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Abstract: Four new complexes [Ru(bpy)z(bbib)](PFe)2, [Ru(phen)z(bbib)](PFs)2,
[Re(CO)s(bbib)(py)](PFs) and [Ir(ppy)2(bbib)](PFs) [where bbib = 4,4'-bis(benzimidazol-2-yl)-2,2'-
bipyridine] have been prepared and their photophysical properties determined. Their behaviour has
been studied with a variety of anions in acetonitrile, DMSO and 10% aquated DMSO. Acetate and
dihydrogenphosphate demonstrate a redshift in the bbib ligand associated absorptions suggesting
that the ligand is strongly interacting with these anions. The *MLCT emissive state is sensitive to
the introduction of small quantities of anion (sub-stoichiometric quantities) and significant
quenching is typically observed with acetate, although this is less pronounced in the presence of
water. The emissive behaviour with dihydrogenphosphate is variable, showing systematic changes
as anion concentration increases with several distinct interactions evident . 'H NMR and *'P NMR
titrations in a 10% D20 — Ds-DMSO mixture suggest that with dihydrogenphosphate, the imidazole
group is able to act as both a proton acceptor and donor. It appears that all four complexes can
form a {{[complex].-H2PO4} “dimer”, a one-to-one species (which the X-ray crystallography study
suggests is dimeric in the solid-state), and a complex with a combined bis(dihydrogenphosphate)
complex anion. The speciation relies on complex equilibria dependent on several factors including
the complex charge, the hydrophobicity of the associated ligands, and the solvent.

Introduction

The selective recognition of anions has developed over the last two decades into a vibrant area of
supramolecular chemistry,["! and is now beginning to find application within a number of fields.!?!
There is an increasing variety of molecular architectures and binding modes available to tailor both
selectivity and application, including the use of halogen bonding®® and anion—r interactions.” By
far the most common approach has been the use of directional hydrogen-bonding,® using
hydroxyl, urea, thioureal” and guanidium® units, to tune the anion recognition and selectivity.
Compounds bearing pyrroles,!'” imidazoles,!"" triazoles!'? and imidazolium!'® moieties have
recently been shown to provide considerable anion specificity.

The recognition of phosphate by artificial receptors remains a considerable challenge
though,!" although study is driven forward by its ubiquitous role within living systems.''™™ There is a
delicate interplay between protonation and electrostatics that enable it to be a reactive
intermediate, and yet possess a remarkably stable tetrahedral geometry. The biological behaviour
appears to be activated by the relationship between the charge and its local environment, leading
to a number of possible recognition strategies.!'>'® Whilst many studies have been completed
using dihydrogenphosphate, speciation between condensed species such as pyrophosphate!'”
and biologically important phosphates such as ATP!'® remains an active area of research, and the
detectior[12 0<])f organophosphates opens new opportunities to sense!'® and even deactivate “nerve
agents”.

The detection of environmental phosphates is complicated though by the high hydration
enthalpy (AGhya of HoPO4~ approx. -465 kJ mol 2" making coordination particularly challenging in
aqueous environments.??! A variety of ingenious strategies have been considered to overcome this
including host “preorganization” and “encapsulation”.?® The issue is further complicated by the
degree of protonation of the phosphate unit. In a biological or environmental setting, it typically
presents as an equilibrium of the monovalent H,PO,~ and the divalent HPO4? forms. In addition,
hydrogenphosphate readily forms dimers and oligomers in solution through “anti—electrostatic”
hydrogen bonds,"** which can lead to large anionic systems, particularly in the presence of urea.*®
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In our earlier studies, we have shown that linear thiourea bridged 2,2’-bipyridine ligands have
good affinity towards both acetate and phosphate, and these can be enhanced by coordination of
the ligand to neutral rhenium(l) fluorophores.”?®! We proposed that each thiourea unit binds, not
one, but two dihydrogenphosphate anions cooperatively with the first binding coefficient being
smaller than the second, suggesting that a proton transfer is commensurate with the anion
recognition in acetonitrile.

The development of phosphate recognition has gone hand in hand with both fluorometric or
colorimetric sensing. This requires a good electronic communication between the “binding unit” and
an appropriate chromophore.’?”! Fluorescent zinc complexes have shown considerable application
in this respect,?® using the direct coordination and bridging of the phosphate between two metal
cations permitting good speciation. Similarly, lanthanide complexes have shown a considerable
interaction with a range of species,® with speciation controlled by the steric control around the
metal centre, and secondary functionalization providing opportunities to develop ATP selectivity.*%
The diimine complexes of ruthenium(I)*"'and rhenium(1),'#*2 and more recently the
cyclometalated complexes of iridium(l11)®'**23% have drawn much interest in the detection of
phosphate. For example, a rhenium(l) tricarbonyl polypyridine with an imine functionalized phenol
moiety can have a “turn—on” emissive response with a range of anions,*" whilst an aminoethanol
substituted 1,10—phenanthroline (phen) ruthenium complex has demonstrated an aggregation
induced emission response.®® And by exploiting selective hydrogen-bonding interactions, a phen
bound sulfonamido system has shown recognition of fluoride, acetate, and
dihydrogenphosphate.®!

A component within many recent studies is an imidazole group, such as imidazo[4,5-f]-
[1,10]phenanthroline which can be bonded to a variety of metals enabling a photophysical
response.?”! The ligands 2,2-bisimidazole (biimH,) and bibenzimidazole (bbiH.), along with a
number of related derivatives, show that they can coordinate directly to both {Ru(bpy).} or
{Ir(ppy)2},¥ and the amino groups then form twofold second-sphere hydrogen bonds with various
anions with a commensurate enhancement in the emission. In many instances, deprotonation
appears to occur with acetate, fluoride and dihydrogenphosphate. In a related set of studies, a
series of chelating N-bound pyridyl triazoles, again bound to either a {Ru(bpy)2} or {Ir(ppy)2}
fluorophore, can elicit a more selective response to H,PO4™.?% For example, using a ligand derived
from pyrenylimidazole-10-pyridin-2-yl-9H-9,11-diazacyclopentapyrene, phosphorescence is
enhanced by the addition of dihydrogenphosphate, but quenched with acetate and fluoride.*%
Selectivity can also be enhanced by the inclusion of an appended urea*' or even benzothiazole
groups.*? With these systems, it is also possible to exploit halogen bonding to enhance selectivity
and avoid the possibility of deprotonation.**® 3! In similar studies a cyclometalated Ir(Ill) complex
containing a methylene bridged benzimidazole substituted 1,2,3-triazole has demonstrated good
photoluminescent detection of pyrophosphate.

In our own studies, we have previously reported a series of ruthenium(ll) polypyridyl
complexes functionalized with benzothiazole or benzoxazole groups.?! These were shown to bind
to the minor groove of duplex DNA, with the optimum configuration for DNA interaction was found
to be substitution with benzothiazoles at the 4 and 4'-positions of a 2,2'-bipyridine (bpy) chelate.
Within the scope of these studies, we also explored the synthesis 4,4 —bis(benzimidazol-2-
yl)-2,2"-bipyridine (bbib) and its subsequent coordination to ruthenium,*® although the complexes
proved to rather insoluble, and the interactions with DNA itself indistinct. In this report we revisit
this ligand and explore its potential for selective dihydrogenphosphate recognition when bonded to
a series of emissive metal centres. This study illustrates that the binding behaviour of phosphate
with supramolecular hosts is far more intricate than previously thought, and illustrates new
strategies that may work under ambient pH conditions.

