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Introduction

Polynuclear metal complexes, and metal clusters in particu-
lar, provide the opportunity of studying at the molecular
level the effects associated to the proximity of metal centres,
which are relevant for understanding the chemistry of
solids[1] and also for the understanding of many polynuclear
metalloenzymes[2] found in Nature. In those systems, the
proximity between two or more metal centres can lead to
reactivity patterns different from that of the individual cen-

tres, that is, the degree of independence in the behaviour of
the metal centres has a deep impact on its chemistry. In the
last years the work of our group has focussed to a great
extent on the kinetics of the reaction of polynuclear com-
plexes of different nature, mainly macrocyclic compounds[3]

and M3Q4 (M=Mo, W; Q =S, Se) clusters,[4] and reported
for both types of compound examples of the observation of
a curious phenomenon previously described in the literature
and usually referred to as statistical kinetics.[5,6] Although it
can be considered as a rarity resulting from very particular
mathematical simplifications, from the chemical point of
view it is very interesting, because it represents the case in
which the proximity of equivalent metal centres does not
cause any effect on the reactivity, that is, they behave as in-
dependently reacting centres, in contrast to the more
common situation where electronic and steric interactions
lead to a modification of the chemical properties, including
the kinetics of a reaction.

Statistical kinetic behaviour has been reported in the liter-
ature for cases as the formation and decomposition of binu-
clear complexes of CuII and NiII with symmetrical polyaza
macrocycles,[7] and the two equivalents oxidation of an iron–
sulphur protein.[8] Moreover, there are also examples involv-
ing complexes of higher nuclearity, the best illustrated case
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being the substitutions in [M3Q4ACHTUNGTRENNUNG(H2O)9]
4+ and [M3M’Q4-ACHTUNGTRENNUNG(H2O)9+x]

z+ clusters studied by Sykes and others.[9–11] Their
comprehensive work regarding the kinetics of substitution
of the H2O ligands in these species with cuboidal structure
(incomplete in M3Q4 and complete in M3M’Q4) led to the
conclusion that those processes occur with statistically con-
trolled kinetics, and each experimentally resolved kinetic
step actually corresponds to three consecutive substitution
reactions at equivalent sites of the different metal centres.
Thus, [Mo3S4ACHTUNGTRENNUNG(H2O)9]

4+ and related [M3Q4 ACHTUNGTRENNUNG(H2O)9]
4+ clusters

contain two different types of H2O molecules, those which
are trans to the m3-Q ligand and those which are trans to the
m2-Q ligand, which according to Sykes nomenclature are
designated, respectively, as c and d (see Scheme 1).[11] On

the basis of measurements of the water exchange rates by
using 17O NMR spectroscopy,[12–14] it was demonstrated that
water molecules at the d sites are several orders of magni-
tude more labile than water molecules at the c site.[11]

Stopped-flow experiments on the kinetics of the substitution
of water by chloride or thiocyanate[13,14] confirmed the exis-
tence of non-equivalent H2O ligands, as substitution reac-
tions at d sites are faster.[15] More importantly from the
point of view of the present work, each one of the resolved
kinetic steps in these substitution reactions corresponds to
a reaction at equivalent sites on the three metal centres with
statistically controlled kinetics.[14] As those classical works
by the group of Sykes were carried out by monitoring the
kinetics at a single wavelength, there is the possibility that
some of the kinetic steps were unresolved because of minor
changes at that wavelength. However, more recently we
confirmed the operation of statistical kinetics in substitution
reactions of coordinated water in one of these clusters,
[W3S4ACHTUNGTRENNUNG(H2O)9]

4+ , by measuring and analysing simultaneously
the absorbance changes at the whole set of wavelengths
within a wide spectral interval. The results were in good
agreement with the single-wavelength measurements carried
out two decades ago,[16] and established the numerical values
of the rate constants for the substitution of the three water
molecules coordinated at each metal centre.[17]

However, if the condition of independent behaviour of
the metal centres required for the observation of statistical

kinetics is considered, its occurrence in these substitution re-
actions must be considered quite surprising because of the
interactions between the metal centres that exist in these
compounds. In fact, the nature of the M�M bonds and the
influence of the auxiliary ligands in M3Q4 and M3M’Q4 clus-
ters have been treated in a large number of theoretical stud-
ies,[18] and a summary of them has been published by Llusar
et al.[9] Actually, we have observed deviations from the stat-
istical behaviour in some reactions of this kind of cuboidal
clusters, both in organic and aqueous solutions,[4c,17,19–22] but
at the same time we have also found additional examples of
statistical behaviour in kinetic studies that covered a variety
of reactions of these clusters. A striking case is the reaction
between the hydride cluster [W3S4H3ACHTUNGTRENNUNG(dmpe)3]

