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Several 1 : 1 and 1 : 2 (metal ion: ligand) complexes of nitrilotriacetic acid (NTA4), ?*'-rnetliyli~iiiriodi~c~tic acid (MTD:i), 
and iminodiacetic acid i1D.A) with palladiuiiiill) have been synthesized arid isolated, arid their proton iirnr spwtra Iiavc heeti 
studied in aqueous solutions (DzO) as a function of pH and temperature. In the 1 : 1 complexes MIDX and 1Il.A functioti as  
tridentate ligands forming two imns (with respect to the two carboxylate oxygen atoms) acetate chelate rings, with the 
fourth site of the square-planar Pd(I1) occupied by a solvent niolecule. Their spectra exhibit relatively sharp AB splitting 
patterns for the ligand acetate protons, which establishes tha t  metal-ligand bonding is nonlabile. In the presence of added 
ammonia the spectra indicate the formation of several mixed ammine-MIDA and -IDA complexes. The 1: 1 NTA complex 
appears to  be a dimer or a polymer in which the ligand acts as a bridge between adjacent metal ions. The  1 : 2 complexes 
appear to have the imns (with respect to  the nitrogen atoms) configuration, with each ligand forming one acetate ring. Infra- 
red spectra of the complexes have been measured to  characterize their structures further. 

Nitrilotriacetic acid (NTA), IS-methyliminodiacetic 
acid ( M I  DA), and iminodiacetic acid (1 DA) form 

RAT /CH2CooH 

,\ 
CHzCOOH 

XTA, R = CHzCOOH 
MIDA, R CH3 
IDA, R = H 

stable metal complexes in solution which have been 
studied extensively in terms of their formation con- 
stants.' NTA forms complexes containing three 
chelate rings while both MIDA and IDA form com- 
plexes with two rings.2 

Recently, several proton nmr studies of diamag- 
netic3-ln and paramagnetic11%12 metal-NTA, -MIDA, 
and -IDA complexes in aqueous solutions have been 
reported. These, and those reported for related com- 
plexes,13-16 have proved useful in elucidating the struc- 
tural and bonding features of the complexes. The 
previous work has established that AB splitting pat- 
terns are observed for the ligand acetate protons with 
certain metal ions. Thus, the spectra of the C O ( I I I ) ~ I ~  
and Rh(III)8 complexes with NTA, MIDA, and IDA, 

(1) L. G. Sillen and A. E. Martell, "Stability Constants of Metal-Ion 
Complexes," Special Publication S o .  17. The  Chemical Society, London. 
1964, and references given therein. 

(2) G. Schwarzenbach, E. Kampitsch, and I<. Sterms, Helo. Chiin. A c f u ,  28, 
828, 1133 (1945); G. Schwarzenbach and W. Beidermann, ibid.. 31, 331 
(1948). 

(3) S.  I. Chan. R. J. Kula,  and D. T. Sawyer, J .  A m .  Chevz. SOL. ,  86 ,  877 
(1964). 

(4) L. T'. Haynes and I ) .  T. Sawyer, I n o i g .  C h u m . ,  6, 2146 ( 1 U f i i ) .  
(5) D. W. Cooke, zbid,, 5, 1411 (196fi). 
(6) J. I. Legg and D. W. Cooke, ibid., 6 ,  ,594 (1966). 
(7 )  K. J .  Kula,  Anal. Chewz., 38, 1382 (1966); 39, 1171 (1967). 
(8 )  B. B. Smith and  11. T. Sawyer, I x o v g .  Chem.,  7, 922 ( lS68) .  
(9) G. H .  Nancollas and A. C. Park, J .  P h y s .  C'hem., 71, 3678 (1967). 
(IO) D. F. Evans and h l .  S.  Khan,  Impr i a l  College, London, personal 

(11) K. S. biilner and L ,  Puatt, Discussioiis F a i n d a y  Soc.,  34, 88 (1Yfi2). 
(12) B. B. Smith, Ph .D.  Th.sis, Iiniversity of London, 1966. 
(13) K. J. Kula, D. T. Sawyer, S. I. Chan,  and C. M. Finley, J .  A m .  Chtm. 

(14) R.  J. Day  and C. N. Reilley, Asal. Chem., 36, 1073 (1964). 
(15) Y .  0. Aochi and D. T. Sawyer, inoig.  Chem.,  5, 2088 (1966). 
(16) L. E. Erickson, J. C. McDonald, J .  K,  Howie, and R. P. Clow, t o  be 

communication. 

