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ABBREVIATIONS AND DEFINITIONS 

acac Acetylacetonate 
ALAD 5-Arninolevulinic acid dehydratase 
AP Alkaline phosphatase 
As Arsenate 
cx-Lact cY-Lactalbumin 
BCA Bovine carbonic anhydrase 
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BGP 

biPY 
bnz 
bnzSuc 
BS 
BSA 
BTA 
BU 
buxan 
Bz 
CA 
Cal 
ChX 

ChxDTA 
Con A 
coo * 
CP 
CPA 

cryp 

CYs 
dien 
dtc 

dtp 
dtpb 
dtph 

dtpp 
2D 
s 

8 %2, 633 
A? 
EDTA 
EGTA 

en 

Et qen 
etxan 
etxth 
Y 
Gla 
Glc 
Glc-6-P 

Osteocalcin 
Bipyridine 
Benzyl 
Benzylsuccinate 
Benzenesulfonamide 
Bovine serum albumin 
Benzoyltrifluoroacetone 
n-Butyl 
Butybcanthate 
Benzimidazole 
Carbonic anhydrase 
Calmodulin 
Cyclohexyl 
N, N, N :N ‘-Cyclohexanediaminetetraacetate 
Concanavalin A 
Bidentate-coordinated carboxyl group 
Cross polarization 
Carboxypeptidase A 
4,7,13,16,21,24-hexaoxa-l,l0-diaabicyclo[8.8.83hexaco- 
sane 
Cysteine 
Diethylenetriamine 
Dialkyldithiocarbamate 
0,0-dialkyldithiophosphate 
0,0-dibutyldithiophosphate 
O,O’-dicyclohexyldithiophosphate 
O,O’-diisopropyldithiophosphate 
Two-dimensional 
Iso tropic chemical shift 
Principal shielding elements 
Chemical shift anisotropy 
N, N, N :N ‘-Ethylenediaminetetraacetate 
Ethylene glycol bis( P-O-aminoethyl ether) N, N ‘-tetra- 
acetate 
Ethylenediamine 
N, N, N :N ‘-Tetraethylethylenediamine 
Ethylxanthate 
O-ethyl xanthato 
Magnetogyric ratio, kHz gauss- * 
y-Carboxyglutamic acid 
Glucose 
Glucose-6-phosphate 
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GlcP, 

GIY 
HA 
HCAB 
HCAC 
HMQC 
HRP 
Hthi 
I 
ICaBP 
imid 
Ins 
itc 
Ll 
LA 
LADH 
MAMI 

MAS 
Mbz 
3-Medtb 
Meen 
Meimid 
Mes 
Met 
mnt 
MT 
N 
NAD+ 
NADH 
Neop 
Pal-v 
PFl 
PFX 
PGM 
Ph 
phen 
Pho C 
Pi 

pi 
PiP 
3PP 

Glucose-l ,6-diphosphate 
Gl ycine 
High-affinity binding site 
Human carbonic anhydrase B 
Human carbonic anhydrase C 
Heteronuclear multiple quantum coherence 
Horseradish peroxidase 
Thiamine 
Nuclear spin quantum number 
Intestinal calcium binding protein 
Imidazole 
Insulin 
Isothiocyanato 
(BzCH&N; Bz = 2-substituted benzimidazole 
Low-affinity binding site 
Liver alcohol dehydrogenase 
5-(1,2,5-Dithiazepan-5-ylmethylene)-4-methyl-2-ethylim- 
idazole 
Magic angle spinning 
2-Substituted 5,6-dimethylbenzimidazole 
3-Methyl-1,2_dithiobenzene 
N-Methylethylenediamine 
N-Methylimidazole 
4-Morpholineethanesulfonate buffer 
Methionine 

S,C,(CN) 2 

Metallothionein 
Isotopic natural abundance 
Nicotinamide adenine dinucleotide, oxidized form 
Nicotinamide adenine dinucleotide, reduced form 
Neoprontosil 
Parvalbumin 
Prothrombin fragment 1 
Prothrombin factor X 
Phosphoglucomutase 
Phenyl 
Phenanthroline 
Phospholipase C 
Inorganic phosphate 
Population of the i th species 
Piperidine 
3-Phenylpropionate 
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PPase 
PPPE 
Pr 

PY 
R 

R, 

Inorganic pyrophosphatase 
L-Phenylalanine phosphoramidate phenyl ester 
Propyl 
Pyridine 
Alkyl 
Receptivity relative to 13C, = 1 y,‘/y,‘I[N,I,(I, + 1)/ 

XUI, + I>1 
R ,dtc Dialkyldithiocarbamate 

R zdtp O,O’-Dialkylthiophosphate 
SBB Monothiodibenzoylmethane 
SD Superoxide dismutase 
STTA Monothiothenoyltrifluoroacetone 

q Spin-lattice (longitudinal) nuclear relaxation constant 

G Spin-spin (transverse) nuclear relaxation constant 
TFP Trifluoperazine 
TGA Thioglycolic acid 
TLA Thiolactic acid 
tmd NHKHz),NH, 
tmtu Tetramethylthiourea 
tn NHKH&NH, 
Tn C Troponin C 
TPP Tetraphenylporphyrin 
trien Triethylenetetramine 
TTA Thenoyltrifluoroacetone 
W Water molecule 
W* Water or substrate molecule 
x Halide 
YE Yeast enolase 

A. INTRODUCTION 

l13Cd NMR spectroscopy has received considerable attention since its 
utility as a metallobioprobe was demonstrated by Armitage, et al. in 1976 
[I]_ To date, ‘r3Cd NMR spectroscopy has been employed in studies of more 
than 24 different metalloproteins to examine the coordination environment 
in Zn, Ca, Cu, Cd, Hg, Mn, and Mg binding sites. In addition to providing 
information on the number and type of coordinating groups, ‘13Cd NMR 
spectroscopy has afforded valuable information on protein conformational 
changes, accessibility of solvent and anions to the metal, and the nature of 
protein interactions with substrates and inhibitors. Several reviews which 
include selected aspects of the ‘13Cd NMR literature have appeared 12-161. 

The efficacy of ‘13Cd NMR as a metallobioprobe is due in part to the 
ability of Cd (the oxidation state is + 2) to form complexes with a wide 
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variety of conformations and ligand numbers. Generally, Cd-substituted 
metalloproteins retain, at least to some extent, their biological activity. 
Unlike other probes, such as Co, Cd*+ possesses a filled d-shell and thus 
coordination geometries are not subject to ligand field effects. In addition, 
‘13Cd has a spin of i (thus, no quadrupolar contribution to NMR relaxation 
which broadens NMR signals), a reasonable magnetogyric ratio ( y) ( - 0.947 
kHz gauss- ’ ; for comparison the value for 13C is 1.07 kHz gauss-‘), and a 
natural abundance of 12.26% (compared to 1.108% for “C). Thus, ‘13Cd has 
a receptivity relative to 13C (R,, see Abbreviations and Definitions) of 7.6. 
Finally, t13Cd has a demonstrated chemical shift range of over 900 ppm, and 
the value of the chemical shift has been shown to depend on the nature, 
number, and geometric arrangement of the atoms coordinated to cadmium. 
“‘Cd also has properties suitable for NMR measurements (I = l/2, y = 
- 0.905 kHz gauss-‘; N = 12.75%). Since the receptivity of “‘Cd is less 
than that of ‘13Cd, the majority of the NMR studies have been performed 
with the latter nuclide. However, for completeness, studies employing ‘llCd 
will also be included in this review. 

Within four years of the first study of Cd-substituted proteins, some 
anomalies began to emerge. For example, in 1978 Armitage et al. reported a 
chemical shift for ‘13Cd-substituted superoxide dismutase of 170 ppm 1171. 
In 1980, Ellis and co-workers reported a shift for the same enzyme of 311 
ppm 1181. In addition, the chemical shifts obtained for some enzymes were 
dramatically different, even though X-ray structural analyses revealed very 
similar metal binding sites. It became clear early on that chemical dynamic 
problems could influence ‘13 Cd chemical shifts, thereby confounding analyses 
of shifts in terms of the structural properties of metal binding sites in 
proteins. Much effort has been subsequently made to circumvent the adverse 
effects of chemical exchange, including the application of solid-state NMR 
methods, the use of super-cooled solutions to slow down the chemical 
exchange processes, and the synthesis of compounds with less labile ligands. 
Recently, multi-pulse NMR experiments, including two-dimensional (2D) 
‘H-detected heteronuclear multiple quantum coherence (HMQC) spec- 
troscopy, have been successfully applied. The wealth of new information, 
mostly generated in the last decade, has provided the coordination chemist 
and the biochemist with a powerful tool for elucidating structural features of 
metal coordination sites in coordination compounds and proteins_ 

The first part of this review is intended to provide a comprehensive 
summary of research efforts employing ‘13Cd NMR spectroscopy. The 
solid-state ‘13Cd literature will be presented first, followed by the solution- 
state literature. Within these groups, data for coordination compounds and 
proteins will be presented separately. In the latter part of the review, 
chemical shift results obtained for solid- and solution-state samples will be 
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compared and trends between structural parameters and ‘13Cd shifts identi- 
fied. With these results, an attempt will be made to rationalize shifts 
observed for Cd-substituted metalloproteins. The structural information 
obtainable using recently developed two-dimensional (2D) solution NMR 
methods, including 2D heteronuclear multiple quantum coherence and 
‘i3Cd-COSY will then be described and, finally, a brief overview will be 
presented. 

B. SOLID STATE STUDIES 

The different types of solid state NMR spectral data and the information 
they can provide will be briefly described. Solid-state results will then be 
presented separately for Cd coordination compounds and Cd-substituted 
metalloproteins. Except as noted, chemical shift values will be reported 
relative to the most widely utilized standard (0.1 M aqueous Cd(ClO,),). 
Conversions to this reference have been made where appropriate and noted 
in the table legends. 

The solid-state ‘i3Cd experiments which have been reported thus far can 
be arranged into two main groups including those which utilize non-ori- 
ented, powdered samples and those which utilize oriented single crystal 
samples. Cross polarization (CP) is usually employed to provide decoupling 
of the dipolar interaction with protons and for sensitivity enhancement. 
Solid-state *i3Cd NMR spectral lineshapes can be used to determine the 
principal shielding elements ( 8, i, S,,, S,,) of the chemical shift tensor. 
Under conditions of magic-angle spinning (MAS) the isotropic chemical 
shift 6 (eqn. (1)) can be obtained, which is equivalent to the shift observed 

6 = ;G%, + 622 + 633) (1) 

in solution in the absence of chemical equilibria effects. For Cd in a 
nonsymmetric environment, with a,, < 6,, < S,,, the chemical shift ani- 
sotropy (AS) is defined as 

A6 = S,, - :(6,, + a,,) (2) 
For a symmetric tensor, where 6,, = 6,, = 6,) then S,, = a,,; for S,, = 633 = 
S, , then S,, = a,,. For these cases, the shift anisotropy is defined by 

AS = S,, - 6, (3) 

In general, the principal elements of the shielding tensor are determined via 
computer fitting of the experimentaI powder spectra. In some cases, the 
relative shielding tensors (S,l,, S;,, 64,; eqn. (4)) are reported. 

Kn = Li -S n=l,2or3 (4) 
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(i) Coordination compounds 

Studies utilizing non-oriented samples and oriented, single crystal samples 
will be grouped separately. In general, results within each group will be 
presented as they appeared chronologically. 

Studies with non-oriented samples 
l13Cd NMR studies of non-oriented solid samples were published as early 

as 1969 by Look [19], where the spin-lattice relaxation properties (Ti) and 
Hall effects were examined as a function of temperature for cadmium oxide. 
‘13Cd chemical shifts were subsequently reported for Cd chalcogenides and 
Cd salts containing halides and oxo-anion donor ligands [20,21], Tables 1 
and 2. The first systematic evaluation of solid-state shifts as a function of 
coordination properties was published in 1981 by Maciel and co-workers 
[22], where a large group of structurally (X-ray) characterized Cd com- 
pounds was examined. The NMR results, summarized in Table 1, provided 
the first of the so-called “benchmark” spectral data for analyzing solution 
spectra of Cd compounds and proteins. The chemical shift values observed 
were almost always different from those observed for solution-state samples 
due to the fact that the solution shifts reflect weighted averages of shifts for 
various species which are in equilibrium and exchanging rapidly. 

There have been a number of studies directed at comparing X-ray 
structural and powder-pattern NMR data in order to determine the in- 
fluence of structural features on shift. Two different Cd sites are present in 

TABLE 1 

Relative principal shielding elements (ppm) for some cadmium(I1) salts a 

Complex 6 II’ 6 22’ 6 33’ Aa s 

(Me,N) ,CdBr, -11 -11 22 33 395 
(MedN) FdI 4 -2s -2 27 42 92 
(Et,N),CdCl, 0 0 0 0 479 
(Et 4N) 2CdBr, 0 0 0 0 372 
(Et 4 N) ,CdI 4 -18 -18 36 54 81 
Cd(n-buxan) 2 - 116 10 106 159 440 
Cd(etxan) 2 - 173 24 148 222 410 
CdZCOH) z - 107 54 54 - 161 150 (152) b 
Cd(NH,),(gQ),.6H,O -30 -13 47 68 60 
Cd(ClO4)2_6H20 0 0 0 0 0 
Cd(acac) 2 -22 -4 28 41 - 19 
Cd(N0,) 2. 4H 20 -120 60 60 -180 -100 

a Ref. 22. 
’ Value in parentheses from ref. 21. 
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TABLE 2 

Isotopic ‘13Cd NMR chemical shifts of some crystalline powdered compounds a 

Compound 6 (PPW Ligands Geometry b 

(Et,N),CdCl, 
(Hthi)CdCl, - H,O 
CdCl*-5/2Hz0 Cd(l) 

Cd(2) 
[Cd(NH,),I[CdCl,I 
Cd(n-buxan) z 
Cd(etxan) z 
Cd(et,dtc), 

(pip) KdBr, 
(Me,N) ,CdBr, 
(Et,N),CdBr, 

(Me4N)KdI4 
(Et,N),CdI, 
Cd(en) &I z - H *O 
Imid,Cd(OH)NO,-4H,O 
Imid,Cd(NO,) 2 
Na,Cd(EDTA) 

Cd(OH) 2 

WNH,),@W,-6H,O 

Cd(HCO0) 2 - 2H,O 
Cd(0,CCHCHC02 ). 2H,O 
Cd(ClO,),-6H,O 
CaCd(OAc) 4 - 6H,O 
Cd(acac) z 
Cd(OAc),-2H,O 
3Cd(SO,). 8H,O 

Cd(cryp) 
Cd(NO,),.4H,O 

CdF, d 
CdClz d 
CdBr,.4H,O d 
CdI, d 
Cd0 d 
CdS d 
CdSe d 
CdTe d 
CdCO, d 

483 
460 
213 (196) ’ 
187 (175) ’ 
134 
445 
414 
377 
396 
391 
374 

92 
79 

380 
272 
238 
117,107,97 
158 

61 
26,21 
12, -7 
0 

-14 
-18 
-46 (-58) ’ 
-45, -58 
(147, -60) c 
-62 

-100 
(-100) c 

- 223 
211 

41 
- 672 

900 
692 (808) = 
550 
283 f 

-30 

4Cl tet. 
4Cl tet. 
5C1,lO act. 
4c1,20 act. 
5Cl trig. bip. 
4s tet. 
4s tet. 
5s trig. bip. 
4Br tet. 
4Br tet. 
4Br tet. 
41 tet. 
41 tet. 
6N act. 
6N act. 
6N act. 
2N, 40 act. 
60 act. 
60 act. 
60 act. 
60 act. 
60 Oct. 
80 dodec. 

70 
60 

80 

4s 

Oct. 

tet. 

a For details see ref. 22. 
b Approximate geometry; see references to structures published in Table II of ref. 22. 
c Values in parentheses from ref. 21. The reference has been changed to the Cd(ClO,), 
standard by changing the shift value of Cd(N03),.4H,0 (as) from 0.0 ppm to = -100.0 

ppm. 
d From ref. 20. 
c Value in parentheses from ref. 24. 
’ See also ref. 194. 
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3CdS0, - 8H,O, and 8 values of -43.7 &- 2 ppm and 56.4 + 2 ppm were 
observed for Cd in the A and B sites, respectively [23]. The shielding tensors 
were reported to exhibit axial symmetry; however, asymmetric shielding 
parameters of -139, - 31, and 28 ppm for 611, &, and &,, were observed 
for CdSO, - H,O. A correlation was found between bonding distance ani- 
sotropies and NMR chemical shift anisotropies, and no correlation between 
average Cd-O distance and isotropic chemical shift was observed [23]. 
Single crystal studies of cadmium sulfate have also been reported (vide 
infra). 

Similar structure-shift comparisons have been made for Cd complexes 
containing mercaptoethanol [24,25], Table 3. Originally, [Cd,,(SCH,CH, 

OH),,]KClO,),l was examined [24], which contains three distinct Cd sites. 
The A site (containing 3 S and 3 0 donor atoms) gave an isotropic shift of 
509 ppm, the B site (4 S and 1 0) gave a shift of 603 ppm and the C site (4 
S) gave a shift of 774 ppm. Comparison of the NMR results with published 
X-ray data afforded the following conclusions: (i) shielding anisotropy 
provides a measure of the range of bond lengths for a given Cd, and (ii) the 
isotropic shift indicates the type of liganding atoms. Under high resolution 
conditions, the signals exhibited anomalous splittings. More recently, the 
perchlorate and sulfate salts [Cd,,(SCH ,CH ,OH),,][(ClO,) 4] and 

[Cd,,(SCH,CH,OH),6][(SO,),f - H,O were examined [25] and the NMR 
results are given in Table 3. A high-resolution X-ray crystal structure of the 

TABLE 3 

Isotropic chemical shift values (ppm) for the A, B, and C sites of [Cd,,(SCH2CH2QH)I,]4t 
salts a 

Other components A B C 
of sample (3% 30) (4% 10) (4s) 

[ClO,] 4 - 8H ,o b 403 
409 

[C104]4-8H,O b 404 
409 

wQI14 = 
UQI, d 388 
P&I,-4H,O 391 

401 
PO412 c 392 

496 
503 
497 
503 
492 
481 
481 
507 
488 
504 

650 
667 
650 
667 
673 
652 
623 
705 
625 
657 
686 

a Reference = 0.1 M aqueous Cd(ClO,),; see ref. 25 for details. 
b Different samples from ref. 25. 
= T=80°C. 
d From ref. 24. 



52 

perchlorate salt revealed 6 different Cd sites rather than 3; i.e. two similar 
but structurally inequivalent (due to small changes in bond angles and 
lengths) CdS304, Cd&O and CdS, sites were found, which explained the 
anomalous “splitting” of the A, 8, and C site I’3 Cd signals reported earlier 

~241. 
For the two CdS, sites of the cadmium per-chlorate salt [25], the shift 

difference was 17 ppm and the largest angular difference was 6.7 o for one of 
the S-Cd-S angles. The difference in the average Cd-S distances for the 
two sites was < 0.01 A. However, a shift difference of 82 ppm was observed 
tar the sulfate salt, where the difference in average Cd-S distance was 0.03 
A and the angular differences were the same as those observed for the 
perchlorate salt [25]. This interesting finding indicates that rr3Cd shifts are 
influenced less by changes in bond angles than by changes in Cd-L bond 
distances. 

Ellis and co-workers [26,27] published detailed ‘r3Cd, 15N, and 13C NMR 
studies of Cd(TPP)py (TPP = tetraphenylporphyrin; py = pyridine) and 
Cd(TPP), Some of the work was done on a solution sample and those results 
are reported in the section on solution studies (vide infra). The solid-state 
‘13Cd spectra are shown in Fig. 1, and the shielding tensor elements for 
Cd(TPP) and Cd(TPP)py are given in Table 4. Clearly, py ligation affects 
the anisotropic shielding tensor elements differently, leading to - 124 ppm 
and + 112 ppm shift changes for 6,, and 6,) respectively. These shift 
changes were attributed to the donor properties of py and the movement of 
Cd out of the 4N plane of the TPP macrocycle. The isotropic shift for 
Cd(TPP)py in the solid (+432 ppm) is in full agreement with the shift 
observed in CDCl, solution (427 ppm). 

t”‘r”‘l”.l”‘r”‘I” I ’ 8 I I r ’ I- 
700 600 500 400 300 200 500 400 

~cwn~ d (mm) 

Fig. 1. Solid-state CP l13Cd NMR spectra of Cd(TPP) (a and b) and its 15N-pyridine adduct 
pyCd(TPP) (c and d). (a) and (c) MAS spectra; (b) and (d) powder patterns for the axially 
symmetric shielding tensors. From ref. 27. 
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TABLE 4 

i13Cd Chemical shielding tensors (ppm) for Cd(TPP) and Cd(TPP) (py) a 

s 61, Q, Aa 

Cd(TPP) 399 626 285 341 
Cd(TPP) (PY) 432 502 397 105 

a. Ref. 26. 

