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MODERN METHODS OF ORGANIC SYNTHESIS

The fourth edition of this well-known textbook discusses the key methods used in
organic synthesis, showing the value and scope of these methods and how they are
used in the synthesis of complex molecules. All the text from the third edition has
been revised, to produce a modern account of traditional methods and an up-to-date
description of recent advancements in synthetic chemistry. The textbook maintains
a traditional and logical approach in detailing carbon—carbon bond formations,
followed by a new chapter on the functionalization of alkenes and concluding with
oxidation and reduction reactions. Reference style has been improved to include
footnotes, allowing easy and rapid access to the primary literature. In addition, a
selection of problems has been added at the end of each chapter, with answers
at the end of the book. The book will be of significant interest to chemistry and
biochemistry students at advanced undergraduate and graduate level, as well as
to researchers in academia and industry who wish to familiarize themselves with
modern synthetic methods.
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Preface to the first edition

This book is addressed principally to advanced undergraduates and to graduates
at the beginning of their research careers, and aims to bring to their notice some
of the reactions used in modern organic syntheses. Clearly, the whole field of syn-
thesis could not be covered in a book of this size, even in a cursory manner, and
a selection has had to be made. This has been governed largely by considera-
tion of the usefulness of the reactions, their versatility and, in some cases, their
selectivity.

A large part of the book is concerned with reactions which lead to the formation
of carbon—carbon single and double bonds. Some of the reactions discussed, such
as the alkylation of ketones and the Diels—Alder reaction, are well established reac-
tions whose scope and usefulness has increased with advancing knowledge. Others,
such as those involving phosphorus ylids, organoboranes and new organometallic
reagents derived from copper, nickel, and aluminium, have only recently been
introduced and add powerfully to the resources available to the synthetic chemist.
Other reactions discussed provide methods for the functionalisation of unactivated
methyl and methylene groups through intramolecular attack by free radicals at
unactivated carbon-hydrogen bonds. The final chapters of the book are concerned
with the modification of functional groups by oxidation and reduction, and empha-
sise the scope and limitations of modern methods, particularly with regard to their
selectivity.

Discussion of the various topics is not exhaustive. My object has been to bring
out the salient features of each reaction rather than to provide a comprehensive
account. In general, reaction mechanisms are not discussed except in so far as is
necessary for an understanding of the course or stereochemistry of a reaction. In
line with the general policy in the series references have been kept to a minimum.
Relevant reviews are noted but, for the most part, references to the original literature
are given only for points of outstanding interest and for very recent work. Particular
reference is made here to the excellent book by H. O. House, Modern Synthetic

X



X Preface to the first edition

Reactions which has been my guide at several points and on which I have tried to
build, I feel all too inadequately.

I am indebted to my friend and colleague, Dr K. Schofield, for much helpful
comment and careful advice which has greatly assisted me in writing the book.

26 October 1970



Preface to the fourth edition

Some Modern Methods of Organic Synthesis was originally written by Dr W. (Bill)
Carruthers, and three popular editions were published that have helped many stu-
dents of advanced organic chemistry. Unfortunately, Dr Carruthers died in 1990, just
prior to his retirement. As his successor at the University of Exeter, it was appropri-
ate that I should take on the task of preparing the fourth edition of this text. In honour
of Dr Carruthers, a similar format to previous editions has been taken, although of
course the book has been completely re-written and brought up-to-date (through
2003) to take account of the many advances in the subject since the third edition
was published. As in previous editions, the text begins with descriptions of some
of the most important methods for the formation of carbon—carbon bonds, includ-
ing the use of enolates and organometallic compounds for carbon—carbon single-
bond formation (Chapter 1), methods for carbon—carbon double-bond formation
(Chapter 2), pericyclic reactions (Chapter 3), radicals and carbenes (Chapter 4).
There has been some re-organization of material and emphasis has been placed
on reactions that are useful, high yielding or selective for organic synthesis. For
example, Chapter 1 has been expanded to include some of the most popular and con-
temporary reactions using main-group and transition-metal chemistry (rather than
placing reactions of organoboron and silicon compounds into a separate chapter). A
new chapter describing the functionalization of alkenes has been devised, covering
reactions such as hydroboration, epoxidation and dihydroxylation (Chapter 5). The
book concludes with examples of pertinent oxidation (Chapter 6) and reduction
(Chapter 7) reactions that are used widely in organic synthesis. The opportunity
has been taken to add some problems at the end of each chapter, with answers at
the end of the book. References have been compiled as footnotes on each relevant
page for ease of use.

In common with the previous editions, the book is addressed principally to
advanced undergraduates and to graduates at the beginning of their research careers.
My aim has been to bring out the salient features of the reactions and reagents

X1



Xii Preface to the fourth edition

rather than to provide a comprehensive account. Reaction mechanisms are not
normally discussed, except where necessary for an understanding of the course or
stereochemistry of a reaction. My hope is that the book will find widespread use
as a helpful learning and reference aid for synthetic chemists, and that it will be a
fitting legacy to Dr Carruthers.

The majority of the text was written at the University of Exeter before my move
to the University of Sheffield and I would like to acknowledge the encouragement
and help of the staff at Exeter.

Part of one chapter was written while I was a Visiting Professor at the University
of Miami, and I am grateful to Professor Bob Gawley for hosting my visit. My
thanks extend to various people who have proof-read parts of the text, including
Chris Moody, Mike Shipman, Mark Wood, Alison Franklin, Joe Harrity, Steve Pih
and Ben Dobson. Finally, I would like to thank my family for their patience during
the writing of this book.

I. Coldham
January 2004



1

Formation of carbon—carbon single bonds

The formation of carbon—carbon single bonds is of fundamental importance in
organic synthesis. As aresult, there is an ever-growing number of methods available
for carbon—carbon bond formation. Many of the most useful procedures involve the
addition of organometallic species or enolates to electrophiles, as in the Grignard
reaction, the aldol reaction, the Michael reaction, alkylation reactions and coupling
reactions. Significant advances in both main-group and transition-metal-mediated
carbon—carbon bond-forming reactions have been made over the past decade. Such
reactions, which have been finding useful application, are discussed in this chapter.
The formation of carbon—carbon single bonds by pericyclic or radical reactions are
discussed in chapters 3 and 4.

1.1 Main-group chemistry
1.1.1 Alkylation of enolates and enamines

It is well known that carbonyl groups increase the acidity of the proton(s) adjacent
(a-) to the carbonyl group. Table 1.1 shows the pK, values for some unsaturated
compounds and for some common solvents and reagents.

The acidity of the C—H bonds in these compounds is caused by a combina-
tion of the inductive electron-withdrawing effect of the unsaturated groups and
the resonance stabilization of the anion formed by removal of a proton (1.1).
Not all groups are equally effective in ‘activating’ a neighbouring CH; nitro is
the most powerful of the common groups, with the series following the approxi-
mate order NO, >COR>SO,R>CO,R>CN>CgHs. Two activating groups rein-
force each other; for example, diethyl malonate has a lower pK, (*13) than ethyl
acetate (pK, ~ 24). Acidity is increased slightly by electronegative substituents



2 Formation of carbon—carbon single bonds

Table 1.1. Approximate acidities of some activated
compounds and common reagents

Compound pKa Compound pKa
CH;3COH 5 CeH5COCH3 19
CH,»(CN)CO,Et 9 CH3COCH3; 20
CH,(COCH3)» 9 CH3COsEt 24
CH3NO» 10 CH;CN 25
CH3COCH,CO,Et 11 ((CH3)3Si),NH 26
CH,(COzEt), 13 CH3SO,CH3 31
CH3;OH 16 CH3SOCH3 35
(CH3)3COH 19 ((CH3),CH),NH 36

(e.g. sulfide) and decreased by alkyl groups.

o o o

\ \ \ \
C—OEt C—OEt C—OEt C—OEt
/ base -/ /7
HsC | H=C ~ = H—C ~— H—C (L.1)
C—OEt C—OEt C—OEt C—OEt
// // // _/
O O O (0]

By far the most important activating group in synthesis is the carbonyl group.
Removal of a proton from the a-carbon atom of a carbonyl compound with base
gives the corresponding enolate anion. It is these enolate anions that are involved
in many reactions of carbonyl compounds, such as the aldol condensation, and in
bimolecular nucleophilic displacements (alkylations, as depicted in Scheme 1.2).

i i ?
base
R C __TcE L R._- _C R C
S~ g ~” Np \C// SR
Hz | |
H H
- 1.2
H H ') H H 1.2)
BN N R —— - OO,
X R" [ R :C\ R
H R H

X = leaving group, e.g. Br

Enolate anions should be distinguished from enols, which are always present
in equilibrium with the carbonyl compound (1.3). Most monoketones and esters
contain only small amounts of enol (<1%) at equilibrium, but with 1,2- and 1,3-
dicarbonyl compounds much higher amounts of enol (>50%) may be present. In
the presence of a protic acid, ketones may be converted largely into the enol form,



1.1 Main-group chemistry 3

implicated in many acid-catalysed reactions of carbonyl compounds.

RO~ , o ANGPIN ) (13)

Table 1.1 illustrates the relatively high acidity of compounds in which a C—H
bond is activated by two or more carbonyl (or cyano) groups. It is therefore possible
to use a comparatively weak base, such as a solution of sodium ethoxide in ethanol,
in order to form the required enolate anion. An equilibrium is set up, as illustrated
in Scheme 1.4, in which the conjugate acid of the base (BH) must be a weaker acid
than the active methylene compound. Another procedure for preparing the enolate
of an active methylene compound is to use sodium hydride (or finely divided sodium
or potassium metal) in tetrahydrofuran (THF), diethyl ether (Et,O) or benzene. The
metal salt of the enolate is formed irreversibly with evolution of hydrogen gas. 3-
Diketones can often be converted into their enolates with alkali-metal hydroxides
or carbonates in aqueous alcohol or acetone.

CHa(CO4EY), + BT =———=  “CH(COE), + BH (1.4)

Much faster alkylation of enolate anions can often be achieved in dimethylfor-
mamide (DMF), dimethylsulfoxide (DMSO) or 1,2-dimethoxyethane (DME) than
in the usual protic solvents. The presence of hexamethylphosphoramide (HMPA)
or a triamine or tetramine can also enhance the rate of alkylation. This is thought to
be because of the fact that these solvents or additives solvate the cation, but not the
enolate, thereby separating the cation—enolate ion pair. This leaves a relatively free
enolate ion, which would be expected to be a more reactive nucleophile than the ion
pair.! Reactions with aqueous alkali as base are often improved in the presence of
a phase-transfer catalyst such as a tetra-alkylammonium salt.

Alkylation of enolate anions is achieved readily with alkyl halides or other alky-
lating agents.> Both primary and secondary alkyl, allyl or benzyl halides may
be used successfully, but with tertiary halides poor yields of alkylated product
often result because of competing elimination. It is sometimes advantageous to
proceed by way of the toluene-p-sulfonate, methanesulfonate or trifftuoromethane-
sulfonate rather than a halide. The sulfonates are excellent alkylating agents and
can usually be obtained from the alcohol in a pure condition more readily than

' H. E. Zaugg, D. A. Dunnigan, R. J. Michaels, L. R. Swett, T. S. Wang, A. H. Sommers and R. W. DeNet, J.
Org. Chem., 26 (1961), 644; A. J. Parker, Quart. Rev. Chem. Soc. Lond., 16 (1962), 163; M. Goto, K. Akimoto,
K. Aoki, M. Shindo and K. Koga, Tetrahedron Lett., 40 (1999), 8129.

2 M. Makosza and A. Jonczyk, Org. Synth., 55 (1976), 91.

3 D. Caine, in Comprehensive Organic Synthesis, ed. B. M. Trost and I. Fleming, vol. 3 (Oxford: Pergamon Press,
1991), p. 1.



4 Formation of carbon—carbon single bonds

the corresponding halides. Primary and secondary alcohols can be used as alkylat-
ing agents under Mitsunobu conditions.* Epoxides have also been used, generally
reacting at the less substituted carbon atom. Attack of the enolate anion on the
alkylating agent takes place by an Sn2 pathway and thus results in inversion of
configuration at the carbon atom of the alkylating agent (1.5).

CH(CO,Et),

+  CHaCO.EY), __ CsF (1.5)
8% COEt

>o
8

o

o z

™ )

With secondary and tertiary allylic halides or sulfonates, reaction of an enolate
anion may give mixtures of products formed by competing attack at the a- and
v-positions (1.6). Addition of the enolate anion to a w-allylpalladium complex
provides an alternative method for allylation (see Section 1.2.4).

/ﬁ/& _CHa(COEY, /ﬁ/& . /% (1.6)
Cl NaOE, EIoH CH(CO2EY), CH(COEY),

A difficulty sometimes encountered in the alkylation of active methylene com-
pounds is the formation of unwanted dialkylated products. During the alkylation
of the sodium salt of diethylmalonate, the monoalkyl derivative formed initially
is in equilibrium with its anion. In ethanol solution, dialkylation does not take
place to any appreciable extent because ethanol is sufficiently acidic to reduce the
concentration of the anion of the alkyl derivative, but not that of the more acidic
diethylmalonate itself, to a very low value. However, replacement of ethanol by an
inert solvent favours dialkylation. Dialkylation also becomes a more serious prob-
lem with the more acidic cyanoacetic esters and in alkylations with very reactive
electrophiles such as allyl or benzyl halides or sulfonates.

Dialkylation may, of course, be effected deliberately if required by carrying out
two successive operations, by using either the same or a different alkylating agent
in the two steps. Alkylation of dihalides provides a useful route to three- to seven-
membered ring compounds (1.7). Non-cyclic products are formed at the same time
by competing intermolecular reactions and conditions have to be chosen carefully
to suppress their formation (for example, by using high dilution).

COEt
NaOEt
Br/WBr + CH,(COEt), —_— (®< (l .7)
EtOH COE
n=0-4

4 0. Mitsunobu, Synthesis (1981), 1;J. Yu, J.-Y. Lai and J. R. Falck, Synlett (1995), 1127; T. Tsunoda, C. Nagino,
M. Oguri and S. Itd, Tetrahedron Lett., 37 (1996), 2459.
5 T. Sato and J. Otera, J. Org. Chem., 60 (1995), 2627.
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Under ordinary conditions, aryl or alkenyl halides do not react with enolate
anions, although reaction can occur with aryl halides bearing strongly electro-
negative substituents in the ortho and para positions. 2,4-Dinitrochlorobenzene,
for example, with ethyl cyanoacetate gives ethyl (2,4-dinitrophenyl)cyanoacetate
(90%) by an addition—elimination pathway. Unactivated aryl halides may react
with enolates under more vigorous conditions, particularly sodium amide in liquid
ammonia. Under these conditions, the reaction of bromobenzene with diethyl-
malonate, for example, takes place by an elimination—addition sequence in which
benzyne is an intermediate (1.8).

COEt

\ ~
_NaNH; "CH(COzE), COzEt
B LN —> PhCH(CO:E), (1.8)
lig. NHg 50%

Enolate anions with extended conjugation can be formed by proton abstraction
of a,3-unsaturated carbonyl compounds (1.9). Kinetically controlled alkylation of
the delocalized anion takes place at the a-carbon atom to give the 8,y -unsaturated
compound directly. A similar course is followed in the kinetically controlled pro-
tonation of such anions.

CN CN
_ NaOE
>—< _ NaOEt >—< >—< (1.9)
COLEt T EOH COEt COLE

Mel

CN
;> { ~CO.Et
Me

A wasteful side reaction which sometimes occurs in the alkylation of 1,3-
dicarbonyl compounds is the formation of the O-alkylated product. For example,
reaction of the sodium salt of cyclohexan-1,3-dione with butyl bromide gives the
O-alkylated product (37%) and only 15% of the C-alkylated 2-butylcyclohexan-1,3-
dione. In general, however, O-alkylation competes significantly with C-alkylation
only with reactive methylene compounds in which the equilibrium concentration
of enol is relatively high (as in 1,3-dicarbonyl compounds). The extent of C- versus
O-alkylation for a particular 1,3-dicarbonyl compound depends on the choice of
cation, solvent and electrophile. Cations (such as Li*) that are more covalently
bound to the enolate oxygen atom or soft electrophiles (such as alkyl halides)
favour C-alkylation, whereas cations such as K* or hard electrophiles (such as
alkyl sulfonates) favour O-alkylation.




6 Formation of carbon—carbon single bonds

Alkylation of malonic esters and other active methylene compounds is useful
in synthesis because the alkylated products can be subjected to hydrolysis and
decarboxylation (1.10). Direct decarboxylation under neutral conditions with an
alkali metal salt (e.g. lithium chloride) in a dipolar aprotic solvent (e.g. DMF) is a
popular alternative method.®

NaOEt, EtOH i, NaOH
CHy(COsEt)y ——————— RCH(CO,Et)y ————— = RCH,CO,H (1.10)
R-X ii, H3O*, heat
LiCl
DMF
RCH,CO,Et

Proton abstraction from a monofunctional carbonyl compound (aldehyde,
ketone, ester, etc.) is more difficult than that from a 1,3-dicarbonyl compound.
Table 1.1 illustrates that a methyl or methylene group which is activated by only
one carbonyl or cyano group requires a stronger base than ethoxide or methoxide
ion to convert it to the enolate anion in high enough concentration to be useful for
subsequent alkylation. Alkali-metal salts of tertiary alcohols, such as tert-butanol,
in the corresponding alcohol or an inert solvent, have been used with success,
but suffer from the disadvantage that they are not sufficiently basic to convert the
ketone completely into the enolate anion. This therefore allows the possibility of
an aldol reaction between the anion and unchanged carbonyl compound. An alter-
native procedure is to use a much stronger base that will convert the compound
completely into the anion. Traditional bases of this type are sodium and potassium
amide or sodium hydride, in solvents such as diethyl ether, benzene, DME or DMF.
The alkali-metal amides are often used in solution in liquid ammonia. Although
these bases can convert ketones essentially quantitatively into their enolate anions,
aldol reaction may again be a difficulty with these bases because of the insolubility
of the reagents. Formation of the anion takes place only slowly in the heteroge-
neous reaction medium and both the ketone and the enolate ion are present at some
stage. This difficulty does not arise with the lithium dialkylamides, such as lithium
diisopropylamide (LDA) or lithium 2,2,6,6-tetramethylpiperidide (LTMP) or the
alkali-metal salts of bis(trimethylsilyl)amine (LHMDS, NaHMDS and KHMDS),
which are soluble in non-polar solvents. These bases are now the most commonly
used reagents for the generation of enolates.

An example illustrating the intermolecular alkylation of an ester is given in
Scheme 1.11. Intramolecular alkylations also take place readily in appropriate cases
and reactions of this kind have been used widely in the synthesis of cyclic com-
pounds. In such cases, the electrophilic centre generally approaches the enolate

6 A.P. Krapcho, Synthesis (1982), 805; 893.
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from the less-hindered side and in a direction orthogonal to the plane of the enolate
anion.

COMe i, LIN'Pr, (LDA | LDA

2

J/\ THF, =78 °C COMe “TiE 7gec CoMe  (L.11)
i, AN i, EtBr

90%

A common problem in the direct alkylation of ketones is the formation of di- and
polyalkylated products. This difficulty can be avoided to some extent by adding
a solution of the enolate in a polar co-ordinating solvent such as DME to a large
excess of the alkylating agent. The enolate may therefore be consumed rapidly
before equilibration with the alkylated ketone can take place. Nevertheless, for-
mation of polysubstituted products is a serious problem in the direct alkylation of
ketones and often results in decreased yields of the desired monoalkyl compound.
An explanation for the presence of considerable amounts of polyalkylated prod-
uct(s) is that enolates of alkylated ketones are less highly aggregated in solution and
hence more reactive.” Some solutions to this problem use the additive dimethylzinc®
or the manganese enolate of the ketone.” Good yields of the monoalkylated products
have been obtained under these conditions (1.12).

OMnX

LDA or LHMDS (1.12)
MFIC|2 or MnBr, 76°/o

Alkylation of symmetrical ketones or of ketones that can enolize in one direction
only can, of course, give just one mono-C-alkylated product. With unsymmetrical
ketones, however, two different monoalkylated products may be formed by way of
the two structurally isomeric enolate anions. If one of the isomeric enolate anions
is stabilized by conjugation with another group, such as cyano, nitro or a carbonyl
group, then only this stabilized anion is formed and alkylation takes place at the
position activated by both groups. Even a phenyl or an alkenyl group provide
sufficient stabilization of the resulting anion to direct substitution into the adjacent

7 A. Streitwieser, Y. J. Kim, and D. Z. R. Wang, Org. Lett., 3 (2001), 2599.

8 Y. Morita, M. Suzuki and R. Noyori, J. Org. Chem., 54 (1989), 1785.

9 M. T.Reetz and H. Haning, Tetrahedron Lett., 34 (1993), 7395; G. Cahiez, B. Figadere and P. Cléry, Tetrahedron
Lett., 35 (1994), 3065; G. Cahiez, K. Chau and P. Cléry, Tetrahedron Lett., 35 (1994), 3069; G. Cahiez, F. Chau
and B. Blanchot, Org. Synth., 76 (1999), 239.
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position (1.13).1°

o) o) o)
Mel '
95% Me 100 : 0

Sometimes, specific lithium enolates of unsymmetrical carbonyl compounds are
formed because of chelation of the lithium atom with a suitably placed substituent.
For example, lithiation and alkylation of the mixed ester 1 took place a- to the
MEM ester group, presumably as a result of intramolecular chelation of the lithium
atom with the ethereal oxygen atom (1.14).!!

Ph
— i, LDA, THF L/\
MEMOZC/\/\COZMe —_— MEMO,C co.Me (1.14)
ii, PhCH,ClI
1 57%

MEM = CH3OCH,CH,OCHo—

Alkylation of unsymmetrical ketones bearing a-alkyl substituents generally leads
to mixtures containing both a-alkylated products. The relative amount of the two
products depends on the structure of the ketone and may also be influenced by
experimental factors, such as the nature of the cation and the solvent (see Table 1.2).
In the presence of the ketone or a protic solvent, equilibration of the two enolate
anions can take place. Therefore, if the enolate is prepared by slow addition of
the base to the ketone, or if an excess of the ketone remains after the addition of
base is complete, the equilibrium mixture of enolate anions is obtained, containing
predominantly the more-substituted enolate. Slow addition of the ketone to an
excess of a strong base in an aprotic solvent, on the other hand, leads to the kinetic
mixture of enolates; under these conditions the ketone is converted completely into
the anion and equilibration does not occur.

The composition of mixtures of enolates formed under kinetic conditions differs
from that of mixtures formed under equilibrium conditions. The more-acidic, often
less-hindered, a-proton is removed more rapidly by the base (e.g. LDA), result-
ing in the less-substituted enolate under kinetic conditions. Under thermodynamic
conditions, the more-substituted enolate normally predominates. Mixtures of both
structurally isomeric enolates are generally obtained and mixtures of products result
on alkylation. Di- and trialkylated products may also be formed and it is not always

10°A. Aranda, A. Diaz, E. Diez-Barra, A. de la Hoz, A. Moreno and P. Sanchez-Verdd, J. Chem. Soc., Perkin
Trans. 1 (1992), 2427.
' M. T. Cox, D. W. Heaton and J. Horbury, J. Chem. Soc., Chem. Commun. (1980), 799.
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Table 1.2. Composition of enolate anions generated from the ketone and a base

Ketone Base (conditions) Enolate anion composition (%)
0 o~ 0~
Me Me Me
LDA, DME, —78 °C 1 99
(kinetic control)
Ph3CLi, DME, —78 °C 9 91
(kinetic control)
Ph3CLi, DME 90 10
(equilibrium control)
t-BuOK, t-BuOH 93 7
(equilibrium control)
0 o- 0~
LDA, THF, —78 °C 0 100
(kinetic control)
Ph3;CLi, DME 87 13

(equilibrium control)

easy to isolate the pure monoalkylated compound. This is a serious problem in
synthesis as it results in the loss of valuable starting materials.

A number of methods have been used to improve selectivity in the alkylation of
unsymmetrical ketones and to reduce the amount of polyalkylation. One procedure
is to introduce temporarily an activating group at one of the a-positions to stabi-
lize the corresponding enolate anion; this group is removed after the alkylation.
Common activating groups used for this purpose are ester groups. For example,
2-methylcyclohexanone can be prepared from cyclohexanone as shown in Scheme
1.15. The 2-ethoxycarbonyl derivative is obtained from the ketone by reaction with
diethyl carbonate (or by reaction with diethyl oxalate followed by decarbonyla-
tion). Conversion to the enolate anion with a base such as sodium ethoxide takes
place exclusively at the doubly activated position. Methylation with iodomethane
and removal of the (3-ketoester group with acid gives 2-methylcyclohexanone, free
from polyalkylated products.

o]
Me
NaOEt CO,Et NaOEt CO,Et Me
EtOH EtOH HCI, heat (1.15)
—_— —_—
CO(OEt), Mel or

LiCl, DME
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Another technique is to block one of the a-positions by introduction of a remov-
able substituent which prevents formation of the corresponding enolate. Selective
alkylation can be performed after acylation with ethyl formate and transformation
of the resulting formyl (or hydroxymethylene) substituent into a group that is sta-
ble to base, such as an enamine, an enol ether or an enol thioether. An example of
this procedure is shown in Scheme 1.16, in the preparation of 9-methyl-1-decalone
from trans-1-decalone. Direct alkylation of this compound gives mainly the 2-alkyl
derivative, whereas blocking the 2-position allows the formation of the required
9-alkyl-1-decalone (as a mixture of cis and trans isomers).

BUOK, BUOH
e .

- (1.16)
major product
i, NaOEt, EtOH
HCOEt

ii, BuSH, TsOH

o o o
H Me Me

CHSBu CHSBuU
BuOK KOH

2 BuOH H>O
H Mel ethylene
H H glycol, reflux H

Alkylation of a 1,3-dicarbonyl compound at a ‘flanking’ methyl or methylene
group instead of at the doubly activated C-2 position does not usually take place to
any significant extent. It can be accomplished selectively and in good yield, however,
by way of the corresponding dianion, itself prepared from the dicarbonyl compound
and two equivalents of a suitable strong base. For example, 2,4-pentanedione 2 is
converted into 2,4-nonanedione by reaction at the more-reactive, less-resonance-
stabilized carbanion (1.17).!?

o o o° o @ Q
2 equiv. KNH CaHgBr
)J\/“\ _cequiv. ¥Pe _ M B (1.17)
NH3 10} then HzO*

2

With unsymmetrical dicarbonyl compounds that could give rise to two different
dianions, it is found that in most cases only one is formed and a single product
results on alkylation. Thus, with 2,4-hexanedione alkylation at the methyl group
greatly predominates over that at the methylene group, and 2-acetylcyclohexanone
and 2-acetylcyclopentanone are both alkylated exclusively at the methyl group. In
general, the ease of alkylation follows the order C¢HsCH,>CH3>CH,.

12 T. M. Harris and C. M. Harris, Org. Reactions, 17 (1969), 155.
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Dianion formation can be applied equally well to 3-keto esters and provides a
useful route to ‘mixed’ Claisen ester products. The dianions are conveniently pre-
pared by reaction with two equivalents of LDA (or one equivalent of sodium hydride
followed by one equivalent of butyllithium) and give y-alkylated products in high
yield with a wide range of alkylating agents.'? This chemistry has been used in the
synthesis of a number of natural products. The reaction is used twice in the synthesis
of the lactone (&£ )-diplodialide A 6 (1.18); once to alkylate the dianion generated
from ethyl acetoacetate with the bromide 3 and once to introduce the double bond
by reaction of the dianion from the 3-keto lactone 4 with phenylselenyl bromide
to give the selenide 5. Elimination by way of the selenoxide (see Section 2.2)
led to diplodialide A.'*

0]
o OTHP
i, 1 equiv. NaH COEt |
several
M com _THEHuRA_ soveral ° (1.18)
ii, 1 equiv. BuLi steps
i,
3
i, 2 equiv. LDA
ii, CgHsSeBr
o ()
(o)
o} (0]
o] H,0,, CHoClp o
PN o
SePh
6 5

The application of dianion chemistry in synthesis is not confined to y-alkylation
of B-dicarbonyl compounds. Dianions derived from [3-keto sulfoxides can be alky-
lated at the -y -carbon atom. Nitroalkanes can be deprotonated twice in the a-position
to give dianions 7. In contrast to the monoanions, the dianions 7 give C-alkylated
products in good yield (1.19).1

C]f Li
A~ _NO,  2equv.Buli N - CeHsCHeBr. NO2 (1.19)
/\/ —— /\[ .
Li 53% Ph

Some solutions to the problem of the formation of a specific enolate from an
unsymmetrical ketone were discussed above. Another solution makes use of the
structurally specific enol acetates or enol silanes (silyl enol ethers). Treatment of
a trimethylsilyl enol ether with one equivalent of methyllithium affords the corre-
sponding lithium enolate (along with inert tetramethylsilane). Equilibration of the

13 'S, N. Huckin and L. Weiler, J. Am. Chem. Soc., 96 (1974), 1082.
14 T Ishida and K. Wada, J. Chem. Soc., Perkin Trans. 1 (1979), 323.
15 D. Seebach, R. Henning, F. Lehr and J. Gonnermann, Tetrahedron Lett. (1977), 1161.
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enolate does not take place, as long as care is taken to ensure the absence of proton
donors, such as an alcohol or an excess of the ketone. Reaction with an alkyl halide
then gives, predominantly, a specific monoalkylated ketone. It is rarely possible
to obtain completely selective alkylation, because as soon as some monoalkylated
ketone is formed in the reaction mixture it can bring about equilibration of the
original enolate. This difficulty is minimized by using the covalent lithium enolate,
which gives a relatively stabilized enolate whilst maintaining a reasonable rate of
alkylation.

One of the drawbacks of this procedure is that methyllithium is incompatible
with a variety of functional groups. In addition, the lithium enolate may not be suf-
ficiently reactive for alkylation. A solution to these problems has been found in the
use of benzyltrimethylammonium fluoride to generate the enolate anion. The fluo-
ride ion serves well to cleave silyl enol ethers and the ammonium enolates produced
are more reactive than the lithium analogues. Even relatively unreactive alkylat-
ing agents such as 1-iodobutane give reasonable yields of specifically alkylated
products.'6

The success of this approach to specific enolates is dependent on the availability
of the regioisomerically pure silyl enol ethers. The more highly substituted silyl
ethers usually predominate in the mixture produced by reaction of the enolates,
prepared under equilibrium conditions, with trimethylsilyl chloride (1.20).!7 In
some cases this mixture may be purified by distillation or by chromatography. The
less highly substituted silyl ethers are obtained from the enolate prepared from the
ketone under kinetic conditions with lithium diisopropylamide (LDA).

OSiMe; OSiMe;
Me
'PerMgBr (1 20)
EtN, Me3SiCl '
OSiM83 OSiM83
Me Me
_LDA,-78°C _
.
Me;SiCl
1: 99
OSiMe; OLi
Me
Me
_CHgli _ _CoHsChaBr _ Ph

84% 7%

16 1. Kuwajima, E. Nakamura and M. Shimizu, J. Am. Chem. Soc., 104 (1982), 1025; I. Kuwajima and E. Nakamura,
Acc. Chem. Res., 18 (1985), 181.
17 M. E. Krafft and R. A. Holton, Tetrahedron Lett., 24 (1983), 1345.
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In addition to their use for the preparation of specific lithium enolates, silyl enol
ethers are also excellent substrates for acid-catalysed alkylation. In the presence
of a Lewis acid (e.g. TiCly, SnCly, BF3-OEt,) they react readily with tertiary
alkyl halides to give the alkylated product in high yield.'® This procedure thus
complements the more-common base-catalysed alkylation of enolates which fails
with tertiary halides. It is supposed that the Lewis acid promotes ionization of the
electrophile, RX, to form the cation R*, which is trapped by the silyl enol ether to
give the addition product with cleavage of the silicon—oxygen bond.

Treatment of the thermodynamic silyl enol ether 8 with tert-butyl chloride in the
presence of TiCly gives the alkylated product 9, containing two adjacent quaternary
carbon atoms, in a remarkable 48% yield (1.21).!” Alkylation of silyl enol ethers
using silver(I) catalysis is also effective.?’

OSiMe; 0
i, 'C4HqCl, TiCl,
CH;Clp, =23 °C
ii, Na2CO3 (aq) (1.21)
48%
8 9

In the presence of a Lewis acid, silyl enol ethers can be alkylated with reactive
secondary halides, such as substituted benzyl halides, and with chloromethylphenyl
sulfide (CICH,SPh), an activated primary halide. Thus, reaction of the benzyl
chloride 10 in the presence of zinc bromide with the trimethylsilyl enol ether
derived from mesityl oxide allowed a short and efficient route to the sesquiterpene

(£ )-ar-turmerone (1.22).2! Reaction of CICH,SPh with the trimethylsilyl enol
ethers of lactones in the presence of zinc bromide, followed by S-oxidation and
pyrolytic elimination of the resulting sulfoxide (see Section 2.2), provides a good
route to the a-methylene lactone unit common in many cytotoxic sesquiterpenes
(1.23). Desulfurization with Raney nickel, instead of oxidation and elimination,
affords the a-methyl (or a-alkyl starting with RCH(C1)SPh) derivatives.??

(e} i, LDA, THF Me3SiO /©/LCI
M 7c )\)\ 10 (1.22)

ii, MesSiCl ZnBr,, CH,Cly

80%

18 M. T. Reetz, Angew. Chem. Int. Ed. Engl., 21 (1982), 96.

19 T. H. Chan, I. Paterson and J. Pinsonnault, Tetrahedron Lett. (1977), 4183.

20 K. Takeda, A. Ayabe, H. Kawashima and Y. Harigaya, Tetrahedron Lett., 33 (1992), 951; C. W. Jefford,
A. W. Sledeski, P. Lelandais and J. Boukouvalas, Tetrahedron Lett., 33 (1992), 1855; P. Angers and P. Canonne,
Tetrahedron Lett., 35 (1994), 367.

2L 1, Paterson, Tetrahedron Lett. (1979), 1519.

22 1. Paterson, Tetrahedron, 44 (1988), 4207.
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SPh

H

CICH,SPh
N osiMes 2
0 ZnBr,, CH,Cly

f f

i, NalOy, 0 °C

.

ii, CCly, 80 °C

The treatment of an ester (or lactone) with a base and a silyl halide or triflate
gives rise to a particular type of silyl enol ether normally referred to as a silyl ketene
acetal. The extent of O- versus C-silylation depends on the structure of the ester
and the reaction conditions. The less-bulky methyl or ethyl (or S-tert-butyl) esters
are normally good substrates for O-silylation using LDA as the base. Acyclic esters
can give rise to two geometrical isomers of the silyl ketene acetal. Good control of
the ratio of these isomers is often possible by careful choice of the conditions. The
E-isomer is favoured with LDA in THF, whereas the Z-isomer is formed exclusively
by using THF/HMPA (1.24).2* Methods to effect stereoselective silyl enol ether
formation from acyclic ketones are less well documented.?*

OTMS LDA (@] LDA OTMS
/:< /—/< oA \:< (1.24)
THF ot THF/HMPA

OEt OEt
Me;SiCl Me3SiCl
E:Z 85:15 E:Z 0:100

As an alternative to enolization and addition of a silyl halide or triflate, silyl enol
ethers may be prepared by the 1,4-hydrosilylation of an o,-unsaturated ketone.
This can be done by using a silyl hydride reagent in the presence of a metal catalyst.
Metal catalysts based on rhodium or platinum are most effective and provide a
regiospecific approach to silyl enol ethers (1.25).

H
m s /@
0.5 mol% (Ph3zP)3RhCI 8
o (0 3P)s Et,SIO : (1.25)
50 °C H

92%

Similarly, specific enolates of unsymmetrical ketones can be obtained by reduc-
tion of o, 3-unsaturated ketones with lithium in liquid ammonia. Alkylation of the
intermediate enolate gives an a-alkyl derivative of the corresponding saturated
ketone which may not be the same as that obtained by base-mediated alkylation
of the saturated ketone itself. For example, base-mediated alkylation of 2-decalone
generally leads to 3-alkyl derivatives whereas, by proceeding from the enone 11,
the 1-alkyl derivative is obtained (1.26). The success of this procedure depends on

23 T-H. Chan, in Comprehensive Organic Synthesis, ed. B. M. Trost and I. Fleming, vol. 2 (Oxford: Pergamon
Press, 1991), p. 595.
24 E. Nakamura, K. Hashimoto and 1. Kuwajima, Tetrahedron Lett. (1978), 2079.
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the fact that in liquid ammonia the alkylation step is faster than the equilibration
of the initially formed enolate. Lithium enolates must be used since sodium or
potassium salts lead to equilibration and therefore mixtures of alkylated products.
Alkylations are best with iodomethane, primary halides (or sulfonates) or activated
halides such as allyl or benzyl compounds. Reactions with secondary halides are
slower, leading to a loss of selectivity.?

H H H
"G,4He
BUOK G 4Hol
~ 1 o ~
o BUOH -4 o
A ¥ A

y . (1.26)

m 2 equw Li "C4Hol
1 equiv. BUOH B

NH3 H

H
"C4Ho

The treatment of «,[3-unsaturated ketones with organocopper reagents provides
another method to access specific enolates of unsymmetrical ketones.?® Lithium
dialkylcuprates (see Section 1.2.1) are used most commonly and the resulting eno-
late species can be trapped with different electrophiles to give o,3-dialkylated
ketones (1.27). Some problems with this approach include the potential for the inter-
mediate enolate to isomerize and the formation of mixtures of stereoisomers of the
dialkylated product. The intermediate enolate can be trapped as the silyl enol ether
and then regenerated under conditions suitable for the subsequent alkylation. Reac-
tion of the enolate with phenylselenyl bromide gives the a-phenylseleno-ketone
12, from which the 3-alkyl-o,[3-unsaturated ketone can be obtained by oxidation
and selenoxide elimination (1.28).

(0] (0]
) «Me
"BuaCuli excess Mel (127)
THF, -78 °C THF/HMPA, —30 °C ’
"Bu "Bu
99%
trans:cis 7:1
(0] o (0] (0]
Ph

Ph  MexCuli ~~ Ph PhSeBr Se Ph Ho0, p

CH,Cl, (1.28)
reflux

12 88%

25 D. Caine, Org. Reactions, 23 (1976), 1.
26 R. J. K. Taylor, Synthesis (1985), 364.
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If an «,[3-unsaturated ketone is treated with a base then proton abstraction can
occur on the o'~ (1.22) or a-side of the carbonyl group (1.29).2” The latter regio-
selectivity is favoured under equilibrating conditions, for example in the presence
of a protic solvent, to give the more-stable dienolate anion 13. Alkylation of the
anion 13 occurs preferentially at the a-carbon atom to give the mono-a-alkyl-
B,y-unsaturated ketone as the initial product. The a-proton in this compound is
readily removed by interaction with either the base or the original enolate 13,
since it is activated both by the carbonyl group and the carbon—carbon double
bond. In the presence of an excess of the alkylating agent, the resulting anion is
again alkylated at the a-position and the o,a-dialkyl-{3,y -unsaturated ketone is pro-
duced. If the availability of the alkylating agent is restricted, however, then further
alkylation does not occur, and the thermodynamically more stable a-alkyl-o,[3-
unsaturated ketone gradually accumulates owing to protonation at the y-position

(1.29).
o 0
base XbR R"X R"P)JVR
— — (1.29)
= =
R 13 R

base

or

In accordance with this scheme, it is found that dialkylation is diminished by
slow addition of the alkylating agent or by use of a less-reactive alkylating agent
(for example, an alkyl chloride instead of an alkyl iodide). A disadvantage of this
procedure is that it generally gives mixtures of products, particularly in exper-
iments aimed at preparing the monoalkylated compound. A solution to this is
provided by metalloenamines.?® Treatment of the unsaturated cyclohexylimine 14
with LDA and iodomethane does not give rise to the dialkylated product because
transfer of a proton from the monoalkylated compound to the metalloenamine

27 K. F. Podraza, Org. Prep. Proced. Int., 23 (1991), 217.
28 J. K. Whitesell and M. A. Whitesell, Synthesis (1983), 517; S. F. Martin, in Comprehensive Organic Synthesis,
ed. B. M. Trost and I. Fleming, vol. 2 (Oxford: Pergamon Press, 1991), p. 475.
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is slow (1.30).

Me

slightly less than .
one equ|v of LDA Li
Mel
(1.30)
Me Me
MeCO.H
o H20, reflux CC6H11N
Me Me

Enamines and metalloenamines provide a valuable alternative to the use of eno-
lates for the selective alkylation of aldehydes and ketones.>-*® Enamines are o,f-
unsaturated amines and are obtained simply by reaction of an aldehyde or ketone
with a secondary amine in the presence of a dehydrating agent, or by heating in
benzene or toluene solution in the presence of toluene-p-sulfonic acid (TsOH) as a
catalyst, with azeotropic removal of water (1.31). Pyrrolidine and morpholine are
common secondary amines useful for forming enamines. All of the steps of the
reaction are reversible and enamines are readily hydrolysed by water to reform the
carbonyl compound. All reactions of enamines must therefore be conducted under
anhydrous conditions, but once the reaction has been effected, the modified car-
bonyl compound is liberated easily from the product by addition of dilute aqueous
acid to the reaction mixture.

+ —
(0] " NR"> HO NR".
)J\/ T HO)QNR: )Q - 2
R' R' R'
R R R RT N (1'3 1)
R

Owing to the spread of electron density, which resides mostly on the nitrogen
and B-carbon atoms (1.32), an enamine can act as a nucleophile in reactions with
carbon-based electrophiles, leading to the C-alkylated and/or N-alkylated products.
Because no base or other catalystis required, there is areduced tendency for wasteful
self-condensation reactions of the carbonyl compound and even aldehydes can be



18 Formation of carbon—carbon single bonds

alkylated or acylated in good yield.

|

A valuable feature of the enamine reaction is that it is regioselective. In the alky-
lation of an unsymmetrical ketone, the product of reaction at the less-substituted
a-carbon atom is formed in greater amount, in contrast to direct base-mediated
alkylation of unsymmetrical ketones, which usually gives a mixture of products.
For example, reaction of the pyrrolidine enamine of 2-methylcyclohexanone with
iodomethane gives 2,6-dimethylcyclohexanone almost exclusively. This selectivity
derives from the fact that the enamine from an unsymmetrical ketone consists mainly
of the more-reactive isomer in which the double bond is directed toward the less-
substituted carbon atom. In the ‘more-substituted’ enamine, there is decreased inter-
action between the nitrogen lone pair and the w-system of the double bond because
of steric interference between the a-substituent (the methyl group in Scheme 1.33)
and the a-methylene group of the amine.

[ > ”7@
(0] N H N
Me D TsOH Me '\’/:(
S
+ N W’ + (133)
i 85 :

15

Alkylation of enamines with alkyl halides generally proceeds in only poor yield
because the main reaction is N- rather than C-alkylation. Good yields of alkylated
products are obtained by using reactive benzyl or allyl halides; it is believed that in
these cases there is migration of the substituent group from the nitrogen to the carbon
atom. This may take place in some cases by an intramolecular pathway, resulting
in rearrangement of allyl substituents or by dissociation of the N-alkyl derivative
followed by irreversible C-alkylation. This difficulty can be circumvented by the use
of metalloenamines, which are readily formed from imines and a base.?® The metal
salts so formed give high yields of monoalkylated carbonyl compounds on reaction
with primary or secondary alkyl halides. At low temperature, imines derived from
methyl ketones are alkylated on the methyl group (1.34); with other dialkyl ketones
regioselective alkylation at either a-position can be realised by judicious choice of
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experimental conditions.

But

N~ i, LDA o)
/\/\)I\ —’DME' —60°C /\/\)J\/ (1 34)
ii, CHl
iii, HgO*

A useful alternative to the metalloenamine chemistry proceeds not from an
imine but from a hydrazone of an aldehyde or ketone.?” These compounds, on
reaction with LDA or n-BuLi, are converted into lithium derivatives that can be
alkylated with alkyl halides, alkyl sulfonates, epoxides or carbonyl compounds. At
the end of the sequence the hydrazone group is cleaved by oxidation, liberating
the alkylated aldehyde or ketone. Like metalloenamine chemistry, for the synthetic
effort required to prepare and later remove the hydrazone derivative to be worth-
while, the overall benefits of this approach must outweigh the shorter use of the
enolate of the carbonyl compound itself. Hydrazones are formed readily by the
condensation of a hydrazine and a carbonyl compound. The hydrazone can often
be lithiated regioselectively, thereby giving rise, on addition of a carbon-based
electrophile, to alkylated products of defined regiochemistry. Stereochemical con-
trol can also be afforded, depending on the nature of the substituents. Generally,
alkylation takes place at the less-substituted position a- to the original unsym-
metrical ketone (unless there is an anion-stabilizing group present). For exam-
ple, the dimethylhydrazone derived from 2-methylcyclohexanone gave trans-2,6-
dimethylcyclohexanone (1.35). Axial alkylation is favoured with cyclohexanone
derivatives. Epoxides give y -hydroxycarbonyl compounds and hence, by oxidation,
1,4-dicarbonyl compounds. Reaction with aldehydes leads to 3-hydroxycarbonyl
compounds by a ‘directed’ aldol reaction (see Section 1.1.3).

NMe, NMe,
N7 N~

Me i, LDA Me "~ Nalo, (1 35)

ii, CHal MeOH, H,0

95%
97% trans

1.1.2 Conjugate addition reactions of enolates and enamines

Section 1.1.1 described the formation of enolates, silyl enol ethers and enamines
and their alkylation reactions. An alternative type of alkylation occurs on addition of
these nucleophiles to electrophilic alkenes, such as a,-unsaturated ketones, esters

2 D. E. Bergbreiter and M. Momongan, in Comprehensive Organic Synthesis, ed. B. M. Trost and I. Fleming,
vol. 2 (Oxford: Pergamon Press, 1991), p. 503.
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or nitriles. High yields of monoalkylated carbonyl compounds can be obtained.
The first examples of this chemistry were reported by Michael as early as 1887,
and hence this type of reaction is often termed a Michael reaction. The best type
of nucleophiles for addition to o,[3-unsaturated carbonyl or nitrile compounds are
soft in nature, such as organocuprates (see Section 1.2.1) or carbanions stabilized
by one, or usually two, electron-withdrawing groups.*® During conjugate addition,
the carbanion adds to the (3-carbon of the a,[3-unsaturated carbonyl compound. For
example, addition of diethyl malonate to the «,3-unsaturated ester 15 under basic
conditions gave the product 16 in good yield (1.36). The addition of the stabilized
anion to the a,B-unsaturated ester is reversible and leads to the new enolate 17.
Proton transfer (intermolecular) to give the more stable anion 18 can occur. Anion
18, or the intermediate 17, is then protonated to give the 1,5-dicarbonyl product 16.

o CO,Et
o
E10,C.__COEt | OEt _ NaOEt E10,C COEt  (1.36)
EtOH
ph”” B Ph
73%
15 16
NaOEt /
COLE COLE
EtO,C CO,Et 15 ~
~ Et0,C COEt ~=— " Et0,c” - CO,E
Ph Ph
17 18

As the conjugate addition reaction is an equilibrium process, there must be a
driving force for the formation of the products, otherwise the starting materials
may be recovered. The conjugate addition reaction produces a new anion that can
abstract a proton from the original carbonyl compound (diethyl malonate in Scheme
1.36); therefore the base need be present only as a catalyst. Alternatively, the anion
18 may be trapped by addition of an alkylating agent (such as an alkyl halide) in
order to generate two carbon—carbon bonds in a single operation. The presence of
excess o,[3-unsaturated carbonyl compound can lead to a second Michael addition
reaction, by reaction of the new anion (e.g. 18) with the «,3-unsaturated carbonyl
compound.

Although the presence of a protic solvent aids these proton-transfer steps, pro-
tic solvents are not a necessity for successful Michael addition reactions. Proton
abstraction and conjugate addition can be carried out in the presence of a Lewis
acid or by using a base in an aprotic solvent. For example, deprotonation of the
dicarbonyl compound 19 with sodium hydride in THF and addition of the Michael

30 E. D. Bergmann, D. Ginsburg and R. Pappo, Org. Reactions, 10 (1959), 179; M. E. Jung, in Comprehensive
Organic Synthesis, ed. B. M. Trost and 1. Fleming, vol. 4 (Oxford: Pergamon Press, 1991), p. 1; P. Perlmutter,
Conjugate Addition Reactions in Organic Synthesis (Oxford: Pergamon Press, 1992).
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acceptor phenyl vinyl sulfoxide, gave the adduct 20 in reasonable yield (1.37).%!
Heating the product sulfoxide 20 in toluene results in elimination (see Section 2.2)
of phenylsulfinic acid to give the vinyl-substituted product 21.

(e}
CO,Et CO.Et
CO,Et 2 2
NaH, THF PhMe \
= (1.37)
%\SOPh SOPh heat
19 50% 20 60% 21

A large variety of different Michael acceptors can be used in conjugate addition
reactions. The electron-withdrawing group is commonly an ester or ketone, but
can be an amide, nitrile, nitro, sulfone, sulfoxide, phosphonate or other suitable
group capable of stabilizing the intermediate anion. Likewise, a variety of sub-
stituents can be attached at the - and/or 3-position of the Michael acceptor. How-
ever, the presence of two substituents at the (3-position slows the rate of conjugate
addition, owing to increased steric hindrance. Therefore, [3,3-disubstituted accep-
tors are used less commonly in conjugate addition reactions as yields are often
poor. This problem can be overcome to some extent by carrying out the reaction
under high pressure or by using a [3,[3-disubstituted acceptor bearing two electron-
withdrawing groups to help stabilize the resulting intermediate anion. As an exam-
ple, the sterically congested Michael adduct 23 has been prepared by conjugate
addition of methyl isobutyrate to the doubly activated acceptor 22 under aprotic
conditions (1.38).3?

> i, LDA, THF, —78 °C
CO:Me : COMe (1.38)
ii, CO,Et
<:>:< NG CORE
CN
99 23

90%

With unsymmetrical ketones, a mixture of regioisomeric enolates may be formed,
resulting in a mixture of Michael adducts. Deprotonation in a protic solvent is
reversible and leads predominantly to the thermodynamically favoured, more-
substituted enolate. Reaction with a Michael acceptor then gives the product
from reaction at the more-substituted side of the ketone carbonyl group. The
1,5-dicarbonyl compound 24 is the major product from conjugate addition of 2-
methylcyclohexanone to methyl acrylate using potassium tert-butoxide in the protic
solvent tert-butanol (1.39).3 In contrast, the major product from Michael addition

31 G. A. Koppel and M. D. Kinnick, J. Chem. Soc., Chem. Commun. (1975), 473.
32 R. A. Holton, A. D. Williams and R. M. Kennedy, J. Org. Chem., 51 (1986), 5480.
3 H.0. House, W. L. Roelofs and B. M. Trost, J. Org. Chem., 31 (1966), 646.
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using the enamine prepared from 2-methylcyclohexanone is derived from reac-
tion at the less-substituted side of the ketone carbonyl group. Addition of pyrroli-
dine to 2-methylcyclohexanone and dehydration gives the enamine 25 (see 1.33),
which reacts with acrylonitrile to give the product 26 after hydrolysis (1.40). Any
N-alkylation is reversible and good yields of C-alkylated products are normally
obtained.

o} o}

.

then HzO*

Me Me
rCOZ""e BUOK
* | BuOH COxMe (1.39)
24
N (@]
M NC M
@/ ¢ | CN ETOH, reflux °  (1.40)
+ —_—
25

26

Endocyclic enamines, such as pyrrolines and tetrahydropyridines are useful for
the synthesis of complex heterocyclic compounds, as found in many alkaloids.?*
Thus, reaction of the enamine 27 with methyl vinyl ketone gave the alkaloid mesem-
brine (1.41).

HO/\/OH d)\
+/
120 °C N o~

\ (1.41)

/N 0 56% T o~
Me Me
mesembrine

34 R. V. Stevens, Acc. Chem. Res., 10 (1977), 193.
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The Michael addition is a useful reaction in organic synthesis as it generates a
new carbon—carbon single bond under relatively mild and straightforward condi-
tions. Up to three new chiral centres are generated and recent efforts have focused
on stereoselective Michael additions.*> The enamine 28, derived from cyclohex-
anone and morpholine, reacts with 1-nitropropene to give (after hydrolysis) the
ketone 29 as the major diastereomer (1.42). The same stereochemical preference
for the syn stereoisomer has been found in the conjugate addition reaction between
the enolate of tert-butyl propionate and the enone 30 (1.43). There are, however,
many examples of the formation of approximately equal mixtures of diastere-
omers or even high selectivity for the anti stereoisomer. Careful choice of sub-
stituents and conditions may allow the stereocontrolled formation of the desired
stereoisomer.

O

i, Etgo
ii, EtOH, HCI
Me Me

cOoB
tBUOZCﬁ . Y pAa lBuOZC\I)\/CO’Bu . 'BuOZC\)\/COfBu
[ THF, 78 °C (1.43)

Me Me’ Me e

NO, NO,

(1.42)

99 : 1

=

30 syn 95 : 5 anti

The corresponding Michael addition reactions using silyl enol ethers, which
require an activator such as a Lewis acid, provide similar stereochemical out-
comes.*® Commonly titanium tetrachloride is used as the Lewis acid, although
trityl salts (Ph3C* X™) or other additives have been investigated. For example, con-
jugate addition of cyclohexanone trimethylsilyl enol ether to the enone 31 gave
the 1,5-dicarbonyl product 32 as the major stereoisomer (1.44). The addition of
a Michael donor to a cyclic enone leads to the product of attack at the 3-carbon
from the less-hindered face. This avoids steric hindrance with the substituent on
the cyclic enone. Howeyver, it has been reported that Lewis acid-assisted conjugate
addition, in which chelation to the substituent may take place, can reverse this
selectivity. The silyl ketene acetal 33 adds preferentially to the more hindered face
of the enone 34 using mercury(Il) iodide as the Lewis acid (1.45).

35 D. A. Oare and C. H. Heathcock, Top. Stereochem., 20 (1991), 87; A. Bernardi, Gazz. Chim. Ital., 125 (1995),
539.

36 V.J. Lee, in Comprehensive Organic Synthesis, ed. B. M. Trost and I. Fleming, vol. 4 (Oxford: Pergamon Press,
1991), p. 139.
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OSiMes o
Ticl Me
. Me 2 (1.44)
CH,Cly, -78 °C
Me
31 32 major
o) OSiEts
OSiEty
Hale 145
P NG (1.45)
74% & %, _COMe
'BuMe,SiO 'BuMe;,SiO e
33 34 cis: trans 95:5

Michael donors in which the metal attached to the heteroatom is silicon or tin are
softer than the corresponding lithium enolates and can enhance 1,4-addition over
any undesired 1,2-addition to the carbonyl group. For conjugate addition to occur,
tin enolates require an activator such as trimethylsilyl chloride. The tin enolate is
prepared from the ketone using a tertiary amine and tin(II) triflate. Addition to an
enone in the presence of the Lewis acid gives the 1,5-dicarbonyl product (Scheme
1.46).%" This procedure requires one equivalent of the Lewis acid, otherwise yields
of the product are low. Efforts to avoid a stoichiometric amount of a Lewis acid in
Michael addition reactions with tin enolates have uncovered the use of tetrabutyl
ammonium bromide (BuyNBr) as a catalyst.® Treating the tributyltin enolate of
acetophenone with methyl acrylate in the presence of 10 mol% BusNBr gave the
keto-ester 35 in quantitative yield (1.47).

o o o] O o0 o Ph O
N
OAN)J\’ . Me ﬂi OANWMe (1.46)
\_/ e ’ ii, TMSCI, CH,Cl» \_/ Me ’
Ph

78%
syn:anti 29:71

(0]

OSnBug HJ\ 0 O
/& OMe 0.1 equiv. BusNBr ML
+ —_— Ph OMe .
Ph | HF (1.47)
>99% 35

If the Michael donor and acceptor groups are both located within the same
molecule, an intramolecular conjugate addition reaction can take place.® This
sets up a new ring and up to three new chiral centres. The ease of the reaction
depends on a number of factors, including the size of the ring being formed, the
geometry of the enolate and Michael acceptor and the endo or exo nature of the
ring closure. Cyclization to give a five- or six-membered ring by the exo mode is

37 T. Mukaiyama and S. Kobayashi, Org. Reactions, 46 (1994), 1.
38 M. Yasuda, N. Ohigashi, I. Shibata and A. Baba, J. Org. Chem., 64 (1999), 2180.
39 R. D. Little, M. R. Masjedizadeh, O. Wallquist and J. I. McLoughlin, Org. Reactions, 47 (1995), 315.
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the most facile owing to good orbital overlap between the enolate w-bond and the
w-bond of the o, 3-unsaturated system. The conditions for intramolecular conjugate
addition are in many cases the same as those used for the intermolecular reaction
(e.g. catalytic in the metal alkoxide in an alcoholic solvent). Likewise, each step is
potentially reversible and the stereoselectivity may be subject to either kinetic or
thermodynamic factors.

Intramolecular conjugate addition is most common with a readily enolizable
Michael donor, such as a 1,3-dicarbonyl compound. For example, the mild base
K>CO3 promotes the cyclization of the B-keto-ester 36 by a 5-exo ring clo-
sure (1.48). The product 37 contains two five-membered rings fused cis to each
other, as would be expected on the basis of the thermodynamic stability of such
bicyclo[3.3.0]octane ring systems.

b COMft
COE
KoCOs
= . o 1.48
OIG\/Q EtOH © (1.48)
0
89% H
36 37

Some key features of intramolecular reactions include the need to minimize
any intermolecular process (often accomplished by high-dilution conditions) and
the requirement that the reagents should react chemoselectively with the desired
functional group in the molecule. Cases in which the Michael donor site is not
very acidic and therefore requires a strong base may result in proton abstraction
in the y-position of the Michael acceptor, or reaction elsewhere in the molecule.
Careful choice of Michael donor and acceptor groups is needed in order to achieve
the desired enolate formation. Chemoselective proton abstraction a- to the ester
group in the substrate 38 results in the desired enolate and cyclization to give the
cyclopentane ring 39 as a single stereoisomer (1.49).%° Subsequent chemoselective
reduction of the ester group in the presence of the carboxylic amide and acid-
catalysed cyclization to the lactone gave iridomyrmecin.

Me

iz
[0)

" ~CONMe; o o
LDA i, LiBH, (1.49)
THF, -78 °C i, Amberlyst 15 o !
CO,Me
Me 68% ve H
38 39 iridomyrmecin
H
Hj\fco
N NMe,
Me AN OLi (150)
Me
H OMe

40 Y. Yokoyama and K. Tsuchikura, Tetrahedron Lett., 33 (1992), 2823.
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The stereochemical preference for the isomer 39 can be rationalized by reaction
via the conformer shown in Scheme 1.50. Proton abstraction should give pre-
dominantly the enolate geometry shown (see Scheme 1.24). The methyl group
- to the ester in the substrate 38 prefers a pseudoequatorial arrangement in the
chair-like conformation (1.50) as this avoids 1,3-allylic strain between the methoxy
group and the allylic substituents. Therefore, on cyclization, the methyl ester group
becomes trans to the B-methyl group and cis to the Michael acceptor. The stere-
ochemistry of the third new chiral centre (a- to the carboxylic amide group) is
determined by the protonation of the enolate resulting from the Michael addition
reaction.

An alternative and useful method for intramolecular conjugate addition when
the Michael donor is a ketone is the formation of an enamine and its reaction with
a Michael acceptor. This can be advantageous as enamine formation occurs under
reversible conditions to allow the formation of the product of greatest thermody-
namic stability. Treatment of the ketone 40 with pyrrolidine and acetic acid leads to
the bicyclic product 41, formed by reaction of only one of the two possible regio-
isomeric enamines (1.51).*! Such reactions can be carried out with less than one
equivalent of the secondary amine and have recently been termed ‘organo-catalysis’
(as opposed to Lewis acid catalysis with a metal salt). The use of chiral secondary
amines can promote asymmetric induction (see Section 1.1.4).

N
= R H
CH3COOH (1.51)
THF, heat
Me
40 R =Me 78% 41

R =NHCOMe 85%

A popular and useful application of the conjugate addition reaction is the com-
bined conjugate addition—intramolecular aldol strategy, commonly known as the
Robinson annulation.?***> When the Michael donor is a ketone and the Michael
acceptor an «, [3-unsaturated ketone, the product is a 1,5-diketone which can readily
undergo cyclization to a six-membered ring. Typical Michael donor substrates are
2-substituted cyclohexanones, which condense with alkyl vinyl ketones to give the
intermediate conjugate addition products 42 (1.52). The subsequent intramolecular

4l A.-C. Guevel and D. J. Hart, J. Org. Chem., 63 (1996), 465; 473.
42 M. E. Jung, Tetrahedron, 32 (1976), 3; R. E. Gawley, Synthesis (1976), 777.
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aldol reaction to give the cyclohexenone products 43 may take place in the same

pOt.
/l/i B amd /I/i;@
base ( ! 52)

43

Good yields of the annulation product are possible, especially with relatively
acidic -dicarbonyl compounds (e.g. Scheme 1.52, R=CO;Et). Typical conditions
include the use of a base such as KOH in methanol or ethanol, or sodium hydride in
an aprotic solvent such as DMSO. Alternative and effective conditions make use of
enamine chemistry, in which reaction at the less-substituted a-carbon of the ketone
takes place (1.53).

=
L /Q _iPhH heat (153)
O ii, AcOH NaOAc o
H,0

Me
45%

Conjugate addition reactions, including the Robinson annulation, which make
use of reactive Michael acceptors such as methyl vinyl ketone, can suffer from low
yields of the desired adduct. The basic conditions required for enolate formation can
cause polymerization of the vinyl ketone. Further difficulties arise from the fact that
the Michael adduct 42 and the original cyclohexanone have similar acidities and
reactivities, such that competitive reaction of the product with the vinyl ketone can
ensue. These problems can be minimized by the use of acidic conditions. Sulfuric
acid is known to promote the conjugate addition and intramolecular aldol reaction
of 2-methylcyclohexanone and methyl vinyl ketone in 55% yield. Alternatively, a
silyl enol ether can be prepared from the ketone and treated with methyl vinyl ketone
in the presence of a Lewis acid such as a lanthanide triflate** or boron trifluoride
etherate (BF3-OEt,) and a proton source** to effect the conjugate addition (followed
by base-promoted aldol closure).

1.1.3 The aldol reaction

Sections 1.1.1 and 1.1.2 described the formation of enolates, silyl enol ethers and
enamines and their alkylation or conjugate addition reactions. Reaction of these
carbon nucleophiles with aldehydes is known generally as the aldol reaction and

43S, Kobayashi, Synlett (1994), 689.
4 P. Duhamel, G. Dujardin, L. Hennequin and J.-M. Poirier, J. Chem. Soc., Perkin Trans. 1 (1992), 387.
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is discussed in this section. The aldol reaction is a very good method for making
carbon—carbon bonds. The reaction products are 3-hydroxycarbonyl compounds,
which are common in many natural products. In addition, the hydroxyl and/or
carbonyl groups can be converted selectively to other functional groups. Under some
circumstances, the aldol product dehydrates to give an a,3-unsaturated carbonyl
compound. The general reaction is shown in Scheme 1.54.

OH o}

0
R—CHO + )J\R' _base _ R)\/U\R (1.54)

- |
Ri{\} R - R)\/U\ R

In an aldol reaction, the enolate of one compound reacts with the electrophilic
carbonyl carbon of the other carbonyl compound. A problem can arise when the
other regioisomeric enolate can form easily or when the electrophilic carbonyl com-
pound is enolizable. In addition, the product is enolizable and the wrong carbonyl
compound could act as the electrophile; therefore a mixture of products or predom-
inantly the undesired product may result. An added complication arises when more
than one chiral centre is present in the product and therefore two diastereomeric
products can be formed. The course of the reaction between unlike components
must be ‘directed’ so that only the product required is obtained, or at least is
formed predominantly. In addition, the stereochemical course of the reaction must
be controlled. These difficulties have been overcome as a result of intensive study
of the aldol reaction,® spurred on by the presence of the B-hydroxycarbonyl func-
tional group in the structures of many naturally occurring compounds such as the
macrolides and ionophores.

A number of methods have been developed to bring about the ‘directed’ aldol
reaction between two different carbonyl compounds to give a mixed-aldol prod-
uct. Most of them proceed from the preformed enolate or silyl enol ether of one
of the components. With enolates, a number of metal counterions have been used
and the best results have been obtained with lithium or boron enolates, although
zinc or transition-metal enolates have found widespread use. For example, the aldol
reaction of acetone with acetaldehyde under basic aqueous conditions is inefficient

45 A. T. Nielsen and W. J. Houlihan, Org. Reactions, 16 (1968), 1; T. Mukaiyama, Org. Reactions, 28 (1982),
203; C. H. Heathcock, in Comprehensive Organic Synthesis, ed. B. M. Trost and I. Fleming, vol. 2 (Oxford:
Pergamon Press, 1991), pp. 133; 181.
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because the acetaldehyde reacts more readily with itself; however, the desired addi-
tion can be effected by using the preformed enolate of acetone (1.55).

M

~

/M‘\
S QS ¢ RIS §

Regioselective enolate formation using kinetic deprotonation of an unsymmetri-
cal ketone has been discussed in Section 1.1.1. The specific enolate can react with
aldehydes to give the aldol product, initially formed as the metal chelate in aprotic
solvents such as THF or Et,O. Thus, 2-pentanone, on deprotonation with lithium
diisopropylamide (LDA) and reaction of the enolate with butanal, gave the aldol
product 44 in reasonable yield (1.56).

o OLi o OH
/\)j\ — /\/& | PrOHO /\)k/K/\
THF, -78 °C i, H3O* (1 56)
65% 44

Attempts to perform the aldol reaction with the more-substituted (thermody-
namic) enolate (formed under equilibrating conditions) from such unsymmetrical
ketones normally results in a mixture of aldol products. This is not surprising
considering the equilibration with the less-substituted enolate, the possible proton
abstraction and self-condensation of the aldehyde and the potential for enolization
and further reaction of the product. A solution to the use of the thermodynamic
ketone enolate lies in the selective formation and reaction of silyl enol ethers.*®
Treatment of a silyl enol ether with an aldehyde in the presence of a Lewis acid such
as titanium tetrachloride results in the formation of the aldol product (Mukaiyama
aldol reaction). For example, the B-hydroxyketone 45 was formed by addi-
tion of benzaldehyde to the more-substituted silyl enol ether generated from 2-
methylcyclohexanone (1.57). A disadvantage of this procedure is that the reaction
is not normally stereoselective and so does not allow control of the stereochemistry
in reactions that give rise to aldol products containing more than one chiral centre. A
recent solution to this problem, providing good levels of syn diastereoselection (and
which also makes use of water as a solvent), involves addition of 0.1 equivalents
of Ph,BOH to catalyse the aldol reaction of the silyl enol ether.*’

0OSiMes o oH

Me

PhCHO Ph

CH,Cly, TiCl, (L57)

45

4 p Brownbridge, Synthesis (1983), 1; ref. 22.
47 Y. Mori, J. Kobayashi, K. Manabe and S. Kobayashi, Tetrahedron, 58 (2002), 8263.
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Excellent results have been obtained by using boron enolates (alkenyloxyboranes
or enol borinates), in what is commonly known as a boron-mediated aldol reac-
tion.*® The boron enolates are prepared easily from the corresponding ketone and a
dialkylboron trifluoromethanesulfonate (dialkylboron triflate, R, BOTTY) or chloride
(R,BCl) and a tertiary amine base. Boron enolates react readily with aldehydes to
give, after oxidative work-up of the resulting borinate species, high yields of the
desired aldol product (1.58).

R",B

o ~o o] OH
)J\ R",BOTI /& R'CHO M (1.58)
R iPr,NEt R then oxidative R R
Et,0 work-up

The aldol reaction is not restricted to the use of ketone enolates and indeed some
of the most important examples in this area use carboxylic esters or amides. Proton
abstraction with LDA (or other strong base) at low temperature to give the enolate
and addition of the aldehyde or ketone gives a 3-hydroxyester or 3-hydroxyamide
product. Likewise the boron or other metal enolates of esters provide alternative
methods to effect the aldol reaction.

If the enolate of a carboxylic ester is formed at room temperature then self-
condensation of the ester results. This reaction is known as the Claisen condensa-
tion and gives a B-keto ester product.*® A variety of bases including LDA, sodium
hydride or sodium alkoxides can be used and the reaction may be driven to com-
pletion by the deprotonation of the product, to give the anion of the -keto ester
(pK, =~ 11). The Claisen condensation reaction works best when the two ester
groups are the same, to give the self-condensation product (1.59), or when one of
the ester groups is non-enolizable. The reaction is less useful in cases where two
different enolizable esters are used, as a mixture of up to four (3-keto ester prod-
ucts is normally obtained. The product 3-keto esters are useful in synthesis as they
readily undergo alkylation and decarboxylation reactions (see Section 1.1.1).

[0}

(e} (0]
base
HJ\OEt _ HH/U\OB (1.59)
room temp. R

R R

Reaction of an enolate, generated from a 3-keto ester or other 1,3-dicarbonyl-type
compound with an aldehyde or ketone is known as the Knoevenagel condensation

48 B. Moon Kim, S. F. Williams and S. Masamune, in Comprehensive Organic Synthesis, ed. B. M. Trost and 1.
Fleming, vol. 2 (Oxford: Pergamon Press, 1991), p. 239.

49 B. R. Davis and P. J. Garratt, in Comprehensive Organic Synthesis, ed. B. M. Trost and I. Fleming, vol. 2
(Oxford: Pergamon Press, 1991), p. 795.
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reaction.>® The reaction conditions are mild and typically employ an amine such
as pyridine, sometimes in the presence of the Lewis acid titanium tetrachloride.
The product from the initial addition to the aldehyde or ketone dehydrates read-
ily under the reaction conditions to give the a,B-unsaturated dicarbonyl product
(1.60). In some cases (particularly with unhindered products) a Michael addition
reaction of the product with a second molecule of the original dicarbonyl compound
takes place. When the two carbonyl (or other electron-withdrawing) groups in the
active methylene compound are different, then condensation with an aldehyde (or
unsymmetrical ketone) can give rise to two geometrical isomers. In such cases, the
thermodynamically more stable product is normally formed.

(0] (0]
Q pyridine °
o + e
<:>: W< e X (160)
O o
(0] (0]

Enolates, generated by Michael addition reactions of o,3-unsaturated esters or
ketones, can add to aldehydes. If the Michael addition is carried out with a tertiary
amine (or phosphine) then this is referred to as the Baylis—Hillman reaction.>!
Typically, an amine such as 1,4-diazabicyclo[2.2.2]octane (DABCO) is used. After
the aldol reaction, the tertiary amine is eliminated and it can therefore be used as
a catalyst (1.61). The reaction is somewhat slow (requiring several days), but rates
may be enhanced with other amines such as quinuclidine or quinidine derivatives,
the latter effecting asymmetric reaction with high levels of selectivity.>?

-N

(o] ;N\? OH (0]
RGHO ”)J\OB = )\H)J\ (1.61)

(DABCO) R OFEt

1.1.3.1 Stereoselective aldol reactions

The normal product of an aldol reaction between an aldehyde and a monocar-
bonyl compound is a 3-hydroxycarbonyl compound and in many cases a mixture
of stereoisomers of the product is formed (1.62). The use of preformed enolates
and conditions that are now well established allows control of the stereochemical
outcome of aldol reactions. Under appropriate conditions predominantly the syn or

50 G. Jones, Org. Reactions, 15 (1967), 204; L. F. Tietze and U. Beifuss, in Comprehensive Organic Synthesis,
ed. B. M. Trost and I. Fleming, vol. 2 (Oxford: Pergamon Press, 1991), p. 341.

SIE. Ciganek, Org. Reactions, 51 (1997), 201; D. Basavaiah, A. J. Rao and T. Satyanarayana, Chem. Rev., 103
(2003), 811.

52 Y. Iwabuchi, M. Nakatani, N. Yokoyama and S. Hatakeyama, J. Am. Chem. Soc., 121 (1999), 10219.
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the anti (traditionally erythro and threo) aldol product can be prepared. This is often
termed a diastereoselective reaction. In addition, with suitable chiral auxiliaries or
catalysts, high selectivities for one enantiomer of the syn or the anti diastereomer
can be obtained (see Section 1.1.4 for enantioselective reactions).

(0] OH (0] OH (0]
base /I\)J\
RCHO T .
+ HJ\R, R/l\l)J\R, fo Ny (1L62)
R" R" ﬁ
syn anti

To achieve good diastereoselection, boron enolates have been most widely used.
The stereochemical course of the reactions depends on whether the reaction is run
under thermodynamic or kinetic conditions. For the kinetic reaction, enolate geom-
etry is important; it is found in general that cis-(or Z-)enolates 46 give mainly the
syn aldol products, whereas the trans-(or E-)enolates 47 (especially for bulky R’
groups) lead to the anti aldol products (1.63). The size of the substituent groups
affects the diastereomer ratio, with bulkier groups generally enhancing the selectiv-
ity. It should be noted that, for consistency, the descriptors for the geometry of the
enolate give priority to the OM group over the R” group (even for ester enolates),
despite the conventional Cahn—Ingold—Prelog rules.

OM OH

(0}
R"\)\ —_
RCHO + R R)\l/u\ R

46 cis- or Z-enolate R
(1.63)
OM OH (0]
RCHO + %\R' E—— R)\:/U\ R
R R

47 trans- or E-enolate

The aldol addition reactions are believed to proceed by way of a chair-like six-
membered cyclic transition state in which the ligated metal atom is bonded to
the oxygen atoms of the aldehyde and the enolate (Zimmerman—Traxler model).
For the reaction of a cis-enolate 46 with an aldehyde RCHO, the transition state
could be represented as 48 (1.64). This places the R group of the aldehyde in a
pseudoequatorial position in the chair-like conformation and leads to the syn aldol
product. Likewise, reaction of the trans-enolate proceeds preferentially via the
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transition state 49, giving the anti aldol product.

OH (0]
Z S0OM RCHO
R R R
46 R
(1.64)
OH (0]
R' RCHO )\/U\
R"\)\ R H R
OM H
R
47 49

As the majority of aldol reactions are carried out under kinetic control, an impor-
tant issue is whether the proton abstraction generates the cis- or the trans-enolate.
However, the use of geometrically pure enolates does not guarantee the formation
of stereoisomerically pure aldol products. In general, the cis-enolates are more
stereoselective than frans-enolates in the aldol reaction. For example, treatment
of pentan-3-one with LDA gives a mixture of the cis- and frans-lithium enolates
that react with benzaldehyde to give a mixture of the syn and anti aldol products
(1.65). Using the bulkier 2,2-dimethylpentan-3-one gives almost exclusively the
cis-enolate and hence the syn aldol product.

(e} OLi OLi (o] OH (e} OH
LDA PhCHO
N Q.. , (1.65)
R THF,-78°c R R R Ph T R Ph
Me Me Me Me
R cis : trans syn : anti
Et 30 : 70 64 : 36

Bu >98 @ <2 >98 @ <2

Better results are normally obtained by using the boron-mediated aldol reaction.
This has been ascribed to the shorter boron—oxygen bond length, thereby producing
a tighter transition state and enhancing the steric effects compared with that from
the lithium enolate (note also the steric effect of ligands attached to the boron
atom). Crucially, it is possible to control the enolate geometry by choice of the
boron reagent. In general, the use of bulky ligands (such as cyclohexyl) and a
relatively poor leaving group (such as Cl) on the boron atom, combined with an
unhindered tertiary amine base (such as Et3N) gives rise to predominantly the frans-
enolate.>® However, the use of smaller ligands (such as n#-butyl) and a good leaving
group (such as OTY) on the boron atom, combined with a hindered amine (such as

53 K. Ganesan and H. C. Brown, J. Org. Chem., 58 (1993), 7162.
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i-Pr,NEt) gives rise to the cis-enolate with high selectivity.>* Thus, the aldol reaction
with pentan-3-one occurs with poor selectivity using the lithium enolate (1.65), but
excellent selectivity using the cis-enolate generated from dibutylboron triflate or
the trans-enolate generated from dicyclohexylboron chloride (1.66).

o OBR, OBR, o] OH 0 OH
PhCH:
o Me PhCHO,, . (1.66)
_78°C Ph Ph
Me  Me Me Me Me Me

Conditions cis : trans syn : anti

Bu,BOTT, ProNEt >97 : <3 97 : <38

Et,0, -78 °C

(¢CgH11)2BClI, EtsN 5 : 95 5 : 95

pentane, 0 °C

Titanium(IV) enolates, generated by using the ketone, titanium tetrachloride and
a tertiary amine base (e.g. BusN), give rise, on addition of an aldehyde, to the syn
aldol products in high yield.> This offers an alternative and convenient method
for the formation of the syn aldol product. Tin(II) enolates, generated using tin(II)
triflate and an amine base, also give the syn aldol products by a highly selective
process.

In a similar way, enolates can be prepared from esters or carboxylic amides.
Deprotonation of simple esters (e.g. methyl or tert-butyl propionate with LDA)
generates the frans-enolate with good selectivity; however, this is not translated into
a good selectivity for the anti aldol product and approximately an equal mixture of
the two diastereomeric products is normally formed. One solution to this is to use a
bulky aromatic ester group, which generates predominantly the anti aldol product
(1.67).

OH (0] C:)H (0]
HL _bLDA )\l)k . Al)k (1.67)
ii, PhCHO Ph OAr Ph OAr
M

e Me

syn : anti

<3 o >97
High selectivity for either the anti or the syn aldol product can be obtained
by using an appropriate thioester and a boron-mediated aldol reaction. The trans-
enolate and hence the anti aldol product can be obtained from the S-tert-butyl ester
and dibutylboron triflate (1.68). The trans-enolate (note the convention that the O—
metal substituent takes a higher priority than the SR substituent) is favoured owing
to the steric interaction of the bulky tert-butyl group with the ligands on the boron

>4 D. A. Evans, J. V. Nelson, E. Vogel and T. R. Taber, J. Am. Chem. Soc., 103 (1981), 3099.
55y, Tanabe, N. Matsumoto, T. Higashi, T. Misaki, T. Itoh, M. Yamamoto, K. Mitarai and Y. Nishii, Tetrahedron,
58 (2002), 8269.
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atom. However, the cis-enolate and hence the syn aldol product is formed using the
S-phenyl ester and 9-borobicyclo[3.3.1]non-9-yl triflate (9-BBNOTY).

o) Bu,BO OH O
Bu,BOTf "PrCHO H
S’Bu . = ~~ sy — sgy  (1.68)
iProNEt
Me Me Me
syn:anti 10:90
L
B
0 o~ OH ©
- n
9-BBNOT \%\ PrCHO
SPh PrNEL SPh SPh
Me Me

syn:anti 97:3

The situation becomes a little more complex if the aldehyde contains a chiral cen-
tre, as in 2-phenylpropanal. In such cases, the aldol product formed contains three
chiral centres and there are four possible diastereoisomers — two 2,3-syn and two
2,3-antiisomers (and their enantiomeric pairs, thereby totalling eight stereoisomers)
(1.69). The relative stereochemistry of the substituents at C-2 and C-3 is controlled
by the geometry of the enolate. The C-3,C-4 stereochemistry, on the other hand,
depends on the direction of approach of the enolate and the carbonyl group to each
other. This is illustrated in Scheme 1.70, for the reaction of 2-phenylpropanal with
the trans-enolate of 2,6-dimethylphenyl propionate.

oM Me OH
PN § P (169
R Ph CHO T ( )
Me  Me
cis-enolate
2,3-syn, 3,4-syn 2,3-syn, 3,4-anti
OM Me OH
+ )\ -
R/g Ph”” CHO )J\|/\|/ )ks/l\r
Me Me
trans-enolate
2,3-anti, 3,4-anti 2,3-anti, 3,4-syn

With a chiral aldehyde, the two faces of the carbonyl group are not equivalent.
When a nucleophile, such as an enolate anion, approaches the aldehyde it shows
some preference for one face over the other, with the result that unequal amounts
of the two diastereomers are formed. This is designated diastereofacial selectivity.
Thus, in the reaction shown in Scheme 1.70, the 2,3-anti, 3,4-syn compound 50,
formed by approach of the enolate to the re face of the aldehyde (as shown by
51) is produced in larger amount than the 2,3-anti, 3,4-anti isomer (both isomers
have the 2,3-anti configuration because they are derived from the trans-enolate).
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A good representation of the orientation of addition uses the Newman projection
52, with the largest group (in this case the phenyl group) perpendicular to the
carbonyl group and with approach of the nucleophile 109° to the carbonyl oxygen
atom (Biirgi—Dunitz angle) and closer to the smallest group (Felkin—Anh model).>®
However, the Felkin—Anh transition state may not always have the lowest energy
and it is common that aldol reactions of cis-enolates with a-chiral aldehydes favour
the ‘anti-Felkin’ product, particularly with substituents larger than phenyl at the
a-chiral centre.”’

