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During the past few years a number of significant results have been reported on the 
kinetics of ~bst~tut~on reactions at metal ion complexes. The considerable number of 
data available have encouraged empirical approaches to discover the factors infhencing 

the rates of these reactions. General conclusions have been drawn mainly from studies on 
the effect of ligands already bound and remaining at the metal ion. We sbali term these 
glands ~o~-~e~~~g ligands. The ligand is frequently described as the electron donor and 
the metat ion as the electron acceptor. These terms are also used in a dhierent sense for 

* Dedicated to Hemann Harmann on the occzkon of his 60th birthday. 
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electron transfer reactions, e.g. the reducing agent is considered as the electron donor (ED) 
and the oxidizing agent as the electron acceptor (EA). For the sake of clarity the terms 
electron pair donor (EPD) for a Lewis base and electron pair acceptor (EPA) for a Lewis 
acid respectively’ will be used throughout the text. 

Pun&&i and Tan&a2 correlated rates of substitution with the EA parameter of 

Edwards, which as a redox factor has been quoted as being a measure of the extent of 
electron donation of ligands3. Wells4 questioned, however, whether the oxidative dimeri- 

zation process is a valid model for acceptor-donor interactions in substitution reactions. 
Attempts to correlate the rates of dissociation of water molecules from niclceI(i1) com- 
plexes with the Dq values of the non-leaving ligands were unsuccessfu12**. Caldin related 
water-exchange rates to the electron density at the perimeter of the reacting metal ions, 
which according to Eigen and Wilkins’ is altered by the local charge density at the ligands 
present in the coordination sphere. The stronger the electron pair donor (i.e. the ligand) 

in the coordination sphere of a metal ion, the faster is the water exchange rate8. Hunt’ 
and Gutmann’ ~dependently realized that the bgands of a complex have electron pair- 
donating or withdrawing effects which alter the effective metal ion charge. Good electron 
pair donors enhance the rate of water replacement”. Pearson and Basolo” assumed that 

the n-bonding ability of the remaining ligands enhances the rate of dissociation of a complex. 
Langford and Sastri” suggested that a good o-donor ligand would be a good labilizing 

group. A different view has been put forward by Bennett0 and Caldin13, who have related 
kinetic data for ligand exchange with structural properties of the solvents. They assumed 

the solvent fluidity to be an important variable, whereas Shu and Rorabacherr’ suggested 
steric factors to be responsible for Bennett0 and Caldin’s results. 

Recent studies in non-aqueous solvents’* confirmed that the strengths of the metal 

ligand bonds determine the observed variation of rate constants6-lo. 

B. THE STRENGTH OF hfETAL ION-LIGAND BONDS 

/i) The concept of dmic?y 

The characterization of metal ion-ligand bond strength by electrochemical quantities 
has been reported recently”, and in view of the lack of thermodynamic data the following 

empirical approach has been presented. 
The ability of a Iigand to function as an electron pair donor (BPD) towards antimony(V) 

chloride is repiesented by the -ANvalue of the reaction of the EPD with SbCl, in dilute 
solution in 1,2-dichloroethane”* “. 

EPD + SbCI, = EPD . SbCl, ; -AHEm. sm = DN 
S 

The negative M value of this reaction was termed “donor number” or donicityS7. DO- 
nicities (DN) and dielectric constants (e) for various EPD solvents are listed in Table I. 
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TABLE 1 

Donicities DN and dielectric constants I of various EPD solvents 

Solvent 

1.2”Dichloroethane (DE) 
Sulphuryl chloride 
Benzene 
Thionyl chloride 
Acetyl chloride 
Tetra~hIoroe~yIen~ carbonate 
Benzoyl fluoride 
Benzoyl chloride 
Nitromethane (?+%I) 
Dichloroethylene carbonate 
Nitrobenzene (NB) 
Acetic anhydride 
Phosphorus oxychloride 
Benzonitrile (BN) 
Selenium oxychloride 
Acetonitrile (AN) 
Sulphokme 
Propanediol 1,2-abonate (PDC) 
Benzyl cyanide 
Ethylene sulphite 
lsobutyronitrile 
Propionitrile 
Ethylene carbonate 
Phenylphosphonic difYuoride 
Methyl acetate 
n-ButyronitriIe 
Acetone (AC.) 
Ethyl acetate 
Water 
Phenylpho~hon~c dichloride 
Methanol 
Diethyl ether 
~e~~ydrof~~ 
DiphenyIpho~honic chloride 
Trimethyl phosphate (‘IMP) 
Tributyl phosphate UBP> 
Dimethylformamide (DMF) 
N-Methyl-e-caprolactam 
N-Methyl-2-pyrrolidone 
N,N-Dimethylacetamide @MA) 
Dhnethyi sulphoxide @MS01 
~~-Die~y~orm~ide 
~~Die~y~~~~de 

