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Molecular water oxidation catalysis by zwitterionic
carboxylate bridge-functionalized bis-NHC iridium
complexest

Raquel Puerta-Oteo, M. Victoria Jiménez @®* and Jesus J. Pérez-Torrente @ *

Zwitterionic water-soluble [Cp*Ir'"'Cl{(Melm),CHCOO}] and [Ir'(cod){(Melm),CHCOO} complexes featuring
a carboxylate bridge-functionalized bis-N-heterocyclic carbene ligand efficiently catalyzed water oxidation
using ammonium cerium(iv) nitrate (CAN) or sodium periodate as sacrificial oxidants. Excellent yields with
TOFs numbers up to 1000 h™ have been achieved using CAN as electron acceptor at [CANI/[Ir] ratios
higher than 700. The investigation of the reaction mechanism by UV-vis seems to evidence that both cata-
lyst precursors are transformed into the same active molecular species resulting from the degradation of
the hydrocarbon ligands which is partially supported by the similarity of the oxygen evolution profiles at
moderate oxidant/catalyst ratios for both catalyst precursors and the same chemical oxidant. In addition,
DLS studies provide evidence for the participation of homogeneous iridium molecular species as interme-
diates likely stabilized by the carboxylate-functionalized bis-NHC ligand.

1. Introduction

The expected energy demand in the medium term, the lim-
ited availability of fossil resources and the continuous in-
crease of global CO, emissions put forward the urgent need
for a carbon-neutral renewable energy source. Hydrogen is an
energy carrier that is regarded as the fuel of the future due to
its high mass-energy density and its clean electrochemical
combustion in fuel cells. In this context, water splitting to
produce hydrogen and oxygen from water could be a key tech-
nological component of a hydrogen economy.' Natural photo-
synthetic processes are an excellent source of inspiration for
how to design a catalytic system that can use solar energy for
fuel production. Green plants capture sunlight and convert it
into energy-rich compounds by oxidation of water and reduc-
tion of CO,. However, an artificial photosynthetic system
should follow a more practical approach using the solar en-
ergy to oxidize H,O to molecular oxygen, as a benign by-prod-
uct, and then use the generated electrons to reduce protons
to molecular hydrogen.” Water oxidation is the bottle-neck of
this technology since it is a thermodynamically demanding
reaction of great molecular complexity from a mechanistic
perspective. The oxidation of water to O, involves the release
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of 4 H" and 4 e from two water molecules with formation of
an oxygen-oxygen bond, thereby requiring both energy and
an efficient catalyst.

The development of active and robust water-oxidation cat-
alysts (WOCs) is crucial for the design of artificial photosyn-
thetic devices. A number of transition metal complexes (Mn,
Fe, Co, Ni, Ru, Ir, and Cu among others)® have been reported
as efficient catalysts for water oxidation over the last few
years although ruthenium and iridium are among the most
active. The assessment of WOCs can be carried out under
chemical, electrochemical and photochemical driven condi-
tions.* However, from a practical point of view, water oxida-
tion catalysis driven by sacrificial oxidants allows a rapid
screening and tuning of the catalysts.>® The use of an
electron acceptor, such as CAN or 10,7, is key in order to re-
oxidize the catalysts by removing electrons from the system.
Since seminal work by Meyer on the ruthenium “blue dimer”
catalyst, the first homogeneous metal-based catalytic system,®
several ruthenium(u)-based homogeneous water oxidation cat-
alyst are known as the most active molecular catalysts for wa-
ter oxidation.” Later on, Bernhard reported in 2008 the first
robust cyclometalated iridium catalyst for water oxidation
using CAN as sacrificial oxidant.® Thereafter, a series of effi-
cient iridium catalysts featuring an electron rich Cp* ligand
in combination with different N*N, N*O, N~C ligands were
reported by Crabtree and others as a way to stabilize high-
valent iridium intermediates.” Further development in the
field was the design of robust catalysts based on the powerful
electron donating NHC ligands,' firstly introduced by
Bernhard and Albrecht in 2010,"" or even bis-NHC ligands
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taking advantage of the chelate effect.'> Even so, the number
of M-NHC based catalytic systems for water oxidation reac-
tions remains scarce."?

Under the harsh reaction conditions, especially when
using CAN as oxidant, some hydrocarbon ligands undergo ox-
idative degradation resulting in situ formation of iridium ox-
ide nanoparticles (IrO,) that also catalyse water oxidation. In
this context, there has been considerable debate regarding
the homogeneous or heterogeneous nature of the catalytic
species.* Thus, the characterization and identification of cat-
alytic species under turnover conditions is of great impor-
tance. The scales of WOC activity are strongly dependent on
the nature of the sacrificial oxidant due to the different
electron transfer mechanism.'” In this context, the tendency
of NalO, to form NPs is negligible compared to CAN thereby
avoiding possible complications in the kinetic studies.'®"**

Our approach for the design of robust water oxidation cat-
alysts is the use of bis-NHC ligands functionalized with a car-
boxylate group at the linker.'® The carboxylate function may
confer hemilabile properties to the ligand while imparting
water solubility to the complexes. In addition, the potential
coordination of the carboxylate to the metal centre might
help for the stabilization of high-valent species likely involved
in water oxidation catalysis. In this respect, we have recently
reported the participation of the dihydrido iridium(ur)
[1r'"™H,(H,0){(MeIm),CHCOOY}], stabilized by the «*-C,C’,0 co-
ordination of the functionalized bis-NHC ligand, in the hy-
drogenation of CO, to formate in water catalysed by the
zwitterionic iridium(i) [Ir(cod){(MeIm),CHCOO}] compound."’

We report herein on the catalytic activity of zwitterionic
water-soluble  [Cp*Ir'"Cl{(MeIm),CHCOO}]  and  [Ir-
(cod){(MeIm),CHCOO}] complexes for water oxidation driven
by sacrificial oxidants. In addition, kinetic, spectroscopic,
electrochemical and mass spectrometry studies have been
carried to gain insight into the nature of the catalytic species.

2. Experimental
Synthesis

All the experimental procedures were performed under argon
atmosphere by using Schlenk or glovebox techniques. Solvents
were taken under argon atmosphere from an Innovative Tech-
nologies solvent purification system (SPS), or dried following
standard procedures and distilled under argon prior to use.'®
Deuterated solvents CDCl;, CD,Cl, and DMSO-d, (Euriso-top)
were dried using activated molecular sieves and degassed by
three freeze-pump-thaw cycles. D,0 was purchased from
Euriso-top and used as received. Standard literature procedures
were used to prepare the starting materials [Cp*IrCL,], (Cp* =
n>-CsMes)"?  and  [(p-cymene)RuCl,],.** The zwitterionic
iridium(m) and rhodium(m) compounds, [Cp*IrCK(MeIm),-
CHCOO}] (1) and [Cp*RhCH{(MeIm),CHCOO}] (2), complex
[Cp*IrCl{(MeIm),CHCOOMe}JOTf  (3),'® and zwitterionic
iridium(r) compound [Ir(cod){(MeIm),CHCOOY}] (4)'” were pre-
pared following the procedure recently reported by us.
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Scientific equipment

"H and "*C{'H} NMR spectra were recorded on Bruker Avance
spectrometers (300, 400 or 500). Chemical shifts are reported
in ppm relative to tetramethylsilane and coupling constants
(J) are given in Hertz (Hz). Spectral assignments were
performed, when necessary, with the help of 2D-NMR experi-
ments. Electrospray ionization (ESI) mass spectra were
recorded using a Bruker Esquire3000 plus™ ijon-trap mass
spectrometer equipped with a standard ESI source. High-
resolution electrospray ionization mass spectra (HRMS-ESI)
were recorded using a Bruker MicroToF-Q™ equipped with
an API-ESI source and a Q-ToF mass analyzer. Infrared spec-
tra were recorded on a 100 FTIR-Perkin-Elmer Spectropho-
tometer equipped with a universal attenuated total reflec-
tance (UATR) accessory made by thallium bromide-iodide
crystals (KRS-5). C, H and N analyses were carried out in a
Perkin-Elmer 2400 Series II CHNS/O analyzer. The UV/vis
spectra were recorded on a JASCO UV-vis-NIR V-670 spectro-
photometer equipped with a single monochromator that
covers a wavelength range from 190 to 2500 nm. Dynamic
light scattering studies were carried out on a Malvern
Zetasizer Nano ZS which measures the diffusion of particles
moving under Brownian motion, and converts this to size
and size distribution using Stokes-Einstein relationship. This
device incorporates non-invasive back scatter technology
(NIBS) to give the highest sensitivity simultaneously with the
highest size and concentrations range in a measurement
range from 0.3 nm to 10.0 microns (diameter). Electro-
chemical experiments were performed on a potentiostat
EG&G Research Model 273. The electrochemical cell is
equipped with a three electrode system: platinum disk as a
working electrode, platinum thread as auxiliary electrode and
a saturated calomel electrode (SCE, saturated with KCI) as a
reference electrode. Electrochemical experiments were carried
out under argon in about 5 x 10™* M of the complexes and
0.1 M in tetrabutylammonium hexafluorophosphate, [N(n-
Bu),|PFs (TBAH), or sodium tetrafluoroborate, NaBF,, in the
potential range +1.8 to —1.8 (H,O) at variable scan rates. The
measurements were performed at room temperature and the
adjustments of pH were made via addition of HNO;. Redox
potentials were referenced in acetonitrile to the Fe/Fe' couple
(0.43 V for SCE as reference electrode).