+ (dmpe =1,2-
bis(dimethylphosphanyl)ethane) and HCl, in which the acid-
assisted substitution of the hydride ligands by the anion of
the acid occurs with statistically controlled kinetics in
CH3CN and CH3CN/H2O solutions and deviations appear in
CH2Cl2 solutions.[21,23]

In view of the currently available literature, information
that contains abundant experimental evidence on the opera-
tion of statistical kinetics in reactions of this kind of cluster,
and at the same time relevant examples of deviations from
this behaviour, the behaviour of the metal centres as inde-
pendently reacting sites or not, appears to be determined by
subtle factors and so, we decided to obtain additional infor-
mation about this problem by taking advantage of the up-
to-date theoretical methodologies. The reaction selected was
chloride substitution of [Mo3S4ACHTUNGTRENNUNG(d-H2O)6ACHTUNGTRENNUNG(c-H2O)3]

4+ (14+).
As the existence of different types of coordinated water
molecules introduces many possibilities for substitution, the
computational studies focused on the first substitution reac-
tion at each of the three metal centres, although the possi-
bility of different reactivity at both types of site was ex-
plored. Those calculations are complemented with a re-ex-
amination of the kinetics of the reaction by using multi-
wavelength detection. The results obtained are presented in
this paper, preceded by a brief section commenting on the
mathematical aspects of statistical kinetics and the chemical
relevance of the simplifications required for its observation.

Results and Discussion

Mathematical considerations : To illustrate the mathematical
aspects of the phenomenon of statistical kinetics let us con-
sider as a simple example the case of a symmetrical homodi-
nuclear complex (R) where each metal has an X ligand that
undergoes substitution for a different ligand Y. In general,
formation of the reaction product (P) will occur with bipha-
sic kinetics through the mono-substituted intermediate I, so
that the absorbance–time (D, t) traces at a given wavelength
can be fitted by following Equation (1) to yield the rate con-
stants for both consecutive processes. The values of the pre-
exponential terms (a, b) are a function of the rate constants
(k), initial concentrations (c) and molar absorptivities (e) of
the different species [Eqs. (2) and (3)],[5] and the appearance

Scheme 1. Structure of a general M3Q4 cuboidal cluster. Note that if the
metal–metal interactions are not considered an octahedral environment
is found for each metal centre. For simplicity, the three water molecules
coordinated at each metal centre are not shown, but the positions of the
two types of water existing in the cluster are represented by c and d.
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of statistical kinetics is associated to a simplification of the
equations that occurs under very particular conditions.

Dt ¼ D1 þ ae�kt þ be�kt ð1Þ

a ¼ ðe1 � eRÞk1 þ ðeR � ePÞk2

k2 � k1
c0 ð2Þ

b ¼ ðeP � e1Þk1

k2 � k1
c0 ð3Þ

In the absence of any interaction between the metal cen-
tres, they are expected to react independently and the sub-
stitution at the first centre will have double probability than
at the second one. In that case the reaction rates are expect-
ed to be in the 2:1 statistical ratio, that is k1 =2k2, the ex-
pression for a is simplified to Equation (4), and biphasic ki-
netics will still be observed. On the other hand, if the metal
centres behave as independent chromophores, the molar ab-
sorptivity of the reaction intermediate will correspond to
the mean value of those corresponding to the starting com-
plex and the product, that is, eI = (eR + eP)/2, and Equa-
tion (2) simplifies to Equation (5). Nevertheless, biphasic ki-
netics is also expected under these latter conditions.

The most interesting situation occurs when both approxi-
mations are valid simultaneously, that is, when the rate con-
stants are in statistical ratio and the metal centres behave as
independent chromophores. In that case a =0 and a single
exponential behaviour will be observed despite the biphasic
character of the process. The experimental data can then be
fitted by a single exponential function with a rate constant
of k2 (or k1/2), although because of the phenomenon of stat-
istical kinetics the existence of the other process can be in-
ferred. Moreover, if the kinetics of a reaction can be moni-
tored under conditions in which the reaction stops at the in-
termediate I (for example by using limited concentrations of
the entering ligand), the data will also be fitted by a single
exponential function but with a rate constant that doubles

the one observed when the reaction goes to completion,
thus demonstrating the occurrence of statistical kinetics.

