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Hacac acetylacetone

THF tetrahydrofuran

tmpa  trimethylphosphate

(Coordinated solvent molecules are in lower-case letters.)

A. INTRODUCTION

Structural studies of inorganic compounds have made remarkable pro-
gress in the first half of the 20th century since Werner’s coordination theory
was advocated, but the reactions of inorganic compounds have drawn rather
limited attention from chemists. There were no planned synthetic paths for
preparing coordination compounds. Virtually all inorganic reactions were
thought to be rapid and unselective, the nature of the products being
governed by thermodynamic and solubility factors. Before World War 1I
only a limited number of studies dealt with stereochemistry [1]. Systematic
studies of the ligand substitution reactions of metal complexes were initiated
after World War II. A good review of these studies together with a list of
papers is given in this issue by Basolo [2].

The advent of the use of radioisotopes enabled the isotopic exchange rate
of ligands to be measured without the need to consider the thermodynamics
of ligand substitution reactions. However, the application of this method
was limited to very slow reactions because the experiment invoked a rather
tedious procedure [3]. Taube [4] was the first to survey the qualitative and
quantitative information on the rates of ligand substitution reactions of
metal complexes consisting of various metal ions and ligands. He advocated
the idea of substitution-labile and substitution-inert complexes, and consid-
ered that this distinction is the attribute of the central metal ion rather than
that of the ligand. His classification is shown in Table 1.

The kinetics of ligand substitution reactions have been widely studied in
the latter half of the 20th century. Remarkable progress in experimental
apparatus has stimulated studies of both slow and rapid substitution reac-
tions. The variety of coordination compounds was extended from octahedral
transition metal complexes to their square-planar and tetrahedral complexes
and also to the complexes of main group elements. The variety of ligands
was also expanded from unidentate to bidentate and multidentate organic
ligands and macrocyclic ligands. Several useful reviews and monographs
have been published since the 1960s and a good deal of discussion has been
set forth as to the mechanism of ligand substitution [5].

Examination of the available information related to substitution lability
and the inert nature of various metal complexes tempted us to modify
Taube’s classification as shown in Table 1 [6]. The main group and transi-
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TABLE 1
(a) Classification of octahedral metal complexes on the basis of ligand substitution rates
Almost always Variable, Almost always
labile depending on inert
ligands etc.
Central metal ions [6]
Tons of 1A and 2A family, Some rare earth ions, Cr(111), Mo(11I),
most rare earth ions, V(D), Fe(II), Ni(II), Co(1II), Rh(IID),
Cr(11), Mn(II), Co(ID), Ru(Il), Os(II), Ir(III), Re(1V),
Cu(I), Zn(11), Cd(ID), Ru(IIT), A(III), Re(IV), Ir(1V),
Pb(II), Ga(11I), In(IID), PA(IV), PYIV)
Ti(1II), V(IID), TI(IID),
Mn(111), Fe(III) Ti(IV), Mo(IV),
Si(IV), Ge(IV),
Sn(IV)
Electron configuration
Low valent High valent 4'°, Some d° ions,
d® and d4'°, some high spin ions, most low spin ions
most high spin ions some d>, d® and d® ions

(b) Taube’s classification according to electron configuration
Labile Inert

Electron
configuration [4] d°, d'° and high spin complexes d> and low spin complexes

tion metal ions of low and high electric charges might be better classified
into three groups, almost always labile, almost always inert and variable
depending on the ligand and reaction circumstances. At the same time we
set out to study the kinetics and mechanism of ligand isotopic exchange
reactions of tervalent metal complexes of tris(acetylacetonato) type [7] (eqn.

(1)):
[M(acac);] + Hacac* = [M(acac),(*acac)] + Hacac (1)

Acetylacetonate(l — ) forms a variety of stable metal complexes without
electric charge. The tris-bidentate type complexes with tervalent main group
and transition metal ions have essentially the same octahedral structure.
They are soluble in various organic solvents and thus provide a most useful
counterpart to the aqua complexes of these metal ions, of which the ligand
tsotopic exchange kinetics have been extensively studied.
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B. EXPERIMENTAL METHOD AND ANALYSIS
(i) The complexes

The complexes used in the present study are those of the tervalent ions of
scandium [8], vanadium [9], chromium [10,11], molybdenum [12], manganese
[12], technetium [13], iron [14], ruthenium [11], cobalt [11,15], rhodium [11],
aluminium [16-18], gallium [12,19] and indium [12]. (Some other complexes
with quadrivalent ions of titanium [20], silicon [21], germanium [22,23] and
tin [24] were also studied.) The complexes were synthesized and purified by
known methods. The manganese and iron complexes were of high spin
configuration, and the technetium, cobalt, ruthenium and rhodium com-
plexes of low spin configuration. Some complexes enabled us to obtain very
precise kinetic information, e.g. those of aluminium and chromium, but
some gave only limited information because of experimental difficulties.

(ii) Isotope labelling method

Acetylacetone ['*C] was synthesized from acetone-[1,3-'*C] or acetone-[2-
C] and ethyl acetate, which was isotopically diluted with commercial
acetylacetone (Hacac) and used throughout the experiment (ca. 0.01 uC).
The acetylacetonato complexes were mostly isotope labelled.

