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Water oxidation catalysis with ligand substituted
Ru-bpp type complexest

Stephan Roeser,? Fernando Bozoglian,? Craig J. Richmond,? Aaron B. League,”
Mehmed Z. Ertem,? Laia Francas,? Pere Mir6,° Jordi Benet-Buchholz,?
Christopher J. Cramer*® and Antoni Llobet*3°

A series of symmetric and non-symmetric dinuclear Ru complexes of general formula {[Ru(R?-
trpy)(HoONIRU(R®-trpy) (H,O)l(u-Ri-bpp)** where trpy is 2,2:6',2"-terpyridine, bpp™ is 3,5-bis(2-pyridyl)-
pyrazolate and RY, R? and R® are electron donating (ED) and electron withdrawing (EW) groups such as Me,
MeO, NH, and NO, have been prepared using microwave assisted techniques. These complexes have
been thoroughly characterized by means of analytical (elemental analysis), spectroscopic (UV-vis, NMR)
and electrochemical (CV, SQWV, CPE) techniques. The single crystal X-ray structures for one acetate- and
one chloro-bridged precursor have also been solved. Kinetic analysis monitored by UV-vis spectroscopy
reveals the electronic effects exerted by the ED and EW groups on the substitution kinetics and stoichio-
metric water oxidation reaction. The catalytic water oxidation activity is evaluated by means of chemically
(Ce"), electrochemically, and photochemically induced processes. It is found that, in general, ED groups
do not strongly affect the catalytic rates whereas EW groups drastically reduce catalytic rates. Finally, DFT
calculations provide a general and experimentally consistent view of the different water oxidation pathways
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Introduction

Water splitting by sunlight is considered a contributing ap-
proach to solving today's increasing energy-demand chal-
lenges as it could eventually lead to an economy based on
clean, sustainable energy sources such as hydrogen and/or
methanol." Overall water splitting with light was first accom-
plished in an artificial manner in 1972 by Fujishima and
Honda, however this required high energy UV irradiation due
to the high bandgap of the TiO, semiconductor used.” In ad-
dition to shifting light absorbance from the UV to the visible
region, catalytic water oxidation is also one of the key reac-
tions that needs to be optimized in order to produce viable
technological devices.”> Two primary factors make water oxida-
tion a challenging task for a catalyst: i) the large endo-
ergonicity of the reaction, 2H,0 — O, + 4H" + 4¢” E° =1.23 V
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that can operate in the water oxidation reactions catalyzed by these complexes.

(vs. NHE at pH = 0); and ii) the molecular complexity from a
mechanistic point of view, since two protons and two
electrons have to be removed from each of the two water mol-
ecules and an oxygen-oxygen bond has to be formed between
them. The first well-characterized molecular -catalyst to
achieve this complex reaction was presented in 1982 by Meyer
and coworkers, involving the archetypal complex
{[(bpy)2(OH,)Ru],(1-0)}*", (bpy is 2,2-bipyridine), the so called
“Blue-dimer”.* This dinuclear ruthenium based complex has
been thoroughly studied mechanistically, although its activity
is relatively low in terms of turnover number (TON) and turn-
over frequency (TOF). Substantial progress was made when in
2004 Llobet et al. presented a dinuclear ruthenium based
complex, bridged by a pyrazolato based dinucleating tetraaza
ligand, 3,5-bis(2-pyridyl)pyrazolato (bpp’) and containing the
tridentate meridional trpy (trpy is 2,2:6:2"-terpyridine) of
formula {[Ru(trpy)(H,0)]»(u-bpp)}** and labeled as 15°* in
Scheme 1.° This more rugged framework presented a record
efficiency of up to 70% at that time under catalytic conditions
and high TONs of up to 510 were achieved.® A number of di-
nuclear and trinuclear Ru complexes with different levels of
performance have subsequently been reported.”

In this paper, we explore the effect of electronic perturba-
tions exerted by the ligand framework on the Ru-bpp type of
water oxidation catalyst. For this purpose we have prepared
new complexes of general formula {[Ru(R*trpy)(H,O)][Ru(R*
trpy)(H,0)](u-R*-bpp)}**  (16°~21°") whose structures are

This journal is © The Royal Society of Chemistry 2016
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Ru(Cl)s(R*trpy)
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EtOH, uW, hv

12 R'RZR3=H

22+ R'=Me; RZR® = H
32 R'=H; R2R% = Me
42*: R = H; R R% = OMe
52 R'=NO,; R2, R®=H
62*: R',R? = H; R® = OMe
72 R1'R2=H; R®=NH,

82 R'R2ZR3=H
92*:R1= Me; RZR3 = H
10" R' = H; R R3 = Me
112*: R' = H: R2,R3 = OMe
122*:R"=NO,; R%4, R®=H
132*: R' R2 = H; R® = OMe
142*: R1'R2 = H; R® = NH,

15%*: R R2R3=H

16%*: R'=Me; RZR3®=H
17%*: R'=H; RZ4R% = Me
18%*: R' = H; R2R3 = OMe
19%*: R"=NO,; R2, R®=H
20%*: R' R? = H; R® = OMe
213 R" RZ=H; R® = NH,

Scheme 1 General synthetic strategy for the synthesis of complexes
12+_213+.

presented in Scheme 1 together with a labeling scheme for
these complexes and their u-Cl and p-OAc precursors (1**-
14%"). In these new complexes the bpp~ and trpy ligands have
been substituted with electron-donating and electron-
withdrawing groups at the central pyrazolate unit and/or at the
4’ position of the trpy ligands. In this way we have prepared
symmetric (15°"-19°") and non-symmetric (20°-21**) Ru-aqua
dinuclear complexes with different types of electronic pertur-
bations exerted by the auxiliary ligand framework.

Results and discussion
Synthesis and structure

The synthesis of complexes 1**-5°" and 8**-13>" are described
elsewhere.® The procedure used for the synthesis of com-
plexes 6> and 7> is based on the previously described® syn-
thetic route for complex 1** adapted for microwave irradia-
tion and is outlined in Scheme 1. The process consists of the
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reaction between [RuCly(4-R*-trpy)] (R® = OMe, NH,) and
complex out-{Ru(Cl)(Hbpp)(trpy)”* in the presence of
N-ethylmorpholine (serving as both reducing agent and base)
in ethanol, generating a mixture of isomeric dinuclear com-
pounds with the general composition of {[Ru,(CI),(R*
trpy)(R*-trpy)](u-R'-bpp)}** in addition to the chloro-bridged
dinuclear complexes 6> (R', R* = H, R® = OMe) or 7** (R', R* =
H, R’ = NH,). The isomeric mixture of dinuclear complexes
was completely converted into the desired chloro-bridged com-
pounds through light irradiation overnight.

Despite no effort having been made to optimize the dura-
tion of the light driven isomerization process, the microwave
synthesis described here still presents significant advantages
over the conventional synthesis, in terms of both reaction
time and work-up steps. The reaction time of the original
published procedure is cut in half, as the first step is com-
pleted within a few hours instead of refluxing overnight. The
work-up is also much quicker, involving only filtration and
washing of the residue with DCM, instead of column chroma-
tography, to obtain the desired complexes with a high degree
of purity. The bridging chloro-ligand is easily replaced with
an acetato ligand by refluxing complexes 6> or 7** in a mix-
ture of acetone/water (4:1) with excess sodium acetate to give
complexes 13>* and 14" respectively. Finally, acid hydrolysis
of the p-OAc Ru dinuclear complexes leads to the in situ for-
mation of complexes 15°*-21°",

The bridged compounds reported here for the first time -
namely 6%, 7>, 13°" and 14** - were thoroughly character-
ized using a variety of spectroscopic (NMR, MS, UV-vis) and
electrochemical techniques. Additionally, suitable crystals for
single crystal X-ray diffraction were obtained for complexes
6>" and 14>". Fig. 1 shows the Ortep plot for the cationic moi-
ety of these two complexes, whose metric parameters are sim-
ilar to previously reported Ru(un) complexes with related li-
gands.>’ It is worth mentioning that complex 6> presents a
pseudo-c symmetry plane containing the bpp™ ligand and the
Ru metal centers, that bisects the perpendicular trpy ligands.
The Me group of the MeO substituent is located outside of
this plane, although at room temperature it rotates very fast.
From an NMR perspective this fast rotation simplifies 'H-
and "C-NMR assignments. On the other hand, in complex
14%* the replacement of the Cl-bridge by an OAc-bridge pro-
duces a distortion in the planarity that eliminates the men-
tioned pseudo-c symmetry plane, due to the large binding

Fig. 1 Ortep plot (ellipsoids at 30%) of complex 62* (left) and 14%*
(right). Hydrogen atoms are not shown. Color code: Ru, magenta; N,
blue; O, red; Cl, green; C, grey.
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angle of the acetato bridge acting in a x-O* fashion. All 1D
and 2D NMR spectra are reported in the ESI with their cor-
responding assignments.

