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Effects of a Proximal Base on Water Oxidation and Proton Reduction
Catalyzed by Geometric Isomers of [Ru(tpy)(pynap)(OH,)|*"**
Julie L. Boyer, Dmitry E. Polyansky, David J. Szalda, Ruifa Zong, Randolph P. Thummel,* and

Etsuko Fujita*

The importance of pendent bases in promoting proton-
coupled electron-transfer (PCET) reactions with low activa-
tion barriers has been discussed for H' reduction or H,
oxidation in MeCN.!'! PCET is also essential for the four-
electron oxidation of water in order to mitigate charge
buildup and to reduce overpotential.”! Designing molecular
catalysts that facilitate these multielectron and multiproton
processes has proven to be a formidable challenge.’! Ruthe-
nium polypyridyl compounds have received considerable
attention as water oxidation catalysts. Dinuclear ruthenium
species have been studied for some time,* while only recently
mononuclear ruthenium species were reported as effective
water oxidation catalysts."® In nature, water oxidation is
performed at the manganese-containing oxygen-evolving
complex (OEC), and electron transfer is coupled to proton
movement by precisely positioned proton relays in the nearby
protein scaffold.*

We have previously demonstrated the utility of ruthenium
polypyridyl complexes with pendent bases to act as water
oxidation catalysts with the compounds [Ru(L)(4-R-
pyridine),(OH,)]** (R =CF,, CH;, NMe,; L =4-tert-butyl-
2,6-di([1,8']-naphthyrid-2'-yl)pyridine).” To further examine
the role that pendent bases play in the oxidation and
reduction of ruthenium polypyridyl complexes, we have
isolated the compounds p-[Ru(tpy)(pynap)(OH,)]*" (p=
proximal, tpy =2,2';6',2"-terpyridine, pynap = 2-(pyrid-2"-yl)-
1,8-naphthyridine), 1(OH,)>" and d-[Ru(tpy)(pynap)-
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Scheme 1. Structures of complexes.

Figure 1. The molecular structures of cations in a) [1(OH,)]Cl, and
b) [2(CH](PFe)z:

(OH,)J*" (d = distal), 2(OH,)*", which differ in the orienta-
tion of the asymmetric pynap ligand (Scheme 1 and Figure 1).
Herein we present the complexes’ redox and spectroscopic
properties and report the intriguing catalytic activity for the
oxidation of H,O and the reduction of protons. While
1(OH,)*" shows catalytic activity toward proton reduction
but not toward water oxidation, the geometric isomer
2(OH,)*" exhibits the opposite behavior.

The '"H NMR spectra of the geometric isomers support
the proposed orientations of the pynap ligand (Figures S1 and
S2 in the Supporting Information). The single-crystal X-ray
structures of [1{(OH,)]Cl, and the electrochemically oxidized
Ru"" species [2(Cl)](PF,), were determined (see Tables S1-S3
in the Supporting Information).!'”! They further confirmed the
orientation of the asymmetric pynap ligand (Figure 1). A
spectrophotometric acid-base titration was performed with
each of the isomers. The UV/Vis spectra remained unchanged
at low pH values, thus indicating that the uncoordinated
naphthyridyl nitrogen atom is not protonated, even under
strongly acidic conditions (pH 0). At high pH values, the aqua
ligand was deprotonated: 2(OH,)*" displayed a lower pK,
than the reported value for 3(OH,)*" (9.1 vs. 9.7)," owing to
the increased electronegativity of pynap versus bpy. A pK, of
11.3 was observed for 1(OH,)*" owing to a hydrogen-bonding
interaction between the uncoordinated naphthyridyl nitrogen
atom and the aqua ligand.
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Table 1: Physical data for compounds containing pynap and bpy co-
ligands in MeCN.

