Provided for non-commercial research and educational use only.
Not for reproduction, distribution or commercial use.

This chapter was originally published in the book, Handbook on the Physics and
Chemistry of Rare Earths Vol. 40, published by Elsevier, and the attached copy is
provided by Elsevier for the author's benefit and for the benefit of the author's
institution, for non-commercial research and educational use including without
limitation use in instruction at your institution, sending it to specific colleagues who
know you, and providing a copy to your institution’s administrator.

All other uses, reproduction and distribution, including without limitation commercial
reprints, selling or licensing copies or access, or posting on open internet sites, your
personal or institution’s website or repository, are prohibited. For exceptions,
permission may be sought for such use through Elsevier's permissions site at:
http://www.elsevier.com/locate/permissionusematerial

From: Claude Piguet* and Jean-Claude G. Bunzlif,
Self-Assembled Lanthanide Helicates: From Basic Thermodynamics to Applications
In Karl Gschneidner Jr, Jean-Claude G. BU” NZLI, Vitalij K. PECHARSKY editor:

Handbook on the Physics and
Chemistry of Rare Earths, Vol. 40,
The Netherlands: 2010, pp.301-553.
ISBN: 978-0-444-53220-6,
© Copyright 2010 Elsevier BV,
North-Holland.




247

Self-Assembled Lanthanide
Helicates: From Basic
Thermodynamics to
Applications

Claude Piguet* and Jean-Claude G. Biinzli"

Contents List of Symbols and Acronyms 303
1. Introduction 306
11 The fascination for molecular helical edifices 306
12 Nanoscopic metal-containing helices:
The helicates 307
13 Synthetic strategy, classification, and properties
of self-assembled helicates 314
14 Introducing lanthanide ions into helicates 318
1.5 Scope of the review 320
2. Mononuclear 4f Triple-Helical Precursors 322
21 Choice and synthesis of mononuclear building
blocks 323
2.2 Solid state and solution structures of the
mononuclear triple-helical precursors 332
23 Thermodynamic stability and size-
discriminating effects 337
24 Isomerization and covalent tripods 346
25 Photophysical properties 352
3. Polynuclear Homometallic 4f Helicates 365
31  Designing segmental ligands: Principles and
synthetic routes 366

* Department of Inorganic, Analytical and Applied Chemistry, University of Geneva, 30 quai E. Ansermet,
CH-1211 Geneva 4, Switzerland .

" Laboratory of Lanthanide Supramolecular Chemistry, Ecole Polytechnique Fédérale de Lausanne,
BCH 1402, CH-1015 Lausanne, Switzerland and Department of Advanced Materials Sciences,
Korea University, Sejong Campus, Jochiwon, Korea (WCU project R31-10035)

Handbook on the Physics and Chemistry of Rare Earths, Volume 40 © 2010 Elsevier B.V.
ISSN 0168-1273, DOI: 10.1016/S0168-1273(10)40007-0 All rights reserved.

301



302 Claude Piguet and Jean-Claude G. Biinzli

3.2 Solid state and solution structure 369
33 Mechanisms of formation 380
34  Thermodynamics of the recognition processes 383
3.5 Photophysical properties 388
3.6 Paramagnetic properties 396
4. Polynuclear Bimetallic 4f Helicates 404
41  Axial polytopic receptors: Statistical
distributions and deviations 406
4.2 Nonaxial polytopic receptors: Statistical
distributions and deviations 413
43 Solid state and solution structures 415
44  Photophysical properties 420
5. Modeling the Thermodynamic Stability of Helicates 423
51  Theoretical model for intermolecular
connections: The site-binding model 424
5.2 Mixing intra- and intermolecular connections:
The extended site-binding model 433
53 Modeling lanthanide helicate self-assembly in
solution 436
5.4  The origin of the unusual stability of highly
charged lanthanide helicates in solution 442
5.5  Predictive approaches 446
6. Helicates as Luminescent Bioprobes 447
6.1  Lanthanide luminescent bioprobes 447
6.2 Dipicolinic acid derivatives as LLBs 452
6.3 Homobinuclear helicates as LLBs for cell
imaging and sensing 459
7. Bimetallic Polynuclear nd—4f Helicates 476
71 Choosing the d-transition partner 476
7.2 Tailoring adequate pentadentate ligands 479
73  Preparation of the nd—4f helicates in
acetonitrile and corresponding speciation 482
7.4 Solid state and solution structures 492
75  Intermetallic communication as a tool for
tuning magnetic and photophysical properties 503
7.6 Enantiomerically pure lanthanide-containing
helicates 515
7.7 Extension to polynuclear helicates:
Pseudolanthanide cryptates 522
8. 4f- and 5f-Helicates with Other Ligands 526
8.1 Homo- and heterometallic polynuclear
helicates 526
8.2 Helical structures in coordination polymers
and macrocyclic complexes 534
83 Actinide helicates 539
9. Conclusions 540

References 542



Self-Assembled Lanthanide Helicates: From Basic Thermodynamics to Applications 303

List of Symbols and Acronyms

1D
2D
3D
5D10

dia
51’
5P

para
o
i

Net
Msc
nsens
HB
Hets

CD
cDNA
CN
COSY
CPL
CY
Delfia®©
Dbt
DMF

one-dimensional

two-dimensional

three-dimensional

mouse hybridoma cell line

magnetic susceptibility tensor

isotropic part of the magnetic susceptibility tensor
diamagnetic shift in ppm for a nucleus i
hyperfine chemical shift for a nucleus i in a complex
of a lanthanide j

paramagnetic hyperfine chemical shift in ppm for a
nucleus i in a complex of a lanthanide j
spherical coordinate of nucleus i

gyromagnetic ratio

efficiency of the ligand-to-metal energy transfer
efficiency of intersystem crossing

efficiency of the sensitization process

Bohr magneton

effective electronic magnetic momentum in g
spherical coordinate of nucleus i

characteristic correlation time

electron spin relaxation characteristic time
chemical exchange characteristic time
rotational characteristic time

Larmor precession frequency in Hz

Fermi hyperfine constant for a nucleus i
crystal-field parameters of rank k

bipyridine

base pair

bovine serum albumin

Bleaney’s factor of lanthanide j, scaled to — 100
for Dy !

circular dichroism

circular DNA

coordination number

correlated spectroscopy

circularly polarized luminescence

cyanine dye

dissociation-enhanced fluoroimmunoassay
double-lanthanide-binding tag
dimethylformamide




304 Claude Piguet and Jean-Claude G. Biinzli

DNA
DO2A
DPA
dpbt

dppeO,
dsDNA
DTPA
EB
EDC

EDTA
ER
ES-MS
eu

F;

fac

fod

FRET
8e

G;
GM

H,
HelLa
hfa
HHH
HHT
HOPO
HS
HSQC
IC

ICs0
ILCT
Jurkat
k

LDH
LMCT
LS
MCE-7
mer
Mk

deoxyribonucleic acid
1,4,7,10-tetraazacyclododecane-1,7-diacetate
dipicolinate
2-(N,N-diethylamin-4-yl)-bis(3,5-dimethylpyrazol-
1-y1)-1,3,5-triazine
diphenylphosphineethane dioxide
double-stranded DNA
diethylenetrinitrilopentaacetate

ethidium bromide
1-ethyl-3-(3-dimethylaminopropyl) carbodiimide
hydrochloride

ethylenediaminetetraacetate
endoplasmatic reticulum

electrospray (ion spray) mass spectrometry
electrostatic unit (1 eu=1.602 x 10~ C)
contact term of the nucleus i

facial
6,6,7,7,8,8,8-heptafluoro-2,2-dimethyl-3,5-
octanedionate

Forster resonance energy transfer

Landé factor

axial geometrical factor of the nucleus i
Goppert-Mayer unit (two-photon absorption cross
section)

applied magnetic field

cervix cancer cell line
hexafluoroacetylacetonate
head-to-head-to-head

head-to-head-to-tail
1-methyl-2,3-dihydroxypyridone

high spin

heteronuclear single quantum coherence
internal conversion

half-maximal inhibitory concentration
intraligand charge-transfer state

human T leukemia cell line

Boltzmann'’s constant

lactase dehydrogenase

ligand-to-metal charge-transfer state

low spin

breast cancer cell line

meridional

Mischler’s ketone




Self-Assembled Lanthanide Helicates: From Basic Thermodynamics to Applications

305

MOF
MRI
Na
NHE
NIR
NLO
NMP
NOEDIF
NOESY
OAc
PCR
PCS
phen
PLDS

Qr
Qk

Ty

rac

RDC
RPMI-1640

S

YAG
ZINDO

metal-organic framework
magnetic resonance imaging
Avogadro’s number

normal hydrogen electrode
near-infrared light
nonlinear optic
N-methyl-2-pyrrolidinone

nuclear Overhauser effect difference spectroscopy
nuclear Overhauser enhancement spectroscopy

acetate

polymerase chain reaction

pseudocontact shift

phenanthroline

polylysine dicarboxylate succinate polymer
overall quantum yield obtained upon ligand
excitation

metal-centered (intrinsic) quantum yield.
R-nucleus i distance

racemic

residual dipolar coupling

Rosswell Park Memorial Institute cell culture
medium

spin quantum number

expectation value of S,

streptavidin

saturated calomel electrode

single molecule magnet

single-stranded DNA

longitudinal nuclear relaxation time
transversal nuclear relaxation time
2,3-dihydroxyterephthalamide

total luminescence

two-photon (or biphotonic) absorption
time-resolved detection

time-resolved luminescence microscopy
trace of the magnetic susceptibility tensor
thenoyltrifluoroacetylacetonate

ultraviolet light

cell proliferation and viability assay [4-(3-(4-iodo-
phenyl)-2-(4-nitrophenyl)-2H-5-tetrazolio)-1,3-ben-

zene disulfonate
yttrium aluminum garnet

Zeners’s intermediate neglect of differential overlap




306 Claude Piguet and Jean-Claude G. Biinzli

1. INTRODUCTION

1.1 The fascination for molecular helical edifices

The fascination for helical edifices is as old as the human civilization and
the Tower of Babel, erected during the first dynasty of the Babylonian
(— 1895 to — 1595 BC) represents an archetype of a single-stranded helical
pattern (Figure 1A). Interestingly, the Bible (Genesis 11: 1-5) mentions the
Tower of Babel for the particular combination of rotation and linear
progressions, which is characteristic of a helical structure and which
illustrates the creation of several different languages (i.e., the rotation)
preventing the ascent (i.e., the linear progression) of the unified mankind
toward heaven and God.

FIGURE 1 (A) Representation of the Tower of Babel by Pieter Bruegel the Elder
(1525-1569), from http://artcess.files.wordpress.com. (B) A scheme of Archimedes’ screw
in Lecons de Physique Experimentale, Jean-Antoine Nollet, Lecon IX, Fig.12, 1743 (http:/
chem.ch.huji.ac.il./history/nollet.html). (C) The original scheme of a helicopter by
Leonardo Da Vinci (1452-1519), from http://www.century-of-flight.net. (D) Da Vinci’s
sketch of a quadruple-stranded staircase, which inspired the double-stranded helical
staircase built in the center of the castle of Chambord (France, sixteenth century);
Léonard Da Vinci, Institut de France, Ms B, fol. 47v, http://www.maat-ingenierie fr.
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Mechanically speaking, these two characteristics were successfully
exploited by the ancient Greeks and Egyptians for the pumping of fluids
(Archimedes’” screw, —287 to — 212 BC, Figure 1B), then adapted to the
first design of a helicopter by Leonardo Da Vinci (1490), when he realized
that air can be considered as a fluid (Figure 1C). The obvious extension of
the single-stranded helical pattern toward double-, triple-, and even qua-
druple-stranded helices made of interpenetrated helical strands rapidly
followed (Figure 1D), eventually leading to the development of efficient
propellers for boats and airplanes during the last century.

It is thus not surprising that a similar fascination and craze for micro-
scopic helical patterns arose at the molecular level as soon as structural
characterization techniques were at hand. The seven seminal contribu-
tions of Linus Pauling published back-to-back in the Proceedings of the
National Academy of Sciences of the United States of America in 1951
(Pauling and Corey, 1951a,b,c,d,ef,g), all dealing with the secondary
structure of proteins produced by the three-dimensional helical pattern
adopted by linked amino acids, would be the key for understanding
biology at the molecular level. The helical structure in proteins is induced
by noncovalent intramolecular hydrogen bonds connecting every main-
chain carbonyl (C=0) and amino (N-H) groups separated by four amino
acid residues (Figure 2A). This produces very regular single-stranded
right-handed helices, the so-called a-helices, characterized by a pitch of
5.4 A, that is, a linear progression of 5.4 A for a complete turn of the
molecular strand containing on average 3.6 amino acids. The subsequent
recognition, 1 year later, that (i) the helical structure is also crucial for
nucleic acids (Watson and Crick, 1953) and (ii) intermolecular hydrogen
bonds are also responsible for the formation of deoxyribonucleic acids
(DNAs), greatly contributed to make these helical edifices familiar among
molecular scientists (Sayre, 1975; Watson, 1968; Wilkins, 2003).

1.2 Nanoscopic metal-containing helices: The helicates

The chemists involved during the last two decades in the manipulation of
weak noncovalent interactions as a new tool for the rational building of
nanoscopic supramolecular architectures, logically considered the forma-
tion of (supra)molecular helical structures as an undeniable demonstra-
tion of the validity of their approach for the synthetic preparation of novel
micro- and nanoscopic objects (Lehn, 1995). Inspired by previous investi-
gations on the electrochemical behavior of intertwinned dimeric Cu(l)
complexes (Lehn et al., 1983), Lehn and coworkers selected the noncova-
lent Cu(I)>N bonds for the programmed connection of two covalent
helical strands around a central axis defined by a line of regularly spaced
metal ions in the complex [Cus(L1),]*" (Figure 3; Lehn et al., 1987). This
double-stranded helix was the first recognized member of what has
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FIGURE 2 (A) Toilet roll representation of the main-chain intramolecular hydrogen
bonding in a protein a-helix, from http://cryst.bbk.ac.uk/PPS2/course/section3.

(B) An early sketch (1952) representing the double-stranded helical structure of DNA,
from http://genome.wellcome.ac.uk. (C) Modern representation of the double-stranded
helix in DNA, from http://www.ocean.udel.edu.

become later a novel and large family of polynuclear coordination com-
plexes, termed helicates, a contraction of the word helix (Greek: ¢dié =
winding, convolution, spiral) with the suffix -afe, characterizing host—
guest complexes between (pre)organized receptors and metal ions (com-
pare for instance coronate, cryptate, etc.; Lehn, 1995; Lehn et al., 1987;
Vogtle, 1991). A helicate is thus defined as a discrete helical supramolec-
ular complex constituted by one or more covalent organic strands
wrapped about and coordinated to a series of at least two ions defining
the helical axis (Lehn et al., 1987; Piguet et al., 1997a).

Though the complexes [Fe,;(L2-2H);], an analogue of rhodotorulic acid
(Figure 4A; Carrano and Raymond, 1978; Carrano et al., 1979; Scarrow
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N | [Cug(L1) 3+

FIGURE 3 (A) Self-assembly and (B) X-ray crystal structure of the trinuclear saturated
homotopic double-stranded helicate [Cus(L1),]** (reproduced by permission from
Hamacek et al., 2006, © 2006 Royal Society of Chemistry; Lehn et al., 1987, © 1987
The National Academy of Sciences USA).

et al., 1985), and [Cuy(L3);]*" (Figure 4B; Harris and McKenzie, 1969)
clearly correspond to triple-stranded helicates according to the above
definition, they were considered as standard binuclear coordination com-
plexes at the time of their publication. Therefore, the justification for a
novel terminology for these complexes entirely relies on some additional
rational programming of the final complexes thanks to a judicious match
between the stereoelectronic properties of the metal ions and the ligand-
binding possibilities (Piguet et al., 1997a,b). In this context, the planned
preparation of the complete family of bi- ([Cu,(L4),]* "), tri- ([Cus(L1),]* "),
tetra- ([Cuy(L5),]*"), and pentanuclear ([Cus(L6),]*") helicates unambig-
uously confirmed the great potential of the supramolecular approach in
coordination chemistry (Figure 5; Lehn and Rigault, 1988). In these com-
plexes, the match between ligand and metal stereochemical requirements
is based on the oxopropylene spacers separating the bidentate 2,2’-bipyr-
idine segments, which are short enough to prevent the connection of two
bipyridines to the same metal ion, but long enough to allow the wrapping
of the organic ligand strands about the helical axis defined by the aligned
metals. Moreover, the connection of both oxopropylene spacers and ter-
minal methyl groups at the 6,6'-positions of the bipyridine units in L1 and
L4-L6 strictly limits their coordination to tetrahedral metal ions.
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FIGURE 4 The formation of early binuclear triple-stranded helicates with (A) Fe(ll) and
(B) Cu(ll) metal ions (redrawn after (A) Scarrow et al., 1985 and (B) Harris and McKenzie,
1969).

The spherical Cu(I) cation (d'° electronic configuration) is thus ideally
suited for the formation of double-stranded helicates with L1 and L4-L6,
because of its lack of directional coordination bonds and its limited
electrostatic factor z2/R =130 eu? A~! (z is the charge of the cation and
R is its ionic radius; Shannon, 1976), which is compatible with CN=4
(Figure 5). The demonstration of this novel concept in coordination chem-
istry, combined with the undeniable aesthetic appeal of helical structures,
were at the origin of a considerable enthusiasm leading to the isolation
and structural characterization of a plethora of binuclear double-, triple-,
and quadruple-stranded helicates during the past two decades (for com-
prehensive reviews, see Albrecht, 2001; Constable, 1992, 1994, 1996;
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FIGURE 5 Programmed assemblies of bi- to pentanuclear double-stranded helicates
(redrawn after Lehn and Rigault, 1988).

Piguet et al., 1997a). However, the preparation of helicates containing
three metal ions such as [Cus(L1),]>" (Lehn et al., 1987) is less common
(for selected examples, see Capo et al., 2002; Constable et al., 1991; Garrett
et al., 1992; Greenwald et al., 1999; Hutin et al., 2006; Koert et al., 1990;
Pfeil and Lehn, 1992; Smith and Lehn, 1996; Zong and Thummel, 2005),
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while those with four or more metals are rare (Kramer et al., 2002; Lehn
and Rigault, 1988; Marquis-Rigault et al., 1996; Matthews et al., 2003;
Maurizot et al., 2004; Potts et al., 1993; Wang et al., 1998).

Probably because it was not clearly identified as standard thermody-
namic complexation process for a long time, the formation of supramo-
lecular helicates was accompanied by the emergence of a novel
flourishing semantics, often borrowed from biology, whereby noncova-
lent interactions are crucial. The terms self-assembly and self-organization,
first introduced in 1987 (Lehn et al., 1987), are now among the most used
words in chemistry for describing the formation of sophisticated coordi-
nation or complexation processes. The competition between different
thermodynamic equilibria, often leading to some selectivity depending
on the choice of external conditions (stoichiometries, solvent, tempera-
ture; see Schneider and Yatsimirsky, 2008), was first termed self-recogni-
tion (Figure 6; Caulder and Raymond, 1997; Kramer et al., 1993; Lehn,
1995), and slowly evolves to more modern terminologies such as combina-
torial dynamic libraries, constitutional dynamic chemistry, and adaptative
chemistry (Lehn, 1999, 2007). The thermodynamic origins of these strange
coordination behaviors were first tentatively addressed in 1992 with the
claim that positive cooperativity drives the assembly processes of the
target helicates to completion (Garrett et al., 1992; Pfeil and Lehn, 1992).
Although the validity of this proposal was rapidly accepted by the com-
munity, the only support for this fundamental explanation relied on two
Scatchard plots, which eventually appeared to be inadequate for testing
cooperativity in assembly processes mixing intra- and intermolecular
processes (Ercolani, 2003; Hamacek and Piguet, 2006; Hamacek et al.,
2006; Piguet et al., 2005). The subsequent and remarkable kinetic studies
establishing the intimate mechanisms of these assembly processes
(Boukhalfa and Crumbliss, 2000; Charbonniere et al., 1997; Fatin-Rouge
et al., 2000, 2001; Meyer et al., 1997) indeed remained very elusive on the
operation of positive cooperativity, because of the lack, at that time, of
clear definition of this concept for multicomponent processes involving
intra- and intermolecular connections (Ercolani, 2003; Hamacek et al.,
2006). Nevertheless, this belief in a strange and novel driving force favor-
ing the target supramolecular architecture had a deep impact in the
community and a large number of discrete 1D (racks, helicates), 2D
(grids, circular helicates, metallacrown), and 3D complexes (clusters,
boxes, polygons) were obtained thanks to a judicious match between the
metal and ligand stereochemical properties (for comprehensive reviews,
see Caulder and Raymond, 1999; Fujita et al., 2005; Lawrence et al., 1995;
Leininger et al., 2000; Mulder et al., 2004; Piguet, 1999; Stoddart and Philp,
1996).
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Hamacek et al., 2006, © 2006 Royal Society of Chemistry).
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1.3 Synthetic strategy, classification, and properties
of self-assembled helicates

According to its definition, a helicate can be schematically represented as
a series of helical mononuclear coordination complexes multiply linked
by spacers and packed along a helical axis passing through the metal ions
(Figure 7). Since the dative bonds connecting the peripheral ligand
strands to the central metal ions are weak enough to allow reversibility
at room temperature, the assembly process may explore the complete
potential energy hypersurface, thus systematically providing the ther-
modynamically most stable complex (a process sometimes termed
self-healing; Lehn, 1995).

The basic strategy for the generation of one particular helicate there-
fore relies on three crucial factors: (1) a judicious match between the
intrinsic information borne by the metal (size, charge, polarizability,
ligand-field stabilization) and the ligand strands (denticity of the binding
units, steric constraints, type of donor atoms, nephelauxetic parameters);
(2) a suitable set of external constraints, originally termed conditional
information (Piguet, 1999), which affects the thermodynamic processes
(solvent, stoichiometry, concentration, pressure, temperature); and (3) the
free energy driving force brought by the principle of maximum site
occupancy (Fyles and Tong, 2007; Hamacek et al., 2005a,b; Krdmer et al.,,
1993; Lehn and Eliseev, 2001). Since 1987, the combinations of hundreds
of sophisticated ligand strands with s-block, p-block, and d-block metal
ions have been reported (Albrecht, 2001; Piguet et al., 1997a), which can be
easily classified according to the simple method illustrated in Figure 8 for
a binuclear double-stranded helicate.

Firstly, the total number of helical strands #n wrapped about the helical
axis defined by the metal ions corresponds to single- (n =1), double- (n =2),
triple- (n=23), and quadruple-stranded (n=4) helicates. Secondly, ligand
strands containing similar successive binding units are termed homotopic,

Metal ion Ligand strands

l /N

> C,
Helical axis

Binding Spacer
unit

FIGURE 7 Schematic representation of a trinuclear double-stranded helicate.
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FIGURE 8 Classification of helicates according to their intrinsic information
(reproduced by permission from Piguet et al., 1997a, © 1997 American Chemical Society).

while the consideration of different binding units refers to heterotopic.
In the latter case, the relative orientation of the strands in the helicate is
mentioned with the characters H (head) and T (tail) such as head-to-head
and head-to-tail, corresponding to parallel, and, respectively, antiparallel
arrangements. Thirdly, the coordination of ancillary ligands to the metal
ion transforms a saturated helicate into its wumsaturated counterpart
(Figure 8). Finally, the total number of metal ions is indicated by the
multinuclearity of the helicate, while the presence of different metals
along the helical axis is defined by the multimetallicity of the helicate.
It is, however, worth stressing here the relationship between the
wrapping of the strand and the chirality of the final helicate (Cahn et al.,
1966). Geometrically speaking, a helix is the figure generated by the
motion of a point around and along a line, the helical axis. Ideally, the
axis is a straight line and the two kinds of motions are circular at a
constant distance r and linear, respectively, which eventually produces
a cylindrical palindromic helix (i.e., a regular helix with a constant
pitch = ratio of axially linear to angular properties; Figure 9; Brewster, 1974).

It may be right-handed (plus, P) or left-handed (minus, M) according
to whether the rotation is clockwise, respectively anticlockwise, when the
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FIGURE 9 A single turn of a right-handed (P) circular palindromic single-stranded helix.
L is the pitch, z is the helical axis, and A is the area of the subtended circle in the plane xy
(reproduced by permission from Piguet et al., 1997a,b, © 1997 American Chemical
Society).

helix is considered to wind from the viewers’ eye toward a point distant
from the viewer (Meurer and Vogtle, 1985). Obviously, the application of
these theoretical geometrical concepts to a series of atoms connected by
covalent bonds forming the strands of the helicate requires some minor
adaptations (Piguet et al., 1997a), but the screw direction, measured by
P or M helicities and induced by the wrapping of the strands, is crucial
because it prevents the existence of symmetry operation of the second
kind, and the helicates are thus potentially chiral objects (Cahn et al.,
1966). If we ignore the helical portions produced by the spacers, that is,
we neglect the contribution of the spacers to the total helical pitch
(Figure 7), the helicity of the final helicate may be simply deduced from
the absolute configurations A or A of the metal ions produced by the
chelated strands (Figure 10).

For binuclear homotopic helicates with chelated strands, there are
only two possibilities. Either the two metal ions possess the same absolute
configurations and a pair of enantiomers is formed (PP or MM), or the
metal ions display opposite absolute configurations, thus leading to an
achiral side-by-side complex, sometimes called a mesocate (Albrecht,
2001). However, such unambiguous chiral characteristics are rarely met
in practice because (i) the helical fractions defined by the spacers are
rarely negligible; (ii) heterotopic strands produce helical portions of
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FIGURE 10 Absolute configurations and related helicities of (A) bis-chelate complexes
viewed down the C,-axis, (B) tris-chelate complexes viewed down the Cs-axis,

and (C) tetrachelate complexes viewed down the C,4-axis. Bidentate binding units have
been selected for the sake of clarity.

different nature, thus leading to chiral pairs of diastereomers for the side-
by-side complexes; (iii) monodentate binding units do not induce chiral
environments around metal ions; and (iv) for an odd number of metal
ions, the side-by-side complexes correspond to amphiverse helices (i.e.,
helices containing only an excess of one type of helical portion; for a
detailed discussion, see Piguet et al., 1997a). However, a more global
chiral characteristic of the helices lies in the systematic existence of two
opposite helical arrangements, depending on the symmetry axis consid-
ered for defining the helical wrapping (Figure 11). This property finds
applications in a boat propeller, in which, for technical reasons, it is
sometimes more relevant to rotate the helix by 90° while maintaining
the same screw direction for the motor.

Please note that the quadruple-stranded helicate shown in Figure 11C
is a typical example of a chiral helical object strictly produced by the
wrapping of the spacers, while the square-planar Pd-N, units are achiral.
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FIGURET1 Crystal structures of (A) double-stranded (redrawn after Piguet et al., 1989a),
(B) triple-stranded (redrawn after Williams et al.,, 1991), and (C) quadruple-stranded
(redrawn after McMorran and Steel, 1998) helicates highlighting the relationship
between the helicities about the main axis and the perpendicular twofold axes.

1.4 Introducing lanthanide ions into helicates

Despite their indubitable aesthetic appeal, the helicates severely suffer
from the lack of significant applications, except for their confidential use
as (i) precursors for topologically nontrivial entangled structures (for a
review, see Lukin and Vogtle, 2005) and (ii) structural probes and cleav-
ing agents for DNA (Hannon et al., 2001; Schoentjes and Lehn, 1995).
Thanks to their rich metal-centered electronic, magnetic, and optical
properties, the trivalent lanthanides, R", are obvious partners for push-
ing these supramolecular edifices into the field of nanoscopic functional
devices (Biinzli and Piguet, 2002). However, the limited expansion of the
valence 4f-orbitals, which are shielded from external perturbations by the
filled 5s*- and 5p®-orbitals, produces R"-ligand coordination bonds dis-
playing faint covalency, and consequently no pronounced stereochemical
preferences of electronic origin (Biinzli and Piguet, 2005). The coordina-
tion geometry around R thus results from their large electrostatic factors
(zz/ R=8.72-10.45 et® A~ ! along the lanthanide series), combined with
the minimization of steric interligand repulsions. Coordination numbers
CN =8 - 10 are common for complexes in solution (Cotton, 2006), among
which CN =9, associated with a D3,-symmetrical tricapped-trigonal pris-
matic arrangement of the donors atoms, is standard. Consequently, the
programming of lanthanide helicates relies almost exclusively on the
judicious design of ligand strands possessing either tridentate chelating
units to give saturated triple-stranded helicates (CN =9; Figure 12A;
Piguet et al., 1992a), or bidentate chelating units to give saturated qua-
druple-stranded helicates (CN =8; Figure 12B; Basset et al., 2004; Dong
et al., 2007; Xu and Raymond, 2006). Though the detailed understanding
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FIGURE 12 Stereochemical match between (A) bis-tridentate (redrawn after Piguet
et al, 1992a) and (B) bis-bidentate segmental ligands with trivalent lanthanides to give
triple-stranded, respectively, quadruple-stranded helicates (reproduced by permission
from Dong et al., 2007, © American Chemical Society).

[(R(H20)g)[Ro(L12-2H),(H 0),]1*

and control of the self-assembly of lanthanide triple-stranded helicates
have been the subject of considerable efforts since their discovery in 1992
(Hamacek et al., 2005a,b), the variable coordination numbers and geome-
tries adopted by R™ ions, combined with their entropic affinity for nega-
tively charged oxygen donors, often perturb the assembly process due to
the competitive formation of alternative unsaturated complexes. For
instance, the bis-bidentate ligand L13 reacts with R(ClO,); in acetonitrile
to give the expected chiral triple-stranded helicate [R,(L13")5]®* (Figure 13;
Martin etal., 1998). However, the use of the slightly more competing triflate
anions in R(CF3503); produces the centrosymmetric achiral unsaturated
side-by-side complex [R2(L13'”)2(H20)4(CF3803)4]2+ with zero net helicity
(Figure 13; Martin et al., 1998).

Finally, the choice of the spacer is crucial because minor structural
variations may dramatically affect the issue of the thermodynamic assem-
bly process with lanthanides, a situation encountered when the potential
free energy hypersurface is rather flat. The bis-tridentate ligand L14,
which is designed to produce triple-stranded helicates, indeed gives the
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FIGURE 13 Formation of (A) a binuclear saturated triple-stranded lanthanide helicate
and (B) a binuclear unsaturated double-stranded side-by-side lanthanide complex
(redrawn after Martin et al., 1998).

expected assembly only with diphenylene spacers (Figure 14A), while the
use of para-xylyl spacers provides an alternative unsaturated bidimen-
sional circular helicate (Figure 14B; Senegas et al., 2005).

A similar limitation has been recently reported for the synthesis of
unsaturated triple-stranded binuclear lanthanide helicates with bis-
bidentate acylpyrazolone ligand strands and some analogues of
bis-f-diketonate ligands, for which only the ethyl spacer was found to
form the targeted helical complex (Semenov et al., 2008).

1.5 Scope of the review

The report on the first lanthanide-containing helicate in 1992 (Figure 12A;
Piguet et al., 1992a) established, for more than a decade, the systematic
use of 2,6-disubstituted pyridines (N3, N,O, and NO, donor sites) as the
unique building block for the preparation of triple-stranded [R,,Ls]*""
helicates (Figure 15; Biinzli and Piguet, 2002). The only exception has been
the short report by Goodgame et al. (1993) on the triple-helical wrapping
of a p-xylene-bridged bis(2-pyridone) ligand featuring two monodentate
coordination units around two neodymium ions, the inner coordination
sphere of the metal ions being completed by three bidentate nitrates. The
second deliberate design of a noncontaining pyridine binding unit for the
self-assembly of lanthanide helicate has been reported in 2004, whereby
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FIGURE 14 Influence of the spacer on the assembly process (bottom structure repro-
duced by permission from Senegas et al., 2005, © 2005 Royal Society of chemistry).

two bidentate f-diketonates (O, donor site) are connected by a spacer to
give a bis-bidentate ligand strand, which is able to produce binuclear
triple- and quadruple-stranded helicates when reacted with R™ (Basset
et al., 2004). Later, analogous bidentate O, donor sites in bis-acylpyrazo-
lone strands have been reacted with R™ to give unsaturated triple-
stranded binuclear lanthanide helicates (Semenov et al., 2008), while
related bidentate f-diketonates (Xu and Raymond, 2006) or carboxylates
(Dong et al., 2007) binding units have been used for the isolation and
structural characterization of related actinide and lanthanide quadruple-
stranded helicates. More recently, alternative tridentate ligands based on
8-hydroxyquinoline (N,O donor site) have been described for the design
of standard triple-stranded lanthanide helicates (Albrecht et al., 2007a,b;
Shavaleev et al., 2008).

After an introductory chapter on mononuclear precursors with benzi-
midazolepyridine or dipicolinic acid derivatives, this chapter mainly
focuses on the rich chemical adventure provided by the systematic exploi-
tation of the 2,6-disubstituted pyridine units for the self-assembly of
lanthanide helicates (Sections 2-6). Section 7 aims at opening some
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FIGURE 15 Top: oxygen-donor ligands used by Basset et al. (2004) and Goodgame et al.
(1993). Bottom: tridentate 2,6-disubstituted pyridines used as binding units for the design
of lanthanide helicate since 1992.

perspectives for the design of polymetallic helicates containing at least
one trivalent lanthanide, but combined with s-, p-, or d-block metal ions.
Finally, Section 8 reports on the few examples of lanthanide or actinide
helicates which are built from noncontaining pyridine binding units. In
addition to ligand design and structural information, detailed thermody-
namic aspects of the self-assembly processes are reviewed, as well as the
relationship between the helicate structure and their photophysical prop-
erties. Moreover, Section 6 describes practical applications of luminescent
binuclear helicates in bioanalyses with emphasis on live cell staining and
DNA analysis. Literature is fully covered until the end of October 2008.

Note regarding nomenclature. The term ““nuclear” (e.g., polynuclear) is
used to characterize assemblies into which several metal ions are imbed-
ded while “metallic” (e.g., bimetallic, trimetallic) indicates that the mole-
cule contains different metal ions.

2. MONONUCLEAR 4f TRIPLE-HELICAL PRECURSORS

During the last two decades, the supramolecular approach greatly con-
tributed to the rapid evolution of standard coordination chemistry, usu-
ally limited to mono- and binuclear complexes, toward more complicated
and sophisticated nanometric edifices bearing novel functionalities.
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The associated bottom-up process thus relies on the identification of
building blocks connected by weak (i.e., noncovalent) interactions and
possessing specific physicochemical properties, which can be further
tuned by intercomponent communications operating at the (supra)molec-
ular level (Lehn, 1995).

2.1 Choice and synthesis of mononuclear building blocks

Among the different factors controlling the thermodynamic stability of a
coordination complex, the free energy change related to the formation of
intermolecular metal-ligand bonds, modulated by desolvation, plays a
crucial role (see Section 1.3). In view of the apparent preference for nine-
coordination in complexes with small unidentate ligands (e.g., water or
acetonitrile; see Figure 16, bottom) and given that the resulting tricapped-
trigonal prismatic coordination environment both possesses an interest-
ing symmetry (Dj,) and usually prevents interaction with additional
donor molecules, targeting such a coordinative environment for
lanthanide ions results in compounds with intense emissive properties.
Because trivalent lanthanides, R™, display no pronounced stereochemical
preferences (see Section 1.4), the intrinsic information borne by the ligand
entirely controls the structural output of the target mononuclear building
blocks. To limit the geometrical and thermodynamic possibilities offered

1) Semi-rigid tridentate ligand

A
'd N

X 2) Degrees of freedom

e

%/ ° °
4) Spacer @ 4) Spacer

3) Five-membered chelate rings

FIGURE 16 Top: stereochemical criteria to be met by a terpyridine-like ligand for
the design of regular Cs-symmetrical mononuclear triple-helical building blocks.
Bottom: tricapped-trigonal prismatic coordination geometry encountered in (left) R"
aquo ions [Eu(H,0)e]*" (redrawn after Moret et al., 1991) and (right) [Eu(MeCN)o]**
(redrawn after Shen et al., 1990).
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by the complete exploration of the energy hypersurface, the ligand-bind-
ing properties must obey four strict stereochemical requirements
(Figure 16):

(1) The use of semirigid tridentate binding units restricts the structural
issues to [R(L¥),]°", whereby n=1-3 characterizes the number of
strands wrapped about the central metal. The target Cs-symmetrical
triple-helical complex [R(L¥);]** can be further produced as the major
species thanks to a strict control of the conditional information
expressed in the stoichiometric ratio R:L*=1:3 (i.e., entropic
selection).

(2) An optimum set of degrees of freedom must be implemented in the
tridentate binding unit in order to allow helical wrapping while
forcing meridional tricoordination leading to the exclusive formation
of a tricapped-trigonal prismatic arrangement of the nine donor atoms
around the central lanthanide in [R(L*);]*" (Ruiz-Martinez et al.,
2008), much as is found in the aquo ions (Biinzli, 1998) or in the
acetonitrile solvates (Shen et al., 1990).

(3) For large cations such as R", the chelate effect is enthalpically opti-
mized for five-membered chelate rings (Motekaitis et al., 1994).

(4) Since each mononuclear building block has to be connected to its
neighbors in the final helicate, spacers must be grafted at the end of
tridentate binding units, which are able to transmit the helical twist
along the complete strand.

Pyridine rings substituted at the 2- and 6-positions by semirigid coor-
dinating side arms, which are further connected to spacers, indeed fit
these criteria (Figure 15). Moreover, the low-energy n— n* electronic
transition centered onto the pyridine ring may be exploited for light-
harvesting and indirect sensitization of the central lanthanide cation
(Sabbatini et al., 1996). Some aspects of this structural pattern can be
found in the commercially available tridentate ligand 2,6-dipicolinic
acid (Figure 17A; Grenthe, 1961; Harrowfield et al., 1995) and 2,2":6',2"-
terpyridine (Figure 17B; Durham et al., 1969; Frost et al., 1969; Semenova
et al., 1999).

Both types of triple-helical complexes [R(L15);]*~ and [R(L16);]>"
display pseudotricapped-trigonal prismatic arrangements of the nine
donor atoms in the solid state (N3Og for [R(L15);]>~ and Ny for
[R(L16)3]>"). Detailed solution studies of [R(L15);]> in water demon-
strate that the dynamically average Ds-symmetrical triple-helical struc-
ture is maintained at millimolar concentration, but with a significant
increase of the amplitude of the fast flip—flop oscillation of the central
pyridine rings with the larger lanthanides (Ouali et al., 2002; Piguet and
Geraldes, 2003). The tris-chelates [R(L15%)3]>~ with R=Eu, Tb display
intense luminescence thanks to sensitization through the (L'*%)*" triplet
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FIGURE 17 Schematic formation of D;-symmetrical lanthanide triple-helical building
blocks with (A) 2,6-dipicolinic acid and (B) 2,2:6/,2” terpyridine. Structures of the
complexes [Eu(L15%);]*~ and [Eu(L16%);]*" are redrawn from Harrowfield et al. (1995) and
Semenova et al. (1999), respectively.

state (Aspinall, 2002) or, possibly, as has been suggested for Tb, through
the singlet state (Kleinerman, 1969). Because of their strong visible lumi-
nescence, the [R(L15%)3]°" chelates were thoroughly investigated both in
the solid state (Hopkins et al., 1996) and in aqueous solution (An et al.,
2000; Chauvin et al., 2004; Huskowska and Riehl, 1995, Meskers and
Dekkers, 2001; Werts et al., 2002). Introduction at the 4-position of the
pyridine ring of small substituents (e.g., OH, Cl, Br, NH,, or NHCOCH3)
modulates the photophysical properties of Tb complexes (Lamture et al.,
1995), while grafting a substituted polyoxyethylene pendant on the same
position additionally results in better water solubility and potentiality for
conjugation of the helical complexes with biomolecules (see Section 2.5.3;
Gassner et al., 2008).
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A striking feature of the dipicolinate tris-complexes is the
P-[R(L15%)3]*~ = M-[R(L15%)3]>~ helical interconversion occurring in the
ground state (k.o =50-200 s~ ! for R=Eu-Yb; Ouali et al., 2002) and in
the excited state (kpoc=10 s~ ! for Eu(SDO); Huskowska and Riehl, 1995;
Meskers and Dekkers, 2001), which is fast enough to prevent preparative
helical separations, but slow enough to evidence Pfeiffer effects or chiral
enrichments in the excited state when [R(L15%)3]°" interact with chiral
substrates (Richardson et al., 1991), respectively, with polarized excitation
light beams (Gawryszewska et al., 2006).

Compared with [R(L15%)5]%7, the stability of the triple-helical cation [R
(L16%)3]°" is much smaller because of the lack of charge neutralization
accompanying the complexation process. Consequently, the triple-helical
structure is only observed in the solid state (Semenova et al., 1999). In an
aprotic polar solvent such as anhydrous acetonitrile, partial on—off equili-
bria of the distal pyridine rings gives predominantly eight-coordinated
structures at millimolar concentrations (Chapman et al., 1984). Peripheral
substitution at the 4-positions of the pyridine rings in L16” and L16° has
only a minor effect on the stability and solution structures of the triple-
helical complexes [R(L16);]*", but significantly increases metal-centered
luminescence upon ligand irradiation (Miirner et al., 2000). Surprisingly,
the connection of chiral alkyl six-membered rings at the 4- and 5-positions
of the distal pyridine rings in L16% improves the stability of the final
lanthanide complex to such an extent that a single diastereomer,
P-[R(L16%);]*" or M-[R(L16%);]**, can be detected in 5 mM acetonitrile
solution (Muller et al., 2002a). Considering the behavior of the triple-
helical lanthanide building blocks with the series of ligands L15 and
L16, it is clear that the first series provides final [R(L15)3]3_complexes
which are stable enough for the self-assembly process being effective in
solution, but which cannot be connected to spacers compatible with the
transmission of helical twist in polynuclear helicates. On the other hand,
the terpyridine backbone, although more difficult to modify (Cargill
Thompson, 1997; Piguet et al., 1993a), is better suited for being
incorporated within a segmental helical strand (Hasenknopf et al., 1996;
Rapenne et al., 1999). However, the limited thermodynamic stability and
the poor kinetic inertness of the triple-helical building blocks [R(L16)5]**
are severe handicaps for their consideration for the self-assembly of
polynuclear helicates. On the other hand, the replacement of the distal
pyridine ring in L16 (Figure 17) with N-alkylated benzimidazole rings in
L17 (Figures 18 and 19) leads to semirigid extended aromatic tridentate
NNN heterocyclic binding units, which are easy to modify, and well
suited for their inclusion into segmental helical ligands (Piguet et al.,
1994). Moreover, the basicity of these ligands is comparable to that
of terpyridine and the grafting of two five-membered rings at the 2- and
6-positions of the central pyridine ring in L17 reduces steric crowding
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FIGURE 18 Preparation of substituted 2,6-bis(benzimidazol-2-yl)pyridine ligands L17
following (A) original intermolecular Phillips reaction, (B) intramolecular Piguet cycliza-
tion, and (C) Kréhnke methodology.

upon complexation to R™ (Piguet et al., 1992b); this eventually produces
robust triple-helical building blocks [R(L17)3]>" for helicate self-assembly
in aprotic solvents (Piguet et al., 1993c).
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Ligand R1 R2 R3 References
Re L172 H CHy H |Piguetetal., 1989b
L17b H CuHs H |[Piguet et al., 1993b
L17¢ H CgH, H |Piguet et al., 1993b
L179 H (CH,)7CHg H |Piguet et al., 1989b
L17¢ H (CH30),CgH3 | H  [Piguet et al., 1993b
L17f H CoHs CHj |Piguet et al., 1995a

L179 Ph | (CH30),CeHs | H |Piguetetal., 1993a
L17" | PhNO, | (CH30),CeHs | H |Piguetetal., 1993a
L17' | PhNEt, | (CH3O),CsHs | H |Piguet et al., 1993a
L17i PhNEt, CHs3 H |Petoud et al., 1997a
R? L17% H v H [Muller etal., 2001a
L7 | G CHa H  [Muller et al., 2002b

FIGURE 19 C,-symmetrical tridentate 2,6-bis(benzimidazol-2-yl)pyridine ligands
prepared for the design of lanthanide triple-helical building blocks [R(L17)s]*".

2.1.1 Synthetic strategy: Benzimidazolepyridine derivatives

A classical intermolecular strategy (Phillips, 1928; Wright, 1951) was first
used for preparing 2,6-bis(benzimidazol-2-yl)pyridine (Addison and
Burke, 1981; Addison et al., 1983) followed by double N-alkylation
(Figure 18A; Piguet et al., 1989b). The subsequent development of an
intramolecular version of this reaction by Piguet et al. (1994) offers unique
perspectives in terms of selectivity and stereochemical control, a crucial
point for the preparation of nonsymmetrical tridentate binding units and
for the connection of spacers to the terminal benzimidazole rings
(Figure 18B). Finally, the central pyridine ring can be modified using
either a Krohnke methodology (Krohnke, 1963) for grafting substituents
at the 4-position (Figure 18C; Muller et al., 2002b; Piguet et al., 1993a), or
the direct use of adequately 4-substituted dipicolinic acid derivatives L15
(Chauvin et al., 2001).

Recently, a slightly modified one-pot synthetic approach to 2,6-bis
(benzimidazole)pyridine was proposed by reacting aromatic ditopic o-
nitroamines with aryl diacid chlorides (Figure 20). The noticeable modifi-
cation from the method proposed by Piguet et al. (Figure 18B) is to run the
reaction in N-metyl-2-pyrrolidinone (NMP) as solvent while keeping
activated iron as the reducing agent in the last step; in this way, a yield
of 90% is obtained for the reduction/ring closing reaction. Alternatively,
to avoid the disadvantages of activated iron, namely the strong binding of
Fe' to the final product, necessitating EDTA treatment to remove it, and
its high cost, cheaper sodium dithionite (Na>5,0,) can be used as mild
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FIGURE 20 One-pot synthetic pathways to 2,6-bis(benzimidazole)pyridines proposed
by McKenzie et al. (2008): (i) NMP, 50 °C, 8 h; activated Fe, NMP, HCl, 90 °C; EDTA(aq) and
(i) Na,S,04, DMF, EtOH, H,0, 85 °C, 18 h.

Ligand R1 R2 R3 References
R3 L18a H CaHs CoHs | Renaud et al., 1997a
/
\ o | L8 2 o CoHs CoHs | Muller etal., 2001b
— —0
[e]
N L18e _52= O—( CoHs C2Hs Muller et al., 2001b
N
H O
22N O Mg H (CH3),CH | (CHg),CH | LeBorgne et al., 2003
‘R L18e H CgHs-CH, | CgH5-CH, | LeBorgne et al., 2003
L18f H CgHs-CH, H LeBorgne et al., 2003
CioHe-
L189 H CH(CH,) H Leonard et al., 2007

C,-symmetrical tridentate 2,6-bis(carboxamido)pyridine ligands prepared

for the design of lanthanide triple-helical building blocks [R(L18)s]**.

reducing reagent, although to the expense of a reduced yield of about 70%
(McKenzie et al., 2008).

Following the endlessly repeated, but questionable assertion that tri-
valent lanthanide are mainly oxophilic (Jocher et al., 2007; Senegas et al.,
2003), the distal benzimidazole groups of L17 have been replaced with
amide groups in L18 (tridentate ONO donor) to give triple-helical build-
ing blocks [R(L18)5]>" (Figure 21). Whereas the syntheses from dipicolinic
acids L15 are straightforward, the preparation of secondary and tertiary
amides ensures the possible connection to spacers and the inclusion of the
ONO tridentate binding unit L18 within helical segmental ligands.
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The unsymmetrical tridentate NNO ligands L19, in which the
central pyridine ring is decorated with one benzimidazole unit and one
carboxamide group, have been synthesized by using either 2-carboxamido-
6-carboxylatopyridine (Chauvin et al., 2001) or 2-benzimidazole-6-carbox-
ylatopyridine (Le Borgne et al, 2004; Piguet et al., 1994) synthons
(Figure 22). Upon reaction with R™, the triple-helical precursors [R
(L19)3]3“r exist as mixtures of meridional and facial conformers (see
Figure 28 in Section 2.2). Finally, the hydrolysis of the amide group of L19
produces unsymmetrical 2-benzimidazole-6-carboxylatopyridine ligands,
which have been introduced into segmental helical ligands (Chauvin et al.,
2007, 2008; Deiters et al., 2008; Edder et al., 1997; Elhabiri et al., 1999, 2004a;
Vandevyver et al., 2007) or connected to covalent tripods in order to avoid
meridional/facial isomerization (Senegas et al., 2003). It is worth noting
that the alternative connection of ester groups at the 2- and 6-position of the
pyridine ring gives tridentate ONO ligand whose weak affinity for R™ is
not compatible with their use in triple-helical complexes (Renaud et al.,
1997b).

2.1.2 Synthetic strategy: Dipicolinic acid derivatives

The dipicolinic acid platform has proven to be extremely versatile, lead-
ing to numerous applications of its tris-complexes with Eu and Tb, in
particular in analytical and bioanalytical chemistry (see Section 2.5 for
photophysical properties and Section 6.2 for bioanalytical applications).
As a consequence, researchers have invented ways of modulating the
photophysical properties, principally by introducing substituents on the
para position of the pyridine ring, a relatively easy synthetic procedure.
Simple substituents (e.g., Cl, Br, NH,, NHCOCH3;) are introduced by
substitution of the hydroxyl function of chelidamic acid under

.

o Ligand R1 R2
— L19a CHs H
N L19b CoHs H
=N L1gc (CH30),C¢H3 H
r2—N Ligd C.Hs CHSOCH,

R2

FIGURE 22 C,-symmetrical tridentate 2-benzimidazole-6-carboxamidopyridine
ligands prepared for the design of lanthanide triple-helical building blocks [R(L19)
(Le Borgne et al., 2004).

3]3+
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appropriate, although harsh, conditions (Figure 23). This substitution is
easy in view of the presence of the pyridine electron-withdrawing group
in para position with respect to the hydroxyl function. Milder conditions
for the synthesis of the 4-bromo derivative L15' have been recently pro-
posed which involve reacting chelidamic acid with tetrabutylbromide in
toluene and in presence of phosphorus pentoxide (Picot et al., 2008b). One
notes, however, that purification of the ligands under their acidic form,
either by recrystallization or by ion-exchange chromatography gives poor
results. Therefore, a customary procedure is to purify the corresponding
ester by silica-gel chromatography and subsequent recrystallization, fol-
lowed by quantitative hydrolysis under mild conditions (Lamture et al.,
1995).

For more elaborate applications, such as bioprobes or nonlinear optical
materials, the dipicolinate framework has been considerably expanded
and decorated with m-conjugated and/or solubilizing groups (D’Aléo
et al.,, 2008a,b). Introduction of a n-system in the 4-position is meant to
induce charge transfer onto the pyridine moiety and is achieved through a

OH
7
HO~ N OH
O H,L15e O
PBrs PCls MeOH NH,
NH,OH 150°C
—_—
\n/fj\n/m H,NO ONH,
o] o}
MeOH NH,),L15h
MeOH MeOH HCL(sat) ‘ (NHad)
NaOH NH,OH Ac0(1Ac0)
NaOH
NHCOCH,R
\"/ﬁj\n/ Na H4NO\H/@\"/ONH4 \H/fj\”/
(0] t O
Na,L13 L1858 _H NayL1s
I Na,L15i

FIGURE 23 Synthetic paths for simple 4-pyridine-substituted dipicolinates (Lamture
and Wensel, 1995; Lamture et al., 1995).
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Pd-catalyzed Sonogashira cross-coupling reaction (Sonogashira et al.,
1975) on 4-bromo or on more reactive iodo-substituted dipicolinic frame-
works whereby either the dialkyl (methyl, ethyl) ester or diamide forms
can be used (Picot et al., 2008b; Platas-Iglesias et al., 2001). While the
bromo derivatives led to deceptively low yields (<45%), the less stable
4-iodo synthons proved to be much more effective with yields for the final
ligands larger than 90%. Alternatively, the n-conjugated system can be
introduced in the 2- and 6-positions by direct amidation of the carboxylic
acid functions (Figure 24; Picot et al., 2008a).

The design of bifunctional chelating agents with a multidentate unit
for coordination to R™ ions and an additional functionality is essential in
bioanalyses, for instance for labeling DNA molecules or targeted proteins
with lanthanide luminescent labels. One of the preferred position for the
latter functionality is again the 4-position and an early example is H,L15!
(Figure 23). Another strategy is to take advantage of the lipophilic proper-
ties of polyoxyethylene fragments which, in addition, are amenable to
easy derivatization. Ligands H,L15° to H,L15" which bear a (CH,—CH,—
O)3 short pendant arm functionalized with hydroxyl, methoxy, amine, or
phthalimide groups, have been synthesized bearing this idea in mind
(Gassner et al., 2008). They were obtained either under the acidic form
or as the sodium salt in 45-57% yield, starting from the diethylester of
chelidamic acid. The polyoxyethylene pendant was grafted first by using
a Mitsunobu reaction (Mitsunobu and Yamada, 1967). Hydrolysis of the
resulting ester led to H,L15° whereas treatment with iodotrimethylsilane
and subsequent hydrolysis yielded H,L15". For the other two ligands,
H,L15" and H,L15", two successive Mitsunobu reactions were used
to couple the polyoxyethylene arm onto a phthalimide group and then
the resulting product to the dipicolinate framework; hydrolysis under
specific conditions yielded either one of the ligands (Figure 25).