Soc., 86 ,  2930 (1963). 

submitted for publication. 

in which the metal-ligand bonding is characteristically 
nonlabile, exhibit such AB patterns. The spectra of 
other complexes, in which the metal---ligand bonding is 
more labile,3~4~7~10-12 can exhibit AB patterns for the 
acetate protons in the MIDA and IDA cases, although 
they are not observed in the corresponding KTA com- 
plexes. 

In  the present paper the synthesis and isolation of 
several new Pd(I1)-NTA, -XIDA, and -IDA com- 
plexes and the results of a detailed study of their pro- 
ton nmr spectra in aqueous solutions (DzO) as a func- 
tion of pH and temperature are summarized. Pd(I1) 
characteristically forms four-coordinate, square-planar 
complexes, in which the metal-ligand bonding is ex- 
pected to be nonlabile. The spectra, which provide 
insight to the structures of the complexes and their 
metal-ligand bond dynamics, represent the first proton 
nmr studies of square-planar metal-NTA, -MIDA, and 
-IDA complexes. The system is of interest in terms of 
metal-ligand bond lability because i t  probably repre- 
sents an intermediate case between the inert Co(1II) 
and Rh(II1) systems and more labile systems. 

Two proton nmr studies of Pd(I1) and Pt(I1) com- 
plexes with ethylenediaminetetraacetic acid (EDTA) 
and amino acidsl6 have been discussed recently; their 
spectra exhibit AB patterns for the acetate protons. 

The infrared spectra of the complexes have been 
measured to  obtain further evidence in support of the 
proposed structures. 

Experimental Section 
Preparation of the Comp1exes,l7 Materials.-€Id( NOa)? was 

obtained from Alfa Inorganics, Inc. The acid forms of NTA,  
hfID.4, and IDA were obtained from Matheson Coleman and 
Bell, rlldrich Chemical Co., Inc., and Geigy Chemical Corp., 
respectively. 

The 1 : 1 complexes were prepared by heating a 59-1nl aqueous 
solution containing 0.002 mol of the ligand and a small excess 

(17) NTA, b4IUA, and  I D A  denote the anions X(CHL!OO)13-, CHzN- 
( C H C o O ) P ,  and HS(CHnCOO)9 -, respectively, XTAH;, M I l ) A H ,  and 
I D A H  denote the  anions (HOOCCHz)?P\I(CHCOO) -, (HOOCCH?)NCHa)-. 
(CHCOO)  -, and (HOOCCH2)NH(CHzC00) -, respectively. 
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TABLE I 
CHEMICAL SHIFT& AND COUPLING  CONSTANT^ DATA FOR THE COMPLEXES 

Temp, ---AB acetate protons--- 
Complex p H  OC 6A 6n 6A - 6 H  6CH1 6CH, J A B  

Pd(MIDA)(OH)?.tinO 2.0 35 4.31 3.35 0.96 2.86 16.1 
Pd(MIDA)(NHs)' 4.0 35 4.25 3.42 0.83 2.83 16.1 
Pd(IDA)(OH*) .HzO 1.5 35 3.93 3.42 0.51 16.0 
Pd(IDA)(NHa)C 3.0 35 3.71 3.18 0.53 16.1 
H,[Pd(NTA)] * 3 ~ H 2 0  2.0 35 4.05 

Pd(MID.4H)2d 2.0 0 2.89 
Pd(1DAH)z 4.0 0 3.64 3.46 0.18 3.27 Ca. 16.5 

4.0 80 3.50 3.36 0.14 3.40 Cu. 16.5 
Pd(IiTAH3)r 3.5 35 4.01 

3.78 
3.5 80 3.86 
7.0 35 3.73 

3.89 she 

a In ppm on the  low-field side of TMS* (TMS* = zero). In cps. Not isolated. Spectrum not analyzed because of superim- 
e sh, posed B proton resonances; acetate lines at 4.18, 4.01, 3.71, 3.55, 3.39, 3.36, 3.23, and 3.20 ppm, and both JAB = ca. 16.5 cps. 

shoulder. 

of palladium nitrate (0.0022 mol) on a steam bath for approxi- 
mately 30 Inin. The solutions were filtered and the filtrates 
concentrated to small volumes (-5 ml). On cooling the NTA 
and IDA filtrates in an  ice-water mixture, orange-brown crystals 
were deposited; addition of acetone to  the filtrates yielded more 
of the products. The MIDA complex was precipitated by adding 
acetone to  its concentrated filtrate. The complexes were re- 
crystallized from water by the same procedure and vacuum dried 
to give orange-brown crystals. 

