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1. General methods  

1.1 Laboratory methods and materials  

All manipulations were performed under an inert atmosphere (N2 or Ar) using standard glovebox and 

Schlenk techniques. Benzyl azide and [Cu(PPh3)3Br] were synthesized according to previously published 

methods.1,2 [Cu(ACN)4]BF4 was synthesized using a slightly modified literature procedure, where an 

aqueous HBF4 solution was used instead of an aqueous HPF6 solution used in the protocol.3 

Phenylacetylene, PPh3, tris(4-methoxy phenyl)phosphine, PMe3 (1M in THF) and CuBr were purchased 

from Sigma-Aldrich. PCy3 was purchased from Strem. Tris(4-chlorophenyl)phosphine was purchased from 

Alfa Aesar. Phenylacetylene was distilled prior to use. All other reagents were used as provided by the 

supplier. Solvents were distilled prior to use using suitable drying agents. NMR spectra were recorded on 

a 300 MHz (19F) and 500 MHz (1H, 13C and 31P) Bruker spectrometer. Chemical shifts were referenced to 

TMS (1H and 13C), CFCl3 (19F) and H3PO4 (31P). 

Elemental analysis was not performed due to the high moisture- and air-sensitivity of the prepared ligands 

and complexes. To assess the purity, the 1H NMR spectrum was used as an indicator. This was done by 

evaluating the total integral in the region between δH = 8.5 ppm and δH = 0 ppm and comparing this integral 

to the expected integral from the synthesized molecule. For all spectra, the integral of the CH2 resonance 

from the ligand was set to 2.0. The resonances from residual grease and CD2Cl2 were excluded. The 

percentage deviation is reported. 

It was found that the catalytic activity in the CuAAC reaction was dependent on the source of sodium azide 

used during the synthesis of benzyl azide. After a new source of sodium azide (First source: Sigma-Aldrich, 

>=99.5%, ReagentPlus®, Lot number STWH1901. Second source: Sigma-Aldrich, ReagentPlus®, 

>=99.5%, Lot number STBH3382) was purchased, the catalytic activity was diminished compared to 

previous catalytic trails. Oakdale et al. noticed differences in catalytic activity depending on their source of 

benzyl azide.4 Attempts to purify benzyl azide by filtration over silica with diethyl ether, as the authors 

suggested, were unsuccessful and did not improve the catalytic performance. Due to the dangers associated 

with distilling organic azides, we decided to perform all experiments using the same source of sodium azide 

for the sake of reproducibility. 

1.2 XAS measurement and sample preparation   

Cu K-edge XAS experiments were performed at Diamond Light Source on beamline B18 in Didcott (UK) 

and at Swiss Light Source on beamline SuperXAS in Villigen (Switzerland). All measurements were done 

in fluorescence mode. Catalyst solutions were kept frozen using a Cryojet set to a temperature of 100K.5 

Measurements at SuperXAS were performed with a Si(111) double crystal monochromator in combination 

with a SDD detector. Measurements were done in Quick EXAFS mode and a single scan required 1 second 

and a single measurement typically required 10 minutes.6 Measurements at Diamond were performed with 

a Si(111) double monochromator in combination with a 36 element Ge detector. A typical measurement 

required around 2 minutes; 20 scans were required to obtain good signal-to-noise ratio in the data. All 

acquired spectra were calibrated to a Cu foil. Data processing was performed using the Demeter software 

package.7 The amplitude reduction factor (S0
2) was determined using the Cu foil and was found to be 0.91. 

Below a typical XAS measurement is described. Other experiments are done in a similar fashion. 
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Inside a glovebox, [Cu(PPh3)3Br] (11.2 mg, 12 micromoles, 2.5 mol%) was weighed and dissolved into 

THF (1 mL). To this solution was first added benzyl azide (63 mg, ~480 micromoles, 1 eq.), followed by 

the addition of phenylacetylene (59 mg, ~580 micromoles, 1.2 eq.). The reaction was allowed to proceed 

for 1 hour, after which an aliquot of the solution was taken and put into a Kapton® tube. The Kapton® tube 

was taken out of the glovebox, flash-frozen into liquid nitrogen and transferred to the beamline for 

measurement.  

1.3 Computational methods 

Calculations were performed using the ADF software package (2017.107).8,9 Geometry optimizations were 

performed in the gas phase at the BP86 / TZ2P level of theory, with inclusion of Grimme’s dispersion 

correction (D3).10–12 Solvent corrections were applied by performing single-point calculations on the 

geometry-optimized molecule using an implicit solvent model (COSMO) for THF.13,14 Frequency 

calculations were performed to verify whether ground states had no imaginary frequencies and transition 

states had a single imaginary frequency. 

1.4 X-Ray Crystal Structure Determination 

X-ray intensities were measured on a Bruker D8 Quest Eco diffractometer equipped with a Triumph 

monochromator ( = 0.71073 Å) and a CMOS Photon 100 detector at a temperature of 150(2) K. Intensity 

data were integrated with the Bruker APEX3 software.15 Absorption correction and scaling was performed 

with SADABS.16 The structures were solved using intrinsic phasing with the program SHELXT.17 Least-

squares refinement was performed with SHELXL-201418 against F2 of all reflections. Non-hydrogen atoms 

were refined with anisotropic displacement parameters. The H atoms were placed at calculated positions 

using the instructions AFIX 13, AFIX 43 or AFIX 137 with isotropic displacement parameters having 

values 1.2 or 1.5 times Ueq of the attached C atoms. CCDC 1979085-1979090 contain the 

supplementary crystallographic data for this paper. These data can be obtained free of charge from 

The Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_ request/cif. 

1.5 Kinetic studies 

 

All kinetic studies were performed in a similar fashion. Inside a glovebox, 12 micromoles of copper catalyst 

was added to THF-d8 (1 mL). In two separate vials, 480 micromoles of benzyl azide and 580 micromoles 

of phenylacetylene were weighed. First, benzyl azide was added to the catalyst solution, followed by the 

addition of phenylacetylene. The solution was shaken to ensure proper solvation of the catalyst and was 

transferred to an air-tight NMR tube. Next, the reaction was followed over the course of 15 hours to follow 

the conversion over time. The conversion was determined by using Equation 1. This equation holds since 

no side reactions were observed during the course of the reaction. Additionally, the average of three 

independent catalytic trails is given in Figure S1.  
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𝐶𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 = (
 ∫ 𝐶𝐻𝑎

∫ 𝐶𝐻𝑎+ ∫ 𝐶𝐻𝑏 
) × 100% (Equation 1) 
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Figure S1. Reproducibility of the catalytic performance of catalyst 1H (~2.5 mol% in Cu) in the reaction 

between benzyl azide (1 eq.) and phenylacetylene (1.2 eq.). Black dots represent the average of three 

catalytic runs with standard deviation bars. 
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2. Synthetic procedures 

2.1 Synthesis of PhCH2NPR3 (L1H, R = C6H5) 

The resonance in the 1H NMR spectrum with a value of H = 7.46 ppm is composed of two overlapping 

resonances, as is observed in the 1H–13C HSQC spectrum (Figure S7). In addition, in the 13C spectrum, the 

resonance observed at C = 133.2 ppm is composed of two overlapping resonances (Figure S3). 

 

Triphenylphosphine (2.00 g, 7.63 mmol, 1 eq.) was weighed and dissolved into toluene (20 mL). To this 

solution was slowly added benzyl azide (1.14 g, 8.56 mmol, 1.1 eq.). During the addition, evolution of N2 

gas was observed. The reaction was left overnight (~16h), after which the solution was concentrated to 

obtain a pale yellow gel. Pentane was added to this gel and the precipitation of a white solid was observed. 

The solution was again concentrated. The resulting solid was washed with pentane (4 x 10 mL) and dried 

under vacuum to obtain the target compound as a white solid (1.41 g, 3.84 mmol, 50% yield). 

1H NMR (500 MHz, CD2Cl2, ): 7.70 (m, 6H, –P–C–CH–), 7.53 (m, 3H, –P–C–CH–CH–CH–), 7.46 (m, 

6H, –P–C–CH–CH–), 7.46 (m, 2H, –CH2–C–CH–) 7.26 (m, 2H, –CH2–C–CH–CH–), 7.15 (m, 1H, –

CH2–C–CH–CH–CH–) 4.32 (d, 3JP–H = 15.8 Hz, 2H, –CH2–)   
13C{1H} NMR (126 MHz, CD2Cl2, ): 147.1 (–CH2–C–), 133.2 (d, JC–P = 8.5 Hz, –P–C–CH–CH–), 132.8 

(d, JC–P = 95.6 Hz, –P–C–), 132.0 (–P–C–CH–CH–CH–), 129.2 (d, JC–P = 11.2 Hz, –P–C–CH–), 128.5 (–

CH2–C–CH–CH–), 127.9 (–CH2–C–CH–CH–), 126.2 (–CH2–C–CH–CH–CH–) 49.5 (–CH2–)  
31P{1H} NMR (201 MHz, CD2Cl2, ): 8.9 (–PPh3) 

Deviation of 1H integral: 3.1%  

HRMS (CSI):  observed (calculated) for C25H23NP+: 368.156  (368.157), 369.160 (369.160), 370.163 

(370.163). 
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Figure S2. 1H NMR spectrum of L1H in CD2Cl2. 

 

Figure S3. 13C{1H} NMR spectrum of L1H in CD2Cl2.  
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Figure S4. 31P{1H} NMR spectrum of L1H in CD2Cl2.  

 

Figure S5. 1H–1H COSY spectrum of L1H in CD2Cl2.  
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Figure S6. 1H–13C HSQC spectrum of L1H in CD2Cl2.  

