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Homo- and heterobimetallic complexes of composition [(bpy)oM"(Halmbzim)M'"(bpy)»](CI04)s- nH,0, where
M" = M" = Os (1), M" = Ru and M" = Os (2), Hylmbzim = 4,5-bis(benzimidazole-2-yl)imidazole, and bpy = 2,2'-bipyridine,
have been synthesized and characterized using standard analytical and spectroscopic techniques. Both of the
complexes crystallized in monoclinic form with the space group P2,/m for 1 and P24/n for 2. The absorption spectra,
redox behavior, and luminescence properties of the complexes have been thoroughly investigated. The complexes
display very intense, ligand-centered absorption bands in the UV region and moderately intense metal-to-ligand
charge-transfer (MLCT) bands in the visible region. The bimetallic complexes show two successive one-electron
reversible metal-centered oxidations. The strong fluorescence of free Hzlmbzim is completely quenched in the metal
complexes by energy transfer to the metal-based units, which exhibit their characteristic MLCT phosphorescence. The
luminescence data of the heterometallic complex 2 show that electronic energy transfer takes place from the ruthenium
center to the osmium-based component. The anion binding properties of the complexes have been studied in solutions
using absorption, emission, and 'H NMR spectral measurements. The metalloreceptors act as sensors for F~ and
AcO™ ions. Sensing studies indicate the presence of two successive anion-induced deprotonation steps, leading to the
formation of [(bpy),M(HImbzim)M'(bpy).]*" and [(bpy).M(Imbzim)M'(bpy).] " species. Double deprotonation is also
observed in the presence of hydroxide. The binding affinities of different anions toward the receptors have been
evaluated. Cyclic voltammetry measurements carried out in acetonitrile have provided evidence in favor of anion-

dependent electrochemical responses of the bimetallic metalloreceptors with F~ and AcO™ ions.

Introduction

The supramolecular chemistry of anion recognition and
binding is a subject of considerable contemporary research
interest.'~ ' Anions being ubiquitous, quite a few of them
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play important roles in biological, aquatic, environmental,
and industrial processes. ! Consequently, lots of effort has
been directed toward the design of receptors that can selectively
recognize anions and act as sensors. A number of compounds
containing urea, thiourea, amide, pyrrole, or imidazole sub-
units that are capable of providing hydrogen-bond-forming
sites have been reported to exhibit strong affinity and selectivity
toward certain anions.' *'* With the purely organic hosts,
attainment of the appropriate geometry can sometimes be
problematic for proper host—guest interaction.’ On the other
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hand, metal ions can profitably orient the ligands in the right
conformations so that their hydro%en-bond-donor groups can
converge toward an external guest.” * As part of our interest in
exploring new receptors for anions, we have sought to examine
4,5-bis(benzimidazole-2-yl)imidazole (HsImbzim) as a poten-
tial motif for anion sensing. H3Imbzim contains three imida-
zole NH protons, which could be donated for hydrogen
bonding to the anions. It should be noted, however, that the
acid dissociation constant of the hydrogen atom that partici-
pates in the hydrogen-bond formation with the anionic analyte
is important because in some cases it may be problematic to
differentiate whether hydrogen-bond formation with the
anions has occurred or proton transfer to the basic anion
has taken place.>®! Clearly, factors such as the acidity of the
receptor, basicity of the anion, and stability of the conjugate
base, all of which are solvent-dependent, control the overall
process.

In recent years, the development of triple-channel sensors,
that is, sensors where interaction can be sensed by monitoring
three different physicochemical outputs, has emerged as a
topic of intensive studies.” > Inasmuch as ruthenium(II)
polypyridine complexes are known to display unique photo-
physical and redox properties and are considered as ionic
building blocks for the design of photomolecular devices,'*'>
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anumber of ruthenium(II) polypyridine based receptors have
been designed as ion sensors,”” *'®%¢ although such sensors
for anions are relatively few. Compared to the ruthenium(II)
systems, studies made for analogous osmium(IT) compounds,
and particularly heterometallic ruthenium(II)—osmium(II)
complexes are extremely rare.>'®!°® In the heterometallic
ruthenium(Il)—osmium(II) complex, photoinduced energy
transfer from the ruthenium-based unit to the osmium-based
unit is also expected to take place. In our endeavor to develop
triple-channel anion sensors, we have studied in detail the
structural, spectroscopic, and physicochemical properties of
mixed-ligand homobimetallic osmium(II) and heterobime-
tallic ruthenium(IT)—osmium(IT) complexes derived from
2,2 -bipyridine (bpy) and 4,5-bis(benzimidazole-2-yl)imidazole
(H;Imbzim) ligands and their interactions with several an-
ions, including F~ and AcO . To our knowledge, no such
studies have been reported in the literature for [(bpy),Os''-
(H,Imbzim)Os"(bpy),]*" and [(bpy),Ru'(H,Imbzim) Os'-
(bpy)o]*" systems. HyImbzim is a bifunctional molecule,
possessing both the lone electron pairs that can be coordi-
nated to M"(bpy), (M = Ru and Os) fragments as a first-
coordination sphere and the imidazole NH protons in the
second-coordination sphere, which may donate hydrogen
bonds to the anions. As will be seen, consequent to anion
interaction, remarkable changes in color that can be followed
by naked eyes and similar photoluminescence and electro-
chemical responses occur.

Hslmbzim

Experimental Section

Materials. Reagent-grade chemicals obtained from commer-
cial sources were used as received. Solvents were purified and
dried according to standard methods.?” Imidazole-4,5-dicar-
boxylic acid, o-phenylenediamine, and tetrabutylammonium
(TBA) salt of the anions were purchased from Sigma—Aldrich.
The bridging 4,5-bis(benzimidazolyl)imidazole (Hz;Imbzim)
ligand and [(bpy)>Ru(H3Imbzim)](ClOy), - 2H,O were prepared
according to the literature method published by us.'** ¢is-[Ru-
(bpy)>Cly]-2H,0%® and ¢is-[Os(bpy)>Cl,]*° were prepared by the
literature method. AgClO4 was prepared from silver carbonate
and perchloric acid and recrystallized from benzene.

Preparation of the Metal Complexes. The complexes were
prepared under oxygen and moisture-free dinitrogen using
standard Schlenk techniques.

Caution! AgCIlO, and perchlorate salts of the metal complexes
used in this study are potentially explosive and therefore should be
handled with care in small quantities.
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[(bpy)20s(H,Imbzim)Os(bpy),](ClO4);- H,O (1). A mixture
of cis-[Os(bpy).Cly] (0.57 g, 1 mmol), H3Imbzim (0.15 g, 0.5
mmol), and triethylamine (0.05 g, 0.5 mmol) in ethanol—water
(1:1, 100 mL) was heated under reflux with continuous stirring
for 72 h. The solution was filtered, and to the cooled filtrate (ca.
5 °C) was added an aqueous solution (5 mL) of NaClO,4-H,O
(1 g). After stirring for 10 min, the dark shiny microcrystalline
compound that deposited was filtered. The product was recrys-
tallized twice from methanol—water (10:1) containing a few
drops of 10~* M HCIO,. Yield: 0.37 g (46%). Anal. Calcd for
Cs7Hy45C1N140130s,: C, 42.24; H, 2.80; N, 12.10. Found: C,
42.21; H, 2.81; N, 12.08. '"H NMR {300 MHz, DMSO-d,, ¢
(ppm)}: 13.70 (s, 2H, NH benzimidazole), 8.80 (d, 2H, J = 8.0
Hz, H3),8.76 (d, 2H, J = 8.1 Hz, H3), 8.71 (d, 2H, J = 8.0 Hz,
H3),8.64 (d, 2H, J = 7.9 Hz, H3), 8.58 (d, 2H, J = 5.3 Hz, H6),
8.02—7.65 (m, 10H, 8H4 + 2H6), 7.60—7.56 (m, 4H, 2H6 +
2H11), 7.46 (t, 2H, J = 6.6 Hz, H5), 7.36—7.33 (m, 4H, 2H5 +
2H6), 7.24 (t,2H, J = 6.4 Hz, HYS), 7.06 (t,2H, J = 6.1 Hz, H5),
6.99(t,2H,J = 7.8 Hz, H12),6.86 (t,2H, J = 7.8 Hz, H13), 5.64
(d, 2H, J = 8.2 Hz, H14), 5.15 (s, 1H, H7). ESI-MS (positive,
CH;CN): m/z 434.98 (12%) [(bpy)>Os(HoImbzim)Os(bpy)»]*";
651.95 (100%) [(bpy)»Os(HImbzim)Os(bpy),]* . UV—vis [CH,Cl;
Amaxo I (£, M~ em™ )]z 705 br (4370), 638 br (5120), 505 (21 550),
462 (22200), 417 (24 700), 363 (35900), 342 (31000), 292 (98 200),
245 (60 700).

