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Chapter 6

A Novel Mesoionic Carbene Ligand to Generate
a Robust Iron Catalyst for Water Oxidation

A novel tetradendate ligand that contains a mesoionic carbene donor forms
an iron complex that displays greatly enhanced performance in water
oxidation catalysis compared to the parent ligand that has a pyridine donor
at that position. Turnover numbers up to 19000 and turnover frequencies
up to 800 min-1 are observed during water oxidation driven by Oxone as
chemical oxidant at pH 6. Kinetic studies reveal a first order rate
dependence in Oxone and in iron, indicating a rate determining oxidation
step. The catalyst also reveals activity during electrochemical experiments
with a 600 mV overpotential.

Joeri Hessels, Wowa Stroek, Steven E. Beutick, Eduard O. Boblylev, Biprajit Sarkar,
Jarl Ivar van der Vlugt, Remko J. Detz & Joost N. H. Reek, manuscript in preparation.
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6.0 Abstract
The development of novel first-row transition metal catalysts for the water
oxidation reaction could be beneficial for the production of renewable fuels
like H2 and methanol. In this work we report a novel tetradentate ligand,
which contains a mesoionic carbene donor moiety. The iron complex
generated from this new ligand is a water oxidation catalyst with greatly
enhanced performance compared to literature complexes. Turnover
numbers up to 19000 and turnover frequencies up to 800 min-1 are
observed during water oxidation driven by Oxone as chemical oxidant at pH
6. Kinetic studies reveal a first order rate dependence in Oxone and in iron,
indicating a rate limiting oxidation step. Initial electrochemical studies
demonstrate oxygen evolution at 0.6 V overpotential (1.5 V vs NHE). This
research shows the importance of exploring novel ligand structures to move
forward in the field of water oxidation catalysis based on abundant metals.
6.1 Introduction
To prevent further climate change it is evident that mankind has to transfer
to a society based on sustainable energy.1,2 Prominent emerging energy
technologies like photovoltaics or wind turbines can already generate large
quantities of electricity. The intermittent nature of renewable electricity
supply may require that at least part of this energy can be stored, ideally in
energy dense fuels.3-5 These renewable fuels can for instance be produced
by electrocatalytic reduction of protons or CO2 to arrive at hydrogen or
carbon-based fuels, respectively. For both routes electrons are provided
through oxidation of water. Therefore the development of robust, efficient,
and cheap water oxidation catalysts (WOCs) remains a topic of significant
research interest.6,7 Molecular WOCs are attractive in this respect, as they
are generally more active per metal site than their heterogeneous
counterparts and their structures are easier to modify.7-10 For instance,
molecular iridium and ruthenium catalysts are efficient with turnover
numbers (TONs) of more than a million and turnover frequencies (TOFs) of
more than 300 s-1.11-14 These metals are scarce and expensive, and therefore,
the development of WOCs based on earth abundant first-row transition
metals, like iron, would be ideal.6,15-17 Studies that reported iron-based
WOCs generally reveal TONs and TOFs that are orders of magnitude lower
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than for iridium and ruthenium.18 In 2011, Lloret-Fillol et al. published a
major contribution to the field of iron-based water oxidation.19 They
evaluated multiple non-heme iron catalysts of which the best catalyst
reached a TON of 1050 and a TOF of 3.7 min-1 (Figure 6.1). The authors also
postulated design rules for iron WOCs, for instance that complexes with two
cis-vacant sites are most active in water oxidation catalysis. In the work of
Detz et al. it is shown that catalytic activity is also dependent on the
substituents on the nitrogen atom donor groups (Me>Et>>H).20 Liu et al.
published a dimeric FeWOC based on a TPA framework, which appeared
efficient in evolving oxygen with a TON of 1190 and a TOF of 66 min -1
(Figure 6.1).21 In their study they used Oxone as chemical oxidant in an
acetate buffer. The maximum TONs for fully aqueous systems are mostly
around ~1000 and TOFs are relatively low compared to noble metal
catalysts.18,22 However, in a recent paper, Codolà et al. reported that
deuteration of oxidation sensitive sites leads to improved stability, resulting
in a TON of up to 3800.23 Notable is that nearly all ligand systems for ironbased WOCs contain tetradentate nitrogen ligands. Interestingly, in the field
of iridium-based water oxidation, the introduction of carbene donor ligands
led to efficient catalysts (Figure 6.1).24,25 Woods et al. showed turnover
numbers of 30000 for a iridium complex with a carbene donor.24
Replacement of the carbene moiety with a pyridine donor results in a TON
of 4042 according to Savini et al.26 Carbenes are strong σ-donors, resulting
in an electron rich metal center and lower oxidation potentials. For example,
Weiss et al. showed that the FeIII/FeII oxidation potential can be modulated
between 0.02 V and 0.68 V vs ferrocene/ferrocenium (Fc/Fc+) in a series of
tetradentate ligands by changing donor groups from pyridines to Nheterocyclic carbenes.27 In a recent article by Wenger, the success of
carbene donor groups on iron in photocatalytic applications was
highlighted. He mentioned that carbene analogues have considerably longer
excited state live times.28 In this Chapter we introduce and evaluate the first
iron-based WOC that contains a carbene donor as part of the ligand
framework. The novel complex FeWOC 1 is, to the best of our knowledge,
the most active and stable iron complex in water oxidation catalysis to date
(Figure 6.1).
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Figure 6.1. Structure of four molecular water oxidation catalysts, both from literature and
this work, with their respective turnover frequencies and turnover numbers.19,21,24