 

 

Figure S7. 1H–13C HMBC spectrum of L1H in CD2Cl2.  
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Figure S8. Experimental mass spectrum (black) and simulated spectrum (red) of L1H in positive mode.  
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2.2 Synthesis of PhCH2NPR3 (L2OMe, R = p-C6H4OMe) 

 

Tris(4-methoxyphenyl)phosphine (1.20 g, 3.40 mmol, 1 eq.), was weighed and dissolved into toluene (15 

mL). To this solution was added benzyl azide (0.50 g, 2.70 mmol, 1.1 eq.). During the addition, evolution 

of N2 gas was observed and the reaction was left overnight (~16h). The resulting solution was concentrated 

to yield a pale yellow oil. The oil was washed with pentane (3 x 10 mL) and dried under vacuum to obtain 

the target compound as a tacky white solid (1.35 g, 2.95 mmol, 87% yield). 

1H NMR (500 MHz, CD2Cl2, ): 7.60 (m, 6H, –P–C–CH–CH–), 7.45 (m, 2H, –CH2–C–CH–), 7.27 (m, 

2H, –CH2–C–CH–CH–), 7.14 (m, 1H, –C–CH–CH–CH), 6.96 (m, 6H, –P–C–CH–), 4.28 (d, 3JP–H = 16.4 

Hz, 2H, –CH2–), 3.84 (s, 9H, –O–CH3)  
13C{1H} NMR (126 MHz, CD2Cl2, ): 162.7 (–C–O–CH3), 147.3 (–CH2–C–), 134.9 (d, JC–P = 10.1 Hz, –

CH–C–O–CH3), 128.5 (–CH2–C–CH–CH–), 127.9 (–CH2–C–CH–CH–), 126.1 (–CH–CH–CH–), 124.6 

(d, JC–P = 103.1 Hz, –P–C–), 114.6 (d, JC–P  = 12.2 Hz, –P–C–CH–), 56.1 (–O–CH3 ), 49.6 (–CH2–)   
31P{1H} NMR (201 MHz, CD2Cl2, ): 8.9 (–P(C6H4OMe)3) 

Deviation of 1H integral: 3.8%  

HRMS (CSI):  observed (calculated) for  C28H29NO3P+: 458.1861 (458.1885), 459.1896 (459.1919), 

460.1930 (460.1949) 

  

Figure S9. 1H NMR spectrum of L2OMe in CD2Cl2.  
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Figure S10. 13C{1H} NMR spectrum of L2OMe in CD2Cl2.  

 

Figure S11. 31P{1H} NMR spectrum of L2OMe in CD2Cl2.  
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Figure S12. 1H–1H COSY spectrum of L2OMe in CD2Cl2.  

 

Figure S13. 1H–13C HSQC spectrum of L2OMe in CD2Cl2.  
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Figure S14. 1H–13C HMBC spectrum of L2OMe in CD2Cl2.  

Figure S15. Experimental mass spectrum (black) and simulated spectrum (red) of L2OMe in positive 

mode.  
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2.3 Synthesis of PhCH2NPR3 (L3Cl, R = p-C6H4Cl) 

 

Tris(4-chlorophenyl)phosphine (0.99 g, 2.71 mmol, 1 eq.) was weighed and dissolved into toluene (20 mL). 

To this solution was added benzyl azide (0.42 g, 3.15 mmol, 1.2 eq.). During the addition, evolution of N2 

gas was observed and the reaction was left overnight (~16h). The resulting solution was concentrated to 

yield a white solid. The solid was washed with pentane (3 x 5 mL) and dried under vacuum to obtain the 

target compound as a white solid (1.01 g, 2.14 mmol, 79% yield). 

Based on the observation of the CH3 resonance of toluene in the final product, the product is expected to 

contain 0.1 equivalent of toluene. 

1H NMR (500 MHz, CD2Cl2, ): 7.61 (m, 6H, –P–C–CH–CH–), 7.47 (m, 6H, –P–C–CH–), 7.41 (m, 2H, 

–CH2–C–CH–), 7.26 (m, 2H, –CH2–C–CH–CH–), 7.16 (m, 1H, –C–CH–CH–CH), 4.28 (d, 3JP–H = 17.0 

Hz, 2H, –CH2–)   
13C{1H} NMR (126 MHz, CD2Cl2, ): 146.4 (d, JC–P = 19.7 Hz, –CH2–C–), 138.8 (–C–Cl), 134.2 (d, JC–P 

= 7.4 Hz, –CH–C–Cl), 130.7 (d, JC–P  = 97.5 Hz, –P–C–), 129.7 (d,  JC–P  = 10.9 Hz, –P–C–CH–), 128.6 (–

CH2–C–CH–CH–), 127.8 (–CH2–C–CH–CH–), 126.4 (–CH–CH–CH–), 49.2 (–CH2–)  
31P{1H} NMR (201 MHz, CD2Cl2, ): 5.7 (–P(C6H4Cl)3)  

Deviation of 1H integral: 7.3%  

HRMS (CSI):  observed (calculated) for C25H20Cl3NP+: 470.038 (470.040), 471.041 (471.043), 472.035 

(472.037), 473.038 (473.040), 474.032 (474.035), 475.036 (475.038), 476.030 (476.033), 470.032 

(477.034), 478.008 (478.038) 
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Figure S16. 1H NMR spectrum of L3Cl in CD2Cl2.  

 

Figure S17. 13C{1H} NMR spectrum of L3Cl in CD2Cl2.   
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Figure S18. 31P{1H} NMR spectrum of L3Cl in CD2Cl2.  

 

Figure S19. 1H–1H COSY spectrum of L3Cl in CD2Cl2.  
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Figure S20. 1H–13C HSQC spectrum of L3Cl in CD2Cl2.  

 

Figure S21. 1H–13C HMBC NMR spectrum of L3Cl in CD2Cl2.  
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Figure S22. Experimental mass spectrum (black) and simulated spectrum (red) of L3Cl in positive mode.  
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2.4 Synthesis of PhCH2NPR3 (L4Cy, R = C6H11) 

The quaternary carbon (C = 148.0 ppm) contained within the benzyl moiety was not directly observed in 

the 13C spectrum. The assignment of this resonance is based on its observation in the {1H-13C}-HMBC 

spectrum (Figure S28). 

 

PCy3 (0.99 g, 3.57 mmol, 1 eq.) was dissolved into toluene (15 mL). To this solution was added benzyl 

azide (0.52 g, 3.92 mmol, 1.2 eq.) and the solution was briefly stirred at room temperature and a 

discoloration to yellow was observed. The solution was heated for 2 hours at 110oC. Afterwards, the 

solution was brought back to room temperature, where it was concentrated. The resulting solid was washed 

with pentane (3 x 10 mL) and was dried under vacuum to obtain the target compound as a white solid (0.36 

g, 0.94 mmol, 27% yield). 

1H NMR (500 MHz, CD2Cl2, ): 7.45 (m, 2H, –CH2–C–CH–), 7.25 (m, 2H, –CH2–C–CH–CH–), 7.12 (m, 

1H, –C–CH–CH–CH), 4.28 (d, 3JP–H = 14.0 Hz, 2H, –CH2–), 2.03 (br m, 3H, Cy CH), 1.96-1.26 (br m, 

30H, Cy CH2)   
13C{1H} NMR (126 MHz, CD2Cl2, ): 148.0 (–CH2–C–), 128.4 (–CH2–C–CH–CH–), 127.7 (–CH2–C–

CH–CH–), 126.0 (–CH–CH–CH–), 50.0 (–CH2–), 35.8 (d, JC–P = 56.8 Hz, Cy CH), 28.2 (Cy CH2), 28.1 

(Cy CH2), 27.2 (Cy CH2)  
31P{1H} NMR (201 MHz, CD2Cl2, ): 24.3 (–P–(Cy)3) 

Deviation of 1H integral: 1.8%  

HRMS (CSI):  observed (calculated) for C25H41NP+: 386.296 (386.298), 387.299 (387.301), 388.303 

(388.304), 389.306 (389.308) 
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Figure S23. 1H NMR spectrum of L4Cy in CD2Cl2.  

 

Figure S24. 13C{1H} NMR spectrum of L4Cy and in CD2Cl2.  
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Figure S25. 31P{1H} NMR spectrum of L4Cy in CD2Cl2.  

 

Figure S26. 1H–1H COSY spectrum of L4Cy in CD2Cl2.  
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Figure S27. 1H–13C HSQC spectrum of L4Cy in CD2Cl2.  

 

Figure S28. 1H–13C HMBC spectrum of L4Cy in CD2Cl2.  
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Figure S29. Experimental mass spectrum (black) and simulated spectrum (red) of L4Cy in positive mode. 
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2.5 Synthesis of PhCH2NPR3 (L5Me, R = CH3) 

Note: the compound proved to be very reactive. Over time, during measurement of the NMR sample, 

degradation was observed in CD2Cl2. In addition, traces (~3%) of trimethylphosphine oxide were identified 

in the 1H (Figure S30) and 31P NMR spectra (Figure S31), even when the reaction was performed inside a 

glovebox. Nevertheless, it was decided to continue with the synthesis of the corresponding complex. 

 

PMe3 in THF (1.0M, 7 mL, 7 mmol) was added to THF (5 mL). To this solution was slowly added benzyl 

azide (0.53 g, 5.86 mmol, 1.2 eq.). Evolution of N2 was observed; the reaction was found to be highly 

exothermic. The solution was stirred for 2 hours and was concentrated under vacuum to yield a pink liquid 

(413 mg, 2.28 mmol, 38.9% yield). The resulting liquid was used without further purification. 

