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Abstract: The segmental ligand Hi-ethyl-2-[6-carboxy)pyridin-2-ylJoenzimidazol-5-y} methane (E) reacts

with the entire series of L't ions to yield a new class of neutral lanthanide carboxylates, the triple-stranded
dimetallic helicates [Lg(LC-2H)g], which are stable in water in the pH range #3. A competitive titration

with 1,4,7,10-tetraazacyclododecal@',N',N"'-tetraacetic acid (dota) shows the'Ehelicate to have a stability
comparable to that of [Eu(dota)]According to the X-ray structures of isotypical [i(h©-2H)3]-20.5H0 (Ln

= Eu, Th) (GsH72Ln2N1g012:20.5H0, monoclinic,P2;/c, Z = 8), the helicates are comprised of two types of
slightly different molecules (A, B) within the asymmetric unit. The three ligand strands are helically wrapped
around the two nine-coordinate ¥'nions, leading to pseudbs symmetries around the metals. The'l:n

Ln'" distances lie in the ranges 8:88.83 A for molecules A and 9.649.07 A for molecules B, while the
helical pitch amounts to 23-723.8 A (A) and 24.5-24.7 A (B). In solution, the helicates retain time-averaged

D3 symmetries along the entire l'rseries, as shown By4 and3C NMR. The derivation of equations adapted

to heterodimetallic complexes allows the separation of contact and dipolar contributions to the isotropic
paramagnetic shift. Somewhat different structures are evidenced between largerGenTb) and smaller

(Ln = Er—Yb) Ln"" ions, attributed to a lengthening of the helix on going toward heavier lanthanides. The
photophysical properties of the helicates depend on the nature of thehnand L€ is revealed to be a good
sensitizer of EU. The flexible route used to synthesiz€ tpens interesting perspectives for the fine-tuning

of the chemical and photophysical properties of lanthanide-containing homodimetallic helicates with potential
applications in labeling and sensing technologies.

Introduction Lanthanide luminescent labels must fulfill several restrictive
requirements: (i) good thermodynamic and kinetic stabilities
' under physiological conditions, (ii) the ability to easily couple
Qyith biological materials, and (iii) specific photophysical
properties. Since ff transitions are very weak, excitation
usually relies on energy transfer from the ligands surrounding
the lanthanide ion (antenna eff&ctin addition to efficient
sensitization, the design of lanthanide-containing luminescent
stains has to overcome another difficulty, arising from the easy
de-excitation of the L excited states through high-energy
vibrationg or low-lying ligand-to-metal charge-transfer (LMCT)

Several biomedical applications of trivalent lanthanide ions
Ln", have emerged during the past two decades and pertain
three main fields:(i) Gd-containing contrast agents for magnetic
resonance imaging(ii) catalysts for the cleavage of phosphate
diester bridges in DNA and RNAand (iii) luminescent stains
for protein labeling and sensitive homogeneous immunoas-
says*® Luminescent signals being among the most sensitive to
detect, the selection of luminescent labels for immunoassays
was straightforward, despite intrinsic limitations due to the assay

medium, namely nonspecific short-lived luminescence, and to state€~10 One tactics to solve these problems relies on the

the modulation of the label's signal, which should be indepen- encapsulation of the U'h ions in supramolecular edifices,

dent of the substra;e. The former Qrawpack can pe mastered byproviding a rigid and protective environment for the metal ion.
the use of lanthanide chelates displaying long-lived lumines-

o This is achieved by using preorganized macrocyclic ligdids,
cence (0.0&+1 ms) and allowing time-resolved measurements multidentate podand?, or self-assembly proces¢éswhich
with concomitant elimination of the background nofge. ’

(6) Sabbatini, N.; Perathoner, S.; Balzani, V.; Alpha, B.; Lehn, J.-M. In
T University of Lausanne. Supramolecular ChemistryBalzani, V., Ed.; D. Reidel Publishing Co.:
* University of Geneva. Dordrecht, 1987.
(1) Lanthanide Probes in Life, Chemical and Earth Sciences: Theory (7) Haas, Y.; Stein, GJ. Phys. Cheml1971, 75, 3668.

and Practice Bunzli, J.-C. G., Choppin, G. R., Eds; Elsevier Science Publ. (8) Blasse, GPhys. Status Solidi A992 130, K85.

B.V.: Amsterdam, 1989. (9) Bunzli, J.-C. G.; Froidevaux, P.; Harrowfield, J. Nhorg. Chem.
(2) Lauffer, R. B. In MRI Clinical Magnetic Resonance Imaging 1993 32, 3306.

Edelman, R. E., Zlatkin, M. B., Hesselink, J. R., Eds.; W. B. Saunders (10) Petoud, S.; Glanzmann, T.;"&ali, J.-C. G.; Piguet, C.; Qin, X.;

Co.: Philadelphia, 1996. Thummel, R. PJ. Luminesc1999 82, 69.

(3) Roigk, A.; Hettich, R.; Schneider, H.{horg. Chem1998 37, 751. (11) Alexander, V.Chem. Re. 1995 95, 273.

(4) Hemmila I.; Stahlberg, T.; Mottram, PBioanalytical Applications (12) Jones, P. L.; Amoroso, A. J.; Jeffery, J. C.; McCleverty, J. A.;
of Labelling TechnologiesNallac Oy: Turku, 1995. Psillakis, E.; Rees; L. H.; Ward, M. Dnorg. Chem.1997, 36, 10.

(5) Mathis, G. InRare Earths Saez Puche, R., Caro, P., Eds; Editorial (13) Lehn, J.-MSupramolecular Chemistry. Concepts and Perspesti
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allow the fine-tuning of the L# coordination sphere. In recent

Elhabiri et al.

for the self-assembly of the cationic triple-stranded helicates
[Lno(LAB)3]®F in acetonitrile. Yet, bioanalytical applications
require water-soluble probes, and in order to test whether the
energetic drive leading to the formation of dimetallic helicates
in water is able to compensate the large dehydration enthalpy
of the lanthanide aquo ions (3648760 kdmol~! for 4f ions®

vs 1850-2105 kdmol~! for divalent 3d transition metal ions),
we have introduced two carboxylic acid functions i3
leading to stable, water-soluble and neutral triple-stranded
helicates [La(L®-2H)3]. In this paper, we present a structural,
thermodynamic, and photophysical study of the neutrab{Ln
(LC-2H)3] helicates both in the solid state and in water @&n

Y, La—Nd, Sm-Thb, Er—Lu). These assemblies represent a new
class of versatile water-soluble lanthanide carboxylates whose
electronic and luminescent properties can be easily tuned by
modifying the attached substituents. A preliminary account of
this work has been reported elsewhé&re.

Experimental Section

Solvents and starting materialswere purchased from Fluka AG
(Buchs, Switzerland) and used without further purification, unless

years, we have pursued a research program based on th@therwise stated. Acetonitrile, dichloromethangN-dimethylforma-

induced-fit concept and using ligands derived from bis-
(benzimidazole)pyridine in order to prepare lanthanide-contain-
ing supramolecular precursors for functional deviteSimple
symmetric tridentate receptors (Chart 1) give stable and inert
triple-helical complexes [Ln(B3]3t in acetonitrile®17 display-

ing a substantial ion-size discriminating effé&tyhile the
addition of semirigid lipophilic substituents in positioR Rads

to mesogenic ligands and U-shaped 1:1 nitrato compl&kes.
Unsymmetrical ditopic ligands'E=L" provide heterodimetallic
noncovalent L podates [LnM(L}]>" (M = Zn20-22 Fg2324
Co®) which are building blocks for luminescent (Zn) and
magnetic (Fe, Co) material®.Recently, it has been realized
that dimetallic lanthanide edifices offer improved possibilities
for the catalytic cleavage of RNA?7 and for the design of
calcium-triggered G MRI contrast agent® Moreover, di-
metallic complexes with luminescent I'nons have the potential
advantage of combining two stains in a small volume, and the
symmetrical ditopic ligands4.2° and LB 30 have been designed

(14) Koshland, D. E., JAngew. Chem., Int. Ed. Engl994 33, 2375.

(15) Piguet, C.; Bozli, J.-C. G.Chimia1998 52, 579.

(16) Piguet, C.; Williams, A. F.; Bernardinelli, G.; Bali, J.-C. G.Inorg.
Chem.1993 32, 4139.

(17) Piguet, C.; Bozli, J.-C. G.; Bernardinelli, G.; Bochet, C. G.;
Froidevaux, PJ. Chem. Soc., Dalton Tran£995 83.

(18) Petoud, S.; Buzli, J.-C. G.; Renaud, F.; Piguet, C.; Schenk, K. J.;
Hopfgartner, Glnorg. Chem.1997, 36, 5750.

(19) Nozary, H.; Piguet, C.; Tissot, P.; Bernardinelli, G:;ngli, J.-C.
G.; Deschenaux, R.; Guillon, 0. Am. Chem. S0d.998 120, 12274.

(20) Piguet, C.; Rivara-Minten, E.; Hopfgartner, G:j&t, J.-C. G Helv.
Chim. Actal995 78, 1541.

(21) Piguet, C.; Bozli, J.-C. G.; Bernardinelli, G.; Hopfgartner, G.;
Petoud, S.; Schaad, O. Am. Chem. Sod.996 118 6681.

(22) Edder, C.; Piguet, C.; Buli, J.-C. G.; Hopfgartner, GJ. Chem.
Soc., Dalton Trans1997 4657.

(23) Piguet, C.; Rivara-Minten, E.; Hopfgartner, G:jy&t, J.-C. G Helv.
Chim. Actal995 78, 1651.

(24) Piguet, C.; Rivara-Minten, E.; Bernardinelli, G.;&li, J.-C. G.;
Hopfgartner, GJ. Chem. Soc., Dalton Tran&997, 421.

(25) Rigault, S.; Piguet, C.; Bernardinelli, G.; Hopfgartner,ABigew.
Chem., Int. Ed. Engl1988 27, 169.

(26) Hurst, P.; Takasaki, B. K.; Chin, J. Am. Chem. S0d.996 118
9982.

(27) Bruice, T. C.; Tsubouchi, A.; Dempey, R. O.; Olson, LJPAm.
Chem. Soc1996 118 9867.

(28) Li, W. H.; Fraser, S. E.; Meade, T.J.Am. Chem. S04999 121,
1413.

(29) Piguet, C.; Bozli, J.-C. G.; Bernardinelli, G.; Hopfgartner, G.;
Williams, A. F.J. Am. Chem. Sod.993 115, 8197.

mide (DMF), and triethylamine were distilled from CaHhionyl
chloride was distilled from elemental sulfur. Silicagel (Merck 60, 6:04
0.06 mm) was used for preparative column chromatography. The
perchlorate salts Ln(CIgs-nH20 (Ln = La to Lu) were prepared from
corresponding oxides (Rhe-Poulenc, 99.99%) in the usual wiy.
Caution! Perchlorate salts combined with organic ligands are poten-
tially explosve and should be handled in small quantities and with
adequate precautior8

Preparation of the Ligands. 2,6-Pyridinedicarboxylic acid monom-
ethyl ester {),%¢ 3,3-dinitro-4,4-bis(N-ethylamino)diphenylmethane
(3),%" diethyl-N,N-[methylenebis(2-nitrophen-4,1-ylene)]bis[8;{\-di-
ethylcarbamoyl)pyridine-2-carboxamide]) £° bis{ 1-alkyl-2-[6-(N,N-
diethylcarbamoyl)pyridin-2yl]benzimidazol-5-y} methane (E),*° and
N-ethyl-2-nitroaniline %) were prepared according to literature
procedures.

Preparation of 6-(N,N-Diethylcarbamoyl)pyridine-2-carboxylic
Acid (2). A mixture of 2,6-pyridinedicarboxylic acid monomethyl ester
(1, 1.3 g, 7.18 mmol), freshly distilled thionyl chloride (34.16 g, 0.287
mmol), and DMF (100uL) was refluxed for 60 min in dry dichlo-
romethane (50 mL). The mixture was evaporated and dried under
vacuum for 30 min, and the resulting solid was dissolved in dry
dichloromethane (50 mL). DriX,N-diethylamine (5.25 g, 71.8 mmol)
was added dropwise under an inert atmosphere. The resulting solution
was refluxed for 90 min and evaporated. The brown crude residue was
partitioned between dichloromethane (100 mL) and half-saturated
aqueous NECI solution (100 mL). The aqueous phase was extracted
with dichloromethane (% 100 mL), and the combined organic phases
were washed with a saturated KHg6€blution (2 x 100 mL), dried
(NaS0Oy), and evaporated to dryness. The resulting brown solid was
dissolvedmn 1 M KOH solution (50 mL) and stirred at room temperature
for 10 min. The aqueous phase was extracted with chlorofors %9

(30) Martin, N.; Binzli, J.-C. G.; McKee, V.; Piguet, C.; Hopfgartner,
G. Inorg. Chem.1998 37, 577.

