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ABSTRACT: While mechanical bonding stabilizes tetrathiafulvalene (TTF)
radical dimers, the question arises: what role does topology play in catenanes
containing TTF units? Here, we report how topology, together with
mechanical bonding, in isomeric [3]- and doubly interlocked [2]catenanes
controls the formation of TTF radical dimers within their structural
frameworks, including a ring-in-ring complex (formed between an
organoplatinum square and a {2+2} macrocyclic polyether containing two
1,5-dioxynaphthalene (DNP) and two TTF units) that is topologically
isomeric with the doubly interlocked [2]catenane. The separate TTF units in
the two {1+1} macrocycles (each containing also one DNP unit) of the
isomeric [3]catenane exhibit slightly different redox properties compared

with those in the {2+2} macrocycle present in the [2]catenane, while comparison with its topological isomer reveals substantially
different redox behavior. Although the stabilities of the mixed-valence (TTF,)*" dimers are similar in the two catenanes, the
radical cationic (TTF**), dimer in the [2]catenane occurs only fleetingly compared with its prominent existence in the
[3]catenane, while both dimers are absent altogether in the ring-in-ring complex. The electrochemical behavior of these three
radically configurable isomers demonstrates that a fundamental relationship exists between topology and redox properties.

1. INTRODUCTION

Living systems are characterized by intricate interactions
between wide collections of very different naturally occurring
macromolecules which lead to the formation of bioconjugates
that preside over a diverse range of biological functions. Yet,
even within any given family of macromolecules, take the
proteins, for example, the propensity’” of their components,
namely, the polypeptide chains, to not only fold but also
become deeply knotted® suggests that topology plays a crucial
role in establishing their functions, as well as their evolution.
Elucidating the role that topology plays in biological systems
poses a considerable challenge to the contemporary scientific
community. The discovery that, in addition to conferring®*
stability upon bioactive cysteine knot proteins, the knotted
topology leads to a highly specific redox-controlled folding
mechanism involving a feature that has yet to be identified and
appears to mediate and participate in the proteins’ biological
functions marks a significant realization at a fundamental level
in science.

-4 ACS Publications  © 2014 American Chemical Society

The interest shown by chemists in topology appears to have
preceded that of the biologists and seems to have been aroused
by mathematicians,”® no more so than by Peter Guthrie Tait,’
who not only began tabulating knots by hand in the 1870s but
also drew attention to their chiralities, introducing also the term
amphichiral” to describe achiral knots. Since Frisch and
Wasserman® coined the term “chemical topology™™"' in
1961 and Walba'? published his seminal review on topological
stereochemistry in 1985, chemists™' have devised a number of
synthetic protocols, none more efficient than those'*™"® that
depend on templation, that lead to the production of
topologically nontrivial molecules, which can be either (i)
achiral (amphichiral), (ii) conditionally chiral, or (iii) uncondi-
tionally chiral. The molecules, which are also characterized'® by
mechanical interlocking, include the catenanes,”® trefoil*' and
pentafoilz2 knots, Solomon links,>* and Borromean rings.24
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Figure 1. (a) The retrosynthesis of the [3]catenane 6%, the molecular Solomon link 7%, and the ring-in-ring complex 4C8%. The structural
formulas (left), the solid-state structures (center), and graphical representations (right) of the redox switching of (b) 6*" and (c) 7**, along with the
redox switching mechanism (bottom) exhibited by the molecular Solomon link. Only one enantiomer of the molecular Solomon link, which has
topological chirality, is shown. (d) The structural formula (left) and the perspective view of the solid-state superstructure (right) of 4C8%*. Hydrogen
atoms, MeCN solvent molecules, and PF,~ counterions are omitted for the sake of clarity.

Apart from their aesthetic charm, which is part of the
motivation for chemists to design and create topologically
complex molecules, the topology of a molecule, along with its
geometry, has been identified™ as being able to influence the
properties and functions of molecular compounds. Despite the
implication that the physicochemical and functional properties
of compounds can be influenced by topology, this aspect of
stereochemistry has not been explored in depth yet by
chemists. By contrast, the practical importance of topology
has been demonstrated in the field of materials science, where
the presence of microscopic knots and links disclose unusual
properties and functions to polymers*® and chiral nematic
colloids®” based on their topology. Here, we explore the
concept of topological effects at the molecular level through the
experimental and theoretical investigation of the radical
recognition processes of tetrathiafulvalene (TTF) within the
molecular frameworks of three isomers, namely (1) a doubly
interlocked [2]catenane, that is, a molecular Solomon link, (2)
a [3]catenane, and (3) a ring-in-ring complex. TTF has
attracted much attention in recent years™ on account of its
unique electronic properties”” and has been used to prepare a
number™® of artificial molecular switches®" (AMSs) by virtue of
its 7-donating ability and the (electro)chemical switchability of
its electronic states. The strong electronic coupling that exists
between the radical cation (TTF®*) and neutral parent (TTF?),
which are known to form upon one electron oxidation, leads to
m-electron delocalization, also referred to as mixed-valence
dimerization.> The formation of this mixed-valence dimer
(TTF,)*", in conjunction with the radical cationic dimer
(TTE**),, has been probed® previously in detail in the
mechanically interlocked frameworks of [3]catenanes.

