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Preface

The Diels-Alder reaction, probably the most widely used methodology in
organic synthesis today, has contributed greatly to the development of mech-
anistic and theoretical chemistry. The recent discovery of a Diels—Alderase
enzyme has provided insights into the mechanism of biosynthetic cycloaddition.
As a follow-up to our book Dienes in the Diels—Alder Reaction (1990) and in
light of our personal experience as well as the reviews and books that have been
published on this topic to date, we decided that a book collecting and describing
the experimental methods that have been developed to perform the Diels—Alder
reaction would be a useful tool for researchers working in organic synthesis.
The first chapter presents the general aspects of the reaction; Chapters 2-6
illustrate the various methods and their applications in organic synthesis. At the
end of each chapter a list of graphically abstracted Diels—Alder reactions is
presented to show selected synthetic applications of the specific methodology.
The discussion of the various topics is not exhaustive because our aim has been
to emphasize the synthetic potential of each method. Chapter 7 reports a list of
books, reviews, monographs and symposia proceedings which have appeared
since 1990 and an index of keywords to help the reader find a particular paper
of interest.
The book is directed toward undergraduate and graduate level students, as
well as to academic and industrial researchers working in organic synthesis.
We are grateful to Drs Assunta Marrocchi, Oriana Piermatti and Luigi
Vaccaro for their assistance with the drawings.

Francesco Fringuelli
Aldo Taticchi
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Abbreviations and Acronyms

Ac acetyl

acac acetylacetonate

AIBN 2,2'-azobisisobutyronitrile

Ar aryl

9-BBN 9-borabicyclo-[3.3.1]-nonyl

BINOL 1,1’-bi-2-naphthol

BLA Bronsted Lewis acid

BMIM 1-butyl-3-methylimidazolium cation

Bn benzyl

BOM benzyloxymethyl

BP N-1-butylpyridinium cation

Bu n-butyl

i-Bu iso-butyl

t-Bu tert-butyl

Bz benzoyl

CAB chiral acyloxyborane

CAN ceric ammonium nitrate

Cat catalyst

Cat* chiral catalyst

CBZ or Cbz benzyloxycarbonyl or carbobenzyloxy

COD cyclooctadiene

Cp cyclopentadienyl

CSA camphorsulfonic acid

CTAB cetyltrimethylammonium bromide

Cy cyclohexyl

DBU 1,8-diazabicyclo-[5.4.0]-undec-7-ene

DCM dichloromethane

DDQ 2,3-dichloro-5,6-dicyano-1,4-benzo-
quinone

de diastereoisomeric excess

DIEA diisopropylethylamine

DIPHOS bis-(1,2-diphenylphosphino)-ethane

DMAD dimethyl acetylenedicarboxylate

DMF dimethyl formamide

DMI 1,2-dimethylimidazole

DPP 2,6-diphenylpyridine
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dppe
dppp
DS
DTBMP
DTBP
E
EDDA
ee

EG
EGA
EMIM
FMO
Fu
HMPA
HOMO
HP
HSVM
HTBA
1P

IPB
LASC

LDA
Ln
LP-DE
LP-NM
LT-AC

LT-DE

LUMO
MABR

MAD

Men
MeOSMT
MO

MOM

MPM or PMB

MS
MW
NBS

Abbreviations and Acronyms

2-(diphenylphosphino)ethyl
1,3-bis(diphenylphosphino) propane
dodecyl sulfate
2,6-di-#-butyl-4-methylpyridine
2,6-di-t-butylpyridine

CO;,Me if not otherwise specified
ethylene diammonium diacetate
enantiomeric excess

ethylene glycol

electrogenerated acid
1-ethyl-3-methylimidazolium cation
frontier molecular orbital

furyl

hexamethylphosphoramide

highest occupied molecular orbital
high pressure

high-speed vibration milling
hexadecyltrimethylammonium bromide
incident power

isopropylbenzene

Lewis-acid surfactant combined
catalyst

lithium diisopropylamide
lanthanides

lithium perchlorate-diethyl ether
lithium perchlorate-nitromethane
lithiumtrifluoromethanesulfonamide-
acetone
lithiumtrifluoromethanesulfonamide-
diethylether

lowest occupied molecular orbital
methylaluminum-bis-(4-bromo-2,6-di-
tert-butylphenoxide)
methylaluminum-bis-(4-methyl-2,6-di-
tert- butylphenoxide)

menthyl

methoxytrimethylsilane

molecular orbital

methoxymethyl

p-methoxybenzyl or p-methoxyphenyl-
methyl

molecular sieves

microwave

N-bromosuccinimide



Abbreviations and Acronyms

NMI

NPM

PCP

Ph

PMB or MPM

Pr

i-Pr

PS-DES

Py

Rfx

rt

SBT or TBS or SMDBT or TBDMS
SCF

SDS

SMDBT or TBDMS or SBT or TBS
SMT or TMS

SPDBT or TBDPS

SPT or TPS

TADDOL

TBAF

TBDMS or SMDBT or TBS or SBT
TBDPS or SPDBT

TBME

TBPA

TBS or SBT or TBDMS or SMDBT
TCNE

TES

Tf

TFA

TFE

TFMSA or TfOH
TfOH or TFMSA
Th

THF

Thx

TMOF

TMS or SMT
TMSOTf

Tol
TPS or SPT

XV

I-methylimidazole
N-phenylmaleimide
p-chlorophenol

phenyl

p-methoxybenzyl or p-methoxyphenyl-
methyl

n-propyl

iso-propyl

polystyrene diethylsilane

pyridil

reflux

room temperature
t-butyldimethylsilyl

supercritical fluid

sodium dodecyl sulfate
t-butyldimethylsilyl
trimethylsilyl
t-butyldiphenylsilyl
triphenylsilyl

o, o, 0, o -tetraaryl-1,3-dioxolane-2-
dimethyl-4,5-dimethanol
tetra-n-butylammonium fluoride
t-butyldimethylsilyl
t-butyldiphenylsilyl

t-butyl methyl ether
tris(bromophenyl)ammoniumhexa-
chloroantimoniate
t-butyldimethylsilyl
tetracyanoethylene

triethylsilyl
trifluoromethanesulfonyl (trifyl)
trifluoroacetic acid
1,1,1-trifluoroethanol
trifluoromethanesulfonic acid
trifluoromethanesulfonic acid
thienyl

tetrahydrofuran
2,3-dimethyl-2-butyl (thexyl)
trimethyl orthoformate
trimethylsilyl

trimethylsilyl trifluoromethane sulfon-
ate

tolyl

triphenylsilyl



Xvi

Ts

TTA
TTMSS
UsS

Abbreviations and Acronyms

tosyl or p-toluensulfonyl
tris-(p-tolyl)aminium
tris-trimethylsilylsilane
ultrasonic, ultrasonication
heating
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This index does not include Chapter 7. Page references followed by ‘t’ refers to tables.

L-abrine 266
acetals 70, 71, 187, 189, 192
(E)-1-acetoxybutadiene 208
4-acetoxy-2-cyclopenten-1-one 104, 105,
220, 221, 223

acetoxymaleic anhydride 38
2-acetoxypyran-2-one 235
acetyl chloride 165
acetylene see ethyne
acrolein 24, 115, 144, 266
acrylates 145, 266, 267, 278
acrylonitrile 44, 170, 228, 252, 279
3-acryloyl-1,3-oxazolidin-2-one 116
N-acryloyl oxazolidones 133, 190
(R)-O-acryloylpantolactone 146
l1-acylnaphthalenes 197
acyl-1,3-oxazolidin-2-ones 118
2-acyloxyacroleins 86
aklavinone 207
Alder’s rule 14
aldol condensation 268
alkaloids 9, 60, 62

cinchona 190, 191t

pyrrolophenanthridine 272, 294
alkenes, exocyclic 90
alkylcyclohexenones 5
S-alkylidene-1,3-dioxane-4,6-dione 166, 196
N-alkyl maleimides 253, 254t
alkynes 32
N-allylic enamides 191, 200
alumina 115, 133, 143, 146, 147, 161, 162,

194, 195

aluminum trichloride 5, 23, 99, 104
aluminum trisphenoxide 138
a-amino acids 107
o-aminobenzylalcohols 67
tert-aminodienylesters 88
2-aminofurans 272

2-aminomethylbutadienes 32
anthracene 99, 157, 168, 193, 287
maleic anhydride and 160, 163
anthracene-9-carbinol 252, 253, 254t
1-(2H)-anthracenone 219
anthrone 7, 8
arylethenes 219, 223
arynes 70, 87
see also benzyne
arysugacin 88
asymmetric Diels—-Alder reactions 83, 112,
117, 132, 240, 244, 266
catalyzed 137, 145, 146, 186t, 296
enantioselection 117
heterocyles and 73
tetrahydrocarbazoles and 64
aza-Diels—Alder reactions 132, 137, 187,
262, 271, 290, 293
azacyclophane CP66 173
azadienes 66, 67, 154, 264
azadirachtin 75
azanaphthoquinones 155
azulene quinones 229, 238

benzaldehyde 6, 167, 185
benzanilides 211
1-benzenesulfonyl-2-
trimethylsilylacetylene 37

benzol[c]furans (isobenzofurans) 41
1,4-benzodioxanes 83
1,4-benzoquinone 34, 56, 80, 144, 206

2-vinylthiophene and 58

anthracene and 99, 157

1,3-butadiene and 29

cyclopentadiene and 287

isoprene and 189

phenanthrene-1, 4-diones and 50
p-benzoquinone see 1,4-benzoquinone
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o-benzoquinones 89
4-benzothiopyranone 106
benzylamine 149, 261
N-benzylideneaniline 264
benzyl isocyanide 149
N-benzyl-N-methallyl acrylamide 191
a-benzyloxyacetaldehyde 123
S-benzyloxymethylcyclopentadiene 112, 116
benzyl vinyl ether 146, 235
benzyne 55, 56
see also arynes
bicyclospirolactone 209
1,1’-binaphthalene 64
2,3-bis(bromomethyl)benzo[b]thiophene 46
2,3-bis(chloromethyl)thiophene 46
bisdialine 64
bismuth(I11) chloride 136
bismuth(III) triflate 294
bis(oxazoline) 132
bisphenylendiol 199
bis-o-quinodimethanes 47
bis-silanes, allylic 122
1,2-bis(triphenylphosphino)ethane 126
boron halides 36, 114
boron trifluoride 99, 106
bovine serum albumin (BSA) 180
bromoacrolein 133
2-bromo-2-cycloalkenones 130
bromo furylethers 8
3-bromo-indan-1-ones 56
bromoindanone 53
3-bromo-2-pyrone 41
N-bromosuccinimide 53
buckminsterfullerene (C60) 45, 228
butadiene 32, 118, 257
1,3-butadiene 33, 100, 102, 148, 229, 287
cycloalkenones and 23
ethene and 5, 12, 29
methylsubstituted 185, 252, 261
n-butyl acrylate 178, 288
t-butylglyoxylate 215
N-butylmaleimide 177
t-butyl methyl ether (TBME) 167

C-2 vinyl glicals 49
B-cadinene 102
camphor 73

Index

camphorsulfonic acid (CSA) 224, 270, 271
carbazoles 59, 60, 62, 63
4-carbethoxy-trans-1,3-butadiene-1-
carbamate 184
(E)-1-carboalkoybutadienes 208
carbodienophiles, cycloadditions with
208-213
carbodiimides 9
carbon Diels—Alder reactions 29-66, 79,
100-121
2-carboxyethylnorbornadiene 20t
3-carbomethoxy-2-pyrone 126
catalysis 126, 144, 172, 185-190, 281,
284
antibody 183-185, 261-267
micellar 176-179, 198
proteins and enzyme 180-183
catalysts 114-122, 126, 128, 223, 279
catechols 182
cetyltrimethylammonium bromide 176, 177,
178, 179, 282
chaparrinone 255, 256
2-chloro-tropone 226
para-chlorophenol 276-278
chlorothricolide 1, 78, 211
citraconic anhydride 231, 274
1,3-Claisen rearrangements 295
clays 143, 144, 195
cobalt catalysts 126, 128
compactin 76, 123
condensation reactions 34, 251, 268
Cope elimination 63
copper didodecyl sulfate 177
Corey lactone 112
(+/—)-criptopleurine 291
N-crotonyl oxazolidinone 133
crotonaldehyde 115
18-crown-6 ether 47
[12]-cyclacene 218
cycloadditions 24, 99, 100-106, 205, 268
cycloalkenones 23, 91, 109
cycloadditions of 100-106
a,B-unsaturated 209, 271
cyclodextrins 170
cyclohex-1-ene-1,6-dicarbaldehydes 40
cyclohexadiene 37-40, 144, 148, 164,
223-225
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1,3-cyclohexadiene 9, 88, 128, 223, 253, 287
cyclohexanones 30
cyclohexene 29, 119, 276
cyclohexenediols 36
2-cyclohexen-1-one 211, 224
cyclooct-2-en-1-ones 102
1,4-cyclopentadien-1-ol 226
cyclopentadiene 37-40, 146, 149t, 154, 169,
189, 262, 292
aldehydes and 71, 108, 118, 121, 135
N-alkyl maleimides and 253
p-benzoquinone and 287
N-benzyl-N-methallyl acrylamide and 191
catalysts and 109, 148
citraconic anhydride and 274
diethyl fumarate and 173, 285
dimethyl maleate and 279
ethyl acrylate and 170
glyoxylic acid and 185, 265
maleic anhydride and 14, 164
methacrolein and 147
methyl acrylate and 117, 147, 178, 255,
280, 282, 283t, 286
methylbenzoquinone and 269
methyl vinyl ketone and 144, 156, 170, 252
nonyl acrylate and 179
phenyl vinyl sulfide and 10
2-propen-1-ones and 177
quinones and 176
reactions in supercritical CO, 288
unsaturated esters and 194
cyclopentadienone 105, 220, 223, 276
4-cyclopentene-1,3-dione 164
2-cyclopentenone 210, 224, 226
cycloreversion 41, 269

Danishefsky’s diene 51, 123, 167, 187, 210,
223, 264, 293
decalines 76, 196
dehydro aspidospermidine 40
5,6-dehydro-4H-1,3-thiazine 131
deltacyclenes 127
3-deoxy-D-manno-2-octulosonic acid 258
11-deoxyanthracyclines 207
12-deoxyphorbol acetate 233
Dess-Martin periodinane reagent 74
2,6-di-tert-butylpyridine 120
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3,5-di-tert-butyl-o-benzoquinone 83
diastereofacial selectivity 101, 102, 104
diastereoisomers 207
(S,S)-diazaaluminolidine 116
dibenzofurans 59
dibenzothiophenes 59
dibromo-o-quinodimethane 218
dichloroisopropoxytitanium(IV) 119
dichloromethane 109, 113, 149, 157, 168,
189, 192, 230, 267
dicyanoacetylene 229
1,1-dicyanoethylenes 213
didehydrohomoiceane 128
Diels—Alder reactions
of acylnitroso compounds 172t
in aqueous medium 251-267
base-catalyzed 190
biocatalyst-promoted 180-185
catalyzed 144, 185-190, 261-267
cationic 128-130
consecutive 2, 20, 21
diastereoselective 199, 244, 255t
domino 2, 20, 198
enantioselective 135, 289
high pressure 205-249, 267
inorganic solid-surface-promoted
143-149
ionic 5-10, 192, 200, 295
Lewis acid catalyzed 99-142
micelle-promoted 174-179
microwave-assisted 158-163, 195, 196
in molecular cavities 170-173
multiple 20-22
in non-aqueous polar systems 268-281
normal 122-123
pericyclic 4-5, 12
photo-induced 163-169
radical 5-10
regioselectivity of 12, 22, 23-24, 148, 175,
176, 198, 288t
repetitive 245
retro 15-18, 35, 261, 290
stereoselectivity 24-25
of surfactant reagents 174-176
tandem 20, 21
thermal 5, 29-98, 162, 176, 214
ultrasound-assisted 154-158, 195
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Diels—Alder reactions (contd)
uncatalyzed 252-261
using resin-anchored reagents 149-153
Diels-Alderase 181, 184
dienes 2, 3, 15, 16, 25, 148
across-ring 64-66
acyclic 36, 102
heterocyclic 40-42, 110-112
inner-outer ring 49-64, 219-223
inner-ring 191, 223-236
open chain 29-37, 191, 208-217
outer-ring 43-48, 217-219
stereochemistry of substituents 24
sulfinyl groups and 112-114
surfactant 176
tropones as 226-229
unsymmetric 10, 23
dienophiles 34, 5, 8, 12, 15, 44, 67, 101
acetylenic 43, 49, 57
carbonyl-containing 109, 115
heterocyclic 106-108
imino 137
olefinic 43
reactions with dienes 191
reactivity of neutral 9
stereochemistry of 25
sulfinyl groups and 112-114
surfactant 176
unsymmetric 10, 23
4,4-diethoxybut-2-ynal 40
diethylaluminum chloride 126
diethyl fumarate 170, 173, 285
diethyl maleate 285
N, N-diethyltryptamine-N-oxide 63
1,2-difluoro-1-chlorovinylphenylsulfone
196
dihydrocannivonine 262
9,10-dihydrofulvalene 80
dihydropyranes 123, 124
dihydropyranones 37
4-dihydropyranones 122, 123
dihydropyrans 122
3,4-dihydro-2H-pyrans 242
dihydropyridines 239
dihydropyridinones 240
dihydro-4-pyridones 187
dihydropyrones 90

Index

dihydrothiopyrans 123
3,4-dihydrovinylnaphthalenes 53, 221
dihydrovinylphenanthrenes 55, 221
diiodosamarium 110
diisopropylethylamine 224
2,2-dimethoxyethylacrylate 128
2,5-dimethoxythiophene 230
dimethylacetylenedicarboxylate 32, 34, 40,
49, 50, 111, 127, 159
N,N-dimethylacylamide 184
dimethylaluminum selenide 71
dimethylamine 69, 79
dimethylaminobutadiene 31
1-dimethylamino-3-methyl-1-azadiene 156
1-dimethylamino-4-methyl-1-azadiene 155
2,5-dimethylbenzoquinone 275
1,3-dimethyl-1,3-butadiene 262
(E)-1,3-dimethylbutadiene 258
2,3-dimethylbutadiene 72, 107, 108, 115,
177, 273
2,3-dimethyl-1,3-butadiene 101, 160, 212,
213, 223, 253, 254t
(E,E)-1,4-dimethylbutadiene 107
dimethylcyclobutane 102
dimethylcyclopropane 102
2,3-dimethylene-2,3-dihydrothiophene 43
dimethyl formamide 191
dimethyl fumarate 8, 32, 43, 44, 99
dimethylmaleate 32, 44, 279
2,3-dimethyl-5-oxocyclopent-1-ene-1-
carboxylate 210
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1 Diels—Alder Reaction: General
Remarks

1.1 INTRODUCTION

The Diels—Alder cycloaddition is the best-known organic reaction that is widely
used to construct, in a regio- and stereo-controlled way, a six-membered ring
with up to four stereogenic centers. With the potential of forming carbon-
carbon, carbon-heteroatom and heteroatom-heteroatom bonds, the reaction is
a versatile synthetic tool for constructing simple and complex molecules [1].
Scheme 1.1 illustrates two examples: the synthesis of a small molecule such as
the tricyclic compound 1 by intermolecular Diels—Alder reaction [2] and the
construction of a complex compound, like 2, which is the key intermediate in
the synthesis of (—)chlorothricolide 3, by a combination of an intermolecular
and an intramolecular Diels—Alder cycloaddition [3].

