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The synthesis, optical properties, spin-polarization path and
magnetic ground-state studies of a novel nitronyl nitroxide
biradical system based on the 2,6-bis(pyrazolylmethyl)pyr-
idine unit is reported. Besides the presence of σ conjugation
and a non-alternant pathway for spin polarization through
the core as a coupling unit, the through-bond ferromagnetic

Introduction

Nitronyl (NN) and iminonitroxide (IN) free radicals were
described in the 1970s by Osiecki and Ullman and their co-
workers in their pioneering work[1–3] and since then they
have attracted increasing attention with a revival in the
1990s. The increase in interest mainly stems from the use of
these stable radical units as building blocks in the design
of molecular magnetic materials,[4] such as purely organic
ferromagnetically ordered solids,[5] metal–organic exchange-
coupled complexes,[6] as well as new agents for biomedical
applications (e.g., in bioimaging and selective NO scaven-
gers).[7] The synthesis of these radical synthons relies on the
condensation of 2,3-bis(hydroxyamino)-2,3-dimethylbu-
tane[8] with carbaldehyde residues followed by the oxidation
of the condensation products. The challenge in this field[9]

consists of assembling functional derivatives such that inter-
actions between spin carriers can be controlled and tailored
at will through the rational design of the molecular back-
bone (CU).[10] Theories based on topological principles al-
lowed prediction of the magnetic ground state in non-
Kekulé hydrocarbons[11] and have guided the synthetic design
so far. However, these principles have their limitations[12] as
they are not readily extended to non-alternant systems and
heteroatom-containing radicals or couplers. Previously we
demonstrated that functionalization of the 4�,4��-positions
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interaction between spin carriers, although weak (0.06 cm–1

�∆EST = 2J/kB �0.6 cm–1), is preserved. It vanishes (2J/kB ≈
0) upon coordination with Zn2+ metal ions, but is restored
upon Zn2+ depletion with EDTA.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2008)

of the bispyrazolylpyridine core A (Figure 1) with neutral
NN radical moieties[13] gated intramolecular ferromagnetic
exchange interaction (∆EST = 11.8�4.8 cm–1), besides the
unfavourable exchange coupling path and the distance be-
tween the radical units (ONĈNO groups ca. 8.3 Å). This
represented the first reported example of coupled (S = 1)
Ullman radicals connected to a 2,6-bispyrazolylpyridine
unit.[14] In order to gain knowledge of the dominant spin-
polarization pathway in similar hetero systems, we de-
creased the π conjugation in A by adding two C(sp3) bonds
between the pyrazolyl moieties and the central pyridine
ring. The design led to B {2,6-bis[4-(1-oxyl-3-oxido-4,4,5,5-
tetramethylimidazolin-2-yl)pyrazolylmethyl]pyridine}, a σ-
conjugated biradical system. Whereas biradical A embraces
a rigid scaffold, B can adopt several molecular conforma-
tions, especially in solution, but such conformational free-
dom can also be constrained after coordination of a metal
ion to the pyridyl-pyrazolyl nitrogen donors. Despite the
presence of two saturated carbon centres (sp3) and a non-
alternant path for the spin polarization, through-bond fer-

Figure 1. Switching from π (A) to σ conjugation (B) in nitronyl
nitroxide (NN) biradical systems connected to heterocyclic coup-
ling units.
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romagnetic interaction between spin carriers is still pre-
served (0.06 cm–1 �∆EST = 2J/kB �0.6 cm–1). This ex-
change coupling is then lost (2J/kB ≈ 0) upon coordination
with the Zn2+ metal ion, rendering such a weakly coupled
spin system a promising spin-probe for metal recognition in
solution with potential biological applications.

Results and Discussion

Synthesis and Optical Properties of B

The assembly of diradical B is illustrated in Scheme 1
and started with the synthesis of the dicarbaldehyde precur-
sor 3 which was obtained by a multistep approach that in-
volved a coupling reaction between 4-formyl-1H-pyrazole
(1) and 2,6-bis(bromomethyl)pyridine (2) in the presence of
NaH using THF as the reaction solvent. The detailed syn-
thesis of 1 has been reported previously.[13,15] The nucleo-
philic substitution occurred very quickly (3 h) and provided
2,6-bis[(4-formylpyrazolyl)methyl]pyridine (3) in a fair yield
(54%) after recrystallization from EtOH/H2O solution.

The condensation of 3 with 2,3-bis(hydroxyamino)-2,3-
dimethylbutane (4) was carried out in CHCl3/MeOH and
gave 2,6-bis[4-(1,3-dihydroxy-4,4,5,5-tetramethylimidazol-
idin-2-yl)pyrazolylmethyl]pyridine (5) as a white precipitate
in two days (yield 62%). The diamagnetic precursor 5 was
oxidized to the biradical B by sodium periodate under
phase-transfer conditions (CHCl3/H2O). Side-products
were easily recognized by TLC, and B was finally purified
by flash chromatography (acetone/petroleum ether, Rf =
0.28) on a SiO2 column (yield 64%).

