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PREFACE 

Cycloadditions are among the most widely-used reactions in organic 
synthesis and their widespread application and value in synthesis form the 
justification for the preparation of this book. Pre-eminent among them is the 
Diels-Alder reaction by virtue of its versatility and the control of 
stereochemistry which is often possible in both inter- and intra-molecular 
reactions. It forms the topic of three chapters in the book. Other chapters 
are concerned with miscellaneous [4+2] cycloadditions, the ene reaction, 
1,3-dipolar cycloaddition reactions and [2+2] cycloaddition reactions, all in 
constant and increasing use in synthesis at the present time. Discussion of 
the various topics is not exhaustive. My aim has been to bring out the 
synthetic usefulness of each reaction rather than to provide a comprehensive 
account. In general, reaction mechanisms are not discussed except in so far 
as is necessary for an understanding of the course and stereochemistry of a 
reaction. 

I am indebted to Sandi and Paul Ellison for the preparation and printing 
of the text and to Robin Batten of this department for the drawings. 

W. CARRUTHERS 

March 1990 



Bill Carruthers died unexpectedly of a heart attack on 25 April 1990 

shortly after the completion of the typescript for this book; his daughter 

Mary was able to over-see the final stages that were involved in taking the 

script into its final form. 

This book is the last of a series of widely acclaimed texts that Bill 

produced. The three editions of Some Modern Methods of Organic 

Synthesis have sold more than 25,000 copies throughout the world. 

The clarity of thought and the attention to detail that are to be 

admired in this book typified Bill's approach to chemistry: his enthusiasm 

for the subject was always apparent and this comes over in his writing. 

Moreover his love of the topic was imparted to his many research students 

from whom he deservedly gained very great respect and admiration. 

Bill Carruthers will be sorely missed by those of us who have 

worked with him as friends and colleagues at Exeter University. This text 

represents a lasting tribute to his endeavours. 

The University of Exeter, 

May 1990. 
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1 THE DIELS-ALDER REACTION - GENERAL ASPECTS 

The Diels-Alder reaction is one of a general class of cyclo-addition 
reactions which includes also 1,3-dipolar cycloaddition reactions and [2+2]k 
cyclo-additions. In the Diels-Alder reaction a conjugated diene reacts with a 
dienophile which may be a double or triple bond to form an adduct with a 
six-membered hydroaromatic or heteroaromatic ring with the formation of 
two new o-bonds at the expense of two rc-bonds in the starting materials. 

> 
l :i 

Scheme 1 

Both inter- and intra-molecular reactions are widely used in synthesis. 
In many cases reactions take place easily at ambient or slightly elevated 
temperatures; reactions which are sluggish or which involve thermally 
unstable reactants or lead to unstable products can often be accelerated by 
catalysts or by conducting the reaction at high pressures. Most Diels-Alder 
reactions involve a diene carrying electron-donating substituents (e.g. alkyl, 
alkoxy) and a dienophile bearing electron-attracting substituents (for 
example, CO, CN). But there is another smaller group which involves 
reaction between an electron-rich dienophile and an electron-deficient 
diene.1 These reactions with inverse electron demand, as they are called, 
also have their uses in synthesis. The essential feature is that the two 
components should have complementary electronic character. The vast 
majority of reactions involve an electron-rich diene and an electron-deficient 

dienophile. 

The usefulness of the Diels-Alder reaction in synthesis arises from its 
versatility and its high regio- and stereo-selectivity. A large variety of 
dienes and dienophiles, bearing a variety of functional groups, can be used, 
and many different types of ring structures built up. Not all the atoms 
involved in the ring closure need be carbon atoms, so that both carbocyclic 
and heterocyclic rings can be made using the reaction. It is very frequently 
found, moreover, that although reaction could conceivably give rise to a 

1 



2 The Diels-Alder Reaction - General Aspects 

number of structurally- or stereo-isomeric products, one isomer is formed 
exclusively or at least in preponderant amount. 

The Dienophile 

Many different kinds of dienophile can take part in the Diels-Alder 
reaction. They may be derivatives of ethylene or acetylene or reagents in 
which one or both of the atoms is a heteroatom. All dienophiles do not react 
equally easily; the reactivity depends on the structure. In general, for the 
‘normal’ reaction, the greater the number of electron-attracting substituents 
on the double or triple bond the more reactive is the dienophile. 

The rate of a Diels-Alder reaction is determined largely by the degree of 
interaction between the highest occupied molecular orbital (HOMO) of one 
component and the lowest unoccupied molecular orbital (LUMO) of the 
other, and the smaller the energy separation between these orbitals the more 
readily the reaction proceeds. In a normal Diels-Alder reaction, that is one 
between an electron-deficient dienophile and an electron-rich diene, the 
main interaction is that between the HOMO of the diene and the LUMO of 
the dienophile. Electron withdrawing substituents on the double bond of the 
dienophile in a normal Diels-Alder reaction facilitate the reaction by 
lowering the energy of the LUMO and thus decreasing energy separation 
between the LUMO of the dienophile and the HOMO of a given diene. The 
more electron-withdrawing groups there are on the double bond of the 
dienophile the lower the energy of the LUMO and the more readily the 
reaction proceeds. Thus tetracyanoethylene is a very good dienophile. In 
the same way electron-donating substituents on the diene accelerate the 
reaction by raising the energy level of the highest occupied molecular orbital 
(HOMO). In Diels-Alder reactions with inverse electron demand it is the 
HOMO(dienophile) - LUMO(diene) interaction which controls the reaction.2 

The most commonly encountered activating substituents for the ‘normal’ 
Diels-Alder reaction are CO, C02R, CN and N02, and dienophiles which 
contain one or more of these groups in conjugation with the double or triple 
bond react readily with dienes. Acrylic esters and nitriles, acetylenic esters, 
ap-unsaturated ketones and quinones, for example, are widely employed as 
dienophiles. Alkyl substituents, on the other hand, may reduce the reactivity 
of dienophiles through a steric effect. Olefinic compounds such as allyl 
alcohol and its esters, and allyl halides are relatively unreactive although 
they can sometimes be induced to react with dienes under forcing 
conditions. & 
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Vinyl ethers and enamines, in which the dienophile carries an electron- 
donating substituent take part in Diels-Alder reactions with inverse electron 
demand. They react with dienes bearing electron-withdrawing substituents 
and with other electron-deficient dienes such as ocP-unsaturated carbonyl 
compounds. The latter reaction leads to dihydropyrans which are easily 
hydrolised to glutaraldehydes. Thus, in a key step in a synthesis of 
secologanin the aP-unsaturated aldehyde (1) and the enol ether (2) gave the 
dihydropyran derivative (3)3 and an important step in the synthesis of the 
alkaloid (±)-minovine involved cycloaddition of the cyclic enamine (5) to 
the indolylacrylic ester (4) as shown in Scheme 2A 

Scheme 2 

It is not certain that cycloadditions of enamines are concerted; they may 

be stepwise ionic reactions.5 

Isolated carbon-carbon double or triple bonds do not usually take part in 
intermolecular Diels-Alder reactions under normal conditions, but a number 
of cyclic alkenes and alkynes with pronounced angular strain do. Some 
cyclic alkynes are powerful dienophiles, and arynes, such as dehydro¬ 
benzene undergo a variety of Diels-Alder additions.6 Cyclopropene 
derivatives are also useful dienophiles and add to both electron-rich and 
electron-deficient dienes. Thus, the cyclopropenone ketal (6) and 1-meth- 
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oxybutadiene gave the adduct (7) in 72 per cent yield in a normal HOMO 
(diene)-controlled Diels-Alder addition, but the electron-deficient diene (8) 
reacted equally well to give the adduct (9). In each case the adduct was a 
single stereoisomer, thought to be the trans compound formed by way of an 

exo transition state.7 

(8) (9) 

Scheme 3 

Dienophiles in which the multiple bond is not activated by conjugation 
with an electron-withdrawing or an electron-donating substituent do not 
readily take part in Diels-Alder cycloaddition reactions under non-forcing 
conditions. However, this limitation can sometimes be circumvented by the 
use of ‘synthetic equivalents’, that is derivatives in which the double or 
triple bond is activated by the temporary attachment of an electron- 
withdrawing group which is removed after the cycloaddition has been 
effected. Thus, the readily available phenyl vinyl sulphone serves well as a 
synthetic equivalent of ethylene or terminal alkenes in Diels-Alder reactions. 
It reacts smoothly with a variety of dienes to give adducts, commonly 
crystalline, from which the phenylsulphonyl group is easily removed by 
reduction with sodium amalgam. Reactions with unsymmetrical dienes are 
highly regioselective, because of the strong directing effect of the sulphonyl 
group, and alkylation of the initial adduct before reductive cleavage of the 
sulphonyl group leads to products formed by formal addition of a terminal 
alkene to a diene.8 Thus, reaction with 2,3-dimethylbutadiene leads initially 



The Diels-Alder Reaction - General Aspects 5 

to the adduct (10) which gives 1,2-dimethylcyclohexene on reductive 
cleavage, formed in effect by addition of ethylene to 2,3-dimethylbutadiene. 
Alkylation of (10) with benzyl bromide and subsequent desulphonylation 
gives 4-benzyl-1,2-dimethylcyclohexene corresponding to formal addition 
of allylbenzene to the diene (Scheme 4). 

+ PhS02 
benzene 

-> 
25°C 

Na-Hg 

-> 
MeOH 

(10) 

(1) base, PhCH2Br 

(2) Na - Hg, MeOH 

V 

'^Y/^>CH2Ph 

(76%) 

Scheme 4 

McO 

Scheme 5 
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In another application l-methoxy-3-trimethylsilyloxybutadiene and 
phenyl vinyl sulphone gave specifically 4-phenylsulphonylcyclohexenone. 
Further manipulation of this provided 4-alkylcylclohexenones, which are 
notoriously difficult to obtain by direct alkylation of cyclohexenone itself. 
The sesquiterpene alcohol zinziberenol (12) was conveniently made by this 

route. 

An alternative method for engaging unactivated alkenes as dienophiles 
employs the corresponding alkenyl phenyl sulphones obtained from the 
alkene with phenylselenenyl benzenesulphonate followed by elimination of 
selenium by oxidation with hydrogen peroxide.9 Thus, 1-hexene provides 
specifically the vinyl sulphone (13). Because of the powerful directing 
effect of the sulphone group the cycloadditions are highly regioselective; 
l-alkoxy-3-trimethylsilyloxydienes, for example, give specifically the 
valuable 5-alkylcyclohex-2-en-l-ones (Scheme 6). 

(1) PhSeS02Ph,hv 

(2) H202 

OMe 

Me J 

+ 03) 

RO'^ 

OMe 

(1) h3o+ 

-> 

(2) Na - Hg 

Scheme 6 
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The low reactivity of acetylene in Diels-Alder reactions, coupled with 
the synthetic usefulness of the adducts, has led to the development of a 
number of dienophilic acetylene equivalents.10 Phenyl vinyl sulphoxide is 
one such reagent, although it reacts only with very reactive dienes; the initial 
adducts eliminate phenylsulphenic acid during reaction to generate a double 
bond. Thus, reaction of the sulphoxide with trans,trans- 1,4-diphenyl- 
butadiene forms para-terphenyl directly by elimination and dehydrog¬ 
enation.11 Para-tolyl ethynyl sulphone has also been used as an acetylene 
equivalent. With 1,4-diphenylbutadiene it forms the adduct (14) and thence, 
by reductive cleavage of the sulphone with sodium amalgam the cyclo- 
hexadiene (15).12 

Ph_f/ \_Ph PhSO 

MeC6H4S02- = 

V 

Ph « Ph 

XS02C6H4Me 

Na-Hg 
-> 
MeOH 

(14) 

Ph</ Ph 

SOPh 

9* Ph 

(57%) 

(15) 

Scheme 7 

Also employed as acetylene equivalents have been norbomadiene,13 
trans-1 -benzenesulphonyl-2-(trimethylsilyl)ethylene14 and bis(phenyl- 
sulphonyl)ethylene.15 2-Benzyloxy-l-nitroethylene and 2-phenylsulphonyl- 

1-nitroethylene have served as nitro-acetylene equivalents.16 

Nitro-olefms have been used as synthetic equivalents for both ethylenes 
and acetylenes in Diels-Alder reactions. Nitro-olefins are excellent 
dienophiles; they react under mild conditions and the nitro group controls 
the regiochemistry of the reactions. Reductive elimination of the nitro group 
from the adducts gives a product formed, effectively, by addition of an 
olefin to the diene, while elimination of the elements of nitrous acid gives an 
‘acetylene’ adduct; the product (16), for example, is formally produced by 
addition of cyclohexynone to 2,3-dimethylbutadiene.17 
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Scheme 8 

Another potentially useful dienophile is ketene but, as is well known, it 
reacts preferentially with dienes in a [2k+2k] addition to form cyclo- 
butanones rather than the desired 3-cyclohexenones. However, indirect 
methods have been developed to achieve the conversion corresponding to 
Diels-Alder addition of ketene to dienes. These involve addition of a 
suitably chosen vinyl compound to the diene followed by conversion of the 
initial adduct into the required ketone. A number of reagents have been 
used; among the best appear to be 2-chloroacryloyl chloride18 and 2-chloro- 
acrylonitrile.19 Conversion of the initial adducts into the desired ketones is 
effected by hydrolysis.20 

Also employed as ketene equivalents have been di-n-butyl vinylboron- 
ate,21 nitroethylene,22 and p-tolyl vinyl sulphoxide.23 However, the vinyl- 
boronate is not a very reactive dienophile and the thermal instability of nitro¬ 
ethylene limits its application to reactions with reactive dienes. An 
attractive feature of vinyl sulphoxides as ketene equivalents is that they can 
be obtained in optically active form, making possible enantioselective Diels- 
Alder additions.23 These ketene equivalents have been used with only a very 
limited range of dienes, and it remains to be seen whether they will be 
generally useful. 

Methylthiomaleic anhydride,24 methyl(phenylthio)propiolate,25 methyl 
3-bromopropiolate26 and 1,3-dimethoxycarbonylallene27 have all been used 
as synthetic equivalents of 1-methoxycarbonylketene (17), giving adducts 
which can be converted into cyclic p-keto-esters (Scheme 10). 
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OMe 

+ 

Cl 
I 

ch2= ccn 
CHC13 
-> 

OMe OMe 

(50%; 99:1) 
Na2S 

H20, EtOH 

V 

OMe 

(80%) 

Scheme 9 

o 

PhSC= CC02Me 

BiC= CC02Me 

MeQ2CCH= C = CHC02Me 

0=C=CHC02Me 

(17) 

Scheme 10 

Heterodienophiles 

One or both of the atoms of the multiple bond of a dienophile may be a 
heteroatom and such heterodienophiles are now being used increasingly in 
synthesis.28 Carbonyl compounds, thiocarbonyl compounds, imines and 
nitroso compounds are particularly useful in this respect. 

The thermal addition of certain aldehydes bearing electron-attracting 

substituents adjacent to the carbonyl group to conjugated dienes to give 
4,5-dihydropyrans (Scheme 11) has been known for a long time and has 
been employed in the synthesis of hexoses and disaccharides.2^ But the 
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scope of this reaction has been limited by the elevated temperatures required 
and the restricted range of aldehydes which take part. 

09) 

Scheme 11 

More recently, cycloaddition of aldehydes to reactive alkoxybutadienes 
has been effected at moderate temperatures under ultra-high pressures30 (see 
p.49). The scope of reactions at ordinary pressures has been greatly widened 
by the finding that certain reactive 1,3-dienes, such as (20), bearing alkoxy 
or silyloxy substituents, react readily with a wide range of aldehydes in the 
presence of Lewis acid catalysts to give substituted 2,3-dihydro-4-pyrones 
(21). The catalysts used include magnesium bromide, zinc chloride, boron 
trifluoride etherate, the europium complexes Eu(fod)3 and Eu(hfc)3 and 
titanium tetrachloride, and each of these imparts a characteristic stamp on 
the course of the reaction. The reactions take place under mild conditions 
with a high degree of control over the stereochemistry of the 2,3-dihydro- 
pyrones formed, and they have been employed in the stereocontrolled 
syntheses of hexoses and, by cleavage of the dihydropyrone ring, of 2-alkyl- 
3-hydroxycarboxylic acids.31 

MeO 

(20) 

R = Me3Si 

Scheme 12 
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The course of the reactions and the stereochemistry of the dihydro- 
pyrones formed depends on the catalyst and also, to some extent, on the 
reaction conditions and the geometry and substitution pattern of the diene. 
Reactions catalysed by zinc chloride are true pericyclic reactions and 
proceed through 1:1 adducts (as 23) which can be isolated if desired.3* With 
trans,trans-1,4-disubstituted dienes such as (22) the reactions are highly 
stereoselective and lead largely to the ds-2,3-disubstituted-4-pyrone (24) by 
way of an endo transition state, with the important exception of reactions 
with aldehydes bearing an a- or p- alkoxy substituent33 (see below). 

MeO 

RCT^j 

Me 

(22) 

R = Me3Si 

MeO 
ZnCl 

-> 

THF, 25°C 

(23) 

cat. CF3CO2H 

CC14, 25°C 

V 

Me^^-^Q Mef^^o 

(25) (24) (2:91) 

Scheme 13 

Reactions catalysed by magnesium bromide and the europium reagents 
follow a similar pericyclic pathway through an endo transition state. With 
the europium catalyst Eu(fod)3 reactions take place under mild enough 
conditions to allow isolation of the immediate cycloaddition products. Thus 
reaction of acetaldehyde with diene (22) catalysed by Eu(fod)3 takes place 
with virtually complete endo specificity to give the dihydropyran (26), with 
stereocontrolled formation of three chiral centres. A fourth centre is 
generated at C-5 by axial protonation of the silyl enol ether with methanol- 
triethylamine, to give the tetrahydropyrone (27). Alternatively, treatment 
with trifluoracetic acid leads to the ds-2,3-disubstituted dihydropyrone 

(28).34 
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Scheme 14 

With the chiral catalyst (+)-Eu(hfc)3 and the correct choice of chiral 
auxiliary on the alkoxydienes, adducts of high enantiomeric purity have 
been obtained and have been employed in the synthesis of optically pure 
saccharides without recourse to formal resolution35 (see p.72). The 
preference for the endo transition state in these reactions, leading to cis-2,3- 
disubstituted dihydropyrones is ascribed to the formation of a Lewis acid- 
aldehyde complex in which the catalyst binds anti to the R group of the 
aldehyde. In general the catalyst-solvent array is larger than R and 
preferentially adopts the exo position36 (Scheme 15). 

For reactions catalysed by BF3.OEt2 the situation is more complex. It 
appears that more than one reaction pathway may be followed, with different 
stereochemical consequences, and that the delicate balance between them 
may be influenced by a number of factors including the experimental 
conditions and the substitution pattern in the diene.37 Reaction of the diene 
(22) with several aldehydes catalysed by BF3.OEt2 in methylene chloride 
solution led mainly to the corresponding trans-2,3-dihydro-4-pyrone, 
contrasting with the ZnCl2-catalysed reactions which gave largely the cis 
isomers. In toluene solution however the main products were the cis 
isomers and these were formed in even larger amounts by substitution of the 
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t-butyldimethylsilyl ether for the trimethylsilyl ether in (22)38 (Scheme 16). 
It is suggested that the reactions catalysed by boron trifluoride take place, 
not by a pericyclic pathway, but through a siloxonium species like (29). 

MeO 

cis-2.3 product 

R = Me3Si 

Scheme 15 

MeO 

Me 

Me 

(22) 

PhCHO 

catalyst 

BF3. Et20 

CH2C12i -78°C 

-> 

O 

H 

H L Ph 

Me|^^'o 

O 

H Me 

4.6 

. Ph 

H 

BF3. Et20 
toluene 2.2 

ZnCl2> THF 40 

H 
Me* 

5+ 
RO 

V 
Me 

OMe 

O 
Ph BF3"' 

(29) 

R = Me-iSi 

Scheme 16 
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In the reactions of a-alkoxy aldehydes with alkoxy dienes the stereo¬ 
chemical outcome is different; reactions in the pericyclic mode now lead 
preferentially to the rra/«-2,3-disubstituted pyrone. A chelated complex (as 
30) is formed in presence of the catalyst and the exo transition state is now 
preferred (Scheme 17).39 Magnesium bromide is the best catalyst for these 
chelation-controlled reactions. Thus, reaction of diene (22) with the 
a-benzyloxy aldehyde (31) in the presence of magnesium bromide gave the 
2,3-/ra«.y-4-pyrone (32) exclusively in 50 per cent yield. 

> trans - 2,3 product 

MeO 

Rcr^ 
Me 

^Jv^/OCH2Ph 

(22) (31) 

R = Me^Si 

MgBr2 

-> 
THF 

M ef 1, \ 
H H Et 

OCH2Ph 

(32) 

Scheme 17 

With p-alkoxy aldehydes catalysis by magnesium bromide gave only 
poor selectivity. Excellent results were obtained with titanium tetrachloride 
as catalyst, leading to the ds-2,3-disubstituted 4-pyrones. The reactions 
now follow a Mukaiyama aldol-like course and not a pericyclic pathway. 
Thus, when diene (22) was reacted with the p-alkoxy aldehyde (33) and 
titanium tetrachloride and the resultant aldol treated with trifluoroacetic acid, 
the cw-2,3-disubstituted 4-pyrone (34) was obtained in 56 per cent yield! 
Similarly the a-alkoxy aldehyde (35) gave the cis disubstituted pyrone (36) 
m 93 per cent yield by way of the intermediate (37). None of the 
corresponding 2,3-trans isomer was detected in either case.39 
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Thus, to summarise,40 cycloadditions with a-alkoxy aldehydes, catalysed 
by magnesium bromide, lead preferentially to //ww-2,3-disubstituted 
4-pyrones via a chelation-controlled pericyclic pathway. With titanium 
tetrachloride as catalyst the corresponding cis isomers are obtained through a 
Mukaiyama aldol process. With p-alkoxy aldehydes catalysis by 
magnesium bromide results in only poor selectivity but with titanium tetra¬ 
chloride high yields of 2,3-c/s-4-pyrones are again obtained via a 

Mukaiyama aldol pathway. 

As is implied in the reaction schemes above, catalysed addition of dienes 
to aldehydes follows the Cram selectivity rule, allowing the controlled 
development of three contiguous chiral centres with a high degree of 
selectivity as in (32) and (36). In another example the chiral aldehyde (38) 
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and l-methoxy-3-trimethylsilyloxybutadiene gave the adduct (39), which 
was converted in a number of steps into 2,4-dideoxy-D-glucose (40).41 

Scheme 19 

The ease of the catalysed reactions between aldehydes and suitable 1,3- 
dienes, their flexibility and the high degree of stereocontrol possible, have 
led to their application in the stereocontrolled syntheses of a variety of 
hexose systems related to sugars, and of open-chain compounds derived by 
cleaving the dihydropyrone ring (see p.103). 

Thiocarbonyl compounds 

Thiocarbonyl compounds of all kinds are highly reactive dienophiles. 
They are more reactive than the corresponding carbonyl compounds and 
their cycloaddition to conjugated dienes provides a good route to six- 
membered sulphur heterocycles.42 However, they have not so far been used 
much in complex syntheses. 

s 
ll 

PhCMe 

(100%;1:1.2) 

Scheme 20 

Although all kinds of thiocarbonyl compounds can act as dienophiles 
they do not all do so with equal ease. Thio-esters are less reactive than thio- 
aldehydes and thio-ketones, but their reactivity is enhanced by an adjacent 
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electron-withdrawing group. For example, cyanodithioformates,43 dithio- 
oxalates44 and dithiopyruvates44 are reactive dienophiles. Alkyl- and aryl- 
dithiocarboxylates, on the other hand, react with dienes only at elevated 
temperatures.45 The following order of reactivity of thiocarbonyl 
compounds is suggested by observation (Scheme 21). 

Scheme 21 

Early attempts to use thio-aldehydes as dienophiles were thwarted by 
their tendency to polymerise, but a number of methods have now been 
developed to produce them in situ. Thiobenzaldehyde and thioacetaldehyde, 
for example, may be generated by thermolysis of the appropriate thiosulph- 
inate, itself readily prepared by oxidation of the corresponding disulphide, 
and trapped in situ by reaction with a diene.46 Thus, thiobenzaldehyde 
generated by thermolysis of thiosulphinate (41) was trapped efficiently by 
anthracene and 2,3-dimethylbutadiene to give the adducts (42) and (43). 

S/S\/Ph 
II 
o 

(41) 

A 
-> 
benzene 

Ph" SOH 

(43) (95%) 

Scheme 22 
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In an intramolecular example which shows the potential scope of the 
procedure, the thiosulphinate (44) heated in toluene solution gave the two 
thiabicyclononenes (46) and (47) in 40 per cent yield, by way of the 
thioaldehyde (45).47 

Scheme 23 

The anthracene adduct (42) is a good storable source of thiobenzalde- 
hyde, and so are the readily available thioaldehyde-cyclopentadiene 
adducts.48 Photofragmentation of phenacyl sulphides provides another good 
general route to thio-aldehydes. If the irradiation is conducted in the 
presence of a diene the adduct dihydrothiopyran is obtained directly.49 

Ph JO 

H 

S 

Scheme 24 

Transient thio-aldehydes have also been obtained by the action of 
tnethylamine on ethoxycarbonylmethanesulphonyl chloride,*) sodium 
thiosulphate S-esters5* or a-sulphonyldisulphides52 and by fluoride-induced 
elimination from oc-silyldisulphides.53 
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The regiochemistry of addition of thio-aldehydes to unsymmetrical 
dienes depends on the nature of the group R of the thio-aldehyde. If R is an 
electron-withdrawing group, reaction with 1-substituted butadienes gives 
"ortho” adducts and 2-substituted butadienes give "para" adducts.54 With the 
less reactive alkane-thials, the "meta" adducts are the main products 
(Scheme 25). 

S 

+ II r^S 

R = Me^Si 

H^^R1 
1 

RG>^S 

R1 = CO^r1 9% 53% 

R1 = CH2OAC 74% <5% 

Scheme 25 

Thiopyrans obtained by Diels-Alder addition of thio-aldehydes to dienes 
have been employed in an interesting way to prepare medium-ring 
compounds. Thus, the adduct (48) from benzoylthioformaldehyde and 
2-ethoxybutadiene, on conversion into (49) followed by methylation and 
reaction with potassium t-butoxide gave the ring-enlarged thiacyclo- 
nonenone (51) by way of the kinetically favoured ylide (50).55 A similar 
sequence has been employed to prepare other functionalised medium ring 
sulphur heterocycles used as intermediates in prospective macrolide 

syntheses.56 

Ring-contraction reactions have also been effected, to give function¬ 
alised cyclopentenes. For example the thiocyclohexene (52) on treatment 
with lithium di-isopropylamide followed by quenching with methyl iodide 
gave the cyclopentene (53) in 87 per cent yield as a mixture of 

stereoisomers.57 

N-Sulphinylsulphonamides 

Another useful group of sulphur-containing dienophiles are the N-sulph- 
inylsulphonamides (54) which are readily obtained from arylsulphonamides 
and thionyl chloride. They add readily to conjugated dienes to give 
3,6-dihydro-1,2-thiazine derivatives.58 
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(1) LDA.HMPA 
-> 
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Scheme 27 
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(54) (55) 

Scheme 28 
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Addition of sulphinylsulphonamides to unsymmetrical dienes is highly 
regioselective. 2-Substituted dienes give thermally stable 5-substituted 
thiazines, while 1-substituted dienes, at low temperatures give 3-substituted 
thiazines; the latter, however, readily isomerise at higher temperatures to the 
more stable 6-substituted thiazines.59 

The importance of these cycloadducts in synthesis lies in the fact that on 
alkaline hydrolysis the thiazine ring is cleaved to give a sulphinate which, on 
acidification, loses sulphur dioxide by a cyclic retro-ene pathway to form a 
derivative of a homoallylic amine60 (Scheme 29). 

s<>° NaOH, H20 so2- 

NHTs 

Scheme 29 

A strong preference for a chair-like transition state with an equatorial 
substituent on the carbon next to the sulphur explains the predominant 
formation of the (£)-alkene, as well as the diastereomeric induction at C-4 
when the reaction is conducted in deuterated solvent. This sequence has 
been employed in the stereocontrolled synthesis of acyclic homoallylic 

amines and amino-alcohols (Chapter 2). 

Imines 

Another useful group of heterodienophiles are the imines, containing the 
group C=N-Z where Z=S02R,C0R etc. These react with 1,3-dienes to form 

1,2,3,6-tetrahydropyridines61 (Scheme 30). 
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Z = S02At, cor 

X,Y = H, C02R, At, CC13 

Scheme 30 

Thus, the ‘activated’ imine (56) and l-methoxy-3-trimethylsilyloxy- 
butadiene gave the dihydropyridone (57) in 84 per cent yield.62 

MeO 

D (1) benzene 
NCQ2Bu reflux 

Me3SiO/L^ Et02C/ (2) H3O4 

(56) 

'^^NCO^u 

co2Et 

(57) 

Scheme 31 

The reactions are usually highly regio- and stereo-selective. The 
predominant regioisomer can often be predicted by consideration of the most 
stable hypothetical dipolar intermediate or transition state although, in fact, 
little is known about the detailed reaction pathway of imino Diels-Alder 
reactions. It appears that acyclic imines probably react by way of the (E)- 
isomer in most cases. However, many of the most useful electron-deficient 
imino dienophiles cannot easily be isolated and the easy (Z-E) isomerisation 
in these systems and nitrogen inversion in the adducts results in uncertainty 
about the geometry of the reacting imine. With imines bearing electron- 
attracting groups on both the carbon and nitrogen of the imine the stereo¬ 
chemistry of the product depends, of course, on which one adopts the endo 
configuration during reaction. It appears that 7t-substituents on nitrogen are 
better endo directors than equivalent substituents on the carbon of the 
dienophile. With cyclic imines, the geometry of the imine is unambiguous 
and the expected endo adduct is formed (Scheme 32). 



The Diels-Alder Reaction - General Aspects 23 

Scheme 32 

Hitherto it has been believed that only ‘activated’ imines in which either 
the nitrogen or carbon atom of the imine, or both, carried an electron- 
withdrawing group, would undergo intermolecular imino Diels-Alder 
reactions readily. It has now been found that ordinary unactivated Schiff 
bases react smoothly with the reactive diene l-methoxy-3-trimethylsilyloxy- 
butadiene in the presence of zinc chloride to form 2,3-dihydro-4-pyridones 
in good yield (Scheme 33).63 Under the same conditions ocP-unsaturated 
imines reacted at the imino group64 and cyclic imines and the appropriate 
dienes gave polycyclic compounds related to yohimbine.65 Boron trifluoride 
etherate has also been used as catalyst in these reactions.66 

MeO 

J- 

Me3SiCr^ 

ZnCl2 
-> 
THF, 25°C 

Ph 

(69%) 

Scheme 33 

It has also been found that simple unactivated iminium salts, generated in 
situ under Mannich-like conditions react smoothly with dienes in aqueous 

solution to form adducts in high yield.67 
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Intramolecular versions of the imino Diels-Alder reaction are being 
increasingly employed in the synthesis of alkaloids and other polycyclic 
nitrogenous compounds.68 The intramolecular reactions in many cases are 
highly stereoselective and frequently take place in the absence of activating 
groups on the imino double bond. Thus, the acetate (58) on pyrolysis, 
affords the bicyclic lactam (59), subsequently converted into the alkaloid 

a-coniceine. 

Scheme 34 

Nitroso compounds 

Another useful group of heterodienophiles are the nitroso compounds. 
The most reactive are the aromatic nitroso compounds and those in which 
the nitroso group is directly linked to an electron-withdrawing group as in 
nitrosyl cyanide and the C-nitrosocarbonyl compounds, RC0N=0, and 
C-nitrosoformate esters, R0C0N=0. These all react readily with 1,3-dienes 
to form derivatives of 3,6-dihydro-1,2-oxazine69 (Scheme 35). 

(76%) 

Scheme 35 
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C-Nitrosocarbonyl compounds are prepared in situ as transient intermediates 
by oxidation of hydroxamic acids with periodate,70 and C-nitrosoformate 
esters in the same way from N-hydroxycarbamic esters71 although neither 
type has yet been detected physically. Generated in the presence of 
1,3-dienes they afford dihydro-oxazines in good yield. The C-nitroso- 
carbonyl compounds are conveniently purified and stored in the form of 
their adducts with 9,10-dimethylanthracene or cyclopentadiene, from which 
they are readily regenerated by warming in benzene solution. Nitrosyl 
cyanide is prepared from nitrosyl chloride and silver cyanide and is also best 
stored as its adduct with 9,10-dimethylanthracene.72 

The very reactive C-nitrosocarbonyl compounds and C-nitrosoformate 
esters appear to react equally well with dienes carrying electron- 
withdrawing or electron-donating substituents.73 Thus, in a key step in a 
synthesis of the glutamine synthetase inhibitor tabtoxine-p-lactam, reaction 
of benzyl nitrosoformate, generated in situ from the corresponding carbamic 
ester, with 1-cyanocyclohexadiene gave the single adduct (60) in 73 per cent 
yield.74 Not all addition reactions of acylnitroso compounds are as selective 

as this. 

PhCH2OCONHOH 

Et4N I04 

ch2ci2 
V 

PhCH20C0N=0 + 

(60) (73%) 

Scheme 36 

The reactivites of a series of acylnitroso compounds in reaction with the 

dimethylacetal of hexa-2,4-dienal fell in the order 

ROCONO > RCONO > ArCONO > R2NC0N0.75 
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Another useful reagent is 1-chloronitrosocyclohexane. Unlike most 
tertiary nitrosoalkanes it forms adducts with conjugated dienes. Although 
sluggish, the reactions have preparative value because when they are carried 
out in alcoholic solution the initial adducts are solvolysed to give the 
corresponding 3,6-dihydro-l,2-oxazines formed, in effect, by addition of 
HN=0 to the diene.76 A similar transformation can be effected using benzyl 
nitrosoformate.74 

Scheme 37 

The 1,2-oxazines formed in these reactions are valuable in synthesis because 
on cleavage of the N-0 bond they give rise to 1,4-amino-alcohols, ris-1- 
Amino-4-hydroxy-3-methyl-2-butene, for example, was smoothly obtained 
by reductive cleavage of the dihydro-oxazine (61) from isoprene and 
chloronitrosocyclohexame77 and the sequence has been used to prepare a 
number of substituted ds-l-amino-4-hydroxycyclohexanes with excellent 
control of stereochemistry (see p.115). Intra-molecular cycloadditions of 
mtroso compounds have also been employed in synthesis (see p.188). 
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The optically active enantiomerically pure a-chloronitroso compounds 
(62) and (63) have been prepared. The former was obtained from the oxime 
of epiandrosterone by oxidation with t-butyl hypochlorite. On reaction with 
cyclohexadiene in methanol it gave the adduct (64) in 69 per cent yield and 
>95 per cent enantiomeric excess, and thence the valuable cyclohexene 
derivative (65).78 The compound (63) was obtained from mannose: it also 
reacted with cyclohexadiene, giving an adduct of opposite absolute 
configuration from (64).79 

(62) (63) 

„ NH.HC1 
O 

(64) (65) 

Scheme 38 

The Diene 

A wide range of dienes takes part in the Diels-Alder reaction, including 
open-chain and cyclic dienes, and transiently formed dienes such as ortho- 
quinodimethanes. Heterodienes in which one or more of the atoms of the 
diene is a hetero-atom are also well-known and are much used in synthesis. 
An essential condition for reaction is that the diene has, or can adopt, a 
cisoid conformation, and most dienes which satisfy this condition undergo 
the reaction more or less easily depending on their structure. Substituents on 
the diene influence the rate of reaction electronically and through their steric 
effect on the conformational equilibrium. In a ‘normal’ Diels-Alder reaction 
the rate of addition is often increased by electron-donating substituents (for 
example Me, NHCOR, OMe) on the diene as well as by electron- 
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withdrawing substituents on the dienophile. Reactions with inverse electron 
demand are favoured by electron-withdrawing substituents on the diene. 
Among open-chain dienes, substituents which discourage the diene from 
adopting a cisoid conformation hinder the reaction. Thus, (E)-substituted 
dienes usually react with dienophiles more readily than the corresponding 

(Z)-isomers. 

Very many Diels-Alder reactions with alkyl- and aryl-substituted 
butadienes have been effected, and more recently dienes bearing hetero¬ 
atom substituents (NHCOR, OR, SR) have been used with conspicuous 
success.80 Hetero-substituents on the diene have a controlling effect on the 
regioselectivity of the cycloadditions and allow further useful 
transformations of the initial cyclo-adducts. Alkoxy and trimethylsilyloxy 
substituents are particularly useful. Thus, 2-alkoxy- and 2- 
trimethylsilyloxy-1,3-dienes react easily with dienophiles to form adducts 
which are readily hydrolised to cyclohexanone derivatives81 (Scheme 39). 

rcJ^. 
+ 

R = Me3Si 

toluene 
-5> 
reflux 

O 

RCK^ 

o 

Scheme 39 

One of the most widely used dienes of this class is l-methoxy-3-tri- 
methylsilyloxybutadiene (66) which is readily obtained from commercially 
available l-methoxybuten-3-one82 (Scheme 40). It owes its usefulness to its 
high reactivity, to the high regioselectivity shown in reactions with 
unsymmetrical dienophiles and to the diversity of products which can be 
obtained from the initial adducts. Cyclohexenones, cyclohexadienones and 
benzene derivatives can be prepared depending on the precise mode of 
operation, and the reagent has been employed in elegant syntheses of several 
natural products.83 

The p-methoxycyclohexanone formed initially can sometimes be 
isolated, as in the reaction in Scheme 40, but frequently it is converted 
directly into the corresponding aP-unsaturated ketone. Thus, reaction of the 
diene with 2-methylpropenal and acid hydrolysis of the initial adduct gave 
4-formyl-4-methylcyclohexenone.84 
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Aromatic compounds have been obtained in two ways: by reaction of 
(66) with acetylenic dienophiles followed by acid hydrolysis, or by reaction 
with p-phenylsulphinyl-ap-unsaturated carbonyl compounds followed by 
elimination of phenylsulphinic acid.85 

The 2- and 4-methyl derivatives of l-methoxy-3-trimethylsilyloxy- 1,3- 
butadiene, and the 2,4-dimethyl derivative also undergo Diels-Alder addition 
to a range of dienophiles, providing rapid access to diversely functionalised 
aromatic compounds, cyclohexenones and cyclohexadienones.86 

Another useful group of oxygenated butadienes are the vinylketene 
acetals such as l,l-dimethoxy-3-trimethylsilyloxybutadiene 8687 and 1-meth- 
oxy-l,3-bis(trimethylsilyloxy)butadiene (71).88 These reactive dienes add 
readily to acetylenic dienophiles to form derivatives of resorcinol. With (71) 
cycloaddition to dimethyl acetylenedicarboxylate, for example, is followed 
by elemination of methanol to give the resorcinol (72). The dimethyl acetal 
affords derivatives of resorcinol monomethyl ether; methyl propiolate, for 
example, gave the monomethyl ether (68). An isomeric methyl ether (70) 
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was obtained in a variation using methyl trans-p-nitroacrylate as dienophile. 
Here the orientation of the cyclo-addition is controlled by the nitro group 
and elimination of nitrous acid from the adduct (69) leads exclusively to 
(70).«9 
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Another group of alkyl vinylketen acetals are obtained from the enolate 
ions of aP-unsaturated esters and trimethylsilyl chloride. They react with 
oc-chloroquinones to give adducts which have been converted into naphtha- 
quinones and anthraquinones90 (see p.124). 

Butadienes bearing sulphide substituents are also reactive dienes; 1- and 
2-phenylthiobutadiene, for example, form adducts with a variety of dieno- 
philes. These adducts are versatile synthetic intermediates since the 
sulphide group can be reductively cleaved, or eliminated to form a new 
double bond after oxidation to the sulphoxide.91 A number of 2-alkoxy- 
phenylthiobutadienes form adducts with enones in which the enol ether 
function serves as a readily unmasked ketone. In reactions with unsym- 
metrical dienophiles the regiochemistry of the addition is controlled by the 
sulphide substituent, and advantage can be taken of this in preparing adducts 
of unusual orientation. Thus, 2-methoxy-l-phenylthiobutadiene92 and 
methyl vinyl ketone in the presence of magnesium bromide catalyst, gave 
the adduct (74) with complete regio- and (<endo) stereoselectivity93 and 
2-methoxy-3-phenylthiobutadiene gave predominantly the adduct (75). 
Hydrolysis of the latter and reductive removal of the phenylthio substituent 
then gave the acetylcyclohexanone (76) of different orientation from that 
obtained from 2-methoxybutadiene itself.94 
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The sulphoxide of 1-phenylthiobutadiene, in contrast to the phenylthio 
compound itself, reacts with electron-rich dienophiles. Thus, in an approach 
to the hasubanan alkaloids, reaction of the sulphoxide with the enamine (77) 
gave the adduct (78) which was converted into the allylic alcohol (79) by 
sulphoxide-sulphenate rearrangement.95 

Scheme 44 

Nitrogen-substituted dienes include the 1-dialkylamino-1,3-dienes and 
1-acylamino-1,3-dienes.96 1-Dialkylamino-1,3-dienes react readily with a 
variety of dienophiles giving adducts which afford derivatives of 1,2-di- 
hydrobenzene on elimination of nitrogen97 (Scheme 45). With acetylenic 
dienophiles benzene derivatives are obtained. 
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Scheme 45 

1-Acylaminodienes have been used in the synthesis of a number of nitro¬ 
genous natural products (see p.98). They are readily obtained by acylation 
of vinylimines98 or by Curtius rearrangement of dienoic acid azides99 and 
they react with a broad range of dienophiles, providing access to a variety of 
amino functionalised cyclic systems in excellent yield.100 Even poor dieno¬ 
philes react readily. The reactions are highly regio- and endo-selective. The 
acylamino group is a powerful regiochemical directing group and only traces 
of regioisomeric adducts were detected in many cycloadditions with unsym- 
metrical dienes. Thus, reaction of the carbamate (80) with methyl acrylate 
was completely regioselective giving a 4:1 mixture of the endo and exo 
cycloadducts (81) and (82) in 90 per cent yield. 

NHC02Me 

(80) 

Scheme 46 

2-Acylamino-1,3-dienes have also been used in synthesis, although so 
far less extensively than the 1-substituted isomers. They lead to 1-acyl- 
aminocyclohexenes which on hydrolysis give cyclohexanones.101 

A useful group of dienes in this series are the N-alkoxycarbonyl-1,2-di- 
hydropyridines. They react with dienophiles to form derivatives of 5,6-de- 
hydroisoquinuclidine.102 Derivatives of cw-l,2,5,8,9,10-hexahydroisoquino- 
line have also been obtained by reaction of N-methoxycarbony 1-1,2-dihydro- 
pyridine with acrolein followed by Cope rearrangement of a derived 1,5- 
diene103 (Scheme 47). 
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A similar sequence was used to construct the D and E rings in a syn¬ 
thesis of reserpine,104 and in a synthesis of (±)-catharanthine.105 Intra¬ 
molecular reactions have also been effected.106 

Diels-Alder reactions of 1-trimethylsilylbutadienes have been employed 
to a limited extent. The trimethylsilyl group reduces somewhat the rate of 
Diels-Alder reactions and has if anything only a weak "ortho" directing 
effect. Other substituents on the diene thus tend to have the major influence 
on the regioselectivity of the additions.107 The products of the reactions are 
allylsilanes which undergo clean deprotonation with acid and other useful 
transformations. Thus, l-acetoxy-4-trimethylsilylbutadiene reacted 
smoothly with methyl acrylate in boiling xylene to give mainly the adduct 
(83). Perhydroxylation of the double bond followed by acid-catalysed 
elimination of trimethylsilanol led to (84) which by further manipulation 
was converted into (±)-shikimic acid.108 
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The trimethylsilyl substituent has also been used in Diels-Alder reactions 
in ways which exploit its steric effect.109 
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Reaction of 1,3-dienylboronates with dienophiles forms allylboronates 
which on further elaboration give cyclohexene derivatives.110 Thus, the 
boronate (85) and maleic anhydride gave the adduct (86) which on oxidation 
formed the alcohol (87). With acetaldehyde the product (88) was obtained 
selectively and on hydrolysis furnished the bicyclic lactone (89). 
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Scheme 49 

The a-pyrone derivatives (90)-(92) are useful in synthesis as equivalents 
of butadienes. The pyrone (90) reacts with dienophiles, with loss of carbon 
dioxide, to form cyclic dienes, and with some electron-rich alkynes benzene 
derivatives are formed directly.111 However, although N,N-diethylamino- 
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propyne reacted readily to give (93) a number of other olefinic and acetyl¬ 
enic dienophiles gave complex mixtures of products. 