Synthesis of the complexes

Synthesis of [(p-cymene)RuCK(MeIm),CHCOO}] (5). [(p-
Cymene)RuCl,], (124.9 mg, 0.204 mmol) was added to a solu-
tion of [(MeIm),CHCOOAg], (133.5 mg, 0.204 mmol) in
CH,Cl,/MeOH (10 mL, 1:1, v:v) in the absence of light. The
suspension was stirred for 6 hours and then filtered via a
cannula through Celite to remove the AgCl formed. Then, the
resulting solution was concentrated to ca. 1 mL under re-
duced pressure. Slow addition of diethyl ether afforded the
compound as an orange solid which was filtered, washed
with diethyl ether (3 x 3 mL) and dried in vacuo. Yield: 143.9
mg, 72%. Anal. calc. for C,,H,5CIN,O,Ru: C 49.03; H, 5.14; N,
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11.43. Found: C, 49.25; H, 5.18; N, 11.59. '"H NMR (298 K,
300 MHz, CDCl,): 6 7.90 (d, Ji_i = 1.9, 2H, CH), 6.96 (d, Ji_nt
= 1.9, 2H, CH), 5.63 (s, 1H, CHCOO), 5.61 (d, Jizi; = 6.2, 2H,
=CH p-cym), 5.47 (d, Juy_u = 6.2, 2H, =CH p-cym), 3.97 (s,
6H, NCH3;), 2.38 (spt, Jy_n = 6.8, 1H, CH, 'Pr p-cym), 2.22 (s,
3H, CHj, p-cym), 1.01 (d, Jyu = 6.8, 6H, CHg, ipr p-cym).
BC{*H} NMR (298 K, 75 MHz, CDCl,): 6 174.2 (Cncn), 163.5
(CO0), 122.7, 122.3 (CH), 107.6 (C-'Pr, p-cym), 104.6 (C-Me,
p-cym), 92.4 (CH, p-cym), 85.5 (CH, p-cym), 75.0 (CHCOO),
38.2 (NCH;), 32.2 (CH, 'Pr p-cym), 22.9 (CHj, p-cym), 18.8
(CH3, 'Pr p-cym). MS (ESI', CH,Cl,/MeOH, m/z, %): 491.1 ([M
+ HJ', 100). IR (ATR, cm™*): 1654 (COO).

Synthesis of 1,1-bis(N-butylimidazole)acetate bromide,
[(n-BulImH),CHCOO]Br. Ethyl dibromoacetate (0.5 mL, p =
1.902 g mL ™, 3.86 mmol) and 1-(n-butyl)imidazole (1.0 mL, p
=0.945 g mL™", 7.61 mmol) were dissolved in THF (4 mL) into
a Teflon-sealed glass vessel and the solution stirred at 343 K
for 72 hours. After cooling to room temperature the brown
solid residue was dissolved in methanol and the solution con-
centrated to ca. 5 mL. Addition of acetone (10 mL) gave the
salt as a white solid that was filtered, washed with acetone (3
x 10 mL) and dried under vacuum. Yield: 952.0 mg, 64%.
Anal. calc. for C;cH,5BrN,O,: C, 49.88; H, 6.54; N, 14.54.
Found: C, 49.57; H, 6.57; N, 14.48. "H NMR (298 K, 300 MHz,
DMSO-dg): 6 9.57 (t, Jy_u = 1.7, 2H, NCHN), 7.97 (t, Jyn = 1.7,
2H, CH), 7.86 (t, Jy.x = 1.7, 2H, CH), 7.15 (s, 1H, CHCOO),
4.22 (t, Jyp = 7.3, 4H, NCH,), 1.79 (m, Jy_y = 7.4, 4H, CH,),
1.27 (m, Jyu = 7.3, 4H, CHy), 0.90 (t, Jy_y = 7.3, 6H, CH,).
BC{'H} NMR (298 K, 75 MHz, DMSO-d,): J 159.4 (COO0), 137.4
(Cnen)s 122.3, 122.2 (CH), 70.6 (CHCOO), 48.9 (CH,-Im), 31.1
(CH,), 18.8 (CH,), 13.3 (CH;). MS (ESI*, MeOH, m/z, %): 261.2
(IM-COO]J", 100). IR (ATR, cm™): 1670 (COO).

Synthesis of [(n-Bulm),CHCOOAg],. Ag,0 (125.2 mg, 0.540
mmol) was added to a white suspension of [(n-
BulmH),CHCOO]Br (208.1 mg, 0.540 mmol) in CH,Cl, (5 mL)
and the mixture refluxed for 24 hours in the dark. The solu-
tion was filtered via cannula through Celite and concentrated
under vacuum to give a white suspension which was
decanted. The white precipitate was washed with diethyl ether
and dried under vacuum. Yield: 182.1 mg, 82%. Anal. calc. for
C3:H,6A2:Ns0,: C, 46.73; H, 5.64; N, 13.62. Found: C, 46.65;
H, 5.62; N, 12.59. "H NMR (298 K, 300 MHz, CD,Cl,): § 7.76 (s,
4H, CH), 7.13 (s, 2H, CHCOO), 7.03 (s, 4H, CH), 4.06 (m, Jy_
= 7.3, 8H, NCH,), 1.88-1.68 (m, Jy_y = 7.3, 8H, CH,), 1.33 (m,
Jun = 7.3, 8H, CH,), 0.92 (t, J_y = 7.3, 12H, CH;). MS (EST',
CH,Cl,/MeOH, m/z, %): 822.2 ([M], 74), 778.9 ([M-COO]", 26),
735.0 ([M-2COO]", 100). IR (ATR, cm*): 1667 (COO).

Synthesis of [Cp*IrCH{(n-Bulm),CHCOO}] (6). [Cp*IrCl,],
(59.6 mg, 0.075 mmol) was added to a solution of [(n-
Bulm),CHCOOAg], (61.5 mg, 0.075 mmol) in CH,Cl,/MeOH
(10 mL, 1:1, v:v) in the absence of light. The suspension
was stirred for 6 hours and then filtered via a cannula
through Celite to remove the AgCl formed. Then, the
resulting solution was concentrated to ca. 1 mL under re-
duced pressure. Slow addition of diethyl ether afforded the
compound as a pale yellow solid which was filtered, washed
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with diethyl ether (3 x 3 mL) and dried in vacuo. Yield: 82.9
mg, 83%. Anal. calc. for C,sH35CIIrN,O,: C 46.87; H, 5.75; N,
8.41. Found: C, 46.74; H, 5.71; N, 8.68. "H NMR (298 K, 300
MHz, CD,CL): § 7.80 (d, Ju-u = 2.2, 2H, CH), 7.05 (d, Ju_u =
2.2, 2H, CH), 5.70 (s, 1H, CHCOO), 4.25 (br m, 4H, NCH,),
3.79 (br m, 4H, CH,), 1.76 (s, 15H, CH; Cp*), 1.42 (dq, Jyp =
14.7, 7.4, 4H, CH,), 0.97 (t, Ju.u = 7.4, 6H, CH;). “*C{'H}
NMR (298 K, 75 MHz, CD,CL,): § 163.7 (COO), 151.2 (Cncn),
122.7, 120.1 (CH), 93.3 (CCH; Cp*), 75.6 (CHCOO), 50.4
(NCH,), 20.7 (2C, CH,), 14.2 (CH3;), 9.8 (CH; Cp*). MS (EST',
CH,Cl,/MeOH, m/z, %): 667.2 (M + H]", 100). IR (ATR, cm*):
1659 (COO).

