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Mechanistic Studies of Metal Aqua Ions: A Semi-Historical Perspective
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A semi-historical review of the establishment of the nature of metal aqua ions ranging from the alkali metal
ions to the lanthanides and the mechanism of water exchange and ligand substitution on them is presented.

1. Introduction. — The oceans cover 71% of Earth’s surface and contain vast
quantities of the simplest metal complex, the metal aqua ion. However, while the
pioneering work of Werner and Jgrgensen on the colorful cobalt(IIT) complexes in the
late nineteenth and early twentieth centuries [1 —3] established an early understanding
of coordination chemistry which was to burgeon into the vast panoply that it is today
[4][5], the nature of the metal aqua ion remained an enigma. This was largely because
the ability to distinguish coordinated water from bulk water had to await the arrival of
methodologies which arose from the technological acceleration of the Second World
War. Particularly important among these were the isotopic enrichment of water, and
NMR and ultrasonic spectroscopy. A major breakthrough came in 1951 when Hunt and
Taube determined the coordination number and the water-exchange rate of inert
[Cr(H,O)(** using ®*OH, mass spectrometry [6]. Contemporaneously, Eigen devel-
oped ultrasonic and other fast-reaction techniques to characterize ligand-substitution
processes on very labile metal aqua ions, which led to estimates of water lability in their
first coordination spheres [7]. In 1958, Hunt and Taube determined the first volume of
activation, AV* (= +1.2 cm® mol™'), for water exchange on [Co(NH;);H,O**, a
parameter which was to prove of great mechanistic value [8]. Another major advance
came in 1962 with the adaptation of the Bloch equations by Swift and Connick to
accommodate quantitative water-exchange studies of paramagnetic metal aqua ions by
using 7O-NMR spectroscopy [9]. As the sophistication of experimentation increased,
so did the level of mechanistic discussion, and it became increasingly apparent that AV*
studies could greatly enhance the mechanistic interpretation gained from other water-
exchange and ligand-substitution kinetic parameters. This led to the pioneering studies
of water- and other solvent-exchange processes on both inert and labile metal ions by
means of variable-pressure NMR methods by Merbach [10][11]. Such has been the
impact of this work that it has become the benchmark whereby water- and other
solvent-exchange and ligand-substitution studies are assessed.
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In parallel with the evolution of kinetic methodologies and mechanistic under-
standing, the development of physical methods for determining the structures of metal
aqua ions and computational methods for simulating water-exchange processes added
greatly to the attainment of the powerful understanding of the metal aqua ions that now
exists [12-16].

2. The Variation of Lability of Metal Aqua Ions. — Water exchange between the first
and second coordination spheres of a metal aqua ion may be represented by Egn. 1
where the asterisk is a typographical distinction only; kg0 is the observed first-order
exchange-rate constant for a particular H,O molecule in the first coordination sphere,
and the water-exchange rate on [M(H,0),]"" is given by Eqn. 2. (ty,0=1/kyo is the
mean residence time of a particular H,O molecule in the first coordination sphere).

ko
[M(H,0),]"" + H,0* = [M(H,0), ,H,0*]"* + H,0 1)
Water exchange rate = nky,o[M(H,O)/"] 2)

The values of ky,0 (298.2 K) and 7y, vary over almost 20 orders of magnitude, as
shown in Fig. I, which is an updated version of the Figure first published by Eigen in
1963 [7]. At the slow extreme of lability is [Ir(H,0)¢]** for which 7y, (298 K)=9.1-
10° s which corresponds to ca. 300 years and water exchange occurring every ca. 50
years [17]. At the fast extreme is [Eu(H,0),;]*" with 7y (298 K) =2.0-10"'° s during
which light travels ca. 6 cm and a water-exchange event occurs every ca. 2.9-107!!'s
[18]. Generally, the greatest lability is shown by metal aqua ions of large ionic radius, ry
[19], and low charge that together result in a low surface-charge density. An additional
factor, the electronic occupancy of the d-orbitals, has a major effect on the lability of
the transition-metal ions [20-22]. Generally, three major categories of metal aqua ions
are distinguishable: /) the main-group-metal ions, ii) the transition-metal ions, and iii)
the trivalent lanthanide ions.

The labilities of the main-group-metal aqua ions increase with decrease in surface-
charge density and increase in coordination number [7][12][15][16]. Thus, the high
labilities of the alkali-metal ions are encompassed by about one order of magnitude
variation as lability increases from [Li(OH,)s]* to [Rb(OH,)s]" to [Cs(H,O)s]". The
alkaline-earth-metal aqua ions show six orders of magnitude variation in lability with
[Be(H,0),]*>* being the least labile and lability increasing through [Mg(H,O )s]**,
[Ca(H,O)s]**, [Sr(H,O)s]** to [Ba(H,O0)s]**. The high surface-charge density of AP+
causes the lability of [AI(H,O)]** to fall in the middle of the range of Fig. I, while
lability increases 10° fold to [In(H,O)]** as surface-charge density decreases as the
group is descended.

The transition-metal aqua ions are six-coordinate, with the exception of
[Cu(H,0)s]*" and square-planar [Pd(H,0),]*" and [Pt(H,0),]*", and encompass
almost 20 orders of magnitude in lability because of the effects of their d-orbital
electronic occupancies superimposing on the influence of surface-charge density [20—
22]. (The d'° [Zn(H,0)4]**, [Cd(H,O)¢]**, and [Hg(H,O )¢]** ions behave similarly to
main-group-metal aqua ions and their labilities increase by two orders of magnitude as
the group is descended.) In contrast, the different electronic f-orbital occupancies of
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Fig. 1. Water-exchange rate constants, Ky,0, for a particular water molecule in the first coordination sphere of
[M(H,0),]™. Bold bars represent directly determined ky,o values while hashed bars indicate ko values
estimated from ligand-substitution studies.

the trivalent lanthanide ions (Ln**) have only a very small effect on their lability, which
is encompassed within two orders of magnitude and is dominated by their large ry
which decrease along with lability, as atomic number increases [23 -25].

The only directly determined 7y, of a H,O molecule exchanging between the
second coordination sphere and bulk water is 1.28-1071°s (ky,o (298 K) =7.8-10° s,
AH*=213kJ mol!, AS*=+16.2J K-! mol™!) for [Cr(H,O).]** which compares with
ki,0=06.9-10° s~! obtained from molecular-dynamics calculations [26]. It was similarly
shown that 73,=13-10"1, 1.2-107", and 1.8-10"s for H,O in the second
coordination sphere of Nd**, Sm3*, and Yb**, respectively [15][23]. These data are
consistent with water exchange between the second coordination sphere and bulk water
being close to diffusion control.

