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Abstract: 2,4-Dimethoxy-1,3,5-benzenetriyltdd{tertbutyl nitroxide) @) was prepared by lithiation of 2,4-dimethoxy-
1,3,5-tribromobenzene followed by the reaction with 2-methyl-2-nitrosopropane and subsequent oxidation@ith Ag

The triradical crystallizes in the orthorhombic space gréuma(no. 62) with four molecules in the unit cell of
dimensionsa = 18.200(3) A,b = 19.018(3) A, andc = 6.659(5) A. X-ray analysis for an orange plate single
crystal of3 revealed that the three nitroxide radicals in a molecule have large dihedral andles¢op9) between

N—O bonds and the benzene ring plane in the all-syn conformation and the distances between them are 5.44 and
5.28 A. An EPR spectrum of triradic8lin frozen toluene solution showed quartet signals=(2.0062,|D/he| =

0.010, andE/hc| = 0.0004 cn1?) in addition to the signals &= 4.019 and 6.035 due thms = 2 and 3 transitions,
respectively. Temperature dependence of molar susceptibility for a microcrystalline sample obtained by SQUID
measurements suggested that the antiferromagnetic interaction produces a doublet ground state in 3riradical
Experimental data were fitted in terms of the equation derived from an isosceles triangular three spintdystem (
—2J(SSs + S + aSa1Sa2)) with negatived's to afford two sets of the best fitting parametetlkg = —41.5

K, oo = 0.31 andl/kg = —22.3 K,o. = 2.29. The formed/ks value is more consistent withlks = —39.7 K for the
reference biradical, 1-bromo-2,4-dimethoxy-3,5-benzenediybis(t-butyl nitroxide) @). In triradical3, therefore,

the ground spin state would be a doublet with the stronger antiferromagnetic interaction between the spins at 1 and
3 positions and 3 and 5 positions polarizing the ferromagnetic alignment of the 1 and 5 spins, providing the first
demonstration of an organic triradical showing competing interactions.

Introduction

In the design and construction of organic super-high-spin
molecules, them-phenylene framework has been extensively
employed as a versatile coupling unit for connecting unpaired
electrons ferromagnetically. Typical examples are super-high-
spin polycarbenésand poly(triphenylmethylfsand stable high-
spin poly(N-tert-butyl nitroxide)$ containingm-phenylene units
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as backbones. In sonme-phenylene and its substituted deriva-
tives carrying two spin centefs? however, the ground states
are found to become singlets ruling out the general rule that
them-phenylenes serve as robust ferromagnetic coupling units.
By taking advantage of these observations, i.e., singlet ground
states ofl* and2,® we became interested in designing a three-
spin system that would show competing interactions and/or spin
frustration in the context of molecular magnetism.

When the local spin§a, Ss, andS: are placed at the corner
of a triangle (Scheme 1) and the exchange coupling represented
by J ’s between any two of them are ferromagnetigs( Jsc,
andJac are positive P9 nothing is special about the electronic
structure of the system; the ground state should be a quartet.
On the other hand, when they are antiferromagnetic, the spins
would find it difficult to decide which way to align in the ground
statel®!? For |Jag| = |Jec| > |Jacl or [Jas] = |Jsc| < |Jacl,
the ground state spins will be illustrated as in Scheme 1b,c.
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Table 1. Crystallographic Parameters and Refinement Data for

For Jag = Jgc = Jac < 0, by symmetry or accidental
AB BC AC y sy y Triradical 3 and Biradical4

degeneracy, the spins will have two kinds of ground states.