Results and Discussion

Synthesis

A series of emissive metal complexes were prepared using standard literature procedures
(Scheme 1). 4,4'-Dicarboxylic acid-2,2"-bipyridine was initially condensed with
o—phenylenediamine using polyphosphoric acid as both solvent and dehydrating agent.
Precipitation in basic aqueous solution resulted in 4,4 -bis(benzimidazole-2-yl)-2,2"-bipyridine
(bbib) as a pale brown amorphous solid. The identity of the product was confirmed by 'H NMR



spectroscopy in DMSO (Figure S1) and mass spectrometry. In the '"H NMR spectrum, the signals
attributed to the H® on the pyridine ring are in a significantly downfield position at 9.3 ppm due to
the proximity to the imidazole unit. The product is very insoluble in most common solvents,
including DMSO preventing analysis by *C NMR spectroscopy. However, crystals were grown by
slow evaporation of a DMSO-Ds solution, and the structure was confirmed via single crystal x-ray
crystallography, indicating the ligand is a highly conjugated planar system (Figure S2).

Scheme 1. The complexes synthesis; conditions (a) (i) 1,2-diaminobenzene in polyphosphoric
acid, 220 °C, 24 h, (ii) NaHCOs (aq), (b) (i) [Ru(bpy)Cl-] or [Ru(phen)Cl.], CF3SOsH, in ethylene
glycol, (ii) KPFe (aq), (c) [Re(CO)sBr] in DMSO, (e) (i) Ag(ClOa) in pyridine (ii) KPFs (aq), (f) (i)
KIr(ppy)2(u—Cl)}2] in DMSO, (ii) KPFs (aq).

Figure 1 The X-ray structure of [Ru(bpy)2(bbib)](PFs)2, units with ellipsoids at 50% probability and
hydrogens omitted for clarity.

The ligand bbib was coordinated to ruthenium(ll) by heating it with either [Ru(bpy)Cl.] or
[Ru(phen).Cl] in ethylene glycol with a small quantity of triflic acid to improve ligand solubility.
These formed dark red solutions, and both [Ru(bpy)(bbib)](PFs). and [Ru(phen).(bbib)](PFs). were
precipitated with the addition of an aqueous solution of potassium hexafluorophosphate. The
resulting red complexes were purified by size exclusion chroma-tography (Sephadex® LH20) in 54

3



and 46 % yield respectively. The two products were characterized by '"H NMR spectroscopy
(Figure S3 & 4), and fully assigned via COSY and NOESY techniques. Consistent with the bbib
ligand, the signal arising for the H® proton adjacent to the imidazole function is observed to be
significantly downfield at typically 9.6 ppm, and like the observed NH signal (typically at 12 to 14
ppm), was very susceptible to the presence of base.*”! Further there was notable broadening of
the aromatic signals related to the benzimidazole function. The identity was further confirmed by
mass spectrometry, with the two products identified from the corresponding divalent cation less the
associated anions. Crystals of Ru(bpy)2(bbib)](PFs). were grown from methanol by slow
evaporation to give the racemic pair in the until cell, showing that the ligand retains a planar
configuration when complexed (Figure 1).

The isolation of the rhenium(l) complexes proved challenging. The neutral complex
[Re(bbib)(CO)sBr] was obtained by prolonged heating of the ligand in DMSO, and realizing the
complex by precipitation from water. This was characterized by "H NMR spectroscopy, resulting in
very broad signals. However, the inclusion of one equivalent of tetrabutylammonium bromide in the
solution resulted in the peaks sharpening significantly (Figure S5). This suggests that the bromide
can dissociate and be replaced by the solvent (DMSO or acetonitrile). Electrospray mass
spectrometry initially identified the product with the bromide substituted by the ambient solvent.
However with the inclusion of a small quantity of a bromide salt, the protonated molecular ion could
be detected. Subsequent removal of the bromide by silver salt precipitation, and replacement of
the free site with pyridine and isolation as the hexafluorophosphate salt was easily achieved,
confirmed by the identification of the molecular ion less the PFs~ anion. The '"H NMR spectrum
though proved to be remarkably broad (Figure S6), particularly the aromatic benzimidazole peaks
despite repeated attempts at further purification. On hearting the mixture to ~75 °C (Figure S7), the
peaks resolved, and it is probable that there is either a relatively slow rotation around the
bipyridine-imidazole bond, or a slow proton exchange across the imidazole function. Additionally,
the pyridine showed inequivalence, indicating it adopts either an asymmetric orientation, or can
partially exchange with the solvent.

The isolation of the iridium(Ill) complex [Ir(ppy)z(bbib)](PFe) was realised through the reaction
of [{Ir(ppy)2(u—ClI)}2] with bbib in a small amount of DMSO over 16 h. Purification by column
chromatography indicated a number of products were present, with the final major band isolated in
a disappointing 15%, proving to be the desired trans product, having C, symmetry as evidenced in
the '"H NMR spectrum, and the molecular fragment for the complex cation less the PFgs™ anion. The
"H NMR spectrum again presents the bbib-H? signal in an unusual downfield position (10.7 ppm;
Figure S8).

Photophyiscal Characterization

The UV / visible absorption spectra of [Ru(bpy)(bbib)](PFs). and [Ru(phen)z(bbib)](PFs). consist of
a number of well-defined bands in the range 200-550 nm (Table 1, Figure 2). These can be assigned
by comparison to [Ru(bpy)s]** and [Ru(phen)s]?*; with both exhibiting the UV absorptions at 290 and
263 nm attributed to the ligand centred (LC) bpy and phen p-p* transition respectively. Both
complexes also exhibit a broad absorption in the region of 350 nm consistent with the presence of a
the bbib p—p* transition in keeping with the previously reported analogous thiazole and oxazole
complexes.[* The metal-to-ligand-charge-transfer (MLCT) d—p* transitions appear to arise from a
complex manifold of energy levels over the range from 400 to 550 nm, the longer wavelength
transitions are assumed to be associated with the MLCT to the bbib ligand. The emission spectra of
both complexes demonstrate a steady—state emission in aerobic solution at 645 and 638 nm when
excited at 450 nm, and an enhanced quantum yield of 0.055 and 0.069 in comparison to
[Ru(bpy)s](PFe)2 (Pem = 0.04018), with the emission from the phenanthroline complex, as anticipated,
being slightly greater. In comparison to the analogous oxazole and thiazole complexes [Ru(bpy)2-
(bbob)](PFs)2 (Imax = 673 nm, @em = 0.013) and [Ru(bpy)2(bbtb)](PFe)2 (Inax = 686 nm, ®ern = 0.015),
the imidazole complex emission is blue shifted by 40 nm, and demonstrates a more emissive excited
state, indicating that the change of the heterocyclic ring structure (NH compared to O or S) has a
dramatic, and as yet unexplained, effect on the excited state behaviour.
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Figure 2 Photophysical characterization of [Ru(bpy)2(bbib)](PFs). (red) [Ru(phen)z(bbib)](PFs)2
(dark red) compared to [Ru(bpy)s](PFs). (a) UV-Vis spectra in aerated acetonitrile at 298K and a
concentration of 1 x 107° M; (b) the emission normalized with an absorption of 0.1 at 450 nm.

