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Supplementary Scheme 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme S1: Protecting group-free synthesis of dicarba conotoxin pc16a. 
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General Experimental Information 

General Considerations 

 
Manipulation of organometallic compounds was performed using standard Schlenk techniques 

under an atmosphere of dry nitrogen or in a nitrogen-filled drybox.  

 

Instrumentation 
 
Proton nuclear magnetic resonance (1H-NMR) spectra were recorded on Bruker DRX400 or 

DRX600 spectrometers operating at 400 or 600 MHz respectively, as solutions in deuterated 

solvents as specified. Each resonance was assigned according to the following convention: chemical 

shift; multiplicity; observed coupling constants (J Hz); number of protons. Chemical shifts (δ), 

measured in parts per million (ppm), are reported relative to the residual proton peak in the solvent 

used as specified. Multiplicities are denoted as singlet (s), doublet (d), triplet (t), quartet (q), pentet 

(p), septet (sept), multiplet (m) or prefixed broad (b), or a combination where necessary. 

 

Low resolution electrospray ionisation (ESI) mass spectra were recorded on a Micromass Platform 

Electrospray mass spectrometer (QMS-quadrupole mass spectrometry) as solutions in specified 

solvents. Spectra were recorded in positive and negative modes (ESI+ and ESI-) as specified.  

 

Reverse-phase high performance liquid chromatography (RP-HPLC) was performed on Agilent 

1200 series instruments. For analytical experiments, the instrument was equipped with photodiode 

array (PDA) detection (controlled by ChemStation software) and an automated injector (100 μL loop 

volume). Experiments were carried out on a Vydac C18 analytical column (4.6 mm x 250 mm, 5 

μm) at a flow rate of 1.5 mL min-1. For preparative runs, the instrument used multivariable 

wavelength (MVW) detection (controlled by ChemStation software) and an Agilent unit injector (2 

mL loop volume). Experiments were carried out on a Vydac C18 preparative column (22 mm x 250 

mm, 10 μm) at a flow rate of 10 mL min-1. The solvent systems were buffer A, 0.1% aqueous TFA; 

buffer B, 0.1% TFA in MeCN. 

 

Solvents and Reagents 

Dichloromethane (CH2Cl2) was supplied by Merck and distilled over CaH2 prior to use. Acetic acid 

(AcOH), dichloromethane (CH2Cl2), dimethylformamide (DMF), ethyl acetate (EtOAc), hexane, 

methanol (CH3OH) and N-methyl-2-pyrrolidone (NMP) were used as supplied by Merck. Human 
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recombinant methionine reductase sulfoxide A and B were purchased from Abcam. Trifluoroacetic 

acid and (1,3-bis(2,4,6-trimethylphenyl)-2-imidazolidinylidene)dichloro(phenylmethylene)-

(tricyclohexyl-phosphine)ruthenium (GII) were supplied by Sigma-Aldrich. D2O, (CD3)2SO, C6D6 

and CDCl3 were purchased from Cambridge Isotopes Laboratory. 
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Experimental Section 

 
Styrene model experimental: 

 

Methyl (tert-butoxycarbonyl)-L-alaninate, A 

 

 

TMSCl (3.41 g, 4.00 mL, 31.4 mmol) was added to a stirred solution of MeOH (50 mL) at 0°C. 

After 15 mins, alanine (1.00 g, 11.2 mmol) was added, and the reaction was stirred for 16 h. The 

reaction mixture was concentrated under reduced pressure. The residue was taken up in CH2Cl2 (100 

mL). Et3N (3.41 g, 4.70 mL, 33.7 mmol) and Boc anhydride (2.45 g, 11.2 mmol) were added and 

the reaction was stirred at room temperature for 16 h. The reaction mixture was diluted with CH2Cl2 

(100 mL) and washed with H2O (2 x 100 mL) and brine (100 mL). The combined organic layers 

were dried over Na2SO4, filtered, and concentrated under reduced pressure. The residue was purified 

by silica column chromatography (8 : 1 – hexanes : EtOAc) to provide A (2.08 g, 91%) as a 

colourless oil. 1H-NMR (400 MHz, CDCl3): δ 5.03 (br s, 1H), 4.33-4.30 (m, 1H), 3.74 (s, 3H), 1.44 

(s, 9H), 1.38 (d, J = 7.2 Hz, 3H). All data was consistent with that previously reported.1 

 

Methyl (tert-butoxycarbonyl)-L-cysteinate, B 

 
Compound B was prepared following a procedure developed by Boucher and coworkers.2 The 

protected cystine F (150 mg, 320 μmol), triphenylphosphine (89.0 mg, 339 μmol) and sodium 

acetate (11.0 mg, 134 μmol) were suspended in a mixture of MeOH (3 mL), H2O (1.5 mL) and 

glacial acetic (10 μL) and heated at reflux for 16 h. The mixture was diluted with CH2Cl2 (50 mL) 

and washed with H2O (2 x 50 mL) and brine (50 mL). The combined organic layers were dried 

(Na2SO4), filtered, and concentrated under reduced pressure. The residue was purified by silica 

column chromatography (6 : 1 – hexanes : EtOAc) to provide B (133 mg, 88%) as a colourless oil. 
1H-NMR (400 MHz, CDCl3): δ 5.42-5.39 (m, 1H), 4.62-4.59 (m, 1H), 3.79 (s, 3H), 2.99-2.95 (m, 

2H), 1.46 (s, 9H). All data was consistent with that previously reported.2 
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Methyl N,S-bis(tert-butoxycarbonyl)-L-cysteinate, C 

 
TMSCl (1.71 g, 2.00 mL, 15.7 mmol) was added to a stirred solution of MeOH (25 mL) at 0°C. 

After 15 mins, L-cysteine (430 mg, 3.55 mmol) was added and the reaction was stirred for 16 h. The 

reaction mixture was concentrated under reduced pressure and the residue was dissolved in 2:1 

CH2Cl2/MeOH (15 mL). Et3N (1.80 g, 2.48 mL, 17.8 mmol) and Boc anhydride (1.70 g, 7.81 mmol) 

were added and the reaction was stirred at room temperature for 16 h. The reaction mixture was then 

diluted with CH2Cl2 (50 mL) and washed with H2O (2 x 50 mL) and brine (50 mL). The organic 

phase was dried (Na2SO4), filtered, and concentrated under reduced pressure. The residue was 

purified by silica column chromatography (8 : 1 – hexanes : EtOAc) to provide C (1.06 g, 89%) as 

a colourless solid, mp 67.8-68.1 °C. IR (neat): 3398m, 2981m, 1751s, 1688s, 1511s, 1365m, 1210m, 

1129s. 1H-NMR (400 MHz, CDCl3): δ 5.34-5.32 (m, 1H), 4.57-4.54 (m, 1H), 3.75 (s, 3H), 3.30 (AB 

dd, J = 14.4, 4.8 Hz, 1H), 3.22 (AB dd, J = 14.4, 5.6 Hz, 1H), 1.49 (s, 9H), 1.44 (s, 9H). 13C-NMR 

(100 MHz, CDCl3): δ 171.1, 168.5, 155.1, 85.6, 80.1, 53.4, 52.7, 33.2, 28.4, 28.2. HRMS (ESI+, 

MeOH): m/z 336.1473 [M + H]+, C14H26NO6S+ requires 336.1475. 

