. cIsolated yield. d1.5 equiv. thioacid was added. 
eReaction was performed in the dark. fReaction was irradiated with 440 nm blue light. 

Substrate scope of this methodology 

Synthesis of Z-D-Ala-SH (2b) 
Following the literature-known procedure2, thioacid (2b) was synthesized as a viscous liquid. 

1H NMR (500 MHz, CDCl3) δ 7.36 (s, 5H), 5.36 (d, J = 8.1 Hz, 1H), 5.14 (s, 2H), 
4.49 – 4.34 (m, 1H), 1.41 (d, J = 7.3 Hz, 3H). 

13C NMR (500 MHz, CDCl3) δ 200.4, 155.7, 136.0, 128.7, 128.5, 128.3, 67.4, 
57.7, 18.2. 
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peptide, 3

entry additive base solvent time 3, yield%b

1. TEMPO K2CO3 CH3CN 6 h 65(60)c

2. DDQ K2CO3 CH3CN 6 h 50

3. O2 (15 psi) K2CO3 CH3CN 24 h 19

4. TEMPO DIPEA CH3CN 6 h 58

5. TEMPO K2CO3 MeOH 24 h 55

6. TEMPO K2CO3 EtOH 24 h 50

7. TEMPO K2CO3 THF 24 h <10

8. TEMPO K2CO3 toluene 24 h <10

9. TEMPO K2CO3 CH3CN:H2O (9:1) 8 h 50

10. TEMPO K2CO3 CH3CN:H2O (8:2) 9 h 43

11. TEMPO K2CO3 CH3CN:H2O (7:3) 9 h 46

12. TEMPO K2CO3 CH3CN:H2O (6:4) 12 h 33

13. TEMPO K2CO3 CH3CN:H2O (1:1) 15 h <10

14.d TEMPO K2CO3 CH3CN 6 h 80

15.e TEMPO K2CO3 CH3CN 6 h 65

16.f TEMPO K2CO3 CH3CN 6 h 63
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LRMS: calc. for C11H14NO3S (M+H): 240.1; found: 240.2. 

Scope of amino acid methyl esters 

Synthesis of Z-L-Ala-L-Ala-OMe (3) 
With 1.0 equivalent of thioacid: following the general procedure, L-alanine methyl ester hydrochloride salt 
(14.0 mg, 100.0 µmol) was coupled with thioacid 2a (24.0 mg, 100.0 µmol) to afford 3 (20.0 mg, 64.9 
µmol, 65% yield) as a white solid. 
With 1.5 equivalents of thioacid: following the general procedure, L-alanine methyl ester hydrochloride 
salt (14.0 mg, 100.0 µmol) was coupled with thioacid 2a (36.0 mg, 150.0 µmol) to afford 4 (23.6 mg, 80.2 
µmol, 80% yield) as a white solid. 
Rf = 0.4 (EtOAc: Hexane = 1:1). 

Gram Scale synthesis: Following the general procedure, L-alanine methyl 
ester hydrochloride salt (850 mg, 6.09 mmol) was coupled with thioacid 2a 
(1.46 g, 6.09 mmol) to afford 3 (1.31 g, 4.25 mmol, 70% yield) as a white solid. 
Rf = 0.4 (EtOAc: Hexane = 1:1). 

1H NMR (500 MHz, CDCl3) δ 7.38 – 7.30 (m, 5H), 6.50 (s, 1H), 5.36 – 5.28 
(m, 1H), 5.11 (s, 2H), 4.56 (t, J = 7.3 Hz, 1H), 4.26 (t, J = 7.5 Hz, 1H), 3.75 (s, 3H), 1.39 (d, J = 7.1 Hz, 
6H). 

13C NMR (500 MHz, CDCl3) δ 172.7, 170.3, 156.2, 136.2, 128.7, 128.4, 128.2, 67.2, 52.5, 50.5, 41.3, 
18.6. The data are identical to the literature report.10 

Synthesis of Z-L-Ala-Gly-OMe (4) 
With 1.0 equivalent of thioacid: following the general procedure, L-glycine methyl ester hydrochloride salt 
(12.5 mg, 100.0 µmol) was coupled with thioacid 2a (24.0 mg, 100.0 µmol) to afford 4 (18.5 mg, 62.9 
µmol, 63% yield) as a white solid. 
With 1.5 equivalents of thioacid: following the general procedure, L-glycine methyl ester hydrochloride 
salt (12.5 mg, 100.0 µmol) was coupled with thioacid 2a (35.74 mg, 150.0 µmol) to afford 4 (25 mg, 84.9 
µmol, 85% yield) as a white solid. 
Rf = 0.4 (EtOAc: Hexane = 1:1). 

1H NMR (500 MHz, CDCl3) δ 7.38 – 7.28 (m, 5H), 6.70 (s, 1H), 5.42 (d, J = 7.7 
Hz, 1H), 5.11 (q, J = 12.2 Hz, 2H), 4.34 – 4.27 (m, 1H), 4.02 (dd, J = 5.6, 2.8 
Hz, 2H), 3.74 (s, 3H), 1.40 (d, J = 7.1 Hz, 3H). 

13C NMR (500 MHz, CDCl3) δ 172.7, 170.3, 156.2, 136.2, 128.7, 128.4, 128.2, 
67.2, 52.54, 50.5, 41.3, 18.6. The data are identical to the literature report.11 

Synthesis of Z-L-Ala-D-Ala-OMe (5) 
With 1.0 equivalent of thioacid: following the general procedure, D-alanine methyl ester hydrochloride 
salt (14.0 mg, 100.0 µmol) was coupled with thioacid 2a (24.0 mg, 100.0 µmol) to afford 5 (18.5 mg, 62.9 
µmol, 63% yield) as a white solid. 
With 1.5 equivalents of thioacid: following the general procedure, D-alanine methyl ester hydrochloride 
salt (14.0 mg, 100.0 µmol) was coupled with thioacid 2a (36.0 mg, 150.0 µmol) to afford 5 (25.4 mg, 82.4 
µmol, 82% yield) as a white solid. 
Rf = 0.4 (EtOAc: Hexane = 1:1).  

1H NMR (500 MHz, CDCl3) δ 7.39 – 7.30 (m, 5H), 6.57 (s, 1H), 5.26 (s, 1H), 
5.13 (d, J = 3.2 Hz, 2H), 4.56 (p, J = 7.3 Hz, 1H), 4.27 (d, J = 9.8 Hz, 1H), 3.74 
(s, 3H), 1.40 (t, J = 6.1 Hz, 6H). 

13C NMR (500 MHz, CDCl3) δ 173.3, 171.8, 156.1, 136.2, 128.7, 128.4, 128.3, 
67.3, 52.7, 50.6, 48.2, 18.6, 18.4. The data are identical to the literature report.12 
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Synthesis of Z-L-Ala-L-Pro-OMe (6) 
With 1.0 equivalent of thioacid: following the general procedure, L-proline methyl ester hydrochloride salt 
(16.6 mg, 100.0 µmol) was coupled with thioacid 2a (24.0 mg, 100.0 µmol) to afford 6 (22.1 mg, 66.0 
µmol, 66% yield) as a yellow oil.  
With 1.5 equivalents of thioacid: following the general procedure, L-proline methyl ester hydrochloride 
salt (16.6 mg, 100.0 µmol) was coupled with thioacid 2a (38.4 mg, 150.0 µmol) to afford 6 (28.8 mg, 86.2 
µmol, 86% yield) as a white solid. 
Rf = 0.4 (EtOAc: Hexane = 1:1)   

1H NMR (500 MHz, CDCl3) δ 7.36 – 7.28 (m, 5H), 5.68 (d, J = 8.0 Hz, 1H), 5.12 
– 5.04 (m, 2H), 4.52 (dd, J = 8.7, 5.0 Hz, 2H), 3.71 (d, J = 2.0 Hz, 3H), 3.69 – 
3.66 (m, 1H), 3.63 – 3.56 (m, 1H), 2.25 – 2.15 (m, 1H), 2.09 – 1.94 (m, 3H), 
1.41 – 1.35 (m, 3H). 

13C NMR (500 MHz, CDCl3) δ 172.5, 171.4, 155.8, 136.5, 128.6, 128.2, 128.1, 
66.9, 58.8, 52.4, 48.4, 46.9, 29.1, 25.0, 18.5. The data are identical to the literature report.13 

Synthesis of Z-L-Ala-L-Met-OMe (7) 
With 1.0 equivalent of thioacid: following the general procedure, L-methionine methyl ester hydrochloride 
salt (20.0 mg, 100.0 µmol) was coupled with thioacid 2a (24.0 mg, 100.0 µmol) to afford 7 (21.7 mg, 59.0 
µmol, 59% yield) as a white solid. 
With 1.5 equivalents of thioacid: following the general procedure, L-methionine methyl ester 
hydrochloride salt (20.0 mg, 100.0 µmol) was coupled with thioacid 2a (36.0 mg, 150.0 µmol) to afford 7 
(29.2 mg, 79.2 µmol, 79% yield) as a white solid. 
Rf = 0.4 (EtOAc: Hexane = 1:1)  

1H NMR (500 MHz, CDCl3) δ 7.38 – 7.30 (m, 5H), 6.74 – 6.68 (m, 1H), 5.33 (d, 
J = 7.6 Hz, 1H), 5.11 (s, 2H), 4.69 (td, J = 7.6, 5.0 Hz, 1H), 4.27 (s, 1H), 3.75 
(s, 3H), 2.49 (t, J = 7.4 Hz, 2H), 2.17 (dt, J = 14.1, 6.8 Hz, 1H), 2.07 (s, 3H), 
1.99 (dt, J = 14.2, 7.1 Hz, 1H), 1.40 (d, J = 7.0 Hz, 3H). 