A stable triradical, 2,4-dimethoxy-1,3,5-benzenetriyltxis( triradical3 biradical4
tert-butyl nitroxide) @) was designed by consolidating the  emp form GoHaaNzOs CusHasNoO,Br
chemical formulas of dinitroxide diradicalsand 2 into one. form wt 396.51 389.29

cryst color, habit

Preparation of3 and analysis of its magnetic properties were ¢
cryst dimens (mm)

performed in this study to understand competing through-bond

orange, plate
0.5& 0.30x 0.10

orange, block
0.70x 0.50x 0.50

: . - s . cryst system orthorhombic triclinic
interactions in an organic triangular spin system. A reference | iice params
compound, 5-bromo-2,4-dimethoxy-1,3-phenylenebis(t-bu- a(A) 18.200(3) 10.074(1)
tyl nitroxide) (4) having a partial structure &was also prepared b (A) 19.018(3) 11.2037(8)
and its magnetic coupling was investigated. c(A) 6.659(5) 9.3047(7)

o (deg) 96.570(3)
Experimental Section B (deg) 91.604(8)

y (deg) 63.674(7)

General Methods. UV —vis spectra were recorded on a JASCO V(A3 2304(1) 934.7(1)

UVDEC 610C spectrometer'H NMR spectra were measured on a space group Pnma R
JEOL 270 Fourier transform spectrometer using C{¥GlIthe solvent z 4 2
and referenced to TMS. FAB mass spectra (FABMS) were recorded Deaa (9/CnT) 1.143 1.383
on a JEOL JMS-SX102 spectrometer. Melting points were obtained No- of obsns 551 2486
with a MEL-TEMP heating block and are uncorrected. Elemental no. of variables (|1§73'OQ7(| ) (I2>O§.0(b(l )
analyses were performed in the Analytical Center of Faculty of Science residuals:R: R, 0.071: 0.055 0.049: 0.052

in Kyushu University.
X-ray Crystal and Molecular Structure Analysis. All the X-ray

data were collected using Cuoitadiation on a Rigaku AFCSR four-  eyaporator unless otherwise stated. 1,3,5-Tribromo-2,4-dimethoxy-
circle diffractometer. Pertinent crystallographic parameters and refine- panzene was prepared by a procedure reported in the litefature.
ment d_ata are collected in Table 1. The structure$ e_ahd4 were 2,4-Dimethoxy-1,3,5-benzenetriyl-tert-butyl nitroxide) (3). To
solved inPnma(no. 62) andP1 (no. 2), respectively, by direct methods e solution of 4.13 g (11.0 mmol) of 1,3,5-tribromo-2,4-dimethoxy-
and refinement converged using the full-matrix least squares of the yanzene in 120 mL of anhydrous ether was added 31 mL (66.0 mmol)
TEXAN Ver. 1.6 program (Molecular Structure Corp.). All non- ¢4 2 13 M solution ofert-butyllithium in n-pentane at-78°C. After
hydrogen atoms were rgflned anisotropically; hydrogen atoms were being stirred for 4 h, a solution of 3.1 g (35.6 mmol) of 2-methyl-2-
included at standard positions {1, 0.96 A; C-C—H, 109.5, 120°, nitrosopropane in 35 mL of anhydrous ether was added dropwise. The
or 180) and refined isotropically using a rigid model. reaction mixture was stirred fd. h at—78 °C and then left overnight
EPR Spectra and Magnetic Measurements.EPR spectra were 4t room temperature. After the usual workup, 0.50 g (ca. 11% yield)
recorded on a Bruker ESP 300 X-band (9.4 GHz) spectrometer equippeds cryde hydroxylamine containing a small amount of the corresponding
with a Hewlett-Packard 5350B microwave frequency counter. An Al iradical was obtained as a brown solid. The obtained mixture was
Products LTD-3-110 liquid helium transfer system was attached for ,geq for the oxidation without separation and purification of the
the low-temperature measurements. Sample solutions were placed iMydroxylamine derivative.
5 mm o.d. quartz tubes, degassed by three freeze-and-thaw cycles, and” 14 5 solution of 0.10 g of this crude hydroxylamine in 30 mL of
sealed. anhydrous ether was added 0.17 g of freshly preparedDAgrhe

