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I. Introduction
Nitric oxide (NO) chemistry has been intensively

studied in the past decades.1 The unexpected role of
nitric oxide as a key physiological regulator has
fomented intensive interdisciplinary activity in this
field. The related nitroso chemistry, despite its
general importance, has received comparatively little
attention. In particular, the nitroso ene reaction
(Scheme 1), discovered in 1965,2 has not been studied
to the extent that it merits. It constitutes a mild,
valuable methodology for the direct regioselective and
stereoselective allylic nitrogen functionalization of

readily available alkenes.4 Moreover, it may figure
as a key step in the puzzling in-vivo transformations
that amino compounds undergo (see section VII),5-7

and it is an established method in the chemical
modification of natural rubber.8 Presumably, the
numerous in-situ reactions that nitroso ene products
suffer have restricted for many years the develop-
ment and use of nitroso ene chemistry for synthetic
purposes; in particular, this pertains to the direct
nitrogen functionalization of olefins. This disadvan-
tage may nowadays be readily avoided (section II.B),
mainly by the use of electron-poor nitroso enophiles;
alternatively, the secondary ene products may be of
value for preparative purposes.

Allylamines are versatile and fundamental build-
ing blocks in organic chemistry, as exemplified in the
preparation of alkaloids,9 R- and â-amino acids,10-13

and carbohydrate derivatives.14 The synthesis of
allylic amines may be divided into two groups: (i)
nucleophilic allylic substitution (e.g., Mitsonobu reac-
tion, Gabriel synthesis) and (ii) direct allylic amina-
tion of simple double-bond substrates (nitrene addi-
tions and ene reactions). The latter process is more
economical and advantageous, since readily available
alkenes are converted to valuable nitrogen-function-
alized products, especially by the nitroso ene reaction
(Scheme 1).4

A large number of publications have appeared on
the mechanism of the ene reactions of the three
isoelectronic species singlet oxygen (1O2),15-17 triazo-
linedione (TAD),18-20 and ArNO;21,22 nevertheless, the
nature of the involved intermediates and the struc-
tures of the transition states are not well resolved to
this day. In view of the high and diverse reactivity
of nitroso compounds, the nitroso ene reaction offers
challenging opportunities for mechanistic explora-
tion, as shall become apparent through recent ex-
perimental and theoretical work.

This review provides the first comprehensive cov-
erage of the mechanistically challenging and syn-
thetically promising nitroso ene reaction. On the
basis of our recent research work and the relevant
literature, we address a variety of pertinent aspects
on mechanism and selectivity as well as synthetic
applications and catalytic variations of the nitroso
ene reaction. Biological implications shall also be
briefly examined.
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II. Reactivity of Nitroso Compounds

A. As Versatile Reagents
The nitroso functional group undergoes a variety

of reactions, which include additions, isomerizations,
oxidations, as well as reductions.23,24 Their versatile

reactivity results in numerous side reactions, which
is one of the reasons why nitroso compounds have
received limited attention in organic synthesis; nev-
ertheless, such diversity should be advantageous for
developing new and efficient synthetic methods based
on nitroso chemistry.

Examples of the various transformations that ni-
troso compounds undergo are displayed in the form
of the rosette in Scheme 2. As electrophilic species,
they undergo additions with enolates (path a),25-27

amines (path b),28 and Grignard reagents (path
c).29-31 With diazomethane, nitrones are formed (path
d)32 and it is well-known that nitroso compounds are
good radical scavengers (path e).33-35 The [2+2] (path
f)36,37 and [4+2] (path g)38-41 cycloadditions of nitroso
compounds are established transformations, as well
as the ene reaction (path h).3,4 By the use of chiral
nitroso compounds or chiral partner substrates,
excellent diastereoselectivities have been obtained in
the nitroso aldol reaction (path a),25,27 in [4+2]
cycloadditions (path g),38,42,43 and in the ene reaction
(path h); the latter shall be discussed in detail in
section V.

The mode selectivity of the nitroso reactions with
double bonds (paths f-h) has as yet not been sys-
tematically studied. With dienes, the [4+2] cyclo-
addition is usually the exclusive pathway.38 With
alkenes that bear an allylic hydrogen atom, the ene
reaction usually prevails.3,4,21 The [2+2] cycloaddition
mode is rare but is observed between trichloroni-
trosomethane and perhalogenated or electron-rich
alkenes.36,37 In contrast to the isoelectronic hetero-
atom enophiles singlet oxygen and triazolinedione,
product mixtures derived from the competition be-
tween these pericyclic reaction modes are unusual
for nitroso compounds,44 i.e., they advantageously
exhibit a high mode selectivity. Of the transforma-
tions in Scheme 2, the nitroso ene reaction has
received relatively little attention for preparative
purposes; the reasons are outlined in the next section.

B. As Enophiles
In view of their low LUMO energy, nitroso com-

pounds belong to the class of most reactive enophiles;
however, compared to the heteroatom enophiles
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Oliver Krebs, born in 1974 in Nördlingen, Germany, has studied chemistry
at the University of Würzburg since 1994, where he received his diploma
degree in 2000 (Procter & Gamble Research Award) and his doctoral
degree in 2002 (Lower-Franconian Science Award) in Professor Adam’s
group for his research on the ene reaction of nitrosoarenes, singlet oxygen,
and triazolinedione. Sponsored by DAAD (German Academic Exchange
Service), he conducted a joint research project with Professors Michael
Orfanopoulos and Manolis Stratakis at the University of Crete, Greece,
as part of his doctoral work. Currently, he is a Postdoctoral Fellow in
Professor Richard J. K. Taylor’s research group at the University of York,
England, engaged in natural product synthesis.

Scheme 1. Reaction of Nitrosobenzene with
Tetramethylethylene; An Early Example of the
Nitroso Ene Process (ref 3)

Scheme 2. Use of Nitroso Compounds in Organic
Synthesis
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singlet oxygen17,45 and triazolinedione,18,46 relatively
few papers have appeared on the nitroso ene reaction.
Whereas the nitroso [4+2] cycloaddition38 has been
extensively investigated and its synthetic potential
documented (see section II.A), this is not the case for
the ene reaction. In fact, the little data that is
available is quite scattered, and no definitive review
exists to date on this remarkable pericyclic process.
Presumably, the low persistence of the initially
formed hydroxylamine ene product toward subse-
quent in-situ reaction such as oxidation, dispropor-
tionation, and elimination has curbed the interest in
applying the potentially useful ene reaction for
synthetic purposes. The more common in-situ prod-
ucts, generated from the initial ene adducts, are
displayed in Scheme 3 and comprise nitrones, nitrox-
ides, imines, amines, and azoxy compounds.4,47,48

