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ABSTRACT: A kineticomechanistic study of reversible electron-
transfer processes undergone by the water-soluble, cyanido-bridged
mixed-valence [{Co'™{(Me),(u-ET)cyclen}},{(u-
NC),Fe"(CN),},]*~ square has been carried out. The oxidation
reaction consists of a two-step process with the participation of a
solvent-assisted outer-sphere complex, as a result of the establish-
ment of hydrogen bonds that involve the oxo groups of the oxidant
(peroxodisulfate) and the terminal cyanido ligands of the
tetrametallic square. The formally endergonic reduction reaction of
the fully oxidized ([{Co"™{(Me),(u-ET)cyclen}},{(u-
NC),Fe(CN),},]) core by water, producing hydrogen peroxide
from water even at low pH values, is also a two-step process. Each
one of these processes requires a set of two preequilibria involving
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the association of OH™ and its subsequent deprotonation by a further OH™ anion. The structure of the square compound in its
fully protonated form has also been determined by X-ray diffraction and shows the existence of strong hydrogen-bonding
interactions, in agreement with the rather high basicity of the terminal cyanido ligands. Likewise, density functional theory
calculations on the tetrametallic complex showed zones with negative electrostatic potential around the Fe' centers of the
square that would account for the establishment of the hydrogen bonds found in the solid state. Spectroelectrochemistry
experiments demonstrated the singular stability of the {Co™/Fe'"},>” complex, as well as that of their partially, {Co,"/

Fe'"Fe''}”, and fully, {Co"/Fe'"},, oxidized counterparts because no hysteresis was observed in these measurements.

B INTRODUCTION

Self-assembly of macrocyclic metal complexes is a powerful
method for the construction of well-defined architectures with
interesting structure-specific properties such as guest recog-
nition, optical and/or magnetic properties, or multiredox
behavior among many others.' > Given the fact that a large
variety of metallamacrocycles are built with redox-active
transition-metal fragments as corners and/or redox-active
ligands as linkers, it is rather surprising that the number of
studies that specifically aim at taking advantage of that inherent
property is still rather limited. Nevertheless, in recent years,
there has been a growing interest in these redox-active species
because of their potentially useful properties (optical,
magnetic, and catalytic activity, molecular recognition, etc.).
Published comprehensive reports”” provide examples of
electroactive metallic assemblies whose redox activity is
localized in the organic ligands and/or metallic corners.
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Although the number of examples containing redox-active
bridging ligands (based on units such as tetrathiafulvalene or
perylene bisimide) or blocking ligands (bearing moieties such
as ferrocenyl) is much larger than that including redox-active
metal corners, some macrocycles containing Cu"/Cu', Co"/
Co™, Co™/Co", Fell/Fe'X Ru''/Ru'll, or Mo'/Mo™ as redox-
active pairs have been reported.’™ " Surprisingly, these reports
lack any reference to discrete cyanido-bridged (Prussian blue)
species, although these compounds usually display redox
activity because of the presence of multiple Fe and/or Co
oxidation states.'' Nevertheless, an increasing number of
interesting examples of Prussian blue molecular polymetallic
assemblies have been reported because of the fact that they
usually exhibit both optical and magnetic bistability, which
arises from a reversible metal-to-metal charge transfer between
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Scheme 1. Mechanistic Process Involved in the Preparation of the Cyanido-Bridged [{Co™{(Me),(u-ET)cyclen}},{(u-
NC),Fe"(CN),},]*~ Square Complex of This Study
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Figure 1. X-ray crystal structure of (H;0)4[{Co™{(Me),(u-ET)cyclen}},{(u-NC),Fe"(CN),},]-(ClO,),-4H,0. (a) Square unit of the mixed-
valence complex. The H atoms, solvent, and counterions are omitted for clarity. Selected bond lengths (A) and angles (deg): Co1—N10 1.909(3),
Col—N5 1.918(3), Col—N2 1.925(3), Co1—N3 1.935(3), Col—N1 1.982(3), Col—N4 1.989(3), Fe1—C17 1.880(4), Fel—C14 1.885(4), Fel—
C15 1.896(4), Fel—C18 1.902(4), Fe1—C13 1.910(4), Fel—C16 1.921(4); N10—Col1—NS5 88.81(13), C18—Fel—C13 90.49(15), C18—N10—
Col 173.1(3), N10—C18—Fel 173.5(3), C13—NS5—Col 171.7(3), NS—C13—Fel 176.0(3). (b) Part of the extensive 3D network found in the

structure, showing the variety of hydrogen-bond lengths.

the Co™ (or Fe'™) and Fe" centers. This family of compounds
includes pentanuclear trigonal-bipyramidal{Fe",/Fe;} and
{Fe',/Co"™,} units,'”"® octanuclear cubic {Fe"/Fe'}, and
{Fe''/Co™}, assemblies,'”'® homonuclear {Fe''/Fe!'},
squares,'"” and a significant number of heterotetranuclear
square complexes {Fe'/Co™},.'"'"7*° Recently, we have
reported the preparation of the diamagnetic cyanido-bridged
[{Co™{(Me),(u-ET)cyclen}},{(4-NC),Fe" (CN),},]*"
square complex”® via a mechanistically designed, self-assembly
reaction (Scheme 1). The process involves a rate-limiting
outer-sphere redox reaction, followed by a fast substitution/
inner-sphere redox reaction, sequence that had been studied by
us for some time.””~>* Although this compound did not show
any evidence of complete intramolecular electron-transfer
phenomena, its striking stability in aqueous solution (stable

across the full aqueous pH range, in deep contrast with that of
other reported redox-active metallomacrocycles) opens up the
possibility of performing a thorough study of its participation
in chemical processes, such as reversible oxidation, proto-
nation, and OH™ association.

