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ABSTRACT: A series of bimetallic ruthenium complexes
[{Ru(dppe)Cp*},(u-C=CArC=C)] featuring diethynylaro-
matic bridging ligands (Ar = 1,4-phenylene, 1,4-naphthylene,
9,10-anthrylene) have been prepared and some representative
molecular structures determined. A combination of UV—

vis—NIR and IR spectroelectrochemical methods and density

(/Pth &

Mixed valence

Ligand Redox Non-Innocence

functional theory (DFT) have been used to demonstrate that one-electron oxidation of compounds [{Ru(dppe)Cp*},
(u-C=CArC=C)](HC=CArC=CH = 1,4-diethynylbenzene; 1,4-diethynyl-2,5-dimethoxybenzene; 1,4-diethynylnaphthalene;
9,10-diethynylanthracene) yields solutions containing radical cations that exhibit characteristics of both oxidation of the
diethynylaromatic portion of the bridge, and a mixed-valence state. The simultaneous population of bridge-oxidized and mixed-
valence states is likely related to a number of factors, including orientation of the plane of the aromatic portion of the bridging ligand

with respect to the metal d-orbitals of appropriate 77-symmetry.

B INTRODUCTION

Open-shell bimetallic complexes [{ML,} («-bridge) {ML,} ] et
in which two metal centers or clusters, M, supported by auxiliary
ligands, L, are linked via some conjugated bridging ligand, continue
to attract unabated attention that is driven by a desire (1) to better
understand the nature of the factors affecting charge localization in
solution' and solid state™ and the thermal and photoinduced
intramolecular electron transfer events that can occur between the
various components of these molecular systems* ® and (2) to
identify systems suitable for use in the development of molecular-
scale wires and other components for molecular electronics.”~"”
In the case of complexes within which the unpaired electron or
hole is localized on one of the metal centers, M, the systems may
be described in terms of the classical, two-state concepts of
mixed valency.*'® ** For example, in [{Fe(dppe)Cp*},-
(u-C=CC¢H,C=C)] (1a) the Fe(dppe)Cp* fragment offers a
pair of almost degenerate d-type orbitals of appropriate symme-
try to interact with the ethynyl ;r-orbitals of the bridging ligand
fragment, but typically lying somewhat higher in energy. Conse-
quently, the frontier orbitals of ethynyl derivatives of this metal
auxiliary are highly metallic in character, and the redox chemistry
of these complexes is often satisfactorily described in terms of
Fe(II/II1) couples.** In the case of bimetallic iron complexes
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shown in Chart 1, broadly speaking, [1a]” is an example of a
strongly coupled mixed-valence complex on the borderline between
Classes II and 11127 Although the cation [1b]" behaves in a
manner similar to that of [1a]*,*® extension of the aromatic
bridging unit in [1c]” leads to significantly more bridge character
in the SOMO, giving rise to a more delocalized system.” Given
the substantive electron spin density calculated on the diethynyl
anthracene moiety in [ 1c]* (68%) and the significant carbon radical
character evidenced by a combination of EPR and Mossbauer
spectroscopies, the description of [1c]” in terms of a redox
noninnocent bridging ligand may also be appropriate. In con-
trast, insertion of an additional phenylene spacer, as in [1d],
results in a system that is better classified in terms of a weakly
coupled (Class IT) mixed-valence system.*’

Interestingly, the Mossbauer spectrum of polycrystalline sam-
ples of [1a]" is consistent with a solid solution containing both
the mixed-valence (valence trapped) form, and a ‘detrapped’
component, the proportions of which are found to vary from
sample to sample with recrystallization. This behavior has been
attributed to variations in local environment brought about by
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Figure 1. Diabatic (broken line) and adiabatic (solid line) potential
energy surfaces for (a) a weakly coupled (Robin and Day Class II)
symmetric mixed-valence complex and (b) a strongly coupled (Robin
and Day Class I1I) symmetric mixed-valence complex.

differences in crystal forms, or delocalization of the odd electron
into a sr-orbital on the bridging ligand.”® Such observations serve
as a prelude to more detailed and ongoing discussions of the role
the relative conformation of the bridging ligand with respect to
the metal centers plays in determlnm§ the magnitude of electro-
nic coupling between metal centers,> > and the role of bridge
conformation not only in switching between mixed-valence

classes but also in controlling the metal vs bridging-ligand
character of the redox processes in [{ML,}(u-bridge){ML,}]
systems.39’4o

Examples of systems related to [1c]” in which the unpaired
electron/hole is delocalized over both metals and the bridging
ligand, and hence not well described by a simple two-state
mixed-valence model, or even localized on the bridging or
support ligands, are becoming more widely recognized and
demand alternative descriptions.'®*>*'~>* For example, the
general notion of ‘redox nonlnnocent bridging ligands in

[{ML,} («-bridge){ML, 11" systems is well documented,***
and treatments of the potential | energy surfaces associated
with [{ML,}(u-bridge){ML,}]"* systems (and analogous
compounds based on organic rather than metal-based electro-
phores) in terms of three-center models have long been
known®>’~®" and continue to be refined."®**%>7¢” The details
of the various models have been discussed thoroughly in these
latter papers, and a short review of these variata has been
presented by Launay;® thus, only the features of the evolution
from the two- to three-state model relevant to the present
discussion are described here.

In the two-state description of a symmetric mixed-valence
system developed by Marcus, Hush, and others two diabatic
potential energy curves are constructed (usually taken as para-
bola from a harmonic approximation), representing the energe-
tically degenerate states [{M,L,}"(u-bridge){MzL,}] and
[{M,L,} (u-bridge){MzL,}"] (the A and B subscripts being
used for convenience to distinguish the metal sites). By permit-
ting a small degree of electronic coupling Hap between these
two adiabatic states, the familiar double-potential well diagram is
obtained (Figure 1a), the minima usually being placed at 0 and 1
(or £1/2) on the electron transfer coordinate axis and the
system being referred to as belonging to Class II in the Robin and
Day classification scheme. The thermal barrier that lies at the
midpoint to the minima on the ground-state curve arises from
the different equilibrium M—L and M—bridge bond lengths
and solvent configurations at the donor ({ML,}) and acceptor
({ML,}") sites associated with the differences in metal oxida-
tion state. At this intermediate point the inner- and outer-
sphere geometries at the metal centers are identical, and
electron transfer can take place without further input of
energy to the system. The progression from one minimum
to the other constitutes the electron transfer reaction, e.g.

({M,L,} " (u-bridge) {MpL,} ] — [{M,L,}(u-bridge){MzL,}"].
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Figure 2. Sketches of the diabatic potential energy surfaces associated with the three-state description of a [{ML,}(u-bridge){ML,}]" system for
arbitrary displacement of the bridge state (yellow) along the symmetric reaction coordinate d from the mixed-valence states (blue): (a) The bridge state
lies high in energy above the mixed-valence states, A > 0; (b) the bridge state is low lying in energy and provides a pathway for electron-hopping between
the metallic states A > 0; (c) the bridge state is lower in energy than the mixed-valence states (A < 0), and the system is better described in terms of a
redox noninnoocent bridging ligand with the charge residing on the bridge.

