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The kinetico-mechanistic study of the formation of discrete tri- and tetranuclear mixed-valence cyano-bridged
(CoIII)2/Fe

II and (CoIII)3/Fe
II complexes has been carried out from their already described parent dinuclear CoIII/FeII and

mononuclear CoIII complexes. Different CoIII encapsulating units have been used in order to tune both the redox
potential on the mono- and dinuclear complexes and the lability of the mononuclear building blocks. The importance of
outer-sphere precursor complex formation involving the oppositely charged reactants has been established by
experiments conducted at high ionic strength where electrostatic effects are nullified. The influence of the pH is also
crucial, and this has been linked to the pH dependence of the precursor CoIII/II redox potentials in terms of enabling a
redox-assisted association (at low pH) between the ferricyanide analogue and the labile CoII partner. A new
asymmetric CoIIIL/FeII/CoIIIL0 complex has been fully characterized, and a series of putative (CoIIIL)2/Fe

II/CoIIIL0 and
(CoIIIL)3/Fe

II forms have been spectroscopically detected. A comparison with the mechanistic reaction pathways
established for the formation of the parent dinuclear CoIII/FeII complexes indicates that an important tuning of the direct
substitution and redox-catalyzed mechanism is applicable. For the formation of the trinuclear complexes, only in the
most favorable conditions is a redox-assisted sequence observed. The rate and activation parameters for the reactions
have been determined and are indicative of an essential outer-sphere precursor formation. Similarly, for reactions
where redox-assisted mechanisms are unfavorable, only direct substitution processes have been found to be
applicable, with their rate coefficients and activation parameters also agreeing with the expectations, once an outer-
sphere precursor complex is formed. Formation of the tetranuclear (CoIIIL)3/Fe

II complexes has only been detected on
decomposition of the parent trinuclear (CoIIIL)2/Fe

II complexes following reduction to their CoII form. The overall
processes seem to be based on the outer-sphere association between the respective building blocks in such a way that
both unfavorable redox potentials and Lewis basicities are overcome.

Introduction

Mixed-valence transition-metal compounds have been
intensively studied, with those involving cyano-bridged poly-
meric motifs being the first known examples.1,2 The theore-
tical basis of their electronic structure and properties has
emerged in parallel with electron-transfer and spectroscopic
investigations.3-6 A general feature of so-called Class II

mixed-valence complexes5 is the existence of ametal-to-metal
charge-transfer (MMCT) electronic transition. These com-
plexes can be used in different ways: as general multielectron
donor/acceptor systems;7 as compounds with useful macro-
scopic properties (such as magnetism);8,9 as photoinduced
electron-transfer devices (involving the MMCT band to give
a charge-separated species),10 and from a fundamental
standpoint for understanding electronic delocalization
betweenmetal centers.4 In this respect, the careful determina-
tion and control of the mechanism of assembly as well as the
characterization of polynuclear mixed-valence complexes
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underpin all theoretical and spectroscopic studies of these
compounds.
In recent years, wehave been involved in the preparation of

a series of discrete Class II mixed-valence cyanide-bridged
complexes of the type [LCoIIINCFeII(CN)5]

- (where
L represents a neutral pentadentate N5- or N3S2-donor
macrocyclic ligand), as well as in their formation mechanism
and redox reactivity.11-15 Compounds of this type have been
anchored on TiO2 surfaces in order to check their possible
use as dye-sensitized solar cell sensitizers.16 Following
these studies, the formation of trimetallic species of the type
[{LCoIIINC}2Fe

II(CN)4]
2+ has also been achieved, and some

of the complexes have been fully characterized.17 Their redox
reactivity has also been studied for comparison with their
parent dinuclear species; furthermore, their encapsulation in
silica matrixes has been achieved, and their reactivity was
found to parallel that seen in solution.18

The reaction sequence for the formation of dinuclear
complexes has already been established and that for tri-
nuclear complexes has been assumed to be the same.17,19

Nevertheless, no systematic kinetico-mechanistic study of the
assembly of trinuclear mixed-valence complexes of this type
has been carried out. This is important because the rational
“bottom-up” assembly of more sophisticated mixed-valence
polynuclear complexes demands control over both reactivity
and stereoselectivity in order to avoid intractable mixtures of
products. We have utilized the hexacyanoferrate(II) anion
(and its trivalent analogue) extensively as the “core” reactive
center, where the terminal N atoms of the cyano ligands
coordinate to a different metal center (typically CoIII). In
principle, between one and six Co ions may be taken up by
each ferrocyanide moiety (and all combinations in between
including isomeric cis/trans and mer/fac forms).
The mechanism for the assembly of dinuclear CoIII/

FeII complexes involves the formation of an outer-sphere
[CoIIIL(OH2)]

3+/[FeII(CN)6]
4- complex, which then under-

goes an electron-transfer cross reaction to generate a labile
CoII complex (and ferricyanide). The CoII complex under-
goes rapid ligand exchange with a terminal N atom of
ferricyanide, with inner-sphere electron transfer (CoII to
FeIII) generating the inert CoIII-NC-FeII final product.
However, the introduction of successive tripositive CoIII

moieties raises the FeIII/II redox potential by about 200 mV
for each CoIII ion.17 Ultimately, this will disfavor the initial
outer-sphere reduction of the monomeric CoIII complex by
the polynuclear {CoIII/FeII(CN)6} assembly. The result will
be that a redox-assisted mechanism becomes unfavorable
relative to a direct substitution process on the inert CoIII

center without reduction. This alternative process is bound to
producemuch slower and less predictable reactions.We have
reported that raising the redox potential of the polycyanoiron
complex may be achieved by the introduction of bipyridyl
ligands (i.e., [FeII(bpy)(CN)4]

2-), and this has the same effect
as disabling any redox-assisted mechanism for the assembly
of mixed-valence complexes.15 Scheme 1 illustrates the
diversity of processes inherent to these studies (n = 0,
trinuclear complexes; n > 0 higher-nuclearity complexes)
The key point should be determining which mechanism
operates for the different “building block” components, as
well as which combinations can be obtained under specific
conditions. Furthermore, the possible simultaneous parallel
direct substitution and redox-assisted substitution mechan-
isms in some cases have to be considered. The final goal is the
establishment of a rational and controllable preparative
method that is often lacking for the assembly of many of
the related polynuclear aggregates.9,20,21

In this paper, we present a kinetico-mechanistic study of
the formation of trinuclear mixed-valence [{LCoIIINC}
{L0CoIIINC}FeII(CN)4]

2+ complexes with a range of N5 and
N3S2 pentadentate ligands22 (Scheme 1) The complex with
L= L14 and L0 =L14S has been prepared and characterized
for the first time following the preparative mechanistic
procedure determined and represents the first example in a
series of complexes having nonequivalent acceptor centers
showing distinct redox potentials. The formation of the
tetranuclear mixed-valence species [{L14Co

IIINC}3Fe
II(CN)3]

5+

has also been studied by use of the already known cis- and
trans-[{L14Co

IIINC}2Fe
II(CN)4]

2+precursor building blocks
plus the mononuclear {CoIIIL14} unit. The results obtained
indicate that a fine-tuning of the preparative mechanistic
reactivity exists in these processes, highlighting the challenges
of this chemistry in previous attempts. The redox potentials
of both the Fe and Co centers play a crucial role in
determining the alternative activation of direct substitution
versus redox-assisted processes (Scheme 1) Furthermore, the
effect of the ionic strength of the reaction medium has also
been studied, given the importance of the formation of
specific precursor outer-sphere complexes.19

Experimental Section

SafetyNote!Althoughwehave experiencednoproblemswith
the compounds in this work, perchlorate salts are potentially
explosive and should only be handled in small quantities, never
scraped from sintered glass frits, and never heated while in the
solid state.