With these facts in mind, we are here reporting a redox-
reversible kineticomechanistic study of this tetrametallic
{Co™/Fe}, unit as a function of pH, oxidant concentration,
temperature, and pressure. In addition, a study of the charge
distribution of the fully reduced species and the one- and two-
electron oxidized forms by density functional theory (DFT)
calculations has been carried out in order to rationalize our
experimental observations. The results indicate an extreme
robustness of the square unit across the aqueous pH range, as
well as a significant contribution from specific outer-sphere
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Figure 2. (a) Spectroelectrochemistry of a 2.0 X 107> M solution of {Co™/Fe'},>~ in H,0 (pH 7 and I = 0.1 M LiClO,). A platinum flag working
electrode, an Ag/AgCl/saturated NaCl reference electrode, and a platinum wire counter electrode were used. Cell path length = 1.0 mm. (b)
ReactLab-calculated spectra of the fully oxidized {Co™/Fe™},, fully reduced {Co™/Fe'},*”, and intermediate {Co™,/Fe™Fe"}~ complexes
[aqueous solution, pH 7, I = 0.1 M LiCIO,, Eg."/z.(;) = 0.628 V, and Eg,/r,) = 0.7322 V vs NHE].

recognition of water molecules, which actuate in a way that
cannot be attributed to mere electrostatic effects. These
features allow consideration of the complexes studied as having
a versatile multiredox chemistry with implications in electro-
chromism.

B RESULTS AND DISCUSSION

Crystal Structure of (H;0)4[{Co"'{(Me),(u-ET)-
cyclen}},{(u-NC),Fe"(CN),},1-(Cl0,),+4H,0. Even though
the central core of the title compound has already been
inferred via several techniques,’® its crystal structure was
unknown. Nevertheless, knowledge of the protonation and
redox properties of the compound has enabled us to design a
way to produce it in a form that could be crystallized.

Caramel-colored crystals of the title complex were obtained
by slow concentration of a 1 M HCIO, solution of the parent
compound Na,[{Co"{(Me),(u-ET)cyclen}},{(u-
NC),Fe’(CN),},] at 4 °C. The structure contains centrosym-
metric cyanido-bridged {Fe,(#-CN),Co,} units bearing a
nearly planar, square-shaped geometry, in which the Co and
Fe ions are bridged by cyanide ions. The anion structure,
together with selected bond distances and bond angles, is
shown in Figure la.

The distances between adjacent Fe and Co centers through
the cyanide linkers are very similar [4.936(2) and 4.956(2) A],
and the angles Fel—Col—Fel and Col—Fel—Col are
88.47(1) and 91.53(1)°, respectively, thus displaying a regular
square macrocyclic core, in good agreement with other
reported examples of squares containing {Co"'—NC—Fe"}
edges."®*>** The coordination bond lengths about the Co ion
are in the range of 1.909(3)—1.989(3) A, characteristic of low-
spin (LS) Co™ ions.'” The Fe—C distances are within
1.880(4) and 1.921(4) A, confirming the LS character of the
Fe ions present in the compound and its divalent oxidation
state.”® The total compound charge, as well as the absence of a
ligand-to-metal charge-transfer (LMCT; Fe'"—CN) band near
400 nm (characteristic of the ferricyanide chromophore) in the
electronic spectrum, is in agreement with the Fe!l centers in the
complex.

In addition to the discrete tetranuclear metal units
[{Co"{(Me),(u-ET)cyclen}},{(4-NC),Fe"(CN),},]*7, per-
chlorate anions, hydronium cations, and lattice H,O molecules
are also found in the asymmetric unit. The anionic squares are
stacked, forming columns along the b axis (Figure S1) with an
angle of 57.4° between the planes of consecutive macrocycles.

Moreover, a complex 3D network is formed as a result of the
establishment of extensive hydrogen-bonding interactions that
involve the O atoms of the H,O molecules, H;O" cations, and
ClO,™ anions and the N atoms of all terminal cyanido ligands
(Figure 1b). Interestingly, three of these interactions are
singularly strong [O2W--N6 = 2.525(5) A, O6W--N7 =
2.554(5) A, and O4W---N9 = 2.573(5) A] in comparison with
those reported for analogous square {Co"'Fe'}, com-
pounds,””***” in agreement with the basic character exhibited
by the terminal CN groups of the compound.