OLi Me H Me Me Me Me
+ )( _ ArO H ArO : : .
0& oHc” ph \H)\z/\F’h * pr (1.70)
Me o OH 0 OH
anti, syn 80 : 20 anti, anti
‘Felkin’ product
50
o Me
Me
Ph
HH N
51 52

Similarly, the reaction of an achiral aldehyde with a chiral enolate leads to
some degree of diastereofacial selectivity and the two diastereomeric products are
not produced in equal amounts. Further enhancement to the selectivity is possi-
ble using a chiral aldehyde with a chiral enolate. When both the nucleophile and
the electrophile contain a chiral centre then double stereodifferentiation (or double
asymmetric induction) can occur.® Most of the studies in these areas use chiral,
non-racemic enolates, which are discussed in the next section.

1.1.4 Asymmetric methodology with enolates and enamines

Excellent levels of asymmetric induction in various carbon—carbon bond-forming
reactions, such as alkylation, conjugate addition and aldol reactions, are possi-
ble using a suitable chiral enolate and an achiral electrophile under appropriate
reaction conditions. A variety of chiral enolates have been investigated, the most
common and useful synthetically being those with a chiral auxiliary attached to the
carbonyl group. The 2-oxazolidinone group, introduced by Evans, has proved to
be an efficient and popular chiral auxiliary.”® Both enantiomers of the product are

56 For a review on the Cram and Felkin—-Anh models, see O. Reiser, Chem. Rev., 99 (1999), 1191.

5T W. R. Roush, J. Org. Chem., 56 (1991), 4151.

58 S, Masamune, W. Choy, J. S. Petersen and L. R. Sita, Angew. Chem. Int. Ed. Engl., 24 (1985), 1.

9 D.A. Evans, in Asymmetric Synthesis, ed. J. D. Morrison, vol. 3 (New York: Academic Press, 1984), p. 1.
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accessible by choice of either the 2-oxazolidinone 53, derived from (S)-valine, or the
2-oxazolidinone 54 derived from (1S,2R)-norephedrine (1.71). Other auxiliaries,
such as 2-oxazolidinones derived from phenylalanine, are also common.

0 [0}

PN N

HN” Yo HN™ o (1.71)

v/
—\ MeHPh

53 54

N-Acylation of the oxazolidinone with the desired carbonyl compound and for-
mation of the lithium enolate using LDA gives the respective cis-enolate with
>100:1 stereoselection. Alkylation with reactive alkylating agents (such as methyl
iodide, allyl or benzyl halides) gives alkylated products and occurs with very high
levels of diastereoselection. For example, the (2R)-imide 55 is formed by using
the valine-derived oxazolidinone, whereas the (25)-imide 56 is the major product
from reaction with the oxazolidinone derived from norephedrine (1.72). Purifica-
tion of the products 55 and 56 gives material with >99:1 diastereomer ratio. The
product can be hydrolysed (LiOH, H,O») to give the corresponding carboxylic acid
or reduced (LiAlH4 or LiBHy) to give the primary alcohol, essentially as a single
enantiomer.

For example, in a synthesis of the immunosuppressant (—)-sanglifehrin A, the
alcohol 57 was converted into the chiral alcohol 58 as a single enantiomer (1.73).
The procedure involves oxidation of the alcohol 57 with pyridinium chlorochro-
mate (PCC) and conversion to the Evans oxazolidinone (via the mixed anhydride),
followed by stereoselective enolate formation and alkylation, then reduction to
remove the auxiliary.

I i I i
\)J\N o i, LDA, THF, —78 °C N Do
\_/ i, N BT \_/

— B

55  98:2 (96% d.e.)

e} (0]
\)J\N)ko i, LDA, THF, ~78 °C \)k )k
i, B
a (o A

M Ph
© 75%

(1.72)
(@]

56 98:2(96%d.e.)
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MesSi

Me
57 o 58
i, PCC
61% | ii, BUCOCLHN O LiBH, 74% (1.73)
EtN
_ | _
Me;Si o O pp Me;Si o o]
\/\)J\ )k NaN(SiMes) X )k
N~ o _ alcMes) | N~ o
\/ THF, 78 C ,e L/
& then Mel &
\ 69% \
Ph Ph

Alkylation of lithiated hydrazones forms the basis of an efficient method for
the asymmetric alkylation of aldehydes and ketones, using the optically active
hydrazines (S)-1-amino-2-(methoxymethyl)pyrrolidine (SAMP) 59 and its enan-
tiomer (RAMP) as chiral auxiliaries. Deprotonation of the optically active hydra-
zones, alkylation and removal of the chiral auxiliary under mild conditions (ozonol-
ysis or acid hydrolysis of the N-methyl salt) gives the alkylated aldehyde or ketone
with, generally, greater than 95% optical purity.®° This procedure has been exploited
in the asymmetric synthesis of several natural products. Thus, (S5)-4-methyl-3-
heptanone, the principal alarm pheromone of the leaf-cutting ant Ata texana, was
prepared from 3-pentanone in very high optical purity as shown in Scheme 1.74.

(o] N N
OMe OMe
i, LDA, Et,0
HH HH HH W W
i, "Prl, =110 °C
Q\

NH, OMe

Oz, CHoCly
59 or i, Mel; ii, H3O*

0]

An interesting example of the a-alkylation of a-amino acids without loss of
optical activity has been reported by Seebach.®! Reaction of proline with pivalde-
hyde gave the single stereoisomer 60 (1.75). Deprotonation with LDA to the chiral
non-racemic enolate and addition of an electrophile, such as iodomethane, gives

60 A Job, C. F. Janeck, W. Bettray, R. Peters and D. Enders, Tetrahedron, 58 (2002), 2253.
61 D, Seebach, M. Boes, R. Naef and W. B. Schweizer, J. Am. Chem. Soc., 105 (1983), 5390.
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the product 61, in which the alkylation has taken place exclusively on the same side
of the bicyclic system as the tert-butyl group (methyl and tert-butyl groups on the
exo side). Hydrolysis occurs readily to give the optically active a-methylproline.
This type of process, in which a chiral centre in the starting material is relayed to
another position in order to then functionalize the first position has been termed
‘self-regeneration of chirality’.

D\ [BucHo A S Me HaO" D\M (1.75)
o \ .
CO.H N N ¥co.H

H" ii, Mel

=

60 61

An alternative method for the asymmetric a-alkylation of enolates of a-amino-
acid derivatives has been reported by Myers.®? Formation of the crystalline glycine
derivative 62, using the readily available chiral auxiliary pseudoephedrine, fol-
lowed by treatment with three molar equivalents of lithium hexamethyldisilazide
[LiN(SiMes), (LHMDS)] and lithium chloride gives the desired thermodynamic
cis-enolate 63 (1.76). Addition of an electrophile such as an alkyl halide gives the
C-alkylated product 64 and this occurs with high levels of diastereoselectivity. For
example, when RX is iodoethane (EtI), the product 64 (R=Et) is formed in 83%
yield and as a 98:2 ratio of diastereomers. The auxiliary can be cleaved by heating
in water to give the a-substituted a-amino acid.

Me 0] Me OLi
Ph\)\ )J\/NHZ « H,0 3.2 equiv. LHMDS Ph\/'\ /g/NH2
<N D < ON (1.76)
H | 3.2 equiv. LiCl H |
OH Me THF, 0 °C OLi  Me
62 63
\ RX
0] Me O
NH; H20 Ph\/L NH;
HO Y N
heat H |
R OH Me R

64

The presence of a chiral auxiliary attached to the substrate has the advantage
that the minor diastereomer formed after the alkylation can be separated easily by
chromatography or crystallization. However, the use of a chiral catalyst in substo-
ichiometric amounts avoids the need to attach and later remove an auxiliary. To be
useful in synthesis, this process needs to be highly enantioselective. One example

62 A G. Myers, P. Schnider, S. Kwon and D. W. Kung, J. Org. Chem., 64 (1999), 3322.
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of such an asymmetric alkylation is shown in Scheme 1.77. Addition of benzyl
bromide to the ester 65 under phase-transfer conditions with the chiral quaternary
ammonium salt 66 (based on cinchonidine) as catalyst gave the product 67 with
very high selectivity.®® In this type of reaction, only a low concentration of the
enolate associated with the chiral ammonium cation is present in the organic layer
and only 0.01 molar equivalents (1 mol%) of the phase-transfer catalyst is needed.

(o} (o}

)J\/N Ph  50% KOH, PhMe, CHCI5 Ne _Ph
— 1.77
Buo PhCH;,Br, 0 °C BuO Y ( )

Ph 1 mol% 66 Ph
Ph

65 95% 67 97%ee

Asymmetric conjugate addition reactions of carbonyl compounds with o,[3-
unsaturated systems are known. The simple amine a-methylbenzylamine 68 acts
as both the activator (to give the imine and hence the enamine required for
alkylation) and as the chiral auxiliary to effect neutral asymmetric conjugate-
addition reactions.%* Thus, condensation of (S)-a-methylbenzylamine 68 with 2-
methylcyclohexanone, followed by addition of methyl acrylate (and hydrolysis of
the product imine), gave the 2,2-disubstituted cyclohexanone 69 with high enan-
tiomeric purity (1.78).

ng
@

Me

81%

Lewis acids promote conjugate addition and the presence of a chiral ligand
on the metal can result in high levels of asymmetric induction. A good example
in this regard is the addition of the enolate of dicarbonyl compounds (such as
dimethylmalonate) with cyclic enones (such as cyclohexenone) in the presence

CO,Me ( 1 78)

69 90% ee

3 H. Park, B. Jeong, M.-S. Yoo, J.-H. Lee, M. Park, Y.-J. Lee, M.-J. Kim and S. Jew, Angew. Chem. Int. Ed., 41
(2002), 3036; K. Maruoka and T. Ooi, Chem. Rev., 103 (2003), 3013.
64 3. d’Angelo, D. Desmaéle, F. Dumas and A. Guingant, Tetrahedron: Asymmetry, 3 (1992), 459.
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of the lithium—aluminium salt of 1,1’-bi-2-naphthol (BINOL) 70 as a catalyst
(1.79). This transformation is extremely enantioselective and was used recently in a
synthesis of the alkaloid (-)-strychnine.%

(o}
MeO,C COsMe 0.1 mol% 70
* ~ T —— 1.79
0.09 mol% 'BuOK, THF COMe ( )
CO.Me
91% >99% ee

A, OO

O'A|<O
U

(R)-70

Much work has been done on the asymmetric aldol reaction, and high levels of
selectivity have been achieved.®® The presence of a chiral auxiliary attached to the
carbonyl group can promote a diastereoselective aldol reaction and, after cleavage
of the auxiliary, very highly enantioenriched aldol products. An advantage of the
use of a chiral auxiliary lies in the ease of purification of the product, such that
any unwanted diastereomer can be removed, normally by crystallization or chro-
matography. Subsequent removal of the auxiliary therefore provides products of
essentially complete optical purity. 2-Oxazolidinones, such as 53 or 54 (1.71), are
effective chiral auxiliaries for aldol (as well as alkylation) reactions. Formation of
the cis-boron enolate using, for example, dibutylboron triflate and diisopropylethy-
lamine, followed by addition of the aldehyde, promotes a highly diastereoselective
aldol reaction.%” Essentially complete selectivity occurs for one of the two possible
syn aldol products, the choice of syn product being made by the choice of the chiral
auxiliary group (1.80). The stereoselectivity can be rationalized by a six-membered
(Zimmerman-Traxler) transition state 71, in which the aldehyde approaches from
the less-hindered face. The product imide can be hydrolysed to give the enantiomer-
ically pure carboxylic acid or derivative, or reduced to give the primary alcohol
product. This procedure therefore allows the formation of either enantiomer of the
desired syn aldol product. Interestingly, the use of the titanium enolate of such
imides (prepared by using TiCls, R3N) can result in the preferential formation of
the opposite syn isomer. Of significance is the use of the boron enolate and an

65 T Ohshima, Y. Xu, R. Takita, S. Shimizu, D. Zhong and M. Shibasaki, J. Am. Chem. Soc., 124 (2002), 14 546.

66 C.J. Cowden and 1. Paterson, Org. Reactions, 51 (1997), 1; P. Arya and H. Qin, Tetrahedron, 56 (2000), 917,
T. D. Machajewski and C.-H. Wong, Angew. Chem. Int. Ed., 39 (2000), 1352; C. Palomo, M. Oiarbide and
J. M. Garcia, Chem. Eur. J., 8 (2002), 36.

67 D. A. Evans, J. Bartroli and T. L. Shih, J. Am. Chem. Soc., 103 (1981), 2127.
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aldehyde that has been pre-complexed to a Lewis acid such as diethylaluminium
chloride. In such cases one of the two anti stereoisomers predominates in the aldol
addition reaction. This is thought to be a consequence of an open (acyclic) tran-
sition state, rather than the normal chair-like six-membered cyclic transition state.
Recently, anti-selective asymmetric aldol reactions with the Evans oxazolidinone
using EtzN, Me3SiCl and 10 mol% MgCl, have been reported.5® This provides an
aldol reaction which is catalytic in the metal salt (1.81).

o O oH o O
HJ\NXO _ BupBOTH, ProNEt Ph/kaN)kO
\_/ ii, PACHO \_/

88%

ratio of two syn stereoisomers >99 : 1 (1.80)

o o [e) Ph

o OH 0

)k /E\)J\ )k =H<N M

N o i, Bu,BOTf, IProNEt Ph g Ph— _.-BBuy
> < i, PhCHO ‘

89%

ratio of two syn sterecisomers >99 : 1

10) (0]
HJ\NXO 10 mol% MgCl, |:>|’1/'\)J\N)k

(1.81)

EtzN, TMSCI, PhCHO
then CFchQH

O

Ph Ph
91%

ratio of major (anti) to other stereoisomers 32 : 1

An alternative approach to the asymmetric aldol reaction involves the use of a chi-
ral ligand attached to the metal atom of the enolate species. Such asymmetric aldol
reactions give rise to two enantiomeric products and levels of asymmetric induction
(arising from diastereomeric transition states) need to be very high. Chiral boron
reagents have given very good levels of selectivity using ester or ketone substrates.*®
Masamune introduced the use of the C,-symmetric dialkyl boron reagent 72. For-
mation of the boron enolate using 72 and a bulky thiopropionate ester, followed by
addition of an aldehyde, results in the anti aldol product with high optical purity
(1.82). Another C,-symmetric boron reagent 73 (or its enantiomer), introduced
by Corey, is effective for the asymmetric aldol reaction with propionate esters.
Phenylthioesters are good substrates for the formation of syn aldol products with

% D. A. Evans, J. S. Tedrow, J. T. Shaw and C. W. Downey, J. Am. Chem. Soc., 124 (2002), 392.
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high enantioselectivity, whereas the aldol reaction with tert-butyl propionate occurs
with high selectivity for one enantiomer of the anti aldol product (1.83).

(o} OH O
Me' B ‘Me + SCEts Ph Y SCEt;
I ii, PhCHO, =78 °C (1.82)
oTf -
72 71% anti 99.8% ee (anti:syn 97:3)
Ph Ph
>_~\“ (¢} OH O
NN i, IProNE A)J\
A0,8” DB SOAr  + SPh —_ - Ph < SPh (1.83)
| i, PhCHO, —78 °C H
Br -
73 90% syn97% ee (anti:syn 1:99)
Ar = 3,5-bis(trifluoromethyl)phenyl
(@] OH (0]

i, ProNEt, 73
OBut —_ Ph OBut
i, PhCHO, -78 °C

89%

anti 94% ee (anti:syn 96:4)

Ketone enolates have also been investigated in the asymmetric boron-mediated
aldol reaction. The chiral boron reagents (4-)- or (-)-diisopinocampheylboron tri-
flate [(Ipc),BOTT(], derived from a-pinene, allow the formation of the cis-enolate
and promote enantioselective aldol reactions with aldehydes to give either enan-
tiomer of the syn aldol product. For example, the asymmetric aldol reaction between
pentan-3-one and 2-methylpropenal takes place in the presence of (-)-(Ipc),BOTf
and diisopropylethylamine to give the syn aldol product 74 as the major enantiomer
(1.84).

(0] OH O

i, (5)-(Ipc)2BOTH, 'ProNEt
HH e WH (1.84)
VI\CHO

78%

74
syn91% ee (anti:syn 2:98)

When the ketone or the aldehyde contains a chiral centre, then the use of a chiral
boron reagent can result in a matched or a mismatched pair. The two chiral groups
will either both favour the same stereoisomer of the product, or will work in oppo-
sition to one another. Normally, the reaction is carried out first in the absence of the
chiral reagent in order to assess the extent of stereoselectivity afforded by the chiral
ketone (or aldehyde) alone. One or both enantiomers of the chiral boron reagent
can then be used to promote the reaction and to determine the relative influence
of the chiral groups. The matched pair enhances the stereoselectivity, whereas the
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mismatched pair normally gives a lower or even opposite stereoselectivity. The use
of a matched pair is known as double asymmetric induction and an example is given
in Scheme 1.85. The product 76 is the major diastereomer from the syn-selective
aldol reaction of the chiral ketone 75 with the achiral dibutylboron triflate reagent.
Combining the chiral ketone with the chiral boron triflate derived from a-pinene
enhances the selectivity for this syn product 76 using (—)-(Ipc),BOTf (matched
pair). The selectivity is actually reversed using (+4)-(Ipc),BOTf (an example of
reagent control dominating over substrate control).

Bu_ But
N/
Si
? o OPMB O i, LLBOT ?PMB (¢] ?H ; ?F’MB (¢] OH
< 'ProNEt A 2 2
P + : (1.85)
ii, EtCHO H
75 76 77
L,BOTf ratio
"Bu,BOTF 67:33
(-)-(Ipc).BOTE 92: 8
(+)-(Ipc),BOTF 12:88

A disadvantage of the use of chiral ligands attached to the boron atom is that
stoichiometric quantities of the chiral ligands are required. The ability to catalyse
the aldol reaction with sub-stoichiometric quantities of a chiral ligand has proved
possible using the Lewis-acid-mediated Mukaiyama aldol reaction with silyl enol
ethers.®” A variety of Lewis-acid systems have been investigated, such as boranes
derived from tartaric acid (or a-amino acids), or tin(II) triflate with a chiral diamine
ligand. The latter procedure provides selectively the syn aldol product with a >99:1
ratio of enantiomers using the chiral diamine 78 in stoichiometric amount and
enantiomeric ratios approaching this value using 20 mol% of the diamine ligand

(1.86).
OSiMeg O/CHO OH O
H\ Sn(OT),,

~ st SEt (1.86)

|
Me HN
71% >98% ee (anti:syn 0:100)

78

Even more efficient catalysis of the Mukaiyama aldol reaction is possible with
complexes of transition metals. A number of titanium-based Lewis acids with
binaphthyl ligands have been reported to give high enantioselectivities. For exam-
ple, only 2 mol% of the Lewis acid 80 is required to effect the aldol reaction of

69 R. Mahrwald, Chem. Rev., 99 (1999), 1095; S. G. Nelson, Tetrahedron: Asymmetry, 9 (1998), 357; H. Groger,
E. M. Vogl and M. Shibasaki, Chem. Eur. J., 4 (1998), 1137; C. Gennari, in Comprehensive Organic Synthesis,
ed. B. M. Trost and I. Fleming, vol. 2 (Oxford: Pergamon Press, 1991), p. 629.
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the silyl ketene acetal 79 with aldehydes (1.87). The product 3-hydroxy esters are
formed in good yield and very high optical purity. Traditionally, aldol reactions
with acetate enolates (rather than propionate enolates) occur with low levels of
asymmetric induction and this methodology therefore acts as a solution to this
problem.

OSiMes i, 2 mol% 80 oH
Et,0, RCHO 187
O —— H COsMe )
OMe ii, BusNF, THF RN ( )

79

Bu
2 A
[¢)

72-98% 94-97% ee

In certain cases, high levels of selectivity in the asymmetric aldol reaction can be
achieved in the absence of a metal salt. The amino acid proline catalyses the aldol
reaction of aldehydes or ketones (which are enolizable) with aldehydes (preferably
non-enolizable or branched to disfavour enolization) to give B-hydroxy-aldehydes
or ketones.”® For example, use of acetone (present in excess) and isobutyraldehyde
gave the (3-hydroxy-ketone 81 (1.88). The reaction involves an enamine interme-
diate and is thought to proceed via the usual Zimmerman—Traxler chair-shaped
transition state.

30 mol% O\
O N COH (0] OH

)J\ , OHC H
j/ DMSO, room temp. (1.88)

97% 81 96%ee

1.1.5 Organolithium reagents

1.1.5.1 Alkyllithium reagents

Organolithium reagents are used extensively in organic synthesis, either as a base
or as a nucleophile.”! They react with a very wide range of electrophiles and the
extent of reaction via proton abstraction or nucleophilic attack depends on the struc-
ture of the organolithium species, the electrophile and the conditions employed.

70 K. Sakthivel, W. Notz, T. Bui and C. F. Barbas, J. Am. Chem. Soc., 123 (2001), 5260; B. List, Tetrahedron, 58
(2002), 5573; B. Alcaide and P. Almendros, Eur. J. Org. Chem. (2002), 1595.
71 J. Clayden, Organolithiums: Selectivity for Synthesis (London: Elsevier, 2002).
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Organolithium species are conventionally written as R—Li; however, they are often
aggregated structures with significant covalent carbon—lithium bond character. Co-
ordinating solvents such as THF, Et;,O or N,N,N',N'-tetramethylethylenediamine
(TMEDA) can reduce the degree of association of the organolithium species com-
pared with non-polar solvents such as hexane and this can affect the reactivity of
the organolithium species. Many simple alkyllithium reagents are available com-
mercially, often as a solution in a non-polar solvent. However, many reactions with
organolithium species are done in ethereal solvents, normally at low temperature
(=78 °C) in order to avoid problems with abstraction of a proton from the ethereal
solvent by the basic alkyllithium species.

MeoN NMe,

TMEDA

Simple, saturated alkyllithium species can be prepared from the corresponding
alkyl halide by reaction with lithium metal (1.89). Alternatively, iodine-lithium
exchange with tert-butyllithium (Me3;CLi) can be used to prepare primary alkyl-
lithium species (1.90). Two equivalents of tert-butyllithium are required, since the
by-product tert-butyl iodide reacts readily with organolithium species (to give 2-
methylpropene). Organolithium species attached to unsaturated carbon centres or
bearing a nearby heteroatom may, in some cases, be prepared by proton abstraction,
tin—lithium exchange, bromine—lithium exchange or other methods (see Sections
1.1.5.2 and 1.1.5.3).

CHs(CHp)aBr + 2equiv.li ——20 CHs(CHo)sli +  LiBr (1.89)
2 equiv. BuLi
RN RO (1.90)

pentane-Et,0, =78 °C

Alkyllithium species are good bases and a common use is the abstraction of
a more-acidic proton. For example, addition of n-butyllithium to a solution of
diisopropylamine in THF gives lithium diisopropylamide (LDA), a common base.
Abstraction of a more-acidic proton attached to a carbon atom can also be effected
with n-butyllithium, or with stronger bases such as sec-butyllithium [EtCH(Me)Li],
tert-butyllithium or the complex formed between n-butyllithium and potassium tert-
butoxide (t-BuOK).

In addition to their basic properties, organolithium species can act as power-
ful nucleophiles in carbon—carbon bond-forming reactions. The synthetic utility
of organolithium reagents can, however, be limited by the ease with which alkyl-
lithium species act as a base. Despite this, alkyllithium species are well known
to act as nucleophiles with a range of electrophiles, including aldehydes, ketones,
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carboxylic acids and their derivatives, nitriles, imines, epoxides and alkenes. For
example, addition of methyllithium to the aldehyde 82, derived from alanine, gave
the anti product 83 as the major diastereomer (1.91). This product is derived from
addition to the aldehyde along the direction shown in the Newman projection 85, as
expected from the Felkin—Anh model. This model places the largest group on the
a-chiral centre perpendicular to the carbonyl group, with the nucleophile approach-
ing 109° to the carbonyl oxygen atom and closer to the smallest group.’® Organo-
magnesium (Grignard) reagents also give similar yields and selectivities. The use
of organometallic reagents that allow chelation control (in which the metal co-
ordinates to both the carbonyl oxygen atom and the heteroatom on the a-carbon)
can give the corresponding syn product 84 as the major isomer (compare with
Scheme 1.125).

H NBn, H NBn, H NBn,
< +  Meli —— X Me < _Me (1.91)
Me CHO Me Z Me A
91% % ”,
HO H H OH
82, Bn = CH,Ph 83 84
anti 91 :9 syn
O Me
b H Me—Li

85

Addition of organolithium species to imines tends to favour deprotonation a-
to the imine group. Reducing the basicity of the organometallic species or acti-
vating the imine can allow the formation of the carbon—carbon bond by addition
to the imine and hence allow a valuable method for the formation of substituted
amines.”?> Organocerium reagents, formed by addition of the organolithium species
to cerium(III) chloride, are less basic than the organolithium reagents and can add
to imines in high yields. Addition of organolithium or organocerium reagents to the
N-benzyl imine derived from the aldehyde 82 occurs with high selectivity for the
syn adduct, formed as a result of chelation control (in contrast to the anti selectiv-
ity in Scheme 1.91). Progress has also been made in the asymmetric synthesis of
amines by addition to imines or imine derivatives using chiral auxiliaries or chiral
ligands.”

72 R. Bloch, Chem. Rev., 98 (1998), 1407.

73 S. E. Denmark and D. J.-C. Nicaise, J. Chem. Soc., Chem. Commun. (1996), 999; D. Enders and U. Reinhold,
Tetrahedron: Asymmetry, 8 (1997), 1895; G. Alvaro and D. Savoia, Synlett (2002), 651; J. A. Ellman, T. D.
Owens and T. P. Tang, Acc. Chem. Res., 35 (2002), 984.
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The use of an o,3-unsaturated carbonyl compound as the electrophile tends to
lead to the product from 1,2-addition to the carbonyl group, rather than conjugate
(1,4-) addition. This is because of the high nucleophilicity and ‘hard’ nature
of organolithium reagents. For example, addition of pentyllithium to the o,3-
unsaturated aldehyde 86 gave the 1,2-addition product 87, used in the synthesis
of prostaglandin F,, by Corey (1.92). For 1,4-addition of organometallics to o, [3-
unsaturated carbonyl compounds, see Section 1.2.1.

OMe OMe
Q i, "CsH4q4Li
H H (1.92)
ii, H,O
/
v CHO
OH
86 87

Organolithium reagents add to carboxylic acid derivatives, such as esters, to give
tertiary alcohols, as a second equivalent of the alkyllithium species usually adds
to the intermediate ketone. If the ketone is the desired product then the carboxylic
acid itself can be used as the electrophile. The first equivalent of the organolithium
reagent acts as a base to give the lithium carboxylate salt (1.93). A second equivalent
can then add to this salt to give the ketone after work-up.”* Alternatively, addition
of alkyllithium reagents to carboxylic amides can give rise to ketone products after
hydrolysis of the tetrahedral intermediate.

COoH CO,Li
Me

Meli Meli

(1.93)
THF, 0 °C then Me3SiCl

then H3O*
85%

Epoxides are opened with organolithium reagents, normally with attack at the
less-substituted carbon atom of the epoxide. A potential competing reaction is
proton abstraction adjacent to the epoxide, leading to an allylic alcohol.

Organolithium reagents are known to add to alkenes. This generates a carbon—
carbon bond and a new organolithium species. Addition to styrene generates a
benzyllithium species that normally adds to a second molecule of styene and so on
to undergo polymerization, although under suitable conditions the benzyllithium

74 M. I. Jorgenson, Org. Reactions, 18 (1970), 1.
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species may be trapped with electrophiles. Intermolecular addition to ethene is also
known; however, the addition of an organolithium species to an alkene is most useful
in the formation of cyclic systems by intramolecular carbolithiation.” For example,
the organolithium species 88 can be prepared cleanly from the corresponding iodide
using tert-butyllithium (1.94). Cyclization gives the new organolithium species 89,
predominantly as the cis isomer, as expected on the basis of a chair-shaped transition
state with the methyl substituent in a pseudo-equatorial position. The organolithium
species 89 can be trapped with a variety of electrophiles (E™) to give different
substituted products.

Li E
/d/\ o /d/\ = d( - di
Me | 8% Me Li Me Me! (1.94)

88 89 cis:trans 10 :1

1.1.5.2 a-Heteroatom-substituted organolithium reagents

The a-alkylation of amines is a valuable synthetic transformation.”® The amino
group itself is not sufficiently activating to allow conversion of an a-methyl
(RyN—Me) (or methylene) group into an alkali-metal salt (R,N—CH,—M), but
certain derivatives of secondary amines can be converted into lithium salts with a
strong base. The resulting a-amino-organolithium species react readily with alkyl
halides, aldehydes, acid chlorides and other electrophiles. Successful results have
been obtained with N-nitroso derivatives, various sterically hindered amides or for-
mamidines. For example, dimethylamine can be converted into the amines 91 and
92 via the formamidine 90 (1.95).”7

N SBuoo _Bu
| BuLi k )I i, PhCHaBr
MeaH ——= Me\NJ SN N LPNOHBT  Ph e (1.95)
| —78°C | ii, KOH, MeOH/H50
Me Me
90 91
i, PACHO

ii, KOH, MeOH/H,0O

Ph
NHMe

OH

92

5 M.]J. Mealy and W. F. Bailey, J. Organomet. Chem., 646 (2002), 59; W. F. Bailey, A. D. Khanolkar, K. Gavaskar,
T. V. Ovaska, K. Rossi, Y. Thiel and K. B. Wiberg, J. Am. Chem. Soc., 113 (1991), 5720.

76 A.R. Katritzky and M. Qi, Tetrahedron, 54 (1998), 2647; S. V. Kessar and P. Singh, Chem. Rev., 97 (1997),
721; R. E. Gawley and K. Rein, in Comprehensive Organic Synthesis, ed. B. M. Trost and 1. Fleming, vol. 1
(Oxford: Pergamon Press, 1991), p. 459; and vol. 3 (1991), p. 65.

7 AL Meyers, P. D. Edwards, W. F. Rieker and T. R. Bailey, J. Am. Chem. Soc., 106 (1984), 3270.
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By using a chiral auxiliary attached to the formamidine, rather than a tert-butyl
group, asymmetric a-alkylation of the secondary amine can be achieved. Good
results with a valine-derived auxiliary have been reported (1.96). The methodology
is particularly effective with cyclic allylic or benzylic amines, an example of the lat-
ter being the alkylation in the 1-position of the tetrahydroisoquinoline ring system,
which has provided an important entry to isoquinoline alkaloids. For example, pro-
ton abstraction «- to the nitrogen atom of the chiral formamidine 93 and alkylation
gave, after cleavage of the formamidine with hydrazine, the tetrahydroisoquinoline
94, used in a synthesis of the alkaloid reticuline.”

MeO MeO
:@Q\l i, BuLi, ~78 °C O NH
BnO ﬁ | BnO (1.96)
N

ii, ArCH,Br, =100 °C

BnO
iii, NHsNH,, EtOH, AcOH O
BuO MeO

93 94 97% ee

An alternative and increasingly popular method for the alkylation a- to a nitro-
gen atom is the use of the tert-butyl carbamate of the secondary amine. With cyclic
amines or acyclic allylic or benzylic amines, proton abstraction with a strong base
and alkylation can take place.” The base sec-butyllithium and a diamine ligand
(such as N,N,N',N -tetramethylethylenediamine (TMEDA)) is needed to form the
organolithium species with cyclic systems such as N-tert-butoxycarbonyl (Boc)-
pyrrolidine or -piperidine. For example, 2-substituted piperidines 95 (E=Me, CHO,
SPh, SnBus, etc.) can be prepared by using this chemistry (1.97). The combina-
tion of sec-butyllithium and the chiral diamine ligand (—)-sparteine 96 effects an
asymmetric deprotonation of N-Boc-pyrrolidine (but not N-Boc-piperidine) to give
2-substituted pyrrolidines with high optical purity (1.98). Likewise, this ligand is
effective for the synthesis of enantiomerically enriched benzylic derivatives.?° The
benzylamine 97 can be converted to the substituted benzylamine 98 in this way.
Removal of the p-methoxyphenyl group with ceric(IV) ammonium nitrate (CAN)
gives the carbamate 99 with high optical purity (1.99).

)z (O] = O om
TMEDA .

| P |F

Boc Boc Boc

95
E* = Mel, DMF, PhSSPh, Bu3SnCl, etc.

AL Meyers and J. Guiles, Heterocycles, 28 (1989), 295.

79 P. Beak, A. Basu, D. J. Gallagher, Y. S. Park and S. Thayumanavan, Acc. Chem. Res., 29 (1996), 552.

80 D. Hoppe and T. Hense, Angew. Chem. Int. Ed. Engl., 36 (1997), 2282; A. Basu and S. Thayumanavan, Angew.
Chem. Int. Ed., 41 (2002), 716.
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{ > i, SBuLi, 78 °C / \ i, Ph,CO_ / E (1.98)
~)-sparteine 96 N R N th ’

96 77% 90% ee
R R
Boc i, "BuLi, —78 °C : Boc  CAN :
ph” N7 P N ———  Ph” NHBoc (1.99)
| (-)-sparteine 96 |
Ar Ar
ii, R-OTf
97 98 99  93-96% ee
Ar = p-MeOCgH4 R = Me, Et, allyl, benzyl
Tf = SO,CF,

An alternative method for the formation of a-amino-organolithium species is
from the corresponding a-amino-organostannane. Tin—lithium exchange is effec-
tive with the N-Boc derivative of the secondary amine or even with unactivated
tertiary amines. For example, addition of n-butyllithium to the stannane 100 gener-
ates the a-amino-organolithium species 101 that reacts with various electrophiles
(1.100).3" As the process of tin—lithium exchange is known to occur with retention
of configuration at the carbon centre, this chemistry allows a study of the stereo-
selectivity (retention, inversion or racemization) on reaction with an electrophile.
In general, carbonyl-type electrophiles react with retention of configuration at the
carbanion centre, whereas alkyl halides tend to react predominantly with inversion
of configuration. Racemization, though, can occur with electrophiles capable of
promoting single electron transfer (SET).

"BulLi, =78 °C E*
L >, _ | >, _ | >, and/or D\ (1.100)
"SnBus “Li N = E

! ) | )
Me Me Me Me
100 101

The use of tin-lithium exchange can allow the formation of various «-
heteroatom-substituted organolithium reagents. Alternatively, suitably activated
compounds can be deprotonated to form the required organolithium species. Depro-
tonation at an allylic or benzylic position tends to be easier than at an unacti-
vated alkyl position. The combination of the allylic nature and the O-carbonyl
activating group allows the efficient proton abstraction of the substrate 102 with
n-butyllithium (1.101).3? The crystalline (-)-sparteine-complexed organolithium
species 103 reacts with various electrophiles, such as tributyltin chloride, to give the

81 R. E. Gawley and Q. Zhang, J. Org. Chem., 60 (1995), 5763; R. E. Gawley, E. Low, Q. Zhang and R. Harris,
J. Am. Chem. Soc., 122 (2000), 3344.
82 H. Paulsen, C. Graeve and D. Hoppe, Synthesis (1996), 141.
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allylstannane 104 (for reactions of allylstannanes, see Section 1.1.8). Alternatively,
addition of titanium(IV) isopropoxide prior to tributyltin chloride gives the allyli-
cally transposed stannane 105, also with high optical purity.

(-)-sparteine
0 Li o) BuzSn 0
"BuLi, 78 °C L Bl /\/k B S
/\/\o)LNiprz e NN S X N Sy, (11101)

(-)-sparteine 96 2

102 103 104 90% ee
i, TI(OPr),
il, BugSnCl

BugSn OCONiPr,
%

105 95%ee

Sulfur and selenium can both stabilize a neighbouring carbanion, owing to their
electronegativity and the possibility of delocalization of the electron pair in the
carbanion. The sulfur atom may be present as a sulfide, a sulfoxide or a sulfone and
may be removed from the product after reaction, if desired, by reductive cleavage,
by hydrolysis to a carbonyl compound (for an alkenyl sulfide or dithiane) or by
elimination to give an alkene. Controlled rearrangement of the alkylated product
before removal of the sulfur extends the scope and utility yet further and therefore
this chemistry has many applications in organic synthesis.®* Selenium analogues
can often be used in place of the sulfur compounds, but because of the greater
expense of the selenium reagents and their toxicity, the sulfur reagents are normally
employed, unless some particular advantage is gained by the use of the selenium
derivatives.

Alkyl sulfides are not particularly acidic and the presence of another activating
group such as a second sulfur atom or a double bond is generally desirable for con-
venient reaction. Thus, allyl sulfides (allyl phenyl sulfides are usually employed)
are readily converted by n-butyllithium into organolithium derivatives that can
be alkylated with active alkylating agents, mainly at the position a- to the sulfur
atom. Reduction of the product to remove the sulfur atom (e.g. with Raney nickel
or with lithium and ethylamine) gives the a-alkylated alkene. The sequence pro-
vides a useful method for coupling allyl groups; squalene, for example, was
synthesized from farnesyl bromide and farnesyl phenyl sulfide. Coupling of two

83 K. Ogura, in Comprehensive Organic Synthesis, ed. B. M. Trost and I. Fleming, vol. 1 (Oxford: Pergamon
Press, 1991), p. 505; A. Krief, in Comprehensive Organic Synthesis, ed. B. M. Trost and 1. Fleming, vol. 3
(Oxford: Pergamon Press, 1991), p. 85.
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different allyl groups is easily effected (1.102), and intramolecular alkylation can
be carried out. A practical advantage is that no dialkylation products are formed
because the monoalkylated compound is not sufficiently acidic to form an anion
under the reaction conditions.

"BuLi, =78 °C

—_—

Li
PhS/\K/%\ PhSJ\i/%\
cl
@()/j
SPh
e [
X Li, EtNH, X
59%

Sulfur ylides are useful reagents in organic synthesis. The ylide is formally
a zwitterion in which a carbanion is stabilized by interaction with an adjacent
sulfonium centre. They are usually prepared by proton abstraction from a sulfonium
salt with a suitable base or by reaction of a sulfide with an alkylating agent such as
Me;O"BF,~ or a carbene formed, for example, by metal-catalysed or photolytic
decomposition of a diazo compound (1.103).

(1.102)

+ - NaH =
MezS_CHg | R — MGQS—CHZ
106
(1.103)
hv + -
ths + NZC(COZMG)Z Pth—C(002Me)2
or Cu, heat

The most useful reaction of a sulfur ylide is with a carbonyl electrophile, in
which the major product is an epoxide. Two of the most widely used reagents
are dimethylsulfonium methylide 106 and dimethylsulfoxonium methylide 107.34
The reaction of the latter ylide with the ketone 108 gave the epoxide 110 via the
zwitterion 109 (1.104). Unlike the reaction of phosphorus ylides with carbonyl
electrophiles (see Section 2.7), which give alkene products, the sulfur ylides lead to
the epoxide owing to the lower affinity of sulfur for oxygen, the weak carbon—sulfur

84 Y. G. Gololobov, A. N. Nesmeyanov, V. P. Lysenko and I. E. Boldeskul, Tetrahedron, 43 (1987), 2609.
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bond in the zwitterion and the stability of the dimethylsulfide or dimethylsulfoxide
and hence its ability to act as a good leaving group.

-
107
M92§ CHg O\+

. S N (1.104)
(ol 72%

¢

109 110
108

For other
examples of
reactions of
sulfur ylides
with carbonyl
compounds

to give
epoxides, see
Schemes 4.104
and 4.105.

Dimethylsulfoxonium methylide 107 is more stable than dimethylsulfonium
methylide 106, although both reagents give epoxides with non-conjugated alde-
hydes or ketones. However, the two reagents differ slightly in the reactions with,
for example, cyclohexanones: in most cases the sulfonium ylide forms an epox-
ide with a new axial carbon—carbon bond, whereas the sulfoxonium ylide gives
an epoxide with an equatorial carbon—carbon bond. This has been ascribed to
the fact that the addition of the sulfonium ylide to the carbonyl group to form
the intermediate zwitterion is irreversible, whereas addition of the sulfoxonium
ylide is reversible, allowing accumulation of the thermodynamically more stable
zwitterion.

Dimethylsulfonium methylide and dimethylsulfoxonium methylide also dif-
fer in their reactions with o,3-unsaturated carbonyl compounds. The sulfonium
ylide reacts at the carbonyl group to form an epoxide, but with the sulfoxonium
ylide a cyclopropane derivative is obtained by Michael addition to the carbon—
carbon double bond. The difference is again due to the fact that the kinetically
favoured reaction of the sulfonium ylide with the carbonyl group is irreversible,
whereas the corresponding reaction with the sulfoxonium ylide is reversible, allow-
ing preferential formation of the thermodynamically more stable product from the
Michael addition. For example, the cyclopropane 112 is obtained from the reac-
tion of dimethylsulfoxonium methylide with the enone 111 (1.105). Other meth-
ods for the formation of cyclopropanes include carbene and Simmons—Smith-type
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reactions (see Section 4.2).

o}

-
Megs—CHg

F

Proton abstraction «- to the sulfur atom of a dialkylsulfoxide is possible with
a strong base such as n-butyllithium or sodium hydride. The resulting a-sulfinyl
carbanion is known to react with carbonyl electrophiles or alkyl halides to give
a-alkylated products. With two electron-withdrawing oxygen atoms, sulfones (e.g.
MeSO;Ph, pK, 29) are more acidic than the related sulfoxides (e.g. MeSOMe,
pK, 35) and are therefore deprotonated more readily. Treatment with n-butyllithium
or a Grignard reagent gives an a-sulfonyl carbanion that undergoes addition to
carbonyl or alkyl electrophiles. For example, the sulfone 113 was used in a synthesis
of the immunosuppressive agent FK-506. Proton abstraction and addition of the
aldehyde 114 gave a mixture of the 3-hydroxy-sulfones 115, which were converted
to the ketone 116 (1.106).%

TBSO,
i, "BuLi, THF, —78 °C
(1.106)
Me
MeO i, OHC. A
= H SO.Ph O (o]
o_ 6 2N
~ :
113 : 115 CeHa-p-OMe

06H4—pOMe

114

116 CgHa-p-OMe

The removal of the sulfone group can be accomplished under a number of dif-
ferent reductive conditions. Most popular is the concomitant removal of both the
sulfone and the derivatized (3-hydroxy group to give an alkene and this is commonly
termed the Julia olefination reaction (see Section 2.8).

85 A. B. Jones, A. Villalobos, R. G. Linde and S. J. Danishefsky, J. Org. Chem., 55 (1990), 2786.
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When two sulfur atoms are attached to the same carbon atom then proton abstrac-
tion at the a-carbon is possible with bases such as n-butyllithium. The resulting
2-lithio-1,3-dithianes have proved to be useful reagents in organic synthesis.3¢
They react readily with various electrophiles including alkyl halides, epoxides and
carbonyl compounds. Subsequent removal of the dithiane group can be accom-
plished selectively to give a carbonyl compound by hydrolysis or a methylene
group by reduction. The ability to hydrolyse the 2-alkylated-1,3-dithiane to an
aldehyde or ketone makes the dithiane group a masked carbonyl group and the
2-lithio derivative is classified as an acyl anion equivalent. For example, metalla-
tion of 1,3-dithiane and addition of the allyl halide 117 gave the 2-alkylated product
118, which was hydrolysed to the aldehyde 119 with an aqueous mercury(Il) salt
(1.107). The 2-lithio-1,3-dithiane acts as an equivalent of the formyl anion "CH=O0.
This type of process, whereby the normally electrophilic carbon (in this case of
the carbonyl group) has been used as a (masked) nucleophilic carbon, and there-
fore the normal polarization of the functional group has been inverted, is termed
‘umpolung’.

S i, "BuLi, THF . 2
i, "BulLi, Hg2*
< > - < d oHe _ (1.107)
S ii, Br—\_< s bt H;O*
117 119

It is possible to abstract a proton from a 2-alkylated-1,3-dithiane and perform a
second alkylation reaction. If the 2-alkylated-1,3-dithiane is prepared from the alde-
hyde with propane-1,3-dithiol, then after alkylation and hydrolysis the sequence
provides a method for converting an aldehyde into a ketone. Starting with the com-
mercially available 1,3-dithiane, an alkyl halide or sulfonate can be converted into
the homologous aldehyde. Two alkyl groups can actually be introduced successively
without isolation of the intermediates and this has been applied to the synthesis of
three- to seven-membered cyclic ketones.

Lithiated 1,3-dithianes react readily with epoxides to give thio-acetals of [3-
hydroxy aldehydes or ketones. Addition of carbonyl electrophiles to 2-lithio-1,3-
dithiane is efficient and provides a method for preparing a-hydroxy carbonyl com-
pounds. For example, the ketone 120 can be converted into the hydroxy aldehyde
122 via the alcohol 121 (1.108). The dithiane approaches the ketone from the
less-hindered convex face of the fused ring system.

86 B T. Grobel and D. Seebach, Synthesis (1977),357; P. C. B. Page, M. B. van Niel and J. C. Prodger, Tetrahedron,
45 (1989), 7643; M. Yus, C. Ngjera and F. Foubelo, Tetrahedron, 59 (2003), 6147.
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m i, BuLi, THF  Mew, . N o5  pyoo o Meum, .
C A/Me BF3 OEt, OHC A/Me (1.108)
i, Men
OH H
;_‘ZL*Me

120

122

A number of methods for the generation of acyl anion equivalents from aldehydes
have been developed. Related to the benzoin condensation, aldehyde cyanohydrins,
protected as their ether derivatives, are readily transformed into anions by treatment
with lithium diisopropylamide (LDA). Reaction with an alkyl halide gives the pro-
tected cyanohydrin of a ketone from which the ketone is liberated easily. Reaction
with an aldehyde or ketone leads to the formation of an a-hydroxy ketone (1.109).%

. . o
MesSICN OSMes | pa OSMea || pncome  py
PACHO —>""> ppy —|Ph—<(- — (1.109)
< i, H,0 Ph
CN CN
HO Me

Metallated enol ethers also serve as efficient acyl anion equivalents. The reagents
are prepared by action of tert-butyllithium on an enol ether in THF at low tem-
perature. The most useful reagent is a-methoxy-vinyllithium, which reacts with
electrophiles to give substituted vinyl ethers, which may be elaborated further or
converted, by mild hydrolysis with acid, into the corresponding carbonyl com-
pounds. Reaction with alkyl halides leads to methyl ketones, whereas aldehydes
and ketones give a-hydroxy methyl ketones (1.110). Unsaturated carbonyl com-
pounds react at the carbonyl group, although conjugate addition can be achieved
by first converting the lithio derivative into the corresponding cuprate (see Section
1.2.1).

OMe OMe Br\/ﬁ/ OMe
BuLi
) e )\ L )\/ﬁ/ (1.110)

i, oHC™ "
i 0" dilute HCI
63% 74%
o)

87 1.D. Albright, Tetrahedron, 39 (1983), 3207; A. Hassner and K. M. Lokanatha Rai, in Comprehensive Organic
Synthesis, ed. B. M. Trost and I. Fleming, vol. 1 (Oxford: Pergamon Press, 1991), p. 541.
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Aliphatic nitro compounds serve as good acyl anion equivalents. After elec-
trophilic alkylation at the a-carbon atom, they can be converted into carbonyl com-
pounds by the Nef reaction or by reductive hydrolysis with titanium(III) chloride.
The a-nitro carbanions serve as excellent donors in Michael addition reactions with
o,B-unsaturated systems and therefore the sequence of Michael addition followed
by reductive hydrolysis of the nitro group provides a good route to 1,4-dicarbonyl
compounds. cis-Jasmone, for example, was readily obtained by using this strategy
(1.111).

NO, o NO2
NN
NN \)J\ N
K/\/ o AN (1.111)
'ProNH, CHCI3
TiClz, H,O
dimethoxyethane
2 (0]
— i, base
— = X
ii, Ho, catalyst 0
cis-Jasmone

1.1.5.3 Unsaturated organolithium reagents

Proton abstraction of a terminal alkyne gives a metallated alkyne (an acetylide),
suitable for carbon—carbon bond formation with carbon-based electrophiles. The
relatively high acidity of a terminal alkyne (pK, =~ 25) is the result of the high
s-character of the sp-hybridized carbon atom which enhances the stability of the
resulting carbanion. This makes metallated alkynes less basic than sp- or sp?-
hybridized carbanions, but very useful as nucleophiles in addition reactions with
primary alkyl halides or sulfonates, epoxides, aldehydes or ketones.®® Deprotona-
tion of the alkyne 123 and addition of geranyl bromide has been used in a syn-
thesis of a sesquiterpene (1.112). Addition of metallated alkynes to aldehydes has
proven to be a particularly useful synthetic procedure. For example, formation of
the acetylide from the alkyne 124 and addition of the aldehyde 125 was used in a
synthesis of (+)-allopumiliotoxin 339A, an alkaloid from the South American frog

88 P, J. Garratt, in Comprehensive Organic Synthesis, ed. B. M. Trost and I. Fleming, vol. 3 (Oxford: Pergamon
Press, 1991), p. 271.
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of the family Dendrobatidae (1.113).

OTHP
— i, "BuLi, THF _ _ // (1.112)

OTHP .\~ B
123 ’
THP = Y(j
O

A _ i, BuLi, THF

z CN
¢} ii,
N
124 —CHO
H an

Simple proton abstraction is more difficult in the case of alkenyl substrates
(pK, =~ 36, but see Scheme 1.110) and a more-common method for the formation
of alkenyllithium (vinyllithium) species is halogen—lithium exchange with n- or
tert-butyllithium. The exchange reaction is stereospecific, such that the stereochem-
istry of the starting alkenyl halide determines the stereochemistry of the product
alkenyllithium species (1.114). Subsequent reaction with electrophiles also occurs
with retention of configuration and this of course is important in order to prepare
stereodefined alkenyl products.

H

(1.113)

Me Me
M "BuLi M \)\
N g —_— NN (1.114)
Br Li
Me\)\ _ tBubi Me\)\
Me Me

A popular alternative to halogen-lithium exchange is the use of tin-lithium
exchange from the corresponding alkenylstannane. Alternatively, conversion of
a sulfonyl hydrazone (using the Shapiro reaction) or an alkyne (for example by
hydroalumination with diisobutylaluminium hydride) to a metallated alkene are
useful procedures (see Sections 2.4 and 2.6).

Metallated alkenes such as alkenyllithium or Grignard species undergo addition
reactions with various electrophiles.?® Reaction with primary alkyl bromides or
iodides is possible. Wurtz self-coupled products can be avoided if the alkenyllithium
species is generated by tin—lithium exchange, or by insertion of lithium metal into

8 D. W. Knight, in Comprehensive Organic Synthesis, ed. B. M. Trost and I. Fleming, vol. 3 (Oxford: Pergamon
Press, 1991), p. 241.
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the alkenyl halide. Reaction with carbonyl electrophiles is efficient, leading to allylic
alcohol products. For example, Corey prepared the alkenyl organolithium species
126 by tin—lithium exchange with n-butyllithium and its reaction with the aldehyde
127 formed part of a synthesis of the fungal metabolite brefeldin A (1.115).%°

"BuLi

BugSn _~_-OCH:SMe (1.115)

[ Lix A~ -OCH2SMe

126

OCH,SMe
OSiMe,Bu

CHO

) MEMO 11
MEMo....g OSiMe;'Bu
"ll,m

127

Direct proton abstraction to form aryllithium species is possible with a suit-
ably substituted aromatic compound. The substituent requires a heteroatom to
co-ordinate to the butyllithium base and direct the proton abstraction (sometimes
called a complex-induced proximity effect, CIPE).”! In aromatic compounds, such
directed metallation occurs at the position ortho- to the substituent and is therefore
often referred to as ortho-lithiation.”> A wide variety of directing groups have been
used in organic chemistry, the strongest and most common of which, in approxi-
mate relative order of directing ability, are shown in Scheme 1.116. The base used
for ortho-lithiation is normally 7n- or sec-butyllithium in THF or Et,O as solvent,
often in the presence of the chelating agent TMEDA. An example is the alkylation
of diethylbenzamide with iodomethane to give the product 128 (1.117). If X = Br
or I, then halogen—lithium exchange occurs in preference to proton abstraction.

X
©/ X = SO,NR2, OCONR,, CONR, CONR,, OCH;OMe (OMOM), OMe, NCO,R ~ (1.116)

CONEt, CONEt,
i, BuLi, -78 °C (1.117)
LBl e
THF/TMEDA
Me

i, Mel

77% 128

The co-operative effect of 1,3-interrelated directing groups is a powerful strategy
in synthesis. This allows the otherwise difficult preparation of 1,2,3-trisubstituted
aromatic compounds. Hence the lithiation of the aromatic compound 129 is directed
by both the methoxy and secondary amide groups (1.118). Two equivalents of the

% E. J. Corey and R. H. Wollenberg, Tetrahedron Lett. (1976), 4705.
91 p Beak and A. L. Meyers, Acc. Chem. Res., 19 (1986), 356.
92 V. Snieckus, Chem. Rev., 90 (1990), 879.
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base are required, the first to deprotonate the amide NH and the second to form the

aryllithium species.”
0
CONHMe )
i, 2 equiv. "BuLi
_ b2 equiv. "Buli o (1.118)
THF/TMEDA
ii, Ph,CO
Ph
OMe OMe PN
129 65%

Electrophilic quench of aryllithium species with carbonyl electrophiles is par-
ticularly efficient. However, alkyl halides (other than iodomethane) are poor elec-
trophiles, probably owing to competing elimination reactions (see Section 2.1). The
formation of alkyl-substituted aromatic compounds can be achieved, however, by
using epoxide electrophiles or by lithiation and reaction of 2-methylbenzamides,
themselves generated by ortho-lithiation. For example, the benzamide 128 can
be deprotonated at the benzylic position and treated with a variety of elec-
trophiles. Addition of aromatic aldehydes gives, after lactonization, 3-aryl-3,4-
dihydroisocoumarins (1.119).

CONEt,
i, LDA (e}
©i - > (1.119)
ii, PhCHO
Me Ph

128

Directed lithiation of O-aryl carbamates provides a method for the formation
of 2-substituted phenols. For example, quenching with dimethylformamide (DMF)
gave the aldehyde 130 (1.120). Interestingly, if no electrophile is added but the
mixture is allowed to warm to room temperature, then a rearrangement takes place,
in which the aryllithium species undergoes attack on the carbamate group (1.121).

OCONEt, OCONEt,
i, SBuLi, =78 °C
— (1.120)
THF/TMEDA
CHO

i, DMF

73% 130

OCONE, OH

SBuLi, -78 °C (1 121)

—_—

THF/TMEDA :
then warm to r.t. CONEt,

75%

9 D. W. Slocum and C. A. Jennings, J. Org. Chem., 41 (1976), 3653.
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Proton abstraction and electrophilic quench provides a method for the function-
alization of heteroaromatic compounds. The five-membered heterocycles furan
and thiophen are deprotonated easily with n-butyllithium at the 2-position. The
resulting 2-lithiofuran or 2-lithiothiophen react with electrophiles such as carbonyl
compounds or primary alkyl halides. For example, furan and thiophen have been
converted to the 2-substituted derivatives 131 and 132 using such directed lithiation
chemistry (1.122).

@ i, "BulLi, Et,0, heat / \
ii, PhACHO Ph

(6] (6]
OH
98% 131 (1.122)
// \j i, "BulLi, Et,0, r.t. @\/\/
s ii, "BuBr s
47% 132

When the desired aryllithium or heteroaryllithium species is not accessible using
directed proton abstraction, then halogen-lithium exchange provides an efficient
method for its formation.”* Bromine-lithium exchange is particularly popular and
allows a regiospecific formation of the desired organolithium compound, which
can then be used for subsequent carbon—carbon bond formation. For example,
3-lithiofuran can be obtained by treatment of 3-bromofuran with n-butyllithium;
addition of an aldehyde gives the 3-substituted furan product (1.123).

HO
Br 0

U i, "BulLi / \ O/% (1.123)
i, OHC
© T % ©
O7<
60%

An example of the use of both halogen—lithium exchange and directed lithia-
tion is shown in Scheme 1.124. Bromine-lithium exchange allows the regiospe-
cific formation of the desired 3-lithiophenol derivative from the bromide 133

(an aryllithium species that is not accessible by direct proton abstraction). Addi-
tion of the epoxide 134 gave the 3-alkylated aromatic compound 135. A second

% C. Nidjera, J. M. Sansano and M. Yus, Tetrahedron, 59 (2003), 9255.
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aryllithium species is generated by directed lithiation of compound 135. This occurs
ortho- to both the OMOM and the CH,CH(Ar)OLi groups and the resulting aryl-
lithium species was trapped with CO;. Lactonization and deprotection of the MOM
and silyl groups gave the product phyllodulcin.®?

©/ i, "BuLi
OMOM [\/@i
OSi'Prs

133 135
70% i, 2.2 equiv. "BuLi (1.124)
ii, COp
OMe OMe
i, Ac,0
OH ii, HCI, Et,0 OSi'Prg
iii, BusNF

phyllodulcin

1.1.6 Organomagnesium reagents

Organomagnesium reagents are commonly referred to as Grignard reagents. Typi-
cally, a Grignard reagent is formed by reaction of an alkyl halide (RX) in ethereal sol-
vent with magnesium to give the species RMgX. An alternative procedure involves
the formation of an organolithium species and its conversion to the Grignard reagent
with magnesium bromide. The ethereal solvent co-ordinates to the magnesium atom
and the Grignard reagents are in equilibrium with the dialkylmagnesium species
R,Mg and MgX, (Schlenk equilibrium). Aryl and alkenyl halides can also form
Grignard reagents, normally using the more effective co-ordinating solvent THF. A
convenient, low-temperature method, which allows the formation of the Grignard
reagent in the presence of other (normally reactive) functional groups (such as esters
or nitriles) uses iodine—-magnesium exchange with i-PrMgBr.*® Grignard reagents
are stable under inert conditions, but reactive towards moisture and air. They have

95 A. Ramacciotti, R. Fiaschi and E. Napolitano, J. Org. Chem., 61 (1996), 5371.

96 P. Knochel, W. Dohle, N. Gommermann, F. E. Kneisel, F. Kopp, T. Korn, I. Sapountzis and V. A. Vu, Angew.
Chem. Int. Ed., 42 (2003), 4302; M. Rottldnder, L. Boymond, L. Bérillon, A. Leprétre, G. Varchi, S. Avolio,
H. Laaziri, G. Quéguiner, A. Ricci, G. Cahiez and P. Knochel, Chem. Eur. J., 6 (2000), 767.
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found extensive use in organic synthesis owing to their reactivity towards carbon-
based electrophiles, especially carbonyl compounds.®’

Grignard reagents are less basic than the corresponding organolithium species
and they are therefore popular nucleophiles for carbon—carbon bond formation.
Addition of Grignard reagents to a-chiral aldehydes or ketones can be highly stere-
oselective for the Cram or chelation-controlled product (see Section 1.1.5.1). When
a heteroatom is present at the a-carbon atom, then chelation often dominates. For
example, addition to a-alkoxy ketones gives the cyclic chelate, represented by
the Newman projection 137, and therefore favours the formation of the chelation-
controlled product alcohol 136 (1.125).%8

o Bu OH HO Bu
nC.H BuMgBr nC-H N "CoH 2
C7 15\:8J\Me v . C7H1s . Me . C7H15 . ve (1.125)
H OMOM H OMOM H OMOM
>95% 136 >99 : 1
M92+
MOMO' |
\O

137

Asymmetric induction occurs in the addition of a Grignard reagent to an aldehyde
or ketone bearing a chiral auxiliary. An example is the use of the 8-phenylmenthol
ester 138, in which Grignard addition to the aldehyde occurs from the front face
opposite the bulky substituent on the auxiliary and with the conformation of the
carbonyl groups cis to one another (due to chelation) as depicted in Scheme 1.126.%
The product a-hydroxy ester can be reduced to give the corresponding diol with
very high optical purity.

o] (o]
|
Q/ MeMgBr R'—o ; OH . R'—o ’ OH (1126)
H -78°C ~ B
Me H H Me
138 86% 99.7 : 0.3

R*OH = 8-phenylmenthol

Despite their reduced basicity in comparison with organolithium species, a poten-
tial problem with the use of Grignard reagents is their ability to deprotonate -
to the carbonyl group. This is particularly prevalent with poorly electrophilic or

97 D. M. Huryn, in Comprehensive Organic Synthesis, ed. B. M. Trost and I. Fleming, vol. 1 (Oxford: Pergamon
Press, 1991), p. 49.

98 W. C. still and J. H. McDonald, Tetrahedron Lett., 21 (1980), 1031.

9 J. K. Whitesell, A. Bhattacharya and K. Henke, J. Chem. Soc. Chem. Commun. (1982), 988.
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hindered carbonyl compounds or with bulky Grignard reagents. Bulky Grignard
reagents possessing a (3-hydrogen atom can act as reducing agents, especially in
combination with hindered ketones. Hydride transfer from the Grignard reagent to
the carbonyl group gives the alcohol product and an alkene (1.127). For example,
addition of isopropylmagnesium bromide to the ketone 139 gave only a low yield
of the chelation-controlled addition product 140 (1.128).!% The major product 141
arises from reduction of the ketone by the Grignard reagent. In addition, a significant
amount of enolization occurs with the Grignard reagent acting as a base.

BrMg

o/ (‘ . HO H . \H/ (1.127)
P P
Me (o} Me ipy  OH Me HO H Me OH
l!l iPrMgBr l!l S 'L S l!l
P T Me T P >)\Me T opn” ))\MJ e N e (1.128)
H o1 H Me H Me Me

Me

139 140 24% 141 43% 142 30%

Grignard addition to the carbonyl group of an ester or lactone results in the
formation of a tertiary alcohol product by addition of two equivalents of the
organometallic species to the carbonyl carbon. If the ketone is the desired product
then a good electrophile is the Weinreb amide RCON(Me)OMe. Addition of the
Grignard (or organolithium) species to this amide gives the mono-addition product,
which hydrolyses to give the ketone. For example, addition of n-hexylmagnesium
bromide to the amide 143 gave the ketone 144 (1.129). The reaction is chemos-
elective for the amide, leaving the ester group untouched. An alternative method
for the formation of ketones is the addition of a Grignard reagent to a nitrile. The
intermediate imine is normally hydrolysed easily to the corresponding ketone.

”CGH13MgBr

o (1.129)

70%
143 144
The addition of a Grignard reagent to a carboxylic ester in the presence of Ti(Oi-
Pr)4 and an alkene results in the formation of a hydroxycyclopropane in what is
termed the Kulinkovich reaction.!®' The Grignard reagent reacts with Ti(Oi-Pr),
to give an intermediate titanacyclopropane, which undergoes ligand exchange

100 M. Tramontini, Synthesis (1982), 605.
1010, G. Kulinkovich, Chem. Rev., 103 (2003), 2597; O. G. Kulinkovich, S. V. Sviridov and D. A. Vasilevski,
Synthesis (1991), 234; J. Lee, H. Kim and J. K. Cha, J. Am. Chem. Soc., 118 (1996), 4198.
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with the alkene and subsequent reaction with the ester to give, ultimately, the
hydroxycyclopropane (1.130).

MgBr .
Ti(O'Pr), Br
O/ Br HO“‘“M (1.130)
M

Me
excess MeCOZEt
64%
jTi(O‘Pr)4
. i
'PrO\Cl)Pr
>R (PrO)TI R'COLEt Ti
(om0 T reos
R
EtO R

Grignard reagents can give either or both 1,2- and 1,4-addition products on reac-
tion with a,3-unsaturated systems. The extent of conjugate (1,4-) addition depends
mostly on the nature of the substituents attached to the unsaturated carbonyl (or
other) electrophile. In the absence of significant steric interactions, 1,2-addition
takes place using substrates such as «,[3-unsaturated aldehydes or unhindered o, [3-
unsaturated ketones. However, with bulky o,[3-unsaturated ketones or esters, in
which the carbonyl carbon is more hindered, 1,4-addition predominates. If conju-
gate addition is the desired pathway, then it is more common to add copper(I) salts to
catalyse the reaction. An intermediate organocopper reagent is formed, which adds
selectively by 1,4-addition (see Section 1.2.1). Various copper(I) salts are effec-
tive, an example being the use of copper(l) iodide in the presence of an equivalent
of trimethylsilyl chloride. Under these conditions, conjugate addition generates an
intermediate enolate anion, which is trapped as the silyl enol ether in high yield with
essentially no 1,2-addition (1.131). The specific lithium enolate can be generated
from the silyl enol ether under conditions suitable to allow subsequent alkylation.
The toxic additive HMPA may be avoided by using the complex Cul-2LiCl as the
catalyst.!2

O OSiMe3
MgBr
Me _/ Me
(1.131)
Cul, TMSCI
THF, HMPA -

89%

102 M. T. Reetz and A. Kindler, J. Organomet. Chem., 502 (1995), C5.
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Asymmetric conjugate addition with organomagnesium reagents, catalysed by
copper(l) salts, has been investigated by using chiral auxiliaries or chiral ligands
for the metal atoms. For example, the 2-oxazolidinone-derived auxiliary can lead
to high levels of asymmetric induction (1.132).'9 The resulting conjugate addition
products can be hydrolysed to give the corresponding carboxylic acid derivatives
with high optical purity.

Ph

(0]
/\)J\ )k PhMgBr M )k LiOH, H202 Me/k)J\OH (1.132)

CuBr.SMe, H20 THF

P 90% 98:2 P

Epoxides are opened readily by Grignard reagents. Nucleophilic attack normally
occurs regioselectively at the less-hindered carbon atom of the epoxide. The ring-
opening is assisted by the presence of magnesium halides, present in the Grignard
reagent (Schlenk equilibrium), which co-ordinate to the epoxide oxygen atom. In
fact the Lewis acidity of the Grignard reagents can cause competing side-reactions,
such as rearrangement of the epoxide to a carbonyl compound, which can then react
with the Grignard reagent. It can therefore be advantageous in many cases to use
copper(]) salts to catalyse the reaction. The ring-opening proceeds with inversion of
configuration at the carbon centre being attacked. Alkylation of Grignard reagents
or coupling with various types of unsaturated electrophile is possible using copper
or other transition-metal catalysis (see Section 1.2).

1.1.7 Organozinc reagents

There has been significant recent growth in the use of organozinc reagents in organic
synthesis. Organozinc compounds are less nucleophilic and less basic than the
corresponding organolithium or organomagnesium reagents. They can therefore
effect chemoselective carbon—carbon bond formation in the presence of otherwise
reactive functional groups.'%*

The most common method for the formation of an organozinc reagent involves
the insertion of zinc metal into the carbon—iodine bond of an alkyl iodide. For
allylic substrates the corresponding bromide or even chloride can be used. The zinc
metal normally needs to be ‘activated’ by washing first with 1,2-dibromoethane and

103 E. Nicolds, K. C. Russell and V. J. Hruby, J. Org. Chem., 58 (1993), 766; D. R. Williams, W. S. Kissel and
J. 1. Li, Tetrahedron Lett., 39 (1998), 8593.

104 p Knochel and R. D. Singer, Chem. Rev., 93 (1993), 2117; P. Knochel, J. J. Almena Perea and P. Jones,
Tetrahedron, 54 (1998), 8275; Organozinc Reagents, A Practical Approach, ed. P. Knochel and P. Jones
(Oxford: Oxford University Press, 1999); A. Bourdier, L. O. Bromm, M. Lotz and P. Knochel, Angew. Chem.
Int. Ed., 39 (2000), 4414; P. Knochel, N. Millot, A. L. Rodriguez and C. E. Tucker, Org. Reactions, 58 (2001),
417.
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trimethylsilyl chloride. Highly activated zinc, which can insert into alkyl (or aryl
or alkenyl) bromides, can be prepared by reduction of zinc chloride with lithium
naphthalenide.'® Todine-zinc exchange can also be carried out with diethylzinc in
the presence of catalytic Cul to give a new dialkylzinc species. Organozinc reagents
can tolerate many different functional groups, such as esters, ketones or nitriles,
any of which may be present within the reagent or electrophile. This can obviously
be beneficial, as such functional groups do not require protection, as would be the
case with Grignard or organolithium species.

The reactivity of organozinc reagents depends considerably on their structure.
Alkyl and aryl zinc reagents themselves are poor nucleophiles and most of their
reactions are carried out after prior transmetallation to organocopper or organopal-
ladium species. Reaction with aldehydes can take place in the presence of a Lewis
acid (e.g. BF3-OEt; or a titanium(IV) salt). Allylic zinc halides or other organo-
zinc reagents with adjacent unsaturation are relatively good nucleophiles that react
with aldehydes without the need for Lewis-acid activation. This is the basis of
the Reformatsky reaction, in which an organozinc species is generated from an o-
bromoester.'% Addition to an aldehyde or ketone gives a B-hydroxyester (1.133).

OH

Br CO.Me Zn CO.Me
PhCHO  + T ———— ? (1.133)
PhH, heat
Me Me
80% syn: anti 63 :37

Insertion of zinc into allyl bromides occurs readily, for example to give the allyl
zinc reagent 145 (1.134). Addition to an aldehyde occurs by attack through the
v -carbon atom to give a homoallylic alcohol. With substrate 145, bearing a [3-ester
group, the product homoallylic alcohol cyclizes spontaneously to give the lactone

146.
COzEt COzEt
)VBr Zn )vZnBr PhCHO o . o (1.134)

25°C
145 88% 146

In the presence of a Lewis acid, alkyl zinc halides react with aromatic aldehydes
to give secondary alcohols. However, alkyl zinc reagents are less reactive than their
allyl derivatives and reaction with aliphatic aldehydes is very sluggish. A solution to
this is the use (in the presence of a Lewis acid) of either the dialkyl zinc reagent or the
mixed copper—zinc species RCu(CN)ZnX, formed by transmetallation of the alkyl

105 R. D. Rieke and M. V. Hanson, Tetrahedron, 53 (1997), 1925.
106 A Fiirstner, Synthesis (1989), 571; M. W. Rathke and P. Weipert, in Comprehensive Organic Synthesis,
ed. B. M. Trost and I. Fleming, vol. 2 (Oxford: Pergamon Press, 1991), p. 277.
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zinc halide with the THF-soluble copper complex CuCN-2LiCl. The mixed copper—
zinc species is more reactive than the organozinc reagent and condenses with acid
chlorides (to give ketones), a,[-unsaturated ketones or aldehydes (normally by
1,4-addition), allyl or other activated halides (or sulfonates) (by Sn2’ addition), or
aromatic or aliphatic aldehydes (in the presence of BF3-OEt,).!% Examples of each
of these reactions are shown in Schemes 1.135-1.138. For example, the reagent 148
was prepared from the iodide 147 and reacts with (R)-2-phenylpropanal to give the
secondary alcohol 149 (1.138). The major product is the syn isomer, resulting from
Cram (Felkin—Anh) addition.

CN CN

i, ZnCly
Li naphthalenlde PhCOCI
P 1.135

98%

i,Zn 0}
H/\/\| v a— /\W (1.136)
o

H Ph M
iii, Ph = ©
MesSiCl Mo
95%
COBn i Zn COzBn
|/Y hen /\{\r (1.137)
ii, CUCN=2LICI
NHBoc Ph NHBoc
ii, Ph/\/\CI
48%
We Me
i, Zn OHG™ Ph :
Ac0” TN a0 N cueNyznl ————= Ac0” T N ph (1.138)
il, CUCNe2LiCI BF4OEt, i
OH
147 148 77% 149 syn:anti 83:17

The coupling of organozinc reagents with unsaturated halides (or sulfonates) is
possible in the presence of nickel or palladium(0) complexes. Insertion of zinc metal
into an alkyl iodide, followed by palladium-catalysed coupling (see Section 1.2.4)
with aryl or alkenyl halides (or sulfonates) is a useful synthetic method and is com-
monly referred to as the Negishi cross-coupling reaction.'?” Various palladium salts
can be used, the simplest of which is tetrakis(triphenylphosphine) palladium(0). For
example, coupling of the organozinc iodide 150 with the trifluoromethanesulfonate
151 (formed from hexan-2-one) or the iodide 153 gave the products 152 or 154
respectively (1.139 and 1.140).

o)
0] 4 mol%
Znl TfO Pd(PPhg)4
. —— 2% . P 1.139
o e (1.139)
150 151 67% 152

107 B, Negishi, Acc. Chem. Res., 15 (1982), 340; E. Erdik, Tetrahedron, 48 (1992), 9577.



70 Formation of carbon—carbon single bonds

o] 4 mol% o
Pd(PPhg), )J\/\/\/
Znl . _Bu - . _Bu
ph/u\/\/ + |/\/ 40°C Ph (1140)
150 153 77% 154

Recently it has proved possible to cross-couple alkylzinc halides with primary
alkyl halides. This can be achieved under nickel catalysis in the presence of tetra-
butylammonium iodide and 4-fluorostyrene (1.141).1%® As expected with this chem-
istry, the reaction tolerates a range of functional groups such as the presence of
ketones and carboxylic esters.

O 10 mol% 0]
Ni(acac), B
BUCOO(CHg)sZnl  + )J\/\/B’ —2 )J\/\/\/\/OCO U (1.141
(CHz)s Ph 3equiv. BuNI  Ph ( )

20 mol%/@/\
F

73%

Dialkyl zinc reagents are more reactive than monoalkyl zinc halides and their
addition to aldehydes or enones in the presence of a chiral ligand can occur with
high levels of enantioselectivity.'” Many different catalysts have been employed
and the addition of diethylzinc to benzaldehyde is often used as a test reaction
for a new chiral ligand. As a result, this transformation can be accomplished with
essentially complete enantiocontrol using one of a number of different ligands, such
as those shown in Scheme 1.142. For example, the amino alcohol (-)-DIAB gave
the addition product with very high selectivity for the (S)-enantiomer (1.143).

Ph  Ph
o] NHSO,CF3
e Ph Me Me>< jXOH
2 ¢ Me™ Ny II’KOH (1.142)
PH P

OH HO NBu, . “NHSO,CF3
(-)-DIAB (+)-DBNE TADDOL 155
OH
2 mol% (-)-DIAB /'\/
PhCHO + EtoZn 2 mol% ()-DIAB Ph (1.143)
98% 99% ee

The enantioselective addition of functionalized dialkylzinc reagents to aldehy-
des is possible using a chiral ligand and a Lewis-acid catalyst. The dialkylzinc
reagents can be prepared by transmetallation (from the corresponding iodides or
boranes) with diethylzinc. Selectivities are often best with aromatic aldehydes or

108 A E. Jensen and P. Knochel, J. Org. Chem., 67 (2002), 79. For palladium-catalysed couplings with primary
alkyl halides, see J. Zhou and G. C. Fu, J. Am. Chem. Soc., 125 (2003), 12527.

109 R, Noyori and M. Kitamura, Angew. Chem. Int. Ed. Engl., 30 (1991), 49; K. Soai and S. Niwa, Chem. Rev.,
92 (1992), 833; B. L. Feringa, Acc. Chem. Res., 33 (2000), 346; L. Pu and H.-B. Yu, Chem. Rev., 101 (2001),
757.
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a-substituted o, [3-unsaturated aldehydes, although aliphatic aldehydes can give
excellent results. The bistrifluoromethanesulfonamide ligand 155 is a particularly
effective chiral ligand for such asymmetric transformations (1.144).

OH
CHO Zn  8mol% 155
W . PivOW T AN (1.144)
Br i(OPr)s Br
PivO
88% > 96% ee

Asymmetric addition of alkynylzinc reagents to aldehydes has been developed
with N-methylephedrine (or other chiral amino alcohol) as the chiral ligand.!!® The
alkynylzinc reagent is prepared in situ from the terminal alkyne and this allows use
of the metal salt (zinc triflate) as a catalyst in substoichiometric amount (1.145).

OH
20 mol% Zn(OTf),
CHO OSiMezBu  PhMe, EtsN, 60 °C S
+ H; AN 0OSiMe,Bu (1.145)
e 22 mol%
Ph Me
HO NMe, 88% 90% ee

1.1.8 Allylic organometallics of boron, silicon and tin

A useful reaction in organic synthesis is the addition of an allylic organometallic
reagent to a carbonyl group.!'! A number of different metals can be employed,
although those of boron, silicon and tin have found the most use. The carbon—carbon
bond-forming step is often stereoselective and generates the versatile homoallylic
alcohol unit (1.146). Oxidative cleavage of the product alkene to the aldehyde (or
other carbonyl derivative) provides the -hydroxy-carbonyl compound and offers
an alternative stereoselective approach to the aldol-type product.

OH OH

, R~ ML, :

RCHO  + W e R')\l/\ + R X (1.146)
R T

When the allylic organometallic reagent bears an alkyl group in the y-position
(the R group in Scheme 1.146), then a mixture of the syn and anti products
may result. High levels of stereoselectivity can be achieved; for example, an E-
allylborane or boronate generates predominantly the anti product, whereas the
Z-isomer gives the syn product. The reactions with allylboranes or boronates are
thought to proceed through a cyclic transition state, in which the substituent attached

110 p_E. Frantz, R. Fissler, C. S. Tomooka and E. M. Carreira, Acc. Chem. Res., 33 (2000), 373; N. K. Anand
and E. M. Carreira, J. Am. Chem. Soc., 123 (2001), 9687; L. Pu, Tetrahedron, 59 (2003), 9873.

U1y, Yamamoto and N. Asao, Chem. Rev., 93 (1993), 2207; W. R. Roush, in Comprehensive Organic Synthesis,
ed. B. M. Trost and I. Fleming, vol. 2 (Oxford: Pergamon Press, 1991), p. 1; J. W. J. Kennedy and D. G. Hall,
Angew. Chem. Int. Ed., 42 (2003), 4732.
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to the aldehyde carbon atom prefers a pseudo-equatorial position in the chair-shaped
transition state (1.147).

H
(@] & _-BL,
Me. = 8 Phoro - TS0 L X
NP0 Me——— 80%
Me
H

E:Z93:7 anti: syn 94 :6

Jg< H
O /&
--BL
,'3 PhCHO Ph— oy "
= ~0 — " a_/ —> Ph
- 80%
Me

Me
E:Z5:95 anti: syn 5:95

tiYe)
I

(1.147)

<

Allylic organostannanes react with aldehydes under thermal conditions with a
high degree of stereocontrol. Like the reactions of allylboranes or boronates, a
cyclic transition state has been invoked to explain the preferential formation of the
anti diastereomer from the E-allylstannane (1.148) and the syn diastereomer from
the Z-allylstannane. In contrast, the reaction of allylic organosilanes with aldehydes
is sluggish under thermal conditions.

OH OH
PhCHO + Mo~ -SnBus _200°C Ph% + Ph)\l/k (1.148)
Me Me
E:Z92:8 anti 87 : 13 syn

Lewis acids catalyse the addition of allylic organostannanes or organosilanes to
aldehydes.'!? In contrast to the thermal reactions of allylboranes or allylstannanes,
the use of a Lewis acid promotes reaction via an acyclic transition state. With a y-
substituted allylsilane, such as crotyltrimethylsilane 156, the E-isomer reacts with
excellent selectivity for the syn product (1.149). The corresponding Z-isomer (of
156) also favours the syn product, although with reduced selectivity (64:36). The
transition state is thought to involve the alignment of the two -bonds 180° to one
another (1.150).