3. The Evolution of Mechanistic Interpretation of Water Exchange and Ligand
Substitution on Metal A qua Ions. — Due to the paucity of knowledge about metal aqua
ions, early mechanistic discussion was largely confined to ligand-substitution processes
which induced a color change or other change. Such discussion largely followed the
organic mechanistic concepts of unimolecular and bimolecular nucleophilic substitu-
tion, Sy; and Sy,, at C-centers and was mainly confined to inert metal complexes as
discussed in the seminal books by Basolo and Pearson in 1957 and 1967 [27]. With the
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advent of fast-reaction techniques, the scope for mechanistic interpretation broadened,
and it became apparent that, for a particular ligand X*~, which substitutes into the first
coordination sphere of [M(H,O),]"*, the substitution rate shows a similar variation
with the nature of M"" as does water exchange. This infers that the mechanisms of both
processes are similar. It is only for the most-labile metal aqua ions that the rates of
water exchange and ligand substitution in the first coordination sphere are within an
order of magnitude of the rates of water exchange and ligand substitution into the
second coordination sphere from bulk water. Thus, rate-determining water-exchange
and ligand-substitution events usually occur in the first coordination sphere of
[M(H,0),]"*, and substitution by a ligand X*~ is preceded by its entry into the second
coordination sphere to form an encounter or outer-sphere complex [M(H,0),] - X"
at close to diffusion-controlled rates.

It is seldom the case that more than one stage of the transfer of a monodentate
ligand X*~ from bulk water to the first coordination sphere is detected other than by the
ultrasonic method where up to three steps have been detected as in the Eigen— Tamm
mechanism shown in Egn. 3 [28]. Here, 0 represents M and X*~ separated by more
than two H,O molecules, 1 represents M”'* and X*~ separated by two H,O molecules, 2
represents M"" and X*~ separated by one H,O molecule in the encounter complex, and
3 represents M+ and X*~ in contact in the new complex [M(H,0), ) X]"~*. The
diffusion-controlled formation of 1 (k,/ky,) is followed by the fast formation of 2 (k;,/
k»1), which leads to the slower formation of 3 (k,3/ks,). Usually, the formation of 1 is
not detected, and the simplified sequence of the Eigen — Wilkins mechanism ( Eqn. 4) is
discussed instead [29][30].

kOl k12 k23
M"* 4+ X*~ = M-OH, - OH, - X"™* = M.OH, - X"™* = MX"™* (3)
10 21 32
0 1 2
ki ks
M™ + X = M:OH, X" = MX"* (4)
21 k32
kops = { (ks Kip[ X" ])/(1 + K[ X)) + ks, (5)

The sequential equilibria in Egn. 4 are characterized by K, = ky,/k,; (often denoted
as K,) and K,; = k,i/k;,, respectively. When K, cannot be directly determined, it is
frequently estimated through the Fuoss equation [31]. Often, it is only possible to
characterize the kinetics of the second equilibrium of Egn. 4. Irrespective of the
intimate mechanism of ligand substitution, the pseudo-first-order rate constant for the
approach to equilibrium, k, is given by Egn.5 when [X*"]>[M"*]. When K,
[X] <1, kgps = ko3 Kip [X¥ ]+ k3p, and when Ky, [X¥7] 5> 1, kg = ks + k3, Where ks
and k;, characterize the interchange of X*~ between the first and second coordination
spheres. Equivalent expressions apply when [M™*]>>[X*~]. When K, does not differ
significantly from that arising from diffusive collisions, the equilibrium described by K,
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may be ignored, and the substitution of X*~ on M"* to form MX® 9+ is described by k»;
alone. (This situation appears to apply for the ligand substitutions on [Pd(H,O),]** and
[Pt(H,O),]** discussed in Sect. 11.) It is within this kinetic framework that the intimate
mechanisms of the water-exchange and ligand-substitution processes have to be
identified. For the sake of uniformity, the symbolism of Egn. 5 is used in subsequent
discussion of ligand substitution, where k,; is used to indicate the ligand-substitution
step, although other symbolism may have been used in the original report.

4. The Classification of Water-Exchange and Ligand-Substitution Mechanisms. —
Since 1965, a new formalism proposed by Langford and Gray, in which the associative
and dissociative mechanisms, A and D, respectively, represent the mechanistic
extremes for the substitution of a H,0O molecule in [M(H,0),]"* by X*-, rapidly
became the vehicle for mechanistic discussion [32]. In the A mechanism, [M(H,0),]"*
and X*~ pass through a first transition state to form a reactive intermediate
[M(H,0),X]™=9+ where the coordination number of M"* is increased by one. This
intermediate survives several molecular collisions before passing through a second
transition state to form the product [M(H,0),,)X]" 9" The rate-determining step is
the bond making between Mt and X*~, and the mechanism is associatively (a)
activated. The D mechanism operates when [M(H,0),]"" passes through a first
transition state to form a reactive intermediate [M(H,O), )]"*, where the coordi-
nation number of M™" is decreased by one. This intermediate also survives several
molecular collisions before passing through a second transition state to form the
product [M(H,0),_,X]™9*. The rate determining step is bond breaking, and the
mechanism is dissociatively (d) activated. Both of these mechanisms may occur within
an encounter complex (Egn. 5).

Between the A and D extremes, a continuum of mechanisms exists in which the
entering and leaving ligands make varying contributions to the transition-state
energetics. They range from the a-activated associative interchange mechanism I,
where bond making is dominant, through the interchange mechanism I, where bond
making and breaking are similarly important, to the d-activated interchange
mechanism I, where bond breaking is dominant. In principle, distinction between
the a- and d-activation modes of the A to D mechanistic continuum is possible through
a comparison of ky, for [M(OH,),]™" and k,; for X*~ substitution. The X*~ substitution
ky; may vary from being much less than to much greater than &y, for the A mechanism
with corresponding variations in AH* and AS* which reflect the variation of the new
bond made in the transition state. In contrast, k; cannot be greater than ky,o and may
be significantly less for the D mechanism as a consequence of statistical factors [33 —
36]. Also, AH* should be close to that for the water-exchange process. Within these
extremes, the selectivity for X*~ should decrease from the A mechanism through the L,
I, and I; mechanisms to the D mechanism. These guidelines are constrained by either
the X* selectivity range being significantly contracted for X*~ hard bases substituting
on M™* hard acids [37], or the rate of water exchange on [M(OH,),]"" approaching
diffusion control (ky,o~3.6-10"s™") and high X*~ substitution rates occurring with
little selectivity. For each mechanism, microscopic reversibility requires that the same
reaction coordinate should be traversed from left to right and vice versa so that the
same mechanism operates in both directions.
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In similar systems, a-activated substitutions tend to have smaller AH* magnitudes
than do d-activated substitutions, and AS* tends to be negative and positive for a- and d-
activated substitutions, respectively [38]. Even so, it is often difficult to find a series of
similar ligand substitutions from which mechanistic deductions may be made from AH*
and AS*. Fortunately, the volume of activation AV* has proven to be a particularly
powerful parameter through which water- and other solvent-exchange and some
ligand-substitution mechanisms may be assigned [12][15][16][39-42].

