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The outer-sphere oxidation of FeII in the mixed-valence complex trans-[L14SCoIIINCFeII(CN)6]-, being L14S an N3S2

macrocylic donor set on the cobalt(III) center, has been studied. The comparison with the known processes of N5

macrocycle complexes has been carried out in view of the important differences occurring on the redox potential
of the cobalt center. The results indicate that the outer-sphere oxidation reactions with S2O8

2- and [Co(ox)3]3-

involve a great amount of solvent-assisted hydrogen bonding that, as a consequence from the change from two
amines to sulfur donors, are more restricted. This is shown by the more positive values found for ∆Sq and ∆Vq.
The X-ray structure of the oxidized complex has been determined, and it is clearly indicative of the above-mentioned
solvent-assisted hydrogen bonding between nitrogen and cyanide donors on the cobalt and iron centers, respectively.
trans-[L14SCoIIINCFeIII(CN)6], as well as the analogous N5 systems trans-[L14CoIIINCFeIII(CN)6], trans-[L15CoIIINCFeIII-
(CN)6], and cis-[L13CoIIINCFeIII(CN)6], oxidize water to hydrogen peroxide at pH > 10 with a rather simple stoichiometry,
i.e., [LnCoIIINCFeIII(CN)5] + OH- f [LnCoIIINCFeII(CN)5]- + 1/2H2O2. In this way, the reversibility of the iron oxidation
process is achieved. The determination of kinetic and thermal and pressure activation parameters for this water to
hydrogen peroxide oxidation leads to the kinetic determination of a cyanide based OH- adduct of the complex. A
second-order dependence on the base concentration is associated with deprotonation of this adduct to produce
the final inner-sphere reduction process. The activation enthalpies are found to be extremely low (15 to 35 kJ
mol-1) and responsible for the very fast reaction observed. The values of ∆Sq and ∆Vq (−76 to −113 J K-1 mol-1

and −5.5 to −8.9 cm3 mol-1, respectively) indicate a highly organized but not very compressed transition state in
agreement with the inner-sphere one-electron transfer from O2- to FeIII.

Introduction

Mixed-valence coordination complexes continue to attract
considerable attention. The possible application of such
complexes in a wide variety of processes emerges from their
valence localization/delocalization character and the proper-
ties derived from their intervalence electronic transitions,1

which are of relevance to magnetism2,3 and electrochromism.4

Theoretical studies5 of the properties directly related to the
nature of the metal-to-metal charge transfer (MMCT) energy
and its tunability according to solvent, ionic medium,
temperature, and pressure variations are many, and they have
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provided a better understanding of the electronic properties
of such species.6,7 The redox processes that involve the
appearance and disappearance of these MMCT bands in the
visible or near-IR zone of the electromagnetic spectrum have
also been studied in order to clarify the properties and
possible uses of the complexes.4,8,9 Nevertheless, one of the
important drawbacks in this field has been the relative
scarcity of well-characterized (molecular) mixed-valence
compounds where tunability of the MMCT has been possible
through modest variations in the structure of the complex.

In recent years we have been involved in the preparation
and characterization of a series of mixed-valence cyano-
bridged CoIII /FeII dinuclear complexes where the cobalt is
coordinated to a variety of pentadentate macrocyclic N5

ligands (Ln, wheren indicates the ring size), [LnCoIIINC-
FeII(CN)5]- (Chart 1).10-12 By doing so, important differences
in MMCT bands have been obtained, and the effects of
varying temperature, pressure, and ionic strength have been
studied.13,14Their outer-sphere oxidation reactions (CoIII /FeII

f CoIII /FeIII ) have also been described, and the results are a
clear indication of the importance of hydrogen bonding in
these processes as established previously.15 These interactions
involving the macrocyclic amine protons and their geo-
metrical distribution within the complex have been clearly
established via the joint determination of entropies and
volumes of activation for the oxidations of the nonprotonated
and doubly protonated species ([LnCoIIINCFeII(CN)5]-/
[L nCoIIINCFeII(CN)3(CNH)2]+) existing in acid-base equi-
librium. The values of the corresponding [LnCoIIINCFeII-
(CN)3(CNH)2]+ a [LnCoIIINCFeII(CN)5]- + 2H+ equilibrium
constants, pâ12, have also been established.15

The preparation of the equivalent speciestrans-[L14SCoIII -
NCFeII(CN)5]-, where the cobalt-bound macrocycle has been
changed from an N5 to an N3S2 set of donors (Chart 1) via
a mechanistically directed preparative procedure, has been
described elsewhere.16 The electrochemical data obtained are
a clear indication of the softer nature of the mixed donor
macrocyclic ligand which produces important changes in the
MMCT energy as well as in its outer-sphere redox behavior.
In this paper we present the study of its outer-sphere
oxidation process by S2O8

2- and [Co(ox)3]3- (ox ) C2O4
2-)

at variable temperature and pressure, and the results are
compared with those for the known N5 systems. The results
are interpreted in a similar way to those previously described
for the analogous N5 set of donors on the macrocycle. While
second-order kinetics are obtained for peroxodisulfate as
oxidizing agent, a limiting kinetic behavior is obtained for
the reaction with the higher charged and strong hydrogen
acceptor, [Co(ox)3]3-.17 The kinetic and temperature- and
pressure-dependent activation parameters are interpreted in
view of the poorer capability of the N3S2 macrocycle to
donate hydrogen bonds to the oxidizing agent. The X-ray
crystal structure of the oxidized formtrans-[L14SCoIIINCFeIII -
(CN)5] has also been determined, allowing the full charac-
terization of this complex system.

