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ABSTRACT: The bimetallic ruthenium complex {Cp(dppe)Ru},(i-C=CC=CC=C) (3, Cp = cyclopentadienyl, dppe = 1,2-bis-
(diphenylphosphino)ethane) has been prepared and the molecular structure determined. The cyclic voltammogram of 3 is character-
ized by three reversible one-electron events with a large potential difference between the two first waves (AE® = 0.44 V) indicating the
large thermodynamic stability of the MV (mixed-valence) 3(PF;) which can be considered as a class III MV complex. The complex
3(PFy) was quantitatively prepared by treatment of 3 with 1 equiv of [FeCp,J(PF;) at -78 °C and characterized by EPR spectroscopy.
Above -10 °C, solutions of 3(PF) provide the asymmetric tetranuclear complex {cyclo-
C([Ru))C(CCCCIRu]))C(CC[Ru])C(CC[RuJ}PF;), (4(PF),, [Ru] = Cp(dppe)Ru) which was formed regiospecifically and isolated in 92
% yield. Thus, despite the thermodynamic stability of the monocation radical 3(PF,) evidenced by the electrochemical data, and the
extensively delocalized electronic structure, a slow dimerization reaction takes place affording a stable, tetranuclear complex. The new
compound was characterized by single crystal X-ray diffraction study, cyclic voltammetry, multinuclear-NMR, IR, UV.vis and NIR
spectroscopies and the data were analyzed with the support of quantum chemical investigations at the DFT level of theory. The regio-
specificity of the dimerization reaction is controlled by a balance of steric and electronic factors, which favors intermolecular (Ca +
Cy) radical coupling.

INTRODUCTION M(dppe)Cp’]"(X), (Cp’ = Cp, Cp*; M = Fe, Ru), exhibit the

best performance with respect to interaction between the two

9, 10
These compounds are

Quantum-dot cellular automata (QCA) is a paradigm for metal centers through the bridge.
nanoelectronics, in which binary information is encoded in
charge configuration of a QCA cell and transferred via Cou-

lomb interactions between neighboring cells."? At the molecu-

ideally suited for conveying electronic coupling between the
redox centers. These assemblies usually proved to be stable
(and isolable) in different oxidation states for short carbon

lar level, the simplest molecular QCA cell is a symmetric mixed-
valence complex in which the binary states O or 1 are represent-
ed by the location of a mobile electron (or a hole) at one metal
center or at the other.” However, square arrays with four redox
sites are generally considered more versatile and efficient cell
designs for use in logic applications.”’

Several successful strategies for rational syntheses of tetramet-
allic complexes have been developed, but straightforward prepa-
ration of square arrays remains challenging.”* We may wonder
if such square molecules - formally di-mixed-valence complexes
- may be attained by oxidative dimerization of bimetallic mixed-
valence derivatives. Considering that a wide variety of bimetal-
lic complexes were prepared by ligand-ligand coupling via redox
reactions this approach should be fruitful.””

In this respect, a wide variety of organometallic molecular
wires in which two redox-active metal termini are connected
through a bridging ligand has been developed. The wirelike
performance of these linear species has been investigated in
detail by means of various physical evaluation methods includ-
ing rare measurements at the molecular level.® Among these
molecular wires, polyynediyl complexes, [Cp’(dppe)M-(C=C),-

bridges (m = 1, 2).'"" "> However, previous studies have shown
that the oxidized species from complexes with longer polyyne
linkers have poor chemical stability.” Up to now, the complex
[Cp*(dppe)Fe(C=C),Fe(dppe)Cp*|*"(X), is the unique example

of a kinetically stable mixed-valence complex with a Cgbridge.'®
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Chart 1. Symmetric (A) and Asymmetric (B) Cyclobutenediyl-
idene Complexes
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On the other hand, it has recently been found that the radical
cations [Cp’(dppe)M-C=C-C=C-R](PF;) dimerize to afford the
binuclear dications [{Cp’(dppe)M},CsR,I(PFy), (Chart 1)."
Depending on the steric hindrance in the metal vicinity, the
coupling involved either the inner and outer C=C triple bonds,
to give a mixture of the symmetric and asymmetric cyclobu-
tenediylidene complexes A and B (Cp’ = Cp, M = Ru) or regio-
specifically at the outer triple bonds to give the symmetric iso-
mer A as the unique product (Cp’ = Cp*, M = Fe, Scheme 1)."
In addition, a recent experimental and theoretical investigation
on the iron and ruthenium o-polyynyl complexes has concluded
that iron(III) and ruthenium(III) radicals may react via a clean
chemical process, since the ESR signal disappeared clearly upon
warming, no trace of other radicals being detected."”

Scheme 1. Possible Self-Coupling of {{M]{(C=C),{M]}"
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As it is well established that polyynediyl-bridged mixed-
valence complexes are often chemically unstable,”® the chemis-
try of these radical species has not been extensively investigat-
ed.” Guided by the stimulating results on the reactivity of
mononuclear complexes bearing butadiynyl ligands,” """ we
have investigated the reactivity of symmetric mixed-valence
complexes [Cp(dppe)Ru(C=C);-Ru(dppe)Cpl(PFs). In these
compounds the metal centers are linked by a C4 carbon bridge,
which seems to be ideally suited for providing tetrametallic
complexes with a square array upon regio-specific oxidative
coupling of two of these binuclear hexatrynediyl complexes.

With reference to our previous work on the oxidative activation
of arylbutadiynyl-metal complexes,'” '® it can be anticipated that
dimerization of the radical cation {[M]{C=C)+M]}" might
occur through (Cy + Cy) coupling to afford a symmetric tetra-
nuclear complex with a square core as depicted in Scheme 1.

We report here the synthesis of the bis(ruthenium) hexatri-
ynediyl complex {Cp(dppe)Ru},(i-C=CC=CC=C) (3), the low
temperature preparation and in situ characterization of the
related mixed-valence complex 3(PF) as well as the regiospecific
dimerization of the radical cation which affords the asymmetric
tetranuclear complex [{Cp(dppe)Ru}4{-Ci2}](PF¢), [4(PFy),].
The full characterization of the tetranuclear dications, including
an X-ray analysis of the metathetized salt 4(AsF;),, electrochem-
ical data, spectroscopic properties and a rationalization of the
mechanism of the reaction and the physical properties of 4> by
quantum chemical investigations at the DFT level are also
reported and discussed.

RESULTS AND DISCUSSION

1. Synthesis of the Binuclear Complexes 3. Only few meth-
ods are available for the preparation of symmetric binuclear
hexatriynediyl complexes.'® The most widely used method is
the reaction between a metal halide and the TMS-protected
hexatriyne Me;Si(C=C);-SiMe; in the presence of a desilylating
agent such as KF. This reaction is very efficient because the
bimetallic complex [M],(u-C=CC=CC=C) generally precipi-
tates out of solution and no further purification is needed.