 

Methyl N-(tert-butoxycarbonyl)-S-(2-thiopyridinyl)cysteinate, D 

 
2,2’-Dipyridyldisulfide (78 mg, 356 µmol) was added to a solution of protected cysteine B (56 mg, 

238 µmol) in MeOH (5 mL). The resulting yellow solution was stirred at room temperature for 16 

h. The reaction mixture was concentrated under reduced pressure and the residue was purified by 

silica column chromatography (3 : 1 – hexanes : EtOAc) to provide D (82 mg, quant.) as a colourless 

oil. IR (neat): 2976m, 1707s, 1499m, 1446m, 1417s, 1365m, 1213m, 1159s, 1114m cm-1. 1H-NMR 

(400 MHz, CDCl3): δ 8.57 (d, J = 4.8 Hz, 1H), 7.64 (td, J = 7.7, 1.8 Hz, 1H), 7.53 (d, J = 8.1 Hz, 

1H), 7.15 (dd, J = 7.3, 4.9 Hz, 1H), 6.60 (s, 1H), 4.58 (s, 1H), 3.73 (s, 3H), 3.42 (dd, J = 14.1, 5.7 

Hz, 1H), 3.28 (dd, J = 13.9, 4.6 Hz, 1H), 1.45 (s, 9H). 13C-NMR (100 MHz, CDCl3): δ 171.2, 158.9, 

155.6, 149.7, 137.4, 121.3, 120.9, 80.2, 53.2, 52.7, 42.4, 28.5. HRMS (ESI+, MeOH): m/z 345.0930 

[M + H]+, C14H21N2O4S2+ requires 345.0937.  
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Dimethyl 5,5'-disulfanediylbis(2-nitrobenzoate) 

 
Ellman’s reagent (5,5′-dithiobis-(2-nitrobenzoic acid)) (760 mg, 1.92 mmol) was dissolved in 10% 

MeOH in DCM (10 mL). (Trimethylsilyl)diazomethane (2 M in hexanes) was added dropwise until 

the reaction mixture remained yellow. The reaction mixture was stirred at room temperature for a 

further 15 mins before being concentrated under reduced pressure to give the desired product (812 

mg, quant.) as a yellow oil. 1H-NMR (400 MHz, CDCl3): δ 7.92 (d, J = 8.7 Hz, 2H), 7.75 (s, 2H), 

7.68 (d, J = 8.7 Hz, 2H), 3.92 (s, 6H). All data was consistent with that previously reported.3 

 

Methyl (R)-5-((2-((tert-butoxycarbonyl)amino)-3-methoxy-3-oxopropyl)disulfaneyl)-2-

nitrobenzoate, E 

 
Dimethyl 5,5'-disulfanediylbis(2-nitrobenzoate) (812 mg, 1.91 mmol) was dissolved in 

MeOH/DCM (1 : 1, 10 mL). Neat B was added, and the solution stirred at room temperature for 24 

hours before being concentrated under reduced pressure. The dark orange oil was purified by silica 

column chromatography (7 : 2 – hexanes : EtOAc) to provide E (689 mg, 81%) as a yellow oil. IR 

(neat): 3405w, 2978w, 2956w, 1737s, 1569m, 1524s, 1436m, 1340s, 1276m, 1159s, 1133m cm-1. 
1H-NMR (400 MHz, CDCl3): δ 7.96 (d, J = 8.5 Hz, 1H), 7.77 (s, 1H), 7.71 (d, J = 8.7 Hz, 1H), 5.32 

– 5.24 (m, 1H), 4.66 – 4.54 (m, 1H), 3.95 (s, 3H), 3.76 (m, 3H), 3.22 – 3.08 (m, 2H), 1.44 (s, 9H). 
13C-NMR (100 MHz, CDCl3): δ 170.8, 165.8, 145.8, 129.1, 128.2, 127.0, 126.6, 125.3, 124.9, 80.7, 

53.6, 53.0, 52.8, 41.6, 28.4. HRMS (ESI+, MeOH): m/z 469.0719 [M + H]+, C17H22N2O8S2Na+ 

requires 469.0710. 
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Dimethyl 3,3'-disulfanediyl (2R,2'R)-bis(2-((tert-butoxycarbonyl)amino)-propanoate), F 

 
Di-Boc-L-cystine (1.00 g, 2.27 mmol) was dissolved in 10% MeOH in DCM (50 mL). 

(Trimethylsilyl)diazomethane (2 M in hexanes) was added dropwise until the reaction mixture 

remained yellow. The reaction mixture was stirred at room temperature for a further 15 mins before 

being concentrated under reduced pressure. The residue was purified by silica column 

chromatography (3 : 1 – hexanes : EtOAc) to provide F (872 mg, 82%) as a colourless solid, m.p. 

96.5-97.6 °C, lit. m.p. 96.0-98.0 °C. 1H-NMR (400 MHz, CDCl3): δ5.38-5.36 (m, 2H), 4.61-4.59 

(m, 2H), 3.77 (s, 6H), 3.16 (d, J = 5.2 Hz, 4H), 1.45 (s, 18). All data was consistent with that 

previously reported.2, 4 

 

Methyl (tert-butoxycarbonyl)-L-methioninate, G 

 
Fmoc-Met-OH (1.00 g, 2.69 mmol) was dissolved in 10% MeOH in DCM (60 mL). 

(Trismethylsilyl)diazomethane (2 M in hexanes) was added dropwise until the solution remained 

yellow. The reaction mixture was stirred at room temperature for a further 15 mins before being 

concentrated under reduced pressure. The residue was dissolved in CH2Cl2 (20 mL) and tris(2-

aminoethyl)amine (3.94 g, 4.00 mL, 26.9 mmol) was added. The solution was stirred at room 

temperature for 1 h, after which the reaction mixture was washed with phosphate buffer (18.0 g 

NaH2PO4.H2O, 6.50 g Na2HPO4 in 100 mL H2O) and brine (50 mL). The combined organic layers 

were dried (Na2SO4), filtered, and concentrated under reduced pressure. The residue was dissolved 

in CH2Cl2 (60 mL). Et3N (1.10 g, 1.50 mL, 10.9 mmol) and Boc anhydride (650 mg, 2.97 mmol) 

were added and the reaction was stirred at room temperature for 16 h. The reaction mixture was 

diluted with CH2Cl2 (50 mL) and washed with H2O (2 x 50 mL) and brine (50 mL). The combined 

organic layers were dried (Na2SO4), filtered, and concentrated under reduced pressure. The residue 

was purified by silica column chromatography (4 : 1 – hexanes : EtOAc) to provide G (554 mg, 

78%) as a colourless oil. 1H-NMR (400 MHz, CDCl3): δ 5.10 (br s, 1H), 4.42-4.41 (m, 1H), 3.75 (s, 

3H), 2.55-2.52 (m, 2H), 2.10 (s, 3H), 1.97-1.90 (m, 2H), 1.45 (s, 9H). All data was consistent with 

that previously reported.5 
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Methyl (2S)-2-((tert-butoxycarbonyl)amino)-4-(methylsulfinyl)butanoate, H 

 
Compound H was prepared following a procedure developed by Monbaliu and coworkers.6 A 

solution of NaIO4 (300 mg, 1.40 mmol) in H2O (2 mL) was added dropwise to a vigorously stirred 

solution of methyl (tert-butoxycarbonyl)-L-methioninate G (370 mg, 1.40 mmol) in MeOH (11 mL) 

at room temperature. After 12 h, the reaction mixture was filtered, and filtrate extracted with CH2Cl2 

(2 x 50 mL). The combined extract was washed with brine (50 mL), dried (Na2SO4), filtered, and 

concentrated under reduced pressure. The residue was purified by silica column chromatography (5% 

MeOH in EtOAc) to provide H (357 mg, 91%) as a colourless oil as a mixture of diasteroisomers. 
1H-NMR (400 MHz, CDCl3): δ 5.26-5.24 (m, 1H), 4.45-4.41 (m, 1H), 3.78 (s, 1.5 H), 3.77 (s, 1.5 

H), 2.85-2.67 (m, 2H), 2.59 (s, 1.5 H), 2.58 (s, 1.5H), 2.40-2.32 (m, 1H), 2.15-2.04 (m, 1H), 1.45 (s, 

9H). All data was consistent with that previously reported.6 

 

Solid Phase Peptide Synthesis (SPPS): 

 

Manual SPPS was performed in polypropylene Terumo syringes (5 mL) fitted with a porous (20 μm) 

polyethylene filter. Resin wash and filtering steps were aided by the use of a Visiprep SPE DL 24-

port model vacuum manifold as supplied by Supelco. Capping reactions and cleavage mixtures were 

shaken on a KS125 basic KA elliptical shaker supplied by Labortechnik at 400 motions per minute.  