Isotropic solid-state ‘13Cd shifts and X-ray structural information have 
been obtained for a number of Cd compounds [28-381 and the results are 
summarized in Table 5. In contrast to the above results of Ellis and 
co-workers [26,27] for the Cd(TPP)py, where nearly equivalent solid- and 
solution-state shifts were observed, Rodesiler et al. [36] found that the shifts 
of Cd(TPP)(pip) - o-xylene (pip = piperidine) for solid (467 ppm) and solu- 
tion (438 ppm, CDCl,) samples differed significantly (29 ppm) and these 
differences were attributed to relaxation of molecular distortions. 

Recently, Munakata et al. [39] presented a detailed comparison of the 
solid-state and low temperature solution i13Cd spectra for a series of CdL, 

TABLE 5 

X-Ray structural and i13Cd NMR data for Cd coordination complexes 

Compound Structural features a l13Cd S (ppm) 

Solid Solution 

Cd@-NH 2-J 2 PY) z (NO,) 2 d 
Cd(Meimid),(NO,) 2 e 
Cd( p-CIPhCOO) z (H *O) 2 ’ 
Cd( p-NO, PhCOO) z (H 20) 2 ‘ 
Cd( p-ClPhCOO) 2 (py) 2 H 2O ’ 
[Cd(o-HOPhCOO),(H,O),]Z g 

[Cd+HOPhCOO),py$ g 
Cd(succinato)(H ,O) z 
Cd(2,2’-bipy),(NO,),(H,O) ij 
Cd(2,2’-bipy) 2 (NO,) 2 i.i 
Cd(2,2’-bipy)* (itc) 2 j 

lCdCI,W,W, k 

Cd(tmW 2 (NO3 12 
I 

2N0,; 4N act. 222 
6N act. 230 
2COO *; 2H 2O act. c 24 
2COO*; 2H,O act. = 24 
2COO*; 2N; lH,O pent. bipy. 30 
2COO*‘; 2H,O (ax.) pent. bipy. -31 
2cOO * ,3py; pent. bipy. 61 
2COO* =; 2H,O pent. bipy -52 
4N; lN0,; lH,O act. 122 
4N; 2N0, act. 51 
6N act. 216 
1 axial Cl; act. 200 
1 axial H20; 
4 equat. bridging CI 
2s; 2N03 tet. 263 

177 (MeOH) 
- 51 (MeOH) 
- 53 (MeOH) 

- 5 (MeOH) 

172 (D,O) 
172 (D20) 
122 (DMSO) 

a COO* = bidentate coordination. 
b Intermediate between trigonal prismatic and octahedral. 
E Two of the COO* oxygen atoms in the dimeric complexes are bridging two Cd atoms. 
d Ref. 37. e Ref. 38. f Ref. 35. g Ref. 32. h Ref. 28. i Ref. 29. j Ref. 33. k Ref. 34. ’ Ref. 31. 
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400 +- 

z 
Et 

6 
‘5 300 - 

0 
b 

E 
L In 
75 .v 200- 
E 

; 

3 
E 

100 
100 200 300 400 

113Cd chemical shift Of solid (ppm J 

Fig. 2. Comparison of the solid- and solution-state rt3Cd NMR chemical shifts for CdL,; 
L = bidentate chelate ligands as indicated. Horizontal lines indicate line widths of the 
solid-state NMR signals. From ref. 39. 

complexes containing N-donor L ligands. Although the solution results will 
be discussed in more detail below, it is significant to point out that, for all 
cases examined, the shifts observed for complexes at low temperature (where 
slow-exchange spectra were obtained) agreed well with the shifts observed in 
the solid state spectra. These results can be seen clearly- in Fig. 2, where 
solution shifts are plotted against solid state shifts (see also Table 6). For the 
CdL, complexes given in Table 6, a change in pK, from 3.22 (L = 5- 
NO,phen) to 5.95 (L = 4,7-(CH,),phen) resulted in a change in solid-state 
‘13Cd shift from 243 to 267 ppm, respectively. 

TABLE 6 

‘r3Cd NMR chemical shifts for CdL, complexes (L = bidentate ligand) and pK, values of L 
for solid- and solution-state experiments a 

L PK, ‘13Cd S (ppm) 

Solution Solid 

5-NO, phen 3.22 243 229 
5-Clphen 4.07 247 239 
phen 4.93 254 244 
5-CH,phen 5.27 259 270 
2,9-(CH3)2phen 5.85 143 129 
4,7-(CH3) 2 phen 5.95 267 
2,2’-bipy 4.18 243 247 
4,4’-(CH3)2(2,2’-bipy) 5.39 254 265 

a Acetonitrile, T = 23 o C, 0.05 M complexes; see ref. 39 for further details. 
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Cd-Cd0 samples have been examined using selective saturation, Hahn 
spin-echo, and 2D NMR experiments [40]. The broad ii3Cd NMR signal 
observed was shown to comprise individual lines arising from a distribution 
of Cd0 crystallites having different Cd(O) concentrations [40]. 

Single crystal studies 
Ellis and co-workers 1411 pioneered single crystal ‘13Cd NMR studies on 

Cd coordination compounds. Initially, 3CdS0, - 8H 2O and Cd(N0,) 2 - 4H 2O 
salts were examined at 44 MHz, and at this field strength, small asymmetric 
shielding tensor parameters could be identified for 3CdS0, - 8H,O (Table 
7). Included in Table 7 are the direction cosines and angles determined from 
X-ray crystallographic analyses. 

Other crystalline samples were examined similarly [42] (Table 7), and the 
shielding tensor components for complexes containing exclusively O-donor 
atoms are compared graphically in Fig. 3. For complexes with monodentate 
ligands, the following structure-shielding tensor correlations were observed. 
First, tensor elements of similar magnitude had similar orthogonal environ- 
ments. Second, the least shielded tensor element was aligned nearly orthogo- 
nal to planes containing coordinated water oxygens. Third, if no water 
molecules were coordinated to Cd, the least shielded element was oriented to 
maximize the short Cd-O bond shielding contribution. Fourth, the most 
shielded tensor element was oriented nearly perpendicular to the longest 
Cd-O bond. In addition, from recent studies of cadmium glycinate monohy- 
drate [43], it was found that tensor elements can be influenced by current 
densities located on the ligand support structures of bidentate chelate 
ligands. No correlations between bond length dispersion and chemical shift 

TENSOR ELEMENTS (PPm) 

Fig. 3. Summary of r13Cd shielding tensors for oxocadmium compounds determined using 
single crystal, solid-state NMR experiments. Vertical lines indicate the position of individual 
shielding elements. The deshielding element of each tensor is designated by either a 
cross-hatched bar (indicating predominant short-bond shielding contributions) or a solid bar 
(indicating intramolecular shielding contributions which are dominated by water oxygens). 
Sulfate suffixes correspond to cadmium in general and special positions. From ref. 42. 
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TABLE 7 

Principal elements of the rr3Cd shielding tensors (ppm) and corresponding direction cosines 

for compounds studied via single crystal X-ray diffraction and ‘r3Cd NMR spectroscopy 

Compound Tensor element a Direction cosines b Angles(“)b 

a b c a b c 

3CdS0, - 8H *O = Special position 

S 11 - 95.6 

s 22 - 85.3 

S 33 - 3.4 

S -61.4 

General position 

6 11 - 93.1 

6 22 - 76.7 

S 33 25.5 

S - 48.1 

Cd(NO,),.4H,O ’ S,, - 174.4 

6 22 - 154.3 

6 33 22.2 
S - 102.2 

CdCa(OAc),-6H,O d S,, - 74.0 

S 22 - 73.6 
6 33 101.2 

6 - 15.5 

Cd(maleate)(H,O), d S,, - 46.8 

S 22 3.8 

633 73.2 

S 10.4 

Cd(formate)2(H20)4 d Sr, - 55.8 

s 22 30.3 

6 33 85.2 

6 19.9 

Cd(NH,)z(SWz 
(H20)c5d 

6 11 - 18.8 
6 22 17.4 

S 33 45.6 
S 14.7 

6 11 13.7 

s 22 70.1 

S 33 97.9 
6 60.6 

0.0299 0.9995 0.0090 88 2 90 

0.8336 - 0.0199 -0.5520 34 91 124 

- 0.5515 0.0240 -0.8338 124 89 146 

0.4675 0.8082 -0.3580 62 36 111 
0.5277 0.0698 0.8466 58 86 32 

0.7092 - 0.5847 -0.3939 45 126 113 

0.0561 0.0036 0.9984 87 90 3 
- 0.8552 0.5162 0.0462 149 59 87 

0.5152 0.8564 -0.0320 59 31 92 

0.0115 - 0.9998 0.0139 89 179 89 
0.9999 0.0116 -0.0017 1 89 90 

- 0.0019 0.0139 0.9999 90 89 1 

0.8012 - 0.0055 -0.5983 37 90 127 

0.5984 0.0126 0.8011 53 89 37 

- 0.0031 0.9999 - 0.0134 90 1 91 

Cd, 
- 0.9432 

0.3319 
0.0133 

Cd, 
- 0.0014 
- 0.4014 

0.9159 

0.3630 0.4466 -00.8178 69 63 145 

- 0.4726 0.8446 0.2514 118 32 75 

0.8030 0.2952 0.5177 37 73 59 

0.0719 0.3242 160 80 71 

0.2432 0.9114 71 76 24 
- 0.9673 0.2533 89 165 75 

- 0.2046 0.9789 90 102 12 
- 0.8964 - 0.1879 114 145 101 

- 0.3932 -0.0808 24 113 95 
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TABLE 7 (continued) 

Compound Tensor element a Direction cosines b Angles ( o ) b 

a b c ll b c 

WOW,(H$V, d 61, - 118.7 
6 22 - 69.5 
6 33 33.5 
s - 51.6 

WtmW2WW2 e 41 -340 
6 22 308 
6 33 327 
s 98 

Cd&b) 2&O e s 11 - 117 
6 22 199 
6 33 255 
s 112 
s 11 - 116 
6 22 200 
6 33 256 
6 113 

- 0.5899 0.3428 - 0.7311 126 70 137 
- 0.5216 - 0.8529 0.0210 121 148 89 

0.6164 - 0.3937 -0.6820 52 113 133 

0.0228 - 0.9995 -00.0227 89 178 91 
0.1859 - 0.0181 0.9824 79 91 11 

- 0.9823 - 0.0266 0.1854 169 92 79 

0.5760 0.2752 0.7697 55 74 40 
- 0.7513 0.5492 0.3659 139 57 69 
- 0.3220 - 0.7891 0.5231 109 142 58 

- 0.5688 0.3035 -00.7644 125 72 140 
0.7614 0.5459 -0.3497 40 57 110 
0.3112 - 0.7810 -0.5416 72 141 123 

a Referenced to 0.1 M aqueous Cd(ClO_,),. 
b See the appropriate references for details on the axis systems. 
c Ref. 41. d Ref. 42. e Ref. 43. 

anisotropy were observed. Instead, it was concluded that bond length 
dispersion, local site symmetry, and ligand type all contribute to the chem- 
ical shift anisotropy. 

Bryant and co-workers [44] obtained values for the tensor elements 
identical to those found by Ellis and co-workers [42] for Cd(OAc), - 2H,O; 
however, the alignments of the elements in the frame of the molecule were 
assigned differently. This discrepancy has recently been addressed [45] using 
the complex prepared with 13C-enriched acetate. From the orientation 
dependence of the l13Cd linewidths for each of the four distinguishable 
shielding tensors, the tensor elements were assigned unambiguously to 
lattice positions in the cadmium acetate crystal, confirming the assignments 
made originally by Ellis and co-workers [42]. 

Solid-state ‘13Cd spectra of crystalline and powdered cadmium diethyl- 
phosphate have been reported 1461. By comparison of the NMR data with 
X-ray structural data, it was determined that the most shielded tensor 
element ( - 217 ppm) was aligned nearly perpendicular to the longest 
Cd-ligand bonds, a result consistent with the conclusions of Honlconen and 
Ellis [42] (vide supra). The r13Cd powder spectrum for Cd-di- 
myristoylphosphatidic acid has also been presented [46]. 
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(ii) Proteins 

The first reported solid-state ‘13Cd NMR spectrum for a protein was 
published in 1981 by Ellis and co-workers [47] for Cd-substituted Troponin-C 
(Tn C); details of the ‘13Cd spectrum were not discussed. The solid-state 
r13Cd NMR spectrum of Cd-substituted parvalbumin (Cd,(Parv)) [S] gave a 
chemical shift which was ca. 20 ppm to higher field (6 = - 120 ppm) 
compared to the solution-state shift (- 95 ppm). This difference was attri- 
buted to either chemical exchange (affecting the solution-state spectrum) or 
to structural differences at the metal binding site under the different sample 
conditions [5]. Armitage and co-workers [48J showed that the chemical shift 
of the Cd signals in the solid-state CP and eP/MAS spectra of Cd-sub- 
stituted rabbit liver MT-1 was the same as the shift obtained from the 
solution-state spectrum. This confirmed that dynamic exchange processes 
were not influencing the solution-state shifts. Unfortunately, structural 
analyses based on the solid-state ‘r3Cd spectra could not be made due to the 
presence of multiple Cd binding sites and molecular motions. 

The most detailed solid-state ‘r3Cd NMR study of metalloproteins to date 
was published by Ellis and co-workers [49], where Cd-substituted 
parvalbumin (Cd ,(Parv)) and concanavalin A (Cd z (Con A)) were examined. 
The lyophylized powders of both metalloproteins gave very broad r13Cd 
MAS spectra which indicated that the metal binding sites were considerably 
disordered under these conditions. Subsequent hydration by vapor diffusion 
resulted in narrower ‘13Cd MAS NMR signals which demonstrated that the 
local structure about the metal had been restored. The r13Cd CP/MAS 
spectrum obtained for Cd,(Con A) is shown in Fig. 4. Analysis of spinning 
side band intensities allowed the values of the shielding tensor elements to 

I I I I I I I I I I ’ I I I1 II II 
400 300 200 100 0 -100 -200 -300 - 400 -300 

pm 

Fig. 4. l13Cd CP/MAS spectrum of ‘I3 Cd-substituted concanavalin A (ref. 49). 
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TABLE 8 

Solid state l13Cd NMR data for “3Cd-substituted proteins a 

& 6 11 6 22 s 33 Aa B 

Cd,(Parv) b - 120 
Cd (Parv) z - 83.4 - 10.65 - 71.02 - 168.5 - 127.6 0.71 
Cd (Con A) 2 (Sl) 59.1 104.0 103.1 - 29.7 -133.2 0.00 

(S2) - 108.4 - 178-6 - 113.4 - 32.9 113.1 0.86 

a From ref. 49 unless otherwise noted. 
b From ref. 5. 

be calculated for the two Ca sites in parvalbumin (here, the signals were 
unresolved) and the Mn (Sl) and Ca (S2) sites in concanavalin A; see Table 
8. 

C. SOLUTION STUDIES 

As for the previous section, studies of coordination compounds and 
metalloproteins will be presented separately. The studies on coordination 
compounds will be presented first, and will be grouped according to the type 
of donor atoms present (halides (X) and anions, alkyls (R), phosphines, S- 
and Se-donors, and N-donors). 

(i) Coordination compounds 

Oxoanions and halides 

The first high-resolution ii3Cd NMR study for solution samples was 
published in 1973 by Maciel and Borzo [50], where the chemical shifts of a 
few Cd salts and Bu,Cd (Bu = n-butyl) were reported. A more detailed 
study of Cd salts was published in 1974 by Kostelnik and Bothner-By [51]. 
The concentration dependence of the ‘13Cd chemical shift was measured for 
Cd salts with N03, ClO,, SO,, I, Br, and Cl anions. In all cases, inter- 
mediate to fast exchange NMR spectra were observed (sirnilar results were 
obtained for the ‘ilCd nuclide [52]). Extrapolation of the shift-versus-con- 
centration data to infinite dilution (Fig. 5) resulted in a common shift for all 
of the salts examined, which was -designated as 0.0 ppm. This remains the 
chemical shift reference commonly utilized. On increasing the salt con- 
centration, the complexes with NO,, ClO, and SO, anions gave signals with 
shifts to higher field whereas the complexes with I, Br, and Cl gave 
downfield shifts. The slopes for ClO, and SO, were small, and solutions with 
these anions are generally employed for chemical shift referencing. In 
addition to anions, the effects of a wide range of ligands were examined and 
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Fig. 5. ‘13Cd NMR chemical shifts of Cd salts as a function of concentration (ref. 51). 

an important general trend was discovered. Ligands which bind through 
oxygen cause increased shielding of the Cd nucleus whereas ligands which 
bind through nitrogen produce a marked deshielding of the Cd nucleus. 
Ligands which bind via sulfur produce very large deshielding. 

From two detailed analyses of the fast-exchange *r3Cd chemical shifts of 
Cd halide solutions at ambient temperature, the shifts for CdX, CdX,, 
CdX, and CdX, have been derived [53,54]. The method employed utilizes 
known equilibrium constant data and the relationship 

6 obs = c pnsn (5) 
n 

where P, and 6, are the population and shift of the CdX, species. In the 
first study, by Drakenberg et al. [53], shifts were calculated for DMSO and 
H,O solutions and the results are given in Tables 9 and IO, respectively. 
From these data, it was suggested that a change in coordination number 
occurred on formation of CdX, in DMSO but not in H,O; a similar change 

TABLE 9 

Calculated l13Cd NMR chemical shifts (ppm) for CdX, species in DMSO a 

X WI Cd’+ CdX + 43x2 CdX 1 CdX;- 

(M) 

Cl 0.1-0.6 -27 31 204 398 442 
Br 0.6 -27 11 373 285 351 
I 0.6 -27 -14 286 124 44 

a Shifts calculated using least squares analysis of fast-exchange data; for details see ref. 53. 
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TABLE 10 

Calculated l13Cd NMR chemical shifts (ppm) for CdX, species in Hz0 a 

X 

Cl 
Cl 
Cl 
Cl 
Br 
Br 
Br 
Br 
I 
I 
I 
I 
SCN 

WI 04 

I 2.0 
I 0.5 
s 0.5 

5 2.0 
s 0.5 
s 0.5 

< 2.0 
d 0.5 
I 0.5 

CdX 

63 b 
92 
89 c 
89 d 
62 b 
62 
72 c 
74 d 
46b 
44 
47 = 
49 d 
40b 

CdX, 

98 b 
103 
114 c 
114 d 

83 b 
83 
;; 

I 

85 b 

CdX 3 

282 b 
352 
292 = 
296 d 
186 b 
186 
365 c 
380 d 
122 b 
121 
140= 
148 * 
101 b 

CdX, 

252 
495 f 
474 d 
399 b 
399 
379 c 
365 d 

71 b 
75 
71 c 
70 d 

174 b 

a Data from ref. 54 except as indicated. 
b Data from ref. 53. 
c Values obtained using CdX4 benchmark shifts which were allowed to vary. 
d Values obtained using CdX, benchmark shifts which were held fixed. 

in coordination number was proposed to occur in H,O on formation of 
CdX,. 

Ackerman et al. [54] evaluated the shifts for CdX, species using solid 
state-derived shifts for CdX, compounds as benchmarks. In addition, the 
data were analyzed using low (< 0.5 M) and high (up to 2.0 M) anion 
concentrations (Table 10). Similar shifts were obtained at low anion con- 
centrations for cases where the benchmark CdX, shifts were held constant 
or allowed to vary. The calculated dependence of CdI, on the total I- 
concentration is shown in Fig. 6. The shifts obtained with higher X con- 
centrations were substantially different, however, and indicated that higher 
order species, e.g. CdX, and CdX,, may be formed. Note that, except for 
the shift of CdBr,, the values calculated by the two research groups are in 
reasonable agreement. 

For supercooled aqueous solutions ( - 8OOC) containing cadmium iodide, 
distinct signals were observed which correspond to CdI, (122 ppm), CdI, 
(101 ppm), CdI, (43 ppm), CdI (20 ppm), and free Cd (or Cd(NO,),, - 86 
ppm) [55], Fig. 7. These chemical shift values were in agreement with values 
assigned via least squares fitting of ambient temperature NMR data [54]. In 
more recent work, ‘13Cd signals in the presence of a variety of Li salts 
containing O-donor anions were found to shift to lower field on reducing the 
sample temperature. For a given anion, this effect was independent of total 
salt concentration [56]. For some emulsions at low temperature, a high-field 
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0.5 I.0 1.5 2.0 

Fig. 6. Calculated dependence of the mole fractions of CdI, species (n = O-4) at ambient 
temperature on the total added I- concentration; [Cd] = 0.10 M (ref. 54). 

signal developed and intensified with time, and this signal was attributed to 
Cd in a droplet containing a portion of freezing solvent and (by Raoult’s 
freezing law) a higher total salt concentration [56]. 

