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The planar aromatic tridentate ligand 2,6-bis(1-S-neopentylbenzimidazol-2-yl)pyridine (L11) reacts with Ln(III)
(Ln ) La-Lu) in acetonitrile to give the successive complexes [Ln(L11)n]3+ (n ) 1-3). However, stability constants
determined by spectrophotometry and NMR titrations show that formation of the tris complexes is not favored,
log K3 being around 1 for La(III) and Eu(III), while no such species could be evidenced for the smaller Lu(III)
ion. The X-ray structures of L11 (monoclinic,P21, a ) 13.4850(12) Å,b ) 12.0243(11) Å,c ) 16.4239(14) Å,
â ) 103.747(7)°), [La(ClO4)2(L11)2]3[La(ClO4)2(H2O)(L11)2](ClO4)4‚15MeCN (1a, monoclinic,P21, a ) 21.765(4)
Å, b ) 30.769(6) Å,c ) 21.541(5) Å,â ) 116.01(3)°), and [Eu(L11)3](ClO4)3‚4.28MeCN (5a, monoclinic,P1h,
a ) 14.166(3) Å,b ) 19.212(4) Å,c ) 21.099(4) Å,R ) 108.91(3)°, â ) 98.22(3)°, γ ) 108.40(3)°) have been
solved. In1a, two different types of complex cations are evidenced, both containing 10-coordinate La(III) ions.
In the first type, both perchlorate anions are bidentate, while in the second type, one perchlorate is monodentate,
the 10th coordination position being occupied by a water molecule. In5a the three ligands are not equivalent.
Ligands A and B are wrapped in a helical way and are mirror images of each other, while ligand C lies almost
perpendicular to the two other ones. This stems from the steric hindrance generated by the bulky neopentyl groups
with the consecutive loss of any stabilizing interstrandπ-stacking interactions. This explains the low stability of
the tris complexes and the difficulty of isolating them and points to the importance of the steric factors in the
design of self-assembled triple helical lanthanide-containing functional edifices [Ln(Li)3]3+.

Introduction

The past 2 decades have seen a considerable surge of interest
in the coordination chemistry of lanthanide ions, mostly due to
applications in biomedical analyses,1 where lanthanide com-
plexes are used either as diagnostic2 or as therapeutic3,4 tools.
Both the peculiar magnetic and optical properties of the Ln-
(III) ions are taken advantage of, for example, in contrast agents
for magnetic resonance imaging,5 in time-resolved fluoroim-

munoassays,6,7 in luminescent specific imaging agents for
tissues,8,9 in luminescent responsive systems to assay various
analytes,10 in the selective hydrolysis of DNA and RNA,11,12

or in cancer radio- and phototherapy.4 One real challenge
pertaining to the design of functional lanthanide-containing
coordination compounds lies, among other features, in the need
for a precise control of the Ln(III) inner coordination sphere,
while these ions present nondirectional bonding.13 Several
strategies have been developed to master this difficulty, for
instance, the encapsulation of the spherical Ln(III) ions into
preorganized macrocyclic ligands, into macrocyclic ligands fitted
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with dangling arms, or into cavities formed upon self-assembly
of carefully tailored multidentate ligands and podands.14,15 In
the latter strategy, judicious design of the ligands leads to weak
noncovalent interstrand interactions that stabilize the functional
edifices. Working along these lines, we have shown that bis-
(benzimidazole)pyridines Li (Chart 1) are versatile tridentate
aromatic donors that can be easily derivatized and used as
building blocks for various receptors. Monometallic 1:1 nitrato
complexes with Li display photophysical properties that can be
tuned by varying the substituents R1 and R2 16,17and can provide
the basis for luminescent liquid crystals.18,19 In the absence of
a strongly coordinating anion, Li ligands wrap around the Ln-
(III) ions in a thermodynamically controlled self-assembly
process to yield triple helical edifices with electronic and
photophysical properties that are controlled by the substituents
on the aromatic core.20-22 Increasing the ligand programming
leads to ditopic pentadentate or hexadentate receptors coded for
the assembly of d-f23-25 or f-f26,27 bimetallic functional
helicates.

Triple helical edifices have inherent chirality and may be used
as probes for chiral recognition. For instance, the luminescence

of racemic [Ln(dpa)3]3- (Ln ) Eu, Tb, H2dpa ) dipicolinic
acid) sustains a diastereomeric quenching by ferricytochrome
C proteins,28 while enantiopure∆ and Λ cationic lanthanide
complexes with a ligand derived from the cyclen framework
display stereoselective binding and base-pair selectivity for CT-
DNA.29 Despite the relatively poor luminescent properties of
the triple helical [Ln(Li)3]3+ complexes so far isolated,30 we
have undertaken a study aimed at designing chiro-optical active
triple helical complexes with Li. As a first step toward this goal,
we present here the synthesis of ligand L11, fitted with
(S)-neopentyl N-substituents, and a structural and thermody-
namic study of its interaction with trivalent lanthanide ions. We
show that the bulky alkyl moiety prevents the wrapping of the
third ligand, leading to a peculiar solid-state structure and to
very smallK3 stability constants.

Experimental Section

General.Solvents and starting materials were purchased from Fluka
AG (Buchs, Switzerland) and used without further purification unless
otherwise stated. Acetonitrile was distilled from CaH2 and P2O5.
Dichloromethane (CH2Cl2), N,N-dimethylformamide (DMF), and tri-
ethylamine were distilled from CaH2. Lanthanide perchlorates and
trifluoromethanesulfonates (triflates) were prepared from the oxides
(Rhodia, 99.99%) and dried according to published procedures.31,32The
Ln content of solutions and solid salts was determined by complexo-
metric titrations with Titriplex III (Merck) in the presence of urotropine
and xylene orange.33 Caution: Dry perchlorates and their complexes
with aromatic amines may easily explode and should be handled in
small quantities and with extreme precaution.34

Spectroscopic Measurements.IR spectra were obtained from KBr
pellets with a Mattson Alpha Centauri or a Bruker IFS-113v FT
spectrometer. Calculations of stability constants from NMR data were
performed with the program MINEQL+.35 UV-vis spectra were
recorded using quartz cells of 1.000, 0.100, or 0.010 cm path length
(Hellma) on Perkin-Elmer Lambda 7 and 900 spectrometers. Specific
rotary dispersion values were measured from 10-3 M solution in
degassed anhydrous acetonitrile at 298 K with the help of a JASCO
DIP-370 polarimeter (sodium D line).1H and 13C NMR spectra and
experiments ({1H-1H} correlation spectroscopy (COSY),{1H-13C}
heteronuclear single quantum coherence (HSQC), rotating-frame Over-
hauser enhancement spectroscopy (ROESY), and distortionless en-
hancement by polarization transfer (DEPT-13536)) were performed on
Bruker AM-360 (360.15 MHz) and DRX-400 AVANCE (400.03 MHz)
spectrometers. Chemical shifts are given in ppm with respect to TMS.
Pneumatically assisted electrospray mass spectra were recorded from
10-4 M solutions in acetonitrile on an API III tandem mass spectrometer
(PE Sciex) by infusion at 4-10 µL min-1. Elemental analyses were
carried out by Dr. H. Eder of the Microchemical Laboratory of the
University of Geneva.