In the course of this oxidation study, the process has been
found to behave in a reversible way at high pH values,
indicating that the oxidized form of the complextrans-[L14S-
CoIIINCFeIII (CN)5] is an effective oxidant of water at pH>
10. The process produces hydrogen peroxide rather than
oxygen, an unsual process that has not been previously
unambiguously reported. The reaction sequence involves the
formation of an OH- adduct in a rapid pre-equilibrium that
further reacts with more base deprotonating and generating
the final O2H- species after the FeIII to FeII reduction has
taken place. This process has also been studied at variable
temperature and pressure, and the reduction reaction of the
related cis-[L13CoIIINCFeIII (CN)5], trans-[L14CoIIINCFeIII -
(CN)5], and trans-[L15CoIIINCFeIII (CN)5] species have also
been carried out. The results are interpreted from the point
of view of an inner-sphere redox process, similar to related
reactions with [Fe(CN)6]2-/3- systems.18 The increased acidity
of the OH- coordinated in the adduct19 accounts for a second-
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order dependence of the value of the rate on [OH-] and
explains the trends observed.

Experimental Section

Synthesis. cis-[CoL14SCl]Cl2, Na{cis-[L13CoIIINCFeII(CN)5]},
trans-[L15CoIIINCFeIII (CN)5]‚5H2O, trans-[L14CoIIINCFeIII (CN)5]‚
4H2O, and Na{trans-[L14SCoIIINCFeII(CN)5]}‚7H2O were prepared
according to previously described methods.10,15,16,20Other chemicals
were analytical grade, commercially available, and used without
further purification.

[L nCoIII NCFeIII (CN)5] (L n ) L13, L14S). The general procedure
for these new complexes is the same. To a solution of the
corresponding Na[LnCoIIINCFeII(CN)5] complex (0.25 g, 0.2× 10-3

mol) in 25 mL of water, 0.14 g (0.59× 10-3 mol) of sodium
peroxodisulfate was added. The reaction mixture changed from red
to yellow within 2 h and was left to crystallize; the yellow crystals
obtained were washed with cold water and air-dried.

trans-[L14SCoIIINCFeIII (CN)5]‚4H2O. Anal. Calcd (Found) for
C17N9S2 H25CoFe‚4H2O: N 20.79 (20.76), C 33.67 (33.47), S 10.57
(10.62), H 5.49 (5.13). IR (KBr disk),νj/cm-1: 2107, 2117
(equatorial CN), 2129 (axial CN), 2169 (µ-CN). UV-vis (H2O)
(λ, ε)max/(nm, M-1 cm-1): 285, 15100; 411, 900; 438, 900. Cyclic
voltamogramE1/2/mV (NHE reference):-320, 650 (1.0 M LiClO4).
X-ray quality crystals oftrans-[L14SCoIIINCFeIII (CN)5]‚2H2O were
obtained by slow recrystallization in water in a cool cabinet.

cis-[L13CoIIINCFeIII (CN)5]‚5H2O. Anal. Calcd(Found) for C16-
N21H25 O5CoFe‚5H2O: N 26.73 (26,77), C 33.35 (33.24), H 6.12
(6.06). IR (KBr disk),νj/cm-1: 2111 (equatorial CN), 2120 (axial
CN), 2171 (µ-CN). UV-vis (H2O) (λ, ε)max/(nm, M-1 cm-1): 328,
1063; 408, 869; 437, 950. Cyclic voltamogramE1/2/mV (NHE
reference):-543, 626 (1.0 M LiClO4).

Protonation Constants.Spectrophotometric titrations21 (1.0 M
HClO4) of the mixed-valencetrans-[L14SCoIIINCFeII(CN)5] complex
were carried out on a Cary 50 instrument to determine its acidity
constants. Solutions were transferred to a 50 mL cell and thermo-
stated at 25°C; addition of small amounts of standard 0.1 M NaOH
produced successive changes in the UV-vis spectrum with pH
which indicated the presence of two distinct processes as found
for the equivalent N5 systems.15 As before, the pKa values
determined by the use of the SPECFIT software22 were too close
to allow the selective formation of the monoprotonated complex.
Consequently only pâ12 could be determined, and hence studies
on the nonprotonated and diprotonated species were carried out.

Electrochemistry.Electrochemical experiments were carried out
with a EG&G PAR 263A instrument with a platinum wire working
electrode, a platinum wire secondary electrode, and a Ag/AgCl
reference electrode; solutions were degassed prior to the cyclic
voltammetry experiment. Voltammograms of the complexes were
carried out at 1× 10-3 M complex concentration in 1.0 M LiClO4.

Crystallography. Cell constants were determined by a least-
squares fit to the setting parameters of 25 independent reflections
measured on an Enraf-Nonius CAD4 four-circle diffractometer
employing graphite monochromated Mo KR radiation (0.71073 Å)
and operating in theω-2θ scan mode. Data reduction and empirical
absorption corrections (Ψ-scans) were performed with the WINGX23

package. The structure was solved by Paterson methods with
SHELXS-86 and refined by full-matrix least-squares analysis with
SHELXL-97.24 The H atoms of the two water molecules were
located from difference maps and then restrained to their parent
O-atom using a riding model. The drawing of the complex (Figure
1) was produced with ORTEP3.25 All non-hydrogen atoms were
modeled with anisotropic thermal parameters. Table 1 collects the
relevant crystallographic data.

