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ABSTRACT: The binuclear complexes Cp*(dppe)FeC
CCCCCM(dppe)Cp* (6, M = Fe; 8, M = Ru) were
obtained in good yield by treatment of the iron chloro
complex Cp*(dppe)Fe−Cl (5) in the presence of KF with the
bis(silylated) hexatriyne Me3SiCCCCCCSiMe3 and
the ruthenium complex Cp*(dppe)RuCCCCC
CSiMe3 (7), respectively. The oxidized species 6(PF6)n (n =
1, 2) and 8(PF6) were obtained in ca. 80% yield by treatment
of the parent neutral compounds with 1 or 2 equiv of [Cp2Fe](PF6) in THF or dichloromethane at −78 °C. The CV of these
compounds show three reversible waves with a separation larger than 0.5 V. The salts 6(PF6)n (n = 1, 2), and 8(PF6) were
characterized by XRD. Quantum chemistry calculations performed at the DFT level on the oxidized species show a strong
contribution of the −C6− spacer to the delocalization of the spin density. IR spectra analyzed with the support of TD-DFT
calculations are consistent with the delocalization of the odd electron on the fast IR time scale for the two mixed-valence
complexes 6(PF6) and 8(PF6). Combined ESR measurements on rigid glass and on single crystal samples clearly establish that
the electronic properties of MV species and particularly their magnetic anisotropies depend on the conformation of the
molecules. In the case of the doubly oxidized species 6(PF6)2, which carries two unpaired electrons, it is shown that the singlet vs
triplet ground states can be inverted by the rotation of one metal end with respect to the other around the all-carbon chain axis.
Very strong NIR bands are found for the symmetric 6(PF6) and nonsymmetric 8(PF6) MV (mixed-valence) derivatives allowing
the determination of very large electronic couplings (Hab = 3070 and 4025 cm−1, respectively).

■ INTRODUCTION
A wide variety of organometallic molecular wires in which two
redox-active metal termini are connected through a bridging
ligand has been developed. The wire-like performance of these
linear species has been investigated in detail by means of
various physical evaluation methods1−4 including rare measure-
ments at the molecular level.5

Among these molecular wires, polyynediyl complexes,
[Cp′(dppe)M(CC)mM(dppe)Cp′]n+(X−)n [Cp′ = Cp
(cyclopentadienyl), Cp* (pentamethylcyclopentadienyl); M =
Fe, Ru; X = PF6, BF4], exhibit the best performance with
respect to interaction between the two metal centers through
the bridge (see examples in Chart 1).6−11

These compounds are ideally suited for conveying electronic
coupling between the two redox centers. These assemblies
usually proved to be stable (and isolable) in different oxidation
states for short carbon bridges (m = 1, 2).12−15 However,
previous studies have shown that the oxidized species from
complexes with longer polyyne linkers have poor chemical
stability.15,16 Indeed, characterized mixed-valence (MV) com-
plexes containing a carbon chain longer than C4 are extremely
rare. Up to now, there were no examples of MV with a C6-

bridge,17 and the complex [Cp*(dppe)Fe(CC)4Fe-
(dppe)Cp*]n+(PF6−)n is the unique example of a kinetically
stable mixed-valence complex with a C8-bridge.

8,17

Recently, guided by stimulating results on the reactivity of
mononuclear iron and ruthenium complexes containing
butadiynyl ligands,18,19 we have investigated the reactivity of
the symmetric mixed-valence complex [Cp(dppe)Ru(C
C)3Ru(dppe)Cp](PF6) (3(PF6)). Despite a large compro-
portionation constant determined from voltammetry experi-
ments, thus establishing the thermodynamic stability of 3+, the
mixed-valent radical cation could not be isolated. In situ ESR
characterization of 3(PF6) confirmed full delocalization, and
thus its classification as a Robin−Day20 Class-III complex.
However, the compound is kinetically unstable since above −10
°C an oxidative dimerization takes place providing the
tetraruthenium complex 4(PF6)2 in essentially quantitative
yield (Chart 2).21 The reaction is regiospecific with the
asymmetric isomer resulting from the initial (Cα + Cγ) coupling
as the unique product of the reaction.
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We report here the synthesis of the two families of complexes
[Cp*(dppe)Fe(CC)3Fe(dppe)Cp*]n+(PF6

−)n (6-
(PF6)n) and [Cp*(dppe)Fe(CC)3Ru(dppe)-
Cp*]n+(PF6−)n (8(PF6)n), which were isolated in three and
two different oxidation states, respectively. This report also
includes the molecular structures of the MV derivatives 6(PF6)
and 8(PF6) and the doubly oxidized bis(iron) complex
8(PF6)2, which constitutes the first example of X-ray diffraction
(XRD) analysis of molecular wires with an odd number of
valence electrons and an odd number of CC triple bonds in
the bridge. Investigation of the electronic and magnetic
properties of the new complexes with a wide range of
spectroscopic techniques and quantum chemistry at the
density-functional theory (DFT) level shows that (i) these
systems are highly electronically delocalized on the fast IR time
scale even when the symmetry is broken using Fe and Ru
termini, (ii) the spin distribution and the singlet/triplet ground
state depends on the conformation of the molecule.

■ RESULTS AND DISCUSSION
1. Syntheses of {Cp*(dppe)FeCCCCCCM-

(dppe)Cp* (6, M = Fe; 8, M = Ru). Only few methods have
been reported in the literature for the preparation of
symmetrical binuclear complexes with a hexatriynediyl
bridge.6,22,23 The most widely used is the reaction between a
metal halide and bis(trimethylsilyl)hexatriyne in the presence of
potassium fluoride as a desilylating agent.22 The symmetrical
complex {Cp*(dppe)Fe}2(μ-CCCCCC) (6) was pre-
pared following this procedure. Two equivalents of the iron
chloro complex Cp*(dppe)Fe−Cl (5) were reacted with 1

equiv of the silylated hexatriyne Me3SiCCCCCCSiMe3
in methanol (Scheme 1). After stirring for 16 h at 20 °C, the
suspension was filtered off and washed with methanol to afford
6 as a fine orange powder in 75% yield.

The mixed iron−ruthenium bimetallic complex Cp*(dppe)-
FeCCCCCCRu(dppe)Cp* (8) was obtained by
reacting the mononuclear trimethylsilyl-protected ruthenium
complex Cp*(dppe)RuCCCCCCSiMe3 (7)

24 with the
chloro iron complex 5 in the presence of KF in a 1/1 THF/
MeOH mixture (Scheme 2). As the reaction proceeded an

orange precipitate was formed. After stirring the suspension for
16 h at 20 °C, the precipitate was collected by filtration and
washed with methanol to provide 8 as an orange powder in
61% yield.
Complexes 6 and 8 were found to be insoluble or poorly

soluble in all solvents commonly used. This insolubility
precluded NMR characterization, growing single crystals for
XRD analysis, and analytically pure samples could not be
obtained. The structures of 6 and 8 were confirmed by high-
resolution ES-mass spectra (see the Experimental Section) and
were identified by their νCC bands in the IR spectra in the
solid state. One single band was observed for 6 at 2040 cm−1 in

Chart 1

Chart 2

Scheme 1. Synthesis of Complex 6

Scheme 2. Synthesis of Complex 8
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accord with the symmetry of the complex, whereas three νCC
bands were observed at 2110, 2050, and 1969 cm−1 in the
spectrum of 8.
2. Syntheses of the Oxidized Complexes [Cp*(dppe)-

FeCCCCCCM(dppe)Cp*](PF6)n (6(PF6)n, M =
Fe, n = 1, 2; 8(PF6)n, M = Ru, n = 1). As the redox potentials
of compounds 1 and 2 (Chart 1) are far below the potential of
the redox couple Cp2Fe/[Cp2Fe]

+, it was assumed that
compounds 6 and 8 could be oxidized by reaction with the
ferrocenium salt. The neutral bimetallic complexes 6 and 8
were reacted with 1 equiv of [FeCp2](PF6) in THF or
dichloromethane at −78 °C. As the reactions proceed, the
insoluble starting materials dissolved, and after stirring for 1 h
limpid deep red solutions were obtained, and the temperature
was allowed to warm up to 20 °C. The salts 6(PF6) and 8(PF6)
were isolated by precipitation with pentane or hexane as dark
brown powders in 77% yield in both cases. Further experi-
ments, which consisted in reacting complex 6(PF6) with 1
equiv of [FeCp2](PF6) in dichloromethane under the same
conditions, afforded the dicationic salt 6(PF6)2 as a dark green
powder in 83% yield. These salts are thermally very stable at 20
°C and were characterized by IR spectroscopy, high-resolution
ES-mass spectra and cyclic voltammetry and XRD analyses. In
contrast, the heterobimetallic dicationic complex 8(PF6)2 could
not be isolated after treatment of 8(PF6) with ferrocenium, and
efforts to identify the products of the reaction were
unsuccessful. However, tetrametallic complexes that may have
resulted from oxidative couplings similar to those giving rise to
4(PF6)2 could not be detected.21

3. Cyclic Voltammetry of 6(PF6)n (n = 1−2) and 8(PF6).
As the very poor solubility of the neutral derivatives precluded
any electrochemical investigations, the initial scans in the cyclic
voltammetry of these binuclear salts were run from −0.8 to 1.4
V (vs SCE). The cyclic voltammograms display three well-
separated fully reversible oxidation waves as shown in Figure 1
for the bis(iron) compound 6(PF6). The electrochemical
potentials are collected in Table 1 with those reported for some
closely related compounds.

