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1 Materials and Equipment 
All chemicals and solvents commercially received were used without any further purification. 

Deuterium (99.8%) in 25/45 L gas cylinders was purchased from Sigma-Aldrich. 

1.1 Used catalysts 

 

Figure S1: Structures of used commercially available catalysts C1-7. 

Commercially available catalysts and suppliers are displayed in Table S1 below.  

Table S1: Used commercially available catalysts with CAS number and supplier. 

Catalyst CAS Supplier 

Ru(COD)Cl2 C1 50982-12-2 BLD 

Pd(COD)Cl2 C2 12107-56-1 Abcr GmbH 

Pt(COD)Cl2 C3 12080-32-9 Thermo Fisher 

[Ir(COD)Cl]2 C4 12112-67-3 Aldrich 

[Ir(COD)(OMe)]2 C5 
 

12148-71-9 Abcr GmbH 

[Rh(COD)Cl]2 C6 
 

12098-47-6 Aldrich 

[Rh(COD)(OH)]2 C7 
 

73468-85-6 Abcr GmbH 
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1.2 Used ligands 

 
 

 
Figure S2: Structures of used commercially available ligands L1-19. 

1.3 Analytical methods 
 

LC-MS spectra were obtained on Agilent 1200 Series (Agilent Technologies). 

Column: Luna C18(2) 10x2 mm, particle size: 5 µm 

Mobile phase A: H2O + 0.05% TFA 

Mobile phase B: ACN + 0.05% TFA 

Flow rate: 0.5 mL/min 

Detection: UV 254 nm and UV 210 nm 

 

HR-MS spectra were obtained on a Vanquish (Thermo Fisher) couple with a Bruker Compact QTOF. 

Column: CSH Peptide C18-N11, 150x2.1 mm, particle size: 1.7 µm 
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Mobile phase A: H2O/ACN/TFA 900:100:0.5 

Mobile phase B: H2O/ACN/TFA 100:900:0.375 

Flow rate: 0.25 mL/min 

Detection: UV 10 nm, UV 220 nm, UV 254 nm and UV 280 nm 

 

Purification of peptides done by RP-HPLC. 

Column: HyPURITY C18 150x21.2 mm, particle size: 5 µm 

Mobile phase A: H2O + 0.05% TFA 

Mobile phase B: ACN + 0.05% TFA 

Detection: UV 210 nm 

 

Stability test run by UHPLC. 

UHPLC spectra were obtained on a Vanquish instrument from Thermo Fischer Scientific. 

Column: Waters Acquity Peptide CSH 130 C18 150x2.1 mm, particle size: 1.7 µm 

Mobile phase A: H2O/ACN/TFA 900:100:0.5 

Mobile phase B: H2O/ACN/TFA 100:900:0.375 

Flow rate: 0.5 mL/min 

Detection: UV 220 nm and radiodetection 

 
1H-NMR, 31P-NMR, deuterium (2H)-NMR and tritium (3H)-NMR spectra were obtained on Bruker 300 
UltraShieldTM spectrometer (Bruker BioSpin AG). The chemical shifts (δ) are expressed in ppm and are 
adapted to the proton signal the respective solvent. The blue dots reported in the chemical structures 
as well as the blue arrows reported in the NMR spectra indicate the position(s) of hydrogen-deuterium 
exchange and are determined by 2H-NMR run in non-deuterated solvent. All spectra were recorded at 
room temperature. 
 
For determination of NMR yields, a 39 mM stock solution of maleic acid (purchased from Sigma-
Aldrich) in D2O was prepared. Each sample was solubilized in 0.7 mL of the prepared solution and 
analyzed by 1H-NMR.  
 
pH was measured using the Orion Star A211 pH meter (Thermo Fisher Scientific) and the pH meter was 
calibrated with pH 4/7/10 technical pH buffer solutions (VWR Chemicals). 
 

1.4 Buffers 

1.4.1 Sorensen´s Phosphate Buffer (SPB)1 
Two stock solutions were prepared for SPB. 4.5 g of KH2PO4 were solubilized in 500 mL of deionized 

water to obtain Stock A. 5.9 g of Na2HPO4 • 2H2O were solubilized in 500 mL of deionized water to 

obtain Stock B. 

 Buffer pH 5.9: 43.95 mL of Stock A + 6.05 mL of Stock B 

 Buffer pH 6.9: 19.40 mL of Stock A + 30.60 mL of Stock B 

1.4.2 Borax/HCl Buffer1 
Borax buffer was obtained by dissolving 125.8 mg of anhydrous borax in different HCl (0.1 M) volumes 

according to the desired pH and filled up to 50 mL with deionized water. 

 Buffer pH 8: 10.25 mL of HCl (0.1 M) 

 Buffer pH 9: 2.3 mL of HCl (0.1 M) 
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1.4.3 PBS Buffer 
PBS buffer was obtained by dissolving 400 mg of NaCl, 10 mg of KCl, 72 mg of Na2HPO4 and 12.25 of 

NaH2PO4 in 40 mL of deionized water, adjusting the pH at 7.4. The solution was added with water until 

50 mL. 

2 Analysis of deuterium incorporation 
Analysis of deuterium incorporation by LC-MS was performed using IsoPat2 evaluation in Excel (Excel 

sheet: Excel-Worksheet for deconvolution of MS-patterns (D,17O,13C,15N) by GRUBER and KROUTIL).3 

This calculation method compares the ratios of the peaks in the mass spectrum of the isotopically 

labeled compound with those of the unlabeled starting material. By considering the isotope 

distribution of the unlabeled molecule, this method allows the determination of the deuterium 

incorporation.  

Analysis of deuterium incorporation into a molecule by 1H-NMR was performed using MestReNova 
15.0.03 software. The 1H-NMR spectra were adjusted to the respective solvent after the measurement. 
The comparison of the peak area of the signal to be analyzed before and after isotope labeling was 
done according to the following equation 1. 
 
Deuterium incorporation ൌ  Peak intensity before labeling െ Peak intensity after labeling       ሺ1ሻ 

3 Identification of active catalytic system for aliphatic Hydrogen 

Isotope Exchange (HIE) 
 

3.1 Screening of in situ catalytic systems 
All reactions were performed using a Radleys synthesis station for parallel solution phase chemistry. 

Catalysts C1-7 in combination with ligands L1-5 were screened with compound 4 at 90 °C for 2h in 3 

mL of Borax/HCl buffer pH 9. 

A 6 mM stock solution of each catalyst and a 30 mM stock solution of each ligand were prepared using 

dioxane as solvent.  

Compound 4 (0.02 mmol, 1 equiv.) was dissolved in 3 mL of Borax/HCl buffer pH 9 and the amount of 

the selected catalyst (2.5 mol%, 0.025 equiv.) and ligand (5 mol%, 0.05 equiv.) were dispensed as the 

previously prepared stock solution. A stirring bar was added to the reaction flask, which was closed 

properly and connected to the gas inlet. The flask was evacuated until slight bubbling of the solution 

and then refilled with deuterium gas. This procedure was repeated three times. The reaction was 

stirred under D2 atmosphere (100 equiv.) for 2 h at 90 °C. The reaction mixture was filtered through a 

syringe filter (0.45 µm) and one aliquot was analyzed by LC-MS. 
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Table S2: Catalytic system screening for the HIE of compound 4, deuterium content reported as D/molecule as 

an average of three reactions analyzed by LC-MS (red < 0.20 D/molecule, orange 0.20 – 0.75 D/molecule, green 

> 0.75 D/molecule). 

 

Entry Catalyst L1 L2 L3 L4 L5 

1 Ru(COD)Cl2 C1 0.26 0 0 0 0 

2 Pd(COD)Cl2 C2 0.13 0.20 0 0.20 0.20 

3 Pt(COD)Cl2 C3 0.18 0.39 0.15 0.10 0.10 

4 [Ir(COD)Cl]2 C4 0.17 0.25 0.10 0.20 1.24 

5 [Ir(COD)(OMe)]2 C5  0.12 0.10 0 0.12 2.36 

6 [Rh(COD)Cl]2 C6  0.38 0 0.68 0.34 0.47 

7 [Rh(COD)(OH)]2 C7  0.51 0 0.80 0.24 0 

a) average of three reactions, analyzed by LC-MS 

 
 

Figure S3: Structure of 1-(pyrimidin-2-yl)piperidin-4-ol 4. 

 
1H-NMR (300 MHz, MeOD): δ [ppm] = 8.31 (d, J = 4.8 Hz, 2H), 6.57 (t, J = 4.8 Hz, 1H), 4.45-4.37 (m, 2H), 

3.91-3.85 (m, 1H), 3.29-3.23 (m, 2H), 1.96-1.87 (m, 2H), 1.53-1.41 (m, 2H). Analytical data compared 

to literature.4 

Incorporation expected at δ 4.45-4.37 and δ 3.29-3.23. (blue arrows, blue dots in the structure). 

Determined against integral at δ 6.57 (grey arrow). As reported in literature.5 
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Figure S4: 1H-NMR spectra of reference compound 4 and the crude of the deuteration reaction yielding [D]-4. 
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Figure S5: 2H-NMR spectra of the deuteration crude reaction yielding [D]-4. 

The reduction of the pyrimidine ring is occurring when rhodium is used, especially in combination with 

pyridine. In a few cases the saturation of the pyrimidine is the prevalent reaction. The conditions used 

for the screening with [Rh(COD)Cl]2 and pyridine have been repeated using H2 instead of D2. As shown 

here below, all the aromatic peaks have disappeared in comparison with the starting material. The 

reported product is consistent with literature.6 

 

 

Figure S6: 1-(1,4,5,6-tetrahydropyrimidin-2-yl)piperidin-4-ol 4a. 
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Figure S7: LC-MS spectra of hydrogenated product 4a.  
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Figure S8: MS spectrum of hydrogenated product 4a.  
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Figure S9: 1H-NMR spectrum of reference compound 4. 

 

Figure S10: 1H-NMR spectrum of hydrogenated product 4a. 

 
 



15 
 

3.2 In situ formation of catalytic systems 

All reactions were performed using a Radleys synthesis station for parallel solution phase chemistry. 

Catalyst C4 was tested with ligands L1-3 with compound 4 as substrate in 3 mL of Borax/HCl buffer pH 

9 at 90 °C for 2h. 

A 6 mM stock solution of each catalyst and a 30 mM stock solution of each ligand were prepared using 

dioxane as solvent.  

Compound 4 (0.02 mmol, 1 equiv.) was dissolved in 3 mL of Borax/HCl buffer pH 9 and the amount of 

catalyst C4 (2.5 mol%, 0.025 equiv.) was dispensed as the previously prepared stock solution and added 

to the solution. Ligand L1 (5 mol%, 0.025 equiv.) for entry 1, ligand L1 (2.5 mol%, 0.025 equiv.) and L2 

(2.5 mol%, 0.025 equiv.) for entry 2, and ligands L1 (2.5 mol%, 0.025 equiv.) and L3 (2.5 mol%, 0.025 

equiv.) for entry 3 were dispensed as the previously prepared stock solution. A stirring bar was added 

to each reaction flask, which was closed properly and connected to the gas inlet. The flask was 

evacuated until slight bubbling of the solution and then refilled with deuterium gas. This procedure 

was repeated three times. The reaction was stirred under D2 atmosphere (100 equiv.) for 2 h at 90 °C. 

The reaction mixture was filtered through a syringe filter (0.45 µm) and one aliquot was analyzed by 

LC-MS. 

Table S3: In situ formation of common catalytic systems, deuterium content for compound 4 reported as 

D/molecule as an average of three reactions analyzed by LC-MS (red < 0.20 D/molecule, orange 0.20 – 0.75 

D/molecule, green > 0.75 D/molecule). 

 

Entry Catalytic system D/molecule 

1 [Ir(COD)Cl]
2 

C4 + L1 + L1 0.17 

2 [Ir(COD)Cl]
2 

 C4 + L1 + L2 0.14 

3 [Ir(COD)Cl]
2 

C4 + L1 + L3 0.22 

a) average of three reactions, analyzed by LC-MS 

3.3 Screening of amino acids 
All reactions were performed using a Radleys synthesis station for parallel solution phase chemistry. 

Catalysts C4, C5 or C7 were tested in combination with ligands L3 (for C7) or L5 (for C4 and C5) with 

five different amino acids in 3 mL of Borax/HCl buffer pH 9 at 90 °C for 2h. 

A 6 mM stock solution of each catalyst and a 30 mM stock solution of each ligand were prepared using 

dioxane as solvent.  

Each amino acid (0.02 mmol, 1 equiv.) was dissolved in 3 mL of Borax/HCl buffer pH 9 and the amount 

of the selected catalyst (2.5 mol%, 0.025 equiv.) and ligand (5 mol%, 0.05 equiv.) were dispensed as 

the previously prepared stock solution. A stirring bar was added to the reaction flask, which was closed 

properly and connected to the gas inlet. The flask was evacuated until slight bubbling of the solution 

and then refilled with deuterium gas. This procedure was repeated three times. The reaction was 
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stirred under D2 atmosphere (100 equiv.) for 2 h at 90 °C. The reaction mixture was filtered through a 

syringe filter (0.45 µm) and one aliquot was analyzed by LC-MS. 