a ¼ ðeR þ eP � 2elÞc0 ð4Þ

a ¼ ð2k2 � k1ÞðeR � ePÞ
2ðk2 � k1Þ

c0 ð5Þ

For substitution reactions at M3O4 clusters, the situation is
more complex because the process involves three consecu-
tive steps (Scheme 2). In any case, it can be demonstrated
(see the Supporting Information) that the expected three-
exponential trace will reduce to a single exponential trace
with an observed rate constant of k3 when the ratios of the
rate constants (k1/k2/k3) follow the statistical prediction
(3:2:1) and the three chromophores behave independently
[Eqs. (6) and (7)].

e1 ¼
2eR þ eP

3
ð6Þ

e2 ¼
eR þ 2eP

3
ð7Þ

At this point, it is important to note that the comments
above refer to a single wavelength. If the reaction is moni-
tored at two wavelengths, the conditions must be fulfilled
for both wavelengths, and in the case in which the kinetics
are studied by following the spectral changes over a given
spectral window, the conditions must be valid at all wave-
lengths within the measurement interval.

DFT studies on the substitution of coordinated water in the
[Mo3S4 ACHTUNGTRENNUNG(H2O)9]

4+ cluster : As the [Mo3S4ACHTUNGTRENNUNG(H2O)9]
4+ cluster

contains two different types of coordinated water molecules,
the energy profiles for the formation of the two products re-
sulting from the substitution of water by chloride according
to Equations (8) and (9) were initially calculated. Moreover,
as the aim of this work was to obtain information about the

Scheme 2. Schematic representation of the consecutive substitution reactions at the three equivalent metal centres of the two types of coordinated water
existing in 14+ . For simplicity, the cluster is represented by the triangle defined by the metal centres, and sulphur atoms are not shown.
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validity of simplifications required for the operation of stat-
istical kinetics, the calculations were extended to subsequent
substitution reactions at the other equivalent metal sites, so
that the structures and energies of all the intermediates and
transition states for the processes shown in Scheme 2 were
obtained. As ligand substitutions require the initial ap-
proach of the entering ligand with formation of an outer-
sphere complex, the calculations included optimisation of
the outer-sphere complexes formed by the reagent and
a chloride ligand placed at the proximities of the corre-
sponding leaving water ligand. In the same way, the prod-
ucts were optimised interacting with the released water mol-
ecule.

½Mo3S4ðd-H2OÞ6ðc-H2OÞ3�4þþCl� !
½Mo3S4ðd-H2OÞ5ðd-ClÞðc-H2OÞ3�3þþH2O

ð8Þ

½Mo3S4ðd-H2OÞ6ðc-H2OÞ3�4þþCl� !
½Mo3S4ðd-H2OÞ6ðc-H2OÞ2ðc-ClÞ�3þþH2O

ð9Þ

Figure 1 includes the optimised geometries for the starting
complex and the products resulting from tri-substitution of
the two types of water at the three equivalent metal centres
of the cluster, whereas Figures 2 and 3 show the geometries
of the outer-sphere complexes and the transition states cal-
culated for the three consecutive substitutions at the
c (Figure 2) and d (Figure 3) sites. Finally, the energy pro-
files for the three consecutive substitutions at both types of
site are plotted in Figure 4, and a summary of the numerical
values of the energies is included in the Supporting Informa-
tion.

All the substitutions were found to be thermodynamically
favoured. The DE values are slightly more negative for reac-
tions at the d sites, in agreement with the experimental ob-
servation of preferential substitution at these sites, although
the differences in the stabilisation energies for substitutions
at both sites are small (1.6–3.0 kcal mol�1). In contrast, the
activation barriers are 9-10 kcal mol�1 larger for substitutions
at the c sites, in agreement with the experimental observa-
tion that the d-H2O ligands in this kind of cluster are signifi-
cantly more labile than c-H2O ligands.[10a] Moreover, from
the numerical values, which are given in the Supporting In-
formation, it can be expected that d sites are 6–7 orders of
magnitude more labile than c sites, which is in good agree-
ment with the experimental observation of a difference of
five orders of magnitude for the rates of water exchange at
both sites measured by 17O NMR spectroscopy many years
ago.[14] It is also worth noting that despite the errors associ-
ated to this kind of calculation, the activation barriers for
successive substitutions of the same type of water ligands at
the three metal centres are close to each other, and the
modest increase in the successive rate constants predicted
for both sites can be considered compatible with the experi-
mental observation of statistical kinetics when both the ex-
perimental and computational errors are considered. Never-
theless, from a strict point of view, the ratios derived from

the numerical values are significantly larger than those re-
quired for statistical kinetics. Thus, by using the Eyring
equation and the actual values of the activation barriers, it
can be estimated that the successive rate constants for sub-
stitution at the different metal centres must be in approxi-
mately 18:6:1 and 318:49:1 ratio for the d and c sites, re-
spectively. Any of these ratios is far enough from 3:2:1 to
justify a deviation of the rate constants from the statistical
prediction, although small changes in the values of these cal-
culated activation barriers can lead to ratios close to those
required for the observation of statistical kinetics.