(90) 

Et2NC= CMe 

benzene 

reflux 
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°\^>JC02Me 

(91) 
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C02Me 
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Scheme 50 

Coumalates (as 91) can serve either as dienes or dienophiles depending 
on their reaction partner.112 Alkyl substituted a-pyrones have also been 
used; with acetylenedicarboxylic ester they give alkyl substituted phthalic 
esters directly.113 The crystalline hydroxypyrone (92) is a useful synthetic 
equivalent of vinylketene. It reacts with a variety of dienophiles to give 
adducts which are converted easily into dihydrophenols or cyclohexenones 
by loss of carbon dioxide. Acetylenic dienophiles give aromatic 
compounds.114 

Ortho-quinodimethanes (Ortho-xylylenes) 

Another valuable group of 1,3-dienes are the orr/io-quinodimethanes or 
ortho-xylylenes (as 94). These are very reactive dienes and readily form 
Diels-Alder adducts with olefinic and acetylenic dienophiles.115 
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(94) 

Scheme 51 

ortho-Xylylenes are formed in situ by a number of routes, for example 
by thermolysis of benzocyclobutenes or photolysis of ortho-a\ky\ aromatic 
aldehydes or ketones;116 generated in the presence of a dienophile they give 
the adducts directly. Thus, 1-hydroxybenzocyclobutene, heated in benzene 
in the presence of naphthaquinone, gave the adduct (96) by way of the 
ortho-xylylene intermediate (95) formed by thermally allowed conrotatory 
opening of the cyclobutene ring. The same intermediate (95) is formed by 
irradiation of orf/zo-methylbenzaldehyde. 

Scheme 52 

A disadvantage of this approach to ortho-x ylylenes is the comparative 
inaccessibility of appropriately substituted benzocyclobutenes. A novel 
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route to these compounds is provided by the cobalt-catalysed co-cylisation 
of hexa-1,5-diynes with bis(trimethylsilyl)acetylene117 (see p.194). 

Ortho-xylylenes can also be obtained by pyrolytic elimination of sulphur 
dioxide from l,3-dihydrobenzo[c]thiophen sulphones,118 and by pyrolysis of 
orr/io-alkylbenzyl chlorides119 and homophthalic anhydride120 but these 
methods require high temperatures. A milder approach is by 1,4-elimination 
from appropriate a,a'-disubstituted 1,2-dialkylbenzenes, for example by 
base induced elimination from methyl 6>r//zc>-methylbenzyl ethers,121 or 
iodide-induced debromination of a,a'-dibromo-o-xylenes.122 Thus, the 
difficultly accessible anthracene-1,4-quinone was obtained in 43 per cent 
yield from reaction of sodium iodide with a,a,a',a'-tetrabromo-o-xylene in 
the presence of benzoquinone, by way of the ortho-xylylene (97). Other 
anthraquinones have been made in the same way.123 

Scheme 53 

Another mild route proceeds by elimination from 6>r//z6>-(a-trimethyl- 
silylalkyl)benzyltrimethylammonium salts (as 98) triggered by fluoride 
ion.124 Thus, generated in the presence of methyl acrylate, the ortho- 
xylylene (99) gave the tetralin derivative (100) in 80 per cent yield. 
Intramolecular reactions are readily effected.125 
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Scheme 54 
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N-Substituted or/fo-quinonemethide imines (as 103) have been made in 
the same way. Thus, treatment of the quaternary salt (102) with fluoride ion 
gave the spirocyclic compound (104) by way of (103), and intramolecular 
reactions have been employed to make benzo[c]quinolizidines.126 Poly¬ 
cyclic nitrogen compounds, including indole alkaloids, have also been made 
using indole-2,3-quinodimethanes.127 

/^CH2NMe3 

^/^NSiMe3 

F' 
-> 

(102) 

Scheme 55 

Heterodienes 

A variety of heterodienes in which one or more of the atoms in the diene 
system is a hetero-atom, take part in Diels-Alder reactions, but so far they 
have not been extensively employed in synthesis. Probably the most widely 
used are ap-unsaturated carbonyl compounds. They react readily as dienes 
with electron-rich dienophiles such as enol ethers and enamines in Diels- 
Alder reactions with inverse electron demand.128 The reactions with ena¬ 
mines are apparently not direct cycloadditions and may involve the inter¬ 
mediate formation of zwitterions. With less reactive dienophiles dimeris- 
ation of the ap-unsaturated carbonyl compound is a competing reaction. 
When elevated temperatures are used the theoretically favoured endo 
adducts are not the exclusive products and attempts to improve the stereo- 
specificity by lowering the reaction temperature have led to the use of high 
pressure.129 Electron-attracting groups in the a- or P-position to the 
carbonyl function also permit the use of lower reaction temperatures130 and 
Lewis acids such as zinc chloride and soluble lanthanide complexes are 
effective catalysts, allowing the survival of fragile but valuable functionality 
in the addends and products.131 

The reaction of ap-unsaturated carbonyl compounds with alkyl vinyl 
ethers makes available various derivatives of 2-alkoxy-3,4-dihydro-2//- 
pyran, useful in the synthesis of carbohydrates,132 thromboxanes133 and 
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spiroacetals. Thus, the cyclic enol ether (106), generated in situ, reacted 
with methacrolein to give the spiroacetals (107) and (108) in 72 per cent 
yield. The reactivity of the enol ether in (106) as a dienophile exceeds that 
of the ap-unsaturated carbonyl system as a diene.134 

Scheme 56 

Aza-dienes have not been extensively employed in synthesis because of 
their inaccessibility and their comparative unreactivity.135 aP-Unsaturated 
imines, for example, take part in Diels-Alder reactions preferentially through 
their enamine tautomers and not as 1-aza-l,3-dienes; where isomerisation is 
prevented, [2+2]cycloaddition generally intervenes.136 N-Acyl-1-aza-l,3- 
dienes, however, formed in situ by gas-phase pyrolysis of N-acyl-O-acetyl- 
N-allylhydroxylamines, undergo intramolecular reactions readily to give 
derivatives of indolizidine and quinolizidine. Thus, the O-acetyl derivative 
(109) gave (110) in 70 per cent yield137 and the reaction has been applied to 
make the optically active amide (111), a key intermediate in the synthesis of 

(-)-deoxynupharidine.138 
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Scheme 57 

ap-Unsaturated hydrazones, prepared from N,N-dimethylhydrazone and ap- 
unsaturated aldehydes, react readily with electron-deficient dienophiles to 
give adducts which can be converted into substituted piperidines or 
pyrimidines.139 Here the reactivity of the 1-azadiene system is increased by 
the electron-donating dimethylamino substituent. 

2-Azadienes have been used in the synthesis of a number of heterocyclic 
systems, but not in a general way in big syntheses.136 Most of the 2-aza- 
dienes employed carry strong electron-donating groups capable of enhancing 
their reactivity towards typical electron-deficient dienophiles; dialkylamino 
substituents are especially useful in this way.140 

A number of other types of heterodiene have been used in Diels-Alder 
reactions including N-acylimines,141 nitrosoalkenes,142 nitroalkenes143 and 
some heterocyclic compounds.136 Particularly useful among the last class 
are oxazoles and pyrimidines, which can serve as synthetic equivalents of 
2-aza-l ,3-dienes. Diels-Alder addition of olefinic and acetylenic 
dienophiles to oxazoles has been used for the preparation of pyridine and 
furan derivatives, including derivatives of pyridoxine144 (Scheme 58). The 
furanosesquiterpene evodone (114) was obtained by intramolecular addition 
to the oxazole (112) and loss of hyrdogen cyanide from the initial adduct 
(113) m a retro Diels-Alder step.145 
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However the ability of an oxazole to act as a heterodiene appears to depend 

on its substitution pattern.146 

Electron-deficient pyrimidines, such as the 5-carboxylic esters, react 
with ynamines in Diels-Alder reactions with inverse electron demand to 
form pyridine derivatives. In each case the electron-rich dienophile adds 
selectively across C-2/C-5 of the pyrimidine nucleus and the orientation of 
the addition is guided by the pattern of electron-withdrawing substituents on 
the pyrimidine nucleus.147 Electron-rich pyrimidines react with dimethyl 
acetylenedicarboxylate to give substituted pyridines, again by preferential 
addition of the dienophile across C-2/C-5 of the pyrimidine nucleus.148 
Intramolecular reactions of this kind have been effected. Thus the mono- 
terpene alkaloid actinidine was synthesised by a sequence which incor¬ 
porated the intramolecular cycloaddition of the dihydroxypyrimidine (115); 
the presumed intermediate (116) was too unstable for detection.149 

Scheme 59 

Nitrosoalkenes and nitroalkenes also act as diene components in cyclo¬ 
addition reactions with suitable alkenes but the reactions have not hitherto 
been much employed in synthesis. It has been found recently however that 
the intramolecular reactions take place readily and with high stereo¬ 
selectivity to give dihydro-oxazine derivatives in good yield.142-143 Thus the 
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nitro-alkene (117, R—H) gave a mixture of the cis and trans bicyclic adducts 
(118) and (119) in a reaction catalysed by stannic chloride at -70°C; with tri- 
substituted nitro-alkenes (eg. 117, R=CH3) much greater selectivity was 
observed. The initial adducts are usefully converted into fused lactones by 
the action of base followed by oxime exchange, presumably by way of the 
nitrile oxide. 

S11CI4 

-> 

-70°C 

(117) (118) 

t-C5HuOK 

V 

Scheme 60 

Reactions in Water 

Diels-Alder reactions can often be greatly accelerated, and the regio- and 
stereo-selectivities enhanced, by proper choice of experimental conditions, 
for example by conducting the reactions in water, by high pressure and, 

notably, by Lewis acid catalysis. 

Some remarkable increases in rates have been observed for Diels-Alder 
reactions conducted in water. Thus, reaction of cyclopentadiene with methyl 
vinyl ketone at 20°C in water was 700 times faster than in 2,2,4-trimethyl- 
pentane and the endo: exo ratio rose from about 4:1 normally found in 
organic solvents to more than 20:1. These effects persisted even with 
relatively insoluble substrates when two separate phases were present. It is 
suggested that the rate accelerations in these reactions are due to hydro- 
phobic interactions which bring the components close together, at the same 
time favouring the endo transition state.150 High concentrations of the diene 
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component in water have been realised by using the sodium salts of dienoic 
acids.151 Thus, in the key step in a synthesis of the hydrindane (123), an 
intermediate in the synthesis of vitamin D3, reaction of the chiral diene acid 
(120), as the sodium salt, and methacrolein in water at 55°C gave the 
adducts (121) and (122) (85%) in the ratio of about 5:1 after sixteen hours. 
In contrast the corresponding methyl ester in excess of neat methacrolein at 
55°C gave only a 10 per cent yield of 1:1 mixture of isomers after 63 

hours.152 

(120) (121) (70%) (122) (15%) 

several 

steps 

V 

(123) 

Scheme 61 

In another example, the optically active water-soluble butadienyl ether 
(124), with glucose as auxiliary group, gave the two diastereoisomeric 
products (125) and (126) in 92 per cent yield in water after 3.5 hours. 
Further manipulation gave the enantiomerically pure cyclohexanols (127) 
and (128). In contrast, reaction of the tetra-acetate with methacrolein in 
toluene at 80°C required a week for completion.153 
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Similarly, unactivated imminium salts generated in situ under Mannich- 
like conditions reacted smoothly with dienes in aqueous solution; simple 
imines are generally unreactive towards electron-rich dienes. Both inter- 
and intra-molecular reactions take place easily under mild conditions, 
affording a convenient route to a range of piperidine derivatives.154 The 
reaction has been employed in the synthesis of a number of quinolizidine 
alkaloids155 and the two optically active octahydroquinoline derivates (130) 
and (131) were obtained from the chiral diene (129).156 
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Intermolecular reactions with good diastereoselectivities have been 
achieved using (S)-l-phenylethylamine hydrochloride154 or hydrochlorides 
of amino acid esters157 as the ammonium salts. 

Rate accelerations of some intermolecular Diels-Alder reactions have 
also been observed in ethylene glycol and in formamide solution, although 
they are not as great as those in water.15* These accelerations are ascribed to 
solvophobic binding of the reactants to each other in the polar solvents, but 
curiously, there is apparently no striking increase in endo- exo selectivity as 
there is in water. 
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Reactions under High Pressure 

Many Diels-Alder reactions are accelerated by very high pressures of 
10-20kbar (lkbar = 986.9 atm.) because of the large decrease of 25-40 
cm3mol1 in the volume of activation in forming the transition state. Thus, 
typically, a cycloaddition which occurs at about 100°C at atmospheric 
pressure can be achieved at room temperature with a pressure of 9-10kbar.159 
The use of high pressures is particularly useful when steric hindrance to 
reaction or the thermal instability of a reactant or product precludes the use 
of conventional means to accelerate a reaction. Whereas an increase in 
temperature increases the rate of both forward and reverse reactions, 
pressure accelerates the forward reaction only. For example, in an important 
step in the synthesis of the diterpene jatropholone the furan (132) and the 
enone (133) gave the cycloadduct (134) in 80 per cent yield at 5kbar 
pressure at room temperature; reactions under thermal conditions or in the 
presence of Lewis acid catalysts were unsuccessful due to the instability of 
the diene.160 

(132) (133) 

OMe 

Scheme 64 

Again, the high sensitivity of diene (135) to Lewis acids and the low 
reactivity of the aldehyde (136) under thermal conditions necessitated the 
use of high pressure to bring about the cycloaddition to (137) and (138).161 

High pressure has also been employed to facilitate the addition of dienes 
to unreactive cyclohexenones162 and crotonic esters163 and to the ketonic 
group of glyoxylic esters.164 The last reactions can be effected at lower 
pressures in the presence of the lanthanide catalyst Eu(fod)3 as in Scheme 
65.165 Some highly diastereoselective additions to chiral non-racemic 
dienes166 and sugar aldehydes167 have also been facilitated under high 
pressure conditions. The increased endo selectivity of reactions conducted 
under high pressure can also be exploited in synthesis. Thus, in the 
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cycloaddition of the enamino-ketone (139) and ethyl vinyl ether, which is of 
interest since it provides access to 3-amino sugars, the proportion of endo 
adduct (140) was greatly increased by conducting the reaction at low 
temperature under pressure.168 

Scheme 65 
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Scheme 66 

Catalysis by Lewis Acids 

Many Diels-Alder reactions are accelerated by Lewis acid catalysts such 
as boron trifluoride, tinlV chloride and zinc chloride169 and the catalysed 
reactions, as well as proceeding faster, show increased regio- and stereo¬ 
selectivities over the uncatalysed reactions. Thus, in the reaction of methyl 
vinyl ketone with isoprene the proportion of ‘para' adduct increases from 
71:29 in the uncatalysed reaction to 93:7 in reaction catalysed by tinTV 
chloride. Many other examples of this effect have been recorded.170 
Similarly, in die addition of acrylic acid to cyclopentadiene the proportion of 
endo adduct increased noticeably in the presence of aluminium chloride.171 
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These effects are ascribed to complex formation between the Lewis acid and 
the polar groups of the dienophile which brings about changes in the 
energies and orbital coefficients of the frontier orbitals of the dienophile. 

It is well to bear in mind, however, that catalysed reactions may take an 
unexpected course. Thus, reaction of 2,3-dimethylbutadiene with metha- 
crolein catalysed by tinlV chloride gave, not the expected (142) but the 
bridged bicyclic compounds (143) formed by rearrangement of the initial 
adduct.172 

(142) (143) 

Scheme 67 

More recently the soluble lanthanide complexes Eu(fod)3, Eu(hfc)3 and 
Yb(fod)3 have been used with great effect as mild catalysts in hetero Diels- 
Alder addition reactions of oxygenated butadienes; some examples have 
already been given (p.l 1). 

Reaction of achiral dienes with aldehydes in the presence of the chiral 
lanthanide catalyst Eu(hfc)3 gave adducts with only modest asymmetric 
induction173 but with chiral 1-menthyloxybutadienes (as 144) and Eu(hfc)3 
reaction with a variety of aldehydes led to optically active products with 
good diastereomeric excess,174 favouring the "L-pyranoside" adduct (as 145) 
in each case. Such a reaction formed the key step in a synthesis of optically 

pure (146), a p-4-deoxy-L-glucoside. 



52 The Diels-Alder Reaction - General Aspects 

O— l-menthyl 

Me3SiO OAc 
CHO 

(144) 

(1) Eu(hfc>3 

(2) Et3N. MeOH 

Scheme 68 

The lanthanide Yb(fod)3 catalyses the Diels-Alder reaction of acrolein with 
sensitive dienes other than oxygenated butadienes, with high stereo¬ 
selectivity.175 

It has been generally assumed that all Lewis acids promote the formation 
of the same regioisomer in a catalysed Diels-Alder reaction, but it appears 
that this is not always so. Thus, the catalysed reaction of isoprene with 
5-hydroxy-l,4-naphthoquinone (juglone) gave two different regioisomers 
depending on whether the catalyst was boron trifluoride etherate or boron 
triacetate.176 In another case involving juglone and l-acetoxy-4-phenyl- 
thiobutadiene the regioselectivity was reversed on catalysis by boron tri¬ 
fluoride etherate.177 No adequate general explanation for these effects is yet 
available. 

Lewis acids in general catalyse Diels-Alder reactions of dienophiles 
bearing electron-withdrawing substituents. However conjugated dienes, 
styrenes and electron-rich alkenes also can function as powerful dienophiles 
when converted into cation-radicals by triarylaminium salts or by photo- 
sensitised electron transfer. Thus, the Diels-Alder dimerisation of cyclo- 
hexadiene was effected in 70 per cent yield at 0°C in the presence of tris(p- 
bromophenyl)aminium hexachlorostibnate, while the uncatalysed reaction 
gave only 30 per cent of dimer after 20 hours at 210°C178 and a number of 
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selective additions of cyclohexadiene to methyl substituted butadienes has 
been effected. These reactions were highly endo selective and showed the 
unusual feature of taking place more readily at the more heavily substituted 
double bond of the diene. The reactions are believed to involve the alkene 
cation-radicals which can be viewed as extremely electron-deficient and 
hence highly reactive dienophiles.179 In some cases competitive or even 
selective formation of cyclobutane derivatives intervenes.180 Intramolecular 
reactions can be employed with advantage, giving high yields of endo 
products.181 In one example the tetra-ene (147) gave the cycloaddition 
products (148) and (149) in 42 per cent yield; in contrast, refluxing (147) in 
xylene for 48 hours gave no cycloaddition product.182 

With (p-BrC6H4)3 N SbCl6, -72° C, ratio 2:1 

with CF3SO3H (148) only (88%) 

Scheme 69 

The same reaction is efficiently catalysed by trifluoromethanesulphonic acid 
and it has been suggested that in some reactions the aminium cation radical 
serves mainly as an indirect source of protons which bring about an acid- 
catalysed cyclisation,183 but more recent work appear to confirm the general 
validity of the cation-radical chain mechanism.184 The acid-catalysed 
reactions, such as that depicted in Scheme 69, are believed to take place by 
initial addition of an allylic cation to the diene. In agreement, cyclisation of 
unsymmetrical tetra-enes can be effected regio-selectively through the 
appropriate allyl alcohol which serves a the source of a specific allyl 
cation.185 Acrolein acetals186 and ethynyl ortho esters187 also have been 
employed as precursors of allyl cations and propargyl cations respectively in 
ionic Diels-Alder reactions. The term Diels-Alder reaction refers only to the 
formal outcome of these reactions and does not imply that they necessarily 
follow a concerted Diels-Alder pathway. 
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Regiochemistry 

The value of the Diels-Alder reaction in synthesis is due in large 
measure to its high regio- and stereo-selectivity. Reaction of an 
unsymmetrical diene with an unsymmetrical dienophile could, in principle, 
give rise to two regioisomeric adducts but in practice one product generally 
predominates.188 Thus, in the addition of acrylic acid derivatives to 1-sub¬ 
stituted butadienes the "ortho" (1,2-) adduct is favoured, while with 2-sub- 
stituted butadienes the "para" (1,4-) isomer predominates. These orientation 
effects have been shown to be governed largely by the atomic orbital co¬ 
efficients at the termini of the conjugated systems concerned. The atoms 
with the larger terminal coefficients o,n each addend bond preferentially in 
the transition state. It turns out that in most cases this leads mainly to the 
1,2- (‘ortho’) adduct with 1-substituted butadienes and to the 1,4- (‘para’) 
adduct with 2-substituted butadienes.2’189 Secondary orbital interactions may 
also play a part, particularly when the primary interactions show little 
preference for one regio-isomer or the other.190 These orienting forces are 
relatively weak, however, and in particular cases they may be overcome by 
steric factors. But in the presence of Lewis acids the proportion of the 
‘expected’ isomer formed is frequently increased and under these conditions 
very high yields of a single isomer can often be obtained. Thus, in the 
addition of acrolein to isoprene the proportion of the ‘para’ adduct was 
increased in the presence of tinlV chloride so that it became almost the 
exclusive product of the reaction. Similar effects have been observed in 
numerous other reactions. 

toluene, 120°C, no catalyst 59 

benzene, 25°C, SnCl4. 5H20 96 

Scheme 70 
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Substituents do not all have the same directing power. This can 
sometimes be exploited to obtain adducts of unusual orientation through the 
use of dienes or dienophiles bearing substituent groups which control the 
orientation of addition and are then removed after the adduct has been 
formed. The phenylthio and nitro groups are particularly useful in this way. 
Thus, 2-methoxy-1 -phenylthiobutadiene and methyl vinyl ketone, in the 
presence of magnesium bromide catalyst, give the adduct (150) in which the 
methoxy group is ‘meta' to the carbonyl group of the dienophile. Here the 
regioselectivity is controlled by the phenylthio group; reaction of 2-meth- 
oxybutadiene itself with methyl vinyl ketone gives the ‘para’ isomer.191 
Analogous regiocontrol by a sulphur substituent has been observed in the 
Diels-Alder reactions of several other alkoxy- and acyloxy-phenylthio- 
butadienes.192 The sulphur substituent in the adducts can be removed by 
reductive cleavage or by conversion into the sulphoxide and elimination. 

(150) 

Scheme 71 

Similarly, in 3-nitrocyclohexenone the nitro group controls the orient¬ 
ation of addition so that reaction with 1,3-pentadiene affords the adduct 
(151), Reductive removal of the nitro group gave (152) of orientation 
different from that of the adduct (153) obtained from reaction of 1,3-penta- 
diene with cyclohexenone itself.193 
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(153) (152) 

Scheme 72 

Stereochemistry 

Another valuable feature of the Diels-Alder reaction is its high stereo¬ 
selectivity, and it is probably this factor more than any other which has led 
to its widespread application in the synthesis of complex natural products. 
Up to four new chiral centres may be set up in the reaction between a diene 
and a dienophile, but it is frequently found that one of the several possible 
racemates is formed in preponderant amount or even exclusively. The 
stereochemistry of the main product can generally be predicted on the basis 
of two well-known rules, the ds-rule, which states that the relative 
stereochemistry of the substituent groups in the diene and dienophile is 
maintained in the product of cyclo-addition, and the Alder endo rule 
according to which the diene and dienophile arrange themselves in parallel 
planes and the most stable transition state is that in which there is 
"maximum accumulation of double bonds" or, as we would now say, the 
maximum possibility of orbital overlap. The ds-rule is very widely 
followed. Hie endo rule appears to be strictly obeyed only in the addition of 
cyclic dienes to cyclic dienophiles, but it is a useful guide in other cases as 
well.194 It should be noted, however, that the endo rule applies only to the 
kinetic products of reaction, and that its application to intramolecular 
cycloadditions is more uncertain. It is very frequently found that the 
proportion of endo isomer is increased in reactions catalysed by Lewis acids. 
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On the other hand, reactions may become less selective at elevated temper¬ 
atures. The factors which determine the steric course of diene additions are 
not always completely clear. It appears that a number of different forces 
operate in the transition state and the precise steric composition of the 
product depends on the balance among these. 

The simultaneous operation of the cis and endo rules is seen in the 
reaction of 1,4-diacetoxybutadiene with ethylene carbonate to give the 
adduct (154). In an intramolecular example the triene (155) gave almost 
exclusively the adduct (157) by way of the endo transition state (156).195 
Not all intramolecular Diels-Alder reactions are as endo selective as this. 

toluene 

130°C 

(155) 

V 

(157) 

Scheme 73 
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In the reaction between a diene and a dienophile with a chiral centre next 
to the double bond, the stereochemical relationship between the newly- 
formed chiral centres in the ring of the adduct and the pre-existing centre in 
the dienophile is determined by the facial selectivity of the addition. 

Scheme 74 

Very high and predictable selectivity in this sense is observed in the 
catalysed addition of activated dienes to aldehydes, where addition to the 
carbonyl group very largely follows Cram’s mle. Thus, addition of the 
diene (158) to 2-phenylpropanal in the presence of zinc chloride gave the 
single adduct (159),196 and reaction of l-methoxy-3-trimethylsilyloxy- 
butadiene with N-t-butoxycarbonylleucinal (163) gave mainly the adduct 
(164),197 in each case by Cram selective addition of the diene to the carbonyl 
group. The cis-2,3-disubstitution pattern in (159) follows from the endo 
selectivity of the cycloaddition which operates under these conditions (see 
p.ll). When the reaction between the diene (158) and 2-phenylpropanal 
was effected in chloroform with boron trifluoride etherate as catalyst the 
main product was the 2,3-trans pyrone (161) but the Cram relationship at 
C-2/C-7 still held. 

Substituted dihydropyrones prepared stereoselectively in this way have 
been employed in the synthesis of a variety of hexoses and disaccharides 
(see p.106) and they have been exploited also in the stereocontrolled 
synthesis of open chain compounds by cleavage of the pyrone. The ring acts 
as a matrix whose stereochemistry is transferred to the acyclic product. 
Thus, oxidative cleavage of the pyrone ring in (164) gave the N-t-butoxy- 
carbonyl derivative of the novel p-hydroxy-y-amino acid statine (166). 
Dihydropyrones like (159) and (161) can be considered as masked aldols. 
Thus, (159) on oxidative cleavage led smoothly and stereoselectively to the 
P-hydroxycarboxylic acid (160), while the C-2 epimer (161) gave the dia- 
stereomer (162) (Scheme 75). 
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The a-phenylseleno group has been found to be a useful controlling 
element in Cram-type cycloadditions to carbonyl groups. Thus, in a syn¬ 
thesis of N-acetylneuraminic acid (171) reaction of the (S)-seleno-aldehyde 
(168), used as a synthetic equivalent of acrolein, with the diene (167) in the 
presence of boron trifluoride etherate gave a 5:1 mixture of cis- and trans- 
dihydropyrones (169) and (170) each of which was practically optically 
pure. The stereogenic centre bearing the phenylseleno group powerfully 
determined the stereochemical fate of the emerging centres at C-6. The 
overall sense of the cycloaddition in each case was in accordance with 

Cram’s rule.198 

OMe 

Me3SiOT^ 
OBn 

(167) 

O 

SePh 

(168) 
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ch2ci2 

-78°C 

(169) (170) 

several steps 

V 
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Cycloadditions to olefinic dienophiles and dienes with an allylic chiral 
centre are also frequently face selective. For example, addition of N-phenyl- 
maleimide to the diene (172) affords the two diastereomeric adducts (173) 
and (174) in the ratio 5:1, by selective addition to one face of the diene in an 
endo transition state. 

Scheme 77 

However, it is not always clear how the selectivity in these reactions is 
controlled and it has not yet been possible to develop a predictive transition 
state picture which can accommodate all the known facts.199 In some cases 
results can be accounted for by steric effects, in others steric effects by 
themselves are insufficient and stereoelectronic factors appear to come in to 
play, particularly where the allylic carbon carries a substituent with a lone 
pair of electrons, such as an alkoxy group. A major uncertainty is the 
conformation of the allylic group in the transition state199-200 but this is 
evidently not the only factor, for the nature of the dienophile and even the 
solvent can influence the result. 

Asymmetric Diels-Alder Reactions 

If either the diene or the dienophile is chiral and optically active, facially 
selective addition will give rise to a non-statistical mixture of optically 
active diastereomers. The more facially-slective the addition the more diast- 
ereoselective the reaction will be until, in the ideal case, a single diaster- 
eomer results. In one approach a stereogenic centre which is to form part of 
the product is incorporated in the diene or dienophile, usually at an allylic 
position. The products of cycloaddition are diastereomers and remain so 
because the original stereogenic centre is an element of the product. Thus, 
in the synthesis of statine (166) shown in Scheme 75, reaction of the optic- 
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ally active amino-aldehyde (163) with the 1,3-diene gave a mixture of diast- 
ereoisomers, the major component of which was converted into enantio- 
merically pure statine. In this synthesis a new asymmetric centre is 
generated in the cycloaddition, and the original asymmetric centre of the 
amino-aldehyde is an integral part of the product. However increasing 
attention is now being paid to the wider class of asymmetric Diels-Alder 
reactions using, in effect, non-optically active dienes and dienophiles by 
conducting the reactions in the presence of an optically active catalyst or, 
more successfully so far, by temporarily attaching to the diene or dienophile 
an optically active auxiliary group which is later removed from the 
diastereomerically pure adduct to give an enantiomerically pure product 
(Scheme 78). 

R = optically active 

auxiliary group. 

Auxiliary R* removed 

from purified diastereomer 

(175) 

Scheme 78 

Some highly successful reactions of this kind have been effected and 
adducts with high optical purity obtained.201 Most work, so far, has involved 
dienophiles bearing an optically active auxiliary group, principally optically 
active esters of acrylic acid. In general, thermal reactions give only low 
optical yields and the best results have been obtained in reactions catalysed 
by Lewis acids at low temperatures. In the catalysed reactions with acrylic 
esters the ester adopts the transoid conformation (176) in which the catalyst 
is co-ordinated with the carbonyl oxygen anti to the ether oxygen, rather 
than the more sterically hindered cisoid conformation (177). 
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(176) (177) 

Rm = medium substituent 

Rj = large substituent 

Scheme 79 

Approach of the diene is directed to the less hindered face of the double 
bond in this conformation (the back re face in 176) and the aim is to find 
conditions to make this reaction as selective as possible. A number of 
optically active alcohols have been employed as auxiliary groups in this 
sequence, including menthol and, better, (-)-8-phenylmenthol, but some of 
the best results so far have been obtained with the neopentyl alcohols (178) 
and (179), themselves prepared from (R)-{+)~ and (S)-(-)-camphor.202 

(178) 

Scheme 80 

In catalysed addition of the acrylate ester of (178) to cyclopentadiene the 
adduct (180) was obtained with almost complete diastereomeric selectivity. 
Reduction of the purified product with lithium aluminium hydride regener¬ 
ated the auxiliary alcohol and gave the optically pure endo alcohol (181). 
Reaction is believed to take place by addition of the diene to the ester in the 
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conformation (182) in which access to the front face of the double bond is 

hindered by the neopentyl group. 

(181) 

(182) 

Scheme 81 

A disadvantage of this procedure is the relative inaccessibility of the two 
epimeric auxiliary alcohols. Another way to realise the rigid structure for 
the dienophile favourable for highly facially-selective addition is by metal 
co-ordination of appropriately placed functional groups. Chelate formation 
can amplify inherently weak diastereofacial discrimination to such an extent 
that good stereoselection may be achieved with simple chiral auxiliaries. 
Thus, high levels of diastereofacial selectivity have been obtained in Diels- 
Alder reactions of the acrylates of (S)-ethyl lactate and of (/?)-pantolactone, 
catalysed by titanium tetrachloride.203 The acrylate (183) for example, and 
isoprene gave the adduct (184) almost exclusively. Purification by crystal¬ 
lisation and hydrolysis provided the enantiomerically pure cyclohexene-4- 
carboxylic acid (186). The high efficiency of D-pantolactone as chiral 
auxiliary in this sequence is ascribed to strong chelation of the catalyst with 
the carbonyl groups of the lactone and the acrylate ester in the complex 
(187), forcing highly selective addition to the back face of the double bond. 
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In the reaction of the acrylate of (S')-ethyl lactate with cyclopentadfene, 
the diastereomer formed depended on whether the catalyst was TiCl4 or 
EtAlCl2. X-Ray analysis of the catalyst-dienophile complexes revealed 
different modes of catalyst-binding in the two cases and it is suggested that 
this influences the facial selectivity of the reactions.204 

Very successful results have also been obtained with the ap-unsaturated 
carboximides (188, R!=H or CH3) and (189); R^H or CH3) prepared by 
N-acylation of the corresponding chiral 2-oxazolidones, themselves derived 
from (S)-valinol, (S)-phenylalanol or (l1S',2/?)-norephidrine.205 In reactions 
catalysed by dimethyl- or diethyl-aluminium chloride the dienophiles 
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reacted readily with several dienes to give adducts in high yield and with 
very high diastereoselectivity. In many cases the adducts were crystalline 
and could be obtained diastereomerically pure by crystallisation or chroma¬ 
tography. The chiral auxiliary groups are easily removed by transesterific¬ 
ation with lithium benzyloxide, affording the enantiomerically pure Diels- 
Alder adducts. Products of opposite absolute configuration are obtained 
from the isopropyl or benzyl carboximides (188) on the one hand and the 
norephedrine derived carboximides (189) on the other. 

o 

(188) (189) 

(190) 

Cl' 

Scheme 83 

These reactions are believed to proceed by way of complexed ion-pairs (as 
190) in which the substituents on the isoxazolidone ring shield one face of 
the double bond from attack by the diene. The exceptional reactivity of 
these dienophile-Lewis acid complexes allows reaction with less reactive 
acyclic dienes. For example, isoprene readily gave the adduct (191) which 
was converted into (/?)-(+)-oc-terpineol.205 

Excellent results have also been obtained with N-acryloyl- and N- 
crotonyl-sultams derived from camphor. Again chelation plays an important 
part in directing the facial selectivity of the cycloadditions.206 Other 
experiments have used optically active vinyl sulphoxides as dienophiles,207 
and, in reactions with inverse electron demand, optically active vinyl 
ethers208 have been employed. 
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Chiral ketols such as (192), in which the chiral auxiliary group is 
attached one atom closer to the three-carbon enone unit than in die acrylate 
esters described above have also given excellent results. With these reagents 
very high diastereofacial selectivities were realised in additions to a number 
of dienophiles, sometimes even in the absence of a Lewis acid catalyst. 
Reactions take place by way of the hydrogen-bonded or chelated form (193) 
with the enone fragment in the cisoid conformation.209 

o 

(192) 093) 

Scheme 85 
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Thus, catalysed reaction of the t-butyl derivative (193) and 1,4-di-acet- 
oxybutadiene gave the single endo adduct (194) with >98 per cent diastereo- 
meric excess, subsequently converted into (-)-shikimic acid, and with 
1-butadienyl phenylacetate the adduct (195) was obtained with a selectivity 

of more than 100:1. 

(195) (de> 100:1) (-)-Shikimic Acid 

Scheme 86 

Interesting results were obtained on replacing the butadienyl phenyl¬ 
acetate in the last exmaple by the closely related optically active esters 
derived from (/?)- and (S)-O-methylmandelic acid (196). These dienes 
themselves show only moderate diastereofacial selectivity in catalysed 
reactions with non-chiral dienophiles. Reaction of the (S)-t-butyl ketol (193) 
with the (/?)-mandelate however gave the adducts (197 a) and (197b) in the 
ratio 35:1 and with the (S)-mandelate the ratio rose to 130:1. In each case 
the absolute configuration at C-l and C-2 of the main products, (197a) and 
(198a), was the same, and is directly correlated with that of the dienophile 
(193). Both compounds were converted into the same diol (199) after 
removal of the chiral auxiliary group. This outcome reflects the over¬ 
whelmingly large diastereofacial bias of the dienophile (193) compared with 
that of the chiral dienes (196), the different ratios (130:1 and 35:1) observed 
for the two cycloadditions corresponding to reaction of matched and mis¬ 
matched pairs of the reactants.210 
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The reactions of dienes bearing optically active auxiliary groups have 
not been so widely studied as those of dienophiles, and some of the 
examples recorded are not very efficient. Virtually complete asymmetric 
induction was observed in the catalysed reaction of juglone with the (S)-O- 
methylmandelyl ester of 1-hydroxybutadiene, but reaction with acrolein was 
much less selective.211 The asymmetric diene (200) containing a tetra- 
acetyl-D-glucose residue as chiral auxiliary showed high diastereofacial 
selectivity in cycloaddition to benzoquinones212 and it was used in the key 
step in a synthesis of (+)-4-demethoxydaunomycinone.213 Greatly increased 
selectivities can be obtained on reaction of chiral dienes with "matched" 
chiral dienophiles, as discussed above. 
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OAc OAc 

(200) 

Scheme 88 

Reactions with asymmetric quinodimethanes have been reported, but the 
diastereoselectivities obtained were modest.214 

By far the most convenient way to bring about an enantioselective Diels- 
Alder reaction, if it could be achieved, would be by the use of an optically 
active catalyst. This would obviate the need for chiral auxiliary groups on 
the diene, or dienophile. Lewis acids and lanthanide complexes bearing 
chiral ligands have been used as catalysts, but so far results have been 
variable. Reaction of cyclopentadiene with methacrolein catalysed by 
(-)-menthyloxyaluminium dichloride gave a cycloadduct with 72 per cent 
enantiomeric excess, but other reactions were less selective.215 Several 
mono- and di-isopinocampheylhalogenoboranes were examined as chiral 
catalysts for the same reation, but again only modest enantioselectivities 
were observed.216 Somewhat better results were obtained in the reaction of 
cyclopentadiene with N-crotonoy 1-4,4-dimethyl-l,3-oxazolidin-2-one (201) 
in the presence of Lewis acids complexed with optically active a-glycols 
such as (202).217 

Interesting results have been obtained in reactions of aldehydes with 
dienes carrying an auxiliary chiral substituent catalysed by the chiral 
lanthanides (+)- and (-)-Eu(hfc)3 (Scheme 90). 
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Reaction of the non-chiral diene (203,R=Me) with benzaldehyde 
catalysed by (+)-Eu(hfc)3 showed modest enantioselectivity in favour of the 
"L-pyranose" structure (205), showing that (+)-Eu(hfc)3 is weakly 
"L-pyranose" selective. Reaction of the chiral diene (203,R=L-menthyl) 
with benzaldehyde catalysed by non-chiral Eu(fod)3 was weakly selective in 
favour of the "D-pyranose" product (204). But, surprisingly, combination of 
the weakly D-favouring L-menthyloxydiene with the modestly L-favouring 
(+)-Eu(hfc)3 catalyst led to a marked increase in selectivity in favour of the 
"L-pyranose" adduct (204); the D-menthyloxydiene with (+)-Eu(hfc)3 did 
not show this effect, giving only weak selectivity in favour of the 
"L-pyranose" adduct.218 The increase in facial selectivity here is not simply 
another instance of double diastereoselection in which two isolated steric 
biases provide mutual reinforcement: Here the inherent facial bias of the 
chiral diene is inverted upon interaction with the catalyst. The factors 
underlying this interactivity are not yet understood, but the phenomenon can 
be exploited for the synthesis of optically pure saccharides in the L-pyranose 
series without recourse to formal resolution. 

Not many examples of highly enantioselective intramolecular Diels- 
Alder reactions have been reported. Promising results were obtained with 
the carboxylic acid derivatives (206) containing the optically active auxiliary 
8-phenylmenthyloxy group219 or the N-oxazolidones (209) and (210) 220 The 
best results were obtained with the imides which cyclised in the presence of 
dimethylaluminium chloride to give mainly the endo products (207) and 
(208) which were obtained in greater than 99 per cent diastereomeric excess 
after chromatography. 

The Retro Diels-Alder Reaction 

Diels-Alder reactions are reversible, and many adducts dissociate into 
their components on heating. Chemical modification of the adducts before 
dissociation may lead to the generation of a diene and/or dienophile different 
from the original ones, and retro Diels-Alder reaction sequences of this kind 
have been widely used in synthesis.221 Thus substituted fumaric esters have 
been obtained by stereoselective alkylation of the dianion (211), obtained 
from the Diels-Alder adducts of both maleic and fumaric esters with cyclo- 
pentadiene, as shown in Scheme 92. 
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In the above example the bonds cleaved in the retro reaction are the 
same as those formed in the initial Diels-Alder addition, but this is not 
necessary and many valuable retro reactions involve the cleavage of bonds 
other than those formed in the forward reaction.222 Thus, otherwise 
relatively inaccessible 3-monosubstituted and 3,4-disubstituted furans have 
been prepared by way of a tandem Diels-Alder/retro Diels-Alder reaction of 
4-phenyloxazole and alkylacetylenes, as in the synthesis of the derivative 
(212) .223 

The high temperatures required for most retro Diels-Alder reactions are 
not always convenient. A number of retro reactions involving anionic 
intermediates take place at more moderate temperatures.224 Thus, the adduct 
(213) spontaneously fragmented on treatment with potassium hydride at 
room temperature, with generation of the cyclohexene (214) which was 
subsequently converted into conduritol A (215).225 The unusual ease of this 
reaction is attributed to the generation of the resonance stabilised anion of 
9-hydroxyanthracene.226 

Although dramatic rate enhancements of forward Diels-Alder cycloadd¬ 
itions by Lewis acid catalysis is well known, similar use of Lewis acids to 
accelerate cycloreversions has not been common.227 A study of substituent 
effects on the rate of fragmentation228 has shown that retro Diels-Alder 
reaction of cyclopentadiene adducts is accelerated if there is a trimethylsilyl 
substituent on C-7 of the bicyclo[2,2,l]heptane system, that is on the 
cyclopentadiene methylene bridge. This can be useful where the retro 
reaction has to be effected under milder conditions than usual.229 
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2 INTERMOLECULAR DIELS-ALDER REACTIONS 

The Diels-Alder reaction owes its importance in synthesis principally to 
its versatility and its high regio- and stereo-selectivity. Both inter- and intra¬ 
molecular reactions are possible, leading to the formation of a wide range of 
six-membered carbocyclic and heterocyclic structures. Aromatic com¬ 
pounds can be obtained by dehydrogenation of the initial adducts or by 
elimination of suitably placed functional groups earlier incorporated in the 
diene or dienophile, and open-chain compounds containing a number of 
chiral centres can be synthesised in a stereocontrolled way by cleavage of 
the Diels-Alder adduct, perhaps after further stereocontrolled trans¬ 
formations. 

Stereoselectivity 

Because of this versatility, the Diels-Alder reaction forms an important 
step in the synthesis of numerous natural products. Both inter- and intra¬ 
molecular reactions have been employed. Intermolecular reactions usually 
form an early step in the syntheses and the stereocentres set up in the cyclo¬ 
addition are used to control the introduction of additional chiral centres at a 
later stage of the syntheses. 

A well-known early example is found in the Woodward synthesis of 
(±)-reserpine (3)1 which illustrates several of these points. The first step of 
the synthesis involved Diels-Alder reaction of vinyl acrylic acid with benzo- 
quinone to give specifically the adduct (1) according to the Alder endo rule. 
The cyclohexene ring in this product was destined to become ring E of 
reserpine and already had three of the chiral centres of that ring in place with 
the correct relative orientation. Stereoselective reaction at the double bond 
of the cyclohexene, controlled by the stereocentres already present, was 
exploited to generate two other chiral centres, and cleavage of the ene-dione 
ring then led to the key intermediate (2) with five contiguous chiral centres, 
which was finally taken on to resperine. 

Twenty years later the same principle was applied in a stereospecific 
total synthesis of (±)-gibberellic acid (9).2 Two different Diels-Alder 
reactions were used in this synthesis, one intermolecular and the other 
intramolecular. The intermolecular reaction was early in the synthesis. 
Reaction of the quinone (4) with rra/2.y-2,4-pentadienol gave the single 
crystalline adduct (5) in 91 per cent yield by way of the endo transition state. 