Preparation of the Ligand L11. The ligand 2,6-bis(benzimidazol-
2-yl)pyridine (L0) was synthesized according to a procedure previously
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described.37 Ligand L11 was prepared under N2. A total of 238 mg of
L0 (0.74 mmol) was dissolved in 10 mL of dry THF. The mixture was
cooled to 0°C, then a total of 178 mg of KH (4.44 mmol) previously
washed with 5× 10 mL of dry pentane was added. The mixture was
allowed to stand at room temperature, stirred for 60 min before the
addition of 1.17 g of 18-crown-6 (4.44 mmol) in dry THF and 550µL
of S(+)-1-bromo-2-methylbutane (4.44 mmol). The solution was put
into an autoclave and refluxed for 3 days. The KBr was filtered off,
and the resulting mixture was poured into water (100 mL). Then an
amount of 50 mL of THF was added. The organic layer was separated,
and the aqueous phase was extracted with CHCl3 (3 × 100 mL). The
combined organic phases were dried over Na2SO4 and evaporated. The
resulting crude solid was purified by column chromatography (Al2O3,
CH2Cl2) and recrystallized by slow diffusion of hexane into a
dichloromethane solution to give 200 mg of L11 (0.44 mmol, 58%).
Mp, 100-102°C. 1H NMR in CDCl3: δ 0.63 (6H, d,3J ) 7 Hz), 0.66
(6H, t, 3J ) 7.2 Hz), 0.97 (2H, m,3J ) 7.1 Hz, 2J ) 14.2 Hz), 1.18
(2H, m,3J ) 7.1 Hz,2J ) 14.2 Hz), 1.87 (2H, pseudo-octet,3J ) 6-8
Hz), 4.56 (2H, dd,3J ) 7.9 Hz,2J ) 14.1 Hz), 4.69 (2H, dd,3J ) 7.1
Hz, 2J ) 14.1 Hz), 7.33-7.48 (6H, m), 7.88 (2H, m), 8.05 (1H, t,3J
) 7.9 Hz), 8.33 (2H, d,3J ) 7.9 Hz). 13C NMR in CDCl3: δ 9.96
(2C), 15.80 (2C), 26.21 (2C), 35.42 (2C), 50.10 (2C), 110.99 (2C),
119.30 (2C), 122.14 (2C), 123.04 (2C), 124.84 (2C), 136.67 (1C),
138.02, 142.29, 149.85, 150.08 (8 Cquat). With respect to L0, IR data
show the disappearance of the NH vibration. Electrospray mass
spectrometry (ES-MS) (MeCN):m/z 452.2 ([L + H]+).

Preparation of the Complexes.The 1:2 complexes [Ln(ClO4)2(L11)2]-
(ClO4) and [Eu(CF3SO3)2(L11)2](CF3SO3) were prepared by mixing L11

with stoichiometric amounts of Ln(ClO4)3‚nH2O (Ln ) La, Eu, Tb;n
) 0.2-0.6) in dichloromethane-acetonitrile. The complexes may be
crystallized in 70-80% yield by slow diffusion oftert-butyl methyl
ether into an acetonitrile solution. The [Eu(L11)3](ClO4)3 complex was
prepared in 20-30% yield according to the same procedure, using a
large excess of ligand (Eu/L) 1:6).

The ligand L11 and each of the complexes were characterized by
their IR spectra and gave satisfactory elemental analyses (Table T1 of
Supporting Information).

Spectrophotometric Titrations. Electronic spectra in the UV-
visible range were recorded at 298 K from 10-4 mol dm-3 acetonitrile
solutions containing 0.1 M Et4NClO4 as an inert electrolyte with a
Perkin-Elmer Lambda 7 spectrometer connected to an external computer
and using quartz cells of 0.100 cm path length. Solutions were prepared
in a thermostated vessel (Metrohm 6.1418.220), and the titrant solution
was added with an automated buret from Metrohm (6.1569.150 or
6.1569.210) fitted with a antidiffusion device. In a typical experiment,
5-10 mL of L11 were titrated with a solution of Ln(III) triflate 10-4 M
in acetonitrile. After each addition of 0.20 mL and a delay of 2 min,
the spectrum was measured and transferred to the computer. In some

instances, reverse titrations, i.e. with L11 as titrating species, were also
performed to confirm the values of the stability constants. All the
experiments were conducted in a drybox, and the water content of the
solutions, measured at the end of the titration by the Karl Fischer
method, was always<30 ppm. Factor analysis and stability constant
determinations were carried out with the program SPECFIT, version
2.10.38

X-ray Experimental Section. 1. L11. A thin bent crystal without
any well-defined habitus was glued on a glass needle and exposed to
graphite monochromatized Mo KR radiation. The data were collected
on a KUMA diffractometer equipped with a CCD detector and a four-
circle κ-goniometer (Table 1). A little more than one hemisphere of
reflections were collected. Newly developed algorithms and programs39-41

were used in the data reduction. Data were corrected for Lorentz and
polarization effects but not for absorption. The structure was solved
using direct methods.42 All C and N atoms were refined anisotropically.
Hydrogen atoms were clearly visible in difference maps and were
generated using a riding atom model. The structure is pseudocen-
trosymmetric, the atoms not fitting the higher symmetry being found
in the side chains. This renders refinement of the absolute structure
impossible, but the structure is otherwise refinable in the noncen-
trosymmetric space group. The proposed chirality is the one corre-
sponding to a postrefinement Flack parameter41 around zero. The
chirality centers C23 and C31 areS for both molecules, as expected
from the synthesis.

2. [La(ClO4)2(L11)2]3[La(ClO 4)2(H2O)(L11)2](ClO4)4‚15MeCN (1a).
The pale-pinkish, lathlike crystals were directly transferred from their
mother liquor into a drop of Hostinert 216 and kept at 210 K. A
specimen was selected, cut to size, and finally placed in a glass capillary.
The data collection, at 170 K, took place on a Stoe IPDS system
equipped with Mo KR radiation (Table 1). The image plate-crystal
distance was set to 80 mm, and aφ interval of 1° was chosen. Two
hundred images were exposed for 4 min each. An inspection of
reciprocal space revealed the diffraction figure to consist essentially
of maxima (∼90%) indexable in the cell of Table 1 (the remaining
weak peaks were due to powdery features or sheer noise). These were
integrated using profiles between 13 and 19 pixels and a mosaic spread
of 0.007. The intensities were corrected for Lorentz and polarization
effects. The absorption correction used Gaussian integration and yielded
transmission factors between 0.699 13 and 0.914 22. The decay during
the measurement was negligible. The structure was solved with the
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Table 1. Crystallographic Data for L11, 1a, and5a

L11 1a 5a

formula C29H33N5 C262H311Cl12La4N55O49 C95.58H111.84N19.28O12Cl3Eu
fw 451.61 6052.92 1982.29
space group P21 P21 P1h
a, Å 13.4850(12) 21.765(4) 14.166(3)
b, Å 12.0243(11) 30.769(6) 19.212(4)
c, Å 16.4239(14) 21.541(5) 21.099(4)
R, deg 90 90 108.91(3)
â, deg 103.747(7) 116.01(3) 98.22(3)
γ, deg 90 90 108.40(3)
V, Å3 2586.8(4) 14169(5) 4958(2)
Z 4 2 2
T, °C 20 -103 -103
λ, Å 0.710 73 0.710 73 0.710 73
Dcalcd, g cm3 1.160 1.405 1.328
µMo KR, mm-1 0.70 0.785 0.781
R1a 0.0400 0.0698 0.0772
wR2b 0.0980 0.1013 0.1955

a R ) ∑[|Fo| - |Fc|]/∑|Fo|. b Rw(Fo
2) ) [∑w(Fo

2 - Fc
2)2/∑w(Fo

4)]1/2.
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help of SHELXTL 5.05,43 in space groupP21, and some corollary
calculations were carried out by means of PLATON.44 Rigid links had
to be imposed on some atoms during refinement. The acetonitrile
molecules could only be refined under geometrical restraints.

