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In connection with any chemical reaction two kinds of information are of vital importance 
viz. (i) how far a reaction would proceed and (ii) how fast "Ill it reach the goal i e. the dynamics 
of the process. The former is governed by thermodynamic and the latter by kinetic considerations. 
However, the recognition of the importance of klnttic aspects of inorganic reactions is a fairly 
recent one. Some forty years ago inorgan c chemists used to correlate the failure of a substance 
to undergo a change with inherent stability of the substan<e. This was based on the then prevailing 
misconception that unlike the 'slow' organic reactions the inorganic reactions are 'instantaneous'. 
While this Is true for the vast majority of simple inorganic reactions, e. g. reactions between ions 
forming an insoluble product thus leading to the formation of a precipitate, combination between 
H• and OH·tons forming water (for which the rate <onstant as measured' by the pressure-jump 
relaxation technique is now known to be J.Sx 1011 M'' sec·t at 25°C), and so on, it "as later 
recognised that many of the inor!lllnic reactions are also very slow Thus, aquation of Ir(NH,) 6P+ 
involving replacement of the bound Iodide by H,O in acid solution has a rate constant of 1 9 x 
to·•o sec·1 at 25°C•. Our present state of knowledge on the mechanistic aspects of ligand 
substitution in octahedral and square-planar complexes is presented below. 

A striking illustration of the importance of kinetics 
and equilibria in inorganic systems is that of the 
behaviour of the cis and trans Isomers of 

Pt(NH 8 ) 2 CI2 8 • The conductance of an aqueous 
solution of the cis isomer slowly increases with time 
and at equilibrium (after ca. 24 hr. at 25°C) the 
solution contains ca. 90% of the aquation product 
as ascertained by titration of the released chloride and 
the measured value of the conductance : 

cis-Pt(NH 8 hCI 2 + H 00 ~ cts-Pt(NH 8 ) 2 (0H2 )Cl+ 
+Cl-

In contrast, the trans isomer remains unchanged under 
this condition. In presence of alkali, however, Cl
is released slowly by both the isomers at rates indepen· 
dent of OH- concentration and in agreement with this 
the rate of release of CI- from the cis isomer in 
aqueous solution in absence of alkali is the same as 
that observed in presence of alkali. Futhermore, at 
25"C the rate of ct· release from the trans isomer is 
about 3 times faster than that from the cis isomer. 
Thus, despite the fact that the trans isomer is more 
labile than the cis isomer for aquation, the equilibrium 
is unfavourable for formation of the trans-chloroaquo 
product in aqueous solution while this is greatly 
favoured in the case of the cis isomer. In the presence 
of alkali, however, the reaction of the trans isomer 
also proceeds due to transformation of the chloro
aquo complex into the chlorohydroxo complex 
in an acid-base reaction with OH- and this prevents 
the back reaction that occurs in absence of alkali. 
Incidentally it may be mentioned that the higher rate 
of the trans isomer is in keeping with the well-known 
trans-effect sequence cl->NH8 and this was the first 

unequivocal evidence that the trans-effect& is kinetic 
in nature. 

Ligand substitution reactions involving replace
ment of a ligand by another ligand constitute an im
portant class of reactions of metal complexes which are 
of great utility in synthetic and analytical procedures 
and on which considerable rate studies have been repor
ted during the last thirty years that have led to valuable 
information for understanding of the mechanisms of 
such processes. For a ligand substitution process 

M-X + Y--+ M-Y+X 

two distinctly different types of mechanisms are 
possible: 

slow 
M-X _..,.. 

fast 
M+X; M+ Y _..,.. M-Y 

In such a process the rupture of the metal-ligand bond 
M-X is primarily important in the transition state 
and following Ingold's notation for organic reactions 
such a mechanism is called SNI (substitution, nuc
leophilic, unimolecular) for which Langford and 
Gray 6 have proposed the terminology D process 
(dissociative process). Alternatively, formation of the 
M-Y bond may be primarily important in the transi
tion state without any significant rupture of the 
M-X bond: 

slow fast 
Y+M-X--Y-M-X--Y-M+X 

This is a bimolecular nucleophilic substitution process, 
SN2 which Langford and Gray calls A process 
(associative process). However, D and A processes 
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llre limiting situations and in many systems there may 
be different degrees of M-X bond rupture and M-Y 
bond formation in the transition state which have 
been designated by Langford and Gray as interchange 
processes (l process). Interchange processes may have 
a variety of transition states, but two well-defined 
types will be those representing the ttansition states 
of A and D types of reactions which are denoted as 
la and 14 respectively. I,. processes will display 
substanttal bonding to both the entering (Y) and 
leaving (X) groups. In 14 process there is weak bon
ding to both the entering and leaving groups. 

Using simple electrostatic arguments it is possible 
to speculate what would be the influence of the 
changes in sizes and charges of the central metal ion, 
the entering groups, the group being displaced and 
the non replaceable ligands on the rate of the three 
possible processes viz. D, I and A. The summary of 
the predictions as given in Table 1 is based on broad 
generalizations and considerations that the important 
features of D and A mechanrsms are bond-bredking 
and bond-formation, respecnvely, whereas in an 
interchange (1) process bond-breakmg and bond-forma
tion are of comparable importance (concerted proces~). 

TABLE 1-EPFI!CTS OP SIZES AND CHARGES ON RATES OP 
OISSOCIAnVE, INTERCHANGE AND ASSOCIATIVE 

REACTIONS 

Cbanaes Effects on rate 

D process l process A process 

Increase in positive 
charge of central 
atom decrease little change increase 
Increase in size of 
central atom increase increase increase 
Increase in negative 
charge of entering 

increase group no effect mer ease 
Increase in size of 
entering group no effect decrease decrease 
Increase in negative 
charge of leaving 
group decrease decrease decrease 
Increase in size of 
leaving group increase little change decrease 
Increase in negative 
charge of non-
replaceable group increase little change decrease 
Increase in size of 
non-replaceable 
ligands increase little change decrease 

The effect of charge and size of the central metal 
ion on the lability is elegantly demonstrated in the 
isoelectronic s.eries having the lability sequence 
AtF:->SiF~->PF& >SF6 where increasing charge 
of the central atom gives rise to an increase in metal
ligand bond strength and consequent increase in 
inertness (decreasing lability) so much so that PF6 
hydrolyzes extremely slowly and SF 6 is extremely 
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inert to hydrolysis in contrast to AlF!- and SiF~~ 
which are hydrolyzed 'instantaneously'. Similarly, the 
studies of Eigen• on 'fast' water exchange rates of 
aquametal ions show that the rate of exchange 
decreases with increasing cationic charge in the sequence 
Na+>MgH>AP·. When the size of the metal ion 
decreases but the charge remains constant then a 
decrease in rate is observed, e.g. in the water exchange 
rates of hydrated metal ions the following orders have 
been observed : 

Cs+)>Rb+>K+>Na+>Li+; 
BaB+>SrB+>Ca11 +>Mga+>Be2+ 

These observations are consistent with a dissociative 
mechanism. 

