
Volume 5 

Number 12 

December 1, 1966 

Inorganic Chemistry 
0 Copyright 1966 by the Amnicon Chemical Society 

CONTRIBUTION FROM THE DEPARTMEKT OF CHEMISTRY, 
UNIVERSITY OF CALIFORNIA, RIVERSIDE, CALIFORNIA 92502 

Proton Nuclear Magnetic Resonance Studies of Ethylenediaminetetraacetic Acid 
Complexes of Zirconium (IV), Hafnium (IV), and Palladium (I I)la 

BY YUKIKO 0. AOCHIlb AND DONALD T. SAWYER 

Received April  28, 1966 

The proton nuclear magnetic resonance spectra for the ethylenediaminetetraacetic acid complexes of zirconium( IV), haf- 
nium( IV), and palladium( 11) have been studied in aqueous solution. The spectra for these complexes exhibit characteristic 
multiplet splittings that are indicative of nonlabile bonding between the metal ion and the donor groups of the ligand. The 
hafnium(1V) and zirconium(1V) EDTA complexes exist as simple 1 :  1 complexes a t  low pH, but form hydrolytic species 
above pH 3.5. The nmr data establish that EDTA is capable of acting as  either a bidentate or tetradentate ligand in the 
case of the palladium( 11) complex. Assignment of the resonances due to  coordinated and nonbonded acetate groups has 
been accomplished by comparison of the spectra for the two types of coordination. At high pH incorporation of hydroxyl 
ion into the coordination sphere of palladium(I1) causes EDTA to  become a bidentate donor. 

Proton nmr studies have proven useful for elucidat- 
ing the protonation sites of ethylenediaminetetraacetic 
acid (EDTA)2 and related  ligand^,^,^ for determining 
the nature of the metal-ligand equilibria for EDTA 
complexes,2 and for investigating the metal-ligand 
lability and structures of EDTA and related com- 
plexes5-’ For those EDTA complexes where the 
metal-ligand bonding is relatively nonlabile an AB 
splitting pattern has been observed for the methylenic 
protons of the ligand. The nonequivalency of these 
protons has been attributed to inert metal-nitrogen 
bonding by Day and Reilley6 and to both inert metal- 
nitrogen and metal-carboxylate bonding in the case 
of molybdenum (VI)-EDTA.S 

Because the EDTA complexes of zirconium(IV), 
hafnium(IV), and palladium(I1) can be expected to 
have relatively inert bonding, the nature of their 
proton nmr spectra is of interest, especially in terms 
of AB splitting patterns. Both zirconium(1V) and haf- 
nium(1V) represent more complicated metal-EDTA 
systems than have previously been studied, and their 
high oxidation states and strong affinity for oxygen 

(1) (a) Presented before the Western Regional Meeting of the American 
Chemical Society, Los Angeles, Calif. (b) Taken in part from a thesis sub- 
mitted by Y .  0. Aochi for the degree, Master of Science, to the faculty of the 
University of California, Riverside, Calif., Aug 1965. 

( 2 )  R. J. Kula, D. T. Sawyer, S. I. Chan, and C. M. Finley, J .  Ana. Chem. 
Soc., 86, 2930 (1963). 

(3) R. J. Kula and D. T. Sawyer, Inoug. Chem., 3, 458 (1964). 
(4) J. L. Sudmeier and C. N. Reilley, Anal. Chem., 36, 1698 (1964). 
(5) S. I. Chan, R. J. Kula, and D. T. Sawyer, J .  A m .  Chem. Soc.. 86, 377 

(1964). 
(6) R. J. Day and C. N. Reilley, Anal. Chem., 86, 1073 (1964). 
(7) R. J. Day and C. N. Reilley, ibid.,  37, 1326 (1965). 

provide differences which affect the electronic environ- 
ment of the ligand protons. 

The palladium(I1)-EDTA complex provides an 
interesting system for correlating the proton nmr spec- 
tra with the coordination structure. Because palladium- 
(11) forms four-coordinate, square-planar bonding, 
analysis of the nmr spectra for its EDTA complexes 
provides a means for interpreting more complicated 
EDTA systems such as moIybden~m(V1)~ and cobalt- 

A final reason for studying these three additional 
metal-EDTA systems has been to complete a general 
nmr study of diamagnetic metal-EDTA complexes. 
The present discussion summarizes the results of a de- 
tailed nmr study of the EDTA complexes of zirconium- 
(IV), hafnium(IV), and palladium(I1) as a function of 
mole ratio of metal to ligand and as a function of 
solution pH. Certain generalizations have proven 
possible regarding the relation between the nmr spec- 
tra and the structure and lability of EDTA complexes. 

