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Summary: The electronic structures of 1,3-{trans-Cl-
(dppe)>RuC=C},CsH,; (3) and 1,3-{Cp*(dppe) RuC=C} ,-
CsH 4 (4) in their available redox states have been investigated
using a combination of UV—vis—near-1R and IR spectroscopy
and computational methods. In contrast to the case for closely
related iron compounds, for the ruthenium complexes 3 and 4
the bridging aryl moiety is heavily involved in the oxidation
process, and consequently descriptions of the electronic struc-
tures and electronic transitions in terms of the language
developed for mixed-valence systems with clearly identifiable
metal oxidation states are not appropriate. Consequently,
the unique low-energy (near-IR) absorption bands observed
for the asymmetric cations [3]" and [4]" are better described as
arising from charge transfer transitions from a metal acetylide
donor to a metal phenylacetylide acceptor rather than in terms
of IVCT transitions.

Mixed-valence (MV) compounds of the type [M"L,](u-
bridge)[M""'L,] have attracted attention for many reasons,
not least of all as models through which to study funda-
mental aspects of the electron-exchange reaction.' It is self-
evident that an MV compound should feature an element in
two (or more) identifiable and distinct oxidation states, yet in
the case of many organometallic species the mixing of the
metal d orbitals with supporting 7z-donor or acceptor ligands
can make assignments of true metal oxidation states difficult,
or even irrelevant. Thus, while the iron acetylide compounds
Fe(C=CPh)(dppe)Cp* give rise to frontier orbitals with
appreciable metal character™® and are therefore appropriate
for the construction of organometallic MV compounds such
as the weakly coupled class II system [1,3-{Cp*(dppe)-
FeC=C},C¢H4]",** the aryl acetylide ligands in ruthenium
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complexes such as trans-RuCl(C=CPh)(dppe), (1) and
Ru(C=CPh)(dppe)Cp* (2) are redox noninnocent.®”
Before detailed studies® ” of the electronic structures of [1
and [2]* were available, compounds such as 1,3-{trans-Cl-
(dppm),RuC=C},Cc¢Hy,'™""  1,3-{trans-Cl(dppm),RuC=C}-
5-HC=CC¢Hs,"” 1,3-{trans-Cl(dppe),RuC=C},-5-HC=CCs-
H3," and 1,3-{Cp(PPhs),RuC=C},-5>-HC=CC¢H;? had
already been observed to oxidize in two sequential and well-
separated one-electron steps. On the assumption that the oxida-
tion processes were metal-centered, the intermediate monocation
states were described as Ru™™™ mixed-valence complexes.
Although low-energy electronic transitions that could be as-
cribed to intervalence charge transfer were not observed in these
early studies, on the basis of the electrochemical data, the
monocations were taken as being further examples of weakly
coupled (i.e., Robin—Day class II) MV systems. However, the
thermodynamic stability of the mixed-valence state that is
reflected in these electrochemical data is a sum of factors,
including ion-pair interactions, intramolecular electrostatic fac-
tors, solvation energies, varying degrees of metal—ligand bond
energies in the different metal oxidation states, and the like, in
addition to the “resonance”, or delocalization, term. “In light of
the different degrees of metal character in the redox-active
orbitals of acetylide complexes based on Fe and Ru, the current
intense interest in the electronic structure of organometallic
“mixed valence” compounds, and the potential complications
in descriptions of these systems that arise from redox-active
bridging (or ancillary) ligands, we have taken the opportunity to
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Figure 1. IR spectra of [{1,3-Cp*(dppe)RuC=C},CH4]""

([41"*, n = 0—2; CH,Cl,/0.1 M [NBuy4]BF,, room temperature)

collected from in situ oxidation in a spectroelectrochemical cell.

examine the electronic structures of [3]"" and [4]"" (n = 0—2)
(Chart 1).

The IR spectra of the new complexes 1,3-{trans-Cl-
(dppe)>,RuC=C},C¢H4 (3) and 1,3-{Cp*(dppe)RuC=C},C¢H4
(4) are characterized by a single (C=C) band, coincidently at
2063 cm™ ! in each case. The IR spectra of [3]" (»(C=C) 2049,
1905 cm ") and [4]" ((C=C) 2060, 1934 cm ") (Figure 1) each
display two ¥(C=C) bands, which approximate a superposition
of the (C=C) bandsin 1 (2075cm™ ) and [1]* (1910 cm™ ") or 2
(2072 cm™ ") and [2]" (1929 cm ™), respectively. Further oxida-
tion to [3]*" and [4]*" results in collapse of the characteristic two-
band »(C=C) pattern, and only a slightly broadened »(C=C)
band envelope is observed near 1900 cm™' (W(C=C): [3]*,
1909 cm™'; [4]°T, 1938 cm ™).