3. [Eu(L11)3](ClO4)3‚4.28MeCN (5a). The pale-pinkish, lathlike
crystals were directly transferred from their mother liquor into a drop
of Hostinert 216 kept at 210 K. A specimen was selected, cut to size,
and placed in a glass capillary. The data collection at 170 K took place
on a Stoe IPDS system equipped with Mo KR radiation (Table 1). The
image plate-crystal distance was set to 80 mm, and aφ interval of 1°
was chosen. Two hundred images were then exposed for 4 min each.
An inspection of reciprocal space revealed the crystals to be pseudo-
merohedric twins. The dominant individuum accounted for two-thirds
of the peaks, and for the remaining ones another orientation matrix
could be found. The integration (based on an effective mosaic spread
of 0.004) was carried out by using the dominant orientation matrix but
keeping track of the second one as well. A peak overlap of two pixels
was tolerated in order to retain the maximum number of reflections.
Nevertheless, almost half of the reflections were eliminated because
of severe peak overlap. The intensities were corrected for Lorentz and
polarization effects but not for absorption because the crystal was
invisible in the frozen oil (the absorption coefficient appears to be
negligible; cf. Table 1). The decay during measurement was insignifi-
cant. The structure was solved in space groupP1h with the help of
SHELXTL 5.05,43 using all reflections of the dominant individuum;
corollary calculations were carried out by means of PLATON.44 Most
of the butane sidearms of the ligand were disordered, and restraints
had to be applied. More precisely, standard distances were imposed
between first and second neighboring carbon atoms of the sidearms,
and the population parameters of the two terminal carbon atoms were
allowed to vary, their sum being restrained to 1.

Results

Ligand Synthesis and Characterization.Ligand L11 was
synthesized through N-alkylation of 2,6-bis(benzimidazol-2-yl)-
pyridine according to a procedure similar to those reported for
the syntheses of L1 and L2 (Scheme 1).21 The reaction rate is
rather slow, so in order to obtain a reasonable yield (58%), the
alkylation was performed in a pressurized vessel for several days

and in the presence of 18-crown-6 to complex potassium ions.
The absolute configuration of the asymmetric carbon atoms of
the neopentyl arms is retained, as demonstrated by the value of
the specific optical rotation: [R]D

25 ) 15.1 ( 0.3 deg dm2

mol-1.
With respect to L0, IR data show the disappearance of the

NH vibration, while aromatic CdC modes occur at 1568 and
1590 cm-1. 1H (11 resonances) and13C (13 resonances) NMR
spectra in CD3CN (5× 10-3 M) are consistent with the presence
of a single species with a bis(benzimidazole)pyridine core
having C2 symmetry (Figure F1 of Supporting Information).
For instance, a singlet and a doublet (3J ) 7.9 Hz) are observed
for C5 and H5, respectively (Chart 2). The pyridine protons H5

and H6 display pseudo-first-order spectra, while the benzimi-
dazole protons H1-H4 give rise to a complicated ABCD
spectrum. The aliphatic region contains one doublet and one
triplet assigned to Me1 and Me2, while the geminal pairs H7,8

and H10,11 are not equivalent, generating two closely spaced
multiplets in the ranges 0.92-1.22 and 4.50-4.80 ppm,
respectively. The signal from proton H9 is a pseudo-octuplet,
reflecting couplings to Me1, H7,8, and H10,11. As observed for
the other Li ligands,22 the conformation of the molecule is trans-
trans, a nuclear Overhauser effect being observed between H4

and H10 (or H11) while none exists between H5 and H10 (or H11).
This conformation also prevails in the solid state, as demon-
strated by the X-ray crystal structure (Table 1, Figure 1). The
unit cell contains two independent molecules A and B, the bond
lengths and angles of which differ only slightly (Table T2 of
Supporting Information). All aromatic groups are planar, but
the benzimidazole moieties are not coplanar with the pyridine,
the interplanar angles being very similar and in the range 23.4-
27.2° (Table T3 of Supporting Information). Two largely
different interplanar angles have been reported for [HL1]+ (30.5°
and 45.3° 17) and L7 (12.8° and 41.8° 45) and have been attributed
to a minimization of the steric repulsion of the arms. In L11,
the two arms lie on both sides of the pyridine ring, so steric
constraints are minimal, henceforth resulting in two relatively
small and equal interplanar angles. The crystal packing is

(43) Sheldrick, G. M.SHELXTL, version 5.05; Siemens Analytical X-Ray
Instruments, Inc.: Madison, WI, 1996.

(44) Speek, A. L.Acta Crystallogr.1990, A46, C34.
(45) Petoud, S. Ph.D. Dissertation, University of Lausanne, Lausanne,

Switzerland, 1997.

Scheme 1 Chart 2

Table 2. Species Observed in the ES-MS Spectra of 10-3 M
Solutions in Acetonitrile with [L11]t/[Eu3+]t ) 1, 2, and 3 at 298 K

species m/za species m/za

[Eu(MeCN)3(L11)]3+ 242.4 [Eu(ClO4)(MeCN)3(L11)]2+ 413.2
[Eu(MeCN)4(L11)]3+ 256.1 [Eu(ClO4)(MeCN)4(L11)]2+ 433.3
[Eu(MeCN)5(L11)]3+ 269.8 [(L11) + H]+ 452.3
[Eu(L11)2]3+ 351.9 [Eu(L11)3]3+ 502.3
[Eu(MeCN)(L11)2]3+ 365.5 [Eu(ClO4)(L11)2]2+ 577.2
[Eu(ClO4)(MeCN)(L11)]2+ 371.7 [Eu(ClO4)(MeCN)(L11)2]2+ 597.6
[Eu(MeCN)2(L11)2]3+ 379.3 [Eu(ClO4)(L11)3]2+ 802.9
[Eu(MeCN)2(L11)2(H2O)]3+ 385.2 [2(L11) + H]+ 903.6
[Eu(ClO4)(MeCN)2(L11)]2+ 392.6 [Eu(ClO4)(L11)4]2+ 1028.5

a m/z values given for the maximum of the peak at unit mass
resolution.
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dominated by weakπ-stacking interactions between parallel
benzimidazole rings from two different molecules (A and B),
with interplanar distances in the range 3.56-3.76 Å (Figure F2
of Supporting Information).

