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Abstract: The [M4
IIL4]8� [2� 2]-grid-type complexes 1 ± 8 present a set of features of

particular interest for potential applications. All complexes exhibit multiple
reduction levels at low reduction potentials paired with rather high stability. The
modulation of the reduction potentials is possible by introduction of appropriate
substituents on the ligands. The CoII4 complexes 1 ± 5 present a remarkable regularity
in the disposition of the reduction levels, indicating the ability of the CoII sites to
transmit electronic interactions between reduced ligands. In general, all investigated
molecular systems 1 ± 8 show characteristics typical for multilevel supramolecular
electronic devices.
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Introduction

Fundamental physical constraints as well as economics are
expected to limit continued miniaturization in electronics by
conventional top-down manufacturing during the next one to
two decades.[1] Bottom-up approaches to electronics, in which
the functional electronic structures are assembled from well-
defined nanoscale building blocks, such as carbon nano-
tubes,[2] semiconducting nanowires[3] and/or molecules,[4] have
the potential to go far beyond the limits of conventional
manufacturing. Of particular interest and great potential are
approaches based on self-assembly processes capable of
generating functional supramolecular devices by spontaneous
but controlled build-up from their components, thus bypass-
ing tedious nanofabrication and nanomanipulation proce-
dures.[5]

Scaling down electronic processes to the molecular level
raises the question of controlling electron distribution in

molecules. Multistability on the molecular level, as required
for high-density information storage devices on the nanoscale,
might be achieved by exploitation of changes in intrinsic
molecular properties, such as the redox state. Multicenter
transition-metal complexes with different redox states appear
to be very attractive candidates for the design of multilevel
electronic devices.[6]

The redox chemistry of polynuclear oligopyridine com-
plexes has been investigated extensively and was reviewed
recently.[7] Most electrochemical studies deal predominantly
with metal ±metal interactions mediated through a bridging
ligand. Rather few papers provide a detailed analysis of
reduction processes,[8] which may carry a wealth of informa-
tion regarding the electronic interactions taking place in
complexes, mainly between ligand-based redox centers. Such
interactions among electrons localized on ligands are expect-
ed to be of the same order of magnitude as those between
metal centers (at least, if the ligands are bound to the same
metal center). Their detailed analysis opens the way to a
better understanding of these multielectron species as poten-
tial components of metallo-supramolecular electronic devices.
A prerequisite consists in the accurate determination of the
localization of electronic changes in the individual redox
steps.
Gridlike tetranuclear [M4

IIL4]8� metal complexes with four
octahedral coordination centers are accessible by self-assem-
bly of a transition-metal ion and an appropriate bis-tridentate
organic ligand in solution.[9] Such [2� 2]-grid species with
M�CoII or FeII exhibit interesting magnetic behavior.[10] In
addition, Co4II complexes have been shown to present unique
electrochemical properties.[9a, 11] Related features are found in
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a [2� 2]-grid-type compound based on four tetrahedral CuI
sites.[12]

The [M4
IIL4]8� [2� 2]-grid-type complexes 1 ± 8 (Scheme 1)

were generated by self-assembly from the corresponding
metal salt and ligand in acetonitrile solution. Their NMR and
mass spectroscopic properties were in agreement with their
structure following the characterizations described earlier.[9]

The products obtained could be used directly for the electro-
chemical investigations without further purification.
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2      CoII          BF4              L = B        

3      CoII          BF4              L = C         

4      CoII          BF4              L = D        

5      CoII          BF4              L = E        

6      FeII           BF4             L = B          
7      ZnII           CF3SO3    L = B      

8      MnII          ClO4           L = B

A    R1 = H        R2= H

B    R1 = Ph      R2= H

C    R1 = H        R2=COOMe

D    R1 = Ph      R2=COOMe

E    R1 = Ph      R2=SnPr

cation anion

Scheme 1. Structure of the ligands A ±E (left) and of the [2� 2] grid-type
complexes 1 ± 8 (right).

A first series of five [Co4IIL4][BF4]8 complexes (1 ± 5),
involving variation of ligand L, was investigated to reveal the
influence of ligand substitutions on the electrochemical
behavior.
The influence of the nature of the metal ion on the

electrochemical properties was studied by means of a second
series of four complexes [M4

IIL4][X]8 keeping the same ligand
L�B, but varying the metal ion: [Co4IIB4][BF4]8 (2),

[Fe4IIB4][BF4]8 (6), [Zn4IIB4][CF3SO3]8 (7), and [Mn4IIB4]-
[ClO4]8 (8).
We present here an extended investigation of the electro-

chemical behavior of these grid-like [M4
IIL4]8� complexes 1 ± 8

incorporating differently substituted ligands L and various
first row transition metal ions MII. In addition, spectro-
electrochemical experiments have been performed to confirm
the assignment of the redox sites.

Results

Electrochemical reduction of [M4
IIL4][X]8 complexes 1 ± 8 :

The electrochemical behavior of complexes [M4
IIL4][X]8 1 ± 8

(MII�Co, Fe, Zn, Mn; L�A, B, C, D, or E ; X�BF4�,
CF3SO3�, ClO4�) was investigated in dimethylformamide
(DMF) and acetonitrile (ACN) by cyclic (CV) and steady-
state voltammetry on a glassy carbon disc electrode.
An extended sweep width over a large potential range was

only accessible in DMF. However, in this solvent, slow
decomposition by decomplexation within hours or minutes
could be observed for several compounds by UV-visible
spectroscopy. For this reason, all electrochemical studies were
carried out only on freshly prepared solutions in a range of
concentration of 5� 10�4�.
In ACN, no decomplexation was observed, neither during

electrochemical studies nor by UV-visible spectroscopy. In-
deed, the complexes have been proved to be more stable in
this solvent. However, the low solubility of the electrochemi-
cally generated reduced species prevented investigations at
more negative potentials.

