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SERIES FOREWORD

The beginning of aliphatic nitro chemistry goes back to 1872 when V. Meyer and
O. Stueber achieved the synthesis of 1-nitropentane by reacting 1-iodopentane
with silver nitrite. This report led to an impetus of research in the Þeld, resulting
in numerous publications.

Another important development in the Þeld was the discovery of the vapor-
phase nitration in the 1930s by H. Hass and his students at Purdue University. It
led in 1940 to the commercial production of lower molecular weight nitroalkanes
[C1 to C4] at a pilot plant of the Commercial Solvents Corporation in Peoria,
Illinois. In the organic nitro chemistry era of the Þfties and early sixties, a great
emphasis of the research was directed towards the synthesis of new compounds
that would be useful as potential ingredients in explosives and propellants.

In recent years, the emphasis of research has been directed more and more
toward utilizing nitro compounds as reactive intermediates in organic synthe-
sis. The activating effect of the nitro group is exploited in carrying out many
organic reactions, and its facile transformation into various functional groups
has broadened the importance of nitro compounds in the synthesis of complex
molecules.

It is the purpose of the series to review the Þeld of organic nitro chemistry
in its broadest sense by including structurally related classes of compounds such
as nitroamines, nitrates, nitrones and nitrile oxides. It is intended that the con-
tributors, who are active investigators in various facets of the Þeld, will provide
a concise presentation of recent advances that have generated a renaissance in
nitro chemistry research.

In this multi-authored volume are presented the important topics of nitronates,
nitrones and nitrile oxides. Their signiÞcance in synthesis as starting materials
and as reactive intermediates has grown considerably since 1988 in which year
Dr. Torssell�s monograph was published by Wiley-VCH.

Henry Feuer
Purdue University
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1 Nitrile Oxides

LEONID I. BELEN’KII
N. D. Zelinsky Institute of Organic Chemistry,
Russian Academy of Sciences, Moscow, Russia

The chemistry of nitrile oxides is well documented. Several important
monographs either specially devoted to nitrile oxides or including corresponding
comprehensive chapters should be mentioned (1�5). Several reviews appeared
(6�8), which concern preparation, reactivity, and synthetic applications of nitrile
oxides. Some books and reviews devoted to individual aspects of nitrile oxide
chemistry will be cited elsewhere.

The topics of the present presentation is closest to that of the monograph writ-
ten by Torssell (4). Therefore, the aim of this chapter is to update the information
concerning nitrile oxides published after the monograph (4). The literature was
followed by Chemical Abstracts database (1988�2001) and indices from Vol. 136
(2002) till Vol. 144 (2006). As to the period 1988�2002, references will be given
practically only to data omitted in Reference 5.

1.1. PHYSICOCHEMICAL PROPERTIES

Nitrile oxides, RNCO, are derivatives of fulminic acid (R = H). They can be
named as fulmido-substituted parent molecules , but usually their names are
derived from corresponding nitriles, for example, benzonitrile oxide, mesitonitrile
oxide, thiophene-2-carbonitrile oxide.

SpeciÞc properties of nitrile oxides depend on the structure of the functional
group, which have highly polarized C�N and N�O bonds (Scheme 1.1).

Most nitrile oxides are unstable, some of them are explosive. This fact hinders
the study of their physical properties. Nevertheless, there are a number of publi-
cations concerning not only stable but also unstable nitrile oxides. In particular,
mass spectral data for nitrile oxides among other unstable compounds containing
an N+ �X− bond are summarized in a review (9). In such studies, the molecular
ions must be generated using indirect procedures, including dissociative electron
ionization, online ßash-vacuum pyrolysis mass spectrometry, or ion-molecular
reactions. Their characterization is mainly based on collisional activation and
ion-molecular reactions.

Nitrile Oxides, Nitrones, and Nitronates in Organic Synthesis: Novel Strategies in Synthesis,
Second Edition, By Henry Feuer
Copyright 2008 John Wiley & Sons, Inc.
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Unstable nitrile oxides XCNO, X = ONC, NC, Cl, Br, and Me, were gen-
erated and studied in the gas phase by He I photoelectron spectra (10) and by
other methods, such as low resolution mid-IR, high-resolution IR, and microwave
spectroscopy (11, 12). In particular, the unstable BrCNO molecule and its sta-
ble dibromofuroxan dimer were generated in the gas phase and studied by He I
photoelectron, mid-IR, photoionization mass spectra as well as by ab initio cal-
culations (13). Gas-phase IR and ab initio investigation were performed for the
unstable CF3CNO molecule and corresponding stable furoxan (14). Cyano- and
isocyanofulminates were studied by ab initio calculations at the MP2/6�31G*
level (15). It should also be noted that the electronic structure of fulminic acid was
studied experimentally, using He I photoelectron and two-dimensional Penning
ionization electron spectroscopies (16).