&dine (~50 
Hex~e~ylphosphoric~~de (HMPAJ 

0 For water as a solvent DN e 33 

DN 

0.1 
0.1 
0.4 
0.7 
0.8 
2.0 
2.3 
2.7 
3.2 

1::: 

11.7 
11.9 
12.2 
14.1 
14.8 
15.1 
15.1 
15.3 
15.4 
16.1 
16.4 
16.4 
16.5 
16.6 
17.0 
17.1 
18.0p 
18.5 
19.0 
19.2 
20.0 
22.4 
23.0 
23.7 
26.6 
27.1 
27.3 
27.8 
29.8 
30.9 
32.2 
33.1 
38.8 

c 

10.1 
10.0 

2.3 
9.2 

15.8 
9.2 

22.7 
23.0 
35.9 
31.6 
34.8 
20.7 
14.0 
25.2 
46.0 
38.0 
42.0 
69.0 
18.4 
41.0 
20.4 
27.7 
89.1 
27.9 

6.7 
20.3 
20.7 

6.0 
81.0 
26.0 
32.6 

4.3 
7.6 

20.6 
6.8 

36.1 

38.9 
45.0 

f2.3 
30.0 
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TABLE 2 

DN values extrapolated from NMR data and pKa values2’ 

EPD p% DN 

Pyridine 5.2 33.1 
Hydrazine 8.0 44.0 
Ethylenediamine 9.9 55.0 
Ethylamine 10.6 55.5 
Isopropylamine 10.6 57.5 
rerf-Butytamine 10.8 57.5 
Ammonia 9.25 59.0 

Systematic studies’ of interactions between EPD molecules and various electron pair 
acceptors (EPA) have reveafed that the reIative order of EPD strengths as observed towards 
SbCI, is essentially the same as that observed towards a considerable number of other 
EPA molecules, such as iodine, phenol, SbCI, , Sn(CH&CI or VO(acac)p. However, if the 
relative donor strengths are determined for “hard” and “soft”l’ EPD molecules towards 
both a hard EPA and a soft EPA, reversals of donor strengths are possible. For example, 
an EPD sulphide (soft) will coordinate more strongly towards iodine (soft) than the 

corresponding oxide, which is hard ** _ The reverse is true for the hard EPA pheno12’. 
Furthermore, the application of donicity is not possible when steric factors come into 
play, as has been observed in the interactions of HMPA and (CH,),NO towards various 
metal ions22T13. 

For homologous amines a relationship seems to exist between the pKa values of their 
corrssponding acids and the donicities. 

Approximate vaiues for the donicities of halide ions have been derived from thermo- 

dynamic data for the reactions 

[VO(acac), AN] + X- * [VO(acac),X]- + AN 

namely about 14,20,26 and 40 for iodide, bromide, chloride and fluoride ions respective- 

IY I*‘*. Due to dgferent degrees of solvation in different solvents the actual value in a 
given solvent may, however, be considerably different from the above values’ “*. 

[ii) The functional approach 

The functional approach to chemical interactions provides a simplified pattern for the 
dynamics of electronic changes involved in the course of chemical interactions’. It ac- 
counts for the fact that coordination leads to changes both in redox properties and in 
bond properties of already existing bonds. For example, the reducing action of lithium 
(electron donor = ED) towards water induces the exercise of the Lewis acid funcrlon 
(electron pair acceptor = EPA) at the lithium ion which is hydrated by water moIccuIes 

functioning as Lewis bases (electron pair donor = EPD). The coordination of water mole- 
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cules at the metal ion induces the polarization of the O-H bonds of the former. The 
partial charge transfer of positive charge from the Iithium ion to the hydrogen atoms of 
coordinated water molecules Ieads to a decrease in net charge at the lithium ion and to 
an increase in net positive charge at each of the hydrogen atoms. 

EPA EPD 
EA ED 

According to the functional description, a uniform pattern for charge transfer phe- 

nomena is provided by considering not only inductive and mesomeric effects within the 

molecules, but also charge transfer benveen the molecules. In the formalism of the unified 
treatment all electron density shifts along existing bonds are denoted as ED-EA inter- 

actions, although the actual changes in charge density may be very small. 
Likewise the oxidizing properties (electron acceptor = EA) of fluorine evoke the 

exercise of EPD functions at the ffuoride ion produced, which is hydrated by the for- 

mation of hydrogen bonds accordingly. Since the water molecules act as EPA towards the 
fluoride ion, the redistribution of the electrons leads to a decrease in-net negative charge 
at the fluoride ion and to an increase in net negative charge at the oxygen atoms of the 
coordinated water molecules2ga. 

