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1. INTRODUCTION

In any practical application of diene synthesis — from
the preparation of the simplest cyclohexane derivatives to
the building up of complicated steriod systems — the
mutual orientation of diene and dienophile during the reac-
tion is of paramount significance. One of the most impor-
tant aspects of this question — structural directivity — is
shown in the condensation of unsymmetrical dienes and
dienophiles. As can be seen from the scheme below, two

pairs of structural isomers — ortho~\ and meta with 1-sub-
stituted dienes, and para and meta with 2-substituted
dienes — can theoretically be formed.

R R

+ C — - f j * + ii

+ f
Available experimental data show that in the first case
orifco-adducts predominate, and in the second para-adducts:
i.e. the reaction exhibits quite definite structural selec-
tivity.

The study of this dependence of orientation on structure
has passed through several stages. For about twenty
years after the reaction was discovered it was assumed
that diene synthesis takes place without structural ambi-
guity, only one of the two theoretically possible isomers
being formed in any particular case. During 1948-1949
it proved possible to isolate a second structural isomer
from among the reaction products obtained with
penta-1,3-diene and with isoprene; this result was later
extended to dienes having other types of substituents, such
as C6H5, Cl, CH3O, etc. Finally, much attention has
been paid recently to determining the way in which the pro-
portions of structural isomers depend on the structure of
the reactants and the reaction conditions.

Most of the experimental results on structural directi-
vity have accumulated during the past 8 — 10 years, and
have not been covered by reviews on diene synthesis1"4.
The present survey, which covers the literature up to the
beginning of 1961, represents an attempt to fill this gap.
In view of the very large number of diene condensations
which have been carried out between unsymmetrical
reactants, only work in which the structure of at least one
of the isomers has been proved is included in the review.

t The terms ortho, meta, and para are now generally accepted
for the structurally isomeric adducts of diene synthesis, although
strictly they are applicable only to benzene derivatives.
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2. 1-SUBSTITUTED DIENES

1-Substituted dienes can exist in the form of two geo-
metrical isomers, corresponding to the cis- and trans -
-positions of the substituent. Dienes having the substituent
in the cis -position are extremely difficult to condense even
with the most active dienophiles. Thus the cis-1 -substi-
tuted butadiene derivatives in which the substituent is the
methoxycarbonyl5'6, phenyl7'8, chloro9, and cyano10 group
hardly condense at all with maleic anhydride, while cis-
-penta-1,3 -diene reacts with it only under very severe
conditions11. All the condensations described in this
section therefore relate solely to the trans -isomers of the
dienes.

Formation of both ortho- and raefa-adducts is possible
in the condensation of trans-1 -substituted dienes with
unsymmetrical dienophiles. Each of them can in turn
exist in the form of two geometrical isomers with the
substituents in the cis- and trans -positions, which makes
direct separation of the reaction products considerably
more difficult.

.•X

TABLE 1. Condensation of 1-substituted dienes with unsymmetri-
cal dienophiles.

Ο,+ ά..
In this and subsequent sections the published data will

be discussed according to the types of substituents in the
diene.

The structure of the adducts from condensations of
1 -alkylbutadienes is usually determined by dehydrogenation
to the aromatic compounds, which are then converted to
known products by various methods (hydrolysis, oxidation,
etc.). The proportions of the structural isomers are
estimated by fractional crystallisation either of the adducts
themselves or of their dehydrogenation products, but this
method gives only a semi-quantitative idea of the composi-
tion of the mixture.

The early work had already shown that in a large num-
ber of cases the main product of the reaction is the ortho -
-isomer. This isomer was obtained in the condensation

of penta-1,3-diene with acrylic acid and its derivatives
(esters and the nitrite)1 2"1 7, citraconic anhydride18, and
acrolein 1 2 ' 1 6 ' 1 7 ' 1 9 ' 2 0. Condensations of the same diene with
acetylenic dienophille — propiolic acid2 1 '2 2 and aldehyde23,
ethynyl methyl ketone24 — also yielded the ortho-adducts.

The formation of a mixture of structural isomers was
established in 1940 in the condensation of penta-1,3-diene
with toluquinone25. Somewhat later it proved possible to
demonstrate the presence of the meta-isomer in a mixture
of adducts of the same diene with acrylonitrile26. The
meta -isomers were then isolated in the reaction of penta-
-1,3-diene with acrylic, methacrylic, and 2-isopropyl-
acrylic esters, and also with styrene and acrolein (see
Table 1).

Other 1 -alkylbutadienes studied were the isopropyl,
butyl, and t-butyl compounds, which have been condensed
with acrylic acid and esters of α-substituted acrylic
acids2 7"2 9. Both ortho- and meta -isomers were isolated
in all cases, and their relative proportions determined.

1-Phenylbutadiene forms ortho -adducts when condensed
with acrylic acid and its derivatives30"36, and also with

Diene
R

CH,=CHCH=CH

R

CH,
CH 3

CH,
CH3

CHS

CH3

CH3

CHS

CHS

CHa

iso-C3H,
iso-CsH,
iso-C3H,

n-C4H,
t-C 4H,
t-C 4 H,
t-C 4 H,

OCOCH3

OCOCH3

OCH3

C,H 6

C.H 6

C,H6

CO2H
CO2H

Dien

Ri

CHO
CHO
CN
CN
CO2CH3

CO2CH3

CO2CH3

CO2CH3

CO 2C aH 6

C,H6

CO2CH3

CO2CH3

CO2C2H6

CO2CH3

CO2CH3

CO2CH3

CO2CH3

CO2C2H6

citraconic

ophite

< :

R*

Η
Η
Η
Η
Η
Η

CH3

CH 3

iso-C3H7

Η
Η

CH 3

iso-C3H,
Η
Η
Η

CH3

anhydride
xyloqninone
xyloquinone

CO2CH3

CO,CH3

C e H 6

CO2H
C,H6

Η
CH 3

Η
Η
Η

Reaction
conditions,

t, °C/n

_

100/24
100/12
230/2
200/2
200/3
200/2
200/15
200/2
200/5
200/5
200/10
200/5
160/5
200/5
200/5
200/10
100/4
100/3
110/1
150/3
150/3
150/50
150/6
150/6

Yield of
adducts,

56
30
82
85
52
68
33
41
60
52
32
74
60
76
75
19
59
55
62
61
38
33
86
58

ortho/meta
ratio

6 : 1
8 : 1

7.3:1
10:1

5.2:1
6.8: 1

10.5: 1
5: 1

2.5:1
6 : 1
5: 1

3.1 : 1
2.4:1
5.1 : 1

3: 1
4.1 : 1
2.6: 1
0.9: 1
1.5: 1
1.5: 1
10 : 1
39: 1
13: 1

8.1:1
8.8: 1
5.7: 1

i

R
ef

57

58
26
59
59
28
59
28

28
59
28
28
28
28
27
28
28
28
47
48
48
40
40
40
56
56

propiolic35 and itaconic37 acids, citraconic anhydride37,
acrolein3 0"3 2 '3 8j and methyl vinyl ketone 36>39. The presence
of meta -isomers was demonstrated only in the condensation
of this diene with methyl aery late, methyl methacrylate,
and also styrene40.

Derivatives of 1-phenylbutadiene containing various sub-
stituents in the benzene ring have also been subjected to
diene synthesis. The reactions of l-/>-bromophenyl- and
l-/>-nitrophenyl-butadiene with acrylic acid, propiolic acid,
and acrolein yielded only the orffto-isomers41'42. Conden-
sation of 1 -o -nitrophenylbutadiene with acrylic acid and
acrolein also gave only one structural isomer, the ortho-
-orientation of the substituents in which was proved by con-
version of the compounds to phenanthridine43.

Condensation of 1-acetoxybutadiene with acrylic acid44

and with acrolein45 yields only the ortho -adducts, whose
structure was proved by conversion to 2-oxocyclohexane-
carboxylic acid, whereas its reaction with 5-hydroxy-l,4-
-naphthaquinone yields a mixture of the two structural iso-
mers 4 6 . The reactions of 1-acetoxybutadiene with citra-
conic anhydride 4 7 and xyloquinone 4 8 result in the formation
of a mixture of ortho- and meta -isomers in which there is
a slight preponderance of the former. The difference be-
tween acrylic acid and acrolein on the one hand and citra-
conic anhydride and xyloquinone on the other, revealed by
this work, can be explained by the fact that the methyl
group, being the only unsymmetrical feature in the latter
two dienophiles, has little influence on the relative propor-
tions of the structural isomers. Another factor is evidently
the comparatively weak orienting effect of the acetoxy-
-group in the diene. In this connection it is interesting
that the condensation of 1-methoxy- and 1-ethoxy-butadiene
with xyloquinone shows a far more marked structural
selectivity. In the former case only ~ 10% of the meta-
-adduct could be isolated, and in the latter the ortho -adduct
alone was obtained48.
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Investigation of the adducts of 1 -diethylaminobutadiene
is made quite difficult by their ready deamination even during
the diene condensation itself49. However, by carrying out
the reaction under mild conditions (in benzene solution at
room temperature), it proved possible to obtain adducts in
which the amino-group was preserved. Condensation of
1-diethylaminobutadiene with ethyl acrylate, acrylonitrile,
and acrolein under these conditions50 led to the formation
of the ortho -isomers, the structure of which was proved by
hydrogenation to known compounds.

