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complex. In the normal two-state Marcuslush description of a R a
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symmetric mixed valence complég, electron exchange is a / —Ru—N N—Ru—0) \
degenerate process, and the “isomers”, differing only in the position 2 0% N/ 59 o
of the charge, cannot be distinguished. By introducing a slight /"“Q@K )/—‘09"'—’ "\
asymmetry into a mixed valence complex, it is possible in principle Py 1 Py

to introduce a small energy difference between the two sides of
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tEr:e Marcus-Hush potentlal energy _surface such_ that substantl_al o\\ 0_/ \_ B //o
oltzmann populations of the two mixed valence isomers can exist LN 50 H3C )/\o% /C
in equilibrium. It appears that these conditions are seldom met. oorRY %r >:\ 39 /“"s%
Energy differences between the mixed valence isomers are either / —gy—n\ /N——gg—o }\\
too large to observe measurable amounts of the less stable isomer “""Rqu 0% \_/ 59 :_q.?-»uo/\
or when energy differences are small, modest amounts of electronic /o K )/ﬂ N\
coupling cause the double minimum potential energy surface to Py 2 Py

collapse to g single mlnlmum,_correspondlng t(_) a single class lll Figure 1. The two dimers synthesized for this study, differing only in
fully delocalized state. There is only one previous report of the |ocation of the'3C20 label relative to the methyl group on the bridge.

phenomenon that we refer to here as mixed valence Isomerlsm'methyl group) is also the more sterically hindered, so it is the less

and that is from earlier work from our research groéiyge now basic nitrogen that binds to the first ruthenium cluster under kinetic

communicate additional observations of the existence of mixed o101 n a subsequent step, the second cluster is added and binds
valence isomers. These results demonstrate that the mtroductlonto the uncoordinated nitrogen atom of the mpz ligand already

of an asymmetry into a mixed valence complex by use of an 4yached to the first cluster. In this way the two dimergnd2,
asymmetric 2-methyl pyrazine (mpz) bridging ligand lifts the energy 5re synthesized as pure materials starting with an unlabeled CO
degeneracy of the two mixed valence isomers, which can then eachypstituted trinuclear clustet)(or a*C10 labeled clusterd).
be observed by IR spectroscopy after selective isotopic substitution. Cyclic voltammetry in a 0.1 M tetrabutylammonium hexafluoro-
Importantly, this work establishes mixed valence isomers as discreteppogphate solution in methylene chloride vs. the ferrocene/
chemical species that exist in equilibrium. Dynamical coalescence ferrocenium reference reveals two two-electron oxidatid@s &
of the observed IR line shapes further indicates that the mixed 200, 1000 mV) and two one-electron reductiofs;{= —1160,
valence isomers reported here exist in dynamic equilibrium _1500 mv). The splitting in the reduction wavesEg, is 340 mV
governed by electron transfers that occur on the picosecond timeanq corresponds to a comproportionation equilibrium constant
scale. 5.6 x 10°. The total electrochemical splitting reflects both the
Ruthenium clusters of the type [BD(u-CH3COO)COLJu-L'- electronic interactions typical of a strongly electronically coupled
[RusO(u-CH;COO)COL"] have been of considerable interest as  mixed valence complex and the intrinsically different reduction
mixed valence complexes, since they have several easily accessiblgotentials of the clusters bound to the different nitrogen atoms of
oxidation states and contain CO ligands as spectroscopic probeshe bridging methyl pyrazine ligarid. It will be shown that the
of the effective oxidation state at each metal cluétérPrevious equilibrium constants between the mixed valence isomers formed
work by our laboratories showed that rate constants for electron from 1 or 2 are small, and thus the electrochemical splittings
transfer in the singly reduced (mixed valence) state of the ruthenium observed by cyclic voltammetry are dominated by the electronic
cluster dimers can be measured by line shape analysis of coalescehteractions. This indicates the presence of a strongly coupled mixed
»(CO) bands in the IR spectfd. The observation of mixed valence valence state.
isomers by IR spectroscopy requires an asymmetric structure of Infrared spectroelectrochemistfyof 1 and2 reveals exchange
the mixed valence state and appropriate isotopic substitution to pairs consistent with mixed valence isomerism (Figure 2). In the
spectroscopically differentiate the two sides of the mixed valence case ofl (Figure 2, left), the neutral and doubly reducee] states
complex. Complexe$ and?2 (Figure 1) satisfy these criteria. The  each show twa(CO) bands, separated by ca. 90¢énthe intrinsic
complexes were synthesized according to a modification of the frequency separation due to the isotope substituti¢3C160) vs
established “metal complex as ligand” proced#&Ehe precursor v(13C80). In the mixed valence<1) state of, four v(CO) bands
trinuclear cluster, [RiOu-CH3COO}(CO)(py)Impz, was synthe-  are observed, and these correspond (from higher to lower energy)
sized as one regioisomer under kinetic control, evidencettby  to (1) thev(*2C%0) contribution from the minor (less stable) mixed
NMR spectroscopy? The more basic mpz nitrogen atom o the valence isomer, (2) the(*2C'%0) contribution from the major (more
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Figure 2. Infrared spectroelectrochemistry bfleft) and2 (right) at—30

