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Abstract: A triangular gold(iminonitroxide-2-ide) trimer com-
plex (5) was prepared and investigated to determine its
magnetic properties. The results showed that the metalloid
triradical is highly stable, even in solution under aerated
conditions. The intramolecular exchange interaction of 5 was
found to be positive (Jintra/kB�+ 29 K), thus showing that 5 is
in a quartet ground state. In addition, a silver sandwich
complex (5-Ag+-5) was prepared and its electronic and
magnetic properties were also clarified.

Recent advances in the development of stable open-shell
molecules have led to the synthesis of various fascinating
materials such as organic high-spin molecules with large
exchange interactions,[1–4] molecule-based magnets,[1,5] radi-
cal-based batteries,[2, 6] and materials exhibiting unique elec-
tronic and spintronic properties.[2, 7–10] Nitronyl nitroxide (NN)
and iminonitroxide (IN) radicals, shown in Figure 1, are
widely utilized as stable spin sources for molecule-based
magnets and related materials.[1,5, 10–12]

Many studies have reported metal complexes coordinated
by oxygen and/or nitrogen atoms in either NN or IN
moieties.[1,12] In contrast, only a few studies have investigated
metal radical systems coordinated by the carbon atom within
the NN-2-ide radical anion(s).[13–17] We have recently reported
that these metalloid NN radicals are highly stable and find

wide application in various fields such as synthetic and
materials science.[14–16] For example, the platinum complex
1 exhibits unique redox properties,[14] and the gold/NN
complex 2 can be utilized as an NN source in the cross-
coupling reaction with aryl halides in the presence of
a palladium(0) catalyst.[16]

Metal-centered radical systems with two or more spins are
also intriguing in terms of their intramolecular exchange
interaction, which has been demonstrated by using a stable
radical such as NN[13c,15] and a salen-type phenoxyl.[18] The
NN-based system can provide clear-cut information on the
structure and exchange interaction in metal-centered radical
systems. So far, only a few studies have investigated the metal-
centered multi-NN-2-ides. Ovcharenko and co-workers
reported that the mercury complex 3 shows paramagnetic
behavior,[13c] whilst we reported that the exchange interaction
of two NNs for the palladium complex 4 was determined to be
J/kB =¢36 K[15] by temperature dependence of the magnetic
susceptibility. Also, other theoretical studies related to [(NN-
2-ide)–M–(NN-2-ide)] (M = nonmagnetic metal ion) com-
pounds suggest that the intramolecular exchange interaction
between stable radicals is weakly antiferromagnetic.

In this work, we report the preparation and magnetic
properties of the new metalloid radical 5 with a quartet
ground state, that is, a C3-symmetric cyclic gold(IN-2-ide)
trimer with gold(I) atoms linearly coordinated through the
imino nitrogen atom (positive spin) on one side and the IN-2-
ide carbon atom (negative spin) on the other side.

Figure 1. Chemical structures and spin density distributions of nitronyl
nitroxide (NN) and iminonitroxide (IN). Positive and negative spin
densities are shown as gray and white circles, respectively.
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The triradical 5 was prepared in a moderate yield by
treating 2 with sodium nitrite under acidic conditions. Its
structure was characterized by MS, electron-spin resonance
(ESR) spectroscopy (see Figure S1 in the Supporting Infor-
mation), elemental analysis, and X-ray crystal structure
analysis.[19] Surprisingly, 5 was very stable and could be
purified by conventional column chromatography under
aerated conditions.

Single red crystals of 5 suitable for X-ray crystal structure
analyses were obtained by recrystallization from a mixed
cyclohexane and toluene solution. The triradical 5 has C3

symmetry with a shallow bowl structure (Figure 2). The bond

lengths of Au1–C1 [1.981(7) è] and Au1–N2 [2.054(7) è] are
similar to those of the related trinuclear gold(I) complexes
with the associated diamagnetic imidazolates.[20] The bond
lengths on the IN moiety fall within the range of typical
values: O1–N1: 1.270(6) è; N1–C1: 1.395(6) è; and C1–N2:
1.309(8) è.[4d] Also, 5 formed a dimeric structure with
a convex–convex motif (5-dimer) and an intermolecular
staggered angle of about 3088. In the crystal, two kinds of
crystallographically independent cyclohexane molecules (cy-
clohexane A and B) were observed as crystal solvents (see
Figure S2). Dimers of 5 and the cyclohexane A formed a one-
dimensional columnar structure by an alternate staking motif,
while the cyclohexane B was observed between the columnar
structures (see Figure S2), thus suggesting that the magnetic
interaction between the dimers is very weak.