The overall change in the geometry of the system corresponds to
an asymmetric stretch of the system, and the reaction coordinate
is often described in these terms.”” The vertical transition from
the ground-state minima to the higher-lying (excited) state gives
rise to the well-known intervalence charge transfer (IVCT)
transition and, in a weakly coupled system, corresponds to the
reorganization energy necessary to move an electron from the
donor site to the acceptor site. As coupling between the diabatic
states increases, the thermal barrier to electron transfer decreases,
and in the strong coupling limit (Robin and Day Class III) the
lower potential energy takes on a single minimum, and the
optical absorption loses charge transfer character and becomes
better described in terms of a transition between molecular
orbitals that are delocalized over the molecule (Figure 1).

If in addition to the metal centers, the bridging-ligand B also
offers a low-lying (redox) state, it is necessary to augment the
elementary two-state description by introduction of a third state
that explicitly allows for the population of the bridge, [{ML,,} (u-
bridge) "{ML,} ]. The coupling of this third state to the two states
describing the localization of charge at the metal centers leads to
deviations in the shape of the resulting adiabatic free-energy
curves from the predictions of the two-state model, the most
obvious being the presence of a third minimum along the
asymmetric coordinate midway between the ‘reactant’ and
‘product’ states of the electron transfer reaction. If this additional
state is sufficiently low lying to be populated, then an electron-
hopping model for electron transfer becomes possible.® Further
consequences of the presence of a low-lying bridge state have
been discussed in detail by Brunschwig, Creutz, and Sutin and
include a narrowing and increase in intensity of the IVCT
transition as the magnitude of the coupling between the three
diabatic states increases,18 and the presence of an MLCT/LMCT
band the shape and energy of which are also intimately related to
the coupling of the three states.® In contrast, in the limit of weak
coupling, the three-state solution parallels that of the two-state
model.!

If the bridge is treated as a singular component, transfer of
charge to (or from) the bridge affects the associated bonds in a
symmetrical manner. To account for this symmetric mode, it is
necessary to extend the description of the potential energy curves
to include a second (symmetric) reaction coordinate axis and to
consider the three-dimensional (3-D) potential energy surfaces.

The traditional Marcus—Hush curves are simply slices through
these 3-D (asymmetric, symmetric, and energy) surfaces at a
fixed point along the symmetric coordinate. The diabatic de-
scription of the three-state system [{M,L,} (u-bridge){MgL,} ]
now involves three paraboloids, representing localization of
charge at M,L,, bridge, and ML, (Figure 2), the general
disposition of which can be defined in terms of the relative
energy of the minima (taken as 0, A, and 0 in the case ML, =
MgL,), and the displacement of the bridge minimum along the
symmetric reaction coordinate relative to the minima that
represent localization of charge on the metal centers, d. Together,
A and d define the position of the bridge state with respect to the
double potentials that describe the mixed-valence state.’ Allow-
ing these three states to couple generates a 3-D adiabatic surface;
the number, depth, and definition of minima are dependent on
the magnitude of the individual couplings between the diabatic
states Hy, A, and d. For the systems in which A is positive (ie.,
the bridge state lies at higher energy than the mixed-valence
state) the bridge state leads to either a bay or third minimum
above the double minimum of the mixed-valence state. The
presence of the additional minimum has been shown to permit
both superexchange and hopping mechanisms to operate in
suitably designed systems based on redox-active triaryl amines
linked by a relatively electron-rich 1,4-diethynyl-2,5-dimethoxy-
benzene bridge.63 For systems with increasingly negative A, the
ground-state potential energy surface evolves toward a single
minimum, and the system can be treated as a bridge-based
electrophore with pendent metal groups. In such cases the low
energy transitions in metal based [{ML,}(u-bridge)*{ML,}]
systems have considerable MLCT character.

Against this backdrop of possible classes of electronic struc-
ture associated with [{ML,} (u-bridge) {ML,}]"* systems, com-
plexes based on Ru(dppe)Cp* and other electron-rich Ru(II)
fragments offer an interesting counterpoint. The metal orbitals of
the exemplary Ru(dppe)Cp* fragment lie significantly lower in
energy than the Fe-based orbitals in the analogous Fe(dppe)Cp*
fragment. As a result, the metal character in the frontier orbitals
of Ru-based alkynyl and vinyl complexes is greatly reduced, and
the unsaturated hydrocarbon ligand is often found to contribute
substantially to the frontier orbitals of these systems in various
oxidation states; i.e., the ruthenium complexes exhibit ligand
redox noninnocent character.®*® Given the redox noninnocent
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Chart 2. The complexes 2—5 involved in this study®’
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Figure 3. Molecular structure of 3 showing the atom labeling scheme.
Hydrogen atoms have been removed for clarity. Displacement ellipsoids
are plotted at 50%.

behavior of the arylethynyl ligand in monometallic [Ru(C=
CArX)(dppe)Cp*]* complexes, a re-examination of the nature
(mixed valence or otherwise) of the radical cations that are
derived from one-electron oxidation of related homo- and
heterometallic ruthenium-containing complexes featuring die-
thynylaromatic bridging ligands is warranted."">"%*7°~* In this
paper we describe the synthesis of a series of bimetallic ruthe-
nium complexes [{Ru(dppe)Cp*},(u-C=CArC=C)] featuring
diethynylaromatic bridging ligands (Ar = 1,4-phenylene, 1,4-
naphthylene, 9,10-anthrylene) and some representative molec-
ular structures. Spectroscopic investigation of the monocations
derived by one-electron oxidation of [{Ru(dppe)Cp*},(u-
C=CArC=C)] reveals trends consistent with the population
of two low-lying states: one derived from ‘bridge’-based oxidation
and the other with spectroscopic signatures more in keeping with
a localized mixed-valence structure. The two situations probably
arise through different conformations of the aromatic moiety
with respect to the metal fragments, and hence there is variation

Figure 4. Molecular structure of § showing the atom labeling scheme.
Hydrogen atoms have been removed for clarity. Displacement ellipsoids
are plotted at 50%.

in the metal—bridge orbital overlaps and associated electronic
couplings between components.

B RESULTS AND DISCUSSION

The compounds [{Ru(dppe)Cp*},(u-C=CArC=C)](HC=
CArC=CH = 1,4-diethynylbenzene; 1,4-diethynyl-2,5-dimethoxy-
benzene; 1,4-diethynylnaphthlylene; 9,10-diethynylanthracene)
(2—5) (Chart 2) were prepared from [RuCl(dppe)Cp*] and the
appropriate trimethylsilyl-protected dialkyne in the presence of
KE 517885

The tetrafluorobenzene derivative [{Ru(dppe)Cp*},(u-
C=C-1,4-C4F,—C=C)] is the only example of a structu-
rally characterized bimetallic ruthenium complex featuring a
para-substituted diethynyl aromatic ligand of which we are
aware,! although the structures of the iron complexes Ic,
[1c][TCNE] and [1c][PFg], are known.”® The structures of 3
(Figure 3) and § (Figure 4) were determined crystallographically
and feature approximately linear Ru(1)—C(1)—C(2)—C(3)
fragments, with the Cp* and dppe ligands and C(1) forming a
pseudo-octahedral environment at each metal center (see
Table 1). In each case the molecule rests on an inversion center,
and as such the dihedral angle C(0)—Ru- - -Ru'—C(0) (0) is
180° [C(0) is the centroid of the Cp* ligand]. The disposition of
the metal fragments with respect to the aryl fragment can be
defined in terms of the C(0)—Ru(1)- - - C(3)—C(4) angle (¢)
of 45.5 (3)/47.8 (5) °. The Ru—P bond lengths in 3 [2.2575(4),
2.2580(4) A] and 5 [2.2597(17), 2.2602(16) A] are longer
than in the butadiyndiyl-bridged complex [{Ru(dppe)Cp*}z(,u
C=CC=C)] (2.2420(8)—2.2556(8) A),*” but in general the
bond lengths are consistent with those of mononuclear ruthenium
acetyhde complexes [Ru(C=CArX)(dppe)C 1p ® and bimetallic

