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Abstract—Calix[4]arenes constrained to 1,3-alternate conformation and functionalized at the upper rim with four and two nitronyl nitroxides
have been synthesized, and characterized by X-ray crystallography, magnetic resonance (EPR and 1H NMR) spectroscopy, and magnetic stud-
ies. Such calix[4]arene tetraradicals and diradicals provide scaffolds for through-bond and through-space intramolecular exchange couplings.
� 2007 Elsevier Ltd. All rights reserved.
1. Introduction

Macrocycles based upon calix[4]arenes have been utilized
as effective frameworks for high-spin polyradicals.1–4 In
such macrocycles, four triphenylmethyl radicals are con-
nected in-chain, forming cyclic cross-conjugated p-systems,
in which the radicals are coupled through m-phenylene,
a well-known, robust through-bond ferromagnetic exchange
coupler (Fig. 1).5–11

The tetraradical possesses a high-spin quintet (S¼2) ground
state, with a large energy gap separating the S¼2 ground
state from the S<2 excited states.12 The polyarylmethyl cal-
ix[4]arene S¼2 tetraradical (Fig. 1) is the key building block
for the bottom-up, modular design of high-spin organic
polyradicals.1–4,13–19 Examples of such polyradicals include
organic molecules with the highest values of the total spin
quantum number up to S¼13 and the first organic polymer
with magnetic ordering (magnetic ordering temperature of
about 10 K).16,17

Recently, calix[4]arene and resorcinarene macrocycles have
been adopted as scaffolds for attaching two or four organic
radicals as pendants at the upper or lower rim.20–24 For ex-
ample, direct attachment of radicals at the upper rim of cal-
ix[4]arenes that are constrained to an 1,3-alternate or cone
conformation has provided unique models for the dissection
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of the through-bond and through-space intramolecular ex-
change coupling, as well as for the study of conformational
dependence of through-bond coupling (Fig. 2).23,24 The
through-bond coupling between the adjacent radicals is
mediated by the relatively extended radical–m-phenylene–

Figure 1. Calix[4]arenes functionalized with in-chain radicals forming
a cross-conjugated p-system: polyarylmethyl S¼2 tetraradical and polymer
with magnetic ordering.
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CH2–m-phenylene–radical coupling pathway, and through-
space coupling is found between the diagonal radicals.

Magnetic studies of ambient stable nitroxide tetraradicals
(Fig. 2) indicate that the through-bond exchange coupling,
mediated by the nitroxide–m-phenylene–CH2–m-phenyl-
ene–nitroxide exchange coupling pathway, is antiferromag-
netic in the 1,3-alternate conformation, while the exchange
coupling is ferromagnetic in the cone conformation.24

Through-space nitroxide–nitroxide exchange couplings are
antiferromagnetic in both cone and 1,3-alternate calix[4]-
arene tetraradical, as well as in the 1,3-alternate calix[4]-
arene diradical. X-ray structures of the diradical and
tetraradical reveal N/N distances of 5–6 Å between the
diagonal nitroxides. Both through-bond and through-space
exchange couplings are on the order of 1 K, i.e.,
jJ/kjz1 K.24

The radical functionalized 1,3-alternate calix[4]arene is an
attractive model system with well-defined radical–radical
interactions, such as exchange coupling and magnetic di-
pole–dipole coupling, for probing the dependence of elec-
tron spin relaxation on the strength of radical–radical
interactions. Recently, the 1,3-alternate calix[4]arene nitr-
oxide tetraradical and diradical were employed as model
systems for the study of electron spin relaxation,25 aimed
at the development of functional paramagnetic contrast
agents for electron paramagnetic resonance imaging
(EPRI) and magnetic resonance imaging (MRI).26–30 These
nitroxide polyradicals provide the probes for well-defined
and moderately strong radical–radical interactions.

Figure 2. Calix[4]arenes functionalized with pendant radicals: 1,3-alternate
and cone calix[4]arene scaffolds with two or four nitroxide radicals.
We have sought model systems, in which we anticipate
significantly weaker radical–radical interactions, such as
nitronyl nitroxide tetraradical 1 and diradical 2 (Fig. 3).31,32

The analysis of the EPR data in the literature indicates that
the 1H-hyperfine splittings (aH) at the para- and ortho-
positions in 2-phenyl-4,4,5,5-tetramethylimidazoline-1-
oxyl-3-oxide (phenyl nitronyl nitroxide) monoradical are
about 1/5, compared to those in the corresponding nitroxide
monoradical.33,34 Based upon the empirical relationship
(2J/kwjaHj2),2 which reflects the correlation between the
strength of through-bond exchange coupling mediated by
m-phenylene and the delocalization of spin density into the
m-phenylene, the singlet–triplet gap, 2J/k, for m-phenyl-
ene-based nitronyl nitroxide diradicals should be smaller
by a factor of 1/25 than that for the corresponding nitroxide
diradicals. This estimate is supported by the experimental
values of the singlet–triplet gaps in m-phenylene-based di-
radicals that are 2J/kz+600 K and +20 K for bis(nitroxide)
and bis(nitronyl nitroxide), respectively.30,35,36 Therefore,
the through-bond exchange coupling mediated by the
m-phenylene–CH2–m-phenylene unit in nitronyl nitroxide
tetraradical 1 is expected to be weaker by a factor of 25–
30, compared to jJ/kjz1 K in the corresponding nitroxide
tetraradical.

Through-space radical–radical interactions depend on the
radical–radical distance (r), with exponential and 1/r3

dependencies for through-space exchange coupling and
magnetic dipole–dipole coupling, respectively. Because
the 4,4,5,5-tetramethylimidazoline-1-oxyl-3-oxide (nitronyl
nitroxide) moieties are more bulky compared to the tert-
butylnitroxide moieties, the distances between co-facial
nitronyl nitroxides in tetraradical 1 and in diradical 2 are
expected to be greater than those in the corresponding nitr-
oxide tetraradical and diradical. In addition, the spin density
is primarily delocalized over four atoms (N2O2) in the ni-
tronyl nitroxide moieties, compared to the delocalization
over two atoms (NO) in the nitroxide moieties. These in-
creased radical–radical distances and increased delocaliza-
tion of spin density should lead to weaker through-space
radical–radical interactions between co-facial nitronyl nitr-
oxides in 1 and 2.

This article describes the synthesis and characterization of
ambient stable nitronyl nitroxide tetraradical 1 and diradical
2 in the fixed 1,3-alternate calix[4]arene conformations
(Fig. 3).

Figure 3. Nitronyl nitroxide tetraradical 1 and diradical 2 with constrained
conformations of 1,3-alternate calix[4]arene.
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2. Results and discussion

2.1. Synthesis

The synthesis starts from tetrabromocalix[4]arene 3, con-
strained in the 1,3-alternate conformation (Scheme 1).37,24

Li/Br exchange on 3 with an excess amount of t-BuLi gives
intermediate tetrakis(aryllithium), which is reacted with
N-methylformanilide, to provide tetraaldehyde 4.38

An analogous procedure, in which the t-BuLi is replaced
with n-BuLi (2 equiv),24 gives dialdehyde 5. In the next
step, well-stirred suspensions of 4 and 5 in methanol are con-
densed with 2,3-bis(hydroxyamino)-2,3-dimethylbutane in
the presence of p-TsOH,39 to provide tetrakis(1,3-dihydro-
imidazolidine) 6 and bis(1,3-dihydroimidazolidine) 7, re-
spectively. Oxidations of 6 and 7 in water/dichloromethane
at 0 �C, using 1 equiv of NaIO4 per 1,3-dihydroimidazol-
idine,39 give tetraradical 1 and diradical 2 in good yields.