[(bpy)2Ru(H,Imbzim)Os(bpy),](ClO4);- 2H,0 (2). An ethanol—
water (1:1) solution (150 mL) of [(bpy),Ru(H3Imbzim)](ClO,),-
2H,0 (0.47 g. 0.5 mmol) was treated with [Os(bpy),Cl,] (0.29 g,
0.51 mmol), followed by triethylamine (0.05 g, 0.5 mmol). The
mixture was heated under reflux with continuous stirring for 48 h,
after which it was filtered hot. To the filtrate was added an aqueous
solution (5 mL) of NaClO4-H,O (1 g), and the resulting solution
was rotary-evaporated to ca. 50 mL and then cooled to —5 °C for
10 h. The dark microcrystalline product that deposited was col-
lected by filtration and recrystallized from methanol—water (10:1)
containing a few drops of 10~* M HCIO,. Yield: 0.45 g (58%).
Anal. Caled for Cs;H47CI3N140140sRu: C, 44.18; H, 3.05; N,
12.65. Found: C, 44.15; H, 3.06; N, 12.63. "H NMR {300 MHz,
DMSO-ds, 0 (ppm)}: 13.65 (s, 1H, NH benzimidazole), 13.58
(s, 1H, NH benzimidazole), 8.84—8.65 (m, nr, 8H, H3), 8.42 (d,
nr, 2H, H6), 8.29 (m, br, 1H, H4), 8.19 (td, 1H, H4), 8.07—7.94 (m,
nr, 6H, 4H4 4 2H6), 7.83—7.76 (m, nr, 4H, 2H4 + 2H6), 7.64 (m,
2H, H11 + HI11"), 7.70—7.40 (m, nr, 4H, H5), 7.39—7.25 (m, nr,
4H, HS), 7.18—7.06 (m, nr, 4H, 2H6 + H12 + H12'), 6.98 (m, nr,
2H, H13 + H13'), 5.72 (s, 1H, H7), 5.55 (nr, 1H, H14'), 5.04 (nr,
1H, H14). ESI-MS (positive, CH3CN): m/z 404.98 (6%) [(bpy)z-
Ru(H,Imbzim)Os(bpy),]*; 606.96 (100%) [(bpy)>Ru(HImbzim)-
Os(bpy)al’*; 657.39.(5%) [(bpy)>Ru(Halmbzim)Os(bpy)a(CIO,),
1313.78 (5%) [(bpy),Ru(HImbzim)Os(bpy),(ClO4),] ", 1414.30
(5%) [(bpy)>Ru (H>Imbzim)Os(bpy)~(ClO,),] . UV—vis [CH,Cl;
Amax, M (£, M~ em™H]: 705 br (2500), 637 br (2900), 485 (27 600),
451 (29 400), 392 (32 000), 358 (51 600), 340 (44 700), 292 (112 600),
245 (82 100).

Physical Measurements. Elemental (C, H, and N) analyses
were performed on a Perkin-Elmer 240011 analyzer. Electro-
spray ionization mass spectra (ESI-MS) were obtained on a
Micromass Qtof YA 263 mass spectrometer. 'H and {'H—"H}
COSY spectra were obtained on a Bruker Avance DPX 300
spectrometer using DMSO-d; solutions. For a typical titration
experiment, 3 uL aliquots of a TBA salt of the anion (0.2 M in
DMSO-dg) were added to a DM SO-d solution of the complexes
(2.5 x 1073 M).

Electronic absorption spectra were obtained with a Shimadzu
UV 1800 spectrophotometer at room temperature. For a typical
titration experiment, 4 uL aliquots of a TBA salts of F~, CI~,
Br, 17, AcO™, and HSO,~ (4.0 x 1073 M in acetonitrile) were

(30) Schneider, H.-J.; Yatsimirsky, A. Principles and Methods in Supra-
molecular Chemistry; John Wiley and Sons: London, 2000; p 142.
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added to a 2.5 mL solution of the complexes (2.0 x 107> M in
acetonitrile). The binding constants were evaluated from the
absorbance data using eq 1.%°

Aobs = (Ao + A4=K[Gly)/(1+ K[Gly) (1)

where A, 1 the observed absorbance, A4 is the absorbance of
the free receptor, A4.. is the maximum absorbance induced by the
presence of a given anionic guest, [G]t is the total concentration
of the guest, and K is the binding constant of the host—guest
entity. Binding constants were performed in duplicate, and the
average value is reported.

Emission spectra were recorded on a Perkin-Elmer LS55
fluorescence spectrophotometer. The room temperature spectra
were obtained in acetonitrile or dichloromethane solutions,
while the spectra at 77 K were recorded in a 4:1 ethanol—
methanol glass. Photoluminescence titrations were carried out
with the same sets of solutions as those made with spectro-
photometry. Quantum yields were determined by a relative
method using [Ru(bpy)s]*" in the same solvent as the stan-
dard.?" The quantum yields were calculated by using eq 2.

Aga I 7.’
Ar Istd 7]std2

(Dr - chtd (2)

where @, and Py are the quantum yields of unknown and
standard samples [®@gq = 0.089 (at 298 K) and 0.35 (at 77 K)
in ethanol—methanol (4:1) at Ao, = 450 nm], A, and Agq (<0.1)
are the solution absorbances at the excitation wavelength (4cy),
I and I4 are the integrated emission intensities, and 7, and 74
are the refractive indices of the solvent.”!

Time-correlated single-photon-counting (TCSPC) measure-
ments were carried out for the luminescence decay of complexes
in a dichloromethane solution at room temperature. For TCSPC
measurement, the photoexcitation was made at 440 nm using a
picosecond diode laser (IBH Nanoled-07) in an IBH Fluorocube
apparatus. The fluorescence decay data were collected on a
Hamamatsu MCP photomultiplier (R3809) and were analyzed
by using IBH DASG6 software.

The electrochemical measurements were carried out with a
BAS 100B electrochemistry system. A three-electrode assembly
comprising a platinum (for oxidation) or glassy carbon (for
reduction) working electrode, a platinum auxiliary electrode,
and an aqueous Ag/AgCl reference electrode were used. The
cyclic voltammetry (CV) and square-wave voltammetry (SWV)
measurements were carried out at 25 °C in an acetonitrile solu-
tion of the complexes (ca. 1 mM), and the concentration of the
supporting electrolyte tetraethylammonium perchlorate was
maintained at 0.1 M. All of the potentials reported in this study
were referenced against the Ag/AgCl electrode, which under the
given experimental conditions gave a value of 0.36 V for the
ferrocene/ferrocenium couple. For electrochemical titrations,
25 uL aliquots of TBA salts of the anions (4.0 x 107> M in
acetonitrile) were added to a 5 mL (1.0 x 10~ M) solution of
receptors in acetonitrile.

Experimental uncertainties were as follows: absorption max-
ima, +2 nm; molar absorption coefficients, 10%; emission
maxima, +5 nm; excited-state lifetimes, 10%; luminescence
quantum yields, 20%; redox potentials, £10 mV.

X-ray Crystal Structure Determination. Diffraction-quality
crystals of 1 were obtained by diffusing toluene to a dichlo-
romethane—acetonitrile (2:1) solution. In the case of 2, diethyl
ether was layered over an acetonitrile solution of 2. X-ray dif-
fraction data for both of the crystals mounted on a glass fiber
and coated with perfluoropolyether oil were collected on a

(31) (a) Nakamaru, K. Bull. Chem. Soc. Jpn. 1982, 55, 1639 and references
cited therein. (b) Demas, J. N.; Crosby, G. A. J. Am. Chem. Soc. 1971, 93, 2841.
(c) van Houten, J.; Watts, R. J. J. Am. Chem. Soc. 1976, 98, 4853.
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Table 1. Crystallographic Data for 1 and 2

1 2

formula Cs9Hy47ClyN 14- Cs57H43CI3N 4~

O|3052 O]zOSRU
fw 1788.66 1513.67
T (K) 120(2) 120(2)
cryst syst monoclinic monoclinic
spage group P2,/m P2,/n
a(A) 12.5661(7) 12.4677(6)
b (A) 20.3194(12) 21.8071(11)
c(A) 12.8467(7) 23.6161(12)
o (deg) 90.00 90.00
p (deg) 91.886(2) 90.206(2)
y (deg) 90.00 90.00
v (A%) 3278.4(3) 6420.8(6)
D, (gcm ™) 1.812 1.566
VA 2 4
u (mm™") 4231 2.406
F(000) 1748 3000
0 range (deg) 2.45-27.50 1.27-25.06
data/restraints/params 7710/0/419 11348/0/789
GOF on F* 1.24 1.16

RI1°[I > 20(D)], sz” (all data)
Apmdx/APmm (e A )

"R 2 DIl = IRI/ZIF, "WRA(F) =
Sw(FE?

0.0619,0.2174
3.55/—1.37

0.0726, 0.2090
3.83/—1.28

[ZW(FO2 - Fcz)z/

Bruker AXS SMART APEX II diffractometer at 120 K
equipped with a CCD detector using graphite-monochromated
Mo Ka radiation (A = 0.71073 A). Crystallographic data and
details of the structure determination are summarized in Table 1.
The data were processed with SAIN T.* and absorption correc-
tions were made with SADABS.* The structure was solved by
direct and Fourier methods and refined by full-matrix least squares
based on F* using the WINGX software, which utilizes SHELX-
97.33 For structure solution and refinement, the SHELXTL soft-
ware package® was used. The non-hydrogen atoms were refined
anisotropically, while the hydrogen atoms were placed with fixed
thermal parameters at idealized positions. In the case of 1, the C9,
C22, C23,C24, 02, and O3 atoms have been refined isotropically.
Further, in the complex cation 2>*, both of the metal sites are
disordered over two sites with almost equal occupancy (0.5 Ru/0.5
Os for each metal center). For both compounds, their electron
density maps showed the presence of some unassignable Peaks
which were removed by running the program SQUEEZE.> The
final least-squares refinement [/ > 2000(/)] converged to reason-
ably good Rvalues: R1 = 0.0619 (7710), wR2 = 0.2174 (7710) for
1and R1 = 0.0726, (11 348), wR2 = 0.2090 (11 348) for 2.
CCDC reference numbers are 775880 for 1 and 775881 for 2.

