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A. GENERAL ASPECTS OF HIGH PRESSURE KINETICS 

(i) Introduction 

The history of high pressure kinetic studies in organic chemistry extends 
over a period of more than 80 years. During this time the volume of activa- 
tion, AF, has become an accepted mechanistic criterion and this topic has 
been reviewed on numerous occasions [l-15]. In contrast, the first high 
pressure inorganic study was reported as recently as 1955 [lS] and only two 
detailed reviews exist 117,181 devoted solely to inorganic reactions, apart 
from a recent short survey [ 191 and a review of the general field of “High 
Pressure in Coordination Chemistry” in 1974 [ 201. Consequently many 
inorganic chemists remain unaware of the implications and applications of 
this technique. 

The fact that the majority of coordination compounds are charged often 
introduces a complicating factor into the interpretation of Ap. However 
this problem also arises in the rationalization of the more widely used activa- 
tion parameters, viz. AE?# and AS* 1211. The concept of a volume change 
can be at least more readily visualized than the more intangible entropy of 
activation. More importantly, the generally superior accuracy of Avf , 
co~.~pled with the possibility of measuring both the overall volume change, 
AV, and the absolute volume of the proposed transition state make this para- 
meter a very strong mechanistic tool. 

(ii) Theory 

The units of pressure most commonly used are the bar and the normal 
atmosphere (atm). However, other units, such as the pascal (Pa), Newton per 
square meter (N mS2) and pounds per square inch (p.s.i.) have also been 
adopted. The relationships between these units are as follows: 

1 bar = 1 dyne cm-’ = 10’ Pa = 10’ N mm2 
= 0.986923 atm = 1.019716 kg cm-’ (at) 
= 14.504 p.s.i. 

Within the framework of the transition state theory [22,23], the volume 
of activation is derived from the pressure dependence of the rate constant, 
k ohs, of a reaction 

(a ln k/a & = -AV+/lzT + AuKRT (1) 

The second term on the right hand side of the equation only applies when k 
is expressed in pressure dependent units, i.e. molarity. This correction term 
consists of Au which is the sum of stoichiometric indices of the transition 
state and reactants (the indices qn the left hand side of the reaction equa- 
tion are conventionally given a negative sign) and K, which represents the 
compressibility coefficient of the reaction medium. In aqueous solution, for 



example, the correction term amt_.unts to 1.1 cm3 mol-’ at 25°C and 1 bar 
for a second-order associative process and 2 to 4 cm7 mol-’ for most Or@ni(: 
solvents. 

If the pressure range is sufficiently extended in any given system, AI@ 
becomes pressure dependent. Thermodynamically this is analogoUs to the 
second temperature derivative of the free energy of activation. The compressi- 
bility coefficient of activation, A/3’, is therefore defined as 

A@ = --(a Av'IaP), (5!) 

From this quantity the compressibility of activation, AK*, can be derived 

AK* = A@lAV (3) 

Both parameters involve the difference in compressibility between the transi- 
tion state and the reactants. As is the case for AC:, it is experimentally diffj- 
cult to obtain accurate values for these two quantities. Furthermore, their 
exact significance is somewhat controversial. Despite these shortcomings, 
A/3+ has been used successfully in a number of cases to characterize reaction 
mechanisms. 

The activation parameters mentioned up to this point are derived on the 
basis of the transition state theory. However, the applicability of this theory 
to reactions in solution has occasionally been criticized [24,25]. If the transi- 
tion state theory is valid for such reactions, then the Maxwell Relations must 
also apply to the various activation parameters, e.g. -(i3 Avf /a TIP = 
(aAS’/aP)T. Although precise kinetic data are needed to rigorously establish 
the validity of these equations, at least five systems have been investigated 
(three inorganic [ 26-281, two organic 129,301 and a thermally-activated 
photophysical process 1311) for which the Maxwell equations hold. It is more 
convenient to rearrange the Maxwell equation into the form, (am/aP), = 
Ap - Z’(aAp/a T)=, for this purpose_ The results of the cited example 12’71 
(i.e. the substitution reaction of Pt(dien)Cl’ with azide ion in water) are pre- 
sented in Table 1. 

TABLE 1 

Application of the Maxwell relationship to the activation parameters of the substitution 
reaction of Pt(dien)Cl’ with N3 in aqueous solution [ 2’71 

T 
W 

298 
308 
318 

Av” (a m-f+mT 
(cm3 mol-‘) (J mol-’ bar-‘) 

-8.2 8.6 
-11.7 8.6 
-14.4 8.6 

AV+ - T( a AV+laTlp 
(J mol-’ bar-’ ) 

8.5 
8.5 
8.5 
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(iii) Treatment of high pressure kinetic data 

As mentioned earlier, AV# is generally dependent on pressure. As the 
volume of activation at ambient pressure, often symbolized by AV$, is of prim- 
ary interest to the chemist, the problem of finding a suitable equation to fit 
the (In k) pressure data has been treated by various researchers [32-341. The 
quadratic equation is probably the most commonly adopted expression, 

lnk=A+Bl’+CP2 (4) 

whereby AV$ = -_BRT and AD: = 2 CRT. This method is adequate as long as 
Ap does not vary too acutely with pressure. Lohmiiller et al. 1331 investig- 
ated the pressure dependence of the solvolysis rate of benzyl chloride and 
concluded that the parabolic expression fits the data better than other equa- 
tions_ However there is no physical justification for using this function or the 
corresponding fraction form 

lnk=A +BP/(C+P) (5) 

whereby A= = -BRT/C and Ap$ = -2B/C*. At pressures greater than 100 C 
the function becomes essentially independent of pressure (i.e. Avi = 0) which 
is not consistent with the inherent concept of AV#. Nevertheless, at moder- 
ate pressures the fractional function is a useful method for treating experimen- 
tal data. A similar equation was proposed to describe the pressure depend- 
ence of dissociation constants of weak acids [35]. 

A further variation exists in the form of the exponential function, 

lnk=A +B(l +exp(-CP)) 

This seldom-used expression has tine same limitations as eqn. (5). 

(6) 

The functions based on the Tait equation, which is an empirical equation 
for the compressibility of organic solvents, bear at least some resemblence to 
the real situation involved in volume changes. Benson and Berson [32] used 
this approach to formulate 

(l/P) ln(k,/k,) = x + Bp523 (7) 

The exponent 0.523 is valid only in the pressure range 2 to 10 kbar and for 
organic solvents. The extrapolation to P = 0 (A6 = -ART) is long and a 
source of error. Equation (7) is therefore not suitable when the curvature is 
acute at low pressures (4,’ is equal to 0.797 BRT). Hamann [l] has criti- 
cized Benson and Berson’s use of the Tait equation which predicts negative 
volumes of activation at very high pressures, e.g. >4 X lo3 kbar. More 
recently, another equation based on the modified Tait equation was proposed 
by Swaddle and co-workers [ 361 for reactions in aqueous solution 

In k = ln k,, --P AV$/RT - (30.17x/T) {(P + 3.06) ln(1 + P/3.06) --P) (3) 

where x is the increase in the number of water molecules solvatmg the com- 
plex as it goes to the transition state. This was designed to account for the 
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compressibility of water in an idealized model for the solvation of inorganic 
complex ions. The authors [ 361 demonstrated that eqn. (8) was an improve- 
ment over the more conventional quadratic function for their system. 

In an attempt to avoid imposing an empirical expression on the data, a 
graphical technique has been used by Baliga and Whalley [37]. This is called 
the incremental method and exists in two similar forms [34]. The generalized 
form is 

~Ck~i+l>l’~i))/@i+l--pi)=A +BI(pi+l+pi)/2) ($1) 

where AT; = -ART and Aflz = 2 BE!‘. As pointed out previously [33], this 
method is mathematically equivalent to the reduced quadratic equation. 

Although the quadratic equation is generally favored by organic chemists 
[3,7,10,33] it would appear that each system must be evaluated separately 
to find the most satisfactory fit. 

It is of interest to note that at sufficiently high pressures, assuming the 
system remains in the liquid state, the observed volumes of activation for 
bimolecular reactions will eventually become positive. At this point the 
velocity of the reaction becomes limited by the rate of diffusion of the reac- 
tants due to the increased viscosity of the medium. The effect was first 
reported by Hamann 1381 for the alkaline etherification of ethyl bromide, 
where in isopropanol the reaction rate reached a maximum at ca. 35 kbar. 
Naturally this phenomenon is not encountered at the relatively low 
pressures of <5 kbar applied to most inorganic reactions, especially for those 
in aqueous solution. Consequently, the appearance of either a maximum or 
minimum in the (In k) versus pressure plots is indicative of a secondary reac- 
tion (it may take the form of a parallel pathway, a consecutive reaction, or 
may even be due to a reaction involving impurities in the system) with a 
volume of activation of opposite sign to that of the “primary” reaction_ 

(iv) High pressure equipment 

One reason for the increased interest in high pressure chemistry over the 
last decade can be traced to the recent technical advances in high pressure 
equipment which have led to its greater versatility. The majority of valves, 
pumps, manometers, pressure intensifiers, autoclaves, tubing and joints are 
commercially available. An optical cell capable of withstanding almost 7 kbar 
can also be purchased. The general scheme of a high pressure apparatus is 
shown in Fig. 1. Pressures of 3 kbar can be easily attained with a manual hy- 
draulic pump without the aid of a pressure intensifier. For certain measure- 
ments, such as in situ spectrometry, it is desirable to have a “transparent” 
liquid in the pressure vessel. This can be accomplished by inserting a separa- 
tion column into the system. Water or higher alkanes (e.g. heptane) are frequ- 
ently used as the transmission fhuid, while various high pressure oils are used 
in the pump-manometer branch of the system. The separation chamber usu- 
ally contains either a flexible teflon tube as a separating membrane or a float- 
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Scheme of High Pressure Apparatlx 

Generator Manometers Separator 

Fig. 1. Diagram of high pressure apparatus. 

Reactor Vessel 

ing, spring-loaded piston. Compressed inert gas, for example, may also be 
used to pressurize the reaction solution, thereby eliminating the need for a 
separation membrane, but at the same time increasing the potential hazard 
of the system 1391. 

The mcst versatile analytical technique in high pressure kinetics involves 
taking aliquots from a pressurized reaction solution at specific time intervals. 
The pressure vessel used for this purpose has been described in detail by 
Whalley [2] and Osbom and Whalley 1401. The solution is contained in 
either a modified syringe or bellows arrangement suspended in oil within the 
vessel which is sealed by a screw plug with the lined capillary through its 
center for removing the samples by way of a fine dosage valve. The plug is 
generally fitted with a Bridgman unsupported-area seal [ 3,411. This techni- 
que requires large reaction volumes and is best suited to slower reactions 
because a considerable amount of time is lost initially during the loading of 
the vessel, pressurization and subsequent thermal equilibration. However, a 
smaller version of this assembly has been devised [42] from which micro 
samples can be withdrawn and has the advantage of mixing two pressurized, 
thermally-equilibrated solutions to initiate the reaction. 

The most commonly used method for monitor&g inorganic reactions is in 
situ spectrophotometry. A variety of modified glass and quartz cells have 
been developed for this purpose [7,39,43-471. Inexpensive sapphire discs 
serve as windows in the pressure vessel, although for certain specific applica- 
tions, such as for optical rotation measurements [48], quartz discs must be 
utilized. Spectrophotometric cells have also been designed 1491 to enable 
solutions to be mixed under pressure, similar to the micro sampling device 
mentioned above [42], thereby making it possible to investigate reactions 
with half-lives of the order of 10 to 20 s. 

Conductivity provides a further means of following chemical processes 
where a change in the overall charge of the system is involved. Insulated elec- 
trical leads can be fed through the walls of the pressure vessel without diffi- 
culty [50,51]. Here again, a number of different cell designs have been em- 
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ployed [52-541, although those which require mercury as the pressure trans- 
mitting medium are generally unsuitable for inorganic reactions. Moreover, 
platinum wire-glass seals are fragile and often tend to break under pressure. 
Therefore cells made of teflon or similar polymeric materials (eg. KELF and 
VESPEL) are advantageous despite the fact that their cell constants are 
pressure sensitive, as this does not affect kinetic measurements conducted 
under first- or pseudo-first-order conditions. 

More rapid reactions may be followed spectrophotometrically using the 
type of pressurized stopped-flow apparatus developed by Heremans [ 551. 
The entire unit (drive and stop syringes, mixing and observation chamber, as 
well as a stepwise drive motor) is placed inside a pressure vessel. The dead- 
time of this instrument was reported to be ca. 40 ms. A high pressure stopped- 
flow apparatus based on a different concept was recently described [56]. 
This version is capable of withstanding 1.5 kbar and has a dead time of 3 s. 
The two drive syringes and measuring cell are contained in individual high 
pressure vessels and mixing is accomplished by allowing the pressurized solu- 
tions to flow into an evacuated length of pressure tubing. This operation 
involves a pressure drop of ca. 40 bar. 

Relaxation techniques, such as T-jump and NMR, have also been adapted 
for use at high pressures. The temperature jump is instigated either by dis- 
charging a condenser across two platinum electrodes in the reaction cell 
1571 or by a laser pulse directed at right angles to the observation axis of the 
cell 1581. High pressure NMR has made significant gains over the last five 
years during which time the original rotating quartz tubes [59] have been 
more or less superseded by probes of certain polyamide plastics [SO]. Fur- 
thermore, static high pressure systems have been created using various metal 
alloy probes [SO,Sl]. This method introduced a noticeable improvement in 
resolution [60]. 

This summary of the techniques available to the inorganic kineticist is by 
no means complete (e.g. a pressure jump technique has also been perfected 
[62]), but is at least representative of the methods commonly used in solu- 
tion kinetics. Certainly high pressure IR/Raman studies [SS] are of the 
utmost importance in solid state work where much higher pressures are 
applied. 

The overall volume change of a reaction is usually measured with a dilato- 
meter and basically involves determining the height of the reaction solution 
in a capillary tube, seated atop a calibrated flask, before and after reaction 
164,651. The flask may also be constructed with two c&mbers to separate 
the potential reaction solutions with the result that AV for rapid reactions 
can be measured, e.g. acid-base neutralizations [66,67]. By placing a uniform, 
calibrated resistance wire in the capillary tube, the change in the liquid levei 
(in this case mercury is used in the capillary tube) can be followed potentio- 
metrically_ The appearance of digital densitometers on the market has simpli- 
fied the determination of solution densities and, therefore, via apparent molar 
volumes, partial molar volumes. This technique merely requires a minimum 
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solubility of the substance, usually > 10m3 M, as well as a high degree of 
purity and the substance must also be stable in solution over the time range 
of the measurements. Although it would be highly desirable to be able to ob- 
tain accurate density measurements under pressure, this has only been 
carried out in very few cases 168,691. 

The compressibility of the solvent or reaction solution can be measured 
with a piezometer of similar design to the afore-mentioned “resistance wire” 
dilatometer [ 70-731. Another method involves monitoring the change in the 
velocity of sound through the solution as a function of pressure [74]. 

(v) Classification of reaction mechanisms 

A description of the intimate mechanism in terms of the bonding changes 
incurred along the reaction coordinate has been made by several authors 
[75-771. According to the categories laid down by Langford and Gray [76], 
three stoichiometrically distinct types emerge, namely a dissociative (D) 
mechanism involving an intermediate of reduced coordination number; an 
associative (A) mechanism in which an intermediate of increased coordina- 
tion number is formed; and a concerted process, or interchange (I) mechan- 
ism, involving the exchange of a ligand in the coordination sphere with one 
in the first solvation sphere. The (I) mechanism may be further subdivided 
into two classes: a dissociative interchange (Ia) in which the leaving and 
entering ligands are only weakly bound in the transition state; and an associa- 
tive interchange (I,) where more substantial bonding of both the leaving and 
entering ligands is involved. As a consequence the contributions to the energy 
and volume of the transition state are mainly determined by the leaving 
ligand in an h mechanism and by the entering ligand in an I, mechanism. 
However, smaller contributions of the second ligand involved in the 
exchange cannot be neglected. Obviously this subdivision potentially 
includes a whole range of degrees of bonding and can therefore be difficult 
to define at times. 

Bond stretching in a dissociative step gives rise to an increase in volume 
which is manifested in a decrease in the rate of reaction with increasing 
pressure, i.e. Avf is positive. Conversely, bond formation occurring in an asso- 
ciative process will lead to a negative AV+‘, i.e. an increase in the rate con- 
stant with increasing pressure. For an interchange mechanism, smaller abso- 
lute values of Av” may be anticipated as the effects of bond formation and 
cleavage counteract. However, other factors, such as the relative degrees of 
bend stretching and formation, the relative sizes of the ligands involved, and 
steric effects also contribute to the magnitude of AV#. Nevertheless, as a 
general rule, a negative AV is attributed to an &i mechanism. 

For the majority of reactions one may assume as a first approximation 
that the maximum possible absolute value of Avf should approach the par- 
tial molar volume of either the leaving or entering ligand for a D or A mechan- 
ism, respectively. However, relaxation or expansion of the parent fragment of 
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the complex will, amongst other factors, further modify this value. For inter- 
change mechanisms, considerably smaller Avf values can be expected, as men- 
tioned earlier. 

The effects of salvation (usually associated with electrostriction) represent 
another important contribution in determining the sign and magnitude of 
AV#. Tberefore, the experimentally derived AcX, can be expressed as the 
sum of two terms: the intrinsic volume change AV&, which evolves from 
changes in bond lengths and angles during the activation process (this corre- 
sponds to the AV discussed in the second paragraph of this section) and is 
the term directly diagnostic of the intimate reaction mechanism; and the 
volume change resulting from solvation effects, viz. Al&,. It should be empha- 
sized that AC;,, is larger in less structured solvents (e.g. benzene or carbon 
tetrachloride) than in highly structured ones such as water. In order to stress 
this point, the calculated volume changes associated with the formation of a 
point charge, a dipole moment and a quadrupole moment in four representa- 
tive solvents are given in Table 2. Although these calculations [2] are only 
approximate, they are a good guide to the expected trends in the volumes of 
solvation, based on the dielectric constants of the solvents. 

The observed AI&, may be dominated by the effects of solvation to the 
extent that even the sign of Avf,,, may differ from Acn,,. Consequently, it 
is often the task of the experimenter to either estimate AV$,,, or to minimize 
it in order to extract the more mechanistically informative Al&, term. Exam- 
ples of both approaches will be presented for individual systems. 

Stranks [ 171 proposed an additional approach to this problem for solvolysis 
reactions in that he interpreted the compressibility of activation, Afl’, in terms 
of the migration of solvent molecules to or from the bulk solvent or first sol- 
vation sphere, from or to the coordination sphere of the complex. The intrin- 
sic volume of activation is known to be independent of pressure at the rela- 
tively low pressures used in kinetic work [17,78]. Thus any pressure depend- 
ence of AC,, observed over this range must be attributed to AV&,. In 
other words A%$OlV, or more correctly its pressure derivative, was used to 
help identify the nature of the underlying reaction mechanism. Stranks went 
on to construct a model for a 3+ octahedral complex ion in aqueous solution 
in which the complex was considered to exert a centrosymmetrical electro- 

TABLE 2 
Volumes of solvation arising from electrostatic interactions (volumes in cm3 mol-I) 

Solvent 

Water 
Methanol 
Acetone 
Ekczene 

Charge Dipole moment 
(le) (10 D) 

1.3 1.8 
4 6 
7 10 

27 39 

Quadrupole moment 
(2 x 1O-25 e.s.u.) 

1.4 
4 
7 

28 
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Fig. 2. Solvation model of a trivalent octahedral cation [ 171. 

static field on the surrounding solvent. This internal pressure resulted in the 
formation of two solvation spheres, each containing electrostricted water 
molecules of reduced molar volume and compressibility, as illustrated in 
Fig. 2. 