Ene products derived from electron-rich nitroso
compounds (e.g., 4-nitrosophenol, N,N-dimethyl-4-
nitrosoaniline) undergo almost entirely dispropor-
tionation along path a.49-51 On treatment with acids
and bases or on heating, the resulting hydroxylamine
dehydrates to the corresponding imine (path b),23,52

a process that is part of the Ehrlich-Sachs reaction.53

The oxidation of the ene products from various
nitrosoarenes and tetramethylethylene by adventi-
tious oxygen or by an “excess” of nitroso compound
leads to the relatively persistent nitrosyl radicals
path c (see also Scheme 2, path e), which have been
well studied by means of ESR spectroscopy.54-57

Trace amounts of nitroxides are formed in almost all
nitroso ene reactions, except for electron-poor sub-
strates (see below); these radicals cause signal broad-
ening in the NMR spectra, which severely compli-
cates the product analysis. Nevertheless, to obtain
well-resolved NMR spectra directly on the product
mixture without workup, ca. 5 mg of phenylhydrazine
or diphenylhydrazine should be added immediately
before the analysis, which removes the undesirable
paramagnetic impurities.44

Hydroxylamines that bear a hydrogen atom at the
N-substituted carbon (e.g., the ene products from di-
or trisubstituted alkenes) may be further oxidized to
nitrones (path d in Scheme 3), which are labile

species and undergo polymerizations,58 1,3-cycload-
ditions,59,60 or are solvolyzed.61,62 The solvolysis leads
to the respective carbonyl compounds (e.g., the
enones) and the hydroxylamine; the latter condenses
with another equivalent of the nitroso compound to
an azoxyarene, and the resulting water hydrolyzes
more nitrone (path d, subsequent reaction). Since this
process consumes two moles of the nitroso compound,
the conversion of the alkene is significantly decreased
and in many cases, especially for less reactive olefins,
azoxyarenes may be observed as the major or exclu-
sive products.

Fortunately, electron-withdrawing groups at the
nitroso functionality not only increase the enophilic
reactivity, but also afford relatively persistent hy-
droxylamine products toward further in-situ trans-
formations. Therefore, to minimize such problems,
most recent work on the nitroso ene reaction has
employed electron-poor enophiles, e.g., R-chloro ni-
troso compounds,63-65 acyl nitroso compounds,66-68

pentafluoronitrosobenzene,21,22,60 and 4-nitronitrosoben-
zene.69 Since electron-poor nitroso species are also
relatively strong oxidizing agents, path d has still
been observed as a (minor) side reaction for such
nitroso enophiles.

The reaction of R-chloronitroso enophiles does not
lead to the expected primary hydroxylamine ene
product; instead, the latter eliminates in situ HCl and
affords the persistent nitrone hydrochloride salt. The
nitrone hydrochloride salt is readily hydrolyzed to the
respective ketone and the hydroxylamine (Scheme
4).63 Through this methodology primary amines
become accessible.

Alkenes, which contain only aliphatic substituents,
e.g., 2-methyl-2-butene or 2-methylpropene, are not
sufficiently reactive toward R-chloronitrosoadaman-
tane.63 Our own experiments showed that R-chloroni-
trosocyclohexane70 and R,R-dichloronitrosoethane71,72

do not react with 2-methyl-2-butene within 10 days
at 20 °C. For the latter enophile, presumably steric
obstruction decreases the reaction rate. Nevertheless,
in section V.B (stereoselectivity), R-chloronitroso
sugar derivatives are presented, which are much
more reactive and react also with alkenes with only
alkyl substituents. Presumably, the inductive effect
(-I) of the R-ether functionality in these sugar
derivatives is responsible for the increased ene
reactivity. Consequently, R-chloro-â-ethoxynitroso-
ethanes73,74 should be sufficiently reactive enophiles
to afford attractive ene products for the synthesis of
primary amines. As side products, â-chloro hydroxy-
lamines are obtained, which presumably are formed
by the nucleophilic attack of a chloride ion on the
aziridine N-oxide intermediate of the ene reaction
(see section III).66

Acyl-nitroso compounds are probably the most
reactive nitroso enophiles4 and also well-known to
engage in [4+2] cycloaddition.75-78 They are attrac-
tive aminating agents due to the fact that the
carbonyl group at the nitrogen site may be readily
removed or derivatized (“amidating agents”).66 Sev-
eral in-situ preparative routes have been developed
to make these highly reactive nitroso compounds
available for synthetic applications (Scheme 5).

Scheme 3. In-situ Transformations of the
Hydroxylamines Derived from the Nitroso Ene
Reaction
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In this context, the direct in-situ oxidation of
hydroxamic acids with periodates is not possible,75-77

because this oxidant destroys the ene product. To
circumvent this problem, the acyl nitroso species is
first trapped in situ by [4+2] cycloaddition with
dimethylanthracene (DMA).66 The resulting cyclo-
adducts, which are inert toward further oxidation,
may be thermolized at relatively low temperature (ca.
100 °C) to release the free nitroso species in the
absence of an oxidant (path a).

Recently, acyl nitroso compounds have been gener-
ated in situ for the ene reaction by the oxidation of
hydroxamic acids with PhI(OAc)2 (path b)67 or nitrile
oxides by N-methylmorpholine-N-oxide (path c).68 An
alternative novel entry to in-situ-generated acyl
nitroso enophiles is the photolysis of 1,2,4-oxadiazole-
4-oxides (path d).79,80

A limiting factor for the use of acyl nitroso eno-
philes is their high reactivity toward nucleophilic
functional groups. Also, their decomposition into the
corresponding anhydride with the evolution of dini-
trogen oxide gas is a problem (Scheme 6).76,78,80

Hence, only unfunctionalized alkenes give fair yields
of ene product with acyl nitroso compounds.

4-Nitronitrosobenzene does not exhibit such unde-
sirable reactivity and constitutes a “well-behaved”
enophile, which we advantageously exploited in our
work. It is persistent and tolerates other functional

groups, e.g., even the hydroxy group. This yellow-
colored powder is readily prepared by oxidation of
commercially available 4-nitroaniline with potassium
monopersulfate (Scheme 7).81,82

As an enophile, 4-nitronitrosobenzene undergoes
clean reactions with tri- and tetrasubstituted olefins.
The reactivity (krel) of trisubstituted olefins with a
variety of lone substituents (Figure 1)83 toward this
nitroso enophile has been shown to depend on
electronic, steric, and coordinative effects. Thus, an
ethyl group at the lone site accelerates the reaction
rate somewhat, but the bulky tert-butyl group de-
creases the ene reactivity significantly. The electron-
withdrawing methoxy and acetoxy groups in a sub-
strate (-I effect) decrease the reactivity, whereas the
hydroxy group enhances reactivity through coordina-
tion of the enophile by hydrogen bonding (see also
section V.A).