Table S4: Screening of the three best catalytic systems with five different amino acids (AAs), deuterium 

incorporation reported as D/molecule as an average of three reactions analyzed by LC-MS (red < 0.20 

D/molecule, orange 0.20 – 0.75 D/molecule, green > 0.75 D/molecule). 

 

Entry Catalytic system L-Ser L-Glu L-Lys L-His L-Trp 

1 [Ir(COD)(OMe)]
2 

C5 + L5 0 0 0.17 0 0 

2 [Ir(COD)Cl]
2 

C4 + L5 0 0 1.10 0 0 

3 [Rh(COD)(OH)]
2 

C7 + L3 0 0 0 0 0 

 

3.4 Screening of phosphine ligands 
All reactions were performed using a Radleys synthesis station for parallel solution phase chemistry. 

Catalyst [Ir(COD)Cl]2 C4 was tested in combination with ligands L6-19 with L-Lys 1 in 3 mL of Borax/HCl 

buffer pH 9 at 90 °C for 2h. 

A 6 mM stock solution of catalyst [Ir(COD)Cl]2 C4 and a 30 mM stock solution of each ligand were 

prepared using dioxane as solvent.  

Compound L-Lys 1 (0.02 mmol, 1 equiv.) was dissolved in 3 mL of Borax/HCl buffer pH 9, catalyst 

[Ir(COD)Cl]2 C4 (2.5 mol%, 0.025 equiv.) and the selected ligand (5 mol%, 0.05 equiv.) were dispensed 

as the previously prepared stock solution. A stirring bar was added to each reaction flask, which was 

closed properly and connected to the gas inlet. The flask was evacuated until slight bubbling of the 

solution and then refilled with deuterium gas. This procedure was repeated three times. The reaction 

was stirred under D2 atmosphere (100 equiv.) for 2 h at 90 °C. The reaction mixture was filtered through 

a syringe filter (0.45 µm) and one aliquot was analyzed by LC-MS. 
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Table S5: Ligand screening for the HIE reaction of L-Lys 1 with catalyst [Ir(COD)Cl]2 C4. 

 

Entry Ligand LogP D/moleculea 

1 L6 -4.4 0.36 

2 L7 -4.4 0.16 

3 L8 -4.4 0.19 

4 L9 -4.3 0.14 

5 L10 -4.3 0.10 

6 L11 -4.2 1.49 

7 L12 -4.2 0.29 

8 L13 -4.0 1.08 

9 L14 -3.8 0.10 

10 L15 -3.7 0.32 

11 L16 -3.6 0 

12 L17 -3.6 1.16 

13 L18 -3.5 0 

14 L19 -3.1 0 

a) average of three reactions, analyzed by LC-MS 

4 Reaction optimization 

4.1 Screening of reaction time 
All reactions were performed using a Radleys synthesis station for parallel solution phase chemistry. 

A 6 mM stock solution of catalyst [Ir(COD)Cl]2 C4 and a 30 mM stock solution of ligand L11 were 

prepared using dioxane as solvent.  

Compound L-Lys 1 (0.02 mmol, 1 equiv.) was dissolved in 3 mL of Borax/HCl buffer pH 9, catalyst 

[Ir(COD)Cl]2 C4 (2.5 mol%, 0.025 equiv.) and the ligand L11 (5 mol%, 0.05 equiv.) were dispensed as 

the previously prepared stock solution. A stirring bar was added to each reaction flask, which was 

closed properly and connected to the gas inlet. The flask was evacuated until slight bubbling of the 

solution and then refilled with deuterium gas. This procedure was repeated three times. The reaction 

was stirred under D2 atmosphere (100 equiv.) at 90 °C. At different time points, an aliquot of the 

reaction mixture was filtered through a syringe filter (0.45 µm) and analyzed by LC-MS. 
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Table S6: Screening of reaction time for the HIE reaction with L-Lys 1. 

 

 

Entry Time (min) D/moleculea Standard deviation 

1 5 0.88 0.19 

2 10 0.95 0.26 

3 15 1.30 0.15 

4 30 1.42 0.23 

5 45 1.49 0.25 

6 60  1.52 0.23 

7 120 1.49 0.25 

8 180 1.47 0.31 

a) average of three reactions, analyzed by LC-MS 

 

4.2 Screening of catalyst load 
All reactions were performed using a Radleys synthesis station for parallel solution phase chemistry. 

A 6 mM stock solution of catalyst [Ir(COD)Cl]2 C4 and a 30 mM stock solution of ligand L11 were 

prepared using dioxane as solvent.  

Compound L-Lys 1 (0.02 mmol, 1 equiv.) was dissolved in 3 mL of Borax/HCl buffer pH 9, catalyst 

[Ir(COD)Cl]2 C4 (X mol%) and the ligand L11 (2X mol%) were dispensed as the previously prepared stock 
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solution. A stirring bar was added to each reaction flask, which was closed properly and connected to 

the gas inlet. The flask was evacuated until slight bubbling of the solution and then refilled with 

deuterium gas. This procedure was repeated three times. The reaction was stirred under D2 

atmosphere (100 equiv.) at 90 °C for 1 h using the cooling system of the synthesis station. The reaction 

mixture was filtered through a syringe filter (0.45 µm) and one aliquot was analyzed by LC-MS. 

Table S7: Screening of catalyst load in the HIE reaction with L-Lys 1. 

 

 

Entry C4 (mol%) D/moleculea Standard deviation 

1 0.5 0.33 0.24 

2 1 1.23 0.17 

3 2.5 1.52 0.23 

4 5 1.35 0.07 

5 7.5  1.16 0.08 

a) average of three reactions, analyzed by LC-MS 

 

To analyze the particles present in the reaction mixture, 10 μmol of the unfiltered crude mixture were 

analyzed on a A. Krüss – Optronic MBL2100 230VAC 20 W microscope with a 10x zoom. To calculate 

the amount of deuterium present in the solvent 2H-NMR analysis was performed. The crude reaction 

mixture was filtered through a syringe filter (0.45 μm) and 0.1 mL of the filtered reaction mixture were 

diluted with 0.4 mL of a solution of Borax/HCl buffer pH 9 containing 0.05% d8-THF (corresponding to 

2.5 μmol) as reference and analyzed by 2H-NMR. A 0.5 mL sample of the Borax/HCl buffer containing 
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0.05% d8-THF was prepared to control the natural abundance of the deuterium present in 0.5 mL of 

the solution. 

 

Figure S11: Crude reaction mixtures. A. Crude reaction mixtures using 2.5 mol% of pre-catalyst [Ir(CODCl]2 

before the reaction (t = 0 h, left) and after the reaction (t = 1 h). B Crude reaction mixtures using 7.5 mol% of 

pre-catalyst [Ir(CODCl]2 before the reaction (t = 0 h, left) and after the reaction (t = 1 h). C. Crude reaction 

mixtures after the reaction (t = 1 h) using 2.5 mol% (left) and a 7.5 mol% (right) of pre-catalyst [Ir(COD)Cl]2. 

Conditions: 0.02 mmol substrate, X mol% [IrCODCl]2, 2X mol% ligand L11, Borax/HCl buffer pH 9, 90 °C, 1 h. 

 

Figure S12: Microscope analysis (10x zoom) of the crude reaction mixtures with 2.5 mol% (left) and 7.5 mol% 

(right) content of pre-catalyst [Ir(COD)Cl]2.  
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Figure S13: 2H-NMR spectrum of Buffer pH 9 as reference. 

D2O in 0.5mL buffer: 𝑛 = 4.4 μmol (baseline amount) 
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Figure S14: 2H-NMR spectrum of the deuteration crude reaction of L-Lys 1 using 2.5 mol% of pre-catalysts 

[Ir(COD)Cl]2. 

D2O in 0.5 mL sample: 𝑛 = 15 μmol 

D2O in 0.1 mL reaction: 𝑛 = 10.6 μmol (by baseline subtraction)  318 μmol  in 3.0 mL  16 equiv. 

D2 in the solvent. 
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Figure S15: 2H-NMR spectrum of the deuteration crude reaction of L-Lys 1 using 7.5 mol% of pre-catalysts 

[Ir(COD)Cl]2. 

D2O in 0.5 mL sample: 𝑛 = 8.3 μmol 

D2O in 0.1 mL reaction: 𝑛 = 3.9 μmol (by baseline subtraction)  117 μmol  in 3.0 mL  6 equiv. D2 in 

the solvent. 

It is possible to postulate two simultaneous processes happening in the reaction conditions. The Ir 

metal present in the mixture can form an Ir-complex with the phosphine ligand and substrate as well 

as metal particles, detected visually at the end of the reaction and by microscope analysis. When the 

amount of pre-catalyst is increased from 2.5 mol% to 7.5 mol%, the amount of metal clusters is also 

augmented, reducing the amount of Ir available for interaction with the ligand and the substrate and, 

therefore, for the formation of the active catalytic species. This results in a lower deuterium 

incorporation on the substrate. 

4.3 Screening of phosphine load 
All reactions were performed using a Radleys synthesis station for parallel solution phase chemistry. 

A 6 mM stock solution of catalyst [Ir(COD)Cl]2 C4 and a 30 mM stock solution of ligand L11 were 

prepared using dioxane as solvent.  

Compound L-Lys 1 (0.02 mmol, 1 equiv.) was dissolved in 3 mL of Borax/HCl buffer pH 9, catalyst 

[Ir(COD)Cl]2 C4 (2.5 mol%, 0.025 equiv.) and ligand L11 (X mol%) were dispensed as the previously 

prepared stock solution. A stirring bar was added to each reaction flask, which was closed properly and 

connected to the gas inlet. The flask was evacuated until slight bubbling of the solution and then 

refilled with deuterium gas. This procedure was repeated three times. The reaction was stirred under 

D2 atmosphere (100 equiv.) at 90 °C for 1 h. The reaction mixture was filtered through a syringe filter 

(0.45 µm) and one aliquot was analyzed by LC-MS. 
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Table S8: Screening of phosphine load in the HIE reaction with L-Lys 1. 

 

 

 

Entry Equiv. to C4 L11 (mol%) D/moleculea Standard deviation 

1 1 2.5 1.16 0.36 

2 2 5 1.52 0.23 

3 3 7.5 1.48 0.18 

4 4 10 0.82 0.49 

a) average of three reactions, analyzed by LC-MS 

4.4 Screening of pH 
All reactions were performed using a Radleys synthesis station for parallel solution phase chemistry. 

A 6 mM stock solution of catalyst [Ir(COD)Cl]2 C4 and a 30 mM stock solution of ligand L11 were 

prepared using dioxane as solvent.  

Compound L-Lys 1 (0.02 mmol, 1 equiv.) was dissolved in 3 mL of buffer, catalyst [Ir(COD)Cl]2 C4 (2.5 

mol%, 0.025 equiv.) and ligand L11 (5 mol%, 0.05 equiv.) were dispensed as the previously prepared 

stock solution. A stirring bar was added to each reaction flask, which was closed properly and 

connected to the gas inlet. The flask was evacuated until slight bubbling of the solution and then 

refilled with deuterium gas. This procedure was repeated three times. The reaction was stirred under 

D2 atmosphere (100 equiv.) at 90 °C for 1 h. The reaction mixture was filtered through a syringe filter 

(0.45 µm) and one aliquot was analyzed by LC-MS. 
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Table S9: Screening of pH in the HIE reaction with L-Lys 1. 

 

 

Entry Buffer (pH) D/moleculea Standard deviation 

1 6 0.14 0.04 

2 7 0.71 0.20 

3 8 1.24 0.21 

4 9 1.52 0.23 

a) average of three reactions, analyzed by LC-MS 

 

 

4.5 L-Arginine optimization 
All reactions were performed using a Radleys synthesis station for parallel solution phase chemistry. 

A 6 mM stock solution of catalyst [Ir(COD)Cl]2 C4 and a 30 mM stock solution of ligand L11 were 

prepared using dioxane as solvent.  

Compound L-Arg 2 (0.02 mmol, 1 equiv.) was dissolved in 3 mL of of Borax/HCl buffer pH 9, catalyst 

[Ir(COD)Cl]2 C4 (X mol%) and ligand L11 (2X mol%) were dispensed as the previously prepared stock 

solution. A stirring bar was added to each reaction flask, which was closed properly and connected to 

the gas inlet. The flask was evacuated until slight bubbling of the solution and then refilled with 

deuterium gas. This procedure was repeated three times. The reaction was stirred under D2 

atmosphere (100 equiv.) at 90 °C for X h. The reaction mixture was filtered through a syringe filter 

(0.45 µm) and one aliquot was analyzed by LC-MS. 
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Table S10: Reaction optimization for L-Arg 2. 

 

 

Entry C4 (mol%) L11 (mol%) Time (h) D/moleculea 

1 2.5 5 1 0.15 

2 2.5 5 3 0.35 

3 2.5 5 5 0.40 

4 2.5 5 17 0.46 

5 5 10 1 0.49 

6 5 10 3 0.59 

7 5 10 5 0.59 

8 5 10 17 0.64 

a) average of three reactions, analyzed by LC-MS 

5 Control reactions 
All reactions were performed using a Radleys synthesis station for parallel solution phase chemistry. 

A 6 mM stock solution of catalyst [Ir(COD)Cl]2 C4 and a 30 mM stock solution of ligand L11 were 

prepared using dioxane as solvent.  