On the basis of this model, a D type mechanism for either a water 
exchange reaction or an anation reaction should exhibit a large and positive 
Afi# due to the diffusion of a water molecule from the relatively incom- 
pressible coordination sphere to the bulk solvent. Similarly, for an Id mecha- 
nism Ap# should be positive, but smaller in magnitude, as the water mole- 
cule only advances to the first solvation sphere and because the reverse pro- 
cess now also contributes, although to a lesser extent. The converse is 
expected for A and I, mechanisms, with negative A/3+ values being large and 
small, respectively. For example, the entry of one water molecule into the 
coordination sphere of a 3+ complex, according to an A mechanism, would 
result in a Ap+ of -0.72 cm3 mol-’ kbar-’ (calculated from the fi values 
give2 in Fig. 2) [17]. Or_ the other hand, an I, mechanism should be charac- 
terized by a Ap# of -0.1 cm3 mol-’ kbar-‘. However it is important to note 
that the degree of curvature of (In k) versus pressure plots necessary to yield 
4’ values of this magnitude is very difficult to detect. 

In reactions involving entering and/or leaving groups other than solvent 
molecules, Aflf is associated with the desolvation or increased electrostriction 
accompanying the migration of solvent molecules to or from the bulk solvent. 
In fact, the modified Tait equation mentioned earlier (eqn. (8), [36]) uses 
i&ii model to calculate the number of water molecules transferred in such a 
process. 
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As a final comment on this model for the interpretation of Ap’, the current 
view of ionic solvation favors the existence of a layer of unstructured water 
between the soivation spheres and the bulk water. This tends to complicate 
the picture presented above, which together with the observation that the ini- 
tial effect of applied pressure on aqueous solutions is to desolvate the ions 
present [ 791, indicates that this model may be a somewhat misleading over- 
simplification. Nevertheless, in the absence of an alternative concept, Stranks’ 
model has been used with success on a number of occasions. 

9. REACTIONS OF OCTAHEDRAL COMPLEXES 

(i) Solvent exchange reactions 

The interpretation of the AV&, for solvent exchange reactions is simpli- 
fied clue to the absence of complications arising from solvation changes (i.e. 
AK&, = AV&k) and the leaving and entering groups are the same. These reac- 
tions are therefore frequently used to characterize a particular metal center 
in terms of its general mecha+tZo behavior. In addition, the AV& for sol- 
vent exchange provides a convenient cornerstone in discussing the results of 
the corresponding hydrolysis and anation reactions of a given complex. This 
is analogous to the treatment of the respective rate constants for these reac- 
tions . 

The water exchange reactions of pentaammine complexes have been well 
studied. Table 3 summarizes these results, including the corresponding entro- 
pies of activation. 

The positive sign of AV&, for the cobalt(II1) complex lecl to the assign- 
ment of a dissociative mechanism [SO]. Moreover, the small absolute value 
strongly suggests that the mechanism must be of the Id type. This is consis- 
tent with the generally accepted opinion of the behavior of these complexes 
[36]. 40’ was also found to be virtually zero for all four complexes. Conse- 
quently, within the framework of Stranks’ concept, an interchange mechan- 
ism was considered to hold in each case. The negative sign of AI.?&, for the 

TABLE 3 

Activation parameters for the water exchange of M(NHJ)50Hp a 

Complex ion AGC, As+ 
(cm3 mol-‘) (J K-’ mol-‘) 

Ref. 

Co(NH&OH;+ 1.2 f 0.2 28 2 4 25135 80 

Rh(NH&OH? -4.1 f 0.4 325 25 81 

WNHdsOH?+ -3.2 i 0.1 11% 4 70 82 

Cr(NHd@Hr -5.8 f 0.1 Ok 7 25 81 

a [HCK&] = 0.01-0.1 M. 
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remaining three complexes was shown to be consistent with an I, mechanism 
[81,82]. Furthermore, it was proposed [81,82] that cobalt(III) is indeed 
exceptional, in that cationic transition metal trivalent complexes can be 
ncrmally expected to react via an associative mechanism. 

Stranks and Swaddle [83] found AI&, to be also negative (-9.3 * 0.3 
cm3 mol-’ at 45°C) and (a AFlaP), close to zero, for the oxygen-18 
exchange between Cr(OH&‘ and solvent water. This result complies with 
the postulate of a common I, mechanism. The relative magnitudes of AI&, 
were considered to be mainly due to the creation of a vacancy in the solva- 
tion sheath by the incoming water molecule as it is transferred to the coordi- 
nation sphere; the core of the species ML,OHz’ and MLS(OH&’ were con- 
sidered to have essentially the same volume [ 81,831. The effect of the vacant 
site was thought to be greater for complexes with large, highly structured 
sulvation sheaths. In particular, the greater acidity of the aquo ligands com- 
pared to coordinated ammonia would be expected to create a more extensive 
solvation sheath, thereby accounting for larger lAV&,I values for Cr(OH&‘. 
The order Cr > Rh > Ir parallels the order of increasing ionic radii of the 
metal centers and is in turn directly proportional to the extent of the solva- 
tion sheaths [82]. 

The volume of activation for the water exchange of Ni(OH&’ was found 
to have a pressure and temperature independent value of 7.1 f 0.2 cm3 
mol’ over the ranges of 1 to 2250 bar and 35 to 44°C [84]. An Id mechanism 
is consistent with this value and with the AI&,, values obtained in nonaque- 
ous solvents (discussed later in this section). Another interesting facet of this 
investigation ;84] deals with the relaxation of pure water as a function of 
pressure. These results indicate that water molecules reorient faster at higher 
pressures due to the breakdown of the open tetrahedral structure of water. 

The water exchange of trans-Co(en)z(OHz)z’ was studied (p = 2 mol kg-’ 
and 25°C) up to ca. 3 kbar and a pressure-independent AI&, of 5.9 i 0.2 
cm3 mol-’ was reported [85]. Bond breaking was therefore assumed to domi- 
nate and an Ia mechanism proposed. Furthermore, as water exchange pro- 
ceeds with retention of configuration [SS], the transition state must be in the 
form of a tetragonal pyramid. In this regard it is particularly relevant that the 
isomerization equilibrium strongly favors the cis isomer so that a symmetrical 
bipyramidal intermediate for the water exchange reaction can be ruled out. 

Solvent exchange in nonaqueous solvents has also been investigated under 
pressure for chromium(II1) ions in DMSO [87] and DMF [88]. Pressure-inde- 
pendent, negative activation volumes were again found (i.e. -11.3 + 1.0 cm3 
mol-’ at 75°C for Cr(DMS0);’ and -6.3 f 0.2 cm3 mol-’ for Cr(DMF)z’ at 
65.1”C), consistent with an I, mechanism, although an A mechanism could 
not be completely rejected. The relative magnitudes of AI&, in H20, 
DMSO and DMF were rationalized in terms of the greater importance of 
steric compression within the coordination sphere of the Cr(DMSO)i+ ion 
[ 883. Finally, the earlier postulate [81,82] was restated to include all trivalent 
cationic octahedral complexes, with the notable exception of those of cobalt 
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(III), as reacting via an I, mechanism when the ionic radius of the central me- 
tal is greater than 60 pm, although very large trivalent ions could react accord- 
ing to an Id mechanism. 

In DMSO the solvent exchange reaction of Co(NH,),DMS03’ is accom- 
panied by either internal redox to cobalt(I1) or rapid substitution of the con- 
jugate base of this complex [ 891. However, in the presence of added acid 
these complicating effects are virtually eliminated and AV&, for exchange 
is 10.0 + 1.2 cm3 mol-* at 45°C. The large positive value of AV&, shows 
that Co-DMSO bond breaking is the dominant contribution, thereby con- 
firming the assignment of an Id mechanism to the solvent exchange of cobalt- 
(III) complexes. The solvent exchange reactions of CO(NH~)~DMF~+ and 
Rh(NH&DMF3+ in acidic DMF yielded volumes of activation of 3.2 + 1.2 
cm3 mol-’ at 55.4’C and -1.4 + 0.2 cm3 mol-’ at 44.8”C, respectively [90]. 
The entropies of activation also show a parallel tendency, i.e. 40 k 1 and 
-20 2 6 J K-i mol-‘. Therefore, as in the water exchange reactions of the 
respective cobalt(II1) and rhodium(II1) complexes, Id and Ia mechanisms 
were assigned to these reactions in DMF. The small value of AI&, for 
Rh(NH3)5DMF3+ was suggested to be due to the counteracting effects of 
Rh-DMF bond stretching, as well as possible expansion of the remaining 
Rh-N bonds. 

A detailed PMR high pressure investigation of the solvent exchange of 
[MSs](ClO&, where M = Ni(I1) or Co(I1) and S = DMF, CH&N or CH30H 
was recently carried out [91]. Since the Ap+ values were found to be small, 
the rate data were fitted according to the usual linear relationship (eqn. (1)) 
and to the polynomial form (eqn. (4)). As shown in Table 4, positive AV&, 
values were obtained from both treatments and, together with the small and 
generally positive Afl’ values, provide strong support for an Id mechanism. 
Conceivably, the extreme AI&, values are -V and +V” (V’ being the partia! 
molar volume of the solvent). The authors [91] consequently used the dimen- 

TABLE 4 

Activation volumes for the solvent exchange of M(solvent)z+ [ 9 1 ] 

M Solvent T 4% 

(“(3 

A@x, a 
(cm3 mol-‘) 

~v$&Iv“ A@xpb 
(cm3 mol-‘) (cm3 mol-’ 

kbar-’ ) 

Ni2+ CH30H 34 11.4 + 0.6 0.28 13.0 2 1.6 2.0 * 2.0 
DMF 24 9.1 2 0.3 0.12 10.1 f 0.9 1.0 f 1.0 
CH3CN 21 9.6 + 0.3 0.18 11.3 f 1.0 1.8 + 1.0 

co2+ CH30H 6 8.9 f 0.3 0.22 10.9 + 0.7 2.0 + 0.7 
DMF 23 6.7 f 0.3 8.4 + 0.8 1.4 I 0.7 

-20 9.2 + 0.3 0.12 9.9 + 0.8 0.8 5 0.9 
CH3CN -13 9.9 + 0.7 0.20 8.2 * 2.3 -1.7 I 2.2 c 

a Calculated from the linear equation. b Calculated from the quadratic equation. c Negative 
sign is not meaningful due to large uncertainty_ 
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TABLE 5 

Activation parameters for the ligand exchange reactions of MXjL + L* * MXsL* + L in 
CH$& [ 921 

MXsL T 

(“Cl 
AtiXp 
(cm3 mol-l) 

A&C 
(cm3 mol-r) 

a+ 
(cm3 mol-l 
kbar-*) 

NbClSMe20 13.1, 28.7 + 1.1 26.8 
30.0 

NbCl s MeCN a 13.0 19.5 + 1.6 13.3 
NbClsMeaCCNa 14.2 15.2 f 1.7 13.3 
NbCl&MeO)C12PO a 11.5, 10.5 f 0.7 17.3 

24.4 
NbCIs(MerN)sPS 34.2 17.7 f 1.4 b 17.0 
TaClsMe20 36.9 27.8 = 1.2 26.8 
TaBr sMez0 c 10.6 30.5 f 0.8 31.0 
TaC15Me2S 10.6 -19.8 f 0.9 
TaClsMezSe 14.8 -18.7 * 1.0 
TaClsMeaTe 11.5 -10.7 2 0.8 b 
NbBrsMezS 6.7 -12.1 2 1.0 
TaBrsMelS 12.4, -12.6 s 0.8 

21.0 
TaBr sMe2Se 12.0 -13.6 * 0.8 
TaBrsMezTe 33.8 -16.4 f 0.7 

a The solvent was CHCl3. b A linear fit was used. c Taken from ref. 93. 

6.6 * 1.2 

0.7 + 1.6 
2.0 * 1.5 
3.7 f 0.7 

8.3 + 1.3 
6.5 + 0.7 

-5.3 f 0.3 
-5.9 + 0.3 

-4.2 f 1.0 
-0.3 * 0.7 

-3s f 0.7 

sionless parameter 4V&,/V“ as a more sensitive guide to the nature of the 
interchange process. An average 4V&,/I@ of ca. 0.17 complies with the defi- 
nition of an I, mechanism. It was also pointed out that the errors in 4S# 
values for solvent exchange with paramagnetic ions obtained from NMR mea- 
surements are frequently so large as to prevent any correlation with reaction 
mechanism. The smaller values of 4V&/V” for the cobalt(H) complexes and 
the faster rate of solvent exchange compared to the analogous Ni(I1) com- 
plexes, led to the conclusion that the cobalt(II) reaction is less dissociative in 

character. 

(ii) Ligand exchange reactions 

Merbach and Vanni 1921 used high resolution NMR to monitor the reac- 
tion 

MX,L + ‘L = MX5*L + L (19) 

where M = Nb or T- a;:d X = Cl or Br. The results of these high pressure 
studies, shown in ‘Sable !;, clearly demonstrate that a “dissociativeass ociative 
mechanistic crossover” occurs in this system. The impressive change in the 
sign of 4V&, (ths change is also reflected in the 4S# values, with one excep- 
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tion) establishes that a dissociative mechanism is operative in the first seven 
reactions listed in Table 5 (AI&, is positive), while the remaining negative 
AK‘&, values are in keeping with an associative process. The interpretation of 
these values is simplified by the fact that the reactants and the transition 
state are neutral and, by definition, the entering and leaving groups are identi- 
cal. Thus, AV&, was considered to be negligible. By assuming that the posi- 
tive AV&, values correspond to a D mechanism, an activation volume 
@I&,) was estimated using the following boundary condition. The volume 
V(M&) equals &MX,) and can be estimated by assuming the molecule to be 
a solid sphere whose radius is determined by the van der Waals radii of the 
constituent X ligands, with the metal ion occupying the central hole. The 
estimated volume of activation is then equivalent to the volume within the 
first coordination sphere that is filled by the exchanging ligand. Considering 
the simplicity of this model the agreement between AI&, and A’V& is very 
good and can be taken as direct evidence of a D mechanism for these particu- 
lar reactions. 

A similar treatment of an associative process was considered impractical 
due to the unknown effects that steric crowding within a sevencoordinate 
transition state wculd have on AI&,. However, the relatively small magni- 
tudes of AI$..,, i.e. 11 to 20 cm3 mol-‘, led the authors [92] to favor an I, 
mechanism over an A mechanism, although the latter could not be ruled out. 
In fact the finite negative AD” values may suggest an A mechanism. 

(iii) Hydrolysis reactions 

The most studied and inherently simplest system involves the aquation 
reactions of acidopentaamminecobalt(III) complexes [36,94-96], 

CO(NH,),X(~-“‘+ + H,d * Co(NH&OH;+ + X”- (11) 

These reactions were studied in acidic solutions in order to minimize any 
contribution from the more facile base hydrolysis. The complete activation 
volume data are summarized in Table 6. 

The AV&, values calculated by the two different methods are virtually 
the same within the given experimental error limits. For X = Cl 1951, NCS 
and DMSO, where larger errors were incurred, application of such equations 
is unrealistic and a linear treatment was favored in order to obtain a mini- 
mum IL\@& I value. 

Although the negative activation volumes (with the exception of X = NJ, 
which is a special case involving acid catalysis) are not immediately indica- 
tive of the expected Id mechanism, the large changes in electrostriction, 
which stem from the creation of charge as the Co-X bond is stretched, now 
represented an important, if not the dominant, contribution to AV& . This 
is exemplified in the large negative AI&, for SOa- as leaving ligand com- 
pared to +1.2 cm3 mol- ’ [80] for the water exchange of Co(NH,)~H~‘. 

A linear relationship exists between the A$$?, values for X = Cl, Br, NOx, 
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TABLE 6 

Activation volumes for the aquation of CO(NH~)~X(~-“~ (25OC, p = 0.1 M, [H+] = 
5 x lo-’ Mj 

X”-- AK%, = 
(cm3 mol-l) 

4% 
(cm3 mol-’ 
kbar-1) 

x Ref. AK&, b 
(cm3 mol-* ) 

Cl- -7-5 f 1.0 e.d 95 
4.9 + 0.5 2.1 * 0.2 -10.6 f 0.4 4 36 

Br- -8.7 i 0.2 2.0 + 0.2 -9.2 f 0.2 4 36 
NO; -5.9 f 0.4 1.0 * 0.2 -6.3 + 0.4 2 36 
so‘y -17.0 f 0.6 4.1 ? 0.5 -18.5 +_ 0.7 8 36 
NCS- -4.0 * 1.0 =*= 36 
N3 +16.0 k 0.4 f -2.1 f 0.3 f +16.8 i 0.5 f -4 36 
DMSO -1.7 f 0.7 = 96 

a Calculated from the quadratic expression (eqn. (4)). b Calculated from the modified 
Tait expression (eqn. (8)). c Calculated from the linear equation. d 59.8”C and p = [H+] = 
0.1 M. e 88.O”C. f 75.0%. 

S04, DMSO and Hz0 and the corresponding Av values which were for the 
most part reported by%Spiro et al. [97]. The slope of the line is approxim- 
ately unity which indicates that the departing X”- ligand must be almost as 
fully dissociated in the-transition state as in the final product. This concept 
is reminiscent of the free energy relationship often used in kinetic studies. 

As defined earlier, the positive values of x given in Table 6 correspond to 
the increase in the number of water molecules solvating the complex and 
leaving group during the activation process according to the treatment of 
Jones et al. 1361. In other words, x is a direct quantitative measure of the 
increase in electrostriction as exemplified by the largest value for x being 
found for the sulfato complex. Furthermore, a plot of AT/&, against x gave 
a smooth curve with a slope at x = 0 of -3.1 cm3 mol-’ so that for X = H,O 
the molar volume of water in the first solvation sphere amounts to 18.0 - 
3.1= 14.9 cm3 mol-’ . Taking V for Hz0 in the coordination sphere of Co- 
(NH3)50H23’ to be 14.0 f 0.3 cm3 mol-‘, it was argued [36] that a AI.&,, for 
water exchange of 1.2 cm3 mol-’ priginates from the difference in the volumes 
of water in the first two spheres surrounding the Co(II1) center, i.e. this com- 
plies with the definition of an I,‘mechanism. 

Another approach to these reactions was made by determining the part-a 
molar volumes of the species involved and then constructing a volume equa- 
tion [96]. If the pentamminecobalt(II1) fragment and the leaving ligand are 
assumed to be fully solvated in the transition state, as indicated by the close 
agreement of AV&, and AV, then AV&, may be expressed as 

AV&, = V(Co(NH&+} + v{Xn-} - ~{CO(NH,),X(~-~)+) (12) 

This equation can be rewritten to yield the value of B{Co(NH&+ } which 
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must be constant if a D mechanism were valid. Indeed, for X = Cl, Br, NOJ, 
S04, DMSO and Hz0 a mean value of 54.9 f 0.9 cm3 mol-’ was obtained for 
the volume of the common fivecoordinate species. Moreover, Stranks [17] 
estimated the intrinsic volume of Ni(NH&’ to be equal to that of a hypo- 
thetical Ni(NH&’ species to within 0.1 cm3 mol-‘. Thus the stable complex 
Co(NH,)z’ should be a good model for the per&coordinate transition state 
species. The molar volume of the former is 55.1 _+ 1.1 cm3 mol-’ which is in 
excellent agreement with the mean value of v{Co(NH,)z+ 1, thereby substan- 
tiating this concept further. Stranks’ hypothesis, as well as the partial molar 
volume data on which the calculation of v{Co(NH&+ } is based, was recentl:y 
criticized by Swaddle [ 981. 

For X = NCS a AV&, of 1.4 cm3 mol-’ was calculated in contrast to the 
measured value of -4.0 f 1.0 cm3 mol-‘. However, the latter was measured 
at 88°C so that reversibility of the reaction and decomposition of NCS- at 
these temperatures [36 1, coupled with the temperature dependence of the 
molar volumes could easily account for the discrepancy. Similarly, for X = N:, 
temperature differences are significant, but by assuming that the leaving 
group is in fact N3H, the molar volumes are consistent with an acid catalyzed 
aquation 1961. 