Spectroelectrochemistry: Redox Stability. We previ-
ously measured the cyclic voltammetry of the title complex in
an aqueous solution and showed that it exhibits two discrete
Fe'I redox couples.”® Both Fe'! redox couples are
reversible, which indicates that the complex is stable in each
of the fully oxidized Fe"Fe', fully reduced Fe"Fe", and
intermediate Fe"Fe!! forms, while the Co™ " redox couples are
irreversible under the same conditions. Herein we measured
the spectroelectrochemistry of the complex at pH 7, poising
the potential at increasingly positive potentials (oxidation) and
then returning incrementally to the starting potential
(reduction). At each poised potential, the observed spectrum
was stable for a minimum of 1 h, and no hysteresis was
observed in the spectra of the oxidation and reduction sweeps
(Figure S2), which testifies to the stability of the complex.
Modeling the data from Figure 2a using ReactLab Redox’
revealed the spectrum of the intermediate Fe'Fe"" complex
(Figure 2b, blue curve). The separation of the two Fell/I
couples (AE > 100 mV) is much larger than that expected for
two noninteracting Fe centers (2RT/F In 2 = 35.6 mV),”
which shows that the charge increase at one oxidized Fe center
influences the redox potential of the other Fe center, thus
raising its redox potential.

DFT Calculations. In view of the feasibility of pursuing the
kineticomechanistic studies of the reversible redox processes
indicated in Figure 2 and given the fact that the {Co "/
Fe""},>™ core is extremely robust, DFT calculations have been
conducted in order to investigate the possible differences
among the {Co™/Fe""},>/{Co™,/Fe'Fe"}~/{Co"/Fe"},
triad that could explain the reactivity observed.

These structures were optimized with DFT calculations
using the crystal structure of the {Co ™/Fe'},*™ core as the
starting point (the detailed procedure is described in the
Experimental Section). From the calculations, the oxidation
process does not entail major changes in the structure; the
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central square unit of the {Co™Fe'},>” complex remains
practically the same, with Fe--Co, Fe--Fe, and Co--Co
distances of 4.99, 6.93, and 7.20 A, respectively. These values
are very similar to those found in the crystal structure, where
the average Fe:--Co separation is 4.95 A, while the Fe--Fe and
Co--Co distances are 6.90 and 7.09 A. In the same line, the
computed Fe--Co--Fe and Co---Fe---Co angles are close to
those in the crystal structure: 87.8 versus 88.5° and 92.2 versus
91.5° respectively. In all cases, as in the determined crystal
structure, the four metals remain in the same plane and the
octahedral Fe(CN) units show an eclipsed arrangement, with
twist angles between the iron hexacyanido units always below
0.5°. The consecutive oxidation of the {Co"Fe""},>” complex
produces open-shell species with one unpaired electron in the
oxidized Fe centers. For the half-oxidized {Co™.,/FeFel}~
species, the unpaired electron is localized on the new Fe'™
center (Figure 3a), while for the fully oxidized {Co"/Fe"},

Figure 3. Electron spin densities computed for complexes (a) {Co™,/
Fe'Fe}~ and (b) {Co™/Fe™},. Color code: C, gray; N, blue; Fe,
brown; Co, purple. H atoms have been omitted for clarity.

complex, the species can be either a triplet or an open-shell
singlet; in practice, both possibilities have practically the same
energy and display very similar structures. All of the results
appearing throughout this manuscript refer to the open-shell
singlet {Co™/Fe}, complex. As in the {Co™,/Fe"Fe"}~
species, the electron spin density remains localized on the Fe'™
centers (Figure 3b).

The molecular electrostatic potential (MEP) maps show the
formal charge distribution of the total electron density of the
complexes, ie., the regions with charge depletion and
accumulation that can be used to explain the reactivity and
outer sphere interactions (Figure 4). As expected, the
positively charged areas are always located around the Co
centers, while the Fe surroundings are more negative in all
species. The maximum and minimum surface charge values
vary according to the total charge of the complexes, i.e., red-to-

-0.30 I T—o.10
VE (a.u.)

Figure 4. MEP maps on the 0.002 isosurfaces of (a) {Co™Fe"},*",
(b) {Co™,/Fe"™Fe"}~, and (c) {Co™Fe™},. Red and blue colors
represent negative and positive values of the electrostatic potential

(Ve).

light-blue surface for {Co™/Fe"},>”, orange-to-blue surface for
{Co™,/FeFe""}", and green-to-dark-blue surface for {Co™'/
Fe'"}, in Figure 4. The MEP map of {Co™/Fe"},>” clearly
reflects the bonding found in the crystal structure, where the
square tetrametallic core interacts with H3;O" through
hydrogen bonding of the terminal, negatively charged, cyanido
ligands bound to the Fe centers. The different Fe" and Fe'
atoms in {Co™,/FeFe'}” can be clearly distinguished with
the MEP map; the former is located in a zone with negative
electrostatic potential (orange, Figure 4b, top), while the latter
belongs to a space where the surface charge is more postive
(yellow, Figure 4b, bottom).

The {Co™/Fe''}, complex reacts with hydroxide to produce
hydrogen peroxide (H,0,) and the reduced {Co™/Fe"},*
species (see below). The experimental data indicate that this is
an outer-sphere redox process. Nevertheless, the small size of
the OH™ anion could suggest an encapsulation of the anion in
the central cavity of the tetranuclear metallic core prior to
electron transfer. This hypothesis has been tested by
optimizing a {Co™/Fe'"},OH" species in which the hydroxide
anion is placed in the geometrical center of the cavity. After
optimization, the hydroxide group is observed to migrate to
the external part of the complex, where it can interact with the
dangling methyl groups of the cyclen ligand. Because the metal
centers surrounding the cavity do not exert any stabilizing
effect on the incoming OH™ group, a mechanism where the
hydroxo groups are inside the cavity would not be expected.