25C 

260 b -260 

wm 

Fig. 7. ‘13Cd spectra at 25 and - 80 o of a water-in-oil emulsion. whose aqueous component 
contained Cd(NO,)* (0.01 M), NaI (0.018 M), and LiNO, (8 M). Signal assignments are as 
follows: A, CdI,; B, CdIi-; C, CdI,; D, CdI+; E, Cd*+ (ref. 55). 
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The “ICd and ‘i3Cd NMR spectra of CdX4 (X = Cl, Br, I) and mixed- 
halo complexes have been examined using CH,Cl 2 solutions and low 
temperatures [57], and the results are summarized in Table 11. Identical 
shifts were observed for the ‘“Cd and ‘I3 Cd isotopes. A first-order approach 
for calculating the chemical shifts (eqn. (6)) 

s ,__= = $[nS(CdX,) + (4 - +(CdY,)] (6) 

gave poor results, but an excellent fit was obtained when the pairwise 
additivity model 1581 was employed. This procedure allows calculation of the 
chemical shift of a metal by summing the pairwise interaction parameters 
for all substitutents taken as adjacent pairs. For tetrahedral complexes, the 
shift is calculated by summing pairwise interaction parameters along the six 
edges of the tetrahedron. For comparison, the calculated shifts are given in 
Table 11. 

Slow exchange ‘13Cd NMR spectra were observed for halide binding to 
Cd(L1) (Ll = (BzCH,),N; Bz = 2-substituted benzirnidazole) at ambient 
temperature [59]. The binding of a single halide caused a very large down- 

TABLE 11 

Experimental and calculated ri3Cd NMR chemical shifts (ppm) for CdX, complexes in 
CH,Cl, at T= -80°C a 

Complex l=Cd 6 

CdCl 4 
CdCl Br 3 
CdCl Br, 2 
CdCl I 3 
CdClBr, 
CdCl BrI 2 
CdBr, 
CdBr, ICl 
CdC121, 
CdBr, I 
Cdl ,ClBr 
CdBr, I r 
Cd1 &l 
Cd1 Br 3 
Cd14 

a Experimental values obtained for a CH2C12 solution containing CdC14 + CdBr, + CdI,; 
see ref. 57 for details. The values reported here have been corrected to the CdClO,), 
standard (from a 4.5 M CdNO,), (aq) standard) by subtracting 73 ppm from the published 
values. 

Experimental Calculated 

438 438 
424 422 
404 403 
394 394 
381 379 
367 366 
350 352 
335 334 
314 316 
299 298 
280 277 
232 233 
203 207 
153 154 

62 64 
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field shift compared to that expected from the above reports on halides. 
Downfield shifts increased in the order: I (177 ppm) < Br (211 ppm) -=z Cl 
(270 ppm), Fig. 8. Downfield shifts induced by CN, L-cysteine, and PhS of 
240, 268, and 283 ppm, respectively, were also reported [59], and the results 
were discussed in terms of their potential for evaluating shifts of Cd-sub- 
stituted metalloproteins [59] (vide infra). 

The influence of halides on l13Cd NMR spectra can clearly be seen from 
pH titration curves of Cd(ATP)X, (X = ClO,, Cl) [60] as shown in Fig. 9. 
For the complex prepared with CdCl,, raising the pH led to an upfield shift 
of the ‘13Cd signal due to displacement of coordinated Cl whereas, for the 
complex prepared with CdClO,, an increase in pH caused a downfield shift 
due to displacement of bound H,O [60]. 

From analysis of the nuclear relaxation properties of aqueous Cd(ClO,),, 
a rotational correlation time of 3.9 X 10dl’ s at 25” C was obtained [61]. 
‘13Cd NMR was also evaluated as a probe for ion-polyelectrolyte interac- 
tions [62]. Fast-exchange spectra were obtained which were used to de- 
termine the fraction of bound ions, the exchange rate, and details about 
competition with Ca and Mg. The relaxation properties of Cd adsorbed on 
silica gels and zeolite-NaY provided information on the mobility and 
dynamic behavior of Cd in these systems [63]. 

Porphyrins 
The biochemical significance of metals in metalloporphyrin-containing 

proteins has provided the impetus for a number of studies of Cd-substituted 

PPIl 
I”“,““I”“I”“l”“l”“1”“1’~ 

500 450 400 350 300 250 200 150 

Fig. 8. ‘13Cd NMR spectra obtained for DMSO-d6 solutions (ambient temperature) contain- 
ing Cd(N03)2 (0.1 M), (BzCH,),N (Ll, 0.1 M), and X anions (0.05 M; X = Cl- (A), Br- 
(B), I- (C), I-cysteine (D), PhS- (E)). The upfield signals at 6 163 and the downfield signals 
are for Cd(L1) and Cd(Ll)X, respectively (ref. 59). 
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cdc I,- AT P 

Fig. 9. l13Cd chemical shifts of 0.5 M Cd salts in the presence of 0.5 M ATP as a function of 
pH (ref. 60). 

porphyrins. rrlCd was employed in the first study [64], where the adducts 
with r5N-labeled tetraphenylporphyrin (TPP) and substituted pyridines were 
examined. “‘Cd chemical shifts and ‘I1 Cd-“N coupling constants are given 
in Table 12. To ensure complete formation of Cd(TPP)L species, a lo-fold 
excess of L was used, and the results demonstrated that “‘Cd NMR 
chemical shifts are sensitive to the basicity of L [64]. 

In more recent studies of Cd(TPP) adducts [36,65] solutions employed 
contained 1: 1 molar amounts of Cd(TPP) : L and equilibrium effects could 

TABLE 12 

“lCd NMR chemical shifts (ppm) and 111Cd-‘5N coupling constants (Hz) for “‘Cd(TPP)L 
complexes in CDCl, solution; L = substituted pyridine B 

L PK, 

4-CNpy 1.90 
3-Clpy 2.84 
4-(COOMe)py 3.26 
4-(COMe)py 3.51 
PY 5.17 
4-Mepy 6.02 
4-NH,PY 9.12 

“‘Cd & 1J(1Z’Cd-‘5N) 

9.31 147.6 
5.94 146.4 
6.08 146.3 
6.84 146.0 
0.00 142.5 

- 0.35 141.0 
- 7.86 137.4 

a Chemical shifts referenced to 8 lllCd(TPP)py = 0.0 ppm. Solutions contained a lo-fold 
molar excess of L; see ref. 64 for details. 
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not be eliminated in evaluating correlations between i13Cd chemical shifts 
and, for example, L basicity. When only the substituted pyridines are 
compared (Table 13), the changes in shift follow the same trend and are of 
the same magnitude as the changes observed for inCd(TPP)L (Table 12). 
The relatively high shift (476 ppm) for unliganded Cd(TPP) was attributed 
to formation of polymers 1363. 

Perhaps the most enlightening studies of Cd(TPP) species are those of 
Ellis and co-workers, where solution- and solid-state properties were ex- 
amined and compared 126,271. Once again, 15N-labeled TPP was employed, 
and ‘13Cd chemical shifts and coupling constants are given in Table 14. The 
magnitude of the *13Cd--i5N coupling constants was similar to the 11*Cd-15N 
couplings observed for the “‘Cd(TPP)L complexes. In CDCl,, an isotropic 
chemical shift of 424.8 ppm was observed for Cd(TPP)py whereas no ‘13Cd 
signal was observed for the unliganded, Cd(TPP) complex due to insolubil- 
ity. The solution shift compares favorably with the value obtained for the 
solid (432 ppm, see Section B(i)). The relaxation properties and correlation 
times for Cd(TPP)py and Cd(TPP)py-d, were also evaluated (Table 15). 

Other N-donors 
The ii3Cd chemical shift for Cd(EDTA) in aqueous media is independent 

of pH for values between 4-11 1661. In this pH range, protons from water in 

TABLE 13 

l13Cd NMR chemical shifts for Cd(TPP) and its adducts a in CDC13 

Complex L PK, ‘13Cd S 

Cd(TPP)L PY 
4-picoline 

4-(COMe)py 
4-NH,PY 
3-Clpy 
piperidine 
imidazole 
I-Meimid 
1,2-Me, imid 
THF 
Ph,P 

476 ’ 
5.25 425 
6.02 423 

432 
9.11 418 
2.84 432 
11.1 438 
6.95 491 
7.33 421 

429 
434 
498 

Cd(TPP)L, p-dioxane 435 
THF 425 

a NMR solutions contained 1: 1 or I : 2 molar amounts of Cd(TPP) : L; see ref. 36 for details. 
b In solution at 35 a C containing no added L. 
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TABLE 14 

NMR chemical shifts and coupling constants for Cd(TPP)(py) a 

Parameter Observed nucleus 
113a 15N 13C 

Chemical shifts (ppm) 

Coupling constants (Hz) 
‘J(‘13Cd-15N) 
2J(‘13Cd-C,) 
3J(‘13Cd-C,) 
3J(113Cd-Cr) 
4J(113Cd-H,) 

426.8 - 170.9 150.6 (C a) 
131.4 (C/9) 
121.3 (Cy) 

+ 150.1 + 150.1 
2.6 b 

- 12.2 
- 10.7 

- 5.0 

a References: *“Cd = external 0.1 M Cd(ClO,), in D,O; 15N = external CH,NO,; 13C = 
internal TMS. See ref. 26 for details. 
b Sign undetermined. 

the primary solvation sphere provide a dipolar relaxation mechanism for the 
i13Cd nucleus. Evidence was presented for the formation of hydroxylated 
complexes at pH 13.8. Chemical exchange processes dominated the ‘13Cd 
relaxation pathway for solutions at high pH [66]. 

Unlike the above findings for Cd(EDTA), studies of a similar compound, 
Cd( ChxDTA) (ChxDTA = cyclohexanediaminetetraacetate), employing 
selective ‘H irradiation and T1 experiments, indicated that H,O does not 
coordinate to Cd [67]. Only the acetate protons gave an observable rH-l13Cd 
nuclear Overhauser effect (NOE), and it was suggested that the lack of an 
observed NOE with the methine protons might be due to anisotropic motion 
of the Cd(ChxDTA) complex [67]. 

The l13Cd NMR spectral properties of Cd complexes with EDTA, EGTA, 
1%crown-6, and other macrocyclic N- and O-donor ligands have been 
examined [68]. In contrast to earlier studies of N-donor coordination oom- 

TABLE 15 

Experimental ‘13Cd NMR spin-lattice relaxation tunes (Tr) and nuclear Overhauser effects 
(q ), and calculated values for qlmaxr TICS*, and 7’rDD for Cd(TPP)py and Cd(TPP)py-d, * 

L Field (T) G (s) 9 VmaX TCSA (s) 1 TFD (~1 

PY 9.4 10.30 - 0.5 - 2.07 10.6 > 225 
py-ds 9.4 10.42 - 0.06 - 2.07 10.75 230-250 

+PY 4.7 28.5 - 0.26 - 2.19 33.5 135-620 

a Ref. 26. 



pounds [70] and amino acids [98] (vide infra), it was concluded that a 
general correlation between the number of coordinated nitrogens and the 
‘13Cd chemical shift did not exist. It appears that the authors may have 
neglected to account for the influence of anions; in fact, the choice of CdX, 
salts used to obtain the ‘r3Cd chemical shift information was not published. 
The fact that one of the complexes examined 1681 did not give a t13Cd NMR 
signal in D,O solution, even though the 13C spectrum displayed ‘t3Cd-t3C 
coupling, provides strong evidence that exchange processes of the type 
Cd(L) + X = Cd(L)X were probably in progress. 

Cd complexes with Schiff base ligands have been examined [69], and the 
chemical shift results are summarized in Table 16. Note that, although it was 
not stated whether or not slow exchange spectra were observed, the shifts for 
the bis complexes (where the influence of anions and solvent should be 
minimal) are in the range expected for Cd coordinated to six secondary 
amine N atoms (eqn. (8), vide infra). 

Summers and Marzilli 1701 found that slow exchange ‘13Cd NMR spectra 
could be obtained at ambient temperature for compounds containing N- 
donor ligands. Typical spectral data are shown in Fig. 10 and ‘13Cd 
chemical shifts are summarized in Table 17. A chemical shift-donor atom 
relationship was established 

S = 75A + SIB + 31C (71 

where A, B, and C are the number of primary, secondary, and tertiary (or 
pyridine) N atoms coordinated to Cd, respectively, and the reference is 1.0 
M Cd(N0,) 2 in DMSO-d,. The observed and calculated shifts usually 
agreed within 5%. These shifts can be converted to the Cd(ClO,), standard 

TABLE 16 

‘13Cd NMR chemical shifts (ppm) for CdL,X* complexes containing Schiff-base ligands 
L = 2,6-(R-N=C(Me))py * 

R X ‘13Cd S 

Ph 
Ph 
P-M~GK 
p-EtGH, 
p-EtGH, 
p-EtGH, 
p-EtC,H, 
p-EtGH, 

a See ref. 69 for details. 

NQ, 
Cl 
Cl 
OAc 
Cl 
I 
NCS 
BF, 

mono 

26.6 
350.7 
348.9 

69.1 
349.6 
270.1 
295.1 

bis 

289.2 

233.2 
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Fig. 10. ‘I3 Cd NMR spectra of 1.0 M Cd(N0,) 2 in DMSO-d, (ambient temperature) with 
N, N’-Me,en at L : Cd ratios indicated at the left of each trace (ref. 70). 

reference by subtracting 50 ppm. With relationship (8), the ligating atoms in 
Cd(MAM1) (MAMI = 5-(1,2,5-dithiazepan-%ylmethylene)-4-methyl-2- 
ethylimidazole) were determined [71]. 

The study of N-donor ligands was extended to include ligands containing 
benzimidazole groups, including the tripodal ligand, Ll (Ll = (BzCH,) ,N; 
Bz = 2-substituted benzimidazole) [59]. As expected, slow exchange spectra 
were observed for the equilibrium 

Cd + L = Cd(L) (8) 
and with these data, eqn. (8) was modified to account for benzimidazole 
donors giving 

6=75A+51B+31C-+420 (9) 

where D is the number of benzimidazole-donor groups and the reference is 
1.0 M Cd(NO,), in DMSO-d,. To relate the shifts of models to shifts 
observed for proteins, eqn. (9) was modified to account for differences in 
solvent, anions, and chemical shift reference giving 

8 = 75A + 51B + 31C + 420 + 220E + 240F + 285G - 30N 00) 

where E is the number of bound Cl- ligands (0 or 1) and F = G = 0; F is 

the number of bound CN- ligands (0 or 1) and E = G = 0; G is the number 
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TABLE 17 

‘13Cd NMR chemical 
ligands in DMSO-d, a 

shifts (ppm) for Cd(NO,), compounds containing N-donor chelate 

Ligand 

l,lO-phenanthroline 
N, N, N ‘, N ‘-Me,en 
2,2’,2”-terpy 
N, N, N ‘, N “, N “-Me,dien 
N, N “-Me,en 
N, N-Me,en 

2-(NH&H, )PY 
N-Meen 
en 
N, N-Me&en 
dipropylenetriamine 
dien 
3,2,3-tetramine 
trien 
N, N-Me,dien + N, N-Me,en 
(BzCH,)~N b 
(MBzCH*),N b 

‘13Cd 6 

mono 

61 
66 
88 
92 

103 
106 
114 
126 
149 
155 
200 
207 
256 
262 
272 
163 
163 

bis 

219 
226 

262 
290 
308 

386 

tris 

278 

359 
403 

((BzCH,),NCH,CH,OCHz), b 113 

(BzCH,),NCH2CH2N(CH2Bz)(C,H.0H) b 189 

(BzCH,),NH b 133 

(BzCH,),NCH,CHzOH b 115 

a Externally referenced to 1.0 M Cd(NO,), in DMSO-d,; these shifts can be converted to 
the Cd(ClO,), (aq) reference by subtracting 50 ppm. Data from ref. 70 except as noted. 
b Ref. 59. 

of bound RS- ligands (0 or 1) and E = F = 0; I-f is zero for less than 4 
non-0 donors and unity for 4 or more non-0 donors. 

Extensive comparisons of ‘13Cd spectra obtained at low temperatures and 
in the solid have been made recently by Munakata et al. [39] for a large 
group of Cd compounds containing mono- and bidentate N-donor ligands. 
The influence of counterion, chelate ring size, and basicity were examined, 
and the chemical shifts are summarized in Tables 6 and 18. In every case, 
the shifts obtained at low temperatures and in the solid were in close 
agreement. The results for tris-diamine species (Table 18) displayed an 
influence of chelate ring size on ‘13Cd chemical shift. Thus, deshielding 
decreased in the order: four- > five- > six- > seven-membered chelate rings. 

The influence of pK, of L on li3Cd shift was also demonstrated (see Fig. 11) 
where Cd deshielding increased with increasing pK, of L [393. As an 
example, a downfield shift of 8.8 ppm per pK, unit was observed for 
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TABLE 18 

‘r3Cd NMR chemical shifts @pm) for GIL,, species (L = N-donor ligands) * 

L pKa Cd CdL CdL z CdL, CdL, 

Ethanol, T = - 90 o C 
4-Mepy 6.04 -21 
4-CH ,CHpy 5.40 -21 
4-Acpy 3.51 -21 
4-CNpy 1.90 -21 
2-Mepy 5.09 -21 

Water, T = 23O C 
en (7.08,9.89) 
tn (g-74,10.52) 
tmd (g-44,10.72) 
N, N ‘-Me,en (7.01, 9.98) 

11 42 72 101 
11 42 71 98 
10 40 67 93 

9 39 
-2 17 

347 
259 
227 
229 

a See ref. 39 for details; tn = NH,(CH,),NH,, tmd = NH,(CH,),NH,. 

Cd(4Rpy), compounds. Note, however, that this actually translates to 2.2 
ppm per pK, unit for each individual 4-Rpy ligand. A substantially smaller 
influence (ca. 0.5 ppm per pK, unit) is indicated from the CdL data (Table 
18). It is also interesting to note that the trend (downfield shift for an 

267 

257 

247 

4-cblpy 

4 

Cd(biU3 

Cd Lk 

CdL3 

Cd L2 

CdL 

I . 
2.0 3.0 4.0 5.0 6.0 

PK. 

Fig. 11. Plot of ‘13Cd chemical shifts of Cd complexes with 4-substituted pyridines (L) and 
l,lO-phenanthroline and its derivatives (biL) versus the pK, vahres of the ligands (ref. 39). 
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TABLE 19 

‘13Cd NMR chemical shifts (ppm) for dialkylamido cadmium compounds, CdL,, and 
adducts between neutral ligands (L’) and Cd[N(SiMe,),], a 

Ligand 

L in CdL, 
N(SiMe,), 

N(SiMe,)(t-Bu) 
N(SiPhMe,) 2 

N(GHd2 

L’ in Cd[N(SiMe,),],L’ 

PY 

4-Mepy 
4-t-Bupy 
N-Meimid 

bipy 
Me,en 

a See ref. 72 for details. 

Solvent l13Cd S 

Neat 294 
Benzene 294 
Benzene 323 
Benzene 264 
Benzene 362 

Benzene 337 

MeG% 331 
Benzene 344 
Benzene 340 
Benzene 363 
Benzene 353 
Benzene 288 

increase in pK,) is opposite to that observed for 4-RpyCd(TPP) 
[36,64]. 

compounds 

A much more dramatic effect is observed when the shifts of 2-Mepy 
compounds are compared to the shifts of complexes containing 4-substituted 
pyridines (Table 18), with 2-Mepy producing much less deshielding in the 
mono and bis species. Since 2-substituted pyridines are sterically demanding 
ligands, it is likely that the reduced deshielding results predominantly from 
an increase in Cd-L bond distance. Similar high-field shifts were observed 
for complexes with the sterically demanding 2,9-(Me),phen ligand (Fig. 2). 

‘13Cd chemical shifts for Cd compounds containing dialkylamide ligands 
(here, the N-donor atoms are monoanionic) have been reported [72]. From 
the data given in Table 19, it is clear that the deshielding influence of N- is 
much greater than for neutral N-donor atoms; e.g. compare the shift of 
Cd[N(SiMe,),], (294 ppm) to the shift of en (ca. 150 ppm). Shifts were also 
reported for adducts formed on addition of neutral N-donor ligands, includ- 
ing substituted pyridines. The binding of py to Cd[N(SiMe,),], resulted in a 
downfield shift of 43 ppm (Table 19). 

