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'13Cd and I3C N M R  spectra have been obtained on several dynamically stable cadmium complexes. In several cases a "C-Il'Cd 
three-bond coupling has been observed and utilized in the assignment of the I3C N M R  spectra. The pH dependence of the l13Cd 
resonance from the cadmium-ethylenediamine-N,N,"'-tetraphosphonate complex shows that this complex has two acid dis- 
sociation constants, pK, = 7.85 and 8.80, respectively. 13Cd nuclear Overhauser effect, NOE, =1 + q, and spin lattice relaxation 
time, T I ,  were determined on all the complexes and used in the analysis of the contribution to the relaxation mechanism from 
the dipolar interaction with protons and chemical shift anisotropy. Together, the multinuclear N M R  parameters contribute to 
a detailed understanding of the structure and dynamics of these metal complexes. Furthermore, the Il3Cd N M R  parameters from 
these model complexes provide important new data relevant to the interpretation of the lI3Cd N M R  parameters from biological 
systems. 

Introduction 
During the  last few years there has been an increasing interest 

in using Il3Cd NMR as a method for s tudying metalloprotein 
complexes in which the native diamagnetic metal (e.g., Zn2+, Ca2+) 
has been replaced by 
I13Cd nucleus (for reviews see ref 1-4). Unfortunately, a detailed 
interpretation of the II3Cd NMR parameters from these biological 
systems has been impaired as a result of the  lack of chemical shift 
and relaxation d a t a  for the Il3Cd nucleus in  well-defined model  
systems. These  limitations are slowly being resolved, however, 
and recently there appeared a thorough study of the relaxation 
mechanisms of the  II3Cd nucleus in t h e  Cd-EDTA c o m p l e ~ . ~  In 
addition, a n  increasing number of papers have appeared where 
t h e  chemical  shifts of Il3Cd in  dynamical ly  s table  c a d m i u m  
complexes have been reported613 along with several studies dealing 
with cadmium complexes undergoing fast exchange in solution."22 
In t h e  la t ter  studies, t h e  chemical  shifts for  t h e  various bound 
species were not obtained directly from the spectra but they could 
be calculated if a l l  t h e  stability constants were k n ~ w n . ' ~ * ' ~  An 
alternative solution would be to  slow down t h e  exchange suffi- 
ciently by decreasing t h e  temperature. An elegant example of 
this  approach using supercooled water emulsions t o  slow down 
t h e  exchange in the Cd2+-glycine complexes was first reported 
by t h e  Ackermans.I6 Finally, unwanted complications due to 
chemical exchange and/or uncertainties in metal  ion coordination 
from solution complexes can be removed by NMR studies of solid 
Cd2+ complexes by using the combined techniques of lI3Cd-lH 
cross-polarization and magic-angle ~ p i n n i n g ~ ~ - ~ '  or by using 
crystals.28 

In t h e  majori ty  of t h e  Zn2+ metalloproteins t h a t  have been 
s tudied by lI3Cd N M R , '  t h e  meta l  binding sites are made of 
nitrogen a n d  oxygen ligands, whereas  in the case of the Ca2+ 
binding proteins the sites contain only oxygen ligands! In a n  effort 
to more  closely model these sites, we  have studied t h e  C d  com- 
plexes with t h e  ligands shown in C h a r t  I. 
Experimental Section 

Materials. EDTA and EGTA were commercial products from Sigma. 
18-Crown-6 was obtained from Aldrich Chemical Co. The chelator, 
EDTMP, synthesized from ethylenediamine, formaldehyde, and phos- 
phoric acid by the method of Moedritzer and I r a ~ ~ i , ~ ~  was a gift from J. 
Bock, (University of Pennsylvania). Ligands 1-111 were gifts from Prof. 
J.-M. Lehn (Universite Louis Pasteur, Strasbourg, France). 