Biradical B is exceptionally stable as a solid and in apro-
tic solutions in which it can be stored for a year without
decomposition. The UV/Vis spectrum of B is shown in Fig-

Scheme 1. Synthetic approach to biradical B.
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ure 2 together with those of the bis(pyrazolyl)pyridine NN
biradical A and the pyrazol-4-yl nitronyl nitroxide mono-
radical,[16] PzNN, used as a reference. B exhibits an intense
band in the visible absorption region characterized by sev-
eral vibronic components (toluene, λmax = 651 nm, ε =
2420 –1 cm–1, n�π*) with an intensity roughly twice that
shown by the monoradical PzNN (toluene, λmax = 647 nm,
ε = 1120 –1 cm–1, n�π*). The π�π* transition of the
aminoxyl oxide group appears at λmax = 352 nm (ε =
44060 –1 cm–1), considerably blue-shifted with respect to
the same transition observed in the bis(pyrazolyl)pyridine
biradical A in which the methylene bridge is absent (λmax =
375 nm, ε = 16960 –1 cm–1). This finding emphasizes the
effect of the σ-CH2 bonds on hampering π conjugation be-
tween radical units through the coupling unit core. As the
spin-polarization mechanism is effected by the π electrons

Figure 2. UV/Vis absorption spectra recorded in toluene solutions
for B, A and PzNN.
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in the doubly filled MOs, destabilization of the triplet in B
relative to A is anticipated. The π�π* transition observed
in B is on the other hand slightly red-shifted compared with
the same transition characterizing the monoradical PzNN
(λmax = 349 nm, ε = 18100 –1 cm–1) and indicates that a
small conjugation between spin carriers is still present. The
other characteristic spectroscopic fingerprint of the radical
centres appears in the infrared absorption spectrum, as
shown in Figure 3. After oxidation of the radical precursor
5, the intense and broad absorption at around 3200 cm–1

originating from the –NH–OH residues (νNH–OH) disap-
pears in B and the so-formed aminoxyl oxide moieties show
a distinctive strong νN–O stretching vibration at 1365 cm–1,
which is consistent with literature values, both in frequency
and intensity.[13,17,18]

Figure 3. FTIR spectra (KBr pellet) of the radical precursor 5 (grey
line) and the biradical B (black line) recorded at T = 293 K.

Paramagnetic 1H NMR Analysis of B

The solution paramagnetic 1H NMR spectrum of a li-
quid solution of B is shown in Figure 4. It provides experi-
mental information about the sign (positive or negative) of
the spin densities (ρ) on the carbon centres, especially those
adjacent to the protons experiencing paramagnetic shifts.[19]

By comparison with the hydrogen resonances observed for
the diamagnetic precursor 5, it was found that the pyr-
azole –CH hydrogen atoms exhibit a broad and very weak
downfield signal at about +36 ppm. These hydrogen atoms
have positive couplings (+aH), which indicates negative spin
densities (ρ–

C) on the C2 carbon atoms. The methylene
(–CH2–, –0.9 ppm) and the imidazolylmethyl protons
(–CH3, –16 ppm) also exhibit broad signals but their inten-
sities are very strong and upfield shifted (–aH), thus positive
spin densities (ρ+

C) are located on C1 and C3. Noteworthy,
the pyridyl protons at C4 and C5 overall feature very small
paramagnetic shifts (|∆δ|�0.3 ppm) compared with their
resonances in 5 and are accompanied by signal broadening
(ca. 300 Hz). These observations highlight the effect in-
duced by C(sp3) bonds, strongly hindering but not entirely
disrupting spin-polarization transfer from the radical units
to the pyridyl spacer.
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Figure 4. The paramagnetic 1H NMR (300 MHz, T = 293 K) spec-
trum of B (2�10–2 ) recorded in CDCl3. The signals marked with
� and S in the insets correspond, respectively, to diamagnetic impu-
rities and residual solvent peaks.

