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Representative procedure for the amination of aryl chlorides (Table 1,

entry 1): Ni'/C (50.5 mg, 0.038 mmol, 0.74 mmol g~!), DPPF (10.7 mg,

0.019 mmol), and lithium ferz-butoxide (74.3 mg, 0.90 mmol) were

added to a flame-dried 5 mL round-bottomed flask under a blanket of

argon at room temperature. Dry toluene (0.5 mL) was added by
syringe and the slurry allowed to stir for 90 min. n-Butyllithium

(31 pL, 2.42m in hexanes, 0.075 mmol) was added dropwise with

swirling. After 30 min, 4-chlorobenzonitrile (104.2 mg, 0.75 mmol),

which was dissolved in dry toluene (0.5 mL), and morpholine (132 pL,

1.50 mmol) were added, followed by heating to reflux for 2.5 h (the oil

bath temperature was set to 130°C). After cooling to room temper-

ature, the crude reaction mixture was then filtered through a glass
filter and the filter cake further washed with methanol and dichloro-

methane. The filtrate was collected, solvents were removed on a

rotary evaporator and the crude product was then purified by flash

chromatography with cyclohexane/EtOH (7/3) to give 123.8 mg

(0.66 mmol; 88%) N-(4-cyanophenyl)-morpholine as a pale yellow

solid.l

[17] The extent of nickel bleed from the charcoal was quantitatively
assessed to be 2.3-2.9% of the 5% Ni/C (i.e., 0.15% relative to
substrate) using inductively coupled plasma (ICP) atomic emission
spectrometry. For an overview of this technique, see: Inductively
Coupled Plasma Mass Spectrometry (Ed.: A. Montaser), Wiley-VCH,
New York, 1998.
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Application of a Spin-Labeled Spin-Trap to the
Detection of Nitric Oxide (NO)**

Lucien Marx and André Rassat*

When a dilute monoradical reacts to give diamagnetic
products, its EPR signal decays without major changes, while
when a diradical is transformed into a monoradical, a new
EPR spectrum is generally observed. In the case of a diradical
with strong dipolar interaction,l the single broad line is
replaced by three narrow lines, and there is a very large
increase of the monoradical signal. A narrow-line monorad-
ical in very low concentration and a broad-line diradical in
much higher concentration display peaks of similar height,?
as shown in Figure 1 where the EPR spectra of synthetic
mixtures of tempone (2,2,6,6-tetramethyl-4-oxo-1-oxypiperi-
dine (radical); line width AH =0.18 mT) and of diradical 17!
(AH=42mT) are presented: even when the monoradical
constitutes only 0.1 % of the total paramagnetic species, its
signal can be detected.

336 340 344 348
8/mT —p
Figure 1. EPR spectra of ethanol solutions of synthetic mixtures contain-
ing (from top to bottom) 0, 0.1, 0.5, and 1 mole % of tempone relative to
10-% m diradical 1.

This suggests a new use of diradicals as spin-labeled spin-
traps. These reagents would combine a stable radical (Ry),
designed to trap selectively the radical to be detected and to
yield diamagnetic products, and another radical (R;), un-
reactive during this reaction, at a distance such that the
diradical EPR spectrum would be a single line.*! In this way,
as Ryreacts, the signal of the R; moiety would be detected at
the very beginning of the reaction, with both the concen-
tration of spin trap and of spin adduct being monitored on the
same spectrum. Furthermore, the rate of the trapping reaction
(usually bimolecular) could easily be increased by increasing
the biradical concentration.

[*] Prof. A. Rassat, Dr. L. Marx
UMR CNRS 8640, Département de Chimie
Ecole Normale Supérieure
24 rue Lhomond, 75231 Paris CEDEX 05 (France)
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As an example of this method, we have studied the trapping
of NO by a new diradical 2. Aromatic nitroxides like
diphenylnitroxide and derivatives® or some dihydroquinoline

Et Et
Bu N—O.
o
o. Et Et
1 2

nitroxides!® are known to react with NO, while the non-
aromatic 3-carbamoyl-2,2,5,5-tetramethyl-3-pyrroline-1-ylox-
yl (radical) is reported to be unchanged in the presence of
NO.[ Thus 2 (see Table 1) was designed to combine these two
aminoxyl groups on an isoindoline backbone (for the non-
aromatic moiety ethyl rather than methyl substituents were
chosen to decrease any eventual reactivity)®! and was
prepared in six steps from phthalic anhydride 3 (Scheme 1).°]

o] o]
o) a ] b
—_— —_—
Br
3 o 4 o}

o Et Et
NBn c NBn d, e
—_— —_—
Br Br
5 o) 6 Et Et
Et  Et Et Et
NBn f NH g _,
tBu ~ —> {Bu ~ —_—
T :
R Et Et Et Et
7a R=OH 8

Scheme 1. Synthesis of diradical 2: a)Br,, 51%; b)BnNH,, 95%;
c) EtMgBr, 25%; d)(BuLi, (—78°C, then 0°C 30min); e)BuNO,
(=78°C), 51%; f)H,, Pd/C, 95%; g) mCPBA, 60%. Bn=benzyl,
mCPBA = 3-chloro peroxybenzoic acid.

Figure 2 shows the EPR spectra of 2 in ethanol; in fluid
solution (a), the broad line observed (AH=2.5mT) is in
accord with the large dipolar interaction (D =400 MHz,
D2z =14 mT)! measured on (b). Traces of monoradical
(less than 1%) are seen in (a) and are more visible on the
central part of (b). After several hours at room temperature,
these spectra were unchanged.