13C NMR (500 MHz, CDCl3) δ 172.3, 172.2, 156.1, 136.2, 128.7, 128.4, 128.2, 
52.7, 51.7, 31.5, 30.0, 15.6. The data are identical to the literature report.14   

Synthesis of Z-L-Pro-L-Phe-OMe (8) 
With 1.0 equivalent of thioacid: following the general procedure, L-phenylalanine methyl ester 
hydrochloride salt (21.6 mg, 100.0 µmol) was coupled with thioacid 2d (26.5 mg, 100.0 µmol) to afford 8 
(25.4 mg, 62.0 µmol, 62% yield) as a white  
solid.  
With 1.5 equivalents of thioacid: following the general procedure, L-phenylalanine methyl ester 
hydrochloride salt (21.6 mg, 100.0 µmol) was coupled with thioacid 2d (39.9 mg, 150.0 µmol) to afford 8 
(33.3 mg, 81.1 µmol, 81% yield) as a white solid. 
Rf = 0.4 (EtOAc: Hexane = 1:1). 

1H NMR (500 MHz, CDCl3) δ 7.40 – 7.29 (m, 6H), 7.23 (d, J = 7.2 Hz, 3H), 7.09 – 
7.01 (m, 2H), 5.20 – 5.05 (m, 2H), 4.84 (d, J = 7.1 Hz, 1H), 4.34 (d, J = 7.2 Hz, 
1H), 3.69 (d, J = 36.5 Hz, 3H), 3.49 – 3.30 (m, 2H), 3.22 – 3.08 (m, 1H), 2.99 (dd, 
J = 13.6, 7.2 Hz, 1H), 2.04 (s, 1H), 1.82 (s, 2H), 1.63 (s, 1H). 

13C NMR (500 MHz, CDCl3) δ 172.0, 171.7, 171.3, 156.2, 155.1, 136.5, 136.2, 
129.4, 129.2, 128.7, 128.5, 128.2, 128.1, 127.3, 127.0, 77.4, 77.2, 76.9, 67.5, 60.9, 60.3, 53.3, 52.8, 
52.5, 47.5, 47.0, 38.0, 30.9, 28.0, 24.6, 23.5. The data are identical to the literature report.15 

Synthesis of Z-L-Ala-L-Phe-OMe (9) 
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Following the general procedure, L-phenylalanine methyl ester hydrochloride salt (21.6 mg, 100.0 µmol) 
was coupled with thioacid 2a (24.0 mg, 100.0 µmol) to afford 9 (25.9 mg, 67.3 µmol, 67% yield) as a 
white solid. Rf = 0.4 (EtOAc: Hexane = 1:1).  

1H NMR (500 MHz, CDCl3) δ 7.39 – 7.30 (m, 5H), 7.27 (d, J = 6.9 Hz, 1H), 
7.26 – 7.21 (m, 2H), 7.08 (d, J = 7.1 Hz, 2H), 6.41 (d, J = 7.8 Hz, 1H), 5.21 (d, 
J = 7.4 Hz, 1H), 5.11 (t, J = 10.8 Hz, 2H), 4.85 (q, J = 6.2 Hz, 1H), 4.21 (t, J = 
7.3 Hz, 1H), 3.73 (s, 3H), 3.19 – 3.04 (m, 2H), 1.34 (d, J = 7.0 Hz, 3H) 

13C NMR (500 MHz, CDCl3) δ 171.8, 171.8, 136.3, 135.7, 129.4, 128.7, 128.7, 
128.4, 128.2, 127.3, 67.2, 53.3, 52.6, 50.5, 37.9. The data are identical to the literature report.16 

Synthesis of Z-L-Ala-L-Trp-OMe (10) 
Following the general procedure, L-tryptophan methyl ester hydrochloride salt (25.5 mg, 100.0 µmol) was 
coupled with thioacid 2 (24.0 mg, 100.0 µmol) to afford 10 (22.8 mg, 53.8 µmol, 54% yield) as a yellowish 
white solid. Rf = 0.4 (EtOAc: Hexane = 1:1). 

1H NMR (500 MHz, CDCl3) δ 8.17 (s, 1H), 7.50 (d, J = 7.9 Hz, 1H), 7.33 (dd, J 
= 13.1, 6.8 Hz, 5H), 7.15 (d, J = 7.7 Hz, 1H), 7.08 (t, J = 7.5 Hz, 1H), 6.93 (s, 
1H), 6.63 (d, J = 7.9 Hz, 1H), 5.35 (d, J = 7.9 Hz, 1H), 5.04 (t, J = 14.3 Hz, 2H), 
4.93 – 4.85 (m, 1H), 4.25 (t, J = 7.4 Hz, 1H), 3.66 (s, 3H), 3.29 (d, J = 5.4 Hz, 
2H), 1.29 (dd, J = 18.6, 7.1 Hz, 4H). 

13C NMR (500 MHz, CDCl3) δ 172.2, 172.1, 156, 136.4, 136.2, 128.7, 128.3, 
128.2, 127.6, 123.2, 122.3, 119.7, 118.5, 111.5, 109.6, 67.0, 53.0, 52.6, 50.5, 27.6, 18.7. The data are 
identical to the literature report.17 

Synthesis of Z-L-Ala-L-Leu-OMe (11) 
Following the general procedure, L-leucine methyl ester hydrochloride salt (18.2 mg, 100.0 µmol) was 
coupled with thioacid 2a (24.0 mg, 100.0 µmol) to afford 11 (18.7 mg, 55.5 µmol, 55% yield) as a yellowish 
white solid. Rf = 0.4 (EtOAc: Hexane = 1:1). 

1H NMR (500 MHz, CDCl3) δ 7.38 – 7.28 (m, 5H), 6.57 (d, J = 8.2 Hz, 1H), 5.47 
(d, J = 7.8 Hz, 1H), 5.10 (s, 2H), 4.59 (td, J = 8.7, 4.6 Hz, 1H), 4.30 (p, J = 7.2 
Hz, 1H), 3.72 (s, 3H), 1.62 (t, J = 4.1 Hz, 2H), 1.53 (t, J = 8.5 Hz, 1H), 1.38 (d, 
J = 7.0 Hz, 3H), 0.90 (d, J = 6.0 Hz, 6H). 

13C NMR (500 MHz, CDCl3) δ 173.3, 172.2, 156.0, 136.3, 128.7, 128.3, 128.1, 
67.1, 52.4, 50.8, 50.4, 41.5, 24.9, 22.9, 21.9, 18.7. The data are identical to the literature report.18 

Synthesis of Z-L-Ala-D-Leu-OMe (12) 
Following the general procedure, D-leucine methyl ester hydrochloride salt (18.2 mg, 100.0 µmol) was 
coupled with thioacid 2a (24.0 mg, 100.0 µmol) to afford 12 (19.3 mg, 57.3 µmol, 57% yield) as a yellowish 
white solid. Rf = 0.4 (EtOAc: Hexane = 1:1). 

1H NMR (400 MHz, CDCl3) δ 7.34 (d, J = 4.0 Hz, 5H), 6.72 (d, J = 8.3 Hz, 1H), 
5.51 (d, J = 7.7 Hz, 1H), 5.10 (s, 2H), 4.59 (td, J = 8.7, 4.2 Hz, 1H), 4.32 (q, J 
= 7.5 Hz, 1H), 3.69 (s, 3H), 1.58 (dq, J = 33.7, 8.6 Hz, 3H), 1.38 (d, J = 7.0 Hz, 
3H), 0.91 (d, J = 5.6 Hz, 6H). 

13C NMR (400 MHz, CDCl3) δ 173.4, 172.3, 156.1, 136.3, 128.7, 128.3, 128.1, 
77.5, 77.2, 76.8, 67.1, 52.4, 50.8, 50.5, 41.4, 24.9, 22.9, 21.9, 18.8. The data are identical to the literature 
report.19	

Synthesis of Z-L-Ala-L-Asp-OMe (13) 
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Following the general procedure, L-Aspartic acid, 1,4-dimethyl ester, hydrochloride salt (20.0 mg, 100.0 
µmol) was coupled with thioacid 2a (24.0 mg, 100.0 µmol) to afford 13 (19.4 mg, 52.9 µmol, 53% yield) 
as a white solid. Rf = 0.4 (EtOAc: Hexane = 1:1)  

1H NMR (500 MHz, CDCl3) δ 7.39 – 7.29 (m, 5H), 6.90 (d, J = 8.3 Hz, 1H), 
5.43 – 5.35 (m, 1H), 5.11 (s, 2H), 4.84 (dt, J = 8.9, 4.4 Hz, 1H), 4.32 – 4.18 (m, 
1H), 3.75 (s, 3H), 3.68 (s, 3H), 2.94 (ddd, J = 103.3, 17.3, 4.5 Hz, 2H), 1.41 (d, 
J = 7.0 Hz, 3H). 

