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mental conditions (log K C ~ L  = 15.43, log K C ~ L  = 
16.20, log KC~XMDA = 10.35, log KC~IMDA = 6.95, 
log K ~ i o . 4 ~  = 0.65) the value of KR can be obtained as 
0.065. This gives a value for kl as 7.48 X M-l 
sec-l, which is in good agreement with the experimental 
value of 8.3 X M-l sec-l. Therefore, i t  may be 
concluded that the mechanism proposed by Bydalek 
and Margerum holds for Ni2+ attack of the normal 
cobalt-EDTA complex. 

In case of protonated species, the applicability of the 
binuclear intermediate mechanism can be tested by com- 
paring the rate of Ni2+ attack of CoLH- with that 
CoL2-. This ratio should be equal to the ratio of 
stability of the intermediate species, CoLHNi and 
CoLNi. The stability of the protonated intermediate 
species will be increased by protonation of the car- 
boxyl group of the iminodiacetate segment. Simul- 
taneously it will be reduced, partly owing to lowering of 
charge (Bydalek and Margerum6 have calculated the 
contribution due to this factor as log K e l  = 0.5) and 
partly to statistical effect. Taking these factors into 
consideration this kinetic ratio k,, , kN, can be ob- 
tained14 as 38 which compares favorably with the experi- 
mental value of 15. If this type of binuclear mecha- 
nism holds also for exchange reactions in other rnetal- 
EDTA systems, this ratio must remain constant ir- 
respective of the system. Some of these values reported 
in the literature and the corresponding ratios are sum- 

COLH, POL 

(14) This value was calculated taking the pX value of iminodiacetic acid 
as 2.38.10 Here, an  assumption has been made that the pioton is attached 
to the carboxyl group rather than to nitrogen in the protonated inteimediate 
species. 

marized in Table V, from which i t  can be seen that the 
observed ratio is of the right order of magnitude. In 
view of the wide variations in the experimental condi- 
tions employed by different workers, the agreement is 
reasonably good. 

TABLE V 
OBSERVED RATE CONSTANTS FOR THE METAL ION ATTACK 
OF NORMAL AND PROTONATED METAL-EDTA COMPLEXES 

AND THEIR RATIO 
Temp, k,I,"Y, kiw'l'YH kh*?lYH 

kA3?" Ref System OC p iM-1 sec-1 M-1 sec-1 

Cu + CdY 20 0 . 1  0.056 1.4 2 5 . 0  a 
15 0 . 2  2 . 2 0  45.9 2 0 . 9  b 

Cu + PbY 25 0 . 2  0 . 7 8  8 . 0  1 0 . 3  c 
25 0 . 2  5 . 1 0  6 0 . 0  1 1 . 8  d 

Cu + COY 15 0 . 2  1 5 . 3  150 9 . 8  e 
P b  + ZnY 25 0 . 2  5.0 300 6 0 . 0  f 
Cu + ZnY 15 0 . 2  1 9 . 0  60 3 . 2  g 
Ni + Coy  25 0 . 5  8 . 3  X 10-4 1 . 2 5  X 10-2 15 h 

Japan, 35, 159G (1962). See ref 3. 
ibid., 32, 1376 (1959). 
ibid., 36, 175 (1963). 
work. 

a See ref 1. * N. Tanaka and M. Kamada, Bull. Chem. SOC. 
E. Tanaka and E. Kato, 

f N. Tanaka and H. Ogino, 
* Present 

e See ref 5. 
0 K. Kato, ibid., 33,600 (1960). 