 

Automated microwave-accelerated SPPS was carried out using a CEM Liberty-Discover 

synthesizer, involving the flow of dissolved reagents from external nitrogen pressurized bottles to a 

resin-containing microwave reactor vessel fitted with a porous filter. Coupling and deprotection 

reactions were carried out within this vessel and were aided by microwave energy. Each reagent 

delivery, wash, and evacuation step was carried out according to the automated protocols of the 

instrument (controlled by PepDriver software). In a 50 mL centrifuge tube, resin was swollen with 

DMF:CH2Cl2 (1:1; 10 mL, 1 x 60 min) and connected to the Liberty resin manifold. The Fmoc-

amino acids (0.2 M in DMF), activators (0.5 M HATU in DMF), activator base (2 M DIPEA in 

NMP), and deprotection agent (20% v/v piperidine in DMF) were solubilized in an appropriate 

volume of specified solvent as calculated by the PepDriver software program. The default 

microwave conditions used in the synthesis of each linear peptide included: initial deprotection (36 

W, 37 °C, 2 min), deprotection (45 W, 75 °C, 10 min), pre-activation (0 W, 25 °C, 2 min), and 



 S10 

coupling (25 W, 75 °C, 10 min), or initial deprotection (40 W, 75 °C, 0.5 min), deprotection (40 W, 

75 °C, 3 min), and coupling (20 W, 75 °C, 5 min). After sequence completion, the resin-bound 

peptides were automatically returned to the Liberty resin manifold as a suspension in DMF:DCM 

(1:1) and filtered through fritted plastic syringes (5 mL) for acid-mediated cleavage.  

 

TFA Cleavage Procedure 

A small aliquot of resin-bound peptide (approximately 3 mg) was suspended in cleavage solution (1 

mL; 95:2.5:2.5; TFA:TIPS:water) and shaken gently for 2 h. The mixture was filtered through a 

fritted syringe and the beads rinsed with TFA (1 × 0.2 mL). The filtrate was concentrated under a 

constant stream of air, and the resultant oil was induced to precipitate in ice-cold Et2O (1 mL). 

Cleaved peptides were collected by centrifugation (3 × 5 min) and dried for analysis by analytical 

RP-HPLC and mass spectrometry. For full-scale resin cleavages, 10 mL of cleavage solution was 

used, and after 4 h, the resin was rinsed with TFA (3 × 1 mL). The filtrate was concentrated under a 

constant stream of air, and the resultant oil was induced to precipitate in ice-cold Et2O (30−35 mL). 

Collection by centrifugation was carried out over 5 × 6 min spin times. Cleaved peptides were 

collected by centrifugation at a speed of 6000 rpm on a Hermle Z200A centrifuge supplied by 

Medos, or at a speed of 6000 rpm on a TMC-1 mini centrifuge supplied by Thermoline. 

 

Counter Ion Exchange of Peptides: 

Counter ion exchange was performed according to a modified procedure outlined by Alcalde and 

Dinarès.7 In a sintered funnel, wet strongly basic ion exchange Amberlite IRA-400(OH) (5 g) was 

washed with H2O (50 mL) and H2O:MeOH (1:1) (50 mL). A solution of 1% acid in 1:1 H2O:MeOH 

was slowly passed through the resin until the eluent had the same pH value as the original selected 

acid solution. The resin was then transferred to a round-bottom flask and stirred in the 1% aqueous 

solution (50 mL) for a further 4 h at room temperature. The resin was filtered and washed generously 

with both H2O:MeOH (1:1) (200 mL) and H2O (500 mL) and allowed to air dry. In a separate round-

bottom flask, the ion exchange resin was added to a stirred solution of peptide substrate in 

H2O:MeOH (1:1) (5-10 mL) at rt. After 16 h, the reaction mixture was filtered and the filtrate was 

concentrated under reduced pressure. The efficiency of the ion exchange was monitored by 19F NMR 

spectroscopy.7  

 

Microwave accelerated solution phase RCM: 

RCM was carried out on a CEM Discover system fitted with the Benchmate option. Reactions were 

performed in 10 mL high pressure glass microwave vessels fitted with self-sealing Teflon septa as a 
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pressure relief device. A microwave reactor vessel was loaded with substrate, deoxygenated solvent, 

deoxygenated chaotropic salt solution, and GII in an inert (nitrogen) environment. The system was 

sealed, and the reaction mixture irradiated with microwave energy while being stirred at a specified 

temperature for the specified period of time. After cooling to room temperature, the reaction mixture 

was concentrated under reduced pressure and then taken up in MeOH (0.1 mL) and precipitated with 

Et2O (1 mL). Peptides were collected by centrifugation (1 × 5 min) and analysed by RP-HPLC and 

mass spectrometry. 

 

General Procedure for solution phase RCM: 

A Schlenk vessel was loaded with substrate, deoxygenated solvent, deoxygenated chaotropic salt 

solution, and GII in an inert (nitrogen) environment. The reaction mixture was stirred at a specified 

temperature for the specified period of time under a positive flow of nitrogen. After cooling to room 

temperature, the reaction mixture was concentrated under reduced pressure, taken up in a small 

amount of MeOH and precipitated with Et2O. Peptides were collected by centrifugation (1 × 5 min) 

and analysed by RP-HPLC and mass spectrometry. 
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Experimental methods and product characterization: 

 

(S,Z)-2-((((9H-Fluoren-9-yl)methoxy)carbonyl)amino)hex-4-enoic acid was prepared according 

to Robinson et al.8 and incorporated into peptide sequences using the SPPS method described below. 

 

[2,8]-Z-Crt-[3,16]-Cys Conotoxin Vc1.1, 9 

 
Synthesis of the linear sequence 9 was performed according to the microwave accelerated SPPS 

procedure described previously using Fmoc-Rink amide resin (300 μmol). Following synthesis, the 

peptide underwent acid-mediated cleavage to provide a crude off-white solid (625 mg). Mass 

spectrum (ESI+, MeCN:H2O:HCOOH): m/z 609.8 [M+ 3H]3+, (C77H118N23O25S2)3+ theoretical 609.6; 

914.2 [M + 2H]2+, (C77H117N23O25S2)2+ theoretical 913.9. RP-HPLC (Agilent Vydac C18 analytical 

column, 5-35% buffer B over 30 min): tR = 18.2 min. 

 

[2,8]-Z-Crt-[3,16]-cystino Conotoxin Vc1.1, 10 

 
The crude linear peptide 9 (300 μmol) in H2O (10 mL) was added to a stirred solution of 0.12 M 

NH4HCO3 (814 mL) at r.t. under a constant stream of air. After 16 h the reaction mixture was 

acidified to pH 2 with glacial AcOH and then purified by RP-HPLC (Agilent Vydac C18 preparative 

column, 15-50% buffer B over 40 min, tR = 15.2 min). Selected fractions were combined and 

lyophilised to give the target peptide 10 as a colourless solid (38.9 mg). Mass spectrum (ESI+, 



 S13 

MeCN:H2O:HCOOH): m/z 609.1 [M+ 3H]3+, (C77H116N23O25S2)3+ theoretical 608.9; 913.0 [M + 

2H]2+, (C77H115N23O25S2)2+ theoretical 912.9. RP-HPLC (Agilent Vydac C18 analytical column, 5-

35% buffer B over 30 min): tR = 17.8 min. 1H-NMR (600 MHz, D2O): 7.28 (s, 1H), 7.13 (d, J = 8.4 

Hz, 2H), 6.85 (d, J = 8.4 Hz, 2H), 5.69-5.63 (m, 2H), 5.38-5.28 (m, 2H), 4.61-4.55 (m, 2H), 4.48-

4.38 (m, 6H), 4.32-4.24 (m, 4H), 3.92-3.81 (m, 5H), 3.68-3.59 (m, 2H), 3.29-3.16 (m, 5H), 3.11-

2.95 (m, 5H), 2.85-2.82 (m, 1H), 2.78-2.70 (m, 4H), 2.58-2.45 (m, 6H), 2.34-2.27 (m, 2H), 2.16-

2.10 (m, 1H), 2.04-1.74 (m, 12H), 1.68-1.62 (m, 2H), 1.59-1.49 (m, 8H), 1.29 (t, J = 7.2 Hz, 1H), 

1.24-1.18 (m, 1H), 0.93 (d, J = 6.6 Hz, 3H), 0.87-0.82 (m, 6H), 28 protons not observed. 