Crystal Structure of B

Upon slow diffusion of hexane into a CHCl3 solution of
radical B, a blue crystalline material formed within three
days which was characterized by X-ray diffraction. Two
molecules are present in the asymmetric unit, labelled as [1]
and [2] in Figure 5, and 12 molecules form the crystallo-
graphic unit cell. The structural data and solution refine-
ments are summarized in Table 1. The torsional angles be-
tween the imidazolidinylpyrazolyl rings in [1] and [2] reflect
the possibility of free rotation around one of the single
bonds and hence can be used as a measure of the effective
π conjugation through the spacer. In unit [1] the N15–C38–
C36–C35 angle is 0.74°, whereas in [2] the N4–C10–C8–C9
angle is –0.24° and N8–C21–C19–C18 is 0.0°. Therefore [1]
and [2] exhibit imidazolidinyl and pyrazolyl rings that are
nearly coplanar, which in turn should induce very efficient
spin-polarization transfer from the radicals into the pyrazol-
yl moieties. The intra-ring torsion angles of the imidazolid-
inyl rings are 10.3° for [1] and between –5.9 and –10.0° for
[2]. The N–O bond lengths are consistent with literature
values reported for nitroxide radicals (1.275–1.290 Å). The
introduction of two C(sp3) bonds (–CH2– carbon atoms)
induces the formation of a step-like packing structure, as
shown in Figure 6. A similar conformation, described as
Z-like by the authors, has been found recently in another
biradical system in which a butyl group was used as the
spacer for two pyazolyl-NN radical moieties.[20] In unit [1]
the N13–N12–C34–C31 angle reaches 67.2°, whereas in [2]
the N7–N6–C17–C5 angle is –62.9° and N3–N2–C6–C1
–67.1°. Such torsion angles should lead to a break down in
spin-polarization transfer through the pyridine ring, hence
hindering even more the through-bond interaction between
the two ancillary S = ½ spins. The intramolecular distance
between the ONĈNO groups (C38–C*38) in [1] is 11.624 Å
and that between the 4�,4��-pyrazolyl carbon atoms (C36–
C*36) is 9.695 Å. In [2] the intramolecular distance between
ONĈNO groups (C21–C10) is larger, 11.842 Å, as is the
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Figure 5. Crystal structure of B showing the dimeric form with units [1] and [2]. The thermal ellipsoids are drawn at the 50% probability
level. The hydrogen atoms have been omitted for clarity. Relevant –NO···ON– distance and dihedral angles are also depicted.

distance between the 4�,4��-pyrazolyl carbon atoms (C19–
C8), 9.841 Å. In the [1]–[2] asymmetric unit, as depicted in
Figure 5, the shortest intermolecular through-space dis-
tance between the imidazolidinyl oxygen atoms is 4.152 Å.
Although such a distance is greater than a standard van der
Waals contact, it is still close enough to promote a non-

Table 1. X-ray data for B, experimental details, structure solutions
and refinements.

Formula C27H35N9O4

M 549.63
Crystal system monoclinic
Space group C2/c (no. 15)
a [Å] 26.3720(8)
b [Å] 13.5650(6)
c [Å] 23.5650(8)
α [°] 90
β [°] 100.0630(13)
γ [°] 90
V [Å3] 8300.4(5)
Z 12
Abs. coeff. [mm–1] 0.092
ρcalcd. [g cm–3] 1.319
F(000) 3504.0
Crystal size [mm] 0.08�0.24�0.41
Colour blue
Shape prism
Temperature [K] 293
Radiation, λ [Å] Mo-Kα, 0.71073
Θ range [°] 4.091–29.499
h,k,l max. 36,18,32
Nrefl. 8854
R (reflections) 0.0720(5936)
wR2 (reflections) 0.0781(5936)
Npar. 544
R1

[a] 0.0405
wR2

[b] 0.0448
GOF 0.856

[a] R1 = ∑||Fo| – |Fc||/∑|Fo|. [b] wR2 = {∑w(|Fo| – |Fc|)2/∑w|Fo|2}1/2.
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negligible antiferromagnetic interaction between [1] and [2].
This is due to the fact that the N–O groups carry the largest
size and same spin-density sign. Several short magnetic con-
tacts (�3 Å) are present in the asymmetric unit and are
depicted by broken lines in Figure 7. The signs determined
for the spin densities experimentally by 1H NMR paramag-
netic shift analysis allow the nature of such through-space
couplings to be defined (ferro, F, or antiferromagnetic, AF),
the labels + and – in Figure 7 indicating positive and nega-
tive spin densities located on the individual atoms. In total,
five AF (spin densities of the same sign, +···+ or –···–) and
four F interactions (opposite signs, +···–) are relevant here
to describe the magnetic properties of the bulk material.
However, it is worth noting that the magnitude of the inter-
action |J/k| depends on both the distance and the orienta-
tion between the atoms with non-zero spin density (ρ) and
also on the product (ρAρB) at the interacting atoms. The AF
interactions O2···H351 (2.585 Å) and O12···H71 (2.620 Å)

Figure 6. Molecular packing of B viewed down the crystallographic
b axis. Unit [1] is depicted in black and [2] in light grey.
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Figure 7. Sketch of the through-space interactions (magnetic contacts) between units [1] and [2] in B.

are expected to be much stronger than those present be-
tween O12···H61 (2.465 Å) (F) and O2···H342 (2.444 Å) (F).
The other contacts H342···H153 (2.384 Å), H61···H443
(2.394 Å) and H201···C43 (2.900 Å), all AF, should be rela-
tively weak or at least weaker than the F contacts
O4···H413 (2.644 Å) and O12···H133 (2.623 Å) because the
products ρAρB are larger in the latter cases. It is anticipated
that the magnetic properties of the bulk material should

