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Abstract: The axial connection of flexi-
ble thioalkyls chains of variable length
(n=1-12) within the segmental bis-tri-
dentate 2-benzimidazole-8-hydroxyqui-
noline ligands [L12“"—2H]*" provides
amphiphilic receptors designed for the
synthesis of neutral dinuclear lantha-
nides helicates. However, the stoichio-
metric mixing of metals and ligands in
basic media only yields intricate mix-
tures of poorly soluble aggregates. The
addition of Ag' in solution restores
classical helicate architectures for n=3,

The X-ray crystal structure supports
the formation of [La,Ag,(L12°—2H);]-
[OTA],, which exists in the solid state as
infinite linear polymers bridged by S-
Ag-S bonds. In contrast, molecular dy-
namics (MD) simulations in the gas
phase and in solution confirm the ex-
perimental diffusion measurements,
which imply the formation of discrete
molecular entities in these media, in
which the sulfur atoms of each lipophil-
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ic ligand are rapidly exchanged within
the Ag' coordination sphere. Turned as
a predictive tool, MD suggests that this
Ag' templating effect is efficient only
for n=1-3, while for n>3 very loose
interactions occur between Ag' and the
thioalkyl residues. The subsequent ex-
perimental demonstration that only
25% of the total ligand speciation con-
tributes to the formation of
[Ln,Ag,(L12°?—2H),]*" in solution
puts the bases for a rational approach
for the design of amphiphilic helical

with the quantitative formation of the
discrete  Dj-symmetrical  [Ln,Ag2-
(L129—2H),]** complexes at millimo-
lar concentration (Ln=La, Eu, Lu).

nides -

Introduction

Metallohelicates, that is, polynuclear complexes made up of
several metal ions packed along a helical axis, about which
one, two, three, or four multidentate segmental ligands are
wrapped, represent the archetype of discrete chemical enti-
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complexes with predetermined molecu-
lar interfaces.

lantha-

ties, in which metallic cations are aligned along a single di-
rection of the space.'!l Beyond some remarkable geometrical
aspects (helical chirality, precursors for nontrivial molecular
catenanes and knots, etc.), the helical twist of the strands
also induces unprecedented magnetic and luminescent prop-
erties when adequate open-shell d-block or f-block metals
are considered.’® In molecular magnetism, the ligand helic-
ity is responsible for the existence of non-equivalent metal-
centered paramagnetic g tensors, which is a prerequisite for
building scalable quantum bits (qubits) for quantum infor-
mation processing systems.’ In photophysics, the minute
modulation of the luminescent properties of trivalent lantha-
nides (Ln™) in polynuclear helicates have been intensively
exploited for the design of bioprobes with improved sensi-
tivities,””) and for the development of nanometric directional
molecular light-converting devices.!®! In this context, the seg-
mental oligo-tridentate ligands L1-L3 based on pyridine—
benzimidazole patterns were early considered as attractive
candidates because of 1) their easy synthetic access, 2) their
helically twisted diphenylmethane spacers, and 3) the ener-
gies of their donor excited triplet states, which are suitable
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for the UV sensitization of visible Eu™ and Tb™ emitters in
the triple-stranded helicates [Ln,(L1);]°*, [Ln;(L2);]°* and
[Ln,(L3);]?*."1 However, the modern craze for profitable
technological and/or (bio)medical applications of self-assem-
bled lanthanide complexes introduced two additional crite-
ria, which are difficult to fit simultaneously.™ Firstly, the
manipulation of near-infrared radiation (NIR) should be
preferred over UV irradiations because 1) efficient and
cheap laser sources are available at these wavelengths (Nd-
YAG or CO, lasers) and 2) biological tissues poorly interact
with the electromagnetic waves in this domain, which en-
sures non invasive and efficient penetration of the NIR radi-
ations.”! Luminescent probes possessing intrashell 4f—4f
transitions in the NIR range (Ln=Pr, Nd, Er, Yb) are now
privileged, together with the use of suitable polyaromatic li-
gands, which are able to efficiently harvest low-energy visi-
ble light, prior to sensitize metal-centered excited states.’
Secondly, practical applications require semi-organized lumi-
nescent lanthanide materials (liquid crystals, Langmuir—
Blodgett films) responsive to switchable external stimuli
(temperature, pressure, concentration, and electric and mag-
netic fields). Their design relies on weak intermolecular in-
teractions operating between amphiphilic complexes pos-
sessing well-defined molecular interfaces separating their
antinomic parts (polar/nonpolar for lyotropic materials or
polarizable/nonpolarizable for their thermotropic ana-
logues).'” Pioneer attempts to fit these novel criteria have
lead Albrecht,""! Biinzli"? and co-workers to replace the
original pyridine-benzimidazole patterns with fused nega-
tively charged 8-hydroxyquinolinate in the tridentate ligands
[Lk—H]~ (k=4-7). The resulting mononuclear triple-helical

[Ln(Lk—H);] complexes indeed

displayed ~10000cm™' red-

A ( shifted ligand-centered elec-
N2 NN tronic  absorptions (A=

H 0 320nm (UV) for [Lny(L1),]°*
L4 and 470nm (Vis) for [Ln-

x (L4—H);]) compatible with the

x efficient visible sensitization of
NIR luminescence for Ln=Nd,
Er, Yb. While the X-ray crystal
structures of [Ln(Lk—H);] (k=

X=N-R : L5
X=0 :L6 4-7) systematically correspond-
X=s L7 ed to either pure C;-symmetri-
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cal HHT (head-to-head-to-tail) or Cj;-symmetrical HHH
(head-to-head-to-head) isomers in the solid state, 'H NMR
data collected in solution revealed the presence of the ex-
pected thermodynamic 1:3 ratio of HHH and HHT isomers.
To avoid mixtures, two identical related tridentate binding
units were connected to a C,-symmetrical spacer in the seg-
mental ligands L8"! and L9!*!, and only the expected D;-

LU C
VOASY

N N
3 9)=N N=
2 L9 -
4 _N N\ /
5 OH HO
6 7
XD ~
N N
HO L10 OH

symmetrical triple-stranded helicates [Ln,(Lk—2H);] (k=8,
9, with a local HHH orientation of the three tridentate bind-
ing units connected to the same metal) could be evidenced
in solution by 'H NMR spectroscopy. Interestingly, the crys-
tal structure of HHH-[KYb,(L8—2H);]Cl incorporated an
additional K™ ion approximately located on the helical axis
between the two nine-coordinate Yb™ cations (Ybl-+K=
3.91, K+Yb2=3.95, Ybl-Yb2=7.77 A)."® Although the
explicit templating effect of K* in the self-assembly of
[KYb,(L8—2H);]" remained obscure," the report of the
formation of mixtures of polymers for the closely related
neutral dinuclear [M,(L10—-2H);].. (M=Al, Ga, Fe, Cr)
complexes, which were transformed into soluble triple-
stranded helicates [M'M,(L10—-2H);]* (M'=K, Rb, Cs)
upon treatment with alkali-metal salts (KCl, RbCl, CsCl),
suggested that the monovalent ion [M']* was crucial for the
stabilization of the final discrete helical edifices."" In con-
trast, no additional templating cation could be found in the
crystal structure of the triple-stranded [Nd,(L9—2H);] heli-
cate (Nd1--Nd2=9.02-9.05 A)."l Altogether, the triple-
stranded helicates [Ln,(L9—-2H);] offer an unprecedented
opportunity for designing dinuclear NIR emitters, in which
the grafting of flexible chains onto the 7-position of the hy-
droxyquinoline ring (L9) may provide the necessary molecu-
lar interface compatible with the design of amphiphilic com-
plexes having potential technological applications (thermo-
tropic liquid crystals or bioanalytical probes). Moreover,
secondary interactions with some additional cations may
contribute to modulate the stability and the properties of
the final edifices without resorting to tedious synthetic
modifications of the ligands.

