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Amination with Oximes
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The SN2 reaction has been well recognized not to occur at
sp2 carbons, while such an SN2-type substitution reaction
was found to proceed readily at the sp2 nitrogen of oximes.
Ab initio MP2 calculations show that the activation energy of
the nucleophilic substitution at sp2 nitrogen is almost same
as that of the Beckmann rearrangement. By the intramolecu-
lar SN2-type reaction at the oxime nitrogen, various aza-ar-
enes and cyclic imines, such as quinolines, aza-spiro com-
pounds, and dihydropyrroles, can be synthesized. Intermo-
lecular substitution of oximes with organometallic reagents
also proceeds, and electrophilic amination of Grignard rea-
gents is accomplished by the use of 4,4,5,5-tetramethyl-1,3-
dioxolan-2-one O-(phenylsulfonyl)oxime. Anion radicals
generated by one-electron reduction of oxime derivatives act
as iminyl radical equivalents. That is, the intramolecular C–
N bond formation of γ,δ-unsaturated or β-aryl oximes is in-

Introduction

Oximes are easily prepared from the corresponding car-
bonyl compounds and hydroxylamine, and are stable to hy-
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duced by a single electron transfer to give various pyrroles,
quinolines, and carbolines, in which phenols, hydroquinones,
or copper reagents can be used as electron donors. A photo-
induced radical process is also applied to the transformation
of γ,δ-unsaturated oximes to dihydropyrroles. Oxidative ad-
dition of oximes to palladium(0) complexes generates alkyl-
ideneaminopalladium(II) species, which are utilized as key
intermediates in carbon–nitrogen bond formation. Various
aza-heterocycles, including pyrroles, pyridines, isoquinol-
ines, spiroimines, and aza-azulenes, are synthesized from O-
(pentafluorobenzoyl)oximes having olefinic moieties via the
intramolecular Heck-type reaction (amino-Heck reaction) by
treatment with a catalytic amount of a Pd0 complex.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2005)

drolysis compared with the corresponding imines.[1] Thus,
the electrophilicity of the imino carbon of oximes is lower,
and addition of nucleophiles to O-substituted oximes does
not proceed smoothly.

Unsymmetrical oximes have two stereoisomers, i. e. syn
and anti isomers. In some reactions of oximes, the stereo-
chemical feature shows significant influences. Various reac-
tions of oximes have been developed, of which the
Beckmann rearrangement is most frequently employed in
organic synthesis.[2] In this rearrangement reaction, a C–N
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Scheme 1.

bond is newly formed with the migration of the anti substit-
uent and the resulting N-substituted nitrilium ion interme-
diates have been widely exploited as synthetic intermediates,
not only for amide formation but also for preparation of
aza-heterocycles. In addition to the Beckmann rearrange-
ment, there have been some C–N bond forming reactions
at the oxime nitrogen atom (vide infra), nevertheless these
reactions have not been well generalized as synthetic tools.
In this review we describe some C–N bond forming reac-
tions using oximes that have been developed mainly in our
laboratory.[3]

SN2-Type Substitution

During the course of study on the catalytic Beckmann
rearrangement of oximes with tetrabutylammonium per-
rhenate (nBu4NReO4) and trifluoromethanesulfonic acid
(TfOH),[4] we happened to encounter an unexpected phe-
nomenon. That is, by the treatment of 4-phenyl-2-butanone
oxime (1) with nBu4NReO4 and TfOH, a small amount of
2-methylqunoline 3 was obtained in addition to the ex-
pected Beckmann rearrangement product 2 (Scheme 1).[5]

Of course, quinoline 3 was not formed via a nitrilium ion
intermediate 5 of the Beckmann rearrangement, which
should be transformed to 1-methylisoquinoline. The quino-
line might have been formed by the cyclization between an
oxime nitrogen and a phenyl group.

There are few reports concerning the C–N bond forma-
tion at the oxime nitrogen. The cyclization of O-sulfonylox-
imes having an internal allylsilane moiety was reported,
while the generality and the mechanism of this reaction
have not been studied [Equation (1)].[6] On the other hand,
there were some reports on N–N and S–N bond formations
at the oxime nitrogen.[7] For example, an internal N–N
bond formation proceeded from the anti-isomer of α-2-pyri-
dyl oxime by treatment with TsCl and pyridine, whereas the
syn-isomer could not be cyclized [Equation (2)].
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(1)

(2)

