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Chapter 1. State of the art

1. Self-assembly

1.1. General concepts

Unlike molecular chemistry which involves non dynamic covalent bonds, supramolecular chemistry is based
on the assembly of molecules through weak dynamic bonds. Several weak intermolecular interactions can be
considered in the context of supramolecular chemistry and are depicted in Table 1. They constitute a complete
toolbox that allows for the construction of complex supramolecular structures, allowing the implementation of
two founding concepts of supramolecular chemistry, namely "host-guest chemistry (molecular receptors)" and

"self-assembly".

Interaction Energy (kJ x mol?) Example

Ion-ion 100-350 Sodium chloride

Ion-dipole 50-200 Crown ether - Na*

Coordination bond 50-200 Transition metal complexes

Hydrogen bond 4-120 DNA

Cation-n 5-80 K* in benzene

Anion-n 20-50 Cl- with trifluoro-1,3,5-triazine

Dipole-dipole 5-50 Acetone

n-n 0-50 Benzene and graphite

Van der Waals <5 Long alkyl chains

Hydrophobic interactions Depends on the solvent Inclusion compounds with
cyclodextrins

Table 1: Typical supramolecular interactions

Beyond preorganization, lies the design of systems undergoing self-organization, that are, systems capable of
spontaneously generating a well-defined (functional) supramolecular architecture by self-assembly from their
components under a well-defined set of conditions.! To achieve such transformation, the system must be able
to dynamically organize and disorganize in a reversible manner. This reversibility allows the system to correct
itself and only the most thermodynamically stable product is obtained at the end. In this process, entropy
favors formation of the discrete systems with a minimum number of components. These factors allow obtaining

metallocycles with high yields in just one step.

1.2. Example of self-assembled discrete structures

One interaction that has been widely utilized for the construction of self-assembled structures is the hydrogen
bond. A well-established natural example is the DNA double-helix where the geometric and electronic
complementarity of the nucleotides allows a precise pairing by a combination of hydrogen bonding and n-n

interactions between components of both strands.?
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Chapter 1. State of the art

The reversible nature of the hydrogen bonds was also explored for the construction of synthetic molecular
receptors. Representative examples are provided in Figure 1. For example, Reinhoudt et al. reported the self-
assembly of melamine-modified calix[4]arene with barbiturate or cyanurate (molecules 1.1) that can
encapsulate planar aromatics by n-stacking.? Mendoza et al. reported the self-complementary dimer cage 1.2
based on the modified cyclotriveratrylene scaffold.* Another interesting example was reported by Therrien et

al. with the self-assembly formed by the combination of metal coordination and hydrogen bonding 1.3.>

Figure 1. Self-assemblies provided by hydrogen bonds.3>

A second kind of interaction that is widely exploited is the dynamic covalent bond. In general case, covalent
bonds are too strong to assemble-disassemble under normal conditions. Yet, there is a multitude of bond-
forming chemical reactions in the organic chemistry that are reversible at room temperature and can be
applied to create complex moieties. Illustrative examples of those dynamic reactions are imine condensation

(1.4), boronic ester formation (1.5), metathesis reactions (1.6), etc. (Figure 2).

12



Chapter 1. State of the art

Figure 2. Self-assembled structures based on dynamic covalent bonds.®

1.3. Coordination-driven self-assembly

One other interaction which occupies a predominant place in the supramolecular chemistry is the coordination
bond. It happens between a Lewis acid (electron acceptor, the metal) and a Lewis base (electron donor, L or
X, the ligand) and has reasonably high bond energy (50-200 kJxmol). The variety of intrinsic geometries of
metal coordination and kinetic reversibility of coordination bonds allows to create great variety of edifices. The
first example of a discrete metal-driven self-assembled receptor was reported by Fujita et al. in 1990.7 A
molecular square was obtained by self-assembly of 4,4'-bipyridine and cis-blocked palladium (II) complex in
aqueous conditions. Following this result, a wide variety of new examples with different geometries has been

reported, be they bidimensional or three dimensional.

1.10 1.11

Figure 3. Some examples of coordination-driven discrete self-assemblies: monometallic 1.7, 1.8,

Polymetallic 1.9, Interlocked 1.10, Stimuli responsive 1.11.5-14

13



Chapter 1. State of the art

The metal driven self-assembly relies in general, on the interaction between two major components, a metal
center and a polydentate ligand. The metal center is composed of the transition metal complex that is
coordinated to one or several non-dynamic ligands and labile ligands, the latter acting as “free sites” and
ensuring the correct geometry of the self-assemblies.

A huge variety of metals can be employed in the self-assembly development, mainly the transition metals that
form stable complex compounds. Among them the Ti(IV), Ga(III), Ru(II) (hexagonal geometry), Fe(II), Cd(II),
Zn(1I) (tetragonal geometry) and Pd(II), Pt(II), Co(II), Ni(II) (square planar geometry) metal centers. For the
choice of metal, one must consider the desired geometry, symmetry, and the ligand group. For example, cis-
protected metal centers show a convergent coordination geometry. That means that those metal centers,
while connected by straight ligands, converge into discrete units without the formation of oligomeric or infinite
products.

In order to get an efficient self-assembly process, a self-correction must be processed, meaning that the ligand
must be labile enough to exchange in solution. Therefore, thiol, phosphine or amine moieties are rarely used.
Among the suitable ligand linking groups are pyridyl, pyridyl imine, pyridyl pyrazolo, terpyridine, catechol, etc.
Those linking groups can be coupled to a backbone (functional or not) which determines the geometry of the
ligand and whose design has a crucial role in the final self-assembly structure.

A multitude of approaches can be followed when designing the ligand backbone.® The first one is a directional
approach that has been extensively followed by Fujita and Stang groups for example.” ¢ For this approach
the ligand requires to be rigid with well-predetermined bite angles, and an exact stochiometric ratio of the
precursors must be used. As shown in Figure 4, the bite angles and the symmetry of the precursors are vital

in the design of the self-assembly. By tuning the bite angles of the ligands a wide library of structures can be

achieved.
Tritopic
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Figure 4. Combination of structural blocks for 2D (a) and 3D (b) architectures.

The second is the symmetry interaction approach followed by Raymond.'”: 18 This approach takes advantage
of the strong binding affinity and coordination mode of chelating ligands, along with the inherent symmetry of
the coordination sites available on the naked metal center. In general, multibranched chelating ligands with

rigid backbones are used in conjunction with transition metals or main group metals. A coordinate vector
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Chapter 1. State of the art

represents the interaction between a ligand and metal. For chelating ligands, the plane orthogonal to the
major symmetry axis of a metal complex is the chelate plane (Figure 5). The orientation of coordinate vectors
and chelating planes must be equal to the orientation of the symmetry units in the expected self-assembly.
Thus, depending on the orientation of the chelate planes, the construction of high-symmetrical coordination

clusters can be realized.

<x>m — ——Q

X coordination vector

Cs

X_’ X
( "-,_M / —> —
x~ x
X
C = chelating ligand
X

Figure 5. Main elements of the symmetry interaction approach.?’

chelating plane

Another approach is the paneling approach that was also pioneered by Fujita.'®-! In this approach the ligands
are usually rigid and planar, and the metals are cis-blocked for coordination convergence to ensure molecular
species. The combination of the appropriate ligand planes and suitable metal centers in the corners leads to

desired molecular polyhedra.

5 AN b N i
By oD T e
&y ) J o s, o .
ML trigonal prism
truncated ,,{] Q o

/R o< -0 ]

5 ........... g ..... - i = 4 N ‘ég I

square pyramidal cone
Mysle

Q = cis-blocked corner units
hexagonal prism

Q = cisblocked corner units

Figure 6. Design of coordination cages using triangle (a) and square (b) panels.?

The weak link approach was pioneered by Mirkin.?22% This approach allows to obtain the self-assemblies with
non-rigid cavities. For that, the ligand is designed with chelating groups in which one linker is more labile than

the other. After formation of intermediate complex, the monodentate robust ligand is added and takes the
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Chapter 1. State of the art

labile linker positions. As a result, a self-assembly with flexible cavity is formed, that is not achievable with

the previous approaches that require rigid ligands.
I:Pth
0 -
—»
ol

Condensed Structure

C l
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@ = Ancillary Ligand Ph,2 )
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X

Ph,P
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[J(

ePh: Open Structure
Figure 7. Weak link approach.??

Those different approaches present enough opportunities for an efficient and targeted design of self-assembled
discrete structures of desired geometries and complexity, which would be otherwise challenging to reach
through classical synthetic covalent chemistry.

The state of the art has stepped forward from the challenge to establish those synthesis concepts to new

discrete structures, towards the preparation of new materials endowed with specific properties.

1.4. Molecular recognition

One of the main features of these self-assembled discrete systems is the presence of an intrinsic cavity. The
latter has been extensively employed for molecular recognition. In 1977 Donald J. Cram proposed a definition
for a host-guest complex: “A highly structured molecular complex is composed of at least one host and one
guest component. A host-guest relationship involves a complementary stereo-electronic arrangement of
binding sites in host and guest. The host component is defined as an organic molecule or ion whose binding
sites converge in the complex. The guest component is defined as any molecule or ion whose binding sites
diverge in the complex”.?> In other words, there is a need of geometric and electronic complementarity to

form a host-guest complex.

1.4.1. Ion recognition

Anion encapsulation is the most obvious approach of application as the self-assemblies of coordination cages
are usually positively charged, even though many examples of neutral cages have been described.?® This
charge may increase the binding constants due to electrostatic interaction. Also, the counter anion may play
the role of a template during the molecular cage formation.

Some tetrahedral M4Ls self-assemblies obtained from different ligands have shown their ability to bind anions

in their cavity. One of the early examples, 1.12, was reported by Huttner et al.?’ During the synthesis this
16



Chapter 1. State of the art

self-assembly encapsulates one BF4™ anion that is held inside the internal cavity. In contrast to other BF4
counter anions that can be exchanged with another anions, the internal tetrafluoroborate is never changed
and resides within the molecule. The studies by Ward et al.?® on similar structures 1.13 and 1.14, have shown
a selectivity in anion encapsulation favoring tetrahedral BFs and ClOs anions before octahedral and bigger
SiFg". This suggests that not only electrostatic forces take part in the host-guest interaction but the geometric

considerations have also to be taken into account.

1.12M=Fe 1.13M=Cd 1.14M=1n

Figure 8. Anion-encapsulating M4Ls self-assemblies.?”: 2

Selective encapsulation has also been observed for cage 1.15, reported by Stang et al.,?° that complexes NO3-
anion even in presence of PFs. A banana-shaped type self-assembly®® with C4 symmetry was reported by
McMorran and Steel (1.16).3! The particularity in this case is that the electrostatic binding is augmented by
the weak coordination F-:-Pd bonds. In fact, the coordination and hydrogen bonds may be beneficial in the
guest encapsulation. A similar effect has been observed by Amouri et al. that demonstrated BF4 encapsulation
by the cage 1.17.32 As in the previous example, the anion was weakly coordinated to the two metal centers

via F---Co interactions.

O

1.15 1.16 1.17

Figure 9. Anion-encapsulating self-assemblies with Cz symmetry,2% 31 32

The molecular cages tend to encapsulate hydrophobic weakly charged anions that are poorly solvated. In

contrast, the incorporation of hydrophilic molecules that have a strong affinity to the solvent is not

thermodynamically favorable. Hay et al. have reported the M4Ls tetrahedral self-assembly 1.18 bearing urea

functions in the ligand to overcome this limitation.33 The geometry of the complex is complementary to the
17



Chapter 1. State of the art

highly charged PO43 and SO4% anions (Figure 10b) that otherwise are not incorporated from the outside media.
Another example reported by Williams et al.>* corresponds to metalla-structure 1.19 that allows the
incorporation of hydrophilic Cl- via the combination of complementary Ni---Cl bonding and NH---Cl hydrogen
bonds (Figure 10c,d).

1.18 1.19
Figure 10. Encapsulation of the hydrophobic PO43- and Cl-.34

On the other hand, the predominantly cationic nature of self-assemblies leaves a few examples of cation
encapsulation. Raymond et al. have designed the tetrahedral Msls self-assembly 1.20 that hosts
tetraalkylammonium cations.!® 3 This self-assembly has even shown a huge degree of selectivity to NEts* and

the said cations quantitatively displaces longer and shorter NMes* and NPrs* from inside the cavity.3®

1.20

Figure 11. Cation-encapsulation.3”

1.4.2. Neutral molecule recognition

Given the lack of strong electrostatic intermolecular interactions, the complexation of neutral guests appears
more challenging to address. Host-guest interactions are in this case more diffuse and require the design of
pre-organized receptors having large interactions area. The hexagonal cage 1.21 reported by M. Fujita et al.
has demonstrated being able to bind the water-insoluble o-carborane and adamantane with concomitant
phase-transfer to the aqueous phase.3® Further investigations have revealed that this cage offers different
types and stoichiometries of molecular complexation depending on the size and symmetry of the guest
molecule under consideration.3” An important point is that no intermediate host-guest complexes have been
detected. This is a direct indicator that the complementarity of host and guest must be maintained. On the
other hand, the slight modification of volume or geometry of the cavity might lead to alteration of the

compatible guest.
18
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1.21

Figure 12. Encapsulation of different molecules by the MsLs cage described by M. Fujita.3¢

The group of Yoshizawa has designed the cage 1.22 bearing anthracene-based sidewalls ligands. It is suitable
for incorporation of neutral polyaromatics but an adamantane derivative could also be incorporated.
Interestingly, depending on the guest size, 1:1 or 1:2 host:guest complexes could be obtained (Figure 13).
The main intermolecular interaction relies on n-stacking,® allowing a preference for neutral aromatic guests

in front of counter anions.

Figure 13. Incorporation of planar and non-planar aromatics into the M.L4 cage.®

Buckminsterfullerenes are a class of nanosized molecules with application in a wide range of domains such as
material science, molecular electronics of even pharmacy.®® However, the very low solubility of non-
functionalized fullerene in most common solvents introduces a limitation for their processing into
microelectronic devices, and this is one of the reason many efforts have been dedicated to the sequestration.
For example and among many others, Yoshizawa et al. have employed the symmetrical M2Ls cage 1.23 for
this purpose.*® It has a C4 symmetry, and the slight modification of the ligand leads to the cage 1.24 that
shows a cavity elongated only in one direction. Interestingly, the incorporation of Ceo fullerene to the mixture
of 1.23 and 1.24 leads to rearrangement to an individual self-assembly due to the template effect of the

guest. This leads to an heteroleptic entity that is unfavorable in the normal conditions.
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Figure 14. Reorganization of the cage mixture (M = Pd) in presence of Cso.*!

1.5. Interlocked molecular rings

Along with host-guest interactions, one of the important aspects of the self-assembled structures lies on their
ability to interact with one another. Indeed, while a ligand involved in the construction of a metalla-host might
be designed to promote the complexation of a given guest molecule, it might also play the role of a guest for
another host molecule, giving rise to an interlocked system. This expected dimerization must involve a
sufficient force of interaction to overcome the entropic cost due to the decrease of the number of particles.

The first interlocked self-assembly 1.25 involving metals was synthesized by Fujita’s group (Figure 15).4? It

consist in two catenated hexagones and could even be characterized by X-ray crystallography.

Figure 15. The first interlocked coordination driven self-assembly.*?

Since then, a multitude of varied interlocked self-assemblies such as catenanes dimers*-*° and trimers,>% 5
ring-in-ring complexes,% >3 Solomon links,>*->° Trefoil Knots®> 80-63 or Borromean rings®-7° to cite a few have
been described. The group of Ki-Whan Chi described catenane 1.26 (Figure 17a).%6 It is constructed from a
linear ligand bearing a bis-functionalized anthracene and a bis(Ruthenium) complex. The latter exhibits two
available parallel coordination sites and belongs to a family of complexes that are widely used for the
preparation of molecular rectangles or sandwich-type metalla-cages (Figure 16).44-46: 53, 6471 They are of

particular interest since they provide an easy tuning of the Ru-Ru distance, and consequently a fine tuning of
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the intramolecular ligand distance in the final sandwich-type structure, by simply changing the nature of the

bridging ligand.
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Figure 16. Bis(Ruthenium) complexes and their intermetallic distances.

The authors state that the major contribution in the catenane formation is the strong n-n stacking forces
between anthracenyl moieties. Although the impact of those forces cannot be denied, another important factor
is the size ratio of the rectangle that makes ring-in-ring structure unfavorable. The obtained interlocked
structure is sensitive to the solvent media and the presence of competitive planar aromatics like pyrene. The
same group also obtained the catenated structure 1.27 using a different approach. They prepared a metalla-
ring from the same bis(Ruthenium) complex and a clip-like ligand. The metalla-ring spontaneously dimerizes
in MeOH above C = 0.5 mM (Figure 17b).#> In contrast, when synthetized from RuNaph(OTf)2 complex, even
though it has comparable Ru-Ru distance and comprises polyaromatic linker, the metalla-ring did not result
in the dimer formation at any observed concentrations, indicating the necessity of the strong n-interactions
between tetracene moiety and aromatic rings of the ligand. A regioisomer of this bent ligand afforded the
triply interlocked [3]catenane structure 1.28 with RuNaph(OTf)2 (Figure 17¢c).*

\ +
t Nnromethane 01 m Methanol
o T S P
(V4 !
1.26

l / \ \/\
>\(>“;on ||| >\Q)l:0ﬂ
MeOH MeOH[>0 5mM]

dj &b 127
=N

c)
N d

N\ NN

Nay N/ N X v

[T N N Q" MeNO, or
dllullon in MeOH
.-.-s. MeN
M:ogf« .omM) MeOH(>1 omM] e |

Figure 17. Catenane self-assembled structures of Chi group.#+46
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Along with catenane-like structures, other modes of interlocking have also been observed. In 2011, Chi et al.
reported the unexpected interlocked ring-in-ring dimer 1.29 from a linear acetylenic ligand and the
bis(Ruthenium) complex RuTetra(OTf)2 (Figure 18a).° Back then, the DOSY’? technique was not yet
widespread. Therefore, initially the researchers attributed the complexity of the NMR spectrum to an
uncompleted reaction. Further HRMS experiments proved the formation of a dimeric ring-in-ring species whose
structure was verified by X-Ray crystallography. The attempts to disassemble the dimer using pyrene, a small
aromatic guest molecule, were unsuccessful. Interestingly, the latter could however act as a template to form
the MLz rectangle.

Another interesting example of ring-in-ring complex comes from the group of Quintela et al. They could shift
the equilibrium between the monomeric rectangle and the interlocked complex 1.30 through controlling the
solvent, the concentration, and the temperature. While the molecular rectangle dimerized in water, its
monomeric structure is retained in organic media (Figure 18b).7! The authors hypothesized that in addition to
the n-n stacking, the hydrophobic interactions may further direct the dimerization as the highly hydrophobic

aromatic moieties are shielded from the outer solvent in the dimer structure,

1.29 —
+ - Polar medium
Q m ? @ . + Dilution "
999 e MR e— * 'V |

Figure 18. “Ring-in-ring” molecular rectangle dimers.>3

Another family of interlocked structures has been recently deeply investigated by the group of Guo-Xin Jin and
corresponds to Borromean rings.® These interlocked trimers are generally obtained at high concentrations in
polar solvents. The only procedure of Borromean ring preparation known before their work, was a template
effect coordination-assisted interlocked complex formation (Figure 19a).”? Since then, an extensive amount of
research has been performed.®470 It was discovered that a multitude of factors can facilitate the interlocked
trimer formation. The obtained experimental data has resulted in a set of empirical rules: 1) the shorter ligand
needs to be long enough to allow the longer ligand to pass through, 2) the longer ligand needs to be long
enough to accommodate the entire shorter ligand and 3) the length difference between the longer and the
shorter ligands should be close to the double length of n-n interaction (7 A). However, the longer ligand can
be curved inward or outward that leaves some room for error on that matter (Figure 19b). The obtained self-

assembled trimers had different stability in solution. Highly polar solvents like water and methanol tend to

22



Chapter 1. State of the art

shift the equilibrium to the formation of a trimer while less polar solvents shift it to the monomer (Figure 19c).

This equilibrium can also be altered by changing the concentration.
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Long arm - Shortarm > 7 A Long arm - Shortarm=7 A Longarm- Shortarm<7 A
Figure 19. a) Template Borromean ring synthesis scheme, b) Ligand arms aspect ratio effects, ¢) Long arm

length stability effects, d) The media stability effect in Borromean rings.547

The important aspect of the Borromean rings lies on their high symmetry. As a result, the NMR spectra of

these systems have the same number of signals as the NMR spectra of the monomer rectangles.

2. Guest release and stimuli-responsive self-assembly

Beyond the incorporation of a guest, one important challenge which still needs to be addressed, is the
controlled release of already encapsulated molecules.® Such process offers wide perspectives, not only in terms
of fundamental aspects, but also to target applications such as encapsulation of reactive species and
pollutants, drug delivery, deposition of insoluble species on a surface and catalysis in confined space.’* This
control over encapsulation can be envisaged by several mechanisms, e.g.: stimulation of the guest, stimulation

of the host, addition of a chemical to disassemble the host, releasing the guest through a competitive effect.

2.1. Action on the guest

The guest release can result from a stimulation applied to the guest. For example, Ward et al. shows the
reversible encapsulation of pH-responsive guest molecules in the cage 1.31. A variation of pH converts the
neutral guests (GH or G) into a charged species (negatively (G*) or positively (GH*) charged) resulting in the

release from the cage, thus modifying the host-guest properties without cage disassembly.”>
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Figure 20. pH modulated guest encapsulation by guest protonation/deprotonation.”?

The group of Clever et al. investigated the idea of a guest release by modification of azobenzene light-
responsive guest molecules bound in the cage 1.32.76 The cis-azobenzene is compact enough to fit in the cage

1.32, but upon irradiation the molecule is switched to its trans-form which is too large for the cavity and is

white- Icght
H . ‘ n
365 nm
R

expelled (Figure 21).
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Figure 21. Controlled release of the guest molecule by light irradiation.”®

A very similar method of encapsulation control by guest modification has been reported by Fujita.”” They have
observed the release of ferrocene from the cage 1.21 by electrochemical oxidation. The oxidized ferrocene is
a cation which is expulsed from the cage due to electrostatic repulsion. The cage 1.21 has also been cleverly
used for targeted release of cis-platin (a chemotherapy drug).”® In this case, the Pt(IV) complex which is
encapsulated in the cage by the specifically designed ligand is reduced by ascorbic acid to cleave the said
ligand, affording the Pt(II) cis-platin which does not clathrate into the cage and thus is expelled from the cage
(Figure 22).
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Figure 22. Controlled release of the guest molecule (Pt(II) cis-platin) (by chemical reduction.”®

An obvious method of guest release consists in introducing a competitive species into the solution. The group
of J. Nitschke has encapsulated the white phosphorus P4+ molecule into the water-soluble cage 1.33. Not only
it is a remarkable example of reactive species protection by encapsulation in a self-assembled cage, but the
P4 guest molecule can also be released by addition of benzene, thus reacquiring its reactive properties (Figure
23).7°
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Figure 23. Controlled encapsulation of P4.”

2.2, Action on the host

Alternatively, the stimulus promoting host-guest dissociation can be led on the host partner. This has been

described through several mechanisms that are depicted below.

2.2.1. pH-active self-assemblies

The first obvious method of a guest release is the cage decomposition by addition of competitive agent.> For
example, the cage 1.34 reported by Crowley et al. has been shown to release the chemotherapy drug cis-
platin into the solution upon addition of DMAP that acts as a competitive Lewis base.® Crowley et al. have
further developed the controlled release of cis-platin by the cage 1.34 by only partial disassembly. This was
achieved by the addition of 4 equivalents of competitive Cl- anion, a process which is reversible upon addition

of a silver salt.8!
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Figure 24. pH modulated guest encapsulation by cage disassembly .80 8!

An example of pH-modulated guest release without cage decomposition is proposed with cage 1.35 reported
by Yam et al.8? This cage can encapsulate square-planar platinum(II), palladium(II), gold (III), and the related
gold(I) complexes, and release them upon a pH change which was followed by NMR and UV-vis. The free
pyridine groups pointing inside the cavity can be protonated selectively upon addition of acid without any cage
decomposition. As a consequence, the charge of the cavity gets altered and the guest is released. The process
is reversible with the addition of a base. No additional information is given regarding the release mechanism,

but one can assume a competitive guest binding with CI" anions.

1.35

Figure 25. Controlled guest release of the pH-responsive cage 1.35.%

2.2.2, Photo-active self-assemblies

The promising concept of modifying the shape of the cage to modulate the guest complexation was proposed
by the group of Clever et al.83 The cage 1.36 incorporates a DTE photo-switchable moiety that isomerizes
upon irradiation. This step leads to the alteration of the internal cavity size, and hence, promotes a different
association constant for the guest molecule (Figure 26a). Another example of molecular cage able to breath
upon application of a stimulation, constructed this time though covalent organic chemistry, was depicted by
the group of V. Heitz and consists in a bis-porphyrin cage liked by four triazolyl based chains that are able to

bind silver, a process with reduces the size of the cavity.34
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The DTE photoswitch moiety allows vast opportunities for cage geometry modulation. An interesting
photoswitchable cage 1.37 was reported by Andreasson et al.?> The length of the photoswitch in its closed
form is too small to coordinate both porphyrine rings, and leaves the second one for Lewis base coordination.
When the compound is irradiated, the resulting open form is flexible enough to coordinate both Zn-porphyrine
centers with high constant, leading to the releasing of the coordinated Lewis base (Figure 26b).

Finally, another promising use of photoactive cages is a “molecular flask” that might effectively catalyze
photoinduced reactions while insuring the release of the final compound. Su et al. have utilized the bimetalic

cage 1.38 for enantioselective dimerization of a naphthalene derivative (Figure 26c).%
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Figure 26. Examples of photoswitchable cages.83 85 8

3. Redox-active self-assemblies

As mentioned earlier in this chapter, there is a growing interest in producing stimuli-responsive coordination-
driven self-assembled architectures. On these ground, the number of electro-active metalla-structures has
been increasing drastically in the very recent years.®” The use of redox-active precursors in the self-assembly
process can in principle produce discrete metalla-supramolecular assemblies which are themselves redox
active, allowing for a fine tuning of the cavity charge through a redox stimulation. Various situations can be
encountered, with the electroactivity located either on the organic ligand part, the metal or the co-ligand.

The cage 1.21, for instance, is formed by an electron-poor triazine-based ligand (Figure 27a). The
electrochemical properties of this cage were studied while investigating the photoinduced electron transfer
between the cage and a guest molecule.® This cage can form a host-guest complex with four molecules of
adamantane which, after irradiation, leads to a colored solution attributed to a radical derivative. The
suggested mechanism involves the formation of the cage radical and the adamantane radical cation by electron
transfer from the guest to one of the triazine panels. This was confirmed by a cyclic voltammetry experiment

that reveals 2 redox systems: the first corresponds to the reversible reduction of only one triazine ligand and
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the second to the other three triazines (Figure 27b). As can be seen, the self-assembly process may alter the

electrochemical properties of otherwise equivalent ligand panels.
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Figure 27. Redox-active cage 1.21 and its cyclic voltammogram: C = 0.5 mM, MeCN (n-Bu4PFs (50 mM)),

scan rate 100 mV.s1,88

Another example of an electron-poor moiety that has been introduced into a metalla-structure is the perylene
diimide (PDI). The cage 1.39, synthesized by Wurthner et al., is assembled from a Fe(II) complex and a PDI-
based ligand bearing two bipyridine moieties.? A cyclic voltammetry experiment (Figure 28) revealed a
multitude of electrochemical processes centered on bipyridine, PDI and Fe fragments, all of them being

reversible. This allows for a total exchange of 34 electrons and several oxidation states (from 1.39'¢ to
1.39184),
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Figure 28. Redox-active cage 1.39 and its cyclic voltammogram: C = 0.1 mM, MeCN (n-BusPFs (0.1 M)),

scan rate 200 mV.s1.8°

Clever et al. have incorporated the phenothiazine moiety in the interlocked cages 1.40 (Figure 29) and studied
its chemical oxidation.”® The results have shown that when incorporated as a cage constituent the
phenothiazine-based ligands can be oxidized to their oxo and dioxo derivatives at conditions that are
insufficient in case of a free phenothiazine. The authors suggest that the geometry of the cage with sulfur

atoms situated inside the cavity allows the exchange of oxygen atoms among the active centers and
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intramolecular disproportionation of two S=0 groups to one SO: and one S group, which is followed by

oxidation of the newly formed free sulfur atom.
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Figure 29. Redox-active cage 1.40 (X = S) and its oxidized states.*®

3.1. Electron-rich self-assembled metalla-structures obtained in
Angers

The electron-rich electroactive self-assemblies that are the object of research in our group are based on the
tetrathiafulvalene (TTF) moiety and some of its derivatives (Scheme 1).74 The unique electrochemical
properties characterized by two stable and easily accessible oxidized states (i.e., TTF** and TTF?*), and
geometries of TTF derivatives®3 offer a clear opportunity for the design of functional electron-rich self-
assemblies.

Construction of metalla-rings and cages requires the prior synthesis of di- or polytopic ligands, and some

ligands used previously in the team are depicted in Scheme 1.
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Scheme 1. Examples of ligands developed in our group.
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3.1.1. BPTTF-based assemblies

The first family of ligands developed in our group was based on 5H,5'H-2,2'-bi[1,3]dithiolo[4,5-c]pyrrolylidene
or bis-pyrroloTTF (BPTTF). This structural modification compared to TTF is convenient as it eliminates the cis-
trans asymmetry that is observed when preparing bis-functionnalized TTF derivatives. It allowed therefore for
the preparation of a linear ligand (BPTTFa) that was targeted to provide a bi-dimensional self-assembled
structure.

The reaction of ligand BPTTFa with Pt(dppp)(OTf)2 (dppp = 1.1'-bis(diphenylphosphino)propane) in
dichloromethane afforded a mixture of the triangle 1.41 and the square 1.42 (Figure 30a). These two species
could be separated by a simple precipitation since 1.42 is insoluble in dichloromethane.?* %> Cyclic
voltammetry experiments have demonstrated that the ligand retains its electrochemical behavior in the self-
assembly, with two reversible oxidation waves corresponding to BPTTF/BPTTF** and BPTTF'*/BPTTF**
processes. After the determination of the number of transferred electrons by comparison with the known
concentration of an internal reference (Figure 30b), it was confirmed that all the TTF moieties (3 and 4
respectively) are oxidized simultaneously and independently and that there is no electronic communication
between the ligands. Also, the complexation properties of 1.41 and 1.42 with the electron-poor fullerenes
were investigated by UV-vis spectrometry. These studies revealed a good affinity of 1.41 with Cso and Co
leading to 1:1 complex. In contrast, no binding with 1.42 was observed. This difference is assigned to the
size and shape of the respective internal cavities of 1.41 and 1.42, as the square has a cavity that is too large

to accommodate a fullerene molecule.
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Figure 30. a) self-assemblies obtained from linear BPTTF ligand BPTTFa, b) deconvoluted cyclic
voltammograms of triangle 1.41 (0.5 mM) and square 1.42 (0.5 mM) in presence of ferrocene (3 equiv. and
4 equiv., respectively) CH2Clo/CH3CN (1/1 v/v) (BusNPFs 0.1 M), vs Ag/AgCl.% %

The tetradentate BPTTF ligand BPTTFb was synthesized in order to target three-dimensional self-
assemblies.®® 7 The reaction with cis-blocked Pt(PEts)2(OTf)2 afforded the prism-like cage 1.43 (Figure 31a).
A cyclic voltammetry experiment showed the presence of two irreversible oxidation waves (Figure 31b). The
irreversibility might be attributed to the rigidity of the prism that alters the kinetics of electron transfer. All

metalla-structures assembled from ligands BPTTFa and BPTTFb show oxidation potentials shifted to higher
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values in comparison to the uncoordinated ligands, due to the electron withdrawing character of the metal
acceptors that decrease the n-donating character of the electro-active ligands.
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Figure 31. a) self-assembly with tetradentate ligand BPTTFb b) cyclic voltammogram of cage 1.43 C = 0.6

mM in acetonitrile 0.1 M NBusPFs, scan rate 50 mV.s™, vs Fc/Fc*.%: %7

3.1.2. TTF-based assemblies
The tetradentate TTF-based ligand TTFa was also used for self-assembly preparation. In combination with cis-
blocked Pd(dppf)(OTf)2 or Pt(dppf)(OTf)2, it forms a large MslLs square 1.44 (Figure 32a).°® The cyclic

voltammetry exhibits two reversible oxidation waves typical of TTF derivatives, but shifted to high potentials,
due to the presence of metal acceptors (Figure 32b).
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Figure 32. Self-assemblies obtained with TTF ligand TTFa a) molecular square 1.44, b) deconvoluted cyclic
voltammogram observed for 1.44 (C = 1073 M, CH3CN/CH2Cl2, 0.1 M nBusNPFs, 20 mV.s*, Cgr) and of
squares 1.44Pt and 1.44Pd (C = 0.5 mM, CH3CN, 0.1 M nBusPFs, 20 mV.s!, Cgr) vs Fc/Fc* and c)

sandwich cage 1.45 and molecular panel 1.46.% °°
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When reacted with bis(Ruthenium) complexes RuOxa(OTf)2 or RuBenzo(OTf)2 the ligand TTFa leads to two
completely different geometries, the RusL. sandwich-type self-assembly 1.45 and the RusL panel 1.46 (Figure
32c).* Interestingly, the panel 1.46 exhibits two oxidation waves like the native TTF while the cage 1.45 has
only one reversible oxidation wave at 0.44 V vs Fc/Fct. This might be attributed to the rigid geometry that
does not allow conformational changes. The distance between two neighboring pyridine nitrogen atoms in
TTFa is very close to the Ru-Ru distances in complexes RuBenzo(OTf)2, RuNaph(OTf): and
RuTetra(OTf)2, leading to a panel-type geometry in the corresponding self-assemblies.