The presence of hydroxyl groups in 6 and 7 is confirmed by
IR (e.g., nO–Hz3300 cm�1) and 1H NMR (600 MHz,
DMSO-d6) spectra; in particular, D2O-exchangeable 8-pro-
ton or 4-proton singlets at 7.6–7.7 ppm are found in the 1H
NMR spectra. The additional evidence for 1,3-dihydroimid-
azolidines is provided by the assignment of the methine
protons (4-proton and 2-proton singlets at 4.4–4.5 ppm),
which are slightly upfield shifted from the typical 4.6–
4.8 ppm range; the methyl groups on the imidazolidine rings
appear as two singlets atw1.0 ppm for each compound. 13C
NMR (150 MHz, DMSO-d6) spectra for 6 and 7 show all
expected resonances in the aromatic and aliphatic regions,
including the resonances for methine carbons of the imid-
azolidine rings at 89–90 ppm.

2.2. Molecular structure of 1 and 2

Nitronyl nitroxide tetraradical 140 and diradical 2 (Ref. S5,
Supplementary data) crystallize with two unique molecules
per asymmetric unit and include solvent in the structures.
Inefficient packing of the calix[4]arenes leaves voids in
the structure. This, together with the inherent flexibility of
the methoxyethylene chains and the rotational freedom of the
imidazole rings, gives rise to extensive disorder. In fact,
the diffraction pattern indicated highly disordered structures
by streaks, diffuse (non-Bragg) scattering, and rapidly weak-
ening diffraction at higher (sin q)/l values (at medium and
high resolution). Consequently, the resulting structures
have relatively high R-values. However, the standard uncer-
tainties of geometrical parameters are reasonable for 1 and
the disorder is affecting solvent molecules, side chains and
the imidazoline rings (rotationally disordered about the
bond to the calixarene frame) only but not the calixarene
core. The displacement parameters (Fig. 4) are acceptable
as well. We therefore assert that the X-ray structure of 1
(Fig. 4 and Fig. S1, Supplementary data) provides correct
connectivity and reliable geometry, and distances discussed
(vide infra) are not adversely affected by the low quality of
the entire structure with disorder in side chains and solvent
molecules. Moreover with two independent molecules, we
have several observations for distances and angles discussed,
which fit quite well and are within the expected ranges. How-
ever, 2 should be viewed as a preliminary result that confirms
the connectivity and overall geometry of the diradical only
(Figs. S2 and S3, Supplementary data).

The structure of tetraradical 1 has four pairs of the co-facial
nitronyl nitroxide groups (ONCNO), due to the presence of
two crystallographically unique molecules. The disorder of
two ONCNO groups, with the 50:50 site occupancy in
each case, is associated with the rotation of the 4,4,5,5-tetra-
methylimidazoline-1-oxyl-3-oxide moiety about the CC
bond connecting it to the benzene ring. For each aryl nitronyl
nitroxide moiety, the ONCNO groups are twisted about this
CC bond, forming torsional angles of 10–40� with the benz-
ene rings. In most pairs of co-facial radicals, the ONCNO
groups are nearly parallel; the radical–radical distances are
rather long, as measured by the C/C distances that are
Scheme 1. Synthesis of nitronyl nitroxide tetraradical 1 and diradical 2. Reagents and conditions: (i) t-BuLi (8 equiv), THF, �78 �C for 2 h, then �20 �C for
15 min; (ii) PhN(Me)CHO (4 equiv),�78 �C then slowly warm up to room temperature overnight; (iii) n-BuLi (2 equiv), THF,�78 �C for 2 h, then�20 �C for
15 min; (iv) PhN(Me)CHO (2.4 equiv), �78 �C then slowly warm up to room temperature overnight; (v) 2,3-bis(hydroxyamino)-2,3-dimethylbutane
(10 equiv), p-TsOH (0.2 equiv), MeOH, 60–65 �C for 2–2.5 days; (vi) 2,3-bis(hydroxyamino)-2,3-dimethylbutane (5 equiv), p-TsOH (0.2 equiv), MeOH,
55–60 �C for 2–3 days; (vii) NaIO4 (4 equiv), CH2Cl2, H2O, 0 �C; (viii) NaIO4 (2 equiv), CH2Cl2, H2O, 0 �C.
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between 6.68 and 7.13 Å for all four pairs (Table S1, Supple-
mentary data).41a

In diradical 2, the structures for the two crystallographically
unique molecules show the two nitronyl nitroxide (ONCNO)
groups even further apart, with C/C distances of ap-
proximately 7.7 Å,41b compared to 1 (Table S1, Supple-
mentary data). In each unique molecule, the ONCNO
groups are nearly parallel and they form torsional angles of
w30� with the benzene rings within each aryl nitronyl
nitroxide moiety.

In both 1 and 2, the C/C distances of 7–8 Å between the
co-facial ONCNO groups are considerably longer than the
corresponding N/N distances of 5–6 Å between the co-
facial NO groups in the corresponding nitroxide tetraradical
and diradical. These increased distances, especially in dirad-
ical 2, are associated with the larger dihedral angles between
the co-facial benzene rings that are in the 20–25� range in 1,
in the 36–39� range in 2, and in the 2.9–14.0� range in the
corresponding nitroxide tetraradical and diradical (Table
S2, Supplementary data).41c This behavior may be caused
by the larger steric repulsion of the 4,4,5,5-tetramethylimid-
azoline-1-oxyl-3-oxide moieties, compared to the tert-
butylnitroxide moieties at the upper rim of the 1,3-alternate
calix[4]arene. Most importantly, the increased radical–
radical distances should contribute to the relatively weaker
through-space radical–radical interactions in 1 and 2.

2.3. Structure of 1 and 2 in solution

1H NMR spectra of tetraradical 1 and diradical 2 in chloro-
form-d at room temperature show the expected resonances
(Fig. 5, Figs. S4 and S5, Supplementary data). All 1H reso-
nances should be detectable, especially in concentrated solu-
tions, because of the low-to-moderate spin densities at all of

Figure 4. Molecular structure and conformation for nitronyl nitroxide tet-
raradical 1 with constrained conformation of 1,3-alternate calix[4]arene.
Carbon, nitrogen, and oxygen atoms are depicted with thermal ellipsoids
and spheres set at the 50% probability level. Only one of the two unique
molecules of 1, omitting disorder, hydrogen atoms, and the solvent of crys-
tallization (benzene and water), is shown.
the hydrogen atoms in 1 and 2.2,42 The reported chemical
shifts are not corrected for bulk susceptibility shifts.43

Four broad resonances are observed forw70 mM tetraradical
1 (Fig. 5). The relatively less broadened 12-proton and 24-
proton singlets at +5.6 and +4.1 ppm are assigned to the
methyl (CH3) and dimethylene (CH2CH2) of the methoxy-
ethyleneoxy (OCH2CH2OCH3) groups, respectively; in
addition, the +4.1 ppm singlet is assumed to consist of
overlapping resonances from the methylene groups of the
macrocycle. The two very broad resonances, 8-proton at
+22.5 ppm and 48-proton at �13.6 ppm, are assigned to
the ortho-hydrogens of the benzene rings and the methyl
groups of the oxazoline moieties, respectively. Overall, the
spectrum provides evidence for a tetraradical with a D2d

point group on the NMR time scale.

