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Modulating spin delocalization in conjugated nitroxides:
2-(N-aminoxyl-N-tert-butyl)-benzothiazole
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Abstract—The first controlled synthesis of the title radical, 1, was achieved by oxidation of a hydroxylamine precursor; the radical
itself can thus readily be isolated, studied by ESR and UV–vis, and compared to results of computational modeling. The benzothi-
azole ring induces substantial delocalization of the nitroxide spin density (a(NO)=9.2 G, a(ring N)=2.7 G, about 10% more than is
seen in the benzimidazole nitroxide analog.
� 2004 Elsevier Ltd. All rights reserved.
Spin density distribution is a key factor in controlling or
understanding the reactivity of organic radicals.1 Also,
control of spin density distributions is important in the
design of radical-based molecular materials.2 Spin den-
sity modulation by structural variation allows some con-
trol over molecular reactivity and electronic exchange
interaction, for instance by use of second row atoms
with larger orbital extents than first row elements. Some
of the highest magnetic ordering temperatures for purely
organic molecules have been observed for a dithadiazolyl-
based radicals, for example.3,4 In this article, we report
a convenient synthesis of 2-(N-aminoxyl-N-tert-butyl)-
benzothiazole, 1, a nitroxide radical with substantial
nitroxide p-delocalization. Radical 1 has previously
been generated by trapping radical chemistry, and its
solution electron spin resonance (ESR) spectrum ana-
lyzed,5 but there has been no general synthetic method
to make it. Our computational and experimental hyper-
fine coupling analyses of 1 show how the thiazole ring
induces increased spin delocalization by comparison to
closely related6 nitroxides, making this a class of mole-
cules worth pursuing as building blocks for molecular
magnetic materials.
0040-4039/$ - see front matter � 2004 Elsevier Ltd. All rights reserved.
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In order to make 1, we deprotonated benzothiazole at
the 2-position with n-butyl lithium in the presence of
2-methyl-2-nitrosopropane to give colorless solid hy-
droxylamine 2. This precursor molecule was stable and
easily characterized by spectroscopy and X-ray crystal-
lography, although it readily turns pink upon exposure
to air. Lead dioxide treatment in dichloromethane solu-
tion converted 2 to nitroxide 1 within 15–30min. After
column chromatography, nitroxide 1 can be isolated as
an elementally pure, thick red oil that completely lacks
an –OH stretching band at 3000–3600cm�1 in the IR
spectrum. Radical 1 exhibits UV–vis absorbances at
476, 512, and 558nm, and solution electron spin reso-
nance (ESR) hyperfine coupling constants (hfc) of
aN=9.16, 2.67G, aH=1.05, 1.31, 0.33, 0.43G. The
experimental and simulated spectra are shown in Figure
1, and are similar to (though slightly better resolved
than) those previously assigned5 to radical 1 by trapping
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Figure 2. Comparison of experimental and computed spin densities for

1 and 3. Computed spin densities are for C/N/O/S atoms. Experimental

spin densities were estimated8 from ESR hyperfine coupling (a) using

the formulae a(H–[p-C])=(�22G) Æq(p-[C]) and a(N)=(30G) Æ (q[N]),

where q are the estimated spin densities for p-carbons and nitrogens.

Only the absolute values are given for the experimental spin density

estimates. The sp3 carbons attached to the nitroxide nitrogen had 61–

2% spin in the computed spin density results. See the text for further

details.

Figure 1. ESR spectrum of 1. Curve a is experimental, room

temperature in CH2Cl2, 9.645GHz, room temp; curve b simulated8

with a(NO)=9.16 (1), a(N)=2.67, a(H)=1.31, 1.05, 0.43, 0.33G, corr

coef=0.991.
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of benzothiazol-2-yl radical with 2-methyl-2-nitrosoprop-
ane. The hyperfine constants show that there is signifi-
cant spin density throughout the benzothiazole ring. In
particular, the nitroxide hfc in 1 is appreciably smaller
than the values of 10.0–10.2G observed for isoelectronic
2-(N-aminoxyl-N-tert-butyl)-benzimidazole, 3, and ana-
logs that our group has described6 in earlier work. It is,
however, fairly close to the nitroxide hfc values of about
9G observed for 1 and 2-(N-aminoxyl-N-tert-butyl)-thi-
azole 4 generated in the earlier5a radical trapping stud-
ies. Clearly, the thiazole ring enhances delocalization
of the nitroxide spin density into the heteroatomatic ring
system.

We carried out UB3LYP/cc-pVDZ//UB3LYP/6-31G*
computations7 on a model for 1 using a methylnitroxide
rather than tert-butylnitroxide (Fig. 2). The optimized
structure with the N–O group syn to the thiazole nitro-
gen was lower in energy than the anti conformer by
7.5kcal/mol. The computations for both conformers
show significant spin density delocalization onto all of
the p-atoms of the benzothiazole system. Figure 2 com-
pares the observed hfc of 1 with computationally esti-
mated hfc and with results6b for analog 3 based on
similar computations.

The experimental results show about a 10% decrease in
of spin density on the nitroxide nitrogen in 1 relative to
3,8 consistent with the computational modeling results.
Also, the benzothiazole ring in 1 bears more computed
spin density than the analogous benzimidazole ring in
3, consistent with the experimentally larger hyperfine
of the ring nitrogen in 1. Although the computations
overestimate the experimentally observed spin densities
of the ring nitrogen for both 1 and 3, both computation
and experiment qualitatively show more delocalization
in the benzothiazole-containing system. Since 32S does
not have a nuclear spin moment, we could not experi-
mentally test the computed spin density prediction for
the sulfur atom of 1. However, the computations esti-
mate it to be as large as the spin density on the NH
group of 3, a radical that exhibits6d 2-D antiferromag-
netic ordering with a Neél temperature of 1.5K. While
the ordering behavior of 3 depends critically on its crys-
tal packing,6a we note that even a small spin density on
the sulfur atom of 1 as a component of a solid-state
molecular magnetic material could have a substantial
exchange overlap effect, due to its larger orbital extent
by comparison to nitrogen.