1H NMR (500 MHz, CD2Cl2, ): 7.35 (m, 2H, –CH2–C–CH–), 7.25 (m, 2H, –CH2–C–CH–CH–), 7.13 (m, 

1H, –C–CH–CH–CH), 4.28 (d, 3JP–H = 23.5 Hz, 2H, –CH2–), 1.35 (d, 2JP–H = 12.3 Hz, 9H, –P–(CH3)3)  
13C{1H} NMR (126 MHz, CD2Cl2, ): 147.1 (d, JC–P = 14.1 Hz, –CH2–C–), 128.5 (–CH2–C–CH–CH–), 

127.9 (–CH2–C–CH–CH–), 126.2 (–CH–CH–CH–), 50.0 (d, JC–P = 5.5 Hz, –CH2–), 16.4 (d, JC–P = 65.3 

Hz, –P–(CH3)3)  
31P NMR (201 MHz, CD2Cl2, ): 11.6 (–P–(CH3)3) 

Deviation of 1H integral: 4.7%   

HRMS (CSI):  observed (calculated) for  C10H17NP+: 182.110 (182.112), 183.112 (183.113), 184.116 

(184.117) 

  

Figure S30. 1H NMR spectrum of L5Me in CD2Cl2.  
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Figure S31. 13C{1H} NMR spectrum of L5Me in CD2Cl2. 

  

  

Figure S32. 31P NMR spectrum of L5Me in CD2Cl2.  
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Figure S33. 1H–1H COSY spectrum of L5Me in CD2Cl2.  

  

Figure S34. 1H–13C HSQC NMR spectrum of L5Me in CD2Cl2.  
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Figure S35. 1H–13C HMBC NMR spectrum of L5Me in CD2Cl2.  

 

Figure S36. Experimental mass spectrum (black) and simulated spectrum (red) of L5Me in positive mode.  
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2.6 Synthesis of [Cu(PhCH2NPR3)2][CuBr2] (R = C6H5) 

One resonance in the 13C NMR spectrum was not observed at room temperature: the quaternary carbon 

atom attached to the phosphorus. Presumably, under the employed measurement conditions, T1 relaxation 

times were too long for this resonance to be observable under the employed experimental conditions 

(Figure S40). Cooling the solution to -60oC allowed for the detection of this resonance (Figure S41). 

Assignment of the 13C and 31P NMR resonances is based on the spectrum acquired at -60oC  

 

CuBr (78 mg, 0.54 mmol 1 eq.) was weighed and slurried into THF. To this solution was added L1 (405 

mg, 1.12 mmol, 1.1 eq.) and the solution was stirred overnight (~16 hours). The solution was filtered and 

was evaporated to dryness. The obtained solid was washed with Et2O (3 x 10 mL) to obtain the target 

compound as a white solid (340 mg, 0.33 mmol, 61% yield). Crystals suitable for single-crystal XRD were 

grown by layering a THF-saturated solution of the complex with pentane. 

Traces of THF were identified in the final product. These traces could not be removed, despite rigorous 

drying. Based on the relative integral, the compound is expected to contain approximate 0.1 equivalents of 

THF. In this regard, crystals were isolated for the target compound containing THF in its crystal lattice 

(Figure S38). 

1H NMR (500 MHz, CD2Cl2, ): 7.62 (m, 6H, –P–C–CH–CH–), 7.62 (m, 3H, –P–C–CH–CH–CH–), 7.50 

(m, 6H, –P–C–CH–), 7.27 (m, 2H, –CH2–C–CH–CH–), 7.27 (m, 2H, –CH2–C–CH–),  7.27 (m, 1H, –

CH2–C–CH–CH–CH–), 4.06 (d, 3JP–H = 14.1 Hz, 2H, –CH2–)   
13C{1H} NMR (126 MHz, CD2Cl2, ): 143.1 (d, JC–P = 15.9 Hz, –CH2–C–), 133.5 (–P–C–CH–CH–CH–), 

133.0 (d, JC–P = 9.4 Hz, –P–C–CH–CH–), 129.3 (d, JC–P = 12.0 Hz, –P–C–CH–), 128.7 (–CH2–C–CH–

CH–), 127.8 (–CH2–C–CH–CH–), 127.4 (–CH2–C–CH–CH–CH–), 126.2 (d, JC–P = 99.8 Hz, –P–C–), 

50.0 (–CH2–)  
31P{1H} NMR (201 MHz, CD2Cl2, ): 33.1 (–PPh3) 

Deviation of 1H integral: 3.1%   

HRMS (CSI):  observed (calculated) for C50H44CuN2P2: 797.228 (797.228), 798.229 (798.231), 799.226 

(799.223), 800.228 (800.230), 801.231 (801.233). 

Observed (calculated) for CuBr2
- : 220.769 (220.766) 222.767 (222.764), 224.765 (224.762), 226.763 

(226.761). 
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Figure S37. ORTEP plots (50% probability level) Crystal structure of [Cu(PhCH2NPPh3)2][CuBr2]. 

Hydrogen atoms are omitted for clarity. Selected bond lengths [Å], angles [°] and torsion angles [°], for 1: 

Cu1–N1 1.8764(19); Cu1–N2 1.8984(19); N1–P1 1.6062(19); N2–P2 1.599(2); N1–C1 1.480(3); N2–C26 

1.476(3); N1–Cu1–N2 176.25(8); P1–N1–Cu1 124.16(11); C1–N1–Cu1 115.72(15); C1–N1–P1 116.34(15); P2–

N2–Cu1 114.89(11); C26–N2–Cu1 117.66(15); C26–N2–P1 123.51(16); P1–N1–N2–P2 112.18. 

 

C50H44Br2Cu2N2P2, Fw = 1021.75, block, 0.351×0.252×0.153 mm, triclinic, P 1  (No: 2)), a = 9.983(5), b 

= 10.638(5), c = 21.066(9) Å, α = 80.842(17), β = 86.435(14), γ = 82.994(20)°, V = 2190.(3) Å3, Z = 2, Dx 

= 1.544 g/cm3,  = 2.896 mm-1. 104481 Reflections were measured up to a resolution of (sin /)max = 0.74 

Å-1. 11428 Reflections were unique (Rint = 0.0311), of which 9657 were observed [I>2(I)]. 523 Parameters 

were refined with 0 restraints. R1/wR2 [I > 2(I)]: 0.0361/0.1020. R1/wR2 [all refl.]: 0.0480/0.1088. S = 

1.112. Residual electron density between  - 1.054 and 0.655 e/Å3. CCDC 1979085. 
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Figure S38. ORTEP plots (50% probability level) Crystal structure of [Cu(PhCH2NPPh3)2][CuBr2] with 

one molecule of THF in its crystal lattice. Hydrogen atoms are omitted for clarity. Selected bond lengths 

[Å], angles [°] and torsion angles [°]: Cu1–N1 1.870(2); Cu1–N2 1.877(2); N1–P1 1.605(3); N2–P2 1.601(2); 

N1–C1 1.484(4); N2–C26 1.487(4); N1–Cu1–N2 178.65(11); P1–N1–Cu1 120.59(14); C1–N1–Cu1 118.42(19); 

C1–N1–P1 117.60(19); P2–N2–Cu1 117.59(13); C26–N2–Cu1 120.47(18); C26–N2–P2 120.88(19); P1–N1–N2–

P2 101.03. 

C52H48CuN2OP2Br2, Fw = 1065.76, block, 0.404×0.288×0.242 mm, monoclinic, P21/c (No: 14), a = 

14.9569(11), b = 17.0622(12), c = 19.2791(14) Å, β = 109.421(2)°, V = 4640.0(6) Å3, Z = 4, Dx = 1.526 

g/cm3,  = 2.748 mm-1. 43888 Reflections were measured up to a resolution of (sin /)max = 0.84 Å-1. 8147 

Reflections were unique (Rint = 0.0300), of which 6786 were observed [I>2(I)]. 550 Parameters were 

refined with 0 restraints. R1/wR2 [I > 2(I)]: 0.0322/0.0786. R1/wR2 [all refl.]: 0.0449/0.0879. S = 0.961. 

Residual electron density between  - 1.069 and 0.690 e/Å3. CCDC 1979090. 
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Figure S39. 1H NMR spectrum of [Cu(PhCH2NPR3)2][CuBr2] in CD2Cl2 acquired at room temperature. 

 

Figure S40. 13C{1H} NMR spectrum of [Cu(PhCH2NPR3)2][CuBr2] in CD2Cl2 acquired at room 

temperature. 
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Figure S41. 13C{1H} NMR spectrum of [Cu(PhCH2NPR3)2][CuBr2] in CD2Cl2 acquired at -60oC. 

 

Figure S42. 31P{1H} NMR spectrum of [Cu(PhCH2NPR3)2][CuBr2] in CD2Cl2 acquired at room 

temperature. 
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Figure S43. 31P{1H} NMR spectrum of [Cu(PhCH2NPR3)2][CuBr2] in CD2Cl2 acquired at -60oC. 

 

Figure S44. 1H–1H COSY spectrum of Cu(PhCH2NPR3)2][CuBr2] in CD2Cl2.   
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Figure S45. 1H–13C HSQC spectrum of Cu(PhCH2NPR3)2][CuBr2] in CD2Cl2.  

 

Figure S46. 1H–13C HMBC spectrum of Cu(PhCH2NPR3)2][CuBr2] in CD2Cl2.  
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Figure S47. Experimental mass spectrum (black) and simulated spectrum (red) of 
Cu(PhCH2NPR3)2][CuBr2] in positive mode. 

 

Figure S48. Experimental mass spectrum (black) and simulated spectrum (red) of 
Cu(PhCH2NPR3)2][CuBr2] in negative mode. 
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2.7 Synthesis of [Cu(PhCH2NPR3)2]BF4 (Complex 1H, R = C6H5)  

The resonance in the 1H NMR spectrum with a value of H = 7.29 ppm is composed of two overlapping 

resonances, as is observed in the 1H–13C HSQC spectrum (Figure S53).  

 

[Cu(ACN)4]BF4 (165.7 mg, 0.45 mmol, 1 eq.) was weighed and slurried into THF. To this solution was 

added L1 (406.6 mg, 1.10 mmol, 2.1 eq.) and the solution was stirred overnight (~16 hours). The resulting 

solution was evaporated to dryness. The obtained solid was washed with Et2O (3 x 10 mL) to obtain the 

target compound as a white solid (396 mg, 0.448mmol, 99%). 

From [Cu(ACN)4]PF6, we prepared the corresponding PF6 complex using a similar procedure. For this 

complex, crystals suitable for single-crystal XRD were grown by layering a THF-saturated solution of the 

complex with pentane. 