6.2 Results & Discussion
Our ligand design is inspired by the work of the group of Albrecht, who
explored the use of mesoionic carbene donors.29,30 An advantage of these
triazole-based carbenes is that they can be easily synthesized by the use of
click chemistry followed by alkylation and deprotonation. As iron
complexes need two cis-vacant sites for water oxidation (vide supra),19 we
choose to employ a ligand scaffold based on the tris(2-pyridylmethyl)amine
(TPA) structure.21 We prepared an analogues ligand that contains one
carbene donor and two pyridine groups, instead of three pyridine donor
groups in the parent TPA. To prepare the ligand, first a copper-catalyzed
azide-alkyne 1,3-dipolar cycloaddition reaction is performed with benzyl
azide and propargyl alcohol (Figure 6.2).31 Subsequently, the alcohol is
substituted for a bromine in an Appel-type reaction.32 Then, the triazole is
alkylated using methyl triflate,33,34 followed by a substitution reaction with
bis(2-pyridylmethyl)amine. This resulted in the formation of the final ligand
at a 10 g scale in an overall yield of 38% after four steps, using only filtration
and extraction as purification methods (See Supporting Information for
more details). Slow diffusion of cyclopentane into a THF solution of the
ligand yielded colorless cubic crystals, which could be resolved by X-ray
diffraction (Figure 6.2).
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Figure 6.2. Ligand synthesis and crystal structure. More experimental data is provided in
the Supporting Information.

Next, we prepared the iron complex by adding KOtBu to deprotonate
the triazolium ligand, followed by adding iron(III) triflate after 1 hour
(Figure 6.3). After stirring overnight, we precipitated the complex by
addition of Et2O. The complex was re-dissolved in THF and precipitated
with diethyl ether three times, resulting in a hygroscopic fine yellow
powder. The formed species is paramagnetic in H1-NMR spectroscopy
(Supporting Information Figure S6.1). In mass spectroscopy, an iron
complex with a mass of 739.05 is observed, in line with (M+1H)+ species
with two triflate groups (Figure 6.3, Supporting Information Figure S6.2).
Elemental analysis is conform to the structure and indicates a purity of 99%
(Supporting Information). Numerous attempts to crystalize the complex
remained unfortunately unsuccessful (see Supporting Information for more
details). In Figure 6.3, a DFT calculated structure (B3LYP, DEF2-TZVP)
of the complex with two hydroxy groups is depicted in which the aromatic
ring of the benzyl is omitted to reduce computational time.
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Figure 6.3. Procedure for the formation of FeWOC 1 (top left) and a DFT calculated structure
of the compound with hydroxy donor groups (top right, B3LYP, DEF2-TZVP). Mass spectrum
and simulated mass spectrum of FeWOC 1 (bottom).