EPD EPA 
ED EA 

(iii) Definition of outer-sphere effects 

The concept of outer-sphere complex formation introduced by Wernerz6 in 19 13 
refers to the interaction of coordinatively saturated complexes (usually complex ions) 
with further ligands 27 The terms “coordination in the second sphere” or “super-complex . 
formation” are sometimes used as well. Unfortunately use is also made of the term “ion; 
pair”, which was introduced by Bjerrum2s in order to account for conductivity phenomena 
in more concentrated aqueous electrolyte solutions. The latter term cannot be used for 

coordination of neutral ligands in the second coordination sphere, but its application to 
ionic iigands in outer-sphere complexes has Ied to considerable confusion. 

Let us consider an aqueous solution containing both cobalt(B) and chloride ions. Both 
ions are hydrated with hydration structures not completely known, and indeed outer- 
sphere effects are involved in coordination of water molecules to water molecules 
coordinated in the inner hydration spheres”. 
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The term ion-pair has been designed for the loose contact of such ions in solution and 

it is understood that the charged coordination centres may be separated by several spheres 
of water molecules. If both ions have tight salvation shells, interactions between these 
ions in the sense of outer-sphere coordination is not taking place and consequently the 
term “outer-sphere coordination” is misleading. Both for the formation and separation 
of such ion pairs the best approach available remains the elementary electrostatic theory. 
Cations and anions are coordinated by the solvent molecules in different ways. For 
example, hydrated cations are coordinated through the oxygen atoms of the water mole- 

cules, which function as EPD, while hydrated anions are coordinated through the 
hydrogen atoms of the water molecules making use of the EPA properties of the solvent 
molecules. The interactions between the tight solvation spheres of cation and anion are 
weak and separation is readily accomplished by increasing the dielectric constant of the 
medium. 

On the other hand in this example the chloride ion may penetrate the outer hydration 
sphere of the cobalt ion to be coordinated directly into the second coordination sphere 
to form an outer-sphere complex. In this process the ion pair has to undergo considerable 
changes: even in the first hydration sphere the chloride ion has to lose at least one water 

molecule while the cobalt ion has to provide one coordination site in the second coordina- 
tion sphere. Separation of the outer-sphere ligand is not accomplished by increasing the 
dielectric constant of the medium. 

-0 /” 
- co2;t_ 0 

/\ \“\W’ 
/ \ 

This type of outer-sphere complex may be considered as a non-ionized species con- 

sisting of constituents of different charges; the elementary electrostatic approach is no 
longer satisfactory as dissociation of the charged ligand in the second coordination 
sphere will involve the coordinating interactions required for the ionization of a covalent 

substrate in a coordinating solvent2’. 
Hence the stabilities of ion pairs and of the corresponding outer-sphere complex are 

different and equilibria are established in solution between the two types of species, for 

example 
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ICo(OI-L)J *+[Cl@-IOH),] - * [CO(OH,)&~HOH)~]+ 
ion pair outer-sphere 

oompfex 

withn>pandnz>q. 
Data concerning the existence, composition and stability of such species are often 

controversial, as research has focussed on the properties of isolated complexes. For in- 
teractions in solution the elementary electrostatic theory has frequently been preferred 
and in this way complex-solvent interactions in solution have hardly been treated from 
the point of view of coordination chemistry. 

The characteristic features in outer-sphere complexation may be considered as 
EPD-EPA interactions between coordinated ligands and those to be coordinated. The 
changes induced in the electronic arrangement of the species are best described by the 
functional approach to chemical interactions’ which divides complex compounds ac- 
cording to the functions exercised in complex formation_ Hence we shall d~tingui~ 
between complexes with EPD ligands and with EPA ligands respectively. The course of 
electronic changes following the coordination of the ligand in the outer-sphere will be 
different for both types of compounds and we shall term these thy, outer-sphere effect 
for EPD lipands and the outer-sphere effect for EPA ligands respectively. It is obvious 
that the former effect is more common than the latter. 

(iv) The outer-sphere effect for EPD ligands 

(a) Hydration of cations 
The functional approach’ emphasizes the electron changes within the molecules induced 

by coordination- The differences in properties between hydrated and non-hydrated water 
molecules are due to the increase in EPA properties of the hydrogen atoms of water 
molecules following coordination to a metal ion. The formation of a coordinate bond bc- 
tween a metal ion and water molecules evokes an electron drift from the hydrogen towards 
the oxygen atoms of the coordinated water molecules. The O-H bond length is increased 
and the hydrogen atoms of the coordinated water molecules are more acidic than those 
of bulk solvent molecules=. The water molecules around the fkst hydration sphere will 
prefer to interact with the more acidic hydrogen atoms of the coordinated water mole- 
culeP . 

