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Abstract

The synthesis and characterization of the isomeric ruthenium complexes with the general
formula cis- and trans-[Ru(trpy)(qc)X]™ (trpy is 2,2":6'2"-terpyridine, qc is 8-
quinolinecarboxylate, cis-1 and trans-1, X = Cl, n = 0; cis-2 and trans-2, X = OH,, n = 1) with respect
to the relative disposition of the carboxylate and X ligands is reported. For comparison purposes,
another set of ruthenium complexes with general formula cis- and trans-[Ru(trpy)(pic)(OH>)]*
(pic is 2-picolinate (cis-3, trans-3) have been prepared. The complexes with qc ligand show a
more distorted geometry as compared to the complexes with pic ligand. In all the cases, the
trans-isomers show lower potential values for all the redox couples relative to the cis-isomers.
Complexes cis-2 and trans-2 with six-member chelate ring show higher catalytic activity than cis-
3 and trans-3. Overall, it was shown that the electronic perturbation to the metal center exerted
by different orientation and geometry of the ligands significantly influences both redox

properties and in catalytic performance.
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1. Introduction

The conversion of solar energy to chemical energy is considered a promising option for the
generation of renewable and clean fuels.! One way of achieving this goal is by performing light
induced water splitting into hydrogen and oxygen as indicated in equation 1, catalyzed by

suitable molecular catalysts,
2H,0¢) + hv — 2H3(g) + Oy(g), AE°=1.23V vs. NHE.2 (1)

In this process, the water oxidation half reaction is particularly challenging due to the large
endothermicity and mechanistic complexity of the reaction that requires the transfer of four
electrons and four protons with concomitant generation of an 0-O bond.3 For this reason, the
study of new molecular water oxidation catalysts (WOC) has become one of the main research
areas in the field, achieving tremendous progress in the last ten years. Among the most studied
catalysts are those based on ruthenium, starting from the first well characterized blue dimer
cis,cis-[(bpy)2(H20)Ru"ORU"(OH,)(bpy).]*, where bpy is 2,2'-bipyridine* to the recently reported
fastest molecular WOC based on mononuclear Ru complexes [Ru(bda)(isoq).],® [Ru(tda)(py)2],®
[Ru(pdc)(bpy)2]’, [Ru(mcbp)(py)2]® and [Ru"(HstPa-k-N30)(py).]*,° (bda? is (2,2'-bipyridine)-6,6'-
dicarboxylate, tda*> is 2,2":6'2"-terpyridine-6,6"-dicarboxylate, pdc* is pyridine-2,6-
dicarboxylate, mcbp? is 2,6-bis(1-methyl-4-(carboxylate)benzimidazol-2-yl)pyridine, HstPa is
2,2":6',2"-terpyridine-6,6"- diphosphonic acid, isoq is isoquinoline and py is pyridine). Further,
these catalyst precursors have also been successfully used in water oxidation reactions triggered

by Iight.10'11'12'13'14

The ability of Ru-OH, derivatives to undergo facile pH-dependent proton-coupled electron-
transfer (PCET) processes is the key that leads to the formation of highly oxidized RuY=0 species
capable of 0-O bond formation via water nucleophilic attack (WNA)¥>!6'7 due to the
electrophilicity of the Ru=0 intermediate, dimerization through oxyl radical formation (12M)>!8
or oxygen atom transfer (OAT) via coupling of Ru—O and N-O moieties.'®? This significant
information based on spectroscopic, electrochemical and analytical techniques together with
the valuable complementary information provided by computational studies, has allowed a
rational design for powerful and oxidatively rugged molecular water oxidation

catalysts 21,22,23,24,25

The present report describes the synthesis, structural and spectroscopic characterization as well
as the water oxidation catalytic activity of single site Ru-aquo isomeric complexes and their

precursors with general formula cis- and trans-[Ru(trpy)(qc)Cl] (cis-1, trans-1) and cis- and trans-



[Ru(trpy)(qc)(OH2)]* (cis-2, trans-2), where trpy is 2,2":6'2"-terpyridine and qc is 8-
quinolinecarboxylate. In addition, two other similar complexes cis- and trans-
[Ru(trpy)(pic)(OH2)]* where pic is 2-picolinate (cis-3, trans-3) have also been studied for
comparative purposes (Chart 1 and Scheme 1). The choice of qc and pic ligands is expected to
provide information about how geometric isomers with different chelating ring sizes that can
have the carboxylate group coordinated either in cis or trans fashion to the reactive Ru=0 active

species, can influence the performance of the water oxidation catalyst.
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Chart 1. Ruthenium complexes studied in this work.



2. Experimental Section

Materials

The precursor complexes [RuCls(trpy)] (trpy = 2,2':6',2"-terpyridine), trans-[Ru'(trpy)(pic)Cl], cis-
[Ru'(trpy)(pic)Cl], trans-[Ru"(trpy)(pic)(OH2)]CIOs and cis-[Ru'(trpy)(pic)(OH2)]CIOs were
prepared according to the literature procedures.?®2” The ligand 8-quinolinecarboxylic acid and
other reagents and chemicals were obtained from Aldrich and used as received. When required,
solvents were dried by following the standard procedures, distilled under nitrogen and used
immediately. High purity deionized water used for the electrochemistry experiments were
obtained by passing distilled water through a nanopure Milli-Q water purification system. For

other spectroscopic and electrochemical studies, HPLC-grade solvents were used.
Instrumentation and Methods