91 
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MeCK^^N 

Me02CT^N(X:0Ar 
MeO 

(3) 

Scheme 1 

Scheme 2 

The cis ring fusion of rings B and C of gibberellic acid is set up in this 
reaction and in fact the stereochemistry of all the chiral centres in the final 
product follows from that in (5). The newly-formed six-membered ring in 
(5) eventually becomes the five-membered ring B of gibberellic acid by 
cleavage of the double bond and aldol recyclisation. An intramolecular 
Diels-Alder reaction was employed at a later stage of the synthesis. After 
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extensive manipulation (5) was converted into the tricyclic intermediate (6) 
and thence into the ester (7). When (7) was heated in benzene at 160°C the 
pure crystalline lactone (8) was obtained in 55 per cent yield after crystal¬ 
lisation, formed by intramolecular addition to the a-face of the diene by way 
of an endo transition state; no other stereoisomer was detected (intra¬ 
molecular reactions do not always favour the endo transition state so 
markedly). Two additional chiral centres of the gibberellic acid are formed 
in this step and the chlorine serves to generate another double bond in ring 
A; several more steps gave (+)-gibberellic acid (9). 

benzene 
reflux 

V 

OMEM 

Scheme 3 

Optically active products can be obtained in Diels-Alder reactions by use 
of optically active components which eventually become an integral part of 
the target structure, or by incorporation of a chiral "auxiliary group" in the 

diene or dienophile.3 

A good example of the first procedure is seen in the synthesis of cyto- 
chalasin B (14).4 In this synthesis five of the chiral centres in the A-B 
bicyclic ring system are introduced with the correct relative and absolute 
configuration by an intermolecular Diels-Alder reaction between the optic¬ 
ally active dienophile (10) and the diene (11); the chiral tertiary carbon and 
secondary hydroxyl group in (11) were derived respectively from (+)-citron- 
ellol and (+)-malic acid. Reaction took place only at the terminal diene 
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system of (11) to give mainly (12) with highly selective endo addition to the 
less-hindered face of the double bond of the dienophile. Further manipul 
ation led stereoselectively to (13) and thence after several steps to cyto- 

chalasin (14). 

OAc 

H Ac 

(10) 

Me H 

xylene, 170°C 

V 

(12) (40%) 

Scheme 4 

A diasteroselective Diels-Alder reaction using a chiral auxiliary group 
forms the key step in a synthesis of (-)-p-santalene (18).5 Catalysed reaction 
of the optically active allenic ester (15) with cyclopentadiene gave the 
adduct (16), almost entirely as the endo isomer, by selective attack on the 
front less-hindered face of the allene in (15). Several further steps with the 
purified endo compound gave (17) and thence optically pure (-)-p-santalene. 



Inter molecular Diels-Alder Reactions 95 

co2r 

+ 

(15) 

TiCl2(OC3H7)2 

ch2ci2 

-28°C 

(16) (98%; endorexo = 98 :2) 

(1) selective hydrogenation 
(2) LDA 

(3) 

V 

Scheme 5 

While the formation of a ring structure may be the principal objective of 
the cycloaddition, in many cases the initial cyclo-adduct is modified at a 
later stage in the synthesis by ring-cleavage or rearrangement. For example, 
the bicyclo[2,2,2]octanes obtained by Diels-Alder reaction of 1,3-cyclohexa- 
dienes with dienophiles may be transformed by subsequent molecular re¬ 
organisation involving a fragmentation to give cyclohexanes6 or by a pina- 
colinic rearrangement to give bicyclo[3,2,l]octanes.7 Since the structures of 
a number of types of natural products incorporate a bicyclo[3,2,l]octane ring 
system a general method for its construction by rearrangement of bicyclo- 
[2,2,2]octanes obtained in a Diels-Alder reaction would be useful. One such 
sequence is admirably illustrated by the conversion of the modified adduct 
(19) to the bicyclo[3,2,1 Joctane (20) which formed a key step in an elegant 
synthesis of stachenone.8 In this synthesis a-chloroacrylonitrile serves as a 

ketene equivalent in the Diels-Alder reaction. 
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Scheme 6 

Hetero-substituted Dienes and Dienophiles 

Hetero-atom substituents on the diene or dienophile lead, of course to 
hetero-substituted adducts, but they have additional value in that they can 
sometimes be used to introduce other functional groups in the adduct.9 One 
way in which a 1-phenylthio substituent on the diene can be employed is 
illustrated in the synthesis of the hexahydronaphthalene (27), a key inter¬ 
mediate in an enantioselective synthesis of the hypocholesterolemic agent 
(+)-compactin.10 The strategy here centred round the Diels-Alder reaction 
between the optically-active dienophile (22) and the optically-active diene 
(23). This led principally to the adduct (24) by enclo addition to the a-face 
of (22). The phenylthio substituent was now used as a prop for the intro¬ 
duction of the methyl substituent at C-2 of (26). Oxidation with meta- 
chloroperbenzoic acid and subsequent treatment with trimethyl phosphite led 
stereospecifically to the ally lie alcohol (25) via a sulphoxide-sulphenate 
rearrangement. Reaction of the inverted acetate (Mitsunobu) with lithium 
dimethylcuprate gave exclusively (26) which was subsequently converted by 
a fragmentation reaction into (27) with four contiguous chiral centres in the 
hydronaphthalene unit and thence into (+)-compactin. The adduct (24) 
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contains potentially all four chiral centres of (27). In addition to the centres 
at C-l and C-10, the bridge oxygen eventually becomes the hydroxyl sub¬ 
stituent at C-9 and the phenylsulphide is the source of the chiral centre at 
C-2. In addition the carboxylate anion is well placed to assist in the frag¬ 
mentation of the C6-0 bond with simultaneous introduction of the C5-C6 
double bond. 

toluene 

120°C 

MeQ2C 

several 

steps 

(26) 

(24) 

(1) m-ClC6H4C03H 

(2) (MeO)3P=0 

V 

(25) 

(27) 

Scheme 7 



98 Inter molecular Diels-Alder Reactions 

1-Acylamino-l,3-dienes also react with a broad range of dienophiles, 
providing access to a variety of amino functionalised systems in excellent 
yield. Their use in the stereoselective synthesis of alkaloids is illustrated in 
the synthesis11 of (±)-pumiliotoxin C, one of the poison arrow alkaloids, 
shown by X-ray analysis of the crystalline hydrobromide to have the unusual 

ds-decahydroquinoline structure (32). 

Me 

(29) 

CHO 

"■ NHC02Bn 

O 
II 

(MeO)2PCHCOC3H7 

V 

Scheme 8 

The plan here was to take advantage of the stereoselectivity of the Diels- 
Alder reaction to establish the three chiral centres of the carbocyclic ring 
with the correct relative orientation and to use these centres to control the 
formation of the remaining chiral centre at C-2 of pumiliotoxin. The initial 
Diels-Alder reaction gave almost entirely the endo product (29). The final 
hydrogenation-hydrogenolysis brought about several transformations culm¬ 
inating in the selective addition of hydrogen to the convex (p) face of the 
intermediate ds-octahydroquinoline (31) to give pumiliotoxin. A similar 
sequence was employed in the synthesis of several other ds-decahydro- 
quinolines.12 

Another route to ds-hydroquinolines proceeds from N-carbomethoxy- 
1,2-dihydropyridine by a Diels-Alder/Cope rearrangement sequence, as 
described on p.33, and has been used in syntheses of (±)-resperine and 
(±)-catharanthine. 
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1-t-Butoxycarbonylamino-l,3-butadiene has been employed in an inter¬ 
esting synthesis of isogabaculine (34), an isomer of the y-aminobutyrate 
enzyme inhibitor gabaculine (33).13 

Scheme 9 

0?N , 
2 CQ2Me 

t-BuQ2CNH 

C02Me 

(37) (36) 

Scheme 10 

A feature of this synthesis is the use of methyl P-nitroacrylate as dienophile. 
It acts as an operational equivalent of methyl propiolate in the Diels-Alder 
reaction, leading to a dihydrobenzene derivative, but with a substitution 
pattern different from that obtained with methyl propiolate itself because the 
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regiochemistry of addition is now controlled by the nitro group. Thus, 
reaction of the 1-acylaminobutadiene with the nitro-acrylate in benzene at 
room temperature led almost exclusively to the crystalline adduct (35). 
Elimination of nitrous acid by treatment with diazabicycloundecene then 
gave the 1,4-dihydrobenzene (36) which was converted into isogabaculine. 
Reaction of the diene with methyl propiolate would have given the "ortho" 

adduct (37). 

Syntheses with Alkyloxy- and Silyloxy-dienes 

Another useful group of hetero-substituted dienes are the alkoxy- and 
silyloxy-butadienes. 2-Alkoxy- and 2-silyloxybutadienes on reaction with 
dienophiles form cyclic enol ethers which give cyclohexanones on hydro¬ 
lysis. Particularly valuable are l-alkoxy-3-trimethylsilyloxydienes such as 
(39). These are more easily prepared than 1,3-dialkoxybutadienes and have 
been widely used in synthesis.14 They are reactive dienes, since the activ¬ 
ating effects of the two substituents reinforce each other, and with ordinary 
carbon-carbon dienophiles bearing electron-attracting substituents they can 
be used to make cyclohexenones, 4-acylcyclohexenones, 4,4-disubstituted 
cyclohexadienones or benzene derivatives, depending on the precise mode 
of operation and the nature of the diene and dienophile (cf. p.28). They have 
also been used to make anthraquinones and related compounds by reaction 
with quinones (p.124), and with the carbonyl group of aldehydes they give 
derivatives of dihydro-y-pyrone (p.10). 

Me3SiCl, Et3N 

-> 
ZnCl2 

OMe 

Me3SiO' 

(38) (39) 

Scheme 11 

l-Methoxy-3-trimethylsilyloxybutadiene itself (39) is obtained by enol 
silylation of the methoxy-enone (3 8)15 and has been employed in the syn¬ 
thesis of a variety of natural products.16 For example, reaction with the 
phenylsulphinyl dienophile (40) formed the key step in an elegant synthesis 
of prephenic acid (45)1? (Scheme 12). 
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MeO 

J 
RCT^ 

(39) 

O 

RO^ 
SOPh 

(41) 

under reaction 
conditions 

V 

9-BBN 
THF, 0°C 

Scheme 12 

The phenylsulphinyl group here helps to activate the olefinic bond of the 
dienophile but the regio-chemistry of the cycloaddition is controlled by the 
carbonyl group of the lactone. The main purpose of the phenylsulphinyl 
group is to provide a source of one of the double bonds in the dienone (43) 
by sulphoxide elimination. A closely similar sequence was used to synth¬ 
esise optically pure pretyrosine (47) from the dienophile (46), itself derived 
from (-)-glutamic acid.18 With dienophile (46) and the siloxydiene (48) the 
aromatic L-DOPA (49) was obtained.19 Here a benzene derivative, and not a 
dihydrobenzene, is formed by elimination of carbon dioxide from the initial 

Diels-Alder adduct. 
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CO^Na 

^ '-4-—\ /CO^Na^ 

H 'NH2 

(46) (47) 

OMe 

a«kJ 
Me3SiCK^- 

HOj' 

HOl 

COn 

H 'NH3 

(48) (49) 

Scheme 13 

Scheme 14 
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The siloxy-dienes used in these reactions need not be open-chain 
compounds. Thus, the cyclohexadiene derivative (50), which is obtained by 
enol silylation of 2,3-dimethylcyclohexenone, reacts with methyl vinyl 
ketone to give the bicyclo[2,2,2]octane derivative (51), a key intermediate in 
a synthesis of (±)-seychellene (52).20 Reaction again goes via the endo 
transition state and conveniently provides an adduct diketone monoprotected 
at one of the carbonyl groups, allowing selective reaction at the other with 
vinylmagnesium bromide. 

Equally valuable synthetically are Lewis acid-catalysed reactions of sil- 
oxydienes with the carbonyl group of aldehydes, to form 2,3-dihydro-y- 
pyrones. 

(53) (54) (55) (56) 

Scheme 15 

A valuable feature of these reactions is that with dienes of the type (53), 
carrying a substituent at C-4, conditions can be arranged to give either the 
cis- or /rans-5,6-disubstituted pyrone (55) or (56) (see p.10). The double 
bond and the carbonyl group in the dihydropyrones can then be used to 
introduce three further chiral centres, providing a route for the stereo- 
controlled synthesis of a range of substituted pyrans, including hexoses of 
the mannose, glucose, talose and galactose series. Alternatively the cyclic 
compound can be cleaved after the stereochemical array has been set up, to 
give an open-chain compound, an apt example of the well-known procedure 
where a ring is used as a matrix to control stereochemistry which is then 
transferred to an acyclic compound. Means are also available for relating 
the stereochemistry at C-6 in (55) and (56) with that at a chiral a-carbon in 
R, and some highly enantioselective additions to aldehydes have been 
effected (see p.12). All of these features of the catalysed reaction of alde¬ 
hydes with activated dienes have been incorporated in the stereoselective 
syntheses of a number of highly oxygenated natural products, including 
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carbon-linked disaccharides, hexoses, (±)-fucose, (±)-duanosamine, alkenyl- 
arabinopyranosides and polypropionates.21 It is true that the Diels-Alder 
reaction generally forms only one early step in these syntheses, but it is a 
key step in which the stereochemical bias of the sequence is introduced, to 
be exploited in a series of subsequent stereoselective reactions. 

A good application of the topological control possible in reactions of 
a-alkoxyaldehydes with dienes in the presence of magnesium bromide or 
titanium tetrachloride catalysts is found in the synthesis of the mouse 
androgen dehydrobrevicomin (61).22 Here, reaction of the diene (57) with 
a-benzyloxybutanal gave specifically the adduct (58) by Cram-type addition 
to the carbonyl group. Reduction of the ketone with di-isobutylaluminium 
hydride gave the glycal (59) which, with mercuric acetate, was converted 
into (60) in an intramolecular oxymercuration. Reverse oxymercuration in a 
different mode then gave (61). 

Me Me 

H Et 

(57, R = Me3Si) (58) (80%) 

(1) OBn OH 

(2) DIBAL 

V 

Me 

(61) (60) (59) 

Scheme 16 



Intermolecular Diels-Alder Reactions 105 

Systems such as (62), derivable by cyclo-condensation of aldehydes with 
alkoxydienes in a stereocontrolled and flexible way, can serve as convenient 
substrates for the synthesis of open-chain compounds (as 63) by cleavage of 
the pyran ring. 

Scheme 17 

OMe 

O 

Me. 

Et3SiO/k^ 

Me 

(64) 

several 

MeO 
r^NOMe 

OMe 

(65) 

OMe 

< 
steps 

(69) 

Yb(fod)3 

CHClq 
> 

Et-iSiO 
r H i Me 

Me h 

(66) (56%) 

HF, pyridine 

V 

OMe 

Scheme 18 
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A good illustration is provided by the synthesis of the "polypropionate" 
monensin lactone (69) a degradation product of monensin.23 Cram-type add¬ 
ition of siloxydiene (64) to aldehyde (65), catalysed by Yb(fod)3, gave (66) 
as the only observed product, formed by way of the endo transition state. 
This key product which already contains three contiguous chiral centres of 
the target molecule with the correct relative orientation, was converted into 
(69) in a series of stereoselective steps. The derived ketone (67), on reduc¬ 
tion with sodium borohydride gave specifically the equatorial alcohol in 
which only the C-4 methyl group is axial. Cleavage of the methyl glycoside 
linkage, simultaneous oxidation of the lactol and the aromatic ring with 
catalytic ruthenium dioxide and sodium metaperiodate and final esterifiction 
of the acid with diazomethane led to the lactone (69). 

8-Lactones have also been obtained from 1,1,3-trioxybutadienes (as 71). 
These are very reactive dienes and in the presence of zinc chloride or the 
lanthanide Eu(fod)3 they react readily with the carbonyl group of aldehydes 
and ketones. The initial cycloadducts, with or without isolation, give 
8-lactones on hydrolysis.24 Such a sequence, using the optically active 
aldehyde (70) was employed in a synthesis of (-)-pestolatin (72) 24 The 
optically pure compound was obtained after one recrystallisation. 

(70) 

Scheme 19 

Some highly diastereoselective Diels-Alder additions to carbonyl dieno- 
philes have been achieved using the appropriate combination of an optically 
active diene and a chiral lanthanide catalyst. Thus, cycloaddition of the 
alkoxydiene (73) and benzaldehyde in the presence of the catalyst 
(+)-Eu(hfc)3 gave very largely the adduct (74) of the L-pyranose series. 
This was purified by crystallisation and converted into the optically pure 
dihydropyran (76) which was employed in a synthesis of L-glucose.25 
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1 / 
r*o 

(73) 

PhCHO 
> 

(+)-Eu(hfc)3 

(74) 

+ 

R = L-8-phenylmenthyl 

R1 = t-BuMe2Si 
cf3co2h 

ch2ci2 

L-glucose (76) 

R1©7 

(75) (25:1) 

Scheme 20 

Similarly, reaction of the diene (77) with furfural in the presence of 
Eu(hfc)3 gave a product from which the main component (78) was easily 
obtained optically pure. In a series of further transformations this was 
converted into (79) and thence into optically pure (80), an intermediate in 
the synthesis of indanomycin.26 

furfuraldehyde 
-> 

Eu(hfc)3 

(77) 

R = L-menthyl 

H 

Scheme 21 
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An alternative Diels-Alder approach to pyranose derivatives employing 
1,4-diacetoxybutadiene as diene component is of more limited scope. Be¬ 
cause of the lower reactivity of the diene it reacts only with activated 
carbonyl compounds such as glyoxylic esters.27 

ap-Unsaturated Carbonyl Compounds as Dienes 

3,4-Dihydro-2//-pyrans are obtained in Diels-Alder reactions with 
inverse electron demand between ap-unsaturated carbonyl compounds as 
diene component and enol ethers or enamines. Reactions of this kind are 
well known28 but they have not been widely employed hitherto in synthesis 
because of the high temperatures required.29 With ap-unsaturated carbonyl 
compounds carrying an electron-withdrawing substituent at the a-position, 
however, the reactions take place much more easily, sometimes at room 
temperature, opening the way to a potentially valuable route for the 
synthesis of derivatives of 3,4-dihydro-2//-pyrans.30 Thus, the ap-unsat¬ 
urated aldehyde (81) and 1,2-dihydrofuran gave a mixture of the endo and 
exo adducts (82) in 85 per cent yield in a reaction at 25°C.31 

Scheme 22 

Unfortunately the endo selectivity in these reactions is often low, and 
this limits their usefulness. With the p-acetoxy-a-phenylthio derivative 
(83) , however, reaction with ethyl vinyl ether gave largely the endo adduct 
(84) . Selective cleavage of the phenylthio group with Raney nickel, anti- 
Markownikov hydration of the double bond via hydroboration and removal 
of protecting groups then led to L-olivose (85).32 
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Y 
70°C Et°-„ 

p SPh 

OAc 

(83) 
OAc 

(84) (endo : exo >10:1) 

V 

HCV^°N,,Me 

OH 

(85) 

Scheme 23 

Lewis-acid catalysis may provide a method for facilating these reactions 
and controlling the mode of addition. Thus, the ocp-unsaturated ketone (86), 
reacted readily with ethyl propenyl ether at room temperature in the pre¬ 
sence of Eu(fod)3 to give the single adduct (87) with complete stereospeci¬ 
ficity. Several other vinyl ethers gave similar results. Reactions took place 
via the endo transition state by approach of the dienophile to the less hind¬ 
ered face of the heterodiene.33 

(87) (78%) 

Scheme 24 
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N-Acyl derivatives of enamine-carbaldehydes form another group of 
excellent dienes for hetero Diels-Alder reactions with enol ethers and have 
been used in the synthesis of branched aminosugars34 of the garosamine and 
daunosamine type. 

In a different approach 2-aminoglycosides have been obtained by cyclo¬ 
addition of dibenzyl azodicarboxylate to carbohydrate-derived glycals. 
Thus, the glycal (88) on irradiation in cyclohexane in the presence of di¬ 
benzyl azodicarboxylate gave the single cycloadduct (90) in 71 per cent 
yield. The diastereofacial selectivity of the cycloaddition in this and other 
examples appears to be controlled by the stereochemistry at C-3 of the 
dienophile. Treatment of the cycloadduct with a catalytic amount of tol- 
uenesulphonic acid in methanol occurred exclusively with inversion at C-l 
to give (91) which on further manipulation was converted into the 2-amino¬ 
glycoside derivative (92).35 This is an application of the well-known 
[4+2]cyclo-addition of azodicarboxylates to vinyl ethers.36 The formation of 
dihydro-oxadiazines in these reactions is accelerated by illumination; this 
has been shown to be due to the photo-production of the cis azodicarboxyl¬ 
ates (89) which react faster than the trans isomers.37 

RC 

CO2B11 CO2B11 

(88) (89) (90) (71%) 

H+, MeOH 

(92) 
(91) 

Scheme 25 
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Imines as Dienophiles 

Diels-Alder reactions of imines have been useful in approaches to the 
synthesis of alkaloids and other nitrogen-ring compounds. For example, the 
reaction between the imine (93) and 2-trimethylsilyloxycyclohexa- 1,3-diene 
was used to make the azabicyclo-octanone (94) which, by further manipul¬ 
ation was converted into the triol (95) the starting point for the synthesis of 
several Prosopis alkaloids.38 

Tos 

C02Me 

\\ ♦ 
N 

(93) 

^^^•OSiMej 

(1) MeC03H 

(2) LiAlH4 

v 

R> 
N 

(96: R and/or R1 = acyl etc.) (95) 

Scheme 26 

Much of the earlier work on the ‘imino’ Diels-Alder reaction involved 
activated glyoxal imines, acyl imines or doubly activated imines of the type 
(96) 39 and intramolecular reactions of such imines have been elegantly exp¬ 
loited in alkaloid synthesis (see chapter 3). More recently it has been found, 
that appropriately activated dienes (for example 1,3-dioxygenated dienes), in 
the presence of Lewis acids, react readily with non-activated imines to give 
2,3-dihydro-4-pyridones.40 Thus, l-methoxy-3-trimethylsilyloxybutadiene 
and benzalaniline in the presence of zinc chloride catalyst gave the pyridone 
(97) in 62 per cent yield, and in a more complex example, reaction of the 
diene (99), available from Hagemann’s ester, with the optically active imine 
(98) , derived from L-tryptophan, took place without a catalyst to give 
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specifically the adduct (100) by attack of the diene anti to the carbomethoxy 
functional group. In this way a straightforward entry to highly function¬ 
alised optically pure yohimbine progenitors is available.41 A related 
sequence was used to make42 (i)-ipalbidine. 

OMe 

ZnCl2 
-> 
THF 

NPh 

(97) (61%) 

H 

H 

(98) 

H 

Scheme 27 

Nitroso Compounds as Dienophiles; Synthesis of 4-Amino-aIcohols 

Another useful group of heterodienophiles are nitroso compounds. They 
react with 1,3-dienes to form derivatives of 1,2-oxazine which, on cleavage 
of the nitrogen-oxygen bond afford 4-amino-alcohols. Reactions of this 
kind have been used to prepare a series of polyhydroxy-piperidines and 
polyhydroxy amino-cyclohexanes. Both acylnitroso compounds and 
a-chloronitroso compounds have been used. Thus, in a synthesis of the 
tetra-acetylated aminoallose (105), reaction between the dimethylacetal of 
hexa-2,4-dienal and the reactive acylnitroso compound (101), generated in 
situ from the corresponding hydroxamic acid and tetrabutylammonium 
periodate, led specifically to the adduct (102). The exceptional 
regioselectivity here is ascribed to steric factors. Czs-hydroxylation of the 
double bond gave (103) stereo specifically, which on cleavage of the N-0 
bond and acetylation formed (104). Hydrolysis of the acetal group with 
aqueous formic acid followed by spontaneous cyclisation then gave (105)43 
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Polyhydroxyaminopiperidines can also be obtained from the adducts formed 
from acylnitroso compounds and the dihydropyridine derivative (106). 
Thus, the adducts (107) and (108), obtained by reaction of (106) with the 
benzyloxycarbonyl nitroso compound (101) were used to make the peracetyl 
diamino-dideoxylyxopyranose derivatives (109) and (110).44 (Scheme 29) 

In an open-chain example, cleavage of both the double bond and the 
N-0 bond of the Diels-Alder adduct (111) gave a product which was incor¬ 
porated in a synthesis of tabtoxin (112), providing the hydroxyl and amino 
groups at C-2 and C-5 with the correct relative orientation.45 
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a-Chloronitroso compounds have also been extensively employed in 
synthesis. They are thermally unstable so that their reactions have to be 
effected at low temperatures and require long reaction times, but they have 
the advantage that the cycloaddition to dienes leads to N-unsubstituted 3,6- 
dihydro-2//-l,2-oxazines which are easily converted into 1,4-amino-alco- 
hols. The Diels-Alder addition of chloronitrosocyclohexane to cyclohexa- 
dienes forms the key step in the synthesis of a number of polyhydroxy- 
aminocyclohexanesA* Thus, reaction with rra/w-5-acetylamino-6-acetoxy- 
1,3-cyclohexadiene gave specifically the cycloadduct (113) which was 
converted into the hexa-acetate (115). 

OAc 

C1N 

if 
II 
o 

NHAc 

Ac° y ..NHAc 

AcO OAc 

OAc 

(115) 

(113) (55%) 

(1) Zn, HC1 

(2) Ac20 

V 

NHAc 

OAc 

(114) 

Scheme 31 



116 Inter molecular Diels-Alder Reactions 

Another elegant example is provided by the synthesis of (±)-5-amino-5,6- 
dideoxyallonic acid (116) from methyl trans,trans-sorbate.47 

C02Me Cl N=0 

Me 

H_ 
u 

u 

IJ 

OH 

-OH 

-OH 

-nh2 

Me 

(116) 

< 

Scheme 32 

N-Sulphinylsulphonamides; Synthesis of Vicinal Amino-alcohols 

A further good method for the stereoselective formation of amines 
proceeds from the 3,6-dihydro-l,2-thiazine derivatives (117) formed by 
cycloaddition of N-sulphinysulphonamides to 1,3-dienes (see p.19). 

A 

B 

N 
> 

(117) 

R = S02R, C02R etc. 

Scheme 33 
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These adducts can be used in the stereocontrolled synthesis of homo- 
allylic amine derivatives having predictable stereochemistry and double 
bond geometry. Thus, reaction of (£,£)-1,2,3,4-tetramethylbutadiene with 
N-sulphinyltoluenesulphonamide gave the Diels-Alder adduct (118) which 
was hydrolised to give (120) as a single stereoisomer. Similarly, the (E£)- 
diene gave the fran^sy/i-isomer (123) exclusively.48 
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Scheme 34 
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The conversions (118) to (120) and (121) to (123) are completely stereo¬ 
specific and are best explained by a concerted ene mechanism through en¬ 
velope-like transition states of the form (119) and (122).49 The important 
feature of this mechanism is that the substituent on the sulphur-bearing 
carbon acts as an equatorial "anchor" and thus controls the direction of 
proton transfer to one face of the olefinic bond. 

By using the Evans’ rearrangement of ally lie sulphoxides to introduce a 
hydroxyl group stereoselectively, this sequence has been extended to the 
synthesis of unsaturated vicinal amino-alcohols with complete control of 
both the relative configuration of the amino and hydroxyl groups and the 
double bond geometry.50 Thus, the adduct (125), from (£,£)-2,4-hexadiene 
and the N-sulphinyl carbamate (124), on treatment with phenylmagnesium 
bromide gave an intermediate ally lie sulphoxide (126) which on heating 
with trimethyl phosphite afforded the rra^syrt-unsaturated amino-alcohol 
(128) as a single stereoisomer. The (£,Z)-hexadiene similarly gave exclus¬ 
ively the trans,anti-isomer (129). 

The high specificity of chirality transfer in the formation of the amino- 
alcohol derivatives is ascribed to specific transfer of oxygen to one face of 
the olefinic double bond in intermediates of the form (126) controlled by the 
‘anchor’ effect of the pseudoequatorial methyl group on the sulphur-bearing 
carbon atom. An intramolecular version of this sequence has been exploited 
in stereospecific syntheses of the sphingolipid bases f/zreo-sphingosine and 
eryr/zro-sphingosine (see Chapter 3). 

The same general procedure has been employed in the stereocontrolled 
synthesis of unsaturated vicinal diamines from Diels-Alder adducts of 
sulphur dioxide bis(imides) (130) and 1,3-dienes.51 (Scheme 36) 

Synthesis of Benzene Derivatives 

Diels-Alder reactions are most frequently employed for the synthesis of 
alicyclic compounds, but they have on occasion been used for the de novo 
synthesis of benzene derivatives which are difficult to make by direct subs¬ 
titution. Aromatisation of the initial Diels-Alder adducts can be effected by 
straightforward dehydrogenation, by elimination of suitably placed substit¬ 
uents or by a retro Diels-Alder step with loss of a small molecule such as 
carbon dioxide or nitrogen. The groups to be eliminated during aromatis¬ 
ation are generally incorporated in the diene component of the Diels-Alder 
addition. One of the first dienes to be employed in this way was trans,trans- 
1,4-diacetoxy- 1,3-butadiene, which reacts with a variety of olefinic and 
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Scheme 36 
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acetylenic dienophiles to give adducts which are readily aromatised by loss 
of acetic acid.52 More recently, trimethylsilyloxy dienes have been used m 
the ring synthesis of substituted phenols.53 Thus, synthesis of the benzenoid 
derivative (136), the aromatic unit of milbemycin £3, was achieved by reac¬ 
tion of the diene (133) with (134). Ring aromatisation with concomitant 
oxidation of the side chain was effected by treatment of the crude adduct 

with Jones’ reagent.54 

OMe CQ2Me 
OMe 

Me. 

Me^ 
1 

+ 
xylene, 'V'' "Y' ~ L 

-r1-3> 

RcU^, 
Me^XOR 

reflUX RQ/k^-N^OR 

Me 

(133) (134) (135) 

R = Me2Si 
H2Cr04 

V 

Me^\/C02Me 

^ I 

O 

(136) 

Scheme 37 

More highly oxygenated derivatives of benzene are obtained from the reac¬ 
tive l,l-dimethoxy-3-trimethylsilyloxybutadiene (137).55 With acetylenic 
dienophiles derivatives of resorcinol methyl ether are obtained directly. 
Reaction with the acetylenic ester (138) was used to make the resorcinol 
derivative (139), a key intermediate in a synthesis of the plant growth 
inhibitor lasiodiplodin (140).56 
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Scheme 38 

A good example of the ring synthesis of a benzene derivative difficult to 
obtain by direct substitution, through a sequence involving a Diels-Alder 
reaction followed by a retro reaction, is provided by the synthesis of the 
aldehyde (145), a building block in the synthesis of the ionophore lasalocid 
A, from the a-pyrone (143).57 a-Pyrones act as butadiene equivalents in 
Diels-Alder reactions and with acetylenic dienophiles they give benzene 
derivatives directly by loss of carbon dioxide from the initial adduct. The 
a-pyrone (143) required for the synthesis of (145) was obtained by reaction 
of the parent pyrone (141) with the optically active Grignard reagent (142) 
and oxidation of the resulting dihydropyrone with manganese dioxide. 
Reaction of this pyrone with N,N-dibenzyl-l-amino-1-propyne in boiling 
benzene, gave directly the benzene derivative (144) which was converted in 
several more steps into the required phenol. None of the alternative regio- 
isomer was detected in the Diels-Alder reaction. Attempts to effect the 
cycloaddition with oxypropynes, such as 1-methoxypropyne, so as to obtain 

the phenol directly, were unsuccessful. 
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Me H 
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Scheme 39 

In another example leading to the construction of the B and C rings in the 
phosphodiesterase inhibitor PDE II (150), two hetero azadiene Diels-Alder 
reations were employed.58 The reaction of dimethyl l,2,4,5-tetrazine-3,6- 
dicarboxylate with 4,4-dimethoxybut-3-en-2-one gave the adduct (146) and 
thence, by loss of nitrogen, the diazine (147) which was converted into the 
acetylenic precursor (148). A second, intramolecular, cycloaddition with 
extrusion of nitrogen gave the indoline (149) which was converted in several 
more steps into (150). 
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The Diels-Alder reaction can also be used to make derivatives of pyrid¬ 
ine. The synthesis of vitamin B6 from 4-methyloxazole is well-known.59 In 
a more recent example the 4-arylpyridine-fragment (155) of the antibiotic 
streptonigrin was obtained from the diene (151) and the imidazolidindione 
(152) in an imino Diels-Alder reaction. Here the final aromatisation was 
effected by dehydrogenation.60 



124 Intermolecular Diels-Alder Reactions 

OMe 

(151) (152) 

xylene 

reflux 

^-NR 

MerN^0 - 

(153) 

several 
steps 

V 

N 
Me^ \TOoMe 

I I 
Me 

Bni 

MeCK^/ 
OMe 

(154) (3:1) 

(155) 

Scheme 41 

Pyridine derivatives have also been obtained from acetylenic dienophiles 
and 2-aza-1,3-dienes carrying an amino group at C-l.61 l,3-Bis(silyloxy)-2- 
aza-1,3-dienes and acetylenic dienophiles give 2-pyridones.62 

The fragment eliminated in aromatisation of a Diels-Alder adduct may 
be incorporated in the dienophile instead of in the diene as in the examples 
given above, and several useful synthetic sequences exploit this variation. 
In one, which has been used to prepare para-acylphenols or para-hydroxy- 
benzoic acids, an aP-unsaturated ester or aP-unsaturated ketone carries a 
P-phenylsulphide or P-phenylsulphoxide substituent as the eventual leaving 
group.63 

Synthesis of Quinones 

A wide range of naphthaquinones and anthraquinones has been obtained 
by cyclo-addition of 1,3-dioxygenated butadienes to appropriate chloro- 
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benzoquinones and chloronaphthaquinones.64 The chloro substituents in the 
quinone dienophiles facilitate the reactions and also serve to direct the 
regiochemistry of the addition. The best results have been obtained with 
mixed vinyl ketene acetals (such as 156) prepared from a(3- or (Ty-unsat- 
urated esters by O-silylation of the derived anions with chlorotrimethyl- 
silane. 

Scheme 42 

Cycloaddition of these mixed acetals to quinones takes place readily at room 
temperature. Aromatisation of the initial adduct is effected by pyrolysis, 
with evolution of hydrogen chloride, or, better, by percolation through silica 
gel. These reactions could apparently give different products depending on 
which of the acetal oxygen functions is eliminated during aromatisation, but 
in practice it is found that the methoxy substituent is eliminated prefer¬ 
entially, giving a phenol as the preponderant product. Thus chrysophanol 
(160) was obtained in one step from 3-chlorojuglone (157) and the acetal 
(158) but the isomeric 2-chlorojuglone gave ziganein (161), illustrating the 
well-established regiospecificity of these reactions.65 

Benzoquinones also react readily, affording naphthaquinones in good 
yield. Many naturally-occurring naphthaquinones and anthraquinones have 
been synthesised by this convenient procedure.66 Tetracyclic compounds 
related to the anthracyclines have also been obtained by reaction of the 
cyclic ketene acetal (162) with chloronaphthaquinones. Thus, with 3- 
chlorojuglone the adduct (163) was obtained exclusively in 55 per cent yield 
at room temperature.67 Although these reactions are formally Diels-Alder 
cycloadditions this has not been rigorously established, and it may be that 
they proceed by Michael-type reaction of the keten acetals with the quinone, 
followed by rapid cyclisation. 
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Scheme 43 
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The influence of Lewis acid catalysts on the regiochemistry of Diels-Alder 
reactions is well illustrated in a synthesis of the natural product bostrycin 
(167) from die naphthopurpurin derivative (164). Straightforward reaction 
of (164) with 3-methyl-1 -trimethylsilyloxybutadiene gave a mixture of 
regio-isomers, but in the presence of tetra-acetyl diborate the adduct (166) 
was obtained regiospecifically. Routine elaboration of (166) gave (±)-bos- 
trycin with almost complete stereospecificity.68 
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Scheme 45 

A related sequence was used in a synthesis of (±)-daunomycinone.69 

Approaches to linear tetracycles related to the anthracyclinones have 
been made by Diels-Alder addition of oxygenated butadienes to appropriate 
substituted 1,4-anthraquinones70 resulting in one case in an enantiocontrolled 
synthesis of (+)-4-demethoxydaunomycinone.71 

Anthraquinones have also been obtained by reaction of ortho-quinodi- 
methanes with substituted benzoquinones. Again, halogen substituents in 
the quinone serve to control the regiochemistry of the cycloaddition. Thus, 
the unsymmetrical orr/zo-quinodimethane (169) and 2-bromo-6-methyl- 
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benzoquinone gave the adducts (170) and (171) in the ratio 92:8; with the 
3-bromo-6-methyl quinone the same products were obtained in the ratio 
2:98. The main products were easily purified by crystallisation and con¬ 
verted in several steps into the isomeric anthraquinones islandicin (172) and 

digitopurpone (173).72 

k^rXcH2Br 
MeO 

Nal, acetone 
-> 

^CHBr * 

I 
MeO 

Scheme 46 
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In a related sequence homophthalic anhydride (174, R=H) and the 
methoxy derivative (174, R=OMe) reacted with the chloroquinone (175) 
regiospecifically to give adducts (176, R=H or OMe) which were converted 
into 4-demethoxydaunomycinone and daunomycinone respectively.73 These 
reactions presumably take place by Diels-Alder addition to the dienol isomer 
(177) followed by spontaneous extrusion of carbon dioxide and hydrogen 
chloride from the adduct (178). Again the regiochemistry of the addition is 
controlled by the halogen substituent on the quinone; the nucleophilic end of 
the diene selectively reacts at the unsubstituted olefinic carbon of the chloro¬ 
quinone. 

Scheme 47 

Interestingly the use of the lithium salts of (174 R=H,OMe) in the cycloaddi¬ 
tions dramatically improved the yields of the adducts. Lithiation of 
(174,R=H) with lithium di-isopropylamide followed by reaction with (175) 
gave a nearly quantitative yield of (176 R=H); for (174 R= OMe) the yield 
was increased to 65 per cent. 

Another group of aromatic natural products which have been synthesised 
by a Diels-Alder route from orr/zo-quinodimethanes are the lignans. The 
lignan nucleus is built up by addition of the appropriate dienophiles to aryl 
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ortho-quinodimethanes, themselves produced by photolysis of ortho-methyl- 
benzophenones74 or by thermolysis of appropriate precursors. Thus, heating 
the sulphone (179) in di-n-butyl phthalate in the presence of maleic anhydr¬ 
ide gave the adduct (181) in 70 per cent yield by way of transient ortho- 
quinodimethane (180)75 and in an intramolecular approach to the synthesis 
of podophyllotoxin by the ortho-quinodimethane route, a mixture of (183) 
and (184) was obtained by heating the benzocyclobutene derivative (182) in 
toluene. The trans-lactone formed by way of the endo transition state, was 

the main product.76 

o 

At Ar 

(183) (184) (3:1) 

Scheme 48 
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Retro Diels-Alder Reaction 

The retro Diels-Alder reaction also has its uses in synthesis, and is frequ¬ 
ently employed to uncover a reactive double bond by elimination of a diene 
such as cyclopentadiene from a modified adduct, or for the unmasking of a 
diene system by elimination of a dienophile, usually a small molecule such 
as carbon dioxide, nitrogen or ethylene.77 Thus, in a synthesis of (+)- and 
(-)-sarcomycin methyl ester the starting material was the readily available 
enantiomerically pure adduct (185) which was elaborated in a number of 
steps to the diastereomers (186) and (187). Retro Diels-Alder reaction of 
(186) by flash vacuum pyrolysis gave optically pure (+)-(S)-sarcomycin 
methyl ester (188) in excellent yield, with elimination of cyclopentadiene. 
The isomer (187) similarly gave (-)-(7?)-sarcomycin methyl ester.78 

(188) (93%) 

Scheme 49 

In another example a retro Diels-Alder reaction formed the key step in 
syntheses of reactive derivatives of cyclopentadienone epoxide. Thus, the 
aldehyde (190), itself obtained from the adduct (189) of cyclopentadiene and 
benzoquinone,79 on flash vacuum pyrolysis was converted into the cyclo¬ 
pentadiene mono-epoxide (191) which gave the mould metabolite terrein 
(192) in several more steps.80 An analogous sequence was used in the 
synthesis of the antibiotic pentenomycin (194) from (193)81 
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Q=CH 
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Scheme 50 

In these syntheses the retro Diels-Alder step leads to the generation of 
highly reactive cyclopentadienone derivatives under non-chemical condi¬ 
tions where otherwise they would be likely to undergo chemical reaction. 
At the same time a carbon-carbon double bond is uncovered which has been 
masked in the Diels-Alder adduct, allowing selective chemical manipulation 
elsewhere in the molecule. 
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Another imaginative application of the retro Diels-Alder reaction is seen 
in a synthesis of aspidosperma-type alkaloids, where (195) serves as a syn¬ 
thetic equivalent of 2,4-pentadienoic acid chloride which is forced to 
undergo Diels-Alder reaction at the terminal double bond.82 
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3 INTRAMOLECULAR DIELS-ALDER REACTIONS 

In intramolecular Diels-Alder reactions the diene and dienophile form 
part of the same molecule and are connected by a chain which may be an all¬ 
carbon chain or may contain one or more heteroatoms. Cyclisation leads to 
a new polycyclic system, with generation of up to four new chiral centres. 
With precursors in which the diene unit is tethered at C-l, cyclisation could, 
in principle give rise to a fused ring system (1) or a bridged ring system (2), 
but in practice nearly all reactions of this kind lead to the formation of fused- 
ring compounds (1). It is only where the connecting chain is sufficiently 
long, or with some cyclic dienes, that formation of the alternative bridged- 
ring product (2) becomes geometrically feasible. 

Scheme 1 

With dienes tethered at C-2 intramolecular reactions lead regioselect- 
ively and stereoselectively to bridged-ring compounds with bridgehead 
double bonds. The strain energy in the bridgehead alkenes manifests itself 
in the more vigorous conditions which are frequently required in purely 
thermal intramolecular reactions with dienes of this kind.1 In many cases, 
however, the reactions are catalysed by Lewis acids and they can then be 
effected under much milder conditions.2 (Scheme 2) 

140 
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395°C 

gas phase 

(72%) 

Et2AlCl 
-> 
CH2C12,20°C 

Scheme 2 

Na2C03, EtOH 

i 

Me 0 

Scheme 3 
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Reactions of this kind have been used to make a series of bridgehead enol 
lactones which are useful starting materials for the synthesis of stereo- 
chemically defined cyclohexanones and decalones with control of the rel¬ 
ative stereochemistry of up to four contiguous asymmetric centres.3 Thus, 
heating the enol ether (3) in benzene at 185°C gave the single cycloadduct 
(4) in 90 per cent yield, which was smoothly converted into the cyclohexan¬ 

one derivative (5). 

However, most applications of the intramolecular Diels-Alder reaction in 
synthesis have employed trienes in which the diene unit is tethered at C-l. 

Because they provide ready access to polycyclic compounds with control 
of stereochemistry, intramolecular Diels-Alder reactions have been increas¬ 
ingly used in the synthesis of natural products.4 In contrast to intermolecular 
reactions intramolecular Diels-Alder reactions generally form a late stage in 
the syntheses, and the preparation of the requisite trienes for cyclisation is 
frequently itself a considerable synthetic undertaking. 