Herein, we describe (1) the syntheses, from the constituents
(Figure 1la), namely, the ethylenediamine-chelated Pt(II)

complex 1** and the bent bidentate dicationic ligand 2** of
an organoplatinum square 8** and from the {1+1} and {2+2}
macrocyclic polyethers, that is, 3 and 4, that contain,
respectively, two and four alternating TTF and 1,5-dioxy-
naphthalene (DNP) units, of the [3]catenane 6°* (Figure 1b),
the molecular Solomon link 7% (Figure 1c), and the ring-in-
ring complex 4C8%" (Figure 1d), before carrying out (2) a
detailed mechanistic investigation using 'H NMR spectroscopy
and single crystal X-ray crystallography of the redox-active
behavior displayed by the two TTF units located in the middle
of the framework of the molecular Solomon link 7%*. As a result
of a comparison of the radical chemistry of 7°* with that of the
topologically isomeric ring-in-ring complex 4C8%, as well as
that of the mechanically distinguishable, constitutionally
isomeric [3]catenane 6%, we have been able to elucidate an
exquisite interplay between the mechanical bonds and
topological effects on the molecular properties. By employing
UV—vis—NIR and EPR spectroscopies, in addition to detailed
electrochemical investigations in solution, we have investigated
(3) the relative translational motions of the mechanically
interlocked components within the molecular Solomon link
upon successive oxidation of its TTF units; this process
involves the movement of the crown ether within the molecular
Solomon link, reminiscent of reptation,34 to reach a stable
geometry in which both DNP units are located inside the
structural framework of the organoplatinum square. Of
particular interest is the redox activation of a mixed-valence
dimer (TTF,)*" between the two TTF units after a one-
electron oxidation within the restricted inner space of the
square. This mixed-valence dimer is stabilized by virtue of the
mechanical bonds present in the molecular Solomon link 7°*.
Comparison of the TTF radical species in 7°" with those
obtained in its constitutional isomer, the [3]catenane 68+,
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Scheme 1. Synthesis of the Two [3]Catenanes 6:8PF, and 9:8PF,“ the Two Molecular Solomon Links 7:8PF; and 10'8PF6,b
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reveals unprecedented topological and mechanical control over
TTF radical recognition processes. A more dramatic effect was
observed within the topological isomers, that is, the Solomon
link and the ring-in-ring complex, where the decomplexation of
the {2+2} macrocycle 4 from the organoplatinum square 8%
occurs spontaneously upon redox stimulation of the TTF units.
All the experimental data, together with (4) supporting
quantum mechanical calculations, points to a fundamental
connection between the topology of the molecules and their redox
properties in addition to their geometries and constitutions.

2. RESULTS AND DISCUSSION

2.1. Stereochemical Nomenclature. Central to the
discussion in this article are three isomers.’®> They are (i) a
[3]catenane, 6% (Figure 1b), (ii) a doubly interlocked
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[2]catenane or molecular Solomon link, 7** (Figure 1c), and
(iii) a ring-in-ring complex 4C8** (Figure 1d). For the sake of
convenience, we will refer to (i) 6** and (ii) 7** as mechanical/
constitutional isomers,*® (i) 6% and (iii) 4C8%" as constitu-
tional isomers,®” and (i) 7% and (i) 4C8®" as topological
isomers.*® All three isomers have their own discrete topologies,
in addition to their well-defined geometries and constitutions.

2.2. Synthetic Protocols and Solid-State Character-
izations. Template-directed strategies, driven by [7z---7]
donor—acceptor and [C—H--O] interactions, constitute a
common approach'* to the preparation of mechanically
interlocked molecules (MIMs). The formation of the [3]-
catenane 6-8PF, (Figure 1b) is templated by these interactions,
and the interlocked structure is further held together®® by
platinum(II)—pzrridine coordination bonds. Addition of the 7-
deficient ligand*® 2** to the z-electron-rich {1+1} macrocycle 3
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Figure 2. Side-on (a) and plan (b) views of the solid-state structure of the molecular Solomon link 7** showing (a) the [C—H--O] and [N—H--O]
distances (A) between the oxygen atoms of the polyether loop and the hydrogen atoms (orange) of the BIPY" unit, the methylene group, and the
ethylenediamine moiety of the organoplatinum square and (b) the average [7--7] stacking distances between the BIPY* walls and the DNP and
TTF units, as well as the interplanar spacing between the two tetrathiafulvalene units. Solvent molecules and PF¢~ counterions have been omitted for
the sake of clarity. Only one enantiomer of the molecular Solomon link is shown. (c) Solid-state structure of the molecular Solomon link 10**
displaying the macrocyclic polyether mechanically interlocked within the distorted-square shaped organopalladium square. (d, e) Tubular
representation of the organometallic square from the solid-state structures of the molecular Solomon links 7** and 10%* showing the torsional angles
of the 4,4-C—C bond of the BIPY" unit. Side-on view of the organopalladium square, which exists in the crystal structures of 10%*, showing the
significant deviation from planarity compared with the organoplatinum square from the solid-state structure of 7%*. (f) Space-filling representation of

the long-range packing of the molecular Solomon link 7%,

in MeCN is accompanied by a change in the color of the
reaction mixture to deep green, indicating the presence of a
charge-transfer (CT) complex. The reaction of this complex
with 2 equiv of the platinum complex 1 for 7 days at 50 °C
resulted (Scheme 1), after counterion exchange, in the isolation
of the [3]catenane 6-8PFq as a green solid in 39% yield. The
syntheses of the molecular Solomon link 7% was achieved
(Scheme 1) in 34% yield by following a similar protocol, using
the {2+2} macrocycle*' 4, which contains two TTF and two
DNP units. See the Supporting Information for detailed
synthetic procedures and characterization. For the sake of
comparison, we have also employed palladium(Il) square
planar centers for the assembly of those mechanical/constitu-
tional isomers. Indeed, by mixing the crown ether 3 or 4 with
the pyridine-based ligand 2-2PF4 and the ethylenediamine-
chelated Pd(II) corner 5§ (Scheme 1), we obtained

quantitatively, under thermodynamic control at room temper-
ature, the [3]catenane 9-8PF4 and the molecular Solomon link
10-8PF,.