(31) Piguet, C.; Bernardinelli, G.; Hopfgartner, Ghem. Re. 1997, 97,
2005.

(32) Binzli, J.-C. G. InRare Earths Saez Puche, R., Caro, P., Eds.;
Editorial Complutense: Madrid, 1998.

(33) Elhabiri, M.; Scopelliti, R.; Bozli, J.-C. G.; Piguet, CChem.
Commun.1998 2347.

(34) Desreux, J. F. Iihanthanide Probes in Life, Chemical and Earth
Sciences. Theory and PractjcBunzli, J.-C. G., Choppin, G. R., Eds,;
Elsevier Science Publ. B.V.: Amsterdam, 1989.

(35) Raymond, K. NChem. Eng. New$983 61 (49), 4.

(36) Johansen, J. E.; Christie, B. D.; RapoportJHOrg. Chem1981,
46, 4914.

(37) Piguet, C.; Bernardinelli, G.; Bocquet, B.; Quattropani, A.; Williams,
A. F.J. Am. Chem. S0d.992 114 7440.

(38) Lamm, B.Acta Chem. Scand.965 19, 2316.
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mL), acidified to pH= 2 with hydrochloric acid (25%), concentrated,
and cooled at OC for 12 h. White crystals were collected by filtration
and recrystallized from hot acetonitrile to give 1.3 g (5.85 mmol, yield
81.5%) of2. *H NMR in CDsOD: ¢ 1.23 (3H, t,3* = 7 Hz), 1.32
(3H, t, 3 = 7 Hz), 3.37 (2H, g% = 7 Hz), 3.62 (2H, qJ° = 7 Hz),
7.80 (1H, dd,3® = 8 Hz, J* = 1.3 Hz), 8.15 (1H, t°* = 8 Hz), 8.26
(1H, dd, ® = 8 Hz, J* = 1.3 Hz). 3C NMR in CD;OD: ¢ 13.21,

J. Am. Chem. Soc., Vol. 121, No. 4610949

P =7.4Hz,J = 1.7 Hz).3C NMR in DMSO-ds: 6 19.33 (primary
C); 44.08 (secondary C); 114.76, 123.67, 126.50, 127.47, 128.85,
130.83, 142.71 (tertiary C); 140.14, 146.15, 151.82, 152.33, 153.79,
169.94 (quaternary C). ESI-MS (GBIH): m/z267.7 M+ H]"), 299.8
(IM + H + CH3;OH]*), 308.9 (M + H + CH:CN]"). Elemental
analysis: see Table S1, Supporting Information.

Preparation of the Complexes [Lny(L©-2H)3]-nHO (Ln = La,

14.62 (primary C); 41.82, 45.07 (secondary C); 126.99, 127.30, 140.35 7; Ce, 8; Pr, 9; Nd, 10; Sm, 11; Y, 12; Eu, 13; Gd, 14; Tb, 15; Er,

(tertiary C); 148.81, 156.16, 167.62 (quaternary C). ESI-MS £CH
CN): Mz 220.7 [M+ H]*, 281.0 M+ H + CHsCN + H,O]".

Preparation of Bis{ 1-ethyl-2-[(6-carboxy)pyridin-2'-yl]benzimi-
dazol-5-yl methane (L°). A solution of L® (300 mg, 0.46 mmol) in
250 mL of ethanol/water 1:4 containing potassium hydroxide (86%,
15.13 g, 230 mmol) was refluxed for 12 h. Ethanol was distilled off,
and the aqueous phase was acidified to $H with concentrated
hydrochloric acid (25%). The resulting precipitate was filtered off and
washed with water to give 235 mg (0.43 mmol, yield 93.5%) &fls
a white powder. ESI-MS (C¥CN): m/z547.5 ((M+ H]"), 588.8 ([M
+ H + CHiCN]"), 607.4 ((M+ H + CH;CN + H,O]"). Elemental
analysis: see Table S1, Supporting Information.

Preparation of 2-(N,N-Diethylcarbamoyl)-6-(1'-ethyl-1H-benz-
imidazol-2'-yl)pyridine (6). 6-(N,N-Diethylcarbamoyl)pyridine-2-car-
boxylic acid @, 1 g, 4.5 mmol), freshly distilled thionyl chloride (21.4
g, 180 mmol), and DMF (10@L) in dry dichloromethane (35 mL)

16; Tm, 17; Yb, 18; Lu, 19). A solution of L¢ (30 mg, 0.052 mmol)

in freshly distiled DMF (4 mL) was stirred at 50C for 1 h.
Triethylamine was added dropwise, and the mixture was stirred at 50
°C for 20 min. A solution of Ln(CI@Q)-nH.O (Ln = La, Pr, Nd, Sm,

Y, Eu, Gd, Th, Er, Tm, Yb, Lun = 2—9, 0.035 mmol) or Ce(CGF
S0s)3°8.5H,0 (0.035 mmol) in 12QuL of distilled DMF was added
dropwise, and the mixture was stirred fb h at 50°C. The resulting
white precipitate was filtered off, washed successively with DMF and
CHsCN, and recrystallized from hot water. Colorless crystalline solids
were isolated by filtration and dried under vacuum@®mHg) at 60

°C for 24 h to give complexes [l£L-2H)3]-nH,O (Ln = La (n = 8),
Ce,0n=8),Pr0=6), Nd (n=14), Sm = 16), Y (h = 16), Eu
(n=9),Gd h=19), Tb 0 =15), Er h=8), Tm (h= 11), Yb (n

= 13), and Lu O = 14)). X-ray-quality crystals of [E(L®-2H)s]-
20.5H0 (133 were obtained by slow evaporation of a concentrated
aqueous solution. X-ray-quality crystals of p{lb®-2H)3]-20.5H,0 (153

were refluxed for 90 min. The mixture was evaporated to dryness and Were grown by slow diffusion of acetone into a concentrated agqueous

dried under vacuum for 1 h. The resulting pale yellow solid was
dissolved in dry dichloromethane (40 mL), and a mixture of 2-nitro-
N-ethylaniline 6, 748 mg, 4.50 mmol) and triethylamine (4.55 g, 45

mmol) in dry dichloromethane (30 mL) was added dropwise under an

solution. Complexe§—19 gave satisfactory elemental analyses and
were further characterized by their IR spectra (see Tables S1 and S2,
Supporting Information).

Preparation of Eu-Doped [Lny(L¢-2H)3]-nHO (Ln = La, 20 (n

inert atmosphere. The solution was refluxed for 90 min and evaporated. = 12); Lu, 21 (n = 20)); Th, 22 (0 = 14)). For the photophysical
The brown residue was partitioned between dichloromethane (100 mL) study, Eu-doped (2%) complexes were prepared by replacing the

and half-saturated aqueous MH solution (100 mL). The aqueous
phase was extracted with dichloromethanex(2100 mL), and the
combined organic phases were washed with a saturated Ks@@ion

(2 x 100 mL), dried over Ng50Oy, and evaporated. The crude product
was dissolved in a mixture of 220 mL of EtOH and 55 mL ofCH

lanthanide solution by a Ln (98%)/Eu (2%) mixed solution 26rand
21 and by a Tb (50%)/Eu (50%) mixed solution f22.

Spectroscopic and Analytical MeasurementsIR and UV-vis
measurements were performed as described eétlier.a typical
spectrophotometric titration, 25 samples were prepared 24 h in advance

and freshly activated iron powder (5.28 g, 94.5 mmol) and concentrated to ensure that equilibrium had been reached, witfi{Lbetween 1.6

HCI (25%, 30.6 mL, 236 mmol) were added. The mixture was refluxed

x 107%and 1.5x 10°°M and [Ln"];, between 4.3x 107 and 1.6x

for 8 h under an inert atmosphere. The excess of iron was filtered off, 10~° M. Plots of molar absorption coefficient as a function of the metal/
and ethanol was distilled off under vacuum. Water was added to bring ligand ratio and factor analysfswere used to determine a suitable
the total volume to 100 mL. The resulting mixture was poured into model, and the data were fitted with the SPECFIT progtam.
dichloromethane (150 mL), NH,EDTA-2H,O (40 g in 250 mL of Potentiometric measurements were carried out with an automated
H,0) was added, and the resulting stirred mixture was neutralized to Metrohm Titrino 736 GP potentiometer (resolution 0.1 mV, accuracy
pH = 7 with 5 M aqueous KOH. Concentrated® (30%, 2 mL) was 0.2 mV) using a volume addition program. An automated buret
then added under vigorous stirring, and the pH was adjusted to 8.5. (Metrohm 6.3013.210, 10 mL, accuracy 0.03 mL), was used, along
After 30 min, the organic layer was separated and the aqueous phasevith a Metrohm 6.0204.100 glass electrodel. NMR spectra were
extracted with dichloromethane ¢3 150 mL). The combined organic  recorded at 28C on a Bruker AM360 or a Bruker AVANCE DRX400
phases were dried over P80, and evaporated. The resulting brown  spectrometer. Chemical shifts are reported in parts per million with
crude solid was purified by column chromatography (silica gel,-CH  respect to TMS. Mass spectra were obtained by electron spray ionization
Cl,/MeOH 100:0— 98:2) to give 818 mg (2.54 mmol, 56.4%) 6f (ESI-MS) on a Finnigan LC 710 spectrometer. The experimental
IH NMR in CDClz: 6 1.05 (3H, t,J° = 7 Hz), 1.27 (3H, tJ* = 7 Hz), procedures for high-resolution, laser-excited luminescence studies have
1.46 (3H, t,3* = 7.9 Hz), 3.34 (2H, qJ® = 7.1 Hz), 3.60 (2H, gJ* = been published previousfy.Quantum yields have been determined
7.1 Hz), 4.75 (2H, g, = 8 Hz), 7.31 (2H, m), 7.44 (1H, dP =7 according to the procedure described in ref 10 (refractive indices used:
Hz), 7.54 (1H, d,J* = 8 Hz), 7.83 (1H, d®* = 7 Hz), 7.92 (1H, tJ® 1.333 and 1.329 for solutions in,& and MeOH, respectively). Ligand-
=8 Hz), 8.38 (1H, d,)* = 8 Hz).'3C NMR in CDCk: ¢ 13.43, 14.91, centered luminescence was measured relative to quinine sulfate in 0.05
15.96 (primary C); 40.16, 41.13, 43.42 (secondary C); 110.72, 120.81, M H,SO (n = 1.338, absolute yield 0.546, ref 42). Metal-centered
123.11, 123.32, 124.13, 125.60, 138.58 (tertiary C); 136.86, 143.35, luminescence was determined with respect to solutions of [Ln{tpy)
149.92, 150.03, 155.09, 169.07 (quaternary C). ESI-MS;@: nvz (ClO4)3 103 M in MeCN (n = 1.343, absolute quantum yield 0.013
322.8 (M + H]"), 364.0 ((M+ H + CHsCN]*), 383.3 ((M+ H + for EW3 and 0.047 for TH); tpy stands for 2,26',2"-terpyridine.
CH3CN + HxQOJh). Degassed solvents for spectroscopy were used, and experimental
Preparation of 6-(1'-Ethylbenzimidazol-2-yl)pyridine-2-carboxy- conditions were set to minimize self-absorption and guarantee a linear
lic Acid (L4). A solution of 6 (600 mg, 1.86 mmol) in 250 mL of - - - — -
ethanol/water 1:4 containing potassium hydroxide (86%, 60.7 g, 930 Joéig\),v'\if:;:n?\l\'\fx"Ylg;kl?'l’g'_é%\fvery’ D. GFactor Analysis in Chemistry
mmol) was refluxed for 12 h. Ethanol was distilled off, and the aqueous ~ (40) Gampp, H.; Maeder, M.; Meyer, C. J.; Zubénter, A. D. Talanta
phase was acidified to pk 3 with concentrated HCI (25%). The 1985 32, 257.
resulting precipitate was filtered off and washed witfOHo give 456 (41) Piguet, C.; Williams, A. F.; Bernardinelli, G.; Moret, E.; Bali,
mg (1.70 mmol, yield 92%) of t.as a white powder*H NMR in J'-(Cziz();i\;':é%hcgmé Agﬁi}l?gsz I7357C1]6?37H0tochem1983 03 103
DMSO-ds: 6 1.43 (3H, t.J° =7 Hz), 4.91 (2H, 9. = 7.1 Hz), 7.29 (43) Petoud’, S, Bn’uzli, J.—pC.’G.; Schenk, K. J.; Piguet, (’Dorg. Chem.
(1H,td, ¥ = 7.1 Hz,2*= 1.3 Hz), 7.35 (1H, td* = 7.1 Hz,J* =1

1997 36, 1345.
Hz), 7.69 (1H, d® = 7.9 Hz), 7.75 (1H, dJ® = 7.9 Hz), 8.14 (1H,

(44) Charbonniee, L. J.; Balsiger, C.; Schenk, K. J.;'Bzii, J.-C. G.J.
dd,®=7.9Hz,J*= 1.6 Hz), 8.17 (1H, t}* = 7.7 Hz), 8.52 (1H, dd, Chem. Soc., Dalton Tran4998§ 505.
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Table 1. Summary of Crystal Data, Intensity Measurements, and
Structure Refinements for [&{L®-2H)3]-20.5H0 (133 and
[Tby(LC-2H)3]-20.5H0 (158

[EUz(LC-ZH)3] .