[Note: For the regiochemical differentiation of the
three alkyl groups in trisubstituted olefins the fol-
lowing codification is used (see Figure 5.2): Attention
is focused on the central alkyl substitutent, which is

Scheme 4. Ene Reaction of r-Chloronitrosoadamantane with 2-Phenylpropene and Subsequent Hydrolysis

Scheme 5. In-situ-Generated Nitroso Carbonyl Compounds for the Ene Reaction with
Tetramethylethylene (TME)

Scheme 6. Proposed Mechanism for the
Decomposition of Acyl Nitroso Compounds to the
Corresponding Anhydrides

Scheme 7. Preparation of 4-Nitronitrosobenzene
from 4-Nitroaniline by Oxidation

Figure 1. Ene reactivity (relative rates) of lone-substituted
2-methyl-2-butenes with 4-nitronitrosobenzene.
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defined as the twixt group (Rtwix, for simplification
the last “t” has been dropped); “twixt” comes from
old English and means “between”, i.e., Rtwix is be-
tween a geminal and vicinal alkyl group. The other
geminal substitutent is then designated as the twin
group (Rtwin), and the remaining vicinal substituent
as the lone one (Rlone).]

The formation of nitrones by the oxidation of the
resulting ene adducts (see Scheme 3, path d) is
observed only as minor (<10%) side product in the
ene reaction of 4-nitronitrosobenzene with 2-methyl-
2-butene, 2-methyl-2-pentene, and mesitylol.47,62,83

Conversely, electron-poor olefins such as tiglic acid
derivatives84 undergo a clean ene reaction, since the
ene product is deactivated and, therefore, resistant
toward further oxidation. Unfortunately, disubsti-
tuted alkenes react with 4-nitronitrosobenzene to
form a rather complex product mixture but no ene
products.

The advantages of the 4-nitronitrosobenzene eno-
phile as a probe for mechanistic studies are its ready
accessibility, its pronounced persistence, its good
yields of ene products, and its appreciable steric
demand resulting in excellent regiochemical and
stereochemical control. The disadvantage for syn-
thetic applications as allylic aminating reagent is the
need to release the free amino group. Unfortunately,
a suitable dearylation is to date only known for the
p-methoxyphenyl group.85-87 The latter derivative is
a much less reactive enophile compared to 4-nitro-
nitrosobenzene (see section II.B).

III. Mechanism
In the first definitive mechanistic study of the

nitroso ene reaction, Greene and co-workers em-
ployed Stephenson’s isotope test with F5C6NO as
enophile (Scheme 8).21 The intramolecular isotopic
competition in cis- and trans-2,3-dimethyl-but-2-ene-
d6 (cis-TME-d6 and trans-TME-d6) disclosed for this
enophile a negligible kinetic isotope effect (KIE) for
the cis-TME-d6 substrate (kH/kD ≈ 1) but a large one
for trans-TME-d6 (kH/kD . 1). To accommodate these
KIE data, it was proposed that an aziridine-N-oxide
intermediate is formed irreversibly in the rate-
determining first step of the ene reaction. Once the
three-membered-ring intermediate has been gener-
ated from the cis-TME-d6, the terminal oxygen atom
of the enophile points either to the undeuterated or

deuterated side of the alkene and there is no isotopic
H/D competition. In contrast, for the three-membered-
ring intermediate derived from trans-TME-d6, iso-
topic discrimination occurs in the product-forming
second step (H or D abstraction), which accounts for
the large kH/kD value that has been observed (Scheme
8).

In contrast, in our recent studies with 4-nitro-
nitrosobenzene as enophile, the Stephenson’s isotope
test provided experimental evidence for the reversible
formation of the aziridine-N-oxide intermediate (Table
1).88 As expected, the ene reaction of this nitrosoarene
with trans-TME-d6 (fourth column) and gem-TME-
d6 (last column) show high intramolecular primary
KIE (kH/kD . 1). For cis-TME-d6 (third column) and
for the intermolecular competition between TME-d0
and TME-d12 (second column), the KIE values are
substantially smaller but mechanistically most re-
vealing because they require reversible generation of
the aziridine-N-oxide intermediate.

Since the TS1 and TS2 transition states of the two
reaction steps have similar activation energies, re-
versal competes with hydrogen or deuterium abstrac-
tion (Scheme 9). For the abstraction process, a
primary KIE may operate, which should perturb the
product distribution of the intramolecular competi-
tion in the cis-TME-d6 substrate and of the inter-
molecular competition in the TME-d0/TME-d12 pair.
Since D abstraction is retarded compared to H
abstraction, more of the intermediate AID reverts
than AIH. Accordingly, more of the ene reaction is
channeled along the H-abstracting path and kH/kD >
1 is observed (Scheme 9). By means of a steady-state
kinetic analysis, the rate constant for reversibility
(kr) versus for abstraction (ka) has been calculated to
be kr ) ka(D) ) 1/3 ka(H). Thus, for the intended D
abstraction, reversal is about three times more
pronounced than for H abstraction.

The partitioning of the aziridine N-oxide either
back to the alkene or forward to the nitroso ene
product is not unique. It was already observed for
independently synthesized aziridine N-oxides!89 As
shown in Scheme 10, thermolysis of the authentic
aziridine N-oxides A and B at -30 °C affords
exclusively the ene product in the case of the cis-
configured A, whereas equal amounts of ene and
reversal products, namely, the alkene and the nitroso
compound, are obtained for the trans-configured B,
in which hydrogen abstraction is hindered through
steric factors.

This three-membered-ring intermediate as direct
precursor to the ene products was recently questioned
by theoretical work.46,90 Instead, a “polarized diradi-
cal” (PD) was proposed as the intermediate, and the
aziridine N-oxide (AI) was disposed of as a mere
bystander, not responsible for ene product formation
(Scheme 11). The observed KIE values were rational-
ized in terms of hindered rotation around the C-N
and the C-C bonds in the diradical, whereas the
three-membered-ring intermediate was necessary for
the isomerization between PD and PD′ (explains the
observed high kH/kD values for gem-TME-d6). The
hindered rotation in the polarized diradical PD
(explains the observed small kH/kD values for cis-

Scheme 8. Formation of the Aziridine-N-oxide
Intermediate and Hydrogen Abstraction in the
Ene Reaction of ArNO (Ar ) F5C6) with
Deuterium-Labeled Tetramethylethylenes
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TME-d6) was attributed to the favorable orbital
interaction between the radical-bearing sp2 carbon
and the π* orbital of the NO bond of the enophile as
well as the coordination of the external oxygen atom
with the allylic hydrogen atoms (see the PD structure
in the inset of Scheme 11). Such a PD species may
also be viewed as an unsymmetrically bonded three-
membered-ring intermediate. Regardless of whether
the aziridine N-oxide AI is a bystander or a direct
precursor to the ene products, this three-membered-
ring species accounts for the observed isotope effects
and regioselectivities (see next section). Thus, we
prefer to view the mechanism of the nitroso ene
reaction in terms of the established three-membered-
ring intermediate21 and ascribe to the as yet not
observed polarized diradical species PD a minor role
in the interpretation of experimental results.

