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Abstract

Inspired by the proficiency of natural enzymes, mimicking of nanoenvironments for precise substrate
preorganisation is a promising strategy in catalyst design. However, artificial examples of enzyme-like
activation of H2O molecules for the challenging oxidative water splitting reaction are hardly explored.
Here, we introduce a mononuclear Ru(bda) complex (M1, bda: 2,2’-bipyridine-6,6’-dicarboxylate)
equipped with a bipyridine-functionalized ligand to preorganize H>O molecules in front of the metal center
as in enzymatic clefts. The confined pocket of M1 accelerates chemically driven water oxidation at pH 1
by facilitating a water nucleophilic attack pathway with a remarkable turnover frequency of 140 s™' that
is comparable to the oxygen-evolving complex of photosystem Il. Single crystal X-ray analysis of M1

" center.

under catalytic conditions allowed the observation of a 7" H,O ligand directly coordinated to a Ru
Via a well-defined hydrogen-bonding network, another H.O substrate is preorganized for the crucial O—

O bond formation via nucleophilic attack.



Main

Enzymes as highly efficient natural catalysts have long inspired the field of supramolecular chemistry."?
Initiated by Emil Fischer's famous lock-and-key hypothesis in 1894,° the importance of a sophisticated
design for catalytic pockets in artificial enzyme mimics was manifested early on.*® At the active sites of

hydrogenases,”® the cytochrome c oxidases®'°

or the oxygen-evolving complex of photosystem Il (OEC-
PSII),""® the surrounding protein domains create a well-defined nanoenvironment, which facilitates
substrate preorganization by applying weak non-covalent interactions such as hydrogen bonding or
electrostatic interactions. X-ray crystal structure analysis revealed extensive hydrogen-bonding water
networks surrounding the active sites of these metalloproteins, which serve as channels for water
diffusion and proton transfer to the surrounding bulk solvent.”~'? In OEC-PSII, the kinetically demanding
four-electron oxidation of H,O into molecular O, occurs on the millisecond timescale.""* As key
component of PSII, a particular tyrosine-histidine pair acts as proton-coupled redox mediator between
the OEC and the nearby light-harvesting chromophore assemblies and alters the hydrogen-bonding

environment around the active site.’

Inspired by the natural archetype, numerous synthetic mimics of the natural OEC have been reported
previously, but typically very low or no catalytic activity and high overpotentials are obtained as such
synthetic clusters lack the protein environment.'®'” Consequently, there is a continuing need for
molecular water oxidation catalysts (WOCs) working at low overpotential for sustainable fuel
production.'®2° After the introduction of the ‘blue dimer’ by Meyer et al.,*' ruthenium-based catalysts,
especially the Ru(bda) system (bda: 2,2’-bipyridine-6,6'-dicarboxylate),?*?* have been established as
homogenous catalysts with activities comparable to the natural OEC.?** The performance of these
artificial WOCs strongly depends on the mechanism for O-O bond formation, where two general
pathways are distinguished: water nucleophilic attack (WNA) and interaction of two M-O units (12M).?® As
a paramount factor to distinguish between these two pathways, second coordination sphere effects by a
well-defined ligand framework have been widely applied.?’?® As an appealing strategy, the activation
barrier for the WNA mechanism can be lowered by the presence of an additional base, which acts as a
proton-accepting unit and leads to preorganization of incoming H>O molecules. Intuitively, any
intramolecular arrangement should improve catalytic performance compared to the addition of an
external base.?®? Therefore, the molecular design of confined environments provides the next step
towards synthetic enzyme mimics. For example, recent examples showcased a significant rate
enhancement in the 12M pathway after inter-catalyst coupling by supramolecular encapsulation of Ru
WOCs either within mesoporous silica®® or a self-assembled Pt nanosphere.** Additionally, this concept

was also applied to proton reduction catalysts encapsulated in supramolecular cages® or
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metallopolymers® which resulted in improved catalytic performance and lower overpotentials. In prior
work, we presented multinuclear macrocyclic assemblies, which showed high catalytic performance via

WNA pathway by benefiting from cooperative effects between the catalytic centers.?>%’

In classical transition metal catalysis, the supporting ligands act as spectators and only indirectly
modulate catalysis by electronic and steric effects. To closer mimic biological systems, substrate
preorganization to the catalytically active metal site by noncovalent interactions (hydrogen bonds,
electrostatic interactions, etc.) with a remote recognition unit was applied in different types of transition
metal-catalyzed reactions such as hydrogenation,** hydroformylation,**#° C—H activation*'** and C—
H oxidation reactions.***® For an enzyme-inspired approach, the formation of a confined environment
around the active center allows for a more precise positioning of a recognition site for selective substrate
preorganization. Until now, such a conceptual design strategy was only reported on selected examples

focusing on hydroformylation*” and proton reduction catalysis® but not for water oxidation catalysis.

Here, we introduce a molecular design strategy that incorporates one single catalytic Ru(bda) subunit
into a well-defined macrocyclic nanostructure. Accordingly, we present the bioinspired cyclic
mononuclear Ru(bda) catalyst M1, which is equipped with a proximal base in its ligand framework to
facilitate preorganization of substrate water molecules via noncovalent interactions. As a reference, we
also synthesized the unsubstituted complex M2. Detailed investigations by pH-dependent NMR
experiments and H/D kinetic isotope effect (KIE) studies revealed a severe reliance of the mechanistic
pathway and catalytic performance of M1 on the relative spatial orientation of the axial ligand sphere.
Under acidic conditions, M1 reached a turnover frequency (TOF) of 140 s™ per Ru unit via WNA pathway.

Single crystal X-ray analysis of M1 at a predominant Ru™ oxidation state gave clear evidence for the

formation of a confined space around the catalytic center, which allowed the observation of a 7" H,O

ligand directly coordinated to a Ru'"

center after acidic catalytic water oxidation. The preorganization of
additional hydrogen-bonded H>O molecules in proximity prepares the system for the crucial water

nucleophilic attack and could be additionally confirmed by FT-IR spectroscopy experiments.