In order to review the developments which have 
taken place in the field of mechanisms of ligand 
substitution reactions of metal complexes it would be 
convenient to discuss the mechanistic features of the two 
most representative classes of coordination complexes 
viz. octahedral (such as complexes of Cr(lll), Co(Ill), 
Rh(III), Jr(Ul), Pt(IV), etc.) and square-planar {such 
as complexes of Pd(ll), Pt(II), Au(lll), etc.). An 
exhaustive review on the ligand replacement processes 
in octahedral complexes of metals in oxidation state 
3 has been published recently7 • 

Octahedral Complexes : 
For comparable reactions of analogous complexes of 

metal ions of any particular transition series considera
ble variation in reactivity has been observed. Thus, 
for the following ligand exchange reactions of 
octahedral complexes of trivalent metal ions of the 
first transition series, 

studied with cyanide ion (labeled with 1 3C ) in the 
solution the following order of increasing lability 
(increasing rate) has been reported 8 •9 : 

Co( Ill)< Cr(Ill)< Fe( III)< Mn(lli)<:V(Ill). 

An attempt was made by Taube10 to interpret such 
observations on the basis of the valence bond theory 
as was applied by Pauling11 to account for the bonding 
in metal complexes. Taube suggested that all outer 
orbital complexes, as also those inner orbital complexes 
having one or more vacant d orbitals (in the penulti
mate valence shell), might be expected to be labile ; 
while those inner orbital complexes in which each of 
the d orbitals of the penultimate valence shell are 
filled with at least one electron should be inert. The 
observations reported above are fully in accord with 
this view. The reasonings put forth by Taube envisage 
a displacement mechanism for the inner orbital 
complexes and a dissociation mechanism for the outer 
orbital complexes. The presence of a low energy 
vacant d orbital is, therefore; essential for lability ill tho 
case of inller orbital complexes. 
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A much more successful approach to the problem 
has been made by an application of the ligand field 
theoryu. In this the loss in the ligand field stabilization 
energy (LFSE) accompanying the formation of the 
reaction intermediate (transition state) is believed to 
contribute to the activation energy of the process. The 
magnitude of this effect can be estimated from simple 
theoretical considerations, and greater the magnitude 
of this ligand field contribution (6Ea) to the activation 
energy (En) of the reaction the more inert will be 
the system Based on this the predicted order of 
increasing lability for octahedral complexe~ is fairly 
in accord with the experimental observations. Also, 
the observed differences in the activation energy for 
identical reactions of analogous complexes of tran~ition 
metal ions agree fairly well with those predicted by 
the 6£,, values expressed in terms of appropriate Dq 
values' •. These predictions are however not valid for 
ligand substitution reactions which occur by a pseudo
substitution process without any cleavage of the metal
ligand bond, as in the extremely rapid acid catalyzed 
decomposition of carbonatopentaamminecobalt(III) 
ion14 : 

fast 
(H 8 N) 0 Co2+-0-CO;;+H30+~ 

(H8N) 6 Co~· -0- CO.H+H.,O 

1~fast 
H+ 

(H8 N) 6 Co2+--0-COij 

+H+ k I 
(H8 N) 5 Co 3 +-0H9 -(H8 N) 5 Co2+- OH+-

fast -C02 

That no fission of the Co-O bond takes place in this 
reaction has been demonstrated by carrying out the 
reaction in water enriched in 1 80 when no uptake 
of 1 80 in the product has been observed18 • This test 
is successful in this case because the exchange of 
tH 3 N)oCo(OH 2 )3 • with water is exceedingly slow16• 

An()ther interesting case of pseudo-substitution is the 
formation of the thermodynami.ally less stable red 
coloured nitritopentaamminecobalt(lll) ion in over 80 
percent yield by the action of HN0 9 - N0 2 - buffer on 
aquopentaamminecobalt(lll) ion at low temperature 
(ice bath)17 : 

fast 
(H 8N) 6Cos+ -OH2 + H20~(H3N).co>+-OH+ 

H.o• 
2HNO.~N208 +HaO 

slow 
(H 8 N) 5Co2+-0H+ N.o.~(H.N)5Co-? N ~ 0 

H ONO 
r .. st,!. 

•H3 N) 5Co~+-ONO t HN0 3 

That no cleavage of the Co-O bond takes place ha~ 
been confirmed by studies using t 80 enriched aquo 

complex when t 8 0 is found entirely in the product 
nitrito complex18 • With a knowledge of this ~eaction 
mechanism it has been possible to synthestze the 
previously unknown nitrito complexes of Rh(III), Ir(lll) 
and Pt(IV)19 • The extremely fast aquations of 
Cr{NH8 ) 5(0NO)o. and Cr(OH 2 ) 5 {0NO)"+ also occur 
by pseudo-substitution processes without Cr-0 bond 
cleavage20 . 

The replacement of an anionic ligand by a molecule 
of water in acidic aqueous solution (pH<5) is called 
aquation while the corresponding reaction occurring in 
basic media leading to replacement of the anionic ligand 
by OR- is known as base hydrolysis. Various evidences 
point to the conclusion that reactiors of Co(III) com
plexes proceed generally by dissocidtive mechanism, while 
the corresponding reactions of Cr(III) and particularly 
those of Rh(III) are associative in character. 

A comparison of the rates of aquation of a series of 
Co(III) complexes of the type Co(NH8 ).X has shown21 

that the rate decreases in the order of increasing thermo
dynamic stability of the complex and increasing affinity 
of Co( III) for X. Also significant is the observation of 
Lalor and Long22 that for aquation of several Co(III) 
complexes of the type Co!NH3 ) 6 X 2 • rhe activation 
energy increases linearly with the average ligand field 
strength of these complexes in the following sequence 
ofx-: Br-<N03 -<NCS-<N0 2-. It has further 
been observed 2 3 that increasing chelation such as 
replacing two NH 8 ligands by one ethylenediamine and 
four NH, by a molecule of triethylenetetramine, slows 
down the rate of aquation in a progressive manner in 
the sequence 

cis Co~NH3 ) 4CI 2 +>cis-Co(en) 2CI 2 • >cis Co(trien;clt, 

and trans-Co(NH 8 ) 4 C1 2 + >trans·Co (en)(NH8 )gCI 2 + 

>trans-Co (en) 2 Cl2 •. 

Also, the divalent monochloro complex cis-Co(en).
{NH9)CJ2+ reacts about 100 times slower than the 
monovalent cis·Co(en) 2CI 2 + complex~ 8 • Again, in 
complexes of the type tran~·Co(AA )2 CI 2 + where AA 
stands for ethylenediamine and C-substituted ethylene
diamines (with - CH 3 replacing H in the -CH2-

groups) the rate of aquation is greatly increased 
progressively with more and more crowding due to alkyl 
substitution in the -CH.- groupsu. All such obser· 
vations as men ioned above are compatible with a 
dissociative mechanism. 

Posey and Taube25 observed that in rhe formation 
of Co(NH8 ),(0H 2 ) 8 + from Co(NH3 ) 6 XH induced 
by metal ions in water enriched in 180 the product had 
the same 1 G0/ 1 A 0 ratb when Hgll + was used to with
draw x- ( ... ct-. Br-, I-) showing that a common inter
mediate results in this case as is evidently possible for a 
dissociation mechanism in which Co(NH8 ) 5 •+ is formed 
as an active intermediate. However, when Ag+ or TJ+ 
were used to assist in the removal of x- the 100/180 
ratio varied with the nature of x- suggesting that in 
these cases there is significant bond formation by the 
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incoming water molecule before complete dissociation of 
the Co-X bond. Since only the more reactive Hg9 + 
generates a common intermediate, Co(NH8)l+, it was 
concluded that uncatalyzed aquation of Co(NH8 ) 8 XB+ 
occurs by a mechanism which is not purely dissociative 
but in which there is solvent participation in the transi· 
tion state. 

