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. Introduction

The functionality —(CH=CH),CO— is an important
structural feature in many naturally occurring com-
pounds such as oxopolyenoic acids, lactones, and
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polyenamides.! Consequently, considerable efforts
have been dedicated to the development of synthetic
methods capable to achieve the preparation of this
important moiety. Thus, Wittig-based methodologies
have been profusely applied, but an obvious synthetic
approach consists of the use of reagents able to act
as acylvinyl or vinylogous synthons (Figure 1).2
General structures of the acyclic and cyclic series
of such synthons are shown in Figure 1, the asterisk
representing a positive or negative charge. The figure
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shows how, according with the distance between the
carbonyl group and the sp? carbon bearing the charge
in the vinylic or polyenic structure, these entities can
be clasified into acyclic and cyclic a-, -, y-, ..,
w-acylvinyl or polyenyl synthons.

The most direct precursors of cationic acylvinyl and
vinylogous synthons of these type would be reagents
with a leaving group attached to the sp? carbon «a, j3,
y, ..., relative to the carbonyl, whereas direct precur-
sors of their anionic counterparts would be the
corresponding organometallic compounds. These pre-
cursors would react with nucleophilic or electrophilic
species, respectively, allowing the incorporation of the
acyl-vinylic or polyenic moiety.

A vast array of these reagents has been developed
to cover important synthetic necessities, and special
attention has been devoted to anionic a- and, espe-
cially, p-acylvinyl synthon precursors. The present
revision presents a general view of these different
reagents that have been used as precursors of anionic
and cationic acylvinyl and vinylogous synthons. Thus,
carbonyl-protected and unprotected species will be
presented, together with reagents considered as
synthetic equivalents where the vinylic or polyenic
structure is not seen at the first glance. Moreover,
not only nucleophilic or electrophilic systems with the
ability to carry out a direct substitution reaction will
be considered but also transition metal-catalyzed
coupling reactions. The Heck reaction will be ex-
cluded, since a polar group is not present at the
vinylic position of the unsaturated carbonyl system.

Throughout this review, Seebach’'s d/a (donor/
acceptor), notation for anionic and cationic synthons?
together with the more informal plus/minus, will be
used.

Il. a-Acylvinyl Anionic Synthons

The a-anions of acylvinyl moieties can also be seen
as synthons donors of electrons of the type d? follow-
ing Seebach’s nomenclature,® presenting “normal”
reactivity. In this section, species which are a-acyl-
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vinyl anions of type 1—5 will be considered. Com-
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pounds used as precursor of these species have been
divided in two groups depending if the carbonyl group
remains free without any protection as is the case of
carboxylic acid derivatives or has to be previously
protected as is usually the case of aldehydes or
ketones. In addition, synthetic equivalents of the a,f-
unsaturated carbonylic system will also be consid-
ered.

A. a,B-Unsaturated Unprotected Carbonyl
Compounds

The most direct approach to a synthon of type 1
would be the direct a-lithiation of an acrylic acid
derivative using strong bases and low temperatures.*
However, such conditions favor kinetic s-metalation,
the o-lithiation being a thermodynamic process. This
has been shown extensively with g-functionalized
substituted acrylic acid derivatives, analyzing the
influence of polarity effects and intramolecular com-
plexation® and solvation.®” For example, under ki-
netic control the lithiation of methyl g-methoxyacry-
late (6) leads exclusively to the g-lithiated species 7;
however, under thermodynamic control a 1:1 mixture
of the a- (8) and g-lithiated (7) species is generated
(Scheme 1).27 Therefore, 6 can be regarded as a
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functionalized building block for the synthesis of
cyclopentenones, butenolides, and tetronates,® 1 as
shown in Scheme 1 for the synthesis of tetronate 11
from o-organolithium reagent 10 which behaves as
a synthon of the type 5.°

Obviously, only when there is no -hydrogen, the
a-lithiation is exclusively achieved. Thus, ethyl g,5-
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diphenylacrylate (12) can be deprotonated with
lithium diisopropylamide at low temperature giving
the vinyl carbanion 13 which reacts with electro-
philes such as benzophenone and methyl iodide in
addition and substitution reactions, respectively
(Scheme 2).11

Scheme 2
Ph COzEt | pa Ph CO,Et
PH PH L
12 13
PhCOPh | (47%) (70%) | Mel
Ph CO,Et Ph CO,Et
Ph>_§vOH ph; Me
Ph Ph
14 15

The configurational stability of these types of
vinyllithium compounds affects the final stereochem-
ical result of the reaction with an electrophile. Such
stability depends of several factors, such as ion-
pairing characteristics, effect of the medium, and
substituent effects.’?2~1> Higher configurational stabil-
ity is achieved with intense ion-pair contact. In
addition, substituents such as the carbonyl group,
which stabilize carbanions by delocalization, decrease
the configurational stability of the corresponding
vinyllithium compound. On the other hand, an elec-
tron-donating f-substituent situated at a trans posi-
tion to the vinyl carbanion on the methyl ester of
o-lithiated fumaric acid 17 decreases the configura-
tional stability probably due to the formation of an
allenolate intermediate and also increases the nu-
cleophilic reactivity compared with the lithiated
maleic acid derivative 18.1215 This has been shown
by quenching the formed lithium derivatives with
electrophiles such as deuterated methanol, the main
compound obtained being 21 probably due to internal

Scheme 3
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complexation® of the lithium intermediate with the
substituent X (Scheme 3).

a-Lithio derivatives of a,f-unsaturated acid salts
have also been prepared from halogen—metal ex-
change of the corresponding o-bromo acids with
butyllithium at very low temperature.®'” Moreover,
formation of the a-carbanions of tert-butyl 2-alk-
enoates 23a has been achieved by fluoride ion-
induced desilylation of tert-butyl 2-trimethylsilyl-2-
alkenoates 22. When the desilylation takes place in
the presence of an aldehyde, tert-butyl 2-(1-hydroxy-
alkyl)-2-alkenoates 24 are obtained (Scheme 4).18

Scheme 4
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However, the Z/E ratios of products 24 differ consid-
erably from those of the starting compounds 22,
suggesting that the intermediate anion exists in a
ketene acetal form 23b rather than in a form 23a.

a-Carboalkoxyvinyl cuprates such as 25, obtained
from the corresponding vinyl bromides by reaction
with lithium cuprates, are direct synthetic equiva-
lents of the acrylic a-anion 1 (X = OR).19722 These
cuprates can be used in alkylation® and addition
reactions to ketones.?° o,8-Unsaturated ketones show
a totally different reactivity than when their carbon-
yl-protected counterparts were used (see below). For
instance, reaction of cuprate 26 with cyclohex-2-
enone gives a 1,2-addition instead of the typical 1,4-
addition (Scheme 5).2° On the contrary, it has been

Scheme 5
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25
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reported that this type of organocopper reagent adds
preferentially in a 1,4 manner to the monoepoxide
of 1,3-cycloheptadiene.? The unusual reactivity of
these organocopper reagents could be also explained
by the formation of an allenoate.??