Kinetics of the Oxidation Reaction of the {Co"/Fe},>~
Complex. The oxidation reaction of simpler but related
(Co™/Fe™)™ mixed-valence dinuclear complexes, sodium -
cyanido-1xN:2xC-(2-methyltetraazacycloamine)-1x*N-penta-
cyanido-2&°C-[1-cobalt(II)-1-ferrate(II)], with peroxodisul-
fate has been already studied, and the behavior has been
explained as an initial one-electron oxidation of Fe" to Fe"
producing SO,*~ and SO,*”, followed by a fast (non-rate-
determining) second one-electron process involving the SO,*~
radical*>***?** In view of the spectroelectrochemical data
shown above, as well as the redox nonequivalence of the two
Fe centers,” the oxidation of the new {Co'/Fe"'},>” mixed-
valence square was pursued from a kineticomechanistic
perspective at varying concentrations of peroxodisulfate, pH,
temperature, and pressure. As collected in Table S1, in all cases
the time-resolved spectra agree with the operation of a two-
step consecutive process in the acidity range between pH 8.5
and 1 M HCIO,. Furthermore, the Specfit- or ReactLab-
Kinetics calculated spectra*""** of the intermediate compound
agree with that of the single-electron-oxidized {Co™,/
Fe"Fe''}™ mixed-valence compound determined from the
spectroelectrochemical measurements (see Figures 2 and S3).
Figure S collects an example of the trends observed for the two
pseudo-first-order rate constants derived (k. and k) with
the concentration of the oxidant.

By a comparison with our previous data on the (Co''/Fe')
dinuclear complexes, the reaction can be explained by the
sequence shown in Scheme 2, which produces a rate law such
as that indicated in eq 1 for both rate-determining reaction
steps.”’ ™" Nevertheless, it is clear that for the observation of
the second step in the reaction sequence (ox2a and ox2b), the
SO,"” radical generated by the first oxidation step (oxla and
ox1b) has to react preferentially with an excess of the reducing
{Co™/Fe'},>” to further produce the {Co™,/FeFe!}~
intermediate (oxfl) . Any other option would make the
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Figure 5. Plot of the values of the first-order rate constants, k,,, for
the two-step S,04° oxidation of the {Co™/Fe'},*~ mixed-valence
square at different temperatures and acidities.

Scheme 2
N Kosy , N
{Co/Fel},> + 8,05 == {{Co"/Fe'"}, ;5,047 } oxla
k
{{Com/Fe“}zZ-;szosz'}i'» {Co'l,/FellFe!l}- +S0,> + SO,~ oxIb
Kosa
{Colll/FelllFell}- + S, 04> === {{Col/Fe!llFe!'}~;S,04>} ox2a
k
{{CoMy/FeMFel} ;8,042 ) — 25 {Co/Fe!l}, +SO,> + SO, ~ ox2b
St
(Col/Felly 2 + 50, T ColllFellipelly + 50,2 oxf1
fast
{Colly/FelllFell}- + 80, —— {Co/Fe'™}, +S0,> oxf2

reaction sequence show a single rate-determining step
behavior.

_ kuKos[$,05”]

obs — _
1 + KoglS,05°7] (1)

From the curvature shown in the plots, it is clear that both
ks rate constants show the typical limiting behavior obtained
for outer-sphere redox processes, where the formation of the
precursor outer-sphere complex (Kqg) is dominant.** Although
this effect had not previously been observed for oxidations by
S,04>7, the reaction of the dinuclear (Co™/Fe™")™ species with
[Co™(oxalate);]* effectively showed this behavior. Important
interactions in the outer-sphere precursor complex had been
established as responsible of this fact.””*’

From the limiting value obtained from fitting the data to eq
1, the values of k., and Kqg at different temperatures and pH
can be derived for both reaction steps (ox1 and ox2, Scheme
2). By measurement of the temperature dependence of k,, and
fitting the data to the Eyring equation (Figure 6a), the
corresponding thermal activation parameters can be calculated
for both electron-transfer processes. The pressure dependence
of the values of k,, at concentrations of S,04>~ at which the
plot has practically reached saturation (ko ~ ko, at [S,04*7] =
0.05—0.07 M) was also studied in order to determine the
activation volumes of the two steps. Figure 6b shows some of
the In k., versus P plots at the pH where a definite neat
oxidation is observed (see the next section),” and Table 1
collects a summary of the equilibrium kinetic and activation
data determined.

Kinetics of the {Co"/Fe"}, Complex Reduction. From
our previous studies carried out on the simpler (Co™/Fe')~
mixed-valence dinuclear complexes, a pH-dependent reversible
redox process has been demonstrated.””*" Consequently, the
reduction process of the new {Co™/Fe'"}, square (obtained
by peroxodisulfate oxidation in the acidic conditions of {Co"/
Fe'},27)? in alkaline solutions to produce H,0, was also
studied from a kineticomechanistic perspective. As indicated in
the Experimental Section, the presence of H,0, in the final
reaction mixture was confirmed by standard peroxide test kits;
no reaction of the parent {Co™/Fe''},>~ square with H,O, has
been observed with excesses of up to 100-fold. Interestingly,
for this new tetranuclear {Co™/Fe}, compound, the
reduction process reverting to the mixed-valence {Com/
Fe""},”~ square complex, with the formation of H,O,, is
observed even at acidic pH values (the reaction is observed
from pH 3 upward). As found for the previously described
oxidation reaction by peroxodisulfate, the reduction process is
clearly a consecutive two-step sequence from the time-resolved
fitting of the full spectra by the standard software indicated in
the Experimental Section.*”*

