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Singlet species composed from clearly identified odd-electron
components have long been known in the form of antiferro-
magnetically spin-spin coupled transition-metal centers (M)
of d*"*! configuration bridged by ligands p-L, giving rise to the
phenomenon of “superexchange” in (M*)(u-L)(M-) species.!!
More recently,? the reverse situation (L)(M)(L") with a
bridging diamagnetic metal center was described and referred
to in terms of “singlet diradical” species. Herein we present
another alternative [Eq. (1)], involving the strong intramo-
lecular interaction between a bridging anion radical ligand L+~
and two mixed-valent metal centers.

(M)(L7)(M) — (M)(L™)(M) 1)

Evidence for the formulation in Equation (1) comes from
structure determination in conjunction with density func-
tional theory (DFT) calculations. Structural criteria have
been increasingly used to establish the oxidation states of
“non-innocent” ligands® and, by implication, of metal centers
in the coordination compounds. Prominent examples include
the bidentate 1,2-dioxolene chelate ligands Q/Q/Q*  for
which structure-valency correlations were reported®® and
applied, and simple diatomic ligands such as the potentially
metal-metal bridging redox system O,/O,"/0,*", a textbook
case.’! Related to the latter by the relation O=NR are
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organic azo compounds (NR), which in
the E configuration can act as reducible
bis-bidentate bridges if R is a coordi- —
nating group, such as 2-pyridyl to form abpy
2,2'-azobispyridine (abpy).”

Abpy was first described by Lever and co-workers as a
strongly 7 accepting but otherwise normal bridging ligand, ™
a special feature of its complexes being the relatively short
metal-metal distance of about 5 A "¢l

As with the O," system,[(’] the addition of electrons to
abpy causes a lengthening of the central N-N bond from
double-bond values of about 1.25 A via approximately 1.35 A
in the anion radicals® to approximately 1.42 A for single
bonds in the two-electron-reduced forms (Scheme 1).

+e~ +e~
E=E —_—= (E=E)* —= (E—E)*
- -
E=0: 121A 1.23-1.35 A 1.40-1.50 A
E=NR:1.23-1.30 A ca. 1.35 A 1.40-1.45 A

Scheme 1. Bond lengths in E,"~ systems.

Whereas coordination of & back-donating metal centers can
result in a slight increase of the double-bond length relative to
that in the free ligand,” the lengthening caused by successive
electron addition is so large and well documented through
supporting spectroscopic datal®! that these criteria can be
unequivocally applied to establish the bonding situation.

In the search for unusual mixed-valent configurations
involving ruthenium and other platinum metals"” we have
now obtained the compound [(p-abpy){Ru(acac),},] from
abpy!”? and the neutral precursor [Ru(acac),(CH;CN),]
(acac™ =2,4-pentanedionate),'!! separated the meso and rac
isomers'” by chromatography, characterized them by
"HNMR spectroscopy,’™ and identified them by crystal-
structure analysis (Figure 1, Table 1).1'4

The molecules show the expected “S-frame” configura-
tions™ with the bis-chelating abpy variably twisted; the C-N-
N-C torsional angles are 26.1° in the rac form but only 15.5°
and 0.0° for the two crystallographically independent mole-
cules of the meso form. As expected,’”! the bonds from the
metal centers to the stronger m-accepting azo nitrogen atoms
(ca. 1.965 A) are shorter than those to the pyridine N centers
(average 2.010 A). Most remarkably, the central N—N bonds
of the abpy ligand are considerably lengthened to 1.372(4) A
in the rac form and to 1.374(11) A and 1.352(17) A in the
meso form whereas the adjacent C—N bonds are slightly
shortened to about 1.395 A. The average N-N distance of
1.366 A lies in the same range as the 1.345(7) A determined
for a structurally and electronically well identified dicopper (1)
complex containing the radical anion of the closely related
2,2"-bis(5-chloropyrimidine) (abcp) ligand.®™! A reduced N—-N
bond order of 1.5 would be compatible with the ease of
twisting around the central CNNC backbone of abpy.

The abpy and related ligands are known to effect rather
short metal-metal distances of about 5 A."* The unusual-
Iyl short metal-metal distances observed for rac (4.664 A)
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Figure 1. Crystal structures of rac (top) and one of the meso forms
(bottom) of [(u-abpy){Ru(acac),},].

Table 1: Comparison of experimental and computed (DFTF) structural parameters® for different

isomers of [(u-abpy){Ru(acac),},].

diamagnetism. As noted previously,’¥ mixed-valent com-
plexes with radical anion bridging ligands (L") can be
invoked as metal-to-ligand charge transfer (MLCT) excited
states of symmetrical dinuclear complexes [Eq. (2)].['")
[M"(M'L)M"]%’*[M"H(H'L;)M"] or M (u-L )M (2)