Interaction Between L11 and Ln(III) Ions. Electrospray
mass spectra have been measured for solutions with Eu(III)-
to-L11 ratios R equal to 1, 0.5, and 0.33 in the concentration
range 10-3-10-4 M to establish the speciation in acetonitrile
(Table 2 and Figure F3 of Supporting Information). Perchlorate
adducts and isotopic distribution help in identifying the species,
as shown in Figure 2. The main signals observed for solutions
with R ) 1 are assigned to the [Eu(ClO4)x(L11)(MeCN)y](3-x)+

species, with, in addition, weak signals from 1:2 species. The
most intense signals in the spectra of solutions withR ) 0.5
are assigned to the [Eu(ClO4)x(L11)2(MeCN)y](3-x)+ species,
while smaller signals from 1:1 and 1:3 species are also present.
Peaks from the latter species become important in the solutions
with R ) 0.33, but signals from the 1:1 and 1:2 complexes are
still present (Figure F3 of Supporting Information). From these
data, one can infer the successive formation of the 1:1, 1:2,
and 1:3 complexes, although the last does not appear to form
quantitatively. In ES-MS experiments with lanthanide com-
plexes, the more solvated a species is, the more difficult it is to
transfer it to the gas phase, so the signal intensities cannot be
used to assess the relative quantity of the observed complexes
and adducts.46

To quantify the Ln(III)-L11 interaction, we have performed
spectrophotometric titrations of L11 by Ln(Otf)3 (Ln ) La, Eu,
Lu) at 298 K in the presence of 0.1 M Et4NClO4 under
anhydrous conditions ([H2O] < 30 ppm). Factor analysis
indicates the presence of three or four absorbing species, and

the data (Figure 3) have been fitted by a least-squares procedure
using either equilibrium reactions 1 and 2 or equilibrium
reactions 1-3, where solvation and anion coordination has been
omitted:

Electronic spectra of the three complex species are correlated,
which renders the fitting process difficult and results in relatively
large uncertainties on logKi values. Both models lead to logK1

and logK2 values that are in reasonable agreement (Table 4).
When all reactions 1-3 are used, the residuals are smaller;
however, the three stability constants could not be calculated
simultaneously in the case of La(III) and Eu(III) and one or
two of them had to be fixed in order to extract the other one(s).
This prompted us to check whether these values are consistent
with 1H NMR data.

Figure 4 presents the spectra obtained with La(III). Signals
from the 1:1 and 1:2 complexes could be clearly identified for
La(III), Eu(III), and Lu(III) (Table 3), while only two broad
signals arising from the aromatic protons H5,6 of the Eu(III)
1:3 species could be assigned unambiguously in a solution

(46) Stewart, I. I.; Horlick, G.Anal. Chem.1994, 66, 3983-3993.

Figure 1. Molecular structure and numbering scheme for the two types of L11 molecules found in the unit cell.

Figure 2. Detail of the ES-MS signal arising from the [Eu(L11)3-
(ClO4)]2+ species ([Eu]t ) 10-4 M in anhydrous acetonitrile). Figure 3. Absorption spectra (corrected for dilution) obtained while

titrating 4.3× 10-4 M L11 with 1.5 × 10-3 M Eu(Otf)3 in CH3CN. R
) [Eu]t/[L11]t.

Ln3+ + L11 h [Ln(L11)]3+ log K1 (1)

[Ln(L11)]3+ + L11 h [Ln(L11)2]
3+ log K2 (2)

[Ln(L11)2]
3+ + L11 h [Ln(L11)3]

3+ log K3 (3)
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containing an excess of ligand. In the solutions with a stoichio-
metric ratio R ) 0.33, the major species is always the 1:2
complex and is still present in solutions with a large excess of
ligand (Ln/L ) 1:6), pointing to rather low values of logK3.
Only one series of relatively sharp signals is observed in the
NMR spectra of the [Ln(L11)2]3+ complexes, consistent with
the two ligands being equivalent and with slow ligand exchange
processes between free and coordinated ligands on the NMR
time scale. The specific optical rotation determined for Ln)
La, Eu, and Tb amounts to 35.2( 0.3, 33.9( 0.4, and 34.4(
0.1 deg dm2 mol-1, respectively, that is marginally larger than
twice the value found for the free ligand. Although small, the
structural contribution (4-5 deg dm2 mol-1) to the chiro-optical
effect points to a chiral environment of the metal ion.

Integration of several aliphatic and aromatic resonances
allowed us to determine the relative concentrations of the species
in equilibrium. For La(III), the solution withR ) 1 contains
2% free ligand, while 87% and 11% of the ligands are
complexed in the 1:1 and 1:2 species, respectively. In the
solution with R ) 0.5 all ligands are complexed; 9% of the
ligands are in the 1:1 species and 91% in the 1:2 species. When
R reaches 0.33, free ligand (27%) is again seen, which means
that the 1:3 species forms only in small quantities (corresponding
to 8% of the ligands), the 1:2 species being the major complex
in solution and corresponding to 65% of the ligands. Addition
of more ligand (R) 0.167) only slightly increases the proportion

of the 1:3 species. For Eu(III), the situation is similar except
that the 1:3 species only appears in the spectrum withR) 0.167
while it is not seen at all for Lu(III). The stability constants
extracted from1H NMR data analyzed with MINEQL+ 35 are
reported in Table 4. Values for logK1 and logK2 are in excellent
agreement with those obtained by fitting the spectrophotometric
data with the model with four absorbing species, except for
log K1(Lu) for which a difference of 1.1( 0.3 is observed. A
large discrepancy, however, is seen for the logK3 values
determined by the two different techniques, which will be
discussed later.

Isolation and Structure of the 1:2 and 1:3 Complexes.
When starting from a lanthanide salt with a weakly coordinating
anion such as perchlorate or triflate, hygroscopic 1:2 and 1:3
complexes are isolated while the syntheses of the 1:1 complexes
require the presence of a strongly coordinating anion such as
nitrate, as observed for the other Li ligands17 (properties of the
nitrato complexes will be presented elsewhere). The following
complexes yielded good elemental analysis results (Table T1
of Supporting Information): [La(ClO4)2(L11)2](ClO4)‚0.5Me3-
COMe (1), [Eu(ClO4)2(L11)2](ClO4)‚2H2O (2), [Eu(CF3SO3)2-
(L11)2](CF3SO3) (3), [Tb(ClO4)2(L11)2](ClO4)‚1.5H2O (4), and
[Eu(L11)3](ClO4)3‚H2O (5). The solvation is difficult to control
and depends on the drying conditions. The 1:3 complex is
particularly difficult to isolate, even in the presence of a large
excess of ligand because the 1:2 species is more stable and less
soluble and therefore crystallizes more easily than the 1:3 adduct.
Upon complexation, changes in vibrational spectra are evident;
in particular, the two CdC ring vibrations of the pyridine and
benzimidazole moieties (1590 and 1568 cm-1 in the free ligand)
are blue-shifted in the complexes by 11-13 and 3-5 cm-1 in
both 1:2 and 1:3 complexes, respectively. Vibrations for ionic
perchlorate only could be identified in the spectrum of the 1:3
complex, while spectra of the 1:2 complexes reveal, in addition,
the vibrational modes of monodentate perchlorate (623, 656-
659, 924-929, 1025-1027, 1142-1143 cm-1) and some modes
that can be attributed to bidentate perchlorate (610-615, 637,
and 904-912 cm-1).47 The δ(SO3) mode of the triflate anion

(47) Bünzli, J.-C. G.; Milicic-Tang, A. InHandbook on the Physics and
Chemistry of Rare Earths; Gschneidner, K. A., Jr., Eyring, L., Eds.;
Elsevier Science Publishers B.V.: Amsterdam, 1995; Chapter 145,
pp 306-366.