In this contribution, we report on an appealing templating
effect which controls the formation of amphiphilic supra-
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molecular complexes containing a standard rigid dinuclear
lanthanide triple-stranded helical core, to which several
bulky lipophilic thioalkyl chains are axially grafted for ex-
tending the helical strands. The design of these novel sys-
tems was assisted by molecular dynamics (MD) simulations.

Results and Discussion

Synthesis of ligands and of lanthanide complexes: The
target 7,7'-disubstituted bis-tridentate amphiphilic ligands
L12" (n=3, 12) were prepared in three steps (Scheme 1).
Ligand L9 was first transformed into the bis(tridentate)-

K,CO,/KI
acetone

80%

{ )
175°Cl]00%
SOReW

dioxane /N =
N N,
— \ 7

OH HC

WORASY

C,Hy,. SH
AIBN

OH H
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n=3(n=76%) :L12¢
n=12(n=75%): L12¢12

L11

Scheme 1. Synthesis of ligands L11 and L12" (n=3, 12).

vinyl ether, followed by a quantitative thermal double Clais-
en rearrangement to give L11.%1° The final thiol-ene click-
coupling radical reactions provided L12" (n=3, 12) in good
yields."”!

As previously established for L9, the mixing of the
more constrained ligand L11 (3 equiv) with Ln(OTf),-x H,O
(2 equiv; Ln=La, Lu; OTf =CF;SO; =triflate; x=1-3) in
aprotic solvent (CH;CN or DMSO) containing nBu,NOH
(6 equiv) also yields orange solutions. ESI-MS spectra of the
crude reaction solutions reveal weak signals corresponding
to the formation of a small amount of protonated triple-heli-
cal complexes [Ln,(L11-2H);+2H]** (Ln=La, Lu, Fig-
ure S1 in the Supporting Information).'*! Because of the ex-
treme energetic penalty accompanying the formation of the
second intramolecular macrocylization process with small
cations, the concomitant formation of the double-stranded
helix [Lu,(L11-2H),4+2H]** is detected for Ln=Lu (Fig-
ure S1 in the Supporting Information). For solubility rea-
sons, the equilibrium shown in Equation (1) was monitored
by '"H NMR spectroscopy in [Dg]DMSO (Ln=La, Lu; k=9,
11; Figure 1).
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3Lk + 2Ln(OTf);4+6 nBu,NOH =
[Ln,(Lk—2H),] + 6 nBu,NOTf + 6 H,0O
1)

In line with previous thermodynamic studies,' the con-
comitant formation of double- and triple-stranded helicates
for Ln=Lu produces very complicated spectra (Figure S2 in
the Supporting Information), and we therefore focus on
Ln=La, for which the larger stability constants ensure the
exclusive formation of the triple-stranded helicate according
to Equation (1) for a stoichiometric ratio La/Lk=2:3 and a
total ligand concentration of 5mwm (Figure 1).*! Both dia-
magnetic [La,(Lk—2H);] complexes (k=9, 11) display seven
signals for the aromatic protons (Hb-Hh in Figure 1), which
are diagnostic for either D; (helical), C;, (side-by-side=
mesocate) or Dy, (nonhelical) point groups.'*!! The last non-
helical arrangement of the strands is discarded by the detec-
tion of pseudo-sextets (ABX; spin systems for which /=
2:(J)) for the diastereomeric methylene protons of the ethyl
residues (Ho), while the singlet (A, spin system) observed
for the enantiotopic methylene protons (Ha) of the diphe-
nylmethane spacer implies the existence of three twofold
axes perpendicular to the threefold axis, which rules out the
C;, point group. We can thus safely conclude that the D;-
symmetrical triple-helical arrangement found for the non-
substituted ligand strands in [La,(L9—2H);] is preserved in
[Lay(L11-2H);]. Interestingly, the equilibrium in Equa-
tion (1) offers the possibility to use the 'H NMR signals of
the [nBu,N]* ion as an internal reference. The comparison
of the relative integration of the '"H NMR signals of the pro-
tons of the ligand bound to the complex with that of
[nBuN]" indicates that the ligand is distributed between

a) [La,(L9-2H);]
fe

&/ ppm

Figure 1. '"H NMR spectra with numbering scheme for the triple-stranded
helicates a) [La,(L9—2H);] and b) [La,(L11-2H);] ([Ds]DMSO, 298 K,
*=free ligand).
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[Lay(L9-2H);] (80(5)% of ligand speciation) and
[L9—2HJ]* (20(5)% of the ligand speciation), in good
agreement with predictions based on the experimental ther-
modynamic constants (Figure 1a).'”) The situation is com-
pletely different for L11, whereby the relative integration of
the 'H NMR signals indicates that only 10(5)% of ligand
speciation is involved in the formation of [La,(L11-2H),],
while the remaining major part of the ligand was distributed
between [L11-2H]*" (<5%) and what we tentatively as-
cribe to an intricate mixture of aggregates or polymers
(85(10) %) in slow exchange on the NMR timescale (Fig-
ure 1b).[

The application of the equilibrium in Equation (1) to
L12%, which contains additional thiopropyl residues
(Scheme 1), leads to insoluble amorphous red solids, which
could be filtered and then suspended in any solvent (>50
solvents or mixtures were investigated) without reaching the
minimum solubility required for recording a reliable
"H NMR spectrum, except for the observation of the intense
signals of the soluble [nBu,N]* cation. Only ultrasensitive
ESI-MS spectra of suspensions in acetonitrile showed very
weak signals corresponding to traces of mono and diproto-
nated triple-helical complexes [Ln,(L12%°—2H);+H]* and
[Lny(L12%—2H);4-2H]** in solution (Ln=La, Eu, Lu). The
insoluble red precipitates were washed with methanol in
order to remove the soluble nBu,NOTT salt, and the subse-
quent elemental analyses of the dried solids were found to
be compatible with [Ln,(L12%—2H),] (Ln=La, Eu, Lu) em-
pirical formula (Table S1 in the Supporting Information).
We thus conclude that the connection of axial alkyl residues
of increasing length at the 7,7-positions of the quinoline
rings on going stepwise from L9 to L11 and L12% destabiliz-
es the formation of discrete helicates in favor of intricate
mixtures of oligomeric and/or polymeric coordination aggre-
gates in slow exchange, a phenomenon reminiscent of the
modern concept of dynamic virtual combinatorial libraries
(DVCL)™® previously invoked during the formation of mix-
tures of polymeric complexes [M,(L10—2H);]., (M= Al, Ga,
Fe, Cr) obtained with a closely related bis-quinolinate
ligand."¥