Compound L-Lys 1 (0.02 mmol) was used as substrate and solubilized in 3 mL of buffer pH 9. 

The reaction was stirred at 90 °C for 1 h. The reaction mixture was filtered through a syringe filter (0.45 

µm) and one aliquot was analyzed by LC-MS. 
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Table S11: Control reactions for the optimized HIE reaction conditions with L-Lys 1. 

Entry C4 (mol%) L11 (mol%) D2 (equiv.) D/moleculea 

1 - 5 100 0 

2 2.5 - 100 0.10 

3 2.5 5 - 0 

4b 2.5 5 100 1.70 

5b,c 2.5 5 - 1.15 

a) average of three reactions, analyzed by LC-MS, b) Borax/DCl buffer pH 9 prepared with D2O, c) use of H2 gas 

instead of D2 

To analyze the particles present in the reaction mixture, 10 μmol of the unfiltered crude mixture were 

analyzed on a A. Krüss – Optronic MBL2100 230VAC 20 W microscope with a 10x zoom. To calculate 

the amount of deuterium present in the solvent 2H-NMR analysis was performed. The crude reaction 

mixture was filtered through a syringe filter (0.45 μm) and 0.1 mL of the filtered reaction mixture were 

diluted with 0.4 mL of a solution of Borax/HCl buffer pH 9 containing 0.05% d8-THF (corresponding to 

2.5 μmol) as reference and analyzed by 2H-NMR. A 0.5 mL sample of the Borax/HCl buffer containing 

0.05% d8-THF was prepared to control the natural abundance of the deuterium present in 0.5 mL of 

the solution. 

 

Figure S16: Crude reaction mixtures after the reaction  with no Lys (left) and Lys (right) present. Conditions: 

0.02 mmol substrate, 2.5 mol% [IrCODCl]2, 5 mol% ligand L11, 3 mL Borax/HCl buffer pH 9, 90 °C, 1 h. 

 

Figure S17: Microscope analysis (10x zoom) of the crude reaction mixtures without (left) and with (right) 

substrate. 
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Figure S18: 2H-NMR spectrum of the deuteration crude reaction without substrate (L-Lys 1). 

D2O in 0.5 mL sample: 𝑛 = 63.8 μmol 

D2O in 0.1 mL reaction: 𝑛 = 59.4 μmol (by baseline subtraction)  1.8 mmol in 3.0 mL  90 equiv. D2 

in the solvent. 

6 General HIE protocols 
All reactions were performed using a Radleys synthesis station for parallel solution phase chemistry. 

6.1 Method A 
A 6 mM stock solution of catalyst [Ir(COD)Cl]2 C4 and a 30 mM stock solution of ligand L11 were 

prepared using dioxane as solvent.  

The substrate (0.02 mmol, 1 equiv.) was dissolved in 3 mL of Borax/HCl Buffer pH 9, catalyst [Ir(COD)Cl]2 

C4 (2.5 mol%, 0.025 equiv.) and ligand L11 (5 mol%, 0.05 equiv.) were dispensed as the previously 

prepared stock solution. A stirring bar was added to each reaction flask, which was closed properly and 

connected to the gas inlet. The flask was evacuated until slight bubbling of the solution and then 

refilled with deuterium gas. This procedure was repeated three times. The reaction was stirred under 

D2 atmosphere (100 equiv.) at 90 °C for 1 h. The reaction mixture was filtered through a syringe filter 

(0.45 µm) and one aliquot was analyzed by LC-MS. Additionally, water was removed by using a 

lyophilizer. The filtered or purified sample was analyzed by 1H- and 2H-NMR. 

As mentioned above, in each reaction workup the crude was filtered by a 0.45 µm syringe filter to 

remove the insoluble residues prior purifying by RP-HPLC. Although metal traces can remain in the 

deuterated or tritiated product, the amount of the tritiated compound (µg) is so low that it plays no 

role in suitable biological testing. This can be different if the deuterated compound would be used. 
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6.2 Method B 
A 6 mM stock solution of catalyst [Ir(COD)Cl]2 C4 and a 30 mM stock solution of ligand L11 were 

prepared using dioxane as solvent.  

The substrate (0.02 mmol, 1 equiv.) was dissolved in 3 mL of Borax/HCl Buffer pH 9, catalyst [Ir(COD)Cl]2 

C4 (2.5 mol%, 0.025 equiv.) and ligand L11 (5 mol%, 0.05 equiv.) were dispensed as the previously 

prepared stock solution. A stirring bar was added to each reaction flask, which was closed properly and 

connected to the gas inlet. The flask was evacuated until slight bubbling of the solution and then 

refilled with deuterium gas. This procedure was repeated three times. The reaction was stirred under 

D2 atmosphere (100 equiv.) at 90 °C for 1 h. After 1 h, catalyst C4 (2.5 mol%) and ligand L11 (5 mol%, 

0.05 equiv.) were dispensed in 0.5 mL of dioxane and added to the reaction mixture, which was left 

stirring for another 1 h. The reaction mixture was filtered through a syringe filter (0.45 µm) and one 

aliquot was analyzed by LC-MS. Additionally, water was removed by using a lyophilizer. The purified 

sample was analyzed by 1H- and 2H-NMR. 

As mentioned above, in each reaction workup the crude was filtered by a 0.45 µm syringe filter to 

remove the insoluble residues prior purifying by RP-HPLC. Although metal traces can remain in the 

deuterated or tritiated product, the amount of the tritiated compound (µg) is so low that it plays no 

role in suitable biological testing. This can be different if the deuterated compound would be used. 

 

6.3 Method C 
A 6 mM stock solution of catalyst [Ir(COD)Cl]2 C4 and a 30 mM stock solution of ligand L11 were 

prepared using dioxane as solvent.  

The substrate (0.02 mmol, 1 equiv.) was dissolved in 3 mL of Borax/HCl Buffer pH 9, catalyst [Ir(COD)Cl]2 

C4 (5 mol%, 0.05 equiv.) and ligand L11 (10 mol%, 0.10 equiv.) were dispensed as the previously 

prepared stock solution. A stirring bar was added to each reaction flask, which was closed properly and 

connected to the gas inlet. The flask was evacuated until slight bubbling of the solution and then 

refilled with deuterium gas. This procedure was repeated three times. The reaction was stirred under 

D2 atmosphere (100 equiv.) at 90 °C for 17 h. The reaction mixture was filtered through a syringe filter 

(0.45 µm) and one aliquot was analyzed by LC-MS. Additionally, water was removed by using a 

lyophilizer. The filtered or purified sample was analyzed by 1H- and 2H-NMR. 
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7 Screening of compounds 

7.1 Initial scope 

7.1.1 L-Lysine 1 
 

 
 

Figure S19: Structure of L-Lys 1. 
 

Method A: 3.0 mg, 0.02 mmol 1, 0.5 µmol catalyst C4 (2.5 mol%), 1 µmol ligand L11 (5 mol%) 

1H-NMR (300 MHz, D2O): δ [ppm] = 3.34 (t, J = 6.2 Hz, 1H), 2.96 (t, J = 7.3 Hz, 2H), 1.75-1.56 (m, 4H), 

1.49-1.32 (m, 2H). Analytical data compared to literature.7  

Incorporation expected at δ 1.49-1.32. (blue arrow, blue dot in the structure). Determined against 

integral at δ 3.34 (grey arrow). 

Results are determined as the average of three reactions. 

Deuterium incorporation determined by LC-MS: 1.52 D/molecule. 

Deuterium incorporation determined by 1H-NMR: 1.71 D/molecule for δ 1.49-1.32. 

Yield: 30%, NMR yield. 
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Figure S20: 1H-NMR spectra of the HIE reaction of compound 1 to yield the deuterated product [D]-1. 
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Figure S21: 2H-NMR spectrum of the HIE reaction yielding the deuterated product [D]-1. 

To confirm the variation in the chemical shift of some of the signals was due to the pH and possible 

remaining buffer salts, both the reference and the yielded HIE product were analyzed as HCl salt by 1H-

NMR. 

 

Figure S22: Overlay of 1H-NMR spectra of the HCl salts of the reference compound 1 and the HIE reaction of 

deuterated product [D]-1. 
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7.1.2 L-Arginine 2 
 

 

Figure S23: Structure of L-Arginine 3 with 2H labeling positions. 

 

Method C: 3.5 mg, 0.02 mmol 2, 1 µmol catalyst C4 (5 mol%), 2 µmol ligand L8 (10 mol%) 

1H-NMR (300 MHz, D2O): δ [ppm] = 4.08 (t, J = 6.3 Hz, 1H), 3.26 (t, J = 6.8 Hz, 2H), 2.11-1.87 (m, 2H), 

1.86-1.61 (m, 2H). Analytical data compared to literature.8 

Incorporation expected at δ 3.26 and 1.86-1.61. (blue arrow, blue dot in the structure). Determined 

against integral at δ 4.08 (grey arrow). 

Results are determined as the average of three reactions. 

Deuterium incorporation determined by LC-MS: 0.64 D/molecule. 

Deuterium incorporation determined by 1H-NMR: 0.39 D/molecule for δ 3.26 and 0.38 D/molecule 

for δ 1.86-1.61. 

Yield: 34%, NMR yield. 
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Figure S24: 1H-NMR spectra of the HIE reaction of compound 2 to yield the deuterated product [D]-2. 
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Figure S25: 2H-NMR spectrum of the HIE reaction yielding the deuterated product [D]-3. 

7.1.3 1,4-diaminobutane 9 
 

 

Figure S26: Structure of 1,4-diaminobutane 9. 

 

Method A: 2 mg, 0.02 mmol 9, 0.5 µmol catalyst C4 (2.5 mol%), 1 µmol ligand L11 (5 mol%) 

1H-NMR (300 MHz, D2O): δ [ppm] = 2.73-2.53 (m, 4H), 1.52-1.41 (m, 4H). Analytical data compared to 

literature.9 

Results are determined as the average of three reactions. 

Deuterium incorporation determined by LC-MS: 0.36 D/molecule. 

Deuterium incorporation determined by 2H-NMR: 77%D (0.28 D/molecule) for δ 2.73-2.53 and 23%D 

(0.08 D/molecule) for δ 1.52-1.41 (blue arrows). 

Yield: 14%, NMR yield. 
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Figure S27: LC-MS analysis of representative HIE reaction of 1,4-diaminobutane 9. 
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Figure S28: 1H-NMR spectra of the HIE reaction of compound 9 to yield the deuterated product [D]-9. 
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Figure S29: 2H-NMR spectrum of the HIE reaction yielding the deuterated product [D]-9. 

7.1.4 Agmatine 10 
 

 

Figure S30: Structure of agmatine 10. 

 

Method A: 4.5 mg, 0.02 mmol 10•H2SO4, 0.5 µmol catalyst C4 (2.5 mol%), 1 µmol ligand L11 (5 mol%) 

1H-NMR (300 MHz, D2O): δ [ppm] = 3.25 (t, J = 6.4 Hz, 2H), 3.05 (t, J = 7.2 Hz, 2H), 1.83-1.61 (m, 4H). 

Analytical data compared to literature.10 

Incorporation expected at δ 3.25. (blue arrow, blue dot in the structure). Determined against integral 

at δ 3.05 (grey arrow). 

Results are determined as the average of three reactions. 

Deuterium incorporation determined by LC-MS: 0.27 D/molecule. 

Deuterium incorporation determined by 1H-NMR: 0.16 D/molecule for δ 3.25. 

Yield: 33%, NMR yield. 
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Figure S31: 1H-NMR spectra of the HIE reaction of compound 10 to yield the deuterated product [D]-10. 
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Figure S32: 2H-NMR spectrum of the HIE reaction yielding the deuterated product [D]-10. 

7.1.5 4-guanidinobutyric acid 11 
 

 

Figure S33: Structure of 4-guanidinobutyric acid 11. 

 

Method C: 3 mg, 0.02 mmol 11, 0.5 µmol catalyst C4 (2.5 mol%), 1 µmol ligand L11 (5 mol%) 

Results are determined as the average of three reactions. 

Deuterium incorporation determined by LC-MS: 0 D/molecule. 
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Figure S34: LC-MS analysis of representative HIE reaction of 4-guanidinobutyric acid 11. 
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7.1.6 Amylamine 12 
 

 

Figure S35: Structure of amylamine 12. 

 

Method A: 2 mg, 0.02 mmol 12, 0.5 µmol catalyst C4 (2.5 mol%), 1 µmol ligand L11 (5 mol%) 

Results are determined as the average of three reactions. 

Deuterium incorporation determined by LC-MS: 0 D/molecule. 
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Figure S36: LC-MS analysis of representative HIE reaction of amylamine 12. 
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7.1.7 1,5-diaminopentane 13 
 

 

Figure S37: Structure of 1,5-diaminopentane 13. 

 

Method A: 2 mg, 0.02 mmol 13, 0.5 µmol catalyst C4 (2.5 mol%), 1 µmol ligand L11 (5 mol%) 

1H-NMR (300 MHz, D2O): δ [ppm] = 2.64 (t, J = 6.9 Hz, 4H), 1.54-1.42 (m, 4H), 1.41-1.36 (m, 2H). 