OH OH
. i TiCl . /\/\
PrCHO  + MO NSMes TR L i NN v e Y (1.149)
CHxCl» H H
_78°C Me Me
156 92% syn 97 : 3 anti

12, Fleming, J. Dunogues and R. Smithes, Org. Reactions, 37 (1989), 57; 1. Fleming, A. Barbero and D. Walter,
Chem. Rev., 97 (1997), 2063; Y. Nishigaichi, A. Takuwa, Y. Naruta and K. Maruyama, Tetrahedron, 49 (1993),
7395.
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MesSi H Me
>2H_§<H (1.150)
H H>':O

R

Note that the aldehyde approaches the alkene from the direction anti to the silicon
atom. Therefore, when a chiral allylsilane or allylstannane with a substituent in
the a-position is used, chirality transfer takes place, to generate the homoallylic
alcohol with essentially no loss in enantiomeric purity.!'® For example, reaction of
the aldehyde 157 with the chiral allylsilane 158, using boron trifluoride etherate
as the catalyst, gave predominantly the syn product 159 (1.151). The absolute
stereochemistry can be determined by using a model in which the hydrogen atom
on the a-carbon of the allylsilane eclipses the alkene (the so-called ‘inside hydrogen
effect’) in order to minimize steric interactions (1.152).

\%]\E/\cone oH OH
158 SiMeg BnO\/:\/K/\ BnO\/k/‘\/\
BnO._ _CHo _ 158 >Mes : COMe + Y CO:Me (1.151)

~ BF5+OFEt, : H
CH,Clp, ~78 °C Me Me

157 68% 159 87 : 13 160
Me,SiMe Me
o H

oot (1.152)
MeO,C <t0
OBn

A variety of Lewis acids have been used to promote the addition of an allylsilane
or allylstannane to an aldehyde (or ketone or imine). The Lewis acid BF3-OEt,
is effective and promotes Cram (Felkin—Anh)-type addition (see Section 1.1.5.1).
However, Lewis acids such as TiCly, SnCly or MgBr, can co-ordinate to a neigh-
bouring (normally a-) heteroatom and promote chelation-controlled addition. For
example, allylation of the aldehyde 161 gave either the Cram-type product or the
chelation-controlled product depending upon the nature of the Lewis acid (1.153).

OH OH
OHC, o [OMe /\/‘\E‘C\//OMe ?0 OMe
@/ - SMes = X W\Q/
;3 Pt + — (1.153)
d><b Lewis acid d><‘b d><b
161 BF3+OEt, 80% >20 1
TiClg 89% 1 : 20

113 C. E. Masse and J. S. Panek, Chem. Rev., 95 (1995), 1293; J. A. Marshall, Chem. Rev., 96 (1996), 31; E. J.
Thomas, J. Chem. Soc. Chem. Commun. (1997), 411.
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Asymmetric allylation of aldehydes or ketones can be accomplished by using
either a chiral auxiliary on the boron atom or a chiral ligand on the Lewis acid. A
number of different chiral allylboron or boronate reagents have been developed. The
allylboron species 162, referred to as (Ipc),B-allyl and derived from (4)-a-pinene,
gives very good results in the addition to a variety of aldehyde electrophiles.''* For
example, addition to propanal (propionaldehyde) gave the homoallylic alcohol 163
with high optical purity (1.154). The use of (—)-a-pinene allows the preparation of
the other enantiomer of the homoallylic alcohol product. Derivatives of (Ipc),B—
allyl 162 with substituents in the y-position can be prepared easily and, on addition
to an aldehyde, give rise to the anti product (from the E-alkene) or the syn product
(from the Z-alkene) with high enantiomeric purity.

OH

B
% ~X EtCHO \/'\/\ (1.154)
\ .
-78°C
162 71% 163 86% ee

An effective chiral catalyst for asymmetric allylation of aldehydes or ketones
is the complex formed between the axially chiral 1,1’-bi-2-naphthol (BINOL)
164 and a titanium(IV) salt.'’> Addition of allyltributylstannane to an aldehyde
using this Lewis acid gives the product homoallylic alcohol with high optical
purity. For example, allylation of iso-butyraldehyde gave the alcohol 165 as a 98:2
ratio of enantiomers (1.155). Use of (§)-BINOL gave the other enantiomer of the
product.

OO OH PrCHO
L L x (1.155)
| I OH 10 mol% Ti(O'Pr)4

H

o)

10 mol% BINOL 164

-20°C
165 96% ee

(R)-BINOL 164 89%

114 Y. C. Brown and P. K. Jadhav, J. Am. Chem. Soc., 105 (1983), 2092; U. S. Racherla and H. C. Brown, J. Org.
Chem., 56 (1991), 401.

115 G. E. Keck, K. H. Tarbet and L. S. Geraci, J. Am. Chem. Soc., 115 (1993), 8467; A. L. Costa, M. G. Piazza,
E. Tagliavini, C. Trombini and A. Umani-Ronchi, J. Am. Chem. Soc., 115 (1993), 7001; K. M. Waltz, J.
Gavenonis and P. J. Walsh, Angew. Chem. Int. Ed., 41 (2003), 3697. For a review of catalytic asymmetric
allylation, see S. E. Denmark and J. Fu, Chem. Rev., 103 (2003), 2763. For a different approach to asymmetric
allylation of aldehydes which avoids allyl metal species, see J. Nokami, K. Nomiyama, S. Matsuda, N. Imai
and K. Kataoka, Angew. Chem. Int. Ed., 41 (2003), 1273.
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1.2 Transition-metal chemistry

The use of transition metals to promote the formation of carbon—carbon bonds has
grown tremendously in recent years. This section describes some of the important
transformations using the metals copper, chromium, cobalt and palladium. Many
other useful reactions with other transition metals have been developed,'!¢ some of
which are described in later sections (see Sections 2.6, 2.9 and 2.10).

1.2.1 Organocopper reagents

Some discussion of the use of organocopper reagents for carbon—carbon bond
formation has been described in Section 1.1.6 (use of a Grignard reagent in the
presence of a copper salt as a catalyst) and Section 1.1.7 (conversion of organozinc
reagents to the corresponding organocopper reagents using CuCN-2LiCl).

There are various types of stoichiometric organocopper reagent, the most com-
mon being R,CuLi, RCu(CN)Li or R,Cu(CN)Li,. These species have different
reactivities and careful choice of the reagent is required.!!” They are prepared in
situ and not isolated. For example, a lithium dialkylcuprate species, RoCuLi, often
referred to as a Gilman reagent, is most conveniently prepared by reaction of two
equivalents of an organolithium compound with copper(I) iodide in diethyl ether
(1.156). The composition of the reagent solutions and the state of aggregation of the
complexes are not well defined. In diethyl ether solution, lithium dimethylcuprate is
thought to exist as a dimer. A drawback with the dialkylcuprate reagents is that only
one of the alkyl groups is transferred to the electrophile. This is clearly wasteful
and solutions to this problem have been developed, using a mixed organocuprate
containing, for example, an alkyne or 2-thienyl group as the unreactive ligand.

Et,0 MeLi
MeLli + Cul ——2>——> MeCu ————> MeycCuli (1.156)

Perhaps the most widespread use of organocopper reagents is for conjugate-
addition reactions.!!”-!!8 Organocopper reagents are soft in nature and, like eno-
lates (see Section 1.1.2), give good yields of the 1,4-addition product on reaction
with o,3-unsaturated carbonyl compounds (1.157). Transfer of the alkyl group to
the B-carbon of an a,p-unsaturated ketone usually works well. However, not all

116 Comprehensive Organometallic Chemistry II, ed. E. W. Abel, F. G. A. Stone and G. Wilkinson, vol. 12
(Oxford: Elsevier, 1995); Transition Metals in Organic Synthesis, A Practical Approach, ed. S. E. Gibson
(Oxford: Oxford University Press, 1997).

T E. Erdik, Tetrahedron, 40 (1984), 641; B. H. Lipshutz and S. Sengupta, Org. Reactions, 41 (1992), 135;
Organocopper Reagents, A Practical Approach, ed. R. J. K. Taylor (Oxford: Oxford University Press, 1994);
N. Krause and A. Gerold, Angew. Chem. Int. Ed., 36 (1997), 187.

118 G. H. Posner, Org. Reactions, 19 (1972), 1; J. A. Kozlowski, in Comprehensive Organic Synthesis, ed. B. M.
Trost and I. Fleming, vol. 4 (Oxford: Pergamon Press, 1991), p. 169.
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o,3-unsaturated carbonyl compounds are good substrates. Conjugate addition with
[3,B-disubstituted enones can be less successful owing to steric crowding. With an
o,B-unsaturated aldehyde, 1,2-addition often competes with conjugate addition.
With unsaturated esters, conjugate addition is much more sluggish. In these cases,
much better yields may be obtained by effecting the reaction in the presence of
trimethylsilyl chloride or a Lewis acid such as boron trifluoride etherate (1.158).!"°
A variety of organocopper reagents effect conjugate addition, a popular method
being the use of a Grignard reagent in the presence of a copper(l) salt, such
as Cul-2LiCl. Stoichiometric organocopper reagents are also effective, includ-
ing lithium dialkylcuprates or so-called ‘higher-order’ organocuprates, such as
R,Cu(CN)Li,, formed by the addition of two molar equivalents of the organo-
lithium species to CuCN. Good yields of the conjugate addition product can be
obtained (1.159). Highly functionalized organocopper reagents, the formation of
which may be incompatible with the required starting magnesium or lithium reagent,
can be prepared from the organozinc species (see Section 1.1.7). Insertion of zinc
into a functionalized alkyl iodide, followed by transmetallation to the organocopper
species with CuCN-2LiCl and conjugate addition can be performed (1.136).

Me
Me Me
.OCOMe .OCOMe
: Me,Culi :
£ 0. 00 (1.157)
o) 2= o)
H H
BUQCULi
= (1.158)
BF3:OEt,
o Et,0, 70 °C 0
53%
o) o)
ACU(CN)UZ
(1.159)
Et,0, —50 °C

88%

The mechanism of the transfer of the alkyl group from the organocuprate to
the (3-position of conjugated ketones is uncertain. Evidence points to an initial
complexation of the organocopper(I) species to the enone (d-m* complex), followed

119 E. Nakamura and L. Kuwajima, J. Am. Chem. Soc., 106 (1984), 3368; Y. Yamamoto, Angew. Chem. Int. Ed.
Engl., 25 (1986), 947; B. H. Lipshutz, S. H. Dimock and B. James, J. Am. Chem. Soc., 115 (1993), 9283.
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by formation of a copper(IIl) intermediate. Reductive elimination then transfers the
alkyl group from the metal to the B-carbon atom (1.160).12

.0
2 R--Lics R
(ReCuli)a  + o Cl:J/ |\CL:J‘ -- |
| AN
R--Li--R
(1.160)
OLi*R,CulLi OLi*R,CuLi*RCu

Whatever the exact mechanism of the conjugate-addition reaction, it seems clear
that enolate anions are formed as intermediates and they can be trapped as the
silyl enol ether or alkylated with various electrophiles.'?! For example, addition of
lithium methylvinyl cuprate (a mixed-cuprate reagent) to cyclopentenone generates
the intermediate enolate 166, that can be alkylated with allyl bromide to give the
product 167 (1.161). The trans product often predominates, although the trans:cis
ratio depends on the nature of the substrate, the alkyl groups and the conditions and it
is possible to obtain the cis isomer as the major product. Examples of intramolecular
trapping of the enolate are known, as illustrated in the formation of the cis-decalone
168, an intermediate in the synthesis of the sesquiterpene valerane (1.162).

(0]
=
é CuL| Q/ Br &\/ (1.161)

69%

166 167

07 (B o)
Me
Me,Culi Me
\\\\\\\\\\\\ (1.162)
Me ﬁ Me

168

Conjugate addition is also a feature of the reaction of organocuprates with o, [3-
acetylenic carbonyl compounds. By conducting the reaction at —78 °C, high yields
of cis addition compounds can be obtained (1.163). This allows the stereocontrolled

120 g R. Krauss and S. G. Smith, J. Am. Chem. Soc., 103 (1981), 141; see also H. O. House, Acc. Chem. Res., 9
(1976), 59.
121 M. J. Chapdelaine and M. Hulce, Org. Reactions, 38 (1990), 225.
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preparation of trisubstituted alkenes. An alternative approach to a,[3-unsaturated
carbonyl compounds involves addition—elimination using, for example, a [3-iodo-
enone. Addition of organometallic species to alkynes is described in Section 2.6.

CHis  CO.Me C/His  CO.Me

- Me,Culi H;0*
C7His———=—CO,Me —_— >:< — . ):/ (1163)
78 Mé cu Mé

Asymmetric conjugate addition with organocopper reagents has been investi-
gated using chiral auxiliaries or chiral ligands.'?? For example, the 2-oxazolidinone-
derived auxiliary can lead to high levels of asymmetric induction (1.132). Other
auxiliaries, based on carboxylic esters or amides, have been reported and lead, after
cleavage of the auxiliary, to conjugate addition products with high optical purity.
Recent developments have focused on the use of chiral ligands to effect asymmetric
conjugate addition.'?* Chiral amines or phosphines are good ligands for copper and
an example of this approach is outlined in Scheme 1.164. The ligand 169 and a
copper salt can be used as catalysts to promote the asymmetric conjugate addition
to acyclic or cyclic enones with good to excellent levels of enantioselectivity.

0
Ph
Q > - EtoZn, 2.5 mol% Cu(OTf),
o > 5 mol% 169
PH

169 >98% ee

(1.164)

A useful carbon—carbon bond-forming reaction involving organocopper reagents
is the coupling of the alkyl group on the organocuprate with an alkyl halide.'?*
Reactions take place readily at or below room temperature to give high yields of
substitution products. Primary alkyl tosylates also react well. Many different func-
tional groups can be tolerated. For example, ketones react only slowly, so selective
reaction in the presence of an unprotected ketone carbonyl group is possible. How-
ever, aldehydes undergo the normal carbonyl addition unless the temperature is
kept below about —90 °C. Some representative reactions are shown in Schemes
1.165-1.167.

BUQCULi

NN o CioHzz (1.165)

Et,0, =75 °C

98%

122 B E. Rossiter and N. M. Swingle, Chem. Rev., 92 (1992), 771.

123 A Alexakis and C. Benhaim, Eur. J. Org. Chem. (2002), 3221; N. Krause and A. Hoffmann-Rdoder, Synthesis
(2001), 171; L. A. Arnold, R. Imbos, A. Mandoli, A. H. M. de Vries, R. Naasz and B. L. Feringa, Tetrahedron,
56 (2000), 2865; S. J. Degrado, H. Mizutani and A. H. Hoveyda, J. Am. Chem. Soc., 123 (2001), 755.

124 G. H. Posner, Org. Reactions, 22 (1975), 253.
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MezCuLi (1 166)
Et,0, -15°C '
57%
2
THF, 0 °C (1.167)

90%

Secondary alkyl bromides and iodides generally do not give good yields of
product on reaction with lithium dialkylcuprates, R, CulLi, but this difficulty may be
overcome by reaction with the higher-order cuprates, R,Cu(CN)Li,. These reagents
also react very readily with primary alkyl bromides, including some that give only
poor yields with the Gilman cuprates. It should be noted, however, that many of
these displacement reactions can be effected just as well, or even better, with the
appropriate Grignard reagent and a copper(l) salt as a catalyst. This avoids the use of
stoichiometric amounts of the copper reagent. Good yields can be obtained by using
catalytic lithium tetrachlorocuprate, Li, CuCly (CuCl,-2LiCl), prepared easily from
lithium chloride and copper(II) chloride.'?® The active species is believed to be an
organocopper(I) complex produced from the copper(Il) halide and the Grignard
reagent (1.168).

BuMgCl
3 mol% LioCuCly

B " coLEt B > coEt

THF, NMP

(1.168)
86%

Reaction of lithium diphenylcuprate with (-)-(R)-2-bromobutane takes place
with predominant inversion of configuration (1.169) and this (and other features
of the reaction of organocuprates with secondary alkyl halides) suggests that they
proceed by Sn2 displacement at carbon. However, the corresponding iodide gives a
racemic product on reaction with lithium diphenylcuprate, and there is evidence that
reaction of cuprates with iodides takes place by a one-electron transfer process and
not by Sn2 displacement.!?® In contrast, alkenyl halides react with organocuprates
to give the substituted alkene with retention of configuration of the double bond.

125 G. Cahiez, C. Chaboche and M. Jézéquel, Tetrahedron, 56 (2000), 2733.
126 g C. Ashby, R. N. De Priest, A. Tuncay and S. Srivastava, Tetrahedron, 23 (1982), 5251.
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In the example in Scheme 1.170, the E-alkene is formed from the E-alkenyl halide.
Likewise, the Z-alkene is formed selectively from the Z-alkenyl halide. Alkenyl tri-
flates are also good substrates for alkylation with organocuprate reagents. Treatment
of the alkenyl triflate 170 with methyl magnesium bromide and copper(l) iodide
as catalyst, gave the alkylated product 171, used in a synthesis of paeonilactone A
(1.171).'%7

H, ,Br Ph,CulLi Ph, HH
. AL (1.169)
Et,O-THF
Ph Me,CuLi Ph
\:\ \:\ (1.170)
- Et,0, 0°C Me
oTf Me
MeMgBr
— (1.171)
Cul, THF
96%
MeO,.C~ “CO,Me MeO,C~ “CO,Me
170 171

When an alkenyl copper species is used in the displacement reaction, then the
alkenyl species reacts with retention of configuration of the double bond (1.172).
Alkenyl radicals can interconvert readily and these results suggest, therefore, that
alkenyl radicals are not involved in these reactions.

IW /_\_/_<
2 HC=CH /=N — —
ECuli ——— ouli T K (1.172)

HMPA

63% 95% Z

As illustrated in the example in Scheme 1.172, Z-alkenylcuprates are obtained
readily by syn addition of organocuprates to alkynes (see Section 2.6). Alkylation of
these cuprates provides a good route to Z-1,2-disubstituted alkenes. Reaction with
alkenyl halides, best performed in the presence of zinc bromide and Pd(PPh3)4,
gives rise to conjugated dienes with high stereoselectivity (1.173). Coupling of
alkenyl cuprates with aryl halides gives styrene derivatives with stereochemical
control. Allylic halides and acetates also react with organocuprates. Reaction can
occur at either end of the allylic system to give the unrearranged (Sy2) or rearranged

127 C. Jonasson, M. Rénn and J.-E. Biickvall, J. Org. Chem., 65 (2000), 2122.
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(Sn2') products.

>_ I o ZnBr, —\_
2 Culi * \ 5 mol% Pd(PPhg)4 (1173)

CsHi1 THF, =25 °C CsHi1
96% 99.5% E

Acid chlorides react readily with organocuprates to give ketones.!?® The reac-
tion is chemoselective for the acid chloride and no addition to functional groups
such as ketones, esters or nitriles takes place. For example, addition of lithium
dibutylcuprate to the acid chloride 172 gave the ketone 173 (1.174).

MeO,C Cl BuoCuLi MeO,C Bu
Et,O, -78 °C

e} e}
172 85% 173

The ring-opening of epoxides is often best carried out with an organocopper
reagent. Gilman reagents and higher-order cuprates in particular work well,
although the use of a Grignard reagent in the presence of copper(l) iodide as catalyst
is also very effective. Nucleophilic attack occurs with inversion of configuration at
the carbon atom being attacked and takes place, with an unsymmetrical epoxide,
at the less sterically hindered carbon atom. Thus, ring-opening of the epoxide 174
gave the alcohol 175 (1.175).'%°

) I oM
W\ "PrCulCN)Li "N~ (1.175)
THF, 0 °C ’
174 86% 175

1.2.2 Organochromium chemistry

Organochromium reagents have found varied use in organic synthesis. Aryl-
chromium complexes influence significantly the reactivity of the aromatic ring
and have been used widely. Other unsaturated chromium complexes, alkyl-
chromium species and chromium carbenes promote useful transformations and
continue to attract attention.

128 R. K. Dieter, Tetrahedron, 55 (1999), 4177.
129 B, H. Lipshutz, R. S. Wilhelm, J. A. Kozlowski and D. Parker, J. Org. Chem., 49 (1984), 3928.
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Arylchromium complexes can be prepared easily, simply by heating the arene
with chromium hexacarbonyl, Cr(CO)s or by ligand exchange with (naphthalene)
chromium tricarbonyl complex. The desired arylchromium complex is gener-
ated, bearing the arene (1° species) and three carbon monoxide ligands on the
chromium(0) atom (18 electron complex) (1.176). The chromium atom exerts an
electron-withdrawing effect on the aromatic ring. This allows nucleophilic attack
on the aromatic ring,m rather than the normal electrophilic attack. In addition,
the electron-deficient arene ring can support a negative charge, thereby allowing
metallation on the ring'3! or benzylic position.'3? After reaction, the chromium can
be released easily, by mild oxidation.

R

Cr(CO)s
4>heat @R + 3CO (1.176)
~Cl~co
¢ %o

Nucleophilic addition to the arylchromium complex occurs from the face oppo-
site the bulky chromium atom and gives an intermediate n’-cyclohexadienyl anion
complex, such as 176 (1.177). If the nucleophile attacks at the same carbon atom
as a halide substituent (ipso position), then subsequent loss of the halide leads to
an overall nucleophilic substitution. This type of reaction is most effective with
fairly ‘soft’ nucleophiles (pK, < 20), in which nucleophilic attack is thought to be

reversible.

EtO,C COEt

ar CO,Et
: ] : i 1.1
(|: Et0.C.__COEt ) |C |C COLEt (1.177)
~Y“~co b ~Y“~co ~Y“~co
\ \ \
oc” \o5 oc” \o5 oc” \o5

176

Addition of a nucleophile to an arylchromium complex need not take place at
the ipso position. Using a ‘hard’ nucleophile (pK, > 20), in which nucleophilic
attack is irreversible, a mixture of products from attack at the ortho-, meta- or
para- positions can result. Commonly, attack at the meta- position predominates,

130 M. F. Semmelhack, in Comprehensive Organometallic Chemistry II, ed. E. W. Abel, E. G. A. Stone and
G. Wilkinson, vol. 12 (Oxford: Elsevier, 1995), p. 979.

131 M. F. Semmelhack, in Comprehensive Organometallic Chemistry II, ed. E. W. Abel, F. G. A. Stone and
G. Wilkinson, vol. 12 (Oxford: Elsevier, 1995), p. 1017.

132'S. G. Davies and T. D. McCarthy, in Comprehensive Organometallic Chemistry II, ed. E. W. Abel, F. G. A.
Stone and G. Wilkinson, vol. 12 (Elsevier, 1995), p. 1039.
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as illustrated in Schemes 1.178 and 1.179; however, the regioselectivity depends
on the nature and location of the substituents attached to the aromatic ring and
on the nucleophile. Protonation of the cyclohexadienyl anion, hydrogen shift and
elimination of HX leads to an overall substitution (but not at the carbon atom
that bore the halogen atom) (1.178). Alternatively, if a halogen or other leaving
group is not present, then the intermediate cyclohexadienyl anion can be oxidized,
leading to an overall alkylation (1.179), or trapped with an electrophile to give the
disubstituted cyclohexadiene.

Me><s> sm

S
Me Li s Me Me
F o—— (1.178)
then H*
| “Me
Cr— 2%,
oc” \Cgo 62%
Me
CO,Bu!
Li COzBu‘ CO,BU!
| then excess lp C§: (1.179)
Cr< 86%
oc” N\ CO

co

Addition of reagents such as n- or s-butyllithium to the arylchromium complex
normally results in lithiation of the aromatic ring, rather than nucleophilic attack.
The aryllithium species reacts readily with a wide range of electrophiles to give
substituted aromatic compounds. For example, lithiation of the chromium complex
of fluorobenzene with r-butyllithium (which occurs ortho- to the fluorine atom),
followed by addition of y-butyrolactone gave the ketone 177 (1.180). The inter-
mediate aryllithium species adds to the carbonyl carbon atom to generate a new
arylchromium complex. This complex is activated to nucleophilic attack and the
released alkoxide group substitutes with the fluoride to give 177.

A
@- - @ @ii (1.180)

Cr Cr Cr
\~CO \~CO \~CO
oc” CO oc” CO CO

Lithiation at the benzylic position of arylchromium complexes can occur readily
using a suitable base. Addition of an electrophile then occurs on the side opposite
the bulky chromium metal (1.181). As expected, addition of a nucleophile to a

chromium-complexed benzylic cation'3? or other electrophilic group occurs from

133 S G. Davies and T. J. Donohoe, Synlett (1993), 323.
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the less-hindered, uncomplexed face (1.182). It should be realized that 1,2- and
1,3-disubstituted arylchromium complexes in which the substituents are different
are chiral. The two mirror images, in which the chromium tricarbonyl fragment
is attached above or below the plane of the aromatic ring, can often be resolved.
This can then lead, after decomplexation of the metal, to enantiomerically enriched
products.

Measu@§:> &» MesSi (1.181)
OMe l
OC

95%
Cr\CO

Cr\ co
CO CO

0 OH

Cr. Cr.
~2\"CO ~\"CO
\ \
ocC co ocC co

Gaining increasing popularity is the use of allyl or alkenyl (or other unsaturated)
chromium species to effect carbon—carbon bond formation.!3* Most common is
the addition of CrCl, to an unsaturated halide followed by coupling with an alde-
hyde (Nozaki—Hiyama—Kishi reaction). Chromium(II) inserts into the unsaturated
halide (or sulfonate) to give the corresponding organochromium(IIl) reagent. The
insertion can be catalysed by nickel salts (NiCl,) or manganese powder (Mn(0)).
Organochromium reagents have low basicity and tolerate many different functional
groups, reacting chemoselectively with aldehydes (1.183—1.185). The procedure
therefore provides a mild method for the synthesis of allylic and homoallylic alco-
hols (even in the presence of ketones or carboxylic esters). There is current interest
in the development of such couplings in an asymmetic and catalytic manner. For
example, addition of the alkenyl iodide 178 to the aldehyde 179 in the presence
of 10 mol% of the chromium salt and the chiral ligand (S,S)-180, using man-
ganese(0) for recycling, gave the allylic alcohol 181 with good enantioselectivity
(1.185).1%

P LI OHC\/\/\Cone b coMe  (1.183)

75%

134 A. Fiirstner, Chem. Rev., 99 (1999), 991; L. A. Wessjohann and G. Scheid, Synthesis (1999), 1; N. A. Sacco-
mano, in Comprehensive Organic Synthesis, ed. B. M. Trost and I. Fleming, vol. 1 (Oxford: Pergamon Press,
1991), p. 173.

135 A. Berkessel, D. Menche, C. A. Sklorz, M. Schroder and 1. Paterson, Angew. Chem. Int. Ed., 42 (2003), 1032.
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CrC'Z
+  PhcHo % (1.184)
DMF Ph

91%
° OH

OH

\/WI . OHC\/\OPMB 0.1 equiv. CrClg \/\/\/k/\opMB (1185)

0.1 equiv. 180

EtN, TMSCI
178 179 Mn, THE 59% 181 75%ee

el
Bu  4g0 Bu

In addition to unsaturated halides, gem-dihaloalkanes react with chromium(II)
salts. The resulting organochromium species reacts with aldehydes to provide a
mild method for alkenylation (see Section 2.9).

Fischer carbene complexes [(CO)sM=CRR’], M=Cr, Mo, W, have found
widespread application in organic synthesis. Addition of an organolithium species
(RLi) to chromium hexacarbonyl [Cr(CO)¢], followed by O-methylation, gener-
ates the chromium carbene complex 182. These carbene complexes undergo many
types of reaction, giving access to substituted cyclic products.'*® Noteworthy is
the Dotz reaction, in which unsaturated complexes (182, R=aryl or alkenyl) react
with alkynes under thermal conditions to give phenols (1.186).'3” The reaction is
thought to proceed by insertion of the alkyne to give the new carbene 183, followed
by insertion of carbon monoxide and cyclization.

H
OMe

OMe
MeO | |
/& 182, R=Ph X
R Cr(CO)s o et OO (1.186)
Cr/
182 88% OH (CO  1g3

1.2.3 Organocobalt chemistry

The most common use of cobalt in organic synthesis is as its alkyne complex.
Addition of dicobalt octacarbonyl [Co,(CO)sg] to an alkyne generates the stable
organocobalt complex 184 that exists as a tetrahedral cluster (1.187). This complex

136 . W. Herndon, Tetrahedron, 56 (2000), 1257; W. D. Wulff, Organometallics, 17 (1998), 3116; L. S. Hegedus,
Tetrahedron, 53 (1997), 4105; D. F. Harvey and D. M. Sigano, Chem. Rev., 96 (1996), 271.
137 K. H. D6tz and P. Tomuschat, Chem. Soc. Rev., 28 (1999), 187.
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protects the alkyne and therefore reactions can be carried out elsewhere in the
molecule without affecting the alkyne group. The alkyne can be released under
mild oxidative conditions.

R———~R ¢ [CoyCO) —ea S (1.187)
(CO)3CaIZ—Co(CO)s

184

An important transformation of dicobalt complexes of alkynes is called the
Pauson—Khand reaction, named after its discoverers in the early 1970s. Heating
the complex with an alkene generates a cyclopentenone product, an important ring
system. The reaction combines the alkyne, alkene and carbon monoxide, in what
is formally a [2+42+1] cycloaddition.!*® Good levels of regioselectivity can be
obtained, with the larger alkyne substituent adopting the position adjacent to the
carbonyl group in the product(s) (185 and 186) (1.188). The use of an unsymmetri-
cal alkene, however, commonly results in a mixture of regioisomers (185 and 186)
of the product cyclopentenone. The mechanism for the transformation is thought
to involve loss of CO from the alkyne complex, co-ordination of the alkene into the
vacant site, insertion of the alkene into a carbon—cobalt bond (at the less-hindered

alkyne carbon atom), then insertion of CO and reductive elimination (1.189).1%

e f} t% 15

185 186
RS RL RS RL RS Rt
Iy —_— el —_ M (1.189)
(CO)CIE—Co(CO), (CO)CdECo(CO)s J\CO Co(CO)3

3Co CO);
/Co CO)3 /Co CO)s
= Co CO); Co CO);

138 K M. Brummond and J. L. Kent, Tetrahedron, 56 (2000), 3263; A. J. Fletcher and S. D. R. Christie, J. Chem.
Soc., Perkin Trans. 1 (2000), 1657; N. E. Schore, in Comprehensive Organometallic Chemistry II, ed. E. W.
Abel, F. G. A. Stone and G. Wilkinson, vol. 12 (Oxford: Elsevier, 1995), p. 703; N. E. Schore, Org. Reactions,
40 (1991), 1.

139 P Magnus and L. M. Principe, Tetrahedron Lett., 26 (1985), 4851.
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As both the formation of the dicobalt complex of the alkyne and the Pauson—
Khand reaction occur under thermal conditions, both steps can be accomplished
simultaneously. The Pauson—Khand reaction is effective for the formation of
simple cyclopentenones by an intermolecular process (1.190), but has found
more-widespread application for intramolecular cycloaddition (1.191). The major
diastereomer of the bicyclic enone from Scheme 1.191 was used in a formal syn-
thesis of the antitumor sesquiterpene coriolin. !4

Ph Ph
H Ph
PhMe
> " sme N o + o (1.190)
(C0O)3C05—Co(CO)s 90 °C
61% 95 : 5
SMe SMe
H H
= :
Me [Coa(CO)g] Me o Me o
= + (1.191)
Me —  Me heptane Me \ Me \
. 110 °C H 3
'BuMe,SiO BuMe,SiO Me BuMe,SiO Me
65% 186 77 : 23

A significant advance in the Pauson—Khand reaction was made by the discovery
that various additives, such as tertiary amine N-oxides, promote the cycloaddi-
tion reaction.'*! For example, treatment of the dicobalt complexed alkyne 187 with
trimethylamine N-oxide at only 0 °C provides the cyclopentenone 188 in good yield
(1.192). More recent advances have been made in catalytic Pauson—Khand reac-
tions.'4? Only 3 mol% of dicobalt octacarbonyl [Co,(CO)g] under one atmosphere
of CO effects the formation of the cyclopentenone 188 from the alkyne 189 in
benzene at 70 °C (an improvement in the yield to 90% was achieved in the presence
of the additive BusP=S) (1.193).!43

P
EtO.C CH,Cly EtO.C o ( 1 192)
EtO,C __ MesNO EtO.C ’

/

0°C
Co,(CO)g
187 81% 188
0.0 P 3 mol% [Co,(CO)g] EO.C
2 _ tamcO 2 o (1.193)
EtO,C PhH, 70 °C EtO.C
\
—
189 50% 188

140 C. Exon and P. Magnus, J. Am. Chem. Soc., 105 (1983), 2477.

141 g Shambayati, W. E. Crowe and S. L. Schreiber, Tetrahedron Lett., 31 (1990), 5289; N. Jeong, Y. K. Chung,
B.Y. Lee, S. H. Lee and S.-E. Yoo, Synlett (1991), 204.

142 S E. Gibson (née Thomas) and A. Stevenazzi, Angew. Chem. Int. Ed., 42 (2003), 1800; Y. K. Chung, Coord.
Chem. Rev., 188 (1999), 297.

143 M. Hayashi, Y. Hashimoto, Y. Yamamoto, J. Usuki and K. Saigo, Angew. Chem. Int. Ed., 39 (2000), 631.
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The formation of a cation adjacent to an alkyne is enhanced when the alkyne
is complexed to dicobalt hexacarbonyl. The metal stabilizes the propynyl cation,
hence promoting its formation and reaction with various nucleophiles (often called
the Nicholas reaction) (1.194).14 The propynyl cation is commonly generated
from the alcohol or an ether or epoxide derivative using HBF, or a Lewis acid.
Alternatively, addition of a Lewis acid to an aldehyde or acetal is effective. For
example, formation of the dicobalt complexed alkyne 190, followed by treatment
with the Lewis acid BF3-OEt; gave the intermediate propynyl cation, which was
trapped intramolecularly by the allyl silane to give the cyclic product 191 (5:1
trans:cis) (1.195).'* Subsequent Pauson—Khand reaction gave the tricyclic product
192. Heteroatom or other carbon-based nucleophiles can add to the propynyl cation.
Silyl enol ethers or other metal enolates give rise to alkylation products. Using the
chiral boron enolate 193, high selectivity for the syn product 194 was obtained,
together with essentially complete asymmetric induction (1.196).!46

R! R
R OH R + -
HBF Nu-
P — S R—= (1.194)
(CO)3Co——Co(CO)3 (CO)sCo<—"Co(CO);  then CAN, or N
Fe(NOjz)3 or
Me3NO
CAN = ceric ammonium nitrate
SiMe3
P —
gaa : i
A SN T °
CHCl co (1.195)
/ /00(00)3 80
C0);3Co
(CO)s 7500 65
o
190 191 192

o OBBu, Et

(0]
)]\ )\/Me MeO SiMes  By,BOTS )k
L ) oo [ N 9
then CAN ) 1.1
\_y (COR0“—Co(C0)s \_& Me sive,  (1.196)

193 194 >98:2 syn:anti

144 A_J. M. Caffyn and K. M. Nicholas, in Comprehensive Organometallic Chemistry II, ed. E. W. Abel, F. G. A.
Stone and G. Wilkinson, vol. 12 (Oxford: Elsevier, 1995), p. 685; C. Mukai and M. Hanaoka, Synlett (1996),
11; B. J. Teobald, Tetrahedron, 58 (2002), 4133.

145 g L. Schreiber, T. Sammakia and W. E. Crowe, J. Am. Chem. Soc., 108 (1986), 3128.

146 P A. Jacobi and W. Zheng, Tetrahedron Lett., 34 (1993), 2581.
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Another noteworthy transformation that is particularly effective with organo-
cobalt complexes is the cyclotrimerization of alkynes.!4” Co-trimerization of three
monoalkynes is not normally synthetically useful as it leads to a mixture of regioi-
somers of the product arenes. However, by tethering at least two of the alkynes and
using a third bulky alkyne that does not undergo self-condensation, then single iso-
mers of substituted bicyclic aromatic compounds can be formed in high yield. The
alkyne bis-trimethylsilyl acetylene does not self-trimerize owing to its steric bulk,
but does condense with the metallacyclopentadiene intermediate 196 formed from
the diyne 195 (1.197). The cobalt complex [CpCo(CO),] allows efficient [2+2+2]
cycloaddition with 195, n=0-2.!® The cyclotrimerization is not restricted to three
alkynes, but can be accomplished with one component as a nitrile (leading to a
pyridine)'*’ or as an alkene (leading to a cyclohexadiene).

CpCo(CO), — SiMes
Me3Si—==—SiMe; ( - jooce " (1.197)
SiMez

196

o

1

©

1.2.4 Organopalladium chemistry

Of all the transition metals, palladium has found the most widespread use in organic
synthesis. Organopalladium species tolerate many different functional groups and
promote a variety of carbon—carbon (and other) bond-forming reactions with
extremely high chemo- and regioselectivity.

Oxidative addition of palladium(0) species into unsaturated halides or triflates
provides a popular method for the formation of the o-bound organopalladium(II)
species. It is important to use an unsaturated (e.g. aryl or alkenyl) halide or tri-
flate, as B-hydride elimination of alkyl palladium species can take place readily.
Oxidative addition of palladium(0) into alkenyl halides (or triflates) occurs stere-
ospecifically with retention of configuration. The palladium is typically derived
from tetrakis(triphenylphosphine)palladium(0), [Pd(PPh3)4], or tris(dibenzylidene-
acetone)dipalladium(0), [Pd,(dba)s], or by in situ reduction of a palladium(II)
species such as [Pd(OAc);] or [Pd(PPh3),Cl;].

Organopalladium species generated by oxidative addition react with organ-
ometallic species or with compounds containing a -bond, such as alkynes
or alkenes.””® Various different organometallic species can be used, although

147 D. B. Grotjahn, in Comprehensive Organometallic Chemistry II, ed. E. W. Abel, F. G. A. Stone and G.
Wilkinson, vol. 12 (Oxford: Elsevier, 1995), p. 741.

148 K P. C. Vollhardt, Angew. Chem. Int. Ed. Engl., 23 (1984), 539.

149 G. Chelucci, Tetrahedron: Asymmetry, 6 (1995), 811.

150 5, Tsuji, Palladium Reagents, Catalysts, Innovations in Organic Synthesis (New York: Wiley, 1995).
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particularly popular is to effect an overall cross-coupling reaction using an organo-
stannane (Stille reaction).!>! Two examples of this reaction using alkenyl triflates
are shown in Schemes 1.198 and 1.199, although alkenyl, aryl and other unsaturated
halides are just as effective.

CHO
CN CN
OTf CHO
3 mol% Pd(PPhg),
+ e (1.198)
dioxane, LiCl, heat
Me3Sn

80%

oTf COEt
2 CO-Et 8 mol% Pdy(dba)s _
+ BugSn
NY AsPh3 THF, heat NHAG (1.199)
NHAc

47%

The Stille reaction is one of the most popular for cross-coupling, owing to the ease
of preparation and stability of the organostannanes. The reaction has found consid-
erable use in organic synthesis, promoting both inter- and intramolecular couplings,
even for the formation of large ring systems.'3? Polystyrene-supported palladium(0)
catalyst was used for the macrocyclization of the substrate 197 (1.200).!> Acidic
hydrolysis of the two methoxyethoxymethyl (MEM) groups in the product 198
completed a synthesis of zearalenone.

MEMO MEMO
®—Pd PPhy)
heat
. BusSn . . (1.200)
MEM MEM
54%
197 198

The mechanism for the coupling involves, after oxidative addition, transmetal-
lation of the organopalladium and organometallic species (R—M, e.g. M=SnBu3),
to generate a new organopalladium species containing two carbon—palladium
o-bonds. This then undergoes reductive elimination to give the coupled product
and regenerate the palladium(0) catalyst. The catalytic cycle is often represented
as shown in Scheme 1.201 (ligands on palladium omitted for clarity, X = halogen
or OTf).1>*

151 v Farina, V. Krishnamurthy and W. J. Scott, Org. Reactions, 50 (1997), 1; J. K. Stille, Angew. Chem. Int. Ed.
Engl., 25 (1986), 508.

1532 M. A.J. Duncton and G. Pattenden, J. Chem. Soc., Perkin Trans. 1 (1999), 1235.

153 A. Kalivretenos, J. K. Stille and L. S. Hegedus, J. Org. Chem., 56 (1991), 2883.

154 C. Amatore and A. Jutand, Acc. Chem. Res., 33 (2000), 314.
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N -~
Pd(0)

Reductive Elimination ) Oxidative Addition
i (1.201)
/ﬁ/ Pd /ﬁ/ PdX
199

R-M

Transmetallation

M-X

The transmetallation is normally the slow step, such that the organic halide or tri-
flate must be chosen to avoid more-rapid 3-hydride elimination of the intermediate
organopalladium(II) species 199. The organometallic species can, however, have a
wide variety of structures as reductive elimination occurs faster than B-elimination.
In practice, transmetallation is best with unsaturated organometallics, such as
alkynyl-, alkenyl- or arylstannanes, although saturated alkyl zinc reagents can pro-
mote effective cross-coupling (see Section 1.1.7, Schemes 1.139 and 1.140).'%7 The
choice of halide or triflate is also important. Unsaturated iodides are normally most
reactive. Cross-couplings with unsaturated bromides or triflates normally work well,
especially in the presence of an additive such as LiCl. Recently, it has been found
that the less-reactive aryl chlorides can be coupled using electron-rich phosphine
ligands such as tri-tert-butylphosphine, P(t-Bu)z.!>

If the coupling reaction is carried out in the presence of carbon monoxide,
insertion of CO into the intermediate organopalladium(II) species 199 occurs. This
generates an acyl palladium(Il) species that undergoes transmetallation with the
organometallic species, leading to a ketone product (1.202).

Me Me Me Me O

OTf Pd(PPhs)s
—_—

. N -SiMes
MesSn CO, THF, LiCI

| (1.202)

Me 87% Me SiMes
Organoboron reagents can be used as the organometallic partner in the cross-

coupling (Suzuki reaction).!® This reaction is attractive as it avoids the formation

155 A, F Littke and G. C. Fu, Angew. Chem. Int. Ed., 41 (2002), 4176; A. F. Littke, L. Schwarz and G. C. Fu,
J. Am. Chem. Soc., 124 (2002), 6343.
156 N. Miyaura and A. Suzuki, Chem. Rev., 95 (1995), 2457.
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of toxic trialkyltin halide by-products. In addition, alkenyl boronate species can be
prepared easily by hydroboration of alkynes. Boronate esters or boronic acids can be
used in the coupling reaction. Suzuki cross-couplings (1.203) are best performed in
the presence of a base, which is thought to react with the organoboron species to form
a more-reactive borate complex, thereby enhancing the rate of transmetallation.

Ph Ph

B O /§/04H9 Pd(PPhg)s K/VCH
&r + :/< B oo e X% (1 903

O’ PhH, NaOEt, heat

86%

Like the Stille reaction, unsaturated iodides react fastest, although bromides
and triflates can be used. Unsaturated chlorides react very slowly and need high
temperatures, although electron-rich phosphine ligands promote their coupling.'>’
By using tri-tert-butylphosphine as the ligand, cross-coupling with aryl chlorides
can take place even at room temperature. The chloride reacts in preference to the
triflate (1.204).

0 Cl + (HO)B Pdz(dba)s O 1.204
z P('Bu)s, THF (1.204)
room temp.

M M
© 95% ©

Coupling reactions of alkyl boranes, formed by hydroboration of alkenes, with
unsaturated halides (or triflates or phosphonates) is possible, and this reaction is
finding increasing use in synthesis.!>® For example, coupling of the alkyl borane
derived from hydroboration (with 9-borobicyclo[3.3.1]nonane, 9-BBN) of the
alkene 200 with the alkenyl iodide 201 gave the substituted cyclopentene 202, used
in a synthesis of prostaglandin E; (1.205). This type of B-alkyl Suzuki coupling
reaction is very useful for the synthesis of substituted alkenes.

o

BN CO,Me

"

oM D TEEE (1.205)
i, [PAClo(dppf)]

Ph3zAs, Cs,CO3 3
DMF, THF, H,0 OSiMe,Bu
o

200 ;t | 70% 202

BuMe,SIO 201

157 V. V. Grushin and H. Alper, Chem. Rev., 94 (1994), 1047; D. W. Old, J. P. Wolfe and S. L. Buchwald, J. Am.
Chem. Soc., 120 (1998), 9722; A. F. Littke, C. Dai and G. C. Fu, J. Am. Chem. Soc., 122 (2000), 4020; see
also Reference 154.

158§ R. Chemler, D. Trauner and S. J. Danishefsky, Angew. Chem. Int. Ed., 40 (2001), 4544.
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Remarkably, cross-couplings of alkyl boranes with alkyl bromides or even chlo-
rides are possible using the catalyst [Pd,(dba)s] and the ligand tricyclohexylphos-
phine, PCy; (Cy = C¢Hj).!> For example, the alkyl chloride 203 was coupled to
the alkyl borane 204 (prepared by chemoselective hydroboration with 9-BBN; see
Section 5.1) to give the product 205 (1.206). The [Pd,(dba);]/PCyj; catalyst system
overcomes the normally slow oxidative addition of the alkyl halide to the palladium
and promotes cross-coupling to alkyl boranes in preference to 3-hydride elimina-
tion. Such B-alkyl Suzuki reactions are likely to be used as key carbon—carbon
bond-forming reactions in future synthetic sequences.

cl
5 mol% [Pdy(dba)s]

. STOR TSRy (1.206)

20 mol% PCy;
CsOH+H,0
OSiMe,Bu dioxane, 90 °C 0SiMe,Bu

203 204 73% 205

Organozinc, organomagnesium or other organometallic species can be effective
partners in palladium-catalysed coupling reactions. Metals other than palladium(0),
such as nickel(0) or copper(I) (see Section 1.2.1), can alternatively be used to
promote cross-coupling of unsaturated halides and organometallic species.'®

A convenient method for coupling alkynes to unsaturated halides or triflates is
the Sonogashira reaction.!®! This uses a terminal alkyne with a copper(I) salt as
co-catalyst. An intermediate alkynyl copper species is generated that effects the
transmetallation process with the organopalladium(II) species 199 (1.201), follow-
ing the same catalytic cycle as the Stille and Suzuki reactions. Cross-couplings
with aryl halides or triflates using copper(I) iodide at room temperature (or on mild
heating) give rise to arylalkynes (1.207). An amine is added to act as a base (to
aid formation of the alkynyl copper species) and to reduce the palladium(II) pre-
catalyst to the required palladium(0) complex. Additives such as BuyNI or P(t-Bu);

can promote low-temperature Sonogashira cross-coupling reactions.'®?

Pd(PPhg).Cl
| H—=——SiMe, — Ml —siMe;  (1.207)
Cul, Et;NH, 30 °C

NHz 68% NHz

159 M. R. Netherton, C. Dai, K. Neuschiitz and G. C. Fu, J. Am. Chem. Soc., 123 (2001), 10099; J. H. Kirchhoff,
C. Dai and G. C. Fu, Angew. Chem. Int. Ed., 41 (2002), 1945.

160 G, D. Allred and L. S. Liebeskind, J. Am. Chem. Soc., 118 (1996), 2748; V. P. W. Bohm, T. Weskamp,

C. W. K. Gstottmayr and W. A. Herrmann, Angew. Chem. Int. Ed., 39 (2000), 1602.

K. Sonogashira, in Comprehensive Organic Synthesis, ed. B. M. Trost and I. Fleming, vol. 3 (Oxford: Pergamon

Press, 1991), p. 521.

162 g Negishi and L. Anastasia, Chem. Rev., 103 (2003), 1979; R. R. Tykwinski, Angew. Chem. Int. Ed., 42
(2003), 1566.
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Cross-couplings with alkenyl halides (or triflates) give rise to enynes. This has
found particular application in the preparation of enediyne compounds, present
in antitumor agents such as neocarzinostatin and calicheamicin. Two consecutive
Sonogashira cross-coupling reactions with Z-1,2-dichloroethene using 2.5 mol%
palladium(0) and 5 mol% copper(I) gave the enediyne 206, which was used to
prepare the core structures of calicheamicinone and dynemicin A (1.208).'%* Cross-

couplings of two alkynes (Glaser reaction) provides diynes.'%*
OTHP OTHP
o Z . Z
Pd(PPh. — —SiMe,
[ R PP ] " (1.208)
oryp Cul BUNHz Pd(PPha)a
cl ¢ Cul, BuNH, A
72% 0% SiMe;

THP = Y(j 206
o

One of the most important transformations catalysed by palladium is the Heck
reaction.'®®> Oxidative addition of palladium(0) into an unsaturated halide (or tri-
flate), followed by reaction with an alkene, leads to overall substitution of a vinylic
(or allylic) hydrogen atom with the unsaturated group. For example, formation
of cinnamic acid derivatives from aromatic halides and acrylic acid or acrylate
esters is possible (1.209). Unsaturated iodides react faster than the corresponding
bromides and do not require a phosphine ligand. With an aryl bromide, the lig-
and tri-o-tolylphosphine is effective (1.210).!% The addition of a metal halide or
tetra-alkylammonium halide can promote the Heck reaction. Acceleration of the
coupling can also be achieved in the presence of silver(I) or thallium(I) salts, or by
using electron-rich phosphines such as tri-tert-butylphosphine. !¢’

Br.
/\ OAC
\©\. r T oM T \©\A (1.209)

68%

Br
Pd OAc),
| "
N (o MeCgHa)s
100 °C

(1.210)

78%

163 p. Magnus, S. A. Eisenbeis, R. A. Fairhurst, T. Iliadis, N. A. Magnus and D. Parry, J. Am. Chem. Soc., 119
(1997), 5591.

64 P Siemsen, R. C. Livingston and F. Diederich, Angew. Chem. Int. Ed., 39 (2000), 2632.

165 R F. Heck, Org. Reactions, 27 (1982), 345; A. de Meijere and F. E. Meyer, Angew. Chem. Int. Ed. Engl., 33
(1994), 2379; L. P. Beletskaya and A. V. Cheprakov, Chem. Rev., 100 (2000), 3009.

166 For Heck reactions of aryl bromides and chlorides, see N. J. Whitcombe, K. K. Hii and S. E. Gibson, Tetra-
hedron, 57 (2001), 7449.

167 A F. Littke and G. C. Fu, J. Am. Chem. Soc., 123 (2001), 6989; see also Reference 154.
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The reaction is thought to proceed by co-ordination of the alkene with the
organopalladium(II) species, followed by carbopalladation. Subsequent 3-hydride
elimination regenerates an alkene and releases palladium(II). This is reduced
(reductive elimination) to palladium(0) in the presence of a base, to allow fur-
ther oxidative addition and continuation of the cycle (1.211). The carbopalladation
and B-hydride elimination steps occur syn selectively. Excellent regioselectivity,
even for intermolecular reactions, is often observed, with the palladium normally
adding to the internal position of terminal alkenes (except when the alkene sub-
stituent is electron-rich as in enamines or enol derivatives), thereby leading to linear
substitution products.

Reductive Elmnatonrj W (Oxidative Addition )

H-Pd(11)— R-Pd(ll)- (1.211)
/k ||) X)\/\R
B hydride elimination Carboalladatlon

A mixture of alkenes can result when there is a choice of 3-hydrogen atoms for
the B-hydride elimination step. As the elimination is reversible, there is a preference
for the formation of the more stable alkene. For example, Heck reaction between
iodobenzene and the allylic alcohol 207 gave the intermediate organopalladium(II)
species 208. 3-Hydride elimination to the more stable enol results (after enol-keto
tautomerism) in the formation of the ketone 209 (1.212).168

Pd-X
Ph
|i>70 Phl Ph \Ii>:o
H —— | | Suw OH
5 mol% Pd(OAc), (1.212)
KOAc, DMF, 60 °C 88%
207 208 209

Intramolecular Heck reactions are particularly efficient and have been used
considerably in organic synthesis.!®® In situ reduction of palladium acetate and
oxidative addition of the resulting palladium(0) into the aryl iodide 210 gave an

168 R. C. Larock, E. K. Yum and H. Yang, Tetrahedron, 50 (1994), 305.
169 g Negishi, C. Copéret, S. Ma, S.-Y. Liou and F. Liu, Chem. Rev., 96 (1996), 365; J. T. Link, Org. Reactions,
60 (2002), 157.
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intermediate organopalladium(Il) species. Cyclization onto the alkene generates a
six-membered ring and a new organopalladium(Il) species, which undergoes [3-
hydride elimination to give the alkene 211, used in a synthesis of tazettine
(1.213).170

An efficient synthesis of the alkaloid strychnine makes good use of an intramolec-
ular Heck reaction. Oxidative addition of palladium(0) into the alkenyl iodide 212
and cyclization onto the cyclohexene gave, after B-hydride elimination and silyl
deprotection, isostrychnine 213 (1.214).!7! Isomerization of the new alkene to give
the enone and cyclization of the alcohol onto the enone gives strychnine.

10 mol% Pd(OAc) (1.213)
PPh3 Ag2CO3
NHCO,Me THF, 56 °C
70%

OSiMe,Bu (1.214)
Bu4NCI, KoCO3

DMF, 70 °C
then HCI, THF

i ! 30 mol% Pd(OAc)2

71%

In the presence of a chiral ligand, asymmetric Heck reactions can be carried
out.'”? The axially-chiral bisphosphine ligand (R)- or (S)-BINAP promotes good to
excellent levels of enantioselectivity in intramolecular Heck reactions. For example,
insertion of palladium into the aryl iodide 214 followed by cyclization gave the

indolinone 215 in high enantiomeric excess, used in a synthesis of physostigmine
(1.215).173

170 M. M. Abelman, L. E. Overman and V. D. Tran, J. Am. Chem. Soc., 112 (1990), 6959.

171 V. H. Rawal and S. Iwasa, J. Org. Chem., 59 (1994), 2685.

172 A. B. Dounay and L. E. Overman, Chem. Rev., 103 (2003), 2945; M. Shibasaki and E. M. Vogl, J. Organomet.
Chem., 576 (1999), 1 (see also other articles in this issue on organopalladium chemistry).

173 T, Matsuura, L. E. Overman and D. J. Poon, J. Am. Chem. Soc., 120 (1998), 6500.
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Me

MeO | Me MeO ero
10 mol% Pdy(dba)3*CHCI
=\__osipr, 12Mmol% Pdz(dba)s-CHCl, (1.215)
23 mol% (S)-BINAP v o

'i‘ , RsN, MeCONMe;, 100 °C |
Me then HCI, THF Me
96% ee
214 84% 215

Oe PPh,
g g PPh,

The Heck reaction, in which (3-hydride elimination is disfavoured or not pos-
sible (e.g. for lack of B-hydrogen atom), is useful since further carbon—carbon
bond formation can be promoted using the organopalladium(Il) intermediate. The
second carbon—carbon bond can be formed intramolecularly, by using a suit-
ably positioned alkene or alkyne (as in an impressive synthesis of the steroid
ring system in Scheme 1.216), or intermolecularly, for example by trapping the

(S)-BINAP

organopalladium(Il) species with carbon monoxide to give an ester (1.217). The
conversion of unsaturated halides or triflates to the corresponding carboxylic esters
(carbonylation), using CO insertion with an alcoholic co-solvent, is a useful trans-
formation in organic synthesis.

EtO,C 3 mol% Pd( PPhg EtO.C, 1216
EtO,C EtaN MeCN, reflux EtO,C ( )

76%

Me
M
5 mol% Pdy(PPhy),Cly_ oo
TGO (1atm), MeOH N (1.217)
TI(OAc), 65 °C
sozph SOzPh

91%

Trapping the organopalladium(II) species, generated by oxidative addition of pal-
ladium(0) into an unsaturated halide or triflate, with an organostannane (Stille reac-
tion), an organoborane (Suzuki reaction), an organozinc species (Negishi reaction),
an alkynyl metal species (Sonogashira reaction) or an alkene (Heck reaction) have
been described above. Enolates can also be used as the nucleophilic component in
such reactions. For example, the a-arylation of tert-butyl esters with aryl bromides
proceeds in good yield using catalytic PA(OAc), and an electron-rich phosphine
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ligand.!”* Thus, the non-steroidal anti-inflammatory agent naproxen, as its tert-butyl
ester, was prepared using the ligand 216 (1.218).

Although this chapter concentrates on carbon—carbon bond-forming reactions, it
is worth pointing out that the use of organopalladium(II) species for the formation
of a carbon-heteroatom bond, particularly a C—N bond, using an amine nucleophile
is a popular reaction in organic synthesis.!”> Using an aryl halide (or triflate) as the
coupling partner, the method allows the preparation of aryl amines and has found
considerable use for the formation of biologically active molecules.

Br Me COLB
LHMDS PhMe, 80 °C 0O,'Bu
- L (1.218)
cO,Bu T 3mol% Pd(OA)
MeO

6.3 mol% 216
I PCy,
l NMe;

216

74%

Another important class of organopalladium(II) compounds is based on m-allyl
palladium complexes, in which an allyl ligand is co-ordinated n* to palladium.
The most common method for the formation of these complexes is from the cor-
responding allylic acetate (or carbonate or other leaving group) and palladium(0).
The cationic m-allyl palladium complexes 217 are attacked by a variety of nucle-
ophiles, including amines and soft carbon nucleophiles with pK, values in the range
10-17, such as the anion of diethyl malonate. After nucleophilic attack, a palla-
dium(0) complex is produced, which interacts with the allylic substrate to release
the product, regenerate the m-allyl palladium complex 217 and continue the cycle
(1.219).176

174 G. C. Lloyd-Jones, Angew. Chem. Int. Ed., 41 (2002), 953; W. A. Moradi and S. L. Buchwald, J. Am. Chem.
Soc., 123 (2001), 7996; M. Jgrgensen, S. Lee, X, Liu, J. P. Wolkowski and J. F. Hartwig, J. Am. Chem. Soc.,
124 (2002), 12557; D. A. Culkin and J. F. Hartwig, Acc. Chem. Res., 36 (2003), 234.

175 D. Prim, J.-M. Campagne, D. Joseph and B. Andrioletti, Tetrahedron, 58 (2002), 2041; B. H. Yang and
S. L. Buchwald, J. Organomet. Chem., 576 (1999), 125; J. F. Hartwig, Angew. Chem. Int. Ed., 37 (1998),
2046.

176 A. Heumann and M. Réglier, Tetrahedron, 51 (1995), 975; P. J. Harrington, in Comprehensive Organometal-
lic Chemistry II, ed. E. W. Abel, F. G. A. Stone and G. Wilkinson, vol. 12 (Oxford: Elsevier, 1995),
p- 797.
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[PdOL,]
Nu~

P o~ N

(1.219)

[PAOL,]

///\ —l /\/ Nu
Nu~ ©)
Pd Pd
e \l_ L/ \L

Organometallic reagents are generally thought of as nucleophilic, but it should
be noted that these m-allyl palladium complexes are electrophilic and react with
nucleophiles. Stabilized carbanions or enolates react best, and the use of hard
anions, such as those in alkyllithium or Grignard reagents, leads to attack on the
palladium rather than the allyl group. With an unsymmetrical m-allyl palladium
complex, reaction can take place at either end of the allyl system, although attack at
the less-substituted (less sterically hindered) position normally predominates. For
example, substitution of the allylic acetate 218 can be effected using this chemistry,
in preference to the normally more-reactive bromide (1.220).

OCOMe
Pd(PPh3)4
BTW —_— Br \ CO,Et
NaCH(CO,Et), W 2 (1.220)
THF

CO,Et
218

These palladium-catalysed displacements are highly stereoselective and take
place with overall retention of configuration. The retention of configuration is, in
fact, the result of a double inversion. Displacement of the leaving group by the
palladium to form the 7r-allyl palladium complex takes place with inversion of
configuration; subsequent attack by the nucleophile on the side opposite the bulky
palladium leads again to inversion, with resulting retention of configuration in the
product (1.221). Hence, alkylation of the alkenyl epoxide 219 with the malonate
220 occurs to give exclusively the cis product 221 (1.222). A key step in a synthesis
of the insect moulting hormone ecdysone involved the controlled conversion of the
allylic acetate 222 into 223 with retention of configuration (1.223).
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CO,Me CO,Me
_ Pd(PPhg),
NaCH (CO2Me)2
OCOMe H(CO2Me),

(1.221)

CO,Me CO,Me

_ Pd(PPhg)s
NaCH (COMe),
“"0COMe " CH(COMe),
=
// HO
Pda(dba)z+CHCI COM
) - orPCHCHP boane . (1:222)
S PhoPCH,CHoPPh, 2Vie
MeO,C COMe
55%
219 220 221
Me,
“ OCOMe
Me
Pd(PPhs)4
— (1.223)
NaCH(CO,Me)SO,Ph
[VaVaVal [VaVaVa)
222 223

Significant advances have been made in asymmetric nucleophilic additions to -
allyl palladium complexes using chiral ligands.!”” Substitution of allylic acetates in
the presence of the chiral phosphine ligand 224 (or other chiral phosphine ligands)
can occur with very high levels of enantioselection (1.224).!”® The reaction works
best with diaryl-substituted allylic acetates.

MeO,C COsMe

OCOMe /\I
[Pd(n®-C3Hs)Cll
Ph/\)\ Ph oo Ko P N (1.224)

CH(COzMe),, KOAC

o 98% 98% ee

I
PhoP N

224

-

177 B. M. Trost and M. L. Crawley, Chem. Rev., 103 (2003), 2921; B. M. Trost and D. L. Van Vranken, Chem.
Rev., 96 (1996), 395.
178 G. Helmchen and A. Pfaltz, Acc. Chem. Res., 33 (2000), 336; J. M. J. Williams, Synlett (1996), 705.
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Interception of the m-allyl palladium complex by soft nucleophiles, particularly
malonates, has been described above. Alkenes, alkynes and carbon monoxide can
also insert into the mr-allyl palladium complex, generating a o-alkyl palladium
species. When an internal alkene is involved, a useful cyclization reaction takes
place (sometimes called a palladium-ene reaction).!”® Addition of palladium(0) to
the allylic acetate 225 gave the cyclic product 226 (1.225).'80 The reaction pro-
ceeds via the m-allyl palladium complex (formed with inversion of configuration),
followed by insertion of the alkene cis- to the palladium and 3-hydride elimination.
In some cases it is possible to trap the o-alkyl palladium species with, for example,
carbon monoxide.

1 mol% Pd(PPhg)s
—_—

(1.225)
AcOH, 70 °C

58%

Problems (answers can be found on page 466)

1. Suggest a method for the conversion of pentan-2-one to hexan-3-one and of pentan-2-one
to 3-methylpentan-2-one.
2. Suggest a method for the preparation of the following compounds.
0 Ph o]
(a) NO, (b) (©)

/
o

\

Me (0] N Ph
CO.Et

179 W. Oppolzer, Angew. Chem. Int. Ed. Engl., 28 (1989), 38.
180 W, Oppolzer, T. N. Birkinshaw and G. Bernardinelli, Tetrahedron Lett., 31 (1990), 6995.
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3. Explain the formation of the product 1.
o} OH o}

i, 2 equiv. TiClg, BugNI
Me CGH13 Me
ii, CeH13CHO

iii, H3O* |

80% 1

4. The asymmetric aldol reaction using the Evans oxazolidinone auxiliary has been used
in a number of syntheses. Suggest reagents for the preparation of the imide 2, used
in a synthesis of cytovaricin and explain the stereoselectivity of this reaction. Suggest
how you would obtain the other syn aldol product and explain the difference in the

stereoselectivity.

o} o OH o]

M CHO MWJ\
e LA e I
M H 92% Me H

Me Ph

(e}

5. Explain the formation of the a-chloro-aldehyde 3.

o OMe + -
Me;S. __Cl ~OT

O
Ph‘\\\\ko‘\\\‘ DBU

.
\\\\

6. Suggest a method for the formation of the organolithium compound LiCH,OMOM,
shown below. Draw the structure of the major product from addition of the aldehyde
2-phenylpropanal to this organolithium compound and explain the stereoselectivity.

Me

N ATN )\ — ?
Li O OMe + Ph CHO !

7. Explain why the alcohol § is the major diastereomer in the addition of isopropyl magne-
sium bromide to the ketone 4. Account for the formation of the alcohol 6 in this reaction
and explain the stereochemistry of this product.

Me ipr Me HO H

Me ]
,L 'PngBr
P T TMe

H Me
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8. Explain the regioselectivity in the formation of the pyrazine 7 and explain the formation
of the pyrazine 8, used in a route to the pesticide septorin.

OH OH
N . N N
2 I i, LiTMP -~ | SBuZnBr -z
X i, OHC NS [PdCl>(dppf)] N
N’ \©\ 17N el OMOM N’ OMOM
o OMOM
iii, LITMP 7 8
iv, Io

LITMP = Li—N

9. Draw the structure of the product from the reaction shown below.

0 Ph
+ Br\/§ 24n> ?
’i‘ Ph THF

Boc

10. Draw the structures of the intermediates in the formation of the disubstituted cyclopen-
tane 9.

Ph Ph

@/ i, Et,BH O/
ii, Prozn ,
iii, CUCN<2LiCl R
v, B
9

11. Draw the structure of the product 11 from treatment of the alkenyl bromide 10 with
chromium(II) chloride.

O
CrCly, NiCly PDC —
AN — T —— "1 —
DMF, room temp.
O Br

10 cis-jasmone

12. Draw the structure of the cobalt complex 12 and explain the formation of the rearranged
product 13 on treatment with the Lewis acid TiCly.
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0 [Cox(CO)e] TiCly
_— 12 —

A S
Bu

13. Draw the structures of the products of the following reactions.

: Pd(PPhg)s
MesSi sMes 0SO,CF3 ——— >
CONHEY
B(OH);

Br

rm— Pd(PPh3).Cl.
=\ . Bra A o (PPh3)2Clo
OH Cul, Eto;NH

14. Explain the formation of the product 14 by drawing the structures of the intermediates.
(Hint: m-allyl palladium and Heck reactions are involved.)

EtO,C COEt 5 mol% Pd(OAc),

PhsP, NaH, THF

(¢}
Br
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Formation of carbon—carbon double bonds

The formation of carbon—carbon double bonds is important in organic synthesis,
not only for the obvious reason that the compound being synthesized may contain a
double bond, but also because formation of the double bond allows the introduction
of a wide variety of functional groups. Methods to construct alkenes! are given in
this chapter and some reactions that functionalize alkenes are given in Chapter 5.
The formation of carbon—carbon double bonds by pericyclic reactions (such as
cycloaddition reactions or sigmatropic rearrangements) are discussed in Chapter 3.
Methods for the formation of alkenes in which the key step involves preparing
the adjacent carbon—carbon single bond are given in Chapter 1 (see for example,
Section 1.2.4).

This chapter is divided into reactions that give the alkene m-bond from substrates
containing a C—C single bond (typically by elimination) (Sections 2.1-2.5), or from
an alkyne substrate (Section 2.6), or from two different precursors in which both
the o - and the m-bonds are formed (Sections 2.7-2.10).

2.1 B-Elimination reactions

One of the most commonly used methods for forming carbon—carbon double bonds
is by B-elimination reactions of the types shown in Scheme 2.1, where X = e.g.
OH, OCOR, halogen, OSO,R, TNR3, etc. Included among these reactions are acid-
catalysed dehydrations of alcohols, solvolytic and base-induced eliminations from
alkyl halides or sulfonates and the Hofmann elimination from quaternary ammo-
nium salts.? They proceed by both E2 (elimination bimolecular) and E1 (elimination

U Preparation of Alkenes, A Practical Approach, ed. J. M. J. Williams (Oxford: Oxford University Press, 1996);
S. E. Kelly, in Comprehensive Organic Synthesis, ed. B. M. Trost and I. Fleming, vol. 1 (Oxford: Pergamon
Press, 1991), p. 729.

2 A. Krebs and J. Swienty-Busch, in Comprehensive Organic Synthesis, ed. B. M. Trost and 1. Fleming, vol. 6
(Oxford: Pergamon Press, 1991), p. 949.
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unimolecular) mechanisms. A third mechanism, involving initial proton abstraction
as the rate-determining step, followed by loss of X~ is termed E1cB.

Bi/\H

\’a_g/ E2 \C:C/

TS /A
H B:/\‘H /
/\c—c/ B )@—5( R —— \c:c 2.1
[ R / /N

B:/\H

/\8—0/\/ _ BB _ /é_c;/\/ _ \c:c/
I X [ / N\

B-Elimination reactions, although often used, leave much to be desired as syn-
thetic procedures. One disadvantage is that in many cases elimination can take
place in more than one way, so that mixtures of products, including mixtures of
geometrical isomers, may be obtained. The direction of elimination in unsymmet-
rical compounds is governed largely by the nature of the leaving group, but may
be influenced to some extent by the experimental conditions. It is found in gen-
eral that acid-catalysed dehydration of alcohols and other E1 eliminations, as well
as eliminations from alkyl halides and sulfonates with base, give the more highly
substituted alkene as the major product (the Saytzeff or Zaitsev rule), whereas base-
induced eliminations from quaternary ammonium salts and from sulfonium salts
give predominantly the less-substituted alkene (the Hofmann rule) (2.2).

CH
/e NaOFEt
CH,-CH —— > CH3CH=CHCH; + CH3CH,CH=CH,
/ \ EtOH
HaC Br 81 : 19
2.2)
CH3
KOH, H,0O
CHQ‘CH 130 °C CgHsCH:CHCHS + CgH5CHZCH:CH2
CoHs *NMegz 1~ 2 . 98

Exceptions to these rules are not uncommon, however. If there is a conjugating
substituent at one [3-carbon atom, then elimination will take place towards that
carbon atom to give the conjugated alkene, irrespective of the method used. For
example, trans-(2-phenylcyclohexyl)trimethylammonium hydroxide on Hofmann
elimination gives 1-phenylcyclohexene exclusively. Another exception is found in
the elimination of HCl from 2-chloro-2,4,4-trimethylpentane 1, which gives mainly
the terminal alkene product (2.3). In this case it is thought that the transition state
leading to the expected Saytzeff product is destabilized by steric interaction between
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a methyl group and the tert-butyl substituent.

/CH3 H\ /CHQ /CHs
CH,—c—CHs  _base _ c—=C¢ N CH,—C
/ / A (2.3)
HaC—C\ cl HsC —/C\ CHj3 Hsc_/C\ CH,
HoC M Hoc  CHs He  CHs
! 19 8

An additional disadvantage of E1 eliminations (such as acid-catalysed dehy-
dration of alcohols) which proceed through an intermediate carbocation, is that
elimination is frequently accompanied by rearrangement of the carbon skeleton.
Thus, if the alcohol camphenilol 2 is treated with acid, the alkene santene 3 is
formed (2.4). Protonation of the alcohol and formation of the secondary carbo-
cation, followed by migration of a methyl group generates a more stable tertiary
carbocation; loss of a proton then gives the alkene 3.

CHs
H+ CHa

CHs 2.4)
OH CHs

2 3

Base-induced eliminations from alkyl halides or sulfonates and the Hofmann
reaction with quaternary ammonium salts are generally anti elimination processes,
such that the hydrogen atom and the leaving group depart from opposite sides of
the incipient double bond. This is borne out in the stereochemical course of the
reaction, in which one diastereomer eliminates to the E-alkene and the other to
the Z-alkene. For example, the quaternary ammonium salts derived from syn- and
anti-1,2-diphenylpropylamine were found to undergo stereoselective elimination on
treatment with sodium ethoxide in ethanol (2.5). In agreement with the relatively
rigid requirements of the transition state, the anti isomer, in which the phenyl groups
become eclipsed in the transition state, reacts more slowly than the syn isomer.

. H

Megl\i H Ph H H

Ph % B NaOEt Ph
= —_—
N Ph Me Ph fast Ph
Me H yMes Me
syn
2.5)
+ H

"_! NMe3

nj
>
[}

Ph
H Ph
Ph NaOEt Ph
$ = H
B | Me Ph slow

Me
lllMe:;
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For stereoelectronic reasons, elimination takes place most readily when the
hydrogen atom and the leaving group are in an antiperiplanar arrangement, such
that orbital overlap is maximized. A number of syn eliminations have also been
observed, in which the hydrogen atom and the leaving group are eclipsed. In open-
chain compounds, the molecule can usually adopt a conformation in which H and
X are antiperiplanar, but in cyclic systems this may not be the case, or the lowest
energy conformation may not have H and X aligned antiperiplanar. In cyclohexyl
derivatives, antiplanarity of the leaving groups requires that they be diaxial, even
if this is a less-stable conformation. Menthyl chloride 4, on treatment with sodium
ethoxide in ethanol, gives only 2-menthene, whereas neomenthyl chloride 5 gives
a mixture of 2- and 3-menthene, in which the Saytzeff product predominates (2.6).
The elimination from 4 is much slower than that from 5 because the molecule has
to adopt an unfavourable conformation with axial substituents before elimination
can take place.

H Me
H . cl
'Pr NaOEt i
. - TR
H slow
H
H H H iPr only
4
2.6
., 2.6)
H .
1 . N
Me H Pro NaOEt_ e wilPr + Me iPr
fast
H
H Cl

25 : 75

Syn eliminations may occur in compounds that cannot adopt a conformation in
which the H and X groups are antiperiplanar. This is apparent in some bridged
bicyclic compounds, where anti elimination is disfavoured by steric or conforma-
tional factors (2.7), and in compounds where a strongly electron-attracting sub-
stituent on the (3-carbon atom favours elimination in that direction, outweighing
other effects. Elimination by a syn pathway preserves the requirement for copla-
narity of the breaking o-bonds; however, in most cases anti elimination is preferred.

D
M 2.7
4 _
¥ HO H
In spite of the disadvantages, acid-catalysed dehydration of alcohols and base-
induced eliminations from halides and sulfonates are used widely in the prepa-
ration of alkenes. Typical bases include alkali-metal hydroxides and alkoxides,
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as well as organic bases such as pyridine and triethylamine. Good results have
been obtained using the base 1,8-diazabicyclo[5.4.0]Jundec-7-ene (DBU) 6 and the
related 1,5-diazabicyclo[4.3.0]non-5-ene (DBN). For example, elimination of the
mesylate 7 gave the unsaturated aldehyde 8 (2.8).

OHC 6 OHC
CO,Me coMe  (2.8)
N PhH |

‘\/‘ MsO
OMe OMe

6 7 Ms = SO,Me 8

Base-induced elimination of epoxides to allylic alcohols is a general and useful
reaction that can proceed with good regio- and stereochemical control.?> A strong
base such as lithium diethylamide, or other metal dialkylamide, is often used, as in
the regioselective ring-opening of the epoxide 9 (2.9). In this case, the base removes
the less-hindered endocyclic C—H to effect the elimination. Using a meso epoxide
and a chiral amine, asymmetric ring-opening can be promoted with good levels
of enantioselectivity.* For example, the chiral diamine 10 is deprotonated by LDA
and is an effective catalyst that selects one of the two enantiotopic protons of meso
epoxides such as cyclohexene oxide (2.10).°

o LiNE,
_ HNER
2.9
Etgo -hexane
reflux
9 84%
LDA, DBU (| 6)
THF, 0 °C

b‘\ 91% 96% ee
O
5 mol% 10

A common method for forming alkenes by [3-elimination involves the dehydra-
tion of an aldol product (see Section 1.1.3). Under appropriate conditions or with
suitable substituents, both the aldol reaction and the dehydration steps can be carried
out in the same pot. For example, elimination occurs in situ to give the conjugated
alkene chalcone, on aldol condensation between acetophenone and benzaldehyde
(2.11). This reaction works well, as only one component (acetophenone) is enoliz-
able and as benzaldehyde is more electrophilic. Mixtures of products result from

(2.10)

3 J. K. Crandall and M. Apparu, Org. Reactions, 29 (1983), 345.
4 P. O’Brien, J. Chem. Soc., Perkin Trans. 1 (1998), 1439; J. Eames, Eur: J. Org. Chem. (2002), 393.
5 M. I. Sodergren, S. K. Bertilsson and P. G. Andersson, J. Am. Chem. Soc., 122 (2000), 6610.
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aldol condensations between two carbonyl compounds of similar acidity or elec-
trophilicity. Intramolecular aldol reaction followed by dehydration is a useful
method for the formation of cyclopentenone and cyclohexenone products (see also
the Robinson annulation, Section 1.1.2).

o) o) OH o)
PR NaoE M Mo e
+ PhCHO - P .
Ph CH EtOH Ph Ph Ph Ph

° 90%

The product from the addition of an enolate of a 1,3-dicarbonyl-type com-
pound with an aldehyde (or ketone) dehydrates readily to give the a,[3-unsaturated
dicarbonyl product. This is known as the Knoevenagel condensation reaction,
typically carried out under mild conditions with an amine base, and is a useful
method for the formation of alkenes bearing electron-withdrawing substituents (see
Section 1.1.3).

An alternative method for the formation of an a,3-unsaturated carbonyl com-
pound is the elimination of an initially formed Mannich product. The procedure is
particularly effective for the formation of 3,3-bis(unsubstituted) o,3-unsaturated
carbonyl compounds. The Mannich product 11 can be formed in the presence of a
secondary amine and a non-enolizable aldehyde such as formaldehyde (2.12).° The
Mannich reaction is a useful carbon—carbon bond-forming reaction and the products
have found application in the synthesis of, in particular, alkaloid ring systems. The
Mannich product may eliminate under the reaction conditions, or can be alkylated
to form the quaternary ammonium salt in order to induce elimination. A conve-
nient variation of this method is the use of Eschenmoser’s salt, H;C=NMe, T X~.
For example, Nicolaou’s synthesis of hemibrevetoxin B used this salt in order to
introduce the required methylene unit a- to the aldehyde 12 (2.13).” The same trans-
formation with the corresponding methyl ester, which is less acidic, requires prior
enolization with a strong base (e.g. NaN(SiMe3),) and subsequent quaternization
of the tertiary amine with iodomethane and elimination using DBU.

(0]

(@] (o]
R,NH
+ CH,O — ™ \ -
R)H R NR'2 RJ\I/ (2.12)
i

R R
"

6 M. Arend, B. Westermann and N. Risch, Angew. Chem. Int. Ed., 37 (1998), 1044; E. F. Kleinman, in Com-
prehensive Organic Synthesis, ed. B. M. Trost and I. Fleming, vol. 2 (Oxford: Pergamon Press, 1991),
p- 893.

7 K. C. Nicolaou, K. R. Reddy, G. Skokotas, F. Sato, X.-Y. Xiao and C.-K. Hwang, J. Am. Chem. Soc., 115 (1993),
3558.
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A
HoC=NMe; 1~
“EtgN, CH,Cly 3)\/4 2.13)
f

90%

"1 "_! _Me OSiMe,Bu

H CHO

12

2.2 Pyrolytic syn eliminations

An important group of alkene-forming reactions, some of which are useful in syn-
thesis, are pyrolytic eliminations.® Included in this group are the pyrolyses of car-
boxylic esters and xanthates, of amine oxides, sulfoxides and selenoxides. These
reactions take place in a concerted manner, by way of a cyclic transition state and
therefore proceed with syn stereochemistry, such that the hydrogen atom and the
leaving group depart from the same side of the incipient double bond (in contrast
to the eliminations discussed in Section 2.1) (2.14).

,,,,, e 0
xanthate /Cj C\ ﬂ» \C—C/
elimination H (O / o \ " Hs

s> A

SR
(2.14)

sle;lepmﬂde H/Cj_gg t e ﬂ, \C:C/ + RSeOH
elimination “~ /e / \

The syn character of such eliminations has been demonstrated with all these
types of thermal reactions, as illustrated in the examples given in this section.
Thus, heating the deuterium-labelled acetate 13 gave frans-stilbene 14, whereas
the diastereomeric acetate 15 gave the trans-stilbene 16, in which the deuterium
label was still present (2.15). Either the hydrogen or the deuterium atom could be
syn to the acetoxy group, but the preferred conformations (as shown) are those in
which the phenyl groups are as far apart from each other as possible.

