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A Cyclic [4]rotaxane that Behaves as a Switchable Molecular Receptor:
Formation of a Rigid Scaffold from a Collapsed Structure by
Complexation with Copper(I) Ions**

Jean-Paul Collin,* Fabien Durola, Valérie Heitz,* Felipe Reviriego, Jean-Pierre Sauvage,* and

Yann Trolez

The most efficient molecular receptors are usually rigid
edifices with a hollow part that is able to accommodate the
complexed species through an electronic and geometrical
complementarity between the substrate and the complexing
parts of the host.'! By analogy with biological processes
related to induced fit, other host—guest processes are based on
flexible hosts that are able to adapt their geometry to that of
the species to be recognized. In the very active field of
catenanes, rotaxanes,” and molecular machines,” very few
systems have been considered as interesting receptors for
molecular guests.! One of the main contributions to this
subfield of research is that of anion recognition by various
interlocking compounds.”! Our research group has also
recently described a [3]rotaxane that is able to act as an
adjustable receptor.’! The system consists of two rings
threaded by an axis on which the rings can move freely. The
complexing units are zinc porphyrins that are firmly attached
to the rotaxane rings and are able to interact with given
substrates that consist of doubly end functionalized com-
pounds bearing 4-pyridyl groups. It was shown that the
marked geometrical adaptability of the host in its metal-free
form allows interaction with guests of very different sizes.
Herein we report the properties of a related compound,
namely a cyclic bisporphyrin [4]rotaxane, the behavior of
which is totally different from that of a previously studied
linear [3]rotaxane.”! Contrary to the latter compound, the
metal-free [4]rotaxane collapses completely and does not
show any complexation properties, whereas the copper(I)-
complexed compound is a good and selective receptor for
diamine and dipyridyl substrates because of the scaffolding
effect of the four metal centers (Figure 1).”! The recognition
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Figure 1. Principle of the recognition process that is switched on and
off by metalation or demetalation. Small gray dots: Cu' ions; gray
squares: porphyrins; black double arrow: guest compound. The
chemical structures of 1" and 2 are shown in Scheme 1.

process can thus be switched on and off by complexing the
free ligand to four Cu' ions or demetalating the metal-
complexed species, respectively.

The synthesis of rotaxane 1**" as well as that of its related
[4]pseudorotaxane have already been reported.’! 1** was
demetalated using a large excess of KCN (ca. 50 equivalents)
at room temperature. The reaction mixture was stirred for
2.5 hours, and the crude product was then purified by
chromatography on silica gel to afford the demetalated
rotaxane 2 in 88 % yield (Scheme 1).

Rotaxane 2 was characterized by 'H NMR spectroscopy
(COSY, ROESY, DOSY), electrospray mass spectrometry
and UV/Vis spectroscopy. Very surprisingly, the 'H NMR
spectrum of rotaxane 2 shows considerable loss of symmetry
compared to the metalated system 1**, in which all the Cu'
centers as well as the four stoppers were chemically equiv-
alent. A quarter of the rotaxane 1" only had thus to be
considered for complete NMR assignment. By contrast, the
"H NMR signals of 2 were doubled compared to those of
rotaxane 1", Two distinct stoppers with significantly different
"H NMR signals and thus markedly different environments
can be identified. NOE interactions between some parts of 2
were clearly detected, whereas these fragments were too far
away from one another in 1*" to show any interaction. For
instance, some protons of the /Bu groups of one type of
stopper (H-re’; r=“rod”) correlate to protons H-b4" and H-
b7 (b =bismacrocycle) of the 1,10-phenanthroline unit in 2,
thus indicating that this stopper and a given 1,10-phenanthro-
line unit are located very close to one another. As the
bismacrocycles and the axles are both rigid, the proximity
between two such fragments tends to indicate that the
topography of 2 is markedly different from that of 1", and
that 2 has a totally collapsed structure. This hypothesis was
confirmed by additional observations. For instance, one
proton of the —(CH,);— linker (H-r9) is strongly shielded
upon decomplexation; the corresponding signal moves from
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Scheme 1. Formation of 2 by decomplexation of 1*" and remetalation reaction that reforms the copper-complexed [4]rotaxane. The dashed lines
represent coordination bonds between a triazole group and a Zn" ion. a) KCN, CH,Cl,/CH;CN/H,0O (2:1:1), 88%; b) [Cu(CH;CN),]PF,, CH,Cl,/
CH,CN (2:1), 100%.

