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The [Ru(bipy)2(1)](PFe)2 (bipy refers to 2,2'-bipyridine) complex, comprising a ruthenium(ll) tris(2,2'-bipyridine)
luminophore covalently linked to a di[(o-triethyleneglycoxy)phenyl]amine crown ether 1, has been synthesized and
fully characterized. The photophysical properties of this metal complex have been examined in solution at ambient
temperature. Luminescence from the metal complex is enhanced significantly in the presence of various adventitious
cations, including protons. In particular, Li* cations bind to the crown ether, as evidenced by *H NMR and luminescence
spectroscopy. Cation binding serves to decrease the rate of reductive quenching of the triplet state of the metal
complex, thereby increasing the extent of luminescence. The solution-phase conformation of [Ru(bipy)2(1)](PFe)z,
with and without encapsulated Li*, has been examined by 2-D NMR and by molecular dynamics simulations.

Introduction luminescence techniques, of providing additional information
about the binding event. It is also apparent that the time scale

There is currently a considerable effort devoted to the of the luminescence process can be tuned over an inordinatel
design and synthesis of selective luminophores aimed at . b ; ; y
wide range by proper selection of the luminophore. Thus,

recognizing and signaling the presence of substrates, SUChor anic substrates can be used for fluorescence studies in
as neutral molecules or ioAs® Such molecular sensors are 9

usually constructed by combining a complexation pocket, :he q?nosec?r]d o p||cosec?tnd tlmhgb_rtaﬁgmdtd—blockt
designed for the specific binding of an incoming substrate, ransition metal complexes otten exnibit room-temperature
phosphorescence over the microsecond time ranggle

with a luminescent fragment whose photophysical properties ' . ; o .
g P phy Prop gertain lanthanide complexes emit on the millisecond time

are perturbed during the recognition process, so as to produc . - .
a measurable output signal. Many diverse approaches arescale*? Each of these events has particular applications in

available by which to monitor the complexation step, the field of chemical sensors.

including changes in absorption spectral profiepdulation Translation of the binding event into a spectral change
of the refractive inde®, or perturbation of the emission can be effected in one of two ways: First, attachment of the
intensity. The latter approach has the added attraction ofsubstrate could induce a major conformational change in the
extremely high sensitivity and, by using time-resolved sensof-substrate adduct that forces the two subunits to adopt
markedly different relative positions. This structural reor-

~*Authors to whom correspondence should be addressed. E-mail: ganization can modulate the effectiveness of through-space
ziessel@chimie.u-strasbg.fr (R.F.Z.).
T Ecole de Chimie, Polyre et Mafgiaux.

* University of Newcastle. (6) Mayer, A.; Neuenhofer, SAngew. Chem., Int. Ed. Engl994 33,
(1) De Silva, A. P.; Gunaratne, H. Q. N.; Gunnlaugsson, T.; Huxley, A. 1044.
J. M.; McCoy, C. P.; Rademacher, J. T.; Rice, T(Bem. Re. 1997, (7) Anzenbacher, P., Jr.; Tyson, D. S.; Jursikova, K.; Castellano, ¥. N.
97, 1515. Am. Chem. So2002 124, 6232.
(2) Fluorescent Chemosensors for lon and Molecule Recognifiearnik, (8) (a) Montaldi, M.; Prodi, L.; Zaccheroni, N.; CharbonmigL. J.; Douce,
A. W., Ed.; American Chemical Society: Washington, DC, 1992. L.; Ziessel, RJ. Am. Chem. So2001, 123 12694. (b) Charbonnie,
(3) Beer, P. D.; Gale, P. AAngew. Chem., Int. E®001, 40, 486. L. J.; Ziessel, R.; Montaldi, M.; Prodi, L.; Zaccheroni, N.; Boehme,
(4) Ait-Haddou, H.; Wiskur, S. L.; Lynch, V. M.; Anslyn, E. \0. Am. C.; Wipff, G. J. Am. Chem. SoQ002 124, 7779. (c) Bruce, J. I.;
Chem. Soc2001, 123 11296. Dickins, R. S.; Govenlock, L. J.; Gunnlaugsson, T.; Lopinski, S.; Lowe,
(5) Mines, G. A,; Tzeng, B.-C.; Stevenson, K. J.; Li, J.; Hupp, Afgew. M. P.; Parker, D.; Peacock, R. D.; Perry, J. J. B.; Aime, S.; Botta, M.
Chem., Int. Ed2002 41, 154. J. Am. Chem. So@00Q 122 9674.
3466 Inorganic Chemistry, Vol. 42, No. 11, 2003 10.1021/ic020671t CCC: $25.00  © 2003 American Chemical Society

Published on Web 04/30/2003



Coordination Properties of a Diarylaza Crown Ether

Scheme 1. Hydrogen Labeling in the [Ru(bipy)1]** Complex Clearly, the crown ether is intended to serve as the trap for

2+ cations in solution and the metal complex is supposed to

7 provide the output signal. The short connector has been

selected so as to reduce conformational mobility and to

oy maintain the two subunits in close electronic partnership
throughout the binding process.

