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I. INTRODUCTION

Diene synthesis consists in the addition of a double or
triple bond in a compound termed the dienophile to con-
jugated dienes having a cis arrangement of their double
bonds, addition occurring at the 1,4 positions to form a
six-membered ring1"8.

The dieneophiles used comprise compounds containing
an ethylenic and acetylenic bond, azo-compounds, nitroso-
-compounds, ΛΓ-sulphinylamines and JV-sulphinylamides,
carbonyl and thiocarbonyl compounds, nitriles, azomethines,
imidoyl chlorides, and quaternary immonium salts.

Study of the reactions of 1,3-dienes with dienophiles of
different structures has shown that conjugation of the double
or triple bond of the dienophile with electron-acceptor
groups enhances, while conjugation of the multiple bond of
the dienophile with electron-donor substituents diminishes
the reactivity of the dienophile. On the other hand, elec-
tron-donor substituents enhance, while electron-acceptor
substituents diminish the reactivity of the diene. Conse-
quently dienophiles are electrophilic, and dienes nucleo-
philic, reagents2»5"11.

The cause of the enhanced reactivity of dienophiles in
which multiple bonds are conjugated with electron-acceptor
groups is not the displacement of electrons in the same
direction in the dienophile molecules, but a decrease in
electron density on their multiple bonds. Investigations
have shown that the reactivity of dienes and dienophiles
depends also on their geometrical configuration2'7"9»11»12.

The stereochemical and structural orientation of diene
synthesis is of great interest2»5»8»12. It has been estab-
lished that the position of the substituents with respect to
the ring in the Diels-Alder adducts is the same as it had
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been relative to the double bond in the dienophile. Hence
cis addition takes place with respect to the dienophile.
This also occurs with respect to the diene, as is indicated
by the cyclic structure of the adducts. Finally, reaction
can take place sterically in two ways, substituents in the
dienophile being located in the adduct either on the same
side as the cyclic double bond (endo position) or on the
opposite side from the double bond (exo position). The
endo adducts are usually formed.

Structural isomers can be formed when 1- and 2-substi-
tuted dienes condense with unsymmetrical dienophiles. A
vast amount of information has accumulated on the struc-
tural orientation of diene synthesis. Experiments have
shown that it is affected by steric and polarisation factors.
In several cases, however, it has been found that these
factors do not determine the reaction sequence2»7'12'13.

The steric and structural direction of diene condensa-
tions is obviously governed by the geometrical configura-
tion of the transition state. However, there is at present
no generally accepted view of the mechanism of diene
synthesis, and its steric and structural orientation have
not yet received a satisfactory theoretical explanation7'12"18.

The present paper deals with diene syntheses involving
dienophiles containing hetero-atoms. The literature
published up to 1st March 1964 has been covered.

II. DIENE SYNTHESIS WITH AZO-COMPOUNDS

In 1925 Diels found19'20 that azodicarboxylic esterst add
on to conjugated dienes at the 1,4 positions to formdialkyl
l,2,3,6-tetrahydropyridazine-l,2-dicarboxylates (I):

,,/v
NCO.R
II
NCOjR I NCO a R

| NCOjR

(I)

Diels obtained the adduct (Π) by the interaction of di-
ethyl azodicarboxylate with cyclopentadiene. The reaction
took place in ethereal solution and was accompanied by the
evolution of much heat, the adduct being obtained in high
yields (90-95%). Diels established the structure of the
adduct (Π) by reducing it catalytically to the dihydro-
-derivative (III), saponification of which with alcoholic
alkali gave the hydrazo-compound (IV). This was reduced
with tin and hydrochloric acid to cyclopentane-cis-l,3-di-
amine (V), which was identified by conversion into the
cis-1,3-diureido-derivative (VI), obtained by an alternative
synthesis from cyclopentane-cis-l,3-dicarboxylic anhydr-
ide via the dimethyl ester, the dihydrazide, the diazide of
the acid, the diurethane, and the diamine.

(IV)

NH, «HCONH

Stille has recently found a that hydrolysis of the adduct (Π)
with 10% hydrochloric acid yields hydrazodicarboxylic

t For the cis -trans configuration of azodicarboxylic esters, see
Refs.21 and 22.

ester, the reaction probably involving the stages —
(1) breakdown of the adduct into its original components,
(2) partial hydrolysis of the azodicarboxylic ester to the
acid, (3) decarboxylation of this acid to form reactive di-
imide, and (4) reduction by the diimide of the unhydrolysed
portion of the azodicarboxylic ester, by a cyclic mecha-
nism, to give the hydrazodicarboxylic ester:

NCO2C2HS

NCOjC2Hs

NCO2CjH5

N C O J C J H J , i lCO 2 C 2 H 5

H N C O 2 C 2 H S

H N C O 2 C 2 H 5

Diels obtained the adduct (VII) by reaction of diethyl
azodicarboxylate with isoprene; the adducts (VIII) and (DC)
were formed on reaction of dimethyl azodicarboxylate with
myrcene [7-methyl-3-methyleneocta-l,6-diene] and with
trans-1,trans-4-diphenylbutadiene. Diels assigned the
structure of a 1,4 adduct (X) to the product obtained from
diethyl azodioarboxylate and 2,4-dimethylpentadiene.

H,C
\\ / \

N

H 3 C C H ,

\
NCO 2CH,

|
NCO2CH3

(VII) (VIII)

C.H,

| NCOjCH3

| NCO.CH,

C.H,

(IX) (X)

In 1938 Diels showed24 azodicarboxylic esters react with
anthracene in boiling toluene to form adducts (XI). In acid
medium these adducts undergo isomerisation to form pro-
ducts, the structure of which was established by Alder25

in 1954 as (ΧΠ).

RO 2 CN
,NCO2R

(XI)

(a)R=CH3; (6)R=C2HS.

In 1962 Corey and Mock found26 that hydrolysis of the
adduct (XI6) with alcoholic alkali at 25° yields 9,10-hy-
drazo-9,10-dihydroanthracene (ΧΙΠα), which on being heated
dissociates into anthracene and diimide (XlVa). The com-
pound (ΧΙΠα) has been used for the stereospecific reduc-
tion of double bonds. Thus deuteration of maleic and
fumaric acids by means of the (xnia)-deuterium oxide-
dioxan system at 85° gave respectively meso- and
(±)-2,3-dideuterosuccinic acid, in conformity with results
of the diimide reduction of double bonds with other reduc-
ing systems2 7-2 9.

NR»

(c)R' = CN, R2 = CO2C2H5.

In 1963 Harley-Mason reported30 that on alkaline saponi-
fication of the adduct (ΧΙδ) the monodecarboxylated com-
pound (ΧΠΙ6) was formed as well as hydrazodihydroanthra-
cene (ΧΙΠα). With cyanogen bromide, (ΧΠΤ6) gave the
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JV-cyano-derivative (XIIIc), which on being heated in a vacuum
decomposed into anthracene and the cyano-ester (XIVc).
This last compound proved to be an extremely reactive
dienophile, adding on readily to anthracene to form the
adduct (XIIIc), and reacting with 1,4-diphenylbutadienewith
the evolution of heat.

The reaction of azodicarboxylic esters with 1,3-dienes,
discovered by Diels and leading to the formation of "diene"
adducts (I), has been investigated by several workers.
Adducts have been obtained from azodicarboxylic esters
with butadiene 2 5 ' 3 1 ~ 3 7 , isoprene32»33»35, pentadiene32»33»35,
2,3-dimethylbutadiene32'33»35'38, hexa-2,4-diene32»33'35»39,
2-methylpentadiene31, 3-methylpentadiene35, 1-methoxy-
butadiene40, 2-chlorobutadiene40, cyclopentadiene31»34»41-44,
cyclohexadiene39»45»46, l,l'-bi(cyclopentenyl)35, l,l'-bi-
(cyclohexenyl)47, 1-arylbutadienes33»48"50, 1-phenylpenta-
diene33»51, 1,4-diphenylbutadiene25»31»33»49'51»52, anthracene31,
2-chloroanthracene53, ethylsorbate38, furan34»54, 2-methyl-
furan **, furfurylidene diacetate25, 2,3-benzacridine55,
5,6-dimethylenebicyclo[2,2,l]hept-2-ene47, bicyclo[4,2,0]-
octa-2,4-diene56, andl-8-octamethylbicyclo[4,2,0]-
octa-2,4,7-triene.57»58

Rodgman and Wright41 made a kinetic study of the re-
action between azodicarboxylic esters and cyclopentadiene,
and found it to be of the second order overall and the first
order with respect to each reactant.

It has recently been found that, if the 1,4 positions in
dienes are strongly substituted, reaction with azodicarb-
oxylic ester takes place by a mechanism not of diene syn-
thesis but of substitutive addition.

In 1957 Levina and her collaborators35 obtained addition
products from azodicarboxylic ester with 2,4-dimethyl-
pentadiene, 2-methylhexa-2,4-diene, and 2,5-dimethyl-
hexa-2,4-diene, and ascribed to them the formulae (X),
(XVa), and (XV6).