This leads to outer-sphere coordination with formation of hydrogen bonds. The bonds 

between the first and second coordination spheres are stronger than those between un- 
coordinated water molecules. The electron shift from oxygen atoms of the second-sphere 
water molecules to hydrogen atoms of the fist-sphere water molecules will be continued 
towards the metal ion-oxygen bonds of the first spherel‘ja and this results in an increase 
in metal-oxygen coordinate bond strength. 
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Coordination in additional hydration spheres will still be favoured compared with 
hydrogen bond formation between uncoordinated water molecules as long as the hy- 
drogen atoms of the outer-sphere water molecules are sufficiently more acidic than those 
of bulk water molecules. 

The bond distances within the hydrated ion as compared to those in buik water units 

-06 H (/ 
“-“\H 

bond 2’ bond& 

are as follows: bond (2) and bond (4) are longer than bonds 2’ and 4’ respectively and bond 
(4) is not as long as bond (2). All these effects are cooperative in that they all work in the 

same direction, e.g. bond (I) is shortened by the electron flow from the EPD hgand in the 

outer coordination sphere towards the inner core, as is indicated from the results of CNDD 
calculations’6a. 

We may formulate the outer-sphere effect for EPD ligands as follows: outer-sphere 
coordination by EDP Iigands leads to an increase in bond energy in the inner coordination 

sphere and hence to an increase in compIex stability. 
The extent of this effect will be influenced (a) by the extent of EPD-EPA interaction 

between first sphere ligand and coordination centre, e.g. by the strength of the coordinate 
bond (1); (b) by the amphoteric properties of the ligands in the fust coordination sphere) 
and (c) by the EPD properties of the outer-sphere Iigand. 

A very remarkable relationship exists between solvent donicity and chemical shift of 
the “Na nucleus in solutions of sodium perchlorate or sodium tetraphenylborate3ry3* in 
the respective EPD solvents. A nearly straight line (Fig. I) is observed for different EPD 
solvents and only water behaves as a much stronger EPD than would be expected on the 
basis of its donicity. It falls, however, on the line r6with a donicity of 33. This increased 

donicity in water as solvent compared with that of water molecules in non-aqueous 
solvents is due to the outer-sphere effect for water molecules. For water as a solvent the 
term bulk-donicity has been introducedr6 and indeed in solutions of ail amphoteric sol- 
vents the bulk donicities should be considered rather than the donicities. This concept 
also proved useful in comparing redox potentials in water and in non-aqueous sol- 
vents”% 30,s. 

(bj So&at&~ in -s$ven* r+@res 
In mixtu~~i &rmposed’of two &lvents of different donicities the plot of-the sgCo 
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O- 
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Fig. 1. Relationship between solvent donicity DN and chemical shift of the “Na nucleus in solutions 
of NaC104 in various EPD solvents. 

chemical shift in C&acac), vs. buIk solvent composition does not yield a straight line 
and this is art indication of preferential sohation by one of the two solvents34*3s *. The 

“iso-salvation” point designates the composition at which the chemical shift lies midway 

between the values for the pure solvents. 
In solutions of sodium tetraphenylborate in mixtures of dimethyl sulphoxide (DMSO) 

and acetonitrile (AN) the iso-solvation point occurs at TZ: 15 mole% DMSO, indicating 
the not unexpected higher solvating ability of this solvent36 (Fig. 2). The difference in 
soivating abilities of acetonitrile and pyridine are less pronounced (iso-sob&ion point at 

40 mole% pyridine), although pyridine has a higher donicity than DMSO. In order to 

reach a donicity of 26,20 mole% DMSO or 45 mole% of pyridine are required. 
The outer-sphere effect may account for these phenomena, as long as substitution 

00 a2 04 0.6 0.6 10 
mole traction (CJMSO-p-p---) 

Fig. 2. Chemical shift of =Na in mixtures of DMSO and py in AN. 