Scheme 2. Synthesis of diruthenium Complex 3
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Accordingly, treatment of bis(trimethylsilyl)hexatriyne (2)
with two equivalents of RuCl(dppe)Cp (1) in refluxing metha-
nol affords the bis(ruthenium) complex {Cp(dppe)Ru},(u-
C=CC=CC=C) (3) in a pure form after only an hour (Scheme
2, 80 % yield).

The bimetallic complex 3 was characterized by the usual spec-
troscopic methods. The IR spectrum of 3 in CH,Cl, exhibits a
single le—c band at 2063 cm™. In the '"H NMR spectrum, the
Cp resonance was observed at [ 4.56 (s) while the dppe-CH,
groups gave multiplets at [ 1.84 - 1.87 and 2.43 - 2.46. The
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Ru(dppe)Cp fragment was also observed in the "C NMR spec-
trum, with Cp at [ 83.16 (s), CH, of the dppe between [ 28.23-
28.53 as a multiplet; C, of the carbon chain was a triplet cou-
pled to the two phosphorus atoms of the dppe at [ 102.64 (Jep
=28 Hz). The ’'P NMR spectrum displayed one peak at [ 85.8
corresponding to the four equivalent phosphorus atoms of the
molecule.

The initial scan in the cyclic voltammogram of complex 3
from -0.5 to 1.5 V [us the standard calomel electrode (SCE)] is
characterized by three well-separated one-electron processes
(Table 1). While the third oxidation wave is only partially
reversible (E; = 1.11 V), the two first oxidation waves (E°, =
0.01 V, E% = 0.45 V) are fully reversible indicating that the
neutral dimer 3 undergoes two successive and reversible one-
electron oxidations to yield the mono- and dications in the
vicinity of the electrode. The large potential difference (AE® =
0.44 V) which corresponds to a large comproportionation
constant (K. = 2.9 x 107) indicates the large thermodynamic
stability of the mixed-valence derivative 3(PF;) with respect to
the homovalent complexes 3 and 3(PFy),. Moreover, the very
large AE° value is diagnostic of strong electronic interactions
between the two metal centers through the hexatriynediyl
bridge and complex 3(PFy) can be considered as a class III
delocalized mixed-valence complex.* " Attempts to isolate this
compound were unsuccessful, although it was possible to ac-
quire in-situ EPR spectra, and follow the progress of the subse-
quent chemical reactions of 3(PFy).

2. In Situ Glass EPR Spectroscopy of 3(PF;). Complex 3 was
reacted with 1 equiv. of [FeCp,|(PF¢) in CH,Cl, at -78 °C under
inert atmosphere. The color of the solution changed from
yellow to deep red indicating the formation of the mixed-
valence complex 3(PFy). After one hour at -78 °C, an aliquot of
the solution was transferred to a quartz EPR tube and immedi-
ately cooled down to liquid nitrogen temperature, thereby
forming a glass. The X-band EPR spectrum of the radical cati-
on at 66 K displays three well-resolved features (g; = 2.253, g, =
2.047, g = 1.985) corresponding to the components of a g
tensor characteristic of d’ low-spin Ru(lll) in a pseudo-
octahedral environment.”® No hyperfine coupling between the
unpaired electron and phosphorus was observed.

The calculated g, value (g, = 1/3(g; + & + g) = 2.095) for
3(PFy) is very close to the value previously measured for the
related mixed-valence butadiynediyl complex
{Cp*(dppe)Ru},(u-C=CC=C)I(PF) (g., = 2.096)," but signifi-
cantly larger than the value determined for the mononuclear
butadiynyl complex [Cp*(dppe)RuC=CC=CPh](PF,) (g,
2.074)."" The larger g, values found for the bimetallic com-
pounds suggest that the SOMO containing the unpaired elec-
tron has greater ruthenium character in the bimetallic complex-
es relative to the mononuclear derivatives.

The small tensor anisotropy (Ag = g - g;) also supports the
class III character of the mixed-valence 3(PF,). Indeed, in a
homologous series of mixed-valence compounds the anisotropy
tensor of the EPR signal decreases as the rate of the intramo-
lecular electron transfer increases.”> Relative to the tensor
anisotropy found in [Cp*(dppe)RuC=CC=CPh|(PF,) (Ag =
0.420),"" a value close to that expected for a localized mixed-
valence complex with related ruthenium termini, the tensor

anisotropy of 3(PF) is small (Ag = 0.268) and close to the that
obtained for the related [{Cp*(dppe)Ru},(u-
C=CC=C)|(PFy) (Ag = 0.232)."!

3. Synthesis of the tetranuclear complexes 4(PF;), and
4(AsF),. Solutions of 3(PF) can be kept for hours below -25
°C, but when the temperature reached -10 °C, the color of the
solution changed from deep red to deep blue indicating a fur-

complex

ther reaction. After one hour at room temperature to reach
completion, hexane was added to afford 4(PFy), as a deep blue
powder in 92 % yield.

Scheme 3. Synthesis of tetraruthenium Complex 4(PFy),
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The dimeric structure of 4(PFy), was established by high reso-
lution mass spectrometry of the dication at m/z 1201.740 (z =
2; calculated: 1201.661 for [M]*). The 'H NMR spectrum of
4(PFy), displays four distinct resonances for the Cp ligands at [
4.86 [s(br)], 5.15 (s), 5.20 (s) and 5.64 [s(br)] with the same
relative intensities showing that the four metal centers of the
tetranuclear complex 4(PF,), are not equivalent. Clearly, the
formation of a symmetric dimer, which is expected to be
formed via (Cy + Cy) coupling has not occured. It can be ob-
served that the chemical shifts of the Cp protons are very close
to each other, and as a consequence the two positive charges are
probably delocalized over the four Cp(dppe)Ru centers.

The *'P NMR spectrum of 4(PFy), recorded at 20 °C contains
only one unresolved, very broad and weak signal in the [ 80 -
95 region. In contrast, the signal of the PF, anions appears as a
very well resolved septuplet ('Jor = 710 Hz) centered at [ -143.2.



It was suspected that the low resolution of the NMR spectrum
has its origin in slow molecular motions. In order to improve
the resolution of the signal corresponding to the dppe ligands,
low temperature *'P NMR spectra were then measured. The *'P
NMR spectrum of 4(PF), run at -80°C contains three resolved
broad peaks at [ 80.7, 85.3 and 94.8 (relative intensities 1:2:1,
respectively), consistent with the presence of only one product
resulting from the initial (Ca + Cy) regioselective coupling as
shown in Scheme 3. The more intense signal at [ 85.3 can be
assigned to the dppe phosphorus atoms of the two -C,-
Ru(dppe)Cp fragments. The peak centered at [ 94.8 is assigned
to the Ru(dppe)Cp directly attached to the C, ring; *'P NMR
chemical shifts of the dppe phosphorus atoms of similar ruthe-
nium moieties attached to C, are centered in the I 90 - 100
De facto, the last signal at 1§ 80.7 is assigned to the
fourth Ru(dppe)Cp fragment, attached to the cyclobutene ring
through the C, chain.

L3
region.

