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1. General Information 

All manipulations were carried out in an Argon atmosphere by standard Schlenk techniques or in a glovebox. 

Glassware was dried prior to use by heating it in vacuo. THF was dried with sodium via distillation, all other 

solvents were dried with a Grubbs apparatus and degassed via repeated freeze-pump-thaw cycles. All other 

commercially available compounds were used without further purification. Compounds p-toluoylchloride 

phenylhydrazone, methylisocyanide und 1-methyl-2-phenyl-4-p-tolyl-1,2,3-triazolium-chloride 1 were prepared by 

following procedures described in literature.[1] 1H- and 13C-NMR-spectra were recorded on a 400 MHz Bruker 

Avance III or a 400 MHz Bruker Avance DPX spectrometer at a Temperature of 298 K, if not indicated otherwise. 

The spectra were referenced in parts per million (ppm) with an internal standard using the residual solvent shifts. 

Abbreviations for signal multiplicities are: singulett (s), dublett (d), triplett (t), quartet (q), multiplet (m), broad (br). 

Column chromatography was performed over silica gel (40-63 µm). IR spectra were recorded on a Varian 670 FT-

IR Spectrometer. ESI-HRMS anaylsis was performed on a Thermo Scientific LTQ Orbitrap XL by Thermo Fisher 

Scientific. Crystallographic data collection were carried out on an area detecting system (APEX II, κ-CCD) at the 

window of a rotating anode (Bruker AXS, FR591) and graphite-monochromated Mo-Kα radiation (λ = 0.71073 Å). 

Elemental Analyses were conducted by the micro-analytical laboratory of the TUM.  

2. Synthetic Procedures 

2.1. Preparation of 1-methyl-2-phenyl-4-p-tolyl-1H-1,2,3-triazol-5-amine (2).  

 

Scheme S1. Synthesis of 2. 

Following a procedure reported by Herrmann and coworkers[2] this reaction was performed in an apparatus 

specifically designed for this reaction type: A graduated three-necked Schlenk flask, equipped with a pressure 

valve, an addition tube, and a magnetic stirrer and connected via a glass tube to another Schlenk flask equipped 

with an ammonia inlet and a pressure valve, was positioned in a cooling bath with dry ice. The three-necked flask 

was charged with sodium (5.0 g) before ammonia was condensed at -78 °C. By removing the dry ice bath from the 

three-necked flask and placing it underneath the second Schlenk flask ammonia was allowed to condense into the 

second one. 100 mL of dry ammonia were then added to a suspension of 1-methyl-2-phenyl-4-p-tolyl-1,2,3-

triazolium-chloride 1 (2.00 g, 7.00 mmol) in 20 mL THF. The solution was stirred at reflux of liquid ammonia at -

33 °C until 1 was completely dissolved. Via the addition tube NaH (0.185 g, 7.7 mmol) was added under vigorous 

gas evolution. After stirring under reflux for two hours, liquid ammonia was evaporated and the remaining THF 

solution was filtered through a cannula. At RT, THF was quickly removed, the remaining oil redissolved in C6H6 and 

lyophilized to yield 2 (1.69 g, 91 %) as a yellow solid, that was stored at -30 °C under Argon. 
1H-NMR (400 MHz, C6D6) δ = 8.08 (d, J = 8.2 Hz, 2H, Har), 7.61 (dd, J = 8.7, 1.1 Hz, 2H, Har), 7.32 – 7.22 (m, 2H, 

Har), 7.05 (dd, J = 8.5, 0.5 Hz, 2H, Har) 6.90 (t, J = 7.3 Hz, 1H, Har), 4.41 (t, J = 8.7 Hz, 1H, HCN), 2.23 (s, 3H, 

NCH3), 2.10 (s, 3H, CCH3), 1.00 (d, J = 8.7 Hz, 2H, CNH2). 
13C-NMR (101 MHz, THF-d8) δ = 147.7, 147.4, 139.3, 

129.7, 129.5, 129.4, 128.0, 121.0, 115.1, 82.5, 43.1 (NCH3), 21.6 (CCH3). MS (ESI) m/z (%): 267.2 [M+H]+ (15), 

250.2 [M-NH2]
+ (100). HR-MS (ESI) m/z calcd. for C16H19N4 [M+H]+ 267.16042, found 267.16009 (5 %); for 