I t  may be noted that the rate of nickel ion attack of 
CuL2- is faster than that of CoL2- even though the 
latter complex is less stable. This may be attributed, 
as in the case of the zinc complex,* to the greater stabil- 
ity of the binuclear intermediate in the case of the cop- 
per complex. 
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The kinetics of dissociation of trans-1,2-diaminocyclohexanetetraacetatomercurate(II), HgCyDTA2 -, are studied in the 
presence of complexing anions a t  25", 0.1 p,  Halide, thiocyanate, and hydroxide ions (X) form mixed complexes, Hg- 
(CyDTA)X3-, and their stability canstants are measured. The log K values are 2.16 (Cl-), 3.21 (Br-), 5.25 (I-), 4.29 
(SCN-), and 3.20 (OH-). In  each case the dissociation kinetics are first order in [Hg(CyDTA)X3-] and first order in 
[H+].  The hydrogen ion dependence exists even a t  pH 8. The resulting second-order rate constants (M-l sec-1) are 3.1 
(H20), 2.6 X lo3 (Cl-), 1.5 X lo4 (Br-), 5.9 X lo4 (I-), 2.3 X los (SCN-), and a probable value of lo6 for hydroxide ion. 
The ability of the anions to complex HgCyDTA2- correlates with a measure of their polarizability. Increasing polariza- 
bility of the anions accelerates the rate of the proton-assisted dissociation of CyDTA from mercury(II), except in the case of 
thiocyanate ion. 

Introduction 
The exchange of trans-l,2-diaminocyclohexanetetra- 

acetate (CyDTA) betiveen two metal ions is a ki- 
netically simple process compared to the parallel re- 
action with EDTA.2 An earlier paper in this series3 

showed that the reaction of Ni-CyDTA with copper(I1) 
was zero order in copper and proceeded by the corn- 
plete dissociation of the CyDTA from nickel ion before 

(2) D W Margerum, D L Janes, and H M Rosen, J A m  Chem SOC, 

(3) D W Margerum and T J Bydalek Iiiovg Chem , 2, 683 (1963) 
8,, 4463 (1965) 

(1) Correspondence to be addressed to this author 
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copper reacted to form the copper-CyDTA complex. 
Although copper ion did not affect the rate of dissocia- 
tion of CyDTA from nickel, hydrogen ion assisted the 
dissociation. Subsequent work with CyDTA complexes 
of eight other metal ions shows the same kinetic be- 
h a ~ i o r . ~  In every case the initial metal-CyDTA 
complex did not react with the exchanging metal ion. 
Thus, the rate of the over-all exchange reaction in eq 1 
is independent of copper ion but depends on the hy- 
drogen ion concentration. 
over-all exchange HgCy2- + Cu2- + CuCy2- f Hg2+ (1) 

The mechanism proposed for this reaction is the com- 
plete dissociation of mercury from CyDTA followed by 
the formation of the copper-CyDTA complex. Re- 

HgCyl- + H +  HCy3- + H g z +  (2) 

Cu2+ + HCy3- + CuCyz- + H +  (3)  

action 1 can be made to proceed despite the fact that 
log K H ~ ~  is 24.95 and log Kcucy  is 21.!G.5 Even a t  
pH 4 the hydrolysis of mercury to form soluble hy- 
droxide complexes, HgOH+ and Hg(0H)z (log "K1 = 
13.7, log *Kz = -2.6 in 0.5 M NaCIOdG), is quite 
important while the corresponding hydrolysis of copper 
is negligible. Thus, the initial rate of reaction 1 was 
followed in perchlorate media, pH 3.8-5.7, using a 30- 
fold excess of copper ion. Under these conditions the 
rate-limiting step was the acid dissociation reaction 
given in eq 2, and the reaction was independent of the 
copper ion concentration. A study of the reverse re- 
action in eq 1 supports the mechanism given in eq 2 and 
3,  where CyDTA completely dissociates from one metal 
before reacting with the other. 

The primary interest in the present study is the 
effect which mercury-complexing anions have on the 
rate of dissociation of CyDTA from mercury. Halide 
and thiocyanate ions are shown to form 1 : 1 complexes 
with Hg-CyDTX, and these mixed complexes speed 
the loss of CyDTA (eq 4). The subsequent steps 

H +  
HgCy*- + X- HgCyX3- + HgX+ + HCy3- (4) in.- j CU2f (RP')  

(X  = C1-, Br-, I-, SCX-) 
HgXn+I1-n CUCJT~- (MCy2-) 

leading to the formation of Cu-CyDTA (or other metal- 
CyDTA complexes) and anionic complexes of mercury 
are shown to be after the rate-determining dissociation 
reaction. Substitution of zinc ion or lead ion as a 
scavenger gave the same rates as copper ion in reaction 
4. In  the studies with iodide ion, the reaction rates 
were the same with and without a metal scavenger 
present. 