Figure 8. (A) X-band EPR spectrum of B recorded in toluene solution at T = 293 K (solid line) and its simulation (dotted line). (B) EPR
spectrum of B in the frozen state recorded at T = 122 K (upper solid line). The dotted spectrum shows the EPR envelope arising from
the out-of-phase component |J/aN|��1 while the lower spectrum (subtracted) represents the biradical envelope under a strong exchange
limit (|J/aN|�40). The inset shows the ∆ms = 2 transition recorded at T = 122 K. (C) The ∆ms = 2 transition recorded at T = 4.1 K. (D)
χEPR (�) and χEPRT (�) vs. T for the double-integrated ∆ms = 2 transition recorded in the low-temperature range (T�40 K.) The dashed
line is a guide to the eyes for ∆EST = 0.
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be governed by the AF terms. This is shown by the bulk
susceptibility measurements carried out on the crystalline
material of B reported below.

EPR and Bulk Susceptibility Analyses of B

The solution EPR spectrum of B (see A in Figure 8, tolu-
ene, 10–4 , solid line) exhibits a rather clear nine-line



M. Baumgarten et al.FULL PAPER
pattern with giso = 2.0065(1) and reveals a through-bond
exchange interaction between the radical units with
|J/aN|��1.[21] Although the spectral width and peak posi-
tions did not show solvent dependency, apart from a de-
creased solubility of B in less polar environments (e.g., hex-
ane), an alternating line-width effect became visible upon
sample cooling from 272 to 211 K; this is due to the occur-
rence of different rotamers in solution which modulate the
time-dependent exchange term J(t) around its time-
averaged �J�.[22] The simulation of the solution EPR spec-
trum recorded at room temperature (part A in Figure 8,
dotted line) was obtained by numerical diagonalization of
the spin-Hamiltonian Ĥ [Equation (1)] and provides an esti-
mate of the lower limiting value for the exchange energy J,
but not its sign (|J|).

Ĥ = gβeBoŜa,b – 2JŜaŜb + ∑
ij

aNij(ŜaÎNij
+ ŜbÎNij

) (1)

The simulation result accounts for a percentage (25%) of
the uncoupled biradical (|J/aN|��1), resulting from out-
of-phase modulation effects, superimposed on the biradical
component (75%) under a strong exchange limit with
|J/aN|�40 (i.e., |2J/kB|�0.056 cm–1), a nitrogen hyperfine
splitting aN of 20.94 MHz and a Gaussian line-width (lw)
of 6.00 MHz. In frozen solution (T = 122 K, 10–3  in tolu-
ene) a poorly resolved zero-field-splitting (zfs) signal (∆ms

= 1) characterizes B (gav = 2.007), as shown in Figure 8 (B),
but the forbidden half-field ∆ms = 2 transition (gav = 4.01,
ms = –1 � ms = +1) was detected demonstrating its triplet-
state (S = 1) nature (B in Figure 8, upper inset). The
double-integrated ∆ms = 1 signal, recorded under non-satu-
rating conditions, accounts for 2.0�0.1 uncorrelated spins.
Thus a small energy difference between singlet and triplet
states characterizes B and at T = 122 K its spin population
still follows the Boltzmann distribution.

In order to obtain further information on the zfs magni-
tude |D/hc| of the biradical fraction under a strong exchange
limit, we performed on B variable power saturation experi-
ments (T = 122 K, b = 0.47�0.01, P½ = 0.82�0.06 mW,
R2 = 0.999) and the results were compared with the satura-
tion behaviour of the PzNN monoradical (T = 122 K, b =
1.05�0.01, P½ = 0.71�0.04 mW, R2 = 0.999). The ob-
served trends were analysed according to the theory of
Portis and Castner (see the Exp. Sect.), where b represents
the relaxation factor and P½ the power at which half of
the signal is saturated.[23] The magnetic behaviours and the
resulting fittings are plotted in Figure 9. It should be noted
that in the case of both exchange-coupled systems and in
the presence of dipolar interactions, the relaxation factor b
is usually found to be less than 1, as observed here for
B.[24,25] From the microwave saturation results it is assumed
that the uncoupled biradical component in B (with
|J/aN|��1) should relax similarly to the PzNN monorad-
ical, hence it saturates much faster than the dominant com-
ponent under a strong exchange limit (|J/aN|��1). The
comparison between the relaxation envelopes of B and
PzNN at different microwave powers (see the Supporting
Information) allows the subtraction from the observed ∆ms

www.eurjoc.org © 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Org. Chem. 2008, 1431–14401436

= 1 resonance envelope of B a weighted percentage of un-
coupled biradical (ca. 20%), defined by the following spin
Hamiltonian parameters: g� = 2.0028, g� = 2.0086, A� =
1.8 mT, A� = 0.22 mT, A�dip = 1.05 mT, A�dip = 0.53 mT.
The procedure provides the ∆ms = 1 EPR envelope of the
strong exchange limit component (see B in Figure 8, lower
trace) and gives an estimation of |2D| ≈ 6.2 mT and |D/hc|
of around 2.9�10–3 cm–1 for B. This is a much smaller zfs
value than that found previously for A (|D/hc| ≈
4.5�10–3 cm–1).[13]

Figure 9. The EPR power saturation behaviour recorded at T =
122 K for the pyrazol-4-yl nitronyl nitroxide monoradical PzNN
(�, experimental data) and the biradical B (�, experimental data).
The solid lines correspond to the fitting results with parameters (b,
P½) given in the text.