2.2 Solid state and solution structures of the mononuclear
triple-helical precursors

Upon reaction of hydrated R(ClO,4); or R(CF;503); salts with the triden-
tate ligands L15 in water and L17-L19 in organic solvents, the complexes
[R(L15),,]°72F or [R(Lk),]*" (n =1-3) are successively formed. Depend-
ing on the specific substituents borne by the ligands, the macroscopic
formation constants ﬁﬁ‘k may drastically vary (see Section 2.3), but the
large majority of Cz—SYmmetrical ligands L15, L17, and L18 eventually
produces D;-symmetrical triple-helical chelates [R(L15);]°~ or [R(LK)5]*T,
while the C;-symmetrical ligands L19 give mixtures of mer-[R(L19)5]**
(Cy-symmetry) and fac-[R(L19)s]** (Cs-symmetry) complexes. Numerous
crystal and molecular structures have been reported for tris(dipicolinates)
[R(L15)5]°~ showing the influence of the counterion on the triple-helical
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R4

R'=0OH R4=NH, H,L15d
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R4=OHex L15°
NHex, L15p

Ho H
N N

= R=Et L154d
Q N Q But L1ar
RoN 0 o NR,
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FIGURE 24 7-Conjugated (L15%; Picot et al., 2008a) and polyoxyethyleneglycol-fitted
dipicolinic acid derivatives (H,L15°™"; Gassner et al.,, 2008).

structure with idealized Ds-symmetry (Brayshaw et al., 1995). The crystal
structure of [Eu(L17%);]>" demonstrates the formation of pseudo-D3-sym-
metry in the triple-helical complexes with the central lanthanide atom
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being nine-coordinated in a pseudotricapped-trigonal prismatic arrange-
ment (Figure 26; Piguet et al., 1993c), a structural pattern previously
reported for the analogous complexes [Eu(L16%);]*" (Figure 17B;
Durham et al., 1969; Frost et al., 1969; Semenova et al., 1999). The Eu-N
bond distances are similar in [Eu(L17%);]*" and [Eu(L16);]°", but the
extension of the distal aromatic rings in going from L16" to L17% is
responsible for the formation of three intramolecular interstrand n-stack-
ing interactions involving pairs of almost parallel benzimidazole rings in
[Eu(L17%)3]°" (Figure 26; Piguet et al., 1993c).

At a concentration of 10 mM in acetonitrile, the triple-helical structure
found for [R(L17%);]°>" in the solid state is maintained for R=Ce-Dy
(Petoud et al.,, 1997a). For smaller lanthanides (R=Ho-Lu), the third

H,S0,
EtOH
Reflux 4h
95%
2 3 6
/o\/\o/\/o\/\ OH | PhsP, THF,
1 4 5 12h reflux
3=X-OMe DIAD
71%
MeO
1) NaOH, EtOH, HZO
30+
85% ~_©
L15s
T™SI .
MeCN, 60°C | 81%
NaOH, EtOH, H,0
82%
Na2L15"

FIGURE 25 Continued
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N
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PPh,, THF, DIAD <o/[j3

2+4 N
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~_© N/ o~
O O

1) NaOH, H,0
80% 2) HyO*
75%
0 EtOH
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()

N
O /3
® ®
NaO N7 ONa HO N” N OH
o] o]

Na,L15v L15¢
FIGURE 25 Synthesis of the dipicolinic acid derivatives H,L15° to H,L15" fitted with
substituted trioxyethyleneglycol pendants (redrawn form Gassner et al., 2008).

successive stability constants measuring the affinity for the coordination
of the third tridentate ligand Ky'*'7* = lf 2172 ) BRI s too weak to ensure
the quantitative formation of the triple-helical complex under stoichio-
metric conditions. A mixture of [R(L17%)s]°>", [R(L17%),]*", and L17% in
slow exchange on the NMR timescale is thus evidenced in solution
(Piguet et al., 1993c). The crystal structure of [R(L17%)5]?* confirms the
formation of the triple-helical building blocks, but the increased steric
congestion produced by the peripheral ethyl groups distorts the regular
helical wrapping of the strands and reduces interstrand stacking
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a
N\ \N /N
Oy =
AN /
L172a

[R(L172)5]3+

FIGURE 26 Schematic formation of D;-symmetrical lanthanide triple-helical precur-
sors with 2,6-bis(benzimidazolyl)pyridine L17. The representation of the complex
corresponds to the crystal structure of [Eu(L17%);]** (redrawn from Piguet et al.,, 1993c).

(Piguet et al., 1995b). This trend is stepwise emphasized with L17¢ (R* =
propyl), L17° (R*=3,5-dimethoxybenzyl), and L17* (R®=neopentyl),
which precludes the formation and isolation of triple-helical complexes
with these ligands (Muller et al., 2001a; Petoud et al., 1997a). However, the
connection of a carboxyl substituent at the 4-position of the pyridine ring
in L17" has no effect on the complexation process and standard 1:3 triple-
helical complexes are formed (Muller et al., 2001b). A very similar struc-
tural pattern is found with the amide derivatives L18, which lead to
the formation of pseudo-D;-symmetrical triple-helical complexes
[R(L18%);]°" (Renaud et al., 1997a), [R(L18%);]>" (Muller et al., 2001b),
[R(L18%):]*" (Le Borgne et al., 2003), and [R(L188)5]*" (Leonard et al.,
2007) with the poorly constrained tertiary-amide substituents or with
secondary-amide groups (Figure 27). However, bulky substituents
grafted onto the tertiary-amide functions in L18¢ and L18° prevent the
formation of triple-helical complexes and only 1:2 complexes [R(L18%),]*"
and [R(L18%),]*" can be prepared (Le Borgne et al., 2003).

A thorough paramagnetic NMR study of [R(L18%)3]’" in acetonitrile
shows the expected dynamically averaged Djz-symmetrical structure
corresponding to the existence of a racemic mixture of P-[R(L18%);]*"
and M-[R(L18%);]°" blocked on the NMR timescale (Renaud et al.,
1997a). When unsymmetrical secondary-amide groups are considered in
the ligands L18 and L188, the three possible blocked arrangements of the
terminal alkyl substituents EE, EZ, and ZZ induces the formation of a
mixture of 13 different inert isomers for the triple-helical complexes
[R(L18%)5]*" and [R(L188)3]*", which eventually gives intricate NMR spec-
tra (Le Borgne et al., 2003). Interestingly, the crystal structures of both
[R(L18)3]*" (Le Borgne et al., 2003) and [R(L188);]*" (Leonard et al., 2007)
show the selection of a single isomer during the crystallization process
with the three ligands adopting ZZ conformations. Closely related
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Re-"~gs oM e

R2=R3=C,Hs :L18a
R2=CgHs—CHy, R3=H : L18f

[R(L181);,]3*

FIGURE 27 Schematic formation of D;-symmetrical lanthanide triple-helical precur-
sors with (A) 2,6-bis(tertiary-amide)pyridine ligands and (B) 2,6-bis(secondary-amide)
pyridine ligands. The representation of the complexes corresponds to the crystal
structures of [Eu(L18%);]** and [Eu(L18%);]>* (redrawn from Le Borgne et al., 2003; Renaud
et al, 1997a).

limitations affect the design of triple-helical complexes with the unsym-
metrical NNO donor ligands L19 because of the unavoidable meridional/
facial isomerism (Figure 28; Le Borgne et al., 2004). No X-ray quality
crystals could be grown from these mixtures, but 1:2 complexes
[Eu(L19%)5(CF5S05),(H,0)]" and  [Eu(L199),(CF3S05)2(H,0)]", which
possess no conformational isomer, could be fully characterized in the
solid state (Le Borgne et al., 2004).

2.3 Thermodynamic stability and size-discriminating effects

Cumulative log(pX nLk) and successive log(KR) stability constants are

defined in the following equations:

nLk+R> = [R(LK),]*" B 1)

1n

nLk+R*" = [R(LK),]*" Kf’i‘k )
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The initial data of Grenthe (1961) on the mono-, bis-, and tris-com-
plexes with unsubstituted dipicolinate are relgorted on Figure 29. There is
an expected electrostatic trend in the log(f, 1% values which increase
from ~18 to ~22 up to Dy, correspondmg to a free energy difference

(AGR 1157y ~ 23 kJ mol ™ !; the cumulative constants then stay constant up
to Tm before slightly decreasing until the end of the series mainly due to
the decreasing value of log K;. With respect to free energy, this eventual
decrease corresponds to less than 4 k] mol ™ '. With the exception of the
first part of the series (up to Nd), the size-discriminating effect is therefore
very small. Substitution of the pyridine 4-position by derivatized triox-
yethylene fragments does not lead to fundamental changes in thermody-
namic stability of the triple-helical chelates, especially if one considers the
uncertainties associated with the determination of log( RL15) values by
spectrophotometry (see Table 1; Gassner et al., 2008).

S PR

L19a
mer-[R(L19a),]3+ fac-[R(L192),]3+
CD3CN,T=288K: 91% 9%

FIGURE 28 Schematic formation of lanthanide triple-helical building precursors with
2-benzimidazole-6-carboxypyridine ligands. The representation of the complexes corre-
sponds to the optimized gas-phase molecular structures obtained for mer-[Lu(L19%),]*"
and fac-[Lu(L19*);]*" (redrawn from Le Borgne et al., 2004).
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FIGURE 29 Stability constants for [Ln(L15%),]® 2" (data from Grenthe, 1961).



TABLE1 Cumulative log(ﬁi‘;k) and successive log(KR¥) stability constants reported for the formation of complexes [R(L15),]® "
(j=s—v, n=1-3; see Figure 24) from R(ClO,); in water and of complexes [R(Lk),]*" (k =17-19, n =1-3; see Figures 19, 21, and 22) from R(CF;50;);
in acetonitrile; T=293 K

Ligand R log( 11{1]‘) log([ilig“) log([)’ﬁ‘;) log(KX™) log(K?‘L) References

L15° La 10.2(6) 16.2(8) 20.9(7) 6.5(1.4) 4.2(1.5) Gassner et al. (2008)
Eu 8.9 14.3(2) 20.5(2) 4.4(2) 6.2(4) Gassner et al. (2008)
Tb 9.1(6) 15.5(6) 21.4(6) 6.4(1.2) 5.9(1.2) Gassner et al. (2008)

L15' La 7.9(4) 14.2(5) 20.2(6) 6.3(9) 6.0(1.1) Gassner et al. (2008)
Eu 8.8(2) 15.1(2) 20.3(3) 6.3(4) 5.2(5) Gassner et al. (2008)
Tb 8.7(1) 15.1(2) 20.3(3) 6.4(3) 5.2(5) Gassner et al. (2008)
Lu 8.8 16.6(1) 22.8(2) 7.8(1) 6.2(3) Gassner et al. (2008)

L15" La 7.2(1) 12.9(1) 17.6(1) 5.7(2) 4.7(2) Gassner et al. (2008)
Eu 6.8(4) 14.7(4) 20.5(4) 7.9(8) 5.8(8) Gassner et al. (2008)
Lu 8.5(3) 15.5(4) 20.4(4) 7.0(7) 4.9(8) Gassner et al. (2008)

L17¢ La 8.9(3) 16.8(8) 22.6(9) 7.9(4) 5.8(2) Petoud et al. (1997a)
Ce 6.0(1) Petoud et al. (1997a)
Pr 6.3(1) Petoud et al. (1997a)
Nd 8.7(2) 15.9(8) 22.4(8) 7.2(4) 6.5(2) Petoud et al. (1997a)
Sm 6.4(2) Petoud et al. (1997a)
Eu 9.0(2) 15.7(7) 22.6(6) 6.7(3) 6.9(4) Petoud et al. (1997a)
Gd 8.5(2) 15.2(8) 21.8(8) 6.7(4) 6.6(2) Petoud et al. (1997a)
Tb 9.3(3) 16.4(10) 22.5(10) 7.1(5) 6.1(1) Petoud et al. (1997a)
Dy 5.8(1) Petoud et al. (1997a)
Ho 8.9(3) 16.2(19) 21.5(10) 7.3(5) 5.3(1) Petoud et al. (1997a)
Er 4.7(2) Petoud et al. (1997a)

(continued)



TABLE 1 (continued)

Ligand R log(ﬁf’lL) 10g(ﬁ§§L) log(ﬁli’;) log(Kl;’L) log(Kg’L) References

Tm 3.9(1) Petoud et al. (1997a)
Yb 9.4(5) 16.5(14) 19.9(10) 7.1(6) 3.4(1) Petoud et al. (1997a)
Lu 9.0(4) 15.4(10) 18.1(10) 6.4(4) 2.7(1) Petoud et al. (1997a)

L17° Ca 4.4(1) 8.6(1) 11.8(3) Canard et al. (2008)
La 6.9(1) 13.0(1) 17.3(1) Canard et al. (2008)
Eu 9.2(5) 16.9(8) 21.8(8) Canard et al. (2008)
Lu 9.9(3) 17.7(5) 23.4(7) Canard et al. (2008)

L17¢ La 5.0(1) 2.2(2) Petoud et al. (1997a)
Ce 4.8(1) 2.9(3) Petoud et al. (1997a)
Pr 4.9(19 2.8(1) Petoud et al. (1997a)
Nd 4.9(1) 3.2(2) Petoud et al. (1997a)
Sm 5.5(1) 3.6(1) Petoud et al. (1997a)
Gd 4.8(1) 3.2(1) Petoud et al. (1997a)
Tb 49(1) 3.1(1) Petoud et al. (1997a)
Er 5.1(1) 3.0(1) Petoud et al. (1997a)
Lu 5.4(1) 2.9(1) Petoud et al. (1997a)

L17 La 4.8(2) Petoud et al. (1997a)
Pr 5.5(2) Petoud et al. (1997a)
Sm 6.0(1) Petoud et al. (1997a)
Gd 6.1(2) Petoud et al. (1997a)
Tb 5.9(1) Petoud et al. (1997a)
Dy 5.2(2) Petoud et al. (1997a)
Ho 4.8(2) Petoud et al. (1997a)



L17*

L17'

L18"

L1s®

Tm

La
Eu
Lu
La
Eu
Lu
La

Pr

Nd
Sm
Eu
Gd

Dy

Er
Tm

Lu

La
Eu

8.1(1)
8.2(2)
6.9(1)
7.8(4)
8.0(4)
8.03)
7.4(3)
7.6(3)
7.6(3)
7.5(3)
7.3(3)
8.3(3)
7.9(3)
8.2(3)
7.5(3)
7.3(4)
7.7(4)
8.5(3)
8.5(3)
8.13)
7.6(3)
7.4(4)
8.2(4)

14.8(3)
14.3(4)
14.6(3)
13.8(4)
14.4(4)
15.3(3)
14.7(4)
14.5(4)
14.8(4)
14.8(4)
14.4(4)
16.0(3)
15.6(3)
15.2(3)
14.6(4)
14.0(5)
14.5(5)

21.0(3)
22.0(3)
22.2(3)
21.5(4)
22.0(4)
22.3(3)
22.6(4)
22.9(4)
22.5(4)
22.3(4)
22.7(4)
22.1(4)
22.8(4)
22.9(3)
22.4(4)
19.0(5)
19.8(5)

5.7(5)
5.9(3)
5.7(1)
6.0(5)
6.4(4)
6.4(4)

3.9(1)
3.1(1)
1.2(2)
0.9(1)
<0.5

3.8(6)
4.6(5)
2.9(4)

Petoud et al. (1997a)
Petoud et al. (1997a)
Muller et al. (2001a,b)
Muller et al. (2001a,b)
Muller et al. (2001a,b)
Muller et al. (2002a,b)
Muller et al. (2002a,b)
Muller et al. (2002a,b)
Renaud et al. (1997a)
Renaud et al. (1997a)
Renaud et al. (1997a)
Renaud et al. (1997a)
Renaud et al. (1997a)
Renaud et al. (1997a)
Renaud et al. (1997a)
Renaud et al. (1997a)
Renaud et al. (1997a)
Renaud et al. (1997a)
Renaud et al. (1997a)
Renaud et al. (1997a)
Renaud et al. (1997a)
Renaud et al. (1997a)
Renaud et al. (1997a)
Muller et al. (2001a,b)
Muller et al. (2001a,b)

(continued)



TABLE 1 (continued)
Ligand R log(ﬁf"]]“) log(ﬁli'ZL) log(ﬁlig“) log(Kf"L) References
Lu 8.7(4) 15.3(5) 20.3(5) Muller et al. (2001a,b)
L18° La 7.4(4) 13.9(5) 19.0(5) Muller et al. (2001a,b)
Eu 8.2(4) 14.6(5) 19.7(5) Muller et al. (2001a,b)
Lu 8.7(4) 15.2(5) 20.5(5) Muller et al. (2001a,b)
L1884 La 7.8(5) 14.0(7) 18.0(8) Le Borgne et al. (2003)
Ce 7.4(4) 13.0(6) 17.9(7) Le Borgne et al. (2003)
Pr 8.0(6) 13.8(8) 17.5(9) Le Borgne et al. (2003)
Nd 7.7(5) 13.5(7) 17.5(8) Le Borgne et al. (2003)
Sm 8.5(6) 12.9(7) 18.4(8) Le Borgne et al. (2003)
Eu 8.3(6) 13.9(6) 17.6(7) Le Borgne et al. (2003)
Gd 7.9(7) 13.7(9) 17.5(9) Le Borgne et al. (2003)
Tb 7.6(6) 13.8(7) 18.5(7) Le Borgne et al. (2003)
Dy 7.7(5) 14.4(6) 17.3(8) Le Borgne et al. (2003)
Ho 8.3(6) 14.2(7) 17.9(9) Le Borgne et al. (2003)
Er 8.3(5) 13.9(6) 17.5(8) Le Borgne et al. (2003)
Tm 7.9(6) 13.8(7) 17.8(9) Le Borgne et al. (2003)
Yb 7.7(4) 13.7(5) 16.7(6) Le Borgne et al. (2003)
Lu 7.6(4) 13.5(5) 17.3(6) Le Borgne et al. (2003)
L18° La 5.4(5) 11.1(6) Le Borgne et al. (2003)
Eu 4.9(5) 9.8(6) Le Borgne et al. (2003)
Lu 5.3(5) 9.7(6) Le Borgne et al. (2003)



L19*

L19°

L19¢

L19¢

Y
La
Pr
Gd
Dy
Er
Lu
La
Eu
Lu
La
Pr
Gd
Dy
Er
Lu
La
Eu
Lu

4.9(5)
7.1(3)
7.7(3)
7.3(2)
7.4(3)
8.0(4)
7.2(2)
8.6(3)
7.8(2)
9.2(2)
6.7(2)
7.6(4)
7.0(2)
7.7(3)
7.8(3)
7.2(2)
7.3(3)
7.6(4)
7.0(8)

9.4(6)

11.6(4)
13.7(5)
12.3(3)
12.5(4)
13.2(4)
11.5(4)
15.1(4)
13.5(2)
16.8(4)
11.7(3)
13.2(5)
11.8(3)
12.4(4)
12.7(3)
12.7(3)
12.7(4)
12.8(5)
11.9(8)

15.9(5)
17.8(6)
17.4(4)
16.5(5)
17.9(5)
17.3(4)
19.9(4)
19.2(2)
21.9(4)
17.1(4)
17.6(7)
17.0(5)
16.9(5)
17.1(3)
18.5(5)
17.0(5)
18.0(7)
17.5(7)

Le Borgne et al. (2004)
Le Borgne et al. (2004)
Le Borgne et al. (2004)
Le Borgne et al. (2004)
Le Borgne et al. (2004)
Le Borgne et al. (2004)
Le Borgne et al. (2004)
Le Borgne et al. (2004)
Le Borgne et al. (2004)
Le Borgne et al. (2004)
Le Borgne et al. (2004)
Le Borgne et al. (2004)
Le Borgne et al. (2004)
Le Borgne et al. (2004)
Le Borgne et al. (2004)
Le Borgne et al. (2004)
Le Borgne et al. (2004)
Le Borgne et al. (2004)
Le Borgne et al. (2004)

Values without uncertainties have been fixed in the fitting process.
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Data characterizing the formation of the complexes [R(Lk),]>"

(k=17-19, n=1-3) are also collected in Table 1. For unconstrained
symmetrical ligands L17 and L18, the free energy changes AGi ’nLk
accompanying the formation of the complexes [R(LK)]*" (AGN* = — 42
to —50 k] mol™"), [R(Lk),]*" (AGR¥=_81 to —93 kJ] mol!) and
[R(LK)s]>* (AGRH* = — 112 to — 123 kJ mol ™) do not significantly depend
on the nature of the donor atoms in the tridentate ligands (N3 in L17 and
NO, in L18). This reflects the crucial role played by the entropic contribu-
tion in lanthanide complexation processes, which are mainly controlled by
charge compensation effects (Choppin, 1989; Comuzzi et al., 2002;
Di Bernardo et al., 2008; Piguet and Biinzli, 1999). This translates into a
pronounced preference of the trivalent lanthanides for complexing nega-
tively charged donor atoms, often oxygen atoms because of their large
electronegativity. The latter trend is usually and erroneously assigned to
some specific oxophilicity of R™, but negatively charged nitrogen or car-
bon atoms are valuable alternatives (Anwander, 1999; Dehnicke and
Greiner, 2003; Evans, 2007).

The complexation process involves a trans—trans — cis—cis conforma-
tional interconversion of the tridentate binding unit whose energetic costs
is very sensitive to the size and bulkiness of the substituents bound to the
N atoms of the benzimidazole rings in L17, or to the N atoms of the amide
groups in L18 (Figure 30). Consequently, Kx'*” decreases by two orders of
magnitude when the methyl groups in L17? are replaced with bulky 3,5-
dimethoxybenzyl groups in L17¢. Similarly, 112 '1L18 (2-3 orders of magni-
tude) and ﬁf’ZLls (4 orders of magnitude) are reduced when diethylamide
groups in L18* are replaced with dibenzyl groups in L18¢ (Table 1).
Intramolecular interligand interactions resulting from the tight wrapping
of the three strands in [R(Lk);]*" may also tune the stability of the final
triple-helical complexes as revealed by the decrease by two orders of
magnitude of ﬁlf‘gL 8 values in §oing from L18* (R>=R>=C,Hs) to L184
(R?=R®=CH(CHj,),), while 1’21“18 values are similar for both ligands
(Table 1). ’

The unusual bowl-shaped curve found for log(fia'’*) along the
lanthanide series merits special comments since it represents a rare
case of size-discriminating effect favoring the complexation of large
lanthanides (Figure 31; Petoud et al., 1997a,b). Detailed structural data
collected in the solid state (Piguet et al., 1993c) and in solution (Petoud
et al., 1997a) for [R(L17%);]*" firmly establish that the tight wrapping of
the three helical ligand strands produces three efficient intramolecular
interstrand interactions involving pairs of benzimidazole rings
(Figure 26). Attractive n—n interactions are compatible with R-N bond
lengths compatible with the coordination of large or midrange trivalent
lanthanides, and they further contribute to stabilize the final triple-
helical complexes (Table 1). The required contraction of the R-N bond
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FIGURE 30 Trans—trans — cis—cis conformational change of the tridentate binding unit
occurring upon complexation of L17-L19 to trivalent lanthanides.
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FIGURE 31 Third successive stability constants Iog(K?‘Lk) measured in acetonitrile for
the triple-helical complexes [R(L17%);] " (squares), [R(L17);]* ™ (triangles), and [R(L18%);] "
(circles) versus the reciprocal of ionic radius for nine-coordinate R** (redrawn after
Petoud et al., 1997a,b).
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lengths along the second part of the lanthanide series in [R(L17%);]*" is
only possible at the cost of a closer packing of the pairs of benzimid-
azole rings, which induces repulsive van der Waals interactions and
some slipping of the strands (Piguet et al., 1995b). Consequently, the
third successive stability constants log(KR L17"‘) are significantly reduced
for the smaller lanthanides, and a pronounced size-discriminating effect
favoring the complexation of midrange R™ results (Figure 31; Table 1).
Obviously, the latter effect is removed when at least one distal benz-
imidazole rings is replaced with a carboxamide group in [R(L18%)3]*" or
[R(L19%)5]*>", and the standard electrostatic trend is restored (Figure 31;
Table 1; Piguet and Biinzli, 1999). Interestingly, the deleterious conse-
quences on the thermodynamic constants produced by the introduction
of bulky substituents in [R(L17%)5]>" can be overcome by the connection
of a strong donor in the back of the central pyridine ring in [R(L17")5]**
(Figure 31; Petoud et al., 1997a,b).

2.4 Isomerization and covalent tripods

When the tridentate binding unit does not possess a C,-axis as in L19, two
isomeric triple-helical complexes are formed upon reaction with R™
(Flgure 28). Therefore, the associated macroscopic formation constant

is made up of two microconstants, each characterizing the forma-
tlon of the microspecies mer-[R(L19);]** and fac- [R(L19)3]3+ Eq. (3), and
whose ratio is given in Eq. (4).

R L19 R,L19 R,L19
1 3‘mer+ﬁl,37ﬁzc (3)

fac — [R(L19)5]*" = mer—[R(L19),]>"  KSH? = pRr1o /ﬂ;ﬁg}; (4)

iso 1,3,mer

Assuming a pure statistical entropic driving force for equilibrium (4)
(i.e., AHEOL '=0), KﬁOL 1 corresponds to the ratio of the external symmetry
numbers of fac-[R(L19)s]*" (o4 =3, Cs- symmetrlcal) and mer-[R(L19);]>"
(omer=1, Ci-symmetrical), which gives KRL19 =0fac/ omL,—3 (Ercolani
et al, 2007), hence an entropic contribution of ASNM®=RIn@) =
9.1 Jmol 'K~ 'in favor of the meridional isomer. The detailed investiga-
tion of equlhbrlum (4) in acetonitrile for L19?, L19¢, and L19¢ shows
that both experimental enthalpic, AH*™’, and entropic, AS.*™"?,
contributions deviate from this simple statistical model (Table 2;
Le Borgne et al., 2004).

For [Lu(L19%);]*" and [Lu(L19%);]**, the negative enthalpic contribu-

tions result from residual © — n stacking interactions, which only operate
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TABLE 2  Enthalpic (AH-*"" in k) mol~") and entropic (AS=*" in Jmol~'K™")

1S0 10
contributions to the fac-[Lu(L19);]" = mer-[Lu(L19);]>" isomerization in acetonitrile

at 293 K (see Eq. (4), Figure 22)

[Lu(L19?);7** [Lu(L19°)P* [Lu(L199);**
ASEEMY (Jmol 'K Y 5(5) 82(7) —10(10)
—~TASZM (K] mol 1) —1.5(1.5) —24(2) 3(3)

in the meridional isomer (Figure 28). The large, but opposite enthalpic
contribution found in [Lu(L19%);]*" has the same origin because the bulky
3,5-dimethoxybenzyl groups prevent close packing of the strands in the
meridional isomer. Although the deviations of the entropy changes from
the statistical values of 9.1 Jmol™ 1K~ are more difficult to rationalize,
the global free energy changes at 293 K (—4<AGiLS‘;’L19 <—2 Kk mol™ )
systematically favor the meridional isomer, a severe drawback since the
introduction of these unsymmetrical building blocks in polynuclear heli-
cates requires the selective preparation of the facial Cs3-symmetrical iso-
mer (Le Borgne et al.,, 2004). To force facial coordination of the three
strands about R", three unsymmetrical tridentate ONO (L20: Renaud
et al.,, 1999; L21: Senegas et al., 2003; Figure 32), NNO (L22: Koeller
et al, 2003a; L23: Koeller et al., 2003b; Figure 33), and NNN (L24:
Canard et al.,, 2008; Figure 34) binding units have been connected to
covalent tripods. Upon reaction with R(ClO4); or R(CF3;SO;)s; the
expected Cs-symmetrical podates [R(L20)]>", [R(L21-3H)], [R(L22)]*",
[R(L23)]*>", and [R(L24)]>" are formed in solution and in the solid state
(Figures 32-34).

The pair of podands L20 and [L21-3H]’" have been designed for
exploring the effect of charge compensation on the energetics and struc-
tures of the final triple-helical podates [R(L20)]** and [R(L21-3H)]. The
formation constants reported for [R(L20)]** in acetonitrile (Eq. (5)) and for
[R(L21-3H)] in water (Eq. (6)) are comparable (Table 3) and correspond to
log(fX1*) = 6.5-8.0, which translates into — 45 < AGXT* < —36 k] mol ™.

LR = [R(LK)] p* 5)
[L21 - 3H +R* = [R(L21 - 3H)]"  i}* (6)

Since the solvation of R>* is more energetic in water than in acetoni-

trile, the formation constants of [R(L20)]*" (log( f‘{‘zo)) decrease
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FIGURE 32 Schematic formation of the Cs-symmetrical N3Og nine-coordinate triple-
helical lanthanide podates with L20 and L21. The representation of the complexes
corresponds to the crystal structures of [Eu(L20 + H)]*" and [Eu(L21-3H)] (redrawn after
Renaud et al., 1999; Senegas et al., 2003).

by one order of magnitude in CH3;CN/H,O (95:5) and ﬁlf’luo <10 is
reached in pure water. However, the formation constants for [R(L21-
3H)] in pure water still amount to 6.7 < log(fy*') < 7.0, which unambig-
uously demonstrates the importance of the chérge compensation process
in the overall stability of the lanthanide complexes (Table 3). In this
context, it is worth noting that Eu-O(carboxylate) bond lengths (average
2.45(1) A) in the crystal structure of [Eu(L21-3H)] (Senegas et al., 2003) are
similar to Eu-O(carboxamide) bond lengths (average 2.43(1) A) found in
[R(L20 +H)]*" (Renaud et al., 1999). It can be concluded that the favorable
charge compensation effect arises almost exclusively from an entropic
contribution.

The next pair of podands L22 and L23 has been developed for explor-
ing the effect of the conformation of the covalent tripod on the organiza-
tion and binding efficiency of the tridentate binding units. Table 3 indeed
shows that the methylation of the apical carbon atom in L23 slightly
increases the formation constant by approximately one order of magni-
tude, but the most striking difference concerns the formation of two endo
conformers for [R(L22)]>" (ratio 7:3; Koeller et al., 2003a), while [R(L23)]*"
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[R(L23)p

FIGURE 33 Schematic formation of the Cs-symmetrical N4O; nine-coordinate triple-
helical lanthanide podates with L22 and L23. The representation of the complexes
corresponds to the crystal structures of [La(L22)]*" and [Eu(L23)]>" (redrawn after
Koeller et al., 2003a,b).

exists as a single exo-isomer, whereby the apical methyl group points
out of the coordination cavity (Figure 33; Koeller et al., 2003b). Despite
the latter structural change, the Cs-symmetrical organization of the
three helically wrapped tridentate binding units are almost superimpos-
able in the two podates, which explains the minor variations of the
thermodynamic properties (Koeller et al., 2003b).

Taking the methylated exo-tripod of L23 as a reference, podand L24
was synthesized for combining the size-discriminating effect associated
with 2,6-bis(benzimidazol-2-yl)pyridine ligand (Figure 31) with the
preorganization of the covalent tripod (Figure 34; Canard et al., 2008).
Surprisingly, the formation constants of [R(L24)]3+ (three NNN donors)
do not evidence measurable size-discriminating effect, and they corre-
spond to a tiny domain of free energy — 48 <AGN* < —36 kJ mol ',
identical to those observed for [R(L20)]>* (threé ONO donors), [R
(L22)]**, and [R(L23)]>" (three NNO donors) in the same solvent
(Table 3). However, the formation of nine R-ligand bonds in the latter



350 Claude Piguet and Jean-Claude G. Biinzli

[R(L24)J3+

FIGURE 34 Schematic formation of the Cs-symmetrical Ny nine-coordinate triple-
helical lanthanide podates with L24. The representation of the complex corresponds to
the crystal structure of [Eu(L24)]*" (redrawn after Canard et al., 2008).

podates is approximately three times less efficient that the same process
observed for the native nonconnected tridentate binding units in [R
(L18%);]°" (three ONO donors: —128<AG5™* <—117 k] mol™ ), [R

(L19%)5]>" (three NNO donors: — 100 <AG§’1I“19aO <—89 k] mol™ ') and [R

(L1737 (three NNN donors: —127< AGfr’lL17ao <—120 k] mol

Table 1).

In going from the podates [R(Lk)]*" to the triple-helical complexes
[R(Lk);]** with the same set of donor atoms, the complexation processes
only differ by the replacement of three intermolecular R-tridentate unit
connections in [R(Lk);]*" with one intermolecular and two intramolecular
connections in [R(Lk)]>" (Figure 35; Canard et al., 2008). It was thus
concluded that the covalent tripod, instead of preorganizing the three
tridentate units for their coordination to R™, indeed dramatically disor-
ganizes the binding units and prevents efficient connection processes. It
is, however, worth noting that the pseudotricapped-trigonal prismatic
coordination spheres in each pair [R(Lk);]**/[R(LK)]*" are almost super-
imposable, which implies some drastic torsions and constraints in the
covalent tripod. Consequently, minor changes in the structure of the
tripod have considerable effects on the complexation process. For
instance, insertion of one additional methylene unit in [R(L25)]*" changes
the ratio of the two endo isomers from 7:3 in [R(L22)]*" to 13:1 in
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TABLE 3 Overall stability constants, log(ﬁf’lLk), reported at 293 K for the formation of
the triple-helical podates [R(LK)]>" (k = 20-24, see Figures 32-34)

Ligand Salt Solvent log(ﬂﬁ’lLk) References
L20 La(ClOy)s CH;CN 8.3(2) Renaud et al. (1999)
L20 La(ClOy)s CH5CN/H,O 5.0(1) Renaud et al. (1999)
(95:5)
L20 Ce(ClOy)3 CH;CN 8.5(7) Renaud et al. (1999)
L20 Pr(ClOy); CH;CN 8.0(7) Renaud et al. (1999)
L20 Nd(ClOy)3 CH;CN 8.1(5) Renaud et al. (1999)
L20 Sm(ClOy); CH;CN 7.0(4) Renaud et al. (1999)
L20 Sm(ClO,4)3 CH;CN/H,O 6.3(3) Renaud et al. (1999)
(95:5)
L20 Gd(ClOy);3 CH;CN 7.6(4) Renaud et al. (1999)
L20 Dy(ClIO4)3 CH3CN 7.4(3) Renaud et al. (1999)
L20 Tm(ClOy); CH;CN 7.2(6) Renaud et al. (1999)
L20 Lu(ClOy)3 CH,;CN 8.0(6) Renaud et al. (1999)
L20 Lu(ClOy)s CH3CN/H,O 7.5(3) Renaud et al. (1999)
(95:5)
L20 Y(ClOy)3 CH3;CN 6.7(4) Renaud et al. (1999)
L20 Y(ClOy)3 CH;CN/H,O  6.8(1) Renaud et al. (1999)
(95:5)
[L21-3H]?~ La(ClOy); H,O (pH8.0) 6.8(1) Senegas et al. (2003)
[L21-3H]®~ Nd(ClOy); H,O (pH8.0) 6.7(2) Senegas et al. (2003)
[L21-3H]?~ Sm(ClOy); H,O (pH 8.0)  6.9(2) Senegas et al. (2003)
[L21-3H]?~ Gd(ClOy,)s H,O (pH8.0) 6.7(2) Senegas et al. (2003)
[L21-3H]*~ Dy(ClO4)3 H,O (pH8.0) 6.8(2) Senegas et al. (2003)
[L21-3H]’~ Ho(ClOy,)s H,O (pH 8.0) 7.0(2) Senegas et al. (2003)
[L21-3H]*~ Er(ClOy); H,O (pH 8.0) 6.8(2) Senegas et al. (2003)
[L21-3H]®” Tm(ClO,)s H,O (pH 8.0) 6.9(2) Senegas et al. (2003)
[L21-3H]®~ Lu(ClOy); H,O (pH 8.0) 7.0(2) Senegas et al. (2003)
L22 La(CF3S03); CH;CN 7.0(2) Koeller et al. (2003a)
L22 Pr(CF5;S03)3 CH;CN 7.3(4) Koeller et al. (2003a)
L22 Nd(CF3503); CH3CN 6.5(3) Koeller et al. (2003a)
L22 Sm(CF;505); CH3CN 6.8(3) Koeller et al. (2003a)
L22 Gd(CF3S03); CH3CN 7.6(3) Koeller et al. (2003a)
L22 Dy(CF3503); CH;CN 7.2(2) Koeller et al. (2003a)
L22 Er(CF3S03);  CH3CN 7.5(4) Koeller et al. (2003a)
L22 Lu(CF3S03); CH3CN 6.8(3) Koeller et al. (2003a)
L23 La(CF3503);  CH3CN 8.2(5) Koeller et al. (2003b)
L23 Pr(CF;S0O3);  CH3CN 7.6(2) Koeller et al. (2003b)
L23 Eu(CF3;503); CH;CN 7.7(4) Koeller et al. (2003b)

(continued)
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TABLE 3 (continued)

Ligand Salt Solvent log( flLk) References

L23 Dy(CF3S03); CHsCN 7.6(3) Koeller et al. (2003b)
L23 Er(CFs;S03); CH3CN 7.2(2) Koeller et al. (2003b)
L23 Lu(CF5;505); CH3CN 7.9(3) Koeller et al. (2003b)
L24 Ca(CF3503), CH3CN 8.6(8) Canard et al. (2008)
124 La(CF;5035); CH3CN 7.6(2) Canard et al. (2008)
124 Ce(CF3S03); CH3CN 7.2(2) Canard et al. (2008)
L24 Pr(CF3S03)3 CH3CN 7.3(2) Canard et al. (2008)
L24 Nd(CF;S05); CH3CN 7.6(2) Canard et al. (2008)
L.24 Sm(CF3505); CH3CN 7.8(2) Canard et al. (2008)
L24 Eu(CF3505); CH3CN 7.2(1) Canard et al. (2008)
124 Gd(CF3S03); CH3CN 7.5(2) Canard et al. (2008)
L24 Tb(CF;S03);  CH3CN 7.8(2) Canard et al. (2008)
L.24 Dy(CF;S03); CHZCN 7.4(2) Canard et al. (2008)
L.24 Ho(CF3S03); CH3CN 7.9(1) Canard et al. (2008)
L24 Er(CF3S03);  CH3CN 7.4(1) Canard et al. (2008)
L24 Tm(CF3505); CH3CN 7.9(1) Canard et al. (2008)
L24 Yb(CF3505); CH3CN 7.4(1) Canard et al. (2008)
L24 Lu(CF5;5035); CH3CN 8.0(1) Canard et al. (2008)
L.24 Y(CF;S03)3 CH;CN 7.3(2) Canard et al. (2008)

[R(L25)]*" (Figure 36; Koeller et al., 2006), while the same homologation
procedure transforming [R(L20)]*" in [R(L26)]** eventually gives a
podand with strongly reduced affinities for R™ in acetonitrile
(Figure 36; Renaud et al., 2001).

2.5 Photophysical properties

251 General considerations: f—f transitions and luminescence
sensitization

As a result of the poor expansion of the 4f-orbitals, the R-ligand bonds are
mainly electrostatic and only some minute mixing of metal and ligand
electronic wave functions contributes to covalency. It therefore often
appears justified to consider separately ligand-centered and metal-
centered excited states in lanthanide complexes, and Jablonsky diagrams
(Figure 37) are adequate for attempting to rationalize photophysical
properties (Biinzli and Piguet, 2002). Since the intrashell electric dipole
4f — 4f electronic transitions are Laporte-forbidden (Biinzli, 1989), efficient
light-harvesting is performed by the aromatic (tr—n*) and/or
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FIGURE 35 Successive complexation processes leading to (A) [R(L24)]*" and
(B) [R(L17°);]**. Symmetry point groups and stability constants obtained by the
site-binding model are shown (redrawn after Canard et al., 2008).
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FIGURE 36 Chemical structures of podands L25 and L26.

unsaturated (n — n*) transitions of ligands displaying large cross sections
for one-photon absorption. Alternatively, intraligand charge-transfer
states (ILCT, Ali et al., 2008; D’Aléo et al., 2008a,b; Puntus et al., 2007) or
ligand-to-metal charge-transfer states (LMCT, Blasse, 1976, Loukova
et al., 2007; Puntus et al., 2002) may also collect light. Subsequent intra-
molecular energy migrations obey Fermi’s golden rule modeling resonant
energy transfer (Eq. (7)), whereby Wp, is the probability of energy trans-
fer, Qpa is the spectral overlap integral between the absorption spectrum
of the acceptor A and the emission spectrum of the donor D, H' is the
perturbation operator in the matrix element (DA*|H [D*A) (Hendersen
and Imbusch, 1989). Depending on the electromagnetic nature of H', a
double-electron exchange mechanism (Dexter, 1953) and an electrostatic
multipolar (Forster, 1960) mechanism have been proposed and theoreti-
cally modeled. Their specific dependences on the distance d separating
the donor D from the acceptor A, that is, e " for double-electron
exchange and d~ ° for dipole-dipolar processes, respectively, often limit
Dexter mechanism to operate at short distance (typically 30-50 pm) at
which orbital overlap is significant, while Forster mechanism may extend
over much longer distances (up to 1000 pm). Interestingly, the dipole—
quadrupolar mechanism may also be quite effective for short distances
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Ligand states

Complex R

Ground state

FIGURE 37 Schematic representation of energy absorption, emission, and dissipation

(dotted arrows) processes in a lanthanide complex. 'S* or S, singlet state; *T* or T, triplet
state; A, absorption; F, fluorescence; P, phosphorescence; k, rate constant; r, radiative; nr,
nonradiative; IC, internal conversion; ISC, intersystem crossing; ILCT (or IL), intraligand

charge transfer; LMCT (or LM), ligand-to-metal charge transfer. Back transfer processes
are not drawn for the sake of clarity.

(dependence in d~ ®); in fact depending on Qp, it may be as efficient as the
dipole-dipole mechanism up to distances as long as 300 pm (Malta, 1997).

Woa = (2n/h)|(DA’|H |D"A)[*Qpa @)

One of the main energy migration paths operating in lanthanide com-
plexes implies spin-allowed and Laporte-allowed ligand-centered absorp-
tions followed by intersystem crossing (‘nn* — nn*, kisc) reaching the
long-lived ligand-centered triplet state, from which ligand — metal energy
transfer (tn* — R*, k') eventually excites metal-centered states (Figure 37).
Spontaneous metal-centered radiative emission (k) completes the
light-conversion process. It is to be stressed that although important, this
energy transfer path is by far not the only operative one. As early as 1969,
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Kleinerman who studied over 600 lanthanide chelates pointed out that the
excited ligand singlet state can contribute to the transfer and may even be
the privileged donor state, depending on the rate constants of the various
intervening processes (Kleinerman, 1969). In fact a workable model
of the entire energy-converting mechanism has shown that as many as
20-30 rate constants (including those describing back transfers) may be
implied (de 5S4 et al., 2000; Gongalves e Silva et al., 2002). Efficient transfer
from ILCT and LMCT states, as well as from *MLCT states localized on a
transition-metal containing ligand (Chen et al., 2008) is also well documen-
ted. All these potential energy funnels render difficult the modeling of the
energy transfer and, consequently, the a priori precise design of highly
luminescent lanthanide-containing edifices.

Energy transfer from the ligand, evidenced for the first time in 1942
by Weissman (1942), is often referred to as the antenna effect (Sabbatini
et al., 1996) or luminescence sensitization (Biinzli and Piguet, 2005). The
overall quantum yield QR of the metal luminescence upon ligand exci-
tation can be separated into three components characterizing succes-
sively: (1) the rate constant kDOp (=Kl for triplet states) for the
population of the donor state %T, ILCT, LMCT, *MLCT, possibly a
4f5d state; see Burdick and Reid, 2007 for instance), (2) the efficiency
of the energy transfer (1) onto the R™ jon, and (3) the metal-centered
emission characterized by the intrinsic quantum yield QR, that is, the
quantum yield of the metal luminescence upon direct f—f excitation
(Eq. (8); Beeby et al., 1999; Biinzli and Piguet, 2005; Parker et al., 2002;
Werts et al., 2002). For specific lanthanides possessing low-lying charge-
transfer excited states (e.g., Eu™, E%Eu"/Euy=-0.34 V vs NHE;
Cotton, 2006), or for complexes having low-lying ILCT states, the energy
transfer process is further affected by additional nonradiative quenching
arising from back energy transfer onto the ligand (not shown on
Figure 37). Since in this case the accepting states are quite broad, minute
differences in their energy may lead to large differences in the spectral
overlap and therefore in the overall quantum yield (see Chauvin et al.,
2007, 2008 for a discussion of this phenomenon with respect to Tb™
luminescence).

QE = n;]?opnetgllg = 77sensQII§ (8)

where 7. is the efficiency with which the donor state is populated, 7, is

the yield of the energy transfer to the lanthanide ion, and 7ens is the

efficacy of the luminescence sensitization by the ligand.
nsens krD + k%r + kgT + kt

©)
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where ki, and kfy are rate constants for the radiative and nonradiative
deactivation of the donor state, k¥ rate constant for the quenching by the
charge-transfer state, and k; the rate constant of the energy transfer from
the donor state D to the lanthanide ion R™.

While the overall quantum yield is relatively easy to measure, QR, which
is needed to evaluate 7, is quite difficult to determine experimentally in
view of the weakness of the ff transitions. One way to estimate it is by
means of Eq. (10) where 7., is the actual lifetime of the emitting excited
state and 7,4 is its natural radiative lifetime which obey Einstein relation
for spontaneous emission probability between two states with quantum
numbers ] and ', A(‘¥), ¥;) (Gorller-Walrand and Binnemans, 1998):

Qf = (10)
Trad
1 64m*5®  [n(n? + 2)

A(‘P],‘P},) = Dgp + n°Dup (11)

Td  3h(2) + 1) 9

where Vv is the average energy of the transition in cm™ 1, h the Planck’s
constant, and (2/+1) the degeneracy of the initial (emitting) state; the
expressions involving the refractive index n are known as the Lorentz local
field corrections and Dgp and Dyp are the electric and magnetic dipole
oscillator strengths, respectively (in esu® cm?). The quantity Dgp is expressed
by Eq. (11) within the frame of the Judd-Ofelt theory (Walsh, 2006):

Dep =€ Y Q(W[|U W) (12)
/=246

in which Q; (A =2/4,6) in cm? are phenomenological intensity parameters,
e the electron electric charge in coulomb, and (¥||U*||¥') are tabulated
doubly reduced matrix elements (Nielson and Koster, 1963). The mag-
netic dipole strength is given by

eh 2 e~ TR
= g b Y
Do = (e CPIT 425111 (13)

where 1, is the electron mass and L and S are the orbital and spin angular
momentum, respectively. The dipole strengths can be determined experi-
mentally from the absorption spectrum (Walsh, 2006):

1 o\ 1~
D(exp) = mjA(V)dV (143)
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with
_ [vA®m)d
Vmean = J‘A(ﬁ—)df) (14b)

In the case of Eu' and in view of the special property of the purely

magnetic dipole transition °Dy — “F;, a simplified procedure is at hand
whereby

’ 1 I 0
A(“I”], T]/) = = AMD,0n3 _tot. (15)
Trad Imp

with Ayp being a constant equal to 14.65 s 'and (Iiot/ Imp) the ratio of
the total integrated emission from the Eu(°Dy) level to the integrated
intensity of the MD transition Dy — “F;. In other cases, authors often
rely on published values of 7,,4 with the wrong hypothesis that the
radiative lifetime is a constant for a given emitting level and does not
depend on the metal ion surroundings (for a discussion see for instance
Comby and Biinzli, 2007).

Since each of the nonradiative rate constants affecting the total quan-
tum yield QR depend on the localization of the excited states and on the
precise transfer mechanism, the correlation between this quantum yield
and chemical and structural parameters at the molecular level is compli-
cated and its rational programming is usually not available. On the other
hand, QF depends on less parameters and is easier to rationalize because
(i) the main contributions to k}" arise from the interactions of the central
lanthanide with surrounding high-frequency oscillators (Biinzli, 1989;
Biinzli and Piguet, 2005) and (ii) the main contribution to k; is usually
dominated by forced electric dipole (hypersensitive) transitions, which
result from the mixing of levels of opposite parity produced by the crystal
field at noncentrosymmetric sites and from additional minute mixing of
the ligand-centered and metal-centered wave functions in coordination
complexes (Reisfeld and Jorgensen, 1977).

2.5.2 Mononuclear triple-helical precursors

For the triple-helical precursors [Eu(L17)s]’", detailed photophysical
studies show that the sensitization process is particularly inefficient
(Table 4; Petoud et al., 1999; Piguet et al., 1993b, 1995b). This can be
assigned to the formation of a pseudocentrosymmetric tricapped-trigonal
prismatic arrangement of nine heterocyclic nitrogen donor atoms which
limits k% (Q[Euw(L17%)3]°") =0.3 x Q([Eu(L17*)(NOs)5]’") by favoring the



TABLE 4 Photophysical properties of triple-helical complexes [R(Lk);]** (R = Eu, Tb; k =17-19, see Figures 26—28) in acetonitrile

E('rr*) ECrn*)
Ligand Metal (cm™)? (em™M? QR (%) Tobs (MS)° E(Eu(*Do)) (em ™) References
Terpyridine Eu 26,670 21,230 32 2.31 (295 K) - Comby (2008)
Terpyridine Tb 26,670 21,230 35 1.20 (295 K) - Comby (2008)
L17% Eu 27,700 20,900 2x 10734 1.85 (77 K) 17,236 (77 K) Piguet et al. (1993c)
L17° Tb 27,700 20,900 - 1.46 (77 K) - Piguet et al. (1993c)
L17° Eu 27,800 20,900 2x10727 1.75 (77 K) 17,235 (77 K) Piguet et al. (1995a,b,c,d,e)
L17° Tb 27,700 20,900 - 1.95 (77 K) - Piguet et al. (1995a,b,c,d e)
L17¢ Eu 27,320 - 1.5x 10724 - Piguet et al. (1995a,b,c,d,e)
L17¢ Eu 27,700 - 7 x 10724 - Piguet et al. (1995a,b,c,d.e)
L17* Eu 26,970 - 2x10724 17,219 (77 K) Piguet et al. (1995a,b,c,d e)
L17* Tb 26,970 20,900 - 1.14 (77 K) - Piguet et al. (1995a,b,c,d.e)
L17! Eu 26,255 19,750 5x 1073 0.85 (13 K) 17,258 (295 K) Muller et al. (2002b)
L17! Tb 27,175 21,050 - 0.38 (13 K) - Muller et al. (2002b)
L18" Eu 35,840 23,600 0.2¢ 1.78 (10 K) 17,216 (10 K) Renaud et al. (1997a)
L18" Tb 35,830 23,600 26" 1.85 (295 K) - Renaud et al. (1997a)
L18¢ Eu 35,850 23,200 0.2 1.45 (13 K) 17,211 (13 K) Muller et al. (2001b)
L18* Tb 35,630 23,200 1.2 0.92 (13 K) - Muller et al. (2001b)
L19° Eu 29,410 20,660 5x1072 1.86 (77 K) - Le Borgne et al. (2004)
L19° Tb 29,410 20,660 - 1.22 (77 K) - Le Borgne et al. (2004)

“ Values obtained from absorption spectra in solution (293 K).
¥ Values obtained from emission spectra (0-phonon transition, 77 K).

¢ Metal-centered lifetime.
¢ Quantum yields have been recalculated by using the most recent values reported for the [R(terpyridine)s]>* internal references (Comby, 2008).
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presence of a low-lying LMCT state (Petoud et al., 1999). Indeed, Eu(1l) is
stabilized by the heterocyclic nitrogen atoms, which puts the LMCT state
close in energy to the L17-centered singlet state, thus allowing efficient
Inn* — LMCT energy transfer (Eq. (7)) and maximizing kX; (Eq. (9);
Goncalves e Silva et al., 2000; Petoud et al., 1999). For [Tb(L17)5]°", the
energy gap between the ligand-centered *rn* feeding level (21,050 cm™ 1)
and the accepting metal-centered Tb(*D,) level (20,490 cm ™) is too small
to ensure efficient and irreversible energy funneling (Steemers et al.,
1995). Consequently, thermally activated Tb(*Dy) — L17(*nn*) back trans-
fer becomes an efficient deexcitation pathway at room temperature,
which drastically reduces Qrp. The replacement of the aromatic benz-
imidazole side arms in L17 with carboxamide groups in L18 significantly
increases the energy of both ligand-centered 'nn’ and *nn* excited states
in [R(L18);]>" (Table 4). Consequently, Tb"-centered luminescence is
detected at room temperature with an encouraging quantum yield of
26% for [Tb(L18%);]°" in acetonitrile (Renaud et al., 1997a). Although the
absolute values are less impressive for the related Eu™ complexes, the
replacement of L17 with L18 produces triple-helical red emitters
[Eu(L18)3]*", the global quantum yields of which are larger by two to
three orders of magnitude because the low-lying LMCT states have been
pushed higher in energy (Table 4). Interestingly, all triple-helical com-
plexes [R(L17);]*" and [R(L18)s]>" (R=Eu, Tb) display metal-centered
excited lifetimes characteristics of the absence of high-energy oscillators
in the first coordination sphere, which demonstrates that the wrapping of
the three ligand strands efficiently protects the metallic sites from external
interactions (e.g., solvent molecules). As expected, the connection of three
tridentate dicarboxamidopyridine tridentate units analogous to L18?, in
podand L20, has minor effect on the quantum yields (Table 5; Renaud
et al.,, 1999), but a slight improvement for the Eu-centered emission is
evidenced when the terminal carboxamide groups are replaced with
carboxylates in [Eu(L21-3H)] (Senegas et al., 2003). Finally, the facial
organization of three 2-benzimidazole-6-carboxamidopyridine units
(NNO donors) in [R(L22)]?" and [R(L23)]>" gives the best light converters
of the series (R =Eu, Tb; Table 5).