To avoid the formation of panel type structures and to obtain larger sandwich structures with higher distance
between TTF ligand planes, the ligand TTFb was designed. Its reaction with RuNaph(OTf)2 afforded the
target sandwich structure 1.47 (Figure 33a). The electrochemical studies revealed the splitting of the
TTF/TTF*+ oxidation wave (Figure 33b). This is attributed to the short distance of only 3.48 & between the TTF
moieties (Figure 33c) that allows the formation of mixed valence species (TTF)2** and the corresponding n-

dimer (TTF**)2, both species being characterized by spectroelectrochemical measurments. 0
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Figure 33. self-assembly with TTF ligand TTFb a) molecular sandwich 1.47, b) cyclic voltammogram of
TTFb (C = 1 mM, CHzCl2, 0.1 M nBusNPFs, 100 mV.s!, GCE), RuNaph(OTf)2 (C = 1 mM, CH3CN/CHClz,
0.1 M nBusNPFs, 100 mV.s?, GCE) and 1.47 (C = 1 mM, CH3CN/CHCl2, 0.1 M nBu4PFs, 100 mV.s!, Cgr) vs

Fc/Fc* and c) X-ray crystal structure of cage 1.47.100

3.1.3. DTF-based assemblies

Another approach to create a redox-active cavity lies on the combination of a naked metal acceptor and
“banana-shaped” ligand. A multitude of MzL4 self-assembled structures has been reported, including “banana-
shaped” ligands and metal acceptors for which all coordination sites are available.® The planar 9-(1,3-dithiol-
2-ylidene)-fluorene (DTF) moiety (Figure 34) is known to undergo a reversible one-electron oxidation at low
potential, to generate a radical-cation species.!®! The ligand L3Pyr (X = N, Y = CH) was designed and was

reacted with Pd(CH3CN)4(BF4)2 to afford the cage 1.48 (Figure 34a).192 The corresponding monocrystals have
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been analyzed by X-Ray crystallography, and a cavity of 600 A3 was determined. However, no guest binding
was detected in solution. The electrochemical properties of cage 1.48 were studied by cyclic voltammetry.
The oxidation of DTF moiety in 1.48 was detected at the potential Eox = 0.62 V, which is slightly higher than
the one observed for ligand L3Pyr. This difference is expected from coordination to the metal acceptor (Figure
34c). The existence of only one oxidation wave indicates that all DTF moieties are oxidized independently, and
no electronic interaction occurs between the neighboring electro-active DTF moieties, mainly because of the
rigidity of the self-assembly.

An isomer of ligand L3Pyr was also prepared, namely L4Pyr (X = CH, Y = N).1% The reaction of L4Pyr with
Pd(dppf)OTf. afforded the self-assembly 1.49 (Figure 34b). The X-ray crystallography structure of 1.49
corresponds to a molecular clip formed by two ligand moieties linked together through two metal centers
(Figure 34b). The electrochemical properties, studied by cyclic voltammetry, reveal an oxidation value of

Eox = 0.59 V and the expected shift to higher potential in comparison with the free ligand.
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Figure 34. Discrete self-assemblies incorporating the DTF ligand a) cage b) molecular clip c) normalized
cyclic voltammograms of ligand L3Pyr (C = 1073 M, CH3CN/CH2Clz, 0.1 M nBusNPFs, 50 mV's?, Pt) and cage
1.48 (C =5 x 10* M, CHzCl2, 0.05 M NaBArF, 50 mV's!, Pt), V vs Fc/Fc* d) normalized cyclic
voltammograms of ligand L4Pyr and clip 1.49 (C = 103 M, CH3CN/CH2Clz, 0.1 M nBusNPFs, 100 mV.s!, Pt)

V vs Fc/Fc*.102, 103

3.1.4. Extended TTF-based systems
A peculiar derivative of TTF moiety is the molecule called “n-extended TTF” (exTTF; 9,10-di(1,3-dithiol-2-

ylidene)-9,10-dihydroanthracene) (Figure 35a). This molecule includes two dithiole units attached to the
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dihydroanthracene moiety, thus forming an electron-rich system with singular geometric and electronic
properties.t04-106 Dye to steric repulsions between the sulphur atoms and the periplanar dihydroanthracene
hydrogens, the exTTF has a concave geometry. In contrast to TTF, the exTTF unit shows only one quasi-
reversible oxidation process that involves 2 electrons (Figure 35b). Importantly, this process is accompanied
by a drastic geometry change, from a butterfly shape (neutral state) to an aromatic anthracene derivative

(dicationic state) (Figure 35c).104
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Figure 35. Quasi-reversible oxidation wave of exTTF and the related geometry change from neutral to

dicationic states.%4

The exTTF derivatives are widely investigated as electron-rich moieties that can interact with electron deficient
molecules such as Ceo due to their complementary geometry (concave/convex) and electronic properties
(donating/accepting). For all these reasons, the group was interested in constructing exTTF-based electro-
active self-assembled metalla-structures that could i) bind electro-deficient guests and ii) change their
structure upon oxidation with concomitant guest release.

Our group has developed the exTTF ligand exTTFaH and used it in preparation of metal-directed self-
assembled cages with cis-blocked Pd complexes. A reaction of exTTFaH with Pd(dppf)(OTf)> or
Pt(dppf)(OTf)2 in nitromethane led to original self-assembled containers 1.50Pd and 1.50Pt with M4l.
stoichiometry (Figure 36a).1%” The ligand exTTFaH possesses the electrochemical properties of exTTF with
the quasi-reversible oxidation wave (Eox = 0.40 V; Ered = -0.23 V vs Fc¢/Fc*, Figure 36b). The oxidation
potential is shifted to higher potential in the corresponding coordination cages due to the electron withdrawing
effect of metal acceptors. The second oxidation process in case of 1.50Pd and 1.50Pt is located on Ferocene

based coligands.
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Figure 36. a) exTTF based cages 1.50Pd and 1.50Pt, b) cyclic voltammogram of ligand exTTFaH (C = 1
mM, CH3CN/CHzCl2, 0.1 M nBusNPFs, 100 mV.s?, Pt) and of cages 1.50Pd and 1.50Pt (C = 1 mM, CHsCN,
0.1 M nBu4PFs, 100 mV.s*, Cgr) vs Fc/Fc*

E(V)

Even though the self-assembled cages 1.50Pd and 1.50Pt have low solubility in usual organic solvents, the
containers were able to bind one molecule of perylene with a Ka value of 3.9 x 103 in nitromethane. To improve
the solubility, a modified version of the exTTF ligand exTTFaTEG carrying four triethylene glycol (TEG) chains
was synthesized. This allowed to obtain not only cationic cage 1.51Pd, but also neutral cages 1.52Pd and
1.52Pt (Figure 37).1% The cages were investigated for the complexation of neutral and anionic molecules and
it was discovered that the neutral cage 1.52Pd has binding constants for neutral polyaromatic guest
encapsulation 2-3 orders of magnitude higher than the charged analogue 1.51Pd.1%8-110 A X-ray structure of
coronenec1.52Pt could even be characterized (Figure 37b). These lower association constants in the case of
1.51Pd are due to the competition between the neutral guest molecule and counter anions that occupy the
positively charged internal cavity of the cationic cage. Along with neutral guests, the cage 1.51Pd has shown
the ability to encapsulate anionic molecules such as B12F12?" (Figure 37c¢).1% Importantly, both cages were able
to release reversibly their guest through a redox stimulation. Oxidation of 1.51Pd leads to the disassembly of
the cage thanks to a combination of electronic and geometric parameters with concomitant release of both
B12F12% anions.!% Since the Pt-N bond is much more energetic than the homologous Pd-N bond, oxidation of
coronenec1.52Pt did not provide disassembly of the cage but release of the coronene thanks to a guest

exchange with counter anions necessary to balance the charges of the oxidized species. !
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Figure 37. a) self-assemblies 1.51Pd and 1.52Pd (TEG: -OCH2CH20CH2CH20CH2CH20CH3), b) host-guest

complex of 1.52Pt with coronene and c) host-guest complex of 1.51Pd with B1sF12%

The ligand exTTFaTEG was also reacted with linear metal acceptors such as AgBF4 and PdCl2(CH3CN)2.11! The
resulting ML self-assemblies 1.53Ag and 1.53Pd get large cavities (Figure 38a). The electrochemical
studies revealed different behavior for both cages (Figure 38b). While the Pd based cage 1.53Pd has a
reversible oxidation wave that corresponds to preservation of its structure upon oxidation, 1.53Ag shows the
typical electrochemical behavior observed upon disassembling of the cage. This was confirmed by addition of
an excess of Ag* as chemical oxidant that leads to the formation of a coordination polymer with Ag* cations
chelated by TEG chains on one side and to the pyridine on the other side (Figure 38c). This example
corresponds to the first redox triggered supramolecular transformation of a discrete cage to a coordination

polymer.
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Figure 38. a) Mi2Ls self-assemblies 1.53Ag and 1.53Pd, b) cyclic voltammogram of ligand exTTFaTEG
(C =1 mM, CHsCN) and of cages 1.53Pd (C = 0.5 mM, CH3CN/CHzCl2 (1/1)) and 1.53Ag (C = 0.5 mM,
CH3NO2/CH2Cl> (1/1)), 0.1 M nBusNPFs, 100 mV.s, GC, vs Fc/Fc*, c) X-Ray structure of oxidized

coordination polymer obtained from 1.53Ag.
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4. Objectives of my thesis

Based on the recent results obtained in the team, my PhD thesis focuses on the development of new functional
and stimuli sensitive discrete metalla-structures prepared by coordination-driven self-assembly. A part of the
project targets stimuli-responsive self-assemblies involving electron-rich and S-enriched exTTF, DTF, as well
as N-containing pH sensitive benzobisimidazole (BBI) moieties. Therefore, the manuscript is constructed
around the following main items:

- The development of a new family of electron-rich ligands and assemblies constructed from an original
regioisomer species of exTTFa. The objective is here to evaluate how changing the coordinating functions
localization on the exTTF framework may offer new opportunities to produce original self-assembled structures
(Chapter 2).

New ligand (exTTFb family)

Previous ligand (exTTFa family)

Figure 39. General concept of the work developed from a new family of exTTF ligands.

- The synthesis of pillar arene scaffolds bearing appended exTTF units. The goal of this study is to evaluate
the effect of the accumulation of neighboring electron-rich units onto a given platform, notably in terms of its

capacity to bind electron-poor guests (Chapter 2).
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Figure 40. Targeted pillar arene scaffolds bearing appended exTTF units.

- The study of redox-driven supramolecular transformation from DTF-based coordination tweezers (Chapter

3) constructed either from square planar Palladium complexes or bi(Ruthenium) complexes (Figure 41).
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Figure 41. Redox driven supramolecular transformation occurring from a DTF based molecular tweezer

- The synthesis of pH-active self-assemblies featuring the pH sensitive BBI moiety and characterization of their

supramolecular properties though pH change stimulation (Chapter 4).
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Figure 42. pH controlled supramolecular transformation from a BBI based metalla-rectangle.
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Chapter 2. Ligands and self-assemblies incorporating the “exTTF” scaffold

As mentioned above, the exTTF scaffold (Figure 43a) has unique electronic and geometrical properties that
have been exploited in the laboratory for the preparation of metal-assembled cages. In particular, the
geometry change occurring upon oxidation (see § 3 Chapter 1) offers the potential for an original control of
the cavity size, shape and charge in the corresponding self-assembled receptors, and may introduce a steric
factor for a guest release. Those are the reasons why we have been interested in investigating new electron-

rich structures constructed from new exTTF ligands in a context of host-guest chemistry and guest release.

1. Tetrapyridyl-exTTF ligands: a comparative study
between two regioisomer ligands

This study has been mainly developed in reference “Comparing the self-assembly processes of two redox-

active exTTF-based regioisomer ligands” (New J. Chem. 2021).!1?2 Some additional data are provided below.

While the fully aromatic oxidized dicationic species of exTTF is characterized by a planar anthracene moiety
bearing two nearly perpendicular 1,3-dithiolium rings,*'! neutral exTTF exhibits a highly bent butterfly shape
with two non-identical faces (Figure 43a). The less curved dihydroanthracenyl one has successfully proven to
interact with fullerene derivatives in macrocyclic covalent hosts.!!3118 On the other hand, the cavity of our
previously described ML, containers!®” 193 110 (Figure 37) rather explores the more bent face which
incorporates both S-rich 1,3-dithiol rings (Figure 43b). On this basis, we were naturally interested in designing
a novel class of tetrapyridil exTTF-based ligands (Figure 43c) bearing the coordinating units on the
dihydroanthracenyl moiety instead of the dithiol rings.

With this idea in mind, we designed the structural “isomer B”, in order to reach new types of cavities and to
compare the host-guest properties with those obtained from isomer A derivatives. One should note that
isomers A and B are not strictly regioisomers but will be considered as so in this study, since the main
difference concerns the relative positions of the pyridyl groups surrounding the exTTF framework.

As the coordination angles in isomer B are different than for isomer A, we can expect the development of new
self-assembled architectures. In particular, cavities resulting from isomer B will be made from the bent
dihydroanthracene fragments (instead of S-rich heterocycles in the case of isomer A). The corresponding
interactions that could be reached within the cavity with an encapsulated guest, as well as the cavity size
which is expected to be larger than with isomers A, could provide a better affinity for fullerene molecules.!4

One should note that receptors made from isomer A derivatives, present a good affinity for planar guests.!0”-
109

41



Chapter 2. Ligands and self-assemblies incorporating the “exTTF” scaffold

R =H: exTTFaH R =SMe: A1lMe

R = OTEG: exTTFaTEG R =STEG: A1TEG
Previous work This work
Isomer A Isomer B

Figure 43. MM+ simulation of exTTF showing the difference in curvature between both faces (a) (yellow:
most curved face, grey: less curved face). Structural exTTF-based ligands isomers where pyridine units are
grafted on the dithiol rings (b, exTTFaH and ExTTFaTEG) or the dihydroanthracenyl skeleton (c, A1Me and
A1TEG)

The synthesis of exTTF ligands involves the preliminary preparation of phosphonate esters. By adaptation of
a well-established methodology, ! phosphonate 6 (R = TEG, CH2CH20CH2CH20CH.CH>0CH3) was synthesized
starting from the zincate complex 1 by alkylation of the dithiolate salt, alkylation-reduction of the thione
followed by elimination of SMe group, and finally Arbuzov reaction (Scheme 2). Compound 6 is a new
compound that has been targeted to insure the solubility of the final structures. It has been characterized by

H, 13C, 3P NMR and mass spectrometry.
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Scheme 2. Synthesis of phosphonate 6 (TEG : CH2CH20CH2CH20CH2CH20CH?3)

The synthesis of ligands A1TEG and Al1Me (Scheme 3) was considered in two steps from tetrabromo
anthraquinone 8'*° through a Palladium catalyzed Suzuki coupling reaction, followed by a HWE reaction carried
out at -78°C with the appropriate phosphonate anion (generated from the corresponding phosphonate esters
6 or 7 respectively, the latter being already available in the laboratory and prepared following the same

procedure.
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Scheme 3. Synthesis of ligands A1Me and A1TEG.

Both ligands A1Me and A1TEG (Scheme 3) were designed with different substituents in order to tune their
solubility. They were both characterized by 'H, 13C NMR and mass spectrometry. Interestingly, the chemical

shift of the dihydroanthracene/anthracene proton is significantly shifted upon the HWE functionalization.
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Figure 44. *H NMR spectra of a) 9 and b) A1TEG in CDCls.

Signle crystals of A1Me were obtained by slow evaporation of a solution of A1Me in dichloromethane/n-
hexane and analyzed by X-Ray diffraction. As expected from the exTTF scaffold geometry, the dihedral angle
measured between the coordination planes is much higher than the one observed for the structural isomer
exTTFaH (Figure 45a), with respective values of 145° and 84°. The length of the exocyclic double-bonds is
similar in both ligands (1.36 &) and very close to the one observed in other analogous systems.02 While the
dithiol rings are slightly folded with a deviation around the S-S vector of ca. 14° when they bear the pyridine
units (case of ligand exTTFaH), they are nearly planar in A1Me (6.7°). Finally, the rectangle defined by the

four nitrogen atoms (Npy) is slightly larger in the case of A1Me (6.4 x 13.7 &) in comparison with ligand
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exTTFaH (6.8 x 13.3 &). No single crystal could be grown from A1TEG (viscous solid at room temperature),

but its basic framework is assumed to be identical to the one of A1Me.

Figure 45. Structural comparison of isomer ligands a) exTTFaH'%” and b) A1Me.

2. Self-assemblies from the new ligands A1Me and A1TEG

2.1. Self-assemblies with cis-blocked transition metal complexes

To compare the self-assembly properties of ligands A1Me and A1TEG with the previously reported ligand
exTTFaTEG, we investigated their behavior upon reaction with the square planar complex Pd(dppf)OTf..
The reactions were performed at room temperature in nitromethane-ds and followed by 'H NMR. While
solubility issues with A1Me precluded the formation of self-assembled molecular structures, the reaction of

A1TEG was compared with the same reaction carried out from exTTFaTEG (Figure 46).
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Figure 46. 'H NMR recorded at C = 2 x 103 M, downfield region: (a) exTTFaTEG (CDCls), (b) 1.51Pd
(CD3NOz), (c) DOSY H NMR of 1.51Pd (CD3NO:), (a") ALTEG (CDCI3), (b") Pt(dppf)AL1TEG (CD3NO:) and
(c') DOSY 'H NMR of Pt(dppf)A1TEG (CD3NO2). See Figure 43 for assignments of a, b and c signals.

As for exTTFaTEG, the formation of a discrete self-assembled structure was detected after 5 minutes. It is
characterized by a well resolved and symmetric *H NMR spectrum. As expected after coordination to the metal,
the alpha (a) and beta (b) protons from pyridine rings are shifted when compared to the uncomplexed ligand
A1TEG (Figure 46a’). A single diffusion coefficient of D = 2.1 x 10 m2.s! is extracted from a *H DOSY NMR
(Figure 46c¢’) and confirms the formation of a unique species. This value is smaller than the one observed after
reaction of exTTFaTEG with Pd(dppf)OTf2 under similar conditions (D = 2.8 x 107'° m2.s!) which indicates
that the self-assembled species recovered from A1TEG is larger than the homologous 1.51Pd container. This

is confirmed by the comparison of the respective hydrodynamic radii calculated from the Stokes-Einstein
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equation (Equation 1),72 with values of 12.8 & and 16.5 & respectively, the latter being compatible with the
formation of a MsLs species (Scheme 2b).

kT

D=
6mnr
Equation 1. Stokes-Einstein equation (n - viscosity of the medium, r - hydrodynamic radius of a molecule).

This stoichiometry was unambiguously confirmed by an ESI-FTICR-HRMS spectrometry measurement (Figure
47) carried out at C = 10 M in CH3NO; that shows characteristic signals at 1842.754 and 2340.672 (main
contributions) corresponding respectively to [Pd(dppf)A1TEG - 7TfO"]°* and [Pt(dppf)A1TEG - 8TfO]**.
The formation of a larger species in the case of A1ITEG as compared to exTTFaTEG was expected from the
NMR study, and is consistent with the less pronounced curvature offered by the less bent conformation of this
regioisomer. Unfortunately, any attempts to precipitate the product from the solution failed, leading to
broadening the 'H NMR signals and probably indicating the formation of oligomeric species or degradation

products. It should be noted that no other solvent allowed observation of a symmetrical *H NMR spectrum.

[Pd(dppf)A1TEG - 8TfO]**

2340.672
[(PA(A1TEG)?*) - TfO]*
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B || il 1
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Figure 47. FTICR mass spectrum of Pd(dppf)A1TEG in CH3NO: (C = 103 M),

To deal with this issue we performed the same reaction with the homologous Platinum acceptor analogue, as
the stronger bond between the platinum and pyridine moieties could lead to higher potential barrier of
rearrangement in suboptimal solvent conditions during precipitation. The reaction with Pt(dppf)OTf. was
conducted at elevated temperature (50 °C) overnight as it took more time to reach the thermodynamic

equilibrium.
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Figure 48. *H NMR spectrum comparison of a) ligand A1TEG and self-assemblies b) Pd(dppf)A1TEG, c)
Pt(dppf)A1TEG in CD3NO:.

The resulting discrete assembly Pt(dppf)A1TEG was stable enough for precipitation and was also
characterized by mass spectrometry. HRMS spectrometry revealed a MeslLs stoichiometry with a signal at
1949.0258 corresponding to [Pt(dppf)A1TEG - 5TfO]>* and additional fragmentation products at
m/z = 1349.7465 (7+), 1599.3629 (6+) and 2473.5205 (4+) corresponding to [Pt(dppf)A1TEG - 7TfO]’*,
[Pt(dppf)ALITEG - 6TfO']%* and [Pt(dppf)A1TEG - 4TfO]**, respectively. As can be seen from the
spectrum, the platinum self-assembly is more stable as fewer fragmentation peaks are observed (Figure 49).
However, attempts to redissolve the precipitate in any compatible solvent except nitromethane have resulted

in a chemical evolution to a mixture of species with non-symmetrical *H NMR spectrum.
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Figure 49. FTICR mass spectrum of Pt(dppf)A1TEG.

Unfortunately, all attempts to grow crystals from Pt(dppf)A1TEG were unsuccessful and led to films. We
performed molecular modelling by using the molecular mechanics force field MM+ method from the
HyperChem Professional 8.0.3 program (Hypercube, Inc., Waterloo, ON, Canada,) configured in vacuo, with
an RMS of 107> kcal/mole, a number of maximum cycles of 32500, and a Polak-Ribiere algorithm. The MM+
modelized molecular structure that corresponds to this MeLs stoichiometry is depicted on Figure 50. This MslLs
structure forms a tridimensional hexagon characterized by diagonals of 17.0 &, side lengths of 8.7 & and a
depth of 19.5 & (average values). The resulting circular cavity, that, at the difference of the parent MjLa
structure, is defined by the dihydroanthraceny! part of the exTTF units, exhibits a diameter of ca. 16 &, a value
which is much larger than the one of 1.51Pd (11.4 A x 15.6 A). As for 1.51Pd in which the exTTF skeleton
is subjected to a severe bending in order to satisfy the geometry of the final ovoid cavity, the A1TEG part in
the Pd(dppf)A1TEG complex undergoes a curvature increasing from 145° to 112° when compared to the
isolated ligand. Nevertheless, these bending constraints appear less important in the case of the hexagonal
assembly, as expected from a larger number of constitutive units. Such a geometry has been successfully
used for designing macrocyclic covalent hosts for interacting with fullerene derivatives,'% taking advantage of

the convex-concave geometric complementarity of both constituents.
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Figure 50. Two different discrete self-assemblies from two regio-isomer ligands exTTFaTEG and A1TEG.

Hence, the self-assembly Pd(dppf)A1TEG was characterized by cyclic voltammetry in nitromethane whereas
the study was led in acetonitrile in the case of 1.53Pd. Cyclic voltammetry of both ligands revealed that the
oxidation wave of A1TEG is 0.25 V higher than the one of exTTFaTEG mainly because of the presence of the
electron-donating mesomeric effect of the four OTEG chains in the latter. The cage Pd(dppf)A1TEG also
shows the quasi-reversible wave of extended TTF, shifted to the higher potential in case of the self-assembly
due to coordination to the metal.!?” This observed shift of 0.1 V is smaller than the difference between the
ligand exTTFaTEG and its corresponding M4L. self-assembly, which is 0.45 V (Figure 51). This can be
attributed to the higher distance between the metal and the dithiole rings. The process observed at E>* = 0.7

V is attributed to the ferrocenyl co-ligands.
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Figure 51. Cyclic voltammograms of exTTF (C = 1 mM, CH2Cl2/CHsCN, Cgr), exTTFaTEG (C = 1 mM,
CHsCN, Cgr), A1TEG (C = 1 mM, CHsCN, Pt), Pd(dppf)exTTFaTEG (C = 0.5 mM, CHsCN, Cgr),
Pd(dppf)A1TEG (C = 0.3 mM, CH3NO,Pt) (n-BusNPFg (0.1 M), 100 mV.s™!, E vs Fc/Fc*).
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One objective of this study relies on the capacity of a given discrete receptor to bind and to deliver on-demand
a given guest. Considering the redox-active character of the new receptors derived from A1TEG, an important
issue concerns their behavior when exposed to an oxidizing agent.

The study was led with N-methylphenothiazinium tetrafluoroborate (PTZ) as an oxidant. The latter was chosen
because i) it can be easily synthetized, ii) it shows a redox potential that is sufficient to oxidize exTTF
derivatives and iii) it should not interfere with the coordination of pyridines. The study was first carried out on
the starting ligand A1TEG. The oxidation reaction was performed in nitromethane with 2 equivalents of PTZ.
The product was precipitated with diethyl ether and isolated as a solid in 65 % yield and characterized by 'H
and DOSY NMR (Figure 52). The 'H NMR spectrum of the oxidized product A1ITEGOX differs from its neutral
counterpart by the TEG protons signals as well as by the dihydroanthracenyl proton that is shifted downfield
from 7.6 ppm to 8.1 ppm in the oxidized anthracenyl state. As discussed before, this is clear evidence that
the structure of the product involves the planar aromatic anthracene backbone. As expected, the calculated

hydrodynamic radii of A1TEG and A1TEGOX show comparable values (ca. 8.5 &) from the Stokes-Einstein
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Figure 52. 'H NMR spectra of a) A1, b) ALTEGOX in CD3NOa.

Similar conditions were then applied to the most stable self-assembled structure, Pt(dppf)A1TEG.
Unfortunately, the resulting *H NMR was not symmetrical that might suggest the oligomerization in those
conditions (Figure 53). Due to lack of time, this study was not pursued, and it is now necessary to explore the

self-assembly properties of the oxidized ligand.
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Figure 53. 'H NMR spectra of a) Pt(dppf)A1TEG, b) Pt(dppf)ALTEG in presence of 2 equiv. of PTZ.

In summary, the synthesis of a new generation of exTTF based ligands (A1TEG, A1Me) bearing coordinating
pyridine units on the dihydroanthracene part of the exTTF skeleton has been carried out. Compared to their
previous regio isomer ligands (exTTFaH, exTTFaTEG) for which the pyridyl units are located on the dithiole
units, the new ligands exhibit a much less pronounced curvature around their coordinating face
(dihydroanthracenyl platform). This explains why their self-assembly process with Pd(dppf)OTf: leads to a
large MsLs hexagonal structure instead of a compact M4l container as observed in the case of the more curved
exTTFaH and exTTFaTEG ligands. The usual electrochemical properties of the exTTF moiety are retained in
the corresponding large self-assembled cavities. Synthesizing such ligands offers a new alternative in the
preparation of self-assembled electron-rich receptors involving dihydroanthracenyl walls as the internal cavity.
Such a geometry has been successfully used for designing macrocyclic covalent hosts for interacting with
fullerene derivatives,!%* taking advantage of the convex-concave geometric complementarity of both
constituents. Investigation of the guest binding ability of the large Pds(L2TEG)32* cavity was nevertheless

unsuccessful, due to stability reasons.

2.2. Self-assemblies involving exTTF-based ligands and
bis(Ruthenium) complexes

As stated above, exTTF derivatives undergo a drastic conformational change upon a two-electron oxidation,
shifting from a bent butterfly dihydroanthracene shape to a fully aromatic dithiolium-anthracene structure
(Figure 35). Importantly, this structural modification is reversible upon reduction. On this basis, there is a
clear interest to explore this opportunity in self-assembled discrete architectures with the objective to control
on-demand, through a redox stimulus, the volume of the corresponding cavity. Such a redox-controlled
“breathing” process (Figure 54) would offer a complementary mechanism of guest release to those already
described by the group, i.e. guest release through disassembly of a cage!® or guest exchange.!'® One should
note that a similar mechanism has been recently depicted by the group of G. Clever from a dithienylethene
based cage stimulated by light,® but that to the best of our knowledge no example involving an electron
transfer has been depicted till now.
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Figure 54. A breathing cavity controlled by a redox stimulus.

The new generation of ligand developed during this thesis is characterized by a much lower curvature of the
face carrying the coordinating units, with a dihedral angle between the coordination planes of 145° versus 84°
for the first generation. Such a difference opens new synthetic perspectives based on other metal complexes.
This is why, we explored the self-assembly process with bis(Ruthenium) complexes already mentioned in
chapter 1, RuOxa(OTf)2, RuBenzo(OTf)2 and RuNaph(OTf)2 (Figure 55), assuming a sufficient flexibility

of the exTTF based target ligands to effectively coordinate these acceptors.
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Figure 55. The structures of the bis(Ruthenium) acceptors RuOxa(0Tf)2, RuBenzo(OTf)2 and

RuNaph(OTf)2.

For solubility reason, only the self-assembly reactions between A1TEG and bis(Ruthenium) acceptors were
investigated and carried out in nitromethane at 50 °C. After one night, the resulting products were precipitated
with Et20 and characterized by H, COSY, DOSY NMR and mass spectrometry. RuOxaA1l, RuBenzoA1l and
RuNaphA1, respectively obtained from reactions with RuOxa(OTf)2, RuBenzo(OTf). and RuNaph(OTf)>,
showed a symmetrical picture in *H NMR (Figure 56). However, the signals corresponding to their pyridine
system as well as their Benzo and Naphtho linker signals “d” are split, which indicates a different electronic
environment between the two sides of the pyridine rings and a hindered rotation of the aromatic ring in the
complex. Their respective D values extracted from DOSY experiments allowed for the determination of
hydrodynamic radii of ca. 11 &, a value which seems too low for cage structures. A high resolution HRMS mass
spectrometry analysis (these measurements were made recently and the detailed spectra will be provided
soon by our collaborators) revealed indeed that RuOxaAl, RuBenzoAl and RuNaphAl have a RusL
stoichiometry and correspond to panel-like structures with one bis(Ruthenium) complex occupying the two
coordinating pyridine units on each side of the dihydroanthracene moiety. No signal corresponding to expected

cages could be detected. This result can be easily explained by the good size matching between the Ru-Ru
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and N-N distances, similar to a previous example already reported in our group with a TTF-based ligand (Figure
32).
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Figure 56. *H NMR spectrum (C = 103 M) of a) A1 in CD3NOz, b) RuOxaA1 in CD30D, c) RuBenzoA1l in
CDsNO2, d) RuNaphA1 in CDsNO..

Since ligand A1TEG can be isolated as a solid in its oxidized form, similar reactions were carried out from
A1TEGox and bis(Ruthenium) acceptors in CD3NO:. In these cases, the pyridine signals were not split, which
is expected from the planar geometry of the oxidized form. However, the hydrodynamic radii of ca. 11 &
calculated from DOSY experiments suggest again the formation of panel structures (Figure 57). This has been

confirmed unambiguously by a HRMS analysis. Here again, detailed spectra will be provided soon.
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Figure 57. 'H NMR spectrum (C = 103 M), of a) A10x, b) RuOxaA10x, c) RuBenzoA10x, d)
RuNaphA10x in CD3sNOa..

While all attempts to grow single crystals from RuOxaA1, RuBenzoAl and RuNaphA1 were unsuccessful, a
partial crystal structure from the oxidized species RuBenzoA10x could be obtained. As expected, the usual
shape of dicationic exTTF derivatives is observed, with a planar anthracene moiety bearing two almost
perpendicular dithiolium rings. The Ru-Ru distance is similar to that observed in the starting RuBenzo(OTf)2
complex (7.8 & vs 7.9 &) since the benzoquinanato spacer is only slightly curved to bind two adjacent pyridine

units.

Figure 58. Partial X-Ray crystal structure of RuBenzoA10x.

These results show that metalla-panels are more thermodynamically favorable compared to the corresponding
cages, due to the highest entropy that compensates the distorted coordination to the Ruthenium metal centers.
As all three Ruthenium acceptors led to panel structures, we decided to increase the distance separating the
pyridine moieties in the ligand and we therefore designed ligands A2 and A3 (Figure 59) which involve a
longer linker between exTTF and pyrdil units. Doing so, the formation of a panel should be highly unfavorable

due to the distance mismatch between pyridine nitrogen atoms and Ruthenium atoms in a bis(Ruthenium)
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complex (Figure 16). As demonstrated in Figure 59, even the larger RuNaph(OTf)2 acceptor is too small (Ru-
Ru distance of 8.4 &) to fit between two vicinal pyridine and coordination to these moieties should be highly

unfavorable,
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Figure 59. The optimal distances between two metal sites in the ligands A1, A2 and A3.