Five broad resonances, with similar chemical shifts to those
in 1, may be identified for diradical 2. These resonances may
be assigned to the aryl nitronyl nitroxide moieties, as well as
to four methylene groups of the macrocycle.44 In addition,
relatively narrow singlets at 7.28, 3.41, and 3.21 ppm are as-
signed to the aromatic, OCH3, and OCH2CH2O protons of
the diamagnetic bromophenyl moieties of 2, respectively.

The 1H NMR spectral assignments for aryl nitronyl nitroxide
moieties in 1 and 2 are similar to those for the corresponding
nitronyl nitroxide monoradicals, e.g., 2-phenyl-4,4,5,5-
tetramethylimidazoline-1-oxyl-3-oxide, thus confirming
the structure of the tetraradical and diradical in solution
(Figs. S17 and S18, Supplementary data).33a However, the
chemical shifts for 1 and 2 are significantly different when
compared to the corresponding calix[4]arene nitroxide tet-
raradical and diradical.24 Notably, the chemical shifts for
the methylene groups of the macrocycle, are about +4 ppm
in 1, compared to �1 ppm in the corresponding nitroxide

Figure 5. 1H NMR (600 MHz, LB¼1 Hz) spectrum for w70 mM nitronyl
nitroxide tetraradical 1 in chloroform-d. The weak sharp singlet at
7.26 ppm and broad singlet at�1.7 ppm correspond to the residual non-deu-
terated chloroform and water peaks. The chemical shift (+1 to�2 ppm) and
integration of the broad singlet are sample (concentration) dependent. The
other sharp, relatively weak peaks are assigned to diamagnetic impurities.
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tetraradical.24 This small paramagnetic shift in 1 indicates
that the spin density at the hydrogens of the methylene
groups in 1 is very small; in the corresponding nitroxide
tetraradical the spin density was relatively large and nega-
tive, based upon a large upfield paramagnetic shift.

EPR spectra of tetraradical 1 and diradical 2 in toluene/
chloroform (4:1) at 296 K show resolved multiplets cor-
responding to 14N-hyperfine splitting from eight and four
nitrogens, respectively (Fig. 6). Adequate simulations of the
spectra using a single component, e.g., nitronyl nitroxide
tetraradical for 1, are obtained, confirming high degree of
radical purity (99% or higher) of 1 and 2.45 The simulation
for the diradical is of somewhat lower quality, presumably
due to incomplete motional averaging of dipolar couplings.
This is consistent with the significantly greater linewidth in
the spectra of 2 in solution and greater spectral width for di-
radical 2 in a rigid matrix, compared to those for tetraradical 1
(Figs. 6 and 7). The 14N-hyperfine couplings lead to peak-to-
peak splitting DHppz0.188 mT¼aN/4 and DHppz0.376
mT¼aN/2 for 1 and 2, respectively; this corresponds to an
identical value of jaNj¼0.752 mT for 1 and 2, which is similar
to the value of jaNj¼0.753 mT reported for the 4-hydroxy-
phenyl-substituted nitronyl nitroxide monoradical.46 These
results indicate that nitronyl nitroxides are exchange-coupled
with a coupling constant significantly greater than the
14N-hyperfine coupling, jJ/gmBj[jaNj, i.e., jJ/kj[2 mK.

Figure 6. EPR (X-Band) spectra of 0.55 mM tetraradical 1 (top plot) and
0.65 mM diradical 2 (bottom plot) in toluene/chloroform (4:1) at 296 K. Nu-
merical fits (red dashed line) to the experimental spectra correspond to
single tetraradical (top plot) and diradical (bottom plot) species; correlation
coefficients are 0.999 and 0.995, respectively. The values for the variable
parameters for tetraradical are: Lorentzian linewidth of 0.117 mT, g-shift
of�0.145 mT (g-value¼2.0068), 14N-splitting of 0.188 mT for eight nuclei.
The values for the variable parameters for diradical are: Lorentzian line-
width of 0.216 mT, g-shift of �0.147 mT (g-value¼2.0065), 14N-splitting
of 0.376 mT for four nuclei.
At 140 K, the EPR spectrum of 1 in toluene/chloroform glass
shows a single peak in the jDmsj¼1 region, with a peak-to-
peak linewidth of about 0.14 mT; the spectral envelope of
the jDmsj¼1 region is only about doubled in size, compared
to the solution phase spectrum for the same sample (Fig. 7).
Furthermore, the jDmsj¼2 transition could not be detected.
These results suggest that tetraradical 1 possesses a rather
small zero-field splitting (jD/hcj) that is compatible with
a relatively high average symmetry for the disposition of ni-
tronyl nitroxide radicals. Similar EPR spectra, consisting of
a single peak in the jDmsj¼1 region with a peak-to-peak line-
width of about 0.20 mT, were reported for the corresponding
nitroxide tetraradical.24,25

The EPR spectrum of 2 in toluene/chloroform glass at 140 K
possesses four symmetrically disposed broad peaks in the
jDmsj¼1 region and a barely detectable jDmsj¼2 transition.
The spectral simulation of the jDmsj¼1 region gives jD/
hcj¼4.1�10�3 cm�1 and jE/hcj¼0 cm�1 as zero-field split-
ting parameters (Fig. 7). The value of jD/hcj¼4.1�
10�3 cm�1 is about three times smaller than jD/hcj¼1.39�
10�2 cm�1 in the corresponding nitroxide diradical.24 The
decrease of jD/hcj may be ascribed to the increased radi-
cal–radical distance and greater delocalization of spin density
over the ONCNO moiety in 2. Based upon the point-dipole
approximation,47 the increase of radical–radical distance
from 5.5 to 7.5 Å, as estimated by X-ray crystallography,
should contribute to the decrease of jD/hcj by a factor of 2.5.

The two outermost peaks are especially broad in 2, as esti-
mated by the Gaussian linewidth of 0.30 mT in the spectral

Figure 7. EPR (X-Band) spectra of nitronyl nitroxide tetraradical 1
(0.55 mM, 9.4893 GHz, top plot) and diradical 2 (0.65 mM, 9.4898 GHz,
bottom plot) in toluene/chloroform (4:1) at 140 K. For 2, the spectral simu-
lation of the jDmsj¼1 region is shown as red trace. The fitting parameters
for the spectral simulation to the S¼1 state are: jD/hcj¼4.1�10�3 cm�1,
jE/hcj¼0 cm�1, gx¼2.0073, gy¼2.0073, gz¼2.0035, Gaussian line
(LX¼1.3 mT, Ly¼1.7 mT, Lz¼3.0 mT).
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simulation (Fig. 7). Analogously to the corresponding nitro-
xide diradical, this broadness may be associated with the un-
resolved 14N-hyperfine coupling, suggesting that the nitronyl
nitroxide moieties in 2 may be adopting approximately co-
facial conformation in toluene/chloroform glass.24

The EPR spectra support structural assignments for 1 and 2,
and provide the lower bound estimate for jJ/kj[2 mK,
similar to that in the corresponding nitroxide tetraradical
and diradical. An approximate upper bound for jJj may be
determined by magnetic studies of 1 and 2.