The cadmium complexes were prepared from either CdCI,, freshly 
precipitated Cd(OH)z, or the '13Cd-enriched chloride, nitrate, acetate, 
or perchlorate salt. The latter were prepared from Il3CdO (96% ll3Cd 
from Oak Ridge Laboratory, Oak Ridge, TN)  and the corresponding 
acid. The 1:l complexes with EDTMP were formed in HzO or DzO from 

isotopically enriched spin 
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Chart I 
EDTA = ethylenediaminetetraacetic acid 
EGTA = ethylene glycol bis(p-aminoethyl ether)-N,N,N',N'- 

EDTMP = ethylenediaminetetramethylphosphonic acid 
tetraacetic acid 

18C6 - 18-crown-6 I I1 
0 0 

I11 EDTMP 

/cHzCo2H 
HOZCCHz 

N C H ~ C H ~ O C H Z C H ~ O C H Z C H Z N  
\ 

\ 
CHzCOzH 

EGTA 

Table I. "C Relaxation Times ( T , )  and Correlation Times ( T ~ )  

for Some of the Cadmium Complexes 

ligand 13C T I  s 10"7,, s 

EDTA 0.4 6 
EGTA 0.3 8 
EDTMP 0.15 16 

I 0.8 3 
18C6b 0.8 3 

a Average of protonated I3C relaxation times. 
CDCI,; all other complexes in aqueous solutions. 

the appropriate cadmium salt titrated with the octaacid EDTMP and 
either KOH or NaOH with 31P N M R  to detect the end point. 

0.16 M in 
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Table 11. T I  and NOE Values for Cd(EDTMP) at 2.11 T 

compd solvent Tlobsd: s NOE (1 + q )  TIDD, s T I  Other, s 

3.8 t 0.1 2.01 4.7 2 0.2  20 
3.6 t 0.1 2.07 4.7 t 0.2 26 
3.8 t 0.1  2.02 4.6 * 0.2  22 

Cd(EDTMP)b H2O 
Il3Cd(EDTMP) H2O 
lI3Cd(EDTMP) D2O 

a Standard deviation from nonlinear least-squares computation. Natural-abundance cadmium. 

Spectra. The "P NMR spectra were recorded on an extensively 
modified Bruker HFX-90 spectrometer at 36.4 MHz, the 13C spectra at 
25.2 or 50.3 MHz on a modified Varian XL-100 or a Bruker CXP-200, 
respectively, and the I13Cd spectra a t  19.96,22.2,44.4,56.5, or 79.9 MHz 
on a Bruker HFX-90, a Varian XL-100, a Bruker CXP-200, a 6-T NMR 
spectrometer constructed by H. Lilja,30 or a Bruker WH-360. All re- 
ported l13Cd chemical shifts are referenced to external 0.1 M Cd(C104)2. 
The l13Cd spin lattice relaxation times, T I ,  were measured by using the 
progressive saturation method of Freeman and Hill." All 13C TI de- 
terminations employed the inversion recovery method, and both methods 
were used for the 31P TI determinations. Gated 'H decoupling experi- 
ments were performed for all NOE measurements. 

Results and Discussion 
13C NMR wag used primarily as a means for determining the 

reorientational correlation time of the complexes and, in some 
cases, the free ligands.36 The correlation times of the complexes 
studied in the present work are in the range (3-16 X lo-" s (Table 
I), and for the open-chain ligands, EDTA, EGTA, and EDTMP, 
they follow rather closely the variation in molecular weight. The 
correlation times were calculated from the general equation for 
TIDD assuming isotropic motion and a single correlation time. The 
NOE's for the protonated carbons are all equal, within experi- 
mental error, to the theoretical maximum value of 2.99 (1 + 9 ) .  
It might be of interest to note that for ligand I the correlation 
time is shorter for the complex than for the free ligand (3 X lo-" 
and 7.2  X lo-" s, respectively). This most likely reflects a more 
compact structure for the complex, with a nearly spherical shape 
imposed by the electrostatic metal-ligand interaction. 