The  1 : 2 complexes were prepared by adding an aqueous solu- 
tion of palladium nitrate (0.001 mol in 10 ml) to an aqueous 
solution containing a twofold excess of the ligand (0.002 mol in 
40 ml) and warming briefly on the steam bath.  The hot solutions 
were filtered and, on cooling the filtrates, pale yellow S T A  and 
IDA complexes were deposited. They were washed thoroughly 
with hot water and dried in  z'ucuo. The MIDA filtrate was 
concentrated to  a smaller volume (-10 ml) and cooled in an 
ice-water mixture; the yellow crystals which separated were 
collected, recrystallized from hot water, and vacuum dried. 

Anal. Calcd for Pd(MIDA)(OH2).HZO: C, 20.89; H, 3.85; 
N, 4.87. Found: C, 20.33; H ,  3.83; N, 5.05. Calcd for 
Pd(IDA)(OHz).HzO: C, 17.56; H, 3.32; N, 5.12. Found: 
C, 17.25; H, 3.07; N, 5.28. Calcd for Hn[Pd(NTA)],.3nH20: 
C, 20.61; H, 3.75; N, 4.01. Found: C, 20.26; H ,  3.17; N, 
4.58. Calcd for Pd(M1DAH)z: C, 30.13; H ,  4.05; N, 7.03. 
Found: C, 30.43; H ,  4.20; N, 6.94. Calcd for Pd(IDAH)2: 
C, 25.93; H ,  3.27; If, 7.56. Found: C, 25.75; H, 3.53; IT, 
7.55. Calcd for Pd(NTAH2)n: C, 29.62; H ,  3.31; R', 5.76. 
Found: C, 29.51; H ,  3.51; N, 5.64. 

The  1:l MIDA and NTA and the 1:2 MIDA complexes are 
soluble in water, while the 1: 1 IDA complex is only sparingly 
soluble, and the 1:2 NTA and IDA complexes are practically 
insoluble. 

Instrumentation.-The proton nmr spectra of the complexes 
in D20 solutions were recorded either with a Varian Model A-60 
or a Varian Model HA-100 proton nmr spectrometer operating 
a t  35 +C lo, the temperature within the probe. The spectrom- 
eters were equipped with Varian variable-temperature units for 
the temperature studies. The  details of sample preparation, 
solution pH,  and the nmr measurements were the same as 
described in an  eariler paper.* 

Because of the insolubility of the 1 : 2 NTA and IDA complexes 
small amounts of base were added to  cause their dissolution 
before the spectra were measured. The chemical shifts are re- 
ferred to  TMS* (3-( trimethylsily1)-1-propanesulfonic acid, sodium 
salt) as zero. 

The  infrared spectra were measured with a Perkin-Elmer 
Model 621 double-beam grating instrument, using the KBr-disk 
technique. 

Results 
Proton Nmr Spectra. 1 :1 Complexes.-The spec- 

tral parameters for all of the complexes are summarized 
in Table I. A representative spectrum of the MIDA 
complex is illustrated by Figure lA,  which consists of 
one acetate AB pattern centered at 3.83 ppm and a 
methyl singlet a t  2.86 ppm (relative intensities, 4 : 3). 
The spectrum of the IDA complex consists of one AB 
pattern centered a t  3.68 ppm; no N-H resonance or 
H-N-C-H coupling is observed, presumably because of 
rapid N-H proton exchange. 

When ammonia is gradually added to a solution of the 
MIDA complex, the spectral changes shown in Figure 
1B-D are observed. As the pH increases the original 
AB pattern and methyl resonance diminish and a new 
AB pattern and a methyl singlet appear and become 
more intense; a t  pH 4 the spectrum consists almost 
entirely of the new resonances. Further increases in 
pH cause these resonances to diminish and finally dis- 
appear and three further resonances to appear: two 
relatively sharp methyl singlets (2.78 and 2.83 ppm) 
and a broad, unresolved acetate band (3.33 ppm). 
Their appearance is accompanied by the appearance 
and growth of the free MIDA resonances. At higher 
pH's ( 3  7) the free MIDA resonances become intense 
and gradually replace the other three. In addition, the 
solution changes gradually from orange-yellow a t  pH 2 
to colorless a t  pH 10. Comparable AB pattern spectral 
changes are observed when ammonia is added gradually 
to a solution of the IDA complex. 

Similar spectral changes occur when the pH values 
for solutions of both complexes are increased by adding 
sodium carbonate, although the B proton resonances 
in the MIDA case appear to be little affected and all of 
the resonances are considerably broader than in the 
ammonia case. Also, a fine brown precipitate is 
formed in the solutions and redissolves a t  higher pH 
( > G I .  