Kinetic Measurements.Reactions were followed by UV-vis
spectroscopy in the full 800-300 nm range. Observed rate constants
were derived from the absorbance vs time traces at wavelengths
where a maximum increase or decrease of absorbance was observed.
No dependence of the observed rate constant values on the selected
wavelengths was detected, as expected for reactions where a good
retention of isosbestic points is observed. The general kinetic
technique is that previously described.15,26In all cases pseudo-first-
order conditions were maintained, and the complex concentration
was kept at (2-5) × 10-4 M. Neither the oxidation nor the reduction
rate constants showed any trend on the concentration of the metal
species, which is indicative of a simple stoichiometry for the
reactions studied. At atmospheric pressure, runs witht1/2 > 170 s(19) Wilkins, R. G.Kinetics and Mechanisms of Reactions of Transition

Metal Complexes; VCH: Weinheim, 1991.
(20) Lawrance, G. A.; Martı´nez, M.; Skelton, B. W.; White, A. H.Aust. J.

Chem.1991, 44, 113-121.
(21) Perkampus, H. H.UV-Vis Spectroscopy and Its Applications;

Springer: Berlin, 1992.
(22) Binstead, R. A.; Zuberbu¨hler, A.; Jung, B.SPECFIT[3.0.34], 2003.
(23) Farrugia, L. J.J. Appl. Crystallogr.1999, 32, 837-838.

(24) Sheldrick, G. M.SHELX-97: Programs for Crystal Structure Analysis
[Release 97-2], Institut fu¨r Anorganishe Chemie, Universita¨t Göttin-
gen: Germany, 1998.

(25) Farrugia, L. J.J. Appl. Crystallogr.1997, 30, 565.
(26) Martı́nez, M.; Pitarque, M.; van Eldik, R.Inorg. Chim. Acta1997,
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Figure 1. trans-[L14SCoIIINCFeIII (CN)5]. Selected bond lengths (Å) and
angles (deg): Co(1)-N(1) 1.971(3); Co(1)-N(2) 1.963(2); Co(1)-N(3)
1.943(2); Co(1)-N(4) 1.887(2); Co(1)-S(1) 2.2167(9); Co(1)-S(2) 2.2188(8);
Fe(1)-C(12) 1.916(3); Fe(1)-C(13-17) 1.939(3)-1.950(3); Co(1)-N(4)-
C(12) 174.3(3); Fe(1)-C-N 174.9(3)-179.9(4).

Table 1. Crystal Data

formula C17H29CoFeN9O2S2 Z 4
fw 570.39 T/K 296(2)
space group P 21/n (No. 14, variant onP 21/c) λ/Å 0.71073
a/Å 11.6307(7) µ/cm-1 14.48
b/Å 14.659(1) Dc/g cm-3 1.521
c/Å 14.613(1) R(Fo)a 0.0335
â/deg 90.763(5) Rw(Fo

2)b 0.0889
V/Å3 2491.2(3)

a R(Fo) ) ∑||Fo| - |Fc||/∑|Fo|. b Rw(Fo
2) ) [∑w(Fo

2 - Fc
2)/∑wFo

2]1/2.
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were recorded on an HP8452A instrument equipped with a
thermostated multicell transport while for runs witht1/2 < 7 s an
Applied-Photophysics stopped-flow instrument connected to a J&M
TIDAS spectrophotometer was used. For runs at variable pressure,
temperature, and concentration, conditions were set in a way that
all kinetic measurements could be carried out by the use of a
homemade stopped-flow instrument connected to a J&M TIDAS
spectrophotometer.27 All the values obtained for the pseudo-first-
order rate constants as a function of dinuclear metal complex,
temperature, pressure, and [OH-] are collected in Tables S1 and
S2.

Hydrogen Peroxide and Oxygen Detection.The hydrogen
peroxide formed during the reaction was measured by the standard
method which uses Mohr salt as reductant, the iron(III) formed
being complexed by xylenol orange; the absorbance at 590 nm of
the complex allows the evaluation of the hydrogen peroxide
concentration.28,29 Solutions were degassed prior to the measure-
ments. Blank experiments performed on solutions of the CoIII /FeII

species indicated that no H2O2 is produced from the reaction
medium. Free oxygen concentrations were determined with a
CRISON oxymeter OXI330 detector with a sensor cell OX305.

Results

Compounds. The crystal structure oftrans-[L14SCoIII -
NCFeIII (CN)5]‚2H2O was determined, and a view of the
complex is shown in Figure 1. The trans coordination mode
of the macrocycle is apparent with the pendent primary amine
coordinating in the axial site orthogonal to the macrocyclic
plane. The configuration of the macrocyclic donors may be
described astrans-III, where the two amine H-atoms point
down (as drawn) and the S-donor lone pairs point up. The
conformation of the two five-membered chelate rings is
identical resulting in a staggered orientation. The conforma-
tion of the ligand is identical to that defined in the crystal
structure of the one-electron-reduced parent Na{trans-[L14S-
CoIIINCFeII(CN)5]}‚51/2H2O‚1/2EtOH.16

There are some notable bond length variations between
trans-[L 14SCoIII NCFeIII (CN)5]‚2H2O and trans-[L 14CoIII -
NCFeIII (CN)5]‚5H2O, the pentaamine analogue.11 Although
the corresponding Co-Namine bond lengths in the two
structures are the same within experimental error, the Co-
NtC coordinate bond is significantly shorter intrans-[L14S-
CoIIINCFeIII (CN)5] (1.887(2) Å) compared withtrans-[L14-
CoIIINCFeIII (CN)5] (1.913(4) Å). Also, the Fe(1)-C(12) bond
length (1.916(3) Å) to the bridging ligand is much shorter
than those to the remaining terminal cyano ligands (1.94-5
Å), whereas no significant variation in the six Fe-CtN
coordinate bonds was seen fortrans-[L14CoIIINCFeIII (CN)5].