Accordingly, we were interested in the quinoline forma-
tion from phenethyl ketone oxime with nBu4NReO4–TfOH
and tried to generalize this cyclization reaction. The reac-
tion course of either the Beckmann reaction or the cycliza-
tion was greatly influenced by solvents. That is, in a polar
solvent such as nitromethane, the reaction gave the
Beckmann rearrangement product 2 preferentially as men-
tioned in Scheme 1, while quinoline derivatives were ob-
tained in non-polar solvents such as 1,2-dichloroethane
without forming the Beckmann product (Scheme 2). The
total yield of the cyclization products, quinoline 8 and tetra-
hydroquinoline 9, was not good even by using an equimolar
amount of nBu4ReO4. Because the higher-valent perrhenate
was thought to be consumed in the oxidation of the ini-
tially-formed 3,4-dihydroquinoline 7 to quinoline 8, the re-
action was carried out in the presence of tetrachloro-1,4-
benzoquinone (chloranil) as an oxidant. The quinoline 8
was obtained in 75% yield without forming tetrahydroquin-
oline 7, even with the use of 20 mol-% of nBu4ReO4.
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Scheme 2.

Scheme 3.

As listed in Scheme 3, β-aryl ketone oximes were trans-
formed to aza-heterocycles under Re-catalyzed conditions.
From meta-methoxy derivative 10, quinolines were formed
as ortho and para cyclization products. The reaction of
para-(methoxycarbonylamino)phenethyl ketone oxime 13a
gave 6-substituted quinoline 14 without forming the 7-sub-
stituted isomer, while para-methoxy or hydroxy derivative
13b or 13c cyclized to yield aza-spirotrienones 15.

These results suggested the course of the cyclization, al-
though the mechanism was not obvious (Scheme 4). In the
para-substituted oximes, the cyclization occurred initially at
the ipso position, giving a cationic spirointermediate 17.
When the R–X bond was easily cleaved under the reaction
conditions, an aza-spirotrienone was formed, whereas a
quinoline was formed via a cyclohexadienone–phenol re-
arrangement when the R–X bond was hard to cleave.[8] In
contrast, the meta-substituted oxime seemed to cyclize di-
rectly at the para and ortho positions without forming a
spiro intermediate, because 5- and 7-methoxyquinolines,
which should be formed from the ipso-cyclized intermedi-
ate, were not detected at all.
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After some experimental and theoretical studies, this cy-
clizaion was concluded to proceed via a unique SN2-type
substitution reaction at the sp2 nitrogen of oximes, although
the SN2 reaction is well recognized not to occur at sp2 car-
bons.[9] That is, oxime 13 was converted to perrhenic acid
ester 16 and an in-plane nucleophilic attack of the phenyl
group occurred at the sp2 nitrogen atom (Scheme 4). Ab
initio MP2 calculations indicated that the activation ener-
gies toward the nucleophilic substitution and the Beckmann
rearrangement are almost the same, as shown in Fig-
ure 1.[10a]

This SN2-type reaction at the oxime sp2 nitrogen pro-
ceeded in general. Five-membered cyclic imine 20 was pre-
pared by treatment of the anti isomer of O-methylsulfonyl
oxime (E)-18, having an intramolecular active methine
group, with 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU)
[Equation (3)].[10b–10c,11] Of course, due to the stereospeci-
ficity of SN2-type reaction (in-plane backside attack of nu-
cleophiles relative to leaving groups), anti O-sulfonyl oxime
(E)-18 was converted smoothly to cyclic imine 20, whereas
the syn-isomer (Z)-18 did not cyclize at all.
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Scheme 4.

Figure 1. Representative stationary points in the reaction of (E)-4-(4-hydroxyphenyl)butan-2-one oxime (MP2/6-31G*).

(3)

Spiro[indoline-3,2�-pyrrolidine] 22 was also synthesized
by the substitution reaction of oximes [Equation (4)]. When
anti-β-3-indolyl ketone oxime 21 was treated withmethanes-
ulfonyl chloride and triethylamine, O-sulfonylation and the
successive nucleophilic attack of the 3-position of the indole
ring occurred to give spiro imine 24, which was oxidized to
spiro[pyrrolidine-2.3�-oxindole] 22 with excess MnO2 in a
one-pot procedure.[12]

© 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjoc.org Eur. J. Org. Chem. 2005, 4505–45194508

(4)

In these SN2-type reactions, only anti oximes could be
converted to the cyclization products. Only the exception
is the nBu4ReO4–TfOH promoted cyclization of phenethyl
ketone oximes, because the syn-anti isomerization of oximes
takes place with the action of a protonic acid such as TfOH
(Scheme 5).
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Scheme 5.

