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I Introduction 

A number of authors have published review articles, 
either specifically on cycloadditions, or incorpora- 
ting cycloadditions as a major theme in their 
articles. ',' Cycloadditions of vinylheterocycles have 
also been reviewed.3 Preparation of indole a1 kaloids 
by Diels-Alder reactions of vinylindoles has been 
described by Blechert.' Several articles within one 
issue of Chemical Reviews cover aspects of 

cycloadditions: transition metal mediated (Lautens), 
domino reactions (Tietzej, tandem 
[4 + 21-[3 + 21-reactions (Denmark) and tandem 
Diels-Alder reactions ( Winkler).'-8 The use of 
N-acylnitroso hetero Diels-Alder approaches to 
nitrogeneous natural products has been reviewed." 
The [4 + 41-cycloaddition area has been the subject 
of a recent review."' 

2 [2 + 21 -Cycloadditions 

Photocycloaddition strategies have proved valuable 
in a brief approach to the asteriscanolide skeleton" 
(Scheme 1 j and to ( +)- and ( -)-grandisol." A new 
route to indolizidine and pyrrolizidine alkaloids 
involves a [2 + 21-cycloaddition between ketenes and 
ene carbamates." Thermal intramolecular cyclo- 
additions of phenylsulfonylallenes lead to 4,6-fused 
systems (Scheme 2)." An attempted intramolecular 
Lewis acid promoted conjugate addition of a prop- 
2-ynylsilane to an enone results in a mixture of the 
desired spirocycle and the cyclobutene (Scheme 31.'' 
The formation of this silicon retaining product is 
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Scheme 6 
Scheme 3 

hosts." Homochiral ketenes add to imines in a 
diastereoselective fashion allowing 
nonracemic fi-lactams (Scheme 6).23 

highly unusual. Silicon has been used as a temporary 
tether in cycloadditions of enynes to yield cyclo- 
butenes.I6 The use of a carbohydrate template 

to 

allows asymmetric induction in an intramolecular 
photoreaction of allenes." Lewis acid catalysed 
reaction between a silylketene and a dienal is the 
key step in the first total synthesis of (-)-lipstatin 
(Scheme 4)." The use of methylaluminoimidazolines 
a I 1 ow s e n anti o s e 1 e c t ive approaches to oxe t a n o n e s . 
Chelation control by magnesium bromide etherate 
allows asymmetric synthesis of p-lactones.'" 
Cyclobutanopyrrolidinones are available via Lewis 
acid catalysed addition of a ketene dithioacetal to a 
homochiral unsaturated lactam (Scheme 5)' '  
Another asymmetric approach to four-membered 
rings involves irradiation of compounds in chiral 
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3 [3 + 21-Cycloadditions 

3.1 Azomethine ylides 

A simple one-pot reaction between benzaldehyde, 
benzylic amines and dipolarophiles proceeds via the 
intermediacy of the azomethine ylide yielding diaryl- 
pyrrolidincs or triaryloxazolidines in a stereo- 
selective manner (Scheme 7).24 A ncw type of 
azomethine ylide allows access to thiolactams and 
cyclic thiocarbamates (Scheme 8).15 New routes to 
azomethine ylides include photochemical reactions 
of N-(trimethylsilylmethyl)phthalimides (Scheme 
9)20.27 and NBS oxidation of allylic tertiary amines 
(Scheme The latter proceeds via an iminium 
ion that is used to generate the azomethine ylide in 
situ. This constitutes a key step in a synthesis of 
( )-quinocarcinamide. Complexation of pyrroles 
with an osmium species generates an azomethine 
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ylide that undergoes [3 + 21-cycloadditions to furnish 
7-azanorbornanes (Scheme 1 l)." Azomet hine ylides 
derived from x-amino acid esters add in an exo 
selective fashion to homochiral rnethylene oxazolidi- 
nones providing a route to polyfunctionalised 
prolines (Scheme 12).30 The addition of such dipoles 
to N-acryloyl (5')-proline esters and other homo- 
chiral acrylates has been investigated by a number 
of workers allowing access to a variety of 
homochiral pyrrolidines (Schemes 13,14)." '' 
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3.2 Nitrones 

Ketone enolates can be used as dipolarophiles in an 
intramolecular [3 + 21-cycloaddition with nitrones 
(Scheme 15).'" Alkynyl Fischer carbene complexes 
undergo chemo- and regio-selective reaction with 
nitrones to provide 2,3-dihydroisoxazole carbene 
complexes (Scheme 16).37 Facile oxirne-nitrone 
isomerisations have been noted in a number of 
systems. In the presence of an intramolecular trap, 
complex polycyclic frameworks can be rapidly 
assembled (Scheme 17).'s.3y Intramolecular trapping 
by alkynes or allenes allows access to a variety of 
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bicyclic heterocycles (Scheme Cyclic nitrones 
undergo regio- and stereo-selective addition to 
homochiral butenolides." Interestingly, azomethine 
ylides give poor results with these dipolarophiles. 
Unsaturated lactams derived from (S)-pyrogluta- 
mino1 also undergo regio- and stereo-selective 
cycloadditions with nitrones (Scheme 19)." 
Homochiral nitrones such as I ,  2 , 3  and 4 have been 
examined by a number of groups.'"'" An elegant 
tandem sequence involvcs reaction of aldoximes 
with divinyl sulfone (Scheme 20). This triggers 
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Ph' 

0 
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nitrone formation and subsequent intramolecular 
cycloaddition." High diastereoselectivities are 
observed when the aldoxime has an a-chiral centre 
that is part of a ring. Another tandem process 
involves titanium( I V )  isopropoxide mediated 
t r an se s t e r i fi cat ion of 2 -met h oxy ca rbo n y 1 n it r o ne s 
with allylic alcohols followed by cyclisation (Scheme 
21).'s.J9 Related species bearing an ether rather than 
ester linkage also cyclise in a highly stereoselective 
fashion (Scheme 22).'(' 

3.3 Nitrile oxides 

Nitrile oxides undergo [3 + 21-cycloaddition to 
nitriles to furnish 1,2,4-oxadiazoles (Scheme 23)." 
Addition to polyfunctional enamines allows access 
to trisubstituted isoxazoles (Scheme 24).'2 The 
chemoselectivity issues with addition to enynes have 
been resolved by generating a dicobalt hexacarbonyl 
complex of the alkyne. Cycloaddition then occurs in 
a chemo, regio- and stereo-selective fashion 
(Scheme 25)." I n  natural product synthesis, a Taxol 
precursor has been prepared from the oxime 5 
which on oxidation with NaOCl produces the nitrile 
oxide necessary for intramolecular cycloaddition 
(Scheme 26)." Polycyclic homochiral 
tetrahydrofurans can be obtained by spontaneous 
intramolecular cycloaddition of glucal derived nitrile 
oxides generated irz situ from the oxime precursor 
(Scheme 27)." 
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+ using the cyclopropyl TMM analogue 8, changing 
from triisopropyl phosphite to a bidentate 
phosphorus ligand results in a reversal of 
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regiochemistj in the addition to dimethyl 
benzylidenemalonate (Scheme 29)." Motherwell has 
explored the use of methylenecyclopropanes in 
intramolecular [3  + 2]-cycloadditions to alkenes and 
alkynes as a powerful routc to polycylic frameworks 
(Schemes 30, 31).50-0' An alternative to using 
palladium catalysed reactions is to generate a cation 
radical reactive intermediate from a cyclopropane. 
In the presence of an internal olefinic trap, 
[3 + 21-cycloaddition occurs (Scheme 32)."' 
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3.4 Palladium generated species 
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Palladium catalysed [3 + 21-cycloadditions involving 
Trost's trimethylenemethane (TMM) precursor and 
related compounds are popular approaches to the 
preparation of methylene cyclopentanes. 
Unsaturated carbohydrates bearing sulfone or nitro 
groups to  activate the double bond can be used as 
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3.5 Carbonyl ylides 

