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Three unsymmetrical ditopic hexadentate ligands coded for the recognition of trivalent lanthanide ions have been
synthesized, L8, LA¢, and LB, where A represents a benzimidazole—pyridine—benzimidazole coordination unit, B
a benzimidazole—pyridine—carboxamide one, and C a benzimidazole—pyridine—carboxylic acid moiety. Under
stoichiometric 2:3 (Ln:L) conditions, these ligands self-assemble with lanthanide ions to yield triple-stranded bimetallic
helicates having a sizable stability in acetonitrile: log 32 values for Eu are equal to 23.9 + 0.5 (L"8), 23.3 £ 0.7
(deprotonated LAC), and 29.8 + 0.5 (deprotonated LEC). The crystal structure of the EUEU helicate with LA® shows
9-coordinate metal ions and an HHH (H stands for head) configuration of the helically wrapped ligand strands. In
the presence of equimolar quantities of Ln and Ln’ ions, L*® displays a remarkable predisposition to form HHH-
heterobimetallic edifices, as proved both in the solid state by the crystal structures of the LaEu, LaTh, PrEr, and
PrLu helicates and in solution by NMR spectroscopy. In all cases, the benzimidazole—pyridine—carboxamide units
of the three ligands are bound to the smaller lanthanide ion, a fact further ascertained by high-resolution luminescence
data on LaEu and by 'H NMR. Analysis of the lanthanide-induced *H NMR shifts and of the spin—lattice relaxation
times of the [LnLu(L*®)3]%* series (Ln = Ce, Pr, Nd, Sm, Eu) demonstrates the isostructural nature of the complexes
in solution and that the crystal structure of LaTh is a good model for the solution structure. The selectivity of L8
for heteropairs of Ln" ions increases with increasing difference in ionic radius, resulting in 70% of the heterobimetallic
species for Ar; = 0.1 A and up to 90% for LaLu (Ar, = 0.18 A), and corresponding to A(AG) in the range 3-10
kJ-mol~. The origins of this stabilization are discussed in terms of the donor properties of the coordinating units
and of the preferential formation of HHH isomers.
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the uses of trivalent erbium in the separation and isolation

of bacterial or eukaryotic celkpf trivalent gadolinium in (1) The Lanthanides and Their Interrelations With Biosystevietal lons
in Biological SystemsSigel, A., Sigel, H., Eds.; Marcel Dekker Inc.:
New York, 2003; Vol. 40.

* Author to whom correspondence should be addressed. E-mail: jean- (2) Evans, C. HBiochemistry of the LanthanideBlenum Press: New

claude.bunzli@epfl.ch. York, 1990.

T Swiss Federal Institute of Technology. (3) Merbach, A. E.; Tth, E.The Chemistry of Contrast Agents in Medical

* Ecole Europenne de Chimie, Polyines et Mateaux. Magnetic Resonance Imaging/iley: London, 2001.

§ School of Pharmacy, University of Geneva. (4) Blasse, GJ. Alloys Compd1995 225 529.

I Department of Inorganic, Analytical and Applied Chemistry, University ~ (5) Hannah, S.; Lynch, V.; Guldi, D. M.; Gerasimchuk, N.; MacDonald,
of Geneva. C.L.B.; Magda, D.; Sessler, J. 1. Am. Chem. So2002 124, 8416.
10.1021/ic0351996 CCC: $27.50 © 2004 American Chemical Society Inorganic Chemistry, Vol. 43, No. 2, 2004 515

Published on Web 12/17/2003



André et al.

weakly relaxed for trivalent lanthanide ions 'nas a Chart 1
consequence of the shielding of the 4f orbitals by the filled SV X=y= 1
585p° subshells. These transitions are thus faint and keep L O O P Meo NN
their atomic nature; i.e., they appear as sharp lines, the energy \ =0 S h LA
of which is not much influenced by the surroundings of the 7, " ome
metal ion, except for the crystal-field-induced fine structure. = = >_NC Ho—(
This apparent disadvantage may be turned into a serious asset ° 8 Lc
since these lines are easily recognizable and useful for the
development of versatile luminescent probes: the excited
states have a long lifetime (micro- to milliseconds) and can
be populated by the ligands via an energy-transfer process. R=NEt, LAB
Intense luminescence is accordingly generated in the visible R=OH, LA
and near-infrared with large apparent Stokes shidtisg the R=0Me, L
Ln" luminescence is easily separable from the background
fluorescence, both spectrally and by time-resolved spectros-
copy. Building on these significant advantages, lanthanide
probes linked to monoclonal antibodies have been proposed R=H, L%

R = Me, LBP

for luminescent immunoassays displaying a better sensitivity
than radioactive or biochemical assdy%.The same meth-
odology is adequate for probing proteiprotein interactions
and DNA hybridization'® Luminescent lanthanide chelates
are also increasingly used as responsive analytical systems, the past, we have resorted to this method, using eftert-
in color-tailored luminophores for simultaneous detection of butylcalix[8]arené® or a self-assembly process with ligand
multiple targets on DNA strand3,as labels for enhanced L* (see Chart 1) to study energy migration between two
imaging of cancet® and, generally speaking, in clinical lanthanide ions lying at a known distance. Similar photo-
applications and researéh. physical studies by other authors also relied on self-assembly
In this context, increasing the number of detectable probesprocesses with a symmetrical ligatfet® Variations of this
on a single sample, for instance, by designing stains with “statistical strategy” are the use of template reactions in the
tunable emission wavelengths and simultaneously tunablepresence of two different lanthanide ions, leading to the
excited-state lifetimes, is potentially interesti¥guvith this formation of complexes with symmetrical compartmental and
in mind, we are developing synthetic strategies to produce macrocyclic ligand$?and the addition of a second lanthanide
4f—4f heterobimetallic edifices because such molecular ion to a solution of a mononuclear labile compféx.
assemblies potentially combine two luminescent centers, or The second strategy utilizes guest molecules yielding
one magnetic center and one luminescent center, in a singlesufficiently inert monometallic complexes to be reacted
probe. The recognition of one specific lanthanide ion in the selectively with the second I'hion. Triple-decker porphyrin
presence of others is a difficult challenge in view of the and phthalocyanine complexes are obtained in this4#%&y.
limited differences in chemical properties and size of these Other smart receptors feature bis ligands such as two calix-
ions (0.18 A between "aand LU" and ca. 0.015 A between  [4]arené* or cycler® units linked by a separator. Our
two consecutive ions). Basically, two strategies have beenapproach is similar to the first method, but takes advantage
envisaged. of self-assembly processes leading to the formation of
The first one simply relies on statistical formation of the coordination cavities specific to each ion. To achieve this,
heterobimetallic complex besides the homobimetallic ones We have designed the unsymmetrical ligand$, LA, and
from solutions containing a ditopic polydentate (usually LB, derived from 12,17 L®26 and L2 (Chart 1), coded for
symmetrical) ligand and a mixture of lanthanide ions. The -
first heterobimetallic 4f4f complex structurally character- %) gﬁgﬁﬁ_sl';ég 4 anan, F.; Dupuls, A.; Lagrave, S.; Laurent/doRy.
ized, based on a decadentate Schiff base ligand, was obtained6) Binzli, J.-C. G.; Froidevaux, P.; Harrowfield, J. Morg. Chem1993

; ; ; ; 32, 3306.
in this way and Separated by selective CryStalllzaﬁom (17) Piguet, C.; Bozli, J.-C. G.; Bernardinelli, G.; Hopfgartner, G.;

Williams, A. F.J. Am. Chem. So0d.993 115 8197.
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Dalton Trans.199Q 647.

(21) Hongye, S.; Chunhui, H.; Xianglin, J.; GuangxianP¥lyhedron1995
14, 1201.

(22) Buchler, J. W.; De Cian, A.; Fischer, J.; Kihn-Botulinski, M.; Paulus,
H.; Weiss, RJ. Am. Chem. S0d.986 108 3652.

(23) Ishikawa, N.; lino, T.; Kaizu, YJ. Am. Chem. So002 124, 11440.

(24) Wolbers, M. P. O.; Van Veggel, F. C. J. M.; Heeringa, R. H. M.;
Hofstraat, J. W.; Geurts, F. A. J.; Vanhummel, G. J.; Harkema, S.;
Reinhoudt, D. NLiebigs Ann.1997, 2587.

(25) Jacques, V.; Desreux, J. Fop. Curr. Chem2002 221, 123.

