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Dynamics of ternary complex formation and 
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Science, Ca lcu t t a  700009, India .  

Abs t rac t  - Using r ecen t  experimental  r e s u l t s ,  dynamics of 
format ion  and d i s s o c i a t i o n  of ternaqy complexes and t h e i r  
re levance i n  understanding thermodynmic s t a b i l i t i e s  o f  
such s p e c i e s  aa a l s o  f a c t o r s  caus ing  l a b i l i z a t i o n  o f  a 
l i gand  by another  a u x i l i a r y  l i gand  i n  a metal  complex a r e  
discussed.  

Metal i o n s  a re  well-known L e w i s  a c i d s  and the  i n  vivq c a t a l y t i c  a c t i v i t y  
of metal i o n s  as metalloenzymes i n  b i o l o g i c a l  systems gene ra l ly  involves  
the format ion  of  t e r n a r y  complexes by t h e  metal  ion ,  M, of the type IUB, 
where A r e p r e s e n t s  t he  p r o t e i n  p a r t  of the  metalloenzyme and B t h e  subs- 
t r a t e  the  r e a c t i o n  o f  which i s  ca ta lyzed  by the  metalloenzyme, MA, The 
f r e e  metal i o n  o f t e n  e x h i b i t s  similar c a t a l y t i c  a c t i v i t y  bu t  i n  combina- 
t i o n  wi th  A i t s  a c t i v i t y  is o f t e n  increased  enormously and f u r t h e r  a cer- 
t a i n  degree o f  s e l e c t i v i t y  1 3  imparted. Schematical ly  we may say  

M + B  - M E  35 km Products  

MA + B 5% LIAB k a ~ ~  p Products  

Hence, i t  fo l lows  t h a t  the  s p e c i f i c  r a t e  cons t an t s  f o r  t hese  ca ta lyzed  
r eac t ions  under the  condi t ions  that  concent ra t ions  of 103 and lUl3 a re  
n e g l i g i b l e  compared t o  the  t o t a l  concen t r a t ion  of the metal  i n  the  system 
(p resen t  v i r t u a l l y  as M o r  ?LA) w i l l  be 

km = &. kmB (4) 
bX.4 Now ku’) kM and t h i s  may be  due t o  e i the r  qiIAB 9 K L  o r  kr,mB>> km 

o r  both.  Again, a h ighe r  s t a b i l i t y  of t he  t e r n a r j  complex ILAB compared t o  
that  of  the b i n a r y  complex Mi3 may be due t o  e i t h e r  a h ighe r  r a t e  of forma- 
t i o n  of  MAB from MA and B compared t o  t h a t  o f  KB from LI and B, o r  due t o  
a lower rate of d i s s o c i a t i o n  of I U B  i n t o  7zA and B, o r  bo th  f a c t o r s  may be 
respons ib le .  Hence, s t u d i e s  on the  dynamics o f  formation and d i s s o c i a t i o n  
of t e rna ry  complexes are o f  much relevance i n  understanding the thermody- 
namic s t a b i l i t i e s  o f  m c h  spec ies .  

The s t a b i l i t y  of  a t e r n a r y  complex MAB compared t o  tha t  of the b ina ry  
complex MA o r  ID can be expressed as fo l lows  ( r e f .  1,2) : 

(5) Mi3 A l o g  K = l o g  I& - l o g  K& = l o g  - log eu 
where K i s  the  equ i l ib r ium cons tan t  f o r  t h e  r e a c t i o n  

