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The Cope Aza-rearrangement in Organic Synthesis

N.M.Przheval'skii and I.I.Grandberg

The latest advances in the application of the Cope aza-rearrangement in organic synthesis are examined and the results of
studies on the mechanism of the reaction and of its use in syntheses are surveyed.
The bibliography includes 147 references.
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I. INTRODUCTION

Pericyclic reactions, including sigmatropic rearrangements,
have attracted much attention by chemists in recent years.1"3

In the first place this is because the [3, 3]sigmatropic shift,
which embraces also the Cope rearrangement,* gives rise to a
predictable regiostereoselectivity in the formation of new
bonds.5'6 No less important is also .he fact that new approaches
to the synthesis of a wide variety of heterocyclic and acyclic
structures have been demonstrated and interesting stereo-
chemical features of the rearrangement have been observed
with the aid of this reaction.

In the present review we shall consider studies devoted to
the theoretical and synthetic aspects of the Cope aza-rear-
rangement. Mainly studies carried out in 1978-1984, pub-
lished after the review of Heimgartner et al.7 which quotes
the literature up to 1977 inclusive, are discussed. In certain
instances earlier communications are invoked in order to pre-
serve the integrity of the exposition.

The thermal rearrangement of hexa-l,5-dienes (I), called
the Cope rearrangement,"* belongs to the class of [3, 3]sig-
matropic processes8 which proceed via the six-membered
transition state (II):

the carbon—carbon bond in the Fischer indole synthesis 1 1 ' 1 2

and the Piloty pyrrole synthesis: 1 3

0s

(I) (ID (HI)

The replacement of one or several carbon atoms in the diene
(I) by nitrogen leads to the corresponding aza-hexadiene
systems (IVa-c), for the rearrangement of which the term
the Cope aza-rearrangement has been proposed.9

When 3-azahexa-l,5-diene (V), in which one double bond
is incorporated in an aromatic nucleus, undergoes the Cope
rearrangement, then reactions of this type are frequently
referred to as the Claisen (V) •+• (VI) amino-rearrangement.10

ζ ο ο σ5)-αΓ
(IVa) (IV6) (IVB) (V) (VI)

On passing to 3,4-diazahexa-l,5-diene, systems of the type
of the enehydrazine (VII) or dienehydrazine (X) are pro-
duced , whose rearrangement is a stage in the formation of

(XII)

The transformations (V) •> (VI) and (VII) ->• (IX) can be
regarded as the Cope 3-aza- and 3,4-diaza-rearrangements.
A general classification of sigmatropic "Cope hetero-rearrange-
ments" has been published. l k

Apart from the reactions indicated, those involving systems
of type (IV), containing heteroatoms (O, S) other than the nitro-
gen atom, i .e. the Cope oxaza- and thiaza-rearrangements,
have been discussed.

The general postulates of the theory of sigmatropic rear-
rangements developed by Woodward and Hoffmann,8 mainly
for thermal non-catalytic reactions of hydrocarbons, were
subsequently extended to both thermal and catalytic reactions
of aliphatic and aromatic heterosystems.1 5

The following criteria were mainly used to assign these reac-
tions to the concerted [3, 3]shift type: the first order of the
reaction; the large negative activation entropies; compara-
tively small (by a factor of 20-30) changes in the rate after
the introduction of electron-donating or electron-accepting
substituents; the inversion of allyl groups; the retention of
optical activity in the products when the initial molecule was
optically active. The mechanism of the Cope 3-oxa-rearrange-
ment of a series of allyl vinyl1 7 and allyl aryl ethers 1 7 (the
aliphatic and aromatic Claisen rearrangements), their thio-
analogues,1 8 (the Claisen thia-rearrangement), and the allyl
esters of carboxylic acids,1 9 for example, has been established
with the aid of these criteria.

Numerous experimental data obtained in the course of these
investigations demonstrated that the Cope rearrangements anc
the Cope hetero-rearrangements are much faster for charged
or highly polarised systems. 1 ~ 3 ' 7 Reactions of this type hav
been called charge-induced20'21 and charge-accelerated22 [3, 3
sigmatropic rearrangements.
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The charge-induced reactions are in fact of greatest interest
for the Cope aza-rearrangements, because they facilitate sig-
nificantly the conditions under which they can be carried out
and increase the yield of products.

At the same time, as stated in a review,7 the available
information about the mechanism of these reactions is limited.
Definite progress has been achieved in this respect only
recently (see Sections II-VI).

I I . THE COPE 3-AZA-REARRANCEMENT

1. The Aliphatic Cope 3-Aza-rearrangement

One of the first examples of the aliphatic Cope 3-aza-rear-
rangement was described in a study10 where it was shown that
it proceeds via a transition state in the chair conformation.
Since the thermal Cope 3-aza-rearrangement usually requires
high temperatures, attempts have been made to achieve the
reaction under mild conditions using Lewis acids,23'21f sul-
phuric acid,25 and TiCl^ 2 6 as catalysts.

Thus the reaction of the aldehydes (XIII) with N-(l'methyl-
allyl)-aniline (XIV) (benzene, TiCli,) leads to the formation of
the intermediate (XV) which rearranges to the imine (XVI),
whose hydrolysis affords the aldehyde (XVII):

^CHCHO + PhNH-CH-CH=CH,
* / |

CH
(XIII) (XIV)

_^ \/—CH,CH=CHCH,

"* j / X — N P h

(XVI)

If the optically active amine S-(XIV) with [a]^ = 1.47° is
introduced into the reaction with 2,2-dimethylcyclopentanal-
dehyde (XVIII), then the trans-aldehyde (XX) with [OL]Q =
-2.53° and having the R-configuration is formed via the
intermediate S-(XIX):26

CH 3 CH 3

> < / C H 0

[ J + S-(XIV)

H2OAc

Β-(XX) (XXI)

By reduction with sodium tetrahydroborate, acetylation,
and oxidation with permanganate, compound (XX) was con-
verted into the acid (XXI), which is an important intermediate
in the synthesis of an optically active pheromone.27

One of the disadvantages of the above transformation (XV) •*•
(XVII) is the necessity to employ optically pure allyl sub-
strates in order to obtain optically pure products. Further-
more , the chirality in the initial optical centre is lost during
the reaction. An attempt to overcome these difficulties has
been made in a theoretically and synthetically important study28

in which asymmetric induction was achieved in the Cope 3-aza-
rearrangement by means of an auxiliary reagent. The authors
began with the hypothesis that an auxiliary chiral centre bound
covalently to the nitrogen atom would create a transition state
bias in the Cope aza-rearrangement. In order to enhance to the

maximum possible extent the topological influence of the aux-
iliary chiral reagent, this centre, the nitrogen atom, and the
C(l) atom of the vinyl fragment (denoted by an asterisk)
were incorporated in the five-membered oxazoline ring:

Scheme 1

(XXII) (XXIII) (XXIV)

Idecalin, 155C

for(xxiv.)