(6) Xiao Ming; Selvin, P. RJ. Am. Chem. So001, 123 7067.
(7) Hemmilg I.; Mukkala, V. M. Crit. Rev. Clin. Lab. Sci2001, 38, 441.
(8) Hemmila I.; Stahlberg, T.; Mottram, FBioanalytical Applications of
Labelling TechnologiesWallac Oy: Turku, Finland, 1995.
(9) Mathis, G. InRare Earths Saez Puche, R., Caro, P., Eds.; Editorial
Complutense: Madrid, 1998.
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E.; Pence, B. C.; Morgan, D. lAnal. Chem1999 71, 2607.
(14) Binzli, J.-C. G. Metal lons in Biological Systems. Metal Complexes
in Tumor Diagnosis and as Anticancer Agergel, A., Sigel, H.,
Eds.; Marcel Dekker Inc.: New York, 2003; Vol. 42, Chapter 2.
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the complexation of 4f ions. These ligands bear different min, the solutions were evaporated to dryness. The residues were
end groups to generate, upon the self-assembly of threedried in a vacuum overnight, redissolved in 0.6 mL of LN,
ligand strands around two metal centers, two cavities with and transferred to NMR tubes.

sufficiently different properties to discriminate between  SPectroscopic MeasurementdJV—vis spectra were measured
lanthanide ions. In particular,"8 generates an appreciable with Perkin-Elmer Lambda 7 and Lambda 900 spectrometers using
excess of HHH-heterobimetallic helicates (H stands for head) % ©" 1 6m quartz cells. Reflectance spectra were recorded as finely
when the ionic radius difference between the twd'lions ground powders dispersed in MgO (5%) with MgO as the reference

i | h A . imi . with a Perkin-Elmer Labsphere SRS-99-010-9976-A integrating
is larger than 0.1 A, as reported in a preliminary communica- sphere. IR spectra were obtained from KBr pellets with a Mattson

tion?® In this paper, we present the speciation of the o centauri FT-IR spectrometer. ESI-MS spectra used for the charac-
lanthanide complexes formed in solution b$?L LA, and terization of organic compounds were recorded in MeOH og-CH
LBC and the structural properties of the heterobimetallic CN with a Finnigan SSQ-710C spectrometer. ESI-MS spectra were
helicates with 8, both in the solid state and in solution, measured in the pneumatically assisted mode fron? 104 M
and we discuss some thermodynamic aspects of the selectivacetonitrile solutions on an API Il tandem spectrometer (PE Sciex)
recognition process. and an LCQ ion trap (Thermo Finnigan) by infusion ati mL/

min. The spectra were recorded under low up-front declustering or

Experimental Section collision-induced dissociation (CID). 184 NMR spectroscopy as

_Preparation of Ligands (Schemes 1 and 23,3-Dinitro-4,4- well as 2D COSY and ROESY experiments were performed on
bis(N-ethylamino)diphenylmethane2)*® 6-(N,N-diethylcarbam-  Bruker AM 360 (360 MHz) and DRX 400 and Avance 400 (400
oyl)pyridine-2-carboxylic acid 3),°° 6-(1-ethylbenzimidazol-2-  MHz) spectrometers. The experimental procedures for high-

yl)pyridine-2-carboxylic acid%),2” and 6-(methoxycarbonyl)pyridine-  resolution, laser-excited luminescence studies have been published
2-carboxylic acid §)?” were prepared according to literature previously3* Quantum yields were determined with respect to
procedures. See the Supporting Information for detailed proceduresquinine sulfate, as previously describ&drom ca. 1.5x 1074 M
and for the characterization of the other isolated compounds. solutions to avoid decomplexation, but at wavelengths where (i)
Preparation of the Complexes [LnLr(LA8)3](ClO4)s. The the Lambert-Beer law is obeyed and (i) the absorption of the
perchlorate salts Ln(Clgs-xH,0O (Ln = La—Lu, x = 2—4) were reference closely matches that of the sample. Ligand excitation and
prepared from the corresponding oxides {R&doulenc, 99.99%)  emission spectra were recorded on a Perkin-Elmer LS-50B spec-
in the usual way! Caution! Perchlorate salts combined with  trometer equipped for low-temperature (77 K) measurements.
organic ligands are potentially explag and should be handled X-ray Crystal Structure Determinations. Data were collected
in small quantities and with adequate precautiéhsieterobime- at 143 K on a marresearch mar345 IPDS image-plate diffractometer
tallic helicates were isolated with the lanthanide pairs LaEu, LaTb, (Supporting Information). Data reduction was carried out with
LaEr, LaLu, Prer, Pryb, and PrLu, as well as the homobimetallic CrysAlis RED, release 1.73.An empirical absorption correction
complexes EUEu and TbTh. Synthetic procedures were similar to was applied to LaTbh and EuEu (program DELABSStructure
the one described below, with yields in the range-80%. Stock  solution and refinement as well as molecular graphics and geo-
solutions of Ln(ClQ)s'xHz0 in CH:CN were prepared by weight-  metrical calculations were performed for all structures with the
ing. The water content of the salt and the concentration of the SHELXTL software package, release 381The structures were
solutions were determined by complexometric titrations with refined using the full-matrix-block least-squares methodrdwith
Nax(H.EDTA) in the presence of urotropine and xylene oraffge. fixed anisotropic displacement parameters. H atoms were placed
The lanthanide perchlorate solutions {(8) x 102 M, 1 equiv in calculated positions using the “riding model”. In the case of
each] were added to 15.3 mg (2u#ol, 3 equiv) of 1*8 in 150 compounds PrEr and PrLu, and in view of the relatively poor data,
200uL of CH3CN, and the resulting solution was stirred at room  a|| atoms except the two metals were retained as isotropic and no
temperature for 90 min. Diethyl ether was then slowly diffused, hydrogen atoms were introduced. Some disorder problems deal with
inducing the formation of crystalline needles. For LaEu, LaTb, PrEr, two ethyl groups (N6, C40, C41; N18, C85, C86) and with the
PrLu, and EuEu, dissolution of ca. 10 mg of complex in 0.8 mL of splvent molecules (retained as isotropic). To obtain reasonable
CH;CN/G,HsCN (1:1) followed by slow diffusion ofBuOMe for parameters for such moieties, cards DFIX and DELU were
8—10 days yielded X-ray-quality prismatic crystals. The complexes employed. The structure of LaEu is already deposited with the

were characterized by IR and elemental analyses (SupportingCCDC database (Reference No. 172173).
Information). Samples of LnLu and knLn = La, Ce, Pr, Nd,

Sm, Eu, Lu) complexes withA8 for NMR measurements were  Results

repared in a similar fashion, except that, after being stirred for 90 . . . . .
prep P 9 Ligand Design, Synthesis, and PropertiesThe ligand

(26) Martin, N.; Binzli, J.-C. G.; McKee, V.: Piguet, C.; Hopfgartner, G.  design is based on the following considerations. In preceding

. 'Eﬁ]fgb_@h&mégga ?I7t 5FZ7-B i 1. G Piauet &1 Am. Ch works, we have shown that the aromatic tridentate ligands
apiri, M.; Scopellitl, R.; bazll, J.-C. G.; Piguet, . AM. em. i . . .

@ S0c.1999 121, orar 9 L' (i = 1-3; see Chart 2) react with I'hions to yield stable

(28) Andre N.; Scopelliti, R.; Hopfgartner, G.; Piguet, C.;" Bali, J.-C. triple helical complexes [Ln(Ds]®" in acetonitrile®*! in

G. Chem. Commur2002 214.

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

(30) Piguet, C.; Bozli, J.-C. G.; Bernardinelli, G.; Hopfgartner, G.; Petoud, (34) Rodriguez-Cortinas, R.; Avecilla, F.; Platas-lglesias, C.; Imbert, D.;

addition, the analogous dipicolinate complexes [LA(L

S.; Schaad, QJ. Am. Chem. S0d.996 118 6681. Bunzli, J.-C. G.; de Blas, A.; Rodriguez-Blas, [horg. Chem2002
(31) Desreux, J. F. Inanthanide Probes in Life, Chemical and Earth 41, 5336.

Sciences. Theory and Practjdunzli, J.-C. G., Choppin, G. R., Eds.; (35) Zucchi, G.; Ferrand, A.-C.; Scopelliti, R.; Bzli, J.-C. G.Inorg. Chem.

Elsevier Science B.V.: Amsterdam, 1989; Chapter 2. 2002 41, 2459.
(32) Raymond, K. NChem. Eng. New%983 61, 4. (36) Oxford Diffraction Ltd., Abingdon, Oxfordshire, U.K., 2003.
(33) Schwarzenbach, GComplexometric TitrationsChapman & Hall: (37) Walker, N.; Stuart, DActa Crystallogr.1983 A39, 158.

London, 1957. (38) SHELXTL, Bruker AXS Inc., Madison, WI 53719, 1997.
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Chart 2 Scheme 1 @
R= HO
g ~ 1) ° Soas
RN R N " (ii), 57 % N NHEt
/L \ - NN NO: NO,
WO SWNE
BN
St o [oae) 4
L2 L3 L4
2H)3]3 are well-knowrf?? Ligands 124 produce a commonly
observed trend in the stability of lanthanide complexes: log
Bz increases with increasing atomic number, the'Lu
complexes being 56340-fold more stable than the 'a
compoundg® 42 On the other hand, Linduces a peculiar (iii), 5, 69 %
behavior. From L4 to Gd", the stability increases slightly (iv), 6, 83 %

by a factor of 6 and then decreases sharply, tHé tamplex
being 8000-fold less stable than the 'Gdne. This size-
discriminating effect has been interpreted as arising from x
the difficulty for the ligand strands to wrap tightly around

the smaller lanthanide iorf8.Less systematic data are OH N
available for the symmetrical ditopic ligand€\,LLEB, and
LS, but the stability constants with the bis(benzimidazole)-
pyridine derivative 2 show the LUl bimetallic helicate being
2.5-4.5 orders of magnitude less stable in acetonitrile than LAB *ﬂ i 1

NO. O;N
the corresponding complexes with'Land EU'.1” Moreover, 73,50% = N o OIS
[Lny(LB)3]®" helicates (Ln= La, Eu) are 23 orders of BC (vii) (vi) 4 N
magnitude more stable than [ih”)3]®", while [Ew(L- L™=~ — LBD D 79 % ; X
2H)s] is extremely stable in water, with a cumulative log 2% PR /_'> X= 22 :-?1?:

P23 in the range 53522743 |t was therefore logically 3 ) )
expected that unsymmetrical ditopic ligands combinifg L CHZSE?%?;‘E ;Qﬁi)cgrf'gg‘gk (c')Hféﬁ)”ng-' ((3)7 ?Zr g'())g; CSH?((::'E’
with either L2 or L4 (L*8, LAC) would allow the simultaneous  DMF; (v) Fe, HCI, EtOH, HO: (vi) Fe, HCI, EtOH, HO: (vii) KOH (1
recognition of two LM' ions differing in size. Ligand B¢ M), EtOH, H0.
was mainly synthesized for comparison reasons, while gcheme 2 a
ligands 2P and LBP were obtained as reaction intermediates (viii)
but were not tested since ester groups are not good com- 2+6 oy (