Magnetic susceptibilities were measured on a Quantum Design g, spension was stirredrfa h and filtered. A red solution was left in
MPMS2 SQUID susceptometer. Data were corrected for the magnet- 5 refrigerator and 0.096 g (0.24 mmol, 96%) of red precipitate was

ization of a sample holder and capsule used and for diamagnetic .,|iected by filtration. Recrystallization from MeGHH,O gave
contributions which were estimated from Pascal’s constants. triradical 3 as orange plates. Mp (dec.): 166167 °C. UV—vis
Materials. Solvents (diethyl ether and toluene) used for the reactions spectrum (in CHCL,): Amax 481, 366 (sh), 294 nm. Mass spectrum
and spectral measurements were all distilled under high-pugityftisr (Fab,mrnitrobenzy! alcohol matrix):miz 396 (M*). Anal. Calcd for
drying with sodium/benzophenone ketyl. Dichloromethane was distilled CosHaN:Os: C, 60.58: H. 8.64: N, 10.60. Found: C, 60.55: H, 8.60:
under high-purity M after drying with calcium hydride. All reactions 10 56. ' T T ' Y '
were stirred under an z_’;\tmosphere of Minhydrous magnesium sulfate 5-Bromo-2,4-dimethoxy-1,3-phenylenebis{-tert-butyl nitroxide)
was used as the drying agent. Solvents were removed on a rotary(4)  This was prepared in a manner similar to that for triradgasing
(10) Kahn, O Molecular Magnetis;mVCH: New York, 1993; Chapter 4 mol equiv of tert-butyllithium. - Orange bricklike crystals were
0. obtained fromn-hexane. Mp (dec.): 9596 °C. UV-vis spectrum
(11) For a recent competing interactions and/or spin frustration in the (in CH,Cl,): Amax 481, 368 (sh), 294, 283 nm. Mass spectrum (Fab,
context of inorganic compounds, see: Woo, H. Y.; So, H.; Pope, M. T.
Am. Chem. Sod 996 118 621.

1
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Figure 1. Molecular structure of triradica: (a) ORTEP drawing with

a thermal ellipsoid plot at the 30% probability level and (b) a stick
model showing distances (A) between the radical centersiuty!
and methyl groups are omitted for the sake of clarity).

m-nitrobenzyl alcohol matrix)m/z392, 390 (M + H), 391, 389 (M).
Anal. Calcd for GeH2sN-O4Br: C, 49.37; H, 6.47; N, 7.20. Found:
C, 49.62; H, 6.52; N, 6.98.

Results and Discussions

Preparations of Triradical 3 and Biradical 4. Triradical
2,4-dimethoxy-1,3,5-benzenetriyltiiétert-butyl nitroxide) @)
was prepared by lithiation of the corresponding tribromo
compound followed by the reaction with 2-methyl-2-nitroso-
propane and subsequent oxidation with,@g The recrystal-
lization from MeOH-H,0 gave orange-brick single crystals of
3. As areference compound, diradical 5-bromo-2,4-dimethoxy-
1,3-phenylenebid{-tert-butyl nitroxide) @) was prepared in a
manner similar to the procedure f8iby using 4 mol equiv of
tert-butyllithium in place of 6 equiv. In preparation &f the
detection of 5-bromo-2,4-dimethoxy-N{ert-butyl-N-oxy-
amino)benzenes) suggested that the reaction at the 3-position

. o\NX

RS SRS

MeOKIOMe
><r:1 Br
o O OMeO OMe O

5 6 7

of benzene was faster in the lithiation of bromide than others
and nucleophilic reaction with 2-methyl-2-nitrosopropane was
the slowest by steric effects of both sides of methoxy groups.
Both radicals in solution were relatively persistent at the room

J. Am. Chem. Soc., Vol. 118, No. 39, 93498

Figure 2. Molecular structure of triradica: (a) ORTEP drawing with

a thermal ellipsoid plot at the 30% probability level and (b) a stick
model showing distances (A) between the radical centerstutyl
and methyl groups are omitted for the sake of clarity).

Synthesis of analogous triradical 2,4,6-trimethoxy-1,3,5-
benzenetriyltrid{-tert-butyl nitroxide) ), which is expected
to produce the three-hold symmetrical triangular spin system
(Jas = Jsc = Jac in Scheme 1a) and exhibit a spin-frustration
behavior, was attempted by using 2,4,6-trimethoxy-1,3,5-
tribromobenzene in a manner similar to the procedure3for
Unfortunately, only 2,4,6-trimethoxy-1,3-phenylenebigért-
butyl nitroxide) (/) was obtained as a main product ad
remained a target of our synthetic effort.