Λ-(XXV) S-(XXV)

«-(XXV) : S-(XXV) » 87: 13

(XXII)-(XXVI)

a) B'-CHj. R2 = R3 = H

b ) R * = C H 3 , R ' « R 3 - H
ί

|for (XXIVb)

R -(XXVI) S-(XXVIl

Λ - (XXVI) :S- (XXVI) = 87: 13 for X X I V b )

Λ - (XXVI): S- (XXVI)» 14 : 86 for X X I V c )

The salts (XXIIIa-c) were obtained from the oxazolines
(XXIIa-c) with the aid of allyl toluene-p-sulphonates. The
neutralisation of the salts (XXIIIa-c) leads to the NO-acetals
(XXIVa-c) which rearrange in decalin, without isolation, to
the oxazolines (XXV) and (XXVI) in yields exceeding 85%
(Scheme 1).

The diastereoselectivity of this Cope 3-aza-rearrangement
was determined in the following manner. The oxazoline (XXV)
was hydrolysed (3 Ν HC1 90 °C, 1.5 h) and the subsequent
optical measurement showed that R-(-)-2-methylpent-4-enoic
acid is formed in excess so that compound (XXIVa) rear-
ranges predominantly to the oxazoline R-(XXV). The ratios
of the diastereoisomeric oxazolines R-(XXV)/S-(XXV) and
R-(XXVI)/S-(XXVI) were established by means of high-pres-
sure liquid chromatography. Analysis of the high-resolution
XH NMR spectra (500 MHz) of the N-methyl-oxazolinium salts
obtained from compounds (XXV) and (XXVI) by methylation
with dimethyl sulphate demonstrated that one of the diastereo-
isomers is present in 72—74% excess in the rearrangements
(XXIVa) •*• R-(XXV), (XXIVb) -*• R-(XXVI), and (XXIVc) ->-
S-(XXVI).

The rearrangement of the enammonium salt (XXVII) under
mild conditions (20 °C) under the influence of bases has been
described.29 The hydrolysis of the resulting amine (XXVIII)
leads to the aldehyde (XXIX):

Scneme 2

(XXIX)

(XXIX).
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The aldehyde (XXIX) also arises as a result of the Cope
3-aza-rearrangement when a benzene solution of the bromo-
derivative (XXX) is maintained at room temperature2 9 (Scheme 2).

A promising method for the generation of the quaternary
carbon centre under mild conditions with the aid of the Cope
3-aza-rearrangement of the enammonium salts (XXXII) has
been proposed:30

CH,
(XXXI)

CH, CH, R*
(XXXII)

Γ
-» CH,=L

e/CH.l

XCH,J
C—CH,—C—CH=

ί I·
The advantage of this method over that proposed previ-

ously3 1 is because the allylenamines (XXXI) were obtained by
the selective JV-alkylation of the corresponding allylamines,
which made it possible to avoid the difficulties quoted by
Opitz et a l . 3 1 associated with the fact that, when vinylamines
were used as the initial compounds for the synthesis of struc-
tures of type (XXXII), the formation of a mixture of isomers
was observed as a result of the simultaneous occurrence of
the C- and JV-allylation reactions.

The Cope 3-aza-rearrangement has been used successfully
to synthesise the pyridines (XXXIV) from the propargyl-
vinylamines (XXXIII):32

(XXXIII)

(XXXIV)

The addition of the allylamine (XXXV) to methyl propionate
with the subsequent Cope 3-aza-rearrangement of the inter-
mediate (XXXVI) leads to the imine (XXXVII):33

«-COOCH,

Η

1 t».»i

(XXXV) (XXXVI) (XXXVII)

The acid-catalysed reaction of N-(g-cyclohexenoyl)iso-
quinuclidines (XXXVIII), leading to the tetracyclic skeleton
of the type of lycorane (XL), has been described in a recently
published study31* in which the investigation3 5"3 9 of the Cope
aza-rearrangement initiated previously was continued.

<XXXVIH)

The lactam (XXXIX) is a precursor of the lactam (XL),
since only compound (XL) is formed in 40% yield when the
reaction is carried out over a period of 48 h.

It is assumed that the hexahydroisoquinoline ring (XLIII)
is formed via the elimination of a proton from the intermediate
(XLII), which arises from vinylisoquinuclidine (XLI) as a
result of the Cope 3-aza-rearrangement:35

[3,3]

r—R

(XLI) (XLII) (XLIII)

In certain cases the Cope aza-rearrangement may be accom
panied by side reactions (see also Section III). Thus the
rearrangement of the amidinium salt (XLVI) via the base
(XLVII) leads both to the [3, 3]sigmatropic rearrangement
product (XLVIII) and to the product (XLIX) of the intra-
molecular aldol addition38 (Scheme 3).

Scheme 3

Ji^N-C^s ν*
1 25°

ι—Λ
(XLIV)

Hal-

(XLV) (XLVI) R

XTHF, 25°

(L)

a)x-H
b) x-K(cft3)2

Systems of type (XLVII) merit attention from the standpoint
of the elucidation of the influence of electronic factors on the
Cope 3-aza-rearrangement, because they contain both elec-
tron-donating (/N-CH 3 ) and electron-accepting ( - C ^ ) sub-

stituents. The dialkylamino-group is known to accelerate
the Cope οxa-rearrangement.2 On the other hand, the rear-
rangement of the amine (La) take place at 170 °C, 2 6 while that
of the diamine (Lb) occurs at 280 °C. 3 9

It might have been expected that the simultaneous presence
of electron-donating and electron-accepting substituents in a
system of type (L) would facilitate the Cope aza-rearrange-
ment. However, it has been found that the rearrangement
of the diene (LI), formed from the corresponding amidinium
salt on treatment with sodium hydride, takes place even at
room temperature and is 106-108 times faster than the rear-
rangement of the amine (Lb). 3 8

2. Aromatic Cope 3-Aza-rearrangement

The influence of electronic and steric factors on the course
of the aromatic Cope 3-aza-rearrangement of N-allylanilines
[the base (LII) and the salts (LIII)-(LV)]'·0"'*2 and the cor-
responding tetrahydroquinolines (LXI) and (LXII)1*2'1*3 has
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been investigated in a series of studies by Japanese workers'*0"*1

(Scheme 4):

(LXI)

The concerted reaction mechanism was confirmed in relation
to the rearrangement of the N-crotyl salt (LIII) ( 2 : 1 glyc-
erol-water mixture, 140 °C, 4 h ) . The reaction proceeds
via the transition state (LVI) and the aniline (LVIII) with an
inverted allyl group is formed. The rearrangement of the
quinolines (LXII) takes place via the transition state (LXIII)
in the chair conformation, leading to the intermediate (LXIV),
from which the quinolines (LXV) and (LXVII) are formed.
The intermediate (LXIV) may undergo the usual Cope rear-
rangement (LXIV) -*• (LXVI) •*- (LXVII), which leads to the
formation of 6-substituted quinolines (LXVII) with a high
stereoisomeric purity. In contrast to anilines with R=H and
the quinolines (LXI) and (LXII), the oriho-substituted allyl-
anilines (LIV), (LV) afford mainly deallylation and not rear-
rangement products, which can be accounted for by the steric
interaction between the groups R and R1 in the transition
state (LVI).1*2 The decrease in the yield of 8-allylquinolines
(LXV) on passing from the unsubstituted to the mono- and
di-methylallyl groups is associated with increase in the steric
interaction of the alkyl groups with the proton in the 8-posi-
tion in the quinoline ring in the transition state (LXIII).