The structures of the mechanical/constitutional isomers 6°*
and 7% were readily revealed by X-ray crystallographic
analysis** performed on the deep green single crystals of
each, obtained on the slow vapor diffusion of iPr,O at 0 °C into
MeCN solutions of the [3]catenane and the molecular
Solomon link, respectively. The X-ray crystal structure (Figure
1c) of 7% unveils*® a molecular structure with C, symmetry
wherein the two ring components are doubly interlocked in the
topology of a Solomon link. Although this topology is
intrinsically chiral, single crystals of this doubly interlocked
[2]catenane were optically inactive as a consequence of the
crystallization as a racemic mixture of equimolar amounts of P
and M enantiomers (Figure S18 in the Supporting
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Figure 3. Solid-state structures of (a, d, g) the molecular Solomon link 7** and (b, e, h) the [3]catenane 6**, and the solid-state superstructure of (c,
f, i) the ring-in-ring complex 4C8%" obtained by single-crystal X-ray crystallography, displayed in two different side-on (top and middle) views and as
a perspective (bottom) view. (a—c) The angles of offset of the TTF units, defined by the relative orientations of the C=C double bonds in the
tetrathiafulvalene units, display the different geometrical arrangement of the TTF units within the molecular framework of the three isomers. The
space-filling representation of the {2+2} macrocycle polyether, (a) doubly interlocked or (c) included in the organoplatinum square, in tubular
format, highlights the different shape of the polyether chain within the molecular framework of the topological isomers, the molecular Solomon link
7%, and the ring-in-ring complex 4C8%. (d—f) The average interplanar spacing between the two tetrathiafulvalene units included in the
organoplatinum square. (g—i) The [#--7] stacking interactions between the TTF and DNP units and the proximal BIPY* units of the
organoplatinum square in the three isomers, displayed as tubular models along with average distances (h, i). The DNP and TTF units of the {1+1}
macrocycle polyether of the [3]catenane 6% participate in a parallel [7-+7] stacking disposition with the BIPY* walls of the molecular square. All

hydrogen atoms, solvent molecules, and counterions have been removed for the sake of clarity.

Information). Both TTF units exist in their trans configurations,
and the stabilization within the cavity of the organoplatinum
square is aided and abetted by [7---7] stacking and [C—H--O]
interactions between some of the glycol oxygens and some of
the bipyridinium (BIPY*) hydrogen atoms. Close contacts
(2.2-2.5 A) exist (Figure 2a) between methylene protons and
the oxygen atoms of the polyether chain in addition to [N—H:-
O] hydrogen bonds between the ethylenediamine hydrogens
and the glycol oxygens (the average distance of N—O close
contact pairs is 3.1 A). The TTF units are involved (Figure 2b)
in [z+7] stacking interactions (interplanar separation, 3.65 A)
with the proximal BIPY" units. The less electron-rich DNP
units take part in short proximal interplanar contacts (3.32 A)
with the outer faces of the BIPY" walls. The organoplatinum
square of 7°* is distorted with the four corners of the square
being slightly noncoplanar. The out-of-plane distortion of the
metallocycle is more evident (Figure 2c and Figure S21,

Supporting Information) in the X-ray crystal structure of 10%,
the palladium analogue of the molecular Solomon link.** The
organopalladium square in the structure of 10®" has a rhombus-
like shape, with the Pd atoms exhibiting the typical square
planar coordination geometry, with an average distance for the
Pd—N coordination of 2.05 A. Moreover, the torsional angle in
the proximal BIPY" unit in the organopalladium square (Figure
2d) is 39.4°, whereas that in the organoplatinum square (Figure
2e) is 9.1°. The distortion of the square in 7%" is presumably in
order to facilitate the [C—H--O] short contacts between the
polyether chain and the BIPY" hydrogen atoms, an observation
that is supported by the density functional theory (DFT)
optimized structure (see Supporting Information) of a single
7%* octacation, indicating that the forces associated with the
crystal packing result in a more compact structure. Noncovalent
bonding interactions help to sustain (Figure 2f) the extended
superstructure of 7%,

dx.doi.org/10.1021/ja504662a | J. Am. Chem. Soc. 2014, 136, 11011-11026
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A noteworthy interplay between the topology of the
molecules and their geometries emerges (Figure 3) from the
arrangement of the TTF units within the mechanically
interlocked frameworks of 6% and 7°*. The different non-
covalent bonding interactions between the TTF units in the
two structures are evidenced by a vertical offset of 29° for the
TTF units in the case of molecular Solomon link 7%* (Figure
3a), whereas the solid-state structure®™ of the [3]catenane 6%
has the TTF units overlapping almost perfectly with a negligible
(Figure 3b) angular offset of 0.2° and a vertical offset of 1.6 A
and an interplanar distance of 3.69 A (Figure 3e). The
interplanar separation between the encapsulated TTF units and
the plane of the BIPY* walls of 6°* range from 3.45 and 3.62 A
(Figure 3h). In addition, the DNP units participate in proximal
interplanar contacts (3.28 A) with the BIPY" moieties, which
result (Figure 3h) in a parallel [7--x] stacking disposition of six
aromatic systems of the [3]catenane 6®*. The values of the
interplanar distance and the orientation of the tetrathiafulvalene
units within the molecular framework of the [3]catenane 6%
are very similar to those observed*® in the solid-state structure
of the [3]catenane 9%* where the two TTF units are contained
in the organopalladium square.

When 1 equiv of 4 was added to a MeCN solution of 8-8PFq,
which was synthesized independently from its precursors, a
deep green color, originating from a charge-transfer band
centered on 856 nm, was observed. A binding constant of 1980
+ 75 L mol™! between the two components of this ring-in-ring
complex (Figure 1d) was determined by a UV—vis titration,
which followed (Figure S$42 in the Supporting Information) the
characteristic green color change arising from the CT
interactions between the two macrocycles. The binding mode
of this complex was elucidated by X-ray diffraction of the single
crystals isolated by slow vapor diffusion of Et,O into a 1:1
mixture of 4 and 8-8PFs in MeCN. The solid-state super-
structure (Figure 3¢) confirms*’ the existence of a ring-in-ring
complex 4C8%, the latter being a topological isomer of the
molecular Solomon link 7%*. The two electron-rich TTF units
in the {2+2} macrocycle 4 are housed within the cavity of the
organoplatinum square 8%, with an average distance of 3.48 A
between the mean planes of the TTF units (Figure 3f). The
[---7r] stacking interactions of the DNP units with the proximal
electron-deficient BIPY" walls (mean interplanar distance of
3.31 A, Figure 3i) are augmented by [C—H--O] close contacts
and [N—H--O] hydrogen bonds involving the NH, groups of
the ethylenediamine ligand and the glycol oxygens of the
macrocyclic polyether. In common with the molecular Solomon
link, the ring-in-ring complex displays a compact achiral
superstructure.

