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Dynamics of ternary complex formation and
dissociation
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Abstract -~ Using recent experimental results, dynamics of
Tormation and dissociation of ternary complexes and their
relevance in understending thermodynamic stabilities of
such species as also factors causing labilization of a
ligand by another auxiliary ligand in a metal complex are
discussed.

Metal ions are well-known Lewis acids and the in vivg catalytic activity
of metal ions as metalloenzymes in biological systems generally involves
the formation of ternary complexes by the metel ion, M, of the type lAB,
where A represents the protein part of the metalloenzyme and B the subs-
trate the reaction of which is catalyzed by the metalloenzyme, MA, The
free metal ion often exhibits similar catalytic activity but in combina-
tion with A its activity is often increased enormously and further & cer-
tain degree of selectivity is imparted. Schematically we may say

k

¥ + B i MB —2B _» Products (1)
Kiap kyan

MA + B =—— MAB —~——>3 Products (2)

Hence, it follows that the specific rate constants for these catalyzed
reactions under the conditions that concentrations of B and MAB are
negligible compared to the total concentration of the metal in the system
(present virtually as M or MA) will be

ky = thm - Kym (3)
kyy, = Kiﬁa' kypm (4)

M

Now kMA» ky and this may be due to either KILI[IﬁB» KMB or kMAB>> kM'B

or both, Again, a higher stability of the ternary complex MAB compared to

that of the binary complex MB may be due to either a higher rate of forma-
tion of MAB from MA and B compared to that of MB from M and B, or due to

a lower rate of dissociation of MAB into MA and B, or both factors may be

responsible., Hence, studies on the dynamics of formation and dissociation
of ternary complexes are of much relevance in understanding the thermody-
namic stabilities of such species.

The stability of a ternary complex MAB compared to that of the binary
complex MA or MB can be expressed as follows {ref. 1,2) 1
MA M MB

Alog K = log Ky, p = log Ky = 1og Ky — log KEA (5)

where K is the equilibrium constant for the reaction

MA + MBs=—=MAB + X (6)
On statistical considerations a negative value is expected for Alog K
and ternary complexes are expected to be less stable than the correspon-
ding binary complexes, This is often the case, but in some situations a
ternary complex may be more steble and this leads to positive values of
A log K, This generally happens when a metal binds to a strong sigma and
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pl donor ligand (such as having oxygen donors) and another pi acceptor 1li-
gand such a8 pyridine, imidezole, 2,2'-bipyridyl, 1,10-phenanthroline, etc.
and many examples are well-known (ref. 3,4). Intramolecular stacking inter-
action slso enhances stebility in suitable cases (ref. 5) such as
Cu(amp)(bipy) (ampz' = adenosine-monophosphate) for which Alog K value
(ref, 4) is +0.5 at 25°, It is remarkable that while HPOi forms much more
stable complexes with M2+ ions (M = Co, Ni, Cu, Zn) than pyridine, the
reverse is more significantly true for complexation of M(nta)™ with these
ligands (ref. 6). Examples are numerous that en aqua ligand bound to a metal
ion is significantly lebilized by a strong sigma donor ligand (see Table 1).

Table 1. Rate constants for some ligend replacement processes in
chromium(III) complexes (26°, I = 1 M).

A. Water exchange (ref, 7) B, Anation by oxalate (ref. 8,9)
Complex 1°5kex’°-1 Complex 1051:0!,“"15'1
or(Hy0)5* 0.25 cr(H0)g* 4

or(Ny) 5(H,0)3* 5.8 cr(ox) (Hy0)% 53
g_g—Cr(NH ) (" o)2 5.9 cis-cr(ox)z(Hzo)g 14
trana-cr(NH5)4(H 0)2 1.2 is—Gr(bigH)a(Hzo)a 660
fe.c-cr(NH ) (H °)3+ 5.8 (bigH = biguanide) (ref.9)
‘!:rans-c.'e(15111:5)2(}{20)4 1.0

The data in Table 1(A) indicate that the strong sigma donor NH3 causes
significant labilization of H20 in trans position to NHS; while data in
Table 1(B) indicate that the strong ligand bigH causes considerable labili-
zation of aqua ligands essentially by bond weekening and as such the AH’=
value for the oxalate anatlon of the bis-biguanide complex is 84.5 kJM'
against a velue of 111.3 kML for the corresponding reaction of Cr(H20)5+.
In fact, the former reacts by an Id process (ref. 9) in contrast to Ia
process in the latter. Also of significance to note in this connection the
rate of acid catalyzed dissociation of a bigH ligand from the complexes
cis-0r(bigh),(H,0)3% (I) (ref. 10), Cr(bigH)y(ox)* (II) (ref. 9) and
Cr(bigH)(HEO)z(ox)+ (III) (ref. 9). At 25° under comparable conditions the
105kH, M‘ls-l, values are 3.53, 296 and 1.01 respectively for the three
species, i.e. in the ratio of 1: 84 : 0.29; most significant being almost
300 fold decrease in rate for the apecies III compared to that of species
II having identical charge.

