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ABSTRACT: A large ring containing two pairs of
transition metal-complexing fragments with alternating
bi- and tridentate chelates has been shown to behave as a
bimodal figure-of-eight. When coordinated to a preferen-
tially octahedrally coordinated Fe(II) or Cu(II) center, the
height of the molecule along the coordinating axis of the
tridentate ligands (vertical on the drawing) is only ~11 A,
whereas the height of the molecule along the same vertical
axis is several times as large for the complex of the
tetrahedrally coordinated copper(I) center. This new type
of molecular machine-prototype could be used as
constitutive element in muscle-like dynamic systems.

Ithough molecular motions in biology have been recognized
as essential for decades,' it is only 20 years ago that
molecular chemists have deliberately designed and synthesized
multicomponent molecular systems in view of setting them or
given parts of them in motion under the action of a signal.”
Originally, the field of molecular machines was to a large extent
derived from that of catenanes and rotaxanes.” Catenane- or
rotaxane-based molecular machine prototypes were first
proposed at the beginning of the 90s, but since then numerous
such molecular systems have been reported with increasing
complexity and sophistication.* At the end of the 90s, a few
important contributions were reported by other groups using
noninterlocking molecules.” In recent years, outstanding work
has been reported toward functional molecular machines, either
in the materials field or in synthetic chemistry,’ a particularly
impressive example being that of a [2]rotaxane incorporating
several different stations in its axis and whose behavior is
reminiscent of that of a ribosome.” Related to molecular
machines, transition metal complexes able to undergo controlled
translocation of the metal under the action of a chemical or
electrochemical signal have also triggered much interest.®
Surprisingly, noninterlocking cyclic systems undergoing
controlled large amplitude motions are very uncommon
although large rings can occupy markedly different shapes,
which could be interconverted with one another using an
appropriate signal.” Such rings could certainly be used as
components of muscle-like compounds able to contract or
elongate in analogy with [2]rotaxane dimers acting as molecular
muscles."
In the present report, we would like to show that a large
macrocycle (78-membered ring), incorporating two different
pairs of coordinating fragments, can interact with transition
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metals in a bimodal way. The nature of the metal or its oxidation
state will determine its binding mode to the ring. In addition,
each form of the complexed ring has the shape of a figure-of-
eight, with a clear crossing point between the two loops of the
cycle.

The general formula of the ring is represented in Scheme 1.
The bidentate and tridentate chelates are arranged in an

Scheme 1. Four-Coordinating-Group Macrocycle 1°

“dpp"

“terpy"

“The two terpy fragments are disposed on the vertical axis, and the
dpp units are located on the horizontal one. Solubilizing groups are
indispensable to be able to handle the compound in normal solvents.
The nitrogen atoms are symbolized by blue disks on the right drawing.
The target macrocyclic compound is a 78-membered ring.

alternating situation: dpp (dpp: 2,9-diphenyl-1,10-phenanthro-
line)—terpy (terpy: 2,2',6’,2"-terpyridine) —dpp—terpy. The two
coordinating groups used are classical chelating moieties very
well adapted to tetrahedral or octahedral coordination spheres,
respectively. It is thus expected that Cu(I) will form a bis-dpp
complex by taking up the two dpp fragments, whereas Fe(II) will
accommodate the two terpy groups, as represented in a
schematic fashion in Scheme 2.

Macrocycle 1 was prepared in 17 steps from commercially
available compounds. The synthesis of this macroring will be
reported in a future publication. In preliminary work, no
substituents were introduced at the periphery of the coordinating
groups, leading to highly insoluble compounds. It thus appeared
as essential to attach solubilizing groups on some of the
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Scheme 2. Two States of the Figure-of-Eight”

“On the left, the octahedral Fe(II) complex (Fe is a purple disk)
implies that the long axis is horizontal, whereas formation of the
tetrahedral Cu(I) center, indicated as a red disk, imposes a long
vertical axis. Alternatively, the octahedrally coordinated metal can be a
copper(Il) center obtained by electrochemically oxidizing the
copper(I) complex. The central entanglement is represented with 2
crossings, which is in accordance with the geometrical features of the
complexes involved. The coordinating nitrogen atoms are represented
as small blue disks. The conversion of the copper(I) complex to the
iron(II) complex via metal exchange involves compression of the ring
along the vertical axis and elongation of the horizontal dimension. The
same holds true for the oxidation of copper(I) to copper(II). Note that
the macrocyclic complexes are chiral because of the helical
arrangement of the compounds. In the present work, the complexes
are racemates. Arbitrarily, the vertical axis for both forms has been
selected as the straight line between the central nitrogen atoms of the
two terpy nuclei.

fragments. The use of n-hexyl groups as solubilizing functions
turned out to be particularly well suited.

