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Chiral nitroxide–cyclotriphosphazene hybrid compounds
such as 2,2-dinitroxide (1a), 2,2,4,4-tetranitroxide (2a), and
2,2,4,4,6,6-hexanitroxide (3a) have been prepared to examine
the potentiality for the use of the cyclotriphosphazene frame-
work as a molecular scaffold for elaborating robust, chiral para-
magnetic multispin systems. EPR spectroscopic studies of these
compounds in solution and in frozen solvent matrixes indicate
the existence of appreciable intramolecular electron-exchange
interactions between two or three neighboring radical moieties
disposed on the same side of the cyclotriphosphazene ring. Their
bulk paramagnetic properties have also been characterized by
magnetic susceptibility measurements.

Cyclotriphosphazene is a unique inorganic compound which
can serve as a molecular scaffold by incorporating various or-
ganic functional groups into the cyclic –P=N– backbone, mak-
ing possible the preparation of various organic-inorganic hybrid
compounds directed toward the development of new functional
materials such as liquid crystals and polymers.1,2

With a view to obtaining chiral and achiral liquid-crystalline
cyclotriphosphazenes with paramagnetic susceptibility anisotro-
py, which is necessary for the orientation of paramagnetic liquid
crystals by weak magnetic fields,3 we have investigated the pos-
sibility of elaboration of chiral and achiral multispin system on
the cyclotriphosphazene scaffold so that intramolucular elec-
tron-exchange interactions enough to generate overall paramag-
netic susceptibility anisotropy occur.4 In this paper, we describe
the preparation of chiral and achiral nitroxide–cyclotriphospha-
zene hybrid compounds 1–3 (Figure 1) and their magnetic prop-
erties disclosed by means of X-band EPR spectroscopy in solu-
tion and in frozen solvent matrixes, magnetic susceptibility
measurements in the solid states, and X-ray crystallographic
analysis.

Enantiomerically enriched hybrid compound (S)-1a–(S)-3a
were successfully synthesized in 30–37% isolated yields by
the reaction of (2S)-2,5,5-trimethyl-2-(4-hydroxyphenyl)pyrroli-
dine-1-oxide (88% ee)5 with appropriate chlorocyclotriphospha-
zene derivatives such as [N3P3Cl2(O2C12H8)2], [N3P3Cl4-
(O2C12H8)], and N3P3Cl6 in the presence of NaH in THF,6 fol-
lowed by purification by flash column chromatography on silica
gel eluting with hexane/ethyl acetate (Figure 1). As for the achi-
ral hybrid compounds, only nitronyl nitroxide derivative 1b
was isolated by a similar synthetic procedure, but more substitut-
ed 2b and 3b and t-butyl nitroxide derivatives 1c–3c were too
labile to be isolated. It is noteworthy that obtained (S)-1a–(S)-
3a were extremely thermally-stable up to as high as 189–
235 �C (Table 1).

The magnetic susceptibility of (S)-1a–(S)-3a and 1b was
measured in the temperature range from 2K to 300K using a
SQUID susceptometer at an applied field of 0.5 T. As far as
the bulk magnetic properties are concerned, all solid materials
of (S)-1a–(S)-3a and 1b showed weak antiferromagnetic interac-
tions below 20K. The Curie constants and Weiss temperatures
are given in Table 1. The constant �T value between 20 and
300K for each of (S)-1a–(S)-3a corresponds to the total amount
of free S = 1/2 spins with g-factor of 2.0 (e.g., Figure 3b), indi-
cating that their radical purity is satisfactory and that the intra-
and inter-molecular exchange interactions are much smaller than
the thermal energy kBT of 20K. Slightly low Curie constant was
noted for 1b, indicating the decreased radical purity.

Thus, (S)-1a–(S)-3a turned out to be the good model com-
pounds for the systematic studies on chiral nitroxide-cyclotri-
phosphazene hybrid compounds owing to their thermal stability.