Experimental Section

abipy represents 2,ipyridine. Starting Materials and General Procedures.Solvents and raw
materials were of analytical grade and were used as received. An
interactions, such as short-range electron transfer, magnetiexception was acetonitrile, which was filtered over activated
coupling, or long-range energy transfer. The programmed alumina (Merck) and distilled from2®s under an argon atmosphere
inducement of changes in molecular geometry provides theimmediately prior to usé? Samples of [Ru(bipyLCl,]-2H,0,*°
basic operating principle for luminescent probes such ast_ogether with compoundkand4,'® were synthesized according to
molecular beacofisand resonance energy transfer proto- terature pro‘ied“res'
cols!%-1?2 Second, the binding process can alter the electronic 1- and 2-D’H NMR (200 and 400 MHz) ané’C NMR (50 or
. . 100 MHz) spectra were recorded with'Ber AC200 and AMX400

properties of the adduct such that intramolecular electron-

f b f d disf d. Typi Ispectrometers, using perdeuterated solvents as internal standards.
transter processes become tavored or distavored. Typica FT-IR spectra were obtained from KBr pellets on a Nicolet 210

examples of this latter approach include the complexation spectrometer. Fast-atom bombardment (FAB, positive mode) mass
of highly charged specié8and the modulation of excimér spectra were recorded using-nitrobenzyl alcohol as matrix.

or exciplexX® interactions by the presence of a substrate. In Absorption spectra were recorded on a Uvikon 933 spectropho-
cases where the sensor and trap are linked by a rigidtometer, using 1 ¢cm path length quartz cells. Fluorescence and
connector, the binding process can be detected by through-corrected excitation spectra were recorded on a Perkin-Elmer LS
bond interactiond? since conformational changes are mini- 50 spectrometer using deoxygenated anhydrous acetonitrile as
mized, but in most examples the overall binding-recognition SCIVent. Spectroscopic titrations were carried out at constant ionic
event involves a combination of conformational and elec- strength using 0.01 M tetrna-butylammonium perchlorate, the latter

. . o being freshly recrystallized. Luminescence quantum yields were
tronic reorganization within the adduft. measured relative to [Ru(bipyjPFs). in deoxygenated acetonitrile

In attempting to expand the known field of chemical as standar@ Luminescence lifetimes were measured by time-
sensors, we have designed a new system around lig&hd  resolved emission spectroscopy following excitation at 532 nm with
This sensor comprises a diftriethyleneglycoxy)phenyl]- a5 ns laser pulse. The sample was dissolved in deoxygenated
amine crown ether functionalized with a methylene-bridged acetonitrile, and emission was isolated from scattered laser light
2,2-bipyridine unit that allows facile attachment of a using a high-radiance monochromator. Approximately 512 indi-

ruthenium(ll) bis(2,2bipyridine) fragment (Scheme 1). vidual laser shots were averaged prior to data analysis.
Transient absorption spectra were recorded point-by-point after

(9) Zhang, P.; Beck, T.: Tan, Wangew. Chem., Int ER001, 40, 402. excitation of the compound in deoxygenated acetonitrile ywth a 10
(10) (a) Arai, R.; Nakagawa, H.; Tsumoto, K.; Mahoney, W.; Kumagai, NS laser pulse at 532 nm. The probing beam was supplied with a

I.; Ueda, H.; Nagamune, TAnal. Biochem2001, 289, 77. (b) Xu, pulsed, high-intensity xenon arc lamp passed through the solution
Iéa;gglsgtgn’lsDi W.; Hirschie Johnson, €roc. Natl. Acad. Sci. U.S.A. - at 907 to the excitation beam. The monitoring beam was directed
(11) (a) Arai, R.; Ueda, H.; Tsumoto, K.; Mahoney, W. C.: Kumagai, I.; ©ONto the entrance slits of a Spex h{gh-radlancg monochromator.and
Nagamune, TProtein Eng.200Q 13, 369. (b) Sagot, |.; Bonneu, M.;  then to a fast response photomultiplier. The signal was stored in a
Balguerie, A.; Aigle, A.FEBS Lett.1999 447, 53. transient recorder, sent to a PC, and averaged. Approximately 100

(12 GSOezI\Sn P. R Hearst, J. Eroc. Natl. Acad. Sci. U.S.A994 116 individual laser shots were averaged at each monitoring wavelength

(13) For recent examples see: (a) Hirano, T.; Kikuchi, K.; Urano, Y.; and used to construct the differential absorption spectrum. The
Higuchi, T.; Nagano, TAngew. Chem., Int. EQ00Q 39, 1052. (b) reported spectrum was recorded 50 ns after the excitation pulse.
Cox, B. G.; Hurwood, T. V.; Prodi, L.; Montalti, M.; Bolletta, F.; Electrochemical studies were made by cyclic voltammetry using

Watt, C. I. F.J. Chem. Soc., Perkin Trans1899 289. (c) Tahri, A.; ;
Cielen, E.; van Aken, K. J.; Hoornaert, G. J.; de Schryver, F. C.; Boens, & conventional three-electrode setup on a BAS CV-50W voltam-

N.; J. Chem. Soc., Perkin Trans.1®99 1739. metric analyzer equipped with a Pt microdisk working electrode
(14) () Marquis, D.; Desvergne, J.-8hem. Phys. Letl994 230 131. anq g silver wire counter electrode. Ferrocene was used as an

(b) Marquis, D.; Desvergne, J.-P.; Bouas-LaurentJHOrg. Chem. . . .