Labilization of an aqua ligand due to a ligand L in ML(H20)5 is reported
(ref. 11) to be related to the electron donating ability of L as measured
by the En value in the Edwards' nucleophilicity scale :

log(ili-OH2 / (-OH2 ) _yg (7)

where the k-s are the specific rate constants for the exchange of the bound
saqua ligand in ML(Hzo)g+ and M(Hzo)g+ complexes with solvent water,and Yis
a constant which has been evaluated using eq. (7) for Pe(III), Cr(III),
Co(II), Ni(II) and O=V(IV) and shown to be related to the "softness para-
nmeter® ¢ (ref.12) :

Y = =5.50" + 5.5 (8)

0” values for twenty-six metal ions have been evaluated and hence corres-
ponding ¥ values can be calculated using eq. (8). Hence, it is possible to
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predict the value of kMI' CHp for these metal ions once kM'°H2 is determined
ex ex
experimentally.

Coetzee and coworkers have determined the ratio N of the rate constants of

the reactions

of Nj.xs';'1 and Nis’g"' with a ligand Y (X = a monoanion, S = sol-

vent and Y = a neutral heterocaromatic ligand) in the cases of S = GH:,OH

(ref. 13) and

S = CH,CN (ref. 14). The data shown in Table 2 indicate that

the labilization varies not only with X, but for the seme X depends consi-
derably on the nature of the solvent S.

Pasternack and coworkers (ref. 15) have determined by temperature-jump
method the rates of formation and dissociation of ternary complexes in the
reaction of Cu(bipy)2+ with L (L = ethylenediamine, glycinate, & -alaninate,

P -glaninate)

2+ K12 |
Cu(bipy)“T + I —=2— Cu(bipy)L (9)
k
21
and compared the results for the binary system :
k
IS —1:—1,: Cul (10)
2

Similar results have been reported (ref. 18) for the Cu(bipy)(acac)® sys-
tem. The results summarized in Table 3 are significant and indicate that

Table 2. Accelerating effect of enionic inner-sphere substituents (X) on
rate of reaction of nickel(II) with Y in methanol and acetoni-
trile, at 25°.

Y x In methano £, 13 In acetonitrile (ref,14
log kyyy log ¥ ‘& log ky,y log N\®8
pyridine Br 3.3 1.2 - -
I 2.8 0.7 - -
SCN 2.9 0.8 - -
bipy Cl 3.1 1.1 6.3 2,7
Br 2.5 0.5 - -
I 2.3 0.5 - bnd
SCN 3.0 1.0 - -
phen c1 3.1 0.3 6.6 1.9
terpy Cl 2.8 1.2 6.3 2.9
Br 2.2 0.6 8.7 2.3
I 1.8 0.2 4,8 1,4
SCN 2,8 1.2 5.5 2.1
ISIO:5 - - 4,4 1.0

(8) ¥ = kyyy / kyy

Table 3.

Rates of formation and dissociation of some binary Cul, and
ternary Cu(bipy)L complexes of copper(II) and their relative
stabilities, at 26° and I = 0,1 M %ref. 15,16)

b (¢) (c)
I Alegk (8 x () x () i, koy kyo/ky  Kpy/ky

M-1g-1 =1 M-1g-1 a-1

en
gly”

& -ala”
8 -ala”
acac

-1,29 3,8x109 0.1 2,0x109 1,4 0.5 14
-0.35  4.0x10° 22 1, 6x10° 19 0.4 0.9
-0.26  1.3x10° 12 1.0x109 10 0.8 0.8
-0.59  2,0x10® 11 3.4x10% 110 1.7 10
+0.32  9.0x10® 3.2  1.1x10° 1.9 1.2 0.6

