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then the equilibrium constant for reaction 1 can be 
calculated. The probable value is 7 X lo2;  this cor- 
responds to a free energy change of -4  kcal./mole. 
Values of AH, -12 kcal./mole, and A S ,  -34 e.u., 
for reaction 1 were calculated from the activation 
parameters for the forward and reverse reactions. 

Studies on the reaction of trans-Pt(NH,)4C122+ and 
NH3 in dilute unbuffered NH3 indicate that the products 
include 50% or less Pt(NH3)5Cl3+. Moreover, the 
change in absorbance a t  318 mp of reaction mixtures 
does not give linear first- or second-order kinetic plots. 
Sufficiently detailed studies to ascertain the nature of 
the products of the reaction were not performed. How- 
ever, it  seems clear that the previous kinetic study on 
this system2 a t  best reflects the total rate of two or 
more concurrent or consecutive processes. The most 
probable side reaction is hydrolysis (eq. 3). Kinetic 
truns-PtiKH3)4Cl2+ 4- OH- + ivem-Pt(XH3)aC1OHzC + C1- 

( 3 )  

data on reaction 3 a t  25” in the pH range 10-11 are not 
available, but examination of related data does suggest 
hydrolysis would compete with the slow replacement of 
chloride by ammonia (in the absence of Pt(NH3)e2+).5p13 

Zvyagintsev and Shubochkina also reported rate 
data on other reactions of dihalotetraammine complexes 
with ammonia and pyridine.2 In view of the present 
study all of these data need review. The reactions 
with pyridine are less likely to be subject to a competing 
hydrolysis reaction, since the pyridine reactions are 
faster and pyridine is a much u-eaker base than am- 
monia. However, if their data are accurate, it  still 
seems likely that a platinum(I1) -catalyzed process will 
provide an alternate route to products. 
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Potentiometric studies of the interaction between the decadentate chelating agent triethj.lenetetraminehexaacetic acid 
(TTHA) and various metal ions are described. Evidence is given for the formation of Th(1V) chelates having a 1: 1 ratio 
of Th(1V) to ligand, Cu(II), Co(II), X ( I I ) ,  and La(II1) chelates with 1: 1 and 2 :  1 molar ratios of the respective metal ions 
to ligand, and chelates containing 1: 1, 2:  1, and 3 :  1 molar ratios of Mg(I1) and Ca(I1) ions to ligand. Formation constants 
are calculated and probable coordinate bonding of the 1 : 1,2:  1, and 3:  1 chelates is deduced. 

One of the objectives of coordination chemists has 
been to synthesize chelating agents which have the 
highest possible affinities toward metal ions. A sur- 
vey of published stability constants in collections such 
as the tables of stability constants by Sillen and 
Martel12 reveals that the achievement of high stability 
has been developed about as far as seems possible 
with the synthesis and investigation of ethylenedi- 
aminetetraacetic acid and a number of analogous 
compounds and derivatives. 

It has been noted, however, that some of the metal 
chelates of diethylenetriaminepentaacetic acid are con- 
siderably more stable than those of EDTA, especially 
for the more highly charged ions. It would seem, 
therefore, that  further extension of the EDTA structure 

(1) This work was suppoited by  the U. S. Atomic Eneigy Commission 

(2) L. G. Sillen and A. E Mal tell, “Stability Constants of Metal-Ion Com- 
under Contract S o .  AT(ll-1)-1020. 

plexes, Section 11, Organic Ligands,” The Chemical Society, London, 1964. 

to  the analogous substituted tetramine, the decaden- 
tate ligand triethylenetetraminehexaacetic acid shown 
in formula I, is of interest because of the possibility of 
further increasing the affinity of the ligand for metal 
ions of + 3  and +4 charge. Further, because of the 
presence of ten coordinating groups, this ligand would 
provide some interesting possibilities for the formation 
of polynuclear complexes with metals of lower charge 
or relatively low coordination number. A potentio- 
metric investigation of the interaction between TTHA 
and various metal ions was therefore carried out to 
determine the nature and extent of these reactions. 
The metal chelates of Ca(II), Mg(II) ,  Cu(II), Co(II), 
Ni(II), La(III), and Th(1V) ions were studied in vary- 
ing ratios of metal ion to ligand. 