S and Se donors 
A number of Cd coordination compounds containing thiolate groups have 

been investigated as they serve as potential models of the metallothioneins. 
‘13Cd NMR spectra of Cd complexes containing bifunctional S- and O-donor 
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TABLE 20 

r13Cd NMR chemical shifts (ppm) of some Cd-S complexes a 

Compound Solvent pH Concentration 

CM) 

r13Cd $ 

Cd(glutathione) 2 
Cd(SCH,CH,OH)z 

]Cd,@CH,CH,OH),,WO,), 
~~~~~~~~~~~~~~~~~~~~~~~~~~ 
Cd(dtpp) z 
[Cd(mW 2 Wt P) 2 

Cd(Et 2dtc) 2 
[Cd(etxth) ,](Et 4N) 

H,O 9.5 0.5 318 
DkSO 
DMF 

I-320 

Phenol 
DMSO 
DMSO 
CHCl 3 

0.2 655 
0.2 520 
0.065 515, 382 
0.5 401 
0.5 813 
0.08 215 
0.5 277 

a See ref. 73 for details; Et ,dtc = N, N’-diethyldithiocarbamato, dtpp = O,O’- 
diisopropyldithiophosphinato, etxth = 0-ethylxanthato, mnt = S2C2 (CN) 2. 

ligands were examined [73], Table 20. For [Cd,,(SCH,CH20H)16]4+ (H,O, 
25 “C), two signals were observed at 515 and 382 ppm, and these signals 
were assigned to the Cd,_,, and Cd,_, sites, respectively. Deshielding was 
found to decrease in the order: Cd( SR) 4 > Cd(SR) 3 > Cd( SR) *. 

‘13Cd chemical shifts of thio-&diketonate complexes with Cd and their py 
adducts were compared to the shifts of P-diketonates (Table 21) [74]. In 
acetone, the O-donor complexes gave signals upfield from the Cd(ClO,), 
reference, whereas the S-donor complexes gave signals in the range 191-237 

TABLE 21 

‘13Cd chemical shifts (ppm) for Cd complexes with &diketonates and thio-&diketonates in 
various solvents, T = 297 K a 

Compound Solvent Concentration 

(M) 

r13Cd 6 

Cd(BTA) 2 - 2H,O Acetone 0.5 - 24.0 
PY 0.5 40.6 
4-Mepy 0.5 42.7 

Cd(TTA) 2 - 2H 2O Acetone 0.5 - 27.1 
PY 0.5 39.4 
4-Mepy 0.5 41.7 

Cd( STTA) 2 Acetone 0.05 191 
PY 0.05 216 

Cd{ SBB) 2 PY 0.05 237 

a BTA = benzoyltrifluoroacetone, TTA = thenoyltrifhroroacetone, STTA = monotbiothen- 
oyltrifluoroacetone, SBB = monothiodibenzoylmethane; see ref. 74 for details. 
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ppm. Dissolution of the complexes with O-donor ligands into py resulted in 
downfield shifts of 64-67 ppm due to the formation of bis-py species, and 
the magnitude of the shift is as expected (31 ppm per py; eqn. (8)). 

r13Cd chemical shifts for a large series of Cd-thiolate complexes have been 
examined [75]. In Table 22, data are presented for spectra obtained at 
ambient temperature and under conditions of 12-fold excess ligand. In 
general, the shifts were interpreted as resulting from the formation of 

TABLE 22 

‘13Cd NMR chemical shifts (ppm) and peak widths at half-height for CdL, complexes in the 
presence of 12-fold excess L; L = S donor a 

LH l13Cd 6 W1/2) 
(Hz) 

MeSH 
EtSH 
n-PrSH 
~-BUSH 
i-PrSH 
i-B&H 
BnzSH 
HOCH,CH,SH 
NH,CHzCH,SH 
HOOCCH2CH2SH 
MeCH(OH)CH 2 SH 
HOCH2CH(OH)CH2SH 
[tJOOCCH(NH2)CH,SH 
[D]OOCCH(NH,)C(Me),SH 
HOOCCH,SH 
PhSH 
HSCH,CH,SH 
HSCH ,CH(Me)SH 
HSCH ,CH(Et)SH 
HSCH,CH(SH)CH,OH 
HSCH,CH(SH)CH,SO, 
3-Medtb 
HSCH&H(SH)CH,SH 
HS(CH,),SH 
HSCH ,CH(OH)CH2 SH 

HWHz),SH 
HSCHz (CH(OH)) 2CH 2SH 

HWHz),SH 
1,2-(CH,SH),-4,5-(Me),benzene 

663 4 
648 4 
647 7 
644 12 
625 10 
622 12 
646 10 
666 4 
659 4 
660 4 
659 ’ 9 
658 9 
623 10 
577 10 
601 15 
583 7 
784 b 9 
780 47 
780 9 
782 15 
786 12 
796 4 
778 27 
663 9 
685 32 
648 37 
674 17 
646 12 
631 22 

a Aqueous solution; T = 308 K. See ref. 75 for details. 
b Corrected value [189]. 
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tetrahedral Cd complexes containing either four monothiolate or two di- 
thiolate ligands [75]. Aliphatic monothiolates gave shifts in the range 622-663 
ppm; substituents such as NH, or COOH caused some variation in ‘13Cd 
chemical shifts (see Table 22). 

Interestingly, the most shielded signal was observed for L = 
HSC(Me),CH(NH,)COO- (577 ppm). Since this is the only ligand in which 
the SH group is attached to a tertiary carbon, the poorer deshielding could 
be due to poorer Cd-L bonding, the result of a steric effect. If only the 
aliphatic ligands are considered, a trend is observed where the deshielding 
decreases in the order: CH,SH (663 ppm) > R-CH2SH (644-648 ppm) > 
R,R’-CHSH (622-625 ppm) > R,R’,R”-CSH (577 ppm). 

Complexes with ligands having vicinal thiolates gave shifts in the range 
778-829 ppm, and it was suggested that a large chelate effect results only for 
ligands which can form 5-membered rings with Cd 1751. Mixed ligand 
systems were examined at reduced temperatures where slow-exchange spec- 
tra were obtained. The results (Table 23) indicate an additivity effect of L on 
‘13Cd chemical shift. 

At room temperature, fast exchange ir3Cd spectra were observed for 
O,O-dialkyldithiophosphate (dtp) and dialkyldithiocarbamate (dtc) Cd com- 
plexes in CH,Cl, solution [76]. On cooling, slow exchange spectra were 
obtained and the chemical shift and r13Cd- 31P coupling constant results (for 
phosphine adducts) are summarized in Table 24. Although the exact nature 
of the complexes formed could not be determined, molecular weight mea- 

TABLE 23 

l13Cd NMR chemical shifts (ppm) for Cd-thiolate complexes in CD,OD at 193 K a 

Complex l13Cd Q 

Cd(SCHMe,) 4 654.0 

Cd(SMe)(SCHMe,) 3 661.4 
Cd(SMe),(SCHMe,), 668.8 
Cd(SMe),(SCHMe,) 676.1 
Cd(SMe) 4 682.8 

Cd(S(CH,),S)(SCHMe,), 721.3 
Cd(S(CH 2 1 z S) z 794.2 

Cd(SPh) 4 595 
Cd(SPh) 3 (SBnz) 615.2 
Cd(SPh) z (SBnz) 2 634.2 
Cd(SPh)(SBnz) 3 652.4 
Cd(SBnz) 4 671.6 

a See ref. 75 for details. 
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TABLE 24 

r13Cd NMR chemical shifts (ppm) and 113Cd-31P coupling constants for Cd complexes 
containing S- and P-donors in CH,Cl, solution a 

Compound T(OC) ‘13Cd S b J (Hz) 

Cd(dW) z 30 352 
Cd(dtpp) 2 30 377 
Cd(dtph), 30 377 

Cd(dtpb) z (PBu 3 1 -70 402d 
Cd(dtpb) z (PBu 3 ) 2 -90 457t 
Cd(dtpp) 2 WBu 3 > -90 402d 
Cd(dtpp) 2 tPBu 3 > 2 - 110 477t 
Cd(dtph) 2 U’Bu 3 1 -60 407d 
Cd(dtph) 2 Vu 3 > 2 -90 377t 
Cd(dtpb),(PChx,) -90 382d 

Cdcdtpp) z (PChx 3 ) -60 387d 
Cd(dtph) 2 (PCh 3 > -60 392d 
Cd(S2CN(iBu) 2 ) 2 PChx s -60 372d 
Cd(S,CN(Me)(Bu)),PChx, -60 367d 

WS2CWCs)f,,), ),PC~, -60 407d 

2145 
2015 
2145 
1840 
2200 
1940 
2170 

2150 
2145 
1545 
1595 
1500 

a Ref. 76; dtpb = O,O’-dibutyldithiophosphate, dtpp = O,O’-diisopropyldithiophosphate, 
dtph = O,O’-dicyclohexyldithiophosphate. Molecular weight experiments indicate that some 
of the complexes may be polymeric. 
b d = doublet; t = triplet. 

surements indicated that some of the complexes were extensively associated 

[761. 
rr3Cd NMR spectra of complexes containing phosphine oxides, sulfides, 

and selenides in liquid SO, were examined at low temperatures where slow 
exchange spectra were obtained [77]. Two-bond 113Cd-0-31P couplings 
(Table 25), were considerably smaller than 2J(Cd-S-P) or ‘J(Cd-Se-P) 
coupling. The multiplicities of the signals observed at low temperatures 

TABLE 25 

‘13Cd-O-31P coupling constants for phosphine oxide complexes in SO, solution a 

Complex T (R) ‘J(‘13 Cd-O- 31P) 

(Hz) 

Cd(OP(CW 3 > 4 209 25.6 
308 28.0 

Cd((OPPh 2 > 2CH2 ) 3 220 2.4 
Cd((OPPh 2 ) 2C2 H, > 3 205 14.2 
Cd(triphos(03))2 205 20 

a See ref. 77 for details. 
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(Table 26) were as expected and demonstrated that slow exchange condi- 
tions prevailed. For the tetrahedral complexes given in Table 26, shielding 
decreased for donor atoms in the order: 0 Z+ Se > S. The chemical shift 
results for both the CdS,Se,_, and Cd,Se,_, species were analyzed using 
the pairwise additivity procedure (eqn. (7)) where, for the CdS,Se+_, data, 
A&_, = 11.3 ppm and A&,_, = 4.8 ppm and the corresponding values for 
CdS,Se,_, were 17.4 ppm and 8.0 ppm, respectively. 

l13Cd chemical shifts for Cd( SPh), (SePh) 4 _ n mixed ligand complexes in 
MeOH varied linearly from 541 ppm (n = 0) to 590 ppm (n = 4) (Table 27) 

E781. 113Cd-77Se coupling constants also varied linearly from 126 Hz (n = 0) 
to 46 Hz (n = 3). The binding constant for PhSe was shown to be much 
greater than for PhS, and it was suggested that the high affinity of Se for Cd 

TABLE 26 

l13Cd NMR chemical shifts (ppm) and signal multiplicities for Cd complexes with phosphine 
oxides, sulfides, and selenides in liquid SO2 a 

Complex T (K) l13Cd 6 b 

Cdt(OPPh,),GH,), 
WtOPPh,),C,H,), 
Cd(O-‘W, H, WW’h 2 12 12 

Cd(OPChx,), 

Cd(SPPh,) 4 
Cd(SePPh,), 
Cd(SP( o-MePh) 3)4 
Cd(SP( o_MePh) 3) 3 
Cd(SP( o-MePh) 3)2 
Cd(SeP( o_MePh) X) 3 
Cd(SeP( o_MePh) 3 ) 2 
Cd(SPChx,), 
Cd(SPChx3), 
Cd(SePChx 3) 4 
Cd(SePChx,), 
Cd(SPChx,)(SePChx,), 
Cd(SPChx,),(SePChx,), 
Cd(SPChx,),(SePChx,) 
Cd(SPChx,)(SePChx,)2 
Cd(SPChx,),(SePChx,) 

213 
306 - 22isj 
203 - 27(se~) 
203 -13(s) 
203 18(t) 
306 4(s) 
213 94(qnt) 
306 75(qnt) 
203 577(qnt) 
203 532(qnt) 
198 618(qnt) 
198 465 
198 277(t) 
198 440(q) 
198 130(t) 
213 590(qnt) 
213 503(S) 
213 522(qnt) 
213 450ts> 
213 536.5 
213 552.3 
213 570.1 
213 465.9 
213 483.3 

- 7s) 

a Ref. 77; chemical shifts (originally reported relative to 4 M Cd(NO,), (as)) have been 
changed here to the 0.1 M Cd(ClO,), reference by subtracting 65 ppm from the published 
values. 
b s = singlet; t = triplet; q = quartet; qnt = quintet; sep = septet. 
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TABLE 27 

‘13Cd NMR chemical shifts (ppm) and 1*3Cd-77Se coupling constants for Cd complexes in 
MeOH at 213 K a 

Complex ‘13Cd 6 

Cd( SePh) 4 541 
Cd(SePh),(SPh) 553.9 
Cd(SePh) 2 (SPh) 2 564.4 
Cd(SePh)(SPh), 578.4 
Cd(SPhj4 590.0 

J U-W 
126 

99 
72 
46 

a See ref. 78 for details, 

may be a factor in the antagonism of selenium compounds towards Cd 
toxicity in vivo [78]. 

In other studies, the CdCl, complex with the ionophore N, N, N’, N’-te- 
trabutyl-3,&dioxaoctanedithioamide in CD,CN gave a li3Cd signal at ca. 
350 ppm [79]. The ‘13Cd spectrum of a DMSO solution containing Cd and 
6-mercaptopurine displayed an asymmetric doublet at 554 ppm [80]. 

P donors 

Cw-u,),X, and Cd2X,(PBu 3)3 complexes (X = Cl, Br, I) in CH,Cl 2 
and EtOH solution at reduced temperatures gave ‘13Cd chemical shifts 
ranging from 105-602 ppm, Table 28 [81]. ‘13Cd chemical shifts and 
111Cd-31P coupling constants were reported for CdX,L, complexes in 
CH,Cl z, where L = PChx 3 and PBu 3, Table 29 [82]. For PChx 3 complexes, 
slow-exchange spectra were obtained at 30 * C for the 1 : 1 adducts ([CdX,L] 2 
dimers), but the 1 : 2 adducts (CdXiL,) required cooling to - 30 O C to give 
slow-exchange spectra. Linear correlations were found between the ii3Cd 
chemical shift and the electronegativity of X, suggesting that the shifts are 
largely determined by &bond effects [82]. Cd complexes with dicyclohe- 
xylphosphine, (l-(dicyclohexylphosphino))-N-phenylthioformamide, and 
mixed-ligand complexes of the type CdX ,[PChx,]fPBu 3] (X = O,SCF,, 
ClO,, NO,, CF,COO, CH,COO, Cl, Br, I, SCN) gave shifts in the range 

150-670 ppm, where complexes with coordinated I had the upfield-most 
shifts [83,84]. Chemical shifts and coupling constants are summarized in 
Tables 30-32. 

Cd-cluster compotindr 
A number of compounds which contain multiple Cd atoms have been 

examined, in addition to the compound formed with HSCH,CH,OH de- 
scribed above. A D,O solution (pH 10.4; 298 K) containing the Cd complex 
with dicysteinoethylenediaminetetraacetic acid gave a ‘13Cd spectrum with 
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TABLE 28 

‘I3 Cd and “lCd NMR chemical shifts and Cd-P coupling constants for Cd(PBu 3) ,X 2 and 
Cd *(PBuJ) 3 X 4 complexes in CH ,Cl z at reduced temperatures ’ 

Complex 

Cd(PBus),X, 

Cd(PBu,)3X, 

X T(OC) 

Cl -85 
Br -85 
I -85 

Br -15 

I -10 

I’ -30 

6 b (ppm) J 0-W 

‘I3 Cd ‘i r Cd 113a_3lp '11C&31p 

602 602 1640 1570 
582 577 1510 1445 
527 627 1370 1295 

542 542 1650 1580 
422 417 2040 1945 
507 502 1395 1330 
287 277 1730 1655 
427 1430 
257 1640 
105 

a See ref. 81 for details: Cd-P coupling constants for Cd complexes with phosphine Iigands 
have also been measured using 31P spectroscopy; see refs. 191-193. 
b Shifts reported relative to 4.5 M Cd(N03)* (aq) have been corrected here to the Cd(ClO,), 
(as) standard by subtracting 73 ppm from the published values. 
’ In EtOH solvent. 

doublets due to 113Cd-113Cd coupling at 664 ppm and 260 ppm [85]. From 
an analysis using space filling models, a solution structure of the type Cd,L, 
was suggested [SS]. The 113Cd-‘13Cd coupling constant (80 Hz) was larger 
than those generally observed for Cd-substituted metallothioneins (20-50 
Hz). 

111Cd-113Cd coupling constants of 45-4’7 Hz were observed by Dean and 
Vittal [86J for [Cd,(SPh),,]*-, see Fig. 12. Since the 113Cd-113Cd coupling 
constant should be 4.6% greater, this value is within the range found in 
Cd-substituted metallothioneins, which supports the interpretation that 
Cd-Cd coupling in the protein results from coupling between CdS, kernels 
linked by bridging cysteinyl thiolate groups 1861. 

The effects on the ‘13Cd NMR spectra of Zn and Se substitution in 
[S,Cdl,(SPh),,14- have been investigated [87], where substitution of Se for S 
caused ‘13Cd chemical shift changes of -37 ppm, -3 ppm to -1.5 ppm, 
and + 1 ppm for substitutions which were one, three, and five bonds 
removed from Cd, respectively. Replacement of Cd by Zn caused a change 
in l13Cd chemical shift of 13-5 ppm and - 3 ppm for substitutions which 
were two bonds or over four bonds removed from Cd, respectively. The 
relevance of these findings to the l13Cd NMR of Zn, Cd-metallothioneins 
has been discussed [87]. 111Cd-‘13 Cd couplings in [S,Cdl,(SPh)l,]4- were 
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TABLE 29 

‘13Cd NMR chemical shifts (ppm) and (113y111)Cd-3*P coupling constants (Hz) for CdX z L, 
compounds in CH,Cl, solution; L = PChx, and PBu, a 

Compound T(“C) ‘13Cd S 1J(‘13Cd-31P) 1J(‘Z’Cd-31P) 

L = PChx, 

[CdCl,Ll, 
CdCIZL, 

[CdBr, Ll 2 
Cd&, L, 

[CdIzLl, 
CdI,L, 
CdL2 

[Cd(OAc) z LIZ 
Cd(OAc) z L 2 

[CdVW zLl2 
CdWO,),L, 
CdC12L2 
CdIClL, 
CdI,L, 
CdBr, L 2 
CdIBrL 2 
CdI*L, 
CdCI,L, 
CdClBrL, 
CdBr, L 2 

[CdWWL, 12 
‘WNW2L2 
Cd(OAc) 2 L 2 

L = PBu, 

[CdCl z Ll2 
CdCl,L, 
CdCI2L3 

[CdBr,Ll 2 
CdBr, L 2 
CdBrz L 3 

P=I,Ll, 
CdI,L, 
CdI,L, 
CdL, 
CdL, 

[CdW’Ac) 2 Ll2 

Cd( OAc) 2 L z 

[WNW,U2 

=WO,),L2 
CdWWL, 
CdBr, L, 

30 452 2300 2200 
-30 557 1635 1560 

30 402 2045 1955 
- 30 512 1535 1460 

30 217 1805 1720 
-30 417 1390 1330 

30 287 2200 2100 
-30 162 2445 2340 
-30 262 1875 1790 

30 97 2770 2650 
-30 252 2110 2020 
-50 562 1660 1600 
-50 507 1535 1470 
-50 427 1415 1345 
-60 522 1570 1500 
-60 477 1490 1415 
-60 427 1410 1335 
-65 562 1660 1600 
-65 542 1625 1550 
-65 522 1585 1510 

30 272 2135 2040 
-65 257 2120 2065 
- 65 297 1940 1885 

-30 
-85 

-100 
-15 

-110 
-110 
-110 
-110 
- 110 

30 
-60 
-70 

-70 
-50 

-60 
-70 

-110 

602 
507 
422 
587 
492 
207 
537 
472 
267 
412 
147 
352 
347 
57 

232 
287 
352 
492 

1690 1620 
1635 1570 
1600 1520 
2040 1945 
1545 1495 
1550 1500 
1770 1695 
1350 1305 
1525 1455 
2445 2320 
1690 1570 
2515 2410 
1905 1820 
1800 1750 
2840 2700 
2460 2350 
2200 2110 
1750 1690 
1570 1500 
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TABLE 29 (continued) 

Compound T(OC) ‘13Cd S (ppm) 1J(“3Cd-31P) ‘#“Cd- “P) 

CdIBrL 3 
CdI,L, 
CdCl,L, 
CdIClL, 
CdI,L, 
CdClBrL, 
CdIL, 
CdIL, 
CdI,L, 
Cd(OAc)L 2 
Cd(OAc)L, 

Cd(N$)L, 
Cd(NO, )L3 
CdL, 
Cd(OAc)(NO,)L, 

Cd(NO,),L, 
Cd{ OAc) 2 L 2 

[CdWAc) 2 L12 
Cd(OAc)(NO,)L, 

- 110 
-110 
-110 
-110 
- 110 
-110 

0 
-110 
-110 
-80 
-80 
-80 

-100 
-100 
-90 
-90 
-90 
-90 
-90 

482 
472 
507 
487 
472 
497 

572 
472 
362 
487 
282 
357 
417 
337 
362 
352 
177 
427 

1545 
1510 
1585 
1555 
1520 
1580 
1730 
1350 
515 

1960 
1385 
2310 
1750 
1750 
1900 
1770 
1790 
2330 
1570 

1480 
1445 
1510 
1490 
1450 

1650 
1290 

1875 
1320 
2210 
1665 

1900 
1690 

a Chemical shifts reported relative to 4.5 M Cd(N03)2 (as) have been corrected here to the 
Cd(ClO,), reference by subtracting 73 ppm from the values published in ref. 82. 

examined and a homonuclear Cd-Cd COSY spectrum was obtained [SS]. 
‘13Cd spectra of [Cd,(SPh),]2x-J’ species have also been reported [SS]. 

‘13Cd chemical shifts of clusters of the type [(p - EPh),(CdX),]*-, (E = S 

(b) 

Fig. 12. ‘13Cd NMR spectrum (295 K, in acetone) of (Me,N),[Cd.(SPh),,] (a) containing 
natural levels of Cd isotopes, and (b) containing enriched ‘13Cd (111Cd:113Cd:*12Cd = 
0.13 : 1: 0.85). From ref. 86. 
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TABLE 30 

‘i3Cd NMR data for cadmium compounds with PHChx, (L) and (l-(dicyclohexyl- 
phosphino))-N-phenylthioformamide (L’) in CH,Cl, at reduced temperatures a 

Compound 

[CdBr,Ll, 
]CdI,LI, 
CdCI,L, 
CdBr,L, 
CdI,L, 
CdClBrL, 
CdClIL, 
CdBrIL, 
CdCl L; 2 

CdBr, L> 
CdI,L; 
[CdCl,L’], 
[CdBr,L’], 
[C&L’], 
CdCl LL’ a 

CdBr, LL’ ’ 
Cd1 LL’ 2 

lr3Cd 6 (ppm) 

293 
672 
623 
539 
659 
620 
581 
652 
613 
515 
605 
548 
429 
669 
635 
544 

J(Cd-P) (Hz) T(OC) 

2005 -70 
1605 -50 
1440 -90 
1320 -70 
1210 -100 
1400 - 120 
1295 - 120 
1265 - 120 
1410 - 100 
1280 -100 
1090 -100 
1535 -100 
1430 -100 
1360,134O -100 
1555, 1285 -100 
1465,117o -100 
1260,lOOO -100 

a Ref. 83. 

or Se; X = Br or I) and mixed ligand species of the type [Cd 4 (EPh) 6 L4] 2+ 
have been examined and the chemical shifts are summarized in Table 33 
[90]. Mixed-ligand clusters of the type [Cd,(EPh),(L),,_,]*- and the 
mixed-metal clusters [Cd,Zn,_,(SPh),,] gave ‘13Cd spectra which indicated 
that the ‘13Cd chemical shift is only slightly sensitive to whether the ligands 
bind terminally or are bridging, and that substitution of Zn has a relatively 
small effect on ‘13Cd shifts [91]. Interestingly, similarly to metallothionein, 
no evidence was found for formation of a CdZn, combination [91]. The 
chemical shift values are summarized in Tables 33 and 34. 

Dean et al. [92] recently examined the ‘i3Cd NMR spectra for complexes 
of the type [cl-EPh) 6 (CdL) 4] *-, E = S or Se, L = SPh, SePh, Cl, Br, or I; 
chemical shift values are given in Table 35. For a given L, the least shielded 
resonance is due to cadmium in a CdS3L site whereas the most shielded 
resonance is due to CdSe,L. The results indicated that the species in solution 
have terminally halogen substituted tetrameric adamantanoid structures 
analogous to those found for related structures in the solid state [92]. 

A lkyl- Cd cumpoundi 
Substituent effects have a significant influence on ‘13Cd NMR chemical 

shifts in CdR, compounds [93] as can be seen from the results summarized 