Pyrolysis of esters to give an alkene and a carboxylic acid is usually effected
at a temperature of about 300-500 °C and may be carried out by heating the ester
if its boiling point is high enough, or by passing the vapour through a heated
tube. The absence of solvents and other reactants simplifies the isolation of the
product. The lack of acidic or basic reagents can be an advantage over conventional

8 P C. Astles, S. V. Mortlock and E. J. Thomas, in Comprehensive Organic Synthesis, ed. B. M. Trost and
I. Fleming, vol. 6 (Oxford: Pergamon Press, 1991), p. 1011.
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-eliminations, especially for preparing sensitive or reactive alkenes. For example,
4,5-dimethylenecyclohexene is obtained from the diacetate 17 without extensive
rearrangement to o-xylene (2.16).

Me
Ph H
>:0 400 °C N/
O\ /D - /C_C\
“C—C., 61% H Ph
PRI V"H
H Ph
13 14 (2.15)
Me
Ph D
0 400 °C _
d A — £=C
.C—C., 74% H Ph
PRI V"D
H Ph
15 16
OCOMe

500 °C
(2.16)
47%

OCOMe

Pyrolytic syn eliminations with secondary or tertiary substrates have the disad-
vantage that elimination can take place in more than one direction, giving mixtures
of products. In acyclic compounds, if there is a conjugating substituent in the
[B-position, elimination takes place to give predominantly the conjugated alkene,
but otherwise the composition of the product is determined mainly by the number
of hydrogen atoms on each (-carbon. For example, pyrolysis of 2-butyl acetate
gives a mixture containing 57% 1-butene and 43% 2-butene, in close agreement
with the 3:2 distribution predicted on the basis of the number of 3-hydrogen atoms
(2.17). Of the 2-butenes, the E-isomer is formed in larger amount, because there is
less steric interaction between the two methyl groups in the transition state leading
to the E-alkene.

In cyclic compounds some restrictions are imposed by the conformation of the
leaving groups and the necessity to form the cyclic transition state. Thus, the acetate
18, in which the leaving group is axial, does not form a double bond in the direction
of the ethoxycarbonyl group, even though it would be conjugated (2.18). In contrast,
the diastereomer 19 can adopt the necessary cyclic transition state that leads to the
conjugated alkene.
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(@]
OJJ\MG heat
Me . _Me 2.17
)\/Me — omeT Y * Me/\ e
Me Me
57 : 28 : 15
H
435 °C
HCOzEt . <;>—coza
OCOMe
18
2.18
] @.18)
CO,Et 435 °C
ocoMe @ T~ CO-Et
H

19

The high temperatures required for pyrolyses of acetates has limited their syn-
thetic usefulness. The related thiocarbonates or xanthates, however, eliminate at
temperatures in the region of 150-250 °C, with the result that further decomposi-
tion of the alkene product(s) can often be avoided (Chugaev reaction).” On the other
hand, separation of the alkene from sulfur-containing by-products can sometimes
be troublesome. In the same way as the corresponding acetates, the pyrolysis of
xanthates promotes a syn elimination. Thus, the xanthate 20, prepared from its corre-
sponding alcohol with NaH, CS, then Mel (91% yield), eliminates regioselectively
on heating to give the alkene 21 (2.19). Eliminations using acyclic xanthates give
predominantly the E-alkene product, although significant amounts of the Z-isomer
are also obtained and the regioselectivity is often poor.

200 °C
—_—

94%

S:<
20 21

SMe

Pyrolysis of tertiary amine oxides (the Cope elimination reaction) also offers
relatively mild reaction conditions (100-200 °C).!? Oxidation of the tertiary amine

9 H.R. Nace, Org. Reactions, 12 (1962), 57.
10A C. Cope and E. R. Trumbull, Org. Reactions, 11 (1960), 317.
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to the N-oxide (e.g. with H,O, or mCPBA), followed by heating, provides an
alternative to the Hofmann elimination of the quaternary ammonium salt (see
Section 2.1). The mild conditions of the Cope elimination reaction allow the gen-
eration of a new carbon—carbon double bond, without subsequent migration into
conjugation with other unsaturated systems in the molecule, as in the synthesis of
1,4-pentadiene (2.20). If an allyl or benzyl group is attached to the nitrogen atom,
however, Meisenheimer rearrangement (see Section 3.7) to give an O-substituted
hydroxylamine may compete with elimination.

o-

|
NMe, 140 °C
/\/\/+ —_

A (2.20)

61%

The stereochemistry of the product alkene for acyclic 1,2-disubstituted or trisub-
stituted alkenes is determined by the configuration of the tertiary amine oxide.
A stereospecific syn elimination pathway is followed. With cyclic substrates, the
ring conformation is important, such that heating dimethylmenthylamine oxide
22 gave a mixture of 2- and 3-menthene, whereas the isomeric neomenthylamine
oxide 23 gave only 2-menthene (2.21). This result contrasts with the antiperiplanar
B-elimination (2.6).

H
H
i o . .
. P 100-80°C_ Me.@......p, . Me.Q,.Pr
H -
H H 85% 65 : 35
22
! 2.21)
H
i " o N
e P 90-160°C Me_@ ..... Pr
H +
H o *NMe; 77%
ne}
23 (only)

A notable difference between the pyrolysis of acetates or xanthates and the Cope
elimination is found by using 1-methylcyclohexyl derivatives. The acetates and
xanthates give mixtures containing 1-methylcyclohexene and methylenecyclohex-
ane in a ratio of about 3:1, whereas pyrolysis of the oxide of 1-dimethylamino-
1-methylcyclohexane gives methylenecyclohexane almost exclusively. The reason
for this is thought to be that, in the oxide, the five-membered cyclic transition state
allows preferential abstraction of a hydrogen atom from the methyl group, whereas



2.2 Pyrolytic syn eliminations 115

with the more flexible six-membered transition state of the ester pyrolyses, hydrogen
atom abstraction is also possible from the ring. With larger, more-flexible rings, the
cycloalkene is the major product from the amine oxides or the esters.

SANe

1-methylcyclohexene methylenecyclohexane

The Cope elimination is reversible and the intramolecular reverse Cope elimi-
nation, involving the addition of a tethered hydroxylamine to an alkene, has found
recent application for the stereocontrolled preparation of cyclic amines.!!

Sulfoxides with a B-hydrogen atom readily undergo syn elimination on pyroly-
sis to form alkenes. These reactions take place by way of a concerted cyclic path-
way and are therefore highly stereoselective. The sulfoxide anti-24, for example,
gives predominantly frans-methylstilbene, whereas the corresponding syn-isomer
gives mainly cis-methylstilbene (2.22). Because sulfoxides are readily obtained
by oxidation of sulfides, the reaction provides another useful method for making
carbon—carbon double bonds.

H Me Me
N Ph 0
80 °C X~ _Ph
Ph)ﬁ( — Ph/g/ (2.22)
+ =
—o-S H H
Ph
24

Pyrolysis of sulfoxides provides a convenient method for introducing unsatura-
tion at the position a- to carbonyl compounds. Formation of the enolate and reac-
tion with dimethyl (or diphenyl) disulfide gives the a-methylthio (or phenylthio)
derivative. Oxidation with a suitable oxidant, such as mCPBA or NalOy, gives the
sulfoxide, which eliminates sulfenic acid on heating to give the a,[-unsaturated
carbonyl compound. For example, the methyl ester of a pheromone of queen honey
bees was synthesized from methyl 9-oxodecanoate after initial protection of the
ketone as the acetal (2.24).'> The E-isomer usually predominates in reactions

11 E. Ciganek, J. Org. Chem., 60 (1995), 5803.
12 B, M. Trost and T. N. Salzmann, J. Org. Chem., 40 (1975), 148.
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leading to 1,2-disubstituted alkenes.

0 o] oH o) o)
)J\/\/\/\/“\ L TSOH, HO™ ™ (2.23)
OMe i, LiNR,, THF, -78 °C OMe :

iii, MeSSMe SMe

iv, H30"
69% i, NalOg
ii, PhMe, 110 °C
86%
o) o)

)JVV\A\/U\OMe

Even better results are obtained by using selenoxides. Alkyl phenyl selenoxides
with a B-hydrogen atom undergo syn elimination to form alkenes under milder con-
ditions than sulfoxides, owing to the longer, weaker carbon—selenium bond. Elim-
ination occurs at room temperature or below, and this reaction has been exploited
for the preparation of a variety of different kinds of unsaturated compounds. The
selenoxides are readily obtained from the corresponding selenides by oxidation,
and they generally undergo elimination under the reaction conditions to give the
alkene directly. Selenides can be prepared by a number of different methods, such
as the Mitsunobu reaction of alcohols with N-phenylselenophthalimide'® or the
selenylation of an enolate with phenylselenyl bromide.

Sulfides and selenides both stabilize an a-carbanion (see Section 1.1.5.2) and
alkylation followed by elimination provides a route to substituted alkenes. Some
examples of selenoxide eliminations are given in Schemes 2.24-2.26. Like the
other syn eliminations described in this section, the regioselectivity of selenoxide
elimination can be poor. Elimination normally takes place preferentially towards
a conjugating [3-substituent or away from an electronegative [(3-substituent. This
latter facet allows a good method for converting epoxides into allylic alcohols.

o o o
i, PhoCulLi wnSePh H>0o
B — —_— (2.24)
ii, PhSeBr 10°C
Ph 72% Ph

OMe

i, LDA
o]
Seph 1 Br
\/ﬁ/ 5
iii, HoOp

65%

(2.25)

13 P A. Grieco, J. Y. Jaw, D. A. Claremon and K. C. Nicolaou, J. Org. Chem., 46 (1981), 1215.



2.2 Pyrolytic syn eliminations 117

SePh
_ MO P
i S e (2.26)
OH OH

98%

The transformation of carbonyl compounds to «,[3-unsaturated carbonyl com-
pounds can be achieved by selenoxide elimination.'* In fact, this method is superior
to the sulfoxide elimination, because of the milder conditions employed and the
direct formation of the unsaturated product, without isolation of the selenoxide.
Thus, oxidation of the selenide 25 at 0 °C gave the a-methylene lactone 26, a
structural unit found in cytotoxic sesquiterpenes (2.27). The requirement for a syn
elimination pathway forces the reaction to proceed to give only the product 26 and
none of the regioisomeric o,3-unsaturated lactone 28. However, the lactone 28 is
the major product from oxidation of the selenide 27, illustrating the importance
of the stereochemistry of the selenide, derived from the order of addition of the
phenylselenyl and methyl groups, in determining the regiochemical outcome.

Me

H ) H %
H i, LDA :  ZSePh
o i, PhSeSePh o Ho02 (227)
™~0 iii, LDA ™~0 0°C
H iv, Mel A
25
SePh
H i, LDA H S _Me
T ii, Mel T H,0
o ™ . o %
=~0 jii, LDA Ete) 0°C
H iv, PhSeSePh H 90 10
27 28

Alkenes can also be obtained by elimination of 3-hydroxy selenides, under the
action of methanesulfonyl chloride, thionyl chloride or other acidic conditions.!
The reaction is stereospecific, proceeding by anti elimination, by way of the epise-
lenonium ion, e.g. 29 (2.28). High yields of di-, tri- or tetrasubstituted alkenes can
be obtained and the reaction provides an alternative to the Wittig reaction when
the phosphonium salt cannot be readily obtained. The B-hydroxy selenides can be
prepared by a number of methods, for example from a-seleno aldehydes or ketones
by reduction or reaction with a Grignard reagent, or from «-lithio selenides by

14 H. J. Reich and S. Wollowitz, Org. Reactions, 44 (1993), 1.
15 H. J. Reich, F. Chow and S. K. Shah, J. Am. Chem. Soc., 101 (1979), 6638; A. Krief, Tetrahedron, 36 (1980),
2531.
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reaction with an aldehyde.

SePh Phi o+

B Se
p SOCI
Crthis 2222 . N ‘H, - - X _C7His 2.28
el : Et3N, CHoClo N “Crthis Cahhs (2.28)
HO H 25°C CsHi  H 80% H

29

2.3 Fragmentation reactions

Fragmentation reactions, which are similar to 3-elimination reactions (Section 2.1),
can be useful for the formation of alkenes, particularly from carbocyclic com-
pounds.'® Fragmentation reactions occur most easily from conformationally locked
1,3-difunctionalized compounds, in which the breaking C—X and C—C bonds
(highlighted) are aligned antiperiplanar (2.29).

(0]
N _base /NJ\ 2.29
X L% \_O/\H<\ = R ( )

R B

X = leaving group, e.g. OSO>,Me

The reaction is referred to as the Grob fragmentation and proceeds by a concerted
mechanism, to give an alkene in which the stereochemistry is governed by the
relative orientation of the groups in the cyclic precursor. For example, the decalin
derivative 30, in which the tosyloxy group and the adjacent ring junction hydrogen
atom are cis, gave E-5-cyclodecenone in high yield, whereas the isomer 31, in which
the tosyloxy group and the hydrogen atom are trans, gave the Z-isomer (i.e. in each
case the relative orientation of the hydrogen atoms in the precursor is retained in
the alkene) (2.30). In these derivatives, there is an antiperiplanar arrangement of the
breaking bonds, but this is not so in the isomer 32 and this compound, on treatment
with base, gave a mixture of products containing only a very small amount of the
E-cyclodecenone.

Fragmentation reactions may be used to prepare cyclic or acyclic alkenes from
cyclic precursors. The stereochemistry of the alkene can be set up by controlling the
relative stereochemistry of the cyclic substrate, a process that is normally relatively
easy. The ketone 35, for example, an intermediate in a synthesis of juvenile hormone,
was obtained stereospecifically from the bicyclic compound 33 using two successive

16 P, Weyerstahl and H. Marschall, in Comprehensive Organic Synthesis, ed. B. M. Trost and 1. Fleming, vol. 6
(Oxford: Pergamon Press, 1991), p. 1041; C. A. Grob, Angew. Chem. Int. Ed. Engl., 8 (1969), 535.
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fragmentation steps (2.31).!” The geometry of the intermediates 33 and 34 allows

BUOK (}@

>90%
(2.30)

H
OTs
H
OH
OTs
_ u- BuOK
H
90%
OH
o
H
H
(f)Ts
OH

32
Me Me OH
NaH, THF .
—_—
20 °C Me
o

easy fragmentation at each stage.
OTs

TsO
100%
33 i, MeLi, Et,O (2'31)
ii, TsCl, pyridine
Me Me
Me Me
Me OTs
NaH, THF
N L LR L N

@) Me
HO=:
o 3
80% Mé

34

Me

35
The fragmentation reaction is not restricted to monosulfonates of 1,3-diols, and

various leaving groups together with various electron-releasing groups can be used.
The borate species formed by hydroboration (on the less-hindered face) of the

17 R. Zurflith, E. N. Wall, J. B. Siddall and J. A. Edwards, J. Am. Chem. Soc., 90 (1968), 6224.
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alkene 36, followed by nucleophilic addition of hydroxide, fragments to the diene
37 (2.32).'8

OMs
Me

BoHe
2’6
Me

36

Fragmentation of the hydrazones of o,[3-epoxy ketones is known as the Eschen-
moser fragmentation. Deprotonation of the hydrazone promotes ring-opening of the
epoxide to give an alkoxy species. This alkoxy species then fragments, displacing
nitrogen gas and the sulfinate, to give an alkynone. For example, this reaction was
made use of in a synthesis of exo-brevicomin, starting with the epoxy ketone 38
(2.33).1

TSNHNHg base
AcOH

(2.33)

Me 91%

exo-brevicomin

2.4 Alkenes from hydrazones

Hydrazones can be readily prepared by the addition of a hydrazine to an aldehyde
or ketone. Treatment of tosyl hydrazones (or other arylsulfonyl hydrazones) with a
base has been used for the preparation of alkenes. In the Bamford—Stevens reaction,
amild base, such as NaOMe or KH, is employed and promotes deprotonation of the
acidic N—H proton (compare with the Eschenmoser fragmentation, Scheme 2.33).

18 7. A. Marshall, Synthesis (1971), 229.
19 P J. Kocienski and R. W. Ostrow, J. Org. Chem., 41 (1976), 398.
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The resulting salt can then be heated and loses ArSO; ™ to give an intermediate diazo
compound 39 (2.34). This compound is not normally isolated, and decomposes
on further heating to the carbene species (see Section 4.2), which can undergo a
number of different reactions, including rearrangement to the alkene.?® Typically
a mixture of alkenes and C—H insertion products are obtained, with preference for
the more-substituted alkene. In some cases, such as with five- or six-membered
ring hydrazones, good yields of a single alkene product can be obtained (2.35).

_NHSOAr /h?/ N-LSO0Ar +

N
)'\ NaOMe R/IS heat )J\ ﬁ/ Aé (2 34)
R' R'

T

'BuMe,Si

_NaOMe ‘BuMe28i0—<ji> (2.35)
diglyme \

heat B
N~NHTs :

y,
T Wi
—
|

T

Ts = SO,CgH4-p-Me

In contrast, treatment of the arylsulfonyl hydrazone with two equivalents of a
strong base, such as BuLi or lithium diisopropylamide (LDA), effects the Shapiro
reaction for the formation of alkenes.?! Double deprotonation of the hydrazone gives
the dianion 40, which fragments to the alkenyllithium species 41 (2.36). Addition
of an electrophile leads to the alkene product. The second deprotonation takes
place syn to the ArSO,N~ (aryl sulfonamido anion) group and the less-substituted
alkene is typically formed. Thus phenylacetone provides 3-phenylpropene and not
the isomeric styrene (2.37). Protonation of the alkenyllithium species 41 to give a
1,2-disubstituted alkene generally leads to predominantly the Z-isomer.

_NHSOAr N-CS0,Ar /N U

N| j
2 Buli
R)\ uLi o R/g R)\ R (2.36)
R R' R'

40

2 BuLi
Ph/Y __2Buli Ph/\I/ (2.37)
| CeH1s, TMEDA !
SNHTs then DO

74%

20 W, R. Bamford and T. S. Stevens, J. Chem. Soc. (1952), 4735; R. H. Shapiro, Org. Reactions, 23 (1976), 405.
21 A, R. Chamberlin and S. H. Bloom, Org. Reactions, 39 (1990), 1.
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Quenching the reaction mixture with deuterium oxide provides an excel-
lent method for the preparation of deuterated alkenes as single regioisomers.
In addition to protonation or deuteration, the alkenyllithium species 41 may be
halogenated or alkylated by reaction with a suitable electrophile. In this way,
di- or trisubstituted alkenes can be formed. It is often advantageous to use 2,4,6-
triisopropylbenzenesulfonyl (trisyl) hydrazones as the source of the alkenyllithi-
ums, as this avoids ortho-lithiation of the benzenesulfonyl group. If the reaction
mixture is kept at low temperature, then the dianion 40 can be trapped with an
electrophile and subsequently treated with a further equivalent of BuLi to give the
substituted alkenyllithium species, which itself can be trapped with various elec-
trophiles (2.38).2% If the hydrazone bears a suitably positioned terminal alkene,
the intermediate alkenyllithium species may be trapped intramolecularly to give a
cyclopentane ring (2.39).2

N SOLAr

H
N—S§
- 2 BuLi B Li
N I ud (2.38)
—60 °
)\ m then I
77%
NHTrlsyI Li E
— N
2.1 'BuLl E*+ (2 39)
hexane-TMEDA ’
~78°C100°C H e.g. E* = DMF H

E = CHO, 61%

An alternative to tosyl or trisyl hydrazones is the use of phenylaziridinyl hydra-
zones (e.g. 42). If the protonated alkene product is desired, then the base LDA can
be used as a catalyst. LDA is regenerated by reaction of the alkenyllithium species
with the by-product, diisopropylamine (2.40).2*

0.1 equiv. LDA
w ALoLLDA, w\ (2.40)

~ 89%

With an o,-unsaturated hydrazone, addition of a nucleophile can lead to a new
alkene, in which the double bond has migrated to the position formerly occupied

22 E. J. Corey and B. E. Roberts, Tetrahedron Lett., 38 (1997), 8919.
23 A.R. Chamberlin, S. H. Bloom, L. A. Cervini and C. H. Fotsch, J. Am. Chem. Soc., 110 (1988), 4788.
24 K. Maruoka, M. Oishi and H. Yamamoto, J. Am. Chem. Soc., 118 (1996), 2289.
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by the hydrazone group. For example, reduction of the hydrazone with sodium
borohydride in acetic acid, in which the reducing agent is probably NaBH(OAc)s,
gave an intermediate diazene 43, which undergoes 1,5-migration of hydride from
nitrogen to carbon to generate the reduced compound 44, in which the alkene has
been transposed (2.41).%

Hf*
H N-CT N
NNHTs g ° H) \CN H
M e (L — S — Ll e

CH3COH

43 a4

In agreement with this mechanism, reduction with sodium borodeuteride in
AcOH or AcOD results in the regioselective introduction of one or two deuterium
atoms, respectively. In deuterated acetic acid, exchange of the N—H proton must
be faster than reduction and hydride transfer to carbon (2.42).

NNHTs D
_ NaBD, _ Pz
CH3C02H

75%

NNHTs D
NaBH4 =
CH3002D

72%

(2.42)

2.5 Alkenes from 1,2-diols

The McMurry reaction (see Section 2.9) can allow the formation of alkenes from
dicarbonyl compounds. This reaction generates an intermediate 1,2-diol (pinacol),
which is converted on the surface of the titanium to the alkene. The two carbon—
oxygen bonds do not break simultaneously and the reaction is not stereospecific.
Thus, both anti and syn acyclic 1,2-diols give mixtures of Z- and E-alkenes. With
cyclic 1,2-diols, the two oxygen atoms must be able to bond to a common titanium
surface. Thus, the cis-diol 45 eliminates to the alkene 46, whereas the trans-diol 47
is inert under these reaction conditions (2.43).2°

25 R. O. Hutchins and N. R. Natale, J. Org. Chem., 43 (1978), 2299.
26 J. E. McMurry, M. P. Fleming, K. L. Kees and L. R. Krepski, J. Org. Chem., 43 (1978), 3255.
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OH OH
Ti(0)
no reaction :
OH OH
45 46 47
Ti(0) can be
generated
from TiCl,
and K metal

Several approaches for the regio- and stereospecific generation of double bonds
from 1,2-diols have been devised. One of the best methods uses the cyclic thiono-
carbonates (Corey—Winter reaction), which are readily obtained from the diol with
thiophosgene. As originally conceived, decomposition of the thionocarbonates to
the alkenes required heating with triethyl phosphite, although a milder method
using 1,3-dimethyl-2-phenyl-1,3,2-diazophospholidine [(CH,NMe),PPh] allows
reaction at 25-40°C, possibly by way of a concerted process or by an interme-
diate carbene.?’” Under these mild conditions the reaction is applicable to complex
and sensitive molecules containing a variety of functional groups. For example, the
1,2-diol 48 gave the alkene 50 via the thionocarbonate 49 (2.44).

CHs
N
\
Cl I: ,JP—Ph
o OCHs N HaC OCHs

w, O OCHgs >=S HsC.,, ., O
. al ) CHa .
BnO - “OH CHClp, 0°C BnO y I//'O CHClg, 40 °C BrnO
OH (—)« 75%

48 49 s 50

The Corey—Winter reaction proceeds with complete stereospecificity by a syn
elimination pathway, allowing the stereospecific synthesis of alkenes. Thus, anti-
1,2-diphenylethane-1,2-diol was converted into cis-stilbene (2.45), whereas the cor-
responding syn-diol gave trans-stilbene. The strained E-cyclooctene was prepared
from the Z-isomer using this procedure (2.46). An alternative stereospecific route to
alkenes proceeds from the diol with ethyl orthoformate or N,N-dimethylformamide
dimethyl acetal,”® or by conversion of the diol to a 2-phenyl-1,3-dioxolane and
treatment with an organolithium reagent to promote proton abstraction at C-2 and

27 E. J. Corey and P. B. Hopkins, Tetrahedron Lett., 23 (1982), 1979.
28T Hiyama and H. Nozaki, Bull. Chem. Soc. Jpn, 46 (1973), 2248; S. Hanessian, A. Bargiotti and M. La Rue,
Tetrahedron Lett. (1978), 737.
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fragmentation,?® an example of which is provided in Scheme 2.47.
OH
: Ph Ph
Ph 3 i, Cl,C=S
i, Me
OH N
[ PPh
N %
N 76%
OH
Ph
Ph i, Cl,C=S _
Ph \—\
i Me
OH bR Ph
[ PPh
N 0,
N 89%
OH
i, S=CCl,
trans “w, ii, (MeO)3P
hydroxylation OH 100-130 °C
75% 99% E
HO  OH
R N
Me Me
PhCHO
H* 71% 100% Z
96%
Ph Ph L
Pl
0 § 0
\‘:3’ "BuLi (_ I
pentane
Me Me Me Me
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(2.45)

(2.46)

(2.47)

The most obvious method for the formation of alkenes from alkynes is by partial
reduction. This reaction can be effected in high yield with a palladium—calcium
carbonate catalyst that has been partially deactivated by addition of lead(II) acetate
or quinoline (Lindlar’s catalyst).?® It is aided by the fact that the more electrophilic
alkynes are adsorbed on the electron-rich catalyst surface more strongly than the cor-
responding alkenes. An important feature of these reductions is their high stereose-
lectivity. In most cases the product consists very largely of the thermodynamically

29 J.N. Hines, M. J. Peagram, E. J. Thomas and G. H. Whitham, J. Chem. Soc., Perkin Trans. 1 (1973), 2332.

30 C. A. Henrick, Tetrahedron, 33 (1977), 1845.
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less stable Z-alkene and partial catalytic hydrogenation of alkynes provides one of
the most convenient routes to Z-1,2-disubstituted alkenes. For example, reduction of
stearolic acid over Lindlar’s catalyst gave 95% of the alkene oleic acid (2.48). Par-
tial reduction of alkynes with Lindlar’s catalyst has been invaluable in the synthesis
of carotenoids and many other natural products with Z-1,2-disubstituted alkenes.

H, CHg(CHz)7  (CHp)7CO2H
CHg(CHz); —C=C—(CHy);COzH ‘c=c (2.48)
Lindlar's catalyst / \
EtOAc H H

In contrast, reduction of alkynes to E-1,2-disubstituted alkenes is possible using
sodium metal in liquid ammonia (see Section 7.2) (2.49). This method there-
fore complements the formation of Z-alkenes by catalytic hydrogenation. Carbon—
carbon double bonds are not normally reduced by metal-ammonia reducing agents
and the reduction of the triple bond is therefore selective, such that none of the
saturated product is formed. It is thought that the reaction takes place by stepwise
addition of two electrons, the first electron adding to the triple bond to give an
intermediate radical anion which is protonated by the ammonia to give a vinyl rad-
ical. The second electron adds to give a vinyl anion which adopts the more-stable
E-configuration and is protonated to give the E-alkene.

. CaH H
i, Na, NH sty

CeH;—C=C—(CHp);OH ———— 3 » o=¢ (2.49)
i, NH,Cl

/ \
H (CHy)7OH

Attempts to partially reduce terminal alkynes by this method normally fail as
the alkyne reacts to give the alkynyl sodium species (sodium acetylide), which
resists reduction because of the negative charge on the alkynyl carbon atom. In
the presence of ammonium sulfate, however, the terminal alkyne is preserved and
reduction gives the terminal alkene. This method can be preferable to catalytic
hydrogenation, which sometimes gives small amounts of the saturated hydrocarbons
that may be difficult to separate from the alkene. Reduction of a terminal alkyne can
be suppressed by converting it to its sodium salt by reaction with sodium amide,
thereby allowing the selective reduction of an internal triple bond in the same
molecule. 1,7-Undecadiyne, for example, was converted to E-7-undecen-1-yne in
high yield (2.50).3!

. CaH H
NaNH _ i, Na, NH aHy
CaH/C=C(CHp)iC=CH ———— 2> C4H,C=C(CHp){C=C Na& ————° » o=c (2.50)
NHs ii, NH,CI /
H (CHy)4C=CH

75%

31 N. A. Dobson and R. A. Raphael, J. Chem. Soc. (1955), 3558.
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Partial reduction of alkynes by using hydrogenation with Lindlar’s catalyst or
by using sodium in liquid ammonia provides Z- or E-alkenes respectively, although
these conditions are not always ideal and other methods have been developed.
Reduction of alkynes to Z-alkenes is possible by hydroboration (see Section 5.1) and
protonolysis. Monohydroboration of alkynes is possible using dialkylboranes, cat-
echolborane 51, or other substituted boranes. The product alkenylborane is reactive
and is not normally isolated. Protonolysis occurs readily with carboxylic acids and
takes place with retention of alkene configuration (2.51). Therefore, since hydrob-
oration occurs by syn addition of the hydrogen and boron atom, 1,2-disubstituted
alkynes can be converted to Z-alkenes with high stereoselectivity (2.52).3?

RB—

R
0
C[\B_H O>K'H —————= R—H + RB—OCOR (2.51)
d >\_(c‘)/
R

Me Me
Et Et Et Et
M  ZBH CH4COzH
Et—C=C—Et ———— \C=C/ —_— \C=C/ (2.52)
\ 25°C /7N
H B(CsH11)2 H H
82% 99% Z

Treatment of the intermediate alkenylborane, such as 52 or 53, with iodine in
the presence of a base (such as sodium hydroxide or methoxide) forms, stereose-
lectively, a Z-1,2-disubstituted or trisubstituted alkene. Transfer of one alkyl group
from boron to the adjacent carbon atom occurs stereospecifically, resulting, after
anti elimination of boron and iodine, in a new alkene in which the two substituents
of the original alkyne become trans to each other (2.53, 2.54).%3

CaH CyH GCeH
CgH11)2BH 4119 I, NaOH 419 6111
C4Hg—C=C—H % \=\ 2 . \—/ (253)
B(CeH11)2
52 99% Z
anti
elimination
¥
H
N, NS
A —_— S
CaHg™" CaHg™
e /‘/B_CeHﬂ 4 CeH11
X CeH11

32 H. C. Brown and G. A. Molander, J. Org. Chem., 51 (1986), 4512.
3 H. C. Brown, D. Basavaiah and S. U. Kulkarni, J. Org. Chem., 47 (1982), 171.
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H3C CH3 I, NaOMe H3C CoHs (2 54)
-78°C == ’
B(C2Hs)2 CHs;
53 71%

In comparison, no rearrangement can occur using alkenylboronic acids, derived
from hydroboration of alkynes with catecholborane 51, followed by hydrolysis.
Treatment of the alkenylboronic acid with sodium hydroxide and iodine results in
the replacement of the boronic acid group by iodine with retention of configuration
(2.55). However, treatment with bromine, followed by base, results in substitution
with inversion of configuration (2.56). In each case the reaction is highly stereose-
lective. The inversion of configuration in the bromination can be accounted for by
invoking the usual anti addition of bromine across the double bond, followed by
base-induced anti elimination of boron and bromine.

o]
N\
JB—H
0 CeHia i, NaOH Cothia
CeHi3—C=C—H \=\ — — (2.55)
51 oH) ii, I
B
then H,O (OH)2 :
80% >99% E
0
\
CLr
[e} 613 i, Brp CeH13 Br
CeHig—C=C—H — \—/ (2.56)
51 i, NaOMe
B(OH)»
then H,O
85% 99% Z

An excellent method for the preparation of alkenyl iodides and other substituted
alkenes from alkynes uses the Schwartz reagent, bis(cyclopentadienyl)zirconium
hydrochloride, [Cp,Zr(H)CI1].** Hydrozirconation of terminal alkynes occurs regio-
and stereoselectively to give the E-alkenylzirconium species. This species can be
reacted with a variety of electrophiles, or transmetallated to other alkenyl metals
prior to reaction. As an example, hydrozirconation of the alkynes 54 and 56 was
used in a synthesis of the antitumor compound FR-901464 (2.57, 2.58).3° The
intermediate alkenylzirconium species 55 was transmetallated with ZnCl, to the
corresponding alkenylzinc chloride and then coupled (using palladium catalysis)
with a derivative of the alkenyl iodide 57 to give a diene, which was elaborated

34 J. A. Labinger, in Comprehensive Organic Synthesis, ed. B. M. Trost and I. Fleming, vol. 8 (Oxford: Pergamon
Press, 1991), p. 667.

3 C.E Thompson, T. F. Jamison and E. N. Jacobsen, J. Am. Chem. Soc., 122 (2000), 10 482. For a review on
some reactions of alkenylzirconocenes, see P. Wipf and C. Kendall, Chem. Eur. J., 8 (2002), 1778.
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further to give FR-901464.

Cpa(Cl)Zr
[Cp2Zr(H)CI]

THF,0°C

(2.57)

[CpaZr(H)CIl

Me then I, (2.58)

\\\\\

Me
65%

56 57

Other useful hydrometallation methods are available for the preparation of sub-
stituted alkenes from alkynes. Alkenylalanes are readily prepared by hydroalumi-
nation of alkynes with, for example, diisobutylaluminium hydride.36 In common
with hydroboration and hydrozirconation, the reaction takes place by syn addition,
giving E-alkenylalanes. Reaction of these alkenylalanes with halogens proceeds
with retention of configuration to give the corresponding alkenyl halides. Thus,
iodination of the alane from the reaction of 1-hexyne with diisobutylaluminium
hydride produces the isomerically pure E-1-iodo-1-hexene (2.59). High selectivity
for the other regioisomeric alkenyl iodide is possible by addition of hydrogen iodide
to the alkyne.?’

' C4Hg : C4H
Bu,AlH i, lo, THF 4179
CiHy—C=C—H —2—> \:\ ST» \=\ (2.59)
»Hs

AlBu, I

74%

In contrast to the reaction with diisobutylaluminium hydride, hydroalumination
of disubstituted alkynes with lithium hydridodiisobutylmethylaluminate, obtained
from diisobutylaluminium hydride and methyllithium, results in anti addition across
the triple bond. Subsequent reaction with aldehydes gives allylic alcohols, with CO,
gives a,[3-unsaturated acids and with iodine gives alkenyl iodides, isomeric with the
products obtained in the reaction sequences using diisobutylaluminium hydride.®

36 G. Zweifel and J. A. Miller, Org. Reactions, 32 (1984), 375; J. J. Eisch, in Comprehensive Organic Synthesis,
ed. B. M. Trost and I. Fleming, vol. 8 (Oxford: Pergamon Press, 1991), p. 733.

3TN Kamiya, Y. Chikami and Y. Ishii, Synlett (1990), 675; P. J. Kropp and S. D. Crawford, J. Org. Chem., 59
(1994), 3102.

38 G. Zweifel and R. B. Steele, J. Am. Chem. Soc., 89 (1967), 5085.
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Thus the isomeric a-methylcrotonic acids are obtained from 2-butyne as illustrated
in Schemes 2.60 and 2.61.

- H CHgs . H CH
Li['BuoAl(H)Me i, CO. 3
Ho—GmCgH, LIBUAME N %N (2.60)
- » M3
HsC /AI‘BuZ HsC COH
HC L' 72%
- i, ‘BusAIH HG Chs i, CO, HsC CHg
HiC—C=C—CH; ———— _ - — (2.61)
ii, MeLi - ii, H3O
Et,0,-30°C M /AI Bu, H COzH
HC L 76%

Anti addition across an alkyne can be accomplished with lithium aluminium
hydride. This is particularly popular using propargylic alcohols and occurs with
very high stereoselectivity. If the reduction is effected in the presence of sodium
methoxide and the crude reduction product is treated with iodine, then the final
product is exclusively the 3-iodoallylic alcohol (2.62). In contrast, reduction with
lithium aluminium hydride and aluminium chloride, followed by iodination, gives
the 2-iodoallylic alcohol (2.63).

S R H . o R
i, LiAIHg4 i, 15, =78 °C
A—C=C—CH, | = N (2.62)
\OH NaOMe, THF -
\AI\ | OH
/ 0
i, LIAIH4

AICI5, THF R I
R—C=C—CH — - — 2.
V i, I, ~78 °C \_<; (2.63)
OH oH

Reaction of the alkenyl iodide with a lithium organocuprate, or with an
organometallic species in a palladium-catalysed coupling, gives the correspond-
ing substituted allylic alcohol (in which the substituents originally present in the
propargylic alcohol are trans to each other). This method is applicable to a variety
of synthetic problems in which the stereoselective introduction of a trisubstituted
carbon—carbon double bond is involved. For example, it formed a key step in a
synthesis of juvenile hormone (2.64).

i, LiAIH, Me
NaOMe, THF
X X — u|24> XN AN X o (264)
OH i, Me,Culi

Hydrostannylation of alkynes is less selective and mixtures of regio- and
stereoisomers often result. The reaction is substrate dependent and, although mix-
tures of product alkenyl stannanes are normally formed, appropriate choice of the
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substituted alkyne can promote highly selective hydrostannylation.>® Under ther-
mal conditions, the hydrostannylation occurs by addition of the trialkyltin radical
to the alkyne. Alternatively, metal-catalysed hydrostannylation, particularly with
palladium(0), can be employed (2.65). The product alkenyl stannanes are useful for
palladium-catalysed coupling reactions with unsaturated halides or triflates (Stille
reaction — see Section 1.2.4).

HO, HO Me HO Me

BusSnH
= Me — + — (2.65)
[Pd(PPhg)4]
BusSn SnBus
84% 83 : 17

Hydrosilylation requires a transition-metal catalyst, such as [H,PtClg], and
results in very good yields of the product alkenyl silanes, but often as mixtures of
regio- and stereoisomers (2.66).* More recently, it has been found that hydrosily-
lation of internal alkynes using the catalyst [Cp*Ru(MeCN);]PF¢ occurs by trans
addition, and this can be followed by protodesilylation to provide a route to E-
alkenes.*! For example, ruthenium-catalysed hydrosilylation of methyl 2-octynoate
with triethoxysilane, followed by fluoride-promoted desilylation of the intermediate
regioisomeric alkenyl silanes, gave (E)-methyl 2-octenoate (2.67).

Et;SiH CaHo CaHo
H—==—C4H, /=/ + =< (2.66)
[HoPtClg] ) .
Et3Si SiEt
100% 82 : 18

COMe EO)siH, CHeCl
t iH,
/\/\/ 391 2Cla /\/\/\/COZME (267)
1 mol% [Cp*Ru(MeCN);3]PFg

then BugNF, Cul

Cp* = pentamethylcyclopentadienyl anion 83%

So far in this section, the hydrometallation of alkynes has been described. Car-
bometallation of alkynes has also been developed into a practical method for the
regio- and stereocontrolled formation of substituted alkenes.*> Organocopper(I)
reagents add readily to alkynes by a process known as carbocupration, developed
by Normant and co-workers. For example, alkyl copper(I) reagents prepared from
Grignard reagents and copper(I) bromide—dimethylsulfide complex add to terminal
alkynes with excellent regio- and stereoselectivities. The carbocupration occurs
with the copper atom adding to the terminal carbon atom of the alkyne, with

3 N. D. Smith, J. Mancuso and M. Lautens, Chem. Rev., 100 (2000), 3257.

40 T. Hiyama and T. Kusumoto, in Comprehensive Organic Synthesis, ed. B. M. Trost and L. Fleming, vol. 8
(Oxford: Pergamon Press, 1991), p. 763.

41 B. M. Trost, Z. T. Ball and T. Joge, J. Am. Chem. Soc., 124 (2002), 7922.

42 J. F. Normant and A. Alexakis, Synthesis (1981), 841; P. Knochel, in Comprehensive Organic Synthesis, ed.
B. M. Trost and I. Fleming, vol. 4 (Oxford: Pergamon Press, 1991), p. 865.
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syn addition of the alkyl group. The product alkenyl cuprate species react with
a variety of electrophiles, including alkyl halides, o,B-unsaturated ketones and
epoxides, giving trisubstituted alkenes with almost complete retention of config-
uration (2.68). The alkenyl cuprate species also react with alkenyl iodides in the
presence of [Pd(PPhs)4] to give conjugated dienes.

Me
CuBreSMe. C3H;—C=C—H
MeMgBr —_ MeCuMgBry*SMe, =L X~ CUMgBraSMe; (2.68)
Et,0, —45 °C CsHy
Me o Me

CuMgBr,*SMe, )\/\/OH
ch7)\/ oy N

Carboalumination of alkynes is possible in the presence of the zirconium cata-
lyst Cp,ZrCl,.** The method is particularly attractive for methylalumination using
Mes Al and can tolerate a wide variety of functional groups. Terminal alkynes react
with very good regioselectivity (~95:5) and excellent stereoselectivity (=98%) in
favour of the alkenyl aluminium species, such as 58 (2.69). Mixtures of regioisomers
often result when using internal alkynes with two different substituents.

78%

MesAl MesAl Me Iy | Me
M =G Gath \_< —2 . \_< (2.69)
szZrC|2
Gt CsHi1
58 83%

2.7 The Wittig and related reactions

The reaction between an aldehyde or ketone and a phosphonium ylide to form an
alkene and a phosphine oxide is known as the Wittig reaction after the chemist,
Georg Wittig, who first showed the value of this procedure in the 1950s for the
synthesis of alkenes and who was awarded jointly the Nobel prize in 1979 (2.70).*
The reaction is easy to carry out and proceeds under mild conditions. It is valued in
organic synthesis as a method for carbon—carbon bond formation, in which the posi-
tion of the double bond is unambiguous. The reaction generally leads to high yields
of di- and trisubstituted alkenes from aldehydes and ketones but, because of steric
effects, yields of tetrasubstituted alkenes from ketones are often poor. Sluggish reac-
tions can sometimes be forced by addition of hexamethylphosphoramide (HMPA),

3 E. Negishi, D. E. Van Horn and T. Yoshida, J. Am. Chem. Soc., 107 (1985), 6639.
44 A. Maercker, Org. Reactions, 14 (1965), 270; B. E. Maryanoff and A. B. Reitz, Chem. Rev., 89 (1989), 863.
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or by conducting the reaction at a higher temperature.

R! H3

>:O + R3;>;< —_— R1>:<R3 RsP=0 (2.70)
R? R*

R? R*

Phosphonium ylides are resonance-stabilized structures and can be classified
as alkylidene phosphoranes, in which there is some overlap between the carbon
p orbital and one of the d orbitals of phosphorus. Reaction with a carbonyl com-
pound takes place with formation of a carbon—carbon bond and generation of a
four-membered oxaphosphetane 59 (2.71). This fragments to the products, the driv-
ing force being provided by the formation of the very strong phosphorus—oxygen
bond. Early mechanisms (and many textbooks) portray the formation of an inter-
mediate betaine 60. This may be formed in certain cases, although it is currently
widely accepted that the initial addition is normally concerted, giving directly the
oxaphosphetane 59.443

+ -
RP—\ ~———  RP=
R R

R! R3 B3 R! R3 2.71)
o=< + R3;;< o RaZ:ﬁ - . >=< + RgP=0

R? R? R*

60 + R4

R;;P:( R3
- 2
fo} R

R1

The reactivity of the phosphonium ylide depends on the nature of the substituents.
In practice, the three R groups on phosphorus are nearly always phenyl. If the sub-
stituents on the carbanion carbon are electron withdrawing (e.g. a carbonyl group),
then the negative charge of the ylide becomes delocalized into the substituent and
the nucleophilic character, and reactivity towards carbonyl groups, is decreased.
Reagents of this type are much more stable and less reactive than those in which
the substituents on the carbanion carbon are alkyl. However, such stabilized ylides
are popular and effective Wittig reagents. They are isolable and simple derivatives
are commercially available. The reaction is easy to carry out, typically by heat-
ing the carbonyl compound with the stabilized ylide in a solvent such as toluene.

45 E. Vedejs and M. J. Peterson, Top. Stereochem., 21 (1994), 1.
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The rate-determining step is the initial addition to the carbonyl group to form
the oxaphosphetane. More-electrophilic carbonyl compounds therefore react more
readily. For example, (carboethoxymethylene)triphenylphosphorane reacts fairly
readily with aldehydes, but can give poor yields in reactions with the less-reactive
carbonyl group of ketones (2.72).

COEt
AN CHo PP AN COE
PhH, heat
80%
(2.72)
COgEt

PhsP— Z > COLEt
PhH heat

25%

Many Wittig reagents do not possess electron-withdrawing substituents on the
carbanion carbon. Such alkyl-substituted phosphonium ylides are referred to as
non-stabilized and react readily with carbonyl and other polar groups. Addition of
the ylide to the carbonyl group takes place rapidly with aldehydes or ketones, both
of which usually react equally well with these reagents. The number and nature of
the alkyl substituents on the carbanion carbon normally has little influence on the
extent of nucleophilic character of the phosphonium ylide.

Phosphonium ylides (alkylidene phosphoranes) can be prepared by a number
of methods,* but in practice they are usually obtained by action of a base on
(alkyDtriphenylphosphonium salts, which are themselves readily available from an
alkyl halide and triphenylphosphine. The phosphonium salt can usually be isolated
and crystallized, but the phosphonium ylide is generally prepared in solution and
used without isolation. Formation of the phosphonium ylide is reversible, and the
reaction conditions and the strength of the base required depend entirely on the
nature of the ylide. A common procedure is to add a stoichiometric amount of a
solution of n-butyllithium to a solution or suspension of the phosphonium salt in
ether or THF, followed, after an appropriate interval, by the carbonyl compound.
Other bases, such as sodium hydride or sodium or potassium alkoxides, in solution
in the corresponding alcohol or in dimethylformamide, are used commonly.

Reactions involving non-stabilized ylides must be conducted under anhydrous
conditions and in an inert atmosphere, because these ylides react both with oxygen

46 H, J. Bestmann and R. Zimmerman, in Comprehensive Organic Synthesis, ed. B. M. Trost and I. Fleming,
vol. 6 (Oxford: Pergamon Press, 1991), p. 171.
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and with water. (Benzylidene)triphenylphosphorane, for example, reacts with water
to give triphenylphosphonium oxide and toluene. With oxygen, reaction leads in
the first place to triphenylphosphonium oxide and a carbonyl compound, which
undergoes a Wittig reaction with unoxidized ylide to form a symmetrical alkene.
Passing oxygen through a solution of the phosphonium ylide can therefore be a
convenient route to symmetrical alkenes.

In the reaction of a phosphonium ylide with an aldehyde or ketone, a mixture of
E- and Z-alkenes can result. In general, it is found that a resonance-stabilized ylide
gives rise predominantly to the E-alkene, whereas a non-stabilized ylide usually
gives more of the Z-alkene. The stereochemistry of the alkene product must arise
from the stereochemistry of the oxaphosphetane, as the second step (the break-
down of the oxaphosphetane) takes place by way of a concerted syn elimination.
Therefore, of the two diastereomeric oxaphosphetanes, the cis isomer leads to the
Z-alkene and the trans isomer to the E-alkene (2.73). With a non-stabilized phos-
phonium ylide, the formation of the oxaphosphetane is thought to be irreversible.
Therefore the Z-E ratio is a reflection of the stereoselectivity in the first, kinetically
controlled step. The preference for the formation of the cis oxaphosphetane has
been attributed to the minimized steric interactions in the transition state involving
orthogonally aligned reactants.

H R2 R2 R2
o RsP RsP
o=< . R3P—< —_ o (2.73)

1 o 0—,

R H = ‘R
R? R?
— cis oxaphosphetane |[ )‘/
1 1

With a stabilized ylide, in which there is conjugation to an electron-withdrawing
group, the formation of the oxaphosphetane is thought to be reversible, owing
to the greater stability of the ylide. Therefore the ratio of stereoisomers of the
alkene product is a reflection of the thermodynamic ratio of the two diastereomeric
oxaphosphetanes. Since there are more steric interactions in the cis oxaphosphetane,
in which the two alkyl groups are on the same side of the four-membered ring, then
this diastereomer is normally less stable and breaks down to the starting materials
faster than to the product alkene. Recombination will eventually result in a prefer-
ence for the thermodynamically more-stable trans oxaphosphetane and hence the
E-alkene product. An alternative explanation lies in an irreversible first step, even
for stabilized ylides, but in which there is a late transition state (product-like) with
a more planar structure, thereby favouring the frans oxaphosphetane. The presence
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of an intermediate betaine prior to the oxaphosphetane would have to be transient
at most. It is likely that there is no universal explanation for all types of substituted
phosphonium ylide, carbonyl compound and reaction conditions.

The Wittig reaction has been used widely in organic synthesis.*’ For example,
a number of steps in a synthesis of the neurotoxin brevetoxin B make use of the
Wittig reaction with both stabilized and non-stabilized phosphonium ylides, two of
which are shown in Scheme 2.74.*® This synthesis also uses a Wittig reaction in a
later, key step to combine two large fragments using a non-stabilized phosphonium
ylide to prepare a Z-alkene.

PhaP
Me

PhCO,H (cat.)
PhH, 50 °C

90%

.
850" " “PPh, 1~ TBSO

NaHMDS
THF, 0 °C

99%

The stereoselectivity of the Wittig reaction depends, not only on the substituents,
but also on the conditions under which the reaction is effected. The presence of
lithium salts tends to favour the E-alkene, so reactions in which the Z-alkene is
desired are often carried out using sodium or potassium bases. It is possible to
obtain high yields of the E-alkene from a non-stabilized phosphonium ylide by
deprotonation, then reprotonation of the intermediate oxaphosphetane or betaine.*

An especially useful application of the Wittig reaction is in the formation of exo-
cyclic double bonds. Thus, cyclohexanone and (methylene)triphenylphosphorane
give (methylene)cyclohexane, whereas the use of the Grignard reaction followed
by dehydration leads to the endocyclic isomer.

A valuable group of Wittig reagents is derived from a-haloethers. They react
with aldehydes or ketones to form vinyl ethers, which on acid hydrolysis are con-
verted into aldehydes containing one more carbon atom. Thus cyclohexanone is
converted into cyclohexane carboxaldehyde (2.75). The addition of an aldehyde

47 K. C. Nicolaou, M. W. Harter, J. L. Gunzner and A. Nadin, Liebigs Ann. (1997), 1283.

48 K. C. Nicolaou, E P.J. T. Rutjes, E. A. Theodorakis, J. Tiebes, M. Sato and E. Untersteller, J. Am. Chem. Soc.,
117 (1995), 10 252.

49 Q. Wang, D. Deredas, C. Huynh and M. Schlosser, Chem. Eur. J., 9 (2003), 570; M. Schlosser and K. F.
Christmann, Liebigs Ann. Chem., 708 (1967), 1.
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to the phosphonium ylide Ph3;P=CBr», generated from carbon tetrabromide, triph-
enylphosphine and zinc, is called the Corey—Fuchs reaction.’® Treatment of the
product 1,1-dibromo-alkene with n-butyllithium and an electrophile provides a
useful method for the preparation of substituted alkynes (2.76).

OMe

| CHO
+
MeO/\PF'h3 Br~ H3O* (2.75)
NaH, DMSO
67%
Br n
CBry, Ph3P, Zn Buli N
RCHO ——2 32, — —————> R——FE (2.76)
+
R Br then E

Intramolecular Wittig reactions can be used for the preparation of cyclic
alkenes.’! The formation of the phosphonium ylide must be compatible with other
functionality in the molecule and thus stabilized ylides are used most commonly.
Wittig reactions with carbonyl groups other than aldehydes or ketones, such as
carboxylic esters, are known.>?> For example, a route to the indole or penem ring
systems uses a carboxylic amide or a thioester respectively as the intramolecular
electrophile (2.77).

+ -
PPh3 Br BuOK \ R
—_—
or NaOMe N
NHCOR H

PhMe, heat
2.77)
" ®~cHo " S
heat
N PPhg N/
o \I? o
COR CO-R'

The simplest Wittig reagent, (methylene)triphenylphosphorane 61, does not react
easily with unreactive substrates such as some hindered ketones or epoxides. A use-
ful reactive alternative is the doubly deprotonated lithio derivative 62, which can be
prepared from 61 by reaction with one equivalent of tert-butyllithium (2.78).3* For
example, fenchone, which is unaffected by (methylene)triphenylphosphorane itself
at temperatures up to 50 °C, reacts with the new reagent to give the exomethylene

0. . Corey and P. L. Fuchs, Tetrahedron Lett. (1972), 3769.

31 K. B. Becker, Tetrahedron, 36 (1980), 1717.

52 py. Murphy and S. E. Lee, J. Chem. Soc., Perkin Trans. 1 (1999), 3049.
3 E. I Corey, J. Kang and K. Kyler, Tetrahedron Lett., 26 (1985), 555.
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derivative 63 in high yield.

1 equiv. 2 equiv. +
PhgP =CH, : PhgP—=CHLi ~<————— PhgP—CHz X~ (2.78)
BuLi SBulLi

o _PhgP=CHLI_
then ‘BuOH
87%

Wittig reactions with stabilized phosphonium ylides sometimes proceed only
slowly. A valuable alternative makes use of phosphonate esters in what is known as
the Horner—Wadsworth—-Emmons (or Wadsworth-Emmons) reaction.>* Phospho-
nate esters are obtained readily from an alkyl halide and a trialkyl phosphite via an
Arbuzov reaction. Proton abstraction with a suitable base gives the corresponding
carbanion (e.g. 64), which is more nucleophilic than the related phosphonium ylide,
since the negative charge is no longer attenuated by delocalization into d orbitals
of the adjacent positively charged phosphorus atom. Such anions react readily with
the carbonyl group of an aldehyde or ketone to form an alkene and a water-soluble
phosphonate ester (2.79). For example, the anion 64, from the phosphonate derived
from ethyl bromoacetate and triethyl phosphite, reacts rapidly with cyclohexanone
at room temperature to give the alkene 65 in 70% yield, compared with a 25% yield
obtained for the reaction with the triphenylphosphorane.

o7 N ) I
(EtO)sP  + BrCH,CO,Et Eto//P\/COZEt Eto//P\/002Et
EtO EtO
(2.79)
o}
; ; J ;
NaH ~~ SCO,Et
B0 GO — e Eo—PN -COE T e N e
EtO Et0 - EtO
Na* 70%
64 65

Where applicable, the Horner—Wadsworth—Emmons reaction is generally supe-
rior to the Wittig reaction with resonance-stabilized phosphonium ylides and it
is employed widely in the preparation of o,[3-unsaturated esters and other conju-
gated systems. It often gives better yields than the Wittig reaction, the phosphonate
esters are readily available and it has the practical advantage that the phosphate

54 W.S. Wadsworth, Org. Reactions, 25 (1977), 73; see also Reference 44.
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by-product is water soluble and easily removed from the reaction mixture. In con-
trast, the Wittig reaction gives the by-product triphenylphosphine oxide, which
is often difficult to remove from the product. However, the Horner—Wadsworth—
Emmons reaction is unsuitable for the preparation of alkenes from non-stabilized
reagents.

o,3-Unsaturated ketones can be made from [3-keto-phosphonates and carbonyl
compounds (2.80). B3-Keto-phosphonates are themselves obtained by reaction of
the lithium salt of dimethyl methylphosphonate with an ester (or by reaction with
an aldehyde followed by oxidation of the initial hydroxyphosphonate).

o o
MeO,C Q Il
e0, _—
m LiICH,P(OMe)s Minoeo/

O_ _O  OSiMeyBu O_ _O  OSiMe,Bu
X X
o} (2.80)
i, NaH, DME (\‘/\‘/\)H/Y\’
i CHO

i, (YY OBn O 0 ¢} 0o OSiMe,Bu
= ot K K

94%

A mild base such as diisopropylethylamine or DBU can be used for the Horner—
Wadsworth—Emmons reaction in the presence of a complexing agent such as lithium
chloride.” These conditions are useful for sensitive substrates, such as chiral com-
pounds with an enolizable stereocentre. For example, the enone 66 is formed in
high optical purity under these conditions (2.81), whereas use of the base potassium
tert-butoxide gives the product as a racemic mixture.

(o}
% DBU, LiCl, MeCN X 0 (2 81)
N P(O)(OMe), —\ N CO,Me :
[ 0. O |
Boc O Boc O
OHC COzMe
84% 66 93%e.e.

b Q
N

N N

L

55 M. A. Blanchette, W. Choy, J. T. Davis, A. P. Essenfeld, S. Masamune, W. R. Roush and T. Sakai, Tetrahedron
Lett., 25 (1984), 2183.
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The reaction of phosphonate anions with aldehydes normally proceeds with high
selectivity for the E-alkene. However, the stereochemistry depends on the substitu-
tion pattern of the phosphonate and aldehyde, and on the conditions of the reaction,
such that the Z-alkene can be the predominant or even exclusive product. In reactions
that give a mixture of E- and Z-alkenes, the E-selectivity can sometimes be enhanced
by using the bulkier bis(isopropyl) phosphonate ester. Still and Gennari showed
that high selectivity for the Z-alkene could be obtained by using bis(trifluoroethyl)
phosphonate esters (2.82).%° The corresponding reaction with benzaldehyde and
the dimethyl phosphonate ester gave almost exclusive (>50:1) formation of the
E-alkene. An alternative and increasingly popular method for the formation of
Z-alkenes has been reported by Ando, and makes use of the related diaryl phos-
phonates.’” For example, deprotonation of ethyl (diphenyl phosphono)acetate with
sodium hydride and addition to octanal resulted in the predominant formation of
(Z)-ethyl 2-decenoate (2.83).

KN(SiMeg),

Il
PhCHO + —P COoMe ——————— /7 \ (2.82)
CF3CH0 18-crown-6
>95% ZE >50:1
I
NaH
C;H15CHO + —P. CO.Et E—— /T \ 2.83
7 PRO™ ™\~ THF CiHis  COEt (2.83)
PhO
100% ZE 9:1

A variation of the Wittig reaction that can overcome problems with the stere-
ochemical outcome is the Horner-Wittig reaction with phosphine oxides.”® The
oxides are obtained by quaternization of triphenylphosphine and hydrolysis of the
phosphonium salt, or by reaction of lithiodiphenylphosphide with an alkyl halide
or sulfonate and oxidation of the resulting phosphine with hydrogen peroxide. The
derived lithio species react with aldehydes or ketones to give -hydroxy phos-
phine oxides, which eliminate on treatment with a base such as sodium hydride or
potassium hydroxide to form the alkene. In common with the Horner—Wadsworth—
Emmons reaction, the phosphorus by-product is water soluble and easily removed
from the product.

An advantage of the Horner—Wittig reaction is that the two diastereomeric
B-hydroxy phosphine oxides are stable, isolable compounds and can be separated.
The elimination step is stereospecific, such that one diastereomeric [3-hydroxy

36 W. C. Still and C. Gennari, Tetrahedron Lett., 24 (1983), 4405.
57 K. Ando, J. Org. Chem., 64 (1999), 8406.
38 J. Clayden and S. Warren, Angew. Chem. Int. Ed. Engl., 35 (1996), 241.
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phosphine oxide gives only the E-alkene, with the other providing the Z-alkene.
The elimination occurs by a syn pathway, by way of a four-membered cyclic tran-
sition state, similar to that in the Wittig reaction. In practice, the reaction of the
lithio derivatives of alkyldiphenylphosphine oxides with aldehydes generally leads
predominantly to the anti alcohols and, hence, on purification and syn elimination,
to the Z-alkene product (2.84). Howeyver, the E-alkene can be obtained by reduction
of the ketone, formed by acylation of the lithio diphenylphosphine oxide with an
ester or by oxidation of the anti--hydroxy phosphine oxide, followed by elimi-
nation from the syn alcohol. The alkene 67, a component of a pheromone of the
Mediterranean fruit fly, was made in this way (2.85).

0
i i, BuLi, THF, —78°C Ph?g R NaH R
I N VEA | (2.84)
Ph i, RCHO ) DMF
R “OH R
i, Buli, THF, —78°C anti predominates
ii, RCOEt
[Q]
o 0
i I .
PhP_ _R NaBH, PhPL R NaH
— —_—
DMF |
R o) R OH R

syn predominates

o)
i P
i, BuLi, THF, -78°C 2 NaBH
Pth\/\ o—> j/i/\\/\/ T (285)
1l
' OH
@ ¢} 85%

81%

90% 67

There is a silicon version of the Wittig reaction, known as the Peterson reac-
tion.” Reaction of an aldehyde or ketone with an a-silyl carbanion forms a
B-hydroxy silane, from which elimination of trialkylsilanol, R3SiOH, provides

9 p.J. Ager, Org. Reactions, 38 (1990), 1; L. F. van Staden, D. Gravestock and D. J. Ager, Chem. Soc. Rev.,
31 (2002), 195.
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the alkene product. Most commonly, trimethylsilyl derivatives are used and the by-
product hexamethyldisiloxane (formed from Me3SiOH) is volatile and much easier
to remove from the reaction product than triphenylphosphine oxide. If the metal
counterion forms a fairly covalent bond (e.g. Li™ or Mg?™), then the intermediate
B-hydroxy silanes can be isolated by protonation. A separate elimination step under
basic or acidic conditions then provides the alkene. With counterions that give a
more ionic intermediate (e.g. Na™ or KT), spontaneous elimination often occurs.

Conveniently, both the E- and Z-alkene products can be separately obtained from
a single diastereomer of the [3-hydroxy silane, depending on the conditions used for
the elimination reaction (2.86). As ordinarily effected, the Peterson reaction would
give a mixture of E- and Z-alkenes, owing to the fact that the (3-hydroxy silane
is generally obtained as a mixture of syn and anti isomers. However, the actual
elimination reaction is highly stereoselective and, with a pure diastereomer of the
hydroxysilane, elimination can be controlled to give either E- or Z-alkene. Under
basic conditions syn elimination takes place, probably by way of a cyclic four-
membered transition state like that in the Wittig reaction. Under acidic conditions
(H* or a Lewis acid) the elimination is anti, leading to the other geometrical
isomer of the alkene. Therefore, with a mixture of (3-hydroxy silanes, separation
and elimination of each diastereomer under different conditions can lead to the
same alkene isomer.

SiMes Me3Si o CoHy
CsHy KH, THF , —
CsH7 I4t> " "'CsHy T
syn elimination CaHy H C.H
3H7
OH
96% 95% E
(2.86)
SiM93 Me3si L—| C3H7
03H7 BFa'OEtz, CHZC'Z 7 —
CaHy anti elimination CsHy 6_@,:3 CsH7 CsHy
OH /
H 99% 94% Z

The Peterson reaction requires access to a-silyl carbanions, typically formed
by proton abstraction. However, this method is generally only applicable if an
electron-withdrawing group is also present on the a-carbon. The a-silyl carbanion
can, alternatively, be formed from the corresponding halide and magnesium, or by
addition of an organometallic species to an alkenyl silane. The simple Grignard
reagent trimethylsilylmethyl magnesium chloride can be prepared readily and is a
useful methylenating agent. For example, this reagent was used in a synthesis of
periplanone-B, a pheromone of the American cockroach (2.87).%°

60 W. Still, J. Am. Chem. Soc., 101 (1979), 2493.
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OSiMe,Bu OSiMe,Bu

i, Me3SiCHoMgCI
Et,0

ii, KH, THF

(2.87)

- -

RO 62% RO

The corresponding organolithium species MesSiCH,Li, prepared from the chlo-
ride and lithium metal, or by bromine— or iodine-lithium exchange with butyl-
lithium or sulfur—lithium exchange with lithium naphthalenide, can also prove
effective. Addition of CeClj to this organolithium species provides a softer reagent
that allows its use with sensitive carbonyl compounds.®!

The addition of an a-substituted a-silyl carbanion to an aldehyde or ketone
normally leads to a mixture of the two diastereomeric [3-hydroxy silanes. Although
these can often be separated, and both converted to the desired E- or Z-alkene,
the most useful Peterson reactions involve the stereoselective formation of the
B-hydroxy silane. This can be achieved in only certain cases by addition of an
a-silyl carbanion to a carbonyl compound. Reduction of, or organometallic addition
to, an a-silyl ketone, or functionalization of an unsaturated silane, provide other,
often stereoselective, alternatives. For example, Cram (Felkin—Anh)-type addition
of methyllithium to the a-silyl ketone 68 gives predominantly the 3-hydroxy silane
69, and hence either the E- or Z-alkene, with high selectivity (2.88). Epoxidation
of an alkenyl silane and ring-opening of the product a,3-epoxy silane with an
organometallic reagent occurs regioselectively at the carbon atom bearing the silyl
group and stereoselectively with inversion of configuration, thereby providing a
stereocontrolled route to alkenes (2.89). Dihydroxylation of an allylsilane provides
another route to the required 3-hydroxy silane, from which elimination to the alkene
can be accomplished (2.90).

SiMeoPh SiMeoPh SiMeyPh
i, Mg, Et,0, heat MeLi
> CiHy —— » CsHg (2.88)
CsHy1 Cl ii, CuBreSMe, CsHi1 CsH S
iii, C4HgCOCI le) HO Me
68 69
SiMe,Ph
: C4Hg C4H9 Me
CsH11/\5< — Can/Y + Can/y
HO Me Me C4Hg
69 KH 61% 95 : 5
TsOH 60% 5 : 95

61 C.R. Johnson and B. D. Tait, J. Org. Chem., 52 (1987), 281.
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0 MesSi OH
__ m-CICgH4CO3H (CaH7)oCuli (2.89)
—_— —_— .
Me3Si CsH7 Me3Si C3Hy Et,O, -78 °C CsH7 CgH;
OAc OAc OAc
CO,Me HO.,, CO,Me HO., COMe
0OsO4 ! TsOH ! (2 90)
'BUOH, acetone, H,O PhH, heat )
1) HO'
SiMe3 [+ SiMeg 98%
N\
Me/ o

2.8 Alkenes from sulfones

Unlike the corresponding phosphonium salts, addition of sulfonium salts to alde-
hydes results, not in the alkene products, but in the formation of epoxides (see
Section 1.1.5.2). However, sulfones can be used to prepare alkenes, by way of
the a-metallo derivatives, in what is termed the Julia olefination (alkenylation).
Addition of the organometallic species to an aldehyde or ketone gives a 3-hydroxy
sulfone which, in the form of its O-acyl or O-sulfonyl derivative, undergoes
reductive cleavage with, for example, sodium amalgam in methanol to form the
alkene.®® The reaction is regioselective and can be used to prepare mono-, di- and
trisubstituted alkenes (2.91).

SO,Ph PhO,S
) i, BuLi >_<_\:< i, MeSO,CI /:/_\:<
Me M OH i, Na-Hg

e

]
AN e
OHC/\/Y Na-t

80%

(2.91)
CHO
o
N i, BuLi, THF, -78°C
(Y then 70
SOzPh ii, AcoO
iii, Na-Hg BzO
EtOAc, MeOH

58%

Although a mixture of the two diastereomeric [3-hydroxy sulfones are formed,
the reductive elimination gives predominantly the E-alkene product. It is thought
that the initial reductive cleavage of the sulfonyl group generates an anion which,

62 P. J. Kocienski, in Comprehensive Organic Synthesis, ed. B. M. Trost and I. Fleming, vol. 6 (Oxford: Pergamon
Press, 1991), p. 975; see also Reference 1.
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whatever its original configuration, is sufficiently long-lived to permit it to adopt
the low-energy conformation 71, in which the two R groups are as far apart as
possible, from which the E-alkene is formed by loss of acetate ion (2.92). This
sequence provides a useful alternative to the Wittig reaction for the preparation of
E-1,2-disubstituted alkenes. The sulfones are more easily purified than the phos-
phonium salts and are readily available, even from secondary halides, by reac-
tion with the nucleophilic PhS™ anion and oxidation of the resulting sulfide.
Trisubstituted alkenes can be prepared by the Julia alkenylation, although the
more-substituted intermediate -alkoxy sulfone, generated using a ketone elec-
trophile, is prone to revert to the starting materials. In such cases, reversing the frag-
ments, such that a more-substituted sulfone is condensed with an aldehyde is often
successful.

PhO,S R'

R R'
Na-Hg S H —
_— H t —_— /_/ (292)
R OAc R OAc R

7

If the Z-1,2-disubstituted alkene is the desired product then an alternative pro-
cedure can be adopted. O-Sulfonation of the intermediate 3-hydroxy sulfone and
elimination using a base (rather than sodium amalgam), gives the corresponding
alkenyl sulfone. The Z- and E-alkenyl sulfones can be obtained selectively from
the appropriate diastereomer of the 3-hydroxy sulfone, and give, on reductive cleav-
age of the sulfone, the alkene with retention of stereochemistry. The E-sulfone 72,
for example, on treatment with a Grignard reagent in the presence of a palladium
catalyst, gave the Z-alkene 73 in good yield (2.93).5> A small amount of the trisub-
stituted alkene is also formed and, under appropriate conditions, substitution of the
sulfone may predominate.

SO,Ph
BuMgBr

— (2.93)
Mé CoHio Pd(acac),, BuzP Mé CoH1g

83%

72 73 98.5% Z

Oxidation of the intermediate 3-hydroxy sulfone to the ketone and reductive
desulfonation provide an alternative transformation that has found use in synthesis
(see Section 1.1.5.2). The Julia alkenylation reaction normally proceeds in high

63 J-L. Fabre and M. Julia, Tetrahedron Lett., 24 (1983), 4311.
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overall yield and is a useful method for linking two fragments of a large target
molecule. However, it has the disadvantage that three separate steps (carbon—carbon
bond formation, O-acylation and reductive elimination) are required. A solution
to this lengthy procedure is to replace the phenyl sulfone group with a hetero-
cyclic sulfone, that permits a one-pot alkenylation.* For example, in a synthesis
of hennoxazole A, the alkene 76 was prepared by treating the tetrazolyl sulfone 75
with potassium hexamethyldisilazide (KHMDS) and the aldehyde 74 (2.94). In the
modified Julia alkenylation, the first-formed alkoxide adds intramolecularly to the
heterocycle to give an intermediate anion, e.g. 77 from a benzothiazolyl sulfone,
which fragments with loss of SO, to give the desired alkene (2.95). This fragmen-
tation is stereospecific (syn elimination) and therefore it is important that the initial
addition to the aldehyde is stereoselective. In practice, a mixture of diastereomeric
[-alkoxy sulfones and hence a mixture of alkene geometrical isomers is formed,
although a preference for the E-alkene is common.

OMe

OMe OMe
OMe PivO e
PivO %\/kf\ o 0
o

= o N=
N N—N
N /M :\N 4
=z S N KHMD:
a 0, | _KHMDS __ 0
¢} B Ph 74
OHC

85%

74 75

o

osf N o o§\><{ R
2 2! _) R
e D = (2.95)

R R R R

7

Formation of an a-metalated sulfone in which the o position is substituted with
a halide promotes alkene formation in what is known as the Ramberg—Bicklund
reaction (or rearrangement).® Intramolecular displacement of the halide gives an

64 J. B. Baudin, G. Hareau, S. A. Julia, R. Lorne and O. Ruel, Bull. Soc. Chim. Fr., 130 (1993), 856; P. R.
Blakemore, J. Chem. Soc., Perkin Trans. 1 (2002), 2563.

65 . A. Paquette, Org. Reactions, 25 (1977), 1; J. M. Clough, in Comprehensive Organic Synthesis, ed. B. M.
Trost and I. Fleming, vol. 3 (Oxford: Pergamon Press, 1991), p. 861; R. J. K. Taylor, J. Chem. Soc., Chem.
Commun. (1999), 217.
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episulfone, from which sulfur dioxide is extruded to give the alkene (2.96).

Oz

0» S
R S R' base R —-8S0,
~ j(/ _oase | \A% TSP L\ — (2.96)

R'

X=Cl, Br, 1

The Ramberg—Bécklund reaction permits the synthesis of many different substi-
tuted acyclic and cyclic alkenes, including strained alkenes such as cyclobutenes,
formed by ring-contraction. Mixtures of acyclic E- and Z-alkene geometrical iso-
mers are common, the stereoselectivity depending on the substitution pattern and on
the conditions used. The Ramberg—Bicklund reaction is therefore most useful when
only one alkene geometry can be formed. An example of the reaction is the addi-
tion of the base t-BuOK to the a-chloro sulfones 78, which promotes the formation
of the cyclic Z-enediynes 79, used in a study of the Bergman cycloaromatization

reaction (2.97).%°
cl
- BUOK
0 ) == @ ) (2.97)
n=38 32-52%
78 79

A useful variant of the Ramberg—Bicklund reaction involves in sifu halogena-
tion and alkene formation.®” The reagent combination KOH or t-BuOK in CCly
or CF,Br; permits chlorination or bromination followed by direct deprotonation,
episulfone and hence alkene formation. A route to exo-glycals uses this chemistry,
with bromination a- to the sulfone, followed by in situ Ramberg—Bécklund reaction
(2.98).

BnO BnO
KOH-AIL,O
BnOwim SO,CH,Ph  ——2¥8  _ BnQwm (2.98)
CFQBI’Z
BnO ©Bn BUOH, CH,Cl, BnO oBn
94% Z.E 88:12

66 K. C. Nicolaou, G. Zuccarello, C. Riemer, V. A. Estevez and W.-M. Dai, J. Am. Chem. Soc., 114 (1992), 7360.
67 C. Y. Meyers, A. M. Malte and W. S. Matthews, J. Am. Chem. Soc., 91 (1969), 7510; T.-L. Chan, S. Fong,
Y. Li, T.-O. Man and C.-D. Poon, J. Chem. Soc., Chem. Commun. (1994), 1771.
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2.9 Alkenes using titanium or chromium reagents

Alkenes can be obtained from aldehydes or ketones on reductive dimerization
by treatment with a reagent prepared from titanium(III) chloride and zinc—copper
couple (or LiAlHy), or with a species of active titanium metal formed by reduction
of titanium(III) chloride with potassium or lithium metal.%® This McMurry coupling
reaction is of wide application, but in intermolecular reactions generally affords a
mixture of the E- and Z-alkenes (2.99).

TiCls, K
N _-CHO ICls /MM (2.99)
THF, reflux
77% E:Z 70:30

The reaction takes place in two steps on the surface of the active titanium particles.
The first stage, leading to the formation of a new carbon—carbon bond is simply a
pinacol reaction. The titanium reagent donates an electron to the carbonyl compound
generating a ketyl radical (see Section 7.2), which dimerizes to give the pinacol
(1,2-diol). The intermediacy of pinacols in the reaction is supported by the fact
that pinacols are smoothly converted into alkenes on treatment with the titanium
reagent. In the second stage, de-oxygenation is effected by way of a species formed
by co-ordination of the pinacol to the surface of the titanium. Cleavage of the two
carbon—oxygen bonds then occurs, yielding the alkene and an oxidized titanium
surface (2.100). Under milder reaction conditions (e.g. room temperature), the
pinacol can be formed as the major product (2.101).%°

o o o- o
2)\&.2[)-\% 4,>:< (2.100)

CHO TiCl3(DME) oHt
I
C _ R C[ (2.101)
CHO Zn-Cu
OH

DME, r.t.

85%

Mixed coupling reactions, using two different carbonyl compounds, can be
effected, but they generally lead to mixtures of products and are of limited use
in synthesis. Intramolecular reactions with dicarbonyl compounds, on the other
hand, provide a good route to cyclic alkenes. The keto-aldehyde 80, for example,
gave the cyclic diterpene kempene-2, despite the presence of a saturated ketone

68 E. Block, Org. Reactions, 30 (1984), 457; J. E. McMurry, Chem. Rev., 89 (1989), 1513; R. G. Dushin, in
Comprehensive Organometallic Chemistry I, ed. E. W. Abel, F. G. A. Stone and G. Wilkinson, vol. 12 (Oxford:
Elsevier, 1995), p. 1071; A. Fiirstner and B. Bogdanovic, Angew. Chem. Int. Ed. Engl., 35 (1996), 2443,
M. Ephritikhine, Chem. Commun. (1998), 2549.

 J. E. McMurry and J. G. Rico, Tetrahedron Lett., 30 (1989), 1169.
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and an ester group within the substrate (2.102).”° Although most carbonyl cou-
pling reactions involve dialdehydes, diketones or keto-aldehydes, substrates such
as keto-esters can be cyclized by using low-valent titanium. Isocaryophyllene was
synthesized by cyclization of the keto-ester 81, followed by Wittig methylenation
of the product 82 (2.103).”" The unusual E to Z isomerization of the double bond
in this conversion is believed to be induced by strain in the cyclic intermediate in
which the two oxygen atoms are bound to titanium.

TiCl3(DME)1 5 2.102)
Zn-Cu
DME, reflux [e)
32%
TiClg, LiAlH,
o N DME, reflux (2.103)
EtO,C o
81 38% 82

Various titanium-based reagents for alkenylation are known.”> The titanium—
aluminium complex 83, known as the Tebbe reagent, can effect the methylena-
tion of carbonyl compounds.”® Aldehydes or ketones can be methylenated and,
unlike the Wittig reaction (with PhsP=CH,), ester or amide carbonyl groups are
good substrates, thereby leading to enol ethers or enamines (2.104). The methyle-
nation of esters or amides may alternatively be carried out using the Petasis
reagent Cp,TiMe,.”* These reagents are thought to give the titanium methylidene
Cp2Ti=CHj as the active methylenating agent.

(0]
CpeTi <\/A|Mez Ph\)J\ = Ph\/u\ (2.104)
Cl OEt PhMe, THF OEt

83 90%

70 W. G. Dauben, I. Farkas, D. P. Bridon and C.-P. Chuang, J. Am. Chem. Soc., 113 (1991), 5883.

71" J. E. McMurry and D. D. Miller, Tetrahedron Lett., 24 (1983), 1885.

72 . H. Pine, Org. Reactions, 43 (1993), 1; R. C. Hartley and G. J. McKiernan, J. Chem. Soc., Perkin Trans. 1
(2002), 2763.

73 F. N. Tebbe, G. W. Parshall and G. S. Reddy, J. Am. Chem. Soc., 100 (1978), 3611; S. H. Pine, R. Zahler,
D. A. Evans and R. H. Grubbs, J. Am. Chem. Soc., 102 (1980), 3270.

74 N. A. Petasis and E. L. Bzowej, J. Am. Chem. Soc., 112 (1990), 6392.
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Another reagent for the methylenation of aldehydes or ketones is the Oshima—
Lombardo reagent TiCl4—Zn—CH,I, (or CH,Br,).” This reagent is non-basic and
can therefore be advantageous for base-sensitive substrates (2.105).

A drawback of the Tebbe and related reagents is that they are generally suitable
only for methylenation and do not permit the formation of higher alkyl analogues.
However, the alkenylation of esters (or amides) has been found possible using the
Oshima-Lombardo conditions in the presence of TMEDA (tetramethylethylene-
diamine) (2.106).7® This chemistry requires the prior formation of the alkyl gem-
dibromide and a more-convenient method, using a dithioacetal, has been reported
(2.107).77

TiCly, Zn, CHoBr,
—_—

(2.105)
THF ,
\ /HOH
5 o}
90% MSOQC O\)
OMe
TiCls, Zn, TMEDA
PhCO,Me + RCHBr, ——42mTVEDA &R (2.106)
THF Ph
R=Me 86% ZE 9238
SPh
PN A)\ Cp2Ti[P(OE)sl>
Ph” COEt +  Ph SPh  ——————= Ph = Ph
, - /Y\/\ (2.107)
OEt
75% ZE 86:14

A related and important alkenylation of aldehydes with gem-dihaloalkanes,
mediated by chromium salts, is often referred to as the Takai alkenylation.”®
Organochromium reagents are very tolerant of many functional groups and are
non-basic, such that this methodology offers a mild and convenient approach to
alkenes.”® A common use of this reaction is for one-carbon homologation of aldehy-
des to alkenyl halides, which are typically formed with good E-selectivity (2.108).
The resulting alkenyl iodides are useful substrates for palladium-catalysed cou-
pling reactions (see Section 1.2.4). The alkenylation of ketones is slower than
that of aldehydes and the reaction can therefore be used for the chemoselective

75 K. Takai, Y. Hotta, K. Oshima and K. Utimoto, Tetrahedron Lett. (1978), 2417; L. Lombardo, Tetrahedron
Lett., 23 (1982), 4293; J. Hibino, T. Okazoe, K. Takai and H. Nozaki, Tetrahedron Lett., 26 (1985), 5579.

76 K. Takai, K. Nitta and K. Utimoto, J. Am. Chem. Soc., 108 (1986), 7408; K. Takai, Y. Kataoka, J. Miyai,
T. Okazoe, K. Oshima and K. Utimoto, Org. Synth., 73 (1996), 73.

77'Y. Horikawa, M. Watanabe, T. Fujiwara and T. Takeda, J. Am. Chem. Soc., 119 (1997), 1127.

78 K. Takai, K. Nitta and K. Utimoto, J. Am. Chem. Soc., 108 (1986), 7408.

7 A. Fiirstner, Chem. Rev., 99 (1999), 991.
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functionalisation of keto aldehydes (2.109). Although most popular with iodoform,
the reaction can be used for the alkenylation of aldehydes with substituted gem-
dihalides.