[sz(LC-ZH)3] M

20.5H,0 20.5H0
formula GsH72EWN18012*  CozH72ToN 180120
20.5H0 20.5H0
mol wt 2306.93 2320.85
crystal syst monoclinic monoclinic
space group P2,/c P2i/c
a A 24.808(10) 24.844(3)
b, A 36.285(10) 36.187(3)
c, A 23.701(10) 23.741(5)
p, deg 110.30(3) 110.65(2)
vV, A3 20009(13) 19973(5)
z 8 8
F(000) 9464 9496
DJ/Mg m—3 1.532 1.544
w(Mo Koa), mm? 1.333 1.496
cryst size, mm 0.3k 0.24x 0.18 0.50x 0.42x 0.24
temp, K 185 173
no. of reflns measd 93431 200 563
6 range 1.04< 20 < 24.40 0.88< 20 <27.51
hklranges —27<h<27 —32<h<32
—40<k <42 —46 <k < 46
—27<1<25 —30<1<30
no. of unique refins 28 393 42101
no. of reflns obsd > 20(l) 15 976 26 263
no. of parameters 2630 2630
R1[l > 20(1)]2 0.0609 0.0549
weight 1/0?%(Fo) + 1/(0%(Fo) +
(0.094P)%)P (0.0929)%)P
WR2¢ 0.1714 0.1567
max Fourier diff, e/R 1.163,—1.146 1.877,-1.463
ARL= 3 ||Fo| — |Fell/ZIFol. ® P = (Fo* + 2 FA/3. cwR2 = { 3 [W(Fc
= FAA 3 IW(FAT}

relationship between the emitted light and the concentration. Elemental

analyses were performed by Dr. H. Eder from the Microchemical
Laboratory of the University of Geneva.

X-ray Crystal Structure Determination of [Ln »(L©-2H)3]-20.5H,0
(Ln = Eu, 13a; Th, 15a).A summary of the crystal data, intensity

measurements, and structure refinements is reported in Table 1. Crystals
of 13a and 15a were mounted in glass capillaries and sealed under
nitrogen. Diffraction data for both complexes have been collected on

a mar345 image plate detector at 1884 and 173 K (538 and
reduced with the marHKL program, release 19.No absorption

Elhabiri et al.
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aReagents: (i) (1) SOgICH.CI,, DMF; (2) 5, NEt; (3) Fe, HCI,
EtOH—H0; (ii) KOH, EtOH—H_0.

modified double Phillips coupling reaction to form the benz-
imidazole units (Scheme 1J.The novelty of this strategy is
the synthesis of the unsymmetrical synthor\gNdiethylcar-
bamoyl)pyndme 2-carboxylic aci@?) from the monoestet,
which is obtained via a statistical esterification of pyridine-2,6-
dicarbocylic acicf® As the direct reaction of pyridine-2,6-
dicarboxylic acid with a stoichiometric amount of trifluoroacetic
anhydride followed by treatment with amines produces signifi-

correction was applied. Structure solution for both compounds was cant quantities of diamide and unreacted maté¥iale had first

performed with ab initio direct method$All structures were refined
using the full-matrix block least-squares BA with all non-H atoms

developed an approach based on the amidation of 6-methylpy-
ridine-2-carboxylic acid, followed by the oxidation of the methyl

anisotropically defined. H atoms were placed in calculated positions group by anhydrous selenium dioxide in dry pyridideThe

using the “riding model” with a common isotropic displacement
parameteris, = 0.08 A2). The only problem in both structures was
a disordered water molecule (052), for which two different (A and B)
positions were refined. Structure solution, refinement,

SHELXTL software package, release 5.1 (Bruker AXS, Inc., Madison,

WI, 1997). Final atomic coordinates with equivalent isotropic displace-

molecular
graphics, and geometrical calculation have been carried out with the

new method proposed here uses less toxic reagents, pra2luces
in much better yield, and can be easily extended to obtain
asymmetric pyridine rings substituted in the 4-position. The
tridentate monocarboxylic ligand*lhas been synthesized for
comparison purposes (Scheme 2).

The dicarboxylic ligand E is soluble in DMSO and DMF

ment parameters (Table S3), anisotropic displacement parameters (Tablgut is sparingly soluble in water at acidic pH's, and precipitation

S4), and X-ray crystallographic data (CIF) fba are listed in the
Supporting Information. Data fot3a have been already deposited
(CCDC 182/1036, Cambridge Crystallographic Data Ceriter).

Results

Ligand Synthesis and Properties.Bis{ 1-ethyl-2-[(6-car-
boxy)pyridin-2-yl|benzimidazol-5-y} methane (E) was ob-
tained in good yield by a four-step procedure involving a

occurs below pH= 4. However, when the pH is increased,
deprotonation occurs, and the solubility becomes quite sizable
at pH> 9. Potentiometric titration of 9.4 1075 M L€ (starting

pH = 10.3) with perchloric acid revealed two distinct equivalent
points in the region where no precipitation occurs, each one
corresponding to the neutralization of 1 equiv of carboxylate
and corresponding toky's of 4.424+ 0.04 and 7.4 0.1 (292

K, 0.1 M E4NCIOy). A spectrophotometric titration conducted

(45) Otwinowski, Z.; Minor, W. InMacromolecular Crystallography,

Part A; Carter, C. W., Jr., Sweet, R. M., Eds.; Academic Press: New York,

1997.
(46) Sheldrick, G. M Acta Crystallogr.1997, A46, 467.

(47) Piguet, C.; Bocquet, B.; Hopfgartner, Belv. Chim. Actal994
77, 931.

(48) Reddy, K. V.; Jin, S.-J.; Arora, P. K.; Sfeir, D. S.; Maloney, S. C.
F.; Urbach, F. L.; Sayre, L. MJ. Am. Chem. S0d.99Q 112 2332.
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1 and B Table 2. H and*C Chemical Shifts (ppm vs TMS) of I18M L€
in DMSO-ds and 102 M [LS-H]~ and [L°-2H]?~ in D,O at 298 e
B CH; CH, CHs
(bry (Et) (Et) 3or5 3o0or5 4 1 6' 7
LCin DMSO-ds
Ht 4,0/ 420 4.87 138 810 846 814 764 726 7.58
ppm
JHz 66 66 61 7.5 75 84 84
13C,9/ 45.1 44.2 19.1 130.6 1287 1425 122.8 128.7 1145
L ppn?
HorH .
(L®-H)~ in DO at pD=6.1
4,6/ 3.85 442 111 7.86 7.79 7.88 7.49 7.03 7.20
H* |{] H? or H® i ppm
H JHz 70 70 74 70 77 84 84
(LC—2Hy?~ in D,0 at pD= 13.0
H,0/ 40 447 114 792 787 792 756 712 7.30
T T T T T T T T T T T T T T T ppm
g4 80 76 72 JHz 72 70 70 79 80 7.9 81 83
8/ppm 15C, 0/ 49.3 41.0 14.2 1256 1247 138.4 117.9 124.0 1108
Figure 1. Aromatic region of theH NMR spectra of 16> M L€ in pprf
DMSO-ds (top) and BO at pD= 13.0 (bottom). L4 (L*H)~ in D2O at pD=5.4-13.64
H, o/ 473 137 807 807 815 7.75 750 7.81
under the same experimental conditions confirmed the presence PP™
of two different equivalent points as well as th&jpvalues. 2The H chemical shifts of £ and [L*-H]~ are also reported for

We note that [,1 is intermediate betweerkp = 3.964 0.04 comparison purposes.” Othecr signals: 170.0J0), 153.6, 152.2, 151.9,

for L4 (determined under similar experimental conditions: 146-0.138.5,140.7 (quaD). ©Other signals: 172.700), 153.7, 150.1,
. 2 . _ 147.8, 141.3, 133.5, 130.3, (qu&l). 4 The two species display the

concentratior= 7.1 x 10~* M, starting pH= 10.6) and Kas same spectrum; protonSlppears at 7.45 ppraBridge.

= 4.63 for dipicolinic acid'® On the other hand, the\pK,
separation for E (3.3 log units) is larger than the one observed
for the latter diacid (2.6 log unitg¥.Since (i) the two carboxylic
groups in L€ are topologically separated by at least 17 atoms
and (ii) the methylene bridge in@.is not a good electronic
relay between the two arms of the ligand, the observation of
two significantly different 5 values means that the two arms
are either interacting through space or involved in some
intermolecular association: the expected statistical separation
for two noninteracting groups belonging to the same molecule
is ApK; = 0.6%° The ES-MS spectrum recorded at pH6.7
displays one peak at'z = 556.6 corresponding to [2M H,O
+ H]*, but dimeric fragments are often observed under these
experimental condition®, andH NMR spectra measured in
the pD range 6.213.0 do not bring supporting evidence for
the formation of an intermolecular association in dilute solution,
so we think that the secondpvalue is most probably due to
an intramolecular interaction between the two ligand arms
occurring after the first deprotonation (vide infra).

The solution structure of I8 M L€ in DMSO-ds was
investigated by*H and3C NMR, including{*H—'H} COSY
and {IH—13C} HSQC experiments since the diacid is too
insoluble to be studied in water (Figure 1; Figure F1, Supporting
Information; Table 2). At room temperature, the spectra are o _
typical of a species with &, symmetry since (i) only 9 proton ~ Figure 2. Optimized geometry of ligand 1.
and 16 carbon signals are observed for the 26 protons and 3lpyridine units*3 and this conformation is also predicted by
carbon atoms of € and (ii) the two methylene probes display molecular mechanic calculations (Figure 2).
enantiotopic protons. NOE effects are evidenced between the |n D,0O at pD = 13.0, we essentially have the dianion in
bridging methylene protons and'HH® as well as between™H  solution (-99%), and théH NMR spectrum is much like that
and the methylene protons of the ethyl substituent, while no of € in DMSO-ds. NOE effects are also consistent with a
such effect is detected between the latter and the aromatictransoid conformation for [E-2H]2~. At pD = 6.1 (correspond-
protons of the pyridine unit. This points to a transoid conforma- ing to the first neutralization), the monodeprotonated form is
tion of the two ligand arms, with thi-ethyl substituent onthe  predominant, and the spectrum is similar to the spectrum of
benzimidazole moiety on the same side as the N atom of the (LC-2H)2-. In contrast, théH NMR spectrum of & in D,O is
pyridine ring (cf. Chart 1). The monoacid*lwas found to  practically pD-independent between 5.4 (precipitation limit) and
possess the same conformation. Similar arrangements have beens 6, and we interpret this difference with respect %ak being
observed with tridentate receptors based on bis(benzimidazole)consistent with the assumption of an intramolecular interaction

(49) Lewis, M. R.- Deerfield, D. W.- Hoke, R. A. Koehler, K, A.  LaKing place between the carboxylic and the carboxylate
Pedersen, L. G.; Hiskey, R. G. Biol. Chem1988 263 1358. ' functions in [L°-H]~ and resulting in a larger than expected

(50) Perlemutter-Hayman, Bicc. Chem. Red.986 19, 90. pKaz value.
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Complex Formation in Water. IH NMR titration of [LC-
2H1?~ with Eu(ClQy)3:nH,0, in DO at pD= 12.7, points to
the exclusive formation of a 2:3 species with a break at{Eu]
[LC-2H]; = 0.64 and no hydroxide precipitation before the break
point (Figure F2, Supporting Information). This speciation is
confirmed by spectrophotometric data obtained at lowerpH
7.2 (Figure F2, Supporting Information) in@ ([L¢-2H]; =
1.05x 10° M, 0 < [Ln]; < 1.6 x 1075 M), which could be
fitted to eq 1 for Ln= La (log 823 = 30 £ 1), Eu (26.1+ 0.4),
and Lu (27.3% 0.6). As a comparison, helicates formed By L

)

in aprotic CHCN display logf,s values in the range 242530

2Ln*" + B[LE2H = [Lny(LS2H)]  log B

The replacement of the carboxamide functions by carboxylate

groups therefore induces a much larger stability for the
dimetallic helicates, but the expected values for g are

Elhabiri et al.

beyond the upper limit of what can be reasonably extracted by Figure 3. Atom-numbering scheme for the first ligand strand infLn

such a spectrophotometric method at ca:°1Bl, especially

(L®-2H)5)-20.5H0 (Ln = Eu, 13g Tb, 158). The numbering of the

When the Spectra Of the dlfferent Species |n equ"'b”um are other |Igand strands starts at 05, N7, and C32, and Og, N13, and C63,

strongly correlated. We have thus performed competitive
titration experiments in BD (9.8 < pD < 10.4) in the presence
of 1,4,7,10-tetraazacyclododecaNgN’,N"’,N'"'-tetraacetic acid
(dota). In view of the slow kinetics of formation of the
[Ln(dota)]” complexe$} solutions were equilibrated for 5 days
at 50 °C and for 1 week at room temperature prior to
measurement. The concentrations of thex(Et)3] helicate and
of free L© were estimated from théH NMR signals of the
methyl groups of the ethyl substituent of the benzimidazole
units. Taking into account lo¢g{(Eudota) = 23.552 we get
log f23(Eu) = 51 + 4. Although this figure can be taken only
as an estimate, it clearly demonstrates that the neutragt [Eu
(L3] helicate has a stability comparable to that of the dota
complex, with a pEu value (for [EyE 107 M and [L]; =
1075 M)33 around 21, as compared to 25 for dota.