NMR spectra were recorded on a 500 MHz Bruker Avance Ultrashield NMR spectrometer. UV/Vis
spectroscopy was performed on a Cary 50 (Varian) UV/Vis spectrophotometer in 1 cm quartz
cuvettes. ESI-Mass spectra were recorded using micromass Q-TOF mass spectrometer.
Elemental analyses were carried out on Perkin-Elmer 240C elemental analyzer. Cyclic
voltammetry (CV), differential pulse voltammetry (DPV) experiments were performed on an lJ-
Cambria CHI-660 potentiostat using a three-electrode cell. Typical CV experiments were carried
out at a scan rate of 100 mVs™. The DPV parameters were AE = 4 mV, Amplitude = 50 mV, Pulse
width =0.05 s, Sampling width = 0.0167 s, Pulse period = 0.5 s. A glassy carbon disk (¢ =0.3 cm,
S = 0.07 cm?) was used as working electrode (WE), Pt disk as counter electrode (CE), and a
Hg/Hg.S04 (K2SO4 saturated) as a reference electrode (RE). All potentials were converted to NHE
by adding 0.65 V. Glassy carbon electrodes were polished with 0.05 um alumina (Al,0s) and
rinsed with water and acetone followed by blow-drying before each measurement. CVs and
DPVs were iR compensated by the potentiostat in all the measurements. In organic solvents, all
the complexes were dissolved in CH3sCN containing the necessary amount of [(n-Bu)sN][PFe]
(TBAH) as supporting electrolyte to yield a 0.1 M ionic strength solution. In aqueous solutions,
the electrochemical experiments were carried outin 0.1 M CF3SOsH (pH 1.0). E1/; values reported
in this work were estimated from CV experiments as the average of the oxidative and reductive
peak potentials (Epa + Ep,c)/2 or taken as E (Imax) from DPV measurements. The Pourbaix diagrams
were built using the following buffers: sodium dihydrogen phosphate/phosphoric acid up to pH
4 (pKa = 2.12), sodium hydrogen phosphate/sodium dihydrogen phosphate up to pH 9 (pKa =
7.67), sodium hydrogen phosphate/sodium phosphate up to pH 13 (pK.=12.12) and also 0.1 M

CF3SOsH for pH 1.0. The concentration of the complexes was approximately 1 mM. The pH of



the solutions was determined by a pH meter (CRISON, Basic 20*) calibrated before

measurements through standard solutions at pH 4.01, 7.00 and 9.21.

Online manometric measurements were performed on a Testo 521 differential pressure
manometer with an operating range of 0.1-10 kPa and accuracy within 0.5% of the
measurements. The manometer was coupled to thermostatic reaction vessels for dynamic
monitoring of the headspace pressure above each reaction solution. The manometer’s
secondary ports were connected to thermostatic reaction vessels containing the same solvents
and headspace volumes as the sample vials. Each measurement for a reaction solution (2.0 mL)

was performed at 298 K.

Single Crystal X-Ray Structure Determination

Crystal Preparation: Single crystals of cis-1, trans-1, trans-2 and cis-[Ru'(trpy)(pic)Cl] were
grown by slow evaporations of 1:1 methanol:dichloromethane, 1:1
dichloromethane:diethylether, 1:1 dichloromethane: toluene and 1:1
methanol:dichloromethane, respectively. The crystals used for structure determination were
selected employing a Zeiss stereomicroscope using polarized light and prepared under inert

conditions immersed in perfluoropolyether as protecting oil for manipulation.

Data Collection: Crystal structure determination for sample cis-1, trans-1 and cis-
[Ru"(trpy)(pic)Cl] were carried out using a Apex DUO Kappa 4-axis goniometer equipped with an
APPEX 2 4K CCD area detector, a Microfocus Source E025 |uS using MoK, radiation, Quazar MX
multilayer Optics as monochromator and an Oxford Cryosystems low temperature device
Cryostream 700 plus (T =—173 °C). Crystal structure determination for samples Full-sphere data
collection was used with @ and @scans. Programs used: Data collection APEX-2,%® data reduction

Bruker Saint?® V/.60A and absorption correction SADABS.%°

Crystal structure determination for sample trans-2 was carried out at —123 °C using a Xcalibur
Sapphire3 goniometer using MoK, radiation. Programs used: Data collection and reduction with

CrysAlisPro®! V/.60A and absorption correction with Scale3 Abspack scaling algorithm.3?

Structure Solution and Refinement: Crystal structure solution was achieved using the computer
program SHELXT.?? Visualization was performed with the program SHELXle.3* Missing atoms
were subsequently located from difference Fourier synthesis and added to the atom list. Least-
squares refinement on F? using all measured intensities was carried out using the program

SHELXL 2015.% All non-hydrogen atoms were refined including anisotropic displacement



parameters. cis-1: The asymmetric unit contains two different compounds of the metal complex
sharing its position (ratio 90:10) and one and half water molecules disordered in four positions
(ratio: 0.50:0.50:0.25:0.25). The metal complex is coordinated with 90 % ratio to a chloride anion
and with 10 % to a methanolate. trans-2: The asymmetric unit contains one molecule of the
complex coordinated to a water molecule, one additional water molecule and one PFs anion.
The PF¢™ anion is disordered in two orientations (ratio 91:9). cis-[Ru"(trpy)(pic)Cl]: The
asymmetric unit contains one molecule of the complex and 0.75 molecules of dichloromethane.

The dichloromethane molecules are highly disordered in four orientations/positions.

Synthesis of Isomeric [Ru"(trpy)(qc)Cl] (trans-1 and cis-1). In a 100 mL two neck round bottom
flask, [RuCls(trpy)] (100 mg, 0.23 mmol), 8-quinolinecarboxylic acid (Hqgc) (55 mg, 0.32 mmol)
and NEtz (0.2 mL, 1.5 mmol) were dissolved in 20 mL of degassed ethanol. The mixture was
heated to reflux for 6 h under nitrogen atmosphere. The mixture was then evaporated to
dryness and the resulting dark solid was dissolved in the minimum volume of CH,Cl, and purified
by chromatography using a neutral alumina column. The blue-violet solution corresponding to
the major isomer trans-1 was eluted first with CH,Cl,:CH3OH (20:1) followed by the red-violet
solution of the minor isomer cis-1 with CH,Cl;:CH3OH (10:1) mixture. On removal of the solvent
under reduced pressure the pure isomeric complexes trans-1 and cis-1 were obtained in the

solid state.

