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Abstract

The theoretical and rational modelling of self-assembly processes is far less developed than the flourishing structural characterization of
the resulting sophisticated and aesthetically appealing polymetallic architectures. However, an eventual predictive design based on molecular
programming requires a detailed understanding of the chemical and physical concepts controlling self-assembly. Although the kinetic and
thermodynamic background of multicomponent complexation processes remain suspicious to synthetic chemists, the recent development of
two simple and complementary models for rationalizing the formation of polymetallic helicates opens the possibility of reliable predictions
for the properties of multimetallic one-dimensional oligomers. The origin, theoretical base, and application of this approach for the modelling
of helicates is discussed, together with its limitations and extensions toward multi-dimensional complexes.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction supramolecular chemistry, which allows the preparation, iso-
lation, and characterization of sophisticated multicompo-
During the two last decades, research in coordina- nents polymetallic oligomer§l]. The complexity of the
tion chemistry was dominated by the growth of metallo- latter (supra)molecular architectures corresponds to a con-
siderable extension of the classical approach, which mainly
* Corresponding author. Tel.: +41 22 379 60 34; fax: +41 22 379 68 30, focused on the investigation of monometallic complexes.
E-mail addressclaude.piguet@chiam.unige.ch (C. Piguet). There is no doubt that these advances are closely related
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to the improvements of the characterization techniques with 2. Helicates as archetypes of self-assembled

the implementation of (i) two-dimensional detectors in X- metallosupramolecular edifices

ray diffraction measurements, (ii) gradient fields in high-

resolution NMR, and (iii) smooth ionization techniques in Since the first observation of a bimetallic triple-stranded
mass spectrometrf2]. However, the level of the theoreti- complex[9], and its subsequent definition as ‘helicate’ (i.e. a
cal rationalization does not follow these analytical develop- discrete helical supramolecular complex constituted by one
ments, and only primitive predictive tools are used such (i) the or more covalent organic strands wrapped about and coor-
matching between the rough stereochemical preferences oflinated to a series of ions defining the helical aj&s}], a

the metal ions and the ligand binding possibilities in molecu- huge number of polymetallic structures fulfilling these cri-
lar complexe$3], (ii) the maximization of site occupang], teria has been reporté®,10]. In two seminal contributions,
and (iii) the combination of geometrical shapes in crystals and Lehn et al. introduced the terms ‘self-assemilil] and
macroscopic edificg$]. The origin of the craze of coordina-  ‘self-recognition’[12] which are intimately linked with ther-
tion chemists for self-assembly processes may be assigned tanodynamics. Firstly, the relationship between the number of
thereportby Lehn etal. onthe preparation of the first trimetal- bidentate bipyridine units ih2 (two segments)l.3 (three

lic double-stranded helicate [g{L1)2]3* (Fig. 1) [6]. The segments)l.4 (four segments) antd5 (five segments), and
subsequent introduction of new semantic terms, such as selfthe selective formation of bimetallic [G(Lr)5]"* (n = 2),
assembly, self-organization, self-recognition, cooperativity, trimetallic (n = 3), tetrametallic it = 4) and pentametallic
algorithms, subroutines, etc. greatly helps in the rapid recog- (n = 5) double-stranded helicateBig. 3) can be rational-
nition of this new field and its disseminatifri. At the same ized with the consideration that the largest translational en-
time, it hinders the use of classical thermodynamic and ki- tropy results from the formation of a maximum number of
netic framework to rationalize these phenomena, thus lead-short saturated oligomef$1,13] This entropic aspect can
ing to some reports on debatable strategies, in which severabe further strengthened by the judicious tuning of the relative
components are combined to produce sophisticated edificestoichiometries and total concentrations of the components
without involving thermodynamic intermediates or competi- [14]. Secondly, the formation of the maximum number of

tive pathwayg41-3]. dative bonds in the final helicates obviously contributes to
Nevertheless, fascinating novel topologies and minimize the free energy of complexation (enthalpic contri-
(supra)molecular architectures become accessHip @ bution, Fig. 4) [12]. The latter concept is often referred to

[1], together with a panel of useful molecular functions as ‘the principle of maximum occupancj4]. The combi-
working at the microscopic lev@]. In this review, we focus  nation of these enthalpic and entropic contributions qualita-
on thermodynamic and kinetic concepts, which describe self- tively explains the recognition processes occurring when (i)
assembly processes, in order to highlight the link between a mixture ofL2—L5 reacts with Cu(l) to give exclusively the
classical coordination chemistry and metallosupramolecular homopolymetallic helicates [G{Ln),]"" (n = 2-5,Fig. 3
chemistry. The different approaches for rationalizing the [12], (ii) a mixture ofL1 andL6 selectively sorts out Cu(l)
self-assembly of one-dimensional polymetallic helical and Ni(ll) to give double-stranded [G(L1),]3* and triple-
oligomers, i.e. the helicatef2,6] are presented together stranded [Ni(L6)3]®* helicates Fig. 4) [12], and (iii) a
with two complementary simple predictive thermodynamic

models. 3,2 2
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Fig. 1. Self-assembly of the trimetallic double-stranded helicate Fig. 2. Selected metallosupramolecular complexes obtained by self-
[Cus(L1)2]%" [6]. assembly.
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Fig. 3. Self-recognition of the homopolymetallic double-stranded helicateg[@),]"* (n = 2-5, adapted frorfL2]).

mixture ofL7—-L9 coordinates to Ga(lll) to give the homolep-
tic bimetallic triple-stranded helicates [gan-4H);]%~ (n
= 7-9,Fig. 5) [14].

The discrimination exhibited ifrig. 4 points toward an
underlying chemical ‘algorithm’ involving the ligand bind-

determined structures and nuclearifiéls On the other hand,
the detection of considerable quantities of the heterolep-
tic double-stranded helicates [gu10)(L11)]3* [15] and
[M2(L12)(L13)]** (M = Ni, Cu, Zn) [16] during the sort-
ing processes of10/L11 or L12/L13 pairs, points to the

ing possibilities and the stereochemical preferences of thethermodynamic limits of self-recognition events, which in-
metal ions to give programmed helical complexes with pre- deed require sufficient structural and electronic differences
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Fig. 4. Self-recognition of the double-stranded helicates[Cli)>]3* and the triple-stranded helicate B{li6)s]®* (adapted fronj12]).
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Fig. 5. Self-recognition of the homoleptic triple-stranded helicates (Ga-4H)3]6~ (n = 7-9, adapted frorfiL4]).

between the binding possibilities of the ligand strands to pro-
vide efficient discrimination.

Assuming that ‘algorithms’ may be implemented in he-
licate self-assembly, the reading of the information encoded segment (coded for a hard 4f-block ion). Reaction with a mix-
within the successive segments along the ligand strands mayture of labile pseudo-octahedral M(Il) (M = Cr, Fe, Co, Ni)
be selectively performed by a judicious choice of metal ions and spherical Ln(lll) (Ln = La—Lu) ions shows the quan-
evidencing specific stereoelectronic preferences. As a resultitative formation of the @-symmetrical heterobimetallic
of their large covalent contributions and variable ligand-field d—f triple-stranded helicates HHH-[LnN{4)3]°*, in which
stabilization energies, the first heterometallic helicates usedeach strand adopts a relative parallel orientation (HHH stands
mixtures of tetrahedral (Cu(l) or Ag(l)) and octahedral (Fe(ll) for ‘head-to-head-to-head’, which characterizes the parallel
or Co(ll)) d-block ions. Reaction of mixtures of the latter orientation of the three strandsg. 6) [18]. Although the ab-
ions with heterotopic segmental ligands possessing adjacensence of the HHT isomer (head-to-head-to-tail) may appear
bidentate diimines (coded for tetrahedral metal ions) and tri- as a virtue of self-assembly, the thorough exploration of the
dentate terimines (coded for octahedral metal ions) producesenergy hypersurface of the assembly process demonstrates
pure heterometallic double-stranded helicgi63. Accord- that any deviation from exact stoichiometric conditions and
ing to an analogous strategy, the ligdrid! combines a,a’- high concentration results in the formation of various alter-
diimine unit (coded for a soft d-block ion) with a tridentate native homometallic complexeBi. 6).
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The level of the theoretical description of the assembly
process has thus become one of the limiting factors for fur-
ther developmentsin helicate self-assembly, and two opposite
research strategies have been implemented. Firstly, highly so-
phisticated and aesthetically appealing entwined polymetal-
lic architectures have been isolated from intricate mixtures
assuming that the rough rationalization brought by the ‘al-
gorithm’ approach is sufficient. Beyond the original double-
and triple-stranded helicates, talented chemists were able to
prepare attracting quadruple-strand6@], single-stranded
circular [21], double-stranded circuldP?] and alternated
circular[16] helicates, together with even more complicated
three-dimensional assemblies containing variable ratios of
grid-like and helical-like portionsHig. 8) [23].

The second strategy focus on the re-examination of the
underlying thermodynamic and kinetic background in order
to build simple tools for predicting supramolecular structures.
In this context, the considerable amount of data collected
for the strict self-assembly of helicates can be used for the
validation of theoretical models. Although the structural and
preparative approaches leading to self-assembled helicates
have been regularly and comprehensively reviewed during
the last decadfl,2,10] little attention has been paid to the

Fig. 6. Strict self-assembly of the heterobimetallic d—f triple-stranded heli- global presentation and discussion of thermodynamic and

cate HHH-[LaZn[14)3]®* in acetonitrile (numerical values correspond to
log(B) for the thermodynamic equilibrium) [18a].

kinetic concepts, which are the topic of this review.