Results and Discussion

Synthesis. Synthesis of the ligand Hz;Imbzim and
the monometallic ruthenium(II) complex [(bpy),Ru-
(H3Imbzim)](ClOy), - 2H,O was undertaken by the follow-
ing methods previously described.'* The reaction between
cis-[(bpy),0sCl,] and H3Imbzim, leading to the substitu-
tion of two chloride ions by the two imine nitrogen donors
of the incoming ligand, is kinetically slow. Thus, the sym-
metrical bimetallic osmium(II) complex 1 has been ob-
tained by treating a mixture of cis-[(bpy)>OsCl,], H;Im-
bzim, and tricthylamine in a 2:1:1 molar ratio in boiling

(32) SAINT, version 6.02; Bruker AXS Inc.: Madison, WI, 2002. SADABS,
version 2.03; Bruker AXS Inc.: Madison, WI, 2002.

(33) Sheldrick, G. M. SHELXL-97, Program for the Refinement of crystal
Structures; University of Gottingen: Gottingen, Germany, 1997.

(34) SHELXTL, version 6.10; Bruker AXS Inc.: Madison, WI, 2002.

(35) PLATON: Spek, A. L. J. Appl. Crystallogr. 2003, 36, 7.
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ethanol—water (1:1) for 72 h. The heterobimetallic complex
2 was produced by treating equimolar amounts of [(bpy),-
Ru(H3Imbzim)](ClOy), - 2H,»0, [(bpy),OsCl,], and triethy-
lamine in ethanol—water at its boiling temperature for 48 h.
The complexes initially isolated as mixtures of diasterco-
isomers were separated by fractional recrystallization from
a MeOH—CH;CN (2:1) mixture.

The compounds have been characterized by their ele-
mental (C, H, and N) analyses, ESI-MS, UV —vis, and 'H
NMR spectroscopic measurements, and the results are
given in the Experimental Section. ESI-MS of the hetero-
bimetallic compound 2 was of particular interest because
the X-ray structure determination of 2 revealed that the
two metal centers in this compound are positionally dis-
ordered over two sites with equal occupancy. ESI-MS of 2
(Figure S1, Supporting Information) shows a strong
clusters of peaks with m/z 606.96, which correspond to
those of [(bpy)>Ru(HImbzim)Os(bpy),]**. The excellent
agreement between the observed and simulated isotopic
distribution patterns of the peak clearly indicates that 2 is
a genuine heterobimetallic RuOs! compound and is not
a 1:1 stoichiometric combination of the homodinuclear
0s"0s" and Ru""Ru" compounds. Thus, the possibility
of static disorder is ruled out.

Description of the Crystal Structures of 1 and 2. ORTEP
representations of the 13" and 2*" cations along with
their atom labels are shown in parts a and b of Figure 1,
respectively. Selected bond distances and angles of 1 and
2 are given in Table 2. In terms of chirality descriptors,
homodinuclear 13" is of the meso (AA) form, while hetero-
dinuclear 2>" is a AA/AA enantiomeric pair. The structure
of meso-[(bpy)>Ru(H>Imzbzim)Ru(bpy),](ClO,4)3 - CH,Cl,
was reported previously. ”* However, some of its structural
aspects that are relevant to this study and were not con-
sidered earlier will be discussed here. In 137, each of the two
osmium centers is coordinated by one Os"(bpy), unit of
each half of the bridging HpImbzim™ ligand and the two
osmium(II) centers are bridged by one imidazolate nitrogen
N3 and one benzimidazole nitrogen N1, while in 2**, the
two M"(bpy)- units are bridged by the 1m1ddzolc1te nltrogen
atoms N3 and N4 of H,Imbzim ™, while its benzimidazole
nitrogen atoms N1 and N5 provide the sixth coordination
site to the two metal centers. The equatorial planes of the
two distorted octahedra are constituted by the atoms N1,
N3,N4,N6in1,N1,N3,N11,N13and N4, N5, N8, N10in
2. The two pyridyl nitrogen atoms of each bpy ligand are
coordinated alternatively in axial and equatorial modes.

In all three compounds, three types of metal—nitrogen
distances are observed. The longest M—N distances in-
volve the benzimidazole nitrogen atoms, with their values
being 2.091(5) A for 1, 2.084(7) A for 2,and 2.077(5) A for
the diruthenium(IT) compound. The next longest M—N
distance pertaining to the imidazolate nitrogen atoms,
whose average value is 2.045(4) A, lies almost in the same
range [2.035(7)—2.095(7) A] of the M—N distances of the
bpy ligands. The deviations of the metal centers from the
idealized octahedral geometry can be gauged by consid-
ering the ranges of the trans angles, which lie between
167.0(2) and 176.5(3)°. In all of the three structures, it is
seen that the two NH groups adopt a cis arrangement,
and this pair of externally directed N—H protons of
H>Imbzim™ could be used for formation of the adduct
with the anions via a hydrogen-bonding interaction.
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Figure 1. ORTEP representations of (a) 13" and (b) 2> showing 50% probability ellipsoid plots. Hydrogen atoms are omitted for clarity.

Two other important structural features, viz., the oc-
currence of aromatic w—m and CH—u interactions, de-
serve consideration. As may be noted in the capped-stick
representation of both 13" and 2" (Figure S2, Support-
ing Information), the pyridine rings coordinated to Os"
by N4 and N5 are in face-to-face alignment with the pyri-
dine rings that are coordinated to another Os'' by iden-
tical N4 and N5, while in compound 2, the pyridine rings
coordinated to Os" by N11 and N12 are in face-to-face
alig{nment with the pyridine rings that are coordinated to
Ru"" by N10 and N9, respectively. The centroid—centroid
distances between these two rings are 4.487 and 4.016 A
for 1 and 4.793 and 4.335 A for 2, respectively, while the
respective dihedral angles between the ring planes are 41.9
and 35.6° for 1 and 43.8 and 44.8° for 2. Clearly, the two
heteroaromatic rings (4, 5/4, 5in 1 and 11, 12/10, 9 in 2)
are involved in r—z interaction. The same type of inter-
action also occurs in the previously reported analogous
diruthenium(IT) compound, which has the following values
for centroid—centroid distances and dihedral angles: 4.465
and 4.028 A and 42.3 and 35.7°'* (Figure S2, Supporting
Information). It may be mentioned that perfect or near-perfect

face-to-face alignment of the ring planes occurs rarely.*®

More usual are the cases of slipped-type 77— interac-
tion, where the ring planes are displaced in a parallel
fashion.*¢ 38

The occurrence of intramolecular CH—x interactions
in 13*, 2%, and the related diruthenium [Ru"Ru"P+
compound is also shown in Figure S2 (Supporting In-
formation). In 1", two hydrogen atoms H2 of the two
phenyl rings are in close proximity to the centers of the
pyridyl rings with the nitrogen atom N6, and in 2*", two
hydrogen atoms H5 and H13 of the two phenyl rings are
in close proximity to the centers of the pyridyl rings with
the nitrogen atoms N13 and N8. The distances of both H2
of 1 and H5 and H13 of 2 from the centroids of the cor-
responding pyridyl rings are 2.727 A in 1 and 2.833 and
2.804 A in 2, while the angle C2—H2- - -7 (centroid of the
N6—C20---C24 ring) is 160.9° in 1 and C5—H5---7
(centroid of the N13—C48- - - C52ring) and C13—H13- - -z

(36) Janiak, C. J. Chem. Soc., Dalton Trans. 2000, 3885.
(37) Wilson, S. R.; Moore, J. S. Chem.—Eur. J. 1997, 3, 765.
(38) Hunter, C. A.; Sanders, J. K. M. J. Am. Chem. Soc. 1990, 112, 5525.
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Table 2. Selected Bond Distances (A) and Angles (deg) for 1and 2
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1 2

Os—N4 2.041(5) Os—NI12 2.035(7) Ru—N4 2.036(8)
0s—N5 2.045(5) 0s—N13 2.045(7) Ru—N7 2.038(8)
0s—N3 2.047(4) 0s—NI11 2.048(7) Ru—N10 2.050(8)
Os—N7 2.052(5) Os—N14 2.057(8) Ru—N9 2.068(8)
0s—N6 2.058(5) 0s—N3 2.057(7) Ru—N3 2.082(9)
Os—NI1 2.091(5) Os—N1 2.084(7) Ru—N8§ 2.095(7)
Os---Os 6.136 Ru---Os 6.205