Syn and anti oximes readily isomerize with acid, whereas
the isomerization of O-substituted oximes hardly occurs un-
der acidic conditions. This was a big hurdle for the applica-
tion of the SN2-type reaction to prepare cyclic imines, be-
cause it is quite hard to prepare oxime derivatives in a ster-
eoselective manner. As it was desirable to employ both ste-
reoisomers for the SN2-type cyclization, the syn-anti isomer-
ization (E-Z isomerization) of O-substituted oximes was
studied (Table 1).[13] (E)-4-Phenylbutan-2-one oxime iso-
merized with the action of TfOH, while the O-methyloxime
did not under the same conditions (runs 1 and 2). O-Meth-
yloxime was found to isomerize by the combined use of
TfOH and a nucleophile such as methanol (run 3), probably
due to the protonation of the oxime nitrogen and the suc-
cessive addition-elimination of methanol to the imino
group. In addition, O-acyloximes such as O-acetyloxime
were isomerized by the action of a carboxylic acid, but
slowly (run 4). O-Acyloximes having a more labile O-acyl
group, such as a trifluoroacetyl group, isomerized with tri-
fluoroacetic acid at room temperature to rapidly attain the
equilibrium of E and Z isomers (run 5). The isomerization
of this labile O-acyloxime proceeds not only by the above-
mentioned addition-elimination mechanism, but also by an
alternative mechanism, based on the following observation.
The treatment of acetone O-(chlorodifluoroacetyl)oxime
with trifluoroacetic acid resulted in the generation of a mix-
ture of the O-(trifluoroacetyl)- and O-(chlorodifluoroace-
tyl)oximes. The scrambling of acyl groups indicated that the
isomerization also occurred by the SN2 substitution at the
oxime nitrogen with acids and/or the acyl exchange through
the formation of a mixed anhydride and the free oxime.

Based on these findings on the isomerization, the cycliza-
tion of each stereoisomer of β-aryl ketone oximes was ex-
amined under the isomerization conditions. The anti isomer
of 4-(2-methoxyphenyl)butan-2-one oxime (anti-10) was
treated with 3 equivalents of trifluoroacetic anhydride in the
presence of chloranil (oxidizing reagent of the preliminary
cyclization product, dihydroquinoline 26) at room tempera-
ture [Equation (5)]. The cyclization proceeded as expected
to give 6-methoxy- and 8-methoxy-2-methylquinolines 11
and 12, which corresponded to para and ortho cyclization
products, in 83% and 5% yields, respectively. From syn-10,
quinolines 11 and 12 were also formed in 81% and 9%
yield, respectively. Thus β-aryl oximes could be cyclized by
this simple procedure, irrespective of the stereochemistry of
the oximes.
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Table 1. Isomerization of O-substituted oximes.

(5)

This cyclization method found wide applicability, and a
variety of para-substituted or non-substituted phenethyl
ketone oximes were converted to quinolines [Equation (6)].
In the rhenium reagent-catalyzed cyclization, as mentioned
before, β-para-methoxyphenyl ketone oximes were con-
verted to aza-spirotrienones (Scheme 3), while quinolines
were obtained predominantly under trifluoroacetic anhy-
dride conditions

(6)

Alkenyl groups as well as aryl groups acted as intramol-
ecular nucleophiles for the cyclization, and γ,δ-unsaturated
O-(methoxyacetyl)oximes 27 were transformed to 2H-dihy-
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dropyrroles with the action of methoxyacetic acid [Equa-
tion (7)]. Although the olefinic moieties at the γ,δ-position
were restricted to being electron rich, various 2H-dihy-
dropyrroles were synthesized in good yield.

(7)

Electrophilic Amination of Grignard Reagents

Primary amines are an important class of amino sources
to synthesize various nitrogen-containing biologically active
substances and fine chemicals. Generally, primary amines
are prepared by alkylation of nucleophilic amination rea-
gents such as potassium phthalimidate (nucleophilic amin-
ation)[14] or the reduction of nitrogen-containing com-
pounds having nitro or cyano groups.[15] Recently, transi-
tion metal-catalyzed aminations have been developed,[16]

some of which have been applied to the synthesis of pri-
mary amines.[17] The amination of organometallic reagents
with electrophilic nitrogen species such as hydroxylamine
derivatives (electrophilic amination) has been studied,[18]

however, this method has rarely been employed in organic
synthesis as compared with the former methods. Since the
intramolecular nucleophilic substitution at sp2 nitrogen of
oximes occurred easily in an SN2 manner, we tried to pre-
pare primary amines by the intermolecular substitution at
oxime nitrogen with organometallic reagents and the suc-
cessive hydrolysis of the resulting N-alkylimines 30
(Scheme 6).