1995 60, 7984. internal standard and was calibrated against a saturated calomel

(15) (a) Simeonov, A.; Matsushita, M.; Juban, E. A.; Thompson, E. H. Z.; reference electrode (SSCE) separated from the electrolysis cell by

Hoffman, T. Z.; Beuscher, A. E., IV; Taylor, M. J.; Wirsching, P.; 3 glass frit presoaked with electrolyte. Solutions contained the

Rettig, W.; McCusker, J. K.; Stevens, R. C.; Millar, D. P.; Schultz, P. . AN
G.. Lemer. R. A.; Janda, K. D8cience?00Q 290, 307. (b) Nishizawa, electroactive substrate (ca>x210-# M) in deoxygenated anhydrous

S.; Watanabe, M.: Uchida, T.; Teramae, N.Chem. Soc., Perkin acetonitrile containing tetra-butylammonium tetrafluoroborate (0.2

a6) {r?ns. 21399 141 | il i M) as supporting electrolyte. The quoted half-wave potentials were
16) (a) Barigelletti, F.; Flamigni, L.; Guardigli, M.; Sauvage, J.-P.; Collin, ; A
J.-P.: Sour, AChem. Commuri996 1329. (b) Ziessel, R.. Hissler,  "cProducible to within 20 mV.
M.; El-ghayoury, A.; Harriman, ACoord. Chem. Re 1998 178—

180 1251. (19) Perrin, D. D.; Armarego, W. L. F. If®urification of Laboratory
(17) (a) Harriman, A.; Hissler, M.; Jost, P.; Wipff, G.; Ziessel, RAm. Chemicals 3rd ed.; Pergamon Press: New York, 1988.
Chem. Soc1999 121, 14. (b) Weinig, H.-G.; Krauss, R.; Seydack, (20) Sprintschnik, G.; Sprintschnik, H. W.; Kirsch P. P.; Whitten, D.
M.; Bendig, J.; Koert, UChem. Eur. J2001, 7, 2075. Am. Chem. Sod 977, 99, 4947.
(18) Charbonniee, L. J.; Ziessel, R. FTetrahedron Lett200Q 41, 2373. (21) Caspar, J. V.; Meyer, T. J. Am. Chem. S0d.983 105, 5583.
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Scheme 22
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a(i) HCI 0.5 equiv, melted salt 240C, 39%; (ii) TSOCH(CH,OCH;),CH,OTs, CsCO;, CHsCN, 80 °C, 68%; (iii) 5-methyl-5-bromomethyl-2,2
bipyridine, 1.1 equiv, KCOs, CHsCN, 80°C, 38%; (iv) [Ru(bipy}Cl;], EtOH, 80°C, 55%.

Molecular dynamics calculations were carried out using the C, 49.89; H, 3.79; N, 8.05. Calcd fosg,H47N-O4P:Ru: C, 50.01;
Discover 3 module available in Insight Il running on a Silicon H, 3.94; N, 8.16 R = 0.38 (SiQ, CH,Cl,/MeOH, 95/5, v/v).
Graphics O2 workstation. For all calculations, partial charges were
assigned using the ESFF force field. Optimized geometries were Results
obtained using the Newton method, and subsequent molecular
dynamics calculations were performed over a period of 200 ps with . . ;
a step function of 1 fs. A 3& 30 x 30 A3 solvent box containing obtained in three steps according to Scheme 2. Self-

256 acetonitrile molecules was applied to the calculations with Li cond_e.nsation ofo-aminophenol in a molten salt, using
cations. conditions adapted from literature proceduté&stforded the

Synthesis of [Ru(bipy}(L)](PFe)» A solution of 1 (33 mg, 0.066  INtermediate dig-hydroxyphenyl)aminez. This compound
mmol) and [Ru(bipy)Clo]-2H,0 (34 mg, 0.066 mmol) in 10 mL ~ Was reacted with the dl_tosyl Qerlvat|ye of triethyleneglyéol
of Ar-deoxygenated ethanol was heated at°80for 17 h ina (0 give the corresponding diarylamine-based crown egher
Schlenck tube under an Ar atmosphere. After cooling to room I 55% yield. Nucleophilic substitution of this secondary
temperature, 5 mL of water containing KP@0 mg, 0.2 mmol)  amine with 5-bromomethyl:Emethyl-2,2-bipyridine** pro-
was added to the solution, which was concentrated under reducedvided entry to the required ligantl, as well as to minor
pressure until a precipitate formed. The orange residue wasamounts of the quarternary ammonium séltThe yield of
recovered by centrifugation, dried under vacuum, and purified by this latter compound was found to depend markedly on the
column chromatography on alumina using a mixture of,Chl relative concentration of the alkylating agent used.
MeOH (97/3 viv) as eluent to give the complex (40 mg, 55%) as  The quaternary ammonium saltis of special interest
an orange solid:H NMR (CDsCN, 200 MHz):9 2.16 (s, 3H),  pecause itdH NMR spectrum provides key information
3.51-3.55(m, 4H), 3.60 (s, 4H), 3.943.98 (m, 4H), 4.71 (5, 2H). a4t the chemical shift of the magnetically inequivalent bipy
?3'52:6'27:) (?’S%H()é 6'1?4%?'295(?:;)'7763:(?3& (r;Q?JHi 24{132 units (Figure 1). Thus} exhibits a p_Iane of symmgtry passing

N - o o ' . N A : through the N atom of the arylamine and bisecting the planes

Hz), 7.82 (d, br, 1H3J = 8.5 Hz), 7.96-8.11 (m, 4H), 8.248.34 o
(m, 2H), 8.41-8.49 (m, 4H), 8.62 (d, br, 1HJ = 8.5 Hz). 13C formed by the aromatic rings of the crown ether. Two sets

NMR (CD:CN, 100 MHz):6 17.9, 53.0, 67.8, 68.9, 69.4, 114.1 of signals were observed for the protons of the bipy groups,
1209, 123.7, 123.9, 124.2, 124.6, 124.7 (2C), 127.7, 127.9 (2c), clearly indicative of their residing in different chemical
128.0, 137.9, 138.0, 138.1, 138.7, 138.8, 139.4, 140.7, 150.1, 151.6€Nvironments. This situation is particularly apparent for the
151.8, 151.9, 152.0, 152.9, 154.7, 155.7, 157.2 (2C), 157.4, 157.5. . .
FAB*-MS: [Rur1]** 911 (100%, calcd 911.7), [RUj(PFs)* 1056  (22) De Antoni, JBull. Soc. Chim. Fr1963 2871.