N4—0s—N5 78.3(2) N12—-0s—N13 98.6(3) N4—Ru—N7 96.2(3)
N4—0s—N3 91.7(2) N12—0s—N11 79.1(3) N4—Ru—N10 92.8(3)
N5—0s—N3 86.00(18) NI13—0s—NI11 93.0(3) N7—Ru—NI10 96.7(3)
N4—0s—N7 98.4(2) NI2—-0s—N14 176.5(3) N4—Ru—N9 86.5(3)
N5—0s—N7 175.4(2) N13—0s—N14 79.4(3) N7—Ru—N9 174.7(3)
N3—-0s—N7 97.46(19) NI11-0Os—N14 98.1(3) N10—Ru—N9 78.6(4)
N4—0s—N6 94.1(2) N12—0s—N3 85.9(3) N4—Ru—N3 76.4(3)
N5—0s—N6 97.6(2) N13—0s—N3 174.1(3) N7—Ru—NS5 89.4(3)
N3—-0s—N6 173.67(19) N11-0s—N3 91.6(3) N10—Ru—NS5 168.1(3)
N7—0s—N6 79.2(2) N14—0s—N3 96.4(3) N9—Ru—NS5 95.7(3)
N4—0s—NI1 167.0(2) NI12—0s—NI1 94.9(3) N4—Ru—N8 174.0(3)
N5—0s—N1 95.2(2) N13—0s—N1 99.0(3) N7—-Ru—N8 79.6(3)
N3—0s—N1 76.50(18) N11-0s—N1 167.4(3) N10—Ru—N8 92.0(3)
N7—0s—NI1 88.7(2) N14—-0s—NI1 88.2(3) N9—Ru—N8 98.0(3)
N6—0Os—NI1 97.93(18) N3—0s—NI1 76.7(3) N5—Ru—Ng8 99.1(3)
(centroid of the N8—C23--.C27 ring) are 157.2° and Scheme 1

160.7°, respectively. The implication of these point-to-face
or edge-on CH—s interactions®”* on the '"H NMR spectra
of the compounds will be seen later. Further, the hydrogen
atoms H29 of the pyridyl rings C25---C29—N7 in 1 and
HS57 and H18 of the pyridyl rings C53---C57—N14 and
C18---C22—N7 in 2 are close to the center of the imida-
zolate ring 7 cloud, and corresponding distances and angles
are3.302 A and 134.9°in1and 3.251 and 3.228 A and 136.6
and 134.5°1 in 2, respectlvely Similar interactions that occur
with the Ru"Ru'"" compound and the metrical parameters
involved therein can be seen in Figure S2 (Supporting
Information).

"H NMR Spectra. The 'H NMR spectra of the com-
plexes have been recorded in (CD3),SO, and their chemi-
cal shift values are given in the Experimental Section. The
spectral assignments made for the observed chemical
shifts of the bridging HoImbzim ™~ ligand as well as the
bipyridine protons in the complexes accordmg to the
numbering scheme (shown in Scheme 1), aided by {'H—"H}
COSY NMR spectra have been made in the same way as
reported earlier.'>"

For both of the bimetallic complexes, all of the reso-
nances, barring two, occur in the range 6.85—8.85 ppm.
Of the two disparate signals, the one that is most shielded
among all appears as a doublet between 5.04 and 5.64 ppm
and is clearly due to H14 (Scheme 1 for proton labeling)
because this proton experiences maximum diamagnetic
shielding by the anisotropic ring current of the adjacent
bipyridine rings (Figure S2, Supporting Information). As
was already noted in Figure S2 in the Supporting Informa-
tion, the phenyl ring protons H2 in 1 and H5 and H13 in 2
of the bridging ligand are very close to the centroids of the
pyridyl rings having the nitrogen atoms N6 in 1 and N13
and N8 in 2, respectively. In solution, the two slightly
different CH—z distances are averaged and observed as a

(39) Nishino, M.; Hirota, M.; Umezawa, Y. The CH|x Interaction:
Evidence, Nature and Consequences; Wiley-VCH: New York, 1998.

(40) Desiraju, G. R.; Steiner, T. The Weak Hydrogen Bond in Structural
Chemistry and Biology; Oxford Science Publishers, Oxford, U.K., 1999.
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single resonance in the "H NMR spectrum. It should be
noted that the two hydrogen atoms H2 of 1 in Figure 1a are
referred to as H14 in Scheme 1, while H5 and H13 of 2 in
Figure 1b are referred to as H14/H14' in Scheme 1. Aside
from H2, H5, and H13, other phenyl protons are not ster-
ically oriented for CH—u interaction to experience the ring
current effect. The most downfield-shifted resonances in
13" (13.7 ppm) and 2*" (13.65 and 13.58 ppm) are due to
the benzimidazole NH, which are hydrogen-bonded to
(CD3),SO. The "H NMR spectrum of the heterobimetallic
complex [(bpy),Ru"(H,Imbzim)Os"(bpy),]* " (2*") is com-
plicated compared to those of their homodinuclear analo-
gues Os"Os' and Ru"Ru' because of the presence of many
signals and extensive overlapping. The two benzimidazole
units of HoImbzim ™ in 2*" are no longer magnetically equi-
valent, and, accordingly, two sets of resonances due to the
NH, HI1—H14, and H11'—H14' protons can be expected
to be observed.

Absorption Spectral Studies. The UV —vis spectral data
of both complexes 1 and 2 and the previously reported
diruthenium(II) complex in dichloromethane are catalo-
gued in Table 3. All of the compounds, in general, exhibit
quite a large number of peaks and shoulders. Three main
regions can be distinguished: from 200 to 400 nm, the
spectra are dominated by very intense absorption bands
(e = 31000—159400 M~ ' cm™ "), while between 400 and
550 nm, there are moderately intense bands (¢ = 21 550—
30740 M~ ' em™ ). Complexes 1 and 2 show additional
broad and weaker spectral features (¢ = 2500—5120 M~
cm” ') in the longer-wavelength region (600—800 nm). On
the basis of the extensive investigations performed on
[Ru(bpy);]*" and [Os(bpy);]*" and related complexes,'*'?
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Table 3. Absorption Spectral Data for the Complexes in Dichloromethane
Amaxs 1M (&, M~ em™")
compound without added anion with 6 equiv of added anion AL, nm
Ru'"Ru'™ 489 (28 970) 506 (22 550) 17 (489 — 506)
450 (30 740) 464 (sh) (18 990) 14 (450 — 464)
380 (sh) (34 870) 364 (54 000)
355 (53800) 290 (br) (14 100)
335 (44 960)
292 (159 400)
242 (97 400)
Os''os! 705 (br) (4370) 800 (br) (5530) 95 (705 — 800)
638 (br) (5120) 725 (br) (5540) 87 (638 — 725)
505 (21 550) 555 (20 000) 50 (505 — 555)
462 (22200) 530 (sh) (19330) 68 (462 — 530)
417 (24700) 360 (br) (50 900)
363 (35900) 295 (111700)
342 (31 000) 245 (95900)
292 (98200)
245 (60 700)
Ru''Os" 705 (br) (2500) 760 (br) (3330) 55 (705 — 760)
637 (br) (2900) 530 (21 650) 45 (485 — 530)
485 (27 600) 360 (53930) 79 (451 — 530)
451 (29400) 292 (br) (113 170)
392 (32000) 242 (102200)
358 (51 600)
340 (44700)
292 (112 600)
245 (82 100)
“Reference 19a.
it can be deduced that the high-intensity absorption bands
in the 200—400 nm spectral region are due to the z—s* 1694 |
transition of bipyridine and spin-allowed ligand-centered |
transitions of the bridging ligand and the absorption bands 12 i

in the 400—550 nm region are due to spin-allowed metal-
to-ligand {Ru/Os (dz) — bpy and/or HoImbzim™ (7%*)}
charge-transfer (MLCT) transitions. The weak and broad
spectral bands that appeared in the range between 600 and
800 nm for both 1 and 2 are due to a spin-forbidden MLCT
transition that directly populates the triplet MLCT state of
bpy and HpIlmbzim ™. In Figure 2, the UV—vis spectra of
equimolar solutions of Ru'Ru", Os"'Os!, and RuOs! in
dichloromethane at room temperature are displayed.
Luminescence Spectra. The emission spectral behavior
of the complexes has been studied in dichloromethane
or acetonitrile solutions at room temperature and at 77 K
in ethanol—methanol (4:1) glass. Table 4 summarizes the
emission maxima, quantum yields, and lifetimes of three
bimetallic complexes. Figure 3 compares the photolumi-
nescence spectra of equimolar solutions of Ru'Os!" and
of its homometallic parents Ru"Ru' and Os"Os" (Joxe =
505 nm) at both room temperature and 77 K. It is well-
known that diimine complexes of Ru" typically absorb
in the visible region via Ru (dx) to diimine (7*) MLCT
transitions. Very rapid intersystem crossing follows to
populate the *MLCT state. This state decays to the gro-
und state via a combination of radiative and nonradiative
processes with lifetimes that vary between a few nanose-
conds to a few microseconds. On the other hand, osmium-
(IT) complexes have absorption maxima for the spin-
allowed MLCT absorption at wavelengths similar to those
of ruthenium(II) but also exhibit the spin-forbidden 'GS to
SMLCT state absorption at longer wavelengths. The
osmium(II) complexes generally exhibit emission from
the *MLCT state at longer wavelengths and with much
lower efficiencies than the corresponding ruthenium(II)

1]
o]
<0.8-

0.4

Ru"OS“
400 Mnmﬁ(](l 800

Figure 2. Absorption spectra of equimolar solutions of [Ru"Ru"Pt,
[Os"Os"P* (1), and [RuOs"** (2) in dichloromethane at room tem-
perature.

