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One�electron oxidation of the oximes R2P(=O)C(=NOH)X (X = Cl or Br) generates the
nitrile oxides R2P(=O)C+=NO–, which serve as spin traps for unstable carbon�centered radi�
cals. The latter are generated upon addition of PbO2 to a mixture of formohydroximoyl halide
with an alcohol or an ether of the general formula R1OCHR2R3 under the action of atomic
chlorine (bromine) released during the generation of nitrile oxide. This gives rise to new, more
persistent C�phosphoryliminoxyls R2P(=O)C(=NO•)C(OR1)R2R3 (R1, R2, R3 = H, Alk).
When primary alcohols (R1 = R2 = H) are used, acyl radicals generated at the initial step of the
reaction are also trapped by nitrile oxides to give C�acyl�C�phosphoryl iminoxyl radicals
R2P(O)C(=NO•)C(=O)R3. Hyperfine coupling constants for more than 20 C�phosphoryl�
iminoxyls existing in solutions as mixtures of Z� and E�isomers were determined. The effect of
the structure of the primary radical (length of the carbon chain, degree of branching, the presence
of a ring, and its size) on the radiospectroscopic characteristics of new C�phosphoryliminoxyl
radicals was studied.

Key words: electron spin resonance, spin traps, iminoxyls, C�phosphorylated iminoxyl
radicals, C�phosphorylated nitrile oxides, C�phosphorylated oximes, hydroximoyl halides, geo�
metrical isomerism of iminoxyls, oxidation of oximes.

Electron spin resonance (ESR) spectroscopy is an ef�
ficient method of studying free radicals in solutions. How�
ever, the short lifetimes (10–5—10–10 s) of radicals pre�
vent them from being detected directly. This obstacle has
been surmounted by adding a specially selected diamag�
netic reagent (spin trap) to a short�lived radical to form a
new, more stable radical (so�called spin adduct). Analysis
of the spectroscopic characteristics of spin adducts pro�
vides information on both the amount and structures of
primary radicals.

Current spin traps are representatives of more than
15 classes containing the corresponding functions
(nitroso�, nitro, imino, azo, oxo, thioxo, nitrone, nitrile
oxide, and other groups).1—3 Among them, nitroso com�
pounds (R—N=O) and nitrones (R´—CH=N+(—O–)R),
including phosphorylated ones, are most commonly
used.3,4 The resulting spin adducts are nitroxyl radicals
R—N(—O•)—R″. Among other potential spin traps, ni�
trile oxides R—C≡N+—O–, which are classified as 1,3�di�
polar reagents, seem to be of the greatest interest.5,6 Their

spin adducts are iminoxyl radicals. It is known that car�
bon�centered radicals mainly attack the azomethine
C atom (also in nitrile oxides1—3), while adducts via the
imine N atom of imines are detected only in rare cases.7

Comparison of nitrones and nitrile oxides as spin traps
reveals the superiority of the latter in many cases. First,
the presence of Z� and E�isomers of iminoxyls extends
information taken from ESR spectra; second, dimeriza�
tion of iminoxyls sometimes makes it possible to increase
the radical lifetime and the experimental temperature,
which is important in the study of viscous solutions and
biological fluids; third, the aN values of iminoxyl radicals
are higher than those of nitrones; fourth, the ESR spectra
of iminoxyls show narrower lines (~0.2 Oe) and the aniso�
tropic contribution to their broadening is smaller, which
is also significant in the study of radicals with high mo�
lecular masses characteristic of biological units.

Iminoxyl radicals of the general formula
R(R´)C=N—O• constitute a class of sufficiently long�
lived σ�radicals. Like the starting oximes, iminoxyls are



Phosphorylformonitrile oxides as spin traps Russ.Chem.Bull., Int.Ed., Vol. 54, No. 2, February, 2005 343

known to exist in solutions as two geometrical isomers.
The energy barrier between their Z� and E�isomers is
smaller than the barrier between the isomers of the corre�
sponding oximes; for this reason, in the oxidation of
oximes, an equilibrium mixture of the Z� and E�isomers
of iminoxyl radicals is never dependent on the isomeric
composition of the starting oxime (one of its isomers or
their mixture of any composition).2,3,8

The HFC constants of oximes with N� and P�con�
taining substituents are highly stereospecific because of
the magnetic properties of the nuclei of these elements,
which allows reliable determination of the ratio of the
Z� and E�isomers of C�phosphoryliminoxyls.3