[{Ru(dppe) Cp*},(u-C=C-1,4-C4F,-C=C)].>" The 2,5-dimethoxy-
substituted aromatic ring in 3 does not display any significant
quinoidal character and is similar in structure to HC=CC¢H,-
(OMe),C=CH,** while the bond parameters associated with
the 9,10- bis(ethynyl)anthracene ligand in § are indistinguishable
from those ofthe iron analogue [{Cp*(dppe)Fe},(u-C=C-9,10-
CHsC=C)].?

Each of the compounds 2—35 undergoes two sequential and
reversible oxidation processes, separated by ~300 mV in
CH,Cl,/0.1 M NBu,BF,, indicating the appreciable thermody-
namic stability of the compounds [2—5]" with respect to
disproportionation in this solvent system, and giving rise to large
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Table 1. Selected Bond Lengths (A) and Angles (deg) from the Crystallographically Determined Structures of 3 and 5, and the

DFT-Optimized Structures [2-H]"" and [5-H]"" (n =0, 1, 2)

3 [2-H] [2-H]" [2-H]* 5 [5-H] [s-H] [s-H]**
Ru—C(1) 2.0001(15) 2.018 1.965 1.925 2.017(6) 2.016 1.971 1.931
Ru—P(1,2) 2.2575(4),2.2580(4) 2277 2302 2320 2.260(2) 2279 2299 2315
c(1)—C(2) 1219(2) 1228 1242 1257 1.228(8) 1230 1242 1256
Cc(2)-C(3) 1.426(2) 1423 1.393 1.368 1.416(8) 1.419 1.389 1.363
C(3)—C(4) 1.408(2) 1413 1429 1.447 1.422(9) 1425 1.445 1463
C(4)—C(5) 1.389(2) 1.388 1.375 1.362 1.428(9) 1.429 1.418 1.408
C(5)—C(6) 1.354(10) 1.371 1.379 1.388
C(6)—C(7) 1.393(10) 1423 1412 1.403
C(4)—C(9) 1.426(8) 1.441 1.430 1424
P(1)—Ru—P(2) 83.86(1) 93.07 92.15 90.73 83.12(6) 93.25 92.71 91.51
Ru—C(1)—C(2) 175.0(1) 178.7 1779 1773 178.5(5) 1793 1779 177.1
C(1)-C(2)-C@B) 177.7(2) 178.5 177.8 177.3 172.8(6) 178.6 177.6 176.7
% 180 158.9 167.0 180.0 180 180.0 179.3 175.7
¢ 455 ~103 62 47.8 0.0 -88 —20
Table 2. Electrochemical Data from Compounds 2—5° 45000 5
cmpd Ey/V Ey/V AE/mV K 40000 - - - :;
35000
2 0.01 030 290 0.8 x 10°
3 —0.14 0.17 310 17 x 10° < 30000+
4 —0.06 0.24 290 0.8 x 10° ,__5 25000 - ,
_ s ° 2
. S 0.17 0.13 300 1.2 x 10 £ 200004 ) \
CH,Cl,/0.1 M NBu,BF,, 25 °C, v = 100 mV/s, all platinum electro- £ - / H
des, reported vs SCE from an internal ferrocene/ferrocenium couple @ 15000 o
b /
(FcH/FcH" = 046 V). ” K¢ = exp(AEF/RT). 10000 ] , \‘
’ \
5000 - N \
comproportionation constants, K (Table 2). These oxidations o s n
1

become more thermodynamically favorable as a function of the
size of the conjugated s7-system in the aromatic bridge [e.g.,
E\(2) > E,(4) > E;(5)] and through the introduction of donor
groups on the bridging moiety [e.g., E;(2) > E;(3)], providing
evidence for the involvement of the bridge 7-system in these
redox processes. In each case, a third anodic wave was also
observed (2, 1.24 V; 3, 1.00 V; 4, 1.29 V; 5, 1.29 V), but the
associated trications have not been investigated further, given the
complete chemical irreversibility of the last redox process.
UV—vis—NIR spectra of the compounds [2—5]"" were
collected using spectroelectrochemical methods (CH,Cl,,
0.1 M NBu,BF,) (Figure S). The UV—vis—NIR spectra of the
neutral systems 2—S5 are dominated by intense 77—s* bands
associated with the diethynylarylene portion of these molecules,
which are found somewhat lower in energy than in the trimethyl-
silyl-capped ligand precursors, consistent with the presence of
the electron-donating metal substituents in the complexes. The
largely bridging ligand-based w—s* absorptions collapse on
oxidation to [2—5]" with new, vibrationally structured aromatic
radical bands growing between 19,000 (2)—11,000 (5) cm ™"
(525—900 nm). These bands, which are very similar to those
observed for aromatic radical cations®**° may be taken as
evidence for the redox noninnocent character of the bridging
igand,”"** a suggestion further supported by the results of DFT
calculations (vide infra). In addition, each of [2—5]" features a
relatively intense band envelope in the NIR region, which can be
deconvoluted into the sum of three Gaussian-shaped sub-bands

T T T T ] -
35000 30000 25000 20000 15000 10000 5000

wavenumber/cm™

Figure 5. The UV—vis—NIR spectra of 2 (solid line), [2]" (broken
line), and [2]*" (dotted line) collected by in situ oxidation of 2 in a
spectroelectrochemical cell (CH,Cl,/0.1 M NBu,BF,), which is repre-
sentative of the series [2—5]"".

in the region of 8000—5000 cm ' (1200—1800 nm). The
significance of these sub-bands is discussed in more detail below.
On oxidation to the dications, [2—5]>*, these features in the
visible and NIR regions collapse with a new MLCT transition
(vide infra) near 14,000 cm ™' (700 nm), which tails into the NIR
region and overlaps with a low-intensity pseudo Ru(III) dd band,
observed in each case.