Condensation of I -cyanobutadiene with methyl and ethyl
acrylates resulted in the isolation of the ortho -isomers
alone, which were converted to phthalic acid by dehydro-
genation with iV-bromosuccinimide followed by hydrolysis51.

The ortho -adducts were isolated in the condensation of
butadiene-1-carboxylic acid with acrylic acid52 and with
1-vinylnaphthalene53. The same isomer was obtained by
the interaction of butadiene-1-carbonyl chloride and acryloyl
chloride52. When, however, the reaction was carried out
between the anions of these acids (between salts of the
acids in aqueous solution), roughly equal amounts of ortho -
and meta-isomers were isolated54. This result was ex-
plained by repulsion between ions having like charges, and
also by a decrease in orienting power on passing from
COOH to COO". It has recently been shown that small
amounts of the meta -isomer are present also in the con-
densation of butadiene-1-carboxylic acid with acrylic acid
and with styrene5 5 '5 6.

---oOo---

Examination of published data on the condensation of
1 -substituted dienes with unsymmetrical dienophiles shows
that in all cases the ortho -isomers preponderate in the
resulting mixtures of adducts. This has been established
both with ethylenic and acetylenic dienophiles and with un-
symmetrical quinones. The preferential formation of the
ortho -isomers has been demonstrated for the following
substituents: in the diene — R (alkyl), C6H5, C6H4NO2,
C6H4Br, CN, COOH, OR, CH3COO, and N(C2H5)2; and in
the dienophile — COOH, COC1, CONH2, CHO, CN, COR,
and C6H5. Nevertheless, in some condensations it was
possible to isolate the meta -isomers from the mixture of
adducts, and to prove their structure (see Table 1).

The introduction of different substituents into the diene
and the dienophile influences the relative proportions of the
structural isomers in different ways. The more one iso-
mer preponderates in the mixture of adducts formed, the
greater the "orienting power" of the substituents is taken
to be. The data in Table 1 show that, with a phenyl sub-
stituent in the 1-position of the diene, the ortho -isomer is
formed almost exclusively, while on passing to carboxyl
and methyl the amount of this isomer in the mixture suc-
cessively decreases. Therefore these substituents can be
arranged in the sequence CeH. > COOH > CH3 according
to their orienting power. On condensation with xyloquinone
1 -acetoxybutadiene forms considerably less of the ortho -
-isomer than does 1-methoxybutadiene, so that CH3O >
> CH3COO in orienting power.

These sequences in order of orienting power, derived
purely empirically, are determined by a complex inter-
action between electronic and steric effects of the substi-
tuents in the diene and the dienophile, and it is in general
extremely difficult to separate these effects. However,

TABLE 2. Ratio of orth ο -to raeia-isomers in conden-
sations of 1-alkylbutadiences (at 200°)29.

Diene

CH,

CH=CHCH=CH2

CH (CH,),

CH=CHCH=CH,
C.H,

ICH=CH—CH=CH,
C (CH,),

CH=CHCH=CH,

Dienophile

Η

CHi=CCOOCH,

6.8: 1

5.0 : I

5.1 : 1

4 . 1 : 1

CH,

CH,=CCOOCH,

4.9: 1

3:1 : 1

_

2. 6 : 1

CH (CH,),
1

CH,=CCOOC,H.

2 . 5 : 1

2.4: 1

0 .9 : 1

the role of the steric factor can be quite clearly demon-
strated by comparing the condensation of dienes and dieno-
philes containing alkyl substituents which differ greatly in
bulk. The data in-Table 2 show that, in condensations of
1 -alkylbutadienes with esters of substituted acrylic acids,
the change from methyl to t-butyl in the diene and from
hydrogen to isopropyl in the dienophile results in an in-
creased content of the meta -isomer in the mixture of
adducts. This phenomenon must be explained by steric
effects, since increase in the steric repulsion of the sub-
stituents with increase in their volume should yield a higher
proportion of the meta -isomers, whose formation takes
place in this case via sterically less hindered transition
complexes60»61.

Comparison of the condensation of penta-1,3-diene with
acrolein and methyl acrylate (Table 1) at different tem-
peratures suggests that structural directivity is influenced
by the temperature of the reaction. This hypothesis has
recently been verified with the latter dienophile28. The
ratio of ortho- to meta -isomer was found to be 18 :1 when
reaction took place at 20°, 6.8 :1 at 200°, and only 3.7 : 1
at 400°. Thus the proportion of the meta -isomer in the
mixture of adducts increases as the temperature of the re-
action rises. If we neglect the difference in steric effects
in the formation of the structural isomers, this tempera-
ture dependence of orientation could be explained by the
activation energy in the formation of the ortho -isomer
being in this case 1.5 kcal mole"1 lower than with the meta-
-isomer61.

3. 2-SUBSTITUTED DIENES

As stated in the Introduction, condensation of 2-substi-
tuted dienes with unsymmetrical dienophiles can result in
para- and mefa-adducts. Up to the present time, struc-
tural directivity has been investigated in more than a
hundred examples of such condensations, although in most
cases it has proved possible to isolate and characterise
only the para -adduct.

Diene condensations involving isoprene have been studied
especially thoroughly owing to its ready availability. The
para -isomer has been isolated from the reaction products
and its structure proved in condensations with acrylic acid
and its derivatives13'62"65, and also acrolein1 9 '6 2 '6 3, 2-ethyl-
acrolein66, and chloromethyl vinyl ketone67. The para-
-adduct alone was obtained in the condensation of isoprene
with ethylenesulphonyl chloride68, 2-vinylpyridine69, and
/>-nitrophenylmaleic anhydride70. Acetylenic dienophiles
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react similarly to the ethylenic compounds with isoprene:
thus para -adducts are formed by propiolic acid and its
derivatives22'65, propynal23, and ethynyl methyl ketone24.

Nevertheless, in several cases it has proved possible
to observe meta-isomers among the adducts, sometimes
in considerable quantities. Thus isoprene forms ~20% of
the meta-isomer with acrylonitrile71 and methyl acrylate62,
and up to 40% with ethyl methacrylate72. Mixtures of the
two isomers were also obtained in the condensation of iso-
prene with acrolein57, esters of 2-substituted acrylic
acids5 9 '7 3, styrene69, 1-naphthylmaleic anhydride74, and
2 -methoxy-5-methylbenzoquinone14.

Structural directivity has been studied in the condensa-
tions of other 2-alkylbutadienes, namely the ethyl, propyl,
isopropyl, and t-butyl compounds. Their condensation with
acrylic acid27, esters of 2-substituted acrylic acids75, and
also phenylmaleic76 and naphthylmaleic74 anhydrides re-
sulted in the formation of mixtures of the two structural
isomers (see Table 3); with p-nitrophenylmaleic anhydr-
ide7 0, however, only the para -adducts could be isolated.
The condensation of myrcene with acrylic acid and its
nitrile 7 7" 7 9 and also with acrolein and methacrolein78 led
to the formation of mixtures of adducts having the same
ratio, 4 : 1 , of para- to meta-isomers; but condensation
with vinyl acetate8 0 gave only the para-adduct.

2-Phenylbutadiene yielded only para -adducts in most
of its diene condensations. The para -structure has
been proved for adducts of this diene with acrylic acid81,
methyl acrylate82, acrolein8 1 '8 2, styrene5 5 '8 1, and phenyl-
acetylene82. Nevertheless, it has proved possible to iso-
late up to 20% of the raeia-isomer from the mixtures of
adducts formed by 2-phenylbutadiene with dienophiles of
the type of acrylic acid (see Table 3) 5 5 ' 8 2 .

Exclusive formation of the para -isomers has been noted
in the condensation of 2 -p -methoxyphenylbutadiene with
acrylic acid, methyl methacrylate, and methyl vinyl
ketone8 3 '8 4.