Figure 7 summarizes the trends observed for the values of
ks and kg, with the concentration of OH™. For the
reduction of the simpler (Co™/Fe™)™ dinuclear complexes,
two equilibrium processes involving the OH™ reductant
precede the rate-determining formation of peroxide; these
are the formation of an OH™ adduct, followed by its
deprotonation by another OH™. Thus, an [OH™]* dependence
of the ko, rate constants is observed.” In the present case, this
is not so, and a double titration plot is observed with pK,
values within the 3—4 and 11—12 ranges. Table S2 collects all
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Figure 6. (a) Eyring plot for variation of the values of k,, for the two steps observed with the temperature at pH 4.0. (b) In k,, versus P plot for the

reaction carried out at pH 2.0 and 25 °C.
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Table 1. Thermal and Pressure Activation Parameters for the Two Consecutive Reaction Steps Observed in the Oxidation of
the {Co™/Fe""},>~ Mixed-Valence Square with $,04>" at Different pH Values”

pH Kosi/M™ 28 /s AH,¥/k] mol™! AS,, /] K™! mol™ AV, ¥/cm® mol™
8.5 70 1.3 x 107 70 + 7 —90 + 20 nd.

4 100 51 x 107" 80 + 8 —55 + 25 n.d.

1.5 90 3.8 x 107 100 + 15 20 + 40 —38 + 4 (pH 2)

0 150 0.62 (293 K) 20+ S —180 + 20 ca. 0

pH Kosy/M™ 8 s AH,,*/k] mol™ AS,,¥/] K mol™! AV, ,¥/cm? mol™
8.5 30 1.8 x 107* 90 + 10 —30 + 30 n.d.

4 55 22 % 107* 90 + 6 —26 + 20 n.d.

L5 40 2.0 x 107* 100 + 12 18 + 40 —41 + 3 (pH 2)
0 40 12 X 107 (293 K) 80 + 10 —20 + S0 -52+ 08

“The values

of Ko (according to eq 1) are the average from the values at the different temperatures measured.

L L |
°%

10+ obs1
14
014
0.01 +
1E-3+
1E-4
1E-5+
1E-6+
1E-7

obs2

298kbs/8-1
on
on
o n
on
o n
on
onm
on

6 8 10 12 14
pH

Figure 7. Logarithmic-scale plot of the fast and slow rate constants for
the two steps observed upon reduction of the {Co™/Fe}, square
with OH™ at different buffered pH values at 25 °C ([square] & 4 X
107* M; I = 1.0 M (NaClO,)).

of the values k_;,, obtained under the different conditions of the
study, and Scheme 3 collects the reaction sequence that results

Scheme 3

kredl

{Co'/Fe'™}, + OH — {Co',/Fe!lFe'l}+ O

kredz

{Co"y/FelFe!l} + OH" —== {Co'l/Fel},> + OH

fast
2 0H —>H,0,

from the data. In this scheme, the values of k.4, and k.4,
necessarily include the two equilibrium constants involving
hydroxide, which are in the above-mentioned range.

From the values obtained, it is clear that the validity of the
previous oxidation data collected at pH >3 has to be
considered with caution because a faster reduction of the
oxidized complex is occurring simultaneously in an approx-
imately catalytic reaction. Probably the observed process
corresponds de facto to an oxidation reaction but once the
buffer has been consumed.

In this regard, cyclic voltammetry experiments were
conducted at variable pH values in the range where a dramatic
increase on the reduction rate constants is observed (7—13;
Figure 7). The purpose of these measurements was to examine
the possible occurrence of an electrochemically catalyzed
oxidation of OH™ to H,0,. Figure 8 shows that the fully
reduced complex is reversibly oxidized in two discrete steps to
the {Co™/Fe™Fe"}™ and {Co"/Fe™} complexes at pH 7.
However, at higher pH values, the voltammetry is slightly
perturbed and the peak oxidative current (i,,) of the first wave
increases slightly above pH 10. This behavior is expected for an
electrochemical oxidation coupled to a catalytic chemical
reaction (Scheme S1) and confirms that hydroxide is only
oxidized by {Co™/Fe™}, at an appreciable rate above pH 10
under the nonbuffered experimental conditions used here. Two
clarifications should be noted in relation to Figure 8. First, the
nonspecific oxidation of hydroxide by the electrode is only
observed at very high potentials (>0.85 V vs NHE) and is not
responsible for the change in the peak anodic current (i,,).
Second, even though the change in i, is small, it is definitive;
this is indicated by the stable baseline current during the initial
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Figure 8. (a) pH-dependent voltammetry of a 7.3 X 10™* M solution of {Co™/Fe"},>~ in H,0O (I = 0.1 M LiClO,. Scan rate = 10 mV s™". Potential
initially swept in the positive direction. (b) pH dependence of the peak anodic current (ipa) at 0.662 V.
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oxidation sweep (i.e., the current at 0.4 V vs NHE is the same
across the range of pH values during the initial sweep in the
positive direction).