PhMe Rfx
3 h 80%

OSPDBT

|/ t-Bu

MesSi  OMOM Me,Si H Smom
2 3

Scheme 1.1



2 Introduction

To rapidly construct complex structures, a recent synthetic strategy uses
the Diels—Alder cycloaddition in sequence with another Diels—Alder react-
ion or with other reactions without isolating the intermediates (domino,
tandem, cascade, consecutive, etc., reactions) [4-6]. Scheme 1.2 illustrates
some examples.

Domino Knoevenagel hetero-Diels—Alder reactions [7]

t-Bu

o ; /A/_\(N EDDA, MeCN /
+ - _—
CHO 0 N Rfx, 16 h, 94%

| Ph

Cascade Diels—Alder acylation reactions [8]

OSMDBT
PP 0
’l“ THF, 50%
+ cl - -
( | 2h,-78°C,24h,0°C

Domino Diels—Alder reactions [9]

% Q_Ph Q_Ph
@o . © 100°C . PR
P — 7
Ph =

Scheme 1.2

The main purpose of this chapter is to introduce the various aspects of the
Diels—Alder cycloaddition and the terminology employed.

Since its discovery in 1928 [10], more than 17 000 papers have been published
concerning synthetic, mechanistic and theoretical aspects of the reaction and
about half of these have appeared in the last decade.

The classical Diels—Alder reaction is a cycloaddition between a conjugated
diene and a second component, called dienophile, which has at least a =
bond (Equation 1.1). When one or more heteroatoms are present in the diene
and/or dienophile framework, the cycloaddition is called a hetero-Diels—Alder

reaction.
@ I < I @ 0
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The reaction is classified as a [;4; +,2] cycloaddition; 4 and 2 identify both the
number of 7 electrons involved in the electronic rearrangement and the number
of atoms originating the unsaturated six-membered ring. The subscript s indi-
cates that the reaction takes place suprafacially on both components. There
are other [,4; +.2;] reactions, and therefore it is the term Diels—Alder which
specifies this particular type of reaction.

The Diels—Alder reaction can be intermolecular or intramolecular and can be
carried out under a variety of experimental conditions that will be illustrated in
detail in the following chapters.

1.2 DIENE AND DIENOPHILE

A great variety of conjugated dienes have been used and many of them
have been collected and classified [la]. Table 1.1 illustrates some examples.
Conjugated dienes react providing that the two double bonds have or can
assume a cisoid geometry (Equation 1.2). A transoid diene (Equation 1.3)
would give an energetically very unfavorable six-membered ring having a
trans double bond. Cyclic dienes are generally more reactive than the open
chain ones. The electronic effects of the substituents in the diene influence the
rate of cycloaddition [11]. Electron-donating substituted dienes accelerate
the reaction with electron-withdrawing substituted dienophiles (rnormal
electron-demand Diels—Alder reaction) (Equation 1.4) [12], whereas electron-
withdrawing groups in the diene accelerate the cycloaddition with dienophiles
having electron-donating groups (inverse electron-demand Diels—Alder reaction)

Table 1.1 Representative dienes

Open chain Outer ring Inner-outer ring Across ring Inner ring

Jo CC O OO O
e or O Ol O
P ii og <Z>—<Z>




4 Pericyclic Diels—Alder Reaction

(Equation 1.5) [13]. Diels—Alder reactions which are insensitive to the sub-

stituent effects in the diene and/or dienophile are classified as neutral (Equation
1.6) [14].

=
N = Q @ reactive dienes (1.2)
é (t@ unreactive dienes (1.3)
o] R, o Ry
SR ACh R
+ S
PhMe R (1.4)
Rs H s
Ry, Ry, Rg = H, Me
o (0]
X CO,Et rOE‘ 90°C,24 h ~COEt (1.5)
+ _— N
| 95% “OEt
H
A Ph (0]
r Ph
o Ary 60 °C Ar.
+ —_—
A ||/ PhMe /
' A (1.6)
Ph r Ph Ar,

Ar = CgH,Y (Y = H, p-OMe, p-NMe,)
Ary = CgH,Y (Y = H, p-OMe, p-NMe,, p-Cl, p-NO,, m-NO,)

Dienophiles are molecules possessing a double or triple bond. They are more
numerous and more variegated than dienes [1]. Typical dienophiles are illus-
trated in Table 1.2.

The simplest dienophile, ethene, is poorly reactive. Electron-withdrawing
and electron-donating groups, on the carbon atom double bond, activate the
double bond in normal and inverse electron-demand Diels—Alder reactions,
respectively.

1.3 PERICYCLIC DIELS-ALDER REACTION

The Diels—Alder reaction is a pericyclic cycloaddition when bond-forming and
bond-breaking processes are concerted in the six-membered transition state
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Table 1.2 Representative dienophiles

Acyclic Cyclic
% 0 0
Z>CHO  ZCoMe ZeN
| © | N—
(NC),=(CN),  MeO,CCH=CHCO,Me Y S
0

0=0 S=8 Z > 0Et

o}

0

H,C=C=CHMe HC=CO,Me N//<

“W<N—Ph
Me,C=S Ph—N=O  ArN=NCN O

o}

2y o X

(o) o

(Equation 1.7). A concerted synchronous transition state [15] (the formation of
new bonds occurs simultaneously) and a concerted asynchronous transition
state [16] (the formation of one ¢ bond proceeds in advance of the other)
have been suggested, and the pathway of the reaction depends on the nature
of the reagents and the experimental conditions [17].

O O
= TR
+ | —_— ( H [0) —_—
AN Pt
(0] (0]

Most Diels—Alder reactions, particularly the thermal ones and those involving
apolar dienes and dienophiles, are described by a concerted mechanism [17]. The
reaction between 1,3-butadiene and ethene is a prototype of concerted synchron-
ous reactions that have been investigated both experimentally and theoretically
[18]. A concerted unsymmetrical transition state has been invoked to justify the
stereochemistry of AICl;-catalyzed cycloadditions of alkylcyclohexenones with
methyl-butadienes [12]. The high syn stereospecificity of the reaction, the low
solvent effect on the reaction rate, and the large negative values of both acti-
vation entropy and activation volume comprise the chemical evidence usually
given in favor of a pericyclic Diels—Alder reaction.

1.4 IONIC AND RADICAL DIELS-ALDER REACTIONS

Conjugated cations, anions and radicals can give the Diels—Alder reaction. In
such a case, the two ¢ bonds are formed in two separate steps (stepwise
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mechanism) and the cycloaddition is not pericyclic [19]. Both cationic and
cation radical Diels—Alder reactions were recently reviewed [20].

Extensive studies by Gorman and Gassman have shown that an allyl cation
can be a 2m-electron component in a normal electron-demand cationic Diels—
Alder reaction and, since a carbocation is a very strong electron-withdrawing
group, the allyl cation is a highly reactive dienophile [19a, 21].

Tetraene 4 (Scheme 1.3), when treated with 40mol % of triflic acid
in methylene chloride at —23°C for 1h, gives the adducts 5 and 6 in a 1:1
ratio as the main reaction products. The formation of these adducts
has been justified [21] by a stepwise mechanism that requires an initial rever-
sible protonation of 4 to produce the allyl cation 7, which then cyclizes to 8 and
9 in a non-reversible process. Deprotonation of 8 and 9 gives 5 and 6, respect-
ively.

H
\ CF43SOgH, DCM
| ; *
—23°C, 1h
= H
5 6
4
® )
HO -H —H
e
H
+
H
7 8 9

Scheme 1.3

Other examples that involve intermediate allyl cations are illustrated in
Scheme 1.4. The cationic palladium(Il) complex [Pd(dppp)(PhCN),](BF4),
coordinates the carbonyl oxygen of benzaldehyde and the activated carbonyl
carbon attacks the isoprene, forming the allyl cation 10 which then cyclizes to
give the 4-methyl-6-phenyl-5,6-dihydro-2H-pyran [22]. 2-Oxopropyl acrylate
11, in the presence of trimethylsilyltrifluoromethane sulfonate (TMSOT() and
methoxytrimethylsilane (MeOSMT), generates the cation 11a which is an effi-
cient dienophile that reacts easily with the cyclohexadiene to give the Diels—
Alder adduct in good yield [23].
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=
Ph\(o Ph
H P2+, CHCI5, 50 °C, 20 h, 67% o |

N Ph
o 0" Pd?" = Yé/
3 0~

H Pd2+

/\n/o _TMsoTt ©
/_< OMe _
o) o “MeOSMT, 11 h, 89%

DCM, -45°C

10

CO,CH,COCH,
11 11a

Scheme 1.4

Anionic Diels—Alder reactions have been studied less extensively with the
interest having been focused mainly on the cycloaddition of enolates of o, /-
unsaturated ketones with electron-poor olefins [24] (Equations 1.8 and 1.9).
These reactions are fast and stereoselective and can be regarded as a sequential
double Michael condensation, but a mechanism involving a Diels—Alder
cycloaddition seems to be preferred [24b,f, 25].

3 CO2CH3 (3020H3 CO,CH,
(1.8)
—23 c 1h T23°C,2h, 90%

Li

o, EtO,C
? 5
EtO,C LDA &8 o (1.9)
| 72072, 45% OEt| — a

The first evidence of an anionic Diels—Alder reaction was given by Rickborn
[25a]. The reaction of anthrone with N-methylmaleimide in CHCl; or THF
occurs with low yield [26] (Equation 1.10), while in DMF or in the presence of cata-
Iytic amounts of amine (Et;N, Py) the reaction is completed in a few minutes [25].
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The cycloaddmon is ascribable to the oxyanion of hydrogen-bonded enolate
(ArOe---HNEt3 ) rather than to the hydrogen-bonded enol (ArOH---NEt3).
An enantioselective version of the reaction was achieved by using a homochiral
amine [27]. Similarly the reactions with less reactive dienophiles such as dimethyl
fumarate, fumaronitrile, maleonitrile and methyl acrylate give the Diels—Alder
adducts quantitatively when the cycloadditions are carried out in THF or CHCl;
in the presence of Et;N, while in MeOH Michael adducts were isolated. Experi-
mental evidence supports the hypothesis that the base-catalyzed cycloadditions
of anthrone with dienophiles are concerted Diels—Alder processes [25b].

68 h, 25 °C

CHClg, 14% ™ 0

NMe

O
: gi | (L.10)
o) OH o °

15 min, 25°C_~

DMF, 100%

Radical Diels—Alder reactions have been used mainly to synthesize polycyclic
molecules. These reactions, like those that involve cations and anions as com-
ponents, proceed quickly but generally do not give high yields. Thus, the tricyclic
enone 14 is the result of an intramolecular Diels—Alder reaction of quenched
vinyl radical intermediate 13 obtained by treating the iododienynone 12 with n-
tributyltin hydride/2,2’-azobisisobutyronitrile (AIBN) [28] (Equation 1.11).

I H
AIBN . m
= n-BugSnH = = ”
_— — —_—
x |l 80°C,8h, 22% [ Il %\J:o ) (1.11)
o) o) o

12 - 13 - 14

Heteropolycyclic compounds were obtained [29] by treating bromo furylethers
with tris-(trimethylsilyl)silane (TTMSS) in hot toluene containing a catalytic
amount of AIBN (Equation 1.12).

Br

)j TTMSS

0 __AIBN, PhMe

rR. O '85°C, 16-26%
\

(1.12)
R = H, Me, Cy\’ /jO
R O
<
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Wang recently reported [30] that thermolysis of carbodiimides 15 (Scheme
1.5) in aromatic solvents is an efficient route to indoloquinolines 18 used as
precursors for synthesizing naturally occurring alkaloids [31]. The cyclization is
thought to occur through a two-step biradical Diels—Alder reaction that gives
17, which then tautomerizes to 18.

R

R H Me Pr tBu Ph MeSi

Yield (%) 16 77 89 76 91 86

Scheme 1.5

The reactivity of neutral dienophiles is greatly increased by converting them
to the corresponding cation radicals because these highly electron-deficient
species can then react readily with dienes.

The dimerization of 1,3-cyclohexadiene gives 30% adduct after 20 h at 30 °C
[32]. In the presence of a catalytlc amount of tris(p-bromophenyl) aminium
hexachloroantimonate (Ar;N’ SbCI(, ; Ar = pBrC¢Hy) in CH,Cl, at 0 °C, the
cyclodimerization occurs in 15 min with 70% yield with a greater diastercos-

electivity  (endo/exo = 5:1) than that observed wunder thermal
conditions (Equation 1.13) [33].
ArNSbClo DOM T
QE—Y (1.13)
0°C, 15 min, 70%

The first studies on cation-radical Diels—Alder reactions were undertaken by
Bauld in 1981 who showed [33a] the powerful catalytic effect of aminium cation
radical salts on certain Diels—Alder cycloadditions. For example, the reaction of
1,3-cyclohexadiene with trans, trans-2,4-hexadiene in the presence of Ar;N*9 is
complete in 1 h and gives only the endo adduct (Equation 1.14) [33].
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OS]
© B N %SI\:’C'G, (1.14)
74

As a continuation of these studies, Bauld recently reported evidence of a
stepwise mechanism in the cation-radical Diels—Alder reaction of phenyl vinyl
sulfide with cyclopentadiene [34, 35] (Scheme 1.6).

L e o
raN —_— + AN
SPh SPh
u © + @ —_— 7 ©
SPh
SPh
® ArgN )
4 — £ — £ + ArN®
SPh -SPh SPh
®
Scheme 1.6

An analogous stepwise mechanism was also proposed by Wohrle [36] for the
cation-radical-initiated cycloaddition of electron-rich allenes with pentamethyl-

cyclopentadieéle in the presence of tris (p-tolyl) aminium hexafluoroantimonate
(TTA*®SbF; ) (Equation 1.15).

'cl: TTA® 0°C, 5 min 4 Me Ar
I v
. ICID , , + (1 .1 5)
_C. 2,6-t-BuPy \ A \| Me
Me Ar
R R

1.5 REGIOCHEMISTRY

When an unsymmetrical diene reacts with an unsymmetrical dienophile, two
regioisomer adducts can be formed depending on the orientation of the sub-
stituents in the adduct [37] (Equations 1.16 and 1.17).
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The regioisomer adducts are usually named by using the classic nomenclature
of disubstituted benzenes: ortho, meta and para. This descriptive method, how-
ever, encounters difficulties with adducts as simple as those from disubstituted
dienes and dienophiles. Thus a new nomenclature has been proposed [38]. The
original diene atoms forming the six-membered ring are numbered one through
four, the lowest number being closest to the more electron-withdrawing
group bonded to the atom of the original dienophile. The positional relationship
of the substituents is now identified by a simple number set within a bracket
followed by the word adduct.