 

[2,8]-Dicarba-[3,16]-cystino Conotoxin Vc1.1, 11 

 
Peptide 10 was subjected to HBF4 ion exchange conditions followed by the solution phase RCM 

procedure described previously under the following conditions: peptide 10.HBF4 (6.4 mg, 3.3 μmol), 

DMF (0.5 mL), 0.4 M LiCl in DMF (0.05 mL), GII (0.80 mg, 0.94 μmol), 100 °C, 4 h. RP-HPLC 

and mass spectral analysis of the peptide supported formation of the required unsaturated carbocycle 

11 in quantitative conversion. The crude product was purified by RP-HPLC (Agilent Vydac C18 

preparative column, 10-30% buffer B over 30 min, tR = 16.2 min). Selected fractions were combined 

and lyophilised to give the target peptide 11 as a colourless solid (1.5 mg, 24%, 6:4 cis and trans). 

Mass spectrum (ESI+, MeCN:H2O:HCOOH): m/z 590.6 [M+ 3H]3+, (C73H108N23O25S2)3+ theoretical 

590.3; 885.2 [M + 2H]2+, (C73H107N23O25S2)2+ theoretical 884.9. RP-HPLC (Agilent Vydac C18 

analytical column, 10-20% neutral buffer B over 30 min): tR = 15.0 and 17.5 min. All data was 

consistent with the literature.9 
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[2,10]-Agl-[4,11]-Cys Conotoxin pc16a, 17 

 
Synthesis of the linear sequence 17 was performed according to the microwave accelerated SPPS 

procedure described previously using Fmoc-Rink amide resin (0.2 mmol). Following synthesis, the 

peptide underwent acid-mediated cleavage to provide a crude off-white solid (299 mg). Mass 

spectrum (ESI+, MeCN:H2O): m/z 417.8 [M+ 3H]3+, (C53H90N17O14S2)3+ theoretical 417.5, m/z 

626.0 [M+ 2H]2+, (C53H89N17O14S2)2+ theoretical 625.8. RP-HPLC (Agilent Vydac C18 analytical 

column, 5-35% buffer B over 30 min): tR = 18.6 min. 

 

[2,10]-Agl-[4,11]-cystino Conotoxin pc16a, 18 

 
The crude linear peptide 17 (150 mg) in H2O (5 mL) was added to a stirred solution of 0.1 M 

NH4HCO3 (500 mL) at r.t. under a constant stream of air. After 72 h the reaction mixture was 

acidified to pH 3 with glacial AcOH and then purified by RP-HPLC (Agilent Vydac C18 preparative 

column, 10-50% buffer B over 40 min, tR = 16.0 min). Selected fractions were combined and 

lyophilised to give the target peptide 18 as a colourless solid (27 mg). Mass spectrum (ESI+, 

MeCN:H2O): m/z 625.0 [M+ 2H]2+, (C53H87N17O14S2)2+ theoretical 624.8. RP-HPLC (Agilent 

Vydac C18 analytical column, 5-35% buffer B over 30 min): tR = 20.1 min 
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[2,10]-Dicarba-[4,11]-cystino Conotoxin pc16a, 19 

 
Peptide 18 was subjected to HBF4 ion exchange conditions followed by the microwave accelerated 

solution phase RCM procedure described previously under the following conditions: peptide 

18.HBF4 (2.5 mg, 2.0 μmol), DMF (1.1 mL), 0.4 M LiCl in DMF (0.15 mL), GII (0.51 mg, 0.60 

μmol), 100 W, 100 °C, 4 h. RP-HPLC and mass spectral analysis of the peptide supported formation 

of the required unsaturated carbocycle 19 in 58% conversion as a 1:1 mixture of E- and Z-isomers.  

19(I): RP-HPLC (Agilent Vydac C18 analytical column, 5-35% buffer B over 30 min): tR = 19.3 

min. Mass spectrum (ESI+, MeCN:H2O:HCOOH): m/z 611.0 [M + 2H]2+, (C51H81N17O14S2)2+ 

theoretical 610.8. 1H-NMR (600 MHz, D2O): δ 7.41 (t, J = 7.4 Hz, 2H), 7.35 (d, J = 7.3 Hz, 1H), 

7.33 (d, J = 7.9 Hz, 2H), 5.58 (dt, J = 14.8, 7.2 Hz, 1H), 5.45 (dt, J = 15.2, 7.6 Hz, 1H), 5.16 (d, J = 

15.8 Hz, 1H), 4.68 – 4.62 (m, 1H), 4.62 – 4.56 (m, 1H), 4.28 (dd, J = 9.5, 5.7 Hz, 1H), 4.22 (d, J = 

10.6 Hz, 1H), 4.11 (t, J = 7.6 Hz, 1H), 4.04 (dd, J = 10.2, 6.1 Hz, 1H), 3.91 (dd, J = 10.6, 6.0 Hz, 

1H), 3.77 (t, J = 10.2 Hz, 1H), 3.34 – 3.13 (m, 8H), 3.02 – 2.93 (m, 5H), 2.80 (dd, J = 15.7, 5.4 Hz, 

1H), 2.64 (t, J = 9.9 Hz, 1H), 2.60 – 2.52 (m, 1H), 2.52 – 2.44 (m, 1H), 2.35 (q, J = 10.9 Hz, 1H), 

1.74 (q, J = 8.1 Hz, 2H), 1.71 – 1.63 (m, 2H), 1.54 – 1.37 (m, 3H), 1.32 (d, J = 13.6 Hz, 2H), 0.92 

(d, J = 5.8 Hz, 1H), 0.89 (d, J = 6.6 Hz, 3H), 0.82 (d, J = 6.5 Hz, 3H), 30 protons not observed.  

19(II): RP-HPLC (Agilent Vydac C18 analytical column, 5-35% buffer B over 30 min): tR = 21.0 

min. Mass spectrum (ESI+, MeCN:H2O:HCOOH): m/z 610.9 [M + 2H]2+, (C51H81N17O14S2)2+ 

theoretical 610.8. 1H-NMR (600 MHz, D2O): δ 7.45 – 7.29 (m, 5H), 5.66 (s, 1H), 5.54 (s, 1H), 4.44 

(dd, J = 28.8, 17.0 Hz, 2H), 4.22 – 4.11 (m, 2H), 4.08 (q, J = 7.1 Hz, 1H), 4.03 – 3.96 (m, 1H), 3.85 

(d, J = 46.4 Hz, 5H), 3.37 (dd, J = 14.8, 10.8 Hz, 2H), 3.30 – 3.20 (m, 2H), 3.15 (ddd, J = 32.6, 14.2, 

7.0 Hz, 2H), 3.04 – 2.68 (m, 7H), 2.32 (s, 1H), 2.16 – 1.54 (m, 4H), 1.47 (t, J = 12.0 Hz, 3H), 1.39 

– 1.21 (m, 2H), 0.90 (q, J = 7.2 Hz, 6H), 0.82 (q, J = 6.7 Hz, 3H), 30 protons not observed. 
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[1,6]-Dicarba-[2]-Ala Human Insulin A chain (6-13), 2 

Prepared according to the method of Robinson et al..10 

 

[1,6]-Z-Crt-[2]-Cys Human Insulin A Chain (6-13), 3 

 
Synthesis of the linear sequence 3 was performed according to the microwave accelerated SPPS 

procedure described previously using Fmoc-Rink amide resin (100 μmol). Following synthesis, the 

peptide underwent acid-mediated cleavage to provide an off-white solid. The crude peptide was 

purified by RP-HPLC (Agilent Vydac C18 preparative column, 10-40% buffer B over 45 min, tR = 

24.1 min). Selected fractions were combined and lyophilised to give the target peptide 3 as a 

colourless solid (14.8 mg). Mass spectrum (ESI+, MeCN, H2O, HCOOH): m/z 844.4 [M + H]+, 

(C37H66N9O11S) theoretical 844.5. RP-HPLC (Agilent Vydac C18 analytical column, 20-50% buffer 

B over 30 min): tR = 7.0 min. 1H-NMR (600 MHz, (CD3)2SO): 8.09 (d, J = 7.8 Hz, 1H), 7.99 (d, J 

= 7.8 Hz, 1H), 7.92 (d, J = 8.4 Hz, 1H), 7.89-7.83 (m, 3H), 7.23 (s, 2H), 7.08 (s, 2H), 5.63-5.58 (m, 

1H), 5.50-5.45 (m, 2H), 5.38-5.30 (m, 2H), 5.12-4.98 (m, 3H),4.64-4.62 (m, 1H), 4.43-4.40 (m, 2H), 

4.33-4.28 (m, 4H), 4.22-4.18 (m, 3H), 3.65-3.57 (m, 2H), 2.42-2.39 (m, 1H), 2.30-2.26 (m, 1H), 

1.78-1.73 (m, 2H), 1.66-1.55 (m, 6H), 1.52-1.46 (m, 3H), 1.43-1.39 (m, 2H), 1.10-1.07 (m, 1H), 

1.05 (d, J = 6.6 Hz, 4H), 0.88 (d, J = 6.6 Hz, 6H), 0.84-0.80 (m, 9H). 