High pressure studies of the aquation of the corresponding chromium(II1) 
and rhodium(II1) complexes are more limited [64,95,96,99], as can be seen 
from the data summarized in Table 7. Plots of AV&, (chromium(II1)) versus 
either AV& for the corresponding cobalt(II1) complexes where the Co-X 
bond is believed to be essentially broken, or AV for the chromium(III) reac- 
tions are linear with slopes of ca. 0.5 [64]. It was concluded that bond stretch- 
ing was only half as advanced in the chromium(II1) system and an I, mechan- ‘ 
ism was proposed [64], in keeping with the assignment of this mechanism to 
the analogous water exchange reaction. Supporting evidence was later pro- 
vided [96] from the molar volumes which were shown not to comply with 
the treatment used on the cobalt(II1) complexes, i.e. by assuming V{Cr- 

TABLE 
Volume 
units: A 

7 

data for the aquation of Cr(NH3)5X(3-“b+ and Rh(NH3)sNOF (25k;p = 0.1 M; 
P cm3 mol-’ and A& cm3 mol-’ kbar-* ) 

X”- Ref. A%-;, Afi 
____cI-Y--- 

Chromium 
cl- -10.8 * 0.3 1.0 + 0.2 64 
Br- -10.2 f 0.3 1.0 + 0.1 64 
I- -9.4 f 0.3 1.0 + 0.1 
NCS- -8.6 f 1.0 aab 

:: 

Zhodium 
Iw, -6.9 + 0.4 b.c 99 

a 79.8%. b Calculated ftim the linear equation. c 40%. 

7.2 -14.4 
6.1 -13.3 

12.5 -25.7 
11.7 -14.5 

1.7 --9 
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TABLE 8 

Activation parameters for the aquation of tins-CoN,Cl~ in 0.01 M [HN03] and p = 0.1 M 
[loll 

(kJ mol-‘) 
As+ 
(J K-’ mol-‘) 

AC, 
(cm3 mol-‘) 

N-W4 

(en)2 

(en)2 b 
(Meen)2 
@ten)2 
(hen)2 
RS-(2.3.2.tet) 

RR.SS(2.2.2.tet) 108.3 = 
(3.2.3.tet) 106.1 
(CYCkun) 76.5 = 

86.6 -6 
101.2 a 44 a 
111.7 44 
100.0 a 5a 
88.0 -18 

111.1 36 
94.5 -6 

113.1 55 
103.5 8 
109.8 a 328 

5oc 
29 

-25= 

10 -1.7 f 0.7 
25 -1.3 f 0.3 
30 -1.1 2 0.9 
25 -1.7 + 1.1 a 
30 -0.3 + 0.4 
30 -3.1 f 0.5 
30 -0.3 f 0.9 
30 0.3 + 0.6 
25 -0.8 i 1.7 
50 -1.3 f 0.4 a 
30 -1.0 f 0.4 
25 1.0 + 0.4 
25 -2.8 * 1.5 
50 -2.1 f 0.9 

a These reactions were conducted in pure water. b These results are for the cis isomer. 
C Ref. 102: [HP3031 = 0.01 M, p = 0.011 M. 

(NH&‘} = v{Cr(NH&*} = 68.6 cm3 mol-‘, volumes of activation, Avf,, 
were estimated according to eqn. (12) and are shown in Table 7. If it is 
accepted that the dissociative process is only 50% complete in the transition 
state and can be represented by 0.5 AV& then Ae is the contribution from 
Cr-GH2 bond formation necessary to attain the observed AV&,. The con- 
sistency of the Avf, values, as well as their negative sign and absolute values 
close to the volume of a water molecule in the first solvation sphere of a 2+ 
complex ion, strongly endorse the assignment of an I, mechanism. 

For the Rh(NH3)&Oz+ complex, AI?&, is virtually equal to that for the 
analogous cobalt(II1) complex. However, application of eqn. (12) yielded a 
Awn totally inconsistent with a basically dissociative mechanism 1991. The 
smaller lAv* I value may indicate that the reaction mechanism is a pure inter- 
change process (I) with bond breaking and formation only 50% complete in 
the transition state, although more measurements are required to substantiate 
this hypothesis. 

The aquation of Cr(OH&rZ’ was studied up to ca. 2.5 kbar and a pressure- 
independent AV&, of -5.4 f 0.4 cm3 mol-’ (25°C) was recorded [loo]. 
From dilatometric measurements, a Av of -3.3 + 0.3 cm3 mol-’ was deter- 
mined. In view of the fact that AI&, < AV, an I, mechanism was again 
favored for this ch.romium(III) cation. 

The aquation of a series of cobalt(II1) complexes of the general form, 
trans-CoN,Cl’z, has been studied in detail [loll and the results are summarized 
in Table 8. This system presents the added complication by containing two 
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Potential leaving ligands, although loss of the second chloride is significantly 
slower than the rate-determining dissociation of the first. It is immediately 
apparent that neither the nature of the amine ligand, nor temperature, nor the 
medium, have any significant effect on AV&,. Moreover, the cis and trans 
isomers of Co(en),ClG exhibit a common AV&,. Thus the rather large fluctua- 
tions in A& are not reflected in the AV&, values which are virtually zero and 
Pressure insensitive within the experimental error limits. By comparison, the 
water exchange of trans-Co(en)z(OH,):’ yielded a AV&, of 5.9 f 0.2 cm3 
moi-’ which was mainly ascribed to bond breaking with little or no change in 
salvation and the transition state was considered to be a tetragonal pyramid 
185 1. The same mechanism apparently applies to the dichloro analogues with 
a negative Al&, term arising from charge development in the transition state 
compensating for the positive AI& term. Furthermore, Stranks and 
Vanderhoek [ 1031 measured a AV& for the isomerization of trans-Co(en)z- 
(OH&+ of 14.3 f 0.2 cm3 mol-’ with -(a AV&,/i3P)T = 1 cm3 mol-’ kbar-’ 
which was considered as strong evidence for a D mechanism involving a tri- 
gonal-bipyramidal fivecoordinate intermediate. Therefore, the aquation of tse 
dichloro compiexes appears more consistent with a tetragonal-pyramidal inter- 
mediate so that in these cases where cis products are observed (e.q. N, = 
(NH,), or (en)z or RR,SS-(2.3.2.tet)), rearrangement of this intermediate 
must occur after the rate-determining step. 

The molar volume of a trigonal-bipyramidal five-coordinate species may be 
assumed to be similar to that of an octahedral six-coordinate complex, pro- 
vided the ejected ligand is not much larger than the remaining ligands. There- 
fore, dissociative processes involving this configuration in the transition 
state should have a A cX p approaching the molar volume of the leaving 
group in the absence of strong solvation contributions. The molar volume of 
a tetragonal-pyramidal species must be significantly smaller than the parent 
octahedral molecule under the same conditions, with the result that the 
Al&, for this reaction should be considerably less than the molar volume 
of the leaving group. This qualitative argument is in keeping with the mechan- 
ism assignments given above. 

It is significant that the volumes of activation for the aquation of trans- 
Co(en)-& and tmns-Co(2.3.2.tet)Br,’ are more positive than their dichloro 
counterparts, i.e. 1.4 -+ 0.6 and 3.4 + 0.6 cm3 mol-I, respectively [ 1011. This 
tendency stems from either a larger A1 Fntr due to the larger cross-sectional 
area of the departing bromide ligand, or a smaller IAvsfOiv I due to reduced 
electrostriction for the bromide ion, or a combination of both these effects. 

St&c strain within the amine ligand, in particular the chelated tetraammine 
ligands, is manifested in the rate constants and AS* values. This was clearly 
demonstrated by Eade et al. 11041 who found that a linear correlation 
exists between the rate constants for aquation of a series of cobalt(HI) com- 
plexes and N-Co-N bending frequencies observed in the far-IR spectrum. 
The series was recently extended to other cobalt(III) complexes [lOl] and 
with the expected exception of tmns-Co(NH3)&l& which contains the only 
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260 270 260 290 300 310 
Wavenumber km-'1 

Fig. 3, Correlation between log k of the hydrolysis reactions of Co(N4)Cl; and tbe 
N-Co-N deformation frequency ~1Ol,104]. Key: 1, ftans-[Co(tmd)2C1*]f104a; 2, 
&ans-[Co(sbn)@z JCX04a; 3, hzms-[Co(ibn)zCi2]CI04a; 4, trar~s-~Co(NH~)&l&l~; 5, 
~~u~s-ECO(NH~)~CII]C~~; 6, trans-[Co(pn)2C12]CiO 4a; 7, ~ans-[Co(en)2C12]C?04a; 8, 

fruns-[Co(en)#&jClb; 9, truns-[Co(Meen)#2]Clb; 10, tr4ns-[Co(Eten)2C12]Clb; 11, 
frans-ICo(Pren)Kl~]Cl% 12, trans-tCo(2.3.2-tet)CI*]Cla; 13, ~ns-[Co(RS-2.3.2-tet)Cf2lClb 
14, trans-[Co(RS-Z-3.2-tet)Clz]C104b; 15, &ns-[Co(RR,SS-2.3.2-tet)Ci~]ClO~~; 16. tram- 
[Co(2.3.2-tet)Cl~]ClO~~; 17, trans-[Co(3,2.3-tet)C12]Clb; 18, frans-[Co(cy~lam)CI~]Cl~. 
aO.1 M HNO~;“o.ol M HN03,g = 0.1 M; = pH = 2, p = 0.014 M. 

monodentate amine ligands, the relationship was confined, as illustrated in 
Fig. 3. However, the conformation of the inert l&and(s) need not necessarily 
affect AI&,, which explains the insensitivity of this parameter to variations 
in N. In other words, volume changes result from the translation and rotation 
of the species involved. 

Twigg [X05] claimed that AS* and Avf,, are related by establishing that a 
linear relationship exists between these two parameters for a series of aqua- 
tion reactions. However, the scatter was quite large and when the more recent 
data are included, as shown in Fig. 4, the relationship can be seen to be 
purely qualitative. Indeed, no thermodynamic or quasithermodynamic equa- 
tion links the two directly, although it may be generaRy argued that they 
stem from similar sources (keeping in mind the discussion in the previous 
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AVv’ 0 (0 ~2002). AS* - (2 S? 111 

Fig. 4. AV$&, versus ASS: for acid aquation and water exchange reactions of low-spin d3 
and d6 com$exes. Points 12;20 were taken frog the original plot JlOS]. Key: 1, Fe;+ 
(NO?-phen)s ; 2, Fe(phen)a ; 3, Fe(Mezphenf3 ; 4, CoCfcNH3)sOHzf; 5, Ir(NH3)50H2 
6. Co(NH&NCS*+; 7. Rh(NN&OH:*; 8, Cr(NH&OH2 : 9, Co(NH2$N03+; 10. Co- 

; 

(NH&Br*+; 11, Co(NH3)5C12+; 12, Cr(NH3)@+; 13, Cr(OH&NC33 ; 14, Co(NHJ)&O~; 
15, frans-Co(en)2(Se03H)OH~~: 16, trans-Co(enlz(OHz)z+; 17, frans-Co(en)2(OH)2+; 
18, tins-Co(en)@H&+; 19, Co(en)2(0H)OHz+; 20, Fe(CN)5(3,5-Mezpy)‘-; 21, CO- 
(NH3)@MS03+- ,22, hrt~-(=o(NH3)4Cl$; 23, trans-Co(en)$l$; 24, cbCo(en),Clz; 
25, hzms-Co(Meen)$l$; 26, trons-Co(Eten)&X~; 27, tronsCo(Pren)$Zf$; 28, trans-Co(RS- 
2.3.2.tet)Clf; 29, trans-Co(RR,SS-2.3.2.tet)Cl;; 30, tran.s-Co(3.2.3~tet.)ClG; 31, tra~~.+Co- 
(cyclam)Cl+z; 32, RhC@; 33, RhClSOH$-; 34, Co(CN)s13-; 35, Rh(NH3)5NOy. 

parmph) and therefore usually possess the same sign. Consequently, to use 
such a relationship as *&I indication of the nature of the contributing interac- 
tions appears advantageous, but to circumvent independent kinetic measure- 
ments with predicted activation parameters can be misleading and detracts 
from the overall goal of kinetic measurements, which is to diagnose the un- 
derIying mechanism, using aU the available information. 

Although the majority of octahedral complexes are cationic, a number of 
isolated higb pressure studies have been devoted to anionic complexes. 
Volumes of activation for the aquation of Cr(NCS),3- and Cr(NH&(NCS);; 
were repart& to be 16 t 2 and -2.4 zt 0.8 cm3 mol-* at 5O”C, respectively 
[106]. The former was found to be strongly pressure dependent with A@ ea. 
-15 & 5 cm3 mol-’ Isbar-‘, while A@& for the second reaction was virtually 
independent of pressure. These resuits were interpreted [106] in terms of an 
ia mechanism for the C!r(NCS)z- complex, invoMng at least one water mole- 
cule, whereas the aquation of Cr(NI-I,),(NCS); was described as involving an - 
“SN2 front-side process”, i.e. an A mechanism. Although these as@gnmenls 
confirmed the conclusions of previous workers [lo?-1091, an extension of 
Stranks’ model [17] to anionic complexes would appear to favor a D mechan- 
ism for the former reaction and an I, mechanism, or even an Id, for the latter. 
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It must be noted that dissociation of a thiocyanato ligand only results in a 
moderate charge separation and therefore a limited change in eleckostriction 
or a small positive contribution to AI&,, estimated at 5 cm3 mol-’ by Gay 
and Nalepa [106]. The aquation of Cr(NCS)z- was subsequently reinvestig- 
ated [llO] and a AI?&, of 2.9 + 0.8 cm3 mol-’ at 25°C was recorded. More- 
over, it was found to be pressure independent. Thus it was argued that the 
positive contributions of CrNCS bond stretching and the associated 
decrease in electrostriction are somewhat compensated by the effect of Cr- 
OHz bond formation, consistent with an Id mechanism. Langford and Tong 
[ 1111 suggested that a dissociative mechanism can occur in reactions of 
chromium(II1) complexes in which strong truns-labilizing ligands, such as 
NCS, are present. They also established that specific solvation sites are evi- 
dent and tend to influence the mode of activation of chromium(II1) com- 
plexes. 

The aquation of cobalt(III) complexes of the type Co(CN),X”- is generally 
accepted as involving a limiting dissociative mechanism with a fivecoordinate 
intermediate Co(CN)z-. Accordingly, positive volumes of activation were 
found [112] for X = Cl, Br, I and N3 at 40°C and p = 1 M, i.e. 7.8 f 0.5,7.6 
+ 0.6,14.0 f 0.7 and 16.8 + 0.5 cm3 mol-‘, respectively. The latter reaction 
was measured in 0.1 M HCIOJ so that acid-catalyzed aquation was predomi- 
nant. For the remaining reactions a D mechanism would result in a small posi- 
tive value for AI.&, due to charge separation and specific solvation of X, 
with the bulk of AV& being derived from AI&, which varies directly with 
the cross-sectional area of the leaving ligand. The molar volumes of the two 
substrates Co(CN),C13- and Co(CN),Br3- were measured at 127.5 and 136.5 
cm3 mol-’ so that with V (Cl-) = 21.75 cm3 mol-’ and P(Br-) = 29.4 cm3 
mol-’ , application of eqn. (12) yielded 114 and 115 cm3 mol-‘, respectively, 
for the volume of the Co(CN)z- species [i12]. The similarity between these 
two values was considered as evidence for a D mechanism. 

In acidic solution the stepwise aquation of RhClz- yielded exclusively 
“cis” products with the final stable species being fat-RhCIJ(OH& [113]. 
Based on the results of an ear!ier chloride exchange study of the first aqua- 
tion step [ 1141 and on the steric course of these reactions, a D mechanism 
was proposed in which the fivecoordinate intermediate has a square-pyram- 
idal structure [113]. The volumes of activation for the aquation of RhCIz- 
and RhCl,OHz- proved to be accordingly large and positive, viz. 21.5 + 0.6 
and 14.3 + 0.5 cm3 mol-‘, respectively, at 20°C and p = [HCiO,J = 4 M 
[ 1151. The former value increased only slightly at lower ionic strength, 
24.5 f 0.3 cm3 mol-‘, ~1 = 1 M. These values were therefore considered to 
underline that the mechanism must be dissociative, most probably of the 
D type. 

Until now aquation reactions have been presented for which the leaving 
ligand was unidentate. However some examples exist in which bidentate 
leaving groups are involved. This group of reactions includes the acid-hydro- 
lysis of M(C,O,)i-, where M = Co(III), Cr(II1) and Rh(II1). The respective 
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volumes of activation were found to be 10.8 f 0.4 (50” C), -6.3 f 0.4 (50°C) 
and -7.9 i 0.6 (60°C) cm3 moi-’ at [II+] = 1 M [116]. Although these results 
are indicative of two extremely different processes involving the cobaIt(II1) 
complex on the one hand and the chromium(II1) and rhodium(II1) complexes 
on the other, these reactions are complicated, as can be seen from the rate 
expression . 

k ohs = k’, + k:[H+] + k’,[H+l* (13) 

The sequence of equilibria and ratedetermining steps consistent with this 
rate equation are 

M(C,O&- + H,O 2 M(C,O.S),(OC,O,)(OH,)~- (14:) 

M(C,O&- + H30+ 2 M(Cz0,),(OC,0,H)(OH,)2- (15) 

M(C,0,),(OC,0,)(OH,)3- + H,O 2 M(C,O,),(OH,); + C,O:- (16) 

M(Cz0,)~(OCz0~H)(OH~)2- + Hz0 2 M(C,O,),(OH,); + C2OJ-I- (17) 

M(Cz0&(OCz03H)(OH#- + H30+ 2 M(GO&(OH& + CzOaHz (13) 

These equations all refer to cis isomers. The complexity of the acid depend- 
ence of kobs, and hence the overall AI&, , allowed only a semiquantitative 
treatment of the volumes of activation to be made, although the absence of 
k\ from eqn. (13) for cobalt and k’, for chromium and rhodium simplified the 
situation slightly [116]. By assuming Avf(k,) = Ap(k,) and by estimating 
values for the ring opening equilibria (i.e. ca. zero for AV(K1) and AF(Ri)), 
the following results were arrived at: for the cobalt(II1) complex Av(k,) = 
Avf(k,) = 3 f 3 cm3 mol-‘, while for the chromium(II1) and rhodium(II1) 
complexes Ap(k,) = Ap(k,) = -18 f 3 cm3 mol-‘. The Iatter are reconcii- 
able with an associative attack of a water molecule or hydronium ion on the 
protonated, “ring-opened” form of the complex. The cobalt reaction 
appears to be basicahy dissociative in character leading to positive activation. 
volumes. It has been shown that ratedetermining loss of an oxaiate Iigand is 
accompanied by a redox process yielding CZOi or CO; radicals and reduction 
to cobaIt(I1) [ll’i]. 

The pressure dependence of the rate of the acidcatalyzed aquation of a 
second oxaIate ligand has been studied, namely from c&Cr(C20,),(OH,);, 
as well as the analogous reaction of cis-Cr(CH,C,O,)(OH& (where CH,C,O~- = 
malonate dianion) [ 118 1. SmaII volumes of activation were found: 1.7 f 0.7 
cm3 mol-’ for cis-Cr(C~O&(OH& at 45°C in 3 M HC104 and 2.4 f 0.6 cm3 
mol-’ at 65°C in 0.5 M HCIO, Or = 1 M) for cis-Cr(CH&O&(OH& . The 
reaction sequence is believed to take the form [119] 

&-Cr(aa),(OH& + H,O+ 5 W~)(aaW(OH,)3 (19) 
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Cr(aa)(aaH)(OH,), + H30* s Cr(aa)(OH& + HaaH (20) 

where aa represents the unprotonated ligand. According to the authors’ odi- 
nion dissociation of the single protonated ligand in eqn. (20), or the associa- 
tive attack of a water molecule, as the ratedetermining process should give 
rise to negative AV&, values [118]. The former would lead to an increase 
in electrostriction while the latter derives from the negative Avi”,, associated 
with bond formation. The measured AI&, values are not in agreement with 
these mechanisms, but their similarity indicates that a common mechanism 
prevails. The authors [118] estimated a value of <2 cm3 mol-’ for eqn. (19) 
so that AP fcr eqn (20) must be of the order of 3 cm3 mol-‘, consistent 
with a mechanism involving direct protonation of the coordinated carboxyl- 
ate followed by the dissociation of the fully protonated acid to form a five- 
coordinate intermediate. It is worth mentioning here that such a mechanism 
deviates from that proposed for the corresponding trisoxalato complex 11191. 