The EPR spectra of (S)-1a–(S)-3a were measured at 298K
in MeTHF. No coupling with a phosphorous atom was observed
in all EPR spectra of the degassed and diluted solutions (ca.
10�4 M) at 298K or lower temperatures. The spectrum of (S)-
1a shows that the electron-exchange interaction (jJj) between
radical fragments is close to the hyperfine coupling constant
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Figure 1. Structural formula of chiral and achiral nitroxide-
cyclotriphosphazene hybrid compounds.

Table 1. Magnetic, thermal and optical properties of 1–3

Compound Ca /emu Kmol�1 �b/K D. P.c/�C ½��D24 d

(S)-1a 0.75 �0.78 235.7 �6.00 (c 0.0563)

1b 0.68 �0.37 198.2 —

(S)-2a 1.54 �1.21 192.8 �7.43 (c 0.0887)

(S)-3a 2.25 �0.92 189.1 �13.0 (c 0.0540)

aCurie constant. bWeiss temperature. cDecomposition point determined by

TG analysis. dMeasured in THF.
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(aN), while the EPR spectra of (S)-2a and (S)-3a display a broad
signal (�Hpp ¼ 1:8 and 1.5mT, respectively) by intramolecular
exchange interactions (jJj � aN) among four or six NO radical
groups (Figures 2b and 2c).

Further evidence of intramolecular electron-exchange inter-
actions between NO radicals was given by the observation of
broad singlet signals (�Hpp ¼ 3:4 and 2.8mT at 75K) in
2-MeTHF glassy solutions of (S)-2a and (S)-3a, respectively,
at low temperatures corresponding to the �ms ¼ �2 forbidden
transition. The signal intensities are in proportion to the inverse
of the absolute temperatures according to the Curie’s law in the
low temperature range (Figure 2d), suggesting the presence of a
multiplet or nearly degenerate singlet-multiplet ground state.

Thus, EPR spectroscopic studies microscopically showed
the existence of appreciable intramolecular electron-exchange
interactions (jJj � aN) between two or three neighboring radical
groups disposed on the same side of the cyclotriphosphazene
ring at ambient temperature, although the macroscopic magnetic

susceptibility measurements indicated that the exchange interac-
tions are small (jJj � kBT of 20K).

The X-ray crystallographic analysis of the single crystal of
(S)-1a obtained by recrystallization from CH2Cl2/Et2O indi-
cates that one of the two NO groups of a molecule interacts with
the two nearest NO groups (both O���O distances: 5.734 �A) in two
adjacent molecules to give a 1-D chain of NO groups while the
other NO group is isolated (Figure 3a).7 In contrast, the intramo-
lecular O���O distance (13.349 �A) is too long to effect an appre-
ciable magnetic interaction, as confirmed by the EPR studies de-
scribed above.

In accordance with this crystal structure, the magnetic be-
havior of (S)-1a can be best fitted to a one-dimensional regular
Heisenberg-linear chain model of S ¼ 1=2 with jJj=kB of 2.4K
and 97.5% radical purity (Figure 3b).8 Therefore, it has been
suggested that the observed antiferromagnetic behaviors for all
of them in the solid states may be ascribed to the intermolecular
origin.
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Figure 3. (a) Crystal structure of (S)-1a viewed down the c ax-
is. The carbon, nitrogen, oxygen, and phosphorus atoms are rep-
resented by open, crosshatched, closed, and grid circles, respec-
tively. All hydrogen atoms and one of two biphenyl groups are
omitted for the sake of clarity. (b) �T vs. T plot for (S)-1ameas-
ured between 2 and 100K at an applied field of 0.5 T. The circles
represent the �T values of the polycrystalline sample, while the
solid line indicates a theoretical curve.
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Figure 2. EPR spectra of (a) (S)-1a in THF at 298K, (b) (S)-2a
in 2-MeTHF at 298K, (c) (S)-3a in 2-MeTHF at 298K, and (d)
Curie plot of the �ms ¼ �2 signal intensities of (S)-3a with the
inverse of the temperature from 10 to 50K.
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