Figure 1. Optimised geometries of reactant 14+ and the tri-substituted
products resulting from reactions at the c and d sites, [Mo3S4 ACHTUNGTRENNUNG(d-H2O)6 ACHTUNGTRENNUNG(c-
Cl)3]

+ and [Mo3S4ACHTUNGTRENNUNG(d-H2O)3ACHTUNGTRENNUNG(c-H2O)3ACHTUNGTRENNUNG(d-Cl)3]
+ , respectively.
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Table 1 summarises the changes in the most relevant
metal–ligand distances during the different substitution pro-
cesses. The most interesting observation is that the distance
between Mo and the entering chloride in all the transition
states is far from the value typical for a Mo�Cl bond
(�2.5 � in the present calculated structures), whereas dis-
tance from Mo to the leaving water increases significantly,
that is, ligand exchange can be considered to be essentially
dissociatively activated, the dissociative character being
more evident for substitutions at the d sites. When the three
consecutive substitutions at the same type of site are consid-
ered, it appears that the slight increase in the activation bar-
rier can be associated to the changes of the distances with
the leaving water (both in the fundamental and the transi-
tion states) provided that the distances to the entering chlo-
ride are always so large that their changes are not expected

to affect very much to the energy values. The essentially Id

mechanism for substitution reactions of 14+ with Cl� is in
good agreement with the experimental results of Sykes and
co-workers,[14] who found close values of the rate constants
for the reaction with Cl� and SCN�, that is, the kinetics of
the reaction is little dependant on the nature of the entering
ligand, as expected for a predominantly dissociative ligand
interchange.

It is also interesting to note that the activation processes
during the substitution occur with minor changes in the
structure of the cluster core. For example, all the Mo�Mo
and Mo�m2-S distances in the intermediates and transition
states involved in all these substitutions are within the 2.70–
2.85 and 2.3–2.4 � ranges, respectively. This rules out the
possibility of cluster reorganisation playing an active role
during these substitution reactions, which contrasts with ob-

Figure 2. Geometries of the outer-sphere complexes and the transition states calculated for the substitution reactions of the three water molecules at the
c sites of 14+ showing the most relevant distances [�]. To facilitate comparison, the geometries are rotated in such a way that the Mo atom undergoing
the substitution reaction is always shown at the centre and the H2O molecules coordinated to the other Mo atoms are not drawn.
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servations for substitution at the heterometal site of the
[W3CuClS4H3ACHTUNGTRENNUNG(dmpe)3]

+ cluster, for which the proposed
mechanism consists of an associative attack of the entering
ligand, this process being accompanied of the weakening of
some of the M�S bonds to accommodate the excess of elec-
tron density.[24]

Some complementary calculations confirmed that replace-
ment of water by chloride at equivalent sites of the adjacent
metal centres does not change significantly the properties of
the Mo�OH2 bond involved in the next consecutive substi-
tution processes. Thus, the Wiberg bond index (WBI),[25]

which measures the covalent bond order, remains within the
0.38–0.40 and 0.42–0.44 ranges for the Mo�OH2 bonds af-
fected by substitution in all the species along the pathways

Figure 3. Geometries of the outer-sphere complexes and the transition states calculated for the substitution reactions of the three water molecules at the
d sites of 14+ showing the most relevant distances [�]. To facilitate comparison, the geometries are rotated in such a way that the Mo atom undergoing
the substitution reaction is always shown at the centre and the H2O molecules coordinated to the other Mo atoms are not drawn.

Figure 4. Energy profiles for the substitution reactions of the three water
molecules at the c (solid line) and d (dashed line) sites of 14+ .
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involving substitutions at the d and c sites, respectively (see
all the WBI values in the Supporting Information).

TD-DFT calculations : As the observation of statistical ki-
netics also requires that the metal centres behave as inde-
pendent chromophores, TD-DFT calculations[26] were car-
ried out for obtaining theoretical electronic spectra of the
species involved in the substitution of the first three d-H2O
molecules. Cluster 14+ , whose experimental spectrum shows
two absorption maxima at l= 366 (e=55 501) and 603 nm
(e= 362 m

�1 cm�1), has been used for testing the accuracy of
the calculations. Unfortunately, the UV/Vis spectra of any
subsequent species are not available because the kinetics of
the reaction was monitored at a single wavelength. Never-
theless, experimental studies indicate that substitutions at
the three equivalent d sites occur with an increase in absorb-
ance at l= 460 nm and a decrease at l= 603 nm.[14]