Results

Synthesis. Mononuclear Ru(bda) complexes M1 and M2, as synthetic enzyme mimetics (Fig. 1a,b),
were synthesized in a two-step procedure (Fig. 1¢). The ditopic ligands L1 and L2 were obtained via
twofold Suzuki-Miyaura reaction between the axial pyridine ligand 1 and central bipyridine (BP1) or
biphenyl (BP2) units, respectively (Synthesis of bidentate ligands in the Methods and Supplementary
Note 2). Subsequentially, twofold ligand exchange at [Ru(bda)(dmso).] with the respective bidentate
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ligand gave M1 or M2 in 35-49% yield besides higher macrocycles as side products (Synthesis of
mononuclear Ru complexes in the Methods and Supplementary Note 3). The mononuclear assemblies
were fully characterized by NMR spectroscopy, mass spectrometry, elemental analysis, and X-ray
crystallography. The UV-Vis absorption and redox properties comply with previously reported Ru
complexes (Supplementary Table 1 & Supplementary Figs. 1-3).%°
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Fig. 1 | Enzyme-mimetic approach and synthesis of mononuclear Ru(bda) complexes. a, Conventional
organometallic catalysis; b, Enzyme-like control of a confined environment with noncovalent interactions between
metal center and the substrate indicated by black circles. ¢, Synthesis of mononuclear Ru(bda) complexes M1 and
M2. Boronic ester 1 was prepared in two steps starting from commercially available 4-(pyridine-3-yloxy) aniline
(Synthesis towards molecular precursor 1 in Methods and Supplementary Note 1).

Catalytic water oxidation. Initially, we tested these Ru(bda) complexes in chemical water oxidation

t48

catalysis using cerium ammonium nitrate (CAN) as sacrificial oxidant™ in acidic aqueous solution
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(CH3CN/H20 4:6, pH 1, triflic acid) (Fig. 2a, Supplementary Figs. 6 and 7). The evolved O, was monitored
by attached pressure sensors in combination with end-point analysis of the gas composition by gas
chromatography (GC) of the headspace, which verified O as the only gaseous product generated during
catalysis (Supplementary Figs. 8 and 9). For the bipyridine-containing M1, the observed linear
relationship between the amount of evolved O and the concentration of the catalyst is indicative for the
unimolecular WNA mechanism as previously reported for multinuclear macrocycles from our group.?® Via
linear regression, an exceptionally high average TOF value of 140+5 s™" is obtained. In stark contrast,
for the unfunctionalized reference M2, the initial rates of O, evolution were of second order with respect
to the catalyst concentration, which is in line with the bimolecular 12M mechanism.?® Apparently, this
switch in the reaction mechanism is accompanied by a significantly lower catalytic performance for M2
as shown by lower TOF values in the range of 18-54 s™" in the measured concentration range. In addition,
these activities also correlate with the obtained TON values as M1 (TON = 950+50) exhibits an almost
two times higher turnover compared to the unfunctionalized reference M2 (TON = 500+50). Post-catalytic
analysis of the reaction mixtures by MALDI TOF mass spectrometry indicated axial ligand dissociation
as main degradation pathway (Supplementary Figs. 10 and 11). In order to verify if this mechanistic
change is pH-dependent, both complexes were also investigated at neutral conditions. Since the
sacrificial oxidant CAN is only stable at low pH,*® we applied photocatalytic water oxidation in 50 mM
phosphate buffered CH3CN/H>O 4:6 mixtures at pH 7 (Fig. 2b, Supplementary Figs. 12 and 13 and
Photocatalytic Water Oxidation in the Methods). Surprisingly, both complexes showed a second order
dependency of the initial O, evolution rate on the WOC concentration. Apparently, the reaction kinetics
for base-containing M1 change when going from acidic to neutral conditions. Moreover, the performance
is strongly reduced in comparison to reference M2 as significantly higher concentrations are needed for
substantial O, generation (¢(M1) = 5-45 uM and ¢(M2) = 0.5-3 uM, Supplementary Figs. 14 and 15) and
a more than one order of magnitude lower catalytic activity is observed with TOFs of 0.4-3.2 s™' and
0.05-0.1 s™' for M2 and M1, respectively. The generally lower TOFs for photocatalytic compared to
chemical conditions are most likely attributed to the limited stability of the sacrificial oxidant [Ru(bpy)s]**
under the applied conditions.*®*° MALDI TOF mass spectrometry after photocatalysis with either M1 and
M2 confirmed that the Ru(bda) catalysts were still present, and that photosensitizer degradation is the
main deactivation pathway (Supplementary Figs. 16 and 17). Again, the direct correlation between the
measured TON (TON(M1) = 10£1 and TON(M2) = 105+10) and TOF values indicates a much higher

stability of reference M2 under the applied conditions.

For further insight, kinetic isotope effects (KIE) for water oxidation with M1 and M2 were studied under
both chemical (pH 1) and photocatalytic (pH 7) conditions (for experimental details Kinetic Isotope
Experiments in the Methods). For chemical water oxidation, a linear dependency and a KIE of 1.6 was
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observed for M1 indicating a WNA mechanism (Supplementary Fig. 18). By contrast, a KIE of 1.0 with a
second order dependency indicated the bimolecular 12M mechanism for reference M2 (Supplementary
Fig. 19). Subsequently, KIEs for both M1 and M2 were investigated under photocatalytic conditions at
pH 7 (Supplementary Figs. 20 and 21). In accordance with the previous results, both M1 and M2
displayed the expected quadratic dependency on the catalyst concentration and after linearization, a KIE
of around 1.2 was obtained in both cases with similar reaction rates k(H.O) and k(D-O). In summary,
these results clearly indicate different reactions kinetics and a mechanistic switch for bipyridine-
containing catalyst M1 at either acidic or neutral conditions, which might be induced by different

conformations for the bridging macrocycle.
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Fig. 2 | Chemical and photocatalytic water oxidation catalysis with M1 and M2. a, Chemical water oxidation
catalysis with M1 and M2: Plots of initial rates of Oz evolution against the WOC concentration with corresponding
linear (M1, blue) and quadratic (M2, red) regression fit (average TOF for M1 was determined by linear regression,
whereas range of individual TOFs is given for M2). Individual reaction rates were obtained by a linear fit of O2
evolution curves for the first 2 s of catalysis for M1 and M2, respectively; Experimental conditions: 4:6 CH3CN/H20
mixture using CAN as sacrificial oxidant (pH 1, triflic acid, ¢(CAN) = 0.6 M). b, Photocatalytic water oxidation
catalysis with M1 and M2: Plot of initial rates (obtained by linear fit of Oz evolution curve between 50-60 s) of O2
evolution against the WOC concentration and quadratic fit for second order kinetics. The observed second order
dependency of M2 is shown as inset. Oz evolution experiments were performed at varying WOC concentrations in
CH3CN/H20 4:6 (pH 7, 50 mM phosphate buffer, ¢(PS) = 1.5 mM, ¢(Na2S20sg) = 37 mM).