Variation of the ligand L–Complexes 1 ± 5 : All Co4II com-
plexes 1 ± 5 in DMF give rise to seven well-resolved reduction
waves during steady-state voltammetry in the available
potential range. Analysis of the amplitude and of the log-
plot slope indicates that the first reduction always presents the
characteristics of two overlapping reversible one-electron
reductions separated by 40 to 80 mV. In contrast, all following
waves are well-separated, reversible one-electron transfers
(log-plot slope for each step close to 60 mV, as expected for a
reversible one-electron transfer).
Cyclovoltammetry of complexes [Co4IIL4][BF4]8 1 ± 5 in

DMF at room temperature reveals well-resolved, multiple
single-electron processes with complete reversibility for each
compound (Table 1). Closer inspection of the redox potentials
of complexes 1 ± 5 in DMFexhibits, within the given similarity,
a slight dependence of the electrochemical behavior on the
ligand substitutions.
The CV of complex [Co4IIA4][BF4]8 (1) exhibits nine one-

electron reduction steps at room temperature. In comparison,
the reduction of [Co4IIB4][BF4]8 (2) under identical conditions
leads to the same number of reduction steps, but with the first
reduction potential slightly shifted to more positive values
(�E1/2��60 mV). Thus, substitution of the proton by a
phenyl group in the 2-position of the pyrimidine causes a
positive shift of the first reduction potential. However, this
shift is less pronounced in the following reductions and was
rather unexpected on the basis of the known inductive effects

Abstract in French: Une sÿrie de complexes 1 ±8 de type grille
[2� 2], [MII

4L4]X8 (avec M�Mn, Fe, Co, Zn; L�A ±E, X�
BF4

�, ClO4
�, CF3SO3

�) a ÿtÿ synthÿtisÿe et leurs propriÿtÿs
ÿlectrochimiques et spectro-ÿlectrochimiques ont ÿtÿ ÿtudiÿes.
Tous ces complexes prÿsentent des rÿductions monoÿlectron-
iques multiples localisÿes sur les ligands et sont stables ‡ la
rÿduction. Les potentiels de rÿduction peuvent e√tre modifiÿs
par le choix de la nature des substituents. Les complexes du CoII

1 ± 5 possõdent des niveaux de rÿduction ÿgalement espacÿs
mettant en ÿvidence l×aptitude de ces ions ‡ transmettre
l×interaction ÿlectrochimique entre les ligands. L×ensemble de
ces propriÿtÿs donne aux complexes 1 ± 8 le caractõre de
dispositifs fonctionnels supramolÿculaires ‡ niveaux ÿlectron-
iques multiples.
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of the substituents. Decreasing the temperature to �20 �C
resulted in an enlargement of the available potential window,
thus giving rise to two additional reduction steps close to the
electrolyte discharge.
The introduction of two electron-attracting ester groups per

ligand into the 4�-position yields complex [Co4IIC4][BF4]8 (3),
which bears a total of eight ester groups. The CVof 3 displays
a very pronounced shift of the first reduction potential
(Figure 1 top; �E1/2��200 mV). This shift is even larger for
the subsequent reduction steps and is increasing from step to
step (all values relative to complex 1). The complex
[Co4IID4][BF4]8 (4) bears both substitutions, a phenyl ring on
the pyrimidine unit and the carboxymethyl groups in the 4�-
position of the ligand. This leads to an even larger positive
shift of the first reduction potential (�E1/2��220 mV
relative to 1, Figure 1 bottom). On introduction of thio-n-
propyl groups into the 4�-position of the ligands in
[Co4IIE4][BF4]8 (5), the reduction potentials are close to those
of the unsubstituted compound 1. Apparently, the electronic
influences of the four phenyl and the eight thio-n-propyl
groups compensate each other in 5, resulting in an electronic
situation very similar to that of the reference compound 1.
In ACN, complexes 1 and 2 give rise to a maximum of only

seven reduction steps, whereas sharp peaks were observed on
the reverse scan, whose shapes are characteristic for anodic
redissolution processes. Evidently, the more reduced species
are no longer soluble in ACN and precipitate on the electrode
surface. However, CV in ACN carried out only to the sixth
one-electron reduction give curves corresponding to well-
resolved, reversible electron exchange. For completeness, the
values for compounds 1 and 2 obtained in ACN are also given
in Table 1.

Variation of the metal ion MII–Complexes 2, 6 ± 8 : In a second
series, the electrochemistry of four complexes [M4

IIB4][X]8 2,
6 ± 8 containing different first-row transition-metal ions (with
M�CoII, FeII, ZnII, and MnII, X�BF4�, ClO4�, or CF3SO3�)
and the ligand B was investigated (Table 2). The Fe4II and Zn4II

compounds 6 and 7 turned out to be less stable in DMF than
the corresponding Co4II compound 2 ; however, the first CV
scan allowed the correct determination of the redox potentials

Figure 1. Cyclic voltammetry (bold: scan rate� 0.1 Vs�1) and its semi-
derivative deconvolution (thin) of [Co4IIC4]8� (top) and [Co4IID4]8�

(bottom) in DMF � 0.1� Bu4NPF6 (potentials given versus ferrocene).

despite the presence of free ligand (arrows in Figure 2),
resulting from partial decomplexation (Figure 2 top and
bottom). In contrast, complex [Mn4IIB4](ClO4)8 (8) decom-
posed completely in DMF exhibiting only the reduction peak
of the decomplexed ligand (E1/2��1.95 V). The use of ACN

Table 1. Redox potential E of the [Co4IIL4][BF4]8 complexes 1 ± 5 in dimethyl-
formamide (DMF) or acetonitrile (ACN) (0.1� Bu4NPF6, glassy carbon
electrode, versus Fc�/Fc).