These cuprates have been used for reaction with
o,fB-unsaturated acid chlorides, a process that takes
place without concomitant conjugate addition.?? In
this case, the prepared [o-(carboethoxy)vinyl]lcuprate
such as 28 is obtained by conjugate addition of mixed
alkyl cuprates to ethyl propiolate. Trapping of these
organocopper reagents with acid chlorides 29 from
cyclic a,f-unsaturated acids affords a,o'-dienones
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such as 30 which are converted into synthetically
interesting ring-fused cyclopentenones 31 by a Lewis
acid-mediated Nazarov-type cyclization (Scheme 6).22

Scheme 6
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Related to all these acrylate-derived organocuprate
reagents are the anionic $-substituted [a-(alkoxycar-
bonyl)vinylJaluminum intermediates 32.2° These spe-
cies are formed by reacting DIBAL-H with -substi-
tuted propiolate and react with aldehydes and ketones
in the presence of a catalytic amount of a Lewis acid
to give only the (Z)-isomer of g-substituted o-(hy-
droxyalkyl)acrylates 33 (Scheme 7).2%® These reagents

Scheme 7
Bu,Al CO,Et
R'—=—CO,Et DIBAL-H ? \[ ?
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32
OH
R?R3CO R2 CO,Et
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(40-66%) R’
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[R"= Me, Ph; RER® = alkyl, aryl]

also react with activated ketones, such as o-keto
esters, a-acyl cyanides, and a-acetylenic ketones now
in the absence of Lewis acid.?3¢

A similar process where the overall transformation
provides an access to an a-acylvinyl anion adding to
an aldehyde component is outlined in Scheme 8. In

Scheme 8
X
Wo Me,AIX \t/\(ofwez
Y Y
34 35
HO. R HO R
X
RCHO \t;(fo -HX A0
(55-97%) v (50-92%) v
36 37
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this case, Me,AlISPh or Me,AlSeMe add to oS-
unsaturated ketones in a 1,4-fashion. The resulting
aluminum enolates 35 react with aldehydes affording
adducts 36 which give final products 37 after final
spontaneous or oxidative (NalO,4 or H,0,) PhSH or
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MeSeH elimination.?* However, Me,AISPh was not
effective with o,8-unsaturated esters or lactones, the
use of the ate complex MezAl~"SPhLi* being neces-
sary.?® This reaction is closely related to a previously
reported addition of phenylthiomagnesium iodide to
a,B-unsaturated carbonyls.?

The tertiary amine-catalyzed Baylis—Hillman con-
densation reaction between an acrylate and an al-
dehyde to give a-(hydroxyalkyl)acrylates, such as the
simplest methyl o-(hydroxymethyl)acrylate,?%? is
briefly cited here because it could be considered a
process where an apparent o-acrylate anion is
involved.?®26 However, the mechanism implies
Michael addition of the amine catalyst (generally
DABCO) to the acrylate followed by an aldol addition
and subsequent elimination giving the final substi-
tuted acrylate and regenerating the catalytic nucleo-
phile (Scheme 9). One of the shortcomings of this

Scheme 9
C02R1 OEt . 1
[ = gl — iy
N H ‘0" R
O:/\R3 38
R3
—_— HOJ\’TCOZR‘I + R23N
39

otherwise simple reaction is its very slow reaction
rate, often requiring 2 or more weeks for completion.
Moreover, it is not applicable to S-substituted alk-
enes, and extreme reaction conditions are necessary
for ketones. However, due to the high synthetic utility
of the obtained a-methylene-3-hydroxy esters 39, an
increasing interest has been focused on this reaction,
and also asymmetric versions have been developed
using optically pure amine?” or even phosphine®®
catalysts and chiral substrates such as aldehydes?®
and acrylic derivatives.*

In addition, when diethyl maleate (40) and ac-
etophenone are added to a solution of a lithium amide
from benzylamine or tetramethylpiperidine, the male-
ate derivative 43 was the major product ob-
tained. The reaction proceeds resembling previous
examples: Michael addition of the nucleophile-acting
amide anion, followed by condensation of 41 with the
ketone and final elimination of the amine (Scheme
10).3t

Scheme 10
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Scheme 11
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a-Trialkylstannyl a,8-unsaturated carbonyl com-
pounds can be considered as a-acylvinyl anions when
the well-known Stille cross-coupling reaction with
vinyl or aryl halides is considered, a powerful meth-
odology which eliminates the need for protection/
deprotection strategies necessary with most organo-
metallic reagents.3? Following this strategy, synthons
1, 2, 4, and 5 have been coupled with sp2-hybridized
halides. For example, palladium-catalyzed reaction
of 3-amino-4-(tri-n-butylstannyl)cyclobut-3-en-1,2-di-
one (44) with o-iodobenzaldehyde provides the prod-
uct 46 which spontaneously dehydrated to the very
unstable pyridine-fused cyclobutenedione 47 (Scheme
11).33 Tri-n-butylstannyl isopropyl squarate (48) has
been used in studies which showed a dramatic
improvement in the rate of the cross-coupling Stille
reaction when copper(l) iodide was added as cocata-
lyst.3* In these studies, the tri-n-stannylcyclobutene-
dione 48 couples with aryl, alkenyl, and alkynyl
iodides under palladium—copper catalysis affording
the cyclobutenediones 49. Attempted extension of this
cross-coupling procedure to aryl triflates fails, but
proves successful when vinyl triflates in the presence
of ZnCl, and other additives are used.3* This Stille
coupling has also been carried out with compound
48 using solid-supported aryl halides.® In addition,
2-(trimethylstannyl)cyclopent-2-enone (50) reacts
smoothly with (E)-1-iodooct-1-ene (51) under pal-
ladium catalysis affording a-alkenylated enone 52
(Scheme 11).36