The A proton resonances in all of the AB patterns are 
broader than those of the B protons; a similar broaden- 
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Figure 1.-The 100-Mc proton nmr spectra of the 1: 1 MID..\ 
complex: (*%) a t  pH 2;  (B) ammonia added, pH 3 ;  (ci am- 
monia added, pH 4 ;  (D)  ammonia added, pH 65. 

ing has been noted previously for the Ki(I1) and Co(1I) 
complexes. 

The spectrum of the NTA complex consists of a 
broad resonance at  4.05 ppm, with a shoulder visible 
a t  3.89 ppm; these represent all of the acetate protons 
in the complex. At higher temperatures (SOo) the 
resonance becomes narrower while a t  lower tempera- 
tures (0') i t  becomes slightly broader. When the pH 
of the solution (at 35') is increased, the resonance 
sharpens and shifts upfield slightly; above pH i it 
separates into two resonances, one of which shifts up- 
field approximately 0.2 ppm as the pW is increased t o  
pH 10. The addition of ammonia to a solution of the 
complex causes the broad resonance to sharpen and 
separate into three fairly sharp lines a t  higher pH; 
simultaneously, a free NTA resonance appears and be- 
comes more intense while the other three lines diminish 
and finally disappear. 

1 : 2  Complexes.-The spectrum of the MIDX com- 
plex at 3,?" consists of a relatively sharp methyl singlet 
a t  2.89 ppm, a broad, asymmetrical, partially resolved 
acetate band a t  3.43 ppm, and a weak, broad acetate 
resonance at  3.95 ppm; the intensity ratio of the com- 
bined broad acetate resonances to  that of the methyl 
singlet is approximately 4:3. The spectrum at  0" 
(Figure 2) exhibits fairly sharp splitting patterns for the 
acetate protons. At higher temperatures (80') the 
acetate resonances merge into one broad, unresolved, 
symmetrical band whose chemical shift position (3.58 
ppm) appears to be a weighted average of the two lines 

Figure 2.-The 100-Mc proton nmr spectrum of the 1 : 2 MID..\ 
The t i r o  possible combinations of the complex a t  0" (pH 2).  

AB patterns are indicated above and below the spectrxn.  

a t  35'. The methyl resonance appears to be unaffected 
by the temperature increase. 

When the pH of a solution of the complex at 33' is 
increased, the broad acetate resonances coalesce at  
approximately pH 6 into two sharper, overlapping 
lines (3.25 and 3.40 ppm); further increase in pH 
causes no additional spectral changes. Similar changes 
occur when ammonia is added to the solution and, in 
addition, the free MIDA resonance appears and grad- 
ually replaces those of the complex; above pK 5 two 
sharp methyl resonances appear. 

The spectrum of the IDA complex at 35' consists of 
several broad superimposed resonances (Figure 3B). 
However, at 0-10' it is resolved into an AB pattern 
centered at  3.55 ppm and a singlet a t  3.27 ppm of 
approximately equal intensities, plus several other weak 
resonances (Figure 3-4). Of these weak resonances 
at  least one ,4B pattern is visible and additional lines 
may be obscured by the intense resonances of the major 
AB pattern and singlet. The spectrum at  75' (Figure 
3C) appears to consist mainly of a superimposed AB 
pattern and a singlet, with the resonances considerably 
sharper than those at  35'. Also, the A B  pattern ap- 
pears to have shifted upfield, and the sing-let downfield, 
relative to the positions at  0'. Addition of base 
(sodium carbonate or ammonia) to a solution of the 
complex at  35' causes a gradual sharpening of the 
broad band as the pH increases from 4 to 10: also, when 
ammonia is used, the free IDA resonance appears and 
gradually replaces those of the complex. 

The spectrum of the N T b  complex as a function of 
temperature is illustrated in Figure 4. At 85' two 
resonances are visible, a broad one at  4.01 ppm plus a 
relatively sharp one a t  3 . i8  ppm, with approximate 
relative intensities of 2 :  I .  At 0-20' the sharper line 
becomes sharper and the broad line broadens. As the 
temperature is increased, the two lines broaden, 
coalesce, and then sharpen again (Figure 4R and C). 
At R O O  the spectrum consists of one relatively sharp 
line, whose chemical shift position is a weighted average 
of the positions of the two lines a t  35". When the pH 
of a solution at  35' is increased, the 1wer field reso- 
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Figure 3.-Temperature dependence of the 100-Mc proton nmr 
spectrum of the 1 : 2  IDA complex a t  p H  4: (A) On, where the 
arrows indicate the resonances of a small amount of a second 
isomer; (E )  35"; (C) 75". 

nance broadens and merges with the high-field reso- 
nance; also, the latter shifts upfield slightly as the pH 
increases from 3.5 to 6. At pH 6 only one line is 
observed. The final chemical shift position of the 
resonance is at a higher field (3.73 ppm) than that in 
the temperature study (3.86 ppm) because an upfield 
shift is produced during the ionization of the free 
carboxylic acid protons as the pH increases from 3.5 to 
6. Addition of ammonia to the solution results in 
closely similar spectral changes, accompanied by the 
appearance and growth of the free NTA resonance. 