Z CO,Me ) CO,Me s
+ “/ —_— . + )
NS
COoMe (1.16)
ortho, [1] adduct meta, [4] adduct
20°C 90% 10%
20 °C, AICl3 98% 2%
CO,M
CO,Me 3 2 2he
+ “/ _— , + 3
X CO,Me
para, [3] adduct meta, [2] adduct (1'17)
20°C 70% 30%
20 °C, AIClg 95% 5%

The description of the regiochemistry of the cycloaddition products of dienes
that have two or more dissimilar substituents may require incorporation of
their name in the new notation (Equations 1.18 [38] and 1.19 [39]).

0 0
PhMe, AICl, 2
= + B
40 °C, 15 min, 85% S (1.18)
X
[1,3] adduct
PhS .3
Phsjf COMe  70°C, 24 h S Phsf“ CoMe
+ ———— +
MeO~ X W 75% MeO 2 COMe MeO~3 (1.19)
80% 20%

[2 (OMe), 3 (SPh)]  [2 (SPh), 3 (OMe)]

The regioselectivity of the Diels—Alder reaction depends on the number and
nature of substituents on diene and dienophile and on the reaction conditions
(catalyst, temperature, pressure, solvent, etc.). Generally, 1- and 2-substituted
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butadienes react with monosubstituted dienophiles to give mainly ortho and
para adducts, respectively. When two different substituents are present on the
diene, one works as regiodirector and controls the regiochemistry of the reac-
tion. Table 1.3 illustrates the main regioisomer obtainable in the cycloaddition
of disubstituted 1,3-butadienes with monosubstituted ethenes [40] where R; is
the regiodirector group. Thus, for example, in the cycloaddition of 2-methoxy-
3-thiophenylbutadiene with methylvinylketone, one can foresee that the main
regioisomer will be the 1-thiophenyl-2-methoxy-4-acetyl-cyclohexen-1-ene be-
cause the SPh is the regiodirector group. In fact, this regioisomer is the main
reaction product (80 %) [39].

Exceptions to the ortho—para rule have been observed, so the prediction of the
regiochemistry is still a stimulating challenge.

The regioselectivity of simple Diels—Alder reactions has been explained on
the basis of the electronic effects of the substituents which orient the attack of
reagent species by generating partial positive and negative charges in the diene
and dienophile. Generally, the more powerful the electronic effect of the sub-
stituents, the more regioselective the reaction. Although this explanation has
some merit, the FMO theory [41] and the matching of complementary reactivity
surfaces of the diene and dienophile [40] give a better explanation.

Table 1.3 Regioselectivity of Diels—Alder reactions of disubstituted 1,3-butadienes with
monosubstituted ethenes (RCH=CH,)

Ry R, Ry Ry
Rz\ﬁ RQ\C/ R P R Rjf Rj@\
NS N RZ NS RZ R
Ra2 Ra
R1 R2 R] R2 R] RZ
Me Ph Me SiEts Ph Me
Me OEt Ph Me SPh Me
Me OAc NHCO,Et Me SPh OMe
Me Cl NHCO,Bu SPh SPh OAc
Bn NHCOCHj; OAc Et Cl Me
SPh OMe SPh OAc

1.6 STEREOCHEMISTRY

Pericyclic Diels—Alder reactions are suprafacial reactions and this manner of
bond formation preserves in the cycloadduct the relative stereochemistry of the
substituents at C; and C4 and at C; and C; of the parents diene and dienophile,
respectively (Scheme 1.7). The relative stereochemistry of the substituents in the
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.‘\\COQMe Me020

COQMB [COZMG

CO,Me @ CO,Me (ICOZMe
+
v I”'002Me - COQMe

-
7 "COyMe
TO2Me
COzMe
@COQMe
Y COZMe
Scheme 1.7
CO,Pr
= + ||/
N
80°C
o
CO,Pr N —
%. R:\E\ —_—
R ~N CO,Pr
42.7% endo-ortho endo-meta 6.3%
: : /\>
_sCOPr : § R |
>/ 5/ =
R CO,Pr
44.5% exo-ortho exo-meta 6.5%

R= COzpr

Scheme 1.8
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exo-syn ., exo-anti R1

Scheme 1.9

new stereogenic centers of the adduct is fixed by two possible suprafacial
approaches named endo and exo. The endo mode of attack is the spatial
arrangement of reactants in which the bulkier sides of the diene and dienophile
lie one above the other, while in the exo mode of addition the bulkier side of one
component is under the small side of the other. If one also considers the
regioselectivity and the face selectivity of the reaction, a considerable number
of isomers can, in principle, be produced. Schemes 1.8 and 1.9 give two general
pictures. However, the Diels—Alder cycloaddition is known to be a highly
selective reaction, and consequently only one or a very limited number of
isomers are actually obtained.

The exo addition mode is expected to be preferred because it suffers fewer
steric repulsive interactions than the endo approach; however, the endo adduct is
usually the major product because of stabilizing secondary orbital interactions in
the transition state (Scheme 1.10). The endo preference is known as Alder’s rule.
A typical example is the reaction of cyclopentadiene with maleic anhydride
which, at room temperature, gives the endo adduct which is then converted at
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200 °C to the thermodynamically more stable exo adduct through a retro Diels—
Alder reaction followed by re-addition (Scheme 1.10).

The generally observed endo preference has been justified by secondary orbital
interactions, [17¢, 42, 43] by inductive or charge-transfer interactions [44] and by
the geometrical overlap relationship of the n orbitals at the primary centers [45].

The exo—endo diastereoselectivity is affected by Lewis acid catalysts, and the
ratio of two stereoisomers can be explained on the basis of the FMO theory
[17e, 46].

=

oL 1 !
N
¢}
exo O
H 0
6]
/ M"
o ;
W0
Scheme 1.10

1.7 RETRO DIELS-ALDER REACTION

The Diels—Alder reaction is reversible and the direction of cycloaddition is
favored because two 7 bonds are replaced by two g-bonds. The cycloreversion
occurs when the diene and/or dienophile are particularly stable molecules (i.e.
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formation of an aromatic ring, of nitrogen, of carbon dioxide, of acetylene, of
ethylene, of nitriles, etc.) or when one of them can be easily removed or
consumed in a subsequent reaction (Equations 1.20 and 1.21).

’\5130"“ EtO,C.  CO,Et
COEt _190C _ 7\, He=cH (1.20)
71 54% N
|
CO,Et COPh

DMAD CO,Me
(;C.’.“ A @ _DmAD_ (1.21)
N -N, CO,Me

The retro Diels—Alder reaction usually requires high temperatures in order to
surmount the high activation barrier of the cycloreversion. Moreover, the
strategy of retro Diels—Alder reaction is used in organic synthesis to mask a
diene fragment or to protect a double bond [47]. Some examples are illustrated
in Scheme 1.11.

The retro Diels—Alder reaction is strongly accelerated when an oxide anion
substituent is incorporated at positions 1 and 2 of the six-membered ring which
has to be cycloreversed, namely at one terminus carbon of the original diene or
at one sp” carbon of the dienophile [51] (Equation 1.22).

2 2 1

\ 1 b

o =
O — 1
The first example of an oxide-anion accelerated retro Diels—Alder
reaction was reported by Papies and Grimme [52]. The adduct 19 (Equation
1.23) treated with tetra-n-butylammonium fluoride (TBAF) in THF at room
temperature is immediately converted into 20, in contrast to the parent 21
(Equation 1.24) which undergoes cycloreversion into 22 at 100 °C. The dra-

matic oxide-anion acceleration (> 10°) was ascribed to the loss of basicity of
about 8§pK, units in the transformation of alcoholate ion of precursor 19

(1.22)

’ E ’ TBAF ; _.F @
e 20¢C g% . * (1.23)
H

- % o

n-BuyN
E = CO,Me 20
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Synthesis of (1)-occidentalol [48]

0 .
X, O e se Ol
N H -CO, .
0
© © MeO,C H H |(OH

CO,Me CO,Me

Synthesis of (+)-turmerone [49]

0
O — At ,
I . 2. MeMgl/Cu

distillation at
- 78 mbar

| O
Synthesis of 2-glycosylamino pyridines [50]
)
Me E H
\)N\ I DMA, 80 °C 3 S "y
N , oY - MeNCO
—_— —_—
MeX NO NH 64-89% '\?, > N\g|y g~2N
r_J AOAc Me Mex XMe
OAc
AcO X=0,8 R=H,CH,0Ac E=CO,Me
Scheme 1.11

into the phenolate ion of the product 20. This is an example of acceleration of
retro Diels—Alder when an oxide substituent is incorporated at the terminus
of the 47 component of the Diels—Alder adduct, that is, position 2 in the model of

Equation 1.22.
E . E
£y =20 - O
E (1.24)

2 E = CO,Me 22

An example of the effect of oxide-anion associated with the 2z component (i.e.
position 1, Equation 1.22) is illustrated in Equation 1.25 [53]. The potassium salt
of 1,4-dihydro-11-hydroxy-9,10-dihydro-9,10-ethanoanthracene undergoes
more facile debridging (remotion of ethylene) than the 11-deoxygenated parent
compound.
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®

‘ 25°C,18h _
O 9%

(1.25)
a‘ 200°C, 18 h KF, THF, 25 °C
—_—
O 28% 17h,71%

1.8 HOMO-DIELS-ALDER REACTION

The reaction of a diene having the two double bonds separated by a sp
center with a dienophile to give a [2n + 2% + 27n] cycloaddition is called a
homo-Diels—Alder reaction. Since the diene is not conjugated, a ¢ bond is
created in lieu of a double bond. In principle, an open-chain diene gives rise
to a central-bridged six-membered ring, while an inner-ring diene produces a
bridged six-membered ring fused with a ring whose size depends on the size of
the starting cyclodiene (Equations 1.26 and 1.27). Norbornadienes are the
dienes most often used to investigate the homo-Diels—Alder reaction.

L) + = — @ (1.26)
Q = — @ (1.27)

A minority of authors use the term homo not to indicate the relative position
of the two double bonds of diene involved in the reaction, but to emphasize that
the six-membered adduct is formed by all carbons [54].

The cycloaddition between norbornadiene (23 in Scheme 1.12) and maleic
anhydride was the first example of a homo-Diels—Alder reaction [55]. Other
venerable examples are reported in Scheme 1.12 [56]. Under thermal conditions,
the reaction is generally poorly diastereoselective and occurs in low
yield, and therefore several research groups have studied the utility of transi-
tion metal catalysts [57]. Lautens and coworkers [57c] investigated the cyclo-
addition of norbornadiene and some of its monosubstituted derivatives
with electron-deficient dienophiles in the presence of nickel-cyclo-
octadiene Ni(COD), and PPhs. Some results are illustrated in Tables 1.4 and
L.5.

The mechanism of metal-catalyzed homo-Diels—Alder reaction proposed
by Noyori [57¢, 58] requires the coordination of double bonds of diene and
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CN
CN
200 °C, ( O
129% | ||
NC  CN | ©
NC CN (0]
-~ 4 —_— H H
Rfx, 100 % 205 °C,
23 low yield o O 0
COMe

f

COMe
Scheme 1.12

dienophile to the metal followed by the formation of metallocyclobutane

which is converted to metallocyclohexane and then to the cycloadduct (Scheme
1.13).

Table 1.4 Ni(COD),/PPh; catalyzed homo-Diels—Alder reaction of
norbornadiene with electron-deficient dienophiles

R Ni(COD),/PPh,
2 + +
ﬁ DCM

R
exo endo
R T(°C) exo/endo Yield (%)
COMe 80 >20 99
CHO 20 3 58

COt#-Bu 60

1

4
SO,Ph 20 1 75
SOPh 20 7
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Table 1.5 Ni(COD),/PPh; catalyzed homo-Diels—Alder reactions of 2-carboxyethyl-
norbornadiene with electron-deficient dienophiles

MeO,C
CO,Me
Z@/COZMG R Ni( Ni(COD),/PPhy CO,Me, MGOZC
+ ﬁ “8o'C,ocM

ortho para meta meta’
R ortho para meta meta’ Yield (%)
(exo/endo) (exo/endo) (exo/endo) (exo/endo)
CN 0 100 (1:2.3) 0 0 94
SO,Ph 0 66 (>20) 0 33 (>20) 75
COMe 20 (0:1) 70 (3) 0 10 (1:1.4) 84

-—

Ni(COD),
? R  2PPhg ﬁb
+ —_— - —
4 ﬁ \ ". -

23 L =COD \— R

Scheme 1.13

1.9 MULTIPLE DIELS-ALDER REACTION

Processes consisting of two or more synthetic steps carried out in the same flask
without isolating any intermediates have been widely investigated in the last
decade due to their ecological and economic advantages when compared to a
stepwise procedure. In this respect the Diels—Alder reaction is a frequent
example.

The one-pot multistep process has been named in various ways: domino,
cascade, tandem, timed, consecutive, transmissive, etc. Sometimes the word
used does not describe the real meaning of the procedure in that there is no
conformity between the customary use of the term and the chemical transform-
ation. These terms were recently defined more pertinently [59].

A domino Diels—Alder reaction (the term was chosen from the well-known
game) is a one-pot process involving two or more Diels—Alder reactions carried
out under the same reaction conditions without adding additional reagents or
catalyst such that the second, third, etc., cycloaddition is the consequence of the
functionality generated in the previous reaction. A historical example is illus-
trated in Equation 1.28 [60]. This type of transformation is sometimes named
tandem or cascade, but these terms seem less appropriate for describing a time-
resolved transformation.
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A tandem Diels—Alder reaction (the term refers to two operating units that
are distinct but working at the same time) would indicate a process involving
two distinct Diels—Alder reactions working at the same time (Equation 1.29) [6],
and a cascade Diels—Alder reaction would refer to a transformation involving at
least two Diels—Alder reactions occurring in sequence, without any reference to
the fact that the subsequent reaction is the consequence of the functionality

generated in the previous reaction (Equation 1.30) [61].

Ny s % e @‘@ i
E = CO,Me
7 N\
I N o . w (1.30)
Ph——= Ph——= -
<o Y Ph I

A consecutive or timed Diels—Alder reaction is a one-pot process in which the
first Diels—Alder does not promote the second, so it is necessary to change the
experimental conditions or add reagents to allow the successive cycloadditions
(Equations 1.31 [62] and 1.32 [63]).

_19kbar_ 200°C H 0
<;§+o:éL ~co, Q\V( O(1.31)
\

T 95%
87%
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OMe
CO,M CO,M 5\ goqe (1.32)
oMe olvie : .
<P e (7

H

Sometimes it is difficult to classify a one-pot multi-step process. Thus for the
sake of clarity, we think that the more general term multiple reaction is prefer-
able to indicate a one-pot process in which several bonds are formed sequen-
tially, regardless of whether the reaction conditions are changed or not, or
whether new reagents are added during the process.

1.10 THEORY

According to frontier molecular orbital theory (FMO), the reactivity, regio-
chemistry and stereochemistry of the Diels—Alder reaction are controlled by
the suprafacial in phase interaction of the highest occupied molecular orb-
ital (HOMO) of one component and the lowest unoccupied molecular orbital
(LUMO) of the other. [17¢, 41-43, 64] These orbitals are the closest in energy;
Scheme 1.14 illustrates the two dominant orbital interactions of a symmetry-
allowed Diels—Alder cycloaddition.

1.10.1 Reactivity and Substituent Effects

The reactivity of a Diels—Alder reaction depends on the HOMO-LUMO
energy separation of components: the lower the energy difference, the
lower is the transition state energy of the reaction. Electron-withdrawing
substituents lower the energy of both HOMO and LUMO, while electron-
donating groups increase their energiecs. HOMO diene-controlled Diels—
Alder reactions (Scheme 1.14) are accelerated by electron-donating substituents
in the diene and by electron-withdrawing substituents in the dienophile

LUMO

HOMO HOMO

inverse normal

Scheme 1.14
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(normal electron-demand Diels—Alder reaction). LUMO diene-controlled
Diels—Alder reactions are influenced by electronic effects of the substituents
in the opposite way (inverse electron-demand Diels—Alder reaction). The
neutral electron-demand Diels—Alder reaction is HOMO-LUMO-diene
controlled and is insensitive to substituents in either the diene or the dieno-
phile.

Lewis acids can greatly accelerate the cycloaddition. Instructive examples are
the AlCls-catalyzed reaction of cycloalkenones with 1,3-butadienes [12]. The
catalytic effect is explained by FMO theory considering that the coordination of
the carbonyl oxygen by Lewis acid increases the electron-withdrawing effect of
the carbonyl group on the carbon—carbon double bond and lowers the LUMO
dienophile energy.

1.10.2 Regioselectivity

The ortho—para rule is explained by FMO theory on the basis of the orbital
coefficients of the atoms forming the g-bonds. The regiochemistry is determined
by the overlap of the orbitals that have larger coefficients (larger lobes in
Scheme 1.15). The greater the difference between the orbital coefficients of
the two end atoms of diene and two atoms of dienophile, which form the two
a-bonds, the more regioselective the cycloaddition.