(45% calcd 1056.6). IR (KBr, o) 2923 (G-H), 1499, 1465, 1447 (*2) guchy, Wi Inoue, Y Kanzaki, T.; Hakushi, I Org. Chem.1984

(C=C, C=N), 1255, 840 (P§), 557 (Pk). Elemental anal. Found: (24) Ziessel, R.; Hissler, M.; Ulrich, GSynthesis1998 1339.

Synthesis and Characterization.The free ligandl was
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Table 1. 'H NMR Chemical Shifts for [Ru(bipy(1)]?" and the

Corresponding Lithium Complex
proton  [Ru(bipy}1)]?t  [Ru(bipyx(1)]?" + Li* A
1 1 3.60 3.65-3.72 —-0.08
2 3.50-3.56 3.56-3.59 —-0.02
3 3.93-4.00 3.62-3.68, 3.86-3.93 0.31, 0.07
| 4 6.84 6.75 0.09
' ~ * 5 6.95 7.06 -0.11
| ‘ t w ‘L | W | ‘ 6 6.69 6.82 -0.13
| i i l bt WM i | 7 6.59 6.87 -0.28
———“W““‘-——«Ju“‘ SIPIN L SO SR - 8 4,72 4.54 0.18
! " " " T j 9 7.43 7.19 0.24
10 9 8 7 6 5 10 8.62 8.23 -0.39
+«— 8 (ppm) 11 8.26 8.40 -0.14
Figure 1. Methylenic a_nd aromatic region o_f thid NMR spectrum ig ggg ?gg :ggg
recorded for the ammonium sa&ltin CDCl; solution. 14 220 219 0.01
15 7.43 7.45 -0.02

signals assigned to the methylene protons at 5.25 and 6.38
ppm in4, compared to the corresponding signal seen at 4.82
ppm for the free ligand.. Although the positive charge on

the N atom is expected to induce a deshielding effect on
these signal%; it seems unreasonable to suppose that this
effect could cause a shift to 6.38 ppm. The schematic
representation oft shown in Scheme 1 suggests that one
bipy group is located immediately above the crown ether

while the second bipy unit is directed away from the crown Namine OF Care—Oether Vibrations. The proposed stoichiometry

ether. On the basis of 2-BH NMR COSY and NOESY is in agreement with the FABmass spectra, where peaks

experiments, it appears that_ the peak at 5.25 ppm is due 0 re observed at 1056 (45%), 911 (100%), and 597 (69%),
the methylene group that points away from the crown ether. corresponding respectively to the [M PRj]* monocation,

For this signal, an NOE effect shows through-space correla- the [M — 2PR] radical cation, and the [Ru(bipyMe-bipy-

tion with H7 (0 = 7.10 ppm), thereby confirming its CHy)]** radical cation arising from the fragmentation of the

assignment. ) o complex after loss of the crown ether.
The signals of the three protons of the pyridyl ring linked The H NMR spectrum recorded in GON provides

tohthls Imethylene brlgge arehsgtr oggzly sfgelcted bﬁtheH%dja;cigtstrong indications for the solution-phase structure of the metal
phenylene rings and are shitted to 7.o.1 ppm for (7. complex. The aliphatic region indicates a local plane of

fpmH';ll)':'gg bpm fprlHllo (8':]32 p_pml i), a_nd /.99 pplm symmetry for protons associated with the crown ether. This
or (8. -0 ppm In )- Its chemica enwrgnment aiso finding implies that the chiral ruthenium center has little
affects the sgnals seen for the secpnd bipyridyl group. The influence on these protons. Apart from the phenylene protons,
methylene bridge s shifted downfield a_md oceurs at 6.'38 the aromatic region displays a complicated pattern due to
ppm. The aromatic protons on thg adjacent pyrldyllrmg protons on the bipyridyl groups. However, on the basis of
undergo a remarkable downfield shift qf 2'.46 bpm fqr H9 2-D COSY and NOESY spectra, it has been possible to fully
(where prime refers éo the second bipyridyl a][m ||_|n1the assign all the protons of ligaridin the metal complex (Table
aminomum compoun ) at 9.89 ppm, 0.59 ppm for H10 1). An interesting feature of the NOESY spectrum is an
(0 =9.21 ppm), while H11rema|ne_d unperturbed at 8.26 unexpected correlation between the doublet of H7 seen at
ppm. Such strong effects, and particularly that for,Hay 6.59 ppm and the broad singlet at 7.43 ppm, which is
be explained by its presence in the deshielding regions Ofassigned to the equivalent H9 and H15 protons (éee Scheme
the aromatic benzgne rings and/or by interactions with the 1 for numbering). A simple consideration of the relative
lone pairs of the nitrogen and oxygen atoms of the crown distances involved suggests that there should be minimal

ether. _ _ ) dipolar correlation between H7 and H15, thereby indicating
~ The ruthenium complex df was isolated as its RBF salt through-space proximity between H7 and H9. Furthermore,
in 55% yield, after treatment of with 1 equiv of [Ru-  yis spatial proximity is in keeping with molecular dynamics
(bipy)Clz]-2H,0 in refluxing ethanol. The required com- .0 jations which reveal the close spacing of these protons

pound was isolated by anion metathesis with KRIRd i, e 1o most favored conformations of the metal complex
purification by column chromatography. Elemental analysis (vide infra).

of the complex was in excellent agreement with the proposed
structure of [Ru(bipy)1)](PFs).. The infrared spectrum of
the complex in a KBr matrix displays bands at 840 and 558
cm! characteristic of thes andv, IR active transitions of

a8AS = Ofree — OLi-

the unbound PF anion?® The presence of is evidenced
by a medium absorption band at 2923 ¢rtogether with a
broad band centered at 2860 chthat can be attributed to
asymmetric and symmetric vibrational modes of the methyl
and methylene grougg.At 1255 cn1?, a strong absorption

is observed which is tentatively assigned to either the-C

Other dipolar correlations are apparent in the spectrum.
In particular, the correlation between H4 and H3 allows exact

(26) Nakamoto, Kinfrared and Raman Spectra of Inorganic and Coor-
dination Compoundsith ed.; Wiley: New York, 1986; p 147.