Table 1 Electronic absorption / emission data recorded at 298 K in under aerobic
conditions at a concentration in the range of 1 - 5 x107° M.

Complex Absorption Emission
P Amax/nm (g¢/mol~'cm™) Amax/nm  ®em
LMCT LC LC MLCT

[Ru(bpy)2(bbib)[(PFs)2! 244 (22400) 290 (42700) 348 (27000) 481 (12400) 6453 0.055°5
[Ru(phen)(bbib)](PFe)2" 263 (63700) 290 (31400) 349 (27900) 480 (18000) 6383  0.069 5
[Re(bbib)(CO)3(py)I(PFs) ! 222 (21900) 285 (11000) 303 (11400) 363 (8650) 5844 0.041°
trans=[Ir(ppy)2(bbib)](PFe) 2 n/a 333(33600) 359 (31400) 480 (1830) 6193 0.1035

1 in aerated CHsCN at 298 K

2 in aerated DMSO at 298 K.

3 excited at 450 nm

4 excited at 380 nm

5 emission quantum yield calculated relative to [Ru(bpy)s](PFs)2 (®em = 0.040 ) in acetonitrile.*8

6 emission quantum yields calculated relative to [Re(CO)3Br(bpy)] (®em = 7.8 x 1073 ) in acetonitrile.[*°]

The UV/Vis absorbance and emission spectra of [Ru(bpy)2(bbib)]** and [Ru(phen)z(bbib)]**
were recorded over a pH range from 2 to 12 using a standardized aqueous 0.1 M Britton-Robinson
buffer and adjusted by the addition of a 0.1 M NaOH solution (Figure S11-14). The UV/Vis
absorbance spectra for both complexes have several peaks which show considerable change,
particularly those assumed to be associated with the bbib p to p* and the bbib MLCT transitions,
with protonation of the two imidazole groups occurring in the pH range of 2 to 4. Similar changes
are also seen in the emission spectra, suggesting protonation in the pH region of 4 to 5.5. The
difference in the pKa is an interesting feature, and this could relate to the differences between the
pK, of the ground and excited state. Given that the change in emission is over a broad pH range, it
suggests that a sequential two-step protonation occurs and that, as pH drops, the emissive peak at
650 nm peak is quenched, and a new emissive state is observed at 720 nm consistent with a
reduction in the bbib ligand LUMO energy level on protonation. There is also a noticeable change



in the absorption spectrum corresponding to deprotonation in the pH range of 9.5to 11 and a
significant blue shift in luminescence, with the emissive state switching from the bbib *MLCT to the
ancillary bpy / phen *MLCT excited state. In these studies, given the necessity to control the pH
with both hydroxide and the cocktail of acetate, borates and phosphates in the Britton-Robinson
buffer, the presence of these anions might not be innocent in the observed behaviour.

Unfortunately, the complex [Re(bbib)(CO)s(Br)] is too insoluble to complete a spectroscopic
study. However the UV / vis absorption of the complex [Re(bbib)(CO)s(py)l(PFs) was readily
recorded in acetonitrile, showing that it is similarly red shifted in comparison to the parent complex
[Re(bpy)(CO)3(py)I(PFs) (MLCT Amax = 366 nmM, em Amax = 558 nm),°? with a very long “tail” in the
absorption stretching out to 440 nm (Figure S9). The emission is red shifted by 26 nm relative to
the unfunctionalized parent complex consistent with the extended conjugation in the bbib ligand
and the complex is surprisingly emissive, being comparable to the ruthenium complexes discussed
above. The iridium complex [Ir(ppy)2(bbib)](PFs) proved to be remarkably insoluble in acetonitrile
unfortunately, but in DMSO the complex could be readily dissolved, illustrating absorptions typical
for this cyclometalated system (Figure S10), again with the absorption and emission redshifted in
comparison to [Ir(ppy)2(bpy)](PFs).?" Due to the poor solubility of these species in aqueous
solution, it was not feasible to undertake a review of the pH behaviour.

Anion Binding Studies using UV / Visible Spectroscopy

The introduction of a range of anions as the tetrabutylammonium (TBA) salts to
[Ru(bpy)2(bbib)](PFs)2, [Ru(phen)z(bbib)](PFs). and [Re(bbib)(CO)s(py)](PFs) in acetonitrile resulted
in anion selective photophysical perturbations in the UV / vis. absorption spectra. (The poor
solubility of [Ir(ppy)2(bbib)](PFs) prevented inclusion in this study.) The behaviour is invariant to the
addition of up to ten equivalents of CI", Br', NOs~, HSO,™ and even AcO™ (Figure S15 - 17), but the
addition of H,PO4” results in a significant and systematic change in the absorption spectra,
demonstrated by a decrease in intensity in the bpy p—p* absorption, and a “flattening” of the bands
attributed bbib ligand (Figure 3i) and an associated redshift, being more pronounced with the more
conjugated phenanthroline co-ligands.

Similarly, the emissive behaviour of the two ruthenium complexes is invariant to the presence
of CI', Br7, NOs™, ClIO4~, and AcO™ (Figure 4). With the rhenium complex however, there is a
stoichiometric quenching with AcO™, and a slight increase in the emission with both CI” and Br~
anions which is assumed to arise from an interaction between these three anions and the available
coordination site on the metal cation, rather than association with the bbib function itself. The
behaviour with H2PO4™ results in a considerable quenching of all three metal complexes (Figure 3ii)
in what appears to be a multi-step process giving rise to interesting binding isotherms (inset Figure
3) with a variation in the observed behaviour choregraphed by both the metal centre and the
ancillary ligands.

Given the strong interactions of these complexes with hydrogenphosphate in acetonitrile, it is
possible that these persist in an aqueous environment. However, in protic solvent systems (water
and MeOH), there are significant issues with precipitation as H.PO4~ concentration increases,
suggestive of a strong ion pairing between the hydrophobic cations and the anions. To maintain
solubility of the neutral ion pair, the studies were undertaken in both DMSO, and DMSO containing
10% water, thereby introducing a more competitive binding environment for both the anion and the
host, and increasing the hydration enthalpy that needs to be overcome.??! These two solvent
combinations permitted analysis with the less soluble iridium complex trans—[Ir(ppy)2(bbib)](PFe).
As anticipated, the absorption and emission spectra are invariant with the addition of up to ten
equivalents of CI7, Br, NOs~, ClOs~ and HSO,™ for all four metal complexes, with the exception of
[Ru(phen).(bbib)](PFs). where a slight increase in the emission is noted with HSO4~ (Figure S18 —
S25). The addition of AcO™, resulted in a significant drop in the emission ([Ru(bpy)2(bbib)](PFs)-
~25%, [Ru(phen)z(bbib)](PFe)2 ~30% and [Re(CO)s(bbib)(py)l(PFs) ~75%) in DMSO (Figure 5), and
to a lesser extent in aquated DMSO (Figure S26). The emission from [Ir(ppy)2(bbib)](PFs) is
observed to quench with AcO™ (~25%), but the titration indicated an unusual “sigmoidal titration”
curve, suggestive of a more complex set of equilibria associated with the binding of acetate in this
one particular case (Figure 5d).
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Figure 3 (i) The UV / Vis absorption spectra and (ii) emission spectra excited at 450 nm (a & b), or
380 nm (c) at 298 K in aerated acetonitrile showing the sequential addition of TBA
dihydrogenphosphate (up to 10 equivalents) to (a) [Ru(bpy)2(bbib)](PFs)2 (9.19 uM), (b)
[Ru(phen)2(bbib)](PFs). (8.80 uM) and (c) [Re(CO)s(bbib)(py)l(PFs)2 (14 uM).
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Figure 5 The change in emissive behaviour of (a) [Ru(bpy)2(bbib)](PFe)2, (b)
[Ru(phen)2(bbib)](PFs)2, (c) [Re(CO)s(bbib)(py)](PFs)2 and (d) [Ir(ppy)2(bbib)](PFs) on the addition
of TBA chloride (green), bromide (orange), acetate (dark blue), nitrate (purple), hydrogensulfate
(pale blue) and dihydrogenphosphate (red) (DMSQO) the addition of TBA chloride (green), bromide
(orange), acetate (dark blue), nitrate (purple), hydrogensulfate (pale blue) and
dihydrogenphosphate (red).