Proof of the structure of the adducts formed by 2-halo-
genobutadienes with unsymmetrical dienophiles was based
either on their dehydrogenation to known halogenated aro-
matic compounds85'86 or on their hydrolysis with concen-
trated sulphuric acid to the corresponding ketones4 0 '8 7:

H3O+

The formation of para -adducts has been demonstrated in
the condensation of chloroprene with acrylic acid and vari-
ous of its derivatives85'86'88, ethyl ethylenesulphonate89,
acrolein90, and 2-methylpropenyl vinyl ketone87. Among
acetylenic dienophiles which form para -adducts with chloro-
prene are propynal91, ethynyl methyl ketone90, and pro-
piolic acid22 and its nitrile6 5. Only the para -adduct (I)
could be isolated after condensation of chloroprene with
2,5-dichlorobenzoquinone, its dehydrogenation yielding
2,7-dichloronaphthaquinone 9 2:

( I )

for the condensate of fluoroprene with ethynyl methyl
ketone93. The weia-isomers could be isolated only from
the condensation of chloroprene with acrylic acid and with
styrene5 5 '9 4.

2-Methoxybutadiene and 2-ethoxybutadiene form adducts
which are readily hydrolysable ethers of enols, and there-
fore the usual method for determining their structure is to
hydrolyse them to known substituted cyclohexanones.

In general only para -adducts could be isolated from
condensations of 2-alkoxybutadienes with acetylenic and
ethylenic dienophiles, for example with esters of acrylic
acid and its homologues83'86'95'96, acrylonitrile97, dimethyl
mesaconate98, and citraconic anhydride98. Reactions with
carbonyl compounds — acrolein9 9 '1 0 0, propynal91, and
methyl vinyl101, ethynyl methyl102, and 2-methylpropenyl
vinyl87 ketonest — also resulted in the para-adducts.
The meta -isomers could be isolated only from the conden-
sation of 2 -alkoxybutadienes with acrylic acid, styrene5 5 '9 4

and a few cycloalkenones103'104. There are indications
that 2-alkoxybutadienes form mixtures of structural iso-
mers also with toluquinone, thymoquinone105, and
5-methoxy-l,4-naphthaquinone108. An interesting con-
densation is that of the monoadduct (Π) of 2-ethoxybuta-
diene and benzoquinone with a second molecule of the
diene, which yields a mixture of the isomers (ΙΠ) and (IV)
in the ratio 7 : 1 . 1 0 7 Thus even an unsymmetrical feature
which is remote from the reactive centres and is not con-
jugated with them can have a strong influence on the diene
synthesis orientation:

(IV)

Structural orientation in the reactions of 2-cyanobuta-
diene with methyl vinyl ketone and with acrylonitrile was
studied108. In both cases the para-isomer alone was ob-
tained, its structure being proved by conversion to tere -
phthalic acid.

From the above survey of the literature it is evident
that structural directivity in the condensation of 2-substi-
tuted dienes with unsymmetrical dienophiles has been
studied with a great variety of substituents in the reactant
molecules. Thus the dienes contained the substituents
R (alkyls), C6H5, CH3OCeH4, F, Cl, Br, OR, HCOO, and
CN; and the dienophiles COOH, COC1, CONH2, COR,
CHO, CN, SO2C1, CH3COO, C6H5, 1-naphthyl, and 2-pyri-
dyl. In all these condensations the main reaction product
proved to be the para -isomer. In several cases, how-
ever, the presence among the adducts of a certain amount
of the meta -isomer could be established, and its structure
proved (see Table 3).

It follows from Table 3 that the presence of the meta-
-isomer has been proved with almost all types of substi-
tuents in the diene. For the condensation of 2-substituted
dienes with acrylic acid, we can arrange the substituents in
the diene in the following sequence according to orienting

The para -orientation of the substituents has been proved
also for the adducts of other 2-halogenated butadienes —
bromoprene and fluoroprene — with propynal91, and also

% The para -adduct alone was isolated from the condensation of
2-formyloxybutadiene with this dienophile87.
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TABLE 3. Condensations of 2-substituted dienes with unsymmetri-
cal dienophiles.

TABLE 4. Ratio of para-to meta-isomers in conden-
sations of 2-alkylbutadienes (at 200°)29.

Diene

CH,=CRCH=CH,

R

CH 3

CH 3

CH 3

CH 3

CH 3

CH 3

CH 3

CH 3

CH 3

CH 3

CH 3

CH 3

CH 3

CH 3

CH 3

CH 3

CH3

CH 3

C 2 H 6

n-C3H,
n - Q H ,

iso-C3H7

iso-C3H,
iso-C3H,
iso-C3H,

t-C 4H,
t-C 4 H,
t-C 4 H,

iso-C e H n **
iso-C e Hn
i s o - C e H n

C,H U

C ! H 6

6

C,H5

CeHj
Cl
Cl
CH 3

CH3O

Cienophile

C H .

Ri

CHO
CHO

COCH3

COCH3

CN
CO2H

CO2CH3

CO 2CH 3

CO2CH3

CO 2CH 3

CO 2CH 3

CO2CjH6

CO 2C 2H 5

CO2CjH6

C,H6

C,H6

NO 2

R«

Η
Η
Η
Η
Η
Η
Η
Η
Η

CH 3

CH 3

CH 3

C^Hj
1S0-C3H7

Η
Η
Η

phenylmaleic
anhydride

phenylmaleic
anhydride

CO2CH3

CO2CH3

CO2CH3

CO,jCH3

CO2C2HS

Η
CH,

Η
CH 3

iso-C3H,
phenylmaleic

anhydride
CO2H
COjCH,
CO2CH3

CO2H
CHO
CHO
CN

CO2H
COH2

CN
CO2CH3

CO,CH3

CO2H
C.H6

CO2H
C 6 H 5

Η
Η

CH 3

Η
Η

CH 3

Η
Η
Η
Η
Η

CH,
Η
Η
Η
Η

Reaction
conditions,

t, °CAi

200/2
130/3
200/5
200/2
200/2
130/3
100/10
200/2
220/2
200/2
200/12
200/60
200/15
160/24
200/10
150/5

80

80

200/2
200/2
200/5
200/5
200/10

80

150/10
200/5
200/5

110/4
160/6
135/18
140

80
80/12

150/5
150/5
150/5
150/12
150/10
150/10

Yield of

adducts,

88
62
81
89
80
73
70
84
70
66
95
61
43
20
31
47
74

61

81
65
65
43
31
59

45
47
36
—
72
73
90
77
20
33
73
51

85
20
72
59

para/me ta
ratio

5.8:1
1.8:1

*
2.3:1
2.2:1
1.9:1
4.7: 1
7.3:1

2: 1
9 : 1

2.5:1
1.4:1

*
4.2:1

*
3.5:1
3.7:1
12.4:1

6 : 1

2.4:1
3.4:1

3 : 1
7.3:1
14:1

8.6: 1

•
3.5:1

10:1
4 : 1
4 : 1
4 : 1
4 : 1

2.5:1
7: 1
4 : 1

4.5:1
14:1

9.3: 1
14:1

8 : 1
12:1

er
en

ce
!

R
ef

57
73
62

109
73
73
62
59
73
59
73
72
66
73
69

109
109
76

76

75
75
75
75
75
76

27
75
75
77
78
78
78
82
82
82
40
40
94
94
94
94

* Traces of the meia-isomer.
** CH2CH2CH=C(CH3)2

power: Cl > CH3O > C6H5 > CH3. Comparison of the
condensation at 200° of isoprene with dienophiles of the type
CH2: CHX enables us to arrange the substituents according
to their orienting power when present in the dienophile
NO2 > C6H5 > COOH, CH3COO, CH3CO, CN, CHO.

Comparison of Tables 1 and 3 reveals a more marked
structural selectivity in the condensations of 1-substituted
than in those of 2-substituted dienes. Thus a given substi-
tuent exerts a greater orienting power in the 1 - than in the
2-position.

In condensations of 2 -alkylbutadienes with unsy mmetrical
dienophiles, formation of the transition complex corres-
ponding to the meta-a.dd.uct is sterically the more diffi-
cult6 0 '6 1. If the steric factor is important, the amount of
meta-isomer in the mixture of adducts should diminish
with increasing bulk of the substituents in the dienophile
and in the 2-position of the diene. This argument is fully
supported by the data in Table 4, relating to the condensa-
tion of 2-alkylbutadienes with esters of 2-substituted
acrylic acids.