Isomunchnones generated from diazoimides by 
rhodium mediated decomposition and cyclisation 
onto the imide carbonyl undergo trapping by 
internal olefins in an ex0 selective fashion to form 
cyclic structures (Scheme 33)."' This has been used 
as an approach to lysergic acid (Scheme 34)."4 
Mesoionic oxazoles generated from amino acids 
have been used in an approach to the calcium 
channel activator FPL 64176. A model scquence is 
shown in Scheme 35.65 The use of other carbonyl 
ylides generated from the cyclisation of rhodium 
carbenoids onto carbonyl groups has produced an 
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approach to the pterosin sesquiterpenes (Scheme 
36),6("."7 the Aspidusperma alkaloids (Scheme 37)"' 
and other complex polycyclic structures.69 I n  some 
instances, the carbonyl ylides do not undergo 
[3 + 21-cycloaddition; rather rearrangement by 
proton transfer occurs, followed by other reaction 
 pathway^.^" Thiocarbonyl ylides can be generated 
thermally from bis(trimethylsilylmethyl) sulfoxides 
and then trapped to form di- or tetra-hydrohydro- 
thiophenes (Scheme 38)." 
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Scheme 38 

3.6 Other [3 + 21-cycloadditions 

Cationic species can undergo formal [3 + 21-cyclo- 
additions as evidenced by the work of Mann on the 
ergot alkaloid skeleton (Scheme 39),72 Moody on 
cyclopent[b]indoles (Scheme 40)73 and Kuwajima on 
cyclopentanone~.~' A variety of alkynyl and alkenyl 
Fischer carbene complexes undergo formal 
[3 + 21-cycloadditions to yield a variety of cyclo- 
pent a d i e n e ~ . ~ ~ - ~ ~  
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4 [4 + 21 -Cycloadditions 

4.1 Natural products as targets 

A number of major natural products have enjoyed 
approaches using a [4 + 21-cycloaddition. These 
include an intramolecular Diels-Alder (IMDA) 
approach to taxanes (Scheme 41),7s and to baccatin 
111 models (Scheme 42).70s" In the latter, the 
stereochemistry of the benzyloxy substituent at C-10 
is crucial to the success of the IMDA reaction. The 
epimcric species undergoes 1,4-elimination of benzyl 
alcohol to give a tricne that cyclises to give a 
[6.6.6]-fused product, as well as retro-ene-hetero 
Diels-Alder products. The key step in a synthesis of 
the triquinane ( & )-pentalenene involves an 
intramolecular [4 + 21-cycloaddition of an in situ 
generated cyclopentadiene (Scheme 43)'' The 
carbon skeleton of the piperidine alkaloid (+)- 
himbacine is assembled viu a diethylaluminium 
chloride-silica gel promoted intramolecular 
cycloaddition, giving the desired erzdo adduct as the 
major product (endo:exo 20: 1; thermally the ratio is 
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a poor 3:2) (Scheme 44)." The alkaloids lagun- 
amine, isolagunamine, condylocarpine and iso- 
condylocarpine are all available from a common 
precursor assembled by an intramolecular cyclo- 
addition of a 2-vinylindole (Scheme 45).s3 The 
diterpene portion of the radarin indole alkaloids can 
be assembled by cycloaddition of a phenylthiobuta- 
diene (Scheme 46).s4 The tricyclic trans decalin core 
of the azadirachtins can be generated from an 
intramolecular cycloaddition of a variety of trienes, 
but the reactions give a mixture of four diastereo- 
me rs -85 The lycorine alkaloids have been a popular 
target of IMDA approaches, with contributions 
from several g r o ~ p s , ~ ~ ' . ~ ~  Castedo utilising an 
a-pyrone as a key intermediate (Scheme 47). An 
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CAN 

76% 14 : 1 mixture of 
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4.2 1,4-Dipoles 

Padwa has exploited intramolecular [4 + 21-cyclo- 
additions of 1,4-dipolar heteroaromatic betaines in 
approaches to a variety of nitrogen containing 
polycyclic frameworks, in including epi-eburna- 
menine (Scheme 50)u'~07 Recent work in this area 
has been reviewed.y3 

C02Me 
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4.3 Metal assisted reactions 

A dioxenylmolybdenum carbene complex, on 
reaction with enynes, is thought to provide a 
cyclopentadienyl intermediate which subsequently 
undergoes intramolecular [4 + 21-cycloaddition 
(Scheme 51).y4 It is presently unclear whether that is 
a simple thermal reaction or is metal templated. 
Wender has used nickel(0) catalysed intramolecular 
cycloadditions as a powerful route to vitamin D 
analogues (Scheme 52)y5 and to the yohimban 
alkaloid skeleton (Scheme 53).'" He has also applied 
rhodium catalysed intramolecular cycloadditions to 
a variety of [6.5]-, [6.6]- and [5.7]-fused ring systems 
(Scheme 54).97 Zirconacyclopentadienes undergo 
cycloaddition with alkynes in the presence of copper 
chloride (Scheme 55)."' Cobalt substituted dienes 
react with dienophiles, in the case of maleic 
anhydride, in an e m  selective manner (up to 20:l) 
(Scheme 56).y0.'0'' With other dienophiles, selectivity 

intermolecular approach to epibatidine relies on a 
[4+2]-cycloaddition of a pyrrole to an alkynyl 
sulfone (Scheme 48)" An intermolecular benzyne- 
furan cycloaddition has been used to prepare the 
antibiotic C104 (Scheme 49).'" An alternative 
approach to the angucycline antibiotics by Larsen 
uses more conventional Diels-Alder chemistry,"" 
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Scheme 57 

is poor. The cobalt can be readily removed without 
compromising the integrity of the cycloadduct. 
Phenylalkynyl tungsten carbene complexes react 
with amino-substituted butadienes yielding [6.5.6]- 
systems (Scheme 57)."" Furans substituted with the 
electron donating cyclopentadienyl tungsten- 
(tricarbonyl) group undergo Diels-Alder reactions 
with electron deficient dienophiles.'"' Vinylboranes 
undergo IMDA reactions, giving a two step 
approach to truns decalins (Scheme 58)."'.' 
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4.4 New catalysts 