The addition of H.PO4™ to all four complexes in DMSO demonstrate disparate behaviour, with
the absorption spectra showing considerable perturbations, as seen in acetonitrile. With the two
ruthenium complexes, [Ru(bpy)2(bbib)](PFs). and [Ru(phen):(bbib)](PFs)2, initially a quenching in
the emission is seen with up to two equivalents, followed by a subsequent increase in the emission
and a commensurate blue shift (660 to654 nm and 656 to 642 nm respectively). This indicates that
the interaction with this anion appears to influence both the ground and excited states of the
ruthenium 3MLCT, signifying a change is imposed on the bbib ligand, but not to the extent that the
complex becomes protonated. The addition of H.PO4™ to [Re(CO)s(bbib)(py)](PFs) similarly results
in a perturbation of the absorption spectra, with an enhancement of the MLCT absorption at
340-380 nm. But contrary to the studies with the ruthenium(ll) complexes, there is also an initial
increase in the emission with the addition of approximately one equivalent, before significant
quenching occurs (Figure 5c¢). Again, this is indicative of at least two different process being
involved in the complex’s interaction with this anion. The behaviour of [Ir(ppy)2(bbib)](PFs), using a
more concentrated sample (approx. 6.7 x 10™* M), with H.PO4~ (Figure 5d) interestingly results in
an increase in the emission intensity, a distinctly sigmoidal association curve, and a commensurate
blueshift in the emission (630 to 610 nm), as seen with the ruthenium complexes.

As anticipated, the inclusion of H-O to the solvent system significantly decreases the
measured change in absorption and emission spectra Amax in comparison to those observed in
DMSO (Figure S26) with only small perturbations noted in the emission spectra on the addition of
AcO". Interestingly though, the response to HSO4™ is enhanced in general, displaying behaviour
more akin to that of HoPO4~, including the significant blueshift in the emission of the associated
complexes.

Anion Binding Studies using NMR spectroscopy

To establish the stoichiomentry, '"H NMR Job plot analysis®®? was undertaken in a 50% acetonitrile /
DMSO mixture with these four complexes demonstrating the proposed one-to-one stoichiomentry
with TBAAcO™ (Figure S27). However, the results with H.PO4™ are far from ideal (Figure S28), with
no clear maximum, suggestive that that there are several different species present in equilibria.
This is further hampered by considerable precipitation over a mole fraction of 0.7, given the
presence of the large excess of the anion despite the inclusion of DMSO.

To further elucidate the binding behaviour of the four identified complexes '"H-NMR titration
studies were completed. The addition of a number of TBA salts, particularly with Ho.PO4™ in CD3CN,
and even (CD3),S0O, at concentrations appropriate for NMR spectroscopy, results in effectively a
stoichiometric precipitation. More success was achieved under the conditions used in the emissive
studies discussed above, namely 10% D>O in DMSO-Ds. The complexes were each investigated
by the sequential addition of the TBA salts of CI~, Br', NO3~, AcO™, HSO4~, CIO4~, and H2PO4™ in
10% D20 / De—DMSO, at a concentration between 1 and 5 mM, and perturbations to assigned
signals reviewed. As anticipated the preliminary studies against CI", Br™, CIOs~ and NO3s~ show no
significant interaction with the ruthenium(ll) or iridium(lll) complexes, while a small interaction was
observed for CI” and Br~ with the rhenium complex [Re(CO)s(bbib)(py)](PFs) consistent with the
anion interacting at the “pyridine” site rather than with the bbib moiety (Figure S29-32).

For the complexes [Ru(bpy)2(bbib)](PFs)2, and [Ru(phen):(bbib)](PFs)2, @ number of peaks are
observed to change position upon the addition of AcO~, HSO,™ and H.PO,". Due to the presence of
D20, the NH peaks in the region of 12 to 15 ppm are absent, however, the peak at 9.49 ppm and
9.53 ppm respectively, assigned as the bbib-H?* signal adjacent to the imidazole function, is noted
to move downfield with two equivalents of H.PO4™ to 9.90 and 9.94 ppm respectively (Figure 6).
Similarly, the bbib-H® signal, on the other side of the imidazole group at 8.12 and 8.05 ppm
experiences a similar downfield perturbation, whilst the aromatic imidazole sees a significant up-
field shift, and are noted to resolve significantly. This suggests that upon interaction with
phosphate, a relatively slow rotation around the bpy-imidazole bond is being slowed. It is also
noted that none of the peaks associated with the bipyridine or phenanthroline co-ligands are
affected by the presence of anions. A similar result is observed with AcO~, and to a lesser extent
with HSO4~ (Figure S29 & 30).
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Figure 6 "H-NMR titration of (a) [Ru(bpy)2(bbib)](PFs)2 and (b) [Ru(phen)(bbib)](PFs). and TBA
H.PO4™ up to ten equivalents, De—DMSO + 10% D-0, 298 K.
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Figure 7 "H-NMR titration of [Ir(ppy)2(bbib)]PFs and TBA H2.PO4~ up to ten equivalents, De~—DMSO
+10% D0, 298 K.]

Table 2. Anion-Binding stability constants in 10% D20 in DMSO-Ds

Complex AcO— H2PO. HoPOs—2

pKia PB2a pKip pBzpr pKip pBac
[Ru(bpy)a(bbib)[(PFs).  3.42+05 552+06 410:06 °>°1*32 381£01 345+05
[Ru(phen)(bbib)|(PFs)2  3.70+0.3 50107 523+15 ©092*31 na na
[Re(bbib)(CO)s(py)[(PFs) 3.61+0.5 4.82+06 4.56+34° 504413 na n/a
trans~[Ir(ppy)e(bbib)I(PFs) 3.2840.4 64909 438404 /20054 33301 55408

1 calculated by following "H-NMR shift of bbib-H* C—H proton, determined using WINEQNMR stability
constant software,®® using a 1:2 binding model.

2 calculated by following 3'"P-NMR shift of the phosphate, determined using WINEQNMR stability constant
software,®®! using 2:1 binding model.