When nitric oxide was bubbled into a deoxygenated
solution of 2 in ethanol, samples were taken after 10, 30, 60,
and 90 minutes and analyzed by thin layer chromatography
(tlc) and EPR, a three-line spectrum, not apparent in the
spectrum of the sample taken after 10 min, appeared super-
imposed on the diradical spectrum of the sample taken after
30 min (Figure 3). Four new nitroxides were then detected:
they all displayed the same typical isoindolidinyloxyl (radical)

Angew. Chem. Int. Ed. 2000, 39, No. 24
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a)

336 338 340 342 344 346 348
B/mT

320 330 340 350 360
B/MT ——p
Figure 2. EPR spectrum of the diradical 2 (4 x 10m in EtOH), a) at
20°C, b) at 114 K.

336 338 340 342 344 346

B/ImT —— _»
Figure 3. EPR spectrum obtained from a sample take after 30 minutes of
the reaction of diradical 2 with NO.

3-line EPR spectrum (toluene, ay=1.37 mT), totally different
from the 9-line spectrum (ay=1.26 mT, a;=0.23 mT, 2H) of
7b (R=0-, obtained by oxidation of 7a; Scheme 1). Traces of
2 were no longer observed in the sample taken after 90 min,
and after chromatography on alumina, four new compounds
9a-d (Scheme 2) eluted in this order, were assigned the

y Et. Et vy
NO" a H NO, H
2 > Bu_ NTO W W N
N
| Cc NO, H H
x ooy EE d NO H H

Scheme 2. Reaction of diradical 2 with NO.

structures shown on the basis of their EPR, NMR,[!!l and UV
spectral?l and mass spectrometry (Table 1). These compounds
display narrow lines in the EPR spectrum, a characteristic
particularly useful in dynamic nuclear polarization (DNP),["3]
and have recently been observed to present a large DNP
enhancement factor.!*]

1433-7851/00/3924-4495 $ 17.50+.50/0 4495



COMMUNICATIONS

Table 1. Selected analytical data for 2 and 9a—d.

2: red liquid; elemental analysis calcd(% )for C,)H3,N,0,: C 72.28, H 9.63,
N 8.43; found: C 72.23, H 9.83, N 8.46. 9a: 'H NMR (400 MHz, CDCl,):
0=9.2 (s, 1H; CH), 5.1 (s, 1H; CH), 1.5 (s, 9H; CH;); UV/Vis (EtOH):
Amax[nm] () =443 (1800), 246 (16000); high resolution MS (FAB): m/z
(%): 364.2589 (21) [M++2H], 363.2536 (40) [M*++H], 362.2450 (27) [M*].
9b: 'H NMR (400 MHz, CDCl,): 6 =104 (s, 1H; CH), 8.5 (s, 1 H; CH), 1.6
(s, 9H; CH;); UV/Vis (EtOH): A,.[nm] (¢) =440 (4600), 285 (shoulder,
4000), 242 (21000); high resolution MS (FAB): m/z (%): 363.2528 (100)
[M*+H], 334.2135 (82.6) [M* — C,H,]. 9¢: 'H NMR (400 MHz, CDCL,):
0=943 (s, 1H; CH), 8.5 (s, 1H; CH), 5.9 (s, 1H; CH), 1.8 (s, 9H; CH;);
high resolution MS (FAB): m/z (%): 364.2594 (63) [M++2 H], 363.2518 (60)
[M*+H], 362.2451 (51) [M*], 348.2657 (73). 9d: 'H NMR (400 MHz,
CDCly): 6=9.8 (s, 1 H; CH), 9.1 (s, 1H; CH), 5.6 (s, 1 H; CH), 1.8 (s, 9H;
CH,); high resolution MS (FAB): m/z (%): 362.2804 (12) [M*+CH,],
348.2655 (22) [M*+2H], 347.2577 (44) [M*+H]

The use of this spin-trap for the in vivo detection of NO is
more problematic because of the presence of reducing agents:
when 2 was treated with ascorbic acid and the reaction
monitored by EPR spectrocopy, the typical spectrum of 9e
(Scheme 2 where X=O0H, Y'=Y?=H) immediately ap-
peared and then decayed, but, as expected, at a much lower
rate.l’l However, it is possible to distinguish between the NO
adducts and 9e by combining different analytical methods
such as mass spectrometry, "H NMR spectroscopy,’! (for 9a
and 9b) and probably by high-field EPR spectroscopy.!”)

Analogously other spin-labeled spin-traps may be used to
study the reactions of a radical Ry with reactive radicals.['"]
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Novel NO Biosensor Based on the Surface
Derivatization of GaAs by “Hinged” Iron
porphyrins**

Deng Guo Wu,* Gonen Ashkenasy,* Dmitry Shvarts,
Rachel V. Ussyshkin, Ron Naaman,*
Abraham Shanzer,* and David Cahen*

Nitric oxide (NO) plays an important role in biology as a
mediator, for example, of the endothelial-derived relaxing
factor (EDRF)—an agent responsible for the regulation of
blood vessel relaxation and for the maintenance of blood
pressure.l! Concentrations of 30 to 300 ppm of NO (1 ppm ~
3.3 x1075m) are sufficient to activate the guanylyl cyclase
signaling cascade.? Since NO is a gaseous and highly reactive
species, its direct detection at low concentrations is difficult.
The methods used to sense NO have generally been based on
following changes in the UV/Vis spectra or electrochemical
properties of the sensing elements.”! Electron paramagnetic
resonance (EPR) and NMR image visualization of the
distributions of NO free radicals in vivo were also reported,
but were found to be limited by spatial resolution and sample
size.*31 We report here a novel approach for the direct
detection of low concentrations of NO free radicals in
physiological aqueous solution (pH =7.4).

The Molecular Controlled Semiconductor Resistor
(MOCSER; see reference [6]) provides an excellent way to
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