Mechanism of the {Co"/Fe"},>~ Oxidation Process.
From the data collected, a key difference emerges between the
oxidation kinetics of the dianionic {Co™/Fe"},>” square
complex and the parent monoanionc series of (Co''/Fe')~
dinuclear species previously reported. While for the mixed-
valent monoanionic (Co™/Fe')” dinuclear complexes the
buildup of outer-sphere precursor complexes with peroxodi-
sulfate (according to eq 1) is minimal, in the present case, the
equilibrium constants, Kqg, indicated in Scheme 2 are large
enough for the observation of limiting kinetics in both
consecutive oxidation reaction rate-determining steps (Table
1 and Figure 5).** In the previous studies with the (Co™/
Fe')™ dinuclear species, the only time this behavior was
observed was when [Co(oxalate);]*” was used as the oxidant,
despite the unfavorable increase in charge repulsion.”” This
fact was attributed to a solvent-assisted nature of the outer-
sphere complex formed, which was also thoroughly described
for similar [Co(oxalate);]>~ reactivity."” It is thus clear that in
the present case an outer-sphere solvent-assisted encounter
complex is formed with S,04>~, both with the dianionic {Co™/
Fe"},~ and monoanionic {Co™,/FeFe''}~ species, in the
first and second rate-determining reaction steps, respectively.
Furthermore, the fact that the ox2a and ox2b reaction steps are
observed in the oxidation process (Scheme 2), despite the
possible operation of reaction oxf2, indicates that the solvent-
assisted outer-sphere complex formed in oxla involves solely
one of the oxo groups of peroxodisulfate, thus liberating the
resulting SO,*” radical to the reaction medium. In this way, a
two-electron oxidation process is not operative, and the
liberated radical can react with both {Co™/Fe"},>” and
{Co™,/Fe"Fe""}", ensuring the observation of the second step
(ox2a and ox2b, Scheme 2) of the full process (Scheme 4).

Scheme 4

In this respect, from the data in Table 1, it is also clear that
the values of Kqg decrease by ca. half upon going from the
{Co™/Fe!},>™ to {Co™,/Fe'"Fe"}~ complexes, opposite to
that expected considering the electrostatics involved; clearly,
some other factor has to be dominant. The only possibility to
come to terms with this fact relates precisely again with the
existence of a solvent-assisted outer-sphere complexation,
where H,0 is more tightly bound to more anionic
complexes.** ™" Nevertheless, when the fully protonated
H,{Co"/Fe""}, species is considered (pH 0), the trend is
maintained with equivalent (if not larger) values of Ky, thus
implying that the outer-sphere solvent-assisted complexation
should occur on the nonprotonated nitrile units; even
simultaneous hydrogen bonding between a molecule of H,O

and the nonprotonated and protonated nitrile units can explain
these facts (Schemes 4 and $2).°"*?

As for the kinetic and activation parameters at pH > 2 (see
Table 1), there is a dramatic change going from the single (pH
1.5-2) to the doubly protonated mixed-valence square
complex (pH 0). The first step of the oxidation reaction
(koy1) is accelerated by a factor of 10°, while the second step
rate constant undergoes only a 10-fold increase. These values
are clearly related to the thermal activation AH¥ and AS*
values, which indicate a much higher degree of association in
the transition state and a lower enthalpy demand with
decreasing pH (both effects are more pronounced for the
first rate-determining step of the oxidation reaction).
Interestingly, the redox potential of the Fe centers becomes
more positive upon protonation,”*** which would be expected
to produce higher enthalpy demands. Again, the proper
association of the oxidant and reductant via a solvent molecule
should be held responsible for the acceleration found (vide
supra); alternatively, direct interaction of the peroxodisulfate
anion with protonated nitrile groups could also explain the
changes (Scheme S3). As for the volumes of activation, these
show trends opposite to those of AS¥, in agreement with the
operation of hydrogen-bonding interactions in the transition
state, and are mostly related to desolvation of the complexes, as
found for similar systems,****>

Mechanism of the {Co"/Fe'"}, Reduction Process. The
data collected and shown in Figure 7 clearly indicate that, as
found in previous studies,"”>* even though the reduction
potentials do not predict the formation of H,0, (E° = +1.77
V), H,0, is formed in a process that appears to be formally
endergonic. In any case, the reactivity of the iron hexacyanido/
H,O, redox system is strongly dependent on the counterions,
pH, light, and reaction medium.>>>° Most of the processes lead
to decomposition of H,O, or photochemical degradation of
the hexacyanido complexes to produce Prussian-blue-type
compounds. We have not observed this type of degradation on
our samples; furthermore, most of the Fe oxidations by H,0,
processes involve the coordination of a hydroperoxide anion to
a susbtitutionally active complex, which is not the case in the
system that we are dealing with here. There must be some sort
of stabilization of the peroxide in our systems, probably related
to adduct formation similar to that producing hydrolysis of the
cyanido ligands in other systems.

Interestingly, although the redox potential of the Fe center
increases with decreasing pH, the trend observed for the rate
constants measured for both reaction steps (Scheme 3) is
opposite. The previously studied similar reactions on (Co™/
Fe') dinuclear complexes*>** indicated that the formation of
an outer-sphere OH™ aggregate and its further deprotonation
by a second OH™ group agree with the data obtained; a
[OH™]* dependence was observed for the values of k. In the
present study, such a trend is not observed and, although in the
pH range between S and 10 the increases of both k.4, and k.4,
are practically linear, the values increase dramatically upon
going to pH 11 to reach a final plateau. Increasing the acidity
to pH 3 produces an opposite immediate decrease of the
second-step rate constant and a buildup of the {Co",/
Fe"Fe''}™ intermediate complex; a further increase in the
acidity makes both reduction processes too slow to be
observed.