Catching discrete neutral amphiphilic lanthanide triple-
stranded helicates: As often encountered in experimental
science, some intuitions precede a rational and theoretically
supported approach. Accordingly, we reasoned that the
presence of six terminal polarizable double bonds in [Ln,-
(L11-2H);] or six  thioether  substituents  in
[Ln,(L129—2H),] may contribute to the formation of intri-
cate mixtures of oligomers and polymers as a consequence
of nondirectional intra and intermolecular van der Waals in-
teractions. We therefore selected Ag', a soft d'° spherical ion
with no stereochemical preference, for interacting with the
sulfur atoms at both ends of the helicates in order to force
the self-organization of discrete helicates without competing
with the lanthanide cations for the occupancy of the triden-
tate binding units.”"! Two equivalents of AgOTf were thus
reacted with a suspension of each insoluble

Chem. Eur. J. 2011, 17, 184—-195
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[Lny(L12%-2H);] (Ln=La, Eu, Lu) polymeric complexes
in organic solvents (CH,Cl,, CH;OH, or THF). Complete
dissolution occurs, and leads to the exclusive detection of
[Ln,Ag,(L12“°-2H),]** (Ln=La, Eu, Lu) by ESI-MS (Fig-
ure S3 in the Supporting Information). The 'H NMR spectra
of these solutions show the quantitative formation (>95%
ligand distribution) of a single complex displaying seven sig-
nals for the aromatic protons witnessing the existence of a
threefold axis (Figure 2). The concomitant observation of a
singlet for the enantiotopic methylene protons (Ho) of the
diphenylmethane spacer and pseudo-sextets for the methyl-
ene protons (Hp) of the ethyl residues supports the putative
formation of the discrete Dj;-symmetrical triple-stranded
helicates [Ln,Ag,(L12®°—2H),]** (Ln=La, Eu, Lu) in solu-
tion, in line with ESI-MS data.

17.5 ppm
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Figure 2. '"H NMR spectra with numbering scheme of the triple-stranded
helicates a) [La,Ag,(L12°—2H),][OTf],, b) [Eu,Ag,(L12%—2H);][OTf],
and ¢) [Lu,Ag,(L12°-2H),][OTf], (CD,Cl,, 298 K).

The molecular weights of a complex in solution (MM)
can be estimated by using Equation (2), in which D¢ is its
translational self-diffusion coefficient determined by NMR
diffusion ordered spectroscopy (DOSY), pt. is the density of
the complex, while MMy =497.5 gmol™' Dy, and p} similar-
ly stand for the reference compound nBu,NOTf (Appen-
dix I).

MMe _ (D) o @
MM~ \Dc) ptl
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Assuming that the densities of the reference compound
and of the Ilipophilic complexes are comparable
(ot /oR = 1), the application of Equation (2) to the experi-
mental diffusion coefficients leads to MMEP"=3640-
(370) gmol™" (Table S2 in the Supporting Information) in
fair agreement with MM =3255, 3281, and 3327 gmol !
calculated for [Ln,Ag,(L12“°—2H),][OTf], with Ln=La,
Eu, Lu, respectively. In modern language,” we can write
that the addition of Ag' to the dynamic combinatorial libra-
ries produced by a mixture of Ln"™/[L12®-2H]*"=2:3 re-
sults in the stabilization of one specific complex to such an
extent that it is expressed quantitatively in dichloromethane
or methanol as the discrete assembly [Ln,Ag,(L12%—2H),]-
[OTAf],. Subsequent slow diffusion of diethyl ether into the
deep red solutions of the each of the complexes in methanol
yielded 80% of red crystals, which were dried under
vacuum to give microcrystalline powders, the elemental
analyses of which are compatible with
[Ln,Agy(L12°—2H);][OTf],-xH,O (Table S1).

Structure of the complex [La,Ag,(L12%—-2H);][OTf], in the
solid state: Crystals of the lanthanum complexes were found
to be suitable for X-ray analysis. The asymmetric unit con-
triple-stranded  helical

tains one independent cation

a)

[La,Ag,(L12—2H),]**, together with two anionic triflates
and some interstitial solvent molecules in agreement with
the global formula [La,Ag,(L12—-2H),]-
[OT(],-0.5 C4H,,0O-0.5 CH;0H (1, Figure 3, and Tables S3-S5
in the Supporting Information). Each lanthanum atom is
nine-coordinated by three head-to-head-to-head (HHH)
helically wrapped tridentate binding units providing two ter-
minal tripods, one formed by the three oxygen atoms of the
phenolates (Oppenr), and the second one containing the
three nitrogen atoms of the benzimidazole rings (Ny,,).
Each rectangular face of the resulting pseudo-trigonal prism
is capped by a nitrogen atom of a quinoline ring (N,
Figure 3 and Figure S4 in the Supporting Information). The
La—O and La—N bond lengths (Table 1) are standard,'” as
confirmed by the computed bond valences Vi, gonor
(Table 1), which compare well with those reported for the
nonsubstituted reference triple-helical complex [Nd,-
(L9—2H);] (Table 1).'" The La-La contact distance

(8.9131(9) A) is also close to that found for [Nd,(L9—2H),]
(9.02-9.05 A)."l The thorough quantitative analysis of the
geometry (Table S6 and Figure S4 in the Supporting Infor-
mation), and of the helicity of dinuclear lanthanide core in
[La,Ag,(L12°—2H),]** (Table S7 and Figure S5) shows no
significant

differences with those found for [Nd,-

Figure 3. a) Perspective color view of the molecular structure of [La,Ag,(L12®°—2H),]** approximately perpendicular to the pseudo-threefold helical
axis (strand A: blue, strand B: green, strand C: red). b) Associated ORTEP view using different gray scale intensities for the strands and showing the
numbering scheme for strand A. Ellipsoids are represented at 30 % probability level. The solvent molecules, the ionic triflates anions and the hydrogen
atoms have been omitted for clarity. The atoms numbered with italic fonts belong to strands B or C, while primed (or double-primed) atoms Agl’, Ag2”,
S1B’and S2 A” belong to the neighboring complexes related by inversion centers.
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Table 1. M- <M.>M distances, average M—N, M—O, and M-S distances, bond valences (VM.J-)["] and bond va-
lence sums (V)" in the crystal structure of [La,Ag,(L12°—2H);]** and of related complexes.
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S2C are not involved in the co-
ordination with Ag'". The disym-

[La,Ag,(L129—2H),**

A-[Ndy(L9—-2H);]

B-[Nd,(L9-2H);] metrical coordination of Ag'