Lewis acid catalysis of a Diels-Alder reaction in 
water has been reported. In the presence of 10 m M  
copper(1i) nitrate in water, there is a 250 000-fold 
rate enhancement over that in acetonitrile for the 
reaction between cyclopentadiene and 3-(4- 
nitrophenyl)-l-(2-pyridyl)propen-l-one.l')4 A new 
combination for the Diels-Alder reaction of 
nitroalkenes has been reported. This involves the 
usc of 4 M lithium perchlorate in nitromethane at 
room temperature, an improvement over both 
thermal and 5 M lithium perchlorate in ether 
conditions that were also examined.Io5 Lithium 
perchlorate in ether was used as a catalyst for the 
[4 + 21-cycloaddition of an N-hydroxypyrrole 
(Scheme 59)."'" The reaction failed under 
conventional thermal conditions in a number of 
solvents and also failed in the presence of 
aluminium chloride, titanium tetrachloride and 
boron trifluoride-diethyl ether. Silver perchlorate in 
combination with either diphenyltin sulfide or 
Lawesson's reagent have been reported as effective 
catalytic promoters for the Diels-Alder reaction."" 
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Scheme 59 

4.5 Asymmetric reactions 

Favourite chiral auxiliaries in asymmetric Diels- 
Alder methodology include the sulfinyl and 
sulfoximine moieties. Carretero and Ruano have 
shown that the cycloaddition of the enantiopure 
sulfoxide-bearing trialkoxycarbonyl alkene 9 with 
cyclopentadiene under Lewis acid catalysis can 
proceed with good selectivity (ratio of the four 
diastereomers up to 90:4:6:0) (Scheme 60).IoH The 
use of acyclic dienes gives product dienes (after 
elimination of toluenesulfinic acid) with low 
enantiomeric excess, indicating lower 7-c-facial 
selectivity in these cases. Cyclopentadiene similarly 
produces good results with the homochiral 

Scheme 60 

major isomer 
(goyo of product) 

tolylsulfinylfuran 10 under Lewis acid catalysis (the 
best was 96:4 endo: exo, 97% diastereomeric excess 
within the endo pair)."'" A new wsulfinylacrylate 11 
derived from ( lR, 2S, 3R)-3-mercaptocamphan-2-ol 
reacts with cyclopentadiene under zinc chloride 
catalysis at -78 "C to give in 84% yield essentially a 
single cycloadduct (99.7% endo adduct. attack from 
the si-face; 0.3% exo adduct, si-face attack) (Scheme 
61). ' I ( '  

11 99.7% 
endo, si adduct 

Scheme 61 

In an intramolecular sense, Craig has used a 
variety of sulfoximine-substituted trienes to study 
diastereocontrol, with the best results being 
obtained from the 1,6,8-decatriene 12, yielding only 
one trans and one cis product, in the ratio of 9:l 
(Scheme 62)."' A proline derived auxiliary has been 
used by Schlessinger in an enantioselective synthesis 
of ( +)-cyclophellitol (Scheme 63), utilising a doubly 
diastereofacially selective Diels-Alder reaction with 
an allenyl diester,"' and in an approach to the 
highly oxygenated core of the zaragozic acids.Il3 
N-Acryloyl derivatives of a new oxazolidinone 
derived from D-diphenylalaninol react in a highly 
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- 
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Scheme 62 
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Scheme 63 

diastereoselective manner ( > 99% de) with 
isoprene, the high control being assumed to result 
from n-stacking interactions with one of the phenyl 
groups (Scheme 64).!'' A range of constrained 
phenylglycinols have been used to prepare related 
N-butcnoyloxazolidinones, such as 13, and the use 
of these has been investigated in reactions with 
isoprenc and piperylene. The reactions occur with 
high endo selectivity and high diastereocontrol."' 
Optically active 2-alkoxybutadicnes preparcd from 
chiral alcohols, undergo [4 + 2]-cycloadditions with, 
for cxample phenytriazolinedione (PTAD), 
providing adducts with good diasteromeric excesses 
(87-91 %)."" 

0 

Ph 
>99% de 

Scheme 64 

0 0  

13 

The use of homochiral cyclitols as chiral 
auxiliaries in the reaction between an acrylate ester 
and cyclopentadiene is reported to have a striking 
solvent dependence."' With titanium(iv) chloride in 
ether, the ratio of (S)-endo to (R)-endo is >99:l. 
This is reversed to 25:7S by simply using toluene as 
the solvent, although the yield is poor in this case 
(Scheme 65). Reaction of (3R, SS)-5-benzoyloxy- 
2,2,6,6-tetramethylhept-3-yl acrylate 14 with 
cyclopentadiene in the presence of a combined 
o-phenylene mercury-titanium(iv) chloride catalyst 
gives mainly (71%) endo, 29% e-xo) the endo pair of 
norbornene cycloadducts, with the (R) : (S )  ratio 
within the endo pair being 71:29.!" This ratio is 
reversed to 1931 if titanium(iv) chloride is used 
alone. These results are interpreted by suggesting 

S- endo R- endo 
TiCI4, Et20, -78 "C >99 <1 

TiCI4, PhMe, 0 "C 25 75 

U 

Scheme 65 

14 
Me 

15 

that titanium(1v) chloride stabilises the s-trans 
conformation of the unsaturated ester, whereas the 
comb i n e d in e rcu ry - t it an i u m cat al y s t stab i 1 i ses t h e 
s-cis. The ( -)-8-phenylmenthyl ester 15 reacts with 
cyclopentadiene in the presence of FeCI2I giving 
only the (R)-exo adduct."' An (S)-allene-l,3- 
dimenthyl ester reacts with cyclopentadiene under 
aluminium chloride catalysis furnishing a high yield 
of a single homochiral endo adduct."" 

High pressure reaction between the homochiral 
r,/Gdidehydroamino acid 16 and 1 -trimethylsilyloxy- 
butadiene gives a 6:3:1 ratio of the syn endo:syn exo: 
mixture of anti products, providing a route to 
optically pure cyclohexane amino acids (Scheme 
66)."' The effect of heterogeneous catalysis (silica 
gel, alumina) in the absence of solvent on the 
reaction between ( -)-menthy1 N-acetyl 
x ,/j-d i d e hydro a 1 an in ate and c y cl ope n t ad i e n e has 
been investigated.'" The e.xo:endo ratio is poor (ca. 
2:l) but one of the exo pair is formed almost 
exclusively ( > 97:3). A constrained homochiral 
r,/Gdidehydroamino acid 17 reacts with simple 
butadienes to give adducts with good diastereofacial 
selectivity.'?' All four 1 -arnino-2-phenylcyclohexane- 
1 -carboxylic acids have been prepared in enantio- 
merically pure form by Cativiela and then used as 
chiral auxiliaries in the reaction between the 
appropriate N-acryloyl derivative and cyclopenta- 
diene.'?' In the best case, the erido:exu ratio was 

. -0 Lox 
syn-endo 16 

Scheme 66 
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99:1, with the (R)-endo predominating over the 
(S)-endo by 9: 1. L-Arabinose tricarbonyl- 
chromium(0) acrylates, for example 18, undergo 
Lewis acid catalysed asymmetric Dicls-Alder 
reactions with dienes.’?’ Nitroalkenes appended to 
D-galactose or [,-mannose skeletons undergo 
regioselective, and in the case of the [,-galactose 
derivative, si-face specific, additions to 
I -0 -subs t i t u t e d I ,3 -but ad i e n e s . ’ ”’ 

An intramolecular Diels-Alder approach to 
homochiral cis decalins is based on a carbohydrate 
template (Scheme 67).12’ The enantioselective 
addition of 3-butenoyl- I ,3-oxazolidiii-2-one to cyclo- 
pentadiene catalysed by dichlorotitanium complexes 
of homoc h i ral x ,  x ,  x ’ , x ’- te t raaryl- 1,3 -d i 0x01 a ne- 
4,5-dimethanols (TADDOLs, 19) has been system- 
atically investigated by Scebach.’2h Best results 
(endo:exo W10, 94% ratio within the erido pair) 
were obtained at -78 “C in the presence of 4 A 
molecular sieves using 15 m d %  catalyst generated 
irz situ in toluene. Reactions of 3-methylthiofuran 
with 3-acryloyl- 1,3-oxazolidin-2-ones using these 
chiral catalysts have also been examined.”” The 
mechanism of titanium TADDOLate catalysed 
asymmetric Diels-Alder reactions has been investi- 
gated by J@rgensen.’”’ A model to explain the 
stereocontrol observed is invoked that bears the 
four oxygens o f  the TADDOL and the N-acylox- 
azolidine bound to the titanium in an equatorial 
plane with the two chloride ions in axial positions 
(20).”’ An X-ray crystal structure of such a chiral 

0 

0 Ph 

17 

0 

Scheme 67 

titanium olefin complex assisted the generation of 
this model. 