1H NMR (500 MHz, CD2Cl2, ): 7.68 (m, 3H, –P–C–CH–CH–CH–), 7.47 (m, 6H, –P–C–CH–), 7.40 (m, 

6H, –P–C–CH–CH–), 7.29 (m, 2H, –CH2–C–CH–CH–), 7.29 (m, 1H, –CH2–C–CH–CH–CH–), 7.06 (m, 

2H, –CH2–C–CH–), 3.82 (d, 3JP–H = 12.7 Hz, 2H, –CH2–)  
13C{1H} NMR (126 MHz, CD2Cl2, ): 143.6 (d, JC–P = 13.5 Hz, –CH2–C–), 134.1 (–P–C–CH–CH–CH–), 

133.7 (d, JC–P = 7.3 Hz, –P–C–CH–CH–), 130.0 (d, JC–P = 11.0 Hz, –P–C–CH–), 129.3 (–CH2–C–CH–

CH–), 128.5 (–CH2–C–CH–CH–), 128.0 (–CH2–C–CH–CH–CH–), 127.2 (d, JC–P = 99.9 Hz, –P–C–), 

51.5 (–CH2–)  
19F NMR (282 MHz, CD2Cl2, ): -153.5 (10B–F4), -153.5 (11B–F4)  
31P{1H} NMR (201 MHz, CD2Cl2, ): 33.5 (–PPh3)  

Deviation of 1H integral: 1.3%  

HRMS (CSI):  observed (calculated) for C50H44CuN2P2: 797.225, (797.228), 798.231, (798.231), 799.228 

(799.223), 800.230 (800.230), 801.230 (801.233), 802.233 (802.236), 803.236 (803.239). 

Observed (calculated) for BF4
- : 86.006 (86.007), 87.002 (87.003) 

C50H44CuN2P3F6, Fw = 943.32, block, 0.680×0.142×0.090 mm, monoclinic, C2/c (No: 15), a = 13.8150(8), 

b = 16.8315(8), c = 19.3283(10) Å, β = 104.734(2)°, V = 4346.6(4) Å3, Z = 4, Dx = 1.442 g/cm3,  = 0.677 

mm-1. 71380 Reflections were measured up to a resolution of (sin /)max = 0.73 Å-1. 5369 Reflections were 

unique (Rint = 0.0594), of which 4132 were observed [I>2(I)]. 282 Parameters were refined with 0 

restraints. R1/wR2 [I > 2(I)]: 0.0528/0.1310. R1/wR2 [all refl.]: 0.0872/0.1465. S = 1.054. Residual 

electron density between  - 0.558 and 0.475 e/Å3. CCDC 1979086. 
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Figure S49. 1H NMR spectrum of 1H in CD2Cl2.  

 

 

Figure S50. 13C{1H} NMR spectrum of 1H in CD2Cl2.  
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Figure S51. 31P{1H} NMR spectrum of 1H in CD2Cl2.  

 

Figure S52. 1H–1H COSY NMR spectrum of 1H in CD2Cl2.   

 

 



S42 
 

 

Figure S53. 1H–13C HSQC spectrum of 1H in CD2Cl2.  

 

Figure S54. 1H–13C HMBC spectrum of 1H in CD2Cl2.  
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Figure S55. 19F NMR spectrum of 1H in CD2Cl2.  

 

Figure S56. Experimental mass spectrum (black) and simulated spectrum (red) of 1H in positive mode.  
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Figure S57. Experimental mass spectrum (black) and simulated spectrum (red) of 1H in negative mode. 
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2.8 Synthesis of [Cu(PhCH2NPR3)2]BF4 (Complex 2OMe, R = p-C6H4OMe) 

 

 

 [Cu(ACN)4]BF4 (127 mg, 0.405 mmol, 1 eq.) was weighed and slurried into THF. To this solution was 

added L2OMe (377.5 mg, 0.826 mmol, 2.1 eq.) and the solution was stirred overnight (~16 hours). The 

resulting solution was evaporated to dryness. The obtained solid was washed with Et2O (3 x 10 mL) to 

obtain the target compound as a white solid (320 mg, 0.300 mmol, 74% yield). Crystals suitable for single-

crystal XRD were grown by layering a THF-saturated solution of the complex with pentane. 

1H NMR (500 MHz, CD2Cl2, ): 7.29 (m, 6H, –P–C–CH–CH–),7.29 (m, 1H, –C–CH–CH–CH), 7.29 (m, 

2H, –CH2–C–CH–CH–), 7.06 (m, 2H, –CH2–C–CH–), 6.89 (m, 6H, –P–C–CH–), 3.85 (s, 9H, –O–CH3), 

3.75 (d, 3JP–H = 13.2 Hz, 2H, –CH2 
13C{1H} NMR (126 MHz, CD2Cl2, ): 164.1 (d, JC–P = 1.9 Hz, –C–O–CH3), 144.1 (d, JC–P = 14.0 Hz, –

CH2–C–), 135.5 (d, JC–P = 10.1 Hz, –CH–C–O–CH3), 129.2 (–CH2–C–CH–CH–), 128.6 (–CH2–C–CH–

CH–), 127.8 (–CH–CH–CH–), 118.7 (d, JC–P  = 107.8 Hz, –P–C–), 114.6 (d,  JC–P  = 13.1 Hz, –P–C–CH–), 

56.4 (–O–CH3 ), 51.3 (–CH2–)  
19F NMR (282 MHz, CD2Cl2, ): -153.7 (10B–F4), -153.8 (11B–F4) 
31P{1H} NMR (201 MHz, CD2Cl2, ): 31.9 (–PPh3)  

Deviation of 1H integral: 2.6%  

HRMS (CSI):  observed (calculated) for C56H56CuN2O6P2: 977.285 (977.291), 978.288 (978.294), 

979.285 (979.292), 980.287 (980.294), 981.291 (981.296), 982.295 (982.299), 983.298 (983.302). 

Observed (calculated) for BF4
- : 86.009 (86.007), 87.005 (87.003). 

C56H56CuN2O6P2BF4, Fw = 1065.31, block, 0.338×0.158×0.084 mm, monoclinic, P21/c (No: 14), a = 

11.0010(11), b = 22.422(2), c = 20.4472(18) Å, β = 90.963(3)°, V = 5042.9(8) Å3, Z = 4, Dx = 1.403 g/cm3, 

 = 0.565 mm-1. 167692 Reflections were measured up to a resolution of (sin /)max = 0.84 Å-1. 8800 

Reflections were unique (Rint = 0.0935), of which 7208 were observed [I>2(I)]. 655 Parameters were 

refined with 0 restraints. R1/wR2 [I > 2(I)]: 0.0881/0.2052. R1/wR2 [all refl.]: 0.1072/0.2145. S = 1.108. 

Residual electron density between  - 1.161 and 2.667 e/Å3. CCDC 1979088. 
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Figure S58. 1H NMR spectrum of 2OMe in CD2Cl2.  

 

Figure S59. 13C{1H} NMR spectrum of 2OMe in CD2Cl2.  
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Figure S60. 31P{1H} NMR spectrum of 2OMe in CD2Cl2.  

 

Figure S61. 1H–1H COSY spectrum of 2OMe in CD2Cl2.  
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Figure S62. 1H–13C HSQC spectrum of 2OMe in CD2Cl2.  

 

Figure S63. 1H–13C HMBC spectrum of 2OMe in CD2Cl2.  
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Figure S64. 19F NMR spectrum of 2OMe in CD2Cl2.  

 

Figure S65. Experimental mass spectrum (black) and simulated spectrum (red) of 2OMe in positive mode. 
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Figure S66. Experimental mass spectrum (black) and simulated spectrum (red) of 2OMe in negative mode. 
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2.9 Synthesis of [Cu(PhCH2NPR3)2]BF4 (Complex 3Cl, R = p-C6H4Cl) 

 

[Cu(ACN)4]BF4 (91.6 mg, 0.293 mmol, 1.0 eq.) was weighed and slurried into THF. To this solution was 

added L3Cl (301.2 mg, 0.640 mmol, 2.2 eq.) and the solution was stirred overnight (~16 hours). The 

resulting solution was evaporated to dryness. The obtained solid was washed with Et2O (3 x 10 mL) to 

obtain the target compound as a white solid (255 mg, 0.23 mmol, 80% yield). Crystals suitable for single-

crystal XRD were grown by layering a THF-saturated solution of the complex with pentane. 

1H NMR (500 MHz, CD2Cl2, ): 7.49 (m, 6H, –P–C–CH–CH–), 7.30 (m, 6H, –P–C–CH–), 7.30 (m, 2H, 

–CH2–C–CH–CH–), 7.30 (m, 1H, –C–CH–CH–CH), 7.06 (m, 2H, –CH2–C–CH–), 3.81 (d, 3JP–H = 13.0 

Hz, 2H, –CH2–)  
13C{1H} NMR (126 MHz, CD2Cl2, ): 143.0 (d, JC–P = 14.2 Hz, –CH2–C–), 141.5 (–C–Cl), 134.9 (d, JC–P 

= 10.3 Hz, –CH–C–Cl), 130.6 (d,  JC–P  = 12.8 Hz, –P–C–CH–), 129.5 (–CH2–C–CH–CH–), 128.5 (–

CH2–C–CH–CH–), 128.4 (–CH–CH–CH–), 124.8 (d, JC–P  = 102.6 Hz, –P–C–), 51.5 (–CH2–)  
19F NMR (282 MHz, CD2Cl2, ): -152.2 (10B–F4), -152.3 (11B–F4)  
31P{1H} NMR (201 MHz, CD2Cl2, ): 32.0 (–P(C6H4Cl)3)  

Deviation of 1H integral: 6.2%  

HRMS (CSI):  observed (calculated) for C50H38Cl6CuN2P2+H2O+: 1019.000, (1019.004), 1020.002, 

(1020.001), 1020.996 (1021.002), 1021.999 (1022.005), 1022.993 (1023.000), 1023.996 (1024.003), 

1024.991 (1024.998), 1025.994 (1026.000),  1026.989 (1026.996), 1027.991 (1027.998), 1028.989, 

(1028.995), 1029.992 (1029.996), 1030.987 (1030.994). 