An interesting result has been obtained in the study of the
Cope 3-aza-rearrangement of bromo-derivatives of the 4-allyl-
julolidines (LXVIII) and their 9-substituted analogues (LXXa to
c)1*1 (Scheme 5 ) . The products (LXXIa-c), involving the
rearrangement to the meta-position, were discovered first
(the analogous Claisen meta-rearrangement is known for the
reaction of allyl 2,4,6-trimethylphenyl ether in the presence
of BC13 **'*):

Scheme 5

(LXX) a) κ* ΟΜ·. κ1 · ca,
b)»»OH
C)H-CH,

(LXXIa-c)

A mechanism involving two consecutive [3, 3]sigmatropic
shifts [the transformation (LXVIII) + (LXIX) takes place
analogously] and a [1, 2]shift with elimination of a hydrogen
bromide molecule has been proposed for the rearrangement
(LXX) + (LXXI) (Scheme 5).

The aromatic*5""51 Cope 3-aza-rearrangement of various
N-alkenylanilines has been investigated. It has been shown that
the rearrangement of N-(l-methyl-2-butenyl) aniline (LXXII)
is catalysed by the hydrochlorides of aromatic amines and
Lewis adds and that the best yield of the corresponding
ortho- and para-alkenylanilines is attained in the presence of
ZnCl2 [the yield of (LXXIII) + (LXXIV) is 97%] c1*5'50

NH,

(LXXII) (LXXIII)

NH,

0
(LXXIV)

An analogous reaction has been achieved for octa,2,7-dienyl-
aniline1*6 and N-(l-methyl-2-butenyl)-2,5-xylidine.51

The rearrangement of N-alkenylanilines proved to be an
effective method for the synthesis of various C-substituted
anilines:1*7·1*8

NHR

+ CH.-CH-CH-CHCH,
130°,4h.

R1

(LXXV)

CH,

N-CH-CH=CH-CH,
CH,CH=CH-CH-CH,

(LXXVI)

R1 - R3 - alkyl, halogen, OCH3,
R = alkyl.

i
(LXXVII)

HR

N-Alkenylanilines (LXXVI), formed in the reaction of sub-
stituted anilines (LXXV) with 4-chloro-trans-pent-2-ene, are
immediately converted into the corresponding product (LXXVII)
under the reaction conditions.

The kinetics of the acid-catalysed Cope 3-aza-rearrangement
of various N-allylanilines of type (LXXV) in nitrobenzene have
been investigated1*9 and it has been shown that in all cases
the rearrangement is accompanied by elimination, but that the
contribution of the latter is different for different substitu-
ents. For equal initial concentrations of aniline and hydro-
chloric acid, the reaction is described by a first-order equa-
tion. The results have been explained from the standpoint
of the formation of a contact ion pair from PhNHR.HCl, which
can either undergo a rearrangement to 2-allylaniline in the
solvent cage or elimination.
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The influence of electron-accepting groups on the regio-
selectivity of the aromatic Cope 3-aza-rearrangement of meta-
substituted anilinium salts, (LXXVIII) -»• (LXXIX) ·*• (LXXX),
has been studied ιS2

CftCOOH .

(LXXVIII)

v\m. sAiNH, γ ΧΝΗ,

(LXXIX) R

O N / N (LXXX)

•-a

(LXXIX): (LXXX)

a
«N

2.9:1

(LXXXI)

b c d
CO.CH, NO, F
(LXXIX) 1:10 1:3.7

not detected

CF,
1:2

In all cases [with the exception of m-cyanoaniline (LXXVIIIa)],
the preferential formation of products in the rearrangement
to the p-position relative to the substituent X was observed.
These data have been explained52 by the steric influence of
the group X, because the activation energy for the transition
to the isomer (LXXIX) is lower than that for the transition to
the isomer (LXXX).53 The transformation (LXXVIIIa) •+
(LXXIXa) is of undoubted interest, since it permits the syn-
thesis of the Uhle's ketone (LXXXI), which is a key inter-
mediate on the way to ergot alkaloids.5lt

The [3, 3]sigmatropic rearrangement of the betaine (LXXXII)
leads to a mixture of the phenols (LXXXIII) and (LXXXIV), the
main product being the isomer (LXXXIII) [(LXXXIII): (LXXXIV) =
4 : 1 ] . "

(LXXXII) (LXXXIII)

The exceptionally mild reaction conditions are associated with
the possibility of the delocalisation of the charge in the course
of the rearrangement. 5 5

Japanese workers5 6 investigated the influence of substitu-
ents in the allyl group on the thermal aromatic Cope 3-aza-
rearrangement of N-allyl-JV-tosyl-ot-naphthylamines (LXXXV) -»•
(LXXXVI):

(LXXXV a-d) (LXXXVI a-d)
a) R=R»=H, RW-CH,
b)R=R»=H. R»=CH,
c) R»=R*=H, R=CHt

, R=Ph

(LXXXV). (LXXXVI)

The formation of the naphthylamines (LXXXVIa, c, d) from
the amines (LXXXVa, c, d) indicates the concerted character
of the rearrangement.

In the rearrangement of compounds (LXXXVb), (LXXXVc),
and (LXXXVd), the corresponding 4-substituted naphthyl-
amines are formed in addition. The para/ortho product ratio
increases in the series of amines (LXXXVb) < (LXXXVc) <
(LXXXVd), which supports the occurrence of consecutive

[3, 3]sigmatropic shifts, whose driving force is the steric
interaction between the tosylamino-group and the 1-substi-
tuted allyl group.

The influence of the aromatic ring on the rate of the ther-
mal Cope 3-aza-rearrangement of N-allyl-N-methanesulphonyl-
amines [the aniline (LXXXVII), the 1- and 2-naphthylamines
(LXXXVIII) and (LXXXIX), and the 2-, 3-, and 9-phenan-
thrylamines (XC), (XCI), and (XCII)] in NN-dibutyl-aniline
containing a small amount of triphenylphosphine has been
studied: 5 7

(LXXXVII)-(XCII) (LXXXVII«)-(XCIIa)

(LXXXVIII), (LXXXIX)

tXC)-(XCU)

In all cases the rearrangement (LXXXVII) ->- (XCII) •>

(LXXXVIIa) •*• (XCIIa) obeys a first-order kinetic equation

and has negative activation entropies, which suggested a con-
certed process mechanism.57

The highest rate of rearrangement has been observed for
N-allyl-N-methanesulphonyl-l-naphthylamine (LXXXVIII) and
N-allyl-N-methanesulphonyl-9-phenanthrylamine (XCII). The
data (Ink) obtained are satisfactorily correlated (r = 0.991;
s = 0.290) with the corresponding delocalisation energies.

