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ABSTRACT

The mercury (ii) and thallium (ill) catalysed aquation of trans-
dinitrotetrammine Cobalt (ill) and trans-dinitrobisethylenediamine Cobalt
(ill) nitrates have been studied over a wide temperature range of 30 "to
50 C at various constant hydrogen ion concentrations of between 0,1 to
1.8 M. The ionic strength of the different reactions were also kept
constant between 0.2 to 2,0 M. In the cation concentration range used
[0.01 to 0.30 M] the increase in rate in the different reactions with the
exception of the one involving [CoNH; )4 (NO,),] NO; and TI®** were inter-
preted in terms of two complex species - a protonated species

[co(AA),(NO,)(NOH]** and a cation associated species [CO(AA)(NO )
n+1

(NOM)J]

Reaction rate constants have been ubteined and thermodynamic
parameters derived for all the reactions. For the reaction of the trans-
dinitrotetrammine Cobalt (ill) complex using mercury (11) as catalyst,
the activation energies and entropies of activation are as follows:

[at 25° for the

Ba = 25,7 K Cals/mole, Y - 3,30 e,u, |protonated
Epecies
Z‘b 250 for the
Ea = 18,6 K cals/mole, As* ~9,00 e.u. Imercury (II)

Ea_saocia.‘ced apeciea



(iii)

Using thallium (ill) as catalyst for the same complex the calculated
activation energy and entropy of activation for the thallium (ill)
associated species at 25 are:

Ea = 16.6 k cals/mole; A6 =-6.80 e.u.
Under the hydrogen ion concentration used, no reaction due to the
protonated species was observed. However an initial fast reaction which
was attributed to the hydroxide catalysed reaction was observed.

In the case of trans-dinitrobisethylenediamine Cobalt (ill)
complex, two intermediate complex species were involved in all the

reactions involving the two metal ions. For the mercury (il) catalysed

aquation,
fat 25° for the.

Ea = 23.4 k cals/mole, a - -4+56 e,u, |protonated
species _j
ot 25° or the

Ba = 19.2 k cals/mole, - ~13.6 e.u, |mercury (II)
jassociated species

For the thallium (III) catalysed aquation,

—

0
at 25 for the

»®

Ea = 22,6 k cal/mole; A = ~7,4,0 e.u. |protonated
|

species

= 0 . .
at 25 for the

Ea = 16,5 k cal/mole; L6 = -21,64 e u, [thallium (III)

asgoclated species

The mechanism of' the reactions was discussed in terms of solvent

assisted dissociation process,



INTRODUCTION

History of Inorganio Reaction wechanisms

2

The I'ield of inorganic reaction mechanisms is not a new one, for
as early as the turn of the century several chemists were studying the
kinetics of oxidation~-reduction and acid~base weactions., In the succeed~
ing years, perticularly around 13930, acid-base catalysis was investigated
rather carefully. These early investigations were carried out mostly
by physical chemists, who employed only kinetics on simple aéueﬁua |
mixtures and were interested mainly in testing the theories current at
that time.

In recent years, the inorganic chemists have become aware of the
large array of systems avallable to them for study, both by the kinetic
methods of the physical chemist and by the detailed stereochemical tech-
niques of the Organic Chemlst., The relatively late entry of the pure
inorganic chemist into the area of wechanisms was not due 1o lack of
interest. Infaoct, until the complex pattem of structures and bonding
in inorganic molecules was partielly rescolved, there was little that the
inorganic chemist could do in the area of mechanisms except for reaction
kinetica, The nature of bonding in inorganic compounds is not yst fully
resolved, and there are many structures to be worked out., ‘There is no
doubt, however, that the field of reaction mechaniams for inorganio
compounds 1B receiving considerable attention at present and this thesis

reporta one of sueh.



CHAPTER 1

SECHANISNS _ O | SUPSTITUTION REAGTTONS
Most of the kinetie work on substitution reactions in reecent years
has been done in an endeavour to attach SNl and SN2 labels, However,
mechanisms other than these extremes are poszible.

Langf'ord and Graylproposed that ligand replacement reactions cun
proceed via (a) a dissociative path in which the leaving group is lost
in the first (rate-determining) step, thus producing an intermediate of
reduced coordination number which may be detectable on account of its -
varying reactivity to different reagents; or {b) an associative path in
which the en}ering group adds on in the first (rate-determining) step,
thus produeing an intermediate of increased coordination number; a depar—
ture from second-order kinetics is sometimes observed in certain cases;
or (¢} a concerted path (or interchange) in which the leaving ligand is
moving from the inner to the outer coordination sphere at the same time
as the entering lipgand is moving from the outer to the inner sphere. A
characteristic of interchange mechanism is therefore the ahsence of any
deteotable intermediate of modified coordination number, Dissociative

and associative mechanisms are represented by SN1 and SN2 respectively.

[
In considering the reafivity of complex compounds the rate at which



they react is of'ten more important than their stability; i.e. the speed

at which equilibrium is reached is considered rather than the position of
the equilibrium., Although a thermodynamically stable compound of'ten reacts
alowly???mstable complexes often react quickly, this is not always the
case. An example of this can be found in the various reactions in whieh
"labelled" cyanide ions exchange with the unlabelled cyanide ions in some
complexes, 1t was discovered that the four-coordinate complexes exchange
cyanide ions rapidly, whereas the six-coordinate complex exchange only
alowly.

The reaction rates vary widely, and depend upon the nature of the
reactants and the experimental conditions but complexes can be grouped
under two fairly distinet 'reactivity classes':

3 Labile complexes, which react quickly (within the time of mixing).
24 Inert complexes which react only slowly.

The distinction is surprisingly clear cut, and there are relatively few
borderline cases, It is found that reactivity is very closely linked
with the electronic configuration of the metal ion and depends much less
upon such factors as the nature of the substituting ion, its charge and

its radius,

1.1 _Electronic Configuration:

H. Taub92 in one of his papers pointed out that for octahedral
complexes there is a correlation between lability and electronic confi-
guration in that metal ions having only three of the d-orbitals (the
tzs set) occupied by electrons arc especially slow in substitution,

Examples that can be cited are (}x'}'P complexes (dj configuration)} the



2+ >+

1e“" and Co”" complexes (d6 coni'iguration).

In accounting f'or the correlation, i'aube stressed the importance
of the energy difference between the ground state of the complex and the
activated intermediate in the substitution reaction. 7The non labile
complexes are those in which the three non bonding d-orbitals are occupied
by electrons. “T'wo d=-orbitals (dxz-yg and dzz) are hybridized along with
an S and three P-orbitals to give an octahedral sct (dzéﬁ’j or Sdez
depending on which type of d-orbitals are made use of in the bonding)
for binding six ligends, Decause all the d-orbitals are used up, none
is available for accommodating an incoming substituent., Any other
electronic configuration leaves available at least one d-orbital of energy
comparable to one of the d's used in hybrid bond formation, This empty
d-orbital can bind an added ligand, the reaction then being completed by
expulsion of a different ligand.

The explanation just given for complex-ion lability is the valence
bond approach and has been criticized as being too restrictive, requiring
a3 a pre-condition, that all labile complex ion substitutions proceed via
a ocoordination number seven type of intermediate. There is a ligand-field
explanation which avolds this restriction. It aseribes activation energy
differences between various central metal ions to differences in loss of
ligand field stabilization energy on going from six coordination to either
seven (pentagonal bipyramid) or five (square pyramid) coordination. It
shoulé be noted that the diff'erence between the C.F.L.E. of a compound and

that of the activated complex derived from the compound affects the rate

of reaction because the change in activated complex is added to the



activation energy for the process. If the activated complex is less
crystal f'ield stabilized than the original compound, the rate of reaction
will be less than when the opposite is true. "'he greatest less of sta-
bilization energy occurs for atoms having the three d orbitals (tzg set)
occupied (either singly or doubly) aend having no electrons in the upper
set ag. "hese are complexes which are slow to subatitute,

Where the two theories agree, the agreement with experiment is
perfect, but where the theories disagree the evidence is definitely on
the side of the crystal field theory rather than the valence bond approach,

In the above discussion it is mentioned that ligand substitution
can go through an intermediate state in which the coordination number is
either decreased to five or increased to seven. In the f ormer case, the
octahedral complex must dissoeiate prior to taking on the new substituent,
3ince this can proceed by a unimolecular reaction, the mechanism is of'ten
designated §il (substitution, nucleophilic, first-order). 1n the latter
case, the octahedral complex must add the new substituent as a seventh
group prior to expulsion of one of the others. G&ince this addition can
proceed by a bimolecular reaction, the mechanism is designate SN2,

Both of these mechanism are the limiting cases of’ a general subs=-
titution which can be represented as follows:

Y4 iy m=me====% Yerrsanse 1.-.15........x e m5 + X
In the one limiting case (SN1), the M-X bond would have broken completely
before the M=Y bond is formed; the rate of substitution would then be
independent of the concentration of Y, In the other limiting case (S:2),

the M~Y bond would have f'ormed before the M-X bond started to break, the
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rate of substitution would then depend directly on the concentration ol Y.
It is difficult to isolate the bond-making from the bond breaking steps
both in prineiple and experimentaily. Une major source of difficulty in
interpreting the experiments comes from the possible particidation of

the solvent. 'Thus a rate independent of Y could denote either SNl mecha-

nism or SN2 mechanism with the participation of the solvent molecule.