Analytical data compared to literature.11 

Incorporation expected at δ 1.41-1.36. (blue arrow, blue dot in the structure). Determined against 

integral at δ 2.64 (grey arrow).  

Results are determined as the average of three reactions. 

Deuterium incorporation determined by LC-MS: 1.40 D/molecule. 

Deuterium incorporation determined by 1H-NMR: 1.11 D/molecule for δ 1.41-1.36. 

Yield: 63%, NMR yield. 
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Figure S38: 1H-NMR spectra of the HIE reaction of compound 13 to yield the deuterated product [D]-13. 

 



48 
 

 

Figure S39: 2H-NMR spectrum of the HIE reaction yielding the deuterated product [D]-13. 

7.1.8 1-methyl-1,5-diaminopentane 14 
 

 

Figure S40: Structure of 1-methyl-1,5-diaminopentane 14. 
 

Method A: 2 mg, 0.02 mmol 14, 0.5 µmol catalyst C4 (2.5 mol%), 1 µmol ligand L11 (5 mol%) 

1H-NMR (300 MHz, D2O): δ [ppm] = 2.60 (t, J = 6.9 Hz, 2H), 2.53 (t, J = 7.2 Hz, 2H), 2.30 (s, 3H), 1.56-

1.39 (m, 4H), 1.38-1.24 (m, 2H). Analytical data compared to literature.12 

Incorporation expected at δ 1.38-1.24. (blue arrow, blue dot in the structure). Determined against 

integral at δ 2.30 (grey arrow).  

Results are determined as the average of three reactions. 

Deuterium incorporation determined by LC-MS: 1.11 D/molecule. 

Deuterium incorporation determined by 1H-NMR: 0.96 D/molecule for δ 1.38-1.24 

Yield: 54%, NMR yield. 
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Figure S41: 1H-NMR spectra of the HIE reaction of compound 14 to yield the deuterated product [D]-14. 
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Figure S42: 2H-NMR spectrum of the HIE reaction yielding the deuterated product [D]-14. 

7.1.9 5-aminopentanoic acid 15 
 

 

Figure S43: Structure of 5-aminopentanoic acid 15. 
 

Method A: 2 mg, 0.02 mmol 15, 0.5 µmol catalyst C4 (2.5 mol%), 1 µmol ligand L11 (5 mol%) 

1H-NMR (300 MHz, D2O): δ [ppm] = 3.02 (t, J = 7.1 Hz, 2H), 2.28-2.19 (t, J = 7.1 Hz, 2H), 1.70-1.62 (m, 

4H). Analytical data compared to literature.13 

Incorporation expected at δ 1.70-1.62. (blue arrow, blue dot in the structure, uncertainty due to 

overlapping signals, position assigned as indicated by postulated mechanism). Determined against 

integral at δ 3.02 (grey arrow). 

Results are determined as the average of three reactions. 

Deuterium incorporation determined by LC-MS: 0.24 D/molecule. 

Deuterium incorporation determined by 1H-NMR: 0.19 D/molecule for δ 1.70-1.62 

Yield: 35%, NMR yield. 
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Figure S44: 1H-NMR spectra of the HIE reaction of compound 15 to yield the deuterated product [D]-15. 
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Figure S45: 2H-NMR spectrum of the HIE reaction yielding the deuterated product [D]-15. 

7.1.10 5-aminopentamide 16 
 

 

Figure S46: Structure of 5-aminopentamide 16. 
 

Method A: 3 mg, 0.02 mmol 16•HCl, 0.5 µmol catalyst C4 (2.5 mol%), 1 µmol ligand L11 (5 mol%) 

1H-NMR (300 MHz, D2O): δ [ppm] = 3.04 (t, J = 6.8 Hz, 2H), 2.28-2.19 (t, J = 6.4 Hz, 2H), 1.80-1.60 (m, 

4H). Analytical data compared to literature.14 

Incorporation expected at δ 1.80-1.60. (blue arrow, blue dot in the structure, uncertainty due to 

overlapping signals, position assigned as indicated by postulated mechanism). Determined against 

integral at δ 3.04 (grey arrow). 

Results are determined as the average of three reactions. 

Deuterium incorporation determined by LC-MS: 0.32 D/molecule. 

Deuterium incorporation determined by 1H-NMR: 0.32 D/molecule for δ 1.80-1.60 

Yield: 21%, NMR yield. 
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Figure S47: 1H-NMR spectra of the HIE reaction of compound 16 to yield the deuterated product [D]-16. 
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Figure S48: 2H-NMR spectrum of the HIE reaction yielding the deuterated product [D]-16. 

7.1.11 1,3-cyclohexanediamine 17 
 

 

Figure S49: Structure of 1,3-cyclohexanediamine 17. 

 

Method A: 2 mg, 0.02 mmol 17, 0.5 µmol catalyst C4 (2.5 mol%), 1 µmol ligand L11 (5 mol%) 

1H-NMR (300 MHz, D2O): δ [ppm] = 2.72-2.62 (m, 2H), 2.01-1.93 (m, 1H), 1.89-1.68 (m, 3H), 1.68-1.51 

(m, 1H), 1.39-1.22 (m, 2H), 1.06-0.83 (m, 3H). Analytical data compared to literature.15 

Incorporation expected at δ 1.89-1.68. (blue arrow, blue dot in the structure). Determined against 

integral at δ 2.72-2.62 (grey arrow). 

Results are determined as the average of three reactions. 

Deuterium incorporation determined by LC-MS: 0.44 D/molecule. 

Deuterium incorporation determined by 1H-NMR: 0.31 D/molecule for δ 1.89-1.68 

Yield: 74%, NMR yield. 
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Figure S50: 1H-NMR spectra of the HIE reaction of compound 17 to yield the deuterated product [D]-17. 
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Figure S51: 2H-NMR spectrum of the HIE reaction yielding the deuterated product [D]-17. 
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Figure S52: 1H-NMR spectra of reference compound 17 and the crude of the deuteration crude reaction 

yielding [D]-17-cis. 
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Figure S53: 2H-NMR spectrum of the HIE reaction yielding the deuterated product [D]-17-cis. 

. 
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Figure S54: 1H-NMR spectra of reference compound 17 and the crude of the deuteration crude reaction 

yielding [D]-17-trans. 
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Figure S55: 2H-NMR spectrum of the HIE reaction yielding the deuterated product [D]-17-trans. 

7.1.12 1,6-diaminohexane 18 
 

 

Figure S56: Structure of 1,6-diaminohexane 18. 

 

Method A: 2 mg, 0.02 mmol 18, 0.5 µmol catalyst C4 (2.5 mol%), 1 µmol ligand L11 (5 mol%) 

1H-NMR (300 MHz, D2O): δ [ppm] = 2.62 (t, J = 6.9 Hz, 4H), 1.54-1.39 (m, 4H), 1.39-1.28 (m, 4H). 

Analytical data compared to literature.16 

Incorporation expected at δ 1.39-1.28. (blue arrow, blue dot in the structure). Determined against 

integral at δ 2.62 (grey arrow). 

Results are determined as the average of three reactions. 

Deuterium incorporation determined by LC-MS: 0.45 D/molecule. 

Deuterium incorporation determined by 1H-NMR: 0.47 D/molecule for δ 1.39-1.28 

Yield: 40%, NMR yield. 
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Figure S57: 1H-NMR spectra of the HIE reaction of compound 18 to yield the deuterated product [D]-18. 
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Figure S58: 2H-NMR spectrum of the HIE reaction yielding the deuterated product [D]-18. 
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7.1.13 1,7-diaminoheptane 19 
 

 

Figure S59: Structure of 1,7-diaminoheptane 19. 

 

Method A: 2.5 mg, 0.02 mmol 19, 0.5 µmol catalyst C4 (2.5 mol%), 1 µmol ligand L11 (5 mol%) 

Results are determined as the average of three reactions. 

Deuterium incorporation determined by LC-MS: 0 D/molecule. 

 



64 
 

 

Figure S60: LC-MS analysis of representative HIE reaction of 1,7-diaminoheptane 19. 
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7.1.14 1,8-diaminoctane 20 
 

 

Figure S61: Structure of 1,8-diaminooctane 20. 

 

Method A: 3 mg, 0.02 mmol 20, 0.5 µmol catalyst C4 (2.5 mol%), 1 µmol ligand L11 (5 mol%) 

Results are determined as the average of three reactions. 

Deuterium incorporation determined by LC-MS: 0 D/molecule. 
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Figure S62: LC-MS analysis of representative HIE reaction of 1,8-diaminoheptane 20. 
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7.2 Peptides 

7.2.1 Bradykinin 3 

 

Figure S63: Structure of Bradykinin 3. 
 

Method C: 25 mg, 0.02 mmol 3•CH3COOH, 1 µmol catalyst C4 (5 mol%), 2 µmol ligand L11 (10 mol%). 

1H-NMR (300 MHz, D2O+TFA): δ [ppm] = 7.44-7.19 (m, 10H), 4.74-4.56 (m, 5H), 4.52-4.20 (m, 5H), 

3.97-3.45 (m, 11H), 3.28-2.95 (m, 8H), 2.55-2.14 (m, 4H), 2.14-1.81 (m, 15H), 1.81-1.57 (m, 7H). 

Analytical data compared to literature.17 

Incorporation expected at δ 3.28-2.95 and δ 1.81-1.63 (blue arrows, blue dots in the structures, 

position assigned as indicated by postulated mechanism). Determined against integral at δ 7.44-7.19 

(grey arrow). 

Results are determined as single reaction. 

Deuterium incorporation determined by HR-MS: 0.72 D/molecule. 

Deuterium incorporation determined by 1H-NMR: 0.74 D/molecule for δ 3.28-2.95 and 0.77 

D/molecule for δ 1.81-1.57  

Yield: 2.5 mg, 1.9 µmol, 10%, isolated yield. 

To investigate degradation of complex compounds, bradykinin was analyzed. The chromatograms of 

the starting material and the crude mixture of reacted bradykinin 3 are shown below. Minor 

degradation is present in the crude reaction, the deuterated compound elutes at retention time 4.1 

min and represents the major product of the reaction.  
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Figure S64: HR-MS analysis of reference compound bradykinin 3.  

 

Figure S65: HR-MS analysis of the crude reaction mixture yielding bradykinin [D]-3. 
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Figure S66: HR-MS analysis of Bradykinin 3 (double charged, reference). 
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Figure S67: HR-MS analysis of Bradykinin [D]-3 (double charged). 
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Figure S68: Calculation of deuterium content in Bradykinin [D]-3. 
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Figure S69: 1H-NMR spectra of the HIE reaction of compound 3 to yield the deuterated product [D]-3. 
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Figure S70: 2H-NMR spectrum of the HIE reaction yielding the deuterated product [D]-3. 
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7.2.2 Arg-Pro-NH-iBu 21 
 

 

Figure S71: Structure of Arg-Pro-NH-iBu 21. 

 

Method C: 13.5 mg, 0.02 mmol 21•TsOH, 1 µmol catalyst C4 (5 mol%), 2 µmol ligand L11 (10 mol%). 

HR-MS (ESI+): m/z [M+H] + mass calc. for C15H30N6O2: 327.2503; found: 327.2457. 

1H-NMR (300 MHz, D2O+TFA): δ [ppm] = 7.64 (d, J = 8.0 Hz, 5H), 7.32 (d, J = 8.0 Hz, 5H), 4.43-4.31 (m, 

2H), 3.78-3.65 (m, 1H), 3.60-3.49 (q, 1H), 3.19 (t, J = 6.9 Hz, 2H), 3.10-3.01 (m, 1H), 2.95-2.84 (m, 1H), 

2.34 (s, 7H), 2.31-2.21 (m, 1H), 2.09-1.80 (m, 5H), 1.79-1.56 (m, 3H), 0.83 (d, J = 6.6 Hz, 6H). Peaks at δ 

7.64, 7.32 and 2.34 belonging to TsOH.  

Incorporation expected at δ 3.19 and 1.79-1.56 (blue arrows, blue dots in the structure, positions 

assigned as indicated by postulated mechanism). Determined against integral at δ 0.83 (grey arrow).  

Results are determined as the average of three reactions. 

Deuterium incorporation determined by HR-MS: 1.04 D/molecule. 

Deuterium incorporation determined by 1H-NMR: 0.52 D/molecule for δ 3.19 and 0.73 D/molecule 

for δ 1.79-1.56  

Yield: obtained as TsOH salt, 6 mg, 9 µmol, 15%, isolated yield. 
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Figure S72: HR-MS analysis of Arg-Pro-NH-iBu 21 (reference). 
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Figure S73: HR-MS analysis of Arg-Pro-NH-iBu [D]-21. 

 

 

Figure S74: Calculation of deuterium content in Arg-Pro-NH-iBu [D]-21. 
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Figure S75: 1H-NMR spectra of the HIE reaction of compound 21 to yield the deuterated product [D]-21. 
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Figure S76: 2H-NMR spectrum of the HIE reaction yielding the deuterated product [D]-21. 
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7.2.3 Arg-Pro-D-Ala-NH2 22 
 

 

Figure S77: Structure of Arg-Pro-D-Ala-NH2 22. 

 

Method C: 14 mg, 0.02 mmol 22•TsOH, 1 µmol catalyst C4 (5 mol%), 2 µmol ligand L11 (10 mol%). 