The carbon-13 N M R  spectra in Figure 1 illustrate the stability 
of the cadmium complex with ligand I. A tentative assignment 
of the 13C chemical shifts is given on the figure, which is based 
on substituent effects and the observed lI3Cd-l3C spin couplings. 
It is of interest to note that the C, symmetry of the free ligand 
is removed when complexed to cadmium. This can be explained 
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Figure 1. 50-MHz 13C proton-decoupled spectra of (A) ligand I and (B) 
cadmium complex. The assignments are based in part on substituent 
parameters and the observed spin couplings. 

Table 111. 'I3Cd Chemical Shift, NOE, and T I  Values 

NOE 
compd TIobsd, s (1 + q) field, T 

'13Cd(EDTA) (6  84, pH 8) 27 -0.5 
25 0.0 
29 ND 

8.8 ND 

10 0.0 
8.5 ND 

Il3Cd(l 8C6)a (6 23) 5.7 0.93 
1.2 0.96 
0.4 

'13Cd(EGTA) (6 17, pH 8) 16 -0.22 

"'CCd(EDTMP) ( 6  104, pH 11) 16 -0.45 

i 1 3 c d ( ~ )  (6  46)  36 -0.5 
24 0.1 

i 1 3 ~ d ( ~ ~ ) b  (6  -78) 
"'Cd(III) (6 ,  -130, 6, -8) 

Complex in CDC1,. Complex in Me,SO. 

2.35 
4.7 
6.0 
2.35 
6.0 
2.1 1 
4.7 
6.0 
2.1 1 
4.7 
8.47 
2.11 
4.7 

by assuming that the inversion at the two secondary nitrogens has 
been slowed down to the point where it is slow compared to the 
nonequivalence in shifts that is introduced by this asymmetry. This 
would result in the nonequivalence between the halves of each of 
the oxygen-carrying bridges. Another point of interest in the I3C 
N M R  spectrum of the complex (Figure 1B) is the observation 
of 13C-l13Cd spin coupling. The magnitude of the three-bond 
13CJ13Cd spin coupling constants measured from Figure 1B are: 
3J~3Ct~~3Cd = 7 Hz, 3 J ~ ~ c z - ~ ~ ~ c d  = 4.5 Hz, %'C3-"~Cd = 12.1 Hz, and 
'Ji3CS-ii)Cd = 6Hz. While no effort has been made here to ra- 
tionalize the variation in the I3C-ll3Cd couplings, for example 
a possible dependence of the three-bond coupling on the torsional 
angle, we have used the existence of the couplings to aid in the 
assignment of the I3C spectrum of the 'I3Cd-ligand I complex 
as shown in Figure 1 .  For example, the observed spin coupling 
to C1 indicates that the cadmium ion is bound to the secondary 
nitrogens, and the spin coupling to C5 shows that cadmium is also 
bound to the tertiary nitrogens. 

N M R  spectrum of the free EDTMP ligand 
shows a singlet at 10 ppm (pH 8.8), which shifts to 15.8 ppm upon 

31P NMR. The 
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complexation of cadmium. Some minor resonances due to im- 
purities in the sample were also observed. In the Il3Cd-enriched 
complex, the resonance at  15.8 ppm appears as a well-resolved 
doublet ( J  = 46 Hz). A slight shift to lower field is noted with 
increasing pH. Excess cadmium and lower pH (C7) both broaden 
the 31P N M R  resonance of Cd(EDTMP). 

The 31P TI and NOE values determined for Cd(EDTMP) 
(Table 11) clearly show the phosphorus relaxation to be dominated 
by dipolar interaction with the two methylenic protons. N o  sig- 
nificant effect on the 31P relaxation due to the anion of the cad- 
mium salt used to prepare the complex or H 2 0  vs. D 2 0  are 
observed. The T~ value calculated from the TIDD value, assuming 
two hydrogens at  2.3 A and extreme narrowing conditions, is 1.9 
X s. This value is in reasonable agreement with the value 
obtained from the I3C relaxation times of this complex (Table 

Il3Cd Chemical Shifts. It is now quite well established that the 
N M R  signal from a Il3Cd ion bound solely to oxygens is shifted 
to higher field than when nitrogens are also involved in the metal 
coordination and to lowest field when sulfur participate in metal 
ligation. 