The involvement of the bridging ligand in the redox active
orbitals in 2—5 evidenced by the UV—vis spectroscopy is
supported by electronic structure calculations (B3LYP/3-21G*)®®
carried out on [ {Ru(PH;),Cp},(u-C=CC¢H,C=C)]"" ([2-H]"")
and [{Ru(PH;),Cp},(u-C=CC,HsC=C)]"" ([S-H]"") (n =0,
1, 2), which were taken as being representative of the series 2—5
and related redox products. In the case of the doubly oxidized models
the low-spin configuration was found to be more stable than the
correslpondin% high-spin state (6.2 kealmol ' [2-H]**/20.5 keal.
mol " [S-H]*"), which can be attributed to the large difference in
energy between the HOMO and the other occupied orbitals (see
Tables S3 and S6 in Supporting Information (SI)). The optimized
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geometry of the neutral species [2-H] and [$-H] give bond lengths
that are in good agreement with the crystallographically determined
structures of 2 and S, respectively (see Table 1). The ¢ angle (defined
above) in each of lowest energy structures of [2-H]"" varies only a
little, from —10.3° (n=0) t0 6.2° (n=1) and 0.0° (n=2) ([2-H]™").
Minor variation in the orientation of the aromatic ring with respect
to the Ru(PHj;),Cp fragment is also noted in the structures [S-H]™"
(n=0,$=00%n=1,¢=—88%n=2,¢=—20°). Comparison of
the structures of [2-H] and [2-H]", and [5-H] and [5-H]" reveals
that the change in electron count results in modest elongation of
the Ru—P bonds and contraction of the Ru—C(1) bonds. The
C(1)=C(2) bond length expands by ~1% on oxidation, and
these changes associated with the metal coordination sphere are also
accompanied by the evolution of significant quinoidal character in
the aromatic portion of the bridging ligand (Table 1).

Selected frontier orbitals of each of [2-H] and [5-H] are
shown in Figure 6, with more complete lists of orbital energies
and contributions given in the SL In each case, the HOMO is
delocalized over the metal centers and the carbon atoms of the
ethynyl aromatic moieties, with considerable bridging ligand
character ([2-H] 70%; [S-H] 82%). The HOMO—1 is approxi-
mately derived from the in-phase combination of the metal-d/
ethynyl-7 systems, and hence is more extensively localized on the
metal centers and the carbon atoms of the C=C fragment, with
negligible contribution from the central aromatic fragment. The
isoenergetic LUMO and LUMO+1 of [2-H] are associated with
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Figure 7. Plot and numerical summary (% Ru/C,/Cg/Ar/Cg/C,/Ru)
of the spin density distribution in (a) [2-H]" and (b) [5-H]". Contour
values: + 0.04 e/b°.
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the Ru(PH;),Cp fragments, but the LUMO of the anthracene
derivative [S-H] is predominantly anthracene 77* in character
(82%), the unoccupied metal-fragment-centered orbitals being
somewhat higher in energy. Although it is not possible to make
quantitative comparisons of the results from [2-H] and [5-H]
with calculations on related systems that have been constructed
to model the iron series [{Fe(dppe)Cp*},(u-C=CCcH,C=C)]
(12)***** and [{Fe(dppe)Cp*},(u-C=CC,HsC=C)] (1c)
because of differences in the ligand models and computational
methods employed, the frontier orbital characteristics and nodal
properties of the iron and ruthenium complexes are generally
similar, with a significant contribution from the anthrylene mo-
iety to the LUMO of [{Fe(dHpe)Cp},(u-C=CC,,HsC=C)]
(dHpe = H,PCH,CH,PH,) also having been calculated.”

The frontier orbitals of the oxidized compounds [2-H]" and
[5-H]" are similar in composition to those of the neutral ana-
logues, and qualitatively the oxidation process can be described in
terms of the stepwise depopulation of the HOMOs of the neutral
precursors. Thus, the a-highest occupied spin orbital (HOSO)
and f3-lowest unoccupied spin orbital (LUSO) of [2-H]" and the
LUMO of the (low-spin) dication [2-H]*" are all closely related
in composition to the HOMO of [2-H], and feature significant
diethynylaromatic character. In the case of the monocations,
some 64 ([2-H]")—84 ([5-H]") % of the calculated spin density
is associated with the diethynylaromatic ligand, with the metallic
contribution decreasing from 34% in [2-H]" to 18% in [S-H]"
(Figure 7). The spin density associated with the organic bridging
ligand is not distributed evenly but is associated primarily with
the C,, carbon of the acetylide fragment and ipso-carbon atoms of
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Figure 9. NIR region of the electronic spectrum of [2]" showing
deconvolution into a sum of three Gaussian-shaped bands.

the aromatic ring systems (Figure 7); similar distributions have
been noted in the analogous iron complexes.”” Regardless of the
level of theory used (different basis sets and functionals), all
computational efforts made for localizing the oxidation process
to give rise to an asymmetric charge distribution failed, and
symmetrical structures with density distributed both on the
metals and the diethynylaromatic bridge were obtained in all
cases. These ‘symmetrical’ calculated geometries are in good
agreement with the expected distribution of electronic charge
associated with a bridge-localized oxidation event in the experi-
mental systems.

On the basis of these data summarized above, it can be
concluded that the ground state electronic structure of each
member of the series [2—5]"" features an appreciable contribu-
tion from the bridging ligand (Figure 2c). Similar ‘bridge-cen-
tered’ states have been described elsewhere, for example in the
9,10-diethynylanthracenyl-bridged bis(triarylamine) radical cation
[6]" (Chart 3),°*%*%¢ and related ruthenium complexes derived
from 1,4-diethynyl- and 1,4-divinylarylene based ligands.>" 3"
The assignment of a bridge-localized ground state in the case of the

ruthenium derivatives [2—5]" allows us to construct a qualitative
representation of the adiabatic potential energy curve taken as a
slice along a fixed asymmetric coordinate, which is similar to that
described by Lambert for the 9,10-diethynylanthracenyl-bridged
bis(triarylamine) radical cation [6]" (Figure 8).%* From this
description of the prototypical ‘bridge-localized’ ground state
two vertical electronic transitions with charge transfer character
can be predicted, denoted v, and v,. Evolution of the first excited
state along the asymmetric electron transfer coordinate leads to a
double minimum, physically corresponding to the transfer of
charge from one or other metal center to the bridge and hence a
mixed-valence electronic structure in the excited state, while the
second excited state surface is expected to feature only a single
minimum. While under C,;, symmetry vy, is forbidden, due to
either vibrational coupling or local breaking of symmetry in solu-
tion these two transitions have been clearly resolved in the NIR
spectra of the radical cation [6] 6467 and the bis(vinyl) comzplex
[{RuCl(CO)(PMe;);}»(u-1,4-CH=CHC-H,CH=CH)]*** in
which the unpaired electron/hole is supported by the bridging
moiety.

However, as noted above, the NIR absorption of [2—5]" can
be deconvoluted into a sum of three Gaussian-shaped sub-bands
(see Figure 9 for [2]" and Table 3), although deconvolution of
the anthracene derivative [5]* must be treated with caution, since
the NIR bands are significantly overlapped with the tail
of the anthracene cation radical 7—sr* bands, which leads to a
wider range of possible solutions to the deconvolution. Of these
three observed transitions, only two can be attributed within the
bridge-localized ground-state model and have MLCT character
(Figure 8); i.e. photoexcitation in the NIR region results in
formation of excited states with mixed-valence character from a
bridge-localized ground state.” The introduction of the electron-
donating methoxy groups stabilizes the unpaired electron on the
bridge in 3 relative to 2 and raises the energy of the v, and vy,
transitions (Table 3). Similarly, the extension of the aromatic bri-
dging moiety from phenylene to naphthylene to anthrylene also
shifts the v, and 1}, bands to higher energy as the bridge-based
ground state is stabilized.