/ \
| | N j NCO,C,H6

j NC

(X)

CH3

(XVa)

Γ NCO.CH,

Ν

(XVb)

It was later found59 that the reaction of these dienes
with azodicarboxylic ester involves substitutive addition
with the formation of monosubstituted derivatives of
hydrazodicarboxylic ester. In 1962 Gillis and Beck38

established that interaction between azodicarboxylic ester
and 2,5-dimethylhexa-2,4-diene involves 85% of indirect
substitutive addition with formation of the adduct (XVIa)
and 15% of direct substitutive addition with formation of
the adduct (XVI6):

CH,

H 3 C

HNCOJCJHJ

/ N C O 2 Q H 6

(XVI b)

NCOjC,H,
II

N C O 2 C , H 6

HNCOJCJH,

(XVI a)

It was further shown47 that azodicarboxylic ester adds
on to 2,4-dimethylpentadiene by indirect substitutive addi-

I HN

ΝΟΟ,Ο,Η»

tion to form isomeric adducts (XVIIa) and (XVII6) in the
proportions 4 : 1 :

f-NCOAH, f NCO.CH. _

I HNCO.CH» * a r , X NCO.CH.

(XVII t) (XVII o)

It has recently been found that cyclohexadiene and cyclo-
heptatriene undergo substitutive addition with azodicarboxy-
lic ester.

As early as 1935 Pirsch 4 6 described the synthesis of the
adduct (XVIIIa) from cyclohexadiene and azodicarboxylic
ester. In 1962 Cohen38 repeated this synthesis, and found
that the product of the reaction comprised a mixture of the
1,4 adduct (XVIIIa), a product of direct substitutive addi-
tion (XVIIIc), and hydrazodicarboxylic ester. A little
later it was found38'80 that these reactants undergo indirect
substitutive addition to form the adduct (XVUIft). Detailed
investigation of the products has shown48 that the reaction
involves 80% of indirect substitutive addition to form
(XVHI6), 5-15% of diene synthesis yielding (XVHIa), and
15-5% of oxidation-reduction with the formation of benzene
and hydrazodicarboxylic ester (XIX):

NCO2C2H5

NCO2C2KS

It has been found that cyclohexa-l,4-diene, too, react s with
azodicarboxylic es ter in two ways, to form the adduct (XVTIIc),
and benzene and hydrazodicarboxylic ester (XIX)48»60:

NCO,C,H,
II
NCO,C,H,

ΝΟΟ,Ο,Η.

(XVIII c)

HNCO»C,H6

(XIX)

In 1961 Cinnamon and Weiss8 1 investigated the reaction
between azodicarboxylic ester and cycloheptatriene. This
hydrocarbon does not usually react with dienophiles as
such, but first passes into bicyclo[4,l,0]hepta-2,4-diene by
an intramolecular Diels-Alder reaction β2"88. It was
therefore expected that an addition product of azodicarboxylic
ester and bicycloheptadiene (XXa) would be formed.
Examination of the ultraviolet and infrared spectra of the
adduct, however, showed it to be a 7-substituted cyclohepta-
triene (ΧΧδ)ί:

(XX 6) (XXa)

% Schenck67 has found that the adduct (XX6) is also formed by
the photochemical condensation of cycloheptatriene with azo-
dicarboxylic ester.
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The action of hydrogen bromide on an ethereal solution
of the adduct (XXδ) gave tropylium bromide and hydrazodi-
carboxylic ester (XIX); these products interact in the
presence of pyridine to yield the adduct (XX6) again:

HNCO2C2H5

HNCO2C2H5,

(XIX)(XX b)

In 1960 Haring68 and Treibs 6 9 obtained from methofuran
and azodicarboxylic ester an adduct for which the struc-
tural formulae (XXIa) and (XXI6) were possible. Examina-
tion of its ultraviolet and infrared spectra showed69 that
its structure was represented by (XXIb):

NCOJCJH,

NCO}C2H5

H3CT

CO,C2H5

CO,,CjH6.

(XXI a)

In 1962 Cristol7 0 found that dimethyl azodicarboxylate
reacts at 150-160° with bicyclo[2,2,l]hepta-2,5-diene to
form two crystalline 1 :1 adducts melting at 60° and 110°.
The latter product was regarded as a 2,6 adduct (XXIIa) on
the basis of an examination of the infrared and nuclear
magnetic resonance spectra,, from study of the chemical
properties, and by analogy with addition products of other
dienophiles with this hydrocarbon71"74. The isomeric
adduct of m.p. 60° probably has the structure (ΧΧΠ6).
Bicycloheptadiene yields two 1 :1 adducts with diethyl azo-
dicarboxylate, too7 0*7 5.

NCO2CH3

NCO2CH3

(XXII6)
H3CO2C

Ύ (ΧΧΙΙο).

CO-.CH3

In 1952 MacKenzie et al.31 reported that azodicarbox-
amidinium dinitrate reacts with butadiene in the presence of
pyridine to form the adduct (ΧΧΙΠ):

Hunter76 discovered that butadiene reacts with azo-
dicarboxamide at 100° to form the adduct (XXV):

NCONHa

II
NCONH,

I NCONHj,
I

NCONHj.

(XXV)

In 1959 Levina and her coworkers77 showed that diben-
zoyldiimide (azodibenzoyl) reacts at room temperature with
1,3-dienes to form l,2-dibenzoyl-l,2,3,6-tetrahydropyrida-
zines (XXVI):

NCOC,Hj
II

N C O C , H 5

These workers subsequently established78 that other diaroyl-
diimides (di-/>-toluoyldiimide, di-/>-anisoyldiimide, and
£-anisoyl-/>'-nitrobenzoyldiimide) react with 1,3-dienes to
form 1,4 adducts.

2,4-Dimethylpentadiene undergoes substitutive addition
with dibenzoyldiimide 7 8.

The reaction of diaroyldiimides with cyclopentadiene is
of the second order overall, being of the first order with
respect to each of the reactants7 9.

During recent years it has been shown that cyclic diacyl-
diimides possess very high dienophilic activity.

In 1960 Clement80 found that oxidation of phthalohydraz-
ide (XXVIIa) with lead tetraacetate yields the extremely
unstable l,4-dihydro-l,4-dioxophthalazine (XXVIIIa). When
oxidation was carried out in acetonitrile at 0°, a green
solution of the dione was obtained, from which was isolated
a colourless amorphous substance which proved to be a
polymer of the dione. On addition of butadiene to the green
solution, the colour immediately disappeared, and a Diels-
Alder adduct (ΧΧΙΧα) was formed. When oxidation of
phthalohydrazide was carried out at 0° in the presence of
butadiene, a 90% yield of (ΧΧΙΧα) was obtained. The struc-
ture of this adduct was established by catalytic reduction to
the dihydr ο-derivative (XXX a), and by alkaline hydrolysis
to phthalic acid and 1,2,3,6-tetrahydropyridazine. Finally,
the adduct was synthesised by condensing phthalic anhydr-
ide with 1,2,3,6-tetrahydropyridazine.

N H
II

/ \
Ν ΝΗ2

+ 11 -2 HNO3

Ν NH,
\ /II
N H

NH

| · 2 Η Ν Ο 3 .
Ν ΝΗ2

NH
(ΧΧΠΙ)

In 1953 Baranger32 found that />/>'-dinitroazobenzene
reacts at 150-160° with 2,3-dimethylbutadiene to form a
1,4 adduct (XXIV):

H3C

NC,H4NO2-p
II

NC,H4NO2-p

NC,H«NO2-p *

NC,H4NO2-p.

(XXIV)

OH

I

V NH
\ /

II

ο
(XXVII)

(ο) Α

II II

ο ο
(XXVIII) (XXIX)

\ /

ο
(XXX)

- /

; (6) A = (c) A =

In 1962 Clement81 found that oxidation of maleohydraz-
ide (XXVII6)andsuccinohydrazide (XXVIIc) with lead tetra-
acetate in the presence of butadiene yields the respective
adducts (XXK6) and (XXIX c), catalytic reduction of both
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of which gave the known l,2-succinyl-l,2-diazacyclohex-
ane (XXXc). The adduct (XXIXb) was synthesised by con-
densing 1,2,3,6-tetrahydropyridazine with maleic anhydride.

Kealy82 suggested a convenient method for preparing the
cyclic diacyldiimides (XXVIIIa-c) by oxidising the potas-
sium or sodium salts of the corresponding cyclic hydrazides
at -77°. He found that the cyclic diacyldiimides, which he
proposed to call diazaquinones, reacted rapidly in acetone
solution at -77° with 1,3-dienes. Under these conditions
l,4-dihydro-l,4-dioxophthalazine (XXVIIIa) reacts with
butadiene and 2,3-dimethylbutadiene to form the adducts
(XXDCa) and (XXXIa). Reaction of 3,6-dihydro-3,6-dioxo-
pyridazine (XXVIII b) with butadiene, 2,3-dimethylbutadiene,
cyclopentadiene, cyclohexadiene, andcoumalic [6-oxopyran-
-3-car boxy lie] acid yielded respectively the adducts (XXIX b),
(XXXI6), (ΧΧΧΙΙα), (ΧΧΧΙΙ6), and (ΧΧΧΙΠ). 4,5-Difluoro-
-3,6-dihydro-3,6-dioxopyridazine (XXVIIIrf) and 2,3-di-
methylbutadiene gave the adduct (XXXIc).