Coreyhasrecentlyusedahomochiraldiazaalumino- 
lidine in a catalytic asymmetric Diels-Alder 
approach to the preparation of  gracilins B and C 
(Scheme 68).”’ The key Diels-Alder step occurred 
to give a product with 95% enantiomeric excess. 
Other examples of homochiral catalysts used include 
titanocene complexes 21,“’ a magnesium complex of 
the ti-phenylglycine derived oxazoline 22,”‘ a variety 
of oxo(salen)manganese(v) complexes 23,”j copper( 1 1 )  

bisoxazolines”” and a polymer-supported oxaza- 
borolidinone derived from N-sulfonyl amino acids. ’’ 
Differentiation o f  cnantiotopic double bonds in a 
Diels-Alder process using a homochiral cyclopenta- 
dime provides a novel approach to enantiopure 
fluorocyclohexenones (Scheme 69). ” Winterfeldt 
has published a feature article on  this work.”” 

0 Bu’ 

Me3Si 

‘(= 

Scheme 68 

PhMe, -78 “C 
89% 

21 

0 
w I PhMe 

22 

H Q-. 

SiMe, Q:b 
0 

95% ee 

-N, + ,,N- 

Bu‘ ~ O ” 0 ~ B u t  P Fe- 

23 

4.6 Ionic reactions 

Tetraenes can undergo intramolecular ionic Diels- 
Alder reactions on  treatment with trifluoromethane- 
sulfonic acid (Scheme 70).’“’ A variant on  
Gassman’s ionic Diels-Alder reaction of x,/>’-unsat- 
urated acetals involving cyclic vinyloxocarbenium 
ions has been described. By using chiral x,/>’-unsat- 

19 20 
urated ketoncs bearing an 2’-hydroxy group 
(protected as an acetal), the authors were able to 
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Scheme 70 

cat. CF3S03H 

CH2CI2 
86% 5:, H 

cat. HBF4 CH C12 
ii. M~OH', T ~ H  

70% / \  

90 : 1 mixture of isomers 

Scheme 71 

Scheme 72 

generate a diastereoselective procedure which on 
acetal hydrolysis lead to optically enriched products 
(Scheme 71)."' Grieco has described the use of acid 
catalysed ( 1  mol% CSA) Diels-Alder reactions of 
ketals and orthoesters of enones in 4 or 5 M lithium 
perchlorate-ether (Scheme 72)."? A cationic zirco- 
nocene species, generated from zirconocene 
dichloride by treatment with silver( I )  perchlorate, 
allows formation of vinyloxocarbenium ions from 
Q-unsaturated esters of glycidols (Scheme 73)."' 
These intermediates cyclise to yield cyclohexene 
carboxylic acids in a stereoselective fashion. 
Addition of a one electron oxidant, such as 
Ar3NSbF,, to an electron rich arylallene and a 
substituted cyclopentadiene results in rapid, highly 
chemo-, regio- and facially selective Diels-Alder 
cycloaddi t ions."' 

Anionic reactions have also been described, 
i n c 1 u d i n g c y cl o ad d it i o n s of i n d o I e - 2,3 - d i e no 1 ate s 

* b""." qo& Cp2ZrC12, 

AgC104, 
CH2C12, room temp. 
ii. H20 
iii. LiOH-THF-HzO 

0 

Scheme 73 

leading to a regiospecitic carhazole synthesis 
(Scheme 74)''' and of the triethylammonium salt of 
a 3-hydroxy-2-pyrone (Scheme 75)."" Lithiated 
phenylacctonitriles can react with arynes t o  producc 
anthracenes (Scheme 76),"' although a tandem 
add it  i o n - r c a r r a ngc m e n t reaction pathway can occur 
instead. Perhaps the most exciting use of an anionic 
reaction is the cycloaddition o f  a pyrone to the 
sensitive quinone imine as a successful approach to 
the synthesis of (+)-dynemycin A (Scheme 77).IJs 

0 

O - f H  i. LDA, THF, - 7 y C  Q-nCoIMB 

N C02Me 
ii. DMAD, room temp. 

76% N Me 
Me Me 

Scheme 74 

f NEt3 

OH 
Me 

endo: exo 8.5 : 1 
0 

100 "C 

Scheme 75 

LDA 
THF, -70 "C 

58% CI 

CN 

Scheme 76 

4.7 Transannular reactions 

Deslongchamps' group has again provided the 
premier published material in the transannular 
Diels-Alder area, focusing on reactions of cyclo- 
pentadecatrienes."Y-'i3 The energy of activation for 
14 + 21-cycloaddition of macrocyclic trienes is lower 
than for the acyclic case and allows rapid entry into 
tricyclic structures bearing four new stereogenic 
centres. The use of an internal diene of trans, trans 
configuration allowed synthetic access to the trans, 
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4.8 Tethered reactions 

V I i.mo 
I OLi I OMOM 

1 ii. PhI(OCOCF& - 
C02MOM 

OMe 

Scheme 77 

syt7, trans ABC [6.6.7] ring system o f  8-epi-aphidi- 
Colin, using an unprecedented stereospecific tandem 
transannular Diels-Alder aldol reaction sequence 
(Scheme 78).'" Some macrocyclic trienes have been 
observed to interconvert thermally viu [ 1,5]-hydro- 
gen shifts, thus complicating the transannular Diels- 
Alder picture.'53 Semi-empirical calculations have 
been used successfully to answer questions posed by 
this competition between pericyclic processes. Lewis 
acids have been used for the first time in a trans- 
annular process and do indeed accelerate the 
reaction."" Shing reported a synthesis of (-)-oblon- 
golide in which he was able directly to compare 
intramolecular and transannular [4 + 21-reactions 
(Scheme 79).15' He found that the latter process was 
superior, delivering the product in higher yield in a 
shorter time at a lower temperature than the intra- 
molecular variant. 
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(-) oblongolide 