(III).G 

Experimental Section 
Equipment .-The 60-Mc proton nuclear magnetic resonance 

spectra were recorded on a Varian Model A-60 high-resolution 
spectrometer. Temperature of the probe was controlled to 38 
f 1’. The 100-Mc spectra of the palladium(I1)- and hafnium- 
(1V)-EDTA complexes were recorded on a Varian Model HA- 
100 spectrometer at Varian Associates, Palo Alto, Calif. t-Butyl 
alcohol (TBA) was used as an internal standard for all chemical 
shift measurements. The resonance for this material is 1.233 
ppm downfield from 3-(trimethyl sily1)-1-propanesulfonic acid, 
sodium salt (TMS*), and the reported resonances can be con- 
verted to this reference by adding the difference. The TBA refer- 
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ence has the advantage of a constant chemical shift, independent 
of solution pH and composition, which is close to the chemical 
shifts for the protons being studied. This permitted smaller and 
more sensitive sweep widths than would have been possible by 
using TMS*. The TBA was added to each solution in com- 
parable concentration to the complex being studied before adjust- 
ing the pH. Both the 60- and 100-Mc spectra were scanned a t  
a rate of 1 cps. 

The pH of the sample solutions was measured by mcans of a 
Leeds and Xorthrup line-operated pH meter. Miniature pH 
electrodes were used to enable measurement of small volumes of 
solution. 

Reagents.-Ethylenediaxninetetraacetic acid (J.  T. Baker 
Chemical Co.) was used for all solution preparation; this ma- 
terial had an assay of 100.07c and was used without purifica- 
tion. Adjustment of solution pH vias accomplished with potas- 
sium hydroxide, ammonium hydroxide, or nitric acid. The zir- 
conium(1V) and hafnium(1P) solutions mere prepared from zir- 
conium sulfate and hafnium oxychloride, respectively; these ma- 
terials were obtained from Alfa Inorganics, Inc. Solutions of 
palladium(I1) were prepared from reagent grade palladium chlo- 
ride obtained from Englehard Industries, Inc. As a check on 
possible impurities in this material, solutions of palladium(I1) 
also were prepared from Johnson-Matthey Spccpure ammonium 
chloropalladite. Deuterium oxide (T'olk Inc., assay 99.T7yc) 
was used as a solvent for all solutions to minimize distortion of 
the complex resonances near the HDO resonance. Attempts to 
reduce the size of the HDO resonance by recrystallization of 
EDTA in deuterium oxide resulted in little improvement. Con- 
sidering the use of DzO, a more valid measure of the acidity of 
the sample solutions could be obtained by use of the equation 
given by Mikkelson and Sielsona 

pD = meter reading + 0.40 

However, because the concentration of H20 varied from solution 
to  solution and because of the change in temperature for the 
sample solution, the actual meter readings were used without 
correction. 

Solutions of zirconium(1V)-EDTA and hafnium(IY)--EDTA 
were prepared by stirring the metal salt and EDTA in acidified 
deuterium oxide and slowly adding concentrated ammonium hy- 
droxide until the solid material dissolved. The difficulty of dis- 
solving the hafnium(1V) complex was overcome by using a slight 
excess of EDTA beyond the stoichiometric amount. The maxi- 
mum concentration obtainable for the zirconium(1V) coniplex was 
approximately 0.3 F .  With the hafnium(1V) complex, concen- 
trations as high as 0.5 F were possible through the use of an ex- 
cess of EDTA. Solutions of palladium(I1) were prepared by 
the addition of a stoichiometric amount of palladium chloride to 
a solution of EDTA in deuterium oxide. The mixture was heated 
and stirred until the solid dissolved giving a dark red solution. 
For these conditions the resulting complex has two of the four 
donor sites filled by chloride ions with the other two being satis- 
fied by the two nitrogens of the EDTA ligand. The final con- 
centration of the complex was 0.5 F .  

The palladium(I1)-EDTA complex with four-coordinate bond- 
ing by the EDTA was prepared in solution by the procedure out- 
lined by Busch and Bailar.g This consisted of adding an amount 
of silver nitrate equivalent to the chloride content of the pal- 
ladium-EDTA complex solution. After addition the solution 
was stirred until the precipitated silver chloride had coagulated 
and then filtered through a fine porosity fritted glass filter, 

Results and Discussion 
Zirconium (1V)- and Hafnium (1V)-EDTA Complexes. 

-The nmr spectra for the 1 : 1 solutions of zirconium- 
(117)-EDTA and hafnium(IV)-EDTA4 as a function 
of solution are qualitatively similar. Both systems ex- 
hibit extensive changes over a relatively small pH range. 

(8) K. Mikkelson and S. 0. Nielson, J .  Phys. Chewz., 64, 632 (1960). 
(9) D. H. Busch and J. C. Bailar, Jr., J. A m .  Chem. Soc., 78, 716-(1956). 