Compound 1 was fully characterized by 'H and '*C NMR,
including COSY, HR-MS (BS).M!

The copper(I) complex [1-Cu*]-[PFs"] was prepared
quantitatively as a deep red solid by the reaction of macrocycle
1 with stoichiometric amount of Cu(CH;CN),PF in a
dichloromethane—acetonitrile mixture. The iron(II) complex
was obtained by stoichiometric addition of Fe(OTf), in MeOH
to a CH,Cl, solution of free ligand 1. Formation of the iron(II)
complex [1-Fe?*]-[OTf ], was observed immediately as
indicated by the appearance of a deep color in the solution.
The complex was isolated in very good yield as an intense purple
solid. After formation, the two complexes were filtered on
alumina to remove possible traces of starting material. Both
complexes were characterized by 'H NMR, HR-MS(ES),
electronic spectroscopy, and electrochemistry.'>

Interestingly, both complexes could easily and efficiently be
demetalated to afford the metal-free compound 1. Treatment of
the copper(I) complex [1-Cu*]-[PFs”] by a KCN/water—
acetonitrile solution at room temperature led to the free
macrocycle 1 in quantitative yield. In the case of the iron(II)
complex, demetalation occurred by addition of a Cs,CO;/DMF
solution, which was heated at 70 °C during 1 h." In both cases,
the free ligand was obtained with a satisfactory purity without
further purification.

Remetalation was also carried out almost quantitatively
showing that metal exchange is nearly quantitative and can be
performed under reasonably mild chemical conditions. This
metal exchange process, although high-yielding, is certainly less
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promising in terms of molecular machinery than an electro-
chemically or photochemically driven process (Figure 1).

1.Fe(ll)
@ | (i)
1
(iv) (i)

N’|

1.Cu(l)

Figure 1. Metalation—demetalation—remetalation, 1-Fe(II)—1—1-Cu-
(I): (i) Fe(OTf),, CH,Cl,/MeOH, rt, S min, 97%; (ii) [Cu(CH;CN),]-
PF,, CH,Cl,/CH,CN, rt, 5 min, 99%; (iii) Cs,CO,, DMF, 70 °C, 1 h,
96%; (iv) KCN, water/CH;CN, rt, 12 h, 95%. The Fe(Il) and Cu(I)
complexes were isolated as racemates. From literature structural data or
CPK models, one can estimate the dimensions of the figure-of-eight in
each situation. As far as the vertical axis is concerned, the “thickness” of
the iron(II) complex can be estimated as the distance between the two 4/
hydrogen atoms: d(4'-4’) ~11 A."* The height of the copper(I) complex
is much larger: d(4'-4") ~30 A according to CPK models.

The copper(I) complex involves the dpp fragments, which
clearly fit in together, as shown by the strong upfield shift of the
m protons. As in related complexes,'® the m protons of a given
dpp unit are located in the shielding region of the 1,10-
phenanthroline nucleus belonging to the other dpp fragment. In
the free ligand, the doublet of the m protons is centered at 7.13
ppm, whereas the signal of the same protons is found at 6.14 ppm
in the copper(I) complex. Interestingly, the m protons of the
iron(II) complex resonate at a normal chemical shift (6.94 ppm),
indicating that the dpp fragments in the Fe(II) complex are not
interacting with the metal center and are not in an intertwined
arrangement (Figure 2).

