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Abstract: We report on the highly compact nitroxide-substituted
nitronyl nitroxide 1 and iminonitroxide 2; they have isoelectronic
structures with trimethylenemethane. These diradicals are stable
under aerated conditions at room temperature and have large
positive exchange interactions: J/kg = +390 K (H = —2JSy,5*S1))
for 1 and J/kg ~ +550 K for 2.

Studies of stable open-shell molecules have recently attracted
considerable attention because of their unique properties based on
electron spins; several approaches including stable high-spin
molecules, singlet diradicaloids,>® and stable radicals containing
various main group elements® have emerged. Of these, trimethyl-
enemethane (TMM) is the simplest species that shows a large
positive exchange interaction,* although it undergoes a facile ring
closure at above 123 K to yield methylenecyclopropane through a
thermally accessible singlet diradical state.® Thusfar, several high-
spin molecules have been designed and synthesized using typically
m-phenylene or akylidene bridged nitroxide, nitronyl nitroxides
(NN), and iminonitroxides (IN). However, very few stable diradicals
with large exchange interactions, J/kg > +300 K, H = —2JS;-S,,
have been reported.® We report on highly compact TMM -anal ogues,
1 and 2, with large positive exchange interactions.
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Diradical 1 was prepared by the nucleophilic addition of
2-lithio(nitronyl nitroxide)” to 2-methyl-2-nitrosopropane followed
by oxidation with lead(lV) dioxide. 1 was stable in spite of the
close proximity of the two radical sites: It could be readily purified
using conventional silica gel column chromatography and subse-
quently recrystallized from a benzene—hexane mixture to produce
air-stable red prisms.® 1 was converted to 2 by treatment with
nitrous acid.®

Figure 1 shows the molecular and packing structures of 1.° The
N—O bond lengths (i, iv, vi in Figure 1I) showed typica vauesin
NN and tert-butyl nitroxide frameworks.*® The C—N bond length (v)
was similar to that in 2-dimethylamino-NN (1.377 A).** The dihedral
angle between the O—N=C2—N—0 and C2—(N—0)—C(sp®) planes
was ~73°. The molecules formed a hexagonal structurein acrystaline
state with short intermolecular contacts between the oxygen atoms and
the carbon atoms (HsC groups), forming a hydrophobic hole of an
internal diameter of ~5A. Therecrystallizationsolvents(benzene—hexane)
were incorporated as disorder between the holes.
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Figure 1. Molecular structure of 1 (1): bond length (A) i: 1.273, ii: 1.338,
iii: 1.346, iv: 1.276, v: 1.391, vi: 1.282. Molecular structure of 2 (I1): bond
length (A) vii: 1.277, viii: 1.392, ix: 1.275, x: 1.403, xi: 1.281. Packing
structure of 1 (I11): The red dotted lines denote intermolecular contacts
between the nitroxide oxygen atoms and the sp® carbon atoms (intermo-
lecular contacts of 3.028 A within a hexagon and 3.380 A between the
nearest hexagons). Incorporated solvents, benzene and hexane (~ 1:1 by
NMR), are not shown. Hydrogen atoms are omitted for clarity.

Diradical 2 had a smaller dihedral angle between the
N=C2—N—0 and C2—(N—0O)—C(sp®) planes (~40°). Two
nitroxides were found to be in a cisoid conformation. Several
intermolecular contacts were observed between the sp® carbon
atoms and the nitroxide oxygen atoms (3.468—3.596 A, Figure
S1).

In order to obtain insight into the spin—spin interaction
between the two spin centers, the EPR spectra of these diradicals
were measured: The close proximity of the two spin centers may
provide a singlet ground state. Alternatively, the TMM type
cross-conjugation of the spin centers may give atriplet ground
state. The EPR spectrum of 1 in frozen diethylphthalate clearly
exhibited a randomly oriented triplet pattern (|D/hc| = 0.0250
cm?, |E/hc|] = 0.0016 cm™!) with a small amount of doublet
impurity (Figure 2). A half field signal dueto |Amy = 2 transition
was clearly observed. The plots of |Ams = 2 signal intensity (I)
vs reciprocal temperature (1/T) gave a straight line, indicating
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Figure 2. EPR spectrum of 1 (I) and of 2 (II) measured in frozen
diethylphthalate matrix at 200 K with v = 9.416402 GHz (for 1) and vo =
9.425181 GHz (for 2). The dotted lines indicate simulation spectra. 1: |D/
hc| = 0.0250 cm™, |E/hc| = 0.0016 cm™, g, = 2.0070, g,, = 2.0023, g
= 2.0041, and g, = 2.0045. 2: |D/hc| = 0.0639 cm™?, |E/hc| = 0.0050
cm™?, g = 2.0032, g,y = 2.0048, g, = 2.0032, and g., = 2.0037. The
simulation was carried out using the software package of EasySpin.*?
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Figure 3. Temperature dependence of x,T for 1 (1) and for 2 (I1). The red
solid lines show simulation lines based on a modified Bleaney—Bowers
model (1: Jkg = +390 K (H = —2JS),+Sy2) and 0 = —1.5K using g =
2.0045; 2: Jkg = +550 K and 6 = —2.7 K using g = 2.0037). Insets:
expanded (y-axis) plots.