Reduction Complex
step 1 DMF 1 ACN 2 DMF 2 ACN 3 DMF 4 DMF 5 DMF

1 � 0.65 � 0.54 � 0.59 � 0.50 � 0.45 � 0.43 � 0.65
2 � 0.71 � 0.58 � 0.63 � 0.58 � 0.50 � 0.47 � 0.69
3 � 0.92 � 0.68 � 0.78 � 0.76 � 0.63 � 0.60 � 0.82
4 � 1.31 � 0.90 � 1.02 � 1.01 � 0.75 � 0.82 � 1.02
5 � 1.57 � 1.29 � 1.32 � 1.36 � 1.03 � 1.10 � 1.37
6 � 1.82 � 1.55 � 1.60 � 1.61 � 1.24 � 1.30 � 1.57
7 � 2.04 � 1.77[a] � 1.85 � 1.76[a] � 1.45 � 1.50 � 1.82
8 � 2.26 � 2.11 � 1.62 � 1.70 � 1.95
9 � 2.40 � 2.40 � 1.89 � 1.92 � 2.07
10 � 2.61[b] � 2.05 � 2.12 � 2.32
11 � 2.73[b] � 2.12
12 � 2.20
[a] Irreversible reduction: cathodic peak potential. [b] At �20 �C.

Table 2. Redox potential E of the [M4
IIB4][X]8 complexes 2 and 6 ± 8 in

dimethylformamide (DMF) or acetonitrile (ACN) (0.1� Bu4NPF6, glassy carbon
electrode, versus Fc�/Fc).

Reduction Complex
step 2 DMF 2 ACN 6 DMF 6 ACN 7 DMF 7 ACN 8 DMF 8 ACN

1 � 0.59 � 0.50 � 0.60 � 0.53 � 0.67 � 0.60 ±[c] � 0.60
2 � 0.63 � 0.58 � 0.65 � 0.57 � 0.72 � 0.68 ±[c] � 0.68
3 � 0.78 � 0.76 � 0.77 � 0.70 � 0.87 � 0.83 ±[c] � 0.82
4 � 1.02 � 1.01 � 0.85 � 0.80 � 0.92 � 0.91 ±[c] � 0.92
5 � 1.32 � 1.36 � 1.45 � 1.29 � 1.51 � 1.36 ±[c] � 1.57
6 � 1.60 � 1.61 � 1.55 � 1.40 � 1.60 � 1.51 ±[c] � 1.67
7 � 1.85 � 1.76[b] � 1.75 � 1.50[b] � 1.78 � 1.61[b] ±[c] � 1.82[b]
8 � 2.11 � 1.89 � 1.91
9 � 2.40 � 2.45 � 2.50
10 � 2.61[a] � 2.60[b] � 2.65
11 � 2.73[a]

[a] Irreversible reduction: cathodic peak potential. [b] Adsorption peaks. [c] De-
composition.
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Figure 2. Cyclic voltammetry (bold: scan rate� 0.1 Vs�1) and its semi-
derivative deconvolution (thin) of [Fe4IIB4]8� (top) and [Zn4IIB4]8� (bottom)
in DMF � 0.1� Bu4NPF6 (potentials given versus ferrocene; arrows
indicate reduction of free ligand resulting from partial decomplexation).

allowed the correct determination of the redox potentials of
this compound in the restricted potential range as already
described before for this solvent. Because of the stability
problems within this series, all reduction potentials of com-
plexes 6 ± 8 are also given for the more stabilizing solvent
ACN (Table 2). Similarly to compounds 1 ± 5, the CVs of
complexes 6 ± 8 provide multiple one-electron reduction
schemes with complete reversibility of all observed reduction
waves. Thus, [Fe4IIB4][BF4]8 (6) in DMF exhibits nine rever-
sible reduction waves; however, they are not equally distrib-
uted over the potential range as observed for the CoII

complexes 1 ± 5 (Figure 2 top). After the first set of four
reductions with an internal wave separation of a maximum of
�E1/2� 120 mV, the onset of the second set occurs only after a
potential shift of �E1/2� 600 mV. Equally, after the second set
of one-electron reductions, the third one starts only after a
potential shift of around �E1/2� 500 mV, but now the follow-
ing reductions are disturbed by electrolyte discharge pro-
cesses.
Because of the nonreducibility of its metal centers, the

complex [Zn4IIB4][CF3SO3]8 (7) constitutes an especially
interesting variation within the series (Figure 2 bottom). It
presents a redox behavior very similar to that found for the
Fe4II complex 6. One may conclude that the observed

reductions take place at the same redox sites in both
complexes. Also, the corresponding Mn4II complex 8 exhibits
a comparable CV in the restricted potential range of ACN
with clustering of the reduction waves as found for 6 and 7.

Spectro-electrochemical investigations : The electrochemical
results described above suggest that the electronic character-
istics of the gridlike compound are dominated by the electro-
chemical properties of the ligands. To determine the location
of the injected electrons, we carried out spectro-electro-
chemical investigations on complexes [Co4IIB4][BF4]8 (2) and
[Fe4IIB4][BF4]8 (6).
The UV-visible spectra of 2 were observed progressively up

to the seventh reduction step (Figure 3 top). The evolution of
the spectra during the first four one-electron reductions shows
the progressive appearance of two new bands with maxima at
550 nm and around 800 nm, the smaller one of which at
550 nm shows some structuring. Simultaneously, the initial � ±
�* band of the unreduced ligand B at 370 nm decreases.
Further reduction beyond the fourth electron equivalent
results in a increase of the intensity of the two new bands
proportional to the number of accepted electrons. The
observation of the reduction process beyond the seventh

Figure 3. Time-resolved UV-visible spectra during stepwise reduction of
[Co4IIB4]8� (top) in DMF � 0.1� Bu4NPF6 for the six first reduction steps,
and of [Fe4IIB4]8� (bottom) in CH3CN � 0.1� Bu4NPF6 for the four first
reduction steps.
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electron was not possible due to technical limitations of the
experimental setup.
Because of its low stability in DMF, the complex 6 was

investigated in ACN, restricting so the observation of
reduction only up to the fourth electron. Once more, the
striking feature of the spectrum obtained is the appearance of
a broad low-energy band with a maximum at 846 nm, now
covering the initial MLCT band of 6 at 662 nm. Simulta-
neously, a small structured band with two maxima at 497 and
565 nm emerges. At the same time, as found in 2, the initial
� ±�* band of the unreduced ligand at 366 nm decreases and
is shifted towards lower energies. The overall features of the
reduction spectra in 6 resemble strongly those observed in the
analogous Co4II compound 2.
In both experiments, the initial spectrum could be regen-

erated quantitatively by stepwise reoxidation of the electro-
generated reduced species (hepta-anion of 2 in DMF, tetra-
anion of 6 in ACN). In view of the longer timescale of the
spectro-electrochemical experiments, this is a remarkable
indication for the absence of side reactions during the
reduction of 2 and 6.