trans-1: Yield, 85 mg (0.16 mmol, 70%). Anal. Calcd. for (C2sH17N4CIOzRu): C, 55.35%; H, 3.16%;
N, 10.33%. Found: C, 55.57%; H, 2.96%; N, 10.51%. A [nm](gM~tcm™]) in dicholoromethane:
578(11760), 420(10590), 328(38760), 315(34350), 281(38920), 233(74070). ESI*-MS (m/z):
543.30 ([trans-1+H]*, Calcd. 543.01), 507.30 ([trans-1-Cl]*, Calcd. 507.03). *H NMR (500 MHz [d6]-
DMSO) &: 10.43 (H7, d, J= 4.86 Hz, 1H), 8.81 (H®, d, J= 8.01 Hz, 1H), 8.63 (H*®, dd, J= 7.7 Hz and
J=2.83 Hz, 4H), 8.51 (H'?, d, J= 7.45Hz, 1H), 8.40 (H'°, d, J= 7.82, 1H), 8.0 (H%, d, J= 5.47 Hz, 2H),
7.92 (H3588 m, 4H), 7.77 (H', t, J= 7.7 Hz, 1H), 7.41 (H2, t, J= 6.5 Hz, 2H). 3C-NMR (125 MHz, [de]-
DMSO) é: 169.1, 160.6, 160.4, 158.5, 152.2, 147.8, 138.2, 136.7, 136.2, 133.7, 131.3, 130.6,
130.5,127.2,127.0,123.2,121.9 and 121.5.

cis-1: Yield, 6 mg (0.01 mmol, 4%). Anal. Calcd. for (C2sH17N4CIO;Ru): C, 55.35%; H, 3.16%,; N,
10.33%. Found: C, 55.27%; H, 3.10%; N, 10.58%. A [nm](gM~tcm™]) in acetonitrile: 545(11360),
483(sh), 372(11300), 317(46680), 279(42080), 235(79690). ESI*-MS (m/z): 543.19 ([cis-1+H]*,
Calcd. 543.01), 507.10 ([cis-1-CI]*, Calcd. 507.03). *H NMR (500MHz [ds]-DMSO) &: 9.0 (H7, dd, J=
4.86 Hz, and J= 1.7 Hz, 1H), 8.62 (H¥*®>, m, 6H), 8.06 (H° dd, J= 8.31 Hz and J= 1.31 Hz, 1H), 7.95
(H28°, m, 3H), 7.82 (H®, t, J=7.98, 1H), 7.73 (H®, t, J= 7.74 Hz, 1H), 7.56 (H?, dt, J= 5.65 Hz and J=
1.14 Hz, 2H), 7.05 (H*?, dd, J= 5.41 and Hz J= 1.43 Hz, 1H), 6.82 (H'!, dd, J= 8.16 Hz and J=5.45



Hz, 1H). 3C-NMR (125MHz, [de]-DMSO) 6: 169.1, 161.4, 159.7, 153.7, 151.5, 148.2, 137.4,136.7,
136.4,133.3,131.6,129.3,129.1, 127.6, 127.1, 123.4,122.5 and 121.3.

Synthesis of trans-[Ru"(trpy)(qc)(OH.)](PFs) (trans-2). In a 50 mL two neck round bottom flask,
trans-1 (100 mg, 0.18 mmol) was dissolved in 20 mL of acetone: water mixture (3:1, v/v) and
TINO3 (60 mg, 0.23 mmol) was added to the solution and stirred for 1 h at reflux. The initial blue-
violet color of the solution changed to red-violet with the precipitation of TICI. The cooled
solution was filtered over Celite® to remove TICI. The filtrate was then concentrated to approx.
2 mL in vacuum and 3 mL saturated solution of NH4PFs was added. The resulting solution was
allowed to stand at 0°C for complete precipitation. It was then filtered and the product was
washed with ice-cold water for several times and dried in vacuum over P4O1o. Yield: 110 mg (0.16
mmol, 88%). Anal. Calcd. for (CzsH1sN2O3RuPFg): C, 44.78%; H, 2.86%; N, 8.36%. Found: C,
44.98%; H, 2.95%; N, 8.62%. ESI*-MS (m/z): 507.10 ({trans-2-PFs-OH,}*, Calcd. 507.03). *H NMR
(500MHz, [d2]-D20) &: 9.59 (H7, d, J= 5.52 Hz, 1H), 8.73 (H°, d, J= 8.41 Hz, 1H), 8.39 (H*>10812
6H), 8.08 (HY, d, J= 5.60Hz, 2H), 7.89 (H3#%11 m, 4H), 7.77 (HS, t, J= 7.65 Hz, 1H), 7.31 (H?, t, J=
6.93 Hz, 2H). 3C- NMR (125MHz, [d,]-D,0) &: 175.2, 160.7, 160.3, 155.3, 153.2, 147.6, 138.8,
137.5,137.2,135.4,134.0, 130.7,127.1,127.0, 123.4,123.2,122.1 and 121.8.

Synthesis of cis-[Ru"(trpy)(qc)(OH2)]* (cis-2). In a 25 mL two neck round bottom flask, cis-1 (5
mg, 0.01 mmol) was dissolved and TINOs (5 mg, 0.02 mmol) was suspended in 4 mL of
acetone:water mixture (3:1, v/v) and stirred for 1 h at reflux. The initial red-violet color of the
solution was changed to red with the precipitation of TICl. The cooled solution was filtered to
remove TICI. The filtrate was dried in vacuum over P4010 and dissolved in D,O for NMR and pH 1
for electrochemistry. 'H NMR (500MHz, [d,]-D,0) 6: 8.97 (H’, d, J= 7.63 Hz, 1H), 8.56 (H%, d, J=
5.48 Hz, 2H), 8.37 (H®, d, J= 8.25 Hz, 2H), 8.31 (H%, d, J= 8.11 Hz, 2H), 7.98 (H®, d, J= 8.09 Hz, 1H),
7.88 (H3%810 m 4H), 7.72 (H8, t, J= 7.96 Hz, 1H), 7.40 (H2, t, J= 6.65 Hz, 2H), 7.30 (H*?, d, J= 5.37
Hz, 1H), 6.62 (H, dd, J= 7.95 Hz and J= 5.93 Hz, 1H).