The complexes were separated from Hacac and the ingredients in the
reaction mixture by the following methods: (i) precipitation by addition of
petroleum ether to the solutions in acetylacetone, ethyl acetate, tetrahydro-
furan etc. [16]; (ii) extraction of free Hacac with hexane from the solution in
acetonitrile [14]; (iii) vacuum evaporation of the solvent and free acetylace-
tone [10]. The difficulty of separation and the time required increase from
methods (i) to (iii).

The recovered complex was weighed, dissolved in toluene containing
p-terphenyl and p-bis(5-phenyl-2-oxazolylbenzene) (POPOP) and submitted
to liquid scintillation counting. In method (ii) the concentration of the
complex in acetonitrile was determined spectrophotometrically, and the
specific counting rate was measured using the liquid scintillation method.
Whenever the final specific counting rate (x,) could only be obtained
experimentally with difficulty because of insufficient stability of the com-
plex, the value was calculated from the initial counting rate and the amounts
of complex and Hacac used for each kinetic run. Generally five or six
measurements were made during one kinetic run.

(iii) Analysis of the result

The experimental results were analysed using McKay’s formula [25]:
R=1[3ab/(3a+b)] In[(xo— x5,)/(x0— x,)] /1 (2)
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where a and b are the concentrations of the complex and free Hacac
respectively, and the x terms are the specific counting rates at the times
indicated by the subscripts. When Hacac is used as solvent, the formula
simplifies to

R=3a In(xy/x,)/t (3)

Approximately 50 kinetic runs were performed for each complex under
varying conditions of concentration of Hacac, the complex, water and other
ingredients, and of temperature and solvent. When the deuterium isotope
effect was to be measured, the double-labelling technique was utilized by use
of deuterated water and Hacac-2H at the 3-position [10].

The exclusive participation of isotopic exchange in the reaction mixture
was verified by spectrophotometry of the recovered complex and, whenever
possible, by the coincidence between the absorption spectrum of the reaction
mixture and the sum of the spectra of the components. The linearity of
McKay’s plot was also useful for verification.

(iv) Influence of various reaction conditions

The R vs. a plot was linear for all the kinetic runs, and the rate is
discussed by use of k, in place of R (eqn. (4)).

It was virtually impossible to exclude water completely from the reaction
mixture, regardless of the solvent used. Almost all the kinetic runs were
performed in the presence of varying amounts of water. The first-order rate
constant k, generally increases with increase in water concentration and an
intercept is observed on the k, vs. water concentration plot:

R=kya=a(k, +k,[H,0]) (4)

where k; indicates the rate of exchange without the aid of water catalysis.
The estimated experimental error is generally +10% for individual & values,
but is sometimes larger, especially for k; values determined by extrapola-
tion.

Protic acids often accelerate the exchange so that a third term is added to
eqn. (4). This term consists of two sub-terms one of which is independent of
and the other dependent on the water concentration [17]:

ko= k1 + ky[H;0] + [acid] (k5 + k4[H,0]) (5)

In solvents other than neat Hacac, the influence of free Hacac concentra-
tion is often observed. Equation (6) represents the general formula for such
a case:

ko= ki + k;[H,0] + (k3 + k4[H,0])[Hacac] (6)
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In some systems (cobalt and manganese) the k; and k; terms are missing,
and in some systems (vanadium, scandium and indium), [Hacac] is repre-
sented by the concentration of the enol form of free Hacac (vide infra).

The enthalpy and entropy of activation were obtained from the usual
Eyring plot over a temperature range of ca. 50 K. The activation volume was
calculated on the basis of measurements made under 0.1-200 MPa, but only
for limited systems because of experimental difficulties.

C. REACTION MECHANISM

The mechanism of exchange of the acetylacetonate of individual com-
plexes has been discussed previously [8-19], and only a brief summary is
given here with special reference to the exchange in neat Hacac.

(i) Reaction path

For the coordinated acetylacetonate to be replaced by another acac™ in
neat Hacac, the following three steps are essential: (1) the breakage of the
coordination bond between the metal ion and acac™; (2) the transfer of a
proton from Hacac to acac™; and (3) the formation of a metal-acac™ bond.
Through elaborate kinetic studies we have concluded that the reaction
proceeds as shown in Fig. 1 [18].

An intermediate species III containing two bidentate acac™ and one each
of unidentate acac” and Hacac plays an important role. Proton transfer
from incoming Hacac to leaving acac™ should occur in this intermediate,
and chelation of the incoming acac™ follows. The last step is the reverse of

ky - path
Hacac
/'? o ka /(I) * X /? X /?
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Fig. 1. A plausible mechanism for the ligand isotopic exchange of [M(III)Yacac);] (I) in neat
acetylacetone. Asterisks denote *C labelling, and arrows with circumflexes show the rate-
determining step.
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Fig. 2. Observed isotopic exchange rate constant kq of [Al(acac),] ((1.54-3.23) X 1073 M) in
acetylacetone at 25° C under elevated pressures: o, 0.10 MPa; 00, 42.1 MPa; 4, 188 MPa.

the first, since the original complex is restored after isotopic exchange. The
transition state from I to III may be illustrated with II. In the absence of
catalysing species (k; term in eqn. (4)) the breakage of one metal-O bond
(to form unidentate acac™) can take place either spontaneously or through
the association of a solvent molecule. These two mechanisms correspond to
mechanisms Id and Ia, respectively. In the presence of water, an H,O
molecule can bind to the coordination site (IV) and is then replaced by
Hacac to give the reaction intermediate II¥. This pathway corresponds to the
k, term in eqn. (4).