The third transition is significantly broader than v, and v, and
has a half-height bandwidth, Av,,, that generally fits well with
the predictions made on the basis of the Hush two-state model
for weakly coupled mixed-valence systems,”* and is relatively
insensitive to the nature of the bridge (Table 3). The adiabatic
potential energy curves derived from the three-state model in the
limit of the bridging state being high in energy compared with the
coupling between the remote centers (Hup) is analytically similar
to the two-state model.'"® This third component is therefore
assigned to an intervalence charge transfer transition, vrycr, with
the assumption that, at the geometry associated with the mixed-
valence form, the bridge state is considerably destabilized* and
that the metal centers in the ‘mixed-valence’ state are only weakly
coupled through the orbitals of the bridge.

To better understand and confirm the nature of the electronic
transitions described above, time-dependent (TD) DFT calcula-
tions were carried out on 2-H and [2-H]" using the B3LYP
functional, both with and without the application of the con-
ductor-like polarizable continuum model (CPCM). Dichloro-
methane was chosen as solvent for these later computational
investigations to reflect the experimental spectroelectrochemical
conditions. The results from the neutral system 2-H in vacuo and
the main spectral features are reported in Table 4 and serve as a
convenient starting point for the discussion.

18439 dx.doi.org/10.1021/ja207827m |J. Am. Chem. Soc. 2011, 133, 18433-18446



Journal of the American Chemical Society

Table 3. Selected Parameters Derived from Deconvolution of the NIR Absorption Band Envelope in [2—5]**

cmpd
v/em ' (¢/M ' em ™)
vp/em ™' (e/M ' em ™)

Vver/em™ ' (/M7 em
A(VIVCT)I/Zb
A(viver)i(cale)

-1

[2]" (31"

5600 (11200)
6600 (14000)
8300 (4400)

6300 (15000)
7800 (8400)
8500 (3400)

4200 4000

4380 4430

[4]" [s]"

6000 (9600)
7700 (5200) 8500 (6700)
8300 (4900) 8100 (5000)
4200 3000
4380 4320

6400 (9000)

Samples generated in a spectroelectrochemical cell from solutions in CH,Cl,/0.1 M NBu,BF,, with apparent molar absorptlon coefficients,

A(VWCT)I 2 is the observed half-height bandwidth of Vrycr.

temperature

A(VIVCT)l/z(CaIC)

2[4 ln(Z)VWCTRT]l/2 = [2310vycer) /2 4t ambient

Table 4. TD-DFT Characterization of Compound 2-H in Vacuo

A/nm [em™ '] (f x 10°)

471.5 [21210] (5.1)
350.8 [28510] (6.2)
334.5 [29900] (76.3)
325.5 [30720] (1358)

main MO transitions

HOMO—LUMO

HOMO-2— LUMO+3/HOMO-3—LUMO
HOMO-1—LUMO+1/HOMO-1—LUMO
HOMO—LUMO+4/HOMO—LUMO+3

main assignement

bridge—metal (LMCT)
metal-CC—metal (ML-LCT)
metal-CC—metal ML-LCT

bridge —* admixed with LMCT
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Figure 10. Selected frontier orbitals involved in the transition of the
NIR band for the oxidized [2-H]* compound in solvent [contour values
+0.04 (e/b%)'/?]. Orbital energies (eV) and composition [% Cp-
(PH3),Ru/C,/Ar/C,/Ru(PH;),Cp] are summarized numerically.

The main absorption band calculated at 325.5 nm [30720 cm ']
for 2-H (cf. the experimentally observed band at 26810 cm ™" in
2, Figure S), arises from the diethynyl benzene 7—s* transition
(HOMO — LUMO+4) admixed with some LMCT (HOMO —
LUMO+3) character (see Table S1, SI for orbital compositions).
A small red-shift of ~25 nm is computed when the solvent is
introduced, but the aryl—aryl transition character is maintained.
The inclusion of a solvent model also results in some rearrange-
ment in the electronic structure; in the model dichloromethane
solution environment the diethynyl 77* orbital which comprises
the LUMO+4 in vacuo is stabilized and found as the LUMO+2 in
the CPCM calculation, with the consequence that the almost
degenerate metal-based LUMO+2 and LUMO+3 (in vacuo)
become the LUMO+3 and LUMO+4 in the solvated calculated
system.

18440

The —n* band in [2-H]" is less intense and red-shifted
(~6S5 nm) in comparison with the spectrum of 2-H, and in
addition a broad band appears in the NIR region at ~970 nm (in
vacuo). The inclusion of the solvent in the simulated spectra
leads to a red shift in the NIR band to 1175 nm in a better
agreement with the experimental data. The nature of this NIR
band (in solvent) was investigated in detail. Indeed, two electro-
nic transitions close in energy are computed at 1175 nm
[8510 em '] (f = 0540) and 11165 nm [8957 cm ']
(f = 0239). In both cases, the major contributions come from /-
HOMO—1 — $-LUSO and f-HOMO—3 — 3-LUSO (Figure10)
and have largely ML-LCT character and can be assigned to the
experimentally observed transitions, v, and v}, However, no transition
assignable to Vycr was found using this model of [2]" in which
oxidation takes place (largely) on the bridging ligand and therefore
offers a symmetrical distribution of charge.

The observation of an IVCT transition (Vycr) in addition to
the bands v, and v, suggests that under the conditions of the
experiment, the mixed-valence state is also appreciably thermally
populated. Further, the good agreement between the shape of the
IVCT band and that predicted from the two-state model
indicates that in the mixed-valence geometry the bridge is largely
decoupled from the metal centers. The coexistence of localized
(mixed-valence state) and delocalized (bridge state) states in
4,4'-dinitrotolane radical anions has been noted recently, the
relative populations of which were related to solvation factors.”®
In addition to the anomalous Mossbauer spectra of crystalline
samples of [1a]*, ‘valence trapped’ and ‘valence detrapped’ forms
of various biferrocenium salts have also been observed, the form
adopted being sensitive to the local crystalline environment.”® %’
In the case of the ruthenium complexes described here, the
relative stability of the bridge-localized and mixed-valence states
is likely to depend critically on the overlap of the metal d and
aromatic bridging ligand 7 orbitals, and hence the angles ¢; and
¢, (i.e. the torsion angles defined by the plane of the aromatic
portion of the bridging ligand relative to C(1)—Ru—C(0) at
each metal center). When ¢, and ¢, are both close to 0°, the
metal centers act as good donors, and the compounds are deloca-
lized, with significant redox behavior associated with the bridge
(see the discussion of the -LUSO structure of [2-H]" and

dx.doi.org/10.1021/ja207827m |J. Am. Chem. Soc. 2011, 133, 18433-18446
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Figure 11. Plot of the energies (eV) and % composition [Cp(PH;),Ru/C=C/C4Hs] of selected a- and fS-spin orbitals for the cation
[Ru(C=CC¢H;)(PH;),Cp]" calculated for values of ¢ constrained to 90°, 45°, and 0°. The lowest energy unoccupied 3-SOs (isocontour £0.04

[e/b°]"/?) and spin densities are also plotted (contour +0.04 e/bohr?).