C16H16N3 [M+H-NH3]
+ 250.13387, found 250.13357 (100 %). 
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2.2. Synthetic procedure for the preparation of 3 and 4 using silver oxide: 

2.2.1. Preparation of (1-Methyl-2-phenyl-4-tolyl-1,2,3-triazol-5-ylidenyl)(Cyclooctadienyl) Rh(I)Cl (RhCOD) 

and (1-Methyl-2-phenyl-4-tolyl-1,2,3-triazol-5-ylidenyl)(Cyclooctadienyl)Ir(I)Cl (IrCOD)  

 

Scheme S2. Synthesis of RhCOD and IrCOD using 1. 

Silver oxide (68.0 mg, 0.29 mmol), the metal precursor [M(COD)Cl]2 (0.14 mmol) (M = Rh or Ir) and 1 (85.0 mg, 

0.29 mmol) were suspended in 5 mL of THF at -78 °C. The suspension was stirred for 12 h and allowed to slowly 

warm up to room temperature during that time. The solvent was removed under vacuo and the residue was 

washed with Et2O (3 x 3 mL). The raw product was purified by column chromatography (SiO2, CH2Cl2). After 

removing the solvent RhCOD (130 mg, 91 %) or IrCOD (144 mg, 85 %) were obtained as bright yellow solids. 

For characterization of these compounds see 2.3. 
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2.3. Synthetic procedure for the preparation of 3 and 4 using 2: 

2.3.1. Preparation of (1-Methyl-2-phenyl-4-tolyl-1,2,3-triazol-5-ylidenyl)(Cyclooctadienyl) Rh(I)Cl (RhCOD) 

and (1-Methyl-2-phenyl-4-tolyl-1,2,3-triazol-5-ylidenyl)(Cyclooctadienyl)Ir(I)Cl (IrCOD)  

 

Scheme S3. Synthesis of RhCOD and IrCOD using 2. 

In a glovebox [M(COD)Cl]2 (0.10 mmol) and 2 (53.2 mg, 0.20 mmol) were transferred into a Schlenk tube. At -78 °C 

7 mL DCM were added to the solids. The suspension was stirred for 12 h and allowed to slowly warm up to room 

temperature during that time. The solvent was removed under vacuo and the residue was washed with Et2O 

(3 x 2 mL), extracted with 3 mL of DCM and filtered. Removal of the solvent in vacuo afforded RhCOD (51 mg, 

52 %) or IrCOD (74.8 mg, 64 %). 

Analytical data for (RhCOD): 
1H-NMR (400 MHz, CD2Cl2): δ = 8.81 (d, J = 6.4 Hz, 2 H, CHar), 7.61-7.56 (m, 3 H, CHar), 7.39-7.36 (m, 2 H, CHar), 

7.33 (d, J = 6.4 Hz, 2 H, CHar), 5.17 (pseudo-dd, J = 6.3, 11.3 Hz, 1 H, COD), 4.96 (pseudo-dd, J = 6.2 Hz,  

2JHH = 13.2 Hz, 1 H, COD), 4.54 (s, 3 H, NCH3), 3.36-3.31 (m, 1 H, COD), 3.06-2.99 (m, 1 H, COD), 2.61-2.30 (m, 

6 H, COD, CCH3), 2.28-2.15 (m, 1 H, COD), 2.09-1.87 (m, 3 H, COD), 1.82-1.71 (m, 1 H, COD). 13C-NMR (101 

MHz, CD2Cl2) δ 182.6 (d, J = 45.9 Hz, Rh-Ctrz), 155.1 (Ctrz), 139.3, 136.0, 131.4, 130.3, 129.3, 128.7, 128.3, 126.2 

(all Car), 98.1 (d, J = 7.1 Hz, Rh-COD), 97.5 (d, J = 7.0 Hz, Rh-COD), 69.5 (d, J = 10.6 Hz, Rh-COD), 69.4 (d, J = 

10.8 Hz, Rh-COD), 41.3 (NCH3), 33.8, 32.2, 29.9, 29.0 (all COD), 21.5 (CCH3). MS (FAB) m/z (%): 494.8 [M] (78), 

459.8 [M-Cl] (40), 418.8 [M-Ph] (34), 250.0 [triazolium] (100). EA: Anal. calcd. for C24H27ClN3Rh (495.09): C, 58.13; 

H, 5.49; N, 8.47. Found: C, 58.13; H, 5.67; N, 8.18.  