Table 3. 1H NMR Shifts Observed for L11 and for Its 1:1, 1:2, and 1:3 Complexes with Ln(III) Ions (CD3CN, 5 × 10-3 M, 298 K)

species H1 H2 H3 H4 H5 H6 H7,8 H9 H10,11 Me1 Me2

L11 7.76 7.28-7.37 7.28-7.37 7.59 8.29 8.11 0.96, 1.14 1.83 4.54, 4.77 0.57 0.60
La 1:1 8.41 7.50 7.55 7.78 8.37 8.47 1.19, 1.39 2.02 4.54, 4.68 0.79 0.85
La 1:2 7.64 7.27 6.91 7.23 8.49 8.42 1.24, 1.43 2.03 4.53, 4.68 0.82 0.89
Eu 1:1 8.36 5.65 6.49 4.52 4.62 7.15 0.75 0.96 3.08, 3.32 0.35 0.69
Eu 1:2 8.32 5.66 6.27 4.51 9.36 11.09 1.00 1.61 3.62, 3.86 0.37 0.83
Eu 1:6a b b b b 8.68 10.59 b b b b b
Lu 1:1 8.24 7.84 7.58 6.98 8.45 8.56 1.33, 1.48 2.11 4.61, 4.70 0.92 0.93
Lu 1:2 8.32 7.58 7.26 6.97 8.65 8.82 0.77, 1.31 2.11 4.53, 4.67 0.64 0.94

a From a solution with a ratio Eu(III)/L11 ) 1:6. b Too weak to be identified.

Table 4. Stability Constants of [Ln(L11)n]3+ Complexes (n ) 1-3) As Determined by NMR and UV-Vis Spectrometry (µ ) 0.1 M Et4NClO4,
298 K)

log K1 log K2 log K3

Ln UV-visa UV-visb NMR UV-visa UV-visb NMR UV-visb NMR

La 7.9( 0.2 8.0(0.3c 8.1( 0.1 4.9( 0.2 6.0( 0.4c 5.7(0.5 5.3( 0.6 1.2( 0.2
Eu 7.0( 0.3 8.2( 0.2 8.2( 0.2 5.8( 0.4 5.9( 0.3d 5.9( 0.3 4.0( 0.5 0.9( 0.1
Lu 6.9( 0.3 8.0( 0.2 6.9( 0.1 5.7( 0.4 6.1( 0.3 5.7( 0.1 4.3( 0.5 e

a Model with three absorbing species.b Model with four absorbing species.c Values of logK1 and logK2 were fixed (see text).d The value of
log K2 was fixed (see text).e Not determined. The 1:3 species was not seen in the NMR spectra.

Figure 4. 1H NMR spectra of L11 and of solutions containing various
ratios of La(ClO4)3‚0.3H2O (5 × 10-3 M) and L11 in anhydrous CD3-
CN at 295 K. The symbolsb, [, and/ denote signals arising from
the 1:1, 1:2, and 1:3 species, respectively.
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in 3, which appears around 635 cm-1, is split, suggesting the
presence of both coordinated and ionic triflate.

Slow diffusion oftert-butyl methyl ether into a solution of1
in acetonitrile allowed us to isolate monoclinic crystals suitable
for X-ray diffraction, which turned out to have the following
formula: [La(ClO4)2(L11)2]3[La(ClO4)2(H2O)(L11)2](ClO4)4‚
15MeCN (1a). The unit cell belongs to the monoclinic system
group and contains two different types of bis(perchlorato)
complex cations in the ratio 3:1. These cations are depicted in
Figures 5 and F4 (Supporting Information), while bond distances
and angles for the La(III) coordination polyhedra are reported
in Table 5. A coordination number of 10 prevails for all the
La(III) ions. In the first type of complex cation, this number is
achieved through the binding of two tridentate ligands and two
bidentate perchlorate anions, while in the second type of
complex cation, one water molecule displaces one oxygen atom
of a perchlorate, resulting in the presence of two anions with
different denticity. The two ligands are wrapped around the
metal ion in a helical way, as was observed for [Yb(OH)-
(L1)2]2

4+ 22 and [Lu(L1)2(MeOH)(H2O)]3+.20 The asymmetric
carbon atoms retain their absolute configurationS in all the
complex cations. Bond distances in the coordinated ligand
molecules are close to those observed in uncomplexed L11, but
several interplanar angles are modified (Table T4 of Supporting
Information). In general, the interplanar angles between the
planar pyridine and the two planar benzimidazole moieties lie
within a close range for one given coordinated L11 molecule,
the largest difference amounting to 5.4°, but the interplanar
angles in both complex cations are quite different for the two
ligands, on average 31° for one molecule and 21° for the other
one. A large difference is consequently also observed in the
interplanar angles between the benzimidazole groups: on
average 26° for one coordinated molecule and 11° for the other.
The crystal packing is determined by the presence of several
weak intermolecular CH‚‚‚O H-bonds, each O atom of the
noncoordinated perchlorates being involved in two such interac-
tions with H atoms from the neopentyl groups, from the pyridine
rings and from acetonitrile. Each noncoordinated anion holds
together two [La(ClO4)2(L11)2]+ cations and two MeCN mol-
ecules (Figure 6, Table T5 of Supporting Information).