2.4. Magnetic studies of 1 and 2 in solution and in the
solid state

Magnetization (M) is measured as a function of magnetic
field (H¼0–5�104 Oe and T¼1.8, 3, and 5 K) and tempera-
ture (T¼1.8–300 K at H¼30,000, 5000, or 500 Oe). The M
versus H and M versus T data are plotted as the M/Msat versus
H/T and the cT versus T, respectively, where Msat is the
magnetization at saturation and c is the paramagnetic
susceptibility.

For tetraradical 1 and diradical 2 in chloroform, the value of
cT is constant in the 30–150 K range, with values of cT¼1.49
and 0.72–0.73 emu K mol�1 for 1 and 2, respectively (Fig. 8
and Fig. S6, Supplementary data). Similarly, the 1H NMR-
based Evans method gives quantitative values of cTz1.3–

Figure 8. SQUID magnetometry for 5 mM tetraradical 1 in CHCl3. Top plot
corresponds to cT versus T in both cooling and warming modes, with
cT¼1.49 emu K mol�1 in the high temperature range. Bottom plot corre-
sponds to M/Msat versus H/(T�q), with solid lines showing plots of Brillouin
functions with S¼1/2 and S¼1; numerical fits to the Brillouin functions with
q¼�0.1 K give S¼0.50 and Msat¼0.98 mB at 1.8, 3, and 5 K.
1.5 and 0.8 emu K mol�1 for 1 and 2 in chloroform at room
temperature (295–300 K), respectively. Within accuracy of
the Evans method,43 these values are in good agreement
with the values of cT at T>30 K for solids 1 and 2 (Figs. 9
and 10). These values of cT at high temperatures, T>30 K,
are in excellent agreement with the theoretical, spin-only
cT¼1.50 and 0.75 emu K mol�1 for tetraradicals and di-
radicals, with independent S¼1/2 radicals.

At low temperatures, the cT versus T plots for 1 and 2 in the
solid state show downward turns, consistent with antiferro-
magnetic exchange coupling, corresponding to a mean-field
parameters, qz�0.5 and �0.3 K, respectively. In order to
distinguish whether these exchange couplings are intramo-
lecular or intermolecular, magnetic data in the solid state
and in dilute solutions at low temperature ranges should be
compared.24 However, the studies of 1 and 2 in solution
are constrained by their low solubility in common organic
solvents and magnetic data in solution could only be ob-
tained in chloroform. The cT versus T plots for T<30 K
could not be obtained because of the apparent time-
dependent magnetic behavior of the radicals in a chloroform
matrix. Therefore, low temperature magnetic data can only
be obtained at constant temperature, after long annealing
of the matrix at each temperature. In this way, the M/Msat

versus H/(T�q) plots at T¼1.8, 3, and 5 K were obtained

Figure 9. SQUID magnetometry for polycrystalline tetraradical 1. Top
plot corresponds to cT versus T in both cooling and warming modes; the
solid line shows a numerical fit to the S¼1/2 Brillouin function with
q¼�0.5 K. Bottom plot corresponds to M/Msat versus H/(T�q), with solid
lines showing plots of Brillouin functions with S¼1/2 and S¼1; numerical
fits to the Brillouin functions with q¼�0.3 K give Sz0.5 and Msatz1.0 mB

at 1.8 and 3 K.
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for 5 mM 1 in chloroform and 20 mM 2 in chloroform (Fig. 8
and Fig. S6); for both 1 and 2, qz�0.1 K, with Sz0.5 and
Msat¼0.9–1.0 mB, is obtained.48 These values of q may be
compared to qz�0.3 K, as well as Sz0.5 and
Msatz1.0 mB, obtained from analogous plots for 1 and 2 in
the solid state (Figs. 9 and 10).

These results indicate that antiferromagnetic exchange cou-
pling between the radicals in 1 and 2 is very small and most
likely intermolecular. In chloroform solution, the magnetic
data for both 1 and 2 resemble paramagnetic behavior of
four and two independent spins S¼1/2, respectively, even
at the lowest measurement temperature of 1.8 K. This
provides the upper limit of jJ/kj�0.5 K, most likely
jJ/kj<0.2 K, for the strength of intramolecular exchange
coupling between the radicals.

2.5. Crystal packing of 1

The crystal packing of tetraradical 1 may be described in
terms of alternating layers of calix[4]arene macrocycles
and benzene molecules in the approximate ac- or (010)-
planes (Fig. 11, Figs. S1–S3, Supplementary data).

For 1, multiple intermolecular radical–radical O/O dis-
tances in the 3.6–4.1 Å range may be identified within

Figure 10. SQUID magnetometry for polycrystalline diradical 2. Top plot
corresponds to cT versus T in both cooling and warming modes; the solid
line shows a numerical fit to the S¼1/2 Brillouin function with
q¼�0.3 K. Bottom plot corresponds to M/Msat versus H/(T�q), with solid
lines showing plots of Brillouin functions with S¼1/2 and S¼1; numerical
fits to the Brillouin functions with q¼�0.3 K give Sz0.50 and Msatz1.0 mB

at 1.8 and 3 K.
each layer of macrocycles. One pair of nitronyl nitroxides
has relatively short radical–radical O/O distance, O2A–
O6B¼3.607 Å. Another pair of nitronyl nitroxides possesses
radical–radical O/O distances of O10A–O1B¼3.636 Å
and O10A–O2B¼4.088 Å. For both pairs, significant anti-
ferromagnetic exchange coupling is expected, and in the
second pair, exchange coupling may be amplified by the
presence of two parallel exchange coupling pathways.49

Intermolecular antiferromagnetic exchange coupling may
contribute to the more negative values of the mean-field
parameter q for the magnetic data of 1 in the solid state.

3. Radical–m-phenylene–C(sp3)–m-phenylene–radical
exchange coupling pathway

In 2000, Frank and co-workers reported the synthesis and
characterization of a nitronyl nitroxide-based spiroconju-
gated diradical, shown in Figure 12.50 The magnetic studies
of the diradical in the solid state indicated a relatively large
antiferromagnetic exchange coupling, which was assigned
to the through-bond exchange coupling with the coupling
constant J/k¼�3 K (singlet–triplet gap, 2jJ/kj¼6 K).50 In
addition, plots of the EPR signal intensity versus 1/T for
the diradical in dilute organic matrices showed curvatures
at low temperatures that were consistent with J/kz
�3 K.50 These values of jJ/kj are larger by at least one order
of magnitude than jJ/kj�0.5 K, determined for nitronyl
nitroxide tetraradical 1. It should be noted that the
through-bond exchange coupling pathway, radical–m-phe-
nylene–C(sp3)–m-phenylene–radical, in the spiroconjugated