Some thorough investigations of the energy migration processes
according to Eq. (8) for [Eu(L21-3H)] in water shows that QF" =4% can
be indeed separated into QE! = 31% and 7ens = 13% (Senegas et al., 2003),
which suggests that the moderate quantum yield originates from both
limited intrinsic metal-centered quantum yield and sensitization pro-
cesses. However, the same investigations performed in acetonitrile for
[Eu(L20 + H)]*" (QF" =0.4%, QF'=55%, and feens=0.7%) and for
[Eu(L20)]*" (QF" =0.3%, QF!=50%, and 7sens = 0.6%) unambiguously
establish that the sensitization process is by far the limiting factor for
efficient light conversion in triple-helical complexes with N3Og



TABLE 5 Photophysical properties of triple-helical podates [R(Lk)]** (R = Eu, Tb; k = 20-23, see Figures 32 and 33)

E('nn*) ECnm*) E(Eu(°Dy))

Ligand Metal Solvent (cm™)® (em™)? QR (%) Tobs (MS)° (cm™) References

L20 Eu CH;CN 35,210 a 0.3¢ 1.41 (10 K) 17,213 (10 K) Renaud et al. (1999)
L20 Tb CH;CN 35,210 a 4° 111 (295K) - Renaud et al. (1999)
[L20 +H]* Eu CH;CN 35,090 a 0.4° 1.81 (10 K) 17,215 (10 K) Renaud et al. (1999)
[L20 +H]* Tb CH,CN 35,090 a 25° 1.58 (295K) - Renaud et al. (1999)
[L21-3H]*~ Eu H,O 35,710 23,000 4° 1.45 (10 K) 17,209 (10 K)  Senegas et al. (2003)
[L21-3H]*~ Tb H,O 35,710 23,000 7° 1.06 (10 K) - Senegas et al. (2003)
L22 Eu CH;CN 30,300 20,280 10° 258 (295K) - Koeller et al. (2003a)
L22 Tb CH;CN 30,210 20,370 10° 0.02 (295K) - Koeller et al. (2003a)
L23 Eu CH;CN 30,120 20,410 14° 287 (295K) - Koeller et al. (2003b)
L23 Tb CH;CN 30,210 20,410 11° 0.02 (295 K) - Koeller et al. (2003b)

“ Values obtained from absorption spectra in solution (293 K).

¥ Values obtained from emission spectra (0-phonon transition, 77 K).

¢ Lifetime of the metal excited state.

4 Too weak to be detected in the emission spectra of the analogous Gd"™ complexes.

¢ Quantum yields have been recalculated by using the most recent values reported for the [R(terpyridine)s]*" internal references (Comby, 2008).
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coordination spheres (Renaud et al., 1999). Although no intrinsic metal-
centered quantum yields are available for the N¢O3 coordination spheres
in [Eu(L22)]*" and [Eu(L23)]’", we can reasonably assume that

EE ~ 50%, which translates into 7sens = 20-30%, thus making the organi-
zation of three helical NNO binding units around Eu' the best candidate
for producing luminescent triple-stranded helicates.

2.5.3 Water-soluble complexes derived from dipicolinic acid

Europium and terbium tris(dipicolinates) are known to be highly lumi-
nescent, with overall quantum yields of 24% and 22%, respectively, and
lifetimes of 1.67 and 1.43 ms, respectively. This property is taken advan-
tage of in simple luminescent methods for the determination of nanomo-
lar concentrations of lanthanides (Barela and Sherry, 1976). In fact, both
the quantum yield and lifetime heavily depend on the concentration of
the chelates and the pH since the latter governs the speciation in solution
(Figure 38). Three or six water molecules are coordinated onto the metal
ion in the lower bis and monospecies, respectively. As a consequence, the
corresponding quantum yields and lifetimes are drastically reduced with
respect to the tris-species. For instance, a quantum yield of only 4.5% has
been determined for [Eu(dpa),]” (Aebischer et al.,, 2009) while
7(°Dy) = 0.35 ms only for this complex (Chauvin et al., 2004).

The overall shape of the luminescence spectra of the Eu'' complex is
compatible with a metal ion lying in a coordination site with a pseudo-
tricapped-trigonal prismatic geometry. The magnetic dipole transition
SDo—"F; is split into two main components (A; —A; and A; —E in
trigonal symmetry), the Dy — “F, transition is dominated by two strong
components and at least five peaks are detected for the °Dy— "F,
transition. This pattern is in agreement with a geometry derived from
Ds-symmetry around the metal ion. Modulation of the photophysical
properties can be achieved by adding a substituent X in the pyridine
4-position. For instance, Lamture et al. (1995) have shown that the relative
efficiency for energy transfer (7sens) in [Tb(L15F 7);]°~ species (see
Figure 23) varies in the order X = NH, > OH > NHCOCH; > Cl > H~ Br.
That bromine substitution does not enhance the energy transfer efficiency
through the heavy atom effect points to the singlet state playing a decisive
role in the sensitization process.

These simple dipicolinates cannot, however, be coupled to biological
molecules. Therefore derivatives in which the pyridine ring is decorated
with substituted trioxyethylene pendants have been synthesized
(Figure 24). In the resulting chelates, the metal-ion environment does
not appear to undergo substantial changes, in that both the relative
intensities of the °Dy— ’F; transitions and the energies of the ligand-
field sublevels determined for the [Eu(L15/);]*~ complexes are similar to
those found for [Eu(dpa)3]37. In addition, the lifetimes of the Eu(°Dy) level
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FIGURE 38 Top: variation of Qf, of the tris(dipicolinate) complex versus the metal ion
concentration. Bottom: variation of QY versus pH (redrawn from Chauvin et al., 2004).

measured both in water and in deuterated water (Table 6) essentially
translate into a hydration number g=0 when known phenomenological
equations are used to estimate it (Biinzli and Piguet, 2005). The overall
quantum yields of all the solutions (Table 6) surprisingly show a marked
dependence on the nature both of the pendant arm and of the metal ion:
(i) the quantum yields of the Eu'" chelates range between 12% and 29% while
those for Tb"™ complexes are significantly smaller, ranging between 11%
and 18%, and (ii) the sequence is different for both ions, QF" decreasing in the
series [Eu(LNH2),1°~ > [Eu(LO™®),]>~ > [Eu(L™™?),]°~ > [Eu(LO);]*~ while
this series is [Tb(L™);]°~ > [Tb(LN¥2),]>~ > [Tb(LOM®);]°~ > [Tb(LFM),]>~
for Q. In fact, the intrinsic quantum yield QE" is very similar for all chelates
with the five dipicolinate ligands, within experimental errors, ranging
between 36% and 42%, pointing to the substitution not affecting appreciably
the deactivation processes within the triple-helical structures. Differences in
the overall quantum yields, therefore, essentially arise from differences
in the sensitization efficiency ns.ns provided by the ligands. With respect
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TABLE 6 Photophysical properties of triple-helical podates derived from
dipicolinate, [R(L15*-2H);]*~ (R =Eu, Tb; x =s—v, see Figures 23 and 24) in aqueous
solution of Tris—HCl 0.1 M at 295 K (Gassner et al., 2008) compared to those of the
parent chelates with L15%

Tobs
E(nn*) Tops(H20)  (D;0) QF Eu
Ligand R (em™)? (ms)” (ms)” %) (%) Thsens
L15* Eu d 1.67(3) 3.0(1) 24 39 61
Tb 1.41(1) 2.35(2) 22
L15° Eu 26,810 1.36(2) 2.23(1) 266 38 70
Tb 1.25(2) 1.69(1) 12.7
L15¢ Eu 27,100 1.36(1) 2.15(1) 11.8 36 33
Tb 0.99(1) 2.04(1) 17.8
L15*  Eu 26,810 1.47(1) 1.95(2) 183 42 44
Tb 1.08(2) 1.95(2) 10.8
L15" Eu 25189 1.43(1) 2.20(1) 289 40 72
Tb 1.58(2) 1.91(1) 15.3

“ From phosphorescence spectra of the La'" complex at 77 K, 0-phonon transition.

! Lifetime of the metal excited state.
¢ £10%.
¢ Too weak to be detected in the emission spectra of the analogous Gd™ complexes.

to the parent dipicolinate (61%), L15° and L15" are slightly better
sensitizers, with 7sens = 70%, while the two other ligands transfer energy
much less efficiently with 7gens = 33-45%. This points to a remarkable
fine-tuning of the photophysical properties of the europium triple-heli-
cal chelates by the terminal functional group of the polyoxyethylene
substituent, the most luminescent chelate being 2.4-fold as luminescent
as the less emissive one. Para substitution with an ether group in the
pyridine 4-position usually leads to a large decrease in QF, for exam-
ple, from 24% for the tris(dipicolinate) to 16.1% for a simple OMe
group (Gassner et al., 2008) or to 12% for the triple-helical complex
with 4-(naphthalen-2-yloxy)-pyridine-2,6-dicarboxylate (Latva et al., 1997;
the quantum yield has been recalculated with Q(Ln(L15%)3]° ") = 24%
instead of 13% as in the original paper). Therefore, the detrimental
effect of ether substitution in the para position of the pyridine moiety
is apparently compensated by the presence of a terminal substituent (X)
on the polyoxyethylene arm, at least for X=0OMe and NH, and, less
efficiently, for X="Phta, while the alcohol group has no positive effect.
On the other hand, the tuning for Tb™ chelates is less remarkable, the
improvement factor between [Tb(L15%);]>~ and [Tb(L15%5]*~ being only
1.6-fold.
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3. POLYNUCLEAR HOMOMETALLIC 4f HELICATES

The packing of triple-helical mononuclear precursors along the helical
axis produces infinite columns, which are sometimes observed during the
crystallization processes. For instance, [Eu(L17%)3](ClO,); crystallizes in
the R3 space group and forms polynuclear columns of closely packed
triple-helical [Eu(L17%)5]>" cations (the Eu...Eu distances amount to
8.364(2) and 8.618(2) A) possessing alternating helicities along the ¢ direc-
tion (Figure 39; Piguet et al., 1993c).

However, such lucky and uncontrolled crystallization processes are
rare, and the programming of polynuclear homometallic triple-stranded
helicates normally relies on the connection of several tridentate segments
by using adequate spacers (Figure 40). Homotopicity provides C-sym-
metrical segmental ligands, which eventually form Dj-symmetrical heli-
cates upon reaction with R™ (Figure 40, left). The introduction of different
binding units along the strand, that is, heterotopicity, results in the design
of either axially symmetrical (twofold axis) or nonaxial ligands. Upon
reaction with R", the latter axial ligand also gives D3-symmetrical heli-
cates, although different lanthanide triple-helical building blocks are
packed along the helical axis (Figure 40, center). For nonaxial ligands,
the complexation process leads to mixtures of HHH (Cs-symmetrical)
and HHT (Cj-symmetrical) isomeric helicates (Figure 40, right).

FIGURE 39 View of the unit cell along the c-axis in the crystal structure of [Eu(L17%);]
(ClOy); (reproduced by permission from Piguet et al., 1993¢c, © American Chemical
Society, 1993).
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FIGURE 40 Correlations between the symmetry of the segmental multitridentate
ligands and the nature of the final lanthanide helicates.

For generalization purpose, we do not consider the existence of symmetry
elements of the second kind in the ligand (for instance a mirror plane),
because they do not influence the issue of the self-assembly process.

3.1 Designing segmental ligands: Principles and synthetic routes

To minimize synthetic efforts, the design of both axial (i.e., Cy)-symmet-
rical) and nonaxial (i.e., C;- or Cs-symmetrical) ligand strands relies on a
common strategy, in which the spacer, S, plays a crucial role since it must
be rigid enough to transmit the helical twist from one binding unit to the
other, but flexible enough to allow helication with a minimum of struc-
tural constraints. Moreover, S must be compatible with its introduction
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into homotopic and heterotopic receptors. When using d-block ions, the
pronounced stereochemical preferences of these metals may compensate
some weaknesses in the spacer design, and a plethora of connectors are
then compatible with the formation of helicates (alkyl chains, polyether
chains, disubstituted aromatic units; see Albrecht, 2001; Piguet et al.,
1997a for extensive reviews), among which we find the diphenylmethane
spacer (Hannon et al., 1997; Williams et al., 1991).

For f-block ions, the lack of directional bonding is more restrictive and
the diphenylmethane spacer appears to be ideal because of (i) the steric
repulsion between the two hydrogen atoms connected at the 2,2’ positions
of the phenyl rings, which forces helication, (i) its easy synthetic access
from ortho-nitroamine arene precursors to give 3,3 ,4,4'-tetrasubstituted
synthon (Figure 41; Piguet et al., 1994), and (iii) its easy connection to
tridentate binding units to give symmetrical (i.e., axial, Figures 41-43 and
49), or unsymmetrical (i.e., nonaxial, Figure 48) segmental multitridentate
ligands. Cy,-symmetrical ligands incorporating NNO and NNN triden-
tate binding units in L11 (homotopic: NNN-S-NNN), L13 (homotopic:
ONN-5-NNO, Figure 41), L27 (heterotopic: NNN-S-NNN-5-NNN), L28
(heterotopic: ONN-S-NNN-S-NNO, Figure 42), and L29 (heterotopic:
ONN-5-NNN-S-NNN-S-NNO, Figure 43) are obtained according to the
standard amidation/reductive cyclization strategy previously developed
for mononuclear triple-helical precursors (Figure 18B).

This synthetic path has been slightly modified to develop water-
soluble homobimetallic helicates for bioanalyses which bear short
polyoxyethylene substituents either on (N)1l-position of the benzimid-
azole moiety or on the 4-position of the pyridine rings (Figure 44).

In the former case (Figure 45) the dinitro intermediate is first trans-
formed into a tetra-amino intermediate before condensation with the
dipicolinic acid derivative in presence of phosphoric acid at elevated
temperature. The polyoxyethylene pendant is then grafted onto the
ligand skeleton with the help of a Mitsunobu reaction. The methyl groups
are then oxidized via an elaborate three-step route using hydrogen per-
oxide in acetic acid first, followed by treatment with acetic anhydride and
finally conversion of the alcoholic functions by potassium permanganate
(Chauvin et al.,, 2007). The synthesis of ligands derivatized in the
4-position of the pyridine is easier (Figure 46). Here the dinitro derivative
is coupled with an asymmetrically derivatized dipicolinic acid bearing
one carboxylic acid and one ethyl ester groups. The reaction then follows
the same path as the one described in Figure 41, with reduction conducted
with iron powder and followed by hydrolysis with sodium hydroxide.
When ligands are derivatized both in the pyridine 4-position and in R?,
the synthetic path is accordingly more elaborate. In fact the trioxyethylene
substituent is grafted on the dipicolinic acid synthon whereas the other
substituent is grafted on the dinitro derivative (Figure 47).
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FIGURE 41 Synthesis of 3,3/ ,4,4'-tetrasubstituted diphenylmethane spacers and its
incorporation into homotopic C,-symmetrical bis-tridentate segmental ligands
(S =spacer).

The preparation of nonaxial C;-symmetrical bis-tridentate ligands L30
(heterotopic: NNN-S5-NNO) and L31 (heterotopic: ONN-S5-NNO,
Figure 48) relies on the disymmetrization of the diphenylmethane spacer
as found in the multistep synthesis of tris-tridentate (Figure 42) and
tetratridentate (Figure 43) axial receptors. Finally, two alternative homo-
topic bis-tridentate ligands possessing a central pyridine ring, but no
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FIGURE 42 Synthesis of heterotopic C,-symmetrical tris-tridentate ligands.

adjacent benzimidazole group have been reported as potential receptors
for the formation of binuclear triple-stranded helicates with trivalent
lanthanides (ONO-S-ONO, L32, Lessmann and Horrocks, 2000,
Figure 49A and ONN-5-NNO, L33, Ronson et al., 2007, Figure 49B).

3.2 Solid state and solution structure

Reaction of the homotopic C;y-symmetrical bis-tridentate ligands L11 or
L13% ¢ with R(ClO4); or R(CF;S03); gives the expected D;-symmmetrical
triple-stranded helicates [Ro(L11)5]°" (Piguet et al, 1993a,b,c) and
[Ro(L13*7©);]°" (Martin et al., 1998; Platas-Iglesias et al., 2000; Tripier
et al., 2002). The molecular structures of the cations in the solid state are
characterized by a tight wrapping of the three strands about a helical axis
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FIGURE 43 Synthesis of a heterotopic C,-symmetrical tetratridentate ligand (Zeckert
et al, 2005).

defined by the two metals, which are separated by ca. 9 A (Figure 50).
Interestipgly, the intramolecular R...R separation in [Eu,(L11),]5"
(8.8876 A) is similar to the intermolecular intermetallic distance between
two precursors [Eu(L17%;]*" in the packed column found in the crystal
structure of the mononuclear complex (8.364(2) and 8.618(2) A, Figure 39),
which suggests, at first sight, that the diphenylmethane spacer ideally
transmits helicity, and that the structure of the binuclear helicate can be
derived from the packing of two mononuclear building blocks. This naive
view does not resist a more detailed structural analysis, which highlights
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FIGURE 44 Ditopic bis-tridentate C,-symmetrical ligands used for the self-assembly of
bimetallic lanthanide luminescent probes.

two crucial differences. (1) The same screw direction of the helical twist is
maintained around both metal ions in the binuclear helicate, thus leading
to a discrete palindromic regular helix, while the screw direction system-
atically inverts along columns of packed mononuclear precursors, thus
producing infinite palindromic amphiverse helices. (2) The helical pitch

P =linear progression per complete turn of the helix in mononuclear
complexes amounts to 9.28 A for [Eu(L17%);]** (total rotation=0.75
turn) and 9.12 A for [Eu(L18%);]*" (total rotation = 0.4 turn), which show
much tighter wrapping of the strands compared to the average pitches in
the binuclear helicates [Eu,(L11);]°" (P =13. 9 A total rotation = 1.21 turn,
Figure 50A) and [Tby(L13%);]°" (P=14.7 A, total rotation=0.81 turn,
Figure 50B).

Calculation of local pitches for each helical portion along the threefold
axis indeed points to Pjoca1 = 10.5 A for the EuNj coordination spheres in
[Eu12(L11)3]6+ and Pjoca1 =9.5 A for the EuNgO; coordination spheres in
[Tb,(L13%)5]°" in agreement with similar helical structures found in the
mononuclear precursors. However, Pjoc,=17-18 A observed within
the spacer domain unambiguously demonstrates a severe relaxation of
the helical wrapping in the latter intermetallic portion (Floquet et al.,
2003). Closely related geometrical parameters are found in the extended
Dj-symmetrical trinuclear [R5(L28)5]°" (Floquet et al., 2003) and tetra-
nuclear [Ry(L29)5]'*" (Zeckert et al., 2005) triple-stranded helicates of
nanometric dimensions (Figure 51).

Because of the very limited degrees of freedom in the rigid diphenyl-
methane spacers (i.e., rotations about the two single C,;om—Cay1 bonds),
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FIGURE 45 Synthesis of a dicarboxylic bis-tridentate receptor substituted in the
(N)1-position of the benzimidazole moiety for the self-assembly of water-soluble
helicates [Ln,L;] (redrawn after Chauvin et al., 2007).

the average intermetallic R. . .R distance of 9 A combined with a pitch of 14 A
found in the initial series of D3-symmetrical cationic polynuclear lanthanide
helicates are maintained in the neutral analogues [Ry(L13f"-2H);] (Elhabiri
et al,, 1999) and in the Cs-symmetrical complexes HHH-[R,(L30%%%);]°"
(André et al., 2004; Jensen et al., 2006, 2007, 2008) obtained with heterotopic
bis-tridentate Cs-symmetrical ligands (Figure 52).

However, it is inadequate to believe that any mixture of bis-tridentate
ligands with R™ will produce triple-stranded helicates. We already men-
tioned in the introduction how some competing counter-ions or solvent
molecules may prevent the fixation of the third strand, thus leading to
unsaturated complexes (Section 1.3, Figure 13B). A second illustrative
example is shown in Figure 53, whereby the use of a 1-4-disubstituted
phenyl spacer in L33" makes the output of the assembly process
extremely sensitive to the stoichiometric R:L33" ratio (Ronson et al., 2007).
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FIGURE 46 Synthesis of dicarboxylic bis-tridentate receptor substituted in R
(see Figure 44) for the self-assembly of water-soluble helicates [Ln,L3] (Chauvin et al.,
2008; Deiters et al., 2008).
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FIGURE 47 Synthesis of dicarboxylic bis-tridentate receptor substituted in R* and R*
(see Figure 44) for the self-assembly of water-soluble helicates [Ln,Ls] (Deiters et al.,

2009).



374 Claude Piguet and Jean-Claude G. Bunzli

(o] (6]
X N Y N
-z Cl z Cl
1) I 2) I
NS
Rt R2
SOROW
X /N | N N /N | Y
™ NO, Noz) A
X =CONEY, R Fe/HCI Re

(
Y=—<\::<j l l Y =CONE,

=N =N N=
N R\ -
r— N N N
— — \ 7
0] 0 ]
R3 HO L31 N—\
R3=NEt, — André et al., 2004<
KOH
R3=OH <«—
R R2 R3 Lk References
H H NEt, [ L302 [ André etal., 2004
NEt, [ H NEt, [ L30° | Jensen etal., 2006
Cl H NEt, [ L30° | Jensen et al., 2006
H NEt, | NEt, | L30% | Jensen et al., 2008
H Cl NEt, | L30° [ Jensen etal., 2008
H H HO L30f | André et al., 2004

FIGURE 48 Synthesis of heterotopic C,-symmetrical bis-tridentate ligands.

Detailed solution structures have been obtained thanks to the analysis
of the paramagnetic NMR lanthanide-induced relaxation and chemical
shifts (Piguet and Geraldes, 2003, see Section 3.4) combined with high-
resolution emission spectra recorded for the Eu" helicates (Biinzli and
Piguet, 2005; see Section 3.5). In all cases, the crystal structures represent
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FIGURE 49 Synthesis of C,-symmetrical bis-tridentate homotopic ligands with
various spacers: (A) ONO-S-ONO donor groups (Lessmann and Horrocks, 2000) and
(B) ONN-5-NNO donor groups (Ronson et al., 2007).
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FIGURE 50 Formation of binuclear triple-stranded helicates with neutral bis-tridentate
homotopic C,,-symmetrical ligands: (A) NNN-S-NNN and (B) ONN-S-NNO. The struc-
tures of the complexes correspond to the crystal structures of [Eu,(L11);]°" and
[Tb,(L13%);]%* (redrawn after Martin et al., 1998; Piguet et al., 1993a,b,c.
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FIGURE 51 Formation of (A) trinuclear and (B) tetranuclear triple-stranded helicates
with neutral heterotopic C,,-symmetrical ligands. The structures of the complexes
correspond to the crystal structures of [Eus(L28);]°" and [Eu,(L29)s]" (redrawn after
Floquet et al.,, 2003; Zeckert et al., 2005).

satisfying models for the solution structures. In several cases, such as
[Ry(L13°%)3]°" (Platas-Iglesias et al., 2000; Tripier et al., 2002),
[Ry(L13")3]°" (Chauvin et al., 2008), and [R,(L32);]®" (Lessmann and
Horrocks, 2000), no crystal structures are available, but the analysis of
the UV-vis, NMR, ES-MS, and photophysical data are convincing enough
to establish the solid-state and solution structures of these binuclear
triple-stranded helicates.

On the contrary, dissolution of the Cs-symmetrical helicates HHH-
[Ro(L30)5]°" in acetonitrile gives mixtures of the HHH (Cs-symmetry)
and HHT (C;-symmetry) isomers (André et al., 2004; Figure 54). System-
atic investigation of the enthalpic (AHﬁgjO) and entropic (ASﬁgjO) contri-
butions to equilibrium (16) yields a scattered diagram, in which one
can easily recognize enthalpy/entropy compensations for each studied
Cs-symmetrical ligand (Jensen et al., 2007; Table 7; Figure 55).
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FIGURE 52 Formation of binuclear triple-stranded helicates with a neutral bis-triden-
tate heterotopic C,-symmetrical ligand. The structure of the complex corresponds to
the crystal structure of [Eu,(L30%);]°" (redrawn after André et al., 2004).
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FIGURE 53 Formation of alternative polynuclear complexes with a homotopic
C,,-symmetrical bis-tridentate ligand. The structures of the complexes correspond

to the crystal structures of [Nd,(L33%);]° " and [Nd,(L33%),]'*" (redrawn after Ronson et al.,
2007).
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FIGURE 54 Solution structures of [R,(L30)5]°".

HHT—[Ry(L.30),]°" = HHH—[Ry(L30),]°" KXF0 = /fi;I?HH / ﬁ?ii?m (16)

1S0

Assuming that the metal-ligand, metal-metal and ligand-ligand
interactions are identical in HHH-[R,(L30);]°" and HHT-[R,(L30)3]°",
we can easily deduce that the enthalpic contribution to equilibrium
(16) is zero (AHﬁg’gt =0 kJ mol '), while the entropic contribution to

the free energy change is given by AGhroo, = —TASM) — _RT

iso,s iso,stat —

ln(Kﬁl}f,?at) =2.7 k] mol ™ ! because Kﬁg“sgt is controlled by the ratio of the
statistical factors of the self-assembly processes leading to the two micro-

species (Eq. (17), Ercolani et al., 2007).

R,L30 R,L30 R.L30
Kisostat = @23 111/ @25 aar = 24/72 =1/3 (17)

This translates into a statistical mixture of 25% HHH and 75% HHT
isomers in solution, but we observe that none of the experimental data
with ligands L30?° follow this model (i.e., no experimental point at, or
nearby, the crossing point of the two straight lines AH 0 =0 kJ mol

iso,stat

and —TAS®MS =27 k] mol™?, Figure 55). The most striking point con-

iso,stat
cerns the quasi-systematic observation of AHilz;)L30 <0 kJ mol™' for all
ligands, a trend which has been tentatively attributed to the existence of
three intramolecular interaromatic n-stacking interactions involving the
three wrapped NNN binding sites in the HHH isomer, while only one
similar interaction remains in the HHT isomer (Jensen et al., 2007; see
Figure 28 for a strict analogy of this phenomenon occurring in the mono-
nuclear triple-helical precursors [R(L19);]*>"). Additional enthalpic
contributions have been suggested to arise from some unknown coopera-
tive processes favoring the formation of symmetrical homogeneous
nine-coordinated binding sites in the final helicates, in other words the



TABLE 7 Thermodynamic parameters of equilibrium (16) for the triple-stranded binuclear helicates [R(L30);]°" in CD5CN (see Figure 48)

La Ce Pr Sm Eu Lu Y
L30?
AHF (k] mol ) —~10.18 - —4.8(5) —1.522) —2.4(8) 1.9(2) —2.4(8)
ASRE (T mol ' K —26.1(3) - —10(2) 0.1(7) —1(3) 12.6(8) 3.0(3)
% HHH (298 K) 73 - 67 65 69 68 63
L30°
AHE (k] mol ) —10.7(4) —2.9(5) —4(1) 0.60(9) 1(1) 1.1(4) 0.1(2)
ASRE (T mol ' K —47(1) —25(2) —31(5) —15.0(3) —18(4) —19(1) —20.4(6)
% HHH (298 K) 20 13 12 11 8 6 8
L30°¢
AHSS (K] mol Y —3.3(3) - —6.2(6) —6.6(3) —9.8(5) —12(2) —7.2(8)
ASTE T mol T K Y 0(1) - —5(2) —8(1) —18(2) 25(7) —12(3)
% HHH (298 K) 79 - 87 85 85 86 82
L30¢
AHSS (] mol Y —7.7(5) —5.7(3) —4.4(2) —41(2) —45(2) —3.4(3) —5.005)
ASRE (J mol ' K1) —23(2) —18(1) —13.8(8) —11.8(6) —13.9(8) —8(1) —13(2)
% HHH (298 K) 60 53 53 56 54 60 61
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FIGURE 55 Entropic versus enthalpic contributions to the free energy of equilibrium
(16); ©, L30% m, L30 A, L30°; *, L30°. The diagonal line indicates the domain, for which
50% of each isomer is formed in solution. Below this line, the HHH isomer is the major
component of the mixture (redrawn from Jensen et al., 2007).

formation of the preorganized No-spacer-N¢O; binuclear receptor (HHH
isomer) is preferred over the alternative NgO-spacer-N;O, binuclear
receptor (HHT isomer, Jensen et al., 2007). In absence of a complete
thermodynamic analysis of the self-assembly processes leading to
HHH-[R,(L30)5]®" and HHT-[R,(L30)5]°", these interpretations remain
elusive, but the empirical observations firmly establish the unusual for-
mation of a large proportion (> 50%) of HHH isomer with ligands L30?,
L30°, L309, and L30¢, while L30" is an exception (Figure 55).

3.3 Mechanisms of formation

Elucidation of the intricate mechanisms leading to the self-assembly of
lanthanide helicates is indebted to the original kinetic investigations of the
formation of binuclear double-stranded [Cus(L1),]’" (Fatin-Rouge et al.,
2001; Figure 56), [Cus(L6)2]°" (Marquis-Rigault et al., 1996), and triple-
stranded [Fe,(L34)5]*" (Fatin-Rouge et al., 2000; Figure 57) helicates. As
far as low charged Cu(l) is concerned, the limited electrostatic intermetal-
lic repulsion can be easily balanced by solvation and polarization effects,
and the successive fixation of several cations onto a single strand may
offer a valuable route, which contrasts with the commonly invoked
preorganization of several ligands prior to metal loading (Figure 56).

For the doubly charged cations Fe(Il), the electrostatic metal-metal
repulsion becomes strong enough so that the issue of the self-assembly
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FIGURE 56 Mechanism of the self-assembly of the double-stranded helicate
[Cus(L1),*" (adapted from Fatin-Rouge et al., 2001).

process depends on the activity of the metal in solution (Figure 57). In
excess of ligand, the connection of the third strand in [Fe(L34)3]*" offers
enough charge compensation by polarization for a second Fe(Il) to enter
into the complex in order to give [Fe,(L34);]*". However, in excess of
metal, only the hairpin arrangement of one ligand strand in [Fe(L34),]*" is
able to reduce the effective charge of the coordinated metal to such an
extent that the approach of a second Fe(Il) is possible.

In the light of the latter observations, it is thus not so surprising that
the mechanism of formation of the triple-stranded lanthanide helicates
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FIGURE 57 Mechanism of the self-assembly of the triple-stranded helicate
[Fe,(L34);]*" (adapted from Fatin-Rouge et al., 2000).

[Ro(L11)5]®" avoids the connection of two triply charged cations in the
early steps, but favors the successive fixation of ligand strands to a single
metal (Hamacek et al., 2003; Figure 58A). Interestingly, the kinetics data
indicate that the rate of the assembly of the different components strongly
depends on the stoichiometric R:L11 ratios. For R:L11=2:3, the self-
assembly process leads in a few minutes to the targeted [Ro(L11)5]6"
helicate, while several hours are required to reach thermodynamic equi-
librium when R:L11 =10:1 (Hamacek et al., 2003).

The use of the hydrolyzed ligand [L13f]*~ introduces charge neutrali-
zation as a novel parameter in helicate self-assembly. In these conditions,
the coordination of a second metal to a single strand in [RZ(LIBf)]3+
competes with the fixation of a second ligand in [R(L13),]~ (Figure 58B;
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FIGURE 58 Mechanism of the self-assembly of the triple-stranded helicates:
(A) [Eu(L1)5]%* (redrawn from Hamacek et al., 2003) and (B) [Eu,(L13%);] (redrawn
from Elhabiri et al., 2004a).

Elhabiri et al., 2004a). The ultimate fixation of the third ligand in the
neutral helicate [Ry(L13%);] induces a considerable entropic gain to the
overall complexation process, which is responsible for both extreme ther-
modynamic stability (Elhabiri et al., 1999) and kinetic inertness (Elhabiri
et al., 2004b, Figure 59), which make these helicates promising building
blocks for the development of luminescent bioprobes (see Section 6).

3.4 Thermodynamics of the recognition processes

The majority of the formation constants BR oLk (equilibrium (18)) character-

izing the formation of triple-stranded lanthanide helicates in solution
have been determined by direct spectrophotometric titrations in the
UV-Vis range (Tables 8 and 9).
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FIGURE 59 Dissociation mechanism of [Eu,(L137);] in water (redrawn from Elhabiri et al.,
2004b).

nLk+mR>" = Ry (LK), """ Rk (18)

mn

Since the allowed ligand-centered n — n* and n— n* transitions only
display enough oscillator strength to monitor spectral changes accompa-
nying the formation of the helicates in highly diluted solutions, the
investigation of the complexation processes mainly relies on the trans—
trans — cis—cis conformational change occurring upon complexation of the
tridentate binding units (Figure 30). In other words, the recorded spectral
changes are only sensitive to the on—off complexation of the tridentate
binding units, whatever the nature and composition of the investigated
complex. It is therefore difficult to detect the formation of poorly stable
intermediates by spectrophotometry and only a partial set of stability
constants are usually available for each ligand as shown in Tables 8 and 9.

The evolution of the formation constants of the binuclear triple-
stranded helicates [R(L11)3]°" (NNN-S-NNN donor sets) and
[Ro(L13*9);]®" (ONN-S-NNO donor sets) along the lanthanide series
mimics the size-discriminating effects previously established with the
mononuclear precursors (Figure 31). When NNN donor sites are used in
L11, the stability constants drops for the smaller R™, a trend removed
when the terminal benzimidazole rings are replaced with carboxamide
units in L13*~¢ (Table 8). The connection of electron-withdrawing halo-
genides (Cl in L13¢, Br in L139, Figure 41) at the 4-position of the central



TABLE 8 Cumulative log(ﬁffl’}qk) stability constants reported for the formation of binuclear helicates: (i) [R(Lk),]*™ ", k =11 (Figure 12), 13>~

(Figure 41), and 30? (Figure 48); (ii) [Rm(Lk-H),]®™ ™+, k=30 and 31 (Figure 48); and (iii) [R,(Lk),]*™~ 2", k =137 (Figures 46 and 47) and 32*
(Figure 49)

(a) Homotopic binuclear helicates

Ligand R Solvent log(ﬁff‘k) log([)’i‘;“k) log(ﬁﬂ“k) log(ﬁi‘]]‘k) log(ﬂg"z]“k) log(ﬁi‘;“k) References

L11 Eu CH3CN 11.6(3) 18.1(3) 24.3(4) Hamacek et al. (2003)
Lu 17.5(4) Piguet et al. (1993b)

L13° La CH;CN 20.4(8) 25.3(9) Martin et al. (1998)
Eu 19.9(10) 24.1(10)  Martin et al. (1998)
La 17.0(4) 19.2(5) 25.1(2) Zeckert et al. (2004)
Ce 18.1(5) 18.9(1) 25.0(2) Zeckert et al. (2004)
Pr 16.7(4) 19.4(5) 25.3(2) Zeckert et al. (2004)
Nd 18.8(5) 19.3(4) 25.4(2) Zeckert et al. (2004)
Sm 17.5(4) 20.0(5) 25.9(2) Zeckert et al. (2004)
Eu 19.4(5) 19.6(2) 26.0(2) Zeckert et al. (2004)
Gd 18.8(5) 19.8(2) 26.0(2) Zeckert et al. (2004)
Tb 17.8(3) 20.0(5) 26.0(5) Zeckert et al. (2004)
Dy 17.2(4) 20.1(5) 25.0(5) Zeckert et al. (2004)
Ho 18.7(5) 19.6(2) 25.8(2) Zeckert et al. (2004)
Er 18.4(5) 19.4(3) 25.6(3) Zeckert et al. (2004)
Tm 18.7(5) 19.3(3) 25.6(3) Zeckert et al. (2004)
Yb 16.1(9) 19.2(5) 25.4(2) Zeckert et al. (2004)
Lu 17.1(5) 19.3(4) 25.4(5) Zeckert et al. (2004)
Y 17.2(4) 19.6(5) 25.8(2) Zeckert et al. (2004)

(continued)



TABLE 8 (continued )

(a) Homotopic binuclear helicates

Ligand R Solvent log(ﬁli’lLk) log( If’sz) log(ﬁi’;k) log(ﬁ;}k) log(ﬁi’sz) log(ﬁg’SLk) References
L13¢ Eu CH;CN 18.3(15)  21.8(15)  Platas-Iglesias et al.
(2000)
L134 Eu CH;CN 19.9(15) 23.8(15) Platas-Iglesias et al.
(2000)

(L13%*  Eu H,O 4.3(1) 6.4(2) 50(2) Elhabiri et al. (2004a)

H,L13f 1a H,O 30(1)” Elhabiri et al. (1999)
Eu 26.1(4)"  Elhabiri et al. (1999)
Lu 27.3(5)"  Elhabiri et al. (1999)

H,L13¢ La H,O 10.9(1)" 22.7(2)"  Chauvin et al. (2007)
Eu 16.8(1)*  11.4(1)° 23.4(1)"  Chauvin et al. (2007)
Lu 17.0° 11.0(1)° 23.1(1)"  Chauvin et al. (2007)

H,L13" 1La H,O 18.8(2)"  11.7(3)" 249(4)"  Chauvin et al. (2008)
Eu 18.1(2)*  11.8(5)° 25.5(4)"  Chauvin et al. (2008)
Lu 1873  12.4(2) 26.3(4)"  Chauvin et al. (2008)

H,L13! La H,O 14.8(1)" 13.8(2)" 28.3(1)"  Deiters et al. (2008)
Eu 14.7(1)° 28.0(1)"  Deiters et al. (2008)
Lu 14.4(4)° 27.7(5)"  Deiters et al. (2008)

H,L13 La H,O 14.2(3)" 13.6(3)" 28.1(4)"  Deiters et al. (2009)
Eu 14.8(3)" 14.3(3)" 28.5(5)"  Deiters et al. (2009)

Lu 13.6(1)" 14.3(1)° 26.3(2)"  Deiters et al. (2009)



H,L13* Eu H,O 14.0(1)" 15.4(1)" 279(1)*  Deiters et al. (2009)

H,L13' la H,0 14.0(1)" 15.9(1)" 274(3)"  Deiters et al. (2009)
Eu 14.3(3)" 14.4(5)" 28.6(5)  Deiters et al. (2009)
Lu 16.0(3)" 28.8(3)  Deiters et al. (2009)

H,L32% Eu H,O 31.6(2)"  Lessmann and

Horrocks (2000
(b) Heterotopic binuclear helicates ( )

Ligand Metal Solvent log([)’f’ll“k) log([fli‘sz) log(,b’ﬂ‘k ) log([ﬁ’g‘l]“k) log([)’g‘k) log([fsg“k) References

L30? Eu CH;CN 23.9(5) André et al. (2004)

[L30%H]  La CH,OH 7.8(2) 13(1) 19.02) 25(1) André et al. (2004)
Eu 12.6(4) 17.9(5) 23.3(7) André et al. (2004)
Lu 7.2(2) 12.5(10) 17.3(1) 23.6(10)  André et al. (2004)

[L31-H]” Eu CH;0H 15.1(4) 20.8(4) 22.5(6) 29.7(6) André et al. (2004)

All data are at 293 K.
“ Conditional stability constants: pH 7.4, Tris-HCl 0.1 M.
¥ Conditional stability constants: pH 7.0, HEPES 0.05 M.
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TABLE 9 Cumulative log(ﬁﬁ’zk) stability constants reported for the formation of
heterotopic tri- and tetranuclear helicates [R,,(Lk),]*™" (k =28, 29) in acetonitrile

at 293 K

Ligand R log(3s’) log(Bsy") log(Bys*)  log(Biz") log(B45")
L28* La 25.0(11) 25.8(11)  34.3(12)
Nd 26.0(10) 26.4(10)  35.0(11)
Eu 259(14) 26.0(14)  34.8(16)
Tb  25.8(2) 27.2(1) 35.0(12)
Ho 26.0(10) 26.5(10)  35.0(12)
Tm 26.0(16)  26.9(9) 34.5(18)
Lu 255(11)  27.4(5) 33.9(3)
L29®* La 25.2(15)  31.9(4) 30.4(15) 39.1(15)
Nd 29.7(1.8)  29.6(18) 38.4(19)
Sm 29.7(1.5) 35.7(15)
Eu 28.9(14)  36.8(1.5)  32.8(14) 43.2(16)
Ho 26.3(14)  34.5(15)  29.6(15) 40.6(16)
Er 33.4(15)  28.9(13) 38.1(15)
Yb 26.5(13)  32.5(15) 41.0(16)
Lu 27.5(12)  34.5(13)  31.1(12) 40.8(13)

pyridine rings weakens the interactions with R™ by, respectively, three
and two order of magnitudes in the [Euy(L13);]°" helicates, in line with
decreasing electronegativity of these two substituents. As previously
established with mononuclear precursors, the introduction of negatively
charged carboxylate donor groups in [L30f-H], [L31-H] or in [L13f 1%~
and [L32-2H]*~ drastically increases the stability of the final helicates,
which can then easily survive in highly competing solvents such as
methanol or water (Table 8). Finally, the combination of several neutral
NNN and NNO tridentate binding units in the segmental ligands L28 and
L29 gives trinuclear, respectively, tetranuclear triple-stranded helicates,
whose cumulative formation constants are difficult to measure by direct
titration because of the very minute decomplexation occurring at submil-
limolar concentrations (Table 8). In these conditions, any size-discrimi-
nating effect is probably masked by experimental uncertainties (Table 9).

3.5 Photophysical properties

Since the bidentate binding units in the segmental ligands are connected
by saturated methylene units, which are poor electronic relays, we can
expect that the photophysical properties of the helicates can be easily
deduced from those found in the mononuclear triple-helical precursors.
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A detailed comparison of Table 10 (dedicated to polynuclear helicates)
with Table 4 (dedicated to mononuclear precursors) indeed supports this
reasoning.

For the Eu'" complexes, the three wrapped tridentate NNN binding
units produce poorly luminescent EuNg sites due to the quenching by
LMCT states located close in energy to the ligand-centered 'nn* excited
states in [Eup(L11)5]°" (Piguet et al., 1993b) and as firmly established for
its precursor [Eu(L17%)5]°" (Petoud et al., 1999). It is, however, worth
noting that the global quantum yield increases by two orders of magni-
tude in going from [Eu(L17%)s]*" (QF'=2x10"%%) to [Euy(L11)3]°"
(QF"=0.2%), a phenomenon tentatively ascribed to some variation of
the energy of the LMCT level in the constrained binuclear triple-stranded
helicate. The replacement of the terminal benzimidazole rings with either
carboxamide units in [Euy(L13* ¢);]°" or carboxylate groups in
[Eu,(L13"")5] drastically improves quantum yields, as previously noticed
in going from [Eu(L17)3]*" to [Eu(L18)s]*" or [Eu(L19)5]>". In this context,

Fu = 24% measured for [Eun(L13%)5] in water at pH 7.4 further confirms
the high potential of this class of helicates as bioprobes and the detailed
photophysical properties of the [Euy(L13*™")3] helicates will be discussed
in Section 6. We also note that QI is extremely sensitive to the relative
orientation of the tridentate binding units when Cs-symmetrical ligands
are considered. Among the EuNgO; coordination sites found in
[Eu(L19®):]*" (QF*=0.05% in CHZCN), in [Eu(L22)]" (QF*=10% in
CH,CN), in [Eu(L23)]*" (QE“:M% in CH3CN), and in the binuclear
helicate [Euy(L13%);]°* (QF"=9% in CH3CN), only the first one, with the
very low quantum yield, exists as the meridional isomer in solution, while
the other adopt pure facial organizations. With this empirical observation
in mind, it is not so surprising that the heterotopic binuclear helicate
[Euy(L30%)3]°", which mainly exist as the HHH isomer (69% HHH,
Table 7), gives a relatively high quantum vyield in acetonitrile
(Qk =15%, Table 10).

Both the ground state ("Fo) and the most luminescent level (°Dy) of
Eu" are nondegenerate so that the forbidden and therefore usually very
weak °Dy — “Fy (emission spectra) or 5Dy — F (excitation spectra) transi-
tions are unique whatever the symmetry of the metal-ion environment.
As a consequence, Eu'" is widely used for monitoring the number of
different metallic coordination sites existing in lanthanide complexes
both in solution and in crystalline samples (Biinzli, 1989). Except for
some broadening of this spectral line due to polycrystallinity, all mono-
nuclear and binuclear triple-helical Eu'" complexes reported in Tables 4,
5, and 10 exhibit a single Eu(’F, — °Dy) transition, which is diagnostic for
the existence of a single chemical environment around the metal ion.
Moreover, the energy of this transition depends on the effective charge
borne by Eu™ in the complexes (Biinzli, 1989), that is, on the



TABLE 10 Photophysical properties of triple-stranded helicates [R,,(Lk)s]°" [k=11 (m=2), 133" (m =2), 28 (m =3), 29 (m = 4), 30(m =2)] and
[Ry(Lk-2H);] (k =137, 32)

E(*n ) ECnn*) E(Eu(°Dy))
Ligand Ln Solvent (cm™)? (em " Q™ (%) Tobs (Ms)* (em™) References
L11 Eu CH,;CN 25,640 19,880 0.2¢ 2.03° 17,227 Piguet et al.
(77 K) (1993b)
Tb CH;CN 25,640 19,880 - 1.35° - Piguet et al.
(1993b)
L13® Eu CH;CN 29,760 20,930 94 2.09° 17,229 Martin et al.
(77 K) (1998)
Tb CH,CN 29,500 20,930 107 1.96° - Martin et al. (1998)
L13€ Eu CH;CN 29,480 20,455 114 2.28° 17,218 Platas-Iglesias
(10 K) et al. (2000)
L13€ Eu CH;CN 28,340 19,800 314 2.02 17,222 Tripier et al. (2002)
(295 K)
[L13f]27 Sm H,O 30,120 20,660 0.14 0.042 - Gongalves e Silva
et al. (2002)
Eu H,0O 30,120 20,660 241 2.69 17,232 Elhabiri et al.
(295 K) (1999)
Tb H,O 30,120 20,660 1.24 0.05 - Biinzli et al. (2008)
and Elhabiri
et al. (1999)
Yb D,O 30,120 20,660 1.8 0.04 (295 K) - Gongalves e Silva

et al. (2002)



[L138]*> Nd  H,O (pH74) 31,250 - 0.031 21x107* - Chauvin
et al. (2008)

Sm H,O (pH 7.4) 31,150 - 0.38 0.03 - Chauvin et al.
(2008)
Eu H,O (pH 7.4) 31,060 22,050 21 2.34 17,234 Chauvin et al.
(295 K) (2008)
Tb H,O (pH 7.4) 30,960 22,050 11 0.65 - Chauvin et al.
(2008)
Yb H,O (pH 7.4) 30,860 - 0.15 0.0044 - Chauvin et al.
(2008)
[L13"*~ Eu H,O (pH 7.4) 31,150 21,900 19 243 17,233 Deiters et al.
(295 K) (2008)
Tb H,O (pH 7.4) 31,100 21,900 10 0.66 Deiters et al.
(2008)
[L131]>~ Eu H,O (pH 7.4) 30,670 22,150 11 2.2 17,235 Chauvin et al.
(295 K) (2007)
Tb H,O (pH 7.4) 30,670 22,100 0.34 0.39 - Chauvin et al.
(2007)
[L137]>~ Eu H,O (pH 7.4) 31,450 21,150 15 2.52 17,242 Deiters et al.
(10 K) (2009)
Tb H,O (pH 7.4) 31,450 21,150 2.5 0.12 - Deiters et al.
(2009)

(continued)



TABLE 10 (continued )

E(*n ) ECnn*) E(Eu(*Do))
Ligand Ln Solvent (em™y° (em™® L0 (%) Tops (M) (cm™) References
[L13%]*~ Eu H,O (pH 7.4) 29,500 19,550 0.35 0.54 17,237 Deiters et al.
(10 K) (2009)
Tb H,O (pH 7.4) 29,500 19,550 - 0.01 - Deiters et al.
(2009)
Yb H,O (pH 7.4) 29,500 19,550 0.15 0.0043 - Deiters et al.
(2009)
[L131]*~ Eu H,O (pH 7.4) 28,500 20,800 9 2.3 17,242 Deiters et al.
(10 K) (2009)
Tb H,O (pH 7.4) 28,500 20,800 0.31 0.04 - Deiters et al.
(2009)
Yb H,O (pH 7.4) 28,500 20,800 0.16 0.0043 -
L32, Eu H,O - - - 1.48 17,226 Lessmann and
(295 K) Horrocks (2000)
L32, Eu H,O - - - 1.56 17,221 Lessmann and
(295 K) Horrocks (2000)
L30% Eu CH,;CN 29,500 20,000 157 2.26° 17,232 André et al. (2004)

(295 K)



L28 Eu CH;CN 30,390
Tb CH5;CN 30,080
L29 Eu CH;CN 30,580

20,260

20,260

20,040

0.3¢

23f EUN6O3
site, 2.1
EuNp site

223

2.0-2.2 (10 K)

17,219
(10K)
EuN603
site
17,238
(10 K)
EulN9
site

17,221

(10 K)
EUN603
sites,
17,235
(10 K)
EUNQ
sites

Floquet et al.
(2003)

Floquet et al.
(2003)

Dalla Favera et al.
(2008)

“ Values obtained from absorption spectra in solution (293 K).

¥ Values obtained from emission spectra (0-phonon, 77 K).
¢ Metal-centered lifetime at 295 K if not otherwise stated.

¢ Quantum yields have been recalculated by using the most recent values reported for the [R(terpyridine)s]** internal references (Comby, 2008).

¢ At77K.
T At10K.
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nephelauxetic effect produced by the donor atoms bound to Eu™

(Choppin and Wang, 1997; Frey and Horrocks, 1995). Experimentally,
the energy of the Eu(°Dy+« “Fy) transition is obtained from excitation
spectra recorded at low temperature (<77 K) whereby vibrational contri-
butions are minimized. Taking into account the accepted 1 cm™'/24 K
dependence of the energy of the Eu(®Dy+ "F) transition (Biinzli, 1989),
we obtain 7°®=17,245 cm~! for the EuNy site in [Eun(L17%)5]°",
7o —=17238 cm~ ' for the facial Eu(Nhetero)s(Oamide)s Site in
[Euy(L13%);]°%, 792 =17,232 cm ™! for the facial Eu(Nhetero)s(Oacid)s Site
in [Eux(L13%;], 7 =17,227 ecm ™! for the Eu(Nhetero)3(Oamide)s Site in
[Eu(L18%;]*" and 7°*° =17,221 cm ™! for the facial Eu(O.ciq)3N3(Oamide)s
site in [Eu(L21-3H)] at 295 K (Tables 4, 5, and 10). These systematic, but
small variations can be well reproduced by using the empirical linear
Eq. (19), whereby ¥, =17,374 cm ™' is the energy of the Eu(’Fy— °Dy)
transition in the free ion, Ccy is an empirical coefficient decreasing with
the coordination numbers (Ccy =8 =1.06, Ccy =9 =1.00, Ccy = 10=0.95)
and ¢, represents the nephelauxetic effect produced by an atom i bound to
Eu" (Frey and Horrocks, 1995).

CN
pealed \~)O+CCNZ n;0; (19)
i=1

The optimized values of J; adapted to CN=9 amount to
5O—carboxylate =—172 am '< 00-amide = —15.7 cm”™ < 5N—heterocycle =
—15.3 cm ™', suggesting an improved delocalization of the electronic
density in the order O-carboxylate > O-amide > N-heterocycle. In view
of the large amount of data collected for the Eu(Nhetero)9 and Eu(Nhetero)s
(Oamide)s sites in triple-stranded helicates (ligands L11, L13, L28-L30) and
in mononuclear precursors (ligands L17 and L19), some further refine-
ments have been proposed leading to the specific assignment
ON-pyridine = — 25.3 cm™ 1 and On-bengimidazole = — 8.0 em™ ! in 6-substi-
tuted-2-(2-benzimidazolyl)pyridine binding segments (Dalla Favera
et al., 2008). With these parameters, Eq. (19) predicts 724 = 17,227 cm™*
for Eu(Nhetero)s(Oamide)s and 744 = 17,250 cm ™! for Eu(Nhpetero)o at 295 K,
in fair agreement with the experimental values found for the Eu
(°Dy — “F) transition of these sites in [Eus(L28)3]°" and in [Eus(L29)5]"*"
(1 cm™'/24 K dependence, Figure 60A; Table 10).

The use of powerful laser excitation beam at low temperature indeed
allows the detection of two different sources of Eu-centered emission in
the latter complexes (Figure 60A). Selective excitation of each site gives
different emission spectra, which can be analyzed with crystal-field the-
ory for estimating the strength of the different nonadentate donor sets and
the degree of distortion from ideal tricapped-trigonal prismatic geometry
(Gorller-Walrand and Binnemans, 1996, 1998; Figure 60B). Since
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A Eu(NgOg) Eu(Ny)

Van=16,883 cm~1
(5Dg—7Fy)

Van= 16,949 cm-1
(5Dg—7Fy)

————r——T——
17,190 17,200 17,210 17,220 17,230 17,240 17,250 17,260

viem-1

B 4 5D, —7F;

EU(NgO3): Vaye=17,211cm
3

Eu(Ng): Vexe=17,238cm-1

T T

T T T T T T T
15.5 16.0 16.5 17.0

V/103cm-1

T 1
14.0 14.5 15.0 17.5

FIGURE 60 (A) Excitation profiles of the Eu(*Dq « ’Fo) transition for [Eus(L28)s]° " at
10 K upon monitoring different components of the D, — ’F; transition. (B) Emission
spectra of [Eus(L28);]° " at 10 K recorded under selective excitation of the Eu(NgOs) and
Eu(Ny) sites (adapted from Floquet et al., 2003).

