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Abstract:
The mechanism for the substitution reactions of halopentaaquachromium(III) complexes in the
series, [CrX(H2O)5]2+, where X= F−, Cl−, Br−, or I− have been investigated using density
functional theory. Several different mechanistic pathways were explored including associative
interchange (Ia), dissociative (D) and the associatively activated dissociation mechanisms (Da).
The lowest overall activation enthalpy (ΔH‡ ) obtained for the fluoride system is for the Ia
pathway, with immediate proton abstraction leading to the formation of HF and the conjugate
base. For the chloride, bromide and iodide systems the Da pathway has the lowest ΔH‡ values.
Activation enthalpies determined at the PBE0/cc-pVDZ level, in aqueous solution (PCM), are in
excellent agreement with the experimental results (MAD is 1.0 kJ mol1). Reaction profiles were
analysed in terms of deformation energies and activation volumes to explain the observed trends.

Keywords: halopentaaquachromium(III) complexes, aquation reactions, deformation energy,
hybrid density functional theory, PCM, IRC.
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1. Introduction
The kinetics of ligand substitution around transition metal complexes is of fundamental
importance in inorganic chemistry and for understanding substitution reactions in bioinorganic
processes[1-6]. Chromium(III) complexes in the form of chromium chloride, chromium
tripicolinate, chromium dinicotinate and chromium complexes with amino acids are all available
as nutritional supplements[7-16]. There is clinical evidence that chromium(III) complexes can
lower blood glucose levels of type 2 diabetics [17-22],

however, there is little evidence

supporting their general nutritional value and in fact, questions have been raised about potential
toxicity [4, 22-26]. Chromium(III) complexes administered orally will encounter a number of
different physiological environments and chemical conditions as they pass through the body
including the high acidity of the stomach and the slightly alkaline conditions of the bloodstream,
before being eliminated in the urine and bile. These differing conditions provide opportunities
for chromium complexes to undergo ligand substitution raising questions about their reactivity
[27-29], potentially changing both their absorptivity and toxicity.

A number of mechanisms for ligand substitution around octahedral metal complexes have
been identified. Atkins [3] notes that there are two aspects to the classification of ligand
substitution mechanisms. The first of these is the stoichiometric mechanism that describes each
of the steps in the reaction. Stoichiometric mechanisms include an associative (A) pathway
proceeding via an intermediate of increased coordination number, a dissociative (D) pathway
proceeds via an intermediate of reduced coordination number and an interchange (I) reaction
mechanism can exist where the leaving and entering groups exchange simultaneously [30].
Atkins also considers substitution reactions in terms of an intimate mechanism that describes the
formation of the activated complex in the rate-determining step. If the rate is sensitive to the
3

entering group then the process is described as associatively activated (a) and if it is insensitive
to the entering group then it is dissociatively activated (d) [3].
For example, Langford and Gray [30] considered two paths for interchange mechanisms,
one via associatively activated interchange (Ia) indicating a degree of bond formation between
the entering ligand and transition metal and the other involving dissociatively activated
interchange (Id) indicating a degree of bond breaking as the transition state is formed [31, 32].
The substitution reactions at an octahedral metal center could be expected to show SN1 kinetics if
the mechanism is dissociative or SN2 kinetics if the mechanism is associative [2, 33]. The
substitution of ligands around Cr(III) under various conditions has been studied by a large
number of workers [34-56]. For example, in the simplest case of substitution around octahedral
chromium(III), Swaddle and Stranks [49, 57] examined reaction (1):
[Cr(H2O)6]3+ + H218O → [Cr(H2O)5 (H218O)]3+ + H2O

(1)

and its rate under various pressures. These authors found that the volume of activation (ΔV‡), the
difference between the molar volume of the transition and initial states, was −9.3 cm3 mol−1 for
reaction (1), suggesting that this reaction proceeds via A or Ia mechanisms [49, 57].
Rotzinger [61] investigated theoretically, the mechanism for water-water exchange
around transition metal aqua ions (Sc(III) through Zn(II)) using Hartree-Fock (HF) and CASSCF methods. The preferred pathway for these processes was dependent on the electronic
configuration of the metal. For example, water-water exchange of the high-spin d8, d9, and d10
complexes was found to proceed by the D mechanism alone. In contrast, for Sc(III), Ti(III) and
V(III) only the A mechanism was found. However, water-water exchange for transition metals in
the middle of the periodic table (high-spin 3d3 to 3d7 systems) was found to proceed by both the
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associative (Ia or A) and dissociative (D) mechanisms. Similarly, Eldik [39] found
experimentally that the aquation reactions of pentaammine complexes of cobalt(III) appear to be
characterized by bond breaking (D mechanism), while those of Cr(III) systems proceed via the
bond making (A mechanism).

Nevertheless there has been some debate of the actual mechanism of ligand substitution
at Cr(III). Ardon proposed [52] that ligand substitution reactions of [Cr(OH2)5I]2+, proceeds via a
dissociative mechanism with formation of [Cr(OH2)5]3+, as an intermediate. However, tracer
studies by Moore et al. [55] demonstrated that iodide exerts a strong trans effect and that there is
considerable exchange of H2O trans to the iodide prior to hydrolysis. This is also important for
chlorination of [Cr(OH2)5I]2+, which is found to proceed with formation of the trans[Cr(OH2)4ICl]2+ intermediate. This appears to rule out the formation of [Cr(OH2)5]3+ via a
dissociative mechanism. Consequently, the aquation of all hexacoordinated Cr(III) complex ions
was assumed to proceed via a bimolecular or SN2 mechanism with replacement of ligands (X)
involving a simple nucleophilic attack of the entering group (interchange mechanism) on the
Cr(III) metal center [40, 41, 62]. The study of Carey et al. [56] supported an Ia mechanism for
acid-independent substitution and also ruled out a purely dissociative mechanism. They argue
that the Id mechanism is only possible for Cr(III) substitutions if [Cr(OH2)6]3+ is highly selective
in ion-pairing. Nevertheless, an Id mechanism could be explained in acidic conditions if Cr─X
bond breaking is assisted by ion-pairing. Weekes and Swaddle et al. determined that the volume
of activation (ΔV‡) of hydrolysis of [CrI(H2O)5]2+ complex in water is ‒5.4 cm3 mol−1, again
suggesting an Ia [58]. These mechanisms however are strongly influenced by the solvent, steric
effects, the size of the substituent and electronic effects [59, 60]. For example King and coworkers obtained results for [CrI(H2O)5]2+ solvolysis in acidic aqueous methanol and aqueous
5