Scheme 6.

Some examples of electrophilic aminations with oxime
derivatives have been reported for the synthesis of primary
amines, but these remain impractical due to the use of ex-
cess amounts of organometallic reagents, over-alkylation,
and the low product yield.[19] We examined the amination
of Grignard reagents with oxime derivatives such as bis[3,5-
bis(trifluoromethyl)phenyl] ketone O-tosyloxime (31)[20] or
1,3-dimethyl-2-imidazolidinone O-tosyloxime (32).[21] Pri-

© 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjoc.org Eur. J. Org. Chem. 2005, 4505–45194510

mary amines were prepared in high yield with wide general-
ity, but modifications of these oximes were required because
the bulky substituents such as 3,5-bis(trifluoromethyl)
phenyl groups were not appropriate for atom economy, and
the hydrolysis of the resulting imines derived from 32 re-
quired harsh basic conditions (CsOH, ethylene glycol,
150 °C).

4,4,5,5-Tetramethyl-1,3-dioxolan-2-one O-(phenylsulfo-
nyl)oxime (33) was found to be suitable for the amination of
Grignard reagents (Table 2).[22] Various Grignard reagents
reacted with oxime 33 in non-polar solvents to give the cor-
responding imines 34, which were hydrolyzed under acidic
conditions to afford primary amines. Aryl Grignard rea-
gents, regardless of the steric congestion and the electronic
effect of the substituents on the aryl group, were smoothly
aminated with 33, and anilines were obtained after the hy-
drolysis of the resulting N-aryl imines. Primary, secondary,
and tertiary alkylamines were prepared in high yield from
the corresponding alkyl Grignard reagents, and even alk-
enyl Grignard reagents reacted with 33 to give 2-aza-1,3-
dienes.

Radical Cyclization

It was supposed that the combination of nucleophiles
and leaving groups would be important to promote the
SN2-type substitution at the oxime nitrogen, and the cycli-
zation of 2-(3-hydroxyphenyl)ethyl ketone oximes was ex-
amined by introducing various leaving groups on the oxime
nitrogen. When a mixture of (E) and (Z)-O-(methylsulfonyl)
oximes 35 was treated with excess NaH, 6- and 8-quinolin-
ols (36 and 37) were obtained in low yield [Equation (8)].[23]

In contrast, the similar reaction of O-(2,4-dinitrophenyl)
oxime 38 yielded 8-quinolinol 37 and its tetrahydro deriva-
tive 40 in high yield without forming the 6-quinolinol
[Equation (9)].[24] More interestingly, either the E- or the Z-
isomer of 38 smoothly cyclized to give 8-quinolinols 37 and
40.

The smooth cyclization of both (E)- and (Z)-O-(2,4-dini-
trophenyl) derivatives was not explained simply by an SN2-
type reaction. There were two possibilities: either E,Z-isom-
erization occurred under the reaction conditions or another
reaction pathway was included. To check the isomerization,
the Z-isomer of β-phenyl O-(2,4-dinitrophenyl)oxime (41),
which had no hydroxy group on the phenyl group, was
treated with NaH and m-cresol in [D8]THF [Equation (10)].
The isomerisation of Z-41 hardly occurred, while azine 43
and ketone 44 were obtained in 27% and 24% yield, respec-
tively, after quenching with water. Azine 43 might be
formed by the dimerization of iminyl radical species 42 (or
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Table 2. Amination of Grignard reagents with oxime 33.

(8)

(9)

the equivalent), and the ketone was resulted by the hydroly-
sis of the imine generated by the hydrogen abstraction of
42.

After several further investigations, it was found that the
complex of phenoxide and excess NaH worked as a good
electron donor, and quinolines 37 and 40 were formed by a
radical process induced by electron transfer, as shown in
Scheme 7. Intramolecular single electron transfer occurs in
45 from the phenoxide–excess NaH complex to the dini-
trophenyl group to generate the anion radical species 46,
from which radical coupling between the phenoxyl radical

Eur. J. Org. Chem. 2005, 4505–4519 www.eurjoc.org © 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 4511

(10)

and the oxime nitrogen proceeds with the elimination of
2,4-dinitrophenoxide.