1.2 _ Stercochemistry of Inorganic Metal Complexes:

Recause it is rather difficult to get significant information on
substitution mechanisms froa kinetic studics alone, considerable work
has been done on the sterochemical analysis of the products formed in the
substitution reactions., The purpose of such experiment is to decide
whether the entering ligand occupies the same position formerly occupiecd
by the leaving group ("direct attack®) or whether the entering ligand
takes up a position cis to the site of the leaving group ("edge displacement
or trans to the site of the leaving group ("trans elimination").

Experiments have been done with the pure isomers to find out whether
the products retain the cont'iguration of che original pure samples or not,
Such experiments do not allow a decision between SNl and SN2 mechanisms
but they may give some inf'ormation concerning proximity of entering and
leaving groups,

If the substitution occurs by an SN1 mechanism, dissociation must

g.rS' 5

occur, «or the case where W.’.#MJ reacts with Y to give J.ixz'_AY and B this

meanss:

M AB ~-—> }X A + B

If the configuration of the uxﬁ grouping remains the same in the inter-



mediate as it was in the inltial complex lﬂ.hAB , then incoming group Y

can only take up position vacated by B (cis or trans to A). In other words,
the original configuration is retained, a cis product results from a cis
reactant, and a trans product, from a trans reactant.

On the other hand, if the intecrmediate LD(#A, rearranges to give a
more symmetrical intermediate, then the addition of Y may occur at more
than one position, thus leading to cis or trans products. A possible
intermediate geometry on rearrangement is the trigonal bipyramid with A
in the equatorial plane: Y can attack at two positions as shown in

Figure 1,1 below

X
4 B X trans
4”:
A X X Y

Y
5 /'//’A X
_ P 3
\'.//\ P
/M
A . X
X \\
\ X
\
N\ \,_,;X X
Y P
A Y
X cis

Figure 1,1 Possible path of SN1 substitution assuming
trigonal bipyramid intermediate.



If the Y attack is limited to the edges of the equatorial plane and
ignoring selcective interactions between Y and the other ligands, in the
casc shown, cis-substitucved product would Le twice as probable as the
trans product. However, due to the ligand-ligand repulsion, attack is
mnore probable on the iace than on the edge and extensive rearrangement
is subsequently needed to form the octahedral product. ‘'he course of
this rearrangement would determine the geometry of the product,

If the substitution occurs by an SNZ mechanism, the first step

would be addition of ¥ to M{,AB to give X ABY. B then leaves and

b s
rearrangement to final product occurs. The gecmetry of the product is
determined by the geomeiry of the seven-coordinate intermediate and the
mode of the rearrangement, '‘The incoming group may associate with the
complex to form a seéven-coordinate intermediate by "direct attack",
"edge displacement", or "trans elimination”,

"Direct attack" can be visualizcd as a process, illustrated in

rigure 1.2 below, in which Y approaches the centre of a face adjacent to

B, and, a8 B leaves, Y moves in to take its place,

Figure 1,2 Substitution by direct attack



The original configuration is retained, so that cis-HM#AB gives cis-MXLAY

and trana-uxkﬁB gives trana-umhﬁY.

Bdge displacement is more complicated, It involves, af'ter the
formation of the seven-coordinate intermediate, a simultaneous shift of
three lipgands = viz, the substituting Y, Xl and b as represented dia=-

gramatically below.

Pigure 1.3 Substitution by edge displacement

The configuration of the final product depends on the relative placing

of A in the original complex with recspect to B and, more importantly,

with respeot to the Kl ligand that moves, If A is cis to B and trans to

the moving X, (as in the diagram), the final product will be trans; if

A is ois to I and cis to the moving X, (positions X, and X, in the diagram)

N

the final product will be cis, 7Thus ecis HX#AB can give either cia-MXLAY

or tranavﬂxhﬁx. If A is trans to 5, it must be cis to the moving Xl

(position xs) and the product would be cis, so that on substitution by
edge displacement, trunB—HX#AB gives cis—MXhAY.

Trans elimination is another form of "edge displacement" only that

here, a resiriction is imposed i,e, Y always substitutes at a site trans
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to the one vacated by B. 1t also involves a simultaneous shif't of four

ligands as indicated in Figure l.4 below.

X,

Figure l.4 Substitution by trans elimination

Table 1,1 below summarizes the predicted products for each mechanism

discussed,

TABLE 1.1
SNl SN2 ﬂ
Reactant|No rearrangement|vWith rearrangement |Direct attack Edsi egi;fla_
trans trans cis a;zd/or trans trans cis
cis cis eis and/or trans cis cist%or

It can be seen that there is no way a produoct analysis can be used to

decide between SN1 and SN2 mechanisms, However if configuration is not

retained during reaction, it can be safely concluded that a direet attack

by SN2 mechanism is not operating. If a trans isomer gives a trans



product, then "edge displacement" mechanism is not likely.

1.3 . Size and Charge of the Mctal Ton and Ligends:

Using simple electrostatic arguments it 1s possible to speculate
what will be the influence of changes in sizes and charges of the central
metal ion, the entering group, the displaced group and the passive non-
replaced lipgands on the rate of the three possible processes.

Assuming other factors remain constant, inereasing the charge on
the central metal atom will increase the strength of the metal-ligand
bond and hinder a dissociative mechanism, but will favour an associative
process by aiding new bond formation with an entering group., Increased
size of the central metal atom is expected to weaken the metal-ligand
bond and also facilitate the accommodation of an entering group, hence
an increase ol rate is predicted irrespective of mechanism., As the rate-
detcrmining step in a dissociative process does not involve the entering
group, it is obvious that changes in charge or size of the entering
nucleophile will have no effeect on the rate. In an assoeiative process,
inereased charge of thc substituent will increase the rate by promoting
new bond formation, but inecreased size will impede bond formation,

Hegardleoss of mechaniam, it is to be expected that increase in
negative charge of thc leaving group will reduce the rate of substitution:
bond-breaking is rendered more difficult, as is also bond formation due
to the smaller effective positive charge on the central metal ion, An
increase in size of the leaving group will make rupture of the metal-

ligand bond easier and assist a dissociative process; but the rate of



reaction via an associative mechanism will be reduced due to difficuity
in expanding the coordination number (Steric effect). o
The nature of the non-labile, unreplaced ligands can affect the raté.
A greater ncgative charge on the non-lzbile ligands will help a dissociatic.
process by repelling the reactive group but, since bond formation is made
hdﬁe difficult, will deofeaae the rate of an assoeciative procésa; bteric
strain resulting from increasing the sizo of the non-reactive ligands
will assist @ dissociative process but, by hindering the expansion of' the
coordination shell, will deorcase the rate via an associatlve mechanism.
This approach is over simplified and cannot be expectoed to be
complete., For example no account cf Il bonding has been given. It may bo
antieipated that in certain cases unsaturated ligands will be ci'fective
as displacing reagents because of the chance of increased bonding in the
trensition state. Such double bonded ligands will also be difficult to
displace when already present in the coordination sphere. Also for a
complexes wherc covalent bonding 1s an especially important factor, an

electrostatic picturc will not be very reliable,
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CHAPTER 2

CATALYITC ER¥DCT OF CATTONS  ON THE SUBSTITUFICN A REACTIONS  OF

OCTAHEDRAL _ COMPLEXES

When Berzeliu33 first put forward the suggestion that some reaction:
should be classified together as "catalysed', the emphasis then wés placed
almast entirely upon the nature ané amount of' products rather than upon
the rate of thelir formatiem. He thought there was a special force, a
"gatalytic force of bodies', which caused the increased yield., Howevor L+
is now known that a catalyst does not inoreass tie yield of a reaction bu’
it inoreases the rate of approach to an eguilibrium position which is
thermodynamically possible, but difficult to reach in the absence of a
catalyst, 'rhis it dces by providing "an altcrnative and more speedy route: .
{to quotc Hinshelwood's definitionh of = catalysed rcaction), which can
ugually be explained in terms of normal chemicnl reactions between catalvedh
and substrate to give intermediates, which eventually yield the products
and regenerate thc catalyst.