The 3-tri-n-butylstannylfuran-2(5H)-one (53) can
act as a precursor of synthon of the type 5 for the
direct introduction of the furanone moiety to suitable
functionalized substrates by Stille coupling, particu-
larly for the preparation of pharmacologically active
arylfuran-2-(5H)-ones. Thus, stannylfuranone 53 is
prepared by ipso radical desulfurative stannylation
of the corresponding phenylsulfanylfuranone and
undergo palladium-catalyzed cross-coupling reaction
with aryl iodides such as iodobenzene to give 3-aryl-
furanones such as 54 (Scheme 12).372 This Stille
coupling reaction using a similar chiral (S)-5-methyl-
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3-tri-n-butylstannylfuran-2-(5H)-one (55) and (E)-1-
iodododeca-1,11-diene has been employed in the total
synthesis of (+)-hamabiwalactone B (56).57°
(2)-2-Tri-n-butylstannyl-3-methoxypropenoate 57
has been used as a reagent for the direct introduction
of a p-methoxypropenoate unit, important for the
activity of some fungicides, into substituted aromatic
derivatives affording compounds 58. The method is
based in the palladium/copper cocatalyzed cross-
coupling reaction between aryl iodides or aryl tri-
flates and the stannyl derivative 57 (Scheme 13).38

Scheme 13
MeOZC\[SnnBu3 ArX MeO,C._ _Ar
Pd,(dba)s, AsPhg, Cul \[
o OMe (55-92%) s OMe
[x=1,0Tf]

B. a,f-Unsaturated Protected Carbonyl
Compounds

The most direct approach for the construction of a
variety of o-substituted o,3-unsaturated ketones
directly from the parent enone without the use of the
thermodynamic dienolate is illustrated in Scheme 14.

Scheme 14
RO_ OR RO_ OR . RO_. OR
Br  nBuli Li E E
or tBuli
59 60 61
o]
H;0" ﬁ/e
62

The procedure employs metalation of ketals of a-bro-
mo-o,3-enones 59, prepared by bromination-dehy-
drobromination-ketalyzation of the enone, as a method
of creation of a latent equivalent of a a-ketovinyl
anion synthon of type 2. Usually, the protection of
the carbonyl group is necessary in the case of orga-
nolithium compounds, which generally are prepared
by this halogen—Ilithium exchange. Subsequent elec-
trophilic capture of the lithiated species 60 and
hydrolysis of the ketal furnishes the final product 62.

All kinds of electrophiles have been employed with
these equivalents,®~4* which have been used, for
example, in the stereospecific total synthesis of
cyclopentanoid antibiotics (+)-pentenomycins I—111
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Scheme 15
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(66), their epimers (67), and dehydropentenomycin |
(68) via alcohol 65% as common synthetic precur-
sor#546 (Scheme 15). Also, a-bromoketal 69 can be
lithiated and treated with propylene oxide affording
alcohol 70, which is transformed into enone 71
(Scheme 16), an intermediate in the synthesis of the

Scheme 16

/N
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>—< Br 1nBuL| Q/Y
69
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_TBSCI ﬁ/\’/
. (COzH)
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macrocyclic diterpenes (+)-epi-jatropone and (&4)-
jatropone.#

Recently, the equivalent lithiated ketal from cy-
clohexenone has been used in a nucleophilic substitu-
tion reaction with an alkyl iodide for the formal
synthesis of the cytotoxic arenarol derivative popolo-
huanone E.*® In addition, these carbanions have
been added to (—)-menthone for asymmetric cuprate
conjugate addition reactions.*®® The preparation of
this type of ketalyzed a-lithiated o,-unsaturated
ketones is not limited to the use of a-bromo precur-
sors, but it is also possible to prepare these a-acyl-
vinyl anion equivalents by chlorine/lithium exchange
but now using a 4,4'-di-tert-butylbiphenyl (DTBB)-
catalyzed lithiation of the corresponding chlorinated
precursors. Thus, reactions of chloroketals such as
72 with an excess of lithium powder and a catalytic
amount of DTBB (4—5%) in THF at low-temperature
results in intermediate 74, which can be treated with
electrophiles such as aldehydes or ketones affording,
after hydrolysis, the expected enones 75 (Scheme
17).4

These carbonyl-protected o-acylvinyl anions have
been used recently during the conversion of squarate
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Scheme 17
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esters into complex polyquinanes.® Thus, lithiated
species 64 (from bromine/lithium exchange with tert-
butyllithium) was added to diisopropyl squarate (76).
Subsequent introduction of 2-lithiopropene gave tri-
cyclic enone 77 which was transformed into triquinane
78 after removing the 2-hydroxyethyl side chain by
conversion to the mesylate and heating with sodium
iodide in acetone (Scheme 18).5!

Scheme 18
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The dihydropyranyl anion 79 could be considered
as a masked aldehyde-derived a-acylvinyl anion
equivalent. This species, prepared from the bromine
derivative by treatment with tert-butyllithium, reacts
as before with diisopropyl squarate in combination
with 2-propenyllithium arriving at bisenolate 80.
From this compound, triquinane 82 is isolated in low
yield via intermediate 81 (Scheme 19).5!

Scheme 19
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Organolithium compounds from an acrylate unit
with masked carbonyl moiety have been developed
as synthons type 1 using the well-known bromine/
lithium exchange. In this way, treatment of 2-bromo-
3,3-diethoxyprop-1-ene (83) with n-butyllithium at
low temperature allowed the generation of vinyl-
lithium intermediates 84, which react with electro-
philes such as carbon dioxide to give, after hydrolysis,
the corresponding a-functionalized acrylic acid 85
(Scheme 20).52 An analogous lithiated intermediate,

Scheme 20
R'"  Br aBuli R' L 1.c0, R' CO.H

R?  CH(OEY), R?  CH(OEY), (5% R CHO
83 84 [R1=R2=H] 85
R!=H, Ph, Me

R?=H, Me

2-lithio-3,3-dimethoxyprop-1-ene, has also been used
for the synthesis of triquinanes following a similar
protocol than in Schemes 18 and 19.5¢

A quinone carbanion synthon type 3 has been
obtained through bromine/lithium exchange from
bromoquinone diketal 87, which was prepared by
anodic methoxylation of 2-bromo-1,4-dimethoxyben-
zene. This bromodiene 87 readily metalates with
n-butyllithium at —70 °C and further reaction of the
created organolithium reagent with various carbonyl
compounds such as cyclohexanone afforded the cor-
responding adduct 89 which is hydrolyzed to the
substituted quinone 90 (Scheme 21).53 However,