For complexes where x- is acetate or substituted 
acetate ions, where basicity of the ligands differed by a 
factor of to• suggesting a comparable difference in the 
strength of the Co-X bond the rates differed98 only 
by a factor.of ca. tO which is also not compatible with 
a purely dis~ociative mechanism where Co-X bond 
rupturo is only of imparlance. Tbe authors 96 also 
observed that for the same complexes the plot of 
log koH vs. log K,., where koH is the second order rate 
constant for base hydrolysis of the complex and K,. is 
the dissociation constant of HX, is a good straight line 
indicating that the weaker base is also dislodged at the 
fastest rate (as in the case of aquation) but the spread 
in the koH values is much greater (a factor of ca. 100 
as against ca. 10 for the aquation). This is reasonable 
on the basis of an associative mechanism since witlt 
decreasing basicity of the ligand (increasing electron 
withdrawing character of R8 CCoo-, maximum for 
F 8 CCOO-) the attack by an anionic nucleophile like 
OH- will be much more facilitated than by a polar non
ionic nucleophile .uch as HeO : 

For aquation of trana-Co(en).(NH~)X'+ the activa· 
tion energy increases in the sequence ofX--=CI-<Br 
<NO; and the rate increases in the same order due to 
increasingly favourable entropy of activation which is 
compatible with a solvctlt•assisted dissociation 
mechanism17• The case of Co(NH8 ) 5X9+ is parallel. 
The basic feature of the solvent-assisted dissociation 
mechanism is that dis~ociation of the Co-X bond is 
assisted by the solvent which in favourable cases is 
hydrogen bonded to the departing ligand and in the 
tr.tnsition sta:e as the Co-X bond is elongated and 
finally breaks off the H 20 molecule slips into the posi
tion vacated by the departed ligand. Deuterium subs· 
titution in the complex and the solvent slows down the 
rate of aquation of Co(NH8 ) 5 Cla+ and the results are 
said to be in a11reement28 with the solvent-assisted 
dinociation mechanism. However, the validity of this 
argument has been questioned 19 • Further support to 
this solvent-assisted dissociation (SAD) mechanism 
comes from the observations• 0 on the effect of 0 90 on 
the rate of solvolysis of Cr(NH3 ) 4 Xs+. In these cases 
the variation in the rate of hydrolysis (aquation) is 
primarily due to the 68*" term, since 6H* values are 
practically the same for x-=cl·, Br· and I-. This 
means that the energy expended in the Cr-X bond 
rupture must be at least .partially offset by a compensa
ting solvation of the incipient halide ion, i.e •• the solvent 
may be considered as one competing with the metal ion 
for the halide. On changing from H90 to D 80 there is 
a slight increase in I::J,.H* while there is a much greater 
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effect on 6S* term. Chloride, the most solvated halide 
in the series ct-, Br- and r is released relatively slowly 
in 0 20 compared to water than I" (which is the least 
solvated halide81 ). Since 6S'*' for reaction parallels 
the entropy of solvation of the halide being released it 
is evident that solvation of the releasing halide is 
important in the transition state suggesting solvent
assisted dissociation. The observed acceleration of tho 
rate of aquation of Cr(NH8 hXH by various anioos 
(polyvalent enions producing a more marked accelera· 
tion than monovalent anions) and the dependence of 
the effect of such ions on the total ionic strength (an 
increa~e in ionic strength retards the reaction) has been 
int~rpreted in terms of a solvent-assisted dissociation of 
an ion-pair formed between the complex. cation and the 
accelerating anion. As a result of increase in the elec
tron density in Cr(lll) in the ion-pair dissociation of 
the Cr-X bond is facilitated while simultaneously tho 
water mole<;ule, which is hydrogen bonded to the bound 
x- and the NH8 in cis position to x-, slips into tbO 
position vacated by x-. 

Ingold, Nyholm, Tobe and othersll have investi· 
gated the behaviour of cia- and trans- Co(en)a(L)X. 
From their results it is no IV known that the nature of 
L determines the machenism of substitution of x- by 
H80. Electron donating groups (pi-donors) like Oir, 
Nij, Cl-, Br-, NCS for L le;~d to dissociative(Syl) reac
tion, while others which are either pi-electron acceptors 
(like NO; or CN-) or which are incapable of formiog 
pi-bonds (e. g. NH8 } lead to associative (Sy2) reaction: 

0 Co f')L 
,..,/:y 

L~Co-CL 

It bas further been observed that for ligands promoting 
Syl reaction the cia isomer reacts faster (cia·eifect) 
than the trana isomer, while the reverse is true for 
pi-acceptor ligands promoting Sy2 process. Also. 
S N I reactions proceed with retention of configuration 
in case of the cis, but with rearrangement in the case 
of the trans isomer, while there is retention in both 
cases for Sa2 reaction. These can be readily 
understood a a. 

From a consideration of the group replacement 
factor (GRF=ka-x/ka-CJ) values for the aquation 
(and also of base hydrolysis) of the Co(III) and 
Cr(III) complexes of the type M(NH8 ) .. x•+cx- ... halide) 
Chan et al• 6 concluded that theo bserved sequence of 
GRF values viz. F<(Cl<Br<I rules out purely 
associative mechanism and is compatible with both 
the dissociative mechanism as also the interchange 
mechanism in which bond-making aud bond·breakiag 
are synchronous and of comparable importance. (For 
a purely associative mechanism the G RF values are 
expected to be in the sequence F:>Cl>Br>I.) Bot 
the spread in G RF value is much greater for Cr(W) 
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(particularly in base hydrolysis) compared to Co(IU) 
and this sugge~ts a greater degree of bond fission in 
the case of Cr(III). However, this conclusion regar
ding Cr(Ill) is contrary to most other evidences, b Jt 
the result that the reactions arc not purely associative 
in character is compllible with other fmdings. 

Another meful criterion is the linear free energy 
relatiomhip (LFER). The use of LFER plots to 
estimate the position of the transition state along 
the re •ction coordinate has been discussed in theoretical 
term5 8 •. For the aq uation reaction 

k 
Co(NH 3 ) 6 X<s-n>+ + H 2 0--+-Co(NH 8 ) 6(0H 2 )S+ 

+X"-

the plot of log k vs pK<a>, where K is the equilibrium 
constant for the reaction, is a straight line of slope 
=l for X"-= NCS , p-, H.Po;-, Cl-, Br-, r- and 
N03 (only I and Ncs- are slightly off the line)••. It 
has later baen shown that X"- = azide3 • and x"
=nitriteH also fit into the LFER plot and for xn- ~ 
so:- and c.o1- the LFER line is parallel"" to the 
LFER line for the univalent anions as xn-. This 
lmear free energy relation with a slope of unity of the 
LFER plot suggests that the nature of X in the 
tramition state resembles its nature in the product 
(i e. solvated x-) indicating a disso;:iation mechanism 
in which Co-X bond rupture is virtually complete in 
the tramition state This, however, does not tell us 
un:tmbiguously about the role of the entering water 
molecule, but following an argument by Hammond 40 

it appears logical to conclude that the water molecule 
is only weakly bonded, if at all, in the tramition state. 
Data 4 ' for the system 

Ir(NH 3 ) 6 XB+ + H 20---+-Ir(NH 8 ).(OH2 )S+ + x
also fit into a LFER plot with a slope of nearly unity 
laboJt 0.9) ; the observed reactivity order is 

NOii >I->Br->CI-. 

