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Diene Synthesis with 2-Pyrones and 2-Pyridones

N.P.Shusherina

The principal aspects of Diels-Alder synthesis with six membered heterocyclic dienes (2-pyrones and 2-pyridones) as well as
the latest data on the endo-exo selectivity of this reaction are considered.
The bibliography includes 121 references.
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I. INTRODUCTION

The diene synthesis reaction discovered more than 40
years ago constitutes at present a universal method for
the preparation of a wide variety of cyclic systems. The
employment in the Diels—Alder reaction of heterocyclic
compounds with a conjugated system of C=C double bonds,
among which furan, oxazole, 2-pyrone, and 2-pyridone
derivatives react via the normal (4 + 2) -cycloaddition
mechanism (with yields of adducts on a preparative scale),
is of particular interest.

The practical and theoretical problems of diene synthe-
sis with furans and oxazoles have been discussed in a
number of papers and monographs*'2, while the behaviour
of 2-pyrones and 2-pyridones in this reaction has been
scarcely considered in the review literature3.

The studies published in the last decade, in which the
interaction of 2-pyrones and dienophiles was used to obtain
barrelene, colchicine analogues, compounds of the cyclo-
hexatriene series and various aromatic and bridged poly-
cyclic compounds which are difficult to obtain otherwise,
demonstrate the wide synthetic possibilities of the use of
2-pyrones in the Diels—Alder reaction.

The reactions of 2-pyridones with dienophiles lead to
the formation of bicyclic systems with an endazocarbonyl
bridge. Extremely interesting theoretical data have been
obtained in a study of the stereochemistry of diene synthe-
sis with 2-pyrones and 2-pyridones.

The present review gives a systematic account of the
literature on diene synthesis with the above six-membered
heterocycles.

II. MONOADDUCTS OF 2-PYRONES {DERIVATIVES OF
8-OXABICYCLO[2,2,2]OCT-4-EN-7-ONE}

1. Synthesis

The ability of 2-pyrones to eneter into diene synthesis
was first observed by Diels and Alder in the reactions of
2-pyrone and 5-methoxycarbonyl-2-pyrone (methyl
coumalate) with maleic anhydride. The authors showed

that the monoadducts (I) {derivatives of 8-oxabicyclo-
[2,2,2]oct-4-en-7-one| are formed on refluxing equimolar
amounts of the initial reactant in toluene at 110°C:

= H,COOMe)

However, owing to their thermal instability the mono-
adducis of 2-pyrones are difficult to obtain. They can be
synthesised only from 2 -pyrones and dienophiles which
enter into diene synthesis at temperatures below the
decomposition temperatures of the monoadducts. It has
been established that alkyl and particularly aryl groups in
the 6-position of the initial 2-pyrone reduce the stability
and hinder (frequently altogether preclude) the formation
of the monoadducts5' (cf. the part of subsection 2 dealing
with thermolysis).

According to Alder's rule1, electron-accepting substi-
tuents in the molecules of the initial pyrone reduce the
yield of monoadducts (see Table).

An idea concerning the relative reactivities of dieno-
philes in reactions with 2-pyrones can be gained from a
study14 where it was shown that the yield of the mono-
adducts of the o-quinonoid 2-benzopyrone fell and the
duration of the reaction increased in the series of the
following dienophiles: Ν -phenylmaleimide (yield up to
85%, 25min), dimethyl maleate (32%, 1.5 h), dimethyl
fumarate (12%, 3 h).

The successive employment of tetracyanoethylene and
benzoylethylene as dienophiles in reactions with 6-methyl-
and 3,6-diphenyl-4,5-benzo-2-pyrones has been described.
The unusual ease of this reaction is related to the
enhanced diene reactivity of the above pyrones in conse-
quence of their o-quinonoid structure1 5.

Ph
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Among the dienophiles enumerated above, only tf-phenyl-
maleimide1β has been studied in reactions with the usual
2-pyrones, monoadducts being formed at 110°C:

' = R = H; R2=Bf)

The ease of the reaction of l,4-endoxy-l,4-dihydro-
naphthalene with 2-pyrone is due to the strain of the double
bond in the dienophile17. The authors attributed the exo-
configuration to the adduct without proof17.

The monoadducts of 2-pyrones with maleic anhydride and
Ν -phenylmaleimide.

No.