3 data proved difficult to obtain, based on broadening of the peaks and the model proving to be relatively
unstable.

Due to the fluctional nature of the complex [Re(CO)s(bbib)(py)](PFs), and the broadness of the
benzimidazole signals, as well as the lability of the pyridine group in DMSO, which is assumed to
dissociate, the "H NMR titrations proved difficult to interpret. However, with the addition of HoPO4",
there is an obvious change in position of the bbib-H* proton position, presenting a sigmoidal
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binding isotherm with increasing anion concentration, indicative of hydrogen—bond formation. The
peak is shifted downfield by 0.18 ppm, and the other bbib peaks are similarly affected. The broad
benzimidazole HAr proton peaks at 7.40 and 7.80 ppm are also noted to sharpen significantly and
resolve into separate peaks, suggesting an induced restricted rotation of the benzimidazole moiety.
A similar, but smaller interaction is observed with AcO™ and HSO,".

With [Ir(ppy)2(bbib)](PFs), the bbib-H? signal also undergoes a sigmoidal binding curve with a
shift of 9.56 to 9.89 ppm (Figure 7), reminiscent of the previously reported cooperative binding to
H.PO4,?® and consistent with the UV / vis absorption studies. As with the ruthenium complexes,
the peaks at 7.36 and 7.71 ppm, belonging to benzimidazole aromatic protons become sharper
and resolve. Again the addition of HSO4~ and AcO™ show similar results.

Stability constants were calculated using WINEQNMR®?! fitting well for a one-to-two complex
to anion ratio (Table 2). With all of the complexes, the interaction with AcO™ follows the anticipated
pattern with an initial binding constant for all complexes in the order of pKia ~ 3.5, and pB2a~ 5.0
indicating two independent anions can bind to the complex in two potentially different domains
(where pB2a= pKiat pKza: Scheme 2). The binding of HoPO4™ on the other hand is significantly
stronger than initially anticipated, with the first binding interaction being of the order of pBir ~ 4.5,
approximately ten times stronger than seen with acetate. The subsequent binding of a second
H2PO4™ generally is much weaker to the point that a one-to-one binding model can be readily
applied. For the more hydrophobic complexes [Ru(phen):(bbib)](PFs)2 and [Ir(ppy)2(bbib)](PFe),
pB2ris larger than for [Ru(bpy):(bbib)](PFs). and [Re(CO)s(bbib)(py)](PFs) suggesting that the
association of the second anion is affected by the co-ligand. With HSO4™ the size of the shifts
observed in the "H NMR titration are considerably smaller than for either AcO™ and H,PO4~ (and for
the [Re(CO)s(bbib)(py)](PFs) broader), and whilst stability constants could be obtained of a similar
order of magnitude to H.PO4~, the uncertainty levels were too high to have confidence in them.

Rather than following the "H NMR spectrum and the interaction of the host with the anion,
phosphate offers a unique opportunity to follow the interaction of the anion with the host using *'P
NMR spectroscopy. The sequential addition of both [Ru(bpy)2(bbib)](PFs). and [Ir(ppy)2(bbib)]PFs
to a sample of TBA salt, again in a 10% DO / DMSO mixture, results in detectable perturbation of
the single phosphate resonance with a downfield shift from —1.48 ppm to 0.68 ppm with ten
equivalents of [Ru(bpy)2(bbib)](PFs). and to 0.59 ppm with [Ir(ppy)2(bbib)]NOs (Figure 8). For both
these systems stability constants were determined using WINEQNMR®??! fitting well for a one-to-
two binding model (i.e. one anion interacting with two complex cations), with pKip = 3.81 and pfB2c
= 3.45 for [Ru(bpy)2(bbib)](PFs)2 and pKip = 3.33 and pBac = 5.54 for [Ir(ppy)2(bbib)](PFs). (Scheme
3). This implies that in addition to the simplistic idea of one, and then two anions pairing with the
cationic host as suggested by the initial "H NMR titration studies (where the anions are taken to
excess), there is a third possible interaction where one anion is bound to two of the bbib functions
in the presence of a high metal complex concentration, making the interaction with this tetrahedral
acidic anion more complex than anticipated.
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Figure 8 *'P-NMR titration of H.PO4™ and (a) [Ru(bpy)z(bbib)](PFs)2 and (b) [Ir(ppy)2(bbib)](PFe)
with up to ten equivalents, De—DMSO + 10% D0, 298K.
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X-ray Structural Analysis

Crystals of [Ru(bpy)2(bbib)](PFs)(H2PO4) were grown from an acetonitrile / methanol mixture of
[Ru(bpy)2(bbib)](PFe)2 and an excess of TBA H2POs. In the structure of [Ru(bpy)2(bbib)](PFs)2, the
hexafluorophosphate anions were not associated with the metal complex (Figure 1), and whilst the
packing indicated evidence of p-stacking interactions, the pair of enantiomers in the unit cell do not
present any evidence of an association that would persist in solution. Contrary to this,
dihydrogenphosphate locates within the “cleft” of the bbib moiety (Figure 9), with a short distance
from the imidazole N and the phosphate O of 2.679 and 2.751 A indicating a hydrogen bond
interaction between the anion and the cation. Further, the separation from the phosphate oxygens
to the two protons at position 3 of the bbib bipyridine is also observed to be in the range of 2.280
and 3.447 A consistent with the observed interaction in the '"H NMR titration studies. Whilst this
structure is suggestive of a one-to-one coupling, the dihydrogenphosphate moiety then forms a
hydrogen bonded dimer, linking to the other enantiomer of the ruthenium complex, resulting in a
single unit consisting of two complex cations, and two linked phosphate units.

Figure 9 The X-ray structure of {[Ru(bpy)2(bbib)](PFs)(H2PO4)}2, units with ellipsoids at 50%
probability and bipyridine hydrogens omitted for clarity.

Discussion of Binding Modes and Molecular Modelling

The complexes reported here with bbib do not have an observed interaction with many of the
anions investigated in this study. That does not suggest that they have no interaction with these
anions, just that they do not induce a discernible perturbation in the applied spectroscopic
technique. To elucidate the possible binding interactions further, optimised DFT studies (B3LYP/cc-
pVDZ using Gaussian 09, Revision E01)** of the free bbib ligand in the absence of the metal
centre were undertaken. This resulted in an effectively planar structure for the ligand (Scheme 2),
and interestingly, with most of the anions considered. There are good anion NH contacts being
discerned in most cases and the interaction with chloride, bromide and perchlorate salts illustrate
that both a one-to-one and a two-to-one binding mode are conceivable, with the two ligands
effectively retaining their planarity, and taking an orthogonal arrangement in the latter case (Figure
S33).