2.3. NMR Spectroscopic Investigations. The solution-
state characterizations of 6°" and 7°*, which were accomplished
by using 'H NMR and “C NMR spectroscopies, provide
additional confirmation of their interlocked nature, as well as
the relative positions of the organoplatinum square encircling
the tetrathiafulvalene units in the ground state. The resonances,
assigned by employing 2D NMR techniques (Figures S3, S6,
and S7, Supporting Information), are consistent with the
[3]catenane and the molecular Solomon link having the
structure represented by 6% and 7%. Figure 4 presents a
comparison of the chemical shift of the aromatic protons at 298
K of the molecular Solomon link 7** and [3]catenane 6*" and
their interlocked components, the {1+1} and {2+2} macro-
cyclic polyethers 3 and 4 and the bidentate dicationic ligand
2**. Most notable is the large upfield shift (ASprp ~ —0.33
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Figure 4. Partiall '"H NMR spectra (500 MHz, CD,CN, 298 K)
comparing the chemical shifts of the aromatic protons in (b) the
molecular Solomon link 7% and (d) the [3]catenane 6% with those of
(c) the bidentate dicationic ligand 2** and the macrocyclic polyethers
(a) 4 and (e) 3, which contain, respectively, four and two alternating
TTF and DNP units.

ppm) of the TTF proton resonances of 7°*, which arises from
the shielding effects of the aromatic walls of the square in
keeping with the inclusion of the electron-rich TTF units
within the organoplatinum square. The resonance correspond-
ing to the a-protons of the BIPY" groups of the ligands
coordinated to the metals is shifted significantly downfield
(ASgpyq = +041), as a consequence of metal—pyridine
coordination. The shielding effect of the TTF and DNP units
results in a significant upfield shift (Adypy 5 = 0.07—0.98 ppm)
of the resonances assigned to the f-protons on the BIPY*
groups of the organoplatinum square. The resonances derived
from the protons of the DNP units and the bridging methylene
groups in the organoplatinum square show large separations as
a result of the shielding and deshielding of the aromatic rings
and their [C—H--O] interactions with the glycol chains.
Additional [N—H:--O] interactions with the glycol chains also
result in the downfleld shift of some resonances corresponding
to the NH, protons on the ethylenediamine ligands. Since the
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Figure 5. "H NMR spectra (600 MHz, CD;CN) of the molecular Solomon link 7% recorded at (a) 298 K and (b) 233 K and (c) the fully oxidized
7'** obtained after addition of 4 equiv of tris(4-bromophenylammoniumyl) hexachloroantimonate. The upfield shifts of the six DNP resonances are
indicative of the location of the DNP units inside the organoplatinum molecular square upon complete oxidation and concomitant ejection of both
TTF** dications to proximal locations. Assignments of the resonances have been confirmed with the assistance of data from 2D '"H-'H COSY

experiments. See the Supporting Information.

rate of rotation of the BIPY' units of the organoplatinum
square around their N—N axes is fast on the 'H NMR time
scale, only two sets of proton signals for the BIPY" units appear
in the spectrum. Only one coconformation of the molecular
Solomon link is observed at different temperatures in the 'H
NMR spectra (Figure 4b and Figure S2, Supporting
Information) of 7%, namely, the one in which the TTF units
are located inside the organoplatinum square. By contrast, the
"H NMR spectrum (Figure 4d and Figures S9—S12, Supporting
Information) of 6% is commensurate with the expected®>**
distribution of coconformations, which equilibrate slowly on
the '"H NMR time scale. Upon performance of variable
temperature experiments, the resonances separate into a set of
distinct signals at 233 K, pointing to the existence of dynamic
processes within this [3]catenane.

The redox-stimulated switching of the molecular Solomon
link was probed by 'H NMR spectroscopy, using tris(4-
bromophenylammoniumyl)hexachloroantimonate as the chem-
ical oxidant. Complete oxidation of the TTF units, following
the addition of 4 equiv of the oxidant to form 7'**, results in
substantial changes (Figure S) in the 'H NMR spectrum.
Analysis by diffusion-ordered 'H NMR spectroscopy reveals
(Figure S29 in the Supporting Information) the presence of a
single band corresponding to a diffusion coeflicient of 1.6 X
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1071 m%s7! a value that is close to that measured for the 78
state, confirming that only one species is present in solution
following oxidation. The oxidation of both TTF units to their
dicationic forms was confirmed by the downfield shift of about
4 ppm for the resonances of the aromatic tetrathiafulvalene
protons. The two peaks, corresponding to the formation of
TTF*" units, can be identified between 9.2 and 9.4 ppm. This
change in the "H NMR spectrum is accompanied by an upfield
shift of the resonances associated with the DNP protons. In
particular, the H-2/6 protons of the DNP units resonate further
upfield at 3.3 and 4.7 ppm as a consequence of shielding effects
from the BIPY" units in the organoplatinum square. Other
peaks, corresponding to the remaining DNP protons, also
resonate further upfield. Examination of the 'H-COSY
spectrum (Figures $26—S28, Supporting Information) for the
oxidized molecular Solomon link shows the coupling between
the aromatic protons of the DNP units clearly. The chemical
shift changes of the resonances for TTF and the DNP units
indicate that the DNP units move inside the cavity of the
organoplatinum square upon four-electron oxidation, in concert
with the TTF* units being ejected as a consequence of
Coulombic repulsion.