Suitable crystals of the Eu(III) 1:3 complex could also be
isolated, which turned out to have the following formulation:
[Eu(L11)3](ClO4)3‚4.28MeCN (5a). The unit cell contains iso-
lated [Eu(L11)3]3+cations, noncoordinated perchlorate anions,
and heavily disordered acetonitrile molecules, which explains
the fractional value found. The structure is featured in Figures
7 and F5 (Supporting Information), selected bond lengths and
angles are given in Table 6, while interplanar angles are reported
in Table T6 of Supporting Information. Two of the ligand
molecules (A and B) are wrapped around the Eu(III) ion in a
helical fashion, much as they were in the La(III) 1:2 complex,

Table 5. Bond Distances (Å) and Angles (deg) in the Coordination Polyhedra of the Complex Cations [La(ClO4)2(L11)2]+ (La1-La3) and
[La(ClO4)2(L11)2(H2O)]+ (La4)

Bond Distances
La1-N1A 2.74(1) La2-N1C 2.79(1) La3-N1E 2.75(1) La4-N1G 2.71(1)
La1-N2A 2.64(1) La2-N2C 2.67(1) La3-N2E 2.70(1) La4-N2G 2.65(1)
La1-N5A 2.67(1) La2-N5C 2.65(1) La3-N5E 2.71(1) La4-N5G 2.63(1)
La1-N1B 2.76(1) La2-N1D 2.74(1) La3-N1F 2.77 (1) La4-N1H 2.76(1)
La1-N2B 2.61(1) La2-N2D 2.63(1) La3-N2F 2.68(1) La4-N2H 2.66(1)
La1-N5B 2.64(1) La2-N5D 2.62(0) La3-N5F 2.69(1) La4-N5H 2.64(1)
La1-O11 2.667(1) La2-O31 2.629(1) La3-O53 2.585(1) La4-O72 2.671(1)
La1-O12 2.669(1) La2-O32 2.648(1) La3-O555 2.654(1) La4-O73 2.693(1)
La1-O21 2.679(1) La2-O41 2.684(1) La3-O61 2.695(1) La4-O81 2.639(1)
La1-O22 2.688(1) La2-O42 2.682(1) La3-O62 2.676(1) La4-O82 2.614(1)

Bond Angles
N1A-La1-N2A 62.7(3) N1C-La2-N2C 61.2(3) N1E-La3-N2E 62.3(3) N1G-La4-N2G 61.8(3)
N1A-La1-N5A 60.8(3) N1C-La2-N5C 59.8(2) N1E-La3-N5E 60.4(3) N1G-La4-N5G 61.5(3)
N1A-La1-N1B 175.6(3) N1C-La2-N1D 177.2(2) N1E-La3-N1F 172.3(3) N1G-La4-N1H 175.1(3)
N1A-La1-N2B 123.4(3) N1C-La2-N2D 115.0(2) N1E-La3-N2F 121.7(4) N1G-La4-N2H 119.9(3)
N1A-La1-N5B 114.5(3) N1C-La2-N5D 122.2(2) N1E-La3-N5F 115.3(3) N1G-La4-N5H 116.9(3)
N2A-La1-N5A 123.4(3) N2C-La2-N5C 121.1(3) N2E-La3-N5E 122.7(3) N2G-La4-N5G 123.2(3)
N2A-La1-N1B 115.3(3) N2C-La2-N1D 119.2(3) N2E-La3-N1F 119.8(2) N2G-La4-N1H 113.6(3)
N2A-La1-N2B 137.8(3) N2C-La2-N2D 139.4(3) N2E-La3-N2F 140.4(2) N2G-La4-N2H 139.2(3)
N2A-La1-N5B 71.2(3) N2C-La2-N5D 74.7(4) N2E-La3-N5F 73.2(2) N2G-La4-N5H 71.8(3)
N5A-La1-N1B 121.2(3) N5C-La2-N1D 119.7(3) N5E-La3-N1F 117.2(2) N5G-La4-N1H 123.2(3)
N5A-La1-N2B 75.7(3) N5C-La2-N2D 73.0(3) N5E-La3-N2F 74.1(4) N5G-La4-N2H 74.6(3)
N5A-La1-N5B 138.3(3) N5C-La2-N5D 136.9(3) N5E-La3-N5F 135.2(3) N5G-La4-N5H 136.5(2)
N1B-La1-N2B 60.8(3) N1D-La2-N2D 63.1(3) N1F-La3-N2F 62.1(4) N1H-La4-N2H 62.1(2)
N1B-La1-N5B 61.2(3) N1D-La2-N5D 60.3(3) N1F-La3-N5F 60.5(4) N1H-La4-N5H 61.1(2)
N2B-La1-N5B 122.1(3) N2D-La2-N5D 123.3(4) N2F-La3-N5F 122.6(4) N2H-La4-N5H 123.0(2)

Figure 5. Complex cations [La(ClO4)2(L11)2]+ (top) and [La(ClO4)2-
(L11)2(H2O)]+ (bottom).
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while the third one (molecule C) lies more or less perpendicular
to the two others, in contrast with the helical structures we have
previously reported for similar complexes.20 The neopentyl
groups lie on the same side of the mean ligand plane in strands
A and B, while they are located on both sides of this plane for
C. Four of the six neopentyl substituents are disordered, those

of ligands A and B occupying two positions with nearly equal
populations while those of ligand C have occupancy factors of
0.68 and 0.32. Direct determination of their chirality was
therefore not possible; however, an analysis taking into account
all the possible combinations of the arm positions showed that
all the asymmetric carbon atoms haveS configuration. Inter-
planar angles between the pyridine and benzimidazole moieties
are dissimilar from one ligand to another: 14.7 and 35° (ligand
A), 28 and 29.9° (B), and 0.6 and 20.1° (C), contrary to what
is observed for triple helical complexes where the three ligands
tend to adopt the same conformation with a mean interplanar
angle equal to 25°.20 As for the 1:2 complex, the crystal packing
is governed by CH‚‚‚O intermolecular interactions (Figure F6
and Table T7 of Supporting Information) involving the nonco-
ordinated perchlorate anions. Each O atom generates two
interactions with H atoms located on the benzimidazole groups
and the neopentyl arms; two O atoms connect ligands within
the same molecule, while the two other ones connect two ligands
belonging to two different complex molecules.

Discussion

Solution Behavior. ES-MS, NMR, and spectrophotometric
data clearly point to the presence of stable 1:1 and 1:2 complexes
with L11 in acetonitrile, while the formation of 1:3 complexes
appears to be much less favored, consistent with the difficulty
of isolating the 1:3 complexes in the solid state. The large
discrepancy observed between logK3 values determined from
spectrophotometric and NMR data deserves an explanation.
Close examination of spectrophotometric data shows that plots
of absorbance vs the ratioR) [Eu]t/[L11]t at several wavelengths
(Figure F7 of Supporting Information) have essentially one break
at R ) 0.5 (1:2 complex); moreover, the spectra of Figure 3
display an isosbestic point up to the same value ofR only. On
the other hand, the NMR signals of the 1:2 species (Figure 4)
broaden upon addition of more ligand and the signals assigned
to the 1:3 species are also quite broad. As has been shown for
the triple helical complexes with terpyridine [Ln(tpy)3]3+,48 this
broadening could be due to the partial decomplexation of one
ligand molecule in the 1:3 complex, resulting in the formation
of conformational isomers in rapid equilibrium; furthermore,
the partially decomplexed molecule may also be in rapid
exchange with the bulk solvent:

(48) Chapman, R. D.; Loda, R. T.; Riehl, J. P.; Schwartz, R. W.Inorg.
Chem.1984, 23, 1652-1657.

Figure 6. Intermolecular CH‚‚‚O interactions observed in the crystal structure of [La(ClO4)2(L11)2]3[La(ClO4)2(H2O)(L11)2](ClO4)4‚15MeCN (1a).
For the sake of clarity, the numbering has been simplified: O1 ) O121, O2 ) O122, O3 ) O123, O4 ) O124, C90 ) C902, and C93 ) C935.

Figure 7. Structure of the [Eu(L11)3]3+ cation.