0.0

complexes. Excited-state lifetimes of the osmium(II) com-
plexes are generally between 50 and 500 ns in solution.'*'3
It has also been reported in the literature that relatively
small changes in the coordination environment can lead to
large differences in the photophysical behavior of the
complexes. In complex 2, two overlapping emission bands
are seen in the spectral range 600—900 nm, the deconvolu-
tion (Figure 3, inset) of which gives rise to two peaks at 653
and 780 nm in dichloromethane at room temperature and
at 640 and 710 nm in ethanol—methanol glass at 77 K. By
comparison with the emission spectra of the homodinuc-
lear complexes, the bands at 653 and 640 nm seem to be due
to emission from the Ru''-centered moiety and the bands
at 780 and 710 nm due to the Os'-centered moiety. The
close similarity of the band positions observed between
excitation and absorption spectra indicates that the ob-
served emission bands are indeed due to the complexes
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Table 4. Luminescence Spectral Data for the Complexes
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298 K¢ 77 K°
Ru-based Os-based Ru-based Os-based
compound  Apax, NM [} 7, ns 1 Amax, NM [} 7, ns I Amax, NM [} Amax, NM [}
Ru''Ru'* 660 8.56x 1072 190 983 645 1.9x 107!
0os"'os" 780 LI1x107% 50 15 710 1.2x 1072
Ru''Os!! 653 1.51 x 1072 15 152 780 85%x107% 48 38 640 1.6x107" 710 1.0x 107"

“In a dichloromethane solution. ” In 4:1 ethanol—methanol glass. ¢ Reference 19a.

Relative emission intensi

0.8-

JRu'0s"(exptl.)

900

0.4

Ru"0s"(Deconv.)

0s'0s"

Relative emission intensity

0.0

700 800
Alnm

600 900

Figure 3. Luminescence spectra of equimolar solutions of [Ru"'Ru'"**,

[0s"0s"P* (1), and [Ru"Os"** (2) at room temperature in dichloro-
methane (a) and at 77 K in 4:1 ethanol—methanol glass (b). The inset
shows both the observed and deconvoluted spectra of 2.

(Figure S3, Supporting Information). On going from a fluid
solution to frozen glass, the emission maxima get blue-
shifted with a significant increase of the intensities and the
quantum yields, which are the characteristics of typical
MLCT emitters.'*'* It is to be noted that the strong lumi-
nescence band at 465 nm due to free H3Imbzim in fluid
solution at room temperature is completely quenched in the
metal complexes by energy transfer to the metal-based units,
which exhibit their characteristic MLCT phosphorescence.

Redox Activities. The electrochemical behavior of the
complexes has been studied in acetonitrile by CV and
SWYV methods, and the relevant results are given in Table 5.
In all of the cases, the metal-centered oxidations take
place reversibly. Complex 1 displays two successive one-
electron oxidation waves, and the £, » values for OSHOSH/
0s"0s"™ and 0s"0s"/0s™Os™ couples are 0.42 and
0.55 V, respectively. Taking into consideration the £,

values reported for the diruthenium(II) complex, the first
coulple observed for 2 at 0.53 V can be attributed to the
Os""Ru"/0s™Ru" couple, while the second couple ob-
served at 1.07 V is due to the Os""Ru'/Os™ Ru"" process.
The cyclic voltammograms recorded up to —2.2 V exhibit
two quasi-reversible reductions (see Table 5). As shown in
Figure S4 (Supporting Information), the current heights
observed in both CV and SWV are almost double for a
reduction wave compared to that of an oxidation wave,
indicating that the simultaneous transfer of two electrons
occurs in the reduction processes.

The separation between the two oxidation potentials
(AEl/z = ‘El/z(l) - El/2(2)‘) in the homodinuclear com-
plexes (Table 5) provides information about the extent of
electronic interactions involved between the two metal cen-
ters. The AE) ), value of the diosmium complex (0.13 V) is
smaller than that of the previously reported diruthenium
analogue (0.19 V). For covalently linked bimetallic sys-
tems, the electronic coupling between the two metal cen-
ters is mediated by the bridging ligand whose length,
rigidity, charge, and conjugation regulate the extent of
electron delocalization.'* Depending upon the type of
bridging ligand, which may have either low-lying s*-
acceptor orbital(s) or electron-rich high-lying 7#*-donor
orbitals, metal—metal interaction occurs through super-
exchange-assisted electronic coupling via an electron-
transfer or a hole-transfer mechanism, respectively.'**!
Neutral ligands with extensive delocalization act as 7
acceptors, while anionic ligands behave as ot donors. In
the case of the electron-transfer mechanism, metal—metal
interaction occurs via efficient mixing of the higher dx
orbitals of the metal centers with the z* orbitals (lowest
unoccupied molecular orbital) of the bridging ligand. On
the other hand, for the hole-transfer mechanism, coupling
occurs between the highest occupied molecular orbital of
the bridge [occupied 7-bridge orbital(s)] and the metal dz
orbitals.*> Generally, when the bridging ligand is of the
mr-acceptor type, the difference between the first and second
oxidation potentials is larger for Os'' dimers compared to
Ru'" dimers."*** In the present case, the bridging H;Im-
bzim ligand acts as a s-donor type because the central

(41) (a)Richardson, D. E.; Taube, H. J. Am. Chem. Soc. 1983, 105, 40. (b)
Newton, M. D. Chem. Rev. 1991, 91,767. (c) Jordan, K. D.; Paddon-Row, M. N.
Chem. Rev. 1992, 92, 395. (d) Todd, M. D.; Nitzan, A.; Ratner, M. A. J. Phys.
Chem. 1993, 97, 29.

(42) (a) Barigelletti, F.; De Cola, L.; Balzani, V.; Hage, R.; Haasnoot,
J. G.; Reedijk, J.; Vos, J. G. Inorg. Chem. 1989, 28, 4344. (b) Barigelletti, F.;
De Cola, L.; Balzani, V.; Hage, R.; Haasnoot, J. G.; Reedijk, J.; Vos, J. G. Inorg.
Chem. 1991, 30, 641. (c) Haga, M. Inorg. Chim. Acta 1983, 75,29. (d) Haga, M.;
Bond, A. M. Inorg. Chem. 1991, 30, 475.

(43) (a) Denti, G.; Campagna, S.; Sabatino, L.; Ciano, M.; Balzani, V.
Inorg. Chem. 1990, 29, 4750. (b) Denti, G.; Serroni, S.; Sabatino, L.; Ricevuto,
V.; Ciano, M.; Campagna, S. Gazz. Chem. Ital. 1991, 12, 37.
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imidazole NH proton gets deprotonated and produces
monoanionic HoImbzim™ during formation of the bi-
nuclear complex.

Table 5 summarizes the ground- and excited-state redox
potentials of the complexes. The excited-state redox poten-
tials can be calculated by using eqs 3 and 4."

E*red(ll)
n=1,2)

0.67,0.35
0.71,0.29

without added anion

(n=1,2)

—1.20, —1.01

excited state potential (eV)”
E*nx(n)

—1.32, —1.19 0.03, —0.28

—-1.09, —1.21

E*ox(ﬂ) ([MHMHI} / [MHMHD

= o (MMM M M)~ Eig 0= 1.2 (3)

Eyo (eV)

2.12
1.74
2.16,1.74

Ereainy (MM (lig)] /MM (lig™ ~ 7))
= By (MM (lig) ]/ MM (lig”™ ™ 7)) + oo
n=b2 4)

—1.71, —2.02

—1.45,—-1.77
—1.45,—-1.73

In these relations, E, are the zero—zero excitation energies
of the complexes, which can be obtained at the intersection
of the absorption and emission bands.

Intercomponent Energy Transfer in 2. As was already
mentioned, a comparison of the deconvoluted lumines-
cence spectrum of the Os'"Ru"’ complex (2) with corre-
sponding Os"Os™ (1) and Ru"Ru'' complexes indicate
that the peak observed in 2 at 780 nm (298 K) or at 710 nm
(77 K) is due to the Os'" center, while the peak at 653 nm
(298 K) or at 640 nm (77 K) is due to the Ru'' center. It is
important to note that the quantum yield and the lifetime
of the Ru"-centered emission in 2 are considerably less
compared to those of the diruthenium(II) complex. This
indicates that the Os''-centered moiety probably induces
a quenching effect on the Ru-centered component. Simi-
lar quenching of Ru" luminescence in heterobimetallic
Os"Ru'" complexes has been reported in the literature.' !5+
We have estimated the extent of Ru" luminescence quench-
ing by adopting these reported procedures, which involve
measurement of the luminescent intensities of three isomolar
solutions of Ru"Ru", Os"Ru", and Os"O0s" complexes by
excitation at the wavelength where the isosbestic point is
observed in their absorption spectra, while keeping identical
experimental conditions in all cases. The result obtained
shows that 85% of the luminescence intensity of the Ru"'-
based component is quenched by the Os"-based component.
Further, a comparison of the intensities of the Os™-based
luminescence gat 780 nm) in the Os"Ru'" complex with that
of the Os"Os" species and correcting for the tail of the
residual Ru'’-based luminescence reveals that the¥ coincide
within experimental error (Figure 3). Because Os'' is easier
to oxidize than Ru"" in polypyridine complexes, the MLCT
levels of Ru'! are placed at higher energies than their Os"
counterparts.'** In the present case, the excited-state
energy of the Ru"-based component is 2.16 eV, while that
of the Os''-based component is 1.74 eV (Figure S5, Sup-
porting Information). Therefore, the free-energy change
(neglecting entropy changes) for energy transfer from an

reduction potential (V)
without added anion

K.
1.3 x 107

2=

AE,
[E£12(2) —E1pp(D)]
0.45
0.32

1.11
0.64

with 6 equiv of added anion
Eix(2)