In general, the calculated spectra of all the studied species
show the characteristic two absorption bands of these com-
pounds: an intense one at approximately l= 360-400 nm and
a weaker one at approximately l=650-700 nm. The wave-
length and oscillator strength (f) of the most intense transi-
tions that contribute to each band are included in the Sup-
porting Information, whereas Figure 5 shows the results in
a graphical way. In spite of the limitations that TD-DFT cal-
culations involve,[27] the theoretical and experimental spectra
of 14+ are in very good agreement, although some discrep-
ancy is found for the weaker, and so more difficult to repro-
duce, experimental band at l=603 nm. Moreover, the calcu-
lated spectra in Figure 5 are also in agreement with experi-
mental kinetic studies, as they anticipate that substitution

will lead to an increase of absorbance at wavelengths close
to l=460 nm, and a decrease at wavelengths corresponding
to the lower energy band.

The main character of the transitions has been established
from the results of a population analysis of the frontier orbi-
tals (detailed data are given in the Supporting Information).
Regardless of the number and position of chloride ligands,
the transitions, which give rise to the high-energy band for
these species correspond essentially to transitions from the
HOMO�3 and HOMO�4 orbitals to the LUMO/LUMO+2
block, whereas the absorption band at low energy can be
mainly assigned to transitions from the HOMO and
HOMO�1 orbitals to LUMO/LUMO+2. For the starting
complex, the analysis of the orbital compositions shows as
a common feature a small participation (below 10 %) of the
H2O ligands in the HOMO�5/LUMO+5 block. In contrast,
for the substituted species the participation of the chloride
in the occupied frontier orbitals is larger and increases grad-
ually with subsequent substitutions. As an example, in
[Mo3S4ACHTUNGTRENNUNG(d-H2O)3 ACHTUNGTRENNUNG(c-H2O)3ACHTUNGTRENNUNG(d-Cl)3]

+ the contribution of the
three chloride ligands represents 14 % for the HOMO and
HOMO�1 orbitals, and 33 % for HOMO�2 and HOMO�3
orbitals (a figure showing the three-dimensional representa-
tion of the frontier molecular orbitals is included in the Sup-
porting Information).

As a consequence, for the products resulting from substi-
tution, the high-energy band is always the result of a series
of transitions in which the electron density mainly goes from
the chloride ligands to the molybdenum atoms of the cluster
core. On the other hand, the low-energy band mainly in-
volves transfer of electron density from the chloride (and
water in the case of the starting complex) ligands to the mo-
lybdenum and sulphur atoms of the cluster core. Neverthe-
less, the oscillator strengths of the calculated transitions con-
tributing to this band are much lower than the values usual-
ly considered to lead to non-negligible transitions, so the
errors associated to calculations regarding this band are ex-
pected to be large.

Going back to the problem of statistical kinetics in substi-
tution reactions of this kind of cluster, simplification of the
experimental kinetic traces to a single exponential trace
with an apparent rate constant corresponding to the reaction
at the third metal centre requires the molar absorptivities of
the reaction intermediates to follow Equations (6) and (7).
The calculated electronic spectra in Figure 5 at the region
corresponding to the high-energy transitions show that this
condition is reasonably well obeyed at the wavelengths cor-
responding to the maximum absorptions of both the starting
complex and the final reaction products, wavelengths typi-
cally used for kinetic studies. However, the molar absorptivi-
ties at other wavelengths within that band, and more evi-
dently for the low-energy band, deviate significantly from
the conditions required for observation of statistical kinetics,
so that monitoring the kinetics of the reaction by using
multi-wavelength detection is expected to discriminate the
three consecutive kinetic steps, and actually we have been
able to determine the three rate constants and the spectra of

Table 1. Structural changes and activation barrier for the formation of
the transition state in successive substitutions at the d and c sites of 14+ .

Substitution Mo�OH2 [�]ACHTUNGTRENNUNG(leaving)
Mo�Cl [�]ACHTUNGTRENNUNG(entering)

Eact

[kcal mol�1]

1st at d site 2.25!3.00 3.78!3.68 7.4
2nd at d site 2.22!3.02 3.83!3.68 8.0
3rd at d site 2.16!3.17 4.02!3.81 9.1
1st at c site 2.20!2.65 3.78!3.28 16.3
2nd at c site 2.18!2.79 3.90!3.44 17.4
3rd at c site 2.26!2.93 4.00!3.54 19.7