The large separations of the two first oxidation waves give
very large comproportionation constants (Kc1) for the two
redox systems, revealing that the hexatriynediyl carbon chain
mediates a strong electronic interaction between the two metal
termini. It is also observed that Kc1 values obtained for 6(PF6)n

range between those obtained for the -C4- and -C8- bridged
complexes in the same Cp*(dppe)Fe series.9

4. Molecular Structure of 6(PF6)n (n = 1, 2) and 8(PF6).
Slow diffusion of pentane or hexane into concentrated solutions
of the bis(iron) complexes 6(PF6) and 6(PF6)2 and mixed-
metal derivative 8(PF6) in dichloromethane provided suitable
crystals for X-ray analyses. ORTEP views of 6(PF6) and
6(PF6)2 are given in Figure 2, while the iron−ruthenium
complex 8(PF6), in which the iron and ruthenium atoms are
disordered 50:50, as previously found for 1-FeRu(PF6), is
presented in Figure 3.11 Pertinent distances for the three
compounds are collected in Table 2 together with computed
distances (see Section 5).
In the three structures, the terminal iron and ruthenium

fragments have the expected pseudo-octahedral geometry, and
the carbon chains between the two metallic centers are close to
linear for both structures. In the metal sites of complex 8(PF6),
which crystallizes with two half-molecules in the asymmetric
unit (the symmetry element being a C2 axis passing through the
central CC triple bond), the iron and ruthenium atoms are
completely 50:50 disordered, the hexafluorophosphate anion
also being also heavily disordered. Similarly, complexes 1-
FeRu(PF6)n (n = 0−2) with the same environments around the
Fe and Ru centers, were also found to be disordered.11

The bis(iron) mono- and dicationic complexes 6(PF6)n (n =
1, 2) crystallize in the monoclinic space groups P2/c and P21/n,
respectively. Although the two cationic structures differ by one
electron, they both have an inversion center located in the
middle of the central C(3)−C(3′) bond. As a consequence, the
two Cp*(dppe)Fe units are crystallographically equivalent. In
the Cp*(dppe)Fe series of compounds Fe−P distances are very
sensitive to the oxidation state of the metal center.9 Typically,
in iron(II) complexes Fe−P bond lengths are generally shorter
than 2.19 Å, while Fe−P distances larger than 2.26 Å are
characteristic of iron(III) derivatives. In the monocationic
complex, Fe−P distances of 2.2114(7) Å and 2.2251(8) Å are
close to the iron(II)/(III) averaged distance (2.225 Å) usually
observed9 and could be indicative of the positive charge being
shared between the two metal centers with a formal oxidation
state of 2.5 each. In the doubly oxidized complex 6(PF6)2 the
Fe−P distances of 2.2331(6) and 2.2514(7) Å are significantly
shorter than the distances expected for a binuclear iron(III)/
iron(III) complex and suggest that the oxidation involves the
whole FeCCCCCCFe assembly.
The Fe−C6−Fe array is almost linear, angles at C being

between 174° and 177°. Similar small distortions that probably
result from steric interactions have been observed in many

Figure 1. Cyclic voltammogram of 6(PF6) (10−3 M solution in
dichloromethane at 298 K, 0.1 M [NBun4](PF6), scan rate 0.100 V s−1,
potentials are given in V vs SCE, and the ferrocene-ferricenium couple
(0.460 V vs SCE) was used as internal reference).

Table 1. Comparison of the Electrochemical Potentials for 6
and 8 with Those of Closely Related Compoundsa

compd E01 E02 E03 E02 − E01 Kc1 ref

1-Fe −0.67 0.04 0.95 0.72 1.6 × 1012 12

1-Ru −0.43 0.22 1.04 0.65 9.7 × 1010 14

1-FeRu −0.59 0.18 0.99 0.77 1.1 × 1013 11

2 −0.23 0.20 0.43 1.9 × 107 8

3 −0.15 0.33 1.05 0.48 1.3 × 108 21

6(PF6)n −0.42 0.13 1.00 0.55 2.1 × 109 b

8(PF6)n −0.32 0.27 1.01 0.59 1.0 × 1010 b

aPotentials in CH2Cl2 (0.1 M [Bun4N](PF6), 25 °C, platinum
electrode, sweep rate 0.100 V s−1) are given in V vs SCE; the
ferrocene-ferricenium couple (0.460 V vs SCE) was used as an internal
reference for the potential measurements. bThis work.
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other examples, and their consequences on the electronic
properties are not significant.6,9 Overall, within the carbon
chain, the central C(3)−C(3′) triple bond is slightly shorter
than the C(1)−C(2) terminal triple bond in the three
complexes.

Comparison of the CC triple bond lengths found for the
parent complex 2 (1.222(4) Å and 1.199(4) Å)8 with those
found for 6(PF6) (C(1)−C(2) 1.251(4) Å and C(3)−C(3′)
1.237(5) Å) strongly suggests that the carbon chain is partially
involved in the oxidation processes. This trend is confirmed by
comparison of the carbon−carbon bond distances determined
for 6(PF6) and 6(PF6)2. Upon oxidation, the single and triple
bonds are shortened and lengthened respectively (Table 2),
and as a consequence of the diminution of the bond length
alternation the carbon bridge presents an increased cumulenic
character.
In the heterobimetallic complex 8(PF6), bond lengths

around the metal atoms are the average of iron and ruthenium
distances. Interestingly, there is no evidence in the X-ray data
for the localization of the odd electron on one metal site, and it
is expected that this electron is probably delocalized on the
whole structure as in the homobimetallic analogue 6(PF6).
The utility of density functional theory (DFT) calculations

has been previously demonstrated for calculating, with good

Figure 2. ORTEP representations of [{Cp*(dppe)Fe}2(μ-CCCCCC)](PF6)n [6(PF6)n] (n = 1, left; n = 2, right) at 50% probability level.
Hydrogen atoms and solvent molecules have been removed for clarity.

Figure 3. ORTEP representation of {Cp*(dppe)FeCCCCC
CRu(dppe)Cp*](PF6) [8(PF6)] at 50% probability level. Hydrogen
atoms and solvent molecules have been removed for clarity.

Table 2. Pertinent Computed (Italics) and Experimental (Where Available) Distances for 6(PF6)n (n = 0−2) and 8(PF6)n (n = 0,
1)

compd 6 6+ 62+ a 8 8+

Fe(1)−P(1/2) 2.213/2.206 2.255/2.240 2.282/2.289 2.212/2.199 2.232/2.244
2.225/2.211(8) 2.2331(6)/2.2514(8) 2.2393(13), 2.2491(12)

Fe(1)−Cp*b 1.800 1.818 1.834 1.797 1.811
1.767 1.778 1.821, 1.829

Fe(1)−C(1) 1.890 1.832 1.788 1.893 1.832
1.822(3) 1.811(2) 1.871, 1.853(4)

C(1)−C(2) 1.252 1.263 1.279 1.250 1.263
1.251(4) 1.255(3) 1.227(6), 1.231(6)

C(2)−C(3) 1.349 1.327 1.308 1.353 1.329
1.342(3) 1.325(3) 1.340(6), 1.333(6)

C(3)−C(3′) 1.247 1.257 1.272 1.247 1.260
1.237(5) 1.246(5) 1.239(9), 1.225(9)

C(3′)-C(2′) 1.349 1.327 1.308 1.351 1.326
1.342(3) 1.325(3)

C(2′)−C(1′) 1.252 1.263 1.279 1.250 1.264
1.251(4) 1.255(3)

C(1′)−Mc 1.890 1.832 1.788 2.024 1.962
1.822(3) 1.811(2)

M−P(1′/2′) 2.213/2.206 2.255/2.240 2.282/2.289 2.322/2.305 2.332/2.349
2.225/2.211(8) 2.2331(6)/2.2514(8)