* Recently evidence has been found for the preferential solvation of Cr(DMSO)$ cations by DMSO in 
DMSO-NM mixtircs. CH. Langford, R. Scharfe and R. Jackson, &OQ. NucL Chem Lett, 9 (1973) 
1033. 
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in the inner salvation spheres does not take pIace. Several outer spheres are possible with 

DMSO, but ntlt with pyridine. 

i 
cw, CM3 

--e-m I 1 
M”&--N=C-C-H-=-O---$+-O- “2s 

i 
I I 

CH3 C% 

fn contrast to pyridine, DMSO is a highly associated liquid with a chainlike structure3? 
in which the sulphur atoms act as EPA towards the oxygen atom of another DMSO 
motecule38. A recent study of the Briliouin scattering by pyridine39 shows extensive 
disruption of the DMSO structure by pyridine. Addition of small amounts of pyridine 
to a solution of NaCIO, in DMSO does not displace the latter from the sodium ion, al- 

though the donicity is enhanced 40 _ The increase in donicity may be due to the outer- 
sphere effect of pyxidine on the metal cation coordinated by DMSO. 

The tendency to outer-sphere complexation will be governed not only by the electronic 
properties, but also by steric effects. 

Owing to outer-sphere effects the danicity of a solvent mixture cannot be calculated 

from the composition and the donicities of the component solvents. 
Ammonia has a higher donicity than water, but water shows preferential solvation 

towards many metal ions. Before ammonia can replace a water molecule in the inner sol- 
vation sphere, it forms an outer-sphere complex. In this the metal-oxygen bonds are 
stronger and the H-O bonds of the inner sphere water molecules weaker than in the 
hydrated ion. 

&CD . EPA 
ED EA ED EA 

EPD EPA 

The interaction may lead to deprotonation of coordinated water molecules with for- 
mation of ammonium ion and the hydroxo complex of the metal, which is even more 

stable than the outer-sphere ammonia complex. 

(v) The outer-sphere effect for EPA Iigands 

Anions are stab%zed by coordination with figands which function as ekctron pak 
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acceptors towards the electron pair providing anions’. In aqueous solution the fluoride 
ion is coordinated by water molecules through one of their hydrogen atoms2Pa. In this 

way negative charge is withdrawn from the fluoride ion and transferred through the 

hydrogen atom to the oxygen atomr6=. This is reflected in increased EPD properties at 
the latter. Water molecules coordinated in the first hydration sphere will be able to build 
up a second hydration sphere by making use of the stronger EPD functions of water 
molecules coordinated to an anion as compared to those of bulk solvent molecuies. 

The additional dispersion of the negative charges originally situated at the fluoride ion 
coordination centre over the oxygen atoms of outer-sphere water molecules leads to a 
corresponding increase in the bond energies of the inner-sphere coordinate bonds30. 

However in the hexacyanoferrate ion, the nitrogen atoms of the cyanide ligands show 
basic properties and hence water can be ~oord~ated in the outer sphere with formarion 
of hydrogen bonds. The Fe-C bond is weakened by this outerfsphere coordination and 
replacement of the water molecules by formic acid in the outer spheres leads to a further 
weakening of the Fe-C bond?. 

&crease EPO EPA 
8” bona 
strength 

Hence the outer-sphere effect for EPA ligands may be formtdated as follows ozcfer- 
sphere coordination by EPA ligands leads to a decrease in bond energy of the inner-sphere 
metal-ligand bonds. 

C. KINETICS OF SUBSTITUTION REACTIONS 

1i.l Generaf 

Much evidence has accumuIated in support of the hypothesis that the rate-determining 

step of a substitution reaction of octahedral complexes involves the loss of the ligand 
which is substituted from the inner coordination sphere’* 41 . This is thought to be pre- 
ceded by the rapid formation of an outer-sphere complex in which the entering &and E 

is coordinated to the inner coordination sphere of the coordination centre. 

wL,]“+ + E == [L,ML4]‘r+ (0 
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If E is a charged &and, the outer-sphere complex formation is preceded by the formation 

of an ion-pair. 

[ML,]‘r++ lE,J”-= tML,]““[Esu,lm- (2) 

The overall formation rate constant k, is usually formulated as the product of the pre- 
equilibrium constant Kp (which is a composite constant, namely those of ion pair for- 
mation and of outer-sphere complex formation) and the rate constant for the &and-loss 

process, i.e. the dissociation rate constant k,, . 

kl =~pk,, (3) 

Kp is usually estimated by means of the Fuoss equation42, in which the interatomic dis- 
tances, the electronic charges and the macroscopic dielectric constant are taken into 
account. The Fuoss equation is applicable to charged Iigands only, and a similar equation 
has been derived for neutral ligands43. 