Synthesis of [Cp*IrI{(MeIm),CH,}]PFs (7). The compound
was prepared following a modified procedure of that de-
scribed by Heinekey and co-workers.”’ AgPF, (209.2 mg,
0.827 mmol) was added to a solution of [Cp*IrCl,], (164.9
mg, 0.207 mmol) in acetonitrile (5 mL) and the mixture
stirred for 4 hours at room temperature. The resulting yellow
suspension was filtered through Celite to remove the silver
salt to give a yellow solution. The addition of
[(MeImH),CH,]I, (178.9 mg, 0.414 mmol) gave an orange sus-
pension which turned into red whereupon the addition of
NEt; (116.0 uL, p = 0.726 g mL™, 99.5%, 0.828 mmol). The
red suspension was heated at 333 K for 48 h to give a dark or-
ange solution. The solution was cooled to room temperature
and the solvent removed under vacuum. The addition of
CHCl; (5 mL) resulted in a yellow suspension which was
decanted and then filtered. The yellow solid was washed with
methanol (2 x 5 mL) and diethyl ether (3 x 3 mL), and dried
in vacuo. Yield: 244.0 mg, 76%. '"H NMR (298 K, 300 MHz,
CD,Cl,): 6 7.39 (d, Jy_u = 2.1, 2H, CH), 7.17 (d, Jyu = 2.1, 2H,
CH), 6.16 (d, Jiiy = 13.2, 1H, NCH,N), 5.70 (d, Jiu = 13.2,
1H, NCH,N), 3.81 (s, 6H, NCH,), 1.97 (s, 15H, CH; Cp*).

Reaction of [Ir(cod){(MeIm),CHCOO}] (4) with NalO,. An
NMR tube was charged with a solution of 4 (15.3 mg, 0.030
mmol) in D,O (0.5 mL). Addition of solid NalO, (7.70 mg,
0.036 mmol) resulted in the formation of a green solution of
[Ir(OD)(cod){(MeIm),CHCOO}]" (d-8). NNR data: "H NMR (298
K, 300 MHz, D,0): 6 7.63 (d, Jy_i; = 1.9, 2H, CH), 7.25 (d, Jin
= 1.9, 2H, CH), 6.84 (s, 1H, CHCOO), 6.63 (m, 2H, =—CH cod),
5.96 (m, 2H, =—CH cod), 4.04 (s, 6H, NCH;), 2.75 (m, 2H,
>CH, cod), 2.59 (m, 2H, >CH, cod), 2.44 (m, 4H, >CH, cod).

Reaction of [Ir(cod){(MeIm),CHCOO}] (4) with CAN. An
NMR tube was charged with a solution of compound 4 (15.3
mg, 0.030 mmol) in D,O (0.5 mL). Addition of variable
amounts of solid CAN allowed the identification of the fol-
lowing species: NMR data for [IrD(cod){(MeIm),CHCOO}]" (d-
9). '"H NMR (298 K, 300 MHz, D,0): § 7.57 (d, Ji_iz = 1.8, 2H,
CH), 7.17 (d, Ju-u = 1.8, 2H, CH), 6.75 (s, 1H, CHCOO), 6.02
(m, 2H, =CH cod), 4.81 (m, 2H, =CH cod), 3.80 (s, 6H,
NCH;,), 2.75 (m, 4H, >CH, cod), 2.55 (m, 2H, >CH, cod),
2.38 (m, 2H, >CH, cod).

NMR data for [Ir(D,0)(cod){(MeIm),CHCOO}]** (d,-10). 'H
NMR (298 K, 300 MHz, D,0): 6 7.66 (d, Ji_i = 1.7, 2H, CH),
7.26 (d, Jy_n = 1.7, 2H, CH), 6.91 (s, 1H, CHCOO), 6.84 (m,
2H, =CH cod), 5.89 (m, 2H, =CH cod), 4.00 (s, 6H, NCH;),
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3.03 (m, 2H, >CH, cod), 2.56 (m, 2H, >CH, cod), 2.43 (m,
4H, >CH, cod).

Synthesis of [Ir(OH)(cod){(MeIm),CHCOO}][I0;] (8). Solid
NalO, (20.53 mg, 0.096 mmol) was added to a red solution of
4 (50.0 mg, 0.096 mmol) in H,O (1 mL) and stirred for 15 mi-
nutes to give a light green solution. The solvent was evapo-
rated almost dryness to give a white suspension. The precipi-
tation was completed by addition of methanol (1 mL). The
white precipitate was washed with methanol and dried under
vacuum. Yield: 43 mg, 63%. 'H NMR (298 K, 300 MHz, D,0):
8 7.63 (d, i = 1.9, 2H, CH), 7.25 (d, Juz = 1.9, 2H, CH),
6.84 (s, 1H, CHCOO), 6.63 (m, 2H, =CH cod), 5.96 (m, 2H,
=CH cod), 4.02 (s, 6H, NCH;), 2.74 (m, 2H, >CH, cod), 2.58
(m, 2H, >CH, cod), 2.44 (m, 4H, >CH, cod) (OH not ob-
served due to H/D exchange). *C{'"H} NMR (298 K, 75 MHz,
D,0): d 168.09 (COO), 138.31 (Cncn), 125.86, 121.59 (CH),
115.88, 114.85 (=CH cod), 72.60 (CHCOO), 36.87 (NCHj,),
28.52, 28.40 (>CH, cod). MS (HRESI', CH;CN/H,0, m/z, %):
537.1491 ([M]", 100), 515.1382 ([M-OH-H]’, 67). IR (ATR,

m™*): 3391 (OH), 1633 (CO0), 787, 767, 724 (103").

Synthesis of [Ir(H,0)(cod){(MeIm),CHCOO}[X, (X = IO/
NO;) (10). HNO; (19.4 pL, p = 1.395 g mL?, 0.028 mmol), was
slowly added to a suspension of 8 (20.0 mg, 0.028 mmol) in
H,O0 (1 mL) and left stirring for 5 minutes. The solution was
carried to dryness to give a white solid which was washed
with methanol (2 x 0.5 mL) and dried under vacuum. Yield:
10 mg, 45%. "H NMR (298 K, 300 MHz, D,0): § 7.66 (d, Ji-n
= 2.1, 2H, CH), 7.29 (d, Jy_u = 2.1, 2H, CH), 6.94 (s, 1H,
CHCOO), 6.89 (m, 2H, =CH cod), 6.23 (m, 2H, =CH cod),
3.89 (s, 6H, NCH;), 2.91 (m, 2H, >CH, cod), 2.50 (m, 2H,
>CH, cod), 2.41 (m, 4H, >CH, cod). (HRESI', H,0, m/z, %):
599.0501 ([M + NOs], 57), 537.1477 (M - H]", 89), 519.1379
(IM-H;0]", 79).

General procedure for catalytic water oxidation

The reactions were performed on a Man on the Moon series
X102 kit micro-reactor’ with a total volume of 14.2 mL
placed in a thermostatic water bath at 298 K. The reaction
vessel is connected to a switchable 3-way valve via a Thorion
screw through polyamide tubing. The valve can be switched
between two positions, one of them connecting the reactor
vessel to the exterior so that it can be used like a conven-
tional Schlenk flask. The other position connects the flask to
the pressure transducer which allows for the measurement of
0,(g) evolution. A 2 mL water-solution of the sacrificial oxi-
dant CAN (0.354 M, pH = 1) or NalO, (0.193 M, pH = 6-7)
was placed in the glass reactor under argon atmosphere. The
reactor was closed, thermally equilibrated at 298 K and then,
the pressure measurement started. Once the pressure was
stabilized, 0.5 mL water-solution of the catalyst was injected.
Oxygen evolution was measured until constant pressure and
the amount of O,(g) (mmol) produced was calculated by
using the ideal gas law. Each value is averaged out form three
measurements with reproducibility better than +1%.
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Multi-step water oxidation reactions were performed by se-
quential addition of 2 mL of a solution of CAN (0.354 M, pH
= 1). The first measurement was performed following the ex-
perimental procedure described above using a [CAN]/[Ir] ratio
of 700. Once stable pressure of O,(g) was achieved, the pres-
sure inside the micro-reactor was released and another 2 mL
of CAN (0.354 M) were added over the remaining dark purple
solution. The measurement starts as prompt as the fresh
CAN solution is injected and continues until constant pres-
sure. The space inside the micro-reactor (14.2 mL) and the to-
tal volume of solution placed inside limited the number of
additions to a maximum of three.