The synthesis of ligand A2 was first considered using a similar methodology than for the Al series, starting
from compound 8 (Scheme 4, left). Unfortunately, the Sonogashira coupling with 4-ethynylpyridine did not
afford the desired product even under microwave irradiation. We then changed the strategy through using a
three steps procedure (Scheme 4, right): 1) Sonogashira coupling reaction with TMS-protected acetylene, 2)
deprotection and second Sonogashira coupling with 4-bromopyridine and 3) HWE reaction. We managed to
isolate intermediate 10 with a moderate yield of 35 %. However, the deprotection led to a black insoluble
product that could not be characterized. Since the synthesis of the ligand A3 that we were carrying out in

parallel, gave good results, we decided to give up with the synthesis of ligand A2.
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Scheme 4. Attempts towards the synthesis of ligand A2.

Synthesis of ligand A3 is depicted in Scheme 5. The latter was prepared following the same procedure as for
A1l but using the commercially available boronic acid 11 in step 1. After a first Suzuki coupling reaction, a
HWE reaction afforded ligand A3 that was isolated by size exclusion chromatography and characterized by 'H

NMR and mass spectrometry.
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Scheme 5. Synthesis of ligand A3.

The self-assembly behavior of ligand A3 with complexes RuOxa(0Tf)2, RuBenzo(OTf)2 and RuNaph(OTf):
was followed by H NMR in CD3NO2. While reactions with RuOxa(OTf)2 and RuNaphto(OTf)2 do not converge
to the formation of a discrete species, the NMR obtained with RuBenzo(OTf)2 is well resolved (Figure 60b).
The corresponding *H DOSY NMRs revealed the formation of a single species (D = 2.2 x 1071° m2,s!) with a
calculated hydrodynamic radius of 15.9 & consistent with the expected RusL, cage RuBenzoA3. Attribution of
the signals was achieved on the basis of the *H COSY NMR (Figure S32).
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Figure 60. *H NMR spectra in CD3NO; (C = 103 M), of a) Ligand A3 and b) RuBenzoA3 with corresponding
'H DOSY NMR.
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The formation of a Lo.Ms cage instead of panels as observed with the smaller ligand ALTEG was unambiguously
confirmed by HRMS spectrometry measurements carried out on RuBenzoA3. The mass spectrum allows to
identify a series of peak arrays located at m/z = 731.0090, 856.7175, 1024.3290, 1258.9844 and 1610.9680
that shows very good matching with theoretical values and isotopic patterns corresponding to the species
[LoMsg]®*, [LaMs + OTF]7*, [LaMs + 20Tf]%*, [LaMs + 30Tf]°* and [L:Ms + 40Tf]** respectively, where L

represents the A3 ligand and M is a Ruthenium atom.
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Figure 61. ESI-TOF spectrum of RuBenzoA3 recorded in CH3OH/CH3NO2 (v/v 10/1) (C = 10* M).

Before studying the redox behavior of the RuBenzoA3 cage, we first investigated the stability and behavior
of ligand A3 upon a chemical oxidation. This was performed using similar conditions than above for ligand
A1TEG, in nitromethane with PTZ as an oxidant. The oxidized derivative could be isolated by precipitation in
Et20 in 80% vyield, and characterized by 'H and DOSY NMR. The 'H NMR spectrum of the oxidized product
A30x also differs from its neutral state by the chemical shifts of the TEG protons, the benzene rings of the
phenyl-pyridine linkers (protons c, d) and to a larger extent, by the characteristic downfield shift of the protons
from dihydroanthracene (proton e) (Figure 62). The latter can therefore be used as a reliable indicator of the
ligand geometry. *H DOSY NMR experiments carried out on the neutral and dicationic states show comparable
D values (3.3 x 1019 m2.st for A3 and 3.7 x 1071° m2.s! for A30x). They correspond to hydrodynamic radii
of ca. 10 A.
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Figure 62. 'H NMR spectra in CDsNO: of a) A3 and b) A30x.

Based on these results obtained on the ligand alone, the same oxidation process was studied from the

preformed self-assembled structures using the same chemical oxidant as for the ligand alone. These

56



Chapter 2. Ligands and self-assemblies incorporating the “exTTF” scaffold

investigations were carried out in the NMR tube (Figure 63). As far as the oxidation path is concerned, the

resulting NMR is well resolved and the characteristic shift of the oxidized ligand is present. Moreover, the DOSY

NMR shows the presence of only one species in solution with a hydrodynamic radius similar to the one of the

starting exTTF cage prior to oxidation (Figure 60) and a calculated radius of 15.7 & which excludes any

disassembly of the system.

U | TEG TEG
a) | LN - NH
' b "
‘VS f TEG G
‘d d b c ‘ “ ‘ | | N I TEG TEG
o | J
o T U‘l‘ e ‘ | IVf o [ | | ” II I - NHN
S ALY JUN Re=189A 1y AW L "w
Tl | TR et o
N | i B
e \ [ | I N I Oxidatior II II
) ‘.“L ,A,.\"\'iu\"_\ ,‘JV_}\_“ R,=157A| | | 1\'“' W ’\“w 18 ¢ :
T /i R TIT T s b o4
v de
[ g a b
‘b\e ¢ “ Ij‘ TE - TEG i
9 1 WL Ro=97A LA AN P o 4
b by bouou ‘ " "
o 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 1

ppm

Figure 63. *H NMR spectra in CD3NO; (C = 103 M) of a) Ligand A3, b) RuBenzoA3, c) (RubenzoA3)ox
and d) Ligand A30x with corresponding H DOSY NMRs.

The formation of the oxidized cage (RuBenzoA3)ox has been further confirmed by HRMS analysis carried
out in MeOH/CH3NO2 at C = 10* M (Figure 64). As expected, each charge state (from 8+ to 4+) presents a

series of several peaks because of the presence of BFs~ and OTf" anions. Major peaks of each charge state are
located at m/z = 800.8357, 906.2912, 1082.1693, 1315.9984 and 1328.3864. They show very good matching
with theoretical values and isotopic patterns and correspond respectively to [L%*2M4 + 4BF4]8+, [L2*2Ms + 4BF4
+ OTf]7F, [L**2M4 + 4BF4 + 20T ]8%, [L2*2Ms + 5BF4” + 20Tf]°* and [L?*2Ms + 4BF4 + 40Tf 4+,
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We were also interested in studying the reversibility of this oxidation process. Reduction experiments were
followed by *H NMR upon addition of 5 equivalents of TDAE (Figure 65). Remarkably, the resulting spectrum
is similar to the one of the starting cage prior to oxidation and does not show any sign of degradation, indicating

the reversibility of the process. As expected, signals corresponding to the Phenothiazine appear between 6.95

and 7.30 ppm.
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Figure 65. *H NMR spectra in CD3NO: (C = 103 M) of a) RuBenzoA3, b) (RubenzoA3)ox and c)
(RubenzoA3)ox + TDAE with corresponding 'H DOSY NMRs (NB. Signals between 6.95 and 7.30 ppm in (c)

correspond to Phenothiazine).

These data indicate that the cage structure is stable upon a whole oxidation/reduction cycle. To the best of
your knowledge, RuBenzoA3 is the first example of metalla-cage able to change its size/shape upon a redox
process, which can be qualified of a breathing mode.

Regarding the stability of the isolated oxidized ligand, we were interested in producing the oxidized cages
through a second pathway, directly from ligand A30x. Using this strategy, we could avoid the presence of
Phenothiazine as observed upon RuBenzoA3 oxidation. We followed the complexation of A30x with
precursors RuBenzo(OTf)2 and RuNaph(OTf)2 by *H NMR and DOSY NMR (Figure 66c and d). The spectra
are well resolved, with signals which are shifted related to the ligand alone (Figure 66a), indicating that the
withdrawal character of the oxidized exTTF moiety does not prevent the pyridine to metal coordination.
Interestingly, the NMR corresponding to RubenzoA30x is very different to the one of the oxidized cage
(RuBenzoA3)ox (Figure 66b) and the reaction with RuNaph(OTf)2 converged to a symmetric discrete
structure. The corresponding diffusion values extracted from 'H NMR DOSY experiments (D = 2.7 x 1010
m2.stand D = 2.9 x 10'° m2.s! for RubenzoA30x and RuNaphtoA30x respectively) are higher than the
one observed for cage RubenzoA3 with calculated hydrodynamic radii of 13.2 and 12.3 A. These oxidized

species are therefore smaller than the oxidized cage (RuBenzoA3)ox (R = 15.6 R).
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Figure 66. *H NMR spectra in CD3NO; (C = 103 M) of a) Ligand A30x, b) (RubenzoA3)ox, c)
RubenzoA30x and d) RuNaphtoA30x with corresponding *H DOSY NMRs.

We hypothesized that cage formation was disadvantaged using the oxidized ligand because of intramolecular
electrostatic repulsions in favor of the panel-like compounds. Their formation was unambiguously confirmed
by a HRMS analysis showing the exclusive panel structures with RuBenzo(OTf)2 as well as RuNaph(OTf)2
precursors. Only the spectrum measured with the RuBenzo spacer is described since both are very similar
(Figure 67). The corresponding RuBenzoA30x structure shows a series of peak arrays located at
m/z = 602.1086, 614.7007, 774.3871, 789.8717, 805.6141, 1082.1626, 1103.1499, 1123.7963 that shows
very good matching with theoretical values and isotopic patterns corresponding respectively to species [L2*M4
+ BF4]%*, [L2*Ms + OTF )%, [L2*Ms + 2BF4]**, [L2*M4 + BF4 + OTf]**, [L2*M4 + 20T ]**, [L2*M4 + 2 BF4 +
OTf]3*, [L>*M4 + BFs + 20Tf]** and [L**M4 + 30Tf]3* where L>* represents the A30x ligand and M a
Ruthenium atom (Figure 67). One should note that the presence of BF4 anions was expected and comes from

the oxidant (PTZ) used to prepare A30x.
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Figure 67. ESI-TOF spectrum of RuBenzoA30x recorded in CH3OH/CH3NO: (v/v 10/1) (C = 104 M).

We then studied the behavior of these L2*M; structures upon reduction with TDAE (Figure 68). We expected,

after reduction, a reorganization of the neutral panel structures toward the neutral cages. The resulting species
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(RuBenzoA30x)Red and (RuNaphtoA30x)Red (Figure 68c and d) show nicely resolved NMR spectra and
the presence of only one compound was determined by H DOSY NMR. The corresponding hydrodynamic radii
of 13.2 & and 12.3 & are smaller than the one observed for cage RuBenzoA3 (R = 15.9 &) suggesting that

after reduction, the LM structure remains.
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Figure 68. 'H NMR spectra in CD3sNO: (C = 103 M) of a) RubenzoA3, b) (RubenzoA30x)Red, c)
RubenzoA30x, d) RuNaphtoA30x and e) (RuNaphtoA30x)Red with corresponding 'H DOSY NMRs.

This was further confirmed by HRMS analysis (Figure 69). Once again, we will discuss only the case of
(RuBenzoA30x)Red. The mass spectrum shows only peak arrays corresponding to the LM4 structure with
characteristic signatures located at m/z = 730.8817, 1003.5125 and 1024.4993 that shows very good
matching with theoretical values and isotopic patterns corresponding respectively to the species [LM4 ]**, [LM4

+ BF4]** and [LM4 + OTf]3* where L represents the A3 ligand and M a Ruthenium atom (Figure 69).
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Figure 69. ESI-TOF spectrum of (RuBenzoA30x)Red recorded in CH3OH/CH3NO2 (v/v 10/1) (C = 10* M).

Given the difference in self-assembly behavior observed between the neutral ligand and oxidized ligand, a
total of 4 species from RuBenzo(OTf)2 complexe can be obtained from these two ligands (Figure 70).

Precisely, the neutral ligand reacts with the RuBenzo(OTf)2 complex to form the expected cage. This species
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is robust enough to be engaged in an oxidation/reduction process without disassembly. On the other hand,
the oxidized ligand reacts with the RuBenzo(OTf)2 complex to form a panel, which also can be reduced and

then oxidized in a clean manner.
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Figure 70. General behavior of metalla-structures obtained from RuBenzo(OTf)2 depicted in this section.

Regarding the importance of characterizing self-assembled structures at the solid state, we throw ourself into
the preparation of single crystals. Interestingly, we observed that the oxidized species are much easier to
crystalize than the neutral ones. Single crystals of RuBenzoA30x and RuNaphA30x could be obtained by
vapor diffusion of methyl tert-butyl ether into a methanol solution of the corresponding complexes, and the
X-ray structures could be solved. These results confirm that these compounds are metalla-panels composed
of an oxidized ligand (dicationic) coordinated by two complexes (Figure 71). The central core is therefore
constituted by an anthracene unit substituted by two aromatic 1,3-dithiolium rings which are nearly
perpendicular to the anthracene platform. The ligand part is highly distorted in these complexes compared to
the free ligand. In RuNaphA30x two PhPy linkers located on the opposite positions are linear while the other
pair is bent with an angle of 19° to accommodate two Ruthenium atoms. RuBenzoA30x is even more
distorted as the Ru-Ru distance in RuBenzo is shorter. All four PhPy branches were distorted with angles 15-
20°. It means that the distortion energy is smaller than the combination of electrostatic repulsion between

charged ligands and the entropy benefit of smaller MsL compounds.
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Figure 71. X-ray structures of oxidized panel complexes a) RuBenzoA30x and b) RuNaphA30x. TEG

chains are omitted for clarity.

Although promising crystals of RuBenzoA3 were obtained by vapor diffusion of MTBE into a MeOH solution of
the cage, they did not diffract strongly enough to determine a structure. The latter was therefore simulated
by MM+ modeling (Figure 72a). The dihedral angle measured between the coordination planes is very similar
to the one observed for ligand A1 (Figure 45a), with respective values of 140° and 145° indicating that the
constraint on the ligand is low to incorporate the cage structure. A maximal distance of 15.1 A is calculated
between both ligands, which offer promising perspectives in terms of host recognition, in particular when
considering fullerene derivatives.

Remarkably, single crystals of the oxidized molecular cage (RuBenzoA3)Ox could be obtained by vapor
diffusion of MTBE over a solution of (RuBenzoA3)Ox in CHsNO2/CHsCN and were analyzed by X-ray
diffraction. As expected, both ligands show the typical structural characteristics of the oxidized exTTF%*
framework. Their anthracene fragments are separated by a distance of 7.2 &, a value which is close to the Ru-
Ru one (7.9 A) indicating that electrostatic repulsions are not sufficient to distort the oxidized ligand even

though the dithiole fragments are tilted by 71° in contrast to 90° in case of a free ligand.
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Figure 72. a) MM+ simulation of the neutral cage complex RuBenzoA3, b) crystalline structure of the

oxidized cage complex (RuBenzoA3)0x. TEG chains are omitted for clarity.

Those characterizations clearly highlight the capacity of this new system to modulate its cavity shape thanks
to a redox stimulation.

Cyclic voltammetry experiments were performed on ligand A3 as well as on the corresponding metella-
structures RuBenzoA3 and RuBenzoA30x. As the compound RuBenzoA30x is already in its oxidized
exTTF?* state, the scanning was performed starting from higher to lower potentials. All systems show the
characteristic electrochemical behavior of the exTTF framework. (Figure 73). Ligand A3 is easier to oxidize
than ligand A1TEG (E = 0.17 V vs E = 0.29 V) as expected from the presence of the intermediate phenyl ring
between the exTTF framework and the withdrawing pyridile units. Both metalla-structures are oxidized at
higher potential than the ligand A3, as expected from coordination to the metal. The cage RuBenzoA3 shows
an oxidation potential of E = +0.5 V, which is 0.10 V higher than the oxidation potential of RuBenzoA30x

(observed after reduction). This may happen
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Figure 73. Cyclic voltammetry of A3 and RuBenzoA3 cages, CH3CN (C = 0.2 mM, n-BusNPF¢ (0.1 M)), 100

mV.s!, Pt, vs Fc/Fc*.

because oxidation requires additional energy to overcome the electrostatic repulsion between the two oxidized
ligands in RuBenzoA3. On the other hand, their reduction waves are at the same potential of E = -0.5 V.
During this step, there is no energy gain upon exTTF reduction and conformational change to the butterfly-

shaped form, since the moieties are not charged anymore (Figure 74).
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Figure 74. Possible RuBenzoA3 oxidation/reduction mechanism.

In conclusion, we have described the preparation of a new ligand that is able to react with two bis(Ruthenium)
complexes either in its neutral exTTF state or its dicationic exTTF?* oxidized state. While the oxidized form
produces L?*M; panel-type structures, the neutral one provides the expected cage structure with complex
RuBenzo(OTf)2. The resulting electro-active cage can be redox-stimulated through a change of the cavity
size; this can be illustrated as a breathing movement, with potential applications in terms of controlled guest
release. Considering the shape of the cage, spherical guests such as big anions or derivatives of Fullerenes
could be considered. Due to time constraints, unfortunately, I could not carry out this study which will be done

very soon in the laboratory.
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3. Self-assemblies of 2,6 difunctionalized extended TTF
ligand

3.1. Toward redox-active Banana-shaped cages

Many examples of MaoLs (M = Pd(II)) self-assembled cages have been described recently (Figure 75).3° The
ligands used to construct these assemblies are then said to be "banana-shaped". A major difference with the
Pd-based structures previously discussed in this manuscript, is that these M2L4 assemblies are obtained from

metal complexes for which all coordination sites are available and from bidentate ligands.

Q¢

M,L,

If
<
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[

Figure 75. Banana-type cage structure.

On this basis we designed ligand A4Me. Its synthesis (Scheme 6) was considered from dibromo anthraquinone
13 (commercially available) in two steps through a Palladium catalyzed Suzuki coupling reaction, followed by
an HWE reaction with the appropriate phosphonate anion (generated from the corresponding phosphonate
esters 6 or 7).

B(OH), MeS SMe
N =
. S__S
Br G\I BuLi Y
Px
Q Pd(PPhs), MeO” 402
K,CO3 7
oo T 1
O Tol/EtOH/H ,0 90°C 24h THF, -70 °C
60%
Br
13 14 AdMe 65%

Scheme 6. Synthesis of ligands A4Me.

The electrochemical properties of the ligands A1Me and A4Me were compared by cyclic voltammetry in a
mixture of DCM and acetonitrile (2:1). Both ligands show one quasi-reversible two-electron oxidation waves
at Eox = -0.18 V vs Fc/Fct (A1Me) and at Eox = 0.23 V (A4Me). The latter is oxidized at a slightly lower
potential due to the presence of only two electrowithdrawing fragments in the molecule, vs four in the case of
AlMe.
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Figure 76. Cyclic voltammetry of ALMe and A4Me: CH3CN/CH2Clz> (C = 1 mM, n-BusNPFs (0.1 M)), 100

mV.s!, Pt, vs Fc/Fc*.

Following an alternative approach, we mixed the ligand A4Me with two linear metal acceptors (PdCl2(CH3CN):

or AgBFs) and a square planar one (Pd(CHsCN)4(BF4)2) in order to synthesize the banana-shaped target

assemblies. The reactions were performed in DMSO to accommodate complex solubility. The three

corresponding DOSY NMR studies resulted in hydrodynamic radii that are by far too small to correspond to

supramolecular assemblies (5.8-7.8 A). One explanation lies on the formation of coordination polymers that

are disassembled by the competitive DMSO solvent. All attempts to grow crystals were unsuccessful.
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Figure 77. 'H NMR spectra of a) A4Me, b) A4Me + AgBFs4, c) A4Me + PdCl2(CH3CN)2, d) A4Me +

Pd(CHsCN)4(BF4)a.
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Quite unexpected results were observed upon the reaction of A4Me with AgBF4 in nitromethane. Instead of
the Lewis acid role, the silver salt acted as an oxidizing agent and a grey precipitate was observed. The
resulting compound crystallized quite readily, and the crystal structure was obtained (Figure 78). The
molecules of the oxidized ligand were arranged in a way that the nitrogen atoms in the pyridine groups of
neighboring molecules were facing one another and the distance between them was 2.68 A. The amount of
BF4counteranions suggested the stoichiometry of the compound A4Me2*H*(BF4")s wherein the proton was

shared by two pyridine fragments of the neighboring molecules.

Y e

(%
Figure 78. X-ray structure of the oxidized A4Me2+*H*(BF4’)s.

3.2. Toward redox-active tetrahedral cages

Another opportunity is to employ the 2,6-disubstituted exTTF in the synthesis of a tetrahedral cage using the
strategy recently developed by J. Nitschke (Figure 79), with in mind a change of its internal cavity size with

an electrochemical stimulus.
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Figure 79. General strategy developed by J. Nitschke for the preparation of tetrahedra cage from
aldehydes.!?0
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The precursor A5 was designed in collaboration with Jonathan Nitschke (Univ. Cambridge) and prepared in 3
steps from anthraquinone 13 (Scheme 7). The synthesis starts with a Palladium catalyzed Suzuki coupling
reaction to compound 15, then a HWE reaction with phosphonate 7 produces the protected compound 16 and

finally an acid catalyzed hydrolysis of the acetal with a 5% HCI solution leads to the target ligand AS5.
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Compound A5 was sent to Nitschke group, and the work is underway; preliminary results show the ability of

the obtained assembly to encapsulate fluoroadamantane.
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Scheme 7. Synthesis of ligand AS5.

4. A pillar[5]arene scaffold modified with electroactive
moieties.

Macrocyclic molecules, such as crown ethers, calixarenes, cyclodextrins, and cucurbiturils have been widely
used as macrocyclic hosts and continue to play a prominent role in host-guest chemistry. In 2008, a new
macrocycle was reported by Ogoshi et al.'?! which was named pillar[n]arene (Scheme 8). Pillar[n]arenes and
its derivatives are cyclic derivatives, consisting of hydroquinone units (n units) linked by methylene bridges
on para-positions. Composition of pillar[n]arenes is almost analogous to typical calix[n]arenes and the most
common representative of the series is the pillar[5]arene. However, because its repeating units are connected
by methylene bridges at the para-position, pillar[n]arenes form a unique symmetrical pillar architecture, which
is different form the basket structure (cone) observed for the meta-bridged calixarenes (e.g. case of the
calix[4]arene derivative) . They are usually prepared from 1,4-dialkoxybenzene derivatives and

paraformaldehyde in the presence of a Lewis acid catalyst.!??

OCH

° paraformaldehyde OCHjs OCHj

Catalyst O
> +
OCH;, it HyCO "
3h ]
1,4-dimethoxybenzene Cyclic Pentamer Polymer

DMB DMpillar[5]arene

Scheme 8. Condensation of 1,4-Dimethoxybenzene with Lewis Acids to afford pillar[5]arene.

The cavity size of pillar[5]arenes is approximately 5.5 )3\, and it is more rigid and n-rich than the traditional
calixarenes, which may afford highly efficient binding affinities to specially designed guests, with a particular
affinity for linear alkanes containing electron-poor systems such as amine, ammonium, cyano, and halogen
groups, as well as simple aromatic compounds such as pyridinium and viologen derivatives. 1% 23 The

pillar[5]arene scaffold can be easily functionalized, with up to 10 substituents. Because of their intrinsic
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characteristics and properties, (i.e. simple and highly symmetrical structures, straightforward synthesis,
versatile functionalization, rigid and n-rich cavities), pillar[5]arenes are excellent candidates for exploring
host-guest chemistry.

On the other hand, many TTF derivatives have been synthesized with the aim of preparing organic conductors
and superconductors.!?* However, due to the combination of a good chemical stability whatever their redox
states and their excellent n-donor properties, the utility of TTF derivatives (including exTTF) have become
very popular in the field of macrocyclic®® and supramolecular®? chemistry. The incorporation of TTF and exTTF
derivatives into pillar[5]arene host is expected to amplify the host-guest interaction with a complementary
electroactive guest.®? Such interactions might electrochemically be detected.®!

In this study, we describe the synthesis of some new pillar[5]arenes substituted with 10 extended TTF (exTTF)
derivatives and investigate their redox and host-guest properties. These compounds were targeted because
they feature the pillar[5]arene unit (easily functionalized, remarkable host-guest properties)!?* and exTTF
moieties, whose redox properties are unique (see above paragraphs).!04

In collaboration with Dr J.-F. Nierengarten group, our team initiated some years ago'?® a project related to
the synthesis and the study of new redox-active pillar[5]arenes persubstituted by ten TTF units. The latter
systems correspond to a polyaromatic ring persubstituted by ten redox-active TTF units. Two derivatives were
synthesized and characterized, presenting different steric hindrance on the TTF periphery (R=H, SMe, Figure
80).

S—_TCN

CsOH.H,0, MeOH
DMF, 45°C, Ar;

Br

Br
Pillar-OEtBr

Pillar-TTF

Figure 80. Synthesis of pillar-TTF.!?

It was demonstrated by a Thin Layer Cyclic Voltammetry study!?® that such systems are able to reversibly
exchange up to twenty electrons upon oxidation to the dicationic state of each TTF units (i.e., 10x2e).
Moreover, the redox-active units were shown to behave independently. Based on the electron-rich properties
of TTF derivatives, it was assumed that the pillar-TTF derivative should present some affinity for electron-
poor species. Nevertheless, no complex formation with electron-poor guests in acetonitrile/dichloromethane

solution (Paraquat:PFs, TCNQ) could be evidenced by electrochemistry studies.
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Figure 81. Synthetic scheme towards exTTF grafted pillar[5]arene, initial target of a pillar[5]arene

persubstituted with exTTF moieties pillar-exTTFa.!?

Following these results, G. Mengheres also tried to synthesize a pillar[5]arene substituted with 10 exTTF units
pillar-exTTFa (Figure 81). Indeed, the concave surface of n-extended tetrathiafulvalene derivatives is known
to efficiently recognize the convex surface of Ceo.1%* This geometrical characteristic was notably exploited in
the case of poly-exTTF rings,?’ for which the different exTTF units contribute in a concerted manner to the
Ceo binding, through wrapping the spherical guest. The fullerene recognition is thermodynamically driven by a
concave-convex complementarity and charge transfer.

Nevertheless, presumably because of the higher steric demand of exTTF compared to TTF, the targeted 10-
fold substituted system could not be reached, and a maximum of six exTTF units were introduced, as identified
by mass spectrometry.

One solution that was considered to overcome this failure consisted in using a pillar[5]arene scaffold bearing
longer bromo-alkyl substituents (Cs instead of Cz), in order to allow more space and flexibility on the periphery
of the persubstituted system. Nevertheless, this option led to the same negative result.

On this basis, we decided in the course of my PhD thesis project, to explore an alternative synthetic strategy
based on click chemistry, well-known for high yields and mild conditions, and already applied to pillar[5]arene

derivatives in the group of Strasbourg.'?®
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Figure 82. Synthesis of Pillar-exTTFb.

The target pillararene Pillar-exTTFb was obtained in two steps from precursor 17 (provided by J.-F.
Nierengarten group). The first step corresponds to the preparation of azide!?® 18 from 17 by the reaction with
sodium azide in DMF. The reaction went to completeness and was quenched by water. After extraction with
diethyl ether the product did not require any additional purification. The organic azide 18 was characterized
by IR and 'H NMR spectrometry. The IR has demonstrated a characteristic absorption peak of azide at 2085
cmL. The completeness of the reaction was verified by the symmetry of *H NMR spectrum. Interestingly, the
presence of dichloromethane has an impact on the chemical shift of these protons (Figure 83). In presence of
dichloromethane, the signal of the CH: bridge protons (protons a) is upfield shifted from 3.74 ppm to 3.70
ppm, and the terminal CHz2N3 signal (c) is downfield shifted to from 3.10 ppm to 3.27 ppm. Also, the signal of
the O-CH2 protons (b) is doubled. This suggests that one CH2Cl2 guest molecule is present in the core, which
breaks the symmetry of the molecule, and leads to discriminate O-CH atoms that are situated next to, and
laterally to the chlorine atoms. The competitive strong binding of one dichloromethane molecule within the
pillar arene cavity is well-established and could be overcome by using chloroform as the solvent during host-

guest binding studies.!3°
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Figure 83. 'H NMR spectra of 18 a) in absence and b) in presence of dichloromethane.

Compound 18 was functionalized with exTTF by CuAAC click reaction in CHCl3/H20 with the exTTF 19
derivative!3! bearing an alkyne moiety. The latter was synthesized following the synthetic scheme described
in Figure 82.13! The completeness of the 10-fold substitution towards Pillar-exTTFb was confirmed by mass-
spectrometry. The absence of oxygen was required for a complete substitution. The target product was
characterized by NMR spectrometry, including a DOSY study (Figure 84). The signals related to the exTTF unit
are broad in contrast to the sharp peaks observed for precursor 19, which results from the oligomeric nature
of Pillar-exTTFb. DOSY NMR data are consistent with the structure of the targeted system since all the signals
are attributed to a single diffusion coefficient which corresponds to hydrodynamic radius ca. 13.5 A, a value

which is consistent with the expected molecules of this size.
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Figure 84. *H and Diffusion coefficient value (DOSY NMR) of Pillar-exTTFb in CDCls.

The redox properties of Pillar-exTTFb were studied by Thin Layer Cyclic Voltammetry!?® (Figure 85). A single
redox wave is observed. Its shape and Ei2 value correspond to the usual electrochemical behavior of exTTF
derivatives (an electrochemically irreversible (chemically reversible) two-electron oxidation process), which is
accompanied by a severe conformational change. A coulometric internal reference was used (2,3-
dichloronaphtoquinone) for evaluating the total number of electrons exchanged upon oxidation of Pillar-
exTTFb.'% 126 The oxidation is not completely chemically reversible in pure CH2Cl> and solubility issues
prevent the use of a CH2Cl2/CHsCN mixture. Moreover, in presence of the electrochemical reference (2,3-
dichloronaphtoquinone), the reduction wave becomes even wider and the voltammogram appears
irreproducible. This suggests that the area under curve contains a contribution from chemical kinetics, which
prevents to quantify the total amount of electrons transferred to the electrode.
i, = 2.69 x 10° n? AD? Cv?
Equation 2. Randles-Sevcik equation for 25 °C

We also tried to determine the number of electrons via the Randles-Sevcik equation (Equation 2), using the
diffusion coefficient obtained by DOSY NMR (Figure 84). Yet the results proved to be inconclusive as well, due
to the lack of reversibility of the electrochemical process. The obtained results show that Pillar-exTTFb is not
optimal for thorough investigation of electrochemical properties as its electrochemical processes involve

complex kinetics that cannot be accounted for by standard electrochemical analytical methods.
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Figure 85. Thin Layer Cyclic voltammetry of 2.5 x 10> M Pillar-exTTFb (black line), 2.5 x 10> M Pillar-
exTTFb + 2.5 x 10 M of 2,3-dichloronaphtoquinone!?> (red line) in CH2Clz (Erer = -0.87 V), 0.1 M TBAPFs,

scan rate: 2 mV.st,

An evident objective guiding the design of such electron-rich pillararene receptors lies on their potential for
hosting electron-poor fullerenes, which are complementary in terms of shape (concave/convex
complementarity) and in terms of electronic character (pi-donor/pi-acceptor). A preliminary titration
experiment led on Pillar-exTTFb with Ceo was followed by UV-vis. No isosbestic point was observed (Figure
86a), meaning that no interaction between Ceo and Pillar-exTTFb was developed. The only observable effect
was the photoactivation of EXTTF moieties!3? by Ceo leading to the photodecomposition of the Pillar-exTTFb
host (Figure 86b).
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Figure 86. UV-Vis absorption studies of Pillar-exTTFb a) titration of 3 x 10® M Pillar-exTTFb with Cso, b)
the solution of 3 x 10 M Pillar-exTTFb and 1.5 x 10* M Ceo before (black line) and after (red line) 2h of
daylight exposition.