Electrochemical oxidation of complexes 1 ± 8 : Under the
present experimental conditions, none of the complexes 1 ± 8
allowed the detection of well-defined oxidation steps by CV in
DMF. Nevertheless, rotating disc voltammetry of 2 in ACN
provides a long oxidation step corresponding to the transfer of
four electrons at about �1.0 V. This step is widely spread out
and has a log-plot slope of 300 mV. Such behavior is indicative
of a kinetically slow process of the MIII/MII redox couple,
occurring stepwise on the four metal ions of the complex.
Slow electron-transfer rates seem to be inherent for encapsu-
lated metal ions in bulky and dendrimeric structures and have
been observed already in other systems.[13, 14]

However, a previous investigation of complex
[Co4IIA4][BF4]8 (1) with a different experimental setup
(saturated calomel electrode (SCE) in DMF) exhibited
analyzable oxidation signals.[9a] Thus, compound 1 underwent
a first oxidation at E1/2��0.46 V, followed by a two-electron
oxidation at E1/2��0.66 V and by a fourth wave at E1/2�
�0.91 V (all values referred to SCE).

Discussion

Electrochemical features : The electrochemical experiments
of both series (variation of either ligand L or metal ion MII)
resulted in multiple single-electron reduction processes ex-
hibiting a good reversibility for all waves. The first series of
complexes 1 ± 5 shows that a systematic tuning of the first
reduction potential is feasible by introduction of electron-
donating or -attracting substitutents on the ligand. The
influence of each functional group can be evaluated qualita-
tively by comparing the first reduction potentials of com-
plexes 1 ± 5. The phenyl group in the 2-position of the
pyrimidine, although suffering a hindered conjugation with
the rest of the ligand by intramolecular constraints,[10b] acts
still inductively as an electron-withdrawing substitutent under
these conditions and shifts the reductions of the complexes 2

and 4 to more positive potentials (�E1/2��50 to �60 mV).
As expected, the ester group has the strongest effect on the
first reduction potential (�E1/2��160 to �200 mV), while
the thio-n-propyl group leads only to a small shift towards
more negative values. This behavior reflects basically the
differences in their Hammett parameters of COOMe and
thio-n-propyl groups (�p� 0.45 and 0.03).[15]
The marked positive shift caused by the eight electron-

attracting ester groups enables the observation of an in-
creased number of reduction waves. Thus, reduction of
complex 3 gives rise to twelve well-resolved one-electron
waves even at room temperature. This represents the highest
number of well-characterized, resolved and reversible one-
electron reductions displayed by a molecular compound,
reported so far. One may note that a tetranuclear [2� 2]-grid-
type Cu4I complex was found to have seven reduction
potentials.[12] Also, the fullerenes C60 and C70 exhibit six,[16]

the dinuclear compound [{Ru(bpy)2}2(�-bpym)]4� eight,[8b]

and the mononuclear [Ru{4,4�-(EtOOC)2bpy}]2� compound
ten[8c] reversible single-electron reductions in a comparable or
larger potential window.
Within the second series (compounds 2, 6 ± 8), multiple one-

electron reductions are observed as in the first series, but
exhibiting a ™clustering∫ of the reduction waves into sets of
four reductions for MII�FeII, ZnII, MnII, in contrast to the
regular change in potentials found for MII�CoII.
The similarity in number and pattern of the reduction steps

in both series and the results of the UV-visible spectroscopic
experiments (vide infra) are strong indications for ligand-
centered reduction.
Compared with the mononuclear complexes

[MII(tpy)2]2�,[17, 18] the onset of the reduction processes of
complexes 1 ± 8 is strongly shifted towards positive values.
This shift is in particular remarkable in complex 6, whose first
reduction potential is found at a 0.88 V more positive value
than the complex [FeII(tpy)2]2� under similar experimental
conditions. Since reductions at very low potentials represent a
more easy access to and an enhanced stability of the reduced
species, this electrochemical feature is of special importance
for potential applicability of such species.
Scheme 2 represents the possible main electron repulsion

interactions taking place in the symmetrical [M4L4] species. JR
expresses the repulsive interaction between the reduction
electron(s) on a given bridging ligand and the further
incoming electrons. JSLL represents the interaction between
the electrons located on ligands bound to the same metal
center, whereas JDLL is the analogous interaction for parallel
ligands bound to differentmetal ions and situated on opposite
sides in the complex. JBMM and JTSMM denote the interaction
between the metal centers mediated through bridging ligands
and occurring directly through space, respectively. These J
values are not exactly accessible electrochemically, because
only differences in half-wave potentials are measured exper-
imentally. Nevertheless, the changes �E1/2 are roughly reflect-
ing the changes in magnitudes of the repulsion terms.[19]

The first two reduction waves of complexes 1 ± 8 are always
found in very close proximity, as consequence of the almost
simultaneous reduction of two parallel ligands. �E1/2 values
between the first and the second reduction (�E1/2� 40 ±
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Scheme 2. Electronic interaction parameters in a [2� 2]-grid-type com-
plex. For definitions, see text.

