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Abstract

Our studies allowed to unravel at least partially, the “so-called” spontaneous self-assembly processes of supramolecular edifices based on metals.
The formation of a tricuprous double-stranded helix in solution was found to be driven by thermodynamics via highly distorted intermediates.
Dinuclear europium(III) triple-stranded helices were built in solution via alternative “braiding” and “keystone” mechanism. The overall process
was also dominated by thermodynamics. Moreover, multipodal ligand with the appropriate binding sites can operate as Cu(II)/Cu(I) molecular
switches. Recently, we examined ligands with neighboring binding functionalities (N,N) and (V,0) which confer to the corresponding divalent metal
complexes new properties. They could operate as proton-driven multistage molecular switching devices based on region-selective metal binding.

© 2007 Published by Elsevier B.V.
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1. Introduction

Harmonizing the functionalities of individual moieties in a
supramolecular arrangement [1] represents a versatile approach
for developing well-defined architectures with pre-programmed
conformations and pre-determined magnetic, electronic, pho-
tophysical and/or physico-chemical properties [2]. Among the
large panoply of non-covalent interactions [3] used to induce this
hierarchical organization, metal-directed supramolecular self-
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assembly [4,5] has proven to be a powerful mean to construct
stable nanoscale edifices, which are beginning to approach the
necessary degree of complexity to serve as useful and func-
tional molecular machines. [6] Nevertheless, it is generally
accepted that one cannot accurately predict the spontaneously
organized structures by simple design or from physical princi-
ples. The self-assembly of metal-organic frameworks is indeed
highly influenced by various exogenous factors such as solvent,
temperature, pH, counter-ions as well as intrinsic parameters
such as geometric requirements, charges and solvation of the
metal ion and conformational variation, rigidity/flexibility bal-
ance, number and nature of the binding sites and charges of the
organic backbones [1]. Therefore, much more fundamental work
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is essential to broaden our knowledge of the relevant structural
types, and a good understanding of self-assembly mechanisms
of supramolecules and dynamics of molecular machines will
consequently allow chemists to master the design of ingenious
systems, leading to valuable supramolecular precursors for func-
tional devices.

Various helicates have been reported so far [5,7,8], and they
are essentially characterized by their molecular structure and,
sometimes, by their thermodynamic parameters. Kinetic data,
which are essential for deciphering the self-assembly mecha-
nism and, therefore, for understanding the recognition process,
are extremely scarce. We will first address herein some of the
questions in relation to self-assembly processes through relevant
examples of double- and triple-stranded helicates.

The field of molecular-electronics requests such individ-
ual nanoscale supramolecular precursors to execute functions
in electronic circuitry currently performed by semiconduc-
tor devices. This emerging field is evolving rapidly with the
envisioned perspectives to overcome the foreseen physical lim-
its of conventional microelectronics [9]. Even though there
are no commercial applications as yet, the scientific contri-
butions coming out of this extensive research are spectacular
[10], and the potential applications are almost endless. In
this molecular-electronics research, supramolecules are used
to mimic the active and passive components (switches, mem-
ory circuits, rectifiers, logic gates, sensors, diodes, resistors
and LEDs) of electronic or integrated circuits. Progress toward
incorporating such objects in electronic circuitry has advanced
rapidly over the past 5 years. Very recently, a 64-bit ran-
dom access memory circuit using bistate rotaxanes as the
memory elements was reported, and allowed to produce a 16-
Kbit memory circuit at a density of devices that far exceeds
current technology [11]. As part of this advance, the devel-
opment of new molecular switches [12,13] and logical gates
[14-16] remains an intricate challenge for supramolecular
chemists [1].

A multistate molecular switch is defined as any molecule
or supramolecular ensemble, which can be found in two or
more stable states with distinctly different properties, and in
which the interconversion between the different states is possi-
ble through a simple and external triggering stimulus (photon,
electron and ion). Such devices should operate with efficiency,
reversibility and resistance to fatigue [1]. Among the numerous
molecular switches reported in the literature, nanoscale molec-
ular machines [6] are of fundamental interest, yielding dynamic
edifices for which directionally motions can be easily induced
and controlled.

A molecular machine is an edifice made of at least two com-
ponents, one of which can be put in motion with respect to the
other by an external signal [17]. Mechanical switching processes
therefore consist of the reversible conversion of a multistable
entity between two (or more) structurally and/or conformation-
ally different states. These assemblies must be also controllable,
reversible and readable at the molecular level. Supramolec-
ular devices capable of performing such tasks are important
building blocks that would play an outstanding role in the nano-
technological revolution of the twenty-first century.

This review is focused on the characterization of ther-
modynamic and kinetic intermediates leading to the targeted
supramolecular edifices. Examples of self-assembling mech-
anisms in solution of polytopic strands and metals are
presented. Combining the most recent development of analyt-
ical methods, intramolecular motion of cations, triggered by
oxidation-reduction or by change of pH, are also examined in
this article.

2. Deciphering the self-assembly mechanisms of
metallohelicates

Metal-based supramolecules have thus attracted attention in
the last decades [1]. For example, designing helicates contain-
ing two or more ions in close proximity is of great interest for
decreasing negative intramolecular interactions, and so gath-
ering in close proximity spectroscopic, spectrophotometric or
magnetic probes [8]. It is also of importance to investigate
meticulously the physicochemical characteristics of helicate for-
mation in solution, which is very often reported as spontaneous
and “magic”.

2.1. Triple-stranded diferrous helicate

Ferrous complexes were studied as templates of metal-
loenzymes functions [18], of redox switches [19]. Diferrous
double or tripodal helical complexes were examined by elec-
trochemistry [20,21]. In collaboration with Pierre’s group, we
characterized by mass spectrometry and spectrophotometry the
ferrous species, which are involved in the self-assembly pro-
cess of a triple-stranded dinuclear helicate [22] with a flexible
bis(2-2/-bipyridine) ligand L? (Fig. 1).