The presumed iron complex FeWOC 1 shows high water oxidation
activity in acetate buffer using Oxone as the chemical oxidant.20 Strong
bubble formation is observed upon addition of 10 µM of catalyst to a 0.10 M
Oxone solution at pH 6 (Figure 6.4). For accurate TON and TOF
measurements we used a manometer. In experiments with 1 µM of catalyst
a TON of up to ~19000 is observed, exceeding the best literature catalysts
by almost an order of magnitude at near neutral conditions (pH 6, Figure
6.4). In addition, the TOF is an order of magnitude higher than that achieved
with the parent FeTPA complex, namely around 800 min-1 compared to 66
min-1.21 To confirm that the formed oxygen originated from water, and not
from Oxone, we performed the water oxidation in O18 labeled water. This
experiment reveals a significant increase in O236 compared to O234 indicating
that FeWOC 1 is oxidizing water (Supporting Information Figure S6.4 &
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S6.5). Unfortunately our mass spectrometer has a small leakage and
obstructs a reliable quantification of a ratio between O232 and the other
isotopes. To confirm the importance of the ligand, various iron salts (FeCl 2,
FeCl3 and Fe(OTf)3) were also evaluated under identical conditions and
shown to be inactive, in line with the results reported by Liu et al.
(Supporting Information Figure S6.3). In addition, 5 mg of iron oxide
nanoparticles (Fe2O3, ~8 nm in size, 1250 equivalents with respect to
FeWOC 1) did not produce any oxygen, confirming their inactivity in nonbasic media (Supporting Information S6.3).35

Figure 6.4. Oxygen evolution by 1 µM of FeWOC 1 (blue), 10 µM FeCl2 (grey) and 5 mg Fe2O3
(orange) at a pH of 6.0 in a 0.50 M acetate buffer using 0.10 M Oxone as oxidant (left, TON
determined by manometry). Bubble formation is observed with a FeWOC 1 concentration of
10 µM at a pH of 6.0 in a 0.50 M acetate buffer using 0.10 M Oxone as oxidant (right).

The activity of WOCs is often dependent on the pH.36 During the
oxidation of water to dioxygen protons are released and therefore the
activity of 10 µM FeWOC 1 was evaluated under different pH conditions in
a 0.5 M acetate buffer (Figure 6.5). Minor activity is observed at low pH with
increasing activity at higher pH until the optimum is reached at pH 6.0, with
a TOF of 393 min-1. The catalyst stability shows a similar trend, with a
maximum TON of 713 at a pH of 3.5 and a TON of 1677 at pH 4.5 (Figure
6.5). At pH 5.0-7.0 the TON remains nearly stable at around 2600. As these
results show an optimal activity in oxygen evolution at pH 6.0, we perform
the rest of our experiments at this pH. Interestingly, the system of Liu et al.,
which utilizes the same oxidant and a similar ligand framework, shows
optimum activity at pH 4.5.21 This shows the importance of detailed
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evaluation of the activity under different pH conditions even when working
with similar complexes.

Figure 6.5. Turnover frequencies per minute (left) and turnover number (right) of 10 µM
FeWOC 1 at various pH levels in a 0.50 M acetate buffer using 0.10 M Oxone as oxidant.