The aquation of tris(l,lO-phemmthroline)iron(II) and its 5-nitro- and 4,7- 
dimethyl- derivatives was studied at 35°C and in 1 M HzS04 up to ca. 1706 
bar [120]. The activation volumes were reported at 15.4 f 0.4,17.9 + 0.3 and 
11.6 f 0.6 cm3 mol-‘, respectively, and were shown to be virtually independ- 
ent of pressure. These values, together with the positive entropies of activa- 
tion, provided strong support for a dissociative mechanism. The possibility 
of a step-wise breaking of the two Fe-N bonds incorporating a unidentate 
intermediate could be ruled out due to the severe steric restrictions imposed 
by the adjacent phen rings. Therefore, a simultaneous stretching of both Fe-N 
bonds was favored. By neglecting any contribution from either AV$,, or any 
shortening of the remaining Fe-N bonds, the volume swept out by the leav- 
ing phen ligand could be calculated using the various bond distances and van 
der Waals radii available in the literature. On the basis of such calculations, 
the Fe-N bond extensions on forming the transition state were given at 61 
jphen), 72 (5-NO*-) and 45 pm (4,7-Me,-) corresponding to a degree of 
bond breaking of 39,46 and 28% respectively. These estimates were taken 
to be more in keeping with an Id mechanism. Specific interactions of the 
substituted phen ligands were considered not to contribute significantly to 
the differences in the AV&, values. 

(iv) Anatim reactions 

For anation reactions, the leaving group is inherently neutral and conse- 
quently the dissociation of this ligand does not involve changes in electrostric- 
tion so that this type of reaction has similar characteristics to the solvent 
exchange reactions. Furthermore, being the reverse of aquation, they provide 
an opportunity to verify the mechanism assigned to aquation. Conversely, 
preassociation of the incoming nucleophile with the substrate often compli- 
cates the interpretation by introducing a preassociation equilibrium which 
must be accounted for with an appropriate volume term. 
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TABLE 9 

Volumes of activation for the anation of M(NH3)50H3+ [ 1211 

M Y 

?C) 
[H+l P Avzc, 
W). (M) (cm3 molwl) 

co Cl- 60 0.1 2.0 1.4 + 0.8 
co SO:- 60 0.1 2.0 2.3 z 1.8 
Rh Cl- 60 0.1 2.0 3.0 + 0.7 
Cr NCS- 50 0.1 1.0 -4.9 2 0.6 
Cr NCS- 50 0.1 0.3 -2.4 + 1.3 

A recent study was made of the anation reactions of M(NH3)50H$’ [121] 
and these data are presented in Table 9. These reactions are generally 
believed to proceed according to an interchange mechanism represented by 
the equations 

M(NH&OH:+ +X”-- 2 {M(NH,),OH;+, X”-} (2X) 

(M(NH&OH;+, X”-1% M(NH,),X’3-“)+ + Hz0 (22) 

Surprisingly, in each case KIP was < 0.3 M-i, even for the doubly-charged 
nucleophile SO:-. Nevertheless, by accepting the existence of an “ion pair” 
intermediate, AV&, is then comprised of the volume changes incurred upon 
ion-pair formation and the actual interchange step in eqn. (22). For the ion 
P& UWNW:‘, SO;- ) , Avr, is strongly temperature dependent, being 
10.8 cm3 mol-’ at 15°C and 4.5 cm3 mol-’ at 40°C [ 1221. In addition, AVir 
decreases with increasing ionic strength so that, under the experimental con- 
ditions of 60°C and p = 2 M, it was considered to represent only a small po- 
sitive contribution to AV&, . Consequently, AI&, was also assumed to be 
minimal due to the high ionic strength used and because the major effect of 
electrostriction, if any, should be observed during the formation of the con- 
tact ion pair. The AV&, values in Table 9 were therefore attributed mainly 
to AV&, for the interchange process. The similarity between the AV$_ 
values for the anation of Co(NH,),OHz’ by Cl- and SO:-, as well as for the 
corresponding water exchange reaction (e.g. AI&, = 1.2 cm3 mol-’ [SO]). 
supported this proposition. Their positive signs and small values are in agree- 
ment with the dictates of an &i mechanism. Conversely, the small negative 
AI&, for the anation of Cr(NH&OH:’ by NCS- is in keeping with an I, 
mechanism. The slightly larger AV& value at 0.3 M ionic strength was 
thought to reflect the increased positive contribution of AV,, at the lower 
ionic strength. The positive values of AV&, for the anation of Rh- 
(NH&OH:+ by Cl- conflicts with the assignment of an I, mechanism to the 
water exchange reaction [Sl], but may be consistent with a general I mechan- 
ism proposed for the hydrolysis of Rh(NH&NOz’ 1991, or with an & mechan- 
ism [123]. 
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The anation of cis-Co(en)z(OH2)~’ by oxalate involves a complex series of 
protonation equilibria incorporating both reactants [124,125]. However, by 
studying this system in specific pH regions, the overall reaction scheme could 
be simplified and volumes of activation assigned to individual reaction steps 
11251. For example, in acidic medium ([IWO,] = 0.5 M and p= 2.0 M 
(NaNOJ)) at 60°C the reaction scheme was reduced to 

+ Hz&O4 “=” 
cis-Co(en)z(OH&’ 

JI 

ICo(en),(OH&+, H&O, 1 kL 
K1 

?1 
K2 

4 

+ H&O; 2 (Co(en)&H,):‘, H&04 ) 

“Co(en),(OHz)(C204)*” ‘5 Co(en)&Oi (23) 

A pressure dependence of the observed rate constant at four oxalate concen- 
trations (30°C and LL = 0.32 M (NaNOX)) yielded the values, AT& = 4.8 -+ 0.2 

ed cm3 mol” and AT,, = 2.3 f O&cm3 mol-’ [125], where the latter was derive 
from KIT = (KIK, + [H7K3)/(KL + [HT). Under the prevailing experimental 
conditions [H’] > K1 and K1K4 > [H’JK,, such that Avr, = (Av, + Avd). 
Given that AV, = -12 cm3 mol-‘, then Av, 21 10 cm3 mol-‘. However, van 
Eldik and Harris [ 1261 have recently shown that the large ion pair associa- 
tion constants reported in this system [124,125] are not found in perchlora 
media, suggesting that nitrate ion plays a specific role in these reactions. 

te 

A similar investigation in neutral medium [ 125 ] involved the equations 

Co(sn),(OH)OHf’ + CzO:- 2 (Co(en),(OH)OH,2’, C,Oi-) 

(Co(en),(OH)OH,2’, CzOi-) kk Co(en)2(0H)C204 + Hz0 

and the rate equation 

(24) 

(25) 

l/k& = l/kL + l/(kL + K,[C20,2-1) (26) 

The values of kk and KS obtained from eqn. (26) were corrected for the 
presence of some diaquo-species and for the pressure dependence of the 
buffer used. The respective values of AFL and AT, are 4.6 + 0.4 cm3 mol-’ 
and a rather surprising negative value of -1.0 + 1.5 cm3 mol-‘. A comparison 
of APL and the virtually identical Ap=’ with 5.9 f 0.2 cm3 mol-’ obtained 
for water exchange with trans-Co(en)2(0H&+ 185 ] suggests that a common 
Id mechanism is operative. Furthermore, virtually zero values for Apg for all 
three reactions supported this postulate. . 

Additional evidence for a dissociative process was provided from a compari- 
son of the water exchange rates with the rate of interchange within the 
“oxalate” ion pair. r’or example, the rate of water exchange in cis-Co(en)2- 
(OH,):’ is four times faster than the rate of interchange within the ion pair, 
1Co(en)l(OH&“, Hz&O4 } . The rate of water exchange in the more labile 
cis-Co(en)z(OH)OHz* cation is twice the interchange rate, k&,. 
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The final aspect of this research [ 1251 dealt with the oxalate ring-closing 
reaction which, in the pH region 7-8, can be represented by the equations 

Co(en)z(OH)CzOa + H* 1/KB Co(en),( 0H,)C20i (27) 

Co(en),(OH,)CzOi “G Co(en)&O: f Hz0 (28) 
After correcting the rate constants for pressure effects on the buffer and by 
assuming a AV for the protonation equilibrium (27) of 2.3 cm3 mol-‘, a 
Arg’ of 0 f 1.2 cm3 mol-’ was estimated (at 50°C and ,u = 0.37 M (NaNOJ)). 
AS a dissociative rate-determining loss of the OHz ligand would lead to a po- 
sitive Avg’, this must be compensated by bonding of the free carboxalate 
to the cobalt center. An I, mechanism was therefore favored for this process. 

The step-wise anation of Cr(OH&’ by oxalate was investigated at pH = 
2.7 where only the aquo form of the complex is present and oxalate exists 
mainly as HC20i [127]. The volumes of activation for the step-wise forma- 
tion of Cr(C,O&- are -2.2 f 1.0, -8.2 F 0.5 and -10.0 I 0.5 cm3 mol-’ at 
25°C and cc = 1 M, respectively [127]. The negative signs of the first two 
values are compatible with a basically associative mechanism, as positive con- 
tributions stemming from electrostriction would be expected to diminish 
upon formation of the prerequisite ion pairs. This is clearly emphasized by a 
comparison of AV&, for the water exchange with C!r(OH&‘, -9.5 + 0.3 
cm3 mol-’ 1831, with that for the bioxalate anation of this species, viz. -2.2 
f 1.0 cm3 mol-‘. Schenk and Kelm 11271 demonstrated the role played 
by electrostriction by applying the Born equation [128] to this system. This 
equation predicts a positive AV$& for the first step, a smaller value for the 
second and a negative value for the third, which are transposed on a constant 
negative AI&r term stemming from bond formation. 

For anation reactions proceeding via a limiting dissociative mechanism, the 
volumes of activation must be positive and independent of the incoming nu- 
cleophile for a given substrate. A good example of this behavior can be found 
in the anation of Co(CN)sOHz- by Bf, I- and NCS where volumes of activa- 
tion of 8.4 + 1.0,9.4 f 1.6 and 8.2 + 0.9 cm3 mol-* (at 40°C and fl = lM), 
respectively, are recorded [ 1121. In other words, electrostriction is not a 
factor in these reactions and AI&, directly reflects Co-OH, bond stretch- 
ing. Similarly, the anation of cis-RhC&(OH& and RhCl,OH%- at 20°C and 
p = 4 M resulted in activation volumes of 15.7 + 6.5 and 14.7 f 1.6 cm3 
mol-‘, respectively [115]. The difference in the average AV& for the iatter 
two systems may be due to differences in the geometries of the respective 
intermediates, viz. trigonal-bipyramidal for the pentacyano reactions and 
tetragonal-pyramidal for the RhCl, (OH,)&!!ZZ3’- system [ 1151. 

(v) Equilibration reactions 

This section is devoted exclusively to results obtained from T-jump studies 
where it is not always possible to treat the hydrolysis and anation reactions 
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within their equilibration individually. 
In this category the most extensively studied system involves the formation 

reactions of Fe(III)+aIide and -pseudohaIide complexes according to the 
overall scheme [ 129-1311 

X- 

X- 

ki e 
k-1 

(29) 

By ahowing for ion-pair formation, eqn. (29) expands to 

(30) 

It is understood that the Fe(II1) species in eqns. (29) and (30) refer to fully 
hydrated ions, e.g. Fe3’ = Fe(OH,)c. The combined results of these investiga- 
tions are presented in Table 10. From the schemes shown in eqns. (29) and 
(30), it can be seen that k’, = Klk, and thus AI& = Avf ’ = Av, + Afl. The 
same applies to A*‘. In the cases where X = Cl and NCS, AB, was calculated 
from Hemmes equation (31) [ 1321, whioh is based on the expression for 
outer-sphere complex formation developed by Eigen [ 1331 and Fuoss [ 1341 

AvO, = RT{( Iz+z_l e2/aekT)(a In e/W)= -0) (31) 

where z+ and z- are the charges on the two ions; a is the distance of closest 
approach; E is the dielectric constant; k is the Boltzmann constant and j3 is 
the compressibility of solution. For X = Br, AV, was calcuiated by an itera- 
tion procedure. The negative values for ArI were presented as direct evidence 
of an associative attack by X- on the hydrated Fe” ion. On the other hand, 
anation of the mocohydroxo-iron(III)-species is considered [129-1311 to 
follow a dis=sciative mechanism as demonstrated by the positive activation 
volumes, Afi' . The effect of the charge on the substrate was given as a 
possible reason for the change in mechanism [ 129,130]; higher charge density 
on Fe3‘ was thought to raise the activation energy for a dissociative process, 
thereby favoring an associative one. The assignment of an associative mechan- 
ism tothe kl path conflicts with the mechanistic concept of Eigen [135] 
who proposed a dissociative mechanism for the interchange reactions of 
Fe(III). 

Although the anation of Ni*+ is generally accepted as proceeding via an 
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TABLE 10 

Volumes of activation (cm3 mol-i) for the reaction of Fe(II1) with X- at 25% 

Path 

kz k; 
k, 
&KOHX 

ki 
KOH d 

Ki d 

cl- a Br- b NCS- = 

-4.5 * 1.1 -8 +4 ca. 0 
7.8 +_ 1.0 7.1% 1.0 

-9.2 + 0.7 -2 *4 
2.2 + 1.5 2 A2 

-9.9 -19 +-4 -1.2 
1.6 + 0.1 3.0 f 0.5 

11 +l 8.9 2 0.5 

a Taken from ref. 129, cc = 1.5 M. b Taken from ref. 130. p= 2.0 M. c Taken from ref. 131, 
fl= 0.2 M. d Measured independently. 

encounter or ion-pair intermediate, the parameters for the overall reaction kf 

and kb (eqn. (32)) are usually reported 11 
Ni2+ + L”- kf NiL(2-“)+ 

kb 
(32) 

A variety of such reactions has been investigated and the volumes of activa- 
tion are listed in Table 11. The positive values for Avf reinforce the theory 
of Eigen [135] that bond stretching in the transition state predominates. 
Using eqn. (31), Grand; [136] derived a value for AvO, of 3 cm3 mol-’ for ion- 
pair formation between Ni2+ and glycinate, while Jost [ 39 ] obtained a value 
of 3.5 cm3 mol-’ for Ni’+ and murexide by the same method. In both cases 
the activation volume for interchange within the ion-pair remained positive, 
thereby underlining the dissociative character of the mechanism. 

Grant and Wilson [ 1391 suggested that for bide&ate ligands, ring closure 
could be rate determining. Therefore, they studied the reaction of the neu- 
tral ligand PADA with a series of nickel complexes, NiL, where L = ethylene- 
diaminediacetate (EDDA), nitrilotriacetate (NTA), diethylenetriamine 

TABLE 11 

Volumes of activation and the total volume change for the formation of Ni’* complexes 

Ligand A@ A7 
(cm3 mol-‘) (cm3 mol-I) 

Glycine 10.0 + 1.0 2.1 f 0.6 
Murexide 12.2 f 1.5 22.6 + 1.5 
Imidazole 11.0 + 1.6 
PADA ? 7.7 * 0.3 0.9 +_ 0.7 
NH3 9.2 + 0.3 -2.3 + 0.7 

a PADA = pyridine-2-azodimethylaniline. 

T Ref. 
(“C) 

25 136 
25 39 
28 137 
49 138 
30 138 
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TABLE 12 

\.olumes of activation and the tota: volume change for the reaction of PADA with 
N. Lt2-)+, at 25%. /.I = 0.3 M and pH = 7 a 

L”- A@ Ati AT 
(cm3 mol-‘) (cm3 mol-I) (cm3 mol-I) 

ED:IA 6.9 f 0.4 
NT. \ 6.9 f 0.4 7.0 2 0.4 
die1 I 4.2 f 0.3 3.6 f 0.3 
trie .I 2.6 f 0.4 5.5 + 0.2 
tren b 2.9 _+ 0.3 5.2 i 0.3 

a Taken from ref. 139. b Measured at 20%. 

-0.1 + 0.8 
0.6 -+ 0.5 

-3.2 + 0.6 
-2.4 2 0.5 

(dien), triethylaminetetramine (trien) and 2,2’,2”triaminotriethylamine (tren). 
The relevant volume parameters are given in Table 12. The AVr values could 
be divided into two groups [ 139], Ni(OH,)z+, Ni(EDDA) and Ni(NTA)- with 
larger values (5 to 8 cm3 mol-‘), and Ni(trien)‘+ and Ni(tren)*+ having smaller 

values of ca. 3 cm3 mol-‘. The value for Ni(dien)*+ of 4 cm3 mol-’ lies 
between those of the two groups. The authors [139] used two methods to 
estimate the rate constant for dissociation of the monodentate PADA ligand 
and found good agreement for all complexes except Ni(trien)” and Ni(tren)” 
They concluded that Ni(OH& , *+ Ni(EDDA) and Ni(NTA)- react with a rate- 
determining dissociation of a water molecule, whereas ring closure is rate 
determining for the reactions on Ni(trien)” and Ni(tren)“, while Ni(dien)” 
was thought to belong to an intermediate class. 

Stranks [17] pointed out that there is a complete lack of any apparent 
correlation between Avf and A7 for these reactions, as can be clearly seer! 
from the data listed in Tables 11 and 12. Grant and Wilson [ 1391 proposed 
that this may be due to a delicately balanced interplay of the significance of 
the metal characteristics, the ligand and the solvent in these reactions. 

For various reasons it seems to be appropriate to include the reactions of 
Zn’+ and Cut’ next to those of Co*’ at this stage. The reactions of these me- 
tal ions in glycerol were conducted under conditions where only 1 : 1 metal7 
PADA complexes were observed [ 1401. The rate constants, including that of 
Ni2+, were virtually the same, whereas they differ by a factor of lo4 in water 
and are i02 to IO3 times larger than the values calculated for diffusion con- 
trolled reactions. However, relaxation times for the Ni2+ and Cu*+ reactions 
were too long to allow accurate rate constants to be determined and there- 
fore pressure and temperature dependence studies were only possible for 
Co2+ and Zn*‘. The respective volumes of activation for formation are 9.6 c 
0.5 and 12.2 + 0.8 cm3 mol-’ at 20°C [140]. The volume of activation for a 
diffusion controlled process, AEi,,, was calculated according to the equation 
(7 = viscosity) 

AV$itf = -RT(d In k add.%- = JWd h VW% (33) 
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For glycerol, values of AV# diPt were determined to be 15.5 cm3 mol-’ at 30°C 
and 12.5 cm3 mol-’ at 75°C. The value of Avf for Zn” is in reasonable agree- 
ment with AGift while the corresponding vaiue for Co*+ is significantly 
smaller (noting that Avf for Co*’ at 43°C is only 7.6 + 0.4 cm3 mol-’ [140]). 
Therefore, the reaction of Zn*+ with PADA appears diffusion controlled, 
despite the low rate constant, whereas the same reaction involving Co*+ is 
chemically activated, as well as being partially diffusion controlled. 

(vi) Ligand substitution reactions 

Six kinetic criteria by which one can establish the existence of a dissocia- 
tive, D, mechanism for substitution reactions were recently outlined [ 1411. 
These included a new criterion which stated that AI&,, should be positive 
and independent of the incoming nucleophile when the leaving group is un- 
charged. The authors went on to propose that the rate-determining dissocia- 
tion may be represented by 

MLSX == {ML,---X}# = Products (34:? 