Compound Amax [NM] Eypp VP By (VI Ref.
(Ru\ll/ll) (L/L'f)

[Ru(bpy);]** 450 1.24 —1.34, -1.52, -1.75  [12]
[Ru(pynap);*" 526 1.08 —-0.99, —1.23, -1.53 [12]
2(Cl)* 568 0.76 —1.13, —1.49 (ir) 7
3(Ch* 508 0.80 —1.44, —1.59 7
1(OH,)* 532 1.1 —0.87, —1.34 (ir) l=l
2(OH,)*'H 534 1.06 —1.01, —1.35 (ir) t
3(OH,)* 474 1.12 —1.23, —1.45 (ir) L€
1(NCMe)** 492 1.28 —1.01, —1.45 (ir) t
2(NCMe)* 498 1.27 —1.00, —1.45 (ir) “
3(NCMe)** 455 1.29 —1.27, —1.54 (ir) 3]

[a] Acetone was used for measurements of aqua complexes. [b] Poten-
tials measured with a Ag/AgCl electrode were converted to values vs. the
saturated calomel electrode (SCE), ir=quasi-irreversible or irreversible.
[c] This work.

The absorption and electrochemical data for Ru com-
plexes containing either bpy or pynap ligands in non-aqueous
media are summarized in Table 1. Relative to complexes
containing bpy ligands, analogues with the pynap ligand
display a metal-to-ligand charge-transfer (MLCT) band at
lower energies, a lower oxidation potential for the Ru™™
couple, and a lower reduction potential for the ligand-based
reduction couple. A comparison of the electrochemical data
for the two geometric isomers 1(OH,)*" and 2(OH,)*"
revealed a more positive reduction potential for the pynap/
pynap process in the isomer with the proximal base
(—0.87 V vs. —1.01 V), whereas the two isomers 1(NCMe)**
and 2(NCMe)*" display similar reduction potentials for the
pynap ~/pynap process (—1.01 V vs. —1.00 V). This finding
provided further evidence of an interaction between the aqua
ligand and the pendent base in the complex 1(OH,)*".

Cyclic and square-wave voltammograms were recorded in
aqueous solutions at varying acid concentrations for both
geometric isomers (Figures S3 and S4 in the Supporting
Information). The plot of E,, versus pH value (Pourbaix
diagram, Figure 2) for the complex 2(OH,)*" displayed a
similar topology and pK, values as the Pourbaix diagram of
[Ru(tpy)(bpy)(OH,)]** (3(0OH,)*")." A comparison of the
Pourbaix diagrams of the geometric isomers revealed the
unique aqueous redox chemistry of 1(OH,)*". The first
oxidation process in 2(OH,)*" exhibits pH-independent
regions (pH 0-1.5 and pH9.1-11.4) and is le™ in nature
below pH 11.4. However, the first oxidation process in
1(OH,)*" is 2~ and proton-coupled through the pH range
1.5-13. Between pH 1.5 and 4, the voltammogram of 1-
(OH,)*"  displays two oxidation events ([Ru™-
(OH,)*"/[Ru™V(OH)]** and [Ru™(OH)]**/[Ru¥O]**) with
slopes of —30 mV per pH unit and —59 mV per pH unit,
thus indicating that they are 2e /1H" and 1e /1 H" processes,
respectively (Figure S3 in the Supporting Information).
Below pH 1.5, it seems that the first process becomes pH-
independent ([Ru"(OH,)]*"/[Ru"Y(OH,)]*"), and the second
one is 2e/2H" ([Ru"(OH,)]*"/[Ru"'O]*"). While the first
oxidation potentials between pH 1.5 and 4 could be fit with a
slope of —59 mV per pH unit, such an assignment cannot
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Figure 2. Pourbaix diagram of geometric isomers a) 1(OH,)*" and
b) 2(OH,)*".

explain the oxidation events at higher potentials. The 2e”~
nature of the first oxidation process in the compound
1(OH,)*" was further confirmed by coulometry and cerium
titration experiments. Between pH 4 and 11, the oxidation
potential of 1(OH,)*" displays a slope of —59 mV per pH unit,
corresponding to a 2e/2H" transformation ([Ru'-
(OH,)J*/[Ru™OF*").

The very weak signals around 1.1 V with slope 50 mV per
pH unit observed for 2 in the range pH 1-3 are likely due to a
small contamination by complex 1(OH,)*", since 2(OH,)*"
slowly converts to 1(OH,)*" under ambient fluorescent light.
Also, we tentatively assigned weak signals around 1.1V
observed in the range of pH3-8 as the Ru'=0O/Ru""=0
couple of 2(OH,)*"; however, we cannot exclude the con-
tamination problem.