UV-vis spectroscopy

Optical properties of the complexes described in this work
were analyzed by UV-vis spectroscopy. Table 1 summarizes
the main features of the Ru-aqua complexes 15°-21°"
whereas Fig. 2 shows their UV-vis spectra in a 4:1 volumetric
ratio mixture of 0.1 M triflic acid and acetone (data also in
Table 1). Acetone was used as a cosolvent to overcome the
very low solubility of these complexes in plain aqueous
solutions.

In the UV-vis absorption spectra of the dinuclear Ru-bpp
compounds, three main regions can be distinguished: one
between 200 and 350 nm, in which very intense bands are ob-
served due to intraligand n-n* transitions; another between
350 and 550 nm, in which there are mainly broad unsymmet-
rical Ru(dn)-bpp/trpy (n*) metal-to-ligand charge transfer
(MLCT) bands; and finally, the region above 550 nm, in
which d-d transitions occur. The transition bands in this re-
gion of the p-Cl-, pu-OAc-complex are clearly red shifted (=10
nm and ~20 nm respectively) with regard to the analogous
Ru-aqua complex (see ESIf). This is in accordance with the
capacity of the anionic chlorido/acetato ligand to destabilize
dn-orbitals, with the effect being slightly higher for the
acetato ligand. The MLCT-transitions of the p-Cl dinuclear
compounds 1*-7>* are of very high similarity to each other.
For the p-OAc dinuclear compounds 8>*-14>*, only minor
bathochromic shifts can be observed by adding electron do-
nating (ED) substituents to the ligand backbone. This can be
explained by the relatively similar energies of the trpy and
bpp™ n* orbitals, that might dilute the destabilizing effect as-
sociated with substitution on only a single ligand, or by the
potential hybridization (i.e. covalent mixing) of the dn(Ru)
and n(trpy and/or bpp~) orbitals.®

Noteworthy differences in the MLCT region are observed
for the Ru-dinuclear aqua complexes. A general trend is identi-
fied concerning the addition of electron donating substituents

Table 1 UV-vis data for complexes 15°7-21%*, recorded in acetone:
CF3SOsH (0.1 M) (1:4)

Complex Assignment Jmax (nM) (¢ M em™))
15% T 261 (55 000), 304 (59 300),
dn — " 355 (18 000), 460 (12 500), 485 (10 500)
16%* T 263 (57 800), 305 (57 900)
dn — " 354 (18 800), 454 (11 800), 486 (9200)
17% T 225 (52 500), 263 (55 600), 303 (54 300)
dn — " 353 (20 600), 465 (12 400), 489 (11200)
18%* - 241 (48 000), 272 (55 300), 308 (47 100)
dn — 7 357 (20200), 478 (12 500), 502 (11 500)
19* dn — " 360 (13 000), 452 (11 900), 491 (13 600),
545 (8300)
20° o 232 (47 000), 272 (58 200), 310 (52 900)
dn — " 358 (20 900), 471 (12 000), 500 (10 800)
213 T 232 (51300), 273 (61100), 312 (51700)
dn — " 366 (18200), 468 (11 800)
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Fig. 2 UV-vis absorption spectra recorded in acetone:CF3SOzH (0.1
M) (1:4) of complexes 15°+-213*. Color code: blue, 15°*; red, 16%*;
green, 17°*; violet, 18*; light blue, 19°*; turquoise 20%*; orange, 21°*.
Inset, Amax Of the first MLCT transition as a function of substituent.

onto the trpy ligand as shown in Fig. 2 and its inset. Each MeO-
group added (1x complex 20**, 2x complex 18°"), causes a red
shift of about 10 nm with respect to unsubstituted complex
15", The addition of two methyl groups in complex 17°" gener-
ates only a shift of about 5 nm, reflecting their less electron-
donating character. In sharp contrast, the addition of a methyl
group onto the 4'-position of the pyrazole ring bridging ligand
in complex 16°", induces a blue shift of about 8 nm, indicating
that the n*-orbital is strongly affected (destabilized) by ED-
substituents on the bpp™ moiety. An even larger blue shift com-
bined with a slightly different absorption pattern can be ob-
served for complex 19*" containing the electron withdrawing
NO, group. The blue shift can be explained by the large stabiliz-
ing effect of the electron withdrawing (EW) nitro-substituent on
dn-orbitals.®

The UV-vis spectroscopic properties of the higher oxida-
tion states derived from the Ru-aqua-complex 20°" were in-
vestigated via spectrophotometric redox titration using Ce'
as oxidant and their UV-vis spectra are presented in Fig. 3. As
observed previously,” the absorption intensity in the visible
region decreases with increasing oxidation state until a broad
plain band is observed in the highest accessible stable redox
state mr,iv. Upon further oxidation to the v,iv redox state a se-
ries of kinetic events is triggered accompanied with the re-
lease of molecular oxygen and thus its spectrum was calcu-
lated using singular value decomposition (SVD) analysis.

Redox properties

The redox properties of the complexes described in this work
were investigated by means of cyclic voltammetry (CV) and
square wave voltammetry (SQWV) using a sodium saturated
calomel electrode (SSCE) as a reference electrode, Pt wire as
an auxiliary electrode and a glassy carbon disk as a working
electrode. All the potentials reported here are vs. SSCE.
Table 2 displays a summary of the redox potentials obtained
for the first four oxidative processes associated with the

This journal is © The Royal Society of Chemistry 2016
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Fig. 3 Absorption spectra (MLCT region) of complex 20" and its
higher oxidation state species in CF3SOszH (0.1 M). Oxidation was
achieved by consecutive addition of Ce(v). Inset shows absorption
change at 350 nm during each oxidation step (black squares, Ru2"" —
Ru2"™M diamonds Ru2™" — Ru2"", triangles Ru2"""" — Ru2""Y), plus
the corresponding linear fitting (red lines).

transition from Ru,™" to Ru,™" for Ru-aqua complexes

(15°*-21*"). Their voltammograms are shown in Fig. 4 for
20°" and in the ESIt for the others. From Table 2 it can be
observed that, in general, electron donating groups decrease
redox potentials and electron withdrawing groups increase
them as expected, although the overall influence is smaller
than expected. The cyclic voltammogram shown in Fig. 4
shows a set of four waves up to 1.3 V that we associate with 4
consecutive one-electron processes. A Pourbaix diagram for
20" was also built and is displayed in Fig. 5 within the pH
range 0-2. At higher pH the low solubility of the complexes
prevented further electrochemical analysis. Nevertheless it
allowed the full assignment of the degree of oxidation and
protonation of the species derived from 20°* from its initial
m,n oxidation state. In addition, in the CV for 20°" in Fig. 4,
above 1.3 V a large electrocatalytic wave appears associated
with the oxidation of water to molecular dioxygen upon
reaching the [0=Ru"Ru"V=0] oxidation state. The high reac-
tivity of such a [Ru¥=0] moiety has already been described
for mononuclear ruthenium compounds and it has also been
proposed recently for dinuclear species.”'® These new find-
ings suggest that an additional redox process should be in-
cluded in the mechanism previously proposed,® which is

Table 2 Electrochemical data Ey(1) Ru™ """ E,(2) Ru,"™"" E,.(3)
RupV I and £y jp(4) Rup V'V (E o (V), AE = Epa — Epc (MV)) for com-
plexes 15°*-21%* recorded in acetone : CFsSOsH (0.1 M) (1:4) vs. SSCE

COmpleX E1/2(1) AE E1/2(2) AE E1/2(3) AE E1/2(4) AE
15%" 0.56 (80) 0.625 (70) 0.855 (70) 1.07 (60)
16" 0.50 (60) 0.635 (60) 0.85 (60) 0.96 (60)
17* 0.51 (60) 0.61 (60) 0.83 (60) 1.06 (60)
18%" 0.50 (60) 0.59 (60) 0.84 (60) 1.02 (60)
19% 0.74 (60) 0.74 (60) 1.00 (60) 1.10 (60)
20%" 0.50 (60) 0.59 (80) 0.88 (100) 0.98 (80)
21% 0.48 (60) 0.64 (60) 0.80 (60) 0.97 (80)
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Fig. 4 CV (blue line) and SWV (orange line) of complex 20" vs. SSCE
in CF3SO3H (0.1 M). Blank CV (dashed grey line) and blank SWV (black
line) of pure CF3SOzH (0.1 M) is additionally presented. Inset, CV of
complex 20°* acetone: CFsSOsH (0.1 M) (1:4) at a scan rate of 50 mV
st with the reverse potential at 1.2 V.

discussed in the following section. Bulk electrolysis experi-
ments were carried out by dissolving complex 20°" (5.4 x 107
M) in CF;SO:;H (0.1 M). The catalyst produced a total of 23
pumol of O, at E,p, = 1.45 V and 13 umol at E,p,, = 1.1 V after
10 hours, corresponding to a final TON of 47 and 27 respec-
tively (see ESIt). The results obtained here clearly show that
complex 20°" can act as a catalyst both at oxidation state w,iv
and v,v with the latter being more active.