[5-H]" above). This is the situation modeled by the DFT
calculations ([2-H]" ¢, = ¢, = 6.6° [S-H]" ¢, = 8.7°, ¢, =
8.8°). For some values of ¢, , one or both of the metal donors will
decouple from the aromatic portion of the molecule, and the
unpaired electron/hole will collapse onto the metal centers,
giving rise to the mixed-valence state. The angular variation in
spin density on metallic and arylalkynyl fragments in [Fe(C=CAr)
(dppe)Cp*]* systems has been demonstrated computationally'®
and lends support to the general picture described above, while the
role of bridge conformation on the magnitude of coupling between
redox-active centers has been explored for, by way of example,
bridges based on 4,4’ -bipyridyl'®" ' and biphenylenes®* among
other examples.*”

With a view to exploring the notion of the effect of the angle
¢ on the distribution of spin density in ruthenium systems, a
series of calculations on the simple model [Ru(C=CC¢Hs)
(PH;),Cp]" were undertaken for various angles ¢. The ¢ = 0°
conformation was optimized without constraint and has been
reported and discussed in various contexts elsewhere,*® while
structures with ¢ = 45° and 90° were obtained by constraining
the dihedral angle during the optimization. At the level of theory
employed, the ¢ = 0° structure is the most stable, with the ¢ = 45°
(AE = 1.6 kcal mol™") and the 90° (AE = 5.6 kcal mol ')
structures lying higher in energy. Representative MO diagrams
and plots of the S-LUSO and integrated spin density for these

three different conformations are shown in Figure 11. There is
relatively little variation in the composition or ordering of the
unoccupied a-spin orbitals across the structural series, or in the
nature of the unoccupied [-spin orbitals above the -LUSO.
However, the composition of the lowest unoccupied spin orbital
(B-LUSO) varies more significantly with the angle ¢ with the
greatest metallic character (60%) being found for the highest
energy structure (¢ = 90°) and considerable aromatic ligand con-
tribution being found in the case of the lowest energy (¢ = 0°)
structure.®® Thus, even for these simple models, the orienta-
tion of the phenyl acetylide ligand with respect to the highest
occupied metal orbitals of the Ru(PH3),Cp fragment determines
the extent to which the aromatic acetylide substituent can feature
in stabilizing the unpaired electron/hole, which is further illu-
strated in the distribution of spin density across the molecular
framework as a function of ¢ (Table S and Figure 11).
Returning to the bimetallic system it is possible to describe the
ground-state potential energy surface in terms of an asymmetric
(electron transfer) reaction coordinate and a rotational coordi-
nate X(¢,,¢,) that describes the relative conformation of the
metal and bridge elements (Figure 12). Depending on the mole-
cular conformation of the bimetallic complex, the lowest energy
electronic configuration will place the charge on either the metals
(states A and B in Figure 12) or bridge (state C, Figure 12) on the
basis of the conformation-dependent spin density distribution
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Table 5. Calculated Spin Densities (e) on Selected Atoms (or Sums of Groups of Atoms) for [Ru(C=CC¢H;)(PH;),Cp]*

Complexes for ¢ = 0°, 45°, 90°

o Ru 3Cep SR Cq, Cs G C, C,n o AE (kcal mol ™)
0 0.419 0.040 0.007 0.026 0.284 —0.038 0.126, 0.125 —0.074, —0.073 0.179 0
45 0.426 0.032 0.004 0.033 0.290 —0.031 0.115,0.116 —0.067, —0.067 0.167 +1.6
90 0.584 0.046 0.001 —0.068 0.441 —0.045 0.021, 0.022 —0.002, —0.002 0.00S +5.6
AR - in the IR cell gave a series of bands between 2100—1600 cm ),
4 Ph, . . . . .
h-czc—@—czc-i‘m’ which are discussed in more detail below. Further electrolysis
i 4
i <2 ﬁ’ to the dications gave two, weak, low-frequency ¥(CC) bands,
A N T arising from the symmetric and asymmetric stretches of the
\ FNP‘?H-GECCEG-F?W bridging ligand, which has significant quinoidal character in
s jo- T &3 ° this charge state (vide supra). The frequencies of the dication
ﬁ omc Py Fc’f‘a"j})ph, o v(CC) bands are only a few wavenumbers lower than the ¥(CC)
H‘Z:f:"’ - Q e %' bands found in related monocationic, mononuclear complexes

!
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Figure 12. Sketch of the adiabatic ground-state potential energy
surfaces shown in terms of an asymmetric electron transfer reaction
coordinate Y and an angular reaction coordinate X(¢,,4,) describing the
plane of the aromatic portion of the bridge relative to the Ru—C(0)
vectors.

demonstrated for the mononuclear model system. Since the
IVCT transition fits the Marcus—Hush two-state model well, it
can be assumed that the bridge- and metal-localized states do not
mix appreciably. For a fixed conformation, states A and B
interconvert along the asymmetric reaction pathway, the trajec-
tory of which maps the ground-state path in Figure la. Passage
along the A—C or B—C trajectory corresponds to a change in
molecular conformation, and at site C a slice along fixed X(¢1,¢,)
gives a 2-D single minimum ground-state surface shown in
Figure 8.

To gain further insight into the nature of the radical cations
[2—5]" and to provide further evidence for the proposed
speciation in solution, we turned to IR spectroelectrochemical
methods, to take advantage of the fast time resolution of
vibrational spectroscopy and the characteristic shifts in ¥(C=C)
frequencies that have proven to be diagnostic of metal and ligand
redox state in previous studies of [Ru(C=CR)(PP)Cp']""
complexes [(PP)Cp’ = (PPh;),Cp; (dppe)Cp*].*>*%%1%* The
IR spectra of 2—S§ are characterized by one (2—4) or two (5)
v(C=C) bands arising from the symmetric and asymmetric
stretching modes of the bridging ligand, the frequencies of which
are similar to those of the analogous mononuclear complexes
[Ru(C=CArH)(dppe)Cp*]*® and reasonably well reproduced
by the computational models (Table 6, Figure 13). Electrolysis

18442

[Ru(C=CR)(dppe)Cp*]".**

Given the description of the monocations in terms of the
thermal population of both bridge and mixed-valence states
proposed above, the IR spectra of [2—5]" deserve comment.
For each member of the series [2—5]", four distinct features can
be identified. Similar features in the IR spectra of closely related
ruthenium complexes featuring diethynylarylene ligands have
been noted elsewhere,> although the significance of the spectra
has not been commented upon in detail. The frequency of the
strongest ¥(CC) band [1974 ([2]7); 1971 ([3]%); 1963 ([4]");
1954 ([5]") cm™ '] shows a dependence on the nature of the
bridging moiety, and is broadened or split by symmetric and
asymmetric components, a feature which is reproduced in the
computational models. The symmetric component gains appre-
ciable intensity through coupling to the MLCT electronic
transitions. These vibrational features are assigned to the
‘bridge-localized’ ground state. Two weaker ¥(CC) bands are
also observed at frequencies close to those of [Ru(C=CR)
(dppe)Cp*]"™" (R = tolyl, naphthyl, anthryl; n = 0, 1) and
resemble the two-band pattern observed for the nonconjugated
derivative [{Ru(dppe)Cp*},(u-C=CArC=C)]*" (Ar = 1,3-
CgH,) in which charge is asymmetrically distributed between
the metal centers across the bridge.50 These features, which are
not modeled by the ‘bridge-localized’ DFT model, are assigned to
the mixed-valence state. In addition, a ¥(C=C) band from the
aromatic portion of the bridge [1564 ([2]7); 1575 ([3]"); 1567
([4]%); 1606 ([S]7) em™'] is also observed in each of [2—5]",
but not the neutral or dicationic forms. This is consistent with the
end-to-end dipole across the molecule in the localized mixed-
valence state, and the coupling of this vibrational mode to the vy,
transition may be in part responsible for the intensity of this
transition. The IR spectra are therefore consistent with the
proposal of population of both bridge and mixed-valence states
in solution.