CHO  CHls, CrCl,

:
:

MeO,C MeO,C (2.108)
THF
OAc OBn OAc OBn
80% E:Z 98:2
(o] (0]
CHlg, CrCl )J\/\/\/\/\/\
)J\/\/\/\/\CHO e Ve | (2 109)
THF
75% E:Z 81:19

2.10 Alkene metathesis reactions

A significant development for the selective synthesis of alkenes makes use of alkene
metathesis.?” Metathesis, as applied to two alkenes, refers to the transposition of the
alkene carbon atoms, such that two new alkenes are formed (2.110). The reaction is
catalysed by various transition-metal alkylidene (carbene) complexes, particularly
those based on ruthenium or molybdenum. The ruthenium catalyst 84, developed
by Grubbs, is the most popular, being more stable and more tolerant of many
functional groups (although less reactive) than the Schrock molybdenum catalyst
85. More recently, ruthenium complexes such as 86, which have similar stability
and resistance to oxygen and moisture as complex 84, have been found to be highly
active metathesis catalysts.

[LaM=CHR]
2 RCH=CH, —— > RCH=CHR + H,C=CH, (2.110)

PCys ph Ay ‘>< \( Ph
Ph
CI\Rl|J=/ \0_ Cl\Ru=/
o Me(F4C)2CO™" o
PCy; Me(F3C).CO PCys
84 85 86

Cy = cyclohexyl
Ar = 2,6-diisopropylphenyl
Mes = 2,4,6-trimethylphenyl

80 M. Schuster and S. Blechert, Angew. Chem. Int. Ed. Engl., 36 (1997), 2036; R. H. Grubbs and S. Chang,
Tetrahedron, 54 (1998), 4413; S. K. Armstrong, J. Chem. Soc., Perkin Trans. 1 (1998), 371; R. R. Schrock,
Tetrahedron, 55 (1999), 8141; A. Fiirstner, Angew. Chem. Int. Ed., 39 (2000), 3012; R. R. Schrock and A. H.
Hoveyda, Angew. Chem. Int. Ed., 42 (2003), 4592.
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Alkene metathesis occurs by way of an intermediate metallacycle 87, followed
by ring opening to give either the starting materials or one of the new alkenes
and a new metallocarbene complex (2.111). Further metallocycle formation using
another alkene and ring-opening provides the other product alkene and recovered
catalyst to continue the cycle.

R
s T
LM H,C=CH,
/ 87

[L,M=CHy] [L,M=CHR] (2.111)
\ R R J
RCH=CHR
LM Z R

The reaction has shown considerable use in organic synthesis for ring formation
(ring-closing metathesis, RCM). The method is not only effective for the preparation
of five- and six-membered rings, but can be applied to medium and large ring
formation. This has made it popular for the synthesis of many different substituted
carbocyclic and heterocyclic ring systems.

Substrates containing two appropriately spaced monosubstituted alkenes often
undergo ring-closing metathesis efficiently with the Grubbs catalyst 84. An example
is the cyclization to give the indolizidine ring system from the diene 88 (2.112).
Reduction of the product 89 gives the alkaloid (—)-coniceine 90. Typically, such
ring-closing reactions can be accomplished under mild conditions and with only
1-10 mol% of the catalyst. The other newly formed alkene, ethene, is a convenient
by-product.

H H H
Z 10 mol% 84 i, Hp, Pd(OH),
— . | —— 2.112)
N CICH,CH,CI N ii, LiAIHg N
room temp.
o] o]

9,
88 89% 89 90
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In cases where metathesis with the catalyst 84 is unsuccessful or very sluggish,
then the Schrock catalyst 85 or catalysts such as 86 are often effective. This is
particularly the case for the formation of tri- or tetrasubstituted alkenes, which
are normally too hindered to be formed using the catalyst 84. For example, ring-
closing metathesis of the diene 91 is unsuccessful with the Grubbs catalyst 84, but
the cyclohexene 92 can be formed in excellent yield with the catalyst 86 (2.113).
An efficient synthesis of the medium-ring terpene dactylol 94 was accomplished
with the Schrock catalyst 85 (2.114). Attempted metathesis of 93 with the catalyst
84 failed to give any of the medium-ring trisubstituted alkene product.

Me Me Me
Me 5 mol% 86 2.113)
_omole® .
45°C
EtO,C CO,Et CO,Et
CO,Et
90%
91 92

3 mol% 85

—_—
hexane, 55 °C
then BuyNF

(2.114)

92%
93 94

Medium-ring products (containing ring sizes 7-9) are often difficult to prepare
by conventional chemistry. Ring-closing metathesis to give medium rings provides
a solution to this problem and is particularly successful when a conformational
constraint, such as another ring or a stereoelectronic effect, aids the medium-ring
formation.8!

Large-ring products can be accessed readily by ring-closing metathesis. If more
than one alkene is present in the substrate then the less-hindered, typically mono-
substituted, alkene reacts preferentially. For example, the anticancer epothilone
compounds can be prepared by using metathesis as the key ring-forming step.
Treatment of the substrate 95 with the catalyst 84 resulted in the formation of both
the desired Z-alkene 96 and the E-alkene 97 (2.115). Control of alkene stereochem-
istry in macrocycle formation is often difficult unless a conformational constraint

81 M. E. Maier, Angew. Chem. Int. Ed., 39 (2000), 2073.
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promotes one geometrical isomer.

= s
N /N/>\ 10 mol% 84 HO

o CH.Cl,
room temp. H
O OSiRzO O OSiRz O

S

[~

N T (2.115)

HO,

v W
W W
K K

95 96  46%

SiR; = SiMe,Bu

Many other types of heterocyclic and carbocyclic ring systems, with different
substitution patterns, can be prepared by using ring-closing metathesis. Metathesis
catalysts are also effective for ring-opening metathesis polymerization (ROMP), in
which cyclic alkenes can be polymerized.

Cross-metathesis of two different alkenes to give an acyclic alkene is compli-
cated by the possible formation of not only the desired cross-metathesis product,
but also self-metathesis products, each as a mixture of alkene isomers. However,
some alkenes are amenable to efficient cross-metathesis to give the desired sub-
stituted alkene. This is particularly the case with alkenes that are slow to homod-
imerize, such as o,-unsaturated carbonyl compounds or alkenes bearing bulky
substituents.> Hence, cross-metathesis of methyl acrylate with an alkene pro-
ceeds efficiently (2.116). The ruthenium catalyst reacts preferentially with the more
electron-rich alkene 98, which then undergoes cross-metathesis with the acrylate
or self-metathesis with another molecule of the alkene 98. The latter reaction is
reversible and hence a high yield of the desired substituted acrylate results over
time. The use of 1,1-disubstituted alkenes as partners in cross-metathesis provides
a route to trisubstituted alkenes. This chemistry is therefore a useful alternative to
conventional syntheses of alkenes, such as by the Wittig reaction.

5 mol% 86
ACOW + > coMe Aco/é\)n\/\cogm (2.116)
CH.Cl,
room temp.

98
94%

82 5. J. Connon and S. Blechert, Angew. Chem. Int. Ed., 42 (2003), 1900.
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Problems (answers can be found on page 469)

1. Explain why the two diastereomeric amine N-oxides 1 give, on heating, two different
major regioisomeric alkene products.

O
+
NMe,
heat
+
Ph Ph Ph
1

syn 98 : 2
anti 15 : 85

2. Explain the formation of the Z-o,[3-unsaturated ester 2.

OH
COMe  Ticy,, iProNEt CO:Me  MsCl, pyridine —
"CsHyyCHO  + 7 "CsHyy T "CgHyy COzMe
SePh CHCl SePh CreCle
2

3. Draw a mechanism to account for the formation of methyl chrysanthemate by the trans-
formation shown below.

CH,
!
s N

J\ [ P—Ph

(e} (0] N
\

H o coMe CHy >: CO,Me

40°C X
H

methyl chrysanthemate

4. Suggest a method to prepare the allylic alcohol 3 as a single stereoisomer.

Me

OH

MeO,C
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5. Suggest two methods for the conversion of the alkyne 4 into the Z-alkene 5, which was
hydrolysed to the anticancer compound combretastatin A-1.

MOMOQ OMOM OMOM

4 5

6. Suggest a reagent and conditions to convert the lactol 6 to the alkene 7.

PMBO, PMBQ,
U - MCOzH
OoH
o oH
6 7

7. Account for the formation of the pyrrolizine 8.

NaH ~
Q\CHO N\ N )
H

+ -
ZZPPhy Br

8. Explain the formation of the adduct 9.

0 _PhgP=CHLI_
then 'BuOH

9. The diene 11 was used in a synthesis of the anti-inflammatory agent pinnaic acid. Suggest
a method to prepare the alkenyl stannane 10 and reagents for the steps from 10 to the
diene 11.

Bussn/\/CHo i BuQSnA\/YCOEEt i I/\/YCOZE

Me
10




Problems 157

10. Suggest reagents for the conversion of the silane 12 to the alkene 13 and of the
silane 12 to the alkene 14. Explain the regioselectivity of the elimination in each

case.

11.

Br

SiMeoPh
HO WOH HO WOH
HO 0Bn HO 0Bn

HO

= OBn = z
(:)Bn (:)Bn (:)Bn
12 13 14

Explain the following chemistry, used in a synthesis of the anti-cancer agent zampano-

lide.

OSiMe,Bu

Oz

Me S N

\(/ /N
H H KHMDS, THF, -78 °C

N—t/

Ph/ then
BuMe,SiO N Me

OSiMe,Bu

CHO

12. Draw the structure of the product from double ring-closing metathesis of the tetra-ene

15.

PhMe, 80 °C R
T, )

1 mol%

Mes—N N—Mes
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13. Alkene—alkene metathesis reactions are a valuable method to construct cyclic com-
pounds (see Section 2.10). Alkene—alkyne reactions can also be effective. Explain the

formation of the bicyclic product 16.

(0]
Me O
© 4<: CHoClp, 40 °C
X N 5 mol%
mol%
N
Me / \
Mes—N N—Mes
Ph
Cl.
u=
Cl~ |

PCy3

16
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Pericyclic reactions

Pericyclic reactions are concerted processes that occur by way of a cyclic transition
state in which more than one bond is formed or broken within the cycle. The classic
example of such a process is the Diels—Alder cycloaddition reaction, one of the
most common and useful synthetic reactions in organic chemistry. Cycloaddition
reactions, sigmatropic rearrangements and electrocyclic reactions all fall into the
category of pericyclic processes, representative examples of which are given in
Schemes 3.1-3.3. This chapter will discuss these reactions and their use in synthesis.

” cycloaddition

+

3.1
N reaction G-

sigmatropic

3.2)

7\

rearrangement

(3.3)

reaction

X
Z
X electrocyclic
Z

3.1 The Diels—Alder cycloaddition reaction

Of all the pericyclic reactions, the Diels—Alder cycloaddition reaction is the most
popular. In the Diels—Alder reaction, a 1,3-diene reacts with a dienophile to form a
six-membered ring adduct (3.1). Two new o-bonds and a new m-bond are formed
at the expense of three w-bonds in the starting materials.'

! K. C. Nicolaou, S. A. Snyder, T. Montagnon and G. Vassilikogiannakis, Angew. Chem. Int. Ed., 41 (2002), 1668;
W. Oppolzer, in Comprehensive Organic Synthesis, ed. B. M. Trost and I. Fleming, vol. 5 (Oxford: Pergamon
Press, 1991), p. 315; W. Carruthers, Cycloaddition Reactions in Organic Synthesis (Oxford: Pergamon Press,
1990).
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In general, the reaction takes place easily, simply by mixing the components at
room temperature or by warming in a suitable solvent, although in some cases with
unreactive dienes or dienophiles, more vigorous conditions may be necessary. The
Diels—Alder reaction is reversible, and many adducts dissociate into their compo-
nents at quite low temperatures. In these cases, heating is disadvantageous and the
forward reaction is facilitated and better yields are obtained by using an excess
of one of the components, or a solvent from which the adduct separates readily.
Many Diels—Alder reactions are accelerated by Lewis acid catalysts.? In a few cases
high pressures have been used to facilitate reactions that otherwise take place only
slowly or not at all at room temperature.’

The usefulness of the Diels—Alder reaction in synthesis arises from its versatility
and from its remarkable stereoselectivity. By varying the nature of the diene and the
dienophile, many different types of ring structure can be constructed. In the majority
of cases all six atoms involved in forming the new ring are carbon atoms, but this
is not necessary and ring-closure may take place at atoms other than carbon, giving
rise to heterocyclic compounds. It is found, moreover, that although the reaction
could give rise to a number of isomeric products, one isomer is very often formed
exclusively or at least in predominant amount.

The Diels—Alder reaction and indeed other pericyclic reactions are concerted
processes in which there is no intermediate on the reaction pathway. The mecha-
nisms of such processes can be considered in terms of orbital symmetry concepts.*
A normal Diels—Alder reaction involves an electron-rich diene and an electron-
deficient dienophile, and in such cases the main interaction is that between the
highest occupied molecular orbital (HOMO) of the diene and the lowest unoccu-
pied molecular orbital (LUMO) of the dienophile (3.4). The smaller the energy
difference between these frontier orbitals, the better these orbitals interact and
therefore the more readily the reaction occurs.

V3
V2
LUMO HOMO o
; 3.4
V2 +
HOMO ——w LUMO
diene dienophile

2 M. Santelli and J.-M. Pons, Lewis Acids and Selectivity in Organic Synthesis (New York: CRC Press, 1996).

3G. Jenner, Tetrahedron, 53 (1997), 2669.

4 R. B. Woodward and R. Hoffmann, Angew. Chem. Int. Ed. Engl., 8 (1969), 781; K. N. Houk, Acc. Chem. Res., 8
(1975), 361; L. Fleming, Frontier Orbitals and Organic Chemical Reactions (London: Wiley, 1976); I. Fleming,
Pericyclic Reactions (Oxford: Oxford University Press, 1999).
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The precise mechanism of the Diels—Alder reaction has been the subject of
much debate. There is general agreement that the rate-determining step in adduct
formation is bimolecular and that the two components approach each other in
parallel planes roughly orthogonal to the direction of the new bonds about to be
formed. Formation of the two new o-bonds takes place by overlap of molecular
w-orbitals in a direction corresponding to endwise overlap of atomic p-orbitals.
However there is uncertainty about the nature of the transition state and, in particular,
about the timing of the changes in covalency that result in the formation of the new
bonds.

If the reaction is concerted then there should be a high level of stereoselectiv-
ity, as is indeed observed. However, this does not rule out a two-step mechanism
should rotation about the bonds in the intermediate be slow compared with the rate
of ring-closure.’ In this connection, it is noteworthy that cycloaddition of trans-
and cis-1,2-dichloroethene to cyclopentadiene is completely stereospecific (3.5).
A two-step mechanism via a biradical intermediate might have been expected to be
sufficiently long-lived to allow some interconversion, resulting in a mixture of prod-
ucts. Addition of dichlorodifluoroethene to cis,cis- and trans,trans-2,4-hexadiene
is, however, non-stereospecific and is thought to proceed by a two-step mechanism
with a biradical intermediate.

c . cl
D S
cl

. (3.5)

@ . [ 190 °C /
cl

Cl

Attempts to detect biradical intermediates in the Diels—Alder reaction have
been unsuccessful and compounds that catalyse singlet—triplet transitions have
no influence on the reaction. Similarly, the kinetic effects of para substituents in
1-phenylbutadiene, although large in absolute terms, are considered too small for
a rate-determining transition state corresponding to a zwitterion intermediate.

Whether or not both of the new bonds in the concerted mechanism are formed
to the same extent in the transition state is an open question. It is likely that in
most cases both bonds begin to form at the same time, although this may occur at
different rates, such that one bond is formed to a greater extent than the other. There
may be a gradation of mechanisms for different Diels—Alder reactions, extending
from a completely concerted mechanism with a symmetrical transition state at one

5 J. Sauer and R. Sustmann, Angew. Chem. Int. Ed. Engl., 19 (1980), 779.
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extreme, to something approaching a two-step process at the other. Thus in reactions
involving a heterodiene or heterodienophile, the heteroatoms will probably be able
to stabilize polar intermediates to a greater extent than carbon so that hetero-Diels—
Alder reactions are more likely to be non-concerted or at least to proceed through
an unsymmetrical transition state.

3.1.1 The dienophile

Many different types of dienophile can take part in the Diels—Alder cycloaddition
reaction. These are normally derivatives of ethene or ethyne, but can also be reagents
in which one or both of the reacting atoms is a heteroatom. All dienophiles do not
react with equal ease; the reactivity depends on the structure. In general, the greater
the number of electron-attracting substituents on the double or triple bond, the more
reactive is the dienophile, owing to the lowering of the energy of the LUMO of
the dienophile by the substituents. This is because a better interaction between the
LUMO of the dienophile and the HOMO of the diene occurs when these orbitals
are of similar energy. Thus, whereas maleic anhydride and 1,3-butadiene afford a
quantitative yield of adduct in boiling benzene or, more slowly, at room tempera-
ture, tetracyanoethene, with four electron-attracting substituents, reacts extremely
rapidly even at 0 °C. Similarly, ethyne reacts with electron-rich dienes only under
severe conditions, but propynoic acid and derivatives react readily. Table 3.1 gives
some values for the rates of addition of a number of dienophiles to cyclopentadiene
and 9,10-dimethylanthracene in dioxane at 20 °C.

maleic anhydride

It should be noted, however, that there are a number of Diels—Alder reactions for
which the above generalization does not hold, in which reaction takes place between
an electron-rich dienophile and an electron-deficient diene. The essential feature is
that the two components should have complementary electronic character. These
Diels—Alder reactions with inverse electron demand, as they are called, also have
their uses in synthesis, but the vast majority of reactions involve an electron-rich
diene and an electron-deficient dienophile.

The most commonly encountered activating substituents for the ‘normal’ Diels—
Alder reaction are COR, CO,R, CN and NO,. Dienophiles that contain one or more
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Table 3.1. Rates of reaction of dienophiles with cyclopentadiene
and 9,10-dimethylanthracene

Cyclopentadiene 9,10-Dimethylanthracene

Dienophile 103 k/mol~'s™! 107 k/mol~1s~!
Tetracyanoethene  (NC),C=C(CN), ¢. 43000000 c. 13000000 00
Tricyanoethene (NC),C=CHCN c. 480000 ¢. 590000
1,1-Dicyanoethene HyC=C(CN), 45500 12700
Acrylonitrile H,C=CHCN 1.04 0.089
MeO, /
Dimethyl fumarate C\/\C%Me 74 215
Dimethyl acetylene MeOC—==—CO:Me 3 104
dicarboxylate
9,10-dimethylanthracene Me
Me

of these groups in conjugation with a double or triple bond react readily with dienes.
The most widely used dienophiles are o,[3-unsaturated carbonyl compounds and
typical examples are acrolein (propenal), acrylic acid and its esters, maleic acid and
its anhydride, 2-butyne-1,4-dioic acid (acetylene-dicarboxylic acid) and derivatives
of 2-cyclohexenone. Thus acrolein reacts rapidly with butadiene in benzene at
0°C to give the aldehyde 1 in quantitative yield, and 2-butyne-1,4-dioic acid and
butadiene give the diacid 2 (3.6, 3.7).

- CHO CHO
+  — 3.6
C 8 (Y co

1
COsH

_ COzH
+ | | —_— 3.7)
~ CO-H
CO.H

2

Substituents exert a pronounced steric effect on the reactivity of dienophiles.
Comparative experiments show that the yields of adducts obtained in the reaction
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of butadiene (and 2,3-dimethylbutadiene) with derivatives of acrylic acid decrease
with the introduction of substituents into the a-position of the dienophile. o,[3-
Unsaturated ketones with two alkyl substituents in the 3-position react very slowly.

Another important group of dienophiles of the a,-unsaturated carbonyl class
are quinones.® 1,4-Benzoquinone reacts readily with butadiene at room temper-
ature to give a high yield of the mono-adduct, tetrahydronaphthaquinone (3.8);
under more vigorous conditions a bis-adduct is obtained which can be converted
into anthraquinone by oxidation of an alkaline solution with atmospheric oxygen.
As with other dienophiles, alkyl substitution on the double bond leads to a decrease
in activity and cycloaddition of monoalkyl 1,4-benzoquinones with dienes occurs
preferentially at the unsubstituted double bond. In addition to steric effects, elec-
tronic effects can play a part, such that cycloaddition occurs at the more electron-
deficient double bond of the benzoquinone. The first step in an approach to the
steroid ring system makes use of such selectivity (3.9).’

o} o} o
7
¢ C
“ (3.8)
o} o} o

o) o)
Me
Me
X 100 °C
+ _— 3.9
MeO 7 MeO !
o) 86% o

In contrast to the reactive dienophiles in which the double or triple bond is acti-
vated by conjugation with electron-withdrawing groups, ethylenic compounds such
as allylic alcohol and its esters and allyl halides are relatively unreactive, although
they can sometimes be induced to react with dienes under forcing conditions. Enol
ethers or enamines, in which the dienophile bears an electron-donating substituent,
take part in Diels—Alder reactions with inverse electron demand. They react with
electron-deficient dienes and with «,3-unsaturated carbonyl compounds, the latter
to give dihydropyrans. For example, 2-alkoxydihydropyrans are obtained at tem-
peratures between 150 and 200 °C and are useful intermediates for the preparation
of glutaraldehydes (3.10). A key step in a synthesis of secologanin, makes use of an
inverse electron demand Diels—Alder reaction with the «,3-unsaturated aldehyde
3 and the enol ether 4 (3.11).3 Reactions with cyclic enamines have been used in the

6 L. W.Butzand A. W. Rytina, Org. Reactions, 5 (1949), 136; V. Nair and S. Kumar, Synlett (1996), 1143.
7 R. B. Woodward, F. Sondheimer, D. Taub, K. Heusler, W. M. McLamore, J. Am. Chem. Soc., 74 (1952), 4223.
8 L. F. Tietze, K.-H. Glisenkamp and W. Holla, Angew. Chem. Int. Ed. Engl., 21 (1982), 793.
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synthesis of alkaloids.’ For example, an important step in a synthesis of the alkaloid
minovine involved cycloaddition of the enamine 6 with the diene § (3.12). It is not
certain that such reactions, particularly with the more electron-rich enamines, are
concerted cycloadditions; they may well be stepwise, ionic reactions.'”

= 200 °C + m
[ D == Q WO 310)
N 400 °C CHO CHO

(0] OR

O OR

Y\O o
OWJ\H NN OMe _3C
CHO

(3.11)
(@)
48%
3 4
\ . P N MeOH 3.12)
'|\‘ e reflux '
CO.M
Me Ve Bt 55%
5 6

Isolated carbon—carbon double or triple bonds do not usually take part in inter-
molecular Diels—Alder reactions, but a number of cyclic alkenes and alkynes with
pronounced angular strain are reactive dienophiles. The driving force for these reac-
tions is thought to be the reduction in angular strain associated with the transition
state for the addition. Thus, cyclopropene reacts rapidly and stereoselectively with
cyclopentadiene at 0°C to form the endo adduct 7 in 97% yield, and butadiene
gives norcarene 8 in 37% yield (3.13).!!

O > == L%: E+D%©><s.13)

97% 37%
7 8

Some cyclic alkynes are also powerful dienophiles. Alkyne-containing ring sys-
tems with fewer than nine atoms in the ring are strained, owing to the preferred
linear structure of the C—C=C—C triple bond arrangement. The increasing strain
with decreasing ring size in the sequence cyclooctyne to cyclopentyne is shown

9 EE. Ziegler and E. B. Spitzner, J. Am. Chem. Soc., 92 (1970), 3492.
10 1. Fleming and M. H. Kargar, J. Chem. Soc. (C) (1967), 226.
IT'M. L. Deem, Synthesis (1972), 675.
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in an increasing tendency to take part in cycloaddition reactions. Cyclooctyne has
been prepared as a stable liquid with significant dienophilic properties. It reacts
readily with diphenylisobenzofuran to give the adduct 9 in 91% yield (3.14). The
lower cycloalkynes have not been isolated but their existence has been shown by
trapping with diphenylisobenzofuran.!?

Ph Ph
IS
PH 91% L

9

Arynes, such as benzyne (1,2-dehydrobenzene), also undergo Diels—Alder
cycloaddition reactions. Benzyne, CgHy, is a highly reactive species and can be
prepared by elimination of a suitably substituted benzene derivative. It reacts
in situ with various dienes such as furan, cyclopentadiene, cyclohexadiene and
even benzene and naphthalene to give bicyclic or polycyclic cycloadducts (3.15).!2
Analogous addition reactions are shown by dehydroaromatics in the pyridine and
thiophene series.

L
Br %\
®
@: @l -~ O + other products (3.15)
N2
©EN / benzyne

N\

N

/

S

Oz

Indirect methods have been developed for engaging unactivated alkenes as
dienophiles in Diels—Alder reactions by temporary introduction of activating
groups. Thus, the readily available phenyl vinyl sulfone serves very conveniently as
an ethene equivalent (3.16). Reductive cleavage of the sulfone group from the initial
adduct with sodium amalgam leads to 1,2-dimethylcyclohexene. Alkylation of the
sulfone before reductive cleavage provides access to other derivatives.'® Likewise,
the corresponding ethynyl sulfone (such as ethynyl p-tolyl sulfone) serves well in the
Diels—Alder reaction with substituted dienes and subsequent reductive cleavage of
the adduct with sodium amalgam gives 1,4-cyclohexadiene products. Phenyl vinyl
sulfoxide can also be used as an ethyne equivalent; treatment with a reactive diene

12 G. Wittig, Angew. Chem. Int. Ed. Engl., 1 (1962), 415.
13 R.V.C.Carrand L. A. Paquette, J. Am. Chem. Soc., 102 (1980), 853.
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followed by elimination of benzenesulfenic acid generates the cyclohexadiene (see
Section 2.2 for elimination of sulfoxides).!*

SO,Ph
SOZPh ;Q/ Na_Hg ;@
135°C

76%

94%

i, base
ii, PhCH,Br (3.16)

SO,Ph

O =

85%

Although many electron-deficient alkenes can function as dienophiles, a notable
exception is ketene. The C=C linkage in the ketene R,C=C=0 does react with
dienes, but the products are four-membered ring compounds, formed by overall
[242]-cycloaddition (see Section 3.2). Indirect methods are therefore needed to
prepare the product corresponding to Diels—Alder addition of a ketene to a 1,3-
diene.’> A good reagent that promotes effective cycloaddition and allows subse-
quent conversion to the desired ketone is 2-chloroacrylonitrile.'® Cycloaddition
with this dienophile gives an a-chloronitrile adduct that can be converted easily to
the ketone (3.17).

OMe OMe OMe
] Cl
/\ CN °
CN NayS*9H,0 (3.17)
CHCl3, 61 °C EtOH
50% 80%

Nitroethene and vinyl sulfoxides have also been employed as ketene equiva-
lents. Nitroethene is an excellent dienophile and oxidation of the initial nitro-adduct
gives the corresponding ketone.!” However, the thermal instability of nitroethene
limits its application to cycloadditions with reactive dienes. An attractive feature
of vinyl sulfoxides as ketene equivalents is that they can be obtained in optically
active form because of the chirality of the sulfoxide group, thus allowing enan-
tioselective Diels—Alder reactions. Cycloaddition of p-tolyl vinyl sulfoxide with
cyclopentadiene requires heat and gives a mixture of all four (two exo and two

14°0. De Lucchi and G. Modena, Tetrahedron, 40 (1984), 2585.

15 v. K. Aggarwal, A. Ali and M. P. Coogan, Tetrahedron, 55 (1999), 293.

16§ J. Corey, M. M. Weinshenker, T. K. Schaaf and W. Huber, J. Am. Chem. Soc., 91 (1969), 5675; D. A. Evans,
W. L. Scott and L. K. Truesdale, Tetrahedron Lett. (1972), 121.

17 p A. Bartlett, F. R. Green and T. R. Webb, Tetrahedron Lett. (1977), 331; D. Ranganathan, C. B. Rao,
S. Ranganathan, A. K. Mehrotra and R. Iyengar, J. Org. Chem., 45 (1980), 1185.
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endo) isomeric [442] cycloadducts, although these are separable. However, prior
O-ethylation of the sulfoxide gives the salt 10, which reacts at low temperature
and with very high selectivity (3.18).'® This methodology was used to prepare the

ketone 11, an intermediate in the synthesis of prostaglandins.

"aS»O "'—,S/OE‘
. -
W+\Tol Et;0 BF4 W*\Tol J
- -30°C
BF.
¢ then NaOH & (3.18)

..\\ ~

l Tol
10 60% 11

>96% de >96% ee

A number of cycloaddition reactions involving allene derivatives as dienophiles
have been recorded. Allene itself reacts only with electron-deficient dienes but
allene carboxylic acid or esters, in which a double bond is activated by conjugation
with the carboxylic group, react readily with cyclopentadiene to give 1:1 adducts in
excellent yield. For example, the allene 12 gave, with very high yield and selectivity,
the cycloadduct 13, used in a synthesis of (-)-B-santalene (3.19)."° An ‘allene
equivalent’ is vinyl triphenylphosphonium bromide, which is reported to react with
a number of dienes to form cyclic phosphonium salts.’® These can be converted
into methylene compounds by the usual Wittig reaction procedure (3.20).

H._ __CO.R !
A i
N Icl: TiCly(OPr), /
I -20°C COsR
CH2
CHp 3.19)
12 98% 13

Bu_o 99% de
R = é
M M PPh Br™ M CHR
e . e 3 Br e
< > PPhy B :@/ i, LDA :(/Vr
. ii, RCHO (3.20)
Me 145 °C Me' Me

92%

Cationic dienophiles, in which the alkene is rendered electron deficient, are
good substrates for the Diels—Alder reaction.?! 2-Vinyl-1,3-dioxolane 13 is very
unreactive towards dienes, however, on protonation, the acetal is in equilibrium

18 B. Ronan and H. B. Kagan, Tetrahedron: Asymmetry, 3 (1992), 115.

19 w. Oppolzer and C. Chapuis, Tetrahedron Lett., 24 (1983), 4665.

20 R. Bonjouklian and R. A. Ruden, J. Org. Chem., 42 (1977), 4095.

21 P G. Gassman, D. A. Singleton, J. J. Wilwerding and S. P. Chavan, J. Am. Chem. Soc., 109 (1987), 2182; P. A.
Grieco, J. L. Collins and S. T. Handy, Synlett (1995), 1155; B. G. Reddy, R. Kumareswaran and Y. D. Vankar,
Tetrahedron Lett., 41 (2000), 10333.
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with the oxonium ion 14, an effective dienophile (3.21). Cycloaddition and re-
formation of the acetal gives the Diels—Alder adduct 15.

+ Me (@)
o) o) ”>
(k} cat. H* Hl/\OH Me< Me o
| | CH,Cl,, <0 °C (3.2)
e
15

M

14 65%

Heterodienophiles

The Diels—Alder reaction is by no means restricted to the all-carbon variant. No
significant loss of reactivity is encountered when one or both of the atoms of the
dienophile multiple bond is a heteroatom.?

Carbonyl groups in aldehydes and ketones add to 1,3-dienes and the reaction has
been used to prepare derivatives of 5,6-dihydropyrans.?***> Formaldehyde reacts
only slowly but reactivity increases with reactive carbonyl compounds bearing
electron-withdrawing groups, such as glyoxylate derivatives (3.22).

OEt OEt
Z Q 180 °C 0
+ g —_— |
N H/ ~ H
(3.22)
OMe OMe
/ O 20 °C (0]
+ ” —_— |
A H” CO.Bu COsBu

In the presence of a Lewis acid such as zinc chloride or boron trifluoride etherate,
however, the scope of this reaction is extended greatly. Under these conditions,
oxygenated butadiene derivatives react readily with a wide variety of aldehydes
to give dihydro-4-pyrones in good yield (3.23).2* The reactions catalysed by zinc
chloride are thought to be true cycloadditions, proceeding through 1:1 cycloadducts
16, whereas the boron trifluoride reactions appear to be complex, with more than one
reaction pathway possible, and under certain conditions proceeding in a stepwise
fashion, by way of an open-chain aldol-like intermediate. The stereochemistry of

22 5. M. Weinreb and R. R. Staib, Tetrahedron, 38 (1982), 3087; S. M. Weinreb, in Comprehensive Organic
Synthesis, ed. B. M. Trost and I. Fleming, vol. 5 (Oxford: Pergamon Press, 1991), p. 401; L. F. Tietze and
G. Kettschau, Top. Curr. Chem., 189 (1997), 1; P. Buonora, J.-C. Olsen and T. Oh, Tetrahedron, 57 (2001),
6099.

23 M. D. Bednarski and J. P. Lyssikatos, in Comprehensive Organic Synthesis, ed. B. M. Trost and 1. Fleming,
vol. 2 (Oxford: Pergamon Press, 1991), p. 661.

2.8 Danishefsky, E. Larson, D. Askin and N. Kato, J. Am. Chem. Soc., 107 (1985), 1246.



170 Pericyclic reactions

the dihydropyrone products also depends on a number of factors, but generally
favours the cis-2,3-disubstituted-4-pyrone 17 by way of an endo transition state.

No Lewis acid catalyst is required for the Diels—Alder reaction between an
aldehyde and the more-reactive 1-amino-3-siloxy butadienes such as 18 (3.24).%3
Treatment of the cycloadduct 19 with acetyl chloride provides the desired dihydro-
4-pyrone.

OMe OMe
Me Me Me
= 0 ZnCl o CF4COLH Ze)
s _ . — 3.23
c (3.23)
\ N 25°C
TMSO H CsHiq TMSO CsHy1 o CsH14
Me Me Me
16 17
NMe, NMe,
= 0 CH,Cl o CHaCOCI Z o
. e, 5 (3.24)
_ 25°
BuMe,si0” HT R BuMe,Si R o R
R=Ph  86%
18 19 R=CsHy 73%

Dihydro-4-pyrones are useful intermediates, particularly for the synthesis of
carbohydrates.?® Addition of an activated diene with the carbonyl group of chiral
aldehydes is stereoselective, following Cram’s rule (see Section 1.1.5.1), and this
has been exploited in a number of highly stereoselective syntheses. For example,
cycloaddition of the diene 20 (Danishefsky’s diene) and the aldehyde 21 gave the
dihydro-4-pyrone 22, which was converted in a number of steps to a derivative of
2,4-dideoxy-D-glucose 23 (3.25).%

T -
JUIR S ug
TMSO A ome ' PN PhH, 25 °C RN N (3.25)
H o HO® “OH
72%
20 21 22 23

A useful group of heterodienophiles are imines, containing the group RCH=NR.
These react with 1,3-dienes to form 1,2,3,6-tetrahydropyridines.?> Most reactive are
imines bearing an electron-withdrawing substituent on one or both of the carbon

25 Y. Huang and V. H. Rawal, Org. Lett., 2 (2000), 3321.

26 R.R. Schmidt, Acc. Chem. Res., 19 (1986), 250; T. Kametani and S. Hibino, Adv. Heterocycl. Chem., 42 (1987),
245.

27781 Danishefsky, S. Kobayashi and J. F. Kerwin, J. Org. Chem., 47 (1982), 1981.
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and nitrogen atoms of the C=N group. The N-tosyl imine of butyl glyoxylate
gives rise, on reaction with cyclopentadiene, to a high yield of the product 24
(3.26).28 Only the exo diastereomer is formed, presumably due to a preference (steric
and/or electronic) for the N-tosyl group to lie in the endo orientation. With N-alkyl
imines, protonation (e.g. with trifluoracetic acid, TFA) promotes cycloaddition
(3.27).%° Good levels of asymmetric induction can be obtained by using imines
bearing a chiral auxiliary (e.g. N-a-methylbenzyl imines of glyoxylate esters).
Unactivated imines that lack any electron-withdrawing group on the imine can
undergo cycloaddition with reactive dienes in the presence of a Lewis acid such as
metal halides or triflates.*”

Ts

~
. N| PhH y N—Ts (3.26)
k room temp. CO2Bu )
COQBU
84%
24
S P
/( . N| Ph  DMF, TFA | N Ph (327)
e N c) cat. HyO M CO,E .
e EtOz room temp. e 2

43%

Intramolecular Diels—Alder cycloaddition reactions with imines are useful for the
preparation of alkaloid and other polycyclic nitrogen-containing compounds. The
intramolecular reactions in many cases are highly stereoselective and can frequently
take place in the absence of activating groups on the imine double bond. As an
example, heating the acetate 25 gives rise to an intermediate N-acyl imine, which
undergoes cycloaddition to give the lactams 26 (3.28).3! The lactams 26 were
converted to the fungal neurotoxin slaframine.

0OSIMe,Bu 0SIMe,Bu BuMe,SiQ

H
= heat = X
ea

N | E——— N - N (3.28)

F{ j CO,Me x CO,Me ‘CO,Me
fe) o o)
OAc
82%
25 26

28 A. Barco, S. Benetti, P. G. Baraldi, F. Moroder, G. P. Pollini and D. Simoni, Liebigs Ann. (1982), 960.

29 P. A. Grieco and S. D. Larsen, J. Am. Chem. Soc., 107 (1985), 1768; P. D. Bailey, G. R. Brown, F. Korber,
A. Reed and R. D. Wilson, Tetrahedron: Asymmetry, 2 (1991), 1263; H. Abraham and L. Stella, Tetrahedron,
48 (1992), 9707.

30 L. Yu, J. Li, J. Ramirez, D. Chen and P. G. Wang, J. Org. Chem., 62 (1997), 903.

31 R. A. Gobao, M. L. Bremmer and S. M. Weinreb, J. Am. Chem. Soc., 104 (1982), 7065.
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Nitroso compounds react with 1,3-dienes to form oxazine derivatives.?>

Aromatic nitroso compounds, Ar—N=0, undergo cycloaddition with most dienes.
Thus, butadiene and nitrosobenzene react readily at 0°C to give N-phenyl-3,
6-dihydro-oxazine in high yield (3.29). With unsymmetrical 1,3-dienes, cycload-
dition is often highly regioselective.

= o 0
( . 9 Eonoo C . (3.29)
~ Ns N~pn

95%

Nitroso compounds bearing an electron-withdrawing group, such as RCON=0
derivatives, are particularly effective substrates for hetero-Diels—Alder cycloaddi-
tion reactions.*> Acyl nitroso compounds are prepared in situ by oxidation of the
corresponding hydroxamic acid, RCONHOH, with periodate. In the presence of
the diene, the dihydro-oxazine is produced directly. For example, cycloaddition of
the diene 27 (prepared by enzymatic oxidation of bromobenzene) with the nitroso
compound derived from the hydroxamic acid 28, gave the cycloadduct 29 (note that
the nitroso dienophile reacts at the less-hindered, convex face of the diene) (3.30).%*
Reductive cleavage of the N-O bond gave the alcohol 30, used in a synthesis of
lycoricidine. The nitroso Diels—Alder reaction, followed by cleavage of the N-O
bond, is an effective strategy for the synthesis of 1,4-amino-alcohols.

o
o PA
Q BusNIO, Q
Ar NHOH 4NIO4 Al(Hg)
Yo MY p; o CEK (3.30)
(o} 0 \ . o

80% N—coar 91%

Br

NHCOAr
27 28 20 30

(via Ar\g/ N\\O ) A <Oj©E;
o)

Intramolecular cycloaddition reactions with nitroso dienophiles have been used
in anumber of syntheses of alkaloids. For example, cycloaddition of the acyl nitroso
compound formed from the hydroxamic acid 31 gave the dihydro-oxazine 32, which
was converted to the alkaloid gephyrotoxin 223AB (3.31).%

32 1. Streith and A. Defoin, Synthesis (1994), 1107; J. Streith and A. Defoin, Synlett (1996), 189.
33 G. W. Kirby and J. G. Sweeny, J. Chem. Soc., Perkin Trans. 1 (1981), 3250.

34 T. Hudlicky, H. F. Olivo and B. McKibben, J. Am. Chem. Soc., 116 (1994), 5108.

35 Y. Watanabe, H. lida and C. Kibayashi, J. Org. Chem., 54 (1989), 4088.
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~ PrsNIO
ra 4
— - (3.31)
NHOH B
u =
H Bu
(0] 82% ~_~"
31 32 gephyrotoxin 223AB

Another type of nitroso dienophile that has found use in organic synthesis bears an
a-chloro substituent. Such a-chloronitroso compounds react with dienes to give the
usual dihydro-oxazine product, however, in the presence of an alcoholic solvent, this
cycloadduct reacts further and the product actually isolated is the N-unsubstituted
dihydro-oxazine (3.32). Hence the use of a-chloronitroso dienophiles gives the
product formed, in effect, by addition of HN=O to the diene. This has been exploited
by a number of research groups, an example of which, towards the natural compound
conduramine F1, is illustrated in Scheme 3.33.

=[O~ O = O

Cl
RO,

+ ROA‘/

’,
",

OAc

conduramine F1

Some azo compounds with electron-withdrawing groups attached to the nitro-
gen atoms, such as diethyl azodicarboxylate (EtO,C—N=N—CO,Et), are reactive
dienophiles (owing to their low energy LUMO). Cycloaddition with a 1,3-diene
gives a tetrahydropyridazine. The reaction of oxygen with a 1,3-diene to form an
endoperoxide is also of interest. The cycloaddition is normally effected under the
influence of light, either directly or in the presence of a photosensitizer, and it
is thought that singlet oxygen is the reactive species.*® The photosensitized addi-
tion of oxygen to dienes was discovered by Windaus in 1928 in the course of his
classical studies of the conversion of ergosterol into vitamin D. Irradiation of a
solution of ergosterol in alcohol in the presence of oxygen and a sensitizer led to
the formation of a peroxide which was subsequently shown to have been formed

36 W. Adam and M. Prein, Acc. Chem. Res., 29 (1996), 275.
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by 1,4-addition of a molecule of oxygen to the conjugated diene system. Numerous
other endoperoxides have since been obtained by sensitized photo-oxygenation of
other steroids and a variety of other cyclic and open-chain conjugated dienes. Irra-
diation of cyclohexadiene in the presence of oxygen with chlorophyll as a sensitizer
leads to the endoperoxide, which can be converted to cis-1,4-dihydroxycyclohexane
(3.34).

Oz, h Ha, Pt
=T =, (3.34)

sensitizer

3.1.2 The diene

A wide variety of 1,3-dienes can take part in the Diels—Alder cycloaddition reac-
tion,?” including open-chain and cyclic dienes, and transiently formed dienes such
as ortho-quinodimethanes. Heterodienes, in which one or more of the atoms of
the diene is a heteroatom, are also known. Acyclic dienes can exist in a cisoid or
a transoid conformation, and an essential condition for reaction is that the diene
can adopt the cisoid form. If the diene does not have, or cannot adopt, a cisoid
conformation then no Diels—Alder cycloaddition reaction occurs.

/ /
AN =z
cisoid transoid

Acyclic dienes
Acyclic conjugated dienes react readily with dienophiles. Butadiene itself reacts
quantitatively with maleic anhydride in benzene at 100 °C in 5 h, or more slowly
at room temperature, to form cis-1,2,3,6-tetrahydrophthalic anhydride (3.35).

0 b0
( . Eéo 0T, o (3.35)
X PhH

o) H o

TR Fringuelli and A. Taticchi, Dienes in the Diels-Alder Reaction (New York: Wiley, 1990).
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Substituents in the butadiene molecule influence the rate of cycloaddition
through their electronic nature and by a steric effect on the conformational equilib-
rium. The rate of the reaction is often increased by electron-donating substituents
(e.g. ~NMe,, —OMe, —Me) on the diene, as well as by electron-withdrawing sub-
stituents on the dienophile. Reactions with inverse electron demand are favoured
by electron-withdrawing substituents on the diene. Bulky substituents that dis-
courage the diene from adopting the cisoid conformation hinder the reaction.
Thus, whereas 2-methyl-, 2,3-dimethyl- and 2-tert-butylbutadiene react normally
with maleic anhydride, the 2,3-diphenyl compound is less reactive and 2,3-di-tert-
butylbutadiene is completely unreactive. Apparently 2,3-di-tert-butylbutadiene is
prevented from attaining the necessary planar cisoid conformation by steric effects
of the two bulky fert-butyl substituents. In contrast, 1,3-di-tert-butylbutadiene, in
which the substituents do not interfere with each other even in the cisoid form,
reacts readily with maleic anhydride.

=
/
X
2,3-di-tert- 1,3-di-tert- Z-1,3-
butylbutadiene butylbutadiene pentadiene

Z-Alkyl or aryl substituents in the 1-position of the diene reduce its reactivity by
sterically hindering formation of the cisoid conformation through non-bonded inter-
action with a hydrogen atom at C-4. Accordingly, an E-substituted 1,3-butadiene
reacts with dienophiles much more readily than the Z-isomer. Thus Z-1,3-pentadiene
gave only a 4% yield of adduct when heated with maleic anhydride at 100 °C,
whereas the E-isomer formed an adduct in almost quantitative yield in benzene
at 0°C.

Similarly, E,E-1,4-dimethylbutadiene reacts readily with many dienophiles, but
the Z,E-isomer yields an adduct only when the components are heated in ben-
zene at 150°C. Z,Z-1,4-Disubstituted butadienes are unreactive. 1,1-Disubstituted
butadienes also react with difficulty, and with such compounds addition may be
preceded by isomerization of the diene to a more reactive species. Thus, in the
reaction of 1,1-dimethylbutadiene with acrylonitrile, the diene first isomerizes to
1,3-dimethylbutadiene, which then reacts in the normal way.

Hetero-substituted dienes are excellent substrates for the Diels—Alder reac-
tion. The increased rate of reaction (in comparison with unsubstituted dienes)
with electron-deficient dienophiles is ascribed to the higher-energy HOMO of the
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hetero-substituted diene, which therefore results in a reduction in the energy differ-
ence between the HOMO of the diene and the LUMO of the dienophile. A popular
diene is 1-methoxy-3-trimethylsilyloxybutadiene 20, sometimes referred to as the
Danishefsky diene.*® Cycloaddition with this diene, followed by hydrolysis of the
resulting silyl enol ether 33, gives a cyclohexenone product (3.36).

OMe

M Me
= CHO +
— Hao ﬁ (3 36)
ea
Mej3Si ~ Me3Si

20 33

Cycloaddition of the diene 20 with dienophiles bearing a phenyl sulfoxide
substituent leads, after elimination of phenyl sulfenic acid and hydrolysis, to a
4,4-disubstituted cyclohexadienone or a substituted phenol product. For exam-
ple, an elegant synthesis of disodium prephenate 34 makes use of this chemistry
(3.37).%

\I%COZMe COZMe COZNa ?

OMe 3

PhS. 5

= i 9BBN Q\JACOZNa
100 °C ii, NaOH "

Megsio” N MeOH HO™

then AcOH

20 34
(3.37)

A related group of oxy-substituted butadienes are the vinylketene acetals, such
as 1,1-dimethoxy-3-trimethylsilyloxybutadiene 35. This type of dienophile reacts
readily with electron-deficient alkynes to provide a convenient synthesis of resor-
cinol derivatives (3.38). The intermediate adduct is not normally isolated and the
aromatic compound is formed directly by heating the components together.

OMe MeQ OMe OMe
foMe COM COM
blvie H>Me
/ OMe N | | heat
Me;Si ~ MesSi HO
35

(3.38)

388, Danishefsky, Acc. Chem. Res., 14 (1981), 400; M. Petrzilka and J. I. Grayson, Synthesis (1981), 753.
39°S. J. Danishefsky, M. Hirama, N. Fritsch and J. C. Clardy, J. Am. Chem. Soc., 101 (1979), 7013.
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A valuable group of hetero-substituted dienes are derivatives of 1- and
2-aminobutadiene. The N,N-dimethylamino diene 18 (Scheme 3.24) is estimated
to react with dienophiles at a rate that is greater than 3000 times that of its methoxy
analogue 20. N-Acylaminobutadienes are more stable than their dialkylamino coun-
terparts and can be prepared easily, for example from the o, 3-unsaturated aldehyde,
primary amine and carboxylic acid chloride. They react readily with dienophiles
to give substituted amino-cyclohexenes. The amino group is a powerful directing
group and most reactions proceed with high regio- and stereoselectivity. For exam-
ple, cycloaddition of the diene 36 and crotonaldehyde occurs selectively to give
the adduct 37, used in a synthesis of the poison arrow alkaloid pumiliotoxin C 38
(3.39).40

NHCO,Bn NHCO,Bn
CHO CHO
= 110 °C -
+ | - — (3.39)
~ Me Me

61%

36 37 38

An alternative synthesis of pumiliotoxin C makes use of a related, but intramolec-
ular Diels—Alder reaction. The diene 39, prepared in optically active form from
(S)-norvaline, cyclized to the octahydroquinoline 40 with high selectivity (3.40).%!
In this chemistry, the chiral centre in 39 controls the formation of the three new
developing centres in 40.

T/ . (38 (3.40)

39 40

Other hetero-substituted dienes are also useful in synthesis. 1- and 2-
Phenylthiobutadienes form versatile intermediates because the sulfide group can
be removed reductively or after oxidation to the sulfoxide followed by elimina-
tion to a new alkene or [2,3]-sigmatropic rearrangement to an allylic alcohol. For
example, cycloaddition of the 1-phenylthio-substituted diene 41 gave the sulfide
42, which was oxidized to the intermediate sulfoxide. The sulfoxide undergoes

40 1, E. Overman and P. J. Jessup, J. Am. Chem. Soc., 100 (1978), 5179.
41 W. Oppolzer and E. Flaskamp, Helv. Chim. Acta, 60 (1977), 204.
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[2,3]-sigmatropic rearrangement to give, after treatment with trimethyl phosphite
(to cleave the O—S bond), the allylic alcohol 43 (3.41). The product 43 was used
in a synthesis of the hypocholesterolemic agent (4-)-compactin.

SPh
COgMe ( COzMe COMe
MeO.
= 2 120°G i, mCPBA
w 0) S (3.41)

e0)s

A HO
H
R
a 42 43
R= o
MeO OMe

2-Benzenesulfonyl dienes display an interesting reactivity,** being capa-
ble of undergoing cycloaddition with both electron-deficient and electron-rich
dienophiles. With electron-rich dienophiles the reaction may occur in a stepwise
rather than a concerted manner.

Trimethylsilyl dienes can be used in Diels—Alder reactions. The trimethylsilyl
group is not a powerful directing group and therefore other substituents tend to
have the major influence on the regioselectivity of the cycloaddition reactions. The
products are cyclic allylsilanes, which can undergo a range of useful conversions,
such as protodesilylation with acid to give cyclohexenes, or epoxidation or dihy-
droxylation followed by loss of the trimethylsilyl group to give allylic alcohols.
Thus, heating 1-acetoxy-4-(trimethylsilyl)butadiene and methyl acrylate gave pre-
dominantly the adduct 44 (3.42). Dihydroxylation of the alkene 44 followed by
acid-catalysed elimination led to the allylic alcohol 45, which was converted to
shikimic acid.*?

OAc OAc OAc
CO,Me CO,Me ~CO.Me
= 2 xylene z W
+ | Theat + (3.42)
X
80% _ )
SiMes SiMes 9 : 1 SiMe;
44
OAc OAc
HO., CO;Me HO., COMe HO.,, CORH
0s04 " TsOH " "
44 %04 _TsOH _ —
96% HO™ 98% HO™
SiMe3 OH
45 Shikimic acid

42 J_E. Biickvall, R. Chinchilla, C. N4jera and M. Yus, Chem. Rev., 98 (1998), 2291.
43 M. Koreeda and M. A. Ciufolini, J. Am. Chem. Soc., 104 (1982), 2308.
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Diels—Alder reactions may be accelerated and the selectivities enhanced if the
cycloaddition reactions are conducted in water or under high pressure or in the pres-
ence of a Lewis acid (see Section 3.1.3). In water at room temperature, cyclopentadi-
ene reacts with methyl vinyl ketone 700 times faster than in 2,2,4-trimethylpentane
and the endo:exo selectivity rises from about 4:1 to more than 20:1. This can be
ascribed to hydrophobic effects, which promote aggregation of non-polar species.
Diels—Alder reactions in water are normally carried out with (at least partially)
water-soluble dienes such as sodium salts of dienoic acids. Thus, a key step in a
formal synthesis of vitamin D3 involved the cycloaddition of the sodium salt 46
with methacrolein in water, to give the adducts 47 and 48 in high yield and a ratio
of 4.7:1 after 16 h (3.43). In contrast, the corresponding methyl ester of the diene
in excess neat methacrolein at 55 °C gave only a 10% yield of a 1:1 mixture of
isomers after 63 h.**

COgNa

85%

46 47 47 1 48

Cyclic dienes

The double bonds of cyclopentadiene are constrained in a planar cisoid confor-
mation and this diene therefore reacts easily with a variety of dienophiles. 1,3-
Cyclohexadiene is also reactive, but with an increase in the size of the ring, the
reactivity of cyclic dienes decreases rapidly. In large rings, the double bonds can
no longer easily adopt the necessary coplanar configuration because of non-bonded
interaction of methylene groups in the planar molecule. Cis,cis- and cis,trans-1,3-
cyclo-octadienes form only copolymers when treated with maleic anhydride and
cis,cis- and cis,trans-1,3-cyclodecadienes similarly do not form adducts with maleic
anhydride. Dienes with 14- and 15-membered rings react with dienophiles but only
under relatively severe conditions.

Cyclopentadiene is a very reactive diene and exists as its dimer that needs to
be ‘cracked’ (retro-Diels—Alder reaction) to prepare the diene. Cycloaddition with
dienophiles forms bridged compounds of the bicyclo[2.2.1]heptane series. The
reaction of cyclopentadiene with mono-and cis-disubstituted alkenes could give rise
to two stereochemically distinct products, the endo- and exo-bicyclo[2.2.1]heptene
derivatives. It is found in practice, however, that the endo isomer predominates,

44 E. Brandes, P. A. Grieco and P. Garner, J. Chem. Soc., Chem. Commun. (1988), 500.
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except under conditions where isomerization of the first-formed adduct occurs (see
Section 3.1.6).

Bicyclo[2.2.1]heptanes are widely distributed in nature among the bicyclic ter-
penes, and the Diels—Alder reaction provides a convenient method for their synthe-
sis. Thus, cyclopentadiene and vinyl acetate react smoothly on warming to form the
adduct 49, which is easily transformed into norcamphor 50 and related compounds
(3.44).

OCOMe o
@ + |r — / —. (3.44)

OAc
49 50

Many furan derivatives react with dienophiles to form bicyclic compounds with
an oxygen bridge.*’ Most of the adducts obtained from furans are thermally labile
and dissociate readily into their components on warming. The adduct from furan and
maleic anhydride has been shown to have the exo structure 51, apparently violating
the rule that the endo isomer predominates (see Section 3.1.4) (3.45). The reason
for this is found in the related observation that the normal endo adduct formed
from maleimide and furan at 20 °C dissociates at temperatures only slightly above
room temperature and more rapidly on warming, allowing conversion of the endo
adduct formed in the kinetically controlled reaction into the thermodynamically
more stable exo isomer. With the maleic anhydride adduct, equilibration takes place
below room temperature so that the endo adduct formed under kinetic control is
not observed.

O
=
O + 0] E———
=
O

Pyrrole derivatives have been used less frequently in the Diels—Alder reaction
because this heteroaromatic compound is susceptible to electrophilic substitution.
Thiophen and some of its derivatives react with alkynyl dienophiles under vigorous
conditions to form benzene derivatives by extrusion of sulfur from the initially
formed adduct.

(3.45)

51

45 C. 0. Kappe, S. S. Murphree and A. Padwa, Tetrahedron, 53 (1997), 14 179.
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Although less reactive than most cyclic conjugated dienes, pyran-2-ones can
be used in the Diels—Alder reaction.*® Cycloaddition with alkynyl dienophiles
is followed by loss of carbon dioxide to give benzene derivatives. Thus pyran-
2-one itself reacts with dimethyl acetylene-dicarboxylate to give dimethyl phtha-
late (3.46).

CO,Me

COaM
= ° 200 °C o COMe 2
5 + | | —_— y 7 2 (3.46)
\ COuMe

84%
CO.Me CO,Me

1,2-Dimethylenecycloalkanes and ortho-quinodimethanes

The cisoid conformation of the diene is fixed in 1,2-dimethylenecycloalkanes and
this type of diene reacts readily with dienophiles. Cycloaddition provides a con-
venient route to polycyclic compounds and often occurs in high yield. Thus, 1,2-
dimethylenecyclohexane reacts with benzoquinone to give the bis-adduct 52 (3.47).
This product is readily converted into the corresponding aromatic hydrocarbon
pentacene.

(o] (0]
100 °C
(I R _ooc (3.47)
77%
(o] (e}

52

Related to the 1,2-dimethylenecycloalkanes are the ortho-quinodimethanes
(o-xylylenes) such as 53. These are very reactive dienes and form adducts with
a variety of dienophiles.*’ The ortho-quinodimethanes used in these reactions are
generated in situ by thermal ring opening of benzocyclobutenes, by photoeno-
lization of ortho alkyl aromatic aldehydes or ketones, or by elimination from
appropriate derivatives of 1,2-dialkylbenzenes. Thus, 1-hydroxybenzocyclobutene
undergoes ring-opening on heating to give the ortho-quinodimethane 54 (3.48).
The hydroxyl substituent adopts the E-configuration, since the thermal con-
rotatory ring-opening (see Section 3.8) takes place preferentially outward to

46 K. Afarinkia, V. Vinader, T. D. Nelson and G. H. Posner, Tetrahedron, 48 (1992),9111.
47 7. L. Segura and N. Martin, Chem. Rev., 99 (1999), 3199; G. Mehta and S. Kotha, Tetrahedron, 57 (2001), 625;
J. L. Charlton and M. M. Alauddin, Tetrahedron, 43 (1987), 2873.
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give the sterically less-hindered diene. The same diene is formed by irradiation
of ortho-methylbenzaldehyde. Cycloaddition with naphthoquinone leads to the
adduct 55.

X r — O

53

54 55

The use of ortho-quinodimethanes in the Diels—Alder reaction provides an effi-
cient approach to polycyclic aromatic compounds. A recent example is the cycload-
dition of the benzocyclobutene 56 with the quinone 57, which occurs on heating in
toluene (3.49).*® The adduct 58 was used in a synthesis of rishirilide B.

o TBSO O
H
wMe H Me
- 90 °C o
+ —_— (3.49)
\'"CO2CHCH,TMS \"CO2CH,CH,TMS
OH H OH
TBSO o} 90% TBSO TBSO O
56 57 58

TBS = SiMe,But

ortho-Quinodimethanes can be obtained by 1,4-elimination from appropri-
ate substituted 1,2-dialkylbenzenes, for example by Hofmann elimination or by
debromination of ortho-bis-bromoalkyl aromatic compounds. Thus, in a syn-
thesis of 4-demethoxy-daunomycinone, the tetracyclic ketone 61 was obtained
by cycloaddition of methyl vinyl ketone to the ortho-quinodimethane 60, itself
obtained by iodide induced elimination from the corresponding bis-bromomethyl
compound 59 (3.50).%°

48 J.G. Allen and S. J. Danishefsky, J. Am. Chem. Soc., 123 (2001), 351.
Y F AL Kerdesky, R. J. Ardecky, M. V. Lakshmikantham and M. P. Cava, J. Am. Chem. Soc., 103 (1981),
1992.
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(0] OMe Br
Nal
9096 O‘C O‘O‘ " 350
o OMe Br

75%

59 60 61

Another mild method for the formation of ortho-quinodimethanes proceeds by
elimination from ortho-(a-trimethylsilylalkyl)benzylammonium salts (such as 62),
triggered by fluoride ion.*® Addition of tetrabutylammonium fluoride (TBAF) to
the silane 62 generates the intermediate ortho-quinodimethane 63, which, in the
presence of dimethyl fumarate, gave the tetralin derivative 64 in quantitative yield
(3.51).

E-
e ) Me CO-Me Me
JI/ CO,Me

~—"SiMe3 BusNF MeO,C 351
NMe;  MeCN (35D
< 50 °C “CO,Me
Me Me Me
62 63 64

Intramolecular cycloaddition reactions with ortho-quinodimethanes are effected
readily and have found considerable use in synthesis (see Section 3.1.5).

Heterodienes

Heterodienes, in which one or more of the atoms of the conjugated diene is a
heteroatom, can be used in Diels—Alder reactions,>! although these have not been
so extensively employed in synthesis as heterodienophiles.

o,B-Unsaturated carbonyl compounds react as dienes with electron-rich
dienophiles such as enol ethers or enamines.’> With less-reactive dienophiles,
dimerization of the a,[3-unsaturated carbonyl compound is a competing reaction.
A variety of Lewis acids can catalyse the cycloaddition and recent developments
have focused on the asymmetric version of the inverse electron demand hetero
Diels—Alder reaction. For example, reaction of the a,[3-unsaturated ketone 65 and
ethyl vinyl ether with the chiral copper(Il) catalyst 66 provided the dihydropyran

67 in high yield as essentially a single enantiomer (3.52).%

30"y, Ito, M. Nakatsuka and T. Saegusa, J. Am. Chem. Soc., 104 (1982), 7609.

51 D. L. Boger, in Comprehensive Organic Synthesis, ed. B. M. Trost and I. Fleming, vol. 5 (Oxford: Pergamon
Press, 1991), p. 451.

32 L. F. Tietze, G. Kettschau, J. A. Gewert and A. Schuffenhauer, Curr: Org. Chem., 2 (1998), 19.

53, Thorhauge, M. Johannsen and K. A. Jgrgensen, Angew. Chem. Int. Ed., 37 (1998), 2404; D. A. Evans and
J. S. Johnson, J. Am. Chem. Soc., 120 (1998), 4895.
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=

o
=

o

. L 10 mol% 66 (3.52)

THF, —78 °C ,
EtO, o OEt EtO, o~ "OEt
89%

65 Me,  Me 67 >99% ee

Both 1- and 2-azabutadienes may react with dienophiles to provide access
to six-membered nitrogen-containing heterocyclic compounds.>* Azadienes are
less electron-rich than the corresponding all-carbon dienes and therefore typically
have diminished reactivity towards electron-deficient dienophiles. o, 3-Unsaturated
hydrazones, bearing an electron-donating dialkylamino group on the 1-azadiene,
react readily with electron-deficient dienophiles to give adducts that can be con-
verted into the corresponding pyridine or dihydropyridine derivatives (3.53).%° In
comparison, a,(3-unsaturated imines take part in Diels—Alder reactions preferen-
tially through their enamine tautomers and not as 1-azadienes.

o} OMe o) OMe o) OMe
Me Me Me
PhH air =
+ — (3.53)
A room X
l[\l temp. l[\l N
NMe, 0 NMe, O 62% o

The Diels—Alder reaction of 2-azadienes also benefits from the presence of
an electron-donating substituent, to enhance the reactivity with electron-deficient
dienophiles.’® Cycloaddition with alkynyl dienophiles and aromatization leads to
substituted pyridines (3.54).%7 Silyloxy-substituted 2-azadienes such as 68 are effec-
tive dienes and have been used to prepare substituted 2-pyridones and piperidones
after methanolysis (3.55).°® Asymmetric hetero Diels—Alder reactions with the chi-
ral Lewis acid catalyst 66 provide access to the piperidone products with very high
enantioselectivity.>

s, Jayakumar, M. P. S. Ishar and M. P. Mahajan, Tetrahedron, 58 (2002), 379.

55 B. Serckx-Poncin, A.-M. Hesbain-Frisque and L. Ghosez, Tetrahedron Lett., 23 (1982), 3261; K. T. Potts,
E. B. Walsh and D. Bhattacharjee, J. Org. Chem., 52 (1987), 2285.

6 M. Behforouz and M. Ahmadian, Tetrahedron, 56 (2000), 5259.

57 A. Demoulin, H. Gorissen, A.-M. Hesbain-Frisque and L. Ghosez, J. Am. Chem. Soc., 97 (1975), 4409.

58 p Bayard and L. Ghosez, Tetrahedron Lett., 29 (1988), 6115.

%9 E. Jnoff and L. Ghosez, J. Am. Chem. Soc., 121 (1999), 2617.
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COsMe

Me Me CO.Me
\( MeCN =
= — | (3.54)
N -20°C N
\l COZMG
NMe; COzMe 58%
o)
Messio\’/
CHCI
+ o = (3.55)
Naw 20°C
W then MeOH
Ph 0

92%

Heteroaromatic compounds such as oxazoles, diazines and triazines are useful
azadienes. Cycloaddition with the dienophile gives a bridged intermediate that often
fragments (e.g. with loss of HCN or N,) by a retro Diels—Alder reaction to generate
a new aromatic compound (see Section 3.1.6).

Nitroalkenes have found some use as dienes in the Diels—Alder reaction.
The nitroalkene is electron-deficient and therefore reacts best with electron-rich
dienophiles such as enol ethers. Good yields of the cycloadduct can be obtained
by using a Lewis acid catalyst such as SnCly or TiCl,(O'Pr), at low temper-
ature. For example, cycloaddition with cyclopentene gave the nitronate 69 in
high yield (3.56).%° The nitronate cycloadducts can undergo a variety of differ-
ent transformations, such as a subsequent 1,3-dipolar cycloaddition with an alkene
(see Section 3.4).

- - H

O_+_0 O+ 0=
N SnC|4 N

N e, | (3.56)
X CH.Cl,, -78 °C =
%
Ph 93% Ph
69

3.1.3 Regiochemistry of the Diels—Alder reaction

Addition of an unsymmetrical diene to an unsymmetrical dienophile can take place
in two ways to give two structurally isomeric products. It is found in practice,
however, that formation of one of the regioisomers is strongly favoured and that
this can be predicted prior to reaction. Obviously, this is crucial if the Diels—Alder
reaction is to be used successfully in synthesis. Cycloaddition of 1-substituted buta-
dienes with dienophiles such as a,3-unsaturated carbonyl compounds gives rise to

60 S E. Denmark, B. S. Kesler and Y.-C. Moon, J. Org. Chem., 57 (1992), 4912.
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predominantly the 1,2-disubstituted adduct, whereas cycloaddition of 2-substituted
butadienes leads to predominantly the 1,4-adduct. Thus, in the Diels—Alder reac-
tion of a selection of 1-substituted butadienes with acrylic acid derivatives, the
1,2-adduct is favoured in all cases, irrespective of the electronic nature of the sub-
stituent (3.57). However, the regioselectivity is lost when the two components are
both anionic, presumably because of the Coulombic repulsion of the two charged
groups.

R R R

= COsR' CO.R'
+ f —_— + (3.57)

~ CO.R'

R R' Temp. (°C) Ratio of 1,2-: 1,3- adducts

NEt, Et 20 100 0

Me Me 20 95 5

CO.H H 70 100 0

COsNa Na 220 50 : 50

Correspondingly, in the addition of methyl acrylate to 2-substituted butadienes,
the 1,4-adduct is formed predominantly, irrespective of the electronic nature of the
substituent (3.58). Addition of alkynyl dienophiles to unsymmetrically substituted
butadienes also results in preferential formation of 1,2- or 1,4-adducts.

R - CO,Me R R COyMe
Tt e
\ COzMe

R Temp. (°C) Ratio of 1,4- : 1,3- adducts
OEt 160 100 0

Ph 150 82 : 18

CN 95 100 0

The regioselectivity can be explained in terms of frontier orbital theory.* In a
‘normal’ Diels—Alder reaction (involving an electron-rich diene and an electron-
deficient dienophile), the main interaction in the transition state is between the
HOMO of the diene and the LUMO of the dienophile. The orientation of the
product obtained from an unsymmetrical diene and an unsymmetrical dienophile
is governed largely by the atomic orbital coefficients at the termini of the conju-
gated systems. The atoms with the larger terminal coefficients bond preferentially,
since this leads to better orbital overlap in the transition state. In most cases this
leads mainly to the 1,2- or 1,4-adducts. This is represented diagrammatically for
butadiene-1-carboxylic acid and acrylic acid, where the size of the circles equates
roughly to the size of the orbital coefficients (shaded and unshaded circles represent



3.1 The Diels—Alder cycloaddition reaction 187

lobes of opposite sign) (3.59). Similarly, for reaction of 2-phenylbutadiene and
methyl acrylate, preferential formation of the 1,4-adduct is predicted (3.60). With
2-methyl-1,3-butadiene, however, where the coefficients of the terminal carbon
atoms in the HOMO do not differ from each other so much as they do in the
2-phenyl compound, reaction with methyl acrylate or acrolein gives larger amounts
of the 1,3-adduct.

CO.H CO.H
CO.H CO.H
(6 —_— (3.59)
HOMO LUMO
Phal - Ph
CO.Me CO.Me
HOMO LUMO

The relative amounts of the regioisomeric products formed in the Diels—Alder
reaction are strongly influenced by Lewis acid catalysts. In the presence of a Lewis
acid, the proportion of the ‘expected’ isomer is frequently increased and high yields
of a single isomer can often be obtained. Thus, in the addition of acrolein to iso-
prene, the proportion of the 1,4-adduct was increased in the presence of tin(IV)
chloride, so that it became almost the exclusive product of the reaction (3.61). Sim-
ilar effects have been noted in many other Diels—Alder reactions. The Lewis acid
co-ordinates to the carbonyl oxygen atom, thereby enhancing the electrophilicity
of the dienophile (lower LUMO energy) and increasing the size of the orbital coef-
ficient at the 3-carbon atom relative to that at the a-carbon atom of the dienophile.

Me\( | Me Me CHO
+ —_— + 3.61)
A \\ CHO

CHO
PhMe, 120 °C, no catalyst 59 : 41
PhH, 25 °C, SnCl4*5H,0 96 : 4

In substituted dienes, the magnitude of the orienting effect differs, not only with
the nature of the substituent but also with its position on the diene. A substituent
at C-1 generally has a more pronounced directing effect than that at C-2. With 1,2-
disubstituted butadienes, therefore, the substituent at C-1 often controls the regio-
chemical outcome. With 2,3-disubstituted butadienes, the structure of the adducts
obtained will depend on the nature of the two substituents. For example, reaction
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of the diene 70 with methyl vinyl ketone gave predominantly the cycloadduct 71,
in which the phenylthio substituent has a stronger directing effect than the methoxy
group (3.62).%! This product can subsequently be converted to the monoterpene car-
vone. Note that in this cycloaddition reaction the cycloadduct 71 has the methoxy
and methyl ketone substituents 1,3-related, and the phenylthio group, which can be
removed after cycloaddition, has been used to alter the ‘normal’ regioselectivity.

fo) (0]
MeO. MeO. [¢)
Z Me  heat Me Me
+ | —_— —— (3.62)
PhS PhS Me

75%

70 71 ~4:1 in favour of carvone
this regioisomer

Regiocontrol in Diels—Alder reactions can be effected by proper choice of acti-
vating groups in the dienophile as well as in the diene. In 3-nitro-o,3-unsaturated
ketones and esters, the nitro group controls the orientation of addition. Thus, reac-
tion of 1,3-pentadiene and 3-nitrocyclohexenone readily affords the cycloadduct
72 (3.63). Reductive removal of the nitro group with tributyltin hydride gives
the bicyclic ketone 73, with orientation opposite to that in the product obtained
from reaction of pentadiene with cyclohexenone itself. An alternative method
to remove the nitro group is by elimination of nitrous acid using a base such
as 1,8-diazabicyclo[5.4.0]Jundec-7-ene (DBU) or 1,5-diazabicyclo[4.3.0]non-5-ene
(DBN).

o) (0] (0]
=
90 °C BusSnH
+ — — (3.63)
AN
ON NO, 80%
Me Me Me

72 73

3.1.4 Stereochemistry of the Diels—Alder reaction

The great synthetic usefulness of the Diel-Alder reaction depends not only on the
fact that it provides easy access to a variety of six-membered ring compounds, but
also on its remarkable stereoselectivity. This factor has contributed to its success-
ful application in the synthesis of many complex natural products. It should be
noted, however, that the high stereoselectivity applies to the kinetically controlled

61 B. M. Trost, W. C. Vladuchick and A. J. Bridges, J. Am. Chem. Soc., 102 (1980), 3554.
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reaction and may be lost by epimerization of the product or starting materials, or
by dissociation of the adduct allowing thermodynamic control of the reaction.

The cis principle

The stereochemistry of the adduct obtained in many Diels—Alder reactions can
be selected on the basis of two empirical rules formulated by Alder and Stein in
1937. According to the ‘cis principle’, the relative stereochemistry of substituents
in both the dienophile and the diene is retained in the adduct. That is, a dienophile
with trans substituents will give an adduct in which the frans configuration of the
substituents is retained, while a cis disubstituted dienophile will form an adduct
in which the substituents are cis to each other. This aspect is often referred to as
the stereospecific nature of the Diels—Alder reaction. For example, in the reaction
of cyclopentadiene with dimethyl maleate, the cis adducts 74 and 75 are formed,
while in the reaction with dimethyl fumarate, the trans configuration of the ester
groups is retained in the adduct 76 (3.64).

COMe H COsMe
@ " [ A L * A LcoMe
CO,Me CO,Me H
H
74 75

COQMG

(3.64)

MeO,C. CO,Me
o
1

COoMe H
CO,Me

76

Similarly, with the diene component, the relative configuration of the substituents
in the 1- and 4- positions is retained in the adduct; trans, trans-1,4-disubstituted
dienes give rise to adducts in which the 1- and 4-substituents are cis to each other,
and cis, trans-disubstituted dienes give adducts with frans substituents (3.65).

The almost universal application of the cis principle provides strong evidence
for a mechanism for the Diels—Alder reaction in which both new bonds between the
diene and the dienophile are formed at the same time. This includes a mechanism
in which the two new o-bonds are formed simultaneously but at different rates and
it does not completely exclude a two-step mechanism, if the rate of formation of
the second bond in the (diradical or zwitterionic) intermediate were faster than the
rate of rotation about a carbon—carbon bond.
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The endo addition rule

In the addition of a 1-substituted diene to a dienophile, two different products, the
endo and the exo stereoisomers, may be formed depending on the manner in which
the diene and the dienophile are arranged in the transition state. According to the
endo addition rule, the diene and dienophile arrange themselves in parallel planes,
and the most stable transition state arises from the orientation in which there is
‘maximum accumulation of double bonds’. The ‘double bonds’ encompass all the
w-bonds in the two components, including those in the activating groups of the
dienophile. The rule is by no means always followed and is perhaps best applicable
to the addition of cyclic dienes to cyclic dienophiles, but it is a useful guide in many
other cycloaddition reactions.

To illustrate this aspect of stereoselectivity, the addition of maleic anhydride to
cyclopentadiene gave almost exclusively the endo product 77 (3.66). The thermo-
dynamically more stable exo compound is formed in yields of less than 2%.

o ! H
[/
o) H o]
o
77 endo (3.66)
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The products obtained from the cyclic diene furan and maleic anhydride and
from diene addition reactions of fulvene do not obey the endo rule. The reason
for this is that the initial endo adducts easily dissociate at moderate temperatures,
allowing conversion of the kinetic endo adduct into the thermodynamically more
stable exo isomer. In other cycloadditions, prolonged reaction times may lead to
the formation of some exo isomer at the expense of the endo.

furan — fulvene
O
<

The adducts obtained from acyclic dienes and cyclic dienophiles are frequently
formed in accordance with the endo rule. A classic example is found in the
Woodward synthesis of reserpine, which started with the Diels—Alder reaction of
E-pentadienoic acid and benzoquinone (3.67).°? In this cycloaddition reaction, the
endo adduct 78, in which the carboxylic acid and the benzoquinone carbonyl groups
become cis to one another, is obtained as the exclusive product.

COH 0 HO.C O
s

= PhH
X

(3.67)

When the dienophile is acyclic, the endo rule is not always obeyed and the
composition of the mixtures obtained depends on the structure of the dienophile
and diene and on the reaction conditions. For example, in the addition of acrylic
acid to cyclopentadiene, the endo and exo products were obtained in the ratio 75:25;
but with a-substituted acrylic acids, the product ratio varies, depending on the
nature of the a-substituent (3.68). Variable ratios are also obtained in reactions with
[3-substituted acrylic acids. With acrylic acid itself, the proportion of the endo adduct
formed is increased by the presence of a Lewis acid catalyst.

62 R. B. Woodward, F. E. Bader, H. Bickel, A. J. Frey and R. W. Kierstead, Tetrahedron, 2 (1958), 1.
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R CO.H R COzH
@ : T — NNy (3.68)

CO.H R
R endo exo
H 75 : 25
Me 35 : 65
Et 0 : 100
Ph 60 : 40
Br 30 : 70

Solvent and temperature may also affect the product ratio. Thus in the kinetically
controlled addition of cyclopentadiene to E-methyl 2-butenoate, the proportion of
endo product increases with the polarity of the solvent, and the product ratio was
also slightly affected by the temperature of the reaction. A mixture of the endo and
exo products was obtained, with the exo isomer predominant in some solvents (e.g.
Me;N at 30 °C) and the endo in others (e.g. EtOH, AcOH).

In the Diels—Alder reaction of acrylic acid and E-pentadienoic acid, the tem-
perature has a noticeable effect on the stereoselectivity (3.69). At low or moderate
temperatures the endo adduct is the major product, but the proportion of the exo
isomer increases as the temperature of the reaction increases.

CO.H COzH COzH
- COLH A wC0:H 2 COzH
. f . + (3.69)
AN
Temp. (°C) endo exo
75 100 : 0
90 88 : 12
100 82 : 18
110 67 : 33
130 50 : 50

The factors that determine the steric course of these cycloaddition reactions are
still not completely clear. It appears that a number of forces operate in the tran-
sition state and the precise composition of the product depends on the balance
among these. The preference for the endo adduct, in which the dienophile sub-
stituents are oriented over the residual unsaturation of the diene in the transition
state, has been rationalized by Woodward and Hoffmann in terms of secondary
orbital interactions.* In this explanation, the atomic orbital at C-2 (and/or C-3) in
the HOMO of the diene interacts with the atomic orbital of the activating group in the
LUMO of the dienophile. However, there is no evidence for this secondary orbital
interaction and the stereoselectivities in the Diels—Alder reaction can be explained
in terms of steric interactions, solvent effects, hydrogen-bonding, electrostatic and
other forces (3.70).9

03 J 1. Garefa, J. A. Mayoral and L. Salvatella, Acc. Chem. Res., 33 (2000), 658.
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In intermolecular Diels—Alder reactions, the combination of these effects, par-
ticularly with cyclic dienophiles, often leads to a preference for the endo adduct in
the kinetically controlled reaction. In intramolecular reactions, the endo rule can
be a good guide to the stereochemistry of the product, but as described in the next
section, geometrical constraints may outweigh other factors and the exo product
may predominate.

Possible explanations for endo selectivity

%\\E
i : and/or

(3.70)

(0]
----- secondary orbital interaction electrostatic interaction
favours endo transition state disfavours exo transition state

3.1.5 Intramolecular Diels—-Alder reactions

Intramolecular Diels—Alder reactions have found widespread use in organic syn-
thesis, the cycloaddition providing ready access to polycyclic compounds with
excellent levels of regio- and stereoselectivity.®* Intramolecular reactions often
proceed more easily than comparable intermolecular reactions owing to the
favourable entropy factor. Heating the E,E-dienyl-acrylate 79 gave the trans- and
cis-hydrindanes 80 and 81, although in the presence of the Lewis acid EtAICl; only
the endo adduct 80 was formed (3.71).%5 Heating the E,Z-isomer 82 gave solely
the cis-hydrindane 81 (3.72). In contrast to the comparatively easy cyclization of
82, intermolecular Diels—Alder reactions with Z-1-substituted butadienes generally
take place only with difficulty.

H
= T
'H
\ R + (3.71)
~ ""COMe
COgMe
79 150 °C 65% 80 60 : 40 81
EtAICI,, 23 °C  60% 100 : O

64 |, Ciganek, Org. Reactions, 32 (1984), 1; D. Craig, Chem. Soc. Rev., 16 (1987), 187; W. R. Roush, in Com-
prehensive Organic Synthesis, ed. B. M. Trost and I. Fleming, vol. 5 (Oxford: Pergamon Press, 1991), p. 513;
J. D. Winkler, Chem. Rev., 96 (1996), 167; A. G. Fallis, Acc. Chem. Res., 32 (1999), 464; E. Marsault, A. Toro,
P. Nowak and P. Deslongchamps, Tetrahedron, 57 (2001), 4243.