Spectrophotometric titrations of free ligand L? versus p[H]
led to a model with three absorbing acid—base species:

K
L? + H =L*H™" 6))
a2 a2+
L®H' + H"=L?*H, 2

with log K1 =4.54(4) and log K> =3.6(1) in methanol. The
successive protonations of L? induce a bathochromic shift
(10-20nm) of the absorption band centered at 291 nm. A
model involving three ferrous species, L2;Fe?*, L2 Fe** and
L23Fe;*", in agreement with ESMS spectra, was fitted using
absorption spectrophotometry. The logarithmic values of the
corresponding stability constants are, respectively equal to
log B¢ = 12.1(3), log B¢ = 18.6(2) and log B¢ = 25.50(6) in
methanol.
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Fig. 1. Chemical formula of bis(2,2'-bipyridine) ligand L?.
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Fig. 2. Self-assembling process for the formation of the diferrous triple-stranded helicate; S = molecule of solvent; I, = intermediate.
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The electronic spectra of monoferrous L#;Fe?* and diferrous
L3,Fe,** complexes display a metal to ligand charge-transfer
band centered at 540nm. The intense absorption band at
500nm [23,24], characteristic of tris(2,2’-bipyridine) ferrous
complexes, was proven to be due to charge-transfer transitions
from the 3d atomic orbital of iron(II) to the lowest vacant 7t
molecular orbital of the ligand [25]. This band obscures d—d tran-
sitions of the metal, but can be distinguished from the ™ — *
transition bands of 2,2'-bipyridine at around 300 nm [26,27].
In high-spin octahedral iron(IT) complexes, broad 5T2g — SEg
transitions occur in the visible/near-IR region (900-1200 nm)
[28]. The absorption spectra that we obtained for L#;Fe** and
L3,Fe,**, then, clearly indicate the coordination of three 2,2’-
bipyridine fragments. The only structure which can be proposed
for L2,Fe?* is the coordination of two 2,2’-bipyridine func-
tions provided by a folded ligand L2, the third 2,2’-bipyridine
coordination site being brought by a second extended strand
L2 (Fig. 2). From L3,Fe>* to L®Fe,**, the addition of a sec-
ond ferrous cation does not significantly affect the characteristic
absorption band in the visible region of the low-spin L2;Fe?*
complex. This observation strongly suggests the coordination
of the second ferrous cation on the free 2,2’-bipypridine moi-
ety of the extended strand L? in L2;Fe?*, since the formation
of a mono(2,2’-bipyridine) high-spin ferrous complex cannot be
detected in the visible region, but at longer wavelengths [28]. The
structure that we propose for the thermodynamic L2,Fe** and
L2,Fe;** species agrees well with both the spectrophotomet-
ric data and the sequence of stability [31] observed for ferrous
2,2'-bipyridine complexes, since it does not imply the thermo-
dynamic unfavorable ferrous species with two 2,2'-bipyridine

coordination sites [29,31]. The helical structure of L2;Fe,**
was established by 'H NMR [30] measurements.

The self-assembly mechanism of the diferrous triple-stranded
helicate is driven by the drastic increase of stability of the low-
spin tris-bipyridine complexes [31] compared to the labile high-
spin mono- and bischelates (Fig. 2).

2.2. Double-stranded tricuprous helicate

The structure of double-stranded helicates based on multiple
diimine binding sites and various transition metals have been
well characterized by crystallography [5-33] and [5-34] NMR.
Mass spectrometry was also used to confirm the stoichiometries
of the corresponding supramolecules [35,36].

In collaboration with Lehn and his collaborators [37], we have
investigated the nature of the species formed with copper(I) and
an oligobipyridine strand LP containing three 2,2’-bipyridine
units separated by oxydimethylene bridges. Each bipyridine
moiety is bearing two 4,4’-(CONEt,) substituents (Fig. 3).

Spectrophotometric titrations of LP with copper(I) were car-
ried out in order to calculate the binding constants of the
complexes and to determine the corresponding electronic spectra
(260-650 nm). The best fit of the spectrophotometric data was
obtained by both Specfit [38—41] and Letagrop-Spefo [42—44]
programs with a model including three complexes observed by
ESMS, LPCu, LP,Cu, and LP>Cus. The values of the corre-
sponding stability constants are summarized in Table 1. The
absorption spectra of the copper(I) complexes are dominated by

Fig. 3. Chemical structure of ligand LP (X =CONE).



1082

Table 1
Global stability constants and spectrophotometric parameters for the cuprous
complexes formed with LP #

Equilibrium log B (30) Amax (nm) emax M~ Tem™)
b ﬁLhCu b
L’ +Cu = LPCu 4.2(1) 468 6,800
ﬁLb2Cu2
2LP +2Cu = LSCu, 12.93) 468 14,000
ﬂLbZCu3
2L +3Cu = LhCus  18.7(3) 468 17,000

4 Solvent: CH3CN/H,O/CH,Cl, (80/15/5, viviv), T=25.0(2)°C; I=0.1 M.
The errors are estimated to 1 nm for the wavelengths and to 5% for the extinction
coefficients. For the sake of simplicity charges have been omitted in all the
chemical equilibria.

a metal-to-ligand charge-transfer band (MLCT) in the visible
region (Amax =460—470 nm) [23,45,46].

The stability of three cuprous LP complexes were charac-
terized at equilibrium, the mononuclear monostranded complex
and the dinuclear and trinuclear bistranded species. For the sake
of comparison, collected thermodynamic and spectrophotomet-
ric data for cuprous complexes formed with various bipyridine
derivatives [47-49] are presented in Table 2.

Distribution curves in Fig. 4 clearly show the highly favored
formation of the L?,Cuj species, indicating appreciable positive
cooperativity [50].

The copper(I) complexes of bipy and its derivatives give
a broad intense MLCT band (dm— 7*) in the visible
(430-530nm) [23,45,46]. The Anax and the absorptivity of this
band strongly depend on the substituents attached to the bipy
moiety [51], which affect the geometry of the Cu! complexes,
the Cu—N bond length, and the electronic properties of the N-
atoms [47,51,52]. An electron-withdrawing substituent shifts
the absorption band to a lower frequency, whereas an electron-
donating substituent raises the frequency [53]. The steric bulk
of the substituents may cause lengthening of the Cu-N bond,
leading to the destabilization of metal complexes, resulting in a

M. Elhabiri, A.-M. Albrecht-Gary / Coordination Chemistry Reviews 252 (2008) 1079-1092
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Fig. 4. Distribution curve related to the formation of cuprous complexes
with LP. [LP]=10"%M. Solvent: CH3CN/H,O/CH,Cly (80/15/5, v/v/v);
T=25.0(2) °C; I=0.1; the stability constants are given in Table 1.