5. The Volume of Activation. — The AV* for water exchange on [M(H,O),]"" is
particularly amenable to mechanistic interpretation as the redistribution of charge on
going from the ground-state to the transition state is minimal. Thus, the pressure
dependence of ki is given by Egn. 6 where AV* is the difference between the partial
molar volumes of the ground and transition states. An approximate solution to Egn. 6 is
given by Egn. 7 in which kp),0 and ko are the rate constants at an applied and
ambient pressure, respectively. The AB*P?/2RT term, where AS* is the compressibility
of the transition state, is usually insignificant for water exchange over applied pressures
of up to 200 Mpa so that AV*~ AV, . Two components, AV arising from changes

intrinsic

in bond distances and angles as the transition state is approached, and AV ..
arising from accompanying water electrostriction effects, make up AV*. Water is highly
electrostricted, and no significant charge distribution occurs in the water-exchange
transition state such that AV} . .. ~0 and AV} . ..~AV% which is a direct
reflection of the extent of bond making and breaking occurring in the transition-state.
(This contrasts with the situation for a ligand-substitution process involving substantial
charge redistribution in the transition state such that AV .. .~ dominates AV* so
that the determination of AVY, . . is less straightforward.)
(0Inky,o/0P)r=—AV*RT (6)
Inkpy,0 = Inkgy,o — AV%O)P/R T+ AB*PY2RT 7

When the application of pressure causes ki, to increase, AV* is negative and vice
versa, and the transition state contracts and expands with respect to the ground state,
respectively. Broadly, a contracted transition state involves more bond making than
breaking and corresponds to a-activation, whereas an expanded transition state
involves more bond breaking than making and a d-activation mode. The effects of
pressure on water exchange according to the mechanism through which it occurs are
illustrated by Fig. 2 [40]. According to this scheme, an A mechanism is characterized by
a contraction of the transition state as the incoming H,O molecule enters the first
coordination sphere, and AV* is large and negative. The D mechanism is characterized
by a substantial expansion of the transition state due to the emergence of the leaving
H,O molecule from the first coordination sphere, and AV* is large and positive. For the
I mechanism, equal amounts of bond breaking and bond making balance one another in
their contributions so that AV*~ 0. On either side of the I mechanism are the I, and I,
mechanisms where the bond-making contribution to the transition state is greater than
the bond-breaking contribution and vice versa so that they are characterized by
negative and positive AV* values, respectively. Thus, both the sign and magnitude of
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Fig. 2. Representation of the ground states and transition states for water exchange on [M(H,0),]™". The upward

inclination of the arrow superscript of ky o indicates that increased applied pressure accelerates the exchange

process and vice versa for a downward inclination. Two superscript arrows indicate that the effect of pressure on

ky,o 1s large and the magnitude of AV* is large. A single superscript arrow indicates a lesser effect of pressure on
ki,o and a lesser magnitude of AV*. Adapted from [40].

AV* changes as the contributions of bond making and bond breaking in the transition-
state change.

6. Quantitative Approaches to the Interpretation of Activation Volumes. — No
experimental method is available to detect the reactive intermediate species character-
izing A and D mechanisms for water exchange on [M(H,0),]"" and to distinguish
them from I, and I; mechanisms, respectively. In 1983, Swaddle suggested that a
Moore— O’Ferrall diagram may be used to illustrate the volume changes along the
reaction coordinate as the transition state is approached as shown in Fig. 3,a [39][41].
For water exchange, the sides of the diagram represent the change in bond order for the
M™* to entering and leaving H,O from 0 to 1 in the exchange reaction in Egn. 1. The
transition states lie on the diagonal joining the corners at which the transition states/
reactive intermediates for the extreme A and D water-exchange mechanisms,
[M(H,O),,1,]™" and [M(H,O), )], respectively, are located. The magnitude and
sign of AV* is the sum of the volume changes arising from the bond-making and
-breaking contributions. Swaddle scaled the diagram using semi-empirical calculations
that gave AVi=—-1354+1 and +13.5cm® mol! for A and D water-exchange
mechanisms, respectively, for the first-row-transition-metal ions [M(H,O),]*"?* with
smaller values for the I, and I; mechanisms. These values include either an increase or a
decrease of ry; by ca. 6 pm when n changes from 6 to either 7 or 5, respectively, and show
little dependence on ry.
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Fig. 3. a) A Moore — O’Farrell depiction of AV* variations along the reaction coordinate for water exchange on
[M(H,0)4]?** in terms of bond-making and -breaking contributions in cm’® mol~' (adapted from [38]).
b) Volume variations in cn’> mol~" along the reaction coordinate from ab initio calculations for [Al(H,0 )¢+ and
its Ga** and In** analogues. The solid and open points on the solid curves lying to either side of the hatched
diagonal represent the transition states and those on the diagonal represent the reactive intermediates
[AI(H,0)s** [Ga(H,0)s]**, and [In(H,O),]**. The hatched curve for [In(H,O)e]** corresponds to a D
mechanism for exchange but is disfavored because of the greater activation energy required by comparison with
that for the A mechanism. Adapted from [42].

In 1998, Merbach and co-workers used ab initio calculations of volume changes
along the reaction coordinate to show that water exchange on [Al(H,O)]** and
[Ga(H,O)¢]** involved identical transition states approximately midway between the
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D five-coordinate intermediate and the six-coordinate ground state [42]. These
transition states lie to either side of the diagonal equivalent to that in Fig. 3,a such that
AV =456 and +4.8 cm® mol~! for [AI(H,O)s]** and [Ga(H,O)¢]**, respectively,
which are close to the experimental values [43][44], and the five-coordinate
intermediates lie on the diagonal with AV=+71 and + 6.9 cm® mol~! as shown in
Fig. 3,b. Similar calculations for [In(H,O).]** gave AV¥=—5.2 cm?® mol! for water
exchange through an A mechanism involving a seven-coordinate intermediate (AV =
—7.1 cm® mol™'), but there is no experimental AV* with which comparison may be
made. (Trimethyl phosphate (TMP) exchange on [ Al(TMP )]** and its Ga** and In**
analogues is characterized by AV¥=+22.5, +20.7, and —21.4 cm® mol~! consistent
with the operation of D mechanisms in the first two cases and either an A or I,
mechanism in the third as a consequence of the greater ry (=80 pm) of In3* [10].)

The extent to which the M”"—OH, bond distances of the five H,O molecules in
[M(H,O)¢]™* not directly involved in the exchange process change in the transition
state, and the consequent volume change contributed to AV* has recently been
calculated by quantum-mechanical methods [45][46]. For [Ru(H,O)¢]**, which
undergoes water exchange through either a D or I mechanism according to these
calculations, and [Rh(H,O)¢J** and [Ir(H,O )¢]**, which undergo water exchange with
retention of configuration through I, mechanisms, these volume-change contributions
are —1.7, —0.8, and —0.9 cm® mol™, respectively. Intuitively, the negative volume
change is anticipated for a d-activated mechanism, while the negative changes for the a-
activated mechanisms are less expected. When these values are compared with the
experimental AV* of —0.4, —4.2,and — 5.7 cm® mol~! [17][47][48], it appears that the
volume increase arising from bond-breaking by the leaving H,O molecule is ca.
+ 1.3 cm® mol~! for [Ru(H,O),]*", and the volume decrease occurring for bond making
by the entering water molecule in [Rh(H,O)]** and [Ir(H,O)4]** is ca. —3.4 and
—4.8 cm® mol~, respectively. Although, on the basis of the experimental AV* of
— 0.4 cm?® mol~!, water exchange on [Ru(H,0),]** was assigned an I mechanism, it
appears from these calculations that the contraction of volume due to shortening of five
Ru?*—OH, bonds offsets the increase in volume due to bond breaking by the sixth and
leaving H,O molecule in the transition state.