Voo > 7%&’3\1603, divergent intramolecular thermally activated energy
migration processes from the central EuNg sites toward the EuN¢O;
termini in [Eus(L28)5]°" and [Euy(L29);]'*" eventually produce pure
emission of the terminal EuN¢Oj sites at room temperature.

For Tb™ helicates with ligands L11, L13, and L28-L32, the ligand-
centered nn* excited state is too close in energy to avoid thermally
activated Tb(°Dy) — °nn* energy transfers, which drastically reduces the
intensity and lifetime of the Tb-centered luminescence upon increasing
the temperature. Typically, Tb(°D,) lifetimes vary from a few millise-
conds at 10-77 K to reach a few tens of microseconds at room temperature
in Tb™ triple-stranded helicates (Table 10). Interestingly, the stepwise
approximate 1000-2000 cm ™' energy increase of the ligand-centered
Snn* excited state in going from [Tbo(L11)5]°" (ECrn*)=19,880 cm™?,
Q*<0.01%, Table 10) to [Tby(L13")5]°" (E(*rn*)=20900 cm™?,
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®=11%, Table 10) and [Tb(L18%):]*" (E(rn*)=23,600 cm™’,
QIP =26%, Table 4) supports this interpretation. Finally, a thorough theo-
retical modeling of the kinetic issues of the sensitization processes occur-
ring in the triple-stranded helicates [Sm,(L13f);] and [Yb,(L13%),] suggests
that the pivotal ligand(3mt*) — R" energy transfer is of the exchange type
for Sm™ (*nn* — °Gs,,"), but corresponds to an electron transfer mecha-
nism for Yb™ (Goncalves e Silva et al., 2002).

3.6 Paramagnetic properties

Because of the minute mixing of the metal 4f-orbitals with the ligand
wave functions, the open-shell trivalent lanthanides can be used not
only as luminescent sensors (Biinzli, 1989), but also as paramagnetic
probes for elucidating molecular structures in solution. EPR spectroscopy
is mainly limited to Gd"™' complexes because an orbitally nondegenerated
ground state (°S;/, for Gd") is required for producing electronic relaxa-
tion times long enough to allow the detection of EPR signals with reason-
able line width (Raitsimiring et al., 2007). Moreover, the structural
information is mainly restricted to the first coordination sphere because
of the very limited covalency of the Gd-donor bonds, hence producing
negligible spin delocalization. On the other hand, the very fast electronic
relaxation displayed by the other open-shell trivalent lanthanides posses-
sing orbitally degenerate ground states is compatible with small
perturbations of the nuclear relaxation processes and the recording of
high-resolution NMR spectra (Bertini and Luchinat, 1996). A thorough
review of the use of R™ as paramagnetic probes in triple-helical
(Cs-symmetry) and quadruple helical (Cs-symmetry) complexes has
been recently published (Piguet and Geraldes, 2003). However, the basic
principles and concepts used for extracting solution structures of lantha-
nide complexes are briefly outlined here to discuss the main contribution
brought by polynuclear lanthanide helicates in this field. Introduction of a
paramagnetic trivalent lanthanide ion in a complex has two major effects
on the spectra of the NMR-active atoms of the ligands (usually lH, 13C,
3P, and '°N are commonly considered for these studies because of their
1/2 nuclear spin):

(1) The longitudinal (1/T4;, Eq. (20)) and transversal (1/T»; Eq. (21))
nuclear relaxation rates of the nucleus i are enhanced by the combination
of through-bond (contact Fermi interaction, Eqgs. (22) and (23)) and
through-space (dipolar-transient, Eqs. (24) and (25) and dipolar-Curie,
Egs. (26) and (27)) coupling of the nuclear and electronic magnetic
moments.
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1 1 1 1 1 1 1
T;:;(p = @ + W = @ + Tilara—contact + T{)iarafdipftransient + T%arafdiprurie
(20)
11 11 1 1 1
T;:(p = @ + W - @ Tgiara—contact + Tgiara—dip—transient + Tgiara—dip—Curie
(21)
1 S(S+1) (AN*[ 2t
para—contact = 3 E 2 2 (22)
T 1 + wgts
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— = e Tet——5 (23)
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The random modulation of the electron-nucleus magnetic coupling
via electronic relaxation (characteristic time t.), molecular tumbling (char-
acteristic time 7,) and chemical exchange (ligand exchange reaction,
characteristic time 7, is assumed to be zero for saturated helicates in
eqs (22 - 27)) can be combined in a global correlation time
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.l =11 + ;! + 1!, which controls the extent to which the paramag-
netic center affects the nuclear relaxation. When the electronic relaxation
time is lon$ as for example in Gd™ (typically 7. > 1 ns), the contribution of
1/ TR (Bq. (23)) is so large that NMR signals with reasonable line
width cannot be recorded. For all the other paramagnetic lanthanides,
7, falls in the picosecond range and well-resolved NMR spectra can be
obtained. In these conditions, an acceptable approximation only considers
the contribution of through-space dipolar interactions to the paramag-
netic relaxation because the Fermi constants A; are very small for lantha-
nide complexes (1/TPF™ M and 1/TE™ " are neglected). It is
therefore a common practice to combine the transient and Curie contribu-
tions to the dipolar coupling in Egs. (28) and (29), because both depend on
T ¢, whereby 7; is the R™_nucleus distance (Figure 61), Eq; and Ey; are
magnetic constants depending on (i) the lanthanide j present in the
complex, (ii) the temperature T, (iii) the external magnetic field of
the spectrometer Hy, (iv) the effective electronic magnetic moment peg,
(v) the type of NMR-active nucleus under investigation, and (vi) the
electronic and rotational correlation times. Within a given complex, all
these parameters are fixed and once a reference R™_nucleus distance 7y is
known for the complex in solution, E;; and E;; can be calibrated and all the
others distances can be easily deduced from measurements of nuclear
relaxation rates thanks to Egs. (28) and (29).

1 1 1

T T T
4 (@)2 V1Mt . (@)2 Vi Hege s HY ( T ) _Ey
1

3 \4r r? "5 \4n +w%r§

(28)

=%
T

r8(3kT)?

X

FIGURE 61 Spherical coordinates r;, 0;, and ¢; for a nucleus i in an arbitrary xyz
reference frame with the metal ion R" located at the origin.
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(2) The NMR chemical shift §;;" of a nucleus i in a complex of a
lanthanide ion j is also affected by the influence of the electronic magnetic
moment on the local magnetic field felt by the nuclear spin under investi-
gation (Eq. (30)). In this equation, the through-bond contribution J;; arises
from partial delocalization of the electronic spin (Sz>]» via the contact Fermi
mechanism and is expressed by Eq. (31). The through-space contribution
55C is a consequence of residual dipolar effects due to anisotropic elec-
tronic magnetic moments in the homogeneous medium and is often
referred to as pseudocontact contribution (Eq. (32) in which Tr(y) repre-
sents the trace of the magnetic susceptibility tensor).

exp __ sdia para—contact para—pseudocontact _ c¢dia c pc
51']‘ =0; " + 5ij + 51-]. =5l 4 51‘;‘ + 517 (30)

. AHS Aj o
=T = o (S = FilS:), (31)
AHP® 1 |
5;.”: = — y! ——T 3 291'—1
e~ g | (s 3T ) Geosin -1 -

(e — x]?y)( sin?0); cos2g0,-)}

Both through-bond and pseudocontact contributions can be easily
factorized into a series of products of two terms, each term depending
either on the nucleus i (topologic and geometric location) or from the
lanthanide j (electronic structure and crystal-field effects). For axial com-
plexes, that is, possessing at least a three-fold axis as found in triple-
stranded helicates, the molecular magnetic susceptibility tensor j/ written
in the principal magnetic axes system is symmetrical (i = 1}y, z mag-
netic axis aligned along Cs). Equation (32) thus reduces to Eq. (33),
whereby G; = (3 cos?0; — 1)/} is known as the geometrical factor.

o = 2NlAr3 KX];Z - %Tr(/)) (3 cos?0; — 1)] = ﬁ (JZZ - %Tr(x)) G;
(33)
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In a seminal contribution, Bleaney demonstrated that when the crystal-
tield splitting of the ground multiplet is smaller or comparable to kT, a
situation often met with lanthanide complexes, the anisotropic part of the
axial paramagnetic susceptibility tensor originates from second-order
effects and can be simply estimated by the product of magnetic constants
Cj, characteristics of the electronic configuration of each lanthanide (i.e.,
Bleaney factor), multiplied by the second-rank crystal-field parameter B3
(Eq. (34), Bleaney, 1972).

1 1

Finally introducing Egs. (31), (33), and (34) into Eq. (30) gives the
simple linear Eq. (35), which is well adapted for testing isostructurality
along the lanthanide series for complexes in solution since numerical
values for (S:); and C; calculated at 300 K have been tabulated (Piguet
and Geraldes, 2003).

55 F - odia — S5 = Fi(S.)+B3GiCj (35)

However, B% is often very sensitive to the minor RIH—ligand bond
contraction accompanying the loading of the 4f-orbitals along the lantha-
nide series. This often prevents a safe interpretation of deviations of
Eq. (35) from linearity as arising from a structural change affecting the
geometrical factor G; (Ouali et al., 2002). The simultaneous consideration
of two NMR-active nuclei i (Eq. (35)) and k (Eq. (36)) in the same complex
provides two equations, which can be combined to give a novel linear
equation (37), in which the influence of the crystal-field parameter has
been removed (Platas et al., 1999).

5exp 5d1a _ 5Ejara = Fk<sz>] + C]B%Gk (36)
gpara G G o para
i (F—F —’>+—’- il 37
s, (FRG) 6 7

Any variation of the slope for linear plots of 65"/(S.); versus
S /(Sz); along a series of lanthanide complexes j 1mphes that the ratio
ot] the geometrlcal factor G;/Gy changes, hence the structure of the com-
plex does too. The systematic application of nuclear relaxation measure-
ments (Eqgs. (28) and (29)) for obtaining R™-nuclei distances, combined
with the detailed analysis of NMR paramagnetic shifts with the help of
the two nuclei method (Eq. (37), detection of isostructural series) as well
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as the one nucleus analysis (Eq. (35), extraction of geometrical factors)
provides an efficient tool for establishing the solution structures of mono-
nuclear axial lanthanide complexes (see Section 2.2 for structural details
on these complexes). For the homometallic polynuclear triple-stranded
helicates [R,,L;]*"", the existence of m identical lanthanide ions packed
along the Cs-symmetry axis requires some modifications of the basic
equations derived for mononuclear systems (Figure 62).

Since the m identical trivalent lanthanides are not magnetically cou-
pled in triple-stranded helicates (intermetallic separation~9 A), the
global effect of the electronic magnetic moments onto the nuclear relaxa-
tion in solution is given by a simple additive model, which transforms
Egs. (28) and (29) into Egs. (38) and (39), and in which each specific
distance 7} between the nucleus i and the lanthanide [ is taken into account
(Piguet and Geraldes, 2003, Figure 62).

1 1
T;:ip T%la Tpa a 1] Eﬁ ( 1’ ) ( )

1 1 m
W - @ = Tpara = lz: ( ) (39)

2i

C; axis (2)

FIGURE 62 Example of axial coordinates in a trinuclear triple-stranded lanthanide
helicate (adapted from Floquet et al., 2003).
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Due to the dependence of 1/TF"™ on a set of different R-nucleus
distances, these equations cannot be used for obtaining structural infor-
mation in polynuclear helicates, but they are useful for confirming the
assignment of paramagnetic NMR spectra, once a reasonable structure is
at hand (Elhabiri et al., 1999; Ouali et al., 2003). The application of the
additive model for the rationalization of the paramagnetic NMR shifts is
more promising and Eq. (40) replaces Eq. (35) in a triple-stranded homo-
polynuclear helicate containing m magnetically noncoupled paramag-
netic centers, each lanthanide | being located at the origin of its own
reference frame (Figure 62).

X dia ara = = l
o7P — o = oF :(;‘ 121:132 )'GhHC (40)

The case of the Dj-symmetrical binuclear hehcate [Ro(L13%)5]
(Figure 41) is straightforward because (Bz) (B ) for symmetry rea-
sons, and a simple factorization transforms Eq. (38) into the linear Eq. (41)
(Elhabiri et al., 1999).

3 = (FL + F)(S2); + BY(G! + GA)G; (41)

Consequently, the removal of the crystal-field parameter requires the
same strategy as the one developed for the mononuclear complexes, thus
eventually leading to the two nuclei crystal-field independent Eq. (42),
which is mathematically analogous to Eq. (37).

para

o Gl + & G2 G! + G %
b= ((Fl + )= (F. + F} ). T 42

Standard two-nuclei ;" /(S.);

lines (Eq. (37)) for [Ro(L13! )3], except for some deviations for those nuclei,
which are strongly affected by both paramagnetic centers (Rigault et al.,

2000b). Globally, 1sostructurahty was established along the complete
lanthanide series in [R,(L13f);] (Elhabiri et al., 1999), but with a smooth
change in the crystal-field parameter occurring between R=Tb and R =
Er (B3(Ce — Tb)/B3(Er — Yb) = 0.8, Piguet and Geraldes, 2003). A sim-
ilar conclusion was reached for the series of helicates with the neutral
ditopic ligand L13° bearing chloride substituents in the para position
of the pyridines, [Ry(L13%)3]°". The single nucleus method yields two
straight lines (Pr-Dy and Ho-Yb) while the two-nucleus method points
to a more intricate behavior: some proton pairs display a single straight
line, while others produce two approximately parallel lines. A detailed
analysis concluded that if the solution structure is essentially maintained
in solution from Pr to Yb, changes in both the crystal-field parameter and

versus 5para /(Sz); plots show straight
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hyperfine coupling constants are responsible for the intricate behavior
unraveled by these analyses (Platas-Iglesias et al., 2000). The case of the
Ds-symmetrical trinuclear [R5(L28)5]°" helicate (Figure 51A) is more chal-
lenging because the crystal-field parameter of the central paramagnetic
lanthanide B! = (B3)' is different from those of the terminal para-

magnetic centers (B3)? = (B})? = B3t™inl  for symmetry reasons
(Figure 62). In these conditions, factorization of Eq. (40) still gives a linear
equation (Eq. (43), but with a second member containing a combination of
crystal-field parameters and geometrical factors (Floquet et al., 2003).

(Sgara _ (Fll + F12 + F?)<SZ>] + [B%centraIG} 4 B(Z)terminal(GiZ 4 G?)]C] (43)

The removal of the two different crystal-field parameters requires the
simultaneous consideration of three different nuclei i, k, [ in the same
complex [R5(L28)5]°", thus leading to the multicenter Eq. (44), in which
the factors By, Ci, and Dy are given in Egs. (45)—(48) (Ouali et al., 2003).

5Para E?ra 5$ara
ij j j
=B + Cwo + Do+ (44)
(S2); (S2); (S2);
Biy = Fi — FxCitt — FiDiyy (45)
G! - GIR;
Ci = R; 1711> 46
ikl = Rik (G}( Ry = GIR; (46)
G! — G{Ry
Djy = —R; _ i MkTNk 47
. I<G11<Rik - G}Riz) 47)
G+ G
Ry = <4G§ e (48)

Equation (44) corresponds to the equation of a plane perpendicular to
the vector (1, —Cjy, —Dixy) and separated by a distance Bjy; from the origin
ina homogeneous 3D space in which 5gm /(S2) 55;“ /(Sz);, and 617 /(Sz),
define the orthogonal x, y, and z directions. The structural factors C;; and

Dj;; are complicated nonlinear combinations of the geometrical factors
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G}', G{, and GJ' (m=1-3), but any deviation of the triplets (55ara / (SZ>]-,
O /(Sz);, O /(S2);) from the plane along the lanthanide series affects
Ci and Dy, and implies a structural change occurring in the lanthanide
helicates [R5(L28)5]°". Application of the three-nuclei Eq. (44) for any i, k, I
proton triplets in [R3(L28)3]°" gives a single plane along the complete
lanthanide series, in agreement with isostructurality (Figure 63).
However, the one-nucleus linear Eq. (43) points to a pronounced break
near the middle of the series (R = Dy), which implies some variations of the
crystal-field parameters (Figure 64). A detailed analysis of these data con-
firms the expected slight decrease of the crystal-field strength with
lanthanide contraction (B3"@!(Ce — Tb)/B3*"(Dy — Yb) = 1.4 and
B3terminal(Ce — Tb)/B3terminal(Dy — Yb) = 1.1), but B3*™inal(Ce — Yb)/
B3cental(Ce — Yb) = 2.0 demonstrates that the terminal pseudotricapped-
trigonal prismatic N¢Oj sites produces stronger crystal-field splitting com-
pared with the central Ny site.

Interestingly, the mathematical treatment leading to Eq. (44) is very
general and any paramagnetic system, for which Bleaney’s approach
requires two independent crystal-field parameters may benefit from its
use for testing isostructurality, as demonstrated with the structural ana-
lyses of rhombic mononuclear (Terazzi et al., 2006) and polynuclear
(Ouali et al., 2004) lanthanide complexes.

4. POLYNUCLEAR BIMETALLIC 4f HELICATES

The reaction of segmental ligand strands with two different trivalent
lanthanides R'(IIl) and R*(III) enlarges the possible issues of the self-
assembly processes. For axial C,-symmetrical receptors, the threefold
axis is maintained in the final triple-stranded polynuclear helicates
[(RY(R?),—_x(Lk)3]*™", but the three perpendicular twofold axes charac-
terizing the homometallic complexes (R' = R?) are present in the hetero-
bimetallic systems (R' # R?) only for some specific successions of metal
ions (Dalla Favera et al., 2007). For nonaxial C,-symmetrical ligands, the
HHH « HHT isomerization of the triple-stranded helicates already limits
the final symmetry to C; (HHH) and C; (HHT) point groups for homo-
metallic complexes, a situation which is further complicated by the con-
sideration of R'/R? pairs (Jensen et al., 2006). Therefore, the detection and
the quantitative estimation of deviations from the statistical distribution
of the different lanthanides R' and R? in the final helicates is a crucial
theme for the rational design of selective complexation processes along
the lanthanide series.
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15 0 7

FIGURE 63 3D plots of 07" /(S,); versus o~ /(S); and 0" /(S,); for H1, H2, H3 in
[R3(L28);]°* with numbering scheme of the ligand strand (CD;CN, 298 K). (A) View of the
best plane from profile showing the planar arrangement of the points (rhombs are used
to highlight a plane orthogonal to the best plane). (B) View perpendicular to the best
plane showing the location of the points within the plane (the lowest point is for R=Ce,
the highest for R =Dy and the last point is for R = Yb, the line is only a guide for the eyes
and rhombs are used to highlight the best plane) (adapted from Ouali et al., 2003).
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FIGURE 64 Plots of two linear forms of Eq. (43): (A) 97" /(S,); versus Cj/(S,); and

(B) 05" /C; versus (S,);/C;, for H1 in [Ry(L28);]°" (R = Ce~Yb, except Pm and Gd, CD;CN,
298 K, numbering scheme in Figure 63) (adapted from Ouali et al., 2003).

4.1 Axial polytopic receptors: Statistical
distributions and deviations

4.1.1 Binuclear helicates

Let us first consider the simple C,-symmetrical bis-tridentate ligands L11
or L13. Assuming that the principle of maximum site occupancy is obeyed
(Hamacek et al., 2005b), the reaction of L11 or L13 with two different
lanthanides gives three complexes [(RY(LE)s1°F, [(RY)(R?)(LE)3]°, and
[(R?),(Lk);]°" whose intuitive statistical 1:2:1 distribution relies on the
binomial distribution (Figure 65). At a lower level of modeling, the three
wrapped ligand strands can be considered as a virtual preorganized
molecular box of D3-symmetry to which the zero level of the free energy
of the self-assembly process is set (Figure 66, Piguet et al., 2005). The
change in free energy accompanying the successive fixations of the
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FIGURE 65 Self-assembly of the polynuclear triple-stranded helicates: (A) [Ro(LT1)5]*"
(Piguet et al., 1993b) and (B) [R,(L13%);]°" (Zeckert et al., 2004) in acetonitrile. The final

helicates correspond to the X-ray crystal structures of [Eu,(L11);]®" (Piguet et al., 1993c)
and [Th,(L13%);]°" (Martin et al., 1998).

metal ions can then be easily descr1bed with the site-binding model
(Koper and Borkovec, 2001), in which w,, Ljs is the statistical factor of
the assembly (Ercolani et al., 2007), X is the absolute intermolecular
affinity (including solvation) of the lanthanide R’ for the k site of the
preorganized box and AE} ! R = —RT In(uf R ,) is the free energy of the
intermetallic interaction operating between two nearest metallic neigh-
bors (i.e., geminal) R and R’ in the final helicate (Eqgs. (49)-(51), Figure 66).

The calculation of the statistical factors relies on the use of symmetry
numbers ¢ = ¢®¢'" (Eq. (52), Ercolani et al., 2007), which are easy to
obtain once the point groups of all partners contributing to the assembly
process are at hand (Figure 66).
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FIGURE 66 Thermodynamic modeling of the formation of binuclear triple-stranded
helicates with ligands L11 and L13 in acetonitrile (Piguet et al., 2005). For the sake of
simplicity, the unbound R" cations are systematically considered as tricapped-trigonal
prismatic nine-coordinate solvates.

Ri Ri G[L3]0R[ ORi

O [Ls) =

(52)
iRy (OcHen)

From Egs. (49)—(51), it is trivial to show that the thermodynamic con-
stant characterizing the exchange process in equilibrium (53) only
depends on the product of the ratio of statistical factors, which amounts
to 4, and on the ratio of the Boltzmann factors referring to the various
intermetallic interactions operating in the different complexes (Eq. (54),
Piguet et al., 2005).
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[(R),Lo]° + [(R),Lsf * = 2(R)(RM)L° T KEK (53)

R! R2 (ﬂZ [Lsz) ( K R2)2

u .
, _ 1-2 _ 2
Kexch,bi R1R' ,RZR2 — 4 RIR' R2R2 — 4(”?3(2> (54)
By J[Ls] /3 2,[Ls] Uy Zoly >

In absence of heterometallic  recognition, we  have
AER R2 =1 /Z(IAER R+ AER K 2),  and the mixing rule gives
AE““XZ — AEKR (AER R+ AER R)/2=0 (Borkovec et al, 2004).
Introducmg umlx = exp(— AE“‘D‘2 /RT) 1in Eq. (54) eventually confirms
that foch bi —4 under pure statistical conditions, which translates into a
1:2:1 binomial distribution for the complexes [(Rl)z(Lk)3]6+ (25%), [(RY)
(R*)(Lk)31°" (50%), and [(R?)»(Lk)3]®" (25%) at the stoichiometric ratio
Rt [R¥or : [Llir = 1:1:3. A thorough investigation of equilibrium
(53) for 11 different R'/R? lanthanide pairs with ligand L13" leading to
two identical NgO3; nonadentate cavities in the virtual (L13b)3 molecule,
indeed demonstrates that the mixing rule with AETX, = 0 is systemati-
cally obeyed (focﬁ i =4.0(3), Zeckert et al., 2004), Wthh implies no spe-
cific heterometallic recognition. The same trend is observed for ligand L11
with the La™/Eu™ pair, but KeLfCE“LH =1.2is found for the La™/Lu™ pair,
which indicates some deviations from statistical distribution with an
approximate 1:1:1 speciation (i.e., [(Lax(L11)5]®" (32.5%), [LaLu(L11)3]°*
(35%) and [Lup(L11);]°" (32.5%)) at the stoichiometric ratio
Rt : [R¥or ¢ [Llior = 1:1: 3 (Piguet et al., 1993c). This trend has been
tentatively assigned to a change in the affinity of the Ny site for the smaller
lanthanide due to unfavorable intramolecular interstrand packing, which
specifically affects f* in [LaLu(L11) )s1°F ( fLu L)y and [Lun(L11)3]*

(fIEI“(Lu) In these condltlons, Kl“fcﬁii depends on the specific affinities

fLu T2 fLu (Lu) (Eq. (55)), and no unambiguous assignment either to a

change in local affinities, or to a change in intermetallic interaction can be
proposed (Piguet et al., 1993c; Piguet et al., 2005).

La,Lu 2 Lu(La)\ 2 La,Luy2
Klalu (Bojing)” o DN (125) (55)
exch,L11 = pla,la pLulLu Lu(Lu) La,LauLu,Lu
2,[L113]P2,[L115] N 1-2M1 2

Whatever the origin of this recognition effect is, it can be arbitrarily
attributed to the sole effect of changes in intermetallic interactions. Intro-
ducing K;?C?LH =12 in Eq. (54) gives u"X,=0.547 and
AEMX, =15 KJ mol_ , a value much smaller than thermal energy
RT = 25 k] mol ' at room temperature, which slightly disfavors the
formation of the heterometallic [LaLu(L11)5]°" helicate.
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4.1.2 Polynuclear helicates
The extension of this approach to the heterobimetallic trinuclear helicates
[(RMH(R?);_(L28)5]°" has to take into account the formation of a total of
six microspecies contributing to four macrospecies (Egs.(56)—(61) in
Figure 67, Floquet et al., 2004).

The exchange process between these macrospecies (equilibrium (62))
can be modeled with Eq. (63).

L28

PEI3 =396 (1%) (o) (6™ ully™ (56)

R®R',R' R.R' RR? R?

Poutzs) = 792‘(fN%203)4(f’\fg) '(fN,Z‘oa)' Ui ~Uip - U1H_13’ (57)
#5137 = 306 (W) (WBoo) - (us™ - us” (58)
e (M PP o

R®R%R' R? R?\ (R R%L,R2  R\R? R'R?
B3lizg] =792'(fNSOS)'(fNQ)'(fNGOS)'u1—2 Ui U3 (60)

BT =396 () (REos)*-(ufs™) ufy™ o1

[R3(L28)5]%+

FIGURE 67 Self-assembly of the polynuclear triple-stranded helicates [Rs(L28);]°"
in acetonitrile and associated site-binding model for their formation constants
(Floquet et al,, 2004); f§ and f{ o, are the microscopic affinities of R" for the Ny

and NgO; sites, respectively, and AER®, = —RT In(u} %) represents the intramolecular
intermetallic interaction between two nearest neighbors, while AER *; = —RT In(uf *,)

holds for related interaction between the terminal cations. The final helicates corre-
spond to the X-ray crystal structure of [Eus(L28);]°" (Floquet et al., 2003).
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[(R)3(L28)3]" * + [(R?)5(L28),]" * = [(R"),(R?)(L28),]" *

9 R!.R? (62)
+ [(RD)(R?),(L28)3]" " Kol
Rl Rl RZ Rl RZ Rl RZ Rl RZ R2 RZ Rl
Rl R2 30 L283] BS [L283 ﬂ3 [L283 BS [L283
exchtri — R!R!R! ,R? R2 R2 (63)
3,[L285] Ps, J[L283)

The subsequent introduction of Egs. (56)-(61) into Eq. (63) eventually
gives an intricate mathematical expression because the additive contribu-
tions of the microspecies belonging to the same macrospecies prevent
simplification. The equilibrium constant KexCh i thus depends on all
microscopic parameters used to model the formation of the microspecies.
However, a statistical value of K(Ijxcﬁ i =9 can be obtained if (i) the abso-
lute affmltles of the No and N603 sites do not vary along the lanthanide
series ( ng f and fN603 fN(,O ) and (ii) the intermetallic interactions
also do not depend on the —involved lanthanide pair
(AER R = AER'® = AERR and AERR, = AER'F = AEF'F) In these
conditions, reaction of lanthamde cations with the ligand L28 in a
[R' ot : [R¥,o : [L28],, = 1:1:2 stoichiometric ratio is expected to give
the binomial distribution 1:3:3:1 for the macrospecies [(RY5(L28)5]°T,
[(R)>(R*)(L28)3]7F, [(R")(R?)>(L28)5]"", and [(R")3(L28)3]"* (Floquet et al.,
2004). Because of the latter demanding requlrements, it is not so
surprising that the experimental values 13 <K exch 12g <122 found for
nine different R'/R* lanthanide pairs with L28 in acetonitrile do not
match the statistical distribution (Floquet et al.,, 2004). However, it is
sufficient to cons1der that the absolute affinities vary along the lanthanide
series ( ng # f and fN503 # fNﬁo ) to obtain a good agreement between
theoretical (Eq (63)) and experimental data, which indicates that
AEP™, =0 kJ mol~ ! and AEF"™,; =0 k] mol . In conclusion, the linear
succession of N¢O; and Ny sites in the triple-stranded helicates
[R5(L28)5]°" does not evidence intermetallic recognition between pairs
of lanthanides. The minute selectivity arises from minor difference in
the absolute affinities of the NsO3 and Np sites along the lanthanide series
(Floquet et al., 2004).

The tetranuclear homologue [(RM(R?)4_(L29)5]"*" offers a tricky
challenge since the reaction of L29 with a R'/R? pair of lanthanides
produces 10 microspecies contributing to 5 macrospecies, and only the
La/Lu pair has been investigated (Figure 68, Dalla Favera et al., 2007).

The adequate exchange process (equilibrium (64)), for which the
site-binding model (Eq. (65)) predicts a statistical value of
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FIGURE 68 Self-assembly of the tetranuclear homo- and heterobimetallic triple-
stranded helicates [La,Lu,_,(L29);]'>" showing the possible micro- and macrospecies
(Dalla Favera et al., 2007).
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(ﬂLa.Lu.Lu,Lu + ﬂLu‘La,Lu‘Lu)Z( La,La,Lu,Lu + ’BLa‘Lu.La‘Lu + ﬂLa.Lu,Lu‘La + ﬁLu,La.La‘LU)Z

Kl 4,[L295] 4,[L293] 4,[L295] 4,[L295] 4[L29] 4,[L295]
exch,L29 — (ﬁLa,La,La,La)S (ﬁLu,Lu.Lu,Lu)S
4,[L295) 4,[L295]

La,La,La,Lu La,LaLulLa\2
(Bylizgy "+ Baliaey )

1
(65)

The minor variation of the absolute affinities of the two different sites
for R=La and R = Lu (4@ # A" and fi, # fi,) is responsible for an
increase in K%', by a factor 2.8 from the statistics (K. C‘Efug =10**), but

the experimental values K;f C‘}L:’LZQ =10%° can be only reproduced with the
explicit consideration of intermetallic recognition

AEMS = AEP" — (AEY*Y® + AEY")")/2=—2.0 k] mol ™! favoring the
formation of adjacent La/Lu pairs in the final helicates. It is difficult to
assign an unambiguous origin to such small effects, but we notice that
their existence relies on the connection of two adjacent polyaromatic Ng
sites  in  [LaLu,_(L11):]°" (AEP¥ =15 kJ mol™') and in
[La,Luy_(L29)5]"*" (AEPS = — 2 k] mol ') (Dalla Favera et al., 2007).

4.2 Nonaxial polytopic receptors: Statistical
distributions and deviations

The heterobitopic Cs-symmetrical ligands L30 and L31 (Figure 48) have
been designed for emphasizing the changes in absolute metal-ligand
affinities via the formation of very different coordination sites in
the binuclear heterometallic helicates HHH-[(R).(R?),_,(L30)5]°",
HHT-[(RY)«(R%)>«(L30)3]"", HHH-[(R')(R"), (L31-H)s*", and HHT-
[(RY)+(R*),_(L31-H)3]>" (André et al., 2002, 2004; Jensen et al., 2006,
2008). The existence of the facile HHH < HHT isomerization process
(Figure 69A) produces eight microspecies (Egs. (66)—(73), Figure 69B)

A (16)
00> QO

RLRIL _ gR,A/L /ﬁHi,H/,L

HHT-[Ry(L)5]6* Kiso T F2,[HHH-L3] 72, [HHT-Ly) HHH-[R,(L)5]6+
AR !
BTy H —-2R _QR“ﬁQ ['ELH,LS]
HHT-[Ly] K'so= B/ Brmr HHHHL]

FIGURE 69 Continued
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B
+2R1(CHyCN)y —— IEI +18 CHyCN

[HHT-Lg] HHT-{(R"),L]6*
ﬁg[HHTL]_SG R By (66)
+2R2(CHLCN)y —— +18 CH,CN
[HHT-Lg] HHT-[(R?),Lg]8+
2 p2 2 R2

ﬂz’?[l-’lfIT-Ls] =365 B ufl " (67)

AYCHCN)y +18 CHyCN
" R(CH,ON)y ~—— © @ 3
[HHT-Lg) HHT-[(R2)(R")LaJ6+

R2,R1 1 R2
BatirLy= 36 R 1B R (68)

R'(CHsCN)g —
* RR(CHON)y +18 CH,CN
[HHT-Lg)] HHT-[(R")(R2)Lg]®*

R,R2 1 12
ﬂz,[HHT_L3]=364fAH-f uflF (69)

O O|+2R'(CHCN)y =— | @ @ | + 18 CHCN
[HHH-Lg] HHH-{(R")oL ]+

RLA! R
BatfiTL = (Kiso /Klso) Bay IHHT-Lg  (70)

O O |+ 2R2CHLCN)y —| @ @ | + 18 CHCN

[HHH-Ly] HHH-{(R?),Lolo+
R2,R? R2,R?L R2,R2
B2 [HHH- LS]*(Kuso /Kuso)ﬁz HAT-Ly  (71)

@+ gnggm — @j. +18 CHCN
[HHH—LS] HHH-[(R?)(R")Lg]e*

R2,R!
ﬂz [HHH L= (Klso /KISD) Ba - Lyl (72)

R1(CHsCN)g ——>
+ 3UN)g + 18 CH;CN
R2(CH,CN)g < ¢

[HHH-L3] HHH-[(H1)(H2)L3]6+

IBZ [HHH Lal = (KISD /KISD) ﬂz HHT Lgl (73)

FIGURE 69 Thermodynamic modeling of the formation of the eight microspecies
contributing to the binuclear triple-stranded helicates [(R"),(R?),_,Ls]®" in acetonitrile
(L is a nonaxial ligand). (A) HHT < HHH isomerization process (Eq. (16)) and thermody-
namic cycle and (B) complexation reactions. For the sake of simplicity, the unbound
R" cations are systematically considered as tricapped-trigonal prismatic
nine-coordinate solvates.
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contributing to the three macrospecies characterizing the exchange
process of bimetallic binuclear helicates (equilibrium (53)).
The 1ntroduct1on of Egs. (66)-(73) into Eq. (54) glves Eq (74) which

R2 2
R
reduces to Kexch b = 4 if the1 absol}ltf aff1n1t12es (fR' = R, fRY — £R*) inter-
R R' R
metallic interactions (upin = Uppe = Uigy) and 1somerlzat10n process
R'R'L R*R’L _ pR'R2L _ pR2R'L
(Ko =~ =Koy 7 =Ky 7 =K ) donot vary along the lanthanide
series.

( R2 R! ])2

Rl R? ﬁz HHH L] T ﬁz HHH 1t ﬁz [HHT L] T B, 2,[HHT-Ls

exchbi — R1 R R! R! R2 R2 Rz R2
( 2,[HHH Ls] + ﬁz [HHT—-Ls] )(ﬁz,[HHH Ls] + ﬂz [HHT- L3)

(74)

Although this complete derivation has not been previously published, it
fully justifies the intuitive proposal of the formation of 50% of the bimetallic
macrospecies [(RYRL]°" for a stoichiometric ratio
Rt : [R¥or : [L]iot = 1:1:3 in absence of specific recognition of the
metal ions (André et al., 2002). Interestingly, thorough studies of the distri-
bution of the various macrospecies for different R'/R*> pairs with
the ligands L30? (André et al., 2004), L30™* (Jensen et al., 2006), and L30%*
(Jensen et al., 2008) show a systematic increase in the quantlty of bimetallic
complex upon increasing Ar; ,, whereby Ari 5 = |rR' — K| is the difference
in size between the two ionic radii of the lanthanides (Figure 70).

When we combine the latter trend with the observation of statistical
distributions for all ligands, except L30P, for Ar15 <2 pm (Figure 70), we
can tentatively assign a large part of the deviation from statistics to
changes in the absolute affinities of the different sites along the lanthanide
series. In the most favorable case, the bimetallic [LaLu(L30%)3]°" complex
accounts for 90% of the distribution of the microspecies. Moreover, NMR
data and X-ray crystal structures unambiguously establish that the macro-
species HHH-[(R")(R?*)(L30)5]®" with the smallest lanthanide occupying
the NgOj site largely dominates the distribution of this bimetallic macro-
species. Since KRR also affects Ki: éﬁ.zbi (Eq. (74)), it is not so surprising
that an experimental correlation has been evidenced between these two
processes, which has been empirically expressed in Jensen et al. (2008) as

the favored formation of bimetallic complexes (Kf:éﬁfbi >4) for ligands

showing a preference for HHH isomer (KﬁOR L)

4.3 Solid state and solution structures

In view of the minute values of the mixing energies
|AER>,| <2.0 k] mol™ ' associated with the recognition of the La/Lu
pairs in triple-stranded helicates with the C,-symmetrical ligands L11,
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FIGURE 70 Percentage of bimetallic [(R")(R?)(L30);]*" complexes in acetonitrile
(adapted from Jensen et al., 2008).

L13, L28, and L29, the preparation of pure bimetallic complexes in solu-
tion almost entirely relies on the judicious tuning of the affinities of the
various binding sites for given lanthanide ions, combined with entropic
driving forces associated with the use of specific stoichiometric R':R*L
ratios. The thermodynamic study of the formation of the homometallic
trinuclear helicates with ligand L28 indicates that the La/Eu pair is
particularly favorable and 48% of the Ds-symmetrical [EuLaEu(L28);]°"
microspecies is expected (shortly termed EuLaEu), and indeed observed
in acetonitrile upon reaction of L28 (10 mM) with La"™ and Eu™ in a La:Eu:
L28 =1:2:3 ratio (Floquet et al., 2004). EuEuEu (23%), LaLaEu (19%),
LaEuEu (8%), and Lalala+LaEuLa (2%) complete the speciation in
solution. Crystallization of this mixture produces X-ray quality crystals
of empirical formulae [Lag 9sEus 04(L28)3](CF3503)9 and whose molecular
structure of the cationic triple-stranded helicate is almost superimposable
with that of [Eus(L28)5]°", except for a significant expansion of the R-N
bonds in the central Ny coordination site (Figure 71, Floquet et al., 2004).

Refinements of the diffraction data with adjustable population para-
meters show that the terminal N¢Oj sites contain 90% of Eu™ and 10% of
La'!, while the central Ny site accommodates 74% of La'l and 26% of Eu'™.
Further high-resolution emission spectra using Eu'" as a probe (see next
section) demonstrate that these global population parameters indeed
correspond to the cocrystallization of EuLaEu (54%), LaLaEu (20%) and
EuEuEu (26%), a distribution in the solid state which closely matches the
speciation found in the original solution. Finally, paramagnetic 'H NMR
data collected for EulaEu, YbLaYb, LuNdLu, and LuEulLu confirm
the formation of Dz-symmetrical triple-stranded helicates in solution,
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FIGURE 71 Optimized superimposition of the molecular structures of [EuLaEu(L28);]°"
and [Eus(L28);]° " viewed perpendicular to the pseudo-Cs-axis (adapted from Floquet
et al, 2004).

for which the crystal structure of [Eus(L28);]°" is a satisfying model.
The same apProach for the tetranuclear bimetallic helicates
[La,Lus_(L29)5]'*" (shortly termed La,Lus_,) leads to a more compli-
cated speciation with considerable spectral overlap because of the coexis-
tence of 10 microspecies possessing either C3- or D3-symmetry (Figure 68,
Dalla Favera et al., 2007). The analysis of the intricate '"H-NMR data
requires multilinear least-squares techniques in order to assign clearly
identified signals to each microspecies (Figure 72A), which eventually
allows a direct access to experimental speciation in solution (Figure 72B).

A nonlinear least-squares fit of the experimental speciation eventually
gives the micro- and macroscopic formation constants collected in
Figure 73 (Dalla Favera et al., 2007).

The parallel global fit of binuclear (L11, L13), trinuclear (L28), and

i

tetranuclear (L29) symmetrical helicates demonstrates that f§ ~ f§ .,
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FIGURE 72 (A) Fitted individual 'H NMR spectra of the 10 microspecies
[La,Lus_,(L29)s]" in the 5—6 ppm range (x = 0—4) and (B) ligand distributions in the
microspecies [La,Lu,_,(L29);]" observed during the titration of L29 with La"' and Lu"'
(x = 0—4, total ligand concentration =10~ 2 M, total metal concentration =133 x 107 2M,

lanthanum mole fractions x,, = [La]/([La]+[Lu]) = 0—1 (adapted from Dalla Favera et al,,
2007).

which limits deviation from statistics to AEP = —2 k] mol™ '. In these
conditions, no attempt has been made to isolate pure bimetallic tetra-
nuclear helicates because of insufficient selectivity. Surprisingly, basically
the same adjacent Ng and NgO; coordination sites produced by the
wrapping of three Cg-symmetrical ligand L30 in HHH-[R,(L30)5]°"
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FIGURE 73 Thermodynamic macro- and microconstants characterizing the formation
of the bimetallic complexes [La,Lu,_,(L29);]'*" (adapted from Dalla Favera et al., 2007).
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produces more encouraging selectivity. According to 'H-NMR data in
acetonitrile solution, the bimetallic [(R')(R?)(L30%)5]°" complexes exist
mainly as the HHH-isomer with the smaller lanthanide located in the
NgO; site (André et al., 2004). X-ray diffraction measurements performed
on crystals of [(R")(R*)(L30%);]°" (R'R*=LaTb, LaEu, PrEr, PrLu; André
et al,, 2004) and [(R")(R?*)(L30;]°" (R'R*=PrLu, NdLu; Jensen et al.,
2006) isolated from thermodynamic mixtures indeed confirm the solution
structures (Figure 74).

However, the limited quality of the refinement of the X-ray data
suggests that some minor scrambling probably occurred, but its quantifi-
cation within different microspecies is beyond the precision of the method
(André et al., 2004). Though no complete thermodynamic analysis is
available for helicates with nonaxial ligands, examination of the mathe-
matical form of Kfjxc’ibi (Eq. (74)) implies that a strong selectivity for
lanthanide pairs only results when f{ # f o, which also induces a
strong dependency on KEL;R]’BO (Eq. (16)). We are thus tempted to con-
clude that the absolute affinities of each adjacent Ny and NgO; site in
Cs-symmetrical HHH-[R,(L30);]°" display a more pronounced depen-
dence on the lanthanide size than their similar counterpart in more
symmetrical D3-symmetrical helicates [Ro(L11)3]®" or [Ro(L13)5]°".
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FIGURE 74 Molecular structure of [NdLu(L30%);]®" (reproduced by permission from
Jensen et al., 2006, © American Chemical Society, 2006).

4.4 Photophysical properties

The isolation of a heterometallic R'/R? pair in a triple-stranded helicate
brings novel photophysical properties, because R' — R* energy transfers
(or reverse R — R' depending on the relative energies of the donor and
acceptor levels) may affect the energy migration processes in the complex
and the final emission output (Figure 75).

Let us focus on the photophysical intermetallic communication kf{17R2
resulting from intramolecular 4f — 4f energy transfer and whose global
efficiency is given in Eq. (75).

et k%tl R?
TRURE T e R ) K

(75)

Assuming that (i) ko> = k&% + kb, = (r;’{'fASRl)fl is identical in the homo-
metallic [(R"),;L;]°" and in the bimetallic [(R')(R*)L3]°" complexes and
(i) the R' — R* energy transfer is the only source of additional deactiva-
tion of the R donor level, the rate transfer constant kf{l_Rz can be easily
deduced from the measurement of the excited state lifetime
(r%ll’vst)fl =k 2 + k%'?s of R! in the bimetallic complex [(RYR?)L;]°F
(Eq. (76)).

ke g = (1005%) T — (t%) (76)
Obviously, the intermetallic energy transfer rate k;tLRZ obeys Fermi’s

golden rule (Eq. (7)). The large intermetallic distances in bimetallic
lanthanide helicates (>9 A) combined with the minute expansion of
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FIGURE 75 Schematic representation of energy absorption, emission, and dissipation
processes in a bimetallic (R', R?) lanthanide complex. F, fluorescence; P, phosphores-
cence; et, energy transfer; r, radiative; nr, nonradiative.

4f-orbitals justify the preponderance of an electrostatic multipolar mech-
anism limited to the d1pole—d1polar interaction, namely Forster’s mecha-
nism described in Eq. (77), where RR' ¥ is the separation between the two
oscillating dipoles, which is assugned to be the intermetallic distance for
4f — 4f energy transfer, and R is the contact distance for 50% energy
transfer (Bilinzli, 1989).

ket obs
et RI.R2 1 TRIRe 1 77)
R e (kgi + ki) + KR e ?{?SRl 1+ (RRURZ/ Rgl e

This approach has been applied to solid-state mixtures of
[Eu,(L11)5]°", [TbEu(L11);5]°", and [sz(L11)3]6+ (Figure 12A), in which
Tb™ acts as the donor (R™F=9 A, Piguet et al., 1993b). The Tb(°Dy)
luminescence decay is indeed biexponential with one long lifetime
corresponding to the emission of [Tby(L11)5]¢" (r"bS =0.66 ms) and one
short lifetime (r%’;sE =0.16 ms) associated with [TbEu(L11)3]6Jr in which
Tb — Eu energy transfer occurs. Concomitantly, the intensity of the Tb
emission decreases sharply while the photophysical properties of the Eu
emission (spectrum and lifetime) are the same as in the homometallic Eu,
helicate. Application of Eqs. (76) and (77) gives kfj,_p, =47 X 10°s™ 1,
N5 gy =76%, and RTb Bu_107 A at 77 K (Piguet et al., 1993b). Alterna-
tively, the 1ntermeta111c distance RR'®* in a structurally noncharacterized
helicate can be estimated from lifetime measurements and Eq. (77),
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assuming that a theoretical value of R} "% can be obtained with Eq. (78)
(Biinzli, 1989), in which ? is an orientation factor having an isotropic limit
of 2/3, Qr is the quantum yield of the donor luminescence in absence of
acceptor (i.e., the R! quantum yield measured in [(RY,L5]°7), n is the
refractive index of the intermetallic medium and ] is the overlap integral
between the emission spectrum of the donor (R') and the absorption
spectrum of the acceptor (R?) in cm®mol ™.

(REF)° = 8.75 x 107 2k2Qen*]  [cm®] (78)

Following this procedure, Lessmann and Horrocks (2000) computed
Rgu’Nd =9.9 A in [EuNd(L32);] which, combined with the determination
of the Eu(®Dy) lifetimes, gave RFuNd_132 A and 74 A in [EuNd(L32%]
and [EuNd(L32);], respectively (Figure 49).

When the triple-stranded helicate contains different adjacent sites as in
[Rx(L30)5]°" (Figure 48) or [R4(L28)s]°" (Figure 67), intermetallic energy
transfers can be already detected in the homometallic complexes because
the excited state of the same metal in different environments is slightly
different. This is demonstrated in HHH-[Eu,(L30%)5]®" (André et al., 2004)
and [Euz(L28)5]°" (Floquet et al., 2003), for which the only Eu-centered
emission detected at room temperature arises from the EuN¢O; sites. At
10 K, a dual emission from both EuNg and EuNgO3 is observed because
both the intramolecular intermetallic EuNg — EuN¢O; energy migration
and the temperature-assisted back transfer to the low-lying MLCT state
become less efficient. Finally, the combination of Eu'"! as a luminescent
probe with closed-shell La™ and Lu™ has been exploited for structurally
and electronically characterizing the different emission sites in [EulLa
(L30%)3]°" (André et al., 2004) and in [EuLaEu(L28)s]°" (Floquet et al.,
2004). The latter is a nice example of the analytical power of the unsplit
5Dy — 7F, transition. The spectrum of the homotrimetallic EuEuEu heli-
cate displays two components arising from the terminal and central sites
(Figure 76); the central site has a smaller quantum yield due to the Ng
coordination environment. The proportion of the integrated emission
intensity of the central site (obtained after decomposition of the band
with Gaussian functions) is F./(F.+ Fy) =0.27, from which the ratio of
the quantum yields can be extracted, Q./Q;= 0.74. Taking this value into
consideration, as well as the experimental F./(F. + F;) ratio of 0.094 for the
heterotrimetallic species EuLaEu, and a suitable model inspired from
NMR data which show that the LaLaEu species accounts for about 20%
in solution, the following composition of the microcrystals can be
extracted: EuLaEu (54%), LaLaEu (20%), and EuEuEu (26%), in excellent
agreement with elemental analysis and X-ray data. That is the microcrys-
tal composition reflects fairly closely the speciation obtained in solution.
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FIGURE 76 °D, — 'Fy transitions of the hetero- (top) and homometallic (bottom)
helicates with L28 and their decomposition into Gaussian functions (redrawn after
Floquet et al, 2004).

5. MODELING THE THERMODYNAMIC
STABILITY OF HELICATES

In both living (Mammen et al., 1998) and inert (Huck et al., 2000; Thalladi
et al., 2002) macroscopic systems, the multicomponent assembly of basic
subunits plays a crucial role for the design of sophisticated organizations
and functions. Replication of this approach at the molecular level is at the
origin of supramolecular chemistry (Lehn, 1988), an aspect of chemistry
which focuses on the combination of molecular building blocks (i.e.,
ligands and metal ions in coordination chemistry) to give complex nano-
scopic architectures (Balzani et al., 2002, 2008; Lehn, 1995, 2007; Stoddart
and Philp, 1996). The mechanical processes operating at the macroscopic
level are controlled by enthalpic changes, which are much more intuitive
than the cohesion of molecular units implying both enthalpic and entropic
contributions. This statement can be illustrated if we consider a single
macroscopic object that can be thrown from a distance and so be ran-
domly distributed between two boxes, one twice the size of the other. The
entropic contribution is simply given by Boltzmann relationship AS =kIn
(2/1)=10"2J K !, which translates into a negligible contribution to the
total energy at room temperature (AE = —TAS = — 2.9 x 10~ *']), which is
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not necessary to take into account for further energetic calculations with
this system. At the molecular level, the huge amount of particles
contained in an acceptable macroscopic quantity such as one mole
(Ns = 6.02 x 10 molecules mol ™) produces an entropic contribution
of AS=kIn(2V¥») =RIn(2)=58 JK !, which gives AE=-TAS =
—1.73 kJ mol~ ! at room temperature; a substantial and far from negligible
contribution (Smith, 2004). Consequently, the rationalization of multi-
component helicate self-assembly requires an adequate modeling of
the total free energy changes AG=AH —TAS occurring in solution.
Since the number of independent components is only two for homome-
tallic helicates (the metal M and the ligand L) or three for bimetallic
helicates (two metals M!, M? and a ligand L), these molecular edifices
can serve as simple basic systems for the development of new thermody-
namic tools in coordination and metallosupramolecular chemistry
(Elhabiri and Albrecht-Gary, 2008; Elhabiri et al., 2004a; Fatin-Rouge
et al., 2001, Hamacek et al., 2003, 2006; Pfeil and Lehn, 1992; Piguet
et al., 2005).

5.1 Theoretical model for intermolecular connections:
The site-binding model

The successive intermolecular connections of metal ions to a single multi-
site receptor represents the prototype of basic complexation processes. Its
thermodynamic modeling is firmly established since the beginning of the
twentieth century (Hill, 1910) and is often referred to as the protein—
ligand model because of its widespread use in biology and biochemistry
(Ben-Naim, 1998; Perlmutter-Hayman, 1986; van Holde, 1985). This addi-
tive free energy model has been recently formulated by introducing
statistical mechanics in the site-binding model for the successive fixations
of protons onto polyelectrolytes (Koper and Borkovec, 2001), and further
extended for unraveling the fixation of metal ions onto a single ligand
strand (Borkovec et al., 2004). Let us focus on the most simple case of the
successive intermolecular connection of m trivalent lanthanide ions R to a
preorganized receptor L possessing m binding sites (equilibrium (79),
Figure 77).
L+ mR* = [R, Lt (79)
The total free energy change associated with equilibrium (79) is given
by the sum of the individual free energies of connection of R to the
m
—RTY In(f}) modulated by the sum
i1
of the intramolecular intermetallic interactions given by

different binding sites AG

0 —
conn.,tot ~
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FIGURE 77 Thermodynamic protein—ligand model adapted for the successive inter-
molecular connections of metal ions to a one-dimensional multisite receptor (adapted
from Piguet et al., 2005). f} is the absolute affinity of site i for the entering lanthanide R,
and AER is the intramolecular intermetallic interaction between two nearest
neighbors.

AGtOt = Z AElf R ,, if we restrict these interactions to the nearest
i<j
neighbors (Eq. (80), Koper and Borkovec, 2001). Note that the notation
of the last sum has been simplified; it should really be written as
RR _ Ri.R; e L .
AGy; = Z AE;";"; such simplified notation is used throughout in the
i<j=2
following developments. However, depending on the symmetry of the
reactants and products of the assembly process, several microspecies of
the same energy contribute to the macrospecies, and this non-negligible

entropic contribution is introduced as an additional statistical factor
AGY = —RTIn(wj}) (Eq. (81), Benson, 1958, 1976).