Thetrans-[L14CoIIINCFeIII (CN)5] complex exhibits atrans-I
configuration of the four secondary amines, where all four
amine protons point toward the ferricyanide group. These
protons repel the ferrocyanide group somewhat and may
lengthen the Co-N and Fe-C coordinate bonds relative to
that seen fortrans-[L14SCoIIINCFeIII (CN)5], where two of

these protons are absent. However, the fact remains that the
Fe(1)-C(12) bond length is significantly shortened by
comparison with the terminal Fe-CtN coordinate bonds
and those found in the uncomplexed ferricyanide anion.30

The origin of this unusual observation is not obvious, but
an electronic influence exerted by the twoπ-acceptor
S-donors via the Co center is the most likely cause, which
strengthens both coordinate bonds associated with the
bridging cyano ligand. There is no significant effect on the
CtN bond length of the bridging ligand, which is compar-
able with those of the terminal ligands.

The structure comprises a network of dinuclear complexes
linked by intermolecular H-bonds. The two water molecules
in the asymmetric unit make strong bridging H-bonds
between terminal cyano N-atoms on different complexes:
O(1)-H(1C)‚‚‚N(7), 2.17 Å, 179°; O(1D)-H(1D)‚‚‚N(5)′,
1.93 Å, 169° (symmetry code-x + 5/2, y + 1/2, -z + 1/2);
O(2)-H(2C)‚‚‚N(6)′′, 1.93 Å, 162° (symmetry codex - 1/2,
-y + 1/2, z + 1/2); O(2)-H(2D)‚‚‚N8′′′, 1.90 Å, 158°
(symmetry codex - 1, y, z). The most significant H-bonding
interactions involving the coordinated amines are with the
water molecules (N(2)-H(2)‚‚‚O(1), 1.94 Å, 174° and N(3)-
H(3D)‚‚‚O(2), 2.02 Å, 160°) and a terminal cyano N-atom
(N(3)-H(3C)‚‚‚N(9)′, 2.19 Å, 161° (symmetry codex - 1,
y, z)).

Mixed-Valence CoIII /FeII Complex Oxidation Kinetics.
In view of the very different redox and spectral properties
of the complex aniontrans-[L14SCoIIINCFeII(CN)5]- (E°CoIII /CoII

) -560 mV;E°FeIII /FeII ) 650 mV; MMCT 438 nm, 900 M-1

cm-1) by comparison with its pentaamine analoguetrans-
[L14CoIIINCFeII(CN)5]- (E°CoIII /CoII ) -320 mV;E°FeIII /FeII )
644 mV; MMCT 513 nm, 490 M-1 cm-1),16 the study of its
redox behavior with typical outer-sphere oxidants such as
S2O8

2- and [Co(ox)3]3- was pursued (Figure 2). The studies
were carried out taking into account the value of pâ12 )
2.6, which accounts for thetrans-[L14SCoIIINCFeII(CN)5]-/
trans-[L14SCoIIINCFeII(CN)3(CNH)2]+ species distribution. In

(27) Bugnon, P.; Laurency, G.; Ducommun, Y.; Sauvegeat, P.; Merbach,
A. E. Anal. Chem.1996, 68, 3045-3049.

(28) Jiang, Z. Y.; Woollard, A. C. S.; Wolff, S. P.Lipids 1991, 26, 853-
586.

(29) Nourooz-Zadeh, J.; Tajaddini-Sarmadi, J.; Wolff, S. P.Anal. Biochem.
1994, 220, 406-409. (30) Marsh, R. E.Acta Crystallogr.1995, B51, 897-907.

Figure 2. UV-vis spectral changes obtained for the oxidation reaction
of complextrans-[L14SCoIIINCFeII(CN)5]- with S2O8

2- (T ) 20 °C, pH )
5.0, I ) 1.0 M LiClO4, [complex]) 5 × 10-4 M, [S2O8

2-] ) 10 × 10-3

M).
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this way, comparison of the data with those available for
the related dinuclear mixed-valence complexes, where the
cobalt moiety is coordinated by different sized N5 macro-
cycles is possible.15 For the S2O8

2- oxidation process, second-
order behavior is observed,31 while for [Co(ox)3]3- a limiting
kinetic scheme applies (Figure S1).32

The reaction scheme and rate law derived for the two
processes are the same as those applied in previous studies,
and the value of pâ12 is very similar to that determined for
the related complexes with different sized N5 macrocycles.15

Table 2 collects all the kinetic and activation parameters
determined in this study together with the relevant values
of the analogous systems that have been studied previously.
The values obtained for the kinetic and, both thermal and
pressure, activation parameters show the same general trends
in the entropies and volumes of activation as those obtained
for the previously studied systems. Nevertheless, the absolute
values of ∆Hq, ∆Sq, and ∆Vq for the oxidation with
trisoxalatocobaltate(III) of the nonprotonated complex show
important differences (Table 2) when two secondary amines
are substituted by sulfur donors.