The situation becomes even more challenging for the 3. Strict self-assembly of helicates: a complicated

preparation of heterometallic f-helicates because of the

extreme similarity of the coordination behaviour of f-block

thermodynamic process

ions along the lanthanide series. Tothe best of our knowledge, The first quantitative thermodynamic study describing the

the bis-tridentate heterotopicl5 is the unique example, in
which partial selectivity (i.e. a deviation from a binomial
distribution) favors the formation of heterobimetallic f—f
helicates: [LALN?(L15)3]®* (Fig. 7) [19]. Although com-
petition between gsymmetrical HHH and &symmetrical

self-assembly of a helicate can be attributed to Williams
and co-workers[24] who reported the formation of the
triple-stranded bimetallic helicate [@@.16)3]** (log(823)

= 21.4(6)), which apparently does not involve any ther-
modynamic intermediate in significant amounts. The re-

HHT isomers for both homo- and heterobimetallic helicates action of the same ligand16 with pseudo-tetrahedral
prevents a clear picture of the origin of the recognition pro- Cu(l) eventually provides the double-stranded helicate

cess, the detection of 90% of HHH-[Lalli5)3]%* in so-

[Cux(L16)2]%" (log(B22) = 13.0(3)), but the formation

lution is an undeniable success of strict self-assembly (i.e.of a 1:2 intermediate [Cu@6)2]* (log(B12) = 8.5(3))

‘strict’ stands for thermodynamically drivefd1b].

L15

is established during the titration process. The lack of

HHH-[LaLu(L15),]6"

Fig. 7. Partial description of the strict self-assembly of the heterobimetallitriple-stranded helicate HHH-[Lali(5)3]%* in acetonitrile[19].
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/ \N L16 N

In a related study, Lehn and co-workers reported
on the thorough thermodynamic charaterization of the
self-assembly of the trimetallic double-stranded helicate
[Cu3(L3)2]3* (equilibria (1)—(4))[25].

Cut 4+ L3 = [Cu(L3)]*, log(B11) = 4.6(1) (1)
Cut +2L3 = [Cu(L3),]", log(B12) = 8.2(2) 2
2Cut + 213 = [Cup(L3),]%", log(B2) = 135(2) (3)
3CU" + 2L3 = [Cuz(L3),]3", log(Bo3) = 186(2)  (4)

12 Cu(l)

Assuming that the thermodynamic protein/ligand model
is adequate for the description of this assembly prof2&js
simple graphical tests for cooperativitgdatchardlots[27]
andHill plots[28]) suggest strong positive cooperativity, de-
spite the expected electrostatic repulsion occurring between
charged cationgHg. 9) [25].

However, as pointed out by Ercolgi29], the formation
constants of equilibria (1)—(4) possess different dimensions
arising from the combination of intra- and intermolecular
complexation processes involving different components, and
they cannot be easily interpreted. Consequently, the pro-
tein/ligand model, which explicitely requires only virtually
identical intermolecular processes (i.e. the successive binding
of one componentto a preassembled receptgr.10), cannot
be used without further adaptations in metallosupramolecular
chemistry. Moreover, the interpretation 8tatchardor Hill
plots for multicomponent assemblies remains elusive with-
out the adequate theoretical support. Prior to develop ther-
modynamic models for rationalizing the formation of self-
assembled polymetallic helicates, it is worth to focus on the
term ‘cooperativity’ and its specific use and meaning in coor-
dination chemistry and in metallosupramolecular chemistry.

1.0 x 105 oo
8.0 x 10*]
_.6.0x10*-
=
Fig. 8. Self-assembly of a sophisticated polymetallic entwined oligomer. N 4.0x 10°
Adapted from[23]. X
2.0 x 104
. — . 0 . — r r )
evidence for potential intermediates, such as [@6]3]%* 00 05 10 15 20 25 30
or [Co(L16)2]%" in the former process led these authors to r

suggest the occurrence of a strongly positive COOperative pro-¢i; g geatchard plot for the formation of the double-stranded helicate

cess, but no quantitative argument supports this hypothesigcy,(L3),]3* [25a]. Reproduced with permission from [25a], copyright
[24]. Royal Society of Chemistry, 1992.
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Receptor The simple model depicted Fig. 10thus applies for the
""" successive fixation of Fe(lll) to thes&ymmetrical podands
L17 andL18 (equilibria (5) and (6)]31].

Li+ Fe(lll) = [FelLi)], i=17,18 K; (5)
- k [FeLi)] + Fe(lll) = [Fex(Li)], i=17,18 K> (6)
[5) 1
n R If we approximate that the two pseudo-octahedral hex-
adentate binding sites inl7 are equivalent, the statistical
AE; ratio in absence of cooperativitAE = 0) amounts td2/K
o k; = 1/4 = 0.25[26]. The significant experimental deviation
%) - (K2/K1)exp = 3.2 observed folL17 implies thatAE < 0,

and that positive cooperativity occurs as a result of the effi-
cient charge compensation provided by the polyhydroxamate
ligand combined with the formation of a peripheral belt of
— hydrogen bonds accompanying the complexation processes
[31]. For the larger ligantl 18, the hydrogen bonding is less
————— efficient in preorganizing the strands for the second complex-
ation event, and a non-cooperative process occkipf{{ )exp
~ 0.25 andAE = 0) [31].

In metallosupramolecular chemistry, the use of the term
For the coordination of metal ions (or protons, or ligands) ‘cooperativity’ is different because the self-assembly pro-
to a preassembled receptor possesaia'ges, cooperativity cesses mix inter- and intramolecular processes involving var-
is unambigously ascribed to the interaction free enexgy ious components. Unfortunately, this term is systematically
(corrected for statistics) between metal idm®dj (Fig. 10 invoked when theepetitive binding of metal ion®r protons
[26,30} WhenAE; = 0, the fixation of one metal ion in site or ligands)in equivalent sites occurs with a fixed interaction
has no influence on the coordination of an other metal to site parameter In other words, it is sufficient thak Ejj does not
j, and the binding is non-cooperative. Whaij # 0, the vary during the successive complexation processes leading to
fixation of a metal ion in sité favors (AE;j < 0) or hinders the final multimetallic supramolecular architectures. Conse-
(AEj > 0) the fixation of the second metal ion in sjt¢hus quently, AEj # O is fully compatible with the supramolecu-
leading topositiveor negative cooperativityrespectively. In  lar concept of ‘non-cooperativity’, according that it remains
the two latter cases, significant deviations from a pure statisti- constant during the complete growing process of the final
cal approach occur. Obviously, the permutation of the ‘metal’ structuref25,29] In order to clarify the situation and to bet-
and ‘ligand’ labels does not alter the thermodynamic model. ter differentiate these two phenomena, we will restrict the use
Therefore, the successive fixatiomdigands to ametal (con- ~ Of the concept ofooperativityto the explicit interpretation of
sidered as the preassembled receptor) obeys the same rulg§e valueAEj, as it is used in thermodynamif26], and we

assuming thanEj stands for the interligand interaction. introduce the new terminology statistical repetitive bind-
ing for the successive filling of coordination sites occurring

o Q ‘% / 0 \ with a fixed interaction parameter. This second concept (i.e.
Q 0 statistical repetitive binding) is of interest for rationalizing
Qo o@ multi-component self-assembly processes in which intra- and
(o] 0, f,’ o intermolecular processes concomitantly operate. It has been

developed by Ercolani for the general case of a self-assembly

Moo 0~

N-oH Ho- NooH . . . .

Q- o ’) ° 0“0 5 process in whichmetals M coordinate tmreceptors L, hav-
N

ing | equivalent binding sites (equilibrium (789].

i \H HN<_ Re  NH
0 R, 0 Ry mL+IM = [MiL,], B (7)
N

Fig. 10. Thermodynamic model for the fixation of metal ions to an one-
dimensional multi-site receptor.

N N, — —
N\:z’é Ho-" “oH _§‘OH Ho ™\ fnt = d05aKirir Kinga " ®)
(\(0 007/7 Q o ﬁ The associated formation constahy, is given by Eq.
HNCN NH o \Hr NH HNS O (8) in which (i) § is the contribution of the entropy of mix-
\L?I R‘)\r';g-oo R ing for the formation of enantiomers from achiral recep-
N R T tors (chirality factor)[32], (i) osa= 0"k, /complexis the
L17 \L?j symmetry factor of the self-assembly equilibrium (32],
N

(i) Kinter is the microscopic equilibrium constant associated
L18 with the reference intermolecular reaction occurring between
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monofunctional reactants, (iWinta is the microscopic (sta-  from whichKjnra Can be eventually comput¢29].

tistically corrected) constant associated with the subsequentﬂ12 — 9(Kinter)? (14)
intramolecular reaction processes, W m + | is the total

number of components in the complex, and &i mlis the B22 = 8(Kinter)® Kintra (15)
number of connections joining the components in the latter

Assuming that (i) the three bipyridine segments3have

complex|29]. _ o identical absolute affinities for Cu(l), and (ii) statistical repet-
Since the two six-coordinate binding sites.iti7 andL 18, itive binding holds (i.eAE;j is constant), the statistical forma-

are not strictly equwa!ept, E@8) _does not hold, but Yve can  ion Constamﬁgtzat for the trimetallic helicate [C&(L3)2]3",

reasonably assume (i) ideal chirag Bymmetry forLi (o (equilibrium (4)) can be estimated by applying Etg). Eq.