LbZCUZ LDZCU3

Fig. 5. Schematic representation of Cu' complexes of LP.

poor back-bonding, and a compensatory blue-shift of the MLCT
maximum [53]. Taking into account the electronic effects of the
4,4'-substituents (CONEt,) as well as the effects of the steric
bulk of these substituents, one may conclude that the differences
in the spectrophotometric properties of the Cu! complexes of L
and LP (Table 2) are predominantly determined by steric effects.

Table 2
Global stability constants of Cu' complexes with various bipyridine ligands
Ligand log B Amax (nm) emax M~ Tem™)
EtO,C, CO,EL
7N
- N/
NN 147 log frcu=4.5 380 3,380
EL,NOC, CONEL1,
7N
\
NN a (48] log B,cu = 8.6 500 10,750
470 7,100
EtO,C, EtO,C  COsEL CO,Et
/_\ ( ) /_\ < )
NN N N a[47] log Br,cu, = 14 500 15,400
7N
O O~ [49] log Br.cu =6.9 465 4,400
AXeo¥XaTexaze
=N \A N N N N
P C N T 1 a[47] log ,BL2CU3 =20 450 15,260

4 CH3CN/CH;Cl, (50/50, v/v).
b CH;CN.
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The absorption spectra obtained for LPCu, LP,Cu, and
LP,Cu; clearly indicate the coordination of two bipy units
to the copper centers. The only structure which can be pro-
posed for LPCu is therefore the coordination provided by
a folded ligand LP. The CH,OCH; bridge is short enough
to hinder tetrahedral binding of an ion by two consecutive
bipy groups of the same ligand. We conclude that the Cul
cation in LPCu is coordinated by the two external bipy. Such
a folded structure has already been observed for the Cul
species formed with 2,2'-bis(6-(2,2-bipyridyl)biphenyl) [48].
The two LP,Cu, and LP;Cus species are expected to be of
double helicate type by analogy with the tricuprous species
of its unsubstituted parent L', for which the double helicate
structure was confirmed by X-ray crystallography [32]. The
structures of these three Cu! complexes with LP are presented in
Fig. 5.

2.3. Triple-stranded di-europium helicates

As we have seen in the previous examples, most of the
studies devoted to double- or triple-stranded helicates based
on cations involve Cul, AgI, Cull, Ni! or Fell and strands
bearing bipyridine, terpyridine, hydroxamate or catecholate
binding sites [7,5,54]. The luminescent properties [55-57] of
the lanthanide cations [58] are already taken advantage of in
medical applications [59-61]. However, polymetallic lanthanide
supramolecular complexes [62] may contribute to the devel-
opment of more sensitive biosensors. In this context, the poor
stereochemical preferences and the variable coordination num-
bers adopted by Ln(III) ions render difficult a reliable molecular
programming in solution. In spite of this difficulty, we have
demonstrated that a careful ligand design based on the induced
fit principle [63] leads to the strict self-assembly of lanthanide-
containing triple-stranded helicates in organic media [64—67].

N

L® : R1 = —</ D

R?=CH, Zl
3,5-(OCHj),Ph

LY:rR'=co0"
RE=iC.H;

Fig. 6. Chemical structures of L and L4 strands.

The ditopic hexadentate ligand L€ derived from 2-pyridin-2-
yl-1H-benzimidazole can be used to prepare bimetallic 3d—4f
and 4f—4f assemblies (Fig. 6) [8,68]. Bioanalytical and medi-
cal applications require water-soluble probes, so that the ditopic
strand LY (Fig. 6) with two terminal carboxylate groups was
synthesized [69,70].

In Fig. 7, the X-ray structures of the triple-stranded dinuclear
Eu(III) helicates with L€ [64,71] and L4 [69] are presented.

In the case of L, each strand involves two tridentate (N,N,N)
moieties to bind europium(IIl). A combination of electrospray
mass spectrometry and absorption spectrophotometry allowed
the characterization of three complexes L¢Eu, L¢Eu; and
L¢3Eu; in acetonitrile [68]. Examining the water-soluble ana-
logue LY a single Eu(IlI) species could be observed in water,
by either absorption and emission spectrophotometries or 'H
NMR, the triple-stranded di-europium(IIl) helicate [70]. The
corresponding stability constant is given in Table 3.

(b)

Fig. 7. X-ray structures of the triple-stranded dinuclear Eu(III) helicates with (a) L€ and (b) Ld.
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Table 3
Global stability constants of europium(IIl) complexes with L€ in CH3CN and
L4 in water®

Equilibrium log B
BLe,Eu,y
2L¢ +2Eu = L%Euw log Bre,Eu, = 18.1(3)
ﬂL’:3Eu2
3L +2Eu = L%Euw log Bre;Eu, = 24.3(4)
Bre,Eu

2L¢ +Eu = L%Eu 10g Be,ea = 11.6(3)

Pra Euy

3
3LY +2Eu = LY%Eu, 10g Bra,g,, = 51(2)

? For the sake of simplicity charges have been omitted in all the chemical
equilibria. T=25.0(1) °C; estimated errors =3o0.

For the sake of comparison, we have collected in Table 4 sta-
bility constants determined for benzimidazole derivatives with
Eu(IID).