Thermochemical parameters of some unstable nitrile oxides were evaluated
using corresponding data for stable molecules. Thus, for 2,4,6-trimethylbenzo-
nitrile N-oxide and 2,4,6-trimethoxybenzonitrile N-oxide, the standard molar
enthalpies of combustion and sublimation at 298.15 K were measured by static-
bomb calorimetry and by microcalorimetry, respectively, this made it possible to
derive the molar dissociation enthalpies of the N�O bonds, D(N�O) (17).

On the basis of published data for enthalpies of formation, sublimation, and
vaporization, the dissociation enthalpies of terminal N�O bonds, DH◦(N�O), in
various organic compounds including nitrile oxides, were calculated and critically
evaluated (18). The derived DH◦(N�O) values can be used to estimate enthalpies
of formation of other molecules, in particular nitrile oxides. N�O Bond energy in
alkyl nitrile oxides was evaluated using known and new data concerning kinetics
of recyclization of dimethylfurazan and dimethylfuroxan (19).

Evidently, stable nitrile oxides can be investigated by spectral and X-ray
methods using ordinary procedures. As examples, X-ray diffraction studies of
o-sulfamoylbenzonitrile oxides (20), 5-methyl-2-(methylsulfonyl)-3-thiophene-
carbonitrile oxide (21), β,β-diphenylacrylonitrile oxide (22), and (dimorpholino-
phosphoryl) carbonitrile oxide (23) can be cited. It should be underlined that
structures of the latter compounds differ from those of classical stable o,o� -
disubstituted arylcarbonitrile oxides and tert-alkylcarbonitrile oxides. Therefore,
not only purely steric shielding of the CNO group but also electrostatic or
donor�acceptor interactions between the atoms of the latter and adjacent polar
substituents (21, 23) and also electron delocalization in π-systems (20, 22)
enhance the stability of nitrile oxide.

Main routes of chemical transformations of nitrile oxides 1 in the absence of
other reagents with multiple bonds have been well generalized in Reference 4
and are presented in Scheme 1.2.
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These routes are dimerization to furoxans 2 proceeding at ambient and lower
temperatures for all nitrile oxides excluding those, in which the fulmido group
is sterically shielded, isomerization to isocyanates 3, which proceeds at elevated
temperature, is practically the only reaction of sterically stabilized nitrile oxides.
Dimerizations to 1,2,4-oxadiazole 4-oxides 4 in the presence of trimethylamine
(4) or BF3 (1:BF3 = 2:1) (24) and to 1,4,2,5-dioxadiazines 5 in excess BF3 (1, 24)
or in the presence of pyridine (4) are of lesser importance. Strong reactivity of
nitrile oxides is based mainly on their ability to add nucleophiles and particu-
larly enter 1,3-dipolar cycloaddition reactions with various dipolarophiles (see
Sections 1.3 and 1.4).

1.2. METHODS FOR GENERATION AND PREPARATION
OF NITRILE OXIDES

In this section, generation means formation, usually succeeded by in situ trans-
formation of an unstable nitrile oxide, while preparation relates to stable nitrile
oxides, which can be isolated and stored for a long time. A review including data
on formation of nitrile oxides was published recently (25).

It is quite natural to consider that nitrile oxides could be generated or prepared
from fulminic acid or fulminates. However, until recently, only one example of
such a reaction is known, namely the formation of stable triphenylacetonitrile
oxide from trityl chloride and silver fulminate. Other attempts to generate nitrile
oxides from organic halides and metal fulminates gave the corresponding iso-
cyanates (1, 4). In 1982, a successful synthesis of trimethylsilanecarbonitrile
oxide from trimethylsilyl bromide and Hg(II) fulminate was reported (26). This
nitrile oxide possesses all of the characteristic properties of nitrile oxides and,
moreover, its use is equivalent to that of fulminic acid, owing to the hydrolytic
cleavage of the Si�C bond. In addition the conditions were elaborated, which
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NaOHa1
[R-C(Hal)=NOH]

Hal = Cl, Br

R-CH=NOH
NaOH

R-CNO

Scheme 1.3

allowed one to hydrolyse the mentioned organosilicon nitrile oxide (27) and to
introduce fulminic acid generated in some reactions (28). Nevertheless, because
of the explosive nature of metal fulminates, their synthetic use is very limited
and no data on their application for generation or formation of nitrile oxides were
found in the literature published through the last 20 years.