From these data, it is clear that outer-sphere involvement of
OH™ with the oxidized {Co™/Fe"}, square complex plays a
crucial role in its reduction to the mixed-valence parent species
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and the formation of H,0,. In this respect, it is interesting to
note that the aggregation of hydroxide with the reduced
{Co™/Fe},> has already been established by UV-—vis
spectroscopy.”® Furthermore, the pH values for which dramatic
changes in the rate constants are observed can be easily
associated with the deprotonation of a coordinated H,O
molecule (pK, values of around 3—S5) or of a coordinated
hydroxide (pK, values of around 9—12).°” With all of these
facts in mind, we propose the reaction sequence shown in
Scheme S as responsible for the trends observed. From the

Scheme §
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data in Figure 7, the values of both pKg.,; and pK,, are found
to be equivalent and within the 11—12 range; as expected,
because of the fact that the values of Ky, are directly
associated with the deprotonation of a {{COHF/FeIH}Z'OH_}
adduct in reactions red1a and red2b (Scheme 5). Furthermore,
compound {{Co™/Fe'"},-H,0} is expected to be more acidic
than {{Co™,/Fe"Fe!'}™-H,0}, as is effectively shown by the
value of K,4q (pK,gq; being one unit lower than pK,4q; 2—3
versus 3—4). As a whole, the process is rather similar to the
one established for oxidation of the dinuclear (Co™/Fe')
parent mixed-valence complexes. For the present complexes,
though, the higher acidity of the initial {Co™/Fe"}, oxidized
square allows for full dissociation of the initial adduct, even at
high pH. Furthermore, the difference between the acidities of
{{Co"/Fe™},-H,0} and {{Co™,/Fe™Fe"}"-OH"} (or the
half-reduced intermediate species) allows for a full separation
of the effects of Kq and K, for the reaction sequence
indicated in Scheme 5.

B CONCLUSIONS

The structure of the heterotetranuclear cyanido-bridged
square-shaped [{Co'{(Me),(u-ET)cyclen}},{(u-
NC),Fe"(CN),},]*~ mixed-valence complex has been un-
ambiguously established by X-ray diffraction (XRD); the
structure shows extensive hydrogen-bonding interactions with
H,0 molecules, H;O", and the N atoms of the terminal
cyanido ligands. Spectroelectrochemical measurements indi-
cate that the stability of the complex, as well as those of their
partially ({Co,"™/Fe!"Fe"}™) and fully ({Co™/Fe'}) oxidized

counterparts are remarkable, in accordance with the absence of
hysteresis observed in these measurements. DFT calculations
have also been conducted, and the results agree with the
surprising stability and robustness of the {Co"'Fe''},>” square
complex core in any of its oxidized forms. In this respect, MEP
maps support the establishment of hydrogen bonds between
H,O and the terminal cyanido ligands. In all, the remarkable
robustness displayed opens up the possibility of studying its
participation in a wide range of chemical processes in aqueous
solution.

In this respect, the kineticomechanistic study of the two-step
sequential oxidation reaction of the {Co™/Fe'},*~ square with
peroxodisulfate features a striking difference with the
previously reported oxidation reaction of monoanionic
(Co™/Fe'")~ dinuclear species. For the oxidation reaction of
this anionic tetranuclear square-shaped complex, the actuation
of an outer-sphere H,O-assisted encounter complex involving
an oxo group of the peroxodisulfate anion is evident. The
activation parameters are in agreement with the existence of
these hydrogen-bonding interactions in the transition state.

Reduction by H,O of the fully oxidized {Co™/Fe™}, square,
producing H,0,, occurs even at acidic pH values and,
according to the interpretation of the kineticomechanistic
results obtained, requires the existence of two equilibrium
processes prior to the rate-determining step. These involve the
existence of an OH™ adduct, with either {Co,"™/FeFe!}~ or
{Co™/Fe}, and its subsequent deprotonation by another
OH™ before the rate-determining generation of H,0,.

Clearly, a fine-tuning of the building block redox potentials
via ligand design should expand the current study to further
chemically robust polynuclear mixed-valence compounds. This
robustness, with the goal being including that of the Co'!
centers upon reduction, should provide discrete polynuclear
molecules with very interesting electron-transfer properties.

B EXPERIMENTAL SECTION

General Procedures. The {Co™/Fe'},?” square mixed-valence
compound was prepared following the procedures already described
in the literature;>® UV—vis, inductively coupled plasma mass
spectrometry, and cyclic voltammetry were used as characterization
techniques.

A solution of the above complex in 1.0 M HCIO,, followed by
long-standing in a refrigerator, produced some aggregates of XRD-
quality crystals.