Ill contra~t, for the aquation of Cr(OH.).X2+ 
(X-=F-, NCS , Cl-. Br-, I-) the corre>ponding LFER 
plot has a slope of 0.56 which ha~ been interpreted 42 

to signify that the separation of x- from the Cr(IU) 
centre i~ only about 50-60 percent complete in the 
tramition state so that there is only partial bond 
breaking and the mechanism iq perhaps one in which 
thi~ b:1nd-breaking and bond formation by the incoming 
water molecule arc synchronous (interchange mecha
nism). 

Jone'l and Swaddle4 3 have reported that for the 
aquation of Co(NH 8 ) 5X (X=oCI . Br-, NO_;, SO~•-) 
the Vlllu'rHn of activation ( ~ V4) are equal (within 
experimental uncertainty) to the molar volume change 
( 6, V) • • for the respective completed reactions suppor
ting Langford's conclusion based on LFER (loc. cit.). 
A large negative volume of activation (6 V*= -9.3 cm8 

mol- 1 ) for the water exchange process for Cr(OH,n+ 
has been presented as an evidence for an associative 

mechanismH, while the value of 6 V*= 1.2 em• mol- 1 

for •the corresponding reaction of Co(OH2 ) 6 3 + is 
consistent with a dissociative mechanism • 6 • The 6 V* 
v.tlue of 16 em' mol- 1 for the aquation of Cr (NCS)g
is also indicative of a dissociative mechanism 47 • 

A knowledge of the enthalpy of tran~ition (6II'l' ), 
being the enthalpy difference between the transition 
stat~: and the product (i.e. lJ.ll'l' = !JH- 6Il*), is also 
useful in the a•signment of mechani,m. A cp,"lstant 
6HT value of ca. 25 kcal mole 1 for aquation of 
Co(NH8 ) 0 X2+ (X-=CI-, Br-, N00) and water 
exchange of Co(NH8 ) 6 (0H 2 )" • supports a common 
transition state in all these cases • 8 , since only then 
can the 6H 'I' value be independent of the nature of the 
departing ligand as here we are concerned with the 
enthalpy change in the transformation of the transition 
state to the product. Hence, this result supports a 
dissociation mechanism with Co(NH 3H+ as the 
Co(III) species in the tranqition state. The same 
criterion has bee::. applied to Rh(NH 8 ),.X2+ systems• •, 
as well as in Cr(OH2 ) 5 X2+ systems" 0 • 

Adamson et al51 have made use of crystal field 
considerations in the assignment of reaction mechanisms. 
In this approach the change in the CFSE and interelec
tronic repulsion energy in the formation of the transi
tion state has been considered as giving a fair estimate 
of the activation energy for the substitution reaction. 
The activation energies for the aquation reactions of a 
number of Co(III) and Cr(III) complexes have thus 
been calculated for reactions occurring through each of 
the fom different possible intermediate structures, viz. 
square pyramid (CH ), trigonal bipyramid (D 871), 

pentagonal bipyramid (D 51,) and trapezoidal octahedron 
(C 2 v) and compared with the experimental values for 
the assignment of reaction mechanisms and also inferring 
about the structures of the intermediates in the different 
cases. It has been concluded in thi~ manner that the 
aquation of several complexes of Cr(Ill) occur thr'@ugh 
a pentagonal bipyramid intermediate (hence associa~e 
mechanism), while similar complexes of Co(III) possibly 
react through a square pyramid intermediate (dissocia
tion mechanism) although the possibility of the reaction 
proceeding through the pentagonal bipyramid inter
mediate could not be excluded. 

59 
The aquation of cis-Cr(en) 2Cl~ and of trans-

as 
Co(dmgHhCli (dmgH 2 = dimethylglyoxime) in 
aqueous solution (in the absence of any added salts or 
acids) have been studied by the present author. In 
both the cases the 6S* values for the rate-deterrnlbing 
release of Cl- ion are nearly identical to the entropy 
of solvation of Cl- in water from which it has reason
ably been concluded that the reaction proceeds by an 
essentially dissociation mechanism which is assisted by 
solvation of the ct- being released (''SAD" mechanism, 
loc. cit.). 

Important mechanistic conclusions can often be 
obtained from rate studies in solvents orher than water 

(a) Essentially this is a plot of free energy of activation vs standard free energy of reaction. 
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as well as in various solvent mixtures. Asperger and 
coworkers•" studied the substitution of Cl- by 
thiocyanate in tran.r..Co(en}a(N09)CI+ and trans
Co(en).Clt in different non-aqueous solvents and 
obtained evidences for a dissociation (SNl) mechanism 
in the case of the dichloro complex and a 
different mechanism for the chloro-nltro complex. For 
the latter the rate is acid independent, while there 
is retardation by acid in the case of the dichloro 
complex with a limiting rate at high acid concentration 
Both rea ctions are only slightly dependent on SeN
concentration. In the case of the dichloro complex 
the rate in different solvents increases exponentially 
with the dielectric constant of the solvent suggesting 
SNl rpechanism, while for the chloro-nitro complex 
no such regular trend is observed. This with the 
different nature of the elfect of acid suggests a different 
mechanism in this case. 

A detailed picture of the mechanism of aquation of 
Cr(NCS)~- has emerged from a kinetic ancl NMR 
study of this reaction in acetonitrile. This solvent 
solvates the complex preferentially, so that the concen
tration of water in the solvation shell is small and 
controllable, and the composition of the solvation shell 
can be monitored by NMR relaxation technique 55 • 

The dependence of solvolysis rate on solvent in a range 
of pure solvents indicate.~ a dissociative mechanism. 
The study of rates as function of solvent composition 
in aqueou'l acetonitrile provides the details of the/,. 
mechanism. Rates and activation parameters for 
aquation of Cr(NCS)&(en)· in aqueous methanol 
mixturot have been determined. Results are consistent 
with "SAD" mechanism in which the amount of 
solvent assistance is small58 • 

Logarithms of rate constants for aquation of 
cls-Co(en).Cit correlate linearly (slope, m=0.35) with 
the Grunwald-Winstein solvent Y value3 for the 
methanol-, ethanol-, acetone-, dioxan-, formic acid-, 
and acetic acid- water solvent mixtures containing 
between 0 and 40 p=rcent by volu:ne of the non
aqueous component. This re,ult is consistent with a 
dissociative mechanism for aquation51 • Aquation of 
Co(NH3 }8 CIB+ and of trans-Co(en)s.Clt in a similar 
range of aqueous-organic solvent mixtures has led to m 
values of 0.25 and 0.35 respectively. In fact, for a wide 
range of Co(lll)-amine-chloride complexes the m values 
lie between 0 23 and 0.36 suggesting that for all these 
dissociative aquations there is a similar pa.tern of 
dependence of rate constant on solvent composition 
which can be characterized by an m value of around 
0.3. For the Co(III}amine-bromide complexes• 8 the 
m valnes are around 0.2. This lower value for the 
bromo complexes compared to the chloro complexes is 
the same pattern as observed in the subllitution 
reactions (organic) of alkyl halides. 