pH-dependent NMR measurements. To probe for pH-dependent conformational changes in both M1
and M2 at the initial Ru" state, '"H NMR spectra were measured in aqueous 1:1 mixtures of D,O (pD =

1.0 (0.1 M CF3SO3D) or pD = 7.0) and TFE-ds as a non-coordinating co-solvent for better solubility (Fig.
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4). All signals were assigned to the individual protons based on 1D and 2D NMR spectroscopy
(Supplementary Figs. 22—-25). Both complexes display the anticipated planar symmetry as indicated by
only one set of signals for all chemically nonequivalent protons. For M1, significant differences in the
chemical shifts depending on the pD value were observed (Figs. 3a, b), which was especially evident for
the ortho protons of the axial pyridines. While the blue-labelled ortho proton resonates at 8.19 ppm at
pD 1.0, this signal is significantly upfield shifted to 6.39 ppm at pD 7.0. Conversely, reverse shifting is
observed for the red-labelled ortho proton next to the bridging ligand. Whereas the upfield shifted protons
are magnetically shielded due to proximity of the equatorial bda ligands,*® the pronounced downfield
shifts of the opposite ortho-protons indicate positioning above the open Ru site. At pD 7.0, severe signal
broading was observed for both ortho protons, which was overcome by heating the sample to 333 K
(Supplementary Fig. 24) and is attributed to the reduced structural flexibility of the ligand due to [C-H--"N]
hydrogen bonding interactions with the bda backbone. Further evidence for such stabilizing interactions
is given by the pronounced downfield shift of the green-labelled bda proton compared to pD 1.0. In
contrast, reference M2 displayed pH-independent chemical shifts for all aromatic protons. Again, a
significant difference in the chemical shifts of the ortho protons of the axial pyridines was observed, which
indicates a different chemical environment due to a slight rotation of the axial pyridine units. While the
red-labelled proton (8.56 ppm) is oriented more towards the open site of the catalytic center and is thus
strongly deshielded, the blue-labelled proton (5.83 ppm) is again affected by the magnetic shielding of
the nearby equatorial bda ligand (Fig. 3c and d). This conformation is further evidenced by a nuclear
Overhauser effect (NOE) cross signal (Supplementary Fig. 25d) between the bda unit (yellow proton)
and the axial biphenyl unit (purple proton). However, the three sharp signals for the bda ligand without
any splitting at room temperature suggests fast switching of the axial ligand L2 between the two
symmetrical side-on conformations on the NMR time scale. Based on these data, we conclude that the
conformation of M1 is strongly affected by the proximal base in the ligand backbone. At pD 7.0, the bda
unit is fixed inside the macrocyclic cavity by weak [C-H---N] interactions between the bda backbone and
the free bipyridine base. Protonation of the proximal base®' at pD 1.0 induces a ligand rotation due to
electrostatic repulsion and now confines the active site in the cyclic cavity. "H NMR titration experiments
from pD 1.0 to pD 7.0 for M1 indicated the deprotonation followed by rotation of the bipyridine-containing
ligand L1 in the range of pD 1.0 to 4.0 (Supplementary Fig. 26) Therefore, the active Ru center is only
fully confined in the macrocyclic cavity under highly acidic conditions at pD 1.0. For reference M2, weak
[C-H---O] hydrogen bonding interactions between the axial and equatorial ligand spheres leads to a

lateral orientation of the macrocyclic ligand over the whole pH range.
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Fig. 3 | pD-dependent '"H NMR experiments of M1 and M2. Aromatic region of the 'H NMR spectra (1:1
TFE-d3/D20, 400 MHz, ascorbic acid, rt) of complex a, M1 at pD = 1.0 (0.1 M CF3sSOsD), b, M1 at pD = 7.0, ¢, M2
at pD = 1.0 (0.1 M CF3SO0sD), and d, M2 at pD = 7.0 with the proposed molecular structure of the respective
complex based on 2D-NMR structural analysis shown on the right (signals are color-coded in yellow (bda), red
(axial pyridine), grey (biphenyl) or blue (bipyridine) as highlighted in the structure).

Single-crystal X-ray analysis. To gain a deeper insight into these conformational features, we grew
single crystals of both M1 and M2 in the initial Ru" state at neutral conditions and even of M1 after acidic
catalytic water oxidation. The ORTEP representations for all three solid-state structures in Fig. 4 (for
crystallographic details Single crystal X-ray analysis in the Methods, Supplementary Note 4 and
Supplementary Tables 5 and 6) unequivocally confirm the cyclic nature of the mononuclear complexes
M1 and M2, but each feature a different spatial orientation of the axial pyridine ligands. Remarkably, all
three solid-state structures are in excellent agreement with the proposed predominant conformations
derived from "H-NMR measurements for the macrocycles in solution. Under neutral conditions, both M1

and M2 exhibit a six-coordinated Ru atom with a distorted octahedral coordination geometry and two
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slightly different conformers are present in the unit cell of M1. The obtuse O-Ru-O angles of
121.8(1)°/122.7(1)° and 123.1(9)° for M1 and M2, respectively, are comparable to the previously reported
acyclic mononuclear complex [Ru(bda)(pic)2] (122.9(9)°).?? Structurally, the bridging macrocycle of M1 is
fixed over the bda backbone by weak [C-H--N] hydrogen bonding interactions® between the axial and
equatorial ligand framework (Fig. 4b, 2.58(7) and 2.80(2) A; Supplementary Fig. 28, 2.65(2) and
2.99(7) A). This rigid conformation with torsional angles of 79.5° or 82.8° (55.8° and 82.5°) for the pyridine
units relative to the open coordination site of the Ru center (Supplementary Fig. 27a,b) induces a slight
deviation from an ideal linear orientation with a decreased Nax-Ru-Nax bond angle of 171.4(2)°/173.2(1)°.
In contrast, reference M2 shows a substantially different conformation for the bridging ligand and a more
linear orientation of the axial pyridine units with a larger Nax-Ru-Nax bond angle of 175.5(4)°. Weak
[C-H---O] hydrogen bonding interactions between the biphenyl backbone and one carboxylate of the
equatorial bda ligand (Fig. 4a, 2.74(3) and 2.89(9) A)*? induce a lateral orientation of the macrocyclic
ligand. This results in a smaller torsional twist of the axial pyridine units relative to the open coordination
site of the Ru center with 10.0° and 37.9°, respectively (Supplementary Fig. 27¢c and Supplementary
Table 4).