There are different behaviours observed spectroscopically with the addition of AcO™ and
H2PO4~, which is reflected to a lesser extent with HSO4™. In the former case, the interaction
appears to be relatively straightforward opting primarily for a one-to-one stoichiometry from the Job
plot data. This potentially relies on a hydrogen bonding interaction with the imidazole NH group,
and potentially a proton on the associated bpy group (H®). The initial association is anticipated in
the “cleft” formed between the two functional groups (mode A), and then a second weaker
interaction, effectively external to the bbib ligand (mode B), given that it will be more sterically
demanding, especially in the case of larger co-ligands. The proposed interactions were optimised
using DFT studies in the absence of the metal centre. These suggest that binding acetate causes a
considerable twisting of the ligand out of a planar configuration and does not have an optimal fit.
With two anions it causes a C3-C2-C2’-C4’ dihedral angel to increase to 20.1° to accommodate the
anion in the absence of the metal. This would account for significant perturbation in the absorption
spectra and the divergent behaviour observed in the emission spectroscopy, which was especially
noticeable with the complex [Ir(ppy)2(bbib)](PFs). The variation in the emissive behaviour with this
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anion is also heavily influenced by the metal centre involved, suggesting that the orientation of the
ancillary ligands, and the charge of the complex also have an influence. To our knowledge, these
effects have not been explored in detail and a justification is not immediately evident, although it
could arise from the degree of mixing of the metal d orbitals with the co-ligands within the HOMO
manifold.

HooNe
Mode B ¢ o H
o

Me'

Scheme 2 Overview of the potential binding modes to the generic bbib ligand system with acetate,
and associated DFT optimized structures.[%*5°

The behaviour with H,PO,~ differs to that of AcO™ with what appear to be a complex set of
equilibria (Scheme 3). The NMR spectroscopic anion titrations are of the order of pKip = 4 for a
one-to-one association which is within an order of magnitude for the data obtained for in both the
%P and "H NMR determinations in 10% D,O in DMSO. The *'P NMR data suggests initially that
one anion interacts with the complex (mode C1), but a further association can then occur at high
complex concentration, forming a hydrogen-bonded mono-phosphate bridged dimer {{complex].-
H2PO4} (pb2oc; mode D). The formation of this “dimeric form” will be significantly affected by both the
steric demands and the charge on the metal complex. Conversely, if the anion is in high
concentration, then a second H,PO4” interacts with the first, to form a phosphate dimer {{complex]-
(H2PO.)2} (pb2r; mode E), presumably via a proton exchange between phosphates. Interestingly,
the X-ray structural determination of the one-to-one adduct appears as a complex dimer (mode
C2), adding a further complication to the binding equilibria.

The imidazole group is not innocent in the binding of dihydrogenphosphate, depending on whether
the NH groups are pointing inwards to the “cleft”, or outwards thereby facilitating proton transfer in
the system, given that H.PO4™ can also potentially act as both H-bond donor and acceptor. The pH
behaviour discussed above, indicates that in the pH range involved in these studies, one would not
expect that the imidazole is formally protonated, as potentially supported by the only moderate
blueshift in the emission on binding the anion. To confirm this, a series of DFT studies on the free
ligand were considered by both placing the imidazole proton in the external position, and moving
the phosphate protons from the OH, and protonating the free imidazole proton (i.e. {H2bbib?*-
PO4*7}, {Hbbib*-HPO4?} and {bbib-H,PO4}). Following optimization, the proton is transferred back
to the phosphate oxygen atom, although interestingly, there is a 37.8 kcal mol™ energy difference
between having the imidazole protons external, and the imidazole nitrogen acting as proton
acceptor, and the more stable configuration, having them internal and acting as proton donors to
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the phosphate (Figure S34). This is also noted to a lesser extent with HSO,~, where the proton
remains on the sulfate group, being 11.0 kcal mol”" more stable, although the bbib,-HSO4™ dimer is
again the most likely species (Figure S35), and this could be responsible for what appear to be the

anomalous results seen in the '"H NMR titrations.
m‘ A @ & b
Mode D Q

Mode C1

Scheme 3 Overview of the potential binding modes to the generic bbib ligand system with
dihydrogenphosphate, and associated DFT optimized structures.?®*%°

The additional complexity of having both hydrogen donor and acceptor groups on both the
host and guest results in a delicate balance in the equilibria. The relative degree of protonation of
both the anion, and the imidazole could easily give rise to considerable changes in the preferred
binding modes.

The DFT studies were completed in a solvent free artificial environment though, and whilst it
gives an opportunity to both rationalise and visualise the structure, it is evident that the formation of
oligomeric phosphate units is influenced by the solvent which can compete for the hydrogen
bonding opportunities, and this potentially explains the very variable response seen in the
electronic spectra when changing between media. To draw out some generalizations, it appears
that binding modes D and C2 are going to be favoured by the more hydrophobic complexes in the
absence of a protic solvent. Conversely mode C1 would be preferred in protic media. The
identification of dimeric binding modes D and C2 though could account for the very variable
emissive behaviour on the introduction of a small quantity of the anion in the electronic titrations. In
several cases, it was noted that the introduction of a sub-stoichiometric quantity of a “coordinating
anion”, led to a rapid change in emission, presumably arising from a small quantity of the “complex
dimer”, which is likely to be the dominant emissive species, having excluded solvent and oxygen
from the second coordination sphere, reducing the standard routes to excited state quenching.

Conclusion
The ligand system bbib, whilst effectively insoluble in most media, will coordinate to emissive
metals ruthenium(ll), rhenium(l) and iridium(lll) forming complexes which can readily interact with

14



acetate and dihydrogenphosphate, showing a high degree of selectivity over a range of other
common anions in acetonitrile, DMSO, and even 10% aquated DMSO. Unfortunately, the
complexes readily precipitated as the concentration of water was increased, suggesting that there
is a degree of interaction, albeit potentially a simple ion pairing, that results in insoluble neutral
species. The interaction with acetate appears to be typical of a hydrogen donor interaction, with a
simple one to one host to complex pairing potentially from a direct hydrogen bond interaction with
the imidazole. The interaction with dihydrogenphosphate, and potentially also with
hydrogensulfate, has proved to be more complex, and whilst simple models to explore the
speciation have been considered, the need to model several modes of binding becomes a
considerable challenge, especially as a slight change in the protic environment can disturb the
equilibria, and potentially the identity of the dominant species. There is a suggestion that the
“dimerized” complexes are highly emissive, and so relative speciation is challenging. But the
phosphate anions appear to have a unique interaction within “the cleft” of the bbib ligand, and
rather than demonstrating a proton abstraction, as often seen with strong hydrogen bond donors,
the binding ability appears to be far more nuanced with both the host and the anion acting as donor
and acceptor resulting in a complex range of binding modes. In future studies we hope to explore
the subtleties implied through these four simple complexes and discuss whether these species
might exhibit selectivity for a range of important biological phosphates or demonstrate a new mode
of DNA binding. Further, changes in the structure might also eliminate the interactions with acetate
and sulfate and improve the selectivity by extending the imidazole framework.

Experimental Section

Physical measurements: NMR spectra were recorded using Bruker Avance 1l 400 spectrometer
at 298 K and referenced against solvent. Absorbance spectra were recorded using a 1 cm path
length quartz cuvette on an Agilent Carey 60 UV vis spectrometer. Emission spectra were recorded
using a clear quartz cuvette on a Agilent Carey Eclipse spectrophotometer; quantum yields were
determined by normalization against [Ru(bpy)s]** in aerated water (Q = 0.040) and acetonitrile
(0.0018)"® or [Re(CO)s(Bpy)Br] in acetonitrile (0.0078).9 E.S.I. mass spectroscopy was recorded
using a Shimadzu LCMS-IT-TOF mass spectrometer at 298K.