KA + m w w  + ?x (6) 
On s ta t is t ical  cons idera t ions  a negat ive  value i s  expected f o r  A l o g  K 
and t e r n a r y  complexes a r e  expected t o  be l e s s  s t a b l e  than  the correspon- 
ding b ina ry  complexes. This i s  o f t e n  the  case,  b u t  i n  some s i t u a t i o n s  a 
t e rna ry  complex may be  more stable and t h i s  l e a d s  t o  p o s i t i v e  va lues  of 
A l o g  K. This gene ra l ly  happens when a metal  b inds  t o  a s t r o n g  sigma and 
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p i  donor l igand (such as having oxygen donors) and another p i  acceptor li- 
gand such as pyridine,  imidazole, 2,2'-bipyridyl, 1,lO-phenanthroline, e tc .  
and many examples a re  well-known ( re f .  3,4).  Intramolecular stacking i n t e r -  
ac t ion  a l s o  enhances s t a b i l i t y  i n  su i tab le  cases ( re f .  5 )  such as 
Cu(amp)(bipy) (amp2- I adenosine-monophosphate) f o r  which P l o g  K value 
( r e f ,  4 )  is +0.5 a t  25O. It is  remarkable tha t  while RPOZ- forms much more 
s tab le  complexes w i t h  $+ ions (M = Co, N i ,  Cu, Zn) than pyridine,  the 
reverse i s  more s i g n i f i c a n t l y  t rue  f o r  complexation of M(nta)' w i t h  these 
l i g a n d s  ( r e f .  6). Examples are  numerous that an aqua l igand bound to  a metal 
ion  i s  s i g n i f i c a n t l y  l a b i l i z e d  by a s t rong sigma donor l igand (seelTable 1). 

Table 1. Rate conetante for  eome l lgand replacement proceeeea In 
chromlum(II1) complexes ( 2 5 O ,  I = 1 M). 

A, Water e x c h w e  (ref. '7) 

Complex lo%,,, e-' Complex 10bkox,M'l~'l 

Cr ( NI13 1 6( H20 13+ 5.8 Cr(ox)(H20)i 53 
cA-Cr(M13)4(H OI3+ 5.9 c&-Cr(ox)2(H20)e 14 
t--Cr ( NH3 1 ( H20 2 3 +  1.2 a- Cr (b1e;H) ( 4 0 )  x' 660 

B. Anation by oxalate (ref .  8.9) 

Cr(H20)p 0.25 Cr( H20)7 4 

(blgH = blguanide) (mf.9) fS-Cr( NJi3)3( H20)z 5.8 
t m - C r (  NJi3),(H20)~ 1.0 

The data i n  Table 1 ( A )  ind ica te  tha t  the s t rong sigma donor NH3 causes 
s i g n i f i c a n t  l a b i l i z a t i o n  of H20 i n  t r a n s  pos i t ion  t o  NH3; while data i n  
Table l (B)  ind ica te  that the s t rong l igand bigH causes considerable l a b i l i -  
ea t ion  of aqua l igands e s s e n t i a l l y  by bond weakening and as such theAH* 

1 value f o r  the  oxalate anat ion of the bis-biguanide complex is  84.5 kJna' as 
against  a value of 111.3 kJmhl f o r  the corresponding reac t ion  of Cr(H20)F. 
I n  f a c t ,  t h e  former r e a c t s  by an Id process (ref. 9 )  i n  cont ras t  t o  1, 
process i n  the l a t t e r .  Also of s ignif icance t o  note i n  t h i s  connection the 
r a t e  of acid catalyzed d issoc ia t ion  of a bigH l igand from the complexes 
- c i ~ - C r ( b i g H ) ~ ( H ~ O ) ?  ( I )  ( r e f .  lo), Cr(bigH)2(ox)+ (11) ( r e f .  9 )  and 
Cr(bigH)(H20)2(ox)+ (111) (ref .  9) .  A t  25O under comparable conditions the 
1o5kH, ~ 1 s - 1 ,  values are  3.53, 296 and 1.01 respect ively f o r  the three  
species,  i .e.  i n  the r a t i o  of 1: 84 : 0.29; moat s i g n i f i c a n t  being almost 
300 fold decrease i n  r a t e  f o r  the species  I11 compared t o  t h a t  of species  
I1 having Ident ica l  charge. 