While this work was in progress Grimes, et a1.,3 
(3) J. H. Grimes, A.  J. Huggard, and S. P. Wilford, J .  Iizovg. .VucE. Cheiii., 

26, 1225 (1963). 
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reported formation of diprotonated, monoprotonated, 
mononuclear, and binuclear chelates of TTHA and the 
alkaline earth ions. The present work differs from 
theirs in that  a detailed quantitative study is made of 
the possible formation of ternuclear complexes of mag- 
nesium and calcium and in the extension of equilibrium 
studies to interesting TTHA chelate systems involving 
lanthanum, thorium, and some representative transition 
metal ions. 

Experimental 
Triethylenetetraminehexaacetic acid (TTHA) was obtained 

through the courtesy of the Dow Chemical Co., Midland, Mich. 
The purity of the compound was established by nitrogen analysis 
and potentiometric titration. The results of these two criteria 
checked exactly with the theoretical values. Solutions of Cu(II), 
Co(II), Ni(II), Mg(II), Ca(II) ,  and Th(1V) were prepared 
from the respective nitrate salts. The Cu(II), Co(II), and Ni(I1) 
solutions were standardized by titration with standard disodium 
salt of ethylenediaminetetraacetic acid, with murexide as an 
i n d i ~ a t o r . ~  The Mg(I1) and Ca( 11) solutions were standardized 
by titration with standard disodium EDTA, with Eriochrome- 
schwarz T as an i n d i ~ a t o r . ~  The Th(1V) solution was stand- 
ardized gravimetrically by ignition to  ThOz. A stock solution 
of lanthanum nitrate was prepared from reagent grade lanthanum 
oxide and was standardized by ignition to  the oxide. 

The experimental method consisted of potentiometric titration 
of the hexabasic acid TTHA in the absence and presence of the 
metal ion being investigated. A Radiometer Model pH M4 
pH meter fitted with extension glass and saturated calomel 
electrodes was calibrated to determine hydrogen ion concen- 
trations by titration against standard acid, base, and an 
acetic acid-acetate buffer using the known concentration con- 
stant for our experimental conditions as given by Harned and 
Owen.6 Measurements were made at a temperature of 25” and 
a t  a constant ionic strength of 0.1 M in KNOa. The ligand 
concentration in all titrations was 2 X l ov3  M .  With the ex- 
ception of Th(IV), all metal ions studied were titrated in both 
1 : 1 and 2: 1 molar ratios of metal ion to ligand. In  addition, 
systems containing Ca(I1) and Mg(I1) were also titrated in 3 : 1 
and 10: 1 molar ratios of metal ion to ligand. 

Results 
The neutralization of the free ligand TTHA occurs 

in three steps, as is shown by the titration curve in 
Figure 1, which has a weak inflection a t  a = 3 (where 
a is the moles of base added per mole of ligand present 
in the experimental solution) and a stronger inflection 
a t  a = 4. The first step, requiring three equivalents of 

1 2 3 4 
HOOCCHz H H H H CHzCOOH 

\ I  +NCHzCH2N+CHaCHzN+CHaCHzP?+’ I I 
I I \ 

CHzCOO- CHzCOO- CHzCOO- 
/ 

-0OCCHz 
I 

base, is the reaction of the neutral (uncharged) form 
of the ligand, I, to give a trinegative anion with protons 
in positions 1, 2, and 4 or 1, 3, and 4. The next neu- 
tralization step occurs a t  higher pH and results in the 
removal of the proton from one of the basic nitrogen 
atoms near the center of the polyamine chain, a t  posi- 
tions 2 and 3, since the formation of a tetraanion 

(4) G. Schwarzenbach, “Die Komplexometrische Titration,” Ferdinand 
Enke, Stuttgart, 1955, pp. 62, 63, 78, 79, 82. 

(5) H. S. Harned and B.  B Owen, “The Physical Chemistry of Elec- 
trolytic Solutions,” 2nd Ed., Reinhold Publishing Co., New York, N. Y., 
1950, p. 523. 
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Figure 1.-Potentiometric titration of Ca( 11)-TTHA chelates 

a t  25” in 0.1 M KNOa with the following molar ratios of metal 

Ca (2 : l ) ;  - - - * -  , Ca (1O:l). Ligand concentration (T,) = 
2.0 X 

Ca (1 : l ) .  _--____-_ ion to ligand: - , ligand alone; , . . . . ., 

M; a = moles of base added per mole of ligand. 

protonated in the 1 and 4 positions would have the 
least mutual electrostatic repulsion between the pro- 
tonated amino groups. 