Solid-State Structure of [Lny(L ©-2H)3]-20.5H:,0 (Ln = Eu,
13a; Th, 15a).Complexes were isolated for the entire Ln series
from DMF solutions in which they are much less soluble than

respectively.

C—0O distances (Table S6, Supporting Information) and com-
pared them to data for a ®doxidiacetate complex, featuring
coordination to both carboxylate and carboxylic moietfem
[Tb(teta)]",%¢ to [Eu(dota)l,>” and to two tris(dipicolinate)
complexe$8 Experimental C-O bond lengths are alike, despite
the diversity of the compounds used for comparison, and the
mean C-O distances found in our compounds are in agreement
with the coordination of the metal ion to carboxylate groups.
The coordination polyhedra of the I'rions in both molecules
A and B can be described as distorted tricapped trigonal prisms
which are considered to be comprised of three tripods: O atoms
from the carboxylates define the upper tripod, N atoms from
the benzimidazole moieties delineate the lower tripod, and the
N atoms from the pyridine rings represent the capping tripod
(Figure 5). The average rO and Ln—N distances are listed
in Table 4, along with comparison data. The mean—n

the ligand. Crystallization was carried out in water, and colorless distances for the four coordination sites are homogeneous and
crystals were obtained by slow evaporation of the aquec)uslntermedlate between those found in d|p|col_|nate and dota
solution for Eu and by diffusion of acetone for Tb. The atom- comp’g‘exes. I_—|owevezr, the Jnean 10 distance is shorter by
numbering scheme is depicted in Figure 3, selected bond length-05 A than in [Tb(L-2H)§1 o while the Eu-O distance is

are reported in Table 3, and a stereoview of the Tb complex is Ionger than in 3[E‘;£E£H)3] ~*and cprrespondg to the distance
shown in Figure 4. Atomic coordinates, anisotropic displacement found in [Eu()s]**.% In helicates with £ and L” and in triple
parameters, and selected angles are reported in TableS53 helical cor_nplexes_wnh t, the mean LPrN(ben2|m|d_azo_Ie) and
(Supporting Information). In agreement with vibrational and LN—N(pyridine) distances are almost equal, which is not the

elemental analyses, crystallographic data show that both com-case for [La(L-2H)s], where the mean LaN(benzimidazole)
pounds crystallize without perchlorate anions. The asymmetric Pond lengths are longer than the mean-IN(pyridine) bond

units are comprised of two slightly different neutral dimetallic
helicates, in which the coordination environment of thd'Ln
ion consists exclusively of the three oxygen and six nitrogen
donor atoms from the three ligand strands!'EfLn"' distances
are longer in molecules B (9.64.07 A) than in molecules A

lengths, as a result of the strong carboxylate coordination. In
the two structures, the metal ions are located on a ps&gdo-
axis, and three pseudd, axes going through the bridging
methylene group of each ligand strand lead to a psdéglo-
symmetry of the triple-stranded dimetallic helicates. In th¥ Eu

(8.81-8.82 A). They correspond to the distances measured in Nelicate with I, there is a difference between molecules A and

the dimetallic helicates [THLB)3]* (9.06 AP and [Ew(LA)3]*

B (Tables S#S11, Supporting Information): the dihedral

(8.88 A)%* In view of the experimental conditions used, partial angles between the connected pyridine and benzimidazole rings

protonation of one or several ligand strands cannot be completely (s5) Baggio, R.; Garland, M. T.; Perec, Morg. Chem1997, 36, 950.
ruled out; we have therefore carefully examined the carbonyl  (56) Spirlet, M. R.; Rebizant, J.; Loncin, M. F.; Desreux, Jirfrg.
Chem.1984 23, 4278.

(57) Spirlet, M. R.; Rebizant, J.; Desreux, J. F.; Loncin, Mlrorg.
Chem.1984 23, 359.

(58) Brayshaw, P. A.; Buzli, J.-C. G.; Froidevaux, P.; Harrowfield, J.

(51) Burai, L.; Fabian, |.; Kiraly, R.; Szilagyi, E.; Brucher, £.Chem.
Soc., Dalton Trans1998 243.
(52) Cacheris, W. P.; Nickle, S. K.; Sherry, A. Dhorg. Chem.1987,

26, 958. M.; Kim, Y.; Sobolev, A. N.Inorg. Chem.1995 34, 2068.
(53) Vigtle, F. Supramolecular ChemistryJohn Wiley: Chichester, (59) Hu, S.; Dong, Z.; Zhang, H.; Liu, Xiamen Daxue Xuebao, Ziran
1991. Kexuel989 28, 279.

(54) Piguet, C.; Bozli, J.-C. G.; Bernardinelli, G.; Hopfgartner, G.;
Williams, A. F. J. Alloys Compd1995 225 324.

(60) Renaud, F.; Piguet, C.; Bernardinelli, G.;ri&li, J.-C. G.; Hopf-
gartner, G.Chem. Eur. J1997, 3, 1646.
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Table 3. Selected Bond Lengths (A) in [l(L¢-2H)]-20.5H0?

molecule A Ln=Eu Ln=Tb molecule B Ln=Eu Ln=Tb
Ln(1A)—0O(1A) 2.379(6) 2.340(4) Ln(1B)O(1B) 2.337(5) 2.317(3)
Ln(1A)—0O(5A) 2.408(6) 2.369(4) Ln(1B)O(5B) 2.447(6) 2.413(4)
Ln(1A)—0O(9A) 2.422(7) 2.389(4) Ln(1B)O(9B) 2.421(7) 2.383(4)
Ln(1A)—N(1A) 2.569(7) 2.549(5) Ln(1ByN(1B) 2.558(7) 2.510(5)
Ln(1A)—N(2A) 2.604(8) 2.596(5) Ln(1BYN(2B) 2.627(7) 2.620(5)
Ln(1A)—N(7A) 2.548(7) 2.544(4) Ln(1ByN(7B) 2.583(7) 2.564(4)
Ln(1A)—N(8A) 2.634(7) 2.588(5) Ln(1ByN(8B) 2.620(7) 2.600(4)
Ln(1A)—N(13A) 2.594(7) 2.567(5) Ln(1B)N(13B) 2.562(7) 2.547(4)
Ln(1A)—N(14A) 2.620(7) 2.601(4) Ln(1B)N(14B) 2.632(7) 2.620(5)
Ln(2A)—0O(3A) 2.372(6) 2.353(3) Ln(2B)O(3B) 2.395(6) 2.362(4)
Ln(2A)—O(7A) 2.378(7) 2.355(4) Ln(2B)O(7B) 2.398(7) 2.372(4)
Ln(2A)—0O(11A) 2.404(6) 2.366(4) Ln(2B)O(11B) 2.466(6) 2.424(4)
Ln(2A)—N(4A) 2.662(7) 2.632(5) Ln(2BYN(4B) 2.581(8) 2.552(5)
Ln(2A)—N(6A) 2.615(7) 2.580(5) Ln(2BYN(6B) 2.549(7) 2.516(4)
Ln(2A)—N(10A) 2.616(7) 2.608(5) Ln(2B)N(10B) 2.624(7) 2.619(5)
Ln(2A)—N(12A) 2.567(7) 2.543(5) Ln(2B)N(12B) 2.554(7) 2.520(5)
Ln(2A)—N(16A) 2.652(6) 2.622(4) Ln(2B)N(16B) 2.665(6) 2.640(4)
Ln(2A)—N(18A) 2.578(7) 2.556(4) Ln(2B)N(18B) 2.543(7) 2.511(4)
Ln(1A)---Ln(2A) 8.807(3) 8.829(1) Ln(1B)-Ln(2B) 9.044(3) 9.069(1)

a Standard deviations are indicated between parentheses.

Table 4. Average Ln-O and Ln-N Distances (A) in the
[Ln(LC-2H);] (Ln = Eu, Th) Helicates and in Related Compounds

Ln—N
compound benzimidazole pyridine H© ref

[Eu(LY)3]3* 2.60 2.58 16
[Euzn(L")4]5* 2.57 260 238 21
Cs[Eu(L%-2H)g] 253 248 58
[Eu(dota)] 239 57
[Eux(LA)3]®" Eul 2.57 2.60 29

Eu2 2.61 2.60
[Euxy(LC—2H);] EulA 2.62 2.57 2.40 this work

Eu2A 2.64 2.59 2.39

Figure 4. Stereoview of molecule A in [T4L°-2H)3]-20.5H0 (153). EulB 2.63 2.57 2.40
Eu2B 2.62 2.55 2.42

[Tbao(LB)g]6*  Thl 2.56 257 236 30

osB
2N b2 2.59 259  2.36
0s8 [Th(L2-2H)]3" 251 242 59
[Th(teta)] 2.32 56
[Tha(LC—2H);] TblA 2.60 2,55 237 this work
cuis “‘58 Th2A 2.62 256  2.36
Th1B 2.61 254 237
Nt o Tb2B  2.60 252 2.39
( ——— ( ﬂ N7B
benzimidazole moieties of the same ligand strand reveals that
QNMB molecule B is more distorted.
nes A dimetallic helical edifice is characterized by its piteh,
which is the distance necessary for the ligand to achieve & 360
N2B

rotation. The pitch®) in [Lny(LC-2H)3] can be estimated from

the N(py}-Lnl—Ln2—N(py) dihedral angles o) and the
Figure 5. ORTEP representation of the coordination polyhedron around intramolecular intermetallic distance)(according td® = d/(o/
EulB in [Ew(L-2H)g]-20.5H0 (139). 360)%162 since the N(py}Lnl1—Ln2 angles are close to 90

We calculate® = 23.7 (A) and 24.5 A (B) for the Blihelicates
range between 9.6 and 28 @nean value 223 in molecule A andp = 23.8 (A) and 24.7 A (B) for the Tb edifices. The
and between 17.6 and 38.@Gnean value 269 in molecule B. wrapping of the three ligand strands$2H]2~ around the two

A comparable situation holds for the dimetallic'Ttedifices,  |anthanide ions is not too different from what is observed with
with mean values of 22.0 (A) and 23.88). As a comparison, |igands LA and LB, whose helicates have pitches equal to 25.0
these twist angles range between 9.8 and 2fhean value and 24.0 A, respectively.

23) in [Eu(L*)3]°" 2 and between 8.9 and 32.@nean value The degree of distortion of the tricapped trigonal prisms has

22.%) in [Thy(LP)s]**.*° The dihedral angles between the peen investigated quantitatively using a geometric analysis based
benzimidazole groups belonging to two different ligand strands on, the determination of three angles 6i, andw; (Figure 6)17
range between 14.8 and 2(Eu) and between 10.9 and 26.9  The average bending of the upper {y)sénd lower (vi])) tripods

(Th), while the associated contact distances between these planeg measured by the angfebetween the sum vectoRs andR
are larger than 3.95 A, which precludes the existence of sizable
(61) Renaud, F.; Piguet, C.; Bernardinelli, G.; Hopfgartner, Gniu

interstrandr—z stacking interactions similar to those observed ; >=2 - < CommurL999 457.

in [Elll(l-l.)3]3Jr (3-1_3-3 A, mean angle 9711 A closer (62) Renaud, F.; Piguet, C.; Bernardinelli, G.:riili, J.-C. G.; Hopf-
examination of the dihedral angles between the connectedgartner, G.J. Am. Chem. Sod.999 121, 9326.
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R'-R?

Figure 6. Definition of the angles and vectors used in the analysis of

the coordination polyhedra.