Figure 11. Crystal packing of nitroxide tetraradical 1. Disorder and hydro-
gen atoms are omitted for clarity. Oxygen atoms with short radical–radical
O/O distances, 3.607–4.088 Å, are depicted as ball-and-stick model. Pairs
of the ONCNO moieties connected with two short O/O distances are
depicted as stick model.
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Figure 12. The nitronyl nitroxide–m-phenylene–C(sp3)–m-phenylene–nitronyl nitroxide exchange coupling pathways (displayed as stick model) in spirocon-
jugated diradical and in 1,3-alternate calix[4]arene tetraradical 1. The NO moieties are shown as stick-and-ball model. Hydrogen atoms and methoxyethylene
chains in tetraradical 1 are omitted for clarity.
diradical and tetraradical 1 is identical but the conformations
of the exchange coupling pathways are significantly dif-
ferent (Fig. 12).24 However, it might be possible that the
intermolecular exchange coupling in the solid state (in the
magnetic studies) and the microwave saturation at low
temperatures in the EPR studies significantly affected the
reported J/kz�3 K.51–53

4. Conclusion

Exchange coupling in 1,3-alternate calix[4]arene nitronyl
nitroxide tetraradical and diradical was studied. In the solid
state, weak antiferromagnetic coupling, that is stronger than
the one in solution, is found between neighboring molecules.
In solution, the exchange coupling constants (jJ/kj) are much
larger than 14N-hyperfine splitting for nitronyl nitroxides but
they are much smaller than those determined for the corre-
sponding nitroxide radicals, i.e., 0.5 K[jJ/kj[2 mK.
Much weaker intramolecular exchange coupling in the
nitronyl nitroxide tetraradical and diradical, compared to
that in the corresponding nitroxide tetraradical and diradical,
correlates to their distinct structures and spin density distri-
butions. 1,3-Alternate calix[4]arene nitronyl nitroxide tetra-
radical and diradical provide a model system for the study of
electron spin relaxation in the presence of weak radical–
radical interactions.

5. Experimental section

5.1. Materials and special procedures

Ether, tetrahydrofuran (THF), and 2-methyltetrahydrofuran
(2-MeTHF) were freshly distilled from sodium/benzophe-
none prior to use. n-BuLi in hexane and t-BuLi in pentane
were obtained from either Aldrich or Acros; concentration
of the organolithiums was determined by titration with
N-pivaloyl-o-toluidine.54 Perdeuterated solvents for NMR
spectroscopy were obtained from Cambridge Isotope Labo-
ratories. All other commercially available chemicals were
obtained from Aldrich or Acros. Prior to use, benzaldehyde
and p-anisaldehyde were subjected to the general method
for purification of aldehydes.55 5,11,17,23-Tetrabromo-25,
26,27,28-tetrakis(methoxyethoxy)calix[4]arene (3) in the
locked 1,3-alternate conformation37 was prepared using
previously reported procedures.24 2,3-Bis(hydroxyamino)-
2,3-dimethylbutane was obtained by reduction of the cor-
responding dinitro compound using Al/Hg.39 Column
chromatography was carried out with flash silica gel, particle
size 40–63 mm, obtained from EMD chemicals or with TLC
grade silica gel (Aldrich) using 0–20 psig pressure. Prepara-
tive TLC (PTLC) was carried out using Analtech silica plates
(tapered with a preadsorbent zone). Standard Schlenk tech-
niques for synthesis under inert atmosphere were employed.

5.2. NMR spectroscopy and other analyses

NMR spectra were obtained in CDCl3 or DMSO-d6 using
Bruker spectrometers (1H, 400 and 600 MHz). The chemical
shift references were as follows: (1H) CHCl3, 7.26 ppm;
(13C) CDCl3, 77.0 ppm (CDCl3); (1H) DMSO-d5, 2.50 ppm;
(13C) DMSO-d5, 38.50 ppm (DMSO-d6). Typical 1D FID
was subjected to exponential multiplication with an expo-
nent of 0.1 Hz (for 1H) and 1.0–2.0 Hz (for 13C). Values of
the magnetic moment and cT were obtained in chloroform
using the 1H NMR-based Evans method.43 Concentric
NMR tubes were used (Wilmad, cat. No. WGS-5BL). The
outer NMR tube contained a solution of the paramagnetic
sample in an approximately 1:1 (v/v) mixture of CDCl3
and CHCl3 with accurately determined concentration and
the inner concentric tube contained pure CHCl3. Diamag-
netic susceptibility of CHCl3 (cdia¼�0.497�10�6 emu g�1)
was used. IR spectra were obtained using a Nicolet Avatar
360 FTIR instrument, equipped with an ATR sampling ac-
cessory (Spectra Tech, Inc.). A few drops of the compound
in CH2Cl2 were applied to the surface of a ZnSe ATR plate
horizontal parallelogram (45�, Wilmad). After the solvent
evaporated, the spectrum was acquired (128 scans, 4 cm�1

resolution). FABMS analyses were carried out at the Ne-
braska Center for Mass Spectrometry, using 3-nitrobenzyl
alcohol (3-NBA) as a matrix.

5.3. X-ray crystallography

Crystals of 1 and 2 were obtained by slow evaporation of
benzene/heptane.

The data were collected on a Bruker SMART6000 system
at the Indiana University and at beamline 15ID,
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ChemMatCARS, at the Advanced Photon Source, Argonne
National Laboratory in Chicago. For the data collection, sin-
gle crystals were placed onto the tip of a 0.1 mm diameter
glass capillary.

Additional description of the X-ray crystallographic data
may be found in Refs. 40 and 41, as well as in the Supple-
mentary data.

5.4. EPR spectroscopy

CW X-band EPR spectra for 1 and 2 in solution were
acquired on Bruker EMX instrument, equipped with a
frequency counter and nitrogen flow temperature control
(130–300 K). The samples were contained in 4-mm O.D.
EPR quartz tubes, equipped with high-vacuum PTFE stop-
cocks. Solvent was vacuum transferred into the tube, to
form a homogeneous solution after attaining ambient tem-
perature. Spectra were obtained using dual mode cavity,
with the oscillating magnetic field perpendicular (TE102) to
the swept magnetic field. The g-values were referenced
using DPPH (g¼2.0037, powder, Aldrich).

5.5. SQUID magnetometry

Quantum Design (San Diego, CA) MPMS5S (with continu-
ous temperature control) was used.

For solution samples, tetraradical 1 or diradical 2 was loaded
into homemade 5-mm O.D. EPR quality quartz tubes, equip-
ped with high-vacuum PTFE stopcocks. The tubes were
modified to possess a thin bottom, which is 6 cm from the
end of the tube.18,24 The tube was placed under vacuum, and
then solvent was vacuum transferred. After the tube was
flame sealed under vacuum, the frozen samples were rapidly
inserted from liquid nitrogen to the magnetometer, with the
sample chamber at 10 K, using the well-established proce-
dure for polyarylmethyl polyradicals.18 Subsequently, a se-
quence of measurements below the softening point of the
matrix (1.8–150 K) were carried out. Correction for diamag-
netism was implemented by extrapolation of the c versus 1/T
plots, typically, from the 70–140 K temperature range (R2¼
0.9999). In most cases, the warming mode data, with 60-s de-
lays, after a ‘stable temperature’ was indicated by the MPMS
at each temperature, were used for such extrapolations.