Syntheses. All of the {CoIIIL} building block mononuclear
complexes (Scheme 1) have been prepared by well-established
procedures23-26
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The trinuclear complex [{trans-I-L14Co
IIINC}{trans-III-

L14SCo
IIINC}FeII(CN)4]

2+ was obtained for the first time in
this work by the reaction of equimolar quantities of the dinuclear
mixed-valence complex26 [{trans-I-L14Co

IIINC}FeII(CN)5]
-

and the corresponding trans-III-[CoClL14S]
2+ mononuclear

building block cobalt complex. An aqueous solution 8 � 10-3

M in both complexes (50 cm3) at a resulting pH of 4.5 was
reacted at room temperature for 3 h; the mixture was diluted 8-
fold and loaded on a Sephadex C-25 cation-exchange column.
Under these conditions, only two cationic species eluted sepa-
rately with 0.1 M NaClO4. They were each concentrated to a
small volume (ca. 5 cm3) at room temperature on a rotary
evaporator; the addition of ethanol (ca. 150 cm3) yielded two
solids in equal amounts.

The solid from the first band (40% yield) was characterized as
trans-[{trans-I-L14Co

IIINC}{trans-III-L14SCo
IIINC}FeII(CN)4]

2+.
13C NMR (D2O): trans-I-L14, 21.0, 30.8, 52.9, 54.9, 55.1, 62.1,
68.5 ppm; trans-III-L14S, 21.8, 28.1, 34.5, 44.0, 58.4, 64.1, 71.6
ppm; cyanides, 174.0 (�4), 189.9, 191.0 ppm. The peaks
indicate the presence of both trans-I-L14 and trans-III-L14S

ligands,13,26,27 as well as three cyanide carbon signals (Figure
S1a in the Supporting Information) indicative of its trans
geometry and mirror-plane symmetry. Anal. Calcd (found) for
[{L14Co

IIINC}{L14SCo
IIINC}FeII(CN)4](ClO4)2 3 8H2O: C,

28.85 (29.13); N, 16.82 (16.50); H, 5.88 (5.49); S, 5.50 (5.34).
Electrochemistry (mV vs NHE): 820 (FeIII/II), -210 and -490
(CoIII/II). Electronic spectrum inwater [λmax/nm (ε /M-1 cm-1)]:
456 (1102), 515 (1025). IR (νCN/cm

-1): 2126, 2093, 2050.
The solid from the second band was also dissolved in D2O

and its 13C NMR spectrum recorded. The signals of the trans-I-
L14 and trans-III-L14S ligands were the only ones present in
the saturated carbon region (trans-I-L14, 21.0, 30.8, 52.9, 54.9,
55.1, 62.1, 68.5 ppm; trans-III-L14S, 21.8, 28.1, 34.5, 44.0, 58.4,
64.1, 71.6 ppm),13,26,27 but in the cyanide carbon region, the

spectrum shows five predominant signals at 171.9 (�2),
172.3, 172.4, 189.0, and 189.4 ppm plus some other minor
signals (Figure S1b in the Supporting Information). The
solution eluted from the column before workup exhibited
UV-vis spectral maxima at 455 and 510 nm (ε455/ε510 = 1.03)

and redox potentials (mV vs NHE): 845 (FeIII/II), -240

and -510 (CoIII/II).
The solid was consequently dissolved and reloaded on a

Sephadex C-25 cation-exchange column. Elution with 0.1 M
NaClO4 produced again two distinct bands, the first having the
electronic spectrum of the trans-[{trans-I-L14Co

IIINC}{trans-
III-L14SCo

IIINC}FeII(CN)4]
2+ isomer. Again the second band

was precipitated following the sameworkup procedure as before
and rechromatographed. A series of minor bands appeared on
elution, indicating decomposition of the probable cis-[{trans-
I-L14Co

IIINC}{trans-III-L14SCo
IIINC}FeII(CN)4]

2+ isomeric form
of the desired complex (see the Results and Discussion section).
No further characterization was carried out given the inherent
instability of this isomeric form.

PhysicalMethods.NMRspectrawere recorded on aVarian
Mercury-400 (1H 400 MHz or 13C 100.6 MHz) instrument in
D2O/H2O (8/2 to 2/8) using NaTSP as the external standard at
Serveis Cient�ıfico-T�ecnics, Universitat de Barcelona. Elemental
analyses, as well as inductively coupled plasma optical emission
(ICP-OES), were also carried out by Serveis Cient�ıfico-T�ecnics,
Universitat de Barcelona. UV-vis spectra were recorded on
HP5482A, Cary 50, or J&M TIDAS instruments depending
on the circumstances, as indicated. Cyclic voltammnetry and
differential pulse voltammetry (DPV) experiments were carried
out on a PAR EG&G 263A instrument using a glassy carbon
working electrode, a Ag/AgCl (3 M KCl) reference electrode,
and a platinum wire counter electrode on 1 � 10-3 M solutions
of the sample and using 0.1 M NaClO4 as the supporting
electrolyte unless stated. For the processes that were found to
be irreversible on such a working electrode, polarography on a
mercury dropworking electrodewas used on aMetrohm757VA
Computrace instrument. All potential values are given versus
NHE once corrected for the reference electrode used.

Scheme 1
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Kinetics. All reactions were followed by UV-vis spectro-
scopy in the full 800-300 nm range. Observed rate constants
were derived from the absorbance versus time traces at wave-
lengths where a maximum increase and/or decrease of the
absorbance was observed.28 No dependence of the observed
rate constant values on the selectedwavelengthswas detected, as
was expected for reactions where a good retention of isosbestic
points is observed. The general kinetic technique is that pre-
viously described;19,29,30 both pseudo-first-order and second-
order conditions were used for the studies (see the Results
and Discussion section).31 For pseudo-first-order conditions,
the concentration of the complex in deficit was kept in the
(3-5) � 10-3 M margin, and rate constants were found to be
independent of its concentration. For second-order conditions,
the concentrations of both reactants were kept equal and within
the (3-5) � 10-3 M margin. In both cases, the rate constants
were determined by the use of Specfit.32 Acetate and borax
buffer solutions were prepared with I = 0.2 M for pH 5 and 9,
respectively; I = 1.0 M was achieved with NaClO4.