N NHEt

plexing moieties for lanthanide ioris#* The synthetic

procedure is based on the symmetrical dinitro compad2ind No N2 NOz g
(Schemes 1 and 2), which is successively N-substituted by 7 N +5
the corresponding end groups. The strategy adopted involves = -0 2’1‘)0/
several common intermediates to minimize the large synthetic MeO ’
effort required by unsymmetrical compounds. Ligand8,L
LAC, and LB® were obtained in reasonably good yields from ( )
intermediates7a, 7b, and9, respectively, by a modifiéd N N
double Phillips coupling reaction to form the benzimidazole 7 No N0z 0N 2 /\
units. N N
In CDCl;, the three ditopic ligands adopt the ustrains LAC = -0 N =
conformationt’-26:2’as ascertained byH NMR COSY and MeO Y
ROESY experiments. The spatial interactions, which are the C( ?
same for all three ligands, are shown fdtlin Figure 1, (xi), 85 % LAD (x), 80 % N
(39) Petoud, S.; Bazli, J.-C. G.; Renaud, F.; Piguet, C.; Schenk, K. J,; a8 Reagents and conditions: (vi§)+ (COCI), toluene, DMF;2; (ix) 5
Hopfgartner, GInorg. Chem.1997, 36, 5750. + (COCl), toluene, DMF; (x) Fe, HCI, EtOH, $D; H,SO, (96%), MeOH;

(40) Renaud, F.; Piguet, C.; Bernardinelli, G:ir&ti, J.-C. G.; Hopfgartner, (xi) KOH (1 M).
G. Chem. Eur. J1997, 3, 1646. . L .
(41) Renaud, F.; Piguet, C.; Bernardinelli, G:riii, J.-C. G.; Hopfgartner, along with an optimized structure from molecular mechanics

“2) %-rgnhtﬁ;”-l'gukrﬂl%%% 186(;50(?961 83 360 calculations. The absence of NOE effects between H1 and
(43) Elhabiri, M.; Harﬁace_k; Buzli, J.-C. G.; AIBrecht—Gary, A.-MEur. the NEb groups, H3 and H4, H13 and H15, and H17 and
J. Inorg. Chem2003 in press, DOI 10.1002/ejic.200300549. H18, for instance, is in line with N-donor atoms of the pyridyl

44) Thompson, L. C. Itdandbook on the Physics and Chemistry of Rare . . . . .
(44) Earthsp Gochneidner. K. A ar. Eyrmé” L Eds. North-tollard- groups being in thérans configuration with respect to the

Amsterdam, 1979; Vol. 3, Chapter 25. O and/or N donor atoms of the 2,6-substituents. Complex-
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Table 1. Selected Species Observed by ESI-MS in Acetonitrile Solutions with 2:3 Ln:L or 1:1:3 Lh:Btoichiometry (L= LB and (LA°-H)~; [Ln];
=102 M)

m'z mz
species obsd calcd species obsd calcd
[Lag(LAB)3]6+ 397.3 397.2 [La(LAB)3(ClO,)3]3* 894.3 894.3
[LaEu(LAB);]6+ 399.6 399.4 [LaEu(fB)3(ClO4)3]3* 898.3 898.1
[Eu(LAB)5]6* 401.8 401.6 [Ep(LAB)3(ClO4)3]3+ 902.6 902.6
[Laz(LAB)3(ClO)]5* 496.4 496.6 [La(LAC-H)3]3* 738.2 738.3
[LaEu(LAB)5(ClO4)]5+ 499.0 499.2 [LaEu(RC-H)3]3* 742.7 742.7
[Eux(LAB)3(ClO,)]5* 501.8 501.8 [Ep(LAC-H)3]3* 747.3 747.0
[Lax(LAB)3(ClOg)7)4* 645.7 645.6 [La(LAC-H)3(Cl0,)]2* 1157.1 1157.2
[LaEu(L"B)3(ClO4)2]4* 648.8 648.8 [LaEu(RC-H)3(ClO4)]2+ 1163.6 1163.8
[Eux(LAB)3(CIO,),]4* 652.2 652.1 [ER(LAC-H)3(ClOg)]2* 1170.6 1170.3
compared to~22 for [Ew(L*)3]®" 7 and 244 1 for [Ep-
(I—B)S] 6+.26
2EU" 4 3L"° = [Euy(L*®),]%" (log 59 (1)

This study has been completed by®hNMR investiga-
tion of the L&' and LU" systems forR = 0.3—1.0. With
LAB in acetonitrileds, two species were observed for'La
for Rratios in the range 0-30.67, while a third, minor one,
was detected foR = 1. Analysis of the number of observed
signals (Table 2) allowed us to assign the major species to
the HHH and HHT helicates (T stands for tail), whereas the
minor species most probably corresponds to a 2:2 species
which was also detected in the ESI-MS spectrumRer 1.
Kinetic investigations have shown the 2:2 species being a
key intermediate in the formation of the bimetallic helicates
with LA45 and (L°-H)~.#3 The relative proportions of the two
major species were estimated on the basis of signal integra-
tion. For R = 0.67, they substantially deviate from the
statistical distribution (25% HHH, 75% HHT), which points
to a clear stabilization of the HHH species: 72% for''La
and ca. 65% for LY. In the latter case, other species are
seen, 1:1, 2:2, 1:2, and possibly 1:3, indicating a less stable
bimetallic helicate compared to that of'_aa trend expected
from the smaller affinity of the benzimidazoyl group for the

: smaller LA" ions3°
Figure 1. Spatial interactions evidenced ifff.by IH NMR (top), structure As for the systems containing one type of'Lion. we
optimized by MM2 molecular mechanics calculations (middle), and y 9 yP '

conformation of the coordinated ligand with H atoms between which NOE Nave probed by ESI-MS the nature of the species present in
effects are observed (bottom). solutions containing £% and two different LH' perchlorates

in equimolar proportion (total concentration £aM). The
spectra evidence the prominent formation of bimetallic
species which were identified by their adduct formation with

(bpb) cavity H9a
H7

ation to LA" ions therefore requires a conformational work
to rotate the two ends of the ditopic ligands so that the three

donor atoms of each coordinating unit are adequatel . o
positioned g q y perchlorate (Table 1) as well as by the isotopic distribution,

Interaction between L8 and Ln"" lons: Speciation in one example of which is given in. Figure 2. In addif[ion, minor
Acetonitrile. ESI-MS spectra of stoichiometric 2:3 mixtures Egzaks r:ja\ée.zzbﬁehl_obser_ved EI'_VI?'Ch COUI.d befaisugned o .1:1’
of one lanthanide perchlorate (V) and L8 in acetonitrile e an .h n.h Sfe_i'gs' ‘ne ||nten3|(tjy ol.tl.ezselspelmes
clearly evidence the main presence of the homobimetallic Increases when the Ln:L ratio Is Jowered to 1:1:2, clearly

helicate, as characterized by its perchorate adducts [Ln evidencing the presence of the kinetically important 2:2
(ClOy) L13]6+ (Ln = La, Eu; L= L"B; x = 0—3; see Table species® Replacing the perchlorate counterions by triflate
X - ’ ’ - ’ - 3

1). Titration of L8 (1.6 x 10-4 M) with Eu(CIO,)5+4.5H,0 moieties modifies considerably the speciation; in particular,
(8:9 x 102 M) in driéd acetonitrile monitored by UVvis the signals assigned to the 253 helicates lose ir_1tensity to the
spectrophotometry confirmed this finding. A single break benefit of the 2:2 (respectively 1:1:2) species, as was

was observed in the absorbance veiRes [Ln]/[L €], plots observed for the symmetrical ligand.té For each pair of
at R = 0.67, and factor analysis pointed to only two lanthanide ions analyzed, the relative concentrations of the

absorplng speqe§ for ratios in th_e rarige: 0—2. Data could (45) Hamacek; Blanc, S.; Elhabiri, M.; Leize, E.; Van Dorsselaer, A,;
be satisfactorily fitted to eq 1 with lo8,s = 23.9+ 0.5, as Piguet, C.; Albrecht-Gary, A.-MJ. Am. Chem. So@003 125, 1541.
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Table 2. Observed and Theoretical Number’6f NMR Signals Expected for HHH-[LALAB)3]6" and HHT-[Lay(LAB)3]" &P

André et al.

protons 5, 14, 19, 25, and 27 protons 4, 13, 18, 24, and 26 protons 9a and 9b protons 8 and 10 others
obsd theor obsd theor obsd theor obsd theor obsd theor
HHH 5t 5t 10dq 10dq 2d 2d 2s 2s 14 14
HHT 12 ¢ 15t 12 d§ 30dq 2d 6d 6s 6s 22 42

aFor proton numbering, see FigurePlKey: s, singlet; d, doublet; t, triplet; dg, doublet of quadruplétverlapping signals.