For solid state samples, polycrystalline tetraradical 1 or
diradical 2 (18–21 mg) was loaded to the 3-piece gelatin
capsule. Following the measurements, the capsule was par-
tially emptied (7–8 mg of radical left), and then identical
sequences of measurements were carried out for the point-
by-point correction for diamagnetism. Additional correc-
tion was based upon Pascal constants: cdia¼7.84�
10�4 emu mol�1 (for 1) and cdia¼6.59�10�4 emu mol�1

(for 2).56

5.6. EPR spectral simulations and numerical curve
fitting for SQUID magnetic data

The WINEPR SimFonia program (Version 1.25, Bruker)
was used for spectral simulations of nitronyl nitroxide dirad-
ical 2 in rigid matrices. WinSIM program (Public EPR Soft-
ware Tools, D. A. O’Brien, D. R. Duling, Y. C. Fann) was
used for numerical fitting of solution phase EPR spectra.
The SigmaPlot for Windows software package was used
for numerical curve fitting of the magnetic data. The reliabil-
ity of a fit is measured by the parameter dependence, which is
defined as follows: dependence¼1�((variance of the para-
meter, other parameters constant)/(variance of the parame-
ter, other parameters changing)). Values close to 1 indicate
an overparametrized fit.

5.7. Tetraaldehyde 4: 5,11,17,23-tetraformyl-
25,26,27,28-tetrakis(methoxyethoxy)calix[4]arene38

t-BuLi in pentane (titrated, 1.58 M, 1.57 mL, 2.5 mmol) was
added to a solution of tetrabromocalix[4]arene 3 (0.301 g,
0.310 mmol) in THF (20 mL) at �78 �C. The resultant
bright orange solution was stirred at �78 �C for 2 h, and
then warmed up to �20 �C for 15 min. The reaction was
re-cooled to �78 �C, and neat N-methylformanilide
(0.168 g, 1.24 mmol) was added. The reaction mixture was
left to warm up to room temperature overnight. It was then
taken up in excess chloroform (w100 mL), and the organic
layer was washed with water (3�50 mL) and dried with
MgSO4. Evaporation of the solvent and flash chromato-
graphy (silica, 20–25% ethyl acetate in benzene) gave tet-
raaldehyde 4 (189.5 mg, 79%). From two other reactions
carried out using 100.0 and 401.7 mg of the tetrabromo-
calix[4]arene 3, tetraaldehyde 4 was obtained in 51%
(40.3 mg) and 70% (0.222 g) yields, respectively; for these
two reactions, purification was based upon triturating the
crude with ether. Mp 172–174 �C (under N2). 1H NMR
(400 MHz, CDCl3): d 9.673 (s, 4H, CHO), 7.657 (s, 8H,
ArH), 3.997 (m, 8H, OCH2), 3.871 (m, 8H, OCH2), 3.633
(s, 8H, ArCH2), 3.621 (s, 12H, OCH3). 13C NMR
(100 MHz, CDCl3): d 191.8, 160.7, 133.9, 132.0, 131.0,
72.7, 71.9, 59.0, 33.3. IR (ZnSe, cm�1): 2980, 2933, 2878,
1684, 1587, 1452, 1432, 1308, 1274, 1222, 1120, 1052,
1027. The 1H and 13C NMR spectra were coinciding with
those previously reported for tetraaldehyde 4.38

5.8. Dialdehyde 5: 5,17-diformyl-11,23-dibromo-
25,26,27,28-tetrakis(methoxyethoxy)calix[4]arene

n-BuLi in hexane (titrated, 2.45 M, 0.52 mL, 1.30 mmol)
was added to a solution of tetrabromocalix[4]arene 3
(0.614 g, 0.630 mmol) in THF (37 mL) at �78 �C. The re-
sultant orange solution was stirred at �78 �C for 2 h, and
then warmed to�20 �C for 15 min. The color of the solution
changed to a dark red. The reaction mixture was then cooled
to �78 �C, and then neat N-methylformanilide (0.204 g,
1.51 mmol) was added, to give a colorless solution. The re-
action mixture was left to warm up to room temperature
overnight. After removal of solvents under reduced pressure,
a yellow residue was obtained, and then dissolved in di-
chloromethane; the organic layer was then washed with dis-
tilled water three times. The organic layer was dried over
MgSO4 and concentrated in vacuo to give yellowish-white
crude (0.795 g). This crude was combined with the crude
(1.108 g) from another reaction carried out on 1.0 g of the
tetrabromocalix[4]arene 3, and then purified by flash chro-
matography (silica, 5–10% ether in chloroform) to yield di-
aldehyde 5 (0.699 g, 48%). Column chromatography of the
combined crudes from two other reactions, done on 50.0
and 0.500 g of the tetrabromocalix[4]arene 3, followed by
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treatment with ether, gave dialdehyde 5 (0.181 g, 37%). Mp
217–220 �C (under N2). 1H NMR (400 MHz, CDCl3): d
9.683 (s, 2H, CHO), 7.662 (s, 4H, ArH), 7.323 (s, 4H, ArH),
3.927 (m, 8H, OCH2), 3.83–3.79 (m, 8H, OCH2), 3.622 (s,
3H, OCH3), 3.594 (s, 3H, OCH3), 3.595, 3.502 (AB, J¼
13 Hz, 8H, ArCH2). 13C NMR (100 MHz, CDCl3): d 191.8,
160.7, 154.4, 134.6, 133.7, 133.0, 132.5, 130.7, 115.2, 72.4,
72.3, 71.9, 71.9, 59.3, 59.0, 33.7. HR-FABMS (3-NBA
matrix) m/z (ion type, % RA for m/z¼868–875, deviation
for the formula): 874.1553 ([M+2H+4]+, 22%, 2.4 ppm
for 12C42

1H48
16O10

81Br2), 874.1553 ([M+H+5]+, 22%,
�2.8 ppm for 12C41

13C1
1H47

16O10
81Br2), 873.1507

([M+H+4]+, 58%, �1.4 ppm for 12C42
1H47

16O10
81Br2),

872.1516 ([M+H+3]+, 57%, 3.7 ppm for 12C41
13C1

1H47-
16O10

79Br1
81Br1), 871.1508 ([M+H+2]+, 100%, 0.9 ppm

for 12C42
1H47

16O10
79Br1

81Br1), 871.1508 ([M+3]+, 100%,
�4.3 ppm for 12C41

13C1
1H46

16O10
79Br1

81Br1), 870.1483
([M+2]+, 57%, �5.2 ppm for 12C42

1H46
16O10

79Br1
81Br1),

869.1514 ([M+H]+, 54%, 2.5 ppm for 12C42
1H47-

16O10
79Br2), 869.1514 ([M+1]+, 54%, �2.6 ppm for

12C41
13C1

1H46
16O10

79Br2), 868.1445 ([M]+, 17%, 1.4 ppm
for 12C42

1H46
16O10

79Br2). IR (ZnSe, cm�1): 2979, 2923,
2886, 1689, 1597, 1588, 1450, 1306, 1200, 1124, 1054, 1029.