In a majority of caseq it is known that for an 
overall reaction of the type 
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the rate is independent of Y. Only in the case of 
Y = OH- a first order dependence of rate on OH~ 
concentration has been observed in many cases. For 
the acidoammine complexes Basolo, Pearson and their 
coworkers• • developed, based on Garrick's original 
idea, what is known as the conjugate base (CB) 
mechanism: 

Here the conjugate base reacts by dissociation (SNI) 
mechanism and is therefore denoted as SNICB. The 
extremely weak acidity (pKa ~ 14) of such ammine 
complexes allows the concentration of the conjugate 
base to be extremely low even at fairly high oM
concentration to lead to a perfect first order depe•dence 
of rate of base hydrolysis on OR- concentration. 
That the rate of base hydrolysis is very much faster (by 
several powers of 10) is chiefly due to the pi-donor 
character of the -NH0 group which would facilitate 
the loss of x- from the cis position of -NR2 and 
formation of the trigonal bipyramid intermediate in 
which strong ligand to metal pi-bonding can occur. 
This is comparable to the ds-effert of OR-, Cl- and 
other such ligands capable of ligand to metal pi
bondingao. Observations on the chloride exchange of 
the gold(III) complex Au(Bt,dien)ClH (Bt~dien 
=Bt9 N-CH 1CR 1-NR-CH1CH 0 - NBt 2 ) and its 
conjugate base Au(Bt6 dien- H)Cl+ have shown that 
the latter is ca. 70 times more reactive81 • 

A consideration of the ratio of the rate constants 
for ba.~e hydrolysis and aquation of complexes of 
different trivalent transition metal ions shows that 
Co(lll) and Ru(UI) are very much more labile to base 
hydrolysis than Cr(lll) and Rh(III). 

M(NR8 ).CJB+ : Cr(III) Rh(III) Co(III) Ru(UI) 

In order to account for this observed order (viz. 
Ru(III) ;>Co(lii))>Cr(JII))>Rh(UI) ) of labilities to 
base hydrolysis on the basis of the conjugate base 
mechanism in all the cases one has to make a rather 
improbable assumption that the acidilie~ (PKa values) 
of the ammines of these trivalent metal ions differ very 
widely. However, an attempt has been made to 
account for the observed labilities on the basis of 
the conjugate base mechanismU and in contrast to 
Co(III) an SN2CB mechanism has been suggested 
for Ru(III). An indirect evidence which has frequently 
been adduced in support of the conjugate base 
mechanism is the observation" 3 •64 that even cationic 
complexes having no ioni:r.able protons undergo base 
hydrolysis at a rate independent of oH- concentration 
and in tbese cases the aquo product formed by usual 
aquation is tran~formed into the hydroxo complex in 
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an "instantaneous'' acid-base reaction. This is the case 
63 63 

with trans·Co(py) 4CI; , Co(dipyMNO.)t and cis-
o4 

Co(dipy)21CH;coon . However, trans-Rh(cn) 2CI~ 
which has ionizable protons suffers only OH- indepen
dent base hydrolysis but the corresponding cis isomer 
undergoes the usual oH- dependent base hydrolysis••. 
Consideration of CFAE predicts that low-spin 
octahedral complexes of Co(Ill) should be more inert 
than the analogous complexes of Cr(III). Hence, the 
reversal of this lability order for base hydrolysis 
suggests a difference in mechanism for base hydrolysis 
of analogous complexes of Co(III) and Cr(III)" 6 •67 

and many experimental evidences have confirmed this 
as would be mentioned subsequently. 

Ingold, Nyholm and Tobe 68 had proposed SN2 
mechanism for base hydrolysis. The present author 
bas observed"" that for the replacement of s~o~- in 
Co(NH 3 ) 0 (S 20 3 )'" by ct-, OH-, NH3 the rates. are 
dependent on reagent concentration for the reactwns 
in aqueous solution where there is some concurrent 
aquation also (reagent independent path) and the 
observed reactivity order for the different reagents (Y) 
are OH-: >Cl- >NH 3 >H 20 and both 6H* and 6S~ 
decreases in thcsequence Y=OH:>HaO>CI->NH:i. 
All these arc best interpreted in terms of SN2 
mechanism operating m all these substitution reactions 
where rupture of the Co- S90 3 bond and formation 
of the Co--Y bond are both important in the transition 
state. It is interesting to note that 6.H* for reaction 
with NH3 is a little over 7 kcal mol- 1 less than that 
for the reaction with H 2 0 in keeping with the greater 
&trength of the Co-NH 3 bond compared to the 
Co-OH~ bond, suggesting bond makin¥ in the transi
tion state. 

Chan 7 0 has reported a levelling off of the rate of 
base hydrolysis ofCo(NH 8 ) 6 ClS+ at high alkali c'?n
centration and the same has been observed by Banerjea 
and Chatterjee• 1 in the case of base hydrolysis of 
Cr(NH 8 ) 6 (NCS)2+ at alkali concentration higher than 
ca. 1 iiJ: and the departure from first order dependence 
on QH- concentration becomes significant beyond ca. 
0.3 M OH- concentration, These are best interpreted 
in terms of formation of an ion-pair (LP) between the 
cationic complex and OH- ion (rather than conjugate 
base formation). A consideration of the activation 
parameters suggests SNllP mechanism in the case of 
Cr(NH3)o(NCS)>+. For Co(NH3 ) 5 (NCS)3+, how
ever, similar considerations indicated SN2IP mecha
nismu, but for Co (NH3)&XH (X-=Cl-, Br . N3) 
they7 2 suggested SNliP mechanism. 

The cfrect of the nature of the ligand being replaced 
in influencing the mechanism of base hydrolysis is also 
illustrated in Cr(NH3 ) 6 (N3 ) 2 + studied in the present 
author's laboratory. Tho 6St- value for this system 
is compatible13 with SNICB rather than SN11P or 
SN21P or SN2 mechanism in contrast to the case of 
Cr(NH3 ) 6 (NCS)o+ which reacts by SNIIP process. 
The authors have made an ingenious suggestion that the 
conjugate base and ion-pair are the two limiting cases 

of the following situation 

M+"'-NH; ... H+ ... oH-

dcpcnding on whether the proton is. primarily under ~e 
control of the oH- or NH-z respectively. If the ammmc 
complex contains a strongly electron. withdrawing gro.up 
X- bonded to the metal the acid1ty of the am!DlDe 
proton may be sufficiently increased to allow a virtually 
complete transfer of the proton to the OH- leading to 
conjugate base formation : 

M""-NH2 ... HOH, 

Otherwise the ion-pair results : 

M+"'-NH 2H ... -oH 

In this way the difference in mechanism of base hydro· 
lysis of Cr(NH8) 0(NCS)H and Cr(NH3)s(N3)H 

has been accounted for ; N 3 being a weaker donor 
than Ncs- favours conjugate base formation. In tho 

/X 
system M with decreasing electron donor character 

'\NH0 H 
of X there will be greater electron withdrawal from N 
leading to increased acidity of the ammine proton and 
consequently greater chance for conjugate base forma
tion. 

The base hydrolysis of Rh(NH 8).(NCS) 2 + has 
also been studied by the present author• 4 • The observed 
trend in t:,.H·~ and t:,.S-t values for the complt'lltes 
Rh (NH 3 ) 8 x-+ (X-=Cl-, Br-,1-, N; and Ncs-) are 
compatible with an ion-pair mechanism in which tho 
ion-pair reacts with water as an attacking nucleophile 
with the synchronous rupture of the Rh-X bond 
assisted b} solvation of the x- being released, followed 
by "instantaneous" reaction of the aquo product with 
OH· to form Rh(NH8 ) 50HH. For the intermediate in 
which x- and OH 2 are both bonded to Rh(III) 
a trapezoidal octahedral structure appears most likely 
on considerations of CFAE; in this structure due to tho 
proximity of the leaving group x- and the attacking 
nucleophite (both being bonded by the same metal 
orbital) nucleophilic attack by OH- is less likely than 
by the non-ionic H 20 on electrostatic considerations. 