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TABLE 31 

l13Cd NMR data for Cd complexes with PBu, and PChx3 at reduced temperatures a 

Compound n Solvent l13Cd 6 J(Cd-P) T 

(ppm) v-w (“Cl 

Cd@3 SCF3 ) 2 O’Bu 3) n 

Cd(C10.t 1 z (PCh 3 1 n 

Cd(CF,COO),(PChx,), 

Cd(CF,COO),(PBu,), 

QKSCN) 2 V’Ch 3 1 n 

W=W z V’Bu 3 1 n 

1 

2 

1 

2 

3 

1 

2 

1 

2 

3 

1 
2 

1 

2 

3 

2 

1 
2 

3 

CH #Jl 2 160 2540 -70 
MeOH 150 2580 -60 
Acetone 160 2500 -50 
CH ,Cl z 357 2180 -60 
MeOH 352 2170 -60 
Acetone 354 2145 -50 

CH ,Cl z 167 2630 -70 
MeOH 155 2730 -70 
Acetone 167 2610 -50 
CH ,Cl 2 379 2250 -60 
MeOH 385 2270 -70 
Acetone 371 2250 -50 
CH,Cl, 505 1730 -60 
MeOH 507 1720 -70 
Acetone 509 1690 -50 

MeOH 156 2680 -70 
Acetone 170 2800 -70 
CM ,Cl z 397 2240 -70 
MeOH 430 2140 -60 
Acetone 402 2160 -50 
MeOH 163 2960 -60 
Acetone 160 2960 -50 
CH,Cl, 345 2500 -70 
MeOH 361 2480 -50 
Acetone 363 2450 -50 
CH,Cl, 506 1700 -80 
MeOH 493 1690 -50 
Acetone 520 1680 -50 

MeOH 181 2650 
CH &l z 428 2000 

CH zC1 z 194 2670 
MeOH 170 2690 
CH &l 2 431 2080 
MeOH 386 2180 
CH &l z 485 1720 
MeOH 486 1700 

CH *Cl 2 549 1845 

MeOH 313 2250 
MeOH 523 2000 
Acetone 503 2010 
CH,Cl, 538 1685 
MeOH 544 1670 
Acetone 534 1690 

-70 
-70 

-70 
-70 
-70 
-70 
-70 
-70 

-70 

-70 
-70 
-70 

-100 
-70 
-70 

a Ref. 84. 
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TABLE 32 

i13Cd NMR data for Cd(PBu,)(PChx,)L, compounds in CH,Cl, solution at reduced 

temperatures a 

L i13Cd S J(Cd-P) (Hz) T(O) 

(ppm) PChx, PBu, 

0, SCF, 

CIO, 

NO; 
CF3CO0 
CH,COO 

Cl 
Br 

I 

SCN 

383 2250 2200 

367 2360 2360 
356 2220 2180 

452 2060 2060 
411 1990 1925 

656 1780 1650 
623 1480 1630 

537 1460 1280 

540 1940 1930 

-80 

-70 

-70 

-70 

-70 

-70 
-40 

0 

-70 

a Ref. 84. 
_ 

in Table 36. The replacement of R = Me by Et in CdR, results in an upfield 
shift of almost 100 ppm. This hypersensitivity of shift to substituent effects 
was attributed, in part, to inner shell contributions to the nuclear shielding 
constant [93]. Similar conclusions were drawn from the *f3Cd-13C and 
‘13Cd-lH coupling constants (Table 37). A 50 : 50 mixture of CdMe, and 
CdEt 2 gave three signals of relative intensity 1 : 2 : 1 (Fig. 13). The shift of 
the center resonance (593.06 ppm, Table 31), due to CdMeEt, was almost 
exactly in between the shifts of CdMe, (642.93 ppm) and CdEt, (543.20 
ppm). The results confirmed that self-exchange occurs in mixed species of 
CdR, in the absence of catalyzing organic solvents. The moderate influence 
of solvents on the l13Cd chemical shift of CdMe, was also examined 1931 
(Table 38). 

TABLE 33 

‘13Cd NMR chemical shifts for [Cd,(EPh),L,]‘+ compIexes in acetone a 

E L i13Cd S (ppm) 

S SPh 575 
Se SePh 519 

S Br 535 
S I 501 

Se Br 492 
Se I 441 

a T = 295 K; see ref. 90 for further details. 
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TABLE 35 

‘13Cd chemical shifts (ppm) for [(p-EPh),(CdL),]*- compounds in acetone at 295 K a 

E L Concentration (M) ‘13Cd 6 

S 
Se 

S 
S 
S 
Se 
Se 
Se 

SPh 
SePh 

Cl 
Br 
I 
Cl 
Br 
I 

0.05 575 
0.02 519 
0.05 524 
Satd. 537 
Satd. 551 
0.025 535 
0.025 501 
Satd. 520 
0.025 492 
0.025 441 

a See ref. 92 for further details. 

Heteronuclear double resonance methods were used to determine l13Cd 
chemical shifts of a series of CdR2 compounds [94] (Tables 36, 37). Al- 
though CH,Cl, solvent was employed, where overlap existed, the shifts 
generally agreed with values published earlier [93]. Some relatively small 
differences were attributed to solvent effects [94]. Interestingly, the shift for 
R = iPr was 161 ppm to higher field than for R = nPr (Table 36), whereas 
the changes in shift for replacement of a hydrogen atom by a saturated 
carbon atom at the #3 and y positions was found to be ca. + 46 ppm and ca. 

TABLE 36 

‘13Cd NMR chemical shifts (ppm) for CdR2 compounds (R = alkyl) a 

Compound Solvent ‘13Cd 6 

CdMe, 
CdMeEt 
CdEt 2 
Cd(nPr) 2 
Cd(nBu) z 
CdPh, (1.0 M) 
CdMe, c 
CdEt, ’ 
Cd(iPr), c 
Cd(nPr)2 c 
Cd(nBu)2 c 
Cd(iBu)2 ’ 

a From ref. 93 except as noted. 
b From a 50 : 50 mixture of neat CdEt 2 and CdMe,. 
c From ref. 94. 

Neat 642.93 
Neat b 593.06 

Neat 543.20 
Neat 504.28 
Neat 489.11 
p-Dioxane 328.80 
CH ,Cl 2 643 
CH,Cl, 549 
CH,Cl 2 436 
CH ,Cl 2 597 
CH ,Cl 2 599 
CH *Cl 2 621 
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TABLE 37 

‘H-‘13 Cd and l3 C-ll’ Cd coupling constants for CdR z compounds a 

Compound J(“C-“3Cd) (Hz) J(‘H-“3Cd) (Hz) 

‘J =.J 3J =.I 3J 

CdMe, 
CdEt 2 
Cd(nPr) z 
CdMe2 b 
CdEt, b 
Cd(iPr), b 
Cd(nPr)= b 
Cd(nBu), b 
Cd(iBu), b 

- 537.3 52.0 
- 498.0 51.6 
- 509.2 19.0 44.8 53.5 

52 
53 60 

56 
50 55 
52 
50 70 

a From ref. 93 except as noted. 
b From ref. 94. 

- 23 ppm, respectively_ (Similar effects have been observed for dialkyl 
mercury compounds [94].) In all cases, 3J(Cd-H) coupling constants were 
greater in magnitude than 2J(Cd-H) coupling, and selective homonuclear 
decoupling experiments demonstrated that the couplings had opposite signs 

[941. 
Double resonance methods were also employed in studies of methyl- 

cadmium alkoxides (CdMe(OR)) [95], Table 39. “‘Cd chemical shift and 
lllCd-‘H coupling data indicated that all of the compounds examined exist 
in a tetrameric structure, where each alkoxy group is attached to three 
chemically equivalent Cd atoms [95]. Complexation of Cd(AsF,), or 

Fig. 13. “‘Cd NMR spectrum for an equimolar mixture of CdMe, and CdEt =_ The center 
resonance is assigned to the CdMeEt species (ref. 93). 
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TABLE 38 

‘13Cd NMR chemical shifts (ppm) for 1.0 M solutions of CdMe, a 

Solvent ‘13Cd 6 Solvent ‘13Cd S 

THF 576.28 
Diglyme 577.00 
DMF 587.75 
Dioxane 592.16 
Acetone 601.99 
Acetonitrile 605.55 
Methyl forrnate 606.64 
Ethyl acetate 609.68 

PY 614.67 
Et,0 637.61 
Neat 642.93 
Benzene 644.96 
Toluene 644.96 
CH,Cl, 646.06 
Cyclopentane 676.01 
Cyclohexane 677.60 

a See ref. 93 for details. 

Cd(SbF,) 2 to an arene (hexamethyl- or hexaethylbenzene, pentamethylbe- 
nzene, durene, p-xylene, benzene, or toluene) was generally found to pro- 
duce deshielding of the r13Cd resonance and the NMR results were con- 
sistent with localized bonding of the arene to the cation [96]. NMR studies 
of dimethylcadmium in isotropic and anisotropic phases were used in 
combination with relativistic calculations to determine the Cd-C coupling 
tensor 1973. 

Complexes with amino acids 

Ackerman and Ackerman [98] introduced the use of supercooled aqueous 
solutions to obtain slow-exchange ‘r3Cd NMR spectra for complexes formed 
with glycine. At room temperature, a solution containing Cd(ClO,),, glycine, 
and NaClO, gave a single, broad ‘13Cd NMR signal at ca. 150 ppm [98]. On 
cooling, the resonance split into three distinct signals which, at - 55 “C, 
were separated by ca. 100 ppm; these signals were not unambiguously 
assigned. Spectra were obtained for similar solutions which contained vari- 
ous concentrations of glycine and NaNO,. The shift of the downfield-most 
signal (262 ppm) was insensitive to the nature of the added salt (NO, or 
ClO,) whereas the signals at ca. 155 and ca. 55 ppm were only slightly 
sensitive (ca. 10 ppm) to counterions [98]. 

One year later, Jakobsen and Ellis [99] unambiguously assigned the above 
signals for Cd complexes with glycine using supercooled solutions and 
“N-labeled glycine. Figure 14 shows the spectrum (spectrum a) obtained for 
a sohttion containing 0.1 M Cd(ClO,),, 0.25 M glycine (95% 15N-enriched), 
and 5 M NaNO, at -40°C. Chemical shifts were virtually the same as 
those reported by Ackerman and Ackerman [98], and the multiplicities, due 
to “N-‘r3Cd coupling, allowed the respective complexes to be assigned. 
Thus, a quartet at 263 ppm due to Cd(glycine),, a triplet at 154 ppm due to 
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TABLE 39 

‘13Cd NMR data for methylcadmium alkoxides and related compounds in benzene solution a 

Compound Component b Abundance ‘13Cd 6 ‘J(Cd-H) ‘.QCd-H) 

(W) (ppm) (Hz) (Hz) 

CdWW 2 

CdMe(OMe) 

CdMe(OEt) 

CdMe(O-nPr) 

CdMe(O-nBu) 

CdMe(O-iBu) 

CdMe(O-neo-C,H,,) 
(CdMeOCH,),CH, 

CdMe(OCH,Ph) 

CdMe(OCHPh 2 ) 
CdMe(OCPh x) 
CdMe(O-iPr) 
CdMe(O-2Bu) 
CdMe(O-tBu) 
CdMe(OPh) 

[CdM4OPh)wl z 
CdMe(O-2,6-Me,Ph) 
CdMe(S-iPr) 
CdMe(S-tBu) 

0 

D 
0 
D 
0 
D 
0 
D 
0 
D 

0 
D 
0 
D 

loo 
40 
60 
50 

50 

50 
50 
70 
30 
30 
70 

100 

=- 90 
(10 
loo 
100 
100 
100 
100 
100 
100 
100 
100 
100 

645 
322 
322 
352 
352 
345 
349 
346 
350 
338 
342 
331 
343 
343 
333 

323 
316 
373 
370 
386 
262 
347 
264 
614 
601 

48.8 
82.5 
82.5 
79.5 
79.5 
79 
79 
80.3 
80.4 
80.9 
81 
81.2 
80 
80 
82.2 
82 
84.9 
86.5 
78.8 
77 
77.3 
89.2 

90 

9 
9 
7.5 
7 

7.5 

7.5 
7.5 
7.9 

7.5 
7.5 

6.1 
7 

a The shifts reported here are corrected to the 0.1 M Cd(ClO,), reference by assigning 
Cd(Me), a shift of 645 ppm; see ref. 95 for further details. 
b 0 = Original species; D = component which developed after one week. 

Wglycine) 2, and a doublet at 54 ppm due to Cd(glycine) were observed. 
The chemical shifts and coupling constants are summarized in Table 40. 

r13Cd chemical shift-versus-pH profiles for Cd complexes with a series of 
amino acids and related ligands at room temperature have been obtained 
and compared [loo]. A typical data set is shown in Fig. 15. The results for 
studies with glycine were consistent with formation of mono, bis and tris Cd 
complexes which contained bifunctionally coordinated glycine. As expected, 
complexes with the highest stability were those which contained ligands 
capable of forming S-membered chelate rings with Cd. The rr3Cd spectra of 
glycylglycine, .glycylglycyl-glycine, glycyl-y-aminobutyric acid, and p- 
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200 100 0 

mm 

Fig. 14. ‘I3 Cd spectra of super-cooled ( - 40 o C) aqueous solutions of 0.1 M Cd(ClO,), and 
0.25 M glycine in 5 M NaNO,, pH 7. (a) Obtained using 95% ‘5N-enriched glycine; 
expansions of the doublet (C, due to the Cd(gly) species) and triplet (D, due to the Cd(gly), 
species) are inserted. (b) Obtained using isotopically normal glycine. From ref. 99. 

alanylglycine were investigated similarly [loll and no evidence was found 
for coordination of the peptide NH groups. 

Fast exchange ‘13Cd NMR spectra were obtained for the Cd complex 
formed with the tripeptide, glutathione [102]. The observed signal was 
sensitive to changes in the sample pH and to the Cd : glutathione ratio. 

(ii) Proteins 

Some of the Cd-substituted protein systems have received considerable 
attention, and it is beyond the scope of this review to examine all the work 

TABLE 40 

rt3Cd NMR chemical shifts @pm) and 15N- ‘r3Cd coupling constants (Hz) for Cd( “N- 
Glycine) n complexes in supercooled aqueous solution a 

Compound [ *‘N-Glycine] 

(MI 

Cd(Glycine) 0.25 
Cd(Glycine) 2 0.25 
Cd( Glycine) 3 1.00 

a See ref. 99 for further details. 

PH ‘*‘Cd 6 ‘J(N-Cd) 

7.0 53.6 170 
7.0 153.9 165 
8.0 262.8 >140 
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PH 

Fig. 15. l13Cd chemical shift as a function of pH for 0.3 M Cd(C10,) 2 and 0.6 M 
methylamine (+), glycine (e), glycine methyl ester (A), and N,N-dimethylglycine (I). From 
ref. 100. 

in detail. For such cases, details will be presented for the more recent work 
only, and the reader will be referred to the literature for information 
regarding earlier work. The main goal here is to summarize the ‘13Cd 
chemical shift information which has been obtained and the sample condi- 
tions employed for each study. Then, it should be possible to make meaning- 
ful comparisons of shifts between different proteins and between proteins 
and coordination compounds. 

The first data on ‘13Cd-substituted metalloproteins was published by 
Armitage et al. in 1976 [l] and included the enzymes human carbonic 
anhydrase, bovine carbonic anhydrase, and alkaline phosphatase. Subse- 
quently, more than twenty different metalloproteins have been examined. In 
some cases, the metal binding sites have been characterized by X-ray 
crystallography and, for these cases, attempts have been made to correlate 
NMR data with structural data. For proteins where X-ray structural data 
were not available, ii3Cd NMR was used to provide a first-approximation of 
the ligands at the metal binding sites. In many cases, ii3Cd NMR spec- 
troscopy has provided new insights into protein-substrate interactions, 
conformational changes, metal displacement reactions, etc. The proteins are 
grouped here mainly according to the type of ligands at the metal binding 
sites. The three main groups are those which contain 0 donors exclusively, 
N donors (which may be in combination with 0 donors), and S donors (with 
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or without other types of donor atoms). *13Cd chemical shifts and sample 
conditions are summarized in Table 41. 

Caimodulin (Cal) 

Calmodulin is a low molecular weight regulatory protein (17,000 Daltons) 
which, in biological processes, binds four equivalents of calcium. Reviews on 
structural aspects of Ca binding sites in proteins with homologous Ca 
binding domains [IO] and Cd binding proteins in general [3] have appeared. 
‘13Cd NMR experiments on Cd-substituted Cal [106-1171 indicate that two 
of the binding sites are “high-affinity” type sites, which yield sharp r13Cd 
NMR signals, and the other two sites are low-affinity sites which give rise to 
extremely broad (undetected at high fields) signals. ‘r3Cd NMR chemical 
shifts for the high-affinity sites are -88 and -108 ppm at pH 7 for 
Cd 4(Cal) [IOS]. The resonance frequencies and intensities are unaffected by 
a lowering of pH to 5.3 (although the signals become broader); at lower pH 
values, the resonances disappear and a broad signal, due to free Cd, is 
observed. Addition of Zn results in broadening and loss of intensity for 
signals of the high-affinity sites, but Mg does not affect the ‘r3Cd NMR 
spectrum, even at high added Mg concentrations [108]. 

Addition of the hydrophobic antipsychotic drug trifluoperazine (TFP) 
causes a conformational change which results in sharp signals for all four 

I I. * ., 

-80 -100 -120 -I40 
PPm 

d 
I * . * . I 

-80 -loll -120 - 140 

PPm 

Fig 16 ‘13Cd NMR spectra of Cd4(Cal) obtained after the addition of different drugs. The . . 
ratio of drug to Cal is indicated in the figure. For other sample conditions see ref. 11. 
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l13Cd NMR signals [109-1131. Chemical shifts of - 99.7, - 113.5, - 115.8, 
and - 118.7 ppm were observed for a solution where the TFP : Cd,(Cal) 
ratio was 2 : 1. The chemical shifts were dependent on the concentration of 
added drug. Similar results were reported for studies with other drugs 
]11,109--1131 as shown in Fig. 16, and the changes in the ‘13Cd NMR spectra 
have been interpreted in terms of protein conformational changes. 

The high- and low-affinity binding sites have been assigned to specific 
proteolytic fragments of Cal [114-1161. Proteolysis with thrombin results in 
fragmentation which separates the two high-affinity sites and causes a 
reduction in the affinity of both sites for Ca ions. Proteolysis with trypsin 
gives amino- and carboxy-terminal fragments which are conformationally 
similar to the native protein. Trifluoperazine binds to specific sites on both 
the carboxy- and amino-terminal fragments, although stronger binding 
occurs at the carboxy-terminal fragment [116]. 

Recently, Forsen and co-workers [117] found that one equivalent of the 
tetradecapeptide mastoparan binds strongly to Cd,(Cal) which induces a 
conformation change in both the carboxy- and amino-terminal domains. 
The ‘13Cd chemical shifts induced by binding of 10 different drugs to 
Cd 4 (Cal) have been summarized in a recent review [ll]. 

Parvalbumin (Pam) 
Parvalbumin (A4, ca. 11,500) from carp muscle contains two Ca binding 

sites as determined by X-ray structural analysis. Octahedral Ca in the CD 
site is bound by four carboxyl groups, a peptide carbonyl, and a serine 
hydroxyl group. The EF site is similar except that serine is replaced by a 
molecule of water. The ‘13Cd NMR spectrum of Cd ,(Parv) displays two 
distinct signals at - 93.8 and -97.5 ppm 11223. The similarity of the 
chemical shifts indicated that the binding sites were similar, consistent with 
the X-ray structural data. The CD-site signal was insensitive to changes in 
pH or [Cl-] which indicated that the Cd atom at this site was inaccessible to 
the external medium [122]. The shift of the EF-site signal was only very 
slightly affected by changes in the external medium. On the other hand, 
addition of Mg resulted in a shifting to higher field (ca. 3 ppm) of the EF 
site ‘13Cd signal, suggesting that there is a secondary cation binding site 
close to the EF site [123]. The ability of lanthanide ions to compete with Cd, 
and their effect on the ‘13Cd spectra have been investigated [124-1271. 
Measurement of 13C-l13Cd couplings in the 13C spectrum allowed the 
assignment of signals of carbonyl and carboxyl groups which are bound to 
Cd [125]. 

Troponin C (Tn C) 
Troponin C (M, 19,000) contains two high-affinity and two low-affinity 

metal binding sites. The high-affinity sites bind mainly Ca but also Mg, 



k z 

l~-~'l“'~l'~'~r-~~~l~'~~l' 
-95 -100 - 105 -110 -115 -120 

PPm 

Fig. 17. Temperature dependence of the ‘13Cd NMR spectrum of Cd-substituted skeletal 
troponin C. At 22* C, only the high-affinity site signals can be observed (ref. 129). 

whereas the low-affinity sites bind Ca exclusively in the native protein. Two 

sharp ‘13Cd NMR signals were observed for a solution of Tn C containing 
excess Cd, and these signals were attributed to Cd in the high-affinity sites 
[128]. The chemical shift values observed (- 107.5 and - 111.0 ppm; Table 
36) were consistent with exclusively O-donor ligands and did not shift (but 
did exhibit loss of signal intensity) on addition of Ca or Mg [128]. 

All four ‘13Cd signals in Cd,(sTn C) (sTn C = Tn C from skeletal muscle) 
could be observed at reduced sample temperatures [129]. At 4” C, the two 
new resonances occurred at - 103.1 and - 109.8 ppm, Fig. 17. (In this work, 
the high-affinity site resonances were at - 107.8 and -112.7 ppm, in 
agreement with the previously determined values.) In contrast, the low 
temperature spectrum of Cd,(cTn C) (Tn C from cardiac muscle; see ref. 