13C NMR (500 MHz, CDCl3) δ 172.2, 171.6, 171.0, 128.7, 128.3, 128.2, 67.1, 
53.0, 52.2, 50.6, 48.6, 36.0, 18.9. The data are identical to the literature report. 17 

Synthesis of Z-D-Ala-L-Ala-OMe (14) 
Following the general procedure, L-alanine methyl ester hydrochloride salt (14.0 mg, 100.0 µmol) was 
coupled with thioacid 2b (24.0 mg, 100.0 µmol) to afford 14 (20.7 mg, 67.0 µmol, 67% yield) as a white 
solid. Rf = 0.4 (EtOAc: Hexane = 1:1)  

1H NMR (500 MHz, CDCl3) δ 7.37 – 7.29 (m, 5H), 6.76 (s, 1H), 5.46 (t, J = 7.7 
Hz, 1H), 5.10 (q, J = 6.2 Hz, 2H), 4.55 (q, J = 6.6 Hz, 1H), 4.29 (q, J = 6.8 Hz, 
1H), 3.71 (d, J = 4.5 Hz, 3H), 1.37 (t, J = 6.0 Hz, 6H). 

13C NMR (500 MHz, CDCl3) δ 173.4, 172.0, 156.1, 136.3, 128.7, 128.3, 128.2, 
67.2, 52.6, 50.5, 48.1, 18.7, 18.3. The data are identical to the literature report.12 

Synthesis of Z-L-Phe-L-Ala-OMe (15) 
Following the general procedure, L-alanine methyl ester hydrochloride salt (14.0 mg, 100.0 µmol) was 
coupled with thioacid 2c (31.5 mg, 100.0 µmol) to afford 15 (21.9 mg, 57.3 µmol, 57% yield) as a white 
solid. Rf = 0.4 (EtOAc: Hexane = 1:1). 

1H NMR (500 MHz, CDCl3) δ 7.38 – 7.27 (m, 7H), 7.25 – 7.16 (m, 3H), 6.35 (d, 
J = 7.0 Hz, 1H), 5.42 – 5.24 (m, 1H), 5.08 (s, 2H), 4.47 (dt, J = 20.2, 7.3 Hz, 2H), 
3.71 (s, 3H), 3.08 (qd, J = 13.8, 6.6 Hz, 2H), 1.33 (d, J = 7.1 Hz, 3H). 

13C NMR (500 MHz, CDCl3) δ 171.8, 171.8, 156.0, 136.3, 135.7, 129.4, 128.7, 
128.7, 128.4, 128.2, 127.3, 77.4, 77.2, 76.9, 67.2, 53.3, 52.6, 50.5, 37.9, 18.5. 
The data are identical to the literature report.20 
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Synthesis of Tripeptides: 

Synthesis of Z-L-Ala-L-Ala-L-Ala-OMe (16) 
Following the general procedure, L-alanine-L-alanine methyl ester (17.2 mg, 100.0 µmol) was coupled 
with thioacid 2a (23.9 mg, 100.0 µmol) to afford 16 (23.5 mg, 61.9 µmol, 62% yield) as a white solid. Rf 
= 0.2 (EtOAc: Hexane = 7:3)  

1H NMR (500 MHz, CDCl3) δ 7.41 – 7.29 (m, 5H), 6.62 (d, J = 7.8 Hz, 2H), 
5.31 (d, J = 6.8 Hz, 1H), 5.11 (d, J = 2.4 Hz, 2H), 4.52 (dq, J = 31.6, 7.2 Hz, 
2H), 4.29 – 4.16 (m, 1H), 3.75 (s, 3H), 1.39 (q, J = 6.4 Hz, 9H) 

13C NMR (500 MHz, CDCl3) δ 173.2, 172.2, 171.5, 156.1, 136.2, 128.7, 
128.4, 128.3, 77.41, 77.16, 67.3, 52.7, 50.8, 49.0, 48.3, 29.8, 27.7, 18.7, 

18.3. The data are identical to the literature report.21 

Synthesis of Z-D-Ala-L-Ala-L-Ala-OMe (17) 
Following the general procedure, L-alanine-L-alanine methyl ester (17.2 mg, 100.0 µmol) was coupled 
with thioacid 2b (23.9 mg, 100.0 µmol) to afford 17 (17.1 mg, 45.1 µmol, 45% yield) as a white solid. Rf 
= 0.2 (EtOAc: Hexane = 7:3) 

1H NMR (500 MHz, CDCl3) δ 7.37 – 7.30 (m, 5H), 6.83 (d, J = 7.3 Hz, 1H), 
6.71 (d, J = 7.7 Hz, 1H), 5.43 (d, J = 7.3 Hz, 1H), 5.10 (q, J = 12.2 Hz, 2H), 
4.57 – 4.48 (m, 2H), 4.27 – 4.19 (m, 1H), 3.72 (s, 3H), 1.38 (d, J = 7.0 Hz, 
9H). 

13C NMR (500 MHz, CDCl3) δ 173.2, 172.3, 171.6, 156.2, 136.2, 128.7, 
128.4, 128.3, 67.3, 52.6, 50.8, 48.9, 48.2, 18.6, 18.3, 18.2. The data are identical to the literature report.22 

Synthesis of Z-L-Phe-L-Ala-L-Ala-OMe (18) 
Following the general procedure, L-alanine-L-alanine methyl ester (17.4 mg, 100.0 µmol) was coupled 
with thioacid 2c (31.3 mg, 100.0 µmol) to afford 18 (26.4 mg, 57.9 µmol, 58% yield) as a white solid. Rf 
= 0.2 (EtOAc: Hexane = 7:3)  

1H NMR (500 MHz, CDCl3) δ 7.37 – 7.26 (m, 6H), 7.26 – 7.19 (m, 2H), 7.17 
– 7.14 (m, 2H), 6.87 (d, J = 7.4 Hz, 1H), 6.68 (d, J = 7.5 Hz, 1H), 5.50 (d, 
J = 7.7 Hz, 1H), 5.10 – 5.02 (m, 2H), 4.50 (p, J = 7.1 Hz, 3H), 3.72 (s, 3H), 
3.07 (d, J = 6.7 Hz, 2H), 1.34 (dd, J = 24.2, 7.1 Hz, 6H). 

13C NMR (500 MHz, CDCl3) δ 173.2, 171.4, 170.9, 129.4, 128.8, 128.7, 
128.4, 128.2, 67.2, 52.6, 48.9, 48.2, 18.5, 18.3. The data are identical to 

the literature report.15 

Scope of aryl thiocarboxylic acids: 

Synthesis of Methyl(4-methoxybenzoyl)-L-alaninate (19) 
Following the general procedure, L-alanine methyl ester hydrochloride salt (14.0 mg, 100.0 µmol) was 
coupled with thioacid 2e (16.8 mg, 100.0 µmol) to afford 19 (19.0 mg, 80.0 µmol, 80% yield) as a white 
solid. Rf = 0.2 (EtOAc: Hexane = 3:7) 

1H NMR (500 MHz, CDCl3) δ 7.81 – 7.73 (m, 2H), 6.96 – 6.89 (m, 
2H), 6.65 (d, J = 7.3 Hz, 1H), 4.79 (p, J = 7.2 Hz, 1H), 3.85 (s, 3H), 
3.79 (s, 3H), 1.51 (d, J = 7.1 Hz, 3H). 

13C NMR (500 MHz, CDCl3) δ 174.0, 166.4, 162.5, 129.0, 126.3, 
113.9, 55.5, 52.7, 48.5, 18.9. The data are identical to the literature 

report.23 
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Synthesis of Methyl benzoyl-L-alaninate (20) 
Following the general procedure, L-alanine methyl ester hydrochloride salt (14.0 mg, 100.0 µmol) was 
coupled with thioacid 2f (13.8 mg, 100.0 µmol) to afford 20 (15.1 mg, 73.0 µmol, 73% yield) as a white 
solid. Rf = 0.2 (EtOAc: Hexane = 3:7) 

1H NMR (500 MHz, CDCl3) δ 7.81 (dq, J = 7.1, 1.4 Hz, 2H), 7.55 – 7.41 (m, 
3H), 6.81 – 6.72 (m, 1H), 4.81 (pd, J = 7.2, 1.4 Hz, 1H), 3.79 (d, J = 1.4 Hz, 
3H), 1.53 (dd, J = 7.1, 1.4 Hz, 3H). 