The magnetic properties of 5 in the polycrystalline sample
were elucidated by measuring temperature dependence of
cpT (cp = the molar paramagnetic susceptibility; the 5-dimer
structure involving six INs is taken as a molecular unit) by
means of a SQUID magnetometer in the temperature range
between 298 K and 1.9 K under an external magnetic field of
0.1 T (Figure 3). The cp T value at room temperature,
2.461 emuK mol¢1, was higher than the theoretical value of
magnetically independent six S = 1/2 spins (0.375 × 6 =

2.25 emuK mol¢1 assuming g = 2.00). The cp T value gradually
increases upon cooling to about 60 K. Thereafter, it rapidly
decreased to 0 emuK mol¢1 below 60 K. This behavior can be
explained by the coexistence of an intramolecular ferromag-
netic interaction between the IN moieties and a smaller
intermolecular (intra-dimer) antiferromagnetic interaction.
The observed cp T–T curve was analyzed by using the spin

Hamiltonian based on an equilateral-triangular prism model
(see Figure S3): H =¢2{Jintra(5)(S1·S2 + S2·S3 + S3·S1 + S1’·S2’
+ S2’·S3’ + S3’·S1’) + Jinter(5)(S1·S1’ + S2·S2’ + S3·S3’)}, where
intramolecular and intermolecular exchange interactions are
represented by Jintra(5) and Jinter(5), respectively.[21] The best-
fit parameter values of intermolecular exchange interactions
(solid line in Figure 3) are obtained as Jintra(5)/kB =+ 29.3 K
and Jinter(5)/kB =¢12.2 K. The antiferromagnetic interaction
of j Jinter(5) j /kB = 12.2 K is compatible with the temperature
(ca. 15 K) of the maximum in cp in the cp–T plots (Figure 3;
inset).

To ascertain the above assignment of magnetic interac-
tions, we carried out calculations by density-functional theory
using Gaussian09 program[22] based on the crystal structure
(see Table S1). The calculations show that the total energy of
the high-spin state of 5 (S = 3/2) is lower than that of the low-
spin state (S = 1/2), and the calculated exchange interaction
(Jcalc-intra) was found to be Jcalc-intra/kB =+ 33.3 K.[23] The spin
density maps of the high-spin and low-spin states are shown in
Figure S4. The key feature of the ferromagnetic interaction in
5 is induction of positive (up) spin on gold(I), and this spin can
be brought about by the spin delocalization from metal
dxz orbital to the p orbital (in SOMO) of the imino nitrogen
atom having large positive (up) spin, thus producing positive
(up) spin on gold(I) (see Figure S5). Then, the usual spin up-
down relationship stabilizes the high-spin state. The small spin
density thus induced on gold also provides significant effect
on the zero-field splitting (ZFS) in the ESR spectrum (jD/hc j
= 0.0414 cm¢1; see Figure S1). The large observed jD/hc j
values cannot be explained by the spin–spin dipolar inter-
action and requires large contribution of the spin–orbit
coupling (SOC) induced by the heavy gold atom (see
Table S3).[24] In addition, we calculated the intermolecular
exchange interaction (Jcalc-inter/kB =¢5.1 K) between the IN
moieties (IN-C and IN-D, taken from top and bottom 5s,
respectively, in Figure 2b). The calculated results are roughly
comparable to the experimental results.

Furthermore, we successfully prepared (5-Ag+-5)·X¢ (X =

PF6
[25] and OTf[26]) by addition of the silver salts. These

complexes were also stable under aerated conditions, both in
solution and in the solid state. Single orange crystals of (5-
Ag+-5)·PF6

¢ suitable for X-ray crystal structure analyses were
obtained by crystallization by mixing a dichloromethane

Figure 2. ORTEP views (50% probability) of 5. a) Top view of 5.
b) Side view of 5-dimer. Hydrogen atoms and crystal solvents are
omitted for clarity. IN-C and IN-D denote the (x,y,z)–(x,x¢y,1/2¢z)-
related nearest IN moieties.