B 
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Figure 1,-Proton nmr spectra for zirconium(1V)-EDTA: 
curve A, pH 3.5; curve B, pH 4.5; curve C, pH 5 .5 ;  concentra- 
tion of 1: 1 metal complex, 0.5 F. 

The spectrum a t  pH 3.5 for zirconium-EDTA is shown 
in Figure 1A and indicates a simple AB quartet centered 
a t  2.61 ppm with a single ethylenic resonance upfield 
a t  1.99 ppm. The quartet is similar t o  the quartets 
observed for the molybdenum(V1)- and cobalt(II1)- 
EDTA c ~ m p l e x e s ~ ~ ~  that have been attributed to the 
nonequivalency of the two protons for each of the 
four methylene groups of the EDTA ligand. Coupling 
constants for such quartets are evaluated by measuring 
the distance between an outer satellite and the adjacent 
major branch of the quartet. The chemical shift dif- 
ference, F A  - FB, can be calculated by taking the geo- 
metric difference between the distance from the first 
to the third peaks of the quartet and the coupling 
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constant.1° For the quartet in Figure 1A the coupling 
constant is 17.1 cps and the chemical shift difference is 
0.257 ppm. As the pH is increased above pH 3.5 the 
central peaks of the quartet become unsymmetrical 
and a t  the same time another resonance appears approxi- 
mately 0.12 pprn upfield from the original ethylenic 
resonance. This variation a t  higher pH values is illus- 
trated by Figure 1B and 1C. At pH 5.0 the original 
quartet and ethylenic resonance are no longer present. 
The spectrum now consists of a multiplet with a broad 
central peak a t  2.55 ppm and a single resonance upfield 
a t  1.87 ppm for the ethylenic resonance. The smaller 
peaks of the multiplet are separated from the central 
peak by approximately 18 cps, which is slightly larger 
than the coupling constant for the original quartet. 
The low-intensity peaks of the multiplet no longer are 
observed when the solution has been adjusted to pH 8, 
and another set of resonances arising from uncomplexed 
EDTA appears above pH 9. 

The necessity of adding excess EDTA to obtain ade- 
quate concentrations of the hafnium(1V)-EDTA com- 
plex has resulted in somewhat complicated spectra. Be- 
cause the resonances for the methylenic protons of un- 
complexed EDTA coincide with one of the peaks of the 
methylenic quartet for the complex, the calculation 
of values for the chemical shift difference is difficult. 
Hence, this quantity has been calculated by using the 
coupling constant to obtain a measure of the separa- 
tion for the central peaks of the quartet; this approach 
gives a constant value of 0 277 ppm for the chemical 
shift difference. Over the pH range for which the quar- 
tet  can be observed this value does not change and is 
essentially the same as that observed for the zirconium 
complex (the quartet collapses above pH 4). 

As the pH of the solution containing the hafnium 
complex is increased the same pattern of asymmetry 
that is observed for the zirconium system is observed. 
However, in the case of the hafnium complex the low- 
intensity resonances which are symmetrical about the 
broad resonance a t  2.55 ppm are more pronounced and 
persist even above pH 9. When solutions containing 
two EDTA ligands per hafnium(1V) are prepared the 
same general spectrum as observed for the 1 : 1 solution 
is observed with two additional resonances appearing 
for uncomplexed EDTA. With the 1 : 2  solution the 
quartet collapses a t  a lower pH because of the increased 
lability of the chelate brought about by the excess 
ligand. The uncomplexed EDTA resonances remain 
separated from the resonances for the coordinated 
EDTA over the entire pH range studied. 

To  facilitate the interpretation of the 60-Mc spectra 
of hafnium-EDTA and zirconium-EDTA, 100-Mc 
spectra of the hafnium complex have been recorded. 
Figure 2 illustrates both the 60- and the 100-Mc spec- 
tra a t  pH 6.8; resonances for uncomplexed EDTA 
are indicated by arrows in the figures. Only a single 
ethylenic resonance and a multiplet with a broad 
central peak are observed for the complex in the BO-Mc 

(10) J. A. Pople, W. C. Schneider, and H. J. Bernstein, "High-iesolution 
Nuclear Magnetic Resonance," McGraw-HI11 Book Co , Inc., New Yolk, 
N. Y., 1959, p 119. 
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Figure 2.-Proton nmr spectra for hafnium(1V)-EDTA at pH 
6.8 for a 0.5  F solution: curve A ,  60 Mc; curve B, 100 Mc. 

spectrum. For the 100-Mc spectrum the broad cen- 
tral peak of the multiplet is split into two peaks giving 
a quartet with J equal to 17.1 cps and 6~ - 6~ equal to 
0.128 ppm. Using this value of 6~ - 6~ the separation 
of the central peaks of the quartet a t  60 Mc is calcu- 
lated to be approximately 1.7 cps. Considering the 
broadness of the resonances observed for these com- 
plexes in aqueous solution, the lack of resolution for the 
splitting a t  60 Mc is reasonable. 