In  the presence of complexing anions the mercury 
which dissociates from CyDTA forms complex ions 
which help to drive eq 4 to completion. Typical 
constants' for these complexes are: log p4 = 16.2 for 

(4) D. W. Margerum, D. L. Janes, and P. J. Menardi, to be published. 
(6) G. Anderegg, Nelv.  Chim. A d o ,  46,  1833 (1963). 
( 6 )  S. Hietanen and L. G. Sill& Acta Chem. S c a n d . ,  6, 747 (1952). 
(7) L. G. Sillen and A. E. Martell,  "Stability Constants of Metal-lon 

Complexes," The  Chemical Society, I,ondon, 1DG4. 

Cl-, log = 21.6 for Br-, log p4 = 29.8 Tor I-, and 
log p4 = 21.2 for SCN-. 

In  this study the direct effect of a monodentate- 
coordinated anion on the bond breaking of a multiden- 
tate ligand can be assessed to determine what properties 
of the anion affect the rate of the reaction. 

Experimental Section 
Perchlorate salts of all metals used were prepared and re- 

crystallized. Reagent grade sodium salts of C1-, Br-, I-, and 
SCK- were used without further purification. The acid form of 
CyDTd (Lamont Chemical Co.) was recrystallized several times 
and dissolved in sodium hydroxide solution. The solution was 
standardized by titration with copper using Murexide indicator, 
Hg-CyDTA was prepared by stoichiometric addition to  Hg- 
(C104)2 solution. The Hg2+ solution was standardized using 
CyDTA and a back titration with zinc using Eriochrome Black T 
indicator. 

Buffers of borate-mannitol (5.0 X lo-? M total boron with 
varying amounts of mannitol to  adjust the pH)  were used as well 
as 2,6-lutidium perchlorate (5.0 X ,Vi with NaOH to  adjust 
pH). The borate-mannitol buffer had a slight accelerating effect 
on the rate of reactions with low chloride ion concentration. 
Therefore, the 2,6-lutidine buffer, which was shown to  have no 
kinetic effect, was used with this system. 

,411 reactions were followed spectrophotometrically (Cary 
Model 14) by observing the formation of the products. Re- 
actions with copper mere observed a t  310 mp mhen 2,6-lutidine 
was the buffer. Using copper, with borate-mannitol as the 
buffer, 270 mp was used for bromide, chloride, and perchlorate 
and 280 mp for the thiocyanate study. The bromide reaction 
also was studied with zinc a t  265 mp. The iodide study used 
lead perchlorate and wavelengths of 280 and 290 mp. Ionic 
strength was held constant a t  0.10 M using IGaClOa. All re- 
actions were a t  25.0 & 0.1". A Beckman Research Nodel 1016 
pH mcter was used. 

First-order rate constants were obtained from plots of log 
( A i  - A )  against time, where Ar is the final absorbance and A 
is the absorbance a t  any time. The reactions usually werc 
followed for 1-2 half-lives except in the case where only 
perchlorate ion was present a t  low pH. 

Results 
Determination of the Stability Constants of HgCyX3-. 