In the point-dipole approximation,[26] the estimated D
value indicates an averaged distance between the centres of
the ONĈNO groups of around 9.6 Å, a much smaller value
than the averaged distance observed in the crystal (ca.
11.7 Å). In order to estimate the singlet–triplet energy sepa-
ration (∆EST ) the EPR analyses were extended down to
cryogenic temperatures. As shown in part D of Figure 8 the
double integration of the half-field transition ∆ms = 2 signal
(χEPR, �) increases upon lowering the sample temperature,
but the product χEPRT (�) versus T remains almost con-
stant over the temperature range with indications of a small
increase at the lowest temperatures. This finding indicates
that net destabilization of the singlet–triplet equilibrium
(ST) occurs below 4 K, thus only an estimate for the ST
energy separation can be obtained from the trend, with
0.06 cm–1 �∆EST = 2J/kB �0.6 cm–1. Such strong attenua-
tion of the exchange coupling mediated by C(sp3) bonds is
consistent with recent ∆EST findings for calix[4]arene ni-
tronyl nitroxide[27] and nitroxide[28] biradical systems in
which the through-bond exchange coupling pathway was
topologically defined by the conformationally constrained
radical–m-phenylene–C(sp3)–m-phenylene–radical synthetic
designs.

The bulk magnetic susceptibility (DC) measurements for
polycrystalline samples of B are shown in Figure 10. At T
= 298 K the observed value of 0.745 emuKmol–1 (2.44 µB

with g = 2) is similar to the theoretically expected
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0.750 emuKmol–1 (2.45 µB) for two isolated S = ½ spin sys-
tems and agrees with the high-temperature EPR spin-con-
centration results. Below 30 K, χmT starts to significantly
decrease, reaching a value of 0.437 emuKmol–1 (1.87 µB) at
4.5 K. Because such a strong reduction of χmT is not wit-
nessed in the low-temperature χEPRT measurements, in
which B was magnetically diluted, the behaviour in the bulk
confirms the dominating antiferromagnetic through-space
interactions between radical centres, as observed previously
in the X-ray structural analyses. These results indicate that
the step-conformation adopted by B in the crystal lattice
does not represent the main conformation of B in solution
or in frozen solution. Data analysis was carried out by
using the Curie–Weiss model, giving a Curie constant C =
0.750 emumol–1 K–1 and an averaged through-space antifer-
romagnetic interaction θ = 1.99 cm–1 (R2 = 0.987). Prelimi-
nary experiments were carried out by using B as an organic
scaffold for metal coordination in order to probe the varia-
tion of the through-bond exchange interaction between spin
carriers upon metal complexation, namely under conforma-
tional constraints. The diamagnetic metal ion Zn2+ was
chosen for this purpose because it should restrain the con-
formational freedom without the addition of extra elec-
trons. Incubation of B with ZnCl2 in a 1:1 ratio in MeOH/
ethyl acetate allowed the formation of the mononuclear
ZnB complex. The EPR spectra of ZnB in solution and in
frozen solution (parts A and D, respectively, in Figure 11)
exhibit fingerprints for completely uncoupled radical moie-
ties. A similar effect was observed in spin-labelled nitronyl
nitroxide calix[4]arene cryptands upon coordination with
the Zn2+ cation.[29] Incubation of ZnB with EDTA/MeOH
allows the original envelopes to be restored, like those re-
ported previously in Figure 8. This effect indicates that the
zinc ion is relatively weakly bound to the N donors (pyr-
idine and pyrazole), but remarkably enough, metal de-
pletion occurs in solution without any degradation of the
spin units.

Figure 10. The bulk magnetic susceptibility χT vs. T for the biradi-
cal B recorded under an applied field B0 of 1000 Oe. The symbol
(�) represents experimental data and the solid line (–––) the fitting
analysis. Fitting parameters are discussed in main text.