Intramolecular Diels-Alder reactions of trienes 
containing either ether or ester tethers have been 
described by Craig (Schemes 80, 81).'5s,'s6 The 
removable tether allows higher levels of regio- and 
stereo-control than would be accessible viu an inter- 
molecular approach. Siloxane tethered bis-dienes 
undergo stereoselective intramolecular Diels-Alder 
reactions (Scheme 82), the products of which can be 
transformed to cyclohexencdiols by Tamao oxida- 
tion.15' A temporary silicon tether has been used in 
a key step in the preparation of (+)-adrenos- 
terone,'" and in the preparation of vitamin D3 
analogues by Posner (Scheme 83).Is9 The use of 
temporary magnesium and aluminium tethers has 
been reported by Stork.'h0 Addition of vinyl- 
magnesium or aluminium species to a lithium 
alkoxide followed by heating allows access to the 
cyclohexenemethanol (Scheme 84). The reaction is 
remarkably tolerant of steric bulk, allowing di- 
substitution at the P-position of the vinyl organo- 
metallic or at the d ime terminus. Addition of 
phenylboronic acid is thought to provide a tempo- 

C02Me 
H 1  

165 "C 

only 

Scheme 80 

u.-lfo-C02Me 0 

180 "C 
65% 

0 

major product 
7 : 1 mixture 
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Scheme 86 
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(1 0 : 1 mixture of stereoisorners) 

Scheme 83 
q 

Ph 
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PhB(0H)p 
PhH. heat 

Scheme 85 

rary boron tether which reverses the normal regio- 
selectivity of a cycloaddition, allowing access to a 
key Taxol intermediate (Scheme 85). '" '  

4.9 Tandem reactions 

Tandem Diels-Alder sequences have been 
described, including an approach to Taxol by 
Winkler (Scheme 86).lh' Giguere reports on the first 
example of a branched tandem intramolecular 
process, involving sequential reactions of the alkyne 
24.IfT3 A powerful stereoselective approach to a 
variety of ring systems, including pyrrolidines and 
cyclohexanes, is the tandem [4 + 21-[3 + 21-cyclo- 
addition of nitroalkenes pioneered by Denmark 
(Scheme 87).Ih4 The reactions can be carried out in 
an asymmetric fashion with high enantiomeric 
excesses by utilising chiral e n d  ethers"' or chiral 

SnC14 
CHzCl2 
-78 "C 
89% 

exo : endo 24 : 1 

xylene, heat 
NaHC03 
82% I 

Scheme 87 

heterodienes."'" Denmark has used this as a route to 
( - )-rosmarinecine (Scheme 88).'"' 

4.10 o-Benzoquinones, o-quinodimethanes and 
related species 

o-Benzoquinones have been reported to react with a 
variety of acyclic dienes, producing benzodioxine 
adducts (Scheme 89).'0s The use of 1 -methoxybenzo- 
cyclobutenes substituted with alkoxy groups in the 
benzene nucleus as o-quinodimethane precursors 
has been reported by Keay (Scheme 90).'6" The use 
of methoxy- rather than hydroxy-cyclobutenes allows 
access to the desired naphthalene substitution 
pattern (the hydroxybenzocyclobutene produces 
none of the desired cycloadduct, rather producing a 
product thought to arise from a [ 1,5]-hydrogen shift 
in the o-quinodimethane). Useful functionality, such 
as a Weinreb amide, can be introduced into the 
naphthalene nucleus in this manner. An intra- 
molecular approach to the polycyclic framework of 
the kaurane diterpenes involving a benzocyclo- 
butene as an o-quinodimethane precursor has been 
described. '"' Cathodic reduction of Y,r'-dibromo- 
I ,2-dialkylbenzenes in the presence of dienophiles 
such as maleic anhydride yields cycloadducts via the 
intermediacy of the o-quinodimethane."' Dieno- 
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Scheme 91 

loss of phenylthio radical to generate the reactive 
intermediate. In the absence of electric current, the 
cycloadditions do not occur. Ring expansion of 
allenyl cyclobutenones generates quinomet hanes in 
situ. Intramolecular trapping can lead to the 
preparation of enantiomerically pure hexahydro- 
cannabinols (Scheme 92).17' Two related approaches 
to an asymmetric synthesis of the podophyllotoxin 
skeleton have been reported, each involving an 
o-quinonoid intermediate (Schemes 93, 94).'71.'7s 
Chiral tricarbonyl (qh-cyclobutabenzene)chromium 
complexes have been prepared in a diastereoselec- 
tive fashion and then used as precursors for 
o-q u i n od i m e t h an e s i n asy m metric cy clo ad d i t i on 
reactions (Scheme 95).'76 Vinyl sulfones react with 
good to excellent ex0 selectivity whereas methyl 
acrylate prefers an endo mode of addition. Other 
workers have used racemic tricarbonyl ($-cyclobuta- 

naphtho-thietes, and new equivalents for them, have 

OAc 

PhMe 
120 "C "@oAc benzene)chromium c ~ m p l e x e s . ' ~ ~  Benzo- and 90% 

Scheme 89 

OMe 

L OH 
OMe 

@-f N:OMe Me 

OMe 

Scheme 90 
Scheme 92 

85% I 
I 

OMe 

OMe 

philes bearing only a single activating group produce 
lower yields owing to competing dimerisation- 
polymerisation of the o-quinodimethane. In related 

o-[ 1 -(phenylthio)alkyl]phenols in lithium Me0 OMe 
perchlorate-nitromethane is presumed to produce 

PhMe, heat chemistry, electrochemical oxidation of 58% 

Me0 OMe 

OMe 
an o-quinomethanc in situ and this can be trapped 
by dienophiles (Scheme 91).17? The chemistry allows R * =  AH (s) 

Ph 

\ C02Me access to chromanes containing the euglobal 
skeleton. The reaction is suggested to occur by 
single electron oxidation of the sulfide followed by Scheme 93 
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Conversion of the dichloro compound 25 to the 
diiodide followed by a 1,4-elimination of iodine 
allows generation of a pyridine o-quinodimethane. 
This can be trapped with N-phenylmaleimide, 
dimethyl fumarate, methyl acrylate and dihydro- 
furan (Scheme 98). In the case of methyl acrylate, a 
1 : 1 mixture of regioisomeric adducts is formed.'"' 
I n d o 1 o - 2,3 - q u i nod i m c t h a n e s generated by two 
different means have been used in an IMDA 
approachtopyrrolo[3,4-c]carbazolesandpyrido[4,3-~] 
carbazoles (Scheme 99).'" The use of 2,4-dihydro- 
p y r ro 1 o [ 3,4 -h ] in d o 1 e s as i n d o 1 e 2,3 - q u i nod i m e t ha n c 
equivalents and their trapping with dienophiles to 
produce carbazoles has been described (Scheme 

A quinoxaline 2,3-quinodimethane can be 
similarly prepared from the dibromo compound 26 
and then trapped with diethyl azodicarboxylate or 
dimethyl acetylenedicarboxylate (Scheme lOl).'" A 
quinoline 3,4-quinodimethane can be generated 
from the fused 3-sulfolene and trapped by diethyl 
fumarate (Scheme 102).Is4 The isomeric quinoline 
2,3-quinodimethane cannot be generated in this 

Me CI Me 

C02Me 

'C02Me 

Nal. DMF. 65 "C 

Cl cr 56% Cl 

25 

Scheme 95 
Scheme 98 

recently been described by Meier (Schemes 96, 
These benzo-fused 1,3-oxathiin-2-ones on 

thermolysis in the presence of dienophiles extrude 
carbon dioxide, generate the o-thiobenzoquinome- 
thane which is trapped in a [4+2]-process to yield 
thiopyrans. Flash vacuum pyrolysis in the absence of 
a trap produces the benzo- and naphtho-thietes. 
The generation of heterocyclic o-quinodimethanes 
continues to be a topic of great research interest. 
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Scheme 101 