ED
LUMO | EW ED
% G/EW
—_—
+

¢ /‘ HOMO EW = electron-withdrawing

ED = electron-donating
normal

Scheme 1.15

Lewis-acid-catalyzed cycloadditions of dienophiles, such as o,f-unsaturated
carbonyl compounds, with open-chain carbon-dienes, are generally highly
ortho—para regioselective because the oxygen complexation increases the differ-
ence of LUMO coefficients of the alkene moiety.

The orbital interaction depicted in Scheme 1.15 shows that the two o-bonds
form at the same time but do not develop to the same extent. The Diels—Alder
cycloaddition of unsymmetrical starting materials is therefore concerted but
asynchronous. A highly unsymmetrical diene and/or dienophile give rise to a
highly unsymmetrical transition state and a stepwise pathway can be followed.
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A concerted and synchronous Diels—Alder reaction occurs only with symmetric
nonpolar reagents.

1.10.3 Stereoselectivity

The FMO theory explains the kinetically favored endo approach considering an
additional nonbonding interaction. This secondary orbital interaction does not
give rise to a bond but contributes to lowering the energy of the endo transition
state with respect to that of the exo one. The larger are the lobes of interacting
orbitals, the better is the overlap, the stronger is the interaction, and the more
favored is the formation of endo adduct. In the cycloaddition between piper-
ylene and acrolein (Scheme 1.16), the secondary orbital interaction occurs
between the C-2 of the diene and the carbonyl carbon of the dienophile.

LUMO LUMO

E = Lewis acid

2 1 HOMO HOMO

Scheme 1.16

The complexation with Lewis acids or the protonation influences both the
energy and the coefficients of carbon atoms of the LUMO orbital of the
dienophile. The coefficient of the carbonyl carbon orbital increases (Scheme
1.16); consequently, the stabilizing effect of the secondary orbital interaction is
greatly increased and the endo addition is more favored.

The stereochemistry of substituents at C-1 and C-4 of the diene and that of
substituents at C-1 and C-2 of the dienophile are preserved in the cycloadduct
because the Diels—Alder is a concerted reaction that takes place suprafacially on
both components.

In a photochemical cycloaddition, one component is electronically excited as
a consequence of the promotion of one electron from the HOMO to the
LUMO*. The HOMO*-LUMO* of the component in the excited state interact
with the HOMO-LUMO orbitals of the other component in the ground state.
These interactions are bonding in [2+42] cycloadditions, giving an intermediate
called exciplex, but are antibonding at one end in the [,4;+,2;] Diels—
Alder reaction (Scheme 1.17); therefore this type of cycloaddition cannot be
concerted and any stereospecificity can be lost. According to the Woodward-
Hoffmann rules [65], a concerted Diels—Alder reaction is thermally allowed but
photochemically forbidden.
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0 LUMO”
0 8/8
' "o
0

HOMO" HOMO

LUMO

;

Scheme 1.17

Stable cis-1-phenyl-1-cyclohexene 24 photodimerizes via Diels—Alder cyclo-
addition to trans adduct 25 (Equation 1.33) [66] and the photoexcitation of
dihydrobenzofuran-fused cyclohexenone 26 in net furan gives the trans fused
Diels—Alder adduct 27 (Equation 1.34) [67].

H Ph (1.33)
o = [3)=
Ph H
24
H
H
hv H N H
O 6 s ) (1.34)
O K
27
26

The non-preservation of cis stereochemistry of dienophiles 24 and 26 in the
adducts 25 and 27 is due to a cis—trans photoisomerization of the double bond
and to the concerted suprafacial Diels—Alder cycloaddition of diene to the
ground state of trans dienophiles.
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2 Thermal Diels—Alder Reaction

2.1 INTRODUCTION

From 1928 when Otto Diels and Kurt Alder [1] made their extraordinary discov-
ery until 1960 when Yates and Eaton [2] reported the acceleration of the Diels—
Alder cycloadditions by Lewis acid catalysts, these reactions were essentially
carried out under thermal conditions owing to the simplicity of the accomplish-
ing thermal process. Since then a variety of methods have been developed to
accelerate the reactions. The reaction between 1,3-butadiene and ethylene (Equa-
tion 2.1) is a typical example of a thermal Diels—Alder cycloaddition.

ﬁ L 22, @ (2.1)
N 20%

Since the reactivity depends on the lowest HOMO-LUMO energy separation
that can be achieved by the reacting partners, all the factors, steric and elec-
tronic, that lower the HOMO-LUMO distance increase the reaction rate
and, as a consequence, allow the reactions to be carried out under mild condi-
tions. Thus the normal electron-demand Diels—Alder reaction between 1,4-
benzoquinone and 1,3-butadiene (Equation 2.2) proceeds at 35 °C almost quan-
titatively.

(0]
H
PhH 35°C
2.2
( @ quantnatlve ( )
H
(0]

There are many types of Diels—Alder reactions that are carried out under
thermal conditions. This chapter will deal with the most significant develop-
ments, the potential and range of applications of this methodology of both the
intermolecular and intramolecular cycloadditions in organic synthesis.

2.2 CARBON DIELS-ALDER REACTIONS
2.2.1 Open-Chain Dienes

Highly functionalized cyclohexenes have been prepared by Diels—Alder reac-
tions of butadienes 1 (Scheme 2.1) and chiral butadienes 2 (Scheme 2.2) with
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various dienophiles [3,4]. Good regio- and facial selectivities were observed with
dienes 2 bearing a free hydroxy group; when this group was protected the
stereoselectivity was reversed and lowered. When the chiral dienes 3, bearing

E———FE R E
PhMe, Rix, 48 h, 73-75% £
R E
R\( E.__E \O:
x PhMe, Rfx, 48 h, 70-88% E
1 E
E T
PhMe, Rfx, 48 h, 73-77% ‘E
R = CH,CH(OAC)Ph, CH,CH(OAC)CH,CH,Ph  E = CO,Me
Scheme 2.1
= Z
R i
2 PhH, Rfx, 48 h
70-92%
z WZ
R R
R\‘/O + R\‘/O + Y@\Z + 'z
OR; OR, OR;, OR,

Z = COMe, CO,Me, CONM,
R = i-Pr, n-CgH43, Ph, p-BrCgH,, p-MeOCgH,
R =H, Me, STM, TBDMS

Scheme 2.2

an S-(+)-2-methoxymethyl pyrrolidine as chiral auxiliary, were used to react
with nitroalkenes, a variety of optically active cyclohexanones [5] were obtained
(Equation 2.3). The cycloadditions were highly diastereoselective, showed a
high level (92-95 %) of enantiomeric excess and, after hydrolysis of the cycload-
ducts, furnished optically active nitrocyclohexanones.
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OR _/OR
= R4 NO, MeOH THF, r.t. Y, . .¢\NO2
S + ]/ -80°Ctort ag. AcOH-AcONa /IAA/EFH
N
C "

pH 4.6 o

e .
— overall yield: 32-76%
N y (2.3)

3

R = Me, OMOM, TBDMS;

R =H, Me;

R, = H, Me, CH,0Bn, i-Pr, Ph, 2-Fu, 3-Fu, 0-CI-CgH,4, p-OMe-CgH,, p-NO,-CgHy;
Ry-Rp = —(CHy)s-

Conjugated cyclohexenones [6] have also been easily prepared by combining
the cycloaddition of dimethylaminobutadiene 4 and several cyclic and acyclic
dienophiles followed by the elimination of the amino group from the cycload-
ducts under acidic conditions. Scheme 2.3 summarizes some of these results.

0
TBSO
N—Ph
o)
0 O o M
QN-Ph
(6] o} 0
) 1.-70°C, 96% Me
o 2. Si0,, 83%
AN
3J
1.80°C, 17 h TBSO
2. HF
76% X 1.E_E o
OH
TBSO 4 NMez 5 |iaAH/HF \I\C/COH
85%
E
80°C, 25 h o
(0] 66% E/_/
1.20°C, 9p%  \&- LIAIHYHF
2. HF
o "“‘\OH
+ OH
E E
E =CO,Me

Scheme 2.3



32 Carbon Diels—Alder Reactions

This type of diene is also interesting because the amino substituents open up the
possibility of using chiral amines, thus allowing optically active conjugated
cyclohexenones to be synthesized. An example is the chiral aminosiloxy diene
5 which reacts with several dienophiles leading to cycloadducts that were
directly converted into chiral cyclohexenones [7] (Scheme 2.4) with fairly good
yield (64-82 %) and high enantiomeric excess (86-98 %). The amino functional-
ity can also be retained [8] as shown by the Diels—Alder reactions of 2-
aminomethylbutadienes 6 (Equation 2.4) with a variety of dienophiles
(dimethylfumarate, dimethylmaleate, methylacrylate, ethylacrylate and dimethy-
lacetylenedicarboxylate).

TBSO 8BS0~ R
\q RQI PhMe, 20°C_ \Qgs 1. LiAH, Oﬁ@
CO,R T2472h CORz HF 10% ~OH

R

Ph. N _Ph
g overall yield:

5 64-82%

R = Me, Et, +Bu; R, = H, Et; Ry, Ry = Ph, CO,Me, CO,Et

Scheme 2.4

A one-pot procedure [9] based on the cycloaddition of 4-aryl-2-silyloxybuta-
dienes 7 and bisdiene 8 with alkynes, followed by oxidative aromatization of the
cycloadducts, opened a route to polycyclic phenols without isolating the cyclo-
hexadiene derivative intermediates (Scheme 2.5).

R M
Rf‘Ji [002Me CHCly, Rfx : 1V\C(coz o
! + _ =
N 20 h, 50-79% N

N CO,Me Ry CO,Me

(2.4)

R = H, CH,NMey; R, = Me, Et

The synthesis of halogen-containing organic substrates is currently a
stimulating challenge for synthetic chemists. Among the many procedures
that have been developed, Diels—Alder methodology has also been successfully
used.

Trichlorinated tropones [10] have been prepared by a one-pot procedure
based on thermal cycloaddition of tetrachlorocyclopropene 9 with electron-
rich butadienes (Scheme 2.6) followed by spontaneous ring-expansion/dehydro-
chlorination of the resulting cycloadducts.
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N\ 7/
7 R 8
Ri—R; OSMT

R = Ph, 2-Fu, 2-Th, p-PhCgH,

1. PhMe, 100 °C, 27 h 1.PhMe, 100 °C, 24 h

2.DDQ, AcOH-PhMe, 2.DDQ, Rfx, 8-20 h

Rfx, 20 h 35-64%
19-85%
OH HO Ry R
R Ro R, Ry OH
Ry
Ry, Ry = H, CN, CO,Me
Scheme 2.5
(0]
Cl OMe
Cl Cl
OMe

CCly, 1t | Moo S
2d, 53% _

R OSMT CIA\Q \IOSMT
=
;/ 9 OAc
OMe
OMe 1)
o) %t CCN on
4 d, 56% 4.d, 40%

Cl Cl

Cl Cl
Cl Cl

Scheme 2.6

Aromatic fluoro-compounds have been prepared by thermal cycloaddition
of fluorinated 1,3-butadienes 10-12 (Figure 2.1) with several dienophiles.
Fluorophenols were obtained by cycloaddition of diene 10 with quinones [11]
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F
R~
= = E
OSMT R,
10 11 12

R, Ry, Ry = H, Me, OMe, OSMT

Figure 2.1

(Scheme 2.7). The phenols were formed during isolation (chromatography
on silica gel) from the corresponding cycloadducts. In the reaction with
p-benzoquinone, a product was unexpectedly obtained from a hetero-Diels—
Alder reaction with the quinone acting as a carbonyl dienophile.

The Diels—Alder reactions of dienes 11 and 12 with many dienophiles allowed
other fluorinated aromatics to be synthesized [12,13]. For example, diene 11
reacted with dimethylacetylenedicarboxylate and ethylpropiolate (Scheme 2.8)
to give trifluoromethyl diethylphthalate and trifluoromethylethylbenzoate, and
diene 12 with p-benzoquinone affords 5-fluoronaphthoquinone (Equation 2.5).

Vinyl- and acetylenic tricarbonyl compounds are reactive dienophilic
components in Diels—Alder reactions. Cycloadditions of these compounds
with substituted butadienes were recently used to develop a new synthetic
approach to indole derivatives [14] (Scheme 2.9) by a three-step procedure
including (i) condensation with primary amines, (ii)) dehydration and (iii)
DDQ oxidation.

o)

) on
H

° (2
F 1.PhH,110°C,20 h,45% o
Phssio\f\F 2.Si0, F o
N OH o

10 1.PhH, 90 °C, 10 h, 69% OO . |
2.80, Q HO Ph,SIO

Scheme 2.7
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E——E FsC E
100 °C, 18 h, 63% o .

FsC~
E =CO,Me
N
F
OSMT CFs
H—==—CO,Et/l,
" 100 °C, 72 h, 28%
CO,Et
Scheme 2.8
o) o}
= PhMe, 25 °C, 15 h O‘
+ _— —_—

N 65% HCI, 91% (2.5)
OSMT O o}
12

R O O R O O
R, R,
= . || OtBu PhH, A, 3.5-5h OtBu
—_—
0 57-100% o)
R2 X RZ
R3NH,,
DCM,
R OH 42-72%
Ry N pbQ -Hx0
CO2t-Bu 42-90%
Ro N
R3

R, Ry, Ry = H, Me, CH,CO,Et; Rs = n-Bu, Bn

Scheme 2.9

Diels—Alder cycloaddition reactions are among the most common and exped-
itious methods for the derivatization of [60]-fullerene which acts as a good
dienophile reacting with a wide variety of dienes bearing electron-donating
and electron-withdrawing groups. Since cycloadducts undergo a facile retro-
Diels—Alder reaction, the stability of the cycloadducts was attained either by
incorporating the forming double bond into an aromatic ring or by a smooth
conversion of the formed double bond into a single bond.
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Diels—Alder reactions of butadienes 13 and 2,3-di-n-propylbutadiene 14 with
[60]-fullerene 15 led to several fullerene derivatives [15-17] (Scheme 2.10).
Dienes 13 and 14 bore electron-donating groups, but the reactions also oc-
curred with electron-withdrawing substituents due to the sufficiently low-
energy LUMO of Cgy.

TMSO _
R R1 R R1 R1
— 8
HC| PhMe 50-110°C PhH Rix,

OSMT (524 h, 29-48% 15 14 h, 54%

R = Ry = H, Me, OMe, Ph

Scheme 2.10

Vinylboranes, a class of highly reactive dienophiles that has been explored by
Singleton and coworkers [18-21], have been used to synthesize a wide variety of
cyclohexenols, cyclohexenediols and bridgehead bicyclic alcohols by Diels—
Alder reaction with a wide range of acyclic dienes. The alcohols are obtained
by an oxidative H,O,/NaOH work-up of the intermediate borane adducts; by
adding triethylamine before proceeding with oxidation, the protodeboronation
side- reaction was eliminated and alcohols were obtained in good to excellent
yields. Vinylborane can be readily prepared by metal-metal exchange of boron
halides with vinyltin derivatives. While 9-vinyl-borabicyclo [3.3.1]nonane (18) is
unstable and was therefore generated in situ and trapped by dienes, the trans-
1,2-bis(catecholboryl)ethylene (19) is an air-stable crystalline solid [19]. The
cycloadditions of numerous vinylboranes have been studied and some signifi-
cant examples are summarized in Equations 2.6 and 2.7 and Scheme 2.11.
Generally, the cycloaddition reactions have shown high regioselectivity and
endo-diastereoselectivity.

K
||/SnBu3 S o.BEN DCM, rt. 5 By X BBN
+ r-9- —_— —_—
5 min ||/ DCM, r.t., 20 h +-BU

16 17
18 (2.6)

OH

o

t-BU NaOH
82% overall yield
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/O
SnBus 0 neat, 25 °C o} J/ 0
J|/ + Br—B — B
(6}
19

3d, 70%
Bu,Sn o
(2.7)
K
t-Bu wOH
OH NaOH EtsN, 100 °C, 1h
70% yield
Ho 12
(@SnB% BBrg, hexane (@BBrZ hexane, 25 °C  Et;N, NaOH p Ry
—_—
0-25°C, 15 min R, H,0, R
R H
n=1,2 X
41-80%
Z>R
H,C
R, Ry, Ry = H, Me, Ph, +Bu, ° \_/=<

Scheme 2.11

2.2.2 Cyclopentadienes and Cyclohexadienes

Cyclopentadienes and cyclohexadienes are versatile dienes that are commonly
used to study mechanistic, regio- and stereochemical aspects of the Diels—Alder
reaction and for synthetic purposes.

Cycloaddition reactions of homochiral dihydropyranones 20, readily access-
ible from D-glucose, with cyclopentadiene 21 give optically active tetrahydro-
benzopyranones bearing several stereogenic centers. The reactions of
these poorly reactive dienophiles were carried out under drastic thermal,
Lewis-acid catalyzed, high pressure conditions [22]. Although mixtures of
four diastereoisomers (endo/exo and syn/anti) were always obtained, the highest
yields and stereoselection were observed under thermal (Equation 2.8) and,
especially, high pressure conditions (15 kbar, 25°C, 2d).