In the "C NMR spectrum, recorded at room temperature,
very weak and broad unresolved signals were observed at [
227.81, 258.64, 226.10, 187.15 and 159.69, which could be
assigned to the C; atoms directly attached to the Ru(dppe)Cp
centers, together with some sp carbons of the chains. Other
signals were found in the aromatic region as multiplets between
0 125.59 and 143.39, which could be assigned to the phenyl
groups of the dppe ligands and some carbons of the C,; ligand.
The Cp carbon atoms were observed as four singlets (three well-
resolved) at [ 86.62, 87.04, 88.26 (br) and 89.49 for the four
different Ru(dppe)Cp fragments. In accord with the 'H data,
the chemical shifts of the Cp carbon atoms are between those
of neutral Ru(II)(dppe)Cp and cationic [Ru(II)(dppe)Cp]" moie-
ties. Finally, the CH, groups of the dppe ligand were observed
as multiplets between [ 27.70 and 1 31.46. Additionally, no sp
carbon resonance was observed in the usual C=C triple bond
range.

The new tetranuclear dimer 4(PF;), was further characterized
by IR spectroscopy in solution (CH,Cl,) and in the solid state
(Nujol) in order to observe and hopefully assign the different
multiple bonds in the molecule. In the IR spectrum recorded in
Nujol, two [cc vibrations were observed at 2069(m) and 1941(s)
cm” while the Iy band was displayed at 836 cm”. Given the low
symmetry of the molecule, the presence of only two I(CC)
bands in the IR spectrum is probably indicative of a large delo-
calization of the charges on the whole structure in accord with
the X-ray diffraction data (see below). In contrast, the IR spec-
trum of a dichloromethane solution of 4(PF), displays four
absorption bands in the multiple carbon-carbon bond stretch-
ing region: a medium band at 2072 cm” and three bands at
1984 (sh), 1960, and 1929 cm™ (see Figures S1 and S3). Obser-
vation of two additional bands in the spectrum run in solution,
is consistent with the observation of the broad weak signal in
the *'P NMR spectrum recorded at 20 °C which was resolved in
the spectrum run at -80°C (see above). In solution, the
Cp(dppe)Ru fragments freely rotate around the C, ring and the
IR spectrum can sample all of the available conformations,
while the thermodynamically more stable conformer is
quenched in the solid state as observed in the molecular struc-
ture of 4(AsPFy),.

4. Molecular Structures of 3 and 4(AsFy),. Suitable crystals
of 3 for X-ray analyses were obtained by slow diffusion of hex-
ane into a benzene solution. An ORTEP view of 3 is illustrated
in Figure 1 and key structural parameters are collected in Table
S1 (in connection with Section 5). The asymmetric unit con-
tains one molecule of 3 and half a molecule of benzene.

As expected, bond lengths in the Ru(dppe)Cp fragment are
typical while angles confirm the pseudo-octahedral geometry of
the metal atoms. Distances along the carbon chain confirm its
hexatriynediyl nature with C=C triple bond lengths being be-
tween 1.213(9) - 1.221(9) A and C-C single bond distances
being 1.385(9) and 1.376(10) A. It is noteworthy that the Ru-
Cg¢Ru chain deviates significantly from linearity showing a
symmetric “bow” conformation®® with the angle between the
Ru(1)-C(1) and C(6)-Ru(2) bond vectors being 34° as illustrated
in Figure 1.

ORTEP

{Cp(dppe)Ru},(p-
C=CC=CC=C) (3) at 50 % probability level. Hydrogen atoms and

solvent molecule have been removed for clarity.

Figure 1. representation  of

Deep blue crystals of 4(AsFy), were obtained by slow diffusion
of benzene into a concentrated solution in dichloromethane,
the more bulky (AsF;) anions facilitating crystallization. How-
ever, the crystals were very prone to desolvation when out of the
mother liquor. An ORTEP view of the asymmetric dication
4(AsF,), is shown in Figure 2, while selected key parameters are
collected in Table S2. The asymmetric unit consists of one
molecule of 4(AsF),, two molecules of dichloromethane and
four and a half molecules of benzene.

The X-ray analysis confirmed that 4(AsF), contains four non-
equivalent Ru(dppe)Cp fragments and one cyclobutene center
as depicted in Scheme 3. The surprising asymmetric geometry
of the molecule established from the spectroscopic data is con-
firmed: two metal fragments are attached to the cyclobutene
ring through C, chains, while the two others are connected
either through a C, chain or directly to the cyclobutene center.
The C, ring slightly deviates from a perfect square, with angles
in the range of 86.4(5) - 93.3(6)° (sum of angles = 360°) and C-
C bond lengths between 1.452(10) and 1.507(10) A. The three
carbon chains Ru(1)-C(1-3), Ru(2)-C(8-4) and Ru(4)-C(11-9) are
nearly linear, with angles being between 170.1(8) and 177.5(7)°,
apart from the small bending at the end of the C, chain. The
C,; ligand is approximately planar, with the major bending at
C(8): A plane through the atoms C(1-5) and C(9-12) shows
deviations of the other atoms C(6), C(7), C(8) of 0.05(1),
0.17(1), 0.34(1) A, respectively. As expected, the four rutheni-
um atoms adopt a pseudo-octahedral geometry; however, the

angles C(12)-Ru(3)-P(5) = 91.6(2) and C(12)-Ru(3)-P(6) =



90.0(2)° at the Ru(3) atom are larger than in the other
Ru(dppe)Cp fragments. This is probably due to steric hindrance
[the Ru(3)(dppe)Cp fragment is directly attached to the C,
ring]. Distances in the four Ru(dppe)Cp fragments are very
similar, the Ru-P bond lengths being in the range 2.256(2) -
2.293(2) A, somewhat longer than in typical neutral
Ru(Il)(dppe)Cp complexes such as 3 (see above), and shorter
than those found in typical cationic [Ru(II)(dppe)Cp]” complex-
es (Ru-P = 2.30 A).” Similarly, the Ru-C(chain) bond lengths
are between 1.916(8) and 1.948(7) A, which lie between typical
[Ru(ID)=C(dppe)Cp]” (= 1.85 A) and Ru(I)-C(dppe)Cp (= 2.00
A) distances. The C-C distances within the carbon chains (two
C, and one C,) of the C,; ligand are also very similar, the for-
mal C=C triple bonds are slightly elongated [1.229(10) -
1.254(11) A] while the formal C-C single bonds are slightly
shortened [1.343(10) - 1.382(10) A]. Distances in the cyclobu-
tene ring [range 1.452(10) - 1.507(10) A] are also between C=C
double and C-C single bonds, C(3)-C(12) = 1.507(10) A corre-
sponding to a C-C single bond. The distances in the
Ru(dppe)Cp fragments are between typical Ru(II)(dppe)Cp and
[Ru(I)(dppe)Cp]” bond lengths and together with the distances
found in the Cy, ligand indicate that the positive charges are
not localized on two metal centers, as it might be expected for
an asymmetric complex, but are delocalized on the whole mole-
cule on the Xeray time scale. This last observation makes it
difficult to represent the bonding of 4(AsF), with a single
Lewis formula; thus it has been drawn as fully delocalized in
Scheme 3. The deviations from a plane of best fit through the
four Ru atoms are Ru(1) -0.199(1), Ru(2) -0.145(1) A on one
side of the plane and Ru(3) 0.208(1) and Ru(4) 0.137(1) A on
the other side, showing a small but significant tetrahedral dis-
tortion. Apart from C(1) and C(2), all the remaining carbon
atoms of the cyclobutenediyylidene ligand lie on the
Ru(3)/Ru(4) side of the Ru, plane with deviations from the
plane ranging from 0.08 - 0.29(1) A. The deviations of C(1)
and C(2) are -0.05 and -0.01(1) A respectively.
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Figure 2. ORTEP representation of [{Cp(dppe)Ru},{p-
C12}1(AsFg), (4(AsFy),) at 50 % probability level. Hydrogen atoms,
phenyl groups of the dppe ligand, AsF anions, and solvent mole-
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cules have been removed for clarity.