Another approach which was considered from this new Pillar-exTTFb derivative, consisted in exploring the
capacity of pillar arene derivatives to generate rotaxanes. For instance, Nierengarten et al. have obtained
pillar-arene rotaxanes with a stopper-exchange strategy where a long alkyl chain was used as internal moiety

(Figure 87).133 Using this strategy, Ceo appeared as a good candidate as a wide stopper.
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On this basis, the Pillar-exTTFb compound was sent to Strasbourg where Iwona Nierengarten performed the
titration experiments with two axles, CsoCN (disymetrical) and diCN (symetrical) (Table 2). All obtained
association constants with CeoCN are lower than the values corresponding to diCN. Therefore, there is no
synergetic effect of Ceo moiety complexation with exTTF units. This demonstrates that the alkyl chain capped
with cyano group is responsible for the interaction between the pillararene cavity and the guest. Remarkably,
the association constant in CDCls appears significantly higher in the case of Pillar-exTTFb than with Pillar-
TTF or Pillar-OEt. Taking into account that Pillar-TTF and Pillar-OEt have only short ethyl chain linkers,
there is a positive binding effect between long hexyl chain linkers and dodecyl nitrile chain of CeoCN.
Contrariwise, Pillar-TTF presents the lowest affinity, be that with CeoCN or diCN. This is assigned to the
shorter linker between the Pillar-arene rim and the TTF units, which presumably leads to a strong hindrance
blocking the access of the guest to the rim cavity. Though the exTTF unit is more spatially extended than TTF,
such behavior is not observed in the case of Pillar-exTTFb, thanks to the longer alkyl linkers (Cs) which allow
a higher degree of conformational freedom. Finally, one will note that the binding constant is systematically

higher with the diCN axle in front of CeoCN, whatever the pillararene derivative.
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NC/\/\/\/CN
Host / Guest C, mM
(diCN)
< ( (o >
9 ¢ N g
\ O"
L 3.8 1.62(5) 2.1 2.9(1)
(Pillar-OEt)
(Pillar-TTF) 4.0 0.7(2) 3.4 1.5(1)
(Pillar-exTTFb) | 2.9 2.2(1) 2.2 3.35(9)

Table 2. Values of the association constants (logKa) calculated for the 1:1 host-guest complexes in CDCls.

In conclusion, the new Pillar-exTTF exhibits electrochemical properties which are typical for exTTF
derivatives, with no evidence of any interaction occurring between the redox-active units. Therefore, the
stability of such systems and the possibility they offer to control reversibly the charge (from the neutral state
to polycationic species (20 positive charges)), open promising perspectives in terms of guest binding and
transport. Though these pillararenes do not show any remarkable encapsulation properties of Cso, they do
complex CeoCN and diCN axles. For a thorough investigation of the electrochemical properties of these
substituted polyaromatic scaffolds bearing 10 redox units, the introduction of electrochemically reversible

redox systems and long enough linkers to avoid intramolecular interactions is required.
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1. Dithiafulvene-based self-assembled tweezers

This paragraph has been mainly published in reference “Tuning the structure and the properties of
dithiafulvene metalla-assembled tweezers” (Org. Chem. Front. 2020).13* Some additionnal data are provided

below,

In the course of the studies led in the laboratory on redox active systems, the efficiency of the 9-(1,3-dithiol-
2-ylidene)fluorene (DTF)-based ligands in generating self-assembled discrete structures, has been illustrated
with the preparation of rings,!% tweezers'3> or cages.!%? The DTF moiety can be oxidized reversibly at low
potential to the corresponding radical cation, %% 136 a species which is prone to form mixed valence or n-dimer
species under specific conditions. This driving force can be exploited to control, reversibly, the release of a
guest compound thanks to a redox driven dimerization process.!*

We report herein that the shape, the redox and the binding properties of coordination-driven self-assembled
metalla-cycles constructed from ditopic DTF-based ligands and the cis-Pd(dppf)(OTf). complex (dppf = 1,1'-
bis(diphenylphosphino)ferrocene; OTf = trifluoromethanesulfonate), can be efficiently and readily tuned by a
simple change from a 4-pyridyl coordinating unit to a 3-pyridyl one.

As previously reported by our group, the self-assembly of the L4Pyr ligand with cis-Pd(dppf)(OTf)2 in
dichloromethane at 40 °C converges to a single symmetrical MzL> discrete species (Scheme 9 left),193

In this work, we applied a similar synthetic protocol to ligand L3Pyr which is a position isomer of L4Pyr

(Scheme 9 right) and which was already avalaible in the laboratory,%? and compared their properties.

Previous work This work
HexS SHex HexS SHex
(-
Ph- -Ph
PP
Ph /\Pd\ \Ph
TfO© OTf
Pd(OTf),
CH,Cl, CH,Cl,
—MOTf_ 40°, 2h 40°, 2h
86% 89%
7 N

SHex HexS

SHex HexS

¥ P
@ = pd_ Fe Pd,L3Pyr,
Pd,L4Pyr, PH ‘ﬁ

Scheme 9. Synthesis of metalla-cycles Pd2L4Pyr2 1% (left) and Pd2L3Pyr2'3* (right).
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The presence of the 3-pyridyl unit leads to a more complex H NMR spectrum due to the symmetry loss (Figure
88a). Nevertheless, all aromatic signals could be attributed using a COSY experiment (Figure S59). In
particular, all signals of pyridyl proton in Pd2L3Pyr2 are upfield shifted compared to the free L3Pyr ligand,
except He (Figure 88b). This global observation is assigned to the shielding effect promoted by the phenyl
rings from the dppf coligand, which is compensated in the case of He by coordination to the metal. The presence
of only one discrete species is confirmed by *H DOSY NMR experiment (Figure 88c and Figure S60). The latter
shows a single set of signals with a diffusion coefficient of D = 4.96 x 101 m2.s’!, a value which is very
similar to the one measured for the Pd2L4Pyr2 metalla-cycle (Figure 88c’). This observation suggests that the
self-assembled structure obtained from L3Pyr is similar in size to the one of Pd2L4Pyr2. The corresponding
estimated hydrodynamic radius is of ca 10 &, as extracted from the Stokes-Einstein equation (T = 298 K),7%

137 a value which is consistent with the formation of a ML architectures as in the case of Pd2L4Pyr2.103

a) . 1 3 cHo, @)
3 |
| 6 ‘ T s
Hexs | | | | ‘ | w| Hexs
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10.8 10.4 10.0 0.6 9.2 a8 8.4 8.0 76 7.2 6.8 10.8 104 100 9.6 9.2 8.8 8.4 8.0 76 T2 6.8
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Figure 88. 'H NMR spectra (aromatic region) of ligands L3Pyr (a) and L4Pyr (3’) in CDCls, metalla-cycles
Pd:L3Pyr: (b) and Pd2L4Pyr: (b’) in CD2Cl2 and corresponding *H NMR DOSY spectra (c and c’) related to
(b) and (b").

The stoichiometry of the self-assembly Pd2L3Pyr. was confirmed by high-resolution ESI-FTICR-MS
spectrometry (Figure 89). In addition to signals of the expected M:L. molecular clip [Pd2L3Pyr2 - 20Tf]**;
m/z = 1510.667), peaks corresponding to higher molecular masses were observed despite variations carried
out on the instrumental conditions, the concentration (10> M < C < 103 M) and the solvent. Taken into
account the above DOSY NMR data, these experiments suggest aggregation of the starting M2L. metalla-cycle
upon ESI. Such behavior is known in the literature with soft ionization conditions'*® and was also observed in
the case of the Pd2L4Pyr2 analogue.!®
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Figure 89. ESI-FTICR spectrum of Pd2L3Pyr2 recorded in CH2Cl2/CH3NO: (v/v 1/1) (C = 103 M).

Unfortunately, attempts to grow single crystals of Pd2L3Pyr2 suitable for X-ray analysis were unsuccessful.
Theoretical calculations using the MM+ model were undertaken and the results compared to similar
experiments carried out for Pd2L4Pyr2 (Figure 90). Molecular modeling was performed by using the molecular
mechanics force field MM+ method from the HyperChem Professional 8.0.3 program (Hypercube, Inc.,
Waterloo, ON, Canada,) configured in vacuo, with an RMS of 10> kcal/mole, a number of maximum cycles of
32500, and a Polak-Ribiere algorithm. Counter anions were omitted to simplify the calculation. The calculated
Pd2L4Pyr> structure (Figure 90a) is fully consistent with the one observed in the corresponding X-ray
crystallography structure (Figure 94c¢). In particular, a dihedral angle of ca. 80° between both fluorenyl mean
planes, and an intramolecular S-S distance between facing dithiole rings of ca. 15 A, were found, and these
values are very close to those observed in the crystal. Importantly, switching from a 4-pyridyl coordinating
unit to a 3-pyridyl one, drastically modifies the shape of the metalla-clip. The metal coordination in the meta
position of the pyridyl groups in Pd2L3Pyr, results in a significant conformational change with much closer
electroactive units. In particular, Pd2L3Pyr shows a dihedral angle between both fluorenyl units of ca. 27°
and a S-S distance of ca. 8.5 A.
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Figure 90. Molecular force field (MM+) model of tweezers Pd2L4Pyr2 (a) and Pd2L3Pyr2 (b).

The electrochemical properties of the metalla-clip Pd2L3Pyr2 were studied by cyclic voltammetry (CV) in
CH3CN/CH2Cl2 and compared to the previously described Pd2L4Pyr2 homolog!'®(Figure 91a). Both L4Pyr and
L3Pyr ligands exhibit one reversible redox wave, centered on the DTF moiety at E®*-0.56 and 0.46 V vs
Fc/Fc* respectively. One reversible oxidation is also observed for the DTF moieties in Pd2L4Pyr2 (E1* = 0.59V
vs Fc/Fct) which is followed by oxidation of the ferrocene moieties at E2°* = 0.82V vs Fc¢/Fc*. This observation
indicates that both DTF ligands are electronically equivalent and independent in Pd2L4Pyr.. A striking different
behavior is observed for tweezer Pd2L3Pyr2. The CV of the latter exhibits a splitting of the redox wave
corresponding to the DTF units, with 2 reversible oxidations occurring at E1®* = 0.49 V and E2** = 0.63 V vs
Fc/Fct, suggesting that both tips of the tweezer do not behave independently. Such splitting has already been
reported in the case of molecular tweezers bearing TTF!3° and more recently with DTF tips,'3> and was ascribed
to the formation of mixed-valence and n-dimer species upon oxidation. The above-mentioned estimated
distance of 8.5 A between both panels in Pd2L3Pyr2 should in principle allow the sandwiching of a planar
aromatic species between both tips, 4% 4! including a self-intercalation of two molecular tweezers if no other
species is present in solution. This was confirmed by a concentration-dependent CV study of Pd2L3Pyr2, which
shows the disappearance of the splitting phenomenon upon diluting the solution from C =103 M to
C = 6.25 x 10> M (Figure 91c,d). Such behavior is similar to the one reported by E. Levillain and P. Hudhomme

for TTF-based molecular clips.!3
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Figure 91. Cyclic voltammograms (CH3CN/CHClz (v/v 1/1), 0.1 M nBus4NPFs, 100 mV-s~*, CG, V vs Fc/Fc*) of
a) L3Pyr, L4Pyr, Pd:L4Pyr2 and Pd2L3Pyrz at C = 103 M, b) Pd2L3Pyr2at C = 1073 M in presence of
DCTNF, c¢) Pd2L3Pyr: at different concentrations and d) the deconvoluted CV corresponding to (c).

Thanks to the modelling of cyclic voltammetry experiments, these authors could demonstrate that the stepwise
oxidation process follows a square scheme involving both neutral and radical cation species, which interact
either inside or outside the cavity (Figure 92a). This difference of the CV behavior between Pd2L3Pyr2 and
Pd2L4Pyr, is therefore correlated to the distance separating both tips of the tweezer: whereas Pd2L3Pyr2
can bind a planar guest in the cavity through the simultaneous contribution of both tips (S~S distance 8.5 &)
(Figure 92b), Pd2L4Pyr> (S-S distance 15 A) cannot.
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Figure 92. Schematic representatlon of the stepwise oxidations mechanism proposed by P. Hudhomme and

E. Levillain in case of TTF based molecular clips (a),'*® and the square scheme involved in the oxidation of
Pd2L3Pyr: (b).

Based on those electrochemical experiments and geometrical optimizations, it appears that metalla-clip
Pd:L3Pyr2 provides a cavity suitable for guest encapsulation. Additional cyclic voltammetry experiments were
therefore carried out to monitor the host-guest interaction process, in presence of 9-dicyanomethylene-2,4,7-
trinitrofluorene (DCTNF), an electro-deficient planar aromatic compound (Figure 91b). Interestingly, the
addition of an increasing amount of DCTNF into a solution of Pd2L3Pyr2 shifts the first oxidation process to
higher potential with the disappearance of the wave splitting. This suggests the intercalation of the DCTNF
unit between both electron-rich DTF tips, which prevents therefore the above-mentioned self-intercalation
process of two oxidized metalla-clips to occur. Moreover, the splitting observed during the reduction process
of the oxidized molecular tweezer also disappears in the host-guest system (Figure 91b), ruling out a guest
release phenomenon upon oxidation. As expected, similar studies carried out with Pd2L4Pyr2 did not show
any significant changes of the cyclic voltammogram, except a very weak anodic shift (Figure 93).
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Figure 93. Cyclic voltammograms (CH3CN/CH2Clz (v/v 1/1), 0.1 M nBusaNPFs, 100 mV-s~!, CG, V vs Fc/Fc*) of

Pd:L4Pyr; at C = 10-3M in presence of DCTNF.
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To get a better understanding of those interactions we tried to grow single crystals from solutions containing
Pd:L4Pyr; or Pd2L3Pyr2> and DCTNF (2 equiv.). Even though all attempts to get cocrystallized structures
were unsuccessful, vapor diffusion of MeOtBu into a mixture of Pd2L4Pyr2 and DCTNF has led to single crystals
that does not show presence of DCTNF in the structure. #2144 The latter exhibits a packing mode that differs
from the one obtained in absence of DCNTF!%3 (Figure 94c) and shows some specific features (Figure 95). It
includes three independent MaL. metalla-clip units interacting through head-to-tail n-n stacking between their
respective DTF units, with interplanar distances of ca. 3.5 A. As a result, they form an original discrete
architecture constructed from two distinctive supramolecular interactions, i.e. coordination bonds and parallel

displaced aromatic-aromatic interactions.

*‘w*\"““ o \\\

Figure 94. X-Ray crystal structures of ligands L4Pyr!%® (a) and L3Pyr!? (b), crystal packing of

Pd:L4Pyr2!% crystallized by slow diffusion of MeOtBu in a solution of CH2Cl2 (c). Pd2L4Pyr2 solution in
CHClI3 containing 2 equiv. of DCTNF

Figure 95. Crystal packing of Pd2L4Pyra2 crystallized by slow diffusion of MeOtBu in a solution of CHCl3
containing 2 equiv. of DCTNF (dppf phenyl rings omitted for clarity).
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The attempts to follow the interaction between Pd2L3Pyr. and DCTNF by NMR were compromised by
generation of paramagnetic mixed-valence species that have broadened the signals. The attempt to add an
acid to the NMR tube to quench the radicals were unsuccessful. The required concentration of trifluoroacetic
acid to sharpen the signals has led to complete disassembly of Pd2L3Pyr2 that was observed by DOSY NMR.
Deeper insights related to the interactions mode occurring between DCTNF and Pd2L4Pyr2 or Pd2L3Pyr2 were
provided by UV-Vis experiments carried out in CH2Cl2 (Figure 96). In order to determine the binding constant,
UV-Vis titration experiment was led in DCM by adding a solution of DCTNF (C = 5 x 10 M) and Pd2L3Pyr-
(C =107 M) onto a solution of pure Pd2L3Pyr2 (C = 10~ M). In this way, the host concentration was
maintained constant during the titration.!* In the case of a 1:1 complex, the equilibrium under consideration
can be described by Equation 3:

H + G

HG Ka

Equation 3

The evolution of the absorbance A at a given wavelength can be expressed according to Equation 4:

[H]o+[G]o+1/Ka % \/([H]0+[G]0+1/Ka)2—4[H]o[G]02
2

AA = (SHG -&H- SG)l

Equation 4

Where ¢n, ¢ and euc are the molar extinction coefficients of the host, the guest and the host-guest association
respectively, | is the optical path of the quartz cell and Ka the binding constant. Concentrations [H]o and [G]o
correspond to the introduced concentrations of host and guest within the quartz cell. This theoretical equation
was fitted to the corresponding experimental data with the least-squares method, affording an evaluation of
the desired binding constant.

Both metalla-clips show absorption spectra close to those of their constitutive ligands (L4Pyr and L3Pyr)

with, as expected, molar extinction coefficients which are twice higher. They are characterized by two
absorption bands at high energy localized around 300 nm which are ascribed to n-n* transitions located on
the pyridine and flurorene units as well as an intense ICT band around 480 nm coming from the HOMOpr -
LUMOpyridgine transition.'#> Job Plot experiments were carried out at Amax = 465 nm (Pd2L3Pyr2, Figure 96b)
and 480 nm (Pd2L4Pyr, Figure 96d), at C = 10> M in CHzCl, upon addition of aliquots of DCTNF (C = 5 x 10
4 M in CH2Cl2). As expected from CV experiments, both metalla-tweezers exhibit highly distinctive behaviors.
As clearly seen from Figure 96b, a maximum is observed for a molar fraction of 0.5 in the Job plot titration of
Pd:L3Pyr2 with DCTNF. This value is assigned to the formation of a 1:1 host-guest complex, for which both
DTF units cooperatively contribute to the guest binding, according to a sandwich-mode. A binding constant of
Ka = 7.8 (£ 0.9) x 10° was calculated!!*, a value which illustrates the remarkable ability of this tweezer to
complex the electro-deficient DCTNF unit. On the other hand, the Job plot titration in the case of Pd2L4Pyr2
(Figure 96d) exhibits a maximum for ca. 0.6-0.7. This value correlates with a 1:2 stoichiometry, meaning that
even though the metalla-assembly Pd2L4Pyr2 does not possess a cavity suitable for recognition of planar

guests, it is able to interact with two DCTNF units.
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Figure 96. UV-Vis spectra of ligands L3Pyr, L4Pyr and metalla-tweezers Pd2L3Pyr2 and Pd2L4Pyr:
recorded in CH2Cl2 (a), Job plots for complexation of receptor Pd2L3Pyr2 (b) and Pd2L4Pyr2 (d) with DCNTF
determined by UV-Vis spectroscopy at respectively 465 and 480 nm (CH2Cl, C = 10> M), and plots of
absorbance of a UV-vis titration for complexation of receptor Pd2L3Pyr2 (CH2Cl2, C = 10> M) with DCNTF

(CH2Cl2, 5 x 10* M) at 465 nm (c).

On this basis, we assume that each DTF fragment can interact independently with one DCTNF unit. This is

corroborated by a *H NMR experiment, which shows that signals of a mixture of a DTF ligand and DCTNF, are

shifted related to the species recorded alone (Figure 97).
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Figure 97. *H NMR of ligand L3Pyr (a), DCTNF (b) and their 1/1 mixture (c) in CDClz at C = 103 M.

To conclude, the properties of both M2L. metalla-clips, Pd2L4Pyr2 and Pd2L3Pyr2, constructed from the same
cis-blocked Pd(dppf)(OTf)2 complex and two isomeric DTF-based ligands differing by the position of the
nitrogen atom on the pyridyl coordinating units, have been compared. While the molecular tweezer built from
L4Pyr shows an intramolecular distance of ca. 15 A between both redox-active tips, the one obtained from
ligand L3Pyr features a cavity in which both DTF units are separated by 8.5 &. The latter structural
organization is favorable for promoting i) a tweezer dimerization upon oxidation, through formation of
intercalated cationic dimeric species ii) formation of a host-guest complex with an electro-deficient DCTNF
unit, with an association constant of 7.8 x 10°in methylene chloride. These results illustrate to which extent
minor structural changes led on the starting ligand, may drastically impact the geometry and hosting

properties of the resulting metalla-species prepared through a coordination-driven self-assembled processes.

2. Interlocking of DTF-based molecular clips

This study has been mainly developed in reference “Metalla-Assembled Electron-Rich Tweezers: Redox-
Controlled Guest Release Through Supramolecular Dimerization” (Angew. Chem. Int. Ed. 2020).13> Some
additional data are provided below.

Aside from the widely described family of coordination rings and cages that feature a closed cavity, molecular
tweezers constitute a class of acyclic host molecules prone to bind various guest systems. As seen in § 1 of
this Chapter, the cavity is in this case geometrically defined by two panels facing each other and maintained

in an approximately parallel conformation by a linker. Their guest-binding capacities depend on the inherent
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properties (for example, electronic) of their panels and on the distance separating them. For instance, a
distance of about 7 Angstrom is likely to facilitate the binding of a planar aromatic molecule.

The following paragraph depicts a new family of a coordination-driven self-assembled tweezers based on the
DTF electroactive moiety, as an additionnal example beside the example described above in § 1,. They
associate the L4Pyr DTTF-based ligand (see §1) to bis(Ruthenium) complexes (RuOxa(OTf)2 and
RuNaph(OTf)2) varying by the length of the linker separating both metal atoms (Figure 79). The self-
assembly of Oxa2L4Pyr2 and Naph2L4Pyr2 was performed in dichloromethane. Whereas the smaller tweezer
Oxa:L4Pyr2 is observed as an individual unit, the larger one spontaneously forms the interpenetrated
supramolecular dimer (Naph2L4Pyr2)2 in solution and in the solid state. This dimer can be dissociated either
upon dilution to C < 103 M, or upon addition of an electron-poor aromatic guest (i.e. 9-dicyanomethylene-
2,4,7-trinitrofluorene (DCTNF)), affording the Naph2L4Pyr2 monomer or the DCTNFcNaph2L4Pyr2 host
guest complex respectively. Remarkably, the latter can be reversibly shifted to a tweezer dimer upon

oxidation, with concomitant guest release (Figure 98).

MeOH MeOH
10°M<C<10°M C=10°M

(Naph,L4Pyr,),

./ [Cl\ [c1”

Oxidation

|
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DCTNFC Naph,L4Pyr,  Naph,L4Pyr,

RuNaph

Figure 98. Synthesis of self-assembled tweezers Oxa2L4Pyr2 and (Naph2L4Pyr2)2 from ligand L4Pyr and
complexes RuOxa(0Tf)2 and RuNaph(OTf)2 respectively, and supramolecular transformations occurring
from (Naphz2L4Pyr2)2.

The synthesis of tweezer Oxa2L4Pyr2 was achieved in one-step from a stoichiometric mixture of redox active
ligand L4Pyri% and arene Ruthenium acceptor RuOxa(OTf)2'%¢ in MeOH at C = 103 M (15 h, 50°C). After
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precipitation with Et20, the resulting solid exhibits a *H NMR spectrum (MeOD) with a/p pyridyl and fluorenyl
signals upfield shifted in comparison with starting L4Pyr, as a result of the metal-ligand coordination (Figure
99a-b). A 'H NMR DOSY experiment (Figure S63) revealed the presence of only one discrete species in solution
with a diffusion coefficient (D) of 3.31 x 101 m2 s! in MeOD at C = 103 M. The corresponding calculated
Stokes radius of 12 &, is in good agreement with the formation of the expected MaL2 species.” 137 Interestingly,
the 'H NMR spectrum (MeOD) obtained from the reaction of L4Pyr with the RuNaph(OTf)2'%” acceptor (Figure
99¢), shows a splitting of each signal, indicating the possible formation of a dimer structure. In particular, the
large upfield shifts of fluorenyl aromatic protons (a-c) in the 5.5-7.0 ppm region suggests an association
driven by n-n interactions. The formation of a dimeric structure is further confirmed by the Stokes radius of
19 & calculated from a *H DOSY NMR experiment (Figure S66), a value which is significantly larger than the
one observed with RuOxa(O0Tf)2. One will note that no discrete structure could be reached from the larger

RuTetra acceptor.!¥
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Figure 99. *H NMR (298 K, C = 103 M, downfield region) of a) ligand L4Pyr in CDCl3, b) OxazL4Pyr2 in
MeOD and c) (Naph2L4Pyr2)2 in MeOD. See Figure 98 for *H NMR assignments. D corresponds to the
diffusion coefficient extracted from a H DOSY NMR experiment and R to the corresponding hydrodynamic

radii calculated from the Stokes-Einstein equation.

High-resolution ESI-FTICR-MS spectrometry experiments were carried out on the isolated Oxa2L4Pyr> and
(Naph2L4Pyr2)2 self-assembled complexes in CH3CN at C = 103 M (Figure 100, Figure S73 and Figure S74).
While the metalla-tweezer obtained from RuOxa(OTf)2 exhibits only signals resulting from the monomeric
OxazL4Pyr: species at m/z = 1325.0751 and 833.3996 (main contributions, Figure 100a), the self-assembly
isolated from the reaction between L4Pyr and the larger RuNaph(OTf)2 acceptor shows one isotopic pattern
at m/z = 1949.4623 corresponding to the dimeric (Naph2L4Pyr2)2 species (main contribution, Figure 100b).

It is worth nothing that no signal corresponding to the monomeric tweezer is observed, highlighting the
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stability of the supramolecular dimer, even in the gas phase. Eventually, all experimental isotopic distributions

are in good agreement with calculated theoretical ones (Figure S73 and Figure S74).
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Figure 100. ESI-FTICR mass spectra recorded in CH3CN at C = 103 M of a) Oxa2L4Pyr2, b)

(Naph:L4Pyr2)2 and c) (Naph2L4Pyr2)2 with 2 equiv. of DCTNF.

Single crystals suitable for X-ray diffraction analyses were obtained for both Ruthenium-based tweezers, by
liquid diffusion of methyl tert-butyl ether into a solution of the self-assembled structures in methanol at room
temperature (Figure 101). The monomeric structure of Oxaz2L4Pyr2 consists in two DTF electro-active units
facing each other thanks to n-r interactions, with a distance of 3.47(1) & (Figure 101a). Consequently, both
RuOxa spacers, in which the Ruthenium atoms are separated by 5.49(1) &, are twisted by 19.55 and 32.65°
respectively from the ideal perpendicular conformation with the dithiafulvenyl fragments (Figure 101a). The
X-ray crystal structure of (Naph2L4Pyr2)2 reveals that two metalla-tweezers are partially stacked and
stabilized by intermolecular n-n interactions with distances in the range of 3.44-3.56(1) A (Figure 101b). No
additional stabilization forces such as CH-n interactions between the DTF ligands and the hydroxy-
naphthoquinonato units are observed, while these have been described as the main driving forces for

interlocking carbazole-based ligands.>®
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Figure 101. X-Ray crystal structures of a) Oxa:L4Pyr2 and b) (Naphz2L4Pyr2)2. Propyl chains have been

omitted for clarity.

The stability of the dimer arrangement has been investigated by performing variable-concentration NMR
experiments in deuterated methanol at 298 K (Figure 103a-c and Figure S68). Diluting the solution from
C=103Mto C =3 x 10 M results in a drastic simplification of the NMR spectrum and to the disappearance
of all signals in the 6-7 ppm region. Dissociation of the dimer is further supported by a *H DOSY NMR
experiment recorded at C = 3 x 10> M from which a diffusion coefficient D = 3.63 x 107'° m2.s! has been
extracted (Figure S69), a value similar to that observed for the monomer Oxaz2L4Pyr2 tweezer
(D = 3.31 x 101 m2.s!, Figure 99 and Figure S63). The slow equilibrium between the monomer and the
dimer species at the NMR timescale, allowed a straightforward determination of the dimerization constant.
Considering Equilibrium 1, which involves monomer Naph2L4Pyr2 and dimer (Naph2L4Pyr2)2, one can
express the concentration [Naph2L4Pyr2] as a function of the total concentration Co = [Naph2L4Pyr2] + 2
[(Naph2L4Pyr2)2] according to Equation 5.
Naph,L4Pyr, + Naph,L4Pyr, = = (Naph,L4Pyr;5)> : Kyim
Equilibrium 1

-1+ /14 8K;imCo
4Kdim
Equation 5

[Naph,L4Pyr,] =

Variable concentration NMR experiments allowed determining the concentrations of dimer and monomer at
different total concentrations Co. Fitting these experimental data to Equation 1 affords the dimerization
constant and the corresponding standard deviation Kaim(MeOD) = 4416 + 246 (Figure 102).148
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Figure 102. Evolution of the monomer concentration [Naph2L4Pyr2] as a function of the total concentration
Co in MeOD (T = 298 K).

In order to study further the stability of the dimeric (Naph2L4Pyr2)2 species, we investigated its behavior in
presence of 9-dicyanomethylene-2,4,7-trinitrofluorene (DCTNF), such electron-poor unit being known to
interact strongly with electron-rich derivatives.!*® Interestingly, upon addition of 4 equivalents of DCTNF into
a solution of (Naph2L4Pyr2)2 (C = 103 M, MeOD), the 'H NMR spectrum appeared significantly simplified
(Figure 103d), illustrating the dissociation of the dimeric species. Moreover, the resulting o and p protons show
chemical shifts similar to those of the Naph2L4Pyr2 monomer (Figure 103c), while signals corresponding to
the DTF core are upfield shifted. Such observation suggests the intercalation of the electron-poor DCTNF plan
between both DTF tips of the Naph2L4Pyr2 monomer. A 'H NMR DOSY experiment from which diffusion
coefficients of 3.07 x 101° m2,s! and 3.73 x 101 m2,s! could be extracted for the host and the guest
respectively (Figure 103d and Figure S72) confirms /) the drastic decreasing of the self-assembly radius size,

which is now comparable to the one of Naph2L4Pyr2 monomer and ii) the strong host-guest interaction.
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Figure 103. a-c) 'H NMR spectra evolution in MeOD of (Naph2L4Pyrz2)2 from C = 103MtoC=3 x 10° M
and d) *H NMR spectrum recorded from a solution at C = 103 M of (Naph2L4Pyr2)2 containing 4 equiv. of
DCTNF.

Finally, the formation of the DCTNFcNaph2L4Pyr2 complex is unambiguously demonstrated by an ESI-FTICR
mass analysis of a mixture of (Naph2L4Pyr2)2 and 2 equivalents of DCTNF in acetonitrile, for which a

characteristic signal of the doubly charged species is found at m/z = 1606.6168 (Figure 100c and Figure S75).
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Figure 104. Cyclic voltammogram at C = 103 M in 0.1 M TBAPFs (CH3CN, 100 mV.s™!, vs Fc/Fc*) of a)
L4Pyr, Oxa:L4Pyr> and (Naph:L4Pyr2)2, b) (Naph2L4Pyr2)2 in presence of DCTNF, c) Simulated Cyclic
voltammogram of (Naph2L4Pyr2)2 in presence of DCTNF.

The electrochemical properties of both Oxa2L4Pyr2 monomer and (Naphz2L4Pyr2)2 dimer were studied by
cyclic voltammetry in CH3CN at C = 103 M and compared to those of ligand L4Pyr (Figure 104a). The latter
exhibits one reversible oxidation wave at E1°* = 0.56 V vs Fc/Fc* that is ascribed to the formation of a radical
cation.0% 136 This value is in good accordance with the one reported for the analogous SHexyl functionalized

ligand.!9 Interestingly, both self-assembled structures Oxa2L4Pyr2 and (Naph2L4Pyr2)2 show a significant
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splitting of the oxidation wave, providing evidence of electronic interactions between DTF units. A similar
splitting was already reported in the case of TTF-based molecular tweezers and was ascribed to the formation

of mixed valence and n-dimer species.!3
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Figure 105. Cyclic voltammogram at C = 1073 M in 0.1 M TBAPFs (CH3CN, 100 mV.s™!) of (Naph2L4Pyr2)2
in the presence of 2 equiv. of DCTNF.

From a mechanistic point of view the electrochemical process observed for the (Naph2L4Pyr2)2 dimer consists
of two successive oxidations, each involving two electrons (Figure 106a). Cyclic voltammetry was also
considered in order to monitor the recognition process of DCTNF by (Naph2L4Pyr2)2 (Figure 104b). Addition
of increasing amount of DCTNF leads to a shift of the binding equilibrium toward the host-guest complex
formation, resulting in the disappearance of the oxidation process splitting according to the square scheme
shown in Figure 106b. The DCTNFcNaph2L4Pyr2 host-guest complex exhibits a unique oxidation process at
E:1®* = 0.58 V vs Fc/Fct (Figure 104b). Interestingly, two reduction waves remain during the reduction scan,
which occur at potentials very similar to those of the dimeric (Naph2L4Pyr2)2 self-assembly (Figure 104a).
The reduction event may therefore be ascribed to the (Naph2L4Pyr2)2** species that is recovered while
releasing the encapsulated DCTNF (Figure 98 and Figure 106). One will note that the release process is
reversible since the voltammogram remains identical after several cycles (Figure 105). In order to get a deeper
understanding of the release/uptake mechanism, theoretical voltammograms were simulated both in absence
and presence of the guest, taking into account equilibria illustrated in Figure 106c. Those electrochemical
simulations fit nicely with the experimental CVs (Figure 104c) and confirm that this redox-triggered release

process is driven by the highly favorable dimerization process of oxidized Naph2L4Pyr22'* tweezers.
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Figure 106. Scheme illustrating equilibria occurring during a) the redox process involving the
(NaphzL4Pyr2): dimer, b) the redox-triggered guest release process involving the Naph2L4Pyr2 monomer

and c) the complete redox mechanism involved in the guest release process.