33

Atmospheric pressure runs were recorded on a Cary 50 or a
HP8452A instrument, equipped with a thermostatted multicell
transport. For runs carried out at elevated pressures, an already
described pressurizing cell system setup was used connected to
a TIDAS instrument.34,35 All of the values obtained for the first-
and second-order rate constants as a function of the metal
complex, temperature, pressure, and different reactant concen-
trations are collected in Table S1 (Supporting Information).

Thermal activation parameters (ΔHq and ΔSq) have been
determined by the standard Eyring plots of ln(k/T) vs 1/T, while
the volumes of activation have been calculated from the slopes
of the established ln k vs P plots.28,31

Results and Discussion

Precursor Complexes. The simple [CoCl(NH3)5]Cl2
mononuclear complex only required recrystallization
for purification, while the macrocyclic complexes
[CoClL](ClO4)2 (L = L13, L14, L15, L14S) demanded
cation-exchange chromatography in order so separate
both their cis and trans isomers and various N-based
isomers depending on the ring size.13,27 Only the final
thermodynamically stable isomeric forms of all of these
complexes in different media have been used for this
study in order to avoid complications from isomeriza-
tion during the assembly reaction. These most stable
forms are (according to the trivial nomenclature nowwell
established for the N-based isomers of cyclam com-
plexes),27,36 cis-V-[CoClL13]

2+, trans-I-[CoClL14]
2+,

and trans-III-[CoClL14SCl]
2+ (see Chart 1 as an example

for L14). The hydroxo derivatives of the complexes
were obtained in solution by base hydrolysis of the
corresponding chloro compounds23 to produce thermo-

dynamically and kinetically stable forms. These are
trans-I-[CoOHL14]

2+ (from trans-I-[CoClL14]
2+) and

trans-II-[CoOHL14S]
2+ (from trans-III-[CoClL14SCl]

2+),
whichwere used for further reactivity.27 The isomeric form
and purity of all of the different species have been deter-
mined by 13C NMR in D2O/H2O.
The [{LCoIIINC}FeII(CN)5]

- (L = cis-V-L13, trans-I-
L14, trans-III-L15, and trans-III-L14S) dinuclear buil-
ding blocks used is this study have also been prepared
via the procedures already described.13-15,26,37 The
cis- and trans-[{trans-I-L14Co

IIINC}2Fe
II(CN)4]

2+pre-
cursor building blocks have also been prepared by pub-
lished procedures.17,18 The isomeric purity of the di- and
trinuclear complexes has also been established by 13C
NMR in D2O/H2O.27

Mechanistically Driven Preparation of the Complexes.
Although some trinuclear complexes of the family of
mixed-valence CoIII2 /FeII cyano-bridged complexes
shown in Scheme 1 have already been prepared and
characterized (structurally and spectroscopically),17 the
mechanism leading to their formation was uncertain.
In some cases, trinuclear complexes were obtained
(accidentally) as byproducts in the preparation of the
parent dinuclear CoIII/FeII compounds.17,18,38 In this
respect, the cyclic voltammogram signature of the
trinuclear CoIII2 /FeII complexes (an anodically shifted
FeIII/II redox couple relative to the dinuclear precursor)
is always observed on repetitive redox cycling of the
dinuclear CoIII/FeII complexes, inferring that the redox
mechanism operating for the formation of the dinuclear
complexes also applied (Scheme 1).39 Nevertheless,
the increasing redox potential of the iron center upon
attachment of successive mononuclear {CoIIIL} units
to the bridging cyano ligands must ultimately preclude
the redox-assisted process; i.e., the FeII center can
no longer act as a reductant to trigger a redox-assisted
reaction.15 Moreover, the formation of a {3+/1-}
([CoL(OH2)]

3+/[LCoNCFe(CN)5]
-) or a {2+/1-}

([CoLX)]2+/[LCoNCFe(CN)5]
- (X =OH- or Cl-) out-

er-sphere complex is less favorable than the more attrac-
tive {3+/4-} or {2+/4-} association in the synthesis of

Chart 1
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4107–4111.

(31) Espenson, J. H. Chemical Kinetics and Reaction Mechanisms;
McGraw-Hill: New York, 1981.

(32) Binstead, R. A.; Zuberbuhler, A. D.; Jung, B. SPECFIT32 [3.0.34];
Spectrum Software Associates: Marlborough, 2005.
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the parent dinuclear species from [CoIIIL(OH2)]
3+/

[FeII(CN)6]
4- or [CoIIILX]2+/[FeII(CN)6]

4-.29,40

The first step taken in order to investigate which of the
two mechanisms indicated in Scheme 1 is dominant
(redox-assisted or direct substitution) in the formation
of species with nuclearities higher than 2 (n g 0) was a
simple study of the reaction of [{trans-III-L15Co

IIINC}
FeII(CN)5]

- or [{cis-V-L13Co
IIINC}FeII(CN)5]

- with
[CoIIIX(NH3)5]

2+ at a pH adjusted to 5 (X = Cl) and
9 (X = OH) with and without the presence of ethylene-
diaminetetraacetic acid (EDTA). The reduction of
[CoIIICl(NH3)5]

2+ in water leads to immediate dissocia-
tion of all ammine ligands so that EDTA acts as a
scavenger of the resulting Coaq

2+. At pH 5 in the presence
of EDTA, the reactions between [CoIIICl(NH3)5]

2+ and
the dinuclear CoIII/FeII complexes proceed rapidly (in
minutes) at 298 K with a resulting significant increase in
the intensity of the MMCT band around 500-550 nm,
characteristic of the formation of a new mixed-valence
species of higher nuclearity, i.e., {{LCoIIINC}{(EDTA)
CoIIINC}FeII(CN)4}.

41 When EDTA was omitted (at pH
5), the mixture produced an immediate precipitate attrib-
uted to the CoII salt of the anionic mixed-valence di-
nuclear precursor, as found in other [CoIIIX(NH3)5]

2+

reactions.42 It is thus clear that the reaction between
[CoIIICl(NH3)5]

2+ and dinuclear CoIII/FeII complexes
proceeds via an outer-sphere redox-assisted mechanism
involving a rapid reduction of the pentaammine complex
by the FeII center of the dinuclear mixed-valence complex
(Scheme 1, top). The kinetic information related to these
experiments is collected in the Kinetic Studies section.
When the reaction was carried out in the same way as

that at pH 9, the process is found to be much slower
(reaction times of 10-20 h at 333 K), and the presence or
absence of EDTA had no influence on the outcome. In
this case, the production of a mixed-valence complex of
higher nuclearity seems to be produced by a simple slow
substitution process (Scheme 1, bottom) of the hydroxo
ligand on [CoIII(OH)(NH3)5]