Analytical data for (IrCOD): 
1H-NMR (400 MHz, CD2Cl2): δ = 8.69 (d, J = 8.1 Hz, 2H, CHar), 7.65 – 7.61 (m, 3H, CHar), 7.54 – 7.49 (m, 2H, CHar), 

7.32 (d, J = 8.0 Hz, 2H, CHar), 4.73 (td, J = 7.6, 3.8 Hz, 1H, COD), 4.56 – 4.48 (m, 1H, COD), 4.36 (s, 3H, NCH3), 

2.97 (pseudo-dd, J = 6.4, 3.5 Hz, 1H, COD), 2.71 (td, J = 7.2, 3.1 Hz, 1H, COD), 2.43 (s, 3H, CCH3), 2.40 – 2.30 

(m, 1H, COD), 2.27 – 2.18 (m, 2H, COD), 2.13 – 2.01 (m, 1H, COD), 1.87-1.72 (m, 2H, COD), 1.70 – 1.61 (m, 1H, 

COD), 1.54-1.43 (m, 1H, COD). 13C-NMR (101 MHz, CD2Cl2): δ = 180.3 (Ir-Ctrz), 155.4 (Ctrz), 139.2, 135.9, 131.4, 

130.4, 129.2, 128.6, 128.3, 126.2 (all Car), 84.05 (COD), 83.38 (COD), 53.28 (COD), 53.23 (COD), 41.08 (NCH3), 

34.19 (COD), 32.87 (COD), 30.24 (COD), 29.84 (COD), 21.48 (CCH3). EA: Anal. calcd. for C24H27ClIrN3 (585,15): 

C, 49.26; H, 4.65; N, 7.18. Found: C, 49.09; H, 4.99; N, 6.75.  
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2.4. Preparation of (1-Methyl-2-phenyl-4-tolyl-1,2,3-triazol-5-ylidenyl)(Dicarbonyl)Ir(I)Cl (4).  

 

Scheme S4. Synthesis of 4. 

At room temperature CO was bubbled through a solution of IrCOD (0.237 g, 0.405 mmol) in 15 mL of 

dichloromethane for 20 min while stirring. During that time the color of the solution changed from bright to pale 

yellow. The solvent was removed by evaporation under vacuo and the remaining crude product was purified via 

column chromatography (SiO2, CH2Cl2), yielding 4 (203 mg, 94 %) as a pale yellow solid. 

 1H-NMR (400 MHz, CDCl3): δ = 8.35 (d, J = 8.1 Hz, 2 H, CHar), 7.72 – 7.65 (m, 2 H, CHar), 7.62 – 7.54 (m, 3 H, 

CHar), 7.29 (d, J = 8.1 Hz, 2 H, CHar), 4.34 (s, 3 H, NCH3), 2.41 (s, 3 H, CCH3). 
13C-NMR (101 MHz, THF-d8): 

δ = 180.1, 167.0, 166.8, 154.3, 136.9, 133.5, 129.5, 127.8, 126.7, 126.3, 125.8, 124.6, 39.2 (NCH3), 18.4 (CCH3). 

IR (CH2Cl2): ν = 2058, 1975 (ν(CO)) cm-1. MS (FAB) m/z (%): 533.7 [M] (58), 497.8 [M-Cl] (100), 469.8 [M-Cl-CO] 

(72), 440.8 [M-Cl-(CO)2-H] (28). EA: Anal. calcd. for C18H15ClIrN3O2 (533,05): C, 40.56; H, 2.84; N, 7.88. Found: C, 

40.73; H, 2.80; N, 7.72.  

 

 

2.5. Preparation of (1-Methyl-2-phenyl-4-tolyl-1,2,3-triazol-5-ylidenyl)Au(I)Cl (5a). 

 

Scheme S5. Synthesis of 5a. 