M−Cp* 1.800 1.818 1.834 2.004 2.015
1.767 1.778

aDistances computed for high-spin [6−180]2+ (see text, Section 12). bCentroid. cM = Fe(1′) for 6n+ (n = 0−2), and M = Ru for 8n+ (n = 0,1).
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confidence, geometries of molecules for which X-ray data are
not available.9 As single crystals could not be grown for neutral
compounds 6 and 8, quantum chemistry constitutes a precious
alternative tool. Therefore, DFT calculations were first carried
out on 6n+ (n = 1, 2) and 8+ for comparison with the
experimental structures and then on 6 and 8 (see Computa-
tional Details in the Experimental Section). Pertinent calculated
bond lengths are given in Table 2. In the di-iron complex 6+,
the optimized bond lengths compare rather well with the
experimental values with the Fe−C(1), C(1)−C(2), and
C(3)−C(3′) distances slightly overestimated and the single
C−C bonds slightly underestimated by less 0.01−0.02 Å. As
already observed previously in related compounds,25,26 the
largest discrepancy is found with the Fe−Cp*(centroid) and
Fe−P bond lengths, which are overestimated by 0.05 and 0.03
Å, respectively. A strict comparison between theory and
experiment cannot be done for the heterobimetallic complex
8+, since the iron and ruthenium atoms are disordered in the X-
ray structure (see above). A comparison of the computed
structures 6+ and 8+ indicates that the replacement of Ru for Fe
hardly affects the carbon−carbon bond lengths of the organic
bridge.
As generally observed in polyynediyl complexes, a change of

the oxidation state of these compounds strongly modifies the
distances in the M−C6−M skeleton (see Table 2). A
comparison between neutral and mono-oxidized species show
that upon oxidation of 6 and 8, metal−carbon distances and
single carbon bonds are shortened (ca. 0.06 and 0.02 Å,
respectively), whereas carbon−carbon triple bonds are
lengthened (0.01 Å), conferring some cumulenic character on
the carbon spacer in the cationic compounds.
These observations are consistent with changes occurring in

the electronic structures of these compounds upon oxidation.
The electron density is weaker at the metal centers resulting in
less back-bonding to the phosphorus atoms (M−P distances
increase) and an increase of the cumulenic contribution,
confirmed by the shortening of the M−C and C−C single bond
lengths and the elongation of the CC triple bonds in the
bridge. This is generally observed for this kind of organo-
metallic wire.9

5. Electronic Structures of 6(PF6)n and 8(PF6)n (n = 0−
2). DFT molecular orbital (MO) diagrams of 6 and 8 are
shown in Figure 4. They show the expected electronic
structures for this kind of polyynediyl complex with the two

first highest occupied molecular orbitals (HOMOs) quite high
in energy with respect to the other occupied metallic MOs and
well separated from the lowest unoccupied molecular orbitals
(LUMOs) by a rather large energy gap (>1 eV).9 Comparable
ionization potentials are computed for 6 and 8 (4.31 vs 4.35 eV,
respectively).
Similar to related {M(dppe)Cp*}2(μ-CC)m (M = Fe, Ru,

Os; m = 1, 2),9 the HOMO and HOMO−1 of 6 and 8 are dπ/
pπ type in character and are fully delocalized all over the M−
C6−M backbone (see Figure 5). These orbitals are antibonding

between the metal atoms and the adjacent carbon atoms and
between carbon atoms involved in the single C−C bonds, and
they are bonding between carbon atoms involved in the triple
CC bonds. The atomic percentage contributions of these
HOMOs, given in Figure 5, reveal that the HOMO of 6 is
quasi-equally metallic and organic in character with 39 and 44%
on the iron atoms and on the carbon bridge, respectively. By
contrast, the carbon bridge character increases to 54% and the
metallic character decreases to 33% in the heterobimetallic
complex 8. It is noteworthy that the HOMO and HOMO−1
are closer in energy in 8 than in 6. In agreement with the
changes in all the interatomic distances of the M−C6−M
backbone (see above), the oxidation process of these
complexes, which formally corresponds to removal of electrons
from these two HOMOs, should not only be localized on the
metal centers (mostly iron in 8) but also affect to some extent
the carbon spacer.
Spatial distribution and atomic contributions of the spin

density were computed for 6+ and 8+. As expected from the
MO analysis of their related neutral species (vide supra), the
removal of one electron from the HOMO of 6 and 8 leads to
mono-oxidized species where the unpaired electron is largely
delocalized all over the M−C6−M skeleton. For the di-iron
complex 6+, the unpaired electron is mainly localized on the
iron centers (0.34 e/Fe atom) and on the carbon chain (0.38 e:
C(1) = 0.06, C(2) = 0.07, C(3) = 0.06). Interestingly, the
atomic spin densities are almost independent of the torsion
angle α (as defined in Scheme 3, see Table S4, Supporting
Information).
For the heterobimetallic species 8+, the spin density is also

mostly localized on the metallic fragments (0.59 e), with the
spin density on the iron atom being twice that on the
ruthenium atom (0.33 e vs 0.16 e), but that on the (μ-CC)3
moiety slightly increases (0.48 e: C(1) = 0.09, C(2) = 0.07,

Figure 4. Frontier molecular orbital diagrams of 6 and 8. The M(1)/
C6/M(2) percentages are given in parentheses.

Figure 5. Contour plots, energies and M(1)/C6/M(2) percentages of
the HOMO (left) and HOMO−1 (right) for 6 (a) and for 8 (b).
Contour values: ± 0.045 (e/bohr3)1/2.
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C(3) = 0.08, C(3′) = 0.07, C(2′) = 0.07, C(1′) = 0.1)
compared to complex 6+. The strong contribution of the
carbon spacer to the spin density suggests strongly delocalized
systems in accord with the experimental data (ESR, IR, and
near-IR, see below).
6. IR Spectroscopy of 6(PF6)n, (n = 0−2) and 8(PF6).

The IR spectra were run for samples in the solid state and in
solution. The frequency of νCC bands of the hexatriynyl-
bimetallic complexes and their oxidized species 6(PF6)n and
8(PF6)n (n = 0−2) are summarized in Table 3. In addition, IR

spectra of 6(PF6)n in the three redox states (n = 0−2) are
compared in Figure 6. As expected, the IR spectrum of the
neutral complex {Cp*(dppe)Fe}2(μ-CCCCCC) (6)
exhibits only one strong νCC band, which is assigned to the
antisymmetric stretching mode of the MCC triple bonds
(see below). The central νCC vibration modes are forbidden
for symmetry reasons. As a result of the substitution of one iron
nucleus by a ruthenium one, the symmetry of complex 8 is
broken, and three νCC bands corresponding to the three
different stretching modes for the CC triple bonds are
observed in the IR spectrum. A very intense νCC mode is

computed for 6 at 2047 cm−1 in a very good agreement with
the experimentally measured value (see Table 3). Two
additional very weak bands are computed at higher and lower
energies.
In the case of the mixed-valence complex 6(PF6), the

number of νCC bands depends on the electron transfer rate. If
the intramolecular electron rate is fast on the IR time scale
(10−13 s), the symmetry is preserved and a single band is
expected. In contrast, if the electron transfer rate is slow with
respect to the spectroscopic time scale, the symmetry is broken
and three bands are expected in the spectrum.27 Surprisingly,
the IR spectrum of 6(PF6) exhibits two strong νCC vibrations
at 2008 and 1829 cm−1 in the IR spectrum (in CH2Cl2); the
use of ground single crystals in KBr also provided an IR
spectrum with two νCC bands at 2005 and 1818 cm−1.
Meanwhile the X-ray diffraction analysis has established that the
monocationic complex 6+ has a centrosymmetric structure.
With two bands computed at 2018 and 1856 cm−1 for

6(PF6), the theoretical results are in line with experiments,
although only one is computed to be intense. A third band with
zero intensity is computed at higher energy (Table 3). The
decrease of the νCC stretching modes in 6n+ from n = 0 to n =
1 is in line with the reduction of the bond order of the carbon−
carbon triple bonds of the bridge.28

6(PF6)2 has a very peculiar spectroscopic response. In
solution, no absorption peak could be isolated from the
baseline in the 1700−2300 cm−1 energy region. Interestingly, at
least five peaks could clearly be indexed in the spectrum
obtained from a KBr dispersed-powder sample (obtained from
a single crystal). Calculations performed on the optimized
geometry (in a vacuum) give three vibrational frequencies
associated with the metal−carbon conjugated backbone. These
are slightly smaller than the corresponding ones calculated for
the parent monocation, in agreement with a more cumulenic
character. These could correspond to the peaks found in the
central region of the spectrum between 1900 and 2000 cm−1.
Nevertheless, the two extreme bands found at 1826 and 2162
cm−1 cannot be rationalized. Calculations performed using the
XRD geometry better fit to the experimental results (see Table

Scheme 3. Computed νCC Vibrational Modes in 6n+ (n =
0−2)

Table 3. Comparison of Experimental and Computeda

(Italics, Intensities in Brackets) IR νCC (cm−1) Bands for
6(PF6)n and 8(PF6)n (n = 0−2)

compd νCC

6 2040b

2101 (0), 2047 (634), 1922 (1)
6(PF6) 2008, 1829c

2005, 1818d

2052 (0), 2018 (866), 1856 (1)
6(PF6)2 2162, 2062, 2008, 1947, 1826d

2000 (1), 1980 (>500), 1960 (1)e

2067 (0), 2037 (378), 1870 (0)f

8 2110, 2050, 1969g

2097 (32), 2052 (490), 1931 (8)
8(PF6) 2014, 1881, 1824d

2047 (152), 2013 (1216), 1855 (37)
aComputed frequencies for the corresponding model complexes
[{Fe(dpe)Cp}(CCCCCC){M(dpe)Cp}]n+ (M = Fe,
Ru). bKBr, cIn CH2Cl2.

dGround crystals in KBr. eAverage values
computed on some low- and high-spin rotamers (see below).
fComputed using the simplified X-ray geometry. gPowder in Nujol.