IV. Regioselectivity

A. Hydrogen Abstraction
The regioselectivity of hydrogen abstraction in the

heteroatom ene reaction is a function of the identity
of the enophile (Figure 2): Singlet oxygen (1O2)
prefers to abstract allylic hydrogen atoms from the
more crowded side of the double bond due to the
coordination with the allylic hydrogen atoms (cis
effect).16,17 Triazolinedione (TAD) abstracts from the
more crowded end due to the steric and electronic
effects discussed in section IV.E (gem effect).18 ArNO
abstracts both at the more crowded gem end and
more substituted cis side of the double bond, defined
as the twix position; thus, the combined features of
the gem and cis effects are evident (skew effect).69

Compared to 1O2 and PTAD, the ArNO enophile
possesses the higher extent of regioselectivity, which
is certainly an advantage for synthetic purposes.

Table 1. Intermolecular and Intramolecular Kinetic Isotope Effects for the Ene Reaction of
Tetramethylethylenes (TME) with ArNO (Ar ) 4-O2N-C6H4)

a Reference 88.

Scheme 9. Reaction Profile and Relative Extent of
Reversibility for the Ene Reaction of ArNO with
the cis-TME-d6 Substrate

Scheme 10. Steric Inhibition of the Hydrogen
Abstraction in the Thermolysis of the Aziridine
N-Oxides A and B

Scheme 11. Polarized Diradical Intermediate (PD)
in the Ene Reaction and the
Three-Membered-Ring Species (AI) as Bystander

Figure 2. Skew regioselectivity in the ene reaction of
ArNO, and the cis and gem regioselectivity of 1O2 and TAD.
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This general regiochemical phenomenon of the
ArNO ene reaction has been recognized from a
comparative study of the enophilic selectivity of
various acyclic substrates with different twix and
twin substituents and with 1-methylcycloalkenes
(Figure 3). In all cases, except for substrate 1f, the
hydrogen abstraction at the twix position is the major
pathway and no ene product is observed from lone
abstraction.

The skew effect was rationalized in terms of the
steric interactions in the two possible transition
states TStwix and TStwin, which lead to the respective
ene products.69

In the TStwin structure, the aryl substituent of the
ArNO enophile is located at the more crowded and,
thus, sterically more encumbered side of the alkene,
whereas in TStwix, the aryl group points to the
unsubstituted corner of the alkene and the steric
repulsions are reduced. Consequently, the combined
steric repulsions of the aryl group with the twix and
lone substitutents, as well with the twin group, forces
the ArNO to follow along the skew trajectory in the
favored TStwix arrangement. Hydrogen abstraction
takes place almost exclusively from the twix group,
as displayed in the Figures 2 and 3. The differences
in the regioselectivities in Figure 3 have been ratio-
nalized in terms of the distinct steric hindrance in
the attack of the enophile or on account of confor-
mational effects in the hydrogen abstraction (see
section IV.C).83,91

B. Control by the Lone Substituent

The extent of the ArNO regioselectivity has been
assessed from a detailed study of simple trisubsti-
tuted alkenes with a variety of lone substituents.
Evidently, both steric and electronic interactions with
the lone substituent control the regioselectivity. Thus,
for a wide selection of primary and secondary lone
alkyl-substituted substrates, it was found that the
twix/twin regioselectivity is constant at about 85:15.
In contrast, for the lone tert-butyl group, exclusively
the twix regioisomer is obtained (Table 2).44 These
unusual results are mechanistically rationalized in

terms of the steric effects shown in Figure 4. For all
substrates 2a-f, the steric interactions in the syn-
configured transition structure TStwix are less severe
than in the anti-configured TStwin; consequently, the
twix regioisomers are formed as major ene products.
The fact that about the same (ca. 85:15) twix/twin
ratio is observed for the 2a-e substrates may be
accounted for in terms of the favored conformations
that the lone substituent may acquire, which mini-
mize the steric interactions with the aryl group of
the enophile in the TStwin structure. Evidently, for the
primary and secondary lone substituents in the
substrates 2a-f (Table 2, entries 1-5), the hydrogen
atom may assume the favorable (minimal 1,3-allylic
strain) inside conformation in TStwin whereas the
remaining R1 and R2 groups are located at the
periphery, as displayed in Figure 4 (central struc-
ture). Since in the TStwin structure the R1 and R2

groups at the lone substituent for the substrates
2a-e are pointing away from the aryl group of the
enophile, insignificant differences are encountered in
the steric interaction between the alkene and the
enophile; consequently, similar twix/twin ratios are
obtained. In contrast, for the substrate 2f with the
tertiary lone substituent, namely, the tert-butyl group,
irrespective of which rotational isomer is considered,
no conformational arrangement is possible in which
a methyl group does not collide with the aryl sub-
stituent. Thus, for substrate 2f, the TStwin encounter
is sterically prohibitive and the twix regioisomer is
formed exclusively.

In the reaction of the styrenes with lone aryl
substitutents 2g-j, only the twix regioisomer is
formed (Table 2, last column). The lone aryl group
acquires a partial positive charge during the eno-
philic attack of the conjugated double bond. This
foments additional coordination through the elec-

Figure 3. Regioselectivity in the ene reaction of ArNO
with various trisubstituted alkenes (refs 69, 83, 91).

Table 2. Regioselectivity in the Ene Reaction of
4-Nitronitrosobenzene (ArNO) with the Twin
Deuterium-Labeled, Trisubstituted Alkenes 2

a Reference 83.

Figure 4. Steric interactions of the lone substituent in
the transition structures TStwix and TStwin for the ArNO
ene reaction with the alkenes 2a-f.
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tronic attraction between the negatively charged
oxygen atom of the enophile with the positively
charged aryl ring in TStwix, which controls the regio-
selectivity (Figure 5).