2.4, Electrochemical Studies. The redox behavior of the
TTF moieties within the organoplatinum square of the three

dx.doi.org/10.1021/ja504662a | J. Am. Chem. Soc. 2014, 136, 11011-11026
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Figure 6. Cyclic voltammograms (1 mM in MeCN, 100 mM TBAPE,,
10 mV-s™", 298 K) of the ring-in-ring complex 4C8%* (purple curve),
the TTF-containing macrocyclic polyether 4 (red curve), 7-8PF
(green curve), and 6-8PF, (blue curve). From the integration of the
oxidation peaks for 7%, the first process is a one-electron and the
second process a three-electron one. Compared with the topological
isomer, the ring-in-ring complex 4C8%, the first oxidation peak for 7%*
is shifted to a higher oxidation potential, indicating the formation of a
stable mixed-valence (TTF,)*" state. The second oxidation process for
6 is shifted by 70 mV toward more negative potentials, compared
with the second oxidation peak of 7°*, an indication that the formation
of a radical-cationic (TTF®*), dimer occurs inside the organoplatinum
square in the [3] catenane.

isomers under investigation was also probed electrochemi-
cally.*® Cyclic voltammetry (CV) shed further understanding
(Figure 6) on the redox-controlled reptation of the macrocyclic
polyether within the molecular Solomon link. The oxidative
region of the voltammogram of 7** displays a one-electron
process at +584 mV versus Ag/AgCl and a broad anodic peak
centered on +820 mV that can be assigned to a three-electron
process, as evaluated (Figure S34, Supporting Information)
from chronocoulometry. The removal of the four electrons
associated with the two TTF units of the free macrocyclic
polyether 4 occurs as two two-electron processes with anodic
peak potentials at +338 and +816 mV. The reduction scan of
712 starting with the two tetrathiafulvalene units in their
dicationic state, occurs as two two-electron processes centered
at +695 and +475 mV. When the CV is switched at a vertex
potential between the first and the second peak (Figure S30
and S31, Supporting Information), the resulting reduction peak
is only a one-electron process. The first oxidation event of 7°*
indicates that a stabilized species is formed upon the ejection of
one electron from the TTF® unit, suggesting the generation of
the mixed-valence (TTF,)*" dimer as a result of the close
proximity of the two TTF groups in the spatially restricted
cavity of the organoplatinum square. This process is followed
by a one-electron oxidation to form two radical-cationic TTF**

units, a transition that is shifted to substantially more positive
potentials and is similar to the potentials observed**>** for the
second oxidation of “free” TTF species. Indeed, this anodic
process shows only one broad peak around +820 mV, which
includes the one-electron oxidation from the mixed-valence
(TTE,)** state to the bis-radical dication (TTF),"* state, and
the subsequent two-electron oxidation of the TTF®** units to
TTF** dications. Unlike the mixed-valence state 7°%, any
potential stabilization provided by radical dimerization in 7'
does not overcome the forces of electrostatic repulsion,
resulting in the rapid ejection of both TTF*" units from the
cavity of the octacationic organoplatinum square. This
translocation process leaves the second oxidation of the
tetrathiafulvalene units to occur at the same potential as
would be the case in the absence of the organoplatinum square.

The destabilizing interactions associated with the inclusion of
the positively charged TTF*" radical cations within the
octacationic square cause the concerted translation of the
TTE*" and DNP units around the molecular Solomon link in
order to reach a stable geometry where the DNP units are
located within the cavity. Because the organoplatinum square
has some affinity for the DNP units, reduction of the TTF units
to their neutral states does not immediately return the molecule
to its ground state coconformation.*** As consequence of the
topological constraints imposed on the molecule, the Solomon
link relaxes slowly from a metastable state coconformation to
encircle the neutral electron-rich TTF units in preference to the
DNP ones, by slow reptation of the macrocyclic polyether
around the organoplatinum square.

Electrochemical investigation performed on the topological
isomer, namely, the inclusion complex of the macrocyclic
polyether 4 and the organoplatinum square 8*', indicates that,
upon oxidation of the TTF units, the binding of the
macrocyclic polyether within the square is completely
eradicated. In this case, the two oxidation events correspond
exactly with those observed for the macrocyclic polyether alone,
suggesting that the mixed-valence (TTF,)*" state is not
stabilized as a result of complexation within the organoplatinum
square. Hence, it is the interlocked nature of the molecular
Solomon link architecture that leads to the stability of the
mixed-valence state compared with the topologically isomeric
ring-in-ring complex, thus highlighting the profound con-
sequences of topology on molecular properties. The redox
properties of the molecular Solomon link 7°* were then
compared with the mechanical/constitutional isomer, that is,
the [3]catenane 6**. The complete potential scan for 6% reveals
a one-electron oxidation at +593 mV, which is assigned to the
mixed-valence state. Unlike the molecular Solomon link, the
one-electron oxidation to form two radical-cationic TTF*" units
in the [3]catenane, which occurs at a peak potential of +750
mV, can be easily distinguished (Figure 6 and Figure S32,
Supporting Information) from the subsequent oxidation to the
TTF*" dications at +809 mV, and it is shifted 70 mV toward
more negative potentials compared with the oxidation peak for
78 This observation indicates that in the [3]catenane, in stark
contrast to the molecular Solomon link, the two TTF** radical
cations are stabilized through the formation of a radical-cation
dimer inside the organoplatinum square, despite the electro-
static repulsion that they must experience in that position.