Labi l izat ion of an aqua l igand due t o  a l igand L i n  
( r e f .  11) t o  be r e l a t e d  t o  the e l e c t r o n  donating a b i l i t y  of L as measured 
by the En value i n  the Edwards' nucleophi l ic i ty  scale  I 

i s  reported 

where the k-s are  the spec i f ic  r a t e  constants  f o r  the exchange of the bound 
aqua l igand i n  ML(H,O)F and M ( H 2 0 ) 7  complexes with solvent water,and y i e  
a constant which has  been evaluated using eq. ( 7 )  f o r  F e ( I I I ) ,  C r ( I I I ) ,  
Co(II) ,  N i ( I I )  and O=V(IV) and shown t o  be r e l a t e d  t o  the "softness para- 
meter"& (mf.12) : 

1' = - 5 , 5 r +  5.5 ( 8 )  

Q values f o r  twenty-six metal ions have been evaluated and hence corree- 
ponding4/ values can be calculated using eq. ( 8 ) .  Hence, i t  i s  possible  t o  
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predict  the value of k E o H 2  f o r  these metal ions once ktioH2 i s  determined 
e?rperimentally. 

Coetzee and coworkers have determined the r a t i o  N of the r a t e  constants of 
the react ions of N i x $  and NiS? with a l igand Y (X = a monoanion, S = sol-  
vent and Y = a neut ra l  heteroaromatic l igand)  i n  the cases of S = C%OH 
(ref. 13) and S = CH3CN (ref. 14) .  The data shown i n  Table 2 ind ica te  t h a t  
the l a b i l i z a t i o n  v a r i e s  not only w i t h  X, but  f o r  the  same X depends consi- 
derably on the nature of the solvent S. 

Pasternack and coworkers ( re f .  15)  have determined by temperature- jump 
method the r a t e s  of formation and d issoc ia t ion  of ternary complexes i n  the 
reac t ion  of Cu(bipy)2+ w i t h  L (L =: ethylenediamine, glycinate,  4 -a lan ina te ,  
p -alaninat e : 

Cu(bipy)2+ + L , k12 ‘ Cu(bipy)L (9 1 

k1 ’ CUL (10) 

k21 

and compared the r e s u l t s  f o r  the binary system I 

cu2+ + .k2 
Similar r e s u l t s  have been reported ( re f .  1 6 )  f o r  the Cu(bipy)(acac)+ sys- 
tem. The r e s u l t s  summarized i n  Table 3 are  s ign i f icant  and ind ica te  tha t  

Table 2. Accelerating effect  of anionic inner-sphere eubstituents (X) on 
rate of reaction of nickel(I1) with Y i n  methanol and acetoni- 
t r i l e ,  a t  25O. 

Y X 
- 

4Phenyl- 01 
pyridine B r  

I 
SON 

01 
B r  
1- 
SON 

phen m 
c1 
Br 
I 
SON 
6103 

In methanol (re f .  13)  
log  kNiX log  N (a) 

3.9 1.8 
3.3 1.2 
2.8 0.7 
2.9 0.8 

3.1 1.1 
2.5 0.5 
2.3 0.3 
3.0 1.0 

3.1 0.3 

2.8 1.2 
2.2 0.6 
1. 8 0.2 

1.2 2.8 - - 

In aoetonitrile (ref.14) 
l o g  kNiX l o g  

6.6 1.9 

6.3 2.9 
5.7 2.3 
4.8 1.4 
5.5 2.1 
4.4 1.0 

fable 3. Ratee of fcnaation and dissociation of some binary CuL and 
ternary Cu(bipy)L complexee of cop er( 11) and the ir  relat ive 
s t a b i l i t i e s ,  a t  25O and I E 0.1 Y $ref. 15,161 