The qualitative effect of the change in spin density from
1 to 3 is shown below, with the large arrows indicating
positions of experimentally increased spin density in 1.
The UB3LYP/cc-pVDZ//UB3LYP/6-31G* computa-
tions are a useful guide for the spin density distribution,
and properly reflect both the qualitatively increased spin
densities on the ring system in 1 versus 3, and the mag-
nitude of the shift (about 10–15% shift from the nitr-
oxide to the rings in 1). In both computations, the
exocyclic nitroxide spin population is computational
underestimated, and the thiazole nitrogen spin density
overestimated.
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The larger spin delocalization in 1 versus 3 is consistent
with the tendency of sulfur-containing heterocycles and
sulfur substituents to stabilize nearby unpaired spin
density, as seen in dithiadiazolyl and thioaminyl radi-
cals.4c,9 In system 1, the benzothiazole ring can support
resonance structures that enhance spin delocalization.
Despite its greater spin delocalization and noncrystallin-
ity, radical 1 is persistent once purified––with eventual
decomposition––and is made more readily than previ-
ously studied analog 3.
There is a dearth of thiazole-based tert-butylnitroxides
for comparison to 1 (other than 4). But, 2-(2-thiazolyl)-
4,4,5,5-tetramethyl-4,5-dihydro-1H-imidazole-3-oxide-
1-oxyl (nitronylnitroxide 5) based coordination com-
plexes with paramagnetic ions have recently been
made,10 and serve as other examples of the continuing
interest in using stabilized radical building blocks that
incorporate sulfur-containing heterocycles.

Radical 1 is an example of using heteroatom effects to
modulate the spin delocalization of a nitroxide group
into a conjugated p-system. The present work shows a
convenient synthetic route to make 1 in preparative
quantities, rather than by previously used spin trapping
methods. We hope to continue to improve the ability of
organic radicals––and molecular solids that incorporate
them––to have strong exchange interactions through
space by use of atoms with larger orbital extents, includ-
ing sulfur. This will assist in their use as building blocks
for molecular electronic materials.
1. Experimental section

1.1. General

Benzothiazole and n-butyl lithium were used as pur-
chased. THF was dried over sodium/benzophenone
and distilled immediately prior to use. 2-Methyl-2-nitr-
osopropane was prepared according to literature meth-
ods.11

1.1.1. 2-(N-tert-Butyl-N-hydroxylamino)benzothiazole
(2). To a solution of benzothiazole (0.62g, 4.6mmol)
and 2-methyl-2-nitrosopropane (0.8g, 9.12mmol) in
THF (50mL), under argon, was added n-BuLi (3.1mL,
4.65mmol) slowly at room temperature with vigorous
stirring (dark red color), following which the solution
was allowed to stir for 15min. The reaction was
quenched with a saturated solution of NH4Cl. The
phases were separated and the aqueous phase extracted
with 3·15mL of ether. The combined organic layers
were dried over MgSO4, filtered, and the solvent re-
moved under reduced pressure to yield an orange oil.
Hexanes were added to the oil and the two-phase mix-
ture kept at �30 �C for 24h to give crystals of 2
(0.26g, 25%) as pale yellow plates with mp 157–159 �C
(darkens �145 �C). The product gradually turns pink if
exposed to air. The structure was confirmed by single
crystal X-ray diffraction analysis, which was submitted
to the Cambridge Crystallographic Databank (CCDC
Ref #232908). Anal. Calcd for C11H14N2SO: C, 59.43;
H, 6.39; N, 12.60. Found: C, 59.50; H, 6.35; N, 12.43.
1H NMR (200MHz, DMSO-d6): d 10.51 (1H, s), 7.82
(1H, m), 7.58 (1H, m), 7.31 (1H, m), 7.13 (1H, m),
1.43 (9H, s).
1.1.2. 2-(N-Aminoxyl-N-tert-butyl)benzothiazole (1). To
a solution of 1 (0.026g, 0.117mmol) in CHCl3 (15mL),
PbO2 (0.168g, 0.468mmol) was added and the resulting
suspension stirred at RT for 15min under argon. The
final dark red mixture was filtered through Celite, the fil-
trate evaporated under vacuum, and the residue purified
using column chromatography (silica gel 9:1 hexanes/
ethyl acetate) to give 1 (0.022g, 85%) as a red, very thick
oil. Sometimes the TLC of the crude product showed a
fluorescent spot at slightly higher Rf than the red prod-
uct spot. In this situation, the product should be sepa-
rated from the unidentified fluorescent material by chro-
matography through alumina (same solvent system
as above) prior to silica gel chromatography. The puri-
fied product 2 appears stable for a few days in air at
ambient temperatures, based on HPLC analysis, but
longer storage results in decomposition according to
TLC, HPLC, and elemental analysis. Anal. Calcd for
C11H13N2SO: C, 59.70; H, 5.92; N, 12.66. Found: C,
59.94; H, 6.00; N, 12.43. UV–vis (MeOH, kmax/nm[�]):
482[3180], 512[3540], 557[3090].
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