(ii) Reaction mechanism of [Al(acac);]

This complex enabled a detailed discussion of the mechanism in various
solvents to be given [16-18]. The results are summarized in Table 2.

The PMR spectrum of the reaction mixture gave only the signals of
[Al(acac);] (0.3 M) and Hacac (1.9 M) in deuterated acetonitrile. Hence the
concentration of the intermediate HI is very low compared with that of 1.
The additivity of the absorbance at 305 nm and the shoulder due to I in
Hacac also support this conclusion. Hence k, < k_,. If IIl is a steady state
intermediate, eqn. (7) holds, and the ratio k,/(k_,+ k,) indicates the
probability of obtaining the product from III:

kl =kakb/(k—-a+kb) (7)

The magnitude of k_, relative to k, can be estimated from the deuterium
isotope effect. The primary isotope effect on proton transfer is generally
ky/kp > 2 [26]. Deuteration may change the nucleophilic basicity of Hacac,
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TABLE 2
Kinetic data for ligand exchange and related reactions of aluminium(III) complexes
Complex Solvent Rate AH* AS* AV* AV™ Ref.
constant * (kfmol™') (Jmol™! (cm’ Vo
K™Y mol™YHy °
[Al(acac),] Hacac k, 85 —-38 +10 +0.10 18
Hacac k, 79 —34 +5 +0.05 18
Toluene k,® 80 —-16 17
EtOAc k, 90 -51 17
THF kg 90 -33 16
C,H,OH-C;H,, k. ° 133 +227 33
[AH,0)¢]** H,0 ko 85 +42 +6  +0.32 31
[Al(dmf)¢]** DMP-CH;NO, &, 88 +28 +14  +0.18 29
[Al(dmso)¢]*T  DMSO kg 83 +22 +16  +0.22 28
[Al(tmpa)¢]*™* TMPA-CH;NO, &, 85 +38 +23 +0.20 35
[AI(CH,CN)¢]** CH,CN kg 80 +40 30

® ko =k, + k,[H,0); k,, observed first-order rate constant. ® No k, path in toluene. © k.,
rate constant of racemization. ¢ ¥.° (cm® mol™1), partial molar volume of the ligand.

but to a much smaller extent than does the proton transfer rate. In so far as
k, is subject only to the deuterium isotope effect, and k,;/k,p falls in the
range 2-10, the ratio k,/k_, is calculated from the observed k,y/k,p value
(1.6) to be 0.5-0.9. Hence k, < k_, < k,, and the first substitution should
be rate determining. Since k; and k, have similar activation parameters and
deuterium isotope effects, both paths must have a similar rate-determining
step, i.e. the water molecule gives IV more easily than Hacac gives III, and
IV is converted into III quickly. For the tris(acetylacetonato) complexes of
quadrivalent ions such as those of silicon, germanium and tin the inter-
mediate III seems more stable, and sometimes the proton transfer can be
rate determining [20-24].

The activation volume is a useful quantity for elucidating the activation
mode (Ia or Id) of ligand substitution [27]. Figure 2 exemplifies the depen-
dence of k, on water concentration under different pressures, and Fig. 3
plots of k; (intercept) and k, (gradient) vs. pressure respectively for the
ligand exchange of this complex in Hacac at 25°C. A dissociative mecha-
nism was proposed for the exchange of a unidentate ligand molecule such as
DMSO [28], DMF [29], acetonitrile [30] and water [31] on the basis of
positive (+5.7 to +23 cm® mol™!) activation volume and this suggests
mechanism Id, while the modestly negative AS * implies mechanism Ia.

Use of the ratio AV * /V,°, where ¥, is the partial molar volume of the
solvent molecule .[27], may be useful in resolving this ambiguity. A larger
absolute value of the ratio is claimed to indicate a more enhanced associa-
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Fig. 3. Pressure dependence of k; and k, for the ligand isotopic exchange of [Al(acac),;] in
acetylacetone at 25°C: O, k;; o, k.

tive (A) or dissociative (D) character. Our system gives the ratio 0.1, whereas
the unidentate ligand systems give ratios of ca. 0.2. Hence a less dissociative
nature of the rate-determining step is implied in our system, i.e. more
significant participation of the incoming Hacac is feasible in the formation
of III from L. Another interpretation can be encountered in our system by
considering more seriously the fact that the leaving ligand remains within
the coordination sphere as a unidentate ligand. The leaving ligand is not
entirely free after the M—O bond is broken, so that the increase in entropy
accompanied by the bond breakage may not be large enough to give a
positive activation entropy.

It also appears that steric factors play a significant role in determining the
AV ™ value [32]. Bulky solvent molecules such as DMSO and DMF repel
each other in the coordination sphere, thereby decreasing the contribution of
the incoming ligand at the transition state. The enolate ring of coordinated
acac” is planar and provides less crowding in the coordination sphere than
DMSO and DMF. Stacking of the solvent Hacac molecule on the acac™
ligand may be possible both at the ground and transition state, to bring
about a more enhanced contribution of the incoming ligand on going to the
transition state.