1
2
3
4
5
6

7

8
9

10

11

12

13
14

15

16

17

Initial 2-pyrone

2-pyrone
ditto
3-bromo-2-pyrone
ditto
5-methyl-2-pyione
5-isopropyl-

2-pyione
5-methoxycarbonyl-

2-pyrone
5,6-dimethyl-2-pyrone
ditto
5-cyclohexyl·2-

pyrone
5,6-tetramethy lene-

2-pyrone
6-acetoxymethyl-5-

methyl-2-pyrone
ditto
6-bromomethyl-5-

methyl-2-pyrone
6-methyl-5-phenyl-

2-pyrone
6-methyl-4,5-benzo-

2-pyione
3,6-diphenyl-4,5-

benzo-2-pyrone

R

Η
Η
Η
Η
Η

Η

Η
Me
Me

Η

(CHa)4

CHaOCOMe
CHjOCOMe

CH2Br

Me

Me

Ph

R1

Η
Η
Η
Η
Me

Et

COOMe
Me
Me

C,HU

№ ) ,
Me
Me

Me

Fh
R'+R»- ato-

benzene
R'+R»- ato-

benzene

R*

Η
Η
Η
Η
Η

Η

Η
Η
Η

Η

Η

Η
Η

Η

Η

R·

Η
Η
Br
Br
Η

Η

Η
Η
Η

Η

Η

Η
Η

Η

Η

Η

Ph

χ

0
NPh
0
NPh
0

Ο

Ο
Ο
NPh

0

0

0
NPh

0

0

NPh

NPh

s£

22
u

50
80
20
25
—

_

30
55
48

—

8-10

72
60

40

13

81

—

Reaction
conds.

emp

"c"
110
110
110*
110
110

no

HO
80
80

110

80*

110
110

110

110*

140

20

time,
h

10
1

19
1.5
1

12

3
1
3

14

10*

3
3

2

1*

1.5

264

Rets.

4,7
16
6

16
9

10

4
S

16

8

5

13
16

5

6

14

15

*An increase of the reaction temperature and of the dura-
tion of heating lead to a sharp lowering of the yields of the
monoadducts owing to their conversion into bisanhydrides
and bisimides (see Section ΙΠ, i).5»6»11»12

This reaction involving 2-pyrones illustrates the possibil-
ities of diene synthesis with "inverse electron demand",
since here the electron donor is a dienophile (keten
diacetal) whose double bond exhibits enhanced nucleophilic
properties and the acceptor is the diene system of the
2-pyrone.

The present authors achieved the interaction with keten
acetals via the inverse mechanism only for 2-pyrones with
electron-accepting groups: the unsubstituted 2-pyrone
does not enter into this reaction18.

It might have been expected that two structural isomers
would be obtained in the reaction of asymmetric diene
synthesis addends—5-alkoxycarbonyl-2-pyrones and keten
diacetals. However, in the instances investigated only
the isomer with the para -disposition of the substituent was
obtained, which the authors explain by the greater stabil-
isation of the transition state (A) of this isomer compared
with the possible transition state for the meta-isomer18.

On the other hand, the dimerisation of 2-pyrone (on
ultraviolet irradiation) via a process of the diene synthesis
type, in which the asymmetric 2-pyrone molecule behaves
both as the diene and the dienophile, leads to a mixture of
both possible structural isomers1 β:

2. The Properties of Monoadducts

T h e r m o l y s i s . A characteristic property of
bridged 1,4-cycloadducts is their ability to dissociate on
thermolysis the bond in the β-position relative to the
double bond and to undergo retrodiene decomposition
(reversible reaction a) and retrodiene elimination of the
bridge (irreversible reaction 6, see Scheme) „ Both
modes of cleavage of the cycloadducts predicted by the
Schmidt rule2 0 > are associated with a weakening of the
above σ-bonds in ethylene compounds owing to the addi-
tional stabilisation of the intermediate species arising in
the decomposition of these bonds, as happened, for
example, with allyl cations.

Among the known bicyclic adducts with various endo -
bridges [X = CH2, O, CO, (CHh],1 the monoadducts of
2-pyrones (X = CO2, see Scheme) are the least stable on
heating, whereupon CO2 is usually eliminated (retrodiene
elimination of the bridge, reaction &). Certain adducts
decompose at a temperature as low as 60°C and only in
rare instances (in the absence of substituents at the head
of the bridge) can they withstand heating above 130—140 °C.

Keten diacetals, whose interaction with 5-alkoxycar-
bonyl-2-pyrones and their sulphur analogues gave mono-
adducts with yields on a preparative scale, proved to be
extremely reactive dienophiles18:

S; R and R'=Me,Et) X =CH2, (CH2)2,0, CO, COj
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On the basis of the primary isotope effects of carbon
and oxygen found for the monoadducts of 2-pyrone with
maleic anhydride, Goldstein and Thayer7 concluded that
the elimination of CO2 is a two-stage process, which
begins with the dissociation of bond a. The resulting
biradical (B) is converted further into the more stable
cyclohexadiene system:

This hypothesis concerning the course of the thermoly-
sis explains the instability of monoadducts with substitu-
ents at the bridgehead (R = alkyl or aryl) by the stabilisa-
tion of the biradical (B) owing to the +/ and +M effects of
the substituents. On the other hand, even weak electron-
accepting groups in this position (for example CH2Br and
CH2OCOMe, see Nos. 12 — 14 in Table) appreciably increase
the stability of the monoadducts.