Combination of the triprotonated ligand with one 
Ca(I1) ion per mole results in the displacement of two 
protons in the pH range 4-6, with a definite inflection 
in the curve a t  a = 5 (Figure l), probably correspond- 
ing to the formation of a protonated metal chelate, 11, 
which then dissociates a t  somewhat higher pH. With 
a 2 : 1 molar ratio of Ca(I1) ion to ligand, i t  is seen tha t  
the buffer region corresponding to the second dissocia- 
tion is lowered, indicating that  the second metal ion 
combines with the protonated chelate I1 to give a bi- 
nuclear complex indicated by 111. 

When there is a large excess of metal ion, interaction 
with the ligand is seen to be stronger, as the result of 
the formation of a binuclear complex 111, a ternuclear 
complex IV, or higher polynuclear complexes. From 
the analogous potentiometric titration curves for Mg(I1) 
(not shown), it  may be deduced that  the reactions of the 
Mg(I1) ion with TTHA in 1:1, 2:1, 3:1, and 1 O : l  
molar ratios of metal ion to  ligand are similar to  those 
described for the Ca(I1) ion. Neutralization of the 
ligand in the presence of a threefold molar concentra- 
tion of Ca(I1) ion results in considerable further lower- 
ing of the buffer region of the second dissociation 
steps, indicating the possible formation of a ternuclear 
complex IV. The analogous 3 : l  Mg-TTHA curve 
also showed this type of interaction. A superposition 
of the 1 : l  Mg(I1) and Ca(I1) curves shows a deeper 
depression of the -log [H+]  values for Ca(II), thus 
indicating that  the interaction between the ligand 
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and the Ca(I1) ion is similar to but stronger than that 
with the Mg(I1) ion. This observation is in accord with 
the behavior of analogous ligands, such as EDTA and 
DTPA. 

Interaction of TTHA with a molar equivalent of 
Cu(I1) ion, illustrated in Figure 2 ,  results in the forma- 
tion of a protonated metal chelate, as evidenced by a 
steep inflection at  a = 5. There is a subsequent dis- 
sociation step, the pK value of which (-8) is lowered 
from that of pK6 of the free ligand because of the 
combination of the metal ion with adjacent coordinat- 
ing groups. In the presence of two moles of the Cu(II), 

the two metal ions to form a binuclear chelate coni- 
pound. Above pH 8 the complex disproportionates to 
give a precipitate of La(OH)a plus an aqueous solution 
containing the more stable chelate compound formed 
from the 1: 1 mixture. Drifting to lower pH values 
was observed in the buffer region where La(OH)3 
precipitation occurs. 

The potentiometric titration curve for the 1 : l  
Th-TTHA chelate compound has a single steep in- 
flection a t  a = G and no subsequent hydrolysis step, 
indicating that the complex formed is extremely stable. 
Addition of base to  greater than 1 : 1 ratios of Th(1V) 

CHzCoo- ,CH&OO- I 
- ~ - c o - ~ H 2 ~ N ~ ~ ~ 2 ~ ~ 2 N ~ ~ , ~ ~ 2 t  G-H 

\ 
CHzCOO- 

I1 

IV 

i t  is seen that all of the available protons on the ligand 
are neutralized in a single step and a binuclear chelate 
is formed. This system has a sharp inflection a t  a = 

(i. Results similar to the Cu(I1) case are obtained 
when Co(I1) is titrated with TTHA in 1 : 1 and 2 :  1 
molar ratios of metal ion to ligand. 

Interaction of 2 moles of Ni(I1) ion with TTHA 
yields a curve similar to the Cu(I1) and Co(I1) cases. 
The 1:l  Ni-TTHA titration curve again s h o w  evi- 
dence of the formation of a protonated chelate, but  the 
subsequent dissociation step is not \\-ell defined as in 
the case of Cu(I1) and of Co(I1). 

When La(II1) ion is combined with TTHR i n  an 
equivalent molar ratio, a very sharp inflection is noted 
in the potentiometric titration curve a t  an a value of 
6 (Figure 2). This indicates formation of a stable 1 : 1 
chelate. 

In the presence of two moles of La(II1) per mole of 
the ligand, both La(II1) ions are bound ( L e . ,  the solution 
is free of precipitate) up to a pH of 8, indicating that 
the donor groups of the ligand are shared between 

ion to ligand results in precipitation of the excess 
Th(IV), indicating that stable binuclear chelates are 
not formed in this case. 