= 6) and [Fe(L#)] (acompiex= 6), and (ii) G-symmetry for (46 resyts and comparison of Iogf) = 18.25[29] with the

[Fe(L )] (ocomplex=3). Inthese conditions, the application of - gy herimental constant loggy) = 18.6(2) (equilibrium (4))

Eq. (8) for analyzing the formation of [Fe@)] (equilibrium 1551 shows only a negligible deviation within experimental
(5),8=1) and [Fe(Li)] (equilibrium (9),6 = 1) leads to Eqs. gy,

(10) and (11)respectively, in which only successive inter- . 4 2
molecular processes are involved in complete agreementwithﬂSZ = 2(Kinter)"(Kintra) (16)

the classical protein/ligand moddli¢y. 10 [26]. The subse- Ercolani deduces that statistical repetitive binding occurs
guent calculation ok, = B21/811 leads to the expected statis-  (termed ‘non-cooperativity’ in the original pagé®]) in con-
tical criterion K»/K1 = B21/(B11)? = 1/4 = 0.25 when no trast with the original suggestion of positive deviation from

interaction occurs between the sites. statistics favouring the formation of the multimetallic edifice
[25]. However, this approach does not allow the quantitative

Li+2Fe(lll) = [Fex(Li)], i=17,18 B ()] estimation of the interaction paramet®Ej, but it debunks
some ‘magical’ aspects often associated with self-assembly

P11 = K1 = 2Kinter (10) processes in metallosupramolecular chemistry.

1321 = Kﬁ][er (11) / \ / \

In other wordsErcolanis model obviously accounts for the
simple case of successive intermolecular complexation pro- \ Y/
cesses (i.e. the protein/ligand model), but it is more general

since sophisticated self-assembly processes involving intri-

cate inter- and intramolecular processes can be analyzed with L19

the same approach.

According toErcolani's model, the application of E¢8) F F
for analysing the formation constagi, of Lehris double-
stranded helicates [GI{L3),]™* (equilibrium (12)) is given
by Eqg.(13) (N =m+ 2 components and = 2m connections

The reaction of ligandl19 with Cu(l) to give the double-
stranded helicate [G{L19),]2* represents the second he-
licate system in which thermodynamic data have been

between themf2o)]. interpreted in term of ‘positive cooperativity’ (equilibria
mCuU™ 4 2L3 = [CU,(L3)o]"", B2 12y  (17-(19)33].

m e Cu™ +L19 = [Cu(L19)]", o =5.30 17
P2 = (So'saKint—:—arl Kintral (13) [Cul ) 9(f1) (7)

Cu' +2L19 = [Cu(L19),]", log(B12) = 1160  (18)
0sa= 025 08 /oComplex iS the symmetry factor of the self-

assembly equilibrium (12)ofyeta = 1, oLigang = 2 and  2CU" +2L19 = [Cuz(L19)]*",  log(B22) = 26.47 (19)
ocomplexdepends on its symmetry point growgomplex= 1

for Cy-symmetrypcomplex= 2 for Co-symmetry and complex

= 4 for Do-symmetry)[32], Kinter iS the microscopic inter-
molecular equilibrium constant associated with the formation
of [Cu(L3)]* taken as a referencny, is the microscopic
(statistically corrected) intramolecular constant associated
with the subsequent complexation of Cu(l) to [CB)y]"

to give [Cun(L3)2]™*. The application of Eq(13) for the [Cu(L19)]t +L19 = [Cu(L19),]T,

formation of [Cu(3)2]" (equilibrium (2),812) requires the

consideration of three different arrangements (i.e. three mi- log(K12) = log(f12) — log(B11) = 6.30 (20)
croscopic constants) and leads to Eigt) from which Kipter Since equilibria (17) and (20) correspond to virtually iden-
can be calculated. Eq15) holds for the two microscopic tical chemical eventsinvolving only intermolecular processes
constants characterizing [@ilL3)2]2* (equilibrium (3),822) (Kinter), they can be indeed directly compared, but a reliable

Although the authors notice the ambivalent binding nature
of L19, which may act as a terminal or as a central bidentate
a,a’-diimine binding unit, they arbitrarily use the criterion
K12/B11 > 1 (equilibria (17) and (20)) for asserting that the
successive complexation of two ligands to Cu(l) occurs with
positive cooperativity33].
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criterion for cooperativity must consider all the possible ar- becauses,> depends on both intermoleculd;fer) and in-
rangements adopted by [@Li©Q)]" and [Cu({.19),]*. Firstly, tramolecular Kingra) processes (Eq24)).

i + o :
the 1:1 complex.[Cu(19).] may exist elther as a non-chiral B22 = 2(Kinten)* Kintra (24)
Cs-symmetrical isomer in which Cu(l) is bound to the ter-
minal imino-pyridine bidentate segmerét € 1 andosa =

OLigandoMetal/0complex = 2 for equilibrium (17))32], oras a . .
non-chiral Gy-symmetrical isomer in which Cu(l) is bound (Eq. (24)) can be easily estimated, but these constants are of

tothe central bipyridine segmet£ 1 andvsa= 1 for equilib- limited interest since the predictions for the formation of the
rium (17))[29,32] The use of Eq(8) [29] provides the mod- next h_igher trimetallic homologue cannot be compared Wi_th
elling of the macroscopic constagfi; as the sum of the two experimental datf83]. Nevertheless, a second arbitrary cri-

microscopic constants associated with each isomeKPHy). terionKz2/K12 > 1 (equilibria (20) and (25)) has been used in
referencg33] for tentatively assigning positive cooperativity

B11 = 2Kinter + Kinter = 3Kinter (22) for the global thermodynamic process. The combination of
Eq.(22)(B12) and Eq(24)(B22) allows the evaluation df2»
for equilibrium (25), and the final result is given in Eg6).

[Cu(L19),]" + Cu™ = [Cuz(L19),]T,

From the experimental data obtained fap (equilibrium
(18)) andpB22 (equilibrium (19)),Kinter (EQ. (22)) andKintra

The same approach applied to equilibrium (18) requires
the consideration of three different isomers for [C1§),]*.
(i) A chiral Co-symmetrical complex in which Cu(l) is coor-

dinated by two terminal imino-pyridine bidentate segments log(K2,) = log(822) — log(B12) = 14.87 (25)
(6 = 2 andosy = 2 for equilibrium (18))[32]. (ii) A chiral
Ci-symmetrical complex in which Cu(l) is coordinated by Koo = %Kimer Kintra (26)

one terminal imino-pyridine and by one central bipyridine ) )
segments = 2 andosa = 4 for equilibrium (18))[32]. (iii) The ratioK22/K12 = (6/169Kintra Can be then easily de-

A non-chiral Dy-symmetrical complex in which Cu(l) is ~duced when considering Eq®3) and (26)In other words,
coordinated by the two central bipyridine segmerdts: (1 the latter ratio depends dfinra and cannot be considered
andosa = 1 for equilibrium (18))[32]. The systematic use 25 & reliable criterion for testing the occurrence of a statisti-
of Eq. (8) [29] for each isomer provides three microscopic €@l repetitive binding processin [@(L19)2]?*. We conclude

constants which can be combined to give the macroscopicthat the system Cu(PA9 indeed displays positive cooper-
constants1» (Eq. (22)). ativity for the successive fixation of the two strands to one

Cu(l) (i.e.AE < 0), but no conclusion can be drawn concern-
ing the statistical successive binding of the metal ions. This
= AKinter)? + 8(Kinte)? + (Kinter)? = 13(Kinte)® (22) N9 e fin meta/ |
Prz = 4(Kinter)” + 8(Kinter)” + (Kinter) (Kinter)” (22) limitation emanates from the explicit separation of inter- and
The valueK 1, is then calculated by using equilibrium (20)  intramolecular processes in metallosupramolecular assem-

in which K12 = B12/811 (EQ. (23)). blies, which requires the use of the experimental formation
13 constant of at least two complexes with different nuclearities
K12 = 3 Kinter (23) for the parametrization dinter and Kingra [29]. Therefore,

deviations from statistical repetitive binding can be only de-
tected for multimetallic helicates, in which the number of
metal ions is strictly larger than two (i.e. ‘macrobicyclic’ sys-

tems) as demonstrated witlthn’shelicates [Cy(L3)2]3".

We can easily deduce from Eq21) and (23)that de-
viations from the statistical ratit&12/811 = 13/9 = 1.44
is the correct criterion for the successive non-cooperative

Z | N _~
S N
P
L20

binding of two ligand strands19 to Cu(l). The experimental ~ The formation of the lanthanide-containing trimetallic triple-
ratio K1 /11" = 10>> 1.44 reveals significant deviation, ~stranded helicates [la6L20)3]%* (equilibria (27)—(28)) in-
and it is diagnostic for successive ligand binding driven by deed fits this trimetallic criterion, but the thermodynamic ex-
positive cooperativity (i.eAE; < O for interligand interac-  perimental data are restricted to only two complexes with
tionsin[Cu(19)2]*). However, nothing can be deduced fora different nuclearities. This prevents the applicationEwf
possible deviation from statistical repetitive binding leading colani’stest for statistical repetitive bindirig4].

to the final chiral B-symmetrical bimetallic double-stranded

3 N 6 tri,LnL
helicate [Cu(L19)2]2" (5= 2 andreg= 1 forequilibrium (19)) ~ 2LM°" +3L20 = [Lnz(L20)3]°",  Bp3 " (27)
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3Ln** +3L20 = [Lng(L20)5]°F, gz (28) et