Scheme 21
OMe MeO_ OMe
Br ® B BuLi
MeOH, KOH
(75%)
OMe MeO OMe
86 87
MeO_ OMe MeO_ OMe
Li 0
(81%) HO
MeO OMe MeO OMe
88 89
o]
H,0"
(80%) OH
(0]
90

these types of lithiated quinone derivatives do not
give acceptable results when activated halides are
used as electrophiles. Instead, the corresponding
organocopper derivatives, prepared by treatment of
lithiated ketals such as 88 with cuprous iodide and
dimethyl sulfide, react with alkyl halides and are
used for the synthesis of different isoprenoid sys-
tems.5

The 2-lithio-3,3-diethoxyprop-1-ene 91 (R'=R?=H)
has also been used as precursor of organocopper
acrolein-derived reagents. Thus, copper reagent 92
is prepared from the reaction of 91 with 1 equiv of
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(EtO)zHC\”/Li (EtO)ZHC\ﬂ/Cu
91 92
<(Et0)2HCT’/>CU_U+ (EtO)zHCWCu-L U
2

93 94
[ L=tBuc=C— CN|

cuprous iodide,% while homocuprate 93 is obtained
after treatment of 2 equiv of 91 with the 1 equiv of
cuprous bromide as the dimethyl sulfide complex.%®
Moreover, mixed acetylenic isopropenyl cuprate 94
(L=tBuC=C-) is prepared by initial generation of
copper tert-butylacetylide from cuprous iodide and
lithium tert-butylacetylide followed by addition of the
lithium compound 91,56 whereas reagent 94 (L = CN)
was obtained from cuprous cyanide and 91.5°

All these cuprates have been used in different
reactions such as Michael additions to cyclic enones®®
or regio- and stereospecific ring opening of 3,4-
epoxycycloalkenes.>® For example, the isopropenyl-
lithium derivative 91 proved ineffective for the
opening of different epoxides whereas organocopper
reagents 92—94 underwent trans-1,2 and -1,4 addi-
tions to monoepoxides of cycloalkadienes. The 1,2
addition is maximized with the use of ether as the
solvent for the synthesis of compounds such as trans-
hydroxy-cis-a-methylene-y-butyrolactone 98, a sys-
tem found in the antitumor natural product helena-
lin, from the 1,2 opening of the monoepoxide of 1,3-
cycloheptadiene (Scheme 22).5

Scheme 22
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The protected a-ketovinyl anion equivalent repre-
sented by the mentioned ketalyzed vinyllithium
intermediate 64 has also been used as precursor in
the Negishi palladium(0)-catalyzed coupling® for the
o-alkenylation or arylation of the organozinc deriva-
tive of 2-cyclopentenone. The methodology involves
sequential treatment of the organolithium 64 with
zinc chloride, followed by palladium(0)-catalyzed
cross-coupling reaction between the generated orga-
nozinc intermediate 99 and (E)-alkenyl iodides or aryl
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iodides, in the first case with essentially complete
retention (>98%) of geometry in the final a-alkeny-
lated enone 100 (Scheme 23).5” This coupling meth-

Scheme 23
o__O o__0
i ZnCl
i Br nBuli i Ui 2
63 64
/R 0
0, .© 1. RI, Pd(PPhs),
G/an AR R
(80-92%)
99 100

[R= P ex gy pTol]

OTBS
o. O Z B . 103
Br 1. nBuLi ner
2. ZnBry Pd(PPhg),
(77%)
OTBS OoTBS
101 102
/\ OTBS
o__0
1. H;0"
2. nBuyNF
(62%)
OTBS

odology has also been used in the synthesis of the
marine natural product nakienone B (105) starting
from bromoketal 101.58 Lithiation of 101 and zinca-
tion with zinc bromide, followed by Negishi cross-
coupling with vinyl iodide 103, affords nakienone B
after removal of the protecting groups (Scheme 23).

C. Synthetic Equivalents of of-Unsaturated
Carbonyl Compounds

The lithium enolate 107 of methyl 3-(dimethylami-
no)propionate (106) has been developed as a synthetic
equivalent of the a-anion of acrylic ester. This eno-
late, obtained by treatment of the free ester 106 with
lithium diisopropylamide, is very stable, probably due
to internal chelation, and is alkylated with alkyl
halides giving products 108 which may be considered
as protected acrylate esters. Unmasking is accom-
plished by quaternization with methyl iodide followed
by 1,5-diazabicyclo[4.3.0]non-5-ene (DBN)-induced
elimination affording acrylates 109 (Scheme 24).5%

Scheme 24
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Scheme 25
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integerrinecic acid

The same type of reaction was reported starting from
methyl hydracrylates after alkylation and dehydra-
tion.5%

The a-anions of methyl 4-oxothiolane-3-carboxy-
lates 110 can act as masked synthetic equivalents of
o-acrylate (R! = H) and a-crotonate (R* = Me) anions
for the preparation of a-substituted acrylic esters.
The procedure involves a tandem of reverse Dieck-
mann—Michael reactions strategy, starting from
alkylation of 110 with activated and unactivated
alkyl halides and potassium carbonate and further
treatment of alkylated compounds 111 with aqueous
sodium hydroxide. Under these conditions, probably
the fragmentation shown in Scheme 25 takes place
affording final a-substituted acrylates and crotonates
112.5061 This methodology using the crotonate equiva-
lent of 110 (R* = Me) and isopropenyl methyl ketone
in the presence of potassium hydroxide and after
iodine-mediated isomerization has been applied to
the direct preparation of 113 which constitutes a
formal synthesis of the integerrinecic acid.®!