Computational Methods

Geometry optimizations were performed at the M06%® level of density functional theory coupled
with SMD aqueous continuum solvation model®” using the Stuttgart [8s7p6d2f | 6s5p3d2f]
ECP28MWSB contracted pseudopotential basis set® on Ru and the 6-31G(d) basis set* on all
other atoms. Non-analytical integral evaluations made use of a pruned grid having 99 radial
shells and 590 angular points per shell as implemented in Gaussian 16 software package.*® The
nature of all stationary points was verified by analytic computation of vibrational frequencies,

which were also used for the computation of zero-point vibrational energies and molecular



partition functions. Partition functions were used in the computation of 298 K thermal
contributions to free energy employing the usual ideal-gas, rigid-rotator, harmonic oscillator
approximation.*? Free energy contributions were added to single-point M06-L*, MN15-L%,
B3LYP-D3*%, ®B97X-D*, M06 and MN15% electronic energies computed with SMD aqueous
continuum solvation model and the SDD basis set on ruthenium and the 6-311+G(2df,p) basis

set on all other atoms to arrive at final composite free energies.

A 1 M standard state was used for all species in aqueous solution except for water itself, for
which a 55.6 M standard state was employed. Thus, for all molecules but water, the free energy
in aqueous solution is computed as the 1 atm gas-phase free energy, plus an adjustment for the
1 atm to 1 M standard-state concentration change of RT In (24.5), or 1.9 kcal/mol, plus the 1 M
to 1 M transfer (solvation) free energy computed from the SMD model. In the case of water, the
1 atm gas-phase free energy is adjusted by the sum of a 1 atm to 55.6 M standard-state
concentration change, or 4.3 kcal/mol, and the experimental 1 M to 1 M solvation free energy,
—6.3 kcal/mol. The 1 M to 1 M solvation free energy of the proton was taken from experiment

as —265.9 kcal/mol. 48495051

Standard reduction potentials were calculated for various possible redox couples. For a redox

reaction of the form

0)

(aq (2)

)+ ey — Ry,

where O and R denote the oxidized and reduced states of the redox couple, respectively, and n
is the number of electrons involved in redox reaction, the reduction potential E%/ relative to

NHE was computed as

AGS, - AGY
4o Go\R GNHE (3)

OR ™" nF

where AG%z is the free energy change associated with equation 2 (using Boltzmann statistics

for the electron), AG%we is the free energy change associated with

_ 1
t ey §H2<g) (4)

H+

(aq)

which is —4.28 eV with Boltzmann statistics for the electron,>?>3 and F is the Faraday constant.



3. Results and Discussion

3. 1. Synthesis, Spectroscopy and Structural Characterization

The synthetic strategy used for the preparation of the complexes described in this work is outlined in
Scheme 1. The reaction of 8-quinolinecarboxylic acid with the ruthenium precursor complex [RuCls(trpy)]
in the presence of NEt; in EtOH results in a 15:1 mixture of isomeric complexes of trans- and cis-
[Ru"(trpy)(qc)Cl] (trans-1 and cis-1) respectively. The cis and trans assighment refers to the relative
disposition of the chlorido and carboxylato ligands. Both isomers can be separated by column
chromatography and are stable in the solid state and in solution. The corresponding trans- and cis-
isomeric aquo complexes [Ru(trpy)(qc)(OH2)]* (trans-2 and cis-2) have been synthesized via substitution
of the chlorido ligand by H,0 using TINOs in acetone:H,0 (3:1) as the solvent mixture and formation of
insoluble TICI. Complexes trans-1, cis-1, trans-2 and cis-2 have been thoroughly characterized by means

of analytical, spectroscopic and electrochemical techniques.
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Scheme 1. Synthetic strategy and labelling scheme used for the complexes described in this work.



Single crystals of the complexes trans-1, cis-1 and trans-2 together with the related picolinate derivative
cis-[Ru(trpy)(pic)Cl] were obtained and their ORTEP structures are shown in Figure 1. All the complexes
display the typical slightly distorted octahedral geometry around the ruthenium, as expected for low-spin
d® Ru".>*>> The bidentate ligand 8-quinolinecarboxylate occupies both axial and equatorial positions and
is bonded to the ruthenium metal via the anionic oxygen atom O1 (carboxylate) and neutral nitrogen atom
N1 (quinoline) (see Figure 1 for the labeling key) donors forming a six-membered chelate ring. The
meridional configuration of trpy introduces expected geometrical constraint as has been reflected in
NRuN trans angle involving the trpy ligand (for trans-1, the N2-Ru-N4 angle is 160.21(17); for trans-2, the
N2-Ru-N4 angle is 159.26(13)). The central Ru-N3(trpy) bond length is 1.955(4) A and 1.942(4) A in trans-
1 and trans-2, respectively, which is significantly shorter than the corresponding distances involving the
terminal pyridine rings of trpy (for trans-1, Ru-N2(trpy) is 2.061(5) A and Ru-N4(trpy) is 2.058(5); for trans-
2 these values are 2.064(4) and 2.058(3) A respectively). On other hand, the Ru-N1(qc) in trans to the Ru-
N3(trpy) bonds are slightly longer, 2.129(4) and 2.085(3) A.® The Ru-03(H,0) bond distance of 2.094(3) A

in trans-2 agrees well with the reported analogous ruthenium-aquo species.”’

a) b)

c)

Figure 1. ORTEP diagrams of (a) trans-[Ru(trpy)(qc)Cl] (trans-1), (b) trans-[Ru(trpy)(qc)(OH2)]* (trans-2), (c) cis-
[Ru(trpy)(ac)Cl] (cis-1) and (d) cis-[Ru(trpy)(pic)Cl]. Thermal ellipsoids are drawn at 50% probability. The solvents
of crystallization and hydrogen atoms are omitted for clarity, except for the OH: ligand.