Table 3. Percentages of Homo- and Heterobimetallic Triple-Stranded Helicates in Acetonitrile with Respect to the Total Amount of Helicates, As
Determined by ESI-MS and NMR in Stoichiometric Solutions Lr:Ln= 1:1:3

A(AG)Y
L LnLn’ % LnLn % Ln'Ln’ % LnLn' % LnLn' & kJmol~1 L LnLn’ % LnLn % Ln'Ln' % LnLn'
LAB LaLu 5 6 89 20 —10.4 LAC LaEr 27 11 62
EulLu 25 18 57 65 —-1.5 LaEu 23 28 49
LaYb b b b 87 —9.4 LalLu 21 0 79
LaEr 12 9 79 81 —6.6 PrLu 33 4 63
PrEr 18 12 70 b —-4.3 EuTb 24 27 49
EUEr 22 23 55 b —-1.0 EulLu 47 0 53
EuTb 22 27 51 b -0.3 ErLu 30 20 50
LaEu 20 15 65 b -3.1 LBC LaLu 51 18 31
aDetermined by*H NMR. ? Not measured See the text and eq 16.
652.94 | 653.16 *o|®
652.71 653.43
652.43
652.19
O ff OO0
" 50 ' 40 | 30 20 ' 10 |
J/ ppm
652 653 654 655
m/z
Figure 2. Isotopically resolved ESI-MS spectra{dPrEr(L 8)3](ClOg4)2} 4+
aquired atm/z 653.16 Th (zoom scan mode).
homo- and heterobimetallic helicates have been estimated
from the intensities of the peaks generated by the mono- 6.'2 ' 50 j Ta8
and diperchlorato adducts (Supporting Information). It is 5/ppm

indeed expected that solvation effects will be the same for aFigure 3. *H NMR spectrum of a 1¢* M solution of [Lalu(L*®)3](ClO4)e:
series of related species having the same total charge. Datg"™2 In CDsCN. Asterisks denote ¥ and CHRCN, and open circles
. . . .. signals from homobimetallic species.

reported in Table 3 display appreciable deviations from a
statistical distribution considering the two ligand cavities as with the two protons of the methylene bridge being diaste-
equivalent: 25% of each homobimetallic species and 50% reotopic and appearing as two doublets at 3.4 and 3.6 ppm
of the heterobimetallic helicate. There is a marked preferencewith a 2J coupling constant equal to 17.8 Hz. Assignment
for the heterobimetallic helicate, which increases with of theH NMR signals of HHH-LalLu (Supporting Informa-
increasing difference in atomic humbers. tion) is confirmed by 2D NMR experiments (COSY,

H NMR spectra give more insight into the speciation since ROESY). NOE effects between H1 and H24, H3 and H4,
they allow HHH and HHT isomers to be distinguished, but H13 and H15, and H17 and H18, which are not seen in the
the potential presence of these two isomers for both homo-free ligand, are consistent withcas—cis conformation typical
and heterobimetallic helicates leads sometimes to ratherof the coordinated ligand strand. Moreover, the helical
complex spectra. However, the NMR spectrum of a sto- conformation of the ligand strands (see Figure 1) is reflected
ichiometric solution, La:Lu:3t8 (Figure 3), resultsinaclear in NOE effects being observed between H7 and H9a and
interpretation, consistent with the ESI-MS data. Most of the H9b and H11, while very weak interligand interactions
signals can be interpreted as arising from the HHH- between H4 and H11, H7 and H13, H7 and H14, and H13
heterobimetallic species (90%), with three equivalent ligand and H18 reflect the close spatial proximity of the three ligand
strands. In particular, protons H8 and H10 generate singletsstrands. Finally, the chemical shifts of the protons located
at high field, which is characteristic of the helical wrapping on the benzimididazotepyridine—carboxamide (bpa) end
of the ligands, these protons lying in the shielding cone of of the ligand are quite similar to those of the HHHLu
the benzimidazole moieties borne by the two other ligand complex A typically ~0.02 ppm), and the same cor-
strands. The five methylene groups of the ethyl substituentsrespondence holds between the chemical shifts of the protons
are diastereotopic and produce 10 doublets of quadrupletson the benzimidazotepyridine—benzimidazole (bpb) end
(appearing as pseudosextets), pointing to the absence of Pf the ligand and those of the HHH-L@omplex. As an
< M interconversion on the NMR time scale. Thisis in line example, the match between the signals of protons H1, H2,
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§ §
T N S
4t S T
8.3 8.1 7.9 7.7

S/ ppm

Figure 4. Part of the aromatic region of tHél NMR spectra of HHH-
[Lax(LAB)3]®* (top, 8), HHH-[LaLu(LB)3]®+ (middle), and HHH-[Lu-
(LAB)3]%* (bottom, *), 102 M in acetonitrile, at room temperature.
Corresponding protons are indicated with double arrows.

and H3 in HHH-LaLu and those in HHH-Lus illustrated

in Figure 4, while further examples are given in the
Supporting Information. These data suggest that the ligand
is coordinated to the smaller Lu ion by the bpa end and to
the larger La ion by the bpb compartment. Integration of
the signals arising from hetero- and homobimetallic species
leads to proportions of these species comparable with theFigure 5. Partial atom-numbering scheme in the molecular structure of
ones determined by ESI-MS (Table 3), despite the concen-[-aTP(L*):)(CIOx)s:3MeCN 3ELCN.

tration difference.

Crystal Structures of the Homo- and Heterobimetallic
Helicates with LB, By working under stoichiometric
conditions, single crystals of reasonable X-ray quality could
be obtained upon diffusion of diethylether into a mixture of
acetonitrile and propionitrile for four heterobimetallic heli-

cates and one homobimetallic helicate, LaEu, LaTb, PrEr, Chart 3), and with the heterobimetallic-43d helicates with
PrLu, and EUEuU (Supporting Information). The single crystals LBa (LaFe, LaCo, Euzn, LUCr) and® (Euzn) are shown

of LaEu are of the best quality, and the refinement could be . Fi 6. C | ith th tion in th
carried out with most atoms considered as being anisotropic,In Igure 5. LOmpIEXes Wi € same cation In the same

except those of the solvation molecules and of the ethyl _coordlnatlon site have identical &X distances: see for

i i BY) .16+ _
substituents, which are disordered. On the other hand,'nitar;feze-m |n”t_he bpa S'te_ of [LaTb(® g3] 6+and [T
relatively poor crystals could only be grown for the other (L?4*" *or E" in the bpa site of [LaEu(t);]*" compared

i 5+ — | B Bb\30,46 BAB)_19+ 47
compounds, and their structures are essentially presented td/ 'r:h rEEUZ';'_(L)s] (L _|_ a | t)f LorE[EUG(Ia ’ )13_]b ’| N
prove the isostructurality of the series and to discuss the WHICh conlirms our assignment for -atu and Lalb. In the

coordination polyhedra, as well as the metaletal distances. other heterob.|metall|f: hehcatgs with"'t, the bpa site is
The atom-numbering scheme is the same for the five always associated with LrL distances shorter than those

helicates and is partly shown for LaTb in Figure 5. The 'cPortedinthe literature for [LaCofB)3]®*,*8 [EuZn(L)g]>*

— | Ba Bb) 30,46 BABY_19+ 47 i
crystal structures are comprised of isolated [LH{LAB)3]&" S; I{ ! L )’. | or [EL.'G(I(; b )ﬂ] ' WwChlmfﬁ ns_;hqt
cations. All the helicates display the same HHH ligand IS Site 1S mainly occupied by the smalfler fanthanide ion,

arrangement with, for the heterobimetallic complexes, the Er or Lu. AS. a resu/lt, Igfx d_lstan(_:es in the bpb site are
bpa groups bound to the heavier'Liion, while the bpb longer thz_in n [E?(L _)3] , in line with the presence of the
ends of the ligands building a coordination cavity for the larger cation in this site (Pr, La). On a whole, hovv_ever, these
lighter Ln" ion. For the heterobimetallic helicates, the data do not allow us to rule out that the crystals incorporate

assignment of the metal ions to each coordinating site, bpbsm.aII amounts of Species other _than the HHH-heFerod|nje-
and bpa, has been tested by using two different models: (I)talllc helicates, either HHT helicates or homobimetallic
Ln(bpb)—,Ln'(bpa) and (Il) Ln(bpayLn'(bpb), where Ln complexes. This probably explains the poorer quality of some
stands for the lighter Ll ion and Lr for the heavier one. of the c.rystals. )

In each case, the smallest R1 factor was obtained for the The ligand strands are wrapped around a pseCidaxis
Ln(bpb)-Ln'(bpa) model (Supporting Information). A third ~90ing through the two metal ions. Perchlorate anions and
model (lll) taking into account mixtures of homobimetallic SOlvent molecules lie outside the first coordination sphere
helicatesx(LnLn) + (1 — X)Ln'Ln’ with variable populations of the metal ions. Very weak interstrand interactions are
x was also tried and converged fobetween 0.47 and 0.49

. : Bunzli, J.-C. G.; Hopfgartner, Gnorg. Chem.200Q 39, 5059.
However, an exact comparison could not be carried out, the (47) Fioquet, S.: Ouali, N.; Bocquet, B.; Bernardinelli, G.; Imbert, D.:

being essentially heterobimetallic is given by the metal
donor atom distances reported in Table 4 for LaEu and in
the Supporting Information for the other helicates. Com-
parisons between these distances and the distances found in
the homobimetallic helicates withl(EuEu) and E (TbTh),

with the homotrimetallic helicate with®® (EuEUEU; see

data being of insufficient quality to allow solving the ?ggéli, J.-C. G.; Hopfgartner, G.; Piguet, Chem. Eur. J2003 9,
structures with strictly the same parameters as in the Previous gy Rigautt, S.: Piguet, C.: Bernardinelli, G.; Hopfgartner, Bragew.

two models. A better hint to the [LnL(L"B);]®" entities Chem., Int. Ed1998 37, 169.
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Table 4. Ln"-Donor Atom Distances in [LaEu(t®)3](ClO4)s3MeCN-3EtCN

André et al.