C. Conformational Effects in the Hydrogen
Abstraction

The differing twix/twin regioselectivity with the
alkenes E-1a and Z-1a (Figure 3) cannot be explained
alone in terms of the steric interactions of the alkene
substituents with the aryl group of the enophile (skew
effect). An additional effect must operate, namely,
unfavorable 1,2-allylic strain builds up during the
hydrogen abstraction at the methylene groups in
Z-1atwix and E-1atwin, which decreases the formation
of the corresponding regioisomeric ene products
(Figure 6). Since the reversal of the intermediate (see
section III) competes with ene product formation for
substrates in which hydrogen abstraction at the twix
(twin) substituents is hindered, more of the twin
(twix) regioisomer is formed. Of course, the steric
effects in the first reaction step, outlined in section
IV.A, are still more pronounced.

For the Z-1a substrate, twix hydrogen abstraction,
which represents the major reaction pathway, is
hindered. Consequently, the relative rate (krel) of Z-1a
is slightly decreased compared to the E-1a substrate,
for which only the minor twin pathway is hindered.
This feature also plays an important role in the
control of the double-bond selectivity, which is de-
scribed in the next section.

D. Double-Bond Selectivity
The regioselective choice between two double bonds

in a substrate depends on their respective reactivity,
which was already discussed for the relative rates of
intermolecular cases. This locoselectivity was deter-
mined for geraniol (E-3a), its derivatives 3b and 3c,
as well as nerol (Z-3a), and the results are collected
in Table 3.83

For all substrates 3a-c, the 6,7 double bond is
favored, since the allylic oxygen functionalities elec-

tronically deactivate (-I effect) the 2,3 double bond.
In geraniol (E-3a) and nerol (Z-3a), the coordination
of the enophile by hydrogen bonding with the allylic
hydroxy group counteracts the electronic deactivation
and, thus, the regioselectivity for the 2,3 double bond
is slightly increased.

This hydrogen-bonding effect is more pronounced
for geraniol (E-3a), since here the twix hydrogen
abstraction at the 2,3 double bond is not hindered.
This difference in 2,3 versus 6,7 locoselectivity be-
tween geraniol (23:77) and nerol (10:90) confirms that
the reactivity of the double bond depends on whether
hydrogen abstraction is hindered. Note that the 2,3
locoisomer of geraniol (E-3a) results only from twix,
in nerol (Z-3a) exclusively from the twin hydrogen
abstraction. In the nerol case, the 2,3 locoisomer is
formed to a lesser extent than for geraniol, since
formation of the aziridine N-oxide intermediate for
twin abstraction is more difficult due to the more
severe interactions along the trajectory opposite of
the skew direction (section IV.A) and lack of hydrogen
bonding with the hydroxy group (see section V.A). For
both substrates, hydrogen abstraction at the 2,3
double bond from the alkyl chain is not observed,
irrespective of whether it is the twin group in geraniol
or the twix group in nerol. This is rationalized in
terms of unfavorable 1,2-allylic strain (1,2A), which
builds up during the abstraction of the coplanar
allylic hydrogen atom from this alkyl chain (see
Figure 6) and promotes reversal of the aziridine
N-oxide intermediate to the starting partners (Scheme
12).92

E. “Skew Effect” in the Ene Reactions of Singlet
Oxygen and Triazolinedione

The steric interactions in the enophilic trajectory,
which control the regioselectivity for the ene reaction
of ArNO, are also encountered for the isoelectronic
enophiles singlet oxygen (1O2) and triazolinedione
(TAD). The general gem regioselectivity in the ene
reaction of TAD18,93 with trisubstituted alkenes (see
section IV.A) is rationalized by the steric repulsion

Figure 5. Transition structures TStwix and TStwin in the
ArNO ene reaction with substituted styrenes (2g-j; R )
H, Me, OMe, F3C).

Figure 6. Dependence of the reactivity and the twix/twin
regioselectivity on 1,2-allylic strain (1,2A) through hindered
hydrogen abstraction.

Table 3. Locoselectivities for the Ene Reaction of
4-Nitronitrosobenzene with Geraniol (E-3a), Its
Derivatives 3b and 3c, and Nerol (Z-3a)

regioselectivitya

olefin R 6,7:2,3

E-3a H 77:23b

E-3b Me >95:<5
E-3c Ac >95:<5
Z-3a H 90:10c

a Reference 83. b Twix abstraction. c Twin abstraction.
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with the twin substituent, and thus, lone hydrogen
abstraction is not observed (Scheme 13). This gem
effect for TAD may be explained in terms of formation
of the more stabilized radical or cation intermediate
by opening of the three-membered ring in the hydro-
gen-abstracting step; however, the same sterically
controlled regioselectivity trend is evident for di- and
tetrasubstituted alkenes, in which the ring opening
is equally stabilized at both ends of the double bond
and only steric effects operate. Thus, the repulsion
of the enophile by the twin substituent, as observed
in the hydrogen abstraction for the ArNO enophile
(skew effect), also plays its role in the TAD ene
reaction.

For 1O2, usually the cis effect operates in the
perepoxide-like transition structure since this eno-
phile is coordinated by the allylic hydrogen atoms,
which are to be abstracted (see section IV.A).16,17 But
when the cis side is sterically hindered, such sub-
strates are obliged to form the perepoxide-like inter-
mediate from the less encumbered trans side and the
regioselectivity is contrary to the usual cis effect.
Such an anti-cis effect is displayed in Scheme 14.93,94

This steric repulsion is analogous to that between the
aryl group of the ArNO enophile and the allylic twix
and lone substituents in the first reaction step, the
so-called skew effect discussed in section IV.A.

In this context, also the gem and large-group-
nonbonding effects in the ene reaction of 1O2 are
related to the ArNO regioselectivity in both reaction
steps (Scheme 15).95,96 In the first step, the side
selectivity is ruled by the anti-cis effect (see above),
and in the hydrogen-abstracting second step the
same gem selectivity applies as already presented

above in this section for TAD. Again, this applies to
substrates which are sterically hindered such that
the skew trajectory is followed to afford as the major
ene product hydrogen abstraction geminal to the
largest substituent, namely, at the twix position in
a trisubstituted substrate (Scheme 15).

V. Stereoselectivity

In general, the diastereoselectivity of the ene
reaction may be controlled by steric or electrostatic
shielding of one π face of the double bond or by the
use of chiral enophiles. Some examples for synthetic
applications shall be given in section V.B. Addition-
ally, since heteroatom enophiles always bear free
electron pairs, they may be coordinated by hydrogen
bonding with a protic functionality (OH, NH2) in the
substrate. By the design of appropriate substrates,
in which such a protic functionality is available only
at one π face of the double bond, high diastereo-
selectivity may be induced. This concept of diaste-
reoselective control we shall elaborate in the next
section for the nitroso ene reaction with allylic
alcohols.