Ιι ϊι«.'.ι1 || •0 / : θ ! Η

Υ Χ Η 3

(XXXI) (XXXII) ° (XXXIII)

(or (XXXI) ( ο ) Α = ; (6) Α = || ; ( c ) A =

for (XXXII) α, η = 1; η = 2 .

FC

In 1962 Cookson et al.S3 found that 3,5-dioxo-4-phenyl-
-1,2,4-triazolidine (XXXVIII) was oxidised by t-butyl hypo-
chlorite in acetone medium at -78° to 3,5-dioxo-4-phenyl-
-1,2,4-triazoline (XXXIX):

ο
II

\
IIο

(XXXVIII) (XXXIX)

In acetone solution (XXXK) reacts instantaneously with
cyclopentadiene at -78°, and with butadiene and cyclohepta-
triene at -50°, to give high yields of the diene adducts
(XL)-(XLII). With bicyclo[2,2,l]hepta-2,5-diene it gave a
1 :1 adduct, which was assigned the 2,6-adduct structure
(XLIII) on the basis of the infrared spectrum and by analogy
with addition products of other dienophiles with bicyclo-
heptadiene71"74.

'ΎΙ wc<H! ^ V l
C6H5

(XL) (XLI) (XLH) 5 ( X L I I I ) .

Furan and 2,5-dimethylfuran reacted readily with 3,6-di-
hydro-3,6-dioxopyridazine (XXVIIIb), but the diene adducts
could not be isolated. That produced from furan decom-
posed during isolation, while the adduct from 2,5-dimethyl-
furan (XXXIV) underwent hydrolysis on isolation, with the
formation of maleichydrazide and hex-3-ene-2,5-dione:

CH3 Ο

(XXXIV)

From (XXVIIIb) and αα-dimethylfulvene a crystalline
adduct (XXXV) was obtained, which gradually underwent
rearrangement in the solid state, probably into the mono-
substituted hydrazide (XXXVI):

The structure of the adduct (XL) was established by cata-
lytic reduction to the dihydrο-derivative (XLV), which was
synthesised by the following reactions from the ester (XLIV),
which had been obtained previously by Diels1 9:

C6H5NCO NCONHC6H5 -CHjOH

NCO2CH3

(XLIV) (XLV)

Ullman and Bartkus84 oxidised 2,3-dihydro-3-oxoindaz-
ole (XLVI) in acetonitrile at -10° with lead tetraacetate to
a green solution of the 3-oxoindazole (XLVTI). On addition
of butadiene or cyclopentadiene the colour of the solution at
once disappeared, with formation of the Diels-Alder adducts
(XLVTII) and (XLK):

Ο l ^ J (XXXVI),

By oxidising the cyclic hydrazides QiXVIIa-c) with lead
tetraacetate in the presence of anthracene, Clement81 ob-
tained the Diels-Alder adducts (XXXVIIa-c):

(a) A = ( 6 ) A = | | ; ( e ) A = I
HC\ HoC\

(XLVI) (XLVI!)

Wittig85"88 diazotised sodium o-aminobenzenesulphinate
at -15° and obtained the cyclic azo-sulphone (L) as yellow
crystals which decomposed explosively at 60°. In solu-
tion (L) decomposes rapidly even at 10° to form dehydro-
benzene [cyclohexadienyne] (LI), nitrogen, and sulphur
dioxide. Decomposition of the azo-sulphone (L) in the
presence of furan (LII), 2-pyrone (Lin), and anthracene
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(LIV) gave respectively 1-naphthol (LV), naphthalene (LVI),
and triptycene (LVII):

( L 1 V ) ( L I ) (LVII)·

The azo-sulphone (L) reacts with acetonitrile medium at
-6° with cyclopentadiene to form the Diels-Alder adduct
(LVIII), which at 75° breaks down into the original com-
ponents. When (LVIII) was decomposed in cyclopentadiene
medium, the Diels-Alder condensation product (LK) of
dehydrobenzene (LI) and cyclopentadiene was obtained, and
was identified as its adduct with phenyl azide.

(LVIII)

( L I )

In 1962 Chambers89 observed that fluorinated azoalkanes
react at elevated temperatures with 1,3-dienes to form the
l,2-bisfluoroalkyl-l,2,3,6-tetrahydropyridazines. Addition
products were obtained from hexafluoroazomethane with
butadiene and 2,3-dimethylbutadiene (LXa) and (LX6), from
perfluoroazobutane and butadiene (LXc), and from 5H, 5Ή-
-eicosafluoroazopentane and butadiene (IXd):

(a)R = H, R f = C F 3 ; (6)R = CH 3 )

(LX)

CF 3 ; ( c ) R = H , Rf = C 4 F 9 ;

W) R = H, Rf =H(CF2)5.
Examination of the infrared and nuclear magnetic resonance
spectra of the addition products showed them to be Diels-
Alder adducts (LXa-α*). The ability of fluorinated azo-
alkanes to undergo diene condensation is explained by the
electrophilic properties of fluoroalkyl groups, which cause
a diminution in the electron density on the azo-group.

III. DIENE SYNTHESIS WITH NITROSO-COMPOUNDS§

1. Reaction of Aromatic Nitroso-Compounds with Cyclones
and 1,3-Diphenylisobenzofuran

During 1939-1940 Dilthey9 0 '9 1 studied the reaction of
aromatic nitroso-compounds with cyclones. He found that

§ For the structure and properties of C-nitroso-compounds see
Refs.92 and 93.

phencyclone (I) and i\W-dimethyl-/>-nitrosoaniline (Ha)
interact in pyridine at room temperature to form the anil
of 9,10-dibenzoylphenanthrene (IVa) and carbon monoxide.
An unstable Diels-Alder adduct containing an ewdo-carbo-
nyl bridge (ΙΠα) is probably first formed in this reaction,
and decomposes under the experimental conditions into
carbon monoxide and the anil (IVa). On treatment with
acids, (IVa) rearranges into a 1,2-oxazine derivative (Va).
Reaction of phencyclone (I) with nitrosobenzene (Πδ) gave
the anil (IVb).

NR

(II)

ίΥ)

NiV-Dimethyl-/>-nitrosoaniline reacted with tetracy-
clone (VI) only on heating, and in this case the intermediate
anil (νΠ) could not be detected. The product of the reac-
tion was the 1,2-oxazine derivative (VII)1i.

C.H,

ι \ Ν ^ -CO

\=Ο + II •

w/\ °
C.H,

(VI)

t = C e H 4 N(CH 3 ) 2 -p.

H 5 C , V

C,HS J

C.H,

(VII)

H.C,

(VIII)

0
/

C . H ,

In 1949 Mustafa94 reported that 1,3-diphenylisobenzo-
furan (K) reacts in the presence of piperidine with NN-di-
methyl-/>-nitrosoaniline (Πα) and nitrosobenzene (Π6) to
form the adducts (Χα) and (Χδ), which at 270° decompose
to regenerate the original 1,3-diphenylisobenzofuran:

(a)

(IX) C 6 H 5 ( I I )

C6H4N(CH3)2-p; (b) R = C 6 H 5 .

2. Addition of Aromatic Nitroso-Compounds to 1,3-Dienes

In 1945 Khruleva95 observed that nitrosobenzene reacts
with butadiene to form a crystalline compound melting at
50°. In 1948 Arbuzov96"98 established that the reaction is
one of diene synthesis with the formation of 3,6-dihydro-
-2-phenyl-1,2-oxazine (I). The reaction goes smoothly
at 0°, giving high yields (90-95%) of the adduct.

NC.H, NC.H,

The structure of (I) was established by reducing the
adduct with zinc and acetic acid to give the amino-alcohol

1Γ Note added in proof. Rigaudy196 has recently established
that this reaction product is an unsaturated γ-lactam, l-/»-di-
methylaminophenyl-5-oxo-2,3,4,4-tetraphenyl-A2-pyrroline.
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(Π), which was converted into the diacetyl derivative (ΙΠ),
oxidation of this compound with potassium permanganate
giving N-acetyl-TV-phenylglycine (IV). Examination of
the Raman spectrum of solutions of the adduct (I) in
acetone or alcohol revealed the frequency of an isolated
C=C bond".

The structure of the addition product of nitrosobenzene
and butadiene was investigated also by Wichterle "", but he
reached the erroneous conclusion that it was 3,4-epoxy-l-
-phenylpyrrolidine.