More of'ten the intermediates are very reactive species present in
low concentrations even relative to the catalyst. Thoy may be saturated
compounds, ions, free radicals or atoms and they may e¢xist in the gas or

liquid phase or be bound to a surface, Their behaviowr can be explained

by their unusual reactivity and this, in turn, by their structurc rathe:
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than by any special “power" pecullar to catalysed rcaotions,

Reactions in soluticn which are catalysed by acids, bases, cﬁfionﬁ
and anions form one large subdivision of cavalysed reagtions which procccd
by simple homogeneous steps involving moleculcs ions o free radicals zs
intermediates., The intermediates have been identificd as ionic specics
usually formed by the extraetion of a proten from, or, addition ol a
proton to, the reactant or substrate molecule; oceassionally too, a larger
charged group is added or removed.

Since this type of reaction forms the basis of the present work,
perhaps it would not be out of placce to briefly discuss some of the work
carried out in this ficld.

To some extent hydrogen ion can be appropriately grouped under the
main heading cations, and its catalytic behaviour treated along with othe.”
accordingly., But in wvicw of the numercus studies that have boecen done
using it as catalysts especially in the aquation of somc inorganic metal
complexes, it will be worthwhile to treat it separately before giving a

gencral consideration to other cations.

2.1 Acid-Uatalysed squation or Aeid Jiydrolysis:
' 0f all the rcplasement rcations of octahedral ceoordination compounds
the most widely studied arc those in which aquo complexes are formed by

acid hydrolysis, e.g.

X

N4 (n+1)™*
[mgl{] + H, 07 nomoen [m‘g 0] + B
3 = ek
Acid hydrolysis implics no more than hydrelysis under acid conditions; thw

ratc of reaotion may or may not be proportional to the eoncentration of

By



18

the aeid used, The greater bulk of work performed has boen concerned with
the acid hydrolysis of Go(III) complexes. This is bocausc substitution
reactions in Co(III) complexes are Blrw cnough to study using the conven-
tional methods, and it has been found that these reactions praceed
indirectly via renction with the sclvent molceulca.

ror thuse neld hydrolysis, the foxm of the rate laws is compaotible

with mechanism (a) or (b).
(a.) [m x] e [MA :I<n+1)+ + X
| [MA‘](n+l)+ . Héb :_.-__* {ﬁAst
Rate = k [MAB)C"‘*—‘
(b) [mg(] + H, 0- le [msmzoj - 44!—5111151-12
 Rate - [m x“*:”:ﬂ 0_1 . [MABXm].

Referencc to other experimental data has to be made to distinguish

7(n+1)

](m 1)* -

between dissociative mechanism (a) and associative mechanism (b). Some
fruitful lines of approach have been to study the effects of the varisbion of
non=~replaccable groups present in the complox, i'his approach would cover
the steric, inductive and 1l bonding cffeets. The overall charge on the
complex, effect of the leaving group and solvent effect arc also taken
into consideration (most of thesc have been discussed earlicr on).

ALl systems whose ratea of hydrolysis depend to some extent on the
concentration of the acid uscd are said to be acid-catalysed and changes

were thought to be due to the formation of protonated species in solution.
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These systeme fall into two ecatergories:

I'H
(a) Complexes containing ligands derived from wosk acids, o.g. [M("JH )5){
where X = F , 3 , RCOO, 0032 , or Noz, and[Co(en)zlz]

-

where X = ND or N3

(b) Complexes containing polydentatc ligands c.g. [M(LDIA)] where
M= N:..(II) and Fe(IIT), I_u(c 4):] where M = Co(TII), Cr(III) or Rh (TII,,

[M(blpy)J where M = Fe(II) or Ni(II), and [N:L(en)}]

For complexes in eavorgory (a), acid eatalysis is duc to the tendency

of the strongly basic ligand to attach protons, f'or example
2+
[M(NH 3)5(1{000)] + H s [M(NH ) (Rcooﬁﬂ (fast)

Aguation then results from the following species

[m(m3)5(ﬂcoo)] H0 ---«-+ [M(N}I335(P o)] + RCOD

I:M(NH 3)5(1{00031)] + HyD —-———-—ay [M(NH 3) 5(H20)] + RCOOH.,

L

The rate law is then given as
Ra‘ltle =k [M(NHS) (RCOO)2+] kH+ [M(NH3)5(RCOO)2+] L]

where k. = kK. ‘he observed rate constant (k 'ba) is thon defined by
e , : . .
= k,l + kzlx [H , and a plot of kobs versus [H :| is linear with an
intercept equal to kl and a gradient k2K. IThis was illustrated by iHancelli,
5

Baselo and Pearson” for a series of pentammine complexus of Co(III),
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Rh(IIT) and Ir(IIT).

fnother example of the sbove postulate is the acid-catalysed aquation
of trans~dinitrotetrammine Cobalt (III) bitrate by U. D. Gomwalk and
A, HcAuley . Tn their own work, two conjugate acids of the complex ion

werc said to be formed according to the c.qu:.l:n.br:.a.
[Co(Nﬂj)h(NOz) T R — [c-(m3)4(N02)(1qo H)]
+ 2 -
[po(NH 3) #(NOZ) (Icuqzﬂﬂ2 - H"' ;_f-—;;—:[c::(m 3) lF(NOQH);

Ir all the three species react, the acid catalysis was interpreted as being

due to the reactlons.

[ cotms,) A(I‘Ioz)z] + B0 ~a2es [ Cofu 3) A(NOZ)(H o)] + N0,
[CO(NH 5) (N02)(N02H)] + Hy0 -—------v[f:ca(Nﬁj)LF(l\Toz)(Hzoﬂz+ + HNO,
2

[c (NH .}, (NO -f [ ]%
o(NH g}, H)pl  + HO -——--+ .:C_o(l'\_lH}) L}(NOZH)(H:;O) + HNO

Inclusion of terms for the total concentration of Cobalt (III} complex

present then yielded the rate law.

e 2] k2[3+12 }[COgg

{1+K LH"] +K1K2EH:|}

where kl =k I( k2 k2K11(2 andl:oo J was the initial eoncentration

of the transedinitrototrammine Cobalt (III) complex. Since spontaneous

Rate

aquation wes very slow and since equilibria (2) and (3) involved the

association of like charges, the stability constants Ky and K2 were alao
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said t¢ be small, so that 1% Kll[H;] + KK, [H+]2. Honce the cxpression

for the cbserved curvature reducsd to

K_gba__f ki [H+] * k% [H{]z-

and o plot of kobs/[H+] against [H*] gave good linearity at all temperatures.

5e2 Cations as Catalysts:

. Cations other than hydrogen ions have also been used a3 catalysts for
the aguation of inorganic complexes. The most common of these are the
Hg++, Ag+ and T1'7’+ ions., Various people have employed these to study
the reagtions of some motal comploxes, No generalised theories have been
put forward to explain their catalytie behaviour. The varicus workers
that have used them put forward diffcrent suggestions to acoount for the
rate data they cbhtained,

Poscy and Taube? have studied oxygen-18 fractionaticn in the ng+
catalysed aquation of halogenopentammine Cobalt (IIL) complexes
(X =C17, Br and I ) and found thaot tho cnrichment of oxygen-16 in the
CO(NH3)5 H203+ product over the oxygen~16 content of the water solvent
(frecticnation factor [f]) was the same in sach case, According to them,
this was an indication of the formation of o common intermediate indepondent
of the leaving group. ‘thus they recched a conclusion that for the series
[_CO(NHj)Sij + Hgg+ the meohanism was one of 1 type. With both Ag and
T13+ the reactions were said to be leaving group dependent i.e. the bond
with water was being formed while that with the halide was being broken

[ﬁNZ mechaniaﬁ} and in the case of thallium {III) they suggosted that the
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entering water molecule may come from the thallium coordination sphere.

