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Figure S1:  31P NMR spectra of (a) C1 built by 1 and CuCl (ratio 1:1) in CDCl3 at various temperatures, (b) C1 

built by 2 and CuCl (ratio 1:1) in CDCl3 at different concentrations. 
 

 

Experimental Section 

NMR investigations for the structure determination of C1 and C2 

Different techniques of multinuclear NMR were used to gain insight into the structural features of complexes C1 

and C2. Attempts to obtain 63Cu-NMR spectra were unsuccessful as expected due to highly effective quadrupole 

relaxation, strengthened by the asymmetrical arrangement of the ligands and the low temperature used. This 

quadrupole relaxation of Cu in the investigated complexes affects also the 31P spectra by providing a pronounced 

decoupling mechanism of 1JCu, P (>1200 Hz)[1] or 2JP, P. As a result, the 31P spectra of the different complexes show 

broad singlets with linewidths ν1/2 = 120 Hz. 
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To determine the aggregation level of C1 and C2, showing well-separated signals in their 31P spectra, low 

temperature diffusion measurements using 31P would be optimal. However, the very short T2
* time (= 2.6 ms) of the 

complexes led to undetectable 31P signals in convection compensated diffusion experiments. Even the application 

of a special gradient amplifier equipment (160.5 Gauss/cm) and of the shortest possible pulse sequence (STE) 

resulted in so small signal to noise ratios that a reliable interpretation of the DOSY data were not possible. As result, 

the proton signals had to be used for the diffusion measurements. As discussed in text, complex C1 can be 

separated using distinct experimental conditions. In the case of C2, free ligand and complex always coexist in 

solution. The combination of data from EXSY and DOSY measurements of these mixtures show that C2 is in the 

slow exchange limit in the diffusion dimension[2] showing a ratio of diffusion time to mean life time equal to 0.1. 

Therefore, the diffusion coefficients obtained for C2 in the mixtures of C2 and 2 represents the individual diffusion 

coefficient of C2 without exchange contributions. But the signals of 2 and C2 overlap heavily and a comparison of 

the 1H and 1H, 31P – HMBC spectra of free 2 and a 2:1 mixture of 2 and CuCl indicated that none of the proton 

signals could be assigned exclusively to C2 or 2. Therefore, the different internal motions of 2 in the free ligand 

state and bound to C1 and C2 were used to receive a separated signal of C2 in the diffusion experiment.  

 

 

Figure S2:  Temperature dependence of the 1H methine signal in a) the free ligand 2, b) C1 and c) C2.  
 
 
In Figure S2 the temperature dependence of the proton signal of the methine group in 2, C1 and C2 is shown. In the 

free ligand internal motions (most probably rotational processes) induce an exchange broadening of the methine 

proton signal at low temperature leading to a linewidth of ? ?1/2 = 160 Hz at 220 K (Figure S2). In C1, the exchange 

broadening of the methine signal is shifted to higher temperatures by about 10 K, indicating that the activation 

barrier of the internal motion is lower by complexation (Figure S2b). For complex C2 no significant exchange 

broadening of the methine signal is observed down to 210 K (Figure S2c, data for 210 K not shown). This means, 

that the activation barrier in C2 is significantly further reduced or this internal motion does not take place in C2. 
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The described difference in the internal motion of 2 and C2 can now be used to separate the methine signal of C2 

by eliminating the exchange broadened methine signal of 2 through a T2 filter. Fortunately, the longish pulse 

sequence for convection compensated diffusion measurements developed by N. Müller[3] acted without 

modification as sufficient T2-filter to suppress the remaining methine signal completely (data not shown). Thus, the 

methine resonance could directly be used to monitor the diffusion coefficient of C2 at 220 K. Hence series of 1H 

PFG NMR diffusion experiments were performed to determine the hydrodynamic radii of the ligands and the two 

pre-catalytic species in solution. Additional concentration dependent diffusion measurements between 0.001 up to 

0.1 M matching the experimental conditions (0.003-0.007 M) showed a stable diffusion coefficient of C2 indicating 

no concentration dependent aggregation for C2 in this range. 

Low temperature experiments in dichlormethane down to 173 K do not add additional information about the 

structure of C2, since temperature dependent diffusion measurements of the free ligands showed, that below 200 K 

the free ligands alone start to build higher aggregates. This intrinsic aggregation of the pure ligand shifts also the 

aggregation of the copper complex to a higher aggregation level. As a result low temperature experiments do not 

elucidate the structure of C2 but create new complex species.  