The existence of a transient regime in the molecular
Solomon link between the 7,'°* state, where both TTE®*
units are housed within the cavity of the organoplatinum square
and the 7,,,'** state, in which both of them leave the cavity on
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account of destabilizing electrostatic interactions, was inves-
tigated by variable scan-rate CV. See Figure S31 in the
Supporting Information. The first oxidation peak of 7 is
totally reversible and independent of the scan rate, as the result
of the formation of a stable state, the mixed-valence (TTF,)**
dimer, upon one-electron oxidation of the molecular Solomon
link. The second redox peak displays, however, scan-rate
dependent behavior, a condition that suggests the presence of a
transient state. At relatively low scan-rates, a broad oxidation
peak is observed at +809 mV, which is found to be a three-
electron process. If insufficient time is given for the ejection of
two radical-cation TTF*" units from the molecular square to
occur, achieved by scanning the potential at progressively
higher scan rates, oxidation to the TTF*" state takes place inside
the octacationic square. This phenomenon results in the
decrease of the intensity of the second oxidation peak, which is
also accompanied by a shift toward more positive potentials,
which indicates the existence of the 7,,'°* state. We hypothesize
that this transient state, despite the destabilizing Coulombic
repulsions associated with the inclusion of positively charged
TTF®" units within the octacationic molecular square, results
from the highly constrained environment of the molecular
Solomon link topology. Indeed, the topological constraint
introduces a kinetic barrier to the reptation of the crown ether
around the square to reach a more stable state, namely, the one
in which both DNP units are located inside the structural
framework of the organoplatinum square. The fact that the
topology of the molecule has consequences for the kinetics of
the switching process becomes even more evident from the
comparison of the variable scan-rate voltammograms of the
molecular Solomon link with the [3]catenane. Upon scanning a
solution of 6% at progressively faster scan rates, the second
oxidation peak, namely, the one where the oxidation of radical
cation TTE®* units to TTF** dications occurs, exhibits a shift
only in the fast scan regime (>1 V s™'). Indeed, once the
potential is scanned faster, a higher population of the radical
dicationic (TTE®*), dimer can be detected within the cavity of
the molecular square. In comparison with the 7'%" state of the
molecular Solomon link, where the expulsion of the radical
cation TTF®** from the cavity of the molecular square is faced
with a high energy barrier on account of the slow reptation of
the macrocycle, the radical dicationic (TTF**), dimer in the
6'%" state encounters a lower kinetic barrier. Kinetic control
over the geometrical changes emerges upon electronic
stimulation of the tetrathiafulvalene units in these two
mechanically interlocked molecules, a phenomenon that is
consistent with the constraints imposed by the mechanical
bonds within the two mechanical/constitutional isomers.

In order to account for the oxidation events in the molecular
Solomon link, a mechanism is proposed (Figure 1c) wherein
the TTF units in 7% are oxidized individually in three steps.
The electronic spectra, associated with the electrochemical
oxidation processes of 7°* in MeCN (with 100 mM TBAPFy),
have been recorded (Figure 7a and Figure S36, Supporting
Information) in order to shed more light on the intervalence
transitions occurring within this structure. When the voltage of
the working electrode is set at +700 mV (vs Ag/AgCl), the
distinctive™ absorbance of the TTF—BIPY" CT band centered
at 860 nm in 7°" decreases, while absorption bands at 620 and
437 nm, which are characteristic of the TTF®" state, appear in
the spectrum. Also, a new broad absorption band in the NIR
emerges at ca. 2000 nm. This broad band can be attributed®>*
to the formation of a mixed-valence state between two
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Figure 7. (a) UV—vis—NIR spectroelectrochemistry of 7-8PF (0.1S
mM in MeCN, 100 mM TBAPF,, 298 K) and the oxidized states
arising from the electrochemical oxidation at different applied
potentials (E,,,). (b) Comparison of the UV—vis—NIR absorption
spectra of solutions (0.15 mM in MeCN) of 6-8PF, (blue curve) and
7-8PF, (green curve) recorded upon the addition of up to 2.0 equiv of
Fe(ClO,); as the chemical oxidant.

tetrathiafulvalene units. The stability of the mixed-valence
(TTF,)** state in 7°* is not affected by electrostatic
destabilization within the octacationic molecular square, an
observation that is corroborated by the emergence of the
characteristic radical signal in the electron paramagnetic
resonance (EPR) spectrum (Figure S40 in the Supporting
Information). The conversion to 7'°*, which was achieved by
applying a potential of +800 mV, results in the complete
disappearance of the NIR absorption band and an increase in
the bands of the TTF®" state. A very small absorption band was
observed at 800 nm, a region that is usually related® to the
generation of the radical-cationic dimer (TTF®*), state. In
contrast to 7', an oxidative TTF dimerization process occurs
(Figure 7b) for the 6'°" of the [3]catenane, as indicated by the
presence of a much stronger absorption (TTEF®*), radical-
cation dimer band, a phenomenon that can be ascribed as
consequence of the higher flexibility of the TTF radical cations
in the {1+1} macrocycles in 6%, which allows an efficient
orbital overlap between the tetrathiafulvalene units. Shifting the
potential to +1100 mV so as to obtain 7'** led to the
appearance of the characteristic TTF** absorption band at 370
nm, along with the emergence of a new absorption band at 600
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nm as a result of the CT interaction between the walls of the
organoplatinum square and the newly encircled DNP units.
The fact that the electrochemical switching of the molecular
Solomon link is reversible is demonstrated by the restoration of
the original spectrum of 7% after reduction by holding the
potential at 0 V for 1 h.

2.5. EPR Experiments. Continuous wave (CW) EPR
spectroscopy was used to investigate the behavior of the
molecular Solomon link and the [3]catenane as a function of
the oxidation states generated by electrochemical oxidation or
by titrating the chemical oxidant Fe(ClO,); into a MeCN
solution of 7-8PF4 and 6-8PF,. Upon stepwise addition of the
oxidant, significant differences in the EPR spectra of the
[3]catenane and the molecular Solomon link were revealed
(Figure 8). A gradual increase in the radical signal intensity of
both 7%* and 6** was observed upon addition of the Fe(ClO,);.
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Figure 8. Continuous-wave EPR spectra of (a) molecular Solomon
link 7% and (b) [3]catenane 6% (020 mM in MeCN, 298 K)
recorded upon the addition of 1.00, 2.00, 3.00, and 4.00 equiv of
Fe(CIO,),.