Infrared Spectra.-The infrared spectra of the com- 
plexes have been measured to provide additional evi- 
dence in support of the proposed structures. Previous 
studies have established that the asymmetric car- 
boxylate stretching frequency is a reliable criterion for 
distinguishing between carboxylate groups coordinated 
to transition metal ions (1600-1700 cm-I) and pro- 
tonated carboxylate groups (1700-1750 cm-I) in these 
types of complexes.'* Values of the asymmetrical car- 
boxylate frequencies are given in Table I1 for all of the 
complexes isolated. On the basis of these data all of 
the 1 : 1 complexes contain only coordinated carboxylate 
groups. In the 1 :2  complexes both types of car- 
boxylate groups are present; for the MIDA and IDA 
cases the peak intensities are consistent with equal 

(18) D. H. Eusch and J. C .  Eailar, J .  Am. Chem. Soc., 78, 4574 (1953); 
78, 716 (1956). 

I 1 , , , 1 , , , ,  

B 
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Figure 4.-Temperature dependence of the 100-Mc proton nmr 
(A) 35"; ( B )  spectrum of the  1 :2  NTA complex a t  p H  3.5: 

55"; ( C )  80". 

TABLE I1 
INFRARED ASYMMETRICAL CARBOXYLATE STRETCHIXG 

FREQUENCIES FOR THE COMPLEXES~ 
Complex COOPd COOH 

Pd(MIDA)(OH2) .H,O 1605 s 
Pd(  IDA)(OHz) .HzO 1618 s 
Hn[Pd(NTA)],.3%H20 1622 s 
Pd ( M  IDAH)2 1604 s 1730 n. 
Pd(IDAH)2 1581 s, 1615 sh 1726 m 
Pd (NTAHz )2 1580 s, 1629 s 1733 s 
a Frequencies are given in wave numbers, cm-I. 

tions: s, strong; m, medium; w, weak; sh, shoulder. 
Abbrevia- 

numbers of the two types while in the NTA case more 
protonated than coordinated carboxylate groups are 
indicated. 

Discussion and Conclusions 
1 : 1 Complexes.-In the spectra of the MIDA and 

IDA complexes the AB patterns are assigned to the two 
nonequivalent acetate protons in each of the trans 
chelate rings (Figure 5A). Stereo models indicate that 
there is a plane of symmetry through the N-Pd-OH2 
atoms and that the AB protons in the two rings are in 
identical environments ; also, the trans arrangement of 
the rings involves considerable angle strain. The 
presence of the relatively sharp AB patterns supports 
the proposed structures of Figure 5A; it implies also 
that both the palladium(I1)-nitrogen and the pal- 
ladium(I1)-carboxylate bonding are nonlabile. 

The spectral changes which accompany the addition 
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MIDA, I D A  NTA 

T R A N S  C I S  
12 farms for M I D A .  I D A 1  ( 2  fo rmsfor  MIDC, ID41 

NOTATION 

N-0 i NCH2 COO- R ~ C H 2 C O O H ,  CH,, H for N T A ,  
M I D A ,  I D A .  respectively 

Figure 5.-(A) The geornetrical arraiigemerit of the 1: 1 M I D h  
and [I>..\ co~npleses and a possible structure of the ST.1 ~0111- 

plex; (B)  the possible geometrical isomers of the 1 : 2 coniglexes. 

of ammonia to solutions of the complexes are most 
plausibly explained by the reaction scheme 

I 

I11 

Pd(XHJ42+ 

where N-0 represents NCHaCOO-. 
I n  the spectra the initial formation of the new AB 

pattern (and methyl singlet in the MIDX case) as 
ammonia is added to the solutions is attributed to the 
formation of the monoammine complex 11. As the 
pH increases further, complex I11 is formed and this 
gives rise to the broad, unresolved resonance (and one of 
the methyl singlets in the MIDA case) in both cases. 
At higher pH values complex IV and the tetraammine, 
Pd(NH3)42+, are formed. The above scheme does not 
include all of the possible species present in the solu- 
tions; aquo, hydroxo, and polymeric species may be 
present also. The observation of the sharp resonances 
attributed to complex I1 indicates that the metal- 
ligand bonding in this complex is nonlabile. The 
broad resonance in each case may be due to more 
labile metal-carboxylate bonding in complex 111, al- 
though intermolecular ligand exchange with other 
species is possible. 

