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Abstract: Hybrid calix[4]arene podands and cryptands, each bearing two or four stable nitronyl-
nitroxide radicals and two bipyridine subunits, exhibit through-space exchange interaction, the
magnitude of which can be modulated by coerdination of Zn?* cations at the bipyridine sites.
Copyright © 1996 Elsevier Science Ltd

Stable nitroxide free radicals are widely used as spin labels, as contrast-enhancing agents and as
paramagnetic markers for EPR imaging spectroscopy.l-2 These radicals have also attracted attention because of
their ferromagnetic ordering at low temperature.3 Furthermore, covalent attachment of organic radicals like
TEMPO (2,2,6,6-tetramethyl-piperidinyl-1-oxyl) to specific sites on certain molecular receptors can provide
valuable information describing the local environment and, in particular, about dynamic conformational
exchange.4:5 In solution the extent of intramolecular spin exchange and dipolar splitting in biradicals can be
used as a sensitive probe for molecular structures, especially geometry changes induced upon binding of
diamagnetic metal cationsS and/or neutral substrates.” In almost all molecular systems reported to date the
paramagnetic probe comprises a sterically-hindered TEMPO derivative.

We describe herein a synthetic rational for functionalization of calix[4]arenes with multiple nitronyl-
nitroxide appendages. The latter are stable organic radicals with significantly less inherent steric crowding than
TEMPO analogues and are subject to close-range spin-spin exchange interaction. The extent of this mutual
coupling between radicals attached to the same molecular receptor should depend markedly upon molecular
shape, size and flexibility, and should be susceptible to induced conformational modification. The approach
described here allows easy access to macrocycles bearing different numbers of radical sites and additional
chelating functions (compounds 2-5). In such molecular architectures it might be anticipated that the level of
spin-spin interaction between adjacent radicaloid species will reflect the presence of diamagnetic guest cations.

Specifically, paramagnetic calixarene-based sensors (calix-spin or calix-bipy-spin) grafted with two or
four nitronyl-nitroxide radicals 2-5 (bipy = 2,2'-bipyridine) have been prepared in good yield. The radicaloid
precursor 1 is prepared by condensation of 2,3-bis(hydroxyamino)-2,3-dimethylbutane8 with
chloroacetaldehyde, followed by phase-transfer oxidation with NalOy4. Attachment of two or four such radicals
to the calixarene core is accomplished by nucleophilic substitution in the presence of catalytic amounts of iodide
(KI for 2 and Nal for 3-5). Subsequent appendage of bipyridyl-based podands or cryptands,? giving rise to 4
and § respectively, retain the cone conformation (vide supra). All compounds were characterized by FAB+,
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UV-Vis, IR and elemental analysis.!0 The number of free radical moieties in 2-5 was checked by room-
temperature magnetic susceptibility measurements giving the expected product of molar susceptibility and
temperature of 0.735 for 2, 1.490 for 3, 0.740 for 4 and 1.485 emu.K.mol-! for 5. These measurements
showed the onset of intramolecular antiferromagnetic coupling below ca 10K and the magnetic properties over
an extended temperature range (1.4 to 300K) could were well described in terms a Curie-Weiss law.

The capability of these molecules to function as diamagnetic cation sensors depends upon their adoption
of well-defined conformation in solution and particular it is desirable that the calixarenes exist preferentially as
cone conformers. This information can only be obtained from !H NMR spectroscopy of the reduced products.
Clean reduction of 2-5 was achieved in methanol, under argon, using 0.5 equiv. of L-ascorbic acid.!l Upon
reduction 2 gave the characteristic lH NMR spectrum!2 of a 1,2-functionalized calix[4]arene, the structure of
which was further authenticated by an X-ray diffraction study.13 Reduction of 3-5 give products having the
characteristic LH NMR spectra of cone conformers. Interestingly, the bridging CH»-O group adjacent to the
radical (8 = 5.3-5.6 ppm) was sufficiently acidic to facilitate rapid exchange with D20.

Compounds 2-5 were investigated by EPR under X-band irradiation in degassed
dichloromethane/toluene 1:1 at high dilution. For 4, the observed nine-line EPR spectrum (Fig. 1a) is readily
ascribed to the hyperfine coupling of four equivalent nitrogen nuclei (ay=3.60 G). This finding is a clear
indication of through-space spin-exchange interaction between the two nitroxo subunits. The unresolved
hyperfine pattern superimposed on the main lines of the spectrum corresponds to coupling with the equivalent
hydrogen nuclei (ay=1.10 G) at the o position of the nitroxo moieties. Coordination of a Zn2+ cation at room
temperature to the vacant bipy sites available in 4 causes collapse of the nine-line spectrum (Fig. 1b).14 The
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resultant EPR spectrum has only five major lines, which we consider to indicate a marked decrease in the
extent of spin-spin interaction as would result from increased spatial separation of the radicals. Thus, the
primary effect of cation complexation is to force apart the radicaloid subunits. Addition of smaller cations (Li',
Na'or K+), which have less affinity for binding to the bipy units, has little if any effect on the EPR spectrum
recorded for 4. Close examination of Fig. 1b, however, suggests that there is a small residual coupling
between the radicals which might arise from dynamic equilibration among the various species.
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Figure 1. Room temperature EPR spectra of a 1/1
dichloromethane/toluene solution (10‘4 M) of: (a) diradical 4;
(b) diradical 4 in the presence of Zn2* ion; () tetraradical 5.
Abscissa: magnetic field in gauss.

Surprisingly, EPR spectra recorded for 2, with or without added cation, show no pronouced spin-spin
exchange interactions between the radicals. This may indicate restricted conformational mobility, as is clearly
apparent from the solid state structure. The EPR spectrum of 3 exhibits obvious spin coupling between the
four nitroxo radicals but unlike 4 is not perturbed by the presence of cations. The spectrum of § (Fig. 1c)
resembles that recorded for 4 in the presence of Zn2+ (Fig. 1b). It is concluded that the rigid and enlarged
structure of § prevents close contact between the nitroxo radicals, thereby restricting spin-spin exchange to a
low level. As expected for this compound, addition of ZnZ+ has no effect on the observed EPR spectrum.14

In conclusion, a new family of spin-labelled sensors has been introduced that contain discrete binding
sites for both diamagnetic cations and neutral substrates. Excluding 2 where the radical sites lie in close
proximity, spin-spin interaction between neighbouring radicals is observed by room-temperature EPR
spectroscopy. Comparison of 2 to 4 suggests that optimal interaction occurs between radicals located at the
1,3-distal position on the lower rim of the calixarene. This interaction can be broken by insertion of an
appropriate cation into the available coordination sites. In such cases spin-spin coupling is observed only for
uncomplexed podand sensors, permitting quantitative determination of in-situ diamagnetic metal cations.
Control experiments with 3 indicate clearly that non-complexed cations do not disrupt spin-spin coupling while
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for the cryptand-based sensor 5, complexation of cation in the central cavity does not induce spin-spin
interaction. Therefore calix-bipy-spin sensors such as 4 possess the correct geometry for both maximum
interaction between the radicals and regulation of spin-spin exchange by adventitious cations which are
otherwise difficult to detect. It is anticipated that improved systems might result from optimization of
extracavity coordination sites such that specific complexation could occur while additional sensors might be
able to monitor entrapment of a diamagnetic guest within the calixarene intracavity.
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