At – 78 °C a solution of 120 mg 2 (0.451 mmol) in 0.5 mL THF was added to a solution of 125 mg Au(SMe2)Cl 

(0.424 mmol) in 2 mL THF. After 10 min the solid CO2 was removed from the cooling bath. When the temperature 

of the cooling bath reached 0 °C, the reaction solution was concentrated and 2 mL of diethyl ether were added to 

precipitate 5a (125 mg, 259 mmol, 61 %) as a white solid. 
1H NMR (400 MHz, CD2Cl2): δ = 8.26 (d, J = 8.2 Hz, 2 H, CHar), 7.76 – 7.65 (m, 3 H, CHar), 7.64 – 7.55 (m, 2 H, 

CHar), 7.26 (d, J = 7.9 Hz, 2 H, CHar), 4.22 (s, 3 H, NCH3), 2.38 (s, 3 H, CCH3).
 13C NMR (101 MHz, CD2Cl2): 

δ = 163.4 (Ctrz), 155.6, 140.4, 135.6, 132.6, 130.8, 129.9, 127.5, 127.4, 126.9 (all Car), 42.3 (NCH3), 21.7 (CCH3). 

MS (FAB) m/z (%): 445.8 [M-Cl]+ (20). MS (ESI) m/z (%): 446.3 [M-Cl]+ (15). EA: Anal. calcd. for C16H15AuClN3 

(481.73): C, 39.89; H, 3.14; N, 8.72; Cl, 7.36. Found: C, 40.34; H, 3.27; N, 8.63; Cl, 7.08. 
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2.6. Preparation of (1-Methyl-2-phenyl-4-tolyl-1,2,3-triazol-5-ylidenyl)Cu(I)I (5b). 

 

Scheme S6. Synthesis of 5b. 

At – 78 °C a solution of 155 mg 2 (0.582 mmol) in 0.5 mL THF was added to a suspension of 100 mg CuI 

(0.525 mmol) in 2 mL THF. After stirring for 10 min the dry ice was removed from the cooling bath. As soon as the 

reaction solution reached 0 °C it was evaporated to dryness. The residue was suspended in 2 mL of DCM and 

filtered. After concentration of the filtrate, diethyl ether was added to precipitate 5b (150 mg, 341 mmol, 65 %) as 

off-white solid. 
1H NMR (400 MHz, CD2Cl2): δ = 8.19 (d, J = 8.0 Hz, 2 H, CHar), 7.67 (pseudo-d, J = 7.2 Hz, 3 H, CHar), 7.54 

(pseudo-dd, J = 7.7, 1.5 Hz, 2 H, CHar), 7.27 (d, J = 7.8 Hz, 2 H, CHar), 4.26 (s, 3 H, NCH3), 2.39 (s, 3 H, CCH3). 
13C NMR (101 MHz, CD2Cl2): δ = 172.17 (Ctrz), 157.25, 139.87, 135.87, 132.10, 130.71, 129.93, 128.88, 127.52, 

126.87 (all Car), 42.08 (NCH3), 21.63 (CCH3). MS (FAB) m/z (%): 311.9 [M-I] (4), 250.2 [triazolium] (100). EA: Anal. 

calcd. for C16H15CuIN3 (439,76): C, 43.70; H, 3.44; N, 9.56. Found: C, 44.09; H, 3.44; N, 9.89. 

 

2.8. Preparation of 1-methyl-2-phenyl-4-p-tolyl-1H-1,2,3-triazol-5-thione (6).  

 

Scheme S8. Synthesis of 6. 

At -78 °C a solution of 2 (31 mg, 0.11 mmol) in 3 mL of DCM was added to an excess of S8 (44 mg, 0.17 mmol). 

Under stirring the solution was allowed to warm up to room temperature overnight. The reaction mixture was 

directly given on a short pad of silica, washed with 50 mL of DCM and flashed with acetone. Removal of the solvent 

yielded 6 (13 mg, 42 %) as yellow solid. 
1H-NMR (400 MHz, CDCl3): δ = 8.44 (d, J = 7.7 Hz, 2H), 7.58 (d, J = 6.0 Hz, 2H), 7.45 (d, J = 7.1 Hz, 1H), 7.32 – 

7.21 (m, 2H), 3.91 (s, 2H), 2.40 (s, 2H). 13C-NMR (101 MHz, CDCl3): δ = 163.6 (C=S), 148.4, 139.3, 136.4, 130.5, 

130.1, 128.9, 127.3, 126.7, 125.4, 34.8 (NCH3), 21.4 (CH3). HR-MS (ESI) m/z calcd. for C16H16N3S [M+H]+ 

282.10594, found 282.10464 (40 %); for C16H16N3NaS [M+Na]+ 304.08789, found 304.08685 (100 %). 
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2.7. Thermal Decomposition Study with Isolation of 4-methyl-N'-phenylbenzohydrazonoyl cyanide (3).  