The Ackermans16 and Jakobsen and Ellis" have shown that 
the Cd-glycine complexes have Il3Cd chemical shifts of ca. 50, 
150, and 260 ppm for the 1:1, 1:2, and 1:3 complexes, respectively. 
This indicates, therefore, that there is an approximately additive 
deshielding effect of 100 ppm per nitrogen, especially when the 
chemical shift of free Cd2+ at -32 ppm in their medium is taken 
into account, for all of these complexes that are presumed to be 
octahedral starting from Cd(H20)62+. These results suggest that 
one might expect to find the li3Cd(EDTA) signal around 150 ppm 
and not at ca. 85 ppm as has been ~bserved.~ Even more surprising 
is our finding that the Il3Cd chemical shifts from the Cd-cryptate 
complexes with ligands I and I1 are a t  46 and -78 ppm, respec- 
tively (Table 111), when the observed l3C-Il3Cd couplings indicate 
that the Cd2+ ion is coordinated to four nitrogens in ligand I and 
to two nitrogens in ligand 11. It is clear from these results that 
the coordination number, and most likely the geometry of the 
complex, both must have a strong influence on the 13Cd chemical 
shifts. The effect from the coordination number has recently been 
discussed by Ellis32 on the basis of Il3Cd chemical shift data 
obtained in solid-state Il3Cd N M R  studies. These data indicate 
that increasing the coordination number results in increased 
shielding. In light of this "coordination number effect", we can 
better understand the lI3Cd chemical shift for the cadmium 
cryptate (I), 46 ppm, as resulting from the coordination of the 
Cd2+ ion to four nitrogens and two to four oxygens. However, 
the coordination number effect does not explain the difference 
between the Cd(EDTA) and Cd(Gly)2(H20)2 complexes, which 
are both octahedral, or nearly so. Even if one takes the effect 
due to the carboxylate groups into account, there is an unexplained 
difference of about 50 ppm in the lI3Cd shift between these two 
complexes. This difference might be assumed to be explained by 
a distortion of the octahedral symmetry in the Cd-EDTA complex; 
however, there are to our knowledge no data available to validate 
this assumption. 

Despite the fact that the I3C N M R  spectrum of an aqueous 
solution of ligand I1 and cadmium clearly showed, through an 
observable l3C-II3Cd spin coupling (3JnC2-~~jCd = 10 Hz), that 
the complex has been formed, we were unable to detect any Il3Cd 
N M R  signal for the complex in this solution, presumably as a 
result of exchange broadening. The exchange must, however, be 
intramolecular in origin, otherwise the l3C-Il3Cd coupling would 
not be observable. In contrast, in Me2S0 solution the lI3Cd signal 
for the Cd-I1 complex could be observed. Chemical exchange 
broadening was also observed in the Il3Cd resonances from an 
aqueous solution of the 111-Cd2+ complex. Even when an excess 
of ligand I11 was used, two broad Il3Cd resonances of nearly equal 
areas were observed at -1 30 and -8 ppm. This indicates that two 
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Figure 2. pH dependence of the I'Cd resonance from the complexes 
Cd(EDTA), Cd(EGTA), and Cd(EDTMP). The chemical shifts for the 
EDTA and EDTMP complexes are relative to the left axis, and for the 
EGTA complex, relative to the right axis. The solid curve drawn for 
Cd(EDTMP) data is calculated with pKal = 7.85 and pKa2 = 8.80 and 
with shifts of 77, 86, and 104 ppm for Cd(H2EDTMP)4-, Cd- 
(H,EDTMP)>, and Cd(EDTMP)&, respectively. 

different complexes with similar binding constants are formed, 
one presumably with the Cd2+ ion inside the ring and the other 
with the ion outside the ring. The high-field shift (-130 ppm) 
is in reasonable agreement with the shift of cadmium ions bound 
to the calcium sites in calcium-binding  protein^,^^^^ and we have 
therefore assigned this resonance to the Il3Cd2+ ion inside the 
ligand ring, bound to four carboxylate groups and several of the 
ether oxygens. This complex could therefore have a coordination 
number of 8 or more, which would explain the very high-field shift 
of the Il3Cd resonance. 