Taking into account that C�phosphorylated nitrile ox�
ides have been studied well enough6,9—11 and that some of
them are stable under normal conditions,11—14 they may
be considered to be promising for use as spin traps. Our
source of C�phosphoryl nitrile oxides was C�phosphoryl�
formohydroximoyl halides Y2P(=O)C(X)=NOH contain�
ing alkoxy, dialkylamino, or morpholinyl fragments at the
phosphoryl group (Y = MeO, EtO, PrO, PriO, Et2N, or
O(CH2CH2)2N; X = Cl, Br, or I).15,16

Here, we published the first results of the investigation
of spin trapping with the use of C�(diisopropoxyphos�
phoryl)formohydroximoyl chloride (1a). Oxime 1a and
its bromine analog (bromide 1b) exist in the crystal16 and
in solutions as the ZC=N,EN—O�isomer (in terms of the
Geneva nomenclature, this is the anti�isomer with re�
spect to the P=O group). This isomer is also more stable
for C�phosphorylated amide oximes synthesized from
oxime 1a and containing dialkylamino groups or morpho�
linyl, piperidinyl, or benzotriazolyl residues in the amide
fragment.17

Unstable carbon�centered radicals were generated
from aliphatic and cyclic alcohols and from dialkyl and
cyclic ethers. The weakest C—H bond in alcohols and
ethers is known18 to be at the α�C atom. To reveal elec�
tronic and structural effects, we used linear, branched,
and cyclic compounds containing methine or methylene
protons activated by the neighboring hydroxy or alkoxy
group, namely, alcohols 2a—j and ethers 2k—n.

Experimental

C�(Diisopropoxyphosphoryl)formohydroximoyl chloride
(1a) was prepared as colorless crystals according to known pro�
cedures,15,16 m.p. 68—69 °C (Boetius hot stage). Alcohols 2a—j
and ethers 2k—n were purified according to known proce�
dures.19,20

Spin adducts were synthesized as follows: a tube containing
compound 1a in CH2Cl2 (5•10–2—5•10–3 mol L–1) was charged
with an alcohol or ether of interest (1—10 vol.%) and then PbO2
was added (10 to 20�fold excess with respect to the starting
oxime 1a). ESR spectra were recorded on a Radiopan SE/X�2544
spectrometer at 293 K. For rapid reactions, measurements were

performed at low temperatures (down to 203 K). The ESR
parameters of the detected iminoxyl radicals are given in
Tables 1 (HFC constants with the N and P nuclei) and 2 (HFC
constants with the protons). Their ESR spectra are shown in
Figs 1 and 2.

Table 1. HFC constants with the N (aN/Oe) and P atoms (aP/Oe)
for the syn� and anti�isomers of C�phosphoryliminoxyl radicals

Radical X syn�Isomera anti�Isomera

aN aP aN aP

4 b Cl — — 31.6 1.5
5 (PriO)2P=O 32.8 55.5 32.8 14.75
7a HOCH2— 30.60 56.20 32.10 9.62
7b—f HOCH(R)— ~30.5 ~55 ~32 ~10.6
7g HOCH(Bui)— ~30.3 ~56.5 ~32.0 ~10.3
7h—j HOC(R2)— ~30.5 ~58.0 ~32.0 ~13.0
7k—n R´OCH(R)— ~31.2 ~54.5 ~31.5 ~10.2
10a—f RC(=O)— ~30.0 ~54.0 ~31.5 ~9.4

11 28.7 39.8 32.3 0.4

12 с 28.2 29.5 32.7 0.6

a The isomers are designated according to the Geneva nomen�
clature with respect to the phosphoryl group because of chang�
ing priority of the substituents X.
b a13C = 52.0 Oe.
c (Dimorpholinophosphoryl)benzotriazolyliminoxyl radical.

Fig. 1. ESR spectrum of a 0.01 M solution of iminoxyl radical 4
in CH2Cl2.