7. Water Exchange on the Main-Group-Metal Aqua Ions. — The labilities of the
main-group-metal aqua ions are dominated by variations in ry and charge which
determine the surface-charge density and coordination number. Thus, apart from the
indirectly determined ky o shown in Fig. I for the alkali-metal aqua ions, the only other
data pertinent to water exchange comes from incoherent quasi-elastic neutron
scattering studies which show that water proton residence times on Li* and Cs* in
concentrated aqueous solution are <107°s. As these residence times reflect both
water exchange and proton exchange on coordinated water, these data suggest that
k0 <10 s7! [49]. The smallest alkaline-earth-metal ion, Be?* (ry =27 pm), forms
tetrahedral [Be(H,0),]*" characterized by directly determined ky o (298 K) =730,
AH*=59.2kJ mol™!, and AS*=+8.4J K! mol~! [50]. The AV*=—13.6 cm® mol~!
characterizing [Be(H,0),]*" is the largest negative value observed for water exchange
on a metal aqua ion which is consistent with the operation of an A mechanism and
compares with AV* = —12.9 cm? mol ! estimated for an A water-exchange mechanism.
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On the basis of an A mechanism operating, the observed ky,o is a pseudo-first-order
rate constant from which a second-order ky,o = 13.2 kg mol™! s™! may be calculated.

The larger ry (=72 pm) of Mg?* results in octahedral [Mg(H,O)4]** for which
water exchange is characterized by ky,o (298 K)=6.7-10°s"!, AH*=49.1 kJ mol,
AS*=+31.1] K-! mol~!, and AV*=+6.7 cm® mol~, consistent with the operation of
either a D or an I; mechanism [51]. There are few ligand-substitution data for
Mg(H,O)¢]**, but ultrasonic studies of substitution by SO3~ and CrO% are both
characterized by ky;=1-10°s""! (Egn. 3) [28], which is comparable to kg, when a
statistical factor is taken into account. In the same study, k»; =2 - 107 s~! was determined
for the substitution of CrO%~ on [Ca(H,O)¢]**, consistent with increasing lability
towards water exchange and ligand substitution as ry, increases to 100 pm for Ca’*.

The least labile of the main-group-metal aqua ions is [ AI(H,0)s** (ky 0 (298 K) =
1.29 s, AH*=284.7 kJ mol~!, AS*=+41.6 J K-! mol~, and AV¥=+5.7 cm® mol~!) as a
consequence of its small r, (=53.5 pm) and which undergoes water exchange through
either an Iy or a D mechanism [43]. The high surface-charge density of Al** polarizes
coordinated water such that protolysis readily occurs. This lowers the effective surface
charge density of AI** and labilizes the five coordinated waters in [ AI(OH)(H,O)s]**
by a factor of 10* (ko (298 K)=3.1-10*s"!, AH*=36.4 kJ mol~!, and AS*=+36.4]J
K~! mol~! [52]). This substantial increase in lability coincides with observations that
five hydroxamic acids (R'C(=0O)N(R?)OH, where R! and R? are either H, alkyl or aryl
groups) substitute on [AI(OH)(H,O);]*" ca. 10* times faster than they do on
[AI(H,O)¢*t, where knKi, (298 K) (Egqn.4) shows a small range of 2300 to
2600 dm? mol~! s~! [36]. The same hydroxamic acids substitute on [ Al(H,O)]** with
k»Ki, (298 K) in the range 0.15-0.23 dm? mol~' s~ from which k,;’ =2.0-3.1 s~ may
be estimated on the basis that k3K, = k,;'SK;, where the statistical factor S =0.75 and
K;,~0.1 dm® mol~!, and it is assumed that k,;' ~ ky o, for a d-activated mechanism. This
calculation and the small variation of kxK,, for both [Al(H,O).]** and
[AI(OH)(H,O);]** are consistent with the operation of d-activated ligand-substitution
mechanisms in both cases. (The § and K, values employed in such calculations have a
major effect on the magnitude of the derived k,;', and variations in these may account
for reported k3" values varying by up to an order of magnitude on either side of kg, for
other ligand substitutions on [Al(H,O)]**.) In contrast, for [Fe(H,O)¢]**, the same
hydroxamic acids substitute with k»K;, (298 K)=1-4.4 dm?® mol~' s~ [53], which
gives k' =13-57 (assuming § =0.75 and K;,~0.1 dm® mol~!) which are smaller than
the experimental ky; o (298 K)=1.6-10%s"! [54][55]. This, together with the 4.4-fold
variation of k»;K;,, indicates the operation of an a-activated ligand-substitution
mechanism for [Fe(H,0),]** in common with the I, mechanism assigned to it for water
exchange.

An I or a D mechanism operates for [Ga(H,O)e]*" (ko (298 K)=4.0-10%s7",
AH*=67.1 kI mol™!, AS*=+30.1 J K- mol~!, and AV¥=+5.0 cm® mol~! [44]), which is
more labile than its AI** analogue because of its larger ry (=62 pm). This is also the
case for [Ga(OH)(H,0)s** (ko (298 K)=(0.6-2.0)-10°s"!, AH*=58.9 kJ mol !,
and AV#=+6.2 cm® mol™!), which is greatly labilized towards water exchange by
comparison with [ Ga(H,O ), ]**. Substantial variations occur in the k,;’ values estimated
for ligand substitution on [Ga(H,O),]**, probably due to their sensitivity to the S and
K, values used [56]. (However, the substitution of uncharged tropolone (=2-
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hydroxycyclohepta-2,4,6-trien-1-one) on [Ga(H,0)),]*" is characterized by AVi=
+4.0 cm* mol~, consistent with a d-activated mechanism operating [57].) Although
theoretical considerations indicate that an a-activated water-exchange mechanism
operates for [In(H,O )]** [42], no experimental data is available for [In(H,O)¢]** as is
also the case for [TI(H,O)¢]**. Generally, the variations in derived k,; values for
[AI(H,O)¢** and [Ga(H,0))¢]** are smaller than those reported for [Cr(H,O)),]**
and [Fe(H,O)q]**, where a-activated mechanisms operate as is discussed in Sect. 12
[54][58].