2-Phenylselenopropanoic acid (114) has been used
as a synthetic equivalent of the a-anion of acrylic acid
synthon 1 (X = OH) for the stereoselective synthesis
of cis and trans-fused o-methylene lactones. When
acid 114 is treated with 2 equiv of LDA, the dianion
115 is obtained. Further reaction with cyclohexene
oxide or 3-bromocyclohexene gives, after selenoxide
elimination, trans- or cis-fused a-methylene lactones
117 or 120, respectively (Scheme 26).622 Although an
o-methyl-a-thiolactone can be obtained directly from
the epoxide using a similar starting 2-phenylthiopro-
panoic acid,®?® this route circunverts the rather
laboriuos sequence to convert the thiolactone into the
o-methylene derivative. This selenium-based meth-
odology has been applied to the synthesis of aller-
genically active lactone sesquiterpene (£)-frullano-
lide.53

1. o-Acylvinyl Cationic Synthons

A complementary process to the use of a-acylvinyl
anionic synthons (see Section 11) for the introduction
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of carbon substituents on the a-carbon of an o8-
unsaturated compound such as 121, with preserva-
tion of the unsaturation, is the use of their cationic
counterparts. Consequently, the procedure would
involve a reverse polarity (umpolung)®* strategy with
the generation of a-acylvinyl cationic synthons 122
(Scheme 27), which would be considered electronic

Scheme 27
o) 0 0
iﬁ ij», Nu” <j/Y
121 122 123

acceptors of the type a2.2 The present section deals
with methods for the preparation and examples of
reactivity of cationic a-acylvinyl synthons mainly of
the type 124—-127.
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RN__A__X + + =
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n R o)
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Contrary to the many cases found on the use of
a-acylvinyl anion equivalents in the synthesis of
a-substituted acrylates (see Section Il), the synthetic
use of cationic acrylic synthons of the type 124 is not
so common, palladium catalyzed coupling reactions
being the most used strategy (see below). One ex-
ample is (E)-N-isopropyl-3-tosylacrylamide (128),
easily available from the corresponding acrylamide
through an iodosulfonylation-dehydroiodination se-
guence, which can be considered as a synthon of the
type 124 (X = NHPr, R = R? = H). Thus, reaction
of the sulfone 128 with nucleophiles such as organo-
magnesium reagents and further basic elimination
of the sulfone group on amide 129 afforded a-substi-
tuted acrylamides 130a (Scheme 28).%5 In the case
of using vinylmagnesium bromide, acrylamide 130a
(R = CH=CH,) suffered spontaneous Diels—Alder
dimerization reaction to achieve mikanecic acid di-
isopropylamide (130b).%°
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Scheme 28
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Diisopropyl squarate (76) can also be considered a
synthetic equivalent of synthon 126 when reacted
with lithiated solid-supported aryl halides 131, pre-
pared by reaction of halogenated phenols to Wang
resin (Scheme 29),3° a methodology which has been

Scheme 29
./\ O\ 1. nBuLi HCl
Hal Pro_ 0 (94-97%)
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131 iPrO (0]

NS
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Pro o]
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[Hal = Br,1]

previously described in liquid phase.®2® The sup-
ported squarates 132 have been used in studies
toward multiple core structure libraries. This is an
example of the difficulty of the direct displacement
of a leaving group lying on the a-position of an o,3-
unsaturated carbonyl compound, something that only
takes place, as in the present case, if the leaving
group is also situated in a 3-position relative to other
carbonyl group.

Similarly, 3,4-dichlorocyclobut-3-en-1,2-dione (133)
has shown an o (and -)-acylvinyl cationic behavior
when reacted with zinc—copper organometallics 134
for the preparation of functionalized symmetrical and
mixed 3,4-disubstituted cyclobutene-1,2-diones of
type 135 and 136, as shown in Scheme 30.56¢

Scheme 30
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A developed synthetic equivalent of a synthon type
125 is the a,(-epoxytosylhydrazone 138 from iso-
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phorone oxide 137, its use being based on the
o-alkylation of o,3-epoxyketones.®” The base (and
acid-)-catalyzed fragmentation of 138 proceeds via an
azoene intermediate 140 which, generated in the
presence of phenylcopper, can be intercepted to yield
o-phenyl-g-hydroxytosylhydrazone 141. Dehydration
and hydrolysis produces the desired enone 142
(Scheme 31).8

Scheme 31
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Similarly, the N,N-dimethylhydrazone of the iso-
phorone oxide (137) can be used as a synthon type
125. The sequence is illustrated in Scheme 32 also

Scheme 32
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with isophorone oxide: treatment of 137 with N,N-
dimethylhydrazine gives epoxyhydrazone 143. Ring
opening reaction of this compound with Grignard
reagents, followed by elimination afford o-substituted
enones 145.5°

The already mentioned palladium-catalyzed cross-
coupling synthetic methodologies® can obviously be
oriented in a different way, exchanging the role of
the o,-unsaturated carbonyl compound and the vinyl
or aryl species. Thus, if a halogen is now at the
o-position of the carbonyl component and the ap-
propriate metal lies on the vinyl or aryl species, the
o-halo-o,5-unsaturated carbonyl compound can be
considered precursors of a-acylvinyl cationic syn-
thons. However, sometimes the rather low reactivity
and certain instability of a-haloenones®” have made
it necessary to introduce improvements in the typical
methodology. One example is the Stille coupling
reaction between 5-iodouracil (146) and vinyl tri-n-
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butyltin (Scheme 33). Modifications include changes

Scheme 33
o o]
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o= N TFP or AsPhz, NMP O)\u
0o,

to highly polar solvents [N-methylpyrrolidinone (NMP)
instead of THF] and in the catalyst ligands [soft tri-
2-furylphosphine (TFP) or triphenylarsine instead of
triphenylphosphine], which achieved large reaction
rate accelerations.”®® Under these conditions, 2-aryl
and 2-alkenyl-3-alkoxy-cyclohexenones have been
prepared starting from 2-bromo-3-methoxycyclohex-
2-enone’® These conditions have also been employed
in couplings of a-bromoenones used in studies toward
the synthesis of dynemicin A.7%° Recently, even a
silica-supported palladium catalyst has been used for
alkenylation of iodouridine.”®d

These modified Stille conditions, together with the
mentioned observation that copper(l) iodide cocata-
lyzes Stille coupling®>7 provided an efficient route
to a-vinyl and a-aryl substituted enones starting
from a-haloenones. Examples of this cross-coupling
reaction are the synthesis of 3-methyl-2-p-tolylcyclo-
pent-2-enone (149) from 2-iodo-3-methylcyclopent-2-
enone (148)™ (Scheme 34) or a-arylcyclohexenones

Scheme 34
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AsPhg, Cul, NMP
(89%)
148 149
1. PdCly(PPhg),
o Cul, NMP (39%)
i 2. HF (86%)
nBu3Sn 3. ACZO 9%
oTBS
150 151
e} =
FZ
o,
OAc 152

from 2-iodocyclohex-2-enones.” The first mentioned
iodoenone has been recently coupled with vinyl and
arylstannanes for the synthesis of a series of fungi-
cides.” Moreover, acetylenic stannanes have also
been used under these reaction conditions, as is
shown in the coupling reaction between iodoenone
150 and stannane 151, for the synthesis of the
enynylcyclohexenone antimitotic (—)-tricholomenyn
A (152) (Scheme 34).7® Other similar enynylcyclohex-
enones with anti-cancer properties such as har-
veinone and epi-harveinone have been prepared
following this methodology’® and also an angucycline
oligoketide precursor 155 from bromonaphthoquino-
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Scheme 35
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ne 153 and allylstannane 154 (Scheme 35).”7 In
addition, 3-chloro or 3-bromo-4-substituted cyclobut-
3-en-1,2-diones 156 or 157 have been coupled with
different stannanes under copper cocatalyzed Stille
conditions (Scheme 35).7*