Searching for a structural model for M1 after acidic catalytic water oxidation, we attempted to isolate
catalytic intermediates directly from the reaction mixture after several catalytic turnovers by precipitation
with NHsPFs. To our delight, orange needle-like single crystals suitable for X-ray analysis could be grown
at room temperature during the precipitation process. To begin with, the Ru oxidation state of the isolated
crystals was investigated by means of HR-MS measurements (Supplementary Fig. 31). Two species
were observed by ESI-TOF experiments and the major component was assigned to the
[Ru"(bda)(L1)]*(PFs) intermediate. In contrast, the m/z ratio for the second signal with ca. 10% relative
intensity fits exactly to [Ru'(bda)(L2)(OH)]*(PFs), which is in accordance to the respective Ru(lV)
intermediate of complex M1. The assumed mixed Ru"/Ru" oxidation state is further supported by an
'H-NMR spectrum (Supplementary Fig. 32) that displayed the expected equilibrium between one set of

broad signals and another set of clearly resolved signals corresponding to the paramagnetic Ru"™ and

diamagnetic Ru" species, respectively (Supplementary Figs. 33 and 34).

Compared to the 'H NMR spectra of M1 at the initial Ru" state, the higher oxidation of the Ru center
induces a significant downfield shift of the equatorial bda signals.?? Therefore, we conclude that these

crystals of M1 obtained after acidic catalytic water oxidation represent the catalytic resting state at the



M2 M1 [(M1+H)(H,0)]*(PF),

Fig. 4 | Single-crystal X-ray structures for M1, M2 and [(M1+H)(H20)]?*(PFs)2. a, M2 ([Ru'(bda)(L2)]) b, M1
([Ru"(bda)(L1)]) and ¢, M1 after acidic catalytic water oxidation ([Ru"(bda)(L1-H)(H20)]?*(PFs")2); for M1, only one
of the two macocyclic complexes in the unit cell is shown; organic solvent molecules and PFs~ counterions are
omitted for clarity; ORTEP diagram with thermal ellipsoids set at 50% probability; grey = C, white = H, red = O,

purple = N, turquoise = Ru.

" oxidation

early transition from Ru" to Ru" oxidation state. For the sake of clarity, we assume the Ru
state for the following discussion, but it cannot be excluded that a minor fraction of the complexes is
already oxidized to Ru" as evidenced by NMR and MS measurements for the isolated crystals. An
ORTEP representation for the crystal structure of [Ru"(bda)(L1-H)(H.0)]**(PFs"): is displayed in Fig. 4c.
It is composed of a seven-coordinated [Ru"(bda)(L1-H)]** cation with a directly 7" coordinated H,O
ligand in a highly distorted pentagonal bipyramidal configuration and a significant increase of the O-Ru-
O bite angle from 121.8(1)° to 136.4(1)°. The additional H>O ligand directly points towards the cavity
defined by the macrocyclic bridge. To balance the overall charge, on average 2.4 PFg™ counterions
compensate for the two positive charges at the Ru center and the protonated bipyridine moiety and the

presumed partial protonation of a substrate H,O molecule under the experimental acidic conditions.

Within the macrocyclic cavity, a well-defined hydrogen-bonding network preorganizes up to four H.O
molecules between the protonated bipyridine site, the Ru center, and the carboxylates of the equatorial
bda ligand (Fig. 5). Intriguingly, three different occupancies give unprecedented insight into subtle
equilibria at the coordination sphere for Ru(bda) at low oxidation states such as Ru" and Ru".?*% |n a
minor occupancy (11.7%, Fig. 5a), three H.O molecules are only loosely bound to the cavity. As a next
step towards water oxidation, the first H,O molecule approaches the Ru center (dru_o = 3.08 A)*®° while
being stabilized by two other H,O molecules between the bipyridinium unit und the bda ligand as
directional binding sites (22.1%, Fig. 5b). Finally, the main occupancy (66.2%, Fig. 5c) shows direct
structural evidence for a 7" coordinated H,O ligand in a distorted Ru"(bda)-H,O complex, which

represents one of the key intermediates in the overall catalytic cycle. The short Ru—O distance of 2.06 A
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indicates a strong affinity of the incoming H,O ligand to the Ru center and is in perfect agreement with
1l

recent quantum-chemical calculations on [Ru""—OH,] complexes in either approaching (d = 2.51 A) or
bonding mode (d =2.07 A).5* This Ru"(bda)-H.O complex is again further stabilized by several
preorganized water molecules within the cavity and a second ‘ready-to-go’ H.O molecule, thus highly
facilitating the subsequent nucleophilic attack at the catalytically active RuY=0 oxidation state during the
WNA pathway. Further experimental evidence for the proposed H>O preorganization was obtained by an
additional broad absorption at around 3620 cm™ in the FT-IR spectrum of isolated crystals
[(M1-H)(H20)1*(PFs)2 (Supplementary Fig. 35). We attribute this band, which was not observed for
similarly prepared samples of M2, to O-H stretching vibrations for H,O molecules that strongly interact
with the oxidized Ru center, as it was recently shown for a hydrogen-evolving catalyst.*® Intriguingly, a
similar absorption was also observed for a solution of M1 only at pH 1, but not under neutral conditions
(Supplementary Fig. 36). We therefore conclude that a defined water network within the cavity of M1
under acidic conditions is not only formed and conserved in crystalline solids but also persists in solution
phase. Reinvestigation of isolated crystals [(M1+H)(H20)]**(PFs")2 in chemical water oxidation resulted
in virtually the same activity as for freshly prepared M1 (Supplementary Fig. 37), once again
demonstrating the high stability and activity of M1. Apparently, the crystal structure shown in Fig. 5

represents an active intermediate or resting state during the WOC cycle.

These results clearly highlight and justify our molecular design strategy towards a sophisticated second
coordination sphere. Supramolecular preorganization of water molecules in a well-defined pocket around
the catalytic Ru center resulted in high-performance molecular water oxidation catalysis and stabilized

' complex with a 7" coordinated H.O ligand was isolated, which

higher Ru" or Ru" oxidation states. ARu
is typically rather short-lived due to violation of the 18-electron rule,®® and unprecedented structural

insight into early catalytic intermediates for the WNA pathway was obtained.
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Fig. 5 | Three different states for the hydrogen-bonding network inside [(M1+H)(H20)]?*(PFs)2. Three different
states for the hydrogen-bonding network of preorganized H20 molecules inside the supramolecular cavity of
[(M1+H)(H20)]**(PFs)2 obtained by single-crystal X-ray analysis. a, Initial state (11.7% occupancy), b, approaching
mode (22.1% occupancy) and ¢, bonding mode (66.2% occupancy) with additional H20 substrates ‘ready-to-go’ for

0O-0 bond formation via nucleophilic attack.