1.2.1. Formation from Aldoximes

The transformation of aldoximes to nitrile oxides is essentially a dehydrogenation
process.

Different procedures of this dehydrogenation are thoroughly discussed in the
monograph (4). It is only necessary to note here that the process is carried
out mainly as halogenation�dehydrohalogenation. The intermediate hydroximoyl
halide is frequently not isolated (Scheme 1.3). The reaction is convenient for both
the generation of unstable nitrile oxides (in the presence of a dipolarophile) and
the preparation of stable nitrile oxides. It is usually carried out in a two-phase
water�organic solvent system with methylene dichloride as the preferred
solvent.

The latter procedure was used in syntheses of stable nitrile oxides such as
β,β-diphenylacrylonitrile oxide and 2,6-diphenylbenzonitrile oxide (22), a series
of functionally substituted 2,6-dimethylbenzonitrile oxides (29), as well as 2,4,6-
triethylbenzene-1,3-dicarbonitrile oxide (29), stable bis(nitrile oxides) of a novel
structure 6, in which two benzene rings, bearing hindered fulmido groups are
connected with a bridge (30), tetrachloroisophthalo- and terephthalonitrile oxides
(31). Stable o-sulfamoylbenzonitrile oxides with only one shielding substituent
were also prepared using NaOCl/NaOH in a two-phase system (20, 32).

Me

Me

X

ONC Me

Me

Me CNO

Me

6
X = (CH2)n, where n = 0, 1, 2, 6; S; C=CH2; C=CHEt

Stable 2,4-disubstituted thiophene-3-carbonitrile oxides 7 and 3,5-di(t -butyl)-
thiophene-2-carbonitrile oxide 8 were synthesized from respective aldoximes by
the similar one-pot procedure (33�35).
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7
R = R2 = Me, R1 = H, Alk;
R = H, Me, MeO, MeSO2, R2 = H, Br, R1 = SMe, SO2Me, OMe

S R2R

R1 C NO

S CMe3C

CMe3

NO

8

The above-mentioned procedure and some of its modiÞcations were also used
for the generation of various unstable nitrile oxides. In this section, only those
reactions in which nitrile oxides were isolated or identiÞed by physical methods
will be discussed in detail. References will be given only if nitrile oxides are
transformed in situ to other products.

Thus, the bromoformonitrile oxide BrCNO was generated in the gas phase
from dibromoformaldoxime by pyrolysis or by a chemical reaction with HgO(s)
or NH3(g) (13). Polyßuoroalkanecarbonitrile oxides were generated from the
respective hydroximoyl bromides and triethyl amine (36). Generation of ethoxy-
carbonylformonitrile oxide from ethyl chloro(hydroxyimino)acetate in the ionic
liquids (1-butyl-3-methyl-1H -imidazolium tetraßuoroborate or hexaßuorophos-
phate) and its in situ reaction with ethyl acrylate gave 4,5-dihydro-3,5-isoxazole-
dicarboxylic acid diethyl ester (37). Recently, a procedure was used for the
generation of nitrile oxides from aldoximes, in water or in aqueous tetrahydro-
furan (THF), and subsequent in situ transformations by intra- or intermolecular
1,3-cycloaddition reactions. This simple though prolonged (18�72h) procedure
gives practically quantitative yields (38).

Hydroximoyl halides can be readily prepared by halogenation of oximes
using various reagents. As one of rather new reagents, the hydrogen chloride/N,
N-dimethylformamide/ozone system (39) was used for the preparation of differ-
ent hydroximoyl chlorides RCCl=NOH (R = Ar, 5-nitro-2-furyl, PhCO, t -Bu)
as precursors of nitrile oxides. However, most useful for both two-step and
one-step (usually in the presence of Et3N) procedures are N-bromo- (40, 41) and
N-chlorosuccinimides (42�44). Other N-halogen-substituted compounds such as
chloramine-T (45), trichloroisocyanuric acid (46), and N-(t -butyl)-N-chloro-
cyanamide (47) were also used for the oxidative dehydrogenation of aldoximes.

Dehydrochlorination of hydroximic acid chlorides for generation of nitrile
oxides can also be performed using organotin compounds such as (SnBu3)2O
or SnPh4 (48, 49). The reaction proceeds under mild conditions, O-stannylated
aldoximes like RCH=NOSnBu3 being thought to be key intermediates.