-The ultraviolet spectrum of mercury-CyDTA shown 
in Figure 1 has an absorption shoulder or plateau a t  
250 mp which changes in molar absorptivity when 
anions coordinate to the complex. This plateau de- 
creases in absorbance with chloride ion and increases 
for all other anions studied. The stability constant, 
KHgCVX (eq 5)) was determined in each case from the 

spectral shift using eq 6-8, where A A  is the observed 
change in absorbance for a single mixed complex. 
Plots of eq 8 with a large excess of [X-] (where the 

A 4  = Arnixture - APeaotants Aeb[HgCyX-l (6) 

A €  €HgC:X - €H& - EX ( 7 )  

species are reversed when HgCy2- is in excess) gave 
excellent straight lines in agreement with a 1 : 1 complex 
with intercepts of (Ae)-l and slopes of ( K F I ~ C ~ X  Ae)-1. 
The Ae value was confirmed in the case of thiocyanate 
by the addition of a sufficient excess of the anion to 



Vol. 5, No. 7, July 1966 MULTIDENTATE LIGAND KINETICS 1137 

I I I I I I I  
6- 

I I I I I I I - 

Figure 1.-Effect of bromide ion on the spectrum of HgCy- 
DTAZ-; 10-cm cell, 8.40 X M HgCy2-, 1.12 X 10-3 M 
NaBr, 25.0", 0.10 p. 

form HgCySCN3- quantitatively. With the halides 
there was no evidence for the addition of more than one 
anion except in the case of iodide a t  concentrations 
above M .  The slopes were evaluated by a 
weighted regression analysis program (WRAP)* using 
from six to nine data points with the weights taken as 
( A L ~ ) ~ .  Table I summarizes the conditions used, the 

rate = k"gQ'[H+] [HgCy2-] + kdHgCY[HgCy2-] (11) 

The slope gave a value of 3.1 graphed in Figure 2. 
M-1 sec-1 for k~~~~~ and the intercept gave 0.8 X 
sec-1 for kdHgCY. 

Kinetic Effect of Bromide Ion.-The study of the 
reaction with bromide ion in eq 4 was carried out a t  
such low hydrogen ion concentration that the first term 
in eq 11 was negligible. At a constant and excess 
bromide ion concentration of 5.60 X M ,  the re- 
action rate follows eq 9 and k, has a first-order de- 

TABLE I 
STABILITY CONSTANTS FOR HgCyX3- 

25.0°, 0.10 p (NaC104) 
No. of 

data points x- K H ~ C ~ X  [HgCyz-Ii X lo4 [x-ii x 104 PH X,  mp A P  

OH- ( 1 . 5 9 f 0 . 1 8 )  X 0.21 1.3-18.2 . . .  240 810 i 60 7 
c1- (1.44 f 0.16) X lo2 4.20 22.7-454 6 . 5  285 86 =k 4 6 
Br- (1.60 &00.14)X l o 3  0.168 1.12-22.4 8 . 9  250 3250 & 180 6 
1- (1.80 j= 0.45) X lo5 0.124-0.824 0.0173 8 .9  250 7140 f 290 6 
SCN- (1.96 f 0 . 2 4 ) X  lo4 0.0840-0.168 0.222-22.0 8 . 9  250 4570 & 200 9 

a The limits are standard errors calculated by a weighted regression analysis program (WRAP). 

stability constants measured, and the precision of the 
measurements. 

Kinetics with Perchlorate Ion Present.-Sodium 
perchlorate was used to control ionic strength and was 
assumed not to complex Hg-CyDTA. Reactions of 
Hg-CyDTA with copper ion a t  constant pH gave first- 
order rates (eq 9) consistent with eq 2. The copper was 
present in 30-fold excess and a t  high pH reaction 1 
was not reversible. At low pH the first 25% of the 
reaction was followed. The large excess of copper ion 
and the hydrolysis of mercury ion are sufficient to 
make reaction 3 much faster than the reverse of reaction 
2. With only perchlorate ion present the last term in 
eq 10 can be dropped. The second term also can be 

rate = ko[HgCy~] (9) 