Bl CONCLUSIONS
Oxidation of [{Ru(dppe)Cp*},(u-C=CArC=C)] affords

stable mono- and dications, the spectroscopic properties of
which are consistent with a significant degree of C=CArC=C
Jr-character in the frontier orbitals. In addition to the low-lying
bridge state, the monocations also exhibit spectroscopic features
in the NIR and IR regions consistent with the population of a
mixed-valence state that lies close in energy to the bridge-state.
The dicationic forms are best described in terms of quinoidal

dx.doi.org/10.1021/ja207827m |J. Am. Chem. Soc. 2011, 133, 18433-18446
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Table 6. Summary of the IR Spectra of [2—5]"" (n = 0, 1, 2) Collected by in Situ Oxidation in a Spectroelectrochemical

Cell (CH,Cl,/0.1M NBu,BF,)*"

cmpd/charge, n

2-H*

S-H"

[Ru(C=CPh)(dppe)Cp*]*

[Ru(C=CC,oH;)(dppe)Cp*]*
[Ru(C=CC4H,)(dppe)Cp*]*

0 v(C=C)

2068 (m)

2099 (562) asym
2093 (0.2) sym
2060 (m)

2051 (m)

2045 (m)
2031 (m)

2077 (911) asym
2073 (0.0) sym
2072 (s)

2053 (s)

2041 (s)

1+ v(C=C) 1+ v(aryl) 2+ v(C=C)
2061 (w) 1564 (m) 1970 (vw)
1997 (s) 1924 (w)
1974 (vs)
1915 (w,sh)
2021 (0.0) sym 1960 (4015) asym
2014 (6422) asym 1944 (0.0) asym
2049 (w) 1575 (w) 1965 (w)
1990 (m,sh) 1926 (m)
1971 (vs)
1911 (w,sh)
2037 (w) 1567 (w) 1963 (vw)
1995 (m,sh) 1912 (m)
1963 (vs)
1915 (w,sh)
2020 (w) 1606 (w) 1951 (w)
1954 (vs) 1911 (m)
1898 (w,sh)

2017 (0.2) sym
2004 (6206) asym
1929 (s)

1916 (s)

1925 (s)

1960 (1.0) sym
1958 (5692) asym

“ Data from reference mononuclear complexes and the computational models [2-H]"" and [S-H]"" are given for comparison. ¥ Calculated vibrational
frequencies have been corrected by a factor of 0.95.'%>'% © Calculated models [2-H]" and [5-H]" correspond to the bridge-localized redox products.

From reference 68.
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Figure 13. IR spectra collected by in situ oxidation of 2 to [2]" and [2]**
in a spectroelectrochemical cell (CH,Cl,/0.1 M NBu,BEF,), which is
representative of the series [2—5]"".

resonance structures, stabilized by the strongly electron-donating
metal centers. The simultaneous population of bridge and mixed-
valence states is thought to be related to a number of factors that
influence the relative stability of these states, including solvent
environment and ion-pairing,” as well as orientation of the plane
of the aromatic portion of the bridging ligand with respect to the
metal d-orbitals of appropriate 7-symmetry.>>**** These addi-
tional environmental and mechanical factors serve to add further

diversity to the landscape of behavior associated with open-shell
bimetallic complexes [{ML,} (u-bridge){ML,}] nE

B EXPERIMENTAL SECTION

General Conditions. All reactions were carried out under an atmo-
sphere of nitrogen using standard Schlenk techniques. Reaction solvents
were purified and dried using an Innovative Technology SPS-400, and
degassed before use. No special precautions were taken to exclude air or
moisture during workup. The precursors, [RuCl(dppe)Cp*],*” Me,;SiC=
CC¢H,(OMe),C=CSiMe;, 1,4-bis(trimethylsilylethynyl)naphthalene,
and 9,10-bis(trimethylsilylethynyl)anthracene,'®” and complex 2** were
prepared by literature routes. Other reagents were purchased and used
as received.

The NMR spectra were recorded on a 400 MHz Bruker Avance
spectrometer from deuterated chloroform or benzene solutions and
were referenced against residual protio solvent resonances (CHCl;: 'H
7.26 ppm, *C 77.0 ppm; C¢HDs: 'H 7.15 ppm, *C 128.0 ppm) or
external phosphoric acid. IR spectra were recorded using a Nicolet
Avatar spectrometer from Nujol mull suspended between NaCl plates or
from KBr discs. Electrospray ionization mass spectra were recorded
using Thermo Quest Finnigan Trace MS-Trace GC or WATERS Micro-
mass LCT spectrometers. Samples in dichloromethane (1 mg/mL) were
100 times diluted in either methanol or acetonitrile and analyzed with
source and desolvation temperatures both of 120 °C, with cone voltage
of 30 V.

Electrochemical analyses were carried out using an EcoChemie
Autolab PG-STAT 30 potentiostat, with platinum working electrode,
a counterelectrode, and a platinum wire counterelectrode, and a platinum
wire pseudo-reference electrode, from solutions in CH,Cl, containing
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0.1 M NBu,BF, electrolyte, ¥ = 100 mV s~ . The ferrocene/ferrocenium
couple was used as an internal reference for potential measurements such
that the FcH/EcH" couple falls at 0.46 V vs SCE."® Spectroelectrochemical
measurements were made in an OTTLE cell of Hartl design,109 from
CH,Cl, solutions containing 0.1 M NBu,BF, electrolyte. The cell was fitted
into the sample compartment of a Nicolet Avatar FT-IR or a Perkin-Elmer
Lambda 900 UV—vis—NIR spectrophotometer, and electrolysis in the cell
was performed with a home-built potentiostat.

Preparation of [{Ru(dppe)Cp*} ,(#-C=CCc¢H,(OMe),C=0)] (3).
A suspension of [RuCl(dppe)Cp*] (200 mg, 0.299 mmol), Me;SiC=
CC¢H,(OMe),C=CSiMe; (44 mg, 0.133 mmol), and KF (100 mg,
1.72 mmol) in dry degassed methanol (20 mL) was heated at reflux for
18 h under a nitrogen atmosphere. After cooling, three drops of DBU
were added to the reaction mixture, and the mixture was allowed to stir at
RT for an hour. The sandy brown precipitate formed was filtered. The
solid was dissolved in dichloromethane and precipitated from slow
diffusion with hexane. The solid was filtered and dried to give 3 as a light-
brown powder (130 mg, 0.089 mmol, 67%). Crystals suitable for X-ray
crystallography were grown from slow diffusion of methanol into a
dichloromethane solution of 3. IR (Nujol): ¥(C=C) 2061 cm™". 'H
NMR (C4Dg, 400 MHz): 8 1.69 (s, 30H, Cp*); 1.99 (m, 4H, CH,); 2.92
(m, 4H, CH,); 3.43 (s, 6H, OCHS), 6.64 (s, 2H, CH C4H,), 7.02 (m,
16H, meta and para CH dppe), 7.12 (m, 8H, meta CH dppe), 7.16 (m,
8H, ortho CH dppe), 7.99 (m, 8H, ortho CH dppe). 'H NMR (CDCl;,
400 MHz): 6 1.57 (s, 30H, Cp*); 2.14 (m, 4H, CH,); 2.84 (m, 4H,
CH,); 342 (br s, 6H, OCHs,), 6.17 (s, 2H, C¢H,), 7.11 (m, 8H, CH
dppe), 7.23 (m, 8H, CH dppe), 7.28 (m, 16H, CH dppe), 7.84 (m, 8H,
ortho CH dppe). *'P{'"H} NMR (C¢Dg, 81 MHz): 6 82.3 (s, dppe).
*'P{'"H} NMR (CDCl;, 81 MHz): 6 82.2 (br s, dppe). ES(+)-MS (m/
2):1453 [{Ru(dppe)Cp*},(u-C=CCsH,(OMe),C=C)].