Thermal dehydrochlorination of hydroximoyl chlorides affords nitrile oxides
(50�52). O-Ethoxycarbonylbenzohydroximoyl chloride, generating benzonitrile
oxide, was used as a stable nitrile oxide precursor, which was efÞciently used in
1,3-cycloaddition reactions with alkenes (53).

Direct oxidation of oximes is prospective promising procedure for the gen-
eration of nitrile oxides. Mercury(II) acetate (54), dimethyldioxirane (55), ceric
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ammonium nitrate (56), and hypervalent iodine compounds, such as iodobenzene
dichloride (57), iodosylbenzene (58), diacetoxy iodobenzene (59) were used as
oxidants. Manganese(IV) oxide was also found to oxidize aldoximes to nitrile
oxides, the best results being obtained with hydroximinoacetates as nitrile oxide
precursors (60).

1.2.2. Formation from Aliphatic Nitro Compounds

Generation of nitrile oxides by the Mukaiyama procedure, viz ., dehydration of
primary nitroalkanes with an aryl isocyanate, usually in the presence of Et3N as
a base, is of high importance in nitrile oxide chemistry. Besides comprehensive
monographs (4, 5), some data concerning the procedure and its use in organic
synthesis can be found in References 61 and 62.

Dehydration of primary nitroalkanes results in unstable nitrile oxides and,
therefore, is limited by in situ transformation of the latter, for the preparation of
various stable products, mainly those of 1,3-dipolar cycloaddition (Scheme 1.4).

As an example of the �classic� Mukaiyama procedure, one might mention
cycloaddition of nitrile oxides, generated by reaction of primary nitroalkanes with
p-chlorophenylisocyanate in the presence of a catalytic amount of Et3N, to diethyl
vinylphosphonate or diethyl propargylphosphonate affording the corresponding
2-isoxazolines or isoxazole, bearing the phosphonate group, in good yields (63).
Many reagents, other than arylisocyanates, have been tested for the dehydration
of nitroalkanes, among them POCl3, AcCl, Ac2O, BzCl, and MeSO2Cl (64).
A rather �exotic� p-toluenesulfonyl chloride � K2CO3 � 18-crown-6 system
was used in the synthesis of annulated Δ2-isoxazolines starting from primary
nitroalkanes (including functionalized ones) and cyclopentenes (65). There was
also reported (66) the successful generation of nitrile oxides from primary nitro
compounds by using thionyl chloride and triethylamine. Generation of nitrile
oxides from nitromethyl ketones by the action of Ce(III) or Ce(IV) ammonium

O

O

X Y
X Y

N
O

YX

R
N

O

YX

R

R-CH=N [R-CNO] +   CO2 +   PhNH
+ −

X and Y: 
CH2, CHR′,CR′R′′,
NH, NR′, O, S etc.

X and Y: 
CH, CR′, N etc.

(PhNH)2CO +  Et3N

R-CH2-NO2
Et3N PhNCO

PhNCO
Et3NH+

−

−

Scheme 1.4
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nitrates in the presence of formic acid has been described (67). Formation of
nitrile oxides was also reported for the action of Mn(III) acetate on nitroacetate
esters (68) and for the reaction of phosphorus trichloride with nitronate anion
generated from β-nitrostyrene (69).

Nitrile oxides can be generated not only from primary but also from some
functionalized secondary nitroalkanes. Thus, ethyl 2-nitroacetoacetate readily
eliminates the acetic acid moiety using a AcOH�Ac2O mixture in the pres-
ence of a catalytic amount of strong mineral acid, for example, H2SO4, at
room temperature to give ethoxycarbonylformonitrile oxide (70). Aroylformoni-
trile oxides were generated in a nitrating mixture from 1,3-diketones such as
1-[2,6-dichloro-4-(trißuoromethyl)phenyl]-1,3-butanedione and its 4,4-dißuoro
and 4,4,4-trißuorosubstituted derivatives (71).

Generation of nitrile oxides can also proceed by the action of �neutral� or basic
reagents, for example, tert-butyl carbonate (72) or 4-(4,6-dimethoxy-1,3,5-triazin-
2-yl)-4-methylmorpholinium chloride, both in the presence of a catalytic amount
of 4-(dimethylamino)pyridine (73), the latter with microwave activation. Some
primary nitro compounds, are activated by electron-withdrawing substituents
in a vicinal position such as in acetylnitromethane, benzoylnitromethane, ethyl
nitroacetate, and nitro(phenylsulfonyl)methane generate nitrile oxides by the
action of tertiary amines, preferably, 1,4-diazabicyclo[2.2.2]octane (DABCO)
(74).