8. Water Exchange on the Transition-Metal A qua Ions. — The lability of the divalent
first-row-transition-metal aqua ions generally increases in the sequence V2* < Ni?* <
Co** = Fe* < Mn?** ~ Zn*" < Cu** =~ Cr?* (Fig. 1 and Table 1 [59-62]), which reflects
the different electronic occupancy of their d-orbitals. This variation in lability is
qualitatively in accord with the expectations arising from ligand-field activation
energies (LFAEs) calculated for a- and d-activated mechanisms for the first six metal
aqua ions as is also the case for the trivalent metal aqua ions with similar electronic
configurations [20-22]. Large LFAEs contribute to the AH* of the high-spin d*-and d®-
metal aqua ions causing [ V(H,O0),]**, [Ni(H,O)¢]**, and [ Cr(H,O )¢ ]** to be much less
labile than the other di- and trivalent first-row-transition-metal aqua ions. (Similar
conclusions are drawn from molecular-orbital calculations [63].) The change from a- to
d-activation as the occupancy of the d-orbitals increases may be qualitatively explained
through an increasing repulsion between an entering H,O molecule approaching an
octahedral face of [M(H,0)]*** and electrons in the t,, orbitals disfavoring the
increased coordination number required in an a-transition state, so that a d-transition
state is favored as d-orbital occupancy increases. Similarly, it is expected that, as the
antibonding e, orbitals fill, a d-activation mode will be favored. Ab initio calculations
for water exchange on the d° to d'* six-coordinate first-row-transition-metal ions predict
also this change from a- to d-activation, so that only A mechanisms are possible for
[Sc(H,O)¢]** and its Ti** and V** analogues, only D mechanisms are possible for
[Ni(H,O),]*" and its Cu*" and Zn?* analogues, while a gradual change from a- to d-
activation is predicted for other first-row-transition-metal aqua ions with d? to d’
electronic configurations [64-66]. Density-function calculations also indicate that
water exchange on [Zn(H,O )¢]** is likely to occur through a D mechanism [67]. (The
high lability of [Cu(H,O)¢]** and [Cr(H,O )¢]** seemingly arise from stereochemical
effects reflecting their d° and d* electronic configurations as is discussed in Sect. 9.)
However, the effect of d-orbital occupancy is not quite so clear cut for second- and
third-row-transition-metal aqua ions. While quantum-mechanical calculations includ-
ing second-coordination-sphere hydration show that for t, [Ru(H,O)e]*", a D or I,
mechanism operates for water exchange as expected from the above predictions, such is
not the case for t§, [Rh(H,O)s]*" and t5, [Ir(H,O)s]** for which I, water-exchange
mechanisms operate, in agreement with experimental data [45][46]. The difference
appears to arise from the stronger M3**—OH, bonds of the trivalent metal aqua ions.

9. Six-Coordinate Divalent Transition-Metal Aqua Ions. — The deduction of water-
exchange mechanisms of the divalent first-row-transition-metal aqua ions rests on the
sign and magnitude of their AV* (Table ). None of the AV* values approach the —13.5
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and + 13.5 cm® mol ! anticipated for A and D mechanisms, respectively, on the basis of
the Swaddle model [38]. Accordingly, I, and I, mechanisms are assigned when AV* is
negative and positive, respectively, for [V(H,O)]** to [Ni(H,O)s]** [59][60]. The
increased lability of d° [Cu(H,O),]** has been interpreted through two models. The
first invokes a dynamic Jahn-— Teller effect through which a tetragonal distortion
randomly and very rapidly reorientates two elongated and weaker Cu—OH, bonds
along the x, y, and z axes so that the lifetime of a given distortion, 5.1-107 s, is much
less than 7y,6 (298 K) =2.3-10""s [61]. Thus, each H,O molecule in [Cu(H,O0 )s]*" is
labilized as it experiences 45 reorientations which include several elongations of the
Cu—OH, bond before exchanging. An alternative model is based on neutron
diffraction and first-principals-molecular-dynamics studies and explains the labilization
toward water exchange through five-coordinate [ Cu(H,O)s]** rapidly interconverting
between square-pyramidal and trigonal-bipyramidal configurations and 7y, (298 K) =
1.9-10-19s [62]. The small AV*=+2.0 cm? mol~! is consistent with the operation of an
I mechanism. As d* [Cr(H,O),]*" experiences Jahn — Teller effects similar to those of a
d’ system, labilizing effects similar to those experienced by [ Cu(H,O ) ]**/[ Cu(H,O)s**
are anticipated, but no direct data for water exchange on [Cr(H,0)¢]** are available.

Ligand-substitution rates on [Fe(H,O)¢]** to [Zn(H,0)]** show little variation
with the nature of the substituting ligand as anticipated for metal aqua ions for which I
water-exchange mechanisms operate [12][68-75]. However, the small amount of
ligand-substitution data for [V(H,0),]*" and [Mn(H,O),]*", which undergo water
exchange through an I, mechanism, also show little discrimination by the entering
ligand. This may reflect the borderline hard-acid nature of V2* and Mn?* that restricts
substituting ligands to hard bases, and thereby limits the variation of nucleophilicity to
too small a range for a substitution-rate dependence on the entering ligand to be
detected. Nevertheless, the negative AV* values for ligand substitution on [ V(H,O )¢]**
and [Mn(H,O),]*", and the positive values for [Fe(H,O)¢]** to [Ni(H,O)s]** correlate
well with those for water exchange [71-75].

The effect of descending a group and the corresponding increase in ry is shown for
2,2'-bipyridine substitution on [Zn(H,O),]*" (ry =74 pm) and the reverse reaction for
which AV*=+71 and + 3.6 cm® mol !, respectively, characterizing Iy mechanisms [76].
In contrast, AV¥=-5.5 and —6.9cm’® mol™' for 2,2-bipyridine substitution on
[Cd(H,0),]** for which the operation of an I, mechanism is favored as a result of an
increased ry (=95 pm). Another effect of descending a group is a change in electronic
configuration which can have profound effects. This is exemplified by high-spin t,,‘e,?
[Fe(H,O)s]** (ry=78 pm) [60], which undergoes water exchange through an I
mechanism (assigned on the basis of AV*=+3.8 cm® mol™') and is ca. 10® more labile
than low-spin t§, [Ru(H,O)s]*" because of the latter’s greater LFAE and smaller ry
(=73 pm) reflected in a much larger AH* and the operation of an I mechanism as
assigned from AV* = — 0.4 cm® mol, respectively [47]. However, quantum-mechanical
calculations [45] show that volume contraction in the transition state due to shortening
of the Ru**—OH, distance is — 1.7 cm® mol~, consistent with a volume increase of ca.
+ 1.3 cm?® mol™! arising from bond breaking in an I mechanism by the leaving H,O
molecule and AV#=-—0.4cm® mol! as discussed in Sect. 6. Accordingly, ligand
substitution by a wide range of ligands on [Ru(H,O )¢]** is independent of the nature of
the substituting ligand [77][78].
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10. The Effect of Other Ligands on Water Lability in Divalent Transition-Metal
Aqua Ions. — The entry of another ligand into the first coordination sphere of
[M(H,0),]™" modifies the effective surface-charge density of M™*, the LFAE, and the
stereochemistry to an extent depending on the nature of the entering ligand and M,
and this may alter the lability of the remaining H,O molecules. The effect of protolysis
to give the labilizing hydroxo ligand has already been noted in Sect. 7 and is further
discussed in Sect. 12. Other ligands in the first coordination sphere can also cause
substantial labilization as shown for mer- and fac-[Ni(NH;);(H,O);]*" where kyo
(298 K)=2.5-10°, 6.1-10°, and 2.5-10°s~!, compared with ky;, (298 K)=3.15-10%s"!
for [Ni(H,O)¢]**, through greater o-donation to the Ni* center [79]. Similarly, 2,2',2"-
nitrilotriethylamine (tren = N,N-bis(2-aminoethyl)ethane-1,2-diamine) in [Ni(tren)-
(H,O),]** labilizes the two inequivalent H,O (ki o (298 K)=8.2-10° and 9.0-10°s™!
[80]) as does 1,4,710-tetraazacyclododecane (cyclen) the two equivalent H,O
molecules in [Ni(cyclen)(H,0),]** (ko (298 K)=2.1-107s7! [81]). A very different
type of ligand, 7-bonding benzene, greatly labilizes H,O in [Ru(#°-C¢H,)(H,0);]**
(k0 (298 K)=11.5s7, AH*=75.9 kI mol™!, AS*=+429.9 J K~! mol™!, AV*=+1.5 cm’?
mol~') by comparison with that in [Ru(H,O )s]*" (kg0 (298 K) =1.8-1072s7"), largely
as a consequence of a decrease in AH* [82]. However, coordinated H,O is not
invariably labilized by the entry of another ligand into the first coordination sphere as
shown by 2,2'-bipyridine and 2,2',2"-terpyridine which cause only minor changes in
lability, probably because their o-donation of electron density to M™" is offset by z-
bonding-electron-density withdrawal [83]. Sometimes, other ligands may decrease H,O
lability as does trimethyl phosphate and 3-(2-pyridyl)-5,6-bis(4-phenylsulfonic acid)-
1,2,4-triazine (=4,4'-[3-(pyridin-2-yl)-1,2,4-triazine-5,6-diyl |bis[ benzenesulfonic acid)
when coordinated to Cu?*, possibly because of a decrease in coordination number [84].