Substitution kinetics

Whereas it is known that in high oxidation states the kinetics
of substitution reactions slow down,® there is no information
on how different substituents on the ligand backbone influ-
ence the reaction rates (k) in dinuclear systems such as the
ones in the present work. Therefore, we measured the substi-
tution kinetics of the aqua ligands by MeCN in CF3;SO;H (0.1
M) solution, according to eqn (1) and (2), for complexes 19
and 20°" and compared the rate constants with those of the
parental complex 15°".

[0-Ru™Ru"-0]

[0-RUVRUM-0]

Eyz (V)

A
08 —_—
[H,0-Ru"Ru™-OH]

. S

061 [WO0RuRW-OH] & o

B E—

[H,0-Ru"Ru"-OH,]

0 05 1 15 2
pH

Fig. 5 Pourbaix diagram in the pH range 0-2 for 20** obtained from
square wave voltammetry experiments. The dominant species at the
different pH-E zones are indicated.
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H,0-Ru"Ru"-H,0 + MeCN — H,0-Ru"Ru"-NCMe + H,O (1)

H,0-Ru"Ru"-NCMe + MeCN — MeCN-Ru"Ru"'-NCMe
+ H,0 2

Substitution reactions described in eqn (1) and (2) gener-
ate complexes {[Ru(trpy)(H,0)](u-bpp)[Ru(trpy)(MeCN)]}** and
{[Ru(trpy)(MeCN)],(u-bpp)}** as final products, respectively.
Substitution reactions were carried out under pseudo-first-
order reaction conditions ([MeCN]/[dinuc] > 10) and were
monitored by UV-vis spectroscopy. The change in absorption
over time for complex 20°" is shown in the ESL{ The
resulting rate constants for the first and second substitution
reactions are given in Table 3. As can be observed from the
data in Table 3, the first substitution takes place relatively
quickly for oxidation state Ru"-Ru", with a corresponding
half-life of 440 s for complex 19" and 21 s for complex 20°".
While the rate of substitution for complex 20°" is almost
identical to the one obtained for complex 15", the one
obtained for complex 19" is more than one order of magni-
tude slower. Thus suggesting that electron donating substitu-
ents practically do not affect the first substitution process at
oxidation state m,i1 whereas the electron withdrawing group
sharply slows it down. Concerning the second substitution
process, the rate constant for the non-symmetric complex
20*" increases by 24 times with regard to the symmetric 15"

Water oxidation under stoichiometric conditions

Kinetic studies on the stepwise oxidation of [H,0-Ru"Ru"-
OH,] to [0=Ru"Ru"v=0] (see eqn (3)) for complex 20>" were
performed in order to determine the influence of the ED
groups over the rate constants and were monitored using UV-
vis spectroscopy. The same methodology was applied as to
the one reported previously for complex 15°".° After addition
of four equivalents of Ce™ to the catalyst, a series of kinetic
events leads to the formation of molecular oxygen as shown
in the upper part of Scheme 2. Since the system is catalytic,
addition of more than four equivalents of Ce" repeats the
catalytic cycle. In order to isolate these kinetic events, the ex-
periments at this point were performed up to a 1:4 ratio of
complex 20°*:Ce™. Fig. 6 shows the change in absorption
spectra together with the assigned species distribution and
calculated absorption spectra (see also ESI{). A summary of

Table 3 Rate constants (k) and half-life (t1/,) for the first and second sub-
stitution processes for dinuclear Ruy(HO),-complexes measured in
CFsSOzH (0.1 M) under pseudo-first order conditions ([MeCN/[dinuc] >
10) at 25 °C

Second MeCN

First MeCN substitution substitution
Complex kg1 (s'l) tiz (8) ks (s'l) i (8)
15%* 4.0 x 1072 1.7 x 10* 5.8x107° 1.2 x 10*
19** 1.5%x10° 4.4 x 10* — —
20°" 3.3x1072 2.1 x 10" 1.4%x107° 4.8 x10°
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Scheme 2 Upper part (blue), simplified reaction scheme for oxygen
evolution under stoichiometric conditions starting from species
[O=RuVRu'V=0], A, through B, C and D. Lower part (red), additional
pathways operating under excess Ce' starting from B and involving
species F, G and H.

all the obtained ET- and reaction rate constants, together
with the ones for complex 15°* are presented in Table 4.

H,0-Ru"Ru"-OH, - le~ —fm 5 H,0-Ru"Ru"-OH, (3a)
H,0-Ru"Ru"-OH, - le= —f= 5 HO-Ru"Ru"-OH, (3b)
HO-Ru"Ru"-OH, - le= —f= 5 HO-RuVRu"-OH (3¢)

HO-Ru"Ru"-OH - le= —f 5 O=Ru"“Ru"=0 (3d)

From Table 4, it can be observed that all ET and reaction
rates are larger for complex 20°" compared to 15" which is
attributed to the increase in thermodynamic driving force,
since 20°" has lower redox potentials than 15", and the same
oxidant (Ce") is used. The following steps involve the O-O
bond formation (A — B, in Scheme 2), the oxidation of the
metal peroxide to superoxide (B — C) and finally the
dioxygen ejection (C — D). For complex 20°" the rate deter-
mining step (ko,) is more than one order of magnitude faster
than for complex 15", This step involves the formal reduc-
tion of the complex from my,ir to n,n and the substitution of
the oxygen species by water. The fact complex 20°" with lower
redox potentials has higher ko, values, points out that the

This journal is © The Royal Society of Chemistry 2016
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Fig. 6 (a) Change of absorption spectra with time after addition of 4
eq. Ce' to a 5.12 x 10™®> M solution of complex 20°* in CF3SOsH (0.1
M) at 25 + 0.1 °C. Inset shows absorbance change over time at 462 nm
(black diamonds) plus its mathematical fit for a reaction model of three
consecutive first order reactions (black line). (b) Corresponding species
distribution diagram as denoted in Scheme 2.5 (c) Calculated spectra
of participating species. Line code: dashed grey, species A; solid grey,
species B; dashed black, species C; solid black, species D, as denoted
in Scheme 2.°

main factor influencing this constant is the substitution pro-
cess. This is in perfect agreement with the substitution
trends described in the previous section, which highlights
the influence of both electronic and symmetry effects (see
also theory section later).

Interpretation of activation parameters is a complex issue
when highly polar solvents and multiple oxidation states and

This journal is © The Royal Society of Chemistry 2016

View Article Online

Paper

electron transfer processes are involved in the TS or reaction
intermediates. However some conclusions can be drawn
from the data obtained for complexes 20°* and 15**. The high
negative value for the activation entropy calculated for k; is
consistent with electrostriction dominating this step and
agrees with the crucial role of water and hydrogen bonding
in stabilizing intermediates or transition-state structures. Ac-
tivation enthalpies for the ko, step are significantly larger
compared to those of k;. This can be seen as a consequence
of breaking/forming more and/or stronger bonds to reach the
final release of O, than to reach the intermediate step. It is
also in agreement with the fact that the inductive effect
exerted by the methoxy group in 20°* is responsible for the
slightly lower activation enthalpy compared to catalyst 15>".

Chemically and photochemically induced catalytic water
oxidation

In order to determine the influence of ED- or EW-
substituents on the reactivity towards water oxidation, com-
plexes 15°°-21%" were reacted with an excess of Ce in
CF;SO3H (0.1 M) in a ratio 1:100 (1 mM Cat: 100 mM Ce')
(see Fig. 7 and the ESIf). Oxygen evolution was observed and
quantified by manometric measurements and on-line mass-
spectrometry. Molecular oxygen was identified as the only
product for all dinuclear systems. Modest enhancement of
oxygen evolution was observed for complex 20°* compared to
complex 15°", but a much slower rate was observed for com-
plex 19°" bearing the EW nitro-substituent on the bpp~ li-
gand. The results obtained for 15°", 19°" and 20°" are in
agreement with the results found in the stoichiometric condi-
tions. In addition, under excess of Ce" additional pathways
can exist involving the oxidation of the peroxo intermediate B
to F, as shown in the lower part of Scheme 2. This will gener-
ate the m,u species (H) upon oxygen evolution, which would
end up being the initial reactant species of the next catalytic
cycle. As in the stoichiometric case the substitution factor at
the rds seems to dominate the kinetic barriers, as will be
discussed later on in the theory section.