To conclude this paragraph, two novel self-assembled metalla-tweezers were designed from an electron-rich
DTF-based ligand and bis(Ruthenium) complexes. The larger Naph2L4Pyr2 tweezer shows a distance of about
7 Angstrom between both redox-active tips. This geometry proves to be favorable for a spontaneous
dimerization into (Naph2L4Pyr2)2, which could be characterized in solution, the gas phase, and the solid
state. Remarkably, this interpenetrated arrangement can dissociate in the presence of an electron-poor DCTNF
unit, leading to a 1:1 host-guest complex (DCTNF Naph2L4Pyr2). Finally, electrochemical oxidation of this
complex allows to regenerate the dimeric structure due to favorable interactions between the oxidized tweezer-
like molecules, resulting in a concomitant redox-controlled delivery of the DCTNF guest molecule, illustrating

the potential of tweezer-like molecules in this field.
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Chapter 4. Catenane-type interlocking of benzobisimidazole/bis(Ruthenium) molecular rectangle

The last part of my work was dedicated to the preparation of a series of stimuli responsive metalla-rectangle
bearing the benzobisimidazole moiety. This work was done in collaboration with Dr. Olivier Siri (Marseille) and

Dr. Mourad Elhabiri (Strasbourg) and has been published in Chemistry a European Journal.**°

1. Concept of the project

Discrete rings and cages constructed through the coordination driven self-assembly generally feature a cavity.
This feature has been largely exploited in host-guest chemistry but allows also for reaching intricate interlocked
systems. While several synthetic methodologies towards metalla-macrocycles and cages have been described,
the reasoned preparation of interlocked architectures, i.e. molecular links!>-1>3 (e.g. catenanes,**’ ring-in-
ring complexes,®” >3 Solomon links,>*>® Trefoil Knots>> 063 or Borromean rings®7° to cite a few) or
interpenetrated cage structures, > 1> remains a challenge since decreasing the number of independent species
is entropically unfavorable. Several parameters can help in achieving the locking process by providing an extra
enthalpic energy such as for example n-n stacking, electrostatic or hydrogen-bonding interactions, as well as
solvophobic effects.!> See § 1.5 Chapter 1 for more details.

On the other hand, controlling reversibly the supramolecular transformation of coordination-driven
architectures focuses much attention.*® This could be achieved upon i) changing solvent or concentration,
ii) adding a chemical, i.e. a competitive component® or a guest template,*>? or jii) using a light'>” or redox!!*
135 physicochemical stimulation. Scarce examples of pH-sensitive architectures that do not depend on
competitive coordination of metal acceptors have been depicted to monitor the supramolecular transformation
between metalla-structures. They explore the Lewis-base character of the binding pyridine units and the
resulting competing metal coordination/protonation processes, allowing to drive for host’s disassembly8% 82
158-163 in a context of guest release® 74 109 110, 135 or switching between metalla-structures.'®* To the best of
our knowledge, no pH-driven supramolecular transformation has been depicted yet, through assistance of
alternative pH-sensitive groups. So, we selected the benzobisimidazole (BBI) active moiety that is currently
an object of research in Olivier Siri group. We prepared and characterized two self-assembled metalla-
rectangles Oxa2BBI> and Naph2BBI. featuring this pH sensitive benzobisimidazole unit and studied their
properties.

These structures differ essentially by the distances separating both benzobisimidazole ligands (BBI), a
parameter which is controlled depending on the size of the bis(Ruthenium) complex spacer (RuOxa or
RuNaph) (Figure 107). On this basis, it is worth mentioning that whilst the smaller rectangle (Oxa2BBI2)
exists only as a monomer discrete species, the larger Naph2BBI2 can dimerize to form the catenated
(Naph2BBI:)2 structure. Remarkably, the latter responsive interlocked species can dissociate in response to
three different types of chemical and physical stimuli: i) dilution, ii) addition of pyrene and jii) protonation of

the benzobisimidazole side walls (Figure 107).
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Figure 107. Synthesis of the self-assembled metalla-rectangles Oxa2BBI2 and Naph2BBI: from the
benzobisimidazole ligand (BBI) and the bis(Ruthenium) complexes RuOxa(OTf)2 or RuNaph(OTf)2), and

subsequent supramolecular transformations occurring in MeOD from Naph2BBI..

2. Synthesis of the ligand BBI

The synthesis of ligand BBI was achieved by the condensation of two equivalents of 4-pyridinecarboxaldehyde
with tetraaminobenzene tetrahydrochloride in presence of piperidine and under aerobic conditions. After 16 h

in refluxing acetonitrile, the ligand was isolated as a yellow-orange powder in a 80% yield (Scheme 10).

—| 4cr H
*H;N NH3* NH ; H N —
*H;N CH3CN, reflux — N N
80% BBI
Scheme 10. Synthesis of ligand BBI.

3. Synthesis of metalla-structures Oxa;BBI, and Naph;BBI;

Reaction between the RuOxa(0Tf)2!4¢ complex and the BBI ligand was carried out in MeOD at C = 103 M
(T =50 °C) and followed by *H NMR. After 2 h, the reaction converged to a single species that could be isolated
upon precipitation with tert-butyl methyl ether (MeOtBu). The resulting set of H NMR signals illustrates the
symmetry of the resulting self-assembled structure (Figure 108b). A H DOSY NMR experiment revealed the

presence of only one species in solution with a diffusion coefficient of D = 3.9 x 101® m? s* (T = 298 K) in
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MeOD at C = 10-3 M. A hydrodynamic radius of ca. 10 & was estimated from the Stokes-Einstein equation’
137 a3 value which is compatible with the formation of the expected Rusl> complex Oxa2BBI2. Similarly, the
reaction carried out between the RuNaph(OTf)2'*” complex and ligand BBI in MeOD afforded the metalla-
rectangle Naph2BBI> characterized by a symmetric 'H NMR spectrum (Figure 108c). As expected, a slightly
larger Stokes radius of ca. 11 A was extracted from the 'H DOSY NMR experiment carried out in MeOD at
C = 103 M. Corresponding DOSY and COSY spectra are reported in annexes (Figure S78, Figure S80 and
Figure S81).

a b
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Figure 108. *H NMR (298 K, downfield region) of a) ligand BBI in DMSO-ds, b) Oxa2BBI> in MeOD-d4
(C =103 M), c) Naph2BBI2 in MeOD-d4 (C = 103 M) and d) (Naph2BBI2)2 in MeOD-d4 (C = 4 x 102 M).
See Figure 107 for 'H NMR assignments. D corresponds to the diffusion coefficient extracted from the 'H
DOSY NMR experiment and R to the corresponding hydrodynamic radius calculated from the Stokes-Einstein

equation.

4. Characterization of metalla-structures Oxa;BBI, and
NapthBIz

Single crystals of both metalla-rectangles were obtained by liquid diffusion of MeOtBu into MeOH solutions
(C=103M) containing OxazBBI> and Naph:BBI. respectively. X-ray crystallography confirmed
unambiguously their RusL. stoichiometry (Figure 109). While both Ru atoms from a RuOxa(OTf)2 complex
are separated by 5.5 &, n-n interactions occurring between facing benzodiimidazole moieties lead to an
interplanar distance of only 3.4 A between the central BBI units. Consequently, a significant bending occurs
around the peripheral pyridine units, with a torsion of ca. 12° of the BBI-Pyridine junction. In contrast,
Naph:BBI: shows a quasi-rectangular solid structure. Here, the larger distance which separates both BBI
ligands does not allow n-n interactions to occur between facing n-systems and is compensated by the

accommodation of two Et20 molecules in the central pocket.
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Figure 109. Single crystal X-ray diffraction structures of a) Oxa2BBI2, b) Naph2BBI: (including two solvent
molecules, Et20) and ¢) MM+ simulation of (Naph2BBI2)2. For a) and b) anions are omitted for clarity.

High resolution ESI-FTICR-HRMS spectrometry experiments were also carried out on Oxa2BBI2 and
NaphzBBI: in MeOH at C = 2 x 1073 M. The reaction with RuOxa(OTf)2 shows only signals corresponding to
the monomer system Oxa2BBI> at m/z = 630.7315 (3+) and 1020.5756 (2+) (Figure 110).
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Figure 110. ESI-FTICR spectrum of Oxa2BBI> recorded in MeOH (C = 2 x 103 M).

The species isolated from the reaction with the larger RuNaph(OTf)2 acceptor exhibits, under the same
conditions, two sets of signals (Figure 111). The latter correspond respectively to the monomeric metalla-
rectangle Naph2BBI2 with characteristic isotopic patterns at m/z = 697.4194 (3+) and 1120.6059 (2+) (main
contributions), and a dimeric (Naph2BBI2)2 structure with signals recorded at m/z = 1543.4649 (3+) and
1120.6059 (4+) (main contribution). In all cases experimental isotopic distribution are in good agreement

with theoretical ones.
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Figure 111. ESI-FTICR spectra of Naph2BBI> recorded in MeOH ata) C =2 x 103 M, b) C=10* M and c)
C = 107 M (full spectra and m/z = 1120 region).
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4.1. Interlocking properties of metalla-rectangle Naph.BBI>

On this basis, the ability of metalla-rectangle Naph2BBI2to dimerize was further investigated by concentration
dependent 'H NMR. Following the Le Chatelier's principle, changing the concentration promotes the reversible
conversion between the interlocked structure and the monomeric constitutive unit, thanks to the labile nature
of the metal-ligand bonds and through-space interactions between the subunits.®> While only one set of 'H-
NMR signals is observed at C = 103 M (Figure 108c), the spectrum recorded at C = 4 x 102 M (Figure 108d)
shows the splitting of the pyridines units (a and b protons), paracymene moieties (d and e protons) and
Naphtoquinonato group (i protons) signals, in accordance with the quantitative formation of the dimeric
interlocked species (Naph2BBI.)2. The corresponding H DOSY NMR (Figure S83 and Figure S84)
measurement confirmed the larger size of the resulting structure with a calculated hydrodynamic radius of ca.
15 A (T = 298 K). Formation of Borromean rings can be ruled out because of the non-symmetrical character
of the 'H-NMR spectra,® as well as by the distances ratio between the long and the short side of the metalla-
rectangle, that does not match with the rules proposed by G.-X Jin.

The slow equilibrium between the monomer and the dimer species at the NMR timescale, allowed for a
straightforward determination of the dimerization constant. Considering Equilibrium 2, which involves
monomer Naph2BBI2 and dimer (Naph2BBI2)2, one can express the concentration [Naph2BBI2] as a function
of the total concentration Co = [Naph2BBI2] + 2 [(Naph2BBI2)2] according to Equation 6.

Naph,BBl, + NaphyBBI, ~ = (NaphsBBly), ' Kgim
Equilibrium 2

-1+ /1 + 8K4imCo
4'Kdim
Equation 6

[NapthBlz] =

Variable concentration NMR experiments allowed determining the concentrations of dimer and monomer at
different total concentrations Co (Figure 112a). Fitting these experimental data to Equation 6 affords the
dimerization constant and the corresponding standard deviation Kaim (MeOD) = 4.4 (£ 0.2) x 102 (Figure
112b).135, 148
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Figure 112. a) *H NMR spectra of a sequential dilution experiment of (Naph2BBI2)2 in MeOD-d4 (Rhombuses
and rounds correspond to (Naph2BBI2)2 and Naph2BBI2 species respectively) b) Monomer (Naph2BBI>)

concentration plot of a sequential dilution experiment of (Naph2BBI2)2 in MeOD-ds.

Despite numerous attempts, no crystal of (Naph2BBI2): of sufficient quality to be analyzed by X-ray diffraction
has been obtained. Molecular force field (MM+) studies were therefore undertaken to determinate the structure
of this interlocked species (Figure 109c). This modeling shows that the two metallacyles interlock without

distortion with inter-ligand distances of about 3.4 A as expected for such n-n stacking interactions.54 135

4.2. Complexation properties of Naph2BBI. and (Naph2BBI>):
dissociation

The stability of the dimeric (Naph2BBI2)2 assembly was further investigated upon pyrene complexation. Such
an electron rich planar species is expected to fill the cavity of the metalla-rectangle while interacting with both
facing electron deficient benzobisimidazole units which are separated by a distance of 7.3 &, to afford a more
thermodynamically stable hot-guest complex. The progressive addition of pyrene to a solution of
(Naph2BBI2)2 at 102 M in MeOD (Figure 113a) was followed by H-NMR. Remarkably, addition of one
equivalent of pyrene per metalla-rectangle unit, was sufficient to drastically simplify the NMR spectrum, a
consequence of the dissociation of the dimeric structure. This is attributed to the intercalation of pyrene
between both BBI panels of Naph2BBI. (Figure 124a). This was confirmed by a 'H DOSY NMR measurement
(Figure 113b) which demonstrate a higher diffusion value of the resulting species (3.55 x 1071 m2.s!) when
compared with (Naph2BBI2)2, a value which now corresponds to the one reported for isolated Naph2BBI2

ring (Figure 108c¢).
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Figure 113. a) 'H NMR spectra recorded upon progressive addition of a solution of pyrene (C =4 x 102 Min
MeOD-d4) onto a solution of Naph2BBI2 (C = 102 M in MeOD-d4), b) *H DOSY NMR spectrum of Naph2BBI2
in MeOD-d4 (C = 10°2 M) in the presence of 1 equivalent of pyrene

The complexation capability of Naph2BBI2 for pyrene was evaluated by a 'H NMR Job Plot experiment (Figure

114a). The chemical shift of the proton “b” (see Figure 107) was plotted against the molar fraction of pyrene.

The resulting graph has shown 1:1 stoichiometry of the resulting host-guest complex (Figure 114b).
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Figure 114. a) *H NMR spectra corresponding to the Job Plot analysis of pyrene with Naph2BBI2 recorded at

298K in MeOD-d4 (C = 1073 M) b) Job plot for complexation of receptor Naph2BBI2 with pyrene determined
by 'H NMR in MeOD at C = 103 M
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To determine the association constant a titration experiment at C = 103 M in MeOD was performed (Figure
115a).114 131 Tg keep the host concentration constant the solution of Naph2BBI2 was titrated with the solution

of the same concentration of Naph2BBI2 (103 M) and 10 times higher concentration of pyrene (10-2 M).
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Figure 115. a) 'H NMR titration experiment recorded in MeOD-d4 by adding a solution of pyrene (C = 102 M)
and Naph2BBI2 (C = 103 M) onto a solution of Naph2BBI2 (C = 103 M), b) 'H NMR titration experiment
recorded in MeOD-d4 by adding a solution of pyrene (C = 10" M) and Naph2BBIz2H4 (C = 1073 M) onto a

solution of Naph2BBIz2H4 (C = 103 M).

In this way, the host concentration was maintained constant during the titration. In the case of a 1:1 complex,
the equilibrium under consideration can be described by Equation 7:

H+G=HG:K,
Equation 7
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The evolution of the chemical shift § can be expressed according to Equation 8:

2
(1+x+C+Ka)—\/(1+x+C%Ka) —4xx

2

5 = 60 + (Sinf - 50) *
Equation 8

where do and dinr are the chemical shifts of host signal and the host-guest association signal, respectively, x
is the number of equivalents of guest (pyrene) in solution, Ka is the binding constant and C the constant
concentration of host. This theoretical equation was fitted to the corresponding experimental data with the
least squares method, affording an evaluation of the desired binding constant. These measurements revealed
the complexation of one pyrene unit in the cavity of Naph2BBI> with an association constant
Ka = 3.0 £ 0.2 x 103 (Figure 116).

0 1 2 3 4 5
Equivalents of Pyrene

Figure 116. plots of chemical shifts of a 'H NMR titration for complexation of receptors Naph2BBI2 and
Naph2BBIzH4 in MeOD at C = 103 M with pyrene. Chemical shifts related to protons b.
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4.3. Optical properties of ligand BBI, metalla-structures Oxa.BBI.
and Naph:BBI>

The optical properties of the ligand and both metalla-macrocycles were then investigated in methanol
solutions. While BBI shows an absorption maximum at 358 nm (Figure 5a), the corresponding ligand-centered
transitions are found at 393 and 386 nm for Oxa2BBI2 and Naph2BBI>, respectively. These bands show more
than doubled molar extinction coefficients (89 000 < € < 101 000 M! cm™) compared to the free ligand (¢ = 38
000 Mt cm). The red shift triggered by the coordination of the terminal pyridine units to Ruthenium atoms
is consistent with the one measured upon protonation of the BBI ligand in acidic medium (Amax = 386 nm,
Figure 117a). To gain information into the stability of the complexes, their electronic absorption spectra were
monitored over time at different concentrations (Figure 117b,c). At C =2 x 10* M, both Oxa2BBI2 and
Naph2BBI: complexes show unaltered absorptions after several days in solution. In contrast, for C <2 x 107
M, an hypsochromic shift is observed after 24 h, corresponding to the release of uncomplexed ligand in

solution.
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Figure 117. a) Electronic absorption (plain lines) and fluorescence (dotted lines) spectra of BBI in basic (0.1

M triethylamine), neutral or acidic (0.1 M trifluoroacetic acid) methanol solutions, Evolution of the electronic

absorption of Oxa2BBI> (b) and Naph2BBI> (c) in methanol solutions at different concentrations.

A strong emission of the BBI ligand was measured in the UV-blue region (Figure 118), with a maximum

centered at 430 nm and a fluorescence quantum yield of 40%. For both metalla-macrocycles recorded in fresh

solutions at C = 2 x 10~ M, weaker emissions are observed at around 460 nm, which is consistent with the

fluorescence of recently reported tetranuclear Zn-benzobisimidazoles grid complexes. 6
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Figure 118. a) Electronic absorption (solid line) and emission (dashed line) spectra of BBI (C = 2 x 10 M),
Oxa2BBI2 and Naph2BBI2 (C = 2 x 10 M for absorption and C = 2 x 107> M for emission) in methanol and

b) fluorescence spectra recorded under the same experimental conditions of pyrene, Naph2BBIz and 1:1

mixture of both compounds in methanol (C = 2 x 10> M and Aex = 330 nm).
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However, when decreasing the concentration to C = 10® M, the emission is blue-shifted to 430 nm and most

likely corresponds to the free ligand in solution (Figure 119) as already observed by absorption

spectrophotometry. No quantum vyield could be accurately determined due to the poor stability of the

complexes at the concentration requested for the measurements.
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Figure 119. Normalized fluorescence spectra of BBI, Oxa2BBI> and Naph2BBI. at concentrations of
2 x 10° M (a) and 10°® M (b) in methanol solutions.

Complexation properties of Naph2BBI2 were further investigated by UV-vis and fluorescence spectroscopy.

The absorption and emission spectra of 1:1 mixture solutions of BBI, Oxa:BBI> or Naph2BBI> with pyrene

were compared at C = 2 x 10> M (Figure 118b, Figure 120). As expected, all absorption spectra show an

additive effect between the two constituents. On the other hand, while the emission spectra corresponding to

the mixture of Naph2BBI> and pyrene reveal a quasi-complete quenching of the pyrene emission (85 %

decrease in the total fluorescence), a much weaker decrease of 21% and 33% is observed in the presence of

Oxa2BBI. or BBI ligand respectively (Figure 118b and Figure 120) illustrating the interaction of pyrene with

the cavity of Naph2BBI.. Decrease in emission was evaluated by comparing the emission aera of a 1:1 mixture

of pyrene and BBI, Oxa:BBI. or Naph:BBI>, with the additiion of emission aeras of pyrene and BBI,

Oxa:BBI. and Naph2BBI>, respectively, recorded in the same conditions.
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Figure 120. a) Electronic absorption spectra of pyrene compared to BBI (left), metalla-macrocycles (center:
Oxa:zBBI;, right: Naph2BBI2) and 1:1 mixtures of the compounds and pyrene in methanol, b) Fluorescence
spectra of pyrene compared to BBI (right), Oxa2BBI2 (center) or Naph2BBI> (right) and 1:1 mixtures of

the compounds and pyrene in methanol solutions, upon the same recording conditions (Aex = 330 nm).

4.4. Acid-base properties of the BBI ligand and the Naph.BBI>
metalla-rectangle

4.4.1. BBI ligand
The acid-base properties of the BBI ligand and the Naph2BBI2 metalla-rectangle were then investigated using

UV-visible absorption titrations as a function of pH (Figure 121 - Figure 123). This work has been done by
Mourad Elhabiri and Valerie Mazan (ECPM Strasbourg). The BBI ligand is characterized by 6 pH sensitive

reactive sites, i.e. two on each imidazole units and one per pyridyl fragment (Scheme 11).
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Scheme 11. Intricate network of protonation equilibria that can take place within the BBI ligand

(T = tautomer, C = Cation)

Figure 121 illustrates the spectral variations recorded during absorption spectrophotometric titration of BBI
as a function of pH, which are in agreement with reported results on 4-pyridylbenzimidazole (4PBI).166-169
Under neutral pH conditions (MeOH/H20 80/20 w/w, Figure 121), BBI is characterized by an intense
absorption band in the UV region centered at 357 nm (¢3°7 = 3.50 x 10* Mt cm™) in agreement with the data
recorded in methanol. Increasing the pH from ~6.5 to ~11.9 induces a bathochromic shift of 23 nm of the n-
n* transitions. The statistical processing of these data led to the determination of a pKa value of 11.2 £ 0.1
that is ascribed to the deprotonation of one of the two N1-imidazole sites (i.e., the pKa value for the
deprotonation of the second N1-H function was estimated to be > 12 and could not be determined under our
experimental conditions). On the other hand, the decrease in pH from ~ 6 to ~ 2.3 also leads to a bathochromic
shift. Two pKa values of 3.7 £ 0.1 and 2.7 £ 0.1 were calculated (Figure S38). The two other pKa values were

estimated to be < 2 in agreement with repulsive interactions between the various positively charged species.
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The neutral BBI ligand thus predominates over a broad range of pH (from ~4.5 to ~10.2) and can lead to

BBI** and BBI? under strongly acidic and basic conditions, respectively.
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Figure 121. a) UV-visible absorption spectrophotometric titrations of BBI as a function of pH. Solvent:
MeOH/H:0 (80/20 w/w), I = 0.1 M (NBu4ClO4), T = 25.0°C, (left) [BBI] = 3.13 x 10" M, (right)
[BBI] = 3.26 x 107> M, The absorption spectra have not been corrected from dilution effects, b) (top) UV-
visible electronic absorption spectra of the protonated species derived from BBI and (bottom) distribution
diagrams of the protonated species of BBI as a function of pH. Solvent: MeOH/H20 (80/20 w/w), I = 0.1 M
(NBu4ClO4), T = 25.0°C. L stands for BBI. The charges have been omitted for the sake of clarity.
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4.4.2. Naph:BBI. metalla-rectangle

Since protons can compete for Lewis base pyridine sites in coordination self-assembled structures, acidic
conditions often lead to a disassembly process.80 158-163 We therefore investigated the pH-responsive behavior
of the Naph2BBI> metalla-rectangle with the hypothesis that the presence of the imidazole moieties would
allow for a selective protonation of the ligands without disassembly. Under neutral pH conditions (MeOH/H20
80/20 w/w), Naph2BBI2 is characterized by an intense absorption in the UV region centered at 386 nm
(e8¢ = 8,88 x 10* Mt cm!) assigned to n-n* ligand-localized transitions as well as a set of much weaker
absorptions at 643 and 693 nm that correspond to LMCT transitions (i.e., signature of the metalla-
rectangle).!¥” Upon complexation to RuNaphto, the n-n* transitions of the two BBI ligands undergo
significant bathochromic and hyperchromic shits (AL ~29 nm; BBI: ¢%7 = 3.50 x 10* M* cm™!; Naph2BBI::
386 = 8,88 x 10* Mt cm!). Similarly to the observations in MeOH, the effect of complexation to the Ru centers
by the terminal pyridines is comparable to that of their protonation (Figure 122, A =389 nm and
38 = 2,68 x 10* Mt cm?).

e(x 10*M" cm™)

300 400 500 600 700 800
A(nm)
Figure 122. Comparison of the electronic absorption spectra of BBI and Naph2BBI> recorded under neutral
pH conditions. Solvent: MeOH/H20 (80/20 w/w), I = 0.1 M (NBu4ClO4), T = 25.0°C.

The absorption versus pH titrations demonstrate that no decomposition of Naph2BBI> occurs over a large
range of pH (2.20 - 12.05) as assessed by the ongoing presence of the LMCT signature. The statistical analysis
of the data allowed evidencing two pH regions of interest (Figure 123). Under strongly acidic conditions, the
Naph:BBI. metalla-rectangle can undergo four protonation equilibria at its four equivalent N3-imidazole sites
and three protonation constants could be accurately determined (pKas = 2.7 £ 0.2 and pKa3s + pKa2 = 4.5 £
0.2). The protonation of these units results in only small spectral variations both of the n-n* and LMCT
transitions. In addition, the calculated pKa values are lowered compared to those of the free BBI ligand
(pKaz = 2.7 £ 0.1 and pKas = 3.7 £ 0.1) due to the coordination of the pyridine units to the RuNaphto metal

centers.
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Figure 123. (top) UV-visible electronic absorption spectra of the protonated species derived from
Naph:BBI:, (middle) distribution diagrams of the protonated species of BBI as a function of pH and
(bottom) variation of the absorbances at 470 and 400 nm as a function of pH. Solvent: MeOH/H20 (80/20
w/w), I = 0.1 M (NBu4ClO4), T = 25.0°C. L stands for NapH2BBI>. The charges have been omitted for the

sake of clarity.

These data therefore demonstrate that the Naph2BBI2 meta-rectangle can undergo stepwise protonation on
each of its N3-imidazole units without any apparent signs of structural disassembly. Likewise, each of the N:-
imidazole units can undergo a deprotonation reaction without also affecting the architecture of the metallo-
rectangle itself. Four deprotonation constants were determined under basic conditions (Scheme 12). In
contrast to acidic conditions, deprotonation of Ni-imidazole units is accompanied by strong spectral variations
in both intra-ligand n-n* transitions (A = 426 nm and £*6 = 7.22 x 10* M'* cm™ for Naph2BBI>-4H) and
LMCT transitions (hypsochromic shifts of ~60 nm; Figure 123).
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Scheme 12. Possible protonation equilibria that can take place within the NapH2BBI> metalla-rectangle.

Errors on the pKa values = 3¢ with o = standard deviation. Only one BBI ligand is depicted and the two pKa

values correspond to the two face-to-face BBI ligands within the NapH2BBI2 assembly.

4.5. pH-controlled dissociation of catenane (Naph2BBI>):

On the basis of this in-depth investigation and considering the stability of cage Naph2BBI2 in acidic media,
we investigated by 'H NMR and DOSY NMR the behavior of interlocked (Naph2BBI2)2 in presence of
trifluoromethanesulfonic acid (HOTf). We hypothesized that protonation of the BBI moieties may lead to
intermolecular electrostatic repulsions that could strongly affect the stability of the interlocked structure.
Remarkably, addition of HOTf (6 equiv.) into a solution of (Naph2BBI2)2in MeOD at C = 2 x 102 M produces
quantitatively a new species (Figure 124c). The latter shows a higher D value and non-splitted NMR signals
that are downfield shifted in comparison to those of the dimeric structure (Figure 124b). These NMR
characteristics support the dissociation of the protonated (Naph2BBI2):2 interlocked dimer and formation of

the Naph2BBI2H4 monomer.
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Figure 124. *H NMR spectra recorded in MeOD at C = 2 x 102 M of a) (Naphz2BBI2)2 in presence of 1 equiv.
of pyrene, b) (Naph2BBI2)2 and c) (Naph2BBI2)2 in presence of 6 equiv. of HOTf.

This was unambiguously demonstrated through a comparative NMR study with Naph2BBI2 recorded in a
0.12 M solution of HOTf in MeOD at C = 103 M (Figure 125.€) and C = 0.02 M (Figure 125.f). As can be seen
from the experimental data, the chemical shifts of the self-assembly at different concentrations are the same

in the equal media.
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Figure 125. 'H NMR spectra of a) Naph2BBI2 (C = 0.02 M in MeOD-ds), b) solution (a) after addition of a

solution of HOTf (C = 0.5 M in MeOD-d4, 6 equiv.

), ¢) solution (b) after addition of a solution of

diisopropylethylamine (C = 0.5 M in MeOD-ds, 6 equiv.), d) Naph2BBI2 (C = 103 M in MeOD-d4), €)
NaphzBBI2 (C = 103 Min a 0.12 M solution of HOTf in MeOD-d4 and f) (Naph2BBIz)2 (C = 0.02 M ina 0.12
M solution of HOTf in MeOD-d4).

The ESI FTICR HRMS measurements have shown the
m/z = 1345.5436 (2+) and diprotonated one at m/z =

Finally, it is worth noting that this original dissociati

equivalents of diisopropylethylamine (DIPEA) reforms g
125.a).
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Figure 126. ESI-FTICR spectra of Naph2BBI> recorded in MeOH at C = 2 x 1073 M in presence of 6

equivalents of HOTf per metalla-cycle (full spectra).

4.6. Complexation properties of Naph.BBI>H4

Finally, we investigated the complexation ability of Naph2BBI2H4 toward the electron rich pyrene unit. In
order to determine the binding constants, NMR titration experiments were led in methanol-d4 by adding a
solution of pyrene (102 M) and the desired complex (103 M) onto a solution of pure complex (10-3 M). Since
protonation of the BBI units increases their electron deficient character, we expected Naph2BBIzH4 to be a
better host for pyrene than Naph2BBI2. This was confirmed by an NMR titration recorded at C = 103 Min a
solution of HOTf (C = 6 x 103 M) in MeOD (Figure 116b). An association constant Ka = 1.32 £ 0.09 x 104
was measured, a value four times higher than the one calculated with the non-protonated Naph2BBI: host
analog. Interestingly, this tunable binding affinity can be followed by *H NMR and DOSY NMR upon successive
addition of HOTf and DIPEA (Figure 127.).
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Figure 127. a) Subsequent addition of HOTf (C = 0.05M in MeOD-d4, 5 equiv.) and diisopropylethylamine
(C = 0.05M in MeOD-ds, 5 equiv.) onto a solution of Naph2BBI> (C= 103 M in MeOD-d4) containing 1
equivalent of pyrene, *H DOSY NMR spectrum of Naph2BBI2 in MeOD-d4 (C = 103 M) in the presence of b) 1
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equivalent of pyrene, c) 1 equivalent of pyrene and 5 equivivalents of HOTf, and d) 1 equivalent of pyrene
after subsequent addition of 5 equivalents HOTf and 5 equivalents of DIPEA.

5. Conclusion

Two novel self-assembled metalla-rectangles incorporating a pH sensitive benzobis(imidazole)-based ligand
were synthesized. Thanks to the reversible nature of the coordination bonds and favorable electronic
interactions, the larger Naph2BBI2 which shows an interplanar distance of 7.3 & between both ligand units
can be quantitatively transformed to the interlocked molecular structure (Naph2BBI2)2 in MeOH at
C = 2 x 102 M. Remarkably, this stimuli responsive interpenetrated catenane can be dissociated in three
different ways: i) upon dilution to a concentration of C = 1 mM, ii) in the presenc of pyrene, leading the 1:1
host-guest complex pyrenecNaph2BBI2 and iii) by selectively protonating the Ns-imidazole basic sites with
HOTf to form the charged Naph2BBI2H4 metalla-rectangle. Importantly this can be accomplished without any
trace of disassembled species as usually observed under acidic conditions and reversibly through addition of
DIPEA.
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This last part summarizes all the results obtained and proposes some perspectives for future research.
exTTF-based ligands

The development and synthesis of new electroactive ligands has been performed. These compounds were

characterized by common spectroscopic methods, such as NMR and mass spectrometry, by cyclic voltammetry,

and, for A1Me, by X-ray crystallography.

Figure 128. Structures of new exTTF ligands and ligand precursor (A5) developed during this thesis and

used for the construction of self-assemblies

Tetradentate exTTF ligands with cis-blocked transition metal complexes.

A1Me and A1TEG exTTF derivatives (Figure 128), were compared to their regioisomer ligands exTTFaH and
exTTFaTEG, previously obtained and characterized in our group. The X-ray crystal structure of A1Me
illustrates the geometry difference between both series of regioisomer ligands (see § 1 Chapter 2). The new
ligands A1TEG was used in the construction of the self-assembled cages Pd(dppf)A1TEG and
Pt(dppf)A1TEG, which were characterized by NMR, mass-spectrometry and cyclic voltammetry. These cages

were compared to the previous self-assemblies 1.51Pd and 1.52Pd, obtained from ligand exTTFaTEG (see

= § 3.1.4 Chapter 1). The ligands developed during this B
o thesis afford large MsLs hexagonal structures, which
exTTFaH strongly differs from the previous compact Masl>
containers (see § 2.1 Chapter 2). This difference is RS
& explained by the fact that the new ligands exhibit a 1.51Pd AlMe
A114|$|e much less pronounced curvature around their face constitutive of the cavity

(dihydroanthracenyl part). This cavity is prone to develop a good convex-concave

geometric complementarity with fullerene derivatives as already illustrated in alternative exTTF-based
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receptors. Nevertheless, investigation of the guest binding ability of this MeL3 cavity has been unsuccessful till
now, due to stability reasons.