Norbornadienes, norbornenones and their homologs have been prepared
[23, 24] by cycloaddition of cyclopentadiene (21) and cyclohexadiene (22) with
1-benzenesulfonyl-2-trimethylsilylacetylene (23) and 1-ethoxy-2-carbomethox-
yacetylene (24). Both were efficient dienophiles in the cycloaddition processes
and dienophile 23 acted as an effective acetylene equivalent (Scheme 2.12).
Norbornanes and their homologs can also be attained by Diels—Alder reaction
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of dienes 21, 22 and fulvene 25 with acetoxymaleic anhydride (26), a reactive
dienophile, which behaves like a ketene equivalent [25] (Scheme 2.13).

DCM, 150-250 °C
—_—_—
2-6 d, 76-92%

R =R; =H, OMe, OBz

The cycloaddition between 25 and 26 is a crucial step for the synthesis of methyl
cis-dihydrojasmonate, a key constituent of the commercial jasmine fragrance
Hedione 27.

MeO,C————OEt PhO,S SiMeg
24 23
45-80°C, 24 h MeOH or PhH, 0-60 ‘C
21,n=1 2-8 h, 96-100%
22,n=2
n
&OH SiMeg
CO,Me SO,Ph
THF HCI LiAIH,
THF, 92-94%
" FO THF
43-65% overall yield 7-8 h, 76-100%

COzMe ??
4 { —0

Optically active norbornene derivatives [26] have been prepared by cycload-
dition of hexachlorocyclopentadiene with /-menthylacrylate and /-menthylallyl-
ether (Equation 2.9). Low levels of enantiomeric excess have been obtained in
the thermal processes, whereas Lewis acid catalyzed reactions (BF3, BBrj,
AICl;, SnCly, DCM, 40-80 °C) gave better results.

Scheme 2.12
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Furanones are a class of chiral dienophiles very reactive in thermal cycload-
ditions. For example, (5R)-5-(/-menthyloxy)-2-(5H)-furanone (28) underwent
Diels—Alder reaction with cyclopentadiene (21) with complete n-face-selectivity
(Equation 2.10), affording a cycloadduct which was used as a key intermediate
in the synthesis of dehydro aspidospermidine [27].

y O
/F\A\ . @ PhMe, 110 °C, 65% o
» o)
RO™ "o o (2.10)
28 21 H OR*

R* = I-menthyl

Very high levels of diastereomeric and enantiomeric excess have been obser-
ved in the cycloadditions of (5R) and (5S)-5-menthyloxy-2(5H)-furanones
28 and 29 (Figure 2.2), readily available from furfural and d4- and /-
menthol [28].

28 29 R* = [-menthyl

Figure 2.2

2.2.3 Heterocyclic Dienes

The reactivity of heterocyclic dienes is determined by the nature and number of
heteroatoms and, in the case of heteroaromatic compounds, also by the aro-
matic character. Furans undergo Diels—Alder reactions with strong dienophiles
and generally afford exo-cycloadducts which are thermodynamically more
stable than the kinetically favoured endo-adducts.

An example of the Diels—Alder reaction of furans is the cycloaddition of 31
with 4,4-diethoxybut-2-ynal (32) which acts as an acetylenedicarbaldehyde
synthon to afford 7-oxabicyclo [2.2.1]heptene derivatives [29] which were then
converted into substituted cyclohex-1-ene-1,6-dicarbaldehydes by a four-step
procedure (Scheme 2.14).

Thiophenes are less reactive than furans and therefore react with very react-
ive dienophiles. They behave somewhat differently from furans and in many
cases the intermediate addition products are unstable and undergo cheleotropic
extrusion of sulfur [30]. Thiophenes 30 undergo cycloaddition reactions with
DMAD (Equation 2.11) to afford bicyclic cycloadducts which lead to phthal-
ates by sulfur extrusion, thus offering a one-pot synthesis of dimethylphthalates
[31].
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CHO o) A
@\ + || Na,COj, BHT, 70 °C 7">—cro
o R 5-20 h, 100%
a1 CH(OEt), CH(OEY),
32 H,, Pd/C
EtOAc
100%
CH(OEY), CH(OEt), o} A
TBDMSO.., CHO HO.,. CHO KOtBu, TMEDA CHO
B S
TBDMSCI -55-23 °C, 80-90%
imidazole R CH(OEt),
80%
CHO
Si0,/(COxH), TBDMSO,,, CHO
DCM, 90-95%
R

R = Me, Et, Bu, n-CsH;4, n-C;H;5, n-CgH;7

Scheme 2.14

Benzol[c]furans (isobenzofurans) are very reactive but generally unstable
dienes which are prepared in situ and trapped. The in situ-generated isobenzo-
furan 33 was trapped by cycloaddition reaction with bis(methyl (S)-lactyl) ester
34 to afford [32] optically active naphthols (Equation 2.12). The cycloaddition
was carried out in the presence of a catalytic amount of glacial acetic acid and
represents a facile one-pot procedure to synthesize substituted naphthols.

R, R, CO,Me Ra
xylene, Rix R
R S 2-96 h, 16-75%
s bome 0T a NP oome  (211)
30 CO,Me

R, Ry, Ry = H, Me, OMe, SMe, Ph

Because of their low reactivity, a Diels—Alder reaction of 2-pyrones usually
requires such a high temperature that the initial bicyclic lactone adducts often
undergo cycloreversion [30,33] with loss of CO,. In some cases this limitation
has been overcome by carrying out the reaction under high pressure conditions.
Posner and coworkers have shown [34 -36] that the presence of a tolylthio group
or a bromine atom at the 3- or 5-position increases the reactivity of 2-pyrones.
3-Bromo-2-pyrone (35) (Scheme 2.15), as well as its regioisomer 5-bromo (36)
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OH
CO,R" . M CO,R*
I Z7 | MeO A\ | DCM. AOH, 95 °C_ LIAI(tBuO)H e0 OO O
+ — -

MeO 40 min, 80% Et;B MeO CO,R*
CO,R* Ar Ar 212
34 33

Me
R* = E (mwH Ar = 3,4-(MeO),CgH3

CO,Me

(Equation 2.13), undergo slow but very clean regioselective cycloaddition reac-
tions, under carefully controlled thermal conditions with both electron-poor
and electron-rich dienophiles.

o)
O>, BrCHO O>/ Br
o R o o
o)
R=H, Me DCM, 78-90 °C \‘\:/(/O
33-63%
R H DCM, 90 °C, 63%
/; o)
o)
B
o7 '
NS
DCM, 90 °C 35
o)
I X
o
1) Br Br
>, (o} OMe
o Of OMe
Scheme 2.15
R Br-
o) | W 25-100°C,2-5d O o
_— >
~) 83-100%
2.13
iy (2.13)
36

R= CN, COMe, COZH, OCHQCHzCI, OS|MePh2, p'Br'CsH4
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2.2.4 Outer-Ring Dienes

Outer-ring dienes are very reactive and readily form Diels—Alder adducts with
olefinic and acetylenic dienophiles. Several types of outer-ring dienes are based
on their nature (carbodiene or heterodiene) and ring type (carbocyclic or
heterocyclic). Their reactivity is related to the distance between the methylene
carbons and is strongly influenced by the presence of heteroatoms in the ring
and substituents in the diene moiety. Many routes for generating these dienes
from precursors have been studied; when generated in the presence of a dieno-
phile, they give the adducts directly [30].

Various o-quinodimethanes, generated in situ from o-alkenylbenzyltributyl-
stannane precursors, have been used to synthesize functionalized polycycles by
Diels—Alder reaction with maleic anhydride, methylacrylate, dimethylfumarate
and N-phenyl maleimide in the presence of electrophiles [37] (Scheme 2.16).

Ry Ho Ry
| AR, I ArS-Rs
HET
arsol _RTR i
— DCM, rt., 2 h, 1
51-95% R
SnBu, Ro

I I
R-R;= —C—0-C—, R, =H;R=CO,Me, R; =R, =H

o
R1 = R2 = COZMe' R= H7 R'R1 = _C_N_C_, R2 =H

Ar = Ph, 0'N0206H4; R3 = H, Me, Ph, 002Et
Scheme 2.16
2,3-Dimethylene-2,3-dihydrothiophene (37, Figure 2.3) is the thiophene
analog [38] of o-quinodimethanes and has been used to develop a Diels—Alder-

based synthetic approach to benzothiophene derivatives. Generated in situ by
treating the trimethylsylyl ammonium derivatives 38 or 39 with BuyN*F~, it

S S

37 38 X =MegN*I; Z = SiMe,
39 X =SiMeg; Z = MeEt,N*I-

Figure 2.3



44 Carbon Diels—Alder Reactions

has been trapped with a variety of dienophiles (dimethyl maleate and fumarate,
acrylonitrile, methylacrylate, diethylazodicarboxylate). The fluoride-induced
1,4-elimination procedure [39] allows 37 to be generated under mild conditions;
this is of particular importance due to the strong tendency of diene 37 to
dimerize or polymerize. For example, the reaction of diene 37 with N-phenyl
maleimide is described in Equation 2.14.

0
® o | N—Ph o
NMe,| . (2.14)
" :
I\ siMe, — |l % 77 N—Ph
s S MeCN, 20 °C S
89% o

38 37

Pyrano-[4,2-b]-pyrrol-5-ones (40) and pyrano-[4,3-b]-pyrrol-6-ones (41)
(Figure 2.4) are stable cyclic analogs of pyrrole 2,3-quinodimethane and under-
go Diels—Alder reaction [40, 41] with various dienophiles to afford indole
derivatives after loss of carbon dioxide.

R R
0
"ﬁ@ ﬁ
o
P F TN Z N
Ry SO,Ph

40 41
R =H, Me; Ry = CO,i-Bu

Figure 2.4

Scheme 2.17 reports some cycloaddition reactions of pyrano-[4,3-b]-pyrrole
40 (R = Me, R; = CO;-i-Bu).

Tamariz and coworkers [42] have described a versatile, efficient methodology
for preparing N-substituted-4,5-dimethylene-2-oxazolidinones 42 (Figure 2.5)
from o-diketones and isocyanates and have also studied their reactivity in
Diels—Alder reactions. This is a method for synthesizing polycyclic heterocyclic
compounds. Some of the reactions of diene 42 are summarized in Scheme 2.18.
The nitrogen atom seems to control the regiochemistry of the reaction.

2,3-Ethylene disulfonyl-1,3-butadiene (43) is an example of an outer-ring
diene with a non-aromatic six-membered heterocyclic ring containing sulfur.
It is prepared by thermolysis of sulfolenes in the presence of a basic catalyst. It
is very reactive [43] and even though it is electron-deficient, it readily reacted
with both electron-rich and electron-poor dienophiles (Equation 2.15).
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A\
MeO,C N
COzi'BU
DMAD
PhCl, Rfx,

18 h, 88% SOPh

Ses J ANy Cog
N MeCN,PhCI,A,O Z N PhCI, Rfx
C

\COZi-Bu 6 h, 84% u 144 h, 85%

H—==—CO,Et

PhCl, Rfx
20 h, 75%

Et0,C
+

N\
N
N

Co,iBu —02C c

Scheme 2.17

o2

45

O,i-Bu

R = (CH,),Cl, Ph, p-CICgH,4, m-CICgH,4, 0-MeCgH,, m-MeCgH,4, p-MeCgH,, 0-BrCeH,

Ry =H, Me

Figure 2.5

Indole-2,3-quinodimethanes [44] 44 are bicyclic outer-ring dienes that are
widely used to prepare a variety of heterocyclic polycyclic compounds. These
dienes, generated by extrusion of CO, from lactones, are then trapped by
dienophiles. Some examples of Diels—Alder reactions of the dienes 44 are

reported in Scheme 2.19.

The Diels—Alder reaction provides a valuable tool for functionalizing buck-
minsterfullerene (Cgp). Functionalized Cgy derivatives may have important
applications as conductive materials [45] and in biological chemistry [46].
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O CO,Me
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N CO,Me
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. H coMe r_ 4 \o:

- = _
xylene, 60-130 C o xylene, 130-160 'C
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R1 H O
O
o= N-Ph
N
R H o
Scheme 2.18

0-Quinodimethanes and their heterocyclic analogs have been used to function-
alize (Cgp) fullerene by cycloaddition reactions affording thermally stabilized
cycloadducts.

Thieno-o-quinodimethanes 46 and 48, generated in situ by iodide-induced
1,4-elimination from the respective 2,3-bis(chloromethyl)thiophene 45 and
2,3-bis(bromomethyl)benzo[b]thiophene 47 precursors, undergo Diels—Alder

\\ // \ //
E DCM or PhH, 60-160 °C [
[ 2-180 h, 26-97%
/, % // o (2.15)
43

O PhO
R = OEt, SPh, TMS, OAc, CO,Me, COMe, Ph; Ry = H; R-Ry = ~(CHp),-, — G—N—C—
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O 0
o N—Ph
A\ | , X=H
N 0
X PhBr, A, 5 h, 58%

N H

\ PhBr, A, 2.5 h, 45%

X
44
J/C:O2N|e COzMe
| , X=CO,Me "
MeO,C 2 { CO,Me

PhBr, A, 26 h, 54% N
\
CO,Me

Scheme 2.19

reaction with fullerene (15) in the presence of 18-crown-6 ether, yielding (Equa-
tions 2.16 and 2.17) thiophene-containing monocycloadducts [47].

cl li
PhMe, Nal, 18-crown-6 15
/</_\/CC' Rix, 3 d, 23% d | H—co,Me (2.16)
MeO,C T MeO,C g 2

S
45 46

Br @
: ()
N " PhMe, Nal, Rfx @%: 15 | N\ (2.17)
IS S

18-crown-6, 24 h, 43%

47 48

Bis-o-quinodimethanes have also been used to functionalize [60]-fullerene by
Diels—Alder reaction. An example is the preparation of main-chain polymers
with incorporated [60]-fullerene units [48] illustrated in Scheme 2.20. Cycloadd-
ition of bis-diene 50 generated in situ from bis-sulfone 49 with [60]-fullerene leads
to an oligomer mixture 51. Another type of functionalization is based on the



48 Carbon Diels—Alder Reactions

OHex OHex
A
0,5 SO, —
OHex OHex
49 50
15

C|3CGH3, fo, 20 h

Hex = CgHy4 51
Scheme 2.20

Diels—Alder reaction of fullerenes with complex dienes type 52 (Figure 2.6)
which have a 2,3-bis-(methylene) bicyclo[2.2.2]octane unit [49].

§ AcHN/(j[g HZN/Qg $
OMe (@]

Figure 2.6
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2.2.5 Inner-Outer-Ring Dienes

Inner-outer-ring dienes are very useful in the synthesis of polycyclic molecules.
Their reactivity in the Diels—Alder reaction depends on the type of ring (carbo-
cyclic, heterocyclic, aromatic) that bears the ethenyl group or on the electronic
effects of substituents at the diene moiety [30].

The 3- and 6-acetoxyvinylcyclohexenes 53 and 54 react with dimethyl-
acetylenedicarboxylate to afford bicyclic esters [50]. It is noteworthy that the
facial diastereoselectivity depends on the position of the acetoxy group
(Scheme 2.21). While the reaction of 53 is completely anti-diastereoselect-
ive, that of 54 is undiastereoselective, affording a 1:1 mixture of cycload-
ducts.

>
30%
= E
6 . | PhMe, Rfx
S/ 2 _
ACO ! 16-40 h
42%
53,3-OAc E =CO,Me
54, 6-OAc
Scheme 2.21

The cycloadditions of the C-2 vinyl glicals with maleic anhydride are an
interesting example of facial stereocontrol. The allylic methoxy group in dienes
55a and 55b exerts an anti-stereodirecting effect as shown by the stereochemis-
try of the endo-cycloadducts 56 and 57 obtained as the sole products from 55a
and 55b, respectively, and by the fact that 55¢ produces [51] a mixture of the
diastereoisomers 56¢ and 57¢ (Scheme 2.22). When linear acetylenic dienophiles
were used, the degree of facial diastereoselectivity decreased, which indicates its
dependence on steric effects.

Styrenes and vinylnaphthalenes

Styrenes may act as 2n and 4n components of the Diels—Alder reaction
depending on the substitution site and the electronic effects of the substituent.
Electron-donating groups at the a-carbon of the olefinic double bond enhance
the dienic reactivity of styrenes [30].
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56 a,R=0Me,R;=H 57
b, R=R; =OMe
¢,R=Ry=H

Scheme 2.22

Phenanthrene-1,4-diones have been prepared [52] by cycloaddition of «-
substituted styrenes with an excess of 1,4-benzoquinone (Equation 2.18). Initial
cycloadducts are oxidized by 1,4-benzoquinone.

R o}

0
R
PhMe, Rfx “
+ —_—
15-20 h, 31-57% (2.18)
o
¢}

R = H, OMe, SMe, Me(CH,)50(CH,),0

In contrast, product mixtures were obtained [53] when a-substituted styrenes
were reacted with dimethylacetylenedicarboxylate (Equation 2.19). The prod-
ucts were formed via aromatization of the primary cycloadducts or by ‘ene’
addition of a second molecule of DMAD.