At pH 4.3 the two ethylenic rebonances for the 
hafnium(1V)-EDTA system are of approximately the 
same area, but the quartet is somewhat asymmetric 
(Figure 3). The uncomplexed EDTA has a methylenic 
resonance which is actually hidden beneath the reso- 
nance indicated by the arrow a t  low field in both the 60- 
and 100-Mc spectra. The 100-Mc spectrum a t  this pH 
contains five fairly intense plus four less intense reso- 
nances. The two resonances a t  2.72 and 2.34 ppm have 
identical chemical shifts as the resonances which con- 
stitute the outer satellites of the quartet a t  pH 6.8. 
Apparently a second quartet is superimposed on the 
high pH quartet and consists of the resonances a t  2.81, 
2.64, 2.55, and 2.39 ppm. This second quartet must be 
the methylenic portion of the spectrum which corre- 
sponds to the ethylenic resonance a t  1.95 ppm. The 
value of 6~ - 6~ is calculated to be 0.198 ppm from the 
100-Mc spectrum; this agrees with the value of 0.203 
ppm calculated from the 60-Mc spectrum. The cou- 
pling constant for this quartet also has a value of 17.1 
cps. 

The relative areas of the two ethylenic resonances in 
the 60- and 100-Mc spectra as a function of pH indi- 
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Figure 3.-Proton nmr spectra for hafnium(1V)-EDTA coin- 
plex a t  pH 4.3 for a 0.5 F solution: curve A, 60 Mc; curve B, 
100 Mc. 

cate that  they arise from two different types of ethyl- 
enic protons, with the protons for each type equiva- 
lent. The peak assignments have been substantiated by 
integration of the areas for spectra recorded in the range 
from pH 3.5 to 5.0. A ratio of 2 : l  for each quartet 
relative to its corresponding single ethylenic resonance 
has been established a t  each pH. 

Because the ions of zirconium and hafnium are 
known to exhibit extremely similar behavior in all 
their chemistry, properties of their EDTA complexes 
in solution should be closely related. Interpretation 
of their proton nmr spectra is facilitated by considering 
their spectra together; most of the conclusions are ap- 
plicable to both metal ions. 

The nmr spectrum for zirconium(1V)-EDTA a t  pH 
3.5 (Figure 1A) is similar to the spectra for the EDTA 
complexes of cadmium(II),6 molybdenum(VI),S and 
yttrium(II1) .I1 Reilley and co-workers6,12 first pro- 
posed that the observed quartet results from spin-spin 
interaction of the two nonequivalent methylenic pro- 
tons of each acetate group. The prerequisite for the 
appearance of such a quartet is nonlabile bonding of the 
nitrogen groups to the metal ion such that the nitrogen 
becomes an asymmetric center. The situation is then 
similar to that of the substituted ethanes of the type 
WF&CXYZ, in which preferred orientations about the 
carbon-carbon bond cause nonequivalence of the gem 

(11) R. J. Kula, Ph.D. Dissertation, Department of Chemistry, Univer- 

(12) J. L. Sudrneier and C. N. Reilley, A ~ z a l .  Chem.,  36, 1707 (1964). 
sity of California, Riverside, Calif., 1964. 

fluorine atoms. This phenomenon, observed first by 
Nair and Roberts,13 has been discussed from a theo- 
retical standpoint by P ~ p l e ' ~  for conditions of rapid and 
of slow rotation. 

The spectra above pH 6 for hafnium-EDTA and 
zirconium-EDTA, illustrated by Figure 2, indicate 
that only one species is present within the nmr time 
scale because only one ethylenic resonance is observed 
The 100-Mc spectrum establishes that the methylenic 
portion is a quartet arising from the small chemical 
shift difference between the methylenic protons. 

At intermediate pH values (between 3.5 and 6)j 
a gradual transition from the low pH form to the high 
pH form of the complex occurs; the nmr spectra show 
a superimposition of the two quartets, as well as two 
separate ethylenic resonances. Resolution of some 
of the resonances which are superimposed in the 60-Mc 
spectrum is accomplished by recording the 100-Mc spec- 
trum (Figure 3). Because the chemical shifts for the 
complex and the chemical shift differences for the 
methylenic protons, 8~ - 8 ~ ,  do not change with pH 
for either quartet, assignments for the resonances have 
been made easier. If one quartet is present below pH 
3.5 and another quartet is present above pH 6, spectra 
for solutions between these two pH values should rea- 
sonably be expected to include two quartets even if all 
the resonances cannot be resolved in the 100-Mc spec- 
trum. 