HR-MS (ESI+): m/z [M+H]+ mass calc. for C14H27N7O3: 342.2248; found: 342.2219. 

1H-NMR (300 MHz, D2O+TFA): δ [ppm] = 7.68 (d, J = 8.0, 3H), 7.35 (d, J = 8.0 Hz, 3H), 4.48 (t, J = 7.2 Hz, 

1H), 4.43-4.31 (m, 1H), 4.30-4.21 (m, 2H), 3.81-3.68 (m, 1H), 3.63-3.48 (m, 2H), 3.26-3.13 (m, 3H), 2.42-

2.25 (m, 5H), 2.14-1.78 (m, 7H), 1.75-1.61 (m, 2H), 1.55 (t, J = 6.9 Hz, 2H), 1.50-1.35 (m, 3H). Peaks at 

δ 7.68, 7.35 and partially 2.42-2.25 belonging to TsOH.  

Incorporation expected at δ 3.26-3.13 and 1.75-1.61 (blue arrow, blue dot in the structure). 

Determined against integral at δ 1.50-1.35 (grey arrow). 

Results are determined as the average of three reactions. 

Deuterium incorporation determined by LC-MS: 0.41 D/molecule. 

Deuterium incorporation determined by 1H-NMR: 0.60 D/molecule at δ 3.26-3.13 and 0.44 

D/molecule at δ 1.75-1.61 

Yield: obtained as TsOH salt, 18 mg, 26 µmol, 43%, isolated yield. 
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Figure S78: HR-MS analysis of Arg-Pro-D-Ala-NH2 22 (reference). 
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Figure S79: HR-MS analysis of Arg-Pro-D-Ala-NH2 [D]-22. 
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Figure S80: Calculation of deuterium content in Arg-Pro-D-Ala-NH2 [D]-22. 
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Figure S81: 1H-NMR spectra of the HIE reaction of compound 22 to yield the deuterated product [D]-22. 
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Figure S82: 2H-NMR spectrum of the HIE reaction yielding the deuterated product [D]-22. 
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7.2.4 Lys-Phe-Thr-Ser-D-Phe 23  
 

 

Figure S83: Structure of Lys-Phe-Thr-Ser-D-Phe 23 with 2H labeling position. 

 

Method B: 15 mg, 0.02 mmol 23•CH3COOH, 0.5 µmol catalyst C4 (2.5 mol%), 1 µmol ligand L11 (5 

mol%). 

HR-MS (ESI+): m/z [M+H]+ mass calc. for C31H44N6O8: 629.3293; found: 629.3175. 

1H-NMR (300 MHz, D2O+TFA): δ [ppm] = 7.40-7.20 (m, 10H), 4.75-4.65 (m, 2H), 4.36-4.24 (m, 2H), 4.05 

(dd, J = 6.5, 5.1 Hz, 1H), 3.95 (t, J = 6.5 Hz, 1H), 3.65-3.55 (m, 2H), 3.25 (dd, J = 14.1, 5.5 Hz, 1H), 3.14-

2.87 (m, 5H), 1.90-1.77 (m, 2H), 1.70-1.56 (m, 2H), 1.41-1.30 (m, 2H), 1.08 (d, J = 6.4 Hz, 3H). 

Incorporation expected at δ 1.41-1.30 (blue arrow, blue dot in the structure). Determined against 

integral at δ 7.40-7.20 (grey arrow). 

Results are determined as the average of three reactions. 

Deuterium incorporation determined by HR-MS: 0.47 D/molecule. 

Deuterium incorporation determined by 1H-NMR: 0.46 D/molecule for δ 1.41-1.30 

Yield: obtained as TFA salt, 5 mg, 6 µmol, 10%, isolated yield over two purification steps. 
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Figure S84: HR-MS analysis of Lys-Phe-Thr-Ser-D-Phe 23 (reference). 
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Figure S85: HR-MS analysis of Lys-Phe-Thr-Ser-D-Phe [D]-23. 

 

 

Figure S86: Calculation of deuterium content in Lys-Phe-Thr-Ser-D-Phe [D]-23. 
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Figure S87: 1H-NMR spectra of the HIE reaction of compound 23 to yield the deuterated product [D]-23. 
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Figure S88: 2H-NMR spectrum of the HIE reaction yielding the deuterated product [D]-23. 
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7.2.5 Lys-Tyr-Phe 24 
 

 

Figure S89: Structure of Lys-Tyr-Phe 24. 

 

Method B: 9 mg, 0.02 mmol 24, 0.5 µmol catalyst C4 (2.5 mol%), 1 µmol ligand L11 (5 mol%). 

HR-MS (ESI+): m/z [M+H]+ mass calc. for C24H32N4O5: 457.2445; found: 457.2367. 

1H-NMR (300 MHz, D2O+TFA): δ [ppm] = 7.48-7.19 (m, 6H), 7.11 (d, J = 8.3, 2H), 6.83 (d, J = 8.8, 2H), 

4.63-4.47 (m, 2H), 3.93 (t, J = 6.6, 1H), 3.75 (d, J = 2.1 Hz, 1H), 3.71-3.61 (m, 1H), 3.17 (dd, J = 13.7, 5.2 

Hz, 1H), 3.03-2.85 (m, 5H), 1.88-1.72 (m, 2H), 1.72-1.54 (m, 2H), 1.35-1.18 (m, 2H).  

Incorporation expected at δ 1.35-1.18. (blue arrow, blue dot in the structure). Determined against 

integral at δ 6.83 (grey arrow). 

Results are determined as the average of three reactions. 

Deuterium incorporation determined by HR-MS: 0.61 D/molecule. 

Deuterium incorporation determined by 1H-NMR: 0.79 D/molecule for δ 1.35-1.18 

Yield: obtained as TFA salt, 8 mg, 12 µmol, 20%, isolated yield. 
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Figure S90: HR-MS analysis of Lys-Tyr-Phe 24 (reference). 
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Figure S91: HR-MS analysis of Lys-Tyr-Phe [D]-24. 
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Figure S92: Calculation of deuterium content in Lys-Tyr-Phe [D]-24. 
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Figure S93: 1H-NMR spectra of the HIE reaction of compound 24 to yield the deuterated product [D]-24. 
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Figure S94: 2H-NMR spectrum of the HIE reaction yielding the deuterated product [D]-24. 
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7.2.6 Lys-Tyr-Lys 25 
 

 

Figure S95: Structure of Lys-Tyr-Lys 25. 

 

Method B: 12 mg, 0.02 mmol 25•CH3COOH, 0.5 µmol catalyst C4 (2.5 mol%), 2 µmol ligand L11 (5 

mol%), reaction run for 3h. 

HR-MS (ESI+): m/z [M+H]+ mass calc. for C21H35N5O5: 438.2711; found: 438.2638. 

1H-NMR (300 MHz, D2O+TFA): δ [ppm] = 7.14 (d, J = 8.4 Hz, 2H), 6.83 (d, J = 8.5 Hz, 2H), 4.57 (t, J = 7.7 

Hz, 1H), 4.14 (dd, J = 8.4, 5.6 Hz, 1H), 3.92 (t, J = 6.6 Hz, 1H), 3.01-2.91 (m, 6H), 2.06 (s, 6H), 1.88-1.56 

(m, 8H), 1.43-1.22 (m, 4H).  

Incorporation expected at δ 1.43-1.22. (blue arrow, blue dot in the structure, position assigned as 

indicated by postulated mechanism). Determined against integral at δ 7.14 (grey arrow). 

Results are determined as the average of three reactions. 

Deuterium incorporation determined by HR-MS: 0.61 D/molecule. 

Deuterium incorporation determined by 1H-NMR: 0.68 D/molecule for δ 1.43-1.22 

Yield: obtained as TFA salt, 14 mg, 18 µmol, 30%, isolated yield. 
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Figure S96: HR-MS analysis of Lys-Tyr-Lys 25 (reference). 
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Figure S97: HR-MS analysis of Lys-Tyr-Lys [D]-25. 

 

Figure S98: Calculation of deuterium content in Lys-Tyr-Lys [D]-25. 
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Figure S99: 1H-NMR spectra of the HIE reaction of compound 25 to yield the deuterated product [D]-25. 
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Figure S100: 2H-NMR spectrum of the HIE reaction yielding the deuterated product [D]-25. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



112 
 

7.2.7 Lys-D-Pro-Phe-Ile-Leu 26 
 

 

Figure S101: Structure of Lys-D-Pro-Phe-Ile-Leu 26. 

 

Method B: 12 mg, 0.02 mmol 26, 0.5 µmol catalyst C4 (2.5 mol%), 1 µmol ligand L11 (5 mol%). 

HR-MS (ESI+): m/z [M+H]+ mass calc. for C32H52N6O6: 617.4021; found: 617.3901. 

1H-NMR (300 MHz, D2O+TFA): δ [ppm] = 7.46-7.23 (m, 5H), 4.62 (t, J = 7.6 Hz, 1H), 4.50 (dd, J = 8.2, 6.2 

Hz, 1H), 4.37 (t, J = 6.2 Hz, 1H), 4.32-4.23 (m, J = 7.9 Hz, 1H), 4.21-4.09 (m, 1H), 3.82-3.70 (m, 1H), 3.68-

3.55 (m, 1H), 3.16-2.96 (m, 4H), 2.40-2.25 (m, 1H), 2.14-1.61 (m, 11H), 1.61-1.36 (m, 3H), 1.24-1.04 (m, 

1H), 1.05-0.75 (m, 12H).  

Incorporation expected at δ 1.61-1.36 (blue arrow, blue dot in the structure, position assigned as 

indicated by postulated mechanism). Determined against integral at δ 7.46-7.23 (grey arrow). 

Results are determined as the average of three reactions. 

Deuterium incorporation determined by HR-MS: 1.22 D/molecule. 

Deuterium incorporation determined by 1H-NMR: 1.44 D/molecule for δ 1.61-1.36 

Yield: obtained as TFA salt, 17 mg, 20 µmol, 33%, isolated yield. 
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Figure S102: HR-MS analysis of Lys-D-Pro-Phe-Ile-Leu 26 (reference). 
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Figure S103: HR-MS analysis of Lys-D-Pro-Phe-Ile-Leu [D]-26. 
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Figure S104: Calculation of deuterium content in Lys-D-Pro-Phe-Ile-Leu 26. 
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Figure S105: 1H-NMR spectra of the HIE reaction of compound 26 to yield the deuterated product [D]-26. 
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Figure S106: 2H-NMR spectrum of the HIE reaction yielding the deuterated product [D]-26. 
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7.2.8 Lys-Leu-Leu-Gln-Gly-Leu-Val-NH2 27 
 

 

Figure S107: Structure of Lys-Leu-Leu-Gln-Gly-Leu-Val-NH2 27. 

 

Method B: 15 mg, 0.02 mmol 27, 0.5 µmol catalyst C4 (2.5 mol%), 1 µmol ligand L11 (5 mol%). 

HR-MS (ESI+): m/z [M+H+] mass calc. for C32H52N6O6: 769.5294; found: 769.5142. 

1H-NMR (300 MHz, D2O+TFA): δ [ppm] = 4.43-4.34 (m, 3H), 4.14-4.10 (m, 1H), 4.03 (t, J = 6.5 Hz, 1H), 

4.01-3.96 (s, 1H), 3.02 (t, J = 7.7 Hz, 1H), 2.38 (t, J = 7.5 Hz, 1H), 2.20-1.84 (m, 4H), 1.80-1.53 (m, 7H), 

1.49-1.42 (m, 2H), 1.05-0.81 (m, 15H). Incorporation expected at δ 1.49-1.42 (blue arrow, blue dot in 

the structure). Determined against integral at δ 1.05-0.81 (grey arrow). 

Results are determined as the average of three reactions. 

Deuterium incorporation determined by HR-MS: 0.46 D/molecule. 

Deuterium incorporation determined by 1H-NMR: 0.39 D/molecule for δ 1.49-1.42 

Yield: obtained as TFA salt, 20 mg, 20 µmol, 34%, isolated yield. 
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Figure S108: HR-MS analysis of Lys-Leu-Leu-Gln-Gly-Leu-Val-NH2 27 (reference). 
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Figure S109: HR-MS analysis of Lys-Leu-Leu-Gln-Gly-Leu-Val-NH2 [D]-27. 
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Figure S110: Calculation of deuterium content in Lys-Leu-Leu-Gln-Gly-Leu-Val-NH2 [D]-27. 
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Figure S111: 1H-NMR spectra of the HIE reaction of compound 27 to yield the deuterated product [D]-27. 
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Figure S112: 2H-NMR spectrum of the HIE reaction yielding the deuterated product [D]-27. 
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7.2.9 Lys-Pro-Ile-Thr-Val 28 
 

 

Figure S113: Structure of Lys-Pro-Ile-Thr-Val 28. 

 

Method A: 11 mg, 0.02 mmol 28, 0.5 µmol catalyst C4 (2.5 mol%), 1 µmol ligand L11 (5 mol%). 

HR-MS (ESI+): m/z [M+H]+ mass calc. for C26H48N6O7: 557.3657; found: 557.3563. 