MIIMIII/MIIIMIII

0.66
0.15
0.32

MIIMII/
M"™M™ E, (1)

oxidation potential (V)
KL
1.6x 10°
1.6 x 10

AE, ),
[E12(2) =E1 (D]
0.19
0.13
0.54

without added anion
1.11
0.55
1.07

Eip(2)

Eyp(1)
0.92
0.42
0.53

(44) (a) Belser, P.; von Zelewsky, A.; Frank, M.; Seel, C.; Vogtle, F.;
De Cola, L.; Barigelletti, F.; Balzani, V. J. Am. Chem. Soc. 1993, 115, 4076.
(b) De Cola, L.; Balzani, V.; Barigelletti, F.; Flamigni, L.; Belser, P.;
von Zelewsky, A.; Frank, M.; Vogtle, E. Inorg. Chem. 1993, 32, 5228. (c)
Schlicke, B.; Belser, P.; De Cola, L.; Sabbioni, E.; Balzani, V. J. Am. Chem. Soc.
1999, 721, 4207. (d) Barigelletti, F.; Flamigni, L.; Balzani, V.; Collin, J.-P;
Sauvage, J.-P.; Sour, A.; Constable, E. C.; Cargill Thompson, A. M. W. J. Am.
Chem. Soc. 1994, 116, 7692.

MIIMII/MHMIII MIIMIII/MIIIMIII

“Reference 19a. ” Obtained from eqs 3 and 4.

OSIIOSII
RuIIOSII

Table 5. Electrochemical Data for the Complexes in Acetonitrile

compound
RuIIRuIIa
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excited-state Ru'-based component to a ground-state Os''-
based component is approximately —0.42 e¢V. This thermo-
dynamically favored process accounts for the observed
quenching.

It should be noted in this context that quenching, in
principle, can take place by an electron-transfer process
also. However, to be feasible, the process has to be
thermodynamically favorable. For example, the photo-
induced oxidative quenching in 2

*RuII OSH . RUHIOSI (5)

AG® = Eo([RUIIIOSH]4+/[RuIlOSII]3+)
— E°([Ru"Os"" (lig)| " /[Ru"Os" (lig" ™ 7)) — Ego
(6)

is highly unfavorable because the free-energy change
according to eq 6 is too high, + 0.36 eV. On the other
hand, the reductive quenching process

*RulOs! — Ru'Os™ (7)

AG® = Eo([RUHOSHI]4+/[RUHOSH]3+)
— E°([Ru"Os" (1ig)]** /[Ru"Os" (lig™ ~ 7)]") — Eno
(8)

although slightly exoergonic (—0.18 eV), is still unfavor-
able probably because of the large reorganization energy in
a polar solvent. By contrast, quenching via energy transfer

*RuH OSH . RuH*OSH (9)

is strongly exoergonic (—0.42 eV) and hence highly favor-
able.

In Figure 4, the luminescence decay profiles of Ru'"'-
Ru", 0s"0Os!, and Os""Ru'' in dichloromethane at room
temperature are shown. It may be noted that, in the cases
of RuMRu", 0s"0s", and Ru'-centered Os'"Ru", all
exhibit monophasic decay with lifetimes of 190, 50, and
187 ns, respectively. Interestingly, the Os"-centered decay
of the Os"Ru'" complex undergoes biexponential decay
with lifetimes of 15 and 48 ns. Close agreement between
the lifetimes of 50 ns (in Os"Os") and 48 ns (Os'" in
Os'"Ru') is gratifying to note.

The rate constant, k., for energy transfer can be
calculated by using eq 10

ken = ~—— (10)

where 7° is the emission lifetime of the Ru'"Ru'' complex
(190 ns) and 7 is the luminescence lifetime (15 ns) of the
Ru'l-centered Os"'Ru'! complex. Thus, the value of k., at
room temperature is 6.1 x 107 s~'. The reason for such
fast energy transfer is likely due to overlap between donor
emission (A.x = 653 nm) and acceptor absorption (lying
between 635 and 750 nm).

In the literature, intramolecular energy-transfer rates of
several types of Ru''Os'" complexes have been reported.

(45) Dexter, D. L. J. Chem. Phys. 1953, 21, 836.
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Figure 4. Time-resolved photoluminescence deca%/s of equimolar solu-
tions of [RuRu"P*", [0s"0s"*" (1), and [Ru™Os"P* (2) at room
temperature in dichloromethane obtained with 440 nm excitation.

Energy-transfer processes occur in two ways, viz., the
Dexter-type*’ through bond electron exchange and the
Forster-type*® through space Coulombic interaction.
However, in most cases, it is not easy to ascertain which
particular mechanism plays the dominant role. Electron
exchange becomes important where the spacer is either
highly conjugated or relatively short, while the Coulom-
bic mechanism becomes important when either the spacer
is saturated or the transition dipoles are well-separated.*’

Ru"Os" complexes containing alkyne-type spacers have
been found to exhibit efficient triplet energy transfer from
Ru — Os on a picosecond time scale (ke > 10'0 s~ 1).%
Similar very fast energy-transfer processes have been
reported for the complexes in which the chelating units
are separated by one or two phenyl rings.***’ In contrast,
compounds in which the spacers contain a saturated
moiety, such as bicyclo[2,2,2]octane, adamantine, etc.,
interposed between two phenyl rings, have been found to
slow down the Ru — Os energy-transfer rate remarkably
(ken ~ 10° 571 #4047:50 11 our case, where the bridging unit

(46) Forster, T. H. Discuss. Faraday Soc. 1996, 27, 7.

(47) De Cola, L.; Belser, P. Coord. Chem. Rev. 1998, 177, 301.

(48) (a) Benniston, A. C.; Grosshenny, V.; Harriman, A.; Ziessel, R.
Angew. Chem., Int. Ed. Engl. 1994, 33, 1884. (b) Harriman, A.; Ziessel, R.
J. Chem. Soc., Chem. Commun. 1996, 1707. (c) Grosshenny, V.; Harriman, A.;
Ziessel, R. Angew. Chem., Int. Ed. Engl. 1995, 34, 1100.

(49) (a) Schmehl, R. H.; Auerbach, R. A.; Walcholtz, W. F. J. Phys.
Chem. 1988, 92, 6202. (b) Baba, A. L; Ensley, H. E.; Schmehl, R. H. Inorg.
Chem. 1995, 34, 1198. (c) Barigelletti, F.; Flamigni, L.; Balzani, V.; Collin., J.-P.;
Sauvage, J.-P.; Sour, A.; Constable, E. C.; Cargill Thompson, A. M. W. J. Chem.
Soc., Chem. Commun. 1993, 942. (d) Barigelletti, F.; Flamigni, L.; Balzani, V.;
Collin., J.-P.; Sauvage, J.-P.; Sour, A.; Constable, E. C.; Cargill Thompson,
A. M. W. Coord. Chem. Rev. 1994, 132, 209.

(50) (a) De Cola, L.; Balzani, V.; Barigelletti, F.; Flamigni, L.; Belser, P.;
Bernhard, S. Recl. Trav. Chim. Pays-Bas 1995, 114, 534. (b) Balzani, V.;
Barigelletti, F.; Belser, P.; Bernhard, S.; De Cola, L.; Flamigni, L. J. Phys. Chem.
1996, 100, 16786.
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Figure 5. Colorchanges that occur when the acetonitrile solutions of the
receptors 1 (a) and 2 (b) are treated with various anions as their TBA salts.

contains the [HoImbzim]™ anion, the Ru — Os energy-
transfer rate is moderately fast (key = 6.1 x 10" s7'). A
similar order of k., has been rePorted for a triazolate
anion-bridged Ru"'Os"" complex.’

Anion-Sensing Studies. Color Changes of the Recep-
tors in Solution upon Interaction with Anions. The anion-
sensing ability of the receptors 1 and 2 has been studied
on a qualitative basis by visual examination of the anion-
induced color changes in acetonitrile solutions (2.0 X
107> M) before and after the addition of an anion. TBA
salts of F, CI'", Br, I, HSO,4 , and AcO  ions have
been used as substrates for the receptors. The photograph
in Figure 5 shows the dramatic color changes of 1 and 2 in
the presence of F~ and AcO™ ions only, while in contrast,
the anions CI~, Br—, I, and HSO,4 induce almost no
change in color. Evidently, there is a strong interaction
between the receptors with the substrate anions F~ and
AcO™ and a very weak or almost no interaction with the
other anions.

'"H NMR Spectral Changes of the Receptors upon
Interaction with Anions. Sensing of the anions by the
metalloreceptors has been monitored by observing the
"H NMR spectral changes that occur with the incremen-
tal addition of anions to their DMSO-d; solutions. Upon
a gradual addition of the F~ ion to the solution of 2, the
chemical shifts of two N—H protons of H,Imbzim ™ that
initially appeared as a pair of singlets at 13.58 and 13.65
ppm get broadened, shifted to downfield, and finally
vanished (see Figure S6, Supporting Information). Im-
portantly, as shown in Figure 6, the signals of the H11,
H12, H13, and H14 protons of 2 undergo a progressive
upfield shift until 1 equiv of the F~ ion is added, beyond
which no further change occurs. A similar behavior is also
observed with the AcO™ ion. The '"H NMR spectral
change of 1 that occurs with the addition of an excess of
the AcO™ ion is shown in Figure 7.