The processes studied with S2O8
2- as oxidant were found

to produce well-behaved first-order absorbance vs time traces
in the pH range where the doubly protonated complex exists
as the sole compound. When the pH value was increased
for the study of the nonprotonated species, the spectral
changes became more erratic; even at pH> 10, no reliable
values ofkobscould be obtained. Under these conditions, the
redox reactions were observed to revert to the original CoIII /
FeII reduced form of the complex over long periods, which
implied that all the oxidizing agent had been consumed in a
catalytic process. This (reverse) reduction reaction becomes
dominant when the concentration of peroxodisulfate is low,
and no oxidation reaction is observed at pH) 11 with
stoichiometric amounts of oxidant. Under these conditions,
evolution of oxygen bubbles was observed. Similar observa-
tions were not apparent for blank solutions of Na2S2O8 and
were ascribed to a redox process involving the oxidized CoIII /
FeIII complex.

CoIII /FeIII Complex Reduction Kinetics.In view of the
above-mentioned results, the reduction processes of the

complexescis-[L13CoIIINCFeIII (CN)5], trans-[L14CoIIINCFeIII -
(CN)5], trans-[L14SCoIIINCFeIII (CN)5], and trans-[L15CoIII -
NCFeIII (CN)5] were studied. These complexes are stable at
neutral pH, but when NaOH is added, the reduced (CoIII /
FeII) compound is immediately formed, as shown by the
spectral changes indicated in Figure 3. The process is found
to be dependent on the value of [OH-] with a nonlinear
dependence as shown in Figure 4.

The base concentration dependence is inconsistent with a
rate law of the typekobs ) a[OH-]2 or kobs ) a[OH-]2 +

(31) Fagalde, F.; Katz, N. E.; Povse, V. G.; Olabe, J. A.Polyhedron1998,
18, 25-31.

(32) Marusak, R. A.; Osvath, P.; Kemper, M.; Lappin, A. G.Inorg. Chem.
1989, 28, 1542-1548.

Table 2. Kinetic, Thermal, and Baric Activation Parameters for the Oxidation Processes of Complextrans-[L14SCoIIINCFeII(CN)5]- with Different
Oxidants and at Different Acidities (I ) 1.0 M LiClO4)

species oxidant k298 × 102/M-1 s-1 ∆Hq/kJ mol-1 ∆Sq/J K-1 mol-1 ∆Vq /cm3 mol-1 (T /K)

trans-[L14SCoIIINCFeII(CN)5]- S2O8
2- 7.4 73( 2 -23 ( 6 8.1( 0.5 (291)

trans-[L14SCoIIINCFeII(CN)3(CNH)2]+ S2O8
2- 18 91( 2 44( 7 not determined

trans-[L14SCoIIINCFeII(CN)5]- [Co(ox)3]3- 0.056b 81 ( 6 -37 ( 19 13( 1 (293)

trans-[L14CoIIINCFeII(CN)5]- a S2O8
2- 5.0 61( 1 -65 ( 3 4.1( 0.1

trans-[L14CoIIINCFeII(CN)3(CNH)2]+ S2O8
2- 5.6 80( 2 2 ( 7 1.5( 0.1

trans-[L14CoIIINCFeII(CN)5]- a [Co(ox)3]3- 0.10c 51 ( 2 -131( 8 12( 1
trans-[L15CoIIINCFeII(CN)5]- a S2O8

2- 16 55( 5 -76 ( 16 19( 2
trans-[L15CoIIINCFeII(CN)3(CNH)2]+ S2O8

2- 18 85( 4 23( 15 11( 1
trans-[L15CoIIINCFeII(CN)5]- a [Co(ox)3]3- 0.11c 63 ( 6 -90 ( 19 18( 2

a Relevant data for the oxidation oftrans-[L14CoIIINCFeII(CN)5]- and trans-[L15CoIIINCFeII(CN)5]- from ref 15 have been included for comparison
purposes.b In s-1, KOS ) 120 M-1. c In s-1.

Figure 3. UV-vis spectral changes obtained for OH- reduction reaction
of trans-[L14SCoIIINCFeIII (CN)5] with NaOH (T ) 15 °C, P ) 300 atm,I
) 1.0 M LiClO4, [complex] ) 5 × 10-4 M, [OH-] ) 0.040 M).

Figure 4. Plot ofkobsvs [OH-] for the reduction oftrans-[L14SCoIIINCFeIII -
(CN)5] at different temperatures (I ) 1.0 M LiClO4).
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b[OH-] although a simple linear behavior is observed at high
base concentration values. The best fit to the data corresponds
to a rate law of the typekobs ) (a[OH-]2)/(1 + b[OH-]);
the fit is that shown in Figure 4. While a clear trend ofa
with temperature and pressure is observed, the values ofb
have a much larger error and no trend is observed. As seen
in the next section, the values of the ratioa/b can be related
to a second-order electron-transfer constant, while the term
b corresponds to an adduct formation equilibrium constant.
In this way the Eyring plots for thea/b term as well as the
ln(a/b) vs P plots could be constructed (Figure 5); Table 3
collects all the kinetic, thermal, and pressure activation
parameters derived from these plots.