The most probable explanation for the spectral 
changes observed with increasing pH on addition of 
sodium carbonate to the solutions is the formation of 
hydroxo and/or polymeric species ; however. the nature 
of these cannot be determined from the spectra, 
although similar species to those in the scheme for 
ammonia may he formed. The solutions of both com- 
plexes are fairly acidic (a 0.1 F solution has a pH of 
approximately 2) ; this implies ready ionization of one 
of the protons of the coordinated water niolecule to 
form hydroxo and/or polymeric species. 

In a recent study of the octahedral cis and trans I : B  
Co(II1)--MIDA and -IDA complexes, Cooke has ex- 
plained the trends in the chemical shifts of the AB 
protons in terms of the shielding effects associated 
with the magnetic anisotropies of the b0nds.j The 
shifts for the analogous Rh(II1) complexes8 are in agree- 
ment with this explanation. Thus, in the trans faciul 
and trans meridional isomers, on the basis of shielding 
effects associated with C-K bond anisotropies, the 
lower field proton is assigned as the one which is 
aligned along the C-N bond axis associated with the 
other CH? group; in Figure 6 this is designated as the 
B proton. The higher field proton is assigned as the 
one in the region perpendicular to the C-N bond axis 
(designated the X proton in Figure 6). When the N-H 
proton is replaced by a methyl group, the effect of 
introducing an additional anisotropic C-N bond causes 
the lower field proton to shift upfield and the higher 
field proton to shift downfield by a somewhat smaller 
amount. Also, in the mixed trans meridional complexes 
of Co(1II) uith hlIDA, IDA, and diethylenetriamine 
(dien) the environments of the A and B protons are 
quite similar.6 

0-c 

HB ‘c-He \ 
/ 

\ 

H / f  - HA 

1 

O-7 0 

Figure 6.---Representation of the 1: 1 MIDA and IDA con-  
The  diagram plexes (pictured looking down the X-Pd bond). 

is not  drawn t o  scale. 

In the present square-planar complexes the environ- 
ments of the AH protons in the IDA complex are con- 
siderably different (8.4 - 6~ = 0.51 ppm) ~ when a methyl 
group is substituted for the N-H proton, this difference 
is increased (8.4 - 6~ = 0.96 ppm) because the A proton 
is deshielded considerably (0.38 ppm) and the B proton 
is shielded slightly (0.07 ppm). The assignment of the 
A and B protons in these complexes is the opposite of 
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that given for the similar octahedral ones.5s8 Thus, 
in Figure 6 HA is deshielded and HB is shielded ; when R 
is changed from H to CHI the introduction of an addi- 
tional anisotropic bond should deshield HA and shield 
HB, in agreement with the observations. The trends 
in the shifts of the monoammine complexes appear to 
be similar to those discussed for the monoaquo com- 
plexes. However, the Hg proton is less shielded in 
the MIDA complex than in the IDA complex, in con- 
trast to the monoaquo case. 

The nmr spectra and the infrared spectrum of the 1 : 1 
NTA complex indicate that all of the acetate groups are 
coordinated to Pd(I1) ions. The most likely explana- 
tion (although the product may be a mixture of several 
isomers or polymers) is that the complex is a dimer or 
polymer in which the third acetate of NTA is unable to 
bond to the same Pd(I1) and acts as a bridge between 
the adjacent metal ions. Molecular models indicate 
that a likely structure is one in which the NTA forms 
two trans acetate rings with one Pd(I1) ion (as is 
found for the MIDA and IDA complexes), with the 
third acetate group coordinated to an adjacent Pd(I1) 
ion to form a cyclic dimer (Figure 5A). The tempera- 
ture dependence of the line width and the absence of 
AB splitting patterns indicate that  the palladium(I1)- 
carboxylate bonding probably is labile, allowing an 
averaging of the environments of the acetate protons. 

1 : 2  Complexes.-For the 1:2 complexes cis and 
trans configurations are possible as illustrated by 
Figure 5B. In addition, for the MIDA and IDA com- 
plexes both configurations have two possible geo- 
metrical forms, one in which the R groups are on the 
same side of the coordination plane and the other in 
which they are on opposite sides of the plane. From a 
consideration of molecular models the trans configura- 
tions appear to be preferred because the cis isomers 
have considerable' steric interaction between the R 
and free acetate groups when R is CHs or CH2COOH. 
I n  the IDA case'the steric interaction is much less 
severe and some of the cis isomer may be formed; the 
nmr spectra show the presence of a small amount of 
another species. If this is the cis isomer it agrees with 
the earlier studies of the 1 : 2 CO(III)-~ and Rh(II1)- 
IDA8 complexes, in which both cis and trans isomers are 
formed with the latter in preponderance. Alterna- 
tively, the second IDA species may be the other form of 
the trans complex. Models indicate that of the two 
possible trans forms the one with the R groups on 
opposite sides of the coordination plane is favored fol- 
steric reasons. 