Table 5. Geometric Analysis of the Coordination Polyhedra in
[Lna(LC-2H)3]-20.5H0 (Ln = Eu, 13& Th, 158 and in Related

Compounds
meanf meand
vs-RY Vii-R¥Y
compound a/deg d/Ab ¢/deg deg deg ref
[Eu(LY)3]3+ 0 325 1799 510 517 16
[Co(san)][Eu(12-2H);] 23 333 1791 467 474 58
[Euzn(L")3]5* 2.0 3.16 179.0 47.7 480 21
[Eu(L3)3]3* 35 326 178 475 528 60
[Eua(LA)g8"  sitel 3.2 3.22 178.0 515 512 29
site 2 29 324 1790 514 51.6
[Euy(LS—2H) sitelA 3.1 3.16 1786 505 51.2¢
site2A 3.8 3.16 179.6 496 525
sitelB 6.1 3.23 178.0 49.0 50.8
site2B 7.4 323 1784 51.0 49.2
[Th(L2-2H)s]3 54 335 179.2 453 471 59
[Tby(LB)s]*  sited 15 3.15 177.6 475 525 30
site 2 21 3.16 1785 4838 51.6
[Tba(LC-2H)j sitelA 2.9 3.14 1789 506 5lic
site2A 3.1 3.13 179.4 494 52.4
sitelB 6.2 321 178.0 489 50.6
site2B 7.8 3.22 178.0 50.6 49.2

a2 Angle between the facial planes of the distal tripddBistance

between the facial planes of the distal tripoti$his work.

(Ry= Y ,Ln — vs(), Rz = 3 ,Ln — vi(j), and¢ = 180" for
an ideal trigonal prism), while the anglésreflect the flattening
of the coordination polyhedron along the pseu@axis, defined
asR,—R;. Finally, the anglesy; show the deformation of the
distal tripods from the trigonal prism (ideal valué)Q@oward
an octahedron (ideal value 90In both EU' and TH' helicates,
the¢ angles range between 177.6 and 17%&d do not deviate

significantly from the expected value for a perfect trigonal prism, to the metal ions with concomitant change from a transoid to a
indicating a small bending of the two distal tripods. This is cisoid arrangement of the two arms of the ligand, Kethyl
confirmed by the almost parallel arrangement of the facial substituent on the benzimidazole moiety lying now on the
planes, as shown in Table 5 (cf. also Tables S12 and S13,opposite side of the N atom of the pyridine ring, as demonstrated
Supporting Information) for the two investigated helicates and by NOE effects detected between gethyl) and H.

for related compounds; we note, however, that the interplanar

anglea is larger for molecules B (6-17.8°) than for molecules
A (2.9—3.8°). Analysis of thef; angles reported in Table 5 (cf.

also Table S14, Supporting Information) discloses that individual
values do not deviate much from their mean values, which are

in the range 49.452.5 for molecules A and 49:651.C° for
molecules B, with a largest deviation of 3,pointing to slightly
distorted polyhedra. The flattening of the polyhedron along the Chemical and Earth Sciences. Theory and PractiBénzli, J.-C. G.,

pseudoE; axis is somewhat more important in molecules A

than in molecules B, in line with the longer U'n-Ln"" distance
observed in the latter. The anglesbetween projection vectors

Elhabiri et al.

of the two distal tripods (7-413.5°, Table S15, Supporting
Information) are relatively close to the expected value ®f 0
for an ideal trigonal prism.

One of the most important features of the structures is the
presence of an extensive network of 41 water molecules per
asymmetric unit, 23 of them interacting with carboxylate groups
(Figure 7; Table S16, Supporting Information). The carboxylate
groups of sites 1A interact with seven water molecules and those
of sites 2B with six, while sites 1B and 2A also interact with
respectively seven and six molecules, but three of them are
shared and provide a link between one A and two B molecules
in the same unit cell. As a result, the intermolecular LrR2A
Ln1B distance is 15.2 A, as compared to 18.0 A for the LrlA
Ln2B distance. Noticeable differences in the H-bonding inter-
actions appear between molecules A and B. For instance, one
of the carboxylate function of site 1B (O1B) does not interact
with any water molecule, which induces the shortest-h
distance (2.34 A for Eu, 2.31 A for Th). On the other hand, the
carboxylate groups which are the more involved in H-bonding
(O5B, 06B, four H-bonds; O9B, 0O10B, three H-bonds) cor-
respond to the longest b0 distances. Therefore, it appears
that subtle interactions arising from the extensive H-bond
network surrounding the supramolecular edifices are responsible
for the differences observed between molecules A and B, in
particular the longer Ln1BLn2B distances compared to
Ln1A—Ln2A.

Solution Structure of [Lny(LC-2H)3] in D,0O. *H NMR
spectra have been recorded at pD’'s between 7.4 and 8.5,
depending upon the I'hion. The spectra (Table 6) display only
nine signals for the three ligand strands, pointing to a ternary
symmetry. The bridging Cilgroup shows am\; spin system,
which is typical for twoC,-related enantiotopic protons, while
the AB spin system observed for the other methylene group
arises from two symmetrically nonequivalent diastereotopic
protons, leading to the conclusion that the helicates adopt time-
averagedDz; symmetry on the NMR time scaf@ Analysis of
the spectra for the edifices with diamagnetic'Lions (La, Y,

Lu) reveals that the ionic radius contraction does not modify
substantially the overall structure of the helicates. However, the
signal of the ¥ proton is shifted on going from La to YAQ

= +0.47 ppm) and Lu<{0.59 ppm), pointing to some distortion

in the coordination sphere of the metal ions. The large shift
experienced by this proton upon complexatieri(21 ppm for

La) can be traced back to the peculiar conformation of the
diphenylmethylene spacing moiety, which puts’ kh the
shielding zone of the adjacent benzimidazole moiéfickhe
pyridine protons also undergo substantial shifts upon complex-
ation, reflecting the coordination of the N atom of the pyridine

For axial paramagnetic monometallic lanthanide complexes,
finer structural information can be gained from the separation
of contact 6 ) and pseudocontacﬁ‘f) contributions to the
isotropic paramagnetlc shifif®26364 The experimental shift
05 ® for a nucleus in an aX|aI complex of lanthanideis the

(63) Sherry, A. D.; Geraldes, C. F. G. C. Lanthanide Probes in Life,

Choppin, G. R., Eds.; Elsevier Science Publ. B.V.: Amsterdam, 1989.
(64) Bertini, I.; Luchinat, C.NMR of Paramagnetic Molecules in
Biological SystemsThe Benjamin/Cummings Publ. Co. Inc.: Menlo Park,

CA, 1986.
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Figure 7. Water molecules in [Lg{L°-2H)3]-20.5H,0 (Ln = Eu, 13a Tb, 153) interacting with both A and B molecules. Primed numbers indicate
atoms generated by symmetry operations.

Table 6. 'H NMR Shifts (ppm vs TMS) for [La(LC-2H)3] Solutions 102 M in D,O (7.4 < pD < 8.5)

b-CH, CHa (ethyl) CHs (ethyl) 3 4 5 4 6' 7

La 3.46 4.48 1.38 8.16 7.95 7.39 6.24 7.09 7.34

Y 3.45 4.55 1.37 8.19 7.90 7.40 5.77 7.05 7.33

Lu 3.46 4.59 1.37 8.20 7.86 7.38 5.65 7.03 7.32

Ce 2.92 6.14 3.21 10.71 10.23 10.06 —0.53 6.93 7.81

Pr 2.55 7.49 451 13.01 11.86 12.15 —6.02 6.81 8.34

Nd 2.91 6.13 3.06 11.58 10.36 10.36 —6.52 6.91 8.15

Sm 3.30 4.92 1.78 8.63 8.35 7.95 2.65 6.98 7.32

Eu 4.30 2.64 —0.80 3.05 4.80 2.97 221 7.38 6.03

Th —4.07 37.15 27.51 31.71 27.51 23.51 1.49 3.10 7.19

Er 5.42 0.28 —-3.99 2.13 0.43 0.85 43.5 5.85 8.11

m 8.84 —7.69 —14.13 —11.86 -8.14 —13.84 99.02 5.75 10.14

Yb 5.50 0.13 —4.23 1.25 2.20 0.25 46.11 6.94 8.29
sum of three contributions, site, andF; is the contact term at a fixed temperature. On the

6§xp: 6iyjqara+ 6idia+ csjbulk (2) . AI[$ZQ
_ 0 = AyB.T RS 4

oY% cancels out when using an internal reference, éﬁ*?dis 0

obtained by measuring chemical shifts for isostructural diamag-
netic complexe$§*6263we have used [L#LC-2H);] for Ln =
Ce—Nd, [Y2(LC-2H)3] for Sm—Th, and [Lu(LC-2H)3] for Ho—

Yb. The isotropic lanthanide-induced paramagnetic shift (LIS)
is given by eq 3, but the existence of two identical paramagnetic
centers in the homodimetallic helicates B(In®-2H)3] requires
some modifications of the classical equations derived for
monometallic complexe%;54

other hand, pseudocontact contributions resulting from through-

space effects affect paramagnetic shifts for protons which are

significantly remote from the paramagnetic cerffeand the

contributions of both metallic centers must be considered for

the nucleus. Taking into account the geometrical arrangement

shown in Scheme 3, where the metal ion is located at the origin,

and the reasonable hypothésithat the deviation of the axis

of the magnetic susceptibilty tensor from the molecular axis is
opara— 5oxp _ gia — s 4 gpe 3) negligible for lanthanide complexes having at least 3-fold

| i ! i i symmetry, we obtafi?

Since (i) no magnetic coupling occurs at room temperature N

between LH ions lying at distances larger than 4385 and oc 2 kge{1 — 3 cos 6] W&

(i) the aromatic tridentate binding units are separated by o = Sl 167 266G (5)

methylene bridges in € which are poor electronic relays, we n=1T (r) n=

assume that the contact contributioﬁr&result from through-

bond Fermi interactions with a single metallic center and are ke is the crystal field paramete€;' is the anisotropic part of

given by eq 4, whered is the hyperfine coupling constant the axial magnetic susceptibility tensat, and 0 are the

between the electronic spin of the j'i'_nand the magnetic  internal axial coordinates of nucleuwith respect to the ligand

moment of the nucleus By is the applied magnetic induction, ~ field axis of siten, andG! is the pseudocontact term originat-

(5] is the spin expectation value & for a single metallic ing from metaln at a given temperature. For tBg-symmetrical

(65) Costes, J. P.; Dahan, F.; Dupuis, A.; Lagrave, S.; Laurent, J. P.  (66) Kemple, M. D.; Ray, B. D.; Lipkowitz, K. B.; Prendergast, F. G.;
Inorg. Chem.1998 37, 153. Rao, B. N. D.J. Am. Chem. S0d.988 110 8275.
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Scheme 3

C; axis

complexes [La(LC-2H)g], with the two noninteracting para-
magnetic L' ions separated by ca. 9 &g = k& = kcr, and
we can reasonably apprommaﬂé = C2 Ci. The isotropic
paramagnetic shift for the homodlmetalllc helicates J[Lfs-
2H)4] is thus given by the following simplified equation:

(6)

If we assume that$,[] and C; values are the same for the
complexes and the free ions (for which they are tabuldtet),

a multilinear least-squares fit of eq 6 for an isostructural series
of complexes according to Reilley’s meti¥édeads to the
determination of the contact terf and the sum of the two
pseudocontact term&?®* = G! + G2 These calculations
require a correct aSS|gnment of the various resonances. To secur
our assignments, we have used homonud&dr1H} COSY,
{*H—1H} ROESY, and NOEDIF experiments as well as the
program SHIFT ANALYSIS 3.0 developed by Forsbé&fd-he
isostructurality of the complexes can be checked by eqs 7, which
are two linearized forms of eq 6:

opr= o5 — 6" = F 8,1+ (G} + G))C,

para

CJ

para
F + Gglobal C [$ZQ

ESH Bl

We have not used [SHLC-2H);] in our calculation because
the shifts induced by Sthare small and extremely temperature-
dependent. The diastereotopic methylene protons of the ethyl

and = giordl 4 1

)
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Flgure 8. Plots of of*[S,[lvs C/[S[for H* (top) and H' (bottom)
n 102 M [Lna(LE-2H)g in DO at 298 K.