An additional pathway for the water oxidation reaction in-
volves the formation of the [0=Ru"Ru'Y=0] species, as has
been shown by CV for complex 20°* which occurs at 1.40-
1.45 V (Fig. 4) with the onset of the wave at 1.30 V. In the
case of Ce" the redox potentials are not sufficiently high to
enable this pathway (E;, = 1.20 V at pH = 1; vs. SSCE)"" but
oxidants with  higher redox potentials such as
[Ru(debpy),(bpy)”* (debpy is diethyl-{2,2-bipyridine]-4,4"-
dicarboxylate) (Ey/, = 1.38 V vs. SSCE))"? could achieve it. For
this reason light induced water oxidation was carried out
using [Ru(bpy)s]*" (E/» = 1.03) and [Ru(debpy),(bpy)*" (E1/> =
1.38 V) complexes as photosensitizers (PS) in combination
with Co(m) as sacrificial electron acceptor (SEA) at pH = 7.0
using a phosphate buffer.’*'* Water oxidation catalysts
(WOCs) 20°" and 15°" were tested under these conditions
using a Clark electrode to monitor the generation of oxygen
over time and the results obtained are depicted in Fig. 8.
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Table 4 Rate constants calculated at 25.0 °C, together with the corresponding activation parameters calculated in the 10.0 °C to 40.0 °C range (AH* in
kJ mol™, AS* in 3 mol™® K™?) for the reaction of complex 20%* and 15%* with Ce" in 0.1 M CF3SO3H

k k20** AH* AS* k1535 AH* AS?
ken ket Eqn (3a) (9.5 +0.2) x 10* 36 +4 -30+8 8.6 x 10" 221 -84 +3
™Mts™h kero Eqn (3b) (6.5 +0.3) x 10* 25 +3 -70+8 6.8 x 10" 34+2 -45 +7
kers Eqn (3¢) (3.9 + 0.4) x 10* 20+ 1 -90 + 4 5.8 x 10" 29+2 -65+5
kers Eqn (3d) (1.5 +0.1) x 10° 212 -150 £ 8 9.8 x 10> 23+3 -122 £ 10
k(s™) & Scheme 2 (6.7 +0.1) x 107° 38+5 -157 + 16 1.7 x 107 53 +3 137 +9
ko, Scheme 2 (1.5+0.1)x107° 78+ 6 -37 £20 5.5x107* 85+8 -39 +27

“ Values obtained from ref. 6a.

Several points can be deduced from the plot: a) the combi-
nation of [Ru(bpy);]*" and 20" generates a very small amount
of oxygen, close to the amount generated by a blank experi-
ment with no catalyst; b) the combination of 20°" and the
[Ru(debpy),(bpy)]** generates a much larger amount of oxy-
gen. This indicates that [Ru(debpy),(bpy)]** is a sufficiently
powerful oxidant to drive the oxygen evolution reaction while
regular [Ru(bpy);]*" is not. However, the amount of O, gener-
ated is relatively low, possibly due to the need for using an
even stronger oxidant to perform this job and c) the 15" cat-
alyst that has slightly higher redox potentials than 20°" does
not generate any oxygen at all with [Ru(bpy);]*" but a small
amount (again close to base line) was produced with the
[Ru(debpy),(bpy)]**. This highlights again the importance of
properly matching the redox potentials of the PS and the cat-
alyst in order to build successful systems for light induced
water oxidation catalysis. Also note that the observed oxygen
consumption at the initial stages of the reaction using
[Ru(bpy);]** as PS and in the blank with [Ru(debpy),(bpy)]*" is
likely due to residual oxygen quenching by the [Ru(bpy);]*"
excited state as has been reported earlier.'"* Faster oxygen
evolution  processes such as the ones using
[Ru(debpy),(bpy)]*" and 15> or 20°" preclude the observation
of this phenomenon.
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Fig. 7 Catalytic activity of complexes 15°*, 19°* and 20°*, followed by
manometry. Reaction conditions: dinuc:Ce" (1 mM:100 mM) in
CF3SOsH (0.1 M). Line code: dashed black, 15°*; green, 19%*; blue 20%*.
Inset shows full time span for complex 19°*,
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Water oxidation mechanisms

Density functional theory (DFT) calculations at the M06-L level
of theory (see computational methods for details) were carried
out in order to examine the water oxidation mechanisms and
compare the energetics of the possible catalytic pathways of the
parent and substituted Ru-Hbpp complexes. For a substituted
complex containing an electron donating (ED) group, 20°* with
a methoxy group at the central position of the trpy ligands was
chosen while for the case of a complex with an electron with-
drawing (EW) group, the analogue of 20** containing a nitro
group, {[Ru(NO,-trpy)(H,O)|[Ru(trpy)(H,0)](u-bpp)}™", 22°" was
used. 22°" has not been prepared in this work but it is useful
for direct comparative purposes to assess the effects of vary-
ing substitution at a specific position.

As a first step, we explored both the water nucleophilic at-
tack mechanism and intramolecular O-O bond formation
pathways for 15°° starting from the common reactant
[0=Ru™Ru"V=O0] in Fig. 9. The free energy of activation
(AG*) associated with the WNA is computed to be 39.0 keal

50

o
=

[
=

Light On
f

O, (nmol/mL)
8

14
/

! Ty
———
0 T - - - -

] 500 1000 1500 2000 2500 3000  3S0C 4000 4500 5000

t(s)
Fig. 8 Oxygen evolution profiles of different catalysts at pH 7.0 in a
phosphate buffer solution at 25.0 °C, upon irradiation with a 150 W
xenon lamp with a 400 nm cut-off filter. Color code: 20" and
[Ru(debpy),(bpy)]?*, blue; 20°* and [Ru(bpy)sl®*, violet; 15°* and
[Ru(debpy)»(bpy)]?*;  black;  [Ru(debpy),(bpy)?*  alone  gray.
[Co(OTf)(NH3)sI(OTf), was used as a sacrificial electron acceptor in all
cases.
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Fig. 9 Previously reported free energies for stationary points relevant
to water oxidation in complex 15%* (black text, above) both in the
[iv,v*® and the [v,v]** oxidation state, compared against those of
complex 20°* (green text, middle) and complex 22" (orange text,
below). Redox potentials are reported vs. NHE.

mol ™ in aqueous solution, which is much too high to be
consistent with experimental kinetics. The WNA pathway is
also not consistent with the available 0 isotope labelling
experiments, which demonstrate that the evolved O, origi-
nates from oxygen atoms of Ru-O units. The intramolecular
direct coupling O-O bond formation between the two termi-
nal oxo moieties features a AG* of just 15.5 kcal mol™ in
aqueous solution (23.5 kcal mol™ lower than in the WNA
pathway). The optimized transition-state (TS) structure has
an 0-O distance of 1.71 A and results in the formation of a
u-peroxo intermediate with O-O distance of 1.39 A. Next, we
considered the steps leading to O, evolution from the n*
peroxo intermediate. The displacement of peroxo by water
molecules to generate a m'-superoxo intermediate and the
consequent release of dioxygen are found to require high
free energies of activation on the (v,v) potential energy sur-
face (AG* = 28.6 and 40.6 kcal mol ™ respectively) (Fig. 9). In
earlier studies, the role of explicit water molecules in the
first solvation shell in stabilizing intermediates or TS struc-
tures was investigated. For instance, introduction of an addi-
tional water molecule in the transition state structure for
generation of the n'-superoxo intermediate (TS2) enables op-
timization of a hydrogen-bonding pattern compatible with
the proton transfer to the departing peroxide oxygen. Inclu-
sion of explicit water molecules in the models permits espe-
cially favorable microsolvation that is not accounted for in
the continuum solvation model (at the cost of additional
computational overhead associated with searching for,
and averaging over, all possibly relevant microsolvated
structures).