Conclusions
A novel nitronyl nitroxide biradical system based on the

2,6-bis(pyrazolylmethyl)pyridine coupling core B has been
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Figure 11. (A) X-band EPR spectra of ZnB (2�10–4 , MeOH/
toluene, 1:5, v/v) recorded in solution at T = 293 K with giso =
2.0065, aN = 20.95 MHz. (B) As for (A) but recorded immediately
after the addition of 5 equiv. of EDTA. (C) As for (A) but recorded
after 30 min of incubation with. 5 equiv. of EDTA. (D) ZnB
(2�10–4 , MeOH/toluene, 1:5, v/v, gav = 2.007) recorded in frozen
solution at T = 122 K, showing the characteristic fingerprint of an
isolated nitronyl nitroxide spin S = ½ system.

described. The synthetic design allowed us to probe how
the optical and magnetic properties of the system are influ-
enced by the introduction of σ conjugation into the coup-
ling unit core after comparison with the earlier reported π-
conjugated 2,6-bis(pyrazolyl)pyridine nitronyl nitroxide bi-
radical A. The presence of a non-alternant spin-polariza-
tion path through the organic backbone showed that the
methylene carbon atoms (–CH2–) carry positive spin densi-
ties (δ+

C), as evidenced by paramagnetic 1H NMR analysis
in solution. In the presence of two C(sp3) bonds, the triplet
ground state (S = 1) is slightly preferred in B, with an esti-
mated energy gap between this and the excited singlet (S =
0) of 0.06 cm–1 �∆EST �0.6 cm–1; ∆EST in B is at least 20
times smaller than the singlet–triplet gap observed in A
(∆EST = 11.8�4.8 cm–1). Binding of the Zn2+ cation to the
nitrogen donors of the bis(pyazolylmethyl)pyridine core in-
duces decoupling of the radical units (J ≈ 0), which now
behave similarly to independent spins. Further work is cur-
rently underway to exploit the coordination properties of B
as a spin probe for metal recognition and NO detection in
biological membranes.

Experimental Section
General Remarks: All reagents (e.g., 2,6-bis(bromomethyl)pyridine,
NaH, NaIO4) and solvents from commercial sources were of the
highest purity available and used as received. Tetrahydrofuran
(THF) was dried by refluxing and distilling from metallic sodium
in the presence of benzophenone. UV/Vis spectra were recorded
with a Perkin–Elmer UV/Vis/NIR Lambda 900 spectrometer using
a 1 cm optical-path quartz cell at room temperature. 1H and 13C
NMR spectra were recorded with a Bruker AMX 250 or 300 Ultra-
shield spectrometer. IR spectra were measured in KBr pellets with a
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Nicolet 730 FT-IR spectrometer at room temperature. Mass spectra
were obtained with FD/FAB-MS VG Instruments ZAB-2 mass
spectrometer. ICP analyses were performed with a Varian Vista AX
CCD instrument. Elemental analyses were performed with a Foss
Heraeus Varieo EL apparatus. Melting points were measured with
a Büchi B-545 apparatus using open-ended capillaries and are un-
corrected. ESR spectra were recorded in oxygen-free solutions (tol-
uene) at a concentration of 10–4 moldm–3 unless otherwise stated
using a Bruker ESP300 E X-band spectrometer equipped with an
NMR gaussmeter (Bruker ER035), a frequency counter (Bruker
ER 041 XK) and a variable-temperature control continuous flow
N2 cryostat (Bruker B-VT 2000) or with the Oxford system (ESR
910) helium continuous flow cryostat. The g factor corrections were
obtained by using the PNT radical [g = 2.0026(1)] or DPPH [g =
2.0037(1)] as references. Simulation of the room-temperature EPR
spectrum was carried out by using the BiRad program as described
previously.[13,15] The temperature-dependent static susceptibility
(DC) of a powdered sample of B (28 mg) was recorded by using a
Faraday-type magnetometer in the temperature range 4.5–298 K.
The measurements were made by using a computer-controlled
Cahn D-200 microbalance and a Bruker B-MN 200/60 power sup-
ply. Diamagnetic correction of the molar magnetic susceptibility
(–3.68�10–4 cm3 mol–1) was obtained by using Pascal’s constants.
4-Formyl-1H-pyrazole[13,15] (1) and 2,3-dimethyl-2,3-bis(hydroxy-
amino)butane[8] (4) were synthesized according to published pro-
cedures.

EPR Microwave Power Saturation Experiments: The magnitude of
the observed EPR signal for paramagnetic species is proportional
to the net resultant polarization of the spin orientations. However,
the system is said to be saturated when the rates of upward and
downward transitions are equal. This implies that no net energy is
transferred between the external applied field and the spin system.
Such an effect can be induced by working at high microwave power.
The empirical expression used to fit the saturation EPR data fol-
lows the work of Portis and Castner[23] and it is expressed by Equa-
tion (2) where DI is the double-integrated signal intensity, P is the
applied microwave power, b is the relaxation factor (b = 1 for in-
homogeneous line-broadening and b = 3 for homogeneous line-
broadening) for a first derivative spectrum as it is usually acquired
within common EPR experiment, P½ is the power at which half
the signal is saturated and k is an experimental constant associated
with the instrument. The value of b depends on which mechanism
is dominating within the relaxation process of the quanta being
adsorbed, that is, if the spin-lattice relaxation (T1) represents the
dominant factor, the power-dependent line-broadening is inhomo-
geneous (Gaussian line) and b assumes the minimum value, namely
b = 1. When T2 is dominant, the line-broadening is homogeneous
(Lorentzian line) and b assumes the maximum value of 3. The re-
laxation factor is often allowed to fluctuate in the fitting in order
to account for intermediate cases (1�b�3), when the line shape
observed is a mixture of Lorentzian and Gaussian lines.