B.352 (Ce-Tb) or 0.002< AF; < 0.20 (Er-Yb), are comparable

to those found for 3d4f helicates [ZnLn(LJ]>", with L = L'
(0.08-0.27¢% or L" (0.07-0.20)2* for [Ln(L2-2H)3]®~ (0.04—
0.27)% or for [Ln(L3)3]3" (0.01—0.49)50 Contact contributions
are negligible for spin delocalization at distances longer than
five chemical bonds, leading to significaR{ values only for
H#, H3, and H (three bonds) and H(four bonds). We could
not determine whether the apparent structural change observed
between Tb and Er is gradual or not since the nuclear relaxation
induced by DY and Hd' leads to broad signals and prevents
a clear-cut assignment of the resonances. The [Brgalues
calculated for the B} H4, and H protons in both structural series
point to an important spin density delocalization onto the

substituent have also been excluded because a reliable assigrpyridine ring, as demonstrated previously for [LnZnfE}, with

ment is not possible for aAB spin systent? Plots according

L =L'(0.34, 0.18, 0.34) or L" (0.35, 0.17, 0.225* The F;

to egs 7 tend to demonstrate that the helicates with the heaviervalue obtained for F is much larger than the ones observed
Ln"" jons are not isostructural with the edifices containing the for the ZnLn helicates, suggesting a larger spin delocalization
lighter ions (Figure 8; Figure F4, Supporting Information): a onto the distal benzimidazole moieties in KIn®-2H),].

first isostructural series encompasses—Tb, while Er~Yb
gives another straight line. Care must, however, be exercised
in interpreting such data since a shortening of the-ligand
distance upon increasing or a change in the nonaxial

The pseudocontact terms dependdandd;’ (n = 1, 2) and
are difficult to interpret because they reflect the sum of two
dipolar terms (egs 5 and 6). However, th) (3 dependence
limits the contribution of the second metallic site fof i We

contribution, or both, could also explain some break in the linear estimate from the X-ray crystal structure of JALC-2H);] that
correlation. Computed values &f, G*", and the agreement  the absolute ratios2(H)/G{(H') (i = 3—5) are small and
factorsAF, andAF; (egs 8) are given in Table 7, Whitifj and amount to 0.18:0.23, thus leading to the rough approximation
oF° data are listed in Table S17 (Supporting Information). The thatG(H') &~ GI°*3(H) for these protons (Table S17, Support-
ing Information). According to eq 53Y(H') will be therefore
AF, = [z(aﬁ‘Xp— (Si‘J?a')z/Z(aﬁXp)z]l’z and close to 0 wherd! tends to 54.7, and we note thaBGl(H35)
] have significant negative values, in agreement with their
AF, = [z(éem 653')2/2(6;?’(")2]“2 (8) approximate perpendicular orientation with respect to @ge
I

(67) Golding, R.; Halton, M. PAust. J. Chem1972 25, 2577.
(68) Reilley, C. N.; Good, B. W.; Desreux, J. Anal. Chem1975 47,

agreement factors calculated for both series, 0.82BF < 2110.



Lanthanide Helicates Self-Assembled in Water J. Am. Chem. Soc., Vol. 121, No. 4610999

Table 7. Computed Values for Contackj and Pseudocontaotiﬁ"’bab Terms and Agreement FactoA$; and AF; for *H Nuclei in
[Lny(LC-2H)s] Solutions 102 M in D,O (7.4 < pD < 8.5}

H¥ He H” H3 H4 H5 b-CH;
Ce-Th
Hilldeg 139.85 127.25 120 100.60 88.18 75.49 124.68
rillA 3.90 7.27 6.82 5.55 6.27 5.42 6.53
Hf/deg 23.38 52.72 47.59 34.96 34.80 27.27 46.52
rf/A 6.35 7.27 8.00 9.50 10.96 11.43 7.40
Fib -1.7(2) 0.011(2) 0.13(1) 0.32(4) 0.21(4) 0.36(5) —0.02(1)
Gg'oba' b 0.76(7) 0.032(8) —0.05(3) —0.38(3) -0.32(1) —0.35(2) 0.086(4)
AFP 0.352 0.063 0.038 0.025 0.039 0.083 0.107
Fc 1.193 0 0 0.268 0.229 0.282 0
Gg'oba' c 2.348 0.066 —0.009 —0.531 —-0.411 —0.528 0.118
AF¢ 0.000 0.033 0.137 0.000 0.000 0.000 0.020
Er—Yb

F2 1.99(2) 0.07(5) 0.07(3) —0.47(2) —0.15(3) —0.46(2) —0.11(4)
G?'Dba' b 2.07(4) —0.004(9) 0.058(9) —0.41(6) —0.30(4) —0.42(7) 0.11(1)
AFP 0.0015 0.037 0.081 0.198 0.178 0.190 0.055
Fic 0.366 0 0 —0.386 —0.244 —0.388 0
G?'Oba' c 1.645 0.046 —0.007 -0.360 —0.288 —0.370 0.083
AF¢ 0.000 0.068 0.084 0.000 0.000 0.000 0.086

Ce Pr Nd Eu Th Er Tm Yb
AFP 0.0174 0.0522 0.0822 0.2091 0.1274 0.0055 0.0365 0.0291
AFR¢ 0.0120 0.0071 0.0041 0.0038 0.0058 0.0007 0.0001 0.0001

2 Axial coordinates and6!" are tabulated from the X-ray structure of the Eu helica#ccording to Reilley’s methodt According to Kemple’s
method.

axis (75.8 < 63_5 < 100.6 in the crystal structure of [Eu
(LC-2H)3]). The absolutés(H3~5) values tend to be larger for
the ErYb series than for the lighter l'hions, in line with a
more compact arrangement and a probable elongation of the
helix along theC; axis. For ¥, Hf, and H', the expected
absoluteG3(H)/GY(H') ratios are close to 1.0 (0.472.01), which T
precludes a simple access to structural parameters.
Photophysical Properties of the Ligand.In methanol, ligand
LC displays three main absorption bands around 47 540, 40 000,
and 31 670 cm!, which compare well with the absorptions
reported for B in acetonitrilé® (Table S18, Figure F5, Sup-
porting Information). The high-energy band is the more intense,
is blue-shifted with respect to the corresponding transition for
LB (43 670 cntl), and is assigned to the—a*(C=0) transi-
tion. The second and third absorptions arise from the pyridine
and benzimidazole moieties (41 322 and 32 200%for LB).30
The absorption spectrum is not altered much whénis
dissolved in water at pH= 10.5, where [[€-2H]?~ is the main
species. Upon excitation into the lowest enengys* transition, 400 500 600 700 400 500 600 700
a strong emission from therz* state is observed at 26 828 ”m nm
cm~1 for the solution of I€ in methanol (Figure 9), while the Figure 9. Emission s~pectra. (Left) Aqueous solutions of k1105
emission is less intense in water (25 336 émQuantum yield M (L9)?*" (pH 2710'5"’% = 32570 cm?) and 4x 10_61'\" [Lno(LS
determination (Table 8) yielded a value @ = 18.6% in  2H)l (5 x 107" Mfor Tb, pH~ 7, ee = 30120 cnT’) at 295 K.

. : (Right) Frozen solutions in MeOH (18-10% M, 77 K), Vexe= 32 260
0,
methanol and 5.5% in water (pH 7), the latter value being (ligand) and 30 300 cmt (complexes), phosphorescence mode with

practica]ly pH-independent between 6.8 and. 12..1 (Figure F6, jime delay of 8 (I, 20 (La), 1 (Eu) 0.02 (Tb), and 10 (Lu) ms. Vertical
Supporting Information). The lower quantum yield in water may scale: arbitrary units.

be related to strong water interaction with the carboxylic groups ) ) _

of LS, leading to large collisional deactivation upon exchange 10 aring breathing mode (1450 ctin the fundamental state).
between bulk water and H-bound water molecules. It is The close proximity of thézs* and 'zzr* states (ca. 2200 cn
noteworthy that no triplet-state emission is evidenced at room in the solid state) is usually not favorable for a good yield of
temperature. In the solid state, the fluorescence band originatingthe intersystem crossing,but on the other hand, thézz*
from the singlet state is shifted 4000 chtoward lower energy ~lifetime was determined to be 72610 ms, a value considerably
(22 745 cm! at 77 K) compared to the solution in methanol, longer than the lifetimes measured fof land L® (4.4 and

L

Eu

L.

L

(CEE
e s

while a distinct, well-structured emission band from #her* 4.2°ms, respectively) and favorable for an efficient ligand-to-
state is seen at 10 K (Figure F7, Supporting Information). The metal energy transfer.
0-phonon transition is located at 20 580 Tmand the vibra- (69) Forsberg, J. H.; Delaney, R. M.; Zhao, Q.; Harakas, G.; Chandran,

tional progression amounts to 133080 cnT?, corresponding R. Inorg. Chem.1995 34, 3705.
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Table 8. Absolute Quantum Yield of the Ligand-Centered for the purpose of investigating the coordination environment
Fluorescence in [LL =-2H)s]-nH0 Measured with Respect to 3 around the luminescent ion and analyzing the energy migration
10> M Quinine Sulfate in 0.05 M k5Q pathways. The excitation spectrum of ALC-2H);] (13) at 10
. €(Vexd/ K produces a broad and intense band with a maximum at 27 250

compd solvent M Fedem™ M7tem® Q°° cmL, corresponding to excitation to the lowédstz* ligand
LC MeOH 7.7x 107 31546 56104 0.186 state, in addition to weak and sharp bands reflecting direct metal
La(7) MeOH 39x 107 30488 90541 0.393 excitation to the®D; levels ¢ = 0, 1, and 2). The emission
Sd (13) MeOH 3.9x 105 80211 94649 0022 spectrum obtained upon excitation through ligand level (Figure

u@4) MeOH 2.2x10°% 30303 98 045 0.0015 . . . .
Thb (15 MeOH 25% 106 30211 97408 00015 9 Figure F8 and Table S20, Supporting Information) is
Lu(19) MeOH 39x 106 30120 90141 0.382 characteristic of Eli rigid environments close i3 symmetry?®
L H,O,pH=7"> 85x 107 31546 44590 0.055 The®Dg—7"F, transition appears at 17 221 chwith a shoulder
La(7) HO,pH=6.8 50x107 30303 91400 0.30 at 17 230 cm?, a finding confirmed by the high-resolution laser-

Gd (13) H0,pH=6.8 3.9x 10% 30211 91865 0.0093 . o 7 . .
Eu(l4) H.0 pH=68 51x 107 30303 86078 excited excitation spectrum of tH®y—"F, transition, which

Tb (15) H.0,pH=6.8 5.5x 107 30120 98 142 0.0005 reveals two Sharp Components atl7 223@:(8|te l, full width
Lu(19 H.0,pH=6.8 4.2x 106 30120 97962 0.289 at half-height, fwhh= 3.3 cntt) and 17 229 cm! (site Il, fwhh
_ gt . ; .
a Average of at least two determinations using different excitation 511 gnT ) (Figure F9, Supporting Informatlon). Sglegﬂve laser
energy for quinine sulfate: 31 645 chn(e = 8960 M-cmY) and ex.cnatlon on these two compoqents yields very similar spectra
28985 cm! (¢ = 10598 Ml-cm%). Estimated error;£10%.° The (Figures F8 and F10, Supporting Information), preventing a

quantum yield is independent of pH between 6.8 and 12Tbo weak population analysis based on thgy—7F; transition’! The Eu-
to be measured. (5Dy) lifetimes of sites | and Il are long, 2.68 0.01 and 2.4%
) ) 0.01 ms, respectively, and preclude the presence of a water
Upon complexation, the—x*(C=0) band shifts 1500 crit molecule in the inner coordination sphere. They are almost

to higher energy with respect to #2HJ?", while the lower  temperature-independent between 10 and 295 K, pointing to
energyr—z* transition undergoes a red shift of approximately yigig environments for Ett. Both the variation in lifetime and
the same magnitude with, in addition, the appearance of a secongpe sjight crystal field splitting changes observed between sites
shoulder on its high-energy side (Figure F5, Supporting | angd || point to second-sphere effects that we assign to
Information). The emission from ther7* state of the ligand is  jnteraction of water molecules with the ligand strands via
only slightly shifted to lower energy and is visible for all the  y_honding, thus distorting the general coordination sphere of
nonluminescent lanthanide ions and, very faintly, fot'Eand the EU' ion, as observed in [E(LA)s]®*.2° From the spectra
Tb”'3(F|9ure 9). Th!s is not the case for the luminescence of ¢ [Eus(LC-2H):] at 10 K, the two components of the transition
the Sz state, which disappears completely for these two 4 the 7F,(E) level are calculated to be 70 (site 1) and 56 (site
helicates, indicating sensitization of the metal ions véaa*- Il) cm~1 apart (Table 11). The spacing of the E doublet reflects
- )
to-metal energy transfer. The 0-phonon transition of e the amount of distortion with respect to the idealized sym-
emission s?mewhat shifts to lower energy, from 21 050 (La) to metry72 and the distortion in the helicates witlf lappears to
20 660 cm™ (Gd, Lu), as a consequence of the greater charge pe more important than that for the corresponding edifices with
density exhibited by the heavier ions over'Land resulting in LA29 and LB.3° On the other hand. the metal ion is better
stronger Ln-X bonds, while the lifetime is considerably protected against nonradiative de-excitation, the lifetime being
reduced, to 246- 2, 181+ 6, and 7.3+ 0.1 ms for La, LU, |onger, ca. 2.5 versus ca. 2 ms. The overall shape of the emission
and Gd, respectwely. The _ Ilgand-cerlnered flllljore_scence IS spectra of [(LAodE o) (LE-2H)s] (Ln = La, 20; Lu, 21) remains
somewhat enhanced in solutions of thé!Land LU" helicates similar with respect to the that of pure homodinuclear helicate

in hmethanol compared with that of the freel Iiga_nd. _T,hi,?, 13 (Figure F11, Supporting Information). Detailed examination
en qncement may be un.derstood because comp exatlon rigidifies,¢ e crystal field splittings displays, however, some differences.
the ligand, which Ioseg !ntern_al de_grees of fr_eed_om with, 8s a g = La, the two different sites yield spectra similar to

consequence, less efficient vibrational deactivation processes, < of the Eu helicate. while the emission spectrum of the Lu