Figure 6. IR spectra for 6(PF6)n (n = 0−2): (a) n = 0 in KBr, (b) n =
1 in CH2Cl2, (c) n = 2 in KBr; the spectrum in CH2Cl2 is flat.
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3). The calculated frequencies, 1870, 2037, and 2067 cm−1, are
in better agreement with the two extreme experimental values
even though the intensities are not reproduced. Nevertheless,
the central peaks cannot be explained.
The calculated vibrational modes of the metal−carbon bridge

are shown in Scheme 3. In any case, i.e., regardless of the
charge, the spin state, and the Cp(centroid)−Fe−Fe−Cp-
(centroid) dihedral angle (α in Scheme 3), three modes are
observed in the following energy order: mode 1 < mode 2 <
mode 3. Mode 1 and mode 3 are symmetrical modes. The two
first ones involve mostly the outer CC triple bonds, whereas
the latter is associated with the central CC bond. The
intensities of the formers are close to zero. A parallel can be
drawn between mode 3, which involves mostly one CC bond
(the central one, see Scheme 3), and that encountered in the
related monometallic complexes Cp*(dppe)FeCCX (X
= NO2, CN), which possess only one CC vibrator.29 For the
latters, two vibrational frequencies were observed in the energy
range 2000−2060 cm−1, attributed to a Fermi-decoupling. Such
a phenomenon might explain the presence of the IR bands
observed at 2062 and 2162 cm−1.
In contrast with the symmetrical complex 6, the IR spectrum

of the heterobinuclear complex 8 displays three bands (Table
3). The high energy νCC band at 2110 cm−1 can probably be
assigned to the central CC triple bond. The two other bands
at 2050 and 1969 cm−1 might correspond to the [Fe]CC
and [Ru]CC triple bonds. This is confirmed by DFT
calculations, which show three bands at 2097, 2052, and 1931
cm−1. Upon oxidation to 8(PF6), reduction in bond order is
observed for the three CC triple bonds, which are found at
2014, 1881, and 1824 cm−1, the first one being assigned to the
central CC triple bond. This suggests that IR spectroscopy
does not reveal charge localization on one or the other metallic
site on the IR time scale or how it might occur for an
unsymmetrical mixed-valence system.
7. 57Fe Mössbauer Spectroscopy of 6(PF6)n (n = 0−2).

The 57Fe Mössbauer spectra of the three complexes 6(PF6)n (n
= 0−2) were run at zero field (80 K) and least-squares fitted
with Lorentzian line shapes. The isomer shifts (IS) and
quadrupole splittings (QS) are collected in Table 4. As
expected, the spectrum of the homovalent bis(iron)(II)
complex exhibits a single doublet with IS and QS parameters
in line with all the data previously collected for mono- and
polynuclear complexes of the Cp*(dppe)FeCC series.30

In particular, the IS parameter is very close to the average value
found for complexes 1 and 2, which respectively possess four

and eight carbon atoms in the bridges spanning the two iron
centers. Within the accuracy of the experimental data, the QS
parameters are identical for the three complexes. The doubly
oxidized complex 6(PF6)2 also displays a single doublet with IS
and QS values very close to those previously determined for
1(PF6)2.

9,12 Comparison with 2(PF6)2 cannot be done, it not
being isolable.7

The spectrum of the mixed-valence complex 6(PF6) also
exhibits a single doublet with a line width very similar to those
observed for the homovalent compounds 6 and 6(PF6)2. The
IS and QS parameters are close to the average of the data found
for the doublets of the homovalent homologues 6 and 6(PF6)2.
As a consequence, the unpaired electron is delocalized on the
two redox centers on the Mössbauer spectroscopy time scale
(10−7 s).31 As the Mössbauer measurements were performed
on powdered samples that very likely contain various
conformers of the 6+ cation, it can be concluded that the
unpaired electron is delocalized on the spectroscopic time scale
for all conformations. It is interesting to note that the ESR data,
obtained at a faster frequency, are significantly different (see
sections 8 and 9).
Comparison of the data reported in Table 4 shows that the

behavior of 6(PF6) is very similar to that of the C4-bridged
mixed-valence derivative 1(PF6), but significantly differs from
that of the C8-bridged compound 2(PF6).

32 Indeed, this latter
complex exhibits a very broad and unresolved Mössbauer
doublet corresponding to the components of two trapped
valence iron(II) and iron(III), together with an averaged
doublet corresponding to the detrapped form. Note that the
QS of 6(PF6) is somewhat smaller than the average value of the
QS of the two homovalent complexes suggesting a formal
oxidation state of the iron centers below than 2.5 and
consequently a weak, but significant contribution of the carbon
bridge to the delocalization of the unpaired electron. A similar
observation has already been noted in the case of 1(PF6), but
apparently the trend increases with the number of carbon
atoms in the bridge.12

8. Glass ESR of 6(PF6) and 8(PF6). The X-band ESR
spectra of the radical cations 6(PF6) and 8(PF6) were run at 67
K in a rigid glass (CH2Cl2). The spectra display two features
corresponding to the three components of the g-tensors, as
expected for d5 low-spin iron(III) in a pseudo-octahedral
environment.19,25,33,34 The g-values extracted from the spectra
are collected in Table 5. Interestingly, the best simulations of
the ESR spectra of 6(PF6) and 8(PF6) were obtained for the
same values of the g1 and g2 tensors. As a result of the overlap of
these two tensors the spectra exhibit a unique shape that has
never been observed previously for radicals of the Cp*(dppe)
Fe series (Figure S1, Supporting Information). These g-tensor
values are surprising because usually the g1 and g2 tensors are
very different while the g2 and g3 values are closer (see
compounds 1(PF6) and 2(PF6) in Table 5, for instance).19,32

Interestingly, the anisotropy tensor (Δg) found for 8(PF6) is
significantly smaller than that previously found for 1-FeRu-
(PF6).

11 This finding is unexpected because it strongly suggests
that the delocalization of the odd electron is larger in the C6-
bridged complex than in 1-FeRu(PF6) (see Section 11).
Indeed, in a homogeneous series of binuclear MV compounds,
it has been found that Δg decreases as the rate of the
intramolecular electron transfer increases.35 Such behavior has
invariably been verified in the Cp*(dppe)Fe series.6,26,36 Note
that it was also recently reported for a MV ruthenium complex

Table 4. 57Fe Mössbauer Parameters for 6(PF6)n (n = 0-2) at
80 K and Closely Related Compounds

compd IS (mm s−1) (vs Fe) QS (mm s−1) ref

1-Fe 0.27 2.07 12

1-Fe(PF6) 0.21 1.32 12

1-Fe(PF6)2 0.18 1.05 12

2 0.24 1.94 32

2(PF6)
a 0.24 1.91 32

0.21 1.45
0.19 1.06

6 0.251(5) 1.992(6) b

6(PF6) 0.203(9) 1.387(2) b

6(PF6)2 0.194(5) 1.075(9) b

aThree doublets with the relative spectral areas 21/58/21. bThis work.
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analogue with a low axial symmetry that rotamers may have
distinct spectroscopic profiles in the NIR range.37

9. Single Crystal ESR of 6(PF6). In the crystal structure of
6(PF6) the asymmetric unit is composed of half a molecule and
half a PF6

− anion. The complete radical 6+ is generated thanks
to the 2-fold axis, and then there are two molecules in the unit
cell related by an inversion center. Therefore, the two
molecules in the crystal have the same ESR signature regardless
of the orientation of the external magnetic field with respect to
the crystallographic axes. In order to extract the g-tensor
orientation, we performed angular resolved ESR spectroscopy
on an oriented single crystal of 6(PF6). Rotations were
performed in the three orthogonal planes a*c, a*b, and bc at
120 K (Figure S2, Supporting Information). The position of the
resonance line in these three planes was then fitted
simultaneously (Figure 7) with eqs 1−3.38

In the a*b plane:

θ θ θ θ= + +* * *g gg gg gg( ) cos 2( ) sin cos ( ) sina a a b bb
2 2 2

(1)

In the a*c plane:

θ θ θ θ= + +* * *g gg gg gg( ) sin 2( ) sin cos ( ) cosa a a c cc
2 2 2

(2)

In the bc plane:

θ θ θ θ= + +g gg gg gg( ) sin 2( ) sin cos ( ) cosbb bc cc
2 2 2

(3)

=
−

− −
−

⎛

⎝

⎜⎜⎜⎜

⎞

⎠

⎟⎟⎟⎟
g

4.948(1) 0.058(1) 0.118(1)

0.058(1) 3.981(1) 0.005(1)

0.118(1) 0.005(1) 4.214(1)

2

(4)

The principal values are obtained by diagonalizing the g2

matrix: g1 = 2.229, g2 = 2.048, g3 = 1.994. The eigenvectors of g2

matrix provide the orientation of the principal axes with respect
to the molecular orientation (Figure 8). For the sake of clarity,
the g-tensor was positioned in the middle of the complex.