----- 
en -1.29 3.8x109 0.1 2.0x109 1.4 0.5 14 
gly- -0.35 4 . 0 ~ 1 0 ~  22 1.6~10’ 19 0.4 0.9 

P -ala- -0.59 2.ox108 11 3 . 4 ~ 1 0 ~  110 1.7 10 
4 -ala- -0.26 1 . 3 ~ 1 0 ~  12 1.0~109 10 0.8 0.8 

acac- +0.32 9 . 0 ~ 1 0 ~  3.2 1 . 1 ~ 1 0 ~  1.9 1.2 0.6 

(a) Ref. 17 ( b )  See eq. (10) ( c )  See eq. (9)  
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mostly the d i s s o c i a t i o n  r a t e s  are  pr imari ly  responsible f o r  the  r e l a t i v e  
s t a b i l i t i e s  of the d i f fe ren t  systems. For Co(bipy) (gly)' a l s o  the compara- 
t i v e l y  high s t a b i l i t y  compared t o  that  of C ~ ( g l y ) ~  can be a t t r i b u t e d  t o  a 
lower d issoc ia t ion  rate f o r  the former (kd, 55 6-1 a t  25O) than that of 
the l a t t e r  (330 s-'), the formation r a t e  constants being r a t h e r  e imi la r  
(1 .6~10 and 2 . 0 ~ 1 0 ~  Ilf'8-l respect ively)  (ref.18). I n  cont ras t ,  however, 
the higher s t a b i l i t y  ( ref .6)  of Ni(nta)(im)- compared t o  tha t  of Ni(nta)-  
(NIB)- i s  primarily due t o  a much higher formation r a t e  f o r  the imidazole 
( i m )  complex as the data ( re f .  19) i n  Table 4 indicate .  This higher forma- 
t i o n  r a t e  i s  due t o  a higher value of the assoc ia t ion  constant f o r  forma- 
t i o n  of the outer-sphere precursor complex due t o  hydrogen bonding and pi- 
bonding i n t e r a c t i o n s  of Ni(nta)(H20)i  with imidaeole (ref. 3). 

6 

Table 4. Rate constants for formation and diesociation of nickel(I1)  
complexes with ammonia and imidazole, at 25O and I = 0.1 M 
(ref. 19).  

Entering Substrate 
l i g a n d  

N i  ( H20) Ni(nta)(HZO)z - 
kf ,W1S-' kd ,s- l  kf, bf's-' kd, 8 

3 . 9 ~ 1 0 ~  7.1 4. 6X103 13.3 
4 . 9 ~ 1 0 ~  4.9 5. 7x1o4 64.4 

*3 
i m  

~ 

urn 
NH3 i r n  

Rate ratio - Substrate Rate ratio 

-- Ni(H20)F Ni(nta)(H20)i 

The data in Table 4 a l s o  ind ica te  that nta3- bound t o  n i c k e l ( I 1 )  causes la- 
b i l i z a t i o n  of the o ther  l igands bound t o  the metal and t h i s  i s  i n  keeping 
with the f a c t  that at 25O the r a t e  constants f o r  the water exchange reac- 

s-' ( r e f .  21) respectively.  

Results of inves t iga t ions  on the k i n e t i c s  of formation of ternary compleir 
xes N i ( A ) L  i n  the reac t ions  of N i ( n t a ) ( H 2 0 ) ~  ( re f .  22) and I?i(ada)(H20)i 
( r e f .  231, where n t a  = n i t r i l o t r i a c e t a t e  and ada = anthrani la todiacetate ,  
with amino acids,  LH, presented i n  Table 5 are  i n t e r e s t i n g .  The observed 
values of kf are  i n  the following sequence of the amino ac ids  : glycine) 
O(-alanine > Lphenylalanine > L v a l i n e  > tmeth ionine  )P-alanine > sarcosine,  
which is  not qu i te  the sequence of the pKa values of  these  amino acids.  