!n water, the effet::t ofSC;)rIT:jplexatiorr: i;‘Sr(;ore gré'sl?:rg/at]jc, %#SL edifice reflects a local symmetry closer to the idealiZegd
Increases more than 5-fold to reac oan o for ¢ a symmetry. This finding is compatible with the differences in

and LU" helicates. The Gt helicate behaves quite differently, yno so1ution structures unraveled by NMR spectroscopy. The
with a large decrease in the ligand-centered fluorescence bothIifetimes of the®Dy excited state, measured under broad-band
in methanol and water. Since other data do not reveal aStr“Cturalexcitation through the ligand Ie\’/els are identical at 10 K for
change for the GH helicate between solid state and solution, both the LA and LU" helicates. 3 03;: 0.07 ms, and they are
the observed quenching of the ligand-centered emission and thqOnger compared to the Iifetimé récordéd for trlle pure homodi-
shortening of théxz* lifetime must arise from interaction with metallic EU' helicate (2.67+ 0.04 ms). Their temperature

7 X i
the paramagnet|(§(— f2) electronic structure of .the GU.'OD’ dependence is nevertheless different, leading to a value of 2.72
as has been pointed out for other compleké&snally, it is +0.01 ms for La at 295 K compared to 2.430.02 ms for Lu
noteworthy that somézz* fluorescence is observed for both and. 243+ 0.01 ms for the homodimet-allic. edifice. These

1l Il i inti i . . .
ﬁhe*Ei ‘3nd5 TW! helicates, pomtmg to an incomplete differences reflect varying contributions of the nonradiative
=D, energy transfer; the remaining fluorescence oo, citation processes and shorter-Dhdistances favoring
is, however, quite weak, about 0.2% of ther* emission of larger coupling with vibrational functions

the EJ" and TB" helicates in methanol. In water, this share is i )
Metal-Centered Luminescence in [TB(L ©-2H)3] (15) and

even smaller, about 0.1% for ''b while it almost completel LN .
vanishes for E\l. ’ b pietely [(EuTb)(L ©-2H)3] (22). The weak emission spectrum arising

Metal-Centered Luminescence of [Eu(L S-2H)3] (13) and from the TH' centers of helicat&5is dominated by théDs—'Fs

C_ — . i i
[(Ln 1'96E7u0'04)(|' 2H) .(Ln . La, 20; Lu, 21) in the Solid (70) Steemers, F. J.; Verboom, W.; Reinhoudt, D. N.; Vandertol, E. B.;
State. Since the Eu helicate is strongly luminescent, we have yernoeven, J. WI. Am. Chem. Sod.995 117, 9408.
examined its properties in the solid state at 295, 77, and 10 K (71) Verwey, J. W. M.; Blasse, GChem. Mater199Q 2, 458.
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transition, and the lifetime of théD4(Th) state follows a
somewhat unusual pattern, increasing from H90.03 ms at
10 K to 2.10+ 0.02 ms at 100 K and then sharply decreasing
to 50us at 270 K (room-temperature luminescence is too faint
for allowing the determination af). This is characteristic of a
complex in which a TH— L€ energy back-transfer occurs as
a result of the low energy of the ligantrz* state (cf. the
component at 16 560 criin the ligand-centered phosphores-
cence spectrum of [G(LC-2H);]) compared to the energy of
the 5D4(Th) state (18 380 cm¥). The lifetime decay for [Tk
(LC-2H)3)) is exponential with respect to the temperature, and
an Arrhenius type analysis(Figure F12, Supporting Informa-
tion) yields an activation energy of 122625 cn1l, indicating

a back-transfer assisted by ligand vibrations. The [(EuTb)(L
2H)3] compound, which consists of a mixture of the two
homodimetallic helicates and of the heterodimetallic edifice,
displays both E¥i and TB' luminescence below 150 K and
Eu" luminescence only above this temperature. ThelBg)(
lifetime is identical with that measured for the homodimetallic
helicate 13, while the TbfD,) lifetime is shorter than that in
[Tba(LC-2H)3], 1.78 & 0.09 vs 2.12+ 0.02 ms at 77 K,
reflecting a TH'-to-EU" energy transfer. Due to the weak
luminescence of the Thion, we could not separate the lifetime
of the luminescence arising from the homodimetallic helicate
from that of the heterodimetallic edifice, except at 120 K, where

J. Am. Chem. Soc., Vol. 121, No. 4610999

q=1.05(;0 — ko 0) (with kinms™)  (10)

we find 0.19< g < 0.21. If we use the correction proposed by
Parker, who takes into account the second-sphere contribution
of closely diffusing OH oscillators by subtracting somewhat
empirically 0.25 ms? to Ak, g vanishes, which proves that the
Eu" ions are completely protected from direct water interaction,
even at high dilution, and points to a good "Egontaining
luminescent probe. The quantum vyield of the metal-centered
luminescence upon ligand excitation amounts to 1.34%=<pH
6.9) for Eu and 0.20% for Tb (pH 7.3; Table S21, Supporting
Information). A plot of the intensity of theDy—'F, transition
versus the concentration of the Eu helicate shows a detection
limit around 10° M in H,O (Figure F13, Supporting Informa-
tion) and 10! M in D,0.

Discussion

Self-Assembly Process and Solid-State StructureThe
ditopic dicarboxylic ligand E has been coded for the coordina-
tion of two nine-coordinate lanthanide ions in tricapped trigonal
prismatic environments. The methylene bridge allows the two
tridentate compartments of the ligand to adopt a twisted
conformation, leading to the formation of triple-stranded dime-
tallic helicates in which the trivalent lanthanide ions are tightly

the luminescence decay can be analyzed in terms of a biexpo{,ound. Spectroscopic data show that strict self-assembly takes

nential function with lifetimes equal to 1.38 0.01 (homodi-
metallic edifice) and 0.25: 0.01 ms (heterodimetallic helicate).
At this temperature, the yield of the Th-to-Eu energy transfer,
which is equal to (1- 7/to), wherety is the lifetime without

place in water, leading to the formation of 18 ieion and ion—
dipole bonds with concomitant desolvation of the'Lions.
One remarkable feature is that the large hydration energy of
the trivalent lanthanide ions is more than overcome by the

acceptor, amounts to 82%. Assuming that the energy-transferthermodynamic contribution of the self-assembly process,

mechanism is of dipoledipole naturé,an estimation ofo, the
distance for which the energy transfer yield amounts to 50%,
yieldsro = 11.5 A, a value comparable to that calculated for
[EuTb(LA)3]* (10.4 A)2°

n=1—1tty=[1+ (rpalro)¥ " (9)

Metal-Centered Luminescence of [Eg(L ©-2H)3] in Solu-
tion. Upon ligand excitation, solutions of 8 1074 M 13 in
H,O and DO display identical intense emission spectra, the
overall shapes of which are similar to the emission spectrum
of the solid sample (Figure F8, Supporting Information). The
5Dy—"Fy transition occurs as a single symmetrical and broad
band at 17 232 cri (fwhh = 15 cn11). The emission bands
are relatively broad, which offsets crystal field splittings, and
therefore the emitting species appears to be more symmetrica
than in the solid state. In particular, thBg—"F; and®Dg—"F,
transitions display only two components, while four components
are observed foPDg—"F4, in perfect agreement with th@s;
symmetry reflected in the NMR spectra. THgy lifetime is as
long as that in the solid state, 2.430.02 ms in HO, a value
which increases slightly to 2.58 0.02 ms upon dilution to 3
x 1078 M. It is noteworthy that no dissociation occurs at this
concentration, as exemplified by the relative intensities of the
5Dg—7F; transitions, which remain constant compared to those
of the 3x 107* M solution. For a 108 M solution in D,O, the
lifetime amounts to 4.66: 0.02 ms and does not vary upon
dilution to 101°M. Using Horrock’s equation for the calculation
of the number of coordinated water moleculés,

(72) Binzli, J.-C. G.; Piguet, C. IrSyntheses and Methodologies in
Inorganic ChemistryDaolio, S., Tondello, E., Vigato, P. A., Eds.; Universita
degli Studi di Padova: Padova, Italy, 1996.

resulting in very stable edifices.

From the available crystal data on the Eu and Tb helicates,
we see that the wrapping of the three ligand strands in-[Ln
(LC-2H)3] is mainly governed by iorrdipole interactions, since
aromatict—sr interactions seemingly play no role in these
edifices, as already noted for both the homodimetallic edifices
with LA 29 and LB 30 and the heterodimetallic triple-stranded
helicate [Euzn(L')3]>".21 The rigid benzimidazole and pyridine
moieties of the ditopic ligandsA, LB, and L prevent them
from folding too tightly, resulting in dimetallic triple-stranded
helicates with relatively long and similar pitches (225 A).

The carboxylate end groups of ligan& are firmly bound to

the metal ion, precluding any direct interaction with water
molecules, both in the solid state and in solution. The introduc-
tion of two different types of donor atoms in the coordination
Ipolyhedra of the metal ions in the helicates with and L€
introduces more distortion from the idealiz&g, symmetry,
compared with [Ep(LA)3]%+,2° the distortion increasing further

on going from the helicates with®.to the edifices with E.

Part of the distortion is traceable to the large number of second-
sphere interactions occurring in [k(h ©-2H);] through H-bonds
with water molecules. However, the chemical environment
around the EY ions in [Lmp(L©-2H)3] remains sufficiently close

to a trigonal symmetry to be reflected in the crystal-field
splitting, as evidenced in the metal-centered luminescence
spectra. As far as the solid-state structure is concerned, the
general arrangement is maintained along the lanthanide series,
but emission spectra of Eu-doped helicates point to some
differences between La and Eu on one side and Lu on the other
side. The decrease in the ionic radius on going fro tta

Lu" induces a stronger LaX interaction, which attracts the
carboxylate group closer to the metal ion and which, as a
consequence, causes the ligand strands to unwrap somewhat.
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The X-ray structure of the [YHLC-2H)s] helicate substantiates 1
this reasoning. The monoclinic crystals were not of sufficient -
quality, but reliable data could be obtained for the-¥¥b T
distance and for the Yb coordination polyhedra. The crystal-

lographic space group R2;/c, and the overall structure is very ~ As both remaining contributions depend q?F, the use of a

_4 Vi#gff 17iten HS{ 6r,

38 5 3kmA0\1+ 0¥

r

(12)

similar to those determined for Buand TB', with two distinct nucleus sufficiently remote from the paramagnetic center as an
types of molecules and extensive second-sphere interactions withinternal referencé reduces eq 12 to its simplest form, corrected
water molecules. With respect to the'Enelicate, the metal for diamagnetisn? in which K and k™ are the longitudinal

metal distance increases by 0-:2630 A (molecules A, 9.11  relaxation rates measured for the nucleirsthe paramagnetic
A; molecules B, 9.32 A); the LAN(py) and Ln-N(bz) mean complex and its diamagnetic analogue, respectively, raml
distances are the same, 2.57 and 2.64 A, respectively, but thehe Ln—nucleusi distance:
mean Lr-O distance sustains a sizable reduction from 2.40 (Eu) ,
to 2.35 A (Yb). KO — iy \6

Solution- versus Solid-State Structure of the [La(L ©-2H)3] k}ot _ kidia - Tef (13)
Helicates.According to Kemple et af® substitution of Bleaney’s

coefficients ¢’* by a direct determination of the magnetic For the dimetallic complex [LLC-2H)j], each nucleus
susceptibility ten§or will improve considerably the separation undergoes the sum of two dipolar paramagnetic contributions
of contact and dipolar contributions to the LIS. To calculate {4 thejr |ongitudinal relaxation rate. So that the total relaxa-

. : . n
the latter, we have determined the a?<|al poordmaﬁmd 6; tion ratek™ is given by eq 14, in which' are the LA—nucleus
(n =1, 2; Scheme 3) of the protons*HH®, H”, H3, H,* H5,

i ) i distanceP is a constant depending on the magnetic properties
and b-CH from the X-ray structure of the _Egshellcate, USING  of the paramagnetic complex and on external conditighs (
Fhe Eu—_Eu 3-fold axis as the magnetEaX|§. Ds symmetry Hg) and k,-dia is the diamagnetic contribution obtained for jta

is obtained by averaging the axial coordinates of symmetry- (LC-2H)g]:

related protons. The experimental isotropic lanthanide-induced

shifts for these protons have been fitted to eq 11, which takes (8 + (r3)°

into account the contribution of both metallic centers to the ot — gdia— (parg = parg  —p|2 12 17| (qg
(k1 sitel (k1 site2 16,26 ( )

pseudocontact shifts with five parameters for eacH lion: (FX(D)

the experimental axial anisotropic susceptibility paramexézr
and fourag contributions for K, H375 (7 x 5 fit).66 The consideration of an internal reference leads to eq 15, which
replaces eq 13 for dimetallic lanthanide complexes.