1H-NMR (300 MHz, D2O+TFA): δ [ppm] = 4.51 (t, J = 7.1 Hz, 1H), 4.41-4.30 (m, 2H), 4.25 (d, J = 5.9 Hz, 

1H), 4.20-4.08 (m, 2H), 3.76-3.68 (m, 1H), 3.62-3.50 (m, 1H), 2.99 (t, J = 7.7 Hz, 2H), 2.37-2.10 (m, 2H), 

2.06-1.76 (m, 6H), 1.75-1.62 (m, 2H), 1.60-1.42 (m, 3H), 1.17 (d, J = 6.3 Hz, 4H), 0.96-0.78 (m, 12H).  

Incorporation expected at δ 1.60-1.42 (blue arrow, blue dot in the structure). Determined against 

integral at δ 0.96-0.78 (grey arrow). 

Results are determined as the average of three reactions. 

Deuterium incorporation determined by LC-MS: 1.15 D/molecule. 

Deuterium incorporation determined by 1H-NMR: 1.06 D/molecule for δ 1.60-1.42 

Yield: obtained as TFA salt, 12 mg, 15 µmol, 25%, isolated yield. 
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Figure S114: HR-MS analysis of Lys-Pro-Ile-Thr-Val 28 (reference). 
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Figure S115: HR-MS analysis of Lys-Pro-Ile-Thr-Val [D]-28. 
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Figure S116: Calculation of deuterium content in Lys-Pro-Ile-Thr-Val [D]-28. 
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Figure S117: 1H-NMR spectra of the HIE reaction of compound 28 to yield the deuterated product [D]-28. 
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Figure S118: 2H-NMR spectrum of the HIE reaction yielding the deuterated product [D]-28. 
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7.2.10 Lys-Pro-Val-Gly-Lys-Lys-Arg-Arg-Pro-Val-Lys-Val-Tyr-NH2 29 
 

 

Figure S119: Structure of Lys-Pro-Val-Gly-Lys-Lys-Arg-Arg-Pro-Val-Lys-Val-Tyr-NH2 29. 

 

Method B: 23 mg, 0.02 mmol 29, 0.5 µmol catalyst C4 (2.5 mol%), 1 µmol ligand L11 (5 mol%). 

HR-MS (ESI+): m/z [M+2H] 2+ mass calc. for C72H128N24O14:777.5093; found: 777.4957. 

1H-NMR (300 MHz, D2O+TFA): δ [ppm] = 7.22-7.11 (m, 2H), 6.90-6.78 (m, 2H), 4.67-4.42 (m, 6H), 4.42-

4.24 (m, 9H), 4.17-3.71 (m, 14H), 3.71-3.56 (m, 4H), 3.29-3.17 (m, 4H), 3.09-2.86 (m, 16H), 2.44-2.23 

(m, 4H), 2.21-1.17 (m, 71H), 1.09-0.77 (m, 26H). 

Incorporation expected at δ 2.21-1.17 (blue arrow, blue dot in the structure, position assigned as 

indicated by postulated mechanism). Determined against integral at δ 6.90-6.78 (grey arrow). 

Results are determined as the average of three reactions. 

Deuterium incorporation determined by HR-MS: 0.31 D/molecule. 

Deuterium incorporation determined by 1H-NMR: impossible to determine. 

Yield: obtained as TFA salt, 13 mg, 6 µmol, 10%, isolated yield. 
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Figure S120: HR-MS analysis of Lys-Pro-Val-Gly-Lys-Lys-Arg-Arg-Pro-Val-Lys-Val-Tyr-NH2 29 (double charged, 

reference). 
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Figure S121: HR-MS analysis of deuterate Lys-Pro-Val-Gly-Lys-Lys-Arg-Arg-Pro-Val-Lys-Val-Tyr-NH2 [D]-29 

(double charged). 
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Figure S122: Calculation of deuterium content in  

Lys-Pro-Val-Gly-Lys-Lys-Arg-Arg-Pro-Val-Lys-Val-Tyr-NH2 [D]-29. 
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Figure S123: 1H-NMR spectra of the HIE reaction of compound 29 to yield the deuterated product [D]-29. 
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Figure S124: 2H-NMR spectrum of the HIE reaction yielding the deuterated product [D]-29. 

8 Reactions under reduced pressure  
 

As preparation for the transfer of the method to T2 gas, the deuterium manifold was used to examine 

the HIE reaction of the selected compounds for deuteration at low pressures with a defined equivalent 

of D2. 

 

A deuterium manifold from RC TRITEC (Figure S103) was used for the HIE reactions under reduced 

pressure. The selected substrate and catalyst [Ir(COD)Cl]2 C4 were dissolved in 1.5 mL of Borax/HCl 

buffer pH 9 in the manifold reaction flask A and connected to the manifold. The apparatus was purged 

3 times with deuterium using the deuterium balloon C. Using the pressure difference of the deuterium 

gas in the cross (apparatus with closed taps B1 and B2) and in the branch (tap B2 is opened), the 

amount of deuterium in the reaction was calculated using the following equation 2. 

 

𝑛D2 ൌ ൅
𝑝2 ቀ

𝑝1 ൉ 𝑉
𝑝2

െ 𝑉ቁ

𝑅𝑇
                                          ሺ2ሻ 

 
nD2 D2 amount [mol] 
p1 Pressure before opening tap to the reaction flask [bar] 
p2 Pressure after opening tap to the reaction flask [bar] 
V Volume of apparatus + reaction flask [L] 
R Ideal gas constant 8.31 bar L mol-1 K-1 
T Temperature [K] 

 



140 
 

 

The tap to the reaction flask was closed, and the reaction was heated to 90 °C for X h. The reaction 

mixture was analyzed by LC-MS. 

 

Figure S125: Deuterium manifold set up for HIE reaction. 
 

Table S12: HIE reactions under reduced pressure. 

Entry Substrate Amount (mmol) Branch pressure (mbar) D2 (eq.) HIE1 (D/molecule) 

1a,b 1 0.01 245 9.8 1.01f 

2c,d 3 0.002 72 9.0 1.02g 

3a,e 28 0.01 272 9.0 1.38f 

4b,e 29 0.005 95 8.4 0.86g 

a) catalyst C4 (2.5 mol%), ligand L11 (5 mol%). 

b) 30 min. 

c) catalyst C4 (5 mol%), ligand L11 (10 mol%). 

d) 18 h. 

e) 1 h. 

f) determined by LC-MS. 

g) determined by HR-MS. 
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9 Tritium reactions 
 

 

Figure S126: Tritium reaction set up. 

9.1 L-Lysine 1 

 
 

Figure S127: Structure of L-Lysin 1. 

1.5 mg (10.27 µmol) of L-Lysin 1, 2.5 mol% (0.025 equiv.) of catalyst [Ir(COD)Cl]2 C4 and 5 mol% (0.05 

equiv.) of ligand L11 (each dispensed as stock solution in dioxane) were added to the reaction flask. 

1.5mL of Borax/HCl buffer pH 9 and a stirring bar were added to the flask. The reaction flask was 

adapted to a TRITEC tritium manifold and the solution was frozen in liquid nitrogen (-196°C). The flask 

was evacuated and charged with tritium (159.4 GBq, 73.46 µmol T2, 7.15 equiv., pressure 150 mbar). 

The reaction mixture was then allowed to warm to room temperature before stirring at 90°C for 30 

min. Then all volatile components were distilled into an ampoule in vacuo at -196°C. The labile tritium 
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was exchanged and removed by addition of MeOH and a freeze-drying process (repeated three times, 

then one time with CH3CN). 

The residue was dissolved in 1 mL 0.1M NaOH solution. 17 mg (120.94 µmol) of benzoyl chloride were 

added and the reaction mixture was stirred at room temperature for 17h. 1 mL of MeOH was added 

to the crude and the mixture was directly purified.  

Purification and isolation of the product was done via HPLC (Waters CSH C18 10x150 mm, 5 µm, 6 

mL/min flow, ACN/water + 0.1% TFA gradient program) and gave 1.36 mg, 5453.4 MBq, 3.4 % RCY, 

37% CY (2 steps), 1420.8 GBq/mmol (38.4 Ci/mmol) of the desired labelled compound [T]-1 (isolated 

as dibenzoyl derivative). This corresponds to 1.32 T/molecule. 

 

Figure S128: Purification chromatogram of L-Lys [T]-1 as dibenzoyl derivative (UV spectrum 210 nm). 
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Figure S129: Radiochromatogram of L-Lys [T]-1 as dibenzoyl derivative. 

 



144 
 

 



145 
 

 



146 
 

 

Figure S130: HR-MS analysis of L-Lys 1 as dibenzoyl derivative (reference). 
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Figure S131: HR-MS analysis of L-Lys [T]-1 purified as dibenzoyl derivative. 
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Figure S132: Calculation of tritium content in L-Lys [T]-1. 

 

 

Figure S133: Overlay and comparison between 1H-NMR spectrum of L-Lys 1 as benzoyl derivative and 1H/3H-

NMR spectra of L-Lys [T]-1 purified as dibenzoyl derivative. 

Stability tests have been performed in PBS buffer and rat plasma (Spraque Dawley Rat LiHep plasma, 

gender pooled from Neo Biotech) to check the stability of tritiated dibenzoyl derivate of L-Lys [T]-1.  

For the PBS tests at r. t. and 37 °C two samples of the substrate in PBS buffer were prepared. A stock 

solution of 7 µg/mL of tritiated dibenzoyl derivate of L-Lys [T]-1 was prepared. The two samples (one 

at r. t. and one at 37 °C) for the UHPLC analysis have been prepared in a 1.5 mL HPLC vial taking with 
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50 µl of the stock solution and adding 950 µl of PBS buffer. One aliquot of the sample at t = 0 has been 

analyzed as starting point for the test. After 24 h one aliquot of test sample at r. t. and one at 37 °C 

have been been analyzed. The samples were analyzed on the UHPLC, with both UV and RD detectors. 

 

For the plasma tests at r. t. and 37 °C two samples of the substrate in the rat plasma were prepared. A 

stock solution of 7 µg/mL of tritiated dibenzoyl derivate of L-Lys [T]-1 was prepared. The two samples 

(one at r. t. and one at 37 °C) for the UHPLC analysis have been prepared in a 1.5 mL HPLC vial taking 

with 50 µl of the stock solution and adding 950 µl of plasma. One aliquot of the sample at t = 0 has 

been analyzed as starting point for the test Another sample with no tritiated substrate in plasma was 

prepared and analyzed as a blank reference. After 24 h one aliquot of test sample at r. t. and one at 37 

°C have been been analyzed. The samples for the data points are prepared as follows: a 100 µL aliquot 

of the sample has been added to an Eppendorf vial and diluted with two volumes of ACN. After the 

addition the sample was mixed and then centrifuged in a Minispin Eppendorf Centrifuge at 6708 x g 

for 15 min. The samples were incubated in the fridge for 10 minutes. 50 µl of the supernatant were 

transferred to a HPLC vial and diluted it with 50 µl of water. The samples were analyzed on the UHPLC, 

with both UV and RD detectors. 

 

 

Figure S134: RD chromatogram of the blank reference not containing any tritiated substrate. 

 

Figure S135: RD chromatogram of one aliquot of the sample at t = 0 h in PBS. 

 

Figure S136: RD chromatogram of one aliquot of the sample at r. t. at t = 24 h in PBS. 
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Figure S137: RD chromatogram of one aliquot of the sample at 37 °C at t = 24 h in PBS. 

 

Figure S138: RD chromatogram of the blank reference not containing any tritiated substrate. 

 

Figure S139: RD chromatogram of one aliquot of the sample at t = 0 h in rat plasma. 

 

Figure S140: RD chromatogram of one aliquot of the sample at r. t. at t = 24 h in rat plasma. 

 

Figure S141: RD chromatogram of one aliquot of the sample at 37 °C at t = 24 h in rat plasma. 
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9.2 Bradykinin 3 

 

Figure S142: Structure of Bradykinin 3. 

 

4.0 mg (3.77 µmol) of bradykinin 3, 5 mol% (0.05 equiv.) of catalyst [Ir(COD)Cl]2 C4 and 10 mol% (0.1 

equiv.) of ligand L11 (each dispensed as stock solution in dioxane, each in 0.08 mL) were added to the 

reaction flask. 1.5mL of Borax/HCl buffer pH 9 and a stirring bar were added to the flask. The reaction 

flask was adapted to a TRITEC tritium manifold and the solution was frozen in liquid nitrogen (-196°C). 

The flask was evacuated and charged with tritium (130.02 GBq, 60.15 µmol T2, 15.55 equiv., pressure 

105 mbar). The reaction mixture was then allowed to warm to room temperature before stirring at 

90°C for 21h. Then all volatile components were distilled into an ampoule in vacuo at -196°C. The labile 

tritium was exchanged and removed by addition of MeOH and a freeze-drying process (repeated four 

times, then one time with CH3CN). 

The residue was dissolved in 2 mL CH3CN/water, followed by purification and isolation via HPLC 

(Waters CSH C18 10x150 mm, 5 µm, 6 mL/min flow, ACN/water + 0.1% TFA gradient program) that 

gave 1.29 mg, 1422 MBq, 1.1 % RCY, 32% CY, 1169.2 GBq/mmol (31.6 Ci/mmol) of the desired labelled 

compound [T]-3. This corresponds to 1.09 T/molecule. 
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Figure S143: Purification chromatogram of Bradykinin [T]-3 (UV spectrum 210 nm). 
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Figure S144: Radiochromatogram of Bradykinin [T]-3.  
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Figure S145: HR-MS analysis of Bradykinin 3 (reference).  