Absorption Spectral Changes of the Receptors upon
Interaction with Anions. Sensing of the anions by the
metalloreceptors has been monitored by observing the
spectral changes that occur in acetonitrile solutions. As
shown in Figure 8, the MLCT peaks at 708 and 507 nm

(51) Weldon, F.; Hammarstrom, L.; Mukhtar, E.; Hage, R.; Gunneweg,
E.; Haasnoot, J. G.; Reedijk, J.; Browne, W. R.; Guckian, A. L.; Vos, J. G.
Inorg. Chem. 2004, 43, 4471.

Saha et al.
7.8 v
Wy vy v
7.2- :A
£ L WY A
g 6.6 % o o °
S ® H{14)
60, : i
¥ H{11)
oo
54 EEp g g |
0 1 2 3
Equiv. F

Figure 6. Change of the chemical shifts for the H,;, H;>, H;3, and Hy4
protons of HoImbzim ™~ in 23" as a function of the equivalents of F~ added.

for 1 and at 705 and 490 nm for 2 remain practically un-
changed upon the addition of 8 equivof CI, Br, 1, and
HSO, ions to 2.5 x 107> M solutions of 1 (Figure 8a)
and 2 (Figure 8b). On the other hand, following the addi-
tion of 8 equiv of F~ and AcO™, the MLCT bands get red-
shifted to 790 and 545 nm for 1 and to 760 and 530 nm for
2, respectively, indicating that strong interactions occur
between the receptors and anions. These observations are
in consonance with the visual changes already noted in
Figure 5. The red shift of the MLCT bands can be attri-
buted to the second-sphere donor—acceptor interactions
between metal-coordinated H,Imbzim ™ and the anions.>?
Such interactions (hydrogen bonding or proton transfer,
vide infra) increase the electron density at the metal
center, leading to lowering of the MLCT band energies.

In order to gain quantitative insight into sensor—anion
interaction, spectrophotometric titrations have been car-
ried out with F~ and AcO™ ions. The spectral changes that
occur for 1 as a function of F~ are shown in Figure 9a—c.
As may be noted, with an increase of F~ up to 1 equiv, the
MLCT bands in the successive absorption curves undergo
red shifts, during which they pass through four isosbestic
points at 656, 605, 365, and 345 nm. Upon further addi-
tion, these bands (740, 520, and 462 nm) undergo a con-
tinual red shift until the absorption maxima at 790 and
545 nm are reached at ca. 8 equiv of F . During this pro-
cess, the absorption curves pass through a new set of
isosbestic points at 740, 644, 545, and 395 nm.

Similar trends of spectral changes have been observed
for 2 as a function of F~ (shown in Figure 9d—f). As the
F~ ionis added to a solution of 2, the MLCT absorption
maxima at 705 and 490 nm get shifted to longer wave-
lengths, viz., 755 and 495 nm, respectively, with the con-
current development of four isosbestic points at 676, 620,
498, and 413 nm upon the addition of 1 equiv of F . Upon
continual addition beyond 1 equiv, these bands undergo
further red shift until the absorption maxima at 760 and
530 nm are reached at ca. 8 equiv of F . During this pro-
cess, the absorption curves pass through a new set of isos-
bestic points at 705, 515, and 395 nm. The spectral
behavior observed with AcO™ as the guest anions is almost
identical with that of F~ for both 1 and 2 (Figure S7,
Supporting Information).

By using eq 1, the equilibrium constant K for receptor—
anion interaction has been evaluated, and the values are

(52) Balzani, V.; Sabbatini, N.; Scandola, F. Chem. Rev. 1986, 86, 319.
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Figure 7. "H NMR spectra of 13 in the presence and absence of the AcO™ ion in DMSO-dj.
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Figure 8. Changes in the UV—vis spectra of receptors 1 (a) and 2 (b) in
acetonitrile upon the addition of different anions as TBA salts.

given in Table 6. It may be noted that the values of K for
the receptors with F~ and AcO™ are grossly of 6 orders of
magnitude. Comparable values of the equilibrium con-
stant of a related diruthenium(II) complex with anionic
guests such as F~ and AcO  have been reported pre-
viously.'

It was reported previously that suitably substituted
hydrogen-bond-donor receptor functionality undergoes

(53) (a) Kang, S. O.; Powell, D.; Day, V. W.; Bowman-James, K. Angew.
Chem., Int. Ed. 2006, 45, 7882. (b) Gunnlaugsson, T.; Kruger, P. E.; Jensen, P.;
Tierney, J.; Ali, H. D. P.; Hussey, G. M. J. Org. Chem. 2005, 70, 10875. (c)
Gunnlaugsson, T.; Kruger, P. E.; Jensen, P.; Pfeffer, F. M.; Hussey, G. M.
Tetrahedron Lett. 2003, 44, 8909. (d) dos Santos, C. M. G.; Gunnlaugsson, T.
Dalton Trans. 2009, 4712. (¢) Gomez, D. E.; Fabbrizzi, L.; Liccheli, M. J. Org.
Chem. 2005, 70,5717. (f) Amendola, V.; Boiocchi, D.; Colasson, B.; Fabbrizzi, L.
Inorg. Chem. 2006, 45, 6138.

deprotonation in the presence of excess anions, leading to
classical Bronsted acid—base chemistry.” To examine
such a possibility, spectrophotometric titrations of the
metalloreceptors (1 and 2) have also been carried out
with a solution of TBAOH (Figure S8, Supporting In-
formation). The spectral patterns for the complexes have
close resemblance to the spectra of these receptors in the
presence of F~ and AcO™ ions.

Emission Spectral Changes of the Receptors upon Inter-
action with Anions. Parts a and b of Figure 10 show that
the emission intensity of the band at 780 nm for 1 and at
670 nm for 2 undergoes nominal change with the addition
of C17,Br , I ,and HSO, ions. On the other hand, with
the eight-fold addition of F~ and AcO ™ ions, the emission
intensity gets significantly quenched with consequent red
shift of emission maxima. Thus, the absorbance and
luminescence behavior of the metalloreceptors toward
the anions are in the same line. Photoluminescence titra-
tions of receptors 1 and 2 with various anions have been
carried out in the same way as was already described for
spectrophotometric measurements. The lowest-energy
emission maxima in both compounds get gradually red-
shifted with consequent quenching with increasing anion
concentration, indicating a lowering in the energy of the
excited state and enhancement of nonradiative decay. In
Figure 11, the effects of the incremental addition of AcO™
and F~ to 1 and 2, respectively, are shown, and the inset
shows quenching of the luminescence intensity versus the
equivalents of anions added. Spectrofluorometric titra-
tions of the sensors have also been carried out with a
standard solution of TBAOH, and the observed spectral
patterns (Figure S9, Supporting Information) follow
trends similar to those seen with the incremental addition
of the anionic guest. It is evident that the stronger bases
and hydrogen-bonding acceptors suchas AcO™ and F as
well as OH™ completely quench the fluorescence of the
metalloreceptors, implying that N—H protons of coordi-
nated HoImbzim ™~ are trapped by these anions. An almost
complete quenching of the emission intensity by F and
AcO~ over other anions makes the complexes selective
fluorescent sensors.
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Figure 9. Changes in UV—vis spectra of receptors 1 (a—c) and 2 (d—f) in acetonitrile upon the addition of the F~ ion. The inset shows the fit of the

experimental absorbance data to a 1:1 binding profile.

Table 6. Equilibrium/Binding Constants® (K, M~") for the Complexes toward
Various Anions at 298 K

1 2

anion K x 10° K> x 10° K x 10° K> x 10°
Absorption

F~ 23+0.21 1.8+0.13 1.5+0.18 1.3+0.19

AcO™ 2.240.14 1.6+0.23 2.34+0.32 1.840.26

OH™ 2.340.15 1.6+0.12 2.040.26 1.74+0.19
Emission

F~ 1.54+0.14 NA? 1.6+0.15 NA?

AcO™ 1.64+0.15 NA® 1.5+0.22 NA®

OH™ 1.9+0.14 NA’ 1.5+0.12 NA’

“ tert-Butyl salts of the respective anions were used for the studies.
Not applicable.

Changes in the Electrochemical Behavior of the Recep-
tors upon Interaction with Anions. The electrochemical
anion recognition and sensing of the receptors in aceto-
nitrile as a function of the different anions have been
examined by using CV and SWYV. The incremental addi-
tion of F~ and AcO™ ions to a solution of the receptors
resulted in a negative shift of both the first (£, ') and
second (£})» %) oxidation potentlals of 1 and 2. As shown
in Figure 12a,c, with the progressive addition of F~ to 2,
the current heights of the redox couples observed at 0.53
(E, /21) and 1.07 V (E; /22) gradually diminish and at their

expense two new couples that appear at 0.32 (E1)2 " and
093V (Ep 2, respectlvely, grow in the current heights.