 

Sample preparation. All manipulations were carried out under argon atmosphere in heat gun dried Schlenk flask 

exclusively with freshly distilled solvents. D8-toluene and D8-THF were distilled from sodium-potassium alloy, 

CD2Cl2 and CDCl3 from CaH2. The ligands 1 and 2 were prepared according to reported protocols.[4] The samples 

were prepared by adding solvent to a mixture of free ligand and CuCl. The solution was stirred at ambient 

temperature over 1 h, then the solvent was evaporated until a solid remained, which was redissolved in the 

corresponding deuterium solvent and transferred into a NMR tube. The samples were kept at 195 K.  

NMR Data Collection and Processing. The NMR spectra were recorded on a Bruker DRX500 or DRX600 

spectrometer equipped with a 5 mm broadband triple resonance Z-gradient probe (maximum gradient strength 53.5 

Gauss/cm). All chemical shifts were referenced to TMS, for the 31P chemical shifts the corresponding ?  value was 

applied. The proton and carbon chemical shifts of 1, 2, and C1 were assigned using a combination of 1H, 1H COSY, 

1H, 13C HSQC, and 1H, 13C HMBC spectra. The proton chemical shifts of C2 were identified with 1H, 31P-HMBC 

spectra. The 1H, 1H EXSY spectra were performed with 16 number of scans, a relaxation delay of 5 s and a mixing 

time of 50 ms. For 1D 31P experiments relaxation delays of 3 s, acquisition times of 0.3 s, spectral widths of 95 - 

155 ppm, TD = 1 - 4 K data points, and 32 - 256 scans were used. All diffusion measurements were performed with 
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a convection-suppressing pulse sequence[3] in pseudo 2D mode and processed with the Bruker software package 

t1/t2. For each experiment 16 dummy scans and 16-128 number of scans were used with a relaxation delay of 5 s 

and a diffusion delay of 40-60 ms depending on concentration and temperature. Sinusoidal shapes and pulse 

lengths between 3 - 3.5 ms were used for the gradients and a linear gradient ramp with 16 increments between 5 % 

and 95 % was applied. The diffusion coefficients were calculated with the Bruker software package t1/t2. The 

diffusion experiments were repeated 2 – 3 times, sometimes with different samples, resulting in an error range of ± 

5 % for the diffusion coefficients. All different temperatures applied were checked with a Bruker standard 

methanol sample and temperature stability was controlled by a BVT 3000 unit.  

 

Calculation of the volumes given in Table 2   

In all diffusion measurements a drop of TMS was added as internal reference for viscosity corrections.[5] 

Comparing the diffusion coefficients of TMS measured in (1) TMS + CDCl3 at 220 K (?220K) and (2) TMS + 

complexes + solvent (?comp) at experiment temperature, viscosity correction factors ?comp/?220K for the complexes 

were determined. The viscosity corrected diffusion coefficients listed in this paper were calculated according to: D 

= Dobs(?comp/?220K). The absolute viscosity values of CDCl3 and CD2Cl2 at 220 K were experimentally determined 

using samples of TMS + solvent at 220 K. There, the diffusion coefficients of TMS and the volume of TMS, 

calculated from hard sphere increments,[6]  were used to determine the viscosity.  

The hydrodynamic volumes of C1 and C2 given in Table 2 were calculated from the experimentally determined 

diffusion coefficients using the Stokes/Einstein equation[7] without shape correction. 

 

The volumes of the model complexes (3-8) were calculated according to V = Vligand + VCuCl. The hydrodynamic 

volumes of the two ligands were experimentally determined by diffusion experiments of the free ligands. These 

volumes were found to be independent of temperature and concentration. For CuCl hard sphere volume increments 

were used,[6] because experimental values are not accessible for copper salts.  

The error ranges presented in Table 2 are calculated from the error ranges of the experimental diffusion coefficients. 

The experimental error of the diffusion coefficient via repetitions using one sample is less than 1 %; even a 

complete change of the university (new laboratory, new sample, new spectrometer) induces only an experimental 
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error of 2 %. For a conservative estimation of the error additionally a systematic error of 3 % was included, 

referring to possible deviations based on the calculations of the volumes using hard sphere increments and 

neglecting form factors. 
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Figure S3: Electrospray mass spectra of a 1:1 (a) and of a 2:1 (b) mixture of 2 and CuCl in CH2Cl2 recorded with 

Thermo Quest Finnigan TSQ 7000. 
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