NHC 0 H 5 /\!HC6H

(XI)

CNHC6H5

OH
(XII)

Interesting results were obtained from a study of the
chemical transformations of the adduct (Ι). ω ι - ω 3 On being
heated with acids, the amino-alcohol (II) underwent cyclisa-
tion to l-phenyl-A3-pyrroline (V) catalytic reduction of
which yielded 1-phenylpyrrolidine (VI). Oxidation of (V)
with potassium permanganate gave 1-phenylpyrrole (VQ).
Reduction of (I) with sodium and alcohol resulted in AT-but-
-2'-enylaniline (VIII), and catalytic reduction of this com-
pound gave ΑΓ-butylaniline (DC). Oxidation of the acetyl
derivative (X) of (VIII) with potassium permanganate
yielded AT-acetyl-N-phenylglycine (IV). Catalytic re-
duction of the adduct (I) produced tetrahydro-2-phenyl-l,2-
-oxazine (XI), which was reduced with zinc and acetic acid
to 4-anilinobutan-l-ol (ΧΠ).

Catalytic hydrogenation of the amino-alcohol (II) gave
aniline (ΧΙΠ), butan-1-ol (XIV), N-butylaniline (IX), and
4-anilinobutan-l-ol (XII). The main products of the reac-
tion were aniline and butanol, whose formation is explained
by initial hydrogenolysis of (Π) to aniline and but-2-en-l-ol,
the latter then being reduced to butanol. JV-Butylaniline
is probably formed by reduction of (H) to N-but-2'-enyl-
aniline with subsequent reduction of the latter to N-butyl-
aniline.

CeHsNHj+CHsCHjCHjCHjOH

(XIII) (XIV)

C,H,NHCH2CH=CHCHSOH

(IX)

(XII)

Wichterle ω 4 studied the reduction of the adduct (I) and
of its dihydro-derivative (XI) with organomagnesium com-
pounds. With ethylmagnesium bromide and some other
organomagnesium compounds the adduct (I) gave 4-anilino-
but-2-en-l-ol (II); 4-anilinobutan-l-ol (ΧΠ) was obtained
from the dihydro-derivative (XI) and ethylmagnesium
bromide.

Later Wichterle ω 5 found that (I) and (XI) are hydrolysed
by dilute phosphoric acid to the amino-alcohols (XV) and
(XVII). More concentrated phosphoric acid results in

cyclisation of these latter compounds to the amines (XVI)
and (XVin).

Q C < H · +H,O

( I )

(XI)

OH

NCeHj

Η

OH

N C 6 H 5

NHC6H4OH-/i

OH

(XV)

C6H4QH-/>

(XVI)

r'NHC,H,OH-/> _ H 0 A
—* >cI C

IX VI I) V ,
«QH-/>

(XVIII)

Kojima ω β showed that reaction of the adduct (I) with
concentrated hydrochloric acid yields l-£-chlorophenyl-
-A3-pyrroline (XIX):

+HCI _ H , O
MC,H4Cl-p.

(XIX)

Kresze m found that bromination of the adduct (I) gave
the hydrobromide of 2-/>-bromophenyl-3,6-dihydro-l,2-
oxazine. The base (XX) isolated from this hydrobromide
was identical with the adduct prepared from butadiene and
/>-bromonitrosobenzene.

VH. „ (\NC,H«Br-p

(XX)

NC,H4Br-p
II
Ο

Arbuzov108"111 investigated the reaction of butadiene with
o-, m-, and />-nitrosotoluenes, and found from the struc-
ture of the adducts that in all cases the reaction was one
of diene synthesis.

It was subsequently found that other 1,3-dienes, as well
as butadiene, react with aromatic nitroso-compounds to
form 2-aryl-3,6-dihydro-l,2-oxazines. Diels-Alder
adducts have been obtained from aromatic nitroso-com-
pounds and isoprene112»"3, pentadiene94»11*, 2,3-dimethyl-
butadiene "s-1 2 0, hexa-2,4-diene * · , cyclopentadiene121"126,
5-methoxymethylcyclopentadiene 126, cyclopentadien-L-
-ylmethyl acetateX2B, cyclohexadiene 123~125, cycloheptatri-
ene 1 2 2 ' 1 2 5 , cyclooctadiene125'127, l,l'-bi(cyclohexenyl)115,
l-arylbutadienes1 1 5 '1 2 5 '1 2 8 '1 2 9, 1,4-diphenylbutadiene ^ ,
2-chlorobutadieneJ30'131, 2-methoxybutadiene 11Z, and ethyl
sorbate m .

Thus by the action of nitrosobenzene on cyclopentadiene
at 0° Kresze 1 2 1" 1 2 4 obtained the unstable 1,4 adduct (XXI),
from which an adduct with phenyl azide was obtained.
Catalytic reduction of (XXI) at -5° yielded the dihydro-
-derivative (ΧΧΠ) and cis -3 -anilinocyclopentanol (ΧΧΙΠ).
Condensation of the latter with formaldehyde resulted in a
tetrahydro-l,3-oxazine derivative (XXIV). Reduction of
(XXI) with zinc and acetic acid gave czs-4-anilinocyclb-
pent-2-enol (XXVa), which was converted into the diacetyl
derivative (XXVb). On oxidation of the latter with potas-
sium permanganate, the 1,4-diacetylderivative of 4-anilino-
cyclopentane-l,2,3-triol (XXVI6) was obtained, and this
was further oxidised with lead tetraacetate to the diacetyl
derivative of erythro-2-anilino-4-hydroxyglutaraldehyde
(XXVn&), which was isolated as the internal hemiacetal of
the monohydrate [tetrahydro-2,6-dihydroxypyran] (XXVIII6).
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On reduction of this compound with sodium tetrahydroborate
a 2,4-diacetyl derivative of 2-anilino-2,3-dideoxyerythritol
[sic. 2-acetanilido-4-O-acetyl-2,3-dideoxyarabitol ? (Ed. of
Translation)] (XXIX 6) was formed.

(XXI)

N H C e H 5

C 6 H 5

N C 6 H 5

(XXII) (XXIII)

NRC 0 H 5 N R C e H , Η Η NRCCHS HO Η NRC 6HS

1 HO·. J \ ··/ · * , : ' *

HO·"
OR OR

(XXV) (XXVI)

(a)R = H;

By condensing nitrosobenzene with cyclohexadiene
Arbuzov and Mastryukova m obtained the diene adduct (XXX),
which was reduced to cis -4-anilinocyclohex-2-enol (XXXIa),
and the latter converted into the diacetylderivative (XXXIb).
By oxidising (XXXIb) with potassium permanganate
Kresze 123'12* obtained a 1,4-diacetyl derivative of 4-anilino-
cyclohexane-l,2,3-triol (ΧΧΧΠ&), which was saponified to
the triol itself (ΧΧΧΠα). Catalytic hydrogenolysis of the
triol gave 4-aminocyclohexane-l,2,3-triol (ΧΧΧΠΙ).

NRC 6 H : NH2

HO·. Λ HO.

no··' γ Ho··'
(XXXII) OR (XXXIII) OH(XXX) (XXXI) OR

(a) R = H; (6)R=Ac.

An adduct for which the structural formulae (XXXIV α -c)
were possible was obtained by Kresze 12Z by the reaction of
nitrosobenzene with cycloheptatriene. Structure (XXXIVa)
was possible if the cycloheptatriene underwent isomerisa-
tion into norcaradiene (see p. 409). Examination of the
nuclear magnetic resonance spectrum of the adduct and
study of the chemical changes which it underwent eliminated
the structure (XXXIVa) and were consistent with the other
two structures. Catalytic reduction of the adduct resulted
in the tetrahydro-derivative (XXXV), which gave cis-A-
-anilinocycloheptanol (XXXVI) on reduction with zinc and
acetic acid.

(xxxiva) (XXXI Vb) (XXXI Vc) (xxxvu.

Arbuzov and his coworkers 112>1J4 investigated the struc-
ture of the addition products formed by nitrosobenzene with
isoprene and with trans-pentadiene. When unsymmetrical
dienophiles add on to 1- and 2-substituted 1,3-dienes, the
order of addition usually agrees well with the direction of
polarisation in both dienophile and diene. In several reac-
tions with 1-substituted dienes, however, the results were
inconsistent with the view that polarisation factors deter-
mine the structural orientation of diene synthesis7'1 2.

It was expected that reaction of nitrosobenzene with
isoprene would give the isomer (XXXVII) either alone or
mixed with a smaller quantity of the isomer (XXXVIII).
The structure of the adduct was established by reducing it
with zinc and acetic acid, when these isomers should give

the amino-alcohols (XXXIX) and (XL), and the latter on
catalytic reduction should yield 3-methylbutanol (XLI) and
2-methylbutanol (XLII). In fact the amino-alcohol ob-
tained by reduction of the adduct yielded only 3-methyl-
butanol (XLI) on catalytic hydrogenation, and hence the
adduct has the structure (XXXVII).

\
H.C

NHC,H»

OH -

(XXXIX)

H,O

HC,H,

I OH

(XXXVIII) (XL)

Reaction of trans -pentadiene with nitrosobenzene could
yield the isomers (XLIIIa) and (XLIVa), reduction of which
with zinc and acetic acid would give the amino-alcohols
(XLVfl) and (XLVia), which could be converted into diacetyl
derivatives (XLVIIa) and (XL Villa); these on oxidation with
potassium permanganate should produce N-acetyl-W-phenyl-
glycine (XLIXa) and W-acetyl-M-phenylalanine (La). In
fact, on application of the above series of reactions to the
adduct, the amino-acids (XLIXa) and (La) were isolated
from the oxidation products in the proportions 1:3. It was
thus established that the adduct consisted of a mixture of
the isomers (XLIIIa) and (XLIVa) with the latter predomi-
nating. Hence the polarisation factor does not determine
the order of addition of nitrosobenzene to irans-pentadiene.