Observed (calculated) for BF4
- : 86.005 (86.007), 87.001 (87.003). 

C50H38CuN2P2BF4Cl6, Fw = 1091.81, block, 0.399×0.234×0.158 mm, monoclinic, P21/c (No: 14), a = 

17.8202(14), b = 18.60362(14), c = 15.6059(12) Å, β = 108.493(2)°, V = 4906.5(7) Å3, Z = 4, Dx = 1.478 

g/cm3,  = 0.890 mm-1. 145680 Reflections were measured up to a resolution of (sin /)max = 0.84 Å-1. 

8591 Reflections were unique (Rint = 0.0693), of which 6730 were observed [I>2(I)]. 598 Parameters were 

refined with 0 restraints. R1/wR2 [I > 2(I)]: 0.0689/0.1257. R1/wR2 [all refl.]: 0.0964/0.1394. S = 1.093. 

Residual electron density between  - 0.703 and 1.296 e/Å3. CCDC 1979089. 
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Figure S67. 1H NMR spectrum of 3Cl in CD2Cl2.  

 

 

Figure S68. 13C{1H} NMR spectrum of 3Cl in CD2Cl2. 
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Figure S69. 31P{1H} NMR spectrum of 3Cl in CD2Cl2.  

 

Figure S70. 1H–1H COSY spectrum of 3Cl in CD2Cl2.  

 

 



S54 
 

 

Figure S71. 1H–13C HSQC NMR spectrum of 3Cl in CD2Cl2.  

 

Figure S72. 1H–13C HMBC NMR spectrum of 3Cl in CD2Cl2.   
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 Figure S73. 19F NMR spectrum of 3Cl in CD2Cl2.  

 

Figure S74. Experimental mass spectrum (black) and simulated spectrum (red) of 3Cl in positive mode. 
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Figure S75. Experimental mass spectrum (black) and simulated spectrum (red) of 3Cl in negative mode. 
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2.10 Synthesis of [Cu(PhCH2NPR3)2]BF4 (Complex 4Cy, R = C6H11) 

 

 

[Cu(ACN)4]BF4 (34.6 mg, 0.108 mmol, 1 eq.) was weighed and slurried into THF. To this solution was 

added L4Cy (101.2mg, 0.260 mmol, 2.35 eq.) and the solution was stirred overnight (~16 hours). The 

resulting solution was evaporated to dryness. The obtained solid was washed with Et2O (3 x 10 mL) to 

obtain the target compound as a white solid (80.4mg, 0.076mmol, 70% yield). Crystals suitable for single-

crystal XRD were grown by layering a THF-saturated solution of the complex with pentane. 

Traces of THF were identified in the final product. These traces could not be removed, despite rigorous 

drying. Based on the relative integral, the compound is expected to contain approximate 0.1 equivalents of 

THF. 

1H NMR (500 MHz, CD2Cl2, ): 7.39 (m, 2H, –CH2–C–CH–), 7.39 (m, 2H, –CH2–C–CH–CH–), 7.31 (m, 

1H, –C–CH–CH–CH), 4.15 (d, 3JP–H = 11.1 Hz, 2H, –CH2–), 2.08 (br m, 3H, Cy–H2), 1.83-1.20 (br m, 

30H, Cy–H)   
13C{1H} NMR (126 MHz, CD2Cl2, ): 144.2 (d, JC–P = 11.0 Hz, –CH2–C–), 129.3 (–CH2–C–CH–CH–), 

127.9 (–CH–CH–CH–), 127.5 (–CH2–C–CH–CH–), 51.3 (d, JC–P = 2.9 Hz, –CH2–), 35.2 (d, JC–P = 56.8 

Hz, Cy CH), 27.8 (Cy CH2), 27.7 (Cy CH2), 27.5 (Cy CH2), 26.6 (Cy CH2) 
19F NMR (282 MHz, CD2Cl2, ): -153.1 (10B–F4), -153.1 (11B–F4)  
31P{1H} NMR (201 MHz, CD2Cl2, ): 50.6 (–P–(Cy)3)  

Deviation of 1H integral: 2.7%  

HRMS (CSI):  observed (calculated) for C50H80CuN2P2
+: 834.510 (834.513), 835.507 (835.510), 836.509 

(836.512), 837.512 (837.515), 838.516 (838.518), 839.518 (839.521). 

Observed (calculated) BF4
- : 86.009 (86.007), 87.005 (87.003) 

C50H80CuN2P2BF4, Fw = 921.45, block, 0.548×0.366×0.326 mm, monoclinic, P21/n (No: 14), a = 

13.9215(7), b = 19.2252(10), c = 18.4109(10) Å, β = 101.3390(10)°, V = 4831.4(4) Å3, Z = 4, Dx = 1.267 

g/cm3,  = 0.569 mm-1. 118719 Reflections were measured up to a resolution of (sin /)max = 0.78 Å-1. 

10711 Reflections were unique (Rint = 0.0281), of which 9377 were observed [I>2(I)]. 541 Parameters 

were refined with 0 restraints. R1/wR2 [I > 2(I)]: 0.0321/0.0833. R1/wR2 [all refl.]: 0.0407/0.0954. S = 

1.070. Residual electron density between  - 0.551 and 0.902 e/Å3. CCDC 1979087. 

 



S58 
 

 

Figure S76. 1H NMR spectrum of 4Cy in CD2Cl2.  

 

Figure S77. 13C{1H} NMR spectrum of 4Cy in CD2Cl2.  
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Figure S78. 31P{1H} NMR spectrum of 4Cy in CD2Cl2.  

 

Figure S79. 1H–1H COSY spectrum of 4Cy in CD2Cl2.  
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Figure S80. 1H–13C HSQC spectrum of 4Cy in CD2Cl2.  

  

Figure S81. 1H–13C HMBC spectrum of 4Cy in CD2Cl2. 
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Figure S82. 19F NMR spectrum of 4Cy in CD2Cl2. 

Figure S83. Experimental mass spectrum (black) and simulated spectrum (red) of 4Cy in positive mode. 
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Figure S84. Experimental mass spectrum (black) and simulated spectrum (red) of 4Cy in negative mode. 
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2.11 Synthesis of [Cu(PhCH2NPR3)2]BF4 (Complex 5Me, R = CH3) 

The complexes proved to be very sensitive: discoloration to yellow was observed over several days despite 

being stored in the refrigerator (-35oC) of a glovebox in absence of oxygen and moisture. 

 

[Cu(ACN)4]BF4 (293 mg, 0.931 mmol, 1 eq.) was weighed and slurried into THF (15 mL). To this solution 

was added L5 (413 mg, 2.28 mmol, 2.4 eq.) and the solution was stirred overnight (~16 hours). The resulting 

solution was evaporated to dryness. The obtained solid was washed with Et2O (3 x 10 mL) to obtain the 

target compound as a white solid (300 mg, 0.585 mmol, 62% yield). 

Traces of ACN were identified in the final product. These traces could not be removed, despite rigorous 

drying. Based on the relative integral, the compound is expected to contain approximate 0.3 equivalents of 

ACN. 

1H NMR (500 MHz, CD2Cl2, ): 7.36 (m, 2H, –CH2–C–CH–), 7.30 (m, 2H, –CH2–C–CH–CH–), 7.30 (m, 

1H, –C–CH–CH–CH), 3.92 (d, 3JP–H = 13.7 Hz, 2H, –CH2–), 1.47 (d, 2JP–H = 12.6 Hz, 9H, –P–(CH3)3)  
13C{1H} NMR (126 MHz, CD2Cl2, ): 144.0 (d, JC–P = 13.7 Hz, –CH2–C–), 129.4 (–CH2–C–CH–CH–), 

128.8 (–CH2–C–CH–CH–), 128.1 (–CH–CH–CH–), 50.6 (d, JC–P = 2.7 Hz, –CH2–), 15.2 (d, JC–P = 67.7 

Hz, –P–(CH3)3)  
19F NMR (282 MHz, CD2Cl2, ): -152.3 (10B–F4), -152.3 (11B–F4)  
31P{1H} NMR (201 MHz, CD2Cl2, ): 39.7 (–P–(CH3)3)  

Deviation of 1H integral: 8.3%  

HRMS (CSI):  observed (calculated) for C20H32CuN2P2
: 425.134, (425.130), 426.137 (426.134), 427.140 

(427.136), 428.135 (428.131). 

Observed (calculated) for BF4
- : 86.009 (86.007), 87.005 (87.003). 
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Figure S85. 1H NMR spectrum of 5Me in CD2Cl2.  

 

 

Figure S86. 13C{1H} NMR spectrum of 5Me in CD2Cl2.  
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Figure S87. 31P{1H} NMR spectrum of 5Me in CD2Cl2.  

 

Figure S88. 1H–1H COSY spectrum of 5Me in CD2Cl2.   
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Figure S89. 1H–13C HSQC spectrum of 5Me in CD2Cl2.  

 

Figure S90. 1H–13C HMBC spectrum of 5Me in CD2Cl2. 
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Figure S91. 19F NMR spectrum of 5Me in CD2Cl2. 

 

Figure S92. Experimental mass spectrum (black) and simulated spectrum (red) of 5Me in positive mode. 
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Figure S93. Experimental mass spectrum (red) and simulated spectrum (red) of 5Me in negative mode.  
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2.12 Synthesis of [Cu(PhCH2NPR3)(1-benzyl-4-phenyl-triazolide)] ([Cu(triaz)(L1H)], 

R = C6H5) 

One resonance in the 13C NMR spectrum was not observable at room temperature (Figure S95): the 

quaternary carbon atom attached to the phosphorus. Presumably, under the employed measurement 

conditions, T1 relaxation times were too long for this resonance to be observable. Cooling of the solution 

to -60°C allowed for the detection of this resonance; 13C assignment is based on the 13C{1H} spectrum 

acquired at -60°C. Similar behavior was observed for [Cu(PhCH2NPR3)][CuBr2] (Figure S40 and Figure 

S41).  