5.9. Tetrakis(1,3-dihydroimidazolidine) 6: 5,11,17,23-
tetrakis(1,3-dihydroxy-4,4,5,5-tetramethylimidazolin-
2-yl)-25,26,27,28-tetrakis(methoxyethoxy)calix[4]arene

A mixture of tetraaldehyde 4 (0.173 g, 0.224 mmol),
2,3-bis(hydroxyamino)-2,3-dimethylbutane (0.327 g,
2.21 mmol), p-TsOH$H2O (8.4 mg, 0.044 mmol) was evac-
uated in a Schlenk flask for 30 min. Subsequently, methanol
(1.0 mL) was added under N2, and then the Schlenk flask
was transferred to an oil bath at 60–65 �C. The progress of
the reaction, it took between 2 and 2.5 days to complete,
was followed by TLC (silica, ether/hexanes); the tetra-con-
densation product had Rfz0, even in acetone and in acetoni-
trile. The crude was then washed with water (2�3 mL),
ethanol containing a drop of Et3N (1�2 mL), and ether
(3�1 mL) to give tetrakis(1,3-dihydroimidazolidine) 6 as
a white solid (0.227 g, 79%). From two other reactions
done on 51.0 mg of the tetraaldehyde 4 with methanol
(2 mL) and heating at 65–75 �C, and 0.175 g of the tetraalde-
hyde 4 with methanol (2 mL) and heating at 60–65 �C, 6 was
obtained in 91% (0.078 g) and 85% (0.250 g) yields, respec-
tively. Mp w270 �C (under N2, dec). 1H NMR (400 MHz,
DMSO-d6): d 7.605 (s, 8H, OH, exch D2O), 7.196 (s, 8H,
ArH), 4.497 (s, 4H, CH), 3.847 (s, 8H, ArCH2), 3.355 (s,
8H, OCH2, under the H2O peak from solvent), 3.104 (s,
12H, OCH3), 2.940 (t, 5.2 Hz, 8H, OCH2), 1.071 (s, 12H,
CH3), 0.974 (s, 12H, CH3). 13C NMR (100 MHz, DMSO-
d6): d 156.3, 135.5, 133.1, 129.0, 90.4, 70.9, 69.4, 66.4,
58.7, 38.4, 25.0, 17.6. LR-FABMS (3-NBA matrix) m/z: cal-
culated for C68H104N8O16 [M]+ 1289.6; found 1289.6. IR
(ZnSe, cm�1): 3269, 2977, 2926, 1453, 1364, 1203, 1118.

5.10. Bis(1,3-dihydroimidazolidine) 7: 5,17-bis(1,3-
dihydroxy-4,4,5,5-tetramethylimidazolin-2-yl)-11,23-
dibromo-25,26,27,28-tetrakis(methoxyethoxy)calix[4]-
arene

A mixture of dialdehyde 5 (0.100 g, 0.115 mmol), 2,3-bis-
(hydroxyamino)-2,3-dimethylbutane (85.2 mg, 0.575 mmol),
p-TsOH$H2O (8.2 mg, 0.043 mmol) was evacuated in
a Schlenk flask for 30 min. Subsequently, methanol
(0.5 mL) was added under N2, and then the Schlenk vessel
was transferred to an oil bath at 55–60 �C. The progress of
the reaction, for which it took between 2–3 days to complete,
was determined by TLC (silica, ether/hexanes); the di-con-
densation product had Rfz0 in acetone and in acetonitrile.
The crude was then washed with water (2�2 mL), ethanol
containing a drop of Et3N (1�1 mL), and ether (3�1 mL),
to give bis(1,3-dihydroimidazolidine) 7 as a white solid
(0.115 g, 88%). From another reaction carried out on
0.153 g of the dialdehyde 5, bis(1,3-dihydroimidazolidine)
7 (0.165 g, 90%) was obtained. 1H NMR (600 MHz,
DMSO-d6): d 7.706 (s, 4H, OH, exch D2O), 7.292 (s, 4H,
ArH), 7.160 (s, 4H, ArH), 4.444 (s, 4H, CH), 3.818, 3.796
(AB, J¼16.2 Hz, 8H, ArCH2), 3.597 (t, J¼6.6 Hz, 8H,
OCH2), 3.329 (s, 6H, OCH3), 3.16–3.14 (br m, 4H, OCH2),
3.085 (s, 6H, OCH3), 3.024 (t, J¼7.2 Hz, 4H, OCH2),
1.053 (s, 6H, CH3), 1.007 (s, 6H, CH3). 13C NMR
(150 MHz, DMSO-d6): 155.8, 155.0, 136.3, 135.9, 132.7,
131.5, 128.9, 113.7, 89.8, 71.3, 70.6, 69.7, 67.3, 66.0, 58.5,
58.3, 36.6, 24.6, 17.2. LR-FABMS (3-NBA matrix) m/z: cal-
culated for C54H75Br2N4O12 [M+H]+ 1132.0; found 1131.5.
IR (ZnSe, cm�1): 3433, 3335, 2980, 2924, 1454, 1358, 1207,
1123, 1058, 1028, 845.

5.11. Nitronyl nitroxide tetraradical 1: 5,11,17,23-tet-
rakis(1-oxyl-3-oxo-4,4,5,5-tetramethylimidazolin-2-yl)-
25,26,27,28-tetrakis(methoxyethoxy)calix[4]arene

Tetrakis(1,3-dihydroimidazolidine) 6 (0.225 g, 0.174 mmol)
was suspended in CH2Cl2 (10 mL), and the suspension was
cooled to a temperature between�5 and 0 �C. Subsequently,
a solution of NaIO4 (0.150 g, 0.696 mmol) in distilled water
(15 mL) was added. The very light blue reaction mixture was
stirred at �5 to 0 �C for 35 min, and then at room tempera-
ture for an additional 30 min, resulting in a dark blue reac-
tion mixture. The completion of reaction was determined
by TLC (silica, ethyl acetate/acetone), as indicated by the
disappearance of starting material and the appearance of
a blue spot for tetraradical 1. The work up was carried out
by the addition of CH2Cl2 (40 mL) and then washing of
the organic layer with water (3�30 mL). The organic layer
was then dried over MgSO4, filtered, evaporated, and then
flash chromatographed (silica, 10–20% acetone in ethyl ace-
tate) to give 1 (80.1 mg). Further purification by crystalliza-
tion from benzene/heptane gave 63.3 mg (28% from two
crops) of 1. Another reaction, which was carried out at
room temperature using 65.4 mg of 6, gave tetraradical 1
(15.0 mg, 23%), after two successive recrystallizations. Mp
w200 �C (under N2, dec). 1H NMR (600 MHz, CDCl3,
68 mM): d 22.5 (v. br s, 8H, ArH), 5.63 (br s, 12H), 4.09
(br s, 24H), �13.6 (v. br s, 48H, C(CH3)2). LR-FABMS
(3-NBA matrix) cluster: m/z (% RA for m/z¼500–2000) at
(M)+ 1277.6 (13), 1278.6 (15), 1279.6 (17), 1280.6 (15),
1281.6 (8), at (M�O)+ 1261.5 (25), 1262.5 (36), 1263.5
(31), 1264.5 (22), 1265.5 (13), at (M�2O)+ 1245.6 (25),
1246.5 (68), 1247.5 (65), 1248.5 (42), 1249.5 (26), at
(M�3O)+ 1230.5 (88), 1231.5 (100), 1232.5 (70), 1233.5
(38), at (M�4O)+ 1212.5 (14), 1213.5 (27), 1214.5 (68),
1215.5 (85), 1216.5 (72), 1217.5 (41), 1218.5 (17), at
(M�5O)+ 1197.5 (12), 1198.5 (22), 1199.5 (28), 1200.5
(26), 1201.5 (17). HR-FABMS (3-NBA matrix): m/z (ion
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type, % RA in the m/z 1270–2100, deviation for the formula)
at 1282.7082 ([M+6]+, 11.6, 1.4 ppm for 12C68

1H98-
14N8

16O16), 1281.7126 ([M+5]+, 23.2, 8.1 ppm for 12C67
13-

C1H97
14N8

16O16), 1280.7063 ([M+4]+, 42.8, 9.3 ppm for
12C68

1H97
14N8

16O16), 1279.6958 ([M+3]+, 45.9, 7.2 ppm
for 12C68

1H95
14N8

16O16), 1278.6907 ([M+2]+, 45.3,
9.3 ppm for 12C68

1H94
14N8

16O16), 1277.6826 ([M+1]+,
41.4, 9.1 ppm for 12C68

1H93
14N8

16O16), 1276.6679 ([M]+,
16.6, 3.8 ppm for 12C68

1H92
14N8

16O16). IR (ZnSe, cm�1):
2981, 2925, 1452, 1386, 1356, 1218, 1125. Evans method
(two measurements, CDCl3/CHCl3, 295 or 296 K), cT¼
1.3–1.5 emu K mol�1 (3.5, 4.1 unpaired electrons).