(25) Gutsche, D. C.; Igbal, M.; Alam, U. Am. Chem. Sod 987, 109, (27) Silverstein, R. M.; Bassler, G. @entification spectroriteque des
4314. compos$e organiquesGauthier-Villars: Paris, 1968.
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Figure 2. Three views taken from the molecular dynamics simulations run for the energy-minimized structure of the luminophore-appended crown ether.
Hydrogen atoms have been omitted for clarity of presentation.

assignment of the chemical shift for the methylene groups ~ **% 777%

of the crown ether. Likewise, correlation seen between H11 2
and H12 confirms the trans to cis isomerization of the
bipyridyl arm accompanying coordination of the ruthenium
center.

Molecular Dynamics Simulations.The molecular struc-
ture of [Ru(bipy}(1)](PFs). was computed and subjected to
a molecular dynamics simulation (MDS) run in vacuo.
Although a great number of conformations were sampled
during the simulation, it was noticed that most structures |
could be assigned to one of three families. Thus, the most 250 350 450 ss0 650 750
favorable structure (Figure 2a) has one of the amino wavelengths (nm)
phenylene rings held withi4 A of anunsubstituted bipy Figure 3. Absorption and emission spectra recorded for [Ru(bHij)
moiety, with the two aromatic groups oscillating around a (PF). in deoxygenated acetonitrile at ambient temperature.
coplanar orientation. A second group of conformations
(Figure 2b) involves the substituted bipy moiety remaining moieties. In the visible region, the well-documerifadetal-
in fairly close proximity (i.e., 45 A) of one of the amino  to-ligand, charge-transfer (MLCT) transition associated with
phenylene rings. In this case, the two aromatic groups remainthe metal complex is centered at 450 nen<( 11830 M
at a mutual ang|e of ca. 85and do not adopt cofacial Cmil). EmiSSion, attributable to the IOWQSt'energy, MLCT
arrangements. The third family of conformations, which is €xcited triplet state, is readily apparent in deoxygenated
the least favored, positions the two amino phenylene rings acetonitrile at ambient temperature. The emission maximum
as far as possible from the metal complex (Figure 2c). This iS located at 625 nm, and the absolute quantum yield,
has the effect of pushing the crown ether closer to the metalMméasured using [Ru(bipyfPFs). as a reference, is 0.0
complex while keeping the N lone pair away from the 0-010. The ex0|_te.d—state lifetime, also recorded in deoxy-
substituted bipy fragment. Throughout the entire simulation 9enated acetonitrile at room temperature, was found to be

the distance between the amino N atom and the closest €365+ 15 ns. These values are within the range found for
atom of the metal complex lies within the range 2-2500 many substituted ruthenium(ll) poly(pyridine) complexes

A. Overall, the molecular dynamics simulations appear to While itis noticeable that the decay kinetics remained strictly
be consistent with the results of the NMR studies. monoexponential at all monitoring wavelengths. The triplet

Photophysical and Electrochemical Properties.The triplet differential absorption spectrum (Figure 4) shows
absorption spectrum of the metal complex in dilute aceto- itrzqorlg b;?:grhwi?hOf(t)Zii\%L;;rs g:)igﬁt;r}obnanedr :;odugg;?;
nitrile solution is presented in Figure 3. An intense absorption g P P 9

1 —1
ban_d centered at 288 nra (: 78400 M cm™) can b_e (28) Juris, A.; Balzani, V.; Barigelletti, F.; Campagna, S.; Belser, P.; von
attributed tor — #* transitions localized on the bipy Zelewsky, A.Coord. Chem. Re 1988 84, 85.

60000 -

40000 -

absorption coefficients (M .cm
Emission Intensity (a.u.)

20000
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Figure 4. Differential transient absorption spectrum recorded for [Ru-  Figure 5. Cyclic voltammogramm recorded for derivati@in deoxy-
(bipy)z-1](PFe)2 in deoxygenated acetonitrile at room temperature. genated dichloromethane containing 0.01 M TABP as supporting electro-

lyte: (a) without CECOOH; (b) with 10 equiv of CECOOH; (c) with 100
Table 2. Electrochemical Properties Recorded for the Various Systems  equiv of CRCOOH; (d) with 1000 equiv of CEEOOH.

Ei/2 (0X, soln), Eis2 (red, soln),
complex V (AEp, mV); Epa VP V (AEp, mV)© I(au)
Ru(l) +1.28 (80): —1.38 (65),
Epa= +0.98 —1.58 (65),
—1.89 (70)
Ru(l) + 100 equiv +1.25 (70);
of Li+e Epa=+0.94
Ru(l) + 100 equiv +1.27 (70); . A . : , . .
of Nat d Epa= +0.96 ) ) o~ NV '
Ru(@) + 100 equiv +1.25 (70) 100 0 -1000 -2000
of CRRCOOH
[Ru(bipy)]2+ +1.27 (70) —1.34 (70),
—1.54 (70),
—1.79 (75)
3 Epa= +0.86
3+ 100 equiv Epa= 10.84 Figure 6. Cyclic voltammogram recorded for [Ru(bipy}](PFs)z in
of CR:COOH deoxygenated acetonitrile containing 0.01 MBu)4N-PFs as supporting
3+ 100 equiv Epa= +1.01 e|ectr0|yte_
of Li*™
2 Epa=+0.89 COOH (1-100 molar equiv) caused the peak to undergo a

aElectrolyte used was 0.1 M TBARfanhydrous acetonitrile, concentra- slight shift but also a significant decrease in peak current

tion 0.15 mM, at room temperature for Rjignd 0.1 M TBAPR/anhydrous . - -
dichloromethane, concentration 0.2 mM, at room temperaturg o 3. (Figure 5). In fact, the peak disappeared in the presence of

