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S.I.1. NMR of paramagnetic compounds 

The underlying theory of the NMR analysis of paramagnetic compounds is at present well 

established.1-5 Paramagnetic compounds are known to produce both an additional shift and 

linewidth broadening of the NMR signal. The shift caused by paramagnetic species—hyperfine 

shift—is composed of two terms: the Fermi contact and the pseudocontact shift. The Fermi contact 

shift is transmitted via chemical bonds and has its origins in the scalar coupling between the spin 

of unpaired electrons and the nuclear spins. The pseudocontact shift is caused by the interaction 

between the nuclear spins and the magnetic dipole originating from the spins of unpaired 

electrons.4, 5

The observation of hyperfine shift of copper (II) complex was previously reported by several 

authors.6-13 Thus, in order to explore the hyperfine shift of Cu (II), we carried out the in situ liquid 

NMR measurements while the reaction was evolving. Synthesis B was investigated and carried out 

in D2O instead of H2O. After the removal of CO2 and the formation of the Cu(H2PO2)2 complex 

(T≈273K), 500 μL of the reaction mixture were transferred to a 5 mm NMR tube and placed in the 

NMR spectrometer. The temperature was rapidly raised to 318 K and the reaction was followed by 

acquisition of the NMR signal as a function of time (approximately one spectrum per minute). 

Attempts to measure the 31P signal from the Cu complex were carried out, but no signal was 

observed (only a broad peak ν1/2≈4000 Hz was recovered after several hours of the reaction time). 

This observation is related with the slow electron spin relaxation in Cu (II), which leads to a line 

broadening effect and consequently loss of the NMR signal of the nuclei close to Cu.14, 15According 

to the structure of the complex,16 the P atoms are two bonds way from Cu (II). Thus, Cu (II) is 

close enough to the P atoms in order to dampen the 31P NMR signal. 

As opposed to the 31P signal, it was possible to detect the 1H NMR signal. In the beginning of the 

reaction (t=0) two 1H NMR peaks were observed in the NMR spectrum; a broad peak (ν1/2=1974 

Hz) at 25.5 ppm, and the water peak (ν1/2=77 HZ) at 4.55 ppm (Figure 5 a). As the reaction 

proceeds, the chemical shift of the observed peaks moves up field (Figure 5 b) and in the last part 

of the reaction, broad multiplet peaks are observed (Figure 5 c). After two hours of reaction time, 

only three peaks are visible (Figure 5 d). All the chemical shifts are reported as function of the 

water peak, which was calibrated to 4.55 ppm, T=318 K, according to reported work17. 
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Due to the complexity of the reaction and the paramagnetic effect of copper, the unequivocal 

assignment of the peaks in the NMR spectra is not straightforward. The thermal decomposition of 

Cu(H2PO2)2 in the solid state was previously followed by 1H NMR. A very broad signal around 

200 ppm (recorded at T=153 K), which shifts to close to 0 ppm after the total thermal 

decomposition, was observed.18 This observation of hyperfine shift qualitatively agrees with our 
1H NMR measurements. However, the hyperfine shift of the broad peak that we observe is one 

order of magnitude lower (δ~ 26 ppm) and the linewidth is also narrower. The observed difference 

in the hyperfine shifts may be to 1) the high difference in temperatures at which the spectra were 

recorded (T=153 vs T=318K) and 2) the physical state of the sample (solid vs liquid)―which in a 

isotropic liquid the rapidly tumbling of the molecules will average the chemical shift anisotropy 

resulting in a isotropic chemical shift and narrower lines.19, 20 Moreover, the hyperfine shift is also 

dependent in the number of electron per volume (N). 21 Therefore, since N is higher in the solid, 

larger hyperfine shifts are observed.

As concerning the solvation of the copper (II) complex, the average residence time (τH2O) of 

water molecules in the first coordination shell for Cu2+ is in the order of 10-9 s.22-24 Thus, if some 

water molecules are coordinated with the copper, the contribution to the NMR signal will be 

minimum, since the average chemical shift will be dominated by the signal of the free solvent. This 

fact also supports that the broad peak (δ = 26ppm) observed in the beginning of the reaction 

corresponds to the complex Cu(H2PO2)2. 

S.I.2. Time evolution of 1H NMR spectra of the reaction liquid media

S.I. Figure 1. 1H NMR spectra of the reaction liquid media, at T=318K, at different reaction times. Contrary to the broad 

peak at higher chemical shifts, the peaks at δ=6.5 ppm and δ=7.2 ppm (labeled with *) do not change during the course of 

the reaction. The data is offset in y axis for easier visualization.
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S.I.3. Calibration curve based in the hyperfine shift vs. copper (II) concentration 

The calibration curve was carried out by preparing 5 standard samples with different concentrations 

of CuCO3·Cu(OH)2 (Note that the H3PO2 concentration was always kept constant). After the 

CuCO3·Cu(OH)2 dissolution by CO2 removal (T ≈ 273 K), the standard samples were transferred 

to the NMR tube and the 1H NMR signal was recorded (Figure 2a –S.I.). 
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S.I. Figure 2. 1H-NMR spectra of the reaction media with different [Cu2+], T=274.2 K (a); calibration curve relative chemical 

shift (δ/Δδi) as function of [Cu2+]. 

In order to minimize any possible Cu2+ consumption, the 1H NMR measurements of the calibration 

samples were carried out at T=274 K. However, since the hyperfine chemical shift is temperature 

dependent2, 4, 5, instead of reporting the absolute chemical shift δ, we report the relative chemical 

shift (δ/δi), where δi is the chemical shift of the sample with higher [Cu2+] (0.266 M), and δ is the 

observed chemical shift of the samples with lower [Cu2+]. Consequently, this approach minimizes 

the discrepancies between the chemical shift of the calibration curve (T= 274 K) and the 

measurements of the studied reaction at T=318 K. A hyperbolic function was fitted to the δ/δi as 

function of [Cu2+] (Figure 2 b –S.I.). 

Based in the obtained calibration curve, the [Cu2+] during the course of reaction was estimated 

by converting the relative chemical shift (δ/δi) of the Cu(H2PO2)2 peak, where δi corresponds to the 

hyperfine shift at t=0. In the last part of the reaction, when duplets and triplets are present, the 

hyperfine shift δ reported corresponds to the central part of the peaks.
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