Lal/Agl La2/Ag2 Nd2 Nd3 Ndl produces a severe distortion
Ln*szimlkll [[A]] 27823; 2-79(5()) 2-7256; 27124% 2-73233 from pseudo-threefold symme-
Ln—Ngu.' [A 2.72(3 2.715(5 2.66(3 2.63(1 2.65(1
Ln—OF [A] 2.46(1) 2.46(4) 241(1) 241(2) 239(1) try for the global tetranuclear
Ln-Ln [A] 8.9131(9) - 9.021(2) - 9.047(2) complexes - , ‘
Vi orim 0.24(2) 0.24(3) 0.25(3) 0.25(3) 0.24(2) [La,Ag,(L12°-2H),**  with
Vinnquin' ) 0.29(3) 0.294(4) 029(2) 0.314(8) 0.30(4) Agl (1914(1)A) and Ag2
Vinold 0.43(1) 0.44(4) 0.413(6) 0.42(3) 0.44(5) (1.758(1) A) being significantly
Via 2.89 291 2.84 2.96 2.94 X
Ag-0 [A] 2.4865(7) 25(1) - B B remote from the Lal--La2 di-
Ag-SY [A] 2.481(8) 2.484(4) - - - rection.
Ag-Ag [A] 15.559(2) - - - -
Ln“'ﬁ]g[“] [A] 3.75?1)(6) 379?0)(6) - - - Molecular dynamics for recon-
VAgO 0.14(3 0.17(5 - - - ore s .
VA;I‘” 0.376(9) 0373(4) - - - CIll'llg the solid-state and the so
Vs 1.02 1.09 B B B lution structures of
reference this work this work [15] [15] [15] [anAgz(L12C3_2 H);]1[OTf],:
[a] vy; = el®wi=i)/tl | whereby dyy; is the M—j (j=donor atom) distance. The valence bond parameters Ry y The Ds-symmetrical = structure

Ryio and Ry, 5, are taken from reference [23] and b=0.37 AblVy=% ;-2 [c.d] Each value is the average
of three [c] or two [d] bond lengths and the numbers in brackets corre$pond to the standard deviations of the
average values (the original uncertainties affecting each bond length are given in Table S4; bzim =benzimid-
azole and quin=quinoline). [e] Only the shortest intramolecular La--Ag distances are reported (Lal--Agl

and La2--Ag2).

(L9—2H),]."! We conclude that the axial substitution of
thioalkyl groups in [La,Ag,(L12<—2H);]** does not induce
significant distortions within the dinuclear triple-stranded
lanthanide-containing triple-helical portion, which can be
thus almost perfectly superimposed with [Nd,(L9—2H);]
(Figure S6).

The most striking feature in the crystal structure of 1 con-
cerns the unsymmetrical coordination of the silver cations
located at each extremity of the triple-stranded helical core.
Each Ag atom is coordinated by two oxygen atoms of the
phenolates (weak interactions, Table 1) and by two sulfur
atoms of the thioether groups (strong interactions, Table 1).
The four donor atoms contributing to the Ag coordination
sphere adopt a highly distorted tetrahedral arrangement and
belong to two different helical [La,Ag,(L12%~2H);]** com-
plexes related by an inversion centre, thus forming infinite
linear coordination polymers along the [111] direction in the
crystalline state (Figure 4 and Figure S7 in the Supporting
Information). Two successive monomeric triple-helical cat-
ions within the polymeric chain are bridged by two intermo-
lecular Ag—S bonds, while the two sulfur atoms S1A and

Figure 4. View of a segment (3 units) of the linear polymeric chains of
[La,Ag,(L12—2H);]** perpendicular to the [111] direction.
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evidenced in solution by NMR
spectroscopy  for  [La,Ag,
(L12®—2H),]** contrasts with
the polymeric organization
found in the crystalline state, in
which the silver cations are un-
symmetrically bound to sulfur and oxygen atoms. To recon-
cile these two patterns, we performed MD simulations in
the gas phase and in CH,Cl,. A first 20 ns MD gas phase
simulation of [La,Ag,(L12—2H);]** performed after a pre-
liminary energy minimization of the structure, indicates that
the complex exists as a discrete entity, but its overall triple-
helical shape remains globally unchanged (Figure 5a). The
flexible terminal thioalkyl side chains are curled up as a
direct consequence of the in vacuo model, which prevents
significant dispersion of the aliphatic chains. Except for a
slight lengthening of the La—O,.,, bonds, the geometrical
characteristics of the gas phase simulated lanthanide-con-
taining triple-stranded helical core in
[La,Ag,(L12°~2H),]** (Table 2 and Table S8 in the Sup-
porting Information) closely resemble those found in the
solid state (Table 1 and Table S4 in the Supporting Informa-
tion).

The crucial difference arises from the removal of any sig-
nificant Ag—O,peno interaction in the gas phase (Figures S8
and S9 in the Supporting Information), while the MD simu-
lations show that merely two Ag—S bonds (criterium for
Ag—S bonding <4 A) can simultaneously exist in the gas
phase (Figure 6a and Figure S10 in the Supporting Informa-
tion). Each silver cation cannot simultaneously be involved
in three Ag—S bonds; however, the bound sulfur atoms are
regularly exchanged during the 20 ns simulation, thus pro-
ducing a highly dynamic and evenly balanced coordination
sphere around Ag'. The average total time during which
each Ag—S distance is shorter than 4 A during the 20 ns of
the MD simulation in the gas phase amounts to 16.8 ns per
sulfur atom. Assuming that 1) a sulfur atom that spends
20 ns coordinated to Ag' contributes a value of 1 to the co-
ordination number (CN) and 2) there are six sulfur atoms
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Figure 5. Optimized structures of [La,Ag,(L12®—2H),]** after 15 ns MD
simulation, a) in the gas phase and b) in CH,Cl,, highlighting the effect
of solvent on the peripheral alkyl chains.

Table 2. La--La distances, average La—N and La—O distances, bond va-
lences (v,))" and bond valence sums (V) in [La,Ag,(L12€—2H),**
simulated by MD (20 ns) in the gas phase and in CH,CL,.

Gas phase Solution

Lal La2 Lal La2
La—Ny, [A] 2.79(4) 2.79(4) 2.82(1) 2.82(2)
La—N_,;, [A] 2.75(2) 2.76(2) 2.77(1) 2.77(1)
La—OF [A] 2.57(2) 2.56(3) 2.58(0) 2.57(1)
La-La [A] 10.02) - 9.8(3) -
VL aN(ozim) 0.24(3) 0.24(3) 0.223(9) 0.26(1)
VL aN(quin) " 0.27(1) 0.26(1) 0.257(4) 0.250(8)
Va0 0.32(2) 0.33(3) 0.31(1) 0.32(1)
Via 2.48 2.49 2.37 2.38

[a] vy,; = elFei=@i)/P)  whereby d,; is the La—j (j=donor atom) distance.
The valence bond parameters R,y and Ry, are taken from ref. 23 and
b=037 A. [b] Vi, = S v1,;.®! Though the latter parameters are only
valid for solid-state stfuctures, we compute similar data for MD simula-
tions in the gas phase and in solution for comparison purpose. [c] Each
value is the average of three bond lengths and the number in brackets
corresponds to the standard deviation of the average (the original uncer-
tainties affecting each bond length are given in Table S8 Supporting In-
formation; bzim =benzimidazole and quin=quinoline).

accessible to two Ag' in the complex, we easily deduce an
average coordination number per silver cation of CN=
[(16.8x6)/20]/2=2.5. Performing the same MD simulation
for [La,Ag,(L12°—2H),]** within a box of explicit di-
chloromethane molecules for modeling the solvent (see Ex-
perimental Section) leads to globally similar results as those
found in the gas phase (Table2 and Figure 6b; and Fig-
ure S11-S13 and Table S8 in the Supporting Information).
Solvent effects are however easily identified, since the
bond-valences vy, 4onor and bond-valence sum Vi, for each
La™ are significantly reduced (Table 2). Moreover, the thio-