Scheme 102 0 

0 
200 "C 

0 

0 

manner, presumably due to the low bond order of 

utilising a quinolene instead of a quinolone, thus 
providing a quinolone 2,3-quinodimethane (Scheme 

Pyrimidine and pyrimidone fused 3-sulfo- 
lenes on  heating extrude sulfur dioxide to yield 
pyrirnidinels" and pyrimidone"' derived o-quino- 
dimethanes which can be trapped with dienophiles 
to furnish Diels-Alder adducts (Schemes 104,105). 
In  a similar manner, thieno-,'Ss.'Sy pyrazolo-,'sv~'o" 
is oxazo 1 o - " and is o t hi azo 1 o - 3 - s u 1 f o 1 en e s ' " I can 
behave as precursors to o-quinodimethanes derived 
from thiophene, pyrazole, isoxazole and isothiazole 
respectively (Schemes 106-109). 
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4.1 1 Hetero Diels-Alder reactions CI CI 
99% Intramolecular hetero Diels-Alder approaches have 

been used by a number of workers as approaches to 
complex natural products, including Snider's 
synthesis of (&)-leporin A (Scheme 110)''' and 
Martin's approach to ( -)-ajmalacine and related 
heteroyohimboid alkaloids (Scheme 11 1) ."I3  
Inorganic perchlorates can have a marked effect on 
the course of an attempted hetero Diels-Alder 
approch tricyclic systems (Scheme 1 12).'"4 Lithium 
and barium perchlorates provide the desired 
adducts, whereas magnesium perchlorate gives the 
ene product instead. Enol ethers react with 

Scheme 104 

C02Et 

"C02Et 

53% 

Scheme 105 
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a-diketones to provide 1,4-dio~ines.'~' Lactams have 



nitrogen heterocycles. Recent examples include 
preparation of piperidines from N-phenyl-1 -aza- 
2-cyano-buta- 1 ,3-d iene~ '~~ and from alkenes plus 
enamines,""' pyridines and quinolines from N-arylal- 
dimines under lanthanide trifluoromethanesulfonate 

Ph a N O  - P h &  N O  c a t a ~ y s ~ s 2 0 1  ,202 (Scheme 115) and pyrimidines from 
1,3-diazabuta- 1,3-diene~.'~)~ Quinolinetriones react 
with aldehyde N,N-dimethylhydrazones to give 
1 &diazaanthracenetriones related to diazaquino- 
mycin A (Scheme 116).204 Ghosez has described 
striking rate enhancements of the reaction between 
unsaturated N,N-dimethylhydrazones and electron 
poor dienophiles in concentrated solutions of 
lithium trifluorosulfonimide in acetonitrile.'" 

H H 

Scheme 110 

QITTye H H' mesitylene Q T I e  t H H' .H .. Aqueous iminium salt aza and Diels-Alder a diene can reactions be catalysed between by an lantha- 

nide( 111)  trifluoromethanesulfonates.'O' Treatment of 

amines:')s with a Lewis acid yields cationic azabuta- 
dienes which react with dienophiles to give 
tetrahydroquinolines (Scheme 117). Two intra- 

\ heat 

CHO 

81% H-- 
\ arylthiomethylamines"" or arylsulfonylmethyl- 

major 

Scheme 11 1 molecular aza Diels-Alder reactions involving 
arynes have been used as an approach to the lyco- 
rines (Schemes 118,l 19),"'".2"' one involving an 
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Scheme 11 5 
Scheme 11 2 

Me q 1; :e* 

recently been shown to react, generally with the 
assistance of a Lewis acid, in a hetero Diels-Alder 

N-Acylthioformamides will similarly function as 

N-Selenoacylamidines allows access to selenopyrans 
and selenoazines (Scheme I14).'" Aza Diels-Alder 
reactions represent a powerful route of assembly for 

0 
fashion with Danishefsky's diene (Scheme I 13).1"6 CHCI3, room temp. 

dienes under titanium(1v) chloride ~atalysis.'~' 0 0 

Scheme 116 
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anionic amide cyclisation.'"' Indole can undergo 
intramolecular reactions with 1,2,4-triazines, leading 
to {j-carbolines after extrusion of nitrogen (Scheme 
120)."' The benzothiazole 27 has been shown to be 
a very reactive heterodienophile in both inter- and 
intra-molecular reactions with electron rich dieno- 
philes.'" Barluenga has shown that 2-amino-1 -thia- 
3-azabu t adie nes, gene rated in sitri from 
N-(trimethylsi1yl)imines and aryl isothiocyanates, 
react with electron deficient dienophiles to yield 
I ,3-thiazincs (Scheme 121).?" The use of dialkyl 
azodicarboxylates or PTAD allows access to 
1,2,3,5-thiatriazines. Schaumann has used the 
heterocumulenic N-sulfonylimines, generated in situ, 
in a [4 + 21-approach to sultams."4 Thiocarbonyl 

Ph Ph 

17C-18OoC, 5545% QTgph 
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Scheme 120 
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Scheme 122 

compounds, generated in situ, can be trapped intra- 
molecularly by a cyclopentadiene moiety, yielding 
unusual tricyclic structures (Scheme 122).2'5 
Oxathiine S-oxides undergo thermal retro Diels- 
Alder reactions generating a,% '-dioxo thioketone 
S-oxides that subsequently can be reacted with 
dienes or electron rich dienophiles (Scheme 123)."" 
The 'diene-transmissive' (tandem) hetero Diels- 
Alder reaction, whereby a cross conjugated divinyl 
ketone"' or thioketone2I8 reacts in two sequential 
[4 + 21-reactions, has been exploited by two 
Japanese groups as a powerful route to polycyclic 
frameworks (Scheme 124). Transannular hetero 
Diels-Alder processes have also been examined 
(Scheme 125).'" 
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C02Me 4.12 Asymmetric hetero Diels-Alder reactions 

Asymmetric hetero Diels-Alder reactions involving 
PhN AS >85% PhNAS C02Me nitroso compounds have been extensively investi- 