Figure 5. Calculated UV/Vis spectra of 14+ (solid line), [Mo3S4 ACHTUNGTRENNUNG(d-H2O)5-ACHTUNGTRENNUNG(c-H2O)3Cl]3+ (dotted line), [Mo3S4ACHTUNGTRENNUNG(d-H2O)4 ACHTUNGTRENNUNG(c-H2O)3Cl2]
2+ (dashed line)

and [Mo3S4 ACHTUNGTRENNUNG(d-H2O)3 ACHTUNGTRENNUNG(c-H2O)3Cl3]
+ (dashed double dotted line). Note that

different scales are used for the two bands of each spectrum.
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the intermediates for several reactions of this kind of clus-
ter.[17, 21–23] However, for the only case in which, to our
knowledge, multi-wavelength detection and global kinetic
analysis has been used for monitoring the kinetics of coordi-
nated water molecules in these clusters,[17] we were unable
to separate the different steps and kinetics results were in
reasonable agreement with previously reported data ob-
tained at a single wavelength.[16] Thus, it appears that the de-
viations from the strict conditions required for observation
of statistical kinetics are not large and can be easily masked
by the accumulation of experimental and fitting errors
during the analysis of kinetic data. Moreover, there is also
the possibility of simplification of kinetic traces to a single
exponential trace under conditions in which both the rate
constants for successive steps deviate from statistical predic-
tion and the different reacting sites do not behave as inde-
pendent chromophores (see the Supporting Information and
Ref. [5b]). In any case, the possibility of confusing polypha-
sic kinetics with values of the rate constants and molar ab-
sorptivities close to those corresponding to statistical kinet-
ics with authentic statistical kinetics cases is larger by using
single-wavelength detection for kinetic monitoring, especial-
ly at wavelengths where the molar absorptivity of the inter-
mediates is within that of the starting and final products. For
this reason, multi-wavelength detection and global analysis
of kinetic data appears as an indispensable tool for studying
these systems.

Experimental study of the kinetics of reaction : As the re-
sults of theoretical calculations in the previous sections can
be considered to pose some doubt on the occurrence of stat-
istical kinetics in the reaction of cluster 14+ with Cl�, the ki-
netics was re-examined by using multi-wavelength detection
and global fitting procedures. A figure including typical
spectral changes during the reaction is included in the Sup-
porting Information, and it shows that the experimental
changes are much smaller than those expected from the the-
oretical spectra shown in Figure 5, even at the higher con-
centrations of chloride used. Nevertheless, these observa-
tions are in agreement with a previous report that indicates
that the UV/Vis bands in the spectrum of this cluster only
shift 4 and 13 nm, respectively, when the supporting electro-
lyte changes from 2 m Hpts (pts�=p-toluenesulfonate) to 2m

HCl.[11, 28] The experimental spectra changes can be always
satisfactorily fitted by a single exponential function and the
values derived for the observed rate constant show a linear
dependence on the chloride concentration. Figure 6 illus-
trates these dependence and it also shows that the values
agree well with those previously determined by Sykes and
co-workers by using single-wavelength detection.[14] Howev-
er, in the present case there are no changes compatible with
the reported occurrence of a second step with observed rate
constants in the order of 10�2 s�1. The data in Figure 6 can
be fitted by Equation (10) with a= (37�4) s�1 and b= (74�
6) m

�1 s�1. This linear dependence can be interpreted assum-
ing that the reaction occurs under equilibrium conditions, in
which case the values of a and b would correspond to the

rate constants for the backward and forward reactions, re-
spectively. Although this interpretation coincides with that
of Sykes et al.,[14] it is also possible that the dependence in
Equation (10) results from the occurrence of the reaction
under irreversible conditions, in which case the rate con-
stants a and b would correspond to two parallel pathways
for the conversion to the product. However, this possibility
can be ruled out because the spectral changes are dependent
on the chloride concentration, to the point that no signifi-
cant changes were observed at [Cl�]=0.2 or 0.1 m, thus
showing that the equilibrium is displaced towards the start-
ing complex at low concentrations of the entering ligand.

kobs ¼ aþb½Cl�� ð10Þ

Following the proposal of Sykes and co-workers,[13, 14]

these kinetic results can be interpreted in terms of operation
of statistical kinetics, and in that case the kinetic data in
Figure 6 would correspond to the third rate constant in
a three-consecutive step process with the successive rate
constants and equilibrium constants in a 3:2:1 and 9:3:1
ratio, respectively. From the a and b values, it can be esti-
mated that the three consecutive equilibrium constant
would have values close to 18, 6 and 2m

�1, so that at the
chloride concentrations used in the kinetic experiments, at
the end of the reaction there would be a mixture with very
small concentrations of the starting complex and variable
concentrations of the mono-, di- and tri-substituted prod-
ucts, the major product being the di- or the tri-chloro com-
plexes, depending on the actual Cl� concentration used.
However, the high degree of conversion to products expect-
ed with this interpretation contrasts with the small absorb-
ance changes observed.