5. Proposed Mechanism for the Formation of 4. In order
to better understand the formation of the new tetrametallic

compound 4(XFy), (X = PF,, AsF;) the bimetallic precursor 3
and its related MV complex 3" were firstly optimized at the
DFT level of theory (see Computational Details). The resulting
geometrical data are provided in Supporting Information (Ta-
ble S1). The optimized bond lengths compare rather well with
the available experimental values. In 3, the Ru-C and C=C
distances are slightly overestimated by 0.025 A and 0.030 A,
respectively, whereas the single C-C bonds are computed short-
er by 0.033 A compared to the X-ray data. As already found in
previous theoretical studies," ' the largest discrepancy is found
for the Ru-Cp and Ru-P bond lengths, which are overestimated
by 0.13 A and 0.05 A, respectively. Upon oxidation, the Ru-C
distances strongly decrease, from 2.021 A to 1.996 A, when
going from 3 to 3", respectively. To a lesser extent, a shortening
of the single C-C bonds (0.026 A) and a lengthening of the
triple C=EC bonds (0.016 A) are also observed upon the oxida-
tion of 3, leading to a carbon spacer with a greater cumulenic
character. In agreement with these geometrical changes, a
decrease of the Ve stretching modes is observed, upon oxida-
tion (Table S1). These trends are commonly observed for these
polyynediyl complexes and can be understood with a glance at
the nodal properties of their first highest occupied molecular
orbitals (HOMOs). As previously detailed for related bimetallic
systems,'? the first HOMOs of these systems are fully delocal-
ized all over the Ru-C¢-Ru backbone and are TT-type in charac-
ter. Furthermore, they are antibonding along the Ru-C and C-C
single bonds and bonding along the C=C triple bonds (see
Figure S1).

The spatial spin distribution calculated for the cationic com-
plex 3" is pictured in Figure 3. The largest values of the atomic
spin density are found on the ruthenium atoms (0.17 e per
metal). However, the spin density is also largely distributed all
over the carbon linker with substantial atomic spin densities
located on Ca (0.12 e), and to a lesser extent on Cf (0.08 e)
and Cy (0.09 e). This spin-density distribution is consistent
with the computed EPR properties of 3%, with g, = 2.386, g, =
2.004 and g; = 1.950, corresponding to an unpaired electron
mainly localized on the metallic fragments."”?

Ru=0.17, Ca = 0.12, Cp = 0.08, Cy = 0.09

Figure 3. Spatial distribution of the computed spin density of 3"
(isocontour value + 0.005 e/bohr3). Atomic spin densities (elec-
trons) are given.

The distribution of the spin density in 3" allows us to tenta-
tively propose a mechanism for the formation of the tetrametal-
lic complexes 4*". Indeed, the strong delocalization of the spin
density all over the metal-bridge-metal skeleton in 3" must
strongly increase its reactivity and suggests that several routes



are electronically possible for a radical coupling process. How-
ever, as previously shown for the dimerization of related ar-
ylalkynyl-metal complexes, the (Ru + Ru) and (Ca. + Cat) radical
coupling processes are strongly disfavored due to the steric
protection of the bulky dppe ligands."” Consequently, the most
plausible routes to consider are that of (Cy + Cy) and (Ca + Cy)
coupling, which result in the formation of symmetric and
asymmetric tetra-metallic products respectively (Route A and
Route B in Scheme 4).

Surprisingly enough, only the asymmetric tetrametallic isomer
(formed by Route B), is found experimentally. This result may
appear counterintuitive at first sight and suggests that the di-
merization process of 3°, and thus the formation of 4**, is con-
trolled by a balance of steric and electronic factors which in
combination favors (Caw + Cy) radical coupling. Indeed, (Ca. +
Ca) coupling should be electronically preferred whereas (Cy +
Cy) coupling should be sterically favored.

Scheme 4. Radical Coupling of {[Ru]-(C=C);{Rul}"
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6. Electronic Properties of 4™ (n = 1-3). DFT calculations
were carried out on 4* to characterize its electronic properties.
Metrics optimized for its singlet spin configuration, given in the
Supporting Information, reproduce satisfactorily the values
experimentally measured for 4(AsFy),. The calculated Ru-Cp
(centroid) and Ru-P distances are somewhat overestimated with
respect to the experimental ones by 0.12 A and 0.06 A, respec-
tively. The Ru-C distances are also computed to be slightly
longer than the experimental ones, by 0.06 A, 0.03 A, 0.06 A
and of 0.05 A for the Ru(1)-C(1), Ru(2)-C(8), Ru(3)-C(12) and
Ru(4)-C(11) bond lengths, respectively. A better agreement is
found for the distances of the carbon bridge. The slight distor-
tion of the central carbon square is well reproduced, with two
short bonds (C(3)-C(9) and C(4)-C(9)) of 1.465 A and two
slightly longer bonds (C(3)-C(12) and C(4)-C(12)) of 1.497 A
and 1.484 A respectively. This distortion is mainly due to the
steric hindrance of the ruthenium fragment directly bonded to
Finally, the {C(4)-C(5)=C(6)}-C(7)=C(8)-Ru(2)}
chain is computed to have a more important cumulenic charac-
ter than in the X-ray structure of 4(AsF),, with the single and
triple bonds computed shorter and longer by 0.02 A.

the square.

Oxidation of 4* leads to some modification of the metal-
ligand distances. Indeed, the Ru-P bond lengths in 4" lengthen
by 0.02 A. The Ru-C distances are also affected upon oxidation
with the Ru(1)-C(1), Ru(2)-C(8), Ru(3)-C(12) and Ru(4)-C(11)
bond lengths computed shorter by 0.02 A than in 4. To a
lesser extent, the single C-C bonds are found slightly shorter

and the triple C=C bonds slightly longer in the tricationic
system.