Materials: All reagents were purchased from either Merck or Fisher Scientific and used as
supplied unless otherwise stated. Deuterated NMR solvents were acquired from Fluorochem.
[Ru(bpy)2Cl2],2® [Ru(phen)2Clo]®"! and [{Ir(ppy)2(m—Cl)}.]*8 %8 were prepared by a standard
literature procedures. 4,4"-Dicarboxylic acid—2,2 -bipyridine was prepared by CrOs oxidation of
4,4"-dimethyl-2,2 -bipyridine in 86% yield following a standard literature procedure.

4,4’-Bis(benzimidazole-2-yl)-2,2"-bipyridine (bbib): 4,4’-Dicarboxylic acid—2,2"-bipyridine
(2.00 g, 8.20 mmol) and o—phenylenediamine (1.77 g, 16.4 mmol) in polyphosphoric acid (5 mL)
were heated to 200 °C and stirred for 24 h under a N2 atmosphere. After cooling, the solution was
slowly poured into saturated aqueous NaHCO3 (approx. 250 mL) and stirred. The resulting brown
precipitate was collected by filtration, washed with water (3 x 30 mL) and dried; Yield = 1.72 g, 2.58
mmol, 54 %. "H-NMR (400 MHz, d (ppm), DMSO-Ds,): 9.26 (2H, d, J = 1.7 Hz, bpyH?), 8.97 (2H,
dd, J = 5.1 Hz, bpyH®), 8.25 (2H, dd, J = 5.13, 1.7 Hz, bpyH°®), 7.71 (4H, m, ArH*"), 7.31 (4H, m,
ArH). IR (cm™): 3056 (m, N-H), 2372 (w, C-H), 2111 (w, C=N), 1628 (s, C=C), 1602 (s, C=C).
ESI MS (e/z) 389.15 [M + H]".

[Ru(bpy)z(bbib)](PFe)2: [Ru(bpy)2Cl2] (0.171 g, 0.35 mmol), bbib (0.141 g, 0.36 mmol) and triflic
acid (0.5 mL) in ethylene glycol (30 mL) were heated to 140 °C and stirred under a N2> atmosphere
for 4 h. After cooling, the crude product was precipitated by the addition of excess saturated
aqueous KPFg and the resulting red solid isolated by filtration, washed with water (3 x 30 mL) and
dried. This was purified by LH20 Sephadex® size exclusion chromatography, eluting using a
48:48:4 methanol : acetone: triethylamine mixture, and recrystallized from acetone (2 mL) and
addition of aqueous KPFs (~0.5 g, 100 mL) as a red crystalline solid; Yield = 0.208 g, 54 %.
"H-NMR (400 MHz, d (ppm), acetone-Ds): 12.77 (2H, br, NH), 9.58 (2H, d, J = 1.5 Hz, bbibH?3),
8.88 (4H, dd, J = 8.4, 1.2 Hz, bpyH*?)), 8.37 (2H, d, J = 6.0 Hz, bbibH°®) 8.30-8.24 (8H, m,
bbibH%/bpyH®*4"), 8.11 (2H, dd, J = 5.60, 1.4 Hz, bpyH®), 7.81 (4H, m, HAr*"), 7.68-58 (4H, m,
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bpyH®%) 7.45 (4H, m, HAr®9). IR cm™": 3112 (m, N-H), 2924 (m, N-H), 2111 (w, C=N), 1617 (s,
C=C), 1444 (s, C-N), 1420 (s, C-N). ESI MS (m/z) 401.0908 [MJ?".

[Ru(phen)z(bbib)](PFs)2: Prepared according to the procedure for [Ru(bpy)2(bbib)](PFs)2 using
[Ru(phen)(Cl).] (0.266 g, 0.50 mmol) and bbib (0.195 g, 0.50 mmol). The crude product was
purified using a LH20 Sephadex® size exclusion chromatography, eluting with 70:30 methanol to
acetonitrile mixture followed by second column, eluted at 90:10 methanol to acetonitrile mixture
and recrystallized from acetone (2 mL) and addition of aqueous KPF6 (~0.5 g in 100 mL) as a red
crystalline solid; Yield = 0.267 g, 46 %. Yield = 266 mg, 46 %. '"H-NMR (400 MHz, d (ppm),
acetone-Ds): 12.67 (2H, b, NH) 9.67 (2H, b, bbibH?) 8.89 (2H, dd, J = 8.3, 1.3 Hz, phenH*), 8.80
(2H, dd, J = 8.3, 1.3 Hz, phenH’), 8.79 (2H, dd, J = 5.3, 1.2 Hz, bbibH®), 8.47 (2H, d, J = 8.9 Hz,
phenH®), 8.43 (2H, d, J = 8.9 Hz, phenH?®), 8.33 (2H, dd, J = 5.2, 1.2 Hz, phenH?), 8.27 (2H, d, J =
5.9 Hz, bbibH®), 8.15 (2H, dd, J = 6.0, 1.80 Hz, phenH®), 8.02 (1H, dd, J = 8.3, 5.2 Hz, phenH?),
7.80 (2H, dd, J = 8.3, 5.2 Hz, phenH?®), 7.77 (2H, bd, J = 7.7 Hz, HAr*), 7.73 (2H, bd, J = 7.7 Hz,
HAr"), 7.41 (2H, bt, J = 7.5 Hz, HAr®), 7.33 (2H, bt, J = 7.5 Hz, HAr®). IR cm™": 3420 (w, N-H), 2920
(m, N-H), 2851 (m, N-H), 2111 (w, C=N), 1700 (m, C=C), 1619 (m, C=C), 1455 (m, C-N), 1420
(m, C-N). ESI MS (m/z) 425.0910 [M]**.

[Re(bbib)(CO)sBr]: Re(CO)sBr (0.150 g, 0.37 mmol) and bbib (0.144 g, 0.37 mmol) were ground
to fine powders and added to DMSO (2 mL) and stirred at 150 °C for 24 h. The crude product was
precipitated by adding water (50 mL) and captured on Celite©, washed with water (2 x 25 mL) and
dried in air. The product was taken into THF (~100 mL) before evaporation to give a red/orange
crystalline solid; Yield = 0.102 g, 0.14 mmol, 38 %. '"H-NMR (400 MHz, d (ppm), acetone-Ds, in
the presence of a large excess of TBABr): 13.80 (2H, s, N-H) 10.47 (2H, br, bbibH%), 9.25 (2H, d, J
= 5.9, Hz, bbibH®), 8.64 (2H, dd, J = 5.9, 1.7 Hz, bbibH®), 7.83 (2H, d, J = 8.7 Hz, HAr*), 7.80 (2H,
t, J=8.7 Hz, HAr'), 7.42 (2H, t, J = 7.6 Hz, HAr®) 7.34 (2H, t, J = 7.6 Hz, HAr®). IR cm™: 2957 (s,
N-H), 2873 (s, N-H), 2018 (m, C=N), 1892 (m, C=0), 1610 (w, C=C), 1474 (s, C-N), 1379 (m,
C-N). ESI MS (m/z) 736.9907 [M—-H]" (in presence of excess TBABr) or 700.1058
[M-Br+CH3CN)]" in acetonitrile.