pendence with hydrogen ion concentration from pH 6.5 
to 7.5 (Figure 3 and Table 11). The value of ka also 
depends upon the bromide ion concentration (Figure 4) 
with a first-order dependence a t  low concentrations 
which changes to a zero-order dependence a t  higher 
concentrations of bromide. This change in reaction 
order matches the conversion of HgCy2- to HgCyBr3-, 
in accord with the stability constant in Table I. Thus, 
most of the bromide ion effect results from the reaction 
of hydrogen ion with HgCyBr3-. The small values of 
the intercepts in Figures 2 and 3 are not quite negligible 
and eq 12 gives the full kinetic dependence between 
pH 6 and 8. The second term in eq 12 evaulated from 
ko[HgCy~] = kdHgCY[HgCyZ-] + kdHgCYBr[HgCyBr3-] + 

k ~ ~ g ~ ~ ~ ~ [ H + ]  [HgCyBr3-] (12) 

[ H ~ C Y T ]  = [HgCyz-1 + [H~CYOH'-] -k [HgCYX'-] ( lo)  
dropped since it is less than 1 X in the pH 
range studied. The observed rate depends on the 
hydrogen ion concentration as expressed in eq 11 and 

the graphical intercept and the stability constant 
K H ~ C ~ B ~  gave a Value of kdHgCYBr = 2 X sec-l. 
This constant is not known with high accuracy because 
its contribution to the rate is small. The validity of eq 
12 is shown in Figure 5, which plots the rearranged (8) J. D. Carr, Ph.D. Thesis, Purdue University, 1966. 
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TABLE I1 
EFFECT OF pH ON THE DISSOCIATIOS OF H g C y -  IN THE PRESENCE OF HALIDES AND THIOCYANATE AT 25.0", 0.10 p 

Thiocyanated 
PH ko X 103, sec-1 PH ko X 103, sec-1 PH ko X loa, sec-' PH ka X 103, sec-1 

Bromidea Chlorideb IodideC 

7.01 0.76 7.03 0.24 8.82 0.30 5.97 1.15f 
6 .95  0.96 6.74 0.40 8.12 0.46 5.96 1. 246 
6.92 0.80 6.51 0.59 7.68 1.01 5.76 1,170 
6.87 0 .93  6.41 0 .75  7.46 2 . 7  5.53 2 .  42e 
6.79 1.07 6.32 0.84 7.39 2 . 8  5.17 4 .1e  
6.74 1.35 6 .13  1 .30  7.24 3 . 1  5 .15  5.20 
6.48 2.20 5.91 2.10 7.08 4 . 1  4 .98  8.8e 
6.40 2.59 7.07 4 . 5 4.91  10. 7e 
6.22 3 .9  7.00 5 . 9  4.79 12. 3e 
6.16 4 . 4  6 .91  6 . 8  4.66 19 .2 j  

6.82 7 .7  
a 5.60 X M NaBr, 8.40 X M HgCyz-, 1.20 X M Cu(C104)2. 1.13 X iM XaC1, 8.40 X 10-o M HgCyz-, 1.20 

x 10-j M Cu(C104)2. 111 Pb(C10&. 1.11 X loF4 M SCN-. e 4.20 
x 10-6 M HgCyz-, 1.20 X M Cu(Cl0l)z. 8.40 X M HgCyz-, 1.20 X M Cu(C104)z. 0 8.40 X 10-6 M HgCyZ-, 

8.65 X 10-j M NaI, 4.20 X 10-o M HgCy2-, 1.00 X 

1.20 x 10-5 M cu(c io4)2 .  

12 & E  
. s F  

Y %  

EA.8 

2 4  
+ F  

.I 2 .3 .4 .5 .6 .7 .8 .9 1.0 

5 - 
t 

:4 

9 3  x 
n -  

9 
2 

I 

'0 2 4 6 8 IO 12 
[H '1 x IO', M 

Figure 3.-Effect of hydrogen ion concentration on the first- 
order rate constant for H P C F  dissociation in the presence of 

I _  

halide ions. The slopes are kHHgCyX ; 25.0", 
1 + KHgCyX[X-l 

0.10 p. See Table 11. 

relationship given in eq 13 for a variety of different 
bromide ion concentrations and a variety of pH values 
over the range 5.8-7.1. The good fit of eq 13 justifies 

the specific assignment of the bromide ion effect to the 
kinetic reactivity of the mixed complex, HgCyBr3-. 
The reaction is first order in the concentration of this 
complex and zero order in free bromide ion. The rate 
constant for kHHgCYB' is 1.5 X l o4  M-l sec-l. This is 
in good agreement with the value of 1.3 X l o 4  M-l 
sec-1 calculated from the slope in Figure 4 after correc- 
tion for the fraction of Hg-CyDTA complexed to 
bromide. 