X-ray Molecular Structure of Triradical 3 and Biradical
4. Crystallographic data and experimental parameters for
radicals3 and4 are summarized in Table 1. ORTEP drawings
and their stick models containing representative bond lengths
are given in Figures 1 and 2 f@and4, respectively. In the
molecular structure o8, there is an approximate mirror plane
passing through the middle nitroxid&s, and perpendicular to
the benzene ring. The three nitroxide radicals, 8 and
one S, have large dihedral angles of 9and 79 for S5 and
Sa, respectively, with respect to the benzene ring in all-syn
conformationt® The average distances between two nitrogens
and two oxygens are 5.44 and 5.28 A f¢8.Ss) andr(SaSh),
respectively, to make an isosceles triangular three-spin system
(Figure 1b) as expected.

As shown in Figure 2, the molecular structure of biradi¢al
has a similarsyn conformation; the corresponding dihedral
angles are 79and 83 for Sy and Sg', respectively, and the
corresponding average distan¢8.-Sg') between the nitroxide
radicals is 5.49 A.

Magnetic Properties of Triradical 3 and Biradical 4.

A. In EPR Measurements An X-band EPR spectrum of

(13) In biradicall,* the two nitroxide groups are in the syn conformation

temperature, and no change of signal intensity in EPR spectragng their dihedral angles with the benzene ring plane and distas&s),

was observed after 1 week.

between them are 65.1, 78,%and 5.13 A, respectively.
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Figure 4. Temperature dependence of the molar magnetic susceptibility

(xmor) as expressed bymoT vs T plots for (a) triradical3 and (b)
biradical4. The solid curves are theoretical ones as described in text.
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Figure 3. (a) X-band EPR (9.411 GHz) spectrum of triradiin
frozen toluene at 10 K. (b) Simulated spectrum for a randomly oriented
quartet species.

triradical3 in toluene solution at room temperature showed one
broad signal withAHy,, = 25 G atg = 2.0064. In the
corresponding spectrum 8fin frozen solution at 6.5 K (Figure
3a), a fine structure characteristic of a randomly oriented quartet
species was observed@t= 2.006 in addition to signalg(=
4.019 and 6.035) due thms = 2 and 3 transitions, respectively.
The quartet spectrum was simulated (Figure8tr) afford
g = 2.0062 and zero-field splitting paramete¥hc| = 0.010
and |[E/hc] = 0.0004 cntl. The simulation is, however, only
partly satisfactory in that the central signal of the observed five-
line fine structure is too strong. Overlap of a signal due to a
doublet species is suggest®d A doublet state produced by
the exchange interaction among the three radical cent&sin
more reasonably postulated to be responsible for the signal rather
than the contribution of a monoradical impurity. Temperature b)
dependence of the intensity of the signabgat 4.019 due to
the Amg = 2 transition in the range 6-5100 K revealed that
the plot of signal intensity vs inverse temperature below 10 K
deviated slightly downward from a linear relationship, suggest-  The EPR spectrum fot in frozen toluene solution showed
ing that the quartet is thermally populated under these frozen characteristic triplet signals witfb/hc| =0.016, andE/hc| =
solution conditions and the energy gap with the ground doublet 0.0 cnT in addition to a signald = 4.014) due to theé\ms =
state(s) may be smd#. 2 transition.
B. In SQUID Measurements Magnetic susceptibilities of
(14) The simulation of the EPR fine structure was performed by using ¢rystalline samples of triradic8land biradicah were measured
a program based on the second-order perturbation theory and provided by .
Professors K. Ito and K. Takui of Osaka City University. on a SQUID susceptometer/magnetometer in the temperature
(15) In an EPR spectrum of a sample3udioped in poly(vinyl chloride) range 2-350 K at constant fields of 200 and 500 mT,