Highly efÞcient modiÞcations of Mukaiyama�s procedure, convenient for com-
binatorial syntheses, were reported recently, namely the polymer-supported syn-
thesis of isoxazolines via nitrile oxides, starting from primary nitroalkanes, in a
one-pot process (75) and by microwave activation of the process (73).

1.2.3. Formation by Cycloreversion

Dimerization of nitrile oxides to furoxans (Scheme 1.2) becomes reversible at
elevated temperatures, by photolysis or electron impact, the Þrst two methods
being used in synthesis. The data concerning vacuum pyrolysis and photolysis of
furoxans summarized in (76) are of great interest. Both formation of furoxans and
their thermolytic transformation to nitrile oxides are comprehensively presented
in a two-volume monograph (77, 78) and in a review (79). Three modes of the
cycloreversion, depending on the nature of substituents in the furoxan molecule
(5) are shown in Scheme 1.5. The cycloreversion of furoxan 2 to form two nitrile
oxides 1 molecules [route (a)] is of main interest. Rearrangement [route (b)],
which occurs mainly in diacylfuroxans affording α-acyloximinonitrile oxides 9
as well as fragmentation [route (c)] leading to a mixture of α-hydroximinonitrile
oxides 10 and 10′ are of limited interest.

Stable furoxans are convenient starting compounds for generating short-lived
nitrile oxides XCNO (X = ONC, NC, Cl, Br, and Me) by thermolysis (10, 11,
80, 81). The thermolysis of benzotrifuroxan (200◦, in excess PhCN) proceeds
(Scheme 1.6) with the cleavage of the C�C and O�N(O) bonds in only one
furoxan ring to give bifuroxan bis(nitrile oxide). The latter undergoes further
reactions such as cycloaddition with PhCN or conversion to bisisocyanate (82).
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Cycloreversion with nitrile oxide formation is known not only in furoxans but
also in isoxazolines, 1,2,4-oxadiazoles, furazans, and some other Þve-membered
heterocycles (76). Such process, eliminating nitrile oxide fragment 3-
R1C6H4C≡N+O−, was observed mass spectrometrically in 3a,4,5,6-tetrahydro-
[1,2,4]oxadiazolo[4,5-a][1,5]benzodiazepine derivatives 11 (83).
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 (R1 = H, Br; R2= H, OMe; R3 = H, OMe)

11

1.2.4. Other Methods

The methods considered in this section concern mainly reactions of nitro com-
pounds.

The reaction of dinitrogen tetroxide with substituted dinitromethane salts
RC(NO2)=NO2K [R = Ph, 3-O2NC6H4, 3,5-(O2N)2C6H3, 4-MeO-3,5-(O2N)2

C6H2, EtO2C, Me, MeO2C] was carried out in the generation of nitrile oxides
RCNO (84, 85). Using 1H, 13C and 14N nuclear magnetic resonance (NMR) spec-
troscopy, it was shown that this reaction proceeds through dinitronitrosomethyl
intermediates, of which one was isolated. The reaction occurs only when sub-
stituents capable of conjugation with the nitrile oxide fragment are present.

Z -Acetonitrolic acid rapidly loses NO2
− to form unstable acetonitrile oxide,

which could be detected by monitoring its subsequent reactions (86). Arylnitrolic
acids 12 (X = p-Cl, m-NO2, o-NO2) exist in the E -conÞguration and undergo
slow loss of NO2

− to give nitrile oxides. Subsequently it was shown (87) that
nitrolic acids are converted to nitrile oxides in practically quantitative yields
under neutral conditions (heating in THF).

C

(X = p-Cl, m-NO2, o-NO2)

12

N
OH

NO2

X

Thermolysis of a stable radical 4-[(hydroxyimino)nitromethyl]-2,2,5,5-tetra-
methyl-3-imidazolin-1-oxyl 13 gives the corresponding spin-labeled nitrile oxide.
It was also identiÞed in isoxazolines formed in cycloadditions with oleÞns (88).
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N

N
O

Me

Me

Me

Me

C(NO2)HON

13

Nitrile oxides are generated by photolysis of 1,2-diaryl-substituted nitro-
ethylenes through the formation of an oxazetine 2-oxide and its fragmentation
(Scheme 1.7) (89).

Nitro(imidoyl)ketene PhN=C(NEt2)C(NO2)=CO eliminates CO2 on heating
and rearranges to 2-diethylamino-3-hydroximino-3H -indole 14, presumably via
nitrile oxide PhN=C(NEt2)C�N+O−(90).