To check the stoichiometry of the reaction, oxygen
evolution analysis was carried out on degassed solutions of
the oxidized CoIII /FeIII dinuclear complexes to which argon-
purged NaOH was added. In all cases no oxygen was
detected over extended periods as determined by an oxygen-
measuring electrode. The measure of H2O2 concentration of
these reaction mixtures, via spectrophotometric titration using
Mohr salt and xylenol orange,28,29 indicated that hydrogen
peroxide is produced in an Fe/H2O2 stoichiometric ratio of
1.95; the reaction thus being: [LnCoIIINCFeIII (CN)5] + OH-

f [L nCoIIINCFeII(CN)5]- + 1/2H2O2. Consequently, the
oxygen bubbles detected must correspond to subsequent

decomposition of H2O2 formed in the stoichiometric reaction.
The absence of any dependence of the rate constants on the
concentration of the CoIII /FeIII complexes is a clear indicator
that the reaction does not involve the operation of two
oxidizing metal centers as for some oxygen-producing
reactions of the same type.18,33-37

Discussion

Complex Oxidation. The reaction scheme and rate law
operating for the outer-sphere oxidation process are those
indicated in Scheme 1. When the oxidant is S2O8

2-, the
observed rate constant shows a linear dependence with the
peroxodisulfate concentration. For the oxidation with
[Co(ox)3]3-, a limiting first-order behavior is observed,
consistent with a redox mechanism involving a kinetically
significant outer-sphere precursor complex formation (Figure
S1).

The kinetic and activation parameters obtained for the
oxidation with S2O8

2- for the complexestrans-[L14SCoIII -
NCFeII(CN)5]- andtrans-[L14SCoIIINCFeII(CN)3(CNH)2]+ are
similar to those measured for previously described systems
(Table 2).15 The activation entropy values (-23 and+44 J
K-1 mol-1, respectively) indicate the important difference
in electrostriction for the formation of the respective outer-
sphere complexes. For the anionictrans-[L14SCoIIINCFeII-
(CN)5]- complex, the charge combination with the anionic
oxidant does not reduce the global charge,8,9,31while for the
cationic diprotonated complex,trans-[L14SCoIIINCFeII(CN)3-
(CNH)2]+, the charge is reduced on formation of the
precursor complex. This results in a much more positive
electrostriction entropy value for the latter. As seen in Table
2, these rate enhancements are compensated by an increase
in ∆Hq, producing similar∆Gq for both species.

When ∆Sq is compared with∆Vq for these systems, no
parallel behavior is observed. Taking into account that the
intrinsic changes in the{Fe(CN)5} moiety are known to be
minimal38 and that electrostriction should produce the same
effects in both parameters, solvent-assisted hydrogen interac-
tions must be responsible for the differences observed.26,39-42

These interactions explain the expansive ordering observed
for the oxidation oftrans-[L14SCoIIINCFeII(CN)5]-; for trans-
[L14SCoIIINCFeII(CN)3(CNH)2]+ the hydrogen bonding order-
ing effect is compensated by the large electrostriction drop
on the precursor formation equilibrium.

For the deprotonated and doubly protonated forms of both
14-membered macrocycle complexes (L14 and L14S), the

(33) Bhakare, H. A.; Rao, C. V. N.J. Indian Chem. Soc1974, 51, 543-
544.

(34) Thusius, D. D.; Taube, H.J. Am. Chem. Soc.1966, 88, 850-851.
(35) Anbar, M.; Pecht, I.J. Am. Chem. Soc.1967, 89, 2553-2556.
(36) Lancanster, J. M.; Murray, R. S.J. Chem. Soc. A1971, 2755-2758.
(37) Eaton, D. R.; Pankratz, M.Can. J. Chem.1985, 63, 793-797.
(38) Sharpe, A. G.The Chemistry of Cyano Complexes of the Transition

Metals; Academic Press: London, 1976.
(39) Gallego, C.; Gonza´lez, G.; Martı´nez, M.; Merbach, A. E.Organome-

tallics 2004, 23, 2434-2438.
(40) Geselowitz, D. A.; Hammershoi, A.; Taube, H.Inorg. Chem.1987,

26, 1842-1845.
(41) Martı́nez, M.; Pitarque, M.; van Eldik, R.J. Chem. Soc., Dalton Trans.

1994, 3159-3163.
(42) Martı́nez, M.; Pitarque, M. A.J. Chem. Soc., Dalton Trans.1995,

4107-4111.

Figure 5. (a) Eyring plot for the parameter (a/b) of the rate law applied
to the reduction reaction oftrans-[L14CoIIINCFeIII (CN)5] with base (I )
1.0 M LiClO4). (b) ln(a/b) vs P plot for the same process at 15°C.
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differences between the values of the activation enthalpy and
entropy are ca. 20kJ mol-1 and 60 J K-1 mol-1, respectively.
For the L15 ligand complexes, these differences are 10 and
40 units lower. It is clear that the size of the ligand plays a
very important role in the energetics of the oxidation
reaction.15,43Furthermore, the change from an N5 to an N3S2

macrocycle (Chart 1) around the CoIII center is responsible
for a positive shift in∆Hq and ∆Sq. The absence of two
nitrogens in the N3S2 macrocycle is probably the direct cause
of such increase, especially if we consider the above-
mentioned important contribution of hydrogen bonding
interactions in the activation parameters. It may also be
pertinent to note that the configuration of the macrocyclic
donor atoms changes going fromtrans-[L14CoIIINCFeII-
(CN)5]- (trans-I, all amine H-atoms pointing toward the{Fe-
(CN)6} moiety) totrans-[L14SCoIIINCFeII(CN)5]- (trans-III,
the two amine H-atoms pointing toward the{Fe(CN)6}
moiety and the S-donor lone pairs pointing away).