(a) Ref. 17 {(b) See eq. (10) (c) See eq. (9)
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nostly the dissociation rates are primarily responsible for the relative
stabilities of the different systems. For Co(bipy)(gly)* also the compara-
tively high stability compared to that of Co(gly)2 can be attributed to a
lower dissociation rate for the former (kd’ 55 s=1 at 25°) than that of
the latter (330 s'l), the formetion rate constants being rather similar
(1.6x1o6 and 2,0x106 ¥1g~1 respectively) (ref.18). In contrast, however,
the higher stability (ref.6) of Ni(nta)(im)™ compared to that of Ni(nta)-
(NHS)' is primarily due to a much higher formation rate for the imidazole
{im) complex as the data (ref. 19) in Table 4 indicate. This higher forma=-
tion rate is due to a higher value of the association constant for forma-
tion of the outer-sphere precursor complex due to hydrogen bonding and pi-
bonding interactions of Ni(nta)(Hgo)E with imidazole (ref. 3).

Table 4. Rate constents for formation and dissociation of nickel(II)
complexes with ammonia and imidazole, at 25° and I = 0.1 M

{ref. 19),
Entering Substrate
ligand
N1L(Hy0)2* i (nta)(H0)3

kf,M"ls"1 - kd,s'l key g1 ks s~1
MH, 3.9x10° 7.1 4.6x10° 13.3
im 4,9x10° 4.9 5.7x10% 54.4
Rate ratio Substrate Rate ratio 14 gand

N1 (H0)2* Ni(nte)(E,0); NH,, in
1i7/x s 1.3 12.4 ihit(nta) L 1.2 11.6
Ki®/xgs 0.7 4.1 giinte) p i e 11

The data in Table 4 also indicate that nta®" bound to nickel(II) causes la-
bilization of the other ligands bound to the metal and this is in keeping
with the fact that at 285° the rate constants for the water exchange reac-
tions of Ni(H,0)3* and Ni(nta)(H,0)7 are 2.7x10* 71 (ref. 20) and 1.4x10
g1 (ref. 21) respectively.

5

Results of investigations on the kinetics of formation of ternary complee
xes Ni(A)L in the reactions of Ni(nta)(Hzo)E (ref., 22) sanad Ni(ada)(Hzo)E
(ref. 23), where nta = nitrilotriacetate and ada = anthranilatodiacetate,
with emino acids, ILH, presented in Table 5 are interesting. The observed
values of kf ere in the following sequence of the amino acids : glycine)
o, -alanine > I-phenylalanine > I-~valine > I~methionine >f3-alanine ) sarcosine,
which is not quite the sequence of the pKa values of these amino sacids,

It is significant that ring size and bulky substituent on the reacting NH2
group have a pronounced effect on the kf value.
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Pable 5. Kinetics of formation of some ternary complexes of nickel(II)
NL(A)I" in the resction of Ni(4)(H,0)7 with emino ecide, LH
(35°C, I = 0.1 M, pH = 6.0)

- kgy wig~t
A = nta®" (ref.22) A = ade® (ref.23)
R1\c/m§
Rg/ oo
R, = Ry = H 3.86 2.3
R, = H, Ry = Me 3.4 1,96
R, = H, Ry = Ph~CH, 3.3 1.84
R, = H, By = Me,CH 3.15 1.72
R, = H, R, = Me-5-CH,~CH, 3.04(8) 1.68
H,C-NHE
A 2.43 1.34
H,C~000
/NHZMe (a)
Ha0 1.27 0.97
coo0™

The exceedingly slow rates of reactions of amino acids with these nickel(II)
complexes is intriguing, but the results can be explained by the following
mechanism of reaction (Scheme I)

Scheme 1
o, I~ 000 -
2 K* 00C 1
R + e, m=—— amie—— L T=cH + HLO
2 ., + e 2
N oH *un” OH,, H,N
2 3
(1) (zH) (11)
o =
00C CH
2 K" 00C 2~
AN _ AN \N/CHQ_I + H
O—H=-==--- H H
/ 2 2 2
B (1Iv) (1II)
lk
D
00C~_ |
A = nte®~ or ade®" ANi<N/\CH2 +  HyO0
Ho
(v)

The hydrogen bonded species (IV) in the above scheme is essentially an in-
ternsl conjugate base and is unreactive; ring closure step involving the
species (III) is rate determining. Similar rate determining ring closure
has been proposed for the reactions of Ni(trien)z"' with glycine (ref. 24),
sarcosine (ref. 25) and ethylenediamine (ref. 25). The above scheme leads

to (when TL»TN:L )

kg = [BY] /T RE'E! + (1 4+ K")/k (11)

obs
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For the Ni(nta)(gly)g' the following velues were obtained (25°, I = 0.1 M)
graphically from eq. (11) ¢