13C NMR (500 MHz, CDCl3) δ 173.9, 166.9, 134.0, 131.9, 128.7, 127.2, 52.7, 
48.6, 18.8. The data are identical to the literature report.24 

Synthesis of Methyl(4-bromobenzoyl)-L-alaninate (21) 
Following the general procedure, L-alanine methyl ester hydrochloride salt (14.0 mg, 100 µmol) was 
coupled with thioacid 2g (21.7 mg, 100 µmol) to afford 21 (20.3 mg, 71.0 µmol, 71% yield) as a white 
solid. Rf = 0.2 (EtOAc: Hexane = 3:7) 

1H NMR (500 MHz, CDCl3) δ 7.67 (d, J = 8.4 Hz, 2H), 7.60 – 7.55 (m, 
2H), 6.74 (d, J = 7.3 Hz, 1H), 4.78 (t, J = 7.2 Hz, 1H), 3.79 (s, 3H), 1.52 
(d, J = 7.1 Hz, 3H) 

13C NMR (500 MHz, CDCl3) δ 173.7, 165.9, 132.8, 131.9, 128.8, 126.6, 
52.8, 48.6, 18.7. The data are identical to the literature report.25 

Synthesis of Methyl(4-trifluoromethyl)-L-alaninate (22) 
Following the general procedure, L-alanine methyl ester hydrochloride salt (14.0 mg, 100.0 µmol) was 
coupled with thioacid 2h (20.6 mg, 100.0 µmol) to afford 22 (13.0 mg, 47.2 µmol, 47% yield) as a white 
solid. Rf = 0.2 (EtOAc: Hexane = 3:7) 

1H NMR (500 MHz, CDCl3) δ 7.92 (d, J = 7.9 Hz, 2H), 7.71 (d, J = 7.9 
Hz, 2H), 6.80 (d, J = 7.3 Hz, 1H), 4.81 (td, J = 7.2, 1.8 Hz, 1H), 3.81 
(d, J = 1.9 Hz, 3H), 1.54 (dd, J = 7.2, 1.9 Hz, 3H). 

13C NMR (500 MHz, CDCl3) δ 173.7, 165.6, 127.7, 125.8, 125.8, 125.8, 
125.7, 52.9, 48.8, 18.7. The data are identical to the literature report.26  

Synthesis of Methyl(4-nitrobenzoyl)-L-alaninate (23) 
Following the general procedure, L-alanine methyl ester hydrochloride salt (14.0 mg, 100.0 µmol) was 
coupled with thioacid 2i (18.3 mg, 100.0 µmol) to afford 23 (9.83 mg, 39.0 µmol, 39% yield) as a yellow 
solid. Rf = 0.2 (EtOAc: Hexane = 3:7) 

1H NMR (500 MHz, CDCl3) δ 8.30 (dq, J = 9.2, 2.6 Hz, 2H), 8.02 – 7.93 
(m, 2H), 6.85 (s, 1H), 4.80 (qd, J = 7.2, 2.4 Hz, 1H), 3.82 (d, J = 2.5 
Hz, 3H), 1.56 (dd, J = 7.2, 2.3 Hz, 3H). 

13C NMR (500 MHz, CDCl3) δ 173.5, 164.9, 139.6, 128.4, 124.0, 53.0, 
48.9, 18.7. The data are identical to the literature report.27 
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Mechanistic Studies: 

Synthesis of Z-L-Ala-NH-Bn (24) 
Following the general procedure, benzyl amine (10.7 mg, 100.0 µmol) was coupled with thioacid 2a (24.0 
mg, 100.0 µmol) to afford 24 (26.2 mg, 84.0 µmol, 84% yield) as a white solid. Rf = 0.2 (EtOAc: Hexane 
= 3:7) 

1H NMR (500 MHz, CDCl3) δ 7.38 – 7.26 (m, 8H), 7.25 (d, J = 9.3 Hz, 2H), 6.37 
(s, 1H), 5.31 (s, 1H), 5.08 (d, J = 1.9 Hz, 2H), 4.44 (t, J = 5.5 Hz, 2H), 4.28 – 
4.23 (m, 1H), 1.41 (d, J = 7.1 Hz, 3H). 

13C NMR (500 MHz, CDCl3) δ 172.2, 156.1, 138.0, 136.2, 128.9, 128.73, 128.4, 
128.2, 127.8, 127.7, 67.2, 50.8, 46.0, 43.7, 18.7, 8.7. The data are identical to 

the literature report.28 

Synthesis of Z-L-Ala-TEMPO (25) 
Following the general procedure, TEMPO was coupled with thioacid 2a (24.0 mg, 100.0 µmol) to afford 
25 (29.0 mg, 80.0 µmol, 80% yield) as a white solid. Rf = 0.2 (EtOAc: Hexane = 3:7) 

1H NMR (500 MHz, CDCl3) δ 7.37 – 7.29 (m, 5H), 5.42 (d, J = 7.8 Hz, 1H), 5.11 
(s, 2H), 4.45 (p, J = 7.3 Hz, 1H), 1.66 (p, J = 13.2 Hz, 3H), 1.57 – 1.36 (m, 6H), 
1.10 (d, J = 50.2 Hz, 12H). 

13C NMR (500 MHz, CDCl3) δ 172.8, 155.6, 136.4, 128.6, 128.3, 128.2, 67.0, 60.4, 
49.0, 39.2, 39.1, 32.0, 31.8, 20.6, 20.5, 19.3, 17.0. 

LRMS16: calc. for C20H31N2O4 (M+H): 363.23; found: 363.33 

Procedure for the experiments to understand the reactivity of the TEMPO-adduct and 
diacyl disulfide 

 

I. In an oven-dried vial charged with a magnetic stir bar, TEMPO-adduct 20 (1.0 equiv.) and 
benzylamine (1.0 equiv.) were dissolved in CH3CN. Then, to this solution, KHCO3 (1.0 equiv.) 
was added, and the reaction was stirred at room temperature for the next 24 hours. After 
stirring for 24 hours starting material remained unreactive. The 1H-NMR analysis of the crude 
reaction mixture further confirmed the presence of starting materials. 
Note: Reaction was also performed without KHCO3, and the starting materials remained 
unreactive.  
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II. In an oven-dried vial charged with a magnetic stir bar, TEMPO-adduct 20 (1.0 equiv.) and L-
alanine methyl ester hydrochloride (1.0 equiv.) were dissolved in CH3CN. Then, to this 
solution, K2CO3 (1.0 equiv.) was added, and the reaction was stirred at room temperature for 
the next 24 hours. After stirring for 24 hours starting material remained unreactive. The 1H-
NMR analysis of the crude reaction mixture further confirmed the presence of starting 
materials. 

III. In an oven-dried vial charged with a magnetic stir bar, L-Alanine diacyl disulfide (1.0 equiv.) 
and L-alanine methyl ester hydrochloride (2.1 equiv.) were dissolved in CH3CN. Then, to this 
solution, K2CO3 (2.1 equiv.) was added, and the reaction was stirred at room temperature. 
The reaction progress was monitored by TLC, after stirring for 5 hours at room temperature, 
complete consumption of diacyl disulfide was observed. Reaction was diluted by adding ethyl 
acetate, and the organic layer was washed with brine. The combined organic layers were 
dried over anhydrous Na2SO4, filtered, and evaporated under reduced pressure to afford 
viscous crude material. The crude material was purified by column chromatography to 
produce 3 (82%) as a white solid. 

Reactivity of nucleophilicity of aliphatic and aromatic amines 

 

With Aliphatic amine: In an oven-dried vial charged with a magnetic stir bar, L-ala-SH 2a (1.5 equiv.), 
benzyl amine (1.0 equiv.), and TEMPO (1.0 equiv.) were dissolved in CH3CN. Then, to this solution, 
K2CO3 (1.0 equiv.) was added, and the reaction was stirred at room temperature for 2 hours. The reaction 
progress was monitored by TLC upon complete consumption of both starting materials. Reaction was 
diluted by adding ethyl acetate, and the organic layer was washed with brine. The combined organic 
layers were dried over anhydrous Na2SO4, filtered, and evaporated under reduced pressure to afford 
viscous crude material. The crude material was purified by column chromatography to produce 19 (79%) 
as a white solid. 

With Aromatic amine: In an oven-dried vial charged with a magnetic stir bar, L-ala-SH 2a (1.5 equiv.), 
4-chloro aniline (1.0 equiv.), and TEMPO (1.0 equiv.) were dissolved in CH3CN. Then, to this solution, 
K2CO3 (1.0 equiv.) was added, and the reaction was stirred at room temperature for 4 hours. The reaction 
progress was monitored by TLC upon complete consumption of both starting materials. Reaction was 
diluted by adding ethyl acetate, and the organic layer was washed with brine. The combined organic 
layers were dried over anhydrous Na2SO4, filtered, and evaporated under reduced pressure to afford 
viscous crude material. The crude material was purified by column chromatography to produce 
exclusively byproduct TEMPO adduct 20 (79%) as a white solid. 
Note: This outcome indicates that the in situ formed TEMPOH is more nucleophilic than 4-chloroaniline 
and shows excellent competitive reactivity with diacyl disulfide. Whereas despite in access 4-chloroanilne 
did not engage with diacyl disulfide. 
 

Nucleophilicity of TEMPOH, aliphatic, and aromatic amines
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Physical Observations of the Reaction Mixtures:  

Physical appearance of the reaction mixture was observed to change from bright orange to colorless 
(Figure S3-A and B). Separately, Thioacid + TEMPO, TEMPO + K2CO3, and thioacid + K2CO3 
combinations were observed. More specifically, in the case of thioacid + TEMPO, a significant color 
change was observed. While the initial color was bright yellow/orange (Figure S3-C, left vial), after 2 
hours bright color faded (Figure S3-D, left vial), and eventually the color disappeared (Figure S3-E, left 
vial). These color changes strongly suggested the disproportionation of TEMPO under thioacid 
conditions. More specifically, the oxoammonium ion (TEMPO+) and TEMPOH are formed; this 
oxoammonium ion further oxidizes thioacid to diacyl disulfide. In the case of the other two combinations, 
no color change was observed; instead, some turbidity formation was seen. 