 

A one pot reaction between copper phenylacetylide (180.2 mg, 1.19 mmol, 1.1 eq.), benzyl azide (146.8 

mg, l.10 mmol, 1 eq.) and L1H (406.8 mg, 1.11 mmol, 1 eq.) was performed in THF (8 mL). The solution 

was stirred overnight in a glovebox (~16 hours) and was filtered. The resulting solution was evaporated to 

dryness. The obtained solid was washed with Et2O (3 x 10 mL) and pentane (3 x 10 mL) to obtain the target 

compound as a white solid (420 mg, 0.64 mmol, 58% yield). 

1H NMR (500 MHz, CD2Cl2, ): 7.76 (br m, 8H, Ph H), 7.65 (br m, 3H, Ph H), 7.50 (br m, 6H, Ph H), 

7.37 (br m, 2H, Ph H), 7.27 (br m, 6H, Ph H), 7.10 (br m, 3H, Ph H), 7.00 (br m, 2H, Ph H), 5.13 (s, 2H, 

–C–N–CH2–), 4.27 (d, 3JP–H = 15.0 Hz, 2H, –P–N–CH2–)  
13C{1H} NMR (126 MHz, CD2Cl2, ): 154.2 (–Cu–C–C–), 150.0 (–Cu–C–), 142.8 (d, JC–P = 14.5 Hz, –

N–CH2–C–), 138.0 (–Cu–C–N–CH2–C), 135.1 (–C–C–C–), 132.7 (–P–C–CH–CH–CH–), 132.7 (d, JC–P = 

9.4 Hz, –P–C–CH–CH– ), 128.6 (d, JC–P = 12.0 Hz, –P–C–CH–), 127.9 (Ph H), 127.7 (Ph H), 127.4 (Ph 

H), 127.0 (Ph H), 126.5 (Ph H), 127.8 (Ph H), 126.4 (Ph H), 125.6 (d, JC–P = 99.6 Hz, –P–C–), 124.7 (Ph 

H), 124.6 (Ph H), 56.4 (–C–N–CH2),  51.2 (–P–N–CH2–)  
31P{1H} NMR (201 MHz, CD2Cl2, ): 32.2 (–PPh3)   

Deviation of 1H integral: 6.0%  

HRMS (CSI):  observed (calculated) for scrambled C50H44CuN2P2
+: 797.225, (797.223), 798.231, 

(798.229), 799.228 (799.223), 800.230 (800.227), 801.230 (801.231), 802.233 (802.232), 803.236 

(803.237). 

Observed (calculated) for scrambled C30H24CuN6
-: 531.136, (531.136), 532.139, (532.135), 533.134 

(533.130), 534.137 (534.136), 535.141 (535.140). 
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Figure S94. 1H NMR spectrum of [Cu(triaz)(L1H)] in CD2Cl2.  

 

Figure S95. 13C{1H} NMR spectrum of [Cu(triaz)(L1H)] in CD2Cl2, acquired at room temperature.  
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Figure S96. 13C{1H} NMR spectrum of [Cu(triaz)(L1H)] in CD2Cl2, acquired at -60°C. 

 

 

Figure S97. 31P{1H} NMR spectrum of [Cu(triaz)(L1H)] in CD2Cl2.  
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Figure S98. 1H–1H COSY spectrum of complex [Cu(triaz)(L1H)] in CD2Cl2.   

  

Figure S99. 1H–13C HSQC spectrum of [Cu(triaz)(L1H)] in CD2Cl2.  

 

 



S73 
 

 

Figure S100. 1H–13C HMBC NMR spectrum of [Cu(triaz)(L1H)] in CD2Cl2. 

 

Figure S101. Experimental mass spectrum (black) and simulated spectrum (red) of complex 

[Cu(triaz)(L1H)] in positive mode. 
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Figure S102. Total and zoomed Experimental mass spectrum (black) and simulated spectrum (red) of 

complex [Cu(triaz)(L1H)] in negative mode. 
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3. Cu K-edge EXAFS analysis 

3.1 EXAFS analysis of [Cu(PPh3)3Br] in the absence and presence of substrates 

 

Figure S103. Cu K-edge EXAFS data for [Cu(PPh3)3Br], acquired in a frozen THF solution. 

 

Figure S104. Fourier transform of the Cu K-edge EXAFS data for [Cu(PPh3)3Br], acquired in a frozen THF 

solution. 

  



S76 
 

Table S1. Cu K-edge EXAFS analysis for [Cu(PPh3)3Br] acquired in a frozen THF solution. These 

parameters were used to obtain the fits shown in Figure S103 and Figure S104. 

Conditions Coordination shell σ2 (Å-2) d (Cu–X) (Å) 

[Cu(PPh3)3Br] 3 Cu–P 0.0035(5) 2.32(1) 

 1 Cu–Br 0.0023(8) 2.481(7) 

General fitting parameters: S0
2 = 0.91, E0 = 6(1) eV, Δk = 3.10 – 12.50 Å-1, ΔR = 1 – 3 Å, R2 = 0.007. 

Fitting was performed in R-space with a k-weighting of k1-k3.  

 

Figure S105. Cu K-edge EXAFS data for the reaction between phenylacetylene (1.2 eq.) and benzyl azide 

(1 eq.) in the presence of [Cu(PPh3)3Br] (2.5 mol%), acquired in a frozen THF solution. The reaction was 

frozen after 5 hours. 

 

Figure S106. Fourier transform of the Cu K-edge EXAFS data for the reaction between phenylacetylene 

(1.2 eq.) and benzyl azide (1 eq.) in the presence of [Cu(PPh3)3Br] (2.5 mol%), acquired in a frozen THF 

solution. The reaction was frozen after 5 hours. 
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Table S2. Cu K-edge EXAFS analysis for the reaction between phenylacetylene (1.2 eq.) and benzyl 

azide (1 eq.) in the presence of [Cu(PPh3)3Br] (2.5 mol%) acquired in a frozen THF solution. The reaction 

was frozen after 5 hours. These parameters were used to obtain the fits shown in Figure S105 and Figure 

S106. 

Conditions Coordination shell σ2 (Å-2) d (Cu–X) (Å) 

[Cu(PPh3)3Br] (2.5 mol%) + benzyl 

azide (1 eq.) + phenylacetylene (1.2 

eq.) 

2 Cu–C / Cu–N 0.0028(7) 1.89(1) 

 1 Cu–P 0.002(2) 3.04(5) 

 6 Cu–C 0.030(8) 3.02(2) 

General fitting parameters: S0
2 = 0.91, E0 = 6(3) eV, Δk = 3.40 – 11.70 Å-1, ΔR = 1 – 3 Å, R2 = 0.014. 

Fitting was performed in R-space with a k-weighting of k1-k3.  
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3.2 EXAFS analysis of 1H in the absence and presence of substrates 

 

Figure S107. Cu K-edge EXAFS data for 1H, acquired in a frozen THF solution. 

 

Figure S108. Fourier transform of the Cu K-edge EXAFS data for 1H, acquired in a frozen THF solution. 
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Table S3. Cu K-edge EXAFS analysis for 1H acquired in a frozen THF solution. These parameters were 

used to obtain the fits shown in Figure S107 and Figure S108. 

Conditions Coordination shell σ2 (Å-2) d (Cu–X) (Å) 

1H 2 Cu–N 0.0037(7) 1.88(1) 

 6 Cu–C 0.017(8) 2.94(1) 

 2 Cu–P 0.005(1) 3.03(2) 

General fitting parameters: S0
2 = 0.91, E0 = 7(2) eV, Δk = 3.40 – 11.70 Å-1, ΔR = 1 – 3.30 Å, R2 = 0.019. 

Fitting was performed in R-space with a k-weighting of k1-k3.  

 

Figure S109. Cu K-edge EXAFS data for the reaction between phenylacetylene (1.2 eq.) and benzyl azide 

(1 eq.) in the presence of 1H (2.5 mol%), acquired in a frozen THF solution. The reaction was frozen after 

10 minutes. 
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Figure S110. Fourier transform of the Cu K-edge EXAFS data for the reaction between phenylacetylene 

(1.2 eq.) and benzyl azide (1 eq.) in the presence of 1H (2.5 mol%), acquired in a frozen THF solution. The 

reaction was frozen after 10 minutes. 

Table S4. Cu K-edge EXAFS analysis for the reaction between phenylacetylene (1.2 eq.) and benzyl azide 

(1 eq.) in the presence of 1H (2.5 mol%) acquired in a frozen THF solution. The reaction was frozen after 

10 minutes. These parameters were used to obtain the fits shown in Figure S109 and Figure S110. 

Conditions Coordination 

shell 

σ2 (Å-2) d (Cu–X) (Å) 

1H (2.5 mol%) + benzyl azide (1 

eq.) + phenylacetylene (1.2 eq.) 

2 Cu–N / Cu–C 0.0028(5) 1.895(9) 

 6 Cu–C 0.021(4) 3.02(2) 

 1 Cu–P 0.003(1) 3.03(1) 

General fitting parameters: S0
2 = 0.91 E0 = 8(2) eV, Δk = 3.40 – 12.40 Å-1, ΔR = 1 – 3 Å, R2 = 0.017. 

Fitting was performed in R-space with a k-weighting of k1-k3.  
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3.3 EXAFS analysis of [Cu(triaz)(L1H)] in the absence and presence of substrates 

 

Figure S111. Cu K-edge EXAFS data for [Cu(triaz)(L1H)], acquired in a frozen THF solution. 