Scheme 12. Hindrance of Hydrogen Abstraction by 1,2-Allylic Strain (1,2A) and Intermediate Reversal in
the Ene Reaction of Geraniol (E-3a) and Nerol (Z-3a)

Scheme 13. “Geminal” Regioselectivity in the Ene Reaction of TAD

Scheme 14. Anti-cis Effect in the Ene Reaction of
1O2
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A. Chiral Allylic Alcohols (The Hydroxy-Directive
Effect)

The ene reaction of 4-nitronitrosobenzene (ArNO)
with 1,3-allylically strained chiral allylic alcohols
leads to the threo-configured ene product in high
diastereoselectivity,62,97 a consequence of the hydroxy-
group directivity.92 Due to 1,3-allylic strain,92,98 the
hydroxy group is conformationally aligned toward the
threo face of the double bond. Effective hydrogen
bonding with the incoming enophile leads, therefore,
preferably to the threo-configured ene product (Scheme
16).

To shed light on the mechanism of this diastereo-
selective control during the enophilic attack, it has
been instructive to assess the interdependence of the
diastereoselectivity and regioselectivity for the ene
reactions of the nitrosoarene with the deuterium-
labeled allylic alcohols Z-4b-d3 and Z-4c-d3 (Figure
7).97 From this interdependence, the diastereoselec-
tivity for the individual regioisomers has been as-
sessed as well as the extent to which the regioselec-
tivity is steered by the hydroxy-group directive effect.
Mechanistically significant, not only is absolute threo
diastereoselectivity observed for the nitrosoarene ene
reaction with these stereolabeled substrates, but also
absolute twix regioselectivity (Figure 7).

In methanol as protic solvent, the threo/erythro
diastereoselectivity (88:12) and the twix/twin regio-

selectivity (73:27) are lowered for the Z-4c-d3 allylic
alcohol. This demonstrates that both the diastereo-
selectivity and regioselectivity are controlled by the
hydroxy-group directive effect. Thus, the enophile is
coordinated through hydrogen bonding with the
allylic hydroxy group on the threo π face to form the
threo-configured encounter complex threo-EC (Scheme
17). Subsequent penetration of the ArNO enophile
into the π system may lead to the two possible
transition structures syn-TS and anti-TS for allylic
hydrogen abstraction. Of these two transition states,
the syn-TS to afford the twix ene product is favored,
since the assistance through hydrogen bonding per-
sists. Moreover, for the anti-TS that leads to the twin
ene product, the steric repulsions between the aryl
group of the enophile and the substrate substituents
is more severe, especially for trisubstituted allylic
alcohols (R2 ) H). Consequently, a high threo di-
astereoselectivity coupled with high twix regioselec-
tivity has been achieved.

B. Synthetic Applications
Chiral nitroso compounds have been successfully

employed in the diastereoselective [4+2] cycloaddi-
tion38,42,43 and nitroso aldol reaction25a,b (see section
II.A); a few chiral nitroso compounds are shown in
Figure 8. Similarly, r-chloronitrososo sugar deriva-
tives were also used for the nitroso ene reaction,
which undergo a highly enantioselective transforma-

Scheme 15. Gem and Large-Group-Nonbonding Effects in the 1O2 Ene Reaction

Scheme 16. Efficient Control of the
Diastereoselectivity in the Ene Reaction of ArNO
with the Chiral Allylic Alcohols 4a-c through
Hydrogen Bonding

Figure 7. Regioselectivity in the ene reaction of ArNO
with the twix deuterium-labeled allylic alcohols Z-4b-d3
and Z-4c-d3 (>95% threo diastereoselectivity, see Scheme
16).

Scheme 17. Hydroxy-Group Coordination in the
Ene Reaction of ArNO with the Chiral Allylic
Alcohols Z-4b-d4 and Z-4c-d3; Control of the
Diastereoselectivity in the threo-EC Encounter
Complex and of the Regioselectivity in the syn-TS
Transition Structure

Figure 8. Chiral nitroso compounds employed in cycload-
ditions and aldol reactions.

4140 Chemical Reviews, 2003, Vol. 103, No. 10 Adam and Krebs



tion with simple alkenes (Scheme 18).64 As outlined
in section II.B (Scheme 4), the initial nitroso ene
product leads to a nitrone hydrochloric-acid salt,
which is readily hydrolyzed to the primary hydroxyl-
amine. Reduction of the latter by LiAlH4, TiCl3, or
LiBH4/Me3SiCl affords the optically active primary
amines in high enantioselectivity. When the mannose
derivative 5a is employed, S-configured amines are
obtained, whereas 5b leads to R-configured ene
products.

The efficient and economical preparation of enan-
tiomerically pure â-amino acids has become a worth-
while goal and challenge, since these substances are
of biological and pharmaceutical interest.99-102 In this
respect, the ene reaction of ArNO with optically
active tiglic acid derivatives, equipped with Oppol-
zer’s bornane sultam as chiral auxiliary, affords the
respective ene products regioselectively, in excellent
diastereoselectivity, and in good yields (Scheme
19).103 The ene products may be transformed in two
steps into the respective â-amino acid derivatives:
Silica gel promotes the cyclization (nucleophilic at-
tack of the hydroxylamine at the carbonyl group) and
extrusion of the auxiliary; subsequently, the resulting
heterocycle may be selectively reduced by sodium
dithionite to the corresponding â-amino acid.

The high diastereoselectivity of the above ene
reaction is rationalized in terms of the proper con-
formational alignment of the substrate (Scheme

20).104 Steric effects oblige the enophilic attack to be
preferred from the C(â)-Re face [Since only one
stereogenic center is formed in these ene reactions,
namely, at the â position of the CC double bond, the
descriptor for the π-face attack refers to the â-carbon
atom] of the double bond since the C(â)-Si face is
efficiently shielded by the sulfonyl oxygen atoms.105

For preparative or pharmaceutical applications of
these optically active â-amino acids as chiral building
blocks, the aryl group at the nitrogen functionality
must be removed to release the primary amino group.
Since reductive dearylation or nucleophilic aromatic
substitution is not tolerated by the other functional
groups present in the ene product, oxidative de-
arylation is the method of choice to remove the
4-nitrophenyl group; however, this has proved to be
exceedingly difficult in practice. Since the electron-
rich 4-methoxyphenyl group may be readily elimi-
nated from an amino group by oxidation with cerium
ammonium nitrate (CAN)85,86 or by silver(I)-catalyzed
oxidation with persulfates,87 such nitroso enophiles
would be advantageous; unfortunately, the corre-
sponding 4-methoxynitrosobenzene enophile does not
undergo a clean ene reaction.49 The problematic side
reactions (see section II.B) may be avoided by em-
ploying the catalytic amination method (see section
VI) or, alternatively, heteroatom-substituted nitroso
enophiles (see Perspectives, section VIII).