Consideration of the different types of bonding that 
might give rise to the observed spectra permits some 
reasonable speculation concerning the structure for the 
complexes. The chemical shift differences for the two 
quartets for hafnium(IV), 0.277 and 0.128 ppm, are not 
greatly different from the values of 0.356 and 0.17 
ppm which Day and Reilleyc have reported for the two 
quartets observed for octahedral cobalt(II1)-EDTA. 
They assigned the two quartets to in-plane and out-of- 
plane acetate groups. Thus, the EDTA complexes of 
zirconium(1V) and hafnium(1V) could be assumed to 
be octahedral. Two factors, however, are inconsistent 
with this proposal. The variation of the spectra be- 
tween pH 3.5 and 5.0 implies that  if the two quartets 
were assigned to in-plane and out-of-plane acetate 
groups, respectively, then only in-plane coordination 
occurs a t  low pH and only out-of-plane coordination 
occurs above pH 5. Such a phenomenon is difficult to 
justify on the basis of known chelate chemistry. 

Also, coordination with hafnium(1V) and zirconium- 
(IV) is not likely to be octahedral because the probable 
coordination number is eight. Thus, the complexes 
for these ions should be either square antiprismatic or 
dodecahedral. Intorre and Martelllj have proposed 
that zirconium(1V)-EDTA may be square antipris- 
matic with EDTA filling six coordination positions and 
n-ater molecules filling the other two. Hoard, Will- 
stadter, and Silverton,16 however, have carried out an 
X-ray crystallographic analysis of bisnitrilotriacetato- 

(13) P. M. Nair and J. D. Roberts, J .  A m .  Chem. Soc., 79, 4565 (1957). 
(13) J. A. Pople, Mol .  Phys . ,  1. 3 (1958). 
(16) B. J, Intorre and A. E. Martell, J .  Am. Chem. Soc.,  82, 358 (1960). 
(16) J. L. Hoard, E. U'illstadter, and J. \T. Silvei-ton, i b i d . ,  88. 1610 (1960). 
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zirconate(1V) ion and unequivocally assigned the co- 
ordination type as dodecahedral. On the basis of the 
similarity of the structure and chelation sites of nitrilo- 
triacetate and EDTA, the conclusion that the EDTA 
complexes of zirconium(1V) and hafnium(1V) are do- 
decahedral is reasonable. 

The positions of the atoms of EDTA in a dodecahedral 
configuration are identical with the framework described 
for the seven-~oordinatel~ [Fe(OH,)EDTA]- ion. 
HoardL8 has stated that this configuration is obtained 
by expansion of the central metal atom until swelling 
of the arms of the chelate leaves two more coordina- 
tion positions to be filled. From the symmetry ele- 
ments of the polyhedron, all four acetate groups could 
undergo similar shielding or deshielding as a conse- 
quence of diamagnetic anisotropy of the other bonds 
in the molecule. Thus any one type of zirconium- or 
hafnium-EDTA complex would be expected to ex- 
hibit only a single quartet due to the methylenic pro- 
tons. 

Correlations are possible between the results of In- 
torre and MartellI5 and the results discussed here. 
They observe an inflection in the potentiometric 
titration curve of a 1:1 solution of zirconium(1V)- 
EDTA between pH 3 and 4, which they take to indi- 
cate the formation of the simple chelate. A buffer 
region a t  about pH 3.5 indicates that an additional 
mole of base adds to the complex and possibly results 
in some polymerization. At about pH 9 precipitation 
of the hydrous oxide occurs. The nmr data indicate 
that below pH 3.5 only the simple chelate is present 
giving rise to a single quartet and a single ethylenic 
line. Above this pH base is added to the complex re- 
sulting in a species which is in equilibrium with the 
simple chelate. When the pH is increased beyond pH 
5 ,  hydrolysis and polymerization is almost complete. 
Although precipitation is not observed for solutions 
above pH 9, uncomplexed EDTA resonances appear 
under these conditions and indicate that complete 
hydrolysis of the EDTA complexes of zirconium and 
hafnium has occurred. 

The rather small value for the chemical shift differ- 
ence for the two methylenic protons also may be ex- 
plained on the basis that hydroxide ions are being in- 
corporated into the coordination sphere of the metal ion. 
The presence of hydroxide ion would be expected to  
decrease the effective charge of the atom, to weaken the 
bonding between the chelating agent and the metal, 
and to increase the lability of the chelate. 