It is  s i g n i f i c a n t  t h a t  r ing  s ize  and bulky subs t i tuent  on the react ing NH2 
group have a pronounced e f f e c t  on the kf value. 

t ions  of Ni(H20)i+ and Ni(nta)(H20)z are  2 . 7 ~ 1 0 ~  8-l (ref. 20) and 1 .4~10 5 
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Table 5. Kinetice of formation of some ternary complexee of nickel(I1) 
Xi(A)L2' in the reaction of Ni(A)(H,O); with amino acide, LH 
(35OC, I P 0.1 M, pH = 6.0) 

kf* rl8-l 
LH 

A = nta" (ref.22) A = da3' (ref.23) 

3.86 2.3 
3.4 1.96 

R1 = H, R2 a Ph-CH2 3.3 1.84 
5 I H, % I Me2CH 3.15 1.72 
% = H, % = Me-S-CH2-CH2 3.04(a) 1.68 

R1'R2=H 
R1 P H, % = Me 

H2 C- COO' 

H C  
pi2&+ 

'coo- 

2.43 

1.27") 

1a34 

0.97 

( a )  Ref. 23. 

The exceedingly slow r a t e s  of react ions of amino ac ids  with these nickel(I1) 
complexes is in t r igu ing ,  but  the r e s u l t s  can be explained by the following 
mechanism of  reac t ion  (Scheme I )  I 

Scheme 1 

R '  - 
3- A = nta3- o r  ada 

ooc\ 7 - 
CH 

+ H ~ N '  2 
ANi/  

'OH2 

ANi' 
b H 2  

11% 
ooc, 7 2 -  

H~N' CH2 

+ ANi<r>hH2 12- 

+ H 2 0  

+€I+ 

H2° 

The hydrogen bonded species ( I V )  i n  the above scheme is e s s e n t i a l l y  an in- 
t e r n a l  conjugate base and is unreactive; r i n g  closure s tep involving the 
species (111) is r a t e  determining. Similar r a t e  determining r i n g  closure 
has been proposed f o r  the reac t ions  of Ni( t r ienl2+ w i t h  glycine ( re f .  24) ,  
sarcosine ( r e f .  25) and ethylenediamine ( r e f ,  25). The above scheme leads  
t o  (when T L ) ) ~ N i  1 

l/kobs = [@] /TLkK*KL + (1 + Kn)/k (11) 
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For the Ni(nta)(gly)2' t h e  following values were obtained (25O, I = 0.1 M) 
graphical ly  from eq. (11) I 

kK'K; = 3.41~10 '~  and k/(l + K") x 2.07 (12) 

For the Ni(nta)- - glycine system the value of K' may reasonably be expec- 
ted t o  be near ly  the same as the equilibrium constant f o r  the following 
reac t ion  t 

K 
Ni(nta)(H20)i + CH,COO- Ni(nta)(OOCCH,)'- 

A t  25O, I = 0.1 M, K = 2.34 ( r e f .  6) .  We may a l s o  reasonably assume IC; s 
Ka f o r  glycine (Ka = 2.45xlO-'O a t  25O, I = 0.1 M). B i t h  these values we 
get  using the r e l a t i o n s  given i n  the s e t  of eq. (12) the following appro- 
ximate values of k and K H  t k I 5.95~10 s'l, K" = 2.87~10 . This k value 
compares well  with the reported kf value (4.1~10~ M' 8 

of Ni(H20):+ with glycinate  ion ( re f .  26) and a l s o  agrees w i t h  the f a c t  
t h a t  both Ni(H,O)? and Ni(nta)(H20)i reac t  with NH, a t  comparable r a t e s  
(see Table 4). 

The k i n e t i c s  of reac t ions  of Fe(R20)36+ and Fe(nta)(H20)2 with benzohydro- 
xamic acid,  LH, has recent ly  been invest igated ( re f .  27). The observed 
react ions a r e  

4 4 

1 -1 ) f o r  the reac t ion  

kl 
Fe 3+ + LH .-? FeL2+ + €I+ and Fe(nta)  + LH 

. .  
+ H+ k-2 Fe(nta)L- + H+ 

ko i s  a path independent of LH concentration. The r e s u l t s  a re  summarized 
i n  Table 6. 