The Ru-Cl bond distance in trans-1 (2.4197(13) A) is 0.03 A longer than that in cis-1 (2.393(12) A).%® We
attribute this difference to the electronegativity of the Cl ligand and to the presence of strong o—donating
negatively charge O™ of qc trans to Cl™ in trans-1 as compared to cis-1, where the neutral N of the qc is
trans to CI-. This in turn makes the Ru-O bond shorter in trans-1 (2.049(3) A) relative to cis-1 (2.085(3) A).
On the other hand, the Ru-N1(qc) distance in cis-1 (2.061(3) A) is shorter than that in trans-1 (2.129(4) A),
mainly due to the enhanced Ru"—quinoline back-bonding via involvement of o- and rt-donating chlorido
ligand trans to N1(qc) in cis-1. They also show appreciable differences in the trans angle involving qc-Ru-
Cl: 01-Ru-Cl at 174.21(11)° in trans-1 vs N1-Ru-Cl at 172.93(10)° in cis-1; the bulkier quinoline ring trans
to Ru-Cl in cis-1 makes it relatively bent (Figure S12 and Tables S2-S3). Interestingly, the dihedral angles
between the planes of qc and trpy in cis-1, qc-Ru-trpy, is 76.2° and for the analog complex having the
picolinate ligand cis-[Ru(trpy)(pic)Cl], the angle pic-Ru-trpy is 87.6° (Figure S13). This difference clearly
indicates the presence of more distortion in the complex containing the qc ligand as compared to that of
the complex containing the pic ligand. The computed structural parameters at MO06 level of theory are
overall in good agreement with X-ray crystal structures and corroborates the experimental observations
such as the distortion in the cis-1 complex (Table S2). One important distinction is that the trans effect is
much less pronounced in computed structures and especially nonexistent for the Ru-Cl bond distances of

trans-1 and cis-1.
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Figure 2. 'H NMR spectra in [ds]-DMSO (500 MHz, 298 K) and corresponding assighment for complexes cis-1 (top)
and trans-1 (bottom). Asterisk indicates unidentified species.

The 'H NMR spectra of trans-1 and cis-1 are quite distinct, as expected (Figure 2). In both cases, the
symmetric nature of the complexes observed in the solid state is maintained in solution as indicated by a
single set of signals for the trpy ligand. A characteristic feature of trans-1 is the typical signal at low field
6 = 10.4 ppm>® for a proton in ortho to the quinoline nitrogen of the bidentate ligand (proton H’) de-
shielded due to the diamagnetic anisotropy generated by the chlorido ligand,®%%! allowing us to fully assign
all the signals. A further clue in this direction is given by the NOE signal between H” and H* (with a distance
of 2.72 Ain the solid-state structure, see Figure $1-S3). None of these features are present in the spectrum
of cis-1, so its assignment is based on intensities of the integrals with the help of 2-dimensional
experiments (Figure S4-56). The NMR analysis of complexes trans-2 and cis-2 were performed in
deuterated water to avoid ligand exchange with coordinating ligands such as DMSO. Compound trans-2
also shows the typical downfield signal of H7 due to anisotropic effects with the aquo ligand (6 =9.6 ppm,
Figure S7 and S11).



3. 2. Electrochemical Characterization

The redox properties of all the complexes were analyzed by cyclic voltammetry (CV) and differential pulse
voltammetry (DPV) in acetonitrile (CHsCN) containing 0.1 M of [(n-Bu)sN][PF¢] (TBAH) for complexes trans-
1 and cis-1 and 0.1 M ionic strength buffered aqueous solutions at different pHs for complexes trans-2
and cis-2. All redox potentials reported in this work were measured with Hg/Hg,S0, reference electrode

and referred to the NHE electrode.

In acetonitrile solution, both trans-1 and cis-1 isomers show a chemically reversible and electrochemically
quasi-reversible one-electron oxidation wave at E1j; = 0.58 V (AE = 60 mV) and Ei;=0.67 V (AE = 63 mV)
respectively, assigned to the Ru"”" redox couple (Figure S14). The slight cathodic shift of the Ru""" couple
observed for trans-1 as compared to cis-1 is attributed to the higher electron density on the ruthenium
provided by the chlorido and carboxylato moieties when they are in trans relative position. This trend
agrees with the shorter Ru-O and Ru-Cl distances observed in the solid-state structure of trans-1 as

compared to cis-1 and highlights the strong influence of the relative position (trans vs. cis) of the ligands.

The redox chemistry of the aquo complexes trans-2 and cis-2 were studied in pH 1 (0.1 M triflic acid)
solution and the appropriate phosphate buffer for measurements at pH > 1 (Figure S16). Both isomers
exhibit two successive pH dependent redox couples associated with proton-coupled electron-transfer
(PCET) processes with the formation of the Ru"' and Ru" species with different level of protonation of the
aquo group, hydroxo or aquo depending on the pH (Equations 5 and 6). Further scanning to more positive
potentials shows a third pH independent oxidation leading to the [RuY=0] (Equation 7) which is followed

by a large anodic current attributed to the electrocatalytic oxidation of water to produce oxygen gas

(Figure 3a).
[Ru"(trpy)(ac)(H20)]*@q) > [Ru"(trpy)(ac)(OH)] @q) + H'(@q) + € (5)
[Ru"(trpy)(qc)(OH)]*aq) = [RU(trpy)(qc)(0)]*(aq) + H'(aq) +€” (6)

[Ru"(trpy)(ac)(0)]*(ag) > [Ru"(trpy)(ac)(0)]* (e + € (7)



Interestingly, the [Ru"-OH;]**/[Ru"-OH,]* redox couple for trans-2 in pH 1 (0.67 V), is 150 mV lower as
compared to cis-2 (0.82 V), and this is due to the trans influence of the carboxylate group to the aquo
ligand making the metal center electronically richer, hence easier to oxidize in good agreement with the
computed values of 0.59 V and 0.69 V at MN15 level of theory for trans-2 and cis-2 respectively. On the
other hand [Ru¥-0]?*/[Ru'V-0]* redox couple is only 90 mV lower (Table 1).

a) b)
— trans-2 —— trans-3
— Cis-2 —— cis-3
20 pA 20 pA

04 08 12 18 2004 08 12 16 20
E (V) vs NHE E (V) vs NHE

Figure 3. a) CVs of trans-2 (black) and cis-2 (red) in 0.1 M triflic acid (pH 1), b) CVs of trans-3 (black) and cis-3 (red)
in 0.1 M triflic acid (pH 1). Working electrode: glassy carbon disk; counter electrode: platinum disk; reference
electrode: Hg/Hg>S0a.