Calculations 
All equilibrium constants reported in this investiga- 

tion were calculated using 10-15 data points taken from 
the entire buffer region of interest in each case; the 
data are presented in Table I. 

Acid Dissociation Constants.-Calculation of the 
first three acid dissociation constants of TTHA was 
carried out by means of a modification of the method 
outlined by Carlson, et d6 The dissociation constants 
thus determined are given in Table 11. 

The single step dissociation constant corresponding 
to  a = 3-4 was calculated algebraically in the usual 
way. The dissociation constants corresponding to the 
two overlapping dissociation steps from a = 4 to li 
were determined by the graphical method of Schwarzen- 

(0) G. A. Carlson, J. P. McReynolds, and F. H. Veihoek, J .  A m .  Cheiri. 
Soc., 67, 1335 (1945). 
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a T L  = total analytical concentration of ligand in all forms. 

Metal 
ion 

H +  

Mg? + 

Caz + 

c u 2  + 

coz + 

Nil+ 
La3 + 

Th4+ 

TABLE I1 
EQUILIBRIUM CONSTANTS OF TTHA AND ITS 

METAL CHELATES 
Ratio 

[metall/ 
[ligand] Reaction Log K 

H+ + L 6 - e  HL6- 10.19 K," 
H +  + HL5-+ HzU- 9.40  KgH 
H +  + H 2 L h - e  HaLs- 6.16 Kat' 
H +  + H 3 L 3 - e  H4L2- 4.16 KaH 
H +  4- H4La-$ H6L- 2.95 KaH 
H +  + H 6 L - e  H6L 2 .42  KaF1 

1: 1 Mg2+ + HzL4-+ MgHzLz- 2.81 K M ~ H ~ L  
1 : l  IVIg2+ f H L 5 - e  MgHL3- 7.55 K M ~ H L  
1: 1 Mg2+ + LO-= Mg1,r- 8 .43  K M ~ L  
2: 1 MgLd- + M g 9 i . e  MgiI.2- 5 . 5  KhfgnL 
3 : l  MgzL2- + M g z + e  MgaL 5 .32  K M ~ ~ L  
1 : 1 Caz+ + HeL4-= CaHzL2- 3.76 KCSH~L 
1:1  Cd2+ + H L 8 - s  CaHL3- 8 . 2 3  K C ~ H L  
1:l  Caz+ + La-+ CaL4- 9 .89  KCRL 
2 : l  CaL4- + Ca2+= CazLa- 4 . 3 2  K C ~ L  
3 : 1 Ca2LZ- + Caz +S CasL 4.00 KCaaL 
2 : l  2Cu2' + L6-+ CuiLI- 27 .6  
2 : l  2 C d +  + La-* cozL2- 28 .0  
2 : l  2Ni2+ + La: NizL2- 29.6 
1 : l  La3+ + L 6 - e  LaLa-' 23 .1  
2 : l  2La3+ + L 6 - 5  LazL 26.9 
1:1 Tha+ + L B - e T h L Z -  >>27 

bach.? The dissociation constants thus determined 
(Table 11) are in fairly good agreement with those of 
Frost* and Grimes. 

For the 1:l Mg(I1) and Ca(I1) systems, where two 
protonated metal chelates, MHzL and MHL, are 
formed in the region a = 2-5 (Figure l), the equilibria 
involved are 

From the usual mass balance and electroneutrality 
relationships the following equations may be obtained 

TOH + [H+] - [OH-] - ~ T M  + 

[HL6-] = 

( 3 1 ' ~  - 3/HL6-]X - 7 . 0 ~  - 

(2) 
[H+I + [OH-] + [HL5-lYlK> 

[HL5-I2 [H+]X KMH~L = 

where Tnl is the total concentration of metal ion species 
and TCJH is the total concentration of base added. Also 

n - l  (n - i)[H+Ii 
Y = 3 +  c - - + I  wheren = 3 

II K H Z  i =  1 

2 = 2  

where KH, represents the corresponding dissociation 
constant of the ligand. A series of values was assumed 

(7) G .  Schwarzenbach, A. Willi, and K. 0. Bach, Hela. Chiin.  A d a ,  SO, 

( 8 )  A. E. Frost, Nature, 178, 322 (1066). 
1303 (1947). 
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Figure 3.-Grapliical solution for stepwise equilibrium con- 
stants, K r n ~ z ~ ,  and K H L ~ H ~ I . ;  numbers on curves indicate -log 
[H+] values. 