The lability of the bridge due to the influence of the
double bond disappears in the hydrogenated adducts—
8-oxabicyclo[2,2,2loctan-7-ones (II), which withstand heat-
ing above 200°C:2*

COOMe

COOMe

CO

ο

OOMe 2 0 0 o
— >

OOMe
no change

(ID

The products of the elimination of CO2 from the adducts
of 2-pyrones with maleic anhydride andiV-phenylmale-
imide, the corresponding derivatives of cyclohexadiene-
carboxylic acids (III), were characterised as bisanhydrides5

andbisimides6(IV):

> —

On heating above 200°C in nitrobenzene, the adducts
are aromatised14:

:NPh

different chemical types—compounds of the bicyclo[2,2,2]-
octadiene (V) and bicyclo[2,2,2]octene (VI) series and a
heterocyclic analogue (Vn) of the latter with two nitrogen
atoms in the ring2 :

CO—L lJ-COOfAe

(V)

(VI)

/ C O — f ^ ^ N — C O O Et
X CO—k ί N-COOEt

The cyclohexadiene systems formed on thermolysis of
the monoadducts have been used also for other synthetic
purposes, for example, for the formation of the cyclohepta-
triene ring2 4 '2 5:

CH2CI
M t-BuOk

COOMc (-HCI)

The opening of t h e l a c t o n e b r i d g e u n d e r
the i n f l u e n c e of n u c l e o p h i l i c a g e n t s takes
place with different degrees of difficulty depending on the
substitution of the 6-position. Levina, Shusherina and
coworkers, established that the hydrolysis of the bridge in
the adducts of 5,6-disubstituted 2-pyrones with maleic
anhydride (by treatment with aqueous solutions of alkali at
20—60°C) leads to the formation of the corresponding
hydroxytricarboxylic acids which undergoes synchronous
dehydration and decarboxylation atpH 1 (at 20°C), being
converted into cyclohexadienedicarboxylic acids (VIII);
the latter are readily aromatised on heating13.

0 OH >\
ς θ Υ " Γ - ° \ _ 2)H+(pH5) (^ γ-COOH H+(pH 1)

Κ (VIII)

The thermolysis of the adducts with maleic anhydride in
the presence of other dienophiles (acetylenedicarboxylic
acid ester, benzoquinone, azodicarboxylic acid ester) made
it possible to obtain mixed adducts with two dienophiles of

An example of the direct conversion of the adducts of
2-pyrones into aromatic compounds under the influence of
nucleophilic agents is provided by the synthesis of
5-chloroisophthalic acid (in the alkaline hydrolysis of the
adduct of 3,5-dichloro-2-pyrone with maleic anhydride26)



854 Russian Chemical Reviews, 43 (TO), 1974

and diethyl 4-ethoxyisophthalate (in the acid ethanolysis of
the adduct of 5-ethoxycarbonyl-2-pyrone with the diethyl
acetal of keten18):

ΙΠ. DIENE SYNTHESIS WITH 2-PYRONES ACCOM-
PANIED BY THE ELIMINATION OR RUPTURE OF THE
LACTONE IN THE MONOADDUCTS

EtOOC

In the ammonolysis of the esters obtained from the
adducts of 2-pyrones with maleic anhydride it was possible
to isolate the primary bridge-opening products—the
amides of the corresponding hydroxyacids (IX):"

It has been shown by XH NMR that the hydrolysis and
ammonolysis of the monoadducts are accompanied by the
migration of the double bond to the position conjugated
with the carboxy- or carboxamido-groups arising in these
processes13'27.

E l e c t r o p h i l i c a d d i t i o n to the double bond
of the monoadducts of 2-pyrones (halogenation and oxida-
tion) has been investigated to establish their configuration
(see Section V).

1 ,3-Cyc loaddi t ion to the double bond of
8 - o x a b i c y c l o [ 2 , 2 , 2 ] o c t - 4 - e n - 7 - o n e s has been
studied for adducts of alkyl coumalates with keten acetal18,
maleic anhydride, andJV-phenylmaleimide28. The
activated (by conjugation with the carboxy-group) double
bonds of these compounds combine very readily with
diazomethane, forming tricyclic Δ'-pyrazolines (X) with
an endoxycarbonyl bridge:

MeOOC- if
DMeOH

) ri
;OOMt

COOMe

COOMe

(X)

Similarly the adducts of alkyl coumalates with keten acetal
combine with phenyl azide via the double bond18. However,
the adducts of 2-pyrones with maleic anhydride without
electron-accepting substituents at the double bond react
neither with diazomethane nor with phenyl azidea8, which
indicates an extremely weak strain of the double bond in
8-oxabicyclo[2,2,2]oct-4-en-7-ones whose geometry is
close to that of the unstrained bicyclo[2,2,2]oct-4-enes2e.

1. Double Diene Synthesis (the Formation of Bridged
Polycyclic Systems)

As a rule the interaction of 2-pyrones with dienophiles
above 140°C is accompanied by the elimination of COs
from the monoadducts (XI) and the addition of a second
dienophile molecule to the cyclohexadiene systems (XII)
formed 3f. Therefore, the reactions of 2-pyrones with
maleic anhydride4'11'12 and Ν-phenylmaleimide16 under
these conditions lead immediately to the bisanhydrides
(XIII) and bisimides (XIV) respectively. The mechanism
of the formation of (XIII) and (XIV) was confirmed by syn-
thesis [the interaction of authentic cis rl,2-dihydrophthalic
anhydride (XII, X = O) with maleic anhydride ] and also by
the isolation of cyclohexadiene compounds (XII) in the
thermolysis of the monoadducts (XI) (see above16'17):

ο

R*
I

κ

Χ
κ

CXI)

κ

-CO'' -C0j > κ ^ ^s—CO^

V

(XII)

(X = O NPh)

While the monoadducts can be obtained only from a few
2-pyrones substituted in specific positions (cf. the reaction
described above), the products of double diene synthesis—
bisanhydrides (XIII) and bisimides (XIV) —have been
obtained from pyrones with different structures and a wide
range of dienophiles. Thus bisanhydrides (XIII) are
obtained in high yields from 6-aryl-2-pyrones 31,
5,6-dialkyl-2-pyronesn'lz, coumalic acid esters3 2, tetra-
chloro-2-pyrones26, 3-benzyl-2-pyrones33, and other
2-pyrones by the reaction with maleic anhydrides at
140°C.