DI = k√P/[(1+P/P½)]b/2 (2)

In order to apply Equation (2) the following experimental condi-
tions must be satisfied: 1) the samples should be in a region of the
cavity with maximum microwave field (H1) so the filling factor has
to be optimized, 2) the sample temperature must be constant and
3) the Zeeman modulation amplitude, the frequency and possibly
the gain must also be constant. Equation (2), however, is not
strictly applicable when dipolar couplings and/or exchange interac-
tions are present in the system because the half-saturation power
(P½) is defined by Equation (3) and Equation (4) where V repre-
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sents the cavity volume, Q the cavity quality factor (Q = H1
2V/2P),

P the power dissipated in the cavity and γ the giromagnetic ratio.
Equation (3) assumes that all spins at resonance saturate equiva-
lently and hence they show the same product for (T1T2). When
dipolar and/or exchange interactions are present, the product
(T1T2) is no longer constant and b is found to be smaller than
1.[24,25]

P½ = [α/(T1T2)] (3)

α = ½(V/Qγ2) (4)

2,6-Bis(4-formylpyrazolylmethyl)pyridine (3): NaH was added
(0.24 g, 10 mmol) to a solution of 4-formyl-1H-pyrazole (1 g,
10.4 mmol) in dry THF (30 mL) and then the mixture was heated
under argon at 50 °C while stirring for 20 min. After addition of
2,6-bis(bromomethyl)pyridine (1.32 g, 5 mmol), the temperature
was raised to 60 °C and the reaction left at this temperature for
3 h. The solution containing the product was cooled down to room
temperature and the solvent was removed under reduced pressure
leaving a pale yellowish residue that was collected and poured into
a water/ice mixture. A white solid was collected after filtration.
Recrystallization of the solid from ethanol/water mixture (1:1, v/v)
afforded analytically pure 2,6-bis[(4-formylpyrazolyl)methyl]pyr-
idine (3, 0.8 g, yield 54%). M.p. 106–107 °C (from water). FTIR
(KBr): ν̃ = 3108 (m), 3061 (w), 2969 (w), 2845 (w), 2789 (w), 1683
(νC=O, s), 1595 (m), 1573 (m), 1544 (s), 1456 (m), 1420 (m), 1324
(m), 1197 (s), 1162 (s), 1091 (m), 997 (s), 985 (w), 967 (w), 894 (m),
872 (m), 761 (s), 631 (s) cm–1. 1H NMR (CDCl3, 250 MHz, 298 K):
δ = 5.4 (s, 4 H, 2-CH2), 7.11–7.14 (d, 3JH,H = 8.0 Hz, 2 H, 2-CH),
7.66–7.73 (t, 3JH,H = 8.0 Hz, 1 H, CH), 7.96 (s, 2 H, 2-CH), 8.05
(s, 2 H, 2-CH), 9.83 (s, 2 H, 2-CHO) ppm. 13C NMR (CDCl3,
63 MHz, 298 K): δ = 57.6, 121.6, 124.7, 133.6, 138.4, 141.0, 154.8,
183.9 ppm. FDMS (70 eV, CHCl3): m/z (%) = 295.1 (100).
C15H13N5O2·H2O (295.30): calcd. C 57.50, H 4.83, N 22.35; found
C 57.30, H 4.94, N 22.24.

2,6-Bis[4-(1,3-dihydroxy-4,4,5,5-tetramethylimidazolidin-2-yl)-
pyrazolylmethyl]pyridine (5): 2,6-Bis[(4-formylpyrazolyl)methyl]pyr-
idine (3, 590 mg, 2 mmol) and 2,3-bis(hydroxyamino)-2,3-dimeth-
ylbutane (4, 600 mg, 4 mmol) were charged into a small flask with
methanol (40 mL) and stirred under argon for 48 h. The white solid
product was filtered off, washed with water and cold ethanol
(–10 °C) and then air-dried to give 2,6-bis[4-(1,3-dihydroxy-4,4,5,5-
tetramethylimidazolidin-2-yl)pyrazolylmethyl]pyridine which was
used for the next oxidation step without further purification
(690 mg, yield 62%). M.p. 148–149 °C (from water, it decomposes
before melting changing colour from white to deep-red). FTIR
(KBr): ν̃ = 3238 (br, νOH) 2976 (s), 2929 (s), 1599 (m), 1575 (s),
1459 (s), 1421 (s), 1363 (s), 1311 (w), 1209 (w), 1174 (s), 1145 (s),
1093 (w), 1022 (m), 999 (s), 964 (w), 935 (w), 912 (m), 843 (m), 802
(m), 762 (s), 695 (w), 665 (w) cm–1. 1H NMR ([D6]DMSO,
250 MHz, 298 K): δ = 1.00–1.05 (dd, 24 H, 8-CH3), 4.56 (s, 2 H,
2-CH), 5.38 (s, 4 H, 2-CH2), 6.90 (d, 3JH,H = 8.0 Hz, 2 H, 2-CH),
7.45 (s, 2 H, 2-CH), 7.77 (m, 5 H, 1-CH + 4-OH), 8.32 (s, 2 H,
-CH) ppm. 13C NMR ([D6]DMSO, 63 MHz, 298 K): δ = 16.8, 23.4,
56.0, 65.4, 78.7, 82.9, 119.9, 122.6, 129.6, 138.6, 156.3 ppm.
C27H41N9O4 (555.67): calcd. C 58.36, H 7.44, N 22.69; found C
58.04, H 7.66, N 22.36.