Table 6 .  Rate constante for reactions of Fe3+ and Fe(nta) with benzohydro- 
xmic acid, LH, a t  2 5 O ,  I = 0.1 M 

Values of the 
conet&ta 

0.18 
18.3 
1. 74x102 
0.11 

The r e s u l t s  ind ica te  t h a t  nta3' bound t o  Fe( I I1)  causes l a b i l i z a t i o n  of 
the o ther  l igand bound t o  the metal. But the much lower s t a b i l i t y  of the 
Fe(nta)(L)- compared t o  t h a t  of FeL2+ i s  due t o  a s igni f icant  increase i n  
the d issoc ia t ion  r a t e  of the former compared t o  t h a t  of the l a t t e r .  I n  
keeping with the  f a c t  t h a t  nta3' causes l a b i l i z a t i o n  of the o ther  bound 
ligand by bond weakening it has been observed ( re f .  27) thatAH' value f o r  
the kl path f o r  Fe(nta) is 42.3 kJM-' as aga ins t  a value of 57.8 kJM" f o r  
t h a t  of Fe3+. Again, f o r  the kel path thedH* values a r e  41.2 and 51.5 
k M 1  f o r  the reac t ions  of Fe(nta)(L)- and FeL2+ respect ively (LH = benzo- 
hydroxamic acid ) . 



Ternary complex formation and dissociation 1343 

Ternary complex formation i n  the Cu(bigH)z+ - bipy/phen systems can be 
represented as i n  Scheme 11. These a r e  t y p i c a l  square-planar complex sys- 
tems and very few k i n e t i c  s t u d i e s  on such systems have been reported so 
far. For each s t ep  the observed pseudo-first order  rate constant i s  kobs = 
ko + kL [L] (L = bipy or phen). Values of the r a t e  constants  a r e  summarieed 
i n  Table 7. 

Scheme 2 
Cu(bipy)F + bigH 

Cu( bigH) (bipy 12+ 
b l p y l I I I  

+ bigH 
b i d  

Cu(bigH)T 2+ Cu( phen ) ( bipy 

Cu(bigH) ( phen )2+ 
+ bigH 

Cu(phen)T + bigH 

Table 7. Rate constant8 f o r  the different steps in the reaction In 
Cu(b1gH)F - blpy/phen eyetems, at 25O and I = 0.1 H (ref. 28) 

Complex L Path k,, 8- l  1 0 - ~ k ~ ,  M-W - - - - 
Cu (b IgH ) biPY I 6.1 1.06 

phen I1 6.15 0.74 
Cu(bl@;H)(bipy)2+ biPY I11 0.29 0.32 

phen I V  0.29 1.65 
Cu(bigH)(phen)2+ biPY V 7.0 0.75 

phen V I  7.1 0.95 

The values  ofAHC andAS* f o r  t h e  d i f f e r e n t  r eac t ions  and paths have a l s o  
V I  been evaluated. The r e s u l t s  i nd ica t e  kz = k, > k:" = kiv  . Hence, compa- 

red t o  bipy, a g r e a t e r  l a b i l i z a t i o n  of the bound bigH i s  caused by phen i n  
Cu(bigH)(L)2', Also, kEV) kil' and kL > kL suggesting a s soc ia t ive  charac- 
t e r  f o r  kL path. However, k$ > kil  presumably due t o  more favourable 
s tacking i n t e r a c t i o n  of  t h e  f l e x i b l e  bipy w i t h  Cu(bigH)p leading t o  
s t ronger  o u t e r s p h e r e  a s soc ia t ion  in the precursor complex. 

V I  v 
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