High-melting crystalline bisanhydrides or the tetra-
carboxylic acid esters obtained from them are derivatives
of 2-pyrones and are used to demonstrate the presence of
the α-pyrone ring in the molecule11'32"33'37.

Bisanhydrides are readily formed from 2-pyrones with
weak electron-accepting groups (Br, CH2CI, CHzOCOMe,
NHCOMe) in the 3-position 38'*9 (at 140°C) and also in the
3- and 5-positions ' 3 5. However, 3-nitro- and 3-sulpho-
2-pyrones40'41 as well as 3,4,5-trichloro-6-phenyl-2-
pyrone26 do not react with maleic anhydride. A number
of other dienophiles (benzoquinones and anthraquinones32,
acrylonitrile42, phenyltriazoline-3-dione43, and ethyl
vinyl ether18) react with 2-pyrones only via the double
diene synthesis mechanism (the elimination of CO2 from

t Double diene synthesis occurs also with other cyclic
dienes whose adducts readily eliminate the endo -bridge
(for example with cyclone adducts 3t^.
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the monoadduct and the addition of a second dienophile
molecule). 2-Pyrones react via this mechanism with
ethylene, which is a weak dienophile (120-165°C, 1000
atm):4 4

= Me, Et)

A classical example of the employment of double diene
synthesis with pyrones is provided by the synthesis of
barrelene{bicyclo[2,2,2]octa-l,4,7-triene} by the reaction
of the unsubstituted 2-pyrone with methyl vinyl ketone4 5 '4 6

according to the following Scheme:

The employment of azodicarboxylic acid ester in diene
synthesis with 2-pyrone made it possible to obtain a new
heterocyclic system of the tetrazabicyclo[2,2,2]oct-2-ene
series (XV):47

EtOCON=NCOOEt EtOOC

EtOOC- C 0 2

R—COOEt

Ν—COOEl

The recently investigated interaction of 2-pyrones with
certain diene systems, which provide in succession?both
double bonds as dienophilic moieties, constitutes an
unusual variant of double diene synthesis. Cyclohepta-
l,6-diene-2-one reacts in this way with 2-pyrones. After
the elimination of a CO2 molecule from the monoadduct,
the intramolecular interaction of the cyclohexadiene sys-
tem of compound (XVI) with the double bond of the dienone
fragment leads to the formation of a mixture of three
isomeric tricyclic ketones (XVII), (XVIII), and (XIX) and
the cyclohexadiene ketone (XX):48

tXVII) (XVIII) (XIX)

The double Diels—Alder reaction between coumalic acid
and butadiene49 served as a convenient method for the
synthesis of tricyclene derivatives (ΧΧΠ). When the
process is carried out under pressure in methanol solu-
tion, the bridge in the monoadduct undergoes methanolysis,
which is followed by intramolecular diene synthesis via the
mechanism

Thus, in contrast to the examples described above, in
this case the cyclohexadiene system does not arise in
consequence of the elimination of the bridge but ae a result
of its rupture under the influence of methanol with subse-
quent dehydration of the hydroxyacid (XXI).

The interaction of coumalic acid with isoprene and
dimethylbutadiene takes place similarly49. The unusual
behaviour of typical dienes functioning as dienophiles in
the reaction with coumalic acid can be explained by the
occurrence of diene synthesis with "inverse electron
demand" (cf. Section Π, 1).

Methyl coumalate reacts with dienes in two ways—with
formation of substituted tricyclo-octenes (XXIII) (as
described above) and lactones (XXIV), which are obtained
when methyl coumalate plays the role of the dienophile50:

The only example of triple diene synthesis described in
the literature is the synthesis of the tricyclic trisanhydride
(XXV) by the reaction of 6-bromomethyl-5-methyl-2-
pyronej with an excess of maleic anhydride at 140°C
according to the following Scheme51:

The above data illustrate the scope of diene synthesis
with pyrones in the formation of polycyclic and "skeletal"
systems.

2. Synthesis of Aromatic and Heterocyclic Compounds

The formation of aromatic compounds by the reaction
of 2-pyrones with acetylenic dienophiles was observed for
the first time by Alder and Ricert5 2. The 1,4-cyclo-
adducts produced initially in these reactions were not
isolated, since they immediately split off the endoxy-
carbonyl bridge (because it is in the β -position with
respect to two double bonds) and are converted into
aromatic compounds, for example53:

MeOCOC=CCOOMt ;O ji-COOMe

lOOMe - C O ,

The reaction of 2-pyrones with acetylenedicarboxylic
acid ester resulted in the formation of satisfactory yields
of hydroxy-,52 dialkyl-,53>54 and aryl-substituted55 phthalic
acids and hemimellitic acid5 6 which are otherwise difficult
to obtain. The reaction of diethylacetylene with
2-pyrone57 to form ο-diethylbenzene (yield 12%) proceeds
with much more difficulty.