2+ (the only mononuclear
species present at pH 9) by one of the cyanide N atoms of
[{LCoIIINC}FeII(CN)5]

- with no formation of CoII at
any stage. The kinetic information related to the experi-
ments carried out with [{cis-V-L13Co

IIINC}FeII(CN)5]
-

is also collected in the Kinetic Studies section. Given the
fact that the redox potentials for all of the dinuclear CoIII/
FeII complexes are pH-independent within the range 5<
pH < 911 and that the charges of both mononuclear
pentaammine CoIII complexes are the same, the differ-
ences in the apparent mechanism have to be related to the
redox potentials of the [CoIIIX(NH3)5]

2+ units. Although
these redox reactions are totally irreversible, the CoIII/II

redox potentials of [CoIIICl(NH3)5]
2+/+ (+320 mV vs

NHE) and [CoIII(OH)(NH3)5]
2+/+ (-220 mV vs NHE)

have been determined polarographically.43 Clearly, the
large difference between the CoIII/II redox potentials of
the mononuclear precursors accounts qualitatively for
the redox-assisted reaction of the chloro complex being

favored while direct substitution on the hydroxocobalt
(III) analogue is preferred.
The next step was elucidating the mechanism for for-

mation of the known, andwell-characterized,17 trinuclear
cis- and trans-[{trans-I-L14Co

IIINC}2Fe
II(CN)4]

2+ spe-
cies from their common dinuclear [{trans-I-L14Co

IIINC}
FeII(CN)5]

- parent in a reaction with the mononuclear
trans-I-[CoXL14]

2+ (X=Cl or OH) building blocks. The
redox potentials of these mononuclear species have been
determined as -157 mV (X = Cl) and -450 mV (X =
OH) both versus NHE.26 When the process was con-
ducted at I = 1.0 M (NaClO4), no reaction with trans-I-
[CoIIIClL14]

2+ was evident at either pH 5 or 9 after 1 day
(before aquation of the chloro ligand takes place). Only
when the ionic strength was lowered to 0.2M at pH 9 was
any reactivity observed. It appears that the outer-sphere
precursor association28,44 is crucial, and inhibition at high
ionic strength prevents actuation of any of the mechan-
isms indicated in Scheme 1.Under these conditions (pH9,
I=0.2M), some kinetic experiments were conducted (see
the Kinetic Studies section) and the reaction rate and
activation parameters indicated that formation of the
known [{trans-I-L14Co

IIINC}2Fe
II(CN)4]

2+ complexes
takes place by a simple very slow substitution process.
In a further attempt to tune this reactivity, the redox

potentials of trans-III-[CoIIIClL14S]
2+/+ (-105 mV vs

NHE) and trans-II-[CoIII(OH)L14S]
2+ (-200 mV) were

determined. A much smaller difference between the
chloro and hydroxo complexes is apparent (noting also
that the macrocycles have different N-based configura-
tions, as were found in other complexes of this system).26

From there, the reactions of dinuclear core comp-
lexes [{trans-I-L14Co

IIINC}FeII(CN)5]
- and [{trans-

III-L14SCo
IIINC}FeII(CN)5]

- with the mononuclear
[CoIIIXL14S]

2+ (X = Cl or OH) complexes were investi-
gated at 0.2 and 1.0 M ionic strengths. In all cases,
the reaction with trans-III-[CoIIIClL14S]

2+ occurs within
minutes with an increase in the absorbance of around
520 nm at room temperature, indicating that the
trinuclear mixed-valence complexes are formed via the
redox-triggered sequence indicated in Scheme 1. Contra-
rily, the reactions of both dinuclear compounds with
trans-II-[CoIII(OH)L14S]

2+ occur in the hours/days time
scale at any ionic strength, indicating that a simple
slow substitution process is taking place under these
conditions. It is clear that the value of -105 mV is
still accessible for the redox process to take place
once the outer-sphere precursor complex, {[{LCoIIINC}
FeII(CN)5]

-;[CoClL14S]
2+} (L=L14 or L14S) forms. The

FeIII/II redox potential for the isolated dinuclear
complex is +630 mV (Table S2 in the Supporting
Information), but this value is not necessarily directly
comparable with that of the mononuclear cobalt
complex (-105 mV) in terms of the thermodynamics of
the outer-sphere electron-transfer reaction. When ion-
pair formation occurs, leading to the outer-sphere
complex {[{LCoIIINC}FeII(CN)5]

-;[CoClL]2+}, the ac-
tual FeIII/II and CoIII/II redox potentials within the
assembly are likely to be very different from those of
the individual precursors because of electrostatics and(40) Krak, I.; van Eldik, R. Inorg. Chem. 1990, 29, 1700–1704.

(41) Huchital, D. H.; Wilkins, R. G. Inorg. Chem. 1967, 6, 1022–1027.
(42) Gaswick, D.; Haim, A. J. Am. Chem. Soc. 1971, 93, 7347–7348.
(43) Curtis, N. J.; Lawrance, G. A.; Sargeson, A.M. Aust. J. Chem. 1983,

36, 1327–1339.
(44) Lappin, A. G. Redox Mechanisms in Inorganic Chemsitry; Ellis

Horwood: New York, 1994.
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hydrogen-bonding influenceswithin the outer-sphere com-
plex.Once the redoxpotential of themononuclear building
block is decreased to-200 mV and the precursor becomes
{[{LCoIIINC}FeII(CN)5]

-;[CoIII(OH)L14S]
2+} (L = L14

or L14S), the redox reactivity indicated in Scheme 1 (top) is
lost and a slow direct (CoIII) substitution process operates,
as for the [CoIII(OH)(NH3)5]

2+ reactions. In the Kinetics
Studies section, the kinetic experiments carried out to
corroborate this mechanism are collected.
Once the mechanistic pathways leading to trinuclear

complexes were established, the study of the possible
formation of tetranuclear (CoIII)3/Fe

II was envisaged. It
is clear from the reactivity indicated above that the
activation of a redox-driven mechanism is improbable.
Indeed, the reaction of trinuclear [{L14Co

IIINC}2-
FeII(CN)4]

2+ with [CoIIIX(NH3)5]
2+ in acid (X = Cl)

and alkaline (X=OH) pH in the absence of EDTA gave
no precipitation of CoII species in any case. That is,
the redox mechanism indicated in Scheme 1 (top) was
not operative for this model reaction. Consequently,
the slower substitutionally directed mechanism was
monitored, via UV-vis spectroscopy, with [CoIII(NH3)5
(OH2)]

3+ (pH 5) and [CoIII(OH)(NH3)5]
2+ (pH 9) and at

high ionic strength to offset the electrostatic repulsion of
the 3+/2+ and 2+/2+ charged reactants. In the alka-
line pH regime, no reproducible reactionwas observed for
1 day at 70 �C before decomposition of the solution
mixture took place, even with a 10-fold excess of the
mononuclear hydroxo complex. Similarly, at pH 5 and
using a noncoordinating buffer,45,46 no increase of the
absorbance in the 500-520 nm region was observed after
1 day at 80 �C, indicative of no formation of a newmixed-
valence complex. Nevertheless, when 0.04 � 10-3 mol of
trans-[{trans-I-L14Co