There is an alternative interpretation of the kinetic data
that consists in assuming that the rate and equilibrium con-
stants deviate largely from the statistical prediction to the
point that the first substitution is much faster and thermody-
namically favoured than the other two, so that the experi-

Figure 6. Plot of the dependence of the observed rate constant with the
Cl� concentration for the reaction of cluster 14+ with chloride at 25.0 8C.
The circles represent the data obtained in the present work by using 2 m

Hpts as supporting electrolyte, and the triangles correspond to data from
reference [14] in 2 m HClO4.

Chem. Eur. J. 2012, 18, 5036 – 5046 � 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org 5043

FULL PAPERStatistical Kinetics in Substitution Reactions

www.chemeurj.org


mental spectral changes correspond to the occurrence of
substitution at a single Mo centre under reversible equilibri-
um conditions. In that case the equilibrium constant would
have a value of 2 m

�1 and the product of the reaction would
be a mixture of starting complex and the mono-chloro-sub-
stituted cluster, the amount of the latter increasing from ap-
proximately 38 to 67 % when the chloride concentration in-
creases from 0.3 to 1.0 m. With this interpretation the spec-
trum for the reaction product shown in Figure 7 would cor-
respond to a mixture of 14+ and its mono-Cl derivative, so
that the actual spectrum of the latter species would show
slightly larger changes with respect to the starting complex.
Obviously, no information on the kinetics and spectra of the
products of di- and tri-substitution can be obtained with this
interpretation.

From the theoretical point of view it is easy to discrimi-
nate between both interpretations by measuring the kinetics
of the reaction under pseudo-first-order conditions of cluster
excess. In that case the deficit of chloride limits the reaction
to the first substitution, and the observed rate constant
under those conditions would be three times higher than the
rate constant derived from experiments with chloride excess
if there is statistical kinetics, whereas both rate constants
would have the same value in case of a single substitution.
Although this approach was repeatedly used by the group of
Sykes to confirm the operation of statistical kinetics in sub-
stitution reactions in this kind of cluster,[11] the small absorb-
ance changes for this reaction hinder reliable monitoring of
the kinetics under conditions of cluster excess. Actually, the
previous report on the kinetics of reaction of cluster 14+

with Cl� did not include measurements with cluster
excess,[14] although statistical kinetics was assumed on the
basis of the results previously found for the reaction with

thiocyanate.[13] Nevertheless, those studies were carried out
at a single wavelength and the thiocyanate reaction showed
slower absorbance changes that were not studied in detail to
avoid complications caused by isomerisation from S- to N-
bonded thiocyanate. In the absence of kinetic measurements
with cluster excess, discrimination between the two interpre-
tations is not possible, statistical kinetics being favoured by
extrapolation of conclusions for other reactions and the oc-
currence of a single substitution being in better agreement
with the small absorbance changes observed and the TD-
DFT calculated spectra in the present work.

Conclusion

The whole set of DFT and TD-DFT calculations included in
the present paper allow for the first time a discussion of the
statistical behaviour in substitution reactions of [M3Q4-ACHTUNGTRENNUNG(H2O)9]

4+ clusters from a computational point of view. Al-
though theoretical results are in agreement with some of the
most relevant experimental observations, as the existence of
two different types of H2O ligands with different liability
and electronic spectra with two absorption bands at wave-
lengths close to l=400 and 650 nm, the conclusions about
the validity of the simplifications required for operation of
statistical kinetics in those reactions are not so categorical.
The mathematical conditions required for simplification to
a single exponential of the expected three-exponential kinet-
ic profile essentially indicate that the metal centres must
behave independently from each other, both from the point
of view of the electronic spectrum and the energy barrier
for water substitution. DFT calculations for replacement of
water by chloride lead to differences in the energy barriers
for the three consecutive substitutions of 1–3 kcal mol�1 that
anticipate a gradual deceleration of the three consecutive
processes, although the deceleration expected is probably
small and difficult to be discriminated in the analysis of the
kinetic curves. Nevertheless, despite the small differences
observed, strict consideration of the numerical values of the
energy barriers anticipates significant deviations from the
statistical kinetics. Unfortunately, the differences between
successive barriers are close to the errors associated to the
calculations, and so it is not possible to make a definitive
conclusion. On the other hand, although TD-DFT calcula-
tions are able to predict the electronic spectra of these clus-
ters with a reasonable degree of accuracy, the results do not
provide firm support to the behaviour of the three reacting
centres as independent chromophores. In fact, when the mo-
lecular orbital analysis is performed considering each metal
centre and its surrounding monodentate ligands (H2O or
Cl�) as a different MoL3 entity, the transitions that give rise
to the spectra of these species generally involve charge
transfers between several of those entities. A clear example
is the high-energy band of [Mo3S4ACHTUNGTRENNUNG(d-H2O)3ACHTUNGTRENNUNG(c-H2O)3ACHTUNGTRENNUNG(d-Cl)3]