Next, we investigated the remaining steps in water oxida-
tion pathways for all complexes starting from the
[0=Ru™Ru'=O0] intermediate obtained by one electron
oxidization of [0O=Ru"Ru"Y=0], for which the computed
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redox potential is 1.28 V vs. NHE (Fig. 9). Similar to the
[0=Ru'YRu"Y=0] case, intramolecular O-O bond formation
is favored significantly over a WNA pathway for 15" (AG* =
11.6 and 27.4 keal mol™ respectively). Continuing from
the mixed valence n*peroxo intermediate, the displace-
ment of peroxo by a water molecule to yield the superoxo
intermediate and subsequent O, evolution step was found
to proceed with AG* values of 14.7 and 23.3 kcal mol ™ re-
spectively (Fig. 9). It should be noted that in addition to
one-electron oxidation of [0=Ru"“Ru'Y=0], the one
electron oxidized pathway can also be accessed by oxida-
tion of the peroxide intermediate [Ru™(0O-O)Ru™] to gener-
ate [Ru™(0-O)Ru™], or oxidation of the superoxide interme-
diate [(0O0-Ru™-Ru"(H,0)] to generate [(OO-Ru™-Ru'"(H,0)]
(Fig. 9). In general for the complexes reported here, the potential
at the foot of the catalytic wave for the v,v/iv,iv redox couple is
just at the edge of what may be reached by Ce', however once
the [Ru™(0-0)Ru™] intermediate is generated then it can more
readily access the one-electron-further oxidized pathway, and in-
deed even under conditions of limited stoichiometry of oxidant,
disproportionation reactions may permit access to the most
highly oxidized potential energy surface with its lower rate-
determining free energy of activation. Direct oxidation of the
[0=Ru"VRu"Y=0] intermediate can, of course, be accomplished
either electrochemically or by using more powerful chemical oxi-
dants. Thus, for the parent system 15°", intramolecular O-O
bond formation is favored over a WNA mechanism and the rate-
determining step is predicted to be the release of oxygen from
the mixed valent peroxo intermediate with a free energy of activa-
tion of 23.3 kcal mol™ on the potential energy surface for the
most highly oxidized species.

Fig. 9 also presents the energetics for the corresponding
catalytic pathways involving the trpy-substituted Ru com-
plexes 20°" (methoxy) and 22°" (nitro). For 20°" the free en-
ergy of activation of O, release is predicted to be very similar
(within 0.2 keal mol™) to that of unsubstituted 15°*, in agree-
ment with the very similar experimental rates obtained under
catalytic conditions using Ce" as oxidant. On the other hand,
the use of electron withdrawing substituents as in the case of
22*" increases AG* for this step by 4.1 kcal mol ™, which is in
agreement with the experimental observation that nitro-
substituted 19°* has a much lower rate of reaction than 15%*
or 20** (see Fig. 7), assuming inductive effects through the
bpp ligand to be qualitatively similar to those through the
trpy ligand. The fact that for 20°* the rds involves both sub-
stitution and reduction clearly indicates that in this case the
substitution effect is the dominant factor.

Experimental
Instrumentation and measurements

UV-vis spectroscopy was performed on a Cary 50-Bio (Varian)
spectrophotometer in 1 cm quartz cuvettes in either CF;SO;H
(0.1 M), CH,Cl, (DCM) or CH3CN (MeCN). For acid-base
spectrophotometric titration, a solution containing 20°" in
CF;SO;H (0.1 M) was added to phosphate buffer (pH = 6.1) to
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yield a 5 x 10~ M solution. The pH was adjusted by adding
small volumes of 4 M NaOH in order to produce negligible
overall volume change. pH measurements were taken with a
Micro-pH-2000 from Crison. Redox spectrophotometric titra-
tions were performed by sequential addition of small vol-
umes (2 pL) of 3.68 mM aqueous solution of (NH,),Ce(NO3)s
in CF;SO;H (0.1 M) to a 5.78 x 10™> M solution of the com-
plex in the same solvent. Kinetic studies on the stepwise oxi-
dation of Ru"Ru" to Ru"™Ru"" were performed at various con-
centrations of dinuc and Ce", but always with [Ce'] lower or
equal to [dinuc] (second order conditions) using a fast mixing
stopped flow module Bio-Logic SFM300 and a J&M TIDAS UV-
vis spectrophotometer with diode array detector. Tempera-
ture was adjusted by a Huber CCE-905 VPCw cryostat. In a
typical experiment, a solution of Ru complex (1 x 10 *-5 x
107°> M) in 0.1 M CF;SO;H was mixed with stoichiometric or
less than stoichiometric amounts of a solution of Ce' in the
same media and the changes in absorbance vs. time were
monitored. The same experiment was performed starting
from Ru oxidation states u,ur and ur,m. Oxidation of Ru™Ru""
to Ru"VRu" were measured under pseudo-first order condi-
tions with concentration of Ce' at least 10 times that of
dinuc. For slow reactions a Cary 50-Bio (Varian) was used. In
all cases, the temperature was maintained at +0.1 °C. In a
typical experiment, to a 2.5 mL solution of complex 20 (2 x
107-5 x 10~ M) 3.9 eq. of Ce'” were added. First and second
order rate constants were calculated by global fitting or single
wavelength fitting method using Specfit.'> SVD analysis of
the spectral data was used to obtain the significant compo-
nents. A global fit to the obtained model was used to extract
the spectrum of the intermediate species. In all cases, rate
constants were measured between 10.0 °C and 40.0 °C. Errors
shown correspond to one-sigma of the models respect to ex-
perimental points.

Online manometric measurements were carried out on a
Testo 521 differential pressure manometer with an operating
range of 1-100 mbar and accuracy within 0.5% of the mea-
surement. The manometer was coupled to thermostated reac-
tion vessels for dynamic monitoring of the headspace pres-
sure. The manometer's secondary ports were connected to
thermostated reaction vessel containing the same solvent
and headspace volumes as the sample vials. The composition
of the gas phase was monitored on-line by an OmnistarTM
GSD 301 C (Pfeiffer) quadrupol mass spectrometer. In this
case, all solutions were degassed with argon (99.999%) prior
to use. For photochemical oxygen evolution, irradiation was
carried out with a 150 W xenon arc lamp equipped with a
400 nm cutoff filter to remove UV and IR radiation. The
intensity of the radiation was approximately 0.3 W cm ™2 The
temperature of the cell was maintained constant at 20 °C
thanks to water circulation through a jacketed compartment
attached to the main cell.

Oxygen evolution was analyzed with a liquid-phase Clark-
type oxygen electrode (Hansatech DW2/2 electrode system).
The photochemical experiments involved a three-component
system; catalyst, sensitizer and sacrificial electron acceptor

5096 | Catal Sci. Technol., 2016, 6, 5088-5101

View Article Online

Catalysis Science & Technology

dissolved in 2 mL of a 50 mM phosphate buffer solution (pH
7.04). A typical experiment involved degassing, the above
mentioned solution and dissolving the catalysts (complex
15%%, or 20°"), the PS ([Ru(bpy);]** or [Ru(debpy),(bpy)]**; bpy

2,2"-bipyridine, debpy = diethyl [2,2"-bipyridine]-4,4'-
dicarboxylate and the SEA ([Co(OTf)(NH;)s](OTf),) with con-
centration of 1.0 x 107> M, 1.0 x 10™* M, and 2.9 x 102 M,
respectively.

Electrochemical experiments were performed on an IJ-
Cambria HI-660 potentiostat using a three-electrode cell. A
glassy carbon (2 mm diameter) or platinum disk (1 mm)
electrode were used as working electrode, platinum disk
(1 mm diameter) as auxiliary electrode and SSCE as reference
electrode. Glassy carbon working electrodes were thoroughly
polished with 0.05 micron alumina paste and washed consec-
utively with distilled water and acetone followed by blow-dry-
ing, before each measurement. The complexes were either
dissolved in acetone-CF;SO;H (0.1 M) (1:4) or CH,Cl,, CH;CN,
containing the necessary amount of (n-Bu,N)(PFs) (TBAH)
as supporting electrolyte to yield a 0.1 M ionic strength solu-
tion. All E;,, values reported in this work were estimated
from cyclic voltammetry (CV) experiments (scan rate = 50 mV
s™), as the average of the oxidative and reductive peak poten-
tials (E,a + Epc)/2 and verified by square wave voltammetry
(SWV) experiments (incr E(V) = 0.002, amplitude (V) = 0.025,
frequency (Hz) = 15). Bulk electrolysis experiments were
performed on a Biologic SP-150 potentiostat connected to an
external high current booster (5 A) using Pt-meshes as work-
ing and counter electrode and Ag/AgCl (3 M KCl) as reference
electrode. A homemade two chamber electrochemical reactor,
separated by Vycor frit. Additional inlets were closed by Suba-
seal® septa and further tagged with Blue-Tack® to ensure
hermitic sealing. Oxygen evolution was analyzed with a gas-
phase Clark-type oxygen electrode (Unisense Ox-N needle
microsensor). The electrode was calibrated using nitrogen
saturated and air saturated water.