In less-polar solvents such as toluene, EtOAc and THF, the activation
enthalpy (80-90 kJ mol ') and entropy (—50 to —15 J mol~! K~!) do not
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differ much from those in Hacac. The k, values are independent of the
Hacac concentration (0.02-0.2 M) in these solvents [17]. Therefore the
substitution mechanism does not seem very different from that in Hacac.
The acid catalysis may be understood as facilitating the proton transfer at
the intermediate IIL.

This complex was resolved and the rate of racemization was measured in
mixtures of isopentane and ethanol (1 + 1 v/v) and isopentane and diethyl
ether (1 + 5 v/v) in the absence of free Hacac. The AH* and AS ™ values
are large and positive (Table 2). A mechanism involving an intermediate
with coordination number five was postulated, in which one of the Al-O
bonds is dissociatively broken and internal rearrangement follows [33]. This
result indirectly supports our view that free Hacac participates in the
formation of transition state II in neat Hacac, but does not affect the rate.

(iii) Reaction mechanism of [Co(acac);]

Ligand substitution reactions of cobalt(III) complexes are understood to
proceed generally via a dissociative mechanism. The isotopic exchange of
this complex was studied in Hacac [11] and compared with the racemization
rate in chlorobenzene {34] (Table 3). Large positive AH”* and AS™ values
and the absence of a deuterium isotope effect (ky/kp=1) suggest a
dissociative mechanism for both reactions. The overall process for the
exchange should be similar to that given in Fig. 1, and the branching ratio
(eqn. (7)) should be almost unity. On going from I to IIl, however, another
intermediate I’ should be involved; this contains one unidentate acac™ and
has a coordination number of five (Fig. 4). (Intermediate I’ has a similar
structure to that of IL, but Il is an intermediate and II is a transition state.)
A polar solvent molecule may occupy the sixth coordination site to give an
apparent coordination number of six, but its coordination does not affect
the rate, so that the process from I to II” is thought to be purely dissociative.
The rate k, of formation of I’ from I by a purely dissociative mechanism
should be rate determining, and the observed k; value should correspond to
k.. The value of k_, is large, and cannot be much larger than k,. The
racemization was claimed to proceed via an intermediate of coordination

~0 0 * ~0 (e}
00, =2 &J.0%0, 0 K &l o0 4 0G0
PERS k. A % N H PN
o0 kx of™s) v 0 5 0o o /)00
(n (I (m) (m)

Fig. 4. Plausible mechanism of ligand isotopic exchange of [Co(acac);] in acetylacetone.
Asterisks denote *C labelling.
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TABLE 3

Rate constants and activation parameters for the ligand isotopic exchange of [M(III)(acac),]}
in acetylacetone

M Rate t k ky/kp AH™ As* Ref.
constant (°C) (107%s71) (kJmol™') (Imol™'K™Y)
Al k, 25 9.1 1.6 85 ~-38 18
k, 25 15° 1.5 79 -34 18
k.® - 133 +227 33
Cr kK 117 5.6 15 120 -21 12
ky© 166 027* - 94 ~104 11
k;© 166 14 } ca.3 159 ca.0 11
ky© 166 0944 ’ 126 -2 11
k¢ 98 0.17 - 143 +29
Co k, 93 2.3 1.0 153 +80 1
k. ¢ 93 40 - 140 +59 34
Ru K, 150 5.2 - 115 -61 11
Rh K 185 24 14 119 —~80 11
vV K 25 13.6 } 10 73 -13 9
ky 25 0.66 * : 75 —53 9
ky© 335 5.0 } 10 ca. 80 ca. —59 9
ky© 335 0.33* ) ca. 67 ca. —88 9
Ga &, 25 160 19 67 -7 19
In K 25 2x10%° 5 47 -84 12
S¢ k! 50 3.6x10%2° 5 36 —88° 8
Fe K 16 135 1.0 60 -92 14
Te kK 123 52 2.3 119 -27 12
Mo &, 25 0.35 - - - 12
Mn K, 25 10%° - - - 12

*k, in 107 M~ 5L PIn C;H,, +C,H,OH. ° In CH,CN. 4 Racemization in CeH,CL
¢ The value may increase when the enol concentration is used. | Determined by NMR,

number five containing one unidentate acac™. The mechanism through
which the Co—O bond is broken should be similar for both the racemization
and isotopic exchange.

(iv) Reaction mechanism of {Cr(acac);]

The kinetics were studied in detail in Hacac [11] and acetonitrile [10].
Substitution mechanisms of chromium(III) complexes are generally thought
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to depend on the kind of ligand and the reaction conditions. Such complex-
ity is reflected in the kinetics of the isotopic exchange reaction in neat Hacac
and acetonitrile.

(a) Acetylacetone

No influence of water concentration was observed in Hacac. The values
of AS™ and the ratio ky/kp are similar to those for [Al(acac),] in Hacac
(Table 3). A mechanism similar to that for [Al(acac),;] (Fig. 1) should
operate, i.e. an interchange mechanism with a slightly associative nature.
The high AH* value must reflect the difficulty with which the Cr-O bond
is broken to give the transition state II and is responsible for the inertness of
this complex.