 

[1,6]-Dicarba-[2]-Cys Human Insulin A chain (6-13), 5 

Linear peptide 3 was subjected to HBF4 ion exchange conditions followed by the solution phase 

RCM procedure described previously under the following conditions: linear peptide 3.HBF4 (15.5 

mg), DMF (1 mL), 0.4 M LiCl in DMF (0.1 mL), GII (4.1 mg), 100 °C, 4 h. RP-HPLC and mass 

spectral analysis of the crude peptide showed only starting peptide 3. 
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[1,6]-Z-Crt-[2]-Met Human Insulin A Chain (6-13), 4 

 
Synthesis of the linear sequence 4 was performed according to the microwave accelerated SPPS 

procedure described previously using Fmoc-Rink amide resin (300 μmol). Following synthesis, the 

peptide underwent acid-mediated cleavage to provide an off-white solid. The crude peptide was 

purified by RP-HPLC (Agilent Vydac C18 preparative column, 15-45% buffer B over 40 min, tR = 

21.2 min). Selected fractions were combined and lyophilised to give the target peptide 4 as a 

colourless solid (17.2 mg). Mass spectrum (ESI+, MeCN, H2O, HCOOH): m/z 872.5 [M + H]+, 

(C39H70N9O11S) theoretical 872.5; 894.5 [M + Na]+, (C39H69N9O11SNa) theoretical 894.5. RP-HPLC 

(Agilent Vydac C18 analytical column, 15-50% buffer B over 35 min): tR = 13.1 min. 1H-NMR (600 

MHz, (CD3)2SO): 8.62 (d, J = 8.4 Hz, 1H), 8.10 (br s, 2H), 7.99-7.97 (m, 1H), 7.94-7.91 (m, 1H), 

7.88-7.85 (m, 2H), 7.23 (br s, 1H), 7.08 (s, 1H), 5.63-5.58 (m, 1H), 5.50-5.46 (m, 1H), 5.36-5.29 

(m, 2H), 5.12-5.11 (m, 1H), 4.99 (d, J = 4.8 Hz, 2H), 4.58-4.54 (m, 1H), 4.42-4.39 (m, 1H). 4.33-

4.28 (m, 3H), 4.21-4.18 (m, 3H), 4.01-3.97 (m, 1H), 3.86 (br s, 1H), 3.65-3.55 (m, 4H), 3.52-3.48 

(m, 2H), 2.31-2.26 (m, 1H), 1.99-1.94 (m, 1H), 1.81-1.73 (m, 2H), 1.63-1.38 (m, 12H), 1.04 (d, J = 

6.6 Hz, 3H), 0.88 (d, J = 6.6 Hz, 6H), 0.83-0.79 (m, 12H). 

 

[1,6]-Dicarba-[2]-Met Human Insulin A Chain (6-13), 6 

 
Linear peptide 4 was subjected to HBF4 ion exchange conditions followed by the solution phase 

RCM procedure described previously under the following conditions: linear peptide 4.HBF4 (9.2 

mg, 9.3 μmol), DMF (1 mL), 0.4 M LiCl in DMF (0.1 mL), GII (2.4 mg, 2.8 μmol), 100 °C, 4 h. 

RP-HPLC and mass spectral analysis of the peptide supported formation of the required unsaturated 

carbocycle 6 in 40% conversion as a mixture of E- and Z-isomers. RP-HPLC (Agilent Vydac C18 

analytical column, 15-50% buffer B over 35 min): tR = 7.9 and 8.3 min. Mass spectrum (ESI+, 

MeCN:H2O:HCOOH): m/z 816.5 [M + H]+, (C35H61N9O11S) theoretical 816.4. 1H NMR (600 MHz, 

(CD3)2SO): δ 8.85 (br s, 1H), 8.49 (br s, 1H), 8.22 (br s, 2H), 8.09 (br s, 1H), 7.77 (d, J = 8.0 Hz, 
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1H), 7.73 – 7.55 (m, 2H), 7.40 – 7.34 (m, 1H), 7.20 (d, J = 7.7 Hz, 1H), 7.12 (s, 1H), 7.07 (s, 1H), 

5.66 – 5.55 (m, 2H), 5.52 – 5.46 (m, 1H), 4.52 – 4.42 (m, 2H), 4.38 (br s, 1H), 4.26 – 4.18 (m, 1H), 

4.16 – 4.05 (m, 3H), 4.04 – 3.94 (m, 2H), 3.91 – 3.83 (m, 1H), 3.84 – 3.52 (m, 3H), 2.72 – 2.64 (m, 

1H), 2.39 – 2.29 (m, 1H), 2.16 – 2.08 (m, 1H), 1.88 – 1.71 (m, 2H), 1.66 – 1.57 (m, 1H), 1.50 (t, J 

= 7.3 Hz, 2H), 1.42 – 1.33 (m, 2H), 1.10 (d, J = 6.2 Hz, 4H), 0.87 (d, J = 6.6 Hz, 4H), 0.84 – 0.76 

(m,  12H). 

 

[1,6]-Z-Crt-[2]-CysS(SPy) Human Insulin A Chain (6-13), 7 

 
Crude linear peptide 3 (8.4 mg) was suspended in Millipore water (6.4 mL), MeCN (2 mL), buffer 

A (1 mL) and MeOH (2 mL). A solution of 2,2’-dipyridyldisulfide (0.84 mL, 4 mM in MeOH) was 

added and the reaction mixture was stirred at r.t. for 3 h then lyophilised. The resulting solid was 

washed with ice cold Et2O (15 mL) and peptides were collected by centrifugation (3 × 10 min). The 

crude peptide was purified by RP-HPLC (Agilent Vydac C18 preparative column, 15-50% buffer B 

over 35 min, tR = 15.9 min). Selected fractions were combined and lyophilised to give the target 

peptide 7 as a colourless solid. Mass spectrum (ESI+, MeCN, H2O, HCOOH): m/z 953.6 [M + H]+, 

(C42H69N10O11S2) theoretical 953.2. 

 

Linear peptide 7 was subjected to HBF4 ion exchange conditions followed by the optimized solution 

phase RCM procedure. The target metathesis product 8 could not be identified post-metathesis and 

only the starting peptide 7 was recovered. 

 

 

Synthesis and attempted RCM of [1,6]-Z-Crt-[2]-CysS(SNB) Human Insulin A Chain (6-13), 

16 

 
Crude linear peptide 3 (19.7 mg) was suspended in MeCN (1 mL), buffer A (19 mL) and MeOH (2 

mL). A solution of 5,5’-dithio-bis-(2-nitrobenzoic acid) (3.5 mL, 4mM in MeOH) was added and 

the reaction mixture was stirred at r.t. for 3 h then lyophilised. The crude peptide was purified by 
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RP-HPLC (Agilent Vydac C18 preparative column, 15-60% buffer B over 90 min, tR = 33.0 min). 

Selected fractions were combined and lyophilised to give the target peptide as a colourless solid 16. 

RP-HPLC (Agilent Vydac C18 analytical column, 15-50% buffer B over 35 min, tR = 18.3 min). 

Mass spectrum (ESI+, MeCN, H2O, HCOOH): m/z 1041.5 [M + H]+, (C44H69N10O15S2) theoretical 

1041.4, m/z 1063.4 [M + Na]+, (C44H68N10O15S2Na) theoretical 1063.4.  

 

Linear peptide 16 (75% purity) was subjected to HBF4 ion exchange conditions followed by the 

optimized solution phase RCM procedure. The target metathesis product could not be identified in 

the resultant complex reaction mixture. 