The most surprising result is the low stability of L°Eu, Ky g,
being 3—4 orders of magnitude lower than K 15, and K| 2¢ in
the same solvent. By contrast, the successive stability constant of
L¢,Eu is significantly higher than the corresponding parameters
determined for the monotopic analogs L! and L? under identical
experimental conditions [72,73]. The global stability constant
of the bimetallic double-stranded complex L¢3Eu; is equal to
18.1(3), which is in agreement with the values determined else-
where for similar systems [66,74]. The stability constant of
LEu; (log Bre,gu, = 24.3(4)) is about 2—4 orders of magni-
tude higher than the value estimated to 20 <log Bye,gy, <22 in
a previously published work [64], but it is close to the values
determined for analogous helicates [66,67]. This difference can
be traced back to the oversimplified model used to fit the data
and to partial thermodynamic equilibrium of the sample’s solu-

Table 4
Stepwise stability constants of europium(IIl) complexes formed with L¢ and
benzimidazole derivatives®

Equilibrium log B

Kycgy
L¢+Eu = L°Eu log Kpegy = 4.6(3)°

Kre,Eu
LEu+L¢ = L%Eu log K&, = 7.0(4)
Kyre,Eu,
L%Eu+Eu = L%Eu, log Kye,pu, = 6.5(4)
KyresEu,

L%Euw +L¢ 2 L%Euw log KL°3EU2 =6.2(5)

log Ky 1g, =9.0(2)
log KleEu =6.73)
log KL13EU =6.94)

VoY

N; N/ \N Lic
O~ D
N AN, 2d
r N XY L
N N

For the sake of simplicity charges have been omitted; estimated errors =3c.
% Solvent: CH3CN; 7=25.0(1) °C.
b From kinetic data [68].
¢ From Ref. [72].
4 From Ref. [73].

log Ky 2, = 8.2(2)
log KLzzEu =5.93)
log Ky2 g, = 4.005)

3Eu

L%Eu
+Eu +Le +Eu +Le
—_— —_— — —_—
Braiding Keystone Braiding
L°Eu
Lc
Le,Eu Le,Eu, L¢;Eu,

L°Eu,

Fig. 8. Schematic representation of the proposed mechanism with strand L€.

tions in the preliminary study. Distribution diagram showed that
the bimetallic helicate L¢3Eu; was the major complex under
our experimental conditions in a large range of stoichiome-
tries. This result indicates that, when europium(IIl) is not in
excess with respect to L€, the self-assembly of L3Eu; exhibits
positive cooperativity [75] as already mentioned for trimetallic
double-stranded helicates with Cu! [37,50] and Ag' [76] and
triple-stranded diferric complexes [54].

In order to unravel the self-assembly mechanism of L¢3Eu,,
we have carried out kinetic measurements. We observed alter-
native “keystone” (addition of Eu(Ill)) and “braiding” (addition
of strands) leading to the targeted edifice (Fig. 8). We did
not observe any complex either with two Eu(Ill) bound to the
same strand, because of too strong electrostatic repulsions, or
with three strands bound to a single Eu(IIl) cation, because
of the lack of reactivity of this intermediate on the way to
helicates. Interestingly, the L¢3Eu, formation is mainly gov-
erned by electrostatic interactions. The kinetic studies clearly
demonstrate that the apparent “magic”, quantitative and fast
self-assembly of five partners (3L¢/2 Eu) into the final helicate
L¢3Eu; is only observed under strict stoichiometric condi-
tions with high reagent concentrations. Kinetic parameters [68]
allowed us indeed to simulate the formation versus time of the
Eu(IIl) species under various experimental conditions. These
data pointed out the thermodynamic and kinetic behaviour of
L¢3Eu,, whichis slowly and not significantly formed in excess of
cation, but exclusively and rapidly obtained under stoichiometric
conditions.

For the water-soluble ditopic LY strand, which possesses tri-
dentate (NV,N,0) moieties, by contrast with L€, we could observe
an intermediate LEu,, since the two negative charges of the ter-
minal carboxylate functions drastically reduce the electrostatic
repulsions between the two Eu(Ill) cations (Fig. 9).

The kinetic results clearly demonstrated the key role of the
bimetallic double-stranded species L9,Eu,. This species is very
inert towards the release of either a ligand or a cation, but
reacts very rapidly with an additional ligand strand to yield the
final triple-stranded helicate. Indeed the formation of a 2:2 heli-
cal structure will decrease the steric hindrance and, moreover,
the presence of negatively charged terminal carboxylate groups



M. Elhabiri, A.-M. Albrecht-Gary / Coordination Chemistry Reviews 252 (2008) 1079-1092 1085

Ld L9Eu

- +Ldﬁ+L &

W e 3K

- §

L9,Eu,

L9,Eu L9,Eu

H

—_—
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Fig. 9. Schematic representation of the self-assembly mechanism of L%, Eu.

obviously contributes to prevent the formation a labile “side-
by-side” [68,77] species. This is in contrast to the formation
mechanism of L¢3Eu; for which we propose the formation of a
labile intermediate L¢;Eu; [68]. The hexadentate ditopic ligand
L4 leads to one of the most efficient cation/ligand system for the
self-assembly of a bimetallic triple-stranded helicate in water.
This is mainly due to the simultaneous presence of a short spacer
and of one negative charge borne by each extremity.

3. Molecular switching devices

A specific case of controlled motion in molecular switches
concerns the translocation of a metal ion between two differ-
ent binding units within a same molecule. The directionally
controlled motion of the cation is driven by an external stim-
ulus according two possible scenarios: (i) the metallic cation
exists in two oxidation states, each of them being firmly
bound by its affine binding unit. Chemical or electrochemical
oxidation—reduction processes thus triggers its reversible motion
between the two distinct but complementary compartments; (ii)
the properties of one binding site are modified through addi-
tion of H* or OH™, and thereby induce an intramolecular metal
translocation depending on its state of protonation and affinity
for a given metallic ion. We will give here two examples of
redox- and proton-driven molecular switches [78,79].

3.1. Redox-driven Cu'/Cu" molecular switch

In collaboration with Shanzer’s group, we have reported
a conformational redox molecular switch based on a double-
stranded ditopic ligand L€ [78], which operates through
the Cul/Cu'! pair (Fig. 10). This device is characterized
by the presence of two binding compartments, a medium
bis(8-hydroxyquinoline) coordinating moiety (N2O») which
preferentially coordinates Cull and a soft bis(2,2-bipyridyl)
binding site (Ny4) that selectively prefers Cu' ions (Fig. 10).