(b) Acetonitrile

Figure 5 shows the relationship between the observed k, (equal to
R /[complex]) and the concentration of free Hacac on a logarithmic scale.
The plot consists of two regions. In the region where the concentration of
Hacac in acetonitrile is greater than 0.1 M, log k, increases almost linearly
with increasing log b and is unaffected by water concentration. The high
negative AS * value indicates a mechanism of an associative nature, and the
second-order rate constant k, must represent the rate of nucleophilic attack
of Hacac upon the complex. As shown below, k, is exactly expressed by
ko =k, + kub. The contribution of k  is, however, not significant under the
given experimental conditions.

log(ko/s™)

S 3 7 10 i
log(6/M)

Fig. 5. Log-log plot of the observed isotopic exchange rate constant k, of [Cr(acac);] vs. the
concentration of free ligand () in acetonitrile at 166 ° C: [H,0] = 0.70 + 0.005 M.
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In the region where b < 0.03 M the concave curve is analysed by use of
the reciprocal plot. The linear relation between 1/k, and 1/b indicates that
the plot is expressed in terms of eqn. (8), and A4 and k,, were calculated as
630 M~! and 8.0 X 1073 s™! respectively at 166°C:

ko =k, Ab/(1 + Ab) (8)

In the range b =0.01-0.03 M, k, is independent of b and almost equal to
k.. However, k, increases linearly with increasing water concentration
(0.02-0.15 M):

kn=k;+k,[H;0| 9)

If A represents the equilibrium constant k,/k_, (Fig. 1) for the formation
of HI from I and Hacac, a significant amount of III should be present in the
reaction mixture to result in. an appreciable change in the absorption
spectrum. The realization of additivity between the absorption pattern of the
complex and that of Hacac in the reaction mixture rules out this possibility.
It must be assumed that another intermediate (II’ in Fig. 4) exists between I
and III, in which one of the three acac™ ligands is in the unidentate acac
form, [Cr(acac),(acac)]. (The presence of a solvent molecule at the sixth
coordination site is not clear.) The 4 value is thus understood to show the
ratio of the rate of formation of ITI from II" and Hacac and that to revert to
I from II" unimolecularly (k,/k_,). The k., term is then understood to be
the product of the first-order rate constant k, to give II’ from I and the
branching ratio of III to undergo proton transfer to give II” or to go back to
I, k.k,/(k_,+k,). The terms k, and k; represent the values with and
without the aid of water respectively.

Since the deuterium isotope effect amounts to ca. 2, the contribution of
the proton transfer rate to the observed rate should not be ignored. Never-
theless, a rather high AH* and virtually zero AS™ value for k; and k&,
suggest a dissociative mechanism to give II’ from 1. It can now be seen that
the ligand substitution mechanism of [Cr(acac);] depends on the reaction
conditions.

(v) Reaction mechanism of other complexes

The ligand isotopic exchange rates of ruthenium(III) and rhodium(III)
complexes are very small compared with those of cobalt(III) and iron(III)
[11]. The relatively low AH ™ values and negative AS™ values of these
exchanges suggest an associative interchange mechanism (Table 3). Recent
studies of the volume of activation of water exchange of [Ru(H,0).]**
(—8.3 cm® mol ') also support an associative mechanism [36]. The low
ky/kp value for the rhodium complex also supports this view. The iron
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complex gives a low AH ™ value and a negative AS * value, and there is no
deuterium isotope effect. Thus an associative rate-determining step is sug-
gested.

The vanadium(III) complex gives much higher rates in Hacac and
acetonitrile [9]. No deuterium isotope effect is seen in either solvent (Table
3). Rather low AH™ and negative AS™ values indicate the associative
nature of the rate-determining first step from I to Il in Fig. 1. The k&, value
in acetonitrile increases with increasing Hacac concentration (1-8 M), not
linearly with [Hacac] but with the concentration of the enol form of Hacac.
We have tacitly considered the participation of Hacac in the enol form in
the exchange throughout all the systems. For the relatively inert complexes
of tervalent cobalt, chromium, ruthenium and rhodium, the tautomeric
equilibrium between the keto and enol forms of free Hacac is established
much faster than the slow isotopic exchange, so that the total concentration
of Hacac contributes to the exchange. The vanadium(III) complex gives a
faster exchange, and only the enol form can participate in the exchange.

The tervalent gallium complex gives a much higher rate than the aluminium
complex and the rate-determining step k, (Fig. 1) seems to be of an
associative nature [12,19] (Table 3). The exchange of scandium [8] and
indium [12] proceeds too fast to allow the use of the isotope labelling
technique, and the rate was measured using the NMR method in acetonitrile.
Low AH * and negative AS ™ values suggest an associative rate-determining
step. Dependence of the observed rate upon the concentration of Hacac in
the enol form supports this view. The technetium complex gives a very low
rate [13] and the activation parameters indicate an associative rate-determin-
ing step. The molybdenum(III) complex gives an even lower rate than the
technetium complex, but the difference is more modest compared with that
between chromium(III) and manganese(IIl) complexes. The labile
manganese(111) complex provides only limited information [12].

We have discussed the mechanism of exchange of acetylacetonate in
organic solvents. Although the available information is limited, we can find
common features in the process and understand that the rate-determining
step is the formation of an intermediate species containing two bidentate
acac” and one each of unidentate acac™ and Hacac ligands. Proton transfer
from the incoming Hacac to the leaving acac™ is essential, but the rate is
not important in determining the overall velocity of exchange. The associa-
tive nature of the rate-determining step was rather conspicuous throughout
the kinetic studies, although there are cases in which the rate of bond
breakage between the metal ion and ligating oxygen atom seems responsible.
In so far as the interchange mechanism operates for the ligand substitution
of coordination compounds, the associative and dissociative character should
be considered continuous. This point will be discussed further when the
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experimental results are compared with the results of theoretical calcula-
tions.