°C in a 0.1 M tetran-butyl ammonium hexafluorophosphate solution in
CHCl,. Spectra for the neutral (top), charge transfer (middle), and doubly
reduced (bottom) states are shown with a schematic of the exchanging
populations. Qualitative potential energy surfaces showing the double
minima of the major and minor isomer states are shown at top.

stable) mixed valence isomer, (3) th€3C180) contribution from

the major isomer, and (4) thg'3C'0) contribution from the minor
isomer. Note that in the mixed valence statd,dhe spectral pattern
(from higher to lower energy) corresponds to contributions from
the minor, major, major, and minor isomers, while in the mixed
valence state a2, the spectral pattern is reversed to major, minor,
minor, major. This is the expected result of reversing the location
of the 13C180 ligand in the asymmetric mixed valence complex.
On account of the N-atom basicity differences of the mpz ligand,
the minor isomer ol is expected to have the negative charge mostly
on the cluster with the'3C'80 ligand. The lowest frequency
component of the overall(CO) spectrum is then assigned easily
to the cluster of the minor isomer bearing both the negative charge
and the!3C!80 since both the charge and heavier isotopes shift
v(CO) to lower frequency. For similar reasons, the highest frequency
part of the overallv(CO) spectrum is assigned to tHéC1¢O
substituted cluster of the minor isomer sin€€0) is not perturbed

by either charge or heavier isotope substitution. The remaining more
intense bands in the center of th@CO) spectrum of the mixed
valence state of are assigned to the major isomer. Reversing the
13C180 substituted side of the cluster in going frdnto 2 reverses
whether each spectral component originates from the major or minor

resulting from the dynamics of the intramolecular electron transfer
between the minor and major mixed valence isomers. By using
line shape simulation methods previously developed in our labo-
ratories]*3we can estimate the rate constants for electron exchange,
as well as the equilibrium constant between the major and minor
mixed valence isomers.

Analysis of the spectral line shapesbfnd2 gives an uphill
rate k.) for charge transfer of 6.5 10 s~1, which compares
well with previously reported rate constants for simggmmetric
mixed valent dimers of ruthenium trinuclear clustéfsThe
equilibrium constant for the charge distributidn Ak, is 2.2. Future
work will investigate and compare the effects of introducing other
symmetrically and asymmetrically substituted bridging ligands on
electron transfer rates and charge equilibria and on the factors that
determine when mixed valence isomers will exist in preference to
a single fully delocalized state.
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1.88 (6H, acetate-CHl

isomer. These data provide the most compelling evidence to date (11) Defined as “Re0"(0) + “RusO"(—2) = 2"Rus0"(—1). Kc = exp(FAE).
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and low frequency(*3C'®0) portions of the IR spectra of the mixed

valence states are extensively coalesced exchange line shapes
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