 



159 
 

 



160 
 

 

 



161 
 

 

 

Figure S146: HR-MS analysis of Bradykinin [T]-3. 
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Figure S147: Calculation of tritium content in Bradykinin [T]-3. 
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Figure S148: Overlay and comparison between 1H-NMR spectrum of Bradykinin 3 and 1H/3H-NMR spectra of 

Bradykinin [T]-3. 
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9.3 Lys-Pro-Ile-Thr-Val 28 
 

 

Figure S149: Structure of Lys-Pro-Ile-Thr-Val 28 with 3H labeling positions. 

4.4 mg (7.91 µmol) of Lys-Pro-Ile-Thr-Val 28, 2.5 mol% (0.025 equiv.) of catalyst [Ir(COD)Cl]2 C4 and 5 

mol% (0.05 equiv.) of ligand L11 (each dispensed as stock solution in dioxane) were added to the 

reaction flask. 1.5mL of Borax/HCl buffer pH 9 and a stirring bar were added to the flask. The reaction 

flask was adapted to a TRITEC tritium manifold and the solution was frozen in liquid nitrogen (-196°C). 

The flask was evacuated and charged with tritium (149.03 GBq, 68.96 µmol T2, 8.71 equiv., pressure 

120 mbar). The reaction mixture was then allowed to warm to room temperature before stirring at 

90°C for 1h. Then all volatile components were distilled into an ampule in vacuo at -196°C. The labile 

tritium was exchanged and removed by addition of MeOH and a freeze-drying process (repeated three 

times, then one time with CH3CN). 

The residue was dissolved in 1 mL CH3CN/water, followed by purification and isolation via HPLC 

(Waters CSH C18 10x150 mm, 5 µm, 6 mL/min flow, ACN/water + 0.1% TFA gradient program) that 

gave 1.58 mg, 5300 MBq, 3.5 % RCY, 36% CY, 1864.8 GBq/mmol (50.4 Ci/mmol) of the desired labelled 

compound [T]-28. This corresponds to 1.73 T/molecule. 
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Figure S150: Purification chromatogram of Lys-Pro-Ile-Thr-Val [T]-28 (UV spectrum 210 nm). 
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Figure S151: Radiochromatogram of Lys-Pro-Ile-Thr-Val [T]-28. 
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Figure S152: HR-MS analysis of Lys-Pro-Ile-Thr-Val 28 (reference). 
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Figure S153: HR-MS analysis of Lys-Pro-Ile-Thr-Val [T]-28. 
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Figure S154: Calculation of tritium content in Lys-Pro-Ile-Thr-Val [T]-28. 

 

Figure S155: Overlay and comparison between 1H-NMR spectrum of Lys-Pro-Ile-Thr-Val 28 and 1H/3H-NMR 

spectra Lys-Pro-Ile-Thr-Val [T]-28. 
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9.4 Lys-Pro-Val-Gly-Lys-Lys-Arg-Arg-Pro-Val-Lys-Val-Tyr-NH2 29 

 

Figure S156: Structure of Lys-Pro-Val-Gly-Lys-Lys-Arg-Arg-Pro-Val-Lys-Val-Tyr-NH2 29. 
 

8.0 mg (5.13 µmol) of Lys-Pro-Val-Gly-Lys-Lys-Arg-Arg-Pro-Val-Lys-Val-Tyr-NH2 29, 5 mol% (0.05 equiv.) 
of catalyst [Ir(COD)Cl]2 C4 and 10 mol% (0.1 equiv.) of ligand L11 (each dispensed as stock solution in 
dioxane, each in 0.03 mL) were added to the reaction flask. 1.5mL of Borax/HCl buffer pH 9 and a 
stirring bar were added to the flask. The reaction flask was adapted to a TRITEC tritium manifold and 
the solution was frozen in liquid nitrogen (-196°C). The flask was evacuated and charged with tritium 
(140.03 GBq, 64.79 µmol T2, 12.63 equiv., pressure 110 mbar). The reaction mixture was then allowed 
to warm to room temperature before stirring at 90°C for 1h. Then all volatile components were distilled 
into an ampule in vacuo at -196°C. The labile tritium was exchanged and removed by addition of MeOH 
and a freeze-drying process (repeated three times, then one time with CH3CN). 

The residue was dissolved in 2 mL CH3CN/water/TFA (10/100/1), followed by purification and isolation 

via HPLC (Waters CSH C18 10x150 mm, 5 µm, 6 mL/min flow, ACN/water + 0.1% TFA gradient program) 

that gave 0.75 mg, 220 MBq, 0.16 % RCY, 9.3% CY, 455.1 GBq/mmol (12.3 Ci/mmol) of the desired 

labelled compound [T]-29. This corresponds to 0.42 T/molecule. 
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Figure S157: Purification chromatogram of Lys-Pro-Val-Gly-Lys-Lys-Arg-Arg-Pro-Val-Lys-Val-Tyr-NH2 [T]-29 (UV 

spectrum 210 nm). 
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Figure S158: Radiochromatogram of Lys-Pro-Val-Gly-Lys-Lys-Arg-Arg-Pro-Val-Lys-Val-Tyr-NH2 [T]-29.  
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Figure S159: HR-MS analysis of Lys-Pro-Val-Gly-Lys-Lys-Arg-Arg-Pro-Val-Lys-Val-Tyr-NH2 29 (reference).  
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Figure S160: HR-MS analysis of Lys-Pro-Val-Gly-Lys-Lys-Arg-Arg-Pro-Val-Lys-Val-Tyr-NH2 [T]-29. 
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Figure S161: Calculation of tritium content in Lys-Pro-Val-Gly-Lys-Lys-Arg-Arg-Pro-Val-Lys-Val-Tyr-NH2 [T]-29. 

 

 

Figure S162: Overlay and comparison between 1H-NMR spectrum of Lys-Pro-Val-Gly-Lys-Lys-Arg-Arg-Pro-Val-

Lys-Val-Tyr-NH2 29 and 1H/3H-NMR spectra of Lys-Pro-Val-Gly-Lys-Lys-Arg-Arg-Pro-Val-Lys-Val-Tyr-NH2 [T]-29. 
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10 Kinetic Isotope Effect (KIE) studies 
A 6 mM stock solution catalyst [Ir(COD)Cl]2 C4 and a 30 mM stock solution of L11 are prepared using 

dioxane as solvent.  

Reactions to incorporate deuterium are prepared as follows: L-Lys 1 (0.02 mmol, 1 equiv.) was 

dissolved in 3 mL of Borax/HCl Buffer pH 9, catalyst [Ir(COD)Cl]2 C4 (2.5 mol%, 0.025 equiv.) and ligand 

L11 (5 mol%, 0.05 equiv.) were dispensed as the previously prepared stock solution. A stirring bar was 

added to each reaction flask, which was closed properly and connected to the gas inlet. The flask was 

evacuated until slight bubbling of the solution and then refilled with deuterium gas. This procedure 

was repeated three times. The reaction was stirred under D2 atmosphere (100 equiv.) at 90 °C. At 

different time points, an aliquot of the reaction mixture was filtered through a syringe filter (0.45 µm) 

and analyzed by LC-MS 

 

Reactions to incorporate hydrogen are prepared as follows: deuterated L-Lys [D]-1 (0.02 mmol, 1 

equiv.) was dissolved in 3 mL of Borax/HCl Buffer pH 9, catalyst [Ir(COD)Cl]2 C4 (2.5 mol%, 0.025 equiv.) 

and ligand L11 (5 mol%, 0.05 equiv.) were dispensed as the previously prepared stock solution. A 

stirring bar was added to each reaction flask, which was closed properly and connected to the gas inlet. 

The flask was evacuated until slight bubbling of the solution and then refilled with hydrogen gas. This 

procedure was repeated three times. The reaction was stirred under H2 atmosphere (100 equiv.) at 90 

°C. At different time points, an aliquot of the reaction mixture was filtered through a syringe filter (0.45 

µm) and analyzed by LC-MS 

 
Table S13: Reactions carried out for KIE studies. 
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Entry Time (min) Isotope Incorporated Incorporationa 

1 5 H 1.47 

2 5 D 0.88 

3 10 H 1.70 

4 10 D 0.95 

5 15 H 1.81 

6 15  D 1.30 

a) average of three reactions, analyzed by LC-MS 

Equation for Hydrogenation: 𝑦 ൌ 0.034𝑥 ൅ 1.32 

Equation for Deuteration: 𝑦 ൌ 0.042𝑥 ൅ 0.62 

 

The resulting KIE constant is calculated as ki = kH/kD = 0.042/0.034 = 1.24 

 

11 Computational Studies 
 

11.1 General details of quantum chemical calculations 
All calculations have been performed using the quantum chemistry software program Jaguar version 

12.4, release 134.18  

Geometry optimization and subsequent frequency calculations were performed with density 

functional theory (DFT)19 employing the M06- 2X functional20 in combination with the def2-SVP basis 

set.21 Default parameters were used throughout except for the following: The grid density for DFT 

calculations was set to ‘Fine’, SCF settings were set to accuracy level ‘Ultrafine’ and the initial guess 

was taken from ligand field theory. ‘Tight’ convergence criteria were employed for optimization. 

The effects of solvation by water were treated with the polarizable continuum model (PCM) by using 

the C-PCM variant22 using Bondi radii23 for water. Transition states were located at the same level of 

theory. Harmonic vibrational frequencies have been calculated at the same level of theory to 

characterize the respective minima (i.e.) and first order saddle points (TS). Thermal energies have been 

calculated at 363.15K corresponding to experimental conditions. Atomic coordinates for Iridium, 

Deuterium, Tris(p-methoxyphenyl)phosphine ligand (L11) as well as substrates were taken from our 

previous studies,1,2,24,25 as starting point of the calculations. The orientation of the methoxy groups of 

the ligand L11 was carefully analysed for insertion products, which constitute the highest energy 

minimum of the catalytic cycle. For that a systematic conformational search of the ligand atoms was 

performed at force field level in Maestro26 while all other atoms were kept frozen. Conformations were 

ranked by single point energies at the M06-2X/def2-SVP/CPCM level. Finally, the three lowest energy 

conformers were fully optimized at the same level of theory. 

In general, input structures were generated by modification from results obtained earlier and the 

modified parts were preoptimized at force field level in Maestro.22 
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All coordinates provided are listed in Cartesian format, with charge and multiplicity of each system 

given at the top of the coordinate list (i.e. 0 1 = neutral singlet; 1 1 = 1+ charged singlet). Absolute 

energies are given in Hartrees. 

11.2 Breakdown of dimeric complexes 
The free reaction energies for the breakdown of dimeric complexes [Ir(COD)Cl]2 and [Ir(COD)OMe]2 by 
water addition to form complex A (Fig.3B) was calculated as follows: 
 

∆𝐺௥൫IrሺCODሻ𝐂𝐥ሺWatሻ൯ ൌ ሾ𝐸ሺሾIrሺCODሻ𝐂𝐥ሿଶሻ ൅ 2 ∗ 𝐸ሺWaterሻሿ െ ൣ2 ∗ 𝐸൫IrሺCODሻ𝐂𝐥ሺWatሻ൯൧
ൌ ൅3.3 kcal mol-1 

∆𝐺௥൫IrሺCODሻ𝐎𝐌𝐞ሺWatሻ൯ ൌ ሾ𝐸ሺሾIrሺCODሻ𝐎𝐌𝐞ሿଶሻ ൅ 2 ∗ 𝐸ሺWaterሻሿ െ ൣ2 ∗ 𝐸൫IrሺCODሻ𝐎𝐌𝐞ሺWatሻ൯൧
ൌ ൅23.1 kcal mol-1 

11.3 Calculation of reaction network leading to active species B (Fig. 3B) 
The first part of our mechanistic studies focused on the d8 square planar Ir(I) complexes with COD that 

arise from reaction of complex A with ligand and substrates. For simplification we focused our studies 

on the monodentate ligand Tris(p-methoxyphenyl)phosphine (L11) and bidentate substrate 1,5-

diaminopentane (13). From this starting point the structures of all conceivable species that can result 

from exchange reactions at the Ir(COD) center were calculated and used to construct the following 

reaction network shown below in Figure S163 and in Fig.3B. 

 

Figure S163: Reaction network of Ir(COD)XY species. The following designation was used for distinguishing the 

different species: IrCOD_nX(_mY), where X,Y is L for ligand, S for substrate, W for water and Cl for chloride. The 

number of ligand, substrate and water molecules present are specified by n,m where n,m can be 1 or 2. 

Number on the arrows correspond to the respective reaction free energies ΔGr (kcal/mol). The color code (red-

blue) indicates the sum reaction free energies relative to the dimeric complex on the far left. 