In the reduced species 4°, the metallic fragments are affected
differently. Indeed, the Ru(1)-C(1) and Ru(2)-C(8) distances are
computed longer by 0.04 A compared to the dicationic com-
plex, whereas the Ru(3)-C(12) and Ru(4)-C(11) distances are
lengthened by only 0.01 A. The carbon skeleton is also affect-
ed. The single and triple C-C bonds are computed slightly
longer and shorter in the monocationic species than in the
dicationic one. Moreover, the bond lengths in the central
carbon square are strongly modified upon reduction, with a
lengthening of 0.02 A of the C(3)-C(12) and C(4)-C(9) distances
and a shortening of 0.03 A of the C(3)-C(9) and C(4)-C(12)
distances. These geometrical changes suggest that upon oxida-
tion of 4%, both the ruthenium centers and the C,, carbon
backbone should be affected, whereas its reduction should be
mainly centered on the Ru(l)-carbon-Ru(4) string and on the
central carbon square.

Examination of the first frontier molecular orbitals of 4%,
plotted in Figure 4, can be informative and help to rationalize
the geometrical changes observed upon the reduction and
oxidation of 4*. A large HOMO-LUMO energy gap (ca. 1.10
eV) is computed for 4. This confirms the thermodynamic
stability of this complex in its singlet state electronic configura-
tion. A Mulliken atomic decomposition analysis of the HOMO
and HOMO-1 of 4%, given in Table S3, reveals delocalization
over the entire Ru,-C,, skeleton, almost equally distributed over
the metal and carbon atoms (see Figure 4, bottom). They are 7
type in character and antibonding between the ruthenium
atoms and the adjacent carbon atoms. They are also bonding
between the carbon atoms C(1) and C(2), C(9) and C(10), C(7)
and C(8) and between C(10) and C(11). Their partial depopu-
lation upon oxidation will affect the whole backbone as compu-
tationally observed (see above).

As can be seen on top of Figure 4, the LUMO and LUMO+1
of 4" are Ttype in character and are heavily weighted on the
carbon chain (75 and 69 %, respectively) and to a lesser extent
on the metal atoms (14 and 21%, respectively). As previously
observed for analogous bimetallic systems, these two MOs are
reminiscent of the two ™-MOs of the cyclobutadiene dication
(C,HY™." This explains the change in the C-C distances of the
square upon reduction.

LUMO +1:-5.78 eV, 21 /69

LUMO: -6.23 eV, 14 /75



HOMO: -7.32 eV, 40/ 30

HOMO-1: -7.56 eV, 36 / 36

Figure 4. Contour plots, energies (eV) and Ru,/C,, percentage
contributions of the first HOMOs and LUMOs of 4** (isocontour
value: = 0.03 [e/bohr’]?).

The spatial distributions of the spin density of 4" and 4 are
shown in Figure 5 (for a detailed atomic spin density distribu-
tion, see Table S4 in Supporting Information). In agreement
with the previous description of the HOMOs and LUMOs of
4%, the unpaired electron in the monocationic species 4" is
delocalized over the Rul-Ru2 axis with the largest atomic spin
densities found on atoms C(3) and C(4) of the carbon square,
0.24 and 0.29 e, respectively. By contrast, in the tricationic
complex 4’ the spin density is mainly localized on the ruthe-
nium centers with 0.13 e on each of the metal atoms.

&

Figure 5. Spatial distribution of the computed spin density of 4"
(left) and 4°* (right). Isocontour value: = 0.004 e/bohr3.

The first excitation energies were computed using the TD-
DFT approach for the dicationic complex 4**. The most in-
tense electronic excitations (oscillator strength f > 0.05) are
given in Table S5. Among them, one is computed at 11490
cm” (870 nm, f = 0.10) and corresponds to a metal-to-ligand
charge transfer (MLCT) involving transitions from dm/m type
orbitals (including the HOMO) of the alkynyl-ruthenium frag-
ments to the T type orbitals of the carbon bridge (including the
LUMO). A set of two similar intense excitations, at 15962 (626
nm, f = 0.33) and 16626 cm” (601 nm, f = 0.31) are also com-
puted, likewise corresponding to an MLCT involving transi-
tions from the ruthenium-centered HOMO-4 and HOMO-7
orbitals to the delocalized LUMO. A less intense MLCT excita-
tion is computed at 20236 cm” (494 nm, f = 0.11) involving
transitions from metal-alkynyl-based MOs to dppe localized
MO:s.

Finally, we may wonder, what is the disposition of the two
holes in 4*7 Do the holes have the cis or the trans disposition?
The latter is required both for QCA and for the minimization
of the Coulombic repulsion. If the “kink” energy, i.e., energy
difference between the cis and trans arrangements of the holes is

too small relative to the thermal energy at the temperature of
QCA operation, the binary signal transmitted through the cells
will become garbled. A glance at the Mulliken atomic net
charges indicates unfortunately that the four Ru atoms are
identically positively charged (ca. +1). The excess of positive
charge is compensated by adjacent negatively charged carbon
atoms (see Figure S2 in Supporting Information).

As a consequence of the coupling mechanism, the new com-
plex 4(PF,), is not a symmetric square molecule. Indeed, DFT
calculations on a putative symmetric isomer (5>, Scheme S1),
resulting from a (Cy-Cy) coupling of 3%, indicate that it is slight-
ly more thermodynamically stable than the asymmetric com-
pound 4" by 5.3 kcal/mol and displays comparable geometrical
and electronic properties (HOMO-LUMO gap of 1.28 eV, see
Table S6).

7. Redox Properties of 4(PFy),. The electrochemical behav-
ior of the tetraruthenium complex 4(PF;), was studied to de-
termine its redox potentials and hence, the chemical accessibil-
ity of the different redox states. The initial scan in the cyclic
voltammogram of this complex in the range -1.60 to 1.50 V [us.
the saturated calomel electrode (SCE)] is characterized by four
reversible waves with the same intensity for all of them (Figure
6). This indicates that as the potential decreases from 0.30 V to
-1.60 V, the dicationic complex 4(PF;), undergoes two succes-
sive one-electron reductions to form the monocation 4(PFy)
and the neutral complex 4, in the vicinity of the electrode. In
contrast, when the potential increases from 0.30 V to 1.50 V,
the dication is subject to two one-electron oxidations to gener-
ate the tri- and tetracationic species 4(PFg); and 4(PFy),, respec-
tively. In total, complex 4(PF), can be found in five different
oxidation states (0 < n < 4). The redox potentials are collected
in Table 1 with those of the binuclear parent 3.

Comparison of the potentials of the redox couples 3" and
37 with those of 4" and 4% for which the two compounds
are bearing the same number of charges, strongly suggests that
the frontier orbitals in these two compounds differ in energies
and metal vs. carbon bridge contributions. The HOMO in-
volved in the oxidation processes of 4(PFg), should be Ru,C,,
centered, while the LUMO involved in the reduction should
mainly be bridge centered. This is in agreement with DFT
calculations (see above).
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Figure 6. Cyclic voltammogram of 4(PFy), (10° M solution in
CH,Cl, at 298 K, 0.1 M [Bu",N|PF;, scan rate 0.100 V 5.