Original Scatchardplots computed with equilibria (27) X m to20 = O
and (28) in referencd34] suggested ‘positive coopera- d s % [Cu LI
tivity’, but a subsequent adequate analysis combining bi- ¢ N
and trimetallic analogous helicates eventually demonstrates Step2
that repetitive statistical binding occurs together with a P s — X
strong negatively cooperative binding of the metal ions o
(AEjntermetatiic>> 0) [35]. This thorough examination of the ’ — XX
few systems for which reliable thermodynamic data have [Cuy(L3),>
been reported, supporcolani’s conclusion, stated in our
terminology, that positive deviation from statistical repeti- Seep 3
tive binding in art|f|C|a! self-assembly systems is probably — — 00X
much more rare than it was previously thouf@®]. How-
ever, the above-mentioned analyses of thermodynamic self- + ©°
assemblies remains limited since (i) the affinity of the binding X = 00
units along the strands must be identical (or at least very sim- [Cuy(L3), [Cuy(L3),1
ilar) and (i) the intimate interaction parametek&; mea- Sond
suring cooperativity cannot be obtained. For these reasons i
sophisticated assemblies involving different binding units, e p—
such as trigonal bipyramids, grids, or catenates shown in
Fig. 2escape rationalization with the model of repetitive bind-

25Ce0OsC — el =

ing.
4. The intimate mechanism of helicate self-assembly:
the kinetic approach

As ofteninthis field, the ingenuity of Lehn and co-workers
occupies a prominent position, and they first draw the atten-

[Cuy(L3),J*

Fig. 12. Schematic representation of the mechanism of the self-asssembly
of [Cus(L3)2]3* [37]. Adapted fron{37].

lic helicate [Cu(L3)2]3" has been carefully investigated un-

tion of metallosupramolecular chemists on some unusual in- der pseudo-first order conditions. The complicated data can
termediates observed during the slow self-assembly kineticsbe satisfyingly fitted to the four-steps mechanism depicted in
of the pentametallic double-stranded helicates;[C8),]°* Fig. 12 [37] Interestingly, the initial step corresponds to the
[36]. ESI-MS data combined with NMR spectroscopy ev- fixation of two charged cations onto a single neutral strand,
idence the formation of hairpin-type intermediates which an unexpected behaviour, which can be tentatively assigned
eventually self-assemble to give the final helicdirgy(11b) to (i) the limited charge borne by Cu(l) and (ii) the large
in strong contrast with the postulated linear mechanism distance between the two terminal bipyridine binding sites.
(Fig. 11a). Steps 2 and 3 correspond to the successive coordination of

From this striking observation, Albrecht-Gary and the second strand and the third metal, while the ultimate step
coworkers launched into a project aiming at the kinetic iden- deals with specific conformational changes leading to the
tification of the reaction pathways leading to double- and thermodynamically stable entwined struct{8&].
triple-stranded multimetallic helicatd87-40] Firstly, the Closely related studies have been performed for elucidat-
kinetic characteristics of the self-assemblyehn’strimetal- ing the mechanism leading to the formation of the bimetal-
lic triple-stranded helicates [R€.21)3]** (Fig. 13 [38],
[Eup(L22)3]%* (Fig. 148)[39] and [Ew(L23-2H)s3] (Fig. 140)
[40].

Compared with the self-assembly of [§L3),]%*

* (Fig. 12, the formation of the bimetallic triple-stranded he-
licates incorporates highly charged metal ions lying at close

b) ‘ . S.? . W o, E distance. This prevents the initial fixation of two cations onto
H H . a single neutral strand, and a second ligand is required with

the Fe(l)L21 (Fig. 13 or Eu(lll)/L22 (Fig. 14a) systems

to ensure that sufficient preorganization and partial charge
compensation overcome the electrostatic repulsion. Depend-
ing on the initial stoichiometric conditions, the self-assembly
provides different supramolecular edifices. In excess of lig-

Fig. 11. Possible pathways for the formation of Eli5),]°*: (a) a lin-

ear successive mechanism, (b) a convergent mechanism with hairpin-
type intermediatef36]. Reproduced with permission frof6], copyright
VCH-Wiley, 1996.
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for the assembly of [G4(L3)-]3*, which confirms that the in-
termetallic electrostatic repulsion is a crucial parameter for
controlling the chemical pathway of the reaction. This lat-
ter aspect agrees with the systematic kinetic investigations
performed by Crumbliss and coworkers on the decomposi-
l*Fe(H) tion mechanism of bimetallic [Fe(IH). 3] siderophores us-
ing natural (rhodotorullic) or synthetic dihydroxamic acids
{ [41]. Although the flexibility of the spacers in these lig-
NG ands provides variable structures for each of the 2:3, 2:2,
[Fe(L2D)* 1:1, 1:3 intermediates, the stepwise fixation/decomplexation
l of charged metals and ligands systematically minimizes the
+ 121

intercomponent electrostatic factors, which are considered
as the driving force for controlling the chemical pathways

ot N — W [41].
]

[Fe(L21),]?" [Fe(L21),]*"
. 2+ . . . . .
In excess of ligand L Tn excess of Fe 5. Toward predictive strategies in helicate self
l it r el assembly: the site-binding model
Although the separation of intra- and intermolecular
Wy y et oree processes ikrcolani's model is an efficient tool for rational-
s . . . . .
- - * izing metallosupramolecular thermodynamic data, its predic-
[Fe(L21),]** [FCQ(LZI)Z]A'

tive capacity is limited to the exploration of deviation from
l+ Fe(Il) statistical repetitive binding for receptors possessing identical
binding units. Moreover, no direct evaluation of the signs and
magnitudes of the interaction parametas;j is accessible.
These limitations are particularly awkward for the formation
of polymetallic complexes in which highly positively charged
[Fe,(L21),]* cations are expected to provide strong electrostatic effects
which can be modulated by using ligand polarization and/or
Fig. 13. Scheglatic representation of the mechanism of the self—asssemblycharge compensation as exemplified in the assembly of triva-
of [Fe;(L21)s]™ [38]. Adapted from(38]. lent lanthanide helicatd42]. For addressing this challenge,
Piguet and coworkers adapted gige-bindingmodel for in-
terpreting the thermodynamic data of lanthanide-containing
and, the expected triple-stranded helicates indeed correspondriple-stranded helicates in which the three wrapped strands
tothe final complexes, butin excess of metal, the semi-hairpin are considered as a preassembled one-dimensional receptors
[Fex(L21)2]** (Fig. 13 or the non-helical [Ex(L22),]5* containingn adjacent coordination sitekify. 15 [43].
(Fig. 14a) complexes are eventually obtaif88,39] These In this free energy model, an absolute affinkyis as-
observations definitely destroy the myth of the occurrence sociated with the coordination site from which the free
of self-assembly processes, in which the final programmed energy of complexation with a trivalent lanthanide Ln(lll)
architectures is formed in one step whatever the externalcan be obtained\GL" = —RT In(k-"). A single free en-
conditions. Moreover, the kinetic studies demonstrate that ergy parameteAEj describes possible intermetallic inter-
the fast organization of multicomponents edifices are strictly actions between adjacent metal ions lying in sitesdj.
limited to specific stoichiometric ratig89]. For instance,  Application to the simple bimetallic triple-stranded helicate
the use of an initial ratio Eu(lll):22 = 2:3 rapidly leads to  [(Ln1)x(Ln?)2_x(L24)3]%* (x=0, 1, 2, equilibrium (29)j44]
the thermodynamic equilibrium in which [E(L22)3]%" is which contains two identical termina) (NgO3 sites Fig. 15
the major product (a few minutes for a total ligand concen- leads to Eq.(30) for the total free energy of formation,
tration of 0.1 mM). However, the same reaction performed wherebysis the degeneracy of the microscopic st§8&§. In
with a ratio of Eu(lll)L.22 = 10:1 requires more than 1 h the latter equation, (i) the free energy cost associated with the
in order to reach chemical equilibriuf@9]. The last ligand preorganization of the three ligands in a triple-helical fashion
[L23-2H]?~ introduces charge neutralization as a novel pa- to produce the box and (ii) the chiral factor 2 are neglected
rameter in helicate self-assembly. In these conditions, thebecause they similarly affect the formation of argt 6r D3-
coordination of a second metal to the initial intermediate symmetrical lanthanide complexes matchingdie-binding
[Eu(L23-2H)]* competes with the fixation of a second ligand model shown irFig. 15 These contributions thus correspond
(Fig. 140)[40]. This behaviouris reminiscent of that observed to afixed translation of the zero-level of the free energy scale,

e o
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[Eu(L22)]? [Eu(L22),]° [l:u(L22] P

* —l:u(lll)lT
£ ) X BT

(a) [Eu,(L22)] [Eu,(L22),]¢* [Eu,(L22),]¢*
L + I:u(lﬂ] + LZJ ﬁ; E &
<:§; [Fu(l 21 2H)] [Fu{l 23-2H),T [Fu(l 23-2H),P
= Eu(III) H:u(lll)
(b) [Euy(L23-2H)%" [Eu,(L23-2H), [Euy(L23-2H),]

Fig. 14. Schematic representations of the mechanisms of the self-asssemblies of (233" [39] and (b) [Eu(L23-2H)s] [40]. Adapted fron{39] and
[40].

which is set to zero. of kj, and the associated free energy terms must be interpreted

1.3+ 213+ with caution. However, comparisons between different sites
ALnT +(@-2kn] +3(L24) in the same assembly remain fully justified. On the other
hand,u; (i.e. AEj) is a direct measure of the influence of
the fixation of one metal onto the neighbouring sites for fur-
ther complexation processes. Whan= 1 (i.e. AE; = 0),

Lnl the fixation of the first cation has no influence on the next
—xRT In(k;™) — (2= x)RT complexation processes. This corresponds to the concept of
Ln2 non-cooperativity{26]. Whenu;; < 1 (i.e. AEj > 0) or uj

x In(e™) + AP —RT In(s) > 1 (i.e. AEj < 0), the fixatior]1 of the first rJnetaI, resr;ec-
bi,LnlLn2 tively, hinders or favors the coordination of a metal in the
—RT In(Byz " *7) (30) neighbouring site, in line with negative or positive coopera-
tivity. The thorough investigation of the strict self-assembly
leading to [Lp(L24)3]®* demonstrates the formation of the
intermediate @symmetrical complex [Lri(24)3]3* exist-
ing in solution exclusively as the facial (i.e. HHH) isomer
(equilibrium (32)). This structure exactly fits tbe-binding

bi,LniLn3

= [(LnY)(Ln?)y_ (L24)3]°",  fog (29)

AGi([LniLn3_.])