For the oxidation with [Co(ox)3]3-, given the rate law
applied, the neat determination of the electron-transfer rate
constant can be accomplished (Scheme 1). The value
determined forKOS is 120 M-1, very similar to that obtained
for the known analogous systems. The thermal activation
parameter indicated in Table 2 shows important differences
betweentrans-[L14SCoIIINCFeII(CN)5]- and the previously
publishedtrans-[L14CoIIINCFeII(CN)5]- andtrans-[L15CoIII -
NCFeII(CN)5]- complexes although∆Vq values are compa-
rable. Since the electrostriction contribution for the proper
electron-transfer process is the same for all the systems, the
differences observed have to be again related to possible
solvent-assisted hydrogen bonding interactions. This is not
surprising since the crucial implication of hydrogen bonding
interactions in the oxidation reactions by [Co(ox)3]3- has

already been established. Even its involvement in chiral
recognition has been studied successfully.17

Water Oxidation. While water oxidation by metal com-
plexes has been established for a long time, a complex
stoichiometry for the reaction applies in most cases.35 The
evolution of oxygen from the solution is normally associated
with the formation of hydroxide bridged species33 that
produces the right electron stoichiometry for the appearance
of molecular oxygen.44 Few reactions that unequivocally
produce hydrogen peroxide as the water oxidation product
have been fully studied from a kinetico-mechanistic point
of view.34 Any redox process involving the CoIII center via
deprotonation on the macrocyclic ligand has already been
discarded in other work,45 and the operation of a similar
process as the one observed for the present system has
already been established for other reactions related with the
{FeIII (CN)5} moiety.18,36,46In some these cases, the formation
of an adduct species with the reducing agent has been
established as a prior necessary condition to the FeIII

reduction process. Nevertheless, the reaction stoichiometry
is not as simple, and two oxidizing metal centers are involved
in the full process.37

In our case, the stoichiometry is much simpler although
the trend indicated in Figure 4 shows a rather complicated
involvement of the [OH-] in the rate law applied. The
application of the equationkobs ) (a[OH-]2)/(1 + b[OH-])
can be easily rationalized by the reaction mechanism
indicated in Scheme 2. Termb corresponds directly to the
equilibrium constant depicted byKaddwhile term (a/b) is the
outer sphere electron-transfer rate constant,ket. In this
reaction scheme, the initial equilibrium (2.1) produces an
OH- adduct of the dinuclear complex (similar to those found

(43) Gonza´lez, G.; Martı´nez, M.; Rodrı´guez, E.Eur. J. Inorg.Chem.2000,
1333-1338.

(44) Feig, A. L.; Becker, M.; Schindler, S.; van Eldik, R.; Lippard, S. J.
Inorg. Chem.1996, 35, 2590-2601.

(45) Hambley, T. W.; Lawrance, G. A.; Martı´nez, M.; Skelton, B. W.;
White, A. W. J. Chem. Soc., Dalton Trans.1992, 1643-1648.

(46) Schilt, A.J. Am. Chem. Soc.1960, 82, 3000-3005.

Table 3. Kinetic, Thermal and Baric Activation Parameters for the Water Oxidation Processes by the Complexes [LnCoIIINCFeIII (CN)5] Studied (I )
1.0 M LiClO4)

complex ba/M-1 (a/b)298 × 103/M-1 s-1 ∆Hq/kJ mol-1 ∆Sq/ J K-1 mol-1 ∆Vq/cm3 mol-1(T/K)

cis-[L13CoIIINCFeIII (CN)5] 21 2.2 27( 1 -91 ( 5 not determined
trans-[L14CoIIINCFeIII (CN)5] 22 0.20 28( 1 -108( 4 -8.9( 0.5 (288)
trans-[L14SCoIIINCFeIII (CN)5] 22 0.60 35( 3 -76 ( 9 -5.5( 0.4 (288)
trans-[L15CoIIINCFeIII (CN)5] 26 24 15( 1 -113( 5 -9.6( 0.3 (288)

a Average for the reaction conditions studied.

Scheme 1
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and characterized for similar systems)18,36,37and outer-sphere
reduction of the complex by another OH- ion occurs in
processes 2.2 and 2.3. Although the high oxidative power
of the •OH radical seems an impediment for such a
mechanism under the pH conditions used, this radical
deprotonates producing O•- (2.4), which is a weaker
oxidant,47-49 and rapidly dimerizes to produce the final
peroxo species, (2.5) and (2.6).50 Even so, the plausible and
unobserved oxidation of any of the C-H bonds present in
the ligand by this O•- radical represents an important reason
for dismissing such a mechanism.

The inner-sphere process depicted in Scheme 3 represents
a better approach, given the absence of the CH-reactive O•-

radical. The kinetics observed is also very well described

by this reaction scheme, providedKdep is very small (as
expected), making the term (Kadd×Kdep)×[OH-]2 in eq 3.7
negligible. In this reaction scheme, the rate law term (a/b)
corresponds to the second-order rate constant for the inner-
sphere electron-transfer process,Kdep×ket, while b is, again,
the adduct equilibrium formation constantKadd. This fact is
still in perfect agreement with the thermal and pressure
behavior obtained for the terms (a/b) andb explained before,
which indicated the rate and equilibrium constant nature of
the two terms, respectively. The expected increased acidity
of the coordinated OH- permits a further minimal deproto-
nation with a second OH- ion.19 The oxo-adduct produced
reduces the FeIII center via an inner-sphere reaction (3.3)
giving a mixed-valence{CoIII /FeII};O•- adduct. In this
sequence, the reduced adduct undergoes dimerization (3.4)
to produce a peroxo-bridged adduct that finally dissociates
giving the peroxo species detected in the reaction mixture.