The concentration of the metal ion used to scavenge 
the CyDTA released by the mercury did not interfere 
kinetically. A tenfold range of copper ion concentra- 
tion was used without a kinetic effect and in a few cases 
zinc was substituted for copper. 

Kinetic Effect of Chloride Ion.-For the data in 

1 
J 

L 
[ ~ r - l  x io3, M 

OO 5 IO 15 

Figure 4.-Effect of bromide ion concentration on the second- 
order rate constant for hydrogen ion reaction with HgCyT; 
25.0", 0.10 p. 

Figure 3 and Table I1 the chloride ion concentration 
was 1.13 X loF2 M and the pH range was 5.9-7.0. 
The rate constant obtained from the fraction ol 
HgCyC13- present is k~~~~~~~ = 2.6 X IO3 M-l sec-1. 

Kinetic Effect of Iodide Ion.-Iodide forms a strong 
complex with Hg-CyDTA, and the CyDTA dissociates 



Vol. 5, No. 7, July 1966 MULTIDENTATE LIGAND KINETICS 1139 

faster than with the other halogens. Therefore, a low 
concentration of iodide (8.65 X lov5 M )  and a higher 
pH was used. The value of kHHgCY1 is 5.9 X lo4 M-l 
sec-1. When the iodide ion concentration was in- 
creased to 1.7 X loy4  M the results agreed with these 
rate constants, but a t  higher iodide concentrations the 
reaction was faster then predicted. This additional 
kinetic dependence in iodide was not tested further. 

Lead ion was used as the scavenger in the iodide ion 
studies except in some cases where no scavenger was 
added. This was possible because mercury forms very 
stable iodide complexes. The reaction rate did not 
depend on the scavenger concentration. 

Kinetic Effect of Thiocyanate Ion.-A series of re- 
actions with 1.11 x M thiocyanate ion from pH 
4.6 to 6.0 gave the kinetic data in Table 11. The value 
of kHHgCySCN is 2.3 X lo3 M-1 sec'l. 

Discussion 
Reactions of Hg-CyDTA with copper, lead, and 

zinc showed no kinetic effect attributed to these metals, 
but a hydrogen ion dependence was found even a t  pH 
8. This is consistent with the behavior of other metal- 
CyDTA reactions. The detailed study of the effect 
of bromide ion showed that a prior equilibrium of 
HgCy2- and HgCyX3- precedes the slow steps of the 
reaction. The dissociation of CyDTA from mercury 
is the rate-determining reaction which can proceed by 
several paths indicated by the rate constants kdHgCY, 
kdHgcyx, kHHgCY, and k ~ ~ ~ ~ ~ ~ .  The last constant rep- 
resents by far the most important path below pH 7-8 
in the presence of loF5 to 10-2 M concentrations of the 
various complexing anions. The general kinetic be- 
havior of chloride, iodide, and thiocyanate ions was 
consistent with that of bromide ion, and the same type 
of mechanism is assumed. The relative contributions 
of the kdHgCy and kdHgCYX terms to the reaction rate were 
always small. The data with perchlorate ion clearly 
show that the first term exists, and the data with 
bromide ion necessitate the second term, but only an 
approximate value is known. With the other anions 
the value of the second term is even less certain. 

The coordination of the anion to mercury greatly 
speeds the rate a t  which a proton helps to remove 
CyDTA. The reaction rate accelerates as the strength 
of the halide complex increases and HgCy13- reacts 
20,000 times faster than HgCy2-. Table I11 sum- 
marizes the rate constants for HgCyX3-. 