The 2-fold molecular axis is, as expected, the magnetic axis
(g3). DFT calculations are helpful for a deeper analysis of the
ESR spectrum. The main computed components of the g-
tensors of 6+ and 8+ are given in Table 5 and compared to the
experimental data. For the bis(iron) complex 6+, the computed
g-tensor components reproduce almost perfectly in amplitude
the experimental values obtained with a single crystal of
6(PF6), with a theoretical anisotropy of 0.262 close to the
experimental value of 0.239. The orientations of the principal
axes are also fairly well reproduced with a maximum deviation
of 9° between g1 and g1calc, 8.4° between g2 and g2calc, and only
3.7° between g3 and g3calc. Δg is relatively small suggesting a
large contribution of the organic bridge to the SOMO. The g-
tensor orientation does not coincide with any molecular axis
other than the 2-fold molecular axis. g1 makes an angle of 27.3°
with the Fe−C5Me5 direction and 37.4° with the Fe−Fe
direction. Also, g1 is contained in the plane defined by the two
iron atoms and the centroids of the C5Me5 rings. As a
consequence, g1 points outside the C5Me5 group, while it points
directly at the centroid in [Fe(η5-C5Me5)(η

2-dppe)(NCS)]-

Table 5. Experimental (Glass and Single Crystal (Brackets)) and Computed (Italics) ESR Tensors for Compounds in CH2Cl2
Glass at 67 K

compd g1 g2 g3 Δga giso
b ref

1-Fe(PF6) 2.139 2.089 2.079 0.060 2.102 12

1-Ru(PF6) 2.253 2.047 1.985 0.268 2.095 14

1-FeRu(PF6) 2.186 2.082 1.999 0.187 2.089 11

2(PF6) 2.108 2.054 1.999 0.109 2.054 32

6(PF6) 2.133 2.133 1.996 0.137 2.087 c

(2.229) (2.040) (1.990) (0.239) (2.086) c

2.241 2.030 1.979 0.262 2.083 c

8(PF6) 2.158 2.158 1.994 0.164 2.103 c

2.290 2.018 1.969 0.321 2.092 c

aΔg = g1 − g3.
bgiso = (g1 + g2 +g3)/3.

cThis work.

Figure 7. Angular variations of the experimental values of g2 in the
three orthogonal planes with the best-fitted curves (full lines) with the
expressions given in the text (θ is the angle between the magnetic field
and a* in eq 1 and c in eqs 2 and 3).

Figure 8. Structure of cation 6+ in the 6(PF6) crystal with the
computed (blue) and experimental (red) principal magnetic axes from
single crystal ESR measurements. Iron atoms are shown in brown,
phosphorus atoms in orange, and carbon atoms in gray. Hydrogen
atoms are omitted for clarity.
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(PF6) radical39 in which the spin density is predominantly
iron(III)-centered. Last but not least, the principal g
components appear to be very different in the crystalline
phase and in frozen solution. This is a clear indication that the
magnetic objects are different in these two phases despite the
chemical objects being obviously the same. The only
explanation is that each conformer formed by free rotation of
the Fe(η5-C5Me5)(η

2-dppe) moieties around the −C6− bridge
has a different ESR signature. Indeed, theoretical calculations of
the g-tensors for selected conformers of 6+ (α = 0°, 45°, 90°,
135°, and 180°) show important changes in the Δg values even
though no noticeable modifications are calculated for the
atomic spin density values (see Tables S4 and S5, Supporting
Information).40

A similar behavior might also occur with 8+. Computations
show different g1 and g2 values contrary to experiments in glass
(Table 5). One can notice that the magnetic anisotropy
significantly increases when one Fe(dppe)Cp* fragment is
replaced by a ruthenium fragment (0.262 vs 0.321). Note that
the much smaller value found experimentally in glass (0.164) is
more in accord with the strong electronic coupling observed.40

10. UV−Vis Spectroscopy of 6(PF6), 6(PF6)2, and
8(PF6). The UV−vis spectra of complexes 6(PF6), 6(PF6)2,
and 8(PF6) were recorded between 300 and 800 nm at 20 °C
in CH2Cl2. The characteristic data are collected in Table 6,

along with those found for 2 and 2(PF6) for comparison
purposes. The very poor solubility of 6 and 8 precludes
recording their UV−vis spectra. The spectra of the mixed-
valence complexes 6(PF6) and 8(PF6) are characterized by two
intense high energy bands at 352 and 378 nm for the bis(iron)
radical and 338 and 368 nm for the iron/ruthenium analogue.
These bands can be assigned to metal-to-ligand charge transfer
(MLCT) transitions. Moreover, three transitions are found at
454, 510, and 578 nm for 6(PF6) and at 452, 496, and 558 nm
for 8(PF6). These bands of medium intensity are tentatively
assigned to ligand-to-metal charge transfer (LMCT). Compar-
ison of the spectra of 6(PF6) and 8(PF6) shows that
substitution of one of the iron nuclei by ruthenium produces
a small hypsochromic shift in the three low-energy absorptions
of ca. 10−20 nm.
The spectrum of the doubly oxidized complex 6(PF6)2

displays three intense bands attributed to LMCT transitions.
11. NIR Spectroscopy of the Mixed-Valence Com-

plexes 6(PF6) and 8(PF6). Spectra of the monocationic
species 6(PF6) and 8(PF6) exhibit a strong absorption in the
near-IR range with a maximum on the low energy side of the
spectrum and two shoulders at higher energies (Figures 9 and
10). Deconvolution of the experimental spectra using Gaussian
functions reveals the presence of three overlapping transitions
as expected for d6/d5 mixed-valence systems with metal centers
in pseudo-octahedral environments (the fitting parameters are

provided in Table 7). Indeed, Meyer and co-workers2 have
conclusively shown that such inorganic MV complexes might

give rise to three optical electron-transfer processes when the
metal−metal interaction mediated by the bridging ligand is
strong and when the d sublevels lie close in energy to the
SOMO/SOMO-1 levels, which are usually involved in the
lowest-energy intervalence transfer process.42,43 This behavior
has invariably been observed for delocalized Class-III MV
complexes containing Cp*(dppe)Fe end-groups.8,9,12,32,44,45

In the NIR spectrum of 6(PF6), the lowest-energy transition
at 6140 cm−1 is assigned to the metal−metal optical electron
transfer (IVCT). As the metal centers are strongly coupled, the
two-level model is not obeyed, and the half-width at half-height
is more than three times narrower than that the theory predicts.
Moreover, it can be seen in Figure 9 that the Gaussian function

Table 6. UV−Vis Absorptions for Complexes 2, 2(PF6),
6(PF6), 6(PF6)2, and 8(PF6) in CH2Cl2 at 298 K

compd absorption λ (nm) (ε × 10−3 (M−1 cm−1)) ref

2 389 (100), 481 (10) 41

2(PF6) 403 (56), 423 (54), 556 (7.6), 624 (11), 707 (12) 8

6(F6) 352 (41), 378 (40), 464 (56), 510 (7), 578 (5) a

6(PPF6)2 364 (56), 388 (73), 684 (86.1) a

8(PF6) 338 (40), 368 (34), 452 (5), 496 (5), 558 (5) a

aThis work.

Figure 9. NIR spectrum of 6(PF6) in CH2Cl2 and proposed
deconvolution.

Figure 10. NIR spectrum of 8(PF6) in CH2Cl2 and proposed
deconvolution.

Table 7. NIR Data for 6(PF6) and 8(PF6) in CH2Cl2 at 25 °C

compd
νmax

(cm−1)
ε (dm3

mol−1 cm−1)
Δν1/2exptl
(cm−1)

Δν1/2calcd
(cm−1)a

1-Fe(PF6) 7460 10 100 2200 4150
9210 7300 2400 4612

1-FeRu(PF6) 7310 980 1100
2(PF6) 5040 30 000 1500 3400

6450 7900 1200 3900
10 000 6400 5000 4800

6(PF6) 6140 26 500 960 3763
8135 7200 1000 4335
10 140 1200 1050 4840

8(PF6) 8050 23 400 980 4312
9874 5000 980 4776
11 698 1400 980 5198

aCalculated from Δν1/2 = (2310 × νmax)
1/2
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used does not fit the low-energy side of the spectrum. Similar
observations of cutoffs on the low-energy side of IVCT bands
have already been reported for strongly coupled MV complexes
when the electronic coupling (Hab) becomes close to half of the
reorganization energy (λ/2).3,42,45,46 Note that similar cutoffs
were not observed in the NIR spectra of 1-Fe(PF6) and
2(PF6).
One can also observe that the frequency is intermediate

between those found for the low energy bands of 1-Fe(PF6)
and 2(PF6), confirming that the electronic coupling decreases
with the carbon chain length. As a consequence, the electronic
coupling (Hab = 3070 cm−1), which is derived from eq 5, for a
Class-III MV compound is also intermediate between those
found for 1-Fe(PF6) and 2(PF6).