190 —— www.chemeurj.org

© 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

&®
=3

16 16
<12 <12
< <
Z 8 7 8 | '
= =0 | i 4
< 4 Rl S P T | | P L
0 0
0 4 8 12 16 20 0 4 8 12 16 20
16 16
< =
512 212 ‘m%
8 2° |
) =
= 4M % 4&—1-..—».-1«»—“
0 0

-k
(2]
-
o

Agl-S1C /A
>
Agl-SIC /A
)
—
-
—

(=T ]

0 4 8 12 16 20 0 4 8 12 16 20

t/ns tins

Figure 6. Variation in Agl-Sn (n=1A, 1B and 1C) distances [A] for
[La,Ag,(L12%—2H);]*" a) in the gas phase and b) in CH,Cl, during the
20 ns of the MD simulations.

alkyl chains are now solvated by CH,Cl, and adopt extend-
ed conformations (Figure Sb), which induce larger ampli-
tudes for the Ag—S distances. Again, the coordination
sphere around Ag' is highly dynamic in CH,Cl,, and we cal-
culate an average coordination number of CN=1.5 from
the 20 ns MD simulation. Since the timescale of sulfur ex-
change process in solution is at least 3-5 orders of magni-
tude faster than the typical 'H NMR millisecond timescale,
we conclude that the average D;-symmetry observed by
'"H NMR spectroscopy for [La,Ag,(L12°—~2H),]** in solu-
tion corresponds to a dynamic dimetallic tetranuclear triple-
stranded helicates, in which the Ag' are located on the heli-
cal axis and coordinated to three fast interchanging sulfur
atoms.”! Finally, the building of the Connolly surface!
around the simulated structure of [La,Ag,(L12°—2H);]** in
CH,Cl, (Figure S15 in the Supporting Information) leads to
an estimation of its molecular volume in solution (V2=
3324 A%), which closely matches the experimental pseudo-
spherical hydrodynamic volume determined by DOSY-
NMR spectroscopy in CD,Cl, (VH =2855(195) A%, Table S2
in the Supporting Information), in line with a globular be-
havior of this nanometric object in solution.?>

Toward an inductive approach for the stabilization of am-
phiphilic dinuclear lanthanide triple-stranded helicates with
flexible axial substituents: Despite the connection of six
linear 4-thioheptyl chains, neither the polymeric insoluble
complexes [Ln,(L12°—2H),].., nor its discrete derivative
[La,Ag,(L12°—2H),][OTf], display thermotropic liquid
crystalline properties, which points to an insufficient micro-
segregation induced by these amphiphilic molecules. To cir-
cumvent this limitation, a common strategy in material sci-
ence relies on the systematic extension of the alkyl chains.!"")
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MD simulations were then performed for
[La,Ag,(L12“"—2H),;]** grafted with alkyl chains of increas-
ing length (n=1, 3, 6, 9, 12). In all cases, the dinuclear
triple-helical lanthanide core remains intact in the gas phase
and in CH,Cl, during the 20 ns simulation. The only signifi-
cant changes concern the stepwise increase of the La—O jcno1
bond lengths associated with the steric bulk produced by
longer alkyl chains (Figure 7 and Table S9 in the Supporting
Information). Along the complete series
[La,Agy(L12¢"—2H);]*" (n=1, 3, 6, 9, 12), no significant
Ag—Oypeno interaction could be evidenced by MD (Fig-
ure S16 and S17 in the Supporting Information), while Ag—S
close contact distances (<4 A considered as bonding inter-
actions) are systematically observed in the gas phase (Fig-

Figure 7. Optimized structures of [La,Ag,(L12°>~2H),]** obtained by
MD simulations, a) in the gas phase (20 ns) and b) in CH,Cl, (5 ns) high-
lighting the effect of solvent on the conformation of the peripheral alkyl
chains.

Chem. Eur. J. 2011, 17, 184—-195
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ure 8a and Figure S18 in the Supporting Information) de-
spite the increasing bulk of the Ag' coordination sphere
with longer terminal alkyl chains.
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Figure 8. Variation in Agl—Sn (n=1A, 1B and 1C) distances [A] for
[La,Agy(L12€>—2H);]** a) in the gas phase (20 ns) and b) in CH,Cl,
(5 ns) during the MD simulations.

Contrary to the behavior found for
[La,Ag,(L12—2H),]** (Figure 6), the unbound sulfur atom
for n=6, 9, and 12, do not oscillate between bound and non-
bonded positions and remain distant (8 A) from the silver
cations in [La,Ag,(L12“~2H),]** (Figure 8a and Figure S8
in the Supporting Information). The two remaining sulfur
atoms that interact with Ag', lie in the coordination sphere
during the complete gas-phase MD simulation. The slowing
down of the dynamic exchange for the thioether groups
around Ag' results from the considerable energy needed to
move and rearrange long aliphatic chains, which are tightly
packed in the gas phase. In CH,Cl,, in which the flexible
alkyl chains are efficiently solvated and adopt extended con-
formation (Figure 7b), MD simulations show that for n=6,
9, and 12, the Ag' ions once and for all leave the complex
during the first nanosecond and stay in the bulk solution
(Figure 8b and Figure S19 in the Supporting Information).
We deduce that the favorable interaction of the sulfur atoms
with the electrostatic potential of the silver cation is ob-
tained at the cost of some loss in solvation of the alkyl
chains in CH,Cl,. For small chains in
[La,Agy(L12¢"—2H),]** (n=1-3), the energetic penalty
brought by incomplete solvation is small enough to quantita-
tively form discrete dimetallic helical complex in solution
upon addition of Ag'". For (n=6-12), MD predicts that Ag'
is not able to efficiently interact with [Lay(L12"—2H),] to
form [La,Ag,(L12“"—2H);]** as a stable complex in solu-
tion. Indeed, the experiment confirms this prediction. We
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treated ligand L12°? (3equiv) with La(OTf);3H,0
(2 equiv) in aprotic CH,Cl/CH;CN mixture containing
nBu,NOH (6 equiv) according to the equilibrium given in
Equation (1). As previously described for
[Lay(L12%—2H),], a red precipitate is readily formed. Evap-
oration to dryness followed by complete redissolving in pure
dichloromethane gives a clear red solution, the 'H NMR
spectrum of which at any accessible temperature shows
some well-resolved signals for the [nBu,N]* ion, but only
very weak and broad signals for the protons of the com-
plexed ligands. This is compatible with the formation of an
intricate mixture of soluble, but slow exchanging oligomers
and polymers in solution (Figure 9a and Figure S20 in the
Supporting Information). The addition of a stoichiometric
amount of AgOTf (2 equiv) into the solution slightly im-
proves the situation with the emergence of well-resolved
'H NMR signals (Figure 9b), which witness the formation of
the discrete D;-symmetrical triple-stranded helicate
[La,Ag,(L12°"*~2H),]**. The associated ESI-MS spectrum
unambiguously confirms the formation of
[La,Ag,(L12°2—2H),]** as the only cationic species formed
in significant quantity (Figure S21 in the Supporting Infor-
mation). However, when [La,Ag,(L12°—2H);]** is quanti-
tatively obtained in solution at millimolar concentration in
CD,Cl,, the integration of the '"H NMR spectrum indicates
that only 25% of the ligand speciation contributes to the
formation of [La,Ag,(L12“*~2H);]*" in solution, while the
remaining 75% contributes to the background mixture of
uncharacterized polymers. As inferred from MD simula-

a) OH

HasCis§

b)

c,d
h

f e | b
x20 L.MJ

CHDCI,

0l

9.0 7.5 6.0 45 3.0 L5
&/ ppm

Figure 9. '"H NMR spectra with numbering scheme of a) the mother poly-
meric mixture of [La,(L12¢>~2H),] and b) after treatment with AgOTf
(2 equiv) indicating the formation of [La,Ag,(L12°>—2H),]** (CD,Cl,,
298 K, * =signal of [nBu,N]*).
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tions, we conclude that the use of Ag' as a bait for extracting
these discrete nanometric lanthanide complexes from the
mother polymeric mixture is indeed limited to thioether
with short alkyl chains.