R E_
E
__PhHorPhMe _
+ | | or PhMe ‘ O 2 19
E 100-200 C
20-24 h, 30-88%

R = OMe, OEt, OSiMeg; E = CO,Me
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When strong electron-withdrawing substituents were introduced at the «-
or f-carbon of the vinyl group, the styrenes acted as dienophiles. Thus cyclo-
addition of a-trifluoromethyl styrene (58) with Danishefsky’s diene 59
afforded regioselectively a 1:1 mixture of cycloadducts which were then
converted (Equation 2.20) into 4-phenyl-4-trifluoromethyl-2-cyclohexen-1-one
[54].

OSMT 0
FsC
8 OMe ‘ ‘
X THF, 140 °C, 140 h, 75% oMe  Hs0® (2.20)
+ CF5 — CF,

(o] 5kba,800 80%

Similarly, f-nitrostyrene (60) reacted with I-dimethylamino-1-alkylbuta-
dienes to afford phenylnitrocyclohexenes [55] (Equation 2.21) regioselectively
and stereoselectively.

= NMe, @
H)j/R PhMe, Rfx /@
+ T 221)
8h, 26-71% (2.
Z RN NO,

60 NMe,
R = Me, Et, i-Pr, n-Pr, n-Bu

1-Vinylnaphthalenes give Diels—Alder reactions more easily than styrenes
and have been used to synthesize steroid-like compounds. 2-Vinylnaphthalene
(61) is less reactive than 1-vinylnaphthalene (62) (Figure 2.7); it requires drastic
conditions to undergo Diels—Alder reaction and the yields are low. Better
results can be obtained by carrying out the reaction under high pressure
(Chapter 5). Some Diels—Alder reactions of 1-vinylnaphthalene (62) are sum-
marized in Scheme 2.23.

| =

61 62

Figure 2.7
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[58] OAc
°© [59]
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Scheme 2.23

Divinylnaphthalenes 63 and 64 (Figure 2.8) react with strong dienophiles and
have been used to synthesize complex polycyclic aromatic compounds [60].
While 2-vinylnaphthalene (61) and 1-vinylnaphthalene (62) act as 47 compon-
ents, 3-vinylphenanthrene (65) and 1- vinylpyrene (66) (Figure 2.8), character-
ized by an extended polycyclic aromatic system, preferentially undergo [2+2]
cycloaddition [57, 61, 62].

05 oot B &

64 65 66
Figure 2.8
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3,4-Dihydro-1-vinylnaphthalene (67) as well as 3,4-dihydro-2-vinylnaphtha-
lene (68) are more reactive than the corresponding aromatic dienes. Therefore
they may also undergo cycloaddition reactions with low reactive dienophiles,
thus showing a wider range of applications in organic synthesis. The cycloadd-
itions of dienes 67 and 68 and of the 6-methoxy-2,4-dihydro-1-vinylnaphthalene
69 have been used extensively in the synthesis of steroids, heterocyclic com-
pounds and polycyclic aromatic compounds. Some of the reactions of dienes
67-69 are summarized in Schemes 2.24, 2.25 and 2.26. In order to synthesize
indeno[c]phenanthrenones, the cycloaddition of diene 67 with 3-bromoindan-1-
one, which is a precursor of inden-1-one, was studied. Bromoindanone was
prepared by treating commercially available indanone with NBS [64].

[63]

DDQ,
PhH, Rfx, 15 h
61%

Scheme 2.24
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68

O
triglyme, Rfx, 60 h O.
Pd/C ‘

(65]

major

Scheme 2.25

Scheme 2.26
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Dihydrovinylphenanthrenes

Dihydrovinylphenanthrenes are more reactive than the corresponding vinyl
phenanthrenes and undergo Diels—Alder reactions easily. They have been
used in the synthesis of polycyclic aromatic compounds and helicenes.
Examples of cycloaddition reactions of the 3,4-dihydro-1-vinylphenanthrene
(70), [61] 3,4-dihydro-2-vinylphenanthrene (71) [68] and 1,2-dihydro-4-
vinylphenanthrene (72) [69] are reported in Equation 2.22 and Schemes 2.27

and 2.28.
s¥eny

o
O = o OO
1. EtsN, Rix, 6 h, 43% (2.22)
+ + [e)
2. PdIC, 53%

In the case of the cycloaddition of 71 with benzyne (Scheme 2.27) a 1.5:1
mixture of the two products was obtained which were then oxidized to the

o
Q H

Y ¥ et ey
RH cel,, fo 48 h, 50% 2 DDQ

|) NaBH DCM/MeOH,
ii) Pd/C 160 °C, 24 h
53%

overall yield: 42%
Ry =H, Ph

R =H, OMe

Scheme 2.27
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o}
o ‘ Z 1. @' DME
- _—
1. PhMe, Rfx, OO 2.DDQ, PhH,

20 h Rfx, 16 h
2.DDQ, PhH, 72

Rfx, 5 h overall yield: 30%

overall yield: 37%

Scheme 2.28

corresponding aromatic compounds. The major component was the product of
the cycloaddition which originated the minor product by ene-reaction with a
second molecule of dienophile.

The Diels—-Alder reactions of 71 with 2-inden-1-ones generated in situ by
treating the corresponding 3-bromo-indan-1-ones with triethylamine, were
highly regio- and stereoselective; the cycloadducts were easily dehydrogenated
to afford helicenes. Diene 72 underwent cycloaddition reactions with p-benzo-
quinone and benzyne to give cycloadducts which were dehydrogenated to [5]-
phenacenes.

Vinylfurans, vinylthiophenes and vinylpyrroles

2-Vinylfuran (73a) and 2-vinylthiophene (73b) (Figure 2.9), and more generally
2-vinyl- and 3-vinyl five-membered aromatic heterocycles and their benzoder-
ivatives, may undergo Diels—Alder reaction in two different ways by involving
either the aromatic nucleus (intra-annular addition) or the diene moiety includ-
ing the side-chain double bond (extra-annular addition). The latter way of
interacting is preferred [30] and involves mechanistic and theoretical aspects,
allowing substituted condensed heterocyclic systems to be synthesized [70].

Y=
I\ B $
X PXC OSMT
73 a,X=0 Y—vY
b,X=S 74,X =0
75,X =S

Y—Y :dienophile

Figure 2.9
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Whereas furan is more reactive than thiophene, according to the different
aromatic character [71], the corresponding vinyltrimethylsilyloxy derivatives
74 and 75 show an opposite order of reactivity [72]. The reversed reactivity
has been explained in terms of FMO theory by considering the higher energy of
the HOMO (diene) and the larger HOMO coefficient at the end of the silylox-
yvinyl group in the thiophene derivative 75 compared with that in the analo-
gous furan 74. This shows that the reactivity of vinylheterocycles is not simply
related to their aromaticity.

The Diels—Alder reaction of 2-vinylfurans 73 with suitable dienophiles has
been used to prepare tetrahydrobenzofurans [73, 74] by an extra-annular add-
ition; these are useful precursors of substituted benzofurans (Scheme 2.29). In
practice, the cycloadditions with acetylenic dienophiles give fully aromatic
benzofurans directly, because the intermediate cycloadducts autoxidize during
the reaction or in the isolation procedure. In the case of a reaction with nitro-
substituted vinylbenzofuran, the formation of the aromatic products involves
the loss of HNO,.

E E
DDQ
R/ ~—— R
73% o)
(0] R, R,
N R, R,

CN

o) R, R=R,=H ||/
R, Ro=CO:E | 140G, 40
SS%‘DDQ 73%
CN |/CN E
| 140°C, 48 h, 57% |/
R/ - COI; WRZ ,140°C, 40 h, 53% 1 .1407C 400 58% _ /
= =H, = t
o R, 1 2 2 R=R,;=H, R, =NO, o)
1 E E Ry
E xylene, Rfx,
R=Ry=R;=H PhH, 80 °C, Ry=Ry=H \_24h, 40%
24 h, 5% R =p-NO,C¢H,
E E
E
7 : R—’
R
0 R, o Ry
R, E = CO,Me Ry

Scheme 2.29
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There is marked competition between intra-annulation and extra-annular
addition in the case of 3-vinylfuran as shown by the results of the cycloaddition
of 76 with several dienophiles [75] (Scheme 2.30).

OSMDBT OSMDBT
CO,Me
! S
o CO,Me MeO,C CO,Me
CO,Me CO,Me
COzMe
PhMe, r.t.
OSMDBT 72h, 45% | ||| o
CO,Me
SO o
CO,Me
MeO,C CO,Me [ 2 TBDMSO OH
CO2Me

. CO,Me , PhMe =S o)

a2

—-— _—

OSMDBT Rfx, 56 h, 39% 4_\5\ PhMe, 5 d, 45% o
~CO,Me 0

1) " 0

MeO,C “CO,Me MeO,C~__ SOPh
CO,Me \n/
PhMe, r.t,
5h, 67%
OSMDBT
4
O =
H -
Me0,C $=°
Ph
Scheme 2.30

2-Vinyl- and 3-vinylthiophene (73b and 77) are less reactive than the corres-
ponding furans and show a notable preference for extra-annular addition due
to the higher reactivity of the diene system, including the side-chain double
bond. 2-Vinylthiophene is less reactive than 3-vinylthiophene. Whereas 2-
vinylthiophene (73b) reacted with maleic anhydride and 1,4-benzoquinone to
give cycloadducts in reasonable yield, 3-vinylthiophene (77) gave a higher yield
of the cycloadduct [76, 77] (Scheme 2.31).

Vinylpyrazoles fail to undergo cycloaddition reactions under conditions used
for vinylfurans and vinylthiophenes. 1-Phenyl-4-vinylpyrazole (78) and 1-
phenyl-5-vinylpyrazole (79) (Figure 2.10) react only with strong dienophiles
under pressure and at high temperatures [78-80].
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Ph Ph
78 79
Figure 2.10

Vinylbenzofurans, vinylbenzothiophenes and vinylindoles

These dienes are valuable for the Diels—Alder based synthesis of dibenzofurans,
dibenzothiophenes, carbazoles and other classes of complex polycyclic hetero-
cyclic compounds. Scheme 2.32 summarizes some of the cycloadditions [81] of
2-vinylbenzofurans (80).

Substituted dibenzofurans have also been obtained by cycloaddition of 3-
vinylbenzofurans (81) as shown [82] in Scheme 2.33.
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MeO,C
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MP = methylpropiolate; BQ = 1,4-benzoquinone; MA = maleic anhydride;
DMAD = dimethylacetylenedicarboxylate; TCNE = tetracyanoethylene

Scheme 2.32

As vinylbenzofurans allow a large variety of substituted dibenzofurans to
be synthesized, 2- and 3-vinylbenzo[b]thiophenes allow an easy entry, by
Diels—Alder reaction with the appropriate dienophiles, to substituted dibenzo-
thiophenes which are not easily accessible by other methods. Vinylbenzo-
[b]thiophenes are less reactive than the corresponding vinylbenzo[b]furans.
Some cycloaddition reactions of 2-vinylbenzo[b]thiophene (82) with various
dienophiles are reported [83] in Scheme 2.34.

The Diels—-Alder cycloadditions of both 2-vinylindoles and 3-vinylindoles are
very attractive methods for preparing [blannelated indoles to serve as lead
substances and as building blocks for alkaloids. Pindur and coworkers [84]
have extensively studied the vinylindole Diels—Alder chemistry.

Cycloaddition reactions of 2-vinylindoles 83 with a variety of dienophiles
provide a convenient access [85] to carbazoles (Scheme 2.35).
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MA = maleic anhydride; NPM = N-phenylmaleimide; NQ = 1,4-naphthoquinone; TCNE =
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Scheme 2.34

61



62 Carbon Diels—Alder Reactions

X
C
R
z \ /" ==
-~ —_—
PhMe, MS 4A, N R PhMe, Rix,
Rix, 7-40 h, H 3-16 h, 20-46%
12-73% H
83
R=H, Me; R, = H, Me, Ph
[1,3]-H shift [1,3]-H shift
X Z
—H
R, 2]
N\
N R E E
\
H PhO O Ry
X-Z = _IJ_ Nl iX=H,Z=COMe O
X =H, Z=CO,Et; X =Z = CO,Me N R

E =CO,Me
Scheme 2.35

The reactivity and regioselectivity of the cycloadditions of the 2-vinylindoles
are markedly dependent on the substitution pattern as shown by the calculated
HOMO energies and coefficients [85a].

In the case of the reaction of 2-vinylindole (83, R = R; = H) with methyl
propynoate, a diester is obtained by a multiple one-pot process involving two
molecules of the dienophile and the extrusion of ethene (Equation 2.23).

CO,Me CO,Me

eOZC
H—=—0OaMe_ 6
H——=—CO,Me
PhMe, MS 4A COM
e
Rfx, 5d, 8% 2 — CHo=CH,
o
N
\
H

CO,Me

(2.23)

3-Vinylindoles have been studied extensively and used in the synthesis of
carbazoles, alkaloids and other classes of pharmacologically active compounds.
MMX force field calculations have shown that coplanar s-cis and s-
trans conformations of 3-vinylindole (84, Figure 2.11) are the most stable
conformers; they exhibit only slight differences in their thermodynamic stabil-
ities [86].



Thermal Diels—Alder Reaction 63

84
Figure 2.11

Preparation of 3-vinylindole (84) via Cope elimination of N,N-diethyltrypt-
amine-N-oxide has been reported [87]. An alternate approach based on the
Wittig reaction of the readily accessible N-phenylsulfonylindole-3-carbalde-
hyde failed because cleavage of the sulfonyl protecting group easily produced
an anion whose neutralization led to polymerization [86].

Noland and coworkers have developed an interesting methodology for the in
situ synthesis of carbazoles. This methodology combines the synthesis of 3-
vinylindoles from indoles and acyclic ketones with the subsequent Diels—Alder
cycloaddition in one flask to produce a variety of tetrahydrocarbazoles [88]
(Scheme 2.36).

-mCO,H - CO,H
A\ acetone, Rfx / HCI
N CO,H Acetone
\ \ 84-96%
R, \Rz
O = _JH
O H ® 0
A\ + + | O —T]/—————> A\
N R, 90-120°C, 3-18 h (0]
_67° N H
\ R, Y 12-67% \ S

R; = Me, Et, Ph, CH,COMe, p- and m-XCgH, (X = Me, OMe, Br, Cl, F, NO, Ph)
Rz = H, Me, Et, Bn, MesCCOCH,

Scheme 2.36
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Enantiomerically pure tetrahydrocarbazoles have been obtained by asymmet-
ric Diels—Alder reactions [89] of 2- vinyl- and 3-vinylindoles with Oppolzer’s
acryloylsultam. The results of the [4+2] cycloadditions of 3-vinylindoles
(Scheme 2.37) show that the exo-addition is preferred.

R, R,
- /
%/ ,  DCM, MS4A
Ny R +
N 5 18-120 h, 20-40 °C N H R*
! 00 \
R, 2-24% R, O
exo endo
R4 Ro exo/endo
R* = %—N PhSO, Me >99:< 1

7
<
(0]

Me 74:26
Me Ph >99:< 1

Me @—EL’Z>99:<1

N
|

SO,

Scheme 2.37

2.2.6 Across-Ring Dienes

3,3',4,4'-Tetrahydro-1,1’-binaphthalene (bisdialine) (85) is more reactive than
the corresponding 1,1’-binaphthalene and has been used as a 47 component
of cycloadditions to prepare very complex molecules. An improved method
for preparing 85 was recently described [90]. The Diels—Alder reactions of 85

with a number of dienophiles were studied [90, 91] and are illustrated in Scheme
2.38.
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CCLR
I 1
BQ excess, DDQ,triglyme,
150 °C, 22 h Rfx, 18 h
25% 25%
) SOLY;
NQ NPM, 150 °
-~ ’—50C> @ N—Ph
50% 3 h, 40%
90 SOL:
85
MA

NO,CgHs, 87%

BQ = 1,4-benzoquinone; NPM = N-phenylmaleimide; NQ = 1,4-naphthoquinone;
MA = maleic anhydride

Scheme 2.38

Tetramethylbisdialine 86 has been used to synthesize substituted pentaheli-
cenes characterized by a relatively high energy barrier to racemization due to
the marked steric interactions between the methyl groups at the terminal
aromatic rings [68b] (Scheme 2.39).
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1D

2. triglyme, Rfx, Pd/C, 30%

O
O‘ 1.excess O ,150°C,4.5h
l I 2. triglyme, Rfx, Pd/C, 30%

1.excess O, PhMe, Rfx, 18 h
2. triglyme, Rfx, Pd/C, 26%

Scheme 2.39

2.3 HETERO-DIELS-ALDER REACTIONS

The hetero-Diels—Alder reaction permits heterocyclic-six- membered rings to be
constructed by the interaction of heterodienes and/or heterodienophiles. Both
the intermolecular and intramolecular versions of the /etero-Diels—Alder reac-
tion are, therefore, very important methods for synthesizing heterocyclic com-
pounds.

2.3.1 Heterodienes

Diels—Alder reactions of 1-azadienes are less thermodynamically favorable [92]
than the all-carbon analogs because of the stronger carbon-nitrogen m-bond
which is broken during the Diels—Alder reaction.