This cyclization reaction has high utility because both
stereoisomers of O-(2,4-dinitrophenyl)oximes can be em-
ployed in the synthesis of quinolinols, however, two pro-
ducts (quinolinols and tetrahydro derivatives) are always
produced as disproportionated products of the initially-
formed dihydroquinolinol 39. It was desirable to obtain
each product selectively. 8-Quinolinols could be prepared
exclusively from 2-(3-hydroxyphenyl)ethyl ketone O-(2,4-di-
nitrophenyl)oximes by the radical cyclization and the suc-
cessive one-pot oxidation with 2,3-dichloro-5,6-dicyano-p-
benzoquinone (DDQ) and acetic acid [Equation (11)].[23]

When the cyclization was carried out with NaH in the pres-
ence of a reducing reagent, NaBH3CN, tetrahydro-8-qunol-
inols were obtained instead of quinolinols [Equa-
tion (12)].[25] Both methods exhibited wide generality and
various 8-quinolinols and tetrahydro-8-quinolinols were
synthesized selectively from β-(3-hydroxyphenyl) oximes.

Thus m-hydroxyphenethyl ketone oximes are trans-
formed to 8-quinolinol derivatives by the cyclization of im-
inyl radical equivalents generated by intramolecular elec-
tron transfer. In aza-heterocycle synthesis, oxime derivatives
have been used as the sources of iminyl radical reactive in-
termediates.[26] For example, Forrestor et al. reported the
synthesis of quinolines by the cyclization of the iminyl radi-
cal formed by the oxidation of an O-(hydroxycarbon-
ylmethyl)oxime [Equation (13)].[27] Zard et al. have exten-
sively studied the generation of iminyl radical species from
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Scheme 7.

(11)

(12)

oximes and their addition reactions to internal alkenes.[28,29]

Various methods have been developed for the generation of
iminyl radical species, such as the action of nBu3SnH/AIBN
on O-substituted oximes [Equation (14)], the reduction of
O-acetyloxime with nickel powder, and so on. Weinreb re-

© 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjoc.org Eur. J. Org. Chem. 2005, 4505–45194512

cently devised an efficient cyclization method of O-(2,6-di-
methylphenylsulfinyl)oximes by applying the Hudson reac-
tion [Equation (15)].[30]

(13)

(14)

(15)
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Scheme 8.

The quinoline formation from 2,4-dinitrophenyl-oximes
prompted us to study the radical cyclization of γ,δ-unsatu-
rated O-(2,4-dinitrophenyl)oximes. In this case, the addition
of an electron donor is required, and the combination of
3,4-methylenedioxyphenol (sesamol) and excess amounts of
NaH was found to work efficiently for the cyclization. The
treatment of cis-2-allyl-4-phenylcyclohexanone (E)-O-(2,4-
dinitrophenyl)oxime (51) with NaH, sesamol, and 1,4-cy-
clohexadiene (CHD) in 1,4-dioxane at 50 °C afforded cyclic
imine 52 in 91% yield (Scheme 8).[31] Other radical trapping
reagents such as CCl4, (PhS)2, and (PhSe)2 were also uti-
lized as radical terminators instead of 1,4-cyclohexadiene.

Although it has become apparent that one electron re-
duction of O-(2,4-dinitrophenyl)oximes induces the radical
cyclization to afford aza-heterocycles, the reaction has to be
performed under strongly basic conditions, and 2,4-dini-
trophenyl group is not a good leaving group in the sense of
atom economy. Accordingly, we next tried to modify this
radical reaction to be a catalytic process.

Photolysis (λ � 320 nm) of a mixture of γ,δ-unsaturated
O-(p-cyanophenyl)oxime 53 and 1,5-dimethoxynaphthalene
(DMN) in acetonitrile yielded 3,4-dihydro-2H-pyrrole 56
(Scheme 9).[32] The reaction is initiated by one-electron
transfer from the exited DMN to 53, and the resulting
anion radical 54 cyclizes to generate alkyl radical intermedi-
ate 55 with the elimination of p-cyanophenoxide. Then alkyl
radical 55 is trapped with 1,4-cyclohexadiene to yield cyclic
imine 56. To make the electron transfer efficient, the p-cya-
nophenyl group was introduced as a substituent of the ox-
ime oxygen, but it was not easy to prepare the O-(p-cya-
nophenyl)oximes. It was desired to replace p-cyanophenyl
group with a small substituent to facilitate the availability
of the starting materials.