Tetradentate exTTF ligands with bis(Ruthenium) complexes.
! The ligand A1TEG (Figure 128) was chemically oxidized to afford ALTEGOXx which is

accompanied by a drastic conformational change. Both (i.e. neutral and oxidized

ligands) can react with bidentate bis(Ruthenium) complexes RuOxa(OTf)2,

RuBertnzoAl RuBenzo(OTf): and RuNaph(OTf)2, to afford panel-like RusL self-assemblies

(RuOxaAl, RuBenzoAl, RuNaphAl and RuOxaA10x, RuBenzoA1lOx,

RuNaphA10x). These structures were established by NMR, mass-spectrometry and confirmed by X-Ray

crystallography in the case of RuBenzoA10x. A ligand A3 (Figure 128) was designed to limit the formation
of panel-like complexes, thanks to the integration of longer 1}'

phenylpyridyl linkers compared to Al. Its oxidized form i :I‘fd

N A30x was also isolated. The RuBenzoA30x

RuNaphA30x

r e reaction of  A30x with
bis(Ruthenium) complexes provided panel-like RuslL self-assemblies RuBenzoA30x
and RuNaphA30x, whose structures were unambiguously determined by NMR,

mass-spectrometry and X-Ray crystallography. They can be reduced to afford the

Ru BenzoA3

neutral corresponding panels (RuBenzoA30x)Red and (RuNaphtoA30x)Red.

Interestingly, the reaction between A3 and RuBenzo(OTf)2 provided the sandwich

» Rusl2 cage RuBenzoA3, the composition of which was also confirmed by NMR and

(RuBenzoA3)0Ox mass-spectrometry. The cages RuBenzoA3 and RuBenzoA30x did not
interconvert by chemical oxidation. Instead, new species, RusL. sandwich (RuBenzoA3)0x was obtained (see
§ 2.2). Remarkably, the structure of (RuBenzoA3)0x was confirmed by X-Ray crystallography. The cage
RuBenzoA3 provides therefore a “breathing” cavity that is widely open when the exTTF units exist in their
neutral state and which is sterically hindered when in their dicationic state. This process, based on a redox
control of the cavity geometry, provides an original opportunity to monitor guest encapsulation, an issue of
utmost importance.

Bidentate 2,6-difunctionalized exTTF

Bidentate banana-shaped exTTF ligand A4Me and ligand precursor A5 (Figure 128) q/\ O, 1;)~
were obtained and tested in reactions with bidentate linear metal acceptors AgBF4 and “ ‘«, »1{'; 1/ ,'*1 20,
Pd(CHsCN):Cl2 as well as square planar metal acceptor Pd(CH3CN)4(BFai)a. .
Unfortunately, A4Me did not afford any self-assemblies. Only the oxidized compound ~ A4Me**H*(BF;);
Ad4Me?*H*(BF47)s was obtained in reaction with AgBF4 (see § 3 Chapter 2). Compound A5 was sent to J.
Nitschke group in order to prepare Fe(Il)-based self-assemblies capable of binding adamantane-type

derivatives; this work is still under progress in their hands.
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exTTF moieties, grafted onto a pillar[5]arene scaffold
A redox-active pillar[5]arene derivative (Pillar-exTTFb), bearing
ten exTTF moieties, was synthesized by click reaction. The

complete substitution was confirmed by NMR and mass

- spectrometry. Pillar-exTTFb exhibits the usual electrochemical

y = (I | Yy " behavior of exTTF and does not show any electronic interactions

;9 between exTTF units, which all behave independently. The

inherent conformational change kinetics of exTTF electrode

process did not allow to determine the number of transferred

(Pillar-exTTFb) electrons by common analytical methods. The ability of Pillar-

exTTFb to form rotaxanes, as well as of Pillar-OEt and Pillar-
TTF (two previously prepared pillararene derivatives), was investigated in the group of J. F. Nierengarten with
the binding study of axles CeoCN and DIiCN (control compound). The results confirmed the beneficial effect of
a long hexamethylene spacer for the association but did not reveal any synergic help of exTTF-fullerene
interaction (see § 4 Chapter 2).

Metalla-clips with cis-blocked Pd(dppf) complexes and dithiafulvene-based ligands

The properties of two M:L> metalla-clips, Pd2L4Pyr2 and

A
Pd:L3Pyrz, constructed from the same cis-blocked R Y 2N %‘%
Pd(dppf)(OTf)2 complex and two isomeric DTF-based ligands f . ;/\
differing by the position of the nitrogen atom on the pyridyl 3 3 i 3

A »

N . . 1N L o

oordinatin nits, were compared. While the molecula \ >,
coordinating units, were compar [ cular Pd,LAPYT, Pd2L3Pyr2')

tweezer Pd2L4Pyr2 is L-shaped with an intramolecular

distance of ca. 15 A between both redox-active tips, Pd2L3Pyr2 is U-shaped with a cavity in which both DTF
units are separated by only 8.5 A. Cyclic voltammetry experiments on Pd2L3Pyr: at variable concentrations
have revealed an intermolecular process of intercalated mixed-valence species upon electrochemical oxidation.
This process can be influenced by formation of a host-guest complex with an electro-deficient DCTNF unit.
This behavior is not observed with Pd2L4Pyr2, as this tweezer cannot interact with electron-poor species
because of the large distance between both tips.

Metalla-tweezers with bis(Ruthenium) complexes

The structure and properties of two self-assembled metalla-tweezers,
Oxa:L4Pyr: and Naph2L4Pyr2 were investigated. X-ray structure data
demonstrated that the larger Naph2L4Pyr2 shows a distance of about

7 R between both tips and spontaneously forms an interpenetrated

dimer (Naph2L4Pyr2)2 which could be characterized in solution, the

Oxa,l4Pyr, ~“Naph,L4Pyr,

gas phase, and the solid state. This arrangement can dissociate in the
presence of an electron-poor DCTNF unit, leading to a 1:1 host-guest complex (DCTNFcNaph2L4Pyr2).
Finally, electrochemical oxidation of this complex allows to regenerate the dimeric structure due to favorable
interactions between the oxidized tweezer-like molecules, resulting in a concomitant redox-controlled delivery

of the DCTNF guest molecule, and illustrating the potential of tweezer-like molecules in this field.
125



General conclusion

pH-responsive cage based on BBI ligand
A final chapter is dedicated to the preparation of stimuli-responsive metalla-cycles {Q o

incorporating the pH sensitive benzobisimidazole (BBI) moiety. This work was done in Wf i X
collaboration with the group of O. Siri in Marseille. Two novel self-assembled metalla- ;bxazBBl2
)i {

rectangles Oxaz2BBI2 and Naph2BBI2 incorporating a benzobis(imidazole)-based ligand  * J/if
were synthesized and characterized by NMR, mass-spectrometry and X-Ray ) S5
crystallography. Thanks to the reversible nature of the coordination bonds and favorable (NapthBlz)z
electronic interactions, Naph2BBI2, which shows an interplanar distance of 7.3 A

between both ligand planes, is quantitatively transformed into the interlocked molecular structure
(Naph2BBI.)2 in MeOH at C =2 x 102 M. This stimuli-responsive interpenetrated catenane can be
dissociated in three different ways: i) upon dilution to a concentration below C = 1 mM, ii) with the presence
of pyrene, leading the 1:1 host-guest complex pyrenecNaph2BBI2, and iii) by selectively protonating the Ns-
imidazole basic sites with HOTf to form the charged Naph2BBI2H4 metalla-rectangle. Importantly this can be
accomplished without any trace of disassembled species as usually observed under acidic conditions and can
be reversed through addition of DIPEA.
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1. Instrumentation

NMR spectra were recorded on Bruker Avance III 300 spectrometer or NMR Bruker Avance III HD 500
spectrometer at room temperature or 298 K (*H DOSY NMR). NMR chemical shifts are given in ppm (d) relative
to MesSi with solvent resonances used as internal standards. IR spectra were recorded on an Agilent Cary 630
FTIR equipped with an attenuated total reflectance (ATR) sampling. High resolution mass measurements were
performed either on a FTICR-MS - 7T (Solarix 2xR, Bruker) or a Waters Xevo® G2-XS QT with ESI source in
positive ion mode. UV-Vis absorption spectra of the compounds in spectrophotometric grade solvents were
recorded in 0.1 or 1 cm length quartz cuvettes on a VARIAN CARY 50 SCAN spectrophotometer at room

temperature with a 300 nm/min scan rate.

2. Chemicals

All starting reagents were commercial reagent grade and were used without further purification. For synthesis
and crystallizations, analytical grade solvents were used.

Bis(tetraethylammonium) bis(1,3-dithiole-2thione-4,5-dithiol)zincate 1,17° 2,2'-(2-ethynylanthracene-9,10-
diylidene)bis(4,5-bis(methylthio)-1,3-dithiole) 19,'3! 3,6-bis(pyridin-4-ylethynyl)-9H-fluoren-9-one 22,103
3,6-bis(pyridin-3-ylethynyl)-9H-fluoren-9-one 23,192 dimethyl  (4,5-bis(methylsulfanyl)-1,3-dithiol-2-
yl)phosphonate 7, dimethyl (4,5-bis(propylsulfanyl)-1,3-dithiol-2-yl)phosphonate 20 and dimethyl (4,5-
bis(hexylsulfanyl)-1,3-dithiol-2-yl)phosphonate 211%2 were available in the laboratory and synthesized using
known procedures. 2,3,6,7-tetrabromoanthracene-9,10-dione 8 was synthesized according to the procedure
described in the literature.''® Pillar arene 17 was provided by the group of J. F. Nierengarten. Complexes
Pd(dppf)(OTf)2,"* Pt(dppf)(OTf)2,”! RuOxa(OTf)2,*¢ RuBenzo(OTf)2,'’> and RuNaph(OTf)2!*” were

synthesized using procedures described in the literature.

3. Procedures

4,5-bis((2-(2-(2-methoxyethoxy)ethoxy)ethyl)thio)-1,3-dithiole-2-thione (2)
N
0™\ o
AN
S N
|
/O\/\O/\/O\/\SIS#S
In a 100 mL 3-neck flask charged with 5.36 g (7.45 mmol) of bis(tetraethylammonium)bis(1,3-dithiole-

2thione-4,5-dithiol)zincate (1)'7° was added acetonitrile (40 mL), and the solution was degassed with argon
for 10 min. Then 5.45 g (5 mL, 24.01 mmol, 3.2 equiv.) of 1-bromo-2-(2-(2-methoxyethoxy)ethoxy)ethane
was added. The reaction was stirred at reflux for 3 h. Then, the solution was concentrated and 50 mL of
methylene chloride was added. The resulting white precipitate was filtered through a thin layer of silica. The
organic layer was washed with 2 x 100 mL of water, dried over MgSO4 and concentrated under vacuum. The
residue was purified by column chromatography on silica gel with ethyl acetate as eluent to afford compound
2 (7.90 g, 96%) as a red liquid.
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'H NMR (300 MHz, CDCl3) 8 3.71 (t, J = 6.4 Hz, 4H), 3.64 (s, 8H), 3.67 - 3.60 (m, 4H), 3.56 - 3.53 (m, 4H),

3.38 (s, 6H), 3.07 (t, J = 6.4 Hz, 4H). 3*C NMR (76 MHz, CDCl3) 3 211.06, 136.57, 71.94, 70.64, 70.60, 69.87,

59.06, 36.14. FAB-HRMS: found: 490.0635, calculated: 490.0646.
4,5-bis((2-(2-(2-methoxyethoxy)ethoxy)ethyl)thio)-2-(methylthio)-1,3-dithiole (4)

AN
0" \_-0
\/\O/\/S

S
| /
/O\/\O/\/O\/\SIS%S
In a 250 mL flask charged with 5.50 g (10.85 mmol) of compound 2, was added 25 ml of methylene chloride,

and the solution was degassed with argon for 5 min. Then, 1.91 g (1.32 mL, 11.66 mmol, 1.07 equiv.) of
methyl trifluoromethanesulfonate was added and the reaction was stirred at r.t. overnight. The solution was
concentrated and the resulting residue rinced with 5 ml of diethyl ether and dried under vacuum. To the
obtained intermediate compound 3 (7.49 g, red liquid) were added 70 mL of acetonitrile and 30 ml of isopropy!
alcohol. The solution was cooled to -5 °C and NaBH4 was added as a solid portion by portion until the bubbling
stopped. The solution was stirred for 3 h at r.t.. Then, the mixture was concentrated and the residue was
dissolved in ethyl acetate. The organic layer was washed with 2 x 50 mL of water, dried over MgS04 and
concentrated to afford compound 4 (5.50 g, 95 %) as a yellow liquid.

'H NMR (300 MHz, CDCI3) & 5.71 (s, 1H), 3.69 - 3.64 (m, 4H), 3.66 (s, 12H), 3.57 - 3.54 (m, 4H), 3.32 (s,
6H), 3.16 - 3.07 (m, 2H), 2.96 - 2.87 (m, 2H), 2.24 (s, 3H). *C NMR (76 MHz, CDCl3) & 125.04, 71.96,
70.58, 70.16, 59.08, 57.38, 35.15, 14.00. FAB-HRMS: found: 506.0952, calculated: 506.0959.

Dimethyl (4,5-bis((2-(2-(2-methoxyethoxy)ethoxy)ethyl)thio)-1,3-dithiol-2-yl)

phosphonate (6)

AN
(0] (0]
N NN
/OMe

S

/O\/\O/\/O\/\SIs>g|:<\(;OM‘a
In 250 mL flask charger with 5.60 g (11.05 mmol) of compound 4, was added 25 ml of acetic anhydride. The
solution was degassed with argon for 30 min and 1.97 g (1.67 mL, 12.16 mmol, 1.1 equiv.) of HBF4,Et.0 were
added. The reaction was stirred for 2 h at r.t.. The solution was then concentrated and the residue rinced with
25 ml of Et20 and dried under vacuum to afford intermediate compound 5. Then, 100 mL of acetonitrile was
added and the resulting solution was degassed with argon for 30 min. Then, 2.00 g (13.34 mmol) of NaI and
1.65 g (1.57 mL, 13.33 mmol) of P(OMe)s were added, and the reaction was stirred under argon for 3 h. The
solution was then concentrated and the resulting solid dissolved in 100 m| of methylene chloride. The organic
layer was washed with 3 x 50 mL of water and 50 mL of brine, dried over MgS04 and concentrated. The
residue was purified by column chromatography on silica gel with ethyl acetate as eluent to afford compound
6 (2.32 g, 36 %) as a red liquid.
'H NMR (300 MHz, CDCl3) 0 4.67 (d, J = 5.8 Hz, 1H), 3.88 (s, 3H), 3.85 (s, 3H), 3.79 - 3.63 (m, 16H), 3.56-
3.54 (m, 4H), 3.37 (s, 6H), 3.13 - 3.04 (m, 2H), 2.98 - 2.89 (m, 2H). 3C NMR (76 MHz, CDCl3) § 125.63,
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71.94, 70.57, 70.46, 70.05, 59.06, 54.79, 41.36 (d, J(13¢-31P) = 161 Hz), 35.30. 3P NMR (121.6 MHz, CDCls)
0 18.51. FAB-HRMS: found: 568.1054, calculated: 568.1058.
2,3,6,7-tetra(pyridin-4-yl)anthracene-9,10-dione (9)

In a 250 mL Schlenk flask charged with 910 mg (1.08 mmol) of 2,3,6,7-tetrabromoanthracene-9,10-dione 8
and 1.28 g (10.40 mmol, 9.6 equiv.) of 4-pyridylboronic acid was added 140 mL of toluene, 50 mL of ethanol
and a solution of K2CO3 (4.80 g in 4 ml of water). The mixture was degassed with argon for 1 h. Then, 800
mg (0.69 mmol, 0.64 equiv.) of tetrakis(triphenylphosphine)palladium (0) was added, the mixture was
degassed for 15 min and stirred under argon at 90°C for 12 hours. The solution was concentrated and 50 ml
of methylene chloride was added. The residue was filtered, concentrated and purified by column
chromatography on silica gel with methylene chloride to methylene chloride / methanol (v/v 92/8) as eluent
to afford compound 9 (245 mg, 27 %) as a yellow solid.
'H NMR (300 MHz, CDCls) 8 8.61 (d, J = 6.5 Hz, 8H), 8.44 (s, 4H), 7.17 (d, J = 6.5 Hz, 8H). 13C NMR (76
MHz, CDCl3) & 181.62, 150.20, 146.39, 143.82, 133.22, 129.77, 124.06. FAB-HRMS: found: 516.1585,
calculated: 516.1586.
4,4',4",4"'-(9,10-bis(4,5-bis(methylthio)-1,3-dithiol-2-ylidene)-9,10-dihydroanthracene-
2,3,6,7-tetrayl)tetrapyridine (A1Me)

In a 50 mL Schlenk flask charged with 221 mg (0.72 mmol) of phosphonate 7, was added 4 mL of anhydrous
THF and the solution was cooled to -78 °C. Then, 280 uL of n-Butyllithium (0.70 mmol, 0.97 equiv., 2.5 M)
was added and the solution was stirred at -78 °C for 1 h. Then, 150 mg of 9 (0.29 mmol, 0.4 equiv.) in 10
mL of anhydrous THF was cannulated into the reaction media and the reaction was warmed up to r.t. overnight.
Then, the solution was concentrated and 50 ml of methylene chloride was added. The organic layer was
washed with 2 x 30 mL of water, dried over MgSO4 and concentrated. The residue was purified by column
chromatography on alumina with methylene chloride to methylene chloride / methanol (v/v 99/1) as eluent

to afford ligand A1Me (151 mg, 60 %) as an orange solid.
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'H NMR (300 MHz, CDCls) 3 8.55 (d, J = 6.5 Hz, 8H), 7.65 (s, 4H), 7.11 (d, J = 6.5 Hz, 8H), 2.42 (s, 12H).

13C NMR (76 MHz, CDCl3) & 149.89, 147.92, 135.75, 135.08, 134.70, 127.41, 126.67, 124.51, 120.99, 19.36.

FAB-HRMS: found: 872.0396, calculated: 872.0393.
4,4'4",4""-(9,10-bis(4,5-bis((2-(2-(2-methoxyethoxy)ethoxy)ethyl)thio)-1,3-dithiol-2-
ylidene)-9,10-dihydroanthracene-2,3,6,7-tetrayl)tetrapyridine (A1TEG)

R R

R = 1{\/0\/\0/\/0\

In a 50 mL Schlenk flask charged with 330 mg (0.72 mmol) of phosphonate 6, was added 4 mL of anhydrous
THF and the solution was cooled to -78 °C. Then, 280 pL of n-Butyllithium (0.70 mmol, 0.97 equiv., 2.5 M)
was added and the solution was stirred at -78 °C for 1 h. Then, 150 mg of 9 (0.29 mmol, 0.4 equiv.) in 10
mL of anhydrous THF was cannulated into the reaction media and the reaction was warmed up to r.t. overnight.
Then, the solution was concentrated and 50 ml of methylene chloride was added. The organic layer was
washed with 2 x 30 mL of water, dried over MgSO4 and concentrated. The residue was purified by column
chromatography on alumina with methylene chloride to methylene chloride / methanol (v/v 99/1) as eluent
to afford ligand A1TEG (176 mg, 65 %) as an orange sticky solid.

H NMR (300 MHz, CDCl3) & 8.55 (d, J = 6.5 Hz, 8H), 7.65 (s, 4H), 7.11 (d, J = 6.5 Hz, 8H), 3.74 - 3.64 (m,
12H), 3.71 - 3.61 (m, 32H), 3.54 - 3.50 (m, 8H), 3.35 (s, 12H), 3.03 (td, J = 6.5 Hz, 1.3 Hz, 8H). 13C NMR
(76 MHz, CDCl3) 6 150.05, 148.03, 135.92, 135.16, 134.51, 127.45, 127.023, 124.64, 120.75, 72.06, 70.74,
70.68, 70.11, 59.19, 35.81. FAB-HRMS: found: 568.1054, calculated: 568.1058.
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A1TEGOx

R= ‘s{\/o\/\o/\/o\
A solution of PTZ in CH3NO2 (1.14 ml, 0.05 M, 57.07 umol) was added to a solution of A1ITEG (40.0 mg, 28.5
pmol) in CH3NO2 (2 mL) and the mixture was stirred for 5 minutes Then, Et20 was added and the resulting
suspension was centrifuged. The solid was rinsed 3 times with Et20 and dried under vacuum to give A1ITEGOXx
(30 mg, 65 %) as an orange powder.
'H NMR (300 MHz, CD3NO:) 0 8.52 - 8.44 (m, 8H), 8.08 (s, 4H), 7.26 - 7.18 (m, 10H), 3.96 (dd, J = 5.8, 4.7
Hz, 8H), 3.62 - 3.52 (m, 24H), 3.44 - 3.37 (m, 8H), 3.34 - 3.24 (m, 8H), 3.24 - 3.15 (m, 8H), 3.06 (s, 13H).
Pd(dppf)AiMe

120Tf

3

A stoichiometric mixture of ligand A1Me (3 mg, 3.44 pmol) and cis-Pd(dppf)(OTf)2 (6.59 mg, 6.88 pmol) in
CHsNO2 (1 mL) was stirred for 5 min at room temperature. The red solution was analyzed without any
purification.

'H NMR (300 MHz, CD3NOz) 0 8.60 - 8.43 (m, 24H), 8.28 - 8.07 (m, 36H), 7.89 (td, J = 13.1, 10.9, 6.9 Hz,
108H), 7.70 (d, J = 9.3 Hz, 36H), 7.31 (s, 12H), 7.13 - 6.93 (m, 24H), 4.96 (s, 12H), 4.80 (s, 12H), 4.72 (s,
24H), 4.68 (s, 12H), 2.37 (s, 36H). 3P NMR (122 MHz, CD3NO:) & 33.78. DOSY (300 MHz, CD3NO)
D = 2.5 x 101 m2.s’L, FTICR-MS: [Pd(dppf)A1Me-80Tf 18 found: 1944.1945, calculated: 1944.1937.
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Pd(dppf)A1TEG

— = 120Tf"

3

A stoichiometric mixture of ligand A1TEG (6.35 mg, 4.53 ymol) and cis-Pd(dppf)(OTf)2 (9.06 mg, 6.88 umol)
in CHsNO2 (1 mL) was stirred for 5 min at room temperature. The red solution was analyzed without any
purification.

'H NMR (300 MHz, CD3NO2) & 8.53 (s, 24H), 8.18 (dd, J = 12.8, 7.3 Hz, 36H), 7.88 (dt, J = 13.0, 7.5 Hz,
108H), 7.70 (s, 36H), 7.31 (s, 12H), 7.05 - 6.97 (m, 24H), 4.98 (s, 12H), 4.81 (s, 12H), 4.72 (s, 24H), 4.67
(s, 12H), 3.60 (t, J = 6.2 Hz, 24H), 3.49 - 3.41 (m, 72H), 3.42 - 3.34 (m, 24H), 3.21 (s, 36H), 3.02 (td,
J = 6.9 Hz, 24H). DOSY (300 MHz, CD3NO2) D = 2.2 x 10710 m2.s’t, FTICR-MS: [Pd(dppf)A1TEG-50Tf]>*
found: 1842.754, calculated: 1842.751, [Pd(dppf)A1TEG-40Tf]** found: 2340.672, calculated: 2340.680.

Pt(dppf)A1TEG

— = 120Tf

]

Ph, P
-~ it =4
= Pt Fe
X P
P Ph
A stoichiometric mixture of ligand A1TEG (4.91 mg, 3.50 umol) and cis-Pt(dppf)(OTf)2 (7.34 mg, 7.00 pmol)

in CH3NO2 (1 mL) was stirred for 2 h at 55 °C. Then, Et20 was added and the resulting suspension was

3

centrifuged. The solid was rinsed 3 times with Et20 and dried under vacuum to give Pt(dppf)A1TEG as a red
powder (7 mg, 56 %).

'H NMR (300 MHz, CD3NO2) d 8.64 - 8.51 (m, 24H), 8.25 - 8.13 (m, 36H), 7.97 - 7.79 (m, 108H), 7.75 -
7.65 (m, 36H), 7.31 (s, 12H), 7.13 - 7.00 (m, 24H), 4.95 (s, 12H), 4.76 (s, 12H), 4.67 (s, 36H), 3.61 (t,
J = 6.2 Hz, 24H), 3.51 - 3.41 (m, 72H), 3.41 - 3.34 (m, 24H), 3.21 (s, 36H), 3.06 - 2.97 (m, 21H). 3'P NMR
(122 MHz, CD3NO>) & 3.58. DOSY (300 MHz, CDsNO2) D = 2.2 x 10'1® m2.s't, FTICR-MS: [Pt(dppf)A1TEG-
60Tf 1%+ found: 1599.3629, calculated: 1599.3629, [Pt(dppf)A1TEG-50Tf]>* found: 1949.0258, calculated:
1949.0259.
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RuOxaAl

TEGS, STEG
—|40Tf'

TEGSHSTEG
A stoichiometric mixture of ligand A1TEG (4.00 mg, 2.85 pymol) and RuOxa(O0Tf)2 (4.89 mg, 5.71 pymol) in

CH3NO2 (1 mL) was stirred for 2 h at 55 °C. Then, Et20 was added and the resulting suspension was
centrifuged. The solid was rinsed 3 times with Et20 and dried under vacuum to give RuOxaAl as a yellow
powder (6 mg, 67 %).
'H NMR (300 MHz, MeOD) & 8.09 (dd, J = 12.4, 5.9 Hz, 8H), 7.82 (s, 4H), 7.42 (d, J = 5.8 Hz, 4H), 7.15 (d,
J =6.0 Hz, 4H), 6.02 (d, J = 6.2 Hz, 8H), 5.86 (d, J = 6.1 Hz, 8H), 3.68 (t, J = 6.3 Hz, 8H), 3.61 - 3.55 (m,
24H), 3.53 - 3.47 (m, 8H), 3.33 (s, 12H), 3.09 - 2.99 (m, 8H), 2.97 - 2.80 (m, 4H), 2.27 (s, 12H), 1.40 (d,
J =6.9 Hz, 24H). 'H DOSY NMR (300 MHz, MeOD) D = 3.5 x 10"1® m2.s't, HRMS analysis has been carried
out recently and confirms the exclusive formation of RuOxaA1l. The detailed results will be included in the
final manuscript version.

RuOxaA10x

TEGS, STEG
—|ZBF4'4OTf'

TEGS STEG
A solution of PTZ in CH3NO2 (115 ul, 0.05 M, 5.71 umol) was added to the solution of the ligand A1TEG (4.00

mg, 2.85 umol) in CH3NO2 (1 mL). Solid RuOxa(OTf)2 (4.89 mg, 5.71 pmol) was added and the resulting
solution was stirred for 2 h at 55 °C. The orange solution was used without any purification.

'H NMR (300 MHz, CD3NOz) & 8.23 (s, 4H), 8.15 - 8.07 (m, 8H), 7.31 - 7.22 (m, 8H), 5.97 (d, J = 6.2 Hz,
8H), 5.80 (d, J = 6.3 Hz, 8H), 3.96 (t, J = 5.2 Hz, 8H), 3.66 - 3.55 (m, 16H), 3.54 - 3.45 (m, 8H), 3.40 -
3.29 (m, 8H), 3.29 - 3.18 (m, 8H), 3.11 (s, 12H), 2.90 (p, J = 6.9 Hz, 4H), 2.25 (s, 12H), 1.38 (d, J = 6.9
Hz, 24H). 'H DOSY NMR (300 MHz, CD3NO2) D = 3.3 x 10°'® m2,s't, HRMS analysis has been carried out
recently and confirms the exclusive formation of RuOxaA10x. The detailed results will be included in the final

manuscript version.
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RuBenzoAl

TEGS. STEG
Y= —|40Tf'

TEGS STEG

A stoichiometric mixture of ligand A1TEG (4.00 mg, 2.85 pymol) and RuBenzo(OTf)2 (5.17 mg, 5.71 ymol)
in CH3NO2 (1 mL) was stirred for 2 h at 55 °C. Then, Et20 was added and the resulting suspension was
centrifuged. The solid was rinsed 3 times with Et.0 and dried under vacuum to give RuBenzoAl as a red
powder (6.5 mg, 71 %).
'H NMR (300 MHz, CD3NOz) 4 8.09 (dd, J = 8.1, 5.9 Hz, 8H), 7.44 (dd, J = 6.0, 2.1 Hz, 4H), 7.18 (dd, J = 6.0,
2.1 Hz, 4H), 6.10 - 5.98 (m, 8H), 5.84 (dd, J = 7.3, 5.6 Hz, 8H), 5.69 (d, J = 19.0 Hz, 4H), 3.76 - 3.64 (m,
8H), 3.63 - 3.51 (m, 36H), 3.54 - 3.41 (m, 8H), 3.29 (s, 12H), 3.08 (h, J = 7.4, 6.7 Hz, 8H), 2.95 (p, ] = 6.9
Hz, 4H), 2.30 (s, 12H), 1.43 - 1.33 (m, 24H). *H DOSY NMR (300 MHz, CD3NO2) D = 3.2 x 1071® m2.s, HRMS
analysis has been carried out recently and confirms the exclusive formation of RuBenzoAl. The detailed
results will be included in the final manuscript version.

RuBenzoA10x

TEGS, STEG
X Y=< | 2BF,40Tf
\Rur -
o, ©

TEGS STEG

A solution of PTZ in CH3NO2 (115 ul, 0.05 M, 5.71 pmol) was added to the solution of the ligand A1TEG (4.00
mg, 2.85 pmol) in CHsNO2 (1 mL). Solid RuBenzo(OTf)2 (5.17 mg, 5.71 ymol) was added and the resulting
solution was stirred for 2 h at 55 °C. The red solution was used without any purification.

'H NMR (300 MHz, CD3NOz) & 8.12 (d, J = 1.6 Hz, 8H), 8.11 (s, 4H), 7.42 - 7.30 (m, 8H), 6.06 (d, J = 6.2
Hz, 8H), 5.87 (d, J = 6.2 Hz, 8H), 5.72 (s, 4H), 4.05 - 3.96 (m, 8H), 3.73 - 3.60 (m, 16H), 3.60 - 3.49 (m,
8H), 3.47 - 3.37 (m, 8H), 3.33 - 3.24 (m, 8H), 3.15 (s, 12H), 2.98 (p, J = 6.9 Hz, 4H), 2.36 (s, 12H), 1.43
(d, J=6.9 Hz, 24H). H DOSY NMR (300 MHz, CD3NO2) D = 3.3 x 1071® m2,s’!, HRMS analysis has been
carried out recently and confirms the exclusive formation of RuOxaA10x. The detailed results will be included

in the final manuscript version.
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RuNaphA1

TEGS. STEG
Y—( —|40Tf'

TEGS STEG

A stoichiometric mixture of ligand A1TEG (4.00 mg, 2.85 pmol) and RuNaph(OTf)2 (5.46 mg, 5.71 pmol) in
CH3NO2 (1 mL) was stirred for 2 h at 55 °C. Then, Et20 was added and the resulting suspension was
centrifuged. The solid was rinsed 3 times with Et.0 and dried under vacuum to give RuNaphA1 as a green
powder (6.7 mg, 70 %).

'H NMR (300 MHz, CD3NO2) 3 8.26 (dd, J = 10.1, 5.8 Hz, 8H), 7.36 (dd, J = 5.6, 2.0 Hz, 4H), 7.10 (d, J = 17.1
Hz, 8H), 7.10 (dd, J = 4.5, 1.9 Hz, 4H), 5.85 - 5.74 (m, 8H), 5.63 - 5.54 (m, 8H), 3.68 (t, J = 6.3 Hz, 8H),
3.61 - 3.52 (m, 24H), 3.50 - 3.42 (m, 8H), 3.28 (s, 12H), 3.07 (dd, J = 11.8, 5.9 Hz, 8H), 2.94 (p, J = 6.9
Hz, 6H), 2.24 (s, 12H), 1.39 (dd, J = 6.9, 2.3 Hz, 24H). H DOSY NMR (300 MHz, CD3NO;) D = 3.3 x 1010
m2.st, HRMS analysis has been carried out recently and confims the exclusive formation of RuNaphA1. The

detailed results will be included in the final manuscript version.
RuNaphA10x

TEGS, STEG
_l 2BF740TF
N

TEGS STEG

A solution of PTZ in CH3NO2 (115 ul, 0.05 M, 5.71 umol) was added to the solution of the ligand A1TEG (4.00
mg, 2.85 pmol) in CH3NO2 (1 mL). Solid RuNaph(OTf)2 (5.46 mg, 5.71 ymol) was added and the resulting
solution was stirred for 2 h at 55 °C. Then, Et20 was added and the resulting suspension was centrifuged. The
solid was rinsed 3 times with Et.0 and dried under vacuum to give RuNaphA10x as a green powder (6 mg,
64 %).