Higginson and his OO'-‘NOrkBI‘SB’g have studied the catalytic effect
of bivalent and tervalent cations on the elimination of chloride from
the chloro (ethylenediamine~triacetatoacetate) Cobalt (III) complex
[the f'inal product was the sexadetate ethylene-diamine tetra-acetate
Cobalt (III) complex] They found mercury (II) and thallium (III) to
be particularly effective catalysts., The strong catalytic effect af"l‘13+
and 1152*’ U‘rl’ kﬂg) was explained in terms of the affinity of these specics
for ohloride (and carboxylate) ions,

Se Cu Chan and S, F, Chan™® worked on the mercury (II) catalysed
aquation of both chloro~ and bromo (amine) bis (ethylenediamine) Cobalt
(I111) complexes and the observed second-order kinetics were explained by
the formation of an activated complex Co-Cl-Hg or Co=Br-Hg, which yielded
aquo (amine) bis ethylencdiamine Cobalt (III) products by aquation
process,

Espenson and Hubb&rdll studied the kinetics of the mercury (II)
catalysed aquation of the chloro pente-amine chromium (III) cation and
attempted to relate its transition state with that of an innersphere elect:rc
transfer reaction, While the formation of binuclear species M~Cl=Hg in
these cases 1s a strong possibility, there has been no evidence, spectral
or otherwise, for such an intermediate. A recent paper.‘l""Z reported that in
one of a number of similar reactions studied, there was such evidence,
which its authors have not secen fit to generalize,

Nevertheless whether a binuclear intermediate or an activated comple~
was involved, the outgoing group was approximated to Hg o1’ Taking

other factors into consideration like thec e 1 e ¢ t r o n diasplacement
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effeots of the non-partiecipating ligand, the nature of the outgoing

ligand partioularly its sizc and charge, a conclusion was reached by the )
authors that in the mercury (II) catalysed aquation of oia-[co(en)2(3iﬂ{2):¢1] <
cations, the rate=determining stcp would boe unimolecular.

Finally, the kinetics of thallium (II1) and mercury (I1) catalyscd
agquation of thc ohloro-pentammine Cobalt (I1I)} and cis- and trans-
dichloro-bis ethylcnediamine Cobalt (IIT) complexes were also recently
studied by Miss. S, W, Poong, B. Kipling and A. G. Sykeslj. They also
suggested the formation of a stable binuclear adduct of cis- Co{en), C1,
with Hg>¥ but not with 117, It is hoped that the present work would

throw some light as to the nature of these activated complexes.
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CHAPTER 3

A ACCOUNT _OF _THE _WORL _ DONE
It was originally intended to study the aguation of trans-
dinitrotctrammine Cobalt (III) complex using various cations as catalysts
and to observe the effect (if any) of the differcnces in the positive
charges thoy carry on the rate of rcaction., Preliminary investigations

were carricd out using I{gz*, Tl3+, Al}, Ga.3+, ln3+, Cdz+, Zn2+, A5+, Caz"'

2+

2+ Qut of these only Hg

and Pt and T13+ ions were found suitable for

a detailed investigation, This thesis is therefore a report of the
catalytic ei'fect of ng+ and leH' ions on the trans-dinitro-tetramminc
Cobalt (II1) ocoumplex and the trans-dinitro-bis ethylenediamine Cobalt (II11)
complex.,

Perhaps it is worth pointing out herc that quantitative comparison
of the rcactivity of the two complexes as evident by the rate results
obtained, would be difficult in that dif'ferent ionic strengths had to be
used in thc different cases. This arose from the fact that the hydrolysis
which normally tekes place when these cations are present in aqueous
solutions had to be suppressed using different concentrations of acid as

the degree of hydrolysis are not the same for the two cations used. It

has also been established (by U. D. CGomwalk for the tetrammine and staplcs



for ethylenediamine Cobalt (III) that the trans-dinitrotctrammine Cobalt
(III) complex is by far more reactive than the cthylenediamine analoguc.
Hence higher concentrations of both the acid and the catalysts
(1152"' and 'j.‘l}b) had to bc used in the latter case inorder to obtain an
appreciable change in the spcetrophotometer readings. 1his is another
reason why the ionic strength could not be made the same for all the
systems studicd.

The acid-catalysed hydrolysis of the two complexes studicd has
been carricd out by two diiferent workers: Gomwalk and Staplcs. Staplc-au:
investigated the replacement of one of the nitro-groups of cis- and trans-
[Co(m)z(}loz)z]—ﬂo 3 in a perchloric acid mcdium and suggosted an SN2 CA
meehanism for the aguation. Gomwalk and HcAulcy6 atudied the acid=-
catalysed aguation of trana-[ CD(]\H}) #-(Noz)jNo 3 over a temperature
range {'rom 25-40° at an ionic strongth of 2,5 M and interpreted the rate
results in terms of reactions involving two conjugate acid ions
[Co(rﬁ-{j)#—(lioz)(ﬂozﬂﬂ& and [C"'(“H;)JN%HE?- “he present studies

swek to extend thoir work by using metal ions instead of hydrogen ions.

2ok MERCURY (IT1) CATALYSED AQUATION OF TRANS-DINIVRO-TETRAMMINE
COBATT _ \I1T) NITRATE: R St AL SN RSy

The mepoury (II1) catalysed aquation of the dinitrotetrammine
Cobaltate (III) ion was investigatcd over the temperature range 30-45°
at an ionic strength of 0,2 M in nitric acid mcdia, In the mercury (1I)
concentration range 0,01-0,04 M and constant acid concentration 0.1 M,
the inerease in rate moy be interpretcd in all cases in terus of the
reaction of the complcx ions [Co(l‘mj)h_(ﬂoz)z:r’ [Co(M{S)ln-(m-?)(Nogﬁ):l 2+

and i_Co(m-Ij)k(NOZ)(NUZHg) |« Reaction rato constants and thormodynaumic
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paramcters have been deorived, Mechanisms of these reactions are also

discussed,

Experimental:

The trans-binitrotetrammine Cobalt (III) nitrate used was preparcd
by methods deseribed in tho literuturels. Analysis of the complex ecarricd
out show that the Cobalt content of thc complex was 21.106 as against
20,95% for thc caleulated value. All reagents used were of A.R. grade,
and grade "A" glassware was used where possible,

The stoeck solution of nitric acid used for the reection was L.730 M
and 80 the required volume of the acid necessary to make the acid
concentration 0.10 M was caleculated. The presence of acid was necessary

to suppress the hydrolysis of ng"'.

He>t + 20" o= Hg(tH),

Thu concentration of the ng"' was varicd in cach case, This was
done by weighing out the exact weight of rod mercuric ocide necessary to
make the desired concentration in 100 mls, This weight was first
dissolved in thc required volume of nitric acid and was rinsed into a
round-bottomed flask with a known volumc of water.

A stock solution of 1 i sodium nitrate was prepared and the volume
of' this solution required to make the overall ionic strength 0,20 i was
caleculated and measured into the aame round-bottomced flask, This was
then tiermostated, The rcmaining volume to give the final 100 mls. of

solution is the veolume of water to be added, This latter volume was



measurcd out occcurately and used to dissolve a weighed quantity of the
complex nccessary to make the concentration of the complex 3 X 1nf5 ¥ in
100 ml. solution in a daxk bottle, ''he solution in the dark bottle was
shaken thoroughly to make sure that all the erystals of the complex had
gone into sclution aftor which it was put in the thermostat set at the
required temperature. The renction had to bé.ddfriud out in dark bottlus
since provious investigations have shown that the product[nitro aguo
tetrammine Cobalt (III)J was light sensitiveé? there being photo reduction

at the Cobalt centre to 002+.