An analogous correlation of the logarithms of the rate con-
stants with the localisation energies has been observed also
for the Claisen rearrangement of the corresponding o-allyl
ethers of phenol, naphthol, and phenanthrol (r = 0.999; s =
0.110).57

I I I . THE COPE 2-AZA-REARRANGEMENT

The Cope 2-aza-rearrangement of 3-butenylimines (XCIII)
is degenerate:

CHS CH,

r
(XCIII) (XCIII) (XCIV) (XCIV)

The equilibrium position in substituted systems of type
(XCIII) can be established on the basis of "secondary" struc-
tural factors such as, for example, steric interactions or the
conjugation effect in the reactants and products. 7 A number
of instances of rearrangements of systems (XCIII) and (XCIV)
have been quoted in a review.7 It has been established that,
as a rule, iminium salts of type (XCIV) rearrange under much
milder conditions than the isoelectronic type (I) Cope systems
and the rearrangement is faster than the reaction of the
uncharged imine (XCIII).7

One of the latest studies devoted to the comparative inves-
tigations of the Cope rearrangement and its 2-aza-analogue
has been carried out by French investigators. 5 8 The thermol-
ysis of the model 2//-pyrrole (XCV), which has no substitu-
ents in the 4- and 5- positions (170 °C, 3.5 h ) , led to the
isolation in 90% yield of one product (XCVI), whose formation
has been explained by the Cope 2-aza-rearrangement with
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subsequent migration of hydrogen:

Scheme 6

ttcni) (XCV) (XCVI)

The following oonclusions have been reached concerning the
possibility of the migration of the trans-crotyl group. s e If
the 2ff-pyrrole is uneubstituted in the 3- and 4-positions,
then the [1, 5]shift to the 3-position takes place; when the
4-position is the only one remaining free, the Cope rearrange-
ment [migration to C(4)] is observed; finally, when the 4-
and 5-positions are free, only the Cope 2-aza-rearrangement
[migration to C(5)] takes place. The absence of the Cope
rearrangement (XCV) •*• (XCVII) has been explained by the
difference in the interaction of the frontier orbitals of pyrrole
and the allyl group in the two transition states leading respec-
tively to the Cope reaction and the Cope 2-aza-reaction. The
difference between the amplitudes of the atomic orbitals of
the carbon atoms in the 4- and 5-positions demonstrates the
possibility of the migration to the C(4) atom58 (Scheme 6).
The data obtained in the above study made it possible to
account for earlier experimental observations. 5 9 ' 6 0

The finding that the thermolysis of the pyrrole (XCVIII)
does not lead to the product (XCIX) of the Cope aza-rear-
rangement60 can be logically explained by the following fac-
tors: firstly, the rate constant k2 for the reversible isomeri-
sation (XCVIII) t (XCIX) is higher than fci; secondly, the
slower Cope reaction converts the pyrole (XCVIII) into the
3H-pyrrole (C), which isomerises irreversibly to the pyrrole
(CI); thirdly the 1,5-migration with formation of the pyrrole
(CII) is not observed when the 3-position is substituted 5 8

(Scheme 7):

Scheme 7

V(χαχ) (XCVIII)

(αϊ)

"* ΙΙΡΑΑΙΗ

The formation of 2-(l,l-dimethyl-2-propenyl)-A3-oxazolinone
shows that the reaction proceeds via the [3, 3]sigmatropic and
not the [1, 3]sigmatropic shift. 6 1

In recent years the Cope 2-aza-rearrangement has been
widely used by several groups of investigators for the syn-
thesis of various heterocyclic systems.

A series of s tudies 6 2 " 7 1 have been devoted to the "directed"
Cope 2-aza-rearrangement of charged systems of type (XCIV).
The condensation of the aldehyde (CHI) with salts of secon-
dary amines (CIV) leads to the iminium salts (CV), which
undergo the [3, 3]sigmatropic rearrangement to the inter-
mediates (CVI), which are further transformed via the oxo-
nium cation (CVII) into the acylpyrrolidines (CVIII) in 80 to
95% yield62 (Scheme 8):

Scheme 8

(cm)

(CVH) R ' - R 4 - alkyl. (cvni)

The reaction described constitutes a new method of synthesis
of the pyrrolidine ring. The cationic Cope aza-rearrange-
ment and the Mannich reaction have been used consecutively
to synthesise poly-substituted pyrrolidines of type (CVIII)
(isoprene) derivatives were used as the initial compounds).69

It has been shown63 that the imminium ion (CX) [an ana-
logue of the ion (CV)] can be generated from the oxazolidine
precursor (CIX), which permitted the synthesis of substi-
tuted l-aza-spiro-[4, 5]decanes (CXI):

BSOjH

(CIX) (CXI)

A reaction in which the iminium ion is formed intramolec-
ularly has been used for the single-stage synthesis of the
indolizine (CXIII) t(CXII) ->• (CXIII)], 7 0 which is a key com-
pound on the way to the alkaloid DL-perhydrogenphyrotoxin
(CXIV):

(Q (CD

The Cope 2-aza-rearrangement has been observed in the
series of oxazoles.61 Thus the thermolysis (162 °C, ben-
zene) of allyl-substituted Δ 2-oxazolinones leads to the Δ 3 -
oxazolinone system:

BS0.H

(CXII) (CXIII)

A novel method of synthesis of the pyrrolidine ring, invol-
ving the consecutive occurrence of two processes, namely
ring expansion and contraction, has been demonstrated in the
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synthesis of ds 3a-aryl-octahydroindolones [Scheme 8, (CXV) -
(CXVIII), R = CHPhj,].6"'66 This reaction makes it possible
to achieve a new stereoselective synthesis of the alkaloid
crinin (CXIX).

The formation of the cis-product (CXVIII) follows from the
trans -orientation of the amino- and vinyl groups in the amine
(CXV). As a result of such trans-disposition, the iminium
ion undergoes the Cope 2-aza-rearrangement via the only
possible transition state in the chair conformation, affording
trans, trctns-azacyclonona-l,6-diene (CXVII). The latter is
converted stereospecifically into the cis-intermediate (CXVIII)
after the intramolecular Mannich ring closure.

The above method of ring expansion with the subsequent
formation of the pyrrolidine ring has been used successfully
for the synthesis of the complex 9a-arylhydrolilodine system
[(CXX) -»• (CXXII)], which is the basis of the Aspidosperma
alkaloids:65

(CXX) (CXXI) (CXXII), 85%

The synthetic possibilities of the cationic Cope 2-aza-rear-
rangement have also been demonstrated in relation to the
stereospecific synthesis of cis- and trans-3a-aryl-4-oxodeca-
hydrocyclohepta[b]pyrroles (CXXVI): 67 '68>n

Scheme 9

(CXXVI)

In the case of the cyclohexanols (CXXIIIa, b) , with the
irans-disposition of the vinyl and amino-groups, the rear-
rangement leads to the cis-pyrrolidine (CXXVI) via the imi-
nium cation (CXXIV) and the intermediate trans, trans-aza-
cyclodeca-l,7-diene (CXXV) (cf. with Scheme 8a).

