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Mixed Valency across Hydrogen Bonds
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Abstract: An oxo-centered triruthenium cluster with one pyridine-
4-carboxylic acid ligand forms a mixed valence monoanionic
dicarboxylic acid dimer upon partial reduction. Dimerization is not
observed in DMSO or in the deprotonated carboxylate complex.
Infrared spectroscopy reveals the mixed valence dimer as a
charge localized species, and UV/Vis/NIR spectroscopy suggests
a large stabilization of the ground state by mixed valency across
hydrogen bonds, on the order of 2500 cm™2, or 7 kcal/mol, relative
to the hydrogen bonded but isovalent fully reduced dimer. The
stabilization is a combination of hydrogen bonding and electronic
coupling.

Mixed valency and proton-coupled electron transfer (PCET) are
widely explored and relatively well understood fields,*° but there
are few reports from the intersection of the two.*© There are many
reported studies of photoinduced electron transfer across hydrogen
bonds,***~** often yielding surprisingly large donor—acceptor cou-
plings and alarge range of observed kinetic isotope effects. Symmetric
ground state electron transfer coupled to one or more protons would
offer a platform for experimental insight into fundamental electron
transfer, electron delocalization as a stabilizing factor for hydrogen
bondsin self-assembly, the stability of hydrogen bondsin the presence
of electron density, and the many multielectron multiproton transfor-
mations in natural and artificid photosynthesis.

Complex 1 (Figure 1), an oxo-centered trinuclear ruthenium
cluster with one carbonyl, one pyridyl, and one isonicotinic acid
ligand, affords multiple chromophores and oxidation states, as well
as access to a simple hydrogen bonding motif, the head-to-head
dicarboxylic acid dimer. Partia reduction of 1 results in the
monoanionic dimer (1), while full reduction gives a dianionic
dimer, (1),*", each with a distinct electronic structure.
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Figure 1. Structures of the isolated neutral ruthenium cluster 1 and the
mixed valence dicarboxylic acid dimer (1),
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Previous studies predict electronic communication in reduced
states of 1, based on symmetry allowed interactions of the cluster
drr system with pyridine 7* orbitals.**~*® Anodic reactions are
found to be reversible one-electron processes in all cases, irrespec-
tive of solvent polarity and state of protonation (see Supporting
Information). Figure 2 shows the cathodic electrochemistry of 1in
CH,CI, and DMSO. The reduction of the protonated cluster in
CH.Cl, (Figure 2, red solid line) shows two waves, and the
reoxidation shows two waves with alarger apparent splitting. This
can be explained by an ECE mechanism where E is a one-electron
reduction and C is a reversible dimerization. Reduced cluster 1~
reacts with neutral 1 in the diffusion layer to form a mixed-valence
dimer (1)~ which can then be reduced again to form a doubly
reduced dimer (1),%~, giving two reduction waves. This dimer is
then reoxidized in two one-electron steps split symmetrically about
the half wave potential of the monomer, resulting in waves of
approximately half the peak current of the one-electron cluster
oxidations seen at positive potentials. The neutral dimer falls apart
to yield the neutral monomer 1. Consistent with a dimerization step,
the use of a solvent known to disrupt hydrogen bonding (DM SO,
Figure 2, black dashed line) or use of the deprotonated cluster
(BusyN™ carboxylate salt, Supporting Information) resultsin asingle
reversible cathodic process with peak currents comparable to the
anodic waves.
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Figure 2. Cathodic electrochemistry of 1 in CH,Cl, (red solid line) and
DM SO (black dashed line), with arrows to indicate splitting of the reduction
upon dimerization. ~1 mM with 0.1 M Bus;NPFs, Au WE, Pt CE, and Fc/
Fct REF.

The assignment of neutral 1 asamonomer and the reduced states
asdimersis supported by diffusion coefficients measured by rotating
disk voltammetry measurements on 1 and diffusion ordered NMR
spectroscopy (DOSY) on neutral and reduced states of 1 (full details
in Supporting Information). No neutral dimer is detected by IR,
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NMR, or rotating disk electrochemistry at millimolar concentrations
in MeCN or CH,Cl, supporting a Kqm < 0.01 for 1. Another measure
of thermodynamic stability, the comproportionation constant, can
be calculated from the splitting in the reoxidation waves of (1),%.
K. A~ 107 for the mixed valence ion in CH,Cl, indicating a highly
stable mixed valence ion with respect to disproportionation.
Significant contributions are expected from both electrostatic and
electronic structure factors.™® The electronic structures of the three
oxidation states were probed by infrared and UV/vishear IR
spectroelectrochemistry, shown in Figure 3.

intensity (AU)

:

ext coef (M" cm™)

T T T T T T T ' T e T T d
20000 18000 16000 14000 12000 10000 8000 6000

cm’

Figure 3. IR and UV/Vig/NIR spectraof 1, 3 mM in MeCN, —20 °C. (a)
v(CO) region of the infrared, showing electron localization on the IR time
scale in the singly reduced mixed valence dimer (green). (b) UV/VigNIR,
showing adistinct electronic structure for the mixed valence dimer (green).