80 mV) reflect rather small JDLL interactions. The electronic
interactions mediated through one unreduced ligand and two
interjacent metal centers seem to be similarly small for all
investigated complexes.
In the case of the Fe4II, Zn4II, and Mn4II complexes 6 ± 8, the

reduction waves are ™clustered∫ into three sets of four
reductions, with an internal spacing within the set of �E1/2�
50 ± 200 mV and a potential shift of �E1/2� 560 ± 650 mV
between successive sets (Table 2, Figure 2). This is the
behavior one may expect. Indeed, the first gap inserts
between the fourth and the fifth reduction, where each of
the four ligands has already accepted one electron, so that
incoming electrons have to overcome the repulsive interac-
tion JR with the electron already present on the same ligand.
This repulsion is normally reflected in the amount of spin-
pairing energy in polypyridine ligands found to be about
�E1/2� 600 ± 700 mV.[19]
In marked contrast, all Co4II complexes 1 ± 5 show a regular

spacing of �E1/2� 130 ± 390 mV for all subsequent reductions
occurring at ligands bound to the same metal ion as an already
reduced ligand, (Table 1; Figure 1). This even spacing of the
one-electron processes over the whole potential range is
indicative of electronic communication JSLL between the
ligand centered redox sites through the interjacent common
CoII ion. Remarkably, the JR interaction appears to be
decreased in these Co4II complexes relative to the others,
and to have become similar in magnitude to JSLL. Closer
inspection of the CVs indicates that there is nevertheless a
limited potential shift (�E1/2� 140 ± 390 mV) after each
fourth reduction, noticeably smaller, however, than the
560 ± 650 mV observed for complexes 6 ± 8 containing no CoII

sites.
Evidently, the differences in the magnitude of the JR

interaction between the Co4II compounds 1 ± 5 and the other
complexes 6 ± 8 reflect the ability of the interjacent MII ions to
mediate JSLL interactions (equally expressed by larger JSLL
values for the Co4II compounds of �E1/2� 130 ± 390 mV for 1 ±
5 compared to �E1/2� 50 ± 200 mV for 6 ± 8). A better
mediating ability of the interjacent CoII ions between the
reduced ligand anions should lead to a certain electronic
coupling over the complex, thus reducing the repulsion for
incoming further electrons.

These features portray electronic interactions between
ligand-centered redox sites mediated through ™bridging
metals∫, in contrast to the well-investigated metal ±metal
interactions through ™bridging ligands∫.[20]

The previously reported oxidation of compound
[Co4IIA4][BF4]8 (1) gives additional access to the metal ±me-
tal interactions JBMM and JTSMM.[9a] The one-two-one sequence
evokes a preference of successive oxidations of adjacently
located CoII centers. Consequently, the second two-electron
step would represent the simultaneous oxidation of two
diagonally situated CoII ions expressing a through-space JTSMM
interaction, which is apparently too small to be determined.
On the other hand, the separation between the first and
second two-electron steps and thereafter between the two-
electron and the last oxidation step should represent the
electronic JBMM interaction of two adjacent CoII-ions through
the bridging pyrimidine group of the ligand. Thus, the JBMM
values of �E1/2� 200 and 250 mV indicate substantial elec-
tronic interaction between two adjacent metal centers,
corresponding to a medium strong comproportionation con-
stant of Kcom� 1.7 ± 2.4� 103.[20]

Electronic spectra : Although carried out in different solvents,
the spectral behavior of the Co4II complex 2 and of the Fe4II

complex 6 during reduction is similar (Figure 3). As reduction
proceeds, a broad spectral band around 800 nm and a smaller,
more structured band around 550 nm emerge, while at the
same time the band below 400 nm decreases progressively.
Additionally, the MLCT transition around 620 nm in com-
pound 6 disappears or is covered by the new bands. All
changes in intensity occur almost linearly with the number of
electrons added.
The two new emerging low-energy bands in 2 and 6 can be

assigned, by comparison with the absorption spectra of the
mono-reduced form of uncoordinated bipyrimidine (bpym) in
DMF (two bands with �max� 500 and 800 nm) and of
coordinated bipyrimidine in mono-reduced [Fe(bpym)3]2�

(two bands with �max� 510 and 1020 nm), to intraligand �* ±
�* transitions from the new SOMOs (mono-anion) to the first
and the second new LUMOs (mono-anion) of the four
monoreduced B.� radical anions.[18, 21]

Interestingly, the emerging bands in the absorption spectra
of 6 exhibit a linear increase in intensity of the radical bands
(without any additional perturbations of the spectra) even
beyond the fourth electron added. This is in line with the
formation of a dianion B2�, similar to bpym2� observed in the
reduction of �-bipyrimidine in [{Ru(bpy)2}2(�-bpym)]4�.[8c]

The band of the nonreduced ligand in 2 and 6 located below
400 nm can be assigned to the � ±�* transition of the ligand B.
Consequently, its intensity decreases on progressive popula-
tion of the LUMO of the coordinated ligand by the reducing
electrons.
It is worth mentioning that all intraligand reduction bands,

increasing and decreasing, experience a subsequent shift to
lower energies on progressive reduction, especially beyond
the fourth reduction. This red shift can be associated with an
electronic destabilization of the corresponding HOMOs of
the ligands, as a consequence of the second electron intro-
duced into the ligand orbitals.
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No evidence for low-lying interligand and intervalence
transitions has been found. Also, aggregate formation at the
used concentrations (less than 5� 10�4�) can be excluded by
the spectroscopic data.