Proposed mechanisms for water oxidation with M1 and M2. After compiling all analytical data, we
propose the following mechanistic picture for water oxidation with cyclic mononuclear Ru complexes (Fig.
6). For reference M2 containing the unfunctionalized biphenyl unit, water oxidation always follows the
bimolecular 12M mechanism independent of the applied experimental conditions. In accordance with the

2224 \ve propose a symmetrical bimolecular encounter complex for the rate-determining step

literature,
(rds) of the I12M pathway for M2. The assumed lateral orientation of the macrocyclic ligand stabilizes this
assembly by z-r interactions and facilitates the O—O bond formation via radical combination of two Ru"=

intermediates (Fig. 6¢). In contrast, the analogous bimolecular complex for M1 at neutral conditions is
sterically hindered by the presumed edge-to-edge orientation of the axial pyridine ligands, thus
hampering the bimolecular approach, and significantly lowering the catalytic activity of M1 in the 12M
mechanism at pH 7 (Fig. 6d). At pH 1 however, protonation of the proximal base in the ligand backbone
induces a rotation of the macrocycle, which confines the active site in the cyclic cavity and impedes any
bimolecular interactions at the active Ru site. This structural switch endowes M1 obviously with an

advantage compared to other mono- and dinuclear WOCs reported in literature that also involve a
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mechanistic switch from bimolecular 12M to monomolecular WNA mechanism.*~*° For instance, a series
of pocket-shaped Ru(bda) complexes equipped with flexible, aliphatic bridging ligands and structural
similarity to M1 and M2 operate via a quite inefficent WNA mechanism.**®° For M1 however, an X-ray

I resting state revealed that the well-defined macrocyclic pocket

structure for the predominant Ru
stabilizes the bound Ru"-OH, center and preorganizes additional water molecules in close proximity.
Thus, the kinetic barrier for the nucleophilic attack of a second H>O molecule is strongly reduced, thus
resulting in a mechanistic switch to the unimolecular WNA mechanism for M1 under acidic conditions
(Fig. 6b). Further evidence for this transition is provided by a change from secondary (1.2) to primary
(1.6) KIE for M1 under neutral and acidic conditions, respectively. Presumably, the enzyme-like
nanoenvironment in the macrocyclic pocket for the active conformation of M1 leads to a very product-
like transition state, which explains the observed slightly lower KIE of 1.6 at pH 1.5' Furthermore, this
mechanistic switch and significantly enhanced catalytic performance of M1 under acidic conditions are
well reflected by a pronounced reduction of the overpotential from 440 to 290 mV when going from pH 7
to 1. In contrast, the overpotential for M2 is much less affected by a change in pH (Supplementary Table

2 and Supplementary Figs. 4 and 5).
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Fig. 6 | Mechanisms for water oxidation catalysis and proposed key intermediates for M1 and M2. a,
Mechanistic picture for the water nucleophilic attack (WNA) and bimolecular radical-radical coupling (12M) pathways
of catalytic water oxidation. Graphical representation of the proposed key intermediates at the Ru" state of the
water oxidation cycle for b, M1 at pH 1, ¢, M2 at pH 1 and 7 and d, M1 at pH 7.
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Conclusions

In an enzyme-mimetic approach, we have synthesized the Ru(bda) catalyst M1 whose catalytic activity
is controlled by a bipyridine ligand located opposite to the metal centre in a macrocyclic architecture. In
chemical water oxidation at pH 1, an impressive TOF of 140 + 5 s™" is achieved, which is far superior to
the unsubstituted control compound M2 (TOF = 18-54 s™') and even comparable to the natural archetype
OEC-PSII. Detailed kinetic investigations disclosed a mechanistic switch from the bimolecular 12M
mechanism for M2 to the usually much less effective unimolecular WNA pathway for the base-containing

M1. In this regard, single-crystal X-ray analysis for the Ru"™ resting state of M1 after catalytic water

oxidation revealed the preorganization of several H.O molecules within the rigid pocket around the active
Ru center. Direct structural evidence for a 7" H,O ligand directly coordinated to a catalytically active Ru"
species is observed, while further H,O molecules are fixed as ‘ready-to-go’ substrates in proximity via
hydrogen bonding to the protonated bipyridine site and carboxylates of the bda backbone. This well-
defined H20 network significantly reduces the kinetic barrier for this crucial and extremely effective
nucleophilic attack and provides unprecedented insight into the initial states of O—O bond formation in
the WNA mechanism. Under the neutral conditions for photocatalytic water oxidation however, weak
[C-H---N] interactions between the bda backbone and the free bipyridine base induce a ligand rotation,
which breaks the catalytic pocket and restricts any activity to an inferior and sterically hindered 12M
mechanism. This study establishes a molecular design approach for water oxidation catalysis that
conceptually mimics active sites in natural enzymes where water channels are pre-organized in
molecular clefts similar to its natural counterpart. Whilst we demonstrated here the design of a catalytic
pocket by pre-organizing the substrate water molecules from a ligand located opposite to the metal centre
for accelerated O, evolution, we envision in a broader sense that our conceptual design will inspire many

other kinds of catalytic transformations and might be efficiently implemented in solar fuel devices.

Methods

Synthesis towards molecular precursor 1. 4-(pyridin-3-yloxy)aniline (8.72 g, 46.8 mmol, 1.0 equiv.)
was dissolved in 48 % aqueous HBr (60 mL) and a solution of NaNO- (6.78 g, 98.3 mmol, 2.1 equiv.) in
H.0 (48 mL) was added dropwise over 10 min at 0 °C. After stirring for additional 2 h at room temperature,
CuBr (10.1 g, 70.2 mmol, 1.5 equiv.) was added slowly at 0 °C and the mixture was stirred at room
temperature for 2h and at 140 °C for 24 h. After cooling to room temperature, the crude product was
carefully neutralized with saturated NaHCOs solution at 0 °C and extracted with ethyl acetate (3 x 50 mL).
The combined organic phases were dried over anhydrous Na,SO,; and concentrated under reduced

pressure. The residue was purified by flash chromatography (SiO2, cyclohexane/ethyl acetate 60:10).
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3-(4-bromophenoxy)pyridine. Yield: 6.60 g, 26.4 mmol (56%, Lit®%: not reported). '"H NMR (400 MHz,
CDCls, rt): & [ppm] = 8.40 (dd, 3Jun = 5.1 Hz, , *Jun = 2.6 Hz, 2H, H2 & H6), 7.50 — 7.45 (m, 2H, H4 &
H5), 7.32 — 7.28 (m, 2H, H3’), 6.93 — 6.89 (m, 2H, H2). Analytic data are in accordance with the

literature.®?