Nearly all the recorded examples of intramolecular Diels-Alder reactions 
give rise to hydroindenes or hydronaphthalenes, or to heterocyclic analogues 
of these ring systems, from precursors in which the diene and dienophile 
moieties are connected by a chain of three or four atoms at C-l of the diene. 
Bicyclo[4,2,0]octenes cannot be made by the intramolecular Diels-Alder 
procedure5 and very few reactions which lead to the formation of medium¬ 
sized rings have been recorded. If the connecting chain is long enough, the 
diene and dienophile react almost as if they were independent entities and 
bridged ring products may then be formed. Thus, the triene (6) on heating in 
benzonitrile gave a mixture of the two fused-ring products (7) and (8) and 
the bridged ring isomer (9).6 

(8) (9) (77%; 6.2:6.8:1) 

Scheme 4 
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Scheme 5 
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Stereoselectivity 

In reactions leading to hydroindenes and hydronaphthalenes from 1,3,8- 
nonatrienes and 1,3,9-decatrienes an important consideration for synthesis is 
foreknowledge of the stereochemistry of the new chiral centres, particularly 
of the ring fusion, but it is not always easy to predict what this will be. 
Frequently mixtures are produced, although one isomer may predominate. 
The stereochemistry of the products is the result of competing conform¬ 
ational, steric and electronic effects in the various possible transition states, 
and these are influenced by the structure of the substrate, particularly the 
length of the chain connecting the diene and dienophile units, and the nature 
and position of substituent groups on the diene and dienophile and on the 
connecting chain. In the intermolecular Diels-Alder reaction the Alder endo 
rule, although not universally followed, often provides a useful guide to the 
stereochemistry of the main product. In the intramolecular reaction this may 
not be so. Frequently the orienting influences due to secondary orbital inter¬ 
actions in an endo transition state are outweighed by the geometrical const¬ 
raint of the connecting chain and by non-bonded interactions of substituent 
groups.7 

Thus, in principle, 1,3,8-nonatrienes with an (£,£)-diene may cyclise via 
two alternative transition states for each of the two isomers with (E)- and 
(Z)-dienophile moieties, to form cis- or trans-hydroindenes (Scheme 5). 

In practice, the ratio of cis- and trans-fused products depends on the 
reaction conditions and on the disposition of substituents on die diene and 
the connecting chain. For thermal reactions the rrans-fused hydroindene is 
generally the main product, although mixtures are usually produced, and this 
is independent of die configuration of the dienophile. Thus, cyclisation of 
the methyl decatrienoate (10) in toluene at 150°C gave the cis and trans 
hydroindenes in practically the same ratio as the isomer (13) with the cis- 
dienophile moiety.8 

Selectivity for the rrans-fused product here is essentially independent of 
the stereochemistry of the dienophile and the endo rule clearly fails to 
predict the outcome of the cyclisation of (13). Secondary orbital interactions 
appear not to be significantly involved in the cyclisation of the trans isomer 
(10) either. In each case the distribution of products is determined by a 
balance of forces in the possible transition states. In reactions catalysed by 
Lewis acids, however, the trans dienophile (10) gave the endo product (11) 
exclusively, but selectivity with the cis dienophile (13) was not improved. 
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Apparently increased secondary orbital control resulting from interaction 
between the ester carbonyl and the Lewis acid, which presumably accounts 
for the improved selectivity with the trans ester (10), is insufficient to 
overcome the transition state preference for the fra/w-fused product in the 
reaction of (13). 

(10) (11) (endo) (12) (exo) 

Toluene, 150°C, ratio = 60 : 40 

Lewis acid, ratio = 100 : 0 

(13) (14) (exo) (15) (endo) 

(75%; 65:35) 

Scheme 6 

The way in which the ratio of cis/trans-fused hydroindenes formed by 
intramolecular Diels-Alder cyclisation of a nonatriene can vary with the 
nature of the triene and the reaction conditions is illustrated in Schemes 7 
and 8. In the thermal cyclisation of the trienoate (16), four stereoisomeric 
adducts were formed, but the main products arose by way of the endo trans¬ 
ition state. The proportion of endo products was increased when the reac¬ 
tions were performed at as low a temperature as possible compatible with 
reaction and by conversion of the hydroxyl group into its trimethylsilyl or 
benzyl ether. In contrast, the corresponding cw-ocp-unsaturated esters gave 

products mainly formed by way of exo transition states.9 
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T°C Yield% Hi 17b, 18a, 18b endo:exo 

R = H 150 71 37 37 4 26 70:30 

R = PhCH2 150 78 31 51 4 14 82:18 

R — MejSi 150 83 52 31 4 17 79:21 

R = MejSi 115 82 53 32 2 15 83:17 

Scheme 7 

(19) trans-fused (endo) cis-fused (exo) 

Substituents Nonatrienes. n=3 

X Z T°C, trans. cis 

H 

C02Et 

i-Pr C02Et 

e*2n C02Et 

>-Pr C02Et, Et2AlCl 

190 25: 75 
150 60: 40 
150 72: 28 
60 85 : 15 
25 >98 : 2 

Decatrienes. n=4 

T°C, trans, cis 

190 47: 53 

155 51:49 

155 50: 50 

40 55 :45 

22 88 : 12 

Scheme 8 
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In the related derivatives (19, X=NEt2) where cyclisation took place at a 
considerably lower temperature, there was improved trans selectivity in the 
nonatriene series, but in the decatriene series the effect was negligible.10 As 
expected the catalysed reactions gave much improved yields of the trans¬ 
fused (endo) product in each case. 

Trans-fused hydroindenes are thus readily accessible by intramolecular 
Diels-Alder reactions of 1,3,8-nonatrienes. To ensure stereoselective form¬ 
ation of cw-fused hydroindenes the simplest procedure is to use nonatrienes 
with a cis internal double bond in the diene moiety. Because of geometrical 
constraints such dienes can only cyclise to give ds-fused hydr-indenes. The 
main snag appears to be the intervention of 1,5-hydrogen shifts which some¬ 
times results in reduced yields of Diels-Alder products.11 

(E,Z)-diene 

Scheme 9 

Thus in a key sequence in a synthesis of marasmic acid (22) the cis- 
hydrindene derivative (21) was obtained in 80 per cent yield from the triene 
(20) after treatment of the initial Diels-Alder adduct with potassium t-but- 
oxide; no other isomeric cyclo-adduct was detected.12 The corresponding 
(£,£)-diene gave mainly the trans-hydrindene; it cyclised at a lower temp¬ 
erature than (20). 
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C02Me 

(20) 

H 

KOBu1, ether 

V 

H 

Scheme 10 

Similarly, in a synthesis of (+)-actinobolin the chiral (Z)-diene (23) gave 
the ris-fused product (24) ‘almost exclusively’.13 

Scheme 11 
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In the cyclisation of 1,3,9-decatrienes to hydronaphthalenes (octalins) 
the extra methylene group in the linking chain makes the adoption of both 
endo and exo transition states easier than in the nonatrienes, so that mixtures 
of cis- and frans-fused adducts are frequently obtained. As with the nonatri¬ 
enes the ratio of products is influenced by the nature and disposition of subs¬ 
tituents in the triene, and by other factors such as the presence of hetero¬ 
atoms or carbonyl groups in the chain linking the diene and dienophile 
moieties.14 

The well-established preference for six-membered alicyclic rings to 
adopt a chair conformation and the tendency of substituents to take up an 
equatorial rather than an axial orientation frequently manifests itself in a 
highly ordered transition state in intramolecular Diels-Alder reactions of 
1,3,9-decatrienes; the dominant conformation is usually the one with the 
least bond angle strain and the fewest non-bonded interactions. In many 
cases, however, two chair forms are possible, resulting in the formation of 
both the trans- and cis-fused octalin systems (Scheme 12). 

Scheme 12 

As in the reactions with 1,3,8-nonatrienes the stereochemistry of the ring 
fusion is largely independent of the geometry of the dienophile moiety, 
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suggesting that here again secondary orbital interactions favouring an endo 
transition state do not play a dominant role in controlling the stereochem¬ 
istry of the transition state. Thus, the (E>E)- and (Z^)-trienoate esters (25) 
and (26) gave the same ratio of cis- and mans-fused octalins on reaction at 
150°C,15 and very similar results were obtained with the corresponding 
11-isopropyl compounds.16 

Me02C/^^ 

(25) 

Me02C 
£ H 

H H 

(endo product) 

Scheme 13 

As with the corresponding decatrieneoates, Lewis acid-catalysed reaction of 
the /ra/is-dienophile (25) led to a greatly increased proportion of the trans¬ 
fused (endo) product, but unlike the decatrienoate the ris-dienophile (26) 
also gave a much higher proportion of the endo product, the cis-octalin in 
this case. Evidently, in the Lewis acid-catalysed reactions secondary orbital 
interactions become much more important and in the undecatrienoates are 
not outweighed by geometrical constraints in the ris-dienophile (26). 

In purely thermal reactions wide differences in stereochemistry 
sometimes arise in reactions with closely related compounds. Thus, in cont¬ 
rast to 1,3,9-decatriene itself (27,R=H), the 3-methyl derivative (27,R=Me) 
cyclised at 160°C to give the rrans-2-methyloctalin (28,R=Me) almost excl¬ 
usively.1? The highly preferred formation of the trans octalin here is ascr¬ 
ibed to a destabilising non-bonded interaction of the methyl substituent in 
the transition state for the as-fused octalin. 
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Scheme 14 

Ratio 

Triene Conditions Yield% 30 31 32 

29 155°C, 6h. 53 12 41 47 

25°C, 1 mol. EtAlCl2 55 55 45 1 

33 140°C, 12h. 65 65 13 22 

25°C, 1 mol. EtAlCl2 65 98 2 0 

Scheme 15 
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A good illustration of the way in which the stereochemistry of the cycl- 
isation can sometimes be controlled by the appropriate choice of substituents 
and reaction conditions, is seen in the cyclisation of the alcohol (29) and the 
corresponding t-butyldimethylsilyl ether.18 Heating (29) in bromobenzene 
gave a mixture of the three products (30,R=H), (31,R=H) and (32,R=H); the 
proportion of the desired trans {endo) compound (30,R=H) was increased in 
the Lewis acid-catalysed reaction. With the corresponding t-butyldimethyl- 
silyl ether (33), however, QOJR^-BuMe^i) was almost the exclusive 

product. 

The trans-fused compounds are formed by way of chair-like endo 
transition states of the forms (34) and (35) and these are favoured in the 
presence of the Lewis acid. With the bulky t-butyldimethylsilyl ether in the 
presence of Lewis acid the form (34) with the equatorial silyloxy substit¬ 
uent is favoured even more, leading to almost exclusive formation of 

(30,R=t-BuMe2Si). 

Scheme 16 

However, not all intramolecular Diels-Alder reactions of deca-1,3,9- 
trienes take place through transition states with a chair-like conformation of 
the linking chain. In an approach to the synthesis of nargenicin Ax, heating 
the optically active triene (37) in toluene at 110°C, which was expected to 
give the optically active octalin derivative (39) by way of the chair-like 
transition state (38), in fact led exclusively to the isomer (41).!9 For the de¬ 
fused diastereomer (41) to be obtained the Diels-Alder reaction must have 
been constrained to proceed through the transition state (40) with a boat-like 
conformation of the connecting chain. 
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Scheme 17 

Judicious placement of a carbonyl group in the linking chain can some¬ 
times cause a change in product distribution by preferred adoption of the 
transition state conformation in which orbital overlap is best preserved. 
Trans-fused products often predominate when the carbonyl group is in con¬ 
jugation with the diene. Thus, the triene (42) gave mainly the trans-octalone 
(43) when heated in toluene at 160°C.20 
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Scheme 18 

In the endo transition state leading to the observed trans-fused product (43), 
the carbonyl group remains coplanar with the diene, whereas in the exo 
transition state it is twisted out of the plane of the diene. Replacement of the 
carbonyl group by the cyclic acetal in analogues of (42) results in the form¬ 
ation of ds-fused products because of destabilising non-bonded interactions 
in the transition state leading to the trans isomers.21 

Scheme 19 

When a carbonyl group in the connecting chain is conjugated with the 
dienophile, c/s-fused products usually predominate, formed by way of the 
favoured endo transition state as with (37). These reactions generally take 
place under mild conditions. Thus, the decatriene (45) generated from its 
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silyl enol ether, cyclised at 0°C to give the c/s-fused product (46) excl¬ 
usively^ and in a key step in an approach to 11-oxygenated steroids the 
triene (47) gave very largely the endo cw-fused adduct (48) on catalysis with 
trifluoroacetic acid at -78°C.23 

All the atoms in the linking chain need not be carbon atoms. Numerous 
examples are known in which the chain contains amino, ether or sulphide 
links, and the stereochemical course of these reactions largely follows that of 
the all-carbon analogues. Thus, the (EZJE)-triene (49) gave exclusively the 
ds-fused products (50) and (51) in which the main product arises by way of 
the preferred transition state (52) with an equatorial C-6 methyl substit¬ 
uent,24 and the triene-ether (53) gave the products (54) and (5S).25 

COoEt 

Et02C EtQ2C 

(53) (54) (55) (86%; 3:2) 

E = C02Et 

Scheme 20 
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If the nitrogen is present in the form of an amide, the group has a variable 
effect on the stereoselectivity depending on its position relative to the diene 
and dienophile and the length of the connecting chain. Other things being 
equal that transition state is favoured which preserves the amide resonance.26 
Similarly with esters; the ester (56), for example, cyclised readily to give 
mainly the trans-fused product (57), but the non conjugated ester (58) in 
contrast to the ether (53), was resistant to cyclisation and isomerised to (56) 
before reacting.25 It is suggested that the geometry of the transition state 
required for cyclisation of (58) prevents complete overlap of the lone pair 
electrons of the ethereal oxygen with the 7C-system of the carbonyl group and 
that reaction is thereby kinetically disfavoured in (58) compared with (53) 

where no such effect operates. 

(58) 

Scheme 21 

Vinyl sulphides have also been used, in reactions with inverse electron 
demand. Thus, the (£,E)-diene (59) readily gave the cis- and trans-fused 
products (60) and (61) in boiling orf/w-dichlorobenzene,27 and in a different 
series, catalysed cyclo-addition to the cis enal system of (62) gave excl¬ 
usively the cis-fused products (63) and (64). The reaction with the trans 
enal was less stereoselective.28 In these reactions the vinyl sulphides are 
superior to enol ethers as electron-rich dienophiles. It is believed that the 
catalysed reaction proceeds by way of the zwitterion (65) and is not a true 
cycloaddition. 
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(59) 

R = t-BuPh2Si 

(60) (61) (98%; 1:1) 

MeS 

(62) (63) (64) 

50°C, 19h, 35% 96 : 4 

BF3.Et20, -78°C, lOmin., 93% 75 : 25 

(65) 

Scheme 22 

A reaction of this type was employed in a stereospecific synthesis of 
(+)-nepetalactone (68) from the ketene dithioacetal (Z)-enal (66). Cyclis- 
ation catalysed by boron trifluoride etherate gave (67) as a single diastereo- 
mer in 55 per cent yield. Hydrolysis then gave (68). 
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Scheme 23 

Diastereoselection 

Substituents in the connecting chain may influence the facial selectivity 
of the cycloadditions as well as the endo:exo selectivity. Because of non- 
bonded interactions one approach to the transition state may be more fav¬ 
oured than others and this seems to be particularly the case when a substit¬ 
uent is in the allylic position to the diene system. Thus, in a synthesis of the 
antibiotic indanomycin the triene (69), heated in toluene, gave the diastereo- 
mer (70), with five contiguous chiral centres, in almost quantitative yield.29 
Diastereoselection in favour of (70) is attributed to the preferential formation 
of the endo transition state (71). This transition state is favoured over the 
alternative (72), which would lead to a product epimeric at C-6, because of 
steric interaction between the ethyl substituent and the hydrogen at C-3 of 
the diene system in (72). 

(71) (72) 

Scheme 24 
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In agreement, if the hydrogen atom at C-3 of the diene is replaced by a ster- 
ically more demanding substituent even higher diastereoselectivity can be 
obtained. Thus, the di-ester (73,R=H), when heated in toluene, gave a mix¬ 
ture of the two diastereomers (74,R=H) and (75,R=H), but with the tri- 
methylsilyl derivative (73,R=SiMe3) only (74,R=Me3Si) was obtained™ 
Formation of (74,R=Me3Si) takes place through the favoured transition state 
(76) in which steric interference between the ethyl and trimethylsilyl subst¬ 
ituents is minimised. 

R = H ratio 4 : 1 

R = Me3Si (74) only (85% yield) 

(76) 

Scheme 25 

If the starting material is optically active an enantioselective synthesis of 
the adduct becomes possible. Thus, in a synthesis of the tetracyclic ketone 
(79), an intermediate for the synthesis of the antibiotic (+)-ikarugamycin, the 
optically pure triene (77) gave the bicyclic ester (78) as the major stereoiso¬ 
mer by way of the preferred transition state (80).31 
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Scheme 26 

The stereochemical advantage of using a (Z)-diene in Diels-Alder reactions 
is illustrated again in the cyclisation of the diene (81) which gave the optic¬ 
ally pure product (82) in 95 per cent yield as a single stereoisomer by 
heating in toluene solution. Under the same conditions the isomeric (E,E)- 
diene did not cyclise.32 A related reaction was employed in an approach to 
cytochalasin.33 

Scheme 27 



Intramolecular Diels-Alder Reactions 161 

Diastereoselectivities in Intramolecular 

Diels-Alder Reactions of Chiral Amides 

Me2AlCl 
-> 
CH2C12, -30°C 

RCO H RCO H 

R = 
(a) 

O 
n 

O^N- 
ratio 

(b) 

O 
ii 

0'""XN- 

W 
i C6H11 
H 

ratio 

95 

3 

5 

97 

Bn02C H 

LiOBn 
(87a) -3> <Li0Bn (88b) 
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High diastereofacial selectivities have also been realised in intramolec¬ 
ular cycloaddition reactions of trienes bearing chiral auxiliaries. Particularly 
good results have been obtained with imides prepared from 1,3,8-decatrien- 
oic acids and 1,3,9-undecatrienoic acids and chiral oxazolidones as shown in 
the Table.34 The reactions catalysed by Me2AlCl or Et2AlCl took place part¬ 
icularly easily and were highly endo and facially selective. Either diastereo- 
mer (84/85) or (87/88) could be obtained at will, depending on the choice of 
chiral auxiliary. The crystalline adducts were readily purified by chromat¬ 
ography and on non-destructive transesterification with lithium benzyloxide 
or lithium hydroperoxide35 regenerated the valuable chiral auxiliary, and 
liberated the optically pure hydrindene or octalin. 

These reactions are believed to take place by facially selective addition 
to the enone double bond in a chelated complex of form (91). 

Scheme 28 

Very similar results have been obtained using amides of decatrienoic and 
undecatrienoic acids with the optically active camphor sultam (92). The 
sultam is readily available in both antipodal forms, is easily regenerated 
from the adducts and the generally crystalline adducts are easily purified.36 

Synthesis of Terpenoids 

Intramolecular Diels-Alder reactions are now being increasingly empl¬ 
oyed in the synthesis of natural products where they frequently lead to 
elegant, economical and stereocontrolled construction of polycyclic ring 
systems. In many cases, however, the synthesis of the triene required for the 
Diels-Alder cyclisation is itself a considerable synthetic undertaking, and 
this sometimes overshadows the elegance of the cyclisation step. 
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An early example of its application in the sesquiterpene series is seen in 
the synthesis of the eudesmane hydrocarbon (±)-selena-3,7(ll)-diene (97)37 
The eudesmane skeleton, containing a fraw.y-fused hydronaphthalene nucleus 
with an angular methyl substituent can be conveniently constructed by intra¬ 
molecular Diels-Alder reaction of an appropriate 1,3,9-decatriene. Control 
of trans ring fusion is often difficult in other types of synthesis of eudes¬ 
mane sesquiterpenes owing to the small energy difference between the cis- 
and trans-fused ring systems in this series. Thus, the triene (93) heated in 
toluene at 200 C, cyclised smoothly to give, after hydrolysis, a mixture of 
the trans-axial (94) and rrans-equatorial (95) products. Oxidation of the 
mixture afforded the ketone (96) which was easily converted into the selen- 
adiene (97). 

(97) (96) 

Scheme 29 

Eremophilane and valencane sesquiterpenes have also been obtained using 
intramolecular Diels-Alder reactions to set up the ring structures.38 

An interesting situation was encountered during cyclisation of the triene 
(98), in experiments aimed at the diterpene forskolin. The main product of 
the reaction, in addition to the endo adduct (99), was the isomer (100) in 
which the stereochemical integrity of the double bond of the dienophile 



164 Intramolecular Diels-Alder Reactions 

appears, very unusually, to have been lost during the cycloaddition. In fact, 
(100) arises by epimerisation at the a-position to the lactone carbonyl group 

in the favoured exo adduct (101).39 

H 

(101) 

Scheme 30 

Intramolecular cycloaddition to cyclohexadienes and cyclopentadienes 
provides an elegant route to complex bridged-ring sesquiterpenes. Thus, the 
cyclohexadiene derivative (102), on heating at 280°C in decalin in the pres¬ 
ence of catalytic potassium t-butoxide gave the tricyclic alcohol (103) excl¬ 
usively in 60 per cent yield, by way of transition state (105) with an equat¬ 
orial methyl substituent in the connecting chain. In the alternative (106) 
there is some non-bonded interaction between the two methyl substituents. 
Hydrogenation of (103) gave (±)-patchouli alcohol.40 In the absence of 
potassium t-butoxide only the benzene derivative (107) was obtained. It is 
suggested that the action of the butoxide may be to activate the diene system 
by the neighbouring ionised hydroxyl group. 
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(105) (106) (107) 

Scheme 31 

The triene (108) cyclised more readily than (102) because of the activating 
effect of the carbonyl group. The product (109) was converted in several 
more steps into (±)-pupukeanone.41 (110) 

MeO 

(108) 

Scheme 32 
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The thermal intramolecular [4+2]cycloaddition of alkenylcyclopentadi- 
enes (111) gives one or other of the tricyclic adducts (112) and (113) 
depending on the length of the connecting chain. A chain length of 3 or 4 
atoms leads specifically to adducts of type (112) via the 1-cyclopentadienyl- 
alkene, whereas a connecting chain of two atoms gives exclusively adducts 
of type (113) via the 5-cyclopentadienylalkene. In the latter case, despite the 
low equilibrium concentration of the 5-cyclopentadienyl isomer, cyclo¬ 
adducts (113) are favoured because of the highly strained transition states 
for alternative modes of cyclisation.42 

Scheme 33 

A reaction of the former type formed the key step in a synthesis of (±)- 
cedrene.43 The latter procedure was exploited in a synthesis of (±)-sativene 
(117). In this synthesis and others like it, the six-membered bridging ring of 
the sesquiterpene cannot be set up directly in the Diels-Alder step because of 
the requirement that the connecting chain contain only two atoms (cf.113), 
and it was developed after the cycloaddition by ring expansion.44 Thus, 
treatment of the cyclopentenone (114) with chlorotrimethylsilane, triethyl- 
amine and anhydrous zinc chloride in refluxing toluene gave directly, after 
aqueous work-up, the tricyclic keto-ester (116) in 94 per cent yield by way 
of the cyclopentadienyl derivative (115). 
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Scheme 34 

Vinylallenes, although not frequently employed, have some advantages 
as dienes in intramolecular Diels-Alder reactions. Because of the rigidity of 
the allene system the number of possible conformations of the transition 
state may be restricted, leading to greater stereoselectivity in the cyclo¬ 
additions, and steric interactions which hinder attainment of the s-cfs-con- 
formation in (Z)-dienes is greatly diminished in the allenes. Unfortunately, 
they also readily undergo 1,5-hydrogen shifts to form 1,3,5-trienes which 
sometimes results in lowering of the yield of the desired cycloadditon 

product.45 (Scheme 35) 
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r\ 
\h3 \\ 

Scheme 35 

Thus, in experiments aimed at the hexahydronaphthalene fragment of the 
hypocholesterolemic agent compaction (121) the allene (118) readily formed 
the adduct (119) when heated in benzene at 150°C, by way of the accessible 
exo transition state shown.46 

(118) 

(121) 

V 

Scheme 36 
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3-Silyloxyvinylallenes have been used with advantage in some cases, for 
the silyl enol ethers formed after intramolecular cycloaddition yield cyclic 
ketones on hydrolysis. Thus, cyclisation of (122) catalysed by diethylalum- 
inium chloride gave the adduct (123) as a mixture of stereoisomers which 
were used to prepare the eremophilane sesquiterpene (±)-dehydrofiikinone 
(124). The isomeric allene (125) on cyclisation gave (126) which was 
converted into selena-4(14),7(ll)dien-8-one (127).47 

R= t-BuMe2Si 

Scheme 37 

Allenic esters have also been employed as dienophiles and have advant¬ 
ages over ap-unsaturated esters for this.48 

An interesting example of chirality transfer is found in a neat synthesis 
of the sesquiterpene (+)-sterpurene (131). The chiral vinylallene (129), 
generated in situ by sulphenate-sulphoxide rearrangement from the chiral 
propargyl alcohol (128), gave the cyclised product (130) in 70 per cent yield 
at room temperature, as a mixture of sulphoxide diastereomers. Several 

more steps led to (+)-sterpurene 49 
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V 
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t 

PhS 

(129) 

Scheme 38 

In the vast majority of intramolecular Diels-Alder reactions the diene 
and dienophile moieties are connected by a chain of three or four carbon 
atoms, and reaction leads to the formation of a five- or six-membered alicyc- 
lic ring. Only a few examples have so far been recorded in which a larger 
alicyclic ring is formed. In one successful application, used in an approach 
to the taxane ring system, catalysed intramolecular cyclisation of the triene 
(132) at room temperature gave the ketone (133) as a single isomer in 72 per 
cent yield,50 a rare application in natural product synthesis of an intramole¬ 
cular Diels-Alder reaction using a 2-substituted diene. 
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Scheme 39 

The tricyclic (133) has the ring system and the relative configuration at C-l, 
C-3 and C-8 of the taxane diterpenoids. Formation of (133) is believed to 
take place by way of a transition state of the form (134) leading to the stable 
boat-chair form of the cyclo-octane product (135). 

Again, in a synthesis of the fungal metabolite cytochalasin H (136) the 
11 -membered ring was formed during the course of an intramolecular Diels- 
Alder step. Heating the triene-pyrrolinone (137) in toluene gave the adduct 
(138) as the desired stereoisomer, formed by endo addition of the triene to 
the less-hindered a-face of the pyrrolinone. The cyclisation was highly 
regio- and stereo-selective; only very small amounts of other products were 
detected.51 A similar approach was used in the synthesis of cytochalasin 
G.52 

Synthesis of Alkaloids 

With nitrogen in the connecting chain nitrogen heterocycles are obtain¬ 
ed. Both dienylamides and enamino amides have proved useful in this way. 
Thus in a key step in the synthesis of (-)-pumiliotoxin-C the diene-amide 
(139) , derived from (S)-norvaline, gave the ds-hydroquinoline (141) in 60 
per cent yield with only minor amounts of stereoisomeric adducts. In this 
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cyclisation the chiral centre of (139) controls the stereochemistry of hie 
three developing chiral centres, presumably by way of the boat transition 
state (140) in which the propyl substituent adopts an equatorial orientation.53 

Scheme 40 

Scheme 41 

0) H2,Pd 

(2) DIBAL 

V 

(142) 

In an approach to the galanthane ring system (as 145) common to many 
Amaryllidaceae alkaloids the dienamide (143) in boiling chlorobenzene gave 
the single diastereomer (144). Only the exo transition state, leading to the 
observed rrarcs-fused product, is reasonably accessible here.54 
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043) (144) (52%) (145) 

Scheme 42 

A dienamide (146) generated in situ was also employed in the synthesis of 
c/s-dihydrolycoricidine (147).55 

OSiMe3 

(146) 

(147) (60%; 3:1) 

Scheme 43 

Annellated hydroindoles and hydroquinolines have also been obtained 

from endocyclic enamido dienes like (148).56 
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(148) 

Scheme 44 

It was found expedient in practice to use substituted dihydrothiophene di¬ 
oxides as butadiene equivalents in preparing the enamido dienes for these 
reactions. Thus, the sulphone (149), on passage through a hot tube at 600°C, 
formed the enamido diene (150) by cheletropic expulsion of sulphur dioxide, 
and thence the lulolidine derivative (151) a key intermediate in a synthesis 
of the Aspidosperma alkaloid aspidospermine. 

Scheme 45 
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The single B/C cis-fused cycloadduct (151) arises by way of the endo trans¬ 
ition state, which is less strained than the corresponding exo transition state. 
With the analogue (152), which has one more carbon atom in the connecting 
chain, a mixture of the B/C cis- and frans-fused hydrojulolidines (153) and 
(154) was obtained. Because of the longer chain an exo transition state is 
now accessible. 

<153) (154) (2:1) 

Scheme 46 

Hydroisoquinolines also have been obtained by intramolecular cycloadd¬ 
itions using both dienylamides and enamides. Thus, the dienylamide (155) 
in which the a-pyrone serves as a butadiene equivalent gave the cyclo¬ 
adduct (156) in 93 per cent yield in refluxing xylene. This was subsequently 
converted into the fully functionalised D/E ring fragment (157) in a synth¬ 
esis of (±)-reserpine.57 Hydroindoles have been made by a similar proc¬ 
edure.58 

(155) (156) (93%) (157) 

Scheme 47 
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In a different approach to hydroisoquinolines the ene-amides (158, 
R=H,CH3) gave mainly the as-fused cycloadducts (159) in toluene at 
80-85°C. In contrast, the isomeric secondary amide (161,R=H) did not cycl- 
ise at 275°C and cyclisation of the tertiary amide (161,R= CH3) required a 
temperature of 185°C and gave a much smaller proportion of the cis-fused 

hydroquinoline than (158,R= CH3).59 

PhMe, 80°C 
9> + 

(158, R = H, Me) (159) (160) 

R = H, 74%, 7 : 1 

R = Me, 83%, 8 :1 

xylene, 

185°C 
-> 

H 

(161) (80%; 2:1) 

Scheme 48 

It is suggested that the easier cyclisation of (158) may be due to the fact that 
the dienophile double bond is conjugated with the carbonyl group, with 
consequent lowering of the energy of the LUMO. The lower temperature of 
reaction then allows the interplay of secondary orbital interactions favouring 
an endo transition state and a preponderance of the cis-fused product. In 
(161) there is no conjugation of the dienophile double bond to compensate 
for possible disruption of amide resonance in the transition state, a higher 
temperature is required for cyclisation and secondary orbital interactions are 
less important. 

A reaction of this kind formed the key step in a novel and expeditious 
route to the cri-D/E ring fragment of heteroyohimbine and corynantheoid 
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alkaloids by intramolecular cycloaddition of an ene-amide to an cxp~unsatur¬ 
ated aldehyde. The aldehyde (162) readily cyclised at 190°C in xylene to a 
separable mixture of the adducts (163) and (164).60 The c/j-fused isomer 
was converted into (165), a known precursor of tetrahydroalstonine and 
other heteroyohimboid bases. 

H 

(162) (163) (164) (73%; 5:1) 

(165) 

Scheme 49 

Trienic esters on occasion can undergo intramolecular Diels-Alder reac¬ 
tions to give bicyclic lactones but these reactions are frequently more diff¬ 
icult than those of the corresponding amides, possibly due to loss of ester 
orbital overlap in the transition state conformation required for cyclisation.61 
Thus, the trienic ester (166), in contrast to the related amide (158) required 
vigorous conditions for cyclisation, and the isomer (167) did not cyclise at 

temperatures up to 275°C.62 

Scheme 50 
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Heterodienes and Heterodienophiles 

ap-Unsaturated Carbonyl compounds; synthesis of Cannabinoids 

Diels-Alder reactions of heterodienes and heterodienophiles are well- 
known and have been employed in the synthesis of heterocyclic compounds. 
For example, pyran derivatives can be prepared by reaction of unsaturated 
carbonyl compounds with enol ethers or alkenes. The intramolecular 
version of this reaction is particularly valuable with educts of the type (168), 
which are easily prepared by condensation of aldehydes with cyclic 1,3-di- 
carbonyl compounds. Formed in situ they cyclise readily to cis- or trans¬ 
fused polycyclic dihydropyrans (169). 

Scheme 51 

Asymmetric induction can be effected by a stereogenic centre in the 
chain or in the dicarbonyl compounds63 and this has been exploited in the 
synthesis of a variety of natural products, including cannabinoids,64 irid- 
oids65 and indole alkaloids.66 Thus, reaction of 1,3-cyclohexadione with 
(/?)-citronellal in the presence of sodium methoxide gave the enolate (170). 
On acidification and chromatography this formed the tricyclic adduct (172) 
directly in 33 per cent yield, presumably by way of the ap-unsaturated 
ketone (171). No other stereoisomer was detected. A chair-like conform¬ 
ation for the transition state (173) with an equatorially disposed methyl 
substituent seems mostly likely. 

Having the (fl)-configuration at C6a and the trans fusion of rings A and 
B, compound (172) corresponds to the parent skeleton of tetrahydrocannabi¬ 
nol67 and the sequence was employed in the synthesis of (+)- and (-)-hexa- 
hydrocannabinol (174) from (S)- and (/?)-citronellal respectively and 5-n- 
pentyl-1,3 -cy clohexadione 
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Scheme 52 

In a different approach, the aromatic adduct (177) was obtained from the 
alcohol (175) in 87 per cent yield by way of the orr/io-quinonemethide 
(176). Since the cyclisation leads to the trans ring-fused product the exo 
transition state (178) with an equatorially disposed methyl substituent is 
suggested.68 

(175) (176) (177) 

Scheme 53 
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A related procedure involving an orr/io-quinonemethide was employed 
in a synthesis of (+)- and (-)-hexahydrocannabinol (174)69 and has the 
advantage over that proceeding from pentyl-1,3-cyclohexadione in that it 

leads to the aromatic system directly. 

In the reactions described above, the chiral centre in citronellal forms an 
integral part of the product. Enantioselective syntheses in this series have 
also been effected using the auxiliary chiral dione (180), which is prepared 
from (-)-ephedrine. Reaction of this dione with the aldehyde (179), for 
example, catalysed by diethylaluminiun chloride, gave the cis-fused adduct 
(182) with diastereomeric excess of >98 per cent. Successive hydrolysis of 
the crystallised material with methanolic hydrogen chloride and sodium 
hydroxide gave the optically pure lactone (183). Using the dione from (+)- 
ephedrine the enantiomer of (183) was obtained.70 

(179) (180) (181) 

Et2AlCl, CH2C12 

(183) 

V 

Scheme 54 
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In an excursion in the iridoid field the enone (186), formed transiently 
from the (5')-aldehyde (184) and (185), gave the cyclopenta[c]pyran deriv¬ 
atives (187a) and (187b) in 77 per cent yield in a ratio of 10:1. In several 
more steps (187a) was converted into the aglycone (188) and thence into 
deoxyloganin.71 

(188) (187a, PH, 187b, aH) 

Scheme 55 

Similarly intramolecular cycloaddition of the enone (189) selectively 
furnished the cis and trans ring-fused adducts (190) or (191) depending on 
the configuration of the alkene. The adduct (190), the stereochemistry of 
which derives ultimately from that of diethyl L-tartrate, was used in syn¬ 
theses of (-)-ajmalicine and (-)-tetrahydroalstonine.72 
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Scheme 56 
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Intramolecular cycloadditions involving ap-unsaturated carbonyl 
compounds as the diene do not always take the expected course. Thus 
vapour-phase pyrolysis of the unsaturated aldehyde (192) with a view to 
obtainmg bicyclic dihydropyran (193), a potential intermediate for the 
synthesis of iridomyimecin (194), gave a mixture containing considerable 
amounts of the cyclopentane derivative (195) formed by an intramolecular 
ene reaction; the catalysed reaction (BF3.Et20) gave, not (193) but the 
bridged bicyclic compound (198). The latter is believed to arise from the 
(Z)-aldehyde (196) by way of the boat-like transition state (197) which 
models show allows the best approach of the double bond to the enal.™ 

(196) (197) (198) 

Scheme 57 

N-Acyl-l-azadienes 

Intramolecular Diels-Alder reactions of N-acyl-l-aza-1,3-dienes have 
been used to prepare hydroquinolizidones and hydroindolizidones, but in 
general the N-acyl-l-azadienes are less reactive as dienes than aP-unsat- 
urated ketones. In one procedure the aza-dienes are generated in situ by gas 
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phase pyrolysis of N-acyl-O-acetyl-N-allylhydroxylamines, and under the 
conditions of the reactions cyclise directly to hydroquinolizidones or hydro- 
indolizidones.74 A reaction of this kind was employed in a synthesis of the 
quinolizidine alkaloid (-)-deoxynupharidine.75 Pyrolysis of the optically 
active O-acetyl-hydroxamic acid (199) gave a mixture of the diastereomers 
(201) and (203) by way of the exo transition states (200), in which the 
methyl substituent is equatorial and (202) in which it is axial. The cis 
isomer (201) was converted in several more steps into (-)-deoxynupharidine 

(204). 

(204) 

Scheme 58 
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2-Trimethylsilyloxy-l -azadienes have been obtained also from cc|3-unsatur- 
ated amides and employed in intramolecular cycloaddition reactions.™ 

Acylimmes; synthesis of nitrogen heterocycles 

Hetero-dienophiles also have been widely used in intramolecular Diels- 
Alder reactions. Some of the most useful results have been obtained with N- 
acylimines, which have been converted into piperidines, indolizidines and 
quinolizidines. These intramolecular reactions are frequently highly stereo¬ 
selective, in contrast to intermolecular imino Diels-Alder reactions.77 In 
many of these reactions the N-acylimine is generated in situ by pyrolysis of 
a suitable N-acetoxymethyl derivative. Thus, pyrolysis of the methylol 
acetate (205) gave the bicyclic lactam (207) directly by way of the imine 
(206). Reduction of the double bond and the lactam carbonyl group of (207) 
gave (±)-5-coniceine (208).78 

(208) 

V 

Scheme 59 

A similar sequence was used in syntheses of the indolizidine alkaloids 
elaeokanine A79 and slaframine80 and the quinolizidine epi-lupinine (212).81 
In the last synthesis the precursor (209), in boiling orf/io-dichlorobenzene 
gave the cyclic amide (211) exclusively in 93 per cent yield, by way of the 
transition state (210) with the carbonyl group in the endo orientation and the 
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benzyloxymethyl substituent in the connecting chain adopting a quasi-equat- 

orial position. 

(212) (211) 

Scheme 60 

Intramolecular imino Diels-Alder reactions have also been used to make 
trans-2,6-dialkylpiperidines82 and such a reaction formed the key step in a 
synthesis of the spermidine alkaloid anhydrocannabisativene.83 Certain 
iminium salts, generated in situ under Mannich-like conditions undergo 
inter- and intra-molecular Diels-Alder cycloadditions readily in aqueous 
solution. Thus, the dienyl aldehyde (213) treated with benzylamine hydro¬ 
chloride in aqueous ethanol at 70°C gave a mixture of the hydroquinolines 
(214) and (215) in 63 per cent yield, and the cyclohexadienyl aldehyde (216) 
and methylamine hydrochloride under the same conditions gave the tricyclic 
amine (217) in 66 per cent yield; catalytic reduction of (217) gave (±)-di- 
hydrocannivonine (21S).84 

Transient N-acylimines, or the corresponding iminium complexes, can 
also act as dienes in reactions with alkenes to form 5,6-dihydro-l,3-oxazines 
in a highly stereoselective manner; alkynes also react to give oxazines.85 
Thus, catalysed reaction of the bis-amide (219) with BF3.Et20 in dichloro- 
methane at room temperature gave exclusively the rrans-fused product (221) 
with four contiguous chiral centres in 75 per cent yield. 
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CHO 

(213) 
(215) (63%; 2.5:1) 

(216) 

Scheme 61 

(PhCONH)2CH 

(219) 

BF3.Et20 

ch2ci2 

25°C 

V 

(221) (75%) 

Scheme 62 
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The stereochemical results are best accommodated by a transition state 
of the form (220) in which the catalyst is complexed with the nitrogen lone 
pair and the methyl substituent on the connecting chain has a quasi 

equatorial disposition. 

In contrast, thermal cyclisation of glyoxylate-derived N-acylimines 
provides, stereoselectively, cis-fused bicyclic dihydro-oxazine y-lactones.86 

(Scheme 63) 

Scheme 63 

Nitroso compounds 

Nitroso compounds have been employed in intramolecular Diels-Alder 
reactions both as dienes and dienophiles. Thus nitroso-alkenes, generated 
from silyl derivatives of a-chloroketoximes by reaction with fluoride ion 
cyclise readily to give dihydro-oxazines (e.g.222)87 

Nitro-alkenes also serve well as 4tc components in highly stereoselective 
cycloadditions with unactivated alkenes to give nitronates.88 

Acylnitroso compounds are useful dienophiles and they also undergo 
highly stereoselective intramolecular cycloadditions. They are frequently 
formed in situ from the corresponding hydroxamic acid, as illustrated in the 
synthesis of (±)-gephyrotoxin 223AB (227).89,90 The acylnitroso compound 
(224), formed in situ from hydroxamic acid (223) cyclised spontaneously to 
the 1,2-oxazine (225) as the sole product in 82 per cent yield. 
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Scheme 64 

Scheme 65 
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N-Sulphinyl compounds 

Another useful group of heterodienophiles are the N-sulphinyl com¬ 
pounds, containing the grouping N=S. By intramolecular Diels-Alder reac¬ 
tion they give dihydrothiazine oxides which can be converted in a stereo- 
controlled way into unsaturated vicinal amino alcohols, as illustrated in the 
synthesis of //zreo-sphingosine (232). Reaction of the carbamate (228) with 
thionyl chloride in pyridine gave directly the dihydrothiazine oxide (230) as 
a single stereoisomer, by way of the N-sulphinyl carbamate (229). Reaction 
with phenylmagnesium bromide followed by heating the allylic sulphoxide 
so formed with trimethyl phosphite converted adduct (230) stereo- 
specifically into the (E)-threo-carbamate (231) which gave racemic threo- 
sphingosine (232) on hydrolysis. 

°Y° 
nh2 

A 
n'C13H27 

(228) 

soci2 
pyridine 

-15°C 
-> 

°Y° 
/N 

S 0 
n-c13H27 

(229) 

Ba(OH)2 
<- 

> X >° 
r n 

+1 2 
s 

n-Ci3H27 

(230) 

(1) PhMgBr 

(2) (MeO)3P 

HN 

O 

A 

Scheme 66 

A similar sequence of reactions starting with the {Eg) isomer of (228) gave 
racemic eryr/zro-sphingosine (233).91 
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This procedure has been exploited in syntheses of 5-epidesosamine 
(234), the C-5 epimer of the natural amino sugar desosamine92 and of 
3-deoxy-3-methylaminoarabinopyranoside (235), a component of some 
aminoglycoside antibiotics.93 

(234) (235) 

Scheme 67 

ortho-Quinodimethanes; synthesis of steroids and lignanes 

Intramolecular Diels-Alder reactions of ort/io-quinodimethanes (<ortho- 
xylylenes) have also been widely employed in the synthesis of natural 
products, particularly in the steroid and alkaloid fields.94 These reactions 
lead smoothly to polycyclic ring systems, generally with high regio- and 
stereo-selectivity. For the intramolecular reaction there are, in principle, 
four possible transition states, two exo (236) and (238) and two endo (240) 
and (242), but it is found in practice that reactions give fused-ring products 
exclusively, although it is not always easy to predict whether the exo or endo 
mode of reaction will be preferred. 
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(236) (237) 

(238) (239) 

Scheme 68 

Orf/w-qumodimethanes are reactive dienes and even unreactive dieno- 
philes such as isolated carbon-carbon double bonds, acetylenes, aldehydes, 
nitriles and oxime ethers form cycloadducts.95 They are generally prepared 
in situ, using one of the procedures described on p.37, for example by 
thermolysis of benzocyclobutenes. Thus, the optically active benzocyclo- 
butene (244), heated in ortho-dichlorobenzene gave the cycloaddition 
product (246), with the typical steroid trans,anti,trans ring fusion, via the 
exo transition state (245). Cleavage of the t-butyl and methyl ethers then 
gave (+)-estradiol (247) of 97 per cent optical purity.96 A similar route was 
used to make estrone methyl ether.97 
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OBu1 

Scheme 69 

Using the optically active cw-disubstituted cyclohexane derivative (248) 
the optically active cis,anti,trans D-homosteroid (250) was obtained and was 
converted in several more steps into (+)-chenodeoxycholic acid (251).98 
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Scheme 70 

The factors which affect the preferences for endo or exo cycloaddition in 
the reactions of ortho-quinodimethanes are not always clearly perceptible, 
and the balance may be quite markedly affected by modification of the chain 
connecting the diene and dienophile." 