Equation (3) is generally not applicable to reactions in non-aqueous solvents, as the 
coordinating properties of the solvents are not taken into account in the estimation of 
Kp. These are important, however, especially for uncharged ligands involved in the pre- 
equilibria’. Accordingly, different values for KP were obtained for the reaction of 
nickeI(I1) with bipyridyl in different solvents, even in those of similar dielectric con- 
stant13. Systematic investigations in non-aqueous media will be necessary to discover 
to what extent the pre-equilibrium constant Kp is related to coordinating effects. 

We shall consider the substitution in an octahedral complex. 

[L:M-Llfic + Em-== [L;ME](n-m)t -I- L (4) 

Em-is the entering Iigand, L the leaving &and and L’ the non-leaving &and. Em; L 

and L’ may be solvent molecules or other ligands, solvent exchange being merely a special 
case of substitution. The rate-determining step of this reaction can be formulated as the 
dissociation of the &and to be substituted. 

[L;M-LIW+ [L;MJ”+ + L 

it may be anticipated that the rate of rupture of the metal-@and bond M-L follows the 
inverse order of the bond strengths. The bond M+L in a complex of the type 

[L; M+L] n+ 

EPA EPD -. 

. 

may be considered as the result of the EPA interaction of the ion [L;Mfrrc and the EPD 
interaction of the ligand L. 

While the EPD properties of the hgands may be characterized by their donicity, no 
corresponding values are available for the EPA properties. The EPA strength of a cation 
is reduced by increased EPD properties of the ligands L’, and hence the strength of the 
bond to be dissociated also depends on the nature and on the number of the non-leaving 
ligands. 
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Fig. 3. Plot of donicity DN of L vs. log k, for reaction of ClsSbL with Ph,CCI. 

(ii) hner-sphere effects 

Three possible cases may be discussed in order to account for the effect of variation of 
the inner-sphere composition of a complex on the substitution rates. 

(a) The leaving I&and is varied 
Studies of reactions of the type 

[Cl,M-L] + Cl-F* [MCI,+,] -c L 

have been carried out in different EPD solvents, with L being variedW. 

TABLE 3 

Rate constants and equilibrium constants for reaction (7) in different solvents L 

(6) 

DN 
kl k2 
(Lmolea set-‘I (set-‘1 

“[SbCi, ] - 

at 20°C at 20°C Kinetically Spectrophoto- 
metrically 

DE 1.7 x 10” 5 3.5 x los > lo5 
NM 2.7 4.2X 10’ 3 1.4x los > IO5 
BN 11.9 3.3 x los 10 3.3 x lo4 

AN 14.1 1.7 x lo5 17.5 1.1 x lo4 los 
PDC 15.1 3.4 x lo4 16.4 1.3 x lo3 3x IO2 
PhPOClzQ 18.5 1.9 x lo2 2 9.6 X 10’ 4x lOI 
TMP 23.0 5.1 x lo3 6.5 X 10’ 7.8 x 10’ 2x IO0 

cI The considerable deviation with this solvent may be due to the presence of chloride ions. 
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The rate of solvent substitution at antimony(V) chloride kl according to the equ- 
ation 

Cl, Sb-L + Ph, CC1 k,\ -ph,C] + [SbCl,] - f L (7) 
k2 

was found to be approximately inversely proportional to the donicity of the solvent L, 

seven solvents having been examined 44 (Fig. 3). The k, values are different by 2-3 orders 

of magnitude for 1,2-dichloroethane and trimethyl phosphate (Table 3). 
Reasonable agreement is obtained for the values of the equilibrium constant K as 

determined spe~trophotometrica~~y and kinetically. K is also a function of the Iigand 
donicity, providing a further demonstration of the established relationship between 

~erm~ynamic stability and kinetic reactivity 4s Likewise, the single bond rupture rate . 

constants for the reactions 

](H20)sM--I,] 2+ t H,O \ -+Mor,O),l 2+ -i- L 

L being methanoI, water or ammonia, and M being Co or Ni, follow the order of the 
donicities of the respective hgandsr4, Table 4. 

Likewise, the rate of substitution in nickel(I1) complexes with a series of substituted 

pyridines 

[(H,O),Ni-py] 2+ + H,O’+ fNi(H,O),] 2+ + pyH* 8) 

has been found to decrease with increasing EPD properties of the pyricbne base46. 
If reactions of type (6) proceed via an SR2 mechanism, the EPA properties of the 

metal ion must be considered. The rate-determining step of the reaction 

[Ci,Co-L] -+ a-e [CoClJ 2 -+ L (101 

can be regarded as the formation of the pentacoordinate transition state. 