for KHhfHxL and corresponding values for KIIHJ.  mere 
calculated from eq. 2.  The resulting values of KIIH~L 
were plotted against the assumed values of K H ~ ~ ~ z ~  
to give the intersecting lines shown in Figure 3. The 
different lines obtained from different points on one 
titration curve all intersect a t  one point as shown in 
Figure 3 for the 1 : 1 Ca-TTHA system. This indicates 
the existence of a set of unique values for K n i H I L  and 
K H ~ ~ ~ z ~ ,  which will satisfy the assumed two-step reac- 
tion a t  any point along the titration curve between a = 

2 and 5 .  Values for log K b 1 H z ~  and K M H L  (obtained 
from the equation KRIHL = (KMH~L) ( K H ~ ~ ~ , ~ ) / K H , )  are 
listed in Table 11. 

Values for K ~ ~ H L  mere also determined by a one-step 
calculation involving the equilibrium 

IMHL3-1 
[M”] [HL6-] M 2 +  + HL5- S MHLa- RMHL = 

The final expression obtained from the mass balance 
and electroneutrality relationships is 

TI\I - [HL5-]X 
[HL5-I2X’ K n r H L  = 

where 

where n = 3, X is as defined above, with n = 3, 
and TL is the total concentration of ligand species. 

Values obtained for K ~ I ~ ~ r ,  using this method (log I<.II~IL~, 
= 5.55, log K c a H ~  = 8.29) were essentially the same 
as those determined by the overlap method. 

In a similar fashion th.e following equations were ob- 
tained for the formation of the 1 : 1 La:TTHA chelate 
compound 

where 

% = 1  

Z = l  

where n = 5 for Y” and X ’ .  
Mathematical treatment of the 1 :1  Cu-, Co-, and 

Ni-TTHA systems has been attempted by using the 
same method as was described above for hlg(I1) arid 
Ca(I1). A unique intersection was not obtained for 
these systems, thus showing that this mathematical 
treatment did not lend itself to these systems. The 
one-step method for determining K V W ~  described for Mg 
and Ca was also attempted, but constants were not ob- 
tained. Further mathematical treatment of these 
systems is in progress. 

K ~ I L  was calculated for the 1: 1 h lg  and Ca system5 
betn-een a = 5 and a = 6 using the equilibria 

KIJI\lHr, was determined in the usual manner and utilized 
in calculating K I I L  by the equation 

Values of K ~ I J ,  for Ilg and Ca were obtained from 
the 2 :  1 curves in the region a = 4 to a = 6 by use of 
the equilibrium expressions 

\Tith the usual mass baldnce atid electroneutrality 
relationships the following expression for KX,L  was ob- 
tained 

TI, + [LG-lX’ ~ 

where 

~ T L  - TOH - [H+] + [OH-] 
~ - 

4X’ - y’,‘ [LO-] = 
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(n - i + 1)[H+li  

II KHZ 
Y’” = 4 + i 

i = l  

z-1 

where n = 3. X‘ is defined as above with n = 4. 
For equilibria involving the Ca(I1) ion, these equations 
were modified to take into account the presence of the 
CaHL3- species. The value for K ~ T L  obtained from 
eq. 3 was used in these calculations and the value for 
KMHL obtained previously was used in the Ca(I1) case. 

The following equilibria and equations apply to the 
binuclear chelate compounds formed by La(III) ,  Co(II), 
Cu(II) ,  and Ni(1I) 

The equation obtained for K M z L  is 

where 

~ T L  - TOH - [H+]  + [OH-] 
Y” 

[Le-] = 

Y” is defined as above, with n = 3 ;  X’ is defined as 
above, with n = 3. 

The equilibria and equations for the formation of the 
ternuclear Mg(I1) and Ca(I1) complexes are 

[ML4-] 
[M2+] [L6-] 

ICML = M2+ + Lo- e ML4- 

The expression obtained for KxBL is 

2 [MsL]’ - 5 [MBL] [L6-]X’ + 2 [L6-]2X’2 

where X’ and [L6-] are as described above and 

K M ~ L  [M3LI2 + [ M & ] ( ~ K M L  [L6-] - ~ K M ~ L T L  - 

~ K R I ~ L [ L ~ - - ] X ’ -  1) = [L6-]X’ - TL - K U 2 L T L 2  - 
~ K M ~ L T L  [L“]X’ - ~ K R I ~ L [ L ~ - - ] ~ X ’ ~  + 

[L6-] ‘X’KML + 2 T X M  L [L6- J 
Values for KML from eq. 3 and K%I~L from eq. 6 were 
used in these calculations. 