AGy = —RTIn(B}) = —RTIn(e RTZ In(£f) + Y " AEYS  (80)

m1
i<j

Since the formation constants are easily accessible in chemistry, the
standard vant "Hoff isotherm transforms Eq. (80) into Eq. (81), whereby
ulR — e=AEY/RT i often referred to as the Boltzmann factor of
intermetallic interaction (Koper and Borkovec, 2001).
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Rt = HszHe*AE“z/” = Hf,RHu (81)

l<] l<]

Surprisingly, one of the major difficulties encountered when applying
this model in coordination chemistry is connected with the calculation of
reliable statistical factors. Two parallel methods have been developed by
using either the symmetry numbers of the molecules or the direct count of
the microspecies formed in the reactants and products (Ercolani et al.,
2007). Both techniques converge to the same result, but the symmetry
number method, though less intuitive, is easier to handle and we will
limit our discussion to this technique. According to Benson (1976), the
symmetry number ¢ of a molecule affects its rotational entropy by a factor
—Rln(a) Consequently, the statistical contribution to the stability con-
stant 4 of equilibrium (79) is given by the ratio of the symmetry
numbers of the reactants and products (Eq. (82)).

oYM gL
i = (6% (82)

Each factor ¢ is itself the product of the external (cex) and internal
(0int) symmetry numbers. The external symmetry number corresponds to
the number of different but indistinguishable atomic arrangements that
can be obtained by rotating a given molecule as a whole. It thus only
considers symmetry operations of the first kind (that is not involving an
inversion center or a symmetry plane) and it is found in practice by
multiplying the order of the independent simple rotation axes of the
point group to which the molecule belongs (axes of infinite orders are
not considered because they do not generate different atomic arrange-
ments). For instance, the tricapped-trigonal prismatic solvate [R
(CH3CN)o*" of Dsp-symmetry contains two types of independent rota-
tional axes of the first kind: one twofold axis and one threefold axis,
thus leading to gexy =2 x 3 =6 (Table 11).

The internal symmetry number oy, is similarly defined as the number
of different but indistinguishable atomic arrangements that can be
obtained by internal rotation about single bonds. The contribution of gin;
in a self-assembly process is nonzero only when internal rotations of the
components are either blocked or released during the chemical transfor-
mation. The most straightforward application of the site-binding model
(Eq. (81)) to lanthanide assembly concerns the successive fixation of Eu'™
to [L13"*~ in water (equilibria (83) and (84), Piguet et al., 2005), the
experimental stability constants of which have been obtained by a combi-
nation of thermodynamic and kinetic studies (Elhabiri et al., 2004a).
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TABLE 11 External symmetry numbers for various
point groups (Ercolani et al., 2007)

Point group Oext

C'l/ Ci/ Csr CooV/ R3 1

Doon 2

Cn/ Cnvz Cnh n

Dnr Dndr Dnh 2n

S, (n even) n/2

Tq 12

On 24

In 60

[L137* + Eu®" = [Eu(L13f)]" g™ =10*% (83)

L1377 + 2Bu®t = [Eup(L139)]*"  pyyH" = 1003 (84)

The modeling with Eq. (81) is trivial (Egs. (85) and (86)) except for the
calculation of the statistical factors. Originally, the trivalent europium
atoms were considered as free cations with R; symmetry and
oM =2 and @y =1 (Figure 78A). A fit of the model (Eqgs. (85)
and (86)) to the experimental data (Egs. (83) and (84)) gave

log(ff,) =3.98 and AE}";" =9.1 k] mol ™' (Piguet et al., 2005).

Eu Ll3f Eu L13f

11 o (85)
Eu, L13f Eu L13f 2 Eu,Eu
2.1 (fNZO) 1-2 (86)

The first microscopic parameter AGY . .ion = —RTIN(f{%)=
—22.7 k] mol ™! refers to the favorable free energy balance between the
desolvation of the components and their binding in the complex to give
one Eu- (L13 ) connection. AEEu U > 0 indicates a repulsive Eu. . .Eu inter-
action in [Euy(L13%]*" and thus the operation of an antlcooperatlve
process for the successive fixation of two Eu™ to (L13 )2_ Obviously,
the explicit consideration of solvated cations [Eu(H;O)s] 3+ changes the

statistical factors (co]fliu3f =12 and ¥ LI _ 36, Figure 78B), which
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FIGURE 78 Calculation of statistical factors by using the method of the symmetry
numbers for equilibrium (83) and (84). (A) The metal ions are considered as nonsolvated
species and (B) the metal ions are considered as nine-coordinate tricapped-trigonal
prismatic solvates.

consequently slightly affects the fitted R-ligand affinity log(ff,) = 3.20,
but does not alter AE;™™' =9.1 k] mol ™ *.

To extend the use of the site-binding model for the assembly of
lanthanide triple-stranded helicates, it is necessary to consider the three
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wrapped strands as a virtual preorganized Dz-symmetrical molecular
box, as exemplified for [(L13Y;] in Figure 79. In these conditions, the
global complexation process described by equilibrium (87) (path i in
Figure 79A) can be partitioned into a first assembly process providing
the virtual preorganized receptor [(L13Y;] (equilibrium (88)) followed by
purely intermolecular complexation of R™ (equilibrium (89), path ii in

A LNN

N=

\\

(i)

L13b
preorg
/—N N—\
)+ S
‘3+
[(L13R)g]
R,L13b
() | AG=-RTIn(g3 )
+
2‘3+
AGcomplex
[Ro(L13b)5]6+
B Binding sites: NgO3 NgO3
OO
Absolute affinities : fugos Reos”

. RR RA
Interaction: uy”p=e2E1-2/RT

FIGURE 79 (A) Formation and solution structures of [R,(L13%);]°" showing the
complete assembly process (AGy, path i), and its partition into one virtual preorganiza-
tion step (AGpreorg) followed by intermolecular complexation (AGcomplex, Path ii).

(B) Associated thermodynamic site-binding model.
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Figure 79A), which can be easily modeled with the site-binding model
(Eq. (81), Hamacek et al., 2006).

3L13° + 2R* = [Ry(L13"), o+ ‘BR L13b 87)

3113 = (L13%), e ACkmos/RT (88)

[(L13P),] + 2R* = [Ry(L13P),]°" e ACeompex/RT (89)

AGpreorg is difficult to assess, but it similarly affects any complex of a

given family derived from the same [(L13%);] box. In these conditions,
AGpreorg corresponds to a translation of the zero-level of the free energy of
formation, and it can be arbitrarily set to AGpreorg = 0. Apphcatlon of the
site-binding model is then straightforward by using [(L13");] as a pre-
organized D;-symmetrical receptor contamm’g two N¢O3 binding sites
characterized by absolute affinities fN 0y AEY" being the usual intramo-
lecular intermetallic interaction (Flgure 79B) The two experimental
stability constants respecting these conditions (equilibria (90) and (91))
have thus been fitted to the model (Egs. (92) and (93)) along the lanthanide
series (Table 8) to give log(ff ,) and AE, ®R, collected in Figure 80 (R**
were considered as nonsolvated cations of R; symmetry, Zeckert et al.,
2004).

[(L13%),] + R** = [R(L13%)," 3™ (90)
[(L13%),] + 2R*" = [Ry(L13°),]°" By -L13b (91)
T =28 o, (92)

31 = (A8 0, (93)

The scattered data and highly correlated parameters are mathemati-
cally reliable, but phys1cally meaningless because two microscopic para-
meters f 5, and AEYR are fitted to experimental data (i.e., including
uncertamtles) via exactly two equations (Egs. (92) and (93)). To overcome
this limitation, equilibria (90) and (91) have been simultaneously consid-
ered for a palr of lanthamde R'/R?, thus leadmg to four equations for four
parameters (fN s’ fN603 AEf 5 , and AE{{ 5 ) together with one additional
equilibrium (94) corresponding to the formation of the bimetallic helicate
modeled with Eq. (95).
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FIGURE 80 (A) Computed absolute affinities for the terminal sites (log(fy o, )) and
(B) intermetallic interaction parameters (AEffz) in the triple-stranded bimetallic heli-
cates [R,(L13%);]°" as a function of the inverse of nine-coordinate ionic radii (fit of
Egs. (92) and (93)) (adapted from Zeckert et al., 2004).

[(L18%);] + (R')™ + (R = [(R)(R)(L13)] g (94)
),Rl,RZ,LBb_Z Rl R2 _ R'.R? 95
P23 = 2fN,0./N;0s H1 22 (95)

The demonstration that no intermetallic recognition occurs and that
the mixing rule AERR =1/2(AER Y + AEFYK)  is obeyed
(foéﬁ’];iLBb =4.0(3), Eq. (54), Section 4) for 11 R'/R? pairs obtained from
R=La, Nd, Sm, Eu, Yb, Lu, and Y limits the number of microscopic
parameters to four for a total of five experimentally accessible stability
constants. Absolute affinities and intermetallic interactions can be then
obtained with large, but physically meaningful uncertainties (Figure 81,
Zeckert et al., 2004). The arbitrary value of AGpreorg =0, which fixes
the zero-point energy, prevents a physical inte}‘zpretation of the absolute
values of AG cction = —RTIN(ff (5,) and AERE, but the relative trends
along the series can be analyzed. According to Figure 81, we deduce that
the N¢O; binding site is optimum for midrange R™" and that the interme-
tallic interaction is systematically repulsive (i.e., anticooperative) and
roughly constant along the complete series (Zeckert et al., 2004). The
same approach has been applied for the virtual preorganized receptor
[(L28)5] in the self-assembly of the trinuclear helicates [R5(L28)5]°", which
possess two different nine-coordinate Ng and NgO; binding sites
(Figure 82, Floquet et al., 2003, 2004; Zeckert et al.,, 2004). Since
two stability constants f35>° and fi5>° for homometallic complexes,
together with two macroscopic constants for the bimetallic macrospecies
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FIGURE 81 (A) Computed absolute afflnltles for the terminal sites (log(f,’j o,)) and
(B) intermetallic interaction parameters (AE1 ~,) in the triple-stranded bimetallic
helicates [R,(L13%);]°" as a function of the inverse of nine-coordinate ionic radii

(fit of Eqgs. (92), (93), and (95) for 11 R'/R? pairs) (adapted from Zeckert et al., 2004).

[(RY)»(R?)(L28)5]°" and [(R')(R?),(L28)5]°" meet the conditions of their
formation from the preorganized [(L28);] box (Table 9), any R'/R* pair
provides six stability constants. Thls is, however not sufficient for fitting
a minimal set of six parameters fN603 fN603 f f ER R 5, and AER )
even if we assume that (i) long-range 1ntermetalhc 1nteractions are
neglected (AElf’lf3:0) and (ii) the mixing rule is obeyed (AET™,=0,
Eq. (63), Section 4). An attempt to overcome this limitation considers

that (i) AG;%g’})’rg AGyiee =0 and (i) the six adjustable microscopic

parameters are identical for the two [(L13%);] and [(L28);] preorganized
boxes. Under these debatable hypotheses (particularly point i, Hamacek
et al., 2006), a total of 11 experimental stability constants (5 for the
binuclear and 6 for the trinuclear helicates) are then available for fitting
the six parameters shown in Figure 82 (Zeckert et al., 2004).

Interestingly, the absolute affinities of the NgO; and Ny sites are
comparable in magnitude, but with a slightly different trend along the
lanthanide series (Figure 83). The short-range intermetallic interactions
remain repulsive and roughly constant along the series. Whatever the
quality of the hypotheses leading to this result, it is clear that the site-
binding model has reached its limits for describing the assembly of
polynuclear helicates and more fundamental thermodynamic concepts
are required for avoiding the need of a virtual preorganized receptor, to
which metal ions are attached through “intermolecular” bonds. It is,
however, worth noting that the simple site-binding model is well-adapted
for the rationalization of metal exchange processes occurring in hetero-
metallic triple-stranded helicates (equilibria (53), (62), and (64)), because
only saturated complexes participate to the equilibria, which automati-
cally agrees with the consideration of pure intermolecular binding
processes (see Section 4).
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FIGURE 82 (A) Formation and solution structures of [Rs(L28);]° " showing the complete
assembly process (AG;, path i), and its partition into one virtual preorganization step
(AGpreorg) followed by intermolecular complexation (AGcomplex Path ii). (B) Associated
thermodynamic site-binding model.

5.2 Mixing intra- and intermolecular connections:
The extended site-binding model

Let us consider the fixation of a bidentate ligand to a single metal as
depicted in Figure 84. The first step simply corresponds to a standard
intermolecular binding process modeled by a statistical factor and an
absolute intermolecular affinity 3L according to the site-binding model
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FIGURE 83 (A) Computed absolute affinities for the binding sites (log(f{ o, ) in black
and log(f{}) in red) and (B) intermetallic interaction parameters (AEFR ) in the triple-
stranded helicates [Ry(L13%)5]°" and [R;(L28)]°* as a function of the inverse of nine-
coordinate ionic radii (adapted from Zeckert et al., 2004).

(Eq. (81)). However, the second step is slightly different because the
entering donor atom on the ligand is mechanically coupled to the
first binding site, already bound to the metal ion. Both enthalpic and
entropic contributions to the free energy of connection of the second site
are modified and a global correction term, often referred to as the effective
concentration ¢*, is used for correlating inter- and intramolecular pro-
cesses (Eq. (96), Ercolani, 2006; Flory et al., 1976; Fyles and Tong, 2007;
Gargano et al., 2001; Jacobson and Stockmayer, 1950; Jencks, 1981; Kuhn,
1934; Winnik, 1981; Figure 84).

_RTln(Ceff) — AGMAin’tra _ AGM,inter — _RT ln(fM,int'ra) + RTIn(fM,inter)

connection connection — site site

(96)

Even if we consider that the chain of atoms connecting the two binding
site of the ligand is long and flexible enough to produce no additional

strain during the intramolecular connection (AHMM. —— AFMNter )
the entropic contribution of the two processes will be different because
the degrees of freedoms of the second binding site of the ligand to reach
an available coordination site on the metal is different from that of an
independent ligand molecule. A theoretical approach based on the sys-
tematic Gaussian exploration of the available space by the free end of a
flexible polymeric chain is available (Ercolani, 2006; Gargano et al., 2001;
Kuhn, 1934). It indeed predicts that c*f oc =32, whereby d is the average
length of the chain of atoms connecting the two binding sites of the ligand.
We are now in a position to extend the site-binding model, which is
limited to the assembly of [R,LI’"" edifices (Eq. (79)) possessing m
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FIGURE 84 Intermolecular and intramolecular connection processes operating during
complexation.

intermolecular bonds, toward the rationalization of the formation of
[R,.L,J>"" complexes (Eq. (97)), in which the mn R-ligand bonds are
partitioned between m +n —1 intermolecular and mn-(m+n —1) intra-
molecular connections (Ercolani, 2003).

nL + mR* = [R,L,]>"" B (97)

The total free energy is given in Eq. (98) if we assume that metal-metal
and ligand-ligand interactions do not contribute to the stability of the
final helicate.

AGRY = —RTIn(B))

m+ n—1 mn—m—n + 1 (98)
— —RTIn(wRL) — RT In(ff) =RT > In(fRc™)

111 l’l
i=1

Regrouping the absolute intermolecular affinities followed by appli-
cation of the standard vant’'Hoff isotherm eventually leads to Eq. (99),
which is known as Ercolani’s model (Ercolani, 2003; Hamacek et al., 2006).

—m—n+1

By = on (ﬁ ) () (99)

i=1 i=1

When both fR and ¢ are constant for all inter- and intramolecular
connections in [R,L,]*"", the self-assembly is said to be statistical or
noncooperative (Ercolani, 2003). The initial application of Eq. (99) for
rationalizing the formation of Lehn’s famous helicate [Cus(L1),]>"
(Figure 3), indeed evidenced the occurrence of a noncooperative process
(Ercolani, 2003), despite previous claims for positive cooperativity based
on the erroneous neglect of the separation of intra- and intermolecular
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binding processes (Fatin-Rouge et al., 2001; Garrett et al., 1992; Pfeil and
Lehn, 1992). Any variation of c*" is assigned to changes in preorganization
occurring during the self-assembly process, while change of f} refers to
cooperativity, which can be either positive (fX increases during the
assembly process) or negative (fR decreases during the assembly pro-
cess). The “‘sign” (i.e., positive or negative) of cooperativity for pure
intermolecular assemblies can be easily deduced from the construction
of Langmuir isotherms (Hamacek et al., 2006) or from the more popular
Scatchard or Hill plots (Perlmutter-Hayman, 1986), while a quantitative
assessment of cooperativity requires the estimation of the homocompo-
nent interactions AE®® (n=1 in [R,,L]’"") or AE™" (m =1 in [RL,]*") by
using the site-binding model (Eq. (81)). When both inter- and intramolec-
ular connections occur in [R,,L,]*"", partial Langmuir isotherms are
required to graphically detect cooperativity in Hamacek plots (Hamacek
and Piguet, 2006). A quantitative assessment now requires the simulta-
neous estimation of intermetallic and interligand interactions expressed
as Boltzmann factors in Eq. (100), an equation referred to as the extended
site-binding model (Hamacek et al., 2005a,b, 2006).

mn—m—n + 1

mn
RL _  RL R eff —AERR_JRT —AEXE JRT
Bun = onal I£f 1] @ [Je = [e
=1

1=
mn mn—m—n + 1

i=1 i<j k<l
(100)
_ _RL R eff R,R LL
= wm,nnfi H Ci H ”1—2]:[ Up_»
i=1 i=1 i<j k<l

Application of Eq. (100) to Lehn’s helicate [Cus(L1),]’" and some of its
analogues indeed demonstrates a modest negLative cooperativity, which
disfavors the successive fixation of ligands (AE; 1}; =4(2) k] mol™ ') and of
metals (AE?E%“ =5(3) k] mol ') in solution (Hamacek et al., 2005b). How-
ever, these minute values fully agree with the prior conclusion of non-
cooperativity deduced from the use of Eq. (99) for a partial set of
experimental data.

5.3 Modeling lanthanide helicate self-assembly in solution

Since the application of Eq. (100) may become complicated and tedious
for assembly processes involving a considerable amount of microspecies
(Dalla Favera et al., 2008), we first focus on the self-assembly of the well-
studied binuclear helicate [Euy(L13%)3], in which each macrospecies con-
tains a single microspecies (Figure 58B, Elhabiri et al., 1999, 2004a).
Figure 85 shows the complete set of five thermodynamic equilibria with
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FIGURE 85 Available thermodynamic data characterizing the self-assembly of
[Eu,(L13);] in water (Elhabiri et al., 1999, 2004a). Each tridentate N,O binding site is

considered as a single point connector.
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associated stability constants, statistical factors and extended site-binding
equations, required for satisfying the multilinear least-squares fit of the
four pertinent microscopic parameters collected in Table 12. The two
initial complexation steps leading to [Eu(L13%)]" (Eq. (83)) and
[Euy(L13%)]*" (Eq. (84)) strictly involve intermolecular connection pro-
cesses and the extended site-binding model reduces here to the original
site-binding model. The formation of [Eu(L13f)2 (Eq. (101)) still corre-
sponds to a pure mtermolecular mechanism, but it introduces the inter-
ligand parameter AE;"" ,, which is assumed to operate when two bmdmg
units are coordmated to the same metal. The next complex [Euy(L13 17"
(Eq. (102)) involves the formation of the first metallomacrocycle resulting
from an intramolecular binding event.

Finally the fixation of the third ligand to give [Euy(L13%)5] further
involves an intramolecular connection leadm? to a macrobicyclic complex
(Eq. (103)). It is worth noting that [Euy(L13%);] is a chiral molecule (D5
point group), which exists at equilibrium as a racemic mixture. Its sym-
metry number must be divided by two to account for the entropy of
mixing of the two enantiomers (Figure 85, Ercolani et al., 2007).

Despite the large uncertainties induced by (i) the very limited number
of available stability constants (five constants for fitting four microscopic
parameters) and (ii) the use of kinetic data for estimating some thermo-
dynamic constants, we conclude that the assembly of [Eu,,(L13f),,]®"~ 2"+
complexes is characterized by a favorable connection of Eu'" to the N,O
site (including desolvation), a negligible preorganization, which does not
significantly favor intramolecular connection processes, and two opposite
contributions to the global cooperativity. The successive binding of
ligands to the same metal ion is favorable (A ]EL L - ,<0), while the succes-
sive fllhng of two adjacent N,O sites w1th Eu"™ is unfavorable
(AEEu > 0). To improve the quality and reliability of the fitting process,
a larger number of experimental thermodynamic constants is required,
while limiting the number of microscopic thermodynamic descriptors.
This can be obtained with the combination of the thermodynamic data
collected for the assemblies of a series of closely related helicates such as

TABLE 12  Fitted thermodynamic parameters for the formation of [Eu,,(L13f),]®™ 2"
complexes in water at 298 K and pH 6.15 (Hamacek et al., 2005b)

Parameters Free energies k) mol ™!
log(fo) 3.7(4) = AG mmection —212)
log(ciff 2) 0.3(1.5) = AGnta —2(8)
log () 0.7(7) = AETY, —4(3)
log(uy"s™) —2.4(1.0) = AEFF 14(6)
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[Eu,,(L11), 1", [Eu,(L13%), 17", [Eu,(L28),]"", and [Eu,(L29),]>"*
(Tables 8 and 9). Assuming the following reasonable simplifications:

LL RR . 1 . .
(1) f8 o, f8,, ur5, and u;7, are identical in all microspecies.

(2) Elf 131 oxd™! in agreement with Coulomb’s law, which allows the
estimation of lon ég range intermetallic interactions AEf 12 = Ef R2 /2
and AEIFIZ = AE] R/3 in linear helicates (d is the intermetallic
distance).

(3) &5 ocd™3? in agreement with Kuhn’s theory for nonconstrained
polymers (Kuhn, 1934), which allows the estimation of long-range

macrocyclization processes ¢, = ¢, /2%2 and ¢, = c¢ff, /392,

we obtain 13 available macroconstants by using the extended site-binding
model (Egs. (104)—(116)) corresponding to 13 macrospecies. The 17 con-
tributing microspecies (with adapted statistical factors) are shown in
Figure 86 (binuclear helicates), Figure 87 (trinuclear helicates), and
Figure 88 (tetranuclear helicates).

T = 48(f8 ) (ury) (104)

ot = 144 (R ) ) () (e5%,) (105)

= 96(£8) (k) () (5,)? (106)

31 = 144(fR OV )P () (e5) (107)

By =32(f o) (uihy)? (108)

Baa'® = 96(fR 0)° (1 ")° ()¢5, )? (109)
M2 = B () + By (et) + A3 (cctett)

:96(szo) (”1L2)6<”1’2> (Cﬁffz/zs/z)z (110)

+ 768(f£20)3 0153)3<”%l2> (”1i2)(C€13ff2)2
02 = 8648 o) (FR )2 ()P (i gy (c5,)? (111)

3320 = 576(fif o) (F8,) (ury)” (uE 5y (e ) (112)
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Microconstants Structures Point groups el @itk

FIGURE 86 Schematic structures, symmetries, and statistical factors for [R,(Lk),]*™"
(k=T11,13b) microspecies.
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FIGURE 87 Schematic structures, symmetries, and statistical factors for [R,,(L28),]"""
microspecies.
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FIGURE 88 Schematic structures, symmetries, and statistical factors for [R,(L29),]™"
microspecies.

oy = 25928 ) (A8 ) (5™) () P (upy)* (115)

% = 3456(fR o) (FR )0 (5,0 () B (up'y) ™ (116)

A nonlinear least—squares fit of these 13 equations with five micro-
scopic parameters fX o, f& , uys, u1"5, and &5, (R = Eu, Table 13) provides
a satisfying model for the reproduction of the experimental stability
constants, as shown on Figure 89, Dalla Favera et al., 2008).

The absolute affinities of Eu'" for the neutral N,O and Nj sites are very
similar (f{% =~ f{", Table 13), which confirms that the so-called oxophili-
city of trlvalent lanthanides is limited to negatively charged donor atoms
as found in carboxylates or in phosphonates (Senegas et al., 2003).
Obviously, comgoarison of the absolute affinity of the neutral N,O site
for Eu™ in L13" (—33 kJ mol ', Table 13) with that of the negatively
charged N,O site in (L13%)*>~ (— 21 k] mol ™!, Table 12) is precluded by the
use of water as solvent in the second case. The small magnitude of
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TABLE 13  Fitted thermodynamic parameters for the formation of [Eu,(Lk),

]3m+

complexes (k =11, 13%, 28, 29) in acetonitrile at 298 K (from Dalla Favera et al., 2008)

Parameters Free energies k) mol ™"
log( &) 5.4(2) = AGegmnecton -31(1)
Eu,N,O
IOg(f ) 5.6(2) = AGcglnnezctlon —33(1)
log(ceﬁ2) —1.009) = AGlcr:JtrI;ZCtlon 6(5)
log(uy') -1.03) = AE, 6(2)
log(u"y™) ~1.8(7) = AET"™ 10(4)
»
40- L
.
= v é
§ 30 A R
O £
= , ot y=1.001x
2 200 R2=0.9927
. ’
10 T T T
10 20 30 40
IOg(ﬁrE#n,exp)

FIGURE 89 Comparison between experimental (Iog([fmn exp)) and calculated
(log(B mn.caled)) Stability constants for the 13 macroscopic equilibria described in
Egs. (104) (116) (Dalla Favera et al., 2008).

s ,=0.1 M indicates a moderate preorganization of the ligand strands
for macrocychzatlon It is in line with the theoretically predicted value of

= 0.25 M for two binding sites separated by 10 A and connected by a
bldentate ligand with optimum flexibility (Gargano et al 2001). Finally,
both homocomponent interactions are repulsive (AE 5 >0, AElf Rz > 0),
which implies that any intermediate or triple- stranded helicate in this
family of complexes is driven to complexion with negative cooperativity.

5.4 The origin of the unusual stability of highly charged
lanthanide helicates in solution

The considerable stability of trinuclear [R5(L28);]°" and tetranuclear
[R4(L29)5]"*" helicates, which indeed correspond to more than 90% of
the ligand speciation at millimolar concentration, can be assigned to the
nontrivial e}{pparent minute repulsive intramolecular intermetallic inter-
action AE ' ~10 k] mol~ ' operating between two R>* held at a distance
of ~9A in these complexes. The straightforward application of Coulomb’s
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Eq. (117) (N = 6.023 x 102 mol ™' is Avogadro’s number, z; are the atomic
charges of the interacting particles in electrostatic units, e = 1.602 x 10~ C
is the elemental charge, ¢ =8.859 x 10" ">CN"~'m™? is the permittivity
constant of the vacuum, ¢, is the relative permittivity constant of the
medium, d=9.0 A is the 1ntermetalhc separation in the complex) predicts
39 kJmol ™' (6, =36.1) <AE{S 14 <1389 k] mol ™ (¢,=1.0) for two R*" in
these helicates considered as dielectric continuums with limiting relative
permittivities of ¢, = 36.1 (pure acetonitrile) or ¢, = 1.0 (vacuum). Assuming
that the major contribution to the electrostatic work arises for distances
close to equilibrium whereby & — 1.0, we can safely conclude that
AER 1 2 caled 18 approximately two orders of magnitude larger than its appar-
ent value in acetonitrile (Canard and Piguet, 2007).

2d:9A
Navzizoe J dr

R,R
AE “elec = - >
&1

1-2,caled —

117
47I80 ( )

The use of thermodynamic Born-Haber cycles modeling the succes-
sive coordination of the second and third Eu™ in [Eu(L28);]>" to give
[Eu,(L28)5]°" (Figure 90A) and [Eus(L28)s]°" (Figure 90B) provides some
rationalizations for this surprising dichotomy (Canard and Piguet, 2007).

Let us first apply the extended site-binding model (Eq. (100)) to the
four complexation processes shown in Figure 90 (Egs. (118)—(121)).

Pragas =€ A/ KT — 1A g) (uy! zg)3”]15u2E;(Cl1?ffz g)2 (118)
Bragas = € "o/ KT = (fN3g> (urT ) s ()7 (119)
Prasol = e /Rl = (ng N (”? Lz s>3”}13u2E:(C(1§ffz 5)2 (120)

B sol = e /Rl = (fN3 s) (”% L2 5)3”$qu ;1 “$U3E : (C?ffz,s)z (121)

From the Born-Haber cycles, we can write

AGY

K2,gas AG?<2501 + AsolvGO (Eu(L28)3> + AsolvGO(Eu) - AsolvGo (Eu2(L28)3)

(122)

AGH: gos = AGs g1 + Ao G (Eu2(L28); ) + Asore G (Bu) ~ Ao G° (Eus (L28), )
(123)

which can be combined in Eq. (124).
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A
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t-{Eu(L28)%, + Eudhs K2 gas ct-[Eup(L28)555s
?soIvGO (Eu(L28)3) ?soIvGO(EU) ?soIvGo (Euy(L28)3)
76?(2, sol

t-[Eu(L28)s® + Eud

sol

———» ct-[Eu,(L28),]%*

sol sol

B 6+ 3+ ?G?«;’ gas 9+
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@

FIGURE 90 Thermodynamic Born—Haber cycles for the successive complexation of
Eu" to (A) t-[Eu(L28);]*" to give ct-[Eu,(L28);]°" and (B) ct-[Eu,(L28)s]*" to give
[Eus(L28);]°". Letters ¢ and t denote the central and terminal sites, respectively.

AG?(S,SOI _ AG?(Z,SOI = AG(I)(B,gaS — AG%Z,gas + ASOIVGO (Eu(L28)3> (124)

+ A GO (Eu3(L28)3) —2A GO (Euz(LZS)S)

The introduction of Egs. (118)—(121) into Eq. (124) eventually gives

Eu Eu
AEPFY _ 3RTIn (fg‘: ) = AE[“FY  — 3RTIn (jﬁ’;og ) + A G (Eu(L28)3)
N,O,s N2O.g

4 A GO (Eu3(L28)3) Y WWe (Euz(L28)3)
(125)

Assuming that (i) the ratio of the absolute affinities of the N3 and N,O
sites for Eu are similar in the gas phase and in solution
( 1]\51;1,5; /fI]\EIl;O - IEI‘;S / fﬁ;ovs) and (ii) AEfu;E;gas is reasonably approximated

by Coulomb’s Eq. (117) with &, =1.0, we can deduce that the deviation of
the intermetallic interaction in solution from classical electrostatic trends
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can be ascribed to the contribution of the solvation energies of the differ-
ent complexes (Eq. (126), Canard and Piguet, 2007).

9NA 6’2
AEEu,Eu _ \
1=3sol ™ 4pei2d

4 A G° (Eu3(L28)3> — 2Ag GO (Euz(L28)3>

+ A G (Eu(L28)3) w6

Estimating Ago1y G° (Eum(LZS)3 with Born Eq. (127) for these
large molecular ions in acetonitrile with ¢=36.1 and gas-phase radii
r(Eu(L28);) =10 A, r(Eu(L28);) = 11 A and r(Eus(l28);) = 12 A
gives AgyG(Eu(L28);)=-607 K mol ', AuyG° <Eu2(L28)3>
= —2208 k] mol~ ! and Agy, G° (EU3(L28)3) = — 4554 kJ mol™ ! {Canard and
Piguet, 2007).

Ny (3m)2e? 1
AsolvGO <Eum (L28)3) == % (1 - ?_r> (127)

The introduction of these values into Eq. (126) shows that the solvation
correction and the Coulombic repulsion are of the same magnitude, but of
opposite trend, which explains the minute apparent intermetallic interac-
tion detected in solution when using the extended site-binding model
(Eq. (128)).

AEPY ) o = + 694 — 745 = =511 /mol (128)

Interestingly, a refined treatment of the experimental data which does
not impose a Coulombic correlation between AE?‘;E;SO and AEfu;E;Sol,
eventually concludes that AE?‘;E;S()L exp = —/(3) K mol™ ", in good agree-
ment with the rough attractive interaction predicted in Eq. (128)
(Riis-Johannessen et al., 2009). The same thermodynamic approach

applies for unraveling AE?I;EZ ol 1N [Eu,,(L29)5]*"*, while some modifica-

tions are required for AE]fu_‘E;sol (Riis-Johannessen et al., 2009). Altogether,
the conclusions are similar with the observation of unusually small inter-
metallic interactions resulting from the competition between electrostatic
repulsion, which prevents the formation of small and highly charged
polynuclear helicates, and opposite favorable solvation effects, which
are maximum for small ions with high charge density. For linear (i.e., one-
dimensional) complexes such as helicates, the coordination of an additional
trivalent lanthanide involves a single short-range intermetallic repulsion
AET™%, while the total charge of the supramolecular edifice is increased
by three unit and its size by a concomitant increase of ca. 10% (Canard and
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Piguet, 2007). The balance of these effects for the intermetallic interaction

operating in solution is close to zero (see Eq. (128) for AE?“;E;S()I), which

explains the considerable stability of lanthanide helicates in solution.

5.5 Predictive approaches

Although not explicitly considered to date in the literature, the balance
between intermetallic repulsion and solvation energies as a major contri-
bution to the stability (or instability) of the final polynuclear lanthanide
complexes is not limited to one-dimensional lanthanide helicates, but
obviously extends to two-dimensional (2D, Chapon et al., 2001, 2002;
Chen et al., 2007; Lama et al., 2007, Mamula et al., 2005, Ronson et al.,
2007; Senegas et al., 2005; Xu and Raymond, 2000) and three-dimensional
(3D) lanthanide complexes (Hamacek et al., 2008; He et al., 2008; Mamula
et al.,, 2006) in solution. One can thus easily realize that 2D and 3D
organizations involve a large amount of short-range intermetallic inter-
actions affected by strong electrostatic repulsion, which requires very
compact structures avoiding large increase in size for maintaining large
and favorable solvation effects. In this context, it is worth noting that the
vast majority of stable 2D and 3D polynuclear lanthanide complexes in
solution incorporate negatively charged binding units, for which the
absolute affinities f* are maximum and can overcome unfavorable inter-
metallic interactions. This understanding of the parameters controlling
the stability of lanthanide complexes paves the way for evolving from the
usual deductive approach toward some inductive counterpart. The pre-
diction of the formation constants and ligand distributions in the hetero-
bimetallic trinuclear complexes [La,Eus_.(L28)5]°" represents a first
attempt in this direction (Floquet et al.,, 2004). Taking into account the

absolute affinities f%, /%", fi%o, /%, and the intermetallic interactions

La,La EuEu La,Eu s e . . .
uy" 5, Uy 0, , and u;""; obeying the mixing rule, it was possible to predict

that the target microspecies [EuL.a1Eu(L28)3]9Jr accounts for 48% of the
thermodynamic mixture (La:Eu:L28 =1:2:3, total ligand
concentration =10 mM). Detailed '"H-NMR investigations confirmed
these predictions, which allowed to unravel the effect of the crystalliza-
tion process on the distribution of La™ and Eu" in solid-state materials
(Floquet et al., 2004). A second success arose with the prediction that
[Euy(L29);]"*" would be the major component (>90%) for a Eu:L29 ratio =

4:3 in acetonitrile with a global stability constant log(ﬂfg"glgcd) =425

(Zeckert et al., 2005). After 11 synthetic steps leading to L29 (Figure 43),
subsequent spectrophotometric titration in acetonitrile with Eu(CF3503)3
indeed confirmed these predictions with log(ﬂfg’_gff,) =43.2(1.9), in very
good agreement with the calculated value (Dalla Favera et al,, 2008).
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6. HELICATES AS LUMINESCENT BIOPROBES

6.1 Lanthanide luminescent bioprobes

Luminescence and time-resolved luminescence have grown during the
past 20 years into major methodologies in biochemistry, biophysics, bio-
technology, and medicine. They are indispensable research tools in non-
invasive medical diagnostics, flow cytometry, analysis of polymerase
chain reaction (PCR) products, gene analysis, DNA sequencing, lumines-
cence microscopy, and cellular imaging, only to name a few. The reason is
very simple. Light travels almost instantaneously through a sample
(about 30 cm ns™ ') and can reach regions of complex molecular edifices
not accessible to other molecular probes, such as magnetic resonance
probes. Furthermore, light is easily detected by highly sensitive devices
(e.g., charge-coupled device cameras) and techniques, including single-
photon detection, so that analyses based on luminescence are the most
sensitive available, while being environmentally clean, as opposed to
methods using radiolabels.

Luminescence is defined as emission of light from an electronically
excited state. Depending on the spin of the initial (emitting) and final
(often ground) states, two categories of emission are distinguished: fluo-
rescence for transitions without spin change (AS =0) and phosphorescence
for transitions with spin change (AS > 0). In the case of organic lumino-
phores, which usually bear aromatic residues, absorption of light leads to
a singlet excited state and the return to the ground state is allowed, so that
the emission rate is fast, in the range kr=10"-10"s" !, corresponding to a
lifetime of the excited state tx = 100-1 ns. Due to this short timescale, time-
resolved detection (TRD) of fluorescence necessitates sophisticated optics
and detection systems. On the other hand, spectral discrimination is often
impossible to achieve because the Stokes’ shifts of the organic chromo-
phores are small. Quinine sulfate (blue), fluorescein (green), acridine
orange (AO, yellow), rhodamine (orange), and pyridine-1 (red) are com-
mon fluorescent analytical probes covering the entire visible range while
cyanine (CY), Alexa Fluor®, and BODIPY® dyes are examples of more
recently proposed luminescent tags (Lakowicz, 2006). In some cases, the
excited organic luminophore relaxes to a triplet state and since transitions
from this state to the singlet ground state are forbidden by the spin
selection rule, the emission of light is slow with rates in the range
kp=1-10s"", corresponding to lifetimes 7, of 1 s to 1 ms. Time-resolved
experiments are consequently easy to conduct, but the fraction of mole-
cules reaching the triplet state is usually small, at least at room tempera-
ture, and due to their long lifetime, triplet states often give rise to
photochemical reactions which destroy the luminophore, a phenomenon
known as photobleaching. The need for time or spectral discrimination, or
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both, is considerable in bioanalyses because the samples contain a large
variety of aromatic substances and when illuminated with UV or blue
light, they generate a highly undesirable and intense luminescence back-
ground (autofluorescence).

Given these limitations, lanthanide ions emerge more and more as
alternatives to organic bioprobes for time-resolved bioanalyses. Indeed,
the 4f" electronic configurations of R" ions are protected from outside
interactions by the more external 5s°5p® subshells of the xenon core. Since
the 4f wave functions are fairly pure, the plentiful electronic transitions
(the 4f° configuration of Eu"' generates 3003 electronic levels for instance)
are narrow and easily recognizable, their energy being fairly insensitive to
the chemical environment. Additionally, most of the ions are luminescent
and their emissions extend over a broad spectral range (Figure 91),
from UV (Gd™) to visible (e.g., Sm™ Eu' Tb™, Dym, Tm'™) and near
infrared (NIR, e.g., Nd"™, Ho™, Er'™, Yb™). Some ions are fluorescent,
others are phosphorescent, and some are both. Electric-dipole intraconfi-
gurational 4f—4f transitions are forbidden by Laporte’s rule so that the
lifetimes of the excited states are long (us ms) allowing easy TRD experi-
ments with rugged and cheap instrumentation. The inherent drawback of
these ions, namely the very weak oscillator strengths of the f—f transitions,
can be circumvented by exciting the R-containing chromophores into
their surroundings through a process termed “luminescence sensitiza-
tion”” and discussed in Section 2.5.1 (Figure 37). A lanthanide luminescent
bioprobe (LLB) usually consists in a lanthanide chelate the luminescence
of which is modulated by interaction with the biological material.

[ —
450 480 51 0 540 70 600 630 660 690

800 900 1000 1100 1200 1300 1400 1500 1600
Alnm

FIGURE 91 Luminescence of lanthanide f-diketonates (redrawn from Eliseeva
et al, 2006).
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An LLB may be used in a variety of different techniques. Initial
a]?r?lications include (i) simple substitution of Ca" or Zn" by luminescent
R ions in proteins to obtain information on the composition of metal-
binding sites, for instance the number of coordinated water molecules, or
metal-to-metal and metal-to-chromophore distances by energy transfer
exrrlaeriments, or (ii) titration of a biocompound with salts of luminescent
R™ jons to determine the number of metal-binding sites (Biinzli, 1989).
Starting in the early 1980s, more subtle applications have been proposed,
primarily for the design of luminescent time-resolved immunoassays
(Siitari et al., 1983). The luminescent lanthanide ion is embedded into a
suitable coordinating cavity and the resulting chelate is either used
directly as an analytical responsive probe without specific targeting, or
conjugated to a protein or to an antibody which specifically couples with a
targeted biomolecule (Biinzli, 2009).

Requirements for an efficient LLB are numerous and challenging: (i)
water solubility, (ii) large thermodynamic stability, (iii) kinetic inertness,
(iv) intense absorption at least above 330 nm and if possible in the visible
or NIR ranges, (v) efficient sensitization of the lanthanide ion lumines-
cence, (vi) protection of the emitting ion by inserting it into a rigid and
protective cavity minimizing nonradiative deactivation processes,
(vii) long excited state lifetime, and (viii) when relevant, ability to couple
to bioactive molecules while simultaneously retaining the sought for
photophysical properties and leaving the bioaffinity of the host
unchanged. Hundreds of chelates have been synthesized and tested dur-
ing the past 30 years so that the design of LLBs is becoming well under-
stood at least from the chemical and biochemical points of view, since in
silico predictions are still far from being feasible. An LLB can be used
directly, its luminescence being detected (usually in TRD mode) after a
suitable and specific reaction with the analyte, or indirectly by transferring
the excitation energy onto an organic acceptor by a process called Forster
resonance energy transfer (FRET). An example of direct measurement is
depicted in Figure 92 for an assay in which the luminescent lanthanide

Fixed R /\ LLB

analyte @ D
Biotinylated Luminescent
antibody R'llion

FIGURE 92 Direct use of an LLB conjugated to a biotinylated antibody (redrawn after
Biinzli, 2009).
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chelate is coupled firstly to streptavidin (SA) itself linked to bovine serum
albumin (BSA); BSA can be easily conjugated to almost any biotinylated
antibody. The latter reacts specifically with the (antigen) analyte and
luminescence is detected after removal of the reactants in excess.

On the other hand, FRET occurs when the donor (D) and the acceptor
(A) lie at distances Rpa >40 pm, the corresponding mechanism being
dipole—dipolar (through space), as opposed to through-bond (Dexter)
mechanism which operates at shorter distances (Selvin, 2000). The yield
of the FRET transfer is given by an equation similar to Eq. (77), Section 4.4,
with Ry defined by Eq. (78):

6
Tobs - 1 RO

LU (%)6 RS + RS,

Nerer = 1 — (129)

This efficiency can therefore be easily estimated from lifetime mea-
surements. Alternatively, it can be extracted from the absorption and
emission spectra (Charbonniere and Hildebrandt, 2008):

Ax(ip) [EAD(;LD) B 1} (130)

TIFRET = AD(iD) EA (/LD)

where /p is the excitation wavelength of the (donor) LLB, Ap and A
are the absorbances of the donor and acceptor at this wavelength while
Ean and Eap are the integrated emission intensities of the acceptor in
absence and in presence of the donor, respectively. The corresponding
bioanalysis is sketched on Figure 93. The LLB is bioconjugated to a
biotinylated antibody while a cyanine dye is linked to another such
antibody. Both antibodies are specific for the (antigen) analyte. The
advantage of this technique is that no washing is required since
the transfer only occurs when the two antibodies are connected to
the analyte simultaneously. In addition the excited state of the organic
acceptor dye is populated with a lifetime equal to the one of the excited
R™ ion so that TRD discriminates between this emission and the emis-
sion of the dye upon direct excitation. Finally, emission from the LLB
upon direct excitation is discriminated spectrally; that is, the dye is
chosen so that its emission range is distinct from the R™ emission
bands.

Covalent coupling of a lanthanide luminescent chelate to bioactive
molecules such as peptides, proteins, or nucleic acids makes use of the
chemically reactive groups of these molecules. The most common ones
are aliphatic o- or e-amines. A typical example of e-amine is lysine, the
pK, of which is 9.2 so that it reacts cleanly above pH 8 to yield stable
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x/

Fixed
analyte
cD
= g
Donor
Q% ' FRET

Acceptor

FIGURE 93 Forster resonant energy transfer between an LLB bioconjugated to a
biotinylated antibody and a cyanine dye coupled to another biotinylated antibody.

covalent binding. There are usually several lysine groups per protein,
compare streptavidin which bears 36 of them, so that several lumines-
cent lanthanide chelates may be conjugated simultaneously. The o-
amino group is more acidic with pK, around 7 and every protein
bears at least one such group per subunit or peptide chain. Thiol
residues are other common reactive groups. The free thiol group (e.g.,
in cysteine) is more nucleophilic than amines and generally is the more
reactive group in proteins, even at neutral pH. Phenol (e.g., in tyrosine)
or carboxylic acids (e.g., in aspartic and glutamic acids) are other
potential candidates. The lanthanide chelate must be activated before
coupling with these functional groups. In immunoassays and many
other bioanalyses, coupling between proteinic amines and LLBs fitted
with isothiocyanato, chlorosulfonyl (particularly arenesulfonyl), or 2,4-
dichloro-1,3,5-triazinyl groups have proved to be the most successful
(Nishioka et al., 2007). Another very convenient coupling group is N-
hydroxysuccinimide (NHS, or its sulfo derivative, sulfo-NHS)
which can be easily generated by direct reaction of a carboxylic acid
with N-hydroxysuccinimide in presence of the dehydrating agent
(1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC
or EDAC). Since proteins bear many coupling functions, the number
of attached LLBs may be large, up to 46 as reported to date, especially
if the bioconjugate is further attached to a protein such as BSA which
smoothly reacts with biotinylated biomolecules, as shown in Figures 92
and 93, and this results in more sensitive analyses.
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6.2 Dipicolinic acid derivatives as LLBs

The intense luminescence displayed by lanthanide dipicolinates (Table 6)
as well as their easy synthesis have prompted their use in various analyti-
cal and imaging applications and some of them are briefly reviewed in
this section.

6.2.1 Simple analyses
Bacterial spores are the most resistant microbial structures toward
extreme conditions. As a consequence, they find applications in the eval-
uation of the efficiency of sterilization processes. They are also present in
the ominous Bacillus anthracis spores which have been the biological
vectors in anthrax attacks. Dipicolinic acid is a remarkable constituent of
these spores so that they may be detected through complexation with Tb'™".
In the proposed procedure, Cable et al. (2007) start from a macrocyclic
complex, [Tb(DO2A)]" where DO2A is 1,4,7,10-tetraazacyclododecane-
1,7-diacetate, to saturate the lanthanide inner coordination sphere in
[Tb(DO2A)(L15%)]" for maintaining excellent photophysical properties.
Detection limits are as low as 2.1 x 10* spores per ml.

The lanthanide tris(dipicolinates) usually exist as racemic mixtures of
A and A isomers. However, the luminescent complexes may be used for
chirality recognition by perturbing the racemic equilibrium with enan-
tiomerically resolved nonluminescent acceptor molecules or complexes
(see Aspinall, 2002 for a review). Along these lines, Metcalf et al. (1992)
have proposed a method based on time-resolved chiroptical luminescence
spectroscopy for investigating enantioselective excited-state quenching
processes in solutions containing the racemic LLB and a small concentra-
tion of dissymmetric quencher molecules. The latter are six-coordinate
[Co™(NH;)4(L)] complexes with diphosphate or triphosphate nucleotides
(adenosine, guanosine, inosine, cytidine, uridine, and deoxythymidine).
The quenching rate constants display significant variations among the
different systems. More interestingly, all of the Co™ complexes exhibit
differential quenching of A-R* compared to A-R* enantiomers of the euro-
pium and terbium tris(dipicolinates) which can be related to structural
differences between the nucleoside base moieties.

6.2.2 Immunoreactive conjugates of proteins

The 4-iodo(acetoamido) derivative of dipicolinic acid (Na,L15', Figure 23)
readily alkylates proteins. However, the stability of its R chelates is not very
large and since three ligands are needed to saturate the lanthanide inner
coordination sphere, some crosslinking by the R™ ions occurs. To circumvent
these problems, Lamture and Wensel (1995) have proposed to couple (L15")*~
onto a polylysine framework, simultaneously to succinate, to produce a



Self-Assembled Lanthanide Helicates: From Basic Thermodynamics to Applications 453

CO;
HN 4 \N
/ < NH,
NH o CO;
n
PLDS
0 H/’//,,
CO,H
H,N
NH co;
W Lysine
HS 0 m
H,L15%W
X
HO,C N CO,H

FIGURE 94 Top: polylysine derivatized with dipicolinate and succinate (PLDS) (redrawn
from Lamture and Wensel, 1995). Bottom: chelating unit for paramagnetic tags used for
exploring the magnetic susceptibility anisotropy sensors of proteins (Su et al., 2008a).

polylysine dicarboxylate succinate polymer (PLDS) bearing 50-100 4-substi-
tuted dipicolinate moieties per molecule while the remaining lysyl chains are
succinylated (Figure 94). The binding affinity of PLDS for Tb"" is larger than
the affinity of EDTA (ethylenediamine tetraacetate) and carbodiimide-
mediated coupling reactions to proteins result in highly luminescent pro-
tein-PLDS-Tb conjugates. These conjugates retain sufficient immunoreactiv-
ity to design luminescent assays of proteins immobilized on nitrocellulose,
such as BSA, protein A and ovalbumin. When simultaneously probed with a
rabbit antiovalbumin and the protein-PLDS-Tb conjugate, a quantity as small
as 10 ng of ovalbumin can be detected by the naked eye.

Lanthanide ions with anisotropic molecular magnetic susceptibility ten-
sor Ay, for example, Er' Tm'™, or Yb'™, allow valuable structural informa-
tion to be extracted from pseudocontact shifts (PCS, see also Section 3.6) and
residual dipolar couplings (RDCs) arising from the partial alignment of the
R™.labeled biomolecules in the induced magnetic field (Su et al., 2008b):

AéPCS _

=503 [A7ax(3c0s?0 — 1) + 1.5Ay,;, sin®0 cos2y] (131)

wherer, 0, and ¢ are the polar coordinates of the nucleus spin with respect
to the principal axes of the Ay tensor; Ay.x and Ay, are the axial and
rhombic components of the susceptibility anisotropy tensor, respectively.

The RDC between spins i and j, Dj;, is given by a similar equation:
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in which 0 and ¢ characterize the orientation of the internuclear vector
with respect to the principal axes of the alignment tensor, A, and A, are
the axial and rhombic components of this tensor, S is the order parameter,
7i and 7; are the magnetogyric ratios for nuclei i and j separated by a
distance r;;, and & is Planck’s constant divided by 27. When a rigid
molecule is partially aligned in the magnetic field as a result of its para-
magnetism, the alignment tensor A is directly proportional to the suscep-
tibility tensor (By is the magnetic induction field strength, k is Boltzmann’s
constant, and T the temperature):

BZ

0 A 1
15/10kT Xax,rh ( 33)

Aax,rh =

Therefore, PCS and Dj; data bear orientation information useful for
structure analysis and study of protein mobility, particularly when data
are collected for several orientations. Alternatively, PCS induced by
several different R™ ions provide similar information. For the latter
investigations, the lanthanide paramagnetic tag is attached at different
positions of the protein or lanthanide tags with different Ay tensors are
used.

In a recent study, Su et al. (2008b) have designed a protein-specific
lanthanide tag based on the derivatized dipicolinic acid H,L15"
(Figure 94, bottom). The 4-mercaptomethyl-dipicolinate unit coordinates
to lanthanide ions with nanomolar affinity and builds a disulfide bond
with proteins. In this way, the lanthanide dipicolinate is close to the
protein domain to be investigated, resulting in an accurate determination
of the Ay tensor and in a rigid attachment of the tag to the protein, limiting
variation in PCS and D;; when the lanthanide tag reorientates with respect
to the protein. The N-terminal DNA-binding domain of an E. coli Arginine
repressor was derivatized with H,L15" and heteronuclear single quan-
tum coherence (HSQC) '"N-NMR spectra were recorded. In presence of
R™ jons, a single crosspeak was observed for each backbone amide; Yb™
induced shifts up to 2 ppm. The geometric parameters of the Ay tensor
were determined in the simultaneous presence of o™, Tm™ and Yb'™
Although the Ay tensor is only half as large as the ones reported for
proteins and peptides, the new tags present decisive advantages, such
as their straightforward synthesis, their nonchirality (reduction of the
number of NMR signals by a factor 2), and a reduced probability of
unwanted interferences.
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6.2.3 Two-photon luminescence microscopy

One difficulty encountered when working with LLBs is the relatively
short excitation wavelength they require, tnpically 270-360 nm, very few
of them, particularly those containing Eu'" or Tb', being amenable to
excitation wavelength above 400 nm. In addition to having a compara-
tively short penetration depth, UV and blue lights are detrimental to
living systems, so that alternate ligands are being developed for which
either longer wavelength excitation or higher-order excitation is feasible.
In the case of dipicolinic acid derivatives, longer excitation wavelengths
have been achieved by tuning the energy of the charge-transfer states in
push—pull type ligands (Figure 95).