Titration with up to 1.0 equiv of Fe(ClO,); yielded (Figure 8a)
an asymmetric derivative curve for 7°" in which the lower field
showed hyperfine interactions, while the higher field showed
none. In contrast, the addition of 1.0 equiv of Fe(ClO,); to a
solution of 6-8PF results (Figure 8b) in an EPR spectrum with
a strong hyperfine splitting pattern superimposed on the
spectral envelope. The hyperfine splitting observed for the
mixed-valence (TTF,)*" dimer in 6°* is more symmetric and
resolved compared with the ones observed in the spectra of the
molecular Solomon link in the 7°* state. A similar asymmetric
behavior in the EPR spectrum has been observed previously for
a mixed-valence (TTF,)** dimer generated within a self-
assembled coordination cage37 and is believed to be a
consequence of slow molecular motions on account of the
locked geometry of the molecule®® Thus, the hyperfine
splitting pattern of the EPR signal provides a qualitative
indication of the extent to which the mixed-valence (TTF,)**
dimer moiety is contained in the organoplatinum square of the
molecular Solomon link. In order to shed more light on the
oxidation events of 7, we performed (Figure 9a) a stepwise
titration with Fe(ClO,); around the generation of the mixed-
valence (TTF,)*" dimer in the molecular Solomon link. Below
1.0 equiv of oxidant added, which accesses the oxidation profile
from TTF® to (TTF,)*", both TTF units are restricted within
the organoplatinum square of the molecular Solomon link,
yielding an asymmetric EPR spectrum. Above 1.0 equiv of
oxidant added, in the redox window from 7°% to 7'%, the
TTF*" units are expelled from the organoplatinum square and
become significantly less restricted in their motion, resulting in
a more traditional, symmetric EPR spectrum after complete
oxidation of the two tetrathiafulvalene units to their radical-
cationic dimer (TTF®*), state, with the concomitant increase in
the signal intensity. In order to confirm that the asymmetry in
the EPR signal in the mixed-valence state of the molecular
Solomon link does not arise because of interactions with the
chemical oxidant, CW EPR spectroscopy was performed
(Figure 9b) on the singly oxidized species, generated
electrochemically by holding the potential for 30 min at
+0.70 V versus Ag/AgCl. In the case of the [3]catenane 6°*, the
large range of coconformational freedom experienced by the
tetrathiafulvalene units, as a consequence of the lower
topological constraints in this constitution, results in a higher
tumbling motion of the TTF*" species and therefore in a more
well-defined and symmetric hyperfine structure of the EPR
signal (Figure 8b) in the mixed-valence (TTF,)*" for the 6°*
state. A slight attenuation of the signal occurred upon oxidation
of both TTF® units to their radical-cationic state, which is the
result of the stronger spin-coupling upon generation of the
radical-cationic dimer (TTE®*), state in 6,,'°". In agreement
with the electrochemical experiments, the radical-cation dimer
(TTF),"" state in 6,,'°" state is in equilibrium with the 6,,,'**
state. Addition up to 4 equiv of Fe(ClO,); results in the
formation of completely oxidized species, containing TTF*"
dications, which have no radical character and are EPR silent.
The changes in the EPR spectra provide further evidence for
the proposed topological effects on the dynamics of the
molecule in solution upon successive oxidation of the
tetrathiafulvalene units and hence on its radical recognition
properties.

2.6. Solid-State Characterization of Mixed-Valence
States. In order to probe in more detail the structural changes
of these tetrathiafulvalene dimers within the organoplatinum
square in the different topologies, we have grown single crystals
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Figure 9. (a) CW EPR spectra of 7-8PF4 (0.20 mM in MeCN, 298 K), recorded during a stepwise titration with Fe(ClO,); from 0.80 to 2.40 equiv.
The spectra have been normalized for the sake of clarity. (b) CW EPR spectra of 7-8PF¢ (0.20 mM in MeCN, 298 K) recorded after electrolysis
(blue curve) for 30 min at +0.70 V versus Ag/AgCl under an argon atmosphere and upon the addition (red curve) of 1.0 equiv of Fe(ClO,);. (c)
Solid-state CW EPR spectrum of a single crystal of 7-7PF4-2ClO,, demonstrating the monoradical mixed-valence state of the tetrathiafulvalene units
in the solid-state structure in accordance with the presence of nine counterions observed by the X-ray crystallography.

of the molecular Solomon link in the mixed-valence (TTF,)**
state 7°* and also of 6°*, the mixed valence (TTF,)** dimer
derived from the [3]catenane. Addition of 1.0 equiv of
Fe(ClO,); into a MeCN solution of 6-8PF; or 7-8PF,
followed by the slow vapor diffusion of Et,O at 0 °C produced
single crystals suitable for X-ray diffraction analysis.*"> In the
case of the molecular Solomon link, the presence of nine
counterions,® seven PF,~ and two ClO, points to an
oxidation state in which one of the two tetrathiafulvalene units
is in the radical-cationic state. The existence of a monoradical
state in the crystals of 7°" is reinforced also by solid-state CW-
EPR spectroscopy. The isotropic EPR spectrum (Figure 9c) of
some single crystals suggests that the TTF dimers in the
molecular Solomon link are paramagnetic in nature, an
observation that confirms that the mixed-valence state of 7°*
is maintained in the solid state.

The interplanar distances between the TTF units and the
angles of their offset obviously differ when comparing the solid-
state structures of 7°* with 7°*. The interplanar distance (3.65
A) between the neutral TTF® units in 7** changes dramatically
upon oxidation to the mixed-valence (TTF,)*" state 7°%,
wherein the TTF units are separated (Figure 10a) by only 3.51
A, in agreement with previously reported®® solid-state
structures of mixed-valence TTF dimers. This observation,
along with the fact that the planarity of the TTF units increases
while the angle of TTF offset decreases from 29° to 19°, reveals
the existence of interactions between the TTF units in the 77
state arising from the delocalized nature of the single radical in
the dimer. Of even greater interest, however, are the relative
geometries adopted by TTF units in their mixed-valence states
in compounds with different topologies. The crystal structure
(Figure 10b and Figures $S23 and S24, Supporting Information)
of the radical cation mixed-valence 6°* has its TTF units
overlapping almost perfectly with no angular and vertical offset,
a situation which allows an efficient orbital overlap and electron
delocalization between the tetrathiafulvalene units in the radical
state. The significance of the unique environment the TTF
moieties experienced in the context of mechanical/constitu-
tional isomers, that is, the [3]catenane and the molecular
Solomon link, is highlighted here when analyzing the solid-state

a)