dimethylsulfoxide that are consistent with a dissociative mechanism. Experimental investigations
of the closely related halopentaamminechromium(III) complexes have also contributed to the
debate. Mǿnsted assumed [34] from the linear free energy correlation of the activation of
enthalpies that hydrolysis of halopentaaqua- and halopentaammine-chromium(III) systems
favour the associative interchange mechanism (I a), which is in good agreement with the
observation of negative volumes of activation (ΔV‡) [48, 50, 58, 63].
Several other studies have provided evidence that aquation of [Cr(NH3)5L]3+, where L =
neutral ligand, proceeds via an Ia mechanism, which is consistent with the studies of
[Cr(OH2)6]3+. However, Lawrence and Eldik [64] note that when aquation involves charged
leaving groups, it is more difficult to identify the mechanistic details because electrostriction of
the solvent influences both the activation volume and activation entropy. They also suggested
that steric factors may play a role in determining the mechanism, with the [Cr(NH3)5L]3+ system
undergoing aquation via an Ia mechanism but the bulkier [Cr(NH2Me)5L]3+, system follows an Id
pathway. Lay [65, 66] argued on the basis of the ground state structures and similarities in the
entropies of activation that in fact both systems undergo aquation via a common dissociative
interchange mechanism.

The pH of the system also appears to have an impact on the mechanism of aquation. For
example, Swaddle and King measured [36] the pseudo-first-order rate coefficients for aquation
of [Cr(OH2)5X]2+, (X= F−, Cl−, or I−) and reported enthalpies of activation (ΔH‡) that decrease
from 120 ± 3 kJ mol1 for X = F− to 96 ± 1 kJ mol1 for X = I−:
[Cr(H2O)5X]2+ + H2O  [Cr(H2O)6]3+ + X−

(2)
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However, the rate of aquation of the fluoro-complex increases with increasing [H+],
whereas the rates for the chloro- and iodo-complexes decrease with increasing [H+]. Similarly,
Guthrie and King observed [47] the aquation of [Cr(OH2)5Br]2+ ion and found an activation of
enthalpy of 100 ± 1 kJ mol1.

In comparison to the many experimental studies, there have been only a limited number
of theoretical studies of ligand exchange in these systems [61, 67, 68]. The aquation reaction of
hexaaquachromium(III) has been investigated via the Ia and D mechanisms using Hartree-Fock
(HF) and CAS-SCF methods [61]. The calculated barriers of 98 kJ mol1 for Ia and 121 kJ mol1
for D mechanisms fall either side of the experimental value (109 kJ mol1) [69]. Rotzinger
reported [67] the activation energy (Ea) for aquation via the Ia mechanism of
chloropentaamminechromium(III) complex to be 113 kJ mol1 at the HF level using the implicit
solvation model. This value is higher than the experimental value [43] (93 kJ mol1) by 20 kJ
mol1. There have also been attempts to theoretically determine ΔV‡ for comparison with
experiment. For example, the volume of activation, for [Cr(NH3)5Cl]2+ has been estimated at HF
level from the change of the sum of all M−L (L = NH3 or Cl) bond lengths between the transition
state and reactant (∆∑ d(TS−R)) [66]. The computed ∆∑ d(TS−R) value of −0.93 Å is consistent
with a negative experimental activation volume (ΔV‡ = −10.6 cm3 mol−1) [48] and also supports
the associative interchange mechanism.

To date, no computational studies have been reported for the aquation mechanisms of
halopentaaqua-Cr(III) complexes. In this paper, we report a detailed mechanistic study involving
Ia, D and Da mechanisms for the aquation reactions of [Cr(H2O)5X]2+ complexes; X = F−, Cl−,
Br−, or I−. As can been seen in Scheme 1, the aquation process is initiated by outer sphere
7

coordination of a water molecule to the Cr(III) complex. The incoming H2O hydrogen bonds to
inner sphere water molecules to give the stabilized precursor or reactant complex (RA−D). The Ia
aquation mechanism involves nucleophilic attack by the outer sphere water molecule on the
central Cr3+ metal and simultaneous halide release. This occurs via a heptacoordinate transition
state (TSA−D) and leads to an octahedral product (PA−D), with outer sphere coordination of the
halide, [Cr(H2O)6]3+…X−.

Scheme 1. Ia mechanism for the [CrX(H2O)5]2+ with H2O (Pathways A (X= F–) to D (X= I–)).

The dissociative mechanism (D) is a two-step reaction that initially involves breaking of
the Cr‒X bond with formation of a common pentacoordinate intermediate (Scheme 2). The
second step (not shown) involves addition of H2O to this intermediate.
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The associatively activated dissociation (Da) mechanism is a two-step mechanism that is
generally similar to the dissociative mechanism but involves activation of the complex via outer
sphere coordination of water. A schematic of the Da mechanism for aquation of [CrX(H2O)5]2+
complexes is shown in Scheme 3.

Scheme 3. Dissociatively Activated (Da) mechanism for the [CrX(H2O)5]2+…H2O
(Pathways M (X= Cl–) to O (X = I–)).
The focus of this study is to firstly establish the reliability of selected methods for
investigating these processes by comparing calculated results with experimental values, where
possible. In addition, the role of solvent is investigated by exploring both implicit solvation
(PCM) and explicit solvation options in the calculations. The overall objective of this study is to
provide a detailed investigation of aquation at haloaqua-Cr(III) species that will provide new
insights to the intimate mechanisms of this process.