Buffer solutions were prepared using the standard procedures for
3.0 > pH < 11; out of that range, HCIO, or NaOH solutions were
used. In all cases, the concentration of the buffer was at least 10-fold
that of the reactants and the ionic strength was set at 1.0 with
NaClO,.>**’

Detection of H,0, after reduction of the {Co™/Fe}, oxidized
square, was carried out using Quantofix peroxide test sticks (Peroxid
25 from Sigma-Aldrich) at pH 7.3. Blank experiments in the presence
of free S,04*~ or solutions of the initial {Co™/Fe'},>~ square mixed-
valence compound showed no presence of H,0,.

DFT Calculations. All DFT calculations were carried out using
H,O0 as the solvent (PCM, see below) with the Gaussian09 (revision
D.01)® electronic structure package with a 107 convergence
criterion for the density matrix elements, using the hybrid functional
B3LYP.'~ The standard 6-31G* basis set®*® was used for all H,
C, N, and O atoms, while the Stuttgart basis set (SDD),**¢” including
the associated effective core potential to describe the core electrons,
was employed for the Fe and Co atoms. Ultrafine integration grids
were used in all calculations to ensure a satisfactory convergence. In
all cases, the solvation energies were computed in H,O with the (IEF-
PCM) continuum dielectric solvation model®®®’ using the SMD radii
and nonelectrostatic terms. The dispersion correction terms’® were
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included in all of the calculations by using the D3 method of Grimme
et al.”' Vibrational analysis was performed for all of the computed
structures to ensure the nature of the stationary, which have zero
imaginary frequencies.

X-ray Structure Analysis. A caramel prismlike specimen of
C;6H,,Cl,Co,Fe;N,0,,, approximate dimensions 0.178 mm X 0.198
mm X 0.477 mm, was used for X-ray crystallographic analysis. The X-
ray intensity data were measured on a D8 Venture system equipped
with a multilayer monochromator and a Mo microfocus (4 = 0.71073
A). The frames were integrated with the Bruker SAINT software
package”” using a narrow-frame algorithm. The integration of the data
using a monoclinic unit cell yielded a total of 126114 reflections to a
maximum 6 angle of 30.58° (0.70 A resolution), of which 9844 were
independent (average redundancy 12.811, completeness = 99.6%, Ry,
= 5.80%, and Ry, = 2.83%) and 8040 (81.67%) were greater than
20(F?). The final cell constants of a = 28.454(6) A, b = 10.644(2) A, ¢
= 21.226(4) A, a = 90.00(3)°, § = 91.14(3)°, y = 90.00(3)°, and
volume = 6427(2) A3 are based upon refinement of the XYZ centroids
of reflections above 205(I). Data were corrected for absorption effects
using the multiscan method (SADABS).”® The calculated minimum
and maximum transmission coefficients (based on the crystal size) are
0.6550 and 0.7461.

The structure was solved and refined using the Bruker SHELXTL
software package’* using the space group Cl,/.;, with Z = 4 for the
formula unit C;H,,Cl,Co,Fe;N,0,;. The final anisotropic full-
matrix least-squares refinement on F* with 446 variables converged at
R1 = 6.42% for the observed data and wR2 = 7.10% for all data. The
goodness-of-fit was 1.121. The largest peak in the final difference
electron density synthesis was 1.580 e~ A™3, and the largest hole was
—1.945 e A™3 with an root-mean-square deviation of 0.132 e~ A™%.
On the basis of the final model, the calculated density was 1.644 g
cm™2 and F(000) 3280 e™. Table S3 collects the relevant data for the
diffraction.

Electrochemistry. Electrochemistry experiments were carried out
with a BioLogic SP-150 instrument using a glassy carbon working
electrode, a Ag/AgCl (3 M KCl) reference electrode, and a platinum
wire counter electrode on 1 X 107> M solutions of the sample and
using 0.1 M NaClO, as the supporting electrolyte, unless otherwise
stated.

Spectroelectrochemistry experiments were carried out with the
same instrument and the same standard setup in a CHI cell in a
HP8453 UV—vis spectrophotometer.

Kinetics. The kinetic profiles for the reactions at ambient pressure
were followed by UV—vis spectroscopy in the 700—300 nm range on
HP8452A or Cary S0 instruments equipped with thermostated
multicell transport. Runs with t,,, < 10 s were performed using an
Applied Photophysics SX20 MV stopped-flow instrument with
photodiode-array detection (J&M TIDAS). For runs carried out at
elevated pressures with ¢, > 10 s, an already-described pressurizin§
cell system setup connected to a TIDAS J&M instrument was used.”
For experiments run at variable pressure with t,, < 10 s, a previously
described pressurized stopped-flow mixing unit connected with fiber
optics to a J&M TIDAS instrument was used.”

The observed rate constants were derived from absorbance versus
time traces at the wavelengths where a maximum increase and/or
decrease of the absorbance were observed. Calculation of the
observed rate constants from absorbance versus time monitoring of
the reactions, studied under first-order concentration conditions, was
carried out using the Specfit or ReactLab software packages;*"** the
general kinetic technique is that previously described.*>”® All postrun
fittings were carried out by the standard available commercial
programs.

For the oxidation reactions, solutions of the square compound were
prepared in the relevant buffers at I = 1.0 M (NaClO,) and mixed
with the relevant amounts of a peroxodisulfate-buffered (I = 1.0 M
NaClO,) stock solution and buffer at I = 1.0 M NaClO,. For the
reduction process, the oxidized square was dissolved in 0.001 M
HCIO,, and this was added to the relevant buffered solutions for the
study (I = 1.0 M NaClO,).
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