A straightforward mathematical transformation leads to
Eqg. (31) assuming that the intermetallic interaction pa-
rameter is expressed as the Boltzmann faa[qﬁm% =

—(AE 1,2 /RT modelinwhich a single site is occupidgig. 15 and, for each
e X="2—x . . L s .
: pair of lanthanide LYLnZ, equilibria (29) and (32) provide
2— i i i i -
’31;3 Lning | _ s(k}”l) (kL”Z) qunanz 31) five experimental macroscopic constants which can be mod

elled with Egs. (33)—(37) by using five parametlé;r‘%:L , k}-”z,
The latter equation correlates the experimentally accessi-u| i nt, U2 n2 andu| 1 p2 [35].

ble macroscopic formation constants for the triple-stranded

helical complexes matching tisée-bindingmodel with sim-

ple parameters, which reflects specific affinitiesdnd inter-

Ln®* 43124 = fac — [Ln(L24)5]%+, AL (32)

metallic interactionsi(j). Since this free energy model does [3'2’;'"""" = (kl‘"‘ ) " (33) X
not includes the free energy change asssociated with the pre- o
assembly of the triple-stranded receptor, the absolute valued: =Wk )”L.,:Ln: (G4



C. Piguet et al. / Coordination Chemistry Reviews 249 (2005) 705726

(a)

[Lny(L.24),15

Terminal Terminal

(1 (1)

Absolute affinities :
k Ln k Ln

1 1
Interaction

AE | 2 /RT
Ln'La”®

(b) H Ln'Ln? €

Fig. 15. (a) Formation and solution structure of §(in24)3]%* and (b) as-
sociated thermodynamgite-bindingmodel[35].

postee’ = 2 Jie Ju, 35)
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Fig. 16. (a) Computed absolute affinities for the terminal sites k&) as

a function of the inverse of nine-coordinate ionic radii and (b) intermetal-
lic interaction parametersAE) in the triple-stranded bimetallic helicates
[Ln2(L24)3]%* as a function ofAr; = |r 1 — ri2]- Adapted from refer-
ence[35].

51(7) kI mot ! (Fig. 1@0) [35]. The positive value oAE un-
ambigously demonstrates that the intermetallic interaction
in [Ln'Ln?(L24)3]%* is repulsive in agreement with simple
electrostatic considerations, which leada®= 48 kJ mot !
for the work required for approaching two triply charged
cation at ca. 9.4 in acetonitrile (dielectric constaat ~ 30)
[35].

Reference[35] concludes that (i) negative coopera-
tivity operates and (ii) no specific intermetallic recogni-

Interestingly, the thermodynamic exchange constanttion occurs SINCEAE| pint = AE| 2 2 = AE 2. It
which correlates homo- and heterobimetallic helicates (equi- js noteworthy, that this model is predictive since (i) the

librium (38)) does not significantly deviates frakizxch = 4,

study of the assembly of the homobimetallic helicates

a statistical value which implies that the interaction pa- [(Ln1),(L24)3]¢* and [(Lr?)2(L24)3]®* allows the predic-
rameters are identical within experimental error for any tjon of the stability constant for the parent heterobimetal-
pairs of lanthanides coordinated in the two adjacent sites|ic helicate [(Ln")(Ln?)(L24)3]®* and (ii) the study of two

(AE i nt = AE 2102 = AE| 1 n2) [35]. Thisimplies that
the fixation of any LA has the same influence on the coordi-
nation of any other L, which is diagnostic for the absence
of allosteric effect.

[(LnY),(L24)3]% + [(Ln?),(L24)5]°" =
2(LnY(L2)(L24)3]”",  Kexcn (38)

The number of parameters is reduced to thie8'( k-"*,
u) and least-squares fits for 21 different pairs givesl&b’@(

different pairs LA/Ln? and Ln'/Ln® allows the calculation

of stability constants for the 13L.n® system. The lack of
Ln-dependent interactions in [(£jx(Ln?)2_x(L24)3]®" (i.e.

Ul plinl = U n2Ln2 = Ui niLn2) Fequires the introduction of
different binding units along the ligand strand displaying
specific absolute affinities for the selective preparation of
heterobimetallic f-f helicates. The unsymmetrical hetero-
topic bis-tridentate ligandl15 matches this criterion since
a N3 segment is connected to @ binding unit Eig. 7)
[19]. However, the unavoidable HHHHHT isomerism in

which exhibit a slightly concave dependence along the lan- [Ln»(L15)3]®* produces two different helicates, each pos-

thanide seriesHig. 16a), together with free energy interac-
tions parameters varying around an average valut Bf=

sessing two different coordination sites with specific affinities
for the metal ions. Therefore, four different absolute affinities
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2 Ay
y NT N
L oo

N

(a) [Lny(L20);]"
Terminal Central Terminal
(3] (c) ()
- +—
AE AE
HHH-[Ln,(L15);]°  HHT-[Ln,(L15),]%* Absolute affinities :
kl,n kL" kl,n
t < t
Fig. 17. Isomerism in the self-assembly of Hi(h15)3]®* and associated Taterastion
site-bindingmodels: @) O-donor and (©) N-donor group. e P -
(b} HLnan: =€ e

Fig. 18. (a) Formation and solution structure of §(in20)3]%* and (b) as-
sociated thermodynamgite-bindingmodel[43].

K" (Ng), k5" (NgO), k5" (N702) andk" (NgO3) and two
intermetallic interaction parametersk; 4 and AE,_3 are
required for the microscopic modelling of the two complexes o
HHH-[LNn2(L15)3]®* and HHT-[Lnx(L15)3]®* (Fig. 17). It stoichiometry.
becomes apparent that the number of required parame- 173+ 2.3+ N
ters exceeds the amount of experimental macroscopic con-x[l‘n 1" +@-xlnT" +3120 =
stants. It is thus necessary to limit the description of the 1 2 9+ tri,LniLn3

. . . ) Ln+),(Ln%)s_,(L20 , 39
assembly process to macroscopic constants including dif- (L7 (Ln)3-(L20)s] Pas (39)
ferent conformations, in which the above parametéts - Lt
(Ng), k5" (NgO), k5" (N70;) andk}" (NsO3) are not easily ~ AGtolLnilnz ] = —sc™ RT

accessible. Lnt Lnt Lnt
A high symmetry in the final helicates combined with the x Intke™) — s RT In(ke™)
absence of isomerism significantly reduces the number of pa- _ sE”ZRT In(ké”z) _ stL”ZRT In(ktL”Z)

rameters. The &-symmetrical ligand.20 has been designed - i
for this purpose because the associated trimetallic helicates + (s5™ st™ ) AE niint + (55" sE™) AE p21 2
[Ln3(L20)3]%* evidence R-symmetry Fig. 18 [34,42]

Ln! Ln2 Ln2 Ln!
The intercalation of the central (c) gNsite between (e st +sc st ) AE e
the two terminal (t) NOg3 sites Fig. 18 complicates the tri,LniLnZ_
expression of the total free energy for the formation of — RT. In(s) = —RT In(B3 ) (40)

[(Ln1)y(Ln?)3_x(L20)3]°* (x = 0, 1, 2, 3). Application of
the site-binding model to equilibrium (39) leads to Eq.
(40) for the calculation of each microscopic constg4g].

where s and stL”i are state variables which correspond
to the number of lanthanide occupying the central, re-

Note that a microscopic constant depends on the eXactspectively, the terminal sites (for instance, the complex
1 1
position of each metal ion in the different sites (Egs. [(Lnt)(Lnt)(Ln?)(L20)s]*" possessesg™ =1, st™ =1,

2 2 . .
(43)—(48)), while a macroscopic constant combines the dif- ss" =0 a?ds{- "= % while [(';n 2)3('—20)312+ is character-
ferent microscopic constants corresponding to the sameized bys:" =0, sf" = 0, st" = 1 andst"” = 2). Again,
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a straightforward mathematical transformation leads to Eq.

(41) assuming that the interaction parameter is expressed as

the Boltzmann factou i i = € ALt /RT),
1 1 2 2
tri,LnlLn2 R I AL NC R N
Baz T =sk) T KT) (k) ()

Ln! Lnt Ln? Ln2
sa s s s
X("‘Lnanl)( « )(“LnZLnZ)( ¢ st

X)) (41)
The thorough study of the assembly process by spec-
trophotometry, ESI-MS and NMR spectroscopies reveals the
existence of [La(L20)3]®* as a thermodynamic intermediate
(equilibrium (42))[34]. However, the shift of one ligand in
[Ln2(L20)3]®* with respect to the two other strands according
to the ‘vernier’ mechanism [11b], produces an unsaturated
complex, in which only two neighbouring nine-coordinate
sites are available for complexati¢85]. Its structure does
not fit thesite-bindingmodel andsy;™" cannot be used for

extracting absolute affinites and interaction parameters.