65 W. R. Roush, H. R. Gillis and A. I. Ko, J. Am. Chem. Soc., 104 (1982), 2269.
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180 °C o 3.72)

7\

N ""CO,Me

COgMe
82 81

The intramolecular Diels—Alder reaction is most common with 1-substituted
butadienes and favours the fused-ring products (such as 80), there being very few
examples of the opposite regioselectivity leading to bridged-ring compounds. The
stereoselectivity across the fused-ring system (¢trans or cis) depends on a number
of factors, including the length of the tether and the substitution pattern. The endo
product frequently predominates, although conformational factors due to geomet-
rical constraints or steric factors in the transition state may favour the formation
of the exo adduct or result in mixtures of stereoisomers. Enhanced selectivity for
the endo stereoisomer can sometimes be achieved by carrying out the reactions at
reduced temperature in the presence of a Lewis acid.

With 2-substituted butadienes, intramolecular cycloaddition necessarily forms
bridged-ring compounds and reactions of this kind have been used to make bridge-
head double bonds. This substitution pattern allows access to natural product sys-
tems such as the taxane ring system (3.73). Conformational factors and the strain
energy in forming the bridgehead alkene manifests itself in the vigorous conditions
that are frequently required if such Diels—Alder reactions are carried out under
thermal conditions; in many cases, however, reactions catalysed by Lewis acids
can be effected under much milder conditions.5

A\ - 6’0 (3.73)
(6]

7

O
PhMe, 155 °C  70-80%

Et,AICI, =70 °C 90%

Most applications of the intramolecular Diels—Alder reaction use 1-substituted
butadienes and these reactions often form a key step in the synthesis of polycyclic
natural products. Substituents in the connecting chain may influence the facial
selectivity of the cycloaddition reaction, as well as the endo:exo selectivity. For
example, in a synthesis of the antibiotic indanomycin, the triene 83 gave, on heating,

66 K. J. Shea and J. W. Gilman, J. Am. Chem. Soc., 107 (1985), 4791; P. A. Brown and P. R. Jenkins, J. Chem.
Soc., Perkin Trans. 1 (1986), 1303; B. R. Bear, S. M. Sparks and K. J. Shea, Angew. Chem. Int. Ed., 40 (2001),
820.
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the indane derivative 84 in a reaction in which four new chiral centres are set up
selectively in one step (3.74).57 The high stereoselectivity in this cycloaddition can
be ascribed to a preference for the endo transition state 85, which is favoured over
the alternative endo arrangement 86 owing to the steric interaction between the
vinylic proton and the allylic alkyl group in 86 (3.75).

130 °C
\ —_— (3.74)
A 7 oA
COR ~70%
RO RO/
83 84
R = SithtBU or CHQOCHchzoMe
R' = Me or Et
(3.75)

85 86

Intramolecular cycloaddition reactions are possible in the absence of electron-
withdrawing substituents on the dienophile, although more-vigorous conditions are
normally required. Cycloaddition of the triene 87 at 200 °C gave, after hydrolysis of
the silyl ether, a mixture of the diastereomeric trans-fused ring systems 88, which
were converted into the eudesmane sesquiterpene 89 (3.76).%8

Me 200 °C
Z . then HzO* (3.76)
OSiMe3 3
Me
88%
87 88 89

67 K. C. Nicolaou and R. L. Magolda, J. Org. Chem., 46 (1981), 1506; W. R. Roush and A. G. Myers, J. Org.
Chem., 46 (1981), 1509; M. P. Edwards, S. V. Ley, S. G. Lister, B. D. Palmer and D. J. Williams, J. Org. Chem.,
49 (1984), 3503.

% S. R. Wilson and D. T. Mao, J. Am. Chem. Soc., 100 (1978), 6289.
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Hetero-substituted dienes and dienophiles have been used extensively in
intramolecular cycloaddition reactions, for example towards the synthesis of alka-
loid ring systems (e.g. see Scheme 3.40). A synthesis of the alkaloid manzamine A
makes use of the substituted triene 90, which cyclizes to the tricyclic ring system 91
(3.77).%° In this example, the one stereocentre in the triene 90 controls the formation
of the three new chiral centres in the product 91.

COgMe
=
N PhMe
- AN —_— - 3.77
R heat R )
(0] N
Boc
68%
OSiPh,Bu OSiPh,Bu
90 91

R = (CH2)5OSIPh2tBU

A useful protocol, particularly when the intermolecular Diels—Alder reaction
gives a mixture of stereoisomers, or when the desired cycloadduct is not the 1,2- or
1,4-regioisomer, is to use a tethered Diels—Alder reaction.”” For example, heating
the triene 92, in which the diene and the dienophile are tethered by a silicon atom,
gave a single regio- and stereoisomer of the cycloadduct 93 (3.78). Subsequent
treatment with acid removes the silyl group and promotes cyclization to the lactone
94. Attempts to perform the related intermolecular reaction lead to a mixture of
regio- and stereoisomers.

O—siPh O—siPh
NI / \_ 2
(6] z /
= 160 °C @\ HCI, MeOH
N / - CO.Me
Me CO.Me 87% Me 35%
92 03 94

An interesting variant of the tethered Diels—Alder reaction has been discovered
that uses vinyl magnesium species, such as 95 (3.79).”! In this case, the cycloadduct

9 3. M. Humphrey, Y. Liao, A. Ali, T. Rein, Y.-L. Wong, H.-J. Chen, A. K. Courtney and S. F. Martin, J. Am.
Chem. Soc., 124 (2002), 8584.

70 P J. Ainsworth, D. Craig, J. C. Reader, A. M. Z. Slawin, A. J. P. White and D. J. Williams, Tetrahedron, 51
(1995), 11601; M. Bols and T. Skrydstrup, Chem. Rev., 95 (1995), 1253; L. Fensterbank, M. Malacria and
S. McN. Sieburth, Synthesis (1997), 813.

"1 G. Stork and T. Y. Chan, J. Am. Chem. Soc., 117 (1995), 6595.
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that is obtained is formally the product of using ethene as the dienophile.

OH o /OH
Mg E
= i, BuLi, THF = 80 °C
o \ —_— (3.79)
N 1, /\MgBr N then H,O
Me Me ~70% l\:/Ie

95

The intramolecular version of the hetero Diels—Alder reaction is particularly
valuable in synthesis. Imines as heterodienophiles are useful for the preparation of
alkaloid ring systems. For example, addition of aqueous formaldehyde to the amine
96 generated the required intermediate imine (or iminium ion), which undergoes
cycloaddition to the quinolizidines 97 and 98 (3.80).”> Reduction of the alkene
98 and simultaneous hydrogenolysis of the benzyl group using Hy, Pd/C gave the
alkaloid lupinine. A related example of a imine in an intramolecular Diels—Alder
reaction is given in Scheme 3.28.

OBn OBn OBn _/OBn
H HoZ
X HCHO(aq) X = =
HoN 65 °C N N " N (3.80)
2 =z

96 82% 97 16 : 1 98

Intermolecular cycloaddition reactions of 1-aza- and 2-azadienes are generally
sluggish and therefore the intramolecular reaction, in which the entropy factor is
more favourable, can lead to a more efficient cycloaddition of these heterodienes.
Acylation of N-silyl-o,3-unsaturated imines provides a convenient one-pot method
for the formation of 1-azadienes required for the Diels—Alder reaction.”® For exam-
ple, addition of allyl chloroformate to the N-trimethylsilyl imine of acrolein gave,
after heating, the cycloadduct 99 (3.81).

Intramolecular cycloaddition reactions with 2-azadienes have found limited
application in organic synthesis, however an efficient route to the daphniphyllum
alkaloids makes use of such a cycloaddition.”* The 2-azadiene 101 was formed
in situ from the diol 100 by Swern oxidation (to the dialdehyde) and addition of
ammonia (3.82). Cycloaddition in the presence of acetic acid at room temperature
gave the complex ring system 102. If the reaction mixture is warmed to 70 °C

72 P. A. Grieco and D. T. Parker, J. Org. Chem., 53 (1988), 3325.

73 T. Uyehara, I. Suzuki and Y. Yamamoto, Tetrahedron Lett., 31 (1990), 3753.

74 C. H. Heathcock, M. M. Hansen, R. B. Ruggeri and J. C. Kath, J. Org. Chem., 57 (1992), 2544; C. H. Heathcock
and J. A. Stafford, J. Org. Chem., 57 (1992), 2566.
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then the cycloaddition product 102 undergoes cyclization (of the alkene onto the
protonated imine) to give a more advanced intermediate in high overall yield.

(@)
(0] o o
_—SiMe; |
N
| C|)]\o/\/ N N
7 xylene
. - . \ | | (3.81)
| 0°C reflux
X
53%
99
OBn OBn
H
HO i, Swern
oxidation AcOH
HO. —_— — (3.82)
ii, NHg NH4OAc
25°C
- 90% (from 100)
/
100 102

Intramolecular Diels—Alder reactions of ortho-quinodimethanes have been used
widely in the synthesis of natural products, particularly in the steroid and alkaloid
fields.” ortho-Quinodimethanes are reactive dienes and even unreactive dienophiles
can be used to form cycloadducts. The diene is prepared in situ, using one of
a number of procedures (see Section 3.1.2) such as the thermal ring-opening of
benzocyclobutenes. One method makes use of the ready loss of sulfur dioxide from
a sulfone such as 103 (3.83).7° Thus, heating the sulfone 103 gave the intermediate
ortho-quinodimethane 104, which cyclized to the tetracycle 105. This product can
be converted readily into the steroid (4)-estradiol.

Me OSiMe,Bu Me OSiMe,Bu
213°C
e a .
SO,
NC \ NC

103 104 80% 105

75 H. Nemoto and K. Fukumoto, Tetrahedron, 54 (1998), 5425.

76 W, Oppolzer and D. A. Roberts, Helv. Chim. Acta, 63 (1980), 1703; see also K. C. Nicolaou, W. E. Barnette
and P. Ma, J. Org. Chem., 45 (1980), 1463; T. Kametani, H. Matsumoto, H. Nemoto and K. Fukumoto, J. Am.
Chem. Soc., 100 (1978), 6218; R. L. Funk and K. P. C. Vollhardt, J. Am. Chem. Soc., 102 (1980), 5253; S.
Dijuric, T. Sarkar and P. Magnus, J. Am. Chem. Soc., 102 (1980), 6885; Y. Ito, M. Nakatsuka and T. Saegusa,
J. Am. Chem. Soc., 103 (1981), 476.
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Alkaloids containing the indole ring system are common in nature, many of
them having a six-membered ring fused to the indole 2,3-position. This ring system
can be ideally set up by using the ortho-quinodimethane strategy. For example,
N-acylation of the indole 106 with the mixed anhydride 107 is thought to give rise
to the intermediate 2,3-dimethylene-indole 108, which undergoes cycloaddition to
the adduct 109 with cis stereochemistry at the ring junction (3.84).”” This chemistry
has been used to prepare aspidosperma alkaloids.

o}
SPh
|N/\/ PhS—_ "N
'PrgNEl PhC, heat \"Et
L oo - \ (3.84)
e
N N
| EIO)I\ |
CO,Me COZMe COzMe
107
106 108 58% 109

3.1.6 The retro Diels—Alder reaction

Diels—Alder reactions are reversible, and many adducts dissociate into their com-
ponents on heating.”® This can be made use of in, for example, the separation
of anthracene derivatives from mixtures with other hydrocarbons through their
adducts with maleic anhydride. More interesting are reactions in which the original
adduct is modified chemically and subsequently dissociated to yield a new diene or
dienophile. Thus, in a synthesis of sarcomycin methyl ester, the enantiomerically
pure adduct 110 was elaborated in a number of steps to the diastereomers 111 and
112 (3.85).7° Retro Diels—Alder reaction of 111 by flash vacuum pyrolysis gave
optically pure (4)-(S)-sarcomycin methyl ester 113, with elimination of cyclopenta-
diene. The isomer 112 similarly gave (—)-(R)-sarcomycin methyl ester. Sarcomycin
and other sensitive alkene-containing compounds, such as the prostaglandins, that
are difficult to prepare because of their propensity for isomerization or further
reaction, are ideally suited to the retro Diels—Alder reaction.

77 P. Magnus, T. Gallagher, P. Brown and P. Pappalardo, Acc. Chem. Res., 17 (1984), 35; M. Ladlow, P. M. Cairns
and P. Magnus, Chem. Commun. (1986), 1756.

78 A.J. H. Klunder, J. Zhu and B. Zwanenburg, Chem. Rev., 99 (1999), 1163; B. Rickborn, Org. Reactions, 52
(1998), 1; R. W. Sweger and A. W. Czarnik, in Comprehensive Organic Synthesis, ed. B. M. Trost and 1.
Fleming, vol. 5 (Oxford: Pergamon Press, 1991), p. 551; A. Ichihara, Synthesis (1987), 207; M.-C. Lasne and
J.-L. Ripoll, Synthesis (1985), 121.

 G. Helmchen, K. Thrig and H. Schindler, Tetrahedron Lett., 28 (1987), 183.
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MeOZC ‘H

H \COzMe

(3.85)

110 111 112

\650 °C, 0.02 mm Hg

113

Cyclopentadiene is a popular moiety to release in a retro Diels—Alder reaction,
as the cyclohexene portion of the bicyclo[2.2.1]heptene is locked in a boat confor-
mation, as required in the transition state for the retro (and indeed forward Diels—
Alder) reaction. Other bridged bicyclic systems are also more prone to undergo
retro Diels—Alder reaction. The bridged adduct from furan and maleic anhydride
readily undergoes the retro reaction and, although the endo isomer is formed at a
much faster rate, the reversible nature of the reaction leads to the accumulation of
the more stable exo isomer.

High temperatures are normally required for the retro Diels—Alder reaction and
this is not always convenient. Flash vacuum pyrolysis is carried out typically at tem-
peratures in the region of 400-600 °C, although the retro reaction can sometimes
take place at lower temperatures (180-250 °C) by refluxing in 1,2-dichlorobenzene
or diphenyl ether. In contrast, retro Diels—Alder reactions of some anionic inter-
mediates take place under relatively mild conditions.®® For example, the adduct
114 fragments at only 35 °C after treatment with potassium hydride (3.86). Sub-
sequent deprotection of the alcohol functional groups from the product 115 gave
conduritol A. The unusual ease of this reaction can be ascribed to the high ground-
state energy of the anion together with the stabilization of the anion in the transi-
tion state, thereby leading to a decrease in the activation energy for the pericyclic
reaction.

80 M. E. Bunnage and K. C. Nicolaou, Chem. Eur: J., 3 (1997), 187.
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R

KH, dioxane ><O . 3.86
35°C, 12h o (3.86)

R o

e}

Onm

114 115
R = CH,OCH,Ph

The two o-bonds that are cleaved in the retro Diels—Alder reaction need not
necessarily be the same as those formed in the initial forward reaction. Many
valuable retro Diels—Alder reactions involve the cleavage of one carbon—carbon
and one carbon-heteroatom bond, or two carbon—heteroatom bonds, that were not
set up in a forward Diels—Alder reaction.?! For example, the otherwise relatively
inaccessible 3-substituted and 3,4-disubstituted furans can be prepared by way
of a tandem Diels—Alder then retro Diels—Alder reaction of 4-phenyloxazole and
substituted alkynes, as illustrated in Scheme 3.87.

OAc o

)Nj\/o . 180 °C %N']i\///\om ——= PhCN  + o<j/\OAc (3.87)
~ Il o =

Ph 90%

Fragmentation of an adduct with release of a nitrile, CO; or N; are most common
and the latter provide an irreversible method for the formation of a new diene or
aromatic compound. Cycloaddition of a pyran-2-one or a 1,2-diazine (pyridazine)
with an alkyne gives an intermediate bridged compound that loses CO;, or N,
to generate a benzene derivative (see Scheme 3.46). Many other aromatic and
heteroaromatic compounds can be prepared likewise. For example, a synthesis
of lavendamycin made use of the inverse electron demand Diels—Alder reaction
between the 1,2,4-triazine 116 and the enamine 117, followed by in situ elimination
of pyrrolidine and retro Diels—Alder reaction, releasing N, and the substituted
pyridine 118 (3.88).%2

COEt Me COEt
Me
N7 N | 25C NZ
“ ll!l + N —== “ (3.88)
EtO, EtO,
EtO,C Br 50% EtO,C

Br
116 117 118

81 B, Rickborn, Org. Reactions, 53 (1998), 223.
82 p L. Boger, S. R. Duff, J. S. Panek and M. Yasuda, J. Org. Chem., 50 (1985), 5782 (a small amount of the
other regioisomer was also formed).
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3.1.7 Asymmetric Diels—Alder reactions

Two main approaches to the preparation of a single enantiomer of a Diels—Alder
cycloadduct have been used in synthetic organic chemistry. A chiral auxiliary
attached to the diene, or more commonly to the dienophile, is a popular method.
Alternatively, the use of an external chiral catalyst can promote the preferential
formation of one of the two enantiomeric cycloadducts. Many examples of highly
selective Diels—Alder reactions have been documented.®?

A substituent on the diene or dienophile that bears a chiral centre may pro-
mote facially selective cycloaddition, to give a non-statistical mixture of optically
active diastereomers. The products of cycloaddition will be diastereomers because
the original stereogenic centre is an element of the product. The more facially
selective the cycloaddition, the higher the diastereomeric ratio will be, and the
ideal scenario is one in which a single diastereomer of the product is formed.
In general, the normal thermal reaction gives only poor selectivity and best
results have been obtained in reactions catalysed by Lewis acids at low tem-
peratures. Lowering the temperature enhances the difference in the enthalpy of
activation for the two diastereomeric transition states. The Lewis acid increases
the reactivity (by lowering the energy of the LUMO) of the dienophile and
restricts its conformational freedom, thereby reducing the number of possible
transition states.

Most studies have centred on the use of optically active dienophiles, particularly
with esters or amides of acrylic acid. Having performed their directing function,
the optically active auxiliary group (alcohol or amine) is removed from the product
and in some cases may be reused. Many optically active alcohols R*OH, have been
employed in this sequence. For example, good results with acrylic esters of the
neopentyl alcohols 119 or its enantiomer 120, derived from (R)-(4)- or (S)-(—)-
camphor, have been achieved (3.89). With cyclopentadiene as the diene component,
the adduct 121 was formed with almost complete diastereomeric selectivity (3.90).34
Reduction of the purified product with lithium aluminium hydride regenerated the
chiral auxiliary alcohol 119 and gave the optically pure endo alcohol 122. The
reaction is thought to take place by addition of the diene to the dienophile in the
conformation 123, in which access to the re-face of the double bond (i.e. the front
face as drawn) is hindered by the tert-butyl group. Note that the Lewis acid co-
ordinates to the carbonyl oxygen atom and that the acrylate prefers to sit in the
s-trans orientation.

83 W, Oppolzer, Angew. Chem. Int. Ed. Engl., 23 (1984), 876; H. B. Kagan and O. Riant, Chem. Rev., 92 (1992),
1007; T. Oh and M. Reilly, Org. Prep. Proc. Int., 26 (1994), 129.
84 W. Oppolzer, C. Chapuis, G. M. Dao, D. Reichlin and T. Godel, Tetrahedron Lett., 23 (1982), 4781.
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;%\/% 2% \/% (3.89)
@ . L TiCly(O'Pr), LiAlH, y (3.90)
COR" CH,Clp, —20 °C
CO.R* OH

96%

121 96% endo

99.4% d.e.
(0] o s-trans
“TiL,

It is clear that a restricted orientation of the dienophile is crucial to the success of
the asymmetric Diels—Alder reaction. A good method to lock the conformation is
to use an auxiliary containing a carbonyl group, such that the two carbonyl groups
of the dienophile can chelate to a Lewis acid. Thus, high levels of diastereofacial
selectivity can be achieved in Diels—Alder reactions of the acrylates of ethyl lactate
or of pantolactone, in the presence of the Lewis acid TiCly (3.91).% The adduct
124 is formed almost exclusively (93:7 ratio of diastereomers) using butadiene
and the acrylate of (R)-pantolactone and can be purified easily by crystallization.
Simple hydrolysis gives enantiomerically pure carboxylic acid 125. In such chelated
systems, the metal is co-ordinated anti to the alkene of the dienophile and the
acrylate therefore adopts the s-cis conformation 126.

123

124 86%d.e. 125

85 T. Poll, A. Sobczak, H. Hartmann and G. Helmchen, Tetrahedron Lett., 26 (1985), 3095.
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Highly selective Diels—Alder reactions with other chiral auxiliaries attached to
the dienophile have been documented. For example, chiral 2-oxazolidinones or
the camphor sultam auxiliaries have proven particularly useful. Such cycloaddition
reactions, catalysed by an alkylaluminium chloride, occur with a variety of dienes
to give adducts in high yield and with very high diastereoselectivity. In many
cases these adducts can be obtained diastereomerically pure by crystallization. The
reactions are thought to occur by way of complexed ion pairs (e.g. 129), in which
the substituent on the auxiliary shields one face of the dienophile from attack by
the diene. For example, 2-methylbutadiene (isoprene) gave the adduct 127, which
was converted into (R)-(+)-a-terpineol 128 (3.92).3

ot N
\)k )K EtzA|C| (o COXy i, crystallize w OH (3 92)
CHxCl,, —100 °C i, LIOBn .
iii, MeMgBr

F‘h—‘ 85%
127 90%d.e. 128
— +
S 0---AlEt
/ : _
N =0 Et,AICI,

N

/ﬂ/o
Ph

129

Chelation is also thought to play an important part in directing the facial selectiv-
ity of cycloadditions with the camphor sultam auxiliary. A variety of dienes can be
used and adducts are obtained with very high diastereomeric excesses.®” Both inter-
and intramolecular cycloaddition reactions are amenable to the use of a chiral aux-
iliary. An intramolecular example is illustrated in Scheme 3.93, in which the diene
and dienophile are tethered and in which cycloaddition leads to predominantly one
of the two diastereomeric trans-fused bicyclic (endo) products.3® The dienophile
is thought to adopt the s-cis conformation, with the aluminium atom complexed to
the carbonyl and one of the two sulfone oxygen atoms.

COXyr
EtAICI i
N A — 3.93
. = ( )
02 O\ / 75% H
94% d.e.

86 D. A. Evans, K. T. Chapman and J. Bisaha, J. Am. Chem. Soc., 106 (1984), 4261; J. Am. Chem. Soc., 110
(1988), 1238.

87 Ww. Oppolzer, C. Chapuis and G. Bernardinelli, Helv. Chim. Acta, 67 (1984), 1397; C. Thom, P. Kocienski and
K. Jarowicki, Synthesis (1993), 475.

88 W. Oppolzer and D. Dupuis, Tetrahedron Lett., 26 (1985), 5437.
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Reactions of dienes containing optically active auxiliary groups have not been
so widely studied as those of chiral dienophiles. There are, however, examples of
the use of various chiral auxiliaries attached to either C-1 or C-2 of the diene. The
1-substituted diene 130, derived from mandelic acid, undergoes cycloaddition with
dienophiles in the presence of boron trifluoride or boron triacetate (3.94).%° With the
dienophile juglone, the adduct 131 was formed with virtually complete asymmetric
induction. The absolute configuration of the product corresponds to reaction of the
diene in the conformation in which one face of the diene is shielded by the phenyl
substituent.

o

)J\/Ph o oH
O Y

: B(OA
- OMe .\ (OAc)s
0°C

AN
0 98%

130 131 >97%d.e.

A number of examples have been reported of the asymmetric hetero Diels—
Alder reaction of heterodienes or heterodienophiles such as imines, nitroso or car-
bonyl compounds.”® The chiral auxiliary is commonly attached to the nitrogen
atom of the imine or nitroso compound, or a chiral ester or amide substituent may
provide the necessary asymmetric induction. As an example, the a-chloronitroso
dienophile 132, bearing a sugar-derived auxiliary, has been found to be effective
for the formation of cyclic hydroxylamines with high optical purity (3.95). The ini-
tial cycloadduct breaks down readily (see Scheme 3.32), via an iminium ion with
subsequent methanolysis to release the chiral auxiliary and the product 133.

NH « HCI
/
O

_MeOH J (3.95)

-70°C

132 133 >96% e.e.

The use of a chiral auxiliary attached to the dienophile or the diene has the
advantage that the diastereomeric cycloadducts are normally readily separable.
Therefore products of essentially complete optical purity can be obtained. The
major drawback to this methodology is that it requires the initial preparation of the
chiral substrate and, after cycloaddition, the subsequent removal of the auxiliary.

89 B. M. Trost, D. O’Krongly and J. L. Belletire, J. Am. Chem. Soc., 102 (1980), 7595; C. Siegel and E. R.
Thornton, Tetrahedron Lett., 29 (1988), 5225.
9 H. Waldmann, Synthesis (1994), 535; P. F. Vogt and M. J. Miller, Tetrahedron, 54 (1998), 1317.
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A more convenient way to promote an enantioselective Diels—Alder reaction is to
perform the desired cycloaddition in the presence of an external chiral catalyst.

Early reports of the use of a chiral catalyst to effect the asymmetric Diels—
Alder reaction showed somewhat variable results. Over the past decade or so, many
metals and chiral ligands have been tested as chiral Lewis acids, and some very
efficient catalysts with good turnover rates have been developed that give rise to
high yields of highly enantiomerically enriched products from a range of dienes
and dienophiles.

Particularly effective catalysts are the chiral copper(Il) bisoxazoline complexes
66 and 134 (3.96).°! Best results are obtained when the dienophile has two sites for
co-ordination to the metal. For example, the catalyst chelates to the two carbonyl
groups of acrylimide dienophiles (as in structure 135) and cycloaddition with a
diene leads to the adduct in high yield and with high optical purity (3.97).%?

0
M M 2+ M M 2+
j)kr L j)kf L \Nj””s o
X _\ —
[ 20Tf- [ 2 SbFg™ Q N=CuT "S=TTY
NN N N O~ _—N (3.96)
N = Noil
=

A

66 134 135 Re face

Me o} i Me o i
- W o omomk1se W o
li ﬁk \/ CHyCly, 25 °C M \/ (3.97)

89%

83:17 cis:trans  cis: 94% ee

The SbF¢-derived complex 134 is approximately 20 times more reactive than
its triflate analogue 66. The use of copper as the metal allows a well-defined cata-
lyst with (distorted) square-planar geometry, and analysis of the catalyst—substrate
complex 135 allows the prediction that the diene component will approach from
the less hindered Re face of the dienophile (note that the dienophile adopts the s-cis
conformation). The bisoxazoline ligand has C,-symmetry and this is beneficial as
it reduces the number of competing diastereomeric transition states.

The bisoxazoline catalysts, sometimes abbreviated to [Cu-(S,S)-t-Bu-box]Xo,
are suitable for inter- and intramolecular asymmetric Diels—Alder reactions with

91 J.S. Johnson and D. A. Evans, Acc. Chem. Res., 33 (2000), 325; A. K. Ghosh, P. Mathivanan and J. Cappiello,
Tetrahedron: Asymmetry, 9 (1998), 1.

92 D. A. Evans, S. J. Miller, T. Lectka and P. von Matt, J. Am. Chem. Soc., 121 (1999), 7559; D. A. Evans, D. M.
Barnes, J. S. Johnson, T. Lectka, P. von Matt, S. J. Miller, J. A. Murry, R. D. Norcross, E. A. Shaughnessy and
K. R. Campos, J. Am. Chem. Soc., 121 (1999), 7582.
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acyclic and cyclic dienes. Using furan as the diene resulted in the adduct 136
with very high enantiomeric purity (3.98). Equilibration of the adduct (retro Diels—
Alder reaction) occurs at —20°C to give predominantly the exo diastereomer as
a racemic mixture and it is imperative to conduct this cycloaddition reaction at
low temperature. Conversion of the adduct 136 to its corresponding methyl ester,
followed by enolization and (3-elimination gave the cyclohexadiene 137, which was
converted (by dihydroxylation, desilylation and ester hydrolysis) to the enantiomer
of natural shikimic acid.

P °
= o,
o NS 5 mol% 134 7
Q * ﬁ‘\ / CH,Clp, —78 °C i (3.98)

o N (0]
97% \ h
136 80% endo 97% ee
OSiMe,Bu OH
i, LISEt i, 0sO4, NMO HO.,
136 ii, MeOH, Cs,CO3 ii, BuyNF “
—_— —_—
iii, LHMDS OMe i, MSOK OH
then TBDMSOTY HO
(0] (0]
137 ent-shikimic acid

Copper complexes of the bisoxazoline ligands have been shown to be excellent
asymmetric catalysts not only for the formation of carbocyclic systems, but also
for the hetero-Diels—Alder reaction.”® Chelation of the two carbonyl groups of a
1,2-dicarbonyl compound to the metal atom of the catalyst sets up the substrate for
cycloaddition with a diene. Thus, the activated diene 20 reacts with methyl pyruvate
in the presence of only 0.05 mol% of the catalyst 66 to give the adduct 138 with
very high enantiomeric excess (3.99).

OMe
0 e
= Me 0.05 mol% 66 N\ SaCO,Me
* OMe = .~ (3.99)
THF, —78 °C N
MesSi o} then TFA o
90%
20 138 98.4% ee

The use of C,-symmetric catalysts is popular for promoting enantioselective
Diels—Alder reactions. Good results have been obtained using metal complexes of

93 K. A. Jgrgensen, Angew. Chem. Int. Ed., 39 (2000), 3558; K. A. Jgrgensen, M. Johannsen, S. Yao, H. Audrain
and J. Thorhauge, Acc. Chem. Res., 32 (1999), 605; see also References 53 and 59.
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tartaric acid-derived diols (TADDOLs), binaphthol (BINOL) derivatives and 1,2-
diaryl-ethylenediamine derivatives. For example, the titanium TADDOL complex
140 is an effective catalyst for the Diels—Alder reaction between cyclopentadiene
and the bidentate dienophile 139 (3.100).%* A cationic trigonal bipyramidal titanium
complex 141 is proposed to account for the results, with the Si face of the acrylimide
blocked by one of the aryl groups.

o) 0}
X -
N Do 15mol% 140 7 o |
@ ' /H\ - PhMe, —16 °C )k (3.100)
Me

(o} N ¢}
94% \ h
139 87% endo
88% ee

Me / Attack on Re face favoured

0
Me 0 \
>< TiCl ol = o> o-
L o~ ., o —0” |I
N i o
A A
140, Ar = 2-naphthyl 141

Most success in the asymmetric Diels—Alder reaction with an external chiral
catalyst has been achieved by using a dienophile such as 139, in which there are
two points of attachment of the dienophile to the metal complex. However, some
catalysts are known, and new ones are being developed, that allow highly enantios-
elective cycloaddition with dienophiles capable of only single-point binding to the
metal. To promote asymmetric induction in such systems, a secondary electronic or
steric interaction is required in order to favour one diastereomeric transition state.
The catalyst BINOL-TiCl, 143 has been found to be effective in certain cases.”
Thus, in a synthesis of the alkaloid (—)-ibogamine, the Diels—Alder reaction of the
simple dienophile benzoquinone and the diene 142, catalysed by (S)-BINOL-TiCl,
143 gave the cycloadduct 144 with high optical purity (3.101). The origin of the
enantioselectivity must lie with the axially chiral BINOL ligand, but it is not yet

94 D. Seebach, A. K. Beck and A. Heckel, Angew. Chem. Int. Ed., 40 (2001), 92; D. Seebach, R. Dahinden,
R. E. Marti, A. K. Beck, D. A. Plattner and F. N. M. Kiihnle, J. Org. Chem., 60 (1995), 1788; K. Narasaka,
N. Iwasawa, M. Inoue, T. Yamada, M. Nakashima and J. Sugimori, J. Am. Chem. Soc., 111 (1989), 5340.

95 K. Mikami, Y. Motoyama and M. Terada, J. Am. Chem. Soc., 116 (1994), 2812; J. D. White and Y. Choi, Org.
Lett., 2 (2000), 2373.
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clear how this is relayed to the transition state of the cycloaddition reaction.

\
Me O/T|C|2
0 99
X 30 mol% 143
+ B

(3.101)

PhMe, room temp.

0,
o) 0SiMe,Bu >65% o) 0SiMe,Bu

142 144 87%ee

The BINOL ligand complexed to a metal is an effective catalyst for a number of
organic reactions. Complexes of derivatives of BINOL, such as the chiral borane
145, have been found to be excellent catalysts for the asymmetric Diels—Alder reac-
tion.”® This catalyst has been shown to allow very good enantioselectivity even for
cycloadditions with alkynyl dienophiles. Thus, cycloaddition of cyclopentadiene
and 3-iodopropynal, in the presence of 20 mol% of 145, gave the adduct 146 with
high optical purity (3.102). The iodine atom in the adduct 146 can be replaced by
various other functional groups, thereby allowing the preparation of a variety of
enantiomerically enriched bicyclo[2.2.1]heptadienes. Partially reduced derivatives
of BINOL, such as octahydro-binaphthol, complexed to titanium(I'V) have shown
excellent selectivity in the hetero-Diels—Alder reaction of aldehydes with the Dan-
ishefsky diene (20).°” For example, cycloaddition of benzaldehyde using 20 mol%
of the catalyst ‘Ti-(R)-Hg-BINOL’ gave (after treatment with TFA) the cycloadduct
147 in very high yield and enantiopurity (3.103).

CHO
/ CHO
20 1% 145
@ . _20mol 145 (3.102)
CH.Cl,, =78 °C
1
1
72% 146 85% ee

9 K. Ishihara, H. Kurihara, M. Matsumoto and H. Yamamoto, J. Am. Chem. Soc., 120 (1998), 6920; K. Ishihara,
S. Kondo, H. Kurihara, H. Yamamoto, S. Ohashi and S. Inagaki, J. Org. Chem., 62 (1997), 3026.

97 B. Wang, X. Feng, Y. Huang, H. Liu, X. Cui and Y. Jiang, J. Org. Chem., 67 (2002), 2175; Y. Yuan, J. Long, J.
Sun and K. Ding, Chem. Eur. J., 8 (2002), 5033.
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SO
- O

X 20 mol% Ti(O'P X
PRCHO  + 20 mol% THOPr)g 0 (3.103)
PhMe, 0 °C
OSiMes  then CF3CO,H Ph o

20 92% 147 97%ee

A ligand having C,-symmetry is not a necessity and a variety of catalysts are
known that promote highly enantioselective Diels—Alder reactions. For example,
the oxazaborolidine 148 is a good catalyst for the cycloaddition of cyclopentadi-
ene and 2-bromoacrolein (3.104).°® The cycloaddition reaction is highly diastereo-
and enantioselective in favour of the exo-aldehyde. However, the enantioselectiv-
ity is poor with this catalyst when the dienophile lacks a substituent (for example
bromine) in the 2-position. A solution to this problem is the use of the protonated
oxazaborolidine 149, which promotes highly selective cycloaddition of cyclopen-
tadiene with a range of dienophiles, such as ethyl vinyl ketone or ethyl acrylate
(3.105).%” Asymmetric cycloaddition of o,3-unsaturated aldehydes or ketones with
various dienes can alternatively be achieved in the presence of a chiral secondary
amine as a catalyst.'%

|
Bu CHO
@ Br\”/CHO 5 mol% 148 7
+ _— >

CH,Clp, —78 °C Br (3.104)

95% 96% exo 99% ee

TIO™

COREt 20 mol% 149 Lb\
. _2omometds o (3.105)
CH,Clp, —20 °C 2
94% 97% endo 98% ee

9% g J. Corey and T.-P. Loh, J. Am. Chem. Soc., 113 (1991), 8966; E. J. Corey, A. Guzman-Perez and T.-P. Loh,
J. Am. Chem. Soc., 116 (1994), 3611; for a review, see E. J. Corey, Angew. Chem. Int. Ed., 41 (2002), 1650.

9 D. H. Ryu, T. W. Lee and E. J. Corey, J. Am. Chem. Soc., 124 (2002), 9992.

100 A_ B. Northrup and D. W. C. MacMillan, J. Am. Chem. Soc., 124 (2002), 2458.
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Asymmetric hetero-Diels—Alder cycloaddition of a diene with an aldehyde using
the chiral catalyst 150 has been shown to proceed with very high levels of enantios-
electivity, as illustrated in a key step of a synthesis of the natural product FR901464
(3.106).19" This catalyst is also effective for highly enantioselective hetero-Diels—
Alder cycloadditions of a,B-unsaturated aldehydes with ethyl vinyl ether.!%?

Me

H H

N O
[ C%]: o I
7\
O SbFg
= 0 5 mol% 150 o]
+ OSiMe,Bu | , (3.106)
H room temp. OSiMe,Bu
EtsSi Et,Si

61%
98% ee

3.2 [2+42] Cycloaddition reactions

The [2+2] cycloaddition reaction has found considerable use in synthesis, par-
ticularly for the formation of compounds containing a four-membered ring. The
combination of two alkenes leads to a cyclobutane ring, although most alkenes do
not undergo a thermal [2+2] cycloaddition reaction with another alkene. Tetraflu-
oroethene is unusual in that it is able to form (tetrafluoro)cyclobutanes with many
alkenes under thermal conditions. Ketenes (R,C=C=0) react with alkenes under
thermal conditions to give cyclobutanones (vide infra). However, many [2+2]
cycloaddition reactions are carried out under photochemical conditions. Simple
alkenes absorb light in the far ultra-violet and, in the absence of sensitizers, undergo
mainly fragmentations and E—Z isomerization, but conjugated alkenes which absorb
at longer wavelengths form cycloaddition compounds readily. Irradiation of buta-
diene in dilute solution with light from a high-pressure mercury arc, leads to
cyclobutene and bicyclo[1.1.0]butane. Such electrocyclic reactions of conjugated
polyenes are discussed in Section 3.8. In the presence of a sensitizer, butadiene
dimerizes to form, mainly, trans-1,2-divinylcyclobutane.

A common type of photochemical [24-2] cycloaddition reaction involves an o, 3-
unsaturated carbonyl compound.'® Since these compounds absorb at sufficiently
long wavelengths, sensitizers are not required in these reactions. In general, photo-
cycloaddition is brought about by irradiation with light of wavelength greater than

101" ¢, F. Thompson, T. F. Jamison and E. N. Jacobsen, J. Am. Chem. Soc., 123 (2001), 9974.
102 ¥ Gademann, D. E. Chavez and E. N. Jacobsen, Angew. Chem. Int. Ed., 41 (2002), 3059.
103 M. T. Crimmins and T. L. Reinhold, Org. Reactions, 44 (1993), 296; T. Bach, Synthesis (1998), 683.
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300 nm, often by conducting the reaction in a pyrex vessel. In this way, the destruc-
tive effect of short wavelength irradiation is avoided. The reaction typically takes
place through a triplet excited state of the enone formed by intersystem crossing
from the initial n — * excited singlet.'® Combination of the enone in its excited
triplet state with an alkene leads to an intermediate 1,4-biradical, from which the
cyclobutane is formed.

Both inter- and intramolecular [24-2] cycloaddition reactions have been used
in synthesis. In intermolecular reactions, a common problem is that mixtures of
regioisomers (sometimes referred to as head-to-tail and head-to-head products) in
addition to more than one stereoisomer may be formed. In general, the head-to-tail
regioisomer is the major product using an electron-rich alkene, whereas the head-to-
head regioisomer is favoured using an electron-deficient alkene. For example, the
first step in Corey’s synthesis of caryophyllene involved addition of cyclohexenone
to isobutene to give predominantly the trans-cyclobutane (head-to-tail) derivative
151 (3.107).1%

(0]
hv
+ —_—
)J\ hexane
Me Me

Cycloaddition of an enone with a cyclic alkene, such as 152, can occur with good

(3.107)

Iii Me

151 26.5% 6.5% 6%

stereoselectivity in favour of the thermodynamically more stable exo diastereoiso-
mer (153 in this case) (3.108).!% Cycloaddition of cyclohexenone and Z-but-2-ene
or E-but-2-ene gave the same mixture of addition products in each case, suggest-
ing that the reactions proceed in a stepwise manner through radical intermediates.
Alkynes also add to enones on irradiation to form cyclobutenes.

0 0
NC HooN
hv T
D - ] Gaos
Me Me CHCl Me H
Me Me ¥
85% Me H
152 153

Intramolecular cycloaddition reactions are a powerful strategy for the formation
of bicyclic and polycyclic compounds. For example, two rings and three contiguous

104 1 1. Schuster, G. Lem and N. A. Kaprinidis, Chem. Rev., 93 (1993), 3.

105 E_J. Corey, R. B. Mitra and H. Uda, J. Am. Chem. Soc., 86 (1964), 485; E. J. Corey, J. D. Bass, R. LeMahieu
and R. B. Mitra, J. Am. Chem. Soc., 86 (1964), 5570.

106 p A, Wender and J. C. Lechleiter, J. Am. Chem. Soc., 100 (1978), 4321.
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quaternary chiral centres are formed on intramolecular cycloaddition of the enone
154 to give 155, used in a synthesis of the sesquiterpene isocomene (3.109).!%7 The
conformational constraints of intramolecular reactions can enhance or reverse the
regioselectivity of the cycloaddition in comparison with the intermolecular reaction.
Thus, cycloaddition of the enone 156 gave the regioisomer 157 (3.110).'% In these
cases good diastereoselectivity is achieved, with control of the stereochemistry at
the three new chiral centres by the existing chiral centre.

(0]
Me i, PhagP=CH,
hv DMSO (3 109)
hexane Me ii, TSOH :
Me PhH
Me 77%
154 155 isocomene
Me Me
(0] (0]
| H o Me
o h Me
\Y
— (3.110)
(0] CH.Cl,
Y O
H (0]
81%
o Me o
Me\m“S‘/o
156 157 97:3 ©

The synthetic usefulness of these cycloaddition reactions extends beyond the
immediate formation of cyclobutane derivatives. Rearrangements or ring-opening
reactions, encouraged by the relief of strain in the cyclobutane ring, can be used
to construct complex ring systems. Photocycloaddition of an alkene to the eno-
lized form of a 1,3-dicarbonyl compound results in the formation of a 3-hydroxy-
carbonyl compound, which can undergo retro-aldol reaction, with ring-opening, to
give a 1,5-dicarbonyl product.!® Thus, irradiation of a solution of 2,4-pentanedione
(acetylacetone) in cyclohexene gave the 1,5-diketone 159 by spontaneous retro-
aldol reaction of the intermediate 3-hydroxy-ketone 158 (3.111).

107 M. C. Pirrung, J. Am. Chem. Soc., 103 (1981), 82.

108 'S Faure, S. Piva-Le-Blanc, C. Bertrand, J.-P. Pete, R. Faure and O. Piva, J. Org. Chem., 67 (2002), 1061.

109 p ge Mayo, Acc. Chem. Res., 4 (1971), 41; W. Oppolzer, Acc. Chem. Res., 15 (1982), 135; J. D. Winkler,
C. M. Bowes and F. Liotta, Chem. Rev., 95 (1995), 2003.
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Me (0]

Me
(e} hv 9]
+ - 3.111
@ ﬁ OH o ! )
Me OH

78% Me

158 159

Cycloaddition using an enol derivative of a cyclic 1,3-dicarbonyl compound,
followed by retro-aldol reaction, results in ring expansion by two carbon atoms.
Reactions of this kind have been applied to the synthesis of a number of polycyclic
natural products. For example, irradiation of the enol benzoate 160 gave the tricyclic
product 161 in almost quantitative yield (3.112).!'° Dimethylation followed by
hydrolysis and retro-aldol reaction gave the eight-membered ring diketone 162,
used in a synthesis of the sesquiterpene epi-precapnelladiene.

(0] Me
hv H
—_— 3.112
hexane ( )
OCOPh
98%
160 161
Me O Me
Me Me Me Me
H
- . - -
—_—
H H
(0] Me

162 epi-precapnelladiene

Ring-opening is not restricted to the retro-aldol reaction. Conversion of the
ketone product to the epoxide, the alcohol or its sulfonate or other leaving group
have been used to promote fragmentation of the four-membered ring to provide
novel products. Photocycloaddition of an enamine can be used as an alternative to
the enol cycloaddition. Subsequent ring-opening of the cyclobutane occurs by a
retro-Mannich fragmentation. Thus, in a synthesis of the alkaloid manzamine A,
cycloaddition of the enamine 163 led to the cyclobutane 164, which fragmented
and cyclized to give the aminal 165 (3.113).!!! Isomerization of the aminal 165
gave the ABCE ring system 166 of manzamine A.

110 A M. Birch and G. Pattenden, J. Chem. Soc., Chem. Commun. (1980), 1195.
11 1 D. Winkler and J. M. Axten, J. Am. Chem. Soc., 120 (1998), 6425.
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(3.113)

pyridine
AcOH

20% from 163

R = (CHy)2CH=CH(CH,),OH 166 manzamine A
Ar = B-carbolin-1-yl

If an aldehyde or ketone m-system replaces one of the alkene units, then photo-
chemical [24-2] cycloaddition is termed the Paterno—Biichi reaction and an oxetane
product is produced.!!? Typically a mixture of stereo- and regioisomers of the oxe-
tane is formed in intermolecular cycloadditions of this type, although the use of
small-ring alkenes favours the cis-fused ring products. Thus, in a synthesis of the
antifungal agent (4)-preussin, cycloaddition of benzaldehyde with the dihydropy-
rrole 167 led to the cis-fused products 168 and 169 (3.114). Hydrogenolysis of the
benzylic C—O bond and reduction of the carbamate of the diastereomer 168 gave
the target preussin.

H
hy O0—_:3 o
@\ e /@\ . (3.114)
N CoHig Ph SN CgH1g P N CgH1g
| H | H |

T

'

COxMe 65% CO,Me COyMe
167 168 4.4 1 169
HO,
l}l CgH1g
Ph Me preussin

112 3. A. Porco and S. L. Schreiber, in Comprehensive Organic Synthesis, ed. B. M. Trost and I. Fleming, vol. 5
(Oxford: Pergamon Press, 1991), p. 151; T. Bach, Synlett (2000), 1699.
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High selectivity has been obtained in the Paterno—Biichi reaction of aldehydes
with furans and this reaction has formed the basis of a number of total syntheses.
Thus, photocycloaddition of furan with nonanal gave the exo product 170, which
was converted to the antifungal metabolite avenaciolide (3.115).

CeHrr 9y CgH17
N\ - (3.115)
CgH;7CHO
o) o o H O
98%
170 avenaciolide

In contrast with the photochemical cycloaddition reaction of two alkenes, the
[2-+2] cycloaddition of a ketene and an alkene occurs under thermal conditions.!?
The ketene is formed typically from an acid chloride and a mild base such as
EtzN, or from an a-halo-acid chloride and zinc. Cycloaddition with an alkene
occurs stereospecifically, such that the geometry of the alkene is maintained in the
cyclobutanone product. The regioselectivity is governed by the polarization of the
alkene, with the more electron-rich end of the alkene forming a bond to the electron-
deficient central carbon atom of the ketene. Thus, the product from cycloaddition
of dimethylketene with the enol ether Z-171 is the cyclobutanone cis-172, whereas
with E-171, the isomer trans-172 is formed (3.116).114

il n
Me O"Pr O"Pr Me O"Pr
room temp
c=o0 + |
ELO N, g,
Me Me

Z171 89% cis-172 99 1 trans-172
(3.116)
Me O"Pr Me O"Pr Me O"Pr
room temp
c=o0 + |
Et20 lllll
Me Me
E171 60% cis-172 1 @ 99 trans-172

The high level of stereospecificity in cycloaddition reactions with ketenes points
to a concerted mechanism in which both carbon—carbon bonds are formed simul-
taneously (although not necessarily at the same rate). Orbital symmetry considera-
tions predict that the thermal [24-2] cycloaddition reaction is disallowed, however,

113 J. A. Hyatt and P. W. Raynolds, Org. Reactions, 45 (1994), 159; T. T. Tidwell, Ketenes (New York: Wiley,
1995).
114 R, Huisgen, L. A. Feiler and G. Binsch, Chem. Ber:, 102 (1969), 3460.
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the presence of two orthogonal m-bonds in the LUMO of the ketene can be invoked
to permit the approach of the HOMO of the alkene at an angle to the ketene.

Cycloaddition reactions of ketenes with dienes are rapid and normally lead to
the cyclobutanone product, rather than the Diels—Alder adduct. There is evidence
that the cyclobutanone forms by a two-step process, involving an initial [4+2]
cycloaddition of the diene and the ketene carbonyl group, followed by a [3,3]-
Claisen rearrangement. !

Dichloroketene is particularly reactive, and reductive dechlorination of the prod-
uct with zinc and acetic acid allows access to the cyclobutanone from formal addi-
tion of ketene itself.!!® Thus, cycloaddition of dichloroketene with cyclopentadiene,
followed by dechlorination and Baeyer—Villiger oxidation gave the lactone 173, a
useful precursor to various oxygenated cyclopentane products (3.117). Intramolec-
ular cycloaddition reactions of ketenes can allow the formation of bicyclic and
polycyclic products using otherwise unstable ketene intermediates.'!’

Ho o H .
EtsN i, Zn, ACOH
@ +  ClCH-COCl —>—» c o (3.117)
ii, HyO5
H O H

72%

173

The synthesis of cyclobutanones can in some cases be accomplished more effi-
ciently by addition of a ketene-iminium salt or a chromium carbene to an alkene.''®
For example, under photochemical conditions, the chromium carbene 174 gave the
cyclobutanone 175 as a single diastereomer (3.118). The product 175 was converted
to the antifungal antibiotic (4)-cerulenin by way of the lactone 176.

Ph

g
OEt /// l( R >_\

hy  E) N (0] i
(CO)5Cr=< v \I( 1, mCPBA _ (3.118)
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CHoCH,C=CSiPry
CH,CH,C=CH

115§ Yamabe, T. Dai, T. Minato, T. Machiguchi and T. Hasegawa, J. Am. Chem. Soc., 118 (1996), 6518.
116 W. T. Brady, Tetrahedron, 37 (1981), 2949.

117 B. B. Snider, Chem. Rev., 88 (1988), 793.

18 1, 'S. Hegedus, Tetrahedron, 53 (1997), 4105.
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Silylketenes are more stable than the parent ketenes and have been used
in cycloaddition reactions, particularly with aldehydes to form B-lactones.'!
Cycloaddition of a ketene with an aldehyde normally requires a Lewis acid catalyst,
such as AlCI3, BF3-OEt; or ZnCl, and under such conditions good yields of the
B-lactone products can be obtained.!'® For example, cycloaddition of the aldehyde
177 with the ketene 178 using the Lewis acid EtAICl, gave the B-lactone 179,
used in a synthesis of lipstatin (3.119). The need for a Lewis acid has prompted
cycloadditions in the presence of catalysts bearing a chiral ligand and some high
levels of enantioselectivity have been reported.'? An alternative is to use a chiral
tertiary amine to catalyse the reaction, and cinchona alkaloids such as quinidine

have given excellent levels of enantioselectivity.'?!

'BuMe,SiO 0]

[0}
- Il
H c EtAICI, “CeHis3
+ — SiMes (3.119)
- CsH1q )J\ Et,O
MesSi CeH1s
91%
177 178 179 (9:1 1,3-diastereoselectivity)

The addition of an acid chloride to an imine is an important method for the
preparation of B-lactams and is often referred to as the Staudinger reaction.!'??
The reaction allows a convenient and mild approach to the (3-lactam antibiotics
and has therefore received considerable attention. Good stereoselectivity in favour
of the cis 3,4-disubstituted product is common. For example, the B-lactam 182
was formed in reasonable yield by condensation of the acid chloride 180 and the
imine 181 (3.120). The reaction is not thought to be a concerted cycloaddition
with the ketene, but to take place via a zwitterionic intermediate. Almost complete
asymmetric induction in the synthesis of (-lactams by the Staudinger reaction
using a chiral auxiliary or a chiral tertiary amine, such as benzoylquinine, has been
reported.'?3

119" A Pommier, P. Kocienski and J.-M. Pons, J. Chem. Soc., Perkin Trans. 1 (1998), 2105.

120 g G. Nelson, T. J. Peelen and Z. Wan, J. Am. Chem. Soc., 121 (1999), 9742.

121 H. Wynberg and E. Staring, J. Org. Chem., 50 (1985), 1977.

122 1, Ghosez and J. Marchand-Brynaert, in Comprehensive Organic Synthesis, ed. B. M. Trost and 1. Fleming,
vol. 5 (Oxford: Pergamon Press, 1991), p. 85; F. H. van der Steen and G. van Koten, Tetrahedron, 47 (1991),
7503.

123 ¢, Palomo, J. M. Aizpurua, I. Ganboa and M. Oiarbide, Eur. J. Org. Chem. (1999), 3223; I. Ojima and F.
Delaloge, Chem. Soc. Rev., 26 (1997), 377; A. E. Taggi, A. M. Hafez, H. Wack, B. Young, D. Ferraris and
T. Lectka, J. Am. Chem. Soc., 124 (2002), 6626; B. L. Hodous and G. C. Fu, J. Am. Chem. Soc., 124 (2002),
1578.
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CO,Me

( Phth CO,Me
o] | EtsN
—_— 3.120
NJJ\ + N CHCl, N ( )
Cl G Nar
o] MeO 61%

181 182
180

An alternative approach to the [(-lactam ring system uses the cycloaddi-
tion of an alkene with an isocyanate such as chlorosulfonyl isocyanate (O=C=
N—S0,Cl)."?* For example, reaction of cyclopentadiene with chlorosulfonyl iso-
cyanate gave the [3-lactam 183 (3.121). The N-unsubstituted -lactam is formed
under these conditions owing to the ease of removal of the SO,Cl group. The
regioselectivity can be explained by combination of the more electron-rich end of
the alkene with the electron-deficient carbon atom of the isocyanate.

Mo

Et,0, —20 °C
+  CISON=C=0 2 (3.121)
then NaSOs, KoHPO, NH

52%

183

3.3 Cycloaddition reactions with allyl anions and allyl cations

The Diels—Alder reactions discussed in Section 3.1 are concerted [4+2] cycload-
ditions involving six m-electrons to give six-membered rings. The possibility of
analogous six m-electron cycloadditions involving allyl anions and allyl cations to
give five- and seven-membered rings respectively is predicted by the Woodward—
Hoffmann rules (3.122).* Examples of both processes have been observed, although
the synthetic scope of the reactions, particularly with allyl anions, is limited.

(3.122)

Allyl anions tend to react as nucleophilic carbanions with various electrophiles,
rather than undergo cycloaddition reactions, and the few known cycloaddition

124 j K. Rasmussen and A. Hassner, Chem. Rev., 76 (1976), 389. See also G. S. Singh, Tetrahedron, 59 (2003),
7631.
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reactions with alkenes are confined to allyl anions bearing an electron-withdrawing
group at C-2 of the allyl unit. These, and the better-known examples of cycloaddition
reactions of 2-aza-allyl anions, may be stepwise rather than concerted processes. !>
The 2-aza-allyl anion adds to a variety of alkenes to form pyrrolidine derivatives.
Thus, proton abstraction at the methyl group of the imine 184 gave an intermediate
2-aza-allyl anion, which undergoes cycloaddition to give the 2,3-diaryl-pyrrolidine
185 (3.123). An alternative method, which also allows the formation of unstabi-
lized 2-aza-allyl anions, makes use of tin-lithium exchange and has been used in
inter- and intramolecular cycloaddition reactions. For example, the key step in a
synthesis of the alkaloid (—)-amabiline involved transmetallation and subsequent
intramolecular cycloaddition of the stannane 186 (3.124).'?’

126

OMe OMe

Me._ N W, N —_
LDA
NZ NP A, Z = - (3.123)
I THF |
X X
184 85% 185 trans:cis 95:5
FO
O
ﬁ\o )
r
O,
0 "BuLi
e, + (3.124)
N SnB THF
o) S PMPY then H,0 N
H H
5 1
186 74%

Cycloaddition of allyl cations to conjugated dienes provides a route to seven-
membered carbocycles.!?® One of several methods can be used to generate the
allyl cation, such as from an allyl halide and silver trifluoroacetate, or from an
allyl alcohol by way of its trifluoroacetate or sulfonate. Cycloaddition of the allyl
cation proceeds best with a cyclic diene, particularly for intermolecular reactions.
Thus, cyclohexadiene and methylallyl cation gave the bicyclo[3.2.2]nonadiene 187
(3.125). Many intramolecular examples are known,'? such as the formation of the

125 F. Neumann, C. Lambert and P. v. R. Schleyer, J. Am. Chem. Soc., 120 (1998), 3357.

126 T, Kauffmann, Angew. Chem. Int. Ed., 13 (1974), 627.

127 W. H. Pearson and F. E. Lovering, J. Am. Chem. Soc., 117 (1995), 12 336.

128 4§ M.R. Hoffmann, Angew. Chem. Int. Ed. Engl., 23 (1984), 1; A. Hosomi and Y. Tominaga, in Comprehensive
Organic Synthesis, ed. B. M. Trost and I. Fleming, vol. 5 (Oxford: Pergamon Press, 1991), p. 593; M. Harmata,
Tetrahedron, 53 (1997), 6235; J. H. Rigby and F. C. Pigge, Org. Reactions, 51 (1997), 351.

129 M. Harmata, Acc. Chem. Res., 34 (2001), 595.
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cycloadducts 189 and 190 from the allyl alcohol 188 and triflic anhydride, Tf,0
[(CF3S0,),0] (3.126). In this latter sequence the trimethylsilyl group serves both
to stabilize the allyl cation and as a trigger for the subsequent formation of the
exocyclic methylene group.

Me
O A e AN e
Me

30% 187

SiMej
MO A 5P T$,0
W (3. 126)
2,6-lutidine
x
10 1
188 65% 189 190

The 2-oxyallyl cation has found a number of applications in organic synthesis.
These species can be produced from a,a’-dibromoketones, from a-halo-trialkylsilyl
enol ethers or from allyl sulfones and a Lewis acid. For example, the 2-oxyallyl
cation 192 can be prepared from the dibromide 191 and its cycloaddition with furan
gave the adduct 193, used in a synthesis of nonactic acid (3.127). These reactions
may take a concerted or a stepwise course, depending on the nature of the diene
and the allyl cation and the reaction conditions.

(0] o
Zn-Cu \)\/
Me Me —_— Me N Me
or Fe(CO)g 27+ X
or EtoZn

Br Br

(3.127)

191 192 193

A convenient method for the formation of 2-oxyallyl cations has been developed
from ketones and applied to both inter- and intramolecular cycloaddition reac-
tions. The ketone is converted to the intermediate a-chloroketone, from which the
2-oxyallyl cation is formed with lithium perchlorate. For example, intramolecular
cycloaddition of the 2-oxyallyl cation generated from the cyclic ketone 194, gave
the exo adduct 195 as the major stereoisomer (3.128).
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o
i, LDA, CF3SO,CI

12
\ / ii, LICIO4, Et,0, EtzN (3.128)

58%
194 195

3.4 1,3-Dipolar cycloaddition reactions

The 1,3-dipolar cycloaddition reaction, like the Diels—Alder reaction, is a 67 elec-
tron pericyclic reaction, but it differs from the Diels—Alder reaction in that the
41 component, called the 1,3-dipole, is a three-atom unit containing at least one
heteroatom and which is represented by a zwitterionic octet structure. The 27 com-
ponent, here called the dipolarophile (rather than the dienophile), is a compound
containing a double or triple bond. The product of the reaction is a five-membered
heterocyclic compound.

A typical example is the well-known reaction between ozone (the 1,3-dipole)
and an alkene to give an ozonide, formed by rearrangement of the initially formed
cycloadduct (3.129). The ozonide can be broken down under reducing or oxidizing
conditions to give two carbonyl compounds (see Section 5.4).

+

o

(0] O/O\O R\(O\o
R;\\) — R)_/ — \_/ (3.129)

ozonide

A considerable number of 1,3-dipoles containing various combinations of car-
bons and heteroatoms is possible and many of these have been made and their
reactions with dipolarophiles studied. All 1,3-dipoles contain 41 electrons in three
parallel p-orbitals and some of the more commonly encountered classes are shown
in Figure 3.130.'%°

130 R. Huisgen, J. Org. Chem., 41 (1976), 403; R. Huisgen, in 1,3-Dipolar Cycloaddition Chemistry, ed. A. Padwa,
vol. 1 (New York: Wiley, 1984), p. 1; A. Padwa, in Comprehensive Organic Synthesis, ed. B. M. Trost and 1.
Fleming, vol. 4 (Oxford: Pergamon Press, 1991), p. 1069; P. A. Wade, in Comprehensive Organic Synthesis,
ed. B. M. Trost and I. Fleming, vol. 4 (Oxford: Pergamon Press, 1991), p. 1111; Synthetic Applications of
1,3-Dipolar Cycloaddition Chemistry Toward Heterocycles and Natural Products, ed. A. Padwa and W. H.
Pearson (New Jersey: Wiley, 2003).
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. - . - |+ |+
N=N=N —N=N R—=N—0 N A= (3.130)
e o

azides diazoalkanes nitrile oxides nitrones azomethine ylides

Some 1,3-dipoles, such as azides and diazoalkanes, are relatively stable, isolable
compounds; however, most are prepared in situ in the presence of the dipolarophile.
Cycloaddition is thought to occur by a concerted process, because the stereo-
chemistry (E or Z) of the alkene dipolarophile is maintained (trans or cis) in the
cycloadduct (a stereospecific aspect). Unlike many other pericyclic reactions, the
regio- and stereoselectivities of 1,3-dipolar cycloaddition reactions, although often
very good, can vary considerably; both steric and electronic factors influence the
selectivity and it is difficult to make predictions using frontier orbital theory.

Nitrile oxides are conveniently generated in situ by dehydration of primary nitro
compounds (with phenylisocyanate or ethyl chloroformate or di-tert-butyl dicar-
bonate) or from a-chloro-oximes (by treatment with a base). The nitrile oxide reacts
with an alkene to form an isoxazoline or with an alkyne to give a heteroaromatic
isoxazole (3.131)."3! Nitrile oxides are prone to undergo dimerization, although this
can be minimized by maintaining a low concentration of the dipole in the presence
of the dipolarophile.

NN e Me N
PhNCO + M % ZNe)
Me\/N02 > [Me —C=N—0 ] -
Et;N
Ph

N
Me :Me
N

(3.131)

/\o

EtsN + - Ph———-H
Ph NOH =N [Ph—C:N o) ]
Et,0 —
cl Ph

The product isoxazolines formed in these reactions are useful synthetic inter-
mediates, for on reductive cleavage (with, for example, H,, Pd/C or LiAlH4) they
give 1,3-amino-alcohols and on hydrolytic reduction (with, for example, Raney
nickel in aqueous acid) they give 3-hydroxy ketones (which can be dehydrated to
o,[3-unsaturated ketones) (3.132). For example, in a synthesis of the amino sugar
D-lividosamine, the major isoxazoline cycloadduct 196 (formed with the expected
S-substituted regiochemistry and with high stereoselectivity) was reduced with

131 p Caramella and P. Griinanger, in I,3-Dipolar Cycloaddition Chemistry, ed. A. Padwa, vol. 1 (New York:
Wiley, 1984), p. 291; C. J. Easton, C. M. M. Hughes, G. P. Savage and G. W. Simpson, Adv. Het. Chem., 60
(1994), 261.
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LiAlH, to give a mixture (~4:1) in favour of the syn amino alcohol 197 (3.133).!%2
Hydrolysis of the acetal protecting groups led to the desired glycoside.

N Ho
R\C{ Ho, catalyst M )\/k (3.132)

R’

0} OH

A,

f = B of -

PhNCO EtsN

58% 94%
196
(3.133)

omu
zum

H Ha

NHy i’

197 major stereoisomer

Intramolecular 1,3-dipolar cycloaddition reactions take place readily and some
useful applications of this chemistry in synthesis have been reported. This is illus-
trated in the synthesis of the antitumor agents sarcomycin 201, R=H (3.134) and
calicheamicin (3.135). In the former synthesis, dehydration of the nitro-alkene
198 gave the isoxazoline 199 via the intermediate nitrile oxide. Hydrogenolysis
with Raney nickel in aqueous acetic acid then led to the B-hydroxy ketone 200,
which was dehydrated to the ethyl ester of sarcomycin 201, R=FEt.!3 In a synthe-
sis of the much more complex calicheamicin, intramolecular cycloaddition of the
nitrile oxide, generated from the oxime 202 by in situ chlorination with sodium
hypochlorite and elimination, gave the two isoxazolines 203 and 204. The isoxazo-
line 203 was later oxidized to the isoxazole, which was ring-opened (using aqueous
Mo(CO)e) to give an amino aldehyde, used in a second ring-forming step to prepare
the required enediyne aglycon of calicheamicin.'3*

132 v Jiger and R. Schohe, Tetrahedron, 40 (1984), 2199.

133 A. P. Kozikowski and P. D. Stein, J. Am. Chem. Soc., 104 (1982), 4023.

134 A L. Smith, E. N. Pitsinos, C.-K. Hwang, Y. Mizuno, H. Saimoto, G. R. Scarlato, T. Suzuki and K. C. Nicolaou,
J. Am. Chem. Soc., 115 (1993), 7612.
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NO, N—O O OH 0
/
= p-CIC¢H4NCO iy Hp, Raney Ni MeSO,Cl (3.134)
_— > —_— _ =
EtN, PhH, 25 °C L MeOH, H,0O 4 EtsN, 0 °C )
CO,Et COo,et  ACOH COEt CO.R
55% 97% 100%
198 199 200 201
[¢) (0] o) o]
N
Z " >oH NaOCl =N
o+ (3.135)
CHClp, H0,0cc L Lt/
PhCO," X PhCO,™ PhCO,™
65% H
OMEM OMEM
202 203 36 : 1 204

1,3-Dipolar cycloaddition reactions occur readily even with ‘non-activated’ dipo-
larophiles, such as isolated alkenes. This contrasts with the Diels—Alder reac-
tion, particularly for intermolecular reactions, in which an ‘activated’ alkene as
the dienophile is required. Like the Diels—Alder reaction, [3+2] cycloaddition
reactions of 1,3-dipoles are reversible, although in most cases it is the kinetic
product that is isolated. For the intermolecular cycloaddition of nitrile oxides or
nitrones, two of the most frequently used 1,3-dipoles, to monosubstituted or 1,1-
disubstituted alkenes (except highly electron-deficient alkenes), the oxygen atom
of the 1,3-dipole becomes attached to the more highly substituted carbon atom
of the alkene double bond. Hence the 5-substituted isoxazolidine 206 is generated
from the cycloaddition of the cyclic nitrone 205 with propene (3.136).'*° Reductive
cleavage of the cycloadduct then gave the alkaloid sedridine. In this cycloaddition
reaction the ‘exo’ product is favoured.

Z e LiAIH, oH
+ PhMe, 110 °C H H (3.136)
N N Me
H

| \
%
— 53% o)

205 206 sedridine

A related example, using the monosubstituted cyclic nitrone 207, gave the
cycloadduct 208 (3.137).3¢ This cycloaddition reaction is highly stereoselective for
the trans-2,6-disubstituted piperidine. Reduction of the N-O bond and dehydrox-
ylation then led to the ant-venom constituent solenopsin. Cycloaddition of cyclic
or acyclic nitrones with alkenes or alkynes leads to isoxazolidines or isoxazolines

135 1. J. Tufariello and S. A. Ali, Tetrahedron Lett. (1978), 4647.
136 D A. Adams, W. Carruthers, P. J. Crowley and M. J. Williams, J. Chem. Soc., Perkin Trans. 1 (1989), 1507;
S. Chackalamannil and Y. Wang, Tetrahedron, 53 (1997), 11 203.
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respectively,'?” both useful ring systems for further transformations. In particu-
lar, many alkaloid ring systems can be accessed efficiently by using a 1,3-dipolar
cycloaddition reaction as the key step.'*8

CgH19
145 °C D (3.137)
+ - ©
Me ll\l “1(CHp)10Me
— 100
o 81%

CoHig
207 solenopsin

Recent advances have been made in the enantioselective cycloaddition of nitrones
and alkenes.'>® By using a chiral auxiliary attached to the nitrone or the alkene,
moderate to good levels of asymmetric induction have been reported. A num-
ber of metal complexes with chiral ligands catalyse the cycloaddition reaction of
nitrones, particularly for dipolarophiles containing two carbonyl groups for biden-
tate co-ordination to the metal.'*" An alternative approach, using «,3-unsaturated
aldehydes and chiral secondary amines has been successful (3.138).'*! The endo
product is the major stereoisomer in these cycloaddition reactions and the catalysis
is thought to proceed via the reactive intermediate iminium ion 210, with addition
of the nitrone to the face of the alkene opposite the benzyl substituent.

ve TN PN
o N Ny RN N_o, N N_o, (3.138)
-20°C CHO CHO
98% 94% ee 94 : 6

\N
Me\ (o]
N—S >k + i:,,]{ Ph
N e

><N w, - Fh |
H* HCIO,4 |
Me
209 210

137 P, N. Confalone and E. M. Huie, Org. Reactions, 36 (1988), 1.

138 G. Broggini and G. Zecchi, Synthesis (1999), 905.

139 K. V. Gothelf and K. A. Jgrgensen, Chem. Commun. (2000), 1449; M. Frederickson, Tetrahedron, 53 (1997),
403. For a review on asymmetric 1,3-dipolar cycloaddition reactions, see K. V. Gothelf and K. A. Jgrgensen,
Chem. Rev., 98 (1998), 863.

140§ Kanemasa, Y. Oderaotoshi, J. Tanaka and E. Wada, J. Am. Chem. Soc., 120 (1998), 12 355; S. Kanemasa,
Synlett (2002), 1371.

141 W. S. Jen, J. J. M. Wiener and D. W. C. MacMillan, J. Am. Chem. Soc., 122 (2000), 9874.
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Intramolecular cycloaddition reactions of nitrones have been used widely in
synthesis. The required unsaturated nitrones can be obtained by oxidation of N-
alkenyl-hydroxylamines or by condensation of an aldehyde with an N-substituted
hydroxylamine. Thus the cis bicyclic isoxazolidine 212 was obtained by reaction of
5-heptenal with N-methylhydroxylamine, by way of the intermediate nitrone 211
(3.139).

HoMe
\ Me — é ::
MeNHOH Me T
R E——— e o (3.139)
CHO PhMe, heat -+ O L N/
N
\ 55% Ao
Me Me
211 212

Tethering the alkene to the carbon atom of the nitrone allows the preparation
of cis-1,2-disubstituted cycloalkanes such as 212. Examples in which the alkene
is tethered to the nitrogen atom of the nitrone are also common. Thus, addition of
formaldehyde to the hydroxylamine 213 promoted formation of the intermediate
nitrone and hence the cycloadduct 214 (3.140).!4? Subsequent transformations led
to the alkaloid luciduline. This synthesis illustrates a useful feature of the 1,3-dipolar
cycloaddition reaction of nitrones, in that it provides an alternative to the Mannich
reaction as a route to [3-amino-ketones, via reductive cleavage of the N-O bond
in the isoxazolidine and oxidation of the 1,3-amino-alcohol product. In another
example of such an intramolecular cycloaddition reaction, the bridged bicyclic
product 217, used in a synthesis of indolizidine 209B, was formed by addition of
an aldehyde to the hydroxylamine 215, followed by heating the intermediate nitrone
216 (3.141).143

NHOH l\llle
N N
—
CH>=0 / M M
— OE % A — °  (3.140)
PhMe, heat
O/
89%
213 214 luciduline

142 . Oppolzer and M. Petrzilka, Helv. Chim. Acta, 61 (1978), 2755; E. G. Baggiolini, H. L. Lee, G. Pizzolato
and M. R. Uskovic, J. Am. Chem. Soc., 104 (1982), 6460.

143 A. B. Holmes, A. L. Smith, S. F. Williams, L. R. Hughes, Z. Lidert and C. Swithenbank, J. Org. Chem., 56
(1991), 1393. See also, C.-H. Tan and A. B. Holmes, Chem. Eur. J.,7 (2001), 1845; E. C. Davison, M. E. Fox,
A. B. Holmes, S. D. Roughley, C. J. Smith, G. M. Williams, J. E. Davies, P. R. Raithby, J. P. Adams, I. T.
Forbes, N. J. Press and M. J. Thompson, J. Chem. Soc., Perkin Trans. 1 (2002), 1494.
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CSH”Y\/\ RCHO CSHﬂ/m PhMe OO N (3.141)
CH.Cl, *Io R heat \O R ’

NHOH MgSO,

89%
215 R = (CH5)30Ac 216 217

Another type of dipolar cycloaddition reaction occurs between an azomethine
ylide 1,3-dipole and an alkene or alkyne dipolarophile. Cycloaddition leads to a
pyrrolidine or dihydropyrrole ring respectively and the latter can be converted eas-
ily to a pyrrole ring. The reaction is valuable for organic synthesis as these ring
systems are common in natural products and biologically active compounds. The
azomethine ylide is generated in situ and not isolated. Most common are reactions
of stabilized azomethine ylides, in which an electron-withdrawing group is present
on one of the carbon atoms of the 1,3-dipole. These dipoles can be prepared by
a number of methods. For example, thermal ring-opening of an aziridine (by a
conrotatory pathway) generates an azomethine ylide. In the presence of a dipo-
larophile, cycloaddition of the azomethine ylide occurs stereospecifically.'** Good
levels of regioselectivity are also obtained. Thus, cycloaddition of the azomethine
ylide 219, generated from the aziridine 218, gave predominantly the pyrrolidine
220 (3.142).'%

0SiMe,'Bu
o] Me
CO,Me )J\/\/\
W/ 175°C - Me OSiMe,Bu
— X F
N — SN cooMe (3.142)
k CO>Me
kPh Ph 69%
218 219 220

Intramolecular 1,3-dipolar cycloaddition reactions normally proceed efficiently
to give bicyclic products and these reactions do not require the presence of an
electron-withdrawing group on the dipolarophile. Thus, in an approach to the alka-
loid sarain A, the aziridine 221 was heated to generate the intermediate azome-
thine ylide 222, and hence, after intramolecular cycloaddition, the pyrrolidine 223
(3.143).'% An alternative method for the formation of the required azomethine
ylide, and which avoids the need for the prior synthesis of an aziridine ring, uses
the simple condensation of an aldehyde and a primary or secondary amine. Thus, in
another approach to sarain A, addition of formaldehyde to the amine 224 resulted
in the formation of the cycloadduct 226 (3.144)."47 Notice that in both cases the

144 R, Huisgen, W. Scheer and H. Huber, J. Am. Chem. Soc., 89 (1967), 1753.

145 p DeShong, D. A. Kell and D. R. Sidler, J. Org. Chem., 50 (1985), 2309; P. DeShong and D. A. Kell,
Tetrahedron Lett., 27 (1986), 3979.

146 O Irie, K. Samizu, J. R. Henry and S. M. Weinreb, J. Org. Chem., 64 (1999), 587.

147 D, J. Denhart, D. A. Griffith and C. H. Heathcock, J. Org. Chem., 63 (1998), 9616.
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stereochemistry of the alkene (Z) determines the relative stereochemistry of the
product.

Ph
o r (
N +
Ph/\N)J\A a5 o J\/N\

OMe

OMe
221 222 223

(3.143)

o}
P N NH, CH=0 [P N X
i

PhMe
heat

OBn
OBn

224 225 226

(3.144)

Addition of an aldehyde to an alkenyl-amine can provide the required alkenyl-
azomethine ylide (such as 225) for intramolecular cycloaddition. An alternative
is the addition of an amine to an alkenyl-aldehyde. Thus, addition of N-methyl
glycine ethyl ester to the aldehyde 227 gave the intermediate azomethine ylide 228
and hence the cycloadduct 229 (3.145).!4

/ / H
MeNH™ COEt COLEL
_— 2 —_— COEt (3.145)
CHO xylene, hea.t - T~ H N
camphor sulfonic acid N s gH\
s s s s |\|/| Me
L )
227 228 229

The condensation of a secondary amine and an aldehyde leads to an iminium
ion, which can undergo deprotonation to give the required azomethine ylide. If
a primary amine is used then an imine rather than an iminium ion is generated.
Imines can be converted to azomethine ylides by heating or by addition of a metal
salt, such as silver acetate or lithium bromide, in the presence of a base, such as

148 p N. Confalone and R. A. Earl, Tetrahedron Lett., 27 (1986), 2695; 1. Coldham, K. M. Crapnell, J. D. Moseley
and R. Rabot, J. Chem. Soc., Perkin Trans. 1 (2001), 1758.
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triethylamine. In such cases the pyrrolidine product, obtained on cycloaddition with
an alkene dipolarophile, is unsubstituted on the nitrogen atom and this is convenient
for further functionalization as desired. Thus, formation of the azomethine ylide
231 from the imine 230 in the presence of methyl acrylate resulted in the formation
of the pyrrolidine 232 (3.146).'%

Me Me MeO,C, MeO:G
g )\ EtgN, MeCN \+)\ \— 3146
Ph” SN Nco,Me AgOAG or LiBr Ph N7 coMe cme  (3.146)
| Ph N COMe
M H
80-90%
230 231 232

The azomethine ylides described above all bear an ester or other electron-
withdrawing group in order to promote ylide formation. Non-stabilized azomethine
ylides are less common, but can be produced, for example by decarboxylation or
desilylation. The parent azomethine ylide 233 can be conveniently prepared by
desilylation of an a-amino-silane, in which a leaving group (alkoxide, cyanide,
benzotriazole, etc.) is present at an o’ position (3.147).13° Formation of the non-
stabilized ylide 233 in the presence of an alkene or alkyne dipolarophile leads to
the 2,5-unsubstituted pyrrolidine or dihydropyrrole product.

For X = OCsH11 CFs LORE

- CO,E K
CF4COOH Nt oFy N2
e CEROOH S (3.147)

X N SiMes CH,Cl, k N

room temp. Ph

Ph
80% Ph

X = OMe, CN, Bt, etc 233

A type of 1,3-dipole that has received considerable recent interest is the car-
bonyl ylide. One method for its formation makes use of carbenoid chemistry (see
Section 4.2). Cyclization of an electrophilic rhodium carbenoid onto a nearby
carbonyl group provides access to the carbonyl ylide.!*! Cycloaddition with an
alkyne or alkene dipolarophile then gives the dihydro- or tetrahydrofuran prod-
uct. For example, the carbonyl ylide 235, formed from the diazo compound 234
and rhodium(Il) acetate, reacts with dimethyl acetylenedicarboxylate to give the
bridged dihydrofuran 236 (3.148).

1499 A Barr, R. Grigg, H. Q. N. Gunaratne, J. Kemp, P. McMeekin and V. Sridharan, Tetrahedron, 44 (1988),
557; O. Tsuge, S. Kanemasa and M. Yoshioka, J. Org. Chem., 53 (1988), 1384.

150 E. Vedejs and F. G. West, Chem. Rev., 86 (1986), 941.

I51 A Padwa and M. D. Weingarten, Chem. Rev., 96 (1996), 223; G. Mehta and S. Muthusamy, Tetrahedron, 58
(2002), 9477.
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CO,Me
No MeO!
/ o<
(o] o] -
Rho(OAc), / MeO,C—==—CO,Me
Me 0O —— " |Me (o) E—— V' o (3.148)
PhH
room temp.
88%
234 235 236

1,3-Dipolar cycloaddition reactions are not restricted to the use of alkene or
alkyne dipolarophiles. Many hetero-dipolarophiles, particularly aldehydes and
imines, undergo successful 1,3-dipolar cycloaddition with a range of 1,3-dipoles.
The chemistry therefore provides access to a variety of five-membered heterocyclic
compounds and compounds derived therefrom. Recent developments have focused
on asymmetric dipolar cycloaddition reactions in the presence of a chiral cata-
lyst, or the application of the chemistry to the preparation of biologically active
compounds.