I. •
Ο

(XLIV) (XL VI)

(a) R = CH 3, R' = C e H 6 ; (b) R = C e H 6 , R' =

Kresze 1 2 e investigated the structure of the addition pro-
duct of p-chloronitrosobenzene and trays -1-phenylbuta-
diene by the method employed by Arbuzov for the adduct of
nitrosobenzene and trans-pentadiene. The adducts
(XLHI6) and (XLIV6) should yield the amino-acids (XLIX6)
and (L6) respectively. In fact, on reduction of the adduct
to the amino-alcohol, conversion to the diacetyl derivative,
and oxidation, only the amino-acid (XLIX6) was isolated
from the products. Hence the adduct has the structure
(XLHI6). The nuclear magnetic resonance spectrum of
the adduct confirmed the structure established by chemical
means.

Kresze 1 2 9 also prepared addition products formed by
^-chloronitrosobenzene with trans-1-phenylbutadienes con-
taining methoxyl, methyl, chlorine, and a nitro-group as
para substituent. The nuclear magnetic resonance spectra
of these adducts fully corresponded with that of (XLHI6),
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and consequently they are all 6-aryl-2-£-chlorophenyl-
-3,6-dihydro-l,2-oxazines. Thus the order of addition in
the reaction of £-chloronitrosobenzene with trans -1-aryl-
butadienes is determined by the steric factor, not by the
polarisation factor: a 1-aryl group in the diene occupies
in the adduct a "meta" position with respect to the p'-chloro-
phenyl group.

Kresze 1 2 6 also studied the structure of the adduct from
cyclopentadien-1-ylmethyl acetate and />-chloronitroso-
benzene, which could have the structures (LI) and (LIII).
Reduction of these with zinc and acetic acid should yield the
compound (Llla) and (LIVa), from which the triacetyl
derivatives (LUb) and (LIV&) would be formed on acetyla-
tion. Comparison of the nuclear magnetic resonance
spectrum of the triacetyl derivative obtained with that of
the diacetyl derivative (XXV6) prepared from the addition
product of nitrosobenzene and cyclopentadiene showed that
the proton spectrum of the former lacked a signal from the
proton of a CH group linked to a nitrogen atom and to a
C=C bond. Hence the triacetyl derivative had the struc-
ture (LII6), the adduct being (LI).

NC6H,Cl-p

(LIV)

(a)R = H; (6)R = Ac.

In 1963 Hamer 12° reported that m- and p-nitronitroso-
benzenes react with 2,3-dimethylbutadiene at 0° to form
the normal 1:1 adducts and also the 2 :1 adducts (LVIa)
and (LVI6), the latter resulting from diene condensation
of 2,3-dimethylbutadiene with the dimeric nitroso-com-
pounds (LVa) and (LV6). The structure of the 2 :1 adduct
(LVI&) was established by reducing it with phosphorus tri-
chloride to l,2,3,6-tetrahydro-4,5-dimethyl-l,2-di-£-
-nitrophenylpyridazine (LVIIfr), which had been obtained in
1953 by Baranger32 by the diene condensation of 2,3-di-
methylbutadiene with ££'-dinitroazobenzene (see p. 410).

H3C

(LV) (LVI) (LVII)

= C 6 H 4 NO 2 -m; (o)R--=C6H4NO2-p.

Kinetic investigation of the reaction of aromatic nitroso-
-compounds with 2,3-dimethylbutadiene has shown it to be
of the first order with respect to each of the reactants 127.

3. Reaction of Acyclic and Alicyclic Nitroso-Compounds
with 1,3-Dienes

In 1947 Wichterle 10° found that butadiene reacts in the
presence of alcohol with 2-chloro-2-nitrosopropane or
1-chloro-l-nitrosocyclohexane to form a crystalline sub-
stance having the composition C4H8ONC1. By treating this
substance with alkali he obtained a liquid C4H7ON, which he
assumed to be 3,4-epoxypyrrolidine, while the crystalline
compound was supposedly the hydrochloride of this base.

It was to be assumed that the reaction of butadiene with
1-chloro-l-nitrosocyclohexane would be one of diene syn-
thesis, but the adduct (I) obviously underwent immediate
rearrangement to the quaternary immonium salt (Π), which
then suffered alcoholysis to 3,6-dihydro-l,2-oxazinium
chloride (III) and 1,1-diethoxycyclohexane (IV).

In order to test this hypothesis, Arbuzov and his co-
workers ββ,ΐ33,ΐ34 treated chloronitrosocyclohexane with
butadiene in the presence of alcohol in benzene solution,
and isolated the hydrochloride (ΙΠ) and the ketal (IV) from
the reaction mixture. If reaction was carried out at -18°
in the absence of alcohol, the immonium salt (II) was ob-
tained; this resinified rapidly on warming up to room
temperature. If, however, the immonium salt was treated
with alcohol cooled to -20°, the hydrochloride (III) was
formed. Thus the reaction could be broken down into two
stages — (1) formation of the extremely unstable immonium
salt (II), and (2) alcoholysis of this salt to give the hydro-
chloride (III) and the ketal (IV).

Ν
+ η

(1) (ID

(VI)

C2H

C 2H 5i

(V) (HI) (IV)

From the hydrochloride (III) was isolated the base (V),
whose Raman spectrum contained the frequency of an iso-
lated C=C bond". Arylation of the base (V) with 1-chloro-
-2,4-dinitrobenzene gave the 2,4-dinitrophenyl deriva-
tive (VI) u s .

The action of 2,3-dimethylbutadiene and of cyclohexa-
diene on 1-chloro-l-nitrosocyclohexane in the presence of
alcohol gave the hydrochlorides of the corresponding bases,
from which the free bases (VII) and (VIII) were isolated m .

(VII) - ^ (VIII)

In 1950 Wichterle135 investigated several chemical
reactions of 3,6-dihydro-l, 2-oxazine (V). In 1951, he
showed128 that 1-phenylbutadiene and 2-chlorobutadiene
react in the presence of alcohol with 1-chloro-l-nitroso-
cyclohexane to form the hydrochlorides of two bases, from
which the bases themselves (Κα) and (EX6) were isolated.
Treatment of these bases with nitrous acid gave the
N-nitroso-derivatives (Χα) and (Kb), reduction of which
with zinc and acetic acid or with lithium tetrahydroalumin-
ate yielded respectively l-phenylbut-2-en-l-ol (ΧΙΠα) and
2-chlorobut-2-en-l-ol (ΧΙΠ6). He explained the mecha-
nism of these transformations by initial reduction of the
]V-nitroso-derivatives (Χα) and (X6) to hydrazine deriva-
tives (XIa) and (XIδ), which passed into the tautomeric
diimide derivatives (ΧΙΙα) and (XIIb), these compounds
evolving nitrogen to form the alcohols (ΧΙΠα) and (ΧΙΠδ).

NH
I -
Ο

R2

(IX)

(e)R» = H;

NNO

Y
R 2

(X)

\
NNH2

Ο

R1

R2

(XI)

R«/y
R 2

(XII)

N = N H _ N ,

CH3

OH

R2

(XIII)

2 = C e H 5 ;

415



Vol.33 No.8 RUSSIAN CHEMICAL REVIEWS August 1964

In 1963 Belleau136 observed that 1-chloro-l-nitroso-
cyclohexane reacts in the presence of alcohol with methyl
trans-trans-sorbate to form cis-3,5-dihydro-6-methoxy-
carbonyl-3-methyl-l,2-oxazinium chloride (XIV). The
structure and the configuration of (XIV) were established
by catalytic reduction to methyl erytaro-5-amino-2-hydr-
oxyhexanoate (XV), which on being heated to 100° gave the
lactam (XVI), reduced with lithium tetrahydroaluminate to
3-hydroxy-6-methylpiperidine (XVII). This last compound
was shown by its nuclear magnetic resonance spectrum to
have the trans configuration. Consequently the ester (XV)
had the erythro configuration, and the hydrochloride (XIV)
the cis structure.

(Xiv)

The hydrochloride (XIV) was used for the stereospecific
synthesis of two 5-amino-5,6-dideoxy-(±)-hexanose acids.

In 1957 Wichterle137'138 showed that a-methyl-a-nitroso-
propionitrile and 1-nitrosocyclohexyl cyanide react at
room temperature with butadiene and 2,3-dimethylbutadiene
to form the Diels-Alder adducts (XVDIa), (XVHI&), (XKa),
and (XK&). The structure of (XVnia) and (XKa) was
demonstrated by synthesis by Strecker's method from
3,6-dihydro-l,2-oxazine (V), a ketone (acetone or cyclo-
hexanone), and hydrogen cyanide.