Table 6. Bond Distances (Å) and Angles (deg) in the Coordination
Polyhedron of [Eu(L11)3](ClO4)3‚4.28MeCN (5a)

Bond Distances
Eu1-N1A 2.567(6) Eu1-N2A 2.621(5) Eu1-N5A 2.591(6)
Eu1-N1B 2.598(5) Eu1-N2B 2.570(6) Eu1-N5B 2.609(5)
Eu1-N1C 2.547(6) Eu1-N2C 2.583(5) Eu1-N5C 2.573(5)

Bond Angles
N1A-Eu1-N2A 60.3(2) N5A-Eu1-N1C 79.4(2)
N1A-Eu1-N5A 65.1(2) N5A-Eu1-N2C 98.1(2)
N1A-Eu1-N1B 89.8(2) N5A-Eu1-N5C 73.7(2)
N1A-Eu1-N2B 131.3(2) N1B-Eu1-N2B 63.9(2)
N1A-Eu1-N5B 69.6(2) N1B-Eu1-N5B 61.4(2)
N1A-Eu1-N1C 135.1(2) N1B-Eu1-N1C 135.0(2)
N1A-Eu1-N2C 143.4(2) N1B-Eu1-N2C 79.0(2)
N1A-Eu1-N5C 79.4(2) N1B-Eu1-N5C 142.0(2)
N2A-Eu1-N5A 120.2(2) N2B-Eu1-N5B 120.6(2)
N2A-Eu1-N1B 68.9(2) N2B-Eu1-N1C 80.6(2)
N2A-Eu1-N2B 71.8(2) N2B-Eu1-N2C 74.2(2)
N2A-Eu1-N5B 107.0(2) N2B-Eu1-N5C 96.4(2)
N2A-Eu1-N1C 126.5(2) N5B-Eu1-N1C 126.5(2)
N2A-Eu1-N2C 140.8(2) N5B-Eu1-N2C 74.5(2)
N2A-Eu1-N5C 74.2(2) N5B-Eu1-N5C 141.9(2)
N5A-Eu1-N1B 133.8(2) N1C-Eu1-N2C 64.8(2)
N5A-Eu1-N2B 160.0(2) N1C-Eu1-N5C 64.3(2)
N5A-Eu1-N5B 73.3(2) N2C-Eu1-N5C 129.1(2)
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For terpyridine complexes, however, the dissociation only occurs
when water is present in solution.49 Since we have taken great
care to work under anhydrous conditions, we do not favor this
explanation but, rather, the following. Complexation usually
involves a two-step mechanism with an outer-sphere intermedi-
ate:50

A close look at the spectrophotometric data reveals that the
electronic spectrum of the 1:3 species is very close to the sum
of the spectra of the 1:2 species and of the free ligand (Figure
8). Since the outer-sphere interaction does not alter much the
electronic properties of the interacting species,51 we conclude
that the data taken into account by the fitting program refer to
the outer-sphere species (or to the sum of the outer- and inner-
sphere species). On the other hand, in view of the shifts
observed, the NMR signals identified for the 1:3 species are
those of an inner-sphere complex, which then explains the
difference in the calculated stability constants and points to the
values determined by NMR corresponding to the true inner-
sphere stability constantsK3. Formation of the [Ln(Li)3]3+

complexes is influenced by the substituents borne by the
benzimidazole and central pyridine groups. These substituents
can be chosen to tune both the stability of these complexes and
the size-discriminating effect along the lanthanide series.22 With
respect to L1, the introduction of neopentyl groups in L11 has a
dramatic effect onK3, reducing its value by about 5 orders of
magnitude whileK1 andK2 are much less affected, being smaller
by a little more than 1 order of magnitude. The difficult
formation of the tris complexes with L11 may be traced back to
the steric hindrance generated by the bulky neopentyl substit-
uents, which prevents the intramolecular interstrandπ-stacking
interactions observed in the closely packed triple-helical struc-
ture [Eu(L1)3]3+. The triple-helical [Eu(L1)3]3+ structure prevails
in the solid state and in solution, but interstrand interactions in
solution are maximum for Gd(III) (logK3 ) 6.6) while the
stability of the Lu(III) triple helical compound is much weaker
(log K3 ) 2.7), as similarly found with ligands L4 and L8.22 In
our case, the Lu(III) 1:3 complex could not be evidenced at all.

Structural Aspects. In 1a, The La-N(py) distances span the
range 2.71-2.79 Å in the two complex cations with an average
of 2.75(3) Å, substantially longer than the La-N(bz) mean bond
length (2.66(3) Å), reflecting a compromise between the
constrained bite angle of the ligand and the size of the entering
metal ion.16 As far as the perchlorate anions are concerned, the
Ln-O(b) distance in [La(ClO4)2(H2O)(L11)2]+ is slightly longer
than in [La(ClO4)2(L11)2]+, but the La-O(m) contact is much
shorter, by 0.1 Å. This short distance is compensated by a
relatively long La-O(w) bond length, 2.65 Å, compared to 2.29
Å in [Lu(L 1)2(MeOH)(H2O)]3+ 20 (the ionic radius of Lu(III) is
0.19 Å smaller than that of La(III)13), which is probably due to
the H-bond interaction with the bound O atom from the

monodentate perchlorate ion. The bidentate perchlorates bound
to the metal ion have approximateC2V symmetry, and the Cl-
O(b) distances are slightly longer (1.45(2) Å) than the Cl-O
bond lengths involving noncoordinating O atoms (1.42(2) Å);
both distances are longer than those found in ionic perchlorates
(1.39(5) Å), which have approximate tetrahedral symmetry. The
monodentate perchlorate has roughC3V symmetry, and the bound
O atom is further implied in an intramolecular H bond with the
coordinated water molecule, resulting in a Cl-O(m) distance
of 1.40(1) Å, a value between the average Cl-O bond lengths
of bidentate anions and the bond lengths of noncoordinated
anions. In5a, the Eu-N distances are in the range 2.55-2.62
Å (mean 2.58(1) Å) with no clear-cut difference between Eu-
N(py) and Eu-N(bz) on one hand and between the ligand
molecules on the other hand.

While the coordination polyhedra of the bis complexes of L1

with octadentate Yb(III)22 and Lu(III)20 are derived from cubic
arrangements, those of the two 10-coordinate La(III) ions in
[La(ClO4)2(L11)2]+ and [La(ClO4)2(H2O)(L11)2]+ can be de-
scribed as distorted capped square antiprisms (1:4:4:1 polyhedra,
Figure 9).52 The capping atoms are the N atoms from the
pyridines, and the two planes are defined by two O atoms from
the perchlorate anions and two N atoms from the benzimidazole
groups. In [La(ClO4)2(H2O)(L11)2]+, one O atom of one plane
comes from the water molecule. In fact the partial decomplex-
ation of one bidentate perchlorate anion allowing water to enter
the inner coordination sphere does not induce large changes in
the surroundings of the metal ion, but for a slight expansion of
the coordination sphere (Table 7). Contrary to the coordination
polyhedra in [Ln(Li)3]3+ for i ) 120 and 5,21 the inner

(49) Mallet, C.; Thummel, R. P.; Hery, C.Inorg. Chim. Acta1993, 210,
223-231.