11. Divalent Square-Planar Transition-Metal Aqua Ions. — While d® Rh*, Ir*, Ni?*,
Pd**, Pt**, and Au3* all form square-planar complexes because of favorable ligand-field
effects, those of Pd** and Pt*>* have dominated ligand-substitution studies [85], which
have been given a particular impetus because of the importance of the Pt>* anticancer
drugs [86]. In the absence of large steric-crowding effects, ligand substitutions on Pd>*
and Pt** are most readily explained by the entering ligand making a nucleophilic attack
from above the square plane to form a square-pyramidal intermediate, which, through
a progression of square-pyramidal and trigonal-bipyramidal transition states and
intermediates, displaces the leaving ligand with retention of configuration. It is
reasonable to assume that [Pd(H,O),]** and [Pt(H,O),]** undergo water exchange
through a similar mechanistic sequence. This reaction path has been attributed to the
16-electron valence-shell Pd** and Pt*>* center achieving the noble-gas 18-electron
configuration.

Mainly as a result of a smaller AH* (Table 1), ky for [Pd(H,O),]** is 1.4-10°
greater than that for [Pt(H,O),]**, and for both metal aqua ions, the small negative AV*
values are consistent with a-activated mechanisms operating [87][88]. It is likely that a
very weakly interacting H,O lies close to the metal center on either side of the square
plane of both metal aqua ions in the ground state and that AV* for the formation of the
five-coordinate transition state is minimized as a result. Consistent with this, density-
function calculations show a-activation to be energetically favored over d-activation for
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both [Pd(H,O),]*" and [Pt(H,O),]*" [89]. Ligand-substitution studies show
[Pt(H,O),]** to be more sensitive to the nature of the entering ligand X*~ than is
[PA(H,O),]*", consistent with Pt** being a softer Lewis acid than Pd*". This is
illustrated by the observed ligand-substitution rate constant k3, for [Pd(H,O),]** being
1.83-10* and 1.14-10° dm? mol~! s~! for X*~=Cl~ and I-, respectively, and 2.66-10~2
and 7.7 dm? mol~! s~! for [Pd(H,0),]** [90]. In each case, k,; for Cl~ is much greater
than 4k, for water exchange (40.8 and 2.8 -10> dm?® mol~' s™! for [Pd(H,0O),]** and
[Pt(H,0),]*", resp.), consistent with the operation of an a-activated ligand-substitution
mechanism.

12. Six-Coordinate Trivalent Transition-Metal Aqua Ions. — The order of lability
increases in the sequence [Cr(H,O)]** < [Fe(H,0)]** < [V(H,0)c** < [Ti(H,0)q >+
as LFAE contributions to AH* decrease (Table 1) [54][55][58][59][91][92]. The
negative AV* values characterizing all four metal aqua ions are consistent with a-
activation modes for water exchange, and that for [ Ti(H,O )¢]** (AV#= —12.1 cm?® mol?)
approaches AV*=—13.5 cm® mol! calculated for an A mechanism by Swaddle [39].
The influence of d electronic configuration on lability is well-illustrated by t3,
[V(H,O)s]*" being 5.7 times more-labile than t3, [V(H,O )s]*" [59] because of the larger
LFAE of the latter species despite the lesser surface-charge density of the V?* center.
This influence is also shown by low-spin t3, [Ru(H,O)¢]** and t§, [Rh(H,O)s]*" with
the large LFAE of the latter causing it to be three orders of magnitude less labile than
the former, mainly as a consequence of its greater AH* [47]. A large LFAE, and
consequently large AH*, also accounts for the remarkable inertness of t§, [Ir(H,O),]**
[17].

The charge of M3+ polarizes coordinated water in [M(H,O )s]** such that protolysis
produces [M(H,0)s(OH) ]**, and the overall rate law for water exchange is given by
Eqn. 8 in which ky,o and ky 0" characterize the exchange of a particular H,O molecule
on [M(H,O),]** and [M(H,O)s;(OH)J**, respectively. Water lability is greatly
increased in [M(H,O);(OH)]*" with AV} o"* values being large and positive when
M3+ =Fe**, consistent with an I; mechanism operating, and small and positive when
M3+ =Cr**, Ru*", Rh*!, and Ir*', consistent with an I mechanism operating. The
substantial o-electron-donating power of the hydroxo ligand strengthens the M**—OH
bond while weakening the M**—OH, bonds. This labilizes H,O in [M(H,0)s(OH) J**
and favors a change towards d-activation. This labilization is greater for the lighter
[M(H,0)s(OH) ]** of the same d electronic configuration as shown by M3+ = d° Fe3*, d°
Ru’*, d° Rh*t, and d° Ir® (Table 1) consistent with the greater electron population of the
heavier M3+ diminishing the effect of o-electron donation by the hydroxo ligand.

K1,00005) = K0 + ko [[H] = ko + ko 'K /[H'] (8)

Ligand substitution on [M(H,O0),]** and [M(H,O)s(OH)]*" is characterized by a
two-term rate law similar to Egn. 8, and generally the activation modes for ligand
substitution and water exchange are the same [12]. Thus, for [Ti(H,O)¢]**, the
substitution rate increases 225-fold with the basicity of the substituting monoanionic
X-, consistent with substitution on [Ti(H,O )]** occurring through an A mechanism as
is the case for water exchange [92][93]. Similarly, both ligand substitution and water
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exchange on [V(H,O)¢]** occur through a-activated mechanisms [91][94-96].
Monoanionic ligand substitutions on [Fe(H,0)]** and [Fe(H,0)s(OH)]**, respec-
tively, show 938- and 15-fold substitution-rate variations, respectively, consistent with
the ligand-substitution mechanisms being the same as their I, and I; water-exchange
mechanisms [12][54]. In a similar way, 2050- and 21-fold substitution-rate variations
indicate that I, and I; mechanisms operate for [Cr(H,0)¢]** and [Cr(H,0)s(OH) J**,
respectively [12][58]. While no water-exchange data is available for second-row t3,
[Mo(H,0)]**, ligand-substitution studies show it to be ca. 10° times more labile than
[Cr(H,O)¢J** and to exhibit a ligand-substitution-rate variation consistent with the
operation of an I, substitution mechanism [97]. This is in accord with AV* ~—17 cm?
mol~! for substitution by NCS~ [98]. Although a greater LFAE is anticipated for
[Mo(H,O)]** by comparison with that of [Cr(H,O)]**, its greater lability may be a
consequence of a greater extent of bond making in the transition state. Other second-
and third-row-metal aqua ions have also caused some uncertainty in mechanistic
discussion as exemplified by t3, [Rh(H,O),]*" and [Ir(H,O )s]** to which I, mechanisms
for water exchange were assigned on the basis of AV¥=—-42 and —5.7 cm® mol™!,
respectively. In contrast, the similarity of the substitution rates for Cl- and Br~ on
[Rh(H,O)s]** has been cited as evidence for the operation of a D ligand substitution
[99]. However, this conclusion has been challenged by Richens and co-workers, who
find Br~ substitution on [Rh(H,O)]** to occur through an I, mechanism [100].