 

Scheme S7. Synthesis of 3. 

At -78 °C 2 (150 mg, 0.56 mmol) was solved in 3 mL of benzene and warmed to room temperature. The solution 

was heated to 80 °C for one day. Removal of the solvent in vacuo followed by column chromatography (SiO2, Et2O) 

afforded 3 (highest Rf, 36 mg, 26 %) as yellow solid. 
1H-NMR (400 MHz, CDCl3): δ = 8.74 (s, 1H), 7.72 (d, J = 7.8 Hz, 2H), 7.39 (t, J = 7.5 Hz, 2H), 7.27 (pseudo-d, J = 

8.6 Hz, 4H), 7.08 (t, J = 7.2 Hz, 1H), 2.42 (s, 3H, CH3). 
13C-NMR (101 MHz, CDCl3) δ = 142.1, 139.4, 129.6, 129.5, 

129.4, 124.8, 122.9, 114.7, 114.2, 111.1, 21.3 (CH3).  
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3. Crystallographic data 

 

General: Crystallographic details are summarized in Table 1. X-ray diffraction measurements were performed on 

single crystals coated with Paratone oil and mounted on Kaptan loops. Each crystal was frozen under a stream of 

dinitrogen while data were collected on an X-ray diffractometer equipped with a CCD detector (APEX II, κ−CCD), a 

rotating anode (Bruker AXS, FR591) with MoKα radiation (λ = 0.71073 Å), and a graphite monochromator by using 

the SMART software package.[3] A matrix scan using at least 20 centered reflections was used to determine the 

initial lattice parameters. Reflections were merged and corrected for Lorenz and polarization effects, scan speed, 

and background using SAINT 4.15.[4] Absorption corrections, including odd and even ordered spherical harmonics 

were performed using SADABS.[5]  Space group assignments were based upon systematic absences, E statistics, 

and successful refinement of the structures. Structures were solved by direct methods with the aid of successive 

difference Fourier maps, and were refined against all data using WinGX[6] based on SHELXS-97 [7] oder Sir-92.[8]  

Hydrogen atoms were either located (in case of 2) and refined with isotropic replacement parameters or assigned  

to ideal positions (in case of 3, 4 and 5a) and refined using a riding model with an isotropic thermal parameter 1.2 

times that of the attached carbon atom (1.5 times for methyl hydrogens). All non-hydrogen atoms were refined with 

anisotropic displacement parameters. Full-matrix least-squares refinements were carried out by minimizing Σw(Fo
2-

Fc
2)2 with SHELXL-97[9] weighting scheme. The final residual electron density maps showed no remarkable 

features. Neutral atom scattering factors for all atoms and anomalous dispersion corrections for the non-hydrogen 

atoms were taken from International Tables for Crystallography.[10] All structures were checked for possible 

problems by using Platon.[11] Images of the crystal structures were generated by Diamond 3.1[12] and ORTEP.[21] 

Crystallographic data (excluding structure factors) for the 2, 3, 4, and 5a have been deposited with the Cambridge 

Structural database at www.ccdc.cam.ac.uk/products/csd/[13] and are available free of charge: CCDC-788089 (2), 

CCDC-797025 (4), CCDC-797026 (3), CCDC-849440 (5a). Special: for 2: The absolute configuration could not be 

determined since atoms that cause strong anomalous scattering were absent. Therefore the Friedel pairs were 

merged for the final refinement; for 4: Due to the small size of the crystal many weak reflections appear giving rise 

to poor R-values. To exclude these weak reflections, the data set was cut off at a resolution of 0.93 Å, resulting in 

less data, but slightly better R-values. 
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Table S1. Crystallographic details 