- 1 - 2 .
6iylyara: ‘SXJZ 1-3cos 4 + 1-3co¢ b + Z 55 tgtf B k?é?: (rrlef)6 + (rrzef)6 (ril)e(riz)6 (15)
v’ U K=K\ D+ 0D° )02’
(11)

Taking ther]" distances observed in the crystal structure of

C. . ' .
This mathematical treatment results in agreement factors quite[EUZ(L 2':)3] 20'5|HZ(|) (Tal::]le 7) and Has an mteirnal tztefer
lower than the factors calculated with Reilley’s method (Table ENCe, We have calculated the expected raifdh-{ kie/(* —
7; Tables S23 and S24, Supporting Information). For the seriesk)- The differences between the two approaches (eqs 13 and
Ce-Tb, the F; and G values calculated frons® and o7 15) are minor for protons 1 H*, H5, and H' (<2.5%) because

y i i ij

1 2 - ; TR
and egs 4 and 5 are in qualitative good agreement with those; andr; are suff|C|e_ntIy dlffe_rent and the_ contribution of one
extracted previously, except for“H which is close to the paramagnetic metal ion dominates. Equation 13 can be thus used

i idi (= 33—
paramagnetic center and whosé"’@' terms are extremely to extract the approximate bH' distancesi(= 3—5) collected

sensitive to small structural variations. We conclude that{Eu in Table 9 (see also Table S25, Supporting Information). For

4 " 1 2
(LC-2H)3]-20.5H:0 is a good structural model for these helicates HE, H”, and b-CH, rj andr; are comparable, eq 15 holds, and
in solution. For the ErYb series. thec?® values are also  N° Straightforward estimation of the k' distances is avail-
: , :

similar to those determined using Reilley’s method, pointing able. On the other hand, the comparison of the experimental

tot __ di tot _ di : : :
to only minor structural changes between the two isostructural [(ket k?e?)/ (k )exp ratios obtained from the relaxation

series. This statement is confirmed by the good match observedeéasurements with that calculated from t.he X-ray crystal
between the theoretical; values of the Bleaney's coefficient structure of the Efi helicate shows a satisfying concordance

1l 1l | 1 i E‘(‘ C .
and the experimental axial component of the anisotropic fzoor 5Céo"_3'4 ,andde: ' hfncf coréflrlm:_Tg that [ th 'Z.H)e.’%. i
susceptibility €;*) obtained for the helicates [l(i-2H) SHO is a good structural model. However, the significan

along the complete lanthanide series (Table S22, Supportin deviations obtained for Hand H" in the YB'" helicate point to
Infor?‘nation) T%e effects of the paramaanetic ce,nterpgn thega somewhat different structure for this edifice, in complete
NMR Iongitﬁdinal () relaxation p?ocessegs are accounted for agreement with the observation of two isostructural series in

1 . 1l . . g
by the Solomor BloembergerMorgan equatior76 which solution for large and small 'h and with the partial solid

is reduced to dipolar and Curie spin contributions for lanthanide state structural data obtained for thefhelicate, showing a
P pin cor o slight lengthening of the metaimetal distance compared to
complexes because contact contributions are negligible:

those in the EYl and TB' helicates.
Photophysical Properties.The experimental energy of the

(73) Kleinerman, M.; Choi, S.-lJ. Chem. Phys1968 49, 3901.

(74) Bleaney, BJ. Magn. Reson1972 8, 91. 5Do—"Fy transition may be rationalized using the phenomeno-
(75) Luchinat, CAcc. Chem. Red.998 31, 351. logical relationship proposed by Frey and Horroéksyho
(76) Aime, S.; Botta, M.; Parker, D.; Williams, J. A. @. Chem. Soc.,

Dalton Trans.1995 2259. (78) Frey, S. T.; Horrocks, W. deW., dJnorg. Chim. Actal995 229,

(77) Brink, J. M.; Rose, R. A.; Holz, R. @norg. Chem1996 35, 2878. 383.
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Table 9. Ln—H Distances in 162 M [Ln,(L°-2H)s] Solutions in A, which induces a more effective nonradiative de-excitation.
D20 (7.4 < pD < 8.5) Calculated from Corrected Experimental Second-sphere hydrogen-bonded water molecules have, indeed
Relaxation TimesTy) Using Eq 13 and Normalized fo the Et° been shown to contribute to the rate constantfdr depopula-

Distancé : .
. . tion of the®Dg excited staté&?
Ln He H” b-CH, H3 H4 HS o -
Several criteria have been tested recently for predicting the
Ce T11/ ms 1235 1212 8867 356?%60 %22867 4511452.6 effectiveness of the antenna effect in'Ewand TB'-containing
Pr ;lllléns 6207 589.6 3903 1635 3958 1931 edifices. From their work on sensitizer-modified calix[4]arenes,
YA 527 611 542 Reinhoudt and co-workers concluded that the 0-phonon band
Nd  TyJms 5504 4815 373.3 1822 2905 1659 Of the ligand triplet state must be 3500 chabove the Ln
rYA 551 6.07 5.42 excited state to ensure efficient energy transfer. The same
Yb  Tiyms 369.9 3426 187.3 932 1980 87.1  authors also point to the fact that ther* —3zz* intersystem
riA 548 621 542 crossing is maximized when the energy difference between these
(EF;JX) ri/A 727 682 653 555 627 542  states amount to ca. 5000 chi®In another investigation, Latva
Ce  [(K%— ki 208 293 202 087 223 1 et al® have determined the luminescence quantum yields of
(K;OF’_ Kgis)f]gx 41 Eu and Th chglates as a fupctlon of the energy of%ime.k .
Pro (K% — K33y P 305 321 213 085 205 1 O-phonc_)n transition o_f _the I_|gand and reached_ a S|m_|lar
(K= K9, conclusion, the best eff|C|.e.ncy'|n energy transfer being obtained
Nd (K2 — ki 333 290 225 110 197 1 when the 0-phonon transition lies around 21 6@2 000 cnt?,
K= K™, On the other hand, efficient back-transfer takes place it-Tb
Yb o[k — Ky 424 393 215 107 277 1 containing compounds wheAE(Czz*—5D,) < 1850 cnrl.
(K = K™)12yp Finally, we have recently shown that the LMCT state plays a
Bu (K% — KLy 295 291 210 112 235 1 crucial role in deactivating the Eu-centered luminescence in the
(RX) (e~ ity triple-helical complex [Eu(B)s]3+.20 Comparing the Eti and
aH* has been excluded because of its large relaxation rate. Tb'" sensitization in the three series of dimetallic helicates with
b According to eqn 15 with Flas an internal reference, see text. LA, LB, and LC using these criteria leads to the following

considerations. The 0-phonon transition of the lig&ma* state
showed that a correlation exists between the energy of-tite 0 (as measured at 77 K on the Gd complexes) lies at 19 880 (L
transition, that is, the position of tH#®, level, and parameters 2 930 (L8), and 20 660 (€) cm L, resulting inLz* —3z7*
describing tr_\e abilityo of coordinating atoms to produce a energy differences of respectively 6090, 4510, and 4570icm
nephelauxetic effect: that is, for the last two data, somewhat small for an efficient
- . intersystem crossing. This is probably the reason a faint
7 = 7= Cen) N6, (16)  emission is still visible in the [L{LC-2H)s] (Ln = Eu, Tb)

' helicates. TheAE(3w* —5Dg) energy differences amount to
whereCey is a coefficient depending upon the'Eaoordination 2650 (L), 3700 (L%), and 3430 (E) cm™*, while the AE(7zr* —
number (1.0 for CN= 9), n the number of atoms of tydgeand ~ °D4) 9ap is either negative (1) or smaller than 500 crit (L%,

o = 17 374 cm! at 295 K. Usingdoocr = —17.2 (ref 78) LC). This easily explains the absence*[Lor the very poor
and the nephelauxetic parameter deduced from our previoussensitizaﬁon of TH in the three helicates. The quantum y|e|ds
studies on heterocyclic iminedy—c = —15.3, we predict = of the Eu-centered luminescence amounts t0>6.507° (LA,
17 231 cmt%, in very good agreement with the measured value MeCN), 3.5x 1072 (LB, MeCN), and 1.3x 1072 (LS, H.0).
of 17 229 cm! for the main component of the-@ transition The first figure cannot be simply rationalized from the data
at 295 K. We also note that the values found for [{bEuo.00)- calculated above, and, in view of the similarity of the'"Eu
(LS-2H)3] (Ln = La, Lu) closely match the calculated energy. €environments in [Ex(L*)3]%* and [Eu(L})s]®", it is reasonable
According to the low-temperature (185 K) molecular X-ray to invoke a low-lying LMCT state to explain the extremely poor
structure determined fdr3a, there are two types of molecules, luminescence efficiency of the dimetallic helicate with.1°
A and B, and four different metal ion sites. At low temperatures, This is substantiated by the fact that &z lifetime in [Eu,-
we find two slightly different metal ion environments (sites | (L*)3]%" is temperature-dependent, while it is not in the edifices
and 11), so that two (or more) of the four Busites apparently ~ with LB and L®, suggesting a blue shift of the LMCT state in
display almost identical photophysical properties. Assignment the latter two compounds. The 4-fold increase in the quantum
of these sites can be made by considering the detailed chemicayield of [Eu(L-2H)3] (in water) over [Eu(LB)3]®" (in aceto-
environment of the four Eliions. The mean EuX (X = O, nitrile) cannot be explained by the above-mentioned criteria,
N) distances differ only marginally for the four metal ion sites since both théwa* —3z7* and 3zz*—5Dg energy differences
(Table 4), which explains the very similar total ligand field are comparable for both edifices. This points to the difficulty
splitting of “F; for both sites | and Il. Analysis of the in predicting antenna effects in Ln-containing materials, mainly
coordination polyhedra and of the general arrangement of thedue to the fact that interacting electronic levels have very
ligand strands shows molecules B being more distorted thandifferent widths, the liganézz* and 3zz* states extending over
molecules A, with a different arrangement of the ligand strands, several thousands of crh while Ln'" levels span only a few
and from this point of view, assignment of site |, which displays tens of cnl. Therefore, a very slight shift in the ligarfetz*
a larger distortion from the idealizeld; symmetry compared  level and/or a slight difference in the respective intensity of its
to site Il, to molecules B seems reasonable. The lengthening ofvibronic components can substantially affect the overlap integral
the®Dy lifetime of EU" ions in site | by ca. 8% over the lifetime
recorded for ions in site Il can be explained by inspecting the  (79) Beeby, A.; Clarkson, I. M.; Dickins, R. S.; Faulkner, S.; Parker,

i _ ; ; i D.; Royle, L.; de Sousa, A. S.; Williams, J. A. G.; Woods, 31.Chem.
extensive network of second-sphere interactions with water Soc., Perkin Trans, 2999 493,

molecules (Figure 7; Table S16, Supporting |nf9rmati0n)5 ON  (80) Latva, M.; Takalo, H.; Mukkala, V. M.; Matachescu, C.; Rodriguez-
average, the ©-O contacts are slightly shorter in molecules Ubis, J.-C.; Kankare, I. Luminesc1997, 75, 149.
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with the lanthanide 4f functions and, consequently, the yield of the metal-centered luminescence. This is easily conceivable in

the energy transfer. view of the intrinsic advantages afforded by the flexible
synthetic route used to isolate“L the asymmetric synthon
Conclusions and Perspectives 6-(N,N-diethylcarbamoyl)pyridine-2-carboxylic acid)(can be

) ) ) ) substituted in the 4-position of the pyridine to modulate the
Ligands bearing polyaminocarboxylate groups are widely gjectron density on the pyridine N atom, thé&apof the

used in coordination chemistry and particularly in lanthanide c4choxyilic acid, and the light-harvesting properties. This 4-posi-
chemistry because they form unusually stable and water-soluble;jqp, may also serve to build an activated functional group in
complexes. Landmarks in this field are the multidentate ligand ¢, chelating agents, forming covalent linkages with, for
edta, on which highly accurate complexometric titration methods jystance, the amino groups of a biological molecule.

are baseé and the macrocyclic ligand dota, used to encapsulate | conclusion, the dimetallic lanthanide helicates discussed
the Gd' cation in contrast agents for MRIBifunctional in this paper open the way for the design of an entire class of
chelating agents have been recently developed for antibody or¢ompounds into which photophysical functionalities can be buiilt,

antigen labeling which are based on modified edta molecules. 4,4 therefore an interesting potential in labeling and sensing
On the other hand, due to its chemical nature, dota is not easyigchnologies.

to modify if the carboxylic acid functions are to be retained. In
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antenna effect on the backbone &fwill considerably enhance  material is available free of charge via the Internet at
http://pubs.acs.org.

(81) Schwarzenbach, @omplexometric TitrationsChapman & Hall:
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