The values of the first- or second-order electron-transfer
rate constant determined for the reduction of the set of CoIII /

(47) Hickel, B.; Sehested, K.J. Phys. Chem.1991, 95, 744-747.
(48) Wander, R.; Gall, B. L.; Dorfman, L. M.J. Phys. Chem.1970, 74,

1819-1821.
(49) Simic, M.; Hoffman, M. Z.; Ebert, M.J. Phys. Chem.1973, 77, 1117-

1120.
(50) Autrey, T.; Brown, A. K.; Camaioni, D. M.; Dupuis, M.; Foster, N.

S.; Getty, A.J. Am. Chem. Soc.2004, 126, 3680-3681.

Scheme 2

Scheme 3
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FeIII complexes, depicted in Table 3, show the opposite trend
than that expected from the value ofE° alone. The FeIII /FeII

redox potentials do not vary significantly: 612, 626, 644,
and 649 mV fortrans-[L15CoIIINCFeIII (CN)5], cis-[L13CoIII -
NCFeIII (CN)5], trans-[L14CoIIINCFeIII (CN)5], andtrans-[L14S-
CoIIINCFeIII (CN)5] complexes.15,16 While the values of the
electron-transfer rate constant fortrans-[L14CoIIINCFeIII -
(CN)5] andtrans-[L14SCoIIINCFeIII (CN)5] are very similar and
correspond to the slowest processes, for thetrans-[L15CoIII -
NCFeIII (CN)5] complex the value is 2 orders of magnitude
larger and fortrans-[L13CoIIINCFeIII (CN)5] the value is in
the middle. It is clear then that the rate variations do not
point to ground state differences,∆G° not being definitive
for the kinetics observed. The determined∆Hq values are
extraordinarily small in all cases, and they account for the
readiness of the reduction reaction, especially for the L15

complex. Similar small∆Hq values have been determined
for other reduction processes of FeIII complexes with ascorbic
acid.51 The values of∆Sq are clearly negative and large,
corresponding to a highly ordered transition state, ac-
companied by a small contraction as seen by the volume of
activation. For the complextrans-[L14SCoIIINCFeIII (CN)5],
the value of∆Hq is larger while∆Sq is less negative than
∆Vq.

In contrast to the oxidation processes in the previous
section, there is a correlation between the values of∆Sq and
∆Vq, indicating that no important solvent-assisted hydrogen
bonding interactions are occurring on the transition state. This
correlation further favors Scheme 3 vs Scheme 2, as it does
not agree with the important differences expected in the signs
of the ordering and compression parameters.15,52,53The small
values of∆Hq also agree with the operation of the latter
reaction mechanism proposed; the value of∆H° for Kdep is
expected to be very small indicating that the actual electron-
transfer process (3.3) is not enthalpy demanding, as expected.
As for the values of∆Sq and∆Vq, they should include the
values for the equilibrium depicted byKdep, which are also
expected to be small given the fact that no charges are created
or neutralized during the process. Finally, although very
noticeable, the above-mentioned important disagreement
between the∆G° and the facile nature of the reduction
reaction supports the reaction mechanism proposed. The
process does not correspond with an electron transfer
between the OH- ion and the CoIII /FeIII complex.

The values ofKadd that correspond to the termb in Table
3 are the same within the experimental error for all the
systems. The value is independent of the{LnCo} unit of the
dinuclear complex; this moiety does not play an important
role in its magnitude. Although this similarity could indicate
that the OH- adduct is formed on one of the nonbridging

cyanide groups, the electronic distribution of the bridging
cyanide ligand makes it more susceptible to attack at the
cyanide carbon. The fact that differences onKaddare expected
to be small and the kinetic methodology used is not ideal54

makes any further comments on the agreement between these
values tenuous. Any attempts to spectrophotometrically
detect this adduct have been unsuccessful, given the very
rapid reduction reaction. The detection of equivalent adducts
from the reduced CoIII /FeII form also proved fruitless; the
lower charge on the iron center probably disfavors the
formation of such a species even more so. In this respect,
we have been pursuing the inclusion of mixed-valence CoIII /
FeII complexes in silica matrixes;55 the IR and13C NMR
signals of cyanides in these solids are displaced to the CdN
zone in both cases, despite the fact that the reversible redox
process observed corresponds to the original cyanide-bridged
complexes. Similar interactions to that observed in this case
of the CtN bond with the-OR groups of the silica matrix
can be held responsible for this difference.

Conclusions.The recent preparation of the mixed-valence
complextrans-[L14SCoIIINCFeII(CN)5]- has allowed for a full
comparison of outer-sphere oxidation processes with related
N5 donor complexes, indicating that the reaction involves a
high degree of solvent-assisted hydrogen bonding that clearly
differentiates between N5 and N3S2 coordinated cobalt(III)
complexes. The oxidation reaction to the CoIII /FeIII complexes
is found to be reversible at high pH producing the original
mixed-valence complexes and hydrogen peroxide. The
reaction is found to have a second-order dependence on
[OH-] indicating the preliminary formation and deprotona-
tion of an OH- adduct that undergoes a inner-sphere redox
process. The pressure and thermal activation parameters, and
their correlations, indicate that the reaction is enthalpy driven
and they agree with the proposed inner-sphere character.
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