2,6-Bis[4-(1-oxyl-3-oxido-4,4,5,5-tetramethylimidazolin-2-yl)-
pyrazolylmethyl]pyridine (B): 2,6-Bis[4-(1,3-dihydroxy-4,4,5,5-tetra-
methylimidazolidin-2-yl)pyrazolylmethyl]pyridine (5, 555 mg,
1 mmol) was oxidized by NaIO4 (540 mg, 2.5 mmol) under phase-
transfer conditions in water/chloroform (1:1, v/v) for 60 min. The
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organic phase became deep-blue after 20 min. After collection and
evaporation of the organic phase, the product was purified by flash
chromatography over SiO2 using acetone/petroleum ether (low boil-
ing point, 4:6) as eluent (Rf = 0.28) to afford the radical product
B as a blue solid (355 mg, yield 64%). M.p. 169–170 °C (from ace-
tone). FTIR (KBr): ν̃ = 3145 (w), 2977 (s), 2987 (m), 2931 (m),
1672 (w), 1598 (m), 1573 (w), 1541 (w), 1460 (s), 1427 (m), 1403
(m), 1365 (s, νN–O), 1317 (m), 1219 (w), 1196 (m), 1174 (m), 1138
(m), 1016 (m), 993 (d), 868 (m), 813 (w), 773 (m) 659 (m) cm–1.
UV/Vis (toluene) λ (ε) 651 (2420), 597 (2216), 550 (1023), 352
(44060), 336 (18660 –1 cm–1) nm. FABMS (NB matrix): m/z (%) =
550.3 (100) [M + H]+. C27H35N9O4 (549.63): calcd. C 59.00, H
6.42, N 22.94; found C 58.73, H 6.50, N 22.78.

Synthesis of {2,6-Bis[4-(1-oxyl-3-oxido-4,4,5,5-tetramethylimid-
azolin-2-yl)pyrazolylmethyl]pyridine}zinc Dichloride (ZnB): In a
round-bottomed flask, the diradical B (84 mg, 0.153 mmol) was
dissolved in MeOH/ethyl acetate (10 mL, 1:1, v/v) and left at room
temperature whilst stirring. Then ZnCl2 powder (21 mg,
0.153 mmol) was added and the reaction mixture was warmed at
55 °C for 30 min. Upon cooling, part of the solvent was evaporated
to about half of the initial volume and diethyl ether was added
(10 mL). A bluish precipitate of ZnB formed quickly which was
collected by filtration and dried under vacuum (90 mg, yield 86%).
C27H35N9O4ZnCl2·2H2O (721.96): calcd. C 44.90, H 5.40, N 17.46;
found C 44.63, H 5.53, N 17.38. ICP: calcd. for
C27H35N9O4ZnCl2·H2O: Zn 9.06%; found Zn 8.88%. UV/Vis
(MeOH/toluene, 1:5): λ (ε) = 648 (2170), 596 (2100), 549 (1100),
350 (36260), 334 (18000 –1 cm–1) nm.

Crystal Structure Determination of 2,6-Bis[4-(1-oxyl-3-oxido-
4,4,5,5-tetramethylimidazolin-2-yl)pyrazolylmethyl]pyridine (B):
Crystals of B were grown in CHCl3 solution under slow vapour
diffusion of hexane in the dark and at room temperature over three
days, forming blue prisms of crystalline material. The structure was
then solved by direct methods and refined by a full-matrix least-
squares procedure.[30] The crystallographic data were collected on
Nonius-Kappa CCD (MoKα, µ = 0.71073 Å) diffractometer
equipped with a graphite monochromator.

CCDC-664335 contains the supplementary crystallographic data
for this paper. These data can be obtained free of charge from The
Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/
data_request/cif.

Supporting Information (see footnote on the first page of this arti-
cle): 1H and 13C NMR spectra of compounds 5 and B, EPR spectra
of PzNN in solution, EPR-power-saturation behaviours of PzNN
and biradical B in frozen solution, fluorescence spectra of biradi-
cals A and B.
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