N
NEt2

NOH

14

In alkali solutions, 5-nitro-2-furaldehyde forms an anion of (5-nitrofuran-
2-yl)methanediol, which undergoes an irreversible redox ring-opening reaction
to give mono(nitrile oxide) of α-ketoglutaconic acid HO2CCOCH=CH�CNO,◦o
the latter was identiÞed as furoxan (91).

Very interesting transformations were reported in terminal alkynes RC≡CH
(R = alkyl, aryl, alkoxy, carboxylate, etc.). They react readily with nitric acid,
in aqueous nitromethane (1:1) and in the presence of catalytic amounts of tetra-
butylammonium tetrachloroaurate to give 3,5-disubstituted isoxazoles 15 in 35%
to 50% isolable yield (92). The reaction might proceed via a nitrile oxide inter-
mediate by attack of an electrophile (AuCl3 or H+) and of a nucleophile (NO2

−)
on the triple bond to form a vinyl nitrite, which is converted to a nitrile oxide
by the action of gold(III) or of nitric acid (Scheme 1.8).

Intermediate formation of nitrile oxides is, also proposed in reactions of
nitroacetylene with furan and vinyl ethers (Scheme 1.9) (93) and of lithium
(phenyl)acetylide with N2O4 (94).

Ar

NO2H

Ph

O N+

hn, 20°C

PhH

ArPh

O−

ArCNO + PhCHO

Scheme 1.7
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i. AuCl3 or H+

ii. NO2
R C CH2

ONO

AuCl3 or H+
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O
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RCO

R

15

R C CH

−

Scheme 1.8
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+
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OHC

Scheme 1.9

Dehydration of O-silylated hydroxamic acids is used as a general method in
the synthesis of nitrile oxides (95) in the presence of trißuoromethanesulfonic
anhydride and triethylamine.

Methoxycarbonylformonitrile oxide is smoothly generated by β-elimination
of methanol from E -N-methoxy-N-(methoxycarbonylmethylene)amine N-oxide,
MeO2CCH=N(OMe)O, in the presence of a catalytic amount of boron trißuoride
etherate (96).

Phosphorylated and thiophosphorylated diazo compounds, i -Pr2P(X)C(N2)
SiMe3 (X = O, S) react with nitrosyl chloride to give α-nitroso-diazo derivatives
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which rapidly eliminate nitrogen to form i -Pr2(X)CNO (97). Similarly phospho-
rylated nitrile oxide, R2P(O)CNO (R = morpholino) was prepared by treatment
of R2P(O)CHXCHO (R = morpholino; X = Cl, Br) with HNO2 in AcOH (98).

Ammonium cerium(IV) nitrate on reaction with acetone or acetophenone
generates acetyl- or benzoylformonitrile oxides, respectively (99). These nitrile
oxides dimerize to furoxans and give, in the presence of alkenes and alkynes, 3-
acetyl- or 3-benzoyl-4,5-dihydroisoxazoles and 3-acetyl- or 3-benzoylisoxazoles,
respectively; the yield of the isoxazole derivatives was improved on using ammo-
nium cerium(III) nitrate tetrahydrate�formic acid (99).

1.3. REACTIONS OF NITRILE OXIDES

Some routes of chemical transformations of nitrile oxides connected with the
problem of their stability were brießy discussed in Section 1.2. Here only two
types of such reactions, proceeding in the absence of other reagents, viz ., dimer-
ization to furoxans and isomerization to isocyanates, will be considered. All other
reactions of nitrile oxides demand a second reagent (in some cases the component
is present in the same molecule, and the reaction takes place intramolecularly):
namely, deoxygenation, addition of nucleophiles , and 1,3-dipolar cycloaddition
reactions . Also, some other reactions are presented, which differ from those
mentioned above.

Probably, the diversity of nitrile oxide chemistry is not conducive to writing
reviews related to all aspects of their reactivity. Therefore, only several references
can be mentioned, which are connected with several topics in this section. Among
these are the reviews devoted to the photochemistry of N-oxides (including nitrile
oxides) (100) and reactions of nitrilium betaines with heteroaromatic compounds
(101). Other references on reviews will be given in corresponding subsections or
paragraphs.