'H NMR (300 MHz, CD3NOz) 0 8.29 - 8.20 (m, 8H), 7.99 (s, 4H), 7.29 - 7.19 (m, 8H), 7.10 (s, 10H), 5.78 (d,
J=6.0Hz, 8H), 5.57 (d, J = 6.0 Hz, 8H), 3.95 (t, J = 5.0 Hz, 8H), 3.60 (q, J = 7.8, 6.5 Hz, 24H), 3.48 (td,
J=6.8,6.1, 2.8 Hz, 8H), 3.36 (dd, J = 6.2, 3.1 Hz, 8H), 3.25 (td, J = 7.3, 6.0, 4.0 Hz, 8H), 3.10 (d, J = 2.2
Hz, 12H), 2.94 (p, J = 6.9 Hz, 5H), 2.26 (s, 12H), 1.39 (d, J = 6.9 Hz, 25H). *H DOSY NMR (300 MHz, CD3NOz2)
D = 3.3 x 10 m2,s’!, HRMS analysis has been carried out recently and confirms the exclusive formation of

RuOxaA10x. The detailed results will be included in the final manuscript version.
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2,3,6,7-tetrakis((trimethylsilyl)ethynyl)anthracene-9,10-dione (10

Me;3Si (e SiMe;
b 900 ~
= X

Me3Si (@) SiMe3

In a microwave tube was added 2,3,6,7-tetrabromoanthracene-9,10-dione 8 (100 mg, 191 umol),
trimethylsilyl acetylene (93.8 mg, 955 umol), copper (I) iodide (14.5 mg, 76 umol), toluene (2mL) and
triethylamine (3 mL). The mixture was degassed for 30 min and tetrakis(triphenylphosphine)palladium (88.3
mg, 76 umol) was added. The reaction was carried out under microwave irradiation at 70 °C for 30 min. After
cooling to room temperature, the solution was concentrated. Then, dichloromethane (10 mL) was added, and
the solution was washed with water (3 x 50 mL). The resulting organic phase was dried with MgSO4 and concentrated under
vacuum. The residue was purified by column chromatography on silica gel with a mixture of petroluem ether /
dichloromethane as eluant to afford compound 10 (25 mg, 22 %) as a yellow solid.
'H NMR (300 MHz, Chloroform-d) 6 8.35 (s, 4H), 1.25 (s, 3H), 0.31 (s, 34H). 3C NMR (76 MHz, Chloroform-
d) 6 181.04, 132.00, 131.43, 104.70, 101.86, -0.05. FAB-HRMS: found: 592.2100, calculated: 592.2105.
2,3,6,7-tetrakis(4-(pyridin-4-yl)phenyl)anthracene-9,10-dione (12)

Ina 250 mL Schlenk flask charged with 1.0 g (XXX mmol) of 2,3,6,7-tetrabromoanthracene-9,10-dione 8 and
1.71 g (XX mmol) of (4-(pyridin-4-yl)phenyl)boronic acid was added 140 ml of toluene,50 ml of ethanol and
a solution of K2CO3 (4.80 g in 4 ml of water). The mixture was degassed with argon for 1 h. Then, 800 mg
(0.69 mmol, 0.64 equiv.) of tetrakis(triphenylphosphine)palladium (0) was added, and the solution was
degassed for 15 min. The residue was filtered, concentrated and purified by column chromatography on silica
gel with methylene chloride to methylene chloride / methanol (v/v 92/8) as eluent to afford compound 12
(575 mg, 36 %) as a yellow solid.

H NMR (300 MHz, Chloroform-d) 3 8.68 (d, J = 5.4 Hz, 8H), 8.49 (s, 4H), 7.63 (d, J = 8.2 Hz, 8H), 7.58 -
7.50 (m, 8H), 7.43 (d, J = 8.2 Hz, 8H). Because of low solubility this compound could not characterized by
13C NMR. FAB-HRMS: found: 821.2902, calculated: 821.2872.
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In a 50 mL Schlenk flask charged with 350 mg (0.62 mmol) of phosphonate 6, was added 4 mL of anhydrous
THF and the solution was cooled to -78 °C. Then, 350 pL of n-Butyllithium (0.57 mmol, 0.97 equiv., 2.5 M)
was added and the solution was stirred at -78 °C for 1 h. Then, 170 mg of 12 (0.21 mmol, 0.4 equiv.) in 10
mL of anhydrous THF was cannulated into the reaction media and the reaction was warmed up to r.t. overnight.
Then, the solution was concentrated and 50 ml of methylene chloride was added. The organic layer was
washed with 2 x 30 mL of water, dried over MgSO4 and concentrated. The residue was purified by column
chromatography on alumina with methylene chloride to methylene chloride / methanol (v/v 99/1) as eluent
to afford ligand A3 (230 mg, 65 %) as an orange sticky solid.

'H NMR (300 MHz, Chloroform-d) 0 8.70 - 8.62 (m, 8H), 7.70 (s, 4H), 7.66 - 7.57 (m, 8H), 7.57 - 7.50 (m,
8H), 7.41 - 7.31 (m, 8H), 3.70 (td, J = 6.8, 3.8 Hz, 8H), 3.61 (s, 16H), 3.64 - 3.56 (m, 8H), 3.54 - 3.47 (m,
8H), 3.34 (s, 12H), 3.05 (td, J = 6.6, 1.9 Hz, 8H). 13C NMR (76 MHz, Chloroform-d) 6 150.41, 148.09, 140.20,
138.21, 136.73, 134.74, 130.79, 128.32, 127.87, 126.97, 121.54, 72.06, 70.73, 70.15, 59.18, 35.82. FAB-
HRMS: found: 821.2902, calculated: 821.2872.
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A solution of PTZ in CHsNO2 (0.94 ml, 0.05 M, 46.9 umol) was added to a solution of ligand A3 (40.0 mg,
23.4 umol) in CH3NO2 (2 mL). Then, Et20 was added and the resulting suspension was centrifuged. The
resulting solid was rinsed 3 times with Et20 and dried under vacuum to give A30x (35 mg, 80 %) as an
orange powder.

'H NMR (300 MHz, CD3NO2) 0 8.64 - 8.56 (m, 8H), 8.09 (s, 4H), 7.82 - 7.69 (m, 8H), 7.69 - 7.57 (m, 8H),
7.52 - 7.42 (m, 8H), 4.01 - 3.91 (m, 8H), 3.63 - 3.52 (m, 16H), 3.45 - 3.36 (m, 8H), 3.33 - 3.24 (m, 8H),
3.24 - 3.14 (m, 8H), 3.06 (s, 12H). *H DOSY NMR (300 MHz, CD3NO2) D = 3.7 x 1019 m2.s't, HRMS analysis
has been carried out recently and confirms the exclusive formation of A30x. The detailed results will be
included in the final manuscript version.

RuBenzoA3

TEGS STEG

XN

TEGS STEG
A mixture of ligand A3 (4.00 mg, 2.34 ymol) and RuBenzo(OTf)2 (4.25 mg, 4.69 umol) in CH3NO2 (1 mL)

was stirred for 2 h at 55 °C. Then, Et.0 was added and the resulting suspension was centrifuged. The solid
was rinsed 3 times with Et20 and dried under vacuum to give RuBenzoA3 as a red powder (6 mg, 72 %).

'H NMR (300 MHz, CD3NOQ) & 8.24 (d, J = 6.3 Hz, 16H), 7.63 (d, J = 6.6 Hz, 16H), 7.61 (d, J = 8.6 Hz, 16H),
7.49 (d, J = 8.2 Hz, 16H), 7.33 (s, 6H), 5.99 (d, J = 6.3 Hz, 16H), 5.77 (s, 8H), 5.75 (d, J = 6.2 Hz, 16H),
3.62 (t, J = 6.2 Hz, 16H), 3.47 - 3.38 (m, 48H), 3.37 - 3.32 (m, 16H), 3.18 (s, 24H), 3.08 - 2.98 (m, 16H),
2.95 - 2.81 (m, 8H), 2.18 (s, 24H), 1.33 (dd, J = 6.9, 1.4 Hz, 48H). DOSY (300 MHz, CDsNOz) D = 2.2 x 10
10 m2,s1, HRMS: [L2Ms]®* found: 731.0090, calculated: 731.0075, [L2Ms + OTf]’* found: 856.7175,
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calculated: 856.7161, [L2Ms + 20Tf]* found: 1024.3290, calculated: 1024.3275, [L2Ms + 30Tf]>* found:
1258.9844, calculated: 1258.9844, [L2Ms + 40Tf]** found: 1610.9680, calculated: 1610.9674.
(RuBenzoA3)0x

STEG
==

£Lis
TEGS
STEG

S.S

STEG

TEGS

s
TEGS STEG
A solution of PTZ in CH3NO2 (66 pl, 0.05 M, 3.3 pmol) was added to the solution of RuBenzoA3 (6 mg, 0.81

pmol) in CH3NO2 (1 mL). The red solution was used without any purification.
'H NMR (300 MHz, CD3NO2) 0 8.41 (d, J = 6.4 Hz, 16H), 7.79 (s, 8H), 7.69 (d, J = 6.2 Hz, 16H), 7.64 (d,
J=8.1Hz, 16H), 7.47 (d, J = 8.1 Hz, 16H), 5.98 (d, J = 6.6 Hz, 16H), 5.84 (s, 8H), 5.78 (d, J = 6.6 Hz,
16H), 3.80 (t, J = 5.3 Hz, 16H), 3.48 (t, J = 5.0 Hz, 16H), 3.32 - 3.25 (m, 16H), 3.15 - 3.07 (m, 16H), 3.04
- 2.98 (m, 16H), 2.98 - 2.83 (m, 24H), 2.89 (s, 24H), 2.25 (s, 24H), 1.37 (dd, J = 6.9, 1.9 Hz, 48H). DOSY
(300 MHz, CD3NO2) D = 2.0 x 101® m2.s’t, HRMS: [L2*2Ms* + 4BFs" + OTf]’* found: 906.2912, calculated:
906.2895, [ L2*2Ms + 4BF4 + 20Tf]®* found: 1082.1693, calculated: 1082.1632, [L2*2Ms + 4BF4 + 30Tf]°*
found: 1328.3864, calculated: 1328.3864, [L?*2Ms + 4BFs + 40Tf]* found: 1697.7222, calculated:
1697.7211.
((RuBenzoA3)0Ox)Red
A solution of TDAE" in CH3NO:2 (66 ul, 0.05 M, 3.3 umol, 4 equiv.) was added to the solution of
(RuBenzoA3)0x (6.3 mg, 0.81 pmol) in CH3NO2 (1 mL). The red solution was used without any purification.
HRMS: [L2Ms + BF4]7* found: 847.7277, calculated: 847.7235, [L2Ms + BFs + OTf]* found: 1013.8386,
calculated: 1013.8361, [L2Ms + BFs + 20Tf]°* found: 1246.6001, calculated: 1246.5938, [L2Ms + BF4 +
30Tf]* found: 1595.4836, calculated: 1595.4804.

RuBenzoA30x

‘Ru)\
o, °

TEGS STEG

_| 2BF,40Tf"

‘RU

TEGS STEG
A solution of PTZ in CH3NO2 (94 ul, 0.05 M, 4.69 umol) was added to a solution of ligand A3 (4.00 mg, 2.34

pmol) in CH3NOz (1 mL). Solid RuBenzo(OTf)2 (4.25 mg, 4.69 pmol) was added and the solution was stirred

for 2 h at 55 °C. Then, Et.0 was added and the resulting suspension was centrifuged. The solid was rinsed 3

times with Et20 and dried under vacuum to give RuBenzoA30x as a red powder (7 mg, 85 %).
'H NMR (300 MHz, CD3NO?) 0 8.20 (d, J = 6.2 Hz, 8H), 8.17 (s, 4H), 7.56 (d, J = 6.5 Hz, 8H), 7.44 (d, J = 8.1

Hz, 8H), 7.17 (d, J = 8.1 Hz, 8H), 6.01 (d, J = 6.3 Hz, 8H), 5.79 (d, J = 6.3 Hz, 8H), 5.70 (s, 4H), 3.93 (t,
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J = 5.3 Hz, 8H), 3.63 - 3.50 (m, 24H), 3.49 - 3.41 (m, 8H), 3.33 - 3.24 (m, 8H), 3.23 - 3.17 (m, 8H), 3.08
(s, 12H), 2.99 - 2.86 (m, 4H), 2.23 (s, 12H), 1.37 (d, 7= 6.9 Hz, 24H). DOSY (300 MHz, CD3NO:)
D = 2.8 x 101 m2,st, HRMS: [RuBenzoA30x°®*+BF4]°* found: 602.1086, calculated: 602.1066, [L2*2M4 +
OTf]°* found: 614.7007, calculated: 614.6962, [L2*2Ma + 2BF4]** found: 774.3871, calculated: 774.3842,
[L2*2Mas + BFs + OTf]* found: 789.8717, calculated: 789.8713, [L2*2M4 + 20Tf]** found: 805.6141,
calculated: 805.6084, [L2*2M4 + 2BF4+ + OTf]3* found: 1082.1626, calculated: 1082.1632, [L2*2Ma + BF4™ +
20Tf 3+ found: 1103.1499, calculated: 1103.1459, [L2*2M4 + 3 OTf]3* found: 1123.7969, calculated:
1123.7953.
(RuBenzoA30x)Red

TEGS STEG

TEGS STEG
A solution of TDAE in CH3NOz (42 ul, 0.05 M, 2.1 pmol) was added to the solution of RuBenzoA30x (3.93

mg, 0.5 umol) in CH3NO2 (1 mL). The red solution was used without any purification.

'H NMR (300 MHz, CD3NOz) 8 8.21 (d, J = 6.2 Hz, 8H), 7.94 (s, 4H), 7.57 (d, ] = 6.0 Hz, 8H), 7.42 (d, ] = 8.2
Hz, 8H), 7.20 (s, 8H), 6.01 (d, J = 6.2 Hz, 8H), 5.80 (d, J = 6.2 Hz, 8H), 5.71 (d, J = 2.2 Hz, 4H), 3.72 (d,
J=6.3 Hz, 8H), 3.62 - 3.53 (m, 8H), 3.57 - 3.46 (m, 16H), 3.48 - 3.38 (m, 8H), 3.25 (s, 12H), 3.18 - 2.98
(m, 8H), 2.26 (s, 12H), 1.38 (d, J = 6.9 Hz, 24H). DOSY (300 MHz, CD3NOz) D = 2.8 x 1071® m2.s’t, HRMS:
[L2Ma]** found: 730.8817, calculated: 730.8824, [L2*2M4 + BF47]3* found: 1003.5125, calculated: 1003.5113,
[L2+2M4 + OTf]3* found: 1024.4993, calculated: 1024.1941.

RuNaphA30x

TEGS STEG

_l 2BF,40TF

TEGS  STEG
A solution of PTZ in CH3NO2 (94 ul, 0.05 M, 4.69 umol) was added to the solution of the ligand A3 (4.00 mg,
2.34 ymol) in CH3NOz (1 mL). Solid RuNaph(OTf)2 (4.49 mg, 4.69 umol) was added and the resulting solution

was stirred for 2 h at 55 °C. Then, Et20 was added and the resulting suspension was centrifuged. The solid

was rinsed 3 times with Et20 and dried under vacuum to give RuNaphA30x as a yellow powder (6 mg, 71

%).

H NMR (300 MHz, CD3NO>) & 8.42 - 8.36 (m, 8H), 8.13 (s, 4H), 7.52 - 7.45 (m, 8H), 7.41 (d, J = 8.3 Hz,

8H), 7.19 (s, 8H), 7.16 (d, J = 8.3 Hz, 8H), 5.80 (d, J = 6.2 Hz, 8H), 5.59 (d, J = 6.1 Hz, 8H), 3.92 (t, J = 5.3

Hz, 8H), 3.61 - 3.50 (m, 16H), 3.48 - 3.41 (m, 8H), 3.33 - 3.23 (m, 8H), 3.23 - 3.14 (m, 8H), 3.07 (s, 12H),
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2.92 (p, J = 6.9 Hz, 4H), 2.20 (s, 12H), 1.36 (d, J = 6.9 Hz, 25H). DOSY (300 MHz, CD3N0O2) D = 2.8 x 10°1°

m2.st, HRMS analysis has been carried out recently and confirms the exclusive formation of RuNaphA30x.

The detailed results will be included in the final manuscript version.
2,6-di(pyridin-3-yl)anthracene-9,10-dione (14)

In a 250 mL Schlenk flask charged with 500 mg (1.37 mmol) of 2,6-dibromoanthracene-9,10-dione 13 and
504 mg (4.1 mmol, 3 equiv.) of 3-pyridylboronic acid was added 80 mL of toluene, 20 mL of ethanol and a
solution of K2CO3 (3.80 g in 3 ml of water). The mixture was degassed with argon for 1 h. Then, 315 mg (0.27
mmol, 0.2 equiv.) of tetrakis(triphenylphosphine)palladium (0) was added, the mixture was degassed for 15
min and stirred under argon at 90°C for 12 hours. The solution was concentrated and 50 ml of methylene

chloride was added. The residue was filtered and concentrated and purified by column chromatography on

silica gel with methylene chloride to methylene chloride / methanol (v/v 95/5) as eluent to afford compound

14 (150 mg, 30 %) as a yellow solid.

'H NMR (300 MHz, Chloroform-d) & 9.00 (d, J = 2.4 Hz, 2H), 8.72 (dd, J = 4.8, 1.6 Hz, 2H), 8.57 (d, J = 1.9

Hz, 2H), 8.47 (d, J = 8.1 Hz, 2H), 8.10 - 8.00 (m, 4H), 7.47 (ddd, J = 8.0, 4.8, 0.9 Hz, 2H). 3C NMR (76

MHz, CDCl3) 0 182.65, 150.16, 148.50, 143.95, 134.77, 134.29, 132.88, 132.58, 128.62, 125.92, 124.00,

77.58, 77.36, 77.16, 76.74, 29.84. FAB-HRMS: found: 362.1049, calculated: 362.1055.
3,3'-(9,10-bis(4,5-bis(methylthio)-1,3-dithiol-2-ylidene)-9,10-dihydroanthracene-2,6-

divl)dipyridine (A4Me

In a 50 mL Schlenk flask charged with 315 mg (0.41 mmol) of dimethyl (4,5-bis(methylthio)-1,3-dithiol-2-
yl)phosphonate 7, was added 4 mL of anhydrous THF and the solution was cooled to -78 °C. Then, 400 L of
n-Butyllithium (1 mmol, 2.4 equiv., 2.5 M) was added and the solution was stirred at -78 °C for 1 h. Then,
150 mg of 2,6-di(pyridin-3-yl)anthracene-9,10-dione 14 (0.29 mmol, 0.4 equiv.) in 10 mL of anhydrous THF
was cannulated into the reaction media and the reaction was warmed up to r.t. overnight. Then, the solution
was concentrated, and 50 ml of methylene chloride was added. The organic layer was washed with 2 x 30 mL

of water, dried over MgS04 and concentrated. The residue was purified by column chromatography on alumina
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with methylene chloride to methylene chloride / methanol (v/v 99/1) as eluent to afford ligand A4Me (190
mg, 64 %) as an orange sticky solid.

'H NMR (300 MHz, Chloroform-d) d 8.94 (dd, J = 2.4, 0.9 Hz, 2H), 8.63 (dd, J = 4.8, 1.6 Hz, 2H), 7.94 (ddd,
J=7.9, 2.4, 1.6 Hz, 2H), 7.75 (d, ] = 1.8 Hz, 2H), 7.66 (d, J = 8.0 Hz, 2H), 7.55 (dd, J = 8.0, 1.9 Hz, 2H),
7.42 (ddd, J = 7.9, 4.8, 0.8 Hz, 2H), 2.40 (d, J = 5.1 Hz, 12H). 13C NMR (76 MHz, CDCl3) & 148.72, 148.33,
136.13, 135.81, 135.47, 134.45, 134.37, 132.77, 126.73, 126.31, 125.69, 125.06, 124.06, 123.89, 122.79,
77.58,77.37,77.16, 76.74, 19.39, 19.26. FAB-HRMS: found: 717.9854, calculated: 717.9862.

2,6-bis(6-(1,3-dioxolan-2-yl)pyridin-3-yl)anthracene-9,10-dione (15)

<O\O

o
5/
In a 20 ml microwave tube containing 782 mg (2.14 mmol) of 2,6-dibromoanthracene-9,10-dione 13, 75 mg
(0.1 mmol, 5 %) of Pd(PPhs)2Clz, 2.7 g (12.8 mmol) of KsPO4, and 1.00 g (5.13 mmol) of (6-(1,3-dioxolan-2-
yl)pyridin-3-yl)boronic acid were added 80 ml of anhydrous DMF. The mixture was degassed for 10 min and
heated under microwave irradiation at 120°C for 2 h. Then, water (1 L) was added to the resulting green
mixture. The red precipitate was filtered, solubilized in DCM (50 mL) and washed 3 times with water. The
organic extracts were concentrated and purified by column chromatography on silica gel, with methylene
chloride to methylene chloride / methanol (v/v 99/1) as eluent to afford 2,6-bis(6-(1,3-dioxolan-2-yl)pyridin-
3-yl)anthracene-9,10-dione 15 (420 mg, 38 %) as an orange solid.
'H NMR (300 MHz, Chloroform-d) & 9.00 (dd, J = 2.3, 0.8 Hz, 2H), 8.57 (d, J = 1.9 Hz, 2H), 8.47 (d, J = 8.1
Hz, 2H), 8.08 (ddd, J = 15.1, 8.1, 2.2 Hz, 4H), 7.72 (d, J = 8.1 Hz, 2H), 5.97 (s, 2H), 4.31 - 4.07 (m, 8H).
13C NMR (76 MHz, CDCl3) 6 182.59, 157.59, 147.99, 143.59, 135.71, 135.11, 134.32, 132.99, 132.68, 128.67,
126.00, 121.12, 103.45, 77.58, 77.36, 77.16, 76.74, 65.87, 29.87. FAB-HRMS: found: 507.1566, calculated:
507.1511.

TEGS STEG

TEGS STEG
In a 25 mL Schlenk flask charged with 292 mg (0.51 mmol, 3 equiv.) of phosphonate 6, was added 6 mL of

anhydrous THF and the solution was cooled to -78 °C. Then, 295 uL of n-Butyllithium (0.47 mmol, 2.75 equiv.,
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1.6 M) was added and the solution was stirred at -78 °C for 1 h. Then, 87 mg of 15 (0.17 mmol, 1 equiv.) in
10 mL of anhydrous THF was cannulated into the reaction media and the reaction was warmed up to r.t.
overnight. Then, the solution was concentrated, and 30 ml of methylene chloride was added. The organic layer
was washed with 2 x 30 mL of water, dried over MgSO4 and concentrated. The residue was purified by column
chromatography on alumina with methylene chloride to methylene chloride / methanol (v/v 99/1) as eluent
to afford compound 16 (210 mg, 88 %) as a red viscous liquid.

Butyllithium*H NMR (300 MHz, Chloroform-d) & 8.93 (d, J = 2.2 Hz, 2H), 7.99 (dd, J = 8.1, 2.3 Hz, 2H), 7.78
(d, J = 1.8 Hz, 2H), 7.70 (d, J = 8.0 Hz, 2H), 7.65 (d, J = 8.1 Hz, 2H), 7.55 (dd, J = 8.0, 1.9 Hz, 2H), 5.94
(s, 2H), 4.30 - 4.05 (m, 8H), 3.76 - 3.59 (m, 32H), 3.53 (pd, J = 4.9, 1.6 Hz, 8H), 3.35 (d, J = 2.4 Hz, 12H),
3.02(qg,J = 6.7 Hz, 8H). 3C NMR (76 MHz, CDCl3) 5 156.11, 148.04, 136.49, 135.61, 135.51, 135.19, 134.51,
132.69, 127.06, 126.30, 126.19, 125.24, 124.07, 122.27,120.97, 103.68, 77.58, 77.36, 77.16, 76.74, 72.09,
70.72, 70.68, 70.20, 70.14, 65.80, 59.18, 53.56, 35.78, 35.61. FAB-HRMS: found: 1390.3456, calculated:
1390.3430.

9,10-dihydroanthracene-2,6-diyl)dipicolinaldehyde (A5
TEGS STEG

TEGS STEG
In a 20 ml flask containing 16 (105 mg, 75.4 mmol) was added a 5% solution of HCl (15 mL). The mixture

was stirred at 70 °C for 2 h. The reaction was quenched with a saturated solution of NaHCOs (200 mL),
extracted with DCM (200 mL) and concentrated under vacuum. The residue was purified by column
chromatography on alumina with methylene chloride as eluent to afford compound A5 (84 mg, 85 %) as a
red viscous liquid.

'H NMR (300 MHz, Chloroform-d) & 10.14 (s, 2H), 9.09 (dd, J = 2.1, 1.0 Hz, 2H), 8.12 (dd, J = 8.1, 2.1 Hz,
2H), 8.08 (dd, J = 8.1, 1.0 Hz, 2H), 7.84 (d, J = 1.8 Hz, 2H), 7.73 (d, J = 8.1 Hz, 2H), 7.62 (dd, J = 8.1, 1.9
Hz, 2H), 3.74 - 3.58 (m, 32H), 3.57 - 3.48 (m, 8H), 3.34 (d, J = 3.4 Hz, 12H), 3.09 - 2.93 (m, 8H). 13C NMR
(76 MHz, CDCl3) 6 193.05, 151.80, 148.75, 140.09, 135.67, 135.30, 135.17, 134.65, 133.77, 127.39, 126.49,
126.13, 125.56, 124.27, 122.19, 121.83, 77.58, 77.36, 77.16, 76.74, 72.08, 70.73, 70.69, 70.14, 59.18,
35.81, 35.63, 29.84. FAB-HRMS: found: 1302.2923, calculated: 1302.2906.
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Pillar arene (18)?°

In a 50 ml Schlenk pillar arene 17 (151 mg, 67 pmol) was dissolved in 3 ml of anhydrous DMF. Then solid
NaNs (48 mg, 741 pmol) was added, and the reaction mixture was stirred at room temperature overnight. The
reaction was quenched with 5 ml of H20 and the product was extracted with diethyl ether (3 x 5 ml). The
organic layer was washed with water (3 x 10 ml), dried on MgSQ4 and carefully concentrated under vacuum.
The resulting white crystalline product did not require any further purification.

'H NMR (300 MHz, Chloroform-d) & 6.84 (s, 10H), 3.88 (t, J = 6.3 Hz, 20H), 3.75 (s, 10H), 3.10 (t, J = 6.7
Hz, 20H), 1.87 - 1.72 (m, 20H), 1.55 - 1.36 (m, 40H), 1.36 - 1.20 (m, 20H). 13C NMR (76 MHz, CDCl3) d
149.79, 128.35, 114.89, 77.58, 77.16, 76.74, 68.14, 51.43, 29.80, 29.61, 28.73, 26.69, 25.93. IR, cm™!
852.42, 877.25, 1038.96, 1204.42, 1254.75, 1405.69, 1472.71, 1497.09, 2084.56, 2859.19, 2933.29.

Pillar-exTTF

(& @ e l
o o |
to

In a 50 ml Schlenk flask charged with exTTF derivative 193! (87 mg, 147.6 mmol) was added a solution of

pillar arene 18 (25 mg, 13.4 pmol) in DCM (5 ml) and 3.5 ml of H20. The mixture was degassed for 10
minutes. Then CuS04-5H20 (3.3 mg, 13.4 ymol) and sodium ascorbate (10.6 mg, 54 umol) were added, and
the reaction mixture was stirred vigorously at room temperature overnight. The organic layer was washed
with water (2 x 20 ml), dried on MgS0s4 and concentrated under vacuum. The residue was purified by column
chromatography on silica gel with methylene chloride as eluent to afford compound Pillar-exTTF (90 mg, 85
%) as a yellow solid.

'H NMR (499 MHz, Chloroform-d) 6 8.05 - 7.93 (m, 10H), 7.82 - 7.73 (m, 10H), 7.62 (s, 10H), 7.57 - 7.39
(m, 30H), 7.28 (s, 20H), 6.74 (s, 10H), 4.25 (s, 20H), 3.86 (s, 10H), 3.68 (s, 20H), 2.38 - 2.16 (m, 120H),
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1.87 (s, 20H), 1.70 (s, 20H), 1.49 (s, 20H), 1.34 (s, 20H). 3C NMR (126 MHz, CDCl3) & 149.80, 146.97,

135.05, 134.36, 134.02, 131.80, 131.55, 128.73, 128.18, 126.82, 126.46, 126.04, 125.85, 125.48, 123.42,

123.28, 122.33, 120.19, 114.92, 77.30, 77.25, 77.24, 77.05, 76.79, 68.24, 53.46, 50.40, 31.95, 30.41,

29.73, 29.40, 26.58, 25.97, 22.73, 19.31, 19.27, 19.17, 19.07. MALDI-MS: found: 7757, calculated: 7735.
Ligand L4Pyr

C3H;—S S—C3Hy

=

This compound was prepared following a procedure described in the literature.®® To a solution of dimethyl
(4,5-bis(propylsulfanyl)-1,3-dithiol-2-yl)phosphonate 20'%2 (135 mg, 0.37 mmol, 1.5 equiv.) in anhydrous
THF (10 mL) at -78 °C, was slowly added n-butyllithium (0.235 mL, 0.37 mmol, 1.6 M, 1.5 equiv.). The
mixture was stirred 1 h at -78 °C and a suspension of 3,6-bis(pyridin-4-ylethynyl)-9H-fluoren-9-one 22193 (95
mg, 0.25 mmol, 1 equiv.) in anhydrous THF (10 mL) at -78 °C was added via cannula. The mixture was stirred
1 h at -78 °C and overnight at room temperature. The solvent was removed under vacuum. The residue was
treated with water and extracted with dichloromethane. The organic extracts were washed with water and
dried over magnesium sulfate. The solvent was removed under vacuum. The residue was purified by
chromatography on silica gel using a gradient of eluent from petroleum ether/dichloromethane (1/1) to
dichloromethane/methanol (98/2) with constant 1% of trimethylamine followed by recrystallization using a
dichloromethane/methanol mixture to give L4Pyr (105 mg, 68%) as an orange powder.

'H NMR (300 MHz, Chloroform-d) & 8.63 (bs, 4H), 8.03 (dd, J = 1.6 Hz, 0.7 Hz, 2H), 7.74 (dd, J = 8.2, 0.7
Hz, 2H), 7.61 (dd, J = 8.2 Hz, 1.6 Hz, 2H), 7.42 (d, J = 6.1 Hz, 4H), 2.97 (t, J = 7.2 Hz, 4H), 1.75(q, ] = 7.3
Hz, 4H), 1.09 (t, J = 7.3 Hz, 6H). 13C NMR (76 MHz, CDCl3) 5 149.84, 142.51, 137.50, 136.85, 131.65, 130.91,
129.68, 125.56, 123.39, 122.72, 119.56, 118.73, 94.87, 87.22, 38.73, 23.19, 13.24. FAB-HRMS: found:
616.1129, calculated: 616.1135.
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Ligand L3Pyr

This compound was prepared following a procedure described in the literature.®> To a solution of dimethyl
(4,5-bis(hexylsulfanyl)-1,3-dithiol-2-yl)phosphonate 21192 (167 mg, 0.37 mmol) in anhydrous THF (10 mL)
at -78 °C, was slowly added n-butyl lithium (0.235 mL, 0.37 mmol, 1.6 M). The mixture was stirred one hour
at -78 °C and a suspension of 3,6-bis(pyridin-3-ylethynyl)-9H-fluoren-9-one 23 respectively (95 mg, 0.25
mmol) in anhydrous THF (10 mL) at -78 °C was added via cannula. The mixture was stirred 1 h at -78 °C and
overnight at room temperature. The solvent was removed under vacuum. The residue was treated with water
and extracted with dichloromethane. The organic extracts were washed with water and dried over magnesium
sulfate. The solvent was removed under vacuum and the residue was purified by chromatography on silica gel
using a gradient of eluent: petroleum ether/dichloromethane (1/1) to dichloromethane/methanol (98/2) with
constant 1% of trimethylamine followed by recrystallization using a dichloromethane/methanol mixture to give
L3Pyr (94 mg, 54 %) as red crystals.

'H NMR (300 MHz, Chloroform-d) & 8.82 (d, J = 1.8 Hz, 2H), 8.57 (dd, J = 4.9, J = 1.8 Hz, 2H), 8.06 (d,
J=1.6Hz, 2H), 7.86 (ddd, J =7.9,J = 1.8, ] = 1.8 Hz, 2H), 7.76 (d, J = 8.2 Hz, 2H), 7.62 (dd, J = 8.2, J=
1.6 Hz, 2H), 7.31 (dd, J = 7.9, 4.9 Hz, 2H), 2.99 (m, 4H), 1.71 (m, 4H), 1.48 (m, 4H), 1.33 (m, 8H), 0.90 (t,
J = 6.8 Hz, 6H). 13C NMR (76 MHz, CDCl3) & 152.27, 148.43, 141.61, 138.38, 137.04, 136.80, 130.49, 129.22,
123.08, 123.04, 122.57,120.70, 119.55, 119.04, 93.64, 86.37, 36.67, 31.37, 29.74, 28.29, 22.57, 14.08.
FAB-HRMS: found: 700.2067, calculated: 700.2074.