D. METAL ION LABILITY CONSTANT

The overall trend in the tendency of transition metal complexes to
undergo ligand substitution reactions has been discussed by several authors
[4,6]. A clear linear free energy relationship has been found between the rate
constant of ligand exchange of acetylacetonate in organic solvents and that
of water exchange in aqueous solution [37] for tervalent main group and
transition metal complexes. On the basis of such an observation we propose
an empirical parameter, the “metal ion lability constant” o, which reflects
the intrinsic lability of these metal ions. The o values are compared below
with ligand field activation energies calculated using the angular overlap
model, and the correlation is discussed.

(i) Linear free energy relationship between ligand exchange of [M(acac);] and
aqua complexes of M(11])

First-order rate constants of the ligand exchange reactions of
tris(acetylacetonato) complexes in neat Hacac and of water exchange of
hexaaqua complexes in aqueous solution are listed in Table 4 and plotted in
Fig. 6 on a log—log scale. Since both sets of data are not always available for
individual tervalent metal ions, other data had to be included [37].

(a) The ordinate

In acetylacetone the first-order rate constants, k,, in neat acetylacetone
(eqn. (4)) are listed in Table 4 under the heading (A) and plotted with open
symbols in Fig. 6. The values for chromium, molybdenum, technetium, iron,
ruthenium, cobalt and rhodium are extrapolated to those at 25° C by use of
the observed AH * values. The values for scandium and indium are those in
mixed solvents of acetonitrile and Hacac. They are extrapolated to 9.7 M
Hacac, shown in parentheses in Table 4, and plotted with half-solid symbols
in Fig. 6. Such an extrapolation gives values very similar to the observed k,
values in Hacac for vanadium, chromium, iron, cobalt and aluminium
complexes where experimental values under both conditions were available.

In acetonitrile the k, values under the same conditions, [complex] =
0.001-0.01 M (0.05 M for scandium), [Hacac]=0.1-2 M and [H,0]=
0.01-0.1 M, are listed under heading (B) in Table 4, and plotted with solid
symbols in Fig. 6. Manganese gives a rather complicated kinetic formula,
and only the lowest limit is shown in Table 4 and Fig. 6 at [Hacac] = 0.02
M.
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Fig. 6. The linear free energy relationship between ligand isotopic exchange rates of
[M(11T)(acac),] and aqua complexes of M(III) at 25° C. Ordinate, k; for [M(acac),]: o, 4, v,
0, in Hacac; Vv, in mixed solvent; @, v B, in acetonitrile. Abscissa: first-order rate constants
for water exchange (o) and anation (¥) of [M(H,0)(]**, and water exchange (A) and anation
(0) of [M(NH,)s;(H,0))** in acid aqueous solution,

(b) Abscissa

The reported first-order rate constants for the water exchange of hexaaqua
and aquapentammine complexes of the tervalent ions are listed in Table 4
under headings (C) and (E) and plotted in Fig. 6 with circles and triangles
respectively. The anation rate constants for these sets of complexes were
calculated from the observed second-order rate constants for the replace-
ment of an aqua ligand with C1™ or NCS™ (or inevitably Murexide) and an
assumed outer-sphere association constant of 10 M~ which is estimated by
the Fuoss equation for the ion pairs with Cl™. The values are listed under
headings (D) and (F) in Table 4 and plotted with inverted triangles and
squares in Fig. 6 respectively. No reliable data were available for the water
exchange and anation reactions of [Mn(H,0)¢]**, and the only available
datum of Diebler’s work on the formation of [Mn(H,0)F]** was adopted
[47].

Whenever data under headings (A) and (C) are available, those under
headings (B), (D), (E) and (F) might be considered to be of minor impor-
tance in the following discussion. However, it is remarkable that the plots in
Fig. 6 do show much scatter despite the variety of reactions and the reaction
environment. The deviation of k,(H,0) values for a given metal ion from
one another is rather modest. The use of the averaged values for calculating
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the gradient of the straight line (vide infra) gives no significant difference
from the use of the values for water exchange of hexaaqua complexes (open
circles). The k,(acac) values in neat Hacac (A) are consistently larger than
those in acetonitrile (B) by about one order of magnitude. Hence the former
data were exclusively used for the following calculation.

(c) Empirical formula
The least-squares treatment for the k;(acac) vs. the k,(H,0) values gives
the empirical relationship

log k,(acac) = (0.98 + 0.08) log &,(H,0) — (4.5 + 0.4) (10)

at the 70% confidence level with a correlation factor of 0.95. Thus the
gradient of the line is unity, and k,(acac) is shifted by ca. 10~*° compared
with &,(H,0) (eqn. (10)):

log k,(acac) = log k,(H,0) — 4.5 (11)

(ii) Metal ion lability constant

It is noteworthy that such a linear free energy relationship with a gradient
of unity is found for various octahedral complexes of tervalent metal ions,
despite the difference in overall charge, dentate number of the ligand and
the solvent. The difference in the free energy of activation (AG ™) between
the two kinds of reaction of a given metal ion is small (ca. 25 kJ mol !). The
change in AG™ with variation of tervalent metal ions is more or less similar
for these two kinds of reaction. In other words, the way in which the central
metal ion governs the reaction rate remains similar for the reactions given.