Geiger has proposed a method of estimating a “charge
distribution parameter”, Ap, from IR spectroscopic data in
redox-active bimetallic systems.'> The charge distribution
parameter, which is a measure of the ground-state charge
distribution between two redox centers in an intermediate
oxidation state, is given by

o (AVox + AVred)
2(V,ox - 1}/red)

where v/, and Vg are the wavenumbers of signature
vibrational bands associated with the complex in the fully
oxidized and fully reduced states (i.e., the dication and
neutral complexes in the present examples), and Av,, =
V ox = Vox(0bsd), AVieq =V eq — Viea(0bsd). The parameters
Vox(0bsd) and v .q(obsd) refer to the observed vibrational
bands associated with the “oxidized” and “reduced” centers
in the intermediate case. For [3]" and [4]", Ap = 0.06 and
0.03, respectively, consistent with little ground-state interac-
tion between the ethynyl groups.
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Figure 2. HOMO’s of the neutral bimetallic model systems 3-H
(left) and 4-H (right).

To better understand the electronic structures of [3]"* and
[4]"", DFT calculations were carried out,'® using the model
systems [1,3-{trans-Cl(dHpe),RuC=C},CsH4]"" ([3-H]"")
and [1,3-{Cp(PH3),RuC=C},C¢H,]"" ([4-H]"") to reduce
computational effort, but no symmetry constraints were
applied. The calculated v(C=C) frequencies are in good
agreement with the observed data, giving confidence in the
accuracy of the structural models. In the case of the neutral
systems 3 and 4, differences in energy arising from different
orientations of the metal fragments with respect to the plane
of the aromatic ring are negligible, as has been found in
related studies of 1 and 2.% In each case the HOMO is M—
C antibonding, C,—Cpg bonding, and Cg—C¢H,4 antibond-
ing in character and, as with the mononuclear analogues,
contains considerable diethynylbenzene character (3-H,
76%:; 4-H, 73%) (Figure 2).

The distinction of the metal sites and associated ligands
implied by the IR »(C=C) data is reproduced in the opti-
mized geometries of [3-H]" and [4-H]" and calculated elec-
tronic structures. In comparison with the structures of the
neutral, closed-shell bimetallic models 3-H and 4-H, in each
of the monocations [3-H]" and [4-H]" the local geometry
around one of the metal ethynyl fragments (denoted Ru(1)
for convenience) displays contracted Ru(l1)—Cy(1) and
Cp(1)—C(1) bond lengths and elongated C,(1)=Cgs(1) and
Ru(1)—P bond lengths. The local geometries associated with
the Ru(1) metal center and the Ru(1)—C,(1)=Cgs(1) moieties
in [3-H]" and [4-H]" are essentially identical with those
calculated for the mononuclear models [1-H]™ and [2-H]".
The Ru(2) site, and associated Cy(2)=Cp(2) moiety, is less
significantly affected by the loss of electron density from the
molecule and is closer in geometry to that calculated for 1-H
or 2-H. The calculated »(C=C) frequencies from [3-H]"
(2024, 1935 cm ™ ") and [4-H] ™ (2032, 1944) accurately repro-
duce the two v(C=C) bands observed experimentally.

For both [3-H]" and [4-H]" the B-LUSO is delocalized
over the Ru(1)—C,(1)=Cg(1) and the C(4) and C(6) carbon
atoms of the bridging phenylene ring, while the 3-HOSO has
significant Ru(2)—Cy(2)=Cp(2) and C(2) character. The
unpaired electron spin density in both [3-H]" and [4-H]" is
distributed over Ru(1) ([3-H]*, +0.28; [4-H]", 40.36), Cy(1)
(+0.07; +0.02), Cp(1) (+0.26; +0.31), and the aryl ring
system (40.35; 4+0.31). Within the aryl ring, the electron
density is not evenly distributed but, rather, is more concen-
trated at C(4) and C(6). The integrated electron density over
the Ru(2)—Cqy(2)—Cg(2) fragment in [3-H]" and [4-H]" is
only ca. 0.1—0.0le. Taken as a whole, the calculated geo-
metry and spin density are consistent with the simple valence
bond description shown in Scheme 1, in which the phenylene
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Figure 3. Near-IR—IR region of [4]" (CH,Cl»/0.1 M [NBuy]-
BF,), showing the deconvolution into a sum of two Gaussian-
shaped absorption bands.