2. Computational Methods
Standard density functional and hybrid density functional theory calculations were
carried out with Gaussian09 [70]. The geometries of all reactants, transition states,
9

intermediates, and products for the associative interchange (Ia) mechanism were fully
optimized in the gas phase and solvent phase (water) using hybrid density functionals (B3LYP
and PBE0 (=PBE1PBE)), long-range corrected hybrid density functionals (Coulombattenuating B3LYP (CAM-B3LYP)), and the newly developed meta-hybrid functional M06
method. A range of basis sets were also investigated including LanL2DZ, cc-pVDZ, and augcc-pVDZ. A subset of these methods and basis sets were used to investigate the dissociative
(D) and associatively activated dissociation (Da) mechanisms. The optimized structures and the
relative energies of reactants, intermediates, transition states, and products for all pathways are
shown in Figures SF0 to SF19 and Tables S1 to S10 in the Supporting Information (SI).

To identify the most reliable methods for calculating structural and energetic data,
theoretical values were compared with experimental data where possible. The effect of solvent
(water) on the structures and energetics of each pathway was investigated using the polarisable
continuum model (PCM). Vibrational frequencies were obtained for all optimized structures to
check for the absence of imaginary frequencies for reactants and products and for the presence of
a single imaginary frequency for each transition state. Unless otherwise stated, all values given in
the text were obtained at the PBE0/cc-pVDZ level in solution (PCM). Gas phase values are
included in parentheses.

For all the reaction pathways discussed in this study, the transition states were analyzed
using the intrinsic reaction coordinate (IRC) method. The final structures obtained from each
IRC were further optimized in order to positively identify the reactant and product complexes to
which each transition state was connected. Activation energies, enthalpies of activation and
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entropies of activation values are calculated at 298.15 K. All distances and angles shown in the
figures are in angstroms (Å) and degrees (º), respectively.

The difference in partial molar volume between the transition state and the
reactants/intermediates is the volume of activation (∆V‡), which can be used to identify I or Ia
(negative value) and D (positive value). The volume of activation can be correlated to the change
of the sum of all Cr−L bond lengths (∆∑ d(TS−R)) between the transition state and reactant:
∆∑ d(TS−R) = ∑ d(Cr−L)TS − ∑ d(Cr−L)R

(3)

Similarly, the change in molar volume of the reaction can be estimated from the change
in Cr−L bond lengths (∆∑ d(P−R)), between the product and the reactant species:
∆∑ d(P−R) = ∑ d(Cr−L)P − ∑ d(Cr−L)R

(4)

where ∑ d(Cr−L)P is the sum of the Cr−L bond lengths of the product.

3. Results and discussion
A range of aquation mechanisms of halopentaaquachromium(III) species were
investigated in this work including associative interchange (Ia), dissociative (D) and associatively
activated dissociation (Da) mechanisms. In the first part of this study we applied a range of
computational methods to explore aquation of [Cr(L)nX]2+ complexes, to identify variations with
methods and compare with experiment where possible.
3.1. Structural parameter variations with method
Structural parameters for the interchange aquation pathway of [Cr(H2O)5X]2+ complexes;
(X = F−, Cl−, Br−, or I−) were determined at several levels of theory to identify variations with
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functional and basis sets. Limited experimental gas-phase and solution phase structural data is
available for the [Cr(H2O)5X]2+ complexes. However, amongst the limited experimental
structural

data

available

is

an

EXAFS

study by

Díaz-Moreno

et

al.

[80]

of

chloroaquachromium(III) complexes in aqueous solution. They obtained bond lengths of 1.98 ±
0.04 Å and 2.26 ± 0.05 Å for the Cr−Cl and Cr−O bonds of [CrCl(H2O)5]2+, respectively. Our
PBE0/cc-pVDZ values, 2.008 and 2.225 Å, respectively, are in good agreement with these
experimental values. Therefore, the PBE0/cc-pVDZ level was arbitrarily chosen as a reference
point for comparison of complex geometries obtained with other levels of theory. Table 1
provides a summary of the overall deviations from PBE0/cc-pVDZ for chromium-ligand bond
lengths obtained with a range of functionals and basis sets. The full table of geometries and bond
lengths used in the comparison, obtained in the gas phase and with PCM (water), can be found in
Figures SF1 to SF5 and Table S1 of the supporting information (SI).

Table 1
Summary of deviations from PBE0/cc-pVDZ for Cr−Ligand bond lengths for [Cr(H2O)5X]2+
complexes; (X = F−, Cl−, Br−, and I−) with functional and basis Set.a,b
Reactant

Transition Structure

Overall

Level/basis set

MD

MAD

MD

MAD

MD

MAD

B3LYP/LanL2DZ

0.015

0.038

0.024

0.058

0.019

0.048

CAM-B3LYP/LanL2DZ

−0.002

0.046

0.008

0.064

0.003

0.055

PBE0/LanL2DZ

−0.006

0.043

−0.002

0.055

−0.004

0.049

M06/LanL2DZ

−0.009

0.036

0.004

0.045

−0.002

0.041

PBE0/aug-cc-pVDZ

−0.001

0.015

0.003

0.041

0.001

0.028

a

Methods are arbitrarily compared against PBE0/cc-pVDZ geometries.
Deviation and MD is the Mean Deviation.
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b

MAD is the Mean Absolute

All levels of theory were found to give similar performance for the bond lengths of Cr 3+
complexes, with MADs from PBE0/cc-pVDZ of 0.015−0.046 Å for reactant complexes in solution
and 0.041−0.064 Å for the transition structures in solution. The inclusion of diffuse functions in
the basis set has minimal effect on the geometries of both reactants and transitions states, as shown
by the small MADs for the PBE0/aug-cc-pVDZ level (Table 1 and Table S2 in the SI). The
effective core potential basis set (LanL2DZ) leads to larger deviations from the all-electron ccpVDZ basis, with an overall MAD of 0.049 Å. Nevertheless, when LanL2DZ is combined with
the other functionals (B3LYP, CAM-B3LYP and M06), the agreement with PBE0/cc-pVDZ is
reasonable, particularly M06/Lanl2DZ. It was found that M06/LanL2DZ was an acceptable
alternative for obtaining geometries of these systems in a limited number of cases where
PBE0/cc-pVDZ stationary points could not be located.