The final point of interest concerns the absence of 
any observable AzBz splitting of the ethylenic resonance 
for the hafnium- and zirconium-EDTA complexes. 
Such splitting has been reported for the cobalt(II1)- 
EDTA complexess and for some cobalt(II1) complexes 
with ethylenediamine-N,N'-diacetic acid.lg Such non- 
equivalence would be expected when both the nitrogen- 
to-metal bonds and the acetate-to-metal bonds are 

(17) J. L. Hoard, WI. Lind, and J. V. Silverton, J. A m .  Chem. Soc., 83, 2770 
(1961). 

(18) J. L. Hoard and J. V. Silverton, Inoug. Chem., 2, 235 (1963). 
(19) J. L. Legg and D. W. Cooke, ibid., 4, 1576 (1965). 
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Figure 4.-Proton nmr spectra for palladium(I1)-EDTA: 
curve A, typical spectrum for the hidentate complex between pH 
3.0 and 10.5; curve B, spectrum for the tetradentate complex a t  
pH 5.0; curve C, spectrum for the bidentate complex a t  pH 11.6. 
Metal chelate concentration. 0.5 F. 

long lived. Because zirconium(1V) and hafnium(1V) 
are known to have high affinity for oxygen and be- 
cause of the very large stability constant for zirco- 
nium(IV)-EDTA,20 log K = 29, nonlabile bonding ap- 
pears as a reasonable situation. Hoard,ls however, 
has pointed out that  the metal-nitrogen bonds in the 
bisnitrilotriacetate complex of zirconium(1V) are ex- 
traordinarily long. If the bonding situation is similar 
with EDTA, then perhaps such weak coordination of 
the nitrogens would allow rapid interconversion of the 
ethylenic protons, thereby eliminating any nonequiva- 
lence among them. 

Palladium(I1)-EDTA ; Bidentate Complex.-A 1 : 1 
solution of palladium(I1)-EDTA which has been pre- 
pared from palladium chloride gives the nmr spec- 
trum shown in Figure 4A from pH 3 to 10.5. Below 
pH 3.0, considerable broadening of the resonance lines 
occurs and above pH 11 the spectra are complicated by 
additional resonances. The spectrum consists of a 
quartet adjacent to the HDO resonance centered a t  
2.78 ppm and a single ethylenic resonance a t  2.28 ppm. 
Several low-intensity resonances are present on both 
the high-field and low-field sides of the ethylenic reso- 
nance as well as one additional minor resonance on the 
low-field side of the HDO resonance. None of these 
minor resonances is symmetrical about the ethylenic 

(20) B. J. Intorre and A. E. Martell, ibid. ,  3, 81 (1964). 
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resonance and their chemical shifts do not change with 
pH even when the ethylenic resonance does. 

Chemical shifts for both the acetate and ethylenic 
protons change only very slightly between pH 3.5 and 
10.5. However, between pH 10.5 and 12.5 the ethyl- 
enic resonance shifts approximately 0 ,083 ppm upfield. 
Above pH 10.5 tn-o additional resonances appear in 
the region of the quartet, and as the pH is increased 
the low-intensity resonances near the ethylenic peak 
begin to diminish and essentially disappear above pH 
11. The new resonances a t  2.90 and 2.53 ppm in- 
crease in magnitude as the area of the quartet decreases 
while the ethylenic resonance remains constant in size 
(Figure 4C). Considering this spectrum and the inte- 
grated areas for the resonances, the quartet and the 
two additional resonances together constitute the 
methylenic portion of the spectrum ; the ethylenic res- 
onance is a single line a t  2.20 ppm. Above pH 13, the 
original quartet no longer is observed. The effect of 
solution pH on the chemical shift difference for the 
quartet of the bidentate palladium(I1)-EDTA com- 
plex is shown in Figure 5. There is relatively little 
change with pH up to about pH 9.5, after which there 
is a rapid increase in the difference with increasing pH. 
The coupling constant for this quartet remains con- 
stant a t  16.7 cps for all conditions of pH. 

The 100-Mc spectrum for the bidentate palladium- 
(11)-EDTA complex also has been recorded; the quar- 
tet has a coupling constant of 16.8 cps and a chemical 
shift difference of 0.278 ppm, in reasonable agreement 
with the 60-Mc data, 16.7 cps and 0.255 ppm, respec- 
tively. A more significant observation with the high- 
frequency spectrum is that  the relative positions of the 
low-intensity resonances upfield from the ethylenic 
resonances are separated by 16 cps, which is the same 
as their separation in the 60-Mc spectrum. If the two 
high-field minor resonances as well as the resonances a t  
2.15 and 2.44 ppm constitute a quartet, then their 
chemical shift difference is equal to 0.510 ppm. 