The partial molar volume of the substrate was considered to be equivalent to 
the sum of the partial molar volumes of the MLS moiety and the @and X. 
The volume of the transition state is made up of two similar contributions 
and an addition term V(6X'), which is the volume swept out as the M-X 
bond is stretched. Using assumptions discussed earlier [17,96], it was 
accepted that v(MLs) = v(MLg) and v(X) = v(X’). Consequently, AV&, = 
V(SX#) = A, AZ, where A, is the effective cross-sectional area of X and AZ is 
the extent to which the M-X bond is stretched in the transition state. The 
observed volumes of activation are shown in Table 13. These values comply 
with the “sixth” criterion in that they are positive and independent of the 
entering group. Thus, for the substrate Fe(CN)5(3,5-Me2py)3-, a mean value 
of AV& of 20.7 cm3 mol-’ can be assigned. The insensitivity of the rate con- 
stant for the dissociative step to the composition of various mixed aqueous 
solvents 11421 indicates that changes in solvation of the leaving 3,5-Me,py 

TABLE 13 

Volumes of activation for the substitution of pentacyanoferrate(II) at 25% and p = 0.5 M 
[I411 

Reactants A&? 
(cm3 mol-I) 

Fe(CN)5(3,5-Me2py)3- + CN- 20.5 f 0.6 
+ pyrazine 21.2 + 1.0 
+ imidazol 20.3 f 1.0 

Fe(CN)s(3-CNpy)3- +cN- 20.6 zt 0.5 

a Calculated according to eqn. (1). 
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Fig. 5. The activated complex in the dissociative reaction of Fe(CN)s(3,5-Me2py)3- taken 
from ref. 141: where 2 = 195 pm = ground state Fe-N distance; Al = Fe-N bond extension = 
139 pm; a = 910 pm and b = 670 pm (c = 370 pm = the thickness of the 3,5-Mezpy ring). 

ligand are of little significance in this step. As a result, AV& was attributed 
entirely to the volume swept out by the leaving group. A scaled diagram 
showing the relevant dimensions is shown in Fig. 5. No net volume change 
was anticipated from movement of the substituent methyl groups, so that 
AI&, = lo-” NA X b X c X Al = 20.7 with the result that AZ = 139 pm. 
Complete cleavage of the Fe-N bond, which has a length of 197 pm in the 
ground state, would correspond to the sum of the respective van der Waals 
radii, or 355 pm. The authors then calculated that the Fe-N bond is elong- 
ated in the transition state to 139/158 or ca. 88% of the distance correspond- 
ing to complete dissociation. By substituting Q for b in the calculation of Al, 
the percentage bond extension amounted to 65%, but in neither case was 
this considered to be sufficient as to allow a water molecule to approach the 
Fe center close enough to form a bond. In other words, these results also 
supported the assignment of a D mechanism. By applying this procedure to 
the unsymmetrical ligand 3-CNpy, 70% was calculated for the percentage 
bond separation in Fe(CN),(3CNpy)3-. 

Finally, positive entropies of activation were found and attributed to sol- 
vent interaction effects. It is also very significant that these authors [141] 
also state that extra rotational modes of solvent molecules in close proximity 
to Fe(CN)z- and the heterocyclic moiety would result in positive contibu- 
tions to AS”, but that no corresponding contribution to AV&, exists. 

The pressure dependence of the nucleophiledependent rate constants for 
substitution by CN- and OH- into Fe(phen)g’ and Fe(bpy)g’ was recently 
reported [ 1431. It must be -mentioned that the hydroxide dependence does 
not involve conjugate-base catalysis so that these results may be treated 
within the concept of a normal substitution process. The volumes of activa- 
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tion and the entropies of activation, shown in parentheses, are as follows: 
Fe(phen)$‘, with CN- 19.8 + 1.0 (4 2 20) and with OH-, 19.7 2 0.3 (18 f 3); 
Fe(bpy)z+, with CN’, 20.9 f 1.6 (37 f 9 J K-i mol-I) and with OH-, 21.5 f 
0.4 cm3 mol-’ [ 1431. The reactions with CN- were followed at 25”C, whereas 
those with OH- were studied at 20°C. In keeping with the generalized criterion 
for a D mechanism [ 1411, large positive AV& values were found and they 
are independent of the nature of the leaving group. They are also similar for 
both substrates and closely resemble the values obtained for the aquation of 
these species, viz. 15.4 i 0.4 cm3 mol- ’ for Fe(phen):’ [120] and 11.7 -+ 0.7 
cm3 mol-i for Fe(bpy)]+ [144]. The dissociative process was thought to 
involve the simultaneous stretching of both Fe-N bonds on the rigid phen 
and bpy ligands. A consecutive mechanism involving a oneended dissociation 
of the phen ligand could be ruled out due to steric restrictions imposed by 
the other two phen ligands. The consistency of the AV& values, as opposed 
to the AS’ values, again underscored the proposal that many solvent rearrange- 
ments are only reflected in AS’ and the relationship between these two para- 
meters as claimed by Twigg [ 1051 is unjustified in many cases. 

For the substitution reactions of metal carbonyls, two types of kinetic 
behavior have been observed. A first-order reaction, generally associated with 
a positive AS”, and second-order processes with negative entropies of activa- 
tion. These were explained in terms of variations in mechanism, namely, 
dissociative and associative, respectively. The volumes of activation are listed 
in Table 14 for a number of these reactions 11451. The positive activation 
volumes were interpreted in terms of a dissociative mechanism as electrostric- 
tion can be ignored in these systems involving neutral molecules. This assign- 
ment concurs with the observed reaction order, i.e. the rate constants are 
independent of the nucleophile concentration. Brower and Chen [145] also 
used the positive A<& values to calculate M-C bond extensions which 
proved to be 170 and 250 pm for Mo(CO), and Cr(CO)6, respectively, and 
140 pm for Ni(CO)+ The approximate value for complete bond rupture was 
given as 235 pm, demonstrating that bond stretching is very advanced in the 
transition state. 

TABLE 14 

Volumes of activation for the substitution reactions of metal carbonyk [ 1451 

Reactants Kinetic 
order 

Solvent AG, 
(cm3 mokl) 

Mo(CO), + Ph3P First %ooct.ane” 103.0 102 1 
Cr(CO)6 + Ph3P First Cyclohexane 124.0 15 + 1 
W(CO)b + Bu3P Second Cyclohexane 120.0 -10 f 2 
Cr(CO)6 + N; Second Acetone 24.0 0 51 

Ni(CO)d a + (EtO)sP First Heptane 0.0 821 

a For convenience the four-coordinated Ni compound is included here. 
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The “neutral displacement” reactlon of W(CO)6 was considered to be 
associative in character due to its second-order property and this harmonizes 
with the negative AV$..,. 

The reaction of Cr(CO)b with N; is unusual and takes the following form 

Cr(CO)h + K + Cr(CO)5NCO- + N2 (35) 

with a transition state of the structure 

? - 

: J 

F 
(CO)&, 

N?N 

The observed AV&, of 0 cm3 mol-’ indicates that both bond making and 
breaking are important in the transition state because the expected values for 

the limiting cases are -10 and +lO cm3 mol-‘, respectively. 

(vii) Isomerization reactions 

This section is divided into three parts in order to deal separately with 
the various types of rearrangements, namely geometric and linkage isomeriza- 
tions as well as racemization reactions. These types of reactions and their 
pressure dependencies were recently reviewed by Lawrance and Stta&s [ 181. 

The volume of activation for the isomerization of trans-Co(en)2(0H2):’ to 
the cis isomer is markedly pressure dependent [103]. These data are shown in 
Table 15. Here again electrostriction changes are minimal so that the large 
positive AV&, values provide direct evidence of a dissociative mechanism. In 
this case the A/3* values are even more significant to the elucidation of the 
intimate reaction mechanism. For the isomerization in 0.05 M HC104, the 
transfer of a water molecule from the coordination sphere to the fii hydra- 
tion sphere, as dictated by an Id mechanism, should result in a compressi- 
bility coefficient of uhydr. sphere -Pcoord. =here) << 0.06 cm3 mol-’ kbar-‘, 
i.e. virtually zero. However for a D mechanism, the limiting value of A@ 

TABLE 15 

Volume parameters for the trans-cis isomerization of Pans-Co(en)z(OH2)3+ [ 103 ] 

Electrolyte 

0.05 M, HC104 
0.05 M, HCl04 
0.5 M, HC104 
1 M, TIC104 
1 M, NaC104 
1 M, HC104 

T AG, w’ 
(“C) (cm3 motl) (cm3 mol-’ kbar-* ) 

34.5 14.3 2 0.2 0.9 2 0.2 
46.0 14.2 2 0.2 1.0 * 0.2 
48.0 14.2 + 0.5 8 *2 
45.0 12.6 + 0.8 10 +3 
45.0 13.7 f 0.7 10 +3 
50.5 13.7 f 0.5 11 +3 
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should be (Pbulkwater -p coord_ sphere) = (0.84 - 0.06) s 0.8 cm3 mol-’ 
kbar-‘, which closely resembles the experimental value in 0.05 M acid. In 
more concentrated electrolyte media, a considerable amount of solvent is 
expected to be bound in ionic aggregates. In order to adjust to the disso- 
ciating ligand and the moving ethylenediamine rings, partial disordering of 
the hydrated ionic aggregates is necessary, thereby releasing a number of 
electrostricted water molecules into the more compressible bulk solvent. 
This explanation accounts for the large A@’ values found in 1 M electrolyte 
solutions. 

Therefore, water exchange and isomerization must proceed through differ- 
ent transition states. The former probably involves a tetragonal-pyramidal 
intermediate 1851, while isomerization occurs through a trigonal-bipyramidaI 
intermediate [ 1031. 

The tram to cis isomerization of trans-Co(en)z(CH3COO)OH~’ was 
studied at three different solution compositions: 0.05 M (HClO,); 0.05 M 
(HClO& CL = 1.0 M (NaC104); and 1.0 M (HClO,); at 45.2% [146]. The 
respective volumes of activation under these conditions are 7.9 * O-3,6.5 f 
0.4 and 5.6 i 0.6 cm3 mol-’ . These relatively small positive values, coupled 
with the fact that Lsp’ = 0 cm3 mol-’ kbar-‘, lead to the conclusion that an 
Id mechanism should be assigned to this reaction and that the leaving group 
is the neutral water molecule. Other possible mechanisms such as the dissocia- 
tive release of CH&OO-, which is likely to result in a negative AV&,, or a ’ 
twist mechanism, which should exhibit a near-zero AC.,, could be ruled out. 
In particular, a comparison of these parameters with those for the isomeriza- 
tion of tmns-Co(en)2(OH2)~+ strongly supports the mechanistic assignment 
made here [ 1461. 

The mechanism for the trans to cis isomerization of tran.s-Cr(C,O,),- 
(OH,); is very different from those discussed above. This is immediately 
apparent from the volumes of activation which are: -16 F 1 cm3 mol-’ in 
water, water/methanol, and water/dioxane mixtures; -9.8 + 1 cm3 mol-’ in 
aqueous solutions of Ca(NO,),; and -5.4 + 1.0 cm3 mol-’ in the presence of 
HC104 11471; The former value was confirmed in a more recent study from 
which a AV&, value was found of -16.6 f 0.5 cm3 mol-’ and a Ap’ value of 
-1.8 20.6 cm’ mol-’ kbar-’ at pH = 3.15 and a temperature of 30°C [118]. 
Although these results could be explained by an associative attack of a water 
molecule on the Cr(II1) center, the rate of exchange of an aqua ligand is 
known to be 150 times slower than the rate of isomerization [ 1481, which 
therefore eliminates this mechanism from coptention. However, the com- 
plete kinetic data are consistent with a ratedetermining opening of an oxal- 
ate ring. The catalytic effect of protons and cations originates from direct 

interaction with the coordinated carboxylate, thereby weakening the Q-0 
bond. This interaction quenches the charge, which develops on the carboxate 
ion during oneended ring opening, and is refiected in the less negative AV& 
values found in the presence of HClO, and Ca(NO,),. In other words, the 
increase in electrostriction around the free end of the monodentate oxalate 
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ligand is mainly responsible for the large negative AI.&, values. Stranks and 
co-workers 1118 ] estimated this contribution to be ca. -12.5 cm3 mol-‘. 
Furthermore, the entropy of activation is negative, -61 J K-* mol-’ [118, 
1471, in keeping with strong electrostrictive effects. 

The transfer of a single water molecule from the bulk solvent to the region 
of a carboxylate anion was estimated to result in a change in the compressi- 
bility coefficient of -0.74 cm3 mol-’ kbar-’ [118]. As Aof = -1.8 cm3 
mol-’ kbar-‘, two water molecules were thought to enter the hydration 
sheath surrounding the carboxylate anion in the transition state. 

In contrast to the behavior of the oxalato complex, Pans-Cr(CH&O& 
(OH,); undergoes isomerization at a much slower rate (ca. 300 times) and 
exhibits a AI.&, of 8.9 f 0.3 cm’ mol” at 65°C (pH = 3.00, cr = 1 M) and a 
AS’ of 74 + 5 J K-’ mol-’ [118]. A basically dissociative mechanism was 
therefore favored in this case and because of the lack of any detectable 
pressure dependence of AI&,, as well as the somew’lat smaller AV&, (cf. 
+15 cm3 mol-’ for complete dissociation of a water molecule), the intimate 
mechanism was considered to be h in character. 

The analogous reactions of trans-Co(en)2(Se0,)OHf and trans-Co(en),- 
(SeOsH)OH,Z’ yielded volumes of activation, which were virtually pressure 
independent, of 7.6 i 0.7 (15°C) and 8.0 f 0.6 (25°C) cm3 mol-‘, respectively 
[ 171. These vaiues are very similar to the volume of activation observed for 
the malonato complex and may be rationalized in terms of an Id mechanism. 

The linkage isomerization reactions of the complexes, M(NH&ONO’+, 
where M = Co(III), Rh(II1) or Ir(III), were investigated in aqueous solution 
(,Q = Cl.1 M) [149]. Previous studies [150,151] had shown that the nitrito 
ligand isomerizes completely to the nitro form and that, at least in the case 
of the cobalt complex, no significant exchange between coordinated and 
free nitrite ions takes place within the time scale of the isomerization. The 
volumes of activation for all three complexes were found to be very similar 
(i.e. -6.7 rt 0.4 cm3 mo!-’ for M = Co(II1) and 30°C; -7.4 _+ 0.4 cm3 mol-’ 
for M = Rh(II1) and 20°C; and -5.9 + 0.6 cm3 mol-’ for M = Ir(II1) and 
30°C) supporting the idea of a common intramolecular rearrangement of the 
nitrito ligand. 

An alternative approach is to apply eqn. (12) to the data for Co- 
(NH3)50N02’ to test whether the volume data also comply with the condi- 
tion for a dissociative mechanism. Using the value for V{Co(NH&‘) of 
55.1 cm3 mol-’ [96], as discussed-earlier, and the partial molar volumes of the 
Co(NH3)s0N02’ cation and NO; anion of 82.3 and 30.9 cm3 mol-‘, respec- 
tively, a calculated AV# emerges of +3.7 cm3 mol-’ which is substantially 
different from the experimentally obtained value. Finally, the partial molar 
volume of the final product was determined.to be 69.4 cm3 mol-’ so that 
AV = -12.9 + 1.5 cm3 mol-’ . The transition state therefore lies half-way 
between the initial and final states with partial bonding of the N and 0 atoms 
to the cobalt. 

It is of interest to note that negative volume changes were also observed 
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for the linkage isomerization of Ni(l,4-Etzen)z(ONO)z and Ni(l,4-Melen)z- 
(ONO)l in chloroform [152], i.e. Av = -7.2 + 1.0 and -4.5 + 0.8 cm3 
mol-‘, respectively. 

The linkage isomerization of the thiocyanato ligand in Co(NH,),SCN’+ 
was also shown to be an intramolecular process based on the results of an 
“NC% exchange study [ 1531. The volume of activation for this isomerization 
was measured at -5.3 + 0.8 cm3 mol-’ at 50°C and p = 0.1 M [ 1541. Applica.- 
tion of eqn. (12) to this system yielded a calculated value for Av of 2.7 f 
1.8 cm3 mol-’ from which it could also be concluded that a dissociative mech- 
anism does not prevail here. The overall volume change was given as -6.5 -+ 
1.7 cm3 mol-’ . Thus it appears that Co-N bond formation is well advanced 
in the transition state. The AV&, value is definitely not in agreement with a 
mechanism which involves Co-SCN bond cleavage and the formation of an 
“intimate ion pair” in the transition state, as this would lead to a positive 
AV&, value. In DMSO the volume of activation under the same experimental 
conditions is -1 .O 2 1.2 cm3 mol” showing that solvation effects are of im- 
portance in these reactions, possibly due to some degree of charge separatioq 
in the transition state [154 1. 

Lawrance and Suvachittanont [ 1551 have tabulated the existing volumes 
and entropies of activation for the racemization and isomerization reactions 
of a range of octahedraI complexes. They established that a qualitative rela- 
tionship appears to exist between these two parameters (similar to the rela- 
tionship proposed earlier by Twigg [ 1051 for acid hydrolysis reactions) 
except for those reactions where a twist mechanism is operative. This rela- 
tionship is recreated in Fig. 6 where it can be seen that points 4-7 fall well 
outside the line. The remaining reactions are considered to be either dissocia- 
tive or associative in character. 

The individual racemization reactions will now be treated in detail. Firstly 
the racemization reactions of the symmetrical tris( 1 JO-phenanthrolinehron- 
(II) and -nickei(II) complexes can be considered. The appropriate volumes of 
activation are given in Table 16 [18,156]. The close agreement between the 
AV&, values for racemization and aquation of Fe(phen)f’ implies a common 
reaction mechanism. However, the former proceeds nine times more rapidly 
than aquation and this does not support the common mechanism proposal. Ct 
has already been argued that the aquation reaction is a dissociative process 
[ 1201 in which simultaneous stretching of the two Fe-N bonds occurs. This 
mechanism can be equally weII assumed for racemization. Within this concept 
Lawrance and Stranks 11561 discussed the effects which arise upon excitation 
of low spin d6. iron( ‘A 1, to a high spin transition state, ‘T2, particularly 
with respect to the associated volume changes. An expansion of the met&- 
Iigand bond lengths is the result [157-1591. An example was quoted for the 
spin equilibria of bis(2-(2-pyridylarnino)-4-(2-pyridyl)thiazole)iron(II) chlor- 
ide in aqueous solution where AV = 11 cm3 mol-’ [ 1591. Positive contribu- 
tions of this order of magnitude also allow a twist mechanism to be considered. 
A smah positive AI&, is normally associated with this intramolecular process, 



126 

‘. .6 

-150 -100 ‘y -s’o 

16 

/ 

t ‘. 

1 l Tl 

-lo 

Fig. 6. Acx, versus A!S’ T= for racemization and geometric isomerization of octahedral com- 
plexes [15+5]. Key: 1, Cr$ox)a ‘-; 2, Cr(ox)zphen-; 3, Cr(ox)zbpy-; 4, Cr(ox)(phen)l; 5, Cr- 
(ox)(bpy&; 6, Wphen)3 , - 7, Cr(bpy)p; 8, Fe(phen)p; 9, Fe(phen)y; 10, Ni(phen)f’; 11, 
Ni(phen)s+; 12, Ni(phen)abpy*+; 13, Ni(phen)abpy2+; 14, Ni(phen)(bpy)z+; 15, Ni(phen)- 
(bpy)?; 16, Co(Ph2dtc)S; 17. transCr(ox)a(OHa2+);; 18, &uns-Cr(mal)2(OHs~);; 19, truns- 
Co(en)z(SeOaH)OHp; 20,.trans-Co(en)z(0H2;)a 
(en)z(acet)OH*T; 23, tmnsCo(en)2(acet)OHz 

; 21, tmns-Co(en)z(OHz)z +; 22, tins-Co- 
; 24, transCo(en)z(SeOa)OHz; 25, trans-Co- 

(en)z(OH)OHz ; 26. /?-Co(EDDA)tn*: 27, flCo(EDDA)en’. 

but due to the dominance of the spinchange factor, a value of ca. 5 cm3 
mol-’ is, in this case, consistent with this mechanism. The agreement between 
the volumes of activation for aquation and racemization would then have to 
be purely coincidental. No definite conclusion could be reached [ 1561 in 
favor of either mechanism. 