Reversible oxidation and reduction processes of both the
meso and rac forms of [(u-abpy){Ru(acac),},] occur at 0.05
(oxidation) and —1.03 V (reduction; versus saturated calomel
electrode (SCE) in CH;CN/0.1m Bu,NClO,), yielding a very
large comproportionation constant K, of 10", Reduction
produces EPR signals at g=1.990 that are indicative of a
radical,'”¥ and thus suggesting a {Ru'(abpy")Ru"} config-
uration. Oxidation produces EPR signals at g=2.25,2.14 and
1.98 (rac isomer) or g =2.35, 2.15 and 1.81 (meso isomer) that
are indicative of the presence of an Ru'! center,'” which
would be compatible with a {Ru™(abpy)Ru™} or {Ru'-
(abpy)Ru™} formulation. Absence of the near infrared band
expected for a conventional mixed-valent compound!® !>
suggests the {Ru"(abpy")Ru"} alternative, implying metal-
based electron transfer within the redox system [(p-abpy)-
{Ru(acac),},]"""" as befits a mixed-valency situation for the
neutral form {Ru*’(abpy)Ru*%}.

The UV/Vis spectra of the neutral compounds are
characterized by very intense bands (¢ =29000M~' cm™") at
835 (rac) and 848 nm (meso) which are assigned to MLCT/
MMCT (metal-to-ligand/metal-to-metal charge transfer)
transitions between a metal-based occupied molecular orbital
and a mixed abpy/metal LUMO.

DFT calculations at the B3LYP
level were performed for both iso-
mers.'"®! The calculated bond char-
acteristics for the singlet ground

Parameter Experimental? DFT states (Table 1) are in reasonable
rac mesol meso2 'rac *rac 'meso ‘meso  agreement with the experimental

C-N=N-Cl 26.1 155 00 183 248 00 0.0 values, in addition, triplet states

N=N 1.372(4) 1374(11) 1352017 1344 1410 1339 1.408 With longer N-N and shorter C-N

C-N,0 1.390(5) 1.382(12) 1.420(12) 1.390 1.365 1.391 1365 distances (Table1) were found
1.390(5) 1.391(12) comparatively close (rac: 840 cm™;

Ru-N,., 1.963(3) 1.961(8) 1.962(9) 2014 2000 2029 2015 pueso: 1535cm”!) to the singlet
1.954(3) 1.997(8) ground states. The higher singlet—

Ru-N,, 2.008(3) 1.995(8) 2.027(9) 2.027 2.055  2.021 2.046 triplet gap for the meso isomer
2.007(3) 2.001(8)

[a] Optimized parameters for singlet and triplet states obtained at the B3LYP/SDD/6-31G* level.
[b] Bond lengths [A] and angles [°]. [c] Two independent molecules in the unit cell of the crystallized

meso isomer. [d] Torsional angle.

and meso forms (4.698 and 4.780 A) are partly caused by the
CNNC twisting. The structural data thus clearly indicate the
presence of a one-electron reduced (i.e. radical anion) ligand
bridge, leaving a Ru"Ru™ mixed-valent formulation for the
metal centers. Since structural and spectroscopic results for
this diamagnetic compound point to a symmetrical situation,
this mixed valency would then have to be described as a
Class III  system (fully valence delocalized, that is,
Ru**Ru*?)!" with strong antiferromagnetic coupling between
metal- and ligand-based spins in accord with the observed

www.angewandte.org

© 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

reflects the invariant coplanar
CNNC backbone structure. Con-
versely, the energy difference
between the singlet isomers is only
330 cm™! whereas it increases to
1026 cm ™! between the triplet iso-
mers, in both cases in favor of the rac form.

The wave functions were further analyzed using the
natural bond orbital (NBO) method to probe the electron
occupancies of the key orbitals as well as the extent of
delocalization."®"8! The my-y, occupancies for both rac and
meso isomers are about 1.87 ¢ while 7t* y—y, was found to have
a substantial population of 0.73 e. The corresponding values
for the neutral ligand are 1.90 and 0.16 e, respectively.
Although the change in occupancy is negligible for the =
orbital on complex formation, it is significantly higher for the
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m* molecular orbital, reflecting a substantial metal-to-ligand
charge shift in the ground state. The donor—acceptor inter-
action energies obtained from the NBO analysis suggest that
the cumulative effects of ligand-to-metal donation and
7t back-donation make the azo nitrogen atoms slightly better
donors than pyridyl nitrogen atoms. This result is in agree-
ment with the experimental differences in the Ru—N bond
lengths. The high values for the metal-to-ligand donation
together with the substantial population of m*_y, clearly
justify a description of the bridging ligand as a radical anion.

In summary, X-ray structure, spectroscopy, and DFT
calculations have clearly established that the new stereo-
isomeric compounds rac- and meso-[(p-abpy){Ru(acac),},]
must be formulated as [Ru*’(abpy )Ru*’] complexes, thus
constituting both a new kind of unconventional mixed-valent
compound and a new class of singlet species composed from
metal/ligand/metal intramolecular spin-spin coupling. The
occurrence of radical anions as ligands"”! either as small
molecules such as O, or CO,~ ! or as larger entities,>*°!
has thus been extended to yield unprecedented electronic
structures, using the rather simple inorganic complex frag-
ment {Ru(acac),}. The additional feature of two separable
stereoisomers will stimulate further investigations into con-
figurational aspects of intramolecular interactions in these
unconventional mixed-valent species.
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