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ABSTRACT: Electron transfer across a mixed-valent
hydrogen-bonded self-dimer of oxo-centered triruthenium
clusters bridged by a pair of 4(3H)-pyrimidinones is
reported. Spectroelectrochemical studies in methylene
chloride reveal that 1 rapidly self-dimerizes upon one-
electron reduction, forming the strongly coupled mixed-
valent hydrogen-bonded dimer (1,)”. In the mixed-valent
state, significantly broadened, partially coalesced v(CO)
bands are observed, allowing estimation of the electron
transfer rate (kgr) by an optical Bloch line shape analysis.
Simulation of the FTIR line shapes provides an estimate
of kgr on the order of 10" s™', indicating a highly
delocalized electronic structure across the hydrogen
bonds. These findings are supported by the determination
of the formation constant (Kyy,) for (1,)7, which is found
to be on the order of 10° M™!, or nearly 4 orders of
magnitude higher than that for the neutral isovalent dimer
(1,). This represents a stabilization of approximately 5.7
kcal/mol (1980 cm™) arising from electron exchange
across the hydrogen bonds in the mixed-valent state.
Significantly, an enormous intensity enhancement of the
amide ¥(NH) band (3300 cm™) of (1,)” is observed,
supporting strong mixing of the bridging ligand vibrational
modes with the electronic wave function of the mixed-
valent state. These findings demonstrate strong donor—
bridge—acceptor coupling and that highly delocalized
electronic structures can be attained in hydrogen-bonded
systems, which are often considered to be too weakly
bound to support strong electronic communication.

lectron transfer (ET) lies at the core of chemical and

biological processes.'~” In biological systems, ET often
follows pathways that favor donor—acceptor overlap between
intervening redox-active amino acid side chains over
tunneling.’~"® These interactions allow for distances of ET
upward of 30 A to be traversed in nanoseconds.” To better
understand what effects govern long-range ET in supra-
molecular systems, it is crucial to understand what mechanisms
drive donor—acceptor overlap when redox sites are bridged by
non-covalent interactions.

We recently reported a methodology to compare the
strengths of hydrogen bonds in mixed-valent hydrogen-bonded
complexes both in the presence and in the absence of electron
exchange.'* By employing hydrogen bonds of isonicotinic acid
(Figure S3) to link two Ru;O redox centers, we found that the
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stabilities of the mixed-valent states were significantly greater
than those of the two isovalent states.'* Determination of the
formation constants for the hydrogen bonds in all of the redox
states showed that electron exchange imparts about 3—5 kcal
mol ™" of stability to the hydrogen bond relative to the isovalent
states. Applying a similar methodology herein, we report on
the observation of a mixed-valent hydrogen-bonded dimer of
oxo-centered triruthenium clusters bridged by hydrogen bonds
of the pyrimidine 4(3H)-pyrimidinone (Figure 1).

Complex 1 was synthesized by treatment of Ru;O-
(0OAC)4(CO)(py)(MeOH) with a stoichiometric amount of
4(3H)-pyrimidinone in a dichloromethane DCM/MeOH
solution. Investigation of the mechanism of ground-state ET
proceeded by measurement of the cyclic voltammogram (CV).
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Figure 1. (top) Structures of the free monomer 1 and the hydrogen-
bonded dimer (1,). (bottom) Cyclic voltammograms of 1 (2.00
mM) at 100 mV/s in DCM (black) and DMSO (red) at 23 °C.
Potentials are referenced to the Fc™/° redox couple using an internal
standard of ferrocene.
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By the use of a single-compartment electrochemical cell
consisting of a glassy carbon working electrode, a platinum
counter electrode, and a Ag/AgCl reference electrode, the CV
of 1 was recorded in a solution of DCM containing 0.1 M
tetrabutylammonium hexafluorophosphate (TBAPF) as the
supporting electrolyte (Figure 1). Upon scanning to reducing
potentials, one quasi-reversible response and one reversible
response are observed at —1.45 and —1.65 V vs Fc*/°
respectively. On the return sweep, two oxidative responses
are observed, one corresponding to the reoxidation of the
species reduced at —1.65 V vs Fc*’°, which is followed by an
irreversible response at —1.08 V vs Fc*/°. Differential pulse
voltammetry confirmed that all of the redox features are single-
electron processes (Figure S2). The electrochemical behavior
was additionally observed to be both solvent- and scan-rate-
dependent. As the scan rate is increased, the second reduction
and irreversible oxidation are both observed to nearly vanish
while the first reduction (E;, = —145 V vs Ec*’?) gains
considerable reversibility (Figure S2). Upon dissolution of 1 in
dimethyl sulfoxide (DMSO), a solvent known to disrupt
hydrogen bonds, only a single reversible response is observed
at Ey;, = —132 Vs Fc*/° (red CV in Figure 1). These results
suggest that a stable mixed-valent dimer is formed in DCM but
not in DMSO."*™'° The electrochemistry is best described as
following an ECE mechanism, in which after a one-electron
reduction (E) a chemical step (C) occurs (self-dimerization),
which is then followed by a second reduction (E). In the CV of
complex 1, the first quasi-reversible wave (E;,, = —1.45 V vs
Fc*/%) corresponds to reduction of neutral monomers to form
anionic monomers, (1)”. These then rapidly dimerize with
neutral monomers (1) in the diffusion layer, forming mixed-
valent hydrogen-bonded dimers, (1,)”. At the second,
reversible wave (E;, = —1.65 V vs Fc*/?), the mixed-valent
hydrogen-bonded dimers are reduced by a second electron to
their isovalent, dianionic hydrogen-bonded state, (1,)*~. Upon
reversal of the scan direction, the first oxidative feature near
—1.65 V vs Fc*/® corresponds to oxidation of the isovalent,
doubly reduced dimers (1,)*” to the mixed-valent hydrogen-
bonded dimers (1,). Because of electron exchange across the
hydrogen bonds, this state is sufficiently stable to persist until
its subsequent oxidation at —1.08 V vs Fc*/%, whereby neutral
dimers, 1,, are formed and then rapidly dissociate into two
neutral monmers, 1.