For the base hydrolysis of Cr (NH3 ).(0NO)"' 
evidence bas been presented 7 1 that the reaction occurs 
by a pseudo-substitution process involving a rupture of 
0-N and not Cr-0 bond: 

slow 
[(NH3 ) 5 Cr-ONO}H~(NH3) 5 Cr-O]++NO+ 

fast 
[(NH3 ) 5 Cr- 0]' +Ha0--+[(NH3 ) 1 Cr- OH]2+ +OR-

fast 
N0'+2 OH---+NO;+H1 0 

' Anionic complexes such as Co(CN),xa- (x- .... 
Cl-, Br-, 1")76 and (X-=NCS-, N&) 78 , Co(CN)5 -

77 ,. 
(S 20 3)"- , Fo(CN)6 (S05 ) 5 - and Fe(CN)a(NH8 ) 3 -

all undergo base hydrolysis by OH-:- independent path. 

43 
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An SNI dissociation mechanism has been suggested 77 

in the case of Co(CN)o(S 903)~- on the basis of 
experimental evidences. 

A•1uations of metal complexes which contain ligands 
(such asp-, NO;, N;), CN-, C0 3 2-, so~•-, HPo.•-, 
S08 •-, -oxalate, malonate, acetylacetonate, biguanide, 
etc ) which can be protonated ev~n in the metal-bound 
state are generally catalyzed by acids. Thus, in contrast 
to the behaviour of M{NH3 ) 5 X2+ (X-= CI-, Be, r) 
the aqua!ion ofM(NH 3 ) 5 f2+ is acid catalyzed due to 
formation of a conjugate acid ( CA) : 

more inert (kinetically) than the corresponding 
biguanide complexes because protonation (which faci· 
litatcs metal·ligand chelate ring cleavage) cannot occur 
prior to opening of the chelate ring in the t"ase of 
ethylenediamine complexes due to absence of any 'free'' 
basic group in the chelated eth)' lenediamine8 7. Thus. 
while for Ct(Bi~Hls a+ the !::,ll-" value is 10.1 kcal 
mole- 1 , the corresponding value for Crlen):)a' is 24 3 
kcal mole 1 , and Co \BigH)a 3 + suffers dissociation in 
acid medium at a mea~urable rate at room temperatwe 
(ca. 30"C) while Co(en)3 a+ remains completely 
unchanged in I M HCIO 4 even for months at 30°C"'. 

The conjugate acid then transforms into the aquo 
pr~duct by either an SNI or SN2 process which are, 
therefore, known as SNlCA and SN2CA mechanisms 
respectively. In many such cases the rate has been 
found to be faster in 0 2 0 than in H 2 0 due to the fact 
that D 3 0+ in o.o is a stronger acid than H 8o+ in 
HtO indicating a fast protonation pre equilibrium 
before the rate step7 • Formation of a conjugate acid 
as an intermediate is also possible in the case of 
ethylenediamine and 2,2'-dipyridyl due to one-ended 
dissociation of these cbelating ligands so that protona
tion occurs at the "free" end of the ligand. This is, 
liowever, precluded in the case of 1,10-phenanthroline 
where because of three fused rings the structure is rigid 
and no free rotation about the C-C axis joining the 
two pyridine rings (as is possible in the case of 2, 2'
dipyridyl) is possible here and in this case, therefore, 
one-ended dissociation is not possible. Hence, while 
the dissociation of Fe(dipy)8 H to Fe (dip)')s(OH 9h 2 + 
occurs partly by an acid-catalyzed path' • this is absent 

8U 
in the case of Fe(phen) 3 9 • • A large volume of work 
has been carried out in the present author's laboratory 
on the a1:id 1:atalyzed reactions of metal complexes such 

71 73 
as Cr(NH3 ) 5 (0N0)3+ Cr( NH3 )5(N8 )"+ , 

81 
Co (NH3 ) 5(N02)2+ , several oxalato80• 83 , malo-
nato83•64 and acetylacetonato•• complexes of Cr(lll), 
Co (acetylacetonate)a u, several biguanide and N-subs
tituted bigllllnide complexes of Cr(lll)"', Co(Ill)87 , 

and Rh(IU188 , oxalatobiguanide complexes ofCr(Ill) 811 , 

Co (phen)9 (0X);•o, etc. Kinetic information also 
made possible the syntheses of several complexes of 
Cr(lll}91 • The possibility of protonation of the 
chelated biguanide prior to opening of the chelate ring 
leads to some apparwtly paradoxical results. Thus, 
both for Cr(lll) and Co lll) and for any particular 
serit>s (tris or bis) of ccmplexes of the biguanides the 
rate decreases in the following seq~;ence of decnasing 
basicity of tt.e ligands all hough stability of tl1e cc m· 
plexes decrease ID the same ~equence : Eiguanide> 
n·Hex}lbiguanide::;:: PhenylLiguanide. This is tecau~e 
promnali•'n of tl:e chdated J;gar d \\-hich facilitates the 
dea\age of the metal-ligand chelate Jir g is exrected to 
be le;s fa\'OUJed in the same sequence as the decreasing 
b;,sicity of the • free" ligands. Again, although 
ethylcnediammine fOJms much l<ss (theJmOd)namically) 
stable complexes 'Aith Cr(IIl) and Co(III) compand 
to biguanide, the etb)lenediamine complex's are much 
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An insight into the mechanism of transfOJmation of 
the conjugate acid tprotonated form of the complex) 
into the product (i.e. the role of water in the trans·tion 
state for the reaction in aqueous acid solution \\hJch 
tells us whether the reaction is SNICA or SN2CA) has 
been obtained from various evidences in some 
cases 83• 8 •·• 8 ; the observed dependence of the rate on 
H+ ion concentration and various acidity lunctious bas 
been particularly usefulsa.ss. 

Electropbilic catalysis by lllltal ions (•imilar to 
catalysis by H+ ions) bas ulso been reported'"' 9>-loo 

as also e~ectroph ~ic cathlysis by HNO~ 07 ' 10 •. Catalys1s 
of aquauon of Cl. -Cr(Ox), (OH 2 ) 0 into CriOx) (OH 2 )4 
by several M2+ ions ot the first tran>idon series m acrd 
media has been investigated by the present author'"• 
and the results have shown that log kM (kM being the 
r_ate const~nt for the metal ion catal)zed path) varies 
hnearly wltb log KMox (KMox bemg the stab•lity cons· 
tant of the monooxalato complex of Ma); the reac
tivity sequence being Cu2+ >N1"' ;;Co2+ _.>Mn•+. This 
suggests the operation of the following mechanism : 

o-C=O o-c~o 

R/" \ R/ I 'M•+ +M•+~ "- I / 
0-C:O 0-~=0 

{9-c\ .. o,,_M>+ 

" / 0-C#O 

slow 
---R+Mc,o. 

where R is Cr(Ox) (OH 2)! moiety. 

Similar results ba\e now been cbtained in our 
latoratory in the case of M(BigH)~+ (M = Cr, Co). 

Several examples of nucleophilic catalysis are al~o 
known such as base catalysis in the dissociation 110 of 
Ni(dipy)i ', rec1mization 11 ol•l of Co(EDTA)-, and di· 
ssociation 87 of Cr(BigH;&+, formation of Cl(lll)-EDTA 
complex in the reaction of several complexes of Cr{lll) 
with EDTA in alkaline media111 , etc. In scme such 
cases OH- acts as a positive catalyst in accelerating the 
rea~ th n, .,. bile in other cases it acts as a negative catal)st 
in retarding tte rerction, the mecbani~ms of \\hich have 
been elucid&t< d. Inddmtally. mention may be made 
tbat ne reactiOns of square-planar complexes such as 

I I o 113 
Pd(EigH)i< and P1(0x)~- in ;:qucous solutions 
containing add and halide ions exhibit both dectropbilic 
catalysis by H"~ ion and D\'cleol hilic catal)sis by halide 
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ion .. Based on kinetic data it was possible to isolateu .. 
Pd(B1gH) -1 8 (unknown so far) and study its conver
sion 119 into Pdcl:-. A similar situation exists in the 
reaction of Pt(Ox)~- with thiocyanate' ••. 