As the receptor—anion ratio reaches 1:1, the couples at
0.53 and 1.07 V are completely replaced by the 0.32 and
0. 93 \% couples respectively, indicating that the shifts of
E1/2 and E1/2 are —0.21 and —0.14 V, respectively. Upon
further addition of the F~ ion to the solution of 2, the
second oxidation peak (E, /22) at 0.93 V continues to shift
in the lower potential region and finally becomes E; /22 =

0.64 V with the addition of 3 equiv of the F ™ ion, although
the potential of the first couple E; /21 remains constant at
0.32 V. The changes in the current heights for the redox
couples with the variation of the concentration of added
F~ ion are shown in Figure 12b.d. In the case of 1, similar
electrochemical responses are observed (Figure S10a,c,
Supporting Information) upon the addition of 1 equiv of
F~ w1th the difference that the second oxidation poten-
tlal (E1/2 ) initially observed at 0.55 V is shifted to 0.15 V,

keeping E;,' at 0.42 V unchanged. However, beyond
1 equiv, contrary to that of 2, the current heights asso-
ciated with the second oxidation at 0.42 V gradually
decrease and diminished completely, and at its expense,
the current intensity at 0.15 V continued to increase until
both of the oxidation peaks due to Os'" centers coalesced
at the same potential (0.15 V). The electrochemical beha-
vior observed with AcO™ as the guest anion is almost
identical with that of F~ for both 1 and 2. In contrastto F~
and AcO™, no noticeable changes occur in electrochemical
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Figure 11. Changes in photoluminescence intensity of receptor 1 (a) in dichloromethane and 2 (b) in acetonitrile upon addition of AcO™ and F~ ions,
respectively. Inset shows the fit of the experimental emission data to a 1:1 binding profile.

responses for 1 and 2 in the presence of a large excess
of CI” and HSO, .

As compared to complexes 1°", 2°", and related dir-
uthenium [Ru"Ru"P’*, the redox potentials of corre-
sponding anion-bound forms are substantially shifted to
less positive potentials. The lowering of the E,,, values
upon the addition of anions is correlated with the spectral
red shifts that occur for the MLCT bands. For example,
in the case of Ru"Os", anion-induced deprotonation is
accompanied by lowering of the redox potentials AE, (1)
and AFE;;»(2) by 210 and 430 mV, respectlvely, while
diminution of the two "MLCT band energies (Av) occurs
by about 1540 cm™' (490 — 530 nm) and 2966 cm ™'
(458 — 530 nm). Similarly, for Ru"Ru"", the correspond-
ing lowering of the redox potentials occurs by 260 mV
[AE,5(1)], keeping AE|»(2) unchanged and diminution
of the MLCT band energies (Av) by ca. 690 and 866 cm ™.
However, in the case of Os"'Os™, two successive oxidation
peaks at 0.42 and 0.55 V merge to a single peak at 0.15V
upon deprotonation. In this case, lowering of the redox
potentials occurs by 400 mV and diminution of the
MLCT band energies by ca. 1375 cm™ ' (507 — 545 nm)
and 3390 cm ™' (460 — 545 nm).

It is relevant to compare the equilibrium constant
K. for the comproportionation reaction (eq 11) for
the homobimetallic ruthenium(Il) and osmium(II)
complexes. The value of K. at 298 K is evaluated by

(54) (a) Crutchley, R. J. Adv. Inorg. Chem. 1994, 41, 273. (b) Evans,
C. E. B.; Naklicki, M. L.; Rezvani, A. R.; White, C. A.; Kondratriev, V. V,;
Crutchley, R. J. J. Am. Chem. Soc. 1998, 120, 13096.

using eq 12.%*
MM 4+ MM < oM TV (11)

K. = 101692EQ) = Eip(D] — (1692AE (V) (12)
When there is no interaction between the two redox
states (class I system), the value of K. is equal to 4 because
of the statistical effect only On the other hand, a value
of K. as high as 2 x 10°* has been r 5ported for a fully
valence-delocalized (class IIT) system.”” However, for a
large number of diruthenium(II) and diosmium(II) com-
plexes, the values of K. have been found to range between
10 and 10%.>* Importantly, several studies have pointed
out that specifying mixed-valence systems in the Robin
and Day classification scheme>® on the basis of thelr K.
values alone may lead to the wrong information.>”->® The
values of AE, 12 and K_listed in Table 5 indicate that the K,
value of [Ru''Ru] i greater than that of [OSHOSH]Z’Jr
It is interesting to note that the value of K, for the anion-
induced deprotonated form [Ru""Ru"]" (1.3 x 107) is about
4 orders of magnitude greater than that for [Ru”Ru"]z+ 19a
By contrast, the K. value of [0s"Os'"']" is very much
less because we have seen that two oxidation peaks in
[0s"Os"]** coalesce into a single peak upon deprotonation.

(55) Woldarezyr, A.; Doyle, G. A.; Maher, J. P.; McCleverty, J. A.; Ward,
M. D. Chem. Commun. 1997, 769.

(56) Robin, M. B.; Day, P. Adv. Inorg. Chem. Radiochem. 1968, 10, 247.

(57) Kaim, W.; Lahiri, G. K. Angew. Chem., Int. Ed. 2007, 46, 1778.

(58) Launy, J.-P. Chem. Soc. Rev. 2001, 30, 386.



60 Inorganic Chemistry, Vol. 50, No. 1, 2011

Eyy50.32V

Eyq=0.53V

1.5 1.0 0.5 0.0

Saha et al.

1.073 A
ol A A

4prpen

00 05 10 15
(d) Equiv. F

m ©®
[ ] s
&
0/e®® "mmm =
T
Equiv. F

Figure 12. CVs of receptor 2 (a and c) obtained upon the incremental addition of TBAF to its acetonitrile solution (1.0 x 1072 M). The changes in the
current intensities as a function of the equivalents of the F~ ion added are shown in parts b and d.

Nature of Receptor—Anion Interaction. The observa-
tions made above from "H NMR and spectrophotometric,
luminescence, and electrochemical measurements unequi-
vocally suggest that F~ and AcO™ anions interact strongly
with the metalloreceptors 1 and 2; albeit such interaction is
either very weak or absent for other anions (C1™, Br, I,
and HSO, ). The close resemblance of both absorption
and emission spectral patterns of the receptors in the pre-
sence of OH ™ to those in the presence of F~ and AcO™ ions
suggests the presence of two successive anion-induced
deprotonation steps, leading to the formation of [(bpy),-
M(HImbzim)M'(bpy),]*" and [(bpy),M(Imbzim)M’-
(bpy)>]" species. Fitting the overall titration data by assum-
ing the existence of two sets of equilibria gives the associa-
tion constants summarized in Table 6. It may be noted that
the equilibrium constants of the metal complexes with the
anions are grossly of 6 orders of magnitude. Comparable
values of the association constants of the related ruthe-
nium(IT) complexes have been previously reported.'” It is
of interest to note that the equilibrium constants of the metal
complexes with the anions are substantially enhanced
(2 orders of magnitude) relative to that of the ligand
H;Imbzim itself. Clearly, metal coordination leads to aug-
mentation of the acidity of the imidazole NH protons.

In the literature, several functionalized derivatives of
the Ru'"bpy systems have been reported as anion sensors
where responses to changes of the electrochemical and
luminescence signals have been inves‘[i%ated.z_4 Ruthe-
nium(II) complexes containing the Ru'"bpy moiety as a
chromophore and the bis(imidazole) ligand as the binding

site have been found to exhibit colorimetric sensing of
anions. The important feature for such a construction is
that the chelating coordination enforces the syn confor-
mation of two NH protons in imidazole ligands.**° We
note that, although Ru'-containing anion sensors are
quite abundant now, studies with Ru""Ru"-, 0s"Os'-,
and Os"Ru'-containing systems similar to those re-
ported by us are still confined to very few cases.

Conclusion

In conclusion, we have successfully designed redox-active
and photoactive homobimetallic osmium(II) and heterome-
tallic ruthenium(I)—osmium(II) bipyridyl complexes con-
taining the HzImbzim ligand as the receptor unit, which are
capable of multichannel recognition and sensing of a selective
anionic guest. The solid-state X-ray crystal structures of both
complexes 1 and 2 have shown that the two NH groups adopt
a cis arrangement, and this pair of externally directed NH
protons of HoImbzim™ has been used for the formation of an
adduct with anionic guests. The absorption spectra, lumines-
cence properties, and electrochemical behavior of both com-
plexes have been thoroughly investigated. In the heterobi-
metallic complex, photoinduced energy transfer from the Ru'™-
based moiety to the Os-based luminescent *MLCT levels
takes place with a rate constant of 6.1 x 107 s~! at room tem-
perature. The anion-sensing properties of the metalloreceptors
have been confirmed by absorption, emission, and '"H NMR
spectroscopic techniques. Sensing studies suggest the presence
of two successive anion-induced deprotonation steps, lead-
ing to the formation of [(bpy),M(HImbzim)M'(bpy),]*" and
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[(bpy)-M(Imbzim)M'(bpy),]* species. This event is signaled by
the development of intense and beautiful colors visible with the
naked eye. Electrochemical investigations have shown that
these receptors electrochemically sense F~ and AcO™ anions
via significant cathodic shifts of the respective M"/M™ redox
couples. Photophysical studies demonstrated a total quenching
of the emission intensity resulting from the addition of F~ and
AcO™ to the solutions of the receptors. It is gratifying to note
that 1 and 2 behave as triple-channel metalloreceptors.
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