+

, which involves charge transfer from orbitals delocalised
among various metal centres as HOMO�3 and HOMO�2,
to the LUMO+2 orbital, mainly localised at one metal

Figure 7. Spectra for the starting complex (solid line) and the reaction
product (dashed line) calculated from the fit of the experimental spectral
changes with time during the reaction of cluster 14+ with an excess of Cl�

(0.8 m). The spectra were calculated by using a kinetic model including
a single exponential function. Note that different scales are used for the
two bands of each spectrum.
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centre (see the Supporting Information). However, the devi-
ations of the spectra from the ideal independent behaviour
appear again not to be large enough to hinder a satisfactory
analysis of the kinetic data by using a single exponential, es-
pecially at certain wavelengths. From this point of view, the
repeated observation of statistical kinetics in these substitu-
tion reactions can be considered to result from accumulation
of experimental and fitting errors and from the fact that de-
viations from the strict conditions required for observation
of statistical kinetics are not very large. In addition, the cal-
culations also anticipate that using global fitting procedures
with wide spectral ranges would facilitate the separation of
the three independent kinetic steps in cases of authentic
statistical kinetics. Nevertheless, the experimental re-exami-
nation of the kinetics of the reaction by using multi-wave-
length detection allows, at least in the present case, an alter-
native explanation in which the reaction does not go to com-
pletion but it only extends to substitution of the first water
molecule at a single metal centre. Although these conclu-
sions are strictly valid only for the reaction analysed, it ap-
pears reasonable to assume that similar results could be ob-
tained for related systems, and actually further work is in
progress for other reactions of these cuboidal clusters.

Experimental Section

Gas-phase geometry optimisations were carried out without any symme-
try constraints (C1) at the B3LYP[29, 30] level of the DFT method by using
the Gaussian 03 program suite of programs.[31] The double-z pseudo-orbi-
tal basis set LanL2DZ, in which the metal atoms are represented by the
relativistic core LanL2 potential of Los Alamos,[32] was used. All station-
ary points found, that is, minima and transition states, were characterised
by the number of negative eigenvalues of the Hessian matrix (0 for a min-
imum, 1 for a saddle point corresponding to a transition structure). The
transition states were localised from the corresponding most adequate
structures obtained from bi-dimensional scans in which the most relevant
Mo�Cl and Mo�OH2 distances were used as reaction coordinates. The
energies obtained in the gas phase were re-computed with single-point
calculations by inclusion of solvent effects for water (e= 78.39) according
to the CPCM method.[33] The electronic absorption spectra of the previ-
ously optimised species were calculated by using the time-dependent
DFT formalism. The functional B1LYP[30, 34] was employed throughout
these calculations because it has been recently proved to give the most
accurate results for transition-metal complexes.[35] Non-specific solvent
effects were considered by using the non-equilibrium version of the
CPCM algorithm,[33] and twenty singlet-excited-state energies were calcu-
lated for each complex. Molecular orbital coefficients were parsed and
viewed by using QMForge to calculate molecular orbital contributions
from groups of atoms.[36] GaussSum 2.1 was used for the electronic spec-
trum simulation.[37] The equation employed by the program to calculate
the theoretical spectrum and the extinction coefficients is based on Gaus-
sian convolution and is reported in the open source code of the program
(available at http://gausssum.sourceforge.net/). The full width at half-
maximum value used for the simulated spectrum was 3000 cm�1.

Solutions of cluster 14+ in Hpts (2 m, pts�=p-toluenesulfonate) solution
were obtained by using the reported literature procedure,[14] although
elution was carried out by using Hpts instead of HClO4. Kinetic studies
on the reaction of 14+ with Cl� were carried out by using a cluster con-
centration of 3.0� 10�3

m at (25.0�0.1) 8C under pseudo-first-order condi-
tions of chloride excess by using an Applied Photophysics SX-17MV
stopped-flow instrument provided with a PDA.1 diode array detector.
The experiments were carried out by mixing a solution containing cluster

14+ in Hpts solution (2 m) with a solution containing the desired concen-
tration of chloride (as HCl) and the amount of Hpts required to achieve
a 2m concentration of the supporting electrolyte. The data files contain-
ing the spectral changes with time were analysed with the Specfit pro-
gram.[38]
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