Cyclic a-iodoenones (and also a-trifluoromethane-
sulfonyloxyenones) can react not only with vinylstan-
nanes but also with alkenylmetal derivatives con-
taining zinc or aluminum under palladium catalysis
yielding the corresponding a-alkenylenones, as shown
in Scheme 36 for 2-iodocyclopent-2-enone (160).%62

Scheme 36
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The use of a polar solvent such as DMF, DMSO, or
NMP proved to be essential, and the active palladium
catalyst is generated in situ by treating thermally
stable PdCI,(PPhs), or PdCI,[P(2-furyl)s]. with n-
butyllithium. Furthermore, (2)-3-bromo-alkylidene-
butenolides 162 are able to undergo these palladium-
catalyzed cross-coupling Negishi reactions with aryl-
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zinc halides,®? and also tetraalkylstannanes or alk-
enylstannanes, providing the corresponding 3-sub-
stituted (Z2)-5-ylidene-(5H)-furan-2-ones 1637 (Scheme
36).

The Suzuki reaction for the palladium(0)-catalyzed
cross-coupling of boronic acids or alkylboranes with
aryl or alkenyl halides® has been applied to the case
of a-iodoenones.” An example is the preparation
of a-substituted enone 166, which is a precursor of
PGE; and is obtained by coupling between the
o-iodocyclopent-2-enone 164 and the borane 165792
(Scheme 37). Recently, a-bromoenone 167 has been

Scheme 37
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coupled with boronate salt 168 to afford diarylcyclo-
pent-2-enone 169 (Scheme 37), which after oxidation
of the sulfide group to the corresponding sulfone,
displays high selectivity and potency against cy-
clooxygenase-2, an enzyme responsible for the el-
evated production of prostaglandins during inflamma-
tion.”®

In some cases, o-trifluoromethanesulfonyloxy-
enones couple smoothly with arylstannanes in typical
Stille conditions, although the use of N-methylpyr-
rolidinone as solvent was necessary. This has been
shown in the reaction of vinyl triflate 170 with
stannane 171 (Scheme 38).8%2 The same triflate 170

Scheme 38
o (6]
0SOCFs nBusSn Pd;(dbals O
¥ D (77%)
MeO OMe
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has been used in the synthesis of the allyltrimeth-
ylsilane derivative by cross-coupling with in situ
generated tris((trimethylsilyl)methyl)aluminum cata-
lyzed by palladium(0).8%

a-Halo-a,5-unsaturated bicyclic lactams, such as
173, undergo conversion to a variety of coupled
products when the above-mentioned modified Stille
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and Suzuki conditions are used.®* Examples of these
transformations are shown in Scheme 39.

Scheme 39
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The direct introduction of the agrochemically im-
portant A-methoxypropenoate unit into aromatic
derivatives have also been achieved by Negishi or
Suzuki cross-coupling reactions®? between arylzinc
chlorides or arylboronic acids and methyl (Z)-2-iodo-
3-methoxypropenoate or (Z)-2-bromo-3-methoxypro-
penoate 177, respectively, affording (E)-2-aryl-3-
methoxypropenoates 178 (Scheme 40).822 Moreover,

Scheme 40
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organozinc halides have been coupled recently with
o-diketone-derived nonaflates.2® In addition, a-bro-
moacrylates have been coupled with acetylenic com-
pounds under palladium(0) catalysis®° (Sonogashira
coupling®?).

IV. B-Acylvinyl Anionic Synthons

p-Acylvinyl anions of the type 179 or 180 can be
considered as sp?-hybridized umpoled synthons of the

gake

type d® 2 and are appropriate intermediates to pro-
vide a -bonded a,$-unsaturated functionality when
reacted with electrophiles, the E final stereochemis-
try being generally obtained in the case of 179.
Precursors of these synthons have been divided,
similarly to the case of a-acylvinyl anion synthons,
into carbonyl-unprotected systems (usually carboxylic
acid derivatives), carbonyl-protected systems (from
aldehydes, ketones, and even esters), and the corre-
sponding equivalents.

A. a,fB-Unsaturated Unprotected Carbonyl
Compounds

Carbanionic intermediates of type 179 can be
prepared by direct deprotonation of acrylic systems
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but always at low temperature in order to avoid side
reactions, most notably rearrangement to the ther-
modynamically most stable a-acylvinyl anion (see
Section 11A).457 The presence of an electron-donating
or -withdrawing group at the $-position of the start-
ing a,3-unsaturated carbonyl compound is convenient
to achieve stabilization. Thus, lithium intermediates
of the type 181 can be considered as sp?-hybridized

X%Z
Li
181

X=H, R, RO, RS, RyN, Cl, Br, RSO, RSO,
Z = COyLi, CO,R, CONLIR, CONR;, CN

homoenolate equivalents and are prepared in general
by deprotonation of the corresponding activated
precursors, containing usually the carboxylic acid
derivatives functionality. Of course, further substitu-
tion on the a-position of reagents of the type 181
ensures an efficient -deprotonation.

Therefore, direct deprotonation to achieve acrylic
or acrylate reagents type 181 (X = OR, SR; Z = CO,-
Li or CO;R) followed by reaction with electrophilic—
nucleophilic species, as for instance with aldehydes,
ketones, o,f-unsaturated carboxylates, or epoxides,
represents an access to butenolides, tetronates, cy-
clopentenones, or d-lactones, respectively.®83-86 Ex-
amples of these types of reagents are f-C-lithiated
acrylates 183, which are intermediates for the syn-
thesis of tetronates 184 after reaction with aldehydes
(Scheme 41).810128788 sing a-chloroaldehydes, erythro-