gated by Defoin's group.""."' Reported examples 
involve for example, the reaction of a C-nitroso 
derivative of D-mannose in a Diels-Alder reaction 
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Scheme 121 
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with sorbaldehyde O-methyloxime (providing a 
route to optically pure dideoxynojirimycin 
analogues) (Scheme 126) and the reaction of 
N-dienyl-id-pyroglutamate esters with acylnitroso 
species (providing dihydrooxazines with moderatc 
diastereoselection).”” A review of the group’s work 
on azasugar synthesis via this methodology has been 
published.”’ A homochiral tolylsulfinyl moiety 
attached to an unsaturated ketone allows 
asymmetric hetero Diels-Alder reactions to occur 
with enol ethers and styrenes (Scheme 127). 
Diastereomeric excesses arc excellent with the 
styrenes and poor with enol ethers.”’ Glucose 
derived aromatic aldehydes undergo diastereoselec- 
tive reactions with Danishefsky’s diene yielding a 9: 1 
mixture of isomers.”‘ Fishwick has published on the 
highly e.ro selective hetero Diels-Alder reactions of 
homochiral 2-(N-acylamino)- I -t hia- 1 ,3-dienes, 
allowing access to optically pure thiopyrans (Scheme 
128).’2i An enantioselective approach to pyrrolidines 
relies o n  Lewis acid catalysed reaction between a 
homochiral vinyl ether derived from (R)-2,2-di- 
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phenylcyclvpentanol and nitroalkenes (Scheme 129). 
The resulting cyclic nitronates are transformed 
readily to the pyrrolidines.”” A synthetic route to 
homochiral pipecolic acid derivatives involving an 
asymmetric aza Diels-Alder reaction between a 
camphorsulfonyl derived imine and Danishefsky’s 
diene unfortunately only proceeds with low dia- 
~tereoselection.”~ A 1,-glucose derived imine under- 
goes diastereoselective reaction with Danishefsky’s 
diene to yield a 9:l mixture of piperidones, the 
major isomer being taken through to a quinolizidine 
analogue of castanospermine.”h An approach to 
homochiral 5,6-dihydro-l,3-thiazines involving a 
thioacyl amidine and a homochiral olefin under 
magnesium bromide catalysis proceeded with 
complete diastereocontrol (Scheme 130). After 
removal of the chiral auxiliary using LiOBn, the 
optically pure benzyl ester was isolated.”” The use 
of chiral copper( 11) complexes and a striking effect 
of polar solvents such as nitromethane in the 
asymmetric hetero Diels-Alder reaction between 
glyoxylic esters and dienes has been investi- 

Enantiomeric excessess are high but 
there is a major problem with a competing ene 
reaction pathway. A modified binaphthol titanium 
complex also catalyses these reactions in  an 
asymmetric fashion.”’ Homochiral yttrium bis(tri- 
fluoromethanesu1fonamide)s have been used as 
catalysts in  reactions between glyoxylic esters and 
Danishefsky’s diene. Enantiomeric excesses are only 
moderate.”’ A catalyst prepared from (R)-BINOL 
[(R>-l,l‘-bi(2-naphthol)] and titanium(iv) isoprop- 
oxide allows enantioselective preparation of 
pyranones from aldehydes and Danishefsky’s diene 
(ees up to 97%).’‘4 Several groups have successfully 
used chiral chromium tricarbonyl complexes of 
subsituted benzaldehyde imines in Lewis acid cata- 
lysed aza Diels-Alder reactions with Danishefsky’s 
diene.235 ? i f 1  

diastereomeric excess (Scheme 131). 
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4.13 Miscellaneous 

Treatment of a dibromobenzopyran with butyl- 
lithium leads to 28, presumably via the 3,4-di- 
dehydro-2H- 1 -benz~pyran.'~' This can actually be 
trapped by furans in a [4+2]-sense. The hetaryne 
3,4-didehydrothiophene has also been generated 
and characterised by identification of [4 + 21-adducts 
with a variety of dienes (Scheme 132).23s The same 
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workers have prepared 3,4-disubstituted thiophenes 
by a cycloaddition-reversion sequence involving 
thiazoles and alkynes at very high temperature 
(Scheme 133).'39 The nitroisoxazole 29 acts as an 
equivalent of the hetaryne in Diels-Alder reactions 
as the nitro group can either be eliminated 
thermally or by base (Scheme 134).14" New methods 
for the generation of 2,3-pyridyne have recently 
been disclo~ed.'~' The first intramolecular cycloaddi- 
tion of a benzyne with an acyclic diene has been 
reported"' and then extended to a synthesis of 
pseudopterosin A and E aglycone (Scheme 135).'43 
A novel alkyne, 1 -(phenylseleno)-2-(4-tolylsulfonyl)- 
ethyne, has been used as a ketene equivalent in 
cycloadditions with d i e n e ~ . ' ~ ~  Agganval has intro- 
duced a chiral ketene equivalent 30.'4s Intramolecular 
activation of the sulfone 31 by boron trifluoride 
transforms an unreactive dienophile into 
a reactive one, giving a mixture of two adducts with 
cyclopentadiene.'"" This is thought to occur via the 
oxosulfonium ion 32. N-Ally1 lactams and enamides 
undergo Diels-Alder reactions with cyclopenta- 
diene, but only after iodine mediated a~tivation.'~' 
The reaction pathway is thought to involve a 
reactive iminium species, generated by iodolactoni- 
sation (Scheme 136). Similarly, the acrylate ester 33, 
unreactive itself, is activated by replacement of ethyl 
by pentafluorophenyl as in 34, allowing Diels-Alder 
reactions to occur."' Ultrasonic irradiation has been 
shown to enhance yield and stereoselectivity. but 
apparently only in halogenated solvents."" Micro- 
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wave irradiation enhances the rate of an intra- 
molecular Diels-Alder appraoch to compactin."" 
Enzymatic catalysis can also assist, with a crude 
preparation from Alternuria soluni allowing conver- 
sion of prosolonapyrone I11 to the exo [4+2]-adduct 
solanapyrone 
having 92% optical purity by HPLC. Enantioselec- 
tive catalysis is also provided by anti-metallocene 
antibodies.'i' Haptens produced from a ferrocene 
dicarboxylic acid were conjugated t o  keyhole limpet 
haemocyanin and bovine serum albumin. 
Monoclonal antibodies were obtained from mice 
under standard procedures. In  a reaction between 
4-carboxybenzyl tmns- 1,3-butadiene- 1 -carbarnate 
and N, N-dimethylacrylamide, antibody 4DS allowed 
access to a single enantiomer of  the ortlio eiiclo 
adduct (9S% ee), whilst antibody 13DS allowed 
access to a single enantiomer of the ortho exo 
adduct (95% ec). Antibodies can also catalyse the 
hetero Diels-Alder reaction, in this instance a 
reaction between piperylene and a nitroso 
die nop h i I e . " ' 

This product was assessed as 

5 (4 + 3]-Cycloadditions 

Barluenga's group have used [4 + 3]-cycloadditions 
between vinyl Fischer carbene complexes and 
aminobutadienes and azadienes as a synthetic route 
to cycloheptanediones'" and azepines"' respectively 
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(Schemes 137, 138). The methodology can also 
utilise x,/l-unsaturated oximes as the diene compo- 
nent and alkynyl Fischer carbene complexes as the 
three atom moiety (Scheme 139).'i" NMR Studies 
suggest an ionic mechanism is in operation, 
proceeding via nucleophilic addition of the imine 
nitrogen to the carbene. Additional evidence for this 
pathway is provided by an X-ray crystal structure 
elucidation of a chromium bearing zwitterionic 
intermediate 35.'55 The reaction can also be 
conducted using chiral, non-racemic carbene 
complexes. Although the diastereomeric excesses 
were only moderate (cu. 40%), the major diaster- 
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eomer crystallised out in each case, allowing isola- 
tion of enantiomerically pure azepines. In the 
carbocyclic series, the use of a prolinol derived 
aminobutadiene allowed access to trisubstituted 
cycloheptane-l,3-diones in moderate to high 
enantiomeric excess.253 The research of Harmata's 
group in this area has focused on intramolecular 
[4 + 31-cycloadditions involving trapping of furan by 
oxyallyl ~at ions."~ One example involved a brief 
route to the ABC ring framework of the ingenane 
diterpene family, utilising an x-chloro ketone as the 
oxyallyl cation precursor (Scheme 140).258 Vinylth- 
ionium ions generated from alkoxy substituted 
allylic sulfones or sulfoxides and from phenylthio 
substituted allylic alcohols also serve as useful 
precursors (Scheme 141)."' Hardinger has reported 
on the use of bis(sulfony1) ketones as a new source 
for oxyallyl cations, with a number of iron and 
cobalt carbonyl complexes proving suitable for the 
conversion of the precursor to the reactive inter- 
mediate.'"" Dibromo ketones can be reacted with 
diethylzinc, the oxyallyl cation thus generated being 
trapped by various substituted furans (Scheme 
142).'"' In an approach to [5.7]-fused bicyclic struc- 
tures, Lautens has utilised intermolecular reactions 
of furans with oxyallyl cations generated from 
polybromo ketones and a zinc-silver couple.'"2 The 
presence of additional functionality in the oxyallyl 
cation has been of interest to Walters who reports 
on the first nitrogen substitutcd oxyallyl cation 
[4 + 31-cycloadditions (Scheme 143).'"' Cha has had 
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'6 Br Br 