. 'fl?e fo!mation of a metal complex in aqueous solu
tion mvolvtng replacement of aqu•t ligand~ from an 
aquo complex _has been extensively studied. It is now 
fauly well-estabhshed that these reactions i nvolv.: outer
sphere association between t!:Je two reacting species in 
which the incomin~ l~gand is generally believed to 
occupy a solvent Site m the outer solvation sphete of 
the substrate aquo complex. The tran,formation of 
this outer-s~here co!flple:" !nto the product may then 
proceed by either a dJssoc1ahve D or 14 ) or associative 
(A or 1,.) path. In the cases of octahedral complexes 
the mechanisms are generally D, 14 01 I ... while A 
process is almost exclusively found in the reactions 
of some square-planar complexes (to be discussed 
later) which have a definite tendency to add additional 
ligands to increase the coordination number of the 
central metal ions in these complexes. In the major.ty 
of cases of octahedral complexes the interchange rr.e<ha
nisms operate in which bond-formation by the incoming 
ligand and cleavage of the M-OH 8 bond are synchro
n?us. Such a mechanism has in fact been proposed by 
E1gen116 and used by others for the reactions of lailile 
aquometal ions Cr( OH 2 ): + bas betn found tO react 1 1 7 

with a variety of anions of st~ong acids at widely 
different rates. indicating sigmficant incoming ligand 
participation in the transition state ; the slope of the 
LFER plot of 6G vs. 6G* also sugglsls some associa
tive character (Ia mechanism). ln contrast. the range 
of rates of reaction for Cr~OH) (OH2 )~+ with the same 
se~ies of li~and~ i_s small, which suggests a predo
mmanlty dJssoctatlve mechamsm. Earlier work lle 

however bas shown that the reactions of Co(NH 3 )

(OH2)3+ with various ligands (X) are fairly insensitive 
to the n~ture of X (X-CI-, Be, l'\03, N(S-;:, H 2 PO;;, 
NH8 ) wnh rate constants in the range of 1.3 x to-a to 
2.5 x to· 8 M" 1 sec-• (at 2s•q as con rartd to the 
~ater exchange rate constant of 6 6 x 10- • (expressed 
m M- 1 sec-• ). Melson and Wilkins11 9 have shown 
that the second order rate cor slants for the formation 
of mono complexes of Ni(ll) from Ni(OH2)~+ with 
NH3 , N 2H,, py, phen, dipy. terpy. etc. are all in the 
range of 2 x 108 to 3 x 10 8 M-• sec·l (at 2s•q which 
also suggests a dissociation mechanism as for the reac
tion of Co,NH 3 ) 0 (0H 8 )a+. 

Formation of the monooxalato120 and monon·alo 
nato'"' complexes of Cr(lll) from Cr(OH 0 )!+ and the 
protonated forms of these ligands in acidic aqueous solu
tion occur by a mechanism involving outer-sphere 
~sociatioo {due to ion-pairing and hydrogen bonding 
mteractions) between the reaction species and its trans
formation into the product by an essentially dissociative 
process in which lo!oS of a water molecule from the 
bexaaquochromium (lll) ion is only important in the 
tran.sition sta~e with no significant bond fotmation by 
the mcoming ligand. A much lower 6H"': v11lue for the 
corresponding reaction with glycine. however, suggests 
significant associative character of the process~ 39 • 

Formation of Cr(NH3 ) 8Xs+ complexes (X-=chlc• 
ride~03 • thiocyaoate123 , azide124 ) have been studied 
and results are consistent with SNIJP mechanism ; 
Cr(OH) (OH2 )~+ also reacts with Njj by a similar 
process1 u. In a study of the cNresponding reaction 
of Cr(NH 3 ) 5 (0H 0 )•+ with acetate in HOAc NaOAc 
buffer mediaU 6 both SNI and SNIIP parallel reaction 
paths have been established. The formation of 
Co(NH3 ) (N3 o+ from Co(NH8 l.(OH~)a+ and azide 
(in HN3-Njj buffer media as in our studies' H) also 
proceeds by an SNliP mechanismu•. A similar 
mechanism has also been suggested by us for the forma
tion of Co(NH3 ) 4 (glycine)3 + from Co~NH3 ) 5 (0H2 )3+ 
and glycine in aqueous solution 12 •. 

In the formation of Cr(Ox) 2 (AA)- from cis-Cr(Ox) " 
(OHs}ii (AA = phen, dipy} results are consistent with 2a 
dissociative mechanism for the reagent independent path 
and an associative mechanism for the reagent dependent 
p~th' 28 •• In the formation of Cr(BigH)~(Oxl+ from 
w-Cr(B1gH)o(OH 2)~+ SNIIP mechanism has been 
established 89 • Other fcrmation reactions studied in 
our labor:!tory inclu<!e formation of Cr(III)-EDTA com
plexes from several chelate complexes of Cr(lll) and 
EDTA in alkaline media mentioned earlier11 1 and the 
formatio.n of Rh(lll)~l:D!A complex from RhCJ~- and 
EDTA In HCl med1a10 all of Which have interesting 
mechanistic features. 

Mention has to be made in this connection about 
ligand subslltmion by n:dox mcchani6m. As early as 
1927 R·•y 130 rcpllr•ed the preparation of salts of the 
anion Co(CN),(S20 3 )•- by the action of CN· on 
Co(NH 3)&(S.Od)+wl.ich apparently involves replacement 
of NH 3 by eN· in the Co(IU) complex. Later on simi
Jar reacticns with other complexes of the t)pe Co(NH8 ) .

xu (X-= c1·, Br·, I-, NO;, N;, Ncs-, CN- and 
OH·) tave been carried out by others. But similar 
complexes where X-NH 3, OAc-, NO&, co~·, so:~ 
and Po~- give ribe to C.:o(CN)~- as the sole product: 
while when X =F- ca. ~O%Co(CN)~- and ca. tO% 
Co(CN) 5 1:- 3 " are formed. lt is now knownTSt-ua 
that these reactions are catal)zed by traces of Co(Il} 
present and actually involve electron transfer reactions 
proceeding by an inner-sphere (J.S.) mechanism in 
those cases \'llhere X is a ligand having good bridging 
pr~perties leading to the formation of Co(CN).x"- ; 
while when X is a ligand having poor or no bridging 
properties the reaction occurs by an outer-sphere (O.S.) 
mechanism forming Co(ONH- and both pathways are 
observed in the case of Co(NH 3) 5Fu. In eN- medium 
Co(ll) exists ebsentially as Co(CN)!" with only traces 
of Co(CN)~- due to the following equilibrium 

K 
Co(CNW +CN-~Co(CN)a· 

the value of K is not known but an estimate is J0- 1 > 
K> I o- 4 • This eqUilibrium results in the following 
paths for reaction depending upon the nature of X as 
mentioned above : 
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Outer-.vphere mechanism : 