A mixture of 3-(4-bromophenoxy)pyridine (1.05 g, 4.20 mmol, 1.0 equiv.), bis(pinacolato)diboron (2.35 g,
9.24 mmol, 2.2 equiv.) and KOAc (1.24 g, 12.6 mmol, 3.0 equiv.) in dry dioxane (5.3 mL) and dry DMF
(0.7 mL) was degassed under nitrogen for 45 min. Subsequently, Pd(dppf)Cl. (92.2 mg, 126 umol, 0.03
equiv.) was added and the mixture was stirred for 62 h at 95 °C. After cooling down to room temperature,
the crude mixture was filtrated over celite and concentrated under reduced pressure. The residue was

purified by flash chromatography (SiO-, dichloromethane to dichloromethane / ethyl acetate 90:10).

3-(4-(4,4,5,5-tetramethyl-1,3, 2-dioxaborolan-2-yl) phenoxy)pyridine (1). Yield: 766 mg, 2.58 mmol (61 %,
Lit.%%: not reported). '"H NMR (400 MHz, CDCls, rt): & [ppm] = 8.44 — 8.42 (m, 1H, H2), 8.39 (dd, 3Ju.n =
4.5 Hz, *Jnn = 1.6 Hz, 1H, H6), 7.83 —7.79 (m, 2H, H3"), 7.33 — 7.27 (m, 2H, H4 & H5), 7.02 — 6.98 (m,
2H, H2), 1.35 (s, 12H). Analytic data are in accordance with the literature.®?

Synthesis of bidentate ligands. A mixture of 6,6'-dibromo-2,2'-bipyridine (BP1) or 3,3'-dibromo-1,1'-
biphenyl (BP2) (1.0 equiv.), 3-(4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenoxy) pyridine (1) (2.2
equiv.) and 2 M Na>CO3 aqueous solution (8.0 equiv.) in a mixture of toluene/ethanol (0.1 M, 4:1) was
degassed under nitrogen by three consecutive freeze-pump-thaw cycles. Subsequently, PdCl>(PPhs).
(0.1 equiv.) was added and the resulting mixture was heated at 110 °C for 18 hours. After cooling down
to room temperature, the solvent was removed under reduced pressure and the residue was diluted with
dichloromethane. The organic phase was separated, and the aqueous phase extracted with
dichloromethane (3x25 mL). The combined organic phases were dried over anhydrous Na,SO4 and
concentrated under reduced pressure. The residue was purified by flash chromatography (SiO-,
cyclohexane/ethyl acetate 80:20 to 50:50).

6,6"-bis(4-(pyridin-3-yloxy)phenyl)-2,2"-bipyridine (L1). Yield: 324 mg, 655 umol (82%). m.p. 182 °C.
'"H NMR (400 MHz, CDCls, rt): & [ppm] = 8.57 (dd, ®J = 7.8 Hz, *J = 0.9 Hz, 2H), 8.49 (dd, *J = 2.8, °J =
0.5 Hz, 2H), 8.41 (dd, ®J = 4.6 Hz, *J = 1.4 Hz, 2H), 8.21 — 8.17 (m, 4H), 7.92 (t, °J = 7.8 Hz, 2H), 7.76
(dd, *J =7.9 Hz, *J = 0.9 Hz, 2H), 7.38 (ddd, 3J = 8.4 Hz, *J = 2.8, 1.5 Hz, 2H), 7.31 (ddd, °J = 8.4, 4.6 Hz,
°J = 0.7 Hz, 2H), 7.19 — 7.15 (m, 4H). *C NMR (100 MHz, CDCls, rt) & [ppm] = 157.5, 156.0, 155.6,
153.8,144.8,141.8,137.9,135.5, 128.9, 125.9, 124.3, 120.1, 119.5, 119.1. HRMS (ESI-TOF, pos. mode,

15



MeCN/CHCI; 1:1): m/z calcd for Ca2H2oN4O2+H™: 495.1815 [M+H]*; found: 495.1802. elemental analysis
calcd. (%) for C32H22N4O2: C 77.72, H 4.48, N 11.33; found: C 77.54, H 4.63, N 11.38.

4,4"-bis(pyridin-3-yloxy)-1,1"3"1":3",1"-quaterphenyl (L2). Yield: 203 mg, 412 umol (82%). '"H NMR
(400 MHz, CDCls, rt): & [ppm] = 8.46 (d, *J = 2.6 Hz, 2H), 8.40 (d, *J = 3.9 Hz, 2H), 7.83 (t, *J= 1.7 Hz,
2H), 7.68 — 7.62 (m, 6H), 7.60 — 7.52 (m, 4H), 7.41 (ddd, *J = 8.4 Hz, *J = 2.7, 1.4 Hz, 2H), 7.34 (dd, 3J =
8.4, 4.7 Hz, 2H), 7.15 — 7.10 (m, 4H). *C NMR (100 MHz, CDCls, rt) & [ppm] = 155.9, 154.3, 143.7,
141.9, 141.0, 140.6, 137.5, 129.5, 129.1, 126.4, 126.4, 126.3, 126.2, 124.6, 119.5. HRMS (ESI-TOF,
pos. mode, MeCN/CHCIs 1:1): m/z calcd for CasH24N2O2+Na*: 515.1730 [M+Na]*; found: 515.1730.
elemental analysis calcd. (%) for C3sH24N20,: C 82.91, H 4.91, N 5.69; found: C 82.51, H 4.80, N 5.79.

Synthesis of mononuclear Ru complexes. [Ru(bda)(dmso).] (165 mg, 330 umol, 1.1 equiv.) and the
respective ligand (L1, L2) (300 pymol, 1.0 equiv.) were dissolved in a degassed mixture of chloroform (50
mL) and methanol (50 mL) and stirred for 14 hours at 65 °C under nitrogen. After cooling to room
temperature, the solvent was removed under reduced pressure. The residue was purified by column

chromatography (SiO,, dichloromethane/methanol 10:0.5 to 10:3) and isolated as the first fraction.