130) resulted in two sharp signals due to the two high-affinity sites ( - 107 
and - 114 ppm) and a very broad resonance slightly downfield from the 
- 107 ppm signal, indicating that the third Cd binds less tightly to the 
single, low-affinity site in cTn C. 

Intestinal Ca binding protein (ICaBP) 
Native porcine intestinal Ca binding protein (M, 9,000) binds two equiv- 

alents of Ca. At 5” C, addition of up to one equivalent of Cd to the 
apo-ICaBP resulted in a ‘13Cd NMR signal at - 104 ppm due to Cd bound 
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to the EF-hand site [134]. Further addition of Cd resulted in a second signal 
at - 155 ppm (due to binding to the pseudo EF-hand site) and a concom- 
itant upfield shift (to - 110 ppm) to the EF-hand site signal. Interestingly, 
addition of Ca to Cd(ICaBP) resulted in a similar shift of the EF-hand site 
signal except that, for less than one equivalent of added Ca, two EF-hand 
site signals were observed at -104 and - 110 ppm. This result was attri- 
buted to tighter binding of Ca in the pseudo EF-hand site [134]. At ambient 
temperature, the - 155 ppm signal for Cd, (ICaBP) was not observed due to 
exchange broadening. Addition of Ca to Cd,(ICaBP) resulted in replace- 
ment of Cd at the pseudo EF-hand site prior to substitution at the EF-hand 
site. 

More recently, Forsen et al. [135] utilized site-directed mutagenesis to 
obtain four mutant forms of ICaBP. The mutations were restrained to the 
N-terminal (pseudo EF-hand) binding site in order to examine how the 
structure and chemistry in this region are affected by localized changes. 
Compared to the EF-hand site, the pseudo EF-hand site contains an extra 
Pro residue, and three of the mutants contained variations in this region of 
the molecule; the fourth mutant was prepared to determine the importance 
of a specific hydrogen bond. Among other findings, it was shown that 
modifications at the pseudo EF-hand site have little influence on the ‘13Cd 
signal of the EF-hand site in Cd(ICaBP). In addition, the shift changes for 
the EF-hand site signal which accompany Cd binding to the pseudo EF-hand 
site were diminished in the mutants with modifications at the pseudo 
EF-hand site. Also, shifts for ‘13Cd signals of the pseudo EF-hand site were 
highly sensitive to the mutations. In one case, where Pro-20 was replaced by 
Gly, the signal for the pseudo EF-hand site was observed at - 88 ppm, 
which is 68 ppm downfield from the signal observed in the native protein 
(- 156 ppm). For the two other cases, signals for this site were broadened 
beyond detection [135]. 

Concanavaiin A (Con A) 
Concanavalin A consists of identical subunits, each with a molecular 

weight of ca. 25,500 Daltons. In solution, dimers and tetramers are formed 
and the percentage of each species depends on pH, temperature, and ionic 
strength. Each subunit contains two sites which bind metals strongly: the Sl 
site which binds Mn2+ 
Ca”. 

in the native protein, and the S2 site which binds 
As in the native protein, the Cd-substituted derivative binds sac- 

charides and this binding is thought to be an important part of the 
biological activity of Con A. Two protein conformations have been observed 
for Con A, including an “unlocked” form where metals exchange rapidly 
between free and bound states, and a “locked” form, where the metals are 
tightly bound to the protein. 
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Ellis and co-workers have published three papers on the ‘13Cd NMR 
spectral properties of Cd-substituted Con A [103-1051, including studies of 
the locked and unlocked conformations in earlier work as well as a more 
recent detailed evaluation of the ‘13Cd NMR relaxation and chemical 
exchange properties. The locked form of Cd ,(Con A) gives two ‘13Cd NMR 
signals at 46 and - 125 ppm [104]. The upfield-shifted signal is due to Cd in 
the calcium (S2) site and the downfield signal is from Cd in the manganese 
(Sl) site. The chemical shifts of both signals were independent of added Cl-. 
When one equivalent of Ca was added to a sample of Cd : Cd(Con A), the 
- 125 ppm signal disappeared and the intensity of the signal due to free Cd 
increased. This binding of Ca caused a 3 ppm shift to higher field for the 
signal due to Cd in the Sl site of Cd : Ca(Con A). Pb was also found to 
compete for the S2 site, Fig. 18, and an upfield shift of 14 ppm for the *13Cd 
signal of Cd in the Sl site of Cd : Pb(Con A) was observed. Zn was found to 
compete strongly at both the Sl and S2 sites of Cd : Cd(Con A). The binding 
of mono- and polysaccharides causes a similar, 8 ppm upfield shift of the 
S2-bound Cd signal but does not influence the shift of Cd in the Sl site. 

Chemical exchange processes for Cd : Cd(Con A) were examined using a 
double saturation transfer experiment [105]. Analysis of data obtained at 
three field strengths revealed that chemical exchange processes contribute 
14, 75, and 20% to the observed relaxation time constants for the signals due 
to Cd in the Sl site, for free Cd, and for the S2 site, respectively. The weak 
field dependence observed for the heteronuclear NOE is not due to internal 
motions but, instead, to chemical exchange processes [105]. 

I’ . 
100 60 20 -20 -60 -100 -140 

Fig 18 (a) li3Cd NMR spectra of Cd, (Con A); (b) as in (a) except for the addition of 1.0 . * 
equivalents of Pb(II); (c) as in (a) except for the addition of 2.0 equivalents of Pb(I1). From 
ref. 104. 
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Insulin consists 
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of a hexamer (Iw, (hexamer) ca. 40,000) which binds two 
and one equivalent of Ca. X-Ray crystallographic studies 

have shown that the Ca is bound by six glutamyl carboxyl groups and is 
inaccessible to solvent, whereas the equivalent (by symmetry) Zn atoms are 
each coordinated by three histidine imidazole groups and three molecules of 
water, Fig. 19. The l13Cd NMR spectrum of Cd,(Ins) (Ins refers to the 
hexamer) at pH 8.0 consists of two signals of relative area 2 : 1, Fig. 20 [118]. 
The more intense signal (for Cd in the Zn sites) occurs at 165 ppm, whereas 
the shift of the Ca-site signal is - 36 ppm. As might be expected, the latter 
signal is insensitive to changes in sample pH or the presence of added Cl-. 
On the other hand, the signal for the Zn sites is somewhat sensitive to 
changes in pH and [Cl-]. As the sample pH was raised, the Zn-site signal 
shifted downfield and leveled off at 201 ppm. This change was attributed to 
deprotonation of coordinated water [118]. Addition of NaCl produced a 
small downfield shift to 177 ppm for an NaCl concentration of 1.0 M. 
Addition of one equivalent of Ca to a Cd,(Ins) sample at pH 8-O resulted in 
a dramatic loss of signal intensity for the Ca site; conversely, addition of 
two equivalents of Zn or Co(II1) to Cd,(Ins) resulted in spectra where only 
the Ca-site signal was observed, Fig. 20. 

Yeast inorganic pyrophasphatase (PPase) 
Yeast inorganic pyrophosphatase consists of a dimer of identical subunits 

(M, ca. 35,000 per subunit), with each subunit capable of binding four 
divalent metal ions. Inorganic phosphate (Pi) is required for enzymatic 
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Fig. 19. Representation of the insulin hexamer showing the proposed Ca and Zn binding sites 
(ref. 118). 
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Fig. 20. (A) ‘13Cd spectrum of a solution containing 2.6 mM insulin hexamer and 7.7 mM 
CdSO,. (B) Sample conditions similar to (A) except for the addition of 2 equivalents of Ca. 
(C) Sample conditions similar to (A) except for the addition of 2 equivalents of Zn. (ID) 
Spectrum of 2.7 mM insulin hexamer containing 1 equivalent of Cd and 2 equivalents of 
Co(II1). From ref. 118. 

activity. In initial ‘13Cd NMR studies [119], tris-HCl buffer was employed 
and, as demonstrated later and described in detail in this review, Cl- can 
sometimes profoundly influence ‘13Cd chemical shifts. As such, comparison 
of the chemical shift values (Table 41) with those of other enzymes must be 
made with caution. The ‘13Cd chemical shifts of the four resonances of 
Cd ,(PPase) (PPase represents the dimer) in the presence of excess Pi [ 1201, 
in combination with 31P NMR results indicated that two equivalents of Pi 
are bound by each subunit [120]. 

Osteocalcin (BGP) 
Osteocalcin (mol.wt. 5,700), which binds Ca, is the only bone protein 

known to contain y-carboxyglutamic acid (Gla) and is referred to as bone 
Gla protein (BGP), Tris-HCl buffer was utilized in ‘13Cd NMR studies of 
Cd(BGP) 11211 and, for the reasons mentioned above, interpretation of the 
i13Cd chemical shifts is therefore difficult. A solution containing BGP with 
two equivalents of Cd gave a single, very broad resonance at ca. 20 ppm. A 
solution containing equimolar amounts of BGP, Cd, and Pi gave a narrower 
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resonance at ca, 0 ppm. It is noted here that, for model studies employing 
N-donor chelate ligands in DMSO-d,, severe signal broadening can be 
induced by addition of Cl- for some ligands. Thus, for osteocalcin, the 
presence of Cl- may have not only affected the position of the Cd resonance 
observed, but the half-height width as well. 

a-Luctalbumin (a-Lact) 
ar-Lactalbumins are Ca-binding proteins required for the biosynthesis of 

lactose in milk. Comparison of the l13Cd chemical shift of the Cd-sub- 
stituted protein (- 79.5 to - 80.5 ppm) with those of other proteins allowed 
the geometry and nature of the metal binding site to be determined [131]. 
Thus, the metal probably is probably bound by exclusively O-donor ligands. 

Yeast Enolase (YE) 
Native yeast enolase (A4, 93,000) is a dimeric enzyme which requires two 

equivalents of Mg per subunit for activity. Addition of Cd results in a single 
resonance at - 30 to - 43 ppm due to binding at the conformational site 
[132]. A broadening of the signal due to the catalytic site was attributed to 
rapid changes in the coordination geometry due to interconversion of 
substrate and product. The ‘13Cd spectra under conditions of excess added 
Cd (which binds to an inhibitory site) were also examined [132]. 

Prothrombin fragment 1 and factor X 
Bovine prothrombin fragment 1 is a cleavage fragment of prothrombin 

which binds Ca. Factor X, which also binds Ca, precedes prothrombin in the 
blood coagulation cascade. On addition of either Cd(ClO,), or CdCl, to 
fragment 1, a l13Cd signal appeared at 10 ppm 11331. As the ratio of 
Cd : protein was raised above 4, new signals appeared between - 5 to - 25 
ppm, and the shifts of these signals were dependent on the Cd salt em- 
ployed. Similar results were obtained for factor X, which demonstrated that 
these proteins have similar high- and low-affinity binding sites [133]. 

Serine proteases 
The Ca-binding sites of bovine trypsin, trypsinogen, chymotrypsin, and 

chymotrypsinogen have been examined [136]. Temperature and pH depen- 
dent chemical shift were observed for Cd-substituted chymotrypsin (0 ppm) 
and chymotrypsinogen (- 10 ppm). Trypsin and trypsinogen gave sharper 
signals at - 54.5 and - 55.8 ppm, respectively, and these signals were 
insensitive to the presence of added inhibitors. X-ray structural studies 
revealed an octahedral coordination site for Ca comprising two carboxylates, 
two carbonyls, and two water molecules; the upfield ‘13Cd chemical shifts 
observed are consistent with coordination exclusively by O-donor atoms. 
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Horseradish peroxidase (HRP) 
Horseradish peroxidase is a heme enzyme, the activity of which is 

regulated by the binding of two equivalents of Ca. On addition of Cd to 
HRP, a ‘13Cd NMR signal at - 193 ppm was obtained due to the binding of 
Cd to a high-affinity site [137]. This unusually high-field resonance was 
attributed to Cd binding to an all-O-donor site where, perhaps, the overall 
anionic charge of the ligands was small. The second equivalent did not give 
rise to an NMR signal due to fast-exchange binding to a low-affinity site. 

Phosphoglucomutase (PGM) 
Phosphoglucomutase is a Mg-containing enzyme which catalyzes the 

interconversion of glucose-l-phosphate with glucose-&phosphate. The 
downfield shift from 22 to 75 ppm on addition of glucose bisphosphate was 
attributed to replacement of one 0 donor by an N donor to Cd at some 
intermediate point in the catalytic process [138]. 

Ph0sphoZipase C (Pho C) 
Phospholipase C is a monomeric enzyme (M, 23,000) which contains two 

Zn binding sites. One site is thought to structurally stabilize the enzyme and 
the other site is probably involved in catalysis. When one equivalent of Cd 
was added to the apoenzyme, a signal at 85 ppm was observed resulting 
from Cd bound in the structural site [139]. Addition of one equivalent of Zn 
resulted in the replacement of Cd by Zn in the structural site, with the 
relocation of Cd to the catalytic site. The resulting spectrum displayed a 
single peak at ca. 115 ppm. Both signals were observed in the ‘13Cd NMR 
spectrum of Cd,(Pho C). The 85 ppm resonance was insensitive to changes 
in sample pH, temperature, and [I-J [140]. The 115 ppm signal was only 
slightly sensitive to these changes and broadened with increasing tempera- 
ture [140]. 

Alkaline phosphatme (A P) 
The first report on the *13Cd NMR of Cd-substituted alkaline phos- 

phatase was published over a decade ago by Armitage, et al. [l]. Since then, 
numerous addition papers and reviews have appeared which have contrib- 
uted significantly to the understanding of the structure and mechanistic 
features of this enzyme. Alkaline phosphatase consists of a dimer of identi- 
cal subunits. Each subunit is capable of binding Cd in three different sites 
(A, B, and C). The A site contains three His ligands whereas the B site 
contains one His and two carboxyl groups and the C site contains three 
carboxyl and possibly one threonine (OH) ligand. 

It would serve an injustice to attempt to summarize the detailed and 
complex r13Cd results here. Interested readers are referred to the relevant 
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reviews [6,12-141 and to the original work [1,17,141-1471, where ii3Cd 
NMR spectroscopy was used to monitor substrate binding effects, confor- 
mational equilibria, changes in binding site occupancy for systems with less 
than six equivalents of Cd, and anion and pH effects. As an example of the 
complexity of this system, consider the following. Cd,(AP) (AP refers to the 
dimer) in O.lM NaCl, pH 6.0, gives a very broad ii3Cd NMR signal at 170 
ppm (due to Cd in the two A sites; the signal for Cd in the B sites is too 
broad to detect). When the pH is raised to 9.0, the A-site signal (now sharp) 
is observed at 143 ppm and a B-site signal is observed at 52 ppm. Addition 
of excess Pi results in a complex spectrum, where signals due to Cd,(AP)-P 
(covalently linked Pi; 6 = 150 ppm (A), 68 ppm (B), 1.5 ppm (C)), Cd,(AP) 
- P (noncovalentIy linked Pi; 6 = 137 ppm (A), 64 ppm (B), 1.5 ppm (C)), 
and Cd,(AP)-P (Cd occupies the A and B sites of the same monomer while 
the binding sites of the other monomer are vacant; 6 = 145 ppm (A), 57 
ppm (B)) are all observed simultaneously. Subsequent addition of two more 
equivalents of Cd resulted in the loss of signals due to the Cd,(AP)-P 
species. Clearly, the ‘13Cd chemical shifts for Cd-substituted AP are sensi- 
tive to the conformation of the enzyme. In addition, the chemical shifts of 
the A-site signals have been shown to be quite sensitive to added Cl-, Fig. 
21 [145]. 

0 0.2 0.4 0.6 

[CL-] (MI 

Fig. 21. Effect of chloride ion concentration of the ‘13Cd chemical shifts for phosphorylated 
Cd,(AP), pH 9. E-P and E-P refer to the non-covalently phosphorylated and covalently 
phosphorylated enzyme, respectively (ref. 145). 
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Bovine serum albumin (BSA) 
Two signals were observed [148] for Cd,(BSA) at 150 and 28 ppm_ The 

chemical shifts were pH dependent in the range 5-7. Above pH 7, the shifts 
did not change. Titration with Cu or Zn resulted in displacement of Cd from 
the high-affinity (150 ppm) site. Based on the values of the chemical shifts, 
the high-affinity site was thought to contain two His ligands whereas the 
remaining site probably contains exclusively O-donor Iigands. 

Carbonic anhydrase (CA) 
Carbonic anhydrases from human (HCA) and bovine (BCA) erythrocytes 

are monomeric proteins (M, ca. 29,000), which contain a single Zn binding 

400 a00 1 
~(ppml 

0 

Fig 22. ‘13Cd NMR spectra of Cd-substituted human carbonic anhydrases. 
(B)‘Cd(HCAB); (C) Cd(HCAC) (3.0 mM) plus Na13CN (50 mM) (ref. 151). 

(A) Cd(HCAC); 
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site. In both the low-activity (HCAB) and high-activity (HCAC, BCA) 
isozymes, the Zn is bound by three His ligands and, presumably, water or 
hydroxide. In the original ‘13Cd study of Cd(CA), it was noted that the 
chemical shifts were sensitive to the presence of halides and that changes in 
pH affected the ‘13Cd NMR signals [l]. Later, chemical shift values for BCA 
(pH 8-O), HCAC (pH 8.1) and HCAB (pH 9.1-9.6) of 214, 225.7 and 145.5 
were reported [17]. In a subsequent paper [1493, HCAC and BCAB were 
reported to give **3Cd signals at ca. 220 ppm for pH values between 
5.5-10.0. HCAC either did not give an NMR signal, or gave an extremely 
broad signal over the same pH range and in the absence of anion inhibitors 
[149]. 

Sudmeier and Bell [150] reported that the ‘i3Cd chemical shifts for 
carbonic anhydrases were highly dependent on pH and HCO, concentration. 
In addition, they found that, on addition of 13C-enriched KCN, an adduct 
was formed which gave a *13Cd signal (doublet at 410 ppm, 1JCd_C = 1060 
Hz) which was insensitive to changes in pH or anion concentration, Fig. 22. 
The ‘13Cd shift dependence on pH and [HCO,] was carefully examined, 
and from a least squares fitting the chemical shift values for the OH-, H,O, 
and HCO; adducts of Cd-substituted HCAC, HCAB, and BCA were 
determined [151]. 

Fig. 23. ‘13Cd NMR spectra of (A) 3.7 X 10m3 M BCA plus 1 equivalent of “N-labeled 
Neoprontosil, pH 8.9; (B) 5.3X10-’ M BCA plus 1 equivalent of unlabeled Neoprontosil, 
pH 9.1. From ref. 152. 



Cd(CA) adducts with 15N-labeled sulfonamide inhibitors also gave ‘13Cd 
signals which were insensitive to changes in pH and halide concentration 
and displayed l13Cd- 15N scalar coupling, Fig. 23 [152]. 15N-Labeled 4-flu- 