atriplet ground state. A triplet pattern was also observed for 2
(ID/he| = 0.0639 cm™?, |E/hc| = 0.0050 cm™Y). Interestingly, 2
has a considerably larger |D/hc| value and hence stronger |Am|
= 2 signal intensity than 1. The larger |D/hc| value in 2 can be
qualitatively explained by the closer distance between the
nitroxide spin centers in the cisoid form (atomic spin densities
and their maps in Figure S2).

Bulk magnetic properties of these diradicals were investigated
by measuring the temperature dependence of molar paramagnetic
susceptibility (xp) (Figure 3). The x,T value of 1 was found to be
0.983 emu K mol~* (effective magnetic moment uer = 2.804 ug)
at room temperature. As the temperature was lowered to ~150 K,
the y, T value gradually increased to show a broad maximum (y,T
= 1.000 emu K mol™, ugr = 2.828 ug); the value then slowly
decreased when the temperature was further lowered from 150 to
30 K and rapidly decreased below 30 K. The increase in y,T (300
— 150 K) indicates a sizable ferromagnetic interaction. The
observedy,, T—T curvewass mul ated usingamodified Bleaney—Bowers
mode! (eg 1),*3 giving a large ferromagnetic interaction of J/kg =
+390 K (H = —2J3Sy»*S;») and a weak antiferromagnetic interac-
tion of § = —1.5 K. The large J/ks value can be assigned to the
intramolecular ferromagnetic interaction between the two spin
centers. The weak antiferromagnetic interaction can be assigned
as the intermolecular antiferromagnetic interaction between the
C(sp®)—ON contacts observed in the crystal structure analysis.
Theoretical calculations of the exchange interactions (ub3lyp/6-

31G(d)) using models based on the intermolecular contacts provided
comparable results (Table S1).*4*°

B 2N, UAg*T
BT = (T = 03 + exp(—23kgT] @

Diradical 2 showed alarger y,T value (0.990 emu K mol %) (ues
= 2.814 ug) a room temperature. The y,T value was amost
constant between 300 and 100 K and decreased below 100 K. In
the 300—100 K region, a very broad maximum (y,T = 0.995 emu
K mol ™1, g = 2.821 ug) was observed at ~230 K, which indicates
alarger intramolecular magnetic interaction between the two spin
centers. The simulation of the y,T—T curve gave a large ferromag-
netic interaction of J/kg ~ +550 K and a weak antiferromagnetic
interaction of § = —2.7 K. 2 has alarger J value than 1, which is
attributed to the smaller dihedral angle between the noda planes
of the spin centers.

The energy gap (Esr gap) between the triplet ground state and
the singlet diradical state is thus estimated as Esr gap = 2J/ks =
+780 K (1.56 kcal/mol) for 1 and +1100 K (2.20 kcal/moal) for 2.
Although the singlet diradical states are readily accessible at room
temperature, we have observed no tendency of the transformation
to the ring-closed forms by the formation of the O—O bond in
contrast to the chemical behavior of TMM. The ring-closed
structures should have significantly higher energy levels because
of the electronic repulsion between six pairs of lone pair electrons
in the fivee-membered —C2—N—O—O—N- ring in accord with
theoretical calculations (Table S2).** The unstable nature of the
ring closed forms eventually contributes to the chemical stability
of these diradicals.

In summary, we demonstrated the high stability of new TMM-
type triplet diradicals whose triplet occupancies are nearly 100%
at room temperature. From a structural perspective, these diradicals
can be utilized as magnetic metal ligands. Furthermore, these species
are easily sublimed under reduced pressure (~70 °C/20 mmHg for
1, ~55 °C/20 mmHg for 2) without decomposition. Owing to these
features, these diradicals have various potential applications in
spintronics. Such studies are in progress.
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