 

[1,6]-Z-Crt-[2]-Met(O) Human Insulin A Chain (6-13), 14 

 
Synthesis of the linear sequence 14 was performed according to the microwave accelerated SPPS 

procedure described previously using Fmoc-Rink amide resin (300 μmol) and Fmoc-L-methionine-

D,L-sulfoxide. Following synthesis, the peptide underwent acid-mediated cleavage to provide an off-

white solid. The crude peptide was purified by RP-HPLC (Agilent Vydac C18 preparative column, 

15-50% buffer B over 40 min, tR = 15.2 min). Selected fractions were combined and lyophilised to 

give the target peptide 14 as a colourless solid (13.9 mg). Mass spectrum (ESI+, MeCN, H2O, 

HCOOH): m/z 888.8 [M + H]+, (C39H70N9O12S) theoretical 888.5. RP-HPLC (Agilent Vydac C18 

analytical column, 15-50% buffer B over 35 min): tR = 10.4 min. 1H-NMR (600MHz, (CD3)2SO): δ 

8.59-8.49 (m, 1H), 8.14-8.10 (m, 1H), 7.97-7.96 (m, 1H), 7.91 (d, J = 8.4 Hz, 1H), 7.89-7.84 (m, 

3H), 7.22 (s, 1H), 7.07 (s, 1H), 5.60-5.54 (m, 1H), 5.49-5.44 (m, 1H), 5.37-5.27 (m, 3H), 5.10 (t. J 

= 5.4 Hz, 1H), 5.00-4.99 (m, 1H), 4.98-4.96 (m, 1H), 4.62-4.60 (m, 1H), 4.42-4.39 (m, 1H), 4.33-

4.27 (m, 3H), 4.21-4.17 (m, 2H), 4.01-3.98 (m, 1H), 3.64-3.54 (m, 3H), 3.51-3.47 (m, 1H), 2.83-

2.75 (m, 2H), 2.71-2.61 (m, 1H), 2.49-2.42 (m, 2H), 2.36-2.22 (m, 1H), 2.09-1.99 (m, 2H), 1.95-

1.87 (m, 2H), 1.76-1.72 (m, 2H), 1.62-1.59 (m, 1H), 1.57-1.52 (m, 6H), 1.51-1.45 (m, 3H), 1.42-

1.38 (m, 2H), 1.10-1.07 (m, 1H), 1.04 (d, J = 6.0 Hz, 3H), 0.87 (d, J = 6.0 Hz, 3H), 0.83-0.77 (m, 

9H). 
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Oxidation of [1,6]-Z-Crt-[2]-Met Human Insulin A Chain (6-13) 4 to [1,6]-Z-Crt-[2]-Met(O) 

Human Insulin A Chain (6-13) 14 

 

Oxidation of the linear methionine-containing insulin fragment 4 was carried out according to a 

modified procedure outlined by Lecommandoux and coworkers.11 Insulin fragment 4 was dissolved 

in 30% H2O2 and 1% AcOH in water (1.5 mL) and stirred at 0 °C for 15 mins. The reaction was 

quenched with a few drops of 1 M sodium thiosulfate. A small aliquot was taken, and RP-HPLC and 

mass spectral analysis of the peptide supported formation of the required peptide 14 with quantitative 

conversion. Mass spectrum (ESI+, MeCN, H2O, HCOOH): m/z 888.8 [M + H]+, (C39H70N9O12S) 

theoretical 888.5. RP-HPLC (Agilent Vydac C18 analytical column, 15-50% buffer B over 35 min): 

tR = 10.3 min. 

 

[1,6]-Dicarba-[2]-Met(O) Human Insulin A Chain (6-13), 15 

 
Linear peptide 14 was subjected to HBF4 ion exchange conditions followed by the solution phase 

RCM procedure described previously under the following conditions: linear peptide 14.HBF4 (10.9 

mg, 10.9 μmol), DMF (1 mL), 0.4 M LiCl in DMF (0.1 mL), GII (2.8 mg, 3.3 μmol), 100 °C, 4 h. 

RP-HPLC and mass spectral analysis of the peptide supported formation of the required unsaturated 

carbocycle 15 in 80% conversion (isomers inseparable). Mass spectrum (ESI+, 

MeCN:H2O:HCOOH): m/z 416.7 [M + 2H]2+, (C35H64N9O12S) theoretical 416.7; 832.4 [M + H]+, 

(C35H62N9O12S) theoretical 832.4. RP-HPLC (Agilent Vydac C18 analytical column, 5-35% buffer 

B over 35 min): tR = 14.8 min and 15.0 min. 1H NMR (600 MHz, (CD3)2SO): δ 8.97 – 8.92 (m, 1H), 

8.51 (s, 1H), 8.25 (br s, 2H), 8.11 (br s, 1H), 7.77 (d, J = 8.1 Hz, 1H), 7.70 – 7.57 (m, 2H), 7.38 (t, 

J = 9.4 Hz, 0H), 7.20 (d, J = 7.8 Hz, 1H), 7.12 (s, 1H), 7.07 (s, 1H), 5.71 – 5.52 (m, 1H), 5.51 – 5.46 

(m, 1H), 4.53 – 4.40 (m, 2H), 4.40 – 4.33 (m, 1H), 4.25 – 4.18 (m, 1H), 4.17 – 3.93 (m, 4H), 3.90 – 

3.84 (m, 1H), 3.82 – 3.61 (m, 1H), 2.86 – 2.79 (m, 1H), 2.76 – 2.63 (m, 1H), 2.39 – 2.31 (m, 1H), 

2.27 – 2.16 (m, 1H), 2.00 – 1.87 (m, 1H), 1.84 – 1.74 (m, 1H), 1.67 – 1.56 (m, 1H), 1.50 (t, J = 7.3 

Hz, 2H), 1.41 – 1.32 (m, 1H), 1.11 (d, J = 6.2 Hz, 4H), 0.87 (d, J = 6.5 Hz, 4H), 0.83 – 0.77 (m, 

12H). 
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Reduction of [1,6]-Dicarba-[2]-Met(O) Human Insulin A Chain (6-13) 15 to [1,6]-Dicarba-[2]-

Met Human Insulin A Chain 6 

 

Method 1 

Enzyme catalyzed reduction of methionine sulfoxide 15 to methionine fragment 6 was carried out 

according to a modified procedure by Deming and coworkers.12 Insulin fragment 15 was diluted in 

Millipore water (1.2 mL) containing 20 mM Tris-HCl, 10 mM MgCl2, 30 mM KCl, 20 mM DTT, 

and 2.5 μg of each of methionine sulfoxide reductase A and methionine sulfoxide reductase B. A 

control sample was also prepared as above but without the addition of the enzymes. The reactions 

were placed in a 37 °C water bath for 16 h. A small aliquot was then removed and RP-HPLC and 

mass spectral analysis of the reaction mixture supported formation of the reduced methionine peptide 

6 with 67% conversion. Mass spectrum (ESI+, MeCN:H2O:HCOOH): m/z 816.5 [M + H]+, 

(C35H61N9O11S) theoretical 816.4. RP-HPLC (Agilent Vydac C18 analytical column, 5-35% buffer 

B over 30 min): tR = 17.9 and 18.4 min. Addition of further enzyme, reagents, adjustment of reaction 

pH, and/or longer reaction time did not lead to further reaction conversion. 

 

Method 2 

Chemical reduction of methionine sulfoxide 15 to methionine fragment 6 was carried out according 

to a modified procedure by Beck and Jung.13 Insulin fragment 15 was dissolved in TFA (3 mL) in a 

15 mL falcon tube. Ethane-1,2-dithiol (45 µL) and bromotrimethylsilane (45 µL) were added to the 

solution and the reaction stirred at room temperature for 15 minutes. The reaction mixture was then 

concentrated under flow of N2. The peptide material was precipitated via the addition of ice cold 

Et2O (10 mL) then collected by centrifugation (5 min at 6000 rpm). RP-HPLC and mass spectral 

analysis of the crude product supported formation of the reduced methionine peptide 6 with 

quantitative conversion. Mass spectrum (ESI+, MeCN:H2O:HCOOH): m/z 816.3 [M + H]+, 

(C35H61N9O11S) theoretical 816.4. RP-HPLC (Agilent Vydac C18 analytical column, 5-35% buffer 

B over 30 min): tR = 17.9 and 18.4 min. 
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Theoretical methodology 

 

All studied compounds were optimized with  wB97XD14/aug-cc-pVDZ and a conductor-like 

polarisable continuum model (CPCM)15 with water as solvent. All optimisations were performed 

with Gaussian 16.16        

 

Table S1. Geometric parameters and molecular orbital energies of lone pairs on sulfur atoms 

(HOMO and HOMO-1).  