Conclusion

The electrochemical behavior of the family of tetranuclear
gridlike oligopyridine complexes 1 ± 8 of the general formula
[M4

IIL4]8� displays well-resolved multiple one-electron reduc-
tions for all compounds independent of the nature of ligands
A ±E and of the coordinated metal ions MII.
Introduction of electron-donating and -attracting groups

into the ligands systematically tunes the potential of the first
reduction. As a consequence, reduction of complex
[Co4IIB4][BF4]8 (3) exhibits up to twelve well-resolved rever-
sible one-electron processes at room temperature; this
appears to be the most extended redox series known for
well-characterized molecular compounds.
The rather low values of the redox potentials are of

importance for the stability of the generated multielectron
species and thus for their possible applications as devices
presenting multiple electronic levels. For the Co4II complexes
the repulsive interaction parameter JR is unusually small, and
comparable to the electronic interaction JSLL between two
neighboring ligands through an interjacent metal ion. Since JR
was found for the non-Co4II compounds in the expected range,
this difference displays an ability of the CoII ion (relative to
FeII, ZnII, and MnII) to better mediate electronic interactions.
This is also confirmed by slightly larger JSLL values for all
investigated Co4II complexes. Thus, the ability of different MII

ions to act as ™bridging metals∫ for electronic interactions
seems to be responsible for the differences in the pattern of
the reduction scheme.
Spectro-electrochemical experiments revealed that the

reductions take place on the coordinated organic ligands,
independent of the nature of the metal ions involved. No
indication for reduction of the metal centers was observed in
the accessible potential range.
The oxidation of complex 1[9a] reveals a medium strong JBMM

interaction between adjacent metal centers mediated by the
pyrimidine groups of the ligands, while the electronic JTSMM
interaction between nonadjacent metal centers through space
is too small to be determined.
Further study of the nature of the radical anions L .� and of

the dianions L2� and their interplay with the different open
spin-bearing metal ions (implicating even spin-crossover
phenomena),[10b] requires magnetic and EPR investigations
of the reduced species.
In conclusion, the grid-type complexes 1 ± 8 present a set of

features of particular interest for potential applications as
supramolecular electronic devices: 1) multiple reduction
levels, 2) ease of reduction, 3) stability towards reduction,
4) modulation of the reduction potentials by appropriate
substituents on the ligands, and 5) in the case of the CoII

species, regularity in disposition of the reduction levels.

Experimental Section

Electrochemistry : The electrochemical studies were carried out on 5.10�4�
solutions of complexes 1 ± 8 in DMF � 0.1� Bu4NPF6 or in ACN � 0.1�
Bu4NPF6 in a classical three-electrode cell connected to a computerized
electrochemical device AUTOLAB (Eco Chemie B.V. Holland). The
working electrode was a glassy carbon disc (3 mm diameter), the auxiliary
electrode a platinum wire, and the pseudoreference electrode a silver wire.
The measurements were carried out by cyclic voltammetry and by steady-
state voltammetry (rotating disc electrode). In our experimental conditions
all potentials are referred versus ferrocene, used as an internal standard.
DMF and acetonitrile (both Aldrich, spectroscopic grade) were dried over
molecular sieves 4 ä prior to use. The measurements were carried out at
room temperature and in some cases at �20 �C. Spectro-electrochemical
studies were carried out in a home made borosilicate glass cell with an
optical pathway length of 0.1 mm placed in a diode array UV/Vis
spectrophotometer HP8453 (Hewlett Packard). The OTTLE cell was a
platinum grid (1000 mesh) placed in the optical pathway. The auxiliary
electrode was a platinum wire and the reference electrode was an aqueous
Ag/AgCl electrode. Under the described experimental conditions, ferro-
cene, which was used as internal standard in all measurements, was
oxidized at �0.45 V.
Synthesis : All reagents were obtained from commercial suppliers and used
without further purification unless otherwise noted. The following solvents
were distilled prior to use: tetrahydrofuran (THF) and diethyl ether from
sodium and benzophenone, and dimethyl sulfoxide (DMSO) from calcium
hydride under Ar. All organic solutions were routinely dried over
magnesium sulfate or sodium and solvents were removed under vacuum
using a rotary evaporator. 1H and 13C NMR spectra were recorded on a
Bruker AC200 spectrometer at 200 MHz and 50 MHz, respectively. Flash
chromatography was performed by using neutral alumina (activity 2). FAB
mass spectra were performed on a Fisons TRIO-2000 (Manchester) and a
Micromass AUTOSPEC-M-HF spectrometer using 3-nitrobenzylic alcohol
as matrix. IR data were collected on Perkin ±Elmer 1600 Series FTIR
spectrometer. Microanalyses were carried out by the Service de Micro-
analyse, Faculte¬ de Chimie, Strasbourg. Melting points were measured on a
digital electrothermal apparatus and are uncorrected.

Ligands : The synthesis of ligands A and B was described earlier.[22, 10b]

Ligands C andD were synthesized by using Stille-type coupling procedures
following the reactions depicted in Scheme 3.
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N N
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C   R1 = H        
D   R1 = Ph

R1 = Ph; H        
X   = Cl; Br

2

+

(i); (ii)

Scheme 3. i) Sn2Me6, [Pd(PPh3)4] (cat.); ii) [Pd(PPh3)4] (cat.).

2-Bromo-4-(methylcarboxylate)-6-(pyrid-2�-yl)pyridine : 2-(Tributylstan-
nyl)pyridine[23] (672 mg, 1.83 mmol), 2,6-dibromo-4-(methylcarboxylate)-
pyridine[24] (700 mg, 2.37 mmol), and [Pd(PPh3)4] (137 mg, 0.19 mmol) were
combined in toluene (10 mL), flushed with Ar, and heated under reflux for
39 h. The mixture was poured into KF (10 mL saturated solution) and, after
addition of Et2O, was stirred for 2 h. The precipitate was filtered and the
phases were separated. The aqueous phase was extracted with Et2O (2�
40 mL). The combined organic phases were washed with H2O (1� 30 mL)
and dried over MgSO4, and the solvent was evaporated. The product was
purified by column chromatography on silica by using hexane/EtOAc (3:1
v/v) as eluant to give 2-bromo-4-(methylcarboxylate)-6-(pyrid-2�-yl)pyr-
idine as a white powder. Yield: 221 mg (0.75 mmol, 41%); m.p. 142 �C;
1H NMR (200 MHz, CDCl3, 298 K): �� 3.99 (s, 6H; CH3), 7.36 (ddd, J�
7.6, 4.9, 1.2 Hz, 1H; H5�), 7.84 (td, J� 7.9, 1.8 Hz, 1H; H4�), 8.04 (d, J�
1.2 Hz, 1H; H3 or H5), 8.42 (dt, J� 7.9, 1.2 Hz, 1H; H3�), 8.70 (ddd, J� 4.8,
1.8, 0.9 Hz, 1H; H6�), 8.91 ppm (d, J� 1.2 Hz, 1H; H3 or H5); 13C NMR
(50 MHz, CDCl3, 298 K): �� 52.8, 119.1, 121.4, 124.5, 127.2, 136.9, 140.6,
141.9, 149.2, 153.5, 158.1, 164.2 ppm; EI-MS: m/z : 293.9 [M�], 233.9 [M��
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COOMe]; IR (KBr): �� � 3007, 2956, 1732, 1585, 1550, 1433, 1381, 1310,
1242, 1118, 994, 977, 813, 763, 731, 664 cm�1; elemental analysis calcd (%)
for C12H9BrN2O2: C 49.17, H 3.09, N 9.56; found: C 49.43, H 3.41, N 9.20.