In the reactant (precursor) complexes (RA−D) it is the Cr…O distance of the outer sphere
water molecule that shows the largest variation with method. In the transition states, the main
contributions to the non-zero MADs come from variations in the breaking Cr…X bond and the
forming Cr…O bond (Tables S1 and S2 and Figs. SF1 to SF5 in the SI). However, for most
cases there are no major variations in reactant and transition state geometries.
3.2. Comparison of activation enthalpies with experiment
Activation enthalpies (ΔH‡) and entropies (ΔS‡) of the associative interchange (Ia) and
associatively activated dissociation (Da) pathways for hydrolysis of [CrX(H2O)5]2+ complexes (X
= F−, Cl −, Br−, or I−) were calculated at a range of levels and compared with experiment [36, 47].
The full range of methods explored were the M06, B3LYP, CAM-B3LYP and PBE0 levels of
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theory using the LanL2DZ and cc-pVDZ basis sets. The ΔH‡ and ΔS‡ values of selected methods
are presented in Table 2, with the full range of data in Tables S3‒S5, S8 and S9 of the SI.

Table 2
Enthalpies of Activation (ΔH‡, kJ mol−1) and entropies (ΔS‡, J mol−1) for aquation of
[CrX(H2O)5]2+ complexes via interchange (Ia) and associatively activated dissociation (Da) in
water solvent at 298.15 K.a
M06/
LanL2DZ

PBE0/
LanL2DZ

PBE0/
cc-pVDZ

Exptb

Cr3+ Species

Mechanism

ΔH‡ (ΔS‡)

ΔH‡ (ΔS‡)

ΔH‡ (ΔS‡)

ΔH‡ (ΔS‡)

[CrF(H2O)5]2+

Ia

120 (−30)

129 (−47)

119d

120 ± 3 (−16 ± 3)

D

136 (–26)

119 (–28)

128d

[CrCl(H2O)5]2+ Ia

117 (−17)

116 (−26)

119 (−13)

126 (−14)

102 (−24)

103 (−15)

119 (−47)

115 (−50)

114 (−16)

Da

131 (−22)

105 (−17)

101 (−20)

Ia

113 (−9)

121 (−33)

114 (−20)

Da

138 (−8)

106 (−13)

97 (−18)

Da
[CrBr(H2O)5]2+ Ia

[CrI(H2O)5]2+

102 ± 1 (−30 ± 2)

100 ± 1 (−15 ± 4)c

96 ± 1 (−1 ± 4)

a

Optimized structures of halopentaaqua Octahedral Cr 3+ complexes defined in Figures SF1 to SF18 in the
SI and the Da values for overall activation enthalpies (ΔH‡) and activation entropies (ΔH‡). b Ref. 36.
c
Ref. 47. d Activation energy calculated by single point using PBE0/cc-pVDZ//M06/LanL2DZ and
scaled thermal correction at M06/LanL2DZ.

Generally, all methods applied to the Ia pathway provide similar values with differences
of no more than ~ 4 kJ mol−1 for ΔH‡ and ~ 10 J K−1 mol−1 for ΔS‡. The calculated ΔH‡ values
for the Ia pathway decrease from X = F through to X = I at all levels, consistent with the
experimental trend. However, activation enthalpies and activation entropies for the interchange
mechanism are overestimated relative to experiment, by all levels of theory, with MADs of
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12.5−16.3 kJ mol−1 for ΔH‡ and 6.0−16.8 J K−1 mol−1 for ΔS‡ in solution (Fig. 1) (Table S5 in
SI). Of the selected methods, PBE0/cc-pVDZ gives ΔH‡ values for the Ia pathway that are closest
to experiment with MADs of 12.5 kJ mol−1 and 12.3 J K−1 mol−1 for ΔH‡ and ΔS‡ , respectively.
The M06/LanL2DZ method gives the next closest agreement with MADs of 12.8 kJ mol−1 and
16.8 J K−1 mol−1 for ΔH‡ and ΔS‡ respectively. Nevertheless, across the series of complexes, the
deviations in ΔH‡ from experiment tend to be small for the fluoride system but become
successively larger for the remaining halides, regardless of the method used. This is a strong
indication of a change in mechanism across the series.

Fig. 1. Plots of MAD from experiment for activation enthalpy (H, kJ mol1) and activation
entropy (S, J K−1 mol1) for aquation of [CrX(H2O)5]2+ (X = F–, Cl–, Br–, or I–)
calculated at different levels of theory.

The ΔH‡ values for the Da pathway show a large variation with theoretical method. At the
M06/Lanl2DZ level, ΔH‡ values increase from X = Cl through to X = I, counter to the
experimental trend. In contrast, PBE0 with a range of basis sets gives values that follow the
experimental trend and the PBE0/cc-pVDZ level gives particularly close agreement with an
overall MAD from experiment of 1.0 kJ mol−1 (Fig. 1). We also note that activation enthalpies
15

calculated in the gas phase are ~60.0 kJ mol1 higher (Table S3 in the SI) indicating the
importance of implicit solvation for the accurate modeling of these systems.
In summary, we have found that activation enthalpies (ΔH‡) calculated at PBE0/cc-pVDZ
for the associative interchange (Ia) mechanism (MAD 12.5 kJ mol1) and associatively activated
dissociation

(Da)

mechanism

(MAD

1.0

kJ

mol1)

for

hydrolysis

reactions

of

halopentaaquochromium(III) species, give the closest agreement with existing experimental data
[36, 47]. The PBE0/cc-pVDZ level has therefore been selected to study in detail each of the
mechanistic pathways for aquation processes of [CrX(H2O)5]2+ complexes and to identify the
major contributing factors for the observed trends in reactivity. However, we note that in a small
number of cases we were unable to locate structures at the PBE0/cc-pVDZ level. In these limited
cases we have obtained PBE0/cc-pVDZ single-point energies on M06/Lanl2DZ geometries with
scaled (0.9) thermal corrections to obtain reliable energetic data.