Instances of the Cope 2-aza-rearrangement enumerated
above (see, for example, Overman and co-workers62'63) are
either thermal or acid-catalysed processes. However, it has
been shown65 that the above rearrangement can be achieved

under exceptionally mild conditions in the presence of a base
(Scheme 10):

Scheme 10

(CXXVII) (CXXVIII) (CXXIX)

(cxxx)

R1, R2 = alkyl, cycloalkyl, aryl.

On heating in THF (at 25 °C) for 24 h in the presence of
1.5 equivalents of KH and 0.1 of an equivalent of 18-crown-6
ether, 5-vinyl-oxazolidines (CXXVII) give rise to the pyr-
rolidines (CXXX) in 50-90% yield. Potassium hydride con-
verts the oxazolidine (CXXVII) into the intermediate (CXXVIII),
which undergoes the [3, 3]sigmatropic rearrangement to the
enolate anion (CXXIX), which effects ring closure to 3-acetyl-
pyrrolidine (CXXX) via the intramolecular endocyclic attack
on the imino-group. The transformation (CXXVII) ->- (CXXX)
constitutes the first example of the base catalysis of the Cope
hydroxy-2-aza-rearrangement (the acceleration of the usual
Cope hydroxy-rearrangement by bases is well-known73"76).

The Cope 2-aza-rearrangement of N-acyliminium salts has
been used in a number of studies to synthesise heterocyclic
systems.77"81 A rearrangement of this kind was described
for the first time in a study77 where it was shown that treat-
ment of the carbinolamide (CXXXI) with formic acid leads to
the pyrrolizidinone (CXXXIV):

(CXXX1) (CXXXII) (cxxxm) (cxxxrv)

A key s tage is the Cope 2-aza-rearrangement of t h e N-acyl-
iminium ion (CXXXII) with the subsequent cyclisation of the
intermediate (CXXXIII) to the formate (CXXXIV). Later th i s
method was used to syn thes i se a ser ies of pyrrol izidine
b a s e s . 7 8

The mechanism of t he Cope 2-aza-rearrangement of JV-acyl-
iminium sal ts has been inves t iga ted 7 9 " 8 1 and it has been e s t a b -
lished that the pyrrol idinones (CXXXV)-(CXXXVI) can react
via two pathways in an acid medium. 7 9 " 8 1 One of them leads
to the pyrrol izidine system (P)80>B1 and the o ther leads to the
indolizidines (C) (Scheme 11).

Scheme 11

(D)

(CXXXVI)
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Both processes proceed via a stage involving the formation of
the "secondary" iminium ion (A), which either undergoes the
reversible Cope 2-aza-rearrangement to the "primary" iminium
ion (B) and then rapidly cyclises (the relevant kinetic data
have been published81) to the pyrrolizidine (D) or is immedi-
ately converted into the indolizidine (C) in a slow stage. The
lactams (CXXXVI) containing an allene residue react analo-
gously. The pathway followed in the reactions of the lactams
(CXXXV) and (CXXXVI) and the ratio of the products (C)
and (D) depend on the nature of the groups R, R1, and R2 in
the pyrrole ring and in the allyl component of the molecule.79"81

IV. THE COPE 3,t~DIAZA-REARRANGEMENT

As stated in the introduction, the Cope 3,4-diaza-rearrange-
ment of the enehydrazines (VII) and (X) is in essence a stage
in the formation of the C-C bond in the Fischer indole syn-
thesis and in the Piloty pyrrole synthesis.

The idea that these reactions be considered from the stand-
point of [3, 3]sigmatropic rearrangements was first put for-
ward in two reviews.11'13 A number of studies devoted to
the elucidation of the mechanism of the thermal and acid-cata-
lysed Cope 3,4-diaza-rearrangements have been discussed in
a monograph.7 New results demonstrating the validity of the
approach to the mechanism of the rearrangement of enehydra-
zines from the standpoint of the theory of concerted processes
have been obtained in recent years.

The rearrangement of the model divinylhydrazine (CXXXVII)
has been investigated82 by the MINDO/3 method (Scheme 12).

Scheme 12

(CXXXVII) _ (CXXXVIII) _ (CXI)

X

(CXXXIX)

N-methyl-phenylhydrazones (CXLII) to the tetrahydrocarba-
zoles (CXLIV)82·81· (Scheme 13).

Scheme 13

°tt°
(CXLI)

(CXLII)
B«H,CHj,a, Br, OCH,.

(aan) (cnub)

It has been established that both the thermal and acid-
catalysed rearrangements of the enehydrazine (CXLI) are
faster than the corresponding reactions of the hydrazones
(CXLII), which indicates a significant contribution by the
stage (CXLII) -*• (CXLIa) to the overall rate of the process.82

Substituents of different types and solvent polarity have
little influence on the rate of conversion of the hydrazones
(CXLII) into indoles, which proceeds in accordance with a
first-order equation and in addition this reaction has fairly
high negative activation entropies in all cases.82·81*

The acidity of the medium has an appreciable influence on
the rate of the transformations (CXLI) -»• (CXLIV) and (CXLII) -»•
(CXLIV). Thus the factor by which the sulphuric acid-
catalysed (two moles of acid per mole of reactant) rearrange-
ment of the enehydrazine (CXLI) is accelerated compared with
the thermal rearrangement at 60 °C is ~400,82 which agrees
with other data.85'86

This finding supports the charge-induced pericyclic reac-
tion.2 0 This reaction takes place so rapidly because the
positive charge in the six-membered transition state (CXLV)
is delocalised between the six atoms of the reacting system.
An analogous acceleration has been observed in the aromatic
Cope 3-aza-rearrangement (Section II).

The MINDO/3 calculation showed that the transition state
(CXXXVIII) in the [3, 3]sigmatropic migration (CXXXVII) -•
(CXL) has the chair structure (C2 symmetry), which indicated
an analogy with the rearrangement of hexa-l,5-diene.8 The
multistage mechanism involving the formation of the radical
pair (CXXXIX) is energetically less favourable (by 8.2 kcal
mol"1) than the concerted mechanism, but such a small dif-
ference between the energies of the two migration mechanisms
does not allow the complete exclusion of homolysis from the
general scheme of the rearrangement82 (the concerted mecha-
nism of the Cope rearrangement involving hexa-l,5-diene is
more favourable to the extent of 33.4 kcal mol"1 than the
multi-stage mechanism83).