Zinet ic g;

Whon thermal equilibrium had boen reached, the rcaction was started

by injecting the solutdon in the round bottomed flask containing Hg”'

)
acid and watcr and which had already bheen thermostagted into the Cobalt
solution, The solutions were then mixed and immediatcly plaved in
stoppered spectrophotometer cell, Optical densities werc then measured at
- oertain intervals of time ab 440 nm using o Unicam 3,P, 500 speotropho-
meter, 'The thermostat used was of the conventional design, capable of
holding temporaturcs constant to b 0.10, and the water from this thermostant
was oirculated through the ccll compartment by a pump thereby maintaining
it at the required temperature. |

. <
1he above proccdure was carried out at 307 and was repeated at

- 35, 40 and }+50.
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Results snd Disoussicnt

Largc cxoess of the ng"'

ions over the¢ complex ilons was uscd so

as to cstablish pscudo=first order conditions. Accordingly the plot

of log (0D4~0D ) against time showed good lincarity at all temperaturcs

studicd (ODy is tho optical density at time t and 0D, is the optical

density at infinite time), About sixty to seventy percent of the reaction

was found to obey firsteorder rate law in cach case (see Figure 3.1 to 3.4).
he various ratc constants obtained for cach of the temperatures

arc shown in vable 3.1 and plots of thesc observed rate constants against

mercury ion- concentration gave (0od linearity at all temperatures (Figure 3.5°,

Proviousiy’® the variation of Kopg With acid concentration was
considercd as o function of the ionic strength of the medium, an inter—

pretation which was supported by changes in the electron-transfer band
in the spectrum of the complex, In the present-work, however, the ionie
strength was kopt constant and speetral changes were thought to be due to

the formation of intermediatce speeics involving HY and ng"'.
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TABLE 3,1

Coneentration of the acid was kept constant at 0,1 M
The total ionic strength was also kept constant at 0,2 M

- ——

i

105"};::1II Comple§‘103[ﬂg‘?+] 10° kg 103[09111] 1ojﬁig2*] |10 Koy
x 1072 i M (sec™1) M |
3% : 35%
501 A =10,0L] 418 ! 2,99 (A= 998 7.%
3.00 B = 11}09? 5.55 j.m B = l5.a{- 9.90

2,98 ¢ =20.03] 8.80 { 3.04 |C =20.00 | 14.76

3,00 D = 25.,02] 10,80 3.2 D = 25,01 16,25
3,00 |E = 30.000 13.58 ! 3.2 |E = 30.03 | 18.70
2,96 F = 45.00' 19,30 3,00 ¥ = 40,00 26,20
39.5% | 4y 7°C
2,99 |A = 9.99] 12,72 | 3.0% A= 9,99 | 22.20
5.0 B =15.0h 1730 . 3.00 |B = 195 | 31.%
2,98 i€ =20.03 2472 | 3.00 jc =19.98 | 42.70
300 D =24.99] 30.% | 301 (D =24.99 | 47.60
3.00 |E = 30.05] 33.40 | 2.99 IE = 30.0h | 64.25
3,02 ’ = 35.00] 38.90 | 299 |r = 35.06 | 7100
3403 IG = 40,01 42,50 3404 G = 40,00 ! 76.00

In purely ccid medium Gomwalk and McAuley6 explained the rate data obtained in
i +

terms of two cunjugate ncid specics, LCO(NHZ')#(NOZ)(HOZH)]Z and

; 3+

I—CO(NHS)ACNOZH)E] . But in the present acidity conditions and in the

precence of mercury ion, two intermediate complex ion species may be formed.
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K 2

[Co(NHB)A(Noz)ET+H"';-_l:-'__[Co(NHj)L(NUZ)(NOzH)] +.. or @0 oo sel3el)
+ K 3+

[c::(wnj)#(noz)zl + Hg't ...‘__:‘-l_.;[(lo(mj)#(NOz)(Nozl'lg)] sy w5 we wal @)

If ell the three speeies react, the acid/H32+ catalysis may be interpreted

a8 being due to the reactions:
k +
[CO(NHB)L(NOZ)zT + H,0 c—2 [Co(mj)L(Nozj(Hzo)-lz + Noz" e o wel%3)
2+ kl 24
[CO(NHB) 4(‘1‘:02)(:102}{)] + H0 ~em=me [.Co(NHs) 4(1~sf:>2)(r120)] + HNO,  wa(Bek)
¢ 2+
[CO(NH 3) l‘_(Noz) (Nozl{g)] + H)0 ___‘fz___' [Co(ﬂHj) #(Noz)(HzO):l + HE"ND; o 3:5)
+ 2+
Rate = k_ EOOWHQL(NDZ)ZJ + kg [CO(NH 5) h(Noz)(Nozn)] +
. 3+
k; LGO(NHJ) 4(1‘302)(1\‘021{3)]
+ K +
= k, I:Co(m%)k(noz)z] + El-&! [Co(NH 3)4(N02)2] [H+] +

2t .
EBdﬂH?#WO&] [1e2*] .. ..(3.6)
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tot

[cots, Gioy),) Cotet
e [co(Ey), (0,),] = et
il 1+ Kl [H+] + K2[H*32+]

Substituting equation (3.8) in equation (3.6)

+ 2+ P
oy [GO(NH 3)4(1‘02)2] + [C" (NH.’:)LF(NOZ)(NOZH)] * [c °(m3)4(m2)mozﬁgﬂ '

|:°°(M{.3);+(“°z)2]+ + Ky [Co(NHj)A(NGz)ZJ [H*'] + K, [CO(NH3)4(N02)21

Bl

[°°(Im3)1,(”02)g]+ {1 + Ky [H“] + K, I_H52+]} co oo oo os os(3:7)

e .o e ' e ..(3.33

{*Eq__t_"i[f‘ﬂ_*k%[”'s:]lfﬁ B B BN e G W e i

Rate === el e

14K [H*] + K, [Hg"*]

Since spontancous aquation is very alow6 and sincc cquilibria (3,1) and

(5.2) involve the assoeiation of the like charges, the stability constants

Kl and }\2 will also be very small, so that 13) Kl [H{l + K2 {Hg""":‘.

Therefore cquation (3.9) reduces to

Rate = {ki‘ [Hﬂ + ké[HgHJ} Cogi ¥% o A

But because the rcaction is paseudo first-order

v III L] - - - - aw -a L
Rate = koba [Coto

Comparing equation (3.,10) with (3.11)

obag}ﬁl[H{]"‘k;[HSH] e, AR e

‘.. k

If this proposed mechanism is eorrcet then a plot of k

i &% e e eatk10)

s e &v o5 en eelPedd)

B R an aE ed el 12)

++]
obs against LHg R

for each of the temperaturc should be & straight line graph the slope
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.of which é.hould give lc;' and the intercept k% [H*] Figure [3.5) shows
good lineaxrity at all tﬁe four temperatures in agreement with the
proposcd mechanisup The values of k% ang k; a% each temperature derived
from the intercepis and slopes are shown in Table 3.2. Arrhenius plots
ot the aquations involving the two intermediate specieg are also shown in

Figure 3.6,

v e
: . .. A

LE 2.2

ey

Variation of rate paramctcrs with temperature

remperature 30 k7 (sec™) 12 (s
50000 h ) '. - 0,50 . - 4.13
59.5° 0 T 180 0 10.58
5% T B0 15,3

The caloulated activation energics (Ea) and entropies of activation

]
Ag for tho rcactions are:

Ba = 25,7 K cals/mole; a8

i}

9,30 cu (reaction 3,4)
18.6 X eals/mole; S ' ~9.,00 cu (reaction 3.5)

Ea

The Ea wnlues Tor the singly protonated speeies may be compared
with that of 26,2 K cal/mole obiained for the same complex in purely aecid

(perohloric acid) medium .
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342 _DHALLIUM (I1I) = CATALYSED AQUATION Ok  TRANS=DINIIRO~IEDRAMMIIL
G (TIT) " NITRATE:

“hallium (III) catalysed aguation of the trans-dinitro Cobaltate (11.)
ion was also investigated over the temperature range y}ﬁ5° at an ionic
strength of 0.5 il in nitric acid medium., Within the various concentrations
of thc thallivm (III) metal ions used, 0,01-0.Q4 M and constant acid
concentration 0.4 M, thc inereasc in rate may be interpreted in terms of
the reucz:on of' the complex ions [c°(NH3)4(N°2)2]+, and [CO(NHBJ#(NDZ)
(Noz'l'l)] . lRate constant for each rcaction have been obtained and
thermodynamice pavamcters have alse been derived, ldechanism of tho reactions

are discussed,

Experimentals

‘he trans-Dinitrotctrammine Cobalt (I11) nitratc uscd was the same
es that uscd in the casc of the meroury (II) catalysecd aquation of the saue
complex alrcady deseribed,

Stock solution of thallic nitrate was preparcd by a modified method

employcd by K. 5. Cuptn and Y, K, Cuptal7

as follows: Analar thallous
nitrate was oxidized with brominc and thallie oxide was precipitated by
treating Lhe resulting solution with sodium hydroxide solution. ‘'he oxide
was thoroughly washed until no more bromine was detected, and then
dissolved in nitric acid. he oxide was repreciptated and redissolved

in nitric acid To cnsure rcmoval of foreign ions, ‘'he Stock solution

was stancardized as follows:~ A known volumc of 'rl}" in nitrie acid
solution was diluted to yicld less than 0,5 M solution in nitric acid and

added to a 2% solution of potassium iodide., 7The liberated iodine was
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titrated agninat standard sodium thkosulphate $6lutibn. vhe end point was
warked by the change frem dirty blue to the elear yellow of the preeipitate
,of thallous iodide, he dilution of the reaction mixture was ncecssary -
ag concentrated sclution of nitrie a0id liberate ieodine i'rom 2 scolution
KI. 1he final solution thus standgrdized was 0,519 i in 4,73 M nitric
acid. | _

The tendsncy for '1‘13+ ions to hydrolyac ia greater than in the case
of Hg2+, thercefore o higher conocntration of the acid had to be used in
order to supprcss the hydrolysis as much ns possible as mentionced carlicr.
Even then slight hydrolysis still tock placc as was obscrved in thoe rate
data, This will be discussed later in the Chapyer.