3. Results and discussion

The potential as catalysts for water oxidation of selected
water-soluble iridium, rhodium and ruthenium zwitterionic
complexes: [Cp*IrCK{(MeIm),CHCOO}] (1), [Cp*RhCI{(MeIm),-
CHCOOY}] (2) and [(p-cymene)RuCK{(MeIm),CHCOOY}] (5), was
screened in preliminary tests. A few milligrams of each zwit-
terionic complex was added into a vial and dissolved in 3 mL
of degassed Milli-Q water. Subsequent addition of a large ex-
cess of solid CAN or NalO, resulted in the vigorous formation
of bubbles due to oxygen evolution for the iridium precursor
1. However, no reaction was observed for the rhodium pre-
cursor 2, and just a few oxygen bubbles were observed for the
ruthenium precursor 5. The colour of the solution after oxy-
gen evolution remains purple and fades after 30 min when
using CAN as chemical oxidant. However, a colour change
from deep green to blue was observed with NalO, (see ESIY).
These qualitative tests prompted us to study the catalytic ac-
tivity not only of [Cp*IrCK(MeIm),CHCOO}] (1) but also of the
related zwitterionic iridium(i) complex [Ir(cod){(MeIm),-
CHCOOY}] (4) featuring a 1,5-cyclooctadiene ligand (Chart 1).

Catalytic activity of Ir(bis-NHC) complexes for water
oxidation driven by CAN and NalO,

Water oxidation catalytic reactions were performed under ar-
gon atmosphere on a micro-reactor equipped with a pressure
transducer that allows the measurement of O,(g) evolution.
The catalytic tests were performed in acidic-buffered degassed
water (0.1 M HNO;, pH = 1) using a fixed amount of CAN
(0.283 M) varying the concentration of catalyst precursors 1 or
4 in a range from 80 to 2820 puM. Table 1 summarizes the

ﬁiggy
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Chart 1 Selected iridium, rhodium and ruthenium zwitterionic
complexes as catalyst precursors for water oxidation.
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Table 1 Influence of the [CAN]/[Ir] ratio in CAN-driven water oxidation
catalyzed by 1 and 4“

cat. [Ir]? [Ce™)[u] mmolO, TON TOFsS Yield (%)
1 2.82 100 0.132 19 380 74
1 2.34 120 0.136 23 380 77
1 1.41 200 0.150 42 600 85
1 0.94 300 0.157 67 630 89
1 0.47 600 0.166 142 850 94
1 0.40 700 0.172 178 950 97
1 0.35 800 0.174 199 840 99
1 0.23 1200 0.177 308 1080 >99
1 0.19 1500 0.177 375 1000 >99
1 0.15 1900 0.177 471 1040 >99
1 0.08 3700 0.175 891 1300 99
4 2.82 100 0.146 21 250 82
4 0.40 700 0.174 174 730 98
4 0.19 1500 0.170 357 900 96
“ Catalysts: [Cp*IrCK(MeIm),CHCOO}] (1) and

[Ir(cod){(MeIm),CHCOO}] (4). Reactions were carried out in 2.5 mL of
acid-buffered degassed water (0.1 M HNO;, pH = 1) in a thermostatic
bath at 300 K at indicated [CAN]/[Ir] ratios, [CAN], = 0.283 M.  [1r]
mM. ¢ Turnover frequency (h™) calculated at reaction time when the
number of mmol of produced O,(g) reached half of the theoretically
calculated.

CAN-driven water oxidation catalytic experiments including
the number of mmol of produced O,(g), TON number
expressed as mmol of O,(g) per mmol of catalyst, and TOFs,.
The maximum amount of produced O,(g) under these experi-
mental conditions is 0.177 mmol. Remarkably, an increase of
the reaction yield was observed by reducing the catalyst con-
centration. Although roughly a 75% yield was achieved with a
[CAN]/[Ir] ratio of 100 for catalyst 1 (entry 1), almost full con-
version was attained when using ratios higher than 700 at lon-
ger reaction times (entries 6 to 11). The increase of the cata-
lyst concentration resulted in faster reactions although the
oxygen evolution stops before reaching the maximum conver-
sion (entries 1 to 5) as was evidenced by the plateau in the
0,(g) evolution plot (Fig. 1).>* However, these solutions
showed catalytic activity after successive CAN additions once
oxygen evolution stops which points to a likely Ir/Ce dinuclear
resting state of the catalyst that becomes activated upon addi-
tion of an excess of CAN.?”?* An induction period of 0.3-2.0
minutes was found before the O,(g) formation initiates which
might be associated to the generation of active high-valent
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Fig. 1 Plot of mmol of Oy(g) vs. time at various concentrations of
complex [Cp*IrCl{(Melm),CHCOO}] (1) with enlarged plots of the
boxed region showing the oxygen evolution at short reaction times.
The produced oxygen in all the catalytic tests is consistent with the
stoichiometric limit of added CAN (horizontal line).

iridium species (Fig. 1, bottom). In line with these results, in-
creasing the concentration of catalyst precursor 4 resulted in
faster O,(g) evolution but the maximum yield (0.177 mmol)
was not reached either. Similarly, full conversion was attained
at higher [CAN]/[Ir] ratios although longer reaction times were
required (entries 12-14, Table 1). The observed lag phases for
4 are roughly one minute longer than those observed for 1 at
the same [CAN]/[Ir] ratio (see ESIY).

The catalytic activity of both iridium precursors was also
studied using NalO, as sacrificial oxidant. The reactions were
carried out in degassed Milli-Q water using a fixed amount of
NalO, (0.154 M) in a range of catalyst concentrations from
150 to 1540 uM. Under these reaction conditions the pH of
the solution is approximately 7.0 and it does not change ap-
preciably over the course of the reaction. The performed
NalO,-driven water oxidation catalytic experiments are sum-
marized in Table 2.

Table 2 Influence of the [NalO,4]/[Ir] ratio in NalO4-driven catalytic water oxidation by complexes 1 and 4“

Entry Cat. [ir]? [Na1O,]/[1r] mmol O, TON TOFs5,° Yield (%)
1 1 1.54 100 0.178 46 160 92

2 1 0.51 300 0.158 124 120 82

3 1 0.15 1000 0.167 445 284 86

4 4 1.54 100 0.178 46 120 92

5 4 0.51 300 0.159 125 105 82

6 4 0.15 1000 0.163 435 285 84

“ Catalysts: [Cp*IrC{(MeIm),CHCOO}] (1) and [Ir(cod){(MeIm),CHCOOY}] (4). Reactions were carried out in 2.5 mL of degassed water (pH = 7) in
a thermostatic bath at 300 K at indicated [NaIO,)/[Ir] ratios, [NaIO,], = 0.154 M. ? [Ir] mM. ¢ Turnover frequency (h™") calculated at reaction
time when the number of mmol of produced O,(g) reached half of the theoretically calculated.
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Fig. 2 Selected Cp*Ir(bis-NHC) compounds as catalyst for water
oxidation.

Inspection of the O,(g) vs. time plots showed induction pe-
riods of 2-3 min for 1 and 3-4 min for 4 (see ESIt). Although
high yields were achieved regardless of the catalyst concen-
tration, the amount of O,(g) produced in all cases was below
the theoretical maximum yield (0.192 mmol). From these re-
sults, it becomes evident that the generation of the catalytic
active species is faster when CAN is used as sacrificial oxi-
dant.>® The O,(g) evolution is also faster with CAN, as
evidenced by the attained TOF;, values at similar catalyst
concentration.

In order to explore the influence of the alkyl-wingtip and
the carboxylate functional group at the bis-NHC ligand on
the catalyst performance in water oxidation, the catalytic ac-
tivity of complexes [Cp*IrCl{(MeIm),CHCOOMe}|OTf (3), [Cp*
IrCH{(n-Bulm),CHCOO}] (6) and [Cp*IrI{(MeIlm),CH,}]PFs (7)
has been evaluated (Fig. 2).