According to modern views, diene synthesis takes place
via a cyclic transition state which is stereochemically
similar to the adduct, the diene and dienophile molecules
arranging themselves in parallel planes1 1 0"1 2 0. On the

Diene

CH,

CH,=C—CH=CH,
C,H,

CH,-C-CH=CH,
CH (CH,),

CH,=C—CH=CH,
C (CHa),

CH,=C—CH=CH,

Dienophile

Η

CH,=C—COOCH,

2:1

2.4:1

3: 1

3.5:1

CH,

CH,=CCOOCH,

2.5:1

3.4:1

7.3: 1

10: 1

CH (CH,),

CHt=CCOOC,H,

4 . 2 : 1

1 4 : 1

2 0 : 1

basis of this model of the transition state, rough estimates
were made of the steric hindrance in diene synthesis as
measured by the linear overlap of the van der Waals radii
of the substituents in the diene and in the dienophile61. The
results are compared in the diagram with experimental
data on the relative proportions of the structural isomers
(Tables 2 and 4).

The diagram shows very good agreement between the
increase in steric hindrance to the formation of a struc-
tural isomer and the diminution in its content in the mix-
ture of adducts. Thus steric effects are of great impor-
tance in diene condensations involving alkylbutadienes.
Nevertheless, it must be noted that, in condensations of
1-alkylbutadienes with unsymmetrical dienophiles, the
ortho -isomers predominate in the adduct mixtures, and
steric hindrance must be overcome in their formation.
Therefore the steric factor, in spite of the important part
which it plays, cannot be regarded as paramount for struc -
tural directivity in diene synthesis.

Condensations of isoprene and of 2-isopropyl-, 2-t-
-butyl-, and 2-phenyl-butadiene40>ei>73 have been used as
examples in studying the temperature dependence of struc -
tural directivity in the reactions of 2-substituted dienes.

Η' Η
t-CH s t-C*H, t-C4H9

Η CM, iso-CjH,

Fig. A: 1) % of ortho -isomer in mixture
of adducts; 2) steric hindrance to the
formation of the ortho -isomer.
Fig. B: 1) % of meta-isomer in mixture
of adducts; 2) steric hindrance to the
formation of the mefa-isomer.
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In all cases the amount of the meta-isomer was found to
increase with rise in temperature: i.e. the composition of
the adduct mixtures tended to even out, as with the 1-sub-
stituted dienes. Thus the following values were obtained
for the para : meta ratio in the condensation of isoprene
with methyl acrylate: 5.4 :1 at 20°, 2.0 :1 at 200°, and
1.4 :1 at 400°.73 This variation in composition of the
adduct mixture with temperature can be explained (as with
the condensations of penta-l,3-diene) by assuming that
the activation energy of formation is about 1 kcal mole"1

smaller for the para- than for the meta-isomer61.

4. DISUBSTITUTED DIENES

Disubstituted dienes exist as five structural isomers,
the arrangement of the substituents in which influences the
structural orientation of diene synthesis in different ways.

1,1 (gem)

Unfortunately, it is impossible to assess exactly the effect
of geminal substitution on structural orientation, since
1,1-disubstituted dienes undergo diene synthesis only after
preliminary isomerisation into the 1,3-disubstituted dienes.
Thus 1,1-dimethylbutadiene reacts with dienophiles only
after isomerisation into 1,3-dimethylbutadiene, and
2,5-dimethylhexa-2,4-diene only after conversion to the
corresponding 1,3-diene121"123.

With 1,3-disubstituted dienes each substituent may be
expected to enhance the effect of the other, not to compete
with it, since the substituent in the 1 -position of the diene
is ortho-directing, while that in the 2-position is para-
-directing. In fact, 1,3-dimethylbutadiene12»17 and
l-methyl-3-isohexenylbutadiene124"127 form only adducts of
type (V) with acrylic acid and its derivatives:

(VI)

The same applies to the reactions of acrylic acid with
l-methyl-3-phenyl- and 3-methyl-l-phenyl-butadienes128.
It is only quite recently that it has proved possible to iso-
late ~ 5% of isomer (VI) in the condensation of 1,3-dimethyl-
butadiene with methyl acrylate, methyl methacrylate, and
acrylonitrile129.

The study of structural orientation in the condensations
of other types of disubstituted butadienes is of the greatest
interest. The reactions of 1,4-disubstituted dienes with
unsymmetrical dienophiles enable us to compare the orien-
ting power of different substituents in the 1 -position of the
diene. Condensations of 2,3-disubstituted dienes make it
possible to assess the orienting power of substituents in
the 2-position. Finally, condensations of 1,2-disubsti-
tuted dienes permit comparison of the orienting power of
substituents in the 1- and 2-positions of the diene.

Of course, when different substituents are present in
the 1- and 4-positions of a diene, the adduct which is

formed preferentially will be that in which the dienophile
substituent is ortho to the most strongly orienting substi-
tuent in the diene §.

Condensation of 1-methyl-4-phenylbutadiene with acrylic
acid1 3 5 yielded adducts (VII) and (VIE) (R = CH3) in the
ratio 9 : 1 , whereas reaction of 4-phenylbutadiene-1-car -
boxy lie acid with acrylic acid135 gave only adduct (VII)
(R = COOH). Thus the phenyl group in the 1-position has
a far stronger orienting effect than have methyl and car-
boxyl.

COOH

(VII) (VIII)

The orienting power of the methyl and carboxyl substi-
tuents can be compared by studying the diene condensations
of sorbic acid:

:OOH

+ ί

(X)

Reaction of the chlorides and ethyl esters of sorbic and
acrylic acids1 3 6,1 3 7 yielded only the ortho -methyl isomer
(X), whereas condensation with phenyl vinyl ketone resulted
in the ortho-carboxy-isomer (IX)138. Alder et al.135, who
have studied this question most thoroughly, have shown
that condensation of sorbic and acrylic acids produces a
mixture of structural isomers with a slight preponderance
of adduct (X). On the other hand, condensation with sub-
stituted styrenes139, 1-vinylnaphthalene53, indene140,
1,2-dihydronaphthalene140, and 1,2-dihydrο-7-methoxynaph-
thalene141 gave only adducts of type (IX) with ortho -orien-
tation to the carboxyl. Reaction of methyl sorbate with
styrene123 yields a mixture of the two structural isomers,
also with adduct (IX) preponderant.

Thus adduct (X) predominates in the condensation of
sorbic acid with acrylic acid, but adduct (IX) in its conden-
sation with styrene. It is evident that methyl and carboxyl
substituents in the diene are very similar in orienting
power, and the nature of the substituent in the dienophile,
which is in general less important, can substantially change
the pattern of structural directivity.

Diene condensations of 2,3-disubstituted dienes have
been little studied. Reaction of 2-methyl-3-phenylbuta-
diene with acrylic and propiolic acids1 4 2 gave a mixture of
adducts with a slight preponderance of isomer (XI), in
which phenyl exerts the main directing influence:

.XT
(Χ 11)(XI)

§ The data cited here relate solely to the trans-trans -isomers
of 1,4-disubstituted dienes, since cis-cis-isomers of these dienes
do not react at all by the mechanism of diene synthesis, while cis-
-trans-isomera either do not undergo reaction or else react with
great difficulty],130-134
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Condensation of 2-chloro-3-methylbutadiene with acrylic
acid1 4 2 yielded almost exclusively adduct (ΧΙΠ), in which
the chlorine has determined the orientation. An analogous
situation was observed in the reaction of this diene with
dichloroindenone, which resulted in adduct (XIV)143. Thus
chlorine exerts a far stronger orienting effect than does the
methyl group:

(xiii) (XIV)

In 1,2-disubstituted dienes preferential orientation with
respect to the substituent in the 1-position should lead to
formation of adduct (XV), whereas the substituent in the
2-position will tend to favour formation of adduct (XVI).
If the substituents Rx and Rg are identical, the latter, which
is more remote from the reaction centre, has less influence
on the orientation of the dienophile, as was to be expected.
Thus condensation of 1,2-dimethylbutadiene with acrylo-
nitrile and with methyl methacrylate59 gives a (XV): (XVI)
ratio of about 6 :1, whereas condensation of 1,2-diphenyl-
butadiene with acrylic acid144 yields solely the isomer (XV).

(XV) (XV!)