20 Oe
H
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Table 2. HFC constants of the protons of the substituent R (aH/Oe) in radicals 7a—n and 10b—g ((PriO)2P(=O)—C(R)=N—O•)

Radicala Rb aH
β aH

γ aH
δ

n Z�isomerc E�isomerd n Z�isomerc E�isomerd n E�isomerd

7a HOCH2— 2 1.1 0.4 — — — — —
7b MeCH(OH)— 1 1.2 — 3 — 1.1 — —

7c—f e 1 1.2 3.2 1 f — 1.2—1.3 — —
— — — 1 f — 0.6—1.0 — —

7g Me2CHCH2CH(OH)— 1 1.1 3.2 1 — 1.1 — —
7h Me2C(OH)— — — — 6 — 0.7 — —

7i — — — 1 g — 1.8 — —
— — — 3 — 0.8 — —

7j — — — 2 0.5 — — —

7k MeCH2OCH(Me)— 1 1.2 4.5 3 — 1.0 2 0.3
7l MeOCH2CH(OMe)— 1 1.1 3.7 2 — 0.8 — —

7m 1 1.1 3.0 2 — 1.1 — —

7n 1 — 2.1 2 1.0 — — —
— — — 1 g — 0.5 — —

10b MeC(=O)— — — — 3 0.4 — — —
10c MeCH2C(=O)— — — — 2 0.5 0.3 3 0.4
10d,e h R´CH2CH2C(=O)— — — — 2 0.5 0.3 2 0.4
10f Me2CHC(=O)— — — — 1 0.8 0.9 6 0.2
10g Me2CHCH2C(=O)— — — — 2 0.5 0.4 1 0.5

a In radicals 7 and 10, the phosphoryl group is a substituent of priority.
b The C atoms in the carbon chain R, to which the respective protons are attached (n is the number of the protons), are designated
in the usual order: •ON=Cα—Cβ—Cγ—Cδ— (R is Cβ—Cγ—Cδ).
c syn�Isomer.
d anti�Isomer.
e R´ = Me (c), Et (d), Pr (e), and Pri (f).
f The enantiotopic protons.
g One of the enantiotopic protons.
h R´ = Me (d) and Et (e).

Fig. 2. ESR spectrum of radical 7i in CH2Cl2—butan�2�ol (10 vol.%).

16 Oe H

Results and Discussion

Like other hydroximoyl halides,5,6 C�phosphoryl�
formohydroximoyl halides in the presence of bases re�
lease HCl without cleavage of the C—P bond9—11,15—17

to give sufficiently stable C�phosphoryl nitrile oxides.9,10

For instance, C�(diisopropoxyphosphoryl)formonitrile
oxide (3) obtained from oximes 1a,b and triethyl�
amine (Scheme 1) is persistent at 10 °C,9—11 while
C�(dimorpholinophosphoryl)formonitrile oxide per�
sists for a long period of time (> 3 years) even at 20
to 25 °C.12—14
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Scheme 1

X = Cl (a), Br (b)

We assumed that C�phosphorylformonitrile oxides
would also be generated in the oxidation of C�phosphoryl�
formohydroximoyl halides by analogy with the forma�
tion of nitrile imines from hydrazones of acyl halides
(hydrazonoyl halides).21 In this case, C�phosphorylformo�
hydroximoyl halides (1a,b etc.) would happily combine
the properties of spin trap precursors (as sources of nitrile
oxide) and of initiators of radical processes (through gen�
eration of a halogen atom upon oxidation). For instance,
a Cl atom generated in a reaction mixture gives rise to
carbon�centered radicals that react with a spin trap. In
our experiments, such radicals were generated from the
following alcohols and ethers: methanol (2a), ethanol (2b),
propanol (2c), butanol (2d), pentanol (2e), 2�methyl�
propanol (2f), 3�methylbutanol (2g), propan�2�ol (2h),
butan�2�ol (2i), cyclohexanol (2j), diethyl ether (2k),
ethylene glycol dimethyl ether (2l), tetrahydrofuran (2m),
and dioxane (2n).

The one�electron oxidation of oxime 1a in solvents
that are inert to homolytic processes yields iminoxyl 4; its
ESR parameters (see Table 1, Fig. 1) are typical of
iminoxyl radicals (usually, aN ≈ 32.0 Oe, aCl ≈ 1.5 Oe).3 It
should be noted that the ESR spectra of radical 4 show
signals only for the Z�isomer (anti�isomer with respect to
the phosphoryl group). Such a pattern is very uncommon
for iminoxyl radicals. For radical 4, the HFC constant
with the nucleus of the P atom in the β�position relative
to the radical center is low (aP ≈ 1.5 Oe), though it is
usually 6 to 14 Oe. At the same time, the HFC constant
with the 13C nucleus is 52 Oe, which is double the corre�
sponding value for other iminoxyl radicals. In our case, it
approaches the HFC constants with the 13C nucleus,
which are characteristic of carbon�centered radicals
of the type R1R2R3C•, including cycloalkyl radicals
(30—100 Oe) and vinyl radicals R2C=(R)C•

(100—150 Oe).22 This fact suggests that iminoxyl 4 can
exist in the ground state as resonance structures with an
unpaired electron at the C atom of the imine group rather
than those with an unpaired electron localized only at the
σ�orbital of the N—O bond, which is orthogonal to the
π�orbital of the C=N bond, as believed hitherto.3

The stability of the Z�isomer of radical 4 generated
from compound 1a agrees with the known data23 on the
exclusive formation of the Z�isomers of arylchloro

iminoxyls ArC(Cl)=NO• from oximes of aroyl chlorides
ArC(Cl)=NOH.