(PVC) film (3:PVC = 1:200 w/w) prepared under conditions similar to  respectively. Temperature dependence of the molar magnetic
those for the recrystallization, a shoulder was more clearly observed for

the central signal and the signal intensity due to the quartet specie¥ vs 1/ susceptibility ¢mo) for both radicals are shown in Figure 4.
plot did not obey Curie’s law. The ymoiT value of3 was 1.039 emu K mot at 350 K. As

(16) The observed discrepancy of thermal behaviod obtained from the temperature was decreased, the values gradually decreased

EPR spectrometry and SQUID susceptometry may be explained by the ntj| 16 K, reached a constant value gfoT = 0.365 emu K
difference of conformation in the crystalline state and solid solutions; in ’

the latter, the dihedral angle between the planes of nitroxide radicals and mol~tin the range 164 K, and started to decrease again below
benzene ring might be smaller. 4 K. The observed value of 0.365 emu K mblat low

E (3/2,2/2); -(1/120+1)J

E (112, 2/2) ; -(1/2a-2)J

E (112, 0); 3/2aJ

Figure 5. (a) lllustration of an isosceles triangular three-spin model
for triradical 3 and (b) variation of the spin state energies with
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temperature is consistent with a theoretical value of 0.374 emu  Actually, eq 2 was fitted to the experimental data to give
K mol~! for a spin-only magnetic moment witls = 1/, two sets of best-fit negativés: Jks = —22.31+ 0.53 K, a
suggesting that the ground state must be a doublet state. =2.294 0.08,0 = —0.18+ 0.01 andl/kg = —41.46+ 0.23
In order to understand these magnetic interactions quantita-K, oo = 0.31+ 0.02,6 = —0.18+ 0.01. The theoretical curve
tively, an isosceles triangular three-spin model (Figure 5a) is shown by a solid curve in Figure 4a. ThgoT—T plot for
suggested by the X-ray crystal structure analysis3oivas biradical 4 is shown in Figure 4b and was simulated by a
applied to theymo—T plot. The Heisenberg spin Hamiltonian  Bleaney-Bowers-type equatidr to give the best-fit param-
eters: g = 2.0058,J/kg = —39.65+ 0.18 K, 6 = —9.66 +
H=—2)(SuS + $S + aSuSe) @) 0.24 K, which is represented by a solid curve in Figure 3b.
While the ground-state spin in an isosceles triangular triradical
3in the solid state could not be determined uniquely by fitting
of egs 1 and 2 to the experimental data, Ihg value of—41.5
K is closer t0—39.7 K for the reference compoudgsuggesting
that theo value might be 0.31 (see Scheme 1b)if this is the
case, stronged, —S andSy,—Ss antiferromagnetic interactions
are concluded to polariz®; —Sa» ferromagnetically, providing
the first demonstration of the organic triradical showing
Amoll = competing interactions.

2
Ngz/‘B 1+ exp(20 — 1)/ + 10 exp(1+ 20)J/keT T Acknowledgment. This work was supported by a Grant-
4 1+ expe — 1)IkT + 2 exp(1+ 20)Ik, T T— 0 in-Aid for Scientific Research (B) (No. 06453035) from Ministry

for such a system gives an energy diagram (Figure 5b) consisting
of two doublet and one quartet states widaéa negative. The
nature of ground state spin in this system depends oruthe
value,a. > 1 or < 1, as illustrated in Scheme la$\.(= Sai,

S = Sa2), respectively. Whem = 1, this system becomes a
symmetrical triangular one and two doublet states are degener
ated. As expected from Figure 5b, however, éq derived
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other for 1< o < 4. data for triradicalB and biradical4 including tables of atomic
(17) In eq 2, all the symbols have their usual meaningsgd2.0066 coordinates, bond angles, and bond Igngths (32 pages). See
as determined by the EPR spectrum of a powder sampg of any current masthead page for ordering and Internet access

(18) Bleaney, B.; Bowers, K. [Rroc. R. Soc. Londoh952 A214 451. instructions.
For fitting to the experimental datg, = 2.0058 as obtained by the EPR
spectrum of a powder sample 4f JA961849B