Experimental confirmation of the concerted mechanism in the
stage involving the formation of the carbon-carbon bond in
the Fischer reaction, (CXLI) ->• (CXLIII) and (CXLIa) to
(CXLIIIa), has been obtained on the basis of kinetic data for
the rearrangement of NN'-dimethyl-N-phenyl-N'-(l-cyclo-
hexenyl)hydrazine (CXLI) and substituted cyclohexanone

(CXLV)

The main stage in the synthesis of the tryptamines (CL)
and related structures from γ-halogenocarbonyl compounds
(CXLVII) (or their δ-analogues) and th* arylhydrazines
(CXLVI), namely the formation of the C-C bond via the reac-
tion (CXLVIII) -*• (CXLIX), is also a type of the Cope 3,4-
diaza-rearrangement and proceeds via the mechanism of the
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[3,3]sigmatropic rearrangement (Scheme 14) (see the relevant
review*7 and the literature quoted therein).

Scheme 14

R1 - R3
(CL)

alkyl, aryl, arylalkyl; X halogen.

This reaction is a special case of the Fischer indole syn-
thesis without the evolution of ammonia.

Numerous studies of various aspects of the mechanism of
the Fischer reaction have been published in recent years.
Thus the possibility of the formation of intermediates and
their structures has been investigated by 1 3C NMR,88 15N
NMR,89 and mass spectrometry.9 0 The influence of the elec-
tronic and steric factors on the direction of the indole forma-
tion reaction, its mechanism, and the ratio of the isomeric
products has been s tudied. 9 1 " 1 0 0 The results of the com-
parative investigation of the Fischer indole synthesis and of
the "anomalous" [3,5]- and [5, 5]-sigmatropic rearrangement
of various o-substituted arylhydrazones and also the migra-
tion of the substituents in these systems have been discussed
in detail in a review103 and recent communications.102'103

The authors of the above s tudies 9 1 " 1 U 3 adhere to the con-
cept of the concerted character of the carbon—carbon bond
formation stage in the Fischer reaction.

An interesting example of the Cope 3,4-diaza-rearrangement,
namely (CLI) -*• (CLIII) has been observed for the adduct
(CLI) formed in the reaction of phenylhydrazine with an
allene nitrite 1 0" (Scheme 15):

Scheme IS

«ΧΠ) (CLV)

Since the enehydrazine (CLII) (isolated in a pure state)
does not undergo the [3,3]sigmatropic rearrangement and
gives rise to the pyrazole (CLV), the formation of the indo-
line (CLIV) from this enehydrazine can be explained by the
prototropic isomerisation (CLII) •*• (CLI) with the subsequent
Cope 3,4-diaza-rearrangement.m

The latest advances in the chemistry of t h e enehydraz ines
of type (VIII), including their ability to u n d e r g o t h e Cope
3,4-diaza-rearrangement with formation of pyr ro le sys tems,
have been analysed in detail in a r e v i e w . 1 0 5

We shall mention only the s t u d y 1 0 6 in which a general method
has been proposed for the synthes i s of the p y r r o l e s (CLIX)
and (CLX) from t h e azines of t h e enolysable a ldehydes and
ketones (CLVI) via t h e concerted thermal rear rangement
(CLVII) •*• (CLVIII) of t h e benzoyl der ivat ives (CLVII):

B'CH2'

(CLIX) RS-COP1

(CLX) R*-H

The dienehydrazines (CLVII), which are fairly stable com-
pounds (characterised by 2H NMR), have been used in the
synthesis of the pyrroles (CLIX) without isolation. The
hydrazinolysis of the latter made it possible to obtain readily
the pyrroles (CLX).

V. THE COPE 2,5-, 2,3-, AND 1,3-DIAZA-REARRANCEMENTS

The Cope 2,5-diaza-rearrangement is in the general case a
reversible process and in the absence of substituents is a
degenerate process:

However, the directed Cope 2,5-diaza-rearrangement (CLXI) -»
(CLXII)107 has been achieved for the double Schiff base (CLXI)
containing the 2-hydroxyphenyl group (see also Heimgartner
et al. 7). The subsequent hydrolysis of the diimine (CLXII)
leads to a carbonyl compound and meso-l,2-diaryl-l,2-ethyl-
enediamine:

'"V^CHR1 [3.3
CHR1

(CLXI) (CLXII)

b) R1 -2-C 4 H 4 N, R 2"2-HOC tH 4

In the given instance the relative stability of the diimines
(CLXIIa) and (CLXIIb) is due to the presence of the intra-
molecular hydrogen bond between the imine nitrogen atom and
the phenolic hydroxyl.

The possibility of the thermal Cope 2,5-diaza-rearrangemeni
was first demonstrated in 1965 for trans- 1,2-bis(benzylidene-
amino)cyclopropane (CLXIV, R = Ph); the reaction yielded
2,3-diphenyl-2,3-dihydro-lH,l,4-diazepine (CLXV)108 (Scheme
16). However, the stereochemistry of the process remained
unelucidated.

Scheme 16

(CLXV)

(CLXIV)
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The thermal rearrangement of the cis- and trans-bisimines
(CLXIII) and (CLXIV) (R = t-butyl, phenyl, p-tolyl, or
mesityl), formed from the corresponding diaminocyclopro-
panes, has been investigated.109 It was found that in all
cases the only reaction product is a cis-substituted dihydro-
diazepine (CLXV). This result demonstrates that the Cope
2,5-diaza-rearrangement involves one structure with the
same configuration at both C=N bonds [for the inline (CLXIII)
this is the EE-configuration ] . A strong influence of the
t-butyl groups on the rearrangement of the bis-imines (CLXIII)
and (CLXIV) has been observed. Thus the cis-imine (CLXIII,
R = t-Bu) is only slowly converted into the diazepine (CLXV)
at 100 °C (93 h, yield 49%), while the reaction of cfs-diamino-
cyclopropane with benzaldehyde at 0 °C leads to a 90% yield
of the diazepine (CLXV, R = Ph). This effect can be explained
by the fact that, in the formation of the C(2)-C(3) bond in
2,3-dihydro-l,4-diazepine, the substituents must have an
eclipsed disposition, and in the case of two t-butyl groups
this destabilises the molecule to the extent of 63 kJ mol"1.109

We may note that the Cope 2,5-diaza-rearrangement, illu-
strated in Scheme 16, constitutes one of the important prep-
arative methods whereby it is possible to achieve ring expan-
sion by four units at once with formation of a heterocyclic
system (the Claisen rearrangement and the Cope hydroxy-
rearrangement have also been studied for this purpose, but
these processes involve the formation of carbocyclic com-
pounds110) .

The Cope 2,3-diaza-rearrangement of N-alkyl-N-allylhydra-
zones (CLXVI) has been proposed for the preparative syn-
thesis of the γΰ-unsaturated azo-compounds (CLXVIII)111

[the thermolysis of the hydrazone (CLXVII) led to the alkene
(CLXIX)112]:

R—N=

(CLXVIH) (CLXIX)(CLXVI), (CLXVII)
(CLXVII) :R=R»=R*=H

The Cope 2,3-diaza-rearrangement has also been observed
in the vacuum pyrolysis of N-allyloxadiazolinones.113 For
charged systems, this reaction has not been described in the
literature.