CN

(a) R = H;

CH,

CH 3 .

(XVIII)

On condensing 1-nitrosocyclohexyl cyanide with 2-chloro-
butadiene, Wichterle obtained an adduct (XIX c) whose
structure was established by synthesis from 5-chloro-3,6-
dihydro-l,2-oxazine (DX6), cyclohexanone, and hydrogen
cyanide.

(XIX)

(a)R' = R2 = (c)R]

According to Wichterle's results, 2-methyl-2-nitroso-
propane does not react with 2,3-dimethylbutadiene. The
enhanced reactivity of g-ew-chloro- and ^ew-cyano-
-nitroso-compounds is explained by the electron-acceptor
properties of chlorine and the nitrile group, which dimi-
nished the electron density on the nitroso-group.

In 1963 Klamann a9 reported that aliphatic a-nitroso-
-ketones and α-nitroso-carboxylic esters, as also nitroso-
-alkanes containing aromatic substituents, react with
1,3-dienes to form 3,6-dihydro-l,2-oxazines (XX):

Trichloronitrosomethane reacts with 1,3-dienes in the
presence of alcohols to form 3,6-dihydro-l,2-oxazines and
orthocarbonic esters. Aliphatic ^em-nitro-nitroso-com-
pounds also react with 1,3 -diene s in the pre sence of alcohols,
forming 3,6-dihydro-2-nitroso-l,2-oxazines and ketals m .

4. Reaction of 1,3-Dienes with Nitrosyl Arenesulphinates

In 1961 Kresze H0 found that aromatic sulphinic acids
react with alkyl nitrites in inert solvents to form NN-di-
arenesulphonylhydroxylamines. He regarded the reaction
as occurring in two stages, with the intermediate formation
of nitrosyl arenesulphinate:

ArSO,H+RONO— [ArSO,NO] + ROH,

ArSOaH + [ArSO,NOJ -» (ArSO,), NOH.

To confirm this hypothesis, he carried out the reaction of
aromatic sulphinic acids with ethyl nitrite in the presence
of 1,3-dienes (butadiene, 2,3-dimethylbutadiene, 2-chloro-
butadiene), and obtained 2-arenesulphonyl-3,6-dihydro-
-1,2-oxazines:

NSO,Ar

IV. DIENE SYNTHESIS WITH N-SULPHINYLAMINES
AND jV-SULPHINYLAMIDES ^ ^

In 1953 Wichterle Ά1>*2 showed that N-sulphinylaniline
undergoes diene synthesis on being heated with butadiene
and 2,3-dimethylbutadiene, with the formation of 3,6-di-
hydro-l-oxo-2-phenyl-l,2-thiazines (Ie) and (16):

NC.H,

(a) R = H; (6) R = CH 3 .

Other aromatic ΛΓ-sulphinylamines have been subjected
to diene synthesis. Aliphatic iV-sulphinylamines do not
react with 1,3-dienes.

The structure of the adducts (Ια) and (16) was investi-
gated by acid hydrolysis, when the N-S bond underwent
hydrolytic cleavage, sulphur dioxide was split off, and
migration of the double bond occurred to give the amines
(Πα) and (lift). Wichterle showed that this change takes
place by a cyclic mechanism.

/ws = 0

( I )

(a) R = H;

+ H:O

= CH 3 .

C«H5NHCH, ..(4 CHsNHCH, Η

(II)

= H, CH 3 ; R' = COCH 3 , CO 2 C 2 H 5 , C e H 6 .

(XX) When the adducts (ΠΙ) were heated with alcoholic sodium
ethoxide or caustic potash, good yields of 1-arylpyrroles
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(IV) were obtained 143>144. The mechanism of this reaction
has not been elucidated.

v/'
(III)

Τ NAr

(IV)

R = H. CH 3 .

In 1962 Kataev145 obtained addition products formed by
N-sulphinylaniline with butadiene, isoprene, pentadiene,
cyelopentadiene, and l-/>-nitrophenylbutadiene. Examina-
tion of the infrared spectra of N-sulphinylaniline and of its
addition product with butadiene, as well as study of the
nuclear magnetic resonance spectrum of its addition product
with isoprene, confirmed the structures, established by
Wichterle by chemical means, of the adducts of 1,3-dienes
with N-sulphinylanilines.

In the reaction of JV-sulphinylaniline with cyclopenta-
diene a 1: 2 adduct (V) was obtained:

0
NC6H5

SO

Kataev investigated the structure of the addition products
formed with isoprene and pentadiene. The isoprene adduct
could have the formulae (Via) and (VIb), giving on acid
hydrolysis (Vila) and· (VIIb). The infrared spectrum of the
product showed the presence of a CH2: CH group and the
absence of CH2: C(CH3). Hence the adduct has the struc-
ture (Via).

H,C H.C

NC,H,

s'o

NHC.H»

(Via) (Vila) (VI6) (VII6)

With pentadiene the adduct could be (Villa) and (VIII6),
giving on acid hydrolysis the amines (IXa) and (1X6). The
infrared spectrum of the hydrolysis product showed the
presence of CH2: CH and trans -CH : CH groups. Hence
the Diels-Alder adduct is a mixture of the isomers (Villa)
and (VHI&).

CH,

I

4HC.H,

(IXa)

In 1963 CavaM6 discovered that JV-sulphinylaniline
reacts at elevated temperature with 1,3-diphenylisobenzo-
furan to form 1,2,3-triphenylisoindole (XII). He suggests
a mechanism involving initial formation of the Diels-Alder
adduct (X), which rearranges to the o-quinonoid δ-sultam
(XI), and the latter breaks down into 1,2,3-triphenyliso-
indole (XII) and sulphur dioxide:

C 6 H.

In 1962 Kirsanov and his coworkers M 7>1 4 8 found that
iV-sulphinylarenesulphonamides react at room temperature

with butadiene and 2,3-dimethylbutadiene to form 2-arene-
sulphonyl-3,6-dihydro-l-oxo-l,2-thiazines (ΧΙΠα) and
(ΧΙΠδ):

NSO,Ar
II

so

NSOsAr

(XIII)

iV-Sulphinylarenesulphonamides take part considerably
more readily in diene synthesis than do the structurally
similar N-sulphinylanilines. The explanation is that
replacement of the aryl group of the latter by the more
strongly electron-accepting arenesulphonyl group results
in a greater decrease in electron density on the sulphinyl
group.

Kresze i 4 9>1 5 0 obtained addition products from N-sulphinyl-
arenesulphonamides with butadiene, 2,3-dimethylbutadiene,
2-chlorobutadiene, cyclohexadiene, 2-chlorocyclohexa-
diene, l-/>-nitrophenylbutadiene, and ethyl sorbate.

Studies of the chemical properties of the adducts made
by Kresze and by Kirsanov showed them to differ in many
respects from the properties of 2-aryl-3,6-dihydro-l-oxo-
-1,2-thiazines. In both acid and alkaline hydrolysis of the
adducts (XIV) the ring underwent hydrolytic cleavage at the
N-S bond, sulphur dioxide was eliminated, and sulphon-
amides (XV) were formed with migration of the double
bond:

A I S O J N H C H .h ArSO2NH

+ HjO

(XIV)

* / \\\" «

(XV)

In no case could pyrrole derivatives be isolated from the
products of alkaline hydrolysis of the adducts.

In order to ascertain the order in which N-sulphinyl-
arenesulphonamides add on to unsymmetrical dienes,
Kresze M e investigated the structure of the addition pro-
ducts formed by N-sulphinyltoluene-/>-sulphonamide with
ethyl sorbate and with l-/>-nitrophenylbutadiene. The
adduct obtained with ethyl sorbate could have the structure
(XVIa) or (XVI6), which on hydrolysis would give an
Ν -toluene -/>-sulphonyl derivative of an unsaturated amino-
-acid (XVIIa) or (XVIIb), and this could be reduced to the
corresponding derivative (XVIIIa) or (ΧνΊΠδ) of amino-
hexanoic acid. Examination of the product showed it to
have the structure (XVIIIa), and hence the adduct was
(XVIa).

CH,

/ NSOAH,

CH,

J NHSOAH,

(XVIo)

COAH,

NSOAH,

CH,
(XVI6)

(XVIIa)

CO,H

NHSOAH,

(XVIIb)

COjH
(XVIIIa)

CO,H

NHSOAH,

\
CH,

(XVIIIb)
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l-/>-Nitrophenylbutadiene could give the adducts (XIXa)
and (XIXb), which on hydrolysis should form the sulphon-
amides (XXa) and (XX6). The infrared spectrum of the
hydrolysis product showed the absence of a CH2: CH group
and the presence of a trans -CH: CH group, while the
ultraviolet spectrum showed a />-nitrostyrene residue to
be present. Hence the adduct has the structure (XKa).

tSOAH, NHSOJCJH,

NO*
(XIXo)

Kresze considers that in both the cases investigated the
order of addition is determined mainly by the steric factor:
a bulky substituent present in position 1 in the diene is
oriented "meta" to the arenesulphonyl group in the adduct.