T T T

The Pourbaix diagrams for trans-2 and cis-2 (Figure 4) reveal that the [Ru"-OH]*/[Ru"-OH,]* and [Ru'V-
O]*/[Ru™-OH]* redox processes each changes by approximately 59 mV per pH decade over a large pH range
(10 > pH > 2) for trans-2 and (10 > pH > 3) for cis-2, respectively. The Ru""" redox processes of trans-2 (at
pH < 2) and cis-2 (at pH < 3) are not associated with the loss of a proton based on the pH-independent
behavior of the [Ru™-OH,]**/[Ru"-OH;]* redox couple. Consequently, the higher oxidation step is
accompanied with the loss of two protons (i.e. [Ru"v-0]*/[Ru"-OH,]?*) in strongly acidic medium. This
assignment is corroborated by the slope of —120 mV/pH below pH 2.0 for trans-2 and —121 mV/pH below

pH 3.0 for cis-2. At pH >10, the potentials for the Ru™" couple continue to vary linearly with pH, with a



slope near to =59 mV/pH unit, while the potentials for the Ru"”" couple become pH independent as a
consequence of no loss of proton from [Ru"-OH] with pK, = 10.6. The [Ru¥-0]?*/[Ru"-0]* redox couple
remains relatively constant at ~1.62 V and ~1.71 V vs NHE for trans-2 and cis-2 respectively, over the

whole pH 1-13 range.

It is worth mentioning that cis-2 over time in aqueous solution slowly converts to trans-2 as can be seen
in Figure S16b and Figure S18. This is in good agreement with lower isolated yield of the cis-1 compared

to the trans-1 indicating that the latter is thermodynamically more stable.
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Figure 4. Pourbaix diagram of a) trans-[(trpy)(qc)Ru"(OH2)]*, trans-2 and b) cis-[(trpy)(qc)Ru"(OH2)1*, cis-2. The
black solid lines indicate the redox potentials for the different redox couples, whereas the dashed vertical lines
indicate the pKa. The zone of stability of the different species are indicated only with the Ru symbol, its oxidation
state, and the degree of protonation of the aquo ligand. For instance, “Ru¥-O” is used to indicate the zone of
stability of trans-[(trpy)(qc)Ru¥(0)]?* for the trans-1 (left) and cis-[(trpy)(qc)Ru¥(0)]?* for the cis-2 (right). Blue
dotted line corresponds to the imaginary line and extended of the corresponding redox potential.

In order to gain more insight into the trans vs. cis influence on the redox potentials and catalytic activity,
we have extended our study to two similar mononuclear Ru-trpy-OH, complexes containing the 2-
picolinate (pic) bidentate ligand, namely, trans-3 and cis-3 in Chart 1. These two complexes are of interest
because they form a five-membered chelate ring around the metal center as opposed to the 8-
quinolinecarboxylate (qc) which makes six-membered chelate rings, allowing us to further study the
geometric effects. Complexes trans-3 and cis-3 have been synthesized and characterized according to the
literature procedure®® and here we have extensively studied their electrochemical and water oxidation

properties.



As shown in the CVs in Figure 3b and the Pourbaix diagrams in Figure S17, complexes trans-3 and cis-3
also show two successive pH dependent redox couples associated with PCET processes and a third pH
independent oxidation couple related to electrochemical oxidation of water to dioxygen. The redox
potentials for the four Ru-aquo complexes in Chart 1 are summarized in Table 1 together with other

relevant Ru-aquo complexes previously described in the literature.

An interesting feature arising from the comparison of the potentials is that at pH 1.0 the Ru"" redox
couple for trans-2 is around 90 mV lower compared to the related trans-Ru(trpy)(pic) complex, trans-3.
Considering that both complexes have a similar trans influence of the carboxylate group, we attribute this
phenomenon to the higher distortion of the dihedral plane between the quinolinate and trpy ligands in
trans-2 as compared to that of the picolinate and trpy ligands in trans-3 (Figure S13). The inspection of
the optimized structures of [Ru'-OH;]* and [Ru"-OH;]* shows that the Ru-O1 (carboxylate O) distance is
shorter in trans-2 compared to trans-3 (2.04 vs 2.07 A) for [Ru"-OH,]* and more importantly becomes even
shorter (1.95 vs 2.00 A) upon oxidation to generate [Ru"-OH,]**. This indicates that six-membered chelate
ring of gc coupled with distortion of the dihedral plane between the qc and trpy ligands enables further
stabilization of the [Ru'"-OH,]?** species upon oxidation for trans-2 compared to trans-3. On the other
hand, for the Ru"" redox couple cis-2 is only 40 mV lower than cis-3. In contrast to trans isomers, although
the Ru-O1 distance is shorter for cis-2 and cis-3 exhibits shorter Ru-N1 bond length which imparts a
balancing effect. Therefore, this small difference is associated solely to changes in the geometry between
the two complexes. Indeed, as shown in Figures S13, dihedral angles between the qc-trpy and pic-trpy

planes in cis-1 and cis-[Ru"(trpy)(pic)Cl] are significantly different (76.2° and 87.6°, respectively).

In contrast, the third oxidation [Ru'=0]%"/[Ru'V=0]" for trans-2 is around 20 mV higher compared to the
related trans-3 and the same trend is observed for cis-2, which shows an anodic shift of 40 mV higher
compared to cis-3. However, trans effect is observed for both complexes 2 (1.62 V vs 1.71 V) and 3 (1.60

V vs 1.67 V) for the [RuY=0]?*/[Ru"V=0]* redox couple.