2Ln%*t 43120 = [Ln,(L20)5]%, pgaLtn (42)

Therefore, only six microscopic constants (Egs.
(43)—(48)), of which five are mathematically independent,

can be considered for fitting the five parameter® , k-n°,

ki ktn* and u required for modelling each Iin2
pair (it is assumed that 1,1 = U n2n2 = Uiniin2)
[43]. Moreover, each equation is modulated by the square
of the Boltzmann parameteruq), which prevents its
independent determinatiof43]. Its value is thus ar-
bitrarily fixed to u = 1 (i.e. AE = 0), and the fitted
log(k-") and log.") are depicted inFig. 19 [43] Note
that these six microscopic constants may be combined

to give four macroscopic constants corresponding to
tri,LnLnlLnt tri,Ln2Ln°Ln? tri,Ln’LnlLn? tri,LnLn2Lnt
P33 P33 P33 + B33

tri,Ln1Ln2Ln?

tri,Ln2LnLn?
andpfg; B33 .

peitota’  (cto' F o Y, L @ (oo
Bttt <ot et N Yoy 44)
e = e e ), (43)
it = ol e e e 40
pritati’ (o' Pl ) ) @7)
T T A TP (48)

The concave bowl-shape curve obtained along the lan-
thanide series for the terminal g3 site Fig. 1%)
agrees with that previously found for the same site in
the bimetallic analogue [L#fL24)3]®* (Fig. 16a), although

their absolute magnitudes cannot be compared because

the interaction parameteiE for the trimetallic helicates
is fixed to zero. The inverted electrostatic trend found
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Fig. 19. Computed absolute affinities for (a) the terminal sites &}@gx
and (b) the central site (log™)) in the triple-stranded trimetallic helicates
[Ln3(L20)3]°* as a function of the inverse of nine-coordinate ionic radii.
The interaction parameteYE is arbitrarily set to zero (see tex§3].

for the central N site Fig. 1%) is remarkable, and it
closely matches related data collected for the monometal-
lic model complexes [Ln(2,6-bis(1-methyl-benzimidazol-
2yl)pyridinel]3*, which possess identicakh$ites[45]. One
important question remains unsolved: does the absolute affin-
ity of the terminal metallic §O3 sites (c,L”) and the interac-
tion parametery) vary when the nuclearity increases on go-
ing from in [Lnp(L24)3]%* to [Lnz(L20)3]°*? This point can
be addressed by fitting Eqs. (43)—(48) for the trimetallic heli-
cates [Lr(L20)3]%*, and by using the interaction parameter
found for [Lnp(L24)3]®* (AE = 51 kJ mot?). The resulting
absolute affinities of the terminal metallicsN3 sites (c,”‘)
in the trimetallic complexes [Lg(L20)3]°* indeed closely
match those found for [L#{L24)3]%* (Egs. (33)—(37)), which
implies that a singl&}-” is required for both complexes. In
other words: (i) the successive formation of bimetallic and
trimetallic helicates obeys statistical repetitive binding, and
(ii) the formal free energies required for the preassembly of
the Ds-symmetrical receptord P0]3 and [L24]3 are similar.
This assumption can be confirmed by applyitrgolani's
model (Eqy(8)) [29] to the equilibria (29) and (32). Eq&L9)
and (50)result, from whichk:" and KL" can be easily

_inter intra
calculated for each lanthanide along the s€i383.

. 3

,Blil’él_n = ‘SafaciaI(Kilﬁrt]er) (49)
bi,LnLn __ Ln 4 pln 12

’323 = SGsa(Kinter) (Kintra (50)
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Fig. 20. Computed absolute affinities for the terminal sites Kigb(
black) and the central site (Iog("), grey) in the triple-stranded bimetal-
lic [Ln2(L24)3]®* and trimetallic [Lry(L20)3]%* helicates as a function of
the inverse of nine-coordinate ionic rafB8b].

Assuming that the affinity of the terminalgis site is
comparable to that of the centrabNite in [Lng(L20)3]°",
the statistical formation constant for [5(20)3]°* can be
estimated with Eq(51) [29,35]

Ln

Ln 4
inter.

i 5
p gls e dosd K| (K intra (51)

As expected, the calculated constartd; ™ indeed
closely reproduce the experimental dg§""-""", in line

with (i) a rough invariance oktL” and AE when going from
[Ln(L24)3]%* to [Ln3(L20)3]°* and (i) similar free energy

cost for the preorganization of the three strands in these com-
plexes[35]. Therefore, a global least-square treatment con-

sidering Egs. (33)—(37) and Eqgs. (43)—(48) (atotal of 11 equa
tions) significantly improves the physical significance of the
fitting process for the five parameters", ktn* | kLn® xLn®
andu (Fig. 20. The trends in log(-") and logk.") are con-
firmed (Fig. 20 while the final average interaction parameter
AE = 51(6) kJmot? points to strongly negative coopera-
tivity. Again, the invariance ofAE for any Lnt/Ln? pair is
disappointing for the rational programming of heterometal-
lic f—f’ helicates, but the existence of two sites with different
affinities along the lanthanide series in §(h20)3]°* may

be judiciously exploited for overcoming this limitation. For
instance, the mixing of La(lll):Eu(l11}:20 in a 1:2:3 ratio
([L20]tot = 102 mol dm3) results in the formation of 50%
of [EuLaEu(.20)3]°*. This value represents a considerable
deviation from the binomial statistical distribution, which
predicts the formation of only 14% of this complex if the
three sites are equivaleft3].

This combination oErcolani's andsite-bindingthermo-
dynamic models appears particularly efficient for the thor-
ough interpretation of other monodimensional assemblies
Let us recall the above application®Bfcolanis model (Sec-
tion 3) for the evaluation of the statistical factkp/K, =
0.25, for which non-cooperativity occurs in the formation of
[Fe(Li)] and [Fe(Li)], assuming that the two sites are equiv-
alent {=17, 18; equilibria (5) and (6)). The application of the
site-bindingmodel is identical to that described kig. 15,

C. Piguet et al. / Coordination Chemistry Reviews 249 (2005) 705-726

andp11 (equilibrium (5)) andB21 (equilibrium (9)) are given
by Egs.(52) and (53)which are very similar to Eq$10) and
(11), except for the introduction of the interaction parameter
u.

Bri = 2L (52)

Bt = () u (53)
Taking into account the experimental value reported for
B11 and B»1 for L17 and L18 [32b], we calculated that
log(k'") = log(KEil) = 5.52 and AEinemetalidL17) =
—2.7kJmot™ (i.e. positive cooperativity), and lokf'8) =
log(K-18) = 6.45 andA EintermetalidL18) = 0.2~ 0 kI mol-*
(i.e. no cooperativity). We conclude that for a pure inter-
molecular process, the two models converge to give a single
description similar to that originally used in the protein/ligand
model. However, this correlation is less obvious when inter-
and intramolecular processes are involved in multicompo-
nents assemblies (compare Egs. (33) and (86&-pinding
model) with Eqs(49) and (50)Ercolanis model)), and it be-
comes irreconcilable when different affinities are assigned to
the different binding sites becausecolanis model becomes
inadequate. Finally, the systematic application of these two
complementary approaches may bring some light onto the
thermodynamic parameters controlling successive steps in
complicated chemical pathways. For instance, the formation
of [Eux(L23-2H)3] depicted inFig. 14b [40] contains valu-
able thermodynamic information dealing with the effect of
charge compensation on the successive fixation of trivalent
lanthanide ions. The thermodynamic stability constants as-
“sociated with equilibria (54)—(56) can be derived from the
kinetic datg[40].

[L23 — 2H]?™ + EW® = [Eu(L23-2H)]T,

K1= B11=19(5) x 10* (54)
[Eu(L23-2H)]T + EPt = [Eup(L23-2H)]*,

K2 = 1.2(6) x 107 (55)
[L23-2H]?" + 2EWT = [Eup(L23-2H)]*,

Bo1 = 2.3(1.3) x 1¢° (56)

According to a chemical point of view, equilibria (54)
and (55) are strictly equivalent to equilibria (5) and (9), and
thus strictly correspond to two successive intermolecular pro-
cesses. We thus expect the same statistical feth =0.25

.in absence of interactiomE = 0). The experimental ratio
amounts toKo/Ky)exp = 6(4) x 103 which implies negative
cooperativity despite partial charge neutralization brought
by the negative ligand strand. Obviously, E(s2) and (53)
also hold for analyzing equilibria (54) and (56), and we ob-
tain log-2%) = 3.98 andA EintermetaliidL23) = 9.1 kI mot 2.