Ln-O/A Ln-N(py)/A Ln-N(imid)/A
Ln
Eu o1 2.416(5) N2 2.632(7) N3 2.585(8)
02 2.385(7) N11 2.625(8) N12 2.570(6)
03 2.390(6) N20 2.608(6) N21 2.600(7)
mean 2.40(2) mean 2.62(1) mean 2.59(2)
Ln-N(imid)/A Ln-N(py)/A Ln-N(imid)y/A
Ln
La N8 2.637(7) N7 2.626(7) N5 2.630(7)
N17 2.682(7) N16 2.667(6) N14 2.621(7)
N26 2.649(8) N25 2.670(7) N23 2.673(7)
mean 2.66(2) mean 2.65(2) mean 2.64(3)

aFor the atom-numbering scheme, see Figure 5; (imdjerminal imidazole; (imid) = bridging imidazole.

%*
2651 & 4
L J
< 2.554 *
< 8 *
<2451 *
N 4
2351 ¢ F L
1 La Pr Eu Tb ° L4
2.254+— T T T T T T T |
0.82 0.86 0.90 0.94 0.98
rl-1 / A»1

Figure 6. Mean Ln-X distances (A) in various helicates versus the inverse
jonic radius for a coordination number of 9: solid symbols, [LH{LAB)3]¢*;
open symbols, reference compounds (see the text); triangles\ (py) of
the bpb site; stars, LaN(benzimide) of the bpa site; circles, £ (amide).

H H
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Figure 7. Emission spectra (fluorescence mode) of [LI{LAB)3](ClO4)6:
xH20 in the solid state, at 77 K, upon ligand excitation (ca. 29350%m
Vertical scale: arbitrary units.
formed by the three N atoms from the pyridine moieties,
and the deviations of the EtX (X = O, N) distances with
respect to the mean values are smaller than 1.3%, indicating
a fairly regular polyhedron, comparable to the one found
for [Tha(LB)s]®+.26 The geometry of the L' coordination
polyhedron is comparable, with = 2.5°, w; = 15.9, and
La—X deviations from the mean values amounting to at most
1.2%; on the other hand, the other angles characterizing the
coordination polyhedron display a larger spread with respect
to their mean values, pointing to a slightly more distorted
arrangement. Similar considerations hold for the other
helicates, but when the cation size decreases, the upper and
lower faces of the coordination polyhedra become more
eclipsed and the prism becomes more compressed.
Luminescent Properties of the [LnLn'(LAB)3](CIO )6
xH,O Helicates.At room temperature, ligand excitation of

detected between imidazole groups located at the bpb end_alu results in a broad-band, ligand-centetea* emission

of the ligands: interplanar distances are around 4 A,

compared to 3.7 A in [EfLA)3]¢" and 3.9 A in [Ey(LB)4]¢*.

with a maximum at 22570 cm which is blue shifted at 77
K (23090 cnt?) and which almost disappears upon enforcing

The coordination polyhedra are slightly distorted tricapped a short time delay. At low temperature, a second, structured

trigonal prisms with coordination number 9 and in which

band comes out, assigned to emission frofra* state,

the upper tripods are defined by the three amide O atomswhich extends to about 14300 ci with a maximum at

for the heavier LK ion and by the three N atoms from the
nonbridging benzimidazole units for the lighter'Lion. The
molecular pseud@; axis goes through the middle of the

18620 cm* and a 0-0 transition at 20000 cni (Figure 7,
Supporting Information). This emission is characterized by
a double-exponential decay with lifetimesof 7 + 1 and

upper and lower triangles. A more quantitative analysis has 70 + 5 ms, consistent with the existence of two triplet states
been performed according to the previously published located each on one compartment (bpa, bpb) of the ligand.

procedure (Supporting Informatiofy)In the case of LaEu,
the two faces of the prism are parallel (dihedral angle

As a comparison, the energy of ther* 0—0 transition in
the homobimetallic helicates [k@.*)3]®" and [Lw(LB)3]®"

0.4°), but cannot be superimposed, due to the constraintswas found to be 20920 and 20200 chirespectively, while

generated by the ligand strands (the rotation amgmounts
to 11.7). The Ed' ion lies 0.175 A under the capping plane
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solutions in acetonitrile, is also relatively small: 7.3% and
8.5% for the LalLa and LalLu helicates, respectively.
Emission spectra of the homobimetallic (EuEu) and
heterobimetallic (LaEu, LaTb) helicates containing a lumi-
nescent LH ion still display some signal from the ligand
Iz* emission, the quantum yield of which drops from 8.5%
for LaLu to 2.3% for LaEu and 6% for EuEuU. Very weak
emission from the ligandzz* is also seen in the LaEu
spectrum (Figure 7). This points to a relatively poor
sensitization of the L'hions: the quantum yield of the metal-
centered luminescence upon ligand excitation (295WD00
cm™Y) amounts tdQFY. = 1.9% for LaEu and 0.6% for EuEu.
On the other hand, lifetimes of the excited By) state are
large, 2.20+ 0.01 (LaEu) and 2.26- 0.05 (EuEu) ms at 77
K, and do not depend much upon the temperature (87
0.01 and 1.79 0.03 ms at 295 K, respectively), consistent
with water being absent from the inner coordination sphere.
The LaTb luminescence is very weak at room temperature,
preventing the determination of the quantum yield of the
metal-centered emission, due to a back-transfer process:
decreases from 0.9t 0.04 ms at 77 K to less than 0.06 ms

at room temperature. This is understandable because the Th-

(°D,) level lies about 500 cnt above the energy of the-®
component of the triplet state, while BED) is located 2750
cm! below. Altogether, the emerging picture is that most

of the deexcitation goes through nonradiative paths and that

L”B is a modest sensitizer of the Eduminescence, much
better than & (QFY. ~ 0.01%}’ and comparable to"(QF.
~ 0.7%Y¥% or (L°-H)~ (Q%. = 1.3%)%"

To confirm the nature of the Euchemical environment
in LaEu, we have measured its high-resolution laser-excited
excitation and emission spectra on both a microcrystalline
sample and single crystals and compared them to those o
similar samples of EUEU. For LaEu, th, < “F, transition,
which is unique for a given metal ion environment, appears
as a single, symmetrical component centered at 17230 cm
(full width at half-height (fwhh) 11 cmt) at 295 K and at
17219 cm?® (fwhh = 7 cnm?) at 10 K, for both samples. In
comparison, EUuEu also displays a singte@component at
17232 (295 K) and 17221 (10 K) crh At first sight, this
may be surprising. However, one has to recall that,{Eu
(LA)3]®" is extremely weakly luminescent, 50 times less than
[Euy(LB)3]®", and therefore, the emission from the bpb site
will be hardly seen in the presence of the emission from the
bpa site. Since X-ray structures of both LaEu and EuEu

T T T
700 650 600 nm

Figure 8. Emission spectra of single crystals of EuEu (top curve) and of
a microcrystalline sample of LaEu (bottom curve) at 10 K under ligand
excitation (25250 cm?).

Table 5. Energy (cm?) of the Identified Crystal-Field Sublevels of the
Eu(’F) Manifold (j = 1—4) in [LnEu(L"®)3](ClO4)s*2H,0 (Ln = La or
Eu) As Determined from Excitation and Emission Spectra in the Solid
State at 10 K under Selective Excitatfon

LaEu EuEu LaEu EuEu
5Do 17219 17221 R 1825 1840
F 291 300 Fy 2680 2698
414 409 2733 2737
430 442 2810 2811
F, 974 980 2881 2893
992 1007 2916 2998
1051 1054 2993 3019
1077 1095
1122 1119

a 7F, is taken as the origin.

sublevel (barycenter 422 cri). The transitions tdF; (two
closely split components to the two E sublevels and one
unsplit component to the Ssublevel) and téF, can also be
consistently interpreted in terms of the same distoidgd
symmetry (Table 5).

Solution Structure: Lanthanide-Induced Shift Analy-
sis.More quantitative information on the solution structure
of the heterobimetallic helicates has been extracted from the

fanthanide-induced paramagnetic shifts for the series HHH-

[LnLu(LAB)]®* (Ln = Ce, Pr, Nd, Sm, Eu), for which all
the 'H NMR signals could be successfully assigned (Sup-
porting Information). Lanthanide-induced paramagnetic shifts
(LISs) for a given LM ionj, Ajj, are calculated by subtracting
for each proton the chemical shift value of the diamagnetic
species Lalu:

Ajj =0 = 0=

(A + (A = FB+ CB/G (2)
where A. and A, are the contact (through bond) and
pseudocontact (through space) contributions to the LIS,
respectively. They both depend on parameters characteristic

pointed to HHH helicates, one can conclude that the observedof either the paramagnetic L'nion (the spin expectation

excitation spectrum arises from a'Edon coordinated to
the bpa ends of the three ligand strands. Analysis of the

value[$,[] the second-order magnetic axial anisotropy value
for the free ionCj, and the ligand field paramet&?) and

emission spectra of LaEu under either broad-band or selectiveof the H nucleus (the hyperfine coupling const&atand

laser excitation is consistent with a pseudgsymmetry for
the metal ion (Figure 8, Supporting Information). The faint
5Dy — "Fo transition (0.3% of the total emission intensity)
is symmetry forbidden in th®; point group?® The three
observed transitions to tH€, level can be labeled A~ A,
(A2 at 291 cn1t with respect to’Fo) and A — split E

(49) Binzli, J.-C. G. InLanthanide Probes in Life, Chemical and Earth
Sciences. Theory and Practjdunzli, J.-C. G., Choppin, G. R., Eds.;
Elsevier Science B.V.: Amsterdam, 1989; Chapter 7.

the geometric factoG; = (3 cog 6; — 1)/r®). In the latter,
ri is the Ln(bpby--H; distance and); the angle between the
Ln(bpb)--H; vector and the molecular axis, which is taken
as the Ln(bpb)Ln(bpa) vector. In the definition of both
guantities, it is assumed that the paramagnetic ion is
coordinated by the bpb moiety of the ligand.