Compound name 2 4 3 5a 
formula C16H18N4 C18H15ClIrN3O2 C15H13N3 C16H15AuClN3

CCDC number 788089 797025 797026 849440 
Mr (g/mol) 266.34 532.98 235.28 481.73 

Crystal description 
yellow 

fragment 
colorless 
fragment 

yellow needle yellow needle 

Crystal dimensions (mm3) 0.18x0.19x0.21 0.05x0.05x0.08 0.02x0.05x0.33 0.05x0.05x0.46 
Temperature (K) 150(2) 123(2) 123(2) 173(2) 
crystal system, 
space group 

orthorhombic, 
P212121 

monoclinic, 
P21/c 

monoclinic, 
P21/c 

triclinic, 
 P  

a (Å) 7.441(2) 7.527(1) 13.034(4) 5.7486(4) 
b (Å) 10.655(2) 22.640(3) 5.507(2) 11.6907(8) 
c (Å) 17.446(4) 11.656(2) 18.643(6) 12.9093(9) 
α (°) 90 90 90 67.988(3) 
β (°) 90 114.72(1) 106.30(2) 87.564(3) 
γ  (°) 90 90 90 78.131(3) 

V (Å3) 1383.2(5) 1804.2(4) 1284.4(7) 786.56(9) 
Z 4 4 4 2 

dcalc (g/cm3) 1.279 1.962 1.217 2.034 
F000 568 1016 496 456 

μ  (mm-1) 0.079 7.564 0.075 9.517 
θ ranges (°) 2.24-25.42 1.80-25.44 1.63-22.35 1.70-25.33 

Collected reflections 20485 18809 12071 12020 
Unique reflections 

[all data] 
1484 3247 1538 2833 

Rint/Rσ 0.0573/0.0241 0.0792/0.0667 0.1064/0.1068 0.0340/0.0293 
Unique reflections 

[I0>2 σ(I0)] 
1425 2545 973 2571 

Data/Restraints/Parameter 1484/0/253 3247/0/228 1538/0/164 2833/0/192 
GoF (on F2) 1.190 1.074 1.047 1.074 

R1/wR2 
[I0>2 σ(I0)] 

0.0302/0.0747 0.0469/0.1089 0.0605/0.1082 0.0281/0.0745 

R1/wR2 
[all data] 

0.0318/0.0759 0.0424/0.1161 0.1521/0.1311 0.0336/0.0777 

Max./Min. residual electron 
density 

0.14/-0.15 2.40/-1.97 0.18/-0.21 2.09/-1.18 
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Figure S1. Molecular structure of 3. Thermal Ellipsoids are displayed at the 50% probability level. Selected bond 

lengths [Å] and angles [°]: N1-C1 1.157(4), C1-C2 1.459(5), C2-N3 1.307(3), N2-N3 1.345(3); C10-N2-N3120.1(2), 

N2-N3-C2 120.1(3), N3-C2-C3 120.6(3), C3-C2-C1 118.0(3), N3-C2-C1 121.4(3), C2-C1-N1 178.1(3).
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4. 1H-NMR and 13C-NMR spectra 

  
Figure S2. 1H-NMR spectrum of 2 

 
Figure S3. 13C-NMR spectrum of 2 
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Figure S4. HMQC spectrum of 2. 
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Figure S5. EXSY spectrum of 2 + NH3.
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Figure S6. 1H-NMR spectrum of RhCOD. 

 
Figure S7. 13C-NMR spectrum of RhCOD. 
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Figure S8. 1H-NMR spectrum of IrCOD. 
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Figure S9. 13C-NMR spectrum of IrCOD. 
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Figure S10. 1H-NMR spectrum of 4. 

 
Figure S11. 13C-NMR spectrum of 4. 
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Figure S12. 1H-NMR spectrum of 5a. 

 
Figure S13. 13C-NMR spectrum of 5a. 
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Figure S14. 1H-NMR spectrum of 5b. 

 
Figure S15. 13C-NMR spectrum of 5b. 
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Figure S16. 1H-NMR spectrum of 6. 

 
Figure S17. 13C-NMR spectrum of 6. 
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Figure S18. 1H-NMR spectrum of 3. 

 
Figure S19. 13C-NMR spectrum of 3. 
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5. ESI-Mass Spectra 
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Figure S20. ESI-mass spectrum of 2 (wide range). 
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T: FTMS + p ESI Full ms [100.00-500.00]
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Figure S21. ESI-mass spectrum of 2 ([M+H+-NH3] fragment). 
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Figure S22. ESI-mass spectrum of 2 ([M+H+]). 