The thermodynamics [80-82] of 8-hydroxyquinoline (oxine;
noted 8HQ) and 2,2’-bipyridine (noted Bpy) model ligands with
Cu!" and Cul, respectively, predict that the N,O-binding site in

o (o] OH HO
NN @ Ny 7 NN Ny 7
HN HN NH
o] o) o
e
|36
N N‘ =
= =
(o] (o] (o]
H % HN></NH
se_s I es_s\
L N204CU L N4CU

Fig. 10. Chemical structures and notation of cupric (LeNzo4CuH) and cuprous
(LeN4CuI) complexes of ligand L®.

L€ is a stronger ligand for cupric ion with respect to bipyri-
dine, while an interesting contrast stands for cuprous cation
(Table 5).

The electronic spectra of the cupric and cuprous com-
plexes support these hypotheses. The absorption spectrum of
LN,0,Cul! (Fig. 11) displays an intense shoulder at 398 nm
(€398 =3700(400) M~! cm™"!) on the absorption band of the lig-
and centered at 302 nm. Similarly, it is observed in CHCl3 that
the Cul! binding induces a red shift to 412nm of the absorp-
tion band of 8-hydroxyquinoline (310 nm) [83]. The electronic
spectrum of LeN4CuI (Fig. 11) shows an absorption band with
a less intense shoulder at 480 nm (g430 = 2400(200) M~! cm™1),
which corresponds to the MLCT band of bis(2,2'-bipyridyl)Cu!
systems [21].

The reversible motion of the metal ion between the two
compartments was driven by auxiliary oxidation (tert-butyl
hydroperoxide) and reduction (ascorbic acid) reactions. The oxi-
dation and the reduction reactions were found to be faster than
the translocation process of Cu! or Cu'!, and allowed us to sepa-
rately follow the intramolecular movement of the copper cation.
Using a stopped-flow technique and a spectrophotometric detec-
tion, we were able to confirm the reduction mechanism of cupric

Table 5
pCu values calculated for bipyridine and 8-hydroxyquinoline model ligands®
Ligands pCu! pCu!
a2%e
=N N 10.0° 10.0¢
X
N/
OH 12.8° 6.2°

@ pCu = —log[Culfee; [Culior = 1076 M; [Ligand]ior = 107> M.
b 1=0.1 M, water.
¢ Solvent dioxane/water (50/50, v/v).
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£ (x 10° (M" cm™)

Fig. 11. Electronic spectra of ligand L€ and of its cupric and cuprous complexes.
Solvent: 20mM MES in DMF/water (80/20, v/v), pH* 6.0, T=25.0(2)°C,
[=1cm.

complex by ascorbic acid [84] as well as the oxidation pro-
cess of cuprous species by fert-butyl hydroperoxide [85]. The
first-order rate constants relative to the slower step, which was
easily attributed to the induced intramolecular motion of the cop-
per cation, were determined. The chemically triggered redox
switch reversibly interconverts with respective first-order rate
constants of k; = 2.3(2) x 1072 s~! for xL¢N,0,Cul — Ly, Cu!
and kp=9(2) x 10~4s~! for >1<L"N4CuII — L‘*NzozCuII under
our experimental conditions (Scheme 1).

Although a large number of redox molecular machines was
described up today, there are very few detailed kinetic studies on
the mechanism of molecular motions available. Table 6 summa-
rizes first-order rate constants for metal ion motion for various
redox molecular switches [15,78,87-93]. It is noteworthy that
the turnover of ion translocation varies from hundreds of mil-
liseconds to several hours depending on the nature of ligand
and metal. Since our ultimate objective was to design a molecu-
lar switch that would discriminate between its two states, and in
which the change of the state would be fast and easily controlled
[86], we will discuss the parameters which can be tuned to yield
the targeted properties.

The selectivity of a switch, i.e. the preferential binding of the
oxidized form of a metal ion in one coordination site and the
reduced form of the ion in the complementary site, can be mod-
ulated by changes in stability of the respective complexes. For
instance, in the case of L€, it would be desirable to bind Cu!! ion
in the bis(8-hydroxyquinoline) coordination compartment only.
The comparison of stability constants for bis(oxinate)Cull and

e Cy'! te e cd!
L 'Nn202Cu T L 'n202Cu
T kyt lkl
—e
*LeN4CU[1 - LEN4CUI
fast

Scheme 1. Functioning principle of the redox-driven molecular switch.
>x<LeNz()2CuI and *LeN4CuH: intermediates formed after reduction (oxidation)
reaction; LeNzo2 Cu'and Ly 4 Cul: thermodynamic complexes. Solvent: 20 mM
MES in DMF/water (80/20, v/v), pH* 6.0, T=25.0(2) °C.

Table 6
Turnover numbers (1/k) of metal ion translocation within various redox molec-
ular switches

Switches Pair Tred® Tox ?

H Hr
N TN TN Ny
$ 0 =N N 0o on
O NL on ° [78]
N N
TER A e

cull/Cul 445 18.3 min

Fell/Fe!l 41.7 min -

N e W
Nk\N" noo Hg =N N=

I
/\10 o

g P
FAA

v ," J N0\
Sy HBT,/LVM d 188,891 Fell/Fe!! 18.3 min

H =N N=
L"ﬂl)\“ WaW
Hoo Hgo

[8)

€[90] Cu''/Cu' 100sto 167min 110min

cull/Cul ~1s 13.9h
Cu'l/Cu! 650 ms 1.40s
Cull/Cu! 2ms 200 ms
Cu'l/Cu! Fast 1) 10s
) 1s
(3) 200 ms

2 The turnover numbers Tyeq and T,y correspond to the translocation after
reduction and oxidation, respectively at 25 °C.

5 DMF/0.1 M MES (80/20, v/v), pH* 6.0.

¢ CH30H/0.1 M MES (80/20, v/v), pH 6.2.

4 CH30H/0.5 M tris (50/50, w/w), pH 8.0.

¢ CH3CN, /=0.1 M (n-BusNBFy).

f CH3CN/CH,Cl; (80/20, v/v), I=0.1 M (n-BugNBFE}).