NMR spectroscopy experiments were performed on a
Bruker Avance 400 spectrometer. Samples were run in [d6]-ac-
etone with internal references (residual protons). Elemental
analyses were performed using a Fisons CHNS-O EA-1108 ele-
mental analyzer. ESI-MS experiments were recorded on a Wa-
ter LCT Premier spectrometer; MALDI-TOF experiments were
performed on a Bruker Autoflex spectrometer.

Materials

Trifluoromethanesulfonic acid (99%) was purchased from
STREM/CYMIT. 4-Amino-2,2":6',2"-terpyridine  (4'NH,-trpy)
was purchased from HetCat. All other reagents used in this
work were obtained from Aldrich Chemical Co. and were
used without further purification. Ammonium cerium(wv) ni-
trate was purchased as >99.99% trace metal basis quality
from Sigma-Aldirch® and stored in the glove box to avoid de-
composition. Acetonitrile Chromasolve HPLC grade was
obtained from Sigma-Aldrich®. Acetone RS and methanol,
both HPLC grade and absolute ethanol were purchased from

This journal is © The Royal Society of Chemistry 2016
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PANREAC. Methanol was freshly distilled (Mg/1,) before use.
Highly purified water was achieved by passing it through an
UltraClear water purifier from SG Wasseraufbereitung und
Regenerierstation GmbH.

Preparations

Compounds 4-methoxy-2,2":6',2"-terpyridine (4MeO-trpy)," out-
[Ru(CI)(Hbpp)(trpy)*",*® [RuCl;(4'MeO-trpy)]"” and [RuCl;(4'NH,-
trpy)]"” were prepared according to previous published proce-
dures. [{Ru(trpy)}(n-C)(u-bpp)P* (12 [{Ru(trpy)}a(n-Cl)(p-
(Mebpp))”*  (27),"  [{Ru(4'Me-trpy)h,(u-Cl)(u-bpp)]”"  (3),°
[{Ru(4'MeO-trpy)},(n-Cl)(u-bpp)”* (4™),°  [{Ru(trpy)},(u-Cl)(u-
(NO,bpp))P* (5*),° [{Ru(trpy)}(n-OAc) (ubppHRu(trpy)} " (8,
[{Ru(trpy)}>(1-OAc)(n-(Mebpp)) " (97)°  [{Ru(4'Me-trpy)}(u-
OAc)(wbpp)]"  (10),°  [{Ru(4'MeO-trpy)},(1-OAc)(-bpp)]**
(11, [{Ru(trpy)}»(1-OAC) (-(NO;bpp)) P (1277).*

[{Ru(trpy)}(-Cl)(1-bpp){Ru(4 MeO-trpy)}(PFy),, (6)(PFe);. A
sample of 30.0 mg (43.4 pmol) of out-[Ru(CI)(Hbpp)(trpy)](ClO,)
and 20.5 mg (43.5 pmol) of [RuCl;(4'MeO-trpy)] are placed in a
5 mL microwave vial. A total of 5 mL of absolute ethanol is
added and the resulting brown suspension is degassed with ar-
gon. Adjacent 27.5 pL (217 pumol) of N-ethylmorpholine are
added and the reaction mixture is put for 2 h at 110 °C under
microwave irradiation. A 200 W tungsten light bulb is used for
overnight light irradiation at RT. Consecutively, 1 mL of NH,PF,
(aq., sat.) and 10 mL of H,O are added and the resulting brown
precipitate is collected by filtration. The solid is washed with
minimum volume of cold CH,Cl, followed by H,O and Et,O
and is dried in vacuum. Yield = 50.0 mg (40.2 umol (92.5%));
'"H-NMR ([d6]acetone): § (ppm) 8.68 (d, ’J = 8.0 Hz, 2H, H35,
H37); 8.55 (d, *J = 7.8 Hz, 2H, H4, H12); 8.53 (d, ’J = 8.0 Hz, 2H,
H32, H40); 8.48 (s, 1H, H22); 8.38 (d, % = 5.6 Hz, 2H, H1, H15);
8.36 (d, °J = 5.6 Hz, 2H, H29, H43); 8.34 (s, 2H, H7, H9); 8.25 (d,
3] = 7.8 Hz, 2H, H19, H25); 8.16 (t, °J = 8.0 Hz, 1H, H36); 7.95 (t,
3] = 7.8 Hz, 2H, H31, H41); 7.93 (t, *J = 7.8 Hz, 2H, H3, H13);
7.81 (t, °J = 7.8 Hz, 2H, H18, H26); 7.60 (m, 4H, H2, H14, H30,
H42); 7.53 (d, %] = 5.6 Hz, 1H, H16 or H28); 7.44 (d, *J = 5.6 Hz,
1H, H16 or H28); 6.82 (m, 2H, H17, H27); 4.20 (s, 3H, CH3 (4’
MeO-trpy). Labeling is keyed in Chart S1;i *C-NMR ([d6]ace-
tone): 6 (ppm) 166.1, 159.5, 159.3, 158.8, 158.7, 153.8, 153.5,
137.0, 136.8, 136.7, 136.5, 133.8, 127.2, 127.2, 123.7, 123.5,
122.4, 122.1, 120.3, 120.2, 109.5, 103.1, 56.8; UV-vis (DCM): Amax,
nm (¢, M' cm™) 274 (57 600), 314 (46 800), 386 (22000), 480
(14 300), 505 (13 500), 655 (1800); Echem (DCM-TBAH (0.1 M),
vs. SSCE): E; """ = 0.685 V, AE = 60 mV; Ey "M = 1,110
V, AE = 60 mV; AE;;, = 425 mV; ESI-MS (MeOH): m/z 1100.9 (M-
PF)**, 478.0 (M-2PF¢)*"; anal. caled. for C,4H;3CIF;,N;,0OP,RuU,
-3.5H,0: C, 40.39; H, 3.08; N, 10.71. Found: C, 40.72; H, 2.78; N,
10.41.