Of course, γ,δ-unsaturated O-acetyloxime 57a was not
cyclized efficiently by photo-induced electron transfer with
DMN (the yield of 58a and 59a was 4%) because the O-
acetyloxime did not act as a good electron acceptor. The
addition of acetic acid, however, accelerated the photo-
chemical electron transfer reaction, in which the protonated
O-acetyloxime generated in equilibrium worked as a good
electron acceptor. That is, in the presence of 10 equivalents
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Scheme 9.

of acetic acid, γ,δ-unsaturated ketone O-acetyloxime 57a
cyclized to 4-acetoxymethy-3,4-dihydropyrroles 58a and 59a
in acetonitrile under photo irradiation (λ � 300 nm) in the
presence of 1,5-dimethoxynaphthalene (DMN) as a cata-
lytic sensitizer (Scheme 10).[33] The addition of a small
amount of 1,4-cyclohexadiene (20 mol-%) made the reac-
tion cleaner, and 1,4-cyclohexadiene presumably acted as a
scavenger of some radical species such as those generated
from the solvent.

This cyclization via photosensitized electron transfer may
proceed as follows. Single electron transfer (SET) from ex-
cited DMN to protonated oxime 57a occurs and cyclization
with the cleavage of the N–O bond gives alkyl radical spe-
cies 60. Back electron transfer (BET) from 60 to the cation
radical of DMN regenerates the sensitizer, DMN, and a
cationic species like 61 is immediately trapped with AcOH
to give acetoxymethyl 2H-dihydrpyrrole 58a. Methylated di-
hydropyrrole 59a is formed from alkyl radical species 60 by
abstracting hydrogen from 1,4-cyclohexadiene (CHD).

Various γ,δ-unsaturated O-acetyloximes of alkyl ketones
were converted to dihydropyrroles as shown in Table 3. Al-
though cyclization of 57 having a terminal vinyl group gave
acetoxymethyl cyclic imine 58 and a small amount of hydro-
genated product 59(run 1), oximes having an internal alk-
enyl moiety gave acetoxymethyl imines 58 exclusively (runs
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Scheme 10.

2–4). From γ-substituted γ,δ-unsaturated oxime 57, pyri-
dine 62 was formed through 6-endo cyclization in 15% with
a 58% total yield of five-membered cyclic imines (run 5).

Table 3. Photochemical cyclization of O-acetyloximes.

Thus the cyclization of alkyl ketone O-acetyloximes 57
proceeded by photosensitized electron transfer in the pres-
ence of acetic acid, while acetic acid did not show any effect
in the cyclization of aryl and α,β-unsaturated ketone ox-
imes. The cyclization of these conjugated O-acetyloximes
finished within a shorter time as compared to that of non-
conjugated oximes, and 2-methyldihydropyrroles were ob-
tained instead of 2-acetoxymethyl derivatives [Equa-
tion (16)]. Because the cyclization proceeded quite slowly in
the absence of DMN, the reaction presumably proceeds via
energy transfer through the exciplex formation between
DMN* and the oximes.

© 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjoc.org Eur. J. Org. Chem. 2005, 4505–45194514

(16)

Concerning the photochemical radical reaction of ox-
imes, Zard et al. reported an efficient radical chain cycliza-
tion of O-(methylthiothiocarbonyl)oxime initiated by
homolytic cleavage of the N–O bond by light irradiation
[Equation (17)].[29c]

(17)

In addition to the photochemical one-electron reduction,
exploration of catalytic radical cyclizations of γ,δ-unsatu-
rated O-acetyloximes was attempted by employing electron
donor catalysts. In the first example, dihydroquinone (or
1,5-naphthalenediol) was employed as a catalyst. When a
solution of γ,δ-unsaturated O-acetyloxime 57a, acetic acid,
1,4-cyclohexadiene, and a catalytic amount of hydroqui-
none in 1,4-dioxane was heated, dihydropyrroles 58a and
59a were obtained in 86% total yield (Table 4).[34]



Amination with Oximes MICROREVIEW
Table 4. Hydroquinone-catalyzed cyclization of O-acetyloxime 57a.

The formation of radical intermediate 63 was confirmed
by the following trapping experiment. The reaction in [D8]
toluene without 1,4-cyclohexadiene afforded the cyclic im-
ine 59a in 17% yield with 65% deuterium content in the
methyl group, along with 26% yield of 58a [Equation (18)].