Metalla-structure Pd>L3Pyr»

N1/
@ = _Pd_ Fe Pd,L3Pyr,
X °p

A stoichiometric mixture of ligand L3Pyr (7.01 mg, 0.01 mol) and cis-Pd(dppf)(OTf)2 (9.57 mg, 0.01 mol) in
CH2Cl2 (1 mL) was stirred for 2 h at room temperature. Then, Et20 was added and the resulting suspension
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was centrifuged. The solid was rinsed 3 times with Et.0 and dried under vacuum to give Pd2L3Pyr2 (15.10
mg, 89%) as a red powder.

'H NMR (300 MHz, CD2Cl2) d 8.85 (s, 4H), 8.72 (s, 4H), 8.31 (s, 4H), 8.11 - 8.08 (m, 8H), 7.98 - 7.91 (m,
12H), 7.71 - 7.62 (m, 24H), 7.54 (d, J = 7.7 Hz, 8H), 7.12 (t, J = 7.5 Hz, 4H), 4.93 (s, 4H), 4.78 (s, 4H),
4.57 (s, 4H), 4.33 (s, 4H), 2.97 (t, J = 7.3 Hz, 8H), 1.73 - 1.69 (m, 16H), 1.48 - 1.39 (m, 8H), 1.31 - 1.29
(m, 8H), 0.86 (t, J = 7.8, 7.0 Hz, 12H). H DOSY NMR (300 MHz, CD:Clz, C = 103 M) D = 4.96 x 10" m2.s°
1, ESI-FTICR-HRMS (m/z), [[Pd2L3Pyr2]** - 2Tf0"]%*: found: 1510.667, calculated 1510.667.

Metalla-tweezer OxaL4Pyr»

Ru Oxa,L4Pyr,

A mixture of L4Pyr (4.40 mg, 7 mmol) and RuOxa(OTf)2 (6.11 mg, 7 mmol) in MeOH (1 mL) was stirred
overnight at 50 °C. Then, the solution was cooled to room temperature and Et.0 was added. The resulting
mixture was centrifuged, the precipitate rinsed 3 times with Et.0 and dried under vacuum to give Oxaz2L4Pyr>

(9.20 mg, 82 %) as a red powder.

IH NMR (300 MHz, MeOD) & 8.04 (d, J = 6.7 Hz, 8H), 7.71 (d, J = 1.5 Hz, 4H), 7.47 (d, J = 6.7 Hz, 8H), 7.36
- 7.26 (m, 8H), 5.95 (d, J = 6.2 Hz, 8H), 5.78 (d, J = 6.2 Hz, 8H), 3.31 - 2.95 (m, 8H), 2.86 (q, J = 6.9 Hz,
4H), 2.24 (s, 12H), 1.77 (m, 8H), 1.39 (d, J = 6.9 Hz, 24H), 1.12 (t, J = 7.3 Hz, 12H). 'H DOSY NMR (300
MHz, MeOD) D = 3.31 x 101 m2,s7!, ESI-FTICR-HRMS (CH3CN) m/z calculated: [OxazL4Pyr2 - 3Tf0]3+
833.3992,  [Oxa:L4Pyr, - 2TfO']2*  1325.0747;  found:  [Oxaz:L4Pyr2- 3TFO]3*  833.3992,
[OxazL4Pyr - 2TfO1>* 1325.0747.
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Metalla-tweezer (NaphaL4Pyr2)>

Naph,L4Pyr,

A mixture of L4Pyr (4.40 mg, 7 mmol) and RuNaph(OTf)2 (6.82 mg, 7 mmol) in MeOH (1 mL) was stirred
overnight at 50 °C resulting in a dark-green suspension. Then, the solution was cooled to room temperature,
Et.0 was added and the resulting suspension was centrifuged. The solid was rinsed 3 times with Et0 and

dried under vacuum to give (Naph2L4Pyr2)2 (9.53 mg, 76%) as a dark-green powder.

'H NMR (500 MHz, MeOD) & 8.44 - 8.41 (m, 8H), 8.37 - 8.34 (m, 8H), 7.47 - 7.40 (m, 8H), 7.39 (s, 8H),
7.37 - 7.34 (m, 8H), 7.15 (dd, J = 8.0, 1.5 Hz, 4H), 7.14 - 7.11 (m, 8H), 7.06 (d, J = 8.0 Hz, 4H), 7.02 (d,
J = 1.6 Hz, 4H), 6.82 (dd, J = 8.0 Hz, 1.5 Hz, 4H), 6.50 (d, J = 7.9 Hz, 4H), 6.20 (d, J = 1.7 Hz, 4H), 5.97 -
5.94 (m, 8H), 5.90 - 5.88 (m, 8H), 5.76 - 5.70 (m, 8H), 5.67 - 5.63 (m, 8H), 3.03 - 2.92 (m, 9H), 2.90 -
2.84 (m, 8H), 2.52 - 2.48 (m, 8H), 2.24 (s, 12H), 2.12 (s, 12H), 1.71 - 1.60 (m, 8H), 1.43 (dd, J = 7.0, 4.9
Hz, 24H), 1.36 (dd, J = 7.0, 5.2 Hz, 24H), 1.17 - 1.13 (m, 8H), 1.04 (t, J = 7.3 Hz, 12H), 0.86 (t, J = 7.3 Hz,
12H). 'H DOSY NMR (500 MHz, MeOD) D = 2.18 x 107'® m2,s'!, ESI-FTICR-HRMS (CH3CN) m/z calculated:
[(NaphzL4Pyr2)2 - 3TfO]3+ 1949.45989; found: [(Naph2L4Pyr2)2 - 3Tf0]3* 1949.46229.

Metalla-rectangle Oxa>BBI>

& DL
| @O~<TL-C
A mixture of BBI (11.0 mg, 35.2 ymol) and RuOxa(OTf)2 (30.2 mg, 35.2 ymol) in MeOH (2.5 mL) was stirred

at 50 °C for 2 h. Then, the solution was cooled to room temperature and Et20 was added. The resulting mixture

was centrifuged, the precipitate rinsed 3 times with Et.0 and dried under vacuum to give Oxaz2BBI: as a
yellow powder (24 mg, 58%).

'H NMR (300 MHz, MeOD-d4) d 8.20 (d, J = 6.8 Hz, 8H), 7.92 (d, J = 6.8 Hz, 8H), 7.33 (s, 4H), 5.96 (d,
J = 6.2 Hz, 8H), 5.78 (d, J = 6.2 Hz, 8H), 2.86 (hept, J = 6.9 Hz, 4H), 2.23 (s, 12H), 1.38 (d, J = 6.9 Hz,
24H). 'H DOSY NMR (300 MHz, MeOD-d4) D = 3.9 x 101 m2,s’%, UV-Vis (MeOH, C = 2 x 10 M) Amax = 393
nm (€=89500 M!cm?). ESI-FTICR-HRMS (MeOH, C = 103 M) m/z calculated: [Oxaz2BBIz - 20Tf]**
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1020.57385, [Oxa2BBI2 - 30Tf]** 630.73176 ; found: [Oxa2BBI> - 30Tf]** 630.73155; [Oxa2BBI2 - 20Tf
1?* 1020.57562
Metalla-rectangle Naph.BBI>

1

o N N
T @O
[ Ru--- = N N =

g b H

I tjljj
) Ré- "
RuN;;JI\'nto N@—(;]@E:)—@N

A mixture of BBI (10.0 mg, 32,02 pmol) and RuNaph(OTf)2 (30.6 mg, 32,02 ymol) in MeOH (2.5 mL) was
stirred at 50 °C for 2 h. Then, the solution was cooled to room temperature and Et20 was added. The resulting
mixture was centrifuged, and the green precipitate was rinsed 3 times with Et20 and dried under vacuum (32
mg, 79%). Species Naph2BBI. or (Naph2BBI2)2 are observed in solution according to the solvent and
concentration.

Naph:BBI>. *H NMR (300 MHz, CD3NO2, C = 103 M) 3 8.62 - 8.48 (m, 8H), 8.03 - 7.84 (m, 8H), 7.29 (s,
8H), 5.79 (d, J = 6.1 Hz, 8H), 5.58 (d, J = 6.1 Hz, 8H), 2.92 (hept, J = 6.8 Hz, 4H), 2.17 (s, 12H), 1.37 (d,
J = 6.9 Hz, 24H). 'H DOSY NMR (300 MHz, CD3NO2, C = 103 M) D = 3.3 x 1071® m2.s’!; 'H DOSY NMR (300
MHz, MeOD-ds, C = 10* M) D = 3.6 x 1071 m2.s't, UV-Vis (MeOH, C = 2.10* M) Amax = 386 (¢ = 101 500
Mt cm), 642 (€ = 5090 Mt cm?), 696 nm (€ = 5440 M! cm™?). ESI-FTICR-HRMS (MeOH, C = 10> M) m/z
calculated: [Naph2BBI> - 30Tf]**  697.41938, [Naph2BBI. - 20Tf]?>*  1120.60544;  found:
[Naph2BBI; - 30Tf]** 697.41938, [Naph2BBI> - 20Tf]** 1120.60594.

(Naph2BBI2)2. 'H NMR (499 MHz, MeOD-ds, C = 4 x 102 M) 6 8.67 (d, J = 6.6 Hz, 8H), 8.60 (d, J = 6.5 Hz,
8H), 7.96 (d, J = 6.6 Hz, 8H), 7.84 - 7.80 (m, 8H), 7.44 - 7.37 (m, 16H), 5.98 (d, J = 6.0 Hz, 8H), 5.88 (d,
J =6.0 Hz, 8H), 5.77 (d, J = 6.1 Hz, 8H), 5.64 (d, J = 6.0 Hz, 8H), 2.97 (hept, J = 7.0 Hz, 4H), 2.88 (hept,
J = 7.1 Hz, 4H), 2.24 (s, 12H), 2.12 (s, 12H), 1.43 (d, J = 6.9 Hz, 24H), 1.36 (d, J = 6.9 Hz, 24H). *H DOSY
NMR (300 MHz, MeOD-ds, C = 4 x 102 M) D = 2.6 x 107 m2.s', ESI-FTICR-HRMS (MeOH, C = 103 M) m/z
calculated:  [(Naph2BBI:)2 - 30Tf]** 1543.45832; [(Naph2BBI:)2 - 40Tf]** 1120.60544; found:
[(Naph2BBI2): - 30Tf]3* 1543.46492; [(Naph2BBI.)2 - 40Tf]** 1120.60594.
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4. Supporting materials

4.1.

Additional analyses related to Chapter 2
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Figure S1. 'H NMR spectrum of Pd(dppf)A1Me in CD3NO.
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Figure S6. COSY NMR spectrum of Pd(dppf)A1TEG in CD3NO..
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Figure S7. DOSY NMR spectrum of Pd(dppf)A1TEG in CD3NO..
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Figure S9. 'H NMR spectrum of Pt(dppf)A1TEG in CD3NO:.
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Figure S13. 'H NMR spectrum of A10x in CD3NOa.
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Figure S14. DOSY NMR spectrum of A10x in CD3NOx.
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Figure S26. COSY NMR spectrum of RuNaphA1TEG in CD3NO..
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Figure S27. DOSY NMR spectrum of RuNaphA1TEG in CD3NO-.
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Figure S28. 'H NMR spectrum of RuNaphA10x in CD3NO..
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Figure S30. 'H NMR spectrum of A3 in CD3NOx.
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Figure S31. 'H NMR spectrum of RuBenzoA3 in CD3NO.
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Figure S32. COSY NMR spectrum of RuBenzoA3 in CD3NO..
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Figure S33. DOSY NMR spectrum of RuBenzoA3 in CD3NO:.
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Figure S34. 'H NMR spectrum of (RuBenzoA3)0x in CD3NO..
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Figure S37. 'H NMR spectrum of RuBenzoA30x in CD3NO..
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172



_ =

2
H

Experimental part

LI

0

L1

L

-
= kS

=
m@@%@aa@mmw&

=
e o e — > = —— e > > + > e P T o = e o 2 e =

8.5 8.0

70 65 60 55 50 45
ppm

T T T T

3.0 2.5 2.0 1.5 1

U coecrescr-eoe cocme o= amer o o = oc-o

&
o
w

Figure S42. COSY NMR spectrum of (RuBenzoA30x)Red in CDsNO:.

LML A

ID =2.8x 1019 m2*s?

e ——
e

V l

65 60 55 50 45 40 35 30 25 20 15 1
ppm

Figure S43. DOSY NMR spectrum of (RuBenzoA30x)Red in CD3NO:.

173



Experimental part

SE'T
€T

8’1

W1 — -
90T

0Tz

e

68'C

(454

¥6°Z

S0'E E—

90'E
L0°E
re
8T°E
6T'E
6T°E
oz'e

e

7€
9z'€
LT
(ze
mwm%m
(i3

e
e
£v'E
s

nr.n.;

£5°E
bS'E
SS'E
SS°E
95°€E
LS'E
LS'E
85°€
T6'E
w6E
+6'€
wy
[44
€€y
PE'Y
PP
SEY
9E'Y
mm.m.;
o_w.m;
mh.m;
18'S

169~

mﬁ..\.V.

ST'L
D.m%

6T°L
6E°L
VL
WL
JA A
8L
6L
mw.m\

————

£1'8
ST'8
LE°8
8€'8
6£'8
6£'8

Eer11 |

1.5

2.0

2.5

ppm
Figure S44. *H NMR spectrum of RuNaphA30x in CD3NO..
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Figure S45. COSY NMR spectrum of RuNaphA30x in CD3NO..
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Figure S46. DOSY NMR spectrum of RuNaphA30x in CD3NO-.
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Figure S48. 'H NMR spectrum of 18 in CDCls.
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Figure S50. DEPT NMR spectrum of 18 in CDCls.
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Figure S51. HMQC NMR spectrum of 18 in CDCls.

177



Experimental part

T

STT
Fasd
66T —
85T~
01"
18T ~
(%4
i
[

SSSS

vae
97T
e
8¢'c
0ge
ez
SE'T

8t'c

123 7
89c
98'c ~

Sy —

bL9

YL
9T’L
8T'L

T57Z
RIR\S
79t

QEM
el

9L \y

6L°L
96°L
L6°L

208

Feree
Feser

Fssee
H\n: 0oZ|

Tm 121

Focar
Fooor

Frew

F ve

Fessrf

¥9'1E
0801

H\| oL'st

Feao

1.5

ppm
Figure S52. 'H NMR spectrum of Pillar-exTTF in CDCls.
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Figure S53. 13C NMR spectrum of Pillar-exTTF in CDCls.
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Figure S54. DEPT NMR spectrum of Pillar-exTTF in CDCls.
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Figure S55. COSY NMR spectrum of Pillar-exTTF in CDCls.
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Figure S56. DOSY NMR spectrum of Pillar-exTTF in CDCls.
4.2. Additional analyses related to Chapter 3
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Figure S57. 'H NMR spectrum of L4Pyr in CDCls.
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Figure S58. 13C NMR spectrum of L4Pyr in CDCls.
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Figure S59. COSY NMR spectrum of Pd2L3Pyr2 in CD2Cl>.
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Figure S60. 'H DOSY NMR spectrum of Pd2L3Pyr2in CDCl>.
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Figure S61. 'H NMR spectrum of Oxaz2L4Pyr2 in MeOD.
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Figure S62, 'H COSY NMR spectrum of Oxaz2L4Pyr2 in MeOD.
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Figure S63. 'H DOSY NMR spectrum of OxazL4Pyr2 in MeOD.
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Figure S64. H NMR spectrum of (Naph2L4Pyrz2)2 in MeOD.
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Figure S65. 'H COSY NMR spectrum of (Naph2L4Pyr2)2 in MeOD

184



Experimental part

w I
~1x10™

)

L1x10%0

f1 (cm2/se:

L1x10°

TI_O 6_5 6I.0 5I_5 5.0 4‘_5 4‘_0 é.ﬁ 3I_O 2.5 2‘_0 1I_5 1‘.0 0.5
ppm
Figure S66. 'H DOSY NMR spectrum of (Naph2L4Pyr2)2 in MeOD.
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Figure S67. 'H NMR spectra of (Naph2L4Pyr2)2 in a) CD3CN and b) a solution of tetrabutylammonium

hexafluorophosphate in CDsCN (C = 0.1 M).
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Figure S68. 'H NMR spectra of Naph2L4Pyr: in MeODp;t concentrations ranging from C = 5 x 104 M to
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Figure S69. 'H DOSY NMR spectrum recorded after dilution of (Naph2L4Pyr2)2 in MeOD to C = 3 x 10 M.
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Figure S70. 'H NMR spectrum of (Naph2L4Pyr2)2 in MeOD (C = 103 M) in presence of 4 equiv. of DCTNF.
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Figure S 71. 'H COSY NMR spectrum of (Naph2L4Pyr2)2 in MeOD (C = 1073 M) in the presence of 4 equiv.

of DCTNF.
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Figure S72. *H DOSY NMR spectrum of (Naphz2L4Pyr2)2 in MeOD (C = 1073 M) in the presence of 4 equiv. of
DCTNF.
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Figure S73. ESI-FTICR spectrum of OxazL4Pyr2 recorded in CH3CN (C = 1073 M),
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Figure S74. ESI-FTICR spectrum of (Naph2L4Pyr2)2 recorded in CH3CN (C = 1073 M).

1606, 2+
[Naph2L4Pyr; + DCTNF - 2TfO]?*
m/z measured = 1948.79228
miz theo = 1948.79328
m/z measured = 807.99085
m/z theo = 807.99200 —WHHT |||-|| | i ‘ “l'
[NaphaL4Pyr; - 2TFOJ?* + [4PyrDTF + RuNaph - TFOT* | s thene rooosrote ot \ ]‘
' ‘ [l miz measured = 1424.60823
m/z theo = 142460659
1424, 2+ [(Naph,L4Pyr;); - 3TFO]3*
[RuNaph - TfO']* 1949, 3+
808, + k
otk i Jl " J.ILI " \‘. | inl n b Lositdidt e etk Y T LY ey kel Lo il J\._‘In.“‘l‘llwm“ur\ PRy 'WM
[ T T [ L e B B L e T L e e B B B T T T
600 800 1000 1200 1400 1600 1800 2000 2200

m/z

Figure S75. ESI-FTICR spectrum of (NaphzL4Pyr2)2 recorded in CH3CN (C = 1073 M) in the presence of 2
equiv. of DCTNF.
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Figure S76. 'H NMR spectrum of ligand BBI in DMSO.
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Figure S77. 'H NMR spectrum of Oxaz2BBI> in MeOD-ds (C = 103 M).
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Figure S78. 'H DOSY NMR spectrum of Oxaz2BBI2 in MeOD-d4 (C = 103 M, T = 298 K).
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Figure S79. 'H NMR spectrum of Naph2BBI2 in MeOD-d4 (C = 103 M).
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Figure S80. 'H COSY NMR spectrum of Naph2BBI> in MeOD-ds (C = 103 M).
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Figure S81. 'H DOSY NMR spectrum of Naph2BBI2 in MeOD-d4 (C = 103 M, T = 298 K).
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Figure S82. 'H NMR spectrum of (Naph2BBI2)2 in MeOD-ds (C

4 x 102 M).
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Figure S83. 'H COSY NMR spectrum of (Naph2BBI2)2 in MeOD-d4 (C
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Figure S84. 'H DOSY NMR spectrum of (Naph2BBI2)z in MeOD-ds (C = 4 x 102 M).
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Figure S85. 'H NMR spectrum of Naph2BBI2 in MeOD-ds (C = 1073 M) in the presence of 1 equivalent of
pyrene.
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Figure S86. H COSY NMR spectrum of Naph2BBI> in MeOD-ds (C = 10-3 M) in the presence of 1 equivalent

of pyrene.
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Figure S87. 'H DOSY NMR spectrum of Naph2BBI2 in MeOD-d4 (C = 1073 M) in presence of 1 equiv. of
Pyrene.
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Figure S88. H DOSY NMR spectrum of Naph2BBI2 in MeOD-d4 (C = 1073 M) in presence of 0.12 M of HOTf.
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X-ray data for ligand A1Me

Experimental part

Empirical formula Ca4H32N4Ss
Formula weight, mr 873.21

Temperature 150.0(1) K

Wavelength 1.54184 &

Crystal system, space group

Monoclinic, P 21/c

Unit cell dimensions

a = 13.6654(2) A
a=90°
b = 14.8503(2) A
B = 92.850(1)°
c=20.1186(3) A

y = 90°
Volume, V 4077.7(1) A3
Number of molecules, z 4
Calculated density, p 1.422 mg/m?3
Absorption coefficient 4,358 mm!
F(000) 1808
Crystal size 0.371 x0.223 x 0.201 mm

O range for data collection

3.238° - 76.421°

-16<=h<=17, -18<=k<=18, -

Limiting indices 25c=l<=19
Reflections collected / unique 17395 / 8328 [R(int) = 0.0236]
98.5 %

Completeness to 6 = 25.00

Absorption correction

Semi-empirical from equivalents

Max. and min. transmission

1.00000 and 0.49440

Refinement method

Full-matrix least-squares on F2

Data / restraints / parameters

8328/ 0/ 509

Goodness-of-fit on, F2

1.035

Final R indices [I>20(I)]

R1 = 0.0490, wR2 = 0.1314 [7702 Fo]

R indices (all data)

R1 =0.0538, wR2 = 0.1359

Largest diff. peak and hole

0.789 and -0.702 e.A-3
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X-ray data for A4Me2*H*(BF4 )3

Experimental part

Empirical formula

C70He0BeF2aNs04S16 or C34H28N2Ss,
C34H26N2Ss, 6(BF4), 2(CH3NO?2)

Formula weight, mr 2083.06
Temperature 150.0(1) K
Wavelength 1.54184 A

Crystal system, space group Triclinic, P -1
a = 11.8930(4) A

Unit cell dimensions

a = 103.063(3)°
b = 13.6825(5) A
B = 107.748(3)°
c=15.7713(4) A
y = 110.358(4)°

2127.22(14) A3

Volume, V
Number of molecules, z 1
Calculated density, p 1.626 mg/m?3
Absorption coefficient 4,715 mm-!
F(000) 1056
Crystal size 0.301 x 0.219 x 0.065 mm
3.169° - 71.858°

O range for data collection

-14<=h<=13, -16<=k<=16, -

Limiting indices 17<=1<=19
Reflections collected / unique 16795 / 8005 [R(int) = 0.0268]
98.3 %

Completeness to 6 = 25.00

Absorption correction

Semi-empirical from equivalents

Max. and min. transmission

1.00000 and 0.65996

Refinement method

Full-matrix least-squares on F2

Data / restraints / parameters

8005/ 56/ 679

Goodness-of-fit on, F2

1.035

Final R indices [I>20(I)]

R1 = 0.0692, wR2 = 0.1875 [7207 Fo]

R indices (all data)

R1=0.0742, wR2 = 0.1931

Largest diff. peak and hole

1.017 and -1.093 e.A"3

:f ?W‘g :
I
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X-ray data for self-assembly RuNaph>BBI,

Experimental part

Empirical formula

Ci10H116F12N14027RU4S4 or 2(CisH12Ne),
2(C30H3204Ru2), 4(CF303S), 2(C4H100),

2(CH3NO2), (H20)
Formula weight, mr 2826.68
Temperature 150.0(1) K
Wavelength 1.54184 A
Crystal system, space group

Monoclinic, P 21/c

Unit cell dimensions

a = 17.5506(14) &
a=90°
b = 18.9218(15) A
B = 110.323(9)°
c = 18.9567(14) A

y = 90°

Volume, V 5903.4(9) A3
Number of molecules, z 2
Calculated density, p 1.590 mg/m?3
Absorption coefficient 5.571 mm™

F(000) 2876
Crystal size 0.078 x 0.045 x 0.031 mm
O range for data collection

2.958° - 72.262°

Limiting indices

-18<=h<=21, -21<=k<=23, -

22<=I<=23
Reflections collected / unique 24501/ 11272 [R(int) = 0.0766]
Completeness to 6 = 25.00 98.5 %
Absorption correction

Semi-empirical from equivalents

Max. and min. transmission

1.00000 and 0.85134

Refinement method

Full-matrix least-squares on F2

Data / restraints / parameters

11272/ 22/ 738

Goodness-of-fit on, F2

1.057

Final R indices [I>20(I)]

R1 = 0.0979, wR2 = 0.2437 [6117 Fo]

R indices (all data)

R1 =0.1567, wR2 = 0.2944

Largest diff. peak and hole

1.133 and -1.411 e.A3
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X-ray data for self-assembly RuOxa>BBI>

Experimental part

Empirical formula

C174H176F24N24042RusSs or 4(CisH12Ne),
4(C22H2804Ruz), 8(CF3S03), CsH120, CH40

Formula weight, mr 4796.42
Temperature 150.0(1) K
Wavelength 1.54184 A

Crystal system, space group

Monoclinic, P 21/c

Unit cell dimensions

a=29.738(3) A
a=90°
b = 10.4996(10) A
B = 96.847(8)°
¢ = 30.390(3) &

y = 90°
Volume, V 9421.2(15) A3
Number of molecules, z 2
Calculated density, p 1.691 mg/m?3
Absorption coefficient 6.801 mm!
F(000) 4840
Crystal size 0.153 x 0.070 x 0.046 mm

O range for data collection

2.929° - 73.051°

Limiting indices

-34<=h<=36, -11<=k<=12, -

37<=1<=36
Reflections collected / unique 39607 / 17986 [R(int) = 0.1189]
Completeness to 6 = 25.00 99.3 %

Absorption correction

Semi-empirical from equivalents

Max. and min. transmission

1.00000 and 0.79937

Refinement method

Full-matrix least-squares on F2

Data / restraints / parameters

17986 / 85/ 1053

Goodness-of-fit on, F2

1.019

Final R indices [I>20(I)]

R1 = 0.1558, wR2 = 0.3667 [8171 Fo]

R indices (all data)

R1 =0.2285, wR2 = 0.4179

1.585 and -1.032 e.A-3

Largest diff. peak and hole
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X-ray data for self-assembly RuBenzoA30x

Experimental part

Empirical formula

Cis8H180B2F20N4034RU4S12 or Co2H9eN4012Ss,
2(Ca26H3004RU2), 4(CF303S), 2(BF4),

2(CsH120)
Formula weight, mr 3869.67
Temperature 150.0(1) K
Wavelength 1.54184 A
Crystal system, space group Triclinic, P -1

Unit cell dimensions

a=12.3916(4) A
a = 89.857(3)°
b = 14.8190(5) A
B = 84.579(3)°
c=23.2471(8) A
y = 84.102(3)°

Volume, V 4227.2(2) K3
Number of molecules, z 1
Calculated density, p 1.520 mg/m?3
Absorption coefficient 5.040 mm™
F(000) 1986
Crystal size 0.242 x 0.077 x 0.028 mm

O range for data collection

2.998° - 76.341°

Limiting indices

-15<=h<=15, -18<=k<=18, -

28<=I<=29
Reflections collected / unique 36842 / 22403 [R(int) = 0.0393]
Completeness to 6 = 25.00 98.5 %
Absorption correction Gaussian

Max. and min. transmission

0.986 and 0.354

Refinement method

Full-matrix least-squares on F2

Data / restraints / parameters

22403 / 440 / 2043

Goodness-of-fit on, F2

1.025

Final R indices [I>20(I)]

R1 = 0.0654, wR2 = 0.1790 [16981 Fo]

R indices (all data)

R1 =0.0829, wR2 = 0.1995

Largest diff. peak and hole

1.431 and -1.180 e.A"3
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X-ray data for self-assembly RuNaphA30x

Experimental part

Empirical formula

Cis6H160F12N4032RU4S 12

Formula weight, mr 3619.87
Temperature 293(2) K
Wavelength 1.54184 A

Crystal system, space group Triclinic, P -1

Unit cell dimensions

a = 15.0510(3) A
a = 108.256(3)°
b = 17.9606(5) A
B = 97.104(3)°
c = 20.7657(8) A
y = 114.561(2)°

Volume, V 4634.4(3) A3
Number of molecules, z 1
Calculated density, p 1.297 mg/m?3
Absorption coefficient 4,492 mm!
F(000) 1856

O range for data collection

2.939° - 76.354°

Limiting indices

-18<=h<=14, -21<=k<=22, -

26<=1<=25
Reflections collected / unique 44218 / 19029 [R(int) = 0.0357]
Completeness to 6 = 67.684 99.9 %

Refinement method

Full-matrix least-squares on F2

Data / restraints / parameters

19029/ 0/ 993

Goodness-of-fit on, F2

1.224

Final R indices [I>20(I)]

R1 =0.1043, wR2 = 0.2970

R indices (all data)

R1=0.1270, wR2 = 0.3369

Largest diff. peak and hole

1.097 and -1.000 e.A-3
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X-ray data for self-assembly (RuBenzoA3)0x

Experimental part

Empirical formula

C296H312F24N8064RU8S24

Formula weight, mr 7039.52
Temperature 293(2) K
Wavelength 0.67093 A

Crystal system, space group

Monoclinic, P 21/c

Unit cell dimensions

a=22.2837(7) A
a=90°
b = 16.9440(4) A
B = 91.897(3)°
c = 48.5473(13) A

y = 90°
Volume, V 18320.2(9) A3
Number of molecules, z 2
Calculated density, p 1.276 mg/m?3
Absorption coefficient 0.534 mm!
F(000) 7216

O range for data collection

1.472° - 24.678°

Limiting indices

-27<=h<=26, -20<=k<=20, -

59<=|<=59
Reflections collected / unique 288332 / 34848 [R(int) = 0.2013]
Completeness to 6 = 25.00 99.7 %

Refinement method

Full-matrix least-squares on F2

Data / restraints / parameters

34848 /0/ 1198

Goodness-of-fit on, F2

1.728

Final R indices [I>20(I)]

R1 =0.2522, wR2 = 0.5624

R indices (all data)

R1 =0.3823, wR2 = 0.6077

2.919 and -1.048 e.A3

Largest diff. peak and hole
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Construction d'architectures moléculaires auto-assemblées par des métaux, capables de

répondre a un stimulus

Mots clés : Redox, Complexe héte-invité, Relargage contrélé

Résumé : Ce travail est lié a la synthese et la

caractérisation de cages auto-assemblées
redox-actives ou sensibles au pH, ainsi qu’a
'étude de leur capacité a opérer des
changements conformationnels ou
supramoléculaires a l'aide de stimuli redox ou
acide-base. La premiére partie concerne le
développement et la synthése de ligands riches
en électrons dérivés de l'unité tétrathiafulvalene
m-étendu (exTTF). Cette unité présente des
propriétés  électroniques et géométriques
remarquables avec en particulier un important
changement structural au cours du processus
d’'oxydation. Plusieurs ligands bidentes et
tétradentes ont été préparés. Les auto
assemblages correspondants présentent des
cavités dont la forme et la charge peuvent étre
modulées par stimulus redox.

De plus, les propriétés électroniques et
supramoléculaires d’'une plateforme
pillar[5]aréne originale, greffée par dix unités
exTTF, ont été étudiées. La seconde partie
décrit la capacité de pinces moléculaires
construites a partir de ligands dérivés du 9-
(1,3-dithiol-2-ylidene)fluorene  (DTF) a se
dimériser  spontanément grace a des
interactions électroniques spécifiques. Les
structures interpénétrées obtenues peuvent
étre dissociées de facon originale, par
reconnaissance d'un invité électro-déficient et
régénérées par oxydation avec la libération
concomitante de linvité. Enfin, la caténation
d'un rectangle moléculaire, construit a partir
d'un ligand benzobisimidazole sensible au pH,
est étudié par dilution, modification du pH ou
ajout d'une molécule invitée

Construction of stimuli-responsive architectures through coordination-driven self-assembly

Keywords : Supramolecular chemistry, Organic synthesis, Self-assembly, Molecular cage,
Tetrathiafulvalene, Redox, Host-guest complex, Controlled delivery

Abstract : This work is related to the synthesis
and characterization of redox-active or pH-
sensitive self-assembled cages, as well as the
study of their ability to effect conformational or
supramolecular changes with redox or acid-base
stimuli. The first part concerns the development
and synthesis of electron-rich ligands derived
from the Tr-extended tetrathiafulvalene unit
(exTTF). This unit shows remarkable electronic
and geometrical properties with in particular an
important structural change during the oxidation
process. Several bidentate and tetradent ligands
have been prepared. The corresponding self-
assemblies present cavities whose shape and
charge can be modulated by redox stimulus.

In addition, the electronic and supramolecular
properties of an original pillar[5]arene platform,
grafted with ten exTTF wunits, have been
studied. The second part describes the ability
of molecular clamps constructed from 9-(1,3-
dithiol-2-ylidene)fluorene (DTF) derived ligands
to spontaneously dimerize through specific
electronic interactions. The resulting
interpenetrating structures can be dissociated
in a novel way, by recognition of an electro-
deficient guest and regenerated by oxidation
with concomitant release of the guest. Finally,
the catenation of a molecular rectangle, built
from a pH sensitive benzobisimidazole ligand,
is studied by dilution, pH modification or
addition of a guest molecule.