The corresponding reaction free energies were obtained in a canonical fashion based on the difference 

of the sum of the free energies of products and educts. 
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11.4 Calculations on the postulated HIE mechanism (Fig. 4) 
Our computational investigations for the HIE mechanism for the case of ligand L11 and substrate 13 

are based on results of previous studies by us and others.1,2,24,25 There, it was found that the actual H/D 

exchange starts by forming a reactant complex that is comprised of an d10 octahedral Ir(I) complex that 

is formed by COD reduction and deuterium coordination in the presence of two ligand moieties and 

one monodentate substrate moiety. We investigated that route at first but found that the 

corresponding reaction free energies are highly unfavorable (see below). As experimental results show 

that the HIE reaction works only for bi- or tridentate substrates, we decided to investigate the case 

where one ligand moiety is present and both N-atoms of substrate 13 would coordinate at the Ir(I) 

center. This corresponds to structures E and E’ where one water moiety coordinates to complete the 

Ir(I) coordination sphere. Displacing this water by alkyl-H coordination in γ-position leads to an 

energetically favorable reactant complex F that is comprised of one ligand and one substrate. 

Analogously to previous studies,1,2,24,25 the insertion product G is reached via transition state FG≠. H/D 

scrambling at the Ir(I) center converts insertion product G to G’ from which deuterium is transferred 

on to the substrate by going to E’ via transition state FG≠’ and reactant complex E’. We suggest that 

closing of the catalytic cycle from E’ to E happens via C, that is originally formed from B, via deuteration 

and hydration. In C the deuterated substrate is coordinated only by one N-atom, enabling to form D 

by binding of a new, non-deuterated, substrate moiety. By leaving of the deuterated substrate and 

bidentate coordination of non-deuterated substrate, E is formed again and the catalytic cycle closed. 

The cartesian coordinates and energies of all species involved are given below. The corresponding 

reaction free energies were obtained in a canonical fashion based on the difference of the sum of the 

free energies of products and educts. 

 

11.5 Calculations on alternative reaction pathways – formation of single dentate 

insertion products 
The mechanism for the HIE reaction that we propose in this manuscript for the case of substrate 13 

and ligand L11 is the result of numerous calculations where alternative reaction pathways were 

investigated. From this and previous studies by us and others1,2,24,25 we know that formation of the 

insertion product (IP), in which Ir(I) inserts into a C-H bond, is the key step of the HIE reaction. As this 

is a high energy intermediate, we were looking for low energy pathways for its formation. In Figure 

S164 pathways for the formation of insertion products are shown. 
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Figure S164: Pathways for the formation of insertion products via single-dentate substrtes. The following 
designation was used for distinguishing the different species: Ir2H_nX(_mY), where X,Y is L for ligand, S for 

substrate and W for water. The number of ligand, substrate and water molecules present are specified by n,m 
where n,m can be 1 or 2. Number on the arrows correspond to the respective reaction free energies ΔGr 

(kcal/mol). 

Alternative pathways originate from species in which one (IP1) or two moieties (IP2) of substrate 13 

are coordinated in a single dentate fashion to Ir(I) in the presence of a displaceable water molecule. 

Specifically, we found that formation of IP1 from C (Step 4) requires +17.6 kcal/mol and formation of 

IP2 from D (Step 6) requires +13.8 kcal/mol. In contrast the formation of insertion product G from E 

(Step 3) is requires less energy (+9.4 kcal/mol) and is hence favored. 

The cartesian coordinates and energies of all species involved are given below. The corresponding 

reaction free energies were obtained in a canonical fashion based on the difference of the sum of the 

free energies of products and educts. 

 

11.6 Calculations on alternative reaction pathways – absence of ligand 
Experimental results show that that the HIE reaction does not work in the absence of a phosphine 

ligand such as L11. In order to confirm this with our DFT calculations, different reaction pathways were 

calculated starting from the Ir(COD) complex with moieties of substrate 13 bound (Fig.3B, IV). The 

results are reported in Figure S165. 
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Figure S165: Pathways for the formation of insertion products in the absence of ligands. The following 
designation was used for distinguishing the different species: Ir2H_nX(_mY), where X,Y is L for ligand, S for 

substrate and W for water. The number of ligand, substrate and water molecules present are specified by n,m 
where n,m can be 1 or 2. Number on the arrows correspond to the respective reaction free energies ΔGr 

(kcal/mol). 

We found that hydrogenation and hydration of IV to VIII is slightly less exergonic (ΔGr = -7.3 kcal/mol) 

compared to the reaction with one moiety of L11 present. All further N-coordination however, either 

by bidentate coordination of substrate (Step2, ΔGr = -9.2 kcal/mol) or single dentate coordination of a 

third substrate moiety (Step 5, ΔGr = -5.9 kcal/mol) lead to further stabilization of the Ir(I) complex. 

This contrasts with the corresponding reactions with a ligand present that are either neutral or slightly 

endergonic. Furthermore, we conclude that substrate coordination does not translate into stabilization 

of the insertion product in the same way, as we found the formation of insertion products IP3-IP5 to 

be highly endergonic. 

The cartesian coordinates and energies of all species involved are given below. The corresponding 

reaction free energies were obtained in a canonical fashion based on the difference of the sum of the 

free energies of products and educts. 

 

11.7 Calculations on alternative reaction pathways – two ligands 
In previous studies by us and others1,2,24,25 the catalytic systems studies comprised two ligands, one 

phosphine ligand and a NHC ligand, typically. Therefore, it cannot be ruled out a priori that alternative 

reaction pathways play a role in which species with two coordinating phosphine ligands play a role. 

From our calculations we found that hydrogenation and hydration of B and binding of two ligands L11 

to form species XI (Figure S166, Step 2) is strongly endergonic (ΔGr = +17.7 kcal/mol), but still within 

reach considering that the reaction is run at 90°C. 
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Figure S166: Pathway for the formation of insertion products in the presence of two ligands. The following 
designation was used for distinguishing the different species: Ir2H_nX(_mY), where X,Y is L for ligand, S for 

substrate, W for water and Cl for chloride. The number of ligand, substrate and water molecules present are 
specified by n,m where n,m can be 1 or 2. Number on the arrows correspond to the respective reaction free 

energies ΔGr (kcal/mol). 

Going from single dentated substrate (species XI) to a bidentate one (species XII) is exergonic (Step 3). 

However, the energy required for reaching the corresponding insertion product IP6 from both species 

XI and XII (Steps 4 and 5) is higher than those of all other alternative pathways we considered. 

The cartesian coordinates and energies of all species involved are given below. The corresponding 

reaction free energies were obtained in a canonical fashion based on the difference of the sum of the 

free energies of products and educts. 

11.8 Calculations on HIE selectivity 
In order to investigate the selectivity in deuteration, model substrate diaminopentane (13) was used 

to compare the relative energies of insertion products for iridium insertion into the CH bond in the 

beta, gamma and delta positions. We found that the energy of the beta-insertion product to be 7.4 

kcal/mol higher and the energy of the delta-insertion product to be 11.3 kcal/mol higher than the 

gamma-Insertion product. 

The cartesian coordinates and energies of all species involved are given below. The corresponding 

relative energies given above were obtained in a canonical fashion based on the difference of the free 

energies of beta and delta insertion products and the corresponding gamma insertion product.  

11.9 Calculations on the postulated HIE mechanism for 1,5-dihydroxypentane 
 
In order to further study the role of the coordinating ability of the amino group relative to others, we 

followed suggestions by reviewers and added DFT calculations on 1,5-dihydroxypentane for our 

postulated mechanism as well as further calculations on pincer-type reactant complexes and insertion 

products to study the regioselectivity. Overall, we found similar results for 1,5-diaminopentane (Fig. 

137A) and 1,5-dihydroxypentane (Figure S167B). One striking difference was identified however, and 
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this concerns the elimination of water from E to form the reactant complex F.  While this step is 

exergonic (-4.1 kcal/mol) for amino, it is endergonic for hydroxy (+3.0 kcal/mol). We explain this with 

a stronger coordinating ability for NH2 compared to OH where excess of electrons makes water leaving 

more feasible. Furthermore, this is supported further by the finding that the formation of insertion 

products G requires more energy for NH2 (+13.7 kcal/mol) compared to hydroxy (+12.2 kcal/mol).  

 

Figure S167: Comparison of results of calculations for 1,5-diaminopentane (A) and 1,5dihydroxypentane (B). 

On the other hand, we found that the regioselectivity in pincer-type species is not affected. 

Deuteration in gamma position is most favorable for both reactant complexes and insertion products 

as well as amino and hydroxy. From that we conclude that regioselectivity is driven to a large degree 

by steric constraints. 
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Table S14: Free energies for the mechanistic steps calculated on diaminopentane 13 and dihydroxypentane. 
 

Mechanistic step ΔGr  diaminopentane 13 
(kcal/mmol) 

ΔGr dihydroxypentane 
(kcal/mmol) 

A  B 23.1 28.6 

B  C -10.5 -9.2 

C  D -0.8 3.3 

D  E -0.7 0.4 

E  F -4.1 3.0 

F  G 13.7 12.2 

G  H -0.1 -0.2 

H  I -13.9 -12.6 

 I  J 4.0 -2.8 

J  C 3.0 -4.5 
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11.10 Schemes of full postulated mechanism 

 

Figure S168: Full mechanism scheme for Fig.3B in the manuscript. 
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Figure S169: Full mechanism scheme for Fig.4A and relevant intermediates of Fig.4B in the manuscript. 

 

12 NMR studies on the catalytic species formation 
 

Stock solutions of [Ir(COD)Cl]2 (15 mM), phosphine ligand L11 (35 mM), and 1,5-diaminopentane 13 

(100 mM) were prepared in CDCl3.  

Step 1: 

0.3 mL of the [Ir(COD)Cl]2 stock solution (corresponding to 5 µmol) and 0.3 mL of the L11 stock solution 

(corresponding to 10 µmol, 2 equiv.) were added to an NMR tube under Ar atmosphere. After 

vigorously shaking the solution for two minutes the sample was analyzed by 1H-NMR (300 MHz, CDCl3) 

and 31P-NMR (121 MHz, CDCl3). Compared to the starting materials it is possible to see a shift in the 

COD olefinic protons of the [Ir(COD)Cl]2 in 1H-NMR (Figure S172) and the formation of a second peak 

in the 31P-NMR spectrum, correlating with the formation of a complex between the metal and the 

phosphorus of L11 (Figure S174). 
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Figure S170: 1H-NMR spectrum of pre-catalyst [Ir(COD)Cl]2. 

 

Figure S171: 1H-NMR spectrum of phosphine ligand L11. 
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Figure S172: Overlay of the 1H-NMR spectra of pre-catalyst [Ir(COD)Cl]2 and of the crude reaction mixture upon 

addition of L11 (2 equiv.). The COD olefinic protons peak is highlighted in blue. 

 

Figure S173: 31P-NMR spectrum of phosphine ligand L11. 
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Figure S174: Overlay of the 31P-NMR spectra of ligand L11 and of the crude reaction mixture of the pre-catalyst 

and L11. The complex peak is highlighted in blue. 

Step 2: 

0.1 mL of the 1,5-diaminopentane 13 stock solution (corresponding to 10 µmol, 2 equiv.) were added 

to the reaction mixture under Ar atmosphere. After vigorously shaking the solution for two minutes 

the sample was analyzed by 1H-NMR (300 MHz, CDCl3) and 31P-NMR (121 MHz, CDCl3). The reaction is 

then heated at 60 °C for 1 h and analyzed again by 1H-NMR and 31P-NMR. For both samples there was 

no change compared to step 1 (Figures S175 and S176). 
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Figure S175: Overlay of the 1H-NMR spectra of reaction mixture of pre-catalyst [Ir(COD)Cl]2 and L11 (2 equiv.), 

reaction mixture upon addition of 13 (2 equiv.), and reaction mixture with all components upon heating at 60 

°C for 1 h. 

 

Figure S176: Overlay of the 31P-NMR spectra of reaction mixture of pre-catalyst [Ir(COD)Cl]2 and L11 (2 equiv.), 

reaction mixture upon addition of 13 (2 equiv.), and reaction mixture with all components upon heating at 60 

°C for 1 h. 
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Step 3: 

An additional 1 equiv. of substrate 13 was added to the reaction mixture, having therefore an excess 

of substrate in the solution. This experiment was carried out to simulate the excess of substrate 13 

present in the developed HIE reaction conditions. After vigorously shaking the solution for two minutes 

the sample was analyzed by 1H-NMR (300 MHz, CDCl3) and 31P-NMR (121 MHz, CDCl3). Compared to 

the previous sample, the peak of the COD olefinic protons in 1H-NMR (Figure S177) and the complex 

peak in 31P-NMR (Figure S178) were absent. It is postulated that the excess of 1,5-diaminopentane 13 

can displace both the phosphine and the COD ligands. The COD has been reported to be displaced by 

different solvents or ligands depending on the reaction conditions in organic media.27 

 

Figure S177: Overlay of the 1H-NMR spectra of reaction mixture of pre-catalyst [Ir(COD)Cl]2 and L11 (2 equiv.), 

reaction mixture upon addition of 13 (2 equiv.), and with an excess of 13 (3 equiv. in total). 
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Figure S178: Overlay of the 31P-NMR spectra of reaction mixture of pre-catalyst [Ir(COD)Cl]2 and L11 (2 equiv.), 

reaction mixture upon addition of 13 (2 equiv.), and with an excess of 13 (3 equiv. in total). 
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