Only one anion is involved in the kinetics although 

TABLE I11 
RATE CONSTANTS FOR THE MERCURY-CyDTA COMPLEXES 

25.0°, 0.10 M NaClOa 
Complexing anion k H H g C S x ,  M-1 set-1 a 

None 3 . 1  

Br- (1 .3  zt 0.04) X 

SCN- 2.3 X lo3 
(OH-) <5 x 106 

squares analysis and with limits using 95% confidence level. 

c1- 2.6 x 103 

I- 5.9 x 104 

0 Determined graphically except as in 6 .  From least- 

in the reaction product more than one anion coordinates 
to mercury. This suggests that the rate-determining 
step occurs early in the unwrapping of the CyDTA ion 
and occurs before the mercury ion can place itself in a 
less hindered position where it can accept additional 
halide coordination. The exact structures of Hg- 
EDTA-type complexes are not known but from stabil- 
ity constant measurements both nitrogens and some of 
the acetate groups are believed to be coordinated to 
m e r c ~ r y . ~  The X-ray structures of Ni-EDTA'O and 
La-EDTAll have been determined. Considering the 
size of mercury ion it is not apt to be completely 
surrounded by the coordination cage of CyDTA but 
like La-EDTA it could have one side slightly exposed 
(La coordinates three HzO molecules in addition to 
six-coordination to EDTA). Thus, Hg'I-N bond dis- 
tances of 2.6 A are reported in one complex12 compared 
to  about 2.1 A for Ni-N and about 2.8 A for La-N in 
the EDTA complexes. The small exposed portion of 
the mercury ion is assumed to coordinate water or an 
anion, and the latter makes it much easier for Hg(I1) to 
break away from the CyDTA coordination cage. As 
stated earlier the rate-determining step must occur 
before the mercury ion is so far out of the cage that 
i t  could readily accept additional anion ligands. 
However, the proton path is important a t  extremely low 
hydrogen ion concentrations and only a nitrogen atom 
of CyDTA would be a good proton acceptor under 
these conditions. Therefore, the mechanism would 
appear to be a concerted reaction with Hg(I1) leaving 
the vicinity of the nitrogens as a proton is added. 
The anion makes this process easier, and the stronger 
the anion complex, the easier it is to break the mercury 
away from the CyDTA coordination. 
Possible Eff ect of Hydroxide Ion.-The rate constant, 

kdHgCY, which was given in eq 12 might not be a simple 
solvent replacement term but might consist of the 
two kinetic terms given in eq 14. The first term on the 
right-hand side of eq 14 represents a solvent replacement 
of the CyDTA without protonation of the ligand before 
the rate-determining step. The second term represents 
the splitting of the solvent molecule with H+ going to 
CyDTA and OH- going to the mercury before the 
rate-determining step. The second term also can be 
considered as a reaction of H +  with HgCyOH3-. 
There are several reasons to suggest this: (1) A11 the 
HgCyX3- complexes show the importance of the H +  
path. (2) The HgCyOH3- complex is known to form 

k d H g o s  = k,$gCy f k a H g c Y o H K w K E g c s o H  (14) 

and even if it is present in trace quantities it could be 
sufficiently labile to contribute to the rate. (3) The 
value of kdHgCYBr compared to kdHgCY is not as large as 
would be expected compared to the bromide ion effect 
on the hydrogen ion path. This could be explained if 
a kHHgCYoH term made an appreciable contribution as 

(9) F. P. Dwyer and D. P. Mellor, "Chelating Agents and Metal Che- 

(10) G. S. Smith and J. L. Hoard, J .  A m .  Chem. Soc., 81, 556 (1959). 
(11) J. L. Hoard, B. Lee, and M. D. Lind, ibid., 87, 1612 (1965). 
(12) M. M. Harding, J .  Chem. Soc., 4136 (1958). 

lates,'' Academic Press Inc., New York, N. Y., 1964, p 301. 
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shown in eq 14. If the major contribution to eq 14 
were from the k~~~~~~~ term, then the value of this 
constant would be 5 X lo6 M-l sec-l. This would be 
its maximum possible value, but there is no experi- 
mental way to separate the two terms in eq 14. 