In the Fe(II) complex, the upfield shift undergone by the 6 and
6" protons is spectacular. In the free molecule and in its
copper(I) complex, these protons resonate at normal positions
(8.55—8.46 ppm). These values are in deep contrast with the
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Figure 2. Partial 'H NMR spectra in CD,Cl, of (a) copper(I) complex
[1-Cu**]-[OTf ],; (b) free macrocyclic ligand 1; (c) [1-Fe**]-[OTf ],
Atom numbering is indicated in Figure 1. Full assignment of the signals
shows the very significant difference between the spectra of the three
compounds and thus the drastic geometrical changes undergone by the
organic backbone by metalating the metal-free ring by copper(I) or by
iron(II), both complexes having completely different shapes.

chemical shift of the iron(IT) complex [1-Fe**]-[OTf ], 6 and 6"
protons whose signal is centered around 6.61 ppm. In this case,
the terpy fragment exerts a very strong ring current effect, which
induces a large upfield shift onto the 6 and 6” protons belonging
to the other terpy. This upfield shift is even enhanced by the fact
that a metal-coordinated terpy is distorted, leading to a “pinched”
conformation bringing the 6 and 6” protons to close proximity of
the other terpy nucleus. The strong upfield shift of protons 6 and
6" is analogous to that found in a related ﬁgure-of—ei§ht bis-terpy
Fe(1I) complex previously reported by our group.'

The cyclic voltammogram of Figure 3 tends to indicate that
after oxidation of the 4-coordinate complex at +0.65 V in the

-0.25V
Cu(l)N¢*

Cu(ll)Ne2*

Cu(l)Ng* | Cu(ll)Ng2*
+0.65V
o1 02 03 04 05 06 07 08 09 1

E(V) vs SCE
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Figure 3. Cyclic voltammogram of [1-Cu*]-[PF,"] in CH,;CN.
Supporting electrolyte: 0.1 M nBu,N*-PFs7; Pt electrode, SCE, 20
mV/s, —0.6 to +1 V. The anodic scan shows mostly oxidation of the 4-
coordinate copper(I) complex to copper(Il) with an oxidation wave
around +0.65 V. The reductive scan (+1 to —0.6 V) shows a relatively
intense wave around —0.25 V, indicative of a 6-coordinate copper(II)
complex.

course of the —0.6 V to +1 V scan, the unstable copper(1l)
complex obtained rearranges. Indeed, by inverting the scan
potential at +1 V and by scanning from +1 to —0.6 V, the main
wave is observed at a negative potential (—0.2S V). It
corresponds to reduction of a 6-coordinate copper(II) complex
to copper(L). A related behavior has already been observed with
copper-complexed catenanes,”'” although in these previous
examples, rearrangement of the thermodynamically unstable
copper(Il) complexes obtained as transient species was much
slower than in the present noninterlocking system. A similar
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behavior was observed by increasing the scan rate from 20 to 200
mV/s. These electrochemical experiments clearly establish that a
fast rearrangement of the bis-dpp copper(Il) complex to a bis-
terpy complex takes place. In other words, contraction or
extension of the copper-complexed figure-of-eight can be driven
by an electrochemical signal. The height of [1-Cu(II)*'] is very
similar to that of the Fe(II) analogous complex (as drawn in
Figure 2) and is expected to be small (~11 A), whereas that of the
copper(I) complex is probably close to 30 A.

The geometrical analogy between copper(Il) and iron(II) in
terpy complexes supports the idea that the copper(Il) complex
[1-Cu®*]-[OTf ], is a bis-terpy complex.

In conclusion, a new metal-complexed figure-of-eight has been
synthesized and shown to be a dynamic system. The compound
can be contracted or elongated using a chemical signal (metal
exchange) or an electrochemical process (Cu"/Cu'). The
contraction and elongations processes are concerted in the
sense that each process triggers an opposite process in an
orthogonal direction (8 is converted to co and vice versa).
Interestingly, figure-of-eight complexes could also be used in
contraction/extension of oligomers or polymers thus leading to
muscle-like species. We also note that transition metal-driven
threading of the free loops of the copper- or iron-complexed
figure-of-eight by various coordinating fragments could lead to
novel topologies.
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Additional analytical data of compounds 1, [1-Fe?*]-[OTf ], [1-
Cu']-[PFs7], and [1-Cu**]-[OTf ],. This material is available
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