Reactivity of 1-azadienes 87 and the regioselectivity and stereoselectivity of
the cycloadditions with dienophiles 88 are strongly dependent on the type of
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substituent at the nitrogen atom and on the nature of the dienophile. While
azadiene 87a was the most reactive, 87¢ did not react and only the polymeriza-
tion of the dienophile was observed [92] (Equation 2.24).

Ph Ph Ph
= rt,-120°C Ry
2 ol +
X 1-8 d, 40-92%
NC l?l R4 NC [}j R, NC l}l
R R R (2.24)
87 88
a, R = CO,Et R4 = Ph, EtO, CO,Me
b, R=Ph
c, R=0Me

1-Azadienes 89, generated in situ by thermolysis of the corresponding o-
aminobenzylalcohols, have been used for the derivatization of [60]-fullerene
through C-N bond formation leading to tetrahydropyrido [60]-fullerenes [93].
Theoretical calculations predicted these cycloadditions to be HOMO azadiene-
controlled (Equation 2.25).

OH R R
Ly =g |-
DCB
NH N N (2.25)

89
R = Ph, 2-Th, p-MeOCgH,

Thioazadienes 90, formed in situ by the reaction of trimethylsilylimines and
isothiocyanates, underwent cycloaddition reactions with nitriles bearing elec-
tron-withdrawing groups, to afford 1,3,5-thiadiazines [94] in excellent yield
(Equation 2.26).

R R
N) . RZCN 1. PhMe, 25 oC, 6-24 h HN)\N
Rie. A 2.H,0, 80-91% A M
N s RNZs” R,
. (2.26)
SiMeg
90

R = Ph, 2-Th; Ry = Ph, p-CICgH,; R, = Ts, CCls, CO,Me
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o, o’-Dioxothiones are another type of heterodienes that contain two het-
eroatoms. They are electron-poor dienes which are readily formed in situ and
are then trapped by electron-rich alkenes. Cycloadditions of thiones 91 and 92
(Scheme 2.40) are regiospecific and chemospecific [95].

Py, CHCIj,
rt., 63-64 h,
79-89%

Oo. O
o_ O \l
I Ry |
Ry S Py, CHC|3, rt, Py, CHC|3, rt., R S
(0]

20-23 h, 88-97% 91,R1 Me 2.5-17h, 67-78%
92, Ry = OMe

Scheme 2.40

o-Thioquinones 93, prepared simply from o-hydroxythiophthalimides,
behave like a,o/-dioxothiones, affording a variety of complex heterocyclic com-
pounds by inverse electron-demand Diels—Alder reaction [96] (Equation 2.27)
with both vinyl ethers and electron-rich alkenes.

. R
R, ) OL Py, CHCl,rt. Hi O©
+ “/ \‘ 5-50 h, 58-87% j@i j/ W
A S Ry S
L Rs (2.27)

93

R = OH, OMe; R, = Me, OMe; R-Ry = —(CH=CH),—; R,-Rg = (CH=CH),—
R-Ry and Ry-Rg = —(CH=CH),—

Sauer and Heldmann [97] recently reported an interesting application of
ethynyltributyltin as an electron-rich dienophile in an inverse electron-demand
Diels—Alder reaction with the electron-deficient triazine derivative 94. This
method is interesting because the reaction is highly regioselective and the
trialkylstannyl group is easily replaced by several groups under mild conditions,
leading to substituted pyridines 95 (Scheme 2.41).
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Scheme 2.41

The combination of thionation by Lawesson’s reagent [98] of oxoenamino-
ketones 96 with normal electron-demand Diels—Alder reaction of conjugated
aldehydes allows a variety of thiopyrans 97 to be synthesized by a regio-
selective and chemoselective one-pot methodology [99] (Equation 2.28).
Thionation occurred at the more electrophilic ketonic carbonyl group.

(0] o]
)%ECHNMeZ J|/CHO Lawesson's reagent  EtQ | X CHO
+
PhH, 0 “C-r.t., 56-63%
107 S0 R ; R (2:28)
96 97
R=H, Ph

The thionation—cycloaddition sequence is accompanied by the elimination of
dimethylamine from the cycloadduct to afford thiopyrans. Similarly, when the
thionation—cycloaddition methodology was applied to enaminoketones 98 and
99, obtained from thiochromanones, tricyclic compounds 100 and 101 were
obtained (Figure 2.12).

CHO
CHNMe, R
o o S S
S S” SCHNMe, s s F"cHo
98 99 100 101
R=H, Me, Ph

Figure 2.12
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A Diels—Alder reaction of arynes with 1,2,4-triazines 102 allows the prepar-
ation of isoquinolines substituted with electron-withdrawing groups in the
nitrogen-containing ring. The isoquinoline-1-carboxylic esters bearing add-
itional substituents are of particular interest because they are not readily
available by the usual routes [100,101] (Scheme 2.42).

Ro
P
N

CO,Et

1,4-dioxane, Rfx, 0.5 h
| 27-77%
R
X Ry
| R, \©| _N
R
NIJY 1 CO,Et

COEt «—— | - . +

R 1,4-dioxane, Rfx, ~ N~ =N 1,4-dioxane, Rfx, Ry
2 0.5 h, 30-69% CO.Et  0.5h, 20-69% R
SR 2 Xy 1
102
N ~-N
CO,Et COEt

Ry, Ry = H, Me, Ph, CO,Et
Scheme 2.42

2.3.2 Heterodienophiles

Silylthioaldehydes 103, reactive dienophiles formed in situ from acetals
according to a general method, are directly trapped with dienes to afford
sulfur-containing heterocyclic compounds in good yield (Equation 2.29).
Silylthioaldehydes are quite reactive in comparison with the aliphatic ones
[102] which are rather inert in the cycloaddition reactions.

R R MeCN, r.t., HMOST j\ :
o__0O
< CoCly-6H,0, 24 h, 37-64% |H
SiR SiR 2 29

H
103

R = Meg, Ets, -BuMe,, PhMe,, PhoMe
R1 = Me,
Ri-Ry =—(CHy)s-
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Selenoaldehydes 104, like thioaldehydes, have also been generated in situ
from acetals and then directly trapped with dienes, thus offering a useful one-
pot procedure for preparing cyclic seleno-compounds [103,104]. The construc-
tion of a carbon-selenium double bond was achieved by reacting acetal deriva-
tives with dimethylaluminum selenide (Equation 2.30). Cycloadditions of
seleno aldehydes occur even at 0 °C. In these reactions, however, the carbon-
selenium bond formed by the nucleophilic attack of the electronegative selen-
ium atom in 105 to the aluminum-coordinated acetal carbon, may require a
high reaction temperature [103]. The cycloaddition with cyclopentadiene pref-
erentially gave the kinetically favorable endo isomer.

@ Se-{%
B PhMe-Dioxane, 25-100 °C j’f / R
3h, 18-96% H e (2.30)
XX
~ R

O><(I) + (MejAl),Se R
H R
105 104

Selenoaldehydes have also been obtained by reacting chlorocarbonyl com-
pounds with selenide ions generated by a fluorodestannylation technique using
(BusSn),Se and BuyNF-3H,0 [105]. Selenoaldehydes 104 bearing an electron-
withdrawing group such as CO,Me, COMe, COPh or CN were efficiently
prepared and trapped by dienes, whereas when R was Ph or MeO groups,
selenoaldehydes were not generated (Scheme 2.43).

R = Me, i-Pr, C,Hyg, Ph, Bn
Ry = Me, Et

Se
RCHCI, + (BuSn),Se + 2 Bu,NF.3H,0 —— [HJL

104
Z&Se

R endo:exo = 80:20 — 14:86

THF, rit.
O
R 70-79%
©,R=002Me 7|7 se

R

Ro //_\\_

R Ro Se
R R R THF, r.t., 3 h, 22-71%(H R| THF rt., 3h, 24%
1 104
Ro R = CO,Me, COMe, PhCO, CN endo:exo = 80:20

major

Scheme 2.43
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A carbon-selenium bond can also be formed [106] by Diels—Alder reaction of
the transient selenonitroso species 106 generated by phenylsulfinylselenylchlor-
ide reacting with amines or trimethylsilylated amines. Selenonitroso com-
pounds 106 were trapped with 2,3-dimethylbutadiene to afford 1,2-selenazine
derivatives 107 (Scheme 2.44) in low yield. 1,2- Selenazines are interesting
compounds which are quite unstable (2-3h), except for the one having an

H >/_\< R.
PhS0O,SeCl, Et;N, DCM
R—N/ > 3 . [R-N:SE] - '}l:j(

R, 0°C, 0-20% Se
106 107

R = p-XCgH, (X = Br, Me), 0-SMeCgH,, PhO(CHj),
Ry =H, SMT

Scheme 2.44

ortho-thiophenyl-substituent which presumably increases the stability (3 days)
by virtue of a nonbonded five-membered ring S - - - Se interaction [107].
Diels-Alder reaction of tosylimine 108 obtained by thermal [2+42] cyclo-
addition of p-toluensulphonylisocyanate and methylglioxylate [108] provides
a method for synthesizing nitrogen-containing heterocycles. The tosylim-
ine was not isolated but was used directly in situ in several cycloaddition
reactions (Scheme 2.45) which were completely regioselective [109]. In the case

M
oe

TsN=C=0
CHO
R PhMe, Rfx
N7 36h
R4 N @) n
_ R TsN= CH002Me n =1,2 y CO,Me
0-70 C, 3-24 h, o 0°C rt, 24h, Ny
R™ N "COMe  50.83% 57-70% Ts
Ts —
@0
R, Ry = H, Me,
OMe, OSMT R=H, Me
NHTs
RO
\ /) CO,Me

Scheme 2.45
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of furan and 2-methyl furan, only electrophilic aromatic substitution at the o-
position was observed.

The cycloaddition of chiral, racemic and non-racemic alkoxybutadienes 109
with phenyltriazolinedione led to aza compounds [110] in high yield, with good
facial selectivity (diastereomeric excess: 87-92 %) (Equation 2.31). The cycload-
ditions of the same dienes with N-phenylmaleimide require Lewis acid catalysis.

joe

0 | \_ N~Ph

OR* NJ<N—Ph THF, -100 ‘C to r.t. o \<o

A~ o+ + (2.31)
= N Ry j< 12 h, 87-91% B o

109 0 /CN//(
| 1 N-Ph
R*O NK<

R = n-Pr, Ph, 2-Fu, trans-2-phenylcyclohexyl

R* = trans-2-phenylcyclohexyl (0]

Chiral heterocyclic compounds containing vicinal oxygen and nitrogen atoms
were achieved by an asymmetric Diels—Alder reaction [111] of chiral acylnitroso
dienophiles 111. The latter were prepared in situ from alcohols 110, both antipo-
des of which are available from camphor, and trapped with dienes (Scheme 2.46).
Both the yield (65-94 %) and diastereoisomeric excess (91-96 %) were high.

R*—OH — R*OCONHOH
110
R* = camphor chiral auxiliary

SR
) 111 N7

n=1,2 DCM-78°Ctort., 3 h R = Me, CO,Et

R*O/[(N. " R*O)J\I}l |
(of o
89-93% 65-94%

Scheme 2.46
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2.4 INTRAMOLECULAR DIELS-ALDER REACTION

A Diels—Alder reaction can also take place intramolecularly when a molecule
incorporates both the diene and dienophile moieties which are connected by a
chain. Nowadays the intramolecular Diels—Alder reaction is a valuable tool in
organic synthesis because it allows two rings, of which only one is formed by the
[4+42] cycloaddition, and up to four new chiral centers to be formed in one step
[112]. Both carbocyclic and heterocyclic rings may be generated depending on
the nature of the interacting moieties; the size of the second ring depends on
chain broadening.

Wulff and Powers [113] developed a methodology for preparing bicyclic
esters by intramolecular cycloaddition reactions of (E,E) and (Z,E)-deca-
2,7,9-trienyl (112a and 113a) and undeca-2,9,11-trienyl (112b and 113b)
pentacarbonyltungsten and tetracarbonyltriphenylphosphinetungsten carbene
complexes as ester synthons. Some of the results are summarized in Schemes
2.47 and 2.48. The reactions of (E,E)- compounds are highly endo-diastereose-
lective and the observed diastereoselectivity was far superior to that afforded by
thermal cycloadditions of the corresponding organic esters. Facile oxidation of
the resulting complexes using cerium(IV) occurred with the retention of the
stereochemistry to afford the corresponding esters.

Feringa-butenolide 114, in the presence of Dess—Martin periodinane reagent
and 2,6-lutidine, gave the bis-ketone 115 which underwent intramolecular
cycloaddition to afford endo-selectively the desired decalin-based lactone 116
(Equation 2.32) [114]. Double activation of butenolidic double bond strongly
increases the reactivity of dienophile 115.

X X OMe X OMe
MeO H H
/ / PhH, or neat, 80-150 °C N
n m
— 6-72 h, 15-88% -
i H H
endo exo
112
a,n=1,b,n=2
X 112 endo:exo
W(CO)s a 98:2
b 93:7
(0] a 60:40
b 51:49
W(CO),PPh a 94:6
b 88:12

Scheme 2.47
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X

7 7/
OMe  phH; or neat, 40-180 °C
in 548 h, 75-97%

113
a,n=1,b,n=2

X 113 endo:exo
W(CO)s a 45:55
b 78:22
O a 35:65
b 49:51

Scheme 2.48

An intramolecular cycloaddition reaction of 117 is the crucial step in the
synthesis of the highly functionalized decalin [115] moiety of azadirachtin 119.

OH

OO~ O(+)menthyl
~H

Dess-Martin

O(+)menthyl periodinane ~~OSPDBT

(2.32)

DCM, lutidine
PDBT !
oS rt., 12 h, 79%

114 115 116

Cycloaddition occurred by heating compound 117 at 200 °C in a sealed tube.
This led to products 118, both of which may be versatile intermediates for the
total synthesis of 119 (Equation 2.33).

CO,Et

PhMe, 200 °C, 60 h
_ >
BHT, 33%

(2.33)
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7 N\ 7\
n n
PhO,S / R /
R SO,Ph
R=H,Me;n=1,2
120a 120b

Figure 2.13

The extensive study of Craig and coworkers [116] on the intramolecular
Diels—Alder reactions of E- and Z-sulphonyl-substituted deca-, undeca- and
dodecatrienes 120 (Figure 2.13) has opened a short route to trans- and cis-
bridgehead hydrindanes and decalines and has given new insights into the role
of dienophile substitution and geometry in determining the stereochemical
outcome of these intramolecular cycloadditions.

Decalin unit 121, an intermediate in the total synthesis of compactin, has been
prepared by intramolecular cycloaddition reaction [117] of trienone-carboxylic
acid 122 carried out under either thermal conditions or microwave irradiation.
The desired exo-adduct 123 was the major stereoisomer (Equation 2.34). Similar
results were observed in the cycloadditions of the corresponding esters.

O COH
O
07w
' | . (2.34)
_ 52%
122 123 121

Trienone 124 underwent intramolecular cycloaddition affording hydrobenzo-
suberone 125. Thermal reaction was poorly diastereoselective (62:38 cis:trans
stereoisomers). When the cycloaddition was carried out in the presence of
LiBF,, trienone 124 was converted into cis-adduct 125 quantitatively and
stereoselectively [118] (Equation 2.35).

= (0]
\ o "
XN PhH
—_——
H (2.35)
124 125
Cat. T(°C) t(h) Yield (%) cis/trans
- 155 5 90 62:38

LiBF,4 25 72 100 100:0
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Furanodecalins can be readily obtained by intramolecular cycloadditions of 2-
furylnonadienoates 126, 127, and 3-furylnonadienoates 128, 129. These vinylfur-
ans reacted intramolecularly and selectively across the diene unit which includes
the vinylsubstituents. Thermolysis [119] of (E,E) and (Z,E) 2-furylesters 126 and
127 gave a mixture of cis- and trans-bridgehead furanodecalins with a slight
preference for the trans-isomers, and cis-furanodecalin alone, respectively
(Scheme 2.49). As expected the stereochemistry of the dienoates 126 and 127
controlled the stereochemistry of the ring junction. Thermolysis of (Z,E)-3-furyl
128 and (E,E)-3-furyl 129 dienoates afforded cis-furanodecalins with a different
regiochemistry of the ester functionality. The cis-furanodecalin ring system is
characteristic of naturally occurring sesquiterpenes [120].

MeO,C H R MeO,C H R
MeO,C™ X c
280-290 °
7\ R == +
P 63-90% o
o H H
126
R, Ry =H, Me
MBOZC AN MGOZC H
280 °C 7
I\ 100% o
0 H
127
= H
I\ 290 °C /M
o 97% o
MeO,C—/ H
MeO,C
128
— H y
]\ 280 °C
/ | + / |
0 Y% 83% o 5
H
CO;Me MeO,C MeO,C
129
40% 60%

Scheme 2.49



78 Hetero-Diels—Alder Reactions

(—)-Chlorothricolide, the aglycon of the chlorothricin antibiotic, is a complex
molecule containing an octahydronaphthalene unit. Roush and Sciotti [121]
recently reported the total enantioselective synthesis of chlorothricolide. The
multiple Diels—Alder reaction between poliene 130 and chiral dienophile
(R)-131 was the key step in the synthetic process (Scheme 2.50). The interaction

o Me,SIO  OMOM

o PhMe, 120 °C 132
SN OO Gom, BT, 65-70%
h At OTBDPS
t-Bu
131
MesSIO  OMOM
130 O

Me,SiO  OMOM
133

OMOM
(-)-chlorothricolide

Scheme 2.50
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between 130 and 131 gave two main products, the desired 132 and 133; the
latter was recycled further to give 132.