1,2-Disubstituted dienes include also the vinylcyclo-
alkenes in which the substituents Rx and R2 form part of
a ring system. Only adducts of type (XV) could be iso-
lated in most of the condensations which have been carried
out with vinylcyclohexene145"147, as well as in the dimeri-
sation of styrene148. Condensation of the bicyclic dienes
(XVII)-(XX) and of 1-vinylnaphthalene with citraconic an-
hydride and various cyclic ketones has been studied sv4 9"1 5 4

in connection with the synthesis of polycyclic compounds
related to the steroids, and here too only isomers of type
(XV) were obtained. It was only in the condensation of
vinylcyclohexene with acrylonitrile59, propiolic acid155,
citraconic anhydride156, and dimethyl mesaconate157 that
the (XVI)isomer could be isolated (5-15%) and its struc-
ture determined. Thus in cyclic dienes too a substituent
in the 2-position of a diene system has a weaker orienting
effect than a substituent in the 1-position.

(XVIII) (XIX) (XX)

Two possibilities arise if the substituents in positions 1
and 2 are different.

1. The substituent in position 1 is more strongly orienting
than the substituent in position 2. In this case the struc-
tural directivity will be governed by the substituent in the
1 -position, which should lead to exclusive formation of
adducts of type (XV). In fact such adducts were alone ob-
tained in the condensation with acrylic and propiolic acids
of 1-phenylbutadienes substituted in the 2-position by
methyl, ethyl, and methoxycarbonyl groups respectively144.

2. The substituent in position 1 of the diene has a weaker
orienting power than the substituent in position 2. In this
case competition from the 2-substituent is quite strong, so
that the reaction yields a mixture of the two isomers.

Thus in the condensation of l-methyl-2-phenylbutadiene
with acrylic acid144 the ratio of (XV) to (XVI) is 4 : 1 , and
in the reaction of 2-chloro-l-ethyl( and methyl )butadienes
with propiolic acid1 5 8 the ratio is 3 : 1 . A mixture of
structural isomers, in which adducts of type (XV) usually
slightly preponderate, is formed also in the condensation
of 6-methoxy-l-vinyloctalin with citraconic anhydride and
various cycloalkenones159"165. Condensation of 2-ethoxy-
-1-methylbutadiene with compound (XXI)1f gives only
adduct (XXQ), in which the methoxycarbonyl is para to
the ethoxy-group1ββ. It is evident that, even in the 2-posi-
tion, the ethoxy-group exerts a stronger orienting effect
than the methyl group in the 1-position:

C j H

CH3OOC

(XXD

CH3O

(XXII)

Collation of the data for the condensation of 1,4-, 2,3-,
and 1,2-disubstituted dienes enables us to derive the fol-
lowing sequence of substituents based on their orienting
power when present in the diene: Cl, RO, C6H5 > COOH >
> CH3. Comparison with the data in Sections 2 and 3
makes it obvious that the sequence of substituents accord-
ing to their orienting power in the diene is roughly the
same for mono- and di-substituted dienes.

5. TRISUBSTITUTED DIENES

Three substituents in a diene molecule can be arranged
in five different ways, resulting in the existence of five
structural isomers:

1.2,3 1,2,4 1,1.2 1,1,3 1 , 1 , 4

Data on the structural directivity of diene synthesis with
disubstituted dienes can serve as a basis for explaining the
structure of adducts obtained in the condensation of more
highly substituted dienes. An example is provided by the
condensation of 1^,3-trisubstituted dienes, in which two
adducts, (ΧΧΙΠ) and (XXIV), can be formed, with the di-
enophile substituent oriented ortho to positions 1 or 4 of
the diene system:

^
I T +

(XXHi) (XXIV)

The substituent from the dienophile will be directed to
the 1-position (isomer ΧΧΙΠ) by substituents Rx and Rg,
and to the 4-position (isomer XXTV) only by substituent RJJ.
Since substituents in a diene system are considerably less
strongly orienting when in positions 2 and 3 than in 1 and
4, almost exclusive formation of the (ΧΧΠΙ) isomer can be
expected in condensations of 1,2,3-trisubstituted dienes.

f A mixture of the two structural isomers is obtained also in
the condensation of this diene with toluquinone16T.
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This conclusion has been confirmed in a study of the con-
densation of 1,2,3-trimethylbutadiene with acrylonitrile
and with crotonaldehyde: in neither case did the content of
the (XXIV) isomer exceed 5-7% of the mixture of adducts168.
An analogous pattern should obviously be observed in con-
densations involving cyclic dienes having this type of sub-
stitution. The reactions of 1-isopropenylcyclohexene with
citraconic anhydride169 and of 1-a-acetoxyvinylcyclo-
hexene with derivatives of acrylic acid, with citraconic
anhydride, and with 2,6-xyloquinone170"176 did actually re-
sult exclusively in (XXIII) adducts with "contiguous" sub-
stituents. Dimerisation of atropic acid177 and its nitrile1 7 8

also yields adducts of type (ΧΧΙΠ).

In the reactions of 1,2,4-trisubstituted dienes the dieno-
phile substituent is directed to the 4-position of the diene
system (adduct XXV) by substituents Rj and R3, and to the
1-position (adduct XXVI) only by Rx. Hence preferential
formation of the first isomer is to be expected, as has been
confirmed in a study of the condensation of alloocimene179

and of 1 -β -acetoxyvinylcyclohexene 180>181 with acrylic acid
and its derivatives:

(XXV)

1,1,2-Trisubstituted dienes undergo only partial diene
synthesis without isomerisation into 2-substituted and
1,2,3-trisubstituted168»182 dienes. The simplest represen-
tative of this group — 1,1,2-trimethylbutadiene — forms
adducts of type (XXVII) in diene condensations with unsym-
metrical dienophiles121»123'168. Similar structural direc-
tivity was shown in the condensation of 2-isopropyl-l,l-
-dimethylbutadiene with acrylonitrile182. In several papers,
however, adducts of 1,1,2-trimethylbutadiene with croton-
aldehyde and but-2-ynal have been assigned structure
(XXVin)183"188:

R2 R>

(XX VII) (XXVIII)

1,1,3 -Trisubstituted dienes have been studied only in
the case of the diene condensations of 1,1,3-trimethyl-
butadiene, which undergoes diene synthesis without iso-
merisation, since migration of the double bonds along the
carbon skeleton does not change the substitution pattern1 2 3.
All three substituents in dienes of this type orient the
dienophile in the same direction, and therefore almost
exclusive formation of adducts of type (XXIX) is to be
expected from their condensations.

H3C
(XXIX) (XXX)

And indeed 1,1,3-trimethylbutadiene does form adducts of
type (XXIX) with acrolein189»190, crotonaldehyde191, but-2-
-ynal192, hept-2-ynal192, acrylic acid12, and propiolic193

and methylenemalonic194 esters. Adduct (XXX) could be
isolated only from the condensation of this diene with
acrylonitrile195, and then in amount not exceeding 3-5%
of the adduct mixture.

The structural directivity in the condensation of
1,1,4-trisubstituted dienes has not been investigated, al-
though it has been shown that 1,1,4-trimethylbutadiene can
undergo partial diene synthesis without isomerisation122.

6. DISUBSTITUTED DIENOPHILES

Only a very small number of 1,1-disubstituted dieno-
philes have been studied!. Thus condensation of diethyl
methylenemalonate with isoprene194, 2-phenylbutadiene196,
and penta-1,3-diene16»194 produces only the (XXXI) isomer
(where X = C2H5COO). The same isomer (X = CN) is
formed also in the reaction of 2 -phenylbutadiene with the
corresponding dinitrile (vinylidene dicyanide)197. Thus
the reactions of 1,1-disubstituted dienophiles are quite
analogous to those of monosubstituted dienophiles both
with 1-substituted and with 2-substituted dienes.

(XXXI)

The condensations of 1,2-disubstituted dienophiles with
unsymmetrical dienes enable us to study the orienting effects
of different substituents in the dienophile. The weakest
orienting effect in the dienophile is evidently exerted by an
alkyl substituent. Thus the condensation of isoprene112,
penta-1,3-diene12»59, and vinylcyclohexene146 with crotonic
acid results in mixtures of adducts having a marked pre-
ponderance of the (ΧΧΧΕΠ) isomer, in which the carboxyl
exerts the main orienting influence:

(XXXIil) (XXXIV)

R - CH3, C2H5,where X = COOH, CHO, NO2, CeH5

C3H7.

The same isomer is formed in the reaction of 2-ethoxy-
butadiene with 3-ethylacrylic acid83, and also in the con-
densation of penta-1,3-diene21, 2-ethoxybutadiene198, and
vinylcyclohexene155 with but-2-ynoic acid. The conden-
sation of penta-1,3-diene17»191 and 2-isopropylbutadiene168

with crotonaldehyde and that of isoprene199, 2-methoxy-
butadiene95»103»104, and vinylcyclohexene200»201 with un-
saturated cyclic ketones also give adducts of type (ΧΧΧΕΠ).
Finally, this adduct (X = NO2) is formed in the condensation
of penta-1,3-diene with nitropentene202. Thus the carboxyl,
carbonyl, and nitro groups are more strongly orienting
than are alkyl groups in the dienophile. No data are
available for a direct comparison of the orienting effects
of phenyl and alkyl groups, but in view of the fact that the
condensation of indene with isoprene gives predominantly,
and that with penta-1,3-diene solely, adducts of type
(ΧΧΧΓΠ)203, it can be concluded that phenyl also is more
strongly orienting than are alkyl groups.