Scheme 41
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dihydroxycarboxylic acid lactones have been prepared
starting from dianion 181 (Z = CO,Li, X = SEt).23
The synthesis of tetronates using this methodology
has been made diastereoselective by using chiral
p-alkoxy®9! or even $-amino® acrylate derivatives
and has been employed, for example, for the synthe-
sis of a (—)-vertinolide precursor.®* However, the use
of systems such as racemic 185 for the preparation
of cyclopentenones 186 afforded rather low stereo-
control (2:1 diastereomer ratio) (Scheme 41).%2
Similarly, g-lithiated g-amino-substituted acrylate
derivatives type 181 (X = RzN; Z = CO,Me or CO,-
Et) have also been employed for the synthesis of
tetronates,® butenolides,® and cyclopentenones,® as
well as S-lithiated $-amino- or thio-substituted®”
acrylamides. Even (E)-cinnamic esters (181, X = Ph;
Z = CO;Et) can be metalated at the S-position with
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lithium diisopropylamide and react stereoselectively
with electrophiles.’' In addition, (E)-S-substituted
nitriles (181, X = R;N, OR, SR; Z = CN) can be
kinetically lithiated at low temperature (<—100 °C)
at the B-position.®” Another interesting example of
the use of these reagents is the preparation of lactone
190, an intermediate in the total synthesis of the
pheromone (£)-eldanolide, by reaction of metalated
B-phenylthio acrylic acid 188 with aldehyde 189%
(Scheme 42).

Scheme 42
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(E)-N-1sopropyl-3-(p-toluenesulfonyl)acrylamide
(128), prepared as mentioned previously from N-
isopropylacrylamide by a tandem iodosulfonylation-
dehydroiodination reaction,®® could give a reagent
type 181 (X = p-TolSO,; Z = CONLIR) which uses
the stabilizing and directing effect of the sulfonyl
group in metalation reactions. Thus, reaction of vinyl
sulfone 128 with methyllithium—Ilithium bromide
complex gives regio- and stereoselectively the dianion
191, which by treatment with aldehydes yields alco-
hols 192. These compounds are transformed into
4-substituted-3-(p-toluenesulfonyl)-o.,5-butenolides 193
by acid hydrolysis. The total retention of configura-
tion observed in alcohols 192 is probably achieved
by intramolecular complexation in dianion 191
(Scheme 43).100

Scheme 43
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Lithium (Z)-g-lithioacrylates (181, X = H, R; Z =
CO,Li) or lithium (E)-B-bromo-S-lithioacrylates (181,
X = Br, Z = CO,Li) have been prepared from
halogen—metal exchange of the corresponding (2)--
bromo acids 194 with 2 equiv of butyllithium or by
deprotonation of (E)-g-bromoacrylic acids 196 under
similar reaction conditions. In the later case, stabi-
lization of the lithium anion by the carboxylate
system accounts for achieving deprotonation instead
of halogen—Ilithium exchange. Further reaction with
aldehydes or ketones afforded butenolides 195°! and
B-bromo-butenolides 1972 (Scheme 44), a methodol-
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Scheme 44
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ogy used in the synthesis of some bromobutenolide
antibiotics.1°31%* When anhydrides where used as
electrophiles, y-hydroxybutenolides were obtained,
which as been applied, for example, to the synthesis
of the antibiotic lepiochlorin (199) (Scheme 44).105
Moreover, fused bicyclic butenolides 203 have also
been prepared by bromine—lithium exchange, but
starting from bromo amide 201. This compound was
obtained by condensation of cyclohexanone with the
bromo Vilsmeier reagent, followed by oxidation and
amidation. Subsequent reaction of the lithio deriva-
tive 202 with aldehydes and ketones yielded the final
a,f-unsaturated lactones 203 (Scheme 45).106

-
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Stable g-lithioacrylamide reagents type 181 (X =
OEt, SPh; Z = CONLIi,, CONLIR) have been prepared
by tin—Ilithium transmetalation and used for the
construction of functionalized butenolides. Thus,
S-(tri-n-butylstannyl)acrylamides such as 204, ob-
tained by reaction of chlorosulfonyl isocyanate with
phenyl 1-(tri-n-butylstannyl)vinyl thioether followed
by treatment with sodium hydrogen sulfite, %" un-
dergo transmetalation with butyllithium with gen-
eration of the tri-anion 205 which was both regio-
and configurationally stable, presumably due to the
formation of a chelated intermediate. Reaction of this
intermediate with a carbonyl compound such as
benzophenone gave butenolide 206 (Scheme 46).108.109
Even bis-stannylacrylates have been explored, al-
though without success, as synthetic equivalents of
the acrylate $,3-dianion.'* In addition, an alkenyl-
stannane has been recently used in a copper(l)-
mediated coupling with an iodoalkene in the synthe-
sis of the hypocholesterolemic agent 1233A.111
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Scheme 46
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NH, 3 nBuli 1. Ph,CO
o o Aot AR
PhS” SnnBuj Phs” i 2 PhS Ph
(67%) Ph
204 205 206

Obviously, instead of a tin—lithium transmetala-
tion, f-stannyl substituted o,S-unsaturated carbonyl
compounds can be used to introduce an acylvinyl
moiety in electrophilic centers by the well-known
Stille palladium-catalyzed reaction.®?> One example
is the coupling of s-stannyl acrylate 207 with benzoyl
chloride to give (E)-f-benzoylacrylate 208 (Scheme
47).112 The vinyl group transfers with retention of the

Scheme 47
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7 7COBn PN
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0

, O ., K\)j\/\(o
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TBSOJLl
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Pd(MeCN),Cl,
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+ \/\COZMe (57%)

212

TBSOJK/A

213

COZMe

geometry at the double bond; however, isomerization
of the a,-unsaturated ketone takes place rapidly and
the thermodynamic product ultimately is observed
in the coupling product. This kind of coupling be-
tween g-stannyl alkenoates and acid chlorides has
been employed intramolecularly for the synthesis of
o,-unsaturated y-oxo-macrolides,'2~115 as shown in
Scheme 47 for the final step in the asymmetric
synthesis of antifungal antibiotic macrodiolide (—)-
(R,R)-pyrenophorin 210.1*> Moreover, these stannyl
derivatives have been cross-coupled with vinyl io-
dides!® such as 211 yielding acrylate 213, which is
a precursor in the synthesis of a metabolite of the
o-amino acid hypoglycin (Scheme 47).117 There are
also reported examples of coupling with aryl io-
dides'® as well as with vinyl triflates.'8
(2)-Tributylstannyl acrylamide 215 has been coupled
with vinyl iodide 214 to give dienamide 216, in a key
step for the total synthesis of the enantiomer of
naturally occurring antifungal antibiotic YM-47522
(Scheme 48).11° On the other hand, -trimethylstan-
nylcyclobutenones undergo facile coupling with aryl
halides,*?° which has been recently employed in the
synthesis of 4-substituted cyclobutenone 218 from the
trimethylstannyl derivative 217 and iodobenzene
(Scheme 48).212 Recently, 3,4-bis(tributylstannyl)—
(5H)-furanones have been used in highly regioselec-
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Scheme 48
: Z nBusSn  CONH,
- N,
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(67%) | Pd(MeCN),Cl,
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/\W
OXO