After  the second redox  process  ([Ru"-
(OH,)]*"/[Ru¥'O]*") at pH 1, the cathodic scan displays a
new feature at 500 mV versus SCE (Figure S5 in the
Supporting Information). The intensity of the signal at
500 mV increases as the initial potential is increased (1180
to 1360 mV) or the time the electrode is held at the positive
potential before the scan is increased (2 to 20 s). This increase
in intensity is likely due to the formation of an oxidation
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product of 1(OH,)*", possibly the [Ru™(OOH)J*" species
based on our voltammetry data (Figure S5 in the Supporting
Information) and the assignment of intermediates in related
systems.™!

The isomer 1(OH,)*" undergoes a 2e¢” and a 2e /2H"
process at pH 1 to form a highly oxidized [Ru'Y(OH,)]* and
[Ru¥'O]*" species, respectively, at a low applied potential
(below 1.2 V vs. SCE; Figure 2). The first oxidation process
for the isomer 1(OH,)*" was examined using the chemical
oxidant (NH,),[Ce(NO3)s] (CAN) in 0.Im HNO;. Upon
addition of up to two equivalents of CAN, the peaks in the
UV/Vis absorption spectrum at 526 and 314 nm decreased in
intensity (Figures S6 and S7 in the Supporting Information).
Isosbestic points were observed at 412 and 333 nm, thus
confirming the concerted nature of this 2e~ oxidation process
that is chemically reversible. Reduction of the newly formed
solution with two equivalents of Fe led to recovery of 96 % of
the starting complex 1(OH,)*".

The catalytic currents of 1(OH,)*" and 2(OH,)*" are
shown in Figure 3. The activity for water oxidation was
studied with an excess of the sacrificial oxidant CAN
(Figure 4). The oxygen evolved was detected with an Ocean
Optics O, probe. The isomer 1(OH,)*" proved to be a poor
water oxidation catalyst, with a turnover number (TON) of
approximately one and an initial rate of 1.1 x 10~ s~ (defined
as TONs™!) for O, evolution. When the headspace of the
oxidized solution of 1** was analyzed by mass spectrometry,
both CO, and O, were detected. When an additional aliquot
of CAN was injected into the oxidized solution of 1°*, no
additional CO, or O, was detected (Figure S8 in the
Supporting Information).

The compound 2(OH,)*" displayed remarkable activity
for water oxidation. The compound 2(OH,)*" displays a TON
of over 3200 with the initial rate 1.8x107%s™! for O,
evolution. Previously, a TON of 1170 in 20 h was reported
for the compound [2(Cl)]PF; in the presence of trace organic
solvent.["! In separate runs, we found that the catalytic activity
of 2(OH,)*" was suppressed by the addition of 10 equiv NaCl
or trace amounts of MeCN. We re-examined [2(Cl)]PF, in
strictly aqueous media and observed a TON of 2700 in 48 h.
The compounds 3(OH,)*" and [Ru(tpy)(biq)(OH,)](PFy),
(big =2,2'-biquinoline) were also evaluated as water oxida-
tion catalysts. They displayed TON values of 460 and 2,
respectively. The isomer 1(OH,)*" reaches the highly oxidized
Ru"! state at a low potential, but it performed poorly as a
water oxidation catalyst when CAN was used. The low
turnover number might be due to catalyst decomposition,
which was evident from the carbon dioxide detected during
catalysis runs (Figure S8 in the Supporting Information). The
isomer 2(OH,)*", however, proved to be a much better water
oxidation catalyst than the recently heavily investigated
3(OH,)**.Fedehl While we observed a relatively slow aquation
of 2(Cl)* at neutral pH, it has been suggested that the ClI
ligand might remain in the coordination sphere, leading to a
seven-coordinate ruthenium oxo species in the higher oxida-
tion states.") In fact, we isolated crystals of the Cl-bound Ru'™
complex [2(Cl)](PF;), by slow evaporation of the resultant
pale green solution from the bulk electrolysis of [2(Cl)|PF; (at
0.86 V vs. SCE) under an argon flow (see Figure 1b).
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Figure 3. Cyclic voltammogram of 1(OH,)*" (solid), 2(OH,)**
(dashed), and baseline (gray) at pH 1. Inset: Expanded version
showing cyclic voltammogram below 1.3 V.
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Figure 4. Plots of detected O, versus time for 2(OH,)*" (dashed),

2(Cl)* (dotted), and 3(OH,)*" (solid). O, formation for 1(OH,)*" is
not shown because of the small TON.