IIINC}2Fe
II(CN)4]

2+ was dissolved
in 50 cm3 of a pH 5 (I=0.4M) buffer with a 5-fold excess
of trans-I-[CoIII(H2O)L14]

3+ and left at 70-80 �C for
3 days, only 70-75% of the starting trinuclear complex
was recovered by chromatography workup. Elution with
0.5 M NaClO4 of a dark-brown band, which was left on
top of the column after workup, produced a solution

(ca. 10% yield) showing the expected electrochemistry
andUV-vis spectrum for a tetranuclear [{L14Co

IIINC}3-
FeII(CN)3]

5+ species (Figure S2 in the Suppor-
ting Information;E�(FeIII/II)=1040mV,E�(CoIII/II)=-
315mV, λ=490 nm (2000M-1 cm-1), and 430 nm (2300
M-1 cm-1). ICP-OES analyses for iron and cobalt
from these chromatographed solutions showed a Co/Fe
ratio of 2.90 (i.e., 3:1), indicating the validity of the
tetranuclear assignment. That is, although no substitu-
tion could be monitored reproducibly, applying forc-
ing conditions led putatively to the expected tetra-
nuclear mixed-valence complex. A redox-driven pro-
cess (Scheme 1, top) from a partially decomposed
reaction mixture following an MMCT excitation
can explain these results, as discussed in the following
section.
Mixed-Valence Complexes. The complexes cis- and

trans-[{trans-I-L14CoIIINC}{trans-III-L14SCoIIINC}
FeII(CN)4]

2+ (Scheme 2) have been prepared for the first
time following the redox-facilitated mechanism indicated
above . The complexes show 13C NMR spectra expected
for this family of complexes; the trans-I-L14 and trans-III-
L14S geometrical isomeric forms have been confirmed
from the 13C NMR data in the aliphatic carbon region
when compared with published data on similar com-
pounds of known stereochemistry.27 The signals for
the cyanide carbons at 171.9, 172.3, 172.4, 189.0, and
189.4 ppm and at 174.0, 189.9, and 191.0 ppm are as
expected for the cis and trans isomers.17,18 The values of
the more intense signals at 171.9 and 174.0 ppm are
assigned to the two and four equivalent terminal cis-CN
groups, respectively, while the signals at 189.0 and
189.9 ppm have been assigned to the FeII-CN-CoIIIL14

ligands and those at 189.4 and 191.0 ppm to the bridging
FeII-CN-CoIIIL14S ligands, according to the trend
observed for the dinuclear complexes of this family.
The electrochemistry of the species on a glassy carbon
electrode shows a reversible FeIII/II response around
800 mV (vs NHE) (Figures 1a and S3a in the Supporting
Information) and a rather broad irreversible response for
the CoIII units. When the cobalt signal was studied
by DPV on a mercury drop electrode, two clearly resol-
ved couples were identified at -200 and -500 mV
(vs NHE) corresponding to the {CoIII(trans-III-L14S)}

Scheme 2

(45) Jermyn, M. A. Aust. J. Chem. 1967, 20, 183–184.
(46) Yu, Q.; Kandegadara, A.; Xu, Y.; Rorabacher, D. B. Anal. Biochem.

1997, 253, 50–56.
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and {CoIII(trans-I-L14)} units according to the donor
character of the macrocyclic ligand (Figures 1b and S3b
in the Supporting Information).13

The values found for all of these redox potentials
follow the expected trend and are collected in Table 1
together with other relevant data for these and other
complexes of the family. The iron center shows a positive
shift of ca. 200 mV upon attachment of a tripositive
{CoIIIL} unit to the dinuclear parent; similarly, the
{CoIIIL} units show shifts of ca. +100 mV (L = L14)
and +150 mV (L = L14S) upon modification of the
{FeII(CN)6} attached unit. The influence of the other
metal centers on the redox couples of groups within the
“unsymmetrical” multinuclear complexes appears to
be greater than within that of their “symmetrical”
counterparts. In this respect, the energy of the MMCT
transition (Eop; Table 1) for complexes at 515 and 510 nm,
which vanished upon S2O8

2- oxidation of the FeII moiety
(Figure 2),11,18 can be related to the thermodynamic
driving force of the photoinduced intramolecular
FeII-to-CoIII electron-transfer reaction of the trinuclear
unit as well as the reorganizational energy, λ, of the
charge transfer according to eq 1.6 The appearance of
the band at ca. 400 nm is related to the formation of the

{FeIII(CN)6} moiety on the oxidized {CoIIIL14}/Fe
III/

{CoIIIL14S} complex.

Eop ¼ ΔG� þ λ ð1Þ

In each complex, the value of Eop appears to be the
same for both FeII-to-CoIII transitions (no splitting of the
MMCT band is apparent);Eop= 19 420 and 19 610 cm-1

for the trans and cis isomers, respectively. Values forΔG�,
calculated from the difference between the redox poten-
tials,6 are 10 350 cm-1 (FeIICNCoIIIL14) and 8140 cm-1

(FeIICNCoIIIL14S) for the trans isomer and 10 705 cm-1

(FeIICNCoIIIL14) and 8570 cm-1 (FeIICNCoIIIL14S) for
the cis form. These data produced for the trans isomer
values of λ of 9070 and 11 280 cm-1 for the FeIICN-
CoIIIL14 and FeIICNCoIIIL14S units, respectively, and
8905 and 11 040 cm-1 for the equivalent units on the
cis form, which are quite different from the reorganiza-
tional energy found for the parent units in the dinuclear
species (9800 and 9600 cm-1, respectively).14 Although
a decrease from 9800 to 9500 cm-1 has already been
observed for theFeIICNCoIIIL14 unit on going fromdi- to
trinuclear complexes,17 the significant increase from

Figure 1. (a) Cyclic voltammogram of the cis-[{trans-I-L14Co
IIINC}{trans-III-L14SCo

IIINC}FeII(CN)4]
2+ complex (as eluted from the column) on a

glassy carbon electrode (100mVs-1). (b)Cathodic differential pulse polarography (step 1mV, 0.4 s; amplitude50mV, 0.04 s) of trans-[{trans-I-L14Co
IIINC}

{trans-III-L14SCo
IIINC}FeII(CN)4]

2+ on a mercury drop electrode.