[{Ru(trpy)}(-Cl)(p-bpp){Ru(4 NH,-trpy)}|(PFo),, (7)(PFo),. A
sample of 50.0 mg (67.8 umol) of out-[Ru(Cl)(Hbpp)(trpy)](PFs)
and 31.0 mg (68.0 umol) of [RuCl3(4'NH,-trpy)] are placed in
a 5 mL microwave vial. A total of 5 mL of absolute ethanol is
added and the resulting brown suspension is degassed with
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argon. Adjacent 43.0 uL (340 pmol) of N-ethylmorpholine are
added and the reaction mixture is put for 2 h at 110 °C under
microwave irradiation. A 200 W tungsten light bulb is used
for overnight light irradiation at RT. Consecutively, 1 mL of
NH,PF, (aq., sat.) and 10 mL of H,O are added and the
resulting brown precipitate is collected by filtration. The solid
is washed with minimum volume of cold CH,Cl, followed by
H,O and Et,O and is dried in vacuum. Yield = 75.1 mg (61.0
umol (90%)); "H-NMR ([d6]acetone): 6 (ppm) 8.68 (d, ] = 8.0
Hz, 2H, H35, H37); 8.53 (d, ] = 8.0 Hz, 2H, H32, H40); 8.45
(s, 1H, H22); 8.34 (d, *J = 5.6 Hz, 2H, H29, H43); 8.32 (d, ] =
5.6 Hz, 2H, H1, H15; 8.22 (d, %/ = 8.0 Hz, 4H, H4, H12, H19,
H25); 8.15 (t, °J = 8.0 Hz, 1H, H36); 7.94 (t, ’J = 7.8 Hz, 2H,
H31, H41); 7.89 (s, 2H, H7, H9); 7.87 (t, °] = 7.8 Hz, 2H, H3,
H13); 7.80 (t, °J = 7.8 Hz, 2H, H18, H26); 7.60 (t, *J = 6.6 Hz,
2H, H30, H42); 7.58 (d, ] = 5.6 Hz, 1H, H16 or H28); 7.50 (t,
] = 6.6 Hz, 2H, H2, H14); 7.42 (d, *J = 5.6 Hz, 1H, H16 or
H28); 6.87 (t, ] = 6.9 Hz, 1H, H17 or H27); 6.79 (t, *J = 6.9
Hz, 1H, H17 or H27); 6.41 (s, 2H, NH,). Labeling is keyed in
Chart S1;t "C-NMR ([d6]acetone): 6 (ppm) 171.0, 159.9,
159.4, 158.8, 157.3, 153.8, 153.7, 153.5, 136.9, 136.7, 133.7,
127.2, 126.6, 123.5, 122.8, 122.3, 122.0, 121.9, 120.2, 120.1,
107.7; UV-vis (DCM): /max, NM (g, M™" ecm™) 277 (66 200), 316
(44 800), 387 (21700), 480 (15300), 505 (14700), 651 (1800);
Echem (DCM-TBAH (0.1 M), vs. SSCE): E;,""™™"" = 0.610 V,
AE = 60 mV; E;,"""WI = 9 075 V, AE = 90 mV; AE, ), = 465
mV; ESI-MS (MeOH): m/z 1085.9 (M-PF)*', 470.5 (M-H-
2PF¢)*"; anal. caled. for Cy3H;,CIF;,N; P,Ru,-1.5H,0: C,
41.98; H, 2.81; N, 12.25. Found: C, 40.93; H, 2.64; N, 11.93.
[{Ru(trpy)}(n-OAc)(p-bpp){Ru(4'MeO-trpy)}](C104)2,
(13)(C10y4),. A sample of 31.0 mg (24.9 umol) of 6 and 17.0
mg (125 pmol) of NaOAc-3H,O are placed in a 5 mL micro-
wave vial. A total of 5 mL of acetone/water (4:1) solvent mix-
ture are added and the resulting brown suspension is put for
1 h at 90 °C under microwave irradiation. Consecutively, 2
mL of NaClO, (aq., sat.) and 5 mL of H,O are added and the
resulting violet precipitate is collected by filtration. The solid
is washed with minimum volume of H,O followed by Et,O
and is dried in vacuum. Yield = 27.3 mg (23.2 umol (93%));
'H-NMR ([d6]acetone): ¢ (ppm) 8.75 (d, *J = 8.0 Hz, 2H, H35,
H37); 8.64 (m, 4H, H4, H12, H32, H40); 8.52 (s, 1H, H22);
8.45 (d, ’J = 5.6 Hz, 2H, H1, H15); 8.43 (d, *J = 5.6 Hz, 2H,
H29, H43); 8.41 (s, 2H, H7, H9); 8.20 (m, 3H, H19, H25,
H36); 8.02 (t, °J = 7.8 Hz, 2H, H31, H41); 8.00 (t, ] = 7.8 Hz,
2H, H3, H13); 7.74 (t, *] = 7.8 Hz, 2H, H18, H26); 7.50 (m,
5H, H2, H14, H16 or H28, H30, H42); 7.38 (d, *J = 5.6 Hz, 1H,
H16 or H28); 6.87 (t, °J = 6.6 Hz, 1H, H17 or H27); 6.83 (t, *J
= 6.6 Hz, 1H, H17 or H27); 4.26 (s, 3H, CH; (4'MeO-trpy));
0.48 (s, 3H, CH; (OAc)). Labeling is keyed in Chart S1;1 *C-
NMR ([d6]acetone): ¢ (ppm) 191.4, 166.1, 160.2, 160.0, 159.9,
159.8, 154.2, 153.8, 153.0, 152.8, 137.3, 137.1, 135.8, 135.5,
133.8, 127.4, 127.3, 123.8, 123.6, 122.6, 122.0, 119.5, 119.4,
109.7, 103.9, 56.0; UV-vis (DCM): /ma, DM (g, M " cm ™) 277
(69 000), 317 (47 300), 379 (23 800), 502 (14 600), 526 (14 000);
Echem (DCM-TBAH (0.1 M)), vs. SSCE): E;,,"""™/"" = 0.685 V,
AE = 70 mV; E;, WML = 9 030 V, AE = 60 mV; AE;), =
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345 mV; ESI-MS (MeOH): m/z 1078.9 (M-ClO,)**, 490.0
(M-2Cl04)*"; anal. caled. for CueH;36C1N;01;Ru,-NaClOy,: C,
42.49; H, 2.79; N, 10.77. Found: C, 42.74; H, 2.99; N, 10.41.

[{Ru(trpy)}(n-OAc)(n-bpp){Ru(4'NH,-trpy)}](C104),,
(14)(ClOy),. A sample of 50.0 mg (40.6 umol) of 7 and 26.4
mg (203 umol) of NaOAc-3H,O are placed in a 20 mL micro-
wave vial. A total of 12 mL of acetone/water (4:1) solvent mix-
ture are added and the resulting brown suspension is put for
1 h at 90 °C under microwave irradiation. Consecutively, 2
mL of NaClO, (aq., sat.) and 5 mL of H,O are added and the
resulting violet precipitate is collected by filtration. The solid
is washed with minimum volume of H,O followed by Et,O
and is dried in vacuum. Yield = 42.9 mg (36.9 umol (91%));
'"H-NMR ([d6]acetone): 6 (ppm) 8.74 (d, *J = 8.0 Hz, 2H, H35,
H37); 8.62 (d, *J = 8.0 Hz, 2H, H32, H40); 8.48 (s, 1H, H22);
8.40 (d, *J = 5.6 Hz, 4H, H1, H15, H29, H43); 8.31 (d, *] = 8.0
Hz, 2H, H4, H12); 8.19 (t, *J = 8.0 Hz, 1H, H36); 8.18 (d, *J =
7.6 Hz, 2H, H19, H25); 8.02 (t, *] = 8.0 Hz, 2H, H31, H41);
8.00 (s, 2H, H7, H9); 7.94 (t, *J = 8.0 Hz, 2H, H3, H13); 7.72
(t, ’7 = 7.6 Hz, 2H, H18, H26); 7.61 (d, *] = 5.6 Hz, 1H, H16 or
H28); 7.52 (t, *J = 6.6 Hz, 2H, H30, H42); 7.41 (t, °J = 6.6 Hz,
2H, H2, H14); 7.36 (d, *J = 5.6 Hz, 1H, H16 or H28); 6.90 (t, °J
= 7.6 Hz, 1H, H17 or H27); 6.81 (t, °] = 7.6 Hz, 1H, H17 or
H27); 6.46 (s, 2H, NH,); 0.51 (s, 3H, CH; (OAc)). Labeling is
keyed in Chart S1;7 "*C-NMR ([d6]acetone): 6 (ppm) 190.2,
160.4, 160.0, 159.8, 158.2, 157.3, 156.6, 155.0, 154.4, 153.7,
153.1, 152.8, 152.6, 137.2, 136.8, 135.8, 135.0, 133.7, 127.3,
126.6, 123.5, 122.9, 122.6, 122.0, 119.4, 119.3, 108.0, 103.8;
UV-vis (DCM): /max, Nm (g, M' ecm™) 277 (69000), 317 (47
300), 379 (23 800), 502 (14 600); Echem (DCM-TBAH (0.1 M)),
vs. SSCE): Ey,,""™ = 0.59 V, AE = 60 mV; E; "™ = 1,00
V, AE = 60 mV; AE;, = 410 mV; MALDI-MS (dctb, DCM,
acetone): m/z 1064.0 (M-Cl0,)**, 963.1 (M-H-2Cl0,)*"; anal.
caled. for C,5H35ClLN;;0;10RU,-0.5NaClO4-H,0: C, 43.51; H,
3.00; N, 12.40. Found: C, 43.69; H, 2.91; N, 12.26.