After establishing the optimum pH for our system, the mechanism
of the novel FeWOC was studied. In water oxidation literature, there are two
generally accepted mechanisms, the mononuclear water nucleophilic attack
(WNA) and the dinuclear radical oxo-coupling mechanism (ROC or I2M).37
To distinguish between these two mechanisms, kinetic studies can be
employed. If the O-O bond forming reaction is rate-limiting, the order in
catalyst is either one or two for WNA and ROC, respectively. To study the
kinetics, we perform experiments at various catalyst and oxidant
concentrations. As displayed in Figure 6.6, the reaction is first order in
oxidant at concentration levels between 50 mM and 500 mM. Leading to a
maximum TOF of 800 min-1 at the highest oxidant concentration. In
addition, the catalysis is also first order in catalyst at concentration levels
between 0.25 µM and 20 µM (Figure 6.6). This suggests that not O-O bond
formation but oxidation of the complex is rate limiting in the catalytic cycle
at the conditions employed. Interestingly, the maximum TON of the iron
complex increases drastically with decreasing catalyst concentration, while
oxidant consumption remains below 50% (Figure 6.6). The highest TON of
19000 mol oxygen/mol catalyst was obtained at a concentration of 0.25 µM
FeWOC 1. The high TON at low catalyst concentration suggests that the
catalyst deactivates itself, probably by oxidation of the ligand as C-H bond
oxidation is thermodynamically more favorable than water oxidation.
Future research may be focused on reducing this self-oxidation, for example
by site isolation of iron complexes in cages/on surfaces or by protection of
oxidation sensitive CH2-groups.23
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Figure 6.6. Kinetic studies with FeWOC 1. Turnover frequencies per minute of 10 µM 1 using
various Oxone concentrations in a 0.50 M acetate buffer at a pH of 6.0 (top left). Rate of
oxygen evolution versus the concentration of FeWOC 1 in a 0.50 M acetate buffer at a pH of
6.0 using 0.10 M of Oxone as oxidant (top right). Turnover numbers versus the concentration
of FeWOC 1 in a 0.50 M acetate buffer at a pH of 6.0 using 0.10 M of Oxone as oxidant
(bottom).

Next to chemical oxidation, we were interested in the activity of our
iron complex in electrocatalytic water oxidation. Therefore, we performed
cyclic voltammetry experiments in acetate buffer at the optimal pH 6.0
(Figure 6.7). The voltammogram of the complex shows an oxidation at ~1.3
V vs NHE and a catalytic current rises with an onset at ~1.5 V vs NHE, with
considerably higher current density than the blank voltammogram. Under
these conditions, the overpotential of FeWOC 1 at onset is approximately
0.6 V. The FeTPA catalyst shows slightly higher activity than the blank, but
reveals a significantly lower current density than the iron carbene WOC
(Figure 6.7). To demonstrate oxygen formation during electrochemical
experiments, a controlled potential electrolysis experiment was performed
in which oxygen was detected with a fluorescence probe (Figure 6.7).
Similarly as with the Oxone-driven reaction, with controlled potential
electrolysis the catalyst degrades in time as is observed by a drop in current.
Further development of the catalyst is required to improve stability for
prolonged electrocatalytic experiments.
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Figure 6.7. Electrochemical experiments with FeWOC 1. Cyclic voltammogram of both 1 mM
FeWOC 1 (blue) and 1mM literature WOC (grey) in 0.50 M acetate buffer at pH 6.0 using a
glassy carbon working electrode (left). Controlled potential electrolysis measurements at 1.7
V vs NHE for 60 s with 1 mM FeWOC 1 (blue) in 0.50 M acetate buffer at pH 6.0 using a glassy
carbon working electrode (right). The inset displays the oxygen concentration as detected
by fluorescence measurements during the controlled potential electrolysis experiment.