Conclusion

As previously described by Douce, Ziessel, and co-workers
in their pioneering work dedicated to the design of the am-
phiphilic double-stranded helicates [Cu,(Lk),][BF,], (k=13-
15) displaying (lamello)columnar mesomorphism, the con-

H33C160 OCi6Hs3
O O
H33C160 I X OC6H33
OCeHs3 X= N? :L13 OCj6H33

nection of long alkyl chains at the termini of the ligand
strand severely limits the stability of the final complexes.”!
This effect is even more dramatic for the triple-stranded hel-
icates [Lny(L12”"—2H);] (n=3, 12), for which the axial con-
nection of flexible thioalkyl chains produces intricate and
poorly soluble mixtures of complexes displaying broad
"H NMR spectra, a behavior indicative of mixtures of slowly
exchanging hybrid oligomers/polymers.

The addition of Ag' has beneficial consequences in trans-
forming the noncontrolled van der Waals interactions
brought by the flexible chains into some specific and direc-
tional Ag—S interactions. The dimetallic tetranuclear triple-
stranded helicates [Ln,Ag,(L12°—2H);]*" can be thus ob-
tained quantitatively at millimolar concentration, and fur-
ther crystallized in good yield. Interestingly, the crystalline
structure shows the formation of a linear polymeric chains,
in which the neutral triple-stranded cores [La,(L12®—2H);]
are connected along the [111] direction by coordinated Ag'
cations. In solution, the higher average D;-symmetry found
for the discrete complexes [Ln,Ag,(L12°—2H),]** results
from fast exchange of the coordinating sulfur atoms. In this
context, MD performed in the gas phase and in explicit sol-
vent proved to be a useful tool for predicting and rationaliz-
ing the nature of the Ag—S interactions. Due to the less fa-
vorable energetic balance predicted by MD for approaching
longer chains, the same ‘fishing’ procedure applied to 4-thio-
hexakaidecyl chains in [Ln,(L12°>~2H),] only gives 25%
of [Ln,Agy(L12°2—2H);]** in solution as measured by
'"H NMR spectroscopy; the major part of the ligand distribu-
tion remaining in the form of slow exchanging polymers.
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With this predictive approach at hand, we screened several
monovalent cations exhibiting potential interactions with
the sulfur atoms of the side chains. By experiment, we found
no templating activity for hard alkaline cations (M=Li",
Na® and K*), while the softer Cu' cation produces only
faint ESI-MS motives compatible with its incorporation
within the lanthanide helical complexes (Figure S22a in the
Supporting Information). Interestingly, MD simulation sug-
gested some favorable interactions with TI', but weaker than
those theoretically simulated for Ag'. Experimentally, we
indeed observed the partial extraction of
[La,TL(L12% -2 H),]** from the reaction of
[La,y(L12%—2H);] with TIOTf (ESI-MS, Figure S22b), but in
negligible proportions (‘H NMR spectroscopy) compared
with the same procedure using Ag' (Figure 9 and Fig-
ure S22¢ in the Supporting Information). Although the ulti-
mate goal of producing molecular interfaces perpendicular
to the helical axis in the amphiphilic lanthanide-containing
triple-stranded helicates [Ln,(L12*~2H),] only partially
succeeded, the strategy of using Ag' as a bait for soft sulfur
atoms introduced by a simple click thiol-ene radical reac-
tion into the long flexible alkyl chains, proved to be valid
providing that geometrical parameters are adapted to maxi-
mize the favorable enthalpic contribution brought by this
extra complexation process. Further work along these lines
will take advantage of predictive MD simulations for opti-
mizing the position of the sulfur atom within the chain with
respect to the best templating cation.

Experimental Section

General: Chemicals were purchased from Acros, Alfa Aesar, and Al-
drich, and used without further purification unless otherwise stated. The
trifluoromethanesulfonate salts Ln(CF;S0;);xH,0 were prepared from
the corresponding oxide (Aldrich, 99.99%).”” The Ln contents of solid
salts were determined by complexometric titrations with Titriplex III
(Merck) in the presence of urotropine and xylene orange.”® Acetonitrile
and dichloromethane were distilled over calcium hydride. Methanol was
distilled over Mg(OCHs),. Silica gel plates Merck 60 F254 were used for
thin layer chromatography (TLC) and Fluka silica gel 60 (0.04—
0.063 mm) was used for preparative column chromatography. The ligand
L9 was prepared according to literature.™”)

Preparation of bis(tridentate)vinyl ether: Anhydrous K,CO; (1.87 g,
13.50 mmol) and a catalytic amount of KI (100 mg) were added to a solu-
tion of L9 (0.80 g, 1.35 mmol) and 3-chloropropene (0.83 g, 10.80 mmol)
in acetone (200 mL). The reaction mixture was stirred at 70°C for two
days under a nitrogen atmosphere. The reaction mixture was evaporated
to dryness and the resulting yellow solid was partitioned between
CH,Cl,/H,O (100 mL:100 mL). The aqueous phase was separated, then
extracted with CH,Cl, (3x150 mL). The organic layers were gathered,
dried over anhydrous MgSO,, filtered and evaporated to dryness. The
product was purified by column chromatography (silica gel (120 g),
CH,Cl,/MeOH 100:0—98:2) to yield 0.72 g (1.07 mmol, yield: 80%) of
bis(tridentate)vinyl ether as a yellow solid. "H NMR (400 MHz, CDCl,):
0=1.62 (t, J=6.9 Hz, 6H), 4.34 (s, 2H), 4.81 (d, *J=5.5Hz, 4H), 5.15
(g, *J=6.9 Hz, 4H), 5.40 (m, 2H), 5.56 (m, 2H), 6.21-6.31 (m, 2H), 7.12
(dd, 3J=7.5Hz, 4 =1.2 Hz, 2H), 7.29 (dd, */=7.5 Hz, 4J=1.2 Hz, 2H),
7.41-7.53 (6H, m), 7.79 (2H, s), 8.25 (d, *J=8.8 Hz, 2H), 8.61 ppm (d,
3J=8.8 Hz, 2H); ESIMS (CH,Cl/MeOH 9:1): m/z: 671.8 [M+H]*,
1342.6 [2M+H]*, 2013.4 [3M+H] ™.
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Preparation of L11: Bis(tridentate)vinyl ether (0.20 g, 0.30 mmol) was
heated at 170°C under an inert atmosphere for 12 h in absence of solvent
to give 0.20 g (0.30 mmol, yield: 100%) of L11 as a gray-brown solid.
"H NMR (400 MHz, CDCLy): 6=1.71 (t, *J=7.1 Hz, 6H), 3.69 (dt, °J=
6.5 Hz, 4J=1.5 Hz, 4H), 435 (s, 2H), 4.90 (q, */=7.1 Hz, 4H), 5.13-5.21
(m, 4H), 6.08-6.18 (m, 2H), 7.32 (dd, *J=8.4 Hz, 4J=1.6 Hz, 2H), 7.39
(d, *J=8.4Hz, 2H), 743 (d, *J=8.4 Hz, 2H), 744 (d, *J=8.4 Hz, 2H),
7.79 (2H, s), 8.00 (2H, s), 829 (d, */=8.7 Hz, 2H), 8.55 ppm (d, *J=
8.7 Hz, 2H); ESIMS (CH,ClL,/MeOH 9:1): m/z: 671.8 [M+H]*, 1342.6
[2M+H]*; elemental analysis caled (%) for CzHyNO,-0.38H,0: C
76.22, H 5.77, N 12.40; found: C 76.25, H 5.55, N 12.11.