 
Figure S3: A: Initial color of the reaction mixture (for gram-scale) having thioacid (TA), amino acid hydrochloride, 
TEMPO, and K2CO3  B: Final color of the reaction mixture (for gram-scale) having thioacid (TA), amino acid 
hydrochloride, TEMPO, and K2CO3 C: Color of the reaction mixtures at t = 0 having TA + TEMPO, TEMPO + K2CO3 
and TA + K2CO3 D: Color of the reaction mixtures at t = 120 minutes having TA + TEMPO, TEMPO + K2CO3 and TA 
+ K2CO3 E: Color of the reaction mixtures at t = 240 mins having TA + TEMPO, TEMPO + K2CO3 and TA + K2CO3 
F: Color of the reaction mixture at t=0 mins having TA + TEMPO + K2CO3 G: Color of the reaction mixture at t=180 
mins having TA + TEMPO + K2CO3 H: Color of the reaction mixture at t=360 mins having TA + TEMPO + K2CO3. 
  

F G H

TA+TEMPO+K2CO3
TA+TEMPO+K2CO3TA+TEMPO+K2CO3
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UV-Visible Studies of the Starting Materials and Reaction Mixtures 

Spectra a: Stock solutions (0.1 M) were prepared in acetonitrile for all the starting materials, such as 
thioacid, thioacid+K2CO3, and TEMPO. These solutions were further diluted to 0.01 M before performing 
UV analysis. 

Spectra b: The molarity of reaction mixtures was 0.1M in acetonitrile, and it was diluted to 0.01M before 
performing UV analysis. In the reaction mixture after 2.5 hours the TEMPO absorbance peak was 
observed to reduced, confirming the consumption of TEMPO.29  

Spectra c: A subtracted spectrum for the reaction mixture, final and initial, clearly indicated the 
appearance of a new absorbance peak at around 420-430 nm which is distinct than the original peak of 
TEMPO. 

Figure S4: UV-Visible studies. a) UV-Visible studies of the starting materials, b) UV-Visible studies of the reaction 
mixture (initial and final), TEMPO-adduct, and diacyl disulfide, c) Subtracted spectra of the reaction mixture (final 
and initial). 
 

b

c

a
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Cyclic Voltammetry study for thioacetate and TEMPO 

We performed the cyclic voltammetry studies for both thioacetate and the oxidant. The oxidation potential 
of thioacetate was observed to be 0.246V (vs Ferrocene), and the reduction potential of TEMPO was 
observed to be -1.37V (vs Ferrocene). Experimentally, the free energy for an outer-sphere electron 
transfer was found to be +37.4 kcal/mol. These values suggest that this process is non-spontaneous and 
requires external energy to occur. Hence, the single electron transfer (SET) between thioacetate and 
TEMPO is highly unlikely and eliminates any possibility of a direct SET process between them. More 
specifically, it also indicates a reaction pathway highly likely to occur via the formation of a reactive 
activator, possibly the oxoammonium ion. 

 
Figure S5. Cyclic voltammetry of thioacetate (oxidation) and TEMPO (reduction). 

Thioacetate oxidation potential
Ev = +0.25 vs Fc+/0

TEMPO reduction potential
Ev = -1.37 vs Fc+/0

E = Ered - Eox 
E = (-1.37- 0.25) 
E = -1.62 V

Now, ΔG = -nFE; n =1; F= 96485 C
         ΔG = -1 x 96485 x (-1.62) 
               =156.3 kJ/mol 
               =37.36 kcal/mol
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Plausible, detailed mechanistic pathway(s) 

Possibility 1 

Based on our mechanistic findings and literature precedents30-32, we propose the pathway depicted in 
Figure S6. First, under standard reaction conditions, TEMPO disproportionates to TEMPO+ and 
TEMPOH (Figure S7, SI).30-32 Then, the sequence begins with base-assisted deprotonation of thioacid 2 
to generate thioacetate intermediate I. This nucleophile can engage the oxoammonium species 
(TEMPO⁺, II) through two plausible routes to form the intermediate diacyl disulfide IV. In path I, 
thioacetate I attacks the nitrogen center of II, producing the transient quaternary ammonium intermediate 
int-I. A second thioacetate then attacks at sulfur, releasing TEMPO⁻ 20 and furnishing diacyl disulfide IV. 
In path II, thioacetate I attacks the oxygen atom of II, generating the oxygen-bound intermediate int-II. 
Subsequent nucleophilic attack by another thioacetate at the sulfur center again affords TEMPO⁻ 20 and 
diacyl disulfide IV, which then undergoes aminolysis with the amine to yield the peptide product. Notably, 
TEMPO⁻ 20 is rapidly protonated to TEMPOH, and TEMPO itself can undergo disproportionation under 
the reaction conditions. 

 
Figure S6. Detailed, Plausible Mechanistic pathway (s) for this transformation via oxoammonium ion. 

To further elucidate the mechanistic landscape, we conducted density functional theory (DFT) 
calculations. The results show that int-II is 6.5 kcal/mol more stable than int-I, indicating a 
thermodynamic preference for path-II. Next, to understand the site of nucleophilic attack by thioacetate 
I, we evaluated the electrophilicity of all four reactive centers using Fukui functions (Figure S8, SI). In 
both intermediates, the sulfur atom (S3) was calculated as the most electrophilic site, making it the 
preferred position for nucleophilic attack. This analysis strongly supports our proposed formation of the 
diacyl disulfide IV as a key mechanistic intermediate. 

Possibility 2 
After an important suggestion by Reviewer 2 and performing experiments, we proposed another pathway 
(Figure S7). The reaction initiated by the interaction of thioacid 2 and TEMPO leads to the formation of 
thioketyl radical II and TEMPOH I. The thioketyl radical I further interact with another molecule of TEMPO 
and forms a transient intermediate III, which further fragments into intermediate IV and tetramethyl 
piperidine V. Then, the intermediate IV reacts with another molecule of thioacid and produces diacyl 
disulfide VI, which, upon aminolysis, forms a peptide and species VIII, which can protonate tetramethyl 
piperidinium salt IX. 
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Figure S7. Mechanistic pathway initiated by the formation of thioketyl radical via TEMPO. 

 
Figure S8. ESI-LRMS analysis of the reaction mixture for the synthesis of 3. 

Thiocarboxylic acid and amine coupling using Bobbitt’s salt as a coupling agent. 
In an oven-dried vial charged with a magnetic stir bar, L-ala-SH 2a (1.5 equiv.), L-alanine methyl ester 
hydrochloride (1.0 equiv.), and Bobbitt’s salt (1.0 equiv.) were dissolved in CH3CN. Then, to this solution, 
K2CO3 (1.0 equiv.) was added, and the reaction was stirred at room temperature for 6 hours. The reaction 
progress was monitored by TLC upon complete consumption of both starting materials. Reaction was 
diluted by adding ethyl acetate, and the organic layer was washed with brine. The combined organic 
layers were dried over anhydrous Na2SO4, filtered, and evaporated under reduced pressure to afford 
viscous crude material. The crude material was purified by column chromatography to produce 3 (54%) 
as a white solid. 
 

N
O

O

S

+

H
N
O
H

detected by
 ESI-LRMS

+
O

S

N
O

O

S N
O

H pH = 5-6

O

S
N
H

OH +O

SH

O

S
O

S
NH2N

H

O
peptide(s)

O

S
SH

NH2

H
S H

S

N
H N

H H
S

S
H

detected by
 ESI-LRMS

2

I

II
III

IV V

2

VI

VII

VIII

V
IX

-H2O

N
H H

N
O
H

H

[142.2]

[158.2]



 S18 

Computational Studies: 
All computations were performed using density functional theory (DFT) as implemented in the Gaussian 
1633 software package at the 6-31G(d) level of theory with the B3LYP hybrid exchange-correlation 
functional34. This level of theory was chosen due to its relatively high accuracy and low computational 
cost. Solvent effects were treated implicitly using the PCM solvent model35 for MeCN. Dispersion was 
treated using Grimme’s D3-BJ36 dispersion correction. All stationary points were analyzed using Hessian 
vibrational analysis and confirmed as either intermediates (zero imaginary vibrational frequencies and a 
zero gradient) or transition states (exactly one physically relevant, imaginary vibrational frequency). See 
attached txt file for XYZ coordinates, electronic energies, and relevant frequencies of all optimized 
geometries. All transition states were discovered using relaxed potential energy surface scans. Molecular 
structures were visualized in the GaussView molecular viewer. Thermodynamic parameters were 
calculated using the FREQ keyword.   
Calculation of Keq for TEMPO disproportionation reaction: 
It is well known that TEMPO can readily disproportionate under acidic or oxidizing conditions, generating 
TEMPO+ and TEMPO-. Since our reaction condition is slightly acidic due to the presence of the thioacid, 
we propose that an equilibrium like that shown in Figure S6 exists. To probe the equilibrium constant 
(Keq) for the disproportionation reaction of TEMPO to TEMPO+ and TEMPO-, the Gibbs Free Energy of 
the respective species TEMPO, TEMPO+, and TEMPO- is calculated by DFT calculations using the above 
level of theory. Then those values are used in the formula mentioned below:  
Keq = e-ΔG/RT, where R = 1.9 x 10-3 kcal/mol and T = 298K 
ΔG = ∑GProducts - ∑GReactants = (GTEMPO_Cation + GTEMPO_Anion) - 2*GTEMPO 

 

 
Figure S9: Disproportionation reaction of TEMPO. 