Table 1. Redox Potentials for 3 and 4(PFy),"

Compd E°, E°, E% E°,
3 -0.01 0.45 1.11
4(PFy), -1.42 .65 0.68 0.89

"Potentials in CH,Cl, (0.1 M [Bu",N|(PF), 25 °C, platinum
electrode, sweep rate 0.100 V s' are given in V ws SCE; the
ferroceneferrocenium couple (0.460 V vs SCE) was used as an
internal reference for the potential measurements.

The potential differences between the redox couples 4°/4"
and 4°/4* (AE® = E°E°%, = 1.27 V) in one hand, and 4/4* and
4"/4 (AE° = E%E% = 1.33 V) on the other hand, are very
large. The corresponding comproportionation constants are
huge (K, = 1.1 x 10", K, = 3.5 x 10*), indicating that in each
redox state the compound is thermodynamically very stable
with respect to charge disproportionation. This property con-
stitutes an important requirement in the QCA quest.

8. Spectroelectrochemistry of 4(PF;),. Guided by the elec-
trochemical observations on 4(PFy),, attempts to access the 4°,
4', 4" and 4% species from 4%, by chemical means, using
CoCp, and Ag(PF) as the reducing and oxidizing agents™,
respectively, were carried out. Unfortunately, these attempts
were unsuccessful, due to partial decomposition of the prod-
ucts.

Table 2. Infrared Data in the 1700-2200 cm’ Range for
4(PFy), (n = 1-4) in CH,Cl, at 298 K, 0.1 M [Bu",N]PF,

n Vi % V3 \Z Vs

1 1985

2 2072 1984(sh) 1960 1929

3 2064 1920 1890(sh)
4 1977

IR, UV.vis and NIR spectra of the compounds 4(PF), were
independently collected using spectroelectrochemical methods
(dichloromethane, 0.1 M [Bu",N|JPF,). The starting compound
being 4(PF),, references to reduction and oxidation in the
following are based on this initial +2 charge state. The spectra
are provided in the Supporting Information (Figures S3-S9 in
Supporting Information) and IR frequencies are summarized in
Table 2. The IR spectra collected during the reduction cycle
4" >4 > 4° > 4" > 47) shows that these processes are far
from chemically reversible. In particular the reduction of 4
leads to a loss of all characteristic absorptions in the 2200-1700
cm” spectral range, indicative of decomposition in the spectroe-
lectrochemical cell (Figures S3 and S4). However, the 4 > 4"
> 4* cycle is rapid and reversible, and the absorption at 1985
cm” may be regarded as a characteristic Vo stretching mode of
4(PFy). The significant spectral change on reduction of 4* to 4"
can be regarded as an indicator that any structural rearrange-
ments are primarily localized to the C,, ligand bridging the
ruthenium centers. The significant spectral modification upon
reduction indicates that the structural reorganization mainly

concerns the Cy, ligand which binds the four ruthenium atoms.
As the ve=c frequency increases upon reduction, the CC bond
distance in 4(PF;) is expected to be shorter than in 4(PF), in
accord with the calculations. However, when applying a con-
stant potential, 4(PFy) is allowed to sit in the cell and over the
time a transformation takes place providing a species denoted
4 (PF;). The monocationic species 4(PF¢;) and 4’(PF;) have
nearly identical IR spectra and conversion is only seen convinc-
ingly in the corresponding UV.vis spectra (see below). The
similarity of the IR spectra of the two monocations argues for a
limited change in the molecular structure and thus the struc-
tural change may be more probably due to relative orientations
of the Cp(dppe)Ru moieties or eventually the opening of the
cyclobutene ring. Nevertheless, as 4(PF), can be regenerated
from either 4(PF;) and 4’(PFy) by a reversible oxidation, the
integrity of the backbone of the molecule is likely preserved.

The redox cycle (4* > 4’ > 4" > 4% > 4%) is essentially
reversible, with almost complete recovery of the initial IR spec-
trum, indicating little decomposition of the sample during the
redox cycle over ca. 12 h at 20 °C in the spectroelectrochemical
cell. Clearly, there is a small pronounced red shift of the ve=c
frequencies, indicating a reduced bond order upon oxidation
and consequently some C-C bond lengthening (Figure S4).
This suggests that the holes generated by oxidation are associat-
ed with the HOMO, which is extensively delocalized over the
Ru,C,, backbone and somewhat antibonding between the
triply-bonded carbon atoms (see above).

The UV-vis spectrum of 4(PF;), is dominated by two intense
bands at 16640 cm™ (601 nm, € 17600 M" dm?) and 12060 cm”
(830 nm, € 20200 M" dm’) and a weaker feature at 21460 cm™
(466 nm, & 5460 M"' dm’, Figure S6 in Supporting Infor-
mation). The two intense low-energy bands observed in the
visible range which are responsible for the deep blue color of
the complex can tentatively be assigned to the electronic excita-
tions involving mostly HOMO-n to LUMO MLCT transitions
which are computed for 4* (see above). Accordingly, these
bands almost disappear upon the sequential reduction of
4(PF;), into 4(PF;) and then to 4 (Figure S6). Alternately, if
4(PFy) is allowed to stay in the cell at a constant applied poten-
tial then a spectral progression is observed with conversion of
4(PF;) to 4 (PF,) (See Figure S7 in Supporting Information).
The species 4’(PFy) can be re-oxidized to 4(PF),, although due
to the time scale of the experiment we are unable to confirm
whether this re-oxidation occurs through 4(PFy).

On the other hand, oxidation of 4(PFy), to 4(PF,); causes a
small red shift of the three lowest-energy bands present in the
visible range, and a splitting of the band near 16600 cm™ (Fig-
ure S8 in Supporting Information). In contrast, on further
oxidation of 4(PF); to 4(PF), a significant blue shift was ob-
served (Figure S8). Moreover, the intensity of the bands de-
creases upon oxidation. These observations are consistent with
the assignment of these bands to electronic excitations involv-
ing mostly HOMO- to LUMO transitions which are computed
for 4* (see above). They also suggest that several HOMO-n
levels are rather close in energy.

While complexes 4(PFy), (n = 0, 1, 2, and 4) are fully trans-

parent in the NIR range between 4000 and 9000 ¢cm’, the NIR
spectrum of the trication 4(PF;); displays two bands of very



weak intensity at 5600 cm” (e < 100 M" dm’) and 6800 cm™ (g
ca. 100 M" dm’, Figure S9). Due to the low intensity of these
absorptions, the corresponding transitions are likely forbidden
and thus unlikely to bear any metal-metal or metalligand
charge-transfer character. These absorptions are instead tenta-
tively assigned to forbidden ligand-field transitions, similar to
those previously observed in related Ru(IIl) and Fe(III) ana-
logues.”*

CONCLUSION

In this contribution, we have reported the synthesis and char-
acterization of the bis(ruthenium)hexatriynediyl
{Cp(dppe)Ru},(i-C=CC=CC=C) (3). 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 EPR
characterization of 3(PF,) confirmed full delocalization, and
thus classification as a Robin-Day Class-III complex, although
the compound is kinetically unstable above -10 °C. The tetraru-
thenium complex 4(PFy), is formed in essentially quantitative
yield, through an intermolecular radical coupling mechanism
uniquely involving the all-carbon hexatriynediyl bridge span-
ning the two ruthenium termini of 3". The reaction is regio-
specific for the asymmetric isomer, resulting from sequential
(Ca + Cy) coupling followed by (CB + C8) coupling to close the
cyclobutene ring. The alternate symmetric isomer, resulting
from a less sterically-hindered (Cy + Cy) coupling, was not
identifiable in crude reaction mixtures. DFT calculations on 3"
indicate this is likely a consequence of insufficient spin-density
at the central C=C triple bond. Increasing the steric bulk about
the Ca=Cp bond by exchange of the Cp ligand with Cp* pre-
vents this intermolecular dimerization of the mixed-valent
hexadiyndiyl complex, and will be the subject of a future report.