4,6-Bis[4�-(methylcarboxylate)-6�-(pyrid-2��-yl)pyrid-2�-yl]pyrimidine (Li-
gand C): 2-Bromo-4-(methylcarboxylate)-6-(pyrid-2�-yl)pyridine (211 mg,
0.72 mmol), hexamethyldistannane (259 mg, 0.79 mmol), and [Pd(PPh3)4]
(42 mg, 0.036 mmol) were combined in toluene (5 mL), flushed with Ar and
heated under reflux for 30 min. The solvent was evaporated and the crude
stannylated product was used for the following coupling reaction without
further purification. 1H NMR (200 MHz, CDCl3, 298 K): �� 0.41 (s, 9H;
Sn(CH3)3), 3.96 (s, 3H; CH3), 7.81 (td, J� 7.9, 1.8 Hz, 1H; H4�), 8.00 (d, J�
1.5 Hz, 1H; H3 or H5), 8.54 (d, J� 7.9 Hz, 1H; H3�), 8.69 (d, J� 4.3 Hz, 1H;
H6�), 8.79 ppm (d, J� 1.5 Hz, 1H; H3� or H5); FAB-MS (NBA): m/z : 379.2
[M�].

4-(Methylcarboxylate)-6-(pyrid-2�-yl)-2-(trimethylstannyl)pyridine
(812 mg, 2.15 mmol) and 4,6-dibromopyrimidine (250 mg, 0.76 mmol) were
combined in toluene (10 mL), degassed, and [Pd(PPh3)4] (48 mg,
0.042 mmol) was added. The solution was flushed with Ar and heated
under reflux for 24 h. The precipitate was filtered off, washed with MeOH
and acetone and dried in vacuo to give C as an off-white powder. Yield:
350 mg (0.69 mmol, 91%); m.p. �300 �C; 1H NMR (200 MHz, CDCl3/
CF3COOD, 298 K): �� 4.11 (s, 6H; CH3), 8.20 (t, J� 5.8 Hz, 2H; H4�� or
H5��), 8.55 (d, J� 7.3 Hz, 2H; H3��), 8.65 (t, J� 8.8 Hz, 2H; H4�� or H5��), 8.76
(d, J� 1.1 Hz, 2H; H3� or H5�), 9.34 (d, J� 5.8 Hz, 2H; H6��), 9.39 (d, J�
1.1 Hz, 2H; H3� or H5�), 9.54 (d, J� 1.5 Hz, 1H; H5), 9.94 ppm (d, J� 1.1 Hz,
1H; H2); 13C NMR (50 MHz, CDCl3/CF3COOD, 298 K): �� 105.8, 111.4,
117.1, 122.8, 142.7, 143.3, 148.0, 159.5, 160.4, 161.2, 162.1, 163.9 ppm; FAB-
MS: m/z : 505.1 [M��H]; IR (KBr): �� � 1733, 1580, 1537, 1431, 1376, 1349,
1235, 1111, 1068, 761, 683 cm�1; elemental analysis calcd (%) for
C28H20N6O4: C 66.66, H 4.00, N 16.66; found: C 66.62, H 3.72, N 16.68.

4,6-Bis[4�-(methylcarboxylate)-6�-(pyrid-2��-yl)pyrid-2�-yl)-2-phenylpyrimi-
dine) (Ligand D): 4-(Methylcarboxylate)-6-(pyrid-2�-yl)-2-(trimethylstan-
nyl)pyridine (244 mg, 0.65 mmol), 4,6-dichloro-2-phenylpyrimidine (73 mg,
0.32 mmol), and [PdCl2(PPh3)2] (18 mg, 0.026 mmol) were combined in
anhydrous DMF (5 mL), degassed, flushed with Ar, and heated to 100 �C
for 46 h. The solvent was evaporated and the residue taken up in MeOH/
acetone (1:1 v/v). The precipitate was centrifuged off, washed with MeOH/
acetone, and dried in vacuo. The residue was dissolved in boiling CHCl3 and
filtered, and the solvent was evaporated to give ligand D as an off-white
powder. Yield: 90 mg (0.16 mmol, 44% over 2 steps); m.p. �250 �C
(decomp); 1H NMR (200 MHz,CDCl3, 298 K): �� 4.09 (s, 6H; CH3), 7.39
(dd, J� 6.4, 4.9 Hz, 2H; H5��), 7.60 ± 7.63 (m, 3H; Hmeta and Hpara), 7.91 (td,
J� 6.7, 1.5 Hz, 2H; H4��), 8.75 ± 8.86 (m, 6H; Hortho, H3�� and H6��), 9.14 (d,
J� 1.2 Hz, 2H; H3� or H5�), 9.24 (d, J� 1.5 Hz, 2H; H3� or H5�), 9.64 ppm (s,
1H; H5); 13C NMR (50 MHz, CDCl3, 298 K): �� 52.8, 111.7, 121.0, 121.3,
121.9, 124.4, 128.6, 131.0, 136.8, 137.5, 139.9, 149.4, 154.9, 155.1, 156.7, 163.5,
164.4, 165.7, 168.7 ppm; HR-FAB-MS: m/z calcd for C34H25N6O4:
581.193729; found: 581.193730 [M��H]; IR (KBr): �� � 3065, 2955, 1732,
1560, 1543, 1364, 1254, 1231, 756, 734, 684, 665 cm�1; elemental analysis
calcd (%) for C34H24N6O4: C 70.34, H 4.17, N 14.47; found: C 69.81, H 4.17,
N 14.08.

