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Several NMR methods have been suggested for delineation of 
paramagnetic metal-binding sites in ligands in solution. Since 
the very first discovery of paramagnetic line broadeninglJ and 
of paramagnetic isotropic shift,3 an enormous quantity of 
theoretical and methodological investigations have 
However, several limitations have been outlined," especially 
for the Solomon-Bloembergen-Morgan theory of paramagnetic 
relaxation rates.12-14 

For these reasons, NMR methods having the potential of 
delineating metal-binding sites are still sought. It was, for 
example, reported that paramagnetic labels selectively disrupt 
connectivities in NOESY1S-17 as well in COSY 2D lH NMR 
spectra,l*J9 thus providing a relatively fast qualitative structural 
delineation. 

Here we present evidence that the method also applies in the 
heteronuclear case and also that the alternative or simultaneous 
selective disruption of connectivities in COSY and NOESY 2D 
spectra allows one to separately consider scalar and dipolar 
contributions to the nuclear relaxation mechanism. 

The method takes advantage of the increase in sensitivity in 
2D shift correlated heteronuclear spectra and may be helpful, 
especially in the light of the advances in computer methods for 
obtaining 2D difference spectra.20 The copper(I1) complexes of 
pyridine and nicotine are considered to test the method. 

If we consider a single W-lH AX spin system (Jdecoupled), 
the intensity of the peak in the HOESY experiment is described 
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Figure 1. Effect of the value of the external relaxation rate on the peak 
intensity in a HOESY spectrum as  calculated with the following assumed 
parameters: rcH = 1.09 A, T~ = 0.1 ns, BO = 4.7 T (such that W H  = 1.26 
X lo9 rad s-l and wc = 3.16 X lo* rad s-l). 

by the mixing coefficient:21J2 

where T, is the mixing time, RCH is the 13C-lH dipolar cross- 
relaxation rate, RT measures the rate of transfer between the two 
spins, and RL determines the rate of leakage of magnetization 
toward the lattice.22 In the absence of external relaxation, the 
intensity is a function of the mixing time and of the 13C and 1H 
dipolar relaxation rates. 

In a paramagnetic complex, a potent source of external 
relaxation is introduced by the presence of the electron magnetic 
m0ment.~J3 If we consider a typical paramagnetic relaxation 
probe, such as Cu2+ (S = l/Z), assumption of the metal-nucleus 
distances allows to calculate such contributions and to demonstrate 
the effect of the external relaxation rate on the intensity of the 
peak in the HOESY spectrum, as shown in Figure 1, The peak 
intensity progressively decreases, approaching zero at values of 
RHcxt around 20 s-l. For distances as short as 4 A from the metal 
ion, the external relaxation rates may be estimated at RHat = 
1780 s-l and Rccxt = 116 s-l, such that there is no chance left of 
detecting the l3C-IH dipolar connectivity even at extremely short 
mixing times. 

Finally, in a system containing a paramagnetic probe and a 
ligand exchanging between the free state and the paramagnetic 
bound state, the intensity of the cross-peak is a function of the 
exchange rates and also of the fraction of the ligand in the bound 
state. It can be calculated that the exchange matrix yields real 
eigenvalues at exchange rates not necessarily much faster than 
the paramagnetic spin-lattice relaxation rate. It can be therefore 
concluded that the disappearance of a peak in a HOESY spectrum 
is determined by the closeness of the involved nuclei to the 
paramagnetic center and that such a phenomenon occurs even at 
exchange rates that are outside the limit of fast exchange, as 
defined by Swift and C o n n i ~ k . ~ ~  In the same HOESY spectrum, 
as well as in a hetero-COSY 2D spectrum,Zs a peak may well 
disappear because of the efficiency of paramagnetic transverse 
rates that determine the line widths of the cross-peaks. The 
consequence is that a comparison of peak behavior in these two 
2D spectra provides a unique tool for distinguishing between 
dipolar and scalar effects of paramagnetic metal ions at very low 
meta1:ligand ratios. 

The main drawback of the method is in the low intrinsic 
sensitivity of heteronuclear shift correlated 2D experiments, but 
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Figure 2, Effect of increasing concentrations of copper ions on the peak intensities of para (full squares), ortho (full triangles), and meta (full circles) 
carbons in the hetero-COSY 2D spectrum of pyridine (40%) in D20 at T = 298 K. 

