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Stable radical 2-(6-uradinyl)-4,4,5,5-tetramethyl-4,5-dihy-
dro-1H-imidazole-1-oxyl shows antiferromagnetic spin pair-
ing with 2J/k = 214 K, attributable to a close contact
between unpaired spin density on the imidazole-type ni-
trogen atoms; hydrogen bonds aid dimer formation, but do
not appear to play an eletronic role in the magnetic
behaviour.

The use of hydrogen-bonding as a crystal-engineering scaffold
has been utilized in a number of cases to attempt to control the
solid state intermolecular exchange interactions of organic free
radicals.1 In an example using a biology-inspired motif,
Veciana et al.,2 described the synthesis, crystal analysis, and
magnetic properties of 2-(5-uradinyl)-4,4,5,5-tetramethyl-
4,5-dihydro-1H-imidazole-1-oxide-3-oxyl (5-Ur-NN, 1). Only
a small amount of spin density was observed on the uradinyl
ring in 1. This is probably due to two factors. Nitronylnitroxides
do not delocalize spin much beyond the conjugated ON–C–NO
moiety, and 1 exhibits a high biannular torsional angle
(64.9°).

The relationship of the magnetic interactions to the crystal
packing was not entirely clear in 1. By making a more planar
analogue of 1, we hoped to improve crystal stacking, and
possibly to increase radical to uradinyl spin delocalization. In
this article, we report the synthesis, crystallography, and
magnetic analysis of 2-(6-uradinyl)-4,4,5,5-tetramethyl-4,5-di-
hydro-1H-imidazole-1-oxyl (6-Ur-NN, 2).

Commercial 6-methyluracil was oxidized3 to 6-formyluracil,
condensed4 with 2,3-bis(hydroxylamino)-2,3-dimethylpropane
hydrogen sulfate, then directly oxidized with aqueous sodium
periodate and purified to give 2 as a brick red powder that
appears indefinitely stable to ambient conditions. The radical
was characterized‡ by elemental analysis, crystallography,
electron spin resonance and FTIR spectroscopy. The seven-line
solution electron spin resonance (ESR) spectrum of 2 showed
no resolvable hyperfine coupling from atoms other than the two
nonequivalent nitrogens. Variable temperature and frozen
matrix (2 : 1 toluene/hexanes) ESR were obtained, but we
observed no triplet biradical peaks attributable to solution phase
dimer formation. Apparently, the aggregates are too few or too
disorganized to exhibit solution biradical ESR spectra analo-
gous to those recently seen for radical 3.5 However, we did
observe dimers, trimers, and higher aggregates in electrospray
impact mass spectra obtained for 2. For example, in methanol
we obtained peaks at m/z 252.3, 503.4 and 776.4 for (2 + H)+,
(22 + H)+, and (23 + Na)+ (sodium ions are from the sample’s

glassware environment), and even further clusters up to at least
(26 + Na)+. These cluster peaks were not formed in aqueous
acetic acid, presumably due to disruption of hydrogen-bonding
under these conditions. We note that UV-vis based evidence of
some form of aggregation has also been reported for 1.2

Crystallographically, 2 is much flatter than 1, with a
biannular dihedral angle of only 14.5° due to an internal N(2)–
H…O(3)–N(3) hydrogen bond from the uradinyl to the
iminoylnitroxide moiety (dashed bond, Fig. 1). The radical
forms two-point hydrogen bonded dimers, pairs of which are
related through offset, inverted p-stacking between the uradinyl
and iminoylnitroxide moieties (Fig. 2). The uradinyl rings are

† Electronic supplementary information (ESI) available: synthesis details
for 1 and 2; IR data; spin density computations for 2. See http://
www.rsc.org/suppdata/cc/b3/b302901h/

Fig. 1 ORTEP diagram for 2. See the electronic supporting information for
more crystallographic details. Dashed line shows a NH…ON internal
hydrogen bond.

Fig. 2 Crystal structure of 2 showing the hydrogen-bonded dimers, p-
stacking, and close contacts between sites of significant spin density.
Distances are shown in angstroms.
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stacked at a distance of about 3.5 Å, with the iminoylnitroxide
N–O(3) lying about 3.2 Å above a uradinyl ring below it.