3.3. Associative interchange pathway (Ia) for aquation of [CrX(H2O)5]2+
As noted in the Introduction, the Associative Interchange (Ia) mechanism is the generally
accepted pathway for substitution of neutral ligands in Cr(III) complexes and also widely
accepted for substitution of charged ligands. A schematic of this mechanism for halogen-water
exchange of these [CrX(H2O)5]2+ species is shown in Scheme 1 and optimized structures can be
found in Tables S3 to S6 and Figures SF1 to SF5 of the SI. The relative energy profiles for the
process described in Scheme 1 are shown in Figure 2.
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Fig. 2. Energy profiles for Ia mechanism for halide-water exchange of [CrX(H2O)5]2+
(X = F–, Cl–, Br–, or I–) in water solvent obtained at PBE0/cc-pVDZ.
The stability of the associated reactant complexes (RA‒D, A (X= F–) to D (X = I–)) differs only
slightly from X = F through to X = I (Fig. 2), which reflects the similarity in the outer sphere
coordination of the attacking water molecule. A range of different precursor complex
conformations for each system ([CrX(H2O)5]2+…H2O) were explored and the bifurcated
arrangement (Fig. 3a) was found to be the most stable. We note that the H…O bonds for this
conformation exhibit only a very marginal decrease (~0.01 Å) from X = F through to X = I,
indicating that the outer sphere coordination is largely independent of the halide. The next most
stable conformations were those with a single linear hydrogen bond to an inner sphere water
molecule (Fig. 3b), which are 3.4, 10.7, 11.5 and 11.2 kJ mol1 higher in energy for X = F, Cl, Br
and I, respectively. The H…O bond lengths for these linear conformations are also largely
independent of the halide. However, in this conformation there is some interaction with the
halide. Not surprisingly, this is strongest for the fluoride (d(X…H) = 1.93 Å) and weakest for the
iodide (d(X…H) = 3.12 Å) (Fig. 3b). This suggests that the lower stability of the linear
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conformations arises largely from the weaker hydrogen bonding to the outer sphere water
molecule rather than a significant destabilization of the metal complex. If these linear reactant
structures are used to calculate ΔH‡ for the Ia pathway then the MAD from experiment decreases
to 5.0 kJ mol−1 (Tables S4‒S5 of the SI). However, IRC analysis of the transition states leads to
the lower energy bifurcated structure rather than these higher energy linear structures.
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Fig. 3. Conformations and relative energies (kJ mol–1) of precursor complexes: (a) bifurcated and
(b) linear for X = F−, Cl−, Br−, or I−.
As noted earlier, the experimental enthalpy of activation for the four systems decreases in
the order, [CrF(H2O)5]2+  [CrCl(H2O)5]2+  [CrBr(H2O)5]2+  [CrI(H2O)5]2+ (Table 2). The ΔH‡
is very high for X = F because F− ion is more tightly bound to Cr3+ than the other halide ions due
to the strong hard acid (Cr3+) − hard base (F− ion) interaction i.e. this is largely an electrostatic
interaction (Cr) = +2.472 e, F) = -0.798 e). The decrease in ΔH‡ for the other halides
corresponds with the softer nucleophilicities and decreases in electronegativity of these ions, so
that the leaving group ability follows the order I− Br− Cl− F−. In particular, the valence
electrons of the I− ion are more loosely bound, so the iodide ion is more polarizable than fluoride
ion. The greater polarizability leads to a distortion of the electron cloud of the halide that
stabilizes the transition state. The importance of polarizability of the halide is also reflected in
the Cr…X distances in the TS, which increase from 2.22 Å for the fluoride system through to
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3.24 Å for the iodide system. The Cr…OH2 distances in the transition states exhibit much less
variation with X and range from 2.34 to 2.37 Å. Hydrogen bonding is also important in
stabilising the transition states for these processes and in each system the departing halide
interacts with the three closest water molecules, which includes the incoming water molecule and
two inner-sphere water molecules on the departing face of the complex. However, the strength of
these interactions varies across the series. In the case of the fluoride system the X...H distance
between fluoride and the incoming water molecule is 1.69 Å and the remaining H-bonds are both
~1.82 Å, which is indicative of the high basicity of F‒. However, the corresponding distances for
the other systems systematically increase to values of 2.64 Å, 2.49 Å and 2.54 Å, respectively,
indicating that H-bonding becomes progressively less important in stabilising these transition
states. In conjunction with this, the calculated ∆∑ d(TS−R) values range from -0.63 Å to -0.94 Å
(Table S10 of the SI), which is consistent with a negative activation volume.