As a consequence of the coupling mechanism, the new com-
plex 4(PFy), is not a symmetric square molecule. Nevertheless,
this contribution constitutes a proof of concept that activation
of polyynediyl complexes containing an odd number of carbon-
carbon triple bonds may selectively give rise to tetranuclear
complexes and, provided that the regioselectivity can be effi-
ciently controlled, symmetric square molecules could be ob-
tained following this strategy.

At this stage, it cannot be concluded that the fully electron
delocalized compound 4(PFy), is an optimized model of molec-
ular QCA. However, as this compound is very stable with
respect to charge disproportionation, it could be of interest to
investigate how it could be possible to favor charge separation
with respect to charge delocalization in this arrangement. In-
deed, charge localization in such compounds may occur at the
molecular level with PF¢ counter-ions in the vicinity and/or
“collectively” as long as the field of the adjacent molecule is
sufficient to break the symmetry of the two quantum wells so
that the odd electrons (holes) localize in the well of lower ener-

ay.

EXPERIMENTAL SECTION

General data. All manipulations of air-sensitive compounds
were performed under an argon atmosphere using standard
Schlenk techniques or in an argon-filled Jacomex 532 dry box.
Tetrahydrofuran (THF), diethyl ether, toluene, and pentane
were dried and deoxygenated by distillation from sodi-
um/benzophenone ketyl. Acetone was distilled from P,Os.
Dichloromethane and dichloroethane were distilled under
argon from P,Os and then from Na,COs;. Methanol was dis-
tilled from dried magnesium turnings. Potassium tert-butoxide
(ACROS) was used without further purification.
Me;Si(C=C);SiMe;*, [FeCp,)(PF,)* and Cp(dppe)RuCl* were
prepared using reported procedures. Infrared spectra were
obtained in KBr discs with a Bruker IFS28 FTIR infrared spec-
trophotometer (4000-400 cm™). UV-visible spectra were record-
ed on a Varian CARY 5000 spectrometer. 'H, “C, and *'P
NMR spectra were recorded on Bruker AVIII 400 and AVIII
500 NMR multinuclear spectrometers at ambient temperature,
unless otherwise noted. Chemical shifts are reported in ppm
(9) relative to tetramethylsilane, using the residual solvent reso-
nances as internal references. Coupling constants (J) are report-
ed in hertz (Hz). High-resolution mass spectra (HRMS) were
recorded with a high-resolution HP 5971/A/5890-11 GC/MS
spectrometer operating in the ESI+ mode, at the Centre R¢-
gional de Mesures Physiques de 1'Ouest (CRMPO), Rennes or
with a Bruker MicroTOF spectrometer at the University of
Waikato, New Zealand. Polyethyleneglycol (PEG) was used as
internal reference and dichloromethane was used as solvent.
All mass measurements refer to peaks for the most abundant
isotopic combination (‘"H, C, *'P, 'Ru). EPR spectra were
recorded on a Bruker EMX-8/2.7 (X-band) spectrometer. Ele-
mental analyses were conducted on a Thermo-FINNIGAN
Flash EA 1112 CHNS/O analyzer by the Microanalytical Ser-
vice of the CRMPO at the University of Rennes 1, France; and
at Campbell Micro analytical Laboratory, Dunedin, New Zea-
land.

X-ray Crystallography. Crystallographic data for the struc-
tures were collected at 100(2) K on an Oxford Diffraction Xcal-
ibur diffractometer fitted with Mo K1 radiation, (1= 0.71073 A)
for compound 3 and an Oxford Diffraction Gemini diffrac-
tometer fitted with Cu KI radiation (I = 1.54178 A) for
4[AsF6]. Following analytical absorption corrections and solu-
tion by direct methods, the structures were refined against F°
with full-matrix leastsquares using the program SHELXL-97.”!
For 3, one solvent benzene molecule was found to be disor-
dered over two sites. A second solvent site was modeled as
being partially occupied by both benzene and CH,CI, mole-
cules. Site occupancies of disordered molecules were set at 0.5
after trial refinement, with their geometries restrained to ideal
values. For 4[AsF6], the atoms of one dppe ligand and one Ph
ring of the other dppe ligand were found to be disordered over
two sets of sites corresponding to the two possible configura-
tions of the ethylene bridge. Site occupancies were set at 0.5
after trial refinement.

3. CyHgPsRuy, M = 1240.22, tetragonal, P4/n, a =
35.6390(18), ¢ = 9.3223(8) A, ¥ = 11840.6(13) A°, Z =8,
deae = 1.391 Mg/m®, p = 0.660 mm™', crystal size = 0.16 x
0.14 x 0.10 mm>, reflections collected = 82455, independ-
ent reflections = 13367 [R(int) = 0.1094], 20,,.,= 55.6°, S =



0.943. Final R indices [/ > 206(/)], R, = 0.0718, wR, =
0.1600, R indices (all data), R; = 0.1514, wR, = 0.1915,
APuminmax = 2.052 and -0.696 e.A”.

4[AsF6]. C65H 47As,CLF ,PiRuy. M = 3301.51, triclinic, Pl
a=17.2467(7), b = 20.2846(7), c = 22.0628(9) A, [ = 98.452(3),
0= 94.541(4), 1 = 95.517(3)°, V = 7565.1(5) A’, Z = 2, dey. =
1.449 Mg/mm’, u = 5.644 mm", crystal size = 0.25 x 0.13 x 0.05
mm’, reflections collected = 105301, independent reflections =
26859 [R(int) = 0.0798], 20,..= 134.5°, S = 1.010. Final R indi-
ces [I > 20(D)], R, = 0.0767, wR, = 0.2050, R indices (all data), R,
=0.1067, wR, = 0.2213, W, /mex = 4.723 and -0.904 e.A”.

Spectro-electrochemical Spectro-
electrochemical measurements were made in an OTTLE cell of
Hartl design” from CH,Cl, solutions containing 0.1 M

NBu,(PF) electrolyte. The cell was filled in an inert atmosphere

measurements.

dry box (Innovative Technology) before being fitted into the
sample compartment of a Thermo Scientific 6700 FT-IR/NIR
or Thermo Scientific Evolution Array UV.vis spectrometer.
Bulk electrolysis was performed with a home-built potentiostat.