A sequence of two thermal intramolecular cycloadditions has been used
to develop a short synthetic approach to tetrahydrothiopyrans [122]. The
multiple process includes an intra-hetero- and an intramolecular-carbon
Diels—Alder reaction. An intramolecular hetero-Diels—Alder reaction of divinyl-
thioketone 134 afforded a 9:1 mixture of cycloadducts 135 and 136 which then
underwent a second intramolecular cycloaddition which syn(to H-2)-exo-
diastereoselectively led to hexacyclic tetrahydrothiopyrans 137 and 138,
respectively (Scheme 2.51).

LR, PhH,
— e~
80°C, 1 h,94%

H
e
NS
\)J\O
135 (1,2-trans)
136 (1,2-cis)

xylene, 140 °C, 7-14 h

137 (1,2-trans) (54%) LR = Lawesson's Reagent
138 (1,2-cis) (81%)

Scheme 2.51

Double intramolecular hetero-Diels—Alder reaction of 1,3-diynil-bis-
ao,f-unsaturated hydrazones 139 and 140 is a good example of a thermal
multiple Diels—Alder reaction and is a particularly attractive route to annelated
pyridines [123]. The initial cycloadduct readily aromatizes by the loss of
dimethylamine (Scheme 2.52) under thermal reaction conditions.
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o
N N’ ~ X
| =
— — \
X N= xylene, Rfx
_N 17-87%
N
139
R=H, Me
X =0, NBz

B
xylene, Rfx
—_ | AN
O,
75% N
140
Scheme 2.52

There is another type of multiple thermal Diels—Alder reaction in which the
initial monoadduct is involved, either directly or after one transformation, in
a second cycloaddition that affords the final polycyclic compounds. These
methodologies have been used especially in the synthesis of polycyclic cage
compounds. Paquette was the first to report the conversion of 9,10-dihydroful-
valene into polyfused cyclopentanoid systems [124].

Tetraene 141 has been converted into various complex polycondensed
adducts by reacting with a variety of dienophiles such as maleic anhydride,
N-phenylmaleimide, N-phenyltriazolinedione, p-benzoquinone and tetracyano-
ethylene carried out under thermal conditions. All cycloadditions occurred
facial-diastereoselectively from an outside attack and provided monocycload-
ducts which had an exceptionally close relationship between diene and dieno-
phile and then underwent intramolecular cycloaddition [125]. The reaction
between 141 and p-benzoquinone is illustrated in Scheme 2.53.

0
PhMe, 100°C_
—
* T24h,79% o i 0o
\ I
o

Scheme 2.53
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The synthesis of polycyclic diene 145 is another good example of this method-
ology [126]. Structurally, polycyclic cage compound 145 embeds the carbon
skeleton of secohexaprismane [127] and iceane [128] and may serve as a synthetic
precursor of these two-ring systems (Scheme 2.54). Treating the known bis-
dienone 142 with maleic anhydride in toluene at reflux temperature leads to
cycloadduct 143 as a result of thermal decarbonylation followed by cycloaddition
with the diene generated in situ. Decarbonylation of 143, followed by a second
intramolecular Diels—Alder reaction, furnished caged hexacyclic ene anhydride
144 which was then converted into compound 145 by treating it with Cu,O in hot
quinoline in the presence of 2,2’-bipyridine and a small amount of water.

\@ If(f) PhMe
7 “Rix 2d,68%

143 0

DMF, Rfx,
6 h, 85%

Cu,0,quinoline, H,0,

Rfx, 16 h+24 h o
; 60% ;
(0]
145 144 o)

Scheme 2.54

A complex sequence of pericyclic reactions, intramolecular and intermolecular
cycloadditions and cycloreversions, was studied in an attempt to readily achieve
bicyclic five-membered heterocycles, the methyl 4,6-dihydrothieno- and methyl-
4,6-dihydrofuro[3,4-b]-furan-3-carboxylates 146 and 147. The results give further
evidence of the potential of intramolecular Diels—Alder based multiple processes
[129]. 2-Substituted furans and thiophenes 148 and 149, heated in the presence of
3,6-di(pyridin-2’-yl)-s-tetrazine, underwent intramolecular and intermolecular
cycloadditions. The cycloadducts underwent double cycloreversion reactions
with the loss of a nitrogen and dipyridyldiazine as illustrated in Scheme 2.55.
The electron-deficient dipyridyltetrazine reacts with the isolated, electron-rich
olefinic bond rather than with the bond conjugated with the methylcarboxylate.

In addition to the multiple processes involving two Diels—Alder reactions in
intra—intra, inter—intra or inter—inter molecular sequences, other processes have
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o] Py
N N= Q
7 Yz E —_— _—2> N N\ / / E
Py
X X
Py
T )
- |
N
E=—ny Py E Py
(0] NJ\N PhMe, Rfx, 15 h mx
....................... -
\ NN 78-89% o
Y 146, X =0
148, X =0 Py ° 147,X=S
149, X =S 1.0H
2. H®
E = CO,Me :
DDQ
B
@) DDQ 0
X=0
Scheme 2.55

been developed, including one Diels—Alder reaction in sequence with another
reaction. This thus increases the synthetic potential of the thermal intramolecu-
lar Diels—Alder methodology. A significant example is the recently described
procedure for synthesizing bicyclic heterocycles which is based [130-132] on
the transetherification-intramolecular /etero-Diels—Alder reaction. It is a one-
pot procedure (Scheme 2.56) in which activated «, f-unsaturated carbonyl

Re Rs Cl,CgH, or PhM i
R R oH OvkbetaorFMe g o R,
or xylene R =
3

—_——
MeOﬁO + = Rfx, 6-72 h N 0
150 151
152
163—90%
R =H, CN, COMe y R
Ry = H, Me, CO,Me Roa Ry
Ry, Ry = H, Me Rs"

153

Scheme 2.56
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compounds 150 interact with J,e-unsaturated alcohols 151 under thermal con-

ditions giving the intermediate 152 which affords stereoselectively hydropyra-
nopyran derivatives 153 in good yields.

2.5 OUTLINED DIELS-ALDER REACTIONS

First asymmetric Diels—Alder reactions in the vinylhetarene series: cycloaddition with
vinylindoles to enantiomerically pure carbazole derivatives [133]

Ro Ro
| . DCM, MS 4A O
@C * H(R ° ©) O
N\ 5 20-40 °C, 18-20 h, 2-27% N\ H R
Ry R, O
R, = PhSO,, Me; R, = Ph, Me /\g 8\32 %
6 dienes: 3-vinylindoles and 2-vinylindoles R*=

Face-selective and endo-selective cycloaddition with enantiomerically pure cyclopen-
tadienes [134]

R 6]
R Mo
DCM or PhMe, r.t.
+ | X
4-5 h, 64-100% y X
(e}
(S)

(both enantiomers R and S)

X = 0, NH; R = Ph, p-MeOC¢gH,, 0-MeOCgH,, 2,4-(MeO),CqHs, 2-Naphthy

Hetero-Diels—Alder reactions of 3,5-di-tert-butyl-o-benzoquinone with acyclic dienes:
novel synthesis of 1,4-benzodioxanes [135]

0 | 90% ",,,/\OAC

+Bu AcO tBu

H
tBu o | PhMe, 120°C, 30h tBu O:I
o)
H

4 dienes




84 Outlined Diels—Alder reactions

Synthesis of functionalized aryloxy 1,3-butadienes and their transformation to dienyl
ethers via Diels—Alder cycloaddition reactions [136]

Ro
e T R E R E
R, PhMe, Rix, 20 h ! pbQ
7~ + | | —_—
R E
R NS E R E
R = Me, OMe, OTMS; R = OPh, p-MeCgHy,; overall yield: 40-92%

R, = SBu, OSMT E = CO,Me
5 dienes, 3 acetylenic dienophiles

Highly thermally stable Diels—Alder adducts of [60]-fullerene with 2-cycloalkenones
and their acetals [137]

M\ OCH,CH,0H (yn
o_ 0O TsOH
f— @)n —» O
xylene, Rfx, 36 h CHCI3—MeOH @
i<(’)n N,, 71-82%

n=1,2

Diels—Alder reactions of 1-(phenylseleno)-2-( p-toluensulphonyl)ethyne: a novel die-
nophile and ketene equivalent [138]

Ts
PhMe, 60 °C, 6 h Ts ;
+ | 90% /
SePh SePh (0]

7 acyclic and cyclic dienes
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Generation of a selenoaldehyde, a selenoketone, and telluroaldehydes by [3,3] sig-
matropic rearrangement of allyl alkenyl selenides and tellurides [139]

R
)\/x R R X > < R
= 1 A / \ X
J/ e —_— |
R, Et,O or PhH

R, 130-140°C,6-7 h R,
30-93%

R =H, Me; Ry = H, Ph; R, = Ph, CO,Me, 4-CF,C¢Hy; X = Se, Te

An efficient synthesis of reduced flavones via Diels—Alder addition to 4H-pyran-4-ones

[140]
R (0]
ﬁ t‘fuozc\fi PhMe, 110 °C, 6 h
16-54%
X O CAr 6-54%

R = H, OMe; Ar = Ph, p-MeOCgH,

+Bu0O,C

TMSO

Preparation of N-alkylketene-N-butadienyl-N,O-silyl acetals [141]

)\ OSMDBT 0
N)\/ cocl N

“/ THF, -78°C  MeOH, r.t.

=
A

R = Me, Ph, p-MeOCgH, 20-50%

Diels—Alder reaction of the dihydropyridinones V: approach to the Ircinal B core [142]

OMe
cymene, 200 °C DCM, CSA
! | RN p-cy
PhO,S 8-96 h 1h
=
(@] R OSMT

R = CO,Me, =\
(CH,)-ON
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Synthesis of polysubstituted anilines using the Diels—Alder reaction of methyl-5-
aminofuroate [143]

COzMe
R
NH,
PhH, Rfx
Ri=H1| BF; 1h
74-99%
a o) MeO,C OHR
CO,Me 1
HoN— O~ CO,Me . [ PhH, Rfx y 2 L
\@/ 12 h, 68-99% "
R, NH2R 1 R
NH,
R =H, Me, CO,Me THF, TsOH
R, = CN, COMe, CO,Me, SO,Ph Ri=H|25°C,05h
74-84%
R-Rq = /A/ k
1T 0T TO CO,Me

l'ph i MeO,C

Preparation and Diels—Alder cycloaddition of 2-acyloxyacroleins. Facile synthesis of
functionalized taxol A-ring synthons [144]

0
' [DCM, 120°C _
+
@ T 20h 68% o
O_ _Ph
hig 7;—Ph o
o}

6 dienes; 4 acyloxyacroleins 2.6 1
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New Diels—Alder reactions of 3-vinylindoles with an aryne: selective access to func-
tionalized [a]anellated carbazoles [145]

CO.,Me CO,Me
@C ©| THF, 40°C O OQ
—_—
24% N
Me

4 vinylindoles; 2 arynes

Exohedral functionalization of [60]-fullerene by [4 + 2] cycloadditions. Diels—Alder
reactions of [60]-fullerene with electron-rich 2,3-dioxysubstituted-1,3-butadienes [146]

_PhMe, 25°C _ O\ wmcpsa ©
“12n,73% | °
° o] o]
0 or Si0,
el

Studies of diastereoselectivity in Diels—Alder reactions of (S)S-4a,5,8,8a-tetrahydro-
5,8-methane-2-(p-tolysulfinyl)-1,4-naphthoquinones with cyclopentadiene [147]

DCM

-40t0 20 °C, 0.5-48 h

75-93% Ry Ry
EtOAGc, Rix

24 h, 75-82%

R =R, = H, (S)S-SOTol
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Aminodienylesters. |: the cycloaddition reactions of tert-aminodienylester with o, -
unsaturated carbonyl compounds, styrenes and quinones [148]

NMe CO,Me
2 CO,Me 2
= MeO,C CO,Me
+ | | —_—
S
R CO,Me

R = CO,Me, CN 16 dienophiles xylene, r.t. or Rfx, 0.5-28 h, 10-95%

Diels—Alder reactions of 1,3-cyclohexadienes and 3-(trimethylsilyl)propynoates. A
new synthesis of ortho-(trimethylsilyl)benzoate esters [149]

R CO,Et
| | PhH, 235-240 °C
14-24 h, 74-92%

CO,Et SMT

+

SuT SMT CO,Et

R =H, OMe

First stereoselective [4 + 2] cycloaddition reactions of 3-cyanochromone derivatives
with electron-rich dienes: an approach to the ABC tricyclic frame of arysugacin [150]

(0]
R CN
| N PhMe, 300°C, 7 d
_—
o 32%
R =Br

R =H, Me, ClI, Br; 5 dienes

Synthesis and Diels—Alder reactions of «,-unsaturated y-sultone [151]

O, .0

(A

S H

< 0 PhMe, 150 °C, 18 h .
\ + ISOZ

96%
(6]

7 dienes
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Synthesis and reactions of reduced flavones [152]

A o] PhMe, 110°C, 6 h
= R,
“ + | 53%
TMSO 0" R, TMSO

R= H, OMe, R1 = COan, COZt'BU; R2 = Ph, p-MeOC6H4

Furans act as dienophiles in facile Diels—Alder reactions with masked o-benzoquin-
ones [153]

MeQ_ OMe
O |, Ry Oy Ry _MeOHS0C
\W/ 0.5-3 h, 36-80%
R4 Rs R
Ro
DAIB 5 furans
MeOH R4 Rs, Rg = H, Me, CO,Me
OMe R,4-R5 = -CH=CH-CH=CH-
OH
Ry Rj

Ro
R1 =H, COZMB, COMeg; R2 =H, COZMe; RB =H, OMe

Oxasilacyclopentanes as intermediates for silicon tethered ene cyclizations [154]

HOH,C \]/
si_

1.5

HOH,C \]/
s

1
overall yield: 67%
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Stereoselective construction of tetrasubstituted exocyclic alkenes from the [4 + 2]

cycloaddition of vinylallenes [155]

R X R R
NG CN phMe, 25-110°C oN CN
+ — 1 + Ry
0.5-5 d, 28-96%

. NC CN ) CN CN
R “R, R2NC CN R1NC CN
R=H, ; Ry = Me, n-Bu, SiMeg; R, = H, Me, n-Pn, J\/\/

SYS MOMO

3 dienophiles; 5 vinylallenes

2-Bromoethylvinylarylsulfones as versatile dienophiles: a formal synthesis of epibati-

dine [156]

PhMe, 90 °C, 24 h
+ SO,——Br 7 Ts
94%
Br

6 dienes

Anomalous products from the thermal Diels—Alder reaction of a (E)-2-thiophenylbuta-
diene tethered to 3-methallylcyclohexenone [157]

h
H

PhS
| Cl,CeHy, 180 °C, 18 h

i-ProEtN

© 15%

21%

Dihydropyrones as dienophiles in the Diels—Alder reaction: application to the synthesis

of 1-oxadecalones [158]
O R

(6] OMe
| R 5\ PhMe, 25-110 °C
+
20-48 h, 38-85%
o Z > 08BT ol o)

R = CN, COMe, CO,Et, SO,Ph
6 dienes
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A highly efficient multicomponent synthesis of pyridones and pyrimidones by a
[2 4+ 2 + 2] strategy [159]

R1
¥ i o z
TBMDSOWZ | | PhH or CHClg =
+
Rix, 1-18 h, 0-72% Nz
N ~OR ' ' H CO,Me

Qgﬁ 3 CO,Me ! 2

R, 2

R =H, Me, Bu, Ph, F, Cl; R, = H, Me;
R3 = TBDMS, i-Pr, Et; Z = H, Me, CO,Me
9 dienes, 8 dienophiles

Synthesis of 3,5-disubstituted pyridazines by regioselective [4 + 2] cycloadditions with
ethynyltributyltin and subsequent replacement of the organotin substituent [160]

P SnBug SnB
A DCM, r.t. or MeCN, 80 °C SN N U
\ o+ | | N + 0
N =N 0.1-28 d, 71-95% N. — N~
\( H SnBUS
Ar Ar Ar

18 aryl-1,2,4,5-tetrazines

Synthesis of alkyl perfluoroalkanedithiocarboxylates and some aspects of their re-
activity in cycloaddition reactions [161]

R3 R,

So-Re rt,10h S I
RCS:Ry + A R

Z> R, RS 2

R = CF3, C5F7; Ry = Et, Bn
2 dienes: Rz = H, R, = Me; Ry, = H, Rz = OSMT

The intramolecular Diels—Alder reactions of photochemically generated trans-cycloalk-
enones [162]

(6]
X OH
( _ hy, Pyrex
—_—
66-80% ¢ ‘
H
n=1,2 H e

6 substrates
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