In  the nmr spectrum of the MIDA complex (Figure 
2 )  the sharp splitting patterns observed for the acetate 
protons are tentatively assigned as two equally intense 
AB patterns, corresponding to the ring and free acetate 
groups. A complete analysis of the spectrum has not 
been made because of the superimposition of the 
resonances of the higher field protons of each AB pair 
(the B protons). The two possible line assignments 
are indicated in Figure 2 .  The intensities of the reso- 
nances and the presence of one methyl resonance indi- 

cates that the complex is present in one form only; 
this is concluded to be the trans isomer with the methyl 
groups on opposite sides of the coordination plane. 
For this configuration models indicate that both types 
of acetate protons (ring and free) are nonequivalent 
and should give equally intense AB patterns. Although 
rotation of the free acetate groups about the C-N bonds 
is possible, the environments of the two protons do not 
become identical because of the asymmetry of the 
nitrogen atoms. The chemical shift between the pro- 
tons of one of the AB patterns ( 6 ~  - 8,) is considerably 
larger than that for the other pattern; this larger dif- 
ference probably occurs with the ring acetate protons. 
Hence, the lower field A proton and one of the two 
superimposed B protons (Figure 2 )  tentatively are 
assigned to the ring protons, and the other A and B 
protons to the free acetate groups. 

In the spectrum of the IDA complex a t  O-lOo 
(Figure 3A) the AB pattern and the singlet are as- 
signed tentatively to the ring and free acetate protons, 
respectively, in the more favored form of the trans 
isomer. The additional weak resonances (indicated by 
arrows in Figure 3A) probably result from the presence 
of a small amount (<lo%) of another isomer. This 
minor complex could be the less favored form of the 
trans isomer or one of the forms of the cis isomer. No 
definite conclusions can be made about the nature of 
this species from the spectra. 

The trends in the chemical shifts of the acetate pro- 
tons in the trans IDA and MIDA complexes a t  0' are 
similar to those discussed for the 1: 1 complexes. The 
AB protons in the rings of the IDA complex are in 
more similar environments than those of the MIDA 
complex. As in the 1 : 1 cases, the shift positions can be 
explained in terms of the shielding associated with the 
magnetic anisotropy of the C-N bonds and the Pd-0-C 
plane. In  addition, for the 1 : 2  complexes there is 
greater freedom of movement within the rings and 
this motion should average the environments of the 
two ring protons somewhat. The observation of a 
singlet for the free acetate protons in the IDA complex 
is not surprising in view of the quite similar environ- 
ments of the two ring protons. 

In the spectrum of the 1 :2  NTA complex a t  35' 
(Figure 4A) the broader lower field resonance is as- 
signed to the ring acetate protons and the high-field 
resonance to the free acetate protons in the trans com- 
plex. AB splitting patterns are not expected because 
models indicate that the two ring protons can easily 
interchange their positions and thus are in the same 
averaged environment; the free acetate protons are 
in identical averaged eiivironnieiits. The broadness 
of the lower field resonance probably results from 
conformational motion of the rings and also possibly 
from some palladium(I1)-carboxylate exchange. The 
coalescence of the resonances which occurs with in- 
creasing temperature probably arises from an increase in 
the palladiuni(I1)-carboxylate bond lability; if this 
exchange becomes sufficiently rapid, a complete 
averaging of the environments of the ring and free 



1532 EDWARD DEUTSCH AND HENRY TAUBE Inovganic Ciaemistiy 

acetate protons is expected and this is observed at  
higher temperatures (80'). 

The spectral changes which occur when the pH values 
of solutions of all of the 1 : 2  complexes are increased 
may indicate an increase in the palladium(I1)-car- 
boxylate bond labilities (particularly in the NTA case). 
When ammonia is used as base, mixed ammine-MIDA, 
-IDA, and -NTX species probably are formed. 