Jensen et al? have performed a very thorough I13Cd NMR study 
of the Cd-EDTA complex. They found that both the lI3Cd 
chemical shift and relaxation time (TI) are pH independent in 
the pH interval 4-1 1. At higher pHs, the resonance shifts to lower 
field and the relaxation becomes more efficient. These changes 
were explained to result from the deprotonation of a coordinated 
water molecule. We have also studied the pH dependence of the 
Il3Cd chemical shift in the Cd-EDTA, Cd-EGTA, and Cd- 
EDTMP complexes over the pH interval 2-1 1. For the Cd-EDTA 
complex our results agree with those reported by Jensen et al.,5 
and we observed a similar pH dependence for the Cd-EGTA 
complex (Figure 2). For the Cd-EDTMP complex, on the other 
hand, the I13Cd chemical shift is strongly pH dependent in the 
pH interval 6-1 1. For the Cd-EDTMP complex, on the other 
hand, the Il3Cd chemical shift is strongly pH dependent in the 
pH interval 6-1 1. An excellent fit of this experimental data was 
obtained by assuming two protonation steps with apparent pKa 
values of 7.85 and 8.80 (see Figure 2). From these data we can 
therefore conclude that the pKa values are 7.85 for Cd- 
(H2EDTMP)4- and 8.80 for Cd(HEDTMP)S- in reasonable 
agreement with the data for Cu(EDTMP) and Fe(EDTMP).33 

II3Cd Relaxation. The 13Cd relaxation time will normally have 
contributions from various mechanisms, and we can write 

1 / TIObd = 1 / 7 - p  + 1 /TICS* + 1 / T,SR + 1 / TIO'he' ( 1 )  

where 1/TIDD is the relaxation rate due to the proton cadmium 
dipole-dipole interaction given by 

(33) S. Westerback, K. S. Rajan, and A. E. Martell, J .  Am. Chem. Soc., 87, 
2568 (1965). 
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Table IV. Parameters for the 'I3Cd Nucleus Calculated from the 
Measured Relaxation Rates 

ligand TIDD, s Au, ppm TISR, s TIother? s 

EDTA so 100 100 70 
EGTA 31 220 80 
EDTMP 24 155 70 70 
18C6 1600 
I 41 240 

a TIother includes contributions from spin rotation and 
electron-nuclear dipole-dipole and scalar interactions. 

1/ TICSA is the contribution from chemical shift anisotropy given 
by 

and l/TISR is the spin rotation contribution given by 

l/TISR = (2ZkT/h2)Ce,rj (4) 

and l/Tlother denotes all other contributing mechanisms such as 
scalar interactions and electron-nuclear dipole-dipole interactions. 
rj is the angular momentum correlation time, rCrj = Z/6kT, yI 
and ys are the gyromagnetic ratios of proton and cadmium, w, 
and wI are the Cd and H resonance frequencies, respectively, in 
angular units, Aa  = Ia,, - all is the anisotropy in the chemical 
shift, and 7, is the correlation time. 

The dipolar contribution to the Il3Cd relaxation has been ob- 
tained from the Overhauser effect observed when the proton 
resonances are saturated, from 

where vmax and qoW are the maximal (-2.25) and observed NOE 
values, respecti~ely.~' For all of the complexes in the present study, 
the experimentally measured NOE was less than the maximum 
values, which implies that a t  least one of the other relaxation 
mechanisms is contributing to the relaxation (Tables I11 and IV). 

For the I13Cd-I complex, the dipolar relaxation from protons 
was used to verify the rc value derived from the 13C relaxation. 
Distances between the cadmium ion and the protons were mea- 
sured from a molecular model and inserted into eq 2 along with 
the value for TIDD obtained from eq 5. The calculated correlation 
time was about 3.2 X lo-" s a t  two field strengths (2.1 and 4.7 
T), indistinguishable from the value derived from the I3C relax- 
ation. 