X The monoadduct was obtained from this pyrone at a
temperature below 140°C.5
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Derivatives of the naphthalene series have been obtained
by the reaction of dehydrobenzene with alkyl coumalates3a:

ROOC

(R = Me,E0

When asymmetric acetylenic dienophiles are used in
reactions with 2-pyrones, the formation of a particular
structural isomer is determined by polar and steric
factors5 8. Thus the mode of addition of phenylacetylene
to 2-pyrones is determined by the polar factor•, since it
proceeds in accordance with the charges of the initial
reactants calculated by the Huckel method58. However,
this rule breaks down when the dienophile employed is
propiolic acid ester, which reacts with 2-pyrones to form
both possible structural isomers 2 5 ' 5 8, for example25:

New possibilities in the employment of diene synthesis
with 2-pyrones have been discovered by Evnin and
Seyferth59. To synthesis aromatic organotin compounds,
they carried out the reaction of 2-pyrones with bis(tri-
methylstannyl)acetylene and trimethylphenylethynyltin:

Me,SnC=CSnMe

ΓθΓ Μ

(R = H, Me.COOMe)

The study of the competing reactions of bis(trimethyl-
stannyl)acetylene with 2-pyrone and 5-methoxycarbonyl-
2-pyrone showed that only the less nucleophilic 5-methoxy-
carbonyl-2-pyrone reacts with the dienophile. This
finding suggests that the interaction of 2-pyrones with
bis(trimethylstannyl)acetylene proceeds via the inverse
mechanism (cf. Section II, 1 and 2). 5 9

The use of bis(trimethylsilyl)acetylene in the reaction
with 2-pyrone led unexpectedly to the formation of
m -bis(trimethylsilyl)benzene as the main reaction product
(53%) and only traces of the o- andp-isomers. which
indicates the occurrence of a rearrangement5 :

M«3SIC53CSIMe,

A special study60 showed that the reason for the
rearrangement is the acid-catalysed conversion of the
ο -isomer into the m -isomer. When acetylenic compounds
of other Groups IV elements (tin and germanium) are
used, such isomerisation does not take place, since the
possible acid impurities are decomposed by these organo-
metallic compounds as a result of the dissociation of the
MlV-C bond, in agreement with the activity series of
these metals (Sn > Ge > Si) in protolytic reactions.

The authors admitted that the earlier explanation59 of
the above isomerisation as a result of the intermediate
formation of non-Kekule structures (prismane and
benzvalene) is incorrect.

The formation of aromatic compounds in diene synthe-
sis with 2-pyrones is possible for not only when acetylenic
but also when ethylenic dienophiles are used, provided that
together with the elimination of the bridge (CO2) from the
monoadduct, another simple molecule is also split off
(hydrogen32, hydrogen bromide5, or an amine18), for
example5:

In the reaction of 2-pyrone with the sulphone derived
from butadiene the resulting adduct also undergoes
aromatisation in consequence of the elimination of CO2

and the isomerisation of the biradical (C) to phenyl-
methanesulphinic acid, which disproportionates further
according to the following mechanism61:

LJ CH,SO,H

— - * - 1/3 PhCH 2SO 2SCHjPh + 1/3 PhSO 3 H + 1/3 H2O

The interaction of 2-pyrones with nitriles via the
mechanism of diene synthesis, accompanied by the
elimination of CO2 and the formation of substituted
pyridines in a yield of about 20%, was described recently'
It is interesting that cyclones react similarly to nitriles,
with the only difference that carbon monoxide is split off
in this reaction Μ:

EtOOC x

Me- -CO,

IV. DIENE SYNTHESIS WITH 2-PYRIDONES

The attempts to introduce 2-pyridones, nitrogen-con-
taining analogues of 2-pyrones, into diene synthesis were
unsuccessful for a long time. Pyridones unsubstituted at
the nitrogen atom added to the double bonds of dienophiles
(for example acrylonitrile63, hexafluorobutyne64, and
acetylenedicarboxylic acid ester6 5) with formation of
2-pyridone derivatives alkylated or correspondingly
vinylated at the nitrogen atom:

:o

H FiCCH=CCF,

Among Ν -substituted 2-pyridones, only l-methyl-2-
pyridone could be made to undergo the diene synthesis
reaction, giving rise to the adducts (XXVI) and (XXVII)
respectively with dehydrobenzene e6> and fumarodi-
nitrile6 8 (yield 1-10%).
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(XXVI) (XXVII)

The results described indicate a lower diene reactivity
of 2-pyridones compared with 2-pyrones. However, it is
already evident that, by choosing a suitable dienophile,
the Diels—Alder reaction can be widely employed in the
series of 2-pyridones.

Owing to the low yields, the above reactions of
1-methyl-2-pyridone are of no preparative value. The
1,4-cycloadduct of this pyridone with tetracyanoethylene
could not be obtained either6 9.