ν=H /2ab max (5)

It is important to note that the two additional bands, which
complete the fit, present the same half-width as the major band
in line with the fact that the three IVCT processes should have
comparable reorganization energies. Furthermore, the energies
of the three optical metal−metal electron transfers are related
to the energies of the ligand field transitions by eqs 6−8.2

λ≈E (1)IVCT (6)

λ≈ +E E(2) (1)IVCT LF (7)

λ≈ +E E(3) (2)IVCT LF (8)

Surprisingly, the heterobinuclear complex 8(PF6) behaves as
a Class-III MV complex, and as a consequence the electronic
coupling is also derived from eq 5. The value (Hab = 4025
cm−1) is huge for a nonsymmetrical system, much larger that
the electronic coupling found for 1-FeRu(PF6) (Hab = 310
cm−1). Comparison between these two examples shows for the
first time that the electronic coupling may increase when the
distance between the redox centers increases. This finding is
unexpected and surprising because it has been widely
established by numerous studies that the electronic coupling
(Hab) decreases with increasing distances according to the
physical law depicted by eq 9, in which β is the attenuation
factor characteristic of the nature of the bridge and dab the
distance between the metal centers A and B.4 In the particular
examples of 1-FeRu(PF6) and 8(PF6), as the number of CC
triple bonds increases, the magnitude of β decreases sufficiently
to overcome the expected distance dependence. It is clear that
the electronic structure of the {[Fe](CC)x[Ru]}+

assembly is deeply modified by the increase of x.9,47 In
addition, steric hindrance between the bulky metal termini
decreases as the length of carbon linker increases, favoring a
better conjugation along the M−Cn−M′ backbone.

β= −H H d( ) exp( /2)ab ab 0 ab (9)

The electronic couplings between the remote metal centers
of the mixed-valence species 6+ and 8+ were more deeply
investigated with the help of time dependent-density functional
theory (TD-DFT) calculations. The first computed excitation
energies are given in Table S1 (Supporting Information). In the
near-IR part of the spectrum, three electronic excitations were
computed at 8401, 8993, and 10234 cm−1, and at 9042, 9767,
and 10862 cm−1, for 6+ and 8+, respectively. The nature of
these excitations can be assigned with a glance at the nodal
properties of the orbitals involved in the electronic transitions
responsible of these excitations (see Figures S3 and S4,

Supporting Information). In both cases, the two excitations
correspond to some metal-to-metal−ligand charge-transfer
from dδ-type singly occupied orbitals to dπ/π-type unoccupied
orbitals. Whereas at higher energy they correspond to metal−
ligand-to-metal−ligand charge-transfer from dπ/π-type singly
occupied orbitals to dπ/π-type unoccupied orbitals.
It has to be noticed that additional weak excitations were

computed at 3317 and 2942 cm−1, in 6+ and 8+, respectively.
They correspond mainly to charge-transfer form the dπ/π-type
SOMO to the dπ/π-type LUSO and can be assigned to the
forbidden ligand field (LF) excitation.

12. Magnetic Behavior of 6(PF6)2. The magnetic
exchange interactions between [Cp*(dppe)Fe]+ entities in bi-
and trimetallic derivatives were early recognized and were
subject to various studies on powdered samples.26,48 The role of
the magnetic properties on the redox potentials and
comproportion constants on these complexes were also
emphasized.7

The magnetism of 6(PF6)2 is intriguing and reflects the
sensitivity of the single electron to the molecular conformation.
First of all, a single crystal of 6(PF6)2 is nonmagnetic; it is ESR
silent down to the lowest temperature. As a consequence the
ground state of the dioxidized complex 62+ is a spin singlet
resulting from an antiferromagnetic coupling between the two
radicals. However, NMR data display original features: In the
31P NMR spectrum resonances of the four equivalent
phosphorus atoms of the dppe ligands are surprisingly found
as a broad singlet at δ 11.1 (Figure S5, Supporting Information)
and the PF6 anion as a septuplet at δ −145.4 (1JPF = 710 Hz).
In the 1H NMR spectrum, the Cp* protons are observed at δ
0.78 (s), while the dppe-CH2 are multiplets at δ 2.76 and 4.32.
These NMR chemical shifts are unusual for the Fe(dppe)Cp*
fragment, neutral or not, indicating that compound 6(PF6)2
exhibits paramagnetic behavior. This intriguing result led us to
examine more deeply the magnetic properties of this dication in
solution. Once the single crystal was dissolved in a 1:1 mixture
of dichloromethane and dichloroethane 62+ becomes ESR
active (Figure 11) with three intense lines at g1 = 2.226, g2 =
2.047 and g3 = 1.994. Two additional lines emerge at 2.140 and
2.108. It is clear that the appearance of the extra lines is due to
the existence of different conformers of 62+, which are trapped
in the frozen solution.

Figure 11. X-band ESR spectra of a single crystal of 6(PF6)2 (ν =
9.479 GHz) at 70 K (red line) and of the same single crystal (ν =
9.471 GHz) dissolved in a 1:1 mixture of dichloromethane and
dichloroethane at 70 K (black line).
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The diamagnetic centrosymmetrical conformer does not
contribute to the ESR spectrum, but other conformers with
Cp−Fe−Fe−Cp dihedral angles other than 180° might
contribute as the nature of the ground state is affected by the
orientation of the terminal caps. Three limiting situations can
be envisaged: (i) a diamagnetic ground state (S = 0), which
results from an antiferromagnetic coupling between the two
radical spins, (ii) a paramagnetic ground state (S = 1) resulting
from a ferromagnetic coupling between the two radicals, (iii) a
paramagnetic ground state where the two radicals are
noncoupled (two uncoupled spins 1/2). The last two situations
are ESR active, and the experimental spectrum is probably the
sum of the spectra of these two extreme electronic
configurations weighted by the distribution of conformers.
Interestingly, the main lines coincide with the resonances
observed for the monocationic form, which would suggest that
uncoupled radicals are dominant in the frozen solution.
To complete these original experiments, magnetization

measurements were performed on precipitates of 6(PF6)2.
First, single crystals were grown and the magnetic susceptibility
recorded at varying temperatures within a constant external dc
field. As expected χMT (χM being the molar magnetic
susceptibility and T the temperature (in K)), is very small
and constant (0.05 cm3 K mol−1) between 2 and 300 K (Figure
12). The paramagnetic contribution is probably due to a small

impurity on the surface of the single crystals. Second, the
collection of single crystals was dissolved in a mixture of
dichloromethane and dichloroethane then suddenly precipi-
tated by the addition of pentane to trap as much of the
conformers as possible. χMT of the precipitated powder is very
different from that of the single crystals. It is almost constant
over the temperature range 2−300 K with a value close to 0.4
cm3 K mol−1, which is intermediate between the three limiting
situations mentioned above. It can be concluded that the
precipitate contains a large distribution of different conformers
with different magnetic ground states, presumably a con-
sequence of the quasi-free rotation of the two [Fe(η5-
C5Me5)(η

2-dppe)]+ caps with respect to each other.
In order to support this statement, a conformational study

was performed at the DFT level of theory on the dicationic
complex 62+. A series of different conformers (rotamers)

labeled [6−180]2+, [6−135]2+, [6−90]2+, [6−45]2+, and [6−
0]2+ corresponding to complexes with Cp(centroid)−Fe−Fe−
Cp(centroid) dihedral angles α (deg) of 180, 135, 90, 45 and 0,
respectively, were fully optimized in both singlet and triplet
states. The main optimized data obtained for these different
conformations are given in Table S2 (Supporting Information)
and compared to the X-ray structure of 6(PF6)2. Rotamer [6−
180]2+ is closest to the solid-state geometry characterized
experimentally with the two Fe(dppe)Cp* termini in position
trans to each other. Distances computed inside the Fe−C6−Fe
symmetrical backbone are similar for both low- and high-spin
configurations. They compare well with the metrical parameters
experimentally measured (see Table 2) and do not discriminate
between one configuration and the other. Rotation of one
metallic fragment Fe(dppe)Cp* from α = 180° to 0° hardly
affects the carbon−carbon bond lengths of the organic bridge,
regardless of the spin configuration (Table S2, Supporting
Information).
The optimized structures were validated with frequency

calculations performed on the related model compounds of
formula [{Fe(dpe)Cp}2(μ-CC)3]

2+, again to reduce the
computational effort. The resulting computed νCC given in
Table S3 (Supporting Information) are comparable regardless
of the rotamer and the spin state. Overall, three νCC stretching
modes are computed at ca. 1767 (very weak), 1980 (strong)
and 2000 (very weak) cm−1. These theoretical frequencies
compare well with three of the five experimental ones measured
for 6(PF6)2 (Table 3 and Figure 6). The two frequencies of
higher energy observed experimentally at 2162 and 2062 cm−1,
are not computed in the model rotamers.
The diamagnetic (singlet) states of the different rotamers can

be discarded, being sufficiently high in energy with respect to
the corresponding ferromagnetic (triplet) states (Table S2,
Supporting Information). On the other hand, total energies of
the ferromagnetic and antiferromagnetic (broken-symmetry,
BS) states are comparable. The latter is energetically favored for
α (deg) = 0, 45, 135, and 180. Remember, [6−180]2+ is
structurally similar to the X-ray structure of 6(PF6)2, which is
nonmagnetic. Interestingly, for a value of 90°, the high-spin
state becomes very slightly energetically preferred (see Figure
13). Obviously, rotation of one metallic fragment around the

Fe−C6−Fe axis with respect to the other energetically stabilizes
or destabilizes both the ferromagnetic and antiferromagnetic
states. Consequently, the magnetic exchange coupling constant
J in 6(PF6)2, which can be described as a sum of ferromagnetic
(JF) and antiferromagnetic (JAF) components, seems to be
strongly influenced by the geometrical rearrangements that can

Figure 12. Temperature variation of χMT for an assembly of single
crystals of 6(PF6)2 (full circles) and a precipitate of 6(PF6)2 (empty
circles) with the calculated value for two noninteracting radicals with g
= 2.09 (red line) and two ferromagnetically coupled radicals with g =
2.09 (blue line).