DC magnetic susceptibility measurements for 2 were carried
out using a Quantum Design MPMS SQUID magnetometer
over a range of 1.8–300 K at 1000 Oersted. Fig. 3 shows c vs.
T plots for the diamagnetism-corrected paramagnetic suscepti-
bility (c) data obtained. There are substantial deviations from
linear Curie–Weiss behavior below 15 K indicating anti-
ferromagnetic interactions between spin sites. The limiting
behavior Curie constant C = 2.75 mol Oe21 emu21 with Weiss
constant q = 20.43 K for T > 80 K, consistent with the value
of C = 2.67 expected for S = 1

2 spin units. The c versus T data
was fit to equation (1),

(1)

in which N = Avogadro’s number, mB = Bohr magneton, k =
Boltzmann’s constant, J is the exchange constant for spin
pairing, and q is a mean field interaction term. The equation
provides for a small fraction of isolated spins (P) acting in a
paramagnetic fashion. A good fit was obtained for J/k = 27.0
K (P optimized to 0.03) to 26.4 K (P fixed at zero), with a fixed
value of q = 20.43 K from the high temperature Curie–Weiss
plot. Fig. 3 shows the plot where P is fitted to the data.

The antiferromagnetic (AFM) spin pairing in 2 can be
explained in terms of close contacts between sites of significant
spin density (Fig. 2). The imine nitrogens (N(4)) of adjacent
molecules are separated by 3.301 Å, providing the closest
interatomic contact between sites of major spin density (the
experimental aN = 4.6 G, roughly a 15% spin population).6
Although the N(4)…HC(2) contact is even closer (about 2.0 Å),
the electron spin resonance (ESR) spectrum showed no
resolvable hyperfine coupling attributable to the uradinyl H–
C(2) bond. UBLYP7/cc-pVDZ8 computations9 at the experi-
mental geometry of 2 show only (2)2% Mulliken spin density
on C(2). Other atoms on the uradinyl ring are computed to have
even smaller spin densities. Based on the computational and
experimental evidence, it is likely that the 2-point dimeric
hydrogen-bonds provide structural scaffolding, but not an
electronic exchange pathway, given the small spin densities
involved. The dimeric spin pairing appears primarily to be due
to the close N(4)…N(4)A contacts shown in Fig. 2 (bottom).

Compounds such as 1–2 are of interest not only as
components of molecular magnetic materials, but also as bio-
recognition agents. The strategies are related, since both
biological and materials science techniques use directed
molecular interactions (such as hydrogen bonding) to promote
predictable molecular assemblages. The fine-tuning of primary

structure features, such as the planarity of 2 by comparison to
that of 1, allows alteration of intermolecular behavior. In
particular, we hope that the flat geometry of 2 will allow it to be
deployed in work that we are pursuing with mixed crystals and
in solution bio-recognition systems that have hydrogen bonding
complementary to the uradinyl unit.
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Notes and references
‡ Data for 2: mp 186–188 °C[d]. Anal. calc. for C11H15N4O3: C 52.58, H
6.02, N 22.30. Found: C 52.81, H 6.07, N 20.47%. MS (ESI, m/z): 252
(parent + H). ESR (9.645 GHz, chloroform): aN = 8.67, 4.58 Gauss. Red
needles from layered 1 : 1 CH2Cl2/H2O. FTIR (KBr/cm21): 3423 (broad,
NH), 3175, 3051, 2923 2830 (CH stretch), 1716, 1686 (amide N–CNO
modes), 1412.

Crystal data for 2, reddish cube, 0.35 3 0.35 3 0.20 mm, C11H15N4O3,
M = 251.26, monoclinic, space group C2/c, Z = 8, a = 13.3744(9), b =
13.6012(9), c = 15.1086(13) Å, b = 109.701(3)°, V = 2587.5(3) Å3, Dcalc

= 1.290 g cm23, T = 298 K, l(Mo-Ka) = 0.7107 Å, µ = 0.096 mm21.
4041 reflections were recorded at a threshold intensity of 2s(I). 2244
independent reflections (Rint = 0.0249) were analyzed with 163 parameters
using SHELXL-97. The final R(F2) = 0.086, wR(F2) = 0.242, R(all) =
0.111, wR(all) = 0.267. CCDC reference number 207264. See http://
www.rsc.org/suppdata/cc/b3/b302901h/ for crystallographic data in CIF or
other electronic format.
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Fig. 3 Paramagnetic susceptibility (c) vs. temperature for 2. The solid line
shows the fit of the data to equation 1. The inset shows the 0–50 K data and
fit.
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