As noted earlier, the successor complexes (PA-D) of this process involve outer sphere
coordination of the released halide ion. The structures of these are generally similar but the
relative stabilities differ with the identity of the halide. In particular, the successor complex for
the fluoride system is substantially less stable than the corresponding species for the other
halides. Our calculations reveal that there is only a very small barrier for this species to undergo
intramolecular proton transfer to the fluoride leading to formation of HF and [Cr(OH)(H 2O)5]2+.
This result is consistent with experimental observations for the fluoride system. The higher
stability of the other successor complexes, coupled with the lower basicities of these halides
means that these species do not exhibit proton transfer. Not surprisingly, the stability of the ion
pair successor complexes PA-D is substantially greater than the isolated species. However,
explicit solvation of the free ions (X‒(H2O)6) substantially lowers the energy of these free ions
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(Fig. SF18 of the SI). When the solvation energy of the free ions (−37, −55, −58 and −59 kJ
mol1, for X = F, Cl, Br and I, respectively), is included, the overall reaction enthalpies (H) are
substantially reduced and follow the experimental trend [81, 82].
To further explore the importance of explicit solvation we investigated the effects of
inclusion of a second outer sphere water molecule on the reaction profile for [CrF(H2O)5]2+,
[CrCl(H2O)5]2+ and [CrBr(H2O)5]2+. The additional explicit solvation of the TSs achieved with
inclusion of the second water molecule (Table S6 and Figs. SF6 to SF9 of the SI) led to
differences in activation enthalpies of no more than 3 kJ mol1 and therefore was not considered
further.
3.4. Dissociation pathway (D) for Aquation of [CrX(H2O)5]2+
The dissociative mechanism is a two-step reaction that initially involves breaking of the
Cr‒X bond with formation of a common pentacoordinate intermediate (Scheme 2). For the
chloride, bromide and iodide systems, the released halide ions are coordinated to the outer sphere
of the complex to give ion-pair complexes, [Cr(H2O)5]2+…X−. The fluoride system is similar but
the strong interaction with the neighbouring water molecule leads to proton abstraction and the
formation of the conjugate base. The structure of this intermediate is described in more detail
below. The activation enthalpies and activation entropies for the Cr‒X dissociation of
[CrX(H2O)5]2+ (X = F−, Cl −, Br− or I−) are given in Table 3. The optimized structures of the
reactants, products, and transition states are shown in Figures SF10 to SF13 in the SI,
respectively.

Table 3
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Enthalpies of Activation (ΔH‡, kJ mol−1) and entropies (ΔS‡, J mol−1) for aquation of
[CrX(H2O)5]2+ complexes via dissociative (D) and associatively activated dissociation (D a)
in water solvent at 298.15 K.a

Cr3+ Species
e

D Pathway

Da Pathway

Exptb

ΔH‡ (ΔS‡)

ΔH‡ (ΔS‡)

ΔH‡ (ΔS‡)
120 ± 3 (−16 ± 3)

[CrF(H2O)5]2+

TS1

128d

–

[CrCl(H2O)5]2+

TS1

103 (−38)

97 (−20)

TS2

–

34 (−7)

Overall

103 (−38)

103 (−15)

TS1

99 (−18)
–
99 (−18)

93 (−29)
20 (−18)
101 (−20)

100 ± 1 (−15 ± 4)c

86 (−16)
–
86 (−16)

83 (−17)
34 (21)
97 (−18)

96 ± 1 (−1 ± 4)

[CrBr(H2O)5]

2+

TS2
Overall
[CrI(H2O)5]2+

TS1
TS2
Overall

102 ± 1 (−30 ± 2)

a

Optimized structures of halopentaaqua Octahedral Cr3+ complexes defined in Figures SF10 to
SF13. b Reference 36.c Reference 47 d The values are for activation energy (TS) calculated by single
point using PBE0/cc-pVDZ//M06/LanL2DZ and scaled thermal correction at M06/LanL2DZ. e The
value is for the reaction: [CrF(H2O)5]2+ → [Cr(H2O)4(OH)]2+…HF.

The activation enthalpy for the dissociation pathways of the F−, Cl−, Br− and I− systems at
PBE0/cc-pVDZ level are 128, 103, 99 and 86 kJ mol1, respectively (Table 3, Fig. 4). Although
the chloride and bromide values are close to the corresponding experimental values, the value for
the fluoride system is significantly higher than experiment and the iodide value is slightly lower
than the experimental value (Table 3).
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Fig. 4. Energy profiles for D mechanism for halide-water exchange of [CrX(H2O)5]2+ (X = F–,
Cl–, Br–, or I–) in water solvent obtained at PBE0/cc-pVDZ.
The leaving group ability follows the order I − Br− Cl− F−. The high polarizability and
low electronegativity of the soft base I − ion again plays a role in the lowering of the activation
enthalpy of the dissociation step, whereas the hard base F− ion is more tightly bound in
[CrF(H2O)5]2+ and has a high dissociation enthalpy.

The Cr…X distances of the transition structures range from 2.63 Å for the fluoride
system through to 3.70 Å for the iodide system. These TS distances are longer (0.41– 0.46 Å)
than the corresponding distances for the TSs of the Ia pathway, with fluoride showing the largest
increase and iodide the least, consistent with a dissociative (D) process. As noted above Cr‒F
bond breaking from [CrF(H2O)5]2+ occurs with formation of F‒H in the intermediate complex,
([Cr(H2O)4(OH)]2+…F‒H). This complex is stabilized due to the delocalization of the negative
charge as shown in the following manner:
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This structure is consistent with the observation of Arshadi et al. [81] for the hydration of
halide ions. They observed that in the F‒ system, the bonding in the monohydrate (F‒.H2O) is not
well approximated by the electrostatic model and that F‒H bond formation occurs and the
electronic structure of the monohydrate is probably best described by mesomeric structures.
This intramolecular process in our systems comprises ligand dissociation with partial
formation of the covalent bond and partial proton transfer in the complex (F−…H+…OH−). The
interaction between F− ion and H2O ligand involves charge dispersal and formation of the
semicovalent bond with electron transfer that leads to the hydroxide ion being formed, as a
conjugate base, in the transition state (TSH), resulting in a high activation enthalpy (128 kJ mol–
1