In 1962 Kirsanov151 observed that sulphur di-N-arene-
sulphonylimides react readily with butadiene and 2,3-di-
methylbutadiene to form 2-arenesulphonyl-l-arenesul-
phonylimino-3,6-dihydro-l,2-thiazines (XXIa) and (XXI6):

NSO,Ar

S=NSO,Ar

R / \ /

!SO,Ar

S=NSO,Ar

(XXI)

(o)R=H; (&)R=CH3.

In 1963 Wieczorkowski «2 reported that diethyl JV-sul-
phinylphosphoramidate reacts with butadiene to form
2-diethoxyphosphinyl-3,6-dihydro-l-oxo- 1,2-thiazine (XXII):

nMPOiOCH,),

>o

(XXII)

V. DIENE SYNTHESIS WITH CARBONYL AND THIO-
CARBONYL COMPOUNDS

In 1949 Gresham and Steadman "» showed that 2-methyl-
pentadiene reacts at 185° with paraformaldehyde to pro-
duce A3-dihydro-2,4-dimethylpyran (I). Catalytic reduc-
tion of the adduct gave tetrahydro-2,4-dimethylpyran (Π),
oxidation of which with chromic acid mixture yielded
3-methyl-5-oxohexanoic acid (ΙΠ) and methylsuccinic
acid (IV).

\ y
C H ,
II
ο

CH,

II
CH,

•>

(I)
CH,

(Π)

• "Ύ**

CH,

(III)

CO,H

(IV)

In 1959 Kubler ν**** treated 1-ethoxybutadiene with
paraformaldehyde at 180°, and obtained 2-ethoxy-A8-di-
hydropyran (V), which was converted by catalytic reduction
into 2-ethoxytetrahydropyran (VI) and by acid hydrolysis
into pentadienal (VII).

ο
,/

OC.H,

(V)
(VI)

Diene adducts were obtained also from paraformaldehyde
with 1-me thoxy butadiene, 1-2'-methoxyethoxy butadiene,
l-2'-ethylhexyloxybutadiene, 1-methoxyhexadiene, and
2-ethyl-1 -methoxybutadiene.

In 1954 Dale and Sisty ^ obtained the diene adduct (Vm)
by heating chloral with 2,3-dimethylbutadiene at 150°.
Catalytic reduction of the adduct gave a tetrahydropyran
derivative (IX).

(VIII) (IX)

Isoprene and pentadiene also reacted at 150° with chloral
to form diene adducts. Later these workers showed157

that chloroacetaldehyde reacted at 100° with 2,3-dimethyl-
butadiene to form the adduct (X), which was catalytically
reduced to the tetrahydropyran derivative (XI):

(X)

In 1957 Achmatowicz 1S^~1SO investigated the reaction of
carbonyl cyanide [mesoxalonitrile] with butadiene and
2,3-dimethylbutadiene. In both cases diene condensation
occurred even at room temperature to give the adducts
(ΧΠα) and (XIIb). The structure of (ΧΠα) was established
by alkaline hydrolysis to the dicarboxylic acid (ΧΙΠα),
which was readily decarboxylated to the monocarboxylic
acid (XlVa), catalytic hydrogenation of which gave the
known tetrahydropyran-2-carboxylic acid (XVa). In a
similar manner the acid (XVb) was obtained from the
adduct (ΧΠ6).

l
C(CN),

Ο

(XII) (XIII)

(o)R = H; (6)R=CH3.
(XIV) (XV)
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Achmatowicz established ^~m that diethyl mesoxalate
condenses with butadiene at 135° and with 2,3-dimethyl-
butadiene at 70° to give the adducts (XVIa) and (XVI6):

C(CO,CSH,)2
Υ C(CO,CSH,)2

(a)R = H; (6) R = CH3.
(XVI)

He also obtained adducts from diethyl mesoxalate with
isoprene, pentadiene, hexa-2,4-diene, cyclohexadiene, and
ethyl sorbate 16°.

In 1962 Arbuzov et al.1B1 showed that butadiene and
2,3-dimethylbutadiene react at 120-130° with ethyl glyoxy-
late, η-butyl glyoxylate, or their hemiacetals to form the
Diels-Alder adducts (XVHa) and (XVIIδ):

CHCO,R'

W R - H , R'=C 2 H 5 , n-C4H8; (b) R = CH3, R'=

- C O J R '

(XVII)

5, n-C4He.

Cyclohexadiene with η-butyl glyoxylate gave the adduct
(XVIH), which was reduced to the tetrahydropyran deriva-
tive (XIX):

endo-carbonyl bridge (Ilia) is probably formed initially,
and breaks down under the experimental conditions into
carbon monoxide and (IVa).

In 1952 Polaczkowa and Wolinskim showed that tetra-
cyclone (I) condenses at 230-280° with p-tolunitrile (116),
£-methoxybenzonitrile (lie), and />-bromobenzonitrile (Πα*)
to form the corresponding pentaarylpyridines (IVb-d).

In 1960 Jaworski165 established that tetracyclone (I)
reacts at 215° with 2-, 3-, and 4-cyanopyridines Qle-g)
with the formation of 3,4,5,6-tetraphenyl-2,2'(3' and 4')-
-bipyridyls (IVe-g).

Polaczkowa et al.166 condensed tetracyclone (I) with
benzoyl cyanide (II h) and with />-methoxy benzoyl cyanide
(IIi) at 235°, and obtained the tetraphenylpyridine deriva-
tives (LVh) and (IVi).

(I) (III) (IV)

R = (a) phenyl,
(6) p-tolyl,
(c) p-methoxyphenyl,
(d) p-bromopnenyl,
(β) pyrid-2-yl,

pyrid-3-yl,
) pyrid-4-yl.

(A) benzoyl,
(t) p-methoxybenzoyl.

CHCOjR

11

(XVI11) (XIX)

R=n-C 4 H 9 .

In 1961 Middleton etal. M 2 discovered that several thio-
carbonyl compounds readily undergo diene synthesis.
Hexafluorothioacetone reacts instantaneously with buta-
diene at -78° to give the theoretical yield of the adduct (XX).
Thiocarbonyl fluoride reacts rapidly at -20° with cyclo-
pentadiene to form the adduct (XXI).

Madronero Pel£ez m found that heating anisylcyclone (V)
with benzonitrile gives the pentaarylpyridine (VI) and
carbon monoxide:

C-R1

-Ο +Ν

R' = phenyl;

R» I
R l

(V)
2 = p-anisyl.

R»

+ CO

RV
R»

(VI)

(XX)
F

(XXI)

Trifluorothioacetyl fluoride reacts at room temperature
with anthracene, the adduct being (XXII):

(XXI!)

In 1960 Jaworski and Polaczkowa ω β reported that heating
the 5,5-dialkoxytetrachlorocyclopentadienes (Vila) and
(VII6) with benzoyl cyanide gives the 6-benzoyl-3,4,5-tri-
chloropyridine-1-carboxylic esters (Vine) and (VTII6)t:

COQiHs

(a)R = CH3; (i)R=C 2 H 5 .

VI. DIENE SYNTHESIS WITH NITRILES

1. Reaction of Aromatic Nitriles with Cyclones

In 1935 Dilthey ω 3 found that tetracyclone (I) reacts with
benzonitrile (ΙΙα) at 275-300° to form pentaphenylpyri-
dine (IVa). An unstable Diels-Alder adduct containing an

Jaworski1 7 0 '1 7 1 investigated the kinetics of the reaction
of tetracyclone with 2-cyanopyridine, o-chlorobenzonitrile,
and benzonitrile, and found it to be overall of the second
order.

t It has recently been found169 that the ketal (Vila) condenses
with dimethyl acetylenedicarboxylate to form trimethyl hemimel-
litate and methyl chloride.
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2. Reaction of Nitriles with 1,3-Dienes

In 1943 Alder172 reported that butadiene and 2,3-dimethyl-
butadiene undergo diene synthesis with cyanoformic esters
to give the 2,5-dihydropyridine derivatives (Ια) and (I&),
which under the experimental conditions are dehydrogenated
to the pyridine derivatives (Πα) and (lib):

(a)R = H; (6)R = CH3.

During 1947-1949 Janz WS-MB published a series of
papers in which he showed that cyanogen reacts in the
vapour phase at 400-600° with 1,3-dienes (butadiene, iso-
prene, 2-methylpentadiene, and 2-chlorobutadiene) with
the formation of 2-cyanopyridines. In this reaction un-
stable Diels-Alder adducts, 2-cyano-3,6-dihydropyri-
dines (ΙΠ), are probably formed initially, and break down
under the conditions of the experiment into hydrogen and
2-cyanopyridines (IV):

R1

R1\J\/CN

R,A/
(IV)

Condensation of cyanogen with butadiene at 480°, for
example, gave an 18% yield of 2-cyanopyridine (Va).178

2,2'-Bipyridyl, a condensation product of 2-cyanopyridine
with butadiene, was also isolated from the reaction mix-
ture. A kinetic investigation of the reaction between
cyanogen and butadiene showed it to be overall of the
second order, and of the first order with respect to each
of the reactants1 7 β.