All potentials (10 mV) are reported in V vs SSCE and using # (+0.38 a large excess of acid. Since it is expected that protonation
%) (?E internal stl?ndaréi'. Sca; ratek: zcig nJ_\?. SEl/tz =t_(lfpa+ EPC)/%E;V Eﬁ of the secondary amine will inhibit its oxidation, we can infer
and Epc are peak anodic and peak cathodic potentials, respec . I .

refers to the anodic peak potential for the irreversible oxidation wave that the oxidative process Segﬁl-al.86 V refers to the amino
belonging to the appended diarylaza crown ether fragnigkdded as N atom and not the aromatic groups of the crown ether.
hydrated LiCIQ. The cathodic part of the voltammogram is masked by Since it is known that structural effects can exert a

water reductiond Added as hydrated NaClOThe cathodic part of the .
voltammogram is masked by water reducti®Added as as pure acid. The pronounced effect on the redox properties of crown ethers,

cathodic part of the voltammogram is masked by proton reduction. we have also recorded the electrochemical propertiés of
Similar oxidative behavior was observed, with an irreversible

wavelengths that can be attributed to the bipgadical anion. oxidation peak centered-0.89 V vs Fc/F¢. However,

The crown ether does not contribute toward absorption or numerous small peaks were also apparent on the reverse

emission processes at the wavelengths considered here. sweep. These latter signals are tentatively assigned to

Cyclic voltammograms recorded for the metal complex decomposition products. Progressive addition of@BOH

and the corresponding model compouhaere recorded in  caused the familiar shift of the anodic peak and its total

acetonitrile and dichloromethane, respectively, with TBAP extinction in strongly acidic media.

(0.2 M) as background electrolyte. Scan rates ranged from Cyclic voltammograms recorded for [Ru(bipd)]?"

50 to 1000 mV/s, and the difference in peak potentials display two peaks at positive potentials (Figure 6). Following

between forward and reverse sweeps at zero scankgig ( from the electrochemical behavior 8fthe first irreversible

was extrapolated from plots &E, versus the square root anodic peak can be assigned to oxidation of the tertiary

of the scan rate. The derived values are collected in Table 2amine. This process is anodically shifted by 120 mV in the

and referenced to the SSCE electrode, together witihEe complex due to electrostatic repulsion by the positively

values for all the redox processes. Crown etheras found charged metal center. The second oxidative process is quasi-

to exhibit an irreversible oxidation peak centered-&.86 reversible and can be attributed to one-electron oxidation of

V. Interestingly, progressive addition of anhydroussCF the metal center. The derived reduction potential remains

Inorganic Chemistry, Vol. 42, No. 11, 2003 3471



Charbonniére et al.

Table 3. Triplet Lifetime Measured for the Ruthenium(ll) 1000
Poly(pyridine) Chromophore in Deoxygenated Acetonitrile upon - e
Addition of Various Cations (Added as Their Perchlorate Salt) % 880 /V
ot

cation 7 (ns) [M*] (mmol) £ 760 -

—~ 365 § 640 Wl

H*a 690 59 3

Li* 470 14 £ 520

Na* 535 21 ®

K+ 425 13 4005 : 7 T 1

Zn?* 380 11

cation concentration / M

Figure 7. Typical spectroluminescence titration recorded for the successive
addition of LiCLO, to a solution of [Ru(bipyy1](PFe)2 in deoxygenated
comparable to that found for the parent complex, [Ru- acetonitrile. The solid line drawn through the data points refers to a least-

(bipy)s]?*, thereby indicating that the donating effect of the squares best fit to a binding constanttot= 23.
alkyl groups does not perturb the electronic properties of
the metal center. The reversibility of this process is indicated
by the fact that forward and reverse peak currents are
essentially equal whilAE; is ca. 60 m\2° As expected on

the basis of earlier work with the parent metal complex, three
well-resolved, reversible, one-electron-reduction steps are
apparent in the cyclic voltammograms. The derived reduction

p;tentlilszs ;gemgm S'm;:?r: to thobse recor?jid for [Ru_- the emission yield of the ruthenium(Il) complex. It was noted,
(bipy)s]**,****and as such they can be assigned to Progressive, o ever, that very high concentrations of cation were needed

_redE_c;:mdn of the b|Ey(Ij|_gat:1ds. Sirg)%e tf\}/e ”;'“?' reducr;uon peak to effect complete binding. Thus, spectroluminescence ti-
IS shilte IrT(]jorehcat r?. Ic by ca.f mvre atllve to the zare_nt, trations carried out with Ui as the added cation showed that
we conclude that this step refers to one-electron reduction, . binding constant for formation of a 1:1 complex was

of;he sub;titgted bipé)c/j_groupf. OH ted i only 23+ 4. Addition of further quantities of LiCl@led to
s noted above, addition of excess{COOH resulted in increased emission from the luminophore (Figure 7), but it

complete d|.sap.pearance of t.h € anodm peak assigned t'o. ON&yas not possible to maintain a constant ionic strength under
electron oxidation of the tertiary amine. However, addition such conditions