Figure 13. Relative total energy variation as a function of the dihedral
angle α (see text and Chart S1, Supporting Information) for the high-
spin (red) and broken-symmetry (green) states of 62+.
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occur in solution. In [6−90]2+, the ferromagnetic (JF)
component slightly overcomes the antiferromagnetic (JAF)
one leading to a small ferromagnetic coupling between the two
iron fragments (JF ≥ JAF), whereas in [6−180]2+, the
disposition of the metallic fragments with respect to each
other leads to a stronger energetic destabilization of the triplet
state compared to the BS state, giving a complex with a large
antiferromagnetic coupling (JAF ≥ JF). Indeed, using the
formula of Yamaguchi et al.49 the antiferromagnetic coupling
constant J of −1414 cm−1 is computed for [6−180]2+, which
can be compared to the value experimentally measured on a
single crystal of larger than −600 cm−1, whereas a
ferromagnetic coupling constant J of +140 cm−1 is computed
for [6−90]2+. Clearly, the relative orientation of the terminal
spin carriers dominates the magnetism of 6(PF6)2 and the
Cp*(dppe)Fe units are particularly well designed for this
achievement.50

The atomic spin densities of the different conformations of
[6−α]2+, computed for their ferromagnetic and antiferromag-
netic (BS) states (Table S4 and Figure S6, Supporting
Information), show that for the antiferromagnetic states,
rotation of one metallic fragment Fe(dppe)Cp* with respect
to the other from α = 90° to 180°, leads to a slight decrease of
the spin-polarization on the carbon spacer, in particular on the
carbon atoms tethered to the iron centers (C(1/1′)). This
might qualitatively explain the tiny energy destabilization of
these antiferromagnetic (AF) states observed upon the rotation
of the metallic fragment from 90° to 180°. Similar rotation of
the metallic fragment in the ferromagnetic states more strongly
reduces the delocalization of the spin density on the carbon
spacer. In particular, the atomic spin density of the carbon
atoms C(1) and C(1′) drops from 0.023 to 0.001 e, going from
[6−90]2+ to [6−180]2+, respectively. The presence in the
organic bridge of a carbon atom having no spin density
probably breaks the magnetic coupling between the two
metallic termini, and thus strongly destabilizes this system.

■ CONCLUSION
In this contribution, the syntheses in good yields and
characterization of the new C6-bridged binuclear complexes
[Cp*(dppe)Fe(CC)3M(dppe)Cp*](PF6)n (6(PF6)n,
M = Fe, n = 0−2; 8(PF6)n, M = Ru, n = 0, 1) are described.
Taking advantage of the high kinetic stability of these radical
cations and the radical dication, efforts were focused on their
characterization by various means including XRD for the three
salts, IR, 57Fe Mössbauer, ESR in rigid glass and of a single
crystal of 6(PF6), UV, NIR spectroscopies, and magnetic
susceptibility measurements. The experimental data were
analyzed with the support of DFT calculations on the full
structures.
This study has highlighted the unique electronic and

magnetic properties of C6-chain-containing bimetallic wires,
which differ somewhat from those previously observed for
related C4- and C8-chain-containing complexes. Oxidation of
the complexes strongly modifies the Fe−C6−M skeleton, and
the involvement of the carbon chain is larger than in
homologous compounds with shorter bridges. The strong
contribution of the carbon spacer to the spin density makes
these cationic systems highly delocalized on the fast IR time
scale even in the case of the nonsymmetrical mixed-valence
complex 8(PF6). The very strong NIR absorption of the
symmetrical and nonsymmetrical MV derivatives confirmed
that these compounds are Class-III MV species as defined by

Robin and Day. This is unprecedented for heterobinuclear
complexes.
In addition, experimental and theoretical data lead to

exceptional findings: (i) the electronic coupling (Hab) is larger
for the heterobinuclear {[Fe]−C6−[Ru]}+ system than for its
symmetrical {[Fe]−C6−[Fe]}+ congener, (ii) for the first time,
we found a model compound in which Hab increases with the
length of the molecular wire ([Fe−Cx−Ru]+, x = 4, Hab = 310
cm−1, x = 6, Hab = 4025 cm−1), and (iii) combined ESR
measurements on rigid glass samples and a single crystal clearly
establish that the magnetic anisotropy depends on the
conformation of the molecules.
Finally, in the case of the doubly oxidized species 6(PF6)2 it

is first evidenced that the magnetic coupling mediated by the
−C6− chain is controlled by the torsion angle between the
terminal spin carriers, which allows the inversion of the singlet
vs triplet ground states.

■ EXPERIMENTAL SECTION
General Data. Manipulations of air-sensitive compounds were

performed under an argon atmosphere using standard Schlenk
techniques or in an argon-filled Jacomex 532 drybox. All glassware
was oven-dried and vacuum or argon flow-degassed before use. Fourier
transform infrared (FT-IR) spectra were recorded using a Bruker
IFS28 spectrophotometer (range 4000−400 cm−1) as solids dispersed
in KBr pellets. UV−visible spectra were recorded on a CARY 5000
spectrometer. 1H, 13C, and 31P NMR spectra were recorded on a
Bruker AVIII 400 NMR multinuclear spectrometer at 20 °C, unless
otherwise noted. Chemical shifts are reported in parts per million (δ)
relative to tetramethylsilane (TMS) for 1H and 13C spectra, and
external 85% aqueous H3PO4 for 31P NMR spectra. Coupling
constants (J) are reported in hertz (Hz), and integrations are reported
as the number of protons. Mass spectra were run on a HP 5971/A/
5890-II GC/MS coupling spectrometer. ESR spectra were recorded on
a Bruker EMX-8/2.7 (X-band) spectrometer. The 57Fe Mössbauer
spectra were recorded with a 2.5 × 10−2 C (9.25 × 108 Bq) 57Co
source using a symmetric triangular sweep mode. Computer fitting of
the Mössbauer data to Lorentzian line shapes was carried out with a
previously reported computer program.51 The isomer shift values are
reported relative to iron foil at 298 K. Elemental analyses were
conducted on a Thermo-FINNIGAN Flash EA 1112 CHNS/O
analyzer by the Microanalytical Service of the Centre Reǵional de
Mesures Physiques de l′Ouest (CRMPO) at the University of Rennes
1, France.

Materials. Reagent grade toluene, tetrahydrofuran (THF), diethyl
ether, and pentane were dried and deoxygenated by distillation from
sodium diphenylketyl. Dichloromethane was distilled under argon
from P2O5 and then from Na2CO3. Cp*(dppe)FeCl (5),33 Cp*-
(dppe)RuCCCCCCSiMe3 (7),

24 and [FeCp2](PF6) (ferroce-
nium hexafluorophosphate)52 were prepared following published
procedures. All other reagents are commercially available and were
used as received without further purification.

Synthesis of {Cp*(dppe)Fe}2(μ-CCCCCC) (6). To a solution
of FeCl(dppe)Cp* (5) (300 mg, 0.48 mmol) and KF (0.028 g, 0.48
mmol) in MeOH (25 mL) was added Me3SiCCCCCCSiMe3
(0.053 mg, 0.24 mmol). After stirring at room temperature overnight,
the orange precipitate was filtered off and washed with cold MeOH (3
× 10 mL), acetone (3 × 10 mL), and then hexane (20 mL) to afford
{Cp*(dppe)Fe}2(μ-CCCCCC) (6) (0.224 g, 0.18 mmol,
75%) as a very poorly soluble orange powder. IR (KBr): νCC 2040
cm−1. ESI-MS (m/z): calcd for C78H78Fe2P4 1250.3753, found
1250.3952 [M]+.

Synthesis of {Cp*(dppe)Fe}(CCCCCC){Ru(dppe)Cp*}
(8). The complexes Ru(CCCCCCSiMe3)(dppe)Cp* (7)
(0.092 g, 0.12 mmol), FeCl(dppe)Cp* (5) (0.081 mg, 0.13 mmol)
and KF (0.007 g, 0.12 mmol) were dissolved in a 1:1 mixture of THF/
MeOH (10 mL). After stirring at 25 °C overnight, the orange
precipitate was filtered off and washed with cold MeOH (3 × 5 mL),

Organometallics Article

dx.doi.org/10.1021/om500328y | Organometallics 2014, 33, 2613−26272624



acetone (3 × 5 mL), and then hexane (10 mL) to afford
{Cp*(dppe)Fe}(CCCCCC){Ru(dppe)Cp*} (8) (0.094 g,
0.07 mmol, 61%) as a very poorly soluble orange powder. IR
(powder): νCC 2110, 2050, 1969 cm−1. ESI-MS (m/z): calcd for
C78H78P4FeRu 1296.3447, found 1296.3453 [M]+.
Synthesis of [{Cp*(dppe)Fe}2(μ-CCCCCC)](PF6) [6(PF6)].