One of the stages in the thermal111* and catalytic [(CF3COO)2]
11S

transformations of the propargyl ethers of hydroxytriazine
(CLXX) into imidazo[l,2-a]-l,3,5-triazines (CLXXIII) can be
regarded as the Cope 1,3-diaza-rearrangement (CLXXI) •>
(CLXXII):

(CtXXI) (CLXXII)

V I . THE COPE POLYHETERO-REARRANCEMENTS

The rearrangements of systems containing oxygen and sul-
phur atoms in addition to nitrogen atoms, i.e. the Cope oxaza-
and thiaza-rearrangements are considered in this section.

1. The Cope Oxaza-rearrangement

The [3, 3]sigmatropic rearrangement in which the nitro-
gen-oxygen bond dissociates (thermal rearrangement or rear-
rangement in the presence of acids) was described in 1971 in
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relation to O-aryl- and O-vinyl-oximes:116

products;

R» R«

(CLXXIV) (CLXXV)

R 1 , R 2 = H, alkyl, aryl.

R·
(CLXXVI)

Presumably the fairly severe reaction conditions are nece-
ssary only for the isomerisation of the oxime (CLXXIV) ->
(CLXXV), while the stage involving the rearrangement proper
(CLXXV) ->• (CLXXVI) should occur spontaneously under mild
conditions by virtue of the relatively weak and highly polar
N-C bond.

Indeed it has been found that if the Cope hetero-system of
type (CLXXIX) is produced directly by the addition of N-phe-
nylbenzohydroxamic acid (CLXXVIII) to dimethyl acetylene-
dicarboxylate (CLXXVII), then the rearrangement (CLXXIX)·*
(CLXXX) takes place readily (20 °C, 1 h) and leads to the
ester (CLXXXI) in a high yield117 (Scheme 17):

(CLXXVII)

+ HO-N-^~N -

COPh

(CLXXVIII)

—*

S/S.N

COPh

(CLXXX)

Scheme 17

t-BuOK

DMSO ~*

Ο

-CHAC\

1
L COPh

(CLXXIX)
CO.CH,

Λ / 1 /CCvCH

NH

COPh

(axxxi)

0"
I

The addition of ρ-substituted O-arylhydroxylamines
(CLXXXII) to )CLXXVII) (ethanol, 20 °C, 2 h) takes place in
the absence of alkaline catalysts and the adduct (CLXXXIII)
formed is converted via a stage involving the [3, 3]sigmatro-
pic shift into 3-aminocoumarins (CLXXXIV)117 (Scheme 18):

Scheme 18

+ H,NO-^)>-X J (T

X = H , CH,. Cl, Br.
(CLXXXIV)

The acid-catalysed Cope oxaza-rearrangement is the prin-
cipal stage in the reactions of derivatives of O-arylhydroxyl-
amines described by a group of Japanese investigators1 1 8'1 1 9
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(Scheme 19). It is of interest that the hetero-hexa-l,5-diene
systems (CLXXXV) and (CLXXXIX) contain three hetero-
atoms, which increases their reactivity:

(CXC) (CXCI)

Thus treatment of N-benzoyl-O-phenylhydroxylamine
(CLXXXV) with a 5: 1 mixture of trifluoroacetic and trifluoro-
methanesulphonic acids for 24 h at 20 °C leads to a high yield
of o-hydroxyphenyl benzoate (CLXXXVI),118 while the urea
derivative (CLXXXVIII) readily gives rise to 2-alkylamino-
phenols (CXCI) in dichloromethane at room temperature. 1 1 9

The Cope oxaza-rearrangement has been used in a number
of instances for the synthesis of the indole r i n g . 1 2 0 " 1 2 3 2-Sub-
stituted indoles (CXCVI) are readily formed from derivatives
of N-phenylhydroxylamine (CXCII) and allenes with electron-
accepting substituents (CXCIII). 1 2 0 The key stage in this
synthesis is the formation of o-substituted anilines (CXCV)
via the [3, 3]sigmatropic rearrangement (CXCIV) -*• (CXCV)
(Scheme 20):

Scheme 20

(CXCII) (CXCIII) (CXCIV)

R'-H.t-CHj.S-OlM-Cl: X«SO2Ph

R2-COCH,.COCH,Ph.C2Hs; M»U.N«

The anilide (CXCV, R1 = 4-CH3, R2 = COCH3, X = So2Ph)
has been obtained in 90% yield from the corresponding salt of
the hydroxamic acid (CXCII) at room temperature in the
course of 10 min while in the reaction involving the use of
N-alkylphenylhydroxylamines (R 1 = H, R2 = C2H5) spontan-
eous conversion into the indole (CXCVI) was observed.

An additional cause of the extremely great ease of the Cope
oxaza-rearrangement (CXCIV) •* (CXCV) (apart from the
lability of the Ν—Ο bond) is the presence in the molecule of
compound (CXCIV) of a carbanionic centre, which is known
to accelerate the Cope rearrangement121* and the Cope hydroxy-
rearrangement. 1 2 5 Derivatives of N-phenylhydroxylamine
have also been used to synthesise 2,3-unsubstituted indoles,121

pyrrolo[l,2-a]indole,122'123 and 2-substituted N-acylindoles.126'127

All the reactions indicated proceed via a stage involving the
[3, 3]sigmatropic shift, analogous to that illustrated in Scheme
20.

The Cope oxaza-rearrangement of derivatives of N-aryl-
hydroxylamine has also been used for the regioselective acyl-
amination of the benzene r ing 1 2 8 and the synthesis of o-acyl-
oxyanilides.1 2 9

Data confirming the concerted variant of the mechanism of
the reaction involving the formation of pyrroles from ketoximes
and acetylene1 3 2 proposed previously1 3 1 have been published:130

/\./

(CXCIX)

a) Ri=R»=CH,

b)R»=H, R ^ ,, R*=Ph

The vinyloxyimine (CXCVIII), obtained from the ketoxime
(CXCVII) and acetylene in the superbasic catalytic system
KOH—dimethyl sulphoxide system, isomerises to the ON-divi-
nylhydroxylamine (CXCIX), which undergoes the Cope oxaza-
rearrangement to the intermediate (CC), which has been
isolated in the form of the dihydropyrrole (CCI). On heating,
the latter is readily converted into the pyrrole (CCII) . 1 3 0

Apart from the examples of the Cope oxaza-rearrangement,
occurring with dissociation of the Ν—Ο bond, which has been
described above, reactions are known for the hexa-l,5-diene
system in which the nitrogen and oxygen atoms are not linked
directly to one another.