As can be seen in Table 3, the three selected catalysts were
found to be less active than 1 at a [NalO,]/[Ir] ratio of 100 (en-
tries 1-4). In terms of the amount of produced O,(g), the cat-
alytic performance of 6, featuring n-butyl wingtips, is very
similar to 1 with a 93% yield, which is in agreement with
their closely related structure. However, lower yields were
attained with catalysts 3 (featuring a methoxycarbonyl func-
tional group) and 7 (lacking a carboxylate group), 83 and
73%, respectively, which points to a positive effect of the car-
boxylate functionality in the stabilization of the active spe-
cies. Similar results have been obtained using CAN as sacrifi-
cial oxidant at a [CAN]/[Ir] ratio of 100 (entries 5-8) with 1 as
the most active catalyst with a TOFs, of 385 h™'. Macchioni
et al. described the positive influence of a long alkyl chain
wingtip (methyl vs. n-octyl) in the ancillary NHC ligand of
Cp*Ir(NHC)-based catalysts in water oxidation driven by
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CAN.* The presence of n-butyl substituents in 6 does not im-
prove the catalytic activity and the observed TOFs, values
were significantly lower than those attained with catalyst 1
also using a high [CAN]/[Ir] ratio of 1200 (entries 9 and 10).

As can be inferred for the activity data, catalyst precursor
1 is slightly more active than 4, both showing an average ac-
tivity in the range of many of the iridium complexes so far
reported. Their activity is comparable to those shown by the
pyridine-dicarboxylate complex, [IrCp*CH2,6-Py(COO)-
(COOH)}],® and the solvato complex [Cp*Ir(H,0);](NO;),,>"
with TOFs, values of 1380 h™* and 1260 h*, respectively; and
is superior to that of [Cp*Ir(H,0)(5,5-Me-bipy)]" with 576
h™.2% In addition, both complexes are more active than re-
lated bis-NHC [Cp*IrCl{(MeIm),CH,}]PFs>*° and [Cp*
IrCl{(Melm),(CH,),}|JPFs*° complexes, with TOF;, of 432 h™
and 720 h™', respectively, and the Cp*Ir-mesoionic
triazolylidene-pyridine with 960 h™.?> On the other hand, the
activities of our complexes are far away from that shown by
[IrCp*(H,0)(3,3"-OH-bipy)]" or [IrCp*(H,O)(3,3"-OH-bipym)]’,
with outstanding TOFs, numbers of 13500 h™* and 18720
h™, respectively.*"

Kinetic studies

With the aim of shed some light on the operating mecha-
nism in our catalytic systems, we have carried out kinetic in-
vestigations on the CAN- and NalO,-driven water oxidation
catalyzed by 1 and 4. Regardless of the catalyst concentration,
the highest rate of O,(g) evolution was observed at roughly
20% conversion of the sacrificial oxidant with [CAN], = 0.283
M and [NalO,4], = 0.154 M. Thus, the reaction times required
to reach 20% conversion were extracted from the O,(g) evolu-
tion vs. time plots and used to determine the maximum oxy-
gen evolution rate (umol min™") for each catalyst concentra-
tion. The maximum rate of oxygen evolution vs. catalyst
concentration plot for the catalytic system 1/CAN is shown in
Fig. 3a. The plot shows a linear relationship although a sig-
nificant departure from linearity was observed at high cata-
lyst concentrations. This linear relationship has been previ-
ously observed for related iridium-based WOCs using CAN as
sacrificial oxidant.>*** The slope of the plots for 1 and 4 with

Table 3 Water oxidation by Cp*Ir(bis-NHC) complexes driven by NalO, or CAN as sacrificial oxidants®

Entry Cat. [i]? Oxid. [oxid]/[Ir] mmol O, TON TOFs5,° Yield (%)
1 1 1.54 NalO,4 100 0.178 46 170 92
2 3 1.54 NalO,4 100 0.160 42 115 83
3 6 1.54 NalO,4 100 0.179 46 110 93
4 7 1.54 NalO, 100 0.140 36 140 73
5 1 2.82 CAN 100 0.132 19 385 74
6 3 2.82 CAN 100 0.149 21 265 84
7 6 2.82 CAN 100 0.114 20 85 64
8 7 2.82 CAN 100 0.143 20 175 81
9 1 0.23 CAN 1200° 0.177 308 1080 >99
10 6 0.23 CAN 1200° 0.153 266 425 86

“ Reactions were carried out in 2.5 mL degassed water (pH = 7.0) at 300 K, [NaIO,], = 0.154 M (pH = 7.0) or [CAN], = 0.282 M (0.1 M HNO;, pH
=1). ’ [Ir] mM. ¢ Turnover frequency (h™) calculated at reaction time of 50% of theoretically calculated O,(g).
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Fig. 3 a) Plot of maximum rate of O,(g) evolution determined at 20%
conversion of CAN vs. concentration of catalyst [Cp*
IrCl{(Melm),CHCOO}] (1). b) Log(rate)-log[l] plot and the
corresponding linear fit.

both sacrificial oxidants evidences the faster rate of oxygen
evolution for CAN with both catalyst precursors. Further-
more, oxygen-evolution rate is also faster for catalyst 1 with
both sacrificial oxidants (see ESIT). The activity values for the
catalytic systems 1/CAN and 4/CAN (2.82-0.19 mM) are in the
range of 8-19 and 2-9 TON min ", respectively.

The log-log plot of the maximum oxygen evolving rate
against catalyst concentration provides information about the
reaction order in catalyst.>®> Water oxidation performed with
catalyst 1 driven by NalO, seems to proceed via apparent
first-order kinetics (reaction order of 1.1) whilst complex 4 ex-
hibits a reaction order of 0.7 under the same reaction condi-
tions.**> A broken order was also observed for water oxidation
processes driven by CAN, 0.7 for complex 1 (Fig. 3b) and 0.5
for complex 4 (see ESIT). Studies with several iridium-based
catalysts also reported a fractional order dependence on the
catalyst, which evidences the complexity of water oxidation

reactions from the kinetic and
23,27,32,34

mechanism
viewpoint.

The interpretation of the kinetic data with NalO, as oxi-
dant entails extra difficulties since oxygen evolution could
also result from decomposition of 10,  rather than water oxi-
dation by the iridium catalyst.'"¥ Therefore, the effect of the
sacrificial oxidant concentration on water oxidation catalysis
has been studied with CAN. The kinetics of CAN-driven water
oxidation by catalyst 1 was studied by varying the CAN con-
centration from 46 to 503 mM at a fixed catalyst concentra-
tion of 182 uM. The highest rate of oxygen evolution, deter-
mined at 20% of CAN conversion, was observed at 92 mM of
CAN with a value of 7.32 umol min™" (Fig. 4). A gradual de-
crease was observed at higher CAN concentrations, reaching
a value as low as 4.18 pmol min™" for a CAN concentration of

This journal is © The Royal Society of Chemistry 2019
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Fig. 4 Variation of the maximum rate of O,(g) evolution rate
(determined at 20% conversion of CAN) versus concentration of CAN
at a fixed 182 uM concentration of catalyst precursor [Cp*
IrCl{(Melm),CHCOO}] (1).

503 mM. It seems that the initial linear increase of the rate
of maximum oxygen evolution was attributed to a first order
dependence on CAN, and the decay of the rate of maximum
oxygen evolution at high CAN concentrations has been attrib-
uted to an increase of the ionic strength of the catalytic solu-
tion or aggregation of cerium(iv) into dimeric species.*

In order to test whether the purple solutions obtained af-
ter CAN-driven water oxidation catalysis have the potential to
restart its catalytic activity, O,(g) evolution was monitored
during the step-wise addition of aqueous CAN solution (pH =
1.0) to a water solution of catalyst 1. Fig. 5 shows the plot of
0,(g) evolution vs. time for three consecutive additions. Al-
most full conversion, consistent with the stoichiometry limit
of added CAN, was attained after the first and second addi-
tions. However, TOF5, in the second addition (348 min™) is
significantly lower than that attained in the first measure-
ment (726 min~'). However, the largest difference was ob-
served in the third addition of sacrificial oxidant, which
afforded a lower conversion value (76%) in comparison with
the 98% conversion achieved in the first and second addi-
tions (see ESIf). The decrease of TOFs, values along the step-
wise additions indicates partial loss of the catalytic activity
that can be attributed to catalyst deactivation along time.**”
It should be noted that only the first test showed an induc-
tion period of roughly 1 minute. The absence of a lag phase
upon re-oxidation processes suggests that the pre-catalyst is

0.0 T T T T
0 50 100 150 200
time (min)

Fig. 5 Multi-step CAN-driven water oxidation catalysis by [Cp*
IrCl{(Melm),CHCOO}] (1). Oxygen production following the step-wise
addition of 0.70 mmol of Ce(iv) to an initial 0.43 mM solution of 1 (2.5
mL, pH = 1.0) at 300 K.
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Fig. 6 Time evolution of the UV/vis spectra of solutions of catalyst precursors 1 (0.25 mM) and 4 (0.15 mM) after addition of CAN.

fully transformed into the active species after the first cata-
Iytic run.