In 1969 Japanese chemists obtained the adduct of
l-methyl-2-pyridone with maleic anhydride (XXVIII), in a
yield of 42% (after heating for 72 h in toluene)§ 71>72, whose
structure they demonstrated in detail both chemically and
spectroscopically72'73 (cf. the end of Section V).

(XXVIII)

Shusherina and coworkers succeeded in demonstrating
that diene synthesis with 2-pyridones is a general reaction
by employingiV-phenylmaleimide and maleimide asdieno-
philes. It was found that not only do different JV-substi-
tuted 2-pyridones form 1,4-cycloadducts (XXK)-(XXXI)
with these dienophiles in high yields74'75, but also, and this
is particularly interesting, even 2-pyridones unsubstituted
at the nitrogen atom, whose interaction with other dieno-
philes gives rise to substitutional addition products only83~e5

(cf. the beginning of this Section) undergo this reaction to
form Diels-Alder adducts (XXXII) and (ΧΧΧΙΠ) in yields of
about 50% : 7 e

(XXIX-XXXIII)

(XXIX, R= Me.Pr.Bu, /-Ο,Η,,,Η; R' = R3=H)

(XXX,R=Me, R'=H, R*= Me)

(XXXI, R =Me, R'= Me, R2= H)

(XXXII, XXXIII, R = R'= R2= H)

In contrast to the 2-pyrone adducts, the 1,4-cyclo-
adducts of 2-pyridones {derivatives of 7-oxo-8-azabicyclo-
[2,2,2]oct-4-ene-l,2-dicarboxylic acid} do not split off the
bridge on thermolysis, but undergo retrodiene decom-
position75.

§ The cycloadduct could not be obtained by heating
these reactants in benzene*0.

V. THE STEREOCHEMISTRY OF DIENE SYNTHESIS
WITH 2-PYRONES AND 2-PYRIDONES

Like other cyclic dienes, 2-pyrones and 2-pyridones
can give rise in reactions with dienophiles to mono-
adductsU with endo- and exo -configurations. The study
of the endo—exo selectivity of diene synthesis, which was
begun by Alder, has continued vigorously for more than
30 years. The interest in this subject is due to the
employment of stereochemical data in the consideration of
reaction mechanisms and transition state structures 1 ' 7 7" 8 0.

On the basis of experimental data obtained mainly in a
study of diene synthesis with cyclopentadiene and its
derivatives, Alder and Stein81 concluded that the diene
synthesis reactions are endo -stereoselective and formu-
lated the so called Alder "endo -rule", which they accounted
for by the possibility of the "maximum accumulation of
unsaturation" only for the endo -orientation of the compo-
nents. Further investigation of the stereochemistry of
reactions between cyclic dienes and dienophiles with
different structures revealed many exceptions to this rule.
Thus doubt was cast on the enao-selectivity of diene syn-
thesis discovered by Alder82.

Different types of non-bonding (non-valence) or
secondary-bonding interaction were considered as the
main factors stabilising the enao~ and exo-transition
states 78~83. The role of these forces in Diels-Alder
reactions is much greater than in other processes owing
to the "close packing" of the transition states, which
promotes a greater proximity of the individual structural
elements of the diene and dienophile77.

Different versions of the concept, proposed at an early
stage by Alder, of the overlapping of the 7r-orbitals of the
multiple bonds of the diene and dienophile as the endo -
orienting factor have been most widely discussed78"81.
These ideas have now been confirmed theoretically by
molecular orbital calculations and are used in the form of
the Woodward—Hoffmann rule, correlating the secondary
π-orbital interaction with orbital symmetry, to predict the
steric course of cycloaddition reactions, including diene
synthesis8 4'8 5.

The important role of π-orbital interaction was demon-
strated convincingly recently by the conversion of non-
stereoselective Diels—Alder processes into endo -selective
reactions by the introduction into the dienophile of a second
and third double bond. Thus the reactions of 2,5-di-
methyl-3,4-diphenylcyclopentadienone with non-conjugated
mono-olefins (cyclopentene86, cis -3,4-dichlorocyclo-
butene87, and cycloheptene88), for which secondary
π-orbital interaction is impossible, took place non-
stereoselectively with formation of mixtures of endo - and
exo -isomers, while the reactions with dienophiles having
several multiple bonds (cyclopentadiene86, tropone8 6 '8 9

IT The configurations of the bisanhydrides and bis-
imides, formed in diene synthesis, which were
described above is not considered in this section since it
is determined by the stereochemistry of the diene synthe-
sis with cyclohexaidiene systems and not by the nature of
the 2-pyrones (see Section III, 1).
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and cycloheptatriene 86) gave only the endo -isomers. Thus
the endo -rule received new experimental confirmation in
these investigations"!".