4,6-Bis[6�-(pyrid-2��-yl)-4�-(thio-n-propyl)pyrid-2�-yl]-2-phenylpyrimidine
(Ligand E): Ligand E was synthesized by using Potts× synthesis protocol
(Scheme 4);[24] the bis-Michael acceptor was synthesized according to the
literature.[25] 2-Acetylpyridine (0.43 g, 3.56 mmol) and the bis-Michael
acceptor (1.00 g, 1.78 mmol) in THF (50 mL) were added to a stirred
solution of potassium tert-butoxide (0.80 g, 7.12 mmol) in THF (30 mL)
under Ar. The resulting red solution was stirred at room temperature for

16 h. Glacial acetic acid (10 mL) and ammonium acetate (5 g) were added.
The mixture was heated under reflux for 2 h, cooled, and poured into water
(200 mL), and the product was extracted with chloroform. The combined
organic phases were washed with sat. NaHCO3 and water, and dried over
Na2SO4; the solvent was evaporated. The product was isolated by column
chromatography (alumina, chloroform) as an off-white solid that was
recrystallized from acetone to afford E (0.50 g, 0.81 mmol) as a white
powder in 45% yield. 1H NMR (200 MHz, CDCl3, 298 K): �� 1.17 (t, J�
7.3 Hz, 6H), 1.87 (sext, J� 7.3 Hz, 4H), 3.18 (t, J� 7.3 Hz, 4H), 7.33 (dt, J�
7.6, 1.5 Hz, 2H), 7.57 (m, 3H), 7.82 (dt, J� 7.6, 1.5 Hz, 2H), 8.40 (d, J�
1.5 Hz, 2H), 8.52 (d, J� 1.5 Hz, 2H), 8.70 (m, 6H), 9.54 ppm (s, 1H);
13C NMR (50 MHz, CDCl3, 298 K): �� 13.7, 22.2, 32.9, 118.5, 118.8, 121.5,
124.0, 128.4, 128.6, 136.6, 149.2, 152.0, 155.1, 155.8, 163.9 ppm; elemental
analysis calcd (%) for C36H32N6S2: C 70.56, H 5.26, N 13.71, S 10.47; found:
C 70.25, H 5.22, N 13.64 , S 10.18.

Complexes: The synthesis of complexes 1,[9a] 2,[9b] 6,[10b] and 7[9b] was carried
out following literature protocols. A typical protocol for the synthesis of
complexes 3, 4, 5, and 8 is as follows: A suspension of the ligand (19.8 �mol)
and the metal salt (19.8 �mol) in ACN (1.5 mL) was briefly heated until the
mixture was dissolved completely. The solution was stirred for additional
12 h at room temperature (in the case of solubility problems under reflux).
The complex was isolated by evaporation of the solvent or addition of
diisopropyl ether (5 mL) to the solution until a precipitate formed. The
precipitate was collected, washed with diisopropyl ether, and dried in
vacuo. The crude product was used directly for the measurements without
further purification.

Complex 3 : 1H NMR (200 MHz, [D3]ACN, 298 K): ���98.1, �97.3,
�27.1, �14.6, 0.2, 7.8, 11.7, 50.8, 53.5, 65.6, 122.4, 154.4, 235.3 ppm; FAB-
MS: m/z : 3079.6 [M�� 2BF4], 2992.6 [M�� 3BF4], 2905.7 [M�� 4BF4],
2818.7 [M�� 5BF4], 1496.3 [M2�� 3BF4], 1452.8 [M2�� 4BF4], 1409.3
[M2�� 5BF4]; elemental analysis calcd (%) for C112H80N24O16Co4B8F32: C
45.35, H 2.73, N 11.45; found: C 45.62, H 2.79, N 11.22.

Complex 4 : 1H NMR (200 MHz, [D3]ACN, 298 K): �� 0.5, 8.3, 42.0, 62.7,
63.8, 82.5, 117.3, 151.0 ppm; FAB-MS: m/z : 2774.4 [M�� 2BF4], 2687.6
[M�� 3BF4], 2601.0 [M�� 4BF4], 2514.4 [M�� 5BF4]; elemental analysis
calcd (%) for C136H96N24O16Co4B8F32: C 53.59, H 3.17, N 11.07; found: C
50.01, H 3.07, N 10.57.

Complex 5 : 1H NMR (200 MHz, [D3]ACN, 298 K): ���19.3, 1.9, 3.5, 8.0,
10.2, 13.1, 13.3, 21.5, 22.3, 40.6, 51.5, 73.7, 140.9, 167.6 ppm; FAB-MS: m/z :
3208.5 [M�� 2BF4], 3121.5 [M�� 3BF4], 3033.6 [M�� 4BF4], 2946.6
[M�� 5BF4], 1560.3 [M2�� 3BF4], 1516.8 [M2�� 4BF4], 1473.3 [M2��
5BF4]; elemental analysis calcd (%) for C144H128N24S8Co4P8F32: C 50.45,
H 3.87, N 10.08; found: C 50.04, H 3.50, N 9.71.

Complex 8 : 1H NMR (200 MHz, [D3]nitromethane, 298 K): �� 1.32 (br),
8.5 ppm (br); FAB-MS: m/z : 2673.9 [M�� 2ClO4], 2574.8 [M�� 3ClO4],
2474 [M�� 4ClO4], 2376.9 [M�� 5ClO4], 1286.9 [M�� 5BF4]2� ; elemental
analysis calcd (%) for C120H80N24Cl8Mn4O32: C 50.15, H 3.81, N 11.69;
found: C 50.24, H 2.98 , N 12.39.
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