The determination of solution structure based on the
separation of the contact and pseudocontact contributions is
well documented, and we have used both one-proton
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helicates are, however, assumed to be valid for the SmLu

51 o H10 & H19 !
4] = H2 o HIB helicate as well.
3 Ce Contact and pseudocontact contributions have been sepa-
9" 2 rated using Reilley’s method and eqs 5 and 6.
F " Nd
< e Eu- A [52
04 E—— W _ 2
1% C =BG + CF)Fi (5)
14 12 10 -08 -06 -04 -02
Ay <82) —Ai'j =F + —Cj G; (6)
Figure 9. LIS analysis: plots according to the two-proton method for [qu ! |:$Z !

pairs of protonsi( k = 16). See the text.

Even though the correlation coefficients are not quite as
convincingly close to 1 as with the fit utilizing eq 3, the

obtained lines are reasonably straight (typical correlation
coefficients 0.970.99). Contact and pseudocontact contribu-
tions to the LIS calculated from the slopes of the two sets
of fits are listed in the Supporting Information, and calculated
total shifts are compared to the experimental ones in the

(Reilley) and two-proton (Geraldes) meth&ftiso assess
whether or not the investigated axial complexes are isos-
tructural in solution. In the latter method, the linear forms
of the equations expressiny; for two different protons
andk are combined, allowing the elimination of the ligand
field parameter:

A G G\ A Supporting Information along with the calculated agreement
iJ i i J . ..
—=|F = =R/t | =] == 3 factors for the individual protons:
s | (e) k] (Gk) sy 9 P
calcd __ expth2 1z
In a first step, eq 3 was fitted t4;; values (Supporting Z(Ai,i A )
Information) for LnLu (Ln= Ce, Pr, Nd, and Eu), leaving AF, = ! @)
out SmLu since\; s, values are small andgs,[dn, difficult to Z(A' Aexptl)z
B
]

determine theoreticall§t H16 was used as the reference
proton k= 16). Some plots are shown in Figure 9. Utilizing
the values of slopes and intercepts found for the CeLu, PrLu, 1he agreement factors are satisfactory for all protons with
NdLu, and EuLu complexes, LIS values were calculated for the exception of H11 and H21 because of their position close
SmLu with [$,3mranging from 0.01 to 0.39. A value &f s, to the magic angle. Another method of evaluating the quality
was calculated for eadi,3, and each protoiy as well as  Of the separation is to examine the contact contributions. In

the corresponding agreement factor,siF the complexes investiggted here, it is expected t.hat only
protons on the bpb moiety (HtH23) are topologically
E(A' caled _ A expth2 12 close enough to the paramagnetic lanthanide ion to display
S H contact shifts of appreciable magnitude. Indeed this is what
AF; = 4) is observed for the CelLu and PrLu complexes, with most
Z(Aijexpﬂ)z contact shifts being smaller than 0.1 ppm for protons
|

topologically far away from the lanthanide ion. The separa-
. tion seems to be less good for the NdLu and EulLu
The agreement factors were then plotted as a fun.ctlon Ofcomplexes, but that can possibly be ascribed to the small
(3[dm An optimal value ofiSldn = 0.25 was determined,  total LIS of these protons, which are both topologically and
which has been taken as being appropriate for the SmLugeometrically distant from the paramagnetic center. On the
complex and which compares well with data reported in the other hand, the signs of the pseudocontact shifts follow the
literature®! The results of the analysis on all five helicates, expected variation in 3 ¢d$ — 1, with H11 and H21 being
correlation coefficients, slope&{Gy), and interceptsK; — positioned close to the magic angle. The values for the
(Gi/GyFy) are detailed in the Supporting Information. The protons on the bpb moiety are qualitatively in good agree-
correlation is excellent, with almost all coefficients being ment with what was found for complexes of ¥ justifying
larger than 0.99, except for H11, whose position close t0 the yse of I as a model for the bpb compartment dfL
the so-called “magic angle’d(= 54.74) results in small  The two methods (Reilley and Geraldes) were compared by
Aij values and in an unreliable fit. From these data, we recalculating the slopes and intercepts obtained with eq 3
conclude that the investigated complexes are |sostructuralby using parameters obtained from the fits with egs 5 and 6.
in CDsCN solution. For the remainder of the analysis the aAg can be seen in the Supporting Information, they yield
SmLu data were left out since the small; values lower similar values.
the quality of the fits. The conclusions drawn for the other  For comparing solution and solid-state structures, the three
(50) Piguet, C.. Geraldes, C. F. G. C. Handbook on the Physics and crystal structures of best quality have been used, i.e., those
Chgemiétry"and Rare Earth&schneidner, K. A., Jr., Buli JY—C. G., allowing the determination of the hydrogen positions: LaEu,
Eﬁch?rslgliSV. K., Eds.; Elsevier Science B.V.: Amsterdam, 2003; LaTb, and EuEu. Structural factor§] and ratios Gi/Gss)
apter . ! ) i
(51) Pinkerton, A. A.; Rossier, M.; Spiliadis, $.Magn. Resonl985 64, were calculated frond, and':l values for _each ligand strand
420. of each complex (Supporting Information). The agreement
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between values obtained from X-ray diffraction and LIS Table 6. Relative Ln-H Distances (Reference H16) in [LnLu{®)s]**
analysis (eq 3) has been quantified by means of the Helicates, As Determined by LIR Analysis

agreement factor defined by eq 8. rlrie LaTb, X-ray
| I CeLu PrLu NdLu SmLu EuLu mean r/rss
G G 2|12
i i H6 114 117 123 119 b 741  1.16
Z E - E H8 103 111 107 103 b 6.99 1.10
iZ LIS k| X—ray, H9 b 104 b b 093 670 1.05
AFg = (8) HY' b b 116 b 113 740 1.16
G 2 H10 064 063 059 062 060 399 063
— H12+H20 1.05 1.09 108 b 1.04 665 1.04
Zx\\G/ x—ray H13 1.00 105 b b b 6.46 1.01
H13 086 093 08 085 b 6.10 0.96
. . . H14 1.04 b 111 b 1.09 627 0.98
AFc values were estimated with different subsets of His 083 087 087 b 091 556 087
protons, excluding for instance some of the fluxional ethyl H16 1.00 100 100 100 1.00 638 1.00
groups (Supporting Information). From these considerations, :g 8-25 8-3; g-g; E 2-83 g-gg 8-981
it turns out that the LaTb structure leads to the lowesg AF  Hig 098 104 099 094 086 655 1.03
factor: 0.166 (all the protons included). This value is low H19 114 110 b 107 112 696 1.09

enough to confirm that the LaTb structure determined by  avajues for H7, H11, H21, H22, and H23 not calculated due to lack of
X-ray diffraction in the solid state is a good model for the a reference value for the LaLu compléXNot measured due to overlap of
structure in solution, a result in agreement with the relative 'nes-

sizes of the lanthanide ions implied. From this point of view, he simbl ) 205 lculating the relati

LaEu and EUEU would indeed be less good models, contraryt€ Simple expression (eq £0)*for calculating the relative

to PrLu, which should be better, but for which we have no distances; as previously, proton H16 was chosen as the
diffraction data of sufficient quality. Removing the ethyl reference.

groups from the calculation gives an Alalue which is

slightly smaller (0.149), pointing to the backbone of the Tl,ipara _ I 6 (10)
ligands in solution being closer to the solid-state conforma- Ty o e

tion than the outer groups. Interestingly, the A¥alues

obtained for each of the three individual ligand strands of
the LaTb complex are up to 3 times larger than for the
averaged structure, demonstrating that a single ligand stran

cannot be taken as a good model of the structure in solution. . . . oo
Comparing the AE factor for the LaTb structure with the unsatisfactory separation of the paramagnetic contribution.

values calculated for the isostructural LaEu and EuEu 'h€ agreement between relative distances determined by
structures (0.185 and 0.252, respectively) demonstrates howneans of LIR analysis in solution and distances determined
sensitive this agreement factor is to small structural changes PY X-ray diffraction in the solid state of the LaTb complex
As a complement to the structural information obtained IS auite good (Table 6), the differences being less than 5%
by LIS analysis, we have measured the longitudinal (spin  for most protons. This confirms not only the assignment of

Only protons closer tha8 A from the paramagnetic
danthanide ion vyield reliable distances since diamagnetic
contributions dominate for more distant protons, leading to

lattice) relaxation timesTg), which yield relative protos the 'H NMR spectra but also the conclusion drawn from the
lanthanide distances, for the LnLu helicates in<CN (Ln LIS analysis that the structure of the helicates is the same in

= La, Ce, Pr, Nd, Sm, Eu). Th&; data reported in the  solution and in the solid state and that LaTb is a reasonable
Supporting Information were determined by means of an structural model for the investigated LnLu series ¢rLa,
inversion-recovery pulse sequence (28&—90°),52 with Ce, Pr, Nd, Sm, Eu).
20 values ofr ranging from 10 ms to 10 s. The relaxation Lanthanide Interaction with Ligands L A and LEBC,
times were corrected for diamagnetic effects by subtracting These ligands were tested first with respect to their behavior
the values measured for the LaLu complex: in the presence of one lanthanide perchlorate and second in
the presence of an equimolar mixture of two lanthanide ions.
For solubility reasons, spectrophotometric titrations of the
deprotonated ligands with one lanthanide perchlorate have
been carried out in methanol, and factor analysis pointed to
As the LIS, the paramagnetic contribution to the spin e formation of 1:1, 1:2, 1:3, 2:2, and 2:3 species (see also
lattice relaxation time (often termed lanthanide-induced e sypporting Information). Data were satisfactorily fitted
relaxation, LIR) has two components, through bond and i, he following equations, where Lis either (LAS-H)~ or
through space. Due to the limited delocalization of the 4f LEC-H):
unpaired electron density, the contact term can be ignored
for all (weakly covalent) lanthanide complexes. The remain-
ing paramagnetic contributions have been introduced into