Table 1. Characterization Data for the New Mixed-Valence Asymmetric Trinuclear Complexesa

Compound λMMCT (ε)/nm (M-1cm-1) E�(FeIII/II)/mVb E�(CoIII/II)/mVb

trans-[{trans-I-L14Co
IIINC}{trans-III-L14SCo

IIINC}FeII(CN)4]
2+ c 515 (1025) 820 -490, -210

cis-[{trans-I-L14Co
IIINC}{trans-III-L14SCo

IIINC}FeII(CN)4]
2+ c 510d 845 -510, -240

trans-[{trans-I-L14Co
IIINC}2Fe

II(CN)4]
2+ 17 490 (950) 844 -530

cis-[{trans-I-L14Co
IIINC}2Fe

II(CN)4]
2+ 17 475 (1060) 842 -528

trans-[{trans-III-L15Co
IIINC}2Fe

II(CN)4]
2+ 17 515 (930) 804 -533

cis-[{trans-III-L15Co
IIINC}2Fe

II(CN)4]
2+ 17 515 (950) 790 -530

cis-[{trans-III-L14SCo
IIINC}2Fe

II(CN)4]
2+ 38 547 (1060) 884 -269

[{trans-I-L14Co
IIINC}FeII(CN)5]

- 14 510 (510) 630 -600
[{trans-III-L14SCo

IIINC}FeII(CN)5]
- 14 566 (515) 640 -350

trans-I-[CoIIIClL14]
2+ 26 -157

trans-I-[CoIII(OH)L14]
2+ 26 -450

ctrans-III-[CoIIIClL14S]
2+ -105

ctrans-II-[CoIII(OH)L14S]
2+ -200

[FeII(CN)6]
4- 44 465

aRelevant literature data from other tri-, di-, and mononuclear complexes of the same family are included for comparison. bVersus NHE.
cThis work. d ε not determined.
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9600 to 11 100-11 200 cm-1 for FeIICNCoIIIL14S is
remarkable. In this case, the appearance of the MMCT
band at the wavelength observed is related to an
increase in the reorganizational energy, λ. The sol-
vent hydrogen-bonded cages surrounding these types of
complexes,11,12,47 combined with the diverse nature of the
stereochemistry of the donors on the CoIII centers, four
NH (hydrogen-bonded donor) groups pointing toward
the iron-bonded cyano ligands (trans-I-L14) versus two
NH groups pointing to the iron-bonded cyano ligands
in the trans-III-L14S Co moiety (Scheme 2), seem to play
a role in the differences observed.
The relative instability of the cis-[{trans-I-L14Co

IIINC}
{trans-III-L14SCo

IIINC}FeII(CN)4]
2+ species merits

further comment and can be related to the reorganiza-
tional energy observed for the FeIICNCoIIIL14S unit upon
MMCT excitation coupled with steric hindrance.
Although the complex is evidently formed during pre-
parative procedures (as seen from the 13CNMR signals in
the cyanide region), workup of the complex produces
inevitably the more stable trans isomer in addition to all
of the possible mono- and dinuclear components, i.e.,
trans-III-[CoIIIL14S(OH2)]

3+, trans-I-[CoIIIL14(OH2)]
3+,

[{trans-III-L14SCo
IIINC}FeII(CN)5]

-, and [{trans-I-L14-
CoIIINC}FeII(CN)5]

-, as found from theUV-vis spectra
of species separated by cation chromatography of
mixtures that had been allowed to stand for exten-
ded periods. The presence of nonstatistical quantities of
cis-[{LCoIIINC}2Fe

II(CN)4]
2+species had already been

noticed before, with L14 andL15,
17 but it was attributed to

steric factors. No evolution from the solution of any of
the isomeric forms was observed at reasonable times, but
a rather different response is seen here. It is clear that the
instability of the system is driven by a fast redox reaction
(see above), while activation of a slower substitutionally
driven mechanism is relevant for the L14 and L15 com-
pounds (reverse steps of Scheme 1).
Interestingly, ion-exchange chromatography of solu-

tions of trans- and cis-[{trans-I-L14Co
IIINC}{trans-III-

L14SCo
IIINC}FeII(CN)4]

2+ that had been standing for

extended periods showed also a number of positively
charged bands eluting with 0.5 M NaClO4 after the
purified trinuclear complexes. The UV-vis spectrum of
the most intense band (Figure S4a in the Supporting
Information) has a very broad band in the 425-550 nm
region (460nm (2200M-1 cm-1); 515 nm (1800M-1 cm-1)),
and its electrochemistry shows one redox response at
1060 mV and two at -195 and -100 mV (Figure S4b,
c in the Supporting Information), which were assigned
to the FeIII/II and {CoIII/IIL14} and {CoIII/IIL14S} centers,
according to the trend observed for this family of com-
plexes (Table 1). ICP-OES analyses for iron and cobalt
from these chromatographed solutions showed a Co/Fe
ratio of 2.95 (i.e., 3:1), indicating the validity of a tetra-
nuclear assignment. Table 2 collects these data together
with those observed in the decomposition of the trans-
[{trans-I-L14Co

IIINC}2Fe
II(CN)4]

2+ indicated above.
Kinetic Studies. As indicated in the previous sections, the

preliminary kinetic studies carried outwith [CoIIIX(NH3)5]
2+

(X = Cl or OH) and [{LCoIIINC}FeII(CN)5]
- (L = cis-

V-L13 and trans-III-L15) proved to be very revealing.
Figure 3 indicates the typical limiting kinetics trend28,44

of the observed pseudo-first-order rate constants of the
reaction of [CoIIICl(NH3)5]

2+ (redox process, see above)
and [CoIII(OH)(NH3)5]

2+ (substitution process, see
above) with the concentration of excess CoIII/FeII

mixed-valence complexes (Scheme 3 and eq 2). The values
extracted for the redox processes of [CoIIICl(NH3)5]

2+ at
pH 5.0 and I= 1.0 M are 298klim = 5.4 � 10-4 and 2.0�
10-4 s-1 (for the reaction with [{cis-V-L13Co

IIINC}
FeII(CN)5]

- and [{trans-III-L15Co
IIINC}FeII(CN)5]

-)
with respect to precursor formation equilibrium con-
stants, KOS, of 590 and 530 M-1. For the substitu-
tion reaction of [CoIII(OH)(NH3)5]

2+ at pH 9.0 and
I = 1.0 M with [{trans-III-L15Co

IIINC}FeII(CN)5]
-,

the relevant values are 333klim = 1.6 � 10-3 s-1 and KOS =
340M-1.

kobs ¼ klimKOS½reactant excess�
1 þ KOS½reactant excess� ð2Þ

The data collected for the redox processes on
[CoIIICl(NH3)5]

2+ show interesting differences from the
values in the literature for the reduction of the same
complex with [FeII(CN)6]

4-.19,29 In that case, the values
of 298klim and KOS have been found to be 2.7 � 10-2 s-1

and 40 M-1, respectively. Although, according to the
Marcus theory,48,49 the difference in klim (=kelectron transfer)
can be related to the 200 mV positive shift of the redox
potential of the FeII center in the dinuclear mixed-valence
complex, the difference in the value of KOS is much
more difficult to rationalize. The importance of specific
hydrogen-bonding interactions with these dinuclear
complexes has already been established, and the values
of KOS were found to be not solely based on charge
factors.30,50

Figure 2. Spectral changes upon S2O8
2- oxidation of the mixed-valence

trinuclear complex trans-[{trans-I-L14CoIIINC}{trans-III-L14SCo
IIINC}

FeII(CN)4]
2+prepared in this work. Total time 30min, [S2O8

2-]=0.1M,
[H+] = 0.01 M, 30 �C.