The experiments of Busch and Bailarg on EDTA 
complexes of platinum(I1) and palladium(I1) and 
those by LiuZ1 on ethylenediamine-N, N'-diacetic acid 
complexes of platinum (11) have established definitely 
that EDTA acts as a bidentate ligand when chloride 
is available to fill two of the coordination positions 
on the metal ion. Thus the spectrum shown in Figure 4A 
can reasonably be concluded to represent the bidentate 
form of dichloropalladium(I1)-EDTA. Apparently 
the nitrogens are bonded sufficiently strongly to cause 
nonequivalence of the methylenic protons due to pre- 
ferred rotational conformation. The fact that  this 
spectrum remains essentially constant over the pH 
range from 3.0 to 11 is in accord with the observations 
of MacNevin and Kriege,22 who reported the presence 
of the 1 : 1 complex over approximately the same pH 
range. A plot of the wavelength of the maximum 
absorbance as a function of pH reported by these 
authors is similar to a plot of the chemical shift differ- 

(21) C. F. Liu, Iizovg. CAenz., .?, 680 (1964). 
(22) W. M. MacNevin and 0. H. Kriege, J .  Am.  Chem. Soc., 77,  6149 

(1955). 
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Figure ,?I. Clicmical shift difference for the methylenic protons 
of the bideritate palladium(I1)-EDTA complex as a function of 
solution pH. Concentration of the 1 : 1 metal complex, 0.5 F .  

ence lis. pH as shown in Figure 5 .  Thus chemical shift 
difference appears to be comparable to the wavelength 
of the absorption maximum as an indicator of struc- 
tural and compositional changes. 

Tetradentate Complex.-By removing the chloride 
ion from a palladium(I1)-EDTA solution the two sites 
occupied by the chloride ions on the metal ion are made 
available for coordination by the carboxylate groups 
of the ligand. The spectrum for such a chloride-free 
solution a t  pH 5.0 is shown in Figure 4B. By compari- 
son with the spectrum for the bidentate complex, the 
resonance a t  2.77 ppm is concluded to result from the 
collapse of the quartet. This probably results because 
of coincidental field symmetry for these protons. The 
chemical shift for the ethylenic resonance is at 2.38 ppm, 
which is slightly downfield from that for the bidentate 
complex. The most striking feature of the spectrum 
is the set of resonances upfield from the ethylenic reso- 
nance. On the basis of the values of their chemical 
shifts, these resonances appear to be the same anoma- 
lous resonances which are observed in the spectrum of 
the bidentate complex as minor lines. Four resonances 
a t  2.44, 2.15, 1.85, and 1.55 ppm appear to constitute a 
quartet with a coupling constant of 16.7 cps and a 
chemical shift difference equal to 0.510 ppm. Integra- 
tion of the areas for the resonances supports the conclu- 
sion that these peaks are due to the methylenic pro- 
tons. The other resonances a t  2.12 and 3.50 ppm are 
difficult to assign; they increase and decrease in mag- 
nitude in harmony with the quartet. 

The five resonances a t  2.44, 2.15, 2.12, 1.85, and 1.55 
ppm are almost identical with the Flg spectra reported 
by Phillipsz3 for CF2BrCBr(CN)(CH3) a t  - 110" and 
for CF2BrCBr2CN a t  -98'. Both of these spectra have 
been interpreted as representing slow rotation about 
the carbon-carbon bond. Thus, the quartet together 
with the fifth resonance near its center (Figure 4B) 
may be due to different rotational configurations. The 
observation of resonances for different rotational con- 
figurations has not been previously reported for EDTA 
complexes. That this type of spectrum may occur for 

(23)  W. U. Phillips, Ann. 'V. Y. Acnd.  Sci., 70 ,  817 (1968) 
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palladium(I1)-EDTA is surprising in view of the 
much higher temperature and also the relative “free- 
dom” of the acetate groups in the tetradentate complex. 

Assignment of the single methylenic resonance in 
Figure 4B to the nonbonded acetate groups and the 
high-field quartet to the coordinated acetate groups is 
based primarily on the values of the chemical shifts. 
Because the quartet adjacent to the HDO resonance is 
assigned to nonbonded acetate groups in the case of 
the bidentate complex and because coordination would 
not be expected to cause mere collapse of the quartet 
without simultaneously altering the chemical shift, 
the single methylenic resonance is assigned to the non- 
bonded acetate groups in the tetradentate complex. 
The high-field set of resonances must then arise from 
the coordinated acetate graups. The value of the 
chemical shift difference, 0.510 ppm, supports this 
conclusion because i t  is close to the value of 0.356 
ppm which Day and Reilley6 tentatively attributed 
to the in-plane bonding of the acetate groups for co- 
balt(II1)-EDTA. The region of the spectrum in 
which this quartet occurs for the cobalt(II1) complex 
also is fairly high upfield and close to the ethylenic 
resonance. The appearance of five resonances instead 
of a simple quartet must somehow be associated with the 
size of the palladium (11) ion, the size-to-charge ratio, 
and the lability of the chelate. These factors also 
probably contribute to the abnormally high upfield 
chemical shift for this methylenic multiplet. The 
presence of these resonances in the spectrum for the 
bidentate complex (Figure 4A) indicates that  a small 
percentage of the tetradentate complex is formed even 
in the presence of chloride ion. 