(18)

As shown in Scheme 11, one-electron transfer occurs
from hydroquinone to the protonated O-acetyloxime 57,
and the resulting protonated anion radical 64 cyclizes to
generate alkyl radical 65, which abstracts a hydrogen atom
from 1,4-cyclohexadiene. The catalyst, hydroquinone, is re-
generated from phenoxyl radical by hydrogen-atom abstrac-
tion from 1,4-cyclohexadiene.

Scheme 11.

Reaction of O-acetyloxime 57, having an electron-rich
olefinic moiety, yielded acetoxymethyl derivative 58 as a
major product by SN2-type cyclization as mentioned before
(Table 5, runs 2 and 3). In contrast, only radical cyclization
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products 59 were obtained from oximes 57 that had elec-
tron-deficient olefinic moieties (runs 4 and 5). O-Acylox-
imes of phenyl ketones and α-keto esters also cyclized to
give only methylated dihydropyrroles 59 (runs 6 and 7).

Table 5. Cyclization of various O-acetyloximes.

This method could be applied to the preparation of pyr-
roles from γ,δ-unsaturated O-acetyloximes having an alky-
nyl moiety as shown in Equation (19).[34b] Both alkyl and
aryl ketoximes 66 having a terminal alkynyl group were
converted to 2,5-disubstituted pyrroles 67 in good yield. No
significant influence was observed by the introduction of
terminal substituent on the alkynyl group.

(19)

It was expected that one-electron reduction of oxime de-
rivatives would proceed by treatment with low valent transi-
tion metal compounds. As mentioned previously, such an
example was reported by Zard. That is, the treatment of
γ,δ-unsaturated O-acetyloximes with nickel powder and
acetic acid in 2-propanol leads to the cyclization to dihy-
dropyrroles.[28c] The reaction, however, requires large excess
amounts of nickel powder, and it is desirable to conduct
such a transformation in a catalytic manner.
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Copper() was found to work as a redox catalyst.[35]

When a syn/anti (1:1) mixture[2] of O-(methoxycarbonyl)ox-
ime of γ,δ-unsaturated ketone 68a and 5 mol-% of
CuBr·SMe2 in 1,4-dioxane was heated to 80 °C, cyclic imine
59a was obtained in 39% yield [Equation (20)]. 4-Bro-
momethyl-3,4-dihydropyrrole 70a was obtained and the
product yield was much improved (to 86%) by the addition
of LiBr. O-(pentafluorobenzoyl)oxime was also was cy-
clized in high yield, whereas the corresponding O-(2,4-dini-
trophenyl)- and O-acetyloximes were not appropriate for
the CuBr·SMe2–LiBr-catalyzed cyclization. The reaction
probably proceeds by electron transfer from the copper()
salt to the oxime 68a, generating anion radical 69, which in
turn cyclizes to give 70a with the elimination of CuI methyl
carbonate.

(20)

As listed in Table 6, the catalytic process with
CuBr·SMe2–LiBr could be applied to the cyclization of
various γ,δ-unsaturated ketone O-(methoxycarbonyl)ox-
imes. Cyclization of oximes having an γ,δ-disubstituted alk-
enyl moiety gave cyclic imines in high yield (runs 1 and 2).
From the γ-methyl-substituted oxime, a 5,5-disubstituted
dihydropyrrole was obtained in 53% yield along with 16%
yield of disubstituted pyridine 62 (run 3). Phenyl ketone
and α-keto ester oximes were smoothly transformed into 2-

Table 6. CuBr·SMe2-catalyzed cyclization of O-methoxycarbon-
yloximes.
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phenyl and 2-ethoxycarbonyl dihydropyrroles, respectively
(runs 4 and 5).

Furthermore, α-carbolines were prepared by the radical
cyclization of β-3-indolyl ketone O-(pentafluorobenzoyl)ox-
imes by treatment with a catalytic amount of copper pow-
der in dichloroethane and successive oxidation with
chloranil [Equation (21)].[36] In this radical cyclization, cop-
per powder gradually reacted with 1,2-dichloroethane to
generate the copper() salt, which acts as an active redox
catalyst.

(21)

Amino-Heck Reaction[37]

As lower-valent palladium compounds are good electron
donors, oxime derivatives were expected to react with Pd0

complexes, giving oxidative addition compounds, alkylid-
eneaminometal species. In fact, an equimolar amount of
4,4�-bis(trifluoromethyl)benzophenone O-(methylsulfonyl)
oxime (71) and Pd(PPh3)4 reacted in tetrahydrofuran (THF)
at room temperature, and, after quenching with a pH 9
buffer, 4,4�-bis(trifluoromethylphenyl)methylideneamine
(73) was obtained as a crude product.[38] Compound 73 was
hydrolyzed to benzophenone 74 in 94% overall yield by acid
treatment (Scheme 12). This result indicates that diaryl-
methylideneaminopalladium() intermediate 72 was formed
by the oxidative addition of 71 to Pd(PPh3)4 and then hy-
drolyzed to imine 73.