Water oxidation catalysis: UV-vis studies

Time-course UV-vis spectroscopic studies under catalytic con-
ditions were conducted with the aim to identify the nature of
the water oxidation catalytic active species. Variable amounts
of solid CAN were added to a solution of complex 1 (0.25
mM) in acidic water (0.1 M HNO;, pH = 1) with [CAN]/[Ir] ra-
tios in the range from 20-500. The addition of the sacrificial
oxidant immediately led to an increase in the baseline spec-
tra due to the formation of O,(g) bubbles. Regardless of the
amount of added CAN, an absorption band at 1 = 550 nm
appeared at short reaction times reaching a maximum of
intensity after 13 min. From that point, the intensity of this
absorption band decreased while a new band appeared at 1 =
630 nm as a broad shoulder (Fig. 6). Grotjahn et al. ascribed
a band at 550 nm to the possible formation of IrO, nano-
particles, which show an absorption band within this spectral
region.**” However, an absorption band at 2 ~ 580 nm was
also attributed by Crabtree et al to d-d transitions of
octahedral iridium(v) intermediates.*® In fact, based on
Crabtree's proposal, many authors have attributed this ab-
sorption band to the presence of iridium(iv) species rather
than the formation of nanoparticles.'*“*>3”

[CpHIrCH(Melm),CHCOO}] (1), [NalO)/[ir] = 100

Absorbance

04 v
‘-I -=-- without NalOg4
\ — 0 min
0 037 — 4 min
§ — 10 min
£ 0.2 — 20 min
-g ~—— 40 min
< - 60 min
0.1 — 80 min
= 90 min
0.0

I T T v T 1
400 500 600 700 800

Wavelength (nm)

300

The recorded UV/vis spectra after the addition of CAN to a
buffered water solution (0.1 M HNOj3, pH = 1) of catalyst pre-
cursor 4 (0.15 mM) with a [CAN]/[Ir] ratio of 500 are also
shown in Fig. 6. Remarkably, under catalytic conditions both
catalytic systems 1/CAN and 4/CAN exhibit similar absorption
bands in the UV/vis spectra (1 = 550 and 630 nm).

The catalytic systems 1/NalO, and 4/NalO, were also inves-
tigated by UV/vis spectroscopy. The recorded spectra after the
addition of solid NalO, to degassed aqueous solution of 1 or
4 (0.25 and 0.15 mM, respectively) with [NalO,]/[Ir] ratios in
the range of 20-500 closely resemble each other. Fig. 7 shows
the time evolution of the UV/vis spectra using a [NalO,]/[Ir]
ratio of 100. An absorption band at 4 = 585 nm, reaching a
maximum after 90 minutes, was observed for the catalytic
system 1/NalO,. In the case of the catalytic system 4/NalO, a
weak absorption band appeared at A = 595 nm together with
a broad shoulder at 1 = 420 nm. However, a new band at 1 =
585 nm emerged after 10 minutes reaching a maximum ab-
sorbance after 60 minutes, which remains after 120
minutes.*”*

The similarity of the UV/vis spectra for the catalytic sys-
tems based on both catalyst precursors (1 and 4) with the
same sacrificial oxidant (CAN or NalO,) points to the partici-
pation of the same species in both catalytic systems. Further-
more, the active species participating in the periodate- and
CAN-based catalytic systems should be closely related but

[Ir{codK(Melm),CHCOO}] (4), [NalO4)/[ir] = 100

-=-- without NalO4
==+ 0min

S min
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Fig. 7 Time evolution of the UV/vis spectra of solutions of catalyst precursors 1 (0.25 mM) and 4 (0.15 mM) after addition of NalOj,.
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different. In fact, time-course experiments revealed similar
oxygen evolution profiles for both catalyst precursors. The
overlay of the O,(g) evolution vs. time plots at the same con-
centration for both catalyst precursors showed comparable
profiles for both sacrificial oxidants although a markedly
shifted profile for catalyst precursor 4 using CAN as sacrifi-
cial oxidant at low catalyst concentrations (0.19 mM) is ob-
served (Fig. 8). This shift is, in part, a consequence of the dif-
ferent lag phase although a lower catalytic activity for 4
under these conditions is also evident from the slope of both
graphics at short reaction times.

These results together with the lag phase observed at the
beginning of the catalytic reactions suggest that the Cp* and
cod ligands might be degraded in route to the generation of
the active species, similarly to the observed by Crabtree et al.
in related Cp*Ir'™ and Ir'(cod) complexes featuring
2-(2-pyridyl)-2-propanolate ligands.>”*

In fact, the GC-MS spectra of the gas phase in the micro-
reactor headspace after water oxidation catalysis by the sys-
tems 1/CAN and 4/CAN showed the presence of a small peak
at m/z 44 corresponding to CO, traces which was attributed
to the degradation of the hydrocarbon ligands (see ESI}).
However, the degradation of the functionalized bis-NHC li-
gand followed by formation of IrO, (iridium oxide) nano-
particles cannot be excluded.?””

Dynamic light scattering studies

In order to investigate the possible formation of nano-
particles along water oxidation catalysis, dynamic light scat-
tering (DLS) experiments were performed at different oxi-
dant/catalyst ratios.'*>***’¢ Interestingly, no nanoparticles
were detected in solutions from the reaction of 1 and 4 nei-
ther using CAN nor NalO, at [oxidant]/[Ir] ratios of 100, 650
and 1200 after standing for prolonged times. These results
indicate that if nanoparticles are formed, the concentration
must be below the detection limit of the technique (0.1 ppm)
and the sizes must be smaller than 1 nm (see ESI{). In con-
trast, when IrCl; was employed as water oxidation catalyst
using CAN and NalO, as sacrificial oxidants, with a [oxidant]/
[Ir] ratio of 100, DLS analysis of the dark brown and dark
green solutions obtained after 30 minutes revealed the exis-
tence of nanoparticles of 400 and 99 nm sizes, respectively
(see ESIY). Literature reports on iridium nanoparticles and

CAN NalO,

T} 1samm
-1
= losimm

- } 0.15mM
.

T T T T T
0 10 20 30 40 50 0 50 100
time (min) time (min)

Fig. 8 Plots of O,(g) evolution vs. time at various concentrations of
complexes 1 and 4 using: a) CAN (0.283 M) and b) NalO4 (0.154 M) as
sacrificial oxidant.
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nanoclusters are generally characterized by their persistence
along time, as it has been found in the case of IrCl;, which is
in agreement with formation of IrO, particles. These results
suggest that water oxidation by catalyst precursors 1 and 4
proceeds in homogeneous phase.®”

NMR studies

The oxidation of complexes 1 and 4 was also investigated by
'"H NMR spectroscopy with the aim of identifying possible
species generated in the pre-catalysts activation step. The
NMR experiments were conducted in ca. 60 mM catalyst solu-
tions in D,O (pH = 7) at room temperature. The consecutive
addition of increasing amounts of sacrificial oxidant, CAN or
NalO,, led to evolution of O,(g) bubbles that made difficult
to homogenize the magnetic field. Nevertheless, '"H NMR
spectra were recorded under these conditions to identify pos-
sible species derived from the oxidative transformation of the
catalyst precursors. PRESAT experiments were carried out in
some cases in order to minimize the residual solvent signal.

The "H NMR spectrum of [Cp*IrCl{(MeIm),CHCOO}] (1) in
D,O showed the expected set of resonances for the function-
alized bis-NHC ligand at § 7.44, 7.38 (=CH) and 5.94 (CH)
ppm. The addition of 2 equiv. of CAN to a yellow solution of
1 produced a darkening of the solution and the incipient ap-
pearance of two singlets at 6 8.26 and 2.11 ppm which corre-
spond to formic acid*® and acetic acid,?”>*"* respectively. In-
creasing the amount of added CAN to 15 equiv. resulted in a
dark blue solution with oxygen evolution whose 'H NMR
spectrum evidenced a decrease of the amount 1, an increase
of intensity of the formic and acetic acid resonances, and the
appearance of a 1:1:1 signal at J 6.68 ppm with a coupling
constant Jy n = 52.4 Hz corresponding to the NH," coming
from CAN (see ESIf). Similarly, the "H NMR spectrum of the
dark green solution obtained after addition of 10 equiv. of
NalO, also showed the presence of formic acid and acetic
acid. The intensity of both resonances increased upon addi-
tion of NalO, with concomitant decrease of those of 1 (see
ESIY).