The stability of the mixed-valent state is expressed by the
comproportionation constant (eq 1):

K, = e"FAE/RT (1)
Here one needs to know only the difference between the
potentials relating the two isovalent states to the mixed-valence
state. In complex 1, this is taken as the difference between the
two oxidative features on the return sweep, where splittings of
460 +10 mV correspond to a comproportionation constant of
7.0 X 107. These splittings are 75 mV larger than those
observed in the isonicotinic acid systems described earlier (AE
=385 mV, K = 32 X 105 Figure S3)14’16 and indicate the
formation of a highly stable mixed-valent anion with respect to
the two isovalent states.

These observations are further supported by determination
of the formation constants for the relevant redox states. In
general, any mixed-valent hydrogen-bonded system can be
described by a series of four dimerization equilibria (Figure 2).
Kp and K, _ are the equilibrium constants for the two isovalent
species, which describe the self-dimerization of the neutral and

M + M = M, Kp
M + M)y == M) Kyy
M)+ (M) == (M)* K,
My + (M) ==2(M,) K¢

Figure 2. Dimerization equilibria of a mixed-valent hydrogen-bonded
system in solution.

one-electron-reduced clusters, respectively. K is the compro-
portionation constant, and Kyy is the equilibrium dimerization
constant of the mixed-valent state.'* In the present system,
these terms describe the thermodynamics of formation and
stability of hydrogen-bonded species in the three possible
redox states. Direct comparison of Ky to Ky or K,_ allows
determination of the relative degree of stability gained from
charge transfer across a hydrogen bond.

Applying these ideas (see the Supporting Information for
details),14 we find that in DCM solutions, 1 is found to exist
primarily as monomers, with a dimerization constant of K =
360 M~ in the isovalent neutral state. The dimerization
constant for the doubly reduced state (K,_) is much more
difficult to determine but can be estimated from the
electrochemical experiments. The observation of a return
oxidation in both CVs and DPVs near E, ,, = —1.45 V vs Fc*/°
corresponding to oxidation of singly reduced monomers, (1),
suggests that the doubly reduced state is weakly hydrogen-
bonded and that a small amount dissociates into reduced
monomers upon its formation. However, the fact that an
appreciable amount of dimer is observed in the DPV trace
upon the return oxidation (Figure S2) suggests that a majority
of the complex is still dimerized. By comparison with the
isonicotinic acid systems, where monomer reoxidation was not
observed and K,_ was experimentally determined to be 2200
M™!, we estimate that K,_ is on the order of 1000 M™' for
(1,)>.

With the relevant formation constants known, Ky is
determined by the use of eq 2:'*

Kyy = (KpK, — Kc)l/2 ()

For complex 1, Kyy is found to be 4 orders of magnitude larger
than Kp and 3 orders of magnitude larger than K,  with an
approximate value of 5 X 10° M~". The relative stability of the
mixed-valence state is revealed by inspection of the differences
in the free energies corresponding to Kp, K,_, and Ky (Table
1). Here the mixed-valent state is estimated to be 5.7 kcal/mol
(1980 cm™") and 5.1 kcal/mol (1784 cm™") more stable than
the isovalent neutral and doubly reduced states, respectively
(Figure 3). These results suggest a strongly delocalized
electronic structure in the mixed-valent state that extends
from the Ru;O redox centers, through the 7z system of the
pyrimidinone ligands, and across their hydrogen bonds.
Perhaps the most remarkable aspect of the mixed-valent
pyrimidinone hydrogen-bonded complexes is that they exhibit
significantly broadened, partially coalesced v(CO) bands in
their FTIR spectra (Figure 3). This behavior has not been
previously observed in a mixed-valent hydrogen-bonded
complex and allows estimation of the rate of ET by application
of a Bloch equation line shape analysis, a well-documented
procedure for the covalently bridged lpy‘razine clusters that
have been extensively studied in our lab."””~"” Simulation of the
FTIR line shape proceeded through the use of the MATLAB
program Zoerbex developed by the Harris lab.”” The dynamic
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Table 1. Equilibrium Dimerization Constants for 1