 

Figure S112. Fourier transform of the Cu K-edge EXAFS data for [Cu(triaz)(L1H)] acquired in a frozen 

THF solution. 
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Table S5. Cu K-edge EXAFS analysis for the reaction between phenylacetylene (1.2 eq.) and benzyl azide 

(1 eq.) in the presence of [Cu(triaz)(L1H)] (2.5 mol%) acquired in a frozen THF solution. The reaction was 

frozen after 10 minutes. These parameters were used to obtain the fits shown in Figure S111 and Figure 

S112. 

Conditions Coordination shell σ2 (Å-2) d (Cu–X) (Å) 

[Cu(triaz)(L1H)] 2 Cu–N / Cu–C 0.0029(6) 1.89(1) 

 6 Cu–C 0.022(5) 3.00(2) 

 1 Cu–P 0.003(2) 3.02(2) 

General fitting parameters: S0
2 = 0.91, E0 = 7(2) eV, Δk = 3.40 – 12.30 Å-1, ΔR = 1 – 3 Å, R2 = 0.014. 

Fitting was performed in R-space with a k-weighting of k1-k3. 

 

Figure S113. Cu K-edge EXAFS data for the reaction between phenylacetylene (1.2 eq.) and benzyl azide 

(1 eq.) in the presence of [Cu(triaz)(L1H)] (2.5 mol%), acquired in a frozen THF solution. The reaction was 

frozen after 10 minutes. 
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Figure S114. Fourier transform of the Cu K-edge EXAFS data for the reaction between phenylacetylene 

(1.2 eq.) and benzyl azide (1 eq.) in the presence of [Cu(triaz)(L1H)] (2.5 mol%), acquired in a frozen THF 

solution. The reaction was frozen after 10 minutes. 

Table S6. Cu K-edge EXAFS analysis for the reaction between phenylacetylene (1.2 eq.) and benzyl azide 

(1 eq.) in the presence of [Cu(triaz)(L1H)] (2.5 mol%) acquired in a frozen THF solution. The reaction was 

frozen after 10 minutes. These parameters were used to obtain the fits shown in Figure S113 and Figure 

S114. 

Conditions Coordination shell σ2 (Å-2) d (Cu–X) (Å) 

[Cu(triaz)(L1H)] (2.5 mol%) + benzyl 

azide (1 eq.) + phenylacetylene (1.2 

eq.) 

2 Cu–N / Cu–C 0.0028(5) 1.895(9) 

 6 Cu–C 0.021(4) 3.02(2) 

 1 Cu–P 0.003(1) 3.03(1) 

General fitting parameters: S0
2 = 0.91, E0 = 7(2) eV, Δk = 3.40 – 12.40 Å-1, ΔR = 1 – 3.50 Å, R2 = 0.010. 

Fitting was performed in R-space with a k-weighting of k1-k3. 
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3.4 Comparison of Cu K-edge XANES data 

Below, an overview is given of the changes that are observed in the Cu K-edge XANES region under 

catalytic conditions.  

 

Figure S115. Cu K-edge XANES data for the reaction between phenylacetylene (1.2 eq.) and benzyl azide 

(1 eq.) in the presence of [Cu(PPh3)3Br] (2.5 mol%), acquired in a frozen THF solution. Reaction times are 

given in the figure. 

 

Figure S116. Cu K-edge XANES data for the reaction between phenylacetylene (1.2 eq.) and benzyl azide 

(1 eq.) in the presence of 1H (2.5 mol%), acquired in a frozen THF solution. Reaction times are given in the 

figure. 
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Figure S117. Cu K-edge XANES data for the reaction between phenylacetylene (1.2 eq.) and benzyl azide 

(1 eq.) in the presence of [Cu(triaz)(L1H)] (2.5 mol%), acquired in a frozen THF solution. Reaction times 

are given in the figure. 
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4. Mechanistic study of the CuAAC reaction 
 

 

Figure S118. Overview of the ATR-IR spectra. From top to bottom, depicted are the ATR-IR spectra of 

copper phenyl acetylide, complex 1H, the precipitate formed during the reaction between complex 1H and 

phenylacetylene (10 eq.) and the precipitate of the reaction between copper phenylacetylide and L1H. 
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4.1 Investigation of the [Cu(PPh3)3Br] CuAAC system 

Below, additional experiments are described that have been performed for the [Cu(PPh3)3Br] CuAAC 

system. Room temperature NMR experiments under catalytic conditions were indicative of dynamic 

behavior (main text, Figure 1). For this reason, VT NMR experiments were performed. The results are 

depicted in Figure S118. 

 

In the first VT NMR experiment, the reaction mixture was directly cooled to -60 °C after mixing, while in 

the second experiment, the reaction mixture was only cooled after 3 hours (Figure 1). Upon immediate 

cooling, several broad resonances in the region of δP = -10 to 0 ppm that originate from PPh3 (either ligated 

to Cu or unbound) are present instantaneously. Delayed cooling after 3 hours leads to almost complete 

suppression of these broad signals and only one sharp PPh3 resonance is observed. Furthermore, a broad 

resonance at δP = 6.4 ppm is present, which is attributed to the iminophosphorane product, (PPh3)NCH2Ph, 

of the Staudinger reaction between PPh3 and benzyl azide (Scheme 2).19 Additional resonances, proposedly 

for Cu-bound imino-phosphorane (δP ≈ 32 ppm) and protonated free iminophosphorane (δP ≈ 38 ppm), are 

also observed (vide infra). The resonance observed at δP ≈ 28 ppm is interpreted to arise from a phosphazide 

intermediate; the low temperature applied for this experiment hampers the extrusion of N2 from this 

intermediate.20 

 

 
Figure S119. Reaction between benzyl azide (1eq.) and phenylacetylene (1.2 eq.) in the presence of 

Cu(PPh3)3)Br (2.5 mol%) in THF-d8 followed by 31P VT NMR Spectroscopy at -60 °C. Shown is the NMR 

spectrum of a solution cooled after 0h (top) and after 3h (bottom). 

The reaction between [Cu(PPh3)3Br] in the presence of 0.5 equivalent triazole (Figure S120) gives a similar 

initiation period to when no triazole is present at the start of the reaction. Additionally, the slower reaction 

profile indicates product inhibition and no sign of autocatalysis taking place.  
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Figure S120. Conversion as a function of time for [Cu(PPh3)3Br] (2.5 mol%), for the reaction between 

benzyl azide (1 eq.) and phenylacetylene (1.2eq.) in THF-d8 (1 mL) with the addition of triazole (0.5 eq.). 

The changes in [Cu(PPh3)3Br] during this initial stage of catalysis were also studied using freeze-quench 

Cu K-edge edge XANES (Figure S115) and EXAFS. Reactions were performed in THF and frozen after a 

specific reaction time. Figure S121 shows a comparison of the Cu K-edge EXAFS data for [Cu(PPh3)3Br] 

(black line) and [Cu(PPh3)3Br] under catalytic conditions after 5 hours of reaction (red line). In addition, 

Table S1 and S2 shows the results obtained for the EXAFS analysis of the data. Fresh [Cu(PPh3)3Br] is 

characterized by a Cu–P shell containing three atoms at a distance of 2.32(1) Å and a Cu–Br shell containing 

one atom at a distance of 2.481(7) Å. The obtained distances are in close agreement with the crystal structure 

of [Cu(PPh3)3Br] (Cu–P: 2.3098(16) Å, Cu–Br: 2.4826(5) Å).21  



S89 
 

 

Figure S121. Comparison of the Cu K-edge XAS data for (black) [Cu(PPh3)3Br] and (red) [Cu(PPh3)3Br] 

(2.5 mol%) with benzyl azide (1 eq.) and phenylacetylene (1.2 eq.) after 5h of reaction time. Both samples 

were measured in THF. a) k2-weighted Cu K-edge EXAFS data; b) Fourier transform of the Cu K-edge 

EXAFS data. For the Fourier transform, a k-range of 3 to 12 Å-1 was employed. 

EXAFS analysis of a solution of [Cu(PPh3)3Br] under catalytic conditions that is frozen after five hours of 

reaction time shows significant changes relative to the fresh sample. A fit was obtained by including a Cu–

N / Cu–C shell at a distance of 1.89(1) Å a Cu–C shell containing six atoms at a distance of 3.02(2) Å and 

a Cu–P shell containing one atom at a distance of 3.04(5) Å. These Cu K-edge EXAFS experiments thus 

show that PPh3 does not remain ligated to copper under catalytic conditions. Instead, two light atoms 

(carbon or nitrogen) are coordinated to the metal. The origin of the Cu–P shell further away from the metal 

will be discussed below.  
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4.2 Reaction of 1H with phenylacetylene (~10 eq.) 

 

 

 

Inside a glovebox, a Schlenk flask was loaded with 1H (100 mg, 0.272 mmol, 1 eq.) and was slurried into 

THF (15 mL). To this solution was added phenylacetylene (0.2 mL, 1.82 mmol, 6.7 eq.). The solution 

turned yellow (~1 minute). The solution was left for another hour, after which the solution was filtered. The 

obtained solid was washed with THF (3 x 10 mL) and n-hexane (3 x 10 mL) to obtain 9.7 mg of a yellow 

solid. The yellow solid was characterized via ATR-IR spectroscopy (Figure S118). In addition, the filtrate 

was concentrated and washed with n-hexane (3 x 10 mL) to obtain 28.9 mg of an off-white solid. The solid 

was characterized via NMR spectroscopy (Figure S122 and Figure S123).  

 

 

Figure S122. 1H NMR spectrum of the filtrate obtained in the reaction between 1H and phenylacetylene, 

acquired in THF-d8 at room temperature.  
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Figure S123. 31P{1H} NMR spectrum of the filtrate obtained in the reaction between 1H and 

phenylacetylene, acquired in THF-d8 at room temperature.  