111 n kos 
(H1N)aCo X+Co (CN,~"-(H,N),CoX, Co(CN):-

1 
SNH, +X+Co11 + Co(CNJ3' 

l CN' 
Co(CN)l"+CN·;;;:::::=:co(CNJ&-

Evidence for the I. S. path in the case ofCo(NH3 )5 -

(*C!"JH has been obtained' a. by using the complex 
havmg CN' labelled with radio-carbon where all the 
•c.< was observed in the product Co(CN).(''CN)''· 
In this reaction the initidl Co( Ill) product formed is ob
viously the N -bonded Co( CN) • ( NC) 3 - which is very 
unstable' 31 and this transient intermediate changes to 
the stable Cbonded Co(CN)g· and the half· 
time for this transform:1tion is 1.6 sec (at 25"C). 
Similarly, the 0-bonded intermediate Co(CN• 5 (0N0) 3 -

is formed initially in the reaction of Co(NH 3)a(N09 )B+ 
which changes into the stable N-bonded 1 s• Co(<.:N) 1 -

(NOs)3·. In the reaction of N-bonded Co(NH 3 ) 5 -

(NCSjH, however, the S-bonded product Co(CN).
(SCN)3· formed is stablets 3 s·nce Co(CN)i- is a 
"soft • acid while Co(NH3 H· is a "hard'' acidta2 
(HSAB concept136). In the Calle of co:NHa).(N ;Se)H 

the unstable Se-bonded intermediate, Co(CN)6(SeCN)3-, 
by rapid aquation gives Co(CN).(OH0 j•· as the 
product133• 

Similar are the catalysis of reactions of inert Cr(Ill) 
complexes by Cr(Il)13 •. and of Pt(lV) complex~s by 
Pt(ll) complelles1 3 8 • The Cl- exchange of AuCl4 is 
also accelerated by one-electron redu~ing agents Fe(ll) 
and V(IV) due to generation of the unstable Au(II) 
intermediate which c:1talyses the ex~h3rge13 9 • Two
electron reducing agents are ineffective, as also Au(l}. 
Similar results have been observed 1 •? for ligand 
exchange in PtCI:-. The ligand exchange in low-spin 
Co(lll) complexes which are inert is also strongly 
catalyzed by Co(ll) 14 ~. 

Sq·4are-planur Cump/exes : 

trans position to X (trans-ejfect)~u.us. It also 
depends very much on the nature of the incoming 
ligand Y; a ligand having pi-bonding (M-L) ability 
which has high trans-effect is also a good reagent, 
while even the most strongly nucleophilic OR- and 
CHaO· are elltremely poor148- 1 u. The reactions 
also exhibit pronounced steric effects• ulb,>; blocking 
the entering-group attack positions above and below 
the plane greatly reduces the rate. Cis blocking is 
more effective than trans blocking which indicates 
trigonal bipyramidal geometry for the transition state. 
Unlike in the case of complexes of Co(III) and Cr(Ill) 
the rate of ligand substitution in complexes of Pt(ll) 
is almost insensitive to the overall charge on tbe 
complex indicating associative SN2 mechanism in wbicb 
both Pt-X bond breaking and Pt- Y bond formation 
are of comparable importance in the transition 
state1 'alblo1' e. 

The relative rates (Group replacement factor, GRF) 
for replacement of the halide ligand from Pt(dien)x•+ 
by pyridine are 1 : 0,64: 0.29 (at 30°C)15? for Cl-, 
Br-; and I; which·is the pattern for SN2 reactions for 
aromatic compounds. indicating an associative 
mechanism with significant bond-making in the transi
tion state. 

Very significant are the observations of Grinberg 
and Nikol'skoya1611"l that the rate of ligand exchange 
in PtX~- decreases in the sequence CN->l;>Br->CI
which is also the sequence of decreasing thermodynamic 
stability of the complexes. Subsequently Grinberg and 
co-workers161 1bl """ lu reported that the more stable 
Pt(thiourea):+ undergoes very rapid exchange with the 
free ligand in solution, while the corresponding reaction 
of the much less stable Pt(CsH5 NH;)! • is very slow. 

Based on detailed and systematic studies on the 
kinetics of ligand substitution in complexes of Pt(II) it 
is now well-established that the reactions in general 
follow the rate lawt u. J H- ~ u, 

Rate-{ks+ky [Y)l [Complex] 

Ligand substitution reactions of square-planar com· 
plexes aho have several interesting features. Much of 
the information have been obtained from detailed studies 
on the complexes of Pt(ll) and less extensively on Pd(II) 
and Au(IU). Substitutions in complexes of Pt(II) are 
highly stereospecific i.e. the cis ison.er always gives the 
cis product and the trans isomer the trans product. The 
rate of substitution of the li;;and X in a complex of Pt(II) 
depends on tho nature of the ligand X being 
replacedu~. the ligand in cis positions to X (cis· 
ejfect)1 n and more particularly o n the ligands in the 

where ks and kv are the rate constants for the reactions 
involving displacements by solvent, S, and reagent, Y, 
respectively but both eventually leading to the same final 
product. The general mechanisms for the reactions by 
Path I (ks) and Path II (ky) now widely accepted aro 
those essentially based on the original proposals of 
Banerjca, Basolo and Pearson3 • In this the square
planar complex is believed to exist in solution as a bis 
solvated species of coordination number six with tbe 
fifth and sixth groups (the molecules of the solvent) 
weakly bonded to the Pt {II) from above and below the 
plane for which indirect but convincing experimental 
evidences exist. The reactions occur through the 
formation of a tro1nsition state of coordination number 
5 both in the solvent dependent and reagent dependent 
paths. From theoretical considerations based on ligand 
field stabilization energy and ligand-ligand electrostatic 
repulsion it follows that both square pyramid and 
trigonal bipyramid structures are nearly equally probable 
for tbe species of coordination number S. But in the 
presence of a ligand capable of forming pi-bond (M-+L) 
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the trigonal bipyramid is the preferred structure. Experi
mental evidences have been adduced in support of both 
square pyramid15 2 and trigonal bipyramid145 tblou a 

intermediates for reactions in different Pt(Il) systems. 

It is significant that while PtCI~ 2 ·- undergoes ligand 
exchangeu"' predominantly by Path I with Path II 
making a small contribution, the analogous reaction of 
AuCI4:, which is iso-electronic with PtCl, •-, is ca. 200 
times faster (at 25°C) and Path II accounts for a larger 
fraction of the total exchange15 • in the case of AuCI4. 
This difference in behaviour is evidently due to a lower 
overall negative charge in AuCt-;: compared to that in 
PtCI 4 2-. But the order of reactivities of different 
nucleophiles towards Au(III) substrate is comparable 
to that for Pt(Il)15 6 • Thus, the behaviour of the 
complexes of Au(III) is comparable to those of Pt(Il) 
but bond-making is more significant than bond-breakin~ 
in the case of Au(lll) so that rate increases significantly 
in this case which increases in the overall positive charge 
of the complex and Au(III) complexes react much 
faster than those of Pt(II). 

Kinetic data have been furnished 15 7 to indicate that 
trans-effect which is so pronounced i 1 the case of reac
tions of complexes of Pt( II ) is absent in the case 
of complexes of Pd( II ). Polarographic data~ • 8 

indicate that the thermodynamic stability order is 
trans>cis both in the case of complexes of Pt(ll) and 
Pd(ll). Hence, the observed 1 • 7 reactivity order 
trans>cis for Pt(II) and cis >trans for Pd(II) are 
purely kinetic characteristics of these systems. It has 
indeed been suggested144(ol that trans-effect should be 
much less significant in complexes of Pd (II). 
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