Calculation of Fukui Function:  
To find out the most electrophilic site on the intermediates (i.e., int-I and int-II), the electrophilic Fukui 
function was calculated by the formula:  

f+ (r) = ⍴N+1 (r) - ⍴N (r) 
For the above calculations, we considered the ESP charges of the anionic and neutral centers and then 
subtracted the charge of the neutral center from that of the anionic one. For the next step to occur, the 
thioacetate anion (i.e., the nucleophile) should attack the most electropositive site of the molecule. The 
calculation showed that for both intermediates (i.e., int-I and int-II), the S-atom was the most 
electropositive center, indicating that the second nucleophilic attack occurs at the sulfur center, which in 
turn produces the disulfide as the product.  
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Figure S10: Energy Diagram showing the electrophilic Fukui functions and intermediates.  

Transition State Modeling 
Relaxed potential energy surface scans were employed to identify the transition state connecting the 
starting materials (SM) and the major intermediate (int-I). We were able to identify a transition state (TS-
II), which was confirmed by the presence of a single imaginary vibrational frequency. Due to the strong 
electrostatic attraction between the TEMPO+ cation and the thioacetate anion, the exact quantification of 
this barrier is difficult; however, it is likely to be very small. We have presented the geometry, vibrational 
frequencies, and electronic energy of this intermediate in a separate text document for completeness. 
The existence of this intermediate further supports our mechanistic hypothesis.   

 
Figure S11: Prediction of the transition state by PES scans. 
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XYZ coordinates and frequencies of the optimized structures: 
 
All final geometries optimized and frequencies 
computed at DFT B3LYP-B3(BJ) 6-31G(d) PCM(MeCN) level of theory 
 
****************************************************** 
* Stationary points along the minimum energy pathway * 
****************************************************** 
 
 
Thioacetate_Anion:  
electronic energy: -551.585534 Eh 
geometry: 
-1 1 
 C                  0.37374100    0.21891300   -0.00060000 
 C                  1.32231100   -0.98241200   -0.00019000 
 H                  1.15658200   -1.60012800    0.88909400 
 H                  1.13731700   -1.61894600   -0.87197300 
 H                  2.36152700   -0.63769900   -0.01431100 
 O                  0.85320700    1.35505200    0.00015100 
 S                 -1.35358700   -0.15016500    0.00004500 
 
Frequencies: 
 Frequencies --     16.2318               360.4980               488.3338 
 Frequencies --    536.6452               660.4087               954.1980 
 Frequencies --   1024.1888              1125.9728              1389.3908 
 Frequencies --   1482.4673              1493.0631              1663.4491 
 Frequencies --   3049.3834              3122.3614              3130.1108 
 
********** 
 
 
TEMPO+:  
electronic energy: -483.591143 Eh 
geometry: 
1 1 
 C                  0.00114500    2.15377800   -0.00342300 
 H                  0.41483900    2.80515200   -0.77722400 
 H                 -0.41068000    2.81071500    0.76664300 
 C                 -1.12365800    1.30996500   -0.63581600 
 H                 -0.95510100    1.17664800   -1.70800600 
 H                 -2.08228200    1.82776500   -0.54446100 
 C                  1.12373200    1.31060300    0.63366900 
 H                  0.95279700    1.18024500    1.70582400 
 H                  2.08285100    1.82769300    0.54328000 
 C                  1.33037100   -0.07639800    0.01304100 
 C                 -1.33030300   -0.07589000   -0.01166500 
 C                 -2.32829300   -0.92225600   -0.80439300 
 H                 -2.51154600   -1.88654700   -0.32860100 
 H                 -3.26974200   -0.36946800   -0.84331200 
 H                 -1.97839200   -1.08388200   -1.82772700 
 C                 -1.74585700   -0.00146600    1.48086500 
 H                 -2.72837200    0.47787900    1.50161800 
 H                 -1.82883900   -1.00466300    1.90475300 
 H                 -1.06083100    0.59184400    2.08623700 

II, TEMPO+

N
O

I,  thioacetate
O

S
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 C                  1.75028700   -0.00544000   -1.47816800 
 H                  2.73297000    0.47361900   -1.49760200 
 H                  1.83399400   -1.00954600   -1.89976300 
 H                  1.06683100    0.58677400   -2.08654900 
 C                  2.32399400   -0.92292200    0.81119900 
 H                  2.50618800   -1.88905200    0.33878200 
 H                  3.26669600   -0.37233000    0.85123700 
 H                  1.97068600   -1.08044100    1.83404100 
 O                 -0.00071600   -2.00357900   -0.00531400 
 N                 -0.00069100   -0.80765900   -0.00121700 
 
Frequencies: 
 Frequencies --     21.1355               130.5190               156.4647 
 Frequencies --    189.0318               201.1801               232.7792 
 Frequencies --    258.7081               259.4839               275.2751 
 Frequencies --    284.8314               340.8604               359.1866 
 Frequencies --    368.9835               373.5139               397.9614 
 Frequencies --    451.1833               465.6090               536.8676 
 Frequencies --    575.6657               701.6855               733.0432 
 Frequencies --    749.2985               793.6109               843.2744 
 Frequencies --    887.6549               912.0112               938.1191 
 Frequencies --    968.9575               973.3766               975.5547 
 Frequencies --    998.9628              1025.2235              1039.0298 
 Frequencies --   1087.9851              1113.5215              1128.8674 
 Frequencies --   1138.7991              1178.9741              1218.5280 
 Frequencies --   1258.4806              1274.1231              1280.4576 
 Frequencies --   1282.0119              1314.9280              1393.0014 
 Frequencies --   1396.3094              1417.3784              1421.2923 
 Frequencies --   1423.3801              1449.0015              1450.2193 
 Frequencies --   1489.5591              1494.6415              1504.2202 
 Frequencies --   1504.4976              1512.0441              1516.2955 
 Frequencies --   1523.1728              1531.7148              1532.3709 
 Frequencies --   1536.7597              1542.6370              1717.6302 
 Frequencies --   3081.4240              3081.7411              3085.7279 
 Frequencies --   3086.7442              3088.7722              3089.8464 
 Frequencies --   3096.7129              3119.1555              3128.6101 
 Frequencies --   3140.6579              3158.7026              3158.9874 
 Frequencies --   3164.3175              3164.4004              3176.6981 
 Frequencies --   3176.8596              3189.3168              3190.1525 
 
********** 
 
 
 
TEMPO- : 
electronic energy: -483.836736 Eh 
geometry: 
-1 1 
 C                  0.06335000    2.13028300    0.31428200 
 H                  0.05832900    3.20513000    0.08707400 
 H                  0.25404000    2.02928400    1.38859800 
 C                 -1.29105700    1.51111300   -0.04644100 
 H                 -1.57878800    1.86293600   -1.04676800 
 H                 -2.06238400    1.88479500    0.63959100 
 C                  1.15155200    1.41067800   -0.47712500 

 TEMPO-

N
O
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 H                  2.12510300    1.90700200   -0.36170900 
 H                  0.89803100    1.47630300   -1.54471400 
 C                 -1.27285200   -0.05135800   -0.03776600 
 C                  1.26659000   -0.07126500   -0.05115000 
 C                  1.71282300   -0.95410800   -1.23260000 
 H                  2.79272400   -0.87971900   -1.41409400 
 H                  1.43998600   -1.97713600   -0.95526800 
 H                  1.19782400   -0.68934300   -2.16177600 
 C                 -1.51017900   -0.63002600   -1.44942300 
 H                 -1.22813300   -1.68674800   -1.40852000 
 H                 -2.56069100   -0.54358200   -1.75906700 
 H                 -0.90004200   -0.12507100   -2.20569000 
 C                 -2.41019600   -0.54649500    0.87198200 
 H                 -3.38359900   -0.19114600    0.50938300 
 H                 -2.40011600   -1.63662400    0.90870500 
 H                 -2.26229000   -0.16766100    1.89112900 
 C                  2.31310800   -0.19939600    1.07319900 
 H                  2.26551800   -1.21710000    1.46998900 
 H                  3.32945200    0.00825300    0.71313900 
 H                  2.08436500    0.49611800    1.89001300 
 O                 -0.01684900   -1.94873600    0.68246600 
 N                 -0.01048000   -0.53748000    0.58721500 
 