KK'K! = 3.41x107° and k/(1 + K") = 2.07 (12)

For the Ni(nta)~ - glycine system the value of K' may reasonsbly be expec-
ted to be nearly the same as the equilibrium constant for the following
reaction

K
Ni(nte)(H,0); + CH,000™ F== Ni(nta)(00CCH,)>"

At 26° I = 0,1 M, K= 2,34 (ref, 6), We may also reasonsbly assume Ké ~
K, for glyeine (K, = 2.45x10710 at 25°, I = 0.1 M). With these values we
get using the relations given in the set of eq. (12) the following appro-
ximate values of k and K" ¢ k = 5, 95x10 '1, K" = 2, 87x10 . This k value
compares well with the reported k, value (2.1x10% w1 s~1) for the reaction
of Ni(H o) 2+ yith glycinate ion (ref. 26) and also agrees with the fact
that both Ni(H O)6 and Ni(nta)(H20)2 react with NH, at comparable rates
(see Table 4).

The kinetics of reactions of Fe(H20)2+ and Fe(nta)(H20)2 with benzohydro-
xamic acid, IH, has recently been investigated (ref. 27). The observed
reactions are

k
P ad + IH ‘——-1—" FeI?* + H* and TPe(nta) + IH
k
uxh -1 x |lx ,k
2 ko 24 -1 0?1
Fe(OH)“* + LH T—= PFel -
. u* k_g Fe(nta)L™ + H'

ko is a path independent of IH concentration, The results are summarized
in Table 6.

Table 6., Rate constante for reactions of Fe5+

xamic acid, LH, at 26°, I = 0.1 M

and Fe(nta) with benzohydro-

3+
Values of the Fe(H,0) Pe(nta)(H,0)
constants H2 6 27’2
kg, 87T - 0.18
Kk, ¥igt 4,43 18,3
x_,, wist 3.33%10™% 1.74x10%
k,/%_4 133 0.11

The results indicate that nta®~ bound to Fe(III) causes labilization of

the other ligand bound to the metal. But the much lower stability of the
Pe(nta)(L)™ compared to that of PeI* is due to a significant increase in
the dissociation rate of the former compared to that of the latter. In
keeping with the fact that ntas' causes lsabilization of the other bound
ligand by bond weakening it has been observed (ref. 27) that AH* value for
the k, path for Pe(nta) is 42.3 kJM ! as against a value of 57.8 k! for
that of Fe3+. Again, for the k -1 path the‘AH' values are 41,2 and 51,5
kIM 1 for the reactions of Fe(nta)(L)~ and FeI<* respectively (IH = benzo-
hydroxemic acid).



Ternary complex formation and dissociation 1343

Pernary complex formation in the Gu(bigﬁ)g+ - bipy/phen systems can be
represented as in Scheme II. These are typical square-planar complex sys-
tems and very few kinetic studies on such systems have been reported so
far. For each step the observed pseudo-first order rate constant is kobe
k, + kg [L] (L = bipy or phen). Values of the rate constants are summarized
in Table 7.

Scheme 2
Cu(bipy)2* + bigH
bipyTIII
Cu(bigH)(bipy)Z*
+ bigH h
bi phen
. W \\\\f?\\\a 0
Cu(bigH)2+ cu(phen) (bipy)<*
- + bigH
v
;;:i\\\n bipy
Cu(bigH)(phen)2+
+ bigH
VI l phen

Cu(phen)§+ + bigH

Table 7. Rate constants for the different steps in the reaction in
Cu(bigh)3* - vipy/phen systems, at 25° end I = 0.1 M (ref. 28)

Complex L Path ko,a-1 10'3kL, w1
cu(bign)Z* bipy 1 6.1 1,06
phen II 6.15 0.74
Cu(bigh)(bipy)2* bipy III 0.29 0.32
phen v 0.29 1.65
Cu(bigh)(phen)2* bipy v 7.0 0,75
phen VI 7.1 ‘ 0.95

The values of AH¥ and AS* for the different reactions and paths have also
been evaluated. The results indicate kv = kVI;> kIII = kIv « Hence, compa-
red to bipy, a greater labilization of the bound bigH is caused by phen in
Cu(bigH)(L) ¢ Also, kL ) kIII and kL } kg suggesting associative charac-—
ter for kL path. However, L D k presumebly due to more favourable
stacking interaction of the flexible bipy with Cu(bigH)z* leading to
stronger outer-sphere association in the precursor complex.
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