7°%* 6°*

Figure 10. Solid-state structures of the tetrathiafulvalene mixed-
valence states of (a) the molecular Solomon link 7°* and (b) the
[3]catenane 6°* displayed as two different side-on (top and bottom)
views and a plan (middle) view. Only one enantiomer of the Solomon
link, which has topological chirality, is shown. In each case, the average
interplanar spacings between the two tetrathiafulvalene units and the
angles of offset are also shown to highlight the different geometrical
relationships between the two TTF units positioned side-by-side inside
the organoplatinum square for the stable mixed-valence (TTF),**
states in 7°* and 6°*. The solvent molecules and counterions have been
omitted for the sake of clarity.
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Figure 11. Graphical representation of the DFT-calculated structures and X-ray crystal structures of the molecular Solomon link. Calculated
structures for the oxidized states 7% (left), 7°* (middle), and 7'%* (right) with the two tetrathiafulvalene units housed within the cavity of the
organoplatinum square (in coconformation) and the state in which both of them leave the cavity (out coconformation). The in coconformations for
the 7** and 7°* determined from theoretical calculation (red skeleton) are overlaid with the X-ray crystal structures of the molecular Solomon link

(blue skeleton) in the corresponding redox state.

structures of TTF units and arises from the interface of
mechanical effects upon radical recognition processes.

2.7. Computational Studies. Finally, quantum-mechanical
modeling was used to investigate the stability of the species
found in the different oxidation states of the [3]catenane and
the molecular Solomon link. Density functional theory (DFT)
at the level of MO06/6-311G**++//M06-L/6-31G* with
Poisson—Boltzmann solvation model®* results in the predicted
geometries™ for the oxidation states 6% and 6°* of the
[3]catenane and the 7% and 7°* of the molecular Solomon link
(Figure 11) with the tetrathiafulvalene units adopting relative
geometries that are almost identical to those observed in the X-
ray crystal structures. Indeed, the comparison of the calculated
structures with the experimental solid-state structures for those
oxidation states reveals very similar values for the interplanar
distances and the orientation of the tetrathiafulvalene units. A
hypothetical coconformation, 7>, with two DNP units inside
the organoplatinum square was also evaluated and its
theoretical relative energy suggests that the coconformation
with the T'TF units inside the organoplatinum square is favored
by 2.4 kcal mol™', supporting the experimental observations.
For the [3]catenane, the coconformation 6,,** with the DNP
inside the organoplatinum square is less stable than the TTF-in
coconformation by 1.5 kcal mol™ (Table S1 in the Supporting
Information). The calculation for the 7°* state results in a more
stable TTF-in coconformation than the DNP-in by 5.4 kcal
mol ™!, even although the former is characterized by unfavorable
electrostatic interactions. This result indicates that the
interaction between (TTF,)** dimer within the molecular
Solomon link is strong enough to overcome the repulsion
between the positive charge on the mixed-valence dimer and
the octacationic organoplatinum square. A similar interaction
between (TTF,)** dimer is reflected in a 2.6 kcal mol™
stabilization of the TTF-in coconformation of 6,,°*. Further
oxidation to the 7'®* state results in stronger electrostatic

repulsion, and the coconformation with two neutral DNP units
inside the octacationic molecular square and two TTF** driven
away from the square is more thermodynamically stable (Figure
11), as verified by the much larger (28.7 kcal mol™") energetic
penalty of including two TTF*" units, which do not exist as a
stabilized radical dimer (TTF®*), within the square. The
energetic penalty for the TTF-in coconformation 6'°* is much
smaller (11.5 kcal mol™) and accounts for the experimentally
observed (TTE®*), radical-cation dimer.

2.8. Summary. We have researched the role of topology on
the stabilization of TTF radical dimers in three isomers. A
mechanistic study in solution of the topological isomers,
namely, the molecular Solomon link and the ring-in-ring
complex, reveals a distinctive topological influence on oxidation
of the TTF units expressed by the decomplexation of the
macrocycle from the organoplatinum square in the ring-in-ring
complex. The stabilization of the mixed-valence (TTF,)**
dimer upon one-electron oxidation of the TTF units is
observed within the molecular frameworks of the mechanical/
constitutional isomers, while the formation of the radical
cationic (TTF®*), dimer occurs only transiently in the
molecular Solomon link compared with the [3]catenane
where this dimer is stabilized. When we analyze the solid-
state structures of the TTF dimers in MIMs, the environment
that the TTF units experience in the context of their specific
topologies assumes considerable importance. The more highly
constrained environment imposed by the topology of the
molecular Solomon link, in comparison to other topologies,
such as that present in the [3]catenane, results in a relative
distortion on the TTF units located in the former.

3. CONCLUSION

The importance of topological effects upon the different redox
states of closely interacting tetrathiafulvane units in topological
and mechanical/conformational isomers has been uncovered.
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The mechanically interlocked frameworks of the [3]catenane
and molecular Solomon link isomers, both prepared in one step
under thermodynamic control using template-directed proto-
cols, present the ideal molecular setting for investigating the
topological and mechanical effects of the radical recognition
properties of pairs of tetrathiafulvalene units. The arrangement
of the two electron-rich tetrathiafulvalene units directs the
assembly of an organoplatinum square and presides over the
formation of those two mechanical conformational isomers.
The distinctively different topologies of the mechanical bonds
in the [3]catenane and molecular Solomon link is reflected in
the extent to which control is exercised over the relative
stabilities of the (TTF,)*" mixed-valence and (TTF**), radical
cationic dimers. The demonstration of topological modulation
of radical recognition properties provides an experimental basis
for tailoring electronic interactions. The topological constraints
present in the molecular Solomon link introduce a high level of
dynamic structural complexity over the geometrical changes
that occur during electronic stimulation of the tetrathiafulvalene
units. The slow reptation of a crown ether around an
organoplatinum square in this particular example of chemical
topology resembles the more complex redox-controlled folding
of cysteine knot in proteins.* Nature’s tendency to minimize
empty space, while exploiting noncovalent bonding inter-
actions, is exhibited in the molecular structures of this doubly
interlocked [2]catenane. The ability to tailor the properties of
unnatural products by controlling their topologies paves the
way for the investigation of more complex processes at the
molecular and supramolecular levels that have yet to be
explored in chemistry.
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