5.12. Nitronyl nitroxide diradical 2: 5,17-bis(1-oxyl-3-
oxo-4,4,5,5-tetramethylimidazolin-2-yl)-11,23-dibromo-
25,26,27,28-tetrakis(methoxyethoxy)calix[4]arene

Bis(1,3-dihydroimidazolidine) 7 (0.160 g, 0.141 mmol) was
suspended in CH2Cl2 (15 mL), and then the suspension was
cooled to a temperature between�5 and 0 �C. Subsequently,
a solution of NaIO4 (61.7 mg, 0.288 mmol) in distilled water
(8 mL) was added. The very light blue reaction mixture was
stirred at �5 to 0 �C for 35 min. After the reaction mixture
was warmed to 0 �C and stirred for 15 min at 0 �C, the color
changed to dark blue. The completion of reaction was deter-
mined by TLC (silica, ethyl acetate/ether), as indicated by
the disappearance of starting material and appearance of
a blue spot for the product 2. For the work up, the reaction
mixture was diluted with additional CH2Cl2 (40 mL) and
then the organic layer was washed with water (3�30 mL).
After drying over MgSO4, filtration, and concentration under
vacuo, the crude was purified by flash chromatography (sil-
ica, 50% ethyl acetate in ether), to give diradical 2 (89.2 mg).
The subsequent recrystallization from ethyl acetate/CH2Cl2
provided the final diradical product 2 (66.6 mg, 42% from
two crops). From other reactions carried out on 44.8 and
31.2 mg of 7, 21.8 mg (49% from three crops after recrystal-
lization) and 19.4 mg (63% from two crops after recrystalli-
zation) of 2 were obtained, respectively. Mpw200 �C (under
N2, dec). 1H NMR (400/600 MHz, CDCl3): d 19.5 (br s, 4H,
ArH), 7.280 (s, 4H, ArH), 6.32, 4.874, 4.18 (br s, s, br s,
22H), 3.412 (s, 8H), 3.207 (s, 6H), �14.3 (br s, 24H,
C(CH3)2). LR-FABMS (3-NBA matrix) cluster: m/z (%
RA for m/z¼1000–2000) at (M)+ 1123.2 (34), 1124.2 (45),
1125.2 (65), 1126.2 (54), 1127.2 (49), 1128.2 (36), at
(M�O)+ 1107.2 (34), 1108.2 (45), 1109.2 (64), 1110.2
(73), 1111.2 (54), 1112.2 (42), and at (M�2O)+ 1092.1
(51), 1093.1 (67), 1094.1 (100), 1095.1 (93), 1096.1 (73),
1096.1 (49). HR-FABMS (3-NBA matrix): m/z (ion type,
% RA in the m/z 1120–2000, deviation for the formula)
at 1128.3372 ([M+6]+, 29.3, 5.0 ppm for 12C54

1H70-
14N4

16O12
81Br2), 1127.3312 ([M+5]+, 49.0, 5.1 ppm

for 12C53
13C1H70

14N4
16O12

79Br81Br), 1126.3340 ([M+4]+,
61.1, 0.3 ppm for 12C54

1H70
14N4

16O12
79Br81Br),

1125.3293 ([M+3]+, 70.2, 3.1 ppm for 12C54
1H69

14N4-
16O12

81Br79Br), 1124.3314 ([M+2]+, 39.1, 0.2 ppm
for 12C53

13C1H69
14N4

16O12
79Br2), 1123.3290 ([M+1]+,

32.6, 1.0 ppm for 12C54
1H69

14N4
16O12

79Br2), 1122.3238
([M]+, 9.9, 3.4 ppm for 12C54

1H68
14N4

16O12
79Br2).

IR (ZnSe, cm�1): 2983, 2922, 2875, 1452, 1387,
1357, 1127. Evans method (one measurement, CDCl3/
CHCl3, 296 K), cT¼0.79 emu K mol�1 (2.1 unpaired
electrons).
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between co-facial ONCNO groups in diradical 2: C32a/
C45a¼7.73(3) and C32b/C45b¼7.70(3); (c) The (C1–C6)–
(C15–C20) and (C8–C13)–(C22–C27) dihedral angles be-
tween calculated least-squares planes of the co-facial benzene
rings in 1, 2, and the corresponding nitroxide tetraradical and
diradical are as follows: in 1, 19.74(9)�, 25.45(22)�,
22.87(12)�, 24.05(22)�; in 2, 36.2(5)�, 38.9(9)�, 36.7(9)�,
36.3(9)�; in nitroxide tetraradical, 3.62(7)�, 2.85(7)�; in nitro-
xide diradical, 3.38(19)�, 13.96(17)�, 8.42(9)�, 13.80(18)�.

42. Sharp, R. R. Nucl. Magn. Reson. 2005, 34, 553–596.
43. (a) Evans, D. F. J. Chem. Soc. 1959, 2003–2005; (b) Live,

D. H.; Chan, S. I. Anal. Chem. 1970, 42, 791–792.
44. Two types of protons (AB or AX spin system) are expected

for the methylene groups of the macrocycle in diradical 2.
An AB spin system is observed for the corresponding protons
in bis(1,3-dihydroimidazolidine) 7 in DMSO-d6 at room
temperature.

45. The numerical fits with two components, tetraradical and tri-
radical for 1, and diradical and monoradical for 2, suggest
99+% content of tetraradical and diradical, respectively.

46. 2-(40-Hydroxyphenyl)-4,4,5,5-tetramethylimidazoline-1-oxyl-
3-oxide and related nitronyl nitroxide radicals, see: Ref. 31.

47. In the point-dipole approximation, jD/hcj is related to 1/r3,
where r is the radical–radical distance.

48. Very small value of mean-field parameter, qz�0.1 K, is also
obtained for 5 mM 2 in chloroform.

49. Rajca, A.; Rajca, S.; Wongsriratanakul, J. Chem. Commun.
2000, 1021–1022.

50. Frank, N. L.; Cl�erac, R.; Sutter, J.-P.; Daro, N.; Kahn, O.;
Coulon, C.; Green, M. T.; Golhen, S.; Ouahab, L. J. Am.
Chem. Soc. 2000, 122, 2053–2061.

51. In addition to intermolecular radical–radical O/O distances of
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