However, the secondary π -orbital interaction can
influence stereochemistry only in kinetically controlled
reactions. In those cases where endo—exo isomerisation
of the adducts is possible and the stereochemical result is
not determined by kinetics but by the thermodynamic sta-
bility of the stereoisomers, the more stable exo -isomers
are frequently formed (particularly at relatively high tem-
peratures), for example in the reactions of furan and its
derivatives with maleic anhydride2 1 '9 2"9 4. Furthermore,
in order to be able to play a decisive role in the orientation
of the components, π-orbital interaction must be suffi-
ciently strong, as in the reactions of cyclic dienes with
cyclic dienophiles containing several unsaturated groups
(for example, with maleic acid derivatives and quinones) 1.
On the other hand, reactions with dienophiles whose double
bond is activated by only one unsaturated group can occur
non-stereoselectively (for example, the interaction of
cyclopentadiene with acrylonitrile) .

One should also bear in mind that, when the diene
molecule contains two unsaturation centres (for example,
in fulvenes) the π-orbital interaction promotes both pos-
sible orientations of the reactants1 > 7 8.

Together with π -orbital interaction, which occurs in
the presence of additional unsaturated groups in the
dienophiles, the stereochemistry of the reaction can be
affected by saturated substituents of the diene and dieno-
phile favouring the endo - or exo -approach of the reactants
by the operation of electrostatic forces (attractive dis-
persion forces, repulsive van der Waals forces, and
dipole—dipole interaction), which arise between the
saturated diene and dienophiles substituents themselves
and between the latter and the sp2-carbon atoms of the
diene8 4 '8 6. The study of this factor, which can also be
observed only under the conditions of kinetically con-
trolled reactions, is made difficult by the fact that it may
be determined by different types of interaction of the sub-
stituents some of which favour endo -selectivity and others
favour exo-selectivity.

Studies on the effect of structural factors on the stereo-
chemistry of diene synthesis have been made only
recently 6~102. For example, it has been established that
the preferential formation of the exo -isomers in the reac-
tions of cyclopentadiene with methacrylic acid and its
derivatives is determined by the presence of the methyl
group in the a -position of the dienophile103"107. It is at
present difficult to decide91 whether this is a consequence
of the operation of repulsive forces between the hydrogen
atoms of the methylene group of cyclopentadiene and the
methyl group of the dienophile101'107 or of attractive dis-
persion forces between the a -methyl group of the dieno-
phile and the s£2-carbon atoms of the diene104»108.

The endo -selectivity of the reactions of cyclopentadiene
with certain mono-olefins (cyclopropene, norbornene,
allyl alcohol, and allyl bromide 08) has been explained by
the operation86 of van der Waals forces.

It is evident from the data quoted that the problem of
the endo —exo -selectivity of diene synthesis continues to
remain controversial. More comprehensive investigation

t A fundamentally new explanation of the Alder endo -
rule, based on the concept of the preferred geometry of
the endo -overlapping of the π -orbitals of the carbon
atoms of the diene and the dienophile directly involved
in the formation of new bonds, was given by Herndon and
Hall 9 0 ' 9 1 .

of various factors, particularly those determined by the
structure of the dienophile, is necessary for its solution.
In this sense the study of the stereochemistry of diene
synthesis with 2-pyrones and 2-pyridones is of great
interest.

The investigation by the present author (together with
Levina, Stepanyants, and coworkers) of the configuration
of the adducts of 2-pyrones with maleic anhydride and
JV-phenylmaleimide (by XH NMR$ 6 ' 1 6 ' 1 0 9 and chem-
ically 109»U0, see below) and also of the adducts of
N-alkylpyridones with JV-phenylmaleimide by XH NMR$74'75

showed that, in the absence of methyl groups at the ends
of the conjugated system of multiple bonds of these
heterocycles, the interaction with dienophiles proceeds
endo -selectively with formation of the adducts (XXIX),
(XXX), and (XXXIV)-(XXXVI).

(XXIX, R = H, R' = Alk (Me,

Pr.Bu, CsH,,)

(XXX, R = R ' = Me)

(XXXIV, R = H,X = O)

(XXXV, R = Br, X = O)

(XXXVI, R = H,X=NPh

The interaction of the unsubstituted 2-pyrone with
fulvene, discovered by Houk in 1973, also took place
endo -stereoselectively m .

On the other hand, 5,6-dimethyl-2-pyrone and 6-methyl-
5-phenyl-2-pyrone form only exo-adducts with maleic
anhydride andJV-phenylmaleimide [(XXXVII)-
(XXXK)].e»16»109 A similar exo-influence of the methyl
group in the 3a -position of the pyridone rings occurred in
the interaction of 1,3-dimethyl-2-pyridone with JV-phenyl-
maleimide, which led to the formation of the exo-adduct
(XXXI) alone75:

Me.

tXXXVII, R = Me, X = O)

(XXXVIII, R = Ph,X = O)

(XXXIX, R = M e , X = NPh)

(XXXI)

The observed breakdown of the Alder endo -rule for
5,6-disubstituted 2-pyrones and l,3-dimethyl-2-pyridone
cannot be due to thermal isomerisation, because the exo -
adducts were obtained at the same (or lower) temperatures
as the endo -adducts1 6'1 0 9. The effect of the secondary