(50) Wilkins, R. G.Kinetics and Mechanisms of Reaction of Transition
Metal Complexes; VCH: Weinheim, 1991.

(51) Choppin, G. R.; Henrie, D. E.; Buijs, K.Inorg. Chem.1966, 5, 1743-
1748.

(52) Xu, J. D.; Radkov, E.; Ziegler, M.; Raymond, K. N.Inorg. Chem.
2000, 39, 4156-4164.

[Ln(L11)3]
3+ h [Ln(L11)2(L

11)]3+

[Ln(L11)2(L
11)]3+ + L11* h [Ln(L11)2(L

11*)]3+ + L11

(4)

[Ln(L11)2]
3+ + L11 h {[Ln(L11)2](L

11)]}3+ h [Ln(L11)3]
3+

(5) Figure 8. Electronic spectra extracted from the titration of L11 by Eu-
(Otf)3: ligand L11 (dotted line); 1:2 complex (dashed line); 1:3 complex
(solid line); sum of L11 and 1:2 (bold line).

Figure 9. Coordination polyhedra around Ln(III) ions.
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coordination sphere in [Ln(L11)3]3+ (Figure 9) is very distorted
with respect to the idealized tricapped trigonal prismatic
geometry (ttp). This distortion has been investigated using the
geometrical analysis proposed earlier21 where the pseudo-
tricapped-trigonal prism around the Eu(III) ion is considered
as the superposition of three tripods defined by the following
N atoms of the coordinated ligands (Figure F8 and Table T8 of
Supporting Information): N2A, N2B, N2C (superior tripod, s),
N5A, N5B, N5C (inferior tripod, i), and N1A, N1B, N1C
(central tripod, c). The two distal tripods are relatively well
aligned along the pseudo-C3 axis, but the anglesθi between
individual vectors Eu-N2A, Eu-N2B, and Eu-N2C and their
sumR1 ) Eu-N2A + Eu-N2B + Eu-N2C on one hand and
the vectors Eu-N5A, Eu-N5B, and Eu-N5C and their sum
R2 ) Eu-N5A + Eu-N5B + Eu-N5C on the other hand differ
widely. These angles define the flattening of the trigonal prism
along theC3 axis and vary between 11.7° and 72.5° in the
investigated complex, while they are in the range 46-49° for
[Eu(L5)3]3+ and are all equal to 55° in [Eu(L1)3]3+. Interestingly,
ligands A and B display two very different angles,θ1 ) 70.2°,
θ2 ) 11.7° for A andθ1 ) 11.9°, θ2 ) 71.3° for B, while ligand
C has two similar angles, 71.3° and 72.5°. This means that
ligands A and B are mirror images of each other, with opposite
rotation of the two ligand strands with respect to the pseudo-
C3 axis. The other geometric parameters of this analysis confirm
the large deviation of the coordination polyhedron of [Eu-
(L11)3]3+ with respect to the ttp geometry, which is not suitable
for describing the metal ion environment (no other idealized
geometry could be found that fits the coordination polyhedron).

Conclusion

The introduction of neopentyl groups onto the benzimidazole
sidearms of ligand L11 has a profound effect on the formation
and structure of the triple helical complexes [Ln(L11)3]3+. In
solution, the third ligand penetrates with difficulty into the inner
coordination sphere and the corresponding third successive
stability constants are small (logK3 ≈ 1) for La(III) and Eu-
(III), while no tris complex is seen for Lu(III), even in the
presence of a large excess of ligand. In contrast, large but flatter
substituents such as dimethoxybenzyl groups in L4 have a less
drastic effect, logK3 being around 3 for Ce(III)-Lu(III). A clue
for understanding these effects comes from the crystal structure
determinations of the triple helical complexes with L1, L5, L8,
and L11. Alkyl N-substituents have a large influence on the site
symmetry of the metal ion, which decreases from pseudo-D3

in the triple helical complex with L1 to pseudo-C3 in [Eu(L5)3]3+

and toC1 in [Eu(L11)3]3+, a fact confirmed by high-resolution
luminescence measurements.53 The steric hindrance of the

neopentyl groups generates a positioning of ligands L11 around
the metal ion such that the stabilizing interstrandπ-stacking
interactions evidenced in [Eu(L1)3]3+ 20 are lost. This is not the
case in [Eu(L8)3]3+ where the dimethoxybenzyl groups do not
exclude such interactions from occurring in the solid state.45

Therefore, this study demonstrates that in addition to the
electronic effects that can be modulated by specific substituents
bound to the central pyridine ring in triple-helical [Ln(Li)3]3+

entities,45,54steric effects induced by substituted benzimidazole
sidearms can be used for improving the design of such
complexes. Substitution at the 4-position of the benzimidazole
rings prevents complexation, while substitution at the 5-position
in L5 has only minor thermodynamic and structural conse-
quences.45 The connection of alkyl groups of increasing size at
the 1-position on going from L1 (R2 ) Me)45 to L2 (R2 ) Et),45

L4 (R2 ) ((CH3O)2C6H4CH2),45 and eventually L11 (R2 )
neopentyl) gradually limits intramolecular interstrandπ-stacking
in triple-helical complexes [Ln(Li)3]3+, thus affecting thermo-
dynamic stability, selectivity, and structural features. This
complete investigation of a series of lanthanide-containing triple-
helical complexes illustrates one of the rare cases for which
the relative importance of electronic and steric effects is
unambiguously established, a crucial point for “programming”
functional lanthanide complexes.55
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Table 7. Ln-X Mean Distances (Å) and Effective Ionic Radiir i (Å) in 1:2 and 1:3 Complexes

complex NC Ln-N pyridine Ln-N benzimidazole Ln-O r i
a

[La(L11)2(ClO4)2]+ 10 2.75(3) 2.64(2), 2.64(2) 2.66(2) 1.28
[La(L11)2(ClO4)2(H2O)]+ 10 2.76(1) 2.69(1), 2.69(1) 2.68(1), 2.584(1), 2.654(1) 1.29
[Yb(L1)2(OH)]24+ 22 8 2.46(3) 2.44(2), 2.55(1) 2.23(1) 1.005
[Lu(L1)2(MeOH)(H2O)]3+ 20 8 2.44(1) 2.37(0), 2.45(1) 2.35(1), 2.29(1) 0.985
[Eu(L11)3]3+ 9 2.57(2) 2.59(2) 1.12
[Eu(L1)3]3+ 20 9 2.58(1) 2.60(1) 1.13
[Eu(L5)3]3+ 21 9 2.56(3) 2.60(3) 1.13
[Eu(terpy)3]3+ 56 9 2.55(1)b 2.59(2)c 1.12

a According to Shannon57 with r(O) ) 1.31 Å andr(N) ) 1.46 Å. Mean values reported in the literature amount to 1.12, 1.18, and 1.27 Å for
nonacoordinate Eu(III), decacoordinate Eu(III), and decacoordinate La(III), respectively.57 b Eu-N(central pyridine) distances.c Eu-N(distal pyridine)
distances.
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