Figure 3a shows the v(CO) region of the infrared. The neutral
cluster shows the usual band at 1945 cm™, and a fully reduced
sample shows a single band at 1900 cm™* with the usual shift seen
for asingle reduction of a carbonyl substituted RusO(OAC)e cluster.
A half reduced sample shows a slight shift for the “neutral” band
to about 1940 cm™?, consistent with an increase in pyridine donor
ability upon dimerization with a reduced cluster, but otherwise
simply a superposition of the neutral and reduced species. This
confirms an electron-localized structure, with an upper bound on
the electron transfer rate constant (kgr) of ~10%° s,

Figure 3b shows UV/vis/NIR spectra obtained as 1 is stepped
through two one-electron reductions, with equivalent results
obtained by either chemical or electrochemical reduction. The fully
reduced cluster spectrum (red line) is similar to those of other
reduced carbonyl substituted triruthenium clusters,2>2* with several
bands evident between 7000—12 000 cm™! and an increase in
intensity and blue shift of the intracluster band observed at 588

nm (17000 cm™Y) in the neutral species. The monoanionic species
identified as (1), exhibits an unusua spectral response, not ssmply
the superposition of neutral and fully reduced spectra that might
be expected in view of the simple weighted average of neutral and
reduced v(CO) bands in the infrared spectra in Figure 3a. The
intracluster absorption decreases in intensity, as is seen in singly
reduced dimers of triruthenium clusters bridged by pyrazine or 4-4'-
bipyridine,° but the near-IR shows an absorption profile at much
higher energy than the fully reduced dimer with a v of 11 000
cm* (green trace) instead of 8500 cm™* (red trace). Several possible
explanations for the mixed valence electronic structure merit
immediate discussion: orbital destabilization due to electron—electron
repulsion, an exciton shift, a non-Gaussian Marcus—Hush inter-
valence charge transfer (IVCT) band, and a hypsochromic shift of
the cluster-to-ligand charge transfer (CLCT) transitions due to
stabilization of the ground state.

Red shifts upon sequential reduction similar in appearance to
those in Figure 3b have been observed in CLCT transitions of
trispyridyl triruthenium clusters.>® This was attributed to destabi-
lization of occupied cluster orbitals by increasing electron—electron
repulsion. Applying this explanation to (1),72~ would require
sequential population of a single molecular orbital, and thus a
delocalized Robin—Day Class Il classification.® The IR spectra
preclude a delocalized electronic structure (Figure 3a) and thus
electronic occupancy as an explanation for the band positions in
(1)27 and (1)227.

An exciton shift might be invoked for (1),>~ as a dimer of
chromophores,®® relative to (1),~. However the exciton splitting
falls off as the cube of the distance between the dipole moment
centers®*2?5 (~14 A for these dimers) and is calculated to be on
the order of 50 cm™ for these species, more than an order of
magnitude lower than the observed 2500 cm™ shift.

If the mixed valence dimer (1), is moderately coupled and fits
solidly in the Robin—Day Class Il regime, a distinct electronic
signature is expected in lieu of a weighted average of the neutral
and doubly reduced spectra. This has been observed in a mixed
valence hydrogen bonded assembly.’® When the non-Gaussian
absorption profile in the near-IR spectrum of (1), is treated as a
single IVCT transition, the electronic coupling, Ha,, and the total
reorganization energy, A, can be extracted using the measured
transition dipole moment and Marcus—Hush theory.*2%2” Such
treatment gives Hyp, = 370 cm™* and 2 = 11000 cm ™! using a
Ru—Ru distance of 14 A for the electron transfer distance r. The
reorganization energy is in very good agreement with thermody-
namic estimates for 0/— couples of triruthenium clusters.*®2® The
predicted line width at half-maximum is 4650 cm™, wider than
the observed Avy, of 3600 cm~1. However, the half-width at half
maximum on the high energy sideis 2325 cm™?, half the predicted
bandwidth. Hy,/A = 3% appears too small to justify narrowing of
an IVCT band, but Hay, may actually be larger if the electron transfer
distancer is shorter than the Ru—Ru intercluster distance. The main
problem with this line of reasoning is that it cannot explain the
disappearance of the CLCT transitions from the cluster to the
pyridine and isonicotinic acid ligands observed in (1),>~ and in
other anionic clusters of this type.

If the near IR absorption profile in (1), is indeed two CLCT
transitions (e.g., cluster-to-pyridine and cluster-to-isonicotinic acid)
asitisin (1),>", the large hypsochromic shift can be explained as
astabilization of the ground state by mixed valency across hydrogen
bonds. Stabilization of ground states by hydrogen bonding or ion
pairing is well-known,®~3* but the effect is not evident in the fully
reduced species (1),°, confirmed as a dimer by diffusion NMR
experiments. This means that the combination of hydrogen bonding
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and mixed valency stabilizes the ground state of (1),~ by ~2500
cm™ (or 7.1 kcal/mol, or 310 meV).

(1), isthe best characterized system to date for exploration of
proton-dependent or proton-coupled mixed valency, where in the
latter case the electron transfer depends explicitly on the proton
coordinate. A study is forthcoming with full solvent dependence
of electrochemistry and electronic spectroscopy, variation of the
electron donating ability of the ancillary pyridine ligand, and
deuteration of the pyridine carboxylic acid. This work will
illuminate the behavior of hydrogen bonded systems subjected to
repeated electron transfer as well as stabilization of the hydrogen
bonds by electron exchange.
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Supporting Information Available: Full experimental details for
synthesis, electrochemistry, and DOSY, and calculations of Hy,. This
information is available free of charge via the Internet at http://
pubs.acs.org.
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