% The determination of the configuration of the adducts
of 2-pyrones and 2-pyridones with maleic anhydride and
JV-methylmaleimide [(XXIX)-(XXXI) and (XXXIV)-
(XXXK)] by XH NMR 6>16>74-™>108

 i s based on the difference
between the coupling constants of the protons at the
bridgehead (C<3)H and C(6)H) with the adjacent protons
(C<6)H and C(2)H) for the endo- and exo-isomers and also
on the change in the chemical shifts of the Cd)H, C(2)H,
and C(e)H protons for which the C ( D H and C<2)H signals
of the exo -forms are in a higher field and those of the
methine protons at the bridgehead (C(e)H) are in a lower
field compared with the signals of the corresponding pro-
tons in the spectra of the endo -forms.
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π-orbital interaction, which determines the stereochem-
istry of the above Diels—Alder reactions with
2-pyrones6 '1 6 '1 0 9 andiV-alkyl-2-pyridones74'75 unsubstitu-
ted at the ends of the conjugated system of multiple bonds,
is probably suppressed in these heterocyclic dienes with
3- and 6-methyl6 '1 6 '7 6 '1 0 9 (or aryl1 1 2 '1 1 3) groups, which
favour the formation of exo-adducts.

It is interesting that 2-pyridones unsubstituted at the
nitrogen atom react with maleimide andiV-phenylmale-
imide via the Diels—Alder mechanism (cf.Section IV) non-
stereoselectively with formation of a mixture of the
endo-isomer (XXXII) and the exo-isomer (XXXIII).76

Thus the study of the stereochemistry of diene synthesis
with 2-pyrones and 2-pyridones revealed for the first time
the exo -orienting effect of the methyl and phenyl groups at
the ends of the conjugated system of the heterocyclic diene
in their interaction with maleic anhydride and iV-phenyl-
maleimide.

However, in the reactions of 6-methyl-4,5-benzo-2-
pyrone with nonconjugated dienophiles (cyclopentene,
cycloheptene) the above influence of the methyl group was
not observed: the reactions took place mainly with for-
mation of the endo -adducts (XL), which the authors
explained by the attraction of the methylene groups of the
dienophile to the double bonds of the diene m , as described
above1 0 4 '1 0 5.

\

tXL)

The use of chemical methods for the determination of
the configuration of the adducts of 2-pyrones with maleic
anhydride is based on the formation of different compounds
from the endo - and exo -isomers on electrophilic addition
to the double bond in the manner described for the adducts
of other cyclic dienes with maleic anhydride U 5 ~ m . Thus
halogenation of the adducts (XXXIV) and (XXXV) in an
aqueous medium yielded the halogenolactones (XLI) —
(XLIV), formed as a result of the intramolecular stabilisa-
tion of the halogenonium ions produced initially110'118,
which confirms the endo -configuration of the adduct
(XXXIV) and (XXXV):

ο
COOH

(XLI, R=Br, Hal = Br)

(XLII,R = H, Hal = Cl)

(XLIII, R=H,Hal=Br)
(XLIV, R=H,Hal=I)

The formation of the halogenohydrins (XLV) and (XLVI)
from the adduct (XXXVII) 1 1 0 ' 1 1 8 demonstrates the impos-
sibility of such stabilisation and consequently proves its
exo -configuration:

However, it is noteworthy that the halogenation of
bridged bicyclic systems is accompanied by the Wagner—
Meerwein rearrangement9 2 '1 1 9. The formation of the
isomeric halogenolactones from the endo - and exo -forms
in such cases can lead to an incorrect interpretation of the
stereochemistry of the reaction 92)12°.

Since conclusions concerning the configuration of the
adducts (XXXIV), (XXXV), and (XXXVII) based on the
above reactions are consistent with *H NMR spectroscopic
data (see above), one may conclude further that in the
instances described the halogenation of the 2-pyrone
adducts was not accompanied by a rearrangement.

The most reliable method for the determination of the
configurations of bicyclic adducts—conversion into the
iodolactone in which the possibility of the Wagner -
Meerwein rearrangement is ruled out1 2 1—is unsuitable for
the adducts of 2-pyrones with maleic anhydride, since the
iodination of these systems takes place non-quantitatively
and is accompanied by the rupture of the endoxycarbonyl
bridge1 1 8.

The endo-configuration of the adduct of 1-methyl-2-
pyridone with maleic anhydride (XXVIII) (see Section IV)
was established recently by the following series of trans-
formations into the bromolactone (XLVII) and the bis-
lactone(XLVIII):71'72

(MeCO)2O

(XXXVII) (XLV, Hal = Cl)
(XLVI.Hal=Br)

The absence of the Wagner—Meerwein rearrangement
in the bromination of the adduct (XXVIH) was demonstrated
by the aH NMR spectra of the bromolactone (XLVII) and
its deuteriated derivatives 7 3.

The data on the stereochemistry of diene synthesis
with 2-pyrones and 2-pyridones described above show that
the orientation of the components in these reactions is not
determined solely by the secondary π-orbital interaction.
Examples of the breakdown of the Alder rule when substi-
tuents are introduced in specific positions in the
2-pyrone6'16'111 and 2-pyridone75 rings and also the non-
stereoselective course of the reactions with 2-pyridones
unsubstituted at the nitrogen atom7 6 are evidence for the
important role of other factors, the nature of which will
have to be elucidated in future investigations.
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