OIL LigIO4 olr ’;Iflqo‘ (5—1(_)O_Imolar e.ql.JiV) tﬁ aSOMlJ(tion Ofd Additional evidence for complexation between the crown
[Ru(bipyk(L)]** in acetonitrile containing the backgroun ether and alkali metal perchlorates was sought ftlrhiMR

electr_olyte had little, 'T any, effe_ct on the electrochem_|stry. spectroscopy and cyclic voltammetry. In the NMR studies,
Identical electrochemlc.al behavior was nqtedSoand itis the most significant changes were observed when small
clgar _that excess cation doe; not seriously perturb theCations like Li or H* were added to the [Ru(bipyl)]2*
OX|dat_|ve proper'ues of the amino sztom. complex in CBCN. Thus, complexation of tiwas inves-
C_atlon Blndlng. The [Ru(plpy)(l)] FF’mp'eX has been tigated using solutions with 0, 1, 10, and 40 molar equiv of
designed with a view to b_md adventlt!oug cations at the LiClO4+3H;0O added to the solution. These spectra reveal
crown ether and in anticipation that the binding process could radual changes in certain chemical shifts, especially those
be registered by a change in the luminescence properties 01gue to the aromatic protons and to protons ’on the methylene
the appended m.etal poly(pyridine) complex. However, it was bridge (Figure 8). With increasing Liconcentration, the
found t_hat addition of a large exc_:ess of LNa', or K* ha_d methylene protons shift progressively toward high field and
no obyloqs effect on.th.e absomtlon spectrum of [Ru(bgrpy). ultimately give rise to an AB spin system centered at 4.53
(1)]?" in dilute acetonitrile solution at room temperature. This ppm. This finding is consistent with cation attachment
situation could arise because the binding constant for Cationrigidifying the crown ether, thereby allowing a distinction

coordination is weak or because binding does not perturb between the diastereotopic methylene protons. The most

the te Ie(;trgmc propte r(;[luirs] Ct)f tgg_t'emlsilv?kn}etal tcc;mple>r<1.| In relevant changes in the aromatic region are due to protons
contrast, it was noted that addition of alkall metal perchlo- oqqqciated with the phenylene rings (6.® < 7.0 ppm for

rates caused a modest but definite increase in the trlpletthe free chromophore). In the absence of,Lihis latter

o : oy -
lifetime of [Ru(bipy}(1)]*" in deoxygenated acetonitrile region of the spectrum comprises two sets of peaks, each of

solution_ (Table 3). Sin_ce cation pinding does not affe_ct the which corresponds to two protons. Upon addition of excess
absorpnon spectrum in the region (?f the spin-forbidden Li*, this pattern undergoes an upfield shift of 0.09 ppm for
transitions, it is concluded that coordination must decreaseH4 and downfield shifts of 0.11, 0.13, and 0.28 ppm,

th(_a”r]atebc_)lf. on? or mc;re n(j)nra.d|at|ve der(]:ay pro;:esse_s. . respectively, for H5, H6, and H7. These shifts are considered
e ability of complexed catlons to enhance the emission 1, o characteristic of cation binding. Complexation also

yield from .the appendgd Igmmophgre was .conf|rmed. t.)y causes the appearance of a broad singlet centered at 7.19
spectroluminescence titrations carried out in acetonitrile

a Added as HCI at 36% in water.

solution. These titrations required high concentrations of
cation (Hf, K*, Na", Li*), delivered as the hydrated

perchlorate salts, in order to effect changes in the lumines-
cence intensity. Under these conditions, the addition of cation
enhanced the luminescence quantum yield, without affecting
the absorption spectrum. Addition of equivalent amounts of
tetraethylammonium perchlorate or water had no effect on

ppm.
(29) Bard, A.; Faulkner, L. R. liElectrochemical Methods, Fundamentals Again, 2-D COSY and NOESY Stljldles facilitated assign-
and applications John Wiley and Sons: New York, 1980. ment of all the protons associated with the complexed crown
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a)

A

b Figure 9. Energy-minimized structure for the Lication complex.
) Hydrogen atoms and solvent molecules have been omitted for clarity of

H presentation.

Figure 10. Energy-minimized structure for the protonated species. The
hydrogen atoms have been omitted for clarity of presentation. Note: The
added proton is attached to the amino N atom and points toward the viewer.

rather long for a Li—N bond. However, the MDS’s indicate
that the Li*—N distance varies from 2.0 to 4.0 A while the
Li*—O distance covers the range 1-7&75 A. At any given

time, three O atoms are close (i.&2.5 A) to the cation.
T T T T T T T This picture is consistent with the boundflgation sampling

8.0 4_70 45 a variety of coordination geometries but with the amino N
- & Evolution of the'H NMi dex for [Ru(biry) atom playing an insubstantial role.
ijgure o. volution of the spectrum recoraed ror u(oipy, HY H H 24
(D](PFes)2 upon addition of 40, 10, 1, and 0 equiv (respectively a, b, ¢, and Addition of pr_OtonS toa SOlutlon of [Ru(blpg()l)] n
d) of LiClO43H0. CD:CN results in a very complicatetH NMR spectrum.

The only indentifiable spectral change concerns the methyl
ether. The results collected in the presence of excess Li group of the appended bipyridyl unit which splits into two
are given in Table 1. While H9 and H15 are isochronous in singlets at 2.16 and 2.20 ppm. This fact is in agreement with
the free crown ether complex, complexation of lto the our expectation of two isomeric forms of the ammonium salt,
crown ether causes their degeneracy to be lost. A COSY with the [Ru(bipy}]?" core being directed toward or away
correlation between H14 and H15 shows that H15 remains from the crown ether. Molecular dynamics simulations made
unperturbed while H9 is shifted upfield by 0.24 ppm and for the protonated species indicate that the proton resides
appears as the new singlet at 7.19 ppm. Furthermore, theoutside the cavity defined by the crown ether (Figure 10).
NOESY spectra clearly indicate a correlation between H9 The structure seems to be set by the need to minimize
and H7, which in turn shows that the ruthenium core lies electrostatic repulsion.
beside the phenyl rings.