The pK, values for the [Ru'-OH,]* species do not differ significantly between two isomers whereas for the
for [Ru"-OH,]** species, the cis-isomers exhibit pK, values slightly higher than the corresponding trans-
isomers (compare entry 2 with 3 and entry 4 with 5 in Table 1 and Figure 4). On the other hand, the pK;,
values of all these complexes with singly negatively charged carboxylate ligand are higher, compared to
other Ru-aquo complexes with neutral ligand such as [Ru(trpy)(bpy)(OH.)]** as expected®? (entry 1, Table
1) and similar to that of [Ru(bpc)(bpy)(H20)]* which also contains a carboxylate ligand (entry 7, Table 1,
bpc = 2,2'-bipyridine-6-carboxylate ).



Table 1. Thermodynamic and catalytic data for Ru-aqua carboxylate and related complexes described in the literature at pH 1.

Eip (V) vs. NHE pKa

Entry Complexes® V/IV IvV/1I m/n PAE (mV) Ru"-OH, Ru"-OH,  TON¢ TOF¢ TOF max®
162 [Ru(trpy)(bpy)(H20)]%* 1.92 1.22 1.06 110 9.7 1.7 18.3 0.01 -

2f cis-2 1.71(1.69) -(1.23)  0.82(0.69) -(540) 10.6 3.8 - 6.8
3f trans-2 1.62(1.58) 1.20(1.06) 0.67(0.59)  530(470) 10.6 2.7 14.9 0.68 4.2
477 f cis-3 1.67(1.62) 1.31(1.27) 0.86(0.65) 450(620) 10.1 3.7 8.6 0.11 0.3
527 f trans-3 1.60(1.56) 1.09(0.94) 0.76(0.69)  330(250) 10.1 2.0 19.7 0.24 1.2
653 [Ru(pdc)(bpy)(H20)]* 1.41 1.19 0.52 670 11 4 - 0.2
75 [Ru(bpc)(bpy)(H20)]* 1.57 1.29 0.81 480 10.6 2.6 - 0.16 -

2Ligand abbreviations: trpy = 2,2":6’,2”-terpyridine, bpy = 2,2’-bipyridine, pic = 2-picolinate, qc = 8-quinolinecarboxylate, bpc = 2,2'-bipyridine-6-carboxylate, pdc
= 2,6-pyridinedicarboxylate. PAE= E1>(IV/1I1)-E1/(111/11); STON stands for Turn Over Numbers; “TOF stands for initial Turn Over Frequency in s%; These values are
extracted for the catalytic reactions involving 1.0 mM Cat/100 mM Ce" in a 0.1 M triflic acid solution with a total volume of 2 mL; °TOFmax stands for Maximum
Turn Over Frequency reported in s’%; values extracted from Foot of the Wave Analysis of CV and DPV experiment in pH 1 (entry 2-6); f this work; Redox potential
values and pKas in parenthesis are calculated from at MN15 level of theory.



We performed density functional theory (DFT) calculations to compute redox potentials for the Ru'",
RuV"and Ru"’V couples as well as pKas of Ru"-OH, and Ru"-OH, species. A selected set of popular density
functionals are employed as the available experimental data presents an opportunity to assess the
performance of different level of theories. The computed absolute values are tabulated in the supporting
information for all five complexes ([Ru(trpy)(bpy)(H.0)]%*, trans-2, cis-2, trans-3 and cis-3 (Tables S4 and
S5) but here the discussion will be limited to mean unsigned errors (MUEs) (Table 2). The computed MUEs
for redox potentials indicate larger errors for local functionals (M06-L, MN15-L) whereas the hybrid
functionals exhibit improved agreement with the experimental results. Ru¥-O/Ru'V-O couple is especially
important as it requires the highest energy input thus determines the overpotential for WOCs and MN15
and wB97X-D functionals provide excellent agreement with experimental results (Table 2a). An interesting
observation is that the only PCET step of the mechanism at pH 1, Ru"-OH, to Ru"-O oxidation, displays
the highest MUEs for MN15-L and MN15 functionals. For MN15 functional, this could partly be attributed
to free energy changes associated with deprotonation steps as pK. computations indicate large MUEs
compared to best performing functionals M06-L and MO06 (Table 2a). Overall, the assessment indicates
that tandem of M06 and MN15 functionals could provide a reliable approach for theoretical studies of Ru

based WOCs.

Table 2. a) Computed mean unsigned errors (MUEs) of selected set of density functionals for redox
potentials of I1/11l (Ru"-OH,/ Ru"-OH,), lI/IV (Ru"-OH,/ Ru'v-0) and IV/V (Ru"-O/ Ru¥-0O) couples at pH 1.0
(see Table S4 for the computed absolute values of [Ru(trpy)(bpy)(H20)1%, trans-2, cis-2, trans-3 and cis-3
complexes). b) Computed mean unsigned errors (MUEs) of selected set of density functionals for pKas of
Il (Ru"-OH,) and Ill (Ru"-OH,) (see Table S5 for the computed absolute values of [Ru(trpy)(bpy)(H.0)]%,

trans-2, cis-2, trans-3 and cis-3 complexes).

a) b)
Functional n/m n/iv Iv/V Overall Functional n/m /v Overall
MO06-L 0.37 0.38 0.41 0.39 MO06-L 1.0 1.1 1.0
MN15-L- 0.22 0.67 0.37 0.41 MN15-L- 1.3 2.9 2.1
B3LYP-D3 0.32 0.12 0.15 0.21 B3LYP-D3 2.4 0.7 1.6
®wB97X-D 0.37 0.04 0.04 0.16 ®B97X-D 4.6 1.2 2.9
MO06 0.31 0.21 0.13 0.21 MO06 0.8 1.3 1.1

MN15 0.11 0.47 0.06 0.19 MN15 1.4 2.0 1.7




3. 3 Water Oxidation Catalysis: Performance and Mechanism

The kinetics of the water oxidation catalysis by the Ru-aquo complexes in Chart 1 were assessed
electrochemically, by using the “foot of the wave analysis” (FOWA), which allows us to calculate the
apparent kinetic constant (kos) from cyclic voltammetry experiments.®>¢¢” This method uses the
relationship in equation 8 for a first order kinetics,

RTK,
- 4%2.24x [——0bs
L= N B (8)

D
1+exp(T)

where i is the current intensity in the presence of substrate, iy is the current intensity in the absence of

substrate (we approximate this current to the current associated with the Ru"" couple), E%/q is the

standard potential for the redox couple that starts the catalysis (1.62 V for trans-2, 1.71 V for cis-2, 1.60

V trans-3 and 1.67 for cis-3 extracted from the DPVs in Figure S15), F is the faraday constant, v is the scan

rate, and R is 8.314 J mol™ K™ TOFmax or kobs can be extracted from the plot of i/i, versus 1/{1 +

exp[(F/RT)(Ep/a - E)]} as shown in Figure S19.