Complexes 15°*-21°" are prepared in situ by hydrolysis of
compounds 8-14 in acidic aqueous media. Only complex 20°*
was isolated in the solid state.

in,in-[{Ru(H,O0)(trpy)}-(uw-bpp)**, (15°*). UV-vis (CF;SO;H
(0.1 M)): Zmay, nm (5, M* em™) 261 (55000), 304 (59300),
355 (18000), 460 (12500), 485 (10500); Echem (acetone:
CF3SO;H (0.1 M) (1:4), vs. SSCE): E; """ = 0.54 V, AE = 60
mv; E1/2HI,III/II,III = 0.63 V, AE = 60 mV; EUZIII,IV/III,III =0.86 V,
AE = 60 mV; E, ;"IN = 1,08 V, AE = 60 mV.

in,in-[{Ru(H,0)(trpy)}(u-(Mebpp))[**, (167). UV-vis (CFs-
SOzH (0.1 M)): /mae, M (g, M™" em™) 263 (57 800), 305 (57
900), 354 (18 800), 454 (11 800), 486 (9200); Echem (acetone:
CF3SO;H (0.1 M) (1:4), vs. SSCE): E; "™ = 0.50 V, AE = 60
mv; El/zm,nl/n,m = 0.635 V, AE = 70 mV; El/ZIII,IV/III,III = 0.85 V,
AE = 60 mV; E, ;" "™V = 0,96 V, AE = 60 mV.

in,in-[{Ru(H,0)(4'Me-trpy)}»(p-bpp)**, (17°*). UV-vis (CF;-
SOzH (0.1 M)): /may, nm (5, M" em™) 225 (52500), 263 (55
600), 303 (54300), 353 (20600), 465 (12400), 489 (11200);
Echem (acetone: CF;SO;H 0.1 M (1:4), vs. SSCE): Ey,, "/ =
0.51V, AE = 60 mV; E1/2HI,III/II,III =0.61V, AE = 60 mV; El/ZIII,IV/III,III
=0.83 V, AE = 60 mV; E,,"V"V"Y = 1,06 V, AE = 60 mV.
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in,in-[{Ru(H,0)(4'MeO-trpy)},(w-bpp)[**, (18°). UV-vis (CF;-
SO3H (0.1 M)): Amax, N (g, M cm™) 241 (48 000), 272 (55 300),
308 (47100), 357 (20200), 478 (12500), 502 (11500); Echem
(acetone: CF;SO;H 0.1 M (1:4), vs. SSCE): E, "™ ™! = 0.50 V,
AE = 60 mV; E1/2HI,III/II,III = 0.59 V, AE = 60 mV; EI/ZIII,IV/III,III _
0.84 V, AE = 60 mV; E, ;""" = 1.02 V, AE = 60 mV.

in,in-[{Ru(H,0)(trpy)}»(p-(NObpp))I**,  (19%").  UV-vis
(CF5SO3H (0.1 M)): Zmay, nm (g, M™" em™) 360 (13 000), 452
(11900), 491 (13 600), 545 (8300); Echem (acetone : CF;80;H
(0.1 M) (1:4), vs. SSCE): E,,""""™™ = 0.74 V, AE = 60 mV;
E1/2HI,IV/III,III =1.00 V, AE = 60 mV; El/ZIV,IV/III,IV =1.10 V, AE =
60 mV.

in, in-[{Ru(H,0)(trpy)}(1-bpp){Ru(H,0)(4'MeO-trpy)}]**,
(20*"). Complex 20 was isolated as PFg-salt, by adding 1 mL
of NH,PF, (sat., aq.) to a saturated solution of 13(ClO,), in
CF;SO;H (0.1 M). The suspension was filtered and the brown
solid residue was washed with a minimum amount of cold
water followed by Et,O before being dried in vacuum. UV-vis
(CF3SO3H (0.1 M)): /pmax, nm (5, M™* em™) 232 (47 000), 272
(58200), 310 (52 900), 358 (20 900), 471 (12 000), 500 (10 800);
Echem (CF;SO;H (0.1 M) (1:4), vs. SSCE): E; "™ = 0.50 Vv,
AE = 80 mV; El/ZIII,III/II,III =0.56 V, AE = 80 mV; E1/ZIII,IV/III,III _
0.84 V, AE = 100 mV; E;,"V"™"™! = 1,03 V, AE = 80 mV;
MALDI-MS (pyrene, CH,Cl,): m/z 1101.0 (M-2PF)**, 956.0 (M-
3PF¢)*", 940.1 (M-3PFc-OH)*", 921.0 (M-3PFe-20H)*"; anal.
caled. for C,4H;,F;sN;00;P;RU,2,5H,0: C, 36.80; H, 2.95; N,
9.75. Found: C, 36.63; H, 2.72; N, 9.66.

in,in-[{Ru(H,0)(trpy)}(r-bpp){Ru(H,0)(4' NH,-trpy)}]**,
(21%%). UV-vis (CF3S0;H (0.1 M)): Amax, NM (¢, M em™") 232
(51300), 273 (61 100), 312 (51 700), 366 (18200), 468 (11 800);
Echem (acetone : CF;SO;H (0.1 M) (1:4), vs. SSCE): E, ;""" =
0.48 V, AE = 60 mV; E,, "M = 0 64 V, AE = 60 mV; E, ,">VII
=0.80 V, AE = 60 mV; E;,"""V"™"V = 0.97 V, AE = 80 mV.

Computational methods

Density functional theory. Geometry optimizations were
performed at M06-L'® level of density functional theory using
the Stuttgart [8s7p6d2f|6s5p3d2f] ECP28MWB 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 and an automatically generated
density-fitting basis set was used within the resolution-of-the-
identity approximation to speed the evaluation of Coulomb
integrals as implemented in Gaussian 09 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, molec-
ular partition functions (with all frequencies below 50 cm™
replaced by 50 cm™ when computing free energies), and for
determining the reactants and products associated with each
transition-state structure (by following the normal modes as-
sociated with imaginary frequencies). Partition functions
were used in the computation of 298 K thermal contributions
to free energy employing the usual ideal-gas, rigid-rotator,

This journal is © The Royal Society of Chemistry 2016


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c6cy00197a

Open Access Article. Published on 11 March 2016. Downloaded on 1/13/2026 3:21:04 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Catalysis Science & Technology

harmonic oscillator approximation.>* Free energy contribu-
tions were added to single-point MO06-L electronic energies
computed with 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.

Solvation and standard reduction potentials. Solvation effects
associated with water as solvent were accounted for using the
SMD continuum solvation model.”> 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 com-
puted 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 kecal mol™, plus the 1 M to 1 M transfer (solva-
tion) 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
keal mol ™, and the experimental 1 M to 1 M solvation free en-
ergy, —6.3 keal mol™". The 1 M to 1 M solvation free energy of
the proton was taken from experiment as —265.9 kcal mol *.**

Standard reduction potentials were calculated for various
possible redox couples to assess the energetic accessibility of
different intermediates at various oxidation states. For a re-
dox reaction of the form

Ofaq) * 1€(g) — R(aq)

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((),|R rela-
tive to NHE was computed as

0 0
E‘) _ AGO\R - AGNHE
O nk’
where AG)r is the free energy change associated with the
equation below (using Boltzmann statistics for the electron),
AGx is the free energy change associated with,

_ _ 1
H(aq) + Ce) 7 EHZ(g)

which is -4.28 eV with Boltzmann statistics for the
electron,”*“*® and F is the Faraday constant.

Non-single-determinantal state energies. Several possible
intermediates in the water oxidation mechanism have
electronic structures that are not well described by a single
determinant. In such instances, standard Kohn-Sham DFT is
not directly applicable,”*?*® and we adopt the Yamaguchi
broken-spin-symmetry (BS) procedure’” to compute the en-
ergy of the spin-purified low-spin (LS) state

oy SE() ) (7))
KRS

where HS refers to the single-determinantal high-spin
coupled state that is related to the low-spin state by spin
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flip(s) and <S> is the expectation value of the total spin op-
erator applied to the appropriate determinant. This broken-
symmetry DFT approach has routinely proven effective for
the prediction of state-energy splittings in metal coordination
compounds.?*>?®

Conclusions

We present a facile microwave based synthetic procedure to
obtain symmetric and non-symmetric dinuclear ruthenium
complexes, structurally based on the so called ‘“Ru-bpp™-
catalyst. The procedure presents an increase in overall yield
in combination to a decrease of reaction time and workup
steps. The electronic perturbation effects of different substit-
uents on the ligand backbone on electronic transitions are
examined and explained. Their effect on metal based redox
potentials follows the expected trend of intrinsic electron do-
nating and withdrawing properties. The position of the sub-
stituents on the ligand backbone has a major influence on
the magnitude of these potentials. We have also analyzed the
influence of the substitution kinetics as a function of ED and
EW groups and found that while the former enhances substi-
tution kinetics the latter drastically reduces them. This in
turn seems to be the major effect for the rds of the water oxi-
dation reactions under stoichiometric conditions analyzed
for the case of 20°". We have also shown that while complex
20" is an active catalyst at oxidation state v,iv as previously
reported, it is a much better catalyst at the oxidation state v,
v, as shown by its large electrocatalytic wave. Further
supporting this point, whilst the wv,iv oxidation state can be
accessed with Ce" oxidant, the wv,v can only be accessed
electrochemically or with stronger oxidants such as
[Ru(debpy),(bpy)]**. Indeed efficient light induced water oxi-
dation is obtained with the PS complex containing the debpy
ligand while with regular [Ru(bpy);]*" is practically inactive.
Finally, DFT calculations nicely complement the experimental
results giving a consistent global description of the different
reactions pathways that can operate in the water oxidation re-
actions catalyzed by the complexes described in this work.
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