Compound {Cp*(dppe)Fe}2(μ-CCCCCC) (6) (180 mg,
0.144 mmol) and [Cp2Fe]PF6 (0.047 g, 0.144 mmol) were dissolved
in dichloromethane (15 mL) at −78 °C. The color changed
immediately from orange to dark brown. After stirring 1 h at −78
°C, the solution was allowed to slowly warm up to room temperature
over 5 h. Then, pentane (60 mL) was added to the solution; the
resulting precipitate was filtered off and washed with toluene (3 × 10
mL). The residue was dissolved in dichloromethane (10 mL), the
solution was filtered via cannula, and the solvent was removed under
reduced pressure to afford 6(PF6) (0.154 g, 0.11 mmol, 77%) as a dark
brown powder. Anal. Calcd (C78H78F6Fe2P5.CH2Cl2): C, 64.07; H,
5.44. Found: C, 63.89; H, 5.65. IR (KBr): νCC 2005, 1818, ν(P−F)
839 cm−1. ES-MS (m/z): calcd for C78H78Fe2P4 1250.3753, found
1250.3755 [M]+.
Synthesis of [{Cp*(dppe)Fe}(CCCCCC){Ru(dppe)Cp*}]-

PF6 [8(PF6)]. When {Cp*(dppe)Fe} (CCCCCC){Ru(dppe)-
Cp*} (8) (0.044 g, 0.034 mmol) and [Cp2Fe]PF6 (0.011 g, 0.034
mmol) were dissolved in dichloromethane (6 mL) at −78 °C, the
color changed immediately from orange to dark brown. After stirring 1
h at −78 °C, the solution was removed from the cold bath and allowed
to warm up to room temperature over 5 h. Then, hexane (60 mL) was
added to the solution, and the resulting precipitate was filtered off and
washed with hexane (3 × 5 mL). The residue was dissolved in
dichloromethane (10 mL), the solution was filtered via cannula, and
the solvent was removed under reduced pressure to afford 8(PF6)
(0.032 g, 0.026 mmol, 77%) as a dark brown powder. Anal. Calcd
(C78H78F6FeP5Ru.CH2Cl2): C, 62.17; H, 5.28. Found: C, 62.65; H,
5.69. IR (CH2Cl2): νCC 2014, 1881, 1824 cm−1. ESI-MS (m/z):
calcd for C78H78FeP4Ru 1296.3447, found 1296.3596 [M]+.
Synthesis of [{Cp*(dppe)Fe}2(μ-CCCCCC)](PF6)2 [6(PF6)2].

When [{Cp*(dppe)Fe}2(μ-CCCCCC)]PF6 [6(PF6)] (0.120
g, 0.086 mmol) and [Cp2Fe]PF6 (0.028 g, 0.086 mmol) were dissolved
in dichloromethane (10 mL) at −78 °C, the color changed
immediately from dark brown to dark green. After stirring 1 h at
−78 °C, the solution was allowed to slowly warm up to room
temperature over 5 h. Then, pentane (60 mL) was added to the
solution; the resulting precipitate was filtered off and washed with
toluene (3 × 10 mL) to afford 6(PF6)2 (0.110 g, 0.072 mmol, 83%) as
a dark green powder. Anal. Calcd (C78H78F12Fe2P6): C, 60.80; H, 5.10.
Found: C, 61.08; H, 5.21. IR (KBr): νCC 2162, 1947, ν(PF) 839
cm−1. 1H NMR (CD2Cl2): δ 0.78 (s, 30H, Cp*), 2.76 (m, 4H, 2 ×
CH2), 4.32 (m, 4H, 2 × CH2), 6.48−7.60 (m, 40H, Ph). 31P NMR
(CD2Cl2): δ 11.1 [s (br)], −145.4 (septet, JPF = 710 Hz, PF6).
X-ray Crystal Structure Determinations for 6(PF6)·5CH2Cl2,

6(PF6)2, and 8(PF6). Single crystals were mounted on a APEXII
Bruker-AXS diffractometer equipped with a CCD camera and a
graphite-monochromated Mo Kα radiation source (λ = 0.71073 Å).
Data were collected at 150(2) K. The structures were solved by direct
methods using SIR-97 program and refined with a full matrix least-
squares method on F2 using the SHELXL-97 program.53 Crystal data,
data collection, and structure refinement parameters for 6(PF6)·
5CH2Cl2, 6(PF6)2, and 8(PF6) are collected in Table S6 (Supporting
Information).
Computational Details. DFT calculations were performed with

the ADF2010.02 package.54 For optimizations of 6n+ and 8n+ (n = 0−
2), electron correlation was treated within the local density
approximation (LDA) in the Vosko−Wilk−Nusair parametrization.55

The nonlocal corrections (GGA) of Becke and Perdew were added to
the exchange and correlation energies, respectively.56 The analytical
gradient method implemented by Versluis and Ziegler was used.57 The
geometries were fully optimized without any constraints (C1
symmetry), and convergence criteria used were more drastic than
default criteria (energy change <0.0005 hartree, atomic position
displacement <0.005 Å). Spin-unrestricted calculations were per-

formed for all the considered open-shell systems. The standard ADF
TZP basis set, i.e., a triple-ζ STO basis set for the valence shells
augmented with a 2p polarization function for H, a 3d polarization
function for C and P, a 4p polarization function for Fe and a 5p
polarization function for Ru, respectively, was used for the geometry
optimizations. Orbitals up to 1s, 2p, 3p and 4p were kept frozen for C,
P, Fe and Ru, respectively.

Frequencies were computed on corresponding model complexes
[{Cp(dpe)Fe}(CCCCCC){M(dpe)Cp}]n+ (M = Fe
(6n+) and Ru (8n+)) to reduce the computational effort. Computed
ESR properties were performed using the ESR procedure
implemented in the ADF package and developed by van Lenthe,
van der Avoird and Wormer.58,59 ESR g-tensors were obtained from
self-consistent quasi-restricted DFT calculations where the relativistic
spin−orbit coupling is treated by first-order perturbation theory from a
ZORA Hamiltonian.59 Spin-polarization effects were not taken into
account. For these calculations, the nonlocal corrections of Adamo−
Barone and of Perdew−Burke−Ernzerhof (mPBE) were added to the
exchange and correlation energies, respectively.60 The basis set was
expanded for Fe and Ru, where orbitals up to 2p and 3d were kept
frozen, respectively. The first excitation energies computed for 6+ and
8+ were obtained using the TD-DFT approach as implemented by Van
Gisbergen in ADF.61 TD-DFT calculations on open-shell systems can
generate ghost-excited states with no pure spin-states. Thus, the
Tamm−Dancoff approach was used to avoid such states.62 For such
calculations, the mPBE functional60 and the basis set used to compute
the ESR properties were used. In order to evaluate the effect of
rotation of metallic fragments on the magnetic properties of 62+, a
sequence of geometry optimizations was carried out using the more
accurate B3LYP functional proposed by Becke, Lee, Yang, and Parr.63

Energies of the antiferromagnetic states were obtained using the
broken-symmetry approach developed by L. Noodleman.64 For these
calculations the standard basis set was expanded for all atoms (H, C, P,
and Fe) using an all-electron basis set of TZP quality. Molecular
orbitals and spin densities were plotted with the ADF-GUI package.65

■ ASSOCIATED CONTENT

*S Supporting Information
TD-DFT results for 6+ and 8+ (Table S1), atom numbering for
[6−α]2+ (Chart S1), optimized bond lengths, relative energies,
frequencies of rotamers [6−α]2+, and atomic spin densities of
[6−α]+/2+ (Tables S2−S4), g-tensor values of [6−α]+ (Table
S5), crystallographic data, details of data collection and
structure refinement parameters (Table S6), X-band ESR
spectra for 6(PF6) in a glass (Figure S1) and on an oriented
single crystal (Figure S2), contour plots and energies of the
frontier orbitals of 6+ and 8+ (Figures S3 and S4), 31P NMR
spectrum of 6(PF6)2, contour plots of the atomic spin densities
of rotamers of [6−α]2+ (Figure S6), a MOL file of the
Cartesian coordinates for all calculated geometries, and a CIF
file giving crystallographic data for 6(PF6)n (n = 1, 2) and
8(PF6) are supplied as Supporting Information. Full details of
the structure determinations have also been deposited with the
Cambridge Crystallographic Data Centre as CCDC 993027,
993028, and 993029, respectively. Copies of this information
may be obtained free of charge from The Director, CCDC, 12
Union Street, Cambridge CB2 1EZ, U.K. (fax, +44-1223-336-
033; e-mail, deposit@ccdc.cam.ac.uk). This material is available
free of charge via the Internet at http://pubs.acs.org.
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