 

Compound R(S-S), Å  Ð(C1-S-S)a  Ð(C2-S-S)  Ð(C1-S-S-C2) HOMO, eV HOMO-1, eV 

B … 96.5b … … -8.9 … 

C … 100.0c … … -9.3 … 

D 2.07 105.5 103.6 87.9 -8.5 -9.1 

E 2.08 103.6 102.6 87.6 -9.0 -9.3 

F 2.08 104.0 103.2 84.0 -8.8 -9.0 

a In case of two substituents – aliphatic and aryl, C1 is aliphatic and C2 is aryl; b C1-S-H; b C1-S-C(OOCH3) 
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Figure S1. Gaussian 16 archive entries for optimized compounds B, C, D, E and F together with their 

ball-and-stick structures (atoms labeled) and HOMO images. 
 

Compound B: 
 1\1\GINC-MK10\FOpt\RwB97XD\Aug-CC-pVDZ\C4H9N1O2S1\IZGORO\08-Jul-2021\0 
 \\#P wB97XD/aug-cc-pVDZ INT=(grid=ultrafine) cphf=(grid=fine) opt SCRF 
 =(CPCM,solvent=water)\\title card\\0,1\C,-0.0311225824,-0.098924183,-0 
 .0207011411\O,-0.0177767191,-0.0691729005,1.415046826\C,1.1755030784,0 
 .0528042309,1.9905107221\O,2.2164793772,0.1379755508,1.3724576961\C,1. 
 1128029013,0.005670216,3.5121293755\N,-0.240956608,0.1781135035,4.0226 
 553419\C,2.0466892166,1.0495291308,4.1192575647\S,1.4135733264,2.74951 
 5036,3.7975847444\H,2.6217936926,3.3437516045,3.683027368\H,3.04357064 
 02,0.9532164168,3.6816813282\H,2.1145500428,0.8875984488,5.2007413305\ 
 H,1.5444644463,-0.9820032257,3.7636830653\H,-0.8768923376,-0.474261217 
 9,3.5746407635\H,-0.2525847496,-0.0373447546,5.0158449764\H,-1.0814110 
 064,-0.2060193246,-0.2997027833\H,0.3805888069,0.8345459592,-0.4199887 
 226\H,0.5540634202,-0.9502184793,-0.3858073537\\Version=ES64L-G16RevA. 
 03\State=1-A\HF=-761.1878443\RMSD=5.460e-09\RMSF=4.363e-06\Dipole=-0.2 
 435507,-1.3529454,0.3527869\Quadrupole=-2.2569176,-1.3757357,3.6326534 
 ,5.1927489,6.0059256,-2.8869352\PG=C01 [X(C4H9N1O2S1)]\\@ 
 

         

Compound C: 
1\1\GINC-MK11\FOpt\RwB97XD\Aug-CC-pVDZ\C6H11N1O4S1\IZGORO\12-Jul-2021\ 
 0\\#P wB97XD/aug-cc-pVDZ INT=(grid=ultrafine) cphf=(grid=fine) opt SCR 
 F=(CPCM,solvent=water)\\title card\\0,1\C,-0.0298224577,-0.1036252615, 
 -0.0162257738\O,-0.0265053655,-0.0713769899,1.4198661706\C,1.162688881 
 5,0.0481740561,2.0030339503\C,1.0867836577,0.0073253748,3.5242334498\C 
 ,2.0437879386,1.0265795977,4.1359593212\S,1.5183486906,2.735234101,3.7 
 474682361\C,3.0690344617,3.4193357017,3.1950862797\O,2.2088075471,0.12 
 90981487,1.3937831115\N,-0.2649357265,0.2216341109,4.0250696627\H,3.05 
 84277603,0.8992759713,3.7480661457\H,2.0581324615,0.9094517178,5.22483 
 64077\H,1.4896213287,-0.9900507014,3.784399496\H,-0.917580596,-0.41157 
 43262,3.5734700876\H,-0.289844742,0.0065628787,5.018138369\H,-1.078097 
 8857,-0.2118594753,-0.3020823226\H,0.3838240815,0.8296619716,-0.413713 
 177\H,0.5585444095,-0.9550901021,-0.3755396759\O,2.8592177783,4.689551 
 1319,2.8510143432\O,4.1319103927,2.8472595681,3.1383127111\C,4.0110696 
 919,5.4119070851,2.3766057061\H,3.6463730303,6.4161857682,2.1521537029 
 \H,4.7810575516,5.4460360927,3.1550801323\H,4.4086116744,4.9351088927, 
 1.4739601204\\Version=ES64L-G16RevA.03\State=1-A\HF=-989.0263831\RMSD= 
 8.197e-09\RMSF=5.129e-06\Dipole=-0.9156851,-0.6729884,0.1660816\Quadru 
 pole=-8.2646603,6.9593427,1.3053175,11.8573741,2.8882404,-5.0794334\PG 
 =C01 [X(C6H11N1O4S1)]\\@ 
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Compound D: 
1\1\GINC-MK06\FOpt\RwB97XD\Aug-CC-pVDZ\C8H16N2O4S2\IZGORO\23-Jun-2021\ 
 0\\#P wB97XD/aug-cc-pVDZ INT=(grid=ultrafine) cphf=(grid=fine) opt SCR 
 F=(CPCM,solvent=water)\\title card\\0,1\S,-1.4119748239,0.8651563926,0 
 .8310989873\S,-0.3562783587,1.163638966,2.5963397806\C,1.4089167402,0. 
 9518661627,2.1018800794\C,-1.5753708845,-0.9616636598,0.7434974399\C,2 
 .1394585719,0.0514251462,3.0979891625\H,1.4373216179,0.5225947453,1.09 
 70678078\H,1.8896652032,1.9364628982,2.0801932728\C,-0.6572833578,-1.6 
 060200135,-0.2917442541\H,-1.3379751195,-1.3547225726,1.7368406866\H,- 
 2.6236830569,-1.1877469872,0.5173054003\H,3.174006189,-0.0633622607,2. 
 7240185244\N,2.0740871962,0.6359565823,4.4311220741\C,1.5662228932,-1. 
 3573970417,3.0425232865\H,2.4841997945,0.0107127509,5.1181098056\H,2.6 
 254101409,1.4896242757,4.4470486647\O,1.2787790838,-1.8655798037,4.233 
 9917049\O,1.4249574459,-1.9647433393,1.9994977327\C,0.7647423058,-3.20 
 77046472,4.2420953567\H,0.5998492706,-3.4492367836,5.2938088489\H,-0.1 
 774509829,-3.2512486818,3.6848338477\H,1.4940234136,-3.8931852662,3.79 
 71590693\N,-0.6432028675,-3.0548008866,-0.0816865172\C,-1.1246170716,- 
 1.289387993,-1.7043147283\H,0.3495695522,-1.1642174639,-0.1981064895\H 
 ,-0.1441176439,-3.504711409,-0.8443178429\H,-0.0978473039,-3.237223144 
 7,0.7585969509\O,-0.426512365,-1.9735128482,-2.6112017419\O,-2.0033690 
 788,-0.5021049233,-1.9862898363\C,-0.7722184626,-1.7499587871,-3.98698 
 14777\H,-0.1063706922,-2.3955858198,-4.5633081548\H,-1.8187094487,-2.0 
 225680275,-4.1625235693\H,-0.6119822078,-0.6984983873,-4.2499333051\\V 
 ersion=ES64L-G16RevA.03\State=1-A\HF=-1521.1846377\RMSD=6.406e-09\RMSF 
 =7.617e-06\Dipole=2.8910054,-1.3850115,0.512553\Quadrupole=-3.8165423, 
 -5.2996901,9.1162325,7.3878344,4.1146699,-1.054167\PG=C01 [X(C8H16N2O4 
 S2)]\\@ 
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Compound E:  
1\1\GINC-MK18\FOpt\RwB97XD\Aug-CC-pVDZ\C16H12N2O8S2\IZGORO\25-Jun-2021 
 \0\\#P wB97XD/aug-cc-pVDZ INT=(grid=ultrafine) cphf=(grid=fine) opt SC 
 RF=(CPCM,solvent=water)\\title card\\0,1\C,-0.1382957252,0.1345975776, 
 0.1263973915\C,-0.1107127605,0.0837960558,1.5193645154\C,1.1068384921, 
 -0.0335061412,2.2001372\C,2.289570675,-0.1106995703,1.4808060249\C,2.2 
 476700929,-0.0815703697,0.08930307\C,1.0436696019,0.0451661256,-0.6037 
 54677\S,-1.5758725317,0.0692582827,2.5444333161\S,-3.1380342707,0.5269 
 83177,1.2768641559\C,-3.4897299959,-0.9848287798,0.3889657571\C,-4.635 
 2909213,-0.9632105984,-0.4153278778\C,-4.9420764289,-2.0637471477,-1.2 
 007594178\C,-4.0986956617,-3.1716511313,-1.186325389\C,-2.9590671177,- 
 3.2129342985,-0.3828486955\C,-2.6649821816,-2.1086273536,0.4122587884\ 
 C,-2.0438494563,-4.4020240761,-0.2657996913\O,-2.2928430882,-5.3697977 
 538,0.4162236944\C,0.9319187355,0.1537705809,-2.1007258375\O,1.1423562 
 348,1.1763480644,-2.7121113126\O,-0.9092311758,-4.1945307305,-0.920451 
 1978\C,0.0744385228,-5.2412864852,-0.8316281852\O,0.4819270011,-0.9774 
 597254,-2.6268608813\C,0.2753158821,-0.976084531,-4.0511200901\H,-5.28 
 44389317,-0.0892526076,-0.4372836168\H,-5.8225654241,-2.064060438,-1.8 
 374801652\N,-4.4171323803,-4.2922753745,-2.0704408206\H,-1.7841081051, 
 -2.1362528279,1.0498786341\H,1.135631619,-0.0725133195,3.2879457228\H, 
 3.2443640872,-0.2095322427,1.9900095566\N,3.5061980984,-0.225398121,-0 
 .6416361282\H,-1.0808100522,0.244297799,-0.4054719184\H,0.9225049088,- 
 4.8895490414,-1.4220995806\H,0.3664764302,-5.3941702861,0.2127249031\H 
 ,-0.3297375963,-6.1695284512,-1.2493355412\H,-0.0928140234,-1.97581260 
 82,-4.2890655027\H,-0.4651043775,-0.2160473819,-4.322147274\H,1.222138 
 3947,-0.7796056237,-4.5653103338\O,3.447804135,-0.5185057409,-1.826574 
 8488\O,4.5488868796,-0.0570068265,-0.0315813724\O,-3.5365389228,-5.108 
 7620658,-2.2969797274\O,-5.5391673023,-4.3504193716,-2.5451785344\\Ver 
 sion=ES64L-G16RevA.03\State=1-A\HF=-2124.1971799\RMSD=5.747e-09\RMSF=2 
 .723e-06\Dipole=-0.8895669,1.1942781,1.5241465\Quadrupole=-7.2978029,- 
 10.7695335,18.0673363,-28.8706,8.283103,5.2025952\PG=C01 [X(C16H12N2O8 
 S2)]\\@ 