We notice however, that the intermetallic repulsion param-
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eter in [Ew(L23-2H)]** (9.1kJ motY) is significantly re- (40)for an example). With these variables, the free energy of
duced, when compared with that found for pLR24)3]%* one mole of identical receptors willhsites can be written in
(51kJmot1). Since both ion are held at caAin these  the following form, namely

molecular edifices, we can ascribe this decrease to a combi- N N1

nation of (i) the dielectric constants of the medium separating 5 ; — _ s+ AE s 57

the point charges (water for [E(L23-2H)]** (¢; ~ 80) and o ; l ; Pt (7)
acetonitrile for [Eu(L24)3]®" (er ~ 30))[41], and (ii) the re- ] o
duced charge resulting from complexation ofEto terminal The first term corresponds to the free energy contribution
negative carboxylates in [B(L23-2H)]**. A simple electro- of the binding of the metal ions to the sites, and the second
static model considering two doubly-charged cations held at {€rm corresponds to interactions between the sites. Each pair
9'& |n water prOV|des a repu|S|On parameter Of 79 k‘]'nl'pl Of HEIgthUI’Ing metal lons Interacts W|th the free eneﬂ&@(

[Eup(L23-2H)J3*. bouring sites are occupied. Further above, we have used the

notationu = RTInK, whereK is the binding constant of a
metal ion to the receptof, the absolute temperature, aRd

6. From helicates to multimetallic supramolecular is the gas constant.

architectures Since the system consists of alarge number of sites (whose
number will be finally considered to be infinite) a description

6.1. Infinite one-dimensional metallo-organic polymers in terms of complexation constants is not practicable. The

larger the receptor, the more microstates have to be consid-

Consider now a long linear receptor with a large num- ered, leading to progressively increasing number of binding
ber of sites. An important situation is where the receptor has constants. In the limit of infinite number of sites, an infinite
binding sites, which are either empty or can bind a metal humber of constants would have to be considered. On the
ion, as indicated irFig. 10 Another situation is encoun-  other hand, the binding isotherm is always well-defined and
tered when all the sites of the receptor are saturated withcan be obtained in a straightforward fashion. For this calcu-
one type of metal ion and these metal ions can be exchangedation one has to evaluate the partition function
for a different type. This situation has been discussed for
the bi- and trimﬁallic helicates (see Secti®)n Evidently, E= ) D .. ) delir (58)
it should be possible to generalize the above treatment pro- 51=0152=01 sy=0.1

posed for the receptor with two and three sites to a receptorynere the free energy is given by B§7), ais the activity of

with an arbitrary number of sites. EVentua”y, the interest- metal ion, and = Zil\ilsi is the number of ions bound to the

ing question arises what happens when the receptor is veryreceptor. The sum runs over all possible microstates of the
long, in other words in the limit of an infinite number of ~ ¢hain. Several established techniques are available to evaluate
sites.. _ . sums of this type partition functions, for example, the transfer

~ This fundamental problem has received substantial atten-matrix method. In the long chain limit, the partition function
tion in the past, but hardly in the context of coordination g can be evaluated explicitly ad¥ in which A corresponds

Chemistry[30]. For thIS reason, a bl’ief diSCUSSiOﬂ Of the Sit' to the |argest eigenva'ue Of the transfer matrix (EQ)) [30]
uation is given here. The problem has been amply treated

within the statistical mechanics community, and is referred ; _ 1+zu (59)

to as the Ising model. The key application of this model in the 242+ (L+ zu)?/2
context of ion binding to a receptor is the acid—base titration ’ '

of a weak polyelectrolyte, as originally suggested by Steiner wherez the Ka andu = e~ 2£/*T_ Once the partition func-
[46] and Marcug47]. In the meantime, the model was gener-  tion is known, the fractional degree of occupancy (adsorption

alized and applied to various linear polyamirjé8,49] and isotherm) can be obtained by taking the derivative
polycarboxylate$50,51] The polyelectrolyte represents the

linear receptor and the ionizable groups the sites for bind- 5 — dIn & (60)
ing the protons. The same model is equally applicable to the N oz

binding of metal ions to a linear receptor. Here we focus on |nserting Eq(59)into Eq.(58) one obtains

a very long receptor with an infinite number of sites. In prac-

tice, this limitis reached relatively soon, typically with 10-20 4 _ (1 —u+ru)z (61)

sites. 2z(1 —u + 2u) + 21 — zu)
The free energy of the receptak€) depends on the 0c- |, the case of no interactionsE = 0, one hasi = 1, and the
cupation state of the individual binding sites. Each site can isotherm simplifies to the known Langmuir isotherm
be either empty, or occupied with a bound metal ion. For this
reason one introduces the state variahlevhich iss = 0 0= Ka 62)

when the site is empty, argl = 1 when occupied (see Eqg. 1+ Ka



722 C. Piguet et al. / Coordination Chemistry Reviews 249 (2005) 705-726

107

k [ 1.0 7 -~
~10 kJ/mol ( -40 kJ/mol f
20 kJ/mol
-5 kJ/mol
0.8

0 kJ/mol 0.8 0 kJ/mol

AE=-40 kJ/mol
logK; 12.30 logK; 18.72 (macro)
logKy 12.00 logK;19.02 (micro)

AE= -20 kJ/mol
logK) 12.30 logK,15.21 (macro)
logK; 12.00 logK; 15.51 (micro)

5 kJ/mol 20 kJ/mol

0.6 - AE= 10 kJ/mol

0.6 4 40

AE=0kJ/mol
logK) 12.30 logK> 11.70 (macro)

0.4 — logK; 12.00 logK;12.00 (micro)

Degree of Occupancy

AE =20 kJ/mol

K
lT ! logK;12.30 logK,8.19 (macro)

logK| 12.00 logK>8.49 (micro)

H K AE=40 kJ/mol
2 logK;12.30 logK,4.68 (macro)

IE' logK; 12.00 logK»4.98 (micro)

0.4 1

Degree of Binding

0.2 —
0.2 1

0.0 T T T T T T T
101 101* 10712 10710 10 10 10 1072 0.0

[M#] /M 1071® 10

141012 1071° 10 10 10* 10
[M#] /M

2

Fig. 21. Metal ion binding isotherms of an infinitely long linear receptor
for different pair interaction energies. The microscopic binding constant is

Fig. 23. Metal ion binding isotherms of a bimetallic linear receptor for
taken a< = 1012M 1,

diffgrentlpair interaction energies. The microscopic binding condtant

For repulsive (anti-cooperative) interactiodsE > O, 1M
this isotherm develops a characteristic platead at 1/2.
Examples are shown iRig. 21 At low metal ion activity, cuss the isotherms for the bimetallic helicate {{lr24)3]%*.
the degree of occupancy is low, and the sites bind the metalThese isotherms are shown for different interaction energies
ions independently. When one approaches half-occupancy,n Fig. 23 Obviously, the overall behavior is quite similar
the system minimizes its free energy by occupying every sec-to that found for the linear chain. However, this case is nor-

ond binding site. mally described in terms of the equilibrium constants, which
The resultis a highly ordered state of alternating occupied are also reported iRig. 23(right).
and empty sitesHig. 22a). When the ion activity is increased In the case of vanishing interactions (no cooperativitly,

further, the empty sites are filled as well. However, full oc- = 0), the isotherm is again of the Langmuir type. In this case
cupancy is reached at much higher metal ion activities, asthe microscopic equilibrium constants for both sites are the
the energy of two nearest neighbour interactions have to besame, while the macroscopic constants are separated by the
overcome. The alternating ordered structure arises due to thestatistical factor. For repulsive interactions (negative cooper-
interactions in the receptor, and a completely disordered stateativity, AE > 0) an intermediate plateau develops at half oc-
is obtained in the absence of interactioRigy( 22b). cupancy. The equilibrium constants split now substantially,
In the case of attractive (cooperative) interactionis< 0, because once a site is occupied by a metal ion, the binding to
the isotherm rises in a very narrow region. Since metal ions the second site becomes less favorable. For attractive interac-
attract, they form clusters along the chain separated by emptytions (positive cooperativityAE < 0) the isotherm becomes
regions Figs. 21 and 2@). While this situation does resem-  steeper. The equilibrium constants are now reversed, as bind-
ble a first-order phase transition, a genuine thermodynamicing of the first metal ion facilitates the binding of the second.
phase transition is not found within this model. To clarify the The main difference between the two-site receptor and
relation between the isotherms for the infinite chain receptor the infinite chain is that the effect of interactions is weaker
and a receptor with few sites discussed above, let us dis-in the bimetallic helicate than in the infinite chain, and larger
interaction energies are needed to reach a comparable split-
ting in the bimetallic helicate. Moreover, mathematical forms
w 00000000000000 of the isotherms are different. In the bimetallic (or multi-
metallic) helicate the isotherms can be represented in terms
of the classical chemical equilibrium relations, while a more

»n 0000000000000 complicated expression is necessary for the infinite chain (Eq.
(61).
The same model can be applied to a mixture of two metal
(© 000000000V 000OS ions, provided the concentration of both metal ions is suffi-

_ o _ . . ciently high. Under these conditions, all sites of the receptor
Fig. 22. Charactenst_lc structures of the linear rgceptor_ at |nterm(_ed|at.e oc- gre occupied, but the relative proportion ofthe metalions may
cupancy: (a) alternating arrangement for repulsive (anti-cooperative) inter- change. The activity has to be now interoreted as the ratio of
actions AE > 0), (b) random arrangement without interactiondE(= 0), ge. . ty . P . .
and (c) clustering of equally occupied sites for attractive (cooperative) in- the concentrations of the two metal ions, and the interaction

teractions AE < 0). energy as the difference in the interaction energies between



C. Piguet et al. / Coordination Chemistry Reviews 249 (2005) 705726

the two different metals, namely

AE = AE11+ AEy — 2AE1» (63)

TherebyAEj is the interaction energy between metal ions
of typei andj. The fractional degree of occupancy must be
now reinterpreted as the relative occupancy with the metal
ion of type 2. The model results are instructive, and illus-
trated inFig. 22 When the mutual interactions are all equal,
one hasAE = 0, and the metal ion exchange happens along
a Langmuir like isotherm. In particular, at half occupancy
the different metal ions remain disordered along the receptor
(Fig. 22b). When the repulsion between the different metal
ions is weaker than among the ions of the same kind, one
hasAE > 0, and the exchange isotherm forms an extended
plateau where the receptor is occupied with both metal ions
in an alternating fashioriHg. 22a). On the other hand, when
the repulsion between the different metal ions is larger than
among the ions of the same kil < 0, a sudden transition
between the fully occupied states of the receptor with either
metal ion is expected{g. 2ZX).