The concentration of the Tl"H' was varied at cach temperature, *This
was dont by caloulating the various volumes neoessory to give the desired
concentrations in a 100 ml. solution, The concentrations of HY ions in
the various volumcs werc alse caleulated and the wvolume of acid to be
taken in each case from o Steck solution of pure nitric acid to make total
HY ion concentration 0,4 i was also kmown, The ionic strength wos maintained
conatant, this timc¢, at Q.5 il using a Stoek solution of 1 i{ scodium nitrate,
These calculated volumes were pipetted -out “rom the various Stock solutions
into a round-bottomed ilask with a known volume of woter. This was then
thcrmostated, The romaining volume to giwve the final 100 mls, of solution
is the volumg of water to be added, This lattsr volume was measured cut
qooura.tely and used to dissolvo a weighed quantity of thce complex neccssary
to gzake the conecntration of the eomplex 0,003 M in 100 ml, solution in o

dark bottle., The solution in the dark bottle was shoken thoroughly to makc
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sure that all the erystals of the complex had gone into solution after
which it was put in the thermostat set at the required temperature,
The kinetic part of the experiment followed exactly the same pattemm

as that described for the mercury (II) catalysed aquation,

Regults and Discussion:

From the conditions of the experiments the various reactions were
expected to be pseudo first-order and the plot of log (DDt-DDm) against
time for each of the le"' concentrations at constant temperature showed
good linearity except for an initial fast reaction., S8ee Figures 3.7 to
5410, The reaction was about sixty to seventy percent complete,

The wvarious rate constant obtained for each of the temperatures are
shown in Table 3.3. Plots of these ohserved rate constants against
thallium (II1) ion concentrations gave good linearity at all temperatures
but with negative intercept which was contrary to what was expected
(Figure 3.,11). This graph however was plotted without given due consi-
deration to the presence of Tl(DH)z"'. The various coneentrations of Tl(DH)2+
present in each of the le"' concentration were calculated (from the hydro=

2 &t 250) and the amount of T13+ existing

lysis constant vis 7.2 x 10~
in the hydrolysed form was substracted from the initial concentrations

of’ Tl‘ﬁ' » This latter concentrations of Tl'7“' were then plotted against
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the observed rate constants and straight line graphs passing through the

origin woere obtained for all temperaturcs. See Figure 3,12. The zcro

intercept is an indication that in this system, unlike the H.g2+ catalysed

systen, HY ions catalysed aguation was negligible. |

The mechanism of this reaction can be said to follow the same

pattern as that desoribed for the mercury (II) catalysed aguation of the
game complex under consideration, %The rate ¢xpresasion can thercfore be
written as |

_{Ko *_k_?{ [H*] * k%[TP*]}COiﬂ e '. ve(3.13)

R‘_lte o LN ay L -9 - & a
2 L .

14K, Ed * % [213] |

Since spontaneous aquation is very slow just as with the previous

case, and since equilibria similar to (3,1) and {3.2) involve thc asso-
ciation of like charges, the stability constants Kl and K2 will also be
very amall, so that 13 Kl !}I{' + K2 [‘1‘13*':’. Therefore equation 3,13

reduces to

.Rﬂ.te = {kl [H+] + kz [le{]} Cotﬂt .. oc. ob s e e e ao. 40(301—’4-}

fo kg =i (=] + i £T13+]

But in the acidity conditiom used the hydrogen ion was found not to take

part in the reaction

s iy, c M3 L e e (3.29)

If' this proposed mochanism is correct then a plot of kobs against[Tl}"]

should be a straight line graph with a 2erc intercept, and the slepe of
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which should give kg. ihis is in agreement with the experimental results
after the appropriate correotion for the base catalysed reacfion due to
hydrolysis had been made.

The values of k% at cach temperature derived from the slopes are
given in Table 3.k, Arrhenius plet Tor the aguation reaction 1s shown

in Figure 3 0130

TABIE 3.4
Variation of rate parameter with temperaure

T emperature 10’ ké,lﬁﬁ&:i)
30,4° . 6404
3.7 ¥ 8,75
40,0° 13.55
by ,2° - 21.40

The caleulated getivation energy Eo and entropy of activation
(&5*) for the reaction are Ea = 16.6 k cals/molc; A8% = -6.80 o,u.

Looking at the data obtained it is obvicus that thalliuws (ITI) ion
_is o better catalyst than mercury (I1) ionm in the aquation of trans-
dinitrotetramine Cobalt (II1) nitrate., This fact is auppbrted by the
slightly lower activation encrgy obtaincd in the case of thallium (IIT)
[16.6 ca;/mnle] es campared to 18.6 k eal/mole for mercury (II). This

will be discusscd in some details in the last Chapter.
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CHAPTER &

This Chapter dcals with the aquation of trans-dinitro biscthylenedia-
mine Cobalt (II1) nitrate using moroury (II) and thallium (III1) cations
as catalysts. The acid-catalyscd aquation of this same complex had becn
studied by Sta.plesu* at 253 35 and 35° and at ionie strength of 3.5 M. In
his investigation, Staples discovered that aguation rate could only bve
studied in strongly accid solutions whereas in neutral or faintly acidic
solutions the rate of aguation was immcasurably slow., With this in vicw
higher concentrations of both the acid and cations were used to study the

aquation of this complcx than werc uscd for the telrammine analogue,

4ol  MERCURY . (11) . = CATALYSED AQUAPION OF A TRANS-DINITRO-BIS

B T I S et

ENTHYLENEDLAMINE | Copalr ~ (T11) NITRAVE:

The mepeury (II) catalysed cquation of trans-dinitro bis-
gthylencdiamine Cobalt (III) nitrnte was studied at 35, 40, 45 and 500
over a wide mnge of mercury ion concentration (0.02-0,30 M) at ionic
strength of 1.5 il. The concentration of the acid was maintaincd constant
at 1 M, Within this conecentration rangc uscd the inecrease in rate may bo
interpreted in torms of the reactions of the complex ions [co (en)2
(N02) (NOZH)T+ and [Ca(cn)zmoz)(riozﬁg):]}. Reaction ratc constants and

thermodynamic parametcrs have been derived and the mechanisms of the
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reactions are discuassed.

fxperiment al:

The trans-dinitro bis ethylenediamine Cobalt (III) nitrate used was
prepared by methods described in the literaturelg. The analysis of the
complex was carricd out by determining its Cobaltl content, The perccentage
of the Cobalt was found to be 17.9 as against the theorctical value of |
17.7. All rcagents used were of A.K. gradse,

Preparation of other seclutions were ecarried out in exactly the same
way as those described for the mereury (II) catalyscd aquation of truns-
dinitrotetrammine Cobalt (I1I) nitratc, except that higher concentration$ '
of hoth the acid and Hg2+ were used, The acid was maintained constant
at 1,0 ki and the concentrations of H52+ was varied between 0,02 and O.BO_M.

The initial concentration of the complex used was about 0.003 i and the ;

ionic strength of the medium was kept constant at 1.5 M.