oro-N-hydroxybenzenesulfonamide coordinated to Cd in ‘I1 Cd-substituted 
CA [153]. A ‘llCd chemical shift of - 275 ppm (relative to dimethyl- 
cadmium) and a ‘I1 Cd-“N coupling constant of 249 Hz were reported 
[152]. 

Carbuxypeptidase A (CPA) 
Carboxypeptidase A, which binds a single equivalent of Zn, catalyzes the 

hydrolysis of peptides and esters. X-Ray structural studies have shown that 
the Zn is bound by two His residues, one Glu, and a molecule of water. 
Structural studies of inhibitor complexes revealed that the inhibitors dis- 
place the coordinated water and bind directly to the metal. At room 
temperature, Cd-substituted CPA does not display a ‘13Cd signal due to 
rapid chemical exchange [17,154]. At reduced temperatures and with high 
NaCl concentrations, a single resonance was observed at 120 ppm [154]. At 
298 K, and in the presence of O-donor inhibitors, 
observed between 127-137 ppm. On the other hand, 
S-donor inhibitors thioglycolic acid and thiolactic 
NMR signals in the range 339-355 ppm [154]. 

single resonances were 
the coordination of the 
acid resulted in ‘13Cd 

2 Cd2+2 C”‘+-SD 
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Fig. 24. ‘I3 Cd NMR spectra of Cd-substituted superoxide clismutase. (A) Cd z (SD), with Cd 
in the equivalent Zn sites; (B) Cd,Cu(II),(SD), (no signals are observed due to line 
broadening effects of paramagnetic Cu(II)); (C) C~,CU(I)~(SD). From ref. 18. 



Superoxide dismutase (SD) 
Superoxide dismutase from bovine erythrocytes has a molecular weight of 

ca. 32,000 and comprises two identical subunits. Each identical subunit 
binds one equivalent each of Zn and Cu. X-Ray cystallographic studies 
have revealed that the Zn and Cu atoms are ca. 6-7 A apart, and that they 
are bridged by an anionic imidazole (for the Cu(II) form). Both Arm&age et 
al. [17] and Bailey et al. [18] found that the Cd-substituted derivative of this 
form of the enzyme (where Cd occupies the Zn sites) gives no detectable 
signals in the ‘13Cd NMR spectrum. This is most likely due to relaxation 
effects of the nearby, paramagnetic Cu(I1). Armitage et al. [17] reported that 
Cd, (SD), with vacant Cu sites, gave a ii3Cd spectrum with a single reso- 
nance at 170 ppm. Addition of Cu(II), with subsequent reduction, gave 
Cd &u(I) 2( SD) which displayed a broad ‘i3Cd NMR signal at 9 ppm. In 
contrast, Bailey et al. 1181 later reported shifts of 311 and 320 ppm for 
Cd,(SD) and Cd,Cu(I),(SD), respectively (see Fig. 24), and it was sug- 
gested that the presence of EDTA in the enzyme preparations may have led 
to erroneous results in the earlier work. 

5-Aminolevulinic acid dehydratase (A LAD) 
ALAD has a molecular weight of 280,000 Daltons and comprises eight 

subunits (ca. 35,000 Daltons each). Zn is known to enhance the activity of 
the enzyme. X-Ray crystallographic data are not available for this enzyme, 
and little is known about the nature of the metal binding sites. Although 
initial studies indicated that Cd-substituted ALAD gives rise to a sharp 
NMR signal [155], subsequent studies revealed that the signal observed was 
due to Cd bound to EDTA impurities [195]. 

Horse liver alcohol dehydrogenase (LA DH) 
LADH is a dimeric enzyme with two distinct Zn binding sites in each 

subunit. One Zn serves a structural role while the other may be involved in 
catalysis. The ‘13Cd NMR signal for the noncatalytic site occurs at 750 ( + 2) 
ppm and this shift is independent of pH or added substrates [156,157]. The 
shift of the catalytic site signal, 484 ppm, is also independent of pH, except 
for pH values greater than ca. 10. On the other hand, the shift of the 
catalytic site signal is very sensitive to the presence of the coenzymes NAD+ 
and NADH and also to substrates. A shift of 442 ( f 1) ppm was observed 
for both NAD+ and NADH complexes with LADH, and this shift was 
independent of pH for values between 7.5 and 10.3. This upfield shift of 42 
ppm was consistent with a conformational change of the enzyme induced by 
NAD+ or NADH binding, and not to direct ligation of these coenzymes to 
Cd. Even more interesting is that this signal shifts back downfield by 75 
ppm (to 518 ppm) on addition of the substrates trifluoroethanol or pyrazole 
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to LADH-NAD’+. The shift of the signal for the trifluoroethanol complex 
was independent of pH for values between 7-10. From these data, the 
authors concluded that the substrate analogues do not bind directly to Cd, 
and that the downfield shifts may result from deprotonation of one of the 
coordinated water molecules [ 1571. 

Metallothionein (MT) 
Metallothioneins are relatively small proteins (M, ca. 6,800) which are 

involved in metal detoxification and metabolism. Of the ca. 60 amino acids 
which make up MT, 20 are cysteines and there are no histidine residues 
present. For mammalian MT, two isozymes (MT-l and MT-2) are present. 
Zn, Cd, and Cu(I) are the metals commonly found in native MT, with the 
proportion of each metal dependent on the origin of the protein. Metal- 
lothioneins typically contain 6-9 equivalents of metals. Review articles have 
appeared which deal with the ‘13Cd NMR spectral properties of Cd-sub- 
stituted metallothioneins, and the reader is referred to this literature [5,6,15] 
and to the actual work [158-1791 for a more detailed presentation. Some of 
the major points are summarized below. 

I * ,I, I , I . I _ 
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Fig. 25. (A) Proton-decoupled l13Cd NMR spectrum of Cd-substituted crab MT-l. (B) and 
(C), as in (A) but with selective homonuclear decoupling at frequencies indicated by the 
arrows (ref. 162). 
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The first reports on 113Cd-substituted MT appeared in 1978; Suzuki and 
Maitani [158] examined rabbit liver MT and Sadler et al. [159] examined rat 
liver MT. In these cases, ii3 Cd-enriched MT _ samples were isolated after 
induction in viva by administration of lr3CdCl 2. Multiple signals were 
observed in the chemical shift range 550-700 ppm. The i13Cd spectrum of 
rabbit liver MT-2 exhibited extensive 113Cd-113Cd scalar couplings [160]. 
Selective homonuclear ‘13Cd decoupling experiments were used to determine 
that rabbit liver MT-2 contains two separate metal clusters, one cluster 
which contains four metals and another which contains three metals 
[160,161]. In this regard, all mammalian metallothioneins are similar. Based 
on the downfield chemical shifts and homonuclear scalar interactions, it was 
concluded that the Cd atoms are bridged by cysteine thiolate groups. These 
findings were corroborated by X-ray crystallographic studies on Cd,Zn rat 
liver MT-2 [190]. 

Metallothionein from human liver, calf liver, rat liver, and crab have also 
been examined using ‘i3Cd NMR spectroscopy. Crab MT binds six metal 
atoms, three each in two distinct metal clusters [162,164]. Homogeneous 
Cd-substituted MT-l and MT-2 were obtained [162] and their ‘13Cd spectra 
analyzed using homonuclear ‘I3 Cd-‘13 Cd decoupling ~techniques, Fig. 25. 
From these data, the ii3Cd signals were assigned to specific clusters as 
shown in Fig. 26. InterestingIy, native calf liver MT was found to contain Zn 
and Cu, and in vitro exchange with Cd results in the selective replacement of 
the Zn atoms only 11661. 

The isolated MT samples generally contained an inhomogeneous mixture 
of metals (usually Zn or Cu and Cd) which made analysis of the ‘13Cd NMR 
spectra more difficult. In vitro methods for preparing MT containing only 
Cd have been described [167,172-1741, and the effects of pH, temperature, 
and ionic strength on the r13Cd spectra have been studied [173]. The 
presence of more than the seven expected Cd signals was originally interpre- 
ted as resulting from multiple configurational substates; later, however, it 
was shown that the extra signals probably result from polymers formed 
during the preparation of Cd ,(MT) [174]. The preparation of pure Cd 7 (MT) 
enabled detailed analyses of the metal binding sites and geometries, and 
models of the Cd clusters have been presented; e.g. see refs. 171, 176, 177. In 
relation to this, ’ H-l13 Cd heteronuclear multiple quantum coherence 
(HMQC), ‘13Cd-l13 Cd correlation spectroscopy (COSY), and other two-di- 
mensional (2D) NMR methods have been applied (vide infra). i13Cd NMR 
was also recently used to monitor the displacement of Cd in rat liver MT 
using mercuribenzoate [175]. The finding that native Zn,Cd cluster composi- 
tions could be obtained by simply mixing equimolar amounts of 
Cd,(hepatic-MT) and Zn,(hepatic-MT) enabled Otvos and co-workers [172] 
to develop an explanation for the observed in vivo response of hepatic Zn 
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Fig. 26. Comparison of the proton-decoupled ‘13Cd NMR spectra and corresponding cluster 
structures (represented schematically) for crab MT-1 and MT-2 (ref. 162). 

and metallothionein levels to Cd administration. ‘13Cd NMR chemical shift 
data for crab and rabbit liver metallothioneins are summarized in Table 41. 
*13Cd NMR spectra for metallothioneins from plaice and Cancer paqums 

have also been published [178]. 

Bhe copper proteins 
‘13Cd spectra of the Cu proteins plastocyanin (Spinacea), stellacyanin 

( Rhus vernicifera), and two azurins (Pseudomonas aeruginosa and Al- 

caligenes faecahs) have been examined [180]. X-Ray structural studies on 
plastocyanin and azurin revealed that these proteins have similar metal 
coordination sites, where two histidines, one cysteine and one methionine 
provide N, SC, and S donor atoms, respectively, in a distorted tetrahedron. 
Although X-ray data are not available for stellacyanin, spectroscopic results 
indicate that two N and one S- donors are present; however, the absence of 
methionine had led to speculation that the fourth ligand may be a second 
S -, a peptide N, or a disulfide group. 
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Fig. 27. Proton-decoupled l13Cd NMR spectra of Cd-substituted blue copper proteins (ref. 
180). 

rr3Cd NMR chemical shifts of 372, 379, 380 and 432 ppm were observed 
fur Pseudomonas azurin, AlcaIigenes azuri~~, stellacyanin, and Spinacea 

plastocyanin, Fig. 27. Since the shifts for the azurins and stellacyanin were 
nearly identical, it was concluded that the binding sites of these proteins 
must be highly similar, even though stellacyanin lacks a methionine [180]. 
Studies on model compounds [59] in combination with HMQC data for the 
copper proteins [181] indicate that methionine is not coordinated to Cd in 
the azurins but probably is coordinated to Cd in plastocyanin. 

D. 

(i) 

COMPARISON BETWEEN SOLID- AND SOLUTION-STATE CHEMICAL SHIFTS 

Coordination compounds 

In addition to comparing solid- and solution-state chemical 
between chemical shifts and structural parameters (where they 
pointed out. 

Complexes with halides 

shifts, trends 
exist) will be 

Average solid-state chemical shifts of 474 ppm (Cl), 386 ppm (Br), and 86 
ppm (I) for CdX, compounds have been calculated here using the data in 
Tables 1 and 2. For comparison, r13Cd chemical shifts of 438 ppm (Cl), 350 
ppm (Br), and 62 ppm (I) were observed using CH,Cl 2 solutions at - 80 O C 
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[573; 474-495 ppm (Cl), 365-399 ppm (Br), and 70-75 ppm (I) shifts were 
derived from least-squares analyses of room temperature, aqueous solution 
data [53,54]; 442 ppm (Cl), 351 ppm (Br), and 44 ppm (I) shifts were derived 
from least-squares analyses of room-temperature, DMSO-d, solution data 
[53]; and a chemical shift of 101 ppm was observed for CdI, in an emulsion 
at - 80” C [55]. Thus, the solid- and solution-state ‘13Cd chemical shifts of 
CdX, complexes (tetrahedral in the solid-state) are in reasonably good 
agreement. 

Complexes with N-donor ligands 
Nearly identical *13Cd chemical shifts have been obtained for CdL, 

complexes (L = phen, bipy, and their derivatives) in the solid- and solution- 
states (see Fig. 2) [39]. Note that the chemical shift values (243-267 ppm, 
except for the sterically hindered 2,9-Me,phen complex) are much further 
downfield than expected (136 ppm, eqn. (8)) [70]. Binding of 1, 2, 3, and 4 
equivalents of 4-Mepy to Cd in EtOH at - 90 O C results in downfield shifts 
from - 21 ppm (for free Cd) to 11, 42, 72, and 101 ppm, respectively [39]. 
These shift changes of 32-29 ppm on sequential 4-Mepy binding are fully 
consistent with the expected 31 ppm shift [70]. Six distinct i13Cd signals 
were observed for Cd(imid), (n = l-6) complexes in similar low-tempera- 
ture binding studies [39]. For n = l-6, downfield shifts induced by imid 
binding of 52, 47, 46, 42, 34, and 30 ppm, respectively, were observed; thus 
the average shift induced by imid binding, 42 ppm, agrees exactly with the 
value determined from ambient temperature, Me,SO solution data [59]. As 
noted by Munakata et al. [39], the results suggest that no pronounced shifts 
occur due to geometric changes from tetrahedral to octahedral_ The shift 
observed for Cd(imid), in EtOH at - 90°C (231 ppm) [39] is in excelIent 
agreement with the solid-state shifts of 238 ppm for Cd(imid),(NO,), [22] 
and 230 ppm for Cd(Meimid),(NO,), [38]. In MeOH at ambient tempera- 
ture, the Cd(Meimid),(NO,) 2 complex gave a ii3Cd signal at 162 ppm 
(Table 5, ref. 38), and this upfield shift is probably due to fast exchange 
between complexes with less than six coordinated Meimid ligands. 

Solid state l13Cd chemical shifts of 380 and 361 ppm have been reported 
for Cd(en) $1 2 - H,O (refs. 22 and 39, respectively). The chemical shifts 
obtained for Cd(en), complexes with a variety of counterions and in a wide 
range of solvents were in the range 346-353 ppm [39], and it appears that 
these complexes also have similar structures in the solution- and solid-states. 

The isotropic solid-state chemical shift for Cd(gly), - H,O (112-113 ppm) 
[43] is in rather poor agreement with the shift of 154 ppm observed at 
- 40 o C for Cd(gly) 2 in supercooled aqueous solution [98,99], Equation (10) 
gives a calculated shift value of 150 ppm. A solution-state shift of 54 ppm 
was observed for Cd(gly) 198,991 and the calculated shift is 75 ppm. A 
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solution containing a lo-fold excess of glycine gave a signal at 263 ppm 
which was assigned to Cd(gly), [993; here, agreement with the calculated 
shift (225 ppm) is fair at best. 

Solid-state ‘13Cd NMR signals in the range 97-117 -ppm have been 
observed for Na,Cd(EDTA) [22]. A shift of ca. 86 ppm was observed for the 
complex in aqueous solution at pH 9 1661, and the calculated shift (eqn. (10)) 
is 62 ppm. 

Amma and co-workers have systematically examined the solid- and 
solution-state spectra of numerous Cd compounds as summarized in Table 
5. Except- for the bipy complexes containing NO, anions, signals from the 
solution-state work given in Table 5 are always upfield from signals ob- 
served in the solid. The 72 ppm downfield shift observed when one NO, is 
replaced by H,O in Cd(bipy),(NO,), [29,33] demonstrates the influence 
that O-donor ligands can have on the ii3Cd chemical shifts of solids. 

Cd(TPP) gave a solid-state ‘i3Cd signal at 399 ppm but a solution-state 
spectrum could not be obtained due to insolubility [26]. The py adduct, 
Cd(TPP)py gave solid- and solution-state chemical shifts of 432 and 427 
ppm, respectively [26], and the downfield shift of 33 ppm due to py binding 
is in excellent agreement with the predicted downfield shift change of 31 
ppm [5!?]. Addition of py to Cd[N(SiMe,) 2]2 resulted in a downfield shift of 
37-43 ppm (depending on the solvent) [72], which is also not far from the 
expected shift (31 ppm). 

Porphyrins contain two neutral and two anionic N-donor atoms. Interest- 
ingly, the shift for Cd(TPP) (399 ppm) can be calculated reasonably using 
the data for dialkylamido compounds. Addition of 62 ppm (31 ppm per 
neutral N donor) to the shift for Cd[N(C9H18)2]2 (362 ppm, Table 19) gives 
a value of 424 ppm for the calculated shift of Cd(TPP), which differs from 
the observed value by ca. 6%. Although additive ‘13Cd chemical shift 
relationships have been found for compounds containing neutral N-donor 
ligands [59,70], and linear relationships between ‘13Cd shift and n in 
Cd(SPh) R (SePh) 4 _ n complexes have been observed [77], the influence of N - 
Iigands on ‘i3Cd chemical shifts in CdL, as a function of n has not been 
systematically investigated. 

Complexes with S-donor ligandr 
Bis-(n-butylxanthate) and bis-ethylxanthate Cd complexes with Cd bound 

by 4 S-donor atoms in a tetrahedral geometry give solid-state “‘Cd signals 
at ca. 442 and 412 ppm, respectively (Tables 1 and 2) [22]. Shifts to much 
lower field (623-705 ppm) have been observed for Cd in the C site 
(tetrahedral, 4 S-donor atoms) of Cd,,(SCH,CH,0H)4+ salts (Table 3) [25], 
and these shifts compare more favorably to those observed in solution for 
tetrahedral Cd(SR), complexes (672, 590, 577, 590, 683, and 654 ppm for 
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Cd(SBz)4, Cd(SPh),, Cd(SPPh),, Cd(SPChx)4, Cd(SMe),, and Cd(S-iPr),, 
respectively; see Tables 23, 25 and 31 for sample conditions) [75,77,81]. 

There have been relatively few other solid-state i13Cd NMR studies of 
coordination compounds which contain S-donor atoms. The CP/MAS spec- 
trum of Cd( N, N ‘-dimethylthiourea) 4 contained too many lines (due to the 
highly asymmetric, distorted geometry about Cd) to allow its analysis [30]. 
An isotropic shift of 98 ppm for Cd(TMTU),(NO,) 2 (2 S-, 4 O-donor 
atoms) was reported [43], but no solution NMR data have been published. A 
solid-state shift of 263 ppm was reported by Amma and co-workers 1311 for 
what appears to be the same compound. 

(ii) Proteins 

Solid-state shifts for the Cd-substituted proteins parvalbumin and con- 
canavalin A were in good agreement with the solution-state shifts [5,49]. The 
solution-state shifts for the binding sites of these proteins were independent 
of pH and chloride ion concentration, and it is therefore probably not 
surprising that the solution shifts were virtually the same as the shifts in the 
solid. The solution- and solid-state shifts for Cd-substituted metallothionein 
were also in agreement, although the solid-state CP/MAS signal was ex- 
tremely broad [48]. 

E. l13Cd CHEMICAL SHIFTS FOR STRUCTURAL ANALYSES OF PROTElNS 