The presensite-bindingmodel can be generalized to the
situation, where empty sites on the receptor may coexist with
sites occupied with different types of metal ions. The details
of the analysis will be presented in a forthcoming publica-
tion. An example of such a situation for two very similar
metal ions is shown ifrig. 24 The metal binding isotherm
of the first metal ion M**, now also depends on the concen-
tration of the second metal ion §tt. At low concentration
of M2?**, the binding of M** follows the classical bind-
ing isotherm with repulsive interactions, as showfiig. 21
When the concentration of M is increased, the shape of
the isotherm changes into a Langmuir-type isotherm. This sit-
uation is in accord with the observation that the exchange of
two metal ions on a saturated receptor will follow the simple
site-binding model, but with the interaction energy given by

1.01
0.8
0.6+

0.4

Degree of Occupancy

107" 107 1072 1070 10 10 10 107
MM

Fig. 24. Binding isotherms for competitive binding of metal ions 1 and 2
to a linear receptor. Both metals have the same binding corstanK; =
102 M~1and same interaction energi®&11 = AE1,= AEy»=20kJ mot L.

Due to symmetry, the binding isotherm for the second metal has the samel[(LN

appearance.
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Fig. 25. (a) Formation and solution structure of jin25-3H),]3* (each
coordination sphere is completed by two water molecules which have been
omitted for clarity)[52,53]and (b) associated thermodynarsite-binding
model.

Eq. (63). Since the interactions in this model are symmetric,
AE =0 is expected.

When the affinities and interactions between both metal
ions are non-symmetrical, the behavior is quite a bit more
complicated. Nevertheless, by controlling these interactions
it might become possible to design specific arrangements of
metal ions along linear receptors.

6.2. Two-dimensional sandwich complexes

The cisiinositol L25 reacts with three Ln(lll) to
give the two-dimensional &)-symmetrical trimetallic
sandwich complex [L§(L25-3H),]®* (Fig. 29 [52,53]
The pH-dependent constanfss_x2-¢ associated with
equilibrium (64) for the formation of the complexes
Dy(Ln?)3_y(L25-3H),]3* (x = 0, 1, 2, 3) can be trans-
formed into conditional stability constanfz—x2 at pH
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= 8.0 (Eq.(65), a1 25 is the protonation coefficient of lig-
andL25), where the deprotonated trimetallic complexes are
quantitatively formed in solutionT@ble J [52].

Ay + @ - ny®t 42125 =
(L), (Ln?)5_(L25 — 3H),)>" + 6HT,

Bx(3-x)2—6 (64)
Bx(3—x)2—6

@3-x)2 = e — 65

Prz-2 IH* % 25 (65)
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Table 2

Fitted values of log{-") for the sandwich complexes [k(L25-3H),]3*
(Egs. (70)—(73))

Complex logk-n)2 Log(k-n)P
[Nd3(L25-3H),]3* 7.30(2) 10.58(2)
[Smg(L25-3H),]3* 8.91(2) 12.19(2)
[Euz(L25-3H),]3* 9.37(3) 12.65(3)

a Computed withAE = 0 kJ mol L.
b Computed withAE = 18.7 kJ motL,

U = U il = U202 = ULpiLn2, @n assumption which is

justified by the experimental exchange constants associated

If we reasonably assume that the free energy cost for theWith equilibrium (68) Kexcr(NdSm) = 3(10) Kexch (NdEU)

preorganization of two ligandis25 is identical for the for-
mation of any sandwich complexes [(Dr(Ln2)3_x(L25-
3H),]3*, it can be set to zero and thsite-bindingmodel
shown inFig. 25holds. Eq.(66) gives the total free energy
of complexation.

AGofLniLnZ_ ] = —xRT In(k""") — (3 — x)RT In(k""")
+ 3x(x — 1) AE i + 3(x — 2)(x — 3) AE 2 0
+x(3— x) AE qiun2 — RT In(s) = —RT In(Bu3_.)2)

(66)

The usual straightforward mathematical transformation
leadsto Eq(67)assuming that the interaction parameteris ex-
pressed as the Boltzmann factQr, ,; = € Funitni/ D),

1.X 2. 3—x
Baa-vz = s(k"") (K)" (uppapn) V2O

X (uppoen2) 26Oy gy o)y B (67)

However, the number of parameters required for mod-
elling a Lnt/Ln2 pair -, &, w11, oLz and
U niLn2, EQ. (67)) exceeds the amount of accessible ex-
perimental formation constantg4p,, 8212, B122 and Sos2,
Table 1. Therefore, a mathematical solution requires that

Table 1
Formation constants of homo- and heterotrimetallic complexes
[(Ln1)x(Ln?)3_x(L25-3H)3]3* (Lnt, Ln? = Nd, Sm, Eu)52]

Complex 10gBx3-x2-6) 109(Bx3-%2)° 109(Bx3-%2)°
[Nd3(L25-3H),]3* —24.09(1) 21.91 21.91
[SMma(L25-3H),]3* —19.29(1) 26.71 26.73
[Eus(L25-3H),]3* —17.93(1) 28.07 28.10
[Nd2Sm(L25-3H),]3*  —22.4(3) 23.6 23.97
[NdSmp(L25-3H),]3*  —20.5(1) 25.5 25.57
[Nd2Eu(L25-3H)]3 —21.7(2) 24.3 24.43
[NdEw(L25-3H)]3*  —20.1(5) 25.9 26.49
[SmpEu(L25-3H),]%*  —18.8(3) 27.2 27.69
[SMEWw(L25-3H),]3"  —17.68(6) 28.32 28.15
[NdSMEu(25-3H),]3* —20.1(5) 25.9 26.35

2 Experimental data obtained in water by potentiom§sg).

b Conditional formation constants at pH 8, calculated with B§).

¢ Formation constants computed with Egs. (70)—(73) and absolute affini-
ties taken fronirable 2

= 2(12) andKeych (SmEU) = 5(10)) which roughly match
the statistical valu&exci(Ln'Ln?) = 9 whenu = u 1 1 =

Upn2Lnz = Ui n2 (EQ.(69)).
[(LnY)3(L25-3H),] " + [(Ln2)(L25-3H),] " =

[(LnY)o(Ln?)(L25-3H),) >

3
H(LNH(LNP)(L25-3H)s] ™, Kexch (68)
(L mn2)?
Kexch(Ln'Ln?) = 9 nin (69)
exe (”‘Lnanl)Z(”anan)2

For any Lrt/Ln? pair, four macroscopic constants (Egs.
(70)=(73)) hold for fitting three parametets™, ¥-"* and
u. Moreover, each equation is modulateduy which pre-
vents its independent determination. Its value is thus arbitrar-
ily fixed tou = 1 (i.e. AE = 0), and the fitted lod¢") show a
drastic increase along the lanthanide serieble 2.

Bup =k ) (70) A
o= 3 F e o a
O PR
B =) o (73) 6o

This behaviour is diagnostic for a strong, but classical
electrostatic trend, in which the Ln-ligand interaction in-
creases with decreasing size of the ionic rddR]. Ac-
cording to ab initio calculations performed on closely re-
lated model complexd&4], the effective charge borne by a
lanthanide ion in the complex [(I3y(Ln?)3_x(L25-3H),]3*
can be estimated around +2, and this translates Ao~
18 kJmot? for the formation of [Lr(L25-3H),]3* in wa-
ter (¢; = 80) assuming pure electrostatic repulsion between
the metal ions considered as doubly-charged pgbs A
second set of logt") can be thus computedéble 2 for
which the electrostatic trend is obviously maintained. Al-
though the experimental errors affectikgych (equilibrium
(69)) is too large, and the sizes of Ln = Nd, Sm, Eu too
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similar for definitely ruling out possible minor variations of ling the assembly of the much more simple sandwich com-

AEpniLnj in [(LnDyx(Ln?)3_y(L25-3H)5]%", its approximate  plexes [(Li)x(Ln?)3_x(L25-3H),]3* in this review provides

invariance and the chemical equivalence of the coordination the first quantitative data. Moreover, this simple model helps

sites dramatically limit the formation of pure heterotrimetal- to highlight new challenges and perspectives. For instance,

lic bi-dimensional complexd&2]. the absence of allosteric effects in the investigated lanthanide-
containing helicates (i.AEjntermetaliic is fixed for any lan-
thanide pairs), strongly limits the implementation of selective

7. Conclusions and perspectives recognition processes, which are required for the preparation
of pure heterometallic f~tomplexes with novel optical and

As demonstrated byErcolani for hydrogen-bonded  magnetic functionf42]. We therefore, do believe that metal-

oligomers[55], self-assembled macrocycl§ss] and met- losupramolecular chemistry could benefit from rational mod-

allosupramolecular edificgd29], classical thermodynamics elling using such simple thermodynamic models. It remains

is an efficient tool for rationalizing these new semantic con- now to convince talented chemists around the world of the

cepts. This review parallely suggests that the terminology necessity of rationalizing the chemical pathways leading to

‘strict self-assembly of polymetallic helicates’ can be indeed their novel sophisticated and aesthetically appealing assem-

translated into more usual terms in coordination chemistry blies. The implementation of predetermined supramolecular

‘competitive thermodynamic formation of multimetallicone- functions, which have no counterpart in monometallic ana-

dimensional oligomers’. This simplification is underlying in logues, cannot be envisioned without these crucial efforts.

the concepts of ‘maximum site occupancy’ and ‘maximum

entropy’ proposed for rationalizing metallosupramolecular

self-assembly process@s, but the belief in positively coop-  Acknowledgement
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