The temperature studies of the 1 : 2 complexes indi- 
cate the presence of nonlabile metal-ligand bonding a t  
low temperatures and labile palladium(l1)-carboxylate 
bonding a t  elevated temperatures. The separate, 

sharp free ligand resonances observed when the ligands 
are added to solutions of the complexes implies also that 
intermolecular ligand exchange is slow; this presum- 
ably is a consequence of the relatively inert palladium- 
(11)-nitrogen bonding. The present work is believed 
to represent the first good evidence for the presence 
of both labile and nonlabile bonding present simulta- 
neously in this type of complex. 
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The  kinetics of the acid-assisted, chromium( 11)-catalyzed and vanadium(I1)-catalyzed aquations of the acetatopentaaquo- 
chromium(II1) ion were investigated, as well as the rate of isotope exchange between this ion and cliromium(I1). The 
analysis of the kinetic data for the acid-catalyzed aquation suggests tha t  substantial protonation of the coordinated acetate 
takes place. The specific rate con- 
stant (25", p = 4.00) for the aquation of the protonated acetatochromium(II1) ion is (95 i 5) X lo-@ sec-l (AH* = 18.6 & 
1.0 kcal/mol), and the specific rate constant for the unprotonated ion is (0.74 f 0.02) X sec-' (!&*varies from 13 to  33 
kcal/mol as the  temperature varies from 25 to 55"). Chromium(I1)-catalyzed aquation occurs predominantly by a pxth 
inverse in (H+). With the acid dissociation constant of the acetatopentaaquochromium(II1) ion a t  25" and p = 1.00 
measured as (2.9 i 0.7) X 10-5 F ( A H  = 5.5 i. 1.5 kcal/mol), the specific rate constant corresponding to  the activated 
complex of composition CrZ+.Cr(OH)OA4c+is 0.85 + 0.20 A P 1  sec-' (AH* = 16 zt 3 kcal/mol), and tha t  for Cr2+,Cr0..lc2+ 
is (1.56 =k 0.08) X 10-j A4-l sec-I (AH* = 26.7 f 1.5 kcal/mol). The  CrZ+-CrOA4c2+isotope-exchange reaction is inverse 
first order in acid, implying tha t  the electron transfer proceeds zia a double bridge; a t  25', p = 1.00, k , ,  = (5.8 0.2) X 
low4 sec-' (AH* = 18.9 f 0.9 kcal /mol). The  vanadium(I1)-catalyzed aquation is a complex reaction, being inhibited by 
acetic acid, chrorniumiII), and vanadium(II1). At  high concentrations of vanadiuni(I1) ( 2 0 . 0 7  F )  the rate law is 
-d(CrOAc2+)/dt = (T72T)iCrOAc2+)(ko + A' / (Hr) )wi thku  = 0.163 h 0,009 ~16-1sec-1andA' = (6.7 f 1.4) X sec -I, 

a t  25', p = 1.00. 

At 25', p = 4.00, the protonation constant is 0.25 i. 0.10 F-' (AH = 1 kcal/mol). 

Introduction 
Extensive studies of the inner-sphere electron-trans- 

fer reactions (NHJ5C0111Xn+ + Cr2+ + 5H+ -+ 

Cr1I1Xn+ + Co2f + 5NH4+, where X is a carboxylate 
ion, have led to  an interest in the chemistry of chro- 
mium(II1) carboxylates as the primary products of these 
reactions. Butler and Taube2 observed that the initial 
chromium(II1) product of the chromium(I1) reduction 
of the glycolatopentaamminecobalt(II1) complex 11-as 
metastable, decaying to a final product which vias 
assumed to be the glycolatopentaaquochromium(II1) 
ion. This behavior was taken as evidence for chro- 
mium being chelated by glycolate in the activated com- 
plex. Huchital and Taube3 studied the rate of ring 
closure of the monodentate malonatochromium(II1) 
complex in order to clarify the chemistry of the reduc- 
tion by chromium(I1) of the acid ~rialoiiatopentaaiii- 

minecobalt(II1) ion4 and the corresponding half-ester 
complex.6 Since these two studies were carried only 
far enough to  answer immediate questions, i t  was felt 
that  a thorough and detailed study of one carboxylato- 
chromium(II1) ion mould be a significant contribution 
to the understanding of inner-sphere reaction mech- 
anisms as well as to the chemistry of chromium com- 
plexes in general. 

Experimental Section 
Materials.-All common laboratory chemicals were of reagent 

grade. Water was distilled three times (first distillation froin 
alkaline permanganate) in Pyrex equipment. Lithium chloride, 
bromide, and perchlorate were crystallized at least two times 
before being used in kinetic runs. Hexaaquochromium(XI1) per- 
chlorate was prepared by  the reduction of chromium trioxide 
with formic acid in the presence of excess perchloric acid,6 fol- 
lowed by crystallization from dilute perchloric acid and then from 
water. T.auadyl sulfate was converted to vaiiadyl perchloratc 
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