Molecular dynamics simulations run in a bath of aceto-
nitrile molecules indicate that encapsulation of & tation It should be recognized that the triplet lifetime recorded
within the crown ether leads to a distinct rigidification of for [Ru(bipy)(1)]?" (zr+ = 365 ns) in deoxygenated aceto-
the molecular conformation, as shown by NMR. The average nitrile is shorter than that recorded for the parent complex
conformation for the cation complex (Figure 9) has the Ru- (z+ = 950 ns) under identical conditions. This quenching
(1) and Li* cations situated as far apart as possible (i.e., 9.8 effect is most likely due to intramolecular electron transfer
A), presumably to minimize electrostatic repulsion. This from the nearby N atom to the triplet state of the metal
structure directs the crown ether away from the luminophore. complex. The rate constant for this process can be estimated
The two amino phenylene rings point away from the at ca. 1.7x 1C° s ! while the free energy difference of the
substituted bipy moiety while the amino N lone pair remains process is very crudely estimated to be ¢8.26 eV. This
ca. 2.5 A from a C atom on the substituted bipy ligand. The latter value is simply taken as the difference between the
molecule does not adopt cofacial arrangements. Interestingly,relevant peaks in the cyclic voltammograntse, = 2.36
the energy-minimized structure reveals that the bounid Li eV), ignoring the irreversibility of the amine oxidation step,
is positioned ca. 3.4 A from the amino N atom. This seems and the triplet energyEy = 2.1 eV) measured from the

Discussion
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Complexation of an added cation at the crown ether site
causes enhancement of emission from the luminophore
without affecting the absorption spectrum. This finding
suggests that the binding event decreases the rate of
intramolecular electron transfer. It is clear, however, from
both NMR spectroscopy and the MDS work that cation
binding rigidifies the molecular structure such that the two
cationic centers remain as far apart as possible. This effect
curtails alignment of the aromatic units into cofacial orienta-
tions and decreases orbital contact between the Ru(lll) center
and the N lone pair at the triplet level. The overall
[Q] (M x 1000) consequence of this conformational change will be to

Figure 11. Stern-Volmer plot for quenching of [Ru(bipy)?" by minimize the rate of through-bond and/or through-space
compound3 in air-equilibrated dichloromethane. electron transfer
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The situation concerning proton binding might be some-
emission spectrum. It was not possible to detect the what different in that the amino N atom is likely to be
anticipated redox products as transient species in the laseinvolved directly in the coordination step. This behavior is
flash photolysis records, but it is reasonable to suppose thatclear from the cyclic voltammetry results where protonation
charge recombinatiom\G° = —2.4 eV) is much faster than  inhibits oxidation of the amino group. There are also
charge separation. The relatively slow triplet quenching indications in the NMR spectra that proton binding differs
reaction seems consistent with the restricted driving force. from cation b|nd|ng In this case, the enhanced luminescence

The viability of photoinduced electron transfer from the = that accompanies protonation is likely caused by an electronic
amino donor to the triplet excited state of the metal complex gffect.

was confirmed by a separate experiment in which the

diarylaza crown etheB was found to be a quencher for cgnclusion

emission from the parent complex, [Ru(bigi{fPFes)2, in

dichloromethane solution. Bimolecular quenching followed  We have synthesized a new member of the crown ether
Stern-Volmer behaviot (Figure 11) and gave a quenching family that is easily derivatized with a luminescent reporter,
rate constant of 1.4 10° M~ s™1. This latter value is  such as in [Ru(bipy)1]?". Weak electronic coupling, prob-
reminiscent of bimolecular quenching rate constants observedably occurring via through-space interactions, between the
with other arylamine¥-32and is reduced from the diffusion-  Juminophore and the connecting amino group decreases the
controlled rate limit by a factor of ca. 10-fold. The corre- extent of emission from the metal complex. The addition of
sponding intramolecular process seems to be much lessglkali metal cations, notably Lj restores emission by way
efficient, but this is easily rationalized in terms of thermo-  of curtailing intramolecular electron transfer. This latter effect
dynamic and stereochemical aspects. Thus, the amino grougnost likely arises because cation binding favors rigid
in 3is easier to oxidize than that in [Ru(bipyd]*", due to  conformations that minimize electronic coupling between the
electrostatic effects, while the intervening organic framework oqox-active partners. Structural information gleaned from
does not permit close approach between the Ru(ll) centeryvr spectroscopy in the absence and presence of cations
and the amino N atom in [Ru(bipy)l]*". The latter g el supported by molecular dynamics simulations. It is
realization implies that electron transfer must involve either further shown that the bridging amino group can be proto-

tunnelmt?] throEgh the c_o?necttl_ng mTth¥Ie?etEr0L|:ApD()Sr Iong|; nated such as to render the N atom incapable of functioning
range, through-space interactions. n fact, the MUS WOTK ¢ 5 electron donor. Further effort in this field will be
indicates that the closest approach between the amino N atom,. .

directed toward the development of luminescence and

and the Ru(I1)/(I1) cation is ca. 5.25 A. The availability of . . "

. g electrochemical sensors capable of the selective recognition
conformations such as that shown in Figure 2a, where there ¢ tral substrat
is cofacial alignment of the aromatic groups, provides an ot neutral substrates.
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