Computational details. DFT calculations were performed
using the ADF2010.02 (Amsterdam Density Functional) pack-
age.”” ** Geometries of the bimetallic complexes 3 and 3", and
the tetrametallic compounds 4" (n = 1-3) were fully optimized
using convergence criteria more drastic than default criteria
(energy change < 0.0005 Hartree, atomic position displacement
< 0.005 A). Electron correlation was treated within the local
density approximation (LDA) in the Vosko-Wilk-Nusair para-
metrization.” The non-local corrections (GGA) of Becke and
Perdew (BP86) were added to the exchange and correlation
energies, respectively.”® The analytical gradient method imple-
mented by Versluis and Ziegler was used.” Spin unrestricted
calculations were performed for all the open-shell systems con-
sidered. The standard ADF TZP basis set was used for these
geometry optimizations and corresponds, explicitly, to a triple-§
STO basis set for the valence core, augmented with a 2p polari-
zation function for H, a 3d polarization function for C, P, and a
5p polarization function for Ru. Orbitals up to 1s, 2p, 4p were
kept frozen for C, P and Ru, respectively. The bonding ener-
gies and Cartesian coordinates of each structure are given in
Table S6. Computed EPR properties of 3" were performed
using the ESR procedure developed by van Lenthe and cowork-
ers.”®  The gtensor components were obtained from self-
consistent spin-restricted DFT calculations after incorporating
the relativistic spin-orbit coupling by first-order perturbation
theory from a ZORA Hamiltonian.” * Calculations did not
take spin-polarization effects into account. For these calcula-
tions, the non-ocal corrections of Adamo-Barone and of
Perdew-Burke-Ernzerhof (mPBE) were added to the exchange
and correlation energies, respectively.t The first electronic
excitation energies of 4** were calculated using the time de-
pendent density functional theory (TD-DFT) approach imple-
mented in the ADF package by van Gisbergen and co-workers.”
In this case, the functional mPBE was used. Molecular orbitals
were plotted with the ADF-GUI package.”

Synthesis of {Cp(dppe)Ru}(p-C=CC=CC=C) (3). A meth-
anolic (25 ml) suspension of RuCl(dppe)Cp (3) (0.200 g, 0.33
mmol), Me;SiC=CC=CC=CSiMe; (0.073 g, 0.33 mmol) and

KF (0.039 g, 0.67 mmol) was heated under reflux for 1 h, after
which the mixture was allowed to cool. The yellow precipitate
was filtered off and washed with cold MeOH (3 x 10 mL) to
give 3 (0.158 g 0.264 mmol, 80%). Anal.Calcd
(CgsHssPsRu,.0.5CHy): C, 68.76; H, 4.96. Found: C, 68.97; H,
5.16. IR (CH,CL): I(C=C) 2063 cm”. "H NMR (C:Dy): I 1.84-
1.87, 2.43-2.46 (2 x m, 2 x 2H, 2 x CH,), 4.56 (s, 5H, Cp),
6.85-7.90 (m, 40H, Ph). "C NMR (CcDy): [ 28.23-28.53 (m,
dppe), 83.16 (s, CsHs), 96.93 (s), 102.64 (t, Ru-C=, Y = 28
Hz), 127.55-142.91 (m, Ph). P NMR (C,D): [ 85.8. ES-MS
(positive ion mode, MeOH-NaOMe, m/%): 1202 [M]".

Synthesis  of [{Cp(dppe)Ru}4{p-Ci2}1(PFs),  (4(PFy),).
{Ru(dppe)Cp},(-C=CC=CC=C) (4) (0.060 g, 0.05 mmol) and
[FeCp,|PF; (0.016 g, 0.05 mmol) were dissolved in 6 ml of THF
at -78°C when the colour changed immediately from yellow to
deep red. After stirring 1 h at -78°C, the solution was slowly
allowed to warm up to room temperature over a period of 5 h.
When the temperature reached -10°C, the colour of the solu-
tion changed from deep red to deep blue. After stirring 1 h at
room temperature, hexane (50 ml) was added to the mixture
and the resulting precipitate was filtered off and washed with
hexane (2 x 15 ml) to give [{[Ru(dppe)Cp}{l-C,,}I[PFql, (4(PF),)
(0.062 g, 0.046 mmol, 92%) as a deep blue powder. Anal.
Caled for Ci36Hii6FioPioRuy: C, 60.67; H, 4.34. Found: C,
60.83; H, 4.44. IR (nujol): I(C=C) 2069, I(C=C=C) 1941,
I(C=C) 1505, I(P-F) 836 cm™. '"H NMR (dsacetone, 300 MHz): 1
2.62,3.08 (2 x m, 2 x 8H, 2 x CH,), 4.86 (s, 5H, Cp), 5.15 (s,
5H, Cp), 5.20 (s, 5H, Cp), 5.64 (s, 5H, Cp), 7.01-8.01 (m, 80H,
Ph). "C NMR (dsacetone, 150 MHz, ppm): [ 29.11-30.00 (m,
dppe), 86.62 (s, CsH;), 87.04 (s, CsHs), 88.26 (s, CsHs), 89.49 (s,
CsH;), 125.59-143.39 (m, Ph and Cg..), 159.69, 187.15,
226.10, 258.64, 227.81 [5 x s(br), C; and Cy..). *'P NMR (d¢
acetone, 121 MHz): [ 80.7 (broad, 2P), 85.3 (broad, 4P), 94.8
(broad, 2P), -143.2 (septet, Jor = 710 Hz, PF;). ESMS (m/%):
caled for Cy5H,16PsRuy 1201.661, found 1201.740 [M]*.

Synthesis of [{Cp(dppe)Ru}4{pu-Ci2}|(PFe),  (6(AsFy),).
[{Cp(dppe)Rul,{I-C,,}J(PFy), (4(PF),) (0.060 g, 0.04 mmol) and
100 equiv of KAsF, (0.916 g, 4.00 mmol) were dissolved in
acetone. After stirring the solution for 10 min the solvent was
removed to dryness. Extraction with CH,CL, (3 x 5 mL) pro-
vide 6(AsFy), as a deep blue powder (0.063 g, 0.04 mmol, 95%).
IR and *'P NMR spectra confirm the absence of the PF, anion
in the product. Single crystals suitable for XRD were grown by
slow diffusion of benzene in solutions of 6(AsFy), in dichloro-
methane.

SUPPORTING INFORMATION.

Contour plots and energies of the frontier orbitals of 3 (Table S1),
the IR, UVwvis spectra of the reduction and oxidation cycles of
4(PFy), (n = 0, 1, 2, 3, 4; Figure S2-S7), the NIR spectrum of
4(PF6)3 (Figure S8), CIF file for 3 and 4(PFg),. This material is
available free of charge via the Internet at http://pubs.acs.org. Full
details of the structure determination have also been deposited
with the Cambridge Crystallographic Data Centre as CCDC
928914 and 928915. Copies of this information may be obtained
free of charge from The Director, CCDC, 12 Union Street, Cam-



bridge CB2 1EZ, UK. (fax, +44-1223-336-033; email, depos-

it@ccdc.cam.ac.uk).
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