For instance, [Eu(L15"");]°>~ (i=2, 3, and 4) have absorption maxima
around 320 nm instead of 280 for the parent dipicolinate and their quan-
tum yield in CH,Cl, are sizeable, between 0.15 and 0.43. However,
extending one-photon excitation of the ligand into the visible range
often proves to be problematic because the lowering of the ligand excited
levels facilitates back transfer processes. When the excitation wavelength
is shifted to 427 nm in [Eu(L13%%);]°7, no emission from Eu" is detected
at room temperature (D’Aléo et al., 2008b). As a consequence scientists
are now turning to multiphoton excitation, especially that presently
two-photon excitation is commercially available in confocal microscopy,
following the pioneering work of Denk et al. (1990) and the commerciali-
zation of femtosecond laser sources. This allows noninvasive 3D imaging
of biological tissue without creating collateral damage. Two-photon (or
biphotonic, TPA) absorption is related to nonlinear optical (NLO) proper-
ties of the chromophore under consideration. It turns out that lanthanide
tris(dipicolinates) possess NLO properties as demonstrated by their sec-
ond-order hyperpolarizability coefficient () which was measured by the
harmonic light scattering method (Tancrez et al., 2005). In this experi-
ment, the intensity of the scattered light I** is plotted versus the square of
the intensity of the incident light, r, according to

I** = G(Ns(Bs) + N(B))(I*)? (134)

where indices S denote the solvent and N is the number of molecules
per cm®. Data plotted on Figure 96 clearly point to a contribution of the
4f-orbitals to this parameter in that the second-order hyperpolarizability
increases with the number of 4f electrons and, moreover, it is the same
for Y™ and La", within experimental errors. When excited with a laser
line at 532 nm, an aqueous solution of Nas[Eu(L15%);], which possesses
two absorption bands at 270 and 278 nm, exhibits the characteristic Eu
(°Dy) emission. However, the plot of the emitted intensity versus
the excitation power is linear, indicating that excitation is a single-
photon absorption by the weak °D;+« ’F; transition centered at
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FIGURE 95 Push—pull derivatives of dipicolinic acid leading to longer excitation
wavelengths for the [Ln(L15);]*~ complexes (top two rows: D’Aléo et al., 2008b;
bottom row: D’Aléo et al., 2008a).

536 nm. This transition has an estimated molar absorption coefficient of
only 0.015 M~ 'em™ ' at 532 nm (also partly due to the fact that the
fractional population of the “F; sublevel at room temperature is only
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FIGURE 96 Second-order hyperpolarizability constant of lanthanide tris(dipicolinates)
[R(L15%)3] 0.1 M in water (redrawn after Tancrez et al., 2005).

0.33) but the large laser power (0.1-1.7 mW) compensates for this weak
oscillator strength. On the other hand, the same plot for Nas[Tb(L15%);]
reveals a quadratic variation of the Tb(°D4) emission intensity with
excitation power (between 0.5 and 3 mW, experimental exponent:
1.95), indicating that the luminescence originates from TPA absorption
in the organic ligand. Similarly, crystals of the guanidinium salt of
[Tb(L15%)5]>~ could be observed under biphotonic excitation at
532 nm (D’Aléo et al., 2007).

In addition to the octupolar D;-symmetry found in lanthanide tris
(dipicolinates), favorable to NLO effects, the bulk of the NLO properties
of a complex depend on the electronic properties of the ligands. With this
in mind, Picot et al. (2007) have developed new push—pull chromo-
phores based on the pyridine-carboxamide framework (L15%°P, see
Figure 24). The best chromophore is ligand L15' in which the hexyloxy
donor on the phenylacetylene para position pushes the charge-transfer
state to a sufficiently high energy to avoid quenching of the Eu™ lumi-
nescence. The corresponding tris(complex), [Eu(L15");]*", has a
relatively modest quantum yield (5.6% in acetonitrile), but it displays
two-photon excitation luminescence, contrary to the parent compound
discussed above. This is demonstrated in Figure 97 in which the TPA
excitation spectrum is superimposed to the absorption spectrum of the
complex. The calculated two-photon absorption cross section amounts to
96 GM at 720 nm (1 Goppert-Mayer unit (GM) =10 "’ cm*s photon™ ),
a value somewhat lower compared to the best dipolar lanthanide
p-diketonate complexes, for example, [Eu(tta);(dpbt)], where tta stands
for thenoyltrifluoroacetylacetonate and dpbt for 2-(N,N-diethylanilin-
4-y1)-4,6-bis(3,5-dimethylpyrazol-1-yl)-1,3,5-triazine (157 GM at 810 nm),
or [Eu(fod);(Mk)] where fod is 6,6,7,7,8,8,8-heptafluoro-2,2-dimethyl-3,
5-octanedionate and Mk Mischler’s ketone (253 GM at 810 nm).
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FIGURE 97 Left: formula of the Eu" complex displaying a large TPA cross section.
Right: absorption spectrum (top and right scales) and biphotonic excitation spectrum
(bottom and left scales) of [Eu(L15');]*" in acetonitrile solution (redrawn from Picot et al,,
2007).
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FIGURE 98 Structure of the [Eu(L15");]>~ complex used for two-photon luminescence
microscopy (Picot et al,, 2008a).

Ligand L15' was further modified to ensure water solubility through
triethyleneglycol moieties, better stability by substitution of the amide
groups with carboxylate units, as well as improved photophysical proper-
ties of the resulting Eu" chelate (Figure 98, Picot et al, 2008a).
The quantum yield of the tris-complex Nas[Eu(L15%);] amounts to 15.6%
in water and can be excited by a TPA process at 720 nm, the corresponding
excitation spectrum again matching the absorption spectrum. The bipho-
tonic absorption cross section remains modest, but is comparable to the one
of the previous complex, 92 GM. T24 cancer cells were incubated in a
solution of this complex 20 uM in phosphate buffer solution and fixed
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with ethanol. Images taken with a biphotonic femtosecond laser scanning
microscope with excitation wavelength at 760 nm (¢""* =19 GM at this
wavelength) indicates that the complex localizes in the perinuclear region
of the cells, possibly in the endoplasmatic reticulum. This demonstrates the
feasibility of two-photon LLBs for this type of analysis.

After publication of this work, the same authors have shown that
[Eu(L15%)5]>~ complexes with i=5-9 (Figure 95) have much larger
TPA cross sections, ranging from 110 (i=8) to 173 (i=6), 193 (i=7), 218
(i=9), and to the record 775 (i =5) GM (D’Aléo et al., 2008a).

6.3 Homobinuclear helicates as LLBs for cell
imaging and sensing

Despite the known advantages of lanthanide luminescent probes for bioa-
nalyses (see Section 6.1), there has been few attempts to use them for cell
imaging and sensing and some are summarized below. To our knowledge,
the first experiments were carried out by Scaff et al. (1969) who treated
bacterial smears from E. coli cell walls with a millimolar solution of euro-
pium thenoyl-trifluoroacetonate, [Eu(tta);(H;O),] in 50% ethanol before
examining them under a luminescence microscope illuminated by a con-
tinuous mercury lamp: the intense emission from the Eu(’D) level
brightly stained the cells especially when the pH was around 7. Later,
Canada (1983) investigated the calcium-binding site of GH3/B6 pituitary
tumor cells by binding Tb™ to these cells; in this way two sites were
evidenced, one of which being specific for calcium. Furthermore, the
luminescent properties of the Tb-GH3/B6 complex are sensitive to the
presence of various analytes, such a adriamycin, or drugs, such as
cisplatin, which allows their quantification (Canada, 1988). The same
authors have also examined the binding sites of cisplatin to cisplatin-
resistant human breast and ovarian cancer cells thanks to the Tb™
luminescence detected in TRD mode (Canada and Paltoo, 1998). The
Eu' ion has also been often used as luminescent bioprobe, for instance
for characterizing the binding sites on the cell walls of Datura Innoxia
(Ke etal., 1992). A thermal imaging method based on a Eu™ f-diketonate
succeeded in mapping receptor-activated heat waves in Chinese hamster
ovaries (Zohar et al., 1998) while the usefulness of LLBs for eliminating
the autofluorescence background of biological samples by TRD
was further demonstrated by Phimphivong and Saavedra (1998): a
lipid-conjugated Tb™ diethylenetrinitrilotetraacetate complex proved to
be an efficient membrane-staining agent for morphological studies of
Swiss albino mouse 3T3 cultured cells. The first long-lasting efforts
toward developing LLBs for imaging stemmed from the group of D. J.
Bornhop who advocated a highly luminescent terbium macrocyclic com-
plex for the in vitro and in vivo imaging of anomalous tissues as well as
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for specific targeting of cancerous tissues (Bornhop et al., 1999, 2003;
Manning et al., 2006). More recently, Parker and coworkers have
designed macrocyclic Eu'" complexes staining either the nucleoli or the
cytoplasm of several live cell lines such as NIH 3T3, HeLa, and HDF
(Frias et al., 2003; Poole et al., 2007; Yu et al., 2006).

Taking into account the luminescent chelates developed for bioana-
lyses (mainly immunoassays), most of the presently available LLBs fall
into the following classes: (i) polyaminocarboxylates (Latva et al., 1997;
Takalo et al., 1997), (ii) bipyridine-based cryptates (Guillaumont et al.,
2007), (iii) cyclen derivatives (Pandya et al., 2006), (iv) aza macrocycles
incorporating a pyridine, bipyridine, or terpyridine unit (Bornhop et al.,
1999; Nasso et al., 2005), (v) p-diketonates (Nishioka et al., 2007), or
(vi) chelates bearing 2-hydroxyisophthalamide chromophores (Samuel
et al., 2008a). With few exceptions, all of the above-mentioned LLBs are
mononuclear species. However, associating two luminescent stains emit-
ting different colors or one luminescent and one magnetic stains into a
single-probe system is an attractive way of integrating the advantages of
multiplex analyses. This has been achieved by attaching an organic chro-
mophore to a Gd"' contrast agent for instance (Manning et al., 2004) or by
developing receptors able to bind Gd"™ and luminescent R™ ions while
preserving the specific physicochemical properties of each metal
ion (Picard et al., 2006). Finally, Imperiali has recently advocated “dou-
ble-lanthanide-binding tags”” (DIbt) consisting in homobinuclear Tb™
species in which the metal ion is bound by encoded amino acids
(Martin et al., 2007); in this case the presence of the two metal ions simply
reinforce the luminescent and/or X-ray diffracting properties of the
conjugates.

For testing the utility of binuclear LLBs, Biinzli and coworker have
developed a library of water-soluble hexadentate ditopic ligands with
benzimidazole-pyridine cores, H,L13"! (see Figure 44), which self-
assemble in water, at room temperature, and physiological pH 7.4 to
give the corresponding homobinuclear helicates in large yield (usually
>95% at millimolar total ligand concentration). This molecular frame-
work possesses two additional properties: (i) rendering the two triden-
tate binding wunits slightly different allows the formation of
heterobinuclear helicates, for the time being only in organic solvents
though (see Section 4.2) and (ii) the helical edifices are potentially chiral
which opens interesting perspectives for chiral recognition.

6.3.1 Thermodynamic, photophysical, and kinetic properties of the
neutral, water-soluble [R,(L13);] helicates

The cumulative stability constants for the formation of the homobinuclear

helicates with the seven ligands H,L13" ' are reported in Table 8 and a

typical distribution diagram is represented on Figure 99 for ligand
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FIGURE 99 Distribution diagram for the system Eu"/H,L13% at pH 7.4 (Tris—HCl buffer)
and for [H,L138], =10 * M (redrawn from Chauvin et al., 2008).

H,L13%. With respect to the parent “unsubstituted’” helicates [Lny(L13%);]
the grafting of the polyoxyethylene pendant has relatively little effect on
the stability constant of the main 2:3 species, given the fact that the
spectrophotometrically determined constants have been calculated from
heavily correlated spectra. Indeed, if the log fo3(Eu'™) values span a range
from 23.4 (H,L138) to 28.6 (H,L13¥) the speciation of the homobinuclear
helicate at stoichiometric ratio 2:3 and total ligand concentration of
45x 10 *M (Table 14) varies between relatively narrow limits: from
88.7% (H,L13") to 99.5% (H,L13f).

Moreover, the next more abundant species (1:2 or 1:3, R™:L) accounts
for most of the remaining speciation; that is, the stoichiometric 2:3 solu-
tions contain only minute concentrations of uncomplexed R, an impor-
tant feature when it comes to put them into contact with living materials.
Another finding is that the stability does not vary much along the lantha-
nide series, so that one lanthanide ion may be replaced by another one
with different photophysical properties without affecting much the spe-
ciation, another useful feature for multiplex experiments.

Biological media contain a wealth of substances potentially able to
interfere with the LLB, either chemically by ligand exchange or transme-
tallation, or photophysically by quenching of the metal-centered lumines-
cence by endogenous antioxidants. To both ascertain the stability data
gathered by spectrophotometric titration and to test the action of potential
interfering substances, several experiments were conducted on
[Euy(L13%);] to which were added 10-100 equivalents of EDTA, DTPA,
citrate, L-ascorbate or zinc. The luminescence of the resulting solutions
did not decrease substantially (0-10%) 24 h after the addition (Table 15)
meaning that the binuclear LLB is well suited for bioanalyses which are
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TABLE 14 Percentage of the main complexed species in stoichiometric 2:3 solutions of
Eu" and H,L13"" in aqueous solutions at pH 7.4 (Tris—=HCl 0.1 M), as recalculated from
published conditional stability constants for a total ligand concentration of 4.5 x 10~ *M

Ligand 2:3 species (%) 1:2 species (%) References

H,L13f 99.5 NA Elhabiri et al. (1999)
H,L138 97.1 2.1 Chauvin et al. (2008)
H,L13" 929 7.1 Deiters et al. (2008)
H,L13! 89.2 7.9 Chauvin et al. (2007)
H,L13 92.5 5.9 Deiters et al. (2009)
H,L13* 94.6 45 Deiters et al. (2009)
H,L13' 88.7 9.1 Deiters et al. (2009)

? 1:3 species.

TABLE 15  Stability of the [Eu,(L138);] helicate versus pH, several complexing agents,
and Zn", as monitored by luminescence, at room temperature and pH 7.4 (Tris—HCl)
(from Bunzli et al., 2008)

Loss in luminescence

Parameter/chemical species Eqs added Time (h) intensity (%)
pH (pH 3) 24 No
(pH 10) 24 No
EDTA 100 48 No
DTPA 100 24 10
Citrate 100 96 No
L-Ascorbate 100 96 10
Zn" 10 24 10
100 15

usually carried out in far less than 24 h. The ditopic ligand H,L13® has
also been added to solutions of [Eu(EDTA)] and [Eu(DTPA)] and forma-
tion of the helicate was almost complete (92.5%) after 21 days in the first
case, but partial in the second case. This shows that the helicate is more
stable than the EDTA chelate and has stability comparable to that of the
DTPA complex. Moreover, no ligand exchange occurs and transmetalla-
tion with zinc starts only to be problematic when 100 equivalents are
added, a concentration far more important than the largest one found in
biosystems.

Since no single crystal suitable for X-ray diffraction analysis could be
obtained for the helicates with H,L13%8!, Eu™ was chosen as a structural
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luminescent tag to probe the chemical environment of the metal ions in
the homobinuclear helicates. As shown in Table 10, the °Dy — “F, transi-
tion of all of the [Eun(L13%871);] helicates is unique, as for [Euy(L13%)5],
pointing to the equivalence of the two metal ion sites. Moreover, its
energy is predicted to be 17,231 cm™ !, taking into account the nephe-
lauxetic effect described by Eq. (19) (see Section 3.5) for a NgO; environ-
ment. The experimental values for the seven investigated helicates
deviate by at most 4 cm~ ' from this expected energy. The emission
spectra recorded at low temperature (10 K) to remove the broadening
due to vibronic contributions can be interpreted as arising from a
species with idealized Dz-symmetry (Figure 100). In addition to the
unique and very weak °Dy — “F transition (forbidden in this symmetry),
the °Dy — “F; transition displays a sharp component corresponding to
the transition to the A; ligand-field sublevel and a second band
corresponding to a transition terminating onto the split E sublevel.
The A;-E separation reflects the strength of the B3 crystal-field parameter,
which can be estimated to be around — 600 cm ™! for AE(A;-E) ~ 160 cm ™ *
(Binnemans and Gorller-Walrand, 1995), while the splitting of the
E component, AE(E-E), is indicative of the distortion from the idealized
D;-symmetry. Data reported in Table 16 point to these two parameters
being very similar for the seven studied helicates, meaning that the inner
coordination sphere of the Eu'™ ions is little affected by the various
substituents grafted on the bis(benzimidazole)pyridine core. The lumi-
nescence decays confirm this finding in that they are usually single
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FIGURE 100 High-resolution emission spectrum of [Eu,(L138);] 10~ * M in water/
glycerol 9/1, v/v at 10 K, under ligand excitation. Top: details of the Do — ’F, (=0, 1)
transitions (redrawn from Bunzli et al., 2008).



TABLE 16 Photophysical properties of solutions of the helicates [Eu,(L13);] in aqueous solution (Tris—HCl 0.1 M) at pH 7.4 and 295 K
(references: see Table 14)

5DO - 7F1a QTﬁu Trad (ms) EE Tlsens
Ligand *Do — "Fo Eexp (cm ™) AE(A-E) (cm™ ") AE(E-E) (cm ™) q° +15% +03° +15%" +15%°
H,L13 17,232 156 28 0.2 0.24 6.9 0.37 0.67
H,L13% 17,234 161 31 -0.1 0.21 6.9 0.36 0.58
H,L13" 17,233 146 31 -0.1 0.19 6.3 0.37 0.52
H,L13 17,235 162 38 0.0 0.11 6.2 0.36 0.30
H,L13 17,235 168 26 -0.1 0.15 6.4 0.40 0.38
H,L13 17,235 160 34 -0.1 0.9 6.7 0.34 0.26
H,L13! 17,227 145 31 0.1 0.035 6.8 0.08 0.044

“ At 10 K in water/glycerol 9/1, v/v; see text.

¥ Hydration number calculated from the phenomenological equation of Supkowski and de Horrocks (2002); estimated error: & 0.3.
¢ Bu(®Dy) radiative lifetime calculated from Eq. (15).

4 Intrinsic quantum yield estimated from Eq. (10).

¢ Ligand sensitization efficiency obtained from Eq. (8).
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exponential functions associated with a long Eu(®°Dy) lifetime (2.3-2.4 ms),
except in the case of H2L131. The latter ligand has too low a triplet state, so
that back transfer occurs in the helicate, reducing both the lifetime and the
quantum yield. In the case of H,L13' the decay measured under high-
resolution conditions is biexponential, from which two lifetimes can be
extracted, a longer one (2.2 ms) and a shorter one (0.53 ms) assigned to a
hydrated species with a population of about 10%, reflecting the speciation
reported in Table 14. A similar situation is met for H,L13", the shorter
lifetime (0.89 ms) corresponding to a population of about 6%, again in line
with the speciation for this system. Finally, an estimate of the hydration
number by means of the phenomenological equation of Supkowski and
de Horrocks (2002) taking into account lifetimes determined in water
(th,0) and deuterated water (tp,0) and correcting for second sphere
effects, leads to a value which is essentially equal to zero.

q:l.llx( t 1 —0.31> (135)

THzO TDzO

Insight into the energy transfer processes operating in the Eu'™ heli-
cates can be gained by analyzing the emission spectra and lifetimes in
terms of Egs. (8), (10), and (15) (Section 2.5). The relevant data are also
listed in Table 16. Surprisingly, the radiative lifetime (6.2-6.9 ms) and
intrinsic quantum yields (0.34-0.37, except for H,L13', 0.08) are the same
for all the chelates, within experimental errors. This is again in line with
an almost identical and fairly rigid nine-coordinate environment for the
metal ions featuring very similar deactivation processes. Therefore, the
differences observed in the overall quantum yields Q% , which are among
the largest reported for this ion in water, almost exclusively arise from
differences in the ligand-to-metal energy transfers, as indicated by the
sensitization efficiency rsens Which decreases about two-fold from 0.67 in
[Euy(L13%)3] to 0.26-0.38 in [Euy(L13'¥);], and to only 0.08 in [Eu,(L13Y)3],
while it is much less affected in the remaining two helicates [Euy(L138M)].
Comparing [Eu,(L138);] and [Euz(L13h)3] shows that the lengthening of
the polyoxyethylene pendant does not affect the photophysical proper-
ties. On the other hand, its grafting on the benzimidazole core in H,L13' is
detrimental to both the thermodynamic stability (Table 14) and the photo-
physical properties of the helicates (Table 16). Finally, when the energy of
the triplet state is lowered in H,L13* and H,L13!, back transfer starts to be
operative, henceforth the decrease in the quantum yield and sensitization
efficiency, a phenomenon particularly acute for the latter ligand. It is
common to discuss sensitization efficiency with respect to the energy
gap between the emitting level and the 0-phonon energy of the triplet
state and some phenomenological correlations have been found. For
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instance, the quantum yield of Eu" appears to be maximum when AE

(rr*-"Dy) is around 2700 cm™ ! in f-diketonates (Sato and Wada, 1970),
between 2500 and 5000 cm™ ' in polyaminocarboxylates (Latva et al.,
1997), and only a few hundred cm ™! in Schiff base derivatives (Archer
et al., 1998). For Tb", substantial quantum yields are obtained when AE
Crr*-"Dy) > 1500 cm ™! for polyaminocarboxylates (Latva et al., 1997) or
for complexes of p-substituted 2-hydroxyisophthalamides (Samuel et al.,
2008b). On the other hand, the correlation between 75.,s and AE Cnn*="Dy)
for binuclear helicates is not obvious, especially when considering H,L13"
and H,L13' (Figure 101, top).

In the case of Tb", the quantum yield is indeed very low when the AE
Crn*-"Dy) gap is <1500 cm ™~ '. Vibration-assisted back energy transfer is
operating, which results in very short lifetimes at room temperature
(Table 10). The corresponding activation energy is around 1600-
1800 cm™ ' for [Tb,(L138)3], roughly corresponding to the energy of CO
and CC vibrations (Chauvin et al., 2008). As a consequence, hydration
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FIGURE 101 Top: sensitization efficiency of the (L13*)*~ (x=j — I) ligands for Eu""
luminescence versus the energy gap. Bottom: overall quantum yield of the [Tb,(L13%);]
helicates versus the energy gap (redrawn after Deiters et al,, 2009).
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numbers cannot be estimated with Eq. (135) because nonradiative deacti-
vation by O-H vibrators is not the main quenching process in the heli-
cates. Only two of the seven ligands H,L13""" sensitize the Tb™
luminescence reasonably well, H,L13% and H,L13" (Figure 101, bottom)
although quantum yields (11% and 9%, respectively) are not up to those
reported in the literature for other chelates, ~60% for water-soluble
podates featuring 2-hydroxyisophthalamide antennae for instance
(Petoud et al., 2003; Samuel et al., 2008a,b). The best ditopic ligand for
both Eu'™ and Tb™ is therefore H,L138 and it also sensitizes the lumines-
cence of other ions such as Nd™, Sm™ (QL,=0.38%), and Yb'™
(Q%, =0.15%).

6.3.2 Biocompatibility of the neutral water-soluble [Ln,(L13);]
helicates

Absence of or small cytotoxicity is an important prerequisite for LLBs
intended for the sensing and imaging of live biomaterials. Biinzli et al.
(2008) have conducted WST-1 cell viability and proliferation tests on
various cancerous cell lines, 5D10 (mouse hybridoma), Jurkat (human
T leukemia), MCF-7 (human breast carcinoma), HeLa (human cervical
adenocarcinoma), as well as on a noncancerous line, HaCat (human
keratinocyte). Typically, cells are grown in RPMI-1640 supplemented
cell culture medium containing various concentrations of the helicate, at
37 °C in an atmosphere containing 5% CO,. The viability test is performed
at several time intervals between 0.5 and 24 h and selected results are
reported in Table 17 while a typical example of the influence of
[Eu,(L13Y);] on cell proliferation is shown on Figure 102. These data
clearly demonstrate that the cytotoxicity of all the tested helicates is
very small, with half-maximal inhibitory concentration ICsy>500 uM.
Some of these results were also confirmed by the lactase dehydrogenase
(LDH) test which allows an assessment of damages caused to the cell
membrane by determining the LDH leakage out of the cell; in the case of
[Euy(L13%);], this leakage was found to be less than 4% for the three tested
cell lines, Jurkat, 5D10, and MCF-7 (Chauvin et al., 2007). Not only cell
viability and proliferation are not affected by the presence of the binuclear
LLBs in the cell culture medium but, also, their morphology remains
unchanged. No swollen nuclei or visible granules developed upon incu-
bation of HeLa cells during 7 h with [Eu,(L13%)5] 100 uM for instance. As a
comparison, a popular nucleic acid intercalating dye, acridine orange
(AO), induces swollen nuclei after the same incubation time, and necrotic
cells are seen after 24 h (Figure 103). These results point to the lanthanide
helicates being indeed biocompatible luminescent tags (Song et al., 2008c).



TABLE 17 Selected cell viability values (%) as determined from the WST-1 test after incubation for 24 h at 37 °C in RPMI-1640 containing
various concentrations of [Eu,(L13);] helicates

Ligand c (uM) Jurkat Do MCF-7 Hela References

None 0 100 100 100 100

H,L13f 125 NA NA NA 11143 Biinzli et al. (2008)

H,L138 125 92+16 93+1.1 92+13 88+3 Chauvin et al. (2008) and Vandevyver et al. (2007)
250 101+4 9 +1 102+7 101+1 Chauvin et al. (2008) and Vandevyver et al. (2007)
500 107 +4 89+4 101+1 108 +2 Chauvin et al. (2008) and Vandevyver et al. (2007)

H,L13" 500 NA NA NA 101 +1 Deiters et al. (2008)

H,L13! 125 90+1 88+1 89+1 11942 Chauvin et al. (2007)
250 89+1 87 +2 87+1 105+ 6 Chauvin et al. (2007)
500 89+1 90+6 89+1 110+3 Chauvin et al. (2007)

H,L13% 500 NA NA NA 101+1 Deiters et al. (2009)

Data are averages of 3—4 independent determinations.
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FIGURE 102  Cell proliferation of various cancerous cell lines when incubated with
[Euy(L13");] (redrawn from Chauvin et al., 2007).

FIGURE 103 Phase contrast microscopy of Hela cells exposed to 100 uM [Eu,(L138);]
(top row) or 3.2 uM acridine orange (bottom row) at 37 °C for the indicated time interval
(reproduced by permission from Song et al., 2008a, © The Royal Society of Chemistry,

2008).
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6.3.3 Uptake of the neutral water-soluble [Ln,(L13);] helicates
in living cells

Most of the work published to date with lanthanide helicates as LLBs has
been performed on the easy-to-grow HeLa cell line (Biinzli et al., 2008).
When incubated with the [Ln,(L13);] helicates, live HeLa cells uptake the
LLBs in a concentration-dependent way (Chauvin et al.,, 2007, 2008;
Deiters et al., 2008, 2009; Song et al., 2008c; Vandevyver et al., 2007).
There are essentially two mechanisms by which an exogenous substance
can penetrate membrane cells. The first one is “tunneling”” through the
hydrophobic cell membrane through channels having usually some spec-
ificity; this occurs when the molecular weight of the penetrating molecule
is not too large (typically <800 Da). Otherwise, a process known as endo-
cytosis is operating. In this process the cell membrane engulfs the incom-
ing molecule to form a pocket which escapes into the cell to produce a
vesicle filled with extracellular fluid, including the exogenous substance.
The vesicle moves into the cytosol and then merges with endosomes and
liposomes. As the [Ln,(L13);] helicates have molecular weight around
2600-3100 Da, this mechanism is likely to occur. An easy way to prove it is
to conduct the uptake experiments at 4 °C because endocytosis is not
occurring at low temperature. As depicted on Figure 104, the total emitted
light by HeLa cells grown under the usual conditions in absence or in
presence of an helicate is the same at low temperature. On the other hand,
if the background noise remains the same at 37 °C in absence of helicate in
the culture medium, the intensity increases considerably when the cells
are loaded with the helicate. Additional proofs for this receptor-mediated
uptake mechanism come from the use of endocytosis inhibitors. When the
same Hela cells are incubated with the Eu"" helicate in a hypertonic
medium containing 0.45 M of sucrose, a 92% decrease in the uptake of
the LLB is observed because hypertonicity prevents the association
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FIGURE 104 Integrated emitted light by Hela cells grown in absence and presence of
[Eu,(L138)5] 125 uM (left) or [Eu,(L13")5] 250 uM (right) at 4 and 37 °C (redrawn from
Chauvin et al., 2007, 2008).
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between the receptor-LLB complex and the clathrin lattice to form the
coated pit; it also blocks the receptor clustering necessary to the formation
of the endosomes. Similarly, potassium depletion blocks the receptor
clustering and indeed, low concentration of this ion in the culture
medium results in a decrease of 83% of the LLB uptake in the cells
(Song et al., 2008c).

Initial experiments with a conventional luminescence microscope
equipped with the relevant filters point to the [Lny(L13);] helicates
penetrating into HeLa cells in a concentration- and time-depending man-
ner. In Figure 105 (top), the Eu" luminescence is plotted versus the
concentration of the [Eu,(L13);] helicates in the culture medium after an
incubation time of 7 h at 37 °C. The luminescence emitted by the
[Eu,(L13%);] chelate at all concentrations is understandably smaller than
the light emitted by the two other helicates, in view of it smaller quantum
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FIGURE 105 Integrated luminescence intensity from [Eu,(L13);] helicates internalized
in Hela cells versus (top) the concentration of the LLB in the culture medium and
(bottom) the incubation time (redrawn from Bunzli et al., 2008).
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yield, 11% versus 21% and 24%, for [Eu,(L138)s] and [Eu,(L13)3], respec-
tively (Table 10). On the other hand, [Eu,(L138);] appears to be the best
cell-staining agent despite its somewhat reduced quantum yield com-
pared to [Euy(L13%)5]. It is noteworthy that readable images can be
obtained for a helicate concentration in the culture medium as low as
10 uM (Deiters et al., 2008). With a time-resolved luminescence micro-
scope (TRLM, Connally and Piper, 2008), this limit is still lower, elimina-
tion of the background auto-fluorescence of the cells improving the
signal-to-noise ratio considerably (Figure 106). The time-course experi-
ments depicted on the bottom of Figure 105 confirm that [Euy(L138)3] is
the best cell-staining helicate since for a given time, its intracellular
luminescence is always brighter compared to the two other stains
(Bunzli et al., 2008).

An important information is to find out where the luminescent heli-
cates are located within the cytosol of the live cells. Several experiments
have been conducted, including colocalization experiments in which the
cells were incubated successively with the helicate and with organic
stains known to localize in specific compartments of the HeLa cells,
such as acridine orange (AO) which stains the cell nuclei. Part of these
experiments are shown on Figure 107. In the top part, the helicate is
shown, after a short incubation time, to be entrapped into isolated vesicles
which diffuse into the cytoplasm and the size of which is usually around
0.5-1.5 um, with shapes ranging from flecks, spheres to ellipsoids.
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FIGURE 106 Plot of the luminescence intensity ratio (I — Io)/lo, where Iy is the intensity
of the background noise for Hela cells incubated during 6 h at 37 °C with various
concentrations of [Eu,(L138);] (redrawn from Song et al., 2008a).
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FIGURE 107 Top: successive TRLM images showing the penetration of the LLB into
Hela cells incubated at 37 °C in presence of [Eu,(L138);] 100 uM (redrawn from Song
et al.,, 2008a). Bottom: colocalization experiment with AO, pointing to the helicate
remaining out of the cell nucleus (redrawn from Chauvin et al., 2008).

After 1 h of incubation, vesicles have concentrated around the nucleus, as
ascertained by the counter-staining experiment with AO (Figure 107,
bottom). In fact, other counter-staining experiments with the Lyso-
Tracker blue (localizing in the lysosomes), Golgi-Tracker (Golgi
apparatus), and ER-Tracker (endoplasmatic reticulum) demonstrate a
localization in the endoplasmatic reticulum (Song et al., 2008a).

All the helicates with ligands H,L13 behave similarly: lengthening of
the polyoxyethylene chain (Deiters et al., 2008) or adding various sub-
stituents in an effort to shift the excitation wavelength toward the visible
(Deiters et al., 2009) does not affect their cell-staining properties. The best
luminescent tag with respect to lengthening the excitation wavelength is
[Eun(L13")5] with absorption maxima at 350 and 365 nm and an ability to
be excited at 405 nm by a confocal microscope (Deiters et al., 2009).

Egress of the LLBs from the cells is slow and both the emission spectra
recorded in cellulo and the excited state lifetimes for Eu™ or Tb' helicates,
as well analysis of the Eu(®Dy « "Fy) transition, prove that the LLBs are
essentially undissociated in the intracellular medium. The intracellular
concentration of the helicates was determined after incubation of HeLa
cells 12 h with 25 uM of LLB by measuring the lanthanide concentration
with the time-resolved Delfia® method. It was found to be surprisinglly
high: under the loading conditions used, there is, on average, 8.8 x 10~ 6
mol [Euy(L13M)3] per cell, which, taking into account an estimated cell
volume between 2600 and 4200 um?®, translates into 0.21-0.34 mM
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(Deiters et al., 2008). Similar concentrations were found for the helicates
with H,L13f, H,L138, H,L13! (Biinzli et al., 2008), and H,L13! (Deiters et al.,
2009), as well as for complexes with cyclen derivatives (Yu et al., 2006)."

Other cell lines can be stained (MCF-7, HaCat, for instance) and multi-
staining with Sm™ Eu'™, Tb™ and even Yb™ is possible. In the latter case,
no image was obtained, but an emission spectrum could be measured
in cellulo (Chauvin et al., 2008; Deiters et al., 2009). The next step will be to
bioconjugate the helicates with specific peptides and proteins in order to
perform targeting experiments. The polyoxyethylene pendants of ligand
H,L13% have been derivatized with carboxylic acid, amine, and pthali-
mide groups for this purpose.

6.3.4 The [Eu,(L138);] helicate as luminescent sensor
for DNA and PCR products

Many biological and diagnostic applications require accurate quantifica-
tion of nucleic acids extracted from various sources (e.g., blood, cells,
bones). In addition to spectrophotometry, several fluorometric DNA
assays have been proposed based on intercalating fluorescent reagents
which display enhanced fluorescence upon interaction with DNA. Many
of these dyes have high autofluorescence, which limits the accuracy of the
assay or its sensitivity, and some are quite specific with respect to the
nature of the sample. Given the photophysical properties of [Eu,(L138);],
Song et al. (2008b) have proposed a rugged and versatile assay applicable
to several different types of DNA (single-stranded, ssDNA; double-
stranded, dsDNA; circular, cDNA) and to small PCR products, that is,
having less than 500 base pairs (bp). The principle of the method
takes advantage of the quenching of the Eu' luminescence induced
by acridine orange (AO). This quenching is purely dynamic, with a
bimolecular rate constant of kq=2.7x10°M 's™! and a quenching
constant Kp=6.7 x 10° M~ ! (see Eq. (136), where I and Ij are the lumines-
cence intensities in absence and in presence of the quencher and 1 is the
observed lifetime in absence of quencher). This is the reason why AO has
been preferred to ethidium bromide (EB) which induces simultaneous
dynamic and static quenching processes.

I
7‘): 1 4 Kp[AO] =1 + k,y7o[AQ] (136)

When DNA is added to a solution containing [Eu,(L13%);] and AO,
the latter intercalates into the nucleic acid and Eu™ luminescence
is restored (Figure 108). In TRD mode, detection limits are in the range
! This high concentration is so surprising that both the Durham and Lausanne groups have mentioned

concentrations in the micromolar range in their respective papers; however, careful recalculation from the
number of complex molecules found per cell indeed yields figures in the mM range.
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FIGURE 108 Luminescence intensity in TRD mode upon addition of DNA to [Eu,(L138);]

0.1 uM + AO 33.1 uM in 0.1 M Tris—HCI buffer; 1: plasmid DNA; 2: actin sens-2 DNA; 3:
salmon sperm DNA; 4: ADNA/Hindlll (redrawn after Song et al., 2008b).

TABLE 18 Influence of potentially interfering analytes on the luminescence intensity
of the DNA analytical system based on the [Eu,(L138);]-AO mix? (from Song et al., 2008b)

Compound ¢ (mM) Al (%) Compound ¢ (mM) Al (%)

BSA 10° +6.2 cu™ 0.1 -329

Glucose 0.1 +3.2 Fe'l 0.1 +0.021

SDS 0.2¢ +92 Fe' 0.1 —-32

Na,HPO, 0.1 —0.03 Co™! 0.1 —149

EDTA 1 +1.1 Mn! 0.1 —94

Ca" 0.1 +0.34 Citrate 0.1 +3.6

Mg" 0.1 +0.89 Ascorbate 0.1 —-65

Zn! 0.1 -15 Urate 0.1 +4.6

* [Eup(L138)5] 0.1 uM, 10 pug ml~ 1 AO, and 100 ngul~ L sheared salmon sperm DNA in 0.1 M Tris—-HCl buffer,
H 7.4.

b {)n ng ul ™!

¢ In mass %.

0.2-0.7 ng ul~ ' for the four investigated DNAs. Reinstatement of lumi-
nescence can also be monitored by measuring the Eu(°Dy) lifetime which
increases when DNA is added, but the sensitivity is about ten-fold less.
The method is quite rugged, being insensitive to pH in the range 3-10 and
to the presence of many potentially interfering species added in 100- to
1000-fold excess (see Table 18). Only Cu"" and Co" have a detrimental
influence, probably because they induce transmetallation of the helicate.

Finally, smaller dsDNA fragments, such as PCR products are also
detected by this method, which compares very well with existing
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FIGURE 109 Comparison between three DNA quantification methods used in the assay
of a PCR p(l;oduct (347 bp fragment of the actin gene); from left to right: UV absorption,
PicoGreen -dye method, and [Eu(L13%);]/AO method (redrawn after Song et al., 2008b).

procedures (Figure 109). An additional advantage of the proposed proto-
col is the measurement of Eu"" luminescence with a cheap, easy-to-use,
and commercially available time-resolved spectrometer.

7. BIMETALLIC POLYNUCLEAR nd-4f HELICATES

7.1 Choosing the d-transition partner

Metal ions from the d-transition series display rich spectroscopic and
magnetic properties which are extremely sensitive to the metal-ion
environment, contrary to f-transition ions, in view of the outer nature of
d-orbitals allowing easy mixing with ligand orbitals. In addition, these
ions have usually strong stereochemical requirements which may prove
useful in preorganizing ligand strands and subsequently facilitating com-
plexation of 4f ions. Combining the unique properties of both series of
ions into a single molecular edifice is therefore appealing. For instance,
despite its programmed weakness resulting from the lack of expansion of
the 4f-orbitals, the magnetic coupling between d and 4f ions has been and
is still the focus of much attention (Barta et al., 2008; Benelli, 2002),
especially when it comes to searching for single molecule magnets
(Costes et al., 2006; Novitchi et al., 2008). On the other hand, a wealth of
efforts have been devoted by the authors of the present chapter for
designing adequate ligands able to simultaneously recognize an isolated
d—f ion pair while leading to triple-helical molecular assemblies with
programmed magnetic and/or photophysical functionalities (Biinzli
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and Piguet, 2002, 2005; Biinzli et al., 1997; Piguet, 1996; Piguet and Biinzli,
1996, 1998, 1999; Piguet et al., 2000). Most of this work relies on the
exciting possibility to tune the properties of one ion by intramolecular
communication with the other metal along the Cz-axis of the binuclear
helicate.

There are three main mechanisms through which two metal ions may
interact and exchange information. (i) Through-bond interaction requir-
ing large orbital overlap, which compels the two protagonists to be
located close enough from each other for their valence orbitals to interact;
this distance should be smaller than 40 pm for instance for noticeable
magnetic interactions to operate between nd and 4f ions or between two 4f
ions; as an example, the coupling parameter | for antiferromagnetic cou-
pling of two R™ ions is usually on the order of —0.1 cm™ ' when the
intermetallic distance is in the range 35-40 pm and drops sharply with
increasing distance. (ii) Through-space interaction arising via multipolar
energy transfers; one common mechanism for this is Forster’s dipole—
dipolar model with a 1/7° dependence (see Section 4.4, Egs. (77) and (78));
such transfers have been detected over very large distances, up to 10 nm
when the donor is a lanthanide ion. (iii) Mechanical coupling of the two
metal ions, that is, modification of the inner coordination sphere of one
ion, the coordination of the other metal ion inducing some deformation of
the ditopic ligand linking the two centers; this is well documented in solid
state networks, particularly with respect to thermal magnetic hysteresis.

In the case of the 4f—4f polynuclear helicates, the polytopic ligands
described in Sections 3-6 position the two lanthanide ions at a distance of
about 90 pm in the final supramolecular assemblies. In addition, the
various tridentate coordination moieties are separated by methylene
bridges which prevent electronic density from flowing between these
units. As a result, the lanthanide ions are isolated and can only communi-
cate by a through-space mechanism, as seen in Section 4.4. If the bis
(tridentate) ligands are modified into tridentate-bidentate guests to
match the often observed octahedral coordination of nd transition metal
ions, it is foreseen that the intermetallic distance will not be much
affected. Therefore in this case again, only the last two types of interme-
tallic communications can be programmed in the self-assembled molecu-
lar edifices. The extensive work performed on nd—4f helicates since 1995
by the authors has pursued the following main objectives:

(1) Inducing a preorganization of the ligand strands to provide a less
energetic pathway facilitating lanthanide coordination during the
self-assembly process. Initially, a spectroscopically silent, nonmag-
netic ion, Zn", was chosen for this purpose (Piguet et al., 1995c)
since, in addition, R™ jons are often used as replacement probes for
this cation when studying the properties of Zn" sites in proteins and
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other biological molecules. In this way, it was expected that the facial
ZnL; tripod will serve as a dedicated receptor for the selective com-
plexation of R™ ions. This strategy was then expanded to include
more transition metal ions in the fac-ML; noncovalent tripods which
self-assemble with R™ ions to yield the HHH-[RM"/ ;] supramo-
lecular triple-helical edifices (M =Cr, Fe, Co, Ru, and Os).

Isolation of enantiomerically pure helicates. One disadvantage of Zn
is its relatively large lability with respect to transmetallation, so that
successful attempts have been made to replace it with Cr'" which, in
addition to be optically active (see point 4 below), is kinetically inert,
opening the way to designing chiral helical luminescent probes
(Cantuel et al., 2004). Another possibility to produce inert 3d—4f heli-
cates is to insert Co" ions into the self-assembled edifices, followed by
a mild and selective oxidation into the low-spin diamagnetic, and
kinetically inert Co" ion (Rigault et al., 1998).

Modification of Fe" spin-crossover parameters through mechanical
coupling with R™L; moieties containing different lanthanide ions.
Indeed, minute distortions of the octahedral, or pseudo-octahedral,
coordination environment of the d° transition metal ion leads to
sizeable changes in these parameters and/or in the thermal hysteresis
loop (Kahn and Kodjovi, 1999). This study is coupled with the inves-
tigation of the electrochemical behavior of the MLn helicates (Fe''/
Fe'", Co''/Co™, Ru""/Ru™, and Os'"'/Os™).

Tuning the photophysical properties of one ion by means of energy
transfer from the other ion. The energy transfer may take place in
either direction, depending on the effect sought for. A first candidate
is Cr'™" the 3d> electronic structure of which is such that its first
electronic excited state (2Eg in octahedral symmetry) is fairly insensi-
tive to ligand-field effects and has a spin multiplicity different from
the ground state (*A,,) leading to a bright red, and long-lived phos-
phorescence. Excitation can be achieved through the spin-allowed
4T2g<— 4Azg transition which is very sensitive to the ligand-field
strength and can therefore easily be tuned. Partial overlap of the
Cr'" levels with those of several lanthanide ions has prompted the
introduction of Cr'" as sensitizer for near-infrared emissive R" ions
such as Nd™ (e.g., in neodymium YAG lasers), Er'™™, and Tm™. Feed-
ing the excited state of a NIR-emissive R™ ion through the long-lived
2Eg level of Cr"" will artificially increase its lifetime, providing an
original handle to control this parameter. Other luminescent d-transi-
tion metal ions such as Ru" and Os" possess long-lived metal-to-
ligand charge-transfer states ("MLCT) which also overlap with R™
electronic levels facilitating energy transfer from these states via either
conjugated bridging ligands (Herrera et al., 2006b; Lazarides et al.,
2008) or through-space (Forster-like) energy transfer.

I
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7.2 Tailoring adequate pentadentate ligands

The design of adequate ligands for the self-assembly of nd—4f isolated
pairs into triple-stranded helical molecular edifices is straightforward in
that it only requires modification of one of the tridentate coordination
units of the bis(tridentate) receptors presented earlier, all the other mod-
ulation possibilities described for the assembly of 4f—4f helicates remain-
ing open. One tridentate unit is simply trimmed to a bidentate chelating
one featuring an «,0/-diimine group and allowing pseudo-octahedral
coordination of a d-transition metal ion (Figure 110). Such pentadentate
ligands are programmed for the simultaneous recognition of a nd—4f pair
of ions by strict self-assembly under stoichiometric conditions, the three
ligand strands being designed so that they will adopt a ““natural” HHH
orientation in the final binuclear edifices, with the three bidentate chelat-
ing units bound to the nd transition metal ion. They appear to be opti-
mally designed for this purpose since a maximum of ion-dipole bonds
will be produced upon self-assembly of three ligand strands with a

\N”N/ \NN/
=N N= =N N=

N N
N =0 R2
N R?
L35
MeO RI=NEt, R2=Me L36
OMe SONEt, L37
1=0H R2=Me HL38
SO,NEt, HL39
SOH  H,L40
X
| N/
N
I \
N N
L42
L41

UH}

FIGURE 110 Segmental ligands for nd—4f triple-stranded heterometallic helicates.
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stoichiometric mix of nd and 4f ions. Indeed, the receptor ligands obey the
maximum occupancy rule (Lehn and Eliseev, 2001), henceforth maximiz-
ing the favorable part of the enthalpic contribution to the overall free
energy change during the recognition process, especially if this process is
conducted in a weakly coordinating solvent such as acetonitrile. The
entropic contribution is also maximized through a large chelate effect.
Finally, the stereochemical preferences of both nd and 4f metal ions are
met by the ligand design with the methylene bridge inducing the right
helical twist when the ligand strands wrap around the metal ions. Pro-
gramming higher nuclearity for the self-assembled edifices translates into
increasing the number of coordinating units, either bidentate or triden-
tate, along the ligand strand so that incoming metal ions can “read” the
information specific to their coordination requirements.

The polydentate ligands investigated so far are schematized on
Figure 110. Ligand L35 with N3 and N chelating units is the pendent of
the bis(tridentate) receptor L11 (Section 3.1, Figure 41). The 3,5-
dimethoxy-benzyl group has been introduced both for increasing solubil-
ity and for its easy recognition in mass spectra when it is cleaved from the
ligand backbone. Ligands L36-L41 with N>O and N, chelating units
correspond to the hexadentate ligand L13°, while the N,-N3-N, hepta-
dentate host L42, tailored for trinuclear MRM recognition, is derived from
ligands L27-L28 (Section 3.1, Figure 42).

As for the hexadentate ligands, the synthesis of the bidentate-
tridentate receptors relies on the modified Phillips coupling reaction.
The starting point in the synthesis of L35 is the production of the
nonsymmetrical Int-1 intermediate by monoacylation of symmetrical
4,4'-methylene-2,2'-dinitrobis(benzamide) with 6-methylpyridine-2-car-
bonyl chloride obtained from the parent carboxylic acid (Figure 111).
A second acylation with the adequately derivatized picolinic acid leads
to the key intermediate N-(2-nitroaryl)arenecarboxamide. In situ reduc-
tion of the latter with metallic iron followed by cyclization under mild
acidic conditions represents the key step of the synthetic path for the
formation of aromatic 1H-benzimidazole rings (Piguet et al., 1994). Simi-
lar reactions are used for L36 (Piguet et al., 1996) and L42 (Piguet et al.,
1994), see Figure 112. Ligand HL38 is obtained by hydrolysis of L36 with
potassium hydroxide (Edder et al., 1997).

A slightly different starting dinitro compound (Int-2) is used for the
synthesis of ligands 137, HL39, and H2L40 but the overall procedure is
the same, with HL39 obtained by hydrolysis of L37 with KOH and H,L40
by hydrolysis of HL39 with concentrated sulfuric acid. Introduction of
sulfonate groups is generally achieved by regioselective sulfonation
occurring during the final step of the synthetic scheme because the puri-
fication of sulfonated compounds is time-consuming. However in the
case of ligands L37-H,L40, the lack of strong electronic effects favoring
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FIGURE 111  Synthetic scheme for ligand L35 (redrawn after Piguet et al., 1994).

one particular carbon for the electrophilic attack in the targeted penta-
dentate ditopic ligands and the considerable number of aromatic carbon
atoms suitable for sulfonation required a different approach in which
2-methyl-5-pyridinesulfonic acid (obtained by reacting 2-picoline with
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Et3
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Fe/HCI lFe/HCI
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FIGURE 112 Top: synthetic scheme for ligands L36 (Piguet et al., 1996) and L42 (Piguet
et al, 1994); for the synthesis of the starting dinitro compound Int-1, see Figure 111.
Bottom: synthetic route to ligands L37, HL39, and H,L40 (Edder et al., 2000).

oleum followed by extensive separation/purification) was coupled to Int-
2 (Edder et al., 2000).

7.3 Preparation of the nd—4f helicates in acetonitrile
and corresponding speciation

The self-assembly of helicates is a relatively complex process (see
Section 3.3), even for homometallic binuclear 4f-4f species. Introducing
dissymmetry both in the receptor ligand and in the nature of the metal
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ions renders the process yet more intricate. Experimental techniques such
as NMR and ES-MS are ideally suited for characterizing the species
formed in solution, an essential step before quantifying the stability of
the binuclear helicates and other species with UV-vis titrations. NMR
spectra will be discussed in the following section, together with solution
structures so that we concentrate here on ES-MS data. The binuclear
helicates are easy to recognize in the ES-MS spectra because the molecular
peak is often accompanied by adduct ions with perchlorates (Hopfgartner
et al., 1994) or triflates, and can be further characterized by their isotopic
distributions. The species evidenced during the titration of ligands L35-
L37, HL38, and L41 10" *M in acetonitrile by metal perchlorates or tri-
flates are reported in Table 19. When RM/ MY mixtures are used, the
preponderant species is always by far the RML; helicate, at stoichiometric
ratio, whatever the lanthanide and the d-transition metal ions are; this is
particularly well illustrated for L36 for which lanthanide helicates with
7Zn" Cr™ Fel! Co™, Ru", and Os" have been investigated. Similarly to the
4f-4f helicates, stability constants have been determined by electronic
absorption spectroscopy, with the same limitations, for example, the
difficulty of detecting poorly stable intermediates or complexes due to
correlated spectra.

Titration of the ditopic pentadentate ligands with either a kinetically
labile d-transition metal (M:FeH, Co", ZnH) or a lanthanide ion often
leads to the observation of several different species in equilibrium. On the
other hand, the RML; helicate is always the most abundant species when
the titrant is a stoichiometric R™/M" mixture, when the total ligand
concentrations is >10" > M, and in presence of poorly coordinating anions;
the other complexes are often not detected in NMR spectra under these
conditions. The spectrophotometric data have been fitted to the following
set of equations (A stands for nd (M) or for 4f (R) ion, charges are omitted
for clarity):

A+ nLk = [A(Lk),] B (137)
2A + nLk = [Ay(Lk),] B (138)
A + 2Lk = [As(Lk),] Bo3* (139)
R +M + 3Lk = [RM(Lk);] 15" (140)

Alternatively, thermodynamic data for inert d-transition metal ions
Cr'", Co™, Ru", and Os" cannot be obtained easily because the formation



TABLE 19 Metal-containing species observed by ES-MS from solutions in acetonitrile during the titration of the pentadentate ligands
L35—-L41 (Figure 110) with transition metal (3d, 4f) perchlorates

Ligand Metal ions Species References
L35 M" (M = Zn, Fe) [M(L35),]*", n=2,3 Piguet et al. (1995d)
[Mo(L35),]*" Piguet et al. (1995¢)
R™ (R =La, Eu) [Ro(L35),(ClOy),]¢9F, x =1-3
RYM/zn" (R=Y, La, Nd, Tb, Lu) [RZn(L35);5(Cl04),]® 2%, x=0-3
[Zn(L35),]**
R™M/Fe" (R=La, Nd, Eu) [RFe(L35)5(Cl10,),]® 9, x =0-3
[Fe(L35),]**
Eu't/Fe!! [EuFe(L35)3(Cl0,),]® ™, x=0-4 Hopfgartner et al. (1994)
L36 Zn" [Zn(L36),(ClO,).]% ", n=2,3; x=0,1 Piguet et al. (1996)

R™/Zn"™ (R =La, Eu, Gd, Tb)
Fe!