An impressive application is the stereoselective
construction of the perhydroindole skeleton of the
Amaryllis and Sceletium alkaloids, a widespread and

Scheme 18. Diastereoselective Ene Reaction of the Chiral Sugar-Derived r-Chloronitroso Enophiles

Scheme 19. Chiral-Auxiliary-Controlled Ene
Reaction of ArNO with the Tiglic Amides 5,
Silica-Gel-Mediated Cyclization of the Ene
Products, and Selective Reduction to the
Respective r-Methylene â-Amino Acid Derivatives.

Scheme 20. Preferred Conformation of the
CC-Double-Bond Functionality in the π-Facial
Enophilic Attack of ArNO on the Chiral Tiglic
Amides.
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intensively studied class of nitrogen-containing natu-
ral products. These are readily obtained by the
intramolecular nitroso ene reaction of the acylnitroso
functionality, as illustrated in the synthesis of DL-
crinane (Scheme 21),106 DL-mesembrine, and DL-di-
hydromaritidine.107 To avoid destruction of the hy-
droxylamine ene products through the oxidation by
periodate (see section II.B), the nitroso species is first
trapped by [4+2] cycloaddition with DMA. For the
intramolecular ene reaction, the nitroso compound
is released from the [4+2] adduct by subsequent
thermolysis. The resulting allylic hydroxylamines are
readily converted to the desired alkaloids.

VI. Metal Catalysis

In addition to the ene reaction, in which the nitroso
enophile is employed stoichiometrically, various metal-
activated allylic aminations have been developed
with catalytically generated nitrosoarenes. In the
latter process, the enophile is often not involved as
a free species but coordinated and activated by the
metal catalyst. Two different methodologies have
been worked out for such metal-catalyzed nitroso ene
reactions: (i) In the oxidative catalytic amination, a
hydroxylamine is in-situ oxidized by the catalyst to
the nitrosoarene and the catalyst is regenerated by
oxidation with the initial ene product; (ii) in the
reductive catalytic amination, a nitroarene is reduced
by the catalyst and the catalyst is regenerated by
reduction with carbon monoxide. The first methodol-
ogy has been extensively studied; the second one is
quite novel and presumably advantageous; very little
is known about its mechanism and applications.

A. Oxidative Catalytic Amination by Employing a
Hydroxylamine as Nitroso Source

The metal-catalyzed “nitroso ene reaction” is an
efficient method for the allylic amination of a variety
of alkenes (Table 4).4,108-115 Molybdenum, iron, and
copper catalysts oxidize the phenylhydroxylamine to
the required nitrosobenzene, which reacts with al-
kenes to the initial hydroxylamine ene products. The
latter are in-situ reduced to the corresponding amines
simultaneously with regeneration of the catalytic
oxidant, which is essential for maintenance of the
catalytic cycle.

The copper-catalyzed nitroso ene reaction, for
which free nitrosobenzene was detected by trapping
with 2,3-dimethylbutadiene, suggests that this is an
off-metal process. In contrast, the iron and copper
catalysts do not solely act as redox shuttles but also
coordinate the generated nitroso species and activate
it for the ene reaction (on-metal process).

In Scheme 22, the catalytic cycle for the molybde-
num complex C is shown.112 The dioxo complex C
condenses with phenylhydroxylamine to form the
active catalytic species CNO, which transfers the
nitroso enophile to the alkene. The initial hydroxy-
lamine ene product regenerates the C complex from
C′ by reduction to the amine.

In case of the iron catalysis, no definitive catalytic
cycle has been postulated; however, the triazodioxide
complex F was confirmed to be the active species
(Scheme 23). It was proposed that metal coordination
of the alkene and subsequent intramolecular ene
reaction (structure G) leads to the ene product, but
alternative pathways were also given.111 As in the
molybdenum-catalyzed reactions, the initial hydroxy-
lamine ene product is reduced to the amine in the

Scheme 21. Synthesis of DL-Crinane by the
Acylnitroso Ene Reaction

Table 4. Molybdenum, Iron, and Copper Complexes/
Salts as Catalysts in the Nitroso Ene Reaction with
Diverse Alkenes

a References108 and 109. b References 110 and 111. c Ref-
erences 112 and 113. d Reference 114. e References 115.

Scheme 22. Catalytic Cycle for the
Molybdenum-Catalyzed Nitroso Ene Reaction with
Phenyl Hydroxylamine as Nitroso Source and the
Molybdenum Complex C as Catalyst
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oxidative step, regenerating the active catalytic spe-
cies.

This latter step was observed to be the crucial one
for most catalytic systems. The usual side reactions
of the nitroso ene processes, which have been ad-
dressed in section II.B, are also observed in the
metal-catalyzed process. The regioselectivity is con-
trolled by the same factors as already divulged for
the nitrosoarene ene reaction without metal catalysis
(see section IV).

B. Reductive Catalytic Amination by Employing
Carbon Monoxide as Reducing Agent and a
Nitroarene as Nitroso Source

Reductive allylic amination with nitroarenes as
nitroso source and carbon monoxide as reducing
agent represents a remarkable synthetic advance in
metal-catalyzed nitroso ene reactions. The undesir-
able subsequent in-situ transformation of the initial
hydroxylamine ene products are avoided by efficient
in-situ reduction with carbon monoxide. Additionally,
in contrast to the above metal-catalyzed nitroso ene
reactions, in which a hydroxylamine is employed, the
regeneration of the catalyst is straightforward, since
in this step the reduction with carbon monoxide takes
place and not oxidation by hydroxylamine ene prod-
uct. Various nitroarenes, metal catalysts, olefinic
substrates, and reaction conditions have been em-
ployed in this novel methodology (Table 5).

The ruthenium complex derived from Ru3(CO)12
and a diimide ligand H were first employed under
these conditions.116 Later, Nicholas et al. found that
[CpFe(CO)2]2 and [Cp*Fe(CO)2]2 are superior cata-
lysts.117,118 For [Cp*Fe(CO)2]2, the cyclic carbamoyl
complex J′ was isolated as the resting state after
completion of the amination reaction. The thermal
catalytic amination with the iron complex J (160 °C,
800 psi CO pressure) was improved through the
development of a photoassisted variant, which pro-
ceeds under milder conditions [100 °C, 100 psi CO
pressure, hν >300 nm].119

This metal-mediated methodology offers promising
future opportunities to achieve the synthetic goal of
catalytically rather than stoichiometrically preparing
allylic amines by means of the nitroso ene reaction.
For example, in the novel work by Nicholas et al.,
2,4-dinitrophenylhydroxylamine was employed as
nitroso source in the FeCl2/FeCl3-catalyzed ene reac-
tion.120 The encouraging breakthrough is the fact that
the resulting ene products may be dearylated by

nucleophilic aromatic substitution with MeNH2, after
protection of the amino functionality with methyl
iodide (Scheme 24).