By choosing an optional standard ion, eqn. (11) is converted into eqn.
(12), and a Hammett-type equation (eqn. (13)) is obtained:

log k,(acac),y = log k;(H,0)y, — 4.5 (12)
k,(ac k,(H,O

og 1(acac) —log 1(H,0) —0
kq(acac)yy k1 (H,0),4

An empirical parameter, the “metal ion lability constant” o, is thus intro-

duced to reflect the effect of the metal ion on the lability of the ligand

substitution reactions. The values are estimated by taking the arithmetic
mean of the first and second terms of egn. (13):

o = }[log{ k,(acac)} + 4.5 + log{ k,(H,0)}] (14)

where the units of k, are reciprocal seconds. The values, rounded to the
nearest integer or half-integer, are given in Table 5.

(13)
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Metal ion lability constant ¢ for tervalent metal ions
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M(III) @ log k,(acac) ® 4.5+1og k,(acac) log k,;(H,0) © o
(O ™ ™
Sc 18¢ 6.3 6.7 6.5
Mn (HS) ca.1°¢ 55 45 5
In 034 4.8 5.0 5
Ti ca.58 Ok
Ga -28 1.7 26 2
Fe (HS) -2.5 20 1.1 1.5
\' -39 0.6 1.9 1
Al ~40 0.5 0.1 0.5
Mo —-5.5 -1.0 -25 -15
Tc (LS) -95f -50 (=51
Cr -94 -49 —57 —55
Ru (LS) -10.5 —6.0 -4.7 —55
Co (LS) -97 -52 —6.4 -6
Rh (LS) -12.1 -76 —-6.3 -7

2 HS, high spin; LS, low spin. ® In acetylacetone. ° Average value of k;(H,0) values in Table
4 for each M(1II). ¢ Extrapolated from data at different temperatures. © In acetonitrile. * Ref.
13. & Ref. 58. ® Estimated from k,(H,O) only. ' Estimated from k,(acac) only.

(iii) Verification and usefulness of the parameter

The observed k; values are plotted against the calculated o values in Fig.
7. The lines for the ligand isotopic exchange reactions of tris(acetylace-
tonato) complexes and for [ML,(H,0)]** are expressed in terms of eqn.
(15), where k = 0 for k,(H,0), k = —4.5 for k,(acac), and k; is in reciprocal
seconds:

log(k,)=0+x« (15)

All the plots are good straight lines. The k value reflects the susceptibility of
a given substitution reaction towards the influence of the central metal ion;
it corresponds to log k, .4 of the given reaction, i.e. the log k; value for a
metal ion with o = 0.

The appropriateness of the o values may be demonstrated by plotting
first-order rate constants of a third ligand isotopic exchange reaction against
the o values. Several k; values are available for the exchange of DMF
molecules of [M(dmf)¢]** in DMF [59-65]; these are plotted (solid circles)
in Fig. 7. The plot is almost parallel to the other two lines, and the x value is
estimated to be —1. It is thus seen that ¢ and « contribute to the k; values
independently of each other.
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Fig. 7. Plot of log k; (s™!) vs. a: O, water exchange (and anation); A, ligand exchange of
[M(acac),]; ®, ligand exchange of [M(dmf),].

Equation (15) can be considered as a modified form of the Hammett
equation, log(k/k,) = po. We have shown that the reaction constant p is
unity. This fact indicates that the central metal ion strongly affects the
lability of the present ligand substitution reactions in a similar way for each
reaction. The k, values depend also on x, which reflects the reaction
conditions, including the nature of the incoming, leaving and non-substitut-
ing ligand, that of the solvent, and the charge of the complex. Realization of
eqn. (15), however, suggests that the nature of the central metal ion is not
concealed or significantly modified by the variety of substitution reactions.

Since bivalent metal ions give fast substitution reactions, their ¢ values
should be positive. It is remarkable that none of the metal ions studied here
have ¢ values between —5 and zero. When Taube first presented the idea of
substitution lability and inertness in 1952 [4], the available kinetic data were
far more limited than at present. Nevertheless his rather bold distinction
between these two categories was quite correct. Since the rates of diverse
reactions are also governed by k, it is reasonable to classify the lability of
metal complexes into three groups, as in Table 1.

When the o values of tervalent metal complexes are compared within the
same family of the periodic table, those with d° and 4'° electron configura-
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tions and in the high spin state exhibit larger ¢ values as the atomic number
increases (0, < 0g, < 01, Ocy < 0y,). However, ions in the low spin state
show the reverse trend (opy > 01 Ope > Ory> Oco > Ogy)- The large dif-
ferences in o between manganese and technetium, and iron and ruthenium
are due to the difference in the spin states of these metal ions.

(iii) Comparison with theoretical considerations

The metal lability constant may be correlated with the ease or difficulty
with which the transition state is reached in the substitution reactions.
Various kinds of sophisticated theoretical considerations have been pro-
posed on the basis of different assumptions [5]. The usefulness of the
angular overlap model in discussing the electronic state of transition metal
complexes has been demonstrated for the interpretation of d-d transition
energies [66]. Yamatera calculated the ligand field activation energy (LFAE)
for substitution reactions of various octahedral complexes as a function of
the number and spin state of d electrons by use of the angular overlap
model [67]. He assumed various stereochemistries for the transition state
(Cyy» Dy, Dy, and C,, (octahedral wedge)) and also different (o-antibond-
ing, 7-bonding and w-antibonding contributions) and gave various diagrams
for the calculated LFAE plotted against the number of d electrons.