Thus dihydropyranimines (CCIII) have been made to undergo
a thermal (200-250 °C) rearrangement to the aldehydes (CCIV)
via the mechanism of the Cope oxaza-rearrangement:1 3 3

\ 0 / \

Ν—R

(CCIII)

\;HO

R
(CCIV)

where R = s-butyl, benzyl, phenyl, or cyclohexyl.
An analogous scheme has been proposed for the rearrange-

ment of O-cyclohexynyl carbimidates.131*
The thermal rearrangement of 2-allyloxyoxazoles (CCV) to

2-oxazolinones (CCVI) has been described: 1 3 5 ' 1 3 6

Ph
\ Ph.

-N

Ph^^O^^OR Ρ
(CCV) (CCVI)

R = allyl, subst i tuted allyl.

The hypothesis that the reaction (CCV) -*• (CCVI) proceeds
via the stage of the [3, 3]sigmatropic rearrangement has been
confirmed by the isolation of the intermediate (CCVIII) on
heating the oxazole (CCVII) in a benzene—pyridine mixture:136

Plk
Ph.

(CCVII)

Ph
(CCVIII)

\

(CCIX)

On heating or in the presence of acids, the adduct (CCVIII)
is converted into the oxazolinone (CCIX).

The use of the complex palladium catalysts Pd(PPh3)1> and
Pd(PhCN)2Cl2 makes it possible to carry out the Cope oxaza-
rearrangement under mild conditions.1 3 7 O-allyl N-phenyl-
formimidates (CCX) readily rearrange at room temperature
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to the corresponding N-allyl-N-phenylformamides (CCXI):
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(CCXVII) has been described:11*0

V [or

(CCX)
a) R l=CH,, R*-=H
b) RX=H, R*-CH,

(CCX1)

It has been shown that the regioselectivity of the rear-
rangement (CCX) •+ (CCXI) depends on the nature of the
palladium complex. Thus catalysis by the palladium(II) com-
plex of the rearrangement of the imidates (CCXa) and (CCXb)
leads solely to the corresponding form amides (CCXIa) or
(CCXIb), while a zerovalent palladium complex affords in
both cases a 2:1 mixture of the products (CCXIa) and (CCXIb)
(it is noteworthy that the stereochemistry of the process has
not been rigorously established.

These results can be explained by two possible mechanisms
of the interaction of the palladium complex with the hexadiene
system (CCX)137 (Scheme 21):

Scheme 21

(CCXII)

The zerovalent palladium complex catalyses the rearrange-
ment proceeding via the formation of the allyl ττ-complex
(CCXIII) by its oxidative addition to the C-0 bond of the
formimidate (pathway a). There is then a possibility of the
formation of two isomers (A) and (B). On the other hand,
the palladium (II) complex tends to form the six-membered
intermediate (CCXII) (pathway b), which leads to only one
product (A) [an analogous mechanism has been proposed for
the Cope rearrangement catalysed by palladium(II)138 and
mercury(II)1*9 complexes].

2. The Cope Thiaza-rearrangement

The Cope thiaza-rearrangement has a number of features
which distinguish it from the oxaza-analogue. Firstly, sys-
tems of type (CCXIV), for which the transformation (CCXIV)-
(CCXV) would be possible (see, for example, Padwa and
Cohen136), are unknown:

(CCXIV) (CCXV)

On the other hand, the formation of the S-N bond [i.e. the
transition (CCXV) •*• (CCXIV), which has not been observed
for the ON-system] via the thermal [3, 3]sigmatropic rear-
rangement of the benzoxazine (CCXVI) to the benzoxazinone

(CCXVHI)

The possibility of the reaction (CCXVI) •+ (CCXVII) evi-
dently arises not only from the presence of four heteroatoms
and the labile N-O bond in the reacting system (CCXVI) but
also from the adequate stability of the N-S bond formed,
because the benzoxazine (CCXVIII) is not involved in a simi-
lar rearrangement.11·0

At the same time the attempts to achieve a concerted reac-
tion of the type (CCXIX) -*• (CCXX) were unsuccessful:

N/^ - Ν Λ

(CCXIX) (CCXX)

Thus the interaction of N-benzoyl-N-phenylhydroxylamine
(CCXXI) with phenyl isothiocyanate1W and dimethylthiocar-
bamoyl chloride11*2 led to the formation of the products of the
η-rearrangement [compound (CCXVII)] and 1,3-migration
[compound (CCXXIII)] respectively, which virtually rules
out a concerted mechanism:

COPh
(CCXXI)

V / \ l_O-c-NHPh
COPh

I Cl-C-NfCH,), (CCXXII)

•N-O-C-N (CHJ,

COPh

> / \ N _ s _ c _ N ( C H j ) i

COPh ΟO
(CCXXIII)

The rearrangement of S allyl thiomidates (CCXXIV) -»•
(CCXXV) has been investigated in a number of studies: 1 1 > 3~ l l t 7

(CCXXIV) (CCXXV)

It has been shown11*3 that the rearrangement of allylthiocapro-
lactam proceeds via a zwitter-ionic intermediate and not via a
concerted mechanism.
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Palladium (II) salts [PdCl2 or PdCl2(PhCN)2

 m ] proved to
be effective catalysts of the Cope thiaza-rearrangement of
S-allyl thioimidates:

Ph

THF, reftuxing

(OCXXVI)

S N—CH,.

S/
(CCXXVII)

Thus the S-allyl thioimidate (CCXXVI) is converted quantita-
tively into the N-allylthioamide (CCXXVII) in the presence of
a bivalent palladium salt, while the usual thermal reaction
(150 °C, decalin) leads only to the product of the isomerisa-
tion with respect to the double bond in the allyl group. The
reaction mechanism proposed by the authors 1 " includes the
formation of a six-membered intermediate analogous to that
presented in Scheme 21.

The Cope thiaza-rearrangement of 3-allylthio-4H-l,2,4-tri-
azin-5-one (CCXXVIII) and 3-allylthio-2//-l,2,4-triazin-5-one
(CCXXIX), catalysed by palladium(II) complexes, leads to a
mixture of the thiones (CCXXX) and (CCXXXI) as a result of
the tautomeric equilibrium (CCXXVIII) t (CCXXIX)11*6'1"
(Scheme 22).

Scheme 22

(ccxxviii)

(CCXXIX)

NH

RVN\
Γ NH

O-^NAS
f

R»

\ XCH—C=CH,

CH-C=CH, Η

(CCXXX) (CCXXXI)

R=H, Ph, CH,; R ^ H , CH,; R*=H, CH,.

During the preparation of the manuscript, a number of studies
of the mechanism and synthetic use of the aliphatic l l*8"1 5 1 and
aromatic152"155 Cope 3-aza-rearrangements have been pub-
lished. The Cope 2-aza-rearrangement has been investigated
in relation to the cyclisation of JV-acyliminium salts 1 5 6 ' 1 5 7 and
a series of oxazoline derivatives.158 The fairly rare Cope
1-aza-rearrangement, achieved under the conditions of flash
vacuum thermolysis, has been described.159 The Cope oxaza-
rearrangement has been investigated160"162 and the thiaza-
rearrangement has been used to synthesise condensed thiazole
systems163"161* and also for the synthesis of the indole ring. 1 6 5 ' 1 6 6
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