[Cl&o-L] -+ Cl‘+ [Cl,Co-L] 2 - (11) 

Increasing donicity of the solvent L reduces the EPA strength of [CI,CoL]; and hence 
lowers the formation rate of the pentacoordinate intermediate. Thus the ~bstitution rate 

TABLE 4 

Logarithmic M&es for rate M)nstants for reaction (8) in water 

M-L bond 
log k, 
(set-‘1 M-L bond 

log k, 
&X-r1 

NCCH,OH 5.9 Co-CH,OH 6.8 
Ni-H,O 4.5 Co-H,0 5.9 
Ni-NII, 0.6. Co-N% 3.2 
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Fig. 4. Plot of donicity DN of L vs. log k, for reaction of Cl,CoL with Cl- 

is decreased. In fact, the rates vary by four orders of magnitude for nitromethane and 
dirnethylformamide4’. As expected, the reversed reaction rate k, is influenced unnotice- 

ably by the solvent donkity. Again, a relation between kinetic and thermodynamic param- 
eters has been found, as the equilibrium constant II: is proportional to the solvent donicity 

(Table 5). 

(b) Non-leaving ligands are varied 
The EPA strength of [L&M] n+ can be changed by varying either the metal ion M or 

the non-leaving ligands L’, The nature of the metal ion is the main factor determining 

the overall substitution rate. Unf~~unately no characteristic property analogous to 
donicity has been defined for the EPA strength. (The rate constant for water exchange 

TABLE 5 

Rate constants and equilibrium constants for reaction (lo), in different sotvents L in the absence of 
any electrolyte 

EPD 
solvent 
L 

DN 
ki 
(Lmole-* .se<’ ) 

kz 
o.moT* sei' ) 

at 20°C at 20°C 

NM 2.4 3 x 10; -3 
BN 11.9 2.9 x lo3 0.4 
AN 14.1 1.3 x IO3 I 
AC 17.0 3.1 x IO3 0.6 
DMF 26.6 4 x 10’ 1.2 
DMA 27.8 1.4 x 10’ 0.2 

KlCoCh,2-af 20°C 

Kineticatty 

- 

1 x IO5 
8 x lo3 
I x lo3 
5 x 103 
3 x 10’ 
9 x 10’ 

Spectrophotct 
metrically 

- 

8X lo4 
5 x lo3 

9.7 x 102 
4.1 x 103 
2.9 x 10’ 

5 x 10” 
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is not always inversely proportional to the ionic radius for metals of a given charge-type. 
Deviations have been regarded as being due to partly filled d-orhitals on the metal ion 

which can cause considerably complications interpreted in terms of crystal-field stabiliza- 
tion and the J&n-Teller effect48 _) 

Within a homologous series of hydrated metal ions the increase in substitution rate 

is paralleled by a decrease in the hydration bond energy’ _ It might therefore be expected 
that in non-aqueous solutions the substitution rate in a solvate will be an inverse function 
of the salvation enthaipy. We shall discuss in more detail only the variation of L’ with 
M being kept constant. 

Coordination of the ligands L’ to the central ion M leads to an increase in electron 
population at M, which induces an electron shift from M to L. 

EPD EPA 
ED &A 

The M-L bond is increasingly weakened by increasing donicity of L’. This will be 
manifested in an increase in M-L bond rupture rate, and substitution reactions pro- 
ceeding through an SN 1 mechanism will be faster. Hoffmann and co-workers*‘* So studied 
substitution reactions of the type 

@iNi-Lj+ + Lrkl‘ _ &Nil*++ L (12) 
kl 

where L, a univalent anion, was kept constant and the EPD solvent L’ varied. In terms of 
an SNI mechanism the bond rupture of Ni-L is rate-determining. It was found that the 
rate constants k, increase dramatically with increasing donicity of L’. For both Cl-and 

SCN’as l&and L, the rates varied by eight orders of magnitude49 on going from methanol 
to ammonia as L’ (Table 6). Desai et al. St have found that water exchange rates in 

TABLE 6 

Rate constants &a fbr reaction (12) in different sotvents L’ 

L’ in 
[ L;NiSCN] l DN 

kx 
(see-’ ) 

CH,OH 19” 3x 10-l 
DMSO 30 7 x 10’ 

%O 33 IO3 

NH3 59 IO7 

o The bulk donicity of methanol is higher. 
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TABLE 7 

Water-exchange rate constants kr in some NiI’ complexes in water 

Complex log k, Complex 

INXOH&] 2+ 4.5 PJi(rerpyXOHs)s I 2+ 4.5 
[Ni(NH3)(OH2)s] 2+ 5.4 [Ni@iwl(OHd4 I 2+ 4.7 
1Ni(NHsMOH2)41 :: ;.; MW-v12(OH2)2 I 2+ 4.8 
[Ni(NH31s(0H2)3 I . 