[Ru(bda)(6,6"-bis(4-(pyridin-3-yloxy)phenyl)-2,2'-bipyridine)] (M1). Yield: 123 mg, 147 pmol (49 %). m.p.
>300 °C. "H NMR (400 MHz, CD,Cl,/CD3;OD (1:1) + ascorbic acid, rt): & [ppm] = 8.84 (dd, 3J = 8.1 Hz,
4J =1.0 Hz, 2H), 8.65 (dd, °J = 5.3 Hz, *J = 1.3 Hz, 2H), 8.12 (t, 3J = 7.8 Hz, 2H), 7.97 (dd, 3J = 7.8 Hz,
*J=0.8 Hz, 2H), 7.79 — 7.77 (m, 4H), 7.69 — 7.64 (m, 4H), 7.43 — 7.32 (m, 6H), 6.61 — 6.55 (m, 4H), 5.59
(d, *J = 2.5 Hz, 2H). "*C NMR (100 MHz, CD,Cl,/CD3OD (1:1) + ascorbic acid, rt) & [ppm] = 174.4, 159.8,
159.5, 159.1, 156.8, 156.4, 154.3, 150.1, 139.8, 138.9, 136.1, 132.2, 130.9, 127.8, 126.2, 121.9, 121.7,
121.7. UV/Vis (CH3CN/H20 4:6 (pH 1)): Amax (&) = 254 (42283), 302 (39153), 345 (18765), 454 (4954),
482 nm (4766 M cm™); (CH3CN/H20 4:6 (pH 7)): Amax (¢) = 253 (39909), 304 (31047), 366 (8854), 458
(4003), 482 nm (3537 M cm™). HRMS (ESI-TOF, pos. mode, MeOH/CH2Cl, 1:1): m/z calcd for
Ca4H2sNgOsRU™: 838.1108 [M]; found: 838.1112. elemental analysis calcd. (%) for Cs2H22N4O2: C 63.08,
H 3.37, N 10.03; found: C 62.79, H 3.50, N 10.00.

[Ru(bda)(4,4"-bis(pyridin-3-yloxy)-1,1":3",1":3",1"-quaterphenyl)] (M2). Yield: 87.8 mg, 105 umol (35 %).
m.p. >300 °C. "H NMR (400 MHz, CD,Cl,/CD;OD (1:1) + ascorbic acid, rt): 6 [ppm] = 8.29 (dd, 3J =
8.5 Hz, *J = 5.4 Hz, 2H), 8.05 (m, 2H), 7.99 (dd, °J= 8.1 Hz, “*J = 0.9 Hz, 2H), 7.91 (dd, 3J = 7.7 Hz, *J =
0.9 Hz, 2H), 7.84 (dt, 3J = 7.0 Hz, *J = 1.8 Hz, 2H), 7.69 — 7.63 (m, 4H), 7.58 (t, °J = 7.9 Hz, 2H), 7.50 —
7.47 (m, 4H), 7.42 (ddd, °J = 8.5 Hz, *J = 2.6 Hz, 1.1 Hz, 2H), 7.27 (dd, °J = 8.5 Hz, 5.6 Hz, 2H), 6.75 —

6.70 (m, 4H), 6.24 (d, *J = 2.0 Hz, 2H). 3C NMR (100 MHz, CD,Cl,/CDs0D (1:1) + ascorbic acid, rt)
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0 [ppm] = 173.9, 160.2, 157.8, 156.5, 154.1, 149.2, 142.6, 142.5, 140.1, 137.3, 132.3, 131.0, 130.5,
130.3, 127.4, 126.9, 126.3, 126.1, 125.9, 124.4, 121.2. UV/Vis (CH3CN/H20 4:6 (pH 1)): Amax (&) = 253
(66036), 303 (27017), 356 (10670), 460 (4123), 492 nm (4052 M™" cm™); (CH3CN/H20 4:6 (pH 7)): Amax
(&) = 254 (63988), 306 (24275), 358 (9988), 458 (4003), 492 nm (3454 M cm™). HRMS (ESI-TOF, pos.
mode, MeOH/CH.Cl> 1:1): m/z calcd for CasH3oN4OsRu*: 836.1209 [M]"; found: 836.1233. elemental
analysis calcd. (%) for Cs2H22N4O2: C 66.10, H 3.62, N 6.70; found: C 65.63, H 3.69, N 6.73.

Single crystal X-ray analysis. Single crystals of M1 or M2 were obtained by slow diffusion of diethyl
ether in either a CHCIs/MeOH (1:1) or DCM/MeOH (1:1) solution of the complexes M1 and M2,
respectively, which were stored in a refrigerator at 5 °C. Single crystals for complex
[(M1-H)(H20)1*(PFs"). were obtained following a recent literature report for the crystallization of Ru(bda)
complexes after chemical water oxidation conditions:? Complex M1 (10 mg, 12 ymol) was dissolved in
4 mL CH3CN/H20 4:6 (pH 1, triflic acid) and cerium ammonium nitrate (400 mg, 720 ymol; ~60 eq.) was
added stepwise. After vigorous oxygen evolution, subsequent addition of excess NH4PFg led to slow
precipitation and crystal formation after storing the mixture for several days in a refrigerator at 5 °C.
Single crystal X-ray diffraction data were collected at 100 K on a Bruker D8 Quest Kappa Diffractometer
with a Photonll CPAD area detector and multi-layered mirror monochromated Cu Ko radiation
(L =1.54178 A). The structures were solved using direct methods, expanded with Fourier techniques
and refined with the SHELX software package.®® All non-hydrogen atoms were refined anisotropically.
Hydrogen atoms were assigned to geometrically idealized positions and were included in calculation of
structure factors. For all crystal structures, residual electron density for solvent molecules could not be
modelled satisfactorily. Therefore, the PLATON squeeze routine was applied to remove the respective

electron density.®*®° The remaining structure could then be refined nicely.