6.3 Conclusion
In this Chapter we report the preparation of a novel multidentate ligand
scaffold that contains a mesoionic carbene donor group. The ligand is
prepared in four steps at gram scale without column chromatography. The
iron complex is prepared by deprotonation of the triazolium species,
followed by coordination to iron. The iron(III) complex is highly active in
water oxidation. Interestingly, the carbene donor has a profound influence
on the reactivity, achieving an order of magnitude higher TON and TOF with
respect to state-of-the-art catalysts based on iron. The TON of up to 19000
and the TOF of up to 800 min-1 are similar as those of many noble metalbased systems that use chemical oxidants.24,38,39 Kinetic studies were
performed for more mechanistic insight, showing that under all applied
conditions the rate determining step of the catalytic cycle is an oxidation of
the complex. As an oxidation step is rate limiting, and thus not the O-O bond
forming reaction, we cannot distinguish between the mononuclear WNA or
a dinuclear ROC mechanism. The catalyst also outperforms the parent
complex in electrocatalytic water oxidation and has an overpotential at
onset of approximately 0.6 V. These results show that we have the best iron
catalyst reported so far, however, long term stability has yet to be improved.
In this work we show the importance of navigating away from more
common donor groups and keep investigating novel ligand frameworks to
move forward in the field of (water oxidation) catalysis. Here we
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demonstrate that replacement of a nitrogen donor with a carbene donor
results in an order of magnitude higher TON and TOF in iron-catalyzed
water oxidation.
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6.5 Supporting information
Materials and methods
All reagents were purchased from commercial suppliers and used without further
purification. Milli-Q Ultrapure grade water (> 18.2 MΩ cm resistivity) was used for
all experiments and for the preparation of aqueous buffer solutions. THF and Et2O
were distilled from sodium benzophenone ketyl, CH2Cl2 was distilled from CaH2
under nitrogen. NMR spectra were measured on a Bruker DRX 500, Bruker AV 400,
Bruker DRX 300 or on a Bruker AV 300 spectrometer. High resolution mass spectra
were recorded on a JEOL AccuTOF LC, JMS-T100LP mass spectrometer using
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electron-spray ionization(CSI) at –40 °C. Fe(TMA)Cl2 was prepared according to
literature procedures and spectroscopic analysis was in line with the reported
values.1
Oxygen evolution measured by manometry
Kinetic experiments were performed using the Man on the Moon pressure
transducer (Series X102, https://www.manonthemoontech.com/).2 For each
experiment the total reaction volume was 5 ml, with a total schlenk volume of 20.5
ml. A 0.50 M sodium acetate buffer was used of a desired pH. First, a stock solution
of Oxone was added (resulting in final concentrations of 0.05 M - 0.5 M, adjusted to
the correct pH with 1M NaOH at high oxone concentrations)). Secondly, a stock
solution of the catalyst was added (resulting in a final concentration of 0.25 µM - 20
µM). Then the reaction was monitored until a constant pressure was attained
(measurements were the pressure dropped quickly after reaching a maximum were
discarded as this indicates a leak (less than 5% of the experiments)). Using the ideal
gas law and the gaseous volume of the schlenk, the quantity of produced oxygen
was determined.
Electrochemistry
Electrochemistry was performed on a PGSTAT 10 potentiostat (Autolab) using
GPES software. A glassy carbon working electrode (surface area 0.07 cm2 for cyclic