 

Figure S124. 1H NMR spectrum of the filtrate obtained in the reaction between 1H and phenylacetylene, 

acquired in THF-d8 at -60°C. 
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Figure S125. 31P{1H} NMR spectrum of the filtrate obtained in the reaction between 1H and 

phenylacetylene, acquired in THF-d8 at -60°C. 
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4.3 Preparation of PPh3NCH2Ph.HCl 

 

 

Inside a glovebox, L1H (150.6 mg, 0.409 mmol, 1 eq.) was added to a Schlenk flask and dissolved into Et2O 

(10 mL). To this solution was added 1M HCl in Et2O (0.8 mL, 0.800 mmol, 2 eq.). Immediate precipitation 

of a white solid was observed. The solution was stirred for another hour and afterward the solution was 

filtered. The resulting white solid was washed with pentane (3 x 10 mL) and Et2O (3 x 10 mL). The white 

solid was further dried under vacuum at 50oC to obtain PPh3NCH2Ph.HCl as a white solid (121.9 mg, 0.302 

mmol, 73.8% yield). 

 
1H NMR (500 MHz, CD3CN, ): 8.48 (m, 1H, –N–H), 7.86 (m, 9H, Ph H), 7.69 (m, 6H, Ph H), 7.26 (m, 

5H, Ph H), 4.24 (m, 2H, –CH2–)  
31P{1H} NMR (201 MHz, CD3CN, ): 38.6 (–PPh3) 

 

Figure S126. 1H NMR spectrum of PPh3NCH2Ph.HCl in CD3CN. 

 



S94 
 

 

Figure S127. 31P{1H} NMR spectrum of PPh3NCH2Ph.HCl in CD3CN. 
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4.4 Reaction of copper phenylacetylide with L1H 

 

 

 

 

Inside a glovebox, a Schlenk flask was loaded with copper phenylacetylide (79.4 mg, 0.482 mmol, 1 eq.) 

and this complex was slurried into THF (15 mL). To this solution was added L1H (198 mg, 0.539 mmol, 

1.1 eq.) and the solution was stirred for ~15 hours. Afterwards, the solution was filtered and 62.0 mg of a 

yellow solid was isolated. The yellow solid was characterized by ATR-IR spectroscopy (Figure S118). In 

addition, the filtrate was concentrated to obtain 121.8 mg. The resulting solid was characterized by NMR 

spectroscopy and was identified to be unreacted L1H (Figure S128 and Figure S129). 

 

 

Figure S128. 1H NMR spectrum of the filtrate obtained in the reaction between copper phenyacetylide and 

L1H, acquired in THF-d8. The filtrate was identified to be unreacted L1H.  
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Figure S129. 31P{1H} NMR spectrum of the filtrate obtained in the reaction between copper phenyacetylide 

and L1H, acquired in THF-d8. The filtrate was identified to be unreacted L1H.  
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4.5 Comparison of the catalytic activity of [Cu(triaz)(L1H)] and 1H 

 

 

Figure S130. Comparison of the catalytic performance of [Cu(triaz)(L1H)]  and 1H (~2.5 mol% in Cu) in 

the reaction between benzyl azide (1 eq.) and phenylacetylene (1.2 eq.). 
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4.6 NMR experiments performed for 1H under catalytic conditions  

Below, the low-temperature 31P NMR spectrum is shown of the reaction between benzyl azide (1 eq.) and 

phenylacetylene (1.2 eq.), catalyzed by 1H. The resonance with a value of δP
 = 37.5 ppm matches closely 

with protonated IP (Figure S127). The resonance with a value of δP
 = 32.5 ppm matches closely with 

[Cu(triaz)(L1H)] (Figure S97) (δP
 = 32.2 ppm). 

 

 

Figure S131. Low-temperature 31P NMR experiment (-60oC) for CuAAC reaction between 

phenylacetylene (1.2 eq.) and benzyl azide (1 eq.) catalysed by 1H (~2.5 mol% in Cu), performed in THF-

d8.  

 

Additionally, under catalytic conditions, both 1H and [Cu(triaz)(L1H)]  show a resonance (δ ≈ 5.25 ppm)  

close to where the resonance of the benzylic CH2 protons of the triazolide moiety are expected (Figure 

S132), providing further evidence for the formation of a Cu triazolide complex under catalytic conditions 

for the 1H complex.  
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Figure S132. 1H NMR spectra of the benzylic CH2 protons observed in the reaction between 

phenyacetylene (1.2 eq.) and benzyl azide (1 eq.) catalyzed by 1H (2.5 mol% in Cu, top) and 

[Cu(triaz)(L1H)] (2.5 mol% in Cu, bottom) in THF-d8. 
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4.7 Kinetic study for the reaction between phenylacetylene and benzyl azide, 

catalyzed by 1H or [Cu(triaz)(L1H)] 

The order in Cu, phenylacetylene and benzyl azide was determined to further probe the mechanism of the 

CuAAC reaction. Kinetic experiments were done similar to the previously described kinetic experiments. 

The initial rate was determined by taking various NMR spectra over the course of one hour and comparing 

the relative integral of the triazole product and benzyl azide to determine the amount of triazole formed. 

 

 

Figure S133. Depicted is a log-log plot of the initial rate (µmol hr-1) against the concentration of Cu (µmol 

mL-1). 1H was used as the Cu source. The experimental data was fitted to an equation with the general form 

y = a + bx.  
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Figure S134. Depicted is a log-log plot of the initial rate (µmol hr-1) against the concentration of 

phenylacetylene (µmol mL-1). 1H was used as the Cu source. The experimental data was fitted to an equation 

with the general form y = a + bx.  

 

 

Figure S135. Depicted is a log-log plot of the initial rate (µmol hr-1) against the concentration of benzyl 

azide (µmol mL-1). 1H was used as the Cu source. The experimental data was fitted to an equation with the 

general form y = a + bx. 



S102 
 

 

Figure S136. Depicted is a log-log plot of the initial rate (µmol hr-1) against the concentration of 

phenylacetylene (µmol mL-1). [Cu(triaz)(L1H)] was used as the Cu source. The experimental data was fitted 

to an equation with the general form y = a + bx. 

 

Figure S137. Depicted is a log-log plot of the initial rate (µmol hr-1) against the concentration of benzyl 

azide (µmol mL-1). [Cu(triaz)(L1H)] was used as the Cu source. The experimental data was fitted to an 

equation with the general form y = a + bx. 
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4.8 Stoichiometric reaction between [Cu(triaz)(L1H)] and phenylacetylene or 

PPh3NCH2Ph.HBF4 

To assess whether phenylacetylene or the protonated IP is responsible for product release, we had 

performed stoichiometric reactions in THF-d8 between [Cu(triaz)(L1H)] and phenylacetylene or 

PPh3NCH2Ph.HBF4. In these experiments, either 1 equivalent of PPh3NCH2Ph.HBF4 or 40 equivalents of 

phenylacetylene were reacted with [Cu(triaz)(L1H)]. A 1H NMR spectrum was acquired after two hours to 

assess the formation of the triazole. The results are depicted in Figure S138; both compounds are capable 

of liberating the triazole.  

 

Figure S138. Stoichiometric reaction between [Cu(triaz)(L1H)] and phenylacetylene (40 eq., top) or 

PPh3NCH2Ph.HBF4 (1 eq., bottom) in THF-d8 and measured after 2 hours. The asterisk is used to denote 

the triazole product.  
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4.9 Catalysis in the presence of one extra equivalent of PPh3NCH2Ph.HBF4 

To assess whether the ligand can act as proton shuttle, we devised a catalytic experiment where we added 

an additional equivalent of PPh3NCH2Ph.HBF4 to [Cu(triaz)(L1H)] under catalytic conditions. If the ligand 

were to act as a proton shuttle during the rate-determining step, addition of protonated IP would be expected 

to lead to an increase in the rate of the reaction. This is not the case (Figure S139). 

 

Figure S139. Comparison of the catalytic activity of [Cu(triaz)(L1H)] (2.5 mol%) in the presence and 

absence of one equivalent of PPh3NCH2Ph.HBF4. 
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4.10 Determining the deuterium kinetic isotope effect for phenylacetylene 

 

 

1H (10.7 mg , 12.1 µmol, 2.5 mol% in Cu) was added to THF-d8 (1 mL). To this solution was added benzyl 

azide (61.6 mg, 0.463 mmol, ~1 eq.). This was followed by the addition of a mixture of phenylacetylene 

(29.9 mg, 0.293 mmol, ~0.6 eq) and phenylacetylene-d (33.8 mg, 0.311 mmol in D, ~0.6 eq). Here, we took 

into account a 95% degree of deuteration for phenylacetylene-d. The solution was transferred to an air-tight 

NMR tube and over the course of two hours, four spectra were acquired (10 minutes, 40 minutes, 80 minutes 

and 110 minutes). For each individual spectrum, the deuterium kinetic isotope effect was determined and 

the obtained values were averaged.  

The kinetic isotope effect could be determined by comparing the relative integral of the benzylic CH2 

protons to the CH proton of the five-membered ring (Equation 2 and 3). In this equation, fH represents the 

fraction of product that incorporated phenylacetylene and fD represents the fraction of product that 

incorporated phenylacetylene-d. Finally, the deuterium kinetic isotope effect is determined by the use of 

Equation 4. 

𝑓𝐻 =  
2 ∫ 𝐶𝐻

∫ 𝐶𝐻2
 (Equation 2) 

𝑓𝐷 = 1 − 𝑓𝐻 (Equation 3) 

𝐾𝐼𝐸 =  
𝑓𝐻

𝑓𝐷
 (Equation 4) 
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4.11 Catalysis under ambient conditions  

 

The catalysis of 1H in the glovebox (under argon) and under ambient conditions are compared in Figure 

S140. Both experiments were conducted in a glass vial whilst stirring. The catalysis under ambient 

conditions is faster. This can most likely be ascribed to water entering the reaction mixture, making 

protonation (rate determining) easier and therefore faster. Please note that under these conditions there will 

be a different rate determining step; the formation of a cupracycle. Besides, the IP ligands are not water 

stable and may therefore result in the formation of different species.   
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Figure S140. Comparison of the catalytic activity of 1H (2.5 mol%) under argon and under ambient 

conditions.  
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