& CH3CN/CH,Cl, (90/10, v/v), I=0.1M (n-BuyNBF,). (1) X =Phen; (2)
X =Bipy; (3) X=3,3'-biisoquinoline.
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bis(2,2’-bipyridyl)Cu'! illustrates that cupric ion will be pref-
erentially bound to the bis(oxinate) component of the switch
(Table 5). Moreover, the electron-withdrawing amide groups
attached to the 2,2'-bipyridyl moiety decrease electron density
on the pyridine N-atoms and make them less willing to bind
hard cupric ion [94]. Similarly, Cu! is preferentially bound in
the bis(2,2"-bipyridyl) cavity. It is noteworthy that higher is the
specificity of a coordination site for one oxidation state of the
metal ion compared to the other oxidation state, stronger reduc-
tion (or oxidation) reagent must be used for triggering the switch.
Reduction of L¢y,0,Cul! complex can be given as an example.
The reaction is written:

LeN2 0, CuH +_e_) LeN2 0, CuI (6)
The standard reduction potential E° for reaction (6) is given:

_ E 1 [LeN202 CuI]

E° n—22_""-
F  [LéN,0,Cull]

(N
The equilibrium concentrations [LeNZOZCuI] and [LeNzozCuH]
are given by the following equations:

[L°N,0,Cu'l = Bi[Cu'I[L?] ®)
[L®N,0,Cu] = BulCu'][Le] ©)

where B and By are stability constants for LeNzozCuI and
L®N,0,Cul! complexes, respectively. Substituting Egs. (8) and
(9) into Eq. (7) thus led to

BilCul]

RT
_ nb,, pitul
F  Bu[Cull]

E0 = (10)

Using the standard reduction potential of the Cu'/Cu' couple
led to

RT  [Cul]
0 _
Ecucp = F O Cd an
Therefore Eq. (5) can be written as
RT  pi
0 _ 0
EY = ? In % + ECu"/CuI (12)

Now it becomes obvious that for lower 81/ ratio, the coordi-
nation site will be more selective with respect to the Cull ion, but
the reduction potential of the L¢x,0,Cu'' complex will decrease,
thus imposing the use of a stronger reduction agent. This does
not have to cause a problem when triggering the switch electro-
chemically, but can be a limiting factor for a chemically triggered
switch.

Besides, another important aspect of such molecular switches
is the rate of the cation translocation or, generally speaking,
the rate of the coordination sphere exchange. The overall pro-
cess can be divided into several stages: (i) breaking of some
coordination bonds between the ligand and the metal ion, (ii)
change in the complex geometry, which can consist of conforma-
tional changes (anchored bipodal or tripodal switches) or motion
(translation, rotation, rocking) of non-covalently bound parts of
the system (catenates and rotaxanes) and (iii) formation of new

metal-ligand bonds. This sequence can be iterated several times
if stable kinetic intermediates are produced [95].

Thermodynamics is the driving force of the rate of the first
and third step. Indeed, after the oxidation state variation of the
metal ion, the metal-ligand bond dissociation is expected to
be fast if the stability of the resulting complex is lower due
to geometric constrains or inadequate electronic requirements.
Similarly, high formation rate of the new metallic species will
accelerate the ion translocation. Nevertheless, an important fac-
tor is the ability of an ion to undergo fast ligand exchanges,
which can be anticipated from solvent exchange rates. For exam-
ple, water exchange rate for [Cul(H,0)]1%* fon is kex ~ 101051,
while that of [Fe'(H,0)]3* is 1.6 x 10 s~! [96]. These kinetic
data strongly suggest that copper-based switches should proceed
faster in ion translocation than those based on iron as illustrated
in Table 6.

The rate of the second stage of the metal translocation pro-
cess will depend on the activation barrier imposed to the process.
For instance, in the case of L€, the oxinate moiety is substi-
tuted through a sp> carbon atom to the amide linkage. This
allows free rotation of the binding unit and easier approach
to the 2,2'-bipyridyl group of the adjacent arm. Another rele-
vant example is the triple-stranded Fel/Fe!! switch based on
hydroxamate and 2,2’-bipyridyl cavities (Table 6) [88]. The
rate constant for iron(II) translocation is kreq =9(1) x 10™#s~!
(Table 6), while for its homologues possessing shorter spac-
ers between the hydroxamate and 2,2'-bipyridyl moieties
(instead of —CH;—CH,— spacer, a —C*H(CH3)— group was
used), the rate constant kq was found to be equal to
1.92) x 1073 s~ ! and 2.2(2) x 1073s~! for R- and S- abso-
lute configurations, respectively [88,89]. The shortening of
the spacers consequently led to higher rates of translocation.
Besides, in the case of the pseudo-rotaxanes (Table 6), it
was shown that the flexibility of the threaded chelate and
the low steric hindrance of its coordination moiety allowed
to significantly increase the speed of the pirouetting motion
[93].

Another important issue in ion translocation within molec-
ular switches is a possible role of a priori non-coordinating
groups, such as amide linkages. It can be suggested that these
amide spacers assist the ion translocation and thus decrease the
energy barrier for the overall process. Detailed kinetic stud-
ies of analogous ligands of L® with structural variations on
the spacers would contribute to a better understanding of these
mechanisms.

Lastly, the solvent and/or other ions (counter ions, back-
ground salt) could also play a non-innocent role on the rate of
the ion translocation in a given switch [91], and can be thus used
for fine tuning the performance of the system.

If numerous molecular switches have been described in
the literature, very little is known about the functioning and
dynamics of such systems. Our kinetic approach allowed to
unravel the metal translocation mechanism within a bipodal
ligand L€ and pointed out that several structural, ener-
getic, steric and kinetic criteria which should be taken into
account to design new systems with improved efficiencies and
speeds.
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| - N,N-binding site

OH
N,O-binding site

OH
Fig. 12. Chemical structure of ligand Lf.

3.2. Proton-driven multistate Ni'' molecular switch

The successful work undertook on L€ encourages us to design
closely related and more efficient systems by introducing the two
binding functionalities (oxinate and 2,2'-bipyridine) into a single
molecule Lf (Fig. 12). Pyridine was chosen as the simplest and
most basic substituents which could be introduced in position 2
of a 8-hydroxyquinoline backbone. This directionally oriented
synthesis confers to Lf potential binding properties of either
bidentate or tridentate unit.