The contribution to the relaxation mechanism from chemical 
shift anisotropy was obtained from measurements of the relaxation 
at  a t  least two different magnetic fields (wA and wa) from 

IAa( = (A(1/T,ob")/(2/15)[w~2 - ~ B ~ ] T ~ ) ~ / ~  (6) 

In several cases, the observed relaxation could not be explained 
by these two mechanisms alone and the temperature dependence 
of the relaxation was determined in order to obtain the contribution 
from spin rotation since l /TISR is proportional to l / rc ,  whereas 
1 /TIDD and 1 / TlmA are proportional to 7,. In Table IV we have 
collected the relevant relaxation parameters. The variation in TIDD 
for the three open-chain ligands follows the determined correlation 
times, and essentially the same 'H-'I3Cd internuclear distances 
can be used to explain this relaxation, 12 protons with rlH-ll3Cd 

= 3.5-4 A. 
More interesting are the large variations in the chemical shift 

anisotropy, Aa, that are observed for these complexes (Table IV). 
A comparison of this parameter between Cd(EDTA)2- and Cd- 
(EGTA)" leads to the conclusion that the former complex has 
higher symmetry. This conclusion is in agreement with data on 
the 43Ca34 and 25Mg (T. Drakenberg, unpublished results) re- 
laxation in M-EDTA and M-EGTA complexes, which indicate 
that the EDTA complexes have a higher symmetry resulting in 

(34) T. Drakenberg, Acta Chem. Scand., Ser. A ,  A36, 79 (1982). 
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Figure 3. Proton-decoupled SO-MHz I3C N M R  spectra of the lead 
cryptate with ligand I at three different temperatures. The assignments 
are made in analogy with the cadmium cryptate spectrum of Figure 1. 

5.0 r 

B: (1') 

Figure 4. Dependence of the 'I3Cd relaxation rate, R ,  (s-l), on the field 
strength for the "3Cd-18C6 complex. 

a less efficient relaxation whether the mechanism is quadrupolar 
as for 43Ca and 25Mg or chemical shift anisotropy as is the case 
with Il3Cd. 

We can rationalize this symmetry difference in the following 
way. The M-EDTA complexes probably have nearly octahedral 
symmetry of the ligating atoms, resulting in a small chemical shift 
anisotropy for the Cd2+ ion and small electrical field gradients 
for the Ca2+ and Mgz+ ions. In the M-EGTA complexes the 
ligand has the capability of providing eight coordination sites by 
using the two ether oxygens, which may result in a less symmetric 
environment for the metal ion and also a high-field II3Cd chemical 
shift as compared to the octahedral Cd-EDTA complex. 

Particularly striking is the total dominance of the CSA 
mechanism in the Il3Cd relaxation from the Cd-18C6 complex 
(Figure 3; Table IV). The large CSA determined for the crown 
ether complex of cadmium may be rationalized in terms of the 
ligand structure around the metal ion. Crystal structures of 
monovalent and divalent metal ion complexes of 18-crown-6 show 
that the oxygen atoms, which bind primarily through electrostatic 
interactions, are arranged alternately above and below the 
equatorial plane of the complex, with the axial metal-binding 
positions free for occupation by anions or solvent molecules. 
Chloride, the counterion used in the preparation of the 18C6-Qi2+ 
complexes, binds with a fair degree of covalency. Thus, the 
electrostatic interactions with the equatorially positioned ether 
oxygens and the more covalent interactions with the axial chloride 
ions (and/or chlorine of chloroform) could explain the large CSA. 
Solid-state 'I3Cd N M R  studies of the powder spectra from all 
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of these complexes will be necessary to unequivocally confirm the 
solution-derived values for the magnitude of the CSA. 