Preparation of L12: Finely ground ligand L11 (0.154 g, 0.23 mmol) was
suspended in dioxane (2 mL) and a large excess of 1-propanethiol (2 mL)
was added. The reaction mixture was heated at 75°C under a nitrogen at-
mosphere, and a catalytic quantity of azobisisobutyronitrile (AIBN;
5 mg) was added. After 4 h., 5 mg more AIBN were added. After a total
reaction time of 12 h, the starting product was entirely consumed (TLC:
CH,Cl,/MeOH 95:5). The solution was evaporated to dryness and the re-
sulting yellow solid was dried under vacuum. The crude product was pu-
rified by column chromatography (silica gel (50¢g), CH,ClL/MeOH
100:0—99:1). Slow evaporation of the isolated amorphous solid in
CH,Cl,/MeOH (12.5 mL:12.5 mL) gave pale yellow crystals L12, which
were filtered, washed with cold MeOH and dried under vacuum (0.135 g,
0.17 mmol, yield: 76%). '"H NMR (400 MHz, CDCL): 6=1.01 (t, *J=
7.3 Hz, 6H), 1.64 (sext, *J=7.4 Hz, 4H), 1.72 (t, */=7.1 Hz, 6H), 2.07 (q,
*J=7.4Hz, 4H), 2.55 (1, J=7.4 Hz, 4H), 2.64 (t, *J=7.4 Hz, 4H), 3.02 (t,
*J=7.4Hz, 4H), 435 (s, 2H), 4.90 (q, */=7.3 Hz, 4H), 7.30-7.47 (m,
8H), 7.80 (s, 2H), 7.99 (s, 2H), 8.29 (d, */=8.6 Hz, 2H), 8.54 ppm (d,
3J=8.6 Hz, 2H); "CNMR (100 MHz, CDCl;): 6=13.55, 15.43, 23.03,
29.21, 29.76, 31.76, 34.21, 40.77, 42.25, 109.89, 117.54, 120.27, 122.03,
124.24, 125.36, 126.49, 130.55, 134.94, 136.67, 136.75, 137.06, 143.08,
148.19, 149.22, 149.26 ppm; ESIMS (CH,ClL,/MeOH 9:1): mi/z: 824.1
[M+H]*, 16473 [2M+H]*; elemental analysis caled (%) for
C4H5,NO,S,-1.66 H,O: C 68.99, H 6.77, N 9.85; found: C 68.98, H 6.46,
N 9.77.

Preparation of L12°": Finely ground ligand L11 (0.10 g, 1.49 x 10~* mol)
was suspended in dioxane (1 mL) and a large excess of 1-propanethiol
(1 mL) was added. The reaction mixture was heated at 75°C under a ni-
trogen atmosphere, and a catalytic quantity of AIBN (5 mg) was added.
After 4 h., 5 mg more AIBN were added. After a total reaction time of
12 h, the entire starting product was consumed (TLC: CH,Cl,/MeOH
95:5). The solution was evaporated to dryness and the resulting yellow
waxy solid was dried under vacuum. The crude product was purified by
column chromatography (silica gel (50 g), CH,Cl,/MeOH 100:0—99:1) to
yield 0.12 g (1.12x107* mol, yield: 75%) of L12°"* as a yellow solid.
'HNMR (400 MHz, CDCL): 6=0.90 (t, */=7.0 Hz, 6H), 1.22-1.45 (m,
36H), 1.61 (quint, ’J=7.4 Hz, 4H), 1.72 (t, /=72 Hz, 4H), 2.07 (quint,
*J=7.4Hz, 4H), 2.56 (t, '/ =7.4 Hz, 4H), 2.64 (t, ’J=7.4 Hz, 4H), 3.02 (t,
*J=74Hz, 4H), 435 (s, 2H), 490 (q, J=7.2Hz, 4H), 7.31 (dd, *J=
8.5Hz, 41=1.4Hz, 2H), 7.38 (d, *J=7.4 Hz, 2H), 7.41-7.47 (m, 4H),
7.79 (s, 2H), 7.98 (s, 2H), 8.29 (d, *J=8.7 Hz, 2H), 8.54 ppm (d, *J=
8.7 Hz, 2H); “C NMR (100 MHz, CDCl,): 6 =14.12, 15.44, 22.69, 28.97,
29.21, 29.28, 29.35, 29.55, 29.62, 29.64, 29.67, 29.73, 29.74, 31.80, 31.92,
32.16, 40.80, 42.26, 109.88, 117.54, 120.28, 122.06, 124.26, 125.38, 126.51
130.58, 134.96, 136.67, 136.78, 137.08, 143.08, 148.21, 149.23, 149.27 ppm;
ESIMS (CH,CL,/MeOH 9:1): m/z: 1076.6 [M+H]*; elemental analysis
caled (%) for Cy;HyN4O,S,-1.53H,0: C 72.95, H 8.50, N 7.62; found: C
72.90, H 8.37, N 7.98.

Preparation of the complexes [Ln,(L11-2H);] (Ln=La, Lu): Ligand
L11 (20mg, 2.98x10°mol, 3equiv) and Ln(OTf);xH,0 (2.00x
10~ mol, 2 equiv) were suspended in CH;CN (50 mL) and sonicated
until complete dissolution of L11 (30 min). nBu,NOH-30H,0 (47.68 mg,
5.96x107° mol, 6 equiv) in CH;CN (20 mL) were added. The resulting
mixture was stirred at RT for one hour. The solution was then evaporat-
ed to dryness and the crude product dried under vacuum at 50°C for
24 h. The red powder was solubilized in [Dg]DMSO for '"H NMR analy-
sis.
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Preparation of the complexes [Ln,Ag,(L12°—2H),][OTf], (Ln=La, Eu,
Lu): Ligand L12° (20 mg, 2.43x107° mol, 3 equiv) was dissolved in
CH,CL/CH;CN  (25mL:25mL). Ln(OTf);xH,0 (1.63x10~° mol,
2 equiv) and nBu,NOH-30H,O (38.9 mg, 4.86x 107" mol, 6 equiv) were
added and a red precipitate rapidly formed. The suspension was stirred
at RT for one hour, evaporated to dryness and dried under vacuum. The
red insoluble precipitate was suspended in MeOH and sonicated in order
to completely solubilize nBu,OTf. The red precipitate was filtered,
washed with MeOH and dried under vacuum. Elemental analysis of
these insoluble amorphous precipitates revealed stoechiometries compat-
ible with [Lny(L12~2H),] (Ln=La, Eu, Lu) formulae (Table S1 in the
Supporting Information). The precipitate was suspended in CH,Cl,/
MeOH (25 mL:25 mL) and AgOTf (4.2 mg, 1.63x 107> mol, 2 equiv) was
added. After 24 h stirring at RT, the precipitate was completely dissolved
and the limpid orange solution was evaporated to dryness. The orange-
red solid was dissolved in methanol, and then crystallized by slow diffu-
sion of diethyl ether. Crystals were filtered and dried under vacuum to
yield [La,Agy(L12%—2H);][OTf],,xH,0 (Ln=La, Eu, Lu) complexes as
red crystals (80 %, Table S1 in the Supporting Information). Suitable X-
ray quality crystals of [La,Ag,(L12°—~2H);][OTf],-0.5 C,H;,0-0.5 CH;OH
were obtained by using this method, but without final drying.