R™M/Fe (R =La, Eu, Gd, Tb, Lu)
R™/Co" (R =La, Eu, Lu)

R™/Cr™ (R=La, Eu, Gd, Tb, Tm,
Lu)

LuIH / RuH
LuHI/ OSH

[Zn(L36),,(ClO4) J* P, n=2,3; x=0,2

[RZn(L36)5(Cl04),]® ¥, x=0-3

[Fe(L36),(ClO,), )%, n=1-3; x=0,1

[Fe(L36),,(ClO,), 4%, n=2,3;x=0,2

[RFe(L36)3(Cl104),]® ™", x=0-3

[Fe(L36),]**

[RCo(L36)5]°*

[Co(L36),]*" (traces)

[RCr(L36)5(CF3503),] ¢ ", x =04

[Cr(L36)5(CF3S03), ] ", x =0-1
(R=La, Gd)

[LuRu(L36)3(CF;S03)]*"

[LuRu(L36)3(CF;505),]® %, x=1-3

Piguet et al. (1997b)

Rigault et al. (1998)
Cantuel et al. (2002)
Torelli et al. (2004)

Riis-Johannessen et al.
(2008)



L37

HL38
L41

M" (M = Zn, Fe)
L aIII

La™/M" (M = Zn, Fe)

R™M/7n™ (R =La, Eu)
La™/M"™ (M = Zn, Fe)

[M(L37),]*", n=2,3 Edder et al. (2000)
[M2(L37)(ClO,),]* ", x=0-2 (Zn),
0-1 (Fe)
[La(L37),(ClO4),]®™F, n=2,3; x=0,1
[La(L37),]°", n=4,5
[LaM(L37)3(Cl0y4),]®F, x =0-2
IM(L37),,]**, n=2,3
[Zn,(L37)5(ClO,),]* ", x =0-3

[Zny(L37)5]*"
[RZn(L38)5]*" Edder et al. (1997)
[LaM(L41)3(ClOy4),]®*, x=0-3 Edder et al. (2001)

[M(L41),]*", n=2,3
[M,(L41),(ClO,),]* ", x=0-2 (Zn); x=0
(Fe)
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of [RM(Lk);]™" by reacting stoichiometric mixtures of R, M and Lk
proved to be not feasible in that this invariably led to intricate mixtures
of species with varying stoichiometry and symmetry (HHH, HHT, HH,
HT isomers). Therefore, thermodynamic data for heterometallic binuclear
species including inert d-block ions are limited to the formation of the
final helicate from its preorganized tripodal receptor (Eq. (141)):

[M(LK);]"" + R** =[RM(Lk),] =3+ piMH03 (141)

Due to these difficulties, only a limited number of stability constants
could be determined and are listed in Table 20. For a given d-transition
metal ion, the evolution of the data along the lanthanide series seems to
parallel the tendency observed with the mononuclear precursors: the N3
chelating unit in L35 induces less stable complexes with heavier lantha-
nides, contrary to the N,O donor site in L36. The difference, however,
remains small and close to the experimental uncertainties. On the other
hand, the 3d-transition metal ion has a much larger influence, compare for
instance Bh’g[’mé values for the LaM complexes with L36: the M = Zn"
complex is 6 orders of magnitude more stable than the M = Fe! edifice,
itself one order of magnitude more stable than the M=Co" helicate.
Finally the expected stabilization of the pseudotricapped-trigonal
prismatic coordination to lanthanides in going from a No (L35) to a
N¢O; (L36) environment is only seen with the Zn" helicates, ﬂf’lz_g’Lk
increasing by three orders of magnitude, while the Fe' helicates have a
tendency to be somewhat less stable with L36 compared to L35.

The most striking feature of these thermodynamic data is the selectivity
of the recognition process for a R"™/M" pair, which is schematized for L37
on Figure 113. When this ligand is reacted with either M" (M = Zn, Fe) or
R™, it generates a mixture of several species with different stoichiometries
and conformations; this is referred to as a dynamical combinatorial library
of species (Lehn and Eliseev, 2001). On the other hand, when an equimolar
mixture of R"™ and M" is mixed with L37, only one major species forms with
stability far larger than the stability of any of the other mono- and binuclear
species. To substantiate this further, the dissociation constant of the RML;
helicate can be recalculated from available stability data for the other
species (Eq. (142)). In the case of L35 for instance:

4[RFe(L35),]>" = 2[R,y(L353)]°" + [Fea(L35,)]*" + 2[Fe(L35,)]*" log(K)
(142)

log(K) = —8 and —2 for R =La and Eu, respectively.



TABLE 20 Cumulative stability constants reported for the formation of mononuclear and homometallic binuclear complexes in acetonitrile
solution (spectrophotometric titration of Lk or [M(Lk);]™" 10~ * M)

log(ﬂi%Lk) or

Ligand M y:n log([f%‘f“k ) R y:n log( l;g;k) M/R log([j’f”lM L3y Reference
L35 Zn" 12 15.4(8) La 23  223(3) La/Zn 26.2(3) Piguet et al. (1995d)
22 22(1) Eu 23  235(8) Eu/Zn 25.3(4)
Fe! 12 14.1(4) La/Fe 25.2(5) Piguet et al. (1995e)
22 20.0(8) Eu/Fe 24.3(8)
L36 Zn" 1:3  22(1) La 1:3  19.6(5) La/Zn 29.0(4) Piguet et al. (1996)
22 28.4(8) 23 27.5(9) Eu/Zn 28.6(6)
23 21.509) 22 22.3(9)
Fe!! 12 13.0(8) 32 29.009) La/Fe 23.0(8) Piguet et al. (1997b)
22 18.009) Eu/Fe 24.6(9)
Lu/Fe 23.6(7)
Co'! 122 14.4(6) La/Co 21.7(6) Rigault et al. (1998)
Eu/Co 23.2(9)
Lu/Co 23.9(6)
cr' La/Cr 5.9(3)" Cantuel et al. (2004)
Lu/Cr 5.3(3)"
Ru" La/Ru 5.4(2)" Canard and Piguet
Lu/Ru 5.2(2)" (2007)
L37 Zn" 12 14.4(2) La 1:3  15.1(4) La/Zn 30(2) Edder et al. (2000)
1:3  18.8(3) 23 20.1(4)
22 21.9(3)
23 285(3)

(continued)



TABLE 20 (continued)

log([)’f%’Lk) or

Ligand M yn log( ﬁ%‘fk) R yn log(ﬁ;’,}k ) M/R log(pRME3) Reference
Fel! 12 14.8(6) La/Fe 26(2)
1:3  20.4(8)
22 21.2(7)
23 27.6(8)
L41 Zn" 1:2 12.2(5) La 1:3  17.7(3) La/Zn Edder et al. (2001)
22 17.3(5) 23 229(3) Eu/Zn

* log(fRM3Y, Eq. (141).

¥ Spectra are too correlated for allowing the extraction of the stability constants; however, "H-NMR data point to the “quantitative” formation of the 1:1:3 species.
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FIGURE 113  Selective formation of the heterometallic binuclear helicate [LaM(L37);]*"
(M =Fe, Zn) in acetonitrile from a dynamic library of species. The numbers

correspond to logarithmic values of the thermodynamic constants (redrawn after
Edder et al., 2000).

Origin of the thermodynamic stability of the

[RM(L36);]™" helicates (M = Cr"', Ru")

As discussed for polynuclear f—f helicates (Section 5.4), the surprising
stability of highly charged d—f helicates in solution results from a balance
between the unfavorable intramolecular electrostatic intermetallic repul-
sion and the favorable increase in solvation energy accompanying the
successive fixation of charged cations within the complex. Interestingly,
an intermetallic separation of 90 pm, as found in the triple-stranded
helicates with ligands L11, L13, L28-L31 (f—f helicates), or L35-L42 (d—f
helicates), leads to an almost exact compensation of these two
opposite contributions produced by the fixation of a trivalent lanthanide.
This is illustrated by the negligible variation of the formation

constants log(ﬁi’fd (Lm) (Eq. (141)) in going from HHH-[Ru(L36);]*" (5.4 >
log(ﬁi’lRu(Lm) >52 which translates into —-31> AGZ_’SOI(RRu) >

~30 K mol™!) to HHH-[Cr(L36);]*" (59> log(fy; ") >53 which
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[M(L36)3]Z+(g) + F{3+(g) AGg gas (RM) [F1'M(L36)3](3+z)+(g)
\ AGgolv (M) \AGgolv (M) AGL;olv (HM)

[M(L36)3]7* 501 + R3* 50 A—Gg o (RM). [RM(L36)5](3+21 o)

FIGURE 114 Born—Haber cycle for the formation of [RM(L36);]**?" helicates.

o

translates into — 34 > AG.. __,(RCr) > — 30 k] mol ™~ '); this can be summarized
withAG_ ;(RRu) — AG,

csol (RCr) = 0 despite the obvious increase of the d—f
electrostatic repulsion in going from the Ru"-R™ to the Cr""- R™ helicates
(Canard and Piguet, 2007; Figure 114).

The introduction of the solvation free energies estimated by using Born’s
Eq. (127) for [Ru(L36)s]*" (—342 kJ mol ™), [Cr(L36)s]’" (=771 kJ mol %),
[LuRu(L36)5]°" (—2091 k] mol™ %), and [LuCr(L36);]°" (—3012 k] mol™ 1)
into the adequate thermodynamic Born—-Haber cycles (Figure 114) allows
the calculation of the difference in free energies for these two complexation
processes in the gas phase AG_ . (LuCr) — AG, ., (LuRu) =492 kJ mol '

c,gas
(Eq. (143), Canard and Piguet, 2007).

¢,sol

AGZ’gas (LuCr) _AGZ,gas (LuRu) :AG;SO1 (LuCr) —AG;’SO1 (LuRu)
+AG,, (Cr)—AG,,, (Ru) (143)
+AG,,, (LuRu)—AG,,, (LuCr)

Assuming that the R-ligand-binding energies (including the reorgani-
zation of the [M(L36);]*" tripod) are identical for M=Ru or M=Cr,
the calculated difference of the free energies of complexation in the gas-
phase strictly corresponds to the difference in the electrostatic works
accompanying the fixation of Lu®* at dy gy =90.8 pm from Rulin [LuRu
(L36)3]°", respectively, at dy,c;=93.5 pm from Cr'™ in [LuCr(L36)s]°"
(Eq. (144)).

AG. . (LuCr) — AG

c,gas

o

LuRu) = Wiy gas(Cr) — Wiy gas(Ru)
=492k mol !

c.gas( (144)

This value can be thus compared with that computed from Coulomb’s
law (Eq. (145)), and the reasonable agreement, given the approximation
made, confirms that solvation processes indeed overcome standard electro-
static repulsions for these d—f helicates in solution (Canard and Piguet, 2007).

3¢2Na [ 2 3

WLuA,gaS(Cr) - WLu,gas(Ru) =

dLuRu dLuCr

] = 419kJmol™" (145)
4reg
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Formation of RML; helicates with kinetically inert trivalent
3d-transition metal ions: Cr'" and Co"

The syntheses of inert HHH-[RCr"L;]°" and HHH-[RCo™Ls]°" take
advantage of the lability of the chemically accessible parent Cr' and Co"
precursors, for which standard self-assembly processes, similar to that
described in Figure 113, lead to HHH-[RCrL;]>" and HHH-[RCoLs]**.
Postmodification reactions under oxidative conditions eventually transform
the M" cations into inert M centers (Cantuel et al., 2002; Rigaultetal., 1998).
In the case of Cr'", the initial thermodynamic self-assembly process starts
from Cr" triflate and the resulting blue-green solutions in degassed acetoni-
trile are diagnostic for the presence of the 3d* metal ion in the helicates. Post-
assembly oxidation by diffusion of air is fast and quantitative; the solutions
turn yellow after a few minutes, owing to the low reduction potential of

divalent chromium, for example, Elc/r;H/ S 0.40 V versus SCE for the tris

(bipyridine) complex. The presence of Cr'"' is ascertained by several analyti-
pyr P p y y

cal techniques including electronic absorption spectroscopy, "H-NMR, ES-
MS, and X-ray crystallography (Cantuel et al., 2002). The known kinetic
inertness of the 3d” chromium cation allows the separation of enantiomeri-
cally pure helicates (see Section 7.6 below). For HHH-[LnCo"(L36)5]° " heli-
cates, cyclic voltammograms in acetonitrile show a quasi-reversible Co"/
Co™ oxidation wave (+ 0.41 to 0.43 V vs SCE) compatible with the use of
bromine as the outer sphere oxidative agent, which indeed yields the dia-
magnetic HHH-[LnCo"(L36)3]°" complexes (Ln=La, Lu; Rigault et al.,
1998, 2000a).

Formation of RML; helicates with kinetically inert bivalent 4d- and
5d-transition metal ions: Ru" and Os"

For Ru'' and Os", there is no available parent labile oxidation states, and
the self-assembly processes must include some poorly reversible elemen-
tary steps (Torelli et al., 2004). For the synthesis of HHH-[RRu(L36)5]°",
the procedure implies an intricate strategy, in which undesired
coproducts are stepwise separated from the target helicate (Canard and
Piguet, 2007; Figure 115).

For the more kinetically inert Os" cation, the problem is even more
challenging and the self-assembly reaction has to be performed in ethyl-
ene glycol at elevated temperature (160 °C) and under pressure (8-10 bar)
to yield only a limited amount of a 3:1 mixture of HHH-[Os(L36)3]*" and
HHT-[Os(L36)3]*". The targeted HHH-[LuOs(L36)3]°" helicate is eventu-
ally obtained after several purification cycles by column chromatography
on alumina (yield<10%) followed by recombination with Lu™
(Riis-Johannessen et al., 2008).
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ShoN [HHH-[RuLu(L36)3](CF3SOS)5 ¢] Jratlon . ",
Y% - 2
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FIGURE 115  Synthesis of the inert HHH-[Ru(L36);]*" tripodal receptor and of its triple-
stranded d—f HHH-[RuLu(L36);]*" and HHH-[RuCa(L36);]*" helicates (adapted from
Canard and Piguet, 2007).

7.4 Solid state and solution structures

All of the reported molecular structures of crystals of RML; helicates
correspond to the HHH disposition of the ligands around the metal ions
and have a pseudo-Cs-symmetry with the main axis going through the
metal centers. With one exception, the available structures feature ligand
L36. Generally speaking, the nine-coordinate lanthanide ion lies in a site
with pseudotricapped-trigonal prismatic geometry while six-coordinate
M"/M™ ions display a more or less distorted pseudo-octahedral geome-
try, except for EuZn.” Selected structural parameters are listed in Table 21
and typical structures are shown in Figure 116.

In the EuZn structure (Piguet et al., 1996), five of the Zn-N bonds
(2.01-2.19 A) are close to the standard 2.11 A value (Orpen et al., 1989)
while the fifth one is much longer, 2.52 A. The transition metal ion may
thus be considered as being five-coordinate, with distorted trigonal pris-
matic geometry. Its ionic radius is then 0.62 A, as compared to the

2 For all the structures with L36, a simplified notation will be used, namely RM for [RM(L36)5]"".
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FIGURE 116 Typical structures of RM helicates with ligand L36: (A) EuZn (redrawn from
Piguet et al, 1996); (B) LaFe (redrawn from Piguet et al., 1997b); (C) superposition of
the structures of EuCr and EuRu (reproduced by permission from Torelli et al., 2005,
© Wiley-VCH Verlag, 2005); and (D) superposition of the structures of LuOs and

LuRu (redrawn from Riis-Johannessen et al., 2008).
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expected 0.68 A for a standard five-coordinate Zn"" ion (Shannon, 1976).
Out of the three ligand strands, only one achieves a relatively symmetrical
bidentate binding to the 3d ion. The distortion sustains by the two other
ligand strands results from a close packing of the EuZn cations by pairs
having opposite helicities in the unit cell, with intermolecular Zn...Zn
contacts as short as 8.31 A. Despite a significant deformation of the screw
thread for the tridentate unit coordinated to Eu'", the coordination poly-
hedron is close to the ideal tricapped-trigonal prism (TTP), with standard
Eu-O and Eu-N distances. Interestingly, the Zn" coordination sphere in
[EuZn(L37);]°" is far less distorted and can be described as a octahedron
flattened along the intermetallic axis while the 3d metal ion is now six-
coordinate, as shown by its larger ionic radius (0.72 A, reported standard
value: 0.74 A) This may be related to the effect of the SO,NEt, substituent
since the triple helices are now packed with their axis along the same
direction, forming infinite columns compared to dimers for EuZn. The
intramolecular intermetallic Eu. ..Zn contact distance is shorter by about
0.4 A, but the Eu™ environment is unchanged (Edder et al., 2000). The
crystal structure of LaFe has been determined at 170 K to ensure a
maximum fraction of low-spin (LS) iron. The La" environment is very
similar to the pseudo-TTP structure evidenced for Eu"™ in EuZn except for
a larger twist between the two opposite facial tripods of the trigonal prism
(17° versus 10°) and for the lengthening of the Ln-N and Ln-O bonds due
to its larger ionic radius. On the other hand, the 3d metal ion is six-
coordinate with an octahedral coordination polyhedron somewhat flat-
tened along the Cs-axis. This is typical of a stereochemical demanding
low-spin Fe" ion which limits the deformation of the octahedral coordi-
nation despite the packing in pairs of opposite helicities, much as in
EuZn. The Fe-N distances are standard and the calculated ionic radius
(0.52 A) is also in line with a LS divalent iron.

When iron is replaced by the low-spin, trivalent Co™ in RCo, the
influence of the lgnthanide ion is seen in the Co-N distances which are,
on average, 0.05 A shorter in LuCo compared to LaCo. This suggests that
the Co-N bonds are stretched to accommodate the larger La™" ion in the
nona-coordinate cavity, exemplifying the mechanical coupling between
the two metal ions. As a resoult, The intramolecular R...Co contact dis-
tance increases by about 0.4 A in going from LaCo to LuCo (Rigault et al.,
2000b; Table 21). Examination of the series of structures RCr (R =Nd, Eu,
Yb, Lu) in which the Co™ ion is replaced slightly larger Cr'ion points to
the remarkable adaptability of the triple-stranded helical core to small
variations in the ionic radii of either the 3d or the 4f transition metals. The
overall structures with Co™ or Cr'" are very similar, the only noticeable
difference being a somewhat longer intermetallic distance, ca. 9.3 A ver-
sus ca. 9 A and a concomitant longer helical pitch (ca. 15.5 A compared to
ca.13.5 A) for RCr helicates. On the other hand, variation of the R™ from
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Nd to Lu induces only a 0.8% lengthening of the R-Cr contact distance and
a 2% shortening of the helical pitch. These effects are smaller than the
changes induced by the replacement of the 3d transition metal ion,
despite that the variation in ionic radius between Nd™ and Lu™
(ca. 0.14 A) is larger than the difference between Co™ and Cr™ (0.11 A).
The structural parameters are little affected when divalent Ru" replaces
Cr'"'in EuRu and LuRu; the two ions have similar ionic radii but different
charges and the intermetallic distance decreases to reach values similar to
the one found in LaFe (Torelli et al., 2004, 2005). The structure of the
helicate with the isoelectronic Os" ion, LuOs, revealed an unusual distri-
bution of the Os-N bonds, as well as bizarre anisotropic thermal para-
meters; careful examination of the data led to the conclusion that a
preferential alignment of subdomains within the crystal may be responsi-
ble for this. In any case, averaged values do not deviate from those
reported for LuRu (Riis-Johannessen et al., 2008).

The TTP coordination polyhedra of the R™ ions in the 12 reported
structures are alike, as demonstrated by the geometrical analysis shown
in Figure 117 and for which the relevant angles are reported in Table 21:
all mean angles vary in short ranges, ! between 48° and 55°, ¢ between
178° and 179°, and w between 50° and 56°.

Solution structure determination essentially relies on NMR data, via
either a classical analysis of the number of signals and of their chemical
shifts with the help of two-dimensional COSY, NOESY, and NOEDIF
measurements, or the more sophisticated investigation of both lantha-
nide-induced shifts (LIS) and relaxation times (LIR). When the major
species in solution is the heterobimetallic helicate, analysis of the 'H-

S-S

FIGURE 117 Definition of the angles for the analysis of the R
in RM helicates (redrawn after Piguet et al,, 1996).

coordination polyhedra
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NMR spectra is relatively simple. For instance, 26 and 23 signals are
observed for the RM (M =Zn, Fe) helicates with ligands L35 (Piguet
et al., 1995d,e) and L36 (Piguet et al., 1996, 1997b), respectively, pointing
to the equivalence of the three ligand strands and therefore to Cz- or Cs,-
symmetry for the molecular assembly, on the NMR timescale. The meth-
ylene protons of the bridge between the two chelating units of the ligands
and of the dimethoxybenzyl or diethylamine substituents exhibit AB spin
systems, precluding the presence of a mirror plane and therefore pointing
to a HHH arrangement of the ligands with C5-symmetry. The NOE effects
observed, both intrastrand (Figure 118) and interstrand for a range of
complexes (R=La, Ce, Nd, Sm, Eu, Yb, Lu, and Y) further confirm the
helical twist of the ligands. Finally, analysis of the lanthanide-induced
shift with separation of the contact and dipolar (pseudocontact) contribu-
tions according to Eq. (35) (see Section 3.6) substantiates the coordination
of the lanthanide ion to the tridentate unit and of the 3d cation to the
bidentate unit. For instance, small F; values (<0.06) are observed for the
protons of the bidentate unit in [RZn(L35);]°" because of their large
topological separation from the paramagnetic R™ ion. On the other
hand, the F; values are significantly larger for the protons of the tridentate
binding unit and they increase to reach values as high as 0.25-0.33 when
the protons are separated from the paramagnetic center by only three
bonds, reflecting a large spin delocalization onto the bound tridentate
unit. Similar conclusions hold for the Fe' helicates with ligand L35 (Piguet
et al., 1997b), for Co'l, Co'! (Rigault et al., 1998), Ru'! (Torelli et al., 2004),
and Os" (Riis-Johannessen et al., 2008) helicates with ligand L36, as well
as for Zn'" helicates with ligands L36 (Piguet et al., 1996) and HL38 (Edder

/\‘

HHb H, H H, H,

( Me\N C‘ D Me _3 Me F)

MeO

OMe

FIGURE 118 Intrastrand NOE effects observed for [RZn(L35);]>" (left) and [RZn(L36),]**
(right) in acetonitrile solution (R =La, Ce, Pr, Nd, Sm, Eu, Yb, Lu, Y) (redrawn after
Piguet et al., 1995d, 1996).



TABLE 21 Selected structural parameter for the heterometallic RM helicates with ligands L36 and L37

R M

Ligand RM R..M (/&) Pitch (.&)" () ¢ () o (P ri (,&) References

L36 EuZn" 8.96 15.4 55 178 50 0.62 Piguet et al. (1996)

L37 EuZn" 8.58 14.6 48 179 55 0.72 Edder et al. (2000)

L36 LaFe! 9.03 NA 52 179 52 0.52 Piguet et al. (1997b)
LaCo™ 8.86 13.7 52 178 52 0.53 Rigault et al. (2000b)
LuCo™ 9.23 13.5 49 179 55 0.48 Rigault et al. (2000b)
NdCr™ 9.28 15.8 51 178 53 0.59 Torelli et al. (2005)
EuCr™ 9.32 15.7 50 178 56 0.59 Cantuel et al. (2002)
YbCr! 9.33 15.4 49 179 52 0.59 Torelli et al. (2005)
LuCr'™ 9.35 15.4 49 179 56 0.59 Cantuel et al. (2002)
EuRu" 9.06 14.8 49 178 54 0.60 Torelli et al. (2005)
LuRu" 9.08 14.9 49 178 55 0.60 Torelli et al. (2004)
LuOs" 9.09 13.3 50 178 55¢ 0.63 Riis-Johannessen et al. (2008)

“ Helical pitch corresponding to a 360° turn of the ligand strands.
Y See Figure 117 for the definition of the angles.
¢ Individual values are highly dispersed, in the range 41-61°.
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et al., 1997). When a fast-relaxing and highly paramagnetic 3d metal ion
such as high-spin Co" (3d7, Uett = 4.9-5p) is inserted into the triple-helical
complexes, the NMR spectra span a 100 ppm range but are nevertheless
fully interpretable (Rigault et al., 1998). In the case of L36, Cs-averaged
values of the polar coordinates extracted from the crystal structure of
EuZn have been used to recalculate the structural factors (1-3cos?0)/r;>,
which significantly improved the fit of the experimental data. Values of
the axial component y3* of the magnetic susceptibility tensor relative to
Pr'"' (Table 22) are in qualitatively good agreement with theoretical calcu-
lations for the larger ions (Ce, Nd, Eu) while they deviate more for Tm and
Yb, although the general trend is maintained. These results not only point
to the presence of C; triple-stranded helicates in solution but, also, to the
EuZn crystal structure being a satisfying model for the averaged solution
structures on the NMR timescale.

For the [RFe(L36);]°" series of helicates, the signals of the protons
belonging to the bidentate binding unit are very different from those of
[RZI\(LC’,6)3]5+ at room temperature, even for diamagnetic R™ jons, some
of these protons being strongly shifted toward lower field as a result of the
'A = °T, spin-state equilibrium. The two NMR spectra become only simi-
lar when the temperature is lowered to 233 K, where iron is essentially in
its diamagnetic low-spin state. The localization of Fe" in the pseudo-
octahedral site is further confirmed by cyclic voltammetry which shows
the [RFe(L36)5]°" helicates being oxidized in a reversible one-electron
process at Eq,,~0.82 V (vs SCE), independent of the nature of the RM
ion (Piguet et al., 1997b).

Applying Reilley’s method for the separation of contact and dipolar
paramagnetic shifts to [RCo™(L36)5]°" helicates, that is, the linear forms
of Eq. (35) (see Section 3.6):

Eara C
— _ —F + GB}—- (146)
<Sz>] 0 <SZ>]

TABLE 22 Comparison of theoretical and experimental values of the axial term of the
magnetic susceptibility tensor relative to Pr'" for [RZn"(L36);]°" complexes (Piguet et al,,
1996)

RZn Theoretical Experimental RZn Theoretical Experimental
CeZn 0.57 0.63 EuZn —-0.36 —-0.54
PrZn 1.00 1.00 TmZn —4.82 —2.86

NdZn 0.38 0.47 YbZn —2.00 —1.07
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para
)

B2 147

leads to the plots reproduced on Figure 119A and B, in which a straight
line is observed for R = Ce-Eu, but Tm and Yb are not included, pointing
to a possible structural change between lighter and heavier lanthanide
ions. When Tb, Dy, Ho, and Er are included in the plots, after succeeding
in assigning the proton resonances for the paramagnetic heavier lantha-
nide ions, the Tb-Yb series fits a second straight line (Rigault and Piguet,
2000). This counterintuitive result, in view of the similarities in the crystal
structures of [RCo™(L36);]°" with R =La, Lu (Rigault et al., 2000a), can be
corrected by applying the crystal-field independent method (Eq. (37),
Section 3.6), as shown on Figure 119C so that the break resulting from
the classical separation method is in fact due to a change in the ligand-
field parameters along the lanthanide series, the ligand field being 1.6-
fold smaller for the series Tb-Yb compared to Ce-Eu (Rigault et al.,
2000a). A further comparison of the LIS and LIR data for the entire series
of Co™ helicates with calculated data using the geometrical parameters of
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FIGURE 119 Continued
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FIGURE 119  Plots of the paramagnetic-induced shifts for [RCo"(L36);]°" in acetonitrile
according to (A) Eq. (146), (B) Eq. (147), and (C) Eq. (37) (redrawn after Rigault et al., 2000a).
(D) Plots of the structural factors Ry = G,/ Gy of the Co" helicates versus those of

the Co" complex (redrawn after Rigault et al., 2000b).

the crystal structures for La and Lu confirms the isostructurality of the
series, as well as a close match between the less-distorted crystal structure
of the Lu helicate and the solution structure in acetonitrile, but for minor
deviations due to a larger fluxionality in solution. A similar analysis on
the Co" helicates had to take into account the presence of two paramag-
netic centers. However, the latter are magnetically independent, since the
magnetic moments of the RCo" helicate obey Eq. (148) with uecf‘f’nz 4.8 MB,
so that the LIS are identical in RCo™ and in RCo™. The complete NMR
analysis yields similar results as for the trivalent cobalt compounds. This
isillustrated in Figure 119D in which the structural factors Ry = G,/ G (see
Eq. (37), Section 3.6) of RCo™ versus RCo" plotted for 22 pairs of protons
are indeed in linear relationship with a unit slope (Rigault et al., 2000a),
consistent with the axial magnetic anisotropic susceptibilities reported in
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TABLE 23 Comparison of theoretical and experimental values of the axial
magnetic anisotropic susceptibility relative to the value for Dy" (C;= —100) for
[RCo"(L36);]°" and [RCo"(L36);]°" helicates; data are corrected for ligand-field
effects (Rigault et al., 2000b)

R C(RCo"™) CjRCo") Theoretical R CfRCo")  CfRCO") Theoretical
Ce -52 -6 —-6.3 Dy —-100 —100  —100

Pr —80 -10 —-11 Ho -53 —57 -39

Nd -3.8 —-55 —42 Er 11 12 33

Eu 43 6 4.0 Tm 33 37 53

b -91 —94 —86 Yb 13 13 22

Table 23 for the two series of complexes. That is both the Co™ and Co™
helicates have very similar rigid C; solution structure, exemplifying the
ability of the (L36); supramolecular receptor to adapt to 3d metal ions with
various charges and ionic radii without disrupting the overall architecture
of the final RML; helicates.

11 11
uEE = (B + (1) (148)

The structural studies by X-ray diffraction and NMR have been
complemented by a high-resolution luminescence analysis of the Eu''-
containing complexes similar to the one conducted for the homometallic
bioprobes (Section 6.3.1). Data are collected in Table 24. Firstly, the energy
of the °Dy — “F, transition calculated with Eq. (19) (see Section 3.5) and the
usual nephelauxetic parameters onyheter) = — 15.3, d0(amide) = — 15.7, and
d0(carbox) = — 17.2 cm™ ' amounts to 17,236, 17,235, and 17,231 cm ™ ' for N,
N¢Oz(amide), and NgOs5(carbox) environments, respectively. The experi-
mental data are in good agreement for L35 but somewhat lower than
predicted for L36 and L37 (17,224-17,229 cm ™ '), possibly due to the large
spin delocalization evidenced by NMR and causing a larger nephelauxe-
tic effect. On the other hand, the experimental nephelauxetic effect for
HL38 is somewhat smaller (5 cm™') than calculated. All the emission
spectra match an analysis based on a distorted ternary (C;) symmetry as
seen from the splitting of the ’F, level into two sublevels labeled A and E
according to group-theoretical considerations. There are, however, large
differences between the various helicates and, also, between solid state
and solution samples, particularly in the case of L37. Looking at the AE
(A-E) energy difference for the Zn" helicates, which is directly propor-
tional to the B3 ligand-field parameter (Binnemans and Gorller-Walrand,
1995), the strength of the ligand field induced by the various ligands at 10
or 13 K increases in the series L35 (93 cm ™~ ') < L37 (118) < L36 (127) < HL38



TABLE 24 High-resolution analysis of the Eu(°D) emission to the “Fy and “F; levels for [EuM(L)s]"" and [MEUM(L);]"" helicates in solid
state (s) or acetonitrile (as) solutions

Do —'F

Ligand M State T (K) Do — "Fo Eexp (cm™) AE(A—E) (cm ™) AE(E-E) (cm™ ) References

L35 Zn" as 10 17,224 94 43 Piguet et al. (1995d)
Zn" as 295 12,236 NA NA

L36 Zn" s 10 17,220 127 21 Piguet et al. (1996)
Zn" s 295 17,229 140 55
Zn'? s 295 17,226 134 63
cr't s 10 17,216 100 48 Cantuel et al. (2002)

HL38 Zn" s 10 17,224 138 42 Edder et al. (1997)
Zn" s 295 17,235 145 35
Zn" as 295 17,237 149 NA

L37 Zn" s 10 17,221 118 37 Edder et al. (2000)
Zn" s 295 17,225 117 NA
Zn!! as 295 17,224 82 49

L41 Zn" s 13 17,221 146 35 Edder et al. (2001)
Zn" as 295 17,232 147 NA
Fell s 13 17,221 144 37

L42 Zn'"zZn" s 10 17,221 98 32 Cantuel et al. (2006)
cr'ler™ s 10 17,218 80 34

“ Eu-doped (2%) [GdZn(L36)]°*.
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(138) <L41 (146). This can be understood with respect to the inner sphere
composition, a Ny environment generating a weaker field than a NgO3
one. The weaker field induced by L37 with respect to L36 most probably
arises from the less distorted coordination polyhedron in [EuZn(L37);]°"
compared with [EuZn(L36);]°" (Edder et al., 2000) while the largest field
observed for the helicate with L41, with respect to the carboxylic acid
HL38, may be traced back to the weaker coordination of the 3d transition
metal, allowing a tighter wrapping of the ligand strands around the
lanthanide ion.

7.5 Intermetallic communication as a tool for tuning magnetic
and photophysical properties

7.5.1 Tuning the spin-crossover parameters of Fe'

Spin equilibria between the 'A; and °T, states occur for all the Fe'-
containing helicates, that is, with ligands L35-L37. The effective magnetic
moment of the iron partner is deduced from susceptibility measurements
of [RFe(L);]°" and the corresponding [RZn(L);]°" helicates for assessing
the diamagnetic contribution and the contribution from the lanthanide
ions. The observed magnetic behavior of Fe'' allows the evaluation of the
spin-crossover constant K. according to

ﬂgff(Fe) :ﬂiff(RFe) - :“gff(Rzn) (149)

1A, (S=0,LS) = °T,(S = 2,HS) Ksc (150)

2 2
Hege — Uis XHS ( AHsc ASSC)
Kgc = =5 = =exp| — 151

- His — Mg 1 — Xus P RT R (5D

AHsc
T f—
5C = ASec

(152)

where u;5 and pps are the magnetic moments of the low and high-spin
forms, taken as 5.0 and 0.3ug, respectively (Sugiyarto et al., 1994), AHsc
and ASgc are the corresponding thermodynamic parameters, while Tsc is
the critical temperature for which xys=0.5. Relevant data obtained by
either NMR or spectrophotometric determinations are collected in
Table 25 while the high-spin mole fractions versus temperature are dis-
played on Figure 120 for helicates with L37. The temperature range
investigated, 243-333 K, is limited by the physical properties of the
solvent, acetonitrile, so that the spin transition cannot be directly evi-
denced, but its temperature can be calculated from Eq. (152). For L35,
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TABLE 25 Parameters for the magnetic low-spin./high-spin equilibria of [RFeL;]**
helicates in acetonitrile

AH,, AS,. Toe XHs
L RFe (k) mol™") () mol™"K™) (K) (293 K) References
L35 LaFe 20.6(6) 57(3) 361 0.16 Piguet et al.
CeFe 23.1(8) 66(4) 350 0.17 (1995e)
PrFe 22.2(8) 62(3) 358 0.16
NdFe 21.8(8) 60(3) 363 0.16
SmFe 20.009) 55(4) 364 0.15
EuFe 23.009) 64(3) 359 0.15
L36 CaFe 30.3(3) 90(1) 336 0.17 Piguet et al.
LaFe 30.5(3) 92(1) 331 0.19 (1997b)
NdFe 30.2(3) 90(1) 334 0.18
EuFe 29.6(5) 89(1) 336 0.18
YFe 29.6(3) 88(1) 338 0.17
YbFe 28.3(4) 83(1) 342 0.16
LuFe 28.4(4) 82(2) 346 0.14
ScFe 25.8(7) 74(2) 349 0.16
L37 LaFe 30.1(2) 94(1) 320 0.31 Edder et al.
YFe 29.2(2) 89(1) 327 0.26 (2000)
LuFe 29.8(2) 87(1) 331 0.24
0.6 {
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FIGURE 120 Mole fraction of high-spin Fe' in [RFe(L37);]>" solutions in acetonitrile
versus temperature (redrawn after Piguet et al., 1997b).

this temperature is relatively insensitive to the nature of the lanthanide
ion (359-363 K), with the exception of Ce'™. On the other hand, there is
smooth dependence of Tsc on the size of the metal ion for the L36
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helicates, with an increase from 336 K (La) to 349 K (Sc), allowing a
remarkable tuning of this parameter by the R" ion (Piguet et al., 1997b).
Replacement of the methyl substituent on the pyridine moiety (L37) has
little consequence on the thermodynamic parameters, but lowers Tsc
by a welcome 10 K, although the tuning range is somewhat reduced
(320-331 K). The inner-sphere reorganization energy associated with the
elongation of the Fe-N bond upon conversion from low-spin to high-spin
Fe" is in the range 8-25 k] mol ' and is expected to be the dominant
contribution to AHgc. The entropic factor encompasses a small electronic
contribution associated with the difference in the degeneracy of the low-
and high-spin states and larger ones arising from vibrational partition
functions, the disorder of the high-spin state being more pronounced
owing to longer Fe-N bonds.

Associating a luminescent R™ ion with paramagnetic Fe" in the same
supramolecular structure leads to materials with a fascinating combina-
tion of properties and tuning abilities thanks to a judicious ligand choice
(Edder et al., 2001). For instance, the steric constraint linked to the intro-
duction of a methyl group in the 6-position of the pyridine in L41 results
in the sole presence of high-spin HHH-[EuFe(L41);]°" helicate, both in
solution and in the solid state (2-300 K) instead of the usual spin-state
equilibrium, as observed for [EuFe(L36);]°"; this is ascertained by the
weak LMCT absorption band (¢ ~ 500 M~ Lem 1) around 450 nm, respon-
sible for the yellow color of the complex, and the faint d-d transitions at
910 (14 M~ *em™ ') and 1130 nm (11 M~ 'em™ ). For comparison, the
LMCT of the pure low-spin complexes [LnFe(L36)s]’", accounting for
their violet color, extends from 430 to 630 nm and is much more intense,
with ¢ reaching 5800 M~ 'cm ™' at the maximum at 530 nm. As a result,
the °D, luminescence in [EuFe(L36);]° " is totally quenched in the range
10-400 K in view of the overlap between the Eu emission spectrum and
this broad LMCT state (Piguet et al., 1997b). A similar quenching happens
for [EuFe(L35);]°" as well (Piguet et al., 1995¢). On the other hand, [EuFe
(L41)5]°" is luminescent, even at room temperature, yet less than the
corresponding Zn" complex, as indicated by the Eu(°Dy) lifetime which
drops from 2.63 ms (ligand excitation, solid state, 13 K) in the zinc helicate
to 0.28 ms in the iron complex due to partial directional Eu — Fe''jg
energy transfer, the latter ion acting as a semitransparent partner
(Figure 121).

7.5.2 Tuning visible lanthanide emission

The ligand-centered photophysical properties of the helicates with a
spectroscopically silent nd-transition partner are not essentially different
from those of the previously discussed homobimetallic helicates and will
not be detailed here. When a nd-transition ion amenable to form MLCT
states with the ligand strands is introduced into the helical edifices,
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T<0°C

[EuFe(L41)4]5+

tzgﬁﬁ'ﬁ t29%$%

Diamagnetic Paramagnetic
violet yellow
6000
: Low spin
4000 -

Eul' emission

e/M-1cm-1
Intensity/a.u.

High spin

430 480 530 580 630 680
A/nm

FIGURE 121 Top: schematic representation of energy transfer processes in low-spin
[EuFe(L36)s]°" (left) and high-spin [EuFe(L41)s]>" (right). Bottom: absorption spectra at
295 K (left scale) of high-spin [EuFe(L41);]°" and of spin-crossover [EuFe(L36);]*"
complexes in acetonitrile, as well as the overlapping Eu" emission spectrum (right scale)
of high-spin [EuFe(L41);]°" (solid state, 13 K) (redrawn after Edder et al., 2001).

specific absorption and, possibly, emission bands from these state are also
observed, as well as d-d transitions. Relevant data are collected in
Table 26 and show a relatively small influence of the lanthanide complex-
ation on the ligand levels when M =Zn but a more pronounced one for
the other ions. Lifetimes and quantum yields for lanthanide-centered
luminescence are listed in Table 27. Except for [EuCr(L36)3]°", in which
Eu-to-Cr energy transfer is operating, and for [EuFe(L41)3]°" for reasons
discussed above, the Eu(°Dy) lifetimes are long, ca. 2.3-3.0 ms. This is



TABLE 26 Selected ligand-centered photophysical properties of the ligands and some of the [RML;]™" and [Cr"""RCr""L;]™" helicates

T E(*n—m)  E(MLCT)+ E(d—d) E('nn*) Prmn*)
L R M State (K)° (em™) (em™) (em™) E(rn*) (em™ ) (ms) References
L35 s 77 29,600, 25,000 19,200, 18,650 350, 88 Piguet et al. (1995d)
28,600
La Zn" s 77 29,600, 22,600 19,700, 18,900 124, 37
26,200
Lu Zn"! s 77 30,300, 22,200 19,700, 18,900 243,79
25,650
L35 CHCly 293 35,490, NA NA NA Piguet et al. (1995e)
31,450
La Fe'! CHCl, 293 30,550, 18,800 23,000 19,000 NA
26,880
Eu Fe'! CHCl, 293 30,270, 18,870 23,000 19,000 NA
27,020
L36 s 77 30,770 24,940 20,040, 18,870 560, 41¢ Piguet et al. (1996)
La Zn" s 77 31,000 22,600 19,960, 19,050 250, 36
Gd Zn"! s 77 31,250 22,600 19,960, 19,050 12, 5¢
L36 MeCN 293 33,320, NA NA NA Piguet et al. (1997b)
31,750
La Fe'l MeCN 293 29,940, 19,050 22,220° 18,520° NA
28,570
Lu Fe'l MeCN 293 29,940, 19,080 22,220° 18,520° NA
28,570
L36 La Cr!! MeCN 293 40,486, 23,640, 16,475, 14,368, Cantuel et al. (2002)
30,121 11,710, 9090, 8368
La cr't MeCN 293 40,486, 25,700, 22,800, 21,600,
30,030 20,000
Lu Cr't MeCN 293 40,486, 25,700, 22,800, 21,600,
29,940 20,000
L36 Lu Ru" MeCN 296 39,525, 21,100 ¢ 14,730 038x10"%  Torelli et al. (2004)
29,940

(continued)



TABLE 26 (continued)

T E(*t—m)  E(MLCT)+ E(d—d) E('nn*) (rn*)
L R M State” (K)° (cm™) (cm™) (cm™) ECrn*) (cm™) (ms) References
Gd Ru'! MeCN 293 40,160, 21,185 25,800% 24,300, 20,700% 948 Torelli et al. (2005)
30,120
L36 Lu Os" MeCN 293 29,850 19,920, 14,500 ¢ 12,400 31x10”%f Riis-Johannessen
et al. (2008)
L37 CH,Cl, 293 30,490 Edder et al. (2000)
La Zn" CH,Cl, 293 29,670
La Fe'! CH,Cl, 293 29,940 18,180, 17,270
Lu Fe'! CH,Cl, 293 29,670 18,180, 17,250
L37 s 77 28,170 22,936 23,900, 22,650 687 Edder et al. (2000)
La Zn" s 77 27,174 21,740 19,230, 18,250, 480"
17,390
Eu Zn" s 77 26,675 21,645 ¢ ¢
HL38 Eu Zn" MeCN 293 41,000, ¢ e ¢ Edder et al. (1997)
30,580
L41 s 77 30,670 25,250 21,260, 19,690, 605, 457 Edder et al. (2001)
19,120, 16,550
La Zn" s 77 30,210 23,700 20,920, 19,530, 221
18,140, 16,750
La Fe'l s 77 30,210 19,010 ¢ 18,870¢ 261, 30 Cantuel et al. (2006)
L42 Lu criicr! MeCN 293 31,150, 16,690, 14,200, 11,765, 18,9007 2.45,0.49"
27,300 10,225, 8300
Lu cricr™ MeCN 295 31,350, 27,100, 20,000 24,4507 2.45,0.49"
27,100

7 s, solid state.

¥ Except for * « = transitions of solid state samples, recorded by reflectance spectroscopy at room temperature.
¢ Very weak signal.

4 At low temperature (77, 13, or 10 K).

¢ Luminescence quenched.

/ From the *MLCT state.

$ At77K
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TABLE 27 Quantum yields and lifetimes of the [RML;]"" helicates, R = Eu, Tb upon
ligand excitation

1°D)) IS
L R M (ms)? c (M) (%) References
L35 Eu Zn 2.30(5) 107 ~0.01 Piguet et al. (1995d,
1996)
Tb Zn 1.17(4) NA Piguet
et al. (1995d)
L36 Eu Zn 2.56 1073 42  Piguet et al. (1996)
(10) 107 9.3
Tb  Zn 1.89(6) NA
Eu Cr'™ 0554 10°* 32  Cantuel et al.
(2002)
L37 Eu Zn 2.35(2) 1078 82  Edder et al. (2000)
HL38 FEu Zn 2.99(9) 107 32 Edder etal.
243(2)  107* 15 (1997)
L41 Eu Zn 2.63(1) 1073 7.4  Edder et al. (2001)
Eu Fe" 0.28(1) 1073 0.03

* Solid state sample, at 10 or 13 K, ligand excitation.

¥ In acetonitrile at room temperature; recalculated by using the most recent values reported for the
[R(‘rerpy‘ridir1e)3]3+ internal references, 32+ 1 (R=Eu) and 35+ 1% (R=Tb) in acetonitrile (Comby, 2008);
uncertainty: +10-15%.

¢ For [EuCr(L36)3](CF3SO3)s * 4H,O; 0.75(1) ms for [EuCr(L36)3](CF3SO3)4 * 4MeCN, and 0.87(4) ms for a
solution 10~ *M in acetonitrile.

4107*M in H,O.

clearly in line with an inner coordination sphere devoid of water mole-
cules. On the other hand, Tb(°D,) lifetimes are shorter, probably due to
some back transfer operating, the >nn* states of the coordinated L35 and
L36 ligands having an energy (=19,000-20,000 cm ') close to the one of
the °D, level, 20,500 cm™ . Quantum yields have only been determined
for Eu™ helicates. They span a wide range, from 0.01% in [EuZn(L35)5]°"
because the Ny environment made up of benzimidazolepyridine units is
known to generate a rather low-lying and quenching LMCT state
(Gongalves e Silva et al., 2000; Petoud et al., 1999), to a high 32% for the
sparingly soluble carboxylate [EuZn(L38)s;]**. The robustness of the
triple-helical edifice is exemplified by the fact that adding up to 0.93 M
water to [EuZn(L36);]°" does not alter either the °Dy lifetime or the
quantum yield (Piguet et al., 1996). Similarly, the quantum yield of
[EuCr(L36);]°" in acetonitrile (Q =3.2%) remains unchanged up to 3 M
added water (Cantuel et al., 2002). If the same experiment is conducted on
the even more robust [EuZn(L38);]*" helicate in acetonitrile, the quantum
yield slightly drops to reach 87% of its initial value up to 2 M of added
water, probably in view of the second sphere effect of fast diffusing O-H
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vibrators, and then further decreases slowly to reach about 80% of its
initial value for a water concentration of 10 M. The quantum yield in
pure water is about half that in acetonitrile and the lifetime is still long,
2.43 ms; with 1(D,O)=4.48 ms, one calculate 4~0, using Supkowski
and de Horrocks (2002) equation, a remarkable result in that even in
pure water, there is no inner sphere interaction with the solvent (Edder
et al., 1997).

When one metal ion plays the role of a donor for sensitizing
the emission of a second accepting metal ion, the characteristic lifetimes
7 of their excited states, which are related to their deactivation rates by
Tem = (kem) ', are affected by the intermetallic communication process
(Figure 122). If the energy transfer rate is much faster than the deactiva-
tion rate of the donor ion, the situation is very simple and assuming a
Forster’s dipole-dipolar mechanism, the yield of the transfer is given
similarly to Eq. (77) by

D D
mop =1— s —p Qo 1 (153)
A Py
RU

where D stands for the donor and A for the acceptor, while subscript 0 for
tand Q denotes the situation without energy transfer; RPA is the distance
between the donor and the acceptor and R} is the critical distance for
50% transfer. The experimental parameters corresponding to the situation
without transfer are usually measured on [RZnLs]"" or [GAML,]"*
complexes.

Energy transfer from ligand

1 1 ]

M* M,R
ket
R* AM
\ ket
\ M

kM kR l KM

Ground state

FIGURE 122 Schematic representation of a nd-to-4f energy transfer (left) and of a
4f-to-nd transfer (right) along with the definition of the rate constants.
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The chromium helicate [EuCr™(L36);]°" displays both Cr(°E — *A,)
and Eu(’D; — F,) emission. The lifetime of the latter is considerably
shorter than in [EuZn(L36);]°", which is assigned to unidirectional
Eu — Cr transfer along the Cs-axis (Cantuel et al., 2002). Determination
of 7crry for two types of crystalline samples (hydrated and anhydrous, see
Table 28) provides the same temperature-independent (10-295 K) effi-
ciencies for this transfer, within experimental errors, ~7045%. The
energy transfer yield is also insensitive to the nature of the sample, as
shown by the same calculation carried out for 10~ *M solutions in aceto-
nitrile using either quantum yields (see Table 27, 1c,g, = 66%) or lifetimes
(70%), a proof of the dipole-dipolar mechanism operating in these fairly
rigid triple-helical structures (the calculated R, distance is ~10.3 A) In the
case of Tb, the transfer is quantitative, no °D, luminescence being
observed even upon direct Tb excitation, because of the near resonance
between the Tb(°Dy) and Cr(*T,) electronic levels.

7.5.3 Tuning near-infrared lanthanide emission

Because of its transparency to biological tissue, NIR light is praised for
bioprobes and many R™ ions seem to be ideally suited for this purpose.
There are, however, two problems with these probes (Comby and Biinzli,
2007): (i) due to the small energy gap, the excited states are readily
deactivated by all kind of vibrational oscillators, even by those residing
in the outer coordination sphere, and (ii) the excited state lifetime is
usually short, limiting the ease of application of TRD. The latter inconve-
nience may be remedied by populating the excited state of the NIR-
emitting R"" ion by a slow emitting donor. Some transition metal ions
such as Cr"™ meet the necessary criteria and the triple-helical receptors
dealt with in this chapter appear to be ideal hosts for facilitating such
an energy transfer. The [RCr 1(L36);]°" and [RRu'(L36)5]>" complexes
(R=Nd, Gd, Er, Yb), have been thoroughly tested for this purpose
(Imbert et al., 2003; Torelli et al., 2005). The situation can be modeled as
follows (Figure 122). In absence of energy transfer, the excited states of the
isolated chromophores have deactivation rates k® and k™ which are the
sum of the radiative and nonradiative rate constants:

d[M*]/dt = —(kg@R + kM) IM'] (154)

d[R*]/df = KE M) — K¥[R'] (155)



TABLE 28 Lifetimes, quantum yields, and energy transfer yields in microcrystalline samples of [RZn(L36);]>" and [RCr'"'(L36);]°" helicates (data
from Cantuel et al., 2002)

RM T (K) ©°D)) (ms)” 7(’E) (ms)” Trce (%)° RM T (K) °D)) (ms)* 1(’E) (ms)° NRrer (%)
GdCr 10 - 3.66(3) GdCr 295 0.29(1)

EuZn® 10 2.53(1) EuZn® 295 1.67(2)

EuCr® 10 0.55(4) 3.46(1) 78 (73) EuCr® 295 0.59(1) 0.09(1) 65
EuZn* 10 2.19(1) EuZn” 295 1.98(1)

EuCr® 10 0.75(1) 3.12(1) 66 (70) EuCr’ 295 0.66(1) 0.05(1) 67
TbCr 10 f 3.39(1) 100 TbCr 295 f 0.17(1)% 100

“ Upon ligand excitation.
¥ Values between parentheses are averages of data recorded at different excitation wavelengths.
¢ [EuZn(L36)3](ClOy)s * 2H,0.
¢ [EuCr(L36)3] (CF3503)s * 4H,0.
¢ [EuCr(L36)3](CF;S03)6 * 4MeCN.
No °Dy luminescence. B
& Direct excitation in the Tb(°Dy) level.
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Integration gives:

M) = [M(’;]-exp{—(kg%R + kM)t} (156)

M.R
kgt

1= Ml aun oy (P (87 )1 ) a7

Equation (156) reveals that the decay rate of the excited state of the
donor (in this case M*) increases, when energy is transferred onto the
acceptor. The experimental decay of the donor metal ion thus corresponds
to the sum of the two deactivation rate constants kM. = kM + kIg%R, which
translates into a reduced lifetime <™ = (KM )™ = (kM + kpy®) ", Interpre-
tation of Eq. (157) is complicated, because the magnitude of kg/%R controls
the population rate of the R* excited state. Therefore, the decay profile of
R* after initial excitation of the donor depends much on the relative
magnitudes of the rate constants kM = kM + k" and kX. Two limiting
cases can be considered.

The first one refers to a situation for which kg’és > kR, that is, the R*
level is almost completely populated before any significant lanthanide-
centered deactivation occurs. As a consequence, the experimental deacti-
vation rate kX, mirrors the one found in absence of intermetallic commu-
nication, k*. Introducing k¥_>> kR into Eq. (157) produces Eq. (158),
whereby the time dependence of the luminescence decay corresponds to

an apparent rate constant k5, = k*:
kR ®
R = Mj] 5t——e ™! 158
K] = Ml a58)

This situation is met for several d—f pairs, because the intrinsic deacti-
vation rates of the d-block donors k™ are often considerably larger than
the deactivation of the NIR-emitting R-centered excited states. This is for
instance true for the Ru — Yb transfer in [YbRu(L36);]>" (Figure 123, tolp).
As expected, the experimental decay rate of the donor kX% =1.210%s™ " i
larger than KkRvu= 1.010°s™ ! (measured for [RuGd(L36);]°"), which
is diagnostic for the existence of the Ru— Yb energy transfer. Since
kgg‘s =1210°s"' >k =510*s"! (measured for [ZnYb(L36);]°"),
Eq. (158) predicts that the apparent (experimental) Yb-centered decay
rate recorded for [RuYb(L36);]°" should roughly mirror k**, which is
the case, within experimental errors: k;{bp =4410%s" L.