The 'H NMR spectrum of a dark red solution of
[Ir(cod){(MeIm),CHCOO}] (4) in D,O (pH = 7) prior the addi-
tion of NalO, showed the expected pattern of resonances at ¢
7.43, 7.17, 6.44 (bis-NHC), and 4.83, 4.45 (=CH, cod) ppm
(red circles, Fig. 9a). The addition of 2 equiv. of NalO, pro-
duced an instantaneous colour change to green although not
0,(g) bubbles were observed. However, the addition of 2
more equiv. afforded a deep green solution along with O,(g)
evolution which turned into dark blue after addition of 10
equiv. of NalO,. The "H NMR of these solutions showed the
clean formation of a new species featuring three resonances
for the functionalized bis-NHC ligand at ¢ 7.67, 7.28 and 6.88
ppm, and two resonances for the =—CH olefin protons of the
cod ligand at § 6.64 and 5.96 ppm (green circles), both largely
downfield shifted compared to those of 4. In particular, the
shift of CHCOO resonance up to J 6.88 ppm is a diagnostic
for the «*C,C,0 coordination of the carboxylate-
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Fig. 9 Evolution of the *H NMR spectra (D,O, pH = 7, 298 K) of a solution of [Ir(cod){(MelM),CHCOO}] (4) (60 mM) after consecutive additions of:

a) solid NalO,4, and b) solid CAN (* 1,5-cyclooctadiene).

functionalized bis-NHC ligand.'® The observed chemical
shifts compares well with those of the cation [IrCl(cod)i>-
C,C",0-{(MeIm),CHCOO}]" which binds an electronegative li-
gand trans to the carboxylate moiety. Thus, the spectroscopic
data are compatible with the formation of an Ir(m) octahedral
species [IrX(cod){(MeIm),CHCOO}]*" with a O-donor ligand
trans to the carboxylate fragment. This species has been pre-
pared by reaction of 4 with one equiv. of NalO, in water and
characterized as the hydroxo complex [Ir(OH)(cod){(MeIm),-
CHCOO}|[1I0;] (8). Compound 8 has been isolated as a spar-
ingly soluble white solid in 63% yield and characterized by
'H NMR and HRESI-MS (see Experimental section and ESIt).
The stability of this species under the reaction conditions is
remarkable. The addition of an overall of 20 equiv. resulted
in the formation of only trace amounts of formic acid (6 8.45
ppm) and free 1,5-cyclooctadiene (6 5.50 and 2.30 ppm) after
60 min. However, an increase in the amount of formic acid
with concomitant decrease of that of 8 was observed after the
addition of more NalO, which indicates the steady transfor-
mation of 8 into the catalytic active species.

This spectroscopic study was also extended to the catalytic
system 4/CAN (Fig. 9b). The addition of 2 equiv. of CAN to an
aqueous dark red solution of 4 in D,O (pH = 7) resulted in a
colour change to yellow along with O,(g) evolution. The 'H
NMR spectrum of this solution showed the presence of a sin-
gle species featuring three resonances at ¢ 7.54, 7.14 and 6.72
ppm for the bis-NHC ligand and two resonances for the
=CH protons of the cod ligand at J 6.01 and 4.76 ppm (yel-
low circles). The addition of 2 more equiv. of CAN afforded a
green solution as a consequence of the formation of a new
species exhibiting the characteristic resonances for the bis-
NHC (6 7.73, 7.37 and 7.01 ppm) and cod (6 6.97 and 6.31
ppm) ligands (green circles). A «*-C,C',0 coordination of the
carboxylate-functionalized bis-NHC ligand is inferred for both
species owing to the remarkable downfield shifted CHCOO

1446 | Catal Sci. Technol, 2019, 9, 1437-1450

resonance compared to 4. The yellow species is progressively
transformed into the green one upon addition of CAN, which
is the only observed species after addition of 16 equiv. of
CAN. Subsequent addition of CAN resulted in a colour
change to purple, through dark green, with steady O,(g) evo-
lution. After addition of 24 equiv. of CAN, the species labelled
in green is still observed although masked by the characteris-
tic 1:1:1 resonance at ¢ 6.86 ppm with (Jy_x = 52.1 Hz) cor-
responding to the NH," coming from CAN. The 'H NMR
spectra also revealed the presence of formic acid (J 8.00
ppm).

The species denoted with yellow circles has been identi-
fied as the deuterido [IrD(cod){(MeIm),CHCOO}]" (d-9) com-
plex by comparison with the "H NMR of a sample obtained
by protonation of 4 with triflic acid in D,0."” Thus, the acid
media provided by the hydrolysis of Ce*" in D,O is responsi-
ble for the protonation of 4. Although the chemical shifts of
the resonances for the species labelled in green are not
strictly comparable with those of 8 the spectroscopic data
also point to a species also having an O-donor ligand trans to
the carboxylate moiety. We hypothesize that the first oxida-
tion product resulting from the oxidation of 4 is strongly de-
pendent of the pH of the reaction media. Thus, the formation
of the hydroxo-Ir(m) species [Ir(OD)(cod){(MeIm),CHCOO}]*
(8) results from the oxidation of 4 in neutral medium (I0,),
whereas the aqua-Ir(m) species [Ir(D,O)(cod){(MeIm),-
CHCOO}*" (10) might be formed in acidic medium (CAN)
(Fig. 10). This species has independently prepared by proton-
ation of 8 in water (HNO;3) and isolated in low yield as
colourless solid which has been characterized by 'H NMR
and HRESI-MS (see Experimental section and ESIf).

The reactivity of 4 with CAN has been also studied at pH =
1 (D,0, HNO; 0.1 M) affording similar results. As expected,
compound 4 is completely protonated at pH = 1 to afford the
hydrido species 9. However, the step-wise addition of solid

This journal is © The Royal Society of Chemistry 2019
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Fig. 10 Observed species (*H NMR, D,0) in the oxidation of 4 with
104 (a) and CAN (b) (the corresponding deuterated species are formed
under the reaction conditions).

CAN showed that the conversion 9 — 10 — active species, is
much faster under this conditions (see ESIf).

The transformation of the hydrido compound 9 into the
aquo species 10 should follow an oxidative pathway. Then,
two electron oxidation of 9 by two equiv. of CAN might afford
the intermediate iridium(v)-hydride species from which the
acidic hydride ligand is easily transferred to water to give 10
(Scheme 1). Although protonation of 9 with release of molec-
ular hydrogen and concomitant coordination of H,O could
be an alternative route for the formation 10, compound 9 re-
mains unchanged at pH 1 for four hours which rule out this
pathway.

Mass spectrometric studies

The ESI-MS spectra of aqueous solutions of [Cp*
IrCK(MeIm),CHCOO}] (1) and [(cod)Ir{(MeIm),CHCOO}] (4)
showed peaks at m/z 583.15 and 521.15, respectively, that cor-
respond to the protonated molecular ions [M + H]'. In addi-
tion, the ESI-MS spectrum of 1 showed two peaks at mj/z
547.17 and 503.18 for the ions [1-CI]" and [1-CI-CO,]", respec-
tively (see ESIT). The addition of CAN to ca. 1 x 10™° mM wa-
ter solutions (pH = 7) of the catalyst precursors resulted in
oxygen evolution and the immediate formation of new peaks
in the MS spectra. However, at low CAN/Ir ratios the molecu-
lar ions were still detected at least 24 h after CAN addition,
whereas at high CAN/Ir ratios poor MS spectra were obtained
due to the blinding of the detector both in ESI" and
MaldiToF modes.