The equilibrium constants for the combination of the 
ligand with protons and metal ions, calculated in ac- 
cordance with the above relationships, are given in 
Table 11. 

Discussion 
Acid Dissociation Constants.-It is interesting to 

note that the first low pH three-equivalent buffer re- 
gion must involve the dissociation of protons from an 
ammonium group as well as from two carboxyl groups. 

This unusual situation is ascribed to the influence of 
two adjacent positive ammonium grou 
the proton affinity of the central basic 
This depression in the pK of the =N+H group is so 
great that  the ionization of the first of these groups is 
comparable to that  of the carboxyl groups in this 
ligand. In view of this lowered proton affinity of the 
basic nitrogen groups, it  is apparent that  one or more of 
the negative carboxylate groups present can compete 
somewhat with the amino group when the ligand is 
in the binegative form, so that  a number of tautomeric 
species would be present in solution. TWO of these 
possible forms are illustrated by the microscopic equilib- 
rium 
-0OCCHr E1 H CHrCOO- 

\ +  I+ I+ + /  

I I \ / 
H-NCHLCHINCH~CHLNCHLCHLN-H 

CH2COO- CHLCOO- CHLCOO- -0OCCH2 

CHlCOO 
1 1  

-0OCCHz H 
\+ I+ +/ 

I \ / 

The determination of the microscopic equilibrium 
cqnstant for this reaction would be very difficult 
because of the number of functional groups present in 
the ligand. However, a similar microscopic constant 
has been reported for the next lower analog, diethyl- 
enetriaminepentaacetic acid (DTPA), on the basis of 
the relative intensities of infrared -COO- and -COOH 
bands of the aqueous s o l ~ t e . ~  

The next dissociation probably occurs so as to  produce 
the ligand species having positive nitrogens a t  the ends 
of the polyamine chain, with protons a t  positions 1 and 
4 (formula I). The other possibility is a species in 
which the protons are on alternate nitrogen atoms. 
Although some of this form no doubt is present, the 
weak coulombic repulsion between the positive nitro- 
gen atoms would tend to  make i t  less stable. 

This reaction is similar to  the third dissociation of 
EDTA, in that  the affinity of the proton for the basic 
nitrogen atom is considerably reduced by its proximity 
to another positive protonated nitrogen atom only two 
carbons away. The resulting pK value (6.16) is very 
close to that  of EDTA under the same conditions. 
The remaining dissociation constants (pK5 and pKe) 
are about normal (pK - 10) for aliphatic ammonium 
groups, since the dissociating groups are far enough 
apart that  coulombic repulsive interactions tending 
to  lower pK5 are minimized. 

Formation Constants.-On the basis of the equilib- 
rium constants calculated for the formation of pro- 
tonated chelates of Mg(I1) and Ca(II), I1 is pro- 
posed for these complexes. An alternative arrangement 
in which the calcium ion is coordinated to  the two cen- 
tral nitrogen atoms is less probable since this would 
require a positive charge on a nitrogen atom adjacent 
to a nitrogen atom coordinated to the metal ion, rather 

H-NCHZCHZNCHZCH~NCHZCH~N-H 

CHgCOOH LHzCOO- CHZCOO- -0OCCH2 

(9) K. Nakamoto, Y. Morimoto, and A. E. Martell, J. Am. Ckcm. Soc., 86, 
309 (1963). 
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than on the second nitrogen atom removed. Also, 
in order to coordinate the Ca(I1) ion at five or six 
positions, the alternate arrangement of ligand donor 
groups would require that the Ca(I1) ion be coor- 
dinated to three nitrogen atoms and only two or three 
negative carboxyl groups. Since such complexes are 
usually considered to have relatively low stability, I1 
is favored for the monoprotonated complexes. 

The most probable coordinate bonding of all the bi- 
nuclear complexes found in this investigation is 111, 
since i t  involves the maximum coordination of both 
metal ions with negative carboxylate groups. 