From these calculations, TOFmax values of 4.20 s™* for trans-2, 6.88 st for cis-2, 1.16 s™* for trans-3 and
0.28 s7* for cis-3 were obtained. A plot of TOFmax Vs. E12(Ru"/") (Figure 5b) graphically shows the existence
of a linear correlation, except for complex cis-3, suggesting that in these complexes the last electron

transfer is involved in the rate determining step.%®

The water oxidation to dioxygen catalytic properties of complexes trans-2, trans-3 and cis-3 were also
tested using a sacrificial oxidant, i.e., (NH4).[Ce(NOs)s]. Compound cis-2 could not be analyzed due to the
limitations of its synthesis that afforded very low yields (see experimental details). The observed catalytic
rates follow exactly the same trend as observed in the electrocatalysis, that is, TOF; (trans-2) > TOF; (trans-
3) > TOF; (cis-3) (Figure 5a and Table 1). Although trans-2 is the fastest with TOF; of 0.68 s it is less robust
than trans-3 with a TOF; of 0.24 s (TON = 14.90, 60% efficiency and TON = 19.87, 80% efficiency,
respectively). Complex cis-3 produces 8.4 TON (42% efficiency) with a TOF; of 0.11 s under the same
conditions. All catalysts reported here show higher TOF; than the related complex [Ru(trpy)(bpy)(H.0)]*
highlighting the role of the carboxylate group in gc and pic ligands (compare entry 1 with entries 3-5 in
Table 1). It is important to remark that no time lag of the gas evolution profile was observed (Figure 5a,
inset), ruling out any chemical transformation of the catalyst prior to catalysis, a phenomenon that has

been proposed for [Ru(trpy)(bpy)(H.0)]** under similar catalytic conditions.®®*’® Indeed, cyclic



voltammetry analysis of trans-2 after the catalytic test proves the integrity of the molecular structure of

the complex (Figure S23, supporting information).

As summarized in Table 1, the TOFmax and TOF; values of trans-2 and cis-2 are the highest of the family of
six coordinated ruthenium-aquo complexes containing a single carboxylate coordinated to the metal
center in its active form, including reported complexes [Ru(pdc)(bpy)(H20)]* (pdc = 2,6-
pyridinedicarboxylate ) and [Ru(bpc)(bpy)(H.0)]* (entries 6 and 7).5354
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Figure 5. a) Oxygen evolution profile obtained for trans-2 (blue), trans-3 (black) and cis-3 (red). Experimental
conditions: 1 mM of complex and 100 mM of Ce'V in 0.1 M triflic acid (2 mL total volume) at 25 °C. TON = 25. Inset:
same profile for first 2 min. b) Plot of TOFmax vs. E° (Ru"/") for all four complexes obtained from FOWA.

We further performed DFT calculations at M06 and MN15 level of theories to probe the water oxidation
mechanisms of cis-2 and trans-2. A summary of the proposed mechanism of cis-2 at MN15 level of theory
is presented in Scheme 2 and further details are available in Scheme S1 and Table S3. At pH 1.0, the
activation of the catalyst starts with 1 e™ oxidation of [Ru"-OH,]* to [Ru"-OH;]?* (E = 0.69 V) followed by
another 1 e oxidation with concomitant removal of 2 H* to generate [Ru'V-O]* (E = 1.23 V). Further 1 e~
oxidation generates the reactive [Ru¥-0]** species (E = 1.69 V) which performs O-O bond formation via

water nucleophilic attack (WNA) pathway (AG* = 21.7 and AG = 0.8 kcal/mol). Since the carboxylate group



is coordinated to the Ru center, it does not facilitate the O-O bond formation to a significant extent in

contrast to those seven-coordinated catalysts with pendant carboxylate groups.® The resulting [Ru

OOH]* undergoes a PCET step to generate [Ru'V-O0]* (E = 1.04 V) which will evolve molecular O, and

regenerate the initial [Ru"-OH,]* complex (AG = —8.1 kcal/mol).
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Scheme 2. Proposed water oxidation mechanism of cis-2 at pH 1.0. Computed redox potentials (in units

of volts) and free energy changes (in units of kcal/mol) at MN15 level of theory are presente
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4. Conclusion

In summary, we have synthesized and characterized a series of ruthenium complexes with bidentate
ligands containing carboxylate groups with different isomeric forms. In all the complexes, trans-isomers
show lower potential of their redox couple as compared to cis-isomers due to the different extend of trans
influence of the carboxylate group in the quinolinato or picolinato ligands. Complexes cis-2 and trans-2
with 6-member chelate ring around the ruthenium turn out to be faster water oxidation catalysts as
compare to cis-3 and trans-3 (5-member chelate ring around the ruthenium) with TOF .« values of 4.2 s
for trans-2 and 6.8 st for cis-2. They also outperform other reported ruthenium-aquo complexes

[Ru(pdc)(bpy)(H20)]* and [Ru(bpc)(bpy)(H.0)]* containing a single carboxylate group.

While previous reports have thoroughly studied the influence of carboxylate groups versus neutral ligands
in the water oxidation catalytic activity of Ru complexes, here we go a step forward and evaluate the
effects of ligand based geometrical isomerism in Ru complexes. We have analyzed these isomers based
on thermodynamic grounds showing how the trans influence affects their redox potentials, and how this

in turns is responsible for their catalytic performance.
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