[Re(bbib)(CO)s(Py)](PFe): [Re(bbib)(CO)3Br] (0.039 g, 0.053 mmol) dissolved in THF (10 mL) was
added to a large excess of AgCIO4 (0.013 g, 0.063 mmol) and pyridine (5 mL) and stirred for 16 h.
The mixture was filtered, and cold water (20 ml) added to the filtrate and the resulting precipitate
collected as a dark yellow/orange solid. The crude product was dissolved in methanol (~10 mL)
and precipitated by the addition of aqueous KPFs (~0.5 g mL); Yield = 0.031 g, 0.042 mmol, 81
%."H-NMR (400 MHz, d (ppm), 90% DMSO-Ds — 10% D-0): 13.96 (2H, s, N-H), 9.51 (2H, d, J =
5.9, Hz, bbibH®), 9.41 (2H, bs, bbibH3), 8.56 (4H, m, pyH2/3, bbibH®), 7.87 (1H, m, pyH*), 7.85 —
7.72 (4H, b, HAr*"), 7.47 (2H, t, J = 7.0 Hz, pyH*®), 7.40 (4H, b, HAr®®). IR cm™: 3630 (m, N-H),
2953 (m, N-H), 2918 (m, N-H), 2868 (m, N-H), 2029 (s, C=N), 1912 (s, C-H), 1617 (s, C=C),
1420 (s, C-N). ESI MS (m/z) 738.1232 [M-PFe]".

trans—[Ir(ppy)z(bbib)](PFs): [{Ir(ppy)2(m-Cl)}.] (0.181 g, 0.169 mmol) and bbib (0.135 g, 0.348
mmol) were ground to fine powders and added to minimum DMSO (2 mL) and stirred at and stirred
at 150 °C for 16 h. After cooling, the crude product was precipitated by addition of H,O (100 mL)
and captured on Celite©®, washed with water (3 x 30 mL) and dried in air. Following extraction into
methanol (~100 mL), the crude product was purified by silica column chromatography, eluting
using a 50:50 toluene : acetonitrile solvent mixture saturated with KNOs. The product was obtained
by slowly diluting the eluent mixture with methanol (up to 10%) and triethylamine (1 %). Collected
product was dissolved in minimum acetone (2 mL) and precipitated by the addition of and addition
of aqueous KPF6 (~0.5 g in 100 mL) as an orange crystalline solid; Yield = 0.053 g, 15 %.
"H-NMR (400 MHz, d (ppm), acetone-Ds): 12.02 (2H, s, N-H), 10.70 (2H, bs, bbibH?), 8.45 (2H,
dd, J = 5.8, 1.7 Hz, bbibH®), 8.27 (2H, d, J = 7.9 Hz, pyH?®), 8.16 (2H, d, J = 5.8 Hz, bbibH®), 8.10
(2H, d, J = 5.8 Hz, pyH®), 7.97 (2H, ddd, J = 8.2, 7.2, 1.5 Hz, pyH*), 7.95 (2H, d, J = 7.8 Hz, phH?),
7.77 (4H, d, J = 8.6 Hz, HAr*"), 7.41 (2H, dd, J = 8.6, 7.4 Hz, HAr®), 7.32 (2H, dd, J = 8.6, 7.4 Hz,
HAr®), 7.18 (2H, ddd, J = 7.40, 5.9, 1.4 Hz, pyH®), 7.09 (2H, ddd, J = 7.8, 7.4, 1.3 Hz, phH*), 6.97
(2H, ddd, J = 7.6, 7.4, 1.4 Hz, phH®), 6.43 (2H, d, J = 7.5 Hz, phH®). IR cm™": 3052 (m, N-H), 2924
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(m, N=H), 2599 (m, N-H), 2497 (m, C-H), 2111 (w, C=N), 1619 (s, C=C), 1474 (s, C-H). ESI MS
(m/z) 889.2376 [M]".

X-ray crystallography: Single crystals were mounted on a Mitegen loop using Paratone—-N oil
and were cooled under a stream of nitrogen. Figures and tables were generated using OLEX2.["!
Crystal data were collected on a Rigaku Oxford Diffraction SuperNova diffractometer using Cu Ka
radiation; the structures were solved by direct methods using ShelXT®" and refined by least
squares using ShelXL.1*%

Crystals of bbib were grown from DMSO-De by slow evaporation leading to small colourless
blocks. Crystal Data CCDC No 2287913: for C24H16Ne*(C2HsOS).2 (M = 544.68 g/mol): triclinic,
space group P-1 (no. 2), a = 4.79980(10) A, b = 9.4816(2) A, c = 14.1642(5) A, a = 92.168(2)°, B =
94.662(3)°, y = 93.809(2)°, V = 640.45(3) A3, Z =1, T=100(1) K, u(CuKa) = 2.205 mm-1, Deaic =
1.412 g/cm?®, 4900 reflections measured (9.356° < 20 < 153.396°), 4900 unique (Rs = 0.0140)
which were used in all calculations. The final R1 was 0.0483 (I > 20(l)) and wR> was 0. 1449 (all
data) using twinned data refinement: component 2 rotated by —179.94 degrees around [-0.00
—0.00 1.00] (reciprocal) or [0.24 0.06 0.97] (direct); mass fraction scales: 0.5461(17) / 0.4539(17).

Crystals of [Ru(bpy)2(bbib)](PFs). were grown from an acetonitrile methanol by slow evaporation as
dark red small blocks. Crystal Data CCDC No 2326492: for CssH32F12N10P2Ru (M =1091.80 g/mol):
triclinic, space group P-1 (no. 2), a = 9.8624(2) A, b = 12.2271(3) A, ¢ = 19.5873(6) A, a =
82.641(2)°, B =78.128(2)°, y = 76.288(2)°, V = 2237.77(10) A3, Z = 2, T=100.4(7) K, p(Cu Ka) =
4.374 mm™, Dearc = 1.620 g/cm?®, 22226 reflections measured (7.468° < 20 < 153.174°), 22226
unique (Rint = ?, Rs = 0.0277) which were used in all calculations. The final Ry was 0.0836 (I >
20(l)) and wR. was 0.2273 (all data).

Crystals of [Ru(bpy)2(bbib)](PFs)(H2PO4) were grown from an acetonitrile / methanol mixture of
[Ru(bpy)2(bbib)](PFs)2 and 2 equivalents of tetrabutylammonium dihydrogenphosphate by slow
evaporation as needles. Crystal Data CCDC No 2326491: for CgsH7oFsN200OsP3Ru2 (M =1944.69
g/mol): monoclinic, space group P21/n (no. 14), a = 15.87488(13) A, b = 14.44581(9) A, ¢ =
21.80418(18) A, B = 109.8556(9)°, V = 4703.00(7) A3, Z =2, T=100.01(10) K, u(Cu Ka) = 3.720
mm™, Deaic = 1.373 g/lcm®, 49162 reflections measured (7.486° < 20 < 152.998°), 9762 unique (Rint
= 0.0364, Rs = 0.0249) which were used in all calculations. The final Ry was 0.0415 (I > 20(l)) and
wR> was 0.1189 (all data).

DFT studies: All calculations were performed on the Gaussian 09 Software,®* using default
functionals and basis sets, on the free ligand. The structures were optimized using B3LYP as a
functional, which has been widely used in combination with the correlation consistent basis set cc-
pVTZ. Visualisation and analysis was undertaken using Avogadro 1.2.0.5%!
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