The formation constants for the ternuclear chelates 
of Ca(I1) and Mg(II) ,  illustrated by formula IV, are 
the first reported stability constants for a ternuclear 
metal chelate known to the authors. The relatively 
low stability of this chelate, as evidenced by log (Kfi1.1~. 
K ~ ~ , L K M , L ) / ~  << log K X L )  is to be expected in view of 
the smaller number of coordinating groups, especially 
negative coordinating groups, available per metal ion. 
This type of effect is also clearly seen in the comparison 
of the stabilities of the mono- and binuclear chelates of 
La(II1). Since a basic nitrogen atom would have very 
little affinity for the ions of Ca(II) ,  Mg(II) ,  La(III) ,  
and Th(IV), the coordination of a basic nitrogen atom 
in their complexes is conceivable only if there is con- 
tribution to  the stability from an adjacent negative 
carboxylate group. Thus the alternatives for the 

1 : 1 La(II1) complexes are penta- and heptacoordina- 
tion. In  view of the stability of this complex, there- 
fore, heptacoordination is favored. On this basis i t  
is clear why the 1 : 1 complex has only a slight tendency 
to go over to a binuclear complex analogous to 111. 
Since some of the coordinate bonds in a heptacoor- 
dinated mononuclear complex must be broken to form 
the binuclear complex. i t  is clear that  the latter would 
not be much more stable than the mononuclear hepta- 
coordinated complex. 

Similar arguments may be used to indicate that  the 
very stable Th(1V) TTHX(che1ate must be nona- or 
decadentate. This complex is considerably more stable 
than that  of DTPA, which has been shown to hydrolyze 
a t  higher pH to give a monohydroxo species. This 
higher stability reflects higher coordination and hence 
must involve an additional nitrogen atom plus one or 
more of the carboxylate groups attached to that nitro- 
gen atom. Also, i t  is known that the primary stability 
contributions of the polyaminopolycarboxylic acids 
come from the negative charges of the carboxylate 
groups. To achieve higher stability than that of the 
Th(1V)-DTPA chelate, the TTHA chelate must in- 
volve the coordination of one more carboxylate group 
than the number coordinated in the f ~ r m e r . ~  Thus i t  
seems that  all six carboxylate groups, and by inference 
all four nitrogens, of TTHA4 must be coordinated to 
the Th(IV) ion, giving a decadentate complex. 

CONTRIRUTIOX FROM THE IXORGANIC CHEXISTRY RESEARCH LABORATORIES, 
IMPERIAL COLLEGE, LOSDON, S.W. 7, EXGLAND 

Transition Me tal Complexes Derived from Oc tafluorocyclo hexa- 1,3 - diene1 

Received April 12 ,  1965 

The interaction of octafluorocyclohexa-l,3-diene with octacarbonyldicobalt gives a complex of stoichiometry COZ( CO)GCBFF 
which has been shown to  have a cyclic fluorocarbon group bridging the metal atoms and bound to them by an acetylenic type 
bond. With di-7r-cyclopentadienylnickel a rr-cyclopentadienyl n-allyl complex is obtained, while the product with dicar- 
bonylchlororhodium is an olefin complex. 

Introduction 
There are comparatively few r-complexes in which 

perfluoroolefins are bound to transition metal atoms : 
these are perfluorocyclohexadienetricarbonyliron3 and 
its derivativej4 the x-allylic ion [C~FsFe(C0)31-,~ 
some recently reported perfluorocyclopentadiene com- 
plexes,j and a number of complexes derived from per- 
fl~orobut-Z-yne.~ We now describe further complexes 
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obtained from octafluorocyclohexa-l,3-diene. This ole- 
fin is not particularly reactive toward metal carbonyls 
without bridging carbonyl groups, and a t  tempera- 
tures below 175" or under ultraviolet radiation no re- 
action occurs with Fe(CO)5, Ni(CO)4, Mnq(CO)lG, and 
Mo(CO)~;  further, there appears t o  be no reaction 
with PdC12, PtC12, or square coniplexes of the type 
LaPdClz. However, interactions occurred with Coq- 
(CO)g, (n-C;Hb)2Ni, [ r-CjHjFe(C0)2 1 2 ,  [ x-CeH5Ni- 
(CO) 12,  and [Rh(CO)2Cl]a. 

Experimental 
Materials.-Analyses are by the Microanalytical Laboratory, 

Imperial College. Octafluorocyclohexa-l,3-diene was provided 
by Professor J. C. Tatlow, University of Birmingham, to wlioni 
we are indebted for generous gifts of this material. Octacarboti- 