0 =2.47 ppm for rotaxane 1*" to 6 =0.47 ppm for rotaxane 2.  strongly shifted upfield (from 6 = 6.80 ppm for rotaxane 1*" to
Proton H-ra, which belongs to one type of stopper, is also ¢ =5.81 ppm for rotaxane 2). This behavior was also observed
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for proton H-m’' (6 =5.91 ppm in 2). These upfield shifts
suggest that the corresponding protons are located close to
aromatic nuclei and, again, point to a collapsed structure for
rotaxane 2 (Scheme 1). The collapse of 2 was further
evidenced by DOSY NMR experiments. Having measured
the experimental diffusion coefficient, we estimated the size
of the molecule in solution by using the Stokes—Einstein
equation applied to an ellipsoid model with axes a (2a=
length), b (2b =height), and ¢ (2c =width). Rotaxane 2 has
a diffusion coefficient of (160 +3) um?s™" in C4Ds. The length
of the axle (2a) was estimated to 55 A from CPK models. By
using this value in the Stokes—Einstein equation,”) we
deduced a height and a width of 26 =2c=19 A. The a, b,
and c values indicate that rotaxane 2 is significantly flattened
compared to rotaxane 1**. This copper-complexed rotaxane
fits a spherical model with a radius of 23 A.

The unexpected collapsed structure of 2 can be explained
by the coordination of the Zn" ions to two of the four triazole
groups present in the molecule. The formation of complexes
between triazole groups and zinc porphyrins has recently
been reported by Osuka and co-workers."” The coordination
of triazole groups to Zn" ions in [4]rotaxane 2 was demon-
strated by UV/Vis and 'H NMR spectroscopy. The Soret band
of compound 2 is centered at 471 nm, whereas it is located at
456 nm for compound 1*". There is thus a significant bath-
ochromic shift, which is also observed when pyridines or
amines are coordinated to zinc porphyrins in rotaxane 1+.1")
In order to confirm this hypothesis, the UV/Vis spectrum of
bismacrocycle 3 alone and in the presence of an axle model,
compound 4 (Scheme 2), were recorded. When 100 equiv-
alents of 4 were added to a 2.5 x 10~°m solution of bismacro-

Scheme 2. Chemical structures of bismacrocycle 3 and bipyridine 4.

cycle 3 in CH,Cl,, a strong bathochromic shift from 456 nm to
474 nm was observed. This observation corroborates the
hypothesis that in 2, the triazole nuclei are coordinated to Zn"
ions.

The triazole protons H-r7 and H-17' for both types of
triazoles are particularly shielded, and appear at d =7.22 and
7.26 ppm, respectively. The expected chemical shift value for
a normal triazole proton, as measured in related compounds
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such as 4, is approximately 7.9 ppm. This notable upfield shift
can be attributed to the proximity of a porphyrin to the first
triazole group, and to the strong ring-current effect of the
1,10-phenanthroline fragments in a macrocyclic unit on the
second triazole group. Two triazole groups are coordinated to
zinc porphyrins, thus favoring the collapsed structure of
rotaxane 2. In addition to the coordination of two triazole
nuclei to two Zn" ions, m stacking between aromatic frag-
ments of macrocycles and axles could also contribute to
stabilize the flattened structure of 2. Interestingly, remetala-
tion of rotaxane 2 using a stoichiometric amount of Cu' ions
leads quantitatively to rotaxane 1**, as shown by 'H NMR
spectroscopy (see the Supporting Information).

The host—guest properties of 2 towards diamines have also
been investigated. A UV/Vis titration was performed with
1,4-diazabicyclo[2.2.2]octane (DABCO; Figure 2, spectra a
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Figure 2. Absorption spectra of an equimolar mixture of rotaxane and
DABCO : a) 2; b) 2 and DABCO; c) 2 and DABCO after remetalation;
d) 1*" and DABCO.

and b), as well as an "HNMR study, and no interaction
between 2 and DABCO was observed. 'H NMR measure-
ments also show that there is no interaction between 2 and
1,4-diaminobutane. The system completely loses its coordi-
nation properties towards basic ligands when demetalated.
This behavior is certainly not surprising since the Zn" ions are
already coordinated to triazole nuclei. When the system was
remetalated with Cu' ions, the triazole groups were dissoci-
ated from their complexes with Zn" ions and the rotaxane
returned to its initial conformation. As expected, its complex-
ation properties were fully restored. Indeed, the 'H NMR
spectra of 1:1 mixtures of 1* (prepared from 2 and four
equivalents of Cu' ions) and DABCO or 1,4-diaminobutane
are identical to those of the originally prepared complexes
[1*-DABCO] or [1**+1,4-diaminobutane] respectively.

The reversibility of the metalation—demetalation process
as well as the dramatic changes of the complexation proper-
ties that accompany these reactions have been confirmed for
DABCO as guest by UV/Vis spectroscopy (Figure 2). When
rotaxane 2 was metalated in presence of one equivalent of
DABCO, the absorption spectrum changed and the same
pattern as that of the absorption spectrum of a genuine
sample of complex [1*“DABCO] was obtained (Figure 2,
spectrum c).

To conclude, the present system can be considered as a
switchable receptor. The metalated system is able to strongly
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complex DABCO and 1,4-diaminobutane because of the
scaffolding effect of the four Cu'ions. Once demetalated, this
ability is totally inhibited owing to the formation of an
intramolecular complex involving two triazole groups and the
porphyrinic Zn" ions. A collapsed conformation is simulta-
neously formed. In the field of systems chemistry, this
rotaxane could play a role in signaling (where cyanide input
generates diamine output) within larger systems of supra-
molecules and molecular machines.!"!
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