Although the benzocyclobutene route to orr/w-quinodimethanes has 
been widely employed, it suffers from the disadvantage that the benzocyclo- 
butenes themselves are frequently difficult to make. A useful advance is 
provided by the discovery that a variety of benzocyclobutenes can be 
obtained by co-cyclisation of aco-diynes with substituted acetylenes in the 
presence of the cobalt(I) catalyst T)5-cyclopentadienyldicarbonyl cobalt.100 
For example, reaction of the diyne (252), incorporating a potential dieno¬ 
phile, and bistrimethylsilylacetylene gave mainly the trans-fused product 
(254) by way of the initially formed benzocyclobutene. (253). 
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SiMej 

+ 
cp Co(CO>2 
-> 

Me^Si 

Me3Sik^^ 

(252) (253) 

(254) 

Scheme 71 

Or/Zzo-quinodimethanes can also be obtained from 1-substituted 1,3-di- 
hydroisothianaphthene-2,2-dioxides; these eliminate sulphur dioxide on 
pyrolysis to give mainly the (Zs)-dienes (as 256) which cyclise to polycyclic 
compounds. The required 1-alkenyl sulphones are readily obtained by alkyl¬ 
ation of l,3-dihydroisothionaphthene-2,2-dioxide itself.101 Thus, thermol¬ 
ysis of the sulphone (255) in boiling trichlorobenzene gave the trans,anti, 
trans-tetracycle (257) in 64 per cent yield, which was subsequently 
converted into (+)-estradiol.102 

A disadvantage of the procedures employing benzocyclobutenes or 
dihydroisothianaphthene sulphones is the high temperatures required to 
generate the or/Zw-quinodimethane. Milder procedures make use of elimin¬ 
ation reactions from suitable ortho disubstituted benzene derivatives, for 
example from benzyltrimethylsilanes as in the conversion of (259) into 

(260),103 and of (261) into (262).10* 
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OH 
V 

OR 

Scheme 72 

(259) (260) (70%) 

O 
O 

(262) (86%) 

Scheme 73 
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Intramolecular cycloaddition to give polycyclic compounds from ortho- 
quinodimethanes generated by 1,4-elimination from methyl {ortho-methyl- 
benzyl) ethers and esters has also been employed.105 Thus, reaction of the 
indole derivative (263) with triethylamine in boiling chlorobenzene gave the 
trans-fused octahydropyridocarbazole (265) almost exclusively. Assuming 
the formation of an indole orr/w-quinodimethane intermediate, the stereo¬ 
chemistry of the product implies reaction by way of the exo transition state 
(264).106 

(263) (264) 

V 

(265) (58%) 

Scheme 74 

In a related sequence, the imine (266) on treatment with methyl chloro- 
formate in chlorobenzene at MOT in the presence of di-isopropylethylam- 
ine gave the cycloadduct (268) in 88 per cent yield.107 It is noteworthy that 
cyclisation leads to the cw-fused product in contrast to cyclisations in the 
steroid series where the trans-fused products predominated. It appears that 
the (Z)-quinodimethane is preferred in the indole series and that cyclisation 
takes place by way of a transition state of the form (267). 

A sequence of this type formed an important step in the synthesis of 
Aspidosperma and other indole alkaloids.108 
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(268) 

Scheme 75 

Hetero-orr/zo-quinonemethides have also been employed. Thus, reaction 
of the benzylammonium salt (269) with caesium fluoride in boiling aceto¬ 
nitrile gave the benzoquinolizidine (271) by way of the intermediate 
(270).109 

/r\zCH2NMe3Br 

NSiMe3 

(CH2)4CH = CH2 

CsF 

MeCN 

(269) 
(270) 

V 

Scheme 76 

(271) (58%) 
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Again, in a beautifully conceived synthesis, the trans-1 -propenylphenol 
(272) on oxidation with palladium dichloride in aqueous methanol gave the 
lignan carpanone (274) directly in 46 per cent yield via the ortho-quinone- 
methide (273) formed by phenolic oxidation of (272). The product has five 
contiguous chiral centres, but no other product was detected in the reaction. 
This approach to the synthesis of the lignan may be related to its biosynth¬ 
esis.110 

v 
Me 

(274) 

Scheme 77 

The Retro Reaction 

Retro Diels-Alder reactions are also useful in conjunction with intra¬ 
molecular reactions. A good example is seen in a synthesis of the sesqui¬ 
terpene (±)-paniculide (278). The oxazole (275) on pyrolysis in ethyl¬ 
benzene afforded the methoxyfuran (276) in 94 per cent yield. Reduction of 
the carbonyl group and hydrolysis of the enol ether then gave the butenolide 
(277) which was converted into paniculide in several more steps.111 Intra¬ 
molecular addition in related thiazoles was not so easy.112 
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ini) (276) 

(278) 

Scheme 78 



Intramolecular Diels-Alder Reactions 201 

References 

1 KJ. Shea, S. Wise, L.D. Burke, P.D. Davis, J.W. Gilman and A.C. 
Greeley, J. Am. Chem. Soc., 1982,104, 5708; K.J. Shea and E. Wada, 
Ibid., 5715. 

2 KJ. Shea and J.W. Gilman, Tetrahedron Lett., 1983, 24, 657. 

3 KJ. Shea, W.M. Fmscella, R.C. Carr, L.D. Burke and D.K. Cooper, J. 
Am. Chem. Soc., 1987,109, 447. 

4 Reviews: G. Brieger and J.N. Bennett, Chem. Rev., 1980, 80, 63; A.G. 
Fallis, Canad. J. Chem., 1984, 62, 183; R. Craig, Chem. Soc. Rev., 
1987,16, 187; E. Ciganek, Organic Reactions, 1984,32, 1. 

5 H.O. House and T. Cronin, J. Org. Chem., 1965,30,1061. 

6 EJ. Corey and M. Petrzilka, Tetrahedron Lett., 1975, 2537; see also 
J.D. White and B.G. Sheldon,/. Org. Chem., 1981, 46, 2273. 

7 cf. E. Ciganek, Organic Reactions, 1984, 32, 1; D. Craig, Chem. Soc. 
Rev., 1987,16, 187; K.A. Parker and T. Iqbal, /. Org. Chem., 1987, 52, 
4369. 

8 W.R. Roush, A.I. Ko and H.R. Gillis, /. Org. Chem., 1980, 45, 4264; 
W.R. Roush, H.R. Gillis and A.I. Ko, /. Am. Chem. Soc., 1982, 104, 
2269. 

9 W.R. Roush, J. Am. Chem. Soc., 1980,102, 1390. 

10 Tse-Chong Wu and K.N. Houk, Tetrahedron Lett., 1985, 26, 2293. 

11 W. Oppolzer, C. Fehr and J. Wameke, Helv. Chim. Acta, 1977, 60, 48. 

12 R.K. Boeckmann and T.R. Alessi, J. Am. Chem. Soc., 1982,104, 3216; 
R.K. Boeckmann and Soo Sung Ko, J. Am. Chem. Soc., 1980, 102, 
7146; R.K. Boeckmann and Soo Sung Ko, J. Am. Chem. Soc., 1982, 
104, 1033. 



202 Intramolecular Diels-Alder Reactions 

13 M. Yoshioka, H. Nakai and M. Ohno, J. Am. Chem. Soc., 1984, 106, 

1133. 

14 cf. D. Craig, Chem. Soc. Rev., 1987, 16, 187; J.A. Marshall, B.G. 
Shearer and S.L. Crooks, J. Org. Chem., 1987, 52,1236. 

15 W.R. Roush and S.E. Hall, J. Am. Chem. Soc., 1981,103, 5200. 

16 W.R. Roush and H.R. Gillis, J. Org. Chem., 1982, 47, 4825. 

17 S.R. Wilson and D.T. Mao, J. Am. Chem. Soc., 1978,100, 6289. 

18 R.L. Funk and W.E. Zeller, J. Org. Chem., 1982, 47, 180. 

19 W.R. Roush and J.W. Coe, Tetrahedron Lett., 1987, 28, 931. 

20 W.R. Roush and S.E. Hall, J. Am. Chem. Soc., 1981,103, 5200. 

21 W.R. Roush and H.R. Gillis, J. Org. Chem., 1982, 47, 4825. 

22 W. Oppolzer and R.L. Snowden, Tetrahedron Lett., 1976, 4187; W. 
Oppolzer, R.L. Snowden and D.P. Simmons, Helv. Chim. Acta, 1981, 
64, 2002. 

23 G. Stork, G. Clark and C.S. Shiner, /. Am. Chem. Soc., 1981, 103, 
4948. 

24 S. Wattanasin, F.G. Kathawala and R.K. Boeckman, J. Org. Chem., 
1985,50, 3810. 

25 R.K. Boeckman and D.M. Demko, J. Org. Chem., 1982, 47, 1789. 

26 cf. D. Craig, Chem. Soc. Rev., 1987,16, 187. 

27 D.R. Williams and R.D. Gaston, Tetrahedron Lett., 1986, 27, 1485. 

28 S.E. Denmark and J.A. Sternberg, J. Am. Chem. Soc., 1986,108, 8277. 

29 M.P. Edwards, S.V. Ley and S.G. Lister, Tetrahedron Lett., 1981, 22, 
361; M.P. Edwards, S.V. Ley, S.G. Lister, B.P. Palmer and D.J. Wil- 



30 

31 

32 

33 

34 

35 

36 

37 

38 

39 

40 

41 

42 

Intramolecular Diels-Alder Reactions 203 

liams, J. Org. Chem., 1984, 49, 3503; K.C. Nicolaou and R.L. 
Magolda, J. Org. Chem, 1981, 46, 1506; cf. also W.R. Roush and A.G 
Myers,/. Org. Chem., 1981, 46, 1509. 

R.K. Boeckman and T.E. Barta,/. Org. Chem., 1985, 50, 3421. 

R. K. Boeckman, J.J. Napier, E.W. Thomas and A.I. Sato, /. Org. 
Chem., 1983, 48, 4152; see also M.J. Kurth, D.H. Bums and MJ 
O’Brien,/. Org. Chem., 1984, 49, 731. 

S. G. Pyne, M.J. Hensel, S.R. Bym, A.T. McKenzie and P.L. Fuchs, /. 
Am. Chem. Soc., 1980, 102, 5960; S.G. Pyne, M.J. Hensel and P.L. 
Fuchs, /. Am. Chem. Soc., 1982,104, 5719. 

S.G. Pyne, D.C. Spellmeyer, S. Chen and P.L. Fuchs, /. Am. Chem. 
Soc., 1982,104, 5728. 

D.A. Evans, K.T. Chapman and J. Bisaha, /. Am. Chem. Soc., 1988, 
110, 1238. 

D.A. Evans, T.C. Britton and J.A. Ellman, Tetrahedron Lett., 1987, 28, 
6141. 

W. Oppolzer, C. Chapius and G. Bemardinelli, Helv. Chim. Acta, 1984, 
67, 1397. 

S.R. Wilson and D.T. Mao, J. Am. Chem. Soc., 1978,100, 6289. 

cf. F. Naf, R. Decorzant and W. Thommen, Helv. Chim. Acta, 1982, 65, 
2212. 

P. Magnus, C. Walker, P.R. Jenkins and K.A. Menear, Tetrahedron 
Lett., 1986, 27, 651. 

F. Naf and G. Ohloff, Helv. Chim. Acta, 1974, 57, 1868. 

G. A. Schiehsen and J.D. White, /. Org. Chem., 1980, 45, 1864; see 
also H. Yamamoto and H.L. Sham, /. Am. Chem. Soc., 1979, 101, 
1609. 

R.L. Snowden, Tetrahedron Lett., 1981, 22, 97,101. 



204 Intramolecular Diels-Alder Reactions 

43 E.G. Breithalle and A.G. Fallis, J. Org. Chem., 1978, 43, 1964. 

44 R.L. Snowden, Tetrahedron, 1986, 42, 3277. 

45 B.B. Snider and B.W. Burbaum, J. Org. Chem., 1983, 48, 4370. 

46 E.A. Deutsch and B.B. Snider, J. Org. Chem., 1982, 47, 2682. 

47 H.J. Reich, E.K. Eisenhardt, R.E. Olson and M.J. Kelly, J. Am. Chem. 

Soc., 1986,108,7791. 

48 H.M. Saxton, J.K. Sutherland and C. Whaley, J. Chem. Soc. Chem. 
Commun., 1987,1449. 

49 R.A. Gibbs and W.H. Okamura, J. Am. Chem. Soc., 1988,100, 4062. 

50 P.A. Brown and P.R. Jenkins, J. Chem. Soc. Perkin 1, 1986, 1303; R.V. 
Bonnert and P.R. Jenkins, J. Chem. Soc. Chem. Commun., 1987, 1540; 
see also K. Sakan and B.M. Craven, J. Am. Chem. Soc., 1983, 105, 
3732; K.J. Shea and P.D. Davis, Angew. Chem. internat. edn., 1983, 
22, 419; K.J. Shea and C.D. Haffner, Tetrahedron Lett., 1988, 29, 
1367. 

51 E.J. Thomas and J.W.F. Whitehead, J. Chem. Soc. Chem. Commun., 
1986, 724,727; R. Sauter, E.J. Thomas and J.P. Watts, J. Chem. Soc. 
Chem. Commun., 1986,1449. 

52 H. Dyke, R. Sauter, P. Steel and E.J. Thomas, J. Chem. Soc. Chem. 
Commun., 1986,1447. 

53 W. Oppolzer and E. Flashkamp, Helv. Chim. Acta, 1977, 60, 204. 

54 G. Stork and D.J. Morgans, J. Am. Chem. Soc., 1979,101, 7110. 

55 G.E. Keck, E. Boden and U. Sonnewald, Tetrahedron Lett., 1981, 22 
2615. 

56 S.F. Martin, S.R. Desai, G.W. Phillips and A.C. Miller, J. Am. Chem 
Soc., 1980,102, 3294. 



57 

58 

59 

60 

61 

62 

63 

64 

65 

66 

67 

68 

69 

70 

71 

Intramolecular Diels-Alder Reactions 205 

S.F. Martin, H. Rueger, S.A. Williamson and S. Grzejszczak, J. Am 
Chem. Soc., 1987, 109, 6124; see also K.J. Shea and J.S. Svoboda! 
Tetrahedron Lett., 1986, 27, 4837. 

M. Noguchi, S. Kakimoto, H. Kawakami and S. Kajigaeshi, Bull. 
Chem. Soc. Japan, 1986, 59, 1355. 

S.F. Martin, S.A. Williamson, R.P. Gist and K.M. Smith, J. Ore 
Chem., 1983,48,5170. 

S.F. Martin, B. Benage, S.A. Williamson and S.P. Brown, Tetrahedron 
1986, 42,2903. 

cf. R.K. Boeckman and D.M. Demke, J. Org. Chem., 1982, 47, 1789. 

S.F. Martin, S.A. Williamson, R.P. Gist and K.M. Smith, /. Org. 
Chem., 1983,48,5170. 

cf. L-F. Tietze, T. Brumby, M. Pretor and G. Remberg, /. Org. Chem., 
1988,53,810. 

for example L-F. Tietze, G.V. Kiedrowski and B. Berger, Angew. 
Chem. internat. edn., 1982, 21,221. 

J.J. Talley,/. Org. Chem., 1985, 50, 1695. 

J.P. Marino and S.L. Dax, J. Org. Chem., 1984, 49, 3671; L-F. Tietze, 
Angew. Chem. internat. edn., 1983, 22, 828. 

L-F. Tietze, G.V. Kiedrowski, K. Harms, W. Clegg and G. Sheldrick, 
Angew. Chem. internat. edn., 1980, 19, 134; L-F. Tietze and G.V. 
Kiedrowski, Tetrahedron Lett., 1981, 22, 219. 

J.J. Talley,/. Org. Chem., 1985, 50,1695. 

J.P. Marino and S.L. Dax,/. Org. Chem., 1984, 49, 3671. 

L-F. Tietze, S. Brand and T. Pfeiffer, Angew. Chem. internat. edn., 
1985, 24, 784. 

L-F. Tietze, H. Denzer, X. Holdgrtin and M. Neumann, Angew. Chem. 
internat. edn., 1987, 26, 1295. 



206 Intramolecular Diels-Alder Reactions 

72 S. Takano, S. Satoh and K. Ogasawara, J. Chem. Soc. Chem. Commun., 

1988, 59. 

73 B.B. Snider and J.V. Duncia, J. Org. Chem., 1980, 45, 3461. 

74 Y-S. Cheng, F.W. Fowler and A.T. Lupo, /. Am. Chem. Soc., 1981, 
103, 2090; Y-S. Cheng, A.T. Lupo and F.W. Fowler, J. Am. Chem. 

Soc., 1983,105,7696. 

75 Y-C. Hwang and F.W. Fowler, J. Org. Chem., 1985, 50, 2719. 

76 M. Ihara, T. Kirihara, A. Kawaguchi, K. Fukumoto and T. Kametani, 
Tetrahedron Lett., 1984, 25, 4541. 

77 S.M. Weinreb, Acc. Chem. Res., 1985,18, 16. 

78 S.M. Weinreb, N.A. Khatri and H. Shringarpure, J. Am. Chem. Soc., 
1979,10, 5073. 

79 N.A. Khatri, H.F. Schmitthener, J. Schringarpure and S.M. Weinreb, J. 
Am. Chem. Soc., 1981,103, 6387. 

80 R.A. Gobao, M.L. Bremner and S.M. Weinreb, J. Am. Chem. Soc., 
1982,104,7065. 

81 M.L. Bremner and S.M. Weinreb, Tetrahedron Lett., 1983, 24, 261; 
M.L. Bremner, N.A. Khatri and S.M. Weinreb, J. Org. Chem., 1983, 
48, 3661. 

82 B. Noder, T.R. Bailey, R.W. Franck and S.M. Weinreb, J. Am. Chem. 
Soc., 1981,103,7573. 

83 T.R. Bailey, R.S. Garigipati, J.A. Morton and S.M. Weimreb, J. Am. 
Chem. Soc., 1984,106, 3240. 

84 S.D. Larsen and P.A. Grieco, /. Am. Chem. Soc., 1985,107, 1768; P.A. 
Grieco and S.D. Larsen,/. Org. Chem., 1986, 51, 3553. 

85 P.M. Scola and S.M. Weinreb, J. Org. Chem., 1986, 51, 3248. 

86 M.J. Melnick and S.M. Weinreb, J. Org. Chem., 1988, 53, 850. 



Intramolecular Diels-Alder Reactions 207 

87 S.E. Denmark, M.S. Dappen and J.A. Sternberg, J. Org. Chem., 1984, 

88 ?aq’ ?SJmark’ M,S* DaPPen c J. Cramer, J. Am. Chem. Soc., 1986, 

89 I. Iida, Y. Watanabe and C. Kibayashi, J. Am. Chem. Soc., 1985, 107, 

90 G.E. Keck, Tetrahedron Lett., 1978, 4767; G.E. Keck and D.G. Nick¬ 
ed,/. Am. Chem. Soc., 1980,102, 3632. 

91 R.S. Garigipati, A.J. Freyer, R.R. Whittle and S.M. Weinreb, J Am 
Chem. Soc., 1984,106, 7861. 

92 S.W. Remiszewski, R.R. Whittle and S.M. Weinreb, /. Org Chem 
1984, 49, 3243. 

93 S.W. Remiszewski, T.R. Stouch and S.M. Weinreb, Tetrahedron, 1985 
41, 1173. 

94 W. Oppolzer, Synthesis, 1978, 793; T. Kametani, Pure Appl. Chem., 
1979, 51, 747; R.L. Funk and K.P.C. Vollhardt, Chem. Soc. Rev., 1980, 
9, 41; J.L. Charlton and M.M. Alauddin, Tetrahedron, 1987, 43, 2873. 

95 W. Oppolzer, Angew. Chem. internat. edn., 1972,11, 1031. 

96 T. Kametani, H. Matsumoto, H. Nemoto and K. Fukumoto, J. Am. 
Chem. Soc., 1978,100, 6218. 

97 D.F. Taber, K. Raman and M.D. Gaul, /. Org. Chem., 1987, 52, 28. 

98 T. Kametani, K. Suzuki and H. Nemoto, J. Org. Chem., 1982, 47, 2331. 

99 W. Oppolzer, Tetrahedron Lett., 1974, 1001; J. Am. Chem. Soc., 1971, 
93, 3833. 

100 cf. R.L. Funk and K.P.C. Vollhardt, Chem. Soc. Rev., 1980, 9, 41; 
K.P.C. Vollhardt, Angew Chem. internat. edn., 1984, 23, 539. 

101 W. Oppolzer, D.A. Roberts and T.G.C. Bird, Helv. Chim. Acta, 1979, 
62, 2107. 



208 Intramolecular Diels-Alder Reactions 

102 W. Oppolzer and D.A. Roberts, Helv. Chim. Acta, 1980, 63, 1703; cf. 
also K.C. Nicolaou, W.E. Bametti and P. Ma, J. Org. Chem., 1980, 45, 

1463. 

103 S. Djuric, T. Sakar and P. Magnus, J. Am. Chem. Soc., 1980,102, 6885. 

104 Y. Ito, M. Nakatsuka and T. Saegusa, J. Am. Chem. Soc., 1981, 103, 

476. 

105 cf. T. Tuschka, K. Naito and B. Rickbom, J. Org. Chem., 1983, 48, 70. 

106 M. Herslof and A.R. Martin, Tetrahedron Lett., 1987, 28, 3423. 

107 T. Gallagher and P. Magnus, Tetrahedron, 1981, 37, 3889. 

108 P. Magnus, T. Gallagher and P. Pappalardo, Acc. Chem. Res., 1984,17, 
35; T. Gallagher, P. Magnus and J. Huffman, J. Am. Chem. Soc., 1982, 
104, 1140; M. Laidlaw, P.M. Caims and P. Magnus, J. Chem. Soc. 
Chem. Commun., 1986, 1756; P. Magnus and P.M. Caims, J. Am. 
Chem. Soc., 1986,108, 217. 

109 Y. Ito, S. Miyata, M. Nakatsuka and T. Saegusa, /. Am. Chem. Soc., 
1981,103, 5250. 

110 O.L. Chapman, M.R. Engel, J.P. Springer and J.C. Clardy, J. Am. 
Chem. Soc., 1971, 93, 6696; for other approaches to the synthesis of 
lignans using intramolecular Diels-Alder reactions see D.I. MacDonald 
and T. Durst, J. Org. Chem., 1986, 51, 4749; T.L. Holmes and R. 
Stevenson, Tetrahedron Lett., 1970, 199. 

111 P.A. Jacobi, C.S.R. Kaczmarek and U.E. Udodong, Tetrahedron, 1987, 
43, 5475. 

112 P.A. Jacobi, M. Egbertson, R.F. Frechette, C.K. Miao and K.T. Weiss, 
Tetrahedron, 1988, 44, 3327. 



4 MISCELLANEOUS [4+2] CYCLOADDITIONS 

Cycloadditon Reactions with Allyl Cations and Allyl Anions 

The Diels-Alder reactions discussed above are concerted [4+2]7t cyclo¬ 
additions involving six ic-electrons and lead readily to the formation of six- 
membered rings. The possibility of analogous six 7t-electron cycloadditions 
with allyl anions and allyl cations which would give five- and seven- 
membered rings respectively was predicted1 and examples of both processes 
have been observed, although the synthetic scope of the anion reaction is as 
yet limited (Scheme 1). 

Scheme 1 

In the anion series the best results have been obtained with the 2-aza- 
allyl anion which adds to a variety of alkenes to form pyrrolidine deriv¬ 
atives. The all-carbon allyl anions themselves seem to undergo cyclo¬ 
addition to carbon-carbon double bonds only when an electron-attracting 
group is attached at C-2 of the allyl system, probably because the allylic 
delocalised negative charge becomes localised on that carbon atom in the 
cyclopentyl anion produced. Thus, 2-phenylpropene treated successively 
with lithium diisopropylamide and trans-stilbene, gave the cyclopentane (1) 
in 41 per cent yield.2 

(1) LDA, THF, 45°C 

(2) Ph—^ 
-> 

— Ph 

Scheme 2 

2-Aza-allyl anions (3) are readily obtained by the action of lithium di- 
isopropylamide on azomethines of the type (2) where either or both of R1 

209 
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and R2 is an aryl group. They readily undergo intermolecular cycloaddition 
reactions with activated olefins, allenes and acetylenes, usually in a highly 
regioselective manner.3 Anions bearing more strongly electron-attracting 
groups are generally too unreactive to be useful in cycloadditions. Thus, 
reaction of l,l-diphenyl-2-aza-allyl lithium with styrene gave the sterically 
less favoured isomer (4) almost exclusively in 85 per cent yield. An alter¬ 
native procedure which has the advantage that it allows the generation of 
aza-allyl anions which do not bear stabilising aryl substituents, proceeds 
from N-(trialkylstannylmethyl)imines by transmetallation with an alkyl- 
lithium.4 The reagent (5), for example, with butyl-lithium and trans- 
stilbene, gave the pyrrolidine (6). 

r1 r2 lda r1 r2 k 7 LUA ’ i-.-d Li 
c6h5^ N'h H C6H5'/^N^\H 

(2) (3) 

H<C,c 
(l)BuLi 

NSnMe3 ~ > 

' (2)C6H5/^C6H5 

(3) H20 
(5) 

Scheme 3 

It is uncertain whether these cycloadditions are concerted [7t4s+7t2s] 
reactions proceeding via a transition state (7), or whether they are stepwise 
and take place through an intermediate like (8), where rotation about the 
bonds a and b is hindered by co-ordination of lithium to the carbon-nitrogen 
double bond or to the nitrogen. 

... 

C3H7 

(6) (62%) 

N 
H 

c6h5 
C6H5 

C6H5 

(4) 

Li+ 

(8) 

Scheme 4 
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Intramolecular reactions take place easily, to give pyrrolidine derivat¬ 
ives.^ Unactivated olefins react readily as anionophiles in intramolecular 
reactions, and anions bearing only one aryl substituent can be used. Thus, 
the imine (9) gave a mixture of the two bicyclic pyrrolidines (10) and (11) in 
63 per cent yield on treatment with lithium diisopropylamide followed by 
protonolysis 

H H (83%) 

Scheme 5 

Concerted reaction by way of the W-form of the aza-allyl anion (12) ration¬ 
alises the formation of c/s-fused bicyclic pyrrolidines and the favoured 
stereochemistry at C-2. 

> 

Scheme 6 

Cycloaddition of allyl cations to conjugated dienes provides a route to 
seven-membered carbocycles,6 and is being increasingly used in synthesis. 
Several methods may be used to generate the allyl cations. They can be 
obtained, for example, from an allyl iodide and silver trifluoroacetate or 
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from an allyl alcohol by way of the corresponding trifluoroacetate and zinc 
chloride. Generated in the presence of a diene they form seven-membered 
cycloadducts in variable yield. Reaction proceeds best with cyclic dienes. 
Thus, cyclohexadiene and methylallyl cation gave 3-methylbicyclo[3,2,2]- 
nona-2,6-diene (13) in 30 per cent yield, and in an intramolecular example 
the carbon skeleton of the zizaene sesquiterpenes was formed directly from 
the trifluoroacetate (14) by way of the allyl cation (15).7 In this sequence the 
trimethylsilyl group serves both to stabilise the allyl cation and as a trigger 
for the formation of the exocyclic methylene group. 

CF3C02Ag 

---- > 
iso-pentane 

CHoI _ 
1 -78°C 

(13) (30%) 

(16%; 1:1.2) 

Scheme 7 
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Oxyallyl Cations 

Synthetically, 2-oxyallyl cations have been the most useful.8 They are 
readily obtained by a variety of methods, for example from <x,a'-dibromo- 
ketones by the action of reducing agents such as zinc-copper couple or 
iodide ion, or by reaction with di-iron enneacarbonyl, Fe2(CO)9,9 or from 
a-halogeno-trimethylsilyl enol ethers and Lewis acids such as silver 
trifluoroacetate or zinc chloride.10 (Scheme 8) 

o 
Me 

Zn - Cu 

-> 

or Fe2(CO)9 

OM 

Br 

OM 

M= Zn or FeLn 

Scheme 8 

The zinc enolates are less electrophilic than the iron enolates, because of 
the greater covalency of the metal-oxygen bond in the iron compounds. 
Cycloaddition reactions with poorly nucleophilic dienes thus proceed best 
with diiron enneacarbonyl as reductant. Formation of oxyallyl cations from 
a,a'-dibromoketones and zinc chloride is promoted by ultrasound and some 
difficultly accessible adducts have been made available this way.11 

Generated in the presence of acyclic dienes and some cyclic dienes the 
oxyallyls readily form seven-membered ring ketones.12 Thus, reaction of the 
a-bromosilylenol ether (16) with isoprene in the presence of zinc chloride 
afforded the naturally-occurring monoterpenoid karahanaenone (17) and the 
regioisomer (18),13 and reaction of a,a,a',a'-tetrabromoacetone and 3-iso- 
propylfuran in the presence of Fe2(CO)9, followed by debromination of the 
initial adduct with zinc-copper couple gave the 8-oxabicyclo[3,2,l]oct-6-en- 
3-one (19), (a,a'-dibromoacetone itself does not form an oxyallyl cation). 
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By further reaction this was converted into the tropone nezukone (20) and a 
number of other naturally-occurring tropones and tropolones were prepared 

in the same way.14 

o 

Zn - Cu 
CHoOH, NH4C1 

V 3 

Scheme 9 

Oxyallyls are being increasingly used in the synthesis of natural 
products15 and in this area adducts formed from furans and pyrrole deriv¬ 
atives have been particularly useful. The more electrophilic oxyallyl cations 
react with N-alkypyrroles to form substitution products, but under the 
appropriate conditions, using sodium iodide and a,a'-dibromoketones to 
generate the oxyallyls, cycloadducts can be obtained from N-alkylpyrroles, 
and have been used to prepare analogues of cocaine16. With more electro¬ 
philic oxyallyls generated from a-halogenoketones with Fe2(CO)9 or zinc- 
copper couple, pyrroles carrying an electron-withdrawing group on the 
nitrogen must be used. Thus, reaction of N-carbomethoxypyrrole with tetra- 
bromoacetone in the presence of Fe2(CO)9 gave a mixture of the tropane-like 
adducts (21) in 70 per cent yield. Debromination with zinc-copper couple 
and reduction with DIBAL led almost completely to the a-alcohol (22) 
which served as a common intermediate for the synthesis of a number of 
tropane alkaloids.17 
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I 
(21) (X = Br, Y = H, 

X = H, Y = Br) 

Zn-Cu, MeOH 

NH4CI 

Scheme 10 

Cycloaddition of oxyallyls to furan derivatives has also been employed 
n the synthesis of natural products. The initial adducts are 8-oxabicyclo- 
3,2,l]oct-6-en-3-ones which can be converted into cycloheptanones or 
ubstituted tetrahydrofurans by ring cleavage at the oxygen bridge or at the 
zetone group. Thus, in a synthesis of nonactic acid (27), the adduct (24), 
)btained from furan and the oxyallyl (23), gave the lactone (25) after 
eduction of the double bond and Baeyer-Villiger oxidation. Methanolysis 
)f (25) then gave the cis-disubstituted tetrahydrofuran (26) as a single 
;tereo-isomer, which was converted in several more steps into nonactic acid 
27).18 The stereochemistry of the tetrahydrofuran (26) is established at the 
lighly selective cycloaddition step involving the oxyallyl cation in the W- 
;onformation (23) and a preferred boat-like (endo) transition state.19 
Baeyer-Villiger oxidation of 8-oxabicyclo[3,2,l]octan-3-ones, as in this 
jxample, and opening of the resulting lactone is one of the best methods 
ivailable for preparing ds-2,5-disubstituted tetrahydrofurans. A similar 
Drocedure was used to make (28), which served as a precursor for a stereo¬ 
selective synthesis of lilac alcohol (29).8a 
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OH 

H O h 
co2h 

(27) (26) 

(1) H2, Pd-C 

(2) CF3C03H,CH2C12 

(25) 

Scheme 11 

In a different area, stereoselective perhydroxylation of the double bond 
in 8-oxabicyclo[3,2,l]octenones affords products which have been used in 
the synthesis of C-nucleosides.20 

Acyclic compounds can also be prepared stereoselectively. Thus, the 
triol (30), a fragment of the antibiotic rifamycin S, was obtained from the 
adduct (24), again employing the Baeyer-Villiger procedure to prepare the 
bicyclo-octane for ring-opening.21 
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several 
-> 

steps 

CF3CO3H 

ch2ci2 

(24) (80%) 

(1) LDA 

(2) Mel 

V 

Scheme 12 

Cleavage at the carbonyl group of the 8-oxabicyclo[3,2,l]octanones has 
also been effected by Beckmann rearrangement of the derived oximes, and 
the products used to make analogues of muscarine.22 

Cleavage of the ether bridge in oxabicyclo[3,2,l]octanones to give 
seven-membered ring ketones can be effected with acid or Lewis acids, as in 
the syntheses of nezukone (20), but other procedures can be employed. 
Thus, the adduct (32) formed exclusively from the 2-substituted furan (31), 
was converted in several steps into the oxabicyclo-octane (33). Baeyer- 
Villiger oxidation then led to the acetal (34) which, on hydrolysis, gave 
specifically the cycloheptanone derivative (35). Again the stereochemistry 
of the product is determined by the stereoselectivity of the cycloaddition 

reaction.23 
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several steps 

V 

m-ClC6H4C03H 

CH2C12 

O 

UT 
^ o 

(33) 

Scheme 13 

While many allyl cations, including the 2-methoxyallyl cation, afford 
oxygen-bridged seven-membered rings on reaction with furan, not all do so. 
2-Methylallyl cation and allyl cation itself instead give rise to products of 
electrophilic substitution rather than cycloaddition products. Extensive 
work on the mode of formation of the cycloadducts has shown that the reac¬ 
tions may take a concerted and also a stepwise course depending on the 
nature of the diene and the allyl cation, the reaction conditions and even the 
solvent.84’10 Thus, the oxyallyl species (36), generated in the W-configur- 
ation from 2,4-dibromopentan-3-one, reacted with cyclopentadiene stereo- 
selectively to give only the diequatorial-adduct (37) and the diaxial-adduct 
(38) in proportions depending on the mode of formation of the cations. 
None of the axial-equatorial isomer was detected, strongly suggesting that 
these reactions are concerted, taking place through endo and exo transition 
states. 
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o 
Me 

> 

OM 

Me 

(36) 

V 

(39) (40) 

Scheme 14 

On the other hand furan, under the same conditions, gave mixtures 
containing variable proportions of the axial-equatorial isomer (39), formed 
in a stepwise addition by way of (40). 

Oxyallyl cations also react with certain olefins to form five-membered 
rings but these are stepwise reactions. The preferred orientation of addition 
is that one that affords the maximum stabilisation of the zwitterionic inter¬ 

mediate.24 

Pentadienyl Cations 

In principle, seven-membered rings might also be formed by a [27t+47t]- 
electron cycloaddition of pentadienyl cations to olefins.1 A spectacular 
realisation of this is seen in the thermal conversion of perezone (41) into the 
isomeric pipitzols (42),25 which has been shown indeed to be a concerted 

reaction.26 

Reactions of this kind have formed the key step in several elegant synth¬ 
esis of natural products containing the bicyclo[3,2,l]octane ring system. In 
these the cyclopentadienyl cation is formed in situ from a para-quinone 
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monoacetal. Thus, the sesquiterpene gymnomitral (45) was readily obtained 
from the adduct (44) formed in the catalysed reaction of 1,2-dimethylcyclo- 

pentene with the hemiacetal (43).27 

Scheme 15 

Scheme 16 
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In an intramolecular example, the adducts (47) and (48) were obtained in 
80 per cent yield by way of the pentadienyl cation generated from the phenol 
(46) by anodic oxidation. Further transformations of these products gave 
(49) and thence (±)-8,14-cedranoxide (50).28 

Scheme 17 

Cycloadditions with Trimethylenemethane 

A useful route to five-membered rings is provided by the cycloaddition 
of Pd(0) complexes of trimethylenemethane to olefins bearing electron- 
attracting substituents.29 The complexes are prepared in situ from 2-tri- 
methylsilylmethylallyl acetate, and react with a range of electron-deficient 
olefins to form methyleneclyclopentanes (Scheme 18). Simple alkyl-substit¬ 
uted olefins, and electron-rich olefins like enol ethers and enamines do not 
give adducts. 

Me3Si\^^^ OAc 
PdL4 

-> 
CHY=CHZ 
-> 

Scheme 18 
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Thus, methyl methacrylate gave the methylenecyclopentane derivative 
(51), and cyclopentyl phenyl sulphone formed the bicyclic product (52). 

Me3Si OAc 
6 mol. % 

Pd(PPh3)4 > 

toluene,85°C 

5 mol. % 

Pd(PPh3)4 > 

THF, reflux 

(51) (50%) 

S02Ph 

H 

(52) (58%) 

Scheme 19 

For (£)-olefins the reactions are highly stereoselective, but (Z)-olefins 
frequently give mixtures of stereoisomers, sometimes because of partial iso¬ 
merisation of the olefin before reaction. 

These reactions are believed to take place in a stepwise fashion by initial 
addition of the nucleophilic species (53) to the double bond, followed by 
cyclisation. Competitive bond rotation in the intermediate (54) before ring 
closure results in partial loss of stereochemical integrity in some cases. 

With complexes bearing an alkyl substituent on the trimethylenemethane 
moiety equilibration takes place faster than ring closure to give a complex in 
which the negative charge resides on the carbon bearing the substituent. 
Thus, the two isomeric precursors (55) and (56) both gave the same product 
(58) on reaction with cyclopentenone, by way of the complex (57).30 
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AcO 
\ PdL, 

< 
> 

MegSi / 

+ PdL2 

\ 
-> 

MegSi •^'DAc 

-> 
<- 

(53) 

Rl_^ EWG 

Scheme 20 

Scheme 21 
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These reactions have been employed in the synthesis of a number of 
natural products containing five-membered rings.298 Thus, in a synthesis of 
(+)-brefeldin A (62) the five-membered ring was formed stereoselectively 
by cycloaddition of the Pd(0) complex of trimethylenemethane to the optic¬ 
ally active acrylate (59), giving a mixture of the two diastereoisomeric 
adducts (60) and (61) in 87 per cent yield.31 

(60) 

several 

steps 

Pd(0Ac>2 

P(i-C3H70)3 

toluene, 100°C 

^Me 

(62) 

Scjieme 22 

Intramolecular reactions have also been effected32, and derivatives of 
tetrahydrofuran and of pyrrolidine have been obtained by cycloaddition to 
the carbonyl group of aldehydes and ketones, and to imines respectively.33 

Stepwise [4+3] cycloaddition of trimethylenemethane to dialkylidenecyclo- 
pentanes has been employed to prepare hydroazulenes.34 
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In general, attempts to trap trimethylenemethane itself with olefins have 
not been successful because of intramolecular closure to methylenecyclo- 
propane. But the related diyls (64), obtained by thermal or photolytic 
extrusion of nitrogen from the diazenes (63) can be trapped by electron- 
deficient olefins to give fused-ring bicyclo[3,3,0]octanes (65) or bridged- 
ring 7-alkylidenebicyclo[2,2,l]heptanes (66).35 Under the appropriate 
experimental conditions the fused-ring products can be obtained prefer¬ 
entially. 

A B 

(65) 

V 

R?r^^R1 

A B 

Scheme 23 

Intermolecular reactions of this kind have not been widely used in 
synthesis because they are not regioselective, but intramolecular reactions 
have been employed successfully in the synthesis of linearly fused tricyclo¬ 
pentanes (as 67). Because of the geometrical constraints imposed by the 
connecting chain these reactions are regioselective and frequently stereo¬ 
selective as well. Furthermore, they generally give rise to the cis,anti ring 
fusion of the tricyclopentanes commonly found in natural products of this 

series.36 
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Scheme 24 

Thus, the diazene (68) in boiling acetonitrile solution gave the two 
cyclisation products (69) and (70) in 85 per cent yield in the ratio of about 
9:1 in favour of the desired cis,anti ring-fused isomer (69) which was 
subsequently converted into hirsutene (71). In both cyclisation products the 
stereochemistry about the diylophile double bond was maintained.37 This is 
a general feature of these reactions. 

Scheme 25 
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These reactions are regarded as taking place preferentially by way of the 
endo transition state (72) in which the connecting chain adopts a pseudo 
chair conformation, rather than the exo form (73) which would lead to the 
cis,syn ring-fused product. In general, however, secondary orbital inter¬ 
actions appear to be less important than conformational factors and non- 
bonded interactions in controlling the course of these reactions.36 

H 

(72) 

C02Me 

Scheme 26 

Intramolecular reactions of this kind can sometimes be effected with 
non-activated double bonds.38 With a chiral centre in the acyclic chain of 
the diyl cis,anti-tricyclopentanes containing an additional chiral centre can 
be set up with high selectivity. Thus, the diazene (74) gave preponderantly 
the product (76) with four chiral centres, by way of the preferred transition 
state (75). The stereochemical course of the cyclisation was dependent on 
the temperature: photolytic decomposition of (74) in methanol at - 60°C 
gave (76) almost exclusively. This product was converted into the enone 
(77) which was used to make (±)-coriolin and (±)-hypnophilin.39 
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Scheme 27 

There has been little systematic work on the mechanism of these cycli- 
sations. Such evidence as there is suggests that they take place by a 
stepwise pathway.36 

Meta-Photocycloaddition to Benzene Derivatives 

Another route to complex polycyclic systems containing five-membered 
rings is based on the mcta-photocycloaddition of benzene derivatives to 
olefins, which takes place by irradiation of the mixture in an inert solvent at 
254nm.40 

Scheme 28 
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The reactions generally involve the singlet excited state of the aromatic 
component, and the stereochemistry of the olefins is preserved in the 
products, supporting the supposition that the reactions are concerted. With 
substituted benzenes the reactions are highly regioselective: addition of the 
alkene takes place at the two carbon atoms of the ring ortho to the strongest 
electron-donating substituent. Anisole, therefore, gives mainly the adduct 
(78, R^OMe).41 The regiochemistry of the additions has been rationalised 
on the basis of frontier orbital overlap in exciplex intermediates.42 

By controlled cleavage of bonds in the three-membered ring the photo¬ 
adducts can be converted into cycloheptenes, bicyclo[3,2,l]octanes and 
bicyclo[3,3,0]octanes (Scheme 29), ring systems commonly found in natural 
products. A number of naturally-occurring tricycloundecanes have been 
expeditiously synthesised in this way. 

Scheme 29 

Both inter- and intra-molecular cycloadditions have been exploited. 
Thus, in a synthesis of modhephene (81) the propeilane skeleton (79) was 
assembled in one step by photoaddition of vinyl acetate to indane. Conver¬ 
sion of (79) into the ketone (80) followed by further transformations inc¬ 
luding a-alkylation and conjugate addition of cuprate, with opening of the 

cyclopropane ring, then afforded modhephene (81).43 
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^•\OAc 
-> 
hv, hexane 

Vycor filter 

Scheme 30 

The synthesis of (±)-isocomene (86)14 employed intramolecular cyclisation 
of the alkenylbezene (82). Although twenty-four different meta-cyclo¬ 
adducts are possible here, geometric constraints and mechanistic factors 
ensured that only the two products (83) and (84) were obtained. Thermoly¬ 
sis of (83) led directly to dehydroisocomene (85) by a 1,5-hydrogen shift. 
The stereochemistry of (83) and (84) is consistent with an exciplex inter¬ 
mediate of the form (87) in which the methyl group in the acyclic chain is as 
far removed as possible from the ring substituent. 

Me 

(84) (72%) 

Scheme 31 
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Cedrene,45 hirsutene 46 the pseudoguaianolide rudmollin 47 coriolin 48 sulph- 
inene49 and isoiridomyrmecin50 were synthesised by similar methods by app¬ 
ropriate control of cyclopropane ring cleavage in the initial photo-adducts. 