). The mesomeric structures of conjugate bases of F− ion (I and II canonical forms) do not occur

with the other halides and this effect correlates well with the high bond energy of H−F (565 kJ
mol–1) , compared with H−Cl (431 kJ mol–1), H−Br (363 kJ mol–1), and H−I (297 kJ mol–1) [81].
The ∆∑ d(Cr−L) values of the first step of this pathway are all positive (0.65 – 0.96 Å), which is
consistent with a dissociative mechanism (Table S10 of the SI).
3.5. Associatively activated dissociation (Da) for Aquation of [CrX(H2O)5]2+
A schematic of the Da mechanism for aquation of [CrX(H2O)5]2+ complexes is shown in
Scheme 3 and optimized structures of the reactants, products, and transition states can be found
in Figures SF14 to SF17 of the SI. The Da pathway begins from the same associated precursor
(R) complexes as described for the associative interchange mechanism (I a). However, the Da
mechanism differs from the Ia mechanism because it is a two-step process. Chromium–halide
bond breaking occurs in the first step to form a five-coordinated intermediate (I1(M−O)). The
released halide ion is coordinated to the outer sphere of the complex through two X…H
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hydrogen bonds, while at the same time the outer sphere water molecule adopts a position to
facilitate attack on the metal centre. Nucleophilic attack by the water molecule on the Cr 3+ metal
ion occurs in the second step and results in the octahedral product ion pair (P(M−O)). The
formation of this product occurs via a hexacoordinate transition state (TS2(M−O)). Following this
pathway, the fluoride system proceeds with hydrogen abstraction in the first step (TS1(L)),
resulting in formation of HF and [Cr(OH)(H2O)5]2+ rather than the hexaaqua complex and is
therefore not considered further (Fig. SF14 of the SI).

The activation enthalpies and activation entropies for each of the steps of the Da pathway
are given in Table 3 and the relative energy profiles for the individual reactions are shown in
Figure 5.

Fig. 5. Energy profiles for associatively activated dissociation (D a) mechanim of
[CrX(H2O)5]2+…H2O (X = Cl–, Br–, or I–) in the water solvent. Relative energies (in kJ mol1)
are at the PBE0/cc-pVDZ.
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The activation enthalpies for the Cr‒X dissociation of the first step decrease from
chloride (97 kJ mol1) through to iodide (83 kJ mol1), which reflects the differences in the Cr−X
bond strengths. These values are lower than the corresponding values for the D mechanism,
indicating the outer-sphere coordination of water helps to stabilise the transition states. The
Cr…X distances of the Da transition states (TS1(M‒O)) are only marginally longer than the
corresponding distances for the D transitions structures. Consistent with the D mechanism, there
is outer sphere coordination of the halides in the intermediates. However, in these species the
halides are coordinated between two of the cis-inner sphere water molecules rather than along an
extension of the Cr‒X bond.
The barriers for the second step are substantially smaller than the first indicating that
nucleophilic attack by the outer sphere water molecule on the pentacoordinate metal centre of the
intermediate is the fast step of the reaction. As noted earlier, the overall activation enthalpies at
PBE0/cc-pVDZ, are in excellent agreement with the experimental values (Table 3) [36, 47].
These results provide strong evidence that aquation of [CrX(H 2O)5]2+ complexes (X = Cl, Br and
I) proceeds via a associatively activated dissociation mechanism rather than an associative
interchange (Ia) mechanism. The calculated ∆∑d(TS−R) and ∆∑ d(P−R) values range from 0.82
Å to 1.00 Å and -0.31 Å to -0.42 Å, respectively, which is consistent with a D-type mechanism
(Table S10 and Fig. SF0 of the SI).

3.6. Discussion
In this study we have carried out a detailed investigation of three different mechanisms
(Ia, D and Da) for the aquation of [CrX(H2O)5]2+ complexes. The very close agreement between
experimental activation enthalpies and these calculations suggest that aquation of the fluoride
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system proceeds via an associative interchange (Ia) mechanism with immediate intramolecular
proton transfer to form HF and the conjugate base [Cr(OH)(H2O)5]2+. Aquation of the other
systems (X = Cl, Br and I) proceeds via SN1 mechanism of associatively activated dissociation
(Da). No computational studies of Da mechanism have previously been reported for the
hydrolysis reactions of these complexes. However, given the extensive debate that has occurred
on this topic it is worthwhile comparing the details of our mechanisms with previous theoretical
and experimental studies.
Rotzinger [61] carried out an extensive study of the water-water exchange mechanism for
hexaaqua metal ions of the first transition series. For Cr(III) he was able to locate both I a and D
transitions structures. Although the calculated Ia barrier (98 kJ mol‒1) was substantially lower
than the barrier for the D pathway (121 kJ ml‒1 ) neither value was particularly close to the
experimental value (109 kJ mol‒1) [69]. In this study the ∆H‡ values for the Da pathway (X = Cl,
Br and I) are not only substantially lower than the I a values, they are also in excellent agreement
with experiment (MAD = 1.0 kJ mol1).
Our Ia transition structures for aquation of [CrX(H 2O)5]2+ generally resemble Rotzinger’s
water-water exchange TS for [Cr(H2O)6]3+. In particular, the incoming H2O is in a cis position
relative to the leaving X. However, in the water-water exchange process, the incoming and
leaving Cr…O bonds are equivalent, whereas in the systems studied here the metal-halide bonds
(M…X) and metal-water bonds (M…O) are not equivalent. Although we find that the Cr…O
bonds of the incoming water molecule are almost constant across the series, the Cr…X bonds
vary with the identity of the halide X, being slightly shorter than the Cr…O bond for the fluoride
system and substantially longer for the iodide system. Rotzinger reports a ∆∑ d(TS−R) value for
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water-water exchange of Cr(III) of ‒1.20 Å and the experimental ∆V‡ is ‒9.6 cm3 mol‒1 [69].
The ∆∑ d(TS−R) values for our systems along the I a pathway are all negative (‒0.63 to ‒0.94 Å)
but smaller in magnitude than the value for water-water exchange. However, there are important
differences between water-water exchange and halide-water exchange. Firstly, the leaving X‒
groups have different polarizabilities that can be linked to stabilization of charges in the TSs.
Secondly, electrostriction should be relatively small in the water-water exchange process but will
vary for halide-water exchange across the four systems. This is qualitatively demonstrated in our
calculations by the hydrogen bonding of the leaving halides to inner and outer sphere water
molecules in the TSs and successor complexes.
Rotzinger also identified a TS corresponding to the dissociative (D) pathway for waterwater exchange of Cr(III), with a reaction barrier of 121 kJ mol‒1, which is ~ 12 kJ mol‒1 higher
in energy than the experimental value. The TS structure and the corresponding intermediate
compare well with those obtained in our study with square pyramidal geometries. It was found
that the dissociative pathway lead to barriers that were higher than experiment (Table 3). In this
study, the activation enthalpies for the Cr‒X dissociation decrease from chloride (103 kJ mol1)
through to iodide (86 kJ mol1), which reflects the differences in the Cr−X bond strengths. These
values are higher than the corresponding values for the D a mechanism, indicating the outersphere coordination of water helps to stabilise the transition states.