Several instances are available for comparing the orien-
ting effect of the carboxyl group with those of other groups.

t The effect of an alkyl group in the 1-position of a dienophile
has been considered above in discussing the role of the steric
factor in structural directivity.
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Condensation of isoprene and of 1 -phenylbutadiene with
4,4,4-trifluorocrotonic acid204 results in the formation of
adducts of type (XXXV) with orientation with respect to the
carboxyl group.

have a stronger orienting effect than carboxyl (see Sections
2 and 3), in the disubstituted dienophile containing both of
these groups (cinnamic acid) it is the carboxyl which, in
contrast, exerts the main orienting effect.

OOH

where X = CF,, CRrL, CrLCO.

(XXXVI)

This type of isomer is the main product in the reaction
of various dienes with cinnamic acid128»205"207 and its
analogues — 2,6-dimethoxy-4-n-pentylcinnamic208 and
o-nitrocinnamic209 acids — and also with phenylpropiolic
acid21, cinnamaldehyde206, and methyl styryl ketone207.
Nevertheless, the condensation of 3-acetylacrylic acid with
2-phenylbutadiene83, 2-/>-methoxyphenylbutadiene210, and
1-vinylnaphthalene159 resulted in mixtures of isomers con-
sisting mainly of the (XXXVI) adduct. Hence it can be con-
cluded that the carboxyl group is more strongly orienting
than trifluoromethyl and phenyl in the dienophile, but less
strongly orienting than the acetyl group.

Diene condensation of isoprene with 2 -chloroviny 1 phenyl
ketone211 yields adduct (XXXVn), and therefore the keto-
-group is more strongly orienting than chlorine:

COC 6Hj

HjG
(XXXVII)

Finally, the phenyl and nitro groups can be compared by
examining the condensation of unsymmetrical dienes with
β-nitrostyrenet. Condensation of isoprene, penta-1,3-
-diene, and 2-ethoxybutadiene with this dienophile results
in the formation of mixtures of adducts containing mainly
the (XXXVm) isomer, in which orientation is determined
chiefly by the nitro-group202»212. The corresponding iso-
mer was obtained in the condensation of isoprene with
4-methoxy-/3-nitrostyrene69 and of 2-ethoxybutadiene with
2,4 -dimethoxy -β -nitrostyrene 6 9.

7. CYCLIC DIENES

In comparison with acyclic dienes, those compounds in
which the two double bonds are located in the same ring
exhibit several peculiarities with respect to structural
directivity. We can take as an example the condensations
undergone by substituted cyclopentadienones. Whereas the
reactions of 1,2,3- and 1,2,4-triphenylcyclopentadienones
with phenylacetylene214 result in the formation of adducts
(XL) and (XLI) in conformity with the rules of orientation
derived above for trisubstituted acyclic dienes, the conden-
sation of l-methyl-2,3-diphenylcyclopentadienone with this
dienophile215 apparently gives adduct (XLII), in violation of
these rules.

Structural directivity is almost completely absent in the
condensation of 1,5,5-trimethylcyclopentadiene216 and of
2,6,6-trimethylcyclohexa-2,4-dienone217 with vinyl acetate,
for the two structural isomers are formed in about equal
amounts.

An especially thorough study has been made of structural
directivity in the condensations undergone by 9-substituted
anthracenes. Since these compounds are formally analo-
gous to 1-substituted butadienes, their reactions with un-
symmetrical dienophiles can lead to the formation of iso-
mers having "ortho" (XLIEE) or "meta" (XLIV) orientation.
The results obtained were quite unexpected. It was found
that completely different ratios of the structural isomers
could be obtained even when the substituents in the reactants
had very similar electronic and steric characteristics. The
data in Table 5 show that these ratios vary from exclusive

(χχχνίπ) (xxxix)

Published data enable us to arrange substituents in the
following sequences according to their orienting power in
a dienophile: COR, NO2 > COOH > CF3, C6H5 > CH3;
COR > Cl. These series are derived from a study of
disubstituted dienophiles, in which the substituents act on
one another through the double bond. The structural
directivity is then characteristic not so much of the sum
of or the difference between the effects of the individual
substituents as of the molecule as a whole. Discrepancies
can therefore arise in deductions made from studies of
monosubstituted and of disubstituted dienophiles. Thus
whereas in monosubstituted dienophiles phenyl proves to

TABLE 5. Condensation of 9-substituted anthracenes
with unsymmetrical dienophiles·

J Product orientation in the condensation of isoprene with 1-
-nitro-3, 3, 3-trichloropropene has also been studied, 2 1 3 but the
proportions of the resulting structural isomers were not deter-
mined.

Diene R

CN
CN
CN
CHO
CHO
CHO

CH (OCH3)S

CN
CONHa

CONHa

NO 2

NO,
NO 2

CN
NO2

COOH
COO
NO2

NO»

Diencphile X

COOH
COOCH3

CONH2

COOH
CN
CHaOH
COOCH3

CH2OH
COOH
CH2OH
CONH2

CN
COOH
CN
COC1
COOH
COO
COOCH3
CH2OH

Reaction
conditions,

t, °C/h

140/2
140/21
130/16
130/24
130/24
200/12
120/17
175/16
125/3
170/17
160/48
135/24
150/20
200/22
135/24
150/9
230/36
135/24
190/20

Yield of
adducts,

%

21
38
25
62
78
63
60
50
20
62
39

93
51
78
20
75
60

6

Ratio
(XLIII)/(XLIV)

(XLIII) alone
ditto

»
»
»
»

2.8:1
2.1 :1

2: 1
2: 1

1.7 : 1
1.3:1

(XLIII) < (XLIV)
1 : 1.8
1 :5.5

(XLIV) alone
ditto

»
»

References

218
218
218
219
219
219
220
220
221
221
221
221
221
218
221

54
54

221
221
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formation of the ortho-isomer (XLm) to complete predomi-
nance of the meta-isomer (XLIV). This phenomenon has
not yet been satisfactorily explained, and is at variance
with all other data on structural directivity.

(XLIIl)

The comparatively few data available on structural direc-
tivity in condensations of cyclic dienes do not permit any
generalisations to be made. The results which have been
obtained clearly make it necessary to approach cautiously
the question of extending to cyclic compounds the conclu-
sions reached with acyclic dienes.

8. DIMERISATION OF MONOSUBSTITUTED DIENES

The dimerisation of diene compounds with formation of
a six-membered ring is considered as a particular case of
diene synthesis. It must be borne in mind that dimers
containing four- and eight-membered rings can also be
formed222"225. A brief account will be given in the present
section of the most important work on the dependence of
product orientation on structure in the dimerisation of mono-
substituted dienes.

(XLV) (XLVI) (XLVH) (XL.VHI)

In most work on the dimerisation of 1 -substituted dienes,
of the four theoretically possible structural isomers
(XLV)-(XLVIII) containing a six-membered ring, only the
dimer (XLV), resulting from the reaction at the unsubsti-
tuted vinyl group of the diene, could be obtained.

Thus this type of isomer has been obtained in the dimeri -
sation of 1 -phenylbutadiene226, 1 -cyanobutadiene 227>228,
butadiene-1-carboxylie acid229, and hexa-l,3,5-triene230.
It was shown231 in 1955, however, that the dimerisation
of penta-1,3-diene at 140°-240° yields, practically inde-
pendently of the temperature, a mixture of dimers contain-
ing about 90% of (XLV), 4-5% of (XLVI), and 1-2% each
of (XLVII) and (XLVIII). Thus in this case all the possible
structural isomers could be isolated, the ratio of ortho-
to meta-dimers being about 13 : 1 .

The dimerisation of 2-substituted dienes also can re-
sult in four isomers, (XLIX)-(LII), containing a six-
-membered ring. For a long time it was assumed that
only the para -dimers (XLIX) and (LI) were formed in the
reaction.