11 1
Tllpara_ Tl’imeas_ Tl,idia (9)

Ln®*" + L™ =[LnL]*" (log 8,,) (11)

(52) Vold, R. L.; Waugh, J. S.; Klein, M. P.; Phelps, D.E.Chem. Phys. (53) Peters, J. A.; Huskens, J.; Raber, DPdog. Nucl. Magn. Reson.
1968 48, 3831. Spectrosc1996 28, 283.
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Ln®" + 2L" = [LnL,]" (log B,,) (12) (LAC-H) (see Table 1) or (-H); x = 0, 1). In addition,
species with overall 1:1, 1:2, 1:3, 2:2, and 3:2 stoichiometry
Ln*" + 3L™ = [LnL,] (log ;9 (13) are detected. The distribution of the bimetallic helicates,
determined by ESI-MS spectrometry, is reported in Table
2Ln*" + 2L = [Ln,L,)*" (log f,,) (14) 3. As for LAB, appreciable deviations from the statistical
distribution appear, although to a lesser extent, pointing to
2Ln*" + 3L = [Ln,L,]*" (log 8,9 (15) substantial differences between the ligands. For the Lalu

pair, for instance, the heterobimetallic species represents up

Various models were examined, and the best fits were to 89% of the total helicate concentration in the case”f L
obtained with egs 1213 and 15 for (A°-H)~ (model 1), and 79% in the case of {€-H)~, but only 31% in the case
whereas both this model and the set of eqs 12 (model of (LB®-H)~. In general, solutions with48 have the largest
2) gave satisfactory results for {&-H)~. Data reported in excess of heterobimetallic helicate despite the less drastic
Table 7 represent overall constants, since the various isomerglifference between its two coordinating sites compared to
(fac, mer, HH, HT, HHH, HHT) cannot be distinguished by ~ (L"°-H)~. The respective amounts of isomers present in
this method. They show the Eubimetallic helicate with  solutions containing the latter were determinecdHdyNMR.
(LBS-H)~ which bears the strongest coordinating groups, For the LalLu system, it turned out that the major heterobi-
being about 6 orders of magnitude more stable than-[Eu metallic helicate in 3.5 10-2 M stoichiometric solution is
(LAS-H)3]3* or [Eu(L”B);]5", the latter two exhibitng a  HHT-LaLu (~55-65%). Only one of the two HHT hetero-
similar stability. Monitoring the titration in methandl- by helicates forms, as exemplified by the presence of six singlets
IH NMR confirms the presence of 1:1 (possibly 2:2), 1:2, in the range 5.26.5 ppm with the same intensity (two of
and 1:3 complexes, in addition to the bimetallic helicates. them overlapping), and the concentration of the HHH helicate
For R = 0.67 and Ln= La, the monometallic 1:1 and 1:2 s too low to be detected (Supporting Information). It is likely
complexes coexist with [LijLA-H)3]**, while the concen- that two of the ligand strands are bound to the'Lion
tration of the latter species is too small to be detected for through their carboxylate end. The other main species in
Ln = Lu. In [Lax(LA°-H)3]3*, the three ligand strands are solution is the HHT-Lahomobimetallic helicate{35—-45%)
not equivalent and the species is the HHT isomer; all the since again six singlets are observed in the-%2% ppm
signals are sharp at room temperature, indicating the absenc&ange (two pairs of singlets overlapping). The difficulty in
of P = M interconversion on the NMR time scale. analyzing these spectra, as well as the concentration differ-

Close scrutiny of the aromatic signals generated by the ence (ESI-MS solutions are about 7 times less concentrated),
1:3 species with (£¢-H)~ (Supporting Information) reveals = may explain the discrepancy with the data reported in Table
that some of them are little or not shifted with respect to the 3 regarding the relative concentration of the homo- versus
free ligand; they correspond to the protons of the terminal heterobimetallic species. The main conclusion brought by
benzimidazole-pyridine moieties pointing to the noncoor- the NMR data is that the majority of the helicates withL
dination of these units. On the other hand, the shifts H)™ are in the HHT form.
experienced by the aromatic protons of the benzimidazole
pyridine—carboxylate (bpc) moieties are comparable to those
measured for the 1:3 complexes with the deprotonated Speciation in Solution.The unsymmetrical, hexadentate
monotopic ligand, consistent with [Ln(A®-H)3] complexes and ditopic ligands synthesized have been coded for the
(Ln = La, Lu) in which the three ligand strands are simultaneous recognition of two lanthanide ions through self-
coordinated through the bpc units (a similar conclusion can assembly processes leading to triple-stranded bimetallic
be drawn for the 1:1 and 1:2 complexes). Moreover, the three helicates with approximate trigonal symmetry and HHH
ligand strands are equivalent, and the complexes display aconfiguration, similarly to &, LB, and (L°-2H)>~. Depending
ternary symmetry. At room temperature, the signals assignedon the ligand (£, (LA®-H)~, (LB®-H)"), the solvent (ac-
to the bpb groups are narrow and well resolved while those etonitrile or methanol), the counterion (perchlorate or triflate),
from the bpc units are broad, a fact we interpret as reflecting and the initial Ln:L ratio, several different complexes have
a fastfac—merequilibrium on the NMR time scale. At 236  been evidenced, with Ln:L stoichiometries equal to 1:2, 1:3,
K, the interconversion becomes slow enough to observe?2:3, 1:1, and 2:2. In fact, as with the symmetric ditopic
distinct signals for each isomer. ligands, the recognition of a pair of lanthanide ions is only

On a whole, very similar conclusions can be drawn with very effective under stoichiometric conditions. Figure 10
respect to the stoichiometry, coordination mode (Supporting summarizes the percentages of five major species in equi-

Discussion

Information), and lability of the species with §&-H)-, librium at the stoichiometric ratio (Ln/Lnmixtures) and
except that the presence of a 2:2 species is detected in thelearly points to £8 being the best host. Sincétand L3¢
case of LU bear a carboxylic acid function which was deprotonated

ESI-MS spectra also clearly show the formation of homo- before the self-assembly process, it was not expected that
and heterodimetallic helicates in stoichiometric 1:1:3 Ln: the change of solvent (methanol versus acetonitrile) would
Ln":L mixtures in acetonitrile between lanthanide(lll) per- greatly affect the formation of the complexes; indeefl, L
chlorates (10® M) and the deprotonated ligands: [-n builds extremely stable molecular edifices in water. In fact,
(ClOg)xL3]3t and [LnLA(ClOg)L3]®" (Ln = La, Eu; L = the carboxylate group has such a high complexation ability
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Table 7. Stability Constants Determined at 295 K in Methanol at 295 K for Complexes with Deprotonated LigdfReld)(Land (LBS-H)~ and in

Acetonitrile for Complexes with 48

L Ln log f11 log 12 log 13 log f323 log 522
LAB Eu 23.9+ 0.5¢
(LAC-H)~ La 7.8+0.2 12.2-13.9 19.04+0.2 24.1-25.3
Eu 12.6+ 0.4 17.9+ 0.5 23.3+ 0.7
Lu 7.24+0.2 12.2-13.0 17.3+0.1 22.6-24.0
(LBC-H)~ Eu 9.3+ 0.3 15.6+ 0.3 20.9+ 0.3 29.84+ 0.5
Ew 15.1+ 0.4 20.8+: 0.4 29.7+ 0.6 22.5+ 0.6

a|n acetonitrile.” Only a range of values could be determingtlsing model 2 (see the text).

85-100 % HHH

Figure 10. Relative concentrations of complexes observed in stoichio-
metric solutions Ln:L= 2:3 and Ln:LiL = 1:1:3 in acetonitrile (L=
LAB, HHH) or in methanol (L= LAC, LBC, HHT) by 'H NMR spectroscopy
and/or determined using the stability constants.

for the complexation of LH ions which lie in a slightly
distorted tricapped trigonal prismatic geometry. The extent
of the distortion is evidenced both by the analysis of the
coordination polyhedra (see above) and in the low-temper-
ature luminescence spectra of the EuEu and LaEu helicates.
Indeed, the splitting of théF;(E) sublevel, as revealed by
inspection of théD, — ’F; transition (Table 5), is connected
to the deviation from the idealizdd; symmetry. It amounts

to AEg_g = 16 cn1?, a small value compared to 24 cin

for [Eux(LA)3](ClO4)e*2H,0, 29 cnt? for [Euy(LB)3](ClO4)e:
5H,0,6 or 42 cm? in a related 4f4f—4f trimetallic
helicate?” A theoretical approach using the point charge
electrostatic model allows approximate correlations between

compared to the benzimidazole or carboxamide entities thatthe magnitude and sign of the second-rank crystal-field
all lanthanide ions compete for it, preventing the efficient parameteBy? and the energy difference between the A and
helical wrapping of the three ligand strands around two metal E sublevels in trigonal prismatic sitésHere,Bg? is negative

ions, hence the four species with equal concentration because Alies at lower energy than the 2-fold degenerate

evidenced in solutions of (I°-H)~. The stability constants
log f3.3 of the homobimetallic species [kftLA®-H)]*" are
not larger than for the [Lik3]®" helicates (L= LA, LB, LAB),

sublevel E, and its absolute magnitude is proportional to
AEg_g, which is equal to 131 cni, a value identical to the
one reported for [ExfLB)3](ClO,)s'5H.02% On the other

which is surprising considering that one moderately, respec-hand, the corresponding splitting for [fL*)3](ClO4)e-2H,0

tively substantially, coordinating tridentate unit is replaced

is much smaller, 85 cm,'” and the presently reported

by a much stronger one. Moreover, these constants do nofuminescence data are therefore consistent with tHei&o
vary significantly between La and Lu, and the triple-stranded being coordinated to the three bpa ends of the ligand strands.