The low HFC constants with the P atom were re�
ported earlier10,17 for phosphorylformoiminoxyl radi�
cals in which substituents at the imine C atom exhibit
σ,π�donating properties: dialkylamino groups and
morpholinyl, piperidinyl, or benzotriazolyl fragments (see
Table 1, compounds 11 and 12).

Reactions in solvents inert to homolytic processes
(e.g., in benzene, CH2Cl2, CCl4, etc.) yield, apart from
iminoxyls of the type 4, di(phosphoryl) iminoxyl radicals,
e.g., C,C�bis(diisopropoxyphosphoryl)formoiminoxyl (5).
The formation of such radicals could be attributed to
possible fragmentation of iminoxyl 4 releasing not only
the Cl atom (to give phosphoryl nitrile oxide 3) but also
phosphoryl radical 6, which reacts with the spin trap
(Scheme 2).

Scheme 2

However, since cleavage of the C—P bond in reac�
tions of the starting oxime 1a has not been noted ear�
lier,9,15 radicals 5 must have formed in other ways,
e.g., through the formation of dialkyl phosphonates
HP(=O)(OR)2, which are very easy to oxidize homo�
lytically into dialkoxyphosphoryl radicals like radical 6.

Addition of alcohols (2a—j) or ethers (2k—n) to the
reaction mixture afforded new phosphorylated iminoxyls
7a—n (ESR data), which are adducts of carbon�centered
free radicals 8a—n with the in situ generated spin trap (3).
The occurring processes can be represented by Scheme 3.

The ESR spectrum of radical 7i in CH2Cl2—butan�
2�ol (10 vol. %) is shown in Fig. 2 as an example.

In the case of alcohols 2b—g containing the α�meth�
ylene group, primary radicals 8b—g further oxidized to
acyl radicals 9b—g (Scheme 4), which added in situ to
phosphorylformonitrile oxide 3 to give C�acylated phos�
phorylformiminoxyl radicals 10b—g (see Table 2). With
methanol, no corresponding radical 10a (R = H) was
detected.

It should be emphasized that the lengthening of the
alkyl chain in the attached fragments of radicals 7b—e
and in the acyl fragments of radicals 10b—e by more than
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two CH2 groups no longer affects the radical center (cf. the
parameters of radicals 7b—e or 10b—e in Table 2). Branch�
ing of the alkyl chain (7f) is also ineffective. That is why
the radiospectroscopic characteristics of radicals 7c—f
(10d,e) are approximately equal (see Table 2).

Analysis of the data in Table 2 revealed some interest�
ing facts: (1) the difference in the HFC constants aH

β for
the β�protons in the Z� and E�isomers of radicals 7; (2) the
constancy of the aH

β values (1.1—1.2 Oe) in the Z�iso�
mers (syn�isomers with respect to the P=O group) of radi�
cals 7a—n, which can be used for analytical purposes in
the study of related iminoxyls; (3) a wide range of the
aH

β values (0.4—4.5 Oe) in the E�isomers (anti�isomers
with respect to the P=O group) of radicals 7; (4) close
HFC constants for the γ�protons in the Z�isomers of cy�
clic iminoxyl radicals 7j,n (probably, because of confor�
mation equilibrium); (5) the diastereotopy of the methyl�
ene protons of radicals 7c—f,i,n for the γ�protons in the
E�isomer, which is due to the presence of the asymmetric
oxygen�containing group. Detection of only one axial
proton for radicals 7i,n is explained by conformation equi�
librium.

Presumably, use of alcohols or ethers containing opti�
cally active fragments can allow construction of molecu�
lar systems acting either as a "key" (according to Fisher)
for natural receptors or as a "lock" for supply of radicals of
certain configurations to the reactive site. Practical appli�
cation of this approach will make it possible to assess the
usefulness of nitrile oxides as spin traps for natural radi�
cals (in particular, those generated from hydrocarbons).
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