A quantitative relationship between the ‘i3Cd chemical shift and struct- 
ural features of metal binding sites in proteins, including ligand type and 
number, geometry, bond lengths, etc., has yet to be established. It was hoped 
that such a shift-structure relationship could be developed once a suitable 
number of compounds had been examined [6], and that this relationship 
could be used to predict coordination environments in proteins and the 
changes which occur during catalysis. General trends in i13Cd chemical 
shifts have been helpful for studies of metal coordination environments in 
metalloproteins, where binding sites comprising exclusively O-donor ligands 
generally give i13Cd signals in the range + 40 to - 180 ppm, sites with one 
to three N donors give shifts in the range 40 to ca. 300 ppm, and sites with S 
donors give signals with shifts from ca. 400 to 800 ppm. In general, 
coordination compounds can also be grouped in this manner. 

Some attempts have been made to apply a more quantitative shift-struc- 
ture relationship and this work is described below. In addition, an attempt 
will be made in this section to rationalize the shifts obtained for many of the 
Cd-substituted proteins in the light of recently published data on coordina- 
tion compounds. Binding sites will be grouped according to the type of 
donor atoms present (0, N, or S). 
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(i) Sites with O-donor ligands 

Morishima et al. [137] compared the rr3Cd chemical shifts and binding 
site data for a series of structurally (X-ray) characterized proteins and found 
that sites with less anionic character, e.g. more carbonyl or H,O donors and 
less COO- donors, gave l13Cd signals to higher field. This is an interesting 
correlation which is opposite to what might be expected based on the 
concentration dependence of shifts for Cd salts with O-donor ligands [Sl]. 
For example, as mentioned above, the shift of all Cd salts with O-donor 
ligands at infinite dilution in H,O is 0.0 ppm. Increasing the total concentra- 
tion, ‘or addition of oxoanions, results in upfield shifts of the Cd resonance_ 
In DMSO (which coordinates to Cd via the 0 atom) and acetone, similar 
effects are observed [51], and for coordination compounds in solution, 
increasing the amount of coordinated oxoanions relative to neutral O-donor 
solvent molecules results in an upfield shifting of the ‘r3Cd resonance. 

From the wide range of oxo-Cd compounds examined in the solid state, 
Ellis [2] found a general pattern between l13Cd chemical shifts and the 
coordination number, where compounds with 6-coordinate Cd give shifts in 
the range 150 to - 60 ppm whereas 7- and &coordinate Cd compounds give 
shifts in the range 0 to - 60 ppm and 0 to - 100 ppm, respectively [2]. No 
compounds containing exclusively O-donor ligands have been found which 
give shifts as high as - 155 ppm or -193 ppm as observed for ICaBP and 
HRP, respectively_ 

Ellis and co-workers ]43] also pointed out that the isotropic shifts of the 
Cd-oxo compounds examined to date are not sufficiently discriminating to 

allow structure-shift correlations. However, as described in the solid-state 
section (vide supra), correlations between structural features and principal 
shielding tensor parameters have been made [41-431. 

(ii) Sites with N-donor ligands 

Summers et al. [59] analyzed the shifts of some Cd-substituted metal- 
loproteins using shift results derived from studies with coordination com- 
pounds. Shifts for the A and B sites of Cd-substituted AP, Cd(HCAC)CN, 
Cd(HCAC)SH, Cd(azurine), and Cd(plastocyanin) were consistent with 
shifts predicted using eqn. (lo), and it was suggested that discrepancies in 
the literature for Cd-substituted SD could have resulted from Cl- binding to 
Cd [59]. In the remainder of this section, the ‘13Cd chemical shift data for 
the rest of the Cd-metalloprotein binding sites containing N-donor ligands, 
including adducts with substrates, inhibitors, etc., will be examined in terms 
of their compatibility with eqn. (10). Discussions will be limited to enzymes 
for which X-ray structural information is available. 
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Alkaline phosphatase 
The shift for Cd in the A site of Cd,(AP) in the absence of Cl- (117-120 

ppm) is in good agreement with the calculated shift of 126 ppm [59]. In the 
E - P form of the enzyme, phosphate is coordinated to the A-site Cd, and in 
the absence of Cl-, a signal for this site was observed at ca. 133 ppm [145]; 
again this shift is in good agreement with Cd bound by 3 His ligands (A% 
(the percent error between the observed and calculated shifts) = 5%). In the 
E-P form, where phosphate is no longer coordinated to Cd, a shift of ca. 
137 ppm was observed in the absence of Cl- 11451 and A% = 9%. The 
average shift of I29 ppm agrees almost perfectly with the calculated value of 
126 ppm. 

Cd in the B site of AP gives shifts of 52 ppm (Cd,(AP)), 55 ppm 
(Cd,(AP)Pi), 71 ppm (Cd,(AP)As), 52 ppm (Cd,(AP)), 64 ppm (Cd,(AP) - 

Pi2), 69 ppm (Cd,(AP)-Pi,), 81 ppm (Cd,(AP) -As,), and 90 ppm 
(Cd,(AP)-As,) (see Table 41). Shifts of the B site signals are unaffected by 
the presence of Cl- [145]. It is clear that As binding produces shifts to much 
lower field than does Pi binding, and shifts obtained in the absence of Pi or 
As compare more favorably with the calculated shift value of 42 ppm. Since 
sites with O-donor ligands give a wide range of shifts (over 200 ppm), the 
correlation between observed and calculated shifts is poorer for sites with 
only one or two N donors and many O-donor ligands [59]. 

Carbonic anhydrases 
In the absence of tightly binding inhibitors, all of the carbonic anhydrases 

give signals with pH- and [Cl-l-dependent chemical shifts and, under these 
conditions, eqn. (10) fails. However, when CN- or SH- binds to Cd in 
Cd(HCAC), slow-exchange signals observed at 354 (‘J(Cd-C) = 1040 Hz) 
and 374 ppm (Table 41) are in excellent agreement with calculated shift 
values of 336 and 381 ppm, respectively. The CN adduct of Cd(BCA), which 
has a binding site nearly identical with that of HCAC, also gave a shift of 
354 ppm (lJ(Cd-C) = 1040 Hz) which is in excellent agreement with the 
calculated value. The binding of the inhibitor 15N-benzenesulfonamide (BS) 
to Cd( HCA) and Cd( BCA) resulted in l13Cd signals at 390 (‘J(Cd-N) = 190 
Hz) and 387 ppm (l.J(Cd-N) = 190 Hz), respectively (Table 41), and from 
this shift it appears that BS has a deshielding influence of ca. 290 ppm when 
a single molecule of BS binds to Cd. 

HCAB, the low-activity form of HCA, has a somewhat different catalytic 
site. X-Ray structural studies of the native Zn enzyme revealed metal 
ligation to three His and a water molecule, similar to HCAC and BCA; 
however, residues Asn 67 and Thr 200 in HCAC are replaced by His 67 and 
His 200, respectively, in HCAB [188]. The ligand geometries of Zn(HCAC) 
and Zn(HCAB) are also somewhat different [151,152]. The shift of the l13Cd 
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signal for Cd(HCAB)CN (411 ppm) is 57 ppm further downfield than 
observed for the high-activity enzymes (Table 41). In contrast, the signal for 
the BS adduct (355 ppm; ‘J(Cd-N) = 210 Hz) is ca. 34 ppm to higher field 
than observed for the HCAC and BCA enzymes_ It is unclear at this time 
whether or not these anomalous results are due exclusively to differences in 
Cd coordination geometry. 

Concanavalin A 

The Sl site of Con A gives l13Cd shifts in the range 32-46 ppm, and the 
shifts are not influenced by Cl- [104]. The binding site contains one His, 
three COO, and two H,O ligands, and the predicted shift of 42 ppm is in 
excellent agreement with the observed shifts. 

Insulin 

The Zn site of Ins gave a shift of 165 ppm under the conditions given in 
Table 41 [118]. Here, the shift was dependent on sample pH and the 
presence of Cl-; thus, eqn. (10) cannot be employed. In a future experiment, 
it would be interesting to see if 13CN- binding would give a signal in which 
the shift is independent of pH and [Cl-] as was found for carbonic 
anhydrase [150,151]. In this case, it should be possible to accurately predict 
the shift with eqn. (lo), which accounts for the influence of CN-. 

Carboxypeptidase A 

l13Cd spectra.for Cd(CPA) were obtained in the presence of Cl- [154] and 
the observed shift (I20 ppm; data obtained using 1.0 M NaCl solutions) 
does not agree with the calculated value of 84 ppm. On the other hand, 
adducts with the tightly-binding S-donor inhibitors thioglycolic acid and 
D,L-thiolactic acid give shift values of 355 and 350, 339 ppm, respectively 
[154], The 355 and 350 ppm shifts agree nicely with the calculated shift of 
369 ppm (A% = 4-5%); the 339 ppm shift for one of the isomers of 
thiolactic acid does not agree as well, which probably reflects a reduced 
ability of this isomer to coordinate to Cd in the enzyme pocket. 

(iii) Sites with S-donor iigands 

Good agreement was found between the observed and calculated l13Cd 
chemical shifts for the blue copper proteins Pseudomonas azurin, AZ- 
caligenes azurin, and stellacyanin [59]. The observed shift of Spinacea 
plastocyanin was further downfield than expected and implied that a Met 
sulfur was bound to Cd in this protein, and this finding was consistent with 
HMQC studies [59,181]. 
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Cd in the structural site of LADH is bound by four Cys ligands in a 
tetrahedral geometry, and the observed shift (750 ppm) is insensitive to 
changes in pH or the binding of substrates 11571. For comparison, a shift of 
683 ppm was observed for the tetrahedral Cd(SMe), compound in MeOH at 
193 K [75] and, for an aqueous solution at 308 K containing a 12-fold excess 
of MeSH, a signal was observed at 663 ppm [75]. Cd in the catalytic site of 
LADH gives an NMR signal with a shift that is significantly influenced by 
protein conformational changes induced by substrate and coenzyme bind- 
ing. Currently, no model complexes of this type of site, which contains two 
Cys and one His donors, have been examined using ‘r3Cd NMR spec- 
troscopy. 

Cd cluster complexes containing S-donor ligands give shifts in the general 
region found for Cd-substituted metallothioneins [85-921; in addition, some 
compounds give values for Cd-Cd couplings (Cd-S-Cd) similar to those 
observed in the proteins [86]. However, l13Cd NMR chemical shifts obtained 
using models have not been used in a predictive manner to establish the 
coordination environment of the 6 or 7 Cd atoms in metallothionein, 
although studies with Zn-Cd derivatives have shown that neighboring metal 
atoms in Cd-MT and models can influence r13Cd chemical shifts [87,90]. 

F. APPLICATION OF TWO-DIMENSIONAL NMR METHODS 

Two dimensional (2D) ‘H-r13Cd heteronuclear multiple quantum 
coherence (HMQC) NMR spectroscopy is a powerful tool which can pro- 
vide unambiguous information on the nature of Cd-L bonding and the 
identity of ligands coordinated to Cd. The method relies on ‘H-*13Cd scalar 
coupling (J), which must be maintained for a time period of the order of the 
reciprocal of the coupling constant (l/J). Very weak, long-range couplings 
between imidazole (H-2) or cysteine (CH,S) protons and Cd are sufficient 
to give an HMQC correlation spectrum. Although rapid ligand exchange 
rates can preclude the detection of an HMQC correlation, the presence of an 
HMQC correlation provides unambiguous evidence for bonding between a 
particular ligand and Cd. 

A total of four papers appeared in 1985 which demonstrated the appli- 
cability and utility of 1H-1’3 Cd HMQC spectroscopy. Live et al. [182] 
obtained a 2D spectrum of ‘13 Cd-enriched Cd(EDTA) using a total acquisi- 
tion time of ca. 3 min. A 2D rH-‘13Cd HMQC spectrum of ‘13Cd,(crab 
metallothionein) (3 mM) required 10 h of data accumulation [182]. Otvos et 
al. [183] published rH-l13 Cd HMQC results for Cd,(rabbit-liver metal- 
lothionein). Here, it was found that HMQC correlation peaks were some- 
times missing (due to transverse relaxation and/or small coupling constants), 
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but could be detected by using several different delay periods in the pulse 
sequence (A, see ref. 183). 

A more detailed study of Cd-substituted rabbit liver metallothionein was 
published by Wagner and co-workers [184]. A tH-rr3Cd HMQC spectrum is 
shown in Fig. 28. Of the 20 Cys residues, 12 gave an HMQC correlation 
with a single rr3Cd resonance; in addition, the 8 remaining Cys residues gave 
HMQC correlations with 2 Cd signals, thus assigning these as bridging Cys 
residues. A 2D 113Cd-113Cd COSY spectrum (Fig. 29) allowed the homo- 
nuclear coupling pattern to be determined, which immediately allowed 
assignment of the Cd signals to two independent Cd-clusters as shown in 
Fig. 30. Heteronuclear ‘H- ‘13Cd coupling constants were determined by 
comparison of the ‘H-COSY data obtained using l13Cd-MT and ‘12Cd-MT; 
coupling constant values ranged from I 5 Hz to 80 Hz. By combining these 
heteronuclear correlation data with ‘H NMR assignments, the topology and 
locations of the Cd-S clusters relative to the polypeptide structure were 
determined [176,177]. 

1H-“3Cd HMQC spectroscopy was also used to determine the ligands 
coordinated to Cd in Cd-substituted plastocyanin [185]. Multiple delay 

-n3Cd Correlation 
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Fig. 28. Contour plot (A) and cross sections (B) of the ‘H-detected ‘H-‘13Cd HMQC 
spectrum of MT-2. The cysteine signals are identified with arbitrary numbers according to the 
Ha chemical shifts, where a and j3 indicate the Hj3 resonances with the larger and smaller 
coupling constant 3Jaj3, respectively. Resonance splittings due to ‘H-113Cd coupling are 
indicated with solid brackets. For further details see ref. 184. 
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Fig. 29. 113Cd-113Cd double-quantum-filtered COSY spectrum of MT-2. Locations of the 7 
Cd resonances are indicated on the left. ‘I3 Cd-“‘Cd connectivities are indicated with broken 
lines (ref. 184). 

periods were used, and 
His-37, His-87, Cys-84, 
cdordinated to Cd. 

HMQC correlations with Cd were observed for 
and Met-92, confirming that these ligands were 

The HMQC method is also applicable to more labile Cd coordination 
compounds. The spectrum shown in Fig. 31 was obtained for a DMF 
solution at ambient temperature containing Cd(ClO,), (0.08 M) and 
equimolar amounts (0.02 M) of Et,en and Meen [186]. Correlation peaks in 
the 2D plot allow assignment of the Cd signals and provide unambiguous 
information on the binding modes of these ligands [186]. 

The utility of X-filters in 2D ‘H-homonuclear correlation NMR experi- 
ments was recently shown to be useful for identifying scalar- or dipolar-cou- 

cys 36 

Fig. 30. Structures for the two metal clusters in MT-2 obtained using data from the ‘H-113Cd 
and 1X3Cd-“3Cd two-dimensional correlation NMR methods (ref. 184). 
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Fig. 31. -‘H-“‘Cd HMQC NMR spectrum of a DMF solution (ambient temperature) 
containing Cd(ClO,), (0.08 M, natural isotopic abundance), IV-Meen (0.02 M), and Et,en 
(0.02 M). The normal 1D ‘H and l13Cd spectra are shown at the top and side, respectively, of 
the contour plot (ref. 186). 

pled protons which were also coupled to r13Cd 
illustrated using a Cd(EDTA) sample and should 
future studies of Cd-substituted metalloproteins, 
1H_1’3 Cd HMQC spectra are obtained. 

G. SUMMARY 

[X37]. The methods were 
prove extremely useful in 
especially where complex 

Despite the proven utility of ‘13Cd NMR chemical shifts for qualitatively 
or, in some cases, semiquantitatively assessing the nature of ligands at metal 
binding sites in metalloproteins and for studying enzyme function and 
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mechanisms, it is likely that the full potential of lr3Cd spectroscopy as a 
metallobioprobe has yet to be realized. The development of a more quantita- 
tive relationship between structural parameters and lt3Cd chemical shift has 
been hampered in part by the lack of suitable model compounds and 
chemical dynamics [6]. As described throughout this review, these challenges 
are currently being met through applications of solid-state and low-tempera- 
ture solution NMR methods and the design and study of less labile protein 
model compounds. 

However, even for cases where dynamics and solvent or anion effects can 
be ruled out, it appears that ligand atom type and number, bond lengths, 
coordination geometry, and neighboring atoms (including other metals) all 
influence II3 Cd shifts. Studies of coordination compounds in solution have 
thus far provided useful information on the influence of donor-atom type 
and number on isotropic Cd chemical shifts. The influence on shift of 
coordination geometry and Cd-L bond lengths will probably only be 
adequately evaluated using the single crystal approach pioneered by Ellis 
and co-workers. Studies of the Cd ion bound exclusively by O-donor ligands 
will likely also be only adequately addressed through solid-state NMR 
methods due to lability problems with these ligands. In this area, mode1 
compounds with O-donor ligands which exhibit the unusual high-field shifts 
found for ICaBP and HRP are lacking. 

‘t3Cd NMR chemical shift information alone is at present inadequate for 
unambiguous determination of structural features or structural changes at 
the metal binding sites of metalloproteins. In this regard, HMQC NMR 
spectroscopy promises to be a particularly useful tool for identifying the 
ligands which are coordinated to Cd. For cases where ligand exchange or 
nuclear relaxation rates are high (relative to l/J), however, this method will 
not work and determination of structural features may rely exclusively on 
chemical shift analyses. It is therefore important that both techniques be 
developed and utilized. 

NOTE ADDED IN PROOF 

Coleman [ 1961 recently presented ‘I3 Cd NMR results for Cd bound to 
the Zn domain of the protein product of gene 32 from bacteriophage T4 
(g-32P). The *t3Cd NMR chemical shift (638 ppm) is consistent with ligation 
via three S- (Cys) and one N (His) donors. Ca*+, Mg*+ and Cd*+ binding 
to the tryptic fragments of skeletal muscle troponin C have been investigated 
using ‘H and i13Cd NMR [X97]. ir3Cd-substituted pea and lentil lectins have 
also been studied [198], 
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