Metal Exchange. Addition of a stoichiometric amount of 
P ~ ( O A C ) ~  to a fresh sample of ligand I gave rise to the 13C spectra 
of the resulting cryptate shown at  three temperatures in Figure 
4. The 13C N M R  spectra of the lead cryptate differs from that 
of the cadmium cryptate in two ways: (1) There is no observable 
207Pb-13C spin coupling (natural-abundance Pb containing 22.6% 
207Pb, with I = 1 /2  was used). (2) There is fast exchange, making 
the halves of the oxygen bridges equivalent. From the observed 
broadening of the I3C signals we can estimate the lifetime of the 
two conformers to be ca. 10 ms at  294 K. These differences 
between the cadmium and lead cryptates indicate that the lead- 
nitrogen coordination is weaker than the cadmium-nitrogen co- 
ordination. 

Mercury forms a complex with ligand I that is much more stable 
than the cadmium complex, K H  /KCd = 10”. As a result, the 
former cryptate was formed by Arect displacement of cadmium 
in the presence of an excess of mercury. The kinetics of the 
exchange is given by 

k 

k3 
Cd2+ + L & CdL K ,  = kl/k3 = lo”.’ 

Keller et al. 

k 
Hg2+ + L .& HgL Kz = kl/k2 = loz5 

k2 

Assuming the same on rate, k,, for Cd2+ and Hg2+ because of 
their similar ionic radii, 0.97 and 1.10 A, respectively, then the 
difference in their stability constants must be accounted for by 
the difference in their off rates, k3 and kz. Since kz = (K,/K2)k3 
= 10-12.3k3, k2 can be neglected compared to k3 and therefore once 
the mercury cryptate is formed, there is essentially no back-re- 
action. When an excess of mercury is used, we can also assume 
[Cdz+] << [Hg2’], which means that every ligand formed through 
cadmium dissociation will form the mercury cryptate giving 

d[CdL]/dt = - k3[CdL] 

or 

[CdL] = [CdL],=oe-k3f 

Either Il3Cd or 13C N M R  could be used to follow the reaction, 
and from a 13C spectrum taken 4 days after the reaction was 
initiated, ca. 57% of the ligand remained in the cadmium cryptate 
form. This gives a cadmium off rate from the cryptate of k3 = 
10” s-l at  40 “C, the temperature a t  which the sample was 
maintained when not in the spectrometer. According to this, ca. 
20 days would be necessary to achieve 95% complexation to 
mercury. 

Conclusion 
From the still limited number of model cadmium complexes 

studied by l13Cd NMR,  it would appear that there is as yet no 
general correlation between the Il3Cd chemical shift and the 
number of coordinating nitrogens. At least three factors affecting 
the chemical shift have to be considered: (1) nature of the co- 
ordinating atoms, with shielding decreasing in the order 0 > N 
> S; (2) increased shielding with increasing coordination number; 
(3) the geometry of the complex. 

The small number of model complexes studied thus far suggests 
that for complexes with a mixture of oxygen and nitrogen ligands 
a chemical shift anisotropy of 100-200 ppm may be a good es- 
timate for Cd2+ ions in an octahedral or close to octahedral ge- 
ometry. The Cd-18C6 complex with an unusually large value 
for the chemical shift anisotropy is clearly one example of an 
exception; however, the conformation of this complex is far from 
octahedral. We can therefore estimate the CSA contribution to 
the relaxation of the lI3Cd nucleus bound to a metalloprotein to 
be l/TICSA I 0.5 s-I at  a field of 4.7 T and with a correlation 
time of s. The contribution from TIDD cannot be as readily 
estimated since it is so sensitive to the distance to the nearest 
proton. However, if one uses proton-cadmium distances similar 
to those in these model complexes, the result will be that the 
dipole-dipole contribution will be of the same order of magnitude 
as the CSA contribution. We will therefore conclude that for small 
proteins with a molecular weight around 20000 we should expect 
to find Il3Cd TI values on the order of 1 s, whereas for larger 
proteins it may well increase to several seconds. Qualitatively, 
these arguments are in agreement with experimental observations 
for Il3CdZ+ substituted for ZnZ+ or Caz+ in various metallo- 
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