1.3.1. Dimerization and Isomerization

Dimerization and isomerization are conveniently considered together, since reac-
tion routes for the same group of nitrile oxides frequently depends on reac-
tion conditions or differences in substituent(s). Dimerization of unstable nitrile
oxides proceeds during their generation, when another reaction partner is absent,
while isomerizations demand, thermal or photostimulation (97). As a rule, ster-
ically stabilized nitrile oxides do not give furoxans, and their heating leads
to isomeric isocyanates. This is the case, for example, for stable bis(nitrile
oxides) of the benzene series (30). However, there are stable nitrile oxides, which
can dimerize. Thus, stable o-sulfonylbenzonitrile oxides undergo thermal dimer-
ization to furoxans, (2,2′-sulfonylbis(benzonitrile oxide) on heating rearranges
to tetracyclic furoxan 16, a dibenzothiepinofurazane derivative (32). Similarly,
2-thienylphenylsulfon-3,2′-dicarbonitrile oxides give benzothienothiepinofurazan
trioxides 17 (R = H, Me) at reßux in benzene (102).
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The stability of o-sulfonylbenzonitrile oxides and their thiophene analogs
probably depends on electronic factors. The same factors do not prevent dimer-
ization, as can be seen from data concerning several differently substituted nitrile
oxides of the thiophene series (103). Sterically stabilized 3-thiophenecarbonitrile
oxides 18 (R = R1 = R2 = Me; R = R2 = Me, R1 = i -Pr), when boiled in benzene
or toluene, isomerized to isocyanates (isolated as ureas on reaction with ani-
line) while nitrile oxides 18 with electron-withdrawing substituents (R1 and/or
R2 = SO2Me, Br) dimerized to form furoxans 19.

SR

R1 CNO

R2
SR

R1

R2
O

NON
SR2 R

R1

18 19

3,3-Diphenylacrylonitrile oxide, exhibiting unexpected stability, presumably
due to delocalization, dimerized to furoxan 20 or 1,4,2,5-dioxadiazine 21 (22).
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Diaryl- (85), diaroyl- (71), bis(4-substituted-1,2,5-oxadiazol-3-yl)furoxans
(104) as well as �exotic� 1,2,2,5,5-pentamethyl-4-(nitromethyl)-3-imidazoline
3-oxide-derived furoxan 22 (105) were obtained via corresponding nitrile oxides.

O
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Me
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MeMe

Me MeMe
Me Me
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Dimethyl furoxan-3,4-dicarboxylate was obtained from methoxycarbonylfor-
monitrile oxide (96). Treatment of nitroacetamides RR1NCOCH2NO2 [R, R1 = H,
Me; Me, Me; H, Ph; RR1 = (CH2)4] with SOCl2 afforded furoxan-3,4-dicarboxa-
mides (106).

The nitrile oxide dimerization mechanism was subjected to quantum chem-
ical investigation. Semiempirical methods MNDO for acetonitrile oxide and
AM1 for dimethoxyphosphorylformonitrile oxide (107) as well as density func-
tional theory (DFT) calculations (B3LYP/6�31G*) for acetonitrile oxide and
p-chlorobenzonitrile oxide (108) agree that these reactions proceed in two steps.
They involve dinitroso alkene intermediates, the limiting stage depending on
C�C bond formation. The retardation of dimerization in aromatic nitrile oxides
arises from the interruption of conjugation between the nitrile oxide and aryl
groups in the C�C bond formation step (108).

There are very interesting experimental data demanding theoretical interpreta-
tions: both dimerization and cycloaddition with dipolarophiles of some aromatic
nitrile oxides RCNO (R = Ph, 2-ClC6H4, 2,6-Cl2C6H3) can be inhibited by a
catalytic amount of (4-BrC6H4)3N+ SbCl6− (109).

1.3.2. Deoxygenation

Deoxygenation of nitrile oxides demands a reducing agent. Amongst those, com-
pounds of phosphorus(III) like PPh3 (97) are useful. The reaction gives respec-
tively, nitrile and P-oxide. Reactions of nitrile oxides with phospholes is of special
interest. Phospholes undergo Diels�Alder reactions at high pressure rather than
1,3-dipolar cycloadditions with nitrile oxides but the latter are deoxygenated in
the process (110).

Intriguing results, concerning both deoxygenation and dimerization of nitrile
oxides were obtained on investigation of reactions of the latter and of furoxanni-
trolic acids with nitrogen oxides (111�113). Reaction of acetonitrile oxide with
N2O4 in CH2Cl2 led to the corresponding nitrolic acid MeC(:NOH)NO2 while
hydroxyiminonitrile oxide PhC(:NOH)CNO gave a mixture of 4-nitro-3-phenyl-
and 3-nitro-4-phenylfuroxans (111). Under similar conditions, benzonitrile
oxides RC6H4CNO (R = H, 3-, 4-O2N, 4-Br) afforded aryltrinitrosomethanes
RC6H4C(NO)3 (111). A probable mechanism of the reactions, taking into account
the radical nature of nitrogen dioxide (111), is presented in Scheme 1.10.