Cobalt-catalysed Trimerisation of Acetylenes 

The cycloaddition reactions described above result in the generation of 
ring compounds by the formation of two new sigma bonds. Metal-catalysed 
trimerisation of acetylenes to benzene derivatives is well-known and can be 
realised with many transition metals, as well as Ziegler-type catalysts. One 
of the most useful reactions of this kind is catalysed by (dicarbonyl r|5- 
cyclopentadienyl)cobalt, CpCo(CO)2, and leads to the formation of 
annelated benzene derivatives from aco-diynes and acetylenes with the 
formation of three new bonds by [2+2+2] cycloaddition (Scheme 32).51 

Scheme 32 

The reaction can be used to make indane and tetralin derivatives and also 
benzocyclobutenes, which are valuable precursors for the generation of 
ortho-xylylenes in Diels-Alder reactions. A range of substituents (R=alkyl, 
CH2OH, C02R) is tolerated but particularly good results are obtained when 
R1 and R2 are bulky trimethylsilyl substituents. These hinder the co-cycl- 
isation of the acetylenic component, and the trimethylsilyl substituents in the 
benzenes produced serve as excellent leaving groups in electrophilic subs¬ 

titution reactions. 

Formation of benzene derivatives is believed to take place by way of 
cobaltacyclopentadienes of the form (88) and (89) which subsequently 
undergo Diels-Alder addition of the alkyne with expulsion of cobalt and 

generation of a benzene ring. 
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Scheme 33 

Thus, 1,5-hexadiyne and the acetylene (90) gave the benzocyclobutene (91) 
in 53 per cent yield, which, after electrophilic substitution of the trimethyl- 
silyl group by bromine, was used to make the highly strained benzene deriv¬ 
ative (92).52 In an intramolecular example, leading to (±)-oestrone (96), the 
diyne (93) and bistrimethylsilylacetylene gave the tetracyclic compound (95) 
stereospecifically by intramolecular Diels-Alder addition to the ortho- 
xylylene (94).53 

Scheme 34 
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In a related approach all four rings of the B-ring aromatic steroid (97) 
were assembled in one step from the open-chain precursor (96) with 
complete control of the stereochemistry of the C-D ring junction.54 

Scheme 35 

Intramolecular (2+2+2) cycloadditions of ene-diynes have also been 
employed to assemble polycyclic structures. The inital products are cyclo- 
hexadiene-cobalt complexes from which the polycycle is easily liberated by 
oxidative demetallation.55 These reactions also have been exploited in the 
synthesis of aromatic steroids.56 

Heterocyclic compounds can also be made. Thus, nitriles and terminal 
diacetylenes give pyridine derivatives,57 and 5-isocyanato-l-alkynes and 
acetylenes form annelated 2-pyridones.58 

/-= — SiMe^ 

\-= — SiMe3 

Me CpCo(CO>2 

III xylene, 
N reflux 

c57~o 

,N=c=Q 

C3H? 

SiMej 

CpCo(CO)2 

xylene, 
reflux 

Scheme 36 
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Trimerisation of acetylenes to benzene derivatives has also been con¬ 
veniently achieved using Wilkinson’s catalyst, RhCl(PPh3)3.59 Thus, diynes 
(98) gave the substituted benzenes (99) in good yield at 0-80°C. Intramole¬ 
cular reactions take place readily. In a key step in the synthesis of the 
sesquiterpene calomelanolactone the pentasubstituted benzene (101) was 
obtained in 86 per cent yield from the triyne (100) at 25°C.60 

(100) (101) (86%) 

Scheme 37 

[4+4]-Cycloaddition of 1,3-Dienes 

Nickel(0)-catalysed oligomerisation of 1,3-dienes, which affords four-, six-, 
eight- or twelve-membered rings depending on the catalyst and the reaction 
conditions, has been known for many years but has not been employed in 
complex syntheses, due mainly to the lack of control of regio- and stereo¬ 
chemistry, and the general observation that substituted dienes are much less 
reactive than butadiene. It has been found, however that intramolecular 
Nickel(0)-catalysed [4+4] dimerisation of 1,3-dienes under the appropriate 
conditions provides an efficient method for the synthesis of polycyclic 
compounds containing eight-membered rings.61 For example, the bis-diene 
(102), treated with Ni(COD)2 and triphenylphosphine in toluene at 60°C 
gave a mixture of the cyclo-octadienes (103) and (104) in which the cis- 
isomer, the product of a formal endo addition, predominated by a factor of 
19:1.6ia 
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Ni(COD)2 

PPh3 > 

toluene, 60°C 

(103) (104) (70%: 19:1) 

Scheme 38 

In contrast bis-dienes in which the two diene units are joined by a chain of 
four carbon atoms give predominantly the corresponding /ra/u-fused 
products. Thus, the bis-diene (105) gave the rra/w-fused cyclo-octadiene 
(106) in 92 per cent yield with greater than 97 per cent diastereoselect- 
ivity.61b Bridged bicyclic compounds can be formed as well, for example 
(108). The diastereoselection of these cyclisations is believed to be deter¬ 
mined by the kinetically controlled collapse of intermediate organo-nickel 
complexes.610 

same conditions 

co2ch3 

(105) 

Scheme 39 
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The reaction has been employed in an asymmetric synthesis of the 
sesquiterpene lactone (+)-asteriscanolide (111) starting from the optically 

active bis-diene (109).62 

Scheme 40 

Cyclisation proceeded well with excellent stereoselectivity furnishing (110) 
in 67 per cent yield. 
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5 THE ENE REACTION 

In the ene reaction an olefin bearing an allylic hydrogen atom (the ene) 
reacts with a compound containing an activated multiple bond (the enophile) 
to give an adduct, with formation of a new o-bond between unsaturated 
centres of the ene and enophile and migration of the allylic hydrogen to the 
other terminus of the enophile multiple bond. 

ene enophile 

X“Y- 03c- CeC, C=0. C=S, C=N, N=N, N= O etc 

Scheme 1 

Although, strictly speaking, not a cydoaddition reaction, its formal resemb¬ 
lance1 to the Diels-Alder reaction justifies its discussion here. 

In the ene reaction the two electrons of the allylic C-H sigma bond take 
the place of two 7t-electrons of the diene in the Diels-Alder reaction. The 
activation energy is thus greater and higher temperatures are generally 
required than in most Diels-Alder reactions. This formerly precluded the 
widespread use of the ene reation in complex synthesis, but it has now been 
found that many ene reactions are catalysed by Lewis acids and then proceed 
under mild conditions, often with improved stereoselectivity. A number of 
catalysts have been used, AlCl3,SnCl4,TiCl4 alkylaluminium halides; the last 
act as proton scavengers as well as Lewis acids, with the advantage that 
unwanted proton-catalysed side reactions are prevented.2 Thus, the uncat¬ 
alysed reaction of methyl acrylate with 2-methyl-2-propene requires a temp¬ 
erature of 230°C, but with ethylaluminium dichloride as catalyst good yields 
of adducts are obtained from reactive olefins at 25°C. Most ene reactions 
involve interaction of the HOMO of the ene component with the LUMO of 
the enophile and, as in the Diels-Alder reaction, the catalysts exert their 
effect by lowering the energy of the LUMO of the enophile. 

241 
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Most "all-carbon” ene reactions are believed to proceed by a concerted 
mechanism through a six-membered cyclic transition state in which the new 
C-C bond is frequently more highly developed than the C-H bond. Step¬ 
wise radical or zwitterionic pathways may intervene in particular cases.3 
Hetero-ene reactions are more likely to be stepwise.4 Lewis acid-catalysed 
ene reactions can be stepwise with a zwitterionic intermediate, or concerted, 
with a polar transition state, depending on the reaction components and the 

catalyst employed.5 

Scheme 2 

The course of thermal and catalysed reactions need not be the same. Ene 
components with at least one disubstituted olefinic carbon atom are more 
reactive than monosubstituted or 1,2-disubstituted olefins in catalysed 
reactions because of the development of positive charge at the central carbon 
atom of the ene. Thermal ene reactions, on the other hand, are strongly 
influenced by steric factors, and the steric accessibility of the double bond 
and the allylic hydrogen atom of the ene now become more important. In 
general, a primary allylic hydrogen is abstracted more readily than a second¬ 
ary and much faster than a tertiary one.6 Thus, thermal ene reaction of di¬ 
methyl oxomalonate (2) with the diene (1) takes place mainly at the mono¬ 
substituted double bond to give (3), but in the catalysed reaction the isomer 
(4) is the main product.5 
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180°C, 48h 69% 

S11CI4, 0°C, 5 min. 1% 
6% 

39% 

Scheme 3 

Like the Diels-Alder reaction the ene reaction is reversible at high 
temperatures, and numerous fragmentations of the type 

Scheme 4 

have been observed. Retro-ene reactions like this can sometimes play a 
valuable part in syntheses.6-7 

Again like the Diels-Alder reaction the ene reaction is highly stereo¬ 
selective in many cases, showing cis addition and a preference for the 
formation of endo products. Since the ene reaction does not lead to cyclic 
products a distinction between endo and exo transition states is not always so 
easily made as in the Diels-Alder reaction, but many ene reactions do appear 
to take place preferentially by way of a transition state in which the two 
Tt-systems overlap as much as possible.8 Thus, in the reaction of maleic 
anhydride with cfs-2-butene the adduct (5) was obtained almost exclusively 
by way of the endo transition state (7). With trans-2-butene the stereo¬ 
selectivity was less, but the endo product (6) still predominated. The poorer 
selectivity in the reaction with rra/«-2-butene is attributed to the non- 
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bonding repulsion between the non-reacting methyl substituent and the 

opposing carbonyl group in the endo transition state.9 

(7) (8) 

Scheme 5 

Endo addition in ene reactions is favoured by orbital symmetry relation¬ 
ships, but the preference is not so marked as in the Diels-Alder reaction and 
may easily be overcome by other factors. In many intramolecular reactions, 
for example, steric constraints enforce an exo transition state.10 

Hetero-ene Reactions 

There appear to be very few ene reactions involving hetero-ene compon¬ 
ents, but several hetero-enophiles have been employed, including carbonyl 
compounds, thio-carbonyl compounds, imines, nitroso compounds, hydra- 
zones and azo compounds. Carbonyl compounds have probably been most 
widely used. Although their reactions with olefins could apparently give 
rise to either homoallylic alcohols or allyl ethers, the alcohols are formed 
exclusively due to the greater gain in bond energy in this mode of reaction. 
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Scheme 6 

Purely thermal ene reactions of carbonyl compounds are only effective with 
formaldehyde and other reactive aldehydes such as chloral or glyoxylate 
esters, but reactions catalysed by dimethylaluminium chloride11 or, better, 
ethylaluminium dichloride12 take place easily and provide a convenient route 
to homoallylic alcohols from a range of aliphatic and aromatic aldehydes 
under mild conditions. Thus, reaction of 9-decenoic acid with acetaldehyde 
in presence of ethylaluminium dichloride gave ll-hydroxy-8-dodecenoic 
acid in 66 per cent yield as a 4:1 mixture of (£) and (Z) isomers. 

(CH2)6C02H 
MeCHO 

EtAlCl2 "" 

heptane, 0°C 

(CH2)6C02H 

Scheme 7 

With ethylidenecyclohexane and methyl vinyl ketone the initial ‘all-carbon’ 
ene reaction was followed by a second intramolecular one involving the 
carbonyl group to give the bicyclic product (11) specifically in 61 per cent 
yield.13 

(ii) 

Scheme 8 
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Ene reactions of glyoxylates give a-hydroxy esters and these reactions 
also are often highly stereoselective. Thus, thermal reaction of methyl 
glyoxylate with c/.s-2-butene gave a 7.4:1 mixture of the epimeric methyl 
esters (12) and (13) in 54 per cent yield. Hydrogenation of the main product 
(12) gave racemic methyl isoleucate (14) thus establishing the stereochem¬ 
istry. This isomer results from the endo transition state (15) while the minor 
isomer derives from the exo transition state (16). The inherent preference 
for an endo transition state and the steric repulsion between the ester group 
and the non-reacting methyl substituent in the exo transition state result in a 
large preference for the formation of (12) from c/s-2-butene. With trans-2- 
butene the reaction was less selective (12:13=0.57:1). Here, steric repulsion 
between methyl and ester groups in the endo transition state (18) results in 

lower selectivity for the endo isomer (13).14 

A 
H2Ni 

(17) (exo) 

Scheme 9 

Intramolecular reactions take place readily even with compounds 
containing a normally unreactive enophile. For example, the unsaturated 
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aldehyde (19) gave the cyclopentane derivative (20) in 93 per cent yield,16 
and the axial alcohol (22) was the exclusive product from the catalysed 
cyclisation of (21).16 These catalysed reactions of aldehydes and ketones are 
believed to proceed through zwitterionic intermediates.16-17 

Scheme 10 

Intramolecular thermal ene reactions of unsaturated thio-aldehydes 
similarly lead to homoallylic mercaptans. Thus, the prenyl ester (23) of 
thioxoacetic acid, liberated in situ by thermolysis of its adduct with 9,10-di¬ 
me thy lanthracene, gave the mercaptan (24).18 

Scheme 11 

Intermolecular reactions with thioaldehydes, on the other hand, yield subs¬ 
tantial amounts of the alternative allyl sulphides.19 
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The ene reaction of imines also could apparently take two different dir¬ 
ections, with formation of either a new C-C or C-N bond. Consideration of 
the bond energies involved suggests that neither course would be as favour¬ 
able as that in all-carbon ene reactions and, in agreement, simple non- 
activated imines do not take part in the reaction. Some activated imines do, 
however. Thus butyl N-(p-tolylsulphonyl)imino-acetate (25) reacts with 
olefins under thermal or catalytic conditions, giving adducts which are 
readily converted into yS-unsaturated amino acids.20 The adduct (26), for 
example, was obtained in 90 per cent yield, almost entirely as the (£)- 
isomer, by way of the transition state (27) in which steric interaction is 
minimised. Selective formation of the (£)-isomers in these reactions is 
taken as evidence for a concerted pathway but other evidence suggests a 
non-concerted two-step mechanism for ene reactions with hetero-enophiles 

of this kind.21 

+ 

Et^\H N 

S02C6H4Me-p 

120°C, benzene 
-> 
or SnCl4, CH2C12 

Et 

--C02Bu 

NHS02C6H4Me-E 

(25) (26) (90%) 

Et^l 
H 

BUO2C- 

'^H 
S02Ar 

(27) 

Scheme 12 

Some acylimines also react, although only under fairly vigorous cond¬ 
itions. Thus, the acylimine (29) generated in situ by flash vacuum pyrolysis 
of the acetate (28), gave the cyclic amide (30) in 40 per cent yield. In this 
intramolecular example the reaction takes the alternative course with form¬ 
ation of a new C-N bond rather than a C-C bond.22 
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Scheme 13 

Activated nitroso compounds form another group of useful enophiles, 
although they are less reactive here than in Diels-Alder additions. Nitroso- 
arenes react with certain mono-olefins to give ally lie hydroxylamines, and 
C-nitrosocarbonyl compounds, released thermally from their 9,10-dimethyl- 
anthracene adducts, react with olefins to form N-allylhydroxamic acids. 
Since these are readily reduced to the corresponding amides and amines the 
sequence provides a method for the allylic animation of olefins. Here again, 
although the enophile is unsymmetrical only one mode of addition is obser¬ 
ved, reaction always leading to the formation of a C-N bond and generation 
of an N-OH compound.23 Thus, nitrosocarbonylmethane (31), liberated in 
situ from its Diels-Alder adduct in the presence of cyclohexene gave the 
adduct (32) in 85 per cent yield. 

(31) (32) (85%) 

Scheme 14 
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Intramolecular reactions take place readily. Oxidation of the hydroxamic 
acid (33) in the presence of 9,10-dimethylanthracene afforded the Diels- 
Alder adduct of the nitroso-ketone (34) which on thermal release in boiling 
toluene gave the adduct (35) in quantitative yield. This was converted into 
the amine (36) and thence into (±)-crinane (37).“ (±)-Mesembrine was 

synthesised by a similar procedure.25 

Scheme 15 

Allylic amination can also be effected by reaction of olefins with the 
powerful enophiles bis(N-/?-toluenesulphonyl)selenodiimide26 or bis(N-p- 
toluenesulphonyl)sulphodiimide,27 aza analogues of selenium dioxide and 
sulphur dioxide. Thus, bis(p-toluenesulphonyl)sulphodiimide reacted 
instantly with methylenecyclohexane in dichloromethane to give the single 
product (39) which was smoothly cleaved to the corresponding sulphona- 
mide (40) with trimethyl phosphite. This sequence was applied in a neat 
synthesis of (±)-gabaculine.28 Reaction takes the same course as allylic 
oxidation of olefins with selenium dioxide;29 initial ene reaction to (38) is 
followed by a [2,3]-sigmatropic rearrangement to (39). 
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TosN 

S 
^ ?NTos 

ene 
-> 

Tos = £-MeC6H4S02 

NHTos 

[2,3]sigmatropic 
-> 

(38) 

SNHTos 
I 

--NTos 

(39) 

(MeO)3P, MeOH 

V 

NHTos 

(40) (84%) 

Scheme 16 

Ene reactions with the related mono-oxo compound, N-sulphinylsulph- 
onamide, are reversible under mild conditions, and this can be exploited to 
introduce deuterium or tritium specifically into the allylic position of 
olefins.30 

Diethyl azodicarboxylate also reacts readily with a variety of olefins,6 
and thermal ene reactions of t-butylhydrazones with methyl acrylate and 
acrylonitrile forms the key step in a useful synthesis of p-keto esters and y- 
keto nitriles.31 

Oxygen also is a valuable dienophile and can be used in the allylic oxid¬ 
ation of olefins by photosensitised oxygenation.32 The first products of the 
reactions are allylic hydroperoxides formed in an ene reaction with oxygen, 
and these are easily reduced to the corresponding allylic alcohol. a-Pinene, 
for example, is converted into Jra/w-pinocarveyl hydroperoxide (41) which 
on reduction gives fra/w-pinocarveol (42). 
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(41) (42> 

Scheme 17 

The reactive species in these reactions is believed to be singlet oxygen and 
the reaction is generally held to proceed by a concerted mechanism analo¬ 

gous to that of the ene reaction. 

H 
I 

O 

Scheme 18 

Intramolecular Ene Reactions 

Intramolecular ene reactions are now being widely employed in synth¬ 
esis. They generally take place more easily than the corresponding inter- 
molecular reactions, particularly when they give rise to flve-membered 
rings.33 Because of the constraints imposed on the transition state by the 
chain linking the ene and enophile components, the intramolecular reactions 
are frequently highly stereoselective. Thus, kinetically controlled thermal 
cyclisation of the cis 1,6-diene (43) gave preponderantly the cis disubstituted 
cyclopentane (44) by way of the exo transition state (47); the endo transition 
state here is highly strained. Cyclisation of the corresponding trans diene 
again gave mainly the c/s-cyclopentane derivative (44), this time clearly by 
way of the endo transition state. At higher temperatures the reactions are 
reversible, and the trans isomer (45) accumulates. This example again 
illustrates the fact that intramolecular ene reactions can frequently be 
effected with a non-activated enophile double bond, in contrast to most 
intermolecular reactions. 
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(46) (endo) (47) (exo) 

Scheme 19 

Acetylenic bonds also take part readily in intramolecular ene reactions. 
Thus, dehydrolinalool (48) was converted into (49) in quantitative yield at 
200°C34 and in the di-yne (50) both the ene and enophile are triple bonds.35 

Scheme 20 
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The general rule with 1,6-dienes like (43), where the enophile is linked 
to the terminal olefmic carbon of the allyl group, appears to be that the two 
nearest carbon atoms of the ene and the enophile combine to form a five- 
membered ring. The same applies to the corresponding 1,7-dienes which 
cyclise to form six-membered rings, although generally not so easily as the 
1,6-dienes; higher temperatures are required and yields are lower. 

The formation of six-membered rings can sometimes be facilitated under 
catalytic conditions with appropriate location of an activating group in the 
enophile. Thus, even the 1,6-diene (51) gave the cyclohexane derivative 
(53) exclusively in 82 per cent yield on catalysed cyclisation with ethyl- 
aluminium dichloride, by way of the boat-like transition state (52).36 

EtAlCl2 

CH2C12, 40°C 
Me 

(51) (52) 

(53) (82%) 

Scheme 21 

The exclusive formation of (53) is a consequence of the electronic effects of 
the Lewis acid catalyst and the location of the activating ester group. The 
expected cyclopentane derivative (54) is not observed here because the posi¬ 
tion of the ester group precludes Lewis acid catalysis of this reaction. 
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Scheme 22 

Again, the 1,7-dienes (55), where R1 and R2 are electron-withdrawing 
groups, gave the trans disubstituted cyclohexanes (57) almost exclusively on 
thermal or, better, catalysed cyclisation, by way of the transition state (56).37 

Scheme 23 

Thus, the diene (58) obtained from (/?)-citronellal and dimethyl malon- 
ate, cyclised in the presence of catalytic ferric chloride on alumina to give 
the cyclohexane (59) almost exclusively in 92 per cent yield.38 

FeCl3-Al203 

-> 
-78°C 

Scheme 24 
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Related to these reactions of 1,6- and 1,7-dienes is the thermal cyclis- 
ation of olefinic ketones, which leads, in appropriate cases, to cyclopentan- 
ones, cyclohexanones or cycloalkyl ketones in high yield, by an intramolec¬ 
ular ene reaction of the corresponding enols.39 The sequence is of wide 
application and can be used to make fused-ring, spiro and bridged-ring 
compounds. The dienyl ketone (60), for example, on pyrolysis at 350°C 
gave the bicyclic ketone (63) by two successive enol ene reactions. 

H 

(63) (60%) 

Scheme 25 

Diastereoselective Ene Reactions 

The ene reaction has proved to be capable of highly diastereoselective 
transformations both where a chiral centre in either the ene or enophile is 
finally incorporated in an optically active target molecule, or where one or 
other component carries an optically active auxiliary group which is 
removed after the diasteroselective ene reaction has been effected. Thus, in 
a synthesis of (-)-a-kainic acid (66), the optically active diene (64), derived 
ultimately from (S)-glutamic acid, cyclised to the pyrrolidine derivative (65) 
with almost complete diastereoselectivity40 and, in an intermolecular exam¬ 
ple, catalysed reaction of the pregnadiene (67) and methyl acrylate gave the 
adduct (68), with the natural (^-configuration at C-20 in 85 per cent yield.41 
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The stereocontrol in the latter reaction is attributed to virtual exclusive 
attack of the enophile from the less hindered side of (67). 

(64) (65) (74%) 
R = t-BuMe2Si 

^CO 2Me 

-> 
CH2C12 

EtAlCl2 

(68) 

Scheme 26 

In reactions involving the use of chiral auxiliaries, excellent results have 
been obtained with glyoxylate esters of 8-phenylmenthol42 and the readily 
available (+)- and (-)-forms of rra/w-2-phenylcyclohexanol.43 Thus, 
reaction of 1-hexene with 8-phenylmenthyl glyoxylate (69) in the presence 
of stannic chloride gave the ene adduct (70) in 92 per cent yield and with 
greater than 99 per cent diastereoselectivity. The absolute sense of the 
stereochemistry in this and other ene reactions of (69) is the same as that 
obtained in nucleophilic additions to the glyoxylate and arises by selective si 
attack on the aldehyde carbonyl group of the ester in the syn conformation 
shown. Equally good results were obtained in reactions with phenylmenthyl 
esters of a-keto acids, generating tertiary alcohols.44 
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Scheme 27 

Reaction of the glyoxylate with 1,2-disubstituted olefins generates two 
new chiral centres, with high stereoselectivity at each centre. With trans-2- 
butene the anti isomer (71) was the predominant product, but with cis-2-but¬ 
ene the reaction was less selective because of partial isomerisation of the 
olefin during reaction. l-Trimethylsilyl-ds-2-butene, however, gave a high 
proportion of the syn alcohol (72). These products are masked aldols 
(through oxidative cleavage of the olefinic bond) and this sequence of reac¬ 
tions provides a stereoselective route to some aldols which might otherwise 
be difficultly accessible. The stereochemical results could be explained by a 
concerted addition, but there is evidence that these reactions in fact follow a 

two-step ionic pathway.42 

(71) (72) 

\^\ . SnCl4, CH2C12, -78°C; (85%; 15:1) 

^/SiMe3 

SnCl4, CH2C12, -78°C; (100%; 1:15) 

Scheme 28 
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Reaction of optically active glyoxylates with olefins which are themsel¬ 
ves chiral as well as leading to stereocontrolled formation of new chiral 
centres, can also effect kinetic resolution of the racemic olefin. Thus, the 
racemic diene (73) on reaction with 8-phenylmenthyl glyoxylate gave the 
two adducts (74) and (75) in a ratio of 8:1. The main product (74) was 
reduced to the diol (77), with recovery of the valuable auxiliary, and thence 
to (76), with inversion at the secondary alcohol. Several further steps, 
involving selective cleavage of the two olefmic bonds, gave (-)-xylomollin 
(78).45 

H 

(±)-(73) 

(75) (72%; 8:1) 

C02Me 

(78) 

Scheme 29 
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Kinetic selection was also realised between the two olefinic bonds in the 
meso diene (79). Reaction with the glyoxylate ester of (R)-trans-2-phenyl- 
cyclohexanol gave the adduct (80) in a remarkable 81 per cent yield. With 
the glyoxylate ester of (S)-2-phenylcyclohexanol the epimer (81) was 
obtained. Reduction of (80) with lithium aluminium hydride furnished the 
diol (83) which was used to make optically pure (-)-specionin (82), with 
excellent stereocontrol at each step by the bicyclo[3,3,0]octane framework.46 

Scheme 30 

Related reactions with the N-sulphinylcarbamate of rrans-2-phenyl- 
cyclohexanol affords allylic sulphinamides which can be converted into 
allylic alcohols with retention of the position of the olefmic bond and with 
high levels of controllable absolute stereochemistry.47 Thus, catalysed 
reaction of the olefin (84) with the sulphinylcarbamate (85) gave the adduct 
(86) which by N-ethylation followed by reaction with phenylmagnesium 
bromide afforded the allylic sulphoxide (87). Sequential sulphoxide-sulph- 
enate rearrangement and sulphur cleavage then gave the allylic alcohol (88) 
in 56 per cent overall yield and of 91 per cent enantiomeric purity. 
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OH 

(88) (56%; 91% ee) 

<- 

piperidine 

MeOH 

(1) Et3OBF4 

(2) PhMgBr 

V 

Scheme 31 

There appear to be few examples of diastereoselective ene reactions with 
chiral ene components or with ene components bearing chiral auxiliary 
groups. Some success has been achieved in reactions catalysed by chiral 
organoaluminium reagents.48 

Magnesio-ene Reactions 

The scope of the ene reaction has been extended by the discovery that 
allylic Grignard reagents take part in the reaction under mild conditions by 
migration of magnesium and formation of a new carbon-magnesium bond.49 

Scheme 32 
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Intramolecular reactions of this kind have been exploited in the synthesis 
of a number of natural products. Two modes of reaction have been disting¬ 
uished in which the enophile is linked at either end of the double bond of the 
allyl group, to give products (89) or (90), usually with high regio- and 

stereoselectivity.50 

Scheme 33 

Thus, in a reaction of the first type, the Grignard reagent from (91), on 
heating at 130°C, gave the ‘ene’ product (92) and thence, with oxygen, the 
alcohol (93). This key intermediate was converted in several more steps into 
the sesquiterpene alcohol (±)-chokol-A (94).51 

Scheme 34 
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Alternatively, cyclisation of (95), in which the enophile is linked to the 
terminal carbon of the allylic Grignard reagent, formed the key step in a 
synthesis of (+)-(cc)-skytanthine (98) and (+)-iridomyrmecin (99). The 
initial ‘ene’ product (96) was converted directly into the alcohol (97) and 
thence in several more steps into the two target molecules.52 The highly 
diastereoselective ene cyclisation is believed to proceed by way of the 
favoured transition state (95). 

In an interesting development it has been found that 1,3-dienes can act as 
enophiles in reactions with allylic ethers or acetals in the presence of ligated 
Fe(0) catalysts, in what are formal [4+4] ene reactions. Thus, the acetal 
(100) and 2,3-dimethylbutadiene gave very largely the adduct (101). The 
choice of ligand was critical in determining the sense and degree of dia- 
stereoselection in this reaction.53 

Scheme 35 
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L Fe(O) 

benzene 

25°C 

(100) 

H 

Scheme 36 
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6 1,3-DIPOLAR CYCLOADDITION REACTIONS 

1,3"Dipolar cycloadditon reactions, like the Diels-Alder reaction, are 
[7i4s+rc2s] reactions and proceed through a 67c-electron ‘aromatic’ transition 
state, but they differ from Diels-Alder reactions in that the 4jc-electron 
component (1) like the allyl anion contains only three atoms, at least one of 
which is a hetero-atom. Cycloaddition to a double or triple bond leads to a 
five-membered heterocyclic compound.1 

A. 
a c 

<-> 

(1) 

+ 
b 

o+ 
a c; 

-3> 

\ / 
d —— e 

Scheme 1 

The 471-electron component, called the 1,3-dipole, is of such a nature that the 
stabilised all octet structure can only be represented by zwitterionic forms in 
which the positive charge is located on die central atom and the negative 
charge is distributed over the two terminal atoms. The 27t-electron compon¬ 
ent is called the dipolarophile. 

A considerable number of 1,3-dipoles containing various combinations 
of carbon and hetero-atoms is theoretically possible and many have been 
made and their reactions with dipolarophiles studied. Restricting the 
permutations to second row elements Huisgen has classified the eighteen 
possibilities shown in the Table, six of the propargyl-allene type and twelve 
of the allyl type.2-3 

Like allyl anions, all 1,3-dipoles have a system of four rc-electrons in 
three parallel atomic Pz orbitals. Dipoles of the propargyl-allenyl type, 
which have a triple bond in one canonical form, contain an additional 7t-orb- 
ital orthogonal to the allyl-anion type molecular orbital; they have a linear 

structure. Allyl-type 1,3-dipoles are bent. 
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Classification of 1,3-Dipoles Containing Carbon, Nitrogen and Oxygen Centres 

Propargyl-Allenyl Type 

Nitrile ylides -C=N-C^ -C=N=CC % 

Nitrile Imines -C=N-i< -C=N=f< *> 

Nitrile Oxides -ChN-O <- _ C = N=0 

Diazoalkanes NeN-CC N= N=Cd 

Azides z
 

III
 

z
+

 
1 T
 

N=N=N- 

Nitrous oxide N= N-0 <- -> II
 

Z
+

 
II o

 

Azomethine ylides 

Azomethine imines 

Nitrones 

Azimes 

Azoxy compounds 

Nitro compounds 

Carbonyl ylides 

Carbonyl imines 

Carbonyl oxides 

Nitrosimines 

Nitrosoxides 

Ozone 

Allyl Type 

:c=n-c- 

;c=n-n- 
i •• 

;c=n-o 

-N=N- N- 
I " 

-N= N-O 

0=N- o 
I •• 

:C=0-Cc 

:C = 6- N- 

:C = O- O 

■N= 6- N- 

N=0-0 

0=0- o 

< > 

« > 

< > 

< > 

< > 

< > 

< > 

< > 

<- > 

:c-n=q" 
•• I 

:c-n=n- 

:c-n=o 

— N- N= N- 
" I 

— N— N= O 
" 1 
o-n=o 

I 

^C-0=C;C 

^C-0=N- 

rC-0= O 

— N— 0= N- 

-N— 0= O 

o- o= o 

(After R.Huisgen, J.Org.Chem.. 1976,41, 403.) 
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Ph-CEN-N-Ph 

Diphenylnitrile imine 

Me—N7 
* 

C-Ph 
I 
H 

N-Methyl-C-phenyl nitrone 

Scheme 2 

It is generally agreed that 1,3-dipolar cycloadditions are concerted,3 like 
Diels-Alder reactions. This is borne out by their high regio- and stereo¬ 
selectivities, among other factors.2-4 Some 1,3-dipolar cycloaddition 
reactions are controlled mainly by the HOMO (dipole) - LUMO (dipolar- 
ophile) interaction and others by the LUMO (dipole) - HOMO (dipolar- 
ophile) interaction. The smaller the energy gap between the controlling 
orbitals the faster the reaction. The former are accelerated by electron- 
donating substituents in the dipole and electron-attracting substituents in the 
dipolarophile, and the latter by electron-attracting substituents in the dipole 
and electron-donating substituents on the dipolarophile; in each case the 
energy gap between the controlling orbitals in the two components is dimin¬ 
ished. However, most 1,3-dipolar cycloadditions fall into a third class in 
which both the HOMO (dipole) - LUMO (dipolarophile) and LUMO (di¬ 
pole) - HOMO (dipolarophile) interactions may be important. The controll¬ 
ing interaction in these cases depends on the nature of the dipolarophile and 
on the electronic nature of substituents on the dipole. These reactions can be 
accelerated by both electron-donating and electron-withdrawing substituents 
in either component.2 This change in orbital control from HOMO (dipole) to 
LUMO (dipole) or vice versa from one reaction to another of a particular 
dipole may have consequences for the regioselectivities of the reactions. 
Regioselectivities are controlled by the magnitudes of the atomic orbital 
coefficients in the orbitals concerned; the atoms in each component with the 
largest coefficients interact, but these may not be the same in the HOMO 
and LUMO of any given compound.5 For example, reaction of phenyl azide 
with 1-hexene, which is a LUMO (dipole) - HOMO (dipolarophile) inter¬ 
action, gives mainly the l-phenyl-5-butyltriazoline (2), but with methyl 
acrylate the 1-phenyl-4-carboxylic ester (3) is obtained. The reaction is now 
HOMO (dipole) - LUMO (dipolarophile) controlled, because of the lowering 
of the energies of the frontier orbitals of the dipolarophile by the ester group, 
with a change in the relative magnitudes of the atomic orbital coefficients in 
the interacting frontier orbitals of the two components.6 In some reactions 
electronically preferred orientations may be disfavoured by steric effects.2 
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- N — N = N > 

^ C02Me 

V 
Ns 

PhN''' s N 

V_7 
XC02Me 

(3) 

/N 
INK XNPh 

w w 
(2) 

Scheme 3 

As well as being regioselective, 1,3-dipolar cycloadditions are highly 
stereoselective. Numerous examples have shown that the stereochemistry of 
substituents on the double bond of the dipolarophile is retained in the 
adducts. Apparent exceptions have been shown to be due to isomerisation 
either before or after the cycloaddition.? Similarly for the dipoles, as long as 
the cycloadditions are noticeably faster than their possible isomerisation by 
rotation. Thus, the cis azomethine ylide (5), generated stereospecifically 
from the aziridine (4), gave exclusively the pyrrolidinetetracarboxylate (6) 
with cis ester groups at C-2 and C-5, on reaction with acetylene dicarboxylic 
ester. The isomeric trans azomethine ylide (8) gave only the trans pyrrol¬ 
idine derivative (9).« With less reactive dipolarophiles, however, reactions 
with the trans ylide (8) were less selective because of competing isomer¬ 
isation to the cis compound (5). 
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When two chiral centres are created in the cycloaddition, one arising 
from each reactant, diastereomeric (cis and trans) products may be formed 
by way of the endo and exo transition states, but it is not always easy to 
predict the stereochemical course of the reactions. The outcome depends on 
the interplay of two generally opposing forces in the transition state — 
attractive 7t-orbital overlap of unsaturated substituents favouring an endo 
transition state, and repulsive van der Waals steric interactions favouring an 
exo transition state. Frequently mixtures of diastereomers are obtained. 
Thus, in the reaction of N-methyl-C-phenylnitrone (10) with various dipolar- 
ophiles to give 5-substituted isoxazolidines (11), the stereochemical results 
were not consistent, appearing sometimes to favour the endo transition state 
(10a) and sometimes the exo (10b) (Scheme 5). This may reflect an inter¬ 
play of secondary orbital interactions and steric effects in the transition state, 
and possibly also interconversion of cis and trans forms of the nitrone before 
cycloaddition.9 

v 

r 

P‘"G° 
R 

(11a) 

.O 
MeN/. Ph 

xrR 
(10b) 
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r 
Ph-/' 'O 

< R 
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Scheme 5 

In some cases, however, one effect predominates and a single product is 

obtained. 

In most reactions the 1,3-dipole is not isolated but is generated in situ in 
the presence of the dipolarophile, which is generally an alkene or an alkyne, 
although this is not essential. Cycloadditions to dipolarophiles containing 
hetero multiple bonds, such as imines, nitriles and carbonyl compounds, 
have also been effected, so that a wide variety of five-membered hetero- 
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cyclic compounds can be made by this general route. Some of the hetero¬ 
cyclic systems produced in this way can be converted easily into other 
synthetically useful compounds; ring-opening reactions which result in the 
stereocontrolled formation of acyclic compounds are particularly valuable. 
Not all the 1,3-dipoles listed in the Table are equally useful in this respect. 
Nitrones, nitrile oxides, azomethine ylides and, to a lesser extent, azo- 
methine imines, azides and diazoalkanes have been most widely used, and 
the present chapter will be concerned more with recent work in this area 
rather than in providing a comprehensive account of the straightforward 
synthesis of heterocyclic ring systems. 

Azomethine Ylides 

Cycloaddition of azomethine ylides to olefinic and acetylenic dipolarophiles 
leads, respectively, to pyrrolidines and A3-pyrrolines; the latter are easily 
converted into pyrroles (Scheme 6). 

RCH = N- CHR 
2 rjch=ch2 

:> 

scheme 6 

The reactions take place most easily with dipolarophiles bearing electr¬ 
on-withdrawing substituents through a HOMO (dipole) - LUMO (dipolar- 
ophile) interaction.10 Molecular orbital calculations suggest that electron- 

?6S ,SUCl? ®S enamines and enol ethers should also react rapidly by 
LUMO dipole - HOMO dipolarophile interaction,n but few reactions of this 
type vith azomethine ylides appear to have been reported. 

azometh?ntthi?H ** g,enerated in si,u “d not isolated. Stabilised 
atorn tT yhdcs with an electron-withdrawing substituent on the carbon 
atom beanng the negative charge have traditionally been prepared bv 

thermolysis or photolysis of suitably substituted aziridtoes. Generated to 
this way in the presence of a dipolarophile they form pyrrolidines or pyrro- 
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lines directly. Both the ring-opening of the aziridines and the subsequent 
cycloaddition are stereospecific, provided that the cycloaddition takes place 
before bond rotation in the transient azomethine ylide of Scheme 4.12 

With olefinic dipolarophiles the stereochemistry of substituents on the 
double bond is maintained in the product of cycloaddition. With mono- 
substituted olefins the reactions are regioselecctive, giving preferentially 
2,4-disubstituted pyrrolidines, for example (12). Reaction of aziridine (13) 
with the enone (15) in toluene at 175°C gave the pyrrolidines (16) and (17) 
in 70 per cent yield. Wittig olefination of the main product gave (18) which 
was converted into the neuroexcitatory amino acid a/Zo-kainic acid (19). An 
attempt to use the same procedure to make kainic acid (20) from the corres¬ 
ponding cis-enone was frustrated by its partial isomerisation to the trans 
compound under the reaction conditions.13 
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Intramolecular reactions take place easily. Thus, in a synthesis of 
acromelic acid A (25), intramolecular cycloaddition of the azomethine ylide 
(22), derived from the optically active aziridine (21), gave the trisubstituted 
pyrrolidine (23) in 73 per cent yield as a single stereoisomer. Further 
manipulation and epimerisation of the C-2 hydrogen atom gave (24) and 
thence acromelic acid A (25).14 

Scheme 8 

The very high diastereofacial selectivity of the cycloaddition step in this 
synthesis is m lme with the preferential formation of a transition state of the 
torm (22) m which the bulky benzyloxymethyl substituent takes up the least 
hindered position, leading to the all-c/s product (23). 
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A disadvantage of the aziridine route to stabilised azomethine ylides is 
the high temperatures required. In a valuable alternative, acyl-stabilised 
azomethine ylides are formed at ordinary temperatures from the tautomeric 
4-oxazolines, themselves obtained by reduction of the corresponding oxazo- 
lium salts with phenylsilane and caesium fluoride. The resulting 4-oxazo¬ 
lines open spontaneously to the corresponding dipoles (as 28)1* which can be 
trapped by suitable dipolarophiles. Thus, treatment of the oxazolium salt 
(26) with reducing agent in the presence of methyl acrylate gave a mixture 
of the regioisomeric pyrrolidines (29) and (30) by way of the oxazoline (27) 
and the dipole (28), with the 2,4-diester (29) in preponderant amount as 
expected.16 
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(29) (63%) 

Me 

Ph ^C02Et 

C02Me 

(30) (10%) 

Scheme 9 

This reaction is highly stereoselective, and in this respect the oxazoline route 
to azomethine ylides is superior to the aziridine route. Although the familiar 
N-phenylaziridines often give adducts derived by conrotatory ring-opening 
with high selectivity, analogous N-alkylaziridines frequently form mixtures 
because of equilibration of the dipole. In addition the oxazoline route makes 
available a much wider range of acyl-stabilised azomethine ylides. 

Azomethine ylides stabilised by ester groups can also be obtained by 
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thermal isomerisation of imines of a-amino acid esters. Thus, the imine 
(31), heated in toluene in the presence of N-phenylmaleimide gave the 
adduct (33) stereospecifically in 86 per cent yield, by way of the transient 
azomethine ylide (32).17 

xPh PhMe 

PhCH —N—CH -> 
C02Me 150°C 

(31) 

H Ph 

Ph' 'C02Me 
i 

H 

(32) 

O 

N-Ph 

O 

Ph 

(34) (33) 

Scheme 10 

This is one of a series of reactions involving 1,2-prototropic shifts of the 
type 

X— Y— ZH < > X= YH — Z 

Scheme 11 

which have been widely studied, and provide a route to 1,3-dipoles from 
imines, oximes and hydrazones.18 The formation of azomethine ylides from 
imines is catalysed by Lewis acids and Bronsted acids and this allows many 
cycloadditions to be effected at room temperature. Dipole formation is 
generally stereospecific and is believed to involve a hydrogen-bonded form 
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(34). In some cases stereomutation of the dipole is observed, particularly in 
slow reactions with unactivated dipolarophiles such as terminal alkenes. 

Azomethine ylides generated in this way from imines undergo cyclo- 
additions with a wide range of dipolarophiles, generally via an endo trans¬ 
ition state. An interesting application leads to the formation of dehydro¬ 
amino acid esters by reaction of imines with ethyl azodicarboxylate.1^ Thus, 
the imine (35) and ethyl azodicarboxylate gave the dehydro ester derivative 
(38); there is good evidence for a reaction pathway via (36) and (37). 

Et02CN-NC02Et + PhCHxX CH/C°2Me 

XCHMe2 

130°C Et02Cx 

-> 

OEt 

n'T<S>h 
Ph 

H Men 
C02Me 

(35) (36) 

CO0Me 

Et02CN-NC02Et + PhCH^N/ Me 

Me 

< 

V 

.Ph COoMe 

Et02CNH-N ) 
\d I 

EtCK^-^y H Me 

Me 

(38) (37) 

Scheme 12 

Intramolecular reactions take place easily, even with unactivated alkenes 
which do not react intermolecularly.20 

A related sequence employs azomethine ylides derived from aldehydes 
and esters of N-alkylamino acids.21 Thus, the aldehyde (39), heated in 
xylene with the ethyl ester of sarcosine gave stereospecifically the tricyclic 
product (40) in 40 per cent yield. Decarboxylation then led to the Sceletium 
alkaloid (41). 

A better procedure, which leads directly to the decarboxylated product, 
employs the trimethylsilyl ester of sarcosine instead of the ethyl ester. 
Decarboxylation of the derived cyclic intermediate (42) affords the non- 
stabilised azomethine ylide (43) which adds readily to the internal double 
bond. 
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This procedure was employed in a highly stereoselective synthesis of 
(±)-lycorine (46).22 Heating the aldehyde (44) in boiling toluene with 
N-benzylglycine which had been pretreated with hexamethyldisilazane gave 
the single stereoisomer (45) by way of the transition state (47). This was 
converted into lycorine by debenzylation and reaction with formaldehyde. 

(44) 

(1) HC02H, MeOH, Pd-C 

(2) HCHO, H+ 

V 

i N-1 

(46) 

Scheme 15 

Non-stabilised azomethine ylides have not been so readily available as 
the stabilised analogues, but recently a number of methods have been 
developed for generating them in situ, several of them based on the desilyl- 
ation of trimethylsilylmethyl imminium salts.23 Thus, the imine (48) and 
trimethylsilylmethyl triflate in acetonitrile gave the salt (49); without 
isolation this was treated with caesium fluoride and dimethyl acetylene- 
dicarboxylate and gave the pyrrolidine derivative (51) in 70 per cent yield by 
way of the azomethine ylide (50) .24 
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This procedure has been employed in the synthesis of pyrrolizidine bases 
from non-stabilised imidate ylides prepared from the appropriate lactam.25 
Thus, the crude salt (52) treated with methyl acrylate and caesium fluoride 
gave (54) directly by loss of methanol from the initial cycloadduct (53). 
Catalytic reduction of (54) gave (55) specifically, which was transformed by 
standard reactions into the pyrrolizidine base retronecine (56) (Scheme 17). 