3.5 The ene reaction

The ene reaction involves the thermal reaction of an alkene bearing an allylic hydro-
gen atom (the ene component) with a compound containing an activated multiple
bond (the enophile). A new a-bond is formed between the unsaturated centres with
migration of the allylic hydrogen atom to the other terminus of the enophile multiple
bond (3.149).!52 The ene reaction, although not strictly a cycloaddition reaction,
resembles the Diels—Alder reaction in having a cyclic six-electron transition state,
but with two electrons of the allylic C—H o -bond in place of two m-electrons of the
diene. As expected, therefore, the activation energy is greater than the Diels—Alder
reaction and high temperatures are generally required to effect the ene reaction.
However, many ene reactions are catalysed by Lewis acids and proceed under rel-
atively mild conditions, often with improved stereoselectivity.?!3* It is possible to
invoke frontier orbital theory to explain these reactions, with the Lewis acid catalyst
exerting its effect by lowering the energy of the LUMO of the enophile.

S ") )
—_— : : —_— 3.149
’)H ( o ( )

The best type of ene components are 1,1-disubstituted alkenes, although other
substitution patterns are possible, particularly with reactive enophiles. A typical

152 4, M. R. Hoffmann, Angew. Chem. Int. Ed. Engl., 8 (1969), 556; B. B. Snider, in Comprehensive Organic
Synthesis, ed. B. M. Trost and I. Fleming, vol. 5 (Oxford: Pergamon Press, 1991), p. 1.
153 B. B. Snider, Acc. Chem. Res., 13 (1980), 426.
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example is the ene reaction of maleic anhydride with 2-methylpropene, which
occurs at a temperature of 170 °C (3.150). The reaction of methyl acrylate with
2-methylpropene requires a temperature of approximately 230 °C although, in the
presence of a Lewis acid such as ethylaluminium dichloride, adducts from reactive
alkenes can be obtained at 25 °C (3.151). With unsymmetrical enophiles such as
methyl acrylate, the Lewis acid-catalysed ene reaction is often completely regiose-
lective, with the new o bond between the unsaturated centres forming at the more
electron-deficient [3-carbon atom of the enophile and at the more electron-rich
alkene carbon atom of the ene component.

0]
Me
170 °C
\( + o (3.150)
H 80%
(0]

COZMG

Me
. CO:Me _EtACl,_
N | —a (3.151)

Me 40%

In most cases, the thermal ene reaction is thought to proceed by a concerted
mechanism with a cyclic transition state, although this may be unsymmetrical, with
one of the new o bonds more highly developed than the other. The ene reaction
often leads to predominantly the endo adduct (in which there is greater overlap
of the two components). Thus, different major diastereomers are formed in the
reaction of maleic anhydride with E-2-butene and Z-2-butene, both of which arise
from a preference for the endo transition state. Further evidence for the concerted
nature of the reaction comes from the observation that the new C—C and C—H
bonds are formed cis to each other. The cis addition is exemplified in the reaction
of 1-heptene with dimethyl acetylenedicarboxylate to give the adduct 237 (3.152).
In this reaction the adduct is formed with the two ester groups on the same side of
the alkene such that the hydrogen atom and the allyl residue add to the same side
of the triple bond of the enophile.

COsMe

COxMe
=
170-190 °C
\/\/E ' | | - \/\)‘/\[[ .15
H COo,Me

CO,Me  80%
237
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A concerted mechanism is not universal, however, and it appears that some
catalysed reactions, particularly those in which a carbonyl compound acts as the
enophile, proceed by a stepwise mechanism involving a zwitterionic intermedi-
ate. Hetero-enophiles are common substrates in the ene reaction. For example, the
reaction of an aldehyde and an alkene in the presence of a Lewis acid provides a
convenient route to some homoallylic alcohols.'>* Thus, using dimethylaluminium
chloride as the Lewis acid, limonene reacts selectively with acetaldehyde to give
the alcohol 238 (3.153). This process is thought to occur by a stepwise mecha-
nism, with co-ordination of the Lewis acid to the carbonyl oxygen atom and initial
C—C bond formation to give an intermediate tertiary carbocation which under-
goes proton transfer. Likewise, other enophiles such as diethyl azodicarboxylate
(EtO,CN=NCO,E), nitroso compounds,' singlet oxygen!>® and selenium diox-
ide (see Section 6.1) react readily with a variety of alkenes. The thermal or Lewis
acid-catalysed imino-ene reaction gives rise to homoallylic amines.'>’ For example,
the ene reaction of N-sulfonyl imines, such as 239, with alkenes gives adducts that
are readily converted into y,3-unsaturated a-amino-acids (3.154).

Me OH
+ MeCHO Me,AICI Me (3.153)
CH,Cly, 25 °C
Me Me'
65% 238
NHTs
Me COBu o Me

n

~N o [ S TN coBu (3.154)
NTs CHyCly, 0 °C

90%
239 Ts= pMeC6H4SOZ

Various asymmetric ene reactions have been reported and particular success has
been achieved with the carbonyl ene reaction of glyoxylate esters and chiral Lewis
acid catalysts.'3® For example, 2,2"-binaphthol (BINOL) complexes of titanium(IV)
salts'>® or bisoxazoline complexes of copper(Il) salts (such as the complex 134)'¢
display excellent enantioselection in this ene reaction. Thus, the homoallylic alco-
hol (R)-240 was formed from methylglyoxylate with very high optical purity

154 B, B. Snider, in Comprehensive Organic Synthesis, ed. B. M. Trost and I. Fleming, vol. 2 (Oxford: Pergamon

Press, 1991), p. 527.

155 W. Adam and O. Krebs, Chem. Rev., 103 (2003), 4131.

156 M. Prein and W. Adam, Angew. Chem. Int. Ed., 35 (1996), 477.

157 R. M. Borzilleri and S. M. Weinreb, Synthesis (1995), 347.

158 1, C. Dias, Curr. Org. Chem., 4 (2000), 305; K. Mikami and M. Shimizu, Chem. Rev., 92 (1992), 1021.

159 K. Mikami, M. Terada and T. Nakai, J. Am. Chem. Soc., 112 (1990), 3949; Y. Yuan, X. Zhang and K. Ding,
Angew. Chem. Int. Ed., 42 (2003), 5478.

160 D, A. Evans, S. W. Tregay, C. S. Burgey, N. A. Paras and T. Vojkovsky, J. Am. Chem. Soc., 122 (2000), 7936.
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using the catalyst formed from (R)-2,2’-binaphthol and TiCl,(Oi-Pr), (3.155). The
(S)-enantiomer of binaphthol can be used to give the (S)-enantiomer of the homoal-
lylic alcohol. The metal—chiral ligand complex is thought to co-ordinate to the
aldehyde carbonyl oxygen atom (and possibly also to the ester group) of the
glyoxylate ester and the resulting activated enophile is then set up for the peri-
cyclic reaction to occur preferentially from the less-hindered face of the carbonyl
group. The chemistry has been applied to the synthesis of the terpene ipsdienol
(3.156).

O
10 mol% (PrO),TiCl.
+ OMe - ve (3.155)
H 10 mol% (R)-BINOL
4 A molecular sieves
0 CH.Cl,, =30 °C

82% 240 97% ee

Me i 0.5 mol% (PrO),TiCly OH
+ OMe ——————— > OMe (3.156)
H 0.5 mol% (R)-BINOL
PhS A PhS
4 A molecular sieves
o} o}

CH,Cl,, =30 °C
95% >99% ee
SiMe,Bu )
/ MgBr
o Me M9

i, BuMe,SiOTf M cat. Ni(0) M
—_—

ii, DIBAL PhS Z Me ii, BugNF

iii, PhsP=CMe,

57% 73% (-)-ipsdienol

Interestingly, the asymmetric ene reaction with glyoxylate esters displays a strong
positive non-linear effect,'®! such that 2,2"-binaphthol catalyst of only about 50% ee
gives rise to product homoallylic alcohols with >90% ee! The non-linear relation-
ship between the optical purity of the catalyst and that of the product can be ascribed
to aggregation of the catalyst. Thus, if in solution the complex BINOL-TiX} is in
equilibrium with dimeric species containing (R)-(R)-, (R)-(S)- and (S)-(S)-titanium
complexes, and if the (R)-(S)-form is more stable and less reactive, this leaves the
enantiopure complex as the predominant catalytic species.

161 For a review on non-linear effects in asymmetric synthesis, see C. Girard and H. B. Kagan, Angew. Chem. Int.
Ed., 37 (1998), 2922.
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Intramolecular ene reactions take place readily, even with compounds containing
a normally unreactive enophile.!%> The cyclization is particularly effective for the
formation of five-membered rings, although six-membered rings can also be formed
from appropriate unsaturated compounds. The geometrical constraints imposed
on the transition state often result in highly selective reactions. For example, the
homoallylic alcohol 242 with an axial alcohol substituent was the exclusive product
from the cyclization of the unsaturated aldehyde 241 (3.157).!93 In a synthesis of
the neuroexcitatory amino acid (—)-a-kainic acid 245, the diene 243, itself prepared
from (S)-glutamic acid, was cyclized to the pyrrolidine derivative 244 with almost
complete stereoselectivity (3.158).164

H

Et,AICI (3.157)
or SnCly :
0o
Me
241 242
CO,Et
Me—// ~——COgEt Me—IZ +~—COH
130°C \ f—
OSiMesBu PhMe Q\/OSiMez’Bu — Q\COH (3.158)
2
| H
Boc
75%
243 244 245

The scope of the ene reaction has been extended by the discovery that allylic
metal reagents (e.g. metals Mg, Zn, Li, Ni, Pd, Pt) take part readily by migration of
the metal atom (instead of a hydrogen atom) and formation of a new carbon—metal
bond.'% For example, addition of crotyl magnesium chloride to trimethylsilylethene
gave, after protonation of the intermediate Grignard species 246, the alkene 247
(3.159).1%¢ Similarly, addition of allyl zinc bromide to 1-trimethylsilyl-1-octyne
gave, after addition of iodine, the diene 248 (3.160).'%” The addition of allyl zinc
bromide to vinyllithium or vinylmagnesium species proceeds readily to give gem-
dimetallic species.!®® Although these particular reactions display excellent regio-
and stereoselectivity, the intermolecular metallo-ene reaction is often unselective

162 W. Oppolzer and V. Snieckus, Angew. Chem. Int. Ed. Engl., 17 (1978), 476.

163 N. H. Andersen, S. W. Hadley, J. D. Kelly and E. R. Bacon, J. Org. Chem., 50 (1985), 4144.

164 W. Oppolzer and K. Thirring, J. Am. Chem. Soc., 104 (1982), 4978.

W. Oppolzer, in Comprehensive Organic Synthesis, ed. B. M. Trost and L. Fleming, vol. 5 (Oxford: Pergamon
Press, 1991), p. 29.

166 Y, Lehmkuhl, K. Hauschild and M. Bellenbaum, Chem. Ber., 117 (1984), 383.

167 E. Negishi and J. A. Miller, J. Am. Chem. Soc., 105 (1983), 6761.

168 1, Marek and J.-F. Normant, Chem. Rev., 96 (1996), 3241.
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and product yields are commonly poor, except with certain (e.g. metal-substituted)
alkene or alkyne enophiles.

Me Me Me
/ o
‘\v (L _90°C _ _HO (3.159)
Mg SiMe Mg SiMe SiMe
cl cl
77%
246 247
ZnB 60 °C "Cefia
/\/ ngr "CgHiz——=——=—"SiMeg THE H/I (3.160)
then I, | SiMeg

83%
248 Z:E 85:15

Intramolecular metallo-ene reactions have received more interest for the synthe-
sis of natural products.'® For example, in a synthesis of the sesquiterpene A%(12)-
capnellene, the allylic Grignard reagent 249 was warmed to promote cyclization and
the new cyclopentylmethyl Grignard reagent was quenched with acrolein to give
the cyclopentane 250 (3.161). High stereochemical control is characteristic of such
reactions with the formation of the cis-1,2-disubstituted cyclopentane. Quaternary
carbon centres can be formed without difficulty (as in 250). The ‘magnesio-ene’
reaction was repeated with the allylic Grignard reagent derived from 250 to con-
struct the second five-membered ring of the natural product.

(3.161)

249 250 A%12)-capnellene

In the above example, the enophile is tethered to the terminal carbon atom of the
ene component and this leads to a 1,2-disubstituted cyclic product. If the enophile is
tethered to the central carbon atom of the allyl metal, then the ene reaction gives an
exo-methylene-substituted cyclic product. A key step in a synthesis of khusimone
involved the metallo-ene reaction of the allyl Grignard 251, followed by trapping
with carbon dioxide and hydrolysis to give the carboxylic acid 252 (3.162).

169 W. Oppolzer, Angew. Chem. Int. Ed. Engl., 28 (1989), 38.
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i, COy

aT (3.162)

COzH

85%
251 252

The lithium ene cyclization'’? occurs at a lower temperature than the magnesium

analogue,!”! although it has seen little use because of problems with the high
reactivity and basicity of the resulting organolithium species. Ene reactions with
unsaturated zinc species as ene components alleviate these problems and have
found application for the formation of carbocyclic and heterocyclic compounds.
Thus, transmetallation with zinc bromide of the organolithium species derived
from deprotonation of the alkyne 253, resulted in cyclization via a chair-shaped
conformation 254 (3.163).!7? The resulting organozinc species 255 can be trapped
with a proton or iodine, or transmetallated to copper or palladium and coupled with
unsaturated halides.

/ /;;ZnBr ZnBr
Csmt S
i, SBuLi = -A . (3 163)
THF. —40 °C | SiMe3 .
; H \
AN ii, ZnBry, 20 °C H A
SiMe3 SiMe3
253 254 255

The intramolecular ene reaction with an enol as the ene component is known as
the Conia reaction. Very high temperatures are normally required and more efficient
is the use of a cobalt catalyst'”3 or the use of a zinc enolate.'’* Thus, formation of
the zinc enolate 257 from the ester 256 promoted cyclization at room temperature
to give, after quenching the intermediate organozinc species with a proton, the cis
pyrrolidine 258 (3.164).

/ Me
. OZnBr
i, LDA, Et,0 ﬁ‘l// - . (& (3.164)
COzMe

/\ ii, ZFIBI’Q, 20 °C < H OMe
N COgMe iii, H30+ H N
Ph 60% k
Ph Ph
256 257 258

170 p, Cheng, K. R. Knox and T. Cohen, J. Am. Chem. Soc., 122 (2000), 412.

171 D, Cheng, S. Zhu, Z. Yu and T. Cohen, J. Am. Chem. Soc., 123 (2001), 30.

172 . Meyer, 1. Marek, G. Courtemanche and J.-F. Normant, J. Org. Chem., 60 (1995), 863.
173 P Cruciani, R. Stammler, C. Aubert and M. Malacria, J. Org. Chem., 61 (1996), 2699.
174 E. Lorthiois, I. Marek and J. F. Normant, J. Org. Chem., 63 (1998), 2442.
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The metallo-ene reactions described so far require a stoichiometric amount of
the metal salt. Catalytic ene reactions with sub-stoichiometric amounts of nickel,
palladium or platinum have been reported and are of value in terms of reducing
the amount of metal required and in terms of reaction simplicity and ease. The
use of a sub-stoichiometric amount of a metal is possible if the metal is regen-
erated during the reaction. This is feasible if the product from the ene reaction
undergoes [-elimination or reductive elimination. Thus, the metallo-ene reaction
of the allyl palladium species 259 generates a new palladium species 260, which
undergoes 3-elimination to release the palladium(0) catalyst to continue the cycle
(3.165).16°

MeO,C, CO,Me MeO,C,  CO.Me

7 mol% E CO2Me
[Pd(PPhg)4]

B AcOH, 75 °C L

o 7 Lpd Z F

AcO'

84%

259

(3.165)

3.6 [3,3]-Sigmatropic rearrangements

Of all the sigmatropic rearrangements, the [3,3]-sigmatropic rearrangement has
been used most in organic synthesis. The reaction has found particular use for the
stereocontrolled preparation of carbon—carbon bonds. In the course of the reaction
both a new carbon—carbon single bond and a new carbon—carbon double bond are
formed. The high levels of stereoselectivity arise as a result of a highly ordered
six-membered-ring transition state, which (unless constrained conformationally)
prefers a chair shape. The reaction involves the interconversion of 1,5-dienes and
the all-carbon system is known as the Cope rearrangement, whereas with an allyl
vinyl ether the reaction is termed a Claisen rearrangement (3.166).!7

Cope =
R EE—
rearrangement G
Claisen =
—_—
rearrangement Oxe

175§, J. Rhoads and N. R. Raulins, Org. Reactions, 22 (1975), 1.

(3.166)

DY
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3.6.1 The Cope rearrangement

The Cope rearrangement'’® has found many synthetic applications, particularly
when modified as the anionic oxy-Cope variant. The parent Cope rearrangement
can be promoted by heating the 1,5-diene neat or in a high-boiling solvent such
as xylene or decalin. The [3,3]-sigmatropic rearrangement of 1,5-hexadienes is
a reversible process and the position of equilibrium depends on the substitution
pattern and on the relative strain of the two 1,5-dienes. The thermodynamic stability
of an alkene increases with increasing substitution or with increasing conjugation
and the equilibrium therefore normally lies in favour of the more-substituted, more-
conjugated product. Thus, heating the 1,5-diene 261 gave the new 1,5-diene 262,
in which two carbonyl groups come into conjugation with one of the new alkene
-bonds on rearrangement (3.167).

EtO2 Me EtO Me
EiO N 200°C, 8 h NS
2 —_— (3.167)
= EtO,C X

90%
261 262

A disadvantage of the Cope rearrangement is the high temperature that is often
required. Catalysis of the Cope rearrangement has been possible in some cases, par-
ticularly with metal salts such as palladium(II) chloride.!”” For example, treatment
of the 1,5-diene 263 with [PdCI,(PhCN),] as a catalyst at room temperature for 24
h gave the 1,5-dienes 264 and 265 (3.168). The reaction is even faster in benzene
as the solvent. In contrast, the thermal Cope rearrangement of the 1,5-diene 261
requires temperatures in the region of 177 °C and is less stereoselective. Unfortu-
nately, this type of reaction is restricted to 1,5-dienes that are substituted at either
C-2 or C-5.

Me Me Me
Ph Ph
6 mol% [PdCly(PhCN),] 7 =
+ (3.168)
= THF, 25 °C, 24 h X Ph —
263 87% 264 93 : 7 265

A good substrate for the Cope rearrangement is a cis-1,2-divinylcyclopropane,
since ring-opening of the strained three-membered ring occurs on rearrangement.

176 R, K. Hill, in Comprehensive Organic Synthesis, ed. B. M. Trost and 1. Fleming, vol. 5 (Oxford: Pergamon
Press, 1991), p. 785.
177 L. E. Overman, Angew. Chem. Int. Ed. Engl., 23 (1984), 579; R. P. Lutz, Chem. Rev., 84 (1984), 205.



240 Pericyclic reactions

The cis-divinylcyclopropane unit rearranges readily by a concerted pericyclic pro-
cess and gives rise to a cycloheptadiene ring.!”® The divinylcyclopropane 266, for
example, rearranges at only 15 °C (3.169). Unlike conventional [3,3]-sigmatropic
rearrangements, this reaction proceeds by a boat-shaped six-membered-ring tran-
sition state 267 (the chair-shaped transition state would lead to the highly strained
E.E-cycloheptadiene and would be much higher in energy). The reaction provides
a useful entry to seven-membered rings and has been applied to a number of syn-
theses of natural products. For example, in a synthesis of the diterpene scopadulcic
acid A, stereoselective enolization of the ketone 269 to give the Z-silyl enol ether
270 is followed by rearrangement (which occurs prior to warming to room tem-
perature) and hydrolysis (HCI—H,0) to give the cyclohexenone 271 (3.170).'7
The rearrangement is stereospecific and requires the Z-silyl enol ether to give the
desired diastereomer of the cyclohexenone. The related E-silyl enol ether can be
formed preferentially using Et3N and Me;SiOTT.

"Bu

"Bu N B
<> _1s°C ED;/ - Q ) (3.169)

266 267 268
R OSiMe3 R o
LDA - \/ ,,,,,,
THF, HMPA | .2
_78°C PrsSiO "o iPrsSio Me
then Me3SiCl
269 270 74% 271

R = ﬁwf (3.170)

When the 1,5-diene is substituted by a hydroxy or alkoxy group at C-3 and/or
C-4, the [3,3]-sigmatropic shift is known as the oxy-Cope rearrangement. The
product enol or enol ether converts readily to the corresponding aldehyde or ketone.
High temperatures are normally required, but the variant has found use for the
synthesis of §,e-unsaturated carbonyl compounds, 1,6-dicarbonyl compounds and
for substrates in which the equilibrium would otherwise lie on the side of the
starting 1,5-diene. For example, the 1,5-diene 272 rearranges on heating to give the

178 T. Hudlicky, R. Fan, J. W. Reed and K. G. Gadamasetti, Org. Reactions, 41 (1992), 1; E. Piers, in Comprehensive
Organic Synthesis, ed. B. M. Trost and 1. Fleming, vol. 5 (Oxford: Pergamon Press, 1991), p. 971.
179 M. E. Fox, C. Li, J. P. Marino and L. E. Overman, J. Am. Chem. Soc., 121 (1999), 5467.
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ten-membered ring 273, whereas the equilibrium for the Cope rearrangement lies
in favour of the six-membered ring (3.171).

OH (0]
X 0

N

H 90%

272 273

In addition to the high temperatures required, another problem with the oxy-Cope
rearrangement of a 3-hydroxy-1,5-diene is fragmentation by a competing retro-ene
process. An alternative and now common method for promoting the oxy-Cope rea-
rrangement is the addition of a base to deprotonate the alcohol.'®® Very large
increases in the rate of these rearrangements are obtained by using the potassium
alkoxides, rather than the hydroxy compounds themselves. The variant is often
referred to as the anionic oxy-Cope rearrangement.'8! Deprotonation of the alcohol
with, for example, potassium hydride gives the potassium alkoxide, which has a
higher-energy ground state than the alcohol and undergoes rearrangement directly
at room temperature or on mild heating.

The anionic oxy-Cope rearrangement, like the parent Cope rearrangement,
prefers the chair-shaped transition state. The ratio of stereoisomers of the product
depends on the orientation of the substituents in the transition state. A substituent at
C-3 (or C-4) of the 1,5-diene generally prefers the less-hindered equatorial position
and this leads to the E alkene isomer of the product. The degree of stereocontrol
across the new carbon—carbon single bond can also be very high and the preferred
diastereomer can be related to the alkene geometry of the starting 1,5-diene. Thus
the chair-shaped transition state results in a preference for different diastereomers
of the product from the E,E- and E,Z-isomers of the starting 1,5-diene (3.172). 182 1
addition, as a consequence of the ordered transition state, chirality transfer across
the allylic system is possible.

Me.,, Me r Me wMe
T N KH Me— === ~Me 2N
K" "0 /=22 Me |—
= THF, 18-crown-6 | OHC
HO Me room temp. Me
68-75°% (3.172)
Me.,, Me r Me «Me
(g KH Me—7 ===~ Me N
el LIRSS et OHC
—— , 18-crown- I \/\[ ,,,,,
HO room temp. Me Me

180 D, A. Evans and A. M. Golob, J. Am. Chem. Soc., 97 (1975), 4765.
181 g R. Wilson, Org. Reactions, 43 (1993), 93; L. A. Paquette, Tetrahedron, 53 (1997), 13971.
182§ Y. Wei, K. Tomooka and T. Nakai, Tetrahedron, 49 (1993), 1025.
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The ease of the anionic oxy-Cope rearrangement and its high level of stereo-
control make this reaction a popular and valuable synthetic method. For example,
a key step of a synthesis of the sesquiterpene juvabione, made use of the stere-
ocontrolled rearrangement of the potassium salt of the 3-hydroxy-1,5-diene 274
to give the cyclohexanone 275 (3.173).'33 The diastereoselectivity across the new
carbon—carbon single bond reflects the preference for a chair-shaped transition
state with the methoxy group in the pseudoequatorial position. In another example,
the germacrane sesquiterpenes can be accessed readily using an anionic oxy-Cope

rearrangement (3.174).'84
OMe
~_ _Me N
MeQrin H
w0 “m 3.173
e
HO diglyme, 110 °C (3.173)
274 7% 275 96:4
Me Lif Me Me
Me” Me KH, 25 °C
S — (3.174)
THF, -78 °C THF, 18-crown-6
Me Me Me
o)
73% Me Me

In addition to the oxy-Cope and anionic oxy-Cope rearrangements, an important
variant is the aza-Cope rearrangement of N-butenyl-iminium ions (3.175). This
rearrangement occurs under mild conditions, but suffers as a synthetic method
because of its reversibility. However, with a hydroxy group attached to the butenyl
chain (R=0OH), the reaction is driven in the forward direction by capture of the rear-
ranged iminium ion in an intramolecular Mannich reaction, to provide an excellent
synthesis of substituted pyrrolidines.'®3

co— 20 e
R Z X

183 D A. Evans and J. V. Nelson, J. Am. Chem. Soc., 102 (1980), 774.

184 W. C. Still, J. Am. Chem. Soc., 99 (1977), 4186; W. C. Still, J. Am. Chem. Soc., 101 (1979), 2493.

185 1.  E. Overman, M. Kakimoto, M. E. Okazaki and G. P. Meier, J. Am. Chem. Soc., 105 (1983), 6622; E. J.
Jacobsen, J. Levin and L. E. Overman, J. Am. Chem. Soc., 110 (1988), 4329.
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The required iminium ion can be obtained readily by the condensation of an
aldehyde with a butenylamine. For example, heating the butenylamine 276 with
pyridine-3-carboxaldehyde and an acid catalyst (camphorsulfonic acid, CSA), gave
the acetyl nicotine derivative 277 (3.176). The initial iminium ion 278 rearranges
to the new iminium ion 279, which is irreversibly trapped in an intramolecular
Mannich reaction to give the pyrrolidine 277.

(0]
N CHO
OH | B "
/ Me N e
(3.176)
CSA, PhH, 80 °C A N
MeHN | |
84% N/ Me
276 277 trans:.cis 1:1
OH
j & Me
{+3
AN N N
| | —
Pz Me
N
278 279

When the hydroxy and amino groups are neighbouring substituents on a ring,
an interesting conversion takes place to give a bicyclic pyrrolidine derivative, in
which the original ring is expanded by one carbon atom. Thus, a key step in
a synthesis of the Amaryllidaceae alkaloid pancracine involved the aza-Cope-
Mannich reaction sequence (3.177).'3¢ In this case, condensation of the amino
alcohol 280 with aqueous formaldehyde did not lead directly to rearrangement
but to the oxazolidine 281, which was treated with the Lewis acid BF3-OEt,
to promote the iminium ion formation, rearrangement and Mannich reaction.
A key step in a synthesis of the alkaloid strychnine has also made use of
this chemistry, by addition of paraformaldehyde to the unsaturated amine 282
(3.178).1%7

186 . E. Overman and J. Shim, J. Org. Chem., 58 (1993), 4662.
187 . G. Knight, L. E. Overman and G. Pairaudeau, J. Am. Chem. Soc., 117 (1995), 5776.
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OH ?
S A HCHOwq_ : BF3*OEt, (3.177)
csA | CHyClp, —20 °C ’
NHBn Nao,SO4 é N
H Bn
81% 97%
280 281
- L) |
r=
% °© o

o
N+/ Ar _ /F Ar
I /
Bn Bn
H
OBu
N
(CHZO)V] Arlllll 3 178
N MeCN, Na,SO;, 80 °C A (.178)
o
Ho

98% OBu

282

3.6.2 The Claisen rearrangement

The Claisen rearrangement of allyl vinyl ethers provides an excellent stereoselec-
tive route to -y ,8-unsaturated carbonyl compounds from allylic alcohols.!”-!88 Like
the Cope rearrangement (Section 3.6.1), the reaction involves a [3,3]-sigmatropic
rearrangement, and takes place by a concerted mechanism through a cyclic six-
membered transition state (3.179). Its value in synthesis stems from the ability to
form a carbon—carbon bond at the expense of a carbon—oxygen bond, and from the
fact that it is highly stereoselective, leading predominantly to the E-configuration
of the new double bond and to the controlled stereochemical disposition of sub-
stituents on the single bond. A chair conformation is preferred for the cyclic
transition state with the substituent R! (3.179) in the less-hindered pseudoequatorial
position.

188 | E, Ziegler, Chem. Rev., 88 (1988), 1423; P. Wipf, in Comprehensive Organic Synthesis, ed. B. M. Trost and
I. Fleming, vol. 5 (Oxford: Pergamon Press, 1991), p. 827.
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R! R’
Y\ heat R1M =
_heat _ e o (3.179)
R? R?

R? = H, alkyl, OR, OSiR3, NR»

The allyl vinyl ethers used in the reaction are prepared directly from allylic
alcohols by acid-catalysed ether exchange. For example, reaction of the allylic
alcohol 283 with ethyl vinyl ether and Hg(OAc),, followed by heating, gave
the v,5-unsaturated aldehyde 284 (3.180). An alternative procedure, sometimes
referred to as the Johnson—Claisen rearrangement, involves heating the allylic alco-
hol with an orthoester in the presence of a weak acid (propionic acid is often
used).'®® A synthesis of the insect pheromone 286 from the allylic alcohol 285
and trimethyl orthoacetate illustrates this procedure and the high selectivity in
favour of the E-alkene product (3.181). In the Johnson—Claisen rearrangement, a
mixed orthoester is formed first and loses methanol to form a ketene acetal which
rearranges to the +y,3-unsaturated ester. In a similar way, unsaturated carboxylic
amides can be obtained by heating allylic alcohols with the dialkyl acetal of an N,
N-dialkylamide.

o OEt 196 °C
— — (3.180)
Hg(OAc),
reflux
70% 75%
283 284
CO,Me CO,Me
CO,Me Me
‘ MeC(OMe)s
Me  Bhme, 100 °C Me
OH EtCO.H
285 MeO OMe OMe
(3.181)



246 Pericyclic reactions

The relative stereochemistry across the new carbon—carbon single bond is estab-
lished as a result of the chair-like transition state and depends on the geometry of
the double bonds in the starting material. Thus, rearrangement of the E,E- (or Z,Z-)
diene gave (>95%) the diastereomer 287 (the syn diastereomer in the extended con-
formation), whereas the E,Z-dienes gave (>95%) the diastereomer 288 (the anti
diastereomer) (3.182).

Me
(\/ _ 143-160°C _ = _ 160-190°C K\
o 0
\/\ X "Me
287
(3.182)
Me
(\/ _145-170°C _ fI _ 145-165°C_ K\\
o
\J X Me \/\
288

In contrast, a boat-shaped transition state may be favoured if the allyl unit is con-
strained conformationally, for example as part of a ring system. The rearrangement
of the vinyl ether of the cyclic allylic alcohol 289 occurs to give the unsaturated
lactone 290 with complete stereoselectivity (3.183). In this reaction, the configu-
ration at the new chiral centre of the cyclohexene ring is controlled directly by the
configuration of the original allylic hydroxy group, and the configuration at the new
centre of the lactone ring is controlled by the (boat) conformation of the transition
state. The stereochemistry of 290 indicates that the reaction must have proceeded
entirely through a boat-like transition state.

(3.183)

&H Etd  OEt

The defined transition state for the [3,3]-sigmatropic rearrangement allows 1,3-
transfer of chirality, which proceeds suprafacially across the allyl unit. Therefore,
the configuration at the new allylic carbon atom is related directly to that of the
starting alcohol. In acyclic substrates, either configuration of the new chiral cen-
tre may be obtained by changing the configuration of the allylic double bond in
the starting material. Hence, different stereoisomers can be obtained starting from
the E- or Z-allylic alcohols. A key step in a synthesis of (+)-15-(S)-prostaglandin
A used the Claisen rearrangement from the chiral allylic alcohol 291 to give the
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ester 292 (3.184).'%° In this example the chirality at the alcohol centre in 291 is
transferred across the allyl unit.

O
R OMe O’{
O’{ mm MeO X O
Meozc\/\/\/k/o —_— ’
xylene, 160 °C (3184)

OH 59% COMe

291 292

A disadvantage of the above procedures is that relatively high temperatures
are required and that acid-sensitive substrates are not tolerated. A reduction in
the temperature required to effect the Claisen rearrangement may be possible
under aqueous conditions'®® or in the presence of a catalyst.!”” Various metal salts
have been investigated, with successful Claisen rearrangements in the presence of
[PdCl,(PhCN),],"! aluminium(I1I) or other metal catalysts. 192 Some examples are
illustrated in Schemes 3.185-3.187. If the aluminium catalyst, (ArO)3Al, consists
of an axially chiral binaphthol ligand, then asymmetric Claisen rearrangement is
possible.!3

"8 g
UY\ (ArO)zAl NS
L (3.185)
N CH,Cl,, 78 °C Ox
Ph 62% E:Z »200: 1

Ar = Br %

Ph

(0]
o Me OH _Me
v 10 mol% Ho(fod)z
—_ (3.186)
P CHCls, 60 °C
Me

e

=

84%

100% chirality transfer; E-isomer only

o o
Ho(fod); = holmium )j\/k
(fod) CsF: = CMes 3

3r7

189 G, Stork and S. Raucher, J. Am. Chem. Soc., 98 (1976), 1583.

190 B. Ganem, Angew. Chem. Int. Ed., 35 (1996), 937; J. J. Gajewski, Acc. Chem. Res., 30 (1997), 219.

191 M. Sugiura and T. Nakai, Chem. Lett. (1995), 697.

192§ Saito and K. Shimada and H. Yamamoto, Synlett (1996), 720; B. M. Trost and G. M. Schroeder, J. Am.
Chem. Soc., 122 (2000), 3785; M. Hiersemann and L. Abraham, Eur. J. Org. Chem. (2002), 1461.

193 K. Maruoka, S. Saito and H. Yamamoto, J. Am. Chem. Soc., 117 (1995), 1165.
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Ph

— (0]
Ph o
(\/ \o | 5mol% Cu(oTh, S (3.187)

_ CHaCly, 25 °C CO,Pr
Me

98%
syn: anti 93:7

An alternative and popular method for effecting the Claisen rearrangement has
been developed by Ireland.'* The allylic alcohol is first acylated to give a carboxylic
ester, which is deprotonated to give the corresponding enolate. The problem of
aldol side-products is avoided by formation of the silyl ketene acetal from the
enolate prior to rearrangement. The Ireland—Claisen rearrangement of the silyl
ketene acetal proceeds at low temperatures to give, after hydrolysis of the silyl
ester, a y,d-unsaturated carboxylic acid.

The acyclic Ireland—Claisen rearrangement proceeds through a chair-shaped
transition state and rearrangement of the E-enolate can lead to a different diastere-
omer from rearrangement of the Z-enolate. Careful choice of enolization conditions
to favour one enolate geometry is therefore important for diastereocontrol of the
rearrangement. Enolization at low temperature in THF followed by trapping with
the silyl chloride favours the E-silyl ketene acetal, whereas in the presence of the
co-solvent HMPA or DMPU the Z-silyl ketene acetal is favoured (3.188). The
diastereomer formed also depends, of course, on the alkene geometry of the start-
ing allylic alcohol, and opposite product diastereomers are formed using the same
enolization conditions but changing from the E- to the Z-allylic alcohol.

Me

Me
_e5C =
e +
thenHCI, THF = AQ A,

OSiMe,Bu 79% 87 : 13

Me

2
l

LDA, THF, -78 °C

Mo then BuMe;SiCI o

S
~«

(3.188)

. M
Me LDA -78°C ©

Me
THF / 23% HMPA, 65°C . 7
— = 2z .
Mo then BuMe;SiCI o then HCI, THF

Me HO.C” ““Me

2
R

4
y

OSiMe,Bu 73% 19 : 81

The selectivity in the enolization can be explained by the extent of co-ordination
of the two different solvent systems. In the less-co-ordinating THF alone, asso-
ciation of the lithium cation with the ester carbonyl group is important and the
R group prefers the less-hindered pseudoequatorial position distant from the LDA,
thereby favouring 293 and leading to the E-enolate (note that LDA is drawn here

194 R, E. Ireland and R. H. Mueller, J. Am. Chem. Soc., 94 (1972), 5897; R. E. Ireland, R. H. Mueller and A. K.
Willard, J. Am. Chem. Soc., 100 (1976), 2868; S. Pereira and M. Srebnik, Aldrichimica Acta, 26 (1993), 17,
Y. Chai, S. Hong, H. A. Lindsay, C. McFarland and M. C. MclIntosh, Tetrahedron, 58 (2002), 2905.
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as a monomer but is dimeric in THF) (3.189). In the presence of HMPA (a strongly
lithium-co-ordinating molecule), the association of the lithium cation is less impor-
tant and the allyloxy group (OR’) becomes more sterically demanding, thereby
favouring 294 (or a more open-chain transition structure) leading to the Z-enolate.

Y Y R
OLi nNH 70 nfL 70 OLi
R/Y SR ﬁ)\'—'{ — ﬁ Ny — %/ I (3.189)

OR' R oR' H oR' OR'

E-enolate 293 294 Z-enolate

With a cyclic substrate, for example in which three or more atoms of the allyl vinyl
ether are constrained in a ring, then the boat-shaped transition state may be favoured.
Formation of the silyl ketene acetal from the lactone 295 and rearrangement on
warming gave the carboxylic acid 296 (3.190).!% The reaction occurs via a boat-
shaped transition state and was used in a synthesis of the sesquiterpene widdrol.

Me

g Me (3.190)
COzH

Me Me

295 296

An interesting variant of the ester enolate Claisen rearrangement uses o-amino
esters of allylic alcohols to give allyl glycine derivatives. In these examples, it is
not necessary to prepare the silyl ketene acetal and rearrangement of the metal
(normally zinc) enolate takes place on warming.'® For example, deprotonation
of the substrate 297 and warming to room temperature promoted rearrangement
to the amino-acid derivative 299 (3.191). The rearrangement occurs with >98%
selectivity to give the 2R epimer and the E alkene geometry via a chair-like transition
state 298 with a chelated enolate.

o : o

N (0] ;0 = (0]

=z 2.5 eq. LDA, THF /’\/ X
Z Y seatoner, A (3.191)
fo) 1.1 eq. ZnCl,, =78 °C N R
BnOQCN/\"/ BnO.C—"\_ _0O o
H Zn

to room temp. BnOZCl;l1

92%
297 298 299

195 g, Danishefsky, R. L. Funk and J. F. Kerwin, J. Am. Chem. Soc., 102 (1980), 6889.
196 U, Kazmaier, Liebigs Ann./Recl. (1997), 285.
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Of increasing interest and importance for stereoselective synthesis is the devel-
opment of asymmetric processes using achiral substrates and a chiral catalyst. Such
asymmetric induction in some pericyclic processes, such as the Diels—Alder reac-
tion, has been studied extensively; however, the asymmetric Claisen rearrangement
has received much less attention.'®” Very high selectivities in the Claisen rear-
rangement of a-amino esters in the presence of quinine or quinidine have been
reported.!”® Another solution involves chiral boron enolate chemistry (3.192).!%°
With the base Et3N in toluene, the E-boron enolate is favoured and asymmetric
induction using the chiral boron reagent 300 occurs to give predominantly one anti
diastereomer. However, with Hiinig’s base (i-Pr,NEt) in CH,Cl,, the Z-boron eno-
late is favoured and a very high diastereo- and enantioselectivity for one of the syn
diastereomers is obtained.

Me

Me
Me S
300, Et;N Me —20°C Z COH
b

2

PhMe-hexane

Zhn

Me e

4

OBL*; 65% 80% de, 96% ee
(3.192)
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oYY Tl .. = COLH
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o CH,Cly
\”AMe Me Me
0 .
OBL"> 75% 98% de, >97% ee
Ph,  Ph
0,8—N__,N—S0,
i
FsC Br CF3
CF3 FsC
300

The chiral boron reagent 300 has been used successfully for the aromatic
Claisen rearrangement.’?’ The aromatic Claisen rearrangement involves the [3,3]-
sigmatropic rearrangement of allyl aryl ethers with migration of the allyl group
(with allylic transposition) to the ortho position of the aromatic ring.'”>-2"! The

197 y. Nubbemeyer, Synthesis (2003), 961; H. Ito and T. Taguchi, Chem. Soc. Rev., 28 (1999), 43; D. Enders,
M. Knopp and R. Schiffers, Tetrahedron: Asymmetry, 7 (1996), 1847.

198 {J. Kazmaier and A. Krebs, Angew. Chem. Int. Ed. Engl., 34 (1995), 2012.

199 E_J. Corey and D.-H. Lee, J. Am. Chem. Soc., 113 (1991), 4026.

200 H_ 1to, A. Sato and T. Taguchi, Tetrahedron Lett., 38 (1997), 4815.

201 ¢, J. Moody, Adv. Heterocycl. Chem., 42 (1987), 203.
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rearrangement is normally promoted by heating the allyl aryl ether to 150-200 °C,
although a lower temperature may be employed when the reaction is carried out in
the presence of a protic or Lewis acid catalyst.??> For example, heating the ether
301 gave the alcohol 302, used in a synthesis of the aromatic unit of the antitumor
agent calicheamicin ;' (3.193).203

o 0 X HO XX
MeO. 190 °C MeO. MeO
—_— —_— (3.193)
decalin
Br Br Br
91%
Me Me Me
301 302

An important type of aromatic Claisen rearrangement occurs in the Fischer
indole synthesis.?** The Fischer indole synthesis involves the condensation of an
arylhydrazine with an aldehyde or ketone to give an arylhydrazone, which, in the
presence of a catalyst undergoes rearrangement and elimination of ammonia to give
the indole ring. One of many different protic or Lewis acid catalysts can be used. For
example, Woodward’s synthesis of strychnine commenced with the condensation
of the ketone 303 and phenylhydrazine in the presence of polyphosphoric acid to
give the indole 304 (3.194).

Me Ph Me

|
OMe HN = OMe AN
o PhNHNH, N HN o~ OMe
Y — N
H H
OMe OMe
OMe

303

(3.194)
[3 3]-sigmatropic
rearrangement OMe

Examples of the aza-Claisen rearrangement of allyl vinyl amines and the thia-
Claisen rearrangement of allyl vinyl sulfides have been reported. An efficient
Lewis acid-catalysed Claisen rearrangement of zwitterionic N-acyl allylic amines

202 B M. Trost and F. D. Toste, J. Am. Chem. Soc., 120 (1998), 815; P. Wipf and S. Rodriguez, Adv. Synth. Catal.,
344 (2002), 434.

203 y._7. Hu and D. L. J. Clive, J. Chem. Soc., Perkin Trans. 1 (1997), 1421.

204 B, Robinson, Chem. Rev., 69 (1969), 227.
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provides access to <y,3-unsaturated carboxylic amides (3.195).2%> The rearrange-
ment can be promoted by addition of an acid chloride to a tertiary allylic amine. The
presence of a Lewis acid, such as TiCly increases the yield and diastereoselectivity.

Me
N Me Ky Me (\o
TiCly(THF
(\/ + EtCOCI M . — - N\)
N CHsCly, PProNE (\ N
j 23°C O\) %\Me Me 0
&

o

92% syn:anti >99:1
(3.195)

A popular [3,3]-sigmatropic rearrangement that provides a convenient method
for the preparation of allylic amines makes use of the rearrangement of allylic
alcohols via their imidates (sometimes called the Overman reaction).2® The
trichloroacetimidate has found most use and can be prepared from the allylic alkox-
ide and trichloroacetonitrile. Subsequent thermal rearrangement gives the allylic
trichloroacetamide (3.196). The rearrangement is subject to the usual high stereos-
electivity for the E-alkene product and occurs with chirality transfer as observed
in other [3,3]-sigmatropic processes. Hydrolysis of the product amide (e.g. using
aqueous NaOH) provides the allylic amine. Catalysis of the rearrangement, par-
ticularly by palladium(II) complexes is possible.??” An example of the use of this
rearrangement in a synthesis of the alkaloid pancratistatin is illustrated in Scheme
3.197.2%

CCly CCly

OH HN o HN e}

KH, THF xylene
Ph\\///\\v//L\ - . Ph\\///\\v//L\ —_ Ph\\//J\\v//\\ 3.196
X Me X Me reflux Z Me ( )

then CI3CCN, Et,O
0°Cto23°C

94% 72%

i,NaH, THF
o .
then CI3CCN 74%
ii, 100 °C
0.1mmHg 56%

oH
0B (3.197)

|
COCCly

205 T. P. Yoon, V. M. Dong and D. W. C. MacMillan, J. Am. Chem. Soc., 121 (1999), 9726.

206 1, E. Overman, Acc. Chem. Res., 13 (1980), 218.

207 T, K. Hollis and L. E. Overman, J. Organomet. Chem., 576 (1999), 290; C. E. Anderson and L. E. Overman,
J. Am. Chem. Soc., 125 (2003), 12412.

208 5. Danishefsky and J. Y. Lee, J. Am. Chem. Soc., 111 (1989), 4829.
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3.7 [2,3]-Sigmatropic rearrangements

The [2,3]-sigmatropic rearrangement is the allylic variant of the [1,2]-sigmatropic
rearrangement of sulfonium or ammonium ylides or a-metalated ethers. The new
o-bond forms at the end of the allylic system by a concerted process, with simul-
taneous cleavage of the allylic—heteroatom bond (3.198).2° The heteroatom X is
commonly a sulfur or nitrogen atom (as part of an ylide), in which case the reaction
is termed a [2,3]-Stevens rearrangement, or an oxygen atom (as part of an ether), in
which case the reaction is termed a [2,3]-Wittig rearrangement. The reaction occurs
suprafacially across the allyl unit through a five-membered ring envelope-shaped
transition state. Examples in which the allyl unit is replaced by a benzyl, propargyl
or allenyl unit are known.

R R' R' R R'
e \ N
m — R\/EZ_'Y'/'X S e (3.198)

Y.
Y ~x:

As a synthetic method, the most important examples involve the formation of
a new carbon—carbon bond (in which Y is a carbon atom) at the expense of a
carbon-heteroatom (C—X) bond. When X is an oxygen atom, the [2,3]-Wittig
rearrangement proceeds to give a homoallylic alcohol product.?!” The carbanion
is normally generated by direct deprotonation a- to the oxygen atom using a base
such as n-BuLi or LDA. In such cases, the deprotonation must be regioselective
and can be directed by an anion-stabilizing group such as an alkynyl, aryl or acyl
group. If an alkene is used such that the substrate is a diallyl ether, then the base
removes the most acidic proton on the less substituted allyl group to give the more
stable carbanion. In the absence of an anion-stabilizing substituent, regioselective
lithiation can be carried out by tin—lithium exchange or reductive lithiation of an
0,S-acetal.

In a formal synthesis of brefeldin A, treatment of the allyl propargyl ether 305
with the base n-BuLi promoted deprotonation a- to the alkyne, followed by rear-
rangement to give predominantly the homoallylic alcohol 306 (3.199).2!! Likewise,
deprotonation and rearrangement of the macrocyclic substrate 307 promoted rear-
rangement to the homoallylic alcohol 308, used in a synthesis of the diterpene
kallolide B (3.200).2'? Regioselective deprotonation of the diallyl ether 309 and

209 R. Briickner, in Comprehensive Organic Synthesis, ed. B. M. Trost and I. Fleming, vol. 6 (Oxford: Pergamon
Press, 1991), p. 873; R. W. Hoffmann, Angew. Chem. Int. Ed. Engl., 18 (1979), 563.

210 T, Nakai and K. Mikami, Org. Reactions, 46 (1994), 105; J. A. Marshall, in Comprehensive Organic Synthesis,
ed. B. M. Trost and I. Fleming, vol. 3 (Oxford: Pergamon Press, 1991), p. 975.

211 K Tomooka, K. Ishikawa and T. Nakai, Synlett (1995), 901.

212 J A. Marshall, G. S. Bartley and E. M. Wallace, J. Org. Chem., 61 (1996), 5729.
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rearrangement led to the homoallylic alcohol 310 as the major product (3.201).2!?

The corresponding rearrangement of the E-alkene isomer of 309 was less diastere-
oselective.

SiMes OH
/ BuLi H
U | =
z (3.199)
BuMe,SiO @v THF, 78°C BuMe,SiO CQ\SM
iMeg
66%
305 306
Me Me
/ \ Me
/o "
e A (3.200)
Me THF—pentane Me :
o -78°C Ho™
X N
88%
307 308
iPr.
W
5 " BuLi/KOBu (3.201)
e —— —> .
THF Me
-78°Cto0°C
Me
87%
309 310 97 : 3 311

The [2,3]-sigmatropic rearrangement is often highly stereoselective, with a
marked preference for the formation of the E-alkene product. The diastereose-
lectivity across the new carbon—carbon bond is more difficult to predict. With an
alkynyl, alkenyl or aryl anion-stabilizing group, the diastereoselectivity can be high,
particularly from the Z-alkene substrate, which favours the syn product. Use of the
E-alkene substrate often favours the anti product, although in these cases the degree
of stereoselection is normally lower. The diastereoselectivity reflects the preference
for the hydrocarbon group (G) to adopt the exo orientation in the envelope-like tran-
sition state (3.202). However, when the anion-stabilizing group is an acyl group
(e.g. carbonyl or oxazoline), such that an enolate intermediate is formed, then the
endo transition state is often favoured. Thus, rearrangement of the E-allylic ether
312 gave predominantly the syn diastereomer 313 (and the corresponding Z-isomer
gave predominantly the anti diastereomer 314) (3.203).

213 . J.-S. Tsai and M. M. Midland, J. Am. Chem. Soc., 107 (1985), 3915; D. J.-S. Tsai and M. M. Midland,
J. Org. Chem., 49 (1984), 1842.
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Chirality transfer across the allyl unit is common. The products 310 and 311
are formed with no loss of optical purity on rearrangement of the enantiomerically
enriched substrate 309 (i.e. substrate 309, 91% ee, gave alcohols 310 and 311, both

91% ee) (3.201).
Rz/«ﬁ/\
G = hydrocarboon ",

in exo orientation

RE
I\
G =acyl

in endo orientation

(3.202)

Me Me Me
Me Me Me
S e F S TS
Me\/\/o\/Ko THF, 78 °C WO + WO (3.203)
OH OH

80%
312 313 84 : 16 314

In a few cases, a preference for the Z-alkene product is observed. For example,
in a synthesis of the California red scale pheromone 317, R=COCH3, formation
of the organolithium species 316 was accomplished by tin—lithium exchange from
the stannane 315 (3.204).2'* Subsequent [2,3]-sigmatropic rearrangement at low
temperature gave the homoallylic alcohol 317, consisting predominantly (96%) of
the Z-isomer. The use of tin—lithium or sulfur-lithium exchange to give a chiral
organolithium species has allowed the determination that the [2,3]-sigmatropic
rearrangement proceeds with complete inversion of configuration at the carbanion
centre.

Me Me OR
BuLi =
T —_— Me (3.204)
o) THF, 78 °C o
Me W Me \I Me
SnBug Li 83%
315 316 317, R=H

Some examples of the related thia-Wittig or aza-Wittig rearrangement, in which
a sulfur or nitrogen atom is located in place of the ether oxygen atom have been

214 . C. Still and A. Mitra, J. Am. Chem. Soc., 100 (1978), 1927.
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reported.?!> Much more common is the rearrangement of sulfonium or ammonium
ylides. The [2,3]-sigmatropic rearrangement of such ylides is referred to as the
[2,3]-Stevens rearrangement.?!® The ylides are normally prepared by deprotonation
or desilylation of the sulfonium or ammonium salts or by reaction of the sulfide or
amine with a carbene. Like the [2,3]-Wittig rearrangement, the reaction involves a
five-membered envelope-shaped transition state. The reaction is normally stereose-
lective in favour of the E-alkene product, although mixtures of diastereomers across
the new carbon—carbon single bond are typical, especially from acyclic ylides.

Sulfonium and ammonium salts are prepared readily by alkylation of sulfides
or amines. For example, allylation of the amine 318 gave the intermediate ammo-
nium salt 319 (3.205).2!7 Deprotonation to the ylide with sodium hydride was
followed by [2,3]-sigmatropic rearrangement at room temperature to give the peni-
cillin derivative 320. In a synthesis of y-cyclocitral, the sulfonium salt 321 was
prepared by alkylation of 1,3-dithiane and was converted to the ylide 322 and
hence the rearranged product 323 (3.206).

AN Br
7N
Me,N S MeoN. . = 3 .
Me /\/Br Me  NaH MeoNuZ Me
2
N\><Me acetone N\><Me DMF-PhH N\><Me (3.205)
© o I
CO,Me CO,Me CO,Me
80% 75%
318 319 320
Me_ Me rS Me_ Me Me_ Me
S S
SJ ( BuLi "\—(
s THF, —78 °C D) *s
A
Br Br
321 322
(3.206)
Me, Me S Me. Me
CHO
20 °C S hydrolysis
80%
323 y-cyclocitral

215 K. Brickmann and R. Briickner, Chem. Ber., 126 (1993), 1227, C. Vogel, Synthesis (1997),497; J. C. Anderson,
S. C. Smith and M. E. Swarbrick, J. Chem. Soc., Perkin Trans. 1 (1997), 1517.

216 Nitrogen, Oxygen and Sulfur Ylide Chemistry, A Practical Approach in Chemistry, ed. J. S. Clark (Oxford:
Oxford University Press, 2002); 1. E. Markd, in Comprehensive Organic Synthesis, ed. B. M. Trost and
I. Fleming, vol. 3 (Oxford: Pergamon Press, 1991), p. 913.

217 G. V. Kaiser, C. W. Ashbrook and J. E. Baldwin, J. Am. Chem. Soc., 93 (1971), 2342.



3.7 [2,3]-Sigmatropic rearrangements 257

Addition of a carbene to an allylic sulfide or amine provides a method for direct
ylide formation. Intermolecular reactions are typically performed with CH,I, and
Et,Zn or with an a-diazocarbonyl compound and [Rh(OAc)4] or a copper salt as
a catalyst.”'® For example, the allylic sulfide 324 was converted to the homoal-
lylic sulfide 325 using this chemistry (3.207). Note that the rearrangement occurs
suprafacially across the allyl unit. Intramolecular trapping of the carbene with the
heteroatom, followed by in situ [2,3]-sigmatropic rearrangement provides a method
to access heterocyclic compounds. Cyclic ethers and amines have been prepared
in this way, such as the tetrahydropyran 326, used in a synthesis of decarestrictine
L (3.208).2"

_sen
: Me
CHoal
22 (3.207)
Et,Zn Me
PhH, 55 °C
78%
324 325
o 2 mol% (0] o
Cu[CH(COCF3)2]>
Me (] Nz CHzClp Me (o) Me™" O

|\/ reflux v 68% P

326 ftrans:cis77:23

Ring expansion or ring contraction in the [2,3]-Stevens rearrangement of cyclic
ylides provides an alternative method for the formation of heterocyclic products.?*

If one of the substituents of the ammonium ylide is a benzyl group, then rear-
rangement to the ortho position of the aromatic ring is possible and this process is
termed a Sommelet—Hauser rearrangement.??! The ylide can be formed by proton
abstracton with a base such as NaNH; in liquid ammonia, or by desilylation with
CsF. For example, the product 328 is formed on rearrangement of the ylide gener-
ated from the ammonium salt 327 (3.209).??2 Depending on the substitution pattern
and the conditions of the reaction, the Sommelet—Hauser rearrangement competes
with the [1,2]-Stevens rearrangement, in which the ylide fragments to benzyl and

218 7 Kosarych and T. Cohen, Tetrahedron Lett., 23 (1982), 3019; M. P. Doyle, W. H. Tamblyn and V. Bagheri,
J. Org. Chem., 46 (1981), 5094.

219 1. S. Clark and G. A. Whitlock, Tetrahedron Lett., 35 (1994), 6381; M. C. Pirrung and J. A. Werner, J. Am.
Chem. Soc., 108 (1986), 6060; E. J. Roskamp and C. R. Johnson, J. Am. Chem. Soc., 108 (1986), 6062; J. S.
Clark, P. B. Hodgson, M. D. Goldsmith and L. J. Street, J. Chem. Soc., Perkin Trans. 1 (2001), 3312.

220 E. Vedejs, Acc. Chem. Res., 17 (1984), 358.

221 g H. Pine, Org. Reactions, 18 (1970), 403.

222 T, Tanaka, N. Shirai, J. Sugimori and Y. Sato, J. Org. Chem., 57 (1992), 5034.
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o-amino radicals which then recombine, in this case to give the product 329.

+ | CsF Me M
NMe, = + Ph/\/ e (3.209)
k HMPA, DBU NMe,

SiMe3 room temp.

327 65% 328 84 : 16 329

| |

The above [2,3]-sigmatropic rearrangements generate a new carbon—carbon bond
by making use of a carbanion a- to the heteroatom. A useful [2,3]-sigmatropic
rearrangement in which a new carbon—heteroatom bond is formed is the sulfoxide—
sulfenate rearrangement.?> On warming, allyl sulfoxides (normally prepared by
oxidation of allylic sulfides) are partly converted in a reversible reaction into rear-
ranged allyl sulfenates. The equilibrium is usually much in favour of the sulfoxide,
but if the mixture is treated with a thiophile (such as trimethyl phosphite) then the
oxygen—sulfur bond of the sulfenate is cleaved to give an allylic alcohol. Even if the
sulfenate is present in low equilibrium concentration, its removal by reaction with
the thiophile results in conversion of the sulfoxide to the rearranged allylic alcohol
in high yield. The rearrangement step occurs through a five-membered cyclic tran-
sition state and is stereoselective, leading, in the acyclic series, to predominantly
the E-allylic alcohol (3.210).

Ph 50 PhS OH

0 (MeO)gP /\)
- o x 3.210
Me)\/ Me/\) MeOH, 25°C  Me ( )

74%

One property of the sulfoxide group is its ability to stabilize an adjacent carban-
ion. The combination of alkylation of the sulfoxide and its subsequent rearrange-
ment leads to the synthesis of substituted allylic alcohols. For example, formation
of the sulfenate 330 promotes rearrangement to the allyl sulfoxide 331 (3.211).
Alkylation of the sulfoxide 331 gave the new sulfoxide 332 and rearrangement

223 D. A. Evans and G. C. Andrews, Acc. Chem. Res., 7 (1974), 147.
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gave the alkylated allylic alcohol 333.

on o—SPh
i, LDA
i, BuLi @\ THF, -60°C ; (MeO)P
— — I Eerverm +/
ii, PhSCI &° i, Mel - MeOH
I
Ph
330 331 332 333

(3.211)

Warming the corresponding allylic amine N-oxide (prepared from the tertiary
amine and an oxidizing agent such as HyO, or mCPBA) promotes the [2,3]-
sigmatropic rearrangement to a hydroxylamine product in what is known as the
[2,3]-Meisenheimer rearrangement (3.212). The N-O bond in the hydroxylamine
can be cleaved, for example with zinc in acetic acid and ultrasound, to give the
allylic alcohol product.

Me Me Me Me
4>H202 W
Me)\A/vNMeg Me” A ll\lMe2
o-
(3.212)
Me Me
o Zn, AcOH
£, /K/\/}\/ s M W
ultrasound €
OH
NMe2

linalool

3.8 Electrocyclic reactions

Electrocyclic reactions are a class of pericyclic reactions in which a conjugated
polyene interconverts with an unsaturated cyclic compound containing one less
carbon—carbon double bond than the polyene.?>* The reactions can be promoted
thermally or photochemically and take place with a very high degree of stereose-
lectivity.

A common type of electrocyclic reaction is the ring-opening of a cyclobutene
to a butadiene.””®> The stereochemistry of the new alkene(s) in the diene can be
interpreted on the basis of the Woodward-Hoffmann rules. For a four electron
component, thermal ring-opening occurs by a conrotatory process (both terminal
p-orbitals moving clockwise or anticlockwise), whereas the photochemical reaction

224 E. N. Marvell, Thermal Electrocyclic Reactions (New York: Academic Press, 1980).
225 T. Durst and L. Breau, in Comprehensive Organic Synthesis, ed. B. M. Trost and 1. Fleming, vol. 5 (Oxford:
Pergamon Press, 1991), p. 675.
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occurs by a disrotatory process (3.213). This stereospecificity can be explained by
the necessity to overlap orbitals of like sign in the highest occupied molecular
orbital (HOMO) of the polyene.

Cl
Cl
\E( 140-150 °C =
“, conrotatory
,CI \
85%
Cl
(3.213)
Cl
Cl
181 °C =
conrotatory Ol
Cl
80%
C'WC' ;o
HOMO v, Conrotatory  Disrotatory

In the thermal ring-opening of cyclobutenes, substituents tend to prefer an ‘out-
ward’ motion to give the E-alkene, although a w-acceptor such as a carbonyl group
can undergo preferential ‘inward’ motion. Hence ring-opening of the aldehyde 335,
formed by oxidation of the alcohol 334, occurs to give the diene 336 with >97% iso-
meric purity, in which the aldehyde rather than the alkyl group has rotated ‘inward’
(3.214).2%

OCOPh OCOPh
3 CHO OCOPh
CeH1a TPAP CeHis
. NMO NN N (3.214)
H CH,Cl,, 0 °C CHO 75%
334 335 336

An important electrocyclic reaction is the ring-opening of benzocyclobutenes to
give o-quinodimethanes. The resulting diene is an excellent substrate for reaction
with a dienophile in a Diels—Alder reaction (see Section 3.1.2). For example, in a
synthesis of the steroid estrone, the benzocyclobutane 337, prepared by a cobalt-
mediated cyclotrimerization, was converted on heating to the o-quinodimethane

226 F. Binns, R. Hayes, K. J. Hodgetts, S. T. Saengchantara, T. W. Wallace and C. J. Wallis, Tetrahedron, 52
(1996), 3631.
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338, which undergoes cycloaddition to the tetracycle 339 (3.215).2%

o
Me
Me O

. Me-Si
Me;Si decane e3Si
174 °C

Me3Si Me;Si

337 338 339

(3.215)

The electrocyclic reaction of a 1,3,5-hexatriene to give a cyclohexadiene provides
an entry to unsaturated six-membered rings.??® The central alkene double bond of
the triene must possess the Z geometry for successful electrocyclization. A consid-
eration of orbital symmetry (using the HOMO of the triene) allows the prediction
that the thermal six-electron process occurs by a disrotatory pathway, whereas the
photochemical reaction occurs by a conrotatory pathway. Indeed, thermal and pho-
tochemical induced cyclizations, for example in early work on the rearrangement of
precalciferol (previtamin D), give complementary stereochemical results. Further
confirmation of the thermal disrotatory electrocyclic reaction has been gained by
heating the trienes 340 and 342 (3.216). The E,Z,E-triene 340 is converted to the
cis product 341 with >99.5% diastereomeric purity, indicating a completely stere-
ospecific disrotatory electrocyclization. The isomeric E,Z,Z-triene 342 is converted
to the trans product 343. In this latter case the product 344 (derived from the diene
343 by a 1,5-hydrogen shift) is also produced and the triene 342 has been found to
interconvert readily with the Z,Z,Z-isomer by consecutive 1,7-hydrogen shifts.

Me
= Me
| pentane
/ 182 °C
M
Me ©
340 341 (3‘2 1 6)
Me
— Me Me
hexane
Me R —— +
178 °C ",
= ‘Me Me
342 343 344

Problems of competing hydrogen shifts and the difficulty of preparing the
required triene as a single geometrical isomer, particularly in acyclic substrates,
has limited the use of this reaction in synthesis. When the central double bond is

227 R. L. Funk and K. P. C. Vollhardt, J. Am. Chem. Soc., 102 (1980), 5253.
228 W. H. Okamura and A. R. De Lera, in Comprehensive Organic Synthesis, ed. B. M. Trost and 1. Fleming,
vol. 5 (Oxford: Pergamon Press, 1991), p. 699.
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part of a ring, then it is locked in the required Z geometry. The rearrangement of
1,2-divinyl-aromatic or heteroaromatic compounds has provided a useful entry to
polycyclic aromatic compounds. For example, in a synthesis of the carbazole hyella-
zole 346, the divinyl-indole 345 was heated to promote electrocyclization, followed
by dehydrogenation with palladium on charcoal to give hyellazole (3.217).2%

- OMe
210 °C 5% Pd-C
H Ph 48%

345

A common type of six electron electrocyclic reaction occurs in the photochemi-
cal reaction of 1,2-diaryl alkenes.?*° The parent substrate, stilbene can be converted
to phenanthrene, a process that involves conrotatory electrocyclization under pho-
tochemical conditions and subsequent oxidation of the product to the polycyclic

aromatic structure (3.218).
I2 air
(3.218)
73%

There are many examples of this type of reaction with both aromatic and het-
eroaromatic substrates. For successful electrocyclization, the central alkene must
have Z geometry, however, as the action of light on stilbenes promotes £—Z iso-
merization, it is possible to start with either geometrical isomer of the substrate,
or indeed a mixture of isomers. In a synthesis of cervinomycin A, photochemical
electrocyclization of the mixture of E- and Z-diaryl alkenes 347 gave the polycyclic
aromatic compound 348 after oxidation with iodine (3.219).%3"

O _N__oO
Me

OMe

OMe O OMe (0]

(3.219)
I I OMe CHZCIZ
~ O OMe OMe
OMe 30%

347 348

229 3. Kano, E. Sugino, S. Shibuya and S. Hibino, J. Org. Chem., 46 (1981), 3856.

230 F. B. Mallory and C. W. Mallory, Org. Reactions, 30 (1984), 1; W. H. Laarhoven, Org. Photochem., 10 (1989),
163.

Bl G, Mehta, S. R. Shah and Y. Venkateswarhu, Tetrahedron, 50 (1994), 11 729.



3.8 Electrocyclic reactions 263

Electrocyclic reactions are not limited to neutral polyenes. The cyclization of a
pentadienyl cation to a cyclopentenyl cation offers a useful entry to five-membered
carbocyclic compounds. One such reaction is the Nazarov cyclization of divinyl
ketones.?*? Protonation or Lewis acid complexation of the oxygen atom of the
carbonyl group of a divinyl ketone generates a pentadienyl cation. This cation
undergoes electrocyclization to give an allyl cation within a cyclopentane ring. The
allyl cation can lose a proton or be trapped, for example by a nucleophile. Proton loss
occurs to give the thermodynamically more stable alkene and subsequent keto—enol
tautomerism leads to the typical Nazarov product, a cyclopentenone (3.220).

e}
H3P04 ® “ (3 220)
HCOgH
80°C 50%

In cases that provide a mixture of alkene regioisomers or in which the less-
substituted alkene is desired, control of the position of the new alkene is possi-
ble using a trialkylsilyl group to direct its introduction. Desilylation is generally
preferred over deprotonation, and the known [(3-cation stabilizing effect of a silyl
group helps to reduce side reactions resulting from the intermediate allyl cation.
The silicon-directed Nazarov cyclization has been made use of twice in a synthesis
of the sesquiterpene A°!?-capnellene 349 (3.221).233

(e}

Me Me © Me Me, O Me_Me, —OTi
Me3Sn
| BF4*OEt, LiBHBug _\—SiMe3
| PhMe, 100 °C then THNPh [Pd(PPhg)s], CO
Me SiMe3
70% Me 76% Me 86%
(3.221)
o
Me Me N\ SiMeg
BF3*OEt, i, Hp, PdIC

v, = 7 .
PhMe, 25 °C i, PhgP=CH,

Me 88%

The Nazarov cyclization is a four-electron cyclization and occurs thermally by
a conrotatory process. The stereochemical outcome across the new carbon—carbon
bond is often obscured by the loss of a proton at one of these centres during
the cyclopentenone formation. If, however, the proton loss occurs exo to the five-
membered ring or if the allyl cation is quenched by a nucleophile, then the stereo-
chemistry can be observed. For example, trapping the allyl cation by reduction with
232 K. L.Habermas, S. E. Denmark and T. K. Jones, Org. Reactions, 45 (1994), 1; S. E. Denmark, in Comprehensive

Organic Synthesis, ed. B. M. Trost and I. Fleming, vol. 5 (Oxford: Pergamon Press, 1991), p. 751.
23 G.T. Crisp, W. I. Scott and J. K. Stille, J. Am. Chem. Soc., 106 (1984), 7500.
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triethylsilane reveals the trans arrangement (arising from a conrotatory cyclization)

of the two phenyl groups in the product 350 (3.222).2%*

o OSiEty
Me Me  BE.OEt,
| ] EtsSH (3.222)
Ph Ph

350

Problems (answers can be found on page 472)

1. Explain why intermolecular Diels—Alder cycloaddition reactions usually fail with unac-
tivated dienophiles such as ethene.

2. Diels—Alder reactions with nitroethene offer a method to carry out the equivalent of
cycloaddition with ethene, such as in a synthesis of frondosin B, below. Draw the structure
of the Diels—Alder adduct 1.

Noz BuzSnH
1
80 °C PhMe, AIBN

NaSEt

R = H, frondosin B

3. Explain the formation of the cycloadduct 2, used in a synthesis of hybocarpone.

COgMe

4. Draw the structures of the intermediates and hence explain the formation of the diaza-
indoline 3. Draw the structure of the product 4, used in a synthesis of a selection of
amaryllidaceae alkaloids.

Me
OMe

OH
\nCO-Me

234 S. Giese and F. G. West, Tetrahedron, 56 (2000), 10221.
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/\//
Bom\
HN N

N \ll\l Boc,0 N N N 2es°C
N\wﬁ;N DMAP N __~

SMe SMe

5. Draw the structure of the cycloadduct 5 and explain why the preparation of this compound
is best carried out as a one-pot procedure, rather than by isolation of the diene and separate
heating with the dienophile in toluene.

O
7 mol% [:é
ol ll’Cys Ph o
= o
PCy3 [e] 5
N/\/ CH.Cl» heat

Ac c

6. Draw the structure of the major stereoisomer of the cycloadduct 6. (Hint: use the Felkin—
Anh model to explain the stereochemistry.)

Bn OMe
N~
//\\\//ﬂ\ h Znle 6
+ —_—
BnO : H MeCN
OBn OSiMe

7. Draw the structure of the intermediate 7 and explain its formation.

OMe OMe

MeO. MeO.
EtsN Zn
N, O cl d ; N
MeO CF4CH,0H NH.CI, MeOH MeO '

C

N (0]

0]

8. Explain the formation of the isoxazoline 8, formed in the following cycloaddition
reaction.
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OH
N N—O
| i, BuOClI //
. - . Me
BuMe,Si ”/Y Me BuMe,Si
Me Me OH
OH

EtMgBr
CH,Cly, 'PrOH 8

9. Explain the formation of the pyrrolidine 10, prepared by heating a mixture of the
aldehyde 9 and N-methyl-glycine.

Me

AN

O N
H H
heat
H N CO.H -
+ e
Me” 7 EtsN, DMF H

N/\/ N
Ts Ts
9 10

10. Draw a mechanism to explain the transformation given below.

OBu

p N
CH,O
N (CHO)n Arnim
H MeCN, NapSOy, 80 °C N
o
HO OBu
Ar

11. Suggest reagents for the conversion of the alcohol 11 to the ester 12.

OH
w oeote MeOO _~ )

o

A hat

1 12

"
\\‘\\

"
Wt

O
O,
(e}

12. Explain the formation of the aldehyde 14 on treatment of the ether 13 with potassium
hydride. (Hint: two consecutive sigmatropic rearrangements are involved.)
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Ph
)\/\/O\/\/Ph K > )\/\/K/CHO
18-crown-6, THF

13 14

13. Explain the formation of the enone 16, from the triene 15.

OMe O
X i, 215 °C
ii, HCl(aq), EtOH
= COMe (@a) COMe

15 16
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Radical and carbene chemistry

The previous chapters have concentrated on ionic or pericyclic reactions that give
rise to new carbon—carbon single or double bonds. Reactive carbon- or heteroatom-
centred radicals and carbenes allow alternative strategies for organic synthesis that
have been used extensively. Radicals and carbenes are neutral, electron-deficient
species that are not commonly isolable (although a few stable examples exist).
Carbon-centred radicals are trivalent with a single non-bonding electron, whereas
carbenes are divalent with two non-bonding electrons (4.1). Their ease of formation
combined with their high reactivity yet tolerance to many functional groups, and
their contrasting behaviour with many ionic species has promoted much use of
these intermediates in synthesis. This chapter deals with salient aspects of their
chemistry.

RsC~ ReC’ RsC" RoC:
_ . , “.1)
carbanion carbon radical carbocation carbene

(or carbenium ion)

4.1 Radicals

Radicals can be generated by homolysis of weak o-bonds. Homolysis is effected by
photochemical, thermal or redox (electron transfer) methods. A common method to
initiate a radical reaction is to warm a peroxide such as benzoyl peroxide or azobi-
sisobutyronitrile (AIBN) 1 (4.2). The radical -C(CN)Me, generated from AIBN is
rather unreactive, butis capable of abstracting a hydrogen atom from weakly bonded
molecules such as tributyltin hydride (4.3). The resulting tributyltin radical reacts
readily with alkyl halides, selenides and other substrates to form a carbon-centred
radical.

268
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o o
)]\ o. _ph te~1hatesec )]\ .
Ph O/ - > 2 pp o ——> 2 Ph + 2 CO,
or hv
o
4.2)
NC
tye=1hat85°C .
N=N R 2 CN + [\
%—CN or hy
AIBN 1

H

BusSnH  + }CN - . BugSn® + %CN 4.3)

Most carbon-centred radicals are reactive and combine readily with a neutral
species by abstraction or addition, or undergo elimination to generate a new radical
species. A radical chain reaction is therefore set up and can lead to useful function-
alized products.! Alternatively, radical-radical combination is possible, leading to
a neutral product and this can form the termination step or indeed the key bond-
forming step, as in the pinacol reaction of ketyl radicals (see Section 2.9).

Most of the useful radical reactions in synthetic chemistry involve a chain mech-
anism, in which radical species are continually regenerated and trapped. Such prop-
agation steps are illustrated for reduction of a substrate RX (4.4). The feasibility
of this sequence depends on the relative reaction rates which themselves are deter-
mined by the structures of the radicals (including that used to initiate the reaction).
In reactions such as this, the trialkyltin radical is sometimes referred to as the chain
carrier as it is continuously regenerated to propagate the cycle.

RN Nenpy, R  +  XSnBug
“4.4)
; ~ )
R /\‘ /?_SHBU:; —_— R—H + SnBug

4.1.1 Radical abstraction reactions

Scheme 4.4 can be regarded as a radical abstraction reaction, as the intermedi-
ate carbon-centred radical abstracts a hydrogen atom from the trialkyltin hydride
(aided by the relatively weak H—Sn bond). Many examples of this process for
dehalogenation of alkyl iodides or bromides in particular have been reported. For

U Radicals in Organic Synthesis, ed. P. Renaud and M. P. Sibi (New York: Wiley, 2001); J. Fossey, D. Lefort and
J. Sorba, Free Radicals in Organic Chemistry (New York: Wiley, 1995); W. B. Motherwell and D. Crich, Free
Radical Chain Reactions in Organic Synthesis (London: Academic Press, 1992); D. P. Curran, in Comprehensive
Organic Synthesis, ed. B. M. Trost and I. Fleming, vol. 4 (Oxford: Pergamon Press, 1991), pp. 715, 779; B.
Giese, Radicals in Organic Synthesis: Formation of Carbon—Carbon Bonds (Oxford: Pergamon Press, 1986).
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example, a synthesis of the alkaloid epibatidine 3 made use of the radical debromi-
nation of the bromide 2 (4.5).> Other substrates such as tertiary or activated sec-
ondary nitro compounds can be reduced. Alkyl selenides are excellent substrates
for preparing carbon-centred radicals. Thus, in a synthesis of tylonolide hemiacetal,
de-hydroxylation of the alcohol 4 was accomplished via its selenide 5 (4.6).> Note
that the primary alcohol is converted more easily to the selenide than the secondary
alcohol, thereby allowing selective removal of one hydroxy group.

cl cl cl
F2COC F2COC H =
SN 7 BusSnH,ABN  © N 7 NaOMe N ]
N PhH, reflux N N (4.5)
Br
95% 96%
2 3
BnO Bn BnO
PhSeCN BusSnH, AIBN
— 2 (4.6)
S BusP S PhMe, 105 °C W
J OH THF J OH | OH
HO PhS >93%
4 5

An alternative method for dehydroxylation via thiocarbonyl derivatives is pop-
ular. Thioacylation of the alcohol gives a thioester 6 (R" = SMe, OPh, imidazolyl,
etc.), which can be reduced under radical conditions (4.7).* The tributyltin radical
attacks the sulfur atom of the thiocarbonyl group to give a new radical 7, which
fragments to give the desired carbon-centred radical R® and a carbonyl compound.
The radical R*® then abstracts a hydrogen atom from tributyltin hydride, releasing
further tributyltin radical and giving the reduced product R—H.

S
SnBu
-~ R Jj\ oSO
ROH <o " s
a A
6 ~o R
7
AIBN .
BusSnH ————  BusSn S/S”Bus 4.7)
N
-
R—H

BU3SnH

ZE.J. Corey, T.-P. Loh, S. AchyuthaRao, D. C. Daley and S. Sarshar, J. Org. Chem., 58 (1993), 5600.

3 P. A. Grieco, J. Inanaga, N.-H. Lin and T. Yanami, J. Am. Chem. Soc., 104 (1982), 5781.

4 D. H. R. Barton and S. W. McCombie, J. Chem. Soc., Perkin Trans. 1 (1975), 1574; W. Hartwig, Tetrahedron,
39 (1983), 2609; D. Crich and L. Quintero, Chem. Rev., 89 (1989), 1413.
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Radical dehydroxylation is most effective for secondary alcohols, including those
derived from carbohydrates, in which traditional methods such as tosylation (or
mesylation) and LiAlH,4 reduction often fail. The reaction tolerates many different
functional groups, as illustrated in the reduction of the thiocarbonyl compound
8(4.8).°

o o)
Ph)ko Ph)ko
NaH, CS, BusSnH, AIBN 4.8)
then Mel PhMe, 110 °C ‘ ’
o
OSiMe,Bu  87% OSiMe,Bu 72% 0OSiMe,Bu

8

In addition to dehydroxylation, a useful protocol for decarboxylation has been
developed.® The procedure was introduced by Barton, using thiohydroxamic esters
9, prepared from activated carboxylic acids (RCOX) and the sodium salt of N-
hydroxypyridine-2-thione. Simple thermolysis or photolysis of the esters (homol-
ysis of the N—O bond) results in the production of alkyl radicals R®, which can
attack the sulfur atom of the thiocarbonyl group to propagate the fragmentation
(4.9).

o)
)'I\ N
R od

In the presence of a hydrogen-atom source, such as tributyltin hydride or a thiol
(R’SH), the alkyl radical is reduced and the reaction is propagated by the chain car-
rier (Bu3Sn® or R’S*®). Thus, in a synthesis of a segment of the immunosuppressant
FK-506, decarboxylation was effected by heating the thiohydroxamic ester 10 with
tert-butyl thiol (4.10).”

’;; Z l
BuSH
N
“PhH, reflux ©\ Y (4.10)
CO,Me COMe CO.Me

95% ~sfu
10 + CO,

S L.A. Paquette and J. A. Oplinger, J. Org. Chem., 53 (1988), 2953.
6 D. H. R. Barton, D. Crich and W. B. Motherwell, Tetrahedron, 41 (1985), 3901.
7 P. Kocienski, M. Stocks, D. Donald and M. Perry, Synlett (1990), 38.
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The use of the thiohydroxamic ester has the advantage that the intermediate alkyl
radical can be generated in the absence of tributyltin hydride (or other hydrogen-
atom source). Therefore, in the presence of a suitable radical trap, the alkyl radical
can be functionalized rather than simply reduced. Thus, in the presence of CCly,
BrCCl; or CHI3, the carboxylic acid RCO,H can be decarboxylated and halo-
genated to give the alkyl halide RCI, RBr or RI. In the presence of oxygen gas, a
hydroperoxide ROOH or alcohol product ROH can be formed.

An alternative method for forming a carbon-centred radical that can be trapped
with a variety of neutral molecules such as a hydrogen-atom source (to give an
alkane) or molecular oxygen (to give an alcohol) derives from organomercury com-
pounds. The organomercury compounds can be prepared from Grignard reagents
or by addition of mercury salts to alkenes. The resulting alkyl mercury halide or
acetate can be reduced with NaBH, to give an alkyl mercury hydride, which frag-
ments to give the radical species (4.11).8 The radical abstracts a hydrogen atom
from the alkyl mercury hydride to continue the cycle. In the presence of oxygen, the
radical is trapped to give a new carbon—oxygen bond.” Thus, in an approach to the
allosamidin disaccharides, the alkyl mercury acetate 12, formed from the alkene 11
by amino-mercuration, was converted to the alcohol 13 (4.12). 10 The intermediate
alkyl radical is not configurationally stable (it has considerable sp? character) but
reacts with oxygen on the less hindered (convex) face of the molecule.