Preparation of the complexes [Ln,(L12°2—2H);] (Ln=La, Lu): Ligand
L12¢"* (26.14 mg, 2.43x10°mol, 3equiv) was dissolved in CH,Cly/
CH,CN (25 mL:25mL). Ln(OTf);xH,0 (1.63x107° mol, 2 equiv) and
nBu,NOH-30H,0 (38.9 mg, 4.86x 107> mol, 6 equiv) were added into this
colorless solution. The resulting deep red solution was stirred at RT for 1
hour, evaporated to dryness and dried under vacuum to give a red waxy
solid. The crude solid was solubilized in CD,Cl, for '"H NMR analysis.

Preparation of the complexes [Ln,Ag,(L12°”—2H),][OTf], (Ln=La,
Lu): Ligand L12" (26.14 mg, 2.43x107° mol, 3 equiv) was dissolved in
CH,Cl,/MeOH (25 mL:25 mL). To this colorless solution, Ln(OTtf);-xH,O
(1.63x107° mol, 2 equiv), AgOTf (4.2 mg, 1.63x107> mol, 2 equiv) and
nBu,NOH-30H,O (38.9 mg, 4.86x107° mol, 6equiv) were added. The
orange-red solution was stirred at RT for 1 hour, evaporated to dryness
and dried under vacuum yielding an orange-red waxy precipitate. The
crude solid was solubilized in CD,Cl, for '"H NMR analysis.

Spectroscopic and analytical measurements: 'H and “C NMR spectra
were recorded at 298 K on a Bruker Avance 400 MHz spectrometer.
Chemical shifts are given in ppm with respect to TMS. The self-diffusion
coefficients in solution (CD,Cl,, 298 K) were determined by using diffu-
sion-ordered spectroscopy (DOSY-NMR). The pulse sequence used was
the Bruker pulse program ledbpgp2s,?) which employs stimulated echo,
dipolar gradients and longitudinal eddy current delay as the z filter. The
four 2 ms gradient pulses have sine-bell shapes and amplitudes ranging
linearly from 2.5 to 50 Gem™' in 32 steps. The diffusion delay was in the
range 60-140 ms depending on the analyte diffusion coefficient, and the
number of scans was 32. The processing was done using a line broadening
of 5Hz and the diffusion coefficients were calculated with the Bruker
processing package. Pneumatically-assisted electrospray (ESI-MS) mass
spectra were recorded from 10~*m solutions on an Applied Biosystems
API 150EX LC/MS System equipped with a Turbo Ionspray source®. Ele-
mental analyses were performed by Dr. H. Eder from the Microchemical
Laboratory of the University of Geneva.

X-ray crystallography: Summary of crystal data, intensity measurements
and structure refinements for [La,Ag,(L129—2H);]-
[CF;S05],-0.5 C,H,,0-0.5CH;0H are collected in Table S3 in the Sup-
porting Information. The crystal was mounted on a quartz fiber with pro-
tection oil. Cell dimensions and intensities were measured at 150 K on a
Stoe IPDS diffractometer with graphite-monochromated Mo, radiation
(4=0.71073 A). Data were corrected for Lorentz and polarization effects
and for absorption. The structure was solved by direct methods
(SIR97),* all other calculation were performed with SHELXL975! and
ORTEP?? programs. CCDC-794654 contains the supplementary crystal-
lographic data for this paper. These data can be obtained free of charge
from The Cambridge Crystallographic Data Centre via www.ccdc.cam.
ac.uk/data_request/cif.

Comments on the crystal structure of [La,Ag,(L12%°-2H)]-
[CF3S0;],:0.5 C4H,,0-0.5 CH;0H: All hydrogen atoms were calculated
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and fixed. No significant hydrogen bonding or stacking interactions were
detected. Two ethyl groups bound to benzimidazole rings (C48B-C49B
and C46B-C47B), two terminal alkyls chains (C43B-C45B and C43C-
C45C) and one ionic triflate (S2T) were disordered and were refined
with Uiso. Two half molecules of solvent (Et,0O and CH;OH) were pres-
ent in the asymmetric unit. They were refined with Uiso and with popula-
tion parameters of 0.5.

Molecular dynamics (MD) methodology

Force field: Al MD simulations were carried out with the AMBER 9
softwarel® and the generalized Amber force field (GAFF) parameters.*!
Atomic charges on ligands were calculated with the CHelpG method®!
by fitting the electrostatic potential derived from HF/6-31G* calculations.
The Lennard-Jones parameters used for La™ were R¥ =2.105 A and
£1,=0.06 kcalmol . These parameters were developed to reproduce the
free energy of hydration of this cation.?™ The Lennard-Jones parameters
for Ag' were R%,=1.600 A and &,,=0.345 kcalmol ', while for TI' R;=
1.960 A and e;;=0.355 kcalmol ™' were used. The nonbonded cut-off was
set to 12.0 A.

Gas-phase molecular dynamics simulations. Using the conjugated gradi-
ent algorithm, an energy minimization of 2000 steps was performed. The
system was heated up to 300 K during the first 50 ps of the simulation.
After a 950 ps simulation to let the system equilibrate, a 19 ns simulation
was performed with the SANDER program within the AMBER9 pack-
age.

Molecular dynamics simulations in solution (CH,Cl,): The complexes
were solvated by a truncated octahedron box of dichloromethane mole-
cules. The long-range electrostatic interactions were treated with the par-
ticle-mesh Ewald method (PME)® and periodic boundary conditions
were applied. The ff03 modified version® of the parm99 force filed was
used for the solvent molecules. The SHAKE algorithm was used to con-
straint bonds involving hydrogen atoms.*”’ The PMEMD program was
used for the MD in solution. Like in the gas phase dynamics, an initial
energy minimization of 2000 steps using the conjugated gradient algo-
rithm was performed. During the initial 50 ps of the simulation, the
system was heated up to 300 K at constant volume (NVE). This was fol-
lowed by 950 ps simulation at constant pressure (NPT) to equilibrate the
system at 300 K and 1.0 atm. Production runs were performed up to 20 ns
(except for complex [La,Ag,(L12°>~2H),]**, 5 ns) of the total simula-
tion duration in the NPT ensemble with a 2 fs time step.
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