(xux) (L)

This conclusion was based on a study of the dimerisa-
tion of 2-methoxy- and 2-formyloxy-butadienes [dimer (LI)
was isolated]232, 2-neopentylbutadiene (LI)233, chloro-
prene [(XLIX) and (LI)]234, 2-phenylbutadiene [(XLIX) and
(LI)]81.235, 2 -cyanobutadiene (XLIX) "V3 7 , and butadiene -
-2-carboxylic acid (XLIX)238. Nevertheless, it was

believed that isoprene forms a mixture of para- and
meta-dimers in which the meta-isomer predominates in
some cases239"242. It is interesting that only the meta-
-dimer of type (L) was isolated also in the dimerisation of
isopropenylacetylene [2 -methylbut-1 -en-3 -yne]243.

These views have been substantially amended recently.
Thus in the dimerisation of isoprene (at 100°-300°) it has
proved possible to isolate all the theoretically possible
dimers, rise in temperature being found to increase the
content of dimers (XLIX) and (LI) and decrease that of (L)
and (LII) in the mixture. The meta -isomer (L) predomi-
nated in the first fraction at low temperatures, and the
para -isomer (XLIX) at high temperatures244,245. The
preferential formation of meta -dimers and the reversal of
structural directivity with rise in temperature distinguish
the dimerisation of isoprene from that of all other dienes.
This difference may be associated with peculiarities in the
mechanism of the dimerisation of isoprene246.

The dimerisation of chloroprene at 20°247 resulted in
the formation of roughly equal fractions comprising dimers
(LI) + (LII) and (XUX) + (L) respectively. The para-
-dimer (XLIX) predominated in the latter, and the meta-
-dimer (LII) in the former. In contrast to the low-tem-
perature dimerisation of isoprene, the total content of the
meta -isomer in the mixture of dimers did not exceed one -
-third.

In reactions between two different dienes it has proved
possible in some cases to determine the structure of the
compounds which are formed preferentially. Thus the
reaction of isoprene with butadiene248»249 and with 1-cyano-
butadiene250 yielded mixtures of re action products in which
(LIQ) and (LIV) respectively, with para -orientation of the
substituents, were the main products. The reaction of
penta-1,3-diene249 and of 1-cyanobutadiene251 with buta-
diene resulted mainly in the formation of isomers (LV)
and (LVI), with ortho -orientation of the substituents. It
is interesting that butadiene is in both cases involved in the
reaction principally as the dienophile.

(Llll) (LIV) (LV) (LVI)

Thus structural directivity in the dimerisation of diene
compounds follows basically the same rules as in other
diene condensations in which they are involved. Dimeri-
sation of 1-substituted dienes yields mainly ortho -dimers,
whereas that of 2-substituted dienes gives the para-
-dimers. The behaviour of isoprene (and to a less extent
of chloroprene), however, differs markedly from that of
the other dienes whose dimerisation has been investigated.

9. DIENES AND DIENOPHILES CONTAINING HETERO-
ATOMS

Besides the "classic" diene synthesis, i.e. the conden-
sation of dienes and dienophiles having double bonds between
carbon atoms, the formation of six-membered heterocycles
from unsaturated compounds containing heteroatoms is
also often included in this group of reactions (see Hahn' s
review252). At the present time there is no generally
accepted view as to how closely the mechanism of such
heterocyclisation reactions approaches that of the "classic''
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dlene synthesis. Condensations involving compounds con-
taining the strongly polar C = O, C = N, C = N, or N=O
bonds could be reasonably regarded as taking place by an
ionic mechanism. But evidently this is not so. In the
dimerisation of acrolein under the influence of traces of
hydrochloric acid, for example, which undoubtedly takes
place by an ionic mechanism, dimer (LVII) is formed;
nevertheless, thermal reaction yields dimer (LVin)253.
The thermal cleavage of dihydropyran at 540° into ethylene
and acrolein is a homogeneous reaction which is completely
analogous to the retrodiene decomposition of cyclohexene
into ethylene and butadiene254.

(LVII) (LV1II)

This all suggests that the mechanism of such thermal re-
actions is similar to that of diene synthesis. We must
therefore examine the main results obtained on structural
directivity in this field.

Study of the reactions of unsaturated aldehydes and
ketones with unsymmetrical dienophiles shows that, when
either electron-donor or electro η-acceptor substituents
are present in the dienophile, only adducts of type (LIX)
are formed210»255"257. Compounds of the same type have
been obtained by the dimerisation of unsaturated aldehydes
and ketones258»259:

Condensation of isosafrole and methylisoeugenol with
imino-chlorides gives adducts of type (LXQI)265»266:

(LXHI)

CBH,where R = H, CH3,

Reaction of dienes with nitroso-compounds can give
adducts (LXTV) and (LXV). With adducts of chloroprene
where X = cyclohexyl and l-cyanocyclohexyl2 6 7»2 6 8 , and
also with adducts of penta-1,3-diene in which X = C e H 5 , 2 6 9

the (LXIV) isomer has been shown to predominate in the
mixture. Since in the N = O bond the oxygen atom is nega-
tively charged, structural i somers of type (LXIV) are
formed in these cases in opposition to the polarity of the
reactants:

(LXIV) (LXV)

The above results lead to the conclusion that, in diene
condensations involving heterodienes and heterodienophiles,
the orientation is independent of the polarity of either the
diene or the dienophile component.

(LIX)

where X = OR, SR, CH3COO, COR, COOR, CN, CH2OH,
CeH5, and C 1 -C 6 alkyl.

Structural directivity in the condensation of dienes with
aldehydes was studied in the reactions of isoprene with
chloral2 6 0 and of 1,3-dimethylbutadiene with formalde-
hyde261. It was proved in both cases that adducts of
type (LX) were formed with orientation according to the
polarity of the reactant molecules:

The structure of the adducts was established also in the
condensation of unsymmetrical dienes with cyanogen262,
acetonitrile263, and benzonitrile 2 6 4, which were accompanied
by dehydrogenation of the adducts to pyridine derivatives.
The reactions involving isoprene and 1,3-dimethylbutadiene
resulted in the (LXI) isomer; but the condensation of
chloroprene with cyanogen produced a mixture of adducts
in which the other isomer [(LXH), with X = CN] pre -
dominated:

(LXI) (LXII)

10. STRUCTURAL DIRECTIVITY AND MECHANISM
OF DIENE SYNTHESIS

The mechanism of diene synthesis was recently reviewed
by Syrkin and Moiseev 2 7 0, so that we need not discuss here
the immense literature on this problem, but can confine
ourselves to an examination, on the basis of the different
reaction mechanisms, of the rules of structural directivity
in this reaction.

The mechanisms which have been suggested for diene
synthesis can be divided into two large groups — hetero-
lytic and homolytic — according to the type of transition
states which are postulated. The factors which influence
structural directivity are governed primarily by the type of
electron transfer, and are relatively independent of whether
the reaction takes place in two stages, with the intermediate
formation of kinetically independent reactive species, or in
one stage via a cyclic transition complex. We can therefore
consider one-stage and two-stage reaction mechanisms
together.

A special position is occupied by the proposed mechanism
of diene synthesis which postulates complete delocalisation
of electrons in the intermediate complex270»271. However,
this mechanism explains structural directivity by the pre-
ferential orientation of diene and dienophile according to
their polarity, i.e. in a manner analogous to a heterolytic
mechanism, and therefore it will not be considered sepa-
rately.

From 1932 onwards272 several versions of a heterolytic
mechanism of diene synthesis were put forward. It was
assumed in most cases that the diene, as a nucleophilic
reagent, attacks the double bond of the dienophile to form
an intermediate ion (LXVI), which is then cyclised to the
final reaction product2 7 3"2 7 8. Another view279»280 was that
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both diene and dienophile are converted before the reaction
to dipolar ions, which react by a quadrupole mechanism
to form the adduct. Woodward's scheme118»119, according
to which reaction takes place via the intermediate formation
of a radical-ion complex (LXVII), linked by ionic forces,
can also be regarded as a variant of an ionic mechanism.
Finally, heterolytic displacement of electrons takes place
also in "cyclic electron transfer" (LXVm), which has
recently been suggested as the mechanism of diene syn-
thesis2 8 1.