  

 

 

 

 

 

 
  



 S26 

Compound F: 
1\1\GINC-MK06\FOpt\RwB97XD\Aug-CC-pVDZ\C8H16N2O4S2\IZGORO\23-Jun-2021\ 
 0\\#P wB97XD/aug-cc-pVDZ INT=(grid=ultrafine) cphf=(grid=fine) opt SCR 
 F=(CPCM,solvent=water)\\title card\\0,1\S,-1.4119748239,0.8651563926,0 
 .8310989873\S,-0.3562783587,1.163638966,2.5963397806\C,1.4089167402,0. 
 9518661627,2.1018800794\C,-1.5753708845,-0.9616636598,0.7434974399\C,2 
 .1394585719,0.0514251462,3.0979891625\H,1.4373216179,0.5225947453,1.09 
 70678078\H,1.8896652032,1.9364628982,2.0801932728\C,-0.6572833578,-1.6 
 060200135,-0.2917442541\H,-1.3379751195,-1.3547225726,1.7368406866\H,- 
 2.6236830569,-1.1877469872,0.5173054003\H,3.174006189,-0.0633622607,2. 
 7240185244\N,2.0740871962,0.6359565823,4.4311220741\C,1.5662228932,-1. 
 3573970417,3.0425232865\H,2.4841997945,0.0107127509,5.1181098056\H,2.6 
 254101409,1.4896242757,4.4470486647\O,1.2787790838,-1.8655798037,4.233 
 9917049\O,1.4249574459,-1.9647433393,1.9994977327\C,0.7647423058,-3.20 
 77046472,4.2420953567\H,0.5998492706,-3.4492367836,5.2938088489\H,-0.1 
 774509829,-3.2512486818,3.6848338477\H,1.4940234136,-3.8931852662,3.79 
 71590693\N,-0.6432028675,-3.0548008866,-0.0816865172\C,-1.1246170716,- 
 1.289387993,-1.7043147283\H,0.3495695522,-1.1642174639,-0.1981064895\H 
 ,-0.1441176439,-3.504711409,-0.8443178429\H,-0.0978473039,-3.237223144 
 7,0.7585969509\O,-0.426512365,-1.9735128482,-2.6112017419\O,-2.0033690 
 788,-0.5021049233,-1.9862898363\C,-0.7722184626,-1.7499587871,-3.98698 
 14777\H,-0.1063706922,-2.3955858198,-4.5633081548\H,-1.8187094487,-2.0 
 225680275,-4.1625235693\H,-0.6119822078,-0.6984983873,-4.2499333051\\V 
 ersion=ES64L-G16RevA.03\State=1-A\HF=-1521.1846377\RMSD=6.406e-09\RMSF 
 =7.617e-06\Dipole=2.8910054,-1.3850115,0.512553\Quadrupole=-3.8165423, 
 -5.2996901,9.1162325,7.3878344,4.1146699,-1.054167\PG=C01 [X(C8H16N2O4 
 S2)]\\@ 
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Supporting Spectra 

Methyl N,S-bis(tert-butoxycarbonyl)-L-cysteinate, C 
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Methyl N-(tert-butoxycarbonyl)-S-(2-thiopyridinyl)cysteinate, D 
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Methyl (R)-5-((2-((tert-butoxycarbonyl)amino)-3-methoxy-3-oxopropyl)disulfaneyl)-2-

nitrobenzoate, E 
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[1,6]-Z-Crt-[2]-Cys Human Insulin A Chain (6-13), 3 
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Purified peptide  
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[2,8]-Z-Crt-[3,16]-Cys Conotoxin Vc1.1, 9 
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[2,8]-Z-Crt-[3,16]-cystino Conotoxin Vc1.1, 10 
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Purified Peptide, post S -S oxidation  
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[2,8]-Dicarba-[3,16]-cystino Conotoxin Vc1.1, 11 
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C
rude reaction m

ixture: E/Z- product isom
ers 
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[2,10]-Agl-[4,11]-Cys Conotoxin pc16a  
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rude Peptide 
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[2,10]-Agl-[4,11]-cystino Conotoxin pc16a  
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Purified peptide post SS 
oxidation 
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[2,10]-Dicarba-[4,11]-cystino Conotoxin pc16a  
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Isomer(I)  
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Isomer(II) 19 

 

Purified Peptide 
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[1,6]-Z-Crt-[2]-Met Human Insulin A Chain (6-13), 4 
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Purified peptide 
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[1,6]-Z-Crt-[2]-CysS(SPy) Human Insulin A Chain (6-13), 7 
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Purified peptide 
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[1,6]-Z-Crt-[2]-CysS(SNB) Human Insulin A Chain (6-13) 16 
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Purified peptide 
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[1,6]-Dicarba-[2]-Met Human Insulin A Chain (6-13), 6 

 

 

6 

 

Purified peptide, E-  and Z -isom
ers 
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[1,6]-Z-Crt-[2]-Met(O) Human Insulin A Chain (6-13), 14 
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Purified peptide , R- and S-isom
ers  
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[1,6]-Dicarba-[2]-Met(O) Human Insulin A Chain (6-13), 15 
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Purified peptide, R- and S-isom
ers 
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