aquoamminenickel(II)-complexes are increased by increasing the number of ammonia 

molecules in the inner coordination sphere of nickel(H). Ammonia is a stronger EPD than 

water and hence the EPA strength of the NiB complex is reduced accordingly upon sub- 
stitution of water by ammonia ligands. On the other hand, bipyridy151 and terpyridy15* 
do not produce these effects and cause only a small change in the water’s lability, be- 
cause the donicities of these ligands are similar to those of pyridine and to the bulk 

donicity of wateri (Table 7). Likewise the rates for nickel-malonate comp!ex formation 
according to 

[NiL(OH2),] 2+ + ma1 =+ [NiL(OHa),_ 2 mall 2 + + 2 H20 (13) 

are only slightly different depending on whether L is water, pyridine or bipyridyl, whereas 
increase in donicity of L brings about an increase in the rate constantss3. 

The incorporation of water molecules into the inner coordination sphere of nickel(II)- 

methanol solvates enhances the rate of methanol exchangeS’ ” _ [Ni(OHa)s (CHa OH)] 2+ 
is the most labile of solvated Nin ion species in methanol-water mixtures. Alcohols have 
lower bulk donicities than water and hence the EPA strength of all possible [NiLs ] 2 + ions 
in these solutions is least for [Ni(OH,),] ’ +. The rate of dissociation of CH, OH from 

]Ni(OH, I5 @Ha OH)1 2* is therefore greater than for any other composition in water- 

methanol solvatei4. The rate constant for nickel-methanol bond rupture in this species 
is approximately 800 times larger than the rate constant established for breaking the 
nickeI-methanol bond in [Ni(CH, OH),] ’ + and it is 20 times larger than the rate constant 
for nickel-water bond ruptures in [Ni(OH,),] ‘*, as in the latter the Ni-OH, b&d is 
stronger than the Ni-methanol bond in [Ni(OH2)s(CHsOH)J 2+. 

The same interpretation - the variation of the EPA strength by variation of the inner 
coordination sphere ligands - is applicable to ligand exchange in tetrahedral complexes. 
Pignolet and Horrocks 56 found that the lability of ligands L in complexes of the type 
]g ML,] (M = Co, Ni) increases in the order 

L’= I-<Bi<Cl- 

The EPA strength of [LkM] *+ is varied not only by variation of L’ but also by v& 
riation of the coordination number. Bare-earth metal ions react much more rapidly than 
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expected on the basis of the charge-radius rule ‘. The comparatively high water-ex- 
change rates for these trivalent ions have been attributed to their coordination numbers 
greater than six5’ _ 

The effect of the solvent on the rate of chloride ion exchange at [t?zr?zs-Ptfpy),Cl, f 

is not related to the dielectric constant, but to the coordinating properties of the solvents8. 
The solvent S is considered to occupy sites in the inner coordination sphere and to 
weaken the Pt-Cl bonds. 

A relation between rate constant and solvent donicity cannot be expected, because Pt2+ is 
a soft Lewis acid. 

For octahedral complexes the term solvent-assisted dissociation mechanism (“SAD” 
mechanism) has been suggested 59 It is applied to solvent effects that happen when sol- . 
vent molecules slip in when the bond between the metal ion and the leaving group is 
stretched beyond a critical length and hence enhance the dissociation of L. 

The SAD mechanism has been well established for non-aqueous substitution reactions in 

which X in the [Cofen), AX] n+ cations9 is replaced, and has been discussed in terms of 
competition between solvent and solute for a position in the inner solvation shell of the 
complex. It has been widely applied in interpreting the dissociation rate constants for 

various solvation reactionsr5Ja. 

(cl ~~bs~~tio~s at unmixed solvates [MS,]’ * 
We have seen that the rupture rate of the bond LkM-L is drasticaliy increased with 

increasing donicity of the non-leaving ligands L’ and decreasing donicity of the leaving 
l&and L. A difference of eight orders of magnitude is found49 in the rupture rates of the 
Ni-NCS bond in [(MeOH),Ni-NCS]’ and [(NH3),Ni-NCS]+. The difference in donicities 
between MeOH and NH, is about 40. The rate constants for the substitution of the soivent 
S in SbCIs S differ by three’orders of magnitude, S being dichloroethane and trimethyl 

44 phosphate. The difference in donicities is fIDN E+: 20. Thus we expect no large effect 
of domcity on substitution reactions of BS,] n+, where all ligands have the same donicity. 

For substitution reactions at octahedral unwed solvates in different solvents, the 
rate-determining step may be represented 

fMS,J”*-t [MS,]"' + S (34) 
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