(LXVO

ά
(LXVII) (LXVIU)

According to all these versions, structural directivity
is governed by the presence in diene and dienophile mole-
cules of fractional charges arising under the influence of
substituents. Diene and dienophile molecules of different
polarity can theoretically be combined in four ways (A-D),
which are illustrated for the case of 1-substituted dienes:

ί

It is obvious that, if the mode of reaction is determined
by the polarity of the reactants, the ortho-para-isomers
should be obtained preferentially in cases A and D (with
opposite polarities of diene and dienophile), whereas the
meta-isomers should predominate in cases Β and C, with
the reactants of like polarity. Examination of the litera-
ture for Sections 2 and 3 shows that most of the diene con-
densations which have been studied relate to case A, with
an electron-donor substituent in the diene and an electron-
-acceptor substituent in the dienophile. In condensations
of this type the structural directivity agrees with the pola-
rity of the reactants, and this was previously regarded as
providing confirmation of a heterolytic mechanism. How-
ever, quite a large number of diene condensations are now
known in which formation of the adduct takes place in oppo-
sition to the polarity of the reactants. In addition to the
condensations of heterodienes and heterodienophiles dis-
cussed in Section 9, the following reactions can be noted,
in which ortho-para -isomers are formed instead of the
Dicta -isomers (see Sections 2 and 3).

Reactions of type Β (electron-donor substituents in
diene and dienophile) include the condensations of penta-
-1,3 -diene, isoprene, 1-and 2-phenylbutadienes, and
2-methoxybutadiene with styrene, of myrcene with vinyl
acetate, and of 2-phenylbutadiene with phenylacetylene.

Reactions of type C (electron-acceptor substituents in
diene and dienophile) include as examples the condensation
of 1-^-nitrophenylbutadiene, l-/>-bromophenylbutadiene,
1-o-nitrophenylbutadiene, and butadiene-1-carboxylie acid
with acrylic acid, of 1-cyanobutadiene with methyl acrylate,
and of 2-cyanobutadiene with acrylonitrile and methyl vinyl
ketone.

The formation of ortho -isomers in type C reactions of
1-substituted dienes has been explained270 by deactivation
of the double bond directly adjacent to the substituent in the
diene. This makes the terminal C = C bond more reactive,
and the reaction leading to the ortho-isomer becomes more

advantageous. However, these ideas are obviously inappli-
cable to type C reactions of 2-substituted dienes and to all
type Β condensations, so that they are unable to explain
deviations from the polar reaction scheme. It must there-
fore be concluded that the polarity of the reactant mole-
cules is not the decisive factor in the structural directivity
of diene synthesis .

With this fact established we can discuss also the part
played in structural directivity by "prereaction" inter-
action between the reactants. In many cases the diene
synthesis is known to be preceded by the formation of a
"prereaction" molecular complex between diene and dieno-
phile2 8 2 '2 8 3. Such complexes arise as a result of donor —
acceptor interaction between the molecules245, their for-
mation involving unactivated molecules, which will doubtless
be oriented in conformity with their polarity in the ground
state. Since the structural directivity of diene synthesis
does not conform with the polarity of the reactants, it can-
not be determined by the orientation of the molecules in the
"prereaction" molecular complex.

Thus a heterolytic mechanism cannot explain the struc-
tural directivity of diene synthesis. This conclusion, as
well as kinetic275 and energetic270 data, shows that diene
synthesis cannot take place via the formation of ionic inter-
mediate states: the reaction is primarily, although not
entirely, a homolytic process.

Most variants of the homolytic mechanism suggest that
reaction takes place in one stage and that the transition
state is an open-chain biradical (LXIX)246'259'284'285.
Another view286 is that diene synthesis takes place in two
stages — formation of a biradical (LXIX) and its cyclisa-
tion to the end-product with a low activation energy. A
"latent-radical" reaction mechanism has also been sug-
gested, which presupposes homolytic displacement of elec-
trons within a cyclic transition complex61?287:

R

I
[R_CH—CH=CH—CH2—CH2—CH—X] . II | ~ X

(LXIX) \ /

A homolytic mechanism shows better agreement with the
experimental data on structural directivity than does a
heterolytic mechanism, since a characteristic feature of
radical processes is that the mode of the reaction is prac-
tically independent of the polarity of the reactants. Accord-
ing to modern views, radical reactions involve the inter-
mediate formation of the most stable radicals 288>289,
tertiary radicals being more stable than secondary, and
the latter in turn more stable than primary radicals. An
explanation of the structural directivity of diene synthesis
has been suggested on the basis of this principle 257,290
Thus in the condensation of a 1 -substituted diene with an
unsymmetrical dienophile, the ortho -isomer is formed via
a bisecondary biradical (LXX), whereas the meta -isomer
involves a primary —secondary biradical (LXXI).

(LXXI)

Since on the above basis radical (LXX) is more stable
than (LXXI), the main product should be the ortho -isomer
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regardless of the polarity of the substituents, as is actually
observed. In the condensations of 2-substituted dienes,
however, both structural isomers are formed via primary —
secondary biradicals, and arbitrary assumptions must be
made in order to explain the structural directivity; the
same applies to condensations of disubstituted dienes and
dienophiles.

Apart from this purely qualitative treatment, the con-
cept of radical attack at the atom having the greatest free
valence number, which has proved valuable with radical
reactions in the aromatic series291»292, can also be used in
explaining the structural directivity of diene synthesis.
Existing calculations293 indicate that with styrene 2-vinyl-
butadiene should form mainly the para -isomer, whereas
hexatriene with styrene should yield mainly the meta-
-isomer. This obviously contradicts experimental data on
structural directivity. Thus a detailed interpretation of
the effect of substituents on the proportions of structural
isomers which is based on a radical mechanism encounters
great obstacles, caused mainly by our inadequate knowledge
of the relative stabilities of radicals. Nevertheless, the
fundamental compatibility of a homolytic reaction mechanism
with structural directivity is of very great significance.

The experimental study of structural directivity in
diene synthesis has already reached a level which permits
the investigator to foretell accurately, on the basis of
empirical rules, which structural isomer will be the main
product of a given reaction. The theoretical interpreta-
tion of the phenomena of structural directivity, however,
lags far behind the accumulated experimental results. As
follows from the above account, the structural directivity
of diene synthesis has not yet found a comprehensive
explanation on the basis of any particular reaction mechan-
ism. Progress in this direction will evidently be asso-
ciated primarily with the development of ideas on the
mechanism of diene synthesis, which is a very peculiar
reaction, combining features of both ionic and radical pro-
cesses.
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Both acrylonitrile itself and the cyanoethylated com-
pounds synthesised with its help1"4 are widely employed for
obtaining both simple and complex ring systems. Almost all
the investigations in this field have been published during
the past fifteen years. The starting materials for these
reactions are in most cases readily available.

The use of acrylonitrile and cyanoethylated compounds in
reactions involving ring formation is of interest from the
point of view of both theory and preparative work, as it
enables various cyclic systems to be synthesised, includ-
ing those containing the cyanoethyl group, that either cannot
be obtained by other methods or else can be so obtained
only in poor yields.

1. ACRYLONITRILE IN DIENE SYNTHESIS

Acrylonitrile acts as a dienophile in reactions involving
the Diels-Alder diene synthesis.

Condensation of butadiene with acrylonitrile results in
the formation of cyclohex-3-enyl cyanide1»3'5"12, although
under some conditions it is assumed that 2-vinyldihydro-
pyridine is formed as well12.

Two structural isomers can theoretically be formed in
condensations of 1-substituted dienes with acrylonitrile.
It was considered for a long time that such reactions yield
exclusively the orffto-isomer. In 1947, however, Frank
et al. 1 3 demonstrated the presence of a small quantity of

the meta-isomer in the mixture of adducts obtained by the
condensation of penta-1,3-diene with acrylonitrile. The
structural orientation of diene synthesis was subsequently
studied in detail by Nazarov and his coworkers14»15, who
showed that the condensation of 1-substituted dienes with
acrylonitrile yields a mixture of the two possible adducts
containing 85-95% of the ortho-isomer and 5-15% of the
meta-isomer. For example, in the case of penta-1,3-diene
the reaction proceeds as follows:
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Other workers have also investigated5»16"21 the interaction
of penta-l,3-diene with acrylonitrile.

In the condensation of 2 -substituted dienes with acryloni-
trile, the orienting effect of the substituent in the diene mole-
cule results in preferential formation of para -adducts14»15.
In the case of isoprene16»17»22"24 the process takes place
according to the scheme
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The interaction of 1,2-dimethylbutadiene (3-methyl-
penta-l,3-diene) with aery lonitile gives mainly 2,3-dimethyl-
cyclohex-3-enyl cyanide and a small quantity of 4,5-dimethyl-
cyclohex-3-enyl cyanide14. Reaction of 1,3-dimethylbuta-
diene (2-methylpenta-l,3-diene) with acrylonitrile produces
mainly 2,4-dimethylcyclohex-3-enyl cyanide and also a
small amount of the "symmetrical" isomer1 5:
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Heating diethyl trans—trans -muconate with acrylonitrile
in the presence of quinol at 160°-170° for 30 h gives a
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