(47) Macpherson, B. P.; Alzoubi, B. M.; Bernhardt, P. V.; Mart�ınez, M.;
Tregloan, P.; van Eldik, R. Dalton Trans. 2005, 1459–1467.

(48) Marcus, R. A. Annu. Rev. Phys. Chem. 1964, 15, 155–196.
(49) Marcus, R. A. Angew. Chem., Int. Ed. Engl. 1993, 32, 1111–1121.
(50) P�erez-Tejada, P.; L�opez-P�erez, G.; Prado-Gotor, R.; S�anchez, F.;

Gonz�alez-Arjona, D.; L�opez-L�opez, M.; Bozogli�an, F.; Gonz�alez, G.;
Mart�ınez, M. Inorg. Chim. Acta 2006, 359, 149–158.
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In this respect, the substitution process on [CoIII(OH)
(NH3)5]

2+ at 60 �C is ca. 1 order of magnitude faster than
any of the anation reactions studied on aquapentaammi-
necobalt(III) centers, while the value ofKOS is 2 orders of
magnitude larger.51,52 This is extremely interesting, given
the Id mechanism operating for the substitution of pen-
taamminecobalt(III) complexes53,54 and the Lewis basi-
city of the hydroxo group. If the high value of KOS

obtained is accepted to involve an element of molecular

recognition for association,12,18,30 as indicated above, the
value of klim for the substitution process does not have to
be related to a simple dissociative interchangemechanism
of the hydroxo ligand, so explaining the results obtained
for this system.
The kinetics of the processes leading to some of the

characterized discrete trinuclear mixed-valence com-
plexes was also monitored; Table 3 collects the relevant
data for the reactions studied. In all cases, only 1:1
second-order rate constants could be obtained; the high
absorption coefficient of the dinuclear complex14 pre-
vents its use as a reactant in excess under conditions
producing high enough absorbance changes. Similarly,
the use of an excess of the mononuclear cobalt complex
had to be avoided in order to prevent the formation of
complexes of higher nuclearity (see before). Conse-
quently, the possible values of KOS for association of
the precursor complexes could not be determined.44

From the data collected in Table 3, it is clear that an
important difference exists between the reaction occur-
ring at low pH (substitutionally inert mononuclear chloro
derivatives) and high pH (substitutionally inert mono-
nuclear hydroxo derivatives). From the data determined
for the pentaammine derivatives, it is clear that only the
processes involving the more easily reduced trans-III-
[CoIIIClL14S]

2+ complexes occur via the redox-triggered
substitution mechanisms indicated in Scheme 1, bottom.
The reaction rate constant is too large and the process
too simple (Figure 4) for a chloride aquation reaction

Table 2. Characterization Data for the Mixed-Valence Tetranuclear Complexesa

Compound λMMCT/nm E�(FeIII/II)/mV E�(CoIII/II)/mV

[{L14Co
IIINC}3Fe

II(CN)3]
5+ 490 1040 -315

[{trans-I-L14Co
IIINC}2{trans-III-L14SCo

IIINC}FeII(CN)3]
5+ b 515 1060 -195, -100

trans-[{trans-I-L14Co
IIINC}{trans-III-L14SCo

IIINC}FeII(CN)4]
2+ 515 820 -490, -210

cis-[{trans-I-L14Co
IIINC}{trans-III-L14SCo

IIINC}FeII(CN)4]2+ 510 845 -510, -240
trans-[{trans-I-L14Co

IIINC}2Fe
II(CN)4]

2+ 17 490 844 -530
cis-[{trans-I-L14Co

IIINC}2Fe
II(CN)4]

2+ 17 475 842 -528
cis-[{trans-III-L14SCo

IIINC}2Fe
II(CN)4]

2+ 38 547 884 -269
[{trans-I-L14Co

IIINC}FeII(CN)5]
- 14 510 630 -600

[{trans-III-L14SCo
IIINC}FeII(CN)5]

- 14 566 640 -350
aRelevant data from other tri- and dinuclear complexes of the same family are included for comparison (Table 1). bAssigned from the relative

intensity of the -195 and -100 mV signals (see the text).

Figure 3. Observedpseudo-first-order rate constants for the reaction of (a) [CoIIICl(NH3)5]
2+ (pH5.0, 0.2Macetate buffer) and (b) [CoIII(OH)(NH3)5]

2+

(pH 9.0, 0.2 M borate buffer) as a function of the concentration of excesses of the CoIII/FeII mixed-valence complexes indicated, I= 1.0 M.

Scheme 3a

a klim represents the electron-transfer rate constant or the substitution
rate constant. B is the reactant in excess. The final products are C+Dor
CD, depending on whether the mixed-valnce compounds are formed.

(51) Ferrer, M.; Gonz�alez, G.; Mart�ınez, M. J. Chem. Soc., Dalton Trans.
1990, 2597–2602.

(52) Ferrer, M.; Gonz�alez, G.; Mart�ınez, M. Inorg. Chim. Acta 1991, 188,
211–219.

(53) Tobe, M. L. Advances in Inorganic and Bioinorganic Mechanisms;
Academic Press: London, 1983; Chapter 2, pp 1-94.

(54) Tobe, M. L.; Burgess, J. Inorganic Reaction Mechanisms; Longman:
Essex, U.K., 1999.
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followed by an anation by the dinuclear mixed-valence
complex.55 Surprisingly, the values found for the thermal
activation parameters are of the same magnitude as those
found for the reactions of the same cobalt complexes with
[FeII(CN)6]

4-, despite the less favorable redox potential
in the present case. However, the activation parameters
are derived from the second-order rate constants, and any
contribution of the outer-sphere association constant
is included in the values. In fact, the overall process
becomes enthalpically more favorable at lower ionic
strength, as expected,56 while keeping similar values
for ΔSq, which should have both outer-sphere and elec-
trostriction contributions. In this respect, the value of
theΔVq determined (trans-III-[CoIIIClL14S]

2++ [{trans-
I-L14Co

IIINC}FeII(CN)5]
- at I = 1.0 M) is on the

same order as those obtained for the formation of
the parent dinuclear complexes, indicating again that
the differences expected are probably compensated
for between outer-sphere association and electostriction
factors.
At high pH, all of the values found for the reaction rate

constants are more than 1 order of magnitude smaller,
and the thermal activation parameters are indicative of a
large degree of disorder en route to the transition state.
In agreement with the preliminary kinetic experiments

carried out on [CoIII(OH)(NH3)5]
2+, the process seems

directed by a simple dissociatively activated substitution
process of the hydroxo ligand at the mononuclear CoIII

complex by one of the cyanide N atoms of the dinuclear
mixed-valence complex. Taking into account that the
outer-sphere association constant has been determined
as 340 M-1 for the similar pentaammine system,
the values of k appear in the 10-4 s-1 region, as expected
for substitution on a [CoIIIX(RNH2)5]

2+ center.
The trend found for the substitution rate constants agrees
very well with the strength of the CoIII-OH bond,
expected to be weaker for complexes with the ligand
having a better donor character, i.e., L14S.