13. The Effect of Other Ligands on Water Lability in Trivalent Transition-Metal
Aqua Tons. — Mainly one- to five-NH; substituted Cr** complexes have provided ky,o
(298 K) ranging from 4.49-10°s7! for [Cr(NH;)(H,0);]** to 5.8-107s™' (AH!=
971 kJ mol™!, AS*=0K"! mol™!, AV¥=-58cm® mol™) for [Cr(NH;)s(H,O)]**
showing quite a small influence on H,O lability [101-103]. Analogous Co** complexes
with fewer than either four NHj; ligands or four amine donor groups are unstable, and
ki,o (298 K) ranging from 5.7-10%s~! (AH* =111.3 kJ mol~!, AS*=+28 J K~! mol},
AVF=+1.2 cm® mol ) for [Co(NH;)s(H,O) J** to 2-10~*s7! for [Co(cyclen)(H,0),]**
have been reported [8][104] (cyclen=14,710-tetraazacyclodecane). When steric
crowding is increased in the penta(methylamine) complexes, [ Cr(CH;NH,)s(H,0);]**
(ko (298 K)=4.1-10"°s"", AH*=98.5kJ mol!, AS*=—17.5J K mol™!, AVi=
—3.8 cm® mol~') shows a decrease in lability by comparison with [ Cr(NH;)s(H,O) [+,
whereas [Co(CH;NH,)s(H,0)s]* (ko (298 K)=7.0-10"*s"1, AH*=99.0 kJ mol,
AS*=+26.7J K~! mol™!, AV¥=+5.7cm? mol™!) shows an increase in lability by
comparison with [Co(NH;)s;(H,O)]**, and their AV* are consistent with I, and I,
mechanisms, respectively [105]. These opposite changes in lability are the expected
effects of steric crowding on lability for I, and Iy mechanisms. The analogous pair of
Rh*" complexes [Rh(NH;)s(H,O)]*" (ku,o (298K)=84-10"s"", AH*=103.0kJ
mol~, AS*=+3.3J K! mol™, AVi=—-4.1 cm® mol™) and [Rh(CH;NH,)s(H,O)**
(ko (298 K)=1.06-10"s7!, AH*=112.7kJ mol™!, AS*=+378J K! mol™!, AV* =
+1.2 ecm® mol™!) show little change in lability, although their AV* indicate a change
from an I, to an I; mechanism, in accord with a decrease and an increase in a- and d-
activation as steric crowding increases, respectively, as is also observed for the
analogous Cr** and Co** pairs [105]. Both Rh3* complexes are four orders of
magnitude more labile than [Rh(H,O)¢]**.
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Despite the inertness of [Rh(H,O)s]** and [Ir(H,O)s]**, the entry of the
pentamethylcyclopentadienyl ligand CpMejs (= Cp*) into the first coordination sphere
labilizes the three remaining H,O ligands in [Rh(7°-Cp*)(H,0);** (ky,o (298 K)=
1.6-10°s7!, AH*=65.6 kJ mol~!, AS*=+75.3J K~!' mol~!, AV¥=+0.6 cm® mol~!) and
[Ir(73-Cp*)(H,0); ]** (ko (298 K)=2.5-10*s"!, AH*=54.9 kJ mol™!, AS*=+23.6J
K- mol™!, AV¥ = +2.4 cm?® mol!) by factors of ca. 10 [106]. This is largely a result of a
halving of AH* by comparison with those of the analogous hexaaqua ions which
undergo water exchange through I, mechanisms, and a change towards an I mechanism
as shown by the positive AV* values and also by ligand-substitution studies [107].

14. Transition-Metal Oxo Aqua Ions. — The best characterized of the monomeric
first-row-transition-metal oxo aqua ions is [VO(H,O)s]** in which the V** center lies
above the plane defined by the four equatorial H,O to which it is closer than to the axial
H,O. This difference in V#—H,0O distances is consistent with exchange of the
equatorial H,O of [VO(H,O);s]*" (ku,o (298 K)=500s"!, AH*=573 kJ mol!, AS*=
—2.4J K 'mol}, and AV*=+1.9 cm® mol ™) occurring more slowly than the exchange
of the axial H,O (ko (298 K) ~ 10 s7!) [108][109]. It appears that the ky,, (298 K) for
direct water exchange at an equatorial site on [VO(H,O);s]** is ca. 0.1 s7!, and that the
larger value of 500 s~! arises from a rapid migration between the axial and equatorial
sites characterized by Kpigaion ~ 10° s7'. The oxo-ligand exchange is characterized by k
(298 K) =2.4-1075 57! [110], which is much slower than the exchange of the oxo ligand
of [TIO(H,O)s]*" (ko (298 K)=1.6-10*s"! [111]). The oxo ligand of the latter is
thought to be more readily protonated and therefore labilized.

15. Trivalent Lanthanide A qua Ions. — The trivalent lanthanide ions, Ln** (= La**,
Ce’t, Pr3t, Nd*+, Pm**, Sm*, Eu’t, Gd*F, Tb**, Dy**, Ho*", Er**, Tm**, Yb**, and Lu’")
exhibit a smooth decrease in ry, from 121.6 to 103.2 pm for nine-coordinate La** to Lu**
and from 116.0 to 97.7 pm for eight-coordinate La3* to Lu3* [18]. This lanthanide
contraction arises from the sequential electronic filling of the 4f orbitals and increase in
nuclear charge. Ligand-field effects are small because the 4f-electron cloud is diffuse,
and substantial shielding is afforded by the 5s and 5p electrons. Generally, the Ln**
behave as large low-surface-charge-density metal ions that vary their coordination
numbers with change of ligand. For [Ln(H,0),]** in water, n =9 for La’** to Nd**, n =8
for Gd** to Lu’*, and an equilibrium exists between [Ln(H,O )s]** and [Ln(H,0),]**
for Pm*" to Eu’" [112-120]. The ky,, for water exchange on [Gd(H,O)]** to
[Lu(H,O)sJ** decrease with decrease in ry, and both AS* and AV* are negative.
However, these AV* are much less negative than either the AV#=—12.9 cm?® mol~!
[39][121] calculated for either an A mechanism for water exchange or the volume
change of —11 cm® mol™' determined for [Ce(H,O)s]** adding a H,O molecule to
form [Ce(H,0),[** [122], as is seen from Table 2 [123-125]. Hence, an I, mechanism is
assigned to water exchange on these [Ln(H,O)s]**, and the decrease in ky o and the
increase in AH* with decease in ry is attributed to increasing steric crowding in the
transition state. Attempts to directly determine ky o (298 K) for [Pr(H,0),]*" and
[Nd(H,O),]** produced lower-limit estimates of 5:10% and 4-108s~!, respectively
[126]. Overall, the directly determined ky,, data are consistent with the most-labile
lanthanide centers being Pm*", Sm3*, Eu®*t, and Gd3**, for which the energies of
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[Ln(H,O)s]*t and [Ln(H,O),]*" are most similar and are in accord with ultrasonic
studies, which show that sulfate substitution occurs most rapidly for Sm*+, Eu**, and
Gd** and decreases systematically as atomic number decreases or increases to either
side of them [127].