Correlation with Anion Polarizability.-Mercury(II) 
is a class b metal13 (or a soft acidI4) which forms stronger 
complexes with more polarizable ligands (soft bases). 
In the case of the mixed complexes of HgCyX3- there 
is an excellent correlation between the polarizability of 
the ligand and the stability constant of the complex 
as seen in Figure 6. The polarizability in this case is 
expressed in terms of the electrode potentials as discussed 
by If the molar refractivity (another 
measure of polarizability) of the halide ions is used, 
very similar plots result. 

The reaction rate also increases with the halide ion 
polariziablity. The relationship in eq 15 is suggested 

(15) 

by Edwards15 where En is a measure of polarizability 
of the nucleophile (electrode potential or molar re- 
fractivity) and H is the basicity of the nucleophile. 
The present reaction can be examined in these terms, 
although Edwards’ correlation is for nucleophilic attack 
whereas in the present case the anions are already pres- 
ent in the complex and influence the metal-ligand 
dissociation. The value of /3 for mercury(1I) is very 
small and with the exception of hydroxide ion none of 
the anions is a good base. Therefore, the second term 
in eq 15 can be omitted and the value of log ( k ~ ~ ~ ~ ~ ~ /  
kHHgCY) can be compared to E,. The rate constants do 
not give a good linear plot such as the stability con- 
stants, but the halide ions fit the general trend with 
iodide ion being less effective than expected from its 
polarizability. However, the thiocyanate ion does not 
fit a t  all and is less effective than chloride ion despite 
the fact that its stability constant falls on the line in 
Figure 6. 

The difference between the thermodynamic and 
kinetic effects of thiocyanate ion and the halide ions 
may be due to differences in bonding to mercury such 
as back bonding from the metal or there may be steric 
factors in the rate of unwrapping the CyDTA from the 
mercury. The thiocyanate ion is believed to complex 
through the sulfur so that the metal-sulfur-carbon 

k 
ko 

log - = aE, + OH 

(13) S. Ahrland, J. Chatt, and h-, R. Davies, Q u a ~ t .  Rev. (London), 12,  

(14) R. G. Pearson, J .  Am. Chern. Soc., 85 ,  3633 (1963). 
(15) J. 0. Edwards, ib id . ,  76, 1540 (1954). 

265 (1958). 
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Figure 6 -Correlation of stability constants of mixed complex 

with polai~izabilities. En = Eo + 2.60 is used as a function of 
polarizability; see ref 15. 

bonding is not linear, and this has led to effects at- 
tributed to steric factors in other complexes.l6 As 
some of the CyDTA dentate groups break away Erom 
the mercury, the thiocyanate ion may make i t  more 
difficult for solvent molecules to take their place. 
This may also occur to a lesser extent with iodide ion 
where the polarizability is not as effective kinetically 
as it is thermodynamically. On the other hand, the 
thiocyanate and halide ions fit into the expected trend 
in their reaction17 with CHSHgOH where steric effects 
are not as great. 

Conclusion 
Halide and thiocyanate ions form moderately strong 

complexes with the mercury-CyDTA complex despite 
the negative charge of the complex and multidentate 
character of CyDTA. The stabilities of the resulting 
complexes increase in a regular fashion with the polariz- 
ability of anion. The proton-assisted-dissociation rate 
of CyDTA from mercury is greatly enhanced by the 
formation of the anion complexes, and the speed of the 
reaction also increases with the polarizability of the 
halide ions. Thiocyanate ion also speeds the dissocia- 
tion of CyDTA from mercury, but it is not quite as 
effective as chloride ion. Its kinetic effect does not 
follow its polarizability, although the thermodynamic 
stability of HgCySCN3- does correlate with E,. 
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