Previously unknown deoxygenation was reported with o-, m-, and p-nitro-
benzonitrile oxides on reactions with NO (112); this was interpreted as being
due to the radical nature of the latter (Scheme 1.11).

Deoxygenation by NO proceeds rather slowly, and nitrile oxides take part
simultaneously in two other reactions: (a) dimerization to furoxans 23 and
(b) interaction with NO2 which is formed in the reaction, to give aryltrini-
tromethanes. The most unstable of the known arenecarbonitrile oxides, benzoni-
trile oxide, owing to its fast dimerization gives no phenyltrinitromethane but only
furoxans. Products similar to both cited reactions are formed with N2O3 because
of its known equilibrium with NO and NO2 (112).



REACTIONS OF NITRILE OXIDES 15

R
NO2

NO
R

NO2

N-O

NO2 R-C-NO

NO2

NO2

N2O4
R-C(NO2)3

−NO2
R

NO2

N-O
N2O4 (R = Ph)

O
NN

Ph NO2 NO2

N-OH

Me

RCNO +  NO2

−

H+ (R = Me)

C C
NO2

C

C

+

Scheme 1.10

ArCNO +  NO ArCN +  NO2[Ar-C=N-N=O]

Scheme 1.11

N NO
O

R R

23  (R = H, 2-, 3-, 4-O2N)

Investigation of the reaction of furoxannitrolic acids with nitrogen tetroxide
(113) showed that the Þrst step is the formation of the corresponding intermediate
nitrile oxides followed by their transformations. Thus, treating nitrolic acid 24
with N2O4 in CHCl3 resulted in furoxancarbonitrile 25 via intermediate nitrile
oxide 26 (Scheme 1.12). It seems probable that nitrogen tetroxide plays the role
of a reducing agent in the nitrile oxide deoxygenation.

1.3.3. Addition of Nucleophiles and Further Tranformations

Nucleophiles react with nitrile oxides in a 1,3-nucleophilic addition pattern. The
carbon atom of the CNO group is being attacked by the negatively polarized part

O
N

O2N C(NO2)=NOH

NO

24
O

N

O2N CNO

NO

26
O

N

O2N CN

NO

25

Scheme 1.12
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Scheme 1.13

of the nucleophile (by an anion as a limiting case), while its positively polarized
or charged part (proton in the simplest case) adds to the oxygen atom of the ful-
minate moiety. 1,3-Addition reactions proceed with halogen, N-, O-, S-, C-, and
other nucleophiles. The adducts formed might undergo further transformations.

Thus, (dimorpholinophosphoryl)formonitrile oxide undergoes 1,3-addition
reactions with HCl, HI, primary and secondary amines, acylhydrazines, and even
with thiourea or thiosemicarbazide (Scheme 1.13) (98). The former gives (dimor-
pholinophosphoryl)isothiocyanate and urea. Those products might arise from a
retro destruction of the unstable 1,3,5-oxathiazoline. The latter transforms to the
isothiocyanate, the product of addition of a second molecule of thiosemicar-
bazide. (98).

Related (diisopropoxyphosphoryl)- and (diisobutoxyphosphoryl)formonitrile
oxides (114), generated in basic media from the corresponding oximes react
in situ with alcohols, phenols, alkanethiols, thiophenols, aliphatic and aromatic
primary amines, hydrazines and hydrazides as well as 4-aminoantipyryne to give
hydroxymates, thiohydroxymates, and amidoximes, respectively. It is important
to note that the addition is stereoselective and gives E -adducts with the excep-
tion of (i-PrO)2P(O)C(:NOH)OMe, which is formed as a 1:1 mixture of E and
Z isomers.

3-Arylsydnone-4-carbonitrile oxides add hydrogen chloride to give the corre-
sponding hydroximoyl chlorides on treatment with HCl/EtOH (115). Reactions
of nitrile oxides, RC�NO (R = mesityl, duryl, p-O2NC6H4, PhCO) with 1,1-di-
chloroalkyl isocyanates, R′CCl2NCO (R′ = CCl3, CF3) in benzene containing
Et3N lead by [2 + 3] cycloaddition (116) to the corresponding O-acylated chloro-
oximes RCCl=NO2CN=CClR in 58% to 89% yield, rather than to oxadiazolidi-
none adducts (Scheme 1.14).

Nitrile oxides add to various N-nucleophiles, bearing N-H bonds to give ami-
doximes. These nucleophiles comprise primary and secondary amines, amides,
N-heterocycles and so on. Thus, N-unsubstituted pyrazole, imidazole, 1,2,3- and