Figure 3. The cpT–T plots of 5 for the polycrystalline sample. The solid
lines shows the simulation curve based on an equilateral-triangular
prism model [ Jintra(5)/kB = + 29.3 K and Jinter(5)/kB =¢12.2 K].
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solution of 5 with silver hexafluorophosphate.[27] The complex
(5-Ag+-5)·PF6

¢ has an S6 symmetrical structure with a rotatory
reflection axis through the Ag1 atom (Figure 4). Two units of
5 in (5-Ag+-5)·PF6

¢ have planar structures, and the stagger
angle between them is 6088. The bond lengths around the gold
atom within (5-Ag+-5), Au1–C1: 1.99(1) è and Au1’–N2:
2.07(1) è, are slightly longer than those in 5-dimer (Fig-
ure 2b), probably caused by the coordination of silver to the
gold atoms. The Au1–Ag1 bond length [2.8095(5) è] was
smaller than the sum of van der Waals radii of the gold and
silver atoms (3.38 è), thus suggesting Au–Ag interac-
tions.[20, 28] The interplanar distance between the 5 units
within (5-Ag+-5)·PF6

¢ was estimated to be 3.96 è, which is
longer than that of 5-dimer, thus suggesting a smaller
magnetic interaction between the 5 units in the silver
complex. In addition, a short contact was observed between
the oxygen atoms (2.96 è, in IN-E and IN-G ; see Fig-
ure S6b). Moreover each of the three nitroxide oxygen atoms
in the 5 moiety of the silver complex makes a three-dimen-
sional network between the silver complexes.

The complex (5-Ag+-5)·PF6
¢ showed similar magnetic

behavior to that of 5-dimer. The cpT–T (cp–T) plots (see
Figure S7) indicate the presence of ferromagnetic and anti-
ferromagnetic interactions. The trianglar triradical moieties
commonly presented ferromagnetic interactions [Jintra(5) for
5-dimer, Jintra(5-Ag+-5) for (5-Ag+-5)] for both the silver
complex and 5-dimer. The temperature dependence of the
cp value of (5-Ag+-5) was simulated by an equilateral
triangular model [H =¢2{Jintra(5-Ag+-5)(S1·S2 + S2·S3 +

S3·S1)}] with the intermolecular interaction zJinter(5-Ag+-5)
in the mean-field approximation[29] (see Equations S1–S3)
rather than the triangular prism model applied to 5-dimer.
The difference in the magnetic behavior between 5-dimer and
(5-Ag+-5) is as follows: 5-dimer has a moderate antiferro-
magnetic interaction [Jinter(5)/kB =¢12.2 K] between the
triangles in 5-dimer. In contrast, the silver complex has
a much smaller exchange interaction between the triangular
moieties in (5-Ag+-5) and has a larger antiferromagnetic
interaction between the adjacent (5-Ag+-5) units, making
a three-dimensional-type contact network. The best fit
parameters were determined to be Jintra(5-Ag+-5)/kB =

+ 25.0 K and zJinter(5-Ag+-5) =¢9.7 K. The Jintra(5-Ag+-5)/kB

value is comparable with the Jintra(5)/kB value (+ 29.3 K). The
intermolecular interaction Jinter(5-Ag+-5) is assignable to the
oxygen–oxygen contact (2.96 è) in IN-E–IN-G (Figure S6b);
the magnetic interaction was theoretically estimated to be
Jcalc/kB =¢4.7 K using the X-ray-determined geometry. The
exchange interaction between the IN-E and IN-F moieties
(Figure 4) within the silver complex were estimated to be
much smaller (Jcalc/kB =+ 0.6 K; see Table S2),[22,23] and is in
accordance with the applied equilateral triangular model.

In conclusion, we have designed and synthesized a unique
triangular metalloid triradical 5, which was found to be stable
under aerated conditions in both solution and the solid state.
In the crystals obtained from cyclohexane, 5 forms a dimer.
The temperature dependence of the magnetic susceptibility of
5 clearly indicates a quartet ground state with Jintra/kB =

+ 29.3 K. We also prepared the silver complex (5-Ag+-
5)·PF6

¢ with Jintra/kB =+ 25.0 K. These compounds are the
first ferromagnetic metalloid triradicals having the unique
bonding N(IN)–Au–C(IN). The application of this ferromag-
netic structure and its extension to the intercalation of
functional molecules are currently in progress.
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