The second limiting case arises Wﬁen kg’és < k', that is, when the
R-centered excited state relaxes almost instantaneously upon being
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ker=2 X 104

app=44 X104

kKU=1x105  k™=5x104

ker=2.4% 102

=5.1x102

kC=27x102  Kk™P=5x10

FIGURE 123 Schematic representation of the energy migration processes taking place
in [YbM(L36);]™" helicates (M = Ru", Cr'"). Rate constants are given ins™ ' (redrawn from
Bunzli and Piguet, 2005).

populated by the slow-decaying d-block chromophore. Therefore, the
deexcitation of the d-block ion (kgﬁs =M + kg%R) controls the overall
deactivation process, and the apparent R-centered deactivation rate kfp
should be equal to k.. Introduction of the condition kM < k* into
Eq. (157), provides a simplified equation (159), showing that the time

dependence of the R* luminescence decay indeed corresponds to

R _ M.
kapp - kobs'
* * kM’R * kM’R —
[R*] = [M})] i—ﬁexp{—(kw + M) = v EL_ ek (159)

This situation is illustrated when Ru" is replaced with Cr'" as the

donor in [CrYb(L36)5]°". Indeed, the combination of the intrinsic deacti-
vation rate of the Cr-centered donor levels k" =2.7-10*s™ ! (measured for
[CrGd(L36);]°"), with the rate of energy transfer kg;’Yb =2.410%s" " gives
K =K + kgé’Yb =5.110%s" ". The latter value is small compared to the
inherent rate of deactivation of Yb(*Fs ), kY® =510*s"! (measured for
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[ZnYb(L36)5]°"), so that k® > kM (Figure 123, bottom). As predicted by
Eq. (159), the experimental decay of the Yb-centered emission amounts to
k;(IE’p =5.110%s" ', which exactly matches the slow deactivation rate of
the Cr'" chromophore k.. These rate constants can be transformed into
characteristic excited lifetimes, thus leading to r;{;’p = (K )1 =23 ps,
when Yb™ is sensitized by Ru" in [RuYb(L36);]°", and
T:gp = (k;{gp)f1 =1960 us=1.96 ms, when Yb"™ is sensitized by Cr"" in
the isostructural complex [CrYb(L36)3]°". Such apparent lengthening of
the lanthanide-centered NIR luminescence by two orders of magnitude
demonstrates the tuning capacity of the binuclear supramolecular edifices
and may be valuable for improving the sensitivity of time-gated bioana-
lyses, provided that a judicious choice of the donor chromophore is made.
The relevant parameters for R=Nd, Er, Yb and M =Ru, Cr are listed in
Table 29 for two temperatures, 10 and 295 K. At low temperature, at
which phonon-assisted transfer would be minimized, Cr'" is a better
donor than Ru" and the efficiency of the process decreases in the order
Nd > Er > Yb. The latter order is understandable in that the overlap
integral between the emission spectrum of the donor and the absorption
spectrum of the acceptor is largest for Nd owing to more lanthanide-
centered excited states in the 13-15,000 cm ™~ ' range as compared to Er and
Yb. As a consequence, the largest critical distance for 50% transfer occurs
for NdCr. It is also noteworthy that the apparent rate constants for the R
ions are smaller by one to two orders of magnitude compared to the
situation in which the lanthanide ion is not populated by the energy

transfer (Torelli et al., 2005).

7.6 Enantiomerically pure lanthanide-containing helicates

The rationale for producing enantiomerically pure lanthanide-containing
complexes lies in their potentiality for probing biological molecules or for
sensing chiral substances (Shinoda et al., 2005). For instance, optically
active lanthanide chelates with tetrapodal ligands intercalate selectively
into DNA strands (Bobba et al., 2002) and their utility for live cell imaging
has been proved (Poole et al., 2005). But the bioprobes need not to be
optically pure in that the interaction of racemic mixtures with chiral
substrates may stabilize one diastereomer, thus producing a diastereo-
meric excess which can be detected by circular dichroism (CD) or circu-
larly polarized luminescence (CPL); this is for instance true for triple-
helical [Pr(2,2’ —dioxydiacetate)3]37 which interacts with L-proline in its
ground state to generate a significant residual CD spectrum (Parac-Vogt
et al., 2002).

When chirality is detected by CD, which probes the ground state
chirality, either the coordinated chromophore absorption or the intracon-
figurational f-f transitions are measured. The extent of the effect is



TABLE 29 Experimental deactivation rates (see text for definitions), calculated energy transfer efficiencies, Eq. (153), and critical distances for
50% transfer (RSA’R) in microcrystalline samples of [RM(L36);]™" helicates (M = Cr"', Ru") (data from Torelli et al., 2005)

RM T (K) M (s KM (s~ KR o (s KR (s)P R (s7Y) R (%) RY™® (A)
NdCr 10 2.13 x 10° 2.73 x 102 213 x 10° 6.84 x 10° 1.86 x 10° 87 12.8
YbCr 10 5.10 x 10? 2.73 x 10? 5.10 x 107 5.00 x 10* 2.37 x 107 46 9.1
NdRu 10 1.55 x 10° 1.04 x 10° 1.65 x 10° 6.84 x 10° 5.10 x 10* 33 8.1
ErRu 10 1.44 x 10° 1.04 x 10° 1.44 x 10° NA 4.00 x 10* 28 7.7
YbRu 10 1.27 x 10° 1.04 x 10° 4.4 % 10* 5.00 x 10* 2.30 x 10* 18 7.1
NdCr 295 8.33 x 10° 3.45 % 10° 8.33 x 10° 6.25 x 10° 488 x10° 59 12.8
YbCr 295 4.17 x 10° 3.45 % 10° 4.17 x 10? 435 x10* 7.20 x 107 17 9.1
NdRu 295 3.45 x 10° 1.16 x 10° 6.94 x 10° NA 2.99 x 10° 66 8.1
ErRu 295 1.85 x 10° 1.16 x 10° 1.85 x 10° NA 6.90 x 10° 37 7.7
YbRu 295 1.68 x 10° 1.16 x 10° 5.71 x 10* NA 5.20 x 10° 31 7.1

? Measured on GdM samples.
b Measured on RZn samples.
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characterized by the absorption dissymmetry factor defined from the
difference in absorption between left (L) and right (R) circularly polarized
light (Riehl and Muller, 2005):

2Ae 2(8L — SR)

=8O TR 160
gabs e e + er ( )

CPL is the emissive pendent of CD and therefore probes the excited
state chirality; it also reflects the molecular motions taking place between
absorption and emission. In this case, the parameter of interest is the
luminescence dissymmetry factor:

2AI  2(Iy — Ir)

glum I IL+IR (6)

Theoretically, gium can be related to the electric and magnetic dipole
transition moments y®" and m®" (g denotes the ground state and n the
excited state):

_ Jeo(4) uEme"

@) ()

where fcpL(4) and fri(4) are the line shapes for CPL and total lumines-
cence (TL) signals. Since x®" is much larger than m®", CPL usually focuses
on Laporte’s allowed magnetic dipole transitions. For lanthanides,
the best suited transitions are Sm(*Gs;, — 6H], J=7/2, 5/2), Eu
(°Do— "F1), Tb(°Dy— "F}, ]=3-5), Gd(*S;/2 — °P7,2), Dy(*Fo,» — “Hi12),
and Yb(°Fs /2= g, s2)- One advantage of lanthanide complexes over
organic chiral probes is their often large luminescence dissymmetry fac-
tors, which can reach £ 0.5 (up to — 0.78 for one of the common standards,
tris(3-trifluoroacetyl-d-camphorato)europium) compared to +10° to
410~ 2 for organic molecules, including helicenes. CPL is not yet a very
popular instrumental technique because of the weakness of the signals
measured but substantial improvements are being made, particularly with
respect to the excitation wavelength used for Eu", and instrumentation
can be expanded to use TRD so that CPL may develop as a essential tool for
the enantiomeric recognition of biological substrates (Do et al., 2008).

glum(l) (162)

7.6.1 Mononuclear precursors

There are numerous examples of lanthanide chiral complexes, including
many pseudo-C; compounds with tridentate receptors such as terpyri-
dines (Muller et al., 2002a) or pseudo-C, chelates with tetrapodal hosts
(Parker, 2004) but here we only briefly discuss the precursors of the
binuclear helicates described in this chapter, namely derivatives of bis
(benzimidazole)pyridine and of dipicolinic acid. A contribution to the
understanding of the helical wrapping of the ligands around the
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lanthanide ion on the chiroptical properties was gained by studying the
1:n complexes of Eu™ with ligand L17¢ (Section 2.1, Figure 19): the
measured weak CPL effect (attesting of the presence of a small diastereo-
meric excess in acetonitrile solution) of the 1:1 complex essentially arises
from the influence of the remote asymmetric centers while for the 1:2 and
1:3 complexes, the structural contribution of the ligand wrapping inter-
venes as well, as confirmed by specific rotary dispersion measurements
(Muller et al., 2003). Similar conclusions were reached for [Eu(L)3]3+,
L=L18" and L18° (Section 2.1, Figure 21; Muller et al., 2001b, 2002b). In
fact, isolation of pure enantiomers is difficult because of the usually large
lability of the lanthanide ions.

7.6.2 Resolution of the PP and MM isomer of [EuCr(L36),]°*

The synthesis of pure chiral nd—4f helicates requires the availability of
facial noncovalent tripodal receptors [MLs]"" which feature an inert tran-
sition metal ion to avoid scrambling in solution. Within the range of
investigated nd-4f compounds, both Co™ and Cr' qualify, but the difficult
oxidation of the former leaves traces of Co' in solution which catalyzes the
fac-[Co(L36)3]>" = mer-[Co(L36)3]*" isomerization, so that Cr'™ has been
preferred (Figure 124). The inert receptors are obtained from the racemic
3d-4f helicate [LaCr(L36);]°" by removing the R ion with EDTA, followed
by sorption onto a Sephadex® ion-exchange resin and elution with
NaySby[(+)-C4O6Hy)]. A careful examination of the Cotton effect experi-
enced by the two separated isomers and comparison with M-(+)-[CrL]**
(L = phen, bipy) confirms the assignment of P-(+)-[Cr(L36);]*" and M-(-)-
[Cr(L36);5]°". Subsequent complexation with Eu' affords the final chiral
helicates P,P-(+)-[EuCr(L36);]°" and M,M-(-)-[EuCr(L36)5]°".> The chiral
isomers display mirror CD and CPL spectra, the latter for both the Eu
(°Dy— 7F], J =1-4) and Cr(’E — *A,) transitions and the crystal structure
of the M,M isomer could be solved (Cantuel et al., 2004). Relevant chirop-
tical data are reported in Table 30.

Addition of R™ to the inert and chiral chromium podate M-[Cr
(L36)5]°" to self-assemble the M,M-[RCr(L36)5]®" helicates (R =Eu, Gd,
Tb) results in an inversion in the CD signal (Figure 125). The modeling of
this effect by ZINDO calculations takes into account the exciton coupling
model with three types of interaction, intranuclear between the ligand
strands around each metal ions, and internuclear between ligand strands
bound to different metal ions (Telfer et al., 2004). Cs-symmetry was
assumed for the rigid CrNg chromophore in M,M-[RCr(L36)5]°" and the
results of the calculations show that a pair of oppositely signed rotational
strengths appear in the range of the *n « & transitions centered around
330-340 nm, with the positive rotational strength being of lower energy.

3 An alternate labeling for M,M is 4,4 while A, A is also used for P,P.
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[("Bu),N],EDTA
Rac-[LaCr(L36)4]5+ — rac-[Cr(L36)sJ3+ + [("Bu),N][La(EDTA)]{

Sephadex SP-C25
Na,Sby[(+)-C4H206l2

H,0
P-[Cr(L36)5]3+ M-[Cr(L36),]3+
Rl J=111

* %

PP-[RCr (L36)3]6+ MM-[RCr (L36)]6+

FIGURE 124 Chiral resolution of the tripodal receptor rac-[Cr(L36);]** and formation
of the pure chiral helicates PP-[RCr(L36)]°" and MM-[RCr(L36)5]°" (redrawn after Telfer
et al, 2004).

The RN¢O3 center being more fluxional than CrNj, prediction of the
Cotton effect depends on the relative orientation of the chromophores;
in particular, the CD signal inverses when the angle between two chro-
mophores increases. This change in sign occurs without formal change in
helicity! Taking a reasonable geometry into consideration though, the
calculations predict that the ligands strands around the R™ ion give rise
to CD signals of opposite phase compared to Cr'" despite the same
absolute conformation they adopt.

The relative intensities of the CD spectra of the [RCr(L36)5]°" helicates
are inversely proportional to the size of the R" ion (Tb >Gd > Eu), sup-
porting the assertion that chromophoric cavity around R produces a
large negative exciton couplet, the coupling being strengthened when
the ligand strands are tighter bound to the smaller R ions. A third
contribution to the CD signal is the internuclear coupling giving rise to
three excitons of moderate strength contributing to a negative signal at
lower energy (i.e., in phase with the intranuclear R contribution). The
relative contributions of these signals are depicted on Figure 125 (bottom).
The computational model used excludes the metal ions, so that the



TABLE 30 Relevant chiroptical data for [EuCr"(L36)5]°" 1 mM in acetonitrile at 295 K (data from Cantuel et al., 2004)

0(20(589) ‘AF‘%O glum(cr) glum(Eu) glum(Eu) glum(Eu) glum(Eu)
Isomer (deg mol™"dm?) M Tem™! E A, Dy — 'Fy Dy —F, Dy — F5° Do — F,°
MM —1239 +0.01 —0.154 +0.07 —92x10"* +0.033
74
pP,p + 1146 —0.01 +0.163 —0.07 +89x10"* —0.034

? From Gawryszewska et al. (2006).
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FIGURE 125 Top: CD spectra of P,P-[EuCr(L36);]°" and M,M-[EuCr(L36);]°" 1 mM in

acetonitrile at 295 K (redrawn from Cantuel et al., 2004). Bottom: simulation of the
340-nm band with the exciton theory (redrawn from Telfer et al,, 2004).

contribution of the MLCT state around 385 nm cannot be evaluated).
The CPL spectra of M,M-[EuCr(L36);]°" and P,P-[EuCr(L36)s]°"
(Figure 126) have opposite values of gjum for all four investigated transi-
tions (5D0 — 7F,, ] =1-4); however, the signs are alternating, for example,
for the M,M isomer, negative for ] = 1 and 3 and positive for the other two
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FIGURE 126 Parts of the CPL spectra of P,P-[EuCr(L36);]°" and M,M-[EuCr(L36);]°"
1 mM in acetonitrile at 295 K (redrawn from Cantuel et al., 2004).

transitions. A correlation between these signs and the structure of the
helicate could not be established yet, probably because of a too large
deviation from the idealized D3-symmetry used for theoretical predic-
tions (Gawryszewska et al., 2006).

7.7 Extension to polynuclear helicates: Pseudolanthanide
cryptates

Associating Cr'™ with R ions in binuclear triple-helical complexes leads
to intramolecular energy transfers along the Cz-axis of the edifice, the
directionality and yield of which depend on the nature of the R" ion,
R — Cr for Eu and Tb and Cr — R for the NIR-emitting Nd, Er, and Yb
ions. In the latter case, the combination of the long-lived Cr(’E) level
(kem ~300-3000 s~ ' depending on the temperature) with a comparable
energy transfer rate (kg}’R ~200-5000s~ !, depending on the temperature)
results in the R" ion being preferentially populated by the 3d-metal ion
and having an apparent lifetime mirroring that of the Cr(*E) level. This
apparent lengthening of the lifetime of the NIR emitting state is helpful
for TRD analyses but does not improve the intrinsic quantum yield of the
lanthanide ion. To boost the sensitivity of the overall sensitization pro-
cess, without affecting the energy migration regime, several Cr'"' chromo-
phores would have to be connected to the lanthanide moiety. Expanding
the binuclear helicate into a trinuclear molecule is an obvious first step in
this direction and the tris(tridentate) ligand L27 (Section 3.1, Figure 42)
has been modified to the bidentate-tridentate-bidentate host L42
(Section 7.2, Figure 110) thanks to a well established synthetic route
(Section 7.2, Figure 112). An initial study has dealt with the resulting Eu
and Tb trinuclear helicates [MRM(L42);]"" with both Zn" and Cr™
(Cantuel et al., 2006). Although no stability constants could be deter-
mined, a fruitful combination of NMR, ES-MS and UV-vis spectroscopies
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demonstrates that under strict stoichiometric conditions (2:1:3, M:R:L)
and for a millimolar total ligand concentration, the target trinuclear heli-
cate [ZnRZn(L42)3]7+ (R=La, Eu, Lu) is the major species in acetonitrile
solution. Similarly to their binuclear counterparts, the helicates with Cr"
undergo an easy and rapid oxidation to [Cr'"RCr'™(L42);]°". Suitable
crystals for X-ray structural determination could not be obtained, but
high-resolution luminescence spectroscopy of [ZnEuZn(L42);]”" and
[CrEuCr(L42);]°" is compatible with Eu™ located in a site with pseudo-
Ds-symmetry (Figure 127, top). In particular both the energy of the
Dy — "Fy transition and the splitting of the “F; level matches very well
those reported for [EuZn(L35);]°" (Table 24). In addition, analysis of the
LIR for ZnRZn complexes in acetonitrile (R = La, Eu, Tb, Lu, Y) shows that

v/em-1 v/cm-1
20,00018,000 16,000 14,000 12,000 20,00018,000 16,000 14,000 12,000
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7 CrEEA,)
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M
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FIGURE 127 Top: luminescence spectra of [MEuM(L42);]"" (M =Zn", left; Cr", right).
Bottom: rate constants used to model the divergent energy transfer in the CrEuCr
edifice (redrawn from Cantuel et al., 2006).
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the [EuCr(L36);]°" helicate is a reliable structural model for the solution
structure of the trinuclear edifices.

The intramolecular communication along the Cs-axis generates two
“divergent” R— Cr energy transfer processes, as exemplified by the
dramatic decrease in the Eu(°Dy) lifetime (Table 31) which can be ana-
lyzed as follows, given the symmetry of the molecule and within the
frame of the dipole-dipolar mechanism (Figure 127, bottom):

R.C Zkchr
uali—g— - S 163
Mot KR+ ZkE’TCY (163)

Assuming further that k¥ is identical in the Zn" and Cr'™ helicates:

1
Kops " = CrRCr K+ 2k§’T& (164)

Tobs

and therefore:
grer KGR G (G - i (165)
ET — -
2 2
R,Cr TCéRcr
ot =1 = Znkzm (166)
Tobs

As expected, the efficiency of the Eu — Cr transfer increases from its
value in the binuclear edifice [EuZn(L36);]°" (65% and 78% at 10 and
295 K, respectively) to reach values close to 90%, both in the solid state
and in acetonitrile solution, at 10 or 295 K (Table 31), while the Tb — Cr
transfer remains almost quantitative. The ratio of the rate constants for the
total directional transfer, ks (CrEuCr) /kpw <" (EuCr) is 1.6(2) at 10 K and
(surprisingly) 3.9(6) at 295 K. The critical distances for 50% transfer
calculated assuming Rgucr=9.32 A, as in [EuZn(L36)3]5+, are only mar-
ginally larger than those found in the binuclear analogue, reflecting a
~2.5-fold increase in the overlap integral | (see Section 4.4, Eq. (78)).

For the time being, the trinuclear [MRM(L42);]"" helicates represent
the first examples of supramolecular structures combining inert pseudo-
octahedral Cr' building blocks with the wrapping of three such
ligand strands forming a cryptand-like, chiral cavity ideally suited for
the complexation of lanthanide ions. In addition, these edifices have more
flexibility than cryptands in that the cavity may be finely tuned to accom-
modate lanthanides ions with minute differences in size, a case study
example of the induced fit principle at work! To our knowledge, the only
other examples of binuclear 3d-transition metalloreceptors for R ions are
{2}-metallacryptands based on 2,6-pyridyl-bis(f-diketones) which form



TABLE 31

in acetonitrile, under ligand excitation

Lifetimes, and energy transfer parameters in microcrystalline samples of [MEuM(L42);]"" (M =Zn", Cr'"), or their solution 1 mM

sample T (K) (%E) (ms) 1(°D)) (ms) el (| R (%) RE™C (A)
CrGdCr s 10 2.27(1)
s 295 0.031(1)
ZnEuZn S 10 1.96(1)
s 295 0.69(1)
CrEuCr s 10 2.08(2) 0.20(1) 2.2(1) 90(4) 11.9(2)
s 295 0.033(1) 0.10(1) 4.3(4) 86(8) 11.2(4)
ZnTbZn S 10 1.67(6)
CrTbCr s 10 1.8(2) 1.75(4) x 103 2.9 x 10° 99.9
ZnEuZn MeCN 10 2.21(5)
MeCN 295 1.48(1)
CrEuCr MeCN 10 3.1(1) 0.24(1) 1.9(1) 89(6) 11.8(2)
MeCN 295 0.012(1) 0.076(1) 6.2(5) 95(8) 13.5(3)
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helical Fe,L; host molecules able to incorporate K, S, or La' (Saalfrank
et al., 1998). Additionally, the group of K. Raymond has self-assembled
GdFeGd macromolecular MRI contrast agents from the bis(bidentate)
ligands 2,3-dihydroxyterephthalamide (TAM) and 1-methyl-2,3-dihy-
droxypyridone (HOPO), in which the Fe'" partner lies in the center of
the cryptand-like cavity (Pierre et al., 2006). In these molecules, the ligand
strands are arranged in a side-by-side fashion and therefore the assem-
blies cannot be termed helicates since they are achiral.

8. 4f- AND 5f-HELICATES WITH OTHER LIGANDS

8.1 Homo- and heterometallic polynuclear helicates

A combination of two venerable classes of ligands, f-diketonates
(Binnemans, 2005) and bis(acylpyrazolonates) (Jensen, 1959), have
produced some of the first characterized rare-earth R,L; triple-stranded
helicates with the bis(bidentate) ligand H,L43" (Figure 128). The same
year Piguet et al. (1992a,b) announced the isolation and structural charac-
terization of [Eu,(L11)3]°", an initial report by a Chinese group (Xing
et al., 1992) presented the isolation and full characterization of
[R2(L43%)5] » nHO (R=Y, La-YDb, except Ce, Pm; n = 3-8), including lumi-
nescence spectra for R =Pr, Sm, Eu, Tb, Dy, Tm, and Eu-doped Y and Gd.
The crystal structure of the samarium helicate [Sm,(L43%);(DMF),] « DMF,
published 3 years later, reveals eight-coordinate Sm'™ ions bound each to
three bidentate units of each ligand strand and to two DMF molecules
(Yang and Yang, 1995; Figure 129A). The coordination polyhedron is a
distorted square antiprism, the oxygen atoms of two ligand strands form-
ing one plane while the second plane consists of the two donor atoms of
the third ligand strand and of the oxygen atoms of the two solvent
molecules; the dihedral angle between these planes is small, ca. 1.5° for
Sml and 3.3° for Sm2. The two coordination environment are not
completely equivalent, distances between the Sm™ ions and the square
planes being —1.27 and +1.27 A for Smland —1.22and +1.32 A for Sm2;
the internuclear distance is 7.98 A, considerably shorter than in
[Smy,(L30%);]°™ (9.18 A; Jensen et al., 2008; see Section 3.2, Figure 48).

Increasing the bridge by one CH, unit (H2L43b) does not change much
the final products except for the coordination number of the R™ ion
(Semenov et al., 2008). In [Tb,(L43");(H,0),] (Figure 129B) and
[sz(L43b)3(DMF)2] for instance, Tb™ ions are only seven-coordinate
being bound to only one ancillary ligand, with the oxygen atoms from
these ligands lying on the pseudo-Cs internuclear Tb-Tb axes. Both struc-
tures are very similar, with a helical pitch of approximately 21 A that is
considerably longer than those reported in Table 21.
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FIGURE 128 Ligands not based on bis(benzimidazole)pyridine for the self-assembly of
homometallic binuclear helicates.

Obviously, the bis(monodentate) ligand L44 cannot fulfill the coordi-
nation requirements of the R™ ions and the neodymium ion in the triple-
stranded [Nd»(L44)3(NOs)e] helicate (Figure 129C) is held outside the Lj
cavity, which is capped by “‘stoppers” made up of three bidentate nitrate
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11.9A

7.8A

FIGURE 129 Molecular structures of (A) [Sm,(L43%);(DMF),] * DMF (redrawn from
Yang and Yang, 1995), (B) [Tb,(L43%)5(H,0),] (redrawn from Semenov et al., 2008),

(C) [Nd5(L44)5(NOs)s] * 1.5MeCN (redrawn from Goodgame et al., 1993), (D) [Nd,(L33%);]°™,
(E) [Ybs(ClO4)(u-HCO,)(L33%),]*", (F) [Nd4(L33?)4(H,0);(MeCN)]'*" (redrawn from
Ronson et al., 2007), and (G) [KYb,(L47%);]* (redrawn from Albrecht et al., 2007a).

ions each. The resulting electrostatic attraction pulls the Nd"™ ions far
apart, the internuclear distance being 9.95 A. The helix is substantially
elongated in that it makes only one third of a turn between the two metal
ions (Goodgame et al., 1993), that is, its pitch is on the order of 30 A.
S1m11arly to the parent diketones, the bis(bidentate) ligands H,L45% and
H,L45" produce hexacoordinate environments upon wrapping in a heli-
cal fashion around two rare-earth ions (R =Y, Nd, Sm, Eu, Gd) which are
easily completed with two water or methanol molecules (Basset et al.,
2004). In organic solvents, "H NMR confirms the presence of three equiv-
alent ligand strands with local C, symmetry and addition of Pirkle’s
reagent, {(S)-(+)-2,2,2-trifluoro-1-(9-anthryl)ethanol}, leads to the splitting
of several resonances, indicating the presence of a racemic mixture of
triple-stranded helices in solution. The bis(diketonate) ditopic ligand
(L45%)* has singlet and triplet states with 0-phonon transitions at about
25,000 and 20,400 cm ™~ !, well suited for the sensitization of the Sm'", Eu'",
and Nd" ions. The quantum yield for [Eu,(L45%)3] in DMF amounts to 5%
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and the °Dy lifetime is temperature dependent, increasing from 0.22 ms at
room temperature to 0.46 ms at 77 K, pinpointing the probable presence of
a thermally activated quenching by a relatively low-lying LMCT state,
since the AE(Cnn*->Dy) gap is too large (=3000 cm ™ 1) for substantial back
transfer to occur. In methanol, use of the phenomenological equation
(Beeby et al., 1999):

gmeon = 2.2[(kmeon — kmeon) — 0.125] (167)

yields gyeon = 3.7, close to the expected value of 4 if the two Eu™ ions

are octacoordinate. The quantum yields for the Sm™ helicate in DMF is
smaller, 0.16%, with t(*Gs;2)=13 us; the Nd(*Fs,,) lifetime of
[Nd,(L45%);] in DMEF is 1.5 pus, leading to a reasonable intrinsic quantum
yield of 0.6%. A tetra-stranded helicate, [Eu,(L45%),]* forms in presence
of an excess ligand, as ascertained by ES-MS and NMR data, and it is more
luminescent than the corresponding triple-stranded edifice. Introducing a
chiral (R,R)-tartaric acid in the framework of bis(diketones) leads to
ligands H,L46* ¢ which self-assemble under stoichiometric conditions
with lanthanide chlorides in methanol and in presence of potassium
carbonate into binuclear triple-stranded and neutral helicates:
[Ry(L46%)3] * nH,O, [Ry(L46")3]*nH,O (R=La-Yb, except Pm), and
[R2(L46°);] e nH,O (R=La-Yb, except Pm and Gd), n=2-5 (Albrecht
et al., 2007b). The complexes are characterized by ES-MS in solution, as
well as by their CD spectra. The ligands sensitize the luminescence of Eu™"
and Tb", but no quantitative data are reported (lifetimes, quantum
yields), except for [Eu,(L46°);] for which 7(°Dy) is equal to 0.1 and
0.5 ms in the solid state and in DMF solution, respectively, with an
estimated quantum yield of 10% in solution. In addition, a tetra-stranded
helicate can be obtained by reacting H,L46°, EuCl; * 6H,0O, and piperidine
in a 4:2:2 ratio in chloroform-methanol, (H-pip),[Eux(L46),]. The latter
has a longer °D lifetime (0.25 ms) than the corresponding triple-stranded
complex but it dissociates into the triple-stranded helicate in DMF
solution.

No crystal structure of the triple-stranded helicates with ligands
H,L32* and H,L32" featuring two dipicolinic acid tridentate coordinating
units is available either, but molecular mechanics calculations slightly
favor R;L; helicate formation with A,A or A,A configurations at the
metal centers over “‘side-by-side”” (meso)helicates in which the metal
ions lie in sites with A,A configuration. The calculated stabilization energy
of the “true” helicates over the meso species is —25 and —209 k] mol ' for
H,L32* (A,A configuration) and H,L32", respectively (Lessmann and
Horrocks, 2000). Internuclear Eu-Eu distances of 13.9 (H,L32%) and
8.0 A (H,L32") are estimated from these calculations. Titrations of
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europium triflate with H,L32% and R,R-H,L32" in water and followed by
high-resolution luminescence excitation spectroscopy of the “Dy« "F,
transition clearly point to the formation of a preponderant 2:3 species
under 2:3 R:L stoichiometric conditions: the hydration number g is strictly
zero and the lifetimes of the main species amount to 1.48 and 1.56 ms for
the complexes with H,L32% and R,R-H,L32°, respectively, a value typical
of a tris(dipicolinate) environment for the metal ion. The internuclear
distances determined from Eu— Nd energy transfer experiments with
the help of Egs. (77) and (78) (Section 4.4) reproduce satisfyingly the
theoretical calculations: 13.7(8), and 7.4(8) A, for the helicates with
H,L32* and R,R-H,L32°, respectively. Finally, the conditional stability
constant estimated for [Euy(L32%);] is large and comparable to those of
the dicarboxylic helicates [R,(L13)3] (Table 8).

The bis(tridentate) ligands L33% © are tailored for nonacoordination of
R™ jons if three strands wrap around two metallic centers (Ronson et al.,
2007). In reality, the branching of the second pyrazole-pyridine amide
unit on the anchor benzene in para, ortho, or meta position plays a crucial
role in the final structures of the polynuclear complexes obtained, few of
them being helicates. For instance, L33* with its para-substituted anchors
lacks the required stereochemistry for inducing helical turns. As a conse-
quence, it reacts with R(ClO4); (R =La, Nd) to produce, in acetonitrile and
under 2:3 R:L stoichiometric ratio, achiral binuclear complexes in which
the three ligand strands are arranged in a side-by-side configuration
building a cylindrical molecule (Figure 129D). Both cylinder ends are
topped by a nonadentate coordination pocket encapsulating a R™ ion in
a chiral environment. However, there is a mirror plane between the two
R™ ions which have therefore opposite configuration and which lie at a
large distance of about 11.9 A. When the stoichiometric ratio is reduced to
1:1, a rare example of circular helicate* self-assembles, with overall chem-
ical formula [Nd4(L33?)4(H,O);;(MeCN)]*** (Figure 129F). The structure
is very close to D, symmetry with the four NdIII ions lying approximately
in a square with internuclear distances of ~11 A and defined by the four
helically wrapped ligand strands. This tetranuclear species should in
principle be entropically disfavored with respect to the formation of
smaller oligomers and a possible explanation for its preferential forma-
tion is the occurrence of n—n stacking interactions between almost parallel
pyridine-pyrazole units. Under the same synthetic conditions, but in
nitromethane, La™ gives a nonhelicate binuclear complex with the two
ligands in a side-by-side configuration while increasing the R:L ratio to 5:1
in acetonitrile leads to a one-dimensional coordination polymer with
nonhelical chains. Nonhelical mono- and binuclear complexes are mainly

* Another recent example of circular helicate is the C5-symmetrical pyramidal architecture with general
formula [Lny(L)o(u3-OH)](ClOy), obtained from an enantiomerically pure monotopic pinene-bipyridine
receptor (Lama et al., 2008).
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obtained with the meta and ortho ligand L33 and L33° with the exception
of the double-stranded binuclear helix [Yby(L33®),(u- HCOZ)(CIO4)
(H0)]*" in which a bridging formate anion holds the two Yb™ metal
ions at a short 6.5 A distance (Figure 129E).

Another popular strongly chelating unit for rare-earth ions which,
in addition, sensitizes the luminescence of NIR-emitting lanthanides is
8-hydroxyquinoline (Comby and Biinzli, 2007). The latter has been
inserted in the bis(tridentate) and tridentate-bidentate host molecules
H,L47*®. Crystalline bimetallic and trimetallic trinuclear helicates are
obtained, [KYb,(L47%);]", and [KAIYb(L47");] which display sizeable
luminescence with overall quantum yields of 1.0(1) and 1.2(1)% and life-
times of the °Fs s2 level of 18.9(1) and 22.6(2) us, respectively (Albrecht
et al., 2007a). It is noticeable that the green luminescence from the Al
(quinoline); moiety is totally quenched in the latter compound to the
benefit of energy transfer onto the Yb chromophore. The templating
potassium ion plays an unusual role in the structure of [KYb,(L47%)3]"
being connected to four oxygen atoms by standard distances (2.7-2.8 A)
and to others by longer bond lengths (3.4-3.6 A); one vinylic group of a
ligand strand is directed toward the potassium ion is such a way that a
weak K. ..C = C np-interaction occurs. The K" ion is encapsulated approx-
1mate1y at the center of the helicate, with K=Yb dlstances in the range 3.9-
40 A while the Yb™ ions are separated by 7.8 A and bound to the
three tridentate and syn-arranged amidoquinolate units (Figure 129G).
Another interesting feature of these systems is that despite the prominent
templating role played by potassium in the solid state structure,
its presence does not seem to be required to form the [Ry(L47%);] helicate
in solution: log(ﬁR L47a) 26.1(3) and 25.7(3) for R=Eu and Yb, respec-
tively, while the 2:2 (log(;5"*)~19), 1:3 (log(B13**)~18), and 1:2
(log(X7*7*) ~ 13-14) species have much lower stability.

Usmg a similar coordination strategy, ligand H,L48 produces the
triple-stranded helicates [R,(L48)3] *nH,O (R=La, n=3; R=Nd, n=2);
their structure in solution is proved by 'H-NMR spectroscopy. The Nd™
complex is luminescent, with an overall quantum yield of 0.15% and a
single exponential luminescence decay corresponding to a lifetime of 1 us
(Shavaleev et al., 2008). The connectivity in the solid state has also been
established by X-ray diffraction (Terazzi et al., 2009).

In addition to the RK and RAI helicates described above, there are, to
our knowledge, only two other examples of helical molecular structures
encompassing both a 4f ion and a transition metal ion which could be
included into the concept “helicate.” The first one features a trinuclear
Zn" metallohelicene [Zn;(L49)] (Figures 130A and 131A) as chiral recep-
tor and was synthesized with the aim of investigating its inversion rate
(Akine et al., 2006). The helical host contains a cavity that can easily
incorporate a large spherical ion such as R™ or Ba" which, in fact, acts
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FIGURE 130 (A) Linear hexaoxime ligand He¢L49 for building metallohelicenes, (B)

segmental heterotopic ligand H,L50, (C) polytopic ligands for assembling lanthanide-
containing helical metal—organic frameworks.

as templating ions, the reaction of HgL49 with zinc acetate alone giving
rise to a mixture of complexes. The helical wrapping of the receptor
around the R™ ion is clearly visible in the crystal structure of
[LaZn3(L49)(OAc);(EtOH)] (Figure 132A), the metallohelicene accom-
plishing a 421° turn. The interconversion between the right-handed and
left-handed configuration of the tetranuclear complex is slow
(Figure 131B), the "H-NMR resonances of the three pairs of diastereotopic
methylene protons remaining distinct even at 353 K, while if La'™" is
replaced by Ba", coalescence occurs at this temperature. The reason lies
in a tighter helix with shorter La—O bonds compared to Ba—O and, possi-
bly in the stronger electrostatic interaction created by the + 3-charged
lanthanum ion.

The second example is a tetranuclear double-stranded helicate
[Cu,Gdy(L50)2(NO3)s(H20),] (Figures 130B and 132B) featuring quite
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FIGURE 131 (A) Schematized structures of the trinuclear Zn" metallohelicene and of the
corresponding La" metallohelicates. (B) Inversion process of the metallohelicates
(reproduced by permission from Akine et al., 2006, © The Royal Society of Chemistry,
2006).

FIGURE 132 Molecular structures of (A) [Zns;La(L49)(Oac);(EtOH)] (redrawn from Akine
et al, 2006) and (B) [Cu,Gd,(L50),(NOs)¢(H,0),] (redrawn from Novitchi et al., 2008).

short Gd—Cu distances, 3.3-3.4 A (Novitchi et al., 2008). Due to the helical
arrangement of the two ligand strands, the Cu"" coordination polyhedron
is different in the two compartments; Cu" ions are primarily square
planar with tetrahedral distortion of the N,O, set of donor atoms but
additionally, one nitrate ion is bridging the Cu and Gd atoms in a n',7?,
u-mode for Cul with a long Cu—O bond (2.75 A) and in a n'n',u-mode for
Cu" with a shorter 2.5 A Cu-O contact. The corresponding Gd"" ions are
(somewhat unusually) ten-coordinate, Gdl being bound to three
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bidentate nitrates, one water molecule, two phenoxo, and one ethoxy
oxygen atoms while for Gd2, one oxygen from a nitrate ion is replaced
by an oxygen atom from a second ethoxy group.

The two Cu-Gd pairs are located at a distance long enough to be
considered as isolated. When the susceptibility versus temperature data
are modeled with the assumption that the magnetic interaction is the
same within the two Cu-Gd pairs of the helicate, an interaction parameter
J=4.5 cm™ ! is found. This model is substantiated by the weak intramo-
lecular Cu...Cu interaction occurring when Gd"™ is replaced with dia-
magnetic Y'": J=-044 cm ', using the isotropic Hamiltonian
H=—]Scu1Scu2. Magnetization versus direct current (dc) field measure-
ments for the corresponding Tb™ helicate [Cu,Tb,(L50)2(NOs)e)(H,0)s],
in which ferromagnetic interactions also occur, reveals a single molecule
magnet (SMM) behavior with a small hysteresis loop nearly sweep rate-
independent. Substitution of the nitrate ions by hexafluoroacetylacetonate
(hfa) ions in [CuyTby(L50),(hfa)s)] ensures a better isolation of the tetra-
nuclear helicates with respect to each other and amplifies the SMM behav-
ior, the hysteresis loop being sweep-rate and temperature dependent.

8.2 Helical structures in coordination polymers
and macrocyclic complexes

The assembly of a molecular helicate into a 1D coordination polymer has
been reported recently (Semenov et al., 2008) The building block only
differs from those mentioned earlier, [Tb,(L43%)5(L,)] with L = H,O, DMF,
or PPhe;O, by the nature of the ancillary ligand, diphenylphosphine-
ethane dioxide (dppeO,) replacing the monodentate donor. The bulkier
ancillary ligand causes a slightly larger distortion from the idealized
Ds- symmetry than the monodentate ligands. The helical units
[sz(L43 )3(dppeOz)1 5], are connected through Tb™ jons by dppeO,
bridges into infinite parallel chains, as shown on top of Figure 133.

There are two types of chains corresponding to the two different
optical isomers. The length of the repetitive unit along the 1D chain is
163 A with neighboring interchain Tb-Tb distances of 10.1 A, somewhat
longer than in the reference polymeric compound [Ln(NO;)s(dppeO2)1 5],
9.2 A) This distance can also be compared to the intramolecular Tb-Tb
contacts of 6.5 A. It is noteworthy that both the Tb™ molecular helicate
[Tb,(L43%)3(H,0),] and coordination polymer are highly luminescent,
with quantum yields of 21+2% (t1(°Dy) =0.45+0.05 ms), despite the
coordinated water molecule, for the former and 28 £ 2% (0.60 &+ 0.05 ms)
for the latter (S. Semenov and J.-C.G. Biinzli, 2008, unpublished results).

Numerous examples of supramolecular helical structures are docu-
mented for extended 1D, 2D, or 3D metal-organic frameworks, essentially
built up from H-bond networks. An amazing variety of structures have
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FIGURE 133  Top: structure of the first coordination polymer assembled from a helicate:
(left) binuclear building block [Tb,(L43%);(PPhe;O),] (redrawn from Semenov et al., 2008),
(right) fragment of the polymeric 1D chain with the bridging ligands indicated by arrows
and colored (reproduced by permission from Semenov et al., 2008, © The Royal Society
of Chemistry, 2008). Middle: perspective view of {[PrCl;(L51)(MeOH)(H,O)1}, (A) left-
and right-handed helical chains and (B) the hydrogen-bonded polygon (reproduced by
permission from Bucar et al., 2008, © The Royal Society of Chemistry (RSC) for the
Centre National de la Recherche Scientifique and the RSC, 2008). Bottom: hydrogen-
bonded triple-helical cylindrical motif of {[Pr(L53);(ClO,4);] * (L54); * 2MeCN},, encapsu-
lating acetonitrile guest molecules (reproduced in part by permission from Jiang et al,,
2008, © American Chemical Society, 2008).
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been reported including single-, double-, triple-, and even quadruple-
stranded helices; in some instances, tubular channels walled with helical
features are present in these materials and can host small molecules. We
first present one recent example in which the authors have used the
tetratopic molecule crtt-4,4'-tetrapyridyl-butane, L51, as the rigid bridg-
ing spacer acting as a bis(monodentate) ligand to assemble a single-
stranded helical coordination polymer, {[PrCl;(L51)(MeOH)(H,O)]*
2MeOH * H,0)},, (Bucar et al., 2008). The Pr' cation is seven-coordinate
in a pentagonal bipyramidal geometry (Figure 133, middle) being bound
to three chlorides, two oxygen atoms from water and methanol, and two
nitrogen atoms from pyridyl groups belonging to two different ligand
molecules. This produces a single-stranded helical polymer along a 2,
screw axis with a helical pitch of 20.1 A. As in the previous example,
helices of both hands are present and related by an inversion center. The
self-assembly process is very sensitive to the nature of the anion: replacing
chloride with nitrate ions gives rise to a 3D network consisting in a two-fold
interpenetrated bimodal net with (4.6%),(4%.6'°.8% topology for instance.

Developing luminescent materials for telecommunication or biop-
robes, radiopharmaceuticals, MRI contrast agents, materials with special
magnetic properties, or porous frameworks for the adsorption of small
molecules are among the motivations often invoked for tailoring lantha-
nide-containing coordination polymers. Hydrothermal synthesis is the
most common method for obtaining these materials also referred to as
metal-organic frameworks (MOFs), or inorganic-organic hybrids. How-
ever, very few published works describe detailed physicochemical prop-
erties of the isolated materials, but for structural characterization. For
instance, when R"'-centered luminescence is reported, only assignments
are usually given, with no quantitative data such as lifetime or quantum
yield, not to speak about the sensitization efficiency of the ligands. As a
consequence, we have simply gathered in Table 32 the main character-
istics of selected lanthanide-containing coordination polymers with heli-
cal structures published recently. When different types of structures,
helical and nonhelical, were found in the investigated systems, only the
helical structures are referred to in this table.

In the case of the porous {[R(phos);] * 2H,0},, networks, the adsorption
isotherms have been recorded to test the intake capacity for N, H,O,
MeOH, and EtOH, of which 1.1, 1.76, 0.8, and 0 molecule(s) per formula
unit can enter into the pores of the material, respectively. The network is
stable to several dehydration/hydration cycles, maintaining its homo-
chiral structure (Yue et al.,, 2006). Another clever approach to porous
materials able to host small molecules starts by producing a mixture of
monometallic helical complexes with different chirality from lanthanide
perchlorate and tris(2-benzimidazoylmethyl)amine L53 (Jiang et al.,
2008):



TABLE 32 Structural and other characteristics of selected rare-earth containing coordination polymers with helical structures published in

2006-2008
Ligand” R Formula Dim® Helicity® Other properties” References
Homometallic coordination polymers
L43° Tb, Gd [Ro(L43")3(dppeO,)],, 1D s, 16.3 Lum (Tb, 1, Q) Semenov
et al. (2008)
L51 Pr {[PrCl3(L51);(MeOH) 1D s, 20.1 - Bucar et al.
H0) (2008)
NTA Eu {[Eu(NTA)(H,O),] 1D s, 8.1 Magn Chen et al.
H,0}, (2008)
Ho, Tm {[RINTA)(H,0),] 3D t,22.8 Magn
HZO}M
pic Nd, Sm [R(pic)s]. 1D s, 7.7 Magn (Nd, Sm); Lum  Lietal.
(Sm) (2008)
ip La, Pr, Nd, Dy {Him[R(ip)>(H2O)1}, 3D s, 19.1; Lum (NIR, Nd; vis, Zhou et al.
d, 9.5 Dy) (2008)
Y [Y(ip)s(H;0)2], 2D s 142;t,
427
pydc Y, Sm, Eu, Dy, Er, Yb [R5(u-OH)4(pydc) 3D d, NA Lum (Sm, Eu, Dy; 1); Huang et al.
(Hpydc)s(H20)4l, Magn (all) (2007)
imc Eu, Dy [R(Himc)(SO4)(H0)],, 2D s, 6.5 Lum (Eu, Dy) Sun et al.
(2006a)
phos Eu, Gd, Tb, Dy {[R(phos);] * 2H,0},, 3D s, 18.8 Lum (Eu, Tb); Ads Yue et al.
(all) (2006)
L52 Er 1D s, 14.8 -

(continued)



TABLE 32 (continued )

Ligand® R Formula Dim Helicity® Other properties? References
{[Er(L52) Song et al.
(NO3)3(Hx0)] * (2008¢)
HZO}n
L53, Pr {[Pr(L53)3(ClO4)s] * 1D t, NA Thermal analysis, Jiang et al.
L54 (L54) - 2MeCN},, solution studies (2008)
Heterometallic coordination polymers
H,L15* Er {[ErAgs(L15%);(HO)1},, 1D t, 26.4 Lum (NIR, Er) Zhou et al.
(2008)
in Nd, Eu [RAg(OACc)(in)s], 3D t, 274 Lum (Eu) Gu and Xue
(2006)
bpym Nd, Sm, Gd {[Ru(CN)4(bpym)][R 1D 2,125 Lum (NIR, Nd; 1) Herrera et al.
(NO3)(H20)512} (2006a)
imdc Y, Nd, Pr, Eu, Gd, {[RCd(imcd)(SOy) 1D 3,10.5 Lum (Eu, Tb, Dy; 1, Sun et al.
Tb, Dy, Er, Yb (H,0)3] * 0.5H,0},, Eu, Tb) (2006b)

? NTA, nitrilotriacetate; pic, picolinate; im, imidazole; ip, isophthalate; pyde, pyridine-2,5-dicarboxylate; imc, imidazolecarboxylate; phos, (S)-HO3;PCH,-NHC4H~CO,H;
H,L15% dipicolinic acid (Figure 17); in, isonicotinate; bpym, bipyrimidine; imdc, 4,5-imidazoledicarboxylate.

¥ Dimensionality of the network.

¢ Number of strands (s, single-stranded; d, double-stranded; t, triple-stranded; q, quadruple-stranded) and pitch in A.

¢ Lum, luminescence (z = lifetime, Q = quantum yield); Magn, magnetic susceptibility; Ads, adsorption isotherm.
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R(ClOy); + L53 — AA — [R(L53),](ClO4); =AA
—[R(L53),)(ClO4); = AA — [R(L53),](ClO,),

Subsequent self-assembly with L54 through hydrogen bonding leads
to three types of chiral arrays, the two chiral species D3-symmetry (AA,P,
AA,P) and (AAM, AA,M) as well as the meso form with inversion center
(AA,M, AAP) or (AA,P, AAM). The one-dimensional channels of the
former appear to be more permeable than those of the meso form and
the two guest acetonitrile molecules (see bottom of Figure 133) can be
removed but the framework then collapses.

Finally, some large macrocycles can wrap helically around two metal
ions. Documented examples are the large Schiff base H,L55 (Kahwa et al.,
1989, Figure 134) or R"™Zn iminophenolate cryptates (Rodriguez-Cortias
et al., 2002). This aspect is not further discussed here.

8.3 Actinide helicates

To our knowledge, there is a single report describing the synthesis and
structural characterization of actinide helicates. By analogy with the first
triple-stranded lanthanide helicates isolated (Piguet et al.,, 1992a; Xing

VN N N\

OH HO H,L55

FIGURE 134 Structure of the ditopic Schiff base H,L55 and of its binuclear homome-
tallic Gd" complex (redrawn from Kahwa et al., 1989).
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et al., 1992), Raymond and coworkers in Berkeley reasoned that the nine-
coordinate tetravalent Th'" ion would lead to quadruple-stranded heli-
cates with ligands H,L43 (Figure 128) because the high charge of the
actinide cation would favor four monoanionic bidentate pyrazolone
ligand strands to bind at each metal ion (Xu and Raymond, 2006). MS
and NMR data indeed point to the formation of such helicates upon
reacting Th'Y acetylacetonate with H,L43" or H,L43¢ in MeOH/CHCl,
1/1. In both homochiral helicates, the Th'Y ions are nine-coordinate, the
coordination sphere being completed by a bound DMF molecule; the
coordination polyhedra are close to monocapped square antiprisms
(Cay). The helical pitch is 42.3 A with a Th-Th internuclear distance of
8.30 A in [Thz(L43b)4(DMF)2]; in the helicate with the ligand having a
longer spacer, the Th-Th distance is about the same (8.15 A) in
[Th,(L43%),(DMF),], but the pitch is much shorter (29.6 A). The explana-
tion comes from the fact that the helicates are not palindromic; that is, the
pitch is not constant all along the structure. The two subpitches of the
capped square antiprisms are very similar in the two structures (ca. 19-
22 A) but the alkyl-bridge pitch is far longer in [Thy(L43°)4(DMF),] (442
versus 50 A!), which explains the larger overall pitch. As a comparison,
the pitch of the terbium helicate with the short-bridged H,L43" ligand,
[sz(L43b)3(dppeOz)] is much shorter, 16.3 A (Figure 135).

9. CONCLUSIONS

The term “helicate” was introduced by Lehn et al. (1987) for metal com-
plexes embedding two or more metal centers connected by one or more
bridging ligand strands and since then the field has burgeoned and
produced astonishing supramolecular structures (Albrecht, 2001; Piguet,

8.3A 8.2A

FIGURE 135 Molecular structures of the two characterized Th" helicates: [ThZ(L43b)
(DMF),] (left) and [Th,(L43)(DMF),] (right) (redrawn from Xu and Raymond, 2006).
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1999; Piguet et al., 1997a). Extension to the f-elements followed rapidly,
with the first lanthanide binuclear helicates being reported in 1992 (Piguet
et al., 1992a,b; Xing et al., 1992). The present chapter is a state of the art of
this research domain 17 years after its debut and highlights how chemists
have succeeded in taming the difficult programming of ligand strands
for a selective recognition of the spherical rare-earth ions. Not only a
suitable topological design of coordination sites has been achieved, for
instance in C,-symmetrical ditopic receptors derived from bis(benzimid-
azole)pyridine (Piguet et al., 1993b) but, also, introduction of subtle dif-
ferences in the two tridentate chelating units allowed the preferential (if
not unique) formation of heterobimetallic 4f-4f edifices (André et al.,
2004). Increasing the number of coordinating unit according to a ratio-
nally thought design led to linear, triple-stranded tri- (Bocquet et al., 1992)
and even tetranuclear 4f helicates (Zeckert et al., 2005). An innovative site-
binding model mixing intra- and intermolecular connections, and taking
advantage of the numerous stability constants published to date allows
a close understanding of the thermodynamic stability of these helicates,
despite the a priori large repulsion Coulomb’s energy between the
metal centers and, also the fact that some of these architectures are
highly charged (4+6 to +12). The mastering of these parameters
makes the design of any 4f-metal containing helical edifice easily
predictable.

Another crucial step has been the modification of the C,-symmetrical
bis(benzimidazole)pyridine ligands toward tridentate-bidentate host able
to build nd—4f helicates (Piguet et al., 1995a). Indeed, easy modulation of
the spectroscopic and magnetic properties of d-transition metal ions is
achieved thanks to the large overlap of the d-orbitals with surrounding
wave-functions. The unique combination of two nd and 4f ions into a
cylindrical supramolecular architecture results in intermetallic communi-
cation which, in turn, materializes under the form of a tuning of one ion
properties by the other. Demonstration of this effect in two particular
cases, Fe'' spin-crossover parameters (Piguet et al., 1995¢), and energy
transfer modulating luminescent properties (Cantuel et al., 2002; Imbert
et al., 2003) proved the feasibility of this approach and given that several
different d-transition metal ions may be introduced into the helicates (to
date: Cr'™ Fell Co™™ Ni, Zn" Ru", Os") a whole range of molecular
architectures having predetermined unique properties can be envisaged.

Modification of the C,-symmetrical ligands to allow water solubility
for the assembled helicate is another landmark (Elhabiri et al., 1999;
Vandevyver et al., 2007) since it opens the way for the binuclear com-
plexes to be used as lanthanide luminescence probes with a variety of
applications ranging from cell imaging (Biinzli et al., 2008) to nucleic acid
detection (Song et al., 2008b). The chemical robustness of the helicates,
both thermodynamically and kinetically speaking, their inherent
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chirality, as well as the ease with which they are taken into live cells and
remain into them without affecting their biological functions are real
advantages. Bioconjugation of the helicates should improve their speci-
ficity toward given cell lines and prove useful both in diagnostic and in
the follow-up of cancer therapy, among others.

Future prospects for f-containing helicates seem to be incommensura-
ble. Several subjects are not yet fully explored, for instance, 5f helicates are
in their infancy (Xu and Raymond, 2006), 3d—4f constructions can be
modulated almost at will, particularly when it comes to intermetallic
communication, and the advent of extended networks constructed from
helicate building blocks (Semenov et al., 2008) and/or incorporating
helical features (Jiang et al., 2008) are promising. With respect to the
latter, a mixture of nd and 4f ions could lead to interesting optical and/
or magnetic materials (e.g., networks with large spin cross hysteresis)
which are more and more needed for telecommunications, analytical
and bioanalytical sensing, and storage of small molecules. In fact the
present level of knowledge, particularly with respect to the modeling of
the thermodynamic stability of these entities and to the various structural
entities susceptible to be assembled, combined with the emergence of new
types of ligands besides the archetypical, very efficient, and easily adjus-
table, bis(benzimidazole)pyridine framework, are an insurance for the
unfolding of exciting science in the future.
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