Scheme 143 

an interest in a number of aspects of the [4+3]- 
cycloaddition, describing work directed towards cis- 
2,8-disubstituted oxocanes and in reactions of cyclic 
oxyallyl cations with cyclic I ,3-diene~.~(".'('~ Cha 
generates his oxyallyl cations either using the 
Fohlisch protocol from the cx-chloro ketone or by 
the Schmid procedure from the cx'-chloroenamine. 

6 [4 + 41 -Cycloadditions 

Sieburth reports that N-butyl-2-pyridone reacts 
under photochemical irradiation with 4-methoxy- 
2-pyridone to yield a variety of [4 + 41-products, 
including t hc t ram cross product and photodimer.'"" 
The cis isomers of each of these are formed as 
minor components. The formation of the dimer of 
the N-butyl-2-pyridone can be minimised by 
increasing the concentration of the other compo- 
nent. The [4 + 41-cycloaddition area has been the 
subject of a recent review."' 

7 [5 + 21 -Cycloadditions 

Magnus and co-workers have recently described a 
novel approach to a BC-ring fragment of Taxol 
using an intramolecular [5 + 21-cycloaddition of a 
pyrylium ylide (Scheme 144).267 The use of transition 
metal catalysis in the intramolecular cycloaddition 
of vinyl cyclopropanes with alkynes has provided a 
homologue of the Diels-Alder reaction, allowing 
access to seven membered rings (Scheme 145).2"8 
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8 [6 + 21 -Cycloadditions 

Rigby's group have been particularly active in this 
area, using both thermally and photochemically 
activated cycloadditions of chromium(0) complexes 
of trienes or azepines with alkene~.'~'''~''' Alkynes 
can also be used as the 27~ partner (Scheme 146).'72 
Asymmetric induction is possible with a successful 
route to the tropane alkaloid ( +)-ferruginine 
having been 
reaction between tricarbonyl [N-(methoxycarbony1)- 
azepinelchromium(0) and ( - )-8-phenylmenthyl 
acrylate to provide the desired diastereomerically 
homogeneous homotropane endo adduct as the 
major product (Scheme 147). Regioselective thallium 
( i i i )  mediated ring contraction then furnished an 
optically pure tropane suitable for further 
e 1 abo r a t ion . 

The key step involved 
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complexes with 1,3-dienes yields products suitable 
for synthetic approaches to the diterpenes intenol, 
phorbol and Taxol (Scheme 150).'7" I t  has proved 
possible to form a single diastereomer of the tricar- 
bonylchromium(0) complex of a ( + )-camphor- 
sultam derived cycloheptatriene (Scheme 151)."" 
Photocyclisation of this with hexa-2,4-diene followed 
by removal of the auxiliary gave an enantiomerically 
pure enone. Interestingly, both ( + )-isopinocam- 
pheol and ( -)-8-phenylmenthol derived cyclohepta- 
trienes yielded mixtures of diastereomeric 
tricarbonyl chromium(0) complexes. Both metal 
assisted and metal free intramolecular [6 + 41-cyclo- 
additions have been reported, allowing rapid access 
t o  complex polycyclic  framework^.'^^ The thermal 
reactions proceed to yield exo adducts, whereas the 
reactions of the trienylchromium(0) complexes 

81 % 

Scheme 147 
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9 [6 + 31 -Cycloadditions 

Irradiation o f  the tricarbonyl chromium(0) complex 
of cyclohepatriene in the presence of an azirine 
yields bicyclic imine [6 + 31-cycloadducts (Scheme 
148)."' Reaction of a fulvene ketene acetal with 
oxyallyl cations, generated from y,cx'-dibromo 
ketones using diiron nonacarbonyl, provides highly 
substituted indan ring systems (Scheme 149).'75 
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Intermolecular photochemically activated cycloaddi- 
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provide endo adducts. The effect of high pressure 
on  the palladium catalysed cycloadditions of unsym- 
metrical trimethylenemethanes to tropones has been 
investigated by Trost, finding that the regioselec- 
tivity of addition could be reversed at 15 k t ~ a r . ' ~ ~  
Fulvene ketene acetals react with x-pyrones to give 
[6 + 41-adducts which undergo cheletropic extrusion 
of carbon dioxide to provide azulenols."" Fulvenes 
are also reported to react with mesoionic 

11 [8 + 21 -Cycloadditions 

Reaction of thieno[2,3-f]indolizine and thieno[3,2- 
flindolizine with diethyl acetylenedicarboxylate has 
been reported to provide the respective 
[8 + 21-adducts (Scheme 152)."' 

Scheme 152 

1 69% 

12 [ 10 + 21 -Cycloadditions 

Tropothione S-sulfide reportedly undergoes a 
[ 10 + 21-cycloaddition with dimethyl acetylene- 
dicarboxylate (DMAD)."' 

13 [2 + 2 + I]-Cycloadditions 

Light initiated Pauson-Khand reactions have been 
described by Livinghouse? The important advan- 
tage in this chemistry is that the reaction is one of 
the first successful Pauson-Khand reactions using 
catalytic quantities of cobalt octacarbonyl. The 
method apparently has advantages over existing 
procedures in that only one atmosphere of carbon 
monoxide is required and the reaction can be 
conducted at room temperature (Scheme 153). 

95% 

Scheme 153 
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14 [2 + 2 + 2]-Cycioadditions 

A route to deltacyclenes using a catalytic cobalt(i1) 
iodide-zinc [2 + 2 + 21-cycloaddition strategy has 
been described by Buono (Scheme 154)."' This can 
be conducted in an enantioselective fashion using a 
phosphorus ligand derived from (S)-valinol. Lautens 
has also investigated the asymmetric approach, as 
well as an intramolecular [2 + 2 + 21-reaction in a 
racemic sense (Scheme 155).285 The use o f  nickel(0) 
catalysts for the reaction has also been demon- 
strated to be successful (Scheme 156).'"' 
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15 [3 $ 2  +2]-Cycloadditions 

Transition metal mediated cycloaddition between a 
q3-allyl species and two alkynes provides $-cycle- 
heptadienyl complexes, thus providing a new seven 
membered ring synthesis (Scheme 157).'s7 The 
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reaction is thought to proceed via an  initial coupling 
of the alkyne and ally1 ligands to yield an unsat- 
urated 0, n-vinyl olefin complex. This then under- 
goes coordination and insertion of the second 
alkyne followed by a series of rearrangements that 
eventually yield the observed product. 
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