The desilylation procedure provides a route to the parent azomethine 
ylide (58) from the readily accessible silane (57), and this has been 
employed in the stereoselective synthesis of 3,4-disubstituted pyrrolidines 
by trapping with activated dipolarophiles.26 

NCCH2NCH2SiMe3 

CH2Ph 

AgF 

-- -> 

MeCN, 25°C 
ch2=n-ch2 

CH2Ph 

(57) (58) 

Scheme 18 

Intramolecular versions of the reaction have been used in the synthesis of 
physostigmine27 and erythrinane.28 

Non-stabilised azomethine ylides are also produced by decarboxylation 
of imminium ions derived from primary and secondary a-amino acids,29 

R1 

(59) 

Scheme 19 

Decarboxylation to give the azomethine ylide is believed to occur through 
an intermediate oxazolidin-5-one (as 59), which loses carbon dioxide in a 
1,3-dipolar cycloreversion to generate the ylide stereospecifically.30 In the 
presence of a dipolarophile cycloadducts are obtained. Thus alanine heated 
with benzaldehyde and N-phenylmaleimide in dimethylformamide gave the 
endo and exo adducts (60) and (61) along with the stereoisomer (62); the 
latter arises by addition after bond rotation in the azomethine ylide. In an 
intramolecular example, the aldehyde (63) heated with sarcosine in 
dimethylformamide, gave the cycloadduct (64) stereospecifically.31 
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CHO 

Scheme 20 

(64) (44%) 

In yet another procedure a combination of metal salt and triethylamine 
effects regio- and stereo-specific, or highly stereoselective cycloaddition of 
imines of a-amino acid esters to a range of dipolarophiles at room temper¬ 
ature, probably by way of metallo-1,3-dipole formation.32 (Scheme 21) 
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Nitrile Oxides 

Nitrile oxides are reactive 1,3-dipoles which readily form A^-isoxazolines 
on reaction with ethylenic dipolarophiles; acetylenic dipolarophiles give 
isoxazoles (Scheme 22).33 

With monosubstituted olefins reaction gives exclusively or 
predominantly the 5-substituted isoxazoline, whatever the nature of the 
substituent on the dipolarophile. Reactions with electron-rich or conjugated 
dipolarophiles are controlled by the LUMO (dipole) - HOMO 
(dipolarophile) interaction, and union of the atoms with the larger 
coefficients leads to 5-substituted isoxazolines. Electron-deficient 
dipolarophiles also react rapidly due to the influence of both HOMO 
(dipole) and LUMO (dipole) interactions; the latter still predominates and 
the 5-substituted isoxazolines are again the main products. 

Isoxazolines with a substituent at C-4, which cannot be obtained directly 
by 1,3-dipolar cycloaddition, can sometimes be prepared from the preformed 
isoxazoline by reaction of the derived C-4 carbanion with an appropriate 
electrophile.34 

Cycloaddition of nitrile oxides to acetylenic dipolarophiles leads directly 
to isoxazoles. These also serve as useful building blocks in synthesis 
through chemical modification and ring cleavage, and they have been 
employed in the synthesis of natural products.35 With mono-substituted 
electron-deficient acetylenic dipolarophiles the HOMO (dipole) - LUMO 
(dipolarophile) interaction becomes more important and some of the 4-sub- 
stituted isoxazole is generally produced.36 

Nitrile oxides are usually prepared in situ and not isolated, although 
stable isolable examples have been obtained.37 Generated in the presence of 
a dipolarophile they form the cycloadduct directly, often in high yield. Two 
general methods have been used for their preparation - dehydrochlorination 
of hydroximoyl chlorides with triethylamine38 and dehydration of primary 
nitro compounds with an aryl isocyanate.39 They have also been conven¬ 
iently obtained by oxidation of aldoximes.40 

Cycloaddition of nitrile oxides to olefinic and acetylenic dipolarophiles 
is a good method for the preparation of isoxazolines and isoxazoles, but the 
real value of the reactions in synthesis lies in the access it provides to acyclic 
compounds by cleavage of the isoxazoline ring. Since the initial cyclo- 
additons are usually highly regio- and stereo-selective, the sequence of 
reactions - cycloadditon, manipulation of functional groups and ring 
cleavage of the isoxazoline - provides a valuable stereocontrolled route to a 
variety of acyclic compounds including aP-unsaturated ketones, Py- 
hydroxyketones and y-amino-alcohols41 (Scheme 23). 
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OH O O-N OH NH2 

V 

o 

Scheme 23 

Thus, decarboxylative ring-opening of the 3-carboxyisoxazoline 
prepared by cycloaddition of carbethoxyformonitrile oxide to an olefin, 
leads stereospecifically to a p-hydroxynitrile, formed, in effect, by cis- 
cyanohydroxylation of the double bond of the olefin. 7rarc.s-2-butene, for 
example, gave the adduct (66) and thence the hydroxynitrile (67), while cis- 
2-butene gave the isomeric hydroxynitrile (68).42 The nitrile oxide was 
generated in situ from the readily available chloro-oxime (65). The 
decarboxylative ring opening is easily effected by heating the carboxylic 
acid at its melting point. 
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P-Hydroxycarboxylic acids also can be prepared stereospecifically from 
olefins by cycloaddition of the nitrile oxide derived from the tetrahydro- 
pyranyl derivative of 2-nitro-ethamol. Deprotection, hydrogenolysis of the 
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isoxazoline nng (see later) and oxidative cleavage of the a-hydroxyketone 
obtained yields the stereochemically pure p-hydroxy carboxylic acid (for 
example (69)) (Scheme 25).42 In other words, cycloaddition reactions of 
nitnie oxides can be used to functionalise olefinic bonds stereospecifically. 
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OTHP 

Cleavage of the isoxazoline to form a P-hydroxy aldehyde has been 
employed in the synthesis of sugars.43 Thus, the adduct (70) from formo- 
nitrile oxide and butadiene was selectively converted into the diol (71) with 
osmium tetroxide and hydrogen peroxide. Hydrogenolysis of the isoxazo¬ 
line with hydrogen and Raney nickel then led smoothly to 2-deoxyribose 
(73) by way of the p-hydroxy-aldehyde (72).^ 

-> ^ + HO / ^ 

H202 H^° ^ 
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Hydrogenolysis of isoxazolines to p-hydroxy aldehydes or ketones, as in 
the conversion of (71) into (72), takes place by way of the corresponding 
p-hydroxy imine which is hydrolised to the carbonyl compound under the 
reaction conditions. A variety of conditions has been used; good results are 
usually obtained with hydrogen and Raney nickel in buffered aqueous 
methanol.45 This sequence, in which a preformed isoxazoline ring serves as 
the synthetic equivalent of a P-hydroxycarbonyl compound, has been used in 
the synthesis of a number of natural products containing a p-hydroxy 
carbonyl group or the derived aP-unsaturated carbonyl group, and also in a 
valuable alternative procedure for effecting directed aldol condensations. 
Thus, generation of the nitrile oxide (74) in the presence of methyl vinyl 
ketone gave the isoxazoline (75) in 92 per cent yield. The hydroxy-1,4- 
diketone was then unmasked by reductive hydrolysis and was cyclised to 
(i)-dihydrocinerolone (7b).46 A number of other y-hydroxycyclopentenones 
have been synthesised in the same way. 
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In an intramolecular example, the co-nitroalkene (77) was converted into 
the nitrile oxide (78) which cyclised spontaneously to the fifteen-membered 
macrocycle (79). Reductive hydrolysis and dehydration of the aldol gave 
the aP-unsaturated ketone (80) which was converted into (±)-muscone with 
lithium dimethylcuprate.47 
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Enantioselective syntheses of aldols have been effected using optically 
active alkenes as dipolarophiles. These reactions are particularly effective 
where the alkene contains an allylic alkoxy group. Thus, reaction of (+)-(£)- 
isopropylidene-3-buten-l,2-diol (81) and carbethoxyformonitrile oxide gave 
a 4:1 mixture of the erythro and threo isoxazolines (82) and (83) in 71 per 
cent yield at room temperature. The major, erythro, product was isolated by 
chromatography and in a few additional steps was converted into optically 
pure 2-deoxy-D-ribose, via decarboxylative ring opening of the isoxazoline 
ring to a P-hydroxynitrile and hydrolysis to the carboxylic acid.48 

A number of other nitrile oxides reacted with (81) in the same sense and 
with a similar degree of diastereoselection.49 

With simple allylic ethers cycloaddition to nitrile oxides again leads 
preferentially to erythro products, but only the t-butyldimethylsilyl ethers 
give a degree of diastereoselection comparable to that obtained with the 
cyclic acetals (81). Selectivity increases with increase in the size of the 
alkyl group attached to the allylic chiral centre.50 (Scheme 30) 

+ - R 
Ar-GsN-O + ^ -> 

X 

Ar = Ph, R = Me, X = OSiMe3 

At = £-N02C6H4, R = t-Bu, X = OSiMe3 

Scheme 30 

Very modest diastereoselection is observed when there is little to 
distinguish the allylic groups on a steric or electronic basis.51 

The preferential formation of erythro adducts in the cycloaddition of 
nitrile oxides to allylic ethers and acetals is consistent with addition of the 
dipole to the less hindered face of the double bond in that conformation of 
the olefin in which the allylic alkoxy group is in an "inside" position (cf. 84). 
Approach of the dipole antiperiplanar to the alkyl substituent, as in (85) for 
addition to an acetal and (86) for addition to an allyl ether, gives the erythro 
product.52 
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Diastereoselection is less in cycloadditions of nitrile oxides to olefins in 
which the chiral allylic position bears only alkyl groups, although the 
erythro product is still preferred.53 The best results have been obtained in 
intramolecular reactions.54 
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Attempts to prepare stereochemically pure 4,5-disubstituted isoxazolines 
by cycloaddition of nitrile oxides to allylic ethers with a substituent on the 
terminal carbon atom of the double bond have been less successful because 
of the reduced diastereoselection and uncertian regioselection in reactions 
with 1,2-disubstituted olefins. However, this difficulty can be circumvented 
by taking advantage of the regio- and stereo-selective alkylation at C-4 of 
isoxazolines with an alkoxymethyl substituent at C-5.55 Thus, the isoxazo- 
line (87) gave the single isomer (88) by methylation anti to the C-5 substit¬ 
uent, and thence, in a series of steps, the optically active lactone (89). A 
similar sequence was used to synthesise (±)-blastmycinone (90) a degrad¬ 
ation product of the antibiotic antimycin A3 (Scheme 32).56 

Attempts to achieve enantioselective syntheses by way of isoxazolines 
prepared from optically active nitrile oxides have so far been less successful 
than those using optically active dipolarophiles.57 Thus, the nitrile oxide 
(92), derived from the optically active nitro compound (91), formed cyclo¬ 
adducts with several olefins with diastereoselectivities of only 1.5-3.0:1. 
The main product (93) from the reaction of (92) with c/j-but-2-ene was 
converted into the optically pure (3-hydroxycarboxylic acid (94), and the 
sequence provides a useful route to optically active compounds of this 
class.58 

Scheme 33 
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The two-step sequence of isoxazoline formation followed by ring 
cleavage to a (3-hydroxy ketone provides a valuable stereocontrolled 
alternative for the preparation of crossed aldols. It has the advantage over 
the straightforward aldol reaction in that it takes place under mild, more or 
less neutral conditions, and it complements the normal aldol reaction in that 
the new carbon-carbon bond in the aldol produced is formed between C-l 
and C-2 rather than between C-2 and C-3 (cf.95). 

(95) 

Scheme 34 

Further, since the cycloadditions are usually stereospecific as regards the 
substituents on the double bond of the dipolarophile, the sequence makes 
possible the diastereospecific formation of 2,3-dialkylated aldols from 1,2- 
disubstituted alkenes. In principle, the relative stereochemistry of 
substituents at C-2 and C-3 of the aldol product depends only on the 
stereochemistry of the olefin and conditions have been established which 
avoid epimerisation during the hydrolytic cleavage of the isoxazoline ring. 
Thus, reaction of the nitrile oxide (96) with trans-but-2-enQ gave the iso¬ 
xazoline (97) specifically, and on hydrolytic cleavage this formed the p- 
hydroxy ketone (98) with less than 2 per cent epimerisation. Under the same 
conditons c/j-but-2-ene gave the isomeric P-hydroxy ketone (99).59 

MeCE N- 6 

Me 

(96) (97) (98) (83%) 

O OH 

(99) 

Scheme 35 
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Intermolecular addition to unsymmetrical 1,2-disubstituted olefins has 
limitations in synthesis because of the uncertain regioselectivity, but in 
intramolecular reactions the regiochemistry is controlled by the length of the 
connecting chain and excellent selectivity is often achieved. Thus, the nitro- 
olefin (100) gave the cycloadduct (101) specifically in excellent yield and 
thence the aldol (102). The latter is formally the product of a diastereo- 
selective directed aldol condensation between two ketones, a transformation 
difficult to achieve by a straightforward aldol procedure.59’60 

N02 ^OAc 

PhNCO 

Et3N, 25°C 

(100) (101) (81%) 

H2, Raney Ni 

MeOH, H20, B(OH)3 

i 

(102) (82%) 

Scheme 36 

Aldols containing three contiguous chiral centres can be obtained by 
alkylation at C-4 of the intermediate isoxazoline. Thus, methylation of the 
main product (104) from the cycloaddition of benzonitrile oxide to the olefin 
(103) gave largely (105) and thence the (3-hydroxy ketone (106) (Scheme 
37).61 

Another useful conversion of the isoxazolines is their reductive cleavage 
to 1,3-amino-alcohols. Lithium aluminium hydride is the best reagent, 
producing 1,3-amino-alcohols in excellent yield with good stereoselectivitv 
(Scheme 38).62 

Scheme 38 
(107) 
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(103) (104) 

R = t-BuM^Si 
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(2) Mel 
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O OH 

Me OR 

< 
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MeOH, H20 

B(OH)3 

N — O 

Ph 

(106) (105) 

Scheme 37 

With alkyl or other non-coordinating substituents at C-4 or C-5 of the 
isoxazoline ring addition of hydride takes place trans {anti) to the 
substituents to give the erythro 1,3-amino-alcohol (as 107). Hydroxyl or 
hydroxymethyl substituents, on the other hand, direct attack of lithium 
aluminium hydride to the syn face of the C=N double bond to give pre¬ 
dominantly the threo amino-alcohol (Scheme 39). 

(89%; 9:1) 

Scheme 39 



296 7 3-Dipolar Cycloaddition Reactions 

The formation of 1,3-amino-alcohols by reduction of isoxazolines has 
formed an important step in the synthesis of y-hydroxy-a-amino acids,63 
aminopolyols such as phytosphingosine,64 amino sugars65 and alkaloids.66 
Thus, in a synthesis of D-lividosamine-N,0,0-triacetate (111) the isoxazo- 
line (108), obtained from reaction of the nitrile oxide derived from the acetal 
of 2-nitroacetaldehyde with the (S')-acetal (81), gave a mixture (caA:\) of 
the syn and anti amino alcohols (109) on reduction with lithium aluminium 
hydride. Cleavage of the two protecting groups with acid led directly to the 
two pyranoses (110) from which the pure glycoside (111) was isolated by 
chromatography of the N,0,0-tri-acetate.67 

°\X\^ PhNCO, Et3N 

benzene 

(81) (108) (58%) 

NHAc 

dll) 

Scheme 40 

Cycloadducts from furan and nitrile oxides have been useful for synth¬ 
esis of aminopolyols.64 The adduct (112), for example, by cleavage of the 
dihydrofuran ring and further manipulation gave the isoxazoline (113) which 
on reduction with lithium aluminium hydride was converted specifically into 
the protected amino-tetraol (114).68 

An intramolecular 1,3-cycloaddition followed by reductive cleavage of 
the isoxazoline ring formed the key step in a synthesis of the ergot alkaloid 
(+)-paliclavine (116). The cycloaddition step led to formation of the 
C-5/C-10 bond and set up the correct relative stereochemistry at C-10 and 
C-lOa. Although there was, disappointingly, no diastereoselection in the 
cycloaddition step, the y-amino-alcohol system of the alkaloid was readily 
formed with the correct relative and absolute stereochemistry at three chiral 
centres by stereoselective reductive cleavage of the isoxazoline ring of the 
isomer (115). Three new chiral centres are set up in this synthesis and the 
original one is destroyed.69 
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Nitrones 

Nitrones are reactive 1,3-dipoles and with olefinic and acetylenic dipol- 
arophiles they form isoxazolidines and A2-isoxazolines respectively.70 
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II 
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R 3 N2 
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r3/ V X 

I 
c 
III 
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Rz 

R 3^N 
O' 

/X 

Scheme 43 

With monosubstituted olefinic dipolarophiles the 5-substituted isoxazolidine 
is generally formed predominantly; but with olefins bearing strongly electr¬ 
on-withdrawing substituents 4-substituted derivates may also be obtained.71 
Thus N-methyl-C-phenylnitrone reacts with a range of olefins including 
styrene, simple alkenes such as hex-l-ene, and vinyl ethers to form the 5- 
substituted isoxazolidines almost exclusively. But with methyl acrylate a 
mixture of the 5- and 4-substituted products was formed and nitroethylene 
gave the 4-nitroisoxazolidine exclusively.72 The situation is not straight¬ 
forward, however, for acrylonitrile gave the 5-cyano-isoxazolidine, app¬ 
arently exclusively. An increasing tendency for the formation of the 4-subs¬ 
tituted isoxazolidine is found also in reactions of nitrones bearing electron- 
donating substituents on the nitrone carbon atom. 

These effects are accommodated within the molecular orbital description 
of 1,3-dipolar cycloadditions.73 Nitrones, like nitrile oxides, have relatively 
high-lying HOMOs and relatively low-lying LUMOs and in their cyclo¬ 
addition reactions both the HOMO (dipole) - LUMO (dipolarophile) and 
LUMO (dipole) - HOMO (dipolarophile) interactions may be important; 
whichever is predominant depends on the structures of the dipole and the 
dipolarophile. Reaction rates are increased by electron-donating or electron- 
withdrawing substituent on either component. Most reactions are LUMO 
(dipole) controlled and in these the favoured interaction of the atoms on each 
component with the largest atomic orbital coefficients leads to preferential 
formation of the 5-substituted isoxazolidine. In reactions involving dipolar¬ 
ophiles bearing electron-withdrawing substituents, however, the HOMO 
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(dipole) - LUMO (dipolarophile) interaction becomes more important and, 
eventually, predominant, with increasing electron-attracting power of the 
substituent. The favoured interaction of the atoms on the dipole and 
dipolarophile with the largest atomic orbital coefficients then leads to the 
formation of the 4-substituted isoxazolidines. 

The stereochemistry of nitrone cycloadditions has been the subejct of 
several studies.74 Reactions with olefinic dipolarophiles are stereospecific as 
regards the disposition of substituents on the olefmic bond, but with acyclic 
nitrones it is not always easy to predict the relative stereochemistry in the 
adduct of substituents originating in the dipole and dipolarophile, and the 
degree of stereoselectivity here may not be high. Reactions appear 
sometimes to favour an endo and sometimes an exo transition state due to a 
complex interplay of secondary orbital interactions and steric effects. There 
is also the possibility of interconversion of cis and trans forms of the nitrone 
under the conditions of the reaction before cycloaddition takes place. Thus, 
reaction of N-methyl-C-phenylnitrone with acrylonitrile gave mainly the 
trans product (117), but with nitro-ethylene the cis isomer (118) 
predominated.75 

benzene 

CN reflux 
> 

Ph^< 

Me 
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O 

1.. 

IV 

CN 

Me 
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O 

■ CN 

(117) (3:1) 

(118) (2:1) 

Scheme 44 

With cyclic nitrones such as A^pyrroline-N-oxide (119), where cis-trans 
isomerisation of the nitrone is ruled out, stereoselectivities are frequently 
much higher than with acyclic nitrones. Reaction of (119) with 4-phenylbut- 
1-ene, for example, gave the single adduct (120) in 73 per cent yield by way 
of the exo transition state.76 In reactions with cyclic nitrones endo transition 
states are disfavoured by steric interaction of substituents on the dipolar¬ 
ophile with methylene groups of the ring. 
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Scheme 45 

Intramolecular reactions take place easily and are being widely 
employed in synthesis. With C-alk-4-enylnitrones such as (121) ris-fused 
adducts are formed exclusively in nearly all cases because of constraints in 
the transition state due to the connecting chain and reactions of this kind 
have been used in the stereocontrolled synthesis of cyclopentane derivatives. 
The amino-diol (124), for example, was obtained from the nitrone (122) by 
way of the cycloadduct (123).77 

(121) 

O 

^>SX/^V//XxC02Me 
MeNHOH 

PhMe, reflux 

(122) 

LiAlH4 

V 

Scheme 46 
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C-Alk-S-diylnitTGiics, such as (125), however, because of the greater 
flexibility allowed by the longer connecting chain, give mixtures of cis- and 
trans nng-fiised products (126) together with the alternative bridged-ring 
products (as 127) formed by attack of the oxygen atom of the nitrone at each 
end of the double bond.78 

OH 
I 

MeN(CH2)5CH= CH2 

Scheme 47 

With N-alkenylnitrones bridged-ring compounds with nitrogen at a 
bridgehead are necessarily formed. The regiochemistry of the addition 
depends on the length of the chain connecting the nitrone and the olefmic 
groups.79 

Nitrones for cycloaddition reactions are generally produced in situ and 
not isolated, although some can be. Two commonly used methods are by 
oxidation of a disubstituted hydroxylamine with yellow mercuric oxide and 
reaction of an aldehyde or ketone with a monosubstituted hydroxylamine. A 
disadvantage of the first method is that with unsymmetrical hydroxylamines 
mixtures of nitrones are obtained. For example, l-hydroxy-2- 
pentylpiperidine on oxidation with mercuric oxide affords a mixture of the 
aldo- and keto-nitrones (128) and (129).80 A useful modification entailing 
direct oxidation of the piperidine with hydrogen peroxide in the presence of 
sodium tungstate or selenium dioxide affords the keto-nitrone only.81 
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Scheme 48 

The alternative route from an aldehyde or ketone and a monosubstituted 
hydroxylamine avoids this difficulty and leads regiospecifically to a single 
nitrone. Thus, the aldo-nitrone (131) was obtained regiospecifically from 
the aldehyde (130)82 and in an example in which formation of the nitrone is 
followed by an intramolecular cycloaddition, the oxime (132) treated with 
acetaldehyde gave the isoxazolidine (134) by way of the transient nitrone 
(133). Further manipulation of (134) gave (±)-carpamic acid (135).83 
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In a useful alternative route, nitrones (eg. 136) have been obtained in situ 
from oximes and electrophilic olefines in a tandem process involving initial 
Michael addition of the oxime to the olefin, followed by a 1,2-hydrogen shift 
to form the nitrone,84 and cyclic nitrones (eg. 137) have been prepared by 
silver ion-catalysed cyclisation of y- and 5-oximino-allenes.85 
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Scheme 50 

1,3-Dipolar cycloaddition reactions of nitrones are valuable in synthesis 
because the N-0 bond of the adducts is easily cleaved and, since the initial 
cycloadditions are usually stereoselective, the sequence of cycloaddition 
followed by ring cleavage provides a route for the stereocontrolled synthesis 
of a variety of acyclic and substituted cyclic compounds. Thus, the adducts 
formed from nitrones and vinyltrimethylsilane are readily converted into a|3- 
unsaturated aldehydes in an excellent alternative to the Wittig reaction 
which avoids the strongly basic conditions associated with Wittig 
chemistry86, and the adducts formed from allyltrimethylsilane have been 
used in the synthesis of allylamines.87 
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Perhaps the most useful conversion of isoxazolidines is their reductive 
cleavage to 1,3-amino-alcohols, an alternative to the route from nitrile 
oxides described above; this reaction also has been widely employed in the 
synthesis of natural products, including alkaloids88 and amino sugars. For 
example, the 2,3,6-trideoxy-3-aminohexose daunosamine (141, OH for 
OMe) was synthesised using a sequence in which the stereochemistry of the 
sugar backbone was established by a [3+2] cycloaddition of ethyl vinyl ether 
to the optically active nitrone (138).89 

r\ 
Me "A 

C02Me 

(1) DffiAL 
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Scheme 52 

The cycloaddition to the chiral nitrone (138) took place with excellent 
facial- and ^/^-selectivity to give the adduct (139) exclusively in 93 per 
cent yield. Hydrogenolysis of the N-0 bond and removal of the acetal 
protecting groups led directly to the methyl glycoside of daunosamine (141) 
by way of the aldehyde (140). In this synthesis the isoxazolidine ring serves 
as a masked p-amino aldehyde, and cycloaddition of nitrones to enol ethers 
followed by ring cleavage provides a useful alternative to the Mannich 
reaction for the preparation of compounds of this class. 
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1,3-Amino-alcohols are also obtained by reductive cleavage of the A2- 
isoxazolines formed in cycloaddition reactions of nitrile oxides. Whether 
the nitrile oxide or nitrone route is adopted will depend on circumstances, 
but the former may have advantages in certain cases because of the control it 
allows in generation of the chiral centre on the carbon which bears the 
nitrogen substitutent. 

Attempts to achieve diastereoselective cycloadditions with optically 
active nitrones have given variable results. Not all nitrones bearing an 
optically active group on the nitrone carbon atom react as selectively as 
(138). The closely related nitrone (142) for example, prepared from (R)- 
glyceraldehyde acetonide, showed no facial selectivity in reaction with 
vinylene carbonate, giving an equimolecular mixture of (143) and (144) by 
endo addition to both faces of the (Z)-nitrone. These adducts were 
converted into the triacetates of the amino sugars 3-epigentosamine (145) 
and 2-epigentosamine (146).90 

o"'po 
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(142) (143) (144) (85%; 1:1) 

(1) H2. Pd(OH)2 (1) H2. Pd(OH)2 
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Scheme 53 
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Similarly, the nitrone (147) bearing the optically active auxiliary (-)- 
menthyl group gave an equimolecular mixture of the adducts (148) and 
(149) by endo and exo addition of trans-benzyl crotonate to the (Zs)-nitrone. 
The endo product was converted into the (3-lactam (150).91 
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Greater selectivity was achieved in the intramolecular cyclisation of 
nitrone (151) in which the chiral centre is nearer the site of reaction than in 
(147). It cyclised in refluxing t-amyl alcohol to give exclusively the 
isoxazolidine (152), with four contiguous chiral centres, in 57 per cent yield. 
This was subsequently converted into the (3-lactam (153).92 
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Similarly, cyclisation of the optically active nitrone (154) gave the single 
diastereomer (155) in 80 per cent yield.93 In these reactions the constraints 
imposed on the transition states by the connecting chain contribute to the 
high diastereofacial selectivities observed. 

054) 

(-)-Ptilocaulin (155) 

Scheme 56 

Nitrones bearing optically active auxiliary groups on the nitrogen atom 
have also been employed with some success. Thus, reaction of the optically 
active nitrone (156) with vinyl acetate gave a 7:3 mixture of the adducts 
(157) and (158) in 68 per cent yield. These were separated and converted 
individually into optically pure (/?)-(-)-P-lysine and (S)-(+)-P-lysine 
(Scheme 57).94 

So far, the cycloaddition of nitrones to enantiomerically pure olefins has 
received much less attention. High optical yields have been obtained in the 
reactions of nitrones with (R)-(+)-para-tolyl vinyl sulphoxide,95 and a series 
of intramolecular cycloadditions to optically pure allylic acetals again 
proceeded with high facial selectivity.96 
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An interesting development has been the operation of double asymmetric 
induction in the reactions of a series of optically active nitrones with 
derivatives of L-vinylglycine.97 The best results were obtained in the 
reaction of the nitrone (159), derived from 2,3-0-isopropylidene-5-0-trityl- 
D-ribose oxime, with the L-glycine derivative (160). Removal of the chiral 
auxiliary group from the isoxazolidines first formed and oxidation with N- 

chlorosuccinimide gave the isoxazolines (161) and (162) in the ratio 19:1. 
This is a striking result, an intermolecular reaction unusually showing high 
facial selectivity. The nitrone (159) and the L-glycine derivative (160) form 
a matched pair for double asymmetric induction.98 The main product (161) 
was converted in several more steps into the amino acid acivicin (163). 
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The cyclic nitrones (164) and (168) have been used in the synthesis of a 
variety of piperidine, pyrrolidine, pyrrolizidine and quinolizidine alkaloids 
and of some tropane alkaloids, therein demonstrating the high regio- and 
stereo-selectivities shown in cycloaddition reactions of these nitrones." 
Thus, reaction of tetrahydropyridine oxide (164) and propene in toluene at 
110°C led to the single cycloadduct (165) in 53 per cent yield by exo 
addition. Reductive cleavage of the isoxazolidine ring with lithium 
aluminium hydride then gave the piperidine alkaloid dl-sedridine (166).100 
A similar sequence starting from the adduct from (164) and styrene gave dl- 
allosedamine (167).101 

With 1-phenylbutadiene and the five-membered ring nitrone (168) 
reaction took place at the unsubstituted double bond of the diene to give a 
mixture of (169) and (170); the proportions varied with the reaction 
conditions, but the trans isomer (169) was always the main product. N- 
Methylation and reductive cleavage with zinc and acetic acid then gave 
darlinine (171) and epidarlinine (172).102 
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With the monosubstituted cyclic nitrone (173) addition of dipolarophiles 
is highly stereoselective giving largely the trans substituted piperidines by 
orthogonal approach of the dipolarophile to the nitrone in a conformation in 
which the substituent is quasi equatorial. This provides a route to trans-2,6- 
dialkylpiperidines, which have not been easy to obtain. For example, 
reaction of (173) with 1-undecene gave isoxazolidine (174) almost entirely. 
Reductive cleavage of the N-0 bond and dehydroxylation of the side chain 
then led to the ant-venom constituent solenopsin (175) free from the 
corresponding cis isomer.82 
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In the pyrrolidine series, isoxazolidines such as (176), on oxidation with 
peroxy acids, give rise selectively to the less substituted nitrones such as 
(177).103 Addition of a second dipolarophile and cleavage of the 
isoxazolidine ring leads to the corresponding rranj-2,5-dialkylpyrrolidine.104 
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Pyrrolizidine and quinolizidine alkaloids have been synthesised by 
similar methods with appropriate choices of starting materials. For example 
dl-supinidine (181) was readily obtained from the adduct (178) prepared 
from (168) and methyl 3-hydroxycrotonate. Reductive cleavage of the N-O 
bond of the derived mesylate gave (180) and thence, by dehydration and 
reduction of the ester, supinidine.105 

r~7J HocH2\^\c02Me 
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o* 

(168) 

Scheme 63 

The regio- and stereo-selectivity of nitrone cycloadditions can be 
exploited to control stereochemistry in the synthesis of non-nitrogenous 
products, after elimination of the nitrogen. A good example is found in the 
construction of the side chain in compound (186),106 where the 
stereochemistry and location of the double bond and the configuration of the 
C-24 methyl substituent are controlled in this way. Reaction of the (Z)- 
nitrone (182) with methyl 3,3-dimethylacrylate gave, regioselectively, a 
separable 1:1 mixture of isoxazolidine esters (183) and (184), formed by 
virtually exclusive endo addition to the (Z)-nitrone. The required isomer 
(183) was converted in several further steps into the amino-diol (185) which 
by Hofmann degradation gave, regio- and stereo-specifically, the A22-trans 
olefm (186). The course of this elimination is controlled by the 
configuration of the dimethylamino substituent and thus ultimately by the 
stereochemical course of the cycloaddition. With the (^-configuration of 
the dimethylamino group Hofmann elimination via the most favoured 
transition state leads to (186). 
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Nitrones also add readily to alkynes conjugated with electron-attracting 
substituents, forming A4-isoxazolines. The reactions are less regioselective 
than those of the corresponding olefins and frequently a large proportion of 
the C-4 substituted isoxazoline is formed.70 Reactions involving alkynes as 
dipolarophile appear not to have been widely employed in synthesis. In a 
useful transformation, the adducts are readily converted into ap-unsaturated 
ketones by oxidation with peroxyacids (Scheme 65).107 

Many 1,3-dipolar cycloadditions are reversible and the reactions of 
nitrones are no exception.108 Many isoxazolidines dissociate with more or 
less ease into the component nitrone and dipolarophile on thermolysis, so 
that the initial kinetic product of a cycloaddition can sometimes be 
converted into the thermodynamic one on further heating.109 

Formation of cycloadducts with methyl acrylate has been employed to 
mask the nitrone functional group, which is regenerated by thermolysis at a 
later stage of the synthesis.110 
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Azides, Azomethine Imines and Diazoalkanes 

The remaining common 1,3-dipoles have not yet been widely employed in 
synthesis, apart from their straightforward application in the preparation of 
five-membered heterocyclic compounds. Azides were among the first 1,3- 
dipoles to be employed; they react with olefinic dipolarophiles to form A2- 
triazolines (4,5-dihydrotriazoles) and with acetylenic dipolarophiles they 
give triazoles.111 As with nitrile oxides and nitrones, the reactions may be 
either LUMO (dipole) or HOMO (dipole)-controlled depending on the 
nature of the substituents on each component, and this affects the 
substitution pattern in the cycloadducts obtained. With mono-substituted 
olefins as dipolarophiles, either 1,4- or 1,5-disubstituted triazolines may be 
formed. Terminal olefms and olefins bearing electron-donating substituents 
such as enamines and vinyl ethers, generally give mainly the 1,5- 
disubstituted triazoline, while dipolarophiles with electron-withdrawing 
substituents form varied amounts of the 1,4-disubstituted isomers as well. 
Thus, phenyl azide and methyl acrylate gave largely 1-phenyl-1,2,3- 
triazoline-4-carboxylic ester (187)112 while 1-hexene and ethyl vinyl ether 
formed the 1,5-disubstituted compounds (188). Reactions with acetylenic 
dipolarophiles are less regioselective. 

N. 
PhN XN 

C02Me 

(187) (188: R = C4H9, OEt) 

Scheme 65 

Triazolines bearing an electron-attracting substituent at C-4 readily 
isomerise to p-aminodiazo compounds on base catalysis (Scheme 66). 

base 
-> 

N2 

RNH II 

Z = electron-withdrawing group 

Scheme 66 

This has been exploited in a neat enantioselective synthesis of chiral 
hydroxypyrrolidines.113 Thus, the ester (189) derived from D-erythrose, was 
converted into the 6-triflate and thence, via the 6-azide, directly into the 
dihydrotriazole (191) in an intramolecular cycloaddition. Ring-opening with 
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sodium ethoxide gave the pyrrolidine diazo-ester (192) which on hydrogen- 
olysis formed the optically pure pyrrolidinyl acetate (193). The correspond- 

(Z)-ester was similarly converted into the isomeric pyrrolidine (194). 

C02Et 

Triflate + KN3 

CH2C12. 25°C ^ 
> 

(189) 090) 

O O 

X 
(191) (68%) 

094) 093) 

Scheme 67 
(192) (86%) 

The thermal decomposition of olefinic azides (195) gives cyclic imines 
(as 196) and l-azabicyclo[3,l,0]hexanes (as 197) by way of the initially- 
formed but labile triazolines (198).114 

(196) (917) 
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A reaction of this kind was employed in a synthesis of the indole derivative 
(201) in model experiments aimed at the ergot alkaloid clavicipitic acid.115 
The azide (199) heated in or/Zw-dichlorobenzene gave the single imine (200) 
in 62 per cent yield in a completely regiospecific reaction. The intermediate 

triazoline was not detected. 

(199) (200) (201) (92%) 

Scheme 69 

Other intramolecular cycloaddition reactions of azides have been 
reviewed.116 

Azomethine imines are normally not isolable, but they can be prepared 
conveniently in situ by reaction of N-acyl-N'-alkylhydrazines with an 
aldehyde. Generated in the presence of an alkene they form pyrazolidines. 
With monosubstituted alkenes 3-substituted pyrazolidines (202) are formed 
preferentially, but with increasing electronegativity of the substituent the 
proportion of the 4-substituted isomer (as 203) increases.117 Alkynes also 
react readily to give pyrazolines. 

o 
Ph 

NHNHMe 

ch2o 
-> 
PhMe, 110°C 

^NvC02Et 

65% 

V 

Ph 
O Me 

N 
N 

V 
C02Et 

(203) 7% 

(202) (98%) 

Scheme 70 
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Intramolecular reactions take place readily Thus reaction of the N- 
alkenoyl-N'-alkylhydrazine (204) with benzaldehyde gave the bicyclic 
pyrazolidine (205) in 70 per cent yield. With N-acyl-N'-alkenylhydrazines 
bridged ring compounds are formed. a reaction of the former type was 
the key step in a synthesis of saxitonin, the paralytic agent of the California 
mussel.120 

(205) (70%) 

Scheme 71 

The N-imides of pyridine, quinoline and isoquinoline form another long- 
known class of azomethine imines.121 They can be obtained in situ by 
deprotonation of N-amino salts; in the presence of acetylenic dipolarophiles 
they form adducts which spontaneously undergo dehydrogenation to the 
aromatic product (eg. 206). 

(206) 

Scheme 72 

Cycloaddition of diazoalkanes to olefins leads first to A^pyrazolines 
which may isomerise to the A2-isomers. Acetylenic dipolarophiles give 
pyrazoles. With monosubstituted olefins reaction leads in nearly all cases to 
C-3 substituted pyrazolines. With simple diazoalkanes the reactions are 
HOMO (dipole)-controlled and the rate of reaction is increased by electron- 
withdrawing substituents on the dipolarophiles. Methyl acrylate, for 
example, reacts with diazomethane 106 times faster than 1-hexene, to give 
the adduct (207). This general pattern is changed in the reactions of diazo- 
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alkanes bearing electron-withdrawing substituents, such as diazoacetic 
esters, with electron-rich olefins such as enamines. Reactions are now 
LUMO (dipole)-controlled. Thus, reaction of methyl diazoacetate with N- 
(l-propenyl)pyrrolidine gave the 3,5-disubstituted pyrazole (209), formed by 
elimination of pyrrolidine from the 4-aminopyrazoline (208). The addition 
of diazoalkanes to acetylenic dipolarophiles follows the same pattern; diazo¬ 
methane and propyne furnish mainly 3-methylpyrazole, but methyl diazo¬ 
acetate and 1-dimethylaminopropyne give the 4-dimethylaminopyrazole 

exclusively.122 

CH2=CHC02Me 

CH2-NhN 

> 

^,C02Me 

\ 

N 

N 
A 

.C02Me 

N 

(207) 

C02Me 

(208) 

Me02C/ 

H ■Me 

NH 

(209) 

Scheme 73 

Pyrazolines formed in cycloaddition reactions of diazoalkanes with 
olefins eliminate nitrogen on thermolysis or photolysis to give cyclo¬ 
propanes. This useful method has been employed in the synthesis of a 
number of cyclopropane natural products. Thus, reaction of the vinyldi- 
azoalkane (210) with (£,Z)-l,3,5-octatriene gave the pyrazoline (211) by 
attack on the terminal double bond. On photolysis this formed the naturally- 
occurring cyclopropane dictyopterene B (212) along with the cis isomer 
(213). Cope rearrangement of the latter provided easy access to another 
natural product ectocarpene (214).122 
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Scheme 74 

In an intramolecular example, the sesquiterpene (-)-cyclocopacamphene 
(217) was obtained by photolysis of the pyrazoline (216), itself formed by 
intramolecular 1,3-cycloaddition of the diazo compound (215).124 

Scheme 75 

Some intramolecular reactions of diazoalkanes, where the double bond 
of the dipolarophile and the 4k system of the dipole cannot attain the parallel 
plane arrangement required for normal cycloaddition, take a different 
course. The terminal nitrogen of the diazo compound behaves more like a 
nitrene and a l,2-diazabicyclo[3,l,0]hex-2-ene is formed.125 (Scheme 78) 
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< 

\ - + .. 
-C- N=N c and/or 

N-N: 

Scheme 76 

Thus, while tosylhydrazone (218) on treatment with sodium hydride (to 
form the diazo compound) gave the expected pyrazoline (219) a similar 1,3- 
dipolar cycloaddition is not geometrically possible with the diazo compound 
from (220) and the alternative nitrene addition compound (221) is obtained. 

Scheme 77 
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7 [2+2] CYCLOADDITION REACTIONS 

[2+2] Cycloadditions give rise to four-membered rings, and may be either 
conceited or non-concerted.1 Thermal concerted [2+2] cycloadditions have 
to be antarafacial on one component,2 and the geometrical and orbital 
constraints thus imposed ensure that they are encountered only in special 
circumstances. Most thermal [2+2] cycloadditions of alkenes take place by 
a stepwise pathway involving diradical or zwitterionic intermediates.3 
Photochemical [2+2] cycloadditions, suprafacial on both components, and 
thus geometrically feasible, can be concerted, but in practice they do not 
always follow a concerted pathway. 

Ketenes 

Concerted thermal [2+2] cycloadditions are encountered in the dimeris- 
ation of strained alkenes, where a strained, twisted double bond allows 
easier antarafacial addition of one component, and also, more importantly 
from the synthetic point of view, in the reactions of cumulenes, especially 
ketenes, with olefinic and other multiple bonds. Ketenes have been widely 
employed in synthesis in this way to prepare cyclobutanones and (3-lactams 
by reaction with alkenes and imines.4 

r2c=c=o + -> 

RJN<^\R2 

R 
R 

O 

NR1 

Scheme 1 

These reactions have been regarded as concerted cycloadditions involving 
antarafacial addition to the ketene2, but it appears that there may be a range 
of mechanisms of various degrees of concertedness.5 In favour of the 
concerted pathway is the fact that the reactions are frequently highly stereo- 
seletive, but the regiochemistry of many adducts is in line with an asym- 
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metric transition state (as 1) in which the carbonyl carbon of the ketene is 
more closely bound to the more nucleophilic carbon of the alkene. (Scheme 

r1\ r2/c=c=o 

+ 

r-ch=ch2 

R 

R 

2A 
1 

R1 
O 

-> R^ 

R-c-^ch2 
R- 

o 

(1) 

Scheme 2 

There have been numerous applications of the cycloaddition of ketenes 
to alkenes to form cyclobutanone derivatives. Thus, reaction between di- 
methylketene, liberated from the acetal (2) and 2-p-tolylpropene gave the 
cyclobutanone (3) which was transformed into (±)-a- and (±)-p-cuparen- 
ones.6 

Scheme 3 

As this synthesis illustrates, the value of the [2+2] cycloaddition 
reactions of ketene in synthesis goes beyond the straightforward formation 
of four-membered rings, for in many cases subsequent ring-expansion or 
ring-contraction or rearrangement provides access to otherwise difficultly 
accessible compounds. 
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In intermolecular reactions it is frequently found advantageous to use 
chloro- or dichloro-ketenes rather than the less reactive alkyl- or aryl- 
ketenes which often give only poor yields of the desired adduct.7 
Halogenated ketenes are readily available, for example by dehydrohalogen- 
ation of a-halo acid chlorides, and generated in situ in the presence of an 
alkene they afford good yields of cycloadducts. The halogen in the a-halo- 
cyclobutanone is easily replaced by hydrogen if desired (Scheme 4). 

Cl2CHCOCl. NEt3 
-> 

[C12C=C=0] 

Zn, HOAc 
-> 

(67%) 

Scheme 4 

Alternatively, the halogen may be used to trigger a ring-contraction to a 
cyclopropane derivative. Thus, in the key step in a synthesis of the 
sesquiterpene (±)-sirenin (7), the a-chlorocyclobutanone (5), obtained by 
cycloaddition of chloromethylketene to the less hindered double bond of the 
diene (4), rearranged stereospecifically to the cyclopropanecarboxylic ester 
(6) on treatment with silver nitrate in methanol.8 

MeCHClCOCl, NEt3 
pentane 
-> 

[MeClC=C=OJ 

(4) (5) (63%; 3.6:1) 

AgN03, MeOH 

V 
Me 

Scheme 5 
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A number of difficultly accessible fused-ring cyclopropane derivatives has 
been made by this route.9 The reaction is stereospecific; endo chloroketones 
yield the corresponding endo esters and exo chloroketones the exo esters. 