Kinetics:

The kinetic measurements followed the same patterm as these deseribed
for the tetrammine complex. The wavelength of 44O nm was chosen for
thesc measurements although Staples chose 400 nm for his measuremcents. The
significance of thuse twoe wavelength is that 440 nn is the wavelength of
maximum absorption for the complex, and 400 nm is the wavelength of
common e¢xtinction coefficient for the trans and c¢cis complexes respectively.
Staples used the latter because he was interested in the compaerison of the
rates of reaction of the cis- and trans-complexes, In the present work,

3

since the concentration of the complex must not be greater than 3,0 x 10 7

»
[
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if' pseudo first order conditions werc to bc established, the emphasis was
on the wavelength of greatest abaorption. Preliminary investigations

showed that the wavclength of {40 nm was the most suitable,

Results und Discussions:
I'he conditions of the oxperiment were suoh as to make the reaction

pscudo first-order. “he reaction was about fif'ty to sixty percent

complete, The plot of log (ODt—ODm) agoinst time for each of the ng"'

conecentrations uscd for a particular temperaturc gave good lincarity

within this 1limit, Thesc =re shown in Figure Lel=h.4. ‘‘he various

rate constunts obtaincd for cach of the temperaotures arc shown in Table Lol

and plots of thesc obscrved rate constants against mercury ion conccentration

gave good lincarity at ~ll tomperaturcs, wee Flgure 4.5.

e -

Concentration of thc acid kept constant at 1.0 M
'otal ionic strength was also kcpt constant at 1.5 M

e e = ————
|

i
[Hg” M 10° x - ngH] X 10° Kops |
(S5ce™) (seo=t) |
» N S .
3.6° . 40,6°
A = 0.02 3080 A = D.CQ 3.08
B = 0.5 5¢60 B = 0,05 11.00
'0.= 0110 ?.61 C = O.lo 11]-.25
D = 0,20 11.15 D = 0,20 19.26
E = 0.30 5 14,61 E = 0,30 5 27.65
J'l'h’i? 1‘-9-7
A = 0,02 135,90 A = 0,02 22,20
B = 0.05 17.50 B = 0.0 32.50
C = 0.10 25.;3 C = 0.10 10-9010
D = 0,20 33,50 D = 0.20 64 .10
E = 0,30 Ly ol E = 0.30 86.50 |
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Just a8 in the casc of the trans-dinitro-tetrammine Cobalt (IIT)
nitrate, the apic also played the dual role of & catalyst as well as o
auppressor of hydrolysis., The rate equation similar to that stated for
the rvaction of the tetrammine complex is also proposed, i.e,

l[ +] 1[ ++]} II
e l] g et Jooly,

Hat S - .e s .. .- e .- uu(3t9)

1+ Ky [H{I + K, [Hs++:]

and

kob’=1%[n*]+ ké[ng*‘*].. ve we ks we we ew ws we we owelJel2

A straight linc graph is thercfore expected from a plot of ko‘bs
against [HgH] for cach of the tcmperatures with a slopc equal to k;‘ and
intoreept cqual to 151‘ [H+]. Figure 4.5 shows good linearity at all
temperatures in agreement with the postulate, 7he valucs of ki and k%

at each temperature derived from the interecpts and slopes are given in
Table 4,2, Arrhenius plots of the aguations involving the two intermcdiato

species arc shown in Yigure 4.6,

TABLE 4.2
Variation of ratc parameters with temperature
Temperature 22 K (see”h) 10 Iy (360™)
Byab 3.50 3.8,
40.6 7.00 7.28
bho7 12,50 10,52
49.7 21.50 21.54

The caloulated activation cnergies (Ee) and entropics of activation
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(8% for the reactions ave:

Ea = 23.4 K cals/mole; AL =l 56 eu (for the protonated spccics
at 25°C)
and ¥
= 19.2 K cals/mole} a8 = ~13.6 eu (for the mercury (II)

associated species at 25

‘'he Ba value for the singly protonated species compared favourably with

that obtained by Stapleslh in purely acid medium [é5.6 K cal/ﬁol;].

4e2 _THALLIUM (IIT) CATALYSED AQUATION OF TRANS=DINTTRO-BIS-
ETHYLAVGDIAKINE _COBATT _(T1T) _NITRATE:

The aquation of the same complex Jjust discussed was also investigated
at 30, 35, 40 and 45°C using thallium (III) metal ion as catalyst. At
the range of thallium (III) ion concentrations used (0,02-0,20 M) and cons-
tant ionic strength of 2.0 i, the incrcase in rate may be interp:eted in
terms of two intermediate ion species rCo(en) (no, )(Nozﬂj]
[Co{en) (NO ) (o 'l‘l)“ . Reaction rate constants and thermodynamic para-
meters have been calculated, 'he mechanisms of the reactions are also

discussed,

Experimental and Kinetics:

The experimental and kinetics part of this study is the same as that
described for complex 1 except that higher concentrations of both the acid
and thallium (III) were used; 1.8 M acid, 0,02=0,20 W Tl}", 0,003 M
complex and the ionic strength of the medium was maintained constant at

2,0 M.
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.
Results and Discussions:

The conditions of the experiment, like in the previous ones, werc
such as to make the reaction pseudo first order and plots of log |
(ODt-ODm) against time gave good straight lincs for all the temperuturcs.
See Figures L,7=ie10, ''hc initial fast roaction observed in the case ol
the tetrammine was not observed here probably due to the higher concen-—
tration of acid uscd, The reaction was about firty to sixty percent
complete at all temperaturca.

= able 4.3 show the various rate conatants obtained for each of the
tenperature and plots of ithese ohbserved rate constants agsingt thalijum
(ITT) ion concentrations gave good linearity at all temperatures in

agreement with the postulate, B8ee Figure 6,11,

TABLE DeS

Concentration of the acid was kept constant at 1,8 M
The total ionic strength was alse kept constant at 2,0 M

3 3 p 5
10 [u ] 105ko'bs 105[113*] 10k,
(Sec~1) M (See~1)

30,0°C 35.0°C

B. = 0.02 4.80 A - 0.02 . 9-21

R = 0,05 5,92 B =0.05 1¢.50

C = 0.10 7.20 € = 0,10 13,10

D = 0.20 o 935 D = 0,20 .  16.60
39.5 Wh,2

A = 0.02 14.07 A = 0.02 23,50

B = 0,05 17.08 B = 0.05 28.10

G = 0.10 19.88 ¢ = 0,10 33,00

D = 0,20 29,40 D = 0,20 13,20

In the case of the trans-dinitrotetrammine Cobalt (III) complex
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where thallium (III) ion was also employed as a catalyst to study its
aquation process, the incrcase in rate was interpreted in terms of
[Co(mj)h(naz)(mzm)]“ ion specics alone, This is because the reaction
was studied under limited acid concentration. Here, however, the concen-
tration of the acid has been inereased almost five fold; it is therefore
expected that the excess acid after supprcssing hydrolysis, would also
perf'orm its catalytic funetions, The increase in rate may therefore be

interpreted in terms of two complex ion species:

[Co(en)Z(NOZ) (NDZH):|2+ and [Co(en)Q(N%) (PJOZTl)_T”.

-2
[Co(en)z(Noz)ZJ + HF ------‘ [Co(cn)z(ﬂoz)(.ioz}iu ' os am  saklel)
[Co(en)z(ﬂoz) T rrl-”“ [Co(en)z(ﬁoz)(ﬂﬂ Tl)] os oo eellte2)

If all the three species react the acid/l'lj"' catalysis may be interpreted

as being due to the reactions:

+ ko 24
[Co(an)z(NO2)J + Hy0 ==-=3 [Co(en)z(NOZ)(Hzo)] + NO, oo e sellye3)
2 K
[Co(en)z(Noz) (Nozﬁ)] ' + Hy0 —th [Co(en)z(NOZ)(Hzo)T + HNO,, eo{lrely)

4t
[Co(en)z(Noz)(Nole):’ + Hy0 iy [co(en)z(noz)(nzo)fﬁ IO, + o (4.5)

{ [H] *+ %5 |1 [Tl}] }°°i§ .. oo (1446)

" Ra.t -___‘- -w .a - L]

1+K1[H]+K2[T13+:|

dpontaneous aquation have been shown to be very slowu" and since

equilibria 4.1 and 4,2 involve the assoeiation of like charges the

stability constants Kl and K2 will also be very small, so that
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1*](1 [H+] + K, [T].}*]. Theref'ore equation 4.6 reduces to

Ra.te:{k_i' [H"']q-k%[_’l'lj*]}(:ciu.. se se et we oo ee se sellee?)

ceoxg s led ] Lo L L L )

Equation 4,8 conforms to that of a straightline, hence a plot of
koba against thallium ion conecentration should be a straightline graph
oi' slope k;' and intercept ki [H+:|. Figure 4.11 show gooed linearity at
all temperatures in agreement with thic postulate, The valueszf].;i and k;‘
at each temperature dorived from the intercept and slopes respectively
arc shown in Table 4.4 Arrhenius plots of the aguations involving the

two intermmediate complex ion specics are shown in igure 4,12,

Variation of' rate parameters with temperature

Lenperature 10 35 (See™) 1¢* 15 (5607)

o

30 2,22 3,70
35° 433 5,50
39.5° 6.92 8.50
Ll 6° 11,67 12.00

Actiyvaiion energies La and entropics of activation (35‘) for the
reactions involving [Co(en)z(Noz) (Nofi)] - and ’:Co(en)z(l'loz) (NOZTI)-I;#
apecics are:

Tor the

Ea = 22,6 K cals/mole; A8

I
1

=7.40 eu protonated

'specics at 25?(_1_.

fa— -
For the |

]

Ee = 16.5 K cals/mole; 88" - 21,64 eu thallium (III) associc-!

ted spcoies at 25°C
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CHAPTER 5

CENERAL DISCUSSION OF RESUILS AND MECHANISM

The studies of cation catalysed aquation of Cobalt (I1I) complexes
have been undertaken by various workers in the past not only to show
the catalytic effect of these metal ions bubt also to provide some infor—
mation as to the nature of the activated complex whieh has been a subject
of interest for a long time., Most of the work carried out in this field
had been concerned with chloride ion as the leaving group and the geéneral
postulate is that a rapid pre-equilibrium between Cobalt (II1) complexes
and the cations used takes place to form complex-cation adducts which
eventually yielded the aquo-produwcts.