Janz m found that butadiene reacts at 400-600° with
hydrogen cyanide, acetonitrile, and benzonitrile t ο form
respectively pyridine (V6), 2-methylpyridine (Vc), and
2-phenylpyridine (Vd). Marvel180 obtained 2-ethylpyri-
dine (V e) by the condensation of butadiene with propionitrile
at 600°.

(V)

(a)R = CN; (c)R = CH3; = C2H5; C2H3.

Janz and his coworkers 1Βί~1Ββ found that the condensation
of 1,3-dienes with nitriles is catalysed by metal oxides.
Reaction of butadiene with cyanogen, hydrogen cyanide,
acetonitrile, benzonitrile, propionitrile, and acrylonitrile
at 400° in the presence of chromic oxide or activated
aluminium oxide gave respectively the pyridines (Va-f).

Catalytic condensation of acetonitrile and benzonitrile with
isoprene, pentadiene, 2-methylpentadiene, and 2,3-di-
methylpentadiene at 400° in the presence of activated
aluminium oxide gave the corresponding pyridine deriva-
tives.

It was found in 1956 ω9»180 that trifluoroacetonitrile
reacts in the gas phase with 1,3-dienes to form 2-trifluoro-
methylpyridines (VI):

R1 R1 Π

κ,/γ
R 1

Condensation of trifluoroacetonitrile with butadiene, iso-
prene, and pentadiene at 400° gave high yields of 2-tri-
fluoromethylpyridine (VII), 4-methyl-2-trifluoromethyl-
pyridine (VIII), and 2-methyl-6-trifluoromethylpyridine (LX)
respectively.

H3C

(VII) (VIII)

CFa
CF3

Ν

Ν/

CH3

(IX)

Kinetic investigation of the reaction between butadiene and
trifluoroacetonitrile showed it to be overall of the second
order, and of the first order with respect to each reac-
tant 1 9 1.

The high reactivity of trifluoroacetonitrile in diene syn-
thesis is explained by the strong electrophilic properties of
the trifluoromethyl group, which results in a decrease in
the electron density on the nitrile group.

VII. DIENE SYNTHESIS WITH AZOMETHESfES

In 1943 Alder 172 reported that the anil of oxaloacetic
ester (Ια), a tautomer of anilinomaleic ester (16), enters
into diene synthesis with 1,3-dienes to give 1,2,3,6-tetra-
hydropyridine derivatives (Π):

R1

R\ J NC,H6 NHC.H,
γ ii _̂  ι

R»/>. CO2R COaR

(la) (16)

| 2RCOSR.

In 1964 Kresze ω 2 showed that the Ν -toluene -p-sul-
phonylimines of chloral and fluoral react in boiling benzene
with 1,3-dienes to form 1,4 adducts which are 1,2,3,6-tetra-
hydropyridine derivatives. High (93-96%) yields were ob-
tained of the addition products (ΙΠα) and (III 6) formed by
JV-trichloroethylidene- and JV-trifluoroethylidene-toluene-
-£-sulphonamides with 2,3-dimethylbutadiene, the addition
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product (IVa) of the former sulphonamide with cyclopenta-
diene, and the addition product (IVb) of the latter sulphon-
amide with cyclohexadiene.

H3C
HCR3

NSOjQH,
I

PR,

(HI)

(a)R

(IV)

= I, R = = F.

Examination of the infrared spectra of the addition pro-
ducts showed them to be 1,4 adducts. The addition product
(IVa) gave an adduct with phenyl azide.

The ability of the N-arenesulphonylimines of chloral
and fluoral to take part in diene synthesis is explained by
the strong electrophilic properties of arenesulphonyl and
trihalogenomethyl groups, which result in a decrease in
electron density on the azomethine group.

Vin. DIENE SYNTHESIS WITH IMIDOYL CHLORIDES

In 1958 Lora-Tamayo193'194 found that 1,3-dienes react
with alkanoamides or aldoximes in the presence of phos-
phoryl chloride to give 1,2-dihydropyridine derivatives.
Reaction was carried out either in nitrobenzene at 170-180c

or in benzene or toluene at 120-130°. It was suggested
that the amides or aldoximes were first converted by the
phosphoryl chloride into imidoyl chlorides:

RCONH., -£. RC(OH)(=NH)

POCl,

poci, RCCl (=NH),

RCH=NOH ' ' » RCH=NC1 -* RCCl (=NH).

The imidoyl chlorides then underwent diene synthesis with
the 1,3-dienes to form adducts (I), which decomposed under
the experimental conditions into hydrogen chloride and
1,2-dihydropyridines (II):

From 2-methylpentadiene with formamide and acetamide
were obtained mixtures respectively of the isomers (Va)
and (Via) and of (V6) and (VI6):

CH,

CH3

Cl

+ 4-

CH,

+ H.S

(V) (VII)

H > C \/\/ R HiC\/V/R

- Q- A (X
CH, CH,

(VI) (VIII)

(o)R=H; (6)R = CH3.

Heating the dihydropyridines (ΙΠα), (ΙΠδ), (Va), and (Via)
with sulphur yielded the pyridines (IVa), (IV6), (VHa),
and (Vnia).

IX. DIENE SYNTHESIS WITH QUATERNARY IMMONIUM
SALTS

In 1963 Bohme195 established that 2,3-dimethylbutadiene
reacts in dichloromethane with quaternary immonium salts
by a mechanism of diene synthesis to form quaternary
1,2,3,6-tetrahydropyridinium salts. Methylenediethyl-
ammonium chloride and bromide react with 2,3-dimethyl-
butadiene at room temperature to give the adducts (Ια)
and (16):

x-

II
C H ,

11

J
(I)

(Ο,Η,)3

(a)X = C

iST-Methylenepiperidinium bromide condenses with
2,3-dimethylbutadiene at 40° to form the adduct (II):

(H)

NH R»
NH

(I)

By this method the 1,2-dihydropyridine derivatives (ΙΠα-c)
were obtained from 2,3-dimethylbutadiene with formamide,
acetamide (or acetaldoxime), and benzamide (or benzald-
oxime):

H,CV

(a)R = H; (b) R = C H 3

Cl

CR

NH

(IH)

= C e H 5 .

HSC
(IV)
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V. Practical application of aminodeoxy-sugars and
aminodeoxy-sugar alcohols

I. INTRODUCTION

433

Aminodeoxy-sugars or glycosamines (I) [subsequently
abbreviated to AS in the Russian text; this nomenclature
has not been retained here (Ed. of Translation)] are carbo-
hydrates containing amino-groups in place of alcoholic
hydroxyl groups, and differ from N-glycosides (glycosyl-
amines) (Π), in the molecules of which the amino-group
takes the place of a hemiacetal hydroxyl. A characteristic
difference between aminodeoxy-sugars and N-glycosides
is generally the stability of the carbon-nitrogen bond in
the former and the lability of this bond in the latter 1" 3.
Aminodeoxy-sugars are sometimes called "amino-sugars",
but this term is not sufficiently unambiguous.

Compounds genetically related to the aminodeoxy-
- sugars are their reduction products — acyclic polyhydric
alcohols containing amino-groups — the aminodeoxy-sugar
alcohols t (ΙΠ). Finally, compounds similar to the amino-
deoxy-sugars and aminodeoxy-sugar alcohols are the
aminodeoxy-derivatives of cyclic alcohols, i. e. poly-
hydroxycyclohexanes, called inosamines 5>e (IV): "

(IV)
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For a long time only two aminodeoxy-sugars — both of
natural origin — were known: 2-amino-2-deoxy-D-glu-
cose (glucosamine, 1878) and 2-amino-2-deoxy-pD-galac-
tose (galactosamine, 1914), whose configuration was estab-
lished only in 1937-1939 7 and 1945 8 respectively.
Individual synthetic aminodeoxy-sugars and aminodeoxy-
- sugar alcohols were prepared by Fischer andcoworkers 9»10,
Freudenberg, Helferich, Ohle, and others. Particular
interest in aminodeoxy-sugars was aroused by the dis-
covery of 2-deoxy-2-(jV-methylamino)-L-glucose in the
products arising from the extensive degradation of the
antibiotic streptomycin11; later, other amino-sugars were
found in a number of antibiotics. Individual inosamines
were also found as components of antibiotics5. At the
same time increasing attention was drawn to the discovery
of aminodeoxy-sugars in biologically important polysac-
charides andproteins. In this connection a large number
of papers have been published in the last 15 years on the
improvement of old methods and the development of new
methods for the synthesis of aminodeoxy-sugars and amino-
deoxy-sugar alcohols and the study of their properties, and
also on the determination of the structure of a number of
aminodeoxy-sugars of natural origin.

The importance of aminodeoxy-sugars at the present
time is due to the fact that they are present in important
macromolecular substances which are found in living
organisms and in a number of cases exhibit biological acti-
vity; they also take part in the exchange of matter. They

t Aminodeoxy-sugar alcohols with an amino-group on a prim-
ary carbon atom are usually called glycamines1; it has been
suggested * that this term be used for aminodeoxy-sugar alcohols
in general.
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