NaBH,

R-HgX ——— [R—HQH} —— R —— RH 4.11)
OBn
RO, RO,
N Hg(O>CCF: ",
NMe, 9(O2CCF3),
THF
HN room temp.
CF3CO2Hg
1
R = SiMe,Bu

Radicals are reactive species that readily abstract a hydrogen atom from metal
hydrides. In some cases, in particular with substrates that meet certain structural and
geometrical requirements, intramolecular C—H abstraction can take place. In this
way, a new radical can be generated at an unactivated position, thereby allowing
the introduction of functional groups at this position. The geometrical require-
ments dictate that the most frequently observed intramolecular hydrogen transfers
are 1,5-shifts, corresponding to specific attack on a hydrogen atom attached to a

8 7. Barluenga and M. Yus, Chem. Rev., 88 (1988), 487.
9 C.L. Hill and G. M. Whitesides, J. Am. Chem. Soc., 96 (1974), 870.
10 W. D. Shrader and B. Imperiali, Tetrahedron Lett., 37 (1996), 599.
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carbon atom 5 atoms from the initial radical (4.13).!' Homolytic cleavage of the
Y—X bond gives aradical Y* (normally nitrogen- or oxygen-centred), which is fol-
lowed by hydrogen atom transfer. The resulting (more stable) carbon radical reacts
with a neutral molecule or with a radical X’*, which may or may not be identical
with X°.

H /X . H . . /H . X /H
[)Y X v, U X, U (4.13)

One such example is the Hofmann—Loffler—Freytag reaction, which provides a
method for the synthesis of pyrrolidines from N-halogenated amines. The reaction is
effected by warming a solution of the halogenated amine in strong acid (e.g. HySOy4
or CF3CO;,H), or by irradiation of the acid solution with ultra-violet light. The
initial product of the reaction is the 8-halogenated amine, but this is not generally
isolated, and by basification of the reaction mixture it is converted directly to
the pyrrolidine (4.14). Both N-bromo- and N-chloro-amines have been used as
substrates, although the N-chloro-amines usually give slightly better yields. The N-
chloro-amines can be obtained from the amines by the action of sodium hypochlorite
or N-chlorosuccinimide.

R
H c Cl H

/ / /
N—R H* N—R NaOH N 4.14)
heat or hv Q )

Thermal or photochemical dissociation of the N-chloro-ammonium salt, formed
by protonation of the N-chloro-amine, is thought to give the reactive ammonium
radical species (4.15). This abstracts a suitably situated hydrogen atom to give
the corresponding carbon radical. This in turn abstracts a chlorine atom from
another molecule of the N-chloro-ammonium salt, thus propagating the chain and
at the same time forming the &-chloro amine, from which the cyclic amine is
obtained.

H H
R Cle+/ R Hrve/ R N R cl o+
~N—R PR - NHRR NHR
Ay
. . - 4.15)

The first example of this type of reaction was reported by Hofmann in 1883. In
the course of a study of the reactions of N-bromo-amides and N-bromo-amines, he

G, Majetich and K. Wheless, Tetrahedron, 51 (1995), 7095; H. Togo and M. Katohgi, Synlett (2001), 565.
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treated N-bromo-coniine 14 with hot sulfuric acid and obtained, after basification,
a tertiary base that was later identified as d-coneceine (4.16). Further examples of
the reaction were reported later by Loffler, including a synthesis of the alkaloid
nicotine (4.17). Many other cyclizations leading to simple pyrrolidines and to more
complex polycyclic structures have since been reported.

i, HoSOy4, 140 °C
O\l/\/ oS0 CD (416)
Br

14 d-coneceine
AN N - . N N (4.17)
~ Br Me Pz Me
N N
nicotine

The radical nature of the reaction is supported by a number of factors, including
the fact that the reaction does not proceed in the dark at room temperature and that
it is initiated by heat, light or iron(Il) salts and inhibited by oxygen. The hydrogen
abstraction step must be intramolecular in order to explain the specificity of reaction
at the d-carbon atom. Strong evidence for an intermediate carbon-centred radical
that is trigonal is provided by the observation that the optically active N-chloro-
amine 15, on decomposition in acid on warming, gave the pyrrolidines 16 and 17
which were optically inactive (4.18). The intermediacy of 8-chloro-amines has been
confirmed by their isolation in a few cases.

H D Cl |

Me Me H,SO,
Y\/\ N/ #» + Me (4 1 8)
£ | 95°C Me 'il o N
Me Me

43%
15 16 22 : 78 17

As with other radical reactions, secondary hydrogen atoms react more readily
than primary as the resulting secondary radical is more stable. Thus, in the reaction
of N-chloro-amine 18, attack by the nitrogen-centred radical on the 8-methyl group
would lead to N-pentylpyrrolidine, whereas attack on the & -methylene would result
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in the formation of N-butyl-2-methylpyrrolidine (4.19). Only the latter compound
was formed. Tertiary hydrogen atoms react very readily, but the resulting tertiary
halides do not normally proceed to give cyclic amine products.

NG NGFN H.SO.
N /\/\ o4 (4 1 9)
| heat Me N
Cl |
C4Hg
18

An application of the Hofmann-Loffler—Freytag reaction is found in the synthesis
of the steroidal alkaloid derivative dihydro-conessine 19 (4.20).!? In this synthesis,
the pyrrolidine ring is constructed by attack on the unactivated C-18 angular methyl
group of the precursor by a suitably placed nitrogen radical. The ease of this reaction
is a result of the fact that in the rigid steroid framework, the C-18 angular methyl
group and C-20 side chain carrying the nitrogen radical are suitably disposed in
space to allow easy formation of the six-membered transition state necessary for
1,5-hydrogen atom transfer.

ii, NaOH

Me
/
Ccl—N
Me Me
am
’ i, HSO4, hv

\
wt

79%

19

A modification of the Hofmann—Loffler—Freytag reaction that avoids the harshly
acidic conditions described above has been developed. The N-iodo compound is
generated by reaction with iodine and iodobenzene diacetate.!! Warming or irradiat-
ing the reaction mixture promotes the formation of the nitrogen-centred radical and
hence subsequent remote hydrogen atom abstraction. The reaction is particularly
effective with carboxylic amides, sulfonamides or phosphoramidates, as illustrated
in the transannular cyclization to give the indolizidine 20 and in the formation of
the bicyclic product 21 (4.21, 4.22).13

12 E. J. Corey and W. R. Hertler, J. Am. Chem. Soc., 81 (1959), 5209.
13 R. L. Dorta, C. G. Francisco and E. Suérez, J. Chem. Soc., Chem. Commun. (1989), 1168; C. G. Francisco,
A.J. Herrera and E. Suérez, Tetrahedron: Asymmetry, 11 (2000), 3879.
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I, PhI(OAC),
—_—

4.21)

N cyclohexane N

H hv, 25 °C
82%
20
PO(OPh
HT/ (OPh)

(4.22)

0) o lo, Phl(OA
MeO " 2, PhI(OAc)2
CHyCly
MeO™ room temp.

65%

21

Oxygen-centred radicals can also be used for remote functionalization.'* Heating
or photolysis of an organic nitrite (RO—N=O0) gives an alkoxy radical and nitrogen
monoxide. Subsequent intramolecular hydrogen atom abstraction is followed by
capture of nitrogen monoxide by the carbon radical and formation of a nitroso-
alcohol, which may be isolated as the dimer or rearrange, where possible, to an
oxime (4.23). The nitroso or oxime products may be further transformed into other
functional groups such as carbonyl compounds, amines or nitrile derivatives. The
photolytic conversion of organic nitrites into nitroso compounds has become known
as the Barton reaction and the sequence has found most use in the synthesis of steroid
derivatives.

i .
H NO H N H N H
O/ hv (e} M OH NO O/ = O/
. . No - (4.23)
-NO

The nitrite can be prepared from the alcohol and has weak absorption bands in
the region 320-380 nm. Irradiation using a Pyrex filter to limit the wavelengths
to greater than 300 nm, thus avoiding side-reactions induced by more-energetic
lower-wavelength radiation, brings about the dissociation of the nitrite.

A classic example of the Barton reaction is the key step in a synthesis of the
acetate 24 of aldosterone, a hormone of the adrenal cortex (4.24).!> Photolysis of
the nitrite 22 provided the oxime 23, which on hydrolysis with nitrous acid gave
aldosterone-21-acetate directly. In this case the yield is limited in part by competing

14 7. Cekovic, Tetrahedron, 59 (2003), 8073.
15 D. H. R. Barton and J. M. Beaton, J. Am. Chem. Soc., 83 (1961), 4083.



4.1 Radicals 277

attack of the alkoxy radical at the C-19 methyl group instead of C-18, which led to
the side-product 25 (4.25).

(0] OAc (0] OAc

CI-N=0O hv
pyridine PhMe
21%
22
(4.24)
OH
| O, OAc HO O OAc
23 24
o] OAc o] OAc
22 (4.25)

In another application of this chemistry, photolysis of the nitrite 26 was the key

step in Corey’s synthesis of perhydrohistrionicotoxin (4.26).'® The oxime 27 could

be converted to the spirocyclic lactam 28 on Beckmann rearrangement.

TsCI
Oﬂé Cfé yrldme (4 26)
XN

20%
26 27

A modified procedure leads to the introduction of a hydroxyl group at the site of
an unactivated C—H bond, a reaction that is common in nature but that is not easily

16§ . Corey, J. F. Arnett and G. N. Widiger, J. Am. Chem. Soc., 97 (1975), 430.



278 Radical and carbene chemistry

effected in the laboratory. If photolysis of the nitrite is carried out in the presence of
oxygen, the product of rearrangement is a nitrate (rather than a nitroso compound
or an oxime). The nitrate can be converted into the corresponding alcohol by mild
reduction. The reaction is believed to take a pathway in which the initial carbon
radical is captured by oxygen instead of nitric oxide.

The generation of alkoxy radicals that can undergo intramolecular hydrogen
abstraction can also be achieved by photolysis of hypohalites. Photolysis of a
hypochlorite (RO—CI) gives a 1,4-chloro-alcohol, formed as expected by abstrac-
tion of a hydrogen atom attached to the §-carbon atom. The 1,4-chloro-alcohol can
be converted readily to a tetrahydrofuran product (4.27). The hydrogen abstraction
reaction proceeds through a six-membered cyclic transition state as in the photolysis
of nitrites.

A competing reaction is 3-cleavage of the alkoxy radical to form a carbonyl
compound and a carbon radical (4.28). The extent of this reaction varies with the
structure of the substrate and will predominate if 1,5-hydrogen atom abstraction is
unfavourable.

H

o/CI . HO' . oH CIO/H Eo>
(b =~ -1 —J — D e

O/CI N o i)
R
RYKR" Rw)\ﬂn W + ‘\R" (428)
R' R' R

R Cl

T

R’

A convenient method for generating the alkoxy radical is by fragmentation of
hypoiodites prepared in situ from the corresponding alcohol. This can be accom-
plished by treatment of the alcohol with iodine and lead tetraacetate or mercury(Il)
oxide, or with iodine with iodobenzene diacetate. For example, irradiation of the
alcohol 29 under these latter conditions gave a high yield of the tetrahydrofuran 30
(4.29).'7 In another application of this chemistry, for the specific deprotection of
benzyl ethers, irradiation of the alcohol 31 and N-iodosuccinimide (NIS) gave the
cyclic acetal 32 (4.30).'

17 P de Armas, J. 1. Concepcidn, C. G. Francisco, R. Herndndez, J. A. Salazar and E. Sudrez and J. Chem. Soc.,
Perkin Trans. 1 (1989), 405.
18 J Madsen, C. Viuf and M. Bols, Chem. Eur. J., 6 (2000), 1140.
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Io, PhI(OAC),
—_—

cyclohexane
hv, 40 °C

(4.29)

90%

OBn OBn N >~o OBn
HO\/k/H o O\)\/H 4.30
hv (4.30)

Bn OBn OBn OBn

Qum

31 o4% 32

There are an increasing number of examples of the use of alkoxy radicals in
[B-cleavage processes (4.28). Thus, in a synthesis of 8-deoxyvernolepin, treatment
of the hemiacetal 33 with iodine and iodobenzene diacetate and irradiation gave
the lactone 34 (4.31).!° The alkoxy radical generated from 33 is not set up for
1,5-hydrogen abstraction and undergoes [3-cleavage to the lactone. The cleavage
reaction is regioselective and might have been expected to take place to give
the more-stable secondary carbon radical; however, the ease of elimination of
the tributyltin radical promotes fragmentation on the side of the primary carbon
atom.

I, PhI(OAC),

cyclohexane
hv, 40 °C

431
wwMe

70%

34

If the B-cleavage reaction gives rise to a carbon radical located a- to an oxygen
or nitrogen atom, then the resulting oxonium or iminium ion can be trapped with
a nucleophile. An example of this process with intramolecular trapping to give an
azasugar ring system is depicted in Scheme 4.32.20

19 R. Herndndez, S. M. Veldzquez, E. Sudrez and M. S. Rodriguez, J. Org. Chem., 59 (1994), 6395.
20 C. G. Francisco, R. Freire, C. C. Gonzdlez, E. L. Leén, C. Riesco-Fagundo and E. Sudrez, J. Org. Chem., 66
(2001), 1861.
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NHCOgtBU lCOgtBU
N OMe
I, PhlO 432
—_—
CH2C|2 \\\\\ ( ’ )
room temp. OHC—O e OMe
OMe
68%
NHCO,Bu NHCO,Bu NHCO,Bu
o o o o
~F ~cHo
—_— . —_—
o ‘,, RS o \+
MeO' ‘OMe MeO' OMe MeO' OMe
OMe OMe OMe

4.1.2 Radical addition reactions

In the presence of a double or triple bond, a radical species can undergo an addition
reaction. It has been known for many years that alkyl radicals add to the double
bond of alkenes with the formation of a new carbon—carbon bond. The reaction,
of course, forms the basis of important industrial processes for making polymers.
In organic synthesis, the use of radical chemistry has some advantages over ionic
reactions. For example, radicals rarely undergo molecular rearrangements or elim-
ination reactions, sometimes encountered in ionic reactions involving carbocations
or carbanions. Further, the rate of reaction of alkyl radicals with many functional
groups (hydroxy, ester, halogen) is slow compared with their rates of addition to
carbon—carbon double bonds, so that it is often possible to bring about the addition
without the need for protection and deprotection of functional groups.

Radical addition reactions involve a number of propagation steps and the rela-
tive rates of the reactions of the intermediate radicals and the concentration of any
neutral species that permits abstraction, such as tributyltin hydride, becomes criti-
cal to the outcome. For successful reaction, the initial alkyl radical must undergo
addition faster than it abstracts a hydrogen atom from a hydrogen donor, but the
adduct radical must react faster with the hydrogen donor than with the double bond,
which would lead to polymerization. In addition, the propagation steps must com-
pete favourably with chain-terminating radical combination. The rate of addition
of radicals to alkenes depends on the nature of the substituent groups on the double
bond and for alkyl radicals is greater in the presence of electron-withdrawing sub-
stituents. The orientation of addition is influenced by steric and electronic factors,
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and addition of alkyl radicals to monosubstituted alkenes takes place predominantly
at the unsubstituted carbon atom of the double bond (4.33).

z
O o XA - O/\/ (4.33)

Z k (relative)
H 1
Ph 65
CO-Me 450
CHO 2300

The alkyl radicals used in these reactions may be generated in a number of ways,
as described previously in this chapter, by using, for example, light, a peroxide or
trialkyltin hydride and azobisisobutyronitrile (AIBN). Thus, in a synthesis of the
pheromone exo-brevicomin 37, the radical addition product 36 was obtained from
the iodide 35 and methyl vinyl ketone using the tributyltin hydride method (4.34).2!

Intermolecular addition of an alkyl radical to an electron-deficient alkene bearing
a chiral auxiliary or even in the presence of an external chiral ligand is possible.??
High selectivities have been achieved in the presence of Lewis acid catalysts.?
The Lewis acid promotes chelation, for example of two carbonyl groups, thereby
reducing the conformational freedom and favouring addition to one face of the
alkene (4.35).

OBn o Me—-.,,
|, o \)j\ Me ) (0]
Me A Ve o
Me B — O/ Me  (4.34)
S uzSnH, AIBN
PhH, heat
|
53% Me
35 36 37

0
Me>;l " Me/\)J\N/lkO o N)ko (4.35)

Me
M Yb(OTf)s
-78°C
Ph Ph
25: 1

Ph 90% Ph

Successful intermolecular radical addition reactions depend on a number of
factors. The tributyltin radical must allow formation of the carbon-centred radical

21 B. Giese and R. Rupaner, Synthesis (1988), 219.

22 M. P. Sibi and N. A. Porter, Acc. Chem. Res., 32 (1999), 163; M. P. Sibi, S. Manyem and J. Zimmerman, Chem.
Rev., 103 (2003), 3263.

23 P. Renaud and M. Gerster, Angew. Chem. Int. Ed., 37 (1998), 2562.
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faster than hydrostannylation of the alkene. Therefore reactive substrates such as
alkyl iodides are suitable precursors. The first-formed carbon radical must add
to the alkene faster than hydrogen atom abstraction from tributyltin hydride and
this is favoured as described above by using a nucleophilic alkyl radical and an
unhindered electron-deficient alkene. The new carbon radical generated after the
first addition reaction, being electrophilic, reacts only slowly with further electron-
deficient alkene. Therefore this radical is reduced to give the product and further
tributyltin radical to continue the cycle (4.36). The whole process is therefore
controlled by the electronic nature of the carbon radicals which dictates their rate of
reaction with the alkene and can allow reasonable yields of intermolecular addition
products in suitable cases.

R-I + BusSn’ - - R’ + BusSnl

R’ Y — Y (4.36)

R/\/Z + BuzSnH R/\/Z + BusSn’

The problem of competing hydrogen atom abstraction and the difficulty in remov-
ing trialkyltin halide residues, which are toxic, has led to the development of mod-
ified methods for radical chemistry.>* A procedure using tributyltin hydride as a
catalyst, with regeneration of the tin hydride by reduction of tributyltin chloride,
has shown some success. Thus, using only 20 mol% (0.2 molar equivalents) of
tributyltin chloride in the presence of the reducing agent sodium borohydride has
allowed good yields of coupled products such as 38 to be obtained (4.37).%

| CN
X CN 0.2 BusSnCl
O/ * 7 1.3 NaBH,4 (4'37)

EtOH, 25 °C

95% 38

A useful intermolecular radical reaction that avoids tributyltin hydride and excess
alkene makes use of the ready (-elimination of tin or sulfur radicals. Addition
of the carbon-centred radical to the y-position of an unhindered allyl stannane
gives an intermediate radical that eliminates a tin radical (4.38). The product is
therefore the result of overall allyl addition and the released tin radical reacts

24 pA. Baguley and J. C. Walton, Angew. Chem. Int. Ed., 37 (1998), 3072; A. Studer and S. Amrein, Synthesis
(2002), 835. For organoboranes as a source of radicals, see C. Ollivier and P. Renaud, Chem. Rev., 101 (2001),
3415.

25 B. Giese, J. A. Gonzélez-Gémez and T. Witzel, Angew. Chem. Int. Ed. Engl., 23 (1984), 69.
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with the starting material R—X to generate further carbon radical. By this method
cyclohexyl bromide was converted into allylcyclohexane in 88% yield and the
bromide 39 gave the allyl derivative 40 (4.39).2° The reaction is effective even with
alkyl radicals, which are ‘nucleophilic’, although additions to more electrophilic
allyl stannanes or sulfides bearing an electron-withdrawing group such as CO,Et
in the B-position are also known.?’

R™ o+ \/\SnBu3 —— R/\./\SHBU3 — F{/\/ + BuSt (4.38)

o
\

Elll" ABN B wOBn
+ \/\SnBu3 —y - + BusSnBr  (4.39)
o Br e, 80 °C - =
MeO" (@) MeO" (0]

76%
39 40

Stereoselective allylation of secondary radicals is possible when a suitable steric
bias is present.?® For example, the thiocarbonyl compound 41 reacts to give exclu-
sively the exo allylated product 42, in which allyl tributylstannane approaches from
the less-hindered convex face of the cyclic radical (4.40).2° In acyclic substrates
high stereoselectivity can be achieved by chelation with a Lewis acid.?® For exam-
ple, allylation of the selenide 43 is much more stereoselective in the presence of
trimethylaluminium, in which the aluminium alkoxide chelates to the carbonyl
group to give the species 44, such that the approach of the allyl stannane is directed
to the less hindered face (4.41).

(o) OBn ~ (0] OBn
i /OJ \/\SnBu3 /\/{jﬂ (4 40)
Pho” O s AIBN, 80 °C Z s ’
o~ . o
M 42
OH g OH OH
A YN
)\/COZEt SnBug )\/COQEI . COE Me, 441
Me’ Y Me Y Me o ( . )
i AIBN i H “AMe
SePh \/ P (- o o
0
43 dd 98% 63 37 f E
no additive % : —
MesAl 97% %5 : 5 BusSn 44

Addition—elimination reactions are not restricted to allylic stannanes or sulfides.
The vinyl stannane 45 acts as a suitable radical acceptor, leading to «,[3-unsaturated

26 G. E. Keck and J. B. Yates, J. Am. Chem. Soc., 104 (1982), 5829; G. E. Keck, E. J. Enholm, J. B. Yates and
M. R. Wiley, Tetrahedron, 41 (1985), 4079.

27 D. H. R. Barton and D. Crich, J. Chem. Soc., Perkin Trans. 1 (1986), 1613; J. E. Baldwin, R. M. Adlington,
D.J. Birch, J. A. Crawford and J. B. Sweeney, J. Chem. Soc., Chem. Commun. (1986), 1339.
M. P. Sibi and T. R. Rheault, J. Am. Chem. Soc., 122 (2000), 8873.

28
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carboxylic esters after elimination of the tributyltin radical (4.42).2° Mixtures of E
and Z geometrical isomers of the products are often formed. A more recent example,
using radical addition a- to a sulfone then B-elimination (to give EtSO,* and hence
SO, and Et® to continue the chain process) is illustrated in Scheme 4.4330

EtO. AIBN EtO
+ = —_— = +  BugSnBr 4.42
ﬁ/\Br (\COZEI Y \l/\/\COZEt ( )
OEt SnBug OEt
52%
45
H EtO,S, cl H H
Cl
o) _ o + 0 (443)
heptane, PhCl
o lauroyl peroxide °© 3 o
Cl Cl 3
| H reflux — H )%‘ H
Cl cl
64% 85 : 15

lauroyl peroxide =
(C11H23C00)2

Formation of a radical adjacent to a three-membered ring, such as a cyclopropane
or epoxide, promotes rapid fragmentation of the strained ring.>! The rate of this
process is particularly fast (k= 1.3 x 10® s™! at 25 °C) and the preparation of a sub-
strate containing a cyclopropane ring has been used frequently as a test for a radical
intermediate at an adjacent reacting carbon centre (although in fact organometallic
species can also cause rapid ring-opening of adjacent cyclopropanes). Ring-opening
of the cyclopropane occurs to give the more-stable radical intermediate. For exam-
ple, treatment of the iodide 46 with tributyltin hydride gave only the product 47
(with no loss of enantiopurity), resulting from selective ring-opening to the more
stable benzylic radical intermediate (4.44).%

Buaan AIBN
Ph N (4.44)
PhH reflux
OAc
94% 47

Alternative radical chain addition reactions that avoid tributyltin hydride include
the use of tris(trimethylsilyl)silane33 [(Me3Si);SiH] or the use of thiohydroxamic

29 J. E. Baldwin and D. R. Kelly, J. Chem. Soc., Chem. Commun. (1985), 682.

30 F Bertrand, B. Quiclet-Sire and S. Z. Zard, Angew. Chem. Int. Ed., 38 (1999), 1943.

31 p Dowd and W. Zhang, Chem. Rev., 93 (1993), 2091; A. Gansiduer, T. Lauterbach and S. Narayan, Angew.
Chem. Int. Ed., 42 (2003), 5556.

32 Y. Takekawa and K. Shishido, J. Org. Chem., 66 (2001), 8490.

33 C. Chatgilialoglu, Acc. Chem. Res., 25 (1992), 188.
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esters (see Scheme 4.9). The alkyl radical, generated by N—O cleavage and decar-
boxylation, adds to the electron-deficient alkene to give a new radical, which then
reacts with the thiohydroxamic ester to give the coupled product and hence propa-
gate the cycle. Thus, the radical generated from the thiohydroxamic ester 48 adds
to methyl vinyl ketone to give the product 49 (4.45).3* Oxidation of such prod-
ucts with meta-chloroperoxybenzoic acid gives the sulfoxide and heating promotes
elimination to give the «,3-unsaturated ketone.

o S
)J\/\”/ é /\"/ CHZCIZ Me)J\/\/k”/ Me (4.45)

68%
49

Reduction of an alkylmercury halide or acetate with a borohydride provides an
alternative method for accessing a carbon radical species (see Scheme 4.11). The
alkylmercury compound can be prepared by one of a number of methods, such as
from the corresponding Grignard reagent or from addition of Hg(OAc), to an
alkene. For example, intramolecular amido-mercuration of the alkene 50, followed
by formation of the alkyl radical and addition to methyl acrylate provides a route
to the alkaloid 8-coniceine (4.46).%

OAC HgOAc NaBH OAc)3 COgMe
ClA (4.46)
NHCO,8n ~coute i Ha, PAN_N

CO Bn CO Bn ii, LiAIH,

50 64% 3-coniceine

A different method to access carbon radicals makes use of the one-electron reduc-
ing agent samarium diiodide, Sml,. From a primary iodide, RI, the intermediate
carbon radical R*® is converted to the organometallic species RSml, by addition of a
second electron from the Sml,. Addition of the organosamarium species to ketones
(activated by the samarium Lewis acid) gives tertiary alcohols.?® From an aldehyde
or ketone, addition of Sml, gives an intermediate ketyl radical that can be reduced
to give an alcohol with further Sml, in the presence of a proton source or couple
with itself in a pinacol reaction to give a diol or can add to an alkene. Thus, mixing
a ketone and ethyl acrylate with Sml, gives the intermolecular radical addition
product which cyclizes to give the lactone 51 (4.47).3” For example, octan-2-one

3 D. H. R. Barton and J. C. Sarma, Tetrahedron Lett., 31 (1990), 1965.

353, Danishefsky, E. Taniyama and R. R. Webb, Tetrahedron Lett., 24 (1983), 11.

36 A, Krief and A.-M. Laval, Chem. Rev., 99 (1999), 745; P. Girard, J. L. Namy and H. B. Kagan, J. Am. Chem.
Soc., 102 (1980), 2693.

37 S. Fukuzawa, A. Nakanishi, T. Fujinami and S. Sakai, J. Chem. Soc., Perkin Trans. 1 (1988), 1669; for reductions
with samarium diiodide, see G. A. Molander, Org. Reactions, 46 (1994), 211.
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gave the lactone 51, R = n-C¢Hj3, R = Me (71%). Activated (electron deficient)
alkenes are most suitable and the reaction can often be accelerated in the presence
of the additive hexamethylphosphoramide (HMPA).

_-Smly

(e} (0]
)J\ Sml, )\ > Couk 447)
R R' THF, room temp. R” ' R R o o ’

R
51

Addition reactions to alkenes are by far the most common type of radical carbon—
carbon bond forming reaction. However, there are also examples of the addition of
radicals to carbon monoxide or isonitriles.* Under appropriate conditions, normally
high pressure, an alkyl radical will add to carbon monoxide faster than to an alkene
(or hydrogen atom abstraction). The resulting acyl radical can then be reduced or
add to an alkene. For example, the radical generated from 1-iodo-octane adds to
carbon monoxide followed by the allyl stannane 52 in a three-component coupling
process (4.48).

CO (10
SN Rﬁi;{;ﬁ?%gja ///\\»//A\\v//\\\//”\\n//\\144§ (4.48)
(0] Me
Y\SHBUS

Me
52 1

. CeHiz~_ . CgH17 .
CgHy7 _ ﬁl - . \”/Y\SnB%
(0] O

Me

Alkyl radical additions to heteroatoms are less common, but there are important
transformations in which the heteroatom is a halogen, sulfur, oxygen or even nitro-
gen atom.! Addition of an alkyl radical to an azide provides a method for formation
of a carbon—nitrogen bond and the use of sulfonyl azides for this purpose has been
developed recently.?® The alkyl radical is best generated by using a peroxide initia-
tor (such as lauroyl peroxide) or from tributyltin radicals generated initially from
hexabutylditin and di-tert-butylhyponitrite. On heating di-tert-butylhyponitrite the
tert-butoxy radical is released, which reacts with hexabutylditin (4.49). The result-
ing tributyltin radical then reacts with the alkyl halide or thiocarbonyl compound to
propagate the radical reaction. These methods avoid metal hydrides, which would
reduce the carbon radical by competing with the slower addition to the azide. For
example, conversion of the iodide 53 under radical conditions to the corresponding

38 1. Ryu, N. Sonoda and D. P. Curran, Chem. Rev., 96 (1996), 177.
39 C. Ollivier and P. Renaud, J. Am. Chem. Soc., 123 (2001), 4717.
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azide can be accomplished effectively with benzenesulfonyl azide (as expected,
addition to the azide from the less-hindered face is preferred) (4.50).

BUO—N=N—0Bu 80°C 2BU0° + N,
(4.49)
BuO® + BusSnSnBu; — > BuOSnBuz  + BusSn’
H
Sequw PhSO.N3
(0]
d BuasnSnBua
H BuON=NOBu
| PhH, 80 °C
53 55% 84 : 16

Trapping the carbon-centred radical intramolecularly, particularly with an
alkene, has been used extensively in organic synthesis.!*** This valuable strategy
has found many important applications for the preparation of carbocyclic and hete-
rocyclic natural products. Intramolecular reactions are inherently more favourable
than the corresponding intermolecular reactions due to entropic factors and are
typically fast processes that provide a o-bond at the expense of a w-bond.

Most favourable are reactions that form a five-membered ring by an exo (rather
than an endo) mode of addition.*! Hence, the kinetically controlled cyclization of a
5-hexenyl radical leads mainly to the five- rather than the six-membered ring (4.51).
This can be explained by invoking an early transition state, in which stereoelectronic
factors are most crucial. For geometric reasons, the interconnecting chain is not long
enough to favour approach of the radical to the terminal carbon atom of the double
bond along the ideal trajectory. Formation of the five-membered ring, during which
suitable orbital overlap can be achieved, is therefore favoured, even though this
requires the generation of the less stable primary radical.

d/sr %' d/ - d O (4.51)
d d O

17% 81% 2%

40 B. Giese, B. Kopping , T. Gébel, J. Dickhaut, G. Thoma, K. J. Kulicke and F. Trach, Org. Reactions, 48 (1996),
301.
41 For guidelines for ring formation see J. E. Baldwin, J. Chem. Soc., Chem. Commun. (1976), 734.
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For successful ring formation, the rate of cyclization must be faster than that
of hydrogen atom abstraction. As cyclization is a unimolecular process, whereas
intermolecular abstraction is bimolecular, conducting the reaction at low concen-
tration can be beneficial. The rate of cyclization of the 5-hexenyl radical has
been measured to be k = 2.3 x 103s~! at 25°C, corresponding to a half-life
tip, = (In2)/k = 3 x 107%s, indicating a very rapid cyclization. Substituents
within the chain tend to enhance the rate of cyclization (Thorpe-Ingold effect),
unless located at C-5, in which there is steric hindrance to cyclization. A chair-
like transition state has been proposed and this model can be used to account for
the observed stereoselectivity with substituted hexenyl radicals. For example, the
2- and 3-substituted hexenyl radicals 54 and 55 cyclize to give different major
stereoisomers of 1,3-dimethylcyclopentane, indicating a preference for the sub-
stituent to adopt the less hindered pseudoequatorial position in the transition state
(4.52).

.
Me Me

5= — (>
Me H H

54 major minor

(4.52)
— +
Me\K
Me' Me'
55 major minor

Various methods for the generation of carbon-centred radicals have been
described earlier in this chapter and these are generally applicable for subse-
quent intramolecular reaction. Commonly, tributyltin hydride is used to initiate
carbon radical formation. For example, treatment of the bromide 56 with tributyltin
hydride and AIBN gave the cyclopentanes 57 and 58 (4.53). In such cyclizations,
the 4-substituent plays a dominant role in the stereoselection (to favour the trans
arrangement between the substituent at this position and the new chiral centre),
although the cyclization of the isomeric E-alkene occurs with no diastereosele-
ctivity.*?

42 For a review on intramolecular radical conjugate addition reactions, see W. Zhang, Tetrahedron, 57 (2001),
7237.
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EtO,C,

Ve or ve. o TO0E e g COE
e N e
0 AIBN 0 o (4.53)
Br
OCOPh OCOPh OCOPh
56 57 91 : 9 58

Cyclization using an alkenyl radical is efficient and leads to a product containing
an alkene in a defined position, which may be used in further chemical transforma-
tions. Thus, the bromide 59 was cyclized to the indane derivative 60 without the
need to protect the hydroxyl or cyano groups (4.54). In this example cyclization is
high yielding even though it leads to the formation of a quaternary carbon centre.
Substrates in which the alkenyl bromide can exist as E- or Z-geometrical isomers
converge on the same product alkene stereochemistry due to the rapid isomerization
of alkenyl radicals.

Me Me
Br:
BuzSnH
— (4.54)
AIBN
OH OH
CN 70% CN
59 60

Another route to alkenyl radicals is by addition of radicals to alkynes. An appli-
cation of this procedure, which serves as a model for the synthesis of the CD
ring system of cardiac aglycones was reported by Stork and co-workers (4.55).%
The initial alkyl radical, formed selectively from the bromide 61 attacks the
alkyne regioselectively to give an intermediate alkenyl radical, which reacts further
with the alkene of the cyclohexene to give the product 62. A mixture of alkene
stereoisomers is produced owing to the ease of E-Z alkenyl radical isomeriza-
tion.

Two (or more) consecutive reactions are often termed a tandem or cascade pro-
cess and allow the rapid formation of complex polycyclic structures.** In the case
illustrated in Scheme 4.55, two carbon—carbon bonds, two rings and a quaternary
carbon centre are generated in a single step.

43 G. Stork and R. Mook, J. Am. Chem. Soc., 105 (1983), 3720.
44 A.J. McCarroll and J. C. Walton, Angew. Chem. Int. Ed., 40 (2001), 2225.
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O\[O\/\CI 0 O\/\CI
Me || Br BuaSnH Me ||
AIBN
PhH, reflux
61
(4.55)
(o)
(0] \/\CI
O / \
Me O Cl Me/

75%
62

Many natural products contain bicyclic or polycyclic ring systems, and tandem
radical cyclization reactions provide an efficient approach for their synthesis. This
strategy is illustrated by a synthesis of the triquinane hirsutene, outlined in Scheme
4.56.% Treatment of the iodide 63 with tributyltin hydride results in the direct for-
mation of the natural product via two consecutive radical cyclization reactions. The
initial alkyl radical undergoes a 5-exo-trig cyclization to give a cis-fused bicyclic
radical, which undergoes a 5-exo-dig cyclization to give a further cis-fused ring
system. The relative stereochemistry is dictated by the stereochemistry of the ini-
tial substrate 63. The vinyl radical abstracts a hydrogen atom from the tributyltin
hydride to release the product and further tributyltin radical to propagate the cycle.

BugSnH

AIBN
PhH, reflux

(4.56)

63 ~80% hirsutene

In some cases it is possible to intercept the final carbon-centred radical with
an external radical trap. Such tandem processes involving cyclization followed by
intermolecular trapping provide a rapid entry to highly functionalized cyclic com-
pounds. Attempts to use tributyltin hydride in such processes is often thwarted
by competing hydrogen atom abstraction from the metal hydride. An early and
excellent example of the power of this strategy is provided by a synthesis of
(+)-prostaglandin F,, (PGF,,). Treatment of the iodide 64 with tributyltin chlo-
ride and sodium cyanoborohydride (in order to minimize the amount of tin hydride

45 D. P. Curran and D. M. Rakiewicz, Tetrahedron, 41 (1985), 3943.
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present) in the presence of excess 2-(trimethylsilyl)-oct-1-en-3-one, resulted in the
formation of the product 65 (4.57).#¢ In this reaction, the first-formed radical reacts
faster with the intramolecular alkene than with the enone; however, the cyclic rad-
ical is trapped intermolecularly by the enone to give a stabilized a-keto-a-silyl
radical, which abstracts a hydrogen atom from tributyltin hydride. A modification
involves intermolecular trapping with 1-tributylstannyl-oct-1-en-3-one.*’

OEt

OEt

o)
""'O

0.1-0.2 equiv. BusSnCl

2 equiv. NaBH3;CN
THF, hv, room temp. H
7 equiv. SiMe; BuMe,SiO o

(4.57)

Oy,

BuMeZSi

64 65
0]

The order of the reactions can be reversed in appropriate substrates, such that an
intermolecular radical reaction occurs first, to give a new radical that is set up for
an intramolecular reaction.*® An efficient synthesis of the antitumor agent camp-
tothecin made use of an initial intermolecular radical addition to phenyl isocyanide,
followed by radical cyclization onto the pendant alkyne and a second cyclization
onto the phenyl group (4.58).%°

Me3SnSnMej
—_—

PhNC
PhH, 70 °C, hv

63%

T (4.58)

46 G. Stork, P. M. Sher and H.-L. Chen, J. Am. Chem. Soc., 108 (1986), 6384.
47 G. E. Keck and D. A. Burnett, J. Org. Chem., 52 (1987), 2958.

48 T.R. Rheault and M. P. Sibi, Synthesis (2003), 803.

49 H. Josien, S.-B. Ko, D. Bom and D. P. Curran, Chem. Eur. J., 4 (1998), 67.
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Some examples of intermolecular addition of carbon-centred radicals, followed
by B-elimination of tin or sulfur radicals were provided in Schemes 4.38—4.43 and
this strategy is effective in intramolecular processes. Thus, in a synthesis of the
antitumor agent CC-1065, the aryl radical generated from the bromide 66 under-
went cyclization and subsequent 3-elimination to give the indoline 67 (4.59).° An
advantage of this type of elimination procedure is that it provides a new alkene
in a defined position that is suitable for further elaboration. The 3-elimination of
a sulfur radical has found other applications, such as in syntheses of the alkaloid
morphine and the neuroexcitatory amino-acid kainic acid.>!

=
Br
N gopn  _BusSnH Mot (4.59)
2 —_— .
/ AIBN /
N PhH, reflux N
/ /
COPh  gp COPh g,
95%
66 67

Cyclization onto an enone or enoate provides an alternative method to access
a cyclic product with suitable functionality for further elaboration. Thus, a key
step in a synthesis of the alkaloid gelsemine made use of the radical cyclization
after homolytic C—S bond cleavage of the sulfide 68 (4.60).>> A second radical
cyclization was subsequently used to set up the indolinone ring of the natural
product.

OMe
0. ()
BusSnH
—_— > -N
AIBN o Me (4.60)
PhH, reflux
COEt
64%
CO,Et
68 gelsemine

SO p, L. Boger and R. S. Coleman, J. Am. Chem. Soc., 110 (1988), 4796; D. L. Boger, R. J. Wysocki and
T. Ishizaki, J. Am. Chem. Soc., 112 (1990), 5230.

51 K. A. Parker and D. Fokas, J. Am. Chem. Soc., 114 (1992), 9688; M. D. Bachi and A. Melman, J. Org. Chem.,
62 (1997), 1897.

52 S, Atarashi, J.-K. Choi, D.-C. Ha, D. J. Hart, D. Kuzmich, C.-S. Lee, S. Ramesh and S. C. Wu, J. Am. Chem.
Soc., 119 (1997), 6226.
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Alkyl, alkenyl, aryl and acyl radicals can all be used in cyclization reactions. Acyl
radicals can be generated by addition of alkyl radicals to carbon monoxide, or more
conveniently from acyl selenides, and undergo a variety of radical reactions.’® A
synthesis of the sesquiterpene (—)-kamausallene made use of the radical cyclization
from the acyl selenide 69 (4.61).°* Tris(trimethylsilyl)silane and triethylborane in
air were used to promote the reaction, which is highly selective (32:1) in favour of
the cis stereoisomer 70, as expected from a chair-like transition state. Best yields in
the cyclization reactions of acyl radicals are found with electron-deficient alkenes,
indicating the nucleophilic character of acyl radicals.

0
o)
SePh (Me3Si)3SiH 4.61)
- COsMe .
BnO. CO,Me EtsB, Op BnO. 2
O/\/ s o)
69 92% 70

The carbon-centred radical species required for these cyclizations can be gen-
erated in one of many different ways. Although the most common procedure uses
organic halides and treatment with tributyltin hydride and AIBN, there are cases
in which it is advantageous to use alternative methods. Successful cyclizations can
sometimes be achieved by treating the halide with a cobalt(I) complex> or with
samarium diiodide.® In these cases, cyclization is followed by reincorporation of
the metal and this can be very useful as it allows further functionalization. An
example is the cyclization of ketyl radicals, generated by one-electron reduction
of aldehydes or ketones with samarium diiodide.’® Treating the ketone 71 with
samarium diiodide, followed by addition of an electrophile provides the substituted
cyclopentanols 72 (4.62). Very high stereoselectivities can be achieved in these
cyclization reactions and the chemistry allows the formation of a variety of substi-
tuted products. A synthesis of the diterpenoid grayanotoxin III made use of such a
cyclization reaction (4.63).%” The synthesis also involved a second cyclization with
samarium diiodide in a pinacol reaction.

3 C. Chatgilialoglu, D. Crich, M. Komatsu and I. Ryu, Chem. Rev., 99 (1999), 1991.

54 P A. Evans, V. S. Murthy, J. D. Roseman and A. L. Rheingold, Angew. Chem. Int. Ed., 38 (1999), 3175.

55 G. Pattenden, Chem. Soc. Rev., 17 (1988), 361.

5 G. A. Molander and C. R. Harris, Chem. Rev., 96 (1996), 307; G. A. Molander and C. R. Harris, Tetrahedron,
54 (1998), 3321.

57 T. Kan, S. Hosokawa, S. Nara, M. Oikawa, S. Ito, F. Matsuda and H. Shirahama, J. Org. Chem., 59 (1994),
5532.



294 Radical and carbene chemistry

HO, Me
o) S
22equiv.Smly 7 N\ e
" N T (4.62)
e THF, HMPA
room temp.
then E*
7 72

E*= PhSSPh, E = SPh 77%

E*= Ac20, E = COMe 74%
_smi, IgSm\o 3Me IZSm\O ;Me

/"\/\/\ G\\\\“ ' G \\\\\\\Smlz
Me X

SPh
HO”, \\\\\\R
cHoO “ "R sl —
_Sme Me7Q (4.63)
Me THF, HMPA
M : —78°C Me” =
0OSiMe,Bu 0SiMe,Bu

78%

One-electron oxidation of carbonyl compounds provides another entry to radi-
cal species, suitable for carbon—carbon bond formation.>® Best results have been
obtained using B-dicarbonyl compounds with oxidation by manganese triacetate.
The resulting carbon radical, generated at the a-position, is electrophilic and reacts
best with electron-rich m-systems. Cyclization can take place by an exo or an endo
mode of addition, the regioselectivity being influenced predominantly by the sta-
bility of the resulting radical (more-substituted radicals are more stable). Hence,
in a synthesis of O-methylpodocarpic acid, the 3-keto-ester 73 was treated with
Mn(OAc); to give the product 74 (4.64).%° The intermediate a-keto radical under-
goes 6-endo-trig rather than 5-exo-trig cyclization, as this leads to the more-stable
tertiary radical. Subsequent cyclization onto the aromatic ring, followed by oxida-
tion of the resulting radical species, leads to the tricyclic product 74.

OMe OMe OMe OMe

Me Me

Mn(OAc)3
—_— 4.64
AcOH ( )
or MeOH .
Y Me 0 Me
COzR COzR
50-56%
73, R=Et or 8-phenylmenthyl 74

38 B. B. Snider, Chem. Rev., 96 (1996), 339.
59 Q. Zhang, R. M. Mohan, L. Cook, S. Kazamis, D. Peisach, B. M. Foxman and B. B. Snider, J. Org. Chem.,
58 (1993), 7640.
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The alkyl mercury method is convenient for the formation of radical species from
precursor alkenes. The example in Scheme 4.65 illustrates the use of this procedure
and highlights one of the advantages of radical reactions in synthesis. The new
carbon—carbon bond generated in the formation of the bicyclic ketone 76 would be
difficult to prepare by other methods. For example, the corresponding carbanion,
rather than undergo an intramolecular Michael reaction, would simply undergo
B-elimination of the acetoxy anion (to generate the alkene 75). The B-elimination
of acetoxy radicals does not take place. Radicals containing alkoxy or amino groups
on the (3-carbon atom can also be used in this way (although tin and sulfur radicals
do B-eliminate).

Hg (OAc), NaBH OMe)3 (4 65)
AcOH CHyCl>
HgOAC 58%

75 76

Radical reactions are not restricted to cyclizations onto alkenes or alkynes.
Increasingly popular is the use of an imine or imine derivative, such as an oxime or
hydrazone.%° Most examples involve 5- or 6-exo-trig cyclization to give cyclopen-
tane or cyclohexane ring systems. Thus, treatment of the bromide 77 with tributyltin
hydride gave the cyclopentane 78 (4.66). The stereoselectivity of the cyclization is
in line with that expected on the basis of a chair-like transition state (compare with
Scheme 4.53).

Br

HO.,, _=NOBn BU-SnH HO,, NHOBn
uzon
— (4.66)

; AIBN, PhMe :
o_ 0O o_ 0O

s

77 78

A useful variant of this chemistry involves the radical cyclization onto an
N-aziridinyl hydrazone. Fragmentation of the intermediate nitrogen-centred radical
to release nitrogen gas and an alkene (typically styrene or stilbene) results in the
formation of a new carbon radical at the original hydrazone carbon atom. Thus, in
a synthesis of the sesquiterpene a-cedrene, the radical species 80, formed from the
thiocarbonyl compound 79, cyclizes onto the hydrazone to give the nitrogen-centred

60 G. K. Friestad, Tetrahedron, 57 (2001), 5461.
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radical 81 (4.67).%! Fragmentation provides the new radical 82 which is set up for a
second radical cyclization to give, after hydrogen atom abstraction from tributyltin
hydride and hydrolysis, the product 83. The N-aziridinyl hydrazone acceptor there-
fore provides a method to form a radical at the same carbon atom as that attacked
in the first cyclization reaction. This complements the more conventional radical
cyclization onto an alkene, in which the new radical is generated one carbon atom
from where the first carbon—carbon bond was formed.

BusSnH, AIBN
e (4.67)
then TsOH, MeOH

45%

83

Ny +
PhCH=CHPh
80 81 82

The majority of reported intramolecular radical reactions generate a five-
membered ring product by a 5-exo-trig cyclization. Some examples of the dis-
favoured 5-endo-trig process are known, particularly with substrates that result
after cyclization in a stabilized radical.®? For example, the a-acyl radical formed
from the chloride 84 cyclizes onto the alkene to give the tertiary radical 85 (sta-
bilized by the a-amido group) which abstracts a hydrogen atom from Bu3SnH to
give the product 86 (4.68). In contrast, treatment of the chloride 87 with tributyltin
hydride gave only the (3-lactam 89 (4-exo-trig cyclization) via the benzyl radical
intermediate 88 (4.69).

61 H.-Y. Lee, S. Lee, D. Kim, B. K. Kim, I. S. Bahn and S. Kim, Tetrahedron Lett., 39 (1998), 7713.
62 H. Ishibashi, T. Sato and M. Ikeda, Synthesis (2002), 695.
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O\ /E _BusSnH, AIBN (jj\/:o O (4.68)
PhMe, reflux « N N '

F’h

84 85 86
_ BugSnH, AIBN _ ’
i L — (4.69)

PhMe, reflux

N

S 50% S
Ph
L Ph _| F’h
87 88 89

Radical reactions that result in medium or large rings are less common than
those that give five-membered rings. The rate of radical cyclization to give a six-
membered or larger ring is considerably slower than that to a five-membered ring,
and reactions such as hydrogen atom abstraction can compete with the desired ring
formation. Such competing reactions can be offset by careful choice of substrate,
in which conformational constraints and/or activation of the double bond enhance
the rate of cyclization.

Cyclization reactions to prepare medium-sized (seven- to nine-membered) rings
are often low yielding, although a significant and increasing number of successful
radical reactions have been reported.®® Thus, the use of a reactive aryl radical and the
formation of a stabilized benzylic a-amido radical promotes the ready formation
of the alkaloid lennoxamine by a 7-endo-trig reaction (4.70). The ketyl radical
generated by addition of tributyltin hydride or samarium diiodide to the aldehyde
90 undergoes 7-exo-trig cyclization onto the oxime as part of a synthesis of balanol
4.71).

o N
< OMe BugSnH, AIBN
o Br PhH, 80 °C

OMe

(4.70)

61%

lennoxamine

63 L. Yet, Tetrahedron, 55 (1999), 9349.
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NOBn
J/ _ Smip, HMPA _
THF, " THF, BuoH

46% (+7% cis)

HO

NHOBn

71

920

The formation of eight-membered rings by radical cyclization has been found
to occur using a-acyl radical species. The reaction occurs at a rate that is faster
remarkably even than 5-exo-trig cyclization. Hence, the eight-membered lactone
92 was formed, rather than a five-, six- or seven-membered lactone, on treatment
of the bromide 91 with tributyltin hydride (4.72).

Me
BusSnH, AIBN
T 4.72)
PhH, 80 °C
(0]
Me %
& Br 68%
91 92

With appropriate choice of substrate and conditions it is possible to prepare large-
sized (10-20 membered) rings using radical cyclization.®* Such macrocyclizations
are normally best accomplished by an endo cyclization of a carbon-centred radical
onto a terminal, electron-deficient alkene under high dilution conditions. Thus,
treatment of the iodide 93 with tributyltin hydride promoted endo cyclization to
give the 14-membered ring ketone 94 (4.73). Significant amounts of uncyclized
(hydrogen atom abstraction) products such as 95 are formed in such reactions,
although these may be suppressed by using photolytic or other radical-generating
conditions.

o o}
o}
[
_BusSnH, ABN_ ¢ Gt (4.73)
PhH, 80 °C |
03 94 63% 95 22%

64 S Handa and G. Pattenden, Contemp. Org. Synth., 4 (1997), 196.
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4.2 Carbenes

A carbene is a neutral intermediate containing divalent carbon, in which the carbon
atom is covalently bonded to two other groups and has two valency electrons
distributed between two non-bonding orbitals. If the two electrons are spin-paired
the carbene is a singlet; if the spins of the electrons are parallel it is a triplet.

A singlet carbene is believed to have a bent sp? hybrid structure, in which the
paired electrons occupy the vacant sp>-orbital. A triplet carbene may be either a
bent sp? hybrid with an electron in each unoccupied orbital, or a linear sp hybrid
with one electron in each of the unoccupied p-orbitals (4.74). Structures in between
the last two are also possible.

4.74)

lowest singlet triplet triplet

The results of experimental observations and molecular orbital calculations indi-
cate that many carbenes have a nonlinear triplet ground state. Exceptions are the
dihalocarbenes and carbenes with oxygen, nitrogen or sulfur atoms attached to the
bivalent carbon, all of which are singlets. The singlet and triplet states of a carbene
do not necessarily show the same chemical behaviour. For example, addition of
singlet carbenes to olefinic double bonds to form cyclopropane derivatives is more
stereoselective than addition of triplet carbenes.

A variety of methods is available for the generation of carbenes, but for syn-
thetic purposes they are usually obtained by thermal, photolytic or transition metal
catalysed decomposition of diazoalkanes, or by a-elimination of HX from a halo-
form CHX3 or of halogen from a gem-dihalide by action of an organolithium or
a metal (4.75). In many of these reactions it is doubtful whether a ‘free’ carbene
is actually formed. It is more likely that the carbene is complexed with a metal or
held in a solvent cage with a salt, or that the reactive intermediate is, in fact, an
organometallic compound and not a carbene. Such organometallic or complexed
intermediates which, while not ‘free’ carbenes, give rise to products expected of
carbenes are usually called metallocarbenes or carbenoids.

heat
NQCH—COZEt —— :CH—COgEt + Ng
base _ -
CHCl; ————>  :CCl — :CCly + cl (4.75)

BuLi
R>CBr, —_— R.CBrLi ~——— R.C: + LiBr
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Carbenes produced by photolysis of diazoalkanes are highly energetic species
and often react indiscriminately. Thermal decomposition of diazoalkanes can be
catalysed by certain transition metal (particularly copper or rhodium) salts, to pro-
duce less energetic and more selective carbenes. The active species in such a reac-
tion is thought to be the metallocarbene rather than the ‘free’ carbene. Another
convenient and widely used route to alkylcarbenes is the thermal or photolytic
decomposition of the lithium or sodium salts of toluene-p-sulfonylhydrazones.
The diazoalkane is first formed (by elimination of the toluenesulfinate anion) and
decomposes under the reaction conditions to give the carbene (4.76). This process
is often referred to as the Bamford—Stevens reaction.

_NHSOTol _NSO;Tol

N Lll*
PR L L — J\R, — L @476)

R R' R R'

Carbenes, in general, are very reactive electrophilic species. Their activity
depends to some extent on the method and conditions of preparation, on the
nature of the substituent groups and also on the presence or absence of metals
or metallic salts. Carbenes undergo a variety of reactions, including insertion into
C—H bonds, addition to multiple bonds and skeletal rearrangements.%> The sim-
plest carbene, methylene itself, attacks primary, secondary and tertiary C—H bonds
indiscriminantly. However, alkyl carbenes can undergo selective intramolecular
C—H, N—H or O—H insertion to provide useful synthetic transformations.®® In
general, no intermolecular reactions are observed when intramolecular insertion is
possible.

Intramolecular insertion reactions can allow transformations that would other-
wise be difficult to achieve. Geometrically rigid structures favour insertions, but this
is not a necessity. For example, diazocamphor was converted into cyclocamphanone
96 in high yield, yet the open-chain diazo compound 97 also readily reacted to give
the cyclopentanone derivative 98 (4.77).5

%5 S. D. Burke and P. A. Grieco, Org. Reactions, 26 (1979), 361; A. Padwa and K. E. Krumpe, Tetrahedron, 48
(1992), 5385; T. Ye and M. A. McKervey, Chem. Rev., 94 (1994), 1091.

% D. J. Miller and C. J. Moody, Tetrahedron (1995), 10 811.

67 D. F. Taber, J. Am. Chem. Soc., 108 (1986), 7686; D. F. Taber and S. C. Malcolm, J. Org. Chem., 66 (2001),
944,



4.2 Carbenes 301

o Cu, PhH, reflux o]
or Ag(l), THF, 45 °C

N2
97% 96

Q o 4.77)
COsMe
[Rha(OAc)4] COMe

CHxCly

55% //

97 98

Cyclopentanones and other five-membered ring-containing compounds can be
prepared readily by intramolecular C—H insertion of carbenes derived from diazo-
carbonyl compounds and rhodium(II) acetate. Thus, treatment of the diazoketone
99 with rhodium(II) acetate gave the C—H insertion product 100, used in a synthesis
of the toxin muscarine (4.78).

o) o OH

Me Ne [Rhy(OAc)]  Me Me
\)J\/ CH,Cl, > (4.78)

(0] (0] (0] + _
OBn NMej Cl
_\—OBn 8

47%

99 100 (8:1 cis:trans) muscarine

The ability of rhodium or copper complexes to promote carbene formation allows
the study of asymmetric reactions with chiral ligands attached to the metal centre.5®
Some highly enantioselective transformations are possible in certain cases. For
example, the lactone 101 was formed with high optical purity using the complex
[Rhy(5S-MEPY)4] (4.79). In the absence of competing intramolecular reactions,
intermolecular C—H insertion is possible and such reactions are also amenable to
asymmetric induction. Thus, high enantioselectivity in the insertion into a C—H
bond of cyclohexane has been reported (4.80).

% H. M. L. Davies and R. E. J. Beckwith, Chem. Rev., 103 (2003), 2861; C. A. Merlic and A. L. Zechman,
Synthesis (2003), 1137; D. C. Forbes and M. C. McMills, Curr. Org. Chem., 5 (2001), 1091; H. M. L.
Davies and E. G. Antoulinakis, J. Organomet. Chem., 617 (2001), 47; M. P. Doyle and D. C. Forbes, Chem.
Rev., 98 (1998), 911; G. A. Sulikowski, K. L. Cha and M. M. Sulikowski, Tetrahedron: Asymmetry, 9 (1998),
3145.



302 Radical and carbene chemistry

0]

(0] % : ;
Nz/\"/ \/\OMe 1 mol% o (4.79)
°© /\Q\COZMe -

0* “OMe

4
Rh——Rh
[Rha(5S-MEPY),]

62% 101 91% ee

Ph

N2 z

1 mol% CO-Me

D QL N

O Ph”" CO,Me O/\ (4.80)
%
N Y PR

PhSO, 04 /

Rh 80% 95% ee
[Rha(S-DOSP)4]

Insertion reactions of alkylidene carbenes offer a useful entry to cyclopentene
ring systems (4.81).%° Insertion is most effective with dialkyl-substituted alkylidene
carbenes (R = alkyl), since rearrangement of the alkylidene carbene to the alkyne
occurs readily when R = H or aryl. A number of methods have been used to access
alkylidene carbenes. One of the most convenient uses a ketone and the anion of
trimethylsilyl diazomethane. Addition of the anion to the ketone and elimination
gives an intermediate diazoalkene, which loses nitrogen to give the alkylidene
carbene. For example, a synthesis of the antibiotic (—)-malyngolide started from the
ketone 102 (4.82). The insertion reaction takes place with retention of configuration

at the C—H bond.
H .o
U - \Q—R 4.81)
R
(o]
- . /

(¢] O
0] N>CHSiMe3 o
_— —_—
BuLi, THF
-781t00°C

72%

(e

102 malyngolide

An alternative approach to alkylidene carbenes uses the deprotonation or
halogen—lithium exchange of vinyl halides.’® Hence, treatment of the vinyl chloride
103 with potassium hexamethyldisilazide (KHMDS) resulted in the formation of
the cyclopentene 104 via the intermediate alkylidene carbene (4.83).”! The carbene

% W. Kirmse, Angew. Chem. Int. Ed. Engl., 36 (1997), 1164.
70 M. Braun, Angew. Chem. Int. Ed., 37 (1998), 430.
71 D. F. Taber and T. D. Neubert, J. Org. Chem., 66 (2001), 143.
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undergoes selective C—H insertion with retention of configuration. The cyclopen-
tene 104 was used in a synthesis of the alkaloid (—)-mesembrine.

MeQ OMe
KN(SiMeg), & (4.83)
TEo Q '
BnO
85%

104

Insertion of carbenes into other bonds, particularly O—H and N—H bonds, has
found worthwhile application in organic synthesis.®® Both inter- and intramolec-
ular reactions are possible to give ethers, amines or amides. Intramolecular O—H
insertion of the carbene, generated from the diazoketone 105, gave rise to the
seven-membered cyclic ether 106 (4.84). In a synthesis of the (3-lactam antibi-
otic thienamycin, intramolecular N—H insertion of the carbene, formed from the
diazoketone 107, was a key step to give the 3-lactam 108 (4.85).

(o)

cat, [Rha(OAC)] 0
(4.84)
80°C
CsH13 OH N2 PO(OEt)g CGH13 (0] PO(OEI)Z
54%
105 106
cat. [Rha(OAG)4]
oo TR (4.85)
80°C
100% COCH,Ar
107 Ar= CeHa-p-NO, 108

The most common application of carbenes in synthesis is in the formation of
three-membered rings by addition to multiple bonds. This is a typical reaction
of all carbenes that do not undergo intramolecular insertion. Generation of the
carbene in the presence of an alkene gives a cyclopropane product.®>7? Addition
of halocarbenes to alkenes is a stereospecific cis reaction, but this is not necessarily
the case with all carbenes. Hence Z-2-butene 109 gives the cyclopropane 110, in
which the two methyl groups remain cis to one another (4.86). The stereospecificity

72 For reviews on the synthesis of cyclopropanes, see H. Lebel, J.-F. Marcoux, C. Molinaro and A. B. Charette,
Chem. Rev., 103 (2003), 977; W. A. Donaldson, Tetrahedron, 57 (2001), 8589.
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of the reaction can be attributed to the fact that these carbenes are singlets. A singlet
carbene allows concerted addition to the alkene since the two new a-bonds of the
cyclopropane can be formed without changing the spin of any of the electrons
involved. Addition of a triplet carbene, on the other hand, would be stepwise,
proceeding through a triplet diradical intermediate, with the possibility of rotation
about one of the bonds before spin inversion and closure to the cyclopropane could
take place. Carbenes are normally generated as the singlet even if they have a triplet
ground state. Therefore, depending on the conditions, cyclopropanation can occur
stereospecifically if the rate of reaction with the alkene is faster than the conversion
to the triplet ground state.
Me Me

Me Me CHBr3, BUOK y (4.86)

H H Br Br
70%

109 110

The concerted cyclopropanation reaction of singlet carbenes can be classified as
a symmetry allowed pericyclic process. It is sometimes referred to as a cheletropic
reaction. The carbene is thought to adopt a sideways approach in order to develop
a bonding interaction between the HOMO of the alkene and the LUMO of the
carbene.

Addition of carbenes to aromatic systems leads to ring-expanded products.
Methylene itself, formed by photolysis of diazomethane, adds to benzene to form
cycloheptatriene in 32% yield; a small amount of toluene is also formed by an
insertion reaction. The cycloheptatriene is formed by a Cope rearrangement of
the intermediate cyclopropane (a norcaradiene). More satisfactory is the reaction
of benzene with diazomethane in the presence of copper salts, such as copper(I)
chloride, which gives cycloheptatriene in 85% yield (4.87). The reaction is general
for aromatic systems, substituted benzenes giving mixtures of the corresponding
substituted cycloheptatrienes.

@ CHoN,, CuCl ©> @
— (4.87)

85%

A valuable cyclopropanation reaction is the Simmons—Smith reaction of alkenes
with diiodomethane and zinc—copper couple or diethyl zinc. This is a versatile
reaction and has been applied with success to a wide variety of alkenes.”> Many

73 H. E. Simmons, T. L. Cairns, S. A. Vladuchick and C. M. Hoiness, Org. Reactions, 20 (1973), 1; P. Helquist,
in Comprehensive Organic Synthesis, ed. B. M. Trost and 1. Fleming, vol. 4 (Oxford: Pergamon Press, 1991),
p- 951; W. B. Motherwell and C. J. Nutley, Contemp. Org. Synth., 1 (1994), 219; A. B. Charette and A.
Beauchemin, Org. Reactions, 58 (2001), 1.
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functional groups are unaffected, making possible the formation of a variety of
cyclopropane derivatives. For example, dihydrosterculic acid was obtained from
methyl oleate 111 (4.88). The reaction is stereospecific and takes place by cis addi-
tion to the alkene. The reactive intermediate is thought to be an iodomethylenez-
inc iodide [ICH,Znl] or [Zn(CH,I),] complex, which reacts with the alkene in a
bimolecular process to give the cyclopropane and zinc iodide.

H H

i CH2|2, Zn—Cu
>_< - (4.88)
ii, NaOH, H,O
CgHiz  (CH2);CO-Me CgHiz  (CH2)7CO-H

51%
111

The Simmons—Smith reaction is influenced by a suitably situated hydroxy group
in the alkene substrate. With allylic and homoallylic alcohols or ethers, the rate
of the reaction is greatly increased and, in five- and six-membered cyclic allylic
alcohols, the product in which the cyclopropane ring is cis to the hydroxy group is
formed stereoselectively (4.89). These effects are ascribed to co-ordination of the
oxygen atom to the zinc, followed by transfer of methylene to the same face of the
adjacent double bond.

CHg'g Zn—Cu
Tmo 5 (4.89)
OH te

Asymmetric cyclopropanation reactions have been developed by using
diiodomethane and diethyl zinc in the presence of a chiral Lewis acid. A particu-
larly effective chiral Lewis acid, introduced by Charette, is the dioxaborolane 112,
which induces high levels of optical purity in the resultant cyclopropanes derived
from allylic alcohols (4.90).7* This methodology has been used in natural product
synthesis, such as in the preparation of the antifungal agent FR-900848 (4.91).7

CHylp, EtpZn
S T e - on (4.90)
DME, CHxClp, =10 °C
Me,NOC, CONMe,
O\B/o
| 112 98% 93% ee

74 A. B. Charette and J.-F. Marcoux, Synlett (1995), 1197; A. B. Charette, H. Juteau, H. Lebel and C. Molinaro,
J. Am. Chem. Soc., 120 (1998), 11 943; for use of the TADDOL chiral ligand, see A. B. Charette, C. Molinaro
and C. Brochu, J. Am. Chem. Soc., 123 (2001), 12168.

75 A. G. M. Barrett and K. Kasdorf, J. Am. Chem. Soc., 118 (1996), 11 030.
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N N P . L o ——
HO CHyCly, ent112,0°C HOW
89% 97% ee
CHaly, EtaZn
= OH T == =27 _ OH 491
o SIS e o OO @9
DME, -10°C
93% 0
H o >—NH
o)
HO  OH

FR-900848

Although the Simmons—Smith reaction has found considerable use in organic
synthesis, it is not readily applicable to the formation of highly substituted cyclo-
propanes, since 1,1-diiodoalkanes (other than diiodomethane) are not readily avail-
able. Substituted zinc carbenoids can be prepared from aryl or o,-unsaturated
aldehydes (or ketones) with zinc metal, and these species can be trapped with an
alkene to give substituted cyclopropanes.’® The addition of chromium carbenes
(see Section 1.2.2) to alkenes can be used to effect cyclopropanation to give substi-
tuted cyclopropanes.”’ Thus, addition of excess 1-hexene to the chromium carbene
113 gave the cyclopropane 114 as a mixture of diastereomers, with the isomer 114
predominating (4.92).7%

OMe

THF Bu,,, wOMe
(CO)5CN\ Pt B —— A_\ (4.92)

75%
Ph

113 114 72%de

A popular method for the formation of substituted cyclopropanes is the con-
densation of a diazocarbonyl compound and an alkene in the presence of a metal
catalyst.”” Most common is the use of rhodium acetate, although copper and other
metal salts are effective. The reaction is normally stereospecific with respect to the
alkene geometry, however the stereoselectivity (trans:cis ratio) is rarely high. Typi-
cal is the reaction of ethyl diazoacetate with styrene, which gives the cyclopropanes

76 W. B. Motherwell, J. Organomet. Chem., 624 (2001), 41.

7T M. P. Doyle, in Comprehensive Organometallic Chemistry I, ed. E. W. Abel, F. G. A. Stone and G. Wilkinson,
vol. 12 (Oxford: Elsevier, 1995), p. 387; see also Chapter 1, Reference 136.

78 7. Barluenga, S. Lépez, A. A. Trabanco, A. Fernandez-Acebes and J. Fléres, J. Am. Chem. Soc., 122 (2000),
8145.

79 H. M. L. Davies and E. G. Antoulinakis, Org. Reactions, 57 (2001), 1; H. M. L. Davies, in Comprehensive
Organic Synthesis, ed. B. M. Trost and I. Fleming, vol. 4 (Oxford: Pergamon Press, 1991), p. 1031.
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115 and 116 in high overall yield (4.93).

_[Rha(OAC))
Ph/\ + Nz/\COZEt 2 A A (493)

COEt COEt
93%
115 14 : 1 116

The cyclopropanation reaction with metal salts is readily amenable to asymmetric
induction in the presence of a chiral ligand, and some excellent enantioselectivi-
ties have been achieved.%®-3° Particularly effective are the bisoxazoline ligands,
developed by Pfaltz, Masamune and Evans. Both enantiomers of the chiral ligand
are available and the reaction is amenable to a wide variety of different alkenes.
For example, very high selectivity in favour of the cyclopropane 118 was achieved
using only small amounts of the bisoxazoline ligand 117 and copper triflate
(4.94).

0.1 mol%

<:\><(\2 91% 118 99% ee

'Bu

0.1 mol% CuOTf
/K + S _— >A 4.94
N7 COEt - (4.94)

117

Intramolecular cyclopropanation reactions give access to bicyclic compounds,
with, most commonly, the three-membered ring fused to a five- or six-membered
ring. Metal-catalysed decomposition of the diazocarbonyl compound 119 gives
the exo-bicyclo[3.1.0]hexanone 120 (4.95). The reaction is stereospecific, and the
Z-isomer of 119 gives the endo diastereomer of the product.

0]

o CO.Me
CuSO,
/\A)J\[(C%Me B I (4.95)
N2 58% H
119 120

Asymmetric intramolecular cyclopropanation reactions have been reported with
a variety of metal-ligand complexes,® the best choice of complex depending on the
structure of the substrate. The bicyclic lactone 121 was formed with very high enan-
tioselectivity using the chiral rhodium complex [Rh;(5S-MEPY),] (4.96) (compare

80 M. P. Doyle and M. N. Protopopova, Tetrahedron, 54 (1998), 7919; V. K. Singh, A. DattaGupta and G. Sekar,
Synthesis (1997), 137.
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with Scheme 4.79). This reaction was used in a recent synthesis of the chiral
cyclopropane unit in the antifungal antibiotic ambruticin S.8! However, copper(I)
complexes with a bisoxazoline ligand, such as 117, although less effective for the
formation of 121 (20% ee), are more suitable for other substrates.

o] ? H
N O 1 mol%
\/\OJ\/ 2 g (4.96)
O/Q\COQMe H
Rh—Rh

75% 121 95% ee

Intramolecular reactions of carbenes with alkenes have been exploited in syn-
thesis. The sesquiterpene cycloeudesmol was prepared using, as a key step, the
intramolecular cyclopropanation of the diazoketone 122 (4.97). The cyclopropana-
tion reaction occurs stereoselectively to give the tricyclic product 123, which was
subsequently converted into the natural product. A synthesis of sesquicarene was

achieved using the copper(I)-catalysed decomposition of the diazo compound 125,
itself prepared by oxidation of the hydrazone 124 (4.98).

o
oS0 — (4.97)
CO:Me CO,Me
Na 2
54% OH

cycloeudesmol

e}

NNH N
| 2 MnO, 2 Cul (4.98)

124 125 sesquicarene

The cyclopropanation reaction is not restricted to the formation of cyclopropane-
containing products. Many different ring-opening reactions of cyclopropanes are
known and the methodology therefore provides a useful carbon—carbon bond-
forming reaction that has potential for a variety of targets. For example, vinyl
cyclopropanes undergo thermal rearrangement to give cyclopentenes.®> Thus, in
a synthesis of isocomenic acid, the tricyclic compound 126 was prepared by

81 T. A. Kirkland, J. Colucci, L. S. Geraci, M. A. Marx, M. Schneider, D. E. Kaelin and S. F. Martin, J. An. Chem.
Soc., 123 (2001), 12432.

82 For a recent asymmetric example, see H. M. L. Davies, B. Xiang, N. Kong and D. G. Stafford, J. Am. Chem.
Soc., 123 (2001), 7461.
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intramolecular cyclopropanation followed by thermal rearrangement (4.99). The
formation of divinyl cyclopropanes allows subsequent Cope rearrangement (see
Section 3.6.1) to give seven-membered rings.®?

0
Cu(acac)z 580 °C
N2 TR 0 (4.99)
N COSE UsSa
N 61% EtO,C 57%

126

It should be noted that if cyclopropanation is unfavourable, then other reactions
such as insertion reactions or Wolff rearrangement (see below) may take place. A
useful reaction of diazocarbonyl compounds (not involving carbenes) is an acid-
catalysed cyclization by electrophilic attack on suitably situated carbon—carbon
double bonds or aromatic rings. Thus, the unsaturated diazoketone 127 readily
gave the fused cyclopentenone 128 and the bridged tricyclic compound 130 was
obtained from the diazoketone 129, with the generation of a quaternary carbon
centre (4.100). The reaction is believed to proceed by initial protonation of the
diazoketone (or complexation if a Lewis acid is used), followed by nucleophilic
displacement of nitrogen from the resultant diazonium ion by the double bond or
aromatic ring.

N, BF5°OEt,

o
o)
127 128
" o (4.100)
/ {
O CRyCOM @
MeO o
129 130

An important reaction of diazoketones is the Wolff rearrangement.®* The reaction
is the key step in the well-known Arndt-Eistert method for converting a carboxylic

83 H. M. L. Davies, Curr. Org. Chem., 2 (1998), 463; H. M. L. Davies, Tetrahedron, 49 (1993), 5203.
84 W. Kirmse, Eur: J. Org. Chem. (2002), 2193; G. B. Gill, in Comprehensive Organic Synthesis, ed. B. M. Trost
and I. Fleming, vol. 3 (Oxford: Pergamon Press, 1991), p. 887.
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acid into its next higher homologue. Typically, an acid chloride or mixed anhydride
is formed from the carboxylic acid and is treated with diazomethane to give the
diazoketone. The Wolff rearrangement is normally effected by heat, photolysis or
with a metal salt, often a silver(I) salt (4.101 and 4.102).

o) o)

CHzN2 R'OH

RCOCI ——— > N — = J\f\ ——= RCH=C=0 ——= RCH,COR' (4.101)
R R\ CH:

NHCO,Bn NHCO,Bn NHCO,Bn

i, EtOCOCI, EtsN PhCO,Ag
Bh N ph 29, pp coMe  (4.102

\/\COZH i, CHaN, \/\"/\NZ EtsN, MeOH \/\/ 2 ( )

76% o 89%

The R group migrates with retention of configuration and the resulting ketene can
be trapped by water, an alcohol, a thiol or an amine to give the product carboxylic
acid, ester, thioester or amide. With cyclic diazoketones, the rearrangement leads
to ring contraction. Such reactions have been used to prepare derivatives of strained
small-ring compounds such as bicyclo[2.1.1]hexanes (4.103).

O _MeOH (4.103)

N2 CO,Me

The addition of a diazocarbonyl compound to an alkene with metal catalysis is an
effective method for the formation of cyclopropanes, as discussed above. However,
direct addition to aldehydes, ketones or imines is normally poor.®> Epoxide or
aziridine formation can be promoted by trapping the carbene with a sulfide to
give an intermediate sulfur ylide, which then adds to the aldehyde or imine.
For example, addition of tetrahydrothiophene to the rhodium carbenoid generated
from phenyldiazomethane gave the ylide 131, which adds to benzaldehyde to give
the trans epoxide 132 in high yield (4.104). On formation of the epoxide, the
sulfide is released and hence the sulfide (and the rhodium complex) can be used in

substoichiometric amounts.

85 See, however, M. P. Doyle, W. Hu and D. J. Timmons, Org. Lett., 3 (2001), 933; H. M. L. Davies and J.
DeMeese, Tetrahedron Lett., 42 (2001), 6803.

86 v, K. Aggarwal, H. Abdel-Rahman, L. Fan, R. V. H. Jones and M. C. H. Standen, Chem. Eur. J., 2 (1996),
1024; V. K. Aggarwal, M. Ferrara, C. J. O’Brien, A. Thompson, R. V. H. Jones and R. Fieldhouse, J. Chem.
Soc., Perkin Trans. 1 (2001), 1635; V. K. Aggarwal and J. Richardson, Chem. Commun. (2003), 2644.
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1 mol% o)
Rho(OA [ \ PhCHO / N\
Ph/\NZ [Rh2(OAc)4] + , ", (4104)
20 mol% S Ph Ph
k 95%
Z > - Ph trans:cis >98:2
S
131 132

Preparing the diazoalkane in situ by warming the sodium salt of the correspond-
ing toluene-p-sulfonylhydrazone (Bamford—Stevens reaction, see Scheme 4.76)
avoids isolation of the potentially explosive diazo compound. In the presence of
a chiral sulfide the methodology has been applied to the asymmetric synthesis of
epoxides (4.105).%7

':laJ' 1 mol% o
A NTs BnEtsN*CI~ Rhy(OAc
Ph/\N/ _ONE M Ph/\Ng } _[Rha(OAc)s] /A (4.105)
MeCN, 40 °C 5 mol% Ph Ph
S
O,

PhCHO 82% 94% ee

Ylide formation can be used to good effect for a variety of transformations.®®

With an allylic sulfide, the resulting sulfonium ylide undergoes [2,3]-sigmatropic
rearrangement (4.106). This type of rearrangement (see Section 3.7) can be effected
with allylic amines, ethers and even allylic halides.

In the presence of a carbonyl group, a carbene can form a carbonyl ylide (oxo-
nium ylide) and this species undergoes 1,3-dipolar cycloaddition reactions (see
Section 3.4). Intramolecular capture of a metallocarbene, generated from a dia-
zocarbonyl compound is a useful method for the formation of a cyclic carbonyl
ylide. Cycloaddition is effective with alkene, carbonyl or other dipolarophiles and
leads to bridged bicyclic compounds. An example is the formation of the carbonyl
ylide 133 using rhodium(II) and its intramolecular cycloaddition to give the bridged
compound 134 (4. 107).%8° Improved conditions were found using [Rhy(OCOCF;)4]
(87% yield of 134), that avoid competing Wolff rearrangement or dipolar cycload-
dition of the diazo group across the alkenyl m-bond.

87 V.K. Aggarwal, E. Alonso, I. Bae, G. Hynd, K. M. Lydon, M. J. Palmer, M. Patel, M. Porcelloni, J. Richardson,
R. A. Stenson, J. R. Studley, J.-L. Vasse and C. L. Winn, J. Am. Chem. Soc., 125 (2003), 10 926.

88 A. Padwa and S. F. Hornbuckle, Chem. Rev., 91 (1991), 263; M. P. Doyle, in Comprehensive Organometallic
Chemistry 11, ed. E. W. Abel, F. G. A. Stone and G. Wilkinson, vol. 12 (Oxford: Elsevier, 1995), p. 421; A.-H.
Li, L.-X. Dai and V. K. Aggarwal, Chem. Rev., 97 (1997), 2341; D. M. Hodgson, F. Y. T. M. Pierard and P. A.
Supple, Chem. Soc. Rev., 30 (2001), 50.

89 A. Padwa, L. Precedo and M. A. Semones, J. Org. Chem., 64 (1999), 4079.
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Me
COgMe
Bu
CuSOy4 x
)\/ COZMe —_— (4.106)
MeOzC SPh
MeO,C E:Z 91

[Rho(OAc)4]
heat

(4.107)

133 134

Problems (answers can be found on page 476)

1. Suggest reagents and conditions for the decarboxylation of the carboxylic acid 1 to
give 2.

OH OH
MeO2 COzH MeO2
_—
N N
I!:!oc |Boc
1 2

2. Explain the formation of the alcohol 4 from the epoxide 3.

o Bugan
OBn AIBN, PhH

3 4

3. Explain (using the benzoyl radical and N-hydroxy-phthalimide) the formation of the
ketone 5.

CO,Et cat. (PhCOO), o) CO,Et
\/\/CHO + 4>PhMe, 80°C \/\)]\/\/k
= CO.Et  cat. 0 CO,Et
N—OH 5
o)

4. Draw the structures of the intermediate radicals to explain the formation of the three
ketones 7-9 on treatment of the iodide 6 with a trialkyltin hydride.
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o Me (0]
= Me  RySnH .
Me Me
Z Me Me
|
7

6

5. Suggest a mechanism for the formation of the cyclohexanones 10 that involves a
phenylthio radical catalyst.

(o)
Ph
(o] Ph
PhSSPh
\/Dd + K i» + Ph,C=0
0 AIBN, PhCI N
\ CO,Bu
CO,'Bu
10

6. Draw the structure of the products resulting from Wittig alkenylation of the ketone 11,
and subsequent treatment with sodium hexamethyldisilazide (NaHMDS). Note that t