For the Ni(phen)$’ cation, the rates of aquation, racemization and phenan- 
throline exchange are similar, inferring a common dissociative mechanism. 
The volumes of activation shown in Table 16 substantiate this idea. The small 
negative values for Avf,, could arise from a simultaneous contraction of the 
remaining four Ni-N bonds during the dissociation of one phen &and. A 
square-planar low spin transition state would account for such a contraction, 
i.e. the reverse situation to that mentioned for the iron(D) analogue. 

Although it bears little relation to their behavior in solution, Z-Fe(phen)z*, 
I-Ni(phen):’ and d-Ni(phen)z’ all racemize in the solid state and exhibit 
volumes of activation of -0.9 + 0.1, ~1.1 + 0.2 and -1.1 f 0.1 cm3 mol-’ 
(24-27”C), respectively [ 160]_ A limiting dissociative mechanism was 
rejected: but an exact description of the reaction intermediate could not be 
made. It is noteworthy that the volumes of activation are the same for both 
optical isomers of the nickel complex. 

High pressure investigations of the racemization of mixed phemmthrolme, 
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TABLE 16 

Volumes and entropies of activation for the racemization of Fe(phen)f+ and Ni(phen$ 

11561 

Reactant [RCII As+ M&l 
(M) (J K-’ mol-1) (cm3 mol-l) 

Fe(phen)y 0.01 104 f 10 14.2 f 0.3 

1.0 895 8 15.6 f 0.3 
1.0 a 117 2 8 =.b 15.4 +- 0.3 a*= 

Ni(phen)z 0.01 8k 5 -0.4 * 0.2 
1.0 122 3 -1.5 f 0.3 
1.0 a 35 6a -1.2 f 0.2 = 

a These data refer to the aquation reaction. h Taken from ref. 157. c Taken from ref. 120. 

bipyridyl and oxalato complexes of nickel(I1) and chromium(II1) have also 
been made by Stranks and co-workers [ 161,162]. The volumes of activation 
for the racemization and aquation of the nickel(H) cations are compared in ” 
Table 1’7. The more flexible and less sterically crowding bipyridyl ligands are 
capable of oneended dissociation, whereupon ring closure leads to racemiza- 
tion while cleavage of the second Ni-N bond results in aquation. This mech- 
anism is outlined in eqn. (36) 

(NN),Ni,J 2 (NN)2Ni + t 

\ kg CH+l / 
fast 

(36) 

and accounts for the 

TABLE 17 

I 
(NN),Ni Ny* 

[H+‘j dependence of the observed rate constant. At high 

Activation volumes and entropies for the racemization and aquation of Ni(phen)zbpy*+ 
and Ni(phen)(bpy)z+ at 20% [161] 

Reactant WCII As’ AVZKu 
(M) (J Ii-’ mol-‘) (cm3 mol-‘) 

Ni(phen)zbpy’+ 

Ni(phen)(brw)? 

0.01 16 0.6 * 0.2 
1.0 7 -0.1 * 0.05 
1.0 a 12 a 0.0 * 0.5 a 
0.01 18 -1.9 + 0.2 

1.0 16 -5.2 + 0.5 

sThese data refer to the aquation reaction. 
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[H*j, k 1 is the single ratexletermining step. Rotation of one bipyridine ring 
about the C(2)-C(2’) bond by 90” stretches the Ni-N bond by over 50%. In 
this conformation the complex was calculated to have virtually the same 
volume as the starting material with the result that AI& is approximately 
zero. The AV&, values in 1 M acid are directly comparable and reflect dif-. 
ferences in the degree of increased solvation during the activation process. 
The results at 0.01 M [H’] are composite values stemming from a number of 
rate constants. The similarity between the data in Tables 16 and 17 is there- 
fore considered to be fortuitous and not the result of a common mechanism. 

Strong evidence for a oneended dissociative mechanism for the racemiza- 
tion of Cr(ox):- was provided by ‘*OH2 exchange studies [i63]. The 12 oxy- 
gen atoms in Cr(ox)s- were found to be equivalent and in 1 M HClO, their 
total exchange rate is 3.1 times slower than the rate of racemization. In other 
words, racemization occurs through a rapid ringopening and closing process. 
This was also assumed from studies of the much slower aquation reaction 
(see eqns. (14)-(18)). In addition, both protons and metal ions accelerate. 
racemization, reminiscent of the ring*pening mechanism for the isomerization 
of trans-Cr(o~)~(OH~)~ [118,147]. In this connection it is interesting to note 
that the volumes of activation for the isomerization reaction (-16 cm3 mol-’ 
[118,147]) and for the racemization of Cr(ox)$-, given in Table 18, are virtu- 
ally identical. Another common aspect of these two reactions is that the 
vacated coordination site in the transition state is not expected to be occupied 
by a water molecule. From a comparison of the volume changes for the dissocia- 
tion of carboxylic acids and by allowing for the volume increase associated 
with Cro bond fission, viz. 1 cm3 mol-‘, Lawrance and &ranks 11621 cal- 
culated a value for AV# of -10 cm3 mol-’ . An additional negative contribu- 
tion to AI@ was expected to arise from increased solvation of the fivecoordin- 
ate intermediate. 

The latter contribution should be dependent on the charge carried by the 

TABLE 18 

Volumes of activation for the racemization of chromium(III) complexes in 0.05 M HCI 
11621 

Reactant T As+ 

03 (J R’ mol-’ ) 
ACX, 
(cm3 mol-l) 

cr(ox);- 15.0 -76 2 4 -16.3 2 0.2 

Wox)z(phen)- 25.0 -69*2 -12.3 +_ 0.15 

Wox)z(bpy)- 25.0 -79 * 3 -12.0 f 0.15 

Wox)(phen): 45.0 -64&Z -1.5 + 0.1 

Cr(ox)(bpy)+z ‘45.0 -6852 -1.0 + 0.05 

Wphen)? 75.0 -5623 3.3 + 0.05 

Wbpy): 75.0 +S3*3 3.4 + 0.1 
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substrate. Consequently, assuming Cr(phen)(ox); and Cr(bpy)(ox); racemize 
by the oneended dissociation of an oxalate &and, a AV$_ value closer to 
-10 cm3 mol-’ would be expected. As can be seen in Table 18, the A@&, 
values are identical within experimental error and close to the calculated 
value. As both complexes also exchange all eight oxygen atoms at virtually 
identical rates [163}, it is quite evident that the. mechanism for racemization 
is dissociative, analogous to that for Cr(ox)g-. 

At the other extreme, Cr(phen)i’ and Cr(bpy)i’ both exhibit identical, 
positive activation volumes which are fully consistent with a twist mechanism. 
Some extension of the Cr-N bonds is anticipated during this process, as mani- 
fested in the slightly positive Al.&, values. Alternatively, these values may 
originate from the effect of squeezing out water trapped in the V-shaped 
pockets between the propeller blade-like chelate rings. The intramolecular 
twist mechanism is also characterized by slow rates of racemization due to 
relatively high activation enthalpies. 

By comparison, the small AV&, values for Cr(phen),ox*and Cr(bpy),ox* 
may be also taken as evidence for an intramolecular twist mechanism. The 
larger gaps between the chelate rings in these two examples do not require 
that water be squeezed out during the twist action, thereby removing the 
small positive contribution to AV&, . 

(viii) Base hydrolysis reactions 

The original high pressure kinetic investigation of an inorganic reaction 
dealt with the hydrolysis of Co(NH3)SBr2+ in basic solution [lS]. At that 
time, the mechanism was considered to be a simple first-order attack of hy- 
droxide ion on the substrate and the AI&, value of 8.5 cm3 mol-’ (3O”C, 
p= 0.0004 M) was discussed accordingly. Now it is generally accepted that 
base hydrolysis proceeds by a conjugate base (CB) mechanism of the type 
D,,. Therefore, kobs and AC., are composite quantities. The reaction sequ- 
ence for the pentaammine complexes is as follows 

M(NH&X3-” + OH- 5 M(NH3)4NH2X2-” + H,O (37) 

M(NH3)4NH2X2 --n 5 M(NH,),NH;+ + X”- (38) 

M(NH&NH;+ + Hz0 ‘3 M(NI-I~)_@H2+ (39) 

Four more reactions of cobalt(III) pentammine complexes have been investig- 
ated, namely, X = SO,,, AV&, = 19.5 + 1.1 cm3 mol-’ (15”C, p = 0.5 M) [17]; 
X = Se03, AV& = -17.1 f 1.0 cm3 mol-’ (25”C, p = 0.5 M) [17]; X = P04, 
Al?&, = 28.9 f 2.2 cm3 mol- ’ (55%, p = 0.5 M) [173; X = Cl, AV&, = 33.4 
cm3 mol-’ (35”C, p = 0.061 M) 11641. With the exception of X = Br, the plots 
oflnk ohs against pressure are strongly curved, suggesting that a large number 
of water molecules are released from the solvation sphere [ 171. However, for 



130 

X = Se03 ‘*O studies indicate that Se-O bond breaking occurs, rather than 
Co-O bond cleavage, with the result that a large increase in solvation takes 
place in eqn. (38) [ 173. This also accounts for the large negative AI&, value 
as well as the negative AD* value. Stranks [17] assigned a value of +18 cm3 
mol-’ to Av for eqn. (37) so that for X = Br, the actual Av;’ value is ca. -10 
cm3 mol-’ which is in reasonable agreement with AI&, for the aquation of 
Co(NHJ)SBr2+, viz. -8.7 cm3 mol-’ [36]. However, for the remaining com- 
plexes, AV# is positive and although characteristic of a dissociative step, is 
nevertheless difficult to explain. Kitamura [164] calculated a value of 22.0 
cm3 mol-’ for the preequilibrium volume change. Thus for X = Cl, AI.@ = 
11.4 cm3 mol-’ which was thought to be mainly due to the greater solvation 
and smaller intrinsic size of CO(NH~)~NH~+ compared ‘to Co(NH,),(NH,)Cl* 
[164]. 

Balt [165] used known partial molar volumes [96] to substitute in the equa- 
tion 

Av&, = V(CO(NH,)YH,Z+)+ Vg+ ~(H,o)-_(Co(NH,),X)-_(oH) (40) 

where vz is the volume change introduced by bringing X into the first solva- 
tion sphere from the coordination sphere. It was also assumed that ~(CO- 
(NH,),NHz’) = v(Co(NH&+) = 55 cm3 mol-’ [96]. Values for vx of 31.0 
for X = Br, 46.7 for X = Cl, and 43.5 for X = SO4 were then derived from eqn. 
(40). The values for Cl and SO, are virtually twice the partial molar volumes 
of the free anions. Balt concluded that the leaving ligand must be in the first 
solvation sphere in the transition state where it has a larger volume than in 
bulk water. In other words, reaction (38) is an interchange process. A recent 
nucieophile competition study by Reynolds and Hafezi [166] for a series of 
base hydrolysis reactions of CO(NH~)~X~-” complexes also led to this conclu- 
sion. 

The base hydrolysis of Rh(NH&X*+ cations, where X = Cl, Br, I and N03, 
have also been studied as a function of pressure [ 991. The pertinent data are 
given in Table 19. Equation (40) was adapted to this system with one varia- 
tion which was to equate px and v(X). Using the corresponding assumption 
that v( Rh( NH,),NHz’ = - V(Rh(NH,)z’) = 63.2 2 0.9 cm3 mol-‘, values for 

TABLE 19 

Volume data (cm3 moF1) for the kinetics of the base hydrolysis of Rh(NHs)sX*+ at 40% 

andI_c=lM[99] 

X V(Rh(NH3)5X2+) F(X) 

Cl 18.7 + 0.7 82.3 + 0.5 21.75 
Br 20.2 + 0.5 91.5 + 1.6 29.4 
I 20.4 + 0.5 94.1 i 0.3 41.0 
NO3 22.3 * 0.9 93.2 zt 0.5 33.3 
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AV were calculated and, with the exception of X = I, found to be in good 
agreement with the experimentally obtained values listed in Table 19, viz. 
20-+lforX=C1;l9-+3forX=Br;28+lforX=I;and21~lcm3mol~’ 
for X = N03. These results are, therefore, consistent with a D,, mechanism, 
except for the reaction of the iodo complex. However, if the volume change 
resulting from the first step, namely eqn. (37), does involve ca. 21 cm3 mol-’ 
[97], then this virtually accounts for the entire AV&, values, which are sur- * 
prisingly constant. This may indicate that the Rh-X bond is not completely 
broken in the transition state and that an Id mechanism does, in fact, better 
describe this behavior. It must then be concluded that the small positive 
Al-&, is compensated by the increase in electrostriction due to charge develop- 
ment. 

In their investigation of the base hydrolysis of CI(OH~)~I’*, Weekes and 
Swaddle [ 1001 formulated the preequilibrium as a proton dissociation 

P32),~~ ‘+ 5 (OH,),Cr(OH)I+ i- H’ (41) 

and assigned a Av of -2 cm3 mol-‘, based on a comparison with other acid _, 
dissociations of aquo metal complexes. The observed AV& value is -1.6 f 
0.3 cm3 mol-’ [lOOI_ Thus, the actual activation volume for the dissociation 
of the conjugate base must be virtually zero, indicating that the effects of 
bond breaking and increased solvation effectively cancel each other. A DCB 
mechanism was ascribed to this reaction. The greater acidity of aquo ligands 
over ammonia ligands could well support the assignment of eqn. (41) to this 
reaction, rather than an equation analogous to that favored earlier, viz. eqn. 
(37). 

The rates of isomerization of &Co(EDDA)(tn)’ and P-Co(EDDA)(en)* to 
the ar-isomers are first-order in [OH-] [ 1671. The volumes of activation for 
these two reactions were found to be 19.9 (58.6%) and 25.2 (63.6%), 
respectively 11671. As these reactions were measured in a NaHC0JNa2C03 
buffer, the volumes of activation had to be corrected for the pressure depend- 
ence of the pH of the buffer system [168,169]. Corrected volumes of activa- 
tion obtained in this manner amounted to 14.7 and 20.0 cm3 mol-‘, respec- 
tively. The volume change accompanying the preequilibrium (analogous to 
eqn. (37)) was estimated to be 18.8 cm3 mol-’ at 6O”C, so that Avf is equal 
to -4.1 cm3 mol-’ for &Co(EDDA)(tn)’ and 1.2 cm3 mol-’ for &Co(EDDA)- 
(en)‘. These values were considered consistent with the one-ended dissocia- 
tion of the diamine ring according to a D,, mechanism, with the positive 
AV# for the ethylenediamine complex due to the greater Co-N bond strength 
for this ligand, i.e. Avm,, is more positive for the (en) complex than for the 
(tn) one. 

(ix) Metal ion assisted hydrolysis reactions 

The aquation of complexes containing halide or pseudohalide ligands is 
generally “catalyzed” by the presence of mercury(I1) ions. The reaction sequ- 
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ence can also be broken down into a pre-association equilibrium followed by 
the ratedetermining dissociation of the bridged intermediate. The sequence 
can be written as follows (using the example of the pentaammine complexes) 

(NH&MX’+ + Hg’+ 5 (NH&M-X-Hg4+ (42) 

(NH&M-X-Hg4+ 5 (NH&M3+ + HgX’ (43) 

(NH3) sM 3+ + Hz0 f* (NH,),MOH;+ (44) 

The volumes of activation for a series of pentaammine complexes have been 
determined (25”C, [H*] = 0.31 M and CL = 0.6 M) and are as follows [170]: 
-1.7 rt 1.0 for Co(NH3),C12+; 0.8 2 0.5 for Co(NH3)sBr2’; 0.7 +- 0.4 for Cr- 
(iW,),Cl*+; and 1.0 F 0.4 cm3 mol-’ for Rh(NH&Cl*+. As these results were 
obtained at mercury ion concentrations of ca. 0.09 M where the observed 
rate constant is a linear function of [Hg”], it was not possible to separate the 
two *rolume contributions from eqns. (42) and (43) to AV&. Nevertheless, 
the dominant contribution to Av was considered to be the loss of a coordin- 
ated water from the Hg*‘(aq) ion. It was estimated that this would amount 
to ca. +14 cm3 mol-‘, although negative volume effects stemming from 
incmased solvent electrostriction and Hg-X bond formation would reduce 
thi.; *lalue somewhat to an effective Av value of 8 cm3 mol-‘. Consequently 
Av’ must equal -8 cm3 mol-’ if the reasoning is valid. 

The Hg*+ induced aquation of Rh(NH&I*+ has the advantage of exhibiting 
a large K value (733 2 56 M-’ at 11.7%) so that the Av value for this step 
and the AF value can be conveniently determined [171]. The following reac- 
tion parameters were obtained: m = -16.7 f 1.3 kJ mol-‘, AS = -5 + 3 J K-’ 
mol- ’ , Av = -1.7 + 1.0 cm3 mol-‘; A@ = 78 + 5 kJ mol-‘, AS’ = -12 f 19 J 
K-’ mol-‘, Ap = 1.2 f 0.3 cm3 mol-’ at 11.7% and p = 0.3 M [171]. 

Here again, AV&, (= Av + AV#) is virtually zero. However, the two com- 
ponent values are quite different from those predicted above [ 1701. This may 
well indicate that the release of a water molecule from Hg”(aq) prior to, or 
concomitant with, the formation of the bridged species is not the dominant 
factor in determining the sign and magnitude of Aa. 

The volume changes associated with eqn. (43), assuming a D type mechan- 
ism, can be expressed in the following form: 

AV$ = v(Rh(NH,);+) + v(HgI+) - V(Rh(NH,),IHg4+) (45) 

where 

v(Rh(NH3),IHg4+) = Av + &Rh(NH,),X’+) + v(Hg*+) - v(H,O) (46) 

Given that v(Rh(NH,)z’) = v(Rh(NH,)i+ = 63.2 cm3 mol-’ [96] and from 
the measured partial molar volumes of the participating ions, a Ae of 52 i 3 
cm3 mol-’ was calculated [171]. The enormous difference between this value 
and the observed AV# value proves that a D mechanism does not operate in 
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this system. This treatment was carried a step further by assuming that the 
maximum associative contribution to AI.@, Ap*, would amount to -18 cm3 
mol-‘. Thus if n is the fraction of dissociative character which this reaction 
possesses, then AV is defined by 

Av’- = n Avo + (1 + n) Ari (47) 

A value for n of ca. 0.3 indicates that an interchange mechanism is more 
appropriate to this reaction. New evidence has been presented favoring an 
Qi mechanism to explain the product ratios resulting from the assisted 
aquation of two pentaamminecobalt(111) complexes [ 1721. 

A normal pressure investigation of the Hg” assisted aquation of fuc-Rh- 
(OH&& established that the pre-association constant was relatively large, 
namely 137 M-’ at 20°C [ 1731. The unusually large equilibrium constant was 
considered to be the result of electrostatic interaction between the three 
“cis” chloride ligands and the Hg2+ ion, rather than to any specific covalent 
bonding. However, the equilibrium constant for mer-Rh(OH&Cls with Hg** 
is even larger (733 M-l at l!. -8°C) (1711, which is difficult to reconcile with a 
purely electrostatic interaction. The results of a high pressure kinetic investiga- 
tion of the latter reaction yielded the following parameters: AH = 6 + 2 kJ 
mol-‘, AS = 76 f 7 J K-’ mol-‘, Av = 2.8 +- 0.3 cm3 mol-‘; A@ = 90 + 3 kJ 
mol-‘, AS* = 4 f 10 J K-’ mol-‘, and AV = 8.1 + 0.4 cm3 mol-’ at 22.9% 
and p = 2 M 11711. The slightly endothermic preequilibrium is in keeping 
with the weakness of the Hg-Cl bond in the bridged intermediate. In contrast 
to the formation of the Hg-I bridge, the negative contribution to AV from ’ 
Hg-Cl bond formation is small. In addition, electrostriction changes should 
also be less significant because the overall charge is “diluted” in the bridged 
intermediate in this case..The decomposition of the intermediate, involving 
Rh-Cl bond cleavage, must give rise to a positive AI.&, which may be modi- 
fied to some degree by small solvation changes. 