As the pH of the chloride-free chelate solution is 
increased the multiplet decreases in magnitude while 
the single methylenic resonance increases ; the ethyl- 
enic resonance remains constant in area as a singlet. 
The latter resonance apparently is a degenerate A2B2 
pattern. At about pH 10.5 the single methylenic 
resonance splits into a quartet with the same chemical 
shift and the same coupling constant as that found 
for the bidentate complex under similar conditions of 
pH. There is no change in the chemical shift for the 
ethylenic resonance up to pH 9.5. However, when the 
single methylenic resonance splits there is immediate 
upfield shift of the ethylenic resonance by 0.083 pprn 
to  the position that is identical with that of the biden- 
tate complex. As the pH of the solution is increased 
above pH 9.5 the ethylenic resonance continues to 
shift upfield. 

Above pH 10.5 the spectra for the bidentate and 
tetradentate complexes are essentially the same. How- 
ever, in the case of the tetradentate complex the chemi- 
cal shift difference is smaller and increases from 0.165 
ppm a t  pH 10.6 to 0.248 ppm a t  pH 12.3. Also the 
additional resonances around the central peaks of the 
quartet, which appear a t  about pH 10.5 for the biden- 
tate complex, do not appear until pH 11.5 for the tetra- 
dentate complex. 

The similarity of the spectra for the bidentate and 

tetradentate complexes above pH 10.5 indicates that 
a t  this solution acidity the coordination for both 
systems becomes essentially identical. Two situations 
could bring about this similarity in the spectra. The 
existence of unprotonated carboxylate groups in the 
bidentate complex might cause displacement of the two 
chloride ions to give the tetradentate structure. A 
more plausible possibility is that  the increased hy- 
droxyl ion concentration causes displacement of the 
coordinated carboxylated groups in the tetradentate 
complex to a structure similar to the bidentate complex. 
That the latter is the cause is further supported by the 
slight but definite shift of the ethylenic resonance to 
higher fields and the broadening of all the resonances a t  
this pH. Incorporation of hydroxyl ions into the inner 
coordination sphere of the palladium ion would be 
expected to decrease the effective charge of the metal 
ion which the chelate interacts with and thereby would 
decrease the amount of deshielding which the ethylenic 
protons experience. Incorporation of hydroxyl ions 
would also be expected to increase the lability of the 
chelate and thereby produce broadening of all the 
resonances. 

By the time the additional resonances appear in the 
vicinity of the quartet all of the resonances are so broad 
that determination of whether these are part of another 
quartet is difficult. However, integration establishes 
that these peaks together with the quartet constitute the 
methylenic portion of the spectrum associated with a 
single ethylenic resonance. Thus, the extra resonances 
are concluded to be part of another quartet due to a 
second form of the complex in equilibrium with the 
first. These two forms may involve coordination by 
one and two hydroxyl ions, respectively. Because the 
second quartet appears only a t  high pH values and is 
the only one existing above pH 13, this quartet is as- 
signed to the form with, two hydroxyl ions. Further 
evidence for this assignment is the slightly high-field 
chemical shift of the center of the quartet. Displace- 
ment of the ligand by hydroxyl ions would reasonably be 
expected to occur a t  a bigher pH for the tetradentate 
complex than for the bidentate complex because the 
hydroxyl ions must overcome the stabilizing effect 
of the chelate ring to displace the carboxylate groups. 

On the basis that  the upfield quartet in Figure 4B is 
due to the in-plane methylenic groups for the bonded 
carboxylate groups of the tetradentate complex, the 
upfield quartet observed for the cobalt(II1)-EDTA 
complex can reasonably be concluded to be due to the 
in-plane acetate groups. Thus the present data sup- 
port the tentative conclusion of Day and Reilley.6 

A number of metal-EDTA complexes have been in- 
vestigated by proton nmr during the past few years. 
For several of these complexes AB quartets are ob- 
served because of the nanequivalency of the methylenic 
protons due to nonlabile bonding between the metal 
ion and the nitrogen donor groups of the ligand. Table 
I summarizes the chemical shifts, the coupling con- 
stants, and the chemical shift differences for the AB 
quartets for the EDTA chelate systems studied until 