and the Analogous Isonicotinic Acid Cluster in DCM at 25°C

bridging ligand Kp (M™Y) K,_ (10° M) K¢ (10%) Ky (10°) AAGR* (kcal/mol) AAGS_Y (keal/mol)
pyrimidinone 360 1 70 S =5.7 =51
isonicotinc acid 75 22 32 0.7 -S54 =32
AAAGE = AGYy — AGS. PAAGS. = AGSy — AGS..
0.07 3
] —
0.15 0.06 3 — (12)27
1 ‘; v(NH) — (1)
= Jigr=11x10"5" = O’OSE
o 0.10 o 0.044
o i Q E
5 i 5 0.03 3
2 {ker=38x10"s" 3 3
< 0.054 < 0.024
] 0.014
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Wavenumber (cm_l)

Wavenumber (cm.l)

Figure 3. (left) Infrared spectroelectrochemical (IRSEC) spectrum of 1 (black, 4.85 mM) with the potential fixed at —1200 mV. Also shown for
comparison are the IRSEC spectra of the corresponding isonicotinic acid-bridged clusters (blue) and the covalently linked pyrazine-bridged clusters
(red). (right) IRSEC spectra of 1 (4.85 mM), highlighting the enormous intensity enhancement of the ¥(NH) band in the mixed-valent hydrogen-
bonded state (red) in comparison with the isovalent neutral (black) and doubly reduced (blue) states.

FTIR line shapes in the program are simulated using the
optical Bloch formalism, where two species exchange 100% of
their intensity at a rate k. The program simulates vibrational
spectra by Fourier transformation of the vibrational time
correlation function into the frequency domain. Simulated
FTIR spectra are represented as Voigt line shapes where the
center peak frequencies, the Gaussian and Lorentzian fwhm
values, the populations of the exchanging species, and their
exchange time constant are taken as inputs.

To best determine the input parameters, the infrared
spectroelectrochemical spectrum was fit to two well-resolved
Voigt functions (Figure S9), whose parameters were then
taken as the input for the Zoerbex program. The exchange time
constant, 7, was manipulated until the simulated spectra were
in good agreement with the experimental one (Figure S9). The
best agreement between experiment and theory was found
when the exchange time constant was set to 2.6 ps, giving rates
of electron transfer near 3.8 X 10'' s™'. These estimates are in
excellent agreement with those of similar Ru;O systems, where
the predicted rate of ET in 1 falls between those for the more
weakly coupled isonicotinic acid systems and the more highly
coupled pyrazine-bridged systems (Figure 3). It is important to
note that the application of such an analysis has been heavily
debated in the literature,” ~** as many processes in addition to
chemical exchange, such as inhomogeneous broadening,
solvent environment fluctuation and other dynamic processes,
can contribute to the overall FTIR line shape. Until these
systems can be the subjects of higher-order spectroscopic
analysis, and in view of the well-documented nature of ultrafast
ET in similar mixed-valent Ru;O systems,'’ " the methods
here provide a reasonable first estimate of kgr.

The nature of electron delocalization in these highly coupled
mixed-valent hydrogen-bonded complexes is also partly
revealed by the observation of an enormous intensity
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enhancement of the pyrimidinone amide #(NH) band (3350
cm™) in the IR spectrum of the mixed-valent hydrogen-
bonded state. The intensification of the #(NH) band is absent
in the neutral and doubly reduced states (Figure 3). On the
basis of previous studies of the gyrazine (pz)-bridged dimers of
trimers (Ru;0—pz—Ru;0),"”>>~* this is a signature of strong
vibronic coupling of the pyrimidinone amide v(NH) mode
with the Ru;O electronic wave functions in the mixed-valent
state. It may be an important promoter mode for ET.”*™°
In conclusion, together these findings demonstrate the
presence of strong donor—bridge—acceptor coupling across
hydrogen bonds and that highly delocalized electronic
structures can be attained in non-covalent assemblies that are
often considered to be too weakly bound to support strong
electronic communication. A forthcoming study will detail the
nature of electronic and vibronic coupling in these systems
through variation of the cluster electronics by ancillary ligand
substitution and consideration of kinetic isotope effects.
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