In another useful transformation, modified Beckmann rearrangement of 
the N-methylnitrones derived from cyclobutanones followed by reduction of 
the resultant lactams, for example (10), gave ds-fused pyrrolidines (as 11) 
and this was used in the synthesis of the Sceletium alkaloid (±)-mesem- 
brine.10 Straightforward Beckmann rearrangement of the oxime of (9) gave 
the isomeric lactam (12). 

(8) (89%) (9) 

(1) MeNHOH 

(2) p-MeC6H4S03H 
pyridine 

(3) H20 

V 

Ph Ph 

02) (11) (10) 

Scheme 6 

Halogenated ketenes have also been employed in the synthesis of tropo- 
lones,9 and eight-membered rings have been obtained by Cope rearrange¬ 
ment of 1,2-divinylcyclobutanones, themselves formed by [2+2] cyclo¬ 
addition of vinylketenes to conjugated dienes.11 The vinylketenes are 
generated by electrocyclic ring-opening of cyclobutenones or by 1,4-de- 
hydrochlorination of a(3-unsaturated acid chlorides (Scheme 7). 
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Scheme 7 

Scheme 8 
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In the cyclobutenone version of the reaction the enone is heated with the 1,3- 
diene in an inert solvent. Reaction proceeds through a succession of peri- 
cyclic reactions. Electrocyclic opening of the cyclobutenone generates a 
vinylketene derivative which combines with the conjugated diene in a regio- 
specific [2+2] cycloaddition. At the elevated reaction temperature the 
resulting 2,3-divinylcyclobutanone undergoes a [3+3] sigmatropic rear¬ 
rangement to give the cyclo-octadienone. In some cases the intermediate 
divinylcyclobutanones can be isolated. Alkylated 2-vinylcyclobutanones 
have been obtained by reaction of methyl- and ethyl-vinylketene with 
alkenes; they can be rearranged to cyclopentenones with acid.12 

In a related sequence, photolysis of the bis-diene (14) gave the 1,2-di- 
vinylcyclobutanes (15) and (16) which afforded the fused-ring cyclo-octa- 
diene (17) on thermolysis.13 The cyclo-octenone (18) derived in this way, 
on treatment with boron trifluoride etherate gave the tricyclic (19) which 
was converted in several more steps into (±)-coriolin (20) (Scheme 8). 

o. 

benzene 
-> 

'Me 80 C 

(21) (22) 

OH 

MeCkc^v^'Me 

(26) (92%) 

< 

Me- = -OMe 
(23) 

O 

MeO"\^Nvle 
< 

Me^ /O 
> 

MeCK 

(24) 

Scheme 9 
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Ketenes also react with acetylenes to form cyclobutenones, and such a 
reaction forms a stage in an intriguing regiocontrolled ring synthesis of 
highly substituted benzene derivatives by a one-step thermal combination of 
a heterosubstituted alkyne with a cyclobutenone, followed by three 
successive pericyclic reactions. Thus, the vinylketene (22), obtained by 
thermal cleavage of the cyclobutenone (21), combines with the ketenophilic 
acetylene (23) to give the cyclobutenone (24). 4-Electron cycloreversion to 
(25) followed by 6-electron cyclisation gave the cyclohexadienone and 
thence the substituted phenol (26).14 A similar sequence was used to make 
the highly substituted benzene derivative (27) required as an intermediate in 
the synthesis of mycophenolic acid (Scheme 9).15 

Diastereoselective [2+2] cycloadditions of ketenes have been effected 
using both ketenes and alkenes bearing optically active auxiliary groups. 
Thus, the enol ethers (28), carrying the chiral auxiliary groups (31) and (32) 
reacted with dichloroketene to give the cyclobutanones (29) and (30) with 
up to 80 per cent diastereomeric excess. These were transformed into the 
corresponding cyclopentanones with diazomethane and thence into a- 
chlorocy clopentenones.16 

Scheme 10 
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Even better results were obtained with the enol ether (33) derived from 
(lS,27?)-2-phenylcyclohexanol. With dichloroketene it gave the adduct (34) 
with greater than 95 per cent diastereomeric excess by selective attack of the 
ketene on the back (re) face of the double bond. A single crystallisation 
gave the pure diastereomer. It is suggested that the enol ether reacts in the 
conformation (33) in which the front (si) face of the double bond is shielded 
by the phenyl substituent. Ring expansion of (34) with diazomethane and 
further transformations gave (—)-oc-cuparenone (35) and (+)-B-cuparenone 
(36).17 

(35) (36) (37) 

Scheme 11 

The optically active ketene (37), with the optically active auxiliary 
menthyloxy group at C-2 of the ketene, gave cyclobutanones with diastereo¬ 
meric excess of 50-70 per cent in reactions with cis enol ethers.18 

Ketenes add to other multiple bonds besides carbon-carbon double 
bonds.4 Imines, for example, react readily to give (3-lactams, although 
there is some doubt that these are truly concerted reaction.19 With th¬ 
imines the reaction generally affords the cd-disubstituted azetidinones with 
high enantioselectivity, a discovery made by Hubschwerlen19 and utilised in 
a highly enantioselective synthesis of the monobactam antibiotics. This 
work has been extended by others20 and utilises optically-active auxiliary 
groups. Thus, reaction of oxazolidone (38), derived from (S)- 
phenylglycine, with a range of benzylimines (39) in presence of 
tri ethyl amine, proceeded with very high 
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levels of asymmetric induction to form cycloadducts (40).2° Thus, for 
(39,R-Ph) the reaction was almost completely diastereoselective. The main 
product (40,R=Ph) was obtained pure after one crystallisation. Subsequent 
cleavage of the chiral auxiliary group and protection of the free amine with 
benzyl chloroformate gave the optically pure p-lactam (42) (Scheme 12). 

Again, reaction of the optically active imine (43) and variously 
substituted ketenes, including (44), gave p-lactam adducts with very high 
diastereoselectivity. The absolute configuration of (45) was established by 
conversion into the lactone (47) (Scheme 13) 21 P-Lactams are also obtained 
by cycloaddition of chlorosulphonyl isocyanate to alkenes.22 

As an alternative to free ketenes, ketene-iminium salts have given 
excellent results in cycloaddition reactions with alkenes.23 They are easily 
prepared by reaction of tertiary amides with trifluoromethanesulphonic 
(triflic) anhydride and collidine, or from a-chloro enamines, and they have 
the advantage that they are more electrophilic than ketenes and do not 
dimerise. They react readily with monosubstituted and 1,2-substituted 
olefins, giving [2+2] cycloadducts which form cyclobutanones on hydrol¬ 
ysis. Yields are generally good, and in this respect keteneiminium salts are 
superior to the corresponding ketenes which react only sluggishly with 
unactivated olefins or acetylenes. Thus the dimethylamide of isobutyric 
acid, treated with triflic anhydride and collidine in the presence of styrene 
gave the adduct (48) which afforded the cyclobutanone (49) on hydrolysis in 
70 per cent overall yield. Acetylenes similarly give cyclobutenones. 

Me2CHCONMe2 
(CF3S02)20 

collidine 
CHCI3, reflux 

> Me2C = C=NMe2 

Pl/^ 

& 
O 

HoO 

V + 
NMe2 

-Me 

Ph Me 

(49) 

-Me 

Ph Me 

(48) 

Scheme 14 

With 1,1-disubstituted alkenes only poor yields of cycloadducts are obtained 
in intermolecular cases, because of competitive Friedel-Crafts reactions. 
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Cycloadditions of keteneiminium salts are stepwise reactions and not 
concerted, and occasionally result in loss of stereochemistry of the olefin 

component.24 

Using amides derived from the optically active pyrrolidine (50) 
cyclobutanones have been obtained with high optical purity.25 The best 
results so far have been obtained with the iminium salt (53) derived from 
(_).(50) and isobutyric acid. Reaction with cyclopentene followed by 
hydrolysis gave the fused ring cyclobutanone (54) almost optically pure; 
with styrene, the cyclobutanone (55) was obtained in 80 per cent 
enantiomeric excess. 

(55) (54) (53) 

(70% overall; >97% ee) 

Scheme 15 

Intramolecular [2+2] cycloaddition reactions of ketenes are being 
increasingly employed for the synthesis of polycyclic cyclobutanones and 
products which can be derived from them.26 The reactions proceed best with 
ketenes in which the ketene and olefin are connected by a chain of three 
atoms; this appears to offer the best compromise between strain energy in 
the product and the entropy of activation. Thus, whereas 6-methylheptenoyl 
chloride (56) gave the bicyclo[3,2,0]heptanone (57) in 80 per cent yield on 
treatment with triethylamine, the corresponding bicyclo[4,2,0]octanone (59) 
was obtained from 7-methyloctenoyl chloride (58) in only 3 per cent yield.27 
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(58) (59) (3%) 
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R 

(1) (CF3so2)2o 

collidine 

(2) H20 
-> 

(60) 

R 

(61) (R = H, 65%; 

R = Me, 89%) 

Scheme 16 

Better results are sometimes obtained using keteneiminium salts.23-27*28 
These frequently give good yields of bicyclo[4,2,0]octanones, for example 
(61), where the ketenes themselves are ineffective. 

In principle intramolecular cycloaddition reactions of ketenes could give 
rise to bicyclo[n,2,0] fused ring compounds or to bicyclo[n,l,l] bridged-ring 
compounds. In practice the course of the reactions appears to depend on the 
substitution pattern of the olefin. Terminal olefins afford bicyclo[n,2,0]- 
alkanones (as 61), but substrates in which the terminal olefinic carbon atom 
is disubstituted give bridged bicyclo[n,l,l]alkanones; 1,2-disubstituted 
olefins give mixtures. This is in line with the general mechanistic picture of 
ketene cycloadditions. Although thermal [2+2] cycloaddition reactions of 
ketenes are generally regarded as concerted, in practice the products are 
frequently more readily accounted for by an asynchronous process in which 
the bond from the carbonyl carbon of the ketene to the more nucleophilic 
carbon atom of the olefin is more fully developed than the other in the 
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transition state.29 In line with this picture yields are frequently higher with 

more nucleophilic olefins. 

Cycloaddition reactions of ketenes have been exploited in the synthesis 
of a number of natural products. For example, an intramolecular reaction 
leading to a fused-ring cyclobutanone formed the key step in a synthesis of 
(±)-clovene.30 The ketene (63) generated directly from the carboxylic acid 
(62), gave the cyclobutanone (64) in 47 per cent yield. Ring expansion of 
the cyclobutanone and gem-dimethylation gave (±)-clovene (66) by way of 

the ketone (65). 

Scheme 17 

A synthesis of both enantiomers of grandisol was achieved from the 
ketene (68) derived, ultimately, from (R)-3-hydroxybutyric acid.31 
Cycloaddition was effected in 70 per cent yield, but in this case with only 
moderate diastereoselectivity. The separated diastereomers were converted 
in several more steps into (+)- and (-)-grandisol. 
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(+)-Grandisol (-)-Grandisol 

Scheme 18 

Some intramolecular cycloadditions with alkylketenes proceed in only 
poor yield, but it has been found that certain substituents, notably chlorine 
and alkoxy, increase the rate of cycloaddition leading to improved yields of 
cycloadducts.28’32 Excellent results have also been obtained with aryl- 
ketenes33 and with vinylketenes.34 The vinylketenes are formed in situ from 
the appropriate aP-unsaturated acid chloride. Thus, the acid chloride (69) 
gave the vinylbicyclo[3,2,0]heptanone (71) in 50 per cent yield by way of 
the ketene (70). But the homologue (72) did not give (73). The longer 
connecting chain appears to decrease the rate of cycloaddition, allowing 
oligomerisation to intervene. 
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(72) (73) 

Scheme 19 

With the ketene (74) the electrophilic carbonyl carbon atom of the 
ketene attacks the internal less substituted carbon of the olefin to give the 
bridged bicyclo[3,l,l]heptanone (75). Catalytic migration of the double 
bond gave chrysanthenone (77) and Wolff-Kishner reduction afforded f>- 
pinene (76).35 p-c/s-Bergamotene and P-frans-bergamotene were obtained 
in the same way as p-pinene, starting respectively from nerylacetone and 
geranylacetone.29 

(76) (75) 

Scheme 20 

(77) 
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[2+2] Photocycloaddition to Enones 

Photocycloaddition of alkenes and alkynes to multiple bonds provides 
another good route to four-membered rings. By far the most important 
reaction of this kind synthetically is the addition of alkenes to enones to 
form acylcyclobutanes. 

Scheme 21 

Concerted, suprafacial [2+2] cycloadditions of this kind are "allowed" 
reactions,2 but in fact photocycloaddition reactions of enones proceed by a 
stepwise pathway via triplet biradical intermediates.36 Consequently the 
stereochemistry of the olefin is generally lost in the cyclobutane products 
because of rotational equilibration in the biradical intermediate. In the 
cycloaddition of alkenes to cyclopentenones to form bicyclo[3,2,0]heptan- 
ones it is found that the ring fusion is always cis, but with cyclohexenones 
the results are more varied. Monosubstituted acyclic alkenes generally give 
mixtures of endo and exo products. 

Scheme 22 
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It is uncertain whether initial bond formation takes place at the (X- or Im¬ 

position of the enone. 

In intermolecular reactions the regiochemistry of addition to unsymmetr- 
ical olefins depends on their structure. In general, electron-rich alkenes, 
such as ethyl vinyl ether, form mainly the head-to-tail isomer, while elect¬ 
ron-deficient olefins give mainly the head-to-head product (Scheme 23). 

<^N:n, hv 

v 

Scheme 23 

It is generally considered that addition takes place to the n->7i* photo-excited 
state of the enone in which the dipole is reversed compared with that in the 
ground state. The regiochemistry is then accounted for by initial formation 
of a 7t-complex with the olefin, the orientation of which depends largely on 
the electronic nature of the olefin but also, to some extent, on the experi¬ 
mental conditions, particularly the solvent. 

In intermolecular reactions the double bond of the enone must be part of 
a ring of six or fewer members. Open-chain enones, on excitation, undergo 
energy-wasting cis-trans isomerisation at the expense of cycloaddition, and 
the same applies to cyclic enones of seven or more atoms, unless cis-trans 
isomerisation of the double bond is constrained in some way. 
Intramolecular addition to open chain enones, on the other hand, takes place 
readily. For example, the diene (78), on irradiation, afforded the aza[2,1,11- 
bicyclohexane derivative (79), subsequently converted into the amino acid 
(80)37 
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Scheme 24 

The general rules given above for predicting the regiochemitry of inter- 
molecular photochemical cycloaddition reactions of enones do not necessar- 
ily apply to intramolecular cases, where strain and steric interactions may 
outweigh the orientational influence of 7i-complex formation. In intra¬ 
molecular additions the general rule appears to be that the major regio- 
isomeric product is that formed by initial cyclisation of the biradical 
intermediate to give a five-membered ring where that is possible. For 
example, the dienone (81) gave (82) not (83). 

(83) 

Scheme 25 
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Within those limitations [2+2] photocycloaddition to enones has featured 
as an important step in the synthesis of a number of natural products, and it 
is particularly useful in these cases where rearrangement or fragmentation of 
the four-membered ring provides access to otherwsie difficultly accessible 
polycyclic systems.38 A good early example is seen in the synthesis of 
oc-caryophyllene alcohol (87).39 The photo-addition product (84) on reaction 
with methyl-lithium gave specifically the alcohol (85). Wagner-Meerwein 
rearrangement with sulphuric acid led directly to a-caryophyllene alcohol by 
hydration of the intermediate carbonium ion (86) from die less hindered 
side. In this synthesis a tertiary carbonium ion rearranges, unusually, to a 
secondary one, encouraged, presumably, by the relief of strain in the four- 
membered ring of (85). 

(87) 

Scheme 26 
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Again, a key step in a synthesis of the propeUane sesquiterpene modhephene 
(91) entailed photocycloaddition of 1,2-dichloroethylene, employed as an 
acetylene equivalent, to the enone (88), followed by Cargill rearrangement® 
ol the strained py-unsaturated ketone (89) to (90) 4i 

(1) CH2=CHCl,hv O 

(2) protect CO 

(3) Na, NH3 

(4) H30+ 

(89) 

TsOH, benzene 

80°C 

V 

Scheme 27 

Fragmentation of the initial photo-adducts may be exploited in various 
ways.42 In one example, irradiation of piperitone and the cyclobutenes (92, 
R=Me or C02Me) gave the cis,anti,cis adducts (93, R=Me,C02Me) in highly 
regioselective reactions.38 Thermal rearrangement then led to the cyclo- 
decadienones (94, R=Me,C02Me) which, under the reaction conditions, 
cyclised to the cadinane precursors (95, R=Me,C02Me) by an ene-type ring 
closure (Scheme 28).43 

Intramolecular reactions also have been exploited in the synthesis of 
sesquiterpenes. The regiochemistry of the cycloadditions generally follows 
the ‘rule of five’ (p.349). Thus, in a synthesis of (±)-isocomene (99), 
irradiation of the enone (96) gave the single adduct (97) in 77 per cent yield. 
In this single reaction a compound with three contiguous quaternary chiral 
centres is produced stereospecifically and effectively all the stereochemistry 
of the natural product is established. Wittig reaction gave the alkene (98) 
which was converted into (±)-isocomene by toluenesulphonic acid in 
benzene.44 Photocycloaddition of an alkene to an enone has also formed an 
important step in syntheses of hirsutane45 and of acorane43-46 sesquiterpenes. 
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H 

(R = Me, CQ2Me) (R = Me, 70%; R = C02Me, 78%) 

200°C 

V 

(R = Me, 40%; R = C02Me, 97%) 

Scheme 28 

Scheme 29 
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The De Mayo Reaction 

One of the most useful reactions in this class is the photocycloaddition of 
olefms to the enolic form of 1,3-diketones. The initial addition leads to a B- 
acylcyclobutanol, but under the conditions of the reaction this undergoes 
retro-aldolisation with ring cleavage to give a 1,5-diketone.47 Both open 
chain and cyclic 1,3-diketones can be employed in the reaction. Thus, 
irradiation of a solution of acetylacetone in cyclohexene affords the 1,5- 
diketone (101) by spontaneous retro-aldolisation of the intermediate (3- 
hydroxyketone (100). The reaction proceeds by excitation of the enolic 
form of the diketone, and adduct formation to acyclic enones competes 
effectively with cis-trans isomerisation because of intramolecular hydrogen 
bonding in the enol. 

(100) (101) 

Scheme 30 

With cyclic 1,3-diketones the sequence results in ring expansion by two 
carbon atoms, and reactions of this kind have been exploited in the synthesis 
of a number of polycyclic natural products.36-42 With cyclic 1,3-diketones it 
is often found advantageous for solubility reasons, to employ the corres¬ 
ponding enol acetates or enol silyl ethers rather than the free ends. Thus, 
photolysis of the silyl enol ether (102) gave the single photo-adduct (103) in 
68 per cent yield. Modification to (104) and fragmentation triggered by 
fluoride ion gave the azulenone intermediate (105) (Scheme 31).48 

A valuable application of this reaction is in the synthesis of iridoids 
through addition of alkenes to methyl diformylacetate, which leads directly 
to the tetrahydrocoumalate ring system (106).49 

r!\ 

r2/> 

Me02Cs^/CHO 

Hx xOH 

hv 
> 

R 

’v 

2< 

C02Me 

-CHO 

-OH 

Scheme 32 



354 [2+2] Cycloaddition Reactions 

Me 

(103) (68%) 

(105) (104) 

Scheme 31 

Thus, irradiation of a mixture of optically active acetate (107) and methyl 
diformylacetate gave the loganin aglucone acetate (109) regio- and stereo- 
selectively by attack of the enol on the less-hindered face of the olefin. The 
intermediate cyclobutanol (108) was not detected.50 

HO 

OHC 

V 
A, 

H 

C02Me 

+ 

Me02C h 

(107) (108) 

V 

(109) 

Scheme 33 
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The seco-iridoid (-)-sarracenin (110) was similarly obtained from methyl 
diformylacetate and the optically active acetal (11 l).5i 

Attempts to effect asymmetric syntheses of cyclobutanes by photocyclo¬ 
addition to enones bearing optically active auxiliary ester52 or acetal53 groups 
had only limited success. Better results were obtained with the optically 
active enone (112), prepared from («S)-(+)-valinol. Photo-addition of eth¬ 
ylene gave largely the exo addition product (113). Cleavage of the chiral 
auxiliary group by acid hydrolysis gave the optically pure cyclobutane 
derivative (114) which was converted readily into B-grandisol.5* 

ch2=ch2 
hv_ 

ch2ci2 

acetophenone 

(112) (113) (93%; 12:1) 

<- 
several 

steps 

H2S04, MeOH 

V 

MeOoCT^t- 
1 Me 

(115) (114) 

Scheme 34 

In another approach the optically active dioxacyclohexenone (116), 
derived from (-)-menthone, and methylcyclobutene formed the regio- 
isomers (117) and (118) each with a diastereomeric excess of 66 per cent, 
corresponding to the facial selectivity of the addition. Hydrolysis of purified 
(117) furnished the optically pure cyclobutane (119) which was converted 
into (-i-)-grandisol (120). (-)-Grandisol was similarly synthesised from 
(121).55 
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(116) (117) (118) (7:1) 

hco2h, h2o 

V 

several 
<-- 

steps 

C> 

(121) 

Scheme 35 
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Copper-catalysed Photocycloaddition of Hepta-l,6-dienols 

It has been found that alkenes add readily to the double bond of allylic 
alcohols on irradiation in the presence of copper(I) trifluoromethane- 
sulphonate (triflate). Intramolecular reactions are particularly effective, 
hepta-l,6-dienols (as 122) giving bicyclo[3,2,0]heptan-2-ols in good yield.56 
The derived ketones fragment cleanly at 500°C providing a novel route to 
cyclopent-2-enones (Scheme 44). In contrast, the corresponding 1,7-octa- 
dienols, which would give bicyclo[4,2,0]octanols, do not cyclise. 

(124) 

Scheme 36 

Little is known about the mechanism of the reaction. Since the endo 
hydroxy isomers (as 123) nearly always predominate, it has been suggested 
that co-ordination of the two olefinic bonds and the hydroxyl group with 
copper in a complex such as (124) is important.56-58 The procedure has 
advantages in some cases for the preparation of bicyclo[3,2,0]heptan-2-ones 
where intermolecular addition of an alkene to a cyclopentenone either does 
not take place or gives mixtures of regio-isomers. Thus, photo-addition of 
propene to cyclopentenone affords a mixture of regio-isomers (125) and 
(126), but catalysed intramolecular cycloaddition of the diene (127) and 
oxidation of the product gives only the regio-isomer (125).57 
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(125) 

Scheme 37 

The reaction has been employed in a direct synthesis of the sesquiter¬ 
penes a- and p-panasinsenes (130) and (131) by way of the ketone (129) 
obtained as a single product on irradiation of the diene alcohol (128) and 
oxidation of the cyclobutanol formed.58 

(1) hv.CuOTf 
-> 
(2) Cr03, CH2C12 

(128) (129) 

(1) MeLi 

(2) SOCl2, pyridine 

V 

(130) (131) (5:2) 

Scheme 38 
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e hydroxyl substituents in the immediate products of cycloaddition 
can facilitate useful transformations of the photoproducts through 
cyclobutylcarbmol — cyclopentyl rearrangement.™ Thus, solvolytic ring 
expansion of the tosylate of the exo-tricyclodecane (133), obtained as the 
mam product from cychsation of (132), followed by catalytic hydrogenation 
of the olefin produced, gave the hydrocarbon (134), found in the skeleton of 
tne sesquiterpenes isocomene and pentalenic acid. 

(132) 
(133) 

tosylate 
heated in 
HOAc 

(134) 

Scheme 39 

The Paterno-Biichi Reaction 

Photochemical cycloaddition of olefins to the carbon-oxygen double bond of 
aldehydes and ketones also takes place readily in the well-known Paterno- 
Biichi synthesis of oxetanes.6o A stepwise radical mechanism is suggested 
for these reactions; formation of the more stable diradical intermediate 
accounts for the regiochemistry of the products in most cases (Scheme 40). 

hv 

Me Me 

Me/=\H 

-> 

O- 

I 
PhC- 

H 

-.Me 

—Me 
Me 

-> 
O-Me 

Phi-—Me 
PhCHO 

O- 

I 
> PhC- 

H 

Scheme 40 

Me 
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Reactions of this kind have not been widely employed in complex synthesis, 
but recently photo-adducts obtained from furan derivatives and aldehydes 
have been shown to be valuable precursors for the synthesis of aldols and of 
highly oxygenated natural products containing five-membered oxygen rings. 
Photocycloaddition of aldehydes to furans leads to the head-to-head exo 
products (135) with high regio- and stereo-selecctivity.61 Hydrolysis of the 
acetals formed affords threo aldols of 1,4-dicarbonyl compounds, and the 
cw-fused dioxabicyclo[3,2,0]heptene skeleton of the adducts can be funct¬ 
ionalised in various ways, with high stereoselectivity, to give, after 
hydrolysis, acyclic chains containing several chiral centres.62 Thus, the 
adduct (136) from 2-methylfuran and acetaldehyde, gave the aldol (137) on 
hydrolysis, and the adduct (138) from 2,5-dimethylfuran and benzaldehyde, 
by hydroboration and oxidation, was ■ converted into the tetrahydrofuran 
derivative (139) with total stereocontrol of five contiguous chiral centres, in 

85 per cent yield. 

Or1 

H H 

+ R2CHO 
hv ::—L R2 

O 
o 

R1 

(135) 

OH 

Me 0.1M HC1 

Me 

H H 

// "f-"■ Ph 

O 
O 

Me 

(138) 

'Ph 

Scheme 41 
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Similarly, perhydroxylation of the olefinic bond in (140) took place 
mainly from the a-face to give, after reorganisation of the hemiacetal 
system, 3-deoxy-DL-streptose (141), isolated as the 1,2-O-isopropylidene 
derivative in 33 per cent yields Spontaneous epimerisation of the carbon 
atom bearing the formyl group took place during the reaction. 

KMn04 

acetone - water 

(140) 

OH 

(141) 

Scheme 42 

The way in which these adducts can be used as key elements in more 
complex syntheses is illustrated in the synthesis of the 6/j-lactone 
avenaciolide (147).63 

H 

■C«H 8n17 

°"A 
(142) 

o 

m-ClC6H4C03H 

< 
BF3Et20 

(1) 03,Me2S 

(2) K2C03 

(3) HC1, MeOH 

Scheme 43 
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Here the photoadduct (142), obtained as a single isomer in nearly quant¬ 
itative yield from furan and nonanal, served as the readily available spring¬ 
board in which two of the three stereocentres of the target are already 
present. Hydrogenation, hydrolysis of the acetal and reaction with vinyl- 
magnesium bromide gave (143) and thence (144). Ozonolysis of (144), 
base-catalysed epimerisation and acidification led directly to (145) as a 
mixture of methoxy anomers. This was converted into bis-lactone (146) and 
thence into avenaciolide (147). 

In related reactions the photoadduct (148), from 3,4-dimethylfuran and 
3-benzyloxypropanal, was used as starting material for the synthesis of 
asteltoxin (150),64 and the ginkgolide analogue (151) was prepared from the 
photoadduct from 2-tributylstannylfuran and butyl glyoxylate.65 

Scheme 44 

Attempts to bring about asymmetric photocycloaddition of furans to 
optically active aldehydes have met with only modest success.66 
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anthraquinones, synthesis, 124 
asteltoxin, 362 

asymmetric induction 

[2+2] cycloadditions, 338,339,344,355 
Diels-Alder reaction, 51,61,106 

1,3-dipolar cycloadditions, 290- 

292,296,304-307,312,314 
auxiliary groups, optically active, in 

Diels-Alder reactions, 62ff,94,162, 
180; 

1,3-dipolar cycloadditions, 306,307 

enone cycloadditions, 355 
ene reactions, 257 

ketene cycloadditions, 338,339 
avenaciolide, 362 
azides, 314 

2-azaallyl anions, 209 

azadienes, in Diels-Alder reactions, 41- 
42,122-124,183 

azomethine imines, 316 

azomethine ylides, 274 

368 
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benzene derivatives, synthesis by, 

cycloaddition of vinylketenes, 338 

Diels-Alder reaction, 29,30,101,118 

meta-photocycloaddition reactions, 
228 

benzocyclobutenes, 

orr/io-quinodimethanes from, 38,192 
synthesis from acetylenes, 194,231 

bicyclo[3,2,0]heptan-2-ols, from hepta 
1,6-dienols, 357 

bicyclo[2,2,2]octanes, 95,103 

bicyclo[3,2,l]octanes, synthesis, 219,229 
bicyclo[3,3,0]octanes, synthesis, 229 

bis(N-p-toluenesulphonyl)selenodiimide, 
250 

butadiene equivalents, 

dihydrothiophene dioxides, 174 

a-pyrone derivatives, 36,121, cf. also 
129 

cannabinoids, 178 
carbonyl compounds, 

as dionephiles, 103-107 

as enophiles, 244 

photocycloaddition reactions, 359 
carpamic acid, 302 

a-caryophyllene alcohol, 350 
cation radicals, as dienophiles, 52 
cedranoxide, 221 

a-chloroacrylonitrile, ketene equivalent, 
8,95 ' 

chloroketenes, 334,335 

clovene, 344 

cocaine anologues, 214 
(+)-compactin, 96 

coriolin, 337 

cuparenones, synthesis, 333,339 
[2+2]cycloaddition reactions, 332 

aldehydes, 359 
enol ethers, de Mayo reaction, 353 
enones, photoaddition, 347 

ketenes, 333 
intramolecular, 343ff,349,357 

cyclobutanes, 333,347 

optically active, 355 

rearrangement, 350 
synthesis, 347 

cyclobutanones 
optically active, 339 

rearrangement, 334,335,359 
synthesis from 

hepta-1,6-dienols, 357 
ketenes, 332 

ketene-imminium salts, 341 
cyclobutenones, 338,341 

(-)-cyclocopacamphene, 319 

cycloheptanes, synthesis, 21 Iff,219,229 
cycloheptanones, synthesis from oxyallyl 

cations, 213 

cyclo-octadienes, synthesis, 234,335 
cyclopentanes, synthesis from 

ene reaction, 247,252,262,263 
nitrones, 300 

trimethylenemethanes, 221 
cyclopentenones, synthesis, 337,357 
cyclopropanes, 318 
cytochalasin, 93,160,171 

1,3,9-decatrienes, cyclisation to 

hydronaphthalenes, 149,162,163,164 
dehydroamino acid esters, 279 
dehydrobrevicomin, 104 
de Mayo reaction, 353 

(3-4-deoxy-L-glucoside, 51 
deoxyloganin, 181 
diastereoselection, 

aldol formation from nitrile oxides, 
285,293,294 

dipolar cycloadditions, 272,276,290, 
291,293,296,304 

ene reactions, 256 

enone cycloadditions, 354,355 
intramolecular Diels-Alder 

reactions, 158 
ketene additions, 338,339 

diazoalkanes, 

behaviour as nitrenes, 319 
1,3-dipolar cycloadditions, 317 

dictyopterene B, 318 

2,4-dideoxy-D-glucose, 16 
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Diels-Alder reaction, 1 

anionic, 129 
asymmetric, 51,6Iff, 106 
catalysis by Lewis acids, 8,17,48,50ff, 

103,109 
cation radicals in, 53 
dienes, 27ff, alkylamino- and 

acylaminobutadienes.32,98; N- 
alkoxycarbonyl-1,2-dihydro- 

pyridines, 33; l-alkoxy-3- 
trimethylsilybutadienes, 

28,29, lOOff; azadienes, 41-42,122- 
124,183; hetero-, 40ff; nitroso- 
alkenes and nitro alkenes, 44; 
ort/io-quinodimethanes (ortho- 
xylylenes), 37ff, 127; oxazoles and 

pyrimidines, 43; phenylthio- 
butadienes, 29,55,96; a-pyrones, 
36; aP-unsaturated carbonyl 
compounds, 40,108; vinylallenes, 
167,169; vinylketene acetals, 
29,120,125 ’ 

dienophiles, 2; acetylenes, 3; alkenes, 

3; arynes, 3; carbonyl compounds, 
10ff,103ff; cation radicals, 53; 
cyclopropenes, 3; hetero-, 9ff,103- 
108,111-118; imines, 21,111; 
ketene equivalent, 8,95; nitro- 
olefins, 7,55; nitroso compounds, 

24,112,188, optically active, 43ff; 

N-sulphonylsulphonamides, 
19,116,190; thiocarbonyl 

compounds, 16; vinyl ethers, 3; 
synthetic equivalents, 4-8; vinyl 
sulphones, 4-6 

high pressure, 49 
in water, 23,45 

intermolecular, 91 
intramolecular, 140 

inverse electron demand, 1,3,40 
regiochemistry, 54 

retro, 72,131,199 

stereochemistry (see also 

"asymmetric"), 56ff,91 

1,3-dienes, see "Diels-Alder reaction", 

"synthetic equivalents" 
[4+4] cycloadditions, 234,263; 

optically active, 69 
dienophiles, see "Diels-Alder reaction", 

"synthetic equivalents" 

optically active, 62-68 
2.3- dihydro-4//-pyrans, from aldehydes, 

9-16,178 
3.4- dihydro-2//-pyraons, 3,108 

2.3- dihydro-4-pyrones, 
hexoses and tetrahydropyrans from, 

103; open-chain compounds from, 

105; synthesis by Diels-Alder 
reaction, 9-16,58,103 

1.5- diketones, synthesis, 353 
1.3- dipolar cycloaddition reactions, 

azides, 314; azomethine imines, 316; 

azomethine ylides, 274; diazoalkanes, 
317; intramolecular, 276,288,300,319; 
nitrile oxides, 285; nitrones, 298; 

regioselectivity, 271; stereoselectivity, 
272 

diyls, 225f 

enantioselective syntheses, 
acivicin, 308; acromelic acid, 276; 

(-)-ajmalicine, 181; (+)-asteri- 
scanolide, 236; (+)-brefeldin A, 224; 

chenodeoxycholic acid, 193; 
(+)-compactin, 96; (-)-a- and 

(+)-p-cuparenone, 339; cyclo- 
butanones, 342; (-)-cyclo- 

copacamphene, 319; cytochalasin, 93; 
daunosamine, 304; (+)-4-demethoxy- 
daunomycinone, 127; deoxyloganin, 

181; deoxynuphar-idine, 184; 

2-deoxy-D-ribose, 290; (+)-estradiol, 
195; (+)- and (-)-grandisol, 344,345; 

(+)- and (-)-hexahydrocannabinol, 

180; p-hydroxycarboxylic acids, 292; 
hydroxypyrrolidines, 314; (+)-irido- 
myrmecin, 263; (-)-kainic acid, 256; 
p-lactams, 341; (/?)-(-)- and (S)-(+)-p- 

lysine, 307; loganin aglucone acetate, 

354; (+)-paliclavine, 296; (-)-pumilio- 
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toxin C, 171; (-)-P-santalene, 94; (-)- 

sarracenin, 355; (+)-a-skytanthine, 
263; (-)-specionin, 260; (+)-ster- 

purene, 169; (-)-tetra-hydroalstonine, 
181; (-)-xylomollin, 259 

ene reaction, 241 

chiral auxiliary groups in, 257 
diastereoselection, 256 

enophiles, bis(N-/?-toluene- 

sulphonyl)selenodiimides, 250; 
carbonyl compounds, 244; 

glyoxylic esters, 246,257-259; 
imines, 248; nitroso compounds, 
249; oxygen, 251; thioaldehydes, 
247; 

[4+4], of 1,3-dienes, 263 
intramolecular, 252 

magnesio, 261 

stereoselectivity, 243,246,252 
enones, [2+2] photocycloaddition 

reactions, 347,353 
estrone, 232 

(S)-ethyl lactate, auxiliary group in Diels- 
Alder reactions, 65 

four-membered rings, by [2+2] 
cycloaddition, 332ff. 

gibberellic acid, 92 

L-glucose, synthesis, 106 

glycosides, 2-amino, synthesis, 110 
gymnomitral, 220 

hepta-l,6-dienols, intramolecular 
photocycloaddition, 357 

hexahydrocannabinol, 180 

hexoses, see also "2-aminoglycosides" 
syntheses by Diels-Alder reaction, 

103ff 
homoallylic alcohols, 246,257,258 

homoallylic amines, synthesis, 21,116 

hydroindenes, synthesis, 142,144ff,162 

hydroindoles, 17 Iff 

hydroisoquinolines, 175,176 

hydronaphthalenes, synthesis, 142,149, 

162,168 

hydroquinolines, 171,173,186 
p-hydroxy aldehydes, see "aldols" 

p-hydroxycarboxylic acids, from olefins 
and nitrile oxides, 286 

a-hydroxy esters, 246 

p-hydroxynitriles, from olefins, 286 

imines, 

addition to ketenes, 339,340 

as dienophiles, 21-24,47,111,185 
azomethine ylides from, 278 
cyclic, from azides, 315 
ene reactions, 248 
optically active, in 

[2+2]cycloadditions, 341; 
imino Diels-Alder reaction, 21-24,47, 

111,185 
indolizidines, 185,188 

intermolecular Diels-Alder reactions, 91 
intramolecular cycloaddition (see also 

intramolecular Diels-Alder reactions), 
1,3-dipolar cycloadditions, 276,288, 
300,319; enones, 348,349; ketenes, 
343ff; hepta-l,6-dienols, 357 

intramolecular Diels-Alder reactions, 140 
stereoselectivity, 144 
synthesis of, alkaloids, 171; 

hydroindenes, 142,144ff,162; 
hydronaphthalenes, 142,149, 
162,163; sesquiterpenes, 162 

with N-acyl-l-azadienes, 183; 

acylimines, 185; amides, 156,171ff; 
amines, 155; esters, 156,177; 

ethers, 155; nitroso compounds, 

188; orr/zo-quinodimethanes, 191; 
orf/zo-quinonemethides, 198; 
sulphides, 155,156; N- 

sulphonylsulphonamides, 190; aP- 
unsaturated carbonyl compounds, 
178; vinyl-allenes, 167 

isocomene, synthesis, 230 
isogabaculine, 99 

isoxazoles, 285 

isoxazolidines, 303 
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A2-isoxazolines, 285,298,313 
alkylation at C-4, 285,292 
aminoglycosides from, 296 

reductive cleavage to aldols, 
288,293,294,296; 1,3-amino- 

alcohols, 294,296 

kainic acid, 256 
ketene, equivalents in Diels-Alder 

reaction, 8,95 
ketenes, [2+2] cycloaddition reactions, 

332,339 
ketene-immium salts, 341 
kinetic resolution, 259 

(3-lactams, synthesis, 306,332,339 
lanthanide complexes, catalysts in Diels- 

Alder reactions, 
11,12,51,52,72,106,107 

lignans, synthesis, 129,199 

P-lysine, 307 

magnesio-ene reaction, 261 

marasmic acid, 147 
1- methoxy-3-trimethylsilyloxybutadiene, 

6,10-16,28 

methylenecyclopentanes, 222 
minovine, 3 
modhephene, 229,351 
monensin lactone, 106 
muscone, 288 

naphthaquinones, synthesis, 125 
neopentyl alcohols, esters of as optically 

active groups in Diels-Alder 
reactions, 63 

nitrile oxides, 

1,3-amino-alcohols from, 294; 1,3- 
dipolar cycloaddition reactions, 285; 
directed aldol reactions via, 288,293; 
optically active, 292,293 

2- nitroacetaldehyde, acetal of, 291,296 
(3-nitroacrylic esters, synthetic equiv¬ 

alents of propargylic esters, 99 
nitrones 

1,3-dipolar cycloaddition reactions, 
298,309,302; P-lactams from, 306; 

optically active, 304,305,306,312 

nitro-olefins, as dienophiles, 7,55,99 
nitroso compounds, 

as dienophiles, 24-27,112,188; as 

enophiles, 249 

nonactic acid, 215 
1,3,8-nonatrienes, intramolecular Diels- 

Alder reactions, 144,162 

octalins, see "hydronaphithalenes" 

orr/w-quinodimethanes (ortho-xylylenes) 
dienes in Diels-Alder reactions, 37- 

40,191; formation, 38-40,192; 
quinones from, 127 

orr/m-quinonemethides, 180,198 

oxetanes, 359 
2-oxyallyl cations, 213 

(/?)-pantolactone, auxiliary group in 
Diels-Alder reaction, 64 

patchouli alcohol, 164 

Patemo-Biichi reaction, 359 
pentadienyl cations, cycloaddition 

reactions, 219 

2-phenylcyclohexanol, optically active 
auxiliary groups, 257 

8-phenylmenthol, optically active 
auxiliary groups, 63,257 

1-phenylthio-1,3-dienes, in Diels-Alder 
reaction, 31,55,96 

photocycloaddition reactions, 

aldehydes and ketones, Patemo-Biichi 
reaction, 359; enols, de Mayo 

reaction, 353; enones, 347; hepta-1,6- 
dienols, 357; mem-photoaddition of 

olefins to benzene derivatives, 228 

photo-oxygenation, of olefins, 251 
piperidines 

polyhydroxy, synthesis, 112,113 
synthesis, 186,310 

prephenic acid, synthesis, 100 
pumiliotoxin C, synthesis, 98,171 

pyranoses, ring synthesis, 
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103,106,110,113,296 see also 
"aminoglycosides" 

pyridines, ring synthesis, 123,124,233 
pyrazoles, from diazoalkanes, 318 

pyrazolidines, from azomethine imines, 
316 

pyrazolines, 318,319 

pyrrolidines, synthesis from 

2-aza-allyl anions, 209; azomethine 
ylides, 274; cyclobutanones, 335; ene 
reaction, 256; nitrones, 310,311; 

triazolines, 314; trimethylenemethane, 
224 

pyrrolizidines, synthesis, 283,310 

quinolizidines, synthesis, 183,184,312 
quinones, synthesis, 124 

resperine, 91 
retro- 

Diels-Alder reaction, 72,199; ene 
reaction, 243; nitrone addition, 313 

rule of five, 349 

(-)-P-santalene, synthesis, 94 
sativene, 166 
secologanin, 3 

sesquiterpenes, see "terpenoids" 
sirenin, 334 

solenopsin, 310 

sphingosine, 190 
stachenone, 95 

statine, 58 

stereoselectivity 

addition of aldehydes to alkoxydienes, 

11-16,103; Diels-Alder reaction, 56- 

72,91,106,144; 1,3-dipolar cyclo¬ 
additions, 272,290,291,292, 

299,304,305,308; ene reaction, 

243,252,256,262,263 
steroids, 192,193,232,233 

N-sulphinylsulphonamides, as 

dienophiles, 19,116,190 
synthetic equivalents, for 

acetylenes, 7; acrolein, 60; aldols, 

287,288; P-amino-aldehydes, 304; 
butadienes, 36,121,129,174; ethylene 
and terminal olefins, 4-6,7; methyl 
propiolate, 99 

tabtoxine, synthesis, 113 
tabtoxine-p-lactam, 25 
taxane ring system, 170 

terpenoids, synthesis, 162,212,220 
tetrahydrofurans, synthesis via 

2-oxyallyl cations, 215 Patemo-Buchi 

reaction, 360;trimethylenemethane, 
224 

2,3,4,5-tetrapydropyridine-1 -oxide, 310 
thio-aldehydes, 16-19,247 
thiopyrans, 19 

tricyclopentanes, 224 

trimethylenemethane, 221 
tropane alkaloids, synthesis, 214,310 
tropones and tropolones, synthesis, 

214,335 

aP-unsaturated carbonyl compounds, 
40,108 

heterodienes in Diels-Alder reaction, 
178; photocycloaddition reactions, 
347; synthesis, 303,313 

vinylallenes, 167 

vinyl ethers, as dienophiles, 3,40,108-110 
vinylketene acetals, dienes in Diels-Alder 

reaction, 29-31,118-120,125 
vinylketenes, [2+2] cycloadditions, 

335,337,345 
vinyl sulphoxides, 7 

vinyl sulphones, 4,6 

zizaene sesquiterpenes, 212 

zinziberenol, 6 
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