 

Figure S23. ESI-mass spectrum of S2 ([M+H+]). 
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6. Computational Details 
 
All calculations were performed with GAUSSIAN-03 [14]  using the density functional / Hartree-Fock hybrid model 

Becke3LYP [15] and the split valence double-ζ (DZ) basis set 6-31G* [16]. No symmetry or internal coordinate 

constraints were applied during optimizations. All reported intermediates were verified as being true minima by the 

absence of negative eigenvalues in the vibrational frequency analysis, while transition states were located 

according to the Berny algorithm. Transition-state structures (indicated by TS) were located using the Berny 

algorithm[17] until the Hessian matrix had only one imaginary eigenvalue. The identities of all transition states were 

confirmed by IRC calculations, and by animating the negative eigenvector coordinate with MOLDEN[18] and 

GaussView[19]. Approximate free energies (ΔG) and enthalpies ΔH) were obtained through thermochemical analysis 

of frequency calculations, using the thermal correction to Gibbs free energy as reported by GAUSSIAN-03. This 

takes into account zero-point effects, thermal enthalpy corrections, and entropy. All energies reported in this paper, 

unless otherwise noted, are free energies at 298 K, using unscaled frequencies. All optimizations are PCM 

calculations[20] to include solvation effects with THF (ε = 7.4257) as solvent. 

 

 

 

 

 

 

 

 

 

 
Figure S24. Calculated energy profile (free reaction enthalpy) for the formation of 2 and 2fr from 

reaction of 1 with NH2
- and NH3. 

Electronic Supplementary Material (ESI) for Chemical Communications
This journal is © The Royal Society of Chemistry 2012



 
 

7. References 
 

[1] a) A. F. Hegarty, J. A. Kearney, F. L. Scott, Journal of the Chemical Society, Perkin Transactions 2 1973, 
1422-1430; b) D. L. Rector, S. D. Folz, R. D. Conklin, L. H. Nowakowski, G. Kaugars, Journal of Medicinal 
Chemistry 1981, 24, 532-538; c) R. E. Schuster, J. E. Scott, J. Casanova, Org. Syn. 1966, 46, 75; d) D. 
Moderhack, Liebigs Ann. Chem. 1989, 1271-1274. 

 
[2] W. A. Herrmann, C. Köcher, L. J. Gooßen, G. R. J. Artus, Chemistry - A European Journal 1996, 2, 1627-

1636. 
 
[3] SMART Software Users Guide, Version 5.1 (Bruker Analytical X-Ray Systems, Inc, 

Madison, WI, 1999). 
 

[4]  SAINT Software Users Guide, Version 7.0 (Bruker Analytical X-Ray Systems, Inc, 
Madison, WI, 1999). 

 
[5]  G. M. Sheldrick, SADABS, Version 2.03 (Bruker Analytical X-Ray Systems, Inc, Madison, WI, 2000). 
 
[6]  L. J. Farrugia, WinGX (Version 1.70.01 January 2005), J. Appl. Cryst. 1999, 32, 837-838. 
 
[7]  G. M. Sheldrick, SHELXS-97, Program for Crystal Structure Solution, Göttingen 1997 
 
[8]  A. Altomare, G. Cascarano, C. Giacovazzo, A. Guagliardi, M. C. Burla, G. Polidori, M. Camalli, SIR92, J. 

Appl. Crystallogr. 1994, 27, 435-436. 
 
[9]  G. M. Sheldrick, SHELXL-97, Program for Crystal Structure Refinement, Göttingen 1997. 
 
[10]   International Tables for Crystallography, Vol. C, Tables 6.1.1.4 (pp. 500-502), 4.2.6.8 (pp. 219-222), and 

4.2.4.2 (pp. 193-199), Wilson, A. J. C., Ed., Kluwer Academic Publishers, Dordrecht, The Netherlands, 
1992. 

 
[11]  A. L. Spek PLATON, A Multipurpose Crystallographic Tool, Utrecht University, Utrecht, The Netherlands, 

(2008). 
 
[12]  K. Brandenburg, DIAMOND Version 3.1, Crystal and Molecular Structure Visulaization, 2005, Bonn.  
 