voltammetry and 0.28 cm2 for bulk electrolysis), a platinum wire auxiliary electrode
and a Ag/AgCl (sat. KCl) reference electrode were used. The glassy carbon working
electrode was polished before each scan. To convert the potential values of Ag0/+
reference into NHE a correction factor of +0.197 V was used. A 0.5 M pH 6 sodium
acetate buffer was used as a supporting electrolyte. All experiments used a 1 mM
solution of the respective iron complexes.
Oxygen detection during electrochemistry
Dissolved oxygen was detected using a fiber-optic oxygen meter (FireStingO2 from
PyroScience with Oxygen Logger software (https://www.pyroscience.com/)).
X-ray Crystal Structure Determination of ligand
X-ray intensities were measured on a Bruker D8 Quest Eco diffractometer equipped
with a Triumph monochromator ( = 0.71073 Å) and a CMOS Photon 100 detector
at a temperature of 150(2) K. Intensity data were integrated with the Bruker APEX3
software.3 Absorption correction and scaling was performed with SADABS. The
structures were solved using intrinsic phasing with the program SHELXT. 5 Least-
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squares refinement was performed with SHELXL-20146 against F2 of all reflections.
Non-hydrogen atoms were refined with anisotropic displacement parameters. The
H atoms were placed at calculated positions using the instructions AFIX 13, AFIX 43
or AFIX 137 with isotropic displacement parameters having values 1.2 or 1.5 times
Ueq of the attached C atoms.
C22H24F3N6O4S, Fw = 525.53x, shape, 0.259×0.245×0.202 mm, monoclinic, P21/c
(No: 14)), a = 11.3331(6), b = 10.7964(5), c = 21.4557(11) Å, β = 103.135(2)°, V =
2556.6(2) Å3, Z = 4, Dx = 1.365 g/cm3,  = 0.188 mm-1. 58275 Reflections were
measured up to a resolution of (sin /)max = 0.84 Å-1. 4489 Reflections were unique
(Rint = 0.0411), of which 3826 were observed [I>2(I)]. 352 Parameters were
refined with 0 restraints. R1/wR2 [I > 2(I)]: 0.0519/0.1607. R1/wR2 [all refl.]:
0.0619/ 0.1683. S = 1.378. Residual electron density between -0.552 and 0.895
e/Å3.
Ligand synthesis
Benzyl azide
Benzyl bromide (20.6 g, 14.3 mL, 120 mmol, 1 equiv.), NaN 3 (15.6
g, 240 mmol, 2.0 equiv.) and KI (0.4 g, 24 mmol, 0.02 equiv.) were
dissolved in a 1:1 mixture of MeOH and water (200 mL). The
solution was refluxed overnight at 100 °C, cooled to room temperature and water
(200 mL) was added. The mixture was extracted with Et 2O (3x 80 mL), dried with
Na2SO4, filtered and the solvent was evaporated. The product was obtained as a
yellow liquid (14.6 g) in a yield of 91%. 1H NMR (300 MHz, Chloroform-d) δ 7.36
(m, 5H), 4.35 (s, 2H).
Triazole-OH species: (1-benzyl-1H-1,2,3-triazol-4-yl)methanol
The alcohol functionalized triazole was prepared according
to a modified literature procedure.7 Benzyl azide (6.0 g, 45
mmol, 1.05 equiv.), propargyl alcohol (2.5 mL, 43 mmol, 1.0
equiv.) and sodium ascorbate (1.79 g, 9 mmol, 0.2 equiv.) were dissolved in a 1:1
mixture of MeOH and water (200 mL) and sonicated for 15 minutes. CuSO4 (1.13 g,
4.5 mmol, 0.1 equiv.) dissolved in minimal water was added and sonicated for 30
minutes. The reaction mixture was stirred overnight giving a yellow solution. MeOH
was evaporated and the resulting solution was extracted with CH 2Cl2 (3x 50 mL),
washed with 1 M EDTA solution (pH 8.5, ~5 x 40 mL until washings were colorless),
dried with Na2SO4, filtered and evaporated. The product was obtained as a white
powder (6.57 g) in a yield of 77%. NMR conform to literature. 1H NMR (300 MHz,
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DMSO-d6) δ 8.01 (s, 1H), 7.55 – 7.20 (m, 5H), 5.57 (s, 2H), 5.16 (t, J = 5.7 Hz, 1H),
4.49 (d, J = 5.6 Hz, 2H).7