Yamatera found a very good correlation between the rate of water
exchange of hexaaqua complexes of bivalent transition metal ions of the
fourth period in aqueous solution and an LFAE diagram of the transition
state with a square pyramidal structure (C,, symmetry). Water exchange of
these metal ions is understood to proceed via an Id mechanism with a
plausible transition state of C,, symmetry, but there are cases (e.g.
manganese(II)) in which an associative exchange mechanism is postulated
[68]. The fact that the LFAE calculated for the C,, transition state can
account for the experimental results for bivalent transition metal ions may
infer that the difficulty with which the metal-O bond is broken is an
important factor and a useful parameter in determining the rate of water
exchange in aqueous solution.

We have discussed above that most of the present complexes as well as
the hexaaqua complexes of tervalent metal ions undergo ligand isotopic
exchange through an interchange mechanism with a rather associative char-
acter. Among the models of the transition states used by Yamatera, the C,,
octahedral wedge structure with half-strength of the metal-ligand bonds
between the central metal ion and the sixth and seventh ligating atoms (at
the coordination sites forming the wedge) seems to be most appropriate.

Figure 8 shows the plot of our ¢ values vs. the number of d electrons, in
high and low spin states, for the elements of the fourth (Fig. 8B) and the
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Fig. 8. Comparison of empirical o values with theoretical ligand field activation energy
(LFAE) calculated using the angular overlap model for fourth period elements (plots A and
B) and for fifth period elements (plots C and D): open symbols, high spin state; solid
symbols, low spin state; [J, W, calculation using octahedral wedge model with C,, symmetry
and a coordination number of seven; X calculation using square pyramidal model with C,,
symmetry and a coordination number of five for high spin state and without « interactions;
A, A, O, @, g values.

fifth period (Fig. 8D) of the periodic table respectively. (Plots for low spin
complexes are given with solid symbols.) Figure 8 also shows Yamatera’s
plots of LFAE vs. the number of 4 electrons for the C,, octahedral wedge
model (squares) and the C,, pyramidal model without 7 interactions
(crosses) (Figs. 8A and 8C). His LFAE values for these transition states were
calculated by assuming only one kind of electron configuration at the
transition state. Participation of w-bonding and #-antibonding orbitals to
different extents changes the pattern of the diagram only slightly. Since his
ordinate indicates the LFAE scale relative to the ligand field stabilization
energy A, only a qualitative comparison can be made with our empirical o
values.
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Although the discussion is limited, our diagram can be satisfactorily
interpreted by Yamatera’s angular overlap model. The gradual decrease in o
on going from scandium to chromium and the marked increase on going
from chromium to manganese are well represented by the maximum on the
LFAE diagram at chromium (Fig. 8B). (The relative ¢ values for scandium,
high spin iron and gallium, which are unaffected by LFAE, are understood
by considering the ionic radii.) Qualitatively, our o vs. d electron number
diagram seems also to be interpreted by the LFAE values calculated on the
C,, square pyramidal model. The difference between the LFAE values
calculated on the C,, octahedral wedge and on the C,, model is most
noticeable at d*-manganese(III). Unfortunately, the empirical o value for
d*-manganese is very poor (vide supra). Hence detailed discussion cannot be
warranted. However, we have seen the importance of the difficulty with
which the metal-O bond is broken in determining the rate of ligand
exchange of bivalent transition metal ions. The same trend is also seen for
our tervalent metal ions where both the results of a calculation based on the
C,, octahedral wedge and on the C,, transition state account for the o
values. Since the strength of the metal-ligand bond at the sixth and seventh
coordination sites was taken as half that of other metal-O bonds on the C,,
octahedral wedge model, the patterns of the theoretical diagrams may not
differ much from each other.

Comparison with the data for fifth-period elements is much more limited
because of the small number of experimental points, but no contradiction is
seen. (Figure 8C shows only the result of the calculation on the C,,
octahedral wedge model.)

E. CONCLUSION

Tris(acetylacetonato) complexes of tervalent metal ions enabled us to
study the kinetics of ligand exchange in organic solvents by the isotope
labelling method. A common reaction route was observed in which an
intermediate with two bidentate acac™ ligands and one each of unidentate
acac” and Hacac ligands undergoes proton transfer to result in ligand
exchange. Discussion on the basis of activation parameters and the deu-
terium isotope effect suggested an interchange mechanism with an associa-
tive nature for most complexes, but the extent of participation of the
incoming ligand in the formation of the transition state differs from one
element to another.

A comparison of our results with those of the water exchange of tervalent
metal ions in aqueous solution gave a good linear free energy relationship. A
new parameter, the “metal ion lability constant” o, has been postulated on
the basis of a Hammett-type equation. Conventional crystal field activation
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energy cannot account for the o vs. d electron number diagram. The
usefulness of the ligand field activation energy calculated on the basis of the
angular overlap model was demonstrated. The o values are appropriate for
use as empirical parameters, indicating an approximate intrinsic lability for
the tervalent metal ions towards ligand substitution reactions.
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