Preparation of [{Ru(dppe)Cp*},(u-C=CC;oHsC=C)] (4). A
suspension of [RuCl(dppe)Cp*] (200 mg, 0.299 mmol), Mes.
SiC=CC,(HsC=CSiMe; (48 mg, 0.151 mmol), and KF (35 mg, 0.60
mmol) in methanol (20 mL) was heated to reflux under a nitrogen
atmosphere for 90 min. The yellow precipitate formed was collected,
washed with methanol and hexane, and dried to give 4 as a yellow
powder (135 mg, 0.0935 mmol, 63%). IR (Nujol): v(C=C) 2055 cm .
"H NMR (C¢Dy, 400 MHz): 8 1.67 (s, 30H, Cp*); 1.90 (m, 4H, CH,);
2.77 (m, 4H, CH,); 7.02 (m, 16H, meta and para CH dppe), 7.08 (s, 2H,
CH C,Hg), 7.12 (m, 8H, meta CH dppe), 7.18 (dd, 2H, CH C,oHj),
7.20 (m, 8H, ortho CH dppe), 7.90 (m, 8H, ortho CH dppe), 8.19 (dd,
2H, CH C,oH¢).>'P{'"H} NMR (C¢Ds, 81 MHz): O 82.4 (s, dppe).
BC{'H} NMR (C¢Ds, 126 MHz): 0 10.5 (s, CsMes), 29.7 (m, CH,),
92.8 (s, CsMes), 110.1 (s, C=CC,oHg), 124.5, 124.6 (CH in C;oHg);
128.2 (CH); 128.5; 130.0 (CH); 131.9 (C1—C4); 129.1, 1289 (C,,);
133.7, 134.3 (dds, Jep/ccp & S Hz, Co); 1352 (CH in C;oHg),
137.7, 139.6 (m, C;y). The C,, v dppe peak is assumed to be hidden
by the C¢Dg peak. The weak Ru—C and two C peaks of C;oHg were
not observed. ES(+)-MS (m/z): 1444 [{Ru(dppe)Cp*},(u-C=CC,,-
H,C=0C)].

Preparation of [{Ru(dppe)Cp*},(#-C=CC;4HgC=C)] (5). A
suspension of [RuCl(dppe)Cp*] (500 mg, 0.747 mmol), Me;.
SiC=CC,,HgC=CSiMe; (140 mg, 0.374 mmol), and KF (100 mg,
1.72 mmol) were treated with methanol (40 mL), and the suspension
formed was heated at reflux for 40 h under a nitrogen atmosphere. The
red precipitate formed was collected and washed with MeOH and
hexane and dried to give § as a red/purple powder (451 mg, 0.302 mmol,
81%). IR (Nujol): ¥(C=C) 2029 cm ™. "H NMR (C¢Ds, 400 MHz): &
1.72 (s, 30H, Cp*); 1.99 (m, 4H, CH,); 2.97 (m, 4H, CH,); 6.95 (dd,
2H, CH C,,Hg), 7.02 (m, 16H, meta and para CH dppe), 7.08 (s, 2H,
CH C,oHg), 7.12 (m, 8H, meta CH dppe), 7.18 (m, 8H, ortho CH
dppe), 7.85 (m, 8H, ortho CH dppe), 825 (dd, 2H, CH C,oHg).
*P{'"H} NMR (C¢Ds, 81 MHz): O 82.8 (s, dppe). ES(+)-MS (m/z):
1494[{Ru(dppe)Cp*},(u-C=CC,,HsC=C)].

Crystallography. Single-crystal X-ray data were collected on a
Bruker SMART 6000 diffractometer equipped with a Cryostream
(Oxford Cryosystems) nitrogen cooling device at 120 K and 250 K
for 3 and S, respectively, using graphite monochromated Mo K,
radiation (4 = 0.71073 A). The structures were solved by direct method
and refined by full-matrix least-squares on F* for all data using
SHELXTL software."*® All nondisordered non-hydrogen atoms were
refined with anisotropic displacement parameters, H atoms were placed
in the calculated positions and refined in riding mode. Crystallographic
data for the structures have been deposited with the Cambridge
Crystallographic Data Centre as supplementary publications CCDC-
839623 and 839624.

Crystal data for 3. Cg,HgcO,P,Ru,, M = 1453.5S, monoclinic,
space group P2,/n, a =12.2385(3) A, b =22.4341(5) A, ¢ = 13.0592(3)
A, B=99.02(1)°, U=3541.1(2) A*, F(000) = 1508, Z =2, D = 1.363 mg
m >, 4 = 0.565 mm~". 51638 reflections (1.82 < 6 < 31.50°) were
collected (w-scan, 0.3°/frame) yielding 11778 unique data (Rmerg =
0.0269). Final wR,(F*) = 0.0819 for all data (419 refined parameters),
conventional R;(F) = 0.0302 for 10029 reflections with I = 20,
GOF = 1.041.

Crystal data for 5. CooHggRu, P, x S CsHg, M = 1884.15, triclinic,
space group P, a=11.9292(12) A, b=13.7023(13) A, c = 17.4694(17)
A, a=98.876(3), 8 =101.348(3)°, y = 114.727(4)°, U = 2451.6(4) A>,
F(000) = 984, Z = 1, D, = 1.276 mg m™ >, 4 = 0.423 mm . 20000
reflections were collected (w-scan, 0.3°/frame) yielding 13127 unique
data (Rperg = 0.0752). Final wR,(F*) = 0.2410 for all data (499 refined
parameters), conventional R,(F) = 0.0769 for 6381 reflections with
I = 20, GOF = 0.993.

Computational Details. All DFT computations were carried out
with the Gaussian 03 package.''* The model geometries of the dinuclear
systems [2-H]"* and [S-H]"" (n = 0, 1, 2) discussed here were opti-
mized at the B3LYP/3-21G* level of theory,"> "' to reduce computa-
tional effort, with no symmetry constraints. Test calculations performed
at a higher level of theory with a B3LYP/LANL2DZ basis set with
polarization functions on all elements lead to comparable results, in a
manner similar to that reported elsewhere.”® MOs and frequencies were
computed on these optimized geometries at the same level of theory. All
geometries were identified as minima (no imaginary frequencies). A
scaling factor of 0.95 was applied to the calculated frequencies.'*>'"°
The MO contributions were generated using the GaussSum package and
plotted using GaussView 5.0."'® TD-DFT calculations were carried
out on 2-H and [2-H]" at the B3LYP/3-21G* level with and without
the application of the conductor-like polarizable continuum model
(CPCM)'"” to address or not address solvation effects, respectively.
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