The rate of aquation of Co(NH,),Br2+ is accelerated by the presence of 
anionic polyelectrolytes in solution [174]. For example, in the presence of 
sodium polyethylenesulfonate, (PES) AG# = 108 kJ mol-’ ([NaPES] = 
8 X 10m4 M), whereas in the absence of this electrolyte AG” = 103.7 kJ mol-‘. 
However the effect is much more apparent in the volumes of activation which 
decrease from 2.0 to -8.7 cm3 mol-’ under these conditions. Desolvation of 
the reactant, and to a greater extent the transition state, was thought to be 
the underlying cause of this effect. 

(x) Oxidation-reduction reactions 

Outer-sphere electron transfer processes take place with the redox comples 
pair maintaining their coordination spheres intact. The volume effects anticip- 
%ted for this reaction have been treated in considerable detail by Stran_ks [ 171. 
He based his calculations on the Hush theory 1175-1771 and proposed eqn. 
148) for the expected volume of activation, in direct analogy to the corre- 
;ponding equation foi the free energy of activation. 
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AI’+ = AI&,, + AI& + AV& + AI& (48) 

The respective components of this equation are derived from: the coulombic 
interaction as the two charged species approach each other; the associated sol- 
vent rearrangement around the charged transition state; the internal rearrange- 
ment of the metal-ligand bonds necessary for electron transfer; cha.lges in 
the interionic interactions in a medium of finite ionic strength, estimated 
using the extended Debye-Huckel equation. Complex ions of charge 2+ and 
3+, including their first coordination spheres, were considered to be virtually 
incompressible. The volumes of activation calculated in this manner are com- 
pared with the experimentally obtained values in Table 20. 

The excellent agreement for the first two reactions attests to the validity of 
this approach. The thallic-thallous exchange [ 17,178] is somewhat more 
complicated in that it could proceed either by a simultaneous two electron 
transfer or by two successive one-electron steps. However, AV&r, for the for- 
mer was predicted to be -25.2 cm3 mol-’ at 3O”C, in obvious disagreement 
with the measured value shown in Table 20. For the two-step mechanism, 
eqn. (48) had to be modified to allow for free energy and molar volume 
changes. The AI& value derived in this manner, shown in Table 20, is 
almost identical to AI.?&_,, thereby establishing that thallium exchange 
involves a slow outer-sphere, one-electron transfer. 

In less acidic medium, the ferric-ferrous exchange can be represented by 

l Fe(OH2)z+ 2 *Fe(OH,),OH” + H* (49) 

*Fe(OH,),0H2+ + Fe(OH,)i+ 5 *Fe(OH&+ + Fe(OHz),0H2+ (50) 

As shown in the previous sections, AV& = Av, + AV‘. An independent spec- 
trophotometric determination of K, yielded a value for AV= of -1.2 + 0.5 cm3 
mol-’ [17]. Thus with AV&, = -0.4 + 0.4 cm3 mol-’ [17], Ap must equal 
0.8 f 0.9 cm3 mol-‘. For an outer-sphere mechanism, AV&, was determined 
to be -1i.4 cm3 mol-’ . This provides strong support for an inner-sphere mech- 
anism. The AI’&, for an inner-sphere mechanism is thought to be comprised 
of the same electrostatic, electrostrictive and ionic strength contributions as 

TABLE 20 

Volumes of activation for outersphere electron transfer reactions [ 171 

Exchange Partner tic, A%, AC, 
(cm3 mole*) (cm3 mol-I) 

Co(en)F/Co(en)$+ , 
Fe(OHz)z+/Fe(OH2)26+ 
n3+(aq)lTl+(aq) 

a Taken from ref. 178. 

65 -18.4 -19.8 f 1.5 
2 -14.4 -12.2 f 1.5 

30 -13.7 -13.2 + 1.0 a 
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for outer-sphere formation (viz. -11.4 cm3 mol-I), as well as a positive contri- 
bution (12.2 cm3 mol-‘) stemming from the dissociation of an aquo ligand 
from Fe(OH,)i’ prior to the formation of the hydroxo bridge. A negative con- 
tribution to AV&, from HO-Fe(OH&’ bond formation should also not be 
ignored. 

A similar situation arises in the electron exchange between Cr(OH&OH*’ 
and Cr(OH&’ for which a AV& of 4.2 i 1.1 cm3 mol-’ was measured [ 171, 
while a value of -11.6 cm3 mol-’ was calculated for an outer-sphere -mechan- 
ism. 

Positive volumes of activation were also reported [ 1793 for the net reciox 
reactions of Co(NH,),X*’ with Fe*‘(aq); net redox implies that AC for the 
overall reaction is not zero as was the case for the reactions discussed up to 
this point. The volumes of activation are: 11 cm3 mol-’ for X = F at 25°C 
and in 0.1 M HC104; 8 cm3 mol-’ for X = Cl and Br at 35°C and in 0.1 M 
HC104; and 14 cm3 mol-’ for X = N3 at 25°C and in 0.1 M HC104, 0.9 M 
NaC104 [179$ Stranks [17] predicted values of -10.6 to -12.8 cm3 mol-’ 
for an outer sphere mechanism, so that the positive activation volumes are 
consistent with an inner-sphere mechanism involving a halide or pseudo- ji 

halide bridged intermediate. 
The chemistry of these particular reactions becomes more interesting in 

dipolar aprotic solvents such as DMSO and DMF [ 180-183 ] . For example, in 
DMSO the activation parameters, particularly AS’, for X = Cl and Br are sub- 
stantially different from those in water, whereas the corresponding para- 
meters for X = F are comparable [ 1801. This is despite the fact that an inner- 
sphere mechanism operates in both solvents- A very convincing explanation 
of this anomalous behavior was given [180-1831, whereby, for the chloro 
and bromo systems in DMSO or DMF, the stereochemistry of the Fe2’ ion 
changes from an octahedral to a tetrahedral geometry during, or immediately 
following, the formation of the bridged intermediate. The reactions in water, 
and for the fluoro system in DMSO or DMF, on the other hand occur with 
retention of octahedral symmetry by the iron center. The alternative reaction 
routes are illustrated in the following equations. 

Co(NH,),X”+ + FeS,“+ 5 (NH,),Co”‘-XL’FeSz+ c S 

(NH, )sCo “I--x’“FeS~’ 5 (NH,),Co”--X--“‘FeS~’ 

(NH&Co”-X-“‘FeS -+ products 

or 

Co(NH,).&” + FeSi+ f (NH&Co”‘-X-nFeSEj’ + 3 S 

(NHs)&orn-X--“FeSz’ 5 (NH&Co”-X~nFeS~’ 

(NH&Co”-XLnFeS$’ -+ products 

(51) 

(52) 

(53) 

(54) 

(55) 

(56) 
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TABLE 21 

Rate and activation parameters for the reduction of Co(NH3)5X*’ by Fe” in Hz0 and 
DMSO at 35JC 

X SoIvent 103 kabs AH" As+ 

(M-1 s-1) (kJ mol-1) (J K-l mol-1) 
AK& 
(cm3 mol-‘) 

F Hz0 a 7.6 56.0 46 10.7 f. 0.1 b 
Cl 1.6 60.6 -6 8.7 5 0.3 b.= 
Br 0.92 65.2 -84 6.4 2 1.1 b.= 
F DMSO d 4730. 36.8 -108 10.3 + 0.4 e.= 
Cl 9.72 88.6 +12 3.8 + 0.7 e.= 
Br 2.51 90.7 +8 0.0 +- 0.4 =.= 

a Ref. 185. b Recalculated from ref. 179. c 25°C. d Ref. 180. e Ref. 184 

A high pressure study of this system in DMSO showed that AV& for X = F 
is in fact more positive than for either X = Cl or X = Br [ 1841. The volumes 
of activation [ 1841, together with the enthalpies and entropies of activation 
for these reactions in DMSO [ 1801 and water [ 1851 are listed in Table 21. 
The positive entropies of activation for X = Cl and Br provide direct evidence 
in favor of reactions (54)-(56) [180]. On the other hand, the positive values 
of AV&, can be interpreted in terms of eqns. (51)-(53) with the same varia- 
tions in AV&, being due to solvation effects and steric crowding at the bridg- 
ing site [184]. 

As already mentioned, Watts and co-workers [ 182,183] reported that the 
same trends in & and AS* exist in DMF and therefore proposed the same 
reaction mechanism “crossover” for X = Cl and Br as was suggested in DMSO. 
In the more recent paper [183], the parameters for the formation of the 
bridged intermediate, for which the equilibrium constant is quite larger (viz. 
16 M-’ at 25”C), were separated from those of the ratedetermining electron 
transfer step. The AS+ value for the latter is even more strongly positive, 
57 4 16 J K-i molT’. Furthermore, the authors [183] quoted an as yet un- 
published high pressure study of the reaction of Co(NH,),Cl*’ with Fe’+ in 
DMF. A AI& of 3.6 cm3 mol-’ was given, which is identical to that shown in 
Table 21, and divided into a Avof -4.1 cm3 mol-’ and a Av of 7.7 cm3 
mol-’ for electron transfer. In this work, an alternative explanation of AI&, 
was apparently given, whereby the release of three DMF molecules in eqn. 
(54) results in an increase in volume of 220 cm3 mol-‘, which is compensated 
by a contraction of the Fe(DMF)z’ as it rearranges to the C1Fe(DMF)3 moiety. 
This is an attractive rationalization of the volume data as it coincides with the 
“elegant” explanation of the AS+ variations. 

Although the reaction of H,O, with V02(NTA)*- strictly involves the inser- 
tion of HzOz into the coordination sphere of vanadium(V) [186], it is a poten- 
tial model reaction for redox processes. Using high pressure stopped-flow 
techniques, zi pressure independent AI& of 3.3 f 0.6 cm3 mol-’ was derived 
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[I865 As solvation changes were thought to be negligible in this case, an 
associative mechanism was confirmed for this reaction. 

C. REACTIONS OF SQUARE PLANAR COMPLEXES 

(i) Substitution and isomerization reactions 

The kinetics of substitution of da square planar complexes are generally 
governed by a two-term rate equation 

k 01,s = k, + kU1 (57:) 

where Y represents the incoming nucleophile [76,77,187-189 1. The 
accepted reaction scheme is 

MLjX+Sk-:ML3S+X (58) 

ML,S+Y=ML,Y+S (591 

ML3X + Y ‘. MLsY + X (60) 

Gray and Olcott [ 1901 quite elegantly demonstrated that the k I-path 
involves the ratedetermining entry of a solvent molecule (in their case the 
solvent was water) into the substrate, by scavenging the aquo intermediate 
complex with a minimum concentration of OH- ions. Independent experi- 
ments [190,191] showed that the rates of anation of the solventcontaining 
species are indeed much faster than k i (greater by a factor of ca. 103), with 
the result that k , is independent of [Y]. The k2-path is simply considered to 
result from the direct attack of Y on ML* to form a five-coordinate transi- 
tion state. Consequently, kl varies dramatically with the nucleophilicity of Y. 
Both reaction sequencies are thought to involve an associative, A or I, type, 
mechanism. 

As virtually all the reactions of four-coordinate complexes proceed accord- 
ing to eqns. (58)-(60), in the following discussion each kinetic system will 
be treated individually, rather than subdividing them into separate classes of 
reaction, as was done for the octahedral complexes. We will attempt to demon- 
strate that the activation volume data are compatible with the mechanism out- 
lined above and, in fact, further clarify this concept. However, a number of 
kinetic systems will be presented in which, due to internal factors such as 
steric crowding and/or the nature of the solvent, the mechanisms are contro- 
versial. Nevertheless, the AV& values provide strong support for a specific 
mechanism in each case. 

The suitable choice of substrate, solvent, nucleophile and nucleophile con- 
centration enables a number of systems to be studied by conventional high 
pressure techniques, spectrophotometric or conductometric, under condi- 
tions where k,[Y] >> kl. 
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TABLE 22 

Second-order rate constants and activation paran&ers for the reaction of trans-Pt(py)a- 
(Cl)NOz with pyridine at 30% [54] 

Solvent 103kz ti +a 
As2 

(M-’ s-1) (kJ mol-*) (J K-* mol-‘) 
W&,)2 b 

: (cm3 mol-I) 

CH3NO2 7.38 55.6 + 5.0 -75 i 12 A.2 f 0.4 = 
CH30H 7.35 49.3 + O-S2 --94? 3 -8.8 * 0.6 d 
C,HsOH 8.18 51.8 * 0.4 -88* 3 -13.1 * 0.8 d 
CH2C12 0.15 55.2 f 3.8 -llO + 10 -19.8 * 1.7 d 

a These values were calculated from the &a values in mole fraction units. h These values 
were corrected for the compressibility of the solvent. c At 10°C. d At 25%. 

The rates of substitution by pyridine (py) for chloride in the complex 
trans-Pt(py),(C1)N02 were studied as a function of pressure in the solvents 
CH,N02, CHJOH, C2H,0H and CH2C12 [54]. The second-order rate constants 
and the corresponding activation parameters are shown in Table 22. The rela- 
tively low A.@ values and the strongly negative values of ASf have commonly 
been taken as evidence for an associative mechanism. Furthermore, the insensi- 
tivity of Uf to the nature of the solvent was thought to indicate that solva- 
tion changes are of minor importance in the activation of such complexes. 
The (AV&,), values, on the other hand, vary markedly with solvent. In other 
words, here is another example where AI&, and AS’ do not exhibit parallel 
behavior. 

Given a parameter which directly relates to AK&,,, , a plot of (AV&,), ver- 
sus this varishle should yield an intercept of AI&, i.e. AI’&, + AV$& N- 
AV& + f(solvent). A parameter widely used in describing the solvent depend- 
encies of AI’&, for a variety of organic reactions, in particular Menschutkin 
reactions [192], is derived from the pressure derivative of AG&r, in the 
Kirkwood equation [1.93] and is designated by qp (=(3/(2e + 1)2) (de/d&, 
where E represents the dielectric constant of the solvent). The solvatochromic 
ET parameter is an empirical “solvent-describing” term. However, its pressure 
derivative, Ep, is only slightly solvent dependent 11941 and therefore not 
suitable for this purpose. The linear relationship between (AV&,)2 and qp for 
the abovementioned reaction is illustrated in Fig. 7. The intercept, AI&, is 
equal to -4 * 1 cm3 mol-’ consistent with an associative process in which the 
Pt-py bond is only partially formed in the transition state. As no change in 
charge is involved in this step, the Avf s0lv contributions to (AV&), (amount- 
ing to -2, -5, -9 and -16 cm3 mol-’ for S = CH3N02, CH,OH, &HsOH and 
CH2C12, respectively) appear to stem from a contraction of the solvent due to 
increased solvent interaction wit& the highly polar trigonal bipyramidal tran- 
sition state. The dipole moment of trans-Pt(py),(Cl)NOz can only be expected 
to be 2 or 3 D; far’ less than that for the transition state of ca. 11 D, which 
was calculated from the slope of the line in Fig. 7 [54]. Moreover, the reac- 
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Fig. 7. The relationship between the volume of activation and the qp parameter for the 
reaction of trans-Pt(py)z(Cl)NOz with pyridine [54]. 

tion of pyridine with cis-Pt(py),(C1)NOz and trans-Pt(PEtJ)&lz in methanol 
at 30°C exhibited [54] AI&, values of -5.5 i 0.5 and -13.6 + 0.8 cm’ mol-‘, 
respectively. These substrates have dipole moments of ca. 10 D and zero, 
respectively, so that in methanol the corresponding AI&, values are -2 and 
-10 cm3 mol-’ (cf. -5 cm3 mol-’ for AV$l, of ti-ans-I’t(py)z(C1)NOz). Thus 
the AV&i, term is mainly due to the change in dipole moment during the 
rate-determining step_ 

The volume of activation for the reaction of Bf with trans-Pt(PEt&& in 
methanol was originally determined to be -27 r: 3 cm3 mol-’ [195] (cf. 
-25.3 f 1.0 cm3 mol-’ [54]). It was assumed that AI& should be only 
slightly larger than -4 cm3 mol-‘, so that the large AV$& value must be due 
to an extremely polar transition state with the bulk of the negative charge 
residing on the newly-formed bromide ligand. In other words, this complies 
with the concept of a partially formed Pt-Br bond in the transition state and 
an overall A mechanism. 

The substitution reactions of Pt(dien)X* (dien = diethylenetriamine) in 
water involve the complete two-term rate law, except for the reaction in 
alkaline.solution where the observed rate constant is independent of [OH-] 
[190]. In an earlier investigation of the reaction of Pt(dien)Br* with OH-, 
(AI?&,), was shown to be strongly pressure dependent, with a value at P = 0 
of -18 + 2 cm’ mol-’ 11961. However, a recent comprehensive study of the 
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hydrolysis reaction (k I-path in eqn. (58)) under a variety of experimental 
conditions revealed (AV&,), to be essentially pressure insensitive up to ca. 
1.8 kbar 11971. This study of the hydrolysis of Pt(dien)Cl’ at 25°C and at 
various ionic strengths (10-‘-l M), made up of different inert salts, also 
demonstrated that the magnitude of (AV&,), is virtually independent of the 
nature of the reaction medium or the leaving group. The values of (AV&, ) , 
ranged from -10.5 to -9.0 cm3 mol-’ i227]. These results .can only be inter- 
preted in terms of an associative mechanism, preferably of the A type, 
although an I, mechanism could not be completely ruled out. 

The effect of pressure on the hydrolysis of PtClz- and Pt(NH,)Cl; has also 
been studied and values of (AV$..,), of -17 * 2 and -14 _+ 2 cm3 mol-‘, respec- 
tively, were reported [198]. It was suggested that although the Pt-Cl bond 
remains virtually intact, two Pt--OH* bonds are formed in the transition state. 
These data did not allow any statement to be made as to the pressure depend- 
ence of (AV&pj,. 

The (AI&,), values derived from the nucleophile dependent rate constants 
of the Pt(dien)X’ substitution proved to be linear with pressure and provided 
direct evidence for an A mechanism. In this regard, the results listed in Table 
23 establish that (AI&& is independent of the leaving group by considering 
the three examples where azide is the entering ion, but is dependent on the 
nature of the entering ligand. AI&, apparently plays a minor role because 
(Acx,), for Y = py is the same as for the charged nucleophile. In addition, as 
mentioned earlier (see the data in Table 2), the structured nature of water 
compared to other solvents, tends to minimize volume changes due to varia- 
tions in solvation. The latter factor is probably more decisive and can be read- 
ily understood by considering the relatively low qp value for water, viz. <2 X 
lo+ bar-‘. 

The (AV&,)i values were also found to be smaller (more negative) than 
Av for the overall volume change of the reaction [196], thereby establishing 
that the transition state is more compact than the products, i.e. the transition 

TABLE 23 

Volumes of activation for the substitution reactions of Pt(dien)X’ with nucleophile Y in 
aqueous solution at 25OC and p = 0.2 M [ 1961 

X Y @VI&), a (cm3 mol-I) 
-- 
Br- IG -8.5 + 0.2 
Br- >Y -7.7 2 0.5 ’ 
Br- NO; -6.4 % 0.7 
t!- Ns -8.2 2 1.3 
I- N3 -8.2 + 0.7 
N-3 r -12.2 k 0.1 
N3 SCN -7.3 + 0.1 

a These values were corrected for the compressibility of the medium. 



state most probably has a higher coordination number than the substrate. 
A logical way of trying to force the dS complexes to change their mode of 

reaction to a more dissociative one ia to try and prevent the solvent or nucleo- 
phile from reaching the metal center. This could possibly be accomplished by 
introducing bulky a&y1 fragments into, the amine groups of the dien &and. 
Molecular models [ 199,200] show that these substituents he above and below 
the plane of the complex in such a manner as to hinder the approach of a po- 
tential ligand. Indeed, ki for Pt(Etddien)C1’ (E&dien = 1,x,7,7-tetraethyl- 
diethylenetriamine) in water ia 8.5 X lo-" se1 at 80% compared to 3.5 X 10S5 
s-’ at 25°C for Pt(dien)Ct’ f201], clearly illustrating the effect of steric hin- 
drance. However, it does not necessarily imply that the reaction mechanism 
has changed. As the rate constants of such substituted dien Pt(I1) complexes 
are too smah to be conveniently measured, it is easier to look at the corre- 
sponding Pd(I1) complexes, which are considerably more labile as can be seen 
from the data in Table 24. A strong trend in the k , values with increasing sterie 
hindrance is also apparent for these Pd(I1) reactions. Another very significant 
feature common to both systems is the dramatic decrease in k2 down the 
series, particularly for the larger nucleophiies such as I-. For instance, for the 
reaction of Pd(dien)Cl’ with I-, kz = 2330 + 160 M-* s”’ at 15°C and p = 
0.05 M, whereas for the corresponding reaction with Pd(Et,dien)Ci*, kZ = 
(9.0 + 0.6) X 1O-4 M-’ s-’ [201,202]. 