In order to fully understand the nature of' the activated complex,
considerable studies have been done on Cobalt (IIT) complexes of the
typel:Co(en)2ICl]n+ 18”22, (where X is the variamble ligzand). In all the
cases studied, the evidence was towards complex formation between metal ions
and Cobalt (III) complex. It is expected that the work carried out would
further explain the nature of these activated complexes and thus throw
some light into the mechanism of the reaction,

A summary of the rate constants and activation parameters obtained
in the present work flor the mercury (I1) and thallium (III) catalysed

aquation of trans-dinitro tetrammine Cobalt (I1I) and trans-dinitro bis=
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ethylenediamine Cobalt (II1) complexes have been given in Chapters 3 and
4 respectively, From these data, the Ea values obtained for the singly
protonated species in all the reactions 25,7, 23.4 and 22,6 K cgls/mole

can be compared with those of 26,2, 24.9, and 25.6 K cals/mole for the

trans-[Co(Mis)h(Noz}(Nozﬂ)_J2+, trans- and cis [Co(en)z(NOE)(NOZH)]Z*,
species reapeotivelyﬁ”lk. The Ea and 48" values for the metal ions
induced reactions are relatively lower than those for the singly protonated
species, "The higer rates of reaction observed for these metal ion
catalysed reactions when compared with the hydrogen ion catalysed reaction
may in part be attributed to these factors,

Although the activation energies f'or the metal ion associated
species are lower than those for the singly protonated species for the
two complexes studied, they are not widely different, which may be an
indication that similar mechanism operates for the two clagses of reactions,
The activation energy is lower when the entropy of activation is more
negative, The lower the energy of activation the higher the rate of
reaction, therefore entropy of activation is an important factor which
affeots the rates of reaction of these cobalt (III1) ammine complexes. Kor
the two complexes studied, the entroples of activation for all the reac-
tions of metal ion associated species are relatively lower than those for
the singly protonated apecies, 'This may be another reason why these cations
are obgerved to be better catalysts than the hydrogen ions, Another factor
whick nay be considered is the pre-equilibrium constant (K). The higher the
value of K, the greater the overall rate of reaction is likely to be. The
determining factor here is the a.ffinitylz of these ions for the outgoing

ligand. The
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greater the af'finity the higher the value of K. In the present work it
can be said that the af'f'inity is expected to be greater in the case of
the cations (because they carry greater number of positive charges) than
the hydrogen ion and accordingly, higher values of K for the reactions
involving these metal ions would be expected and these are likely to
have contributed to the overall rate constants.

The mechanism of these type of reactions is not different from those
already postulated for the acid-catalysed aquation of' the two complexes
i.e, the solvent assisted dissociation molunims'm. In this type of
meohuniamz}-zf), there is a prior extension of the Co=X bond (X being the
leaving group) to . certain eritical distance withthe subsequent involvement
of' the incowing nucleophile. Both groups are then partially bonded in the
intermediate or transition state, 'he energy for such a process would then
be seen as the activation energy. Where lengthening of the metal ligand
bond is involved, it is expected that the group trans to the leaving group
would have some ini'luence on the bond extension, “Yhus the importance oi
a Tull knowledge of the nature and properties of the groups trans to the
outgoing lijand cammot be over emphasized. In cases where the ligand trans
to the outgoing one is the electron releasin; type, electron displacem:nt
occurs from the ligand to the metal making Iteasier to break the Co~X bond
(where X is the leaving group). The mechanism operating here is one of
21, Where the electron withdrawing group suh as a nitro group is in the
irans position, as in the presenl work, there is thought to be back-deme
donation of electrons in the uon-bonding d-orbital of the Cobalt to the

vacant anti bonding orbital of the nitro-grcrupzs. ‘*his renders the Cobalt
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centre siightly positive thereby encouraging nucleophilic attack of
solvent by an associative mechanism. ‘the mechanism can be safely described
ag one of partial SN2,

The catalytie behaviour of the metal ions is a subject of recent
interest and precise explanation has not yet been given, However, in the
present work, the two cutions {ﬁgz+ and T13+] have proved to be better
catalysts than the acid as indicated by the iale parameters obtained,
Substantial decrease in both the energies and extropies of activation
have been mentioned earlier as factors likely to enhance the rate of
reaction, wune of the probable reasons for the relative lowering of the
activation energy in these type of reactions is polarisation. AS a result
of' the higher positive charges carried by these cations ng"' and '1.'1‘3"' as
compared to HY, there is likely to be a greater polarisation of the NO-i

bond, resulting in a weakening of the Co-ll0, bond, which consequently

2
results in a lower activation energy for the solvent assisted dissociative
mechanism, ’his may also explain the lower values of entropy of activa-
tion 88" obtained in all the reactions involving the cations. All that
has been said so fai: are some of the possible factors that may be respon-
sible if'or the increased rates of' reactions observed in cases where cations
are involved as catalysts as compared to hydrogen ions, ''he data obtained
suppori these expressed views,

Liscussion so far had becen limited to comparative studies of cations
and h;drogen ions as catalysts, A comparison of the relative effectiveness

2+ and T13+ is particularly interesting since these are iso~

of Hg
electronic, '« A. Posey and H. Taube7, Miss, S. W. Fong, L. Kipling and

he Go Sykesl3 studied the catalytic effectiveness of mereuwry (II) and
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thallium {III)} in the a quation of some Co(III) complexes and arrived at a

‘conclusion that He®' is & better catalyst than T1°%. Their explanation
was based on an inmer sphere type of mechanisms in vhich the size as
well as the charge of H52+ seem to be more favouragble., However there

3+

are also those whose experimental results show that Tl is a botter

catalysts than Hg2+.

Prominent among this group in Yamner and Higginsons.
These two workers have examined in detall the catalytic effect of a large
number of metal ions on the reaction in which chloride is eliminated from
the chloro ethylenediamine triacetato acetate Cobalt (III) and the strong
catalytic effect of T15+ and H52+ (krl>-kﬂg) was explained in terms of the
affinity of these apecies for chloride (@nd carboxylate) iuns.

In the aguation of thc two complexcs studied i.e. trans-dinitro-
tetramnine Cobalt (TIT) and trans-dinitro bis ethylenediamine Cobalt (111)
nitrates using thalliun (III) and mercury (II) as catalysts, the former

is found to be a more effective catalyst than the latter, From the data

obtained in the present work, the order of effeotiveness may be given as

T13+> ng+) H*. ‘ihe greater affinity of these cations for the nitro group
and also the polarisation of NO-M bond (resulting in the weakening of the
Co-N02 bond) by the cations which are expected to increase in increasing
order of positive charges carried by the ions, are believed to be largely
responsible,

A detailed discussion of the rate of roactions obtained in the casc
of trans-diniitre tetramminc Cobalt (TII) and trans-diaitro bis ethylene-
diamine Cobalt (I1II) nitrates seems inappropriate because different

ionic strengths were used, However there is every indieation that the



T

former reacts faster than the later in agreement with the established
fact from acid catalysed hydrolysis of the two complexesé'm'. This
has been explained in terms of stabilising effect of chelation in com=
plexes. Increasing chelalion brought about by replacing two M—I3 ligands
by one cthylene=diamine slows down the rate of catalysed aquation of metal
complexes in a progressive manner??.

As aconcluding note it is worth pointing out that no attempt was
made to isolate the produet but the absorption spectra obtained in the
tetramnine case corresponds to thabobtained by Goxmp\ra.l.k6 in purely acid

medium.
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