We further explored catalytic properties of 1(OH,)*" and
2(OH,)*" towards proton reduction. The Pourbaix diagram
for 1(OH,)*" (Figure 5a) clearly indicates that below pH 8,
the reduction of the complex is accompanied by protonation
to form [Ru(tpy)(pynap-H)(OH,)]*". The geometric isomers
were evaluated electrochemically as H, production catalysts
in MeCN. While solutions of 1(NCMe)*" displayed catalytic
currents for proton reduction upon the addition of a weak
acid such as acetic acid (pK,=22.5M; Figure 5b), those of
2(NCMe)*" did not show significantly enhanced current
(Figure S9 in the Supporting Information). These preliminary
results clearly demonstrate the utility of appropriately
positioned proton relays.

It is very intriguing that the ruthenium species with a
proximal base (1(OH,)*"), with a proton relay in the vicinity
of the coordinated ligand to induce PCET reactions, is not a
good catalyst for water oxidation with CAN as a sacrificial
oxidant. However, many ruthenium polypyridyl complexes
with pendent bases, including [Ru(L)(4-R-pyridine),-
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Figure 5. a) Reduction part of Pourbaix diagram for 1(OH,)*". b) Cata-
lytic currents observed by the addition of HOAc (1 (dotted gray line), 2
(dashed gray line), and 3 mm (dot-dashed black line)) to 1 mm
solution of 1(NCMe)*" (solid line) in 0.1 N Buy;NPF; MeCN with scan
rates of 100 mVs™".

(OH,)]*" (R = CF;, CH;, NMe,; L = 4-tert-butyl-2,6-di([1',8']-
naphthyrid-2’-yl)pyridine) and related complexes act as water
oxidation catalysts with CAN.®! Does a strong oxidant like
CAN produce the highly reactive Ru"! species that may
decompose very quickly by oxidizing its own pynap or tpy
ligand? Can the catalyst catalyze water oxidation at neutral
pH? We are currently investigating electrochemical water
oxidation by applying controlled potentials. We are also
exploring mechanisms and kinetics of proton reduction
catalyzed by 1(OH,)*" to understand the detailed role of the
pendent base.

Experimental Section

The synthesis of [Ru(tpy)(pynap)(OH,)](PFy), is slightly modified
from literature procedures.” The ligand pynap,!'¥ [Ru(tpy)Cl;],!™!
and [Ru(tpy)(biq)(OH,)](PF,),!'"! were prepared according to liter-
ature procedures. The reaction of [Ru(tpy)Cl;] with pynap in the
presence of NEt; under reflux conditions produced a mixture of
compounds 1(OH,)*" and 2(Cl)" in a ratio 2(Cl)*/1(OH,)*" of 1:1.
The compounds 1(OH,)*" and 2(Cl)" were separated by column
chromatography (on alumina, acetone eluent). Treatment of [2(CI)]*
with a silver salt afforded the compound 2(OH,)*". UV/Vis spectra
were measured on a Hewlett—Packard 8452A diode array spectro-
photometer and a Cary 500 Scan UV/Vis/NIR spectrophotometer.
The 'HNMR spectra were acquired on a Bruker UltraShield
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400 MHz instrument. Electrospray ionization-mass spectra (ESI-
MS) were acquired with a Thermo Finnigan mass spectrometer.
Elemental analyses were conducted by Robertson Microlit Labora-
tories. Square-wave and cyclic voltammograms were obtained using a
BAS100 electrochemical system. Oxygen measurements were per-
formed using a calibrated O, probe (Ocean Optics probe with a
factory multipoint calibration). A single-point reset was performed
before each catalysis run. The detailed experimental conditions for all
experiments, including preparation of complexes, spectroscopic
measurements, electrochemical measurements, O, evolution, and X-
ray single crystal diffraction studies are shown in the Supporting
Information.

Note added in revision: A similar communication by Yagi et al.l'”!
was published during the revision of this manuscript.
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