The MS-ESI' spectrum of a water solution of 1 after the
addition of 50 equiv. of CAN, measured after 5 min when oxy-
gen is evolving from the sample, showed three main species
at m/z 597.11, 553.15 and 519.15, which showed the right iso-
topic pattern for the ions [1 + O]', [1-CO, + O] and [1-CO,-Cl
+ O + HJ" (Fig. 11a). These species were not observed in the
MS-ESI" spectrum recorded after 24 h that only showed the

O + 0 3+ o o
'Néj(l) E_I 2¢e" m@? E_I 2H0 m@? E—’
[N)\ ; [Il i Aﬁ [N)\k}\ﬁnl i ;i [N)\k?\ﬁ[l:‘l

2 e H30* 2
® 10

Scheme 1 Oxidative pathway for the transformation of the hydrido-
Ir(in) complex into the aquo-Ir(i) species.
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Fig. 11 Mass spectra of water solutions of 1 (pH = 7) treated with 50
equiv. of CAN recorded after 5 min: a) MS-ESI* spectrum, b) MS-
MaldiToF spectrum. The insets show the simulated isotopic patterns
for the identified peaks.

peak for [1 + H]". The MS-MaldiToF spectrum of after the ad-
dition of 50 equiv. of CAN showed two mains peaks at m/z
463.2 and 445.0 whose isotopic distribution agreed with that
of the ions [1-Cl-Cp* + OOH + H,0] and [1-CI-Cp* + OOH],
respectively (Fig. 11b).

The MS-ESI" spectrum of a water solution of the iridium(i)
complex 4 treated with 50 equiv. of CAN recorded after 10
min showed two main peaks at m/z 519.11 and 537.12, with
the right isotopic pattern for the ions [4 - H]" and [4 + H +
O]". After standing the solution for 24 h a similar MS-EST"
spectrum was observed. The MS-MaldiToF spectrum after 24
h showed two peaks at m/z 521.1 and 599.1, that correspond
to the protonated molecular ion [4 + H]" and the ion [4 + H +
O + NO;]" (see ESIf). Unfortunately, despite the efforts made
by using a range of CAN/Ir ratios, we have failed to detect any
cod-free bis-NHC/Ir species in this case.

The observation of hydroperoxo species derived from
[Ir{(MeIm),CHCOO}OOH)(H,0),]" in the MS spectra of the
catalytic system 1/CAN is a clue for the possible participation
of high-valent iridium intermediates stabilized by the
carboxylate-functionalized bis-NHC ligand. On the other
hand, although the oxidative degradation of Cp* and cod li-
gands could be anticipated in view of the spectroscopic evi-
dences, the nature of the oxygen-containing species observed
in the MS spectra cannot be determined reliably. In this re-
gard, Macchioni et al. have recently shown that the mecha-
nism for the degradation of the Cp* ancillary ligand in
iridium-based water oxidation catalysts consists on a
multistep oxidative process in which Cp*Ir'™-superoxo species
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play a key role.*®* However, the degradation pathways for the
cod ligand in Ir(cod)-based water oxidation catalysts are much
less understood.**

Electrochemical studies

The redox behaviour of complexes 1 and 4, without the chem-
ical complications caused by chemical oxidants (CAN or
NalO,) was investigated by cyclic voltammetry (CV) using 1
mM water solutions of the complexes. The cyclic
voltammogram profile for 1 shows a poor resolved anodic
peak at 1.70 V, a hardly visible wave at 0.91 V and an irrevers-
ible reduction peak at 0.27 V (Fig. 12a).

The CVs of water solutions of complex 1 (1.0 mM) at pH =
1.0 and 7.0 in the window 0.0 to 1.3 V are shown in Fig. 12b.
The observed current increase at potentials over 1.2 V is
assigned to the electrocatalytic water oxidation associated to
1 which is in accordance with the lower overpotentials re-
quired for electrochemically driven water oxidation.*' The an-
odic response at 0.91 V at pH 7 is hardly observed at pH 1
whereas the irreversible reduction peak is shifted to 0.40 V.
The oxidation peak at 0.91 V might be assigned to the Ir'"/
Ir"V redox couple. In fact, a linear relationship between the
peak current (I) for the redox couple and the square root of
the scan rate (v*/%) was observed for scan rates in the range
of 20-200 mV s~ what is consistent with a rate-limiting step
prior to electron transfer to the electrode.*” A linear correla-
tion has also been observed for the reduction peaks at 0.40 V
and 0.25 V at pH 1 and 7, respectively (see ESIT).

The CV for the iridium() compound 4 in water showed a
barely discernible irreversible oxidation peak at 0.54 V which
is associate to reduction peak at 0.16 V. This couple is accom-
panied with a quasi-reversible redox couple at ¢;/, = —0.44 V
(Fig. 13). The analysis of this wave with a narrow scan win-

a)
40-
“ /
g o-ﬁv .......
-20-
-40-
05 00 05 10 15 20
E (V) vs SCE
b) 800-
600- — pH=70
— pH=10
2 400-
= 200
0.
-200 : . r r r '
00 02 04 06 08 10 1.2
E (V) vs. SCE

Fig. 12 a) CV for 1 in water at pH = 7, b) pH-dependent CVs of com-
plex 1 in aqueous solution (scan rate 200 mV s™).
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Fig. 13 CV for compound 4 in water at pH 7. Inset: CVs of the quasi-
reversible wave centred at ¢, = -0.44 V at different scan rates.

dow and scan rates varying from 10 to 200 mV s ' roughly
fulfils the standard reversibility criteria. In particular, the ra-
tio of cathodic/anodic peak currents (I,./I,), that is expected
to be unity for an ideal reversible process, is found to be
1.04, and the current function I(v)*? (v = scan rate) is approxi-
mately constant. However, the peak separation (AEp) of 129
mV is slightly larger than the ideal value for a reversible wave
(59 mV). This electrochemical process is tentatively assigned
to the redox couple Ir'/Ir' whereas the irreversible wave might
correspond to the Ir'/Ir'" redox couple.*® Unfortunately, the
easy protonation of compound 4 in acidic medium prevents
to study the pH influence in the redox behaviour.

4. Conclusions

Zwitterionic water-soluble [Cp*Ir™Cl{(MeIm),CHCOO}] and
[IrI(cod {(MeIm),CHCOO}] complexes having a carboxylate
bridge-functionalized bis-NHC ligand have shown to be effec-
tive water oxidation catalysts using chemical oxidants such as
CAN or NalO,. Excellent yields and TOF5, numbers up to
1000 h™ have been achieved when using [CAN]/[Ir] ratios
higher than 700. Regardless of the oxidant employed, both
catalyst precursors provided similar oxygen evolution profiles
with short induction periods. This lag phase is slightly longer
for the catalyst precursor [Ir'(cod){(MeIm),CHCOOY}]. Changes
in the wingtips of the bis-NHC ligand or in the catalyst
framework did not improve the catalytic performance of the
zwitterionic complex [Cp*Ir™'Cl{(MeIm),CHCOOY}].

Kinetic, spectroscopic and DLS studies carried out with
both catalysts precursors suggest the participation of com-
mon homogeneous high-valent iridium intermediate species
in water oxidation catalysis. In particular, the resemblance of
the UV/vis spectra and the similarity of the oxygen evolution
profiles at moderate oxidant/catalyst ratios for both catalyst
precursors and the same chemical oxidant, point to the likely
degradation of the hydrocarbon ligands, Cp* and cod, in the
pre-catalyst activation step. NMR spectroscopic studies at low
oxidant/catalyst ratios have provided some hints on the pre-
catalyst activation processes. In the case of [Cp*
1'"'Cl{(MeIm),CHCOOY}] formic and acetic acids were immedi-
ately formed regardless of the sacrificial oxidant employed.

This journal is © The Royal Society of Chemistry 2019
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However, in the case of [Ir'(cod){(Melm),CHCOO}], three
different iridium(u) species stabilized by the tridentate coor-
dination of the functionalized bis-NHC ligand have been
identified, together with the formation of formic acid.

Taking all these results together, the molecular species re-
sponsible for water oxidation should be stabilized by the bis-
NHC ligand, although the presence of the carboxylate func-
tion under the reaction conditions could be a subject of de-
bate. Evidence for this hypothesis comes from the observa-
tion in the MS spectra of the reaction of 1 with CAN of
hydroperoxo species derived from [Ir{(MeIm),CHCOO}(OOH)-
(H,0),]". Based on these evidences, a mechanism involving
high-valent Ir'"/Ir'"/Ir" intermediate species stabilized by the
carboxylate functionalized bis-NHC ligand, similar to those
proposed by Crabtree'**? and Reek** for Cp*Ir™ catalysts,
could be operative.
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