ring plays an important role in the oxidation process. This
important involvement of the C(1)—C(6) aryl ring in stabiliz-
ing the unpaired electron is in contrast with the case for the
related iron complex [{1,3-Cp*(dppe)FeC=C},C¢H,4]", in
which localized Fe(II/IIT) mixed-valence character has been
demonstrated.*®

The thermodynamic stability of the electronically asym-
metric monocations [3]" and [4]" implied by the solution
electrochemical data (i.e., the significant separation of E;
and E; and associated calculated K¢ values) is reproduced by
calculations on simplified, gas-phase model systems, sug-
gesting that the stability is an inherent feature associated
with delocalization of charge into the aromatic ring of the
bridging ligand and is not just a consequence of external
thermodynamic factors (e.g., ion pairing with the electro-
lyte'”) or any significant charge delocalization between the
metal centers (cf. the negligible Ap values).

The near-IR regions of [3] and [4]" feature weak absorp-
tion envelopes, each of which can be deconvoluted into two
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Figure 4. Frontier orbitals of the model systems [3-H]" (left)
and [4-H]" (right) involved in the low-energy charge transfer
bands observed experimentally for [3]" and [4]".

Gaussian-shaped bands (Figure 3). The low intensity of these
bands offers some explanation as to why near-IR bands were
not observed in the electronic absorption spectrum of
[1,3-{trans-Cl(dppm),RuC=C},C¢H,]"."! On the basis of
TD-DFT calculations, the lower energy, more intense
near-IR band is attributed to the S-HOSO— S-LUSO transi-
tion and clearly has charge-transfer characteristics arising
from transitions from a metal acetylide donor to a metal
phenylacetylide acceptor (Figure 4). The higher energy band
arises from transitions between approximately orthogonal
orbitals with Ru(d)/C=C(x) character.® Therefore, the sta-
bilization of the monocationic state arises from the delocal-
ization of the unpaired electron in [3]" and [4]* between one
metal center, the acetylide moiety, and the aromatic ring,
rather than from delocalization of the charge between the
two metal centers.

The charge-transfer near-IR bands in [3]" and [4]" col-
lapse on further oxidation to [3]*" and [4]*", and while in the
case of [4]*" the higher energy (dw—ds) transition near
7500 cm™ ! grows in intensity, in the case of [3]*" transitions
in this region are masked by the tail of the more intense
chloride-to-metal LMCT band.

The dicationic compound [3-H]** offers both low-spin (LS)
and high-spin (HS) electronic configurations. In their respec-
tive lowest energy conformations, the HS state, HS-[3-H]* ", is
more stable than the LS configuration, LS-[3-H]*", by some
35.5kcal mol ™' Similar energetic preferences for the HS state
have been found for [4-H]*" (36.4 kcal mol™"), and also in
closely related iron compounds calculated using the B3LYP
functional.’ Broadly, there is also a better agreement between
the calculated vibrational features of the HS dications with
those observed experimentally, and it is likely that the HS
state dominates in solution. The UV—vis—near-IR spectra of
the dications [3]*" and [4]*" are also similar to those of the
monocations [1]" and [2] ", respectively,®® supporting the HS
state of [3]*" and [4]*" being dominant in solution. The
potential energy surfaces of HS-[3-H]*" and HS-[4-H]*"
feature a large number of shallow energy minima differen-
tiated by the orientation of the RuP4 and RuP,Cp fragments
relative to the plane of the bridging phenylene ring. The most
stable minima of HS-[3-H]*" and HS-[4-H]*" feature geo-
metric parameters associated with the Ru—C,—Cjg fragments
similar to those found in the corresponding monoruthenium
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cations [1-H]' and [2-H]*, and there is no significant struc-
tural distinction between the Ru(1)—Cq(1)=Cps(1) and Ru-
(2)—Cu(2)=Cg(2) fragments in the dications.

In conclusion, the ruthenium complexes 3 and 4 feature
redox noninnocent bridging ligands, with the physical prop-
erties of [3]" and [4]" being significantly influenced by the
oxidized ligand. This is in contrast with the case found for the
analogous iron systems, in which the predominantly metal
centered frontier orbitals lead to redox products with more
genuine “mixed valence” characteristics.*
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