Frequencies: 
 Frequencies --     32.3258               103.8545               201.5889 
 Frequencies --    217.0742               236.8423               258.4500 
 Frequencies --    262.5288               301.8318               312.2891 
 Frequencies --    322.9180               349.5965               372.6824 
 Frequencies --    380.9591               402.3653               415.6425 
 Frequencies --    464.8328               480.6812               503.6952 
 Frequencies --    578.8801               594.9263               663.8719 
 Frequencies --    775.1677               779.4724               852.9710 
 Frequencies --    892.0269               917.9234               930.4969 
 Frequencies --    938.1147               954.5404               982.5179 
 Frequencies --    987.8088              1001.0104              1036.4275 
 Frequencies --   1047.2040              1062.7521              1077.0499 
 Frequencies --   1109.1491              1148.7241              1196.6045 
 Frequencies --   1229.2368              1239.3609              1255.7274 
 Frequencies --   1265.5057              1278.3518              1326.6679 
 Frequencies --   1358.4392              1366.4403              1377.2123 
 Frequencies --   1382.3371              1390.0697              1395.2298 
 Frequencies --   1400.0655              1490.8167              1494.8814 
 Frequencies --   1503.6981              1508.7792              1515.9343 
 Frequencies --   1520.7734              1521.3867              1524.1748 
 Frequencies --   1532.2397              1535.0328              1541.5392 
 Frequencies --   3012.8380              3016.8686              3021.6264 
 Frequencies --   3023.2569              3029.7830              3031.5949 
 Frequencies --   3036.3992              3045.9129              3051.2181 
 Frequencies --   3083.4439              3084.1353              3087.1480 
 Frequencies --   3088.7689              3100.0281              3121.9426 
 Frequencies --   3126.0764              3128.8659              3156.9850 
 
********** 
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TEMPO: 
electronic energy: -483.773065 Eh 
geometry: 
0 2 
 C                  0.00024500    2.15331300    0.00016500 
 H                  0.41875700    2.81098700   -0.76882400 
 H                 -0.41779600    2.81153800    0.76893700 
 C                 -1.11638800    1.30399600   -0.63757100 
 H                 -0.90539100    1.15235900   -1.70182600 
 H                 -2.07241900    1.83666000   -0.58959900 
 C                  1.11638100    1.30352000    0.63805800 
 H                  0.90501500    1.15151800    1.70218100 
 H                  2.07252800    1.83603000    0.59062200 
 C                  1.31242900   -0.08276600    0.00215300 
 C                 -1.31243400   -0.08252200   -0.00221300 
 C                 -2.29997500   -0.89357400   -0.85039100 
 H                 -2.47676800   -1.87811100   -0.41436800 
 H                 -3.25191000   -0.35594700   -0.90666400 
 H                 -1.91659600   -1.02869700   -1.86684500 
 C                  1.83234000    0.01008000   -1.44479300 
 H                  2.84230900    0.43413800   -1.45317500 
 H                  1.87169300   -0.99043800   -1.88665200 
 H                  1.19442600    0.63842400   -2.07176300 
 C                  2.29935700   -0.89441400    0.85044000 
 H                  2.47637500   -1.87869900    0.41394600 
 H                  3.25128600   -0.35687100    0.90762700 
 H                  1.91534300   -1.03012900    1.86657400 
 C                 -1.83163300    0.00954800    1.44503900 
 H                 -2.84166800    0.43343600    1.45404800 
 H                 -1.87065400   -0.99120700    1.88639100 
 H                 -1.19360200    0.63768300    2.07207700 
 O                 -0.00027200   -2.07955700   -0.00035100 
 N                 -0.00009800   -0.79418500   -0.00074400 
 
Frequencies: 
 Frequencies --     48.9918               121.3039               147.9379 
 Frequencies --    158.9631               214.0586               219.9413 
 Frequencies --    255.8550               256.7512               280.3235 
 Frequencies --    301.1738               325.9700               357.1640 
 Frequencies --    360.1006               383.3120               385.8251 
 Frequencies --    462.4682               467.4279               506.5534 
 Frequencies --    540.0610               596.4674               704.9504 
 Frequencies --    746.0731               821.0058               837.2822 
 Frequencies --    886.3122               927.7868               950.9811 
 Frequencies --    955.3224               986.5244              1002.8158 
 Frequencies --   1002.8184              1028.9421              1045.1155 
 Frequencies --   1093.1182              1110.3552              1144.2834 
 Frequencies --   1168.9825              1216.1850              1217.6062 
 Frequencies --   1260.0740              1276.7612              1284.6445 
 Frequencies --   1309.2181              1327.8950              1384.7172 
 Frequencies --   1393.0639              1408.4481              1417.2947 
 Frequencies --   1418.7277              1427.5293              1437.5845 

 TEMPO

N
O
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 Frequencies --   1455.7018              1498.5343              1502.7440 
 Frequencies --   1508.1957              1509.7343              1513.3605 
 Frequencies --   1514.2198              1520.7287              1528.5240 
 Frequencies --   1532.1426              1533.0222              1536.6941 
 Frequencies --   3055.1273              3057.2144              3058.9643 
 Frequencies --   3059.1277              3064.3327              3066.0165 
 Frequencies --   3071.0430              3084.4737              3096.5415 
 Frequencies --   3108.9335              3127.3269              3127.6055 
 Frequencies --   3131.3941              3131.8816              3144.1180 
 Frequencies --   3144.2253              3160.3973              3160.6308 
 
********** 
 
 
Int-II: 
electronic energy: -1035.209098 Eh 
geometry: 
0 1 
 C                  2.96731700    0.45515800   -1.22327000 
 H                  3.97587200    0.78221800   -1.49970000 
 H                  2.55730200   -0.07203300   -2.09223600 
 C                  3.01942700   -0.49145900   -0.02878800 
 H                  3.39198000    0.05287200    0.84739800 
 H                  3.71953600   -1.31585100   -0.20263200 
 C                  2.09829300    1.67571400   -0.89052000 
 H                  1.77322400    2.15241100   -1.82103700 
 H                  2.69771200    2.41832900   -0.35148900 
 C                  0.84706300    1.35021000   -0.01194000 
 C                  1.62825400   -1.09593900    0.27825300 
 C                  1.54425200   -1.48478500    1.76517200 
 H                  0.60886300   -2.00283800    1.98821000 
 H                  2.37384900   -2.16161600    1.99855200 
 H                  1.62401900   -0.61746500    2.42345700 
 C                  1.05404700    1.80313000    1.44682100 
 H                  1.07448900    2.89775300    1.49033600 
 H                  0.23328400    1.45462900    2.08136300 
 H                  1.99618300    1.44143000    1.86511400 
 C                  1.41327400   -2.35769700   -0.57481100 
 H                  2.13976100   -3.12971400   -0.29889400 
 H                  0.41194900   -2.77116900   -0.41745500 
 H                  1.52867300   -2.13373900   -1.63975400 
 C                 -0.35243000    2.11456100   -0.59170200 
 H                 -1.23283100    2.04594400    0.04926700 
 H                 -0.08932200    3.17376800   -0.68034900 
 H                 -0.60656300    1.73735500   -1.58655500 
 O                 -0.63340200   -0.46191800    0.51903000 
 N                  0.59336000   -0.10783600   -0.17071400 
 S                 -1.81066200   -0.98891100   -0.60144000 
 C                 -3.29289000   -0.09617900   -0.12867100 
 C                 -3.29682200    0.74489700    1.12102100 
 H                 -2.33726400    0.73512300    1.63661000 
 H                 -3.56782800    1.77159000    0.85394500 
 H                 -4.07555700    0.35501300    1.78500300 
 O                 -4.26146900   -0.28086400   -0.84159300 
 

N
O

S
C
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int-II
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Frequencies: 
 Frequencies --     45.0992                49.2276                62.9918 
 Frequencies --     84.9610                93.9487               135.6720 
 Frequencies --    152.0386               180.2635               209.8163 
 Frequencies --    231.8973               241.7435               276.1420 
 Frequencies --    286.0889               292.2970               313.7014 
 Frequencies --    315.2028               340.6954               355.6437 
 Frequencies --    360.7550               390.9899               402.4082 
 Frequencies --    407.4866               425.9713               455.5228 
 Frequencies --    481.8048               509.9063               520.6729 
 Frequencies --    561.3986               589.9205               623.7840 
 Frequencies --    651.6981               760.2875               794.5660 
 Frequencies --    800.8615               852.0014               893.2059 
 Frequencies --    920.3141               927.1507               942.5259 
 Frequencies --    948.0430               987.0976               991.1137 
 Frequencies --   1001.6612              1013.2354              1028.9482 
 Frequencies --   1031.3530              1057.2474              1075.5578 
 Frequencies --   1091.4408              1126.3968              1142.4214 
 Frequencies --   1170.5941              1220.7496              1229.2906 
 Frequencies --   1250.0177              1272.1729              1276.7093 
 Frequencies --   1291.4715              1338.4481              1385.0899 
 Frequencies --   1390.6151              1402.9254              1406.3996 
 Frequencies --   1419.1750              1422.5776              1437.3354 
 Frequencies --   1440.7993              1486.0458              1499.6341 
 Frequencies --   1502.9603              1508.7933              1511.6296 
 Frequencies --   1513.0927              1517.8720              1520.5459 
 Frequencies --   1527.6839              1529.4719              1533.8523 
 Frequencies --   1537.3165              1539.6397              1754.0591 
 Frequencies --   3050.5479              3052.5621              3055.4573 
 Frequencies --   3057.7223              3059.7832              3067.6369 
 Frequencies --   3069.7439              3071.0644              3087.3588 
 Frequencies --   3092.6514              3103.1064              3122.3236 
 Frequencies --   3122.9049              3131.5067              3132.9994 
 Frequencies --   3135.6389              3135.8963              3146.4018 
 Frequencies --   3164.3159              3168.3163              3191.1432 
 