The associatively activated dissociation pathway is closely related to the dissociative
interchange mechanism. Interestingly, Rotzinger did not consider the Da pathway for water-water
exchange and was unable to locate a TS for the dissociative interchange pathway. This is in
contrast to our study where we located Da TSs for the chloride, bromide and iodide systems and
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as noted earlier the activation enthalpies for this pathway are in excellent agreement with
experiment. The Da pathway passes through a square pyramidal intermediate in which the
dissociated halide and the incoming water molecule are located in the outer-sphere of the
complex, approximately trans to one another. The ∆∑ d(TS−R) values for the dissociative first
step (X ligands leaving) are positive and for the second step (water ligand entering) are negative
as shown in Table S10 and Fig. SF0 of the SI. For the [CrI(H2O)5]2+…H2O process, the
calculated ∆∑ d(P−R) values (Table S10 of the SI) for the overall process are negative, which is
consistent with the experimental value [58]. We also note that the overall ∆S‡ is negative and
that there is relatively little variation across the three systems of this study. However, there are
variations in ∆S‡ for the individual steps, particularly for step 2 that can be related to the size of
the leaving group and changes in the coordination structure of the inner and outer sphere of the
complexes for formation of the TSs. A key feature of the Da mechanism is that the complex
becomes associatively activated through outer sphere coordination that lowers the activation
enthalpy for dissociation of the Cr‒X bond. Previously [42], the substitution reaction of
[Co(NH3)5(H2O)]3+…X− was designated “accidental bimolecular” to indicate that the substitution
process is a rearrangement between inner and outer coordination spheres, which in consistent
with our observations for the Da mechanism. Likewise, Bushey and Espenson [83] investigated
anation of [Cr(H2O)5CH2Cl]2+ and [Cr(H2O)5CHCl2]2+ with NCS‒ and obtained results that were
consistent with both a limiting SN1 and an ion-pairing mechanism.

A

key

feature

of

the

experimental

investigations

of

the

aquation

halopentaaquachromium(III) complexes is the large difference in experimental parameters for
the fluoride system compared to the other systems which are largely attributed to the higher
basicity of fluoride ion. Our calculations are completely consistent with this observation. In
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particular, the departing fluoride ion is observed to abstract a proton from a coordinated water
molecule in both the D and Da TSs and has particularly close contacts with the hydrogen atoms
of neighboring water molecules in the TS of the I a pathway. We propose that the most likely
mechanism for aquation of fluoropentaaquachromium(III) complex proceeds via an Ia pathway
(∆H‡ = 119 kJ mol‒1) in excellent agreement with the reported experimental value (120 ± 3 kJ
mol‒1) [36], followed by immediate formation of the conjugate base through intramolecular
proton transfer.

4. Conclusions
A comprehensive computational investigation was conducted to explore three possible
mechanisms of aquation reactions of halopentaaqua Cr3+ species: associative interchange (Ia),
dissociative (D) and associatively activated dissociation (Da) mechanisms. A range of density
functional theory methods were investigated for determination of structures and reaction
energetics. All levels of theory were found to give similar performance for the bond lengths of
Cr3+ complexes, with MADs from PBE0/cc-pVDZ of 0.015−0.046 Å for reactant complexes and
0.041−0.064 Å for the transition structures (TS) in solution. The inclusion of diffuse functions in
the basis set has minimal effect on the geometries of both reactants and transitions states.
Activation enthalpies (ΔH‡) and entropies (ΔS‡) for the associative interchange (Ia) and
associatively activated dissociation (Da) pathways for hydrolysis of [CrX(H2O)5]2+ complexes (X
= F−, Cl −, Br−, or I−) were calculated at a range of levels (M06, B3LYP, CAM-B3LYP, and
PBE0 using the LanL2DZ and cc-pVDZ basis sets) and compared with experimental data [36,
47]. Activation enthalpies calculated at PBE0/cc-pVDZ for the associative interchange (Ia)
mechanism (MAD 12.5 kJ mol1) and associatively activated dissociation (Da) mechanism
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(MAD 1.0 kJ mol1) for hydrolysis reactions of halopentaaquachromium(III) species, give the
closest agreement with existing experimental data. Use of implicit solvent models has a minimal
effect on the structures of reactants, products and transition states but is essential for agreement
between theoretical and experimental values.

Calculations reveal that the mechanism for aquation of the fluoride system differs from
the other halides. The lowest calculated overall activation enthalpy for the fluoride system was
obtained for the Ia mechanism and was in close agreement with the experimental value [36, 47].
This is followed by immediate proton abstraction leading to the formation of HF and
[Cr(OH)(H2O)5]2+. In comparison, for the X = Cl−, Br− or I− the lowest H‡ values are found for
the Da mechanism which are in excellent agreement with the experimental values. Nevertheless,
the identification of a Da mechanism is in conflict with the negative experimental activation
volumes, obtained in totally aqueous conditions, which imply an associative interchange
mechanism. We propose that electrostriction/ion-pairing and the stability of the hydration
spheres around Cr3+ complexes may be factors that contribute to the anomaly and may therefore
warrant further experimental investigation of these processes in mixed solvents.
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Explored aquation of [CrX(H2O)5]2+
Ia for X = F with H+ abstraction
Da for X = Cl, Br and I
ΔH‡ agree with experiment
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