13 The values
found for the enthalpy of activation agree with
the dissociation of a hydroxo ligand under these condi-
tions. The activation entropies are extraordinarily
large and, in contrast to the reactions carried out on the
chloro derivatives, none of the parameters indicated in
Table 3 are affected significantly by the ionic strength of
the medium. Considering that the solvent and medium
effects on KOS have to be included in these two observa-
tions, it is clear,47 as seen for the reaction with [CoIII(OH)
(NH3)5]

2+, that the outer-sphere association is important
with consequent liberation of solvent, while electrostric-
tion is at its minimum, given the lack of charge transfer in
the process.
Finally, under these reaction conditions, long times and

high temperatures, secondary processes are observed

Table 3. Kinetic and Activation Parameters for the Formation of the Trinuclear Mixed-Valence Complexes CoIII/FeII/CoIII Studieda

Reaction of mononuclear complex + dinuclear mixed-valence complex I/M 333k/M-1 s-1 ΔHq/kJ mol-1 ΔSq/J K-1 mol-1

trans-I-[CoClL14]
2+ + [{trans-I-L14Co

IIINC}FeII(CN)5]
- 0.2 not detected

trans-III-[CoClL14S]
2+ + [{trans-I-L14Co

IIINC}FeII(CN)5]
- 0.2 5.9 97( 5 46( 8

1.0 1.5 104( 3 55( 10b

trans-I-[CoClL14]
2+ + [{trans-III-L14SCo

IIINC}FeII(CN)5]
- 0.2 not detected

trans-III-[CoClL14S]
2+ + [{trans-III-L14SCo

IIINC}FeII(CN)5]
- 0.2 5.2 96( 6 41( 21

1.0 1.4 105( 5 57( 17
trans-I-[Co(OH)L14]

2+ + [{trans-I-L14Co
IIINC}FeII(CN)5]

- 0.2 0.060 145( 8 160( 15
trans-II-[Co(OH)L14S]

2++ [{trans-I-L14Co
IIINC}FeII(CN)5]

- 0.2 0.31 138( 11 143( 30
1.0 0.18 131( 8 120( 17

trans-I-[Co(OH)L14]
2+ + [{trans-III-L14SCo

IIINC}FeII(CN)5]
- 0.2 0.045 123( 11 80( 20

trans-II-[Co(OH)L14S]
2+ + [{trans-III-L14SCo

IIINC}FeII(CN)5]
- 0.2 0.26 124( 8 100( 24

1.0 0.16 124( 6 97( 5
aChloro complexes at pH 5 (0.2 M acetate buffer) and hydroxo complexes at pH 9 (0.2 M borate buffer). bΔVq = 38 ( 2 cm3 mol-1.

Figure 4. (a) Spectral changes observed for the reaction of trans-III-[CoClL14S]
2+ with [{trans-I-L14Co

IIINC}FeII(CN)5]
- at I = 0.2 M (NaClO4) and

60 �C. (b) Extracted absorbance vs time trace at 405 nm showing the SPECFIT software fit to second-order conditions under equal 4 � 10-4 M
concentrations of the reactants.

(55) Tobe, M. L. Inorganic Reaction Mechanisms; Nelson: Sunbury-on-
Thames, 1977.

(56) Burgess, J. Ions in Solution; Albion/Horwood: Chichester, 1999.
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for systems where the {CoIIIL14S} building block is
present. As indicated in the previous section, the tri-
nuclear complexes with this unit seem to show a
certain instability from the kinetically formed isomeric
mixture. Light excitation of these complexes over long
times leads to photochemical decomposition of their
component units, and these react further until the
thermodynamically stable isomeric mixture is achieved.
The detection of mixtures of [CoIIIL14S(OH2)]

3+, [CoIII-

L14(OH2)]
3+, [{L14SCo

IIINC}FeII(CN)5]
-, and [{L14-

CoIIINC}FeII(CN)5]
- (plus putative [{trans-I-L14-

CoIIINC}2{trans-III-L14SCo
IIINC}FeII(CN)4]

5+) in aged
solutions of cis-[{trans-I-L14Co

IIINC}{trans-III-
L14SCo

IIINC}FeII(CN)4]
2+ (see above) corroborates this

reactivity not detected in other complexes of this family.

Conclusions

The reactivity for the formation of mixed-valence cyano-
bridged CoIII/FeII complexes of nuclearities higher that 2 has
been found to be very finely tuned between a redox- and a
substitution-driven mechanism of the sixth ligand in the
mononuclear macrocycle-encapsulated CoIII building bocks.
For the more redox-accessible chloro derivatives of the CoIII

building blocks, only the already established redox-driven
mechanism has been found to be operative for the formation
of trinuclear complexes, while for the hydroxo derivatives of
the same building blocks, the process has been found to be
substitutionally driven. Even though the reactivity behavior
could also be initially associated with simple redox potential
factors (Table S2 in the Supporting Information), a careful
analysis on nonencapsulated [CoIIIX(NH3)5]

2+ complexes

clearly indicates the preferred substitution reactivity of the
hydroxo derivatives. As a whole, the processes indicated in
Scheme 1 seem to be directed by an outer-sphere complex
capable of tuning the process by either overriding the redox
potential influence, in the case of some of the chloro deriva-
tives, or following the substitution process expected from a
redox-inactive system.
Nevertheless, the observed reactivities leading to com-

plexes with even higher reactivities are not directed by the
substitutionally driven mechanism. The formation of CoII

complexes capable of reacting with mixed-valence complexes
of lower nuclearity is needed in all cases. This {CoIIL} species
has been found to be produced by partial decomposition of
the parent building blocks, as found in previously studied
electrochemical processes. The improvement of the reaction
conditions for the formation of these compoundswith higher
nuclearities will be studied consequently.

Acknowledgment. Financial support for this work was
provided by DGI Grant CTQ2006-14909-C02-02. Help-
ful comments from Dr. Elisa Vall�es from the Departa-
ment deQu�ımicaF�ısica are acknowledged. The assistance
of Nieves Lorenzo with some of the preliminary results is
also acknowledged.

Supporting Information Available: Values of kobs determined
in this work, reaction potentials for the processes studied, 13C
NMR spectrum of the new asymmetric complexes prepared,
UV-vis spectra and electrochemical experiments of the tetra-
nuclear 5+ species observed, and UV-vis spectral changes for
one of the reactions studied. This material is available free of
charge via the Internet at http://pubs.acs.org.

4797Article Vol. 48, No. 11, 2009Inorg. Chem.,