********** 
 
Int-I: 
electronic energy: -1035.200876 Eh 
geometry: 
0 1 
 C                  2.79555500    0.34682500   -1.41948000 
 H                  3.75458800    0.60145700   -1.88362000 
 H                  2.20600600   -0.17642500   -2.18153700 
 C                  3.00472900   -0.56299900   -0.21329900 
 H                  3.50642800    0.00080600    0.58338100 
 H                  3.65548500   -1.40998500   -0.45410800 
 C                  2.07982600    1.62864200   -0.98526500 
 H                  1.70530000    2.15608500   -1.86844000 
 H                  2.80511600    2.29757600   -0.50828400 
 C                  0.90518500    1.39808800    0.01722900 
 C                  1.66333100   -1.12176000    0.30217300 
 C                  1.78260000   -1.54581900    1.77567800 
 H                  0.83327900   -1.94774300    2.13991800 

int-I
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 H                  2.54913600   -2.32179600    1.87709300 
 H                  2.06745500   -0.69870800    2.40655800 
 C                  1.24583800    1.97160700    1.40785400 
 H                  1.36640500    3.05896300    1.34697300 
 H                  0.44174100    1.75043400    2.11734700 
 H                  2.17840700    1.55212700    1.79648200 
 C                  1.23923600   -2.33489200   -0.54469100 
 H                  1.98783300   -3.12742400   -0.44667800 
 H                  0.28066000   -2.73596100   -0.20515400 
 H                  1.14890500   -2.07172700   -1.60287900 
 C                 -0.34908700    2.09984800   -0.52052600 
 H                 -1.18463700    2.04256300    0.17905900 
 H                 -0.10989800    3.15642600   -0.67597700 
 H                 -0.65879000    1.67237300   -1.47803400 
 O                 -0.54429900   -0.38636800    0.65325800 
 N                  0.63192400   -0.06151500    0.14356800 
 S                 -1.88361100   -0.97889800   -0.66578400 
 C                 -3.34393400   -0.09929300   -0.12922900 
 C                 -3.32683100    0.57979000    1.21911000 
 H                 -2.33220400    0.60714400    1.66383200 
 H                 -3.72288300    1.59412500    1.10860000 
 H                 -4.00160200    0.02686700    1.88278900 
 O                 -4.32334000   -0.12543600   -0.85414300 
 
Frequencies: 
 Frequencies --     42.1255                53.3794                90.0131 
 Frequencies --    116.2569               123.5762               131.4734 
 Frequencies --    163.9442               184.9668               210.8558 
 Frequencies --    235.9800               274.7024               275.0972 
 Frequencies --    287.6807               297.5337               304.2990 
 Frequencies --    330.9609               338.2362               352.2351 
 Frequencies --    371.4044               381.8101               392.4388 
 Frequencies --    413.2221               429.5378               457.0995 
 Frequencies --    466.7216               498.6592               517.4666 
 Frequencies --    539.6072               553.1947               605.3170 
 Frequencies --    635.8888               705.5727               771.5087 
 Frequencies --    810.7292               855.7717               889.6945 
 Frequencies --    895.3144               949.9921               964.1917 
 Frequencies --    969.6129               972.9759               990.3445 
 Frequencies --    997.4695              1026.6075              1040.0886 
 Frequencies --   1045.5559              1062.6893              1094.1957 
 Frequencies --   1137.7055              1142.9209              1146.6195 
 Frequencies --   1188.8972              1235.3013              1244.2704 
 Frequencies --   1246.8263              1262.5165              1302.1464 
 Frequencies --   1338.9541              1375.7287              1379.9507 
 Frequencies --   1383.7695              1408.8293              1412.6933 
 Frequencies --   1422.4093              1433.5815              1443.5967 
 Frequencies --   1450.0617              1481.6735              1495.4497 
 Frequencies --   1503.9325              1506.9840              1509.8815 
 Frequencies --   1510.9486              1517.3815              1517.9058 
 Frequencies --   1525.0430              1528.3942              1531.4793 
 Frequencies --   1540.2169              1546.6507              1728.6702 
 Frequencies --   3055.0567              3065.5816              3068.9450 
 Frequencies --   3071.8452              3074.3802              3075.8492 
 Frequencies --   3078.6022              3083.4390              3102.7237 
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 Frequencies --   3109.9639              3123.2262              3126.9717 
 Frequencies --   3140.2691              3142.5871              3146.1452 
 Frequencies --   3152.6494              3157.8563              3168.7006 
 Frequencies --   3177.6593              3177.9649              3200.6971 
 
********** 
 
 
 
 
 
TS-II: 
electronic energy: -1035.202110 Eh 
geometry: 
0 1 
 C                  2.64579400    0.29154800   -1.55504700 
 H                  3.56294400    0.54313900   -2.09808000 
 H                  2.02313300   -0.28722700   -2.24695900 
 C                  2.96438900   -0.55692500   -0.32759900 
 H                  3.52458900    0.04182200    0.40047800 
 H                  3.60281600   -1.40794200   -0.58592600 
 C                  1.91764000    1.57887300   -1.14943100 
 H                  1.38913200    1.98436000   -2.01825700 
 H                  2.65265600    2.33503000   -0.85208500 
 C                  0.91179900    1.40651500    0.03020400 
 C                  1.67656000   -1.10853400    0.31580200 
 C                  1.92489200   -1.52339700    1.77580300 
 H                  1.00235800   -1.89782900    2.22863600 
 H                  2.67785100   -2.31799200    1.81409900 
 H                  2.28663000   -0.67774900    2.36800800 
 C                  1.47841600    2.00915600    1.33421100 
 H                  1.61375400    3.08972400    1.21489800 
 H                  0.78477700    1.83346000    2.16279800 
 H                  2.44805800    1.57689000    1.59510300 
 C                  1.17137000   -2.32598000   -0.47868300 
 H                  1.93892900   -3.10559000   -0.46088900 
 H                  0.26256200   -2.73786300   -0.03394200 
 H                  0.96200200   -2.07190000   -1.52175400 
 C                 -0.39518100    2.12794200   -0.31657100 
 H                 -1.10743100    2.10716100    0.51009000 
 H                 -0.15432900    3.17335400   -0.53269500 
 H                 -0.86576300    1.69505600   -1.20238400 
 O                 -0.53409400   -0.38111500    0.72486000 
 N                  0.64065000   -0.04056200    0.27465200 
 S                 -1.86748200   -0.98455800   -0.65070300 
 C                 -3.33625700   -0.10903500   -0.13787100 
 C                 -3.35434400    0.53149700    1.23103300 
 H                 -2.37844500    0.51920000    1.71586800 
 H                 -3.71607400    1.56018700    1.13475800 
 H                 -4.07186600   -0.01822100    1.85103300 
 O                 -4.30010600   -0.09765600   -0.88551200 
 
Frequencies: 
 Frequencies --   -220.1416                28.3000                36.7365 
 Frequencies --     42.5391                58.6421                77.7138 

TS-II

N
O

S

O
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 Frequencies --    116.0652               138.7477               147.2148 
 Frequencies --    224.7202               243.3615               262.5306 
 Frequencies --    282.6589               291.6156               310.5078 
 Frequencies --    322.7378               326.1515               331.6611 
 Frequencies --    356.3506               371.3090               396.7514 
 Frequencies --    407.5920               417.2528               431.6702 
 Frequencies --    448.6633               482.1354               525.5701 
 Frequencies --    532.9155               580.8777               593.0582 
 Frequencies --    627.4336               663.0854               802.6274 
 Frequencies --    812.9552               860.4620               899.6197 
 Frequencies --    929.8393               941.6825               947.0401 
 Frequencies --    983.6259               991.2543               999.8520 
 Frequencies --   1012.8442              1031.1761              1035.4317 
 Frequencies --   1052.6816              1090.8177              1095.2411 
 Frequencies --   1117.1003              1130.8965              1167.2229 
 Frequencies --   1172.7200              1214.0132              1228.6615 
 Frequencies --   1252.8945              1270.0492              1285.7340 
 Frequencies --   1298.3783              1341.6908              1386.2036 
 Frequencies --   1394.7023              1403.6871              1408.1641 
 Frequencies --   1417.8236              1421.1802              1437.2220 
 Frequencies --   1441.4357              1485.9140              1501.2279 
 Frequencies --   1502.2367              1508.0138              1510.7615 
 Frequencies --   1512.9219              1516.7946              1519.3097 
 Frequencies --   1525.2248              1528.6812              1531.8205 
 Frequencies --   1535.6643              1536.9684              1736.5308 
 Frequencies --   3047.7985              3052.5046              3055.3229 
 Frequencies --   3058.5362              3060.0871              3066.1057 
 Frequencies --   3066.1212              3072.9480              3090.7326 
 Frequencies --   3097.2907              3103.4116              3122.6935 
 Frequencies --   3128.8982              3131.9704              3133.9502 
 Frequencies --   3135.3277              3139.3403              3142.4384 
 Frequencies --   3145.4380              3166.7523              3184.2304 
 
********** 
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