[13] a) F. H. Allen, Acta Crystallogr. 2002, B58, 380-388; b) I. J. Bruno, J. C. Cole, P. R. Edgington, M. Kessler, 

C. F. Macrae, P. McCabe, J. Pearson, R. Taylor, Acta Crystallogr. 2002, B58, 389-397. 
 
[14] M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria, M. A. Robb, J. R. Cheeseman, J. Montgomery, 

J. A. , T. Vreven, K. N. Kudin, J. C. Burant, J. M. Millam, S. S. Iyengar, J. Tomasi, V. Barone, B. Mennucci, 
M. Cossi, G. Scalmani, N. Rega, G. A. Petersson, H. Nakatsuji, M. Hada, M. Ehara, K. Toyota, R. Fukuda, 
J. Hasegawa, M. Ishida, T. Nakajima, Y. Honda, O. Kitao, H. Nakai, M. Klene, X. Li, J. E. Knox, H. P. 
Hratchian, J. B. Cross, V. Bakken, C. Adamo, J. Jaramillo, R. Gomperts, R. E. Stratmann, O. Yazyev, A. J. 
Austin, R. Cammi, C. Pomelli, J. W. Ochterski, P. Y. Ayala, K. Morokuma, G. A. Voth, P. Salvador, J. J. 
Dannenberg, V. G. Zakrzewski, S. Dapprich, A. D. Daniels, M. C. Strain, O. Farkas, D. K. Malick, A. D. 
Rabuck, K. Raghavachari, J. B. Foresman, J. V. Ortiz, Q. Cui, A. G. Baboul, S. Clifford, J. Cioslowski, B. B. 
Stefanov, G. Liu, A. Liashenko, P. Piskorz, I. Komaromi, R. L. Martin, D. J. Fox, T. Keith, M. A. Al-Laham, 
C. Y. Peng, A. Nanayakkara, M. Challacombe, P. M. W. Gill, B. Johnson, W. Chen, M. W. Wong, C. 
Gonzalez, J. A. Pople, Gaussian03, Rev. C.02, Gaussian Inc., Wallingford, CT, 2004. 

 

Electronic Supplementary Material (ESI) for Chemical Communications
This journal is © The Royal Society of Chemistry 2012



[15]  a) S. H. Vosko, L. Wilk, M. Nusair, Can. J. Phys.1980, 58, 1200-1211. b) C. Lee, W. Yang, R. G. Parr, 
Phys.  Rev. B. 1988, 37, 785-789. c) A. D. Becke, J. Chem. Phys. 1993, 98, 5648-5652. 

 
[16]  a) W. J. Hehre, R. Ditchfield, J. A. Pople, J. Chem. Phys.1972, 56, 2257-2261. b) M.M. Francl, W.J. Petro, 

W.J. Hehre, J.S. Binkley, M.S. Gordon, D.J. DeFrees and J.A. Pople, J. Chem. Phys.1982, 77, 3654-3665. 
 
[17]  H. B. Schlegel, J. Comput. Chem.1982, 3, 214-218. 
 
[18] G. Schaftenaar, J. H. Noordik, J. Comput.-Aided Mol. Design2000, 14, 123-134. 
 
[19] R. Dennington II, T. Keith, J. Millam, K. Eppinnett, W. L. Hovell, R. Gilliland, GaussView, Version 3.09 ed., 

Semichem Inc., Shawnee Mission, KS, 2003. 
 
[20] a) J. Tomasi, B. Mennucci, R. Cammi, Chem. Rev.2005, 105, 2999-3093, b) M. Cossi, G. Scalmani, N. 

Rega, V. Barone,  J. Chem. Phys. 2002, 117, 43-54, c) M. Cossi, N. Rega, G. Scalmani, V. Barone, J. 
Chem. Phys. 2001, 114, 5691-5701, d) V. Barone, M. Cossi, and J. Tomasi, J. Comp. Chem. 1998, 19, 
404-417. 

 
[21] Michael N. Burnett and Carroll K. Johnson, ORTEP-III: Oak Ridge Thermal Ellipsoid Plot Program for 

Crystal Structure Illustrations, Oak Ridge National Laboratory Report ORNL-6895, 1996. 

Electronic Supplementary Material (ESI) for Chemical Communications
This journal is © The Royal Society of Chemistry 2012



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.6
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends false
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile (Color Management Off)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /FlateEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENG ()
    /ENU (Use these settings to create Adobe PDF documents suitable for reliable viewing and printing of business documents.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [595.276 779.528]
>> setpagedevice