Table I. 13C NMR Relaxation Rates of Pyridine (40% v/v) in D20 
at T = 298 K in the Absence and in the h e n c e  of Copper Ions at 
a [Metal]/[Ligand] Ratio of 3 X l t 3  

carbon R1 (d) RZ (s-l) RI ,  (d) RzP (s-l) 
ortho 4.31 6.76 1.40 2.31 
meta 3.65 6.17 0.12 3.25 
para 4.18 6.71 0.02 0.76 

the method may derive benefits from progress in the development 
of technical and methodological tools. 

NMR spectra were obtained at 4.7 and 14.1 T a t  the constant 
temperature of 294 f 1 K. l3C-1H cross-correlated 2D spectra 
were obtained with conventional pulse squences.20 The spectral 
width was 140 ppm in the t2 dimension and 10 ppm in the t l  
dimension; the data set consisted of 1024 X 1024 points for a 
total accumulation time of ca. 10 h. 13CJH 2D NOE (HOESY) 
spectra were obtained by using a previously reported pulse 
sequence.26 The mixing time was set in the range 100-700 ms 
while all other parameters were the same as in the hetero-COSY 
experiment. Intensities were measured by the peak volumes in 
the 2D contour map. 

Pyridine yields heteronuclear 2D spectra (not shown), either 
scalarly or dipolarly shift correlated, containing three peaks 
centered at 124.5 (meta), 136.4 (para), and 150.6 ppm (ortho) 
in thefi dimension and at 7.22 (meta), 7.61 (para), and 8.43 ppm 
(ortho) in thefi dimension. The relative intensities reflect the 
different number of carbons whereas the absolute intensity within 
the HOESY spectrum is a function of the mixing time that reaches 
its maximum at rm = ca. 600 ms. 

The addition of copper differently affects the three peaks in 
the two 2D spectra. The decreases in the peak intensities are 
shown in Figures 2 and 3, where the percent residual intensity 
(lOOZ)/Io is plotted against the actual concentration of copper 
ions in solution. It is apparent that ortho, meta, and para carbons 
behave differently as a consequence of the different scalar and 
dipolar contributions to their longitudinal and transverse relax- 
ation rates. In the case of ortho carbons, being the carbons at 
the shortest distances from the metal ion coordinated to the 
nitrogen, where the dipolar paramagnetic contribution is max- 
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Figure 3. Effect of increasing concentrations of copper ions on the peak 
intensitiesin the hetercFCOSY (fullsymbols) and HOESY (open symbols) 
2D spectra of pyridine (40%) in D20 at T = 298 K. 



less effective, whereas the scalar one is quite strong due to the 
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Figure 4. Effect of copper ions at a [ligand]/[metal] ratio of 6 X lo3 
on the hetero-COSY 2D contour map of nicotine (40%) in D20 at T = 
298 K: (top) nicotine; (bottom) nicotine plus copper. 

imum, the peak progressively diminishes in intensity at increasing 
copper concentration and the rate of disappearance is faster in 

where Rl,a and Rtf are the relaxation rates measured in solution 
of the ligand in the presence and in the absence, respectively, of 
copper ions,pb is the fraction of bound ligand, This the relaxation 
time in the ligand bound to the metal ion, and Tb (=l/kb) is the 
exchange lifetime in the bound state. It may be noticed that R2, 
>> Rl,, such that, necessarily, the exchange rate cannot dominate 
the relaxation mechanism and fast-exchange conditions apply. 
Moreover, the large difference between Rl, and R2, can only be 
consistent with predominance of the scalar contribution to Rzp 
and of the dipolar one to RI,.  

The same experiments were then repeated for nicotine. The 
hetero-COSY and HOESY maps (Figure 4) allowed identification 
of all the l3C and 'H resonance frequencies. In the presence of 
the appropriate amount of copper ions, quenching of all the I3C- 
IH connectivities in the pyridine moiety but that relative to the 
para carbon was observed, thus demonstrating that the pyridine 
nitrogen was the only atom of nicotine directly involved in metal 
binding. 

It can be concluded that paramagnetic species selectively change 
the appearance of 2D homo- and heteronuclear shift correlated 
spectra, thus providing a direct means of detecting the binding 
sites in ligands sufficiently large to allow spectral resolution. 2D 
difference spectra are then expected to delineate the ligand nuclei 
directly involved in the interaction with the paramagnetic species. 
At a more sophisticated level, comparison of such changes in 
COSY (hetero-COSY) and NOESY (HOESY) experiments has 
the potential of discriminating between dipolar and scalar 
interactions with the paramagnetic center, such that mapping of 
nuclei in the nearest neighborhood of the center may be obtained 
by NOESY or HOESY 2D difference contour plots. 