helicate is essentially HHT. For €E-H) ™, the difference in

the complexing strength of the two compartments is some-

A bimetallic helicate is characterized by the intermetallic
distance and its pitcR,%® which is the distance needed for

what reduced, resulting in a much larger concentration of the ligands to make a complete turn around the pseido-
the target molecules (55%); furthermore, the homobimetallic axis going through the two metal centers (Table 7). For

helicate exhibits a stability 6 orders of magnitude larger
compared with [Ep(LAB)3]¢".
On the other hand, the two compartments 6% present

instance, in the case of LaEu, a mean rotation of 3313.7
needed to go from O1 to N8 (ligand strand a), from O2 to
N17 (ligand stand b), or from O3 to N26 (ligand strand c).

an adequate difference in complexing ability, leading to both The two planes defined by O1, 02, and O3 and N8, N17,

the almost quantitative formation of the bimetallic triple

and N26 are quasi parallel (interplanar angtg and their

helicates and an appreciable enhancement in the concentradistanced amounts to 12.45 A. The data listed in Table 8

tion of the heterobimetallic species90%) over the statisti-
cal value (50%). Here the proportion of HHH complexes
reaches 85100%, depending on the speciesLhnLn’,

or Ln',. The preferential formation of the HHH isomers over
the HHT ones is the result of an interplay between two

for LAB helicates are estimated from the mean N(benzimi-
dazoley-Ln—Ln'—O(amide) dihedral anglexy and the
interplanar distancd: P = 360@/ay;), which yields a helical
pitch of 13.4 A for LaEu. We note that the helical pitches
for the heterobimetallic helicates are very similar, indicating

factors. The first one is related to the specific free energy only minute structural changes along the series. They are

for the complexation of L# ions with the two different

slightly longer than the ones calculated for the homobime-

compartments of the ligand. The second one arises fromtallic edifices with the symmetrical ligand$*| L8, and LS,

interstrand interactions which vary with the size of the
specific LA ion pair and the orientation of the ligand strands.

in line with a longer intermetallic distance (by about 0.3 A).

This problem will be addressed in more detail in a subsequent(sa) Galler-walrand, C.; Binnemans, K. IHandbook on the Physics and

paper.
[LnLn "(LAB)3]5" Helicates: Structural Aspects.The self-

assembly process leads to structurally well-defined cavities

Chemistry of Rare EarthsSschneidner, K. A., Jr., Eyring, L., Eds.;
Elsevier Science B.V.: Amsterdam, 1996; Vol. 23, Chapter 155.

(55) Piguet, C.; Bernardinelli, G.; Hopfgartner, Ghem. Re. 1997, 97,
2005.
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Table 8. Helical PitchesP and Intermetallic Distancedi . in [LnLn’(LAB)3]®" and Corresponding Reference Homobimetallic Helicates

LAB

LnLn' = EuEu LnLAd =TbTb LnLn =EuEu LnLA=TbTb LnLn =LaEu LnLA =LaTb LnLn =PrEr LnLA =PrLu LnLn = EuEu

13.2
9.21

135
9.35

13.5
9.21

13.4
9.20

13.2
9.22

aValues for 14, LB, and (L°-2H)?~ are recalculated from the corresponding structural dadaerage values (the structures feature two slightly different

LA LB (LC_ZH)Zf b
P/IA 12.8 13.0 12.8 13.3
dinun/A 8.88 9.06 8.93 8.95
molecules).
3’“ — g
90 A % ..
80 4 x ® A
BT 5
70 E E Es: L] 'E' c
60| g T o A
E e, statistical value
50 i . .‘ 'y
000 005 010 015 020
Ar}!Angstmm
Figure 11. Percentages of heterobimetallic [LAD)s]®" (L = LA8,

circles; (LAC-H)~, triangles) observed by ESI-MS and/& NMR in

acetonitrile solutions at room temperature, versus the ionic radius differences.

Interpretation of NMR spectra and LIS analysis show the
solid-state structure being maintained in acetonitrile, leading
to well-defined and fairly rigid coordination cavities, hence
the long and almost temperature-independentiB) (life-

time, which represents an asset in the design of luminescent

probes.
Recognition of Lanthanide Heteropairs. The main
interest of this paper lies in"E (and to a lesser extent't)

being able to recognize a heteropair of lanthanide ions and

to insert them into a stable triple helical functional edifice
by self-assembly. In a first approximation, the chemical
properties of LH ions may be related to their ionic radius

and charge density. We have therefore plotted in Figure 11 e
the percentages of heterobimetallic species as a function of.

the ionic radius differencar; for a coordination number of

9. When Ar; is larger than 0.1 A, the proportion of
heterospecies withA® becomes larger than 65%, which is
not the case for (£°-H)~, for which Ar; > 0.15 A is needed

to reach a similar value. The recognition process may be
quantified considering the following equation:

[LnLn(L"®),]%" +
[Ln'Ln'(L"®),]%" = 2[LnLn'(L"?)]°" (K, AG,)

A(AG) = AG, — AG,,, (16)

At room temperature, a statistical distribution results in
Kstat= 4 andAGg;= —3.4 kImol™%. The increased stability
of the [LnLn (LAB)3]®" helicates with respect to the homo-
bimetallic ones, expressed a4AG) defined by eq 16, is
reported in Table 3. The absolute free energy values steepl
increase betweear; = 0.1 A andAr; = 0.18 A, from~3
to ~10 kImol™? (90% heterobimetallic species). These
energies remain small, and very weak differences in ther-
modynamic and entropic contributions, e.g., interstrand
or C—H---x interactions {-2—8 kJ¥mol™),% account for this
stabilization. We note that such interactions also favor the

(56) Hunter, C. A.; Sanders, J. K. M. Am. Chem. S0d.99Q 112, 5525.
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HHH arrangement of the ligand strands. The better discrimi-
nating effect displayed by compared to (E°-H)~ can
precisely be traced back to the preferential formation of the
HHH isomers with the former ligand. Looking at the
formation of the helical monometallic complexes with ligand
L! and its 4-pyridine-substituted analoguésye see that a
size-discriminating effect along the I'nseries principally
occurs upon complexation of the third ligand strand, because
the key factor in the recognition process is the size of the
self-assembled cavity. In the case of HHT bimetallic heli-
cates, the three tridentate coordination units are not identical
and the resulting cavity is different from those built by the
tridentate ligands, hence a less pronounced size-discrimina-
tion effect.

Conclusion

In the initial design of the ditopic ligands presented here,
we expected that the variable affinity of their coordinating
units versus the lanthanide ion sizes would lead to the
selective incorporation of two different metal ions into triple-
stranded bimetallic helicates. Two among the three tested
ligands effectively lead to selective supramolecular recogni-
tion of heteropairs of lanthanide ions. However, contrary to
our initial thoughts, the best host, by far, proved to be neutral
and not deprotonated*t. This finding is important since

it points to the selectivity being governed by a combination
of electrostatic interactions and interstrand interactions. We
indeed observe that' forms a majority of HHH helicates,
which is by far not the case for {€-H)~, and a high
selectivity is precisely related to this configuration of the
complexes. Altogether, remarkable enhancements of the
concentration of the heterobimetallic [LnI(b"®)3]®* species
over the statistical distribution are obtained when the ionic
radius differences are larger than 0.1 A, reaching up to 90%
for the LalLu pair. In terms of energy, this translates into
differences inAG; (with respect to the statistical situation)
remaining modest, between3 and—10 k}mol™!, hence

the difficulty in planning the adequate ligands. The data
reported in this paper shed light on the subtle origins of the
selectivity and demonstrate that a good understanding of
them allows chemists to master the design of ingenious hosts

yleading to bimetallic functional edifices.

Our final goal is the design of bifunctional probes featuring
either two-color luminescence or luminescence and magnetic
properties. From this standpoint, the supramolecular edifices
described here are promising: the heterobimetallic helicates
are highly stable and kinetically inert, and the lanthanide
ions are well protected from outside interactions. To produce
practical probes, several improvements need however to be
implemented in the ligand design, such as water solubility,
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better antenna effect (the quantum yield of 1.9 % for LaEu containing bifunctional edifices and is an exciting example
is nevertheless comparable to the one exhibited by theof a multifaceted recognition process.
commercially used [Eu(bpbpy-bpy)P" cryptatd), and
substitution by a group able to couple with biological — Acknowledgment. This research is supported through
material. The feasibility of the latter has already been grants from the Swiss National Science Foundation. We
demonstrated with a symmetrical ditopic ligatidand thank Veonigque Foiret and Fd&ric Gumy for their help in
experiments are in progress in our laboratory to address therecording the luminescence data.
other points.

Altogether, the remarkable disposition of ligandBLto
self-assemble with a heteropair of lanthanide ions opens
entirely new perspectives in the design of lanthanide-

Supporting Information Available: Experimental details,
additional tables and figures, and crystallographic data in CIF
format. This material is available free of charge via the Internet at
http://pubs.acs.org.
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