Intuitively, the increase in coordination number of square-antiprismatic
[Ln(H,O)sJ** to form a tricapped trigonal-prismatic [Ln(H,O),[** transition state is
a reasonable stereochemical pathway for I, water exchange on the smaller and heavier
Ln3" as the lighter and larger Ln*" exist as either [Ln(H,0),]*" or as an equilibrium
mixture of [Ln(H,O)]** and [Ln(H,O),]** in water. It is also reasonable to assume
that tricapped trigonal-prismatic [Ln(H,O),[** will proceed through a square-
antiprismatic [ Ln(H,O)s]** I, transition state for water exchange. This is in accord
with Monte Carlo modelling, which predicts a- and d-activated water exchange on
[Ln(H,O)s** and [Ln(H,O),]**, respectively [128], and later molecular-dynamic
simulations of water exchange on [Nd(H,O),]** and [ Yb(H,O),]**, which indicate the
operation of Iy and I, mechanisms, respectively [23-25]. It was also found that the
equilibrium between [Sm(H,O),]** and [Sm(H,O )s]** is maintained by a ninth H,O
molecule that exchanges rapidly between the first coordination sphere and the bulk in
an alternation of addition and elimination reactions that does not readily fit into the a-
and d-activation classifications [25].

Table 2. Parameters for Water Exchange on Lanthanide Aqua Ions

Ln(H,0),]™" ry®)pm 107ky0 (298 K)®)/s™! AH#kI mol~' AS#J K~ mol~' AV#cm?® mol~' Mechanism

[

[GA(H,O)** 1053  83.0°) 14.9 —24.1 -33 I,
[Tb(H,0)** 1040  55.8%)¢) 12.1 —-36.9 —57 I,
[Dy(H,O)sPt 102.7  43.49)¢) 16.6 —24.0 —6.0 I,
[Ho(H,O )P+ 1015  21.4%)°) 16.4 -30.5 —6.6 I,
[Er(H,0)s** 1004  13.3%)¢) 18.4 -278 -69 I,
[Tm(H,0 ) ]>* 99.4 9.19)°) 227 —16.4 —6.0 I,
[Yb(H,O)]** 98.5 4.7%¢°) 233 -21.0

) [19]. ®) Rate constant for the exchange of a particular H,O molecule. ©) [123]. ¢)¢) [124][125].

An interesting effect of an oxidation-state change is afforded by a comparison
between the very labile equilibrium between [Eu(H,O );]** and [Eu(H,O),]** and that
between [Eu(H,0),]** and [Eu(H,O )g]**, where the latter is the minor species in the
second equilibrium [18]. Although ko for water exchange in the first equilibrium has
so far not been reported, it is reasonable to assume that the mechanism of water
exchange on the two species is similar to that for its Sm** analogues. An extension of
this argument to [Eu(H,O0);]*" (ko (298 K)=5.0-10°s7!, AH*=15.7 kI mol!, AS*=
—70J K' mol!, and AV¥=—-113cm?® mol!) suggests a square-antiprismatic
[Eu(H,O)s]** transition state, and the large negative AV* is consistent with the
water-exchange process being close to the limiting A mechanism.

16. Water Exchange on Gd** Complexes and Practical Applications. — The
complexing of Gd** by multidentate ligands can diminish the lability of water by
several orders of magnitude in comparison with that of [Gd(H,O)s]** [123][129] as
illustrated by [Gd(DOTA-4AmP)(H,0)]*~, for which ky;, (298 K) =4-10%s~" (Fig. 4)
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[130]. This is further illustrated by water exchange on nine-coordinate
[Gd(DOTA)(H,0)]" (kg0 (298 K)=4.8-10°s"!, AH* =48.8 k] mol™!, AS*=+46.6J
K~! mol~!, and AV*=+10.5 cm® mol~' [123]) and eight-coordinate [ Gd{TREN-bis(6-
Me-HOPO)-(TAM-TRI)}(H,0),] (ko (298 K)=53-10"s"", AH*=25.9kJ mol},
and AV#= —5 cm® mol~! [131]) shown in Fig. 4. The decrease in lability is considered to
arise largely from the rigidity introduced into the first coordination sphere. Thus, for
[GA(DOTA)(H,0)], the rigidity of DOTA greatly restricts flexing in the transition
state and the participation of an incoming H,O molecule, with the consequence that an

5- -
a) NH,CH,PO; - o ]

ﬁ \’(OHZN
O3PCH,NH, ZNlNH o ( j\
\L ,CHoPOg \L T
)/\ )J

O,PCH,NH,
[G( DOTA YHO)T
[GA(DOTA-4AMP)(H,O)

OH,

[GH(TREN-bis(6-Me-HOPO-(TAM-TRI))}(H,0).]

Fig. 4. a) Structures of [Gd(DOTA-4AmP)( H,0)’~ and [Gd(DOTA)(H,0)]~ in their M isomeric forms

where the multidentate-ligand donor groups define a square antiprism (the alternative m isomer has a twisted

square-antiprismatic structure in which the side arms are rotated) and b) water exchange on [ Gd{ TREN-bis(6-
Me-HOPO)-(TAM-TRI)}(H,0),]
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I; mechanism operates and an increased AH* diminishes lability. Similar effects apply
to [Gd{TREN-bis(6-Me-HOPO)-(TAM-TRI)}(H,0),], but there is sufficient flexi-
bility to increase the coordination number to nine in an I, transition state, and its
lability is diminished less.

Apart from its intrinsic interest, [Gd(DOTA)(H,O)] is an important contrast
agent used in magnetic-resonance imaging (MRI). The contrasting agent relaxes water
protons by through-space dipole-dipole interactions between the unpaired electron
spin of Gd*" and the extracellular water protons so that they may be more readily
distinguished from those of intracellular water and the image resolution enhanced. This
relaxation is most effective for the protons of coordinated water, which is transmitted to
bulk water through the water-exchange process, and the overall effectiveness of the
extracellular proton relaxation is additionally dependent on the unpaired-electron
relaxation times and the rate at which water in the second coordination sphere diffuses
into bulk water [129][132]. It is essential that the MRI Gd** complex must be
extremely stable to minimize toxicity due to [Gd(H,O)]**, while at the same time
possessing a ky,o and tumbling time to maximize water proton relaxation.
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