Due to the presence of multi-compartmental binding sites
sharing a common coordinating moiety (central pyridine), and
to the conformational properties of the 2,2'-bipyridyl unit (cis
and trans conformers), Lfis anticipated to operate like a redox
or proton-driven multistage molecular switching device based
on region-selective metal binding [97]. This molecular design
indeed offers a potential control of the ionic recognition process,
which could be easily triggered by external stimuli. Interestingly,
thermodynamics of oxinate and 2,2’-bipyridine model ligands
with a divalent cation demonstrate that the V,0-binding site (oxi-
nate) is preferred at high pH, while that of the N,N-bipyridine
leads to more stable complexes under acidic conditions. This
system has the advantage to combine the coordination proper-
ties of these two individual but complementary units in order to
form stable complexes in large span of pH.

A spectrophotometric and potentiometric titration conducted
on free LI allowed us to determine two of its three protona-
tion constants (log K = 10.9(1) and log K} = 3.18(5)). The
electronic spectra of the protonated species of Lf are given in
Fig. 13.

2.4+
E 16
=
<
(=]
-
X 081
W
0.0 . . =
300 400 500

A (nm)

Fig. 13. Electronic spectra of protonated species of the ligand Lf. Solvent:
CH3OH/H,0 (80/20 wt%); I=0.1 M (NEt4ClO4); T=25.0(2) °C.

The first protonation was easily attributed to the phenolate
function, and is characterized by the loss of the broad shoulder
centered at 303 nm, together with a hyperchromic increase of
the absorption band lying at higher energies (Amax =263 nm;
£263=2.29 x 10*M~'ecm™!). The second protonation of the
N1’-pyridine of Lf induces significant spectrophotometric
variations with the formation of intense splitted absorp-
tion bands at 333 (e333=7.20 x 10°M~!cm™!) and 345nm
(345 =8.43 x 10°M! cm~ 1) and a concomitant bathochromic
shift of 15nm (Amax =296 nm; 296 =2.27 x 10* M~ em™1) of
the absorption band centered at 281 nm. These spectropho-
tometric data strongly suggest a frans-to-cis conformational
change of the N,N-bipyridyl moiety, which could be stabilized by
intramolecular hydrogen bonds involving the three heteroatoms
of Lf. These absorption bands were attributed to short-axis ()
and long-axis () polarized wm—m* transitions. The splitting
and bathochromic shifts of the long-axis polarized transitions
(1) was rationalized by rotational interconversion between the
two conformers (cis-LfHo* and trans-LfH) which is triggered
by protonation. Interestingly, Lf possesses informative spectro-
scopic probes to emphasize the nature of the protonation site,
as well as the possible conformational arrangements adopted by
the corresponding protonated species. The use of electrospray
mass spectrometry to characterize the stoichiometry of metal-
lic complexes in solution is well documented [5,35,36,68], and
has been employed by us for this purpose on previous occa-
sions [22,37,54,68,98]. In order to establish the stoichiometries
of the nickel(IT) complexes formed with Lf ESMS+ spectra were
recorded with ligand concentrations equal to 2.0 x 107> M, and
with final [Ni]o/ [Lf]tot ratios equal to 10 and 0.5 (Fig. 14).

The ESMS+ spectra of the various solutions were analyzed,
and the conclusive assignments of the different peaks were done
by comparing the experimental isotopic patterns with the corre-
sponding simulated profiles. Two complexes, LfNi and Lf,Ni,
could be clearly evidenced. In addition, two peaks with high-
masses corresponding to [3Lf +2Ni]* and [2Lf +2Ni + ClO4]*
were also observed. The ionization of these metal complexes
was mainly obtained by addition or loss of protons and by addi-

100 - i
® o [L'+ Ni+H,0]
e @ [2L'+ Ni+HJ
< © [3L'+2Ni]
=
2
g 50 1
£
(]
2
-
5
nd:) *
o el
0 4 . UK .
200 400 600 800
m/z

Fig. 14. ESMS+ spectra of nickel(Il) complexes formed with Lf. Solvent:
methanol/water (80/20 wt%); positive mode ESMS+. (LM =2.0 x 1075 M;
[Ni(ID] ot = 1073 M; Veap. exit = 240V, Virap drive = 55V, *impurity
[3Lf + Cu+Ni]*. For the sake of clarity, Lf stands for the fully deprotonated
ligand.
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Fig. 15. Electronic spectra of the Ni(Il) complexes formed with Lf. Solvent:
methanol/water (80/20 wt%); I=0.1 M (NEt4Cl04); T=25.0(2) °C.

tion of perchlorate counter-anions. Probably due to weak ESMS
responses, the monochelate LINi was often found as a minor
species except in excess of the metal. For LINi, the presence of
a bound water molecule supports the unsaturated character of
the coordination shell.

The Ni(II) coordination properties of the molecular building
block Lf were further investigated by spectrophotometric and
potentiometric titrations. A model with a mononuclear species
containing two ligands, Lf)Ni (log ,BszNi = 25.3(3)), satisfac-
torily adjusts the spectrophotometric data, in agreement with
the ESMS study. In addition, two protonated species, LI, NiH
(log Ky 1 iy = 5-3(3)) and LNiHy (log Ky iy, = 3.2(4))
can be also evidenced. The electronic spectra of the Ni(Il)
species with L are given in Fig. 15.

Despite differences in solvent, these values agree with those
determined elsewhere [99] in dioxane/water (50/50, v/v). It is
noteworthy that, under our experimental conditions, the major
difference is the absence of significant amounts of mononu-
clear monochelates in solution, which precludes any accurate
determination of their respective affinities. LINi complex was
nevertheless detected by mass spectrometry. To further con-
firm this observation, spectrophotometric titrations at p[H] 2.0
and in excess of metal were carried out and allowed to deter-
mine conditional stability constant (log K]":fNi = 4.3(2)) of the
monochelate. This value was compared to data available in the
literature (log K i'“fNi = 3.77) [99]. The protonation constants of
the bischelate complexes (log Kyt i and log K szNin) most
likely correspond to the phenolate groups as shown by the spec-
trophotometric data (Fig. 15). These values are lower of ~5 to
~8 orders of magnitude with respect to free Lf, mainly due to
electronic effects resulting from the coordination processes. The
distribution diagrams of the Ni(II) complexes with LI are given
in Fig. 16.