Scheme 12.

Although we could not isolate alkylideneaminopalladiu-
m() species 72, Pombeiro et al.[39] and Tillact et al.[40] re-
cently reported the isolation of oxidative addition products
of oximes to low-valent rhenium and titanium complexes.
The X-ray analysis of the complexes revealed that the bond
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angle of carbon–nitrogen–metal is, interestingly, almost lin-
ear [Equation (22)].

(22)

To utilize this aminopalladium species for organic syn-
thesis, the intramolecular Mizoroki–Heck type reaction
(amino-Heck reaction) was investigated (Scheme 13). When
γ,δ-unasaturated ketone (E)-O-(pentafluorobenzoyl)oxime
75 was treated with Et3N and a catalytic amount of
Pd(PPh3)4 in DMF, 2H-3,4-dihydropyrrole 77 was initially
formed and then isomerized to pyrrole 78 by treatment with
Me3SiCl in CH2Cl2. This amino-Heck reaction was not af-
fected by the geometry of the oximes, and both E-oxime 75
and the Z-isomer were smoothly converted to pyrrole 78,
probably due to the linear structure of the alkylideneamino-
palladium intermediate 76. The similar reaction of the O-
sulfonyloxime also gave the product 78 in 60% yield but
with formation of the Beckmann rearrangement product.

Scheme 13.

Various γ,δ-unsaturated ketone oximes having terminal
and disubstituted vinyl groups cyclized to pyrroles
smoothly by this amino-Heck reaction [Equations (23) and
(24)].

(23)

(24)
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Thus, the 5-exo mode cyclization proceeded generally,
while the 6-endo mode cyclization product was obtained in
the reaction of the γ,δ-unsaturated ketone O-(pentafluo-
robenzoyl)oxime having a methoxy group at the β-position
(Scheme 14).[41] Particularly, in the presence of nBu4NCl,
the pyridine was obtained as a major product. The reaction
pathway was not clear, but the cyclization was certainly ini-
tiated by the oxidative addition of the oximes to Pd(PPh3)4.

Scheme 14.

Isoquinolines were prepared by the 6-exo cyclization of
O-allyl acetophenone oxime derivatives (Scheme 15).[41] In
this reaction, addition of nBu4NCl was also effective to im-
prove the yield of isoquinolines.

Scheme 15.

Various methods have been developed towards the con-
struction of the 1-azaspiro[4.4]nonane skeleton.[42] The
amino-Heck reaction provided a metal-catalyzed method to
prepare spiro bicyclic and tricyclic imines from dienyl and
trienyl ketone oximes through a domino cyclization path-
way (Scheme 16).[43]

The amino-Heck type reaction was modified to realize a
straightforward method for the synthesis of aza-azulenes. 1-
Aza-azulenes were obtained by the treatment of cyclohepta-
trienylmethyl ketone O-(pentafluorobenzoyl)oximes 79 with
Pd(dba)2/P(tBu)3 and Et3N and the successive oxidation of
the crude mixture with MnO2 [Equation (25)].[44]

This amino-Heck reaction could be applied to prepare a
wide range of heterocycles. For example, 1-benzyl-4-methyl-
imidazoles with a range of substituents at the 2-position
were synthesized by the amino-Heck reaction of ami-
doximes. The palladium-catalyzed amino-Heck cyclization
of α-chiral oxime 81 proceeded smoothly without racemiza-
tion, yielding optically active amino acid mimetics 82, con-
taining a C-terminal imidazole [Equation (26)].
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Scheme 16.

(25)

(26)

Although various aza-heterocycles were prepared from
ketoximes by the palladium-catalyzed amino-Heck reac-
tion, some oximes such as aldoxime, alkynyl ketoxime, and
α-alkoxy ketoximes could not be cyclized, but transformed
to nitriles with C–H and C–C bond cleavage under the pal-
ladium-catalyzed conditions.[37]

Uemura et al. reported a similar type of palladium-cata-
lyzed nitrile formation from cyclobutanone oximes [Equa-
tion (27)].[45] Ring opening of cyclobutanone O-acyloximes

(27)
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occurred from the alkylideneaminopalladium species and
successive β-hydride elimination yielded nitriles.
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