The firstorder rate constants and their activation parameters are listed in 
Table 25 for the k I-path of the substitution reactions of Pd(Et,dien)X”’ 
[ZOS]. The trend in the rate constants indicates that some bond breaking 
apparently occurs during the formation of the transition state. Furthermore, 
this trend parallels the order of increasing Pd-X bond strength. The variation 
in kl originates from increases in m, although the relationship is irregular. 

TABLE 24 

First-order rate constants for the hydrolysis of Pd(R,dien)Cl’ complex ions in water at 
15% and fi = 0.05 M [ZOl-2041 

Substrate a kl 
w* 1 

Pd(dien)Cl+ 19.2 
Pd( Etsdien)Cl+ 24.5 
Pd(Meqdien)Cl+ 0.135 
Pd(MeSdien)Cl+ 0.132 
Pd(Et&ien)Cl’ 0.00092 
Pd(MeEt~die=)Cl+ 0.00024 
Pd(Etsdien)CI’ 0.00028 

a Wheie Eisdien = X,4,7-triethyl-; Meadien = 1,1,7,7-tetramethyl-; Mesdien = 1,1,4,7,7- 
pentamethyl-; MeEtedien = 4-methyl-1,1,7,7-tetraethyl-; Etsdien = 1,1,4,7,7-pentaethyl- 
diethylenetriamine. 
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TABLE 25 

Synmary of the rate data for the solvolysis of Pd(Etddien)X”+ a in aqueous solution at 
25% f 205 1 

Cl-- 21.6 
g 17.4 

4‘59 
I- 2-65 
NCS- 1.52 
NH3 0.13 

(kJ mol-’ ) 

65.5 f: 0.8 
65.6 f 2.9 
71.8 5 0.8 
71.4 It 1.3 
75.2 f 1.7 
93.2 zt 2.3 

mf 
(J K-l mol-’ ) 

W&p)* 
(cm3 mot- ‘) 

-74* 3 -14.9 + 0.2 
-76 + 10 -13.3 ” 0.2 
-71i: 2 -13.9 + 0.5 
-69+_ 3 -11.5 + 0.2 
-67* 6 -10.3 t 0.2 
-28t 7 -3.0 f 0.9 

a This complex was abbreviated as Pd( teden)X”* in ref. 205 to conform to IUPAC nomen- 
clature. 

The variation in (AV&),, on the other hand, phdnly parallels the sequence in 
the k I values. However, on the basis of these results alone it is impossible to 
decide either the extent to which bond stretebing is developed in the transi- 
tion state, or whether the dissociative character of the reaction increases 
down the series. It is important to note that the scavenging technique used 
in the Pt(I1) dien system I1901 was applied to this system and showed that 
Pd~~t~dien)OH~~ is an ~~~~~~ in the hydrolysis step, thereby estabiish- 
ing that these reactions still possess substantial associative character; A 
kinetic study of this reactian in mixed aqueous solvents induced the authors 
1[206] to favor an Ia mechanism for this path. 

A plot of (AK$=,), versus Av,, which was obtained from the partial molar 
volumes of the products and reactants, yielded a straight ime with a slope of 
ea. 0.5. As heady discussed for the corresponding results of the aquation of 
WNWSXR+ complex ions [64], this may be taken as qualitative evidence 
for an I, mechanism with approximately 50% bond stretching in the transi- 
tion state. Analogous to the treatment of the Cr(NH&X”+ system 2963, this 
argument was pursued further [205] and the following volume equation was 
formulated from which the contribution to (AV&), made by a 50% eionga- 
tion of the Pd-X bond could be catcufated. 

(0.5 AG) = 0.5 (‘i7(Pd(E&dien)“) - @Pd(EtGdien)X”*) + V(Xn12)) (62) 

The assumption was made that v(Pd(E&dien)‘+) IU- p(Pd(Et,&ien)NHi+). The 
volume quantities necessary to these calculations are shown in Table 26. AI- 
though no correlation could he found between (0.5 A%$) and (A%&),, the 
values of Av2: (see last column in Table 26) obtained from ApA = (AV&,), - 
(0.5 Av”,) and assigned to the associative contribution to (AV&,),, are sur- 
p&singly constant, with a mean value of -15.5 rt 0.9 cm3 mol-‘. Therefore, 
Ae was attributed to the formation of a Pd-OH, bond, which naturally 
should be independent of X. These results represent quantitative proof for an 
I, mechanism. The assumption which led to the value of ~~Pd(~t~~en~‘+) 
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TABLE 26 

Summary of the volume data (cm3 mol-’ ) for the hydrolysis of Pd(Etddien)X”+ in 
aqueous solution at 25OC [205] 

X v(Pd(Etadien)X”+) V(X”_2) (0.5 AVj$) AG 

cl- 245.8 21.75 0.6 -15.5 
Br- 249.3 29.4 2.6 -15.9 
G 252.6. 31.8 2.2 -16.1 
I- 256.5 41.0 4.8 -16.3 
NCS- 258.1 40.2 3.6 -13.9 
NH3 225.1 24.85 12.5 -15.5 

must be treated with some caution and although Av* remains equally con- 
stant if &Pd(Et,dien)“) were assumed to be smaller than v(Pd- 
(El&en)NH:‘), the distinction between an I, and an Id mechanism becomes 
less definite. 

From the limited high pressure data available for the corresponding k,-path 
[205], it was concluded that the mechanism must also be of the interchange 
type, but again it proved difficult to distinguish between I, and Id. 

The complex Pd(Et,dien)SCN’ isomerizes to the corresponding N-bonded 
thiocyanate complex in solution as well as in the solid state [ 207,208]. 
Steric crowding of the S-bonded ligand, arising from the size of the sulfur 

atom and, more importantly, the bent Pd-S-C bonds, were considered 
responsible for this phenomenon. The mechanism for isomerization was 
thought to be the same as that for solvolysis. Indeed, the rate constants and 
e and AS? values are identical for the two processes [ 2071. The volumes 
of activation for the isomerization and substitution ($olvolysis path) by Br- in 
Pd(Et&en)SCN’ in aqueous solution (cc = 0.1 M and 30°C) were also found 
to be identical within experimental error, viz. -10.8 +- 0.3 and -10.6 f 0.4 
cm3 mol-’ , respectively [ 2091. For this “hydrolysis” reaction, application of 
eqn. (61) results in a value for AV* of -10 + 2 cm3 mol-*, which is in fair 
agreement with the mean Avf determined for the other hydrolysis reactions, 

Increasing the degree of steric hindrance by introducing a methyl group 
onto Et&en in the fourth position decreases the rate of solvolysis/isomeriza- 
tion by a factor of 0.33, but does not affect A@&,, e.g. for Pd- 
(MeEt,dien)SCN* AI&, = -9.5 + 0.5 cm3 mol-’ [209]. Similarly, bromide 
substitution into this substrate resulted in a AV&, of -10.5 f 0.6 cm3 mol-’ 
[209]. 

On the basis of rather small differences in ASf it was suggested [210] that 
in the “bulky” dipolar aprotic solvents, such as DMSO and DMF, the mechan- 
ism of substitution in Pd(Et+dien)X”+ complexes becomes more dissociative. 
It was also observed [210] that the order of reactivity found in protic solvents 
(i.e. Cl- > Br- > I-) was reversed in DMSO and DMF. The assignment of a dis- 
sociative mechanism in this paper was further rationalized from a considera- 
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TABLE 27 

Activation parameters for the substitution reactions of Pd(Etddien)I’ with Br- at p = 
[Br-] = 0.05 M and 40°C [211] _ 

Solvent AH? 
(kJ mol-‘) mol- ’ ) 

(W&,)r 
(cm3 mol-1) 

C*HsOH 85 f 2 -672 8 -12.9 + 0.4 
CH30H 83 k 2 -63* 8 -13.4 + 0.5 

$E3)*S0 71* 82 + 1 2 -69* -42k 8 3 -11.5 -10.1 * 2 0.2 0.2 
(CH3)2NCH0 82 * 2 -46~ 8 -9.3 f 0.3 
CHJCN 76 A 4 -78 i 12 -7.9 T 0.5 

tion of the preference shown by Pd(I1) for binding to the softer sulfur of 
DMSO rather than the oxygen. This would oblige the DMSO molecule to 
approach the metal center with its plane parallel to that of the complex, 
thereby increasing the probability of steric interference. The original study 
[210] was extended to other solvents and included high pressure kinetics 
[211]. The results of this investigation are summarized in Table 27. These 
data clearly show that no significant differences exist between the (AV&), 
values in the three dipolar aprotic solvents and the other solvents. Further- 
more, the ASf value for acetonitrile suggests that the somewhat higher values 
for DMSO and DMF are merely superficial. Thus, a common associative solvo- 
lysis mechanism was proposed [211] and the differences in the (A%&,), were 
attributed to the varying cross-sectional areas of the solvents at the coordinat- 
ing oxygen atom. The carbonyl oxygens of DMSO and DMF penetrate the 
first coordination sphere with less change in the volume of the system than 
the V-shaped alcohol molecules. 

The mechanism of sponi;aneous isomerization of cis-Pt(PEt,)zRX to the 
truns isomer in protic solvents is currently a controversial issue (where R = 

TABLE 28 

Rate data for the isomerization and substitution reactions of cis-Pt(PEts)zRBr in methanol 
at 30°C [214] 

R 

C&S 
P‘CHsC6Hs 
o-CH3C6HS 
o-CZHSC6HS 
2,4.6-(CH3)&kHs 

Isomerization Substitution 

103ki AHl# Asf 103k1 aKf 
(s-l) (kJ mol-*) (J K-1 (s-l) (kJ 

mol-r ) mol- ’ ) 

1.07 87.8 -12.5 6000 51.4 
2.34 81.5 -25.9 4280 47.6 
0.72 98.6 +20.9 54.4 51.8 
0.55 100.3 +23.8 16.2 54.3 
0.19 67.3 -94.5 0.19 66.9 

Asf 
(J K-’ 
mol-’ ) 

-59.3 
-75.2 
-7.8 
-98.6 
-94.5 
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alkyl or substituted aryl groups, and X = Cl or Br). Romeo and co-workers 
[212-2161 have published a series of papers supporting the claim for a disso- 
ciative, asynchronous mechanism in which isomerization of the three-coordin- 
ate ;Jltermediate occurs. Substitution into the substrate was considered to 
proceed by an associative solvolysis for small, nonsterically restricting R : 
groups, whereas for the more bulky R groups, the reaction is forced into a 
dissociative mode of activation. In the case of the extremely bulky mesityl 
ligand (2,4,6-trimethylphenyl), the rates and activation parameters, &r ancl 
AS?, for substitution and isomerization proved to be identical. For example, 
the rates and activation parameters for the series where X = Br in methanol 
are presented in Table 28 [214]_ In this case, therefore, the isomerization reic- 
tions, as well as the substitution reaction of cis-Pt(PEt&(mesityl)Br, obey the 
following equations [212-2161 

cis-Pt(PEt&RBr 2 cis-Pt(PEt&R’ + Bf (62) 

cis-Pt(PEt&R+ “2 trans-Pt(PEt&R+ (63) 

trans-Pt(PEt&R+ + Br- fast trans-Pt(PEt&RBr (64) 

with ki the observed rate constant in the absence of added Br-. The presence 
of bromide ion retards the rate of isomerization and is therefore consistent 
with the dissociative reaction scheme in which eqn. (62) is rate determining. 
The nucleophile-independent path of the substitution reaction for R # mesityl 
is generally accepted as being a solvolysis step in an associative process [212- 
2171 

cis-Pt(PEt&RBr + MeOH 
kl 
--f cis-Pt(PEts)zR(MeOH)’ + Br- (65) 

cis-Pt(PEt,),R(MeOH)’ + Y- % cis-Pt(PEt,),RY + MeOH (66) 

It was later established that the volumes of activation for isomerization and 
substitution of cis-Pt(PEt,),(mesityl)Br in methanol at 30°C are -12.0 + 0.5 
cm3 mol-’ (p = 0) [218] and -14.1+ 0.5 cm3 mol-’ (cc = 0.025 M) [217]. 
This virtual equality of the volumes of activation also implies a common 
mechanism for the two reactions, but the significant negative values could 
not be rationalized in terms of a dissociative process. They do in fact favor 
an associative solvolysis in accordance with eqns. (65) and (66). A dissociative 
mechanism would be expected to yield a AC,, value of approximately zero 
due to the counteracting effects of bond separation and a 1 : 1 charge forma- 
tion. 

A reevaluation [ 2171 of the existing isomerization data [ 2141, including the 
[Br-] dependence of the rate of isomerizaticn, showed that, with the excep- 
tion of R = mesityl, they could be better rationalized in terms of a rapid sol- 
volytic pre-equilibrium, described by KS, followed by a ratedetermining iso- 
merization, ki, of the cis-Pt(PEt3)sR(MeOH)’ species, according to the rate 
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equation 

k ohs = k&l(l3fl+ ;(,I (6’7) 

where, in the absence of added Br-, kobs = ki . For R = mesityl, it was 
suggested [217] that steric hindrance of the incoming methanol molecule 
mast be sufficiently acute as to slow the rate of solvolysis to such an extent 
that it becomes slower than the isomerization step. The following rate equa- 
tion could then be formulated, 

k ohs = kik,l(k-, [Br-I + ki) (68) 

where k, and Jz_ are the ferward and reverse rate constants, respectively, for 
the solvolysis step (eqn. (65)). Again, eqn. (68) reduces to koa, = k, when 
[Br-] = 0. Thus, according to this concept, the rates of all the substitution 
reactions and the rate of isomerization of cis-Pt(PEt&(mesityl)Br are solvo- 
lysis controlled. The remaining isomerization reactions involve a preequili- 
brium, as described by eqn. (67) 

The rate equation proposed for a dissociative mechanism 12141 takes the 
same form as eqn. (68). Nevertheless, the ASf and (AV&,)i values give pre- 
ferential support to an associative soIvolytic initial step. Further convincing 
evidence was provided by extending the pressure dependence of kobs for the 
isomerization of cis-Pt(PEt&(mesYtyl)Br to higher pressures than were origin- 
ally exerted [217], i.e. up to 2 kbar [218]. Whereupon, as illustrated in Fig. 8, 
(ln kobs) showed a clear maximum which could only be explained in terms of 
a consecutive reaction with the two steps being characterized by volumes of 
activation of opposite sign. In other words, an initial solvolysis step, 
(AV&,), = -12 to -14 cm3 mol-‘, 
positive AI&,. 

is followed by an.isomerization step with a 
The latter could result from either a dissociative loss of a 

-8.3 

-6 4 

-ES 

-8.6 
)//I/ 

-871 
.250 500 79 loo0 125l 1530 1750 

P in bar 

Fig. 8. The pressure dependence of the solvolysis rate constant for the isomerization of 
cis-Pt(PEts)z(mesityl)Br in methanol at 30% [218]. 
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methanol ligand or an internal rearrangement, conceivably via a tetrahedral 
intermediate. 

By way of a final check of this hypothesis, the activation volume for the 
isomerization of cis-Pt(PEt,),(C,H,)Br was measured in methanol in the 
absence of added Br- [218]. Not only were the rate constants dependent on 
the complex concentration, as could be anticipated &om the [Br-] depend- 
ence in eqn. (67) cf. the rate constants for the isomerization of the corre- 
sponding mesityl complex are independent of complex concentration [217, 
218]), AC& was found to be positive, 7.9 f 0.6 cm3 mol-’ [218]. There- 
fore, although the “normal pressure” kinetic results provided adequate cir- 
cumstantial evidence for an initial solvolysis step in the isomerization reac- 
tion, the complete pressure data are direct and convincing proof for this 
mechanism. 

(ii) Oxidative addition reactions 

The pressure dependencies of the rates of oxidative addition of hydrogen 
[219] and methyl iodide [220] onto Vaska’s complex, trans-Ir(PPh,),(CO)Cl, 
were studied in a variety of solvents. The oxidative addition reaction takes 
the general form 

Ir(PPh&(CO)Cl + XY + Ir(PPh,),(XY)(CO)Cl (69) 

where XY = H-H or CH@. The volumes of activation are-listed in Table 29 
together with the qp values for the respective solvents [219,220]. In both 
cases plots of AV&, versus qp were made, similar to that shown in Fig. 7. 
With the exception of the solvent CHC13, which was thought to add to the 
Vaska complex and thereby complicate the kinetics, good linear relation- 
ships were established. The respective values of AI&, obtained from the 
ordinate intercepts for H2 and CHd addition are -18 and -17 cm3 mol-’ 
[219,220]. For XY = Hz, AI&, was considered to be consistent with the 
simultaneous formation of two H bonds. This postulate is supported by 

TABLE 29 

The solvent dependence of the volumes of activation for the oxidative addition reaction 
between CH&Hl and Ir(PPh3)2(CO)Cl[ 219,220] 

Solvent 

Benzene 
Chloroform 
Toluene 
Chlorobenzene 
Acetone 
Dimethylformamide 

a At 25%. b At 10°C. 

IO%, AV&, (CH3I) a AG& (H2) b 

(bar-‘) (cm3 mol-I) (cm3 mokl) 

15.6 -29.8 
15.0 -19.2 
14.7 -28.2 -20.4 
8.9 -23.6 -19.0 
5.4 -20.5 
1.7 -15.2 -18.0 



the fact that the H ligands are in a cis configuration in the final product. On 
the other hand, for XY = CHd a “linear” transition state was proposed 
[220] with the formation of an rmarbon bond. 

D. REACTIONS OF TETRAHEDRAL COMPLEXES 
P 

(i) Ligand exchange reactions ’ 

To our knowledge the only reaction studied under high pressure to date 
involves the exchange of triphenylphosphine (TPP) with Co(TPP),Br, in 
deutero-cbloroform 12211. This ‘H NMR investigation yielded the para- 
meters, AV&-, = -12.1 i 0.6 cm3 mol-’ and Afl’ = -3.3 kO.5 cm3 mole’ 
kbar-’ at 30°C These results complement an earlier temperature dependence 
study 12223 which gave the values AB# = 32 + 2 kJ mol-’ and AS’ = -80 f 
13 J K-’ mol-‘. The observed second-order kinetics and the negative AV$_ 
and AS* values are in keeping with an associative process. Partial bonding of 
the free phosphine was expected to result in AV& values between -5 and 
-16 cm3 mol-’ [221] and therefore an I, mechanism was assigned. 

E. CONCLUSIONS 

This review was meant to give an insight into the subject of high pressure 
inorganic kinetics and hopefully covers the relevant literature up until the 
middle of 1979. However, certain-new or fringe topics have not been treated. 
The former includes high pressure photochemistry of coordination compound: 
which is only in its infancy [ 223). Another important topic which has not 
been discussed deals with the application of high pressure techniques to bio- 
chemical systems [26,224,225]. 

It is, however, hoped that the compilation of high pressure kinetic data 
convincingly proves the utility of volumes of activation as criteria in the dis- 
cussion of reaction mechanisms of coordination compounds. 
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