Triazole-Br species: 1-benzyl-4-(bromomethyl)-1H-1,2,3-triazole
The bromide was prepared according to a modified literature
procedure.8 (1-benzyl-1H-1,2,3-triazol-4-yl)methanol (6.57
g, 34.7 mmol, 1.0 equiv.) was dissolved in CH2Cl2 (50 mL) and
cooled to –10 °C. PBr3 (1.3 mL, 13.9 mmol, 0.4 equiv.) was added dropwise and the
solution was stirred overnight warming slowly to RT. The solvent was evaporated,
redissolved in a mixture of CH2Cl2 and EtOAc (20:1) and filtered over silica. The
obtained solution was evaporated to yield a white crystalline powder (4.77 g) in a
yield of 54%.
Alternative work-up: After stirring overnight, the remaining PBr3 was cautiously
quenched with a saturated Na2CO3 solution and extracted with CH2Cl2 (3 x 50 mL),
dried with Na2SO4, filtered and evaporated. This yielded the same white crystalline
powder in a similar yield. 1H NMR (500 MHz, DMSO-d6) δ 8.24 (s, 1H), 7.41 – 7.29
(m, 5H), 5.60 (s, 2H), 4.73 (s, 2H). 13C NMR (126 MHz, DMSO-d6) δ 144.31, 136.33,
129.26, 128.67, 128.44, 124.77, 53.35, 23.87. (See Supporting Information Figure
S6.6 & S6.7 for spectra.)
Triazolium species: 1-benzyl-4-(bromomethyl)-3-methyl-1H-1,2,3-triazol-3iumtriflate
1-benzyl-4-(bromomethyl)-1H-1,2,3-triazole (4.77 g, 18.9
mmol, 1.0 equiv.) was dissolved in CH2Cl2 (100 mL) and
cooled to 0 °C. MeOTf (3.5 mL, 30.3 mmol, 1.6 equiv.) was
added dropwise and stirred for 3 hours. The solvent was
evaporated yielding the product as a white crystaline powder
in a yield of ~100%. 1H NMR (500 MHz, DMSO-d6) δ 9.02 (s, 1H), 7.53 – 7.34 (m,
5H), 5.87 (s, 2H), 4.98 (s, 2H), 4.27 (s, 3H). 13C NMR (126 MHz, DMSO-d6) δ 140.34,
132.68, 129.95, 129.32, 129.08, 128.99, 56.30, 37.96, 16.21. Mass Analysis (FD)
found: 266.0293 calc: 266.0388. (See Supporting Information Figure S6.8, S6.9 &
S6.10 for spectra.)
Ligand preparation: 1-benzyl-4-((bis(pyridin-2-ylmethyl)amino)methyl)-3methyl-1H-1,2,3-triazol-3-ium trifluoromethanesulfonate
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1-benzyl-4-(bromomethyl)-3-methyl-1H-1,2,3triazol-3-iumtriflate (0.73 g, 1.76 mmol, 1.05 equiv.),
di-(2-picolyl)amine (0.33 g, 1.68 mmol, 1.0 equiv.)
and K2CO3 (0.92 g, 16.8 mmol, 10 equiv.) were
suspended in CH2Cl2 (10 mL) and stirred overnight.
The reaction mixture was filtered and evaporated to
yield a yellow powder as product in a yield of 91%. 1H
NMR (500 MHz, DMSO-d6) δ 8.89 (s, 1H), 8.48 (d, J =
4.8 Hz, 2H), 7.74 (t, J = 7.6 Hz, 2H), 7.54 – 7.36 (m, 7H), 7.24 (t, 2H), 5.77 (s, 2H),
4.18 (s, 3H), 4.05 (s, 2H), 3.85 (s, 4H). 13C NMR (126 MHz, DMSO-d6) δ 157.76,
148.94, 141.71, 136.64, 132.80, 129.81, 129.21, 129.02, 128.91, 123.19, 122.46,
59.60, 55.89, 46.42, 38.02. Mass Analysis (FD) found: 385.2250 calc: 385.2141. Xray diffraction quality crystals were grown overnight by slow diffusion of
cyclopentane into a concentrated THF solution of the ligand. (See Supporting
Information Figure S6.11, S6.12 & S6.13 for spectra.)
Catalyst preparation (Fe WOC 1)
Triazolium ligand 1 (207 mg, 0.39 mmol, 1.0 equiv.) was
dissolved in THF (7 mL), KOtBu (50 mg, 0.47 mmol, 1.2
equiv.) dissolved in THF (7 mL) was added dropwise
and stirred for 1 hour. Fe(OTf)3 (198 mg, 0.39 mmol, 1.0
equiv.) dissolved in THF (7 mL) was added dropwise
and the mixture was stirred for 16 hours. The solution
was filtered over Celite (2 cm) and washed with
additional THF. The solvent was evaporated, and the
complex was redissolved in minimal THF and precipitated with Et 2O. The solvent
was decanted and the product was redissolved in minimal THF and precipitated
with Et2O, this was repeated 2 times. Yielding a hygroscopic brown-yellow powder.
Elemental analysis calculated for C26H24F9FeN6O9S3: C, 35.19; H, 2.73; F, 19.26; Fe,
6.29; N, 9.47; S, 10.84. Found: C, 34.78; H, 2.71; F, 19.21; Fe, 6.23; N, 9.41; S, 10.74.
Mass Analysis (FD) found: 739.0521 calc: 739.0531.
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Characterization FeWOC 1
1H-NMR:

Supporting Information Figure S6.1. 1H-NMR spectrum of FeWOC 1 in CD2Cl2.

Mass spectroscopy:

Supporting Information Figure S6.2. ESI-MS spectrum of FeWOC 1.
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Crystallization attempts
We performed numerous attempts to obtain crystals of the complex, including
vapor diffusion, slow evaporation, and layering, with many solvent (e.g. THF, MeCN,
H2O, DMAc) /anti-solvent (e.g. Et2O, iPr2O, MTBE, cyclic and non-cyclic alkanes)
combinations.9 Although crystalline material was observed in many attempts,
unfortunately none provided crystals of high enough quality for X-ray diffraction,
the crystalline material deteriorated quickly and was very hygroscopic. The
difficulty of obtaining crystals for X-ray diffraction of iron-carbene complexes is
well known in literature, and is for example well described by Chábera et al. for an
iron complex with six carbene donors.10
Computational details
Calculations were performed with Spartan18. Equilibrium geometries were
calculated using B3LYP with a DEF2-TZVP basis set.
Oxygen evolution by Iron salts

Supporting Information Figure S6.3. Oxygen evolution by 10 µM of FeCl2 (top left), FeCl3
(top right), Fe(OTf)3 (bottom left) and 5 mg of Fe2O3 (1250 equivalents with respect to iron,
bottom right) at a pH of 6.0 in a 0.5 M acetate buffer using 0.10 M Oxone as oxidant (TON
determined by manometry).
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H2O18 labeling experiments
We performed H2O18 labeling experiments to investigate whether FeWOC 1 acts as
a water oxidation catalyst or if it has catalase activity in Oxone decomposition.
When performing oxygen evolution studies in O18 labeled water, increase in O232
would be expected if the oxygen produced originates from Oxone, while the ratio of
O236/O234 would remain similar. If the catalyst is capable of using water as substrate
and oxidizing water, and oxygen evolution experiment with O18 labeled water
would result in an increase in the amount of O236, while the amount of O232 and O234
remain roughly similar, thus an increase in the ratio of O236/O234 would be expected.
Oxygen evolution labeling experiments were carried out with ~80% O18 labeled
water using 10 µM of FeWOC 1 at a pH of 6.0 in a 0.10 M acetate buffer using 0.10
M Oxone as oxidant in a 4 mL vial. Five minutes after water oxidation was initiated,
1 mL of headspace was injected in a GC-vial. Then an aliquout of the GC-vial was
injected into a GC-MS system. Due to a leak in the mass spectrometer, O 232 labeled
oxygen was present in a large excess and no considerable changes in N 228 and O232
were observed. When a blank run without a catalyst was injected into the GC, the
ratio of the area of O236/O234 was 0.1 (Supporting Information Figure XX). When a
run with the catalyst was injected, a significant increase in the amount of O 236 was
observed, the ratio of the area of O236/O234 was 11.0 (Supporting Information Figure
XX). From this significantly higher O236/O234 ratio, we conclude that at least part of
the oxygen evolved during oxygen evolution experiments originates from water
and the complex is thus capable of oxidizing water.

Supporting Information Figure S6.4. MS spectrum of the blank oxygen evolution reaction
(no catalyst) at a pH of 6.0 in a 0.10 M acetate buffer using 0.10 M Oxone with ~80% O18
labeled water.

151

Chapter 6

Supporting Information Figure S6.5. MS spectrum of the oxygen evolution reaction with
10 µM of FeWOC 1 at a pH of 6.0 in a 0.10 M acetate buffer using 0.10 M Oxone with ~80%
O18 labeled water.

NMR Spectra of ligand preparation

Supporting Information Figure S6.6. 1H-NMR spectrum of the triazole-Br species in DMSOd6.
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Supporting Information Figure S6.7.
DMSO-d6.

13C-NMR

spectrum of the triazole-Br species in

Supporting Information Figure S6.8. 1H-NMR spectrum of the triazolium species in DMSOd6.
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Supporting Information Figure S6.9. 13C-NMR spectrum of the triazolium species in DMSOd6.

Supporting Information Figure S6.10. FD-MS spectrum of the triazolium species (bottom)
and the calculated spectrum (top).
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Supporting Information Figure S6.11. 1H-NMR spectrum of the ligand in DMSO-d6.

Supporting Information Figure S6.12. 13C-NMR spectrum of the ligand in DMSO-d6.
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Supporting Information Figure S6.13. FD-MS spectrum of the ligand (bottom) and the
calculated spectrum (top).
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