To emphasize the peculiar binding properties of Lf, pNi val-
ues [100] were calculated at three selected p[H] values (3, 5
and 9). These pNi values were compared to those calculated for
2,2'-bipyridine [31,101] and 8-hydroxyquinoline [102] models.
Interestingly, these thermodynamic data point out that Lf com-
bines the advantages of a bipyridine coordination unit at acidic
p[H] and of a 8-hydroxyquinoline binding site at higher p[H].

Table 7
pNi*values calculated at p[H] 3.0, 5.0 and 9.0 for the Ni(II) complexes with
2,2/-bipyridine (Bpy)P, 8-hydroxyquinoline (SHQ)® and ligand Lf¢

pNi p[H]=3.0

Bpy SHQ Lf
pH 3 7.0 6.0 7.33
pH5 10.4 6.1 9.8
pH9 10.72 12.9 17.3

@ pNi = —log[Nilee with [Ligand]i = 107> M and [Ni]yo = 107°M.
b Solvent: water; I=0.1M (KCl); T=25°C.
¢ Solvent: methanol/water (80/20 wt%); I=0.1 M (NEt4Cl104); T=25.0(2) °C.

Under acidic conditions, the cis-bipyridyl unit is the pre-
ferred coordination site for Ni(Il), as shown by the electronic
spectra of Lf,NiH, (Fig. 15). We previously demonstrated that
Lf possesses valuable spectroscopic probes to highlight the
protonation site which is involved, as well as the conforma-
tional arrangement adopted by the corresponding protonated
species. The same spectroscopic signatures can be also exploited
to emphasize the nature and the conformation of the metal-
lic complexes. As an example, the fine vibronic structure of
the absorption bands centered at 330 nm and 342 nm (333 nm
and 345nm for LfH,) and the sharp and intense transitions
at 292 nm (296 nm for fo LfH2) of szNng are strong indi-
cations of the cis-arrangement adopted by each bipyridyl-type
binding unit. The pNi values of the metallic complexes with Lf
at p[H] 3 confirm these coordination properties as shown by the
similar values with the Bpy model. The comparison with the
pNi values of 8HQ model demonstrates that the N,0-bidentate
binding unit is unable to compete with the N,N-bidentate coor-
dination site of Lf under such conditions (Fig. 12). The increase
of the p[H] induces the successive deprotonation of the bis-
chelate species and triggers a drastic change of the coordination
properties with the two N,0-binding sites being now involved
in the binding processes. Indeed, at basic p[H] =9, the oxinate
ligands become more powerful binding units than bipyridines.
Consequently, the metal is displaced to its thermodynamically
favored compartment (Table 7). Thereby, thermodynamics of
Bpy-Ni(Il) and 8HQ-Ni(Il) is the major driving force of the
proton-driven switch Lf. When the p[H] increases, the spectro-

501

% [Species]/[L,],.,

pPIH]

Fig. 16. Distribution diagrams of nickel(I) complexes with Lf as a func-
tion of p[H]. Solvent: methanol/water (80/20 wt%); I=0.1M (NEt;ClO4);
T=25.0(2)°C; [Lfi0t=3.0 x 107> M, [Ni]iot = 1.5 x 1075 M.
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scopic mark of the cis-arrangement of the bipyridyl component
gradually disappears with a simultaneous formation and increase
of an intense absorption band at ~306 nm, which is character-
istic of the bis(oxinates)Ni(Il) complex [103,104]. Moreover,
Lf,NiH and Lf,)Ni display a weak and broad absorption band
in the visible region, which is related to tautomeric forms of the
8-hydroxyquinolinate pattern [103]. These spectrophotometric
observations point out two cis-to-trans conformation changes of
the terminal N1’-pyridine (Fig. 16).

Depending on the p[H] conditions, Lf possesses two indi-
vidual and complementary bidentate binding boxes, namely
the N,N-bipyridine and the N,0-oxinate. Ligand Lf operates
either as N,N- or as N,O-bidentate binder, and these coordi-
nation processes are reversibly triggered by the proton. The
existence of three stable and reversible states with distinguish-
able spectroscopic properties, i.e. the three protonated species
of the bischelate, and their reversible interconversions by p[H]
changes, confers to LI molecular switch properties. It can
be therefore considered as a “three states molecular switch”
(Fig. 17) [15,78].

4. Conclusions

We have presented here original research results which
allowed to unravel the self-assembling mechanism in solution
of two to three polytopic strands bound to two to three cations.
All of the four helicates presented here are driven by thermody-
namics via labile or inert intermediates. The helical structures
are diminishing the electrostatic repulsions between the cations.
Positive intramolecular interactions are necessary to lead to the
targeted edifice and to render the self-assembly process “magic”
which means fast and quantitative. But, the whole mechanism
could go on “narrow roads” at low concentrations or at inap-
propriate ratios in ligand and metal concentrations. In this case,
slow self-assembly processes, which produce intermediate com-
plexes, could be observed. Interestingly, our results showed that
the hexadentate ditopic ligand L4 led to one of the most efficient
cation/ligand system for the self-assembly of a helicate in water.
This was essentially due to the simultaneous presence of a short
spacer and of one negative charge borne by each extremity.

A molecular switch based on a double-stranded ditopic lig-
and L€, which operates through the Cu(I)/Cu(Il) couple [78],

L, NiH

Fig. 17. Schematic representation of the three states structural switching of bischelate complexes based on ligand Lf which operate by successive protonations.

was also described. The reversible motion of the copper ion
between the two binding sites was triggered by auxiliary oxi-
dation and reduction reactions. Our kinetic approach allowed to
unravel the metal translocation mechanism and to evaluate the
rates of the translocation motions. Combination of these two
binding functionalities (bipyridine and oxinate) into a single
molecule Lf induces new properties. Indeed, the binding and
conformational properties of that system confer a potential of
proton-driven multistate molecular switch. Our results broaden
the knowledge on the self-assembly processes of supramolecular
edifices, and pave the way to a better understanding of the signal
propagation and conformational changes within new functional
molecular devices.
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