Chemical water oxidation. The measurements were performed with a standardized procedure as
described in our previous publications.?>%¢-¢8 Water oxidation experiments under chemical conditions
were carried out under ambient conditions in reaction vessels (V' =20.6 mL) connected to pressure
sensors (Honeywell, SSCDANNO30PAAAS5, absolute pressure, 0 to 30 psi). For every experiment, CAN
(1.0 g, 1.82 mmol) was dissolved in acetonitrile/water 4:6 mixture (3.0 mL, pH 1, triflic acid) and the
catalyst solution (400 pL stock solution) was then injected through a septum using a Hamilton syringe.
Via gas chromatography (Shimadzu GC-2010 Plus, thermal conductivity detector at 30 mA, argon as
carrier gas), the gas composition of the head space after each catalytic experiment (500 yL) was
determined. The catalytic stability is defined by the respective turnover number (TON), which was

calculated by dividing the total amount of generated oxygen by the amount of used catalyst. The amount
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of generated oxygen was determined by applying the ideal gas law: Ap x V=4n x R x T (T =293.15 K,
V=20.6 mL, R=28.314 J K" mol™). For each concentration, a TON was calculated and the highest TON
is given. The catalytic activity of molecular catalysts was determined by the turnover frequency (TOF).
Therefore, the initial rate of catalysis for each concentration was calculated via linear regression of the
first two seconds of catalysis. In case of a linear dependency between the respective initial rates and the
catalyst concentration, the slope of the linear regression represents the averaged TOF. A range of the
observed TOF values, calculated for each concentration, is given when a quadratic dependency is

observed.

Photocatalytic water oxidation. The measurements were performed in an Oxygraph Plus Clark-
electrode system with a transparent reaction chamber (Hansatech Instruments Ltd.) at 20 °C following
a standardized procedure as described in our previous publications.?>®"%® A Clark electrode was used
for oxygen detection. The samples were irradiated using a 150 W xenon lamp (Newport) equipped with
a 400 nm cutoff filter. All the experiments were carried out under a light intensity of 100 mW cm™, which
was calibrated by using CCS 200/M wide range spectrometer (Thorlabs) in combination with a PM 200
optical power meter equipped with a S121C sensor (Thorlabs), which was installed in a modified oxygen
chamber (Hansatech Instruments Ltd.). Before the experiments, a stock solution of photosensitizer (PS)
[Ru(bpy)s]Cl2 (¢([Ru(bpy)s]Clz) = 1.5 mM) and Na;S:0s (c(Na2S20s) = 37 mM) as sacrificial electron
acceptor (SEA) in CH3CN/H20 4:6 mixtures (pH 7, 50 mM phosphate buffer) was prepared in the dark.
At a constant temperature of 20 °C, the reaction chamber was filled with an aliquot of this solution (1.5
mL), mixed with catalyst solution at various concentrations (total volume: 2 mL) and kept in the dark for
additional 50 s prior to irradiation. For each concentration, a TON was calculated (maximum amount of
evolved oxygen during catalysis divided by the amount of used catalyst) and the highest TON is reported.
After an initial induction period of ~1 s, the TOF for each concentration was determined based on the
initial rate of catalysis. Therefore, the oxygen evolution curve was plotted against the reaction time and
the initial rate was extracted by linear regression analysis of the oxygen evolution amount versus the
time for the first five to ten seconds of catalysis. The averaged TOF was then determined from the slope
of a linear regression of the initial rates of each concentration vs. the respective catalyst amount. In case
of a quadratic dependency, a range of the observed TOF values, calculated for each concentration, is

given.

Kinetic Isotope Experiments. Based on standardized procedures described in our previous

25,66

publications, % the experiments were performed using a Oxygraph Plus Clark-electrode system

(Hansatech Instruments Ltd.) for oxygen detection at a constant temperature of 20 °C. If the relative
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reactions rates for non-deuterated and deuterated solvent differ by approximately a factor of two, the
reaction is characterized by a primary deuterium kinetic isotope effect (KIE) and a direct O-H/D bond
cleavage is involved in the rate-determining step (rds) of the water nucleophilic attack pathway.®' In
contrast, for the bimolecular 12M mechanism no direct hydrogen substitution takes place and thus a
secondary kinetic isotope effect (KIE = 0.7 — 1.5) is observed.®’ The experiments under conditions of
chemical water oxidation were performed in 2.0 mL of a 4:6 acetonitrile/water (H2O or D20 (99.9 %
purity), pH 1, acid: triflic acid) mixture in the presence of CAN (c = 0.525 M) as sacrificial electron
acceptor. For each measurement, 1.5 mL of a freshly prepared CAN solution (¢ = 0.7 M, 4:6
acetonitrile/water (H20 or DO, pH 1)) was transferred to the transparent reaction chamber and after the
baseline was constant (~ 40 s), 0.5 mL of the catalyst solution at varying concentrations was added. The
experiments under photocatalytic conditions were performed in accordance with the procedures
described for photocatalytic water oxidation. Therefore a stock solution of PS (c([Ru(bpy)s]Cl2) = 1.5 mM)
and SEA (c(NazS20s) = 37 mM) in 4:6 acetonitrile/water (H2O or D2O (99.9 % purity); pH 7, 50 mM
phosphate buffer) was prepared in the dark. An aliquot of this solution (1.5 mL) was then mixed with a
varying amount of catalyst concentration (total volume: 2 mL) in the dark. Irradiation was started at 50 s
to allow thermal equilibration of the sample at a constant temperature of 20 °C. The reaction rates in H.O
(k(H20)) and D2O (k(D2O)) were calculated by determining the initial rate of catalysis for each
concentration (linear regression of the oxygen evolution curve during the first five to ten seconds of

reaction).

Stability test. To investigate the stability of the respective catalyst after chemical water oxidation, each
complex (10.0 mg, 3.0 umol) was dissolved in a mixture of CH3CN/H20 4:6 (1.0 mL, pH 1, triflic acid).
After addition of sacrificial oxidant CAN (500 mg, 960 pmol), intensive oxygen evolution occurred
(~40 catalytic cycles). Then, ammonium hexafluorophosphate (250 mg) was added and a brown
precipitate was formed, which was filtered off, washed with water, and dried under reduced pressure.
The sample was redissolved, reduced with ascorbic acid and analysed by MALDI TOF mass
spectrometry (positive, trans-2-[3-(4-tert-butylphenyl)-2-methyl-2-propenylidene] (DCTB),
CH2CI»/CH30H 1:1).

Data availability

Crystallographic data for the structures reported in this Article have been deposited at the
Cambridge Crystallographic Data Centre under deposition numbers CCDC 2157734 (M1),
2157733 (M2) and 2157735 ([(M1-H)(H20)]?*(PFs)2). Copies of the data can be obtained free of
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charge from www.ccdc.cam.ac.uk/structures/. All other source data is available from the authors

upon reasonable request.
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