When 1-methoxy-4-nitrosobenzene is used as the
nitroso enophile in the reductive catalytic amination
(Table 5, entry 1), the respective 4-methoxyphenyl-
substituted amine is obtained, which may be readily
dearylated by oxidation with cerium ammonium
nitrate or persulfates.85-87 This is remarkable when
it is recalled that the 1-methoxy-4-nitrosobenzene

Scheme 23. Iron-Catalyzed Nitroso Ene Reaction with the Triazodioxide Complex F as Active Catalytic
Species

Table 5. Reductive Metal-Catalyzed Amination with
Nitroarenes as Nitroso Source and Carbon Monoxide
as Reducing Agent

a Reference 116. b Reference 117. c Reference 118. d Photo-
assisted amination, ref 119.

Scheme 24. Catalytic Allylic Amination of
r-Methylstyrene with
2,4-Dinitrophenyl-hydroxylamine and Dearylation
of the Ene Product

The Nitroso Ene Reaction Chemical Reviews, 2003, Vol. 103, No. 10 4143



under stoichiometric conditions does not give a clean
ene reaction (see section II.B).49

VII. Biological Relevance
Nitrosoarenes, cytotoxic substances and well-

known cancer promoters, are the in-vivo metabolites
of aromatic amines through their oxidation by cyto-
chrome P450 or by environmental pollutants (e.g.,
smoking).121-124 This is a serious health problem,
especially since aromatic amines are ubiquitous
environmental chemical substances which result
from combustion, manufacture of dyestuffs, medica-
ments, plastics, and pesticides.

For the cancer-promoting effect of nitrosoarenes,
two general mechanisms have been established: (i)
The nitroso functionality may act as direct growth
promoter for neoplastically changed cells by inter-
action with specific receptors, which lead to an
overexpression of cancer-promoting enzymes,125 a
process in which the nitroso ene reaction might be
involved; (ii) the toxic nitroso compounds destroy
healthy cells, whereas the resistant heptatocytes are
only stimulated, and thus, they possess a selective
growth benefit.126

It should be evident that the nitroso ene reaction
may play an important role in such deleterious
processes. For example, the ene reaction of nitroso
compounds with unsaturated lipids leads to hydroxy-
lamines and their further oxidation to nitroxide
radicals.127 For example, nitrosofluorene, an active
metabolite of the complete carcinogen acetamino-
fluorene, acts as redox-cycling agent in the mitochon-
drial membrane.124,128 Reduction of the nitrosofluo-
rene to its nitroxide and reoxidation by molecular
oxygen results in superoxide, which is well-known to
cause oxidative stress and cell damage. The nitroso
ene reaction with cell nutrients and further oxidation
to the corresponding nitrones (see section II.B) may
lead to hydroxylamines on hydrolysis. The latter are
oxidized to their nitroso compound, which therefore
becomes available for subsequent ene reaction
(Scheme 25).

Recently, the ene reaction of 2-nitrosoadenosin was
also reported.129 Consequently, the nitroso ene reac-
tion might also be involved in the direct damage of
DNA.

VIII. Perspectives and Challenges
The mechanism, reactivity, and selectivity as well

as the synthetic applications, catalytic modifications,
and biological relevance of the nitroso ene reaction
each offer interesting perspectives and formidable
challenges for future consideration.

For example, as outlined in the last section, it
would be instructive to detect the nitroso ene reaction
as an important component of the cytotoxic and
cancer-promoting effects of nitroso compounds under
in-vivo conditions.

The further mechanistic elucidation of the nitroso
ene reaction is advisable, since the structure of the
intermediate and the factors which control reactivity
and selectivity still are not fully understood. For
example, the synthesis of genuine aziridine N-oxides
derived from alkenes with diverse substitution pat-
terns (section III) and their thermolysis may provide
product distributions, which on comparison with the
nitroso ene reaction would allow assignment of the
proposed three-membered ring as an authentic in-
termediate.

Currently there is a high demand for selective and
catalytic nitrogen functionalizations in organic syn-
thesis. In that regard, use of chiral metal complexes
in the catalytic allylic aminations should open up an
effective pathway to valuable, optically active amines
from readily available olefins.

In this context, it is crucial to release the primary
amine from the nitroso ene product. For the metal-
catalyzed process, the promising 4-methoxynitrosoben-
zene and 2,4-dinitronitrosobenzene enophiles have
already been employed (section VI) to give ene
products, which could be readily dearylated. Develop-
ment of new reactive heteroatom-substituted nitroso
compounds that can be readily converted to the
primary amines is a high priority in both stoichio-
metric and metal-catalyzed reactions. Promising
examples are sulfonic-acid nitrites,130-132 nitrosoam-
monium salts,133,134 and nitrosophosphonates135 (Fig-
ure 9); the latter have already been successfully
employed in the nitroso [4+2] cycloaddition. The
heteroatom substituent in the resulting ene products
might be removed under mild reductive conditions
(e.g., sodium amalgam for the sulfonyl group)136 or
by nucleophilic substitution (e.g., tetrabutylammo-
nium fluoride for the phosphinyl or phosphonyl
group).137

The chiral acyl nitroso compounds (section II.B),
employed in [4+2] cycloadditions (section V.B, Figure
8), might afford valuable optically active amides
through their ene reaction. The problematic in-situ
decomposition of such acyl nitroso enophiles to the
acid anhydride and dinitrogen oxide gas (Scheme 6)
might be avoided by employing metal catalysis or
high-pressure conditions.

The search for more reactive R-chloronitroso eno-
philes (sections II.B and V) is also a worthwhile
synthetic goal. Their ene reaction may lead to opti-
cally active primary amines, and the enophile may
be readily regenerated. The factors which control the
reactivity of R-chloronitroso enophiles are not fully

Figure 9. Promising heteroatom-substituted nitroso eno-
philes

Scheme 25. In-vivo Ene Reaction of Nitrosoarenes,
Followed by Oxidation of the Ene Products and
Regeneration of the Nitroso Enophile
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understood, and a detailed study might help circum-
vent the very long reaction times encountered in
these reactions.

In conclusion, the nitroso ene reaction serves as a
mild and selective method for the direct allylic
nitrogen functionalization of alkenes. The incentive
of this review has been to kindle interest among
chemists to become more active in this promising
field, both mechanistically and synthetically.
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