216
Me  SnMe, Me  pp
BnO Phi BnO
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0 (94%)
217 218

tive Stille reactions to give 3-(tributylstannyl)-4-aryl-
(5H)-furan-2-ones.21b
p-Tributylstannyl-a,5-unsaturated ketones 222 have
been coupled with benzyl or aryl halides using the
palladium(0)/copper(l) catalytic mixture, giving tri-
and tetra-substituted enones 223 with high stereo-
selectivity, the yields being improved in the case of
aryl iodides with the presence of triethylamine as
additive (Scheme 49).122 The starting materials 222

Scheme 49
nBuSN OsiMes g nBugS---0
Aespn + R, - R R
R™ “sPh R PhS L2
219 220 221
nBu3Sn----P . R* 0O
KH or DBU « R*X
AL 444 NY 1 3] —mMM = X
R)\K\R Pd(PPha)¢/CUlEGN R’ g R®
R (45-92%) R
222 223

[R*=Bn, Ar]

were prepared by tin(IV) chloride-promoted coupling
reaction of a-tributylstannylthioacetals 219 with silyl
enol ethers followed by treatment with base.'??

(2)-p-Substituted g-fluoro-a-methoxyacrylates 225,
which are precursors of biologically interesting 5-flu-
oro-a-ketoacids, have been obtained by reaction of the
corresponding stannyl derivatives 224 with aryl
iodides or triflates and also a vinyl triflate under
palladium(0)/copper(l)-cocatalyzed conditions (Scheme
50).124

Scheme 50
OMe OMe
Fu o Arl or ArOTf Fu o
COEL  "pd(PPhy),, Cul COoEt
nBuzSn (50-95%) Ar
224 225

B. a,f-Unsaturated Protected Carbonyl
Compounds

Other methodologies toward the preparation of
synthetic equivalents of s-acylvinyl anionic synthons
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follow a “defensive” strategy, that is, the temporary
masking of the carbonyl group as ketals, acetals, or
ortho esters in order to avoid side reactions as in the
case of a-acylvinyl anionic synthons (Section 11B.)
These methodologies have been applied mainly in the
case of aldehyde or ketone-derived S-acylvinyl anions.
One example is the diethyl acetal of 3-bromoacrolein
226, which when treated with tert-butyllithium at
low temperatures (—120 °C), suffer halogen—metal
exchange, whereas the use of n-butyllithium and
higher temperatures led to proton abstraction at the
B-position. Subsequent reaction of the later lithiated
species 227 with aldehydes or ketones yielded un-
saturated bromolactols which were oxidized to bro-
mobutenolides 228. On the other hand, treatment of
intermediate 227 with aldehydes gave the corre-
sponding alcohols 229 which, after halogen—metal
exchange and alkylation with methyl iodide, can be
transformed into furans 230 after hydrolysis and
dehydration (Scheme 51).22> Moreover, bromine—

Scheme 51
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Br Z OEt 1. RCOMe Rﬁ
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Me
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R” “OH 3. S0,
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lithium exchange on bromo ketal 231c, prepared from
the corresponding ,5-dibromo enone ketal 231a by
a metalation-stannylation-metalation-protonation se-

Scheme 52
Br v
e
Mersr 1. sBuLi rSnnBUa NBS
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guence followed by treatment with N-bromosuccin-
imide, have been used for the synthesis of alcohol
232, which is an intermediate in the total synthesis
of the tetramic acid antibiotic (+)-tirandamycin A
(Scheme 52).126

The above-mentioned deprotonation vs debromolithi-
ation competition in protected 5-bromo «,3-unsatur-
ated carbonyl compounds has been overcomed by the
total chlorine—lithium exchange starting from (E)-
chloroketals 233. The metalation process can be
achieved by using lithium powder and a catalytic
amount of 4,4'-di-tert-butylbiphenyl (DTBB) as elec-
tron carrier at —90 °C, giving carbonyl-protected
lithiated intermediate 234, which reacted with dif-
ferent electrophiles yielding (E)-S-substituted ketones
235, after hydrolytic deprotection (Scheme 53).12” The

Scheme 53
! I 2 o
0.0 Li o_ 0 1. R'R%CO R
RX/\(H DTBB cat. RW\U 2. Hg0" RJ\/\FRZ
(52-65%
233 234 ) 235 OH
R = nPr, Pr

R' = tBu, Ph, Me; R? = H, Me

same methodology has been used starting from a
similar ketal from 3-chlorocyclohex-2-enone*® and
also has been applied to 3-bromo-2-methyl-2-cyclo-
pentenone ketal as well as to five- and six-membered
3-bromocycloenone dithioketals.'?8

Synthetic equivalents of the S-vinyl carbanion
synthon of cyclohexenone 180 are also available from
treatment with 2 equiv of n-butyllithium of 3-bro-
mocyclohex-3-enone ketal 237, obtained after ketal-
ization of enone 236. This process afforded after
pB-elimination lithiated conjugated diene intermediate
238, which undergoes reaction with aldehydes, ke-
tones and reactive alkyl halides giving 3-substituted
cyclohexenones 239 after hydrolytic workup (Scheme
54)_128,129

Scheme 54
o /\/OLI
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HO/\/ 2nBuli _
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The tin—Ilithium exchange has also been used for
the preparation of masked S-acylvinyl anion equiva-
lents, as shown in Scheme 55 for the transmetalation
of 1-tributylstannyl-3,3-diethoxyprop-1-ene (241), ob-
tained with a Z:E = 16:84 ratio by radical hydrostan-
nylation of 3,3-diethoxypropyne (240).1302 Alterna-
tively, compound 241 can be prepared cleanly as a
pure E or Z isomer by treatment of 3,3-diethoxyprop-
1-yne with Lipschutz reagent [BusSnCu(Bu)CNL.i,]1300¢
or titanium isopropoxyde followed by hydrolysis,30d
respectively. Treatment of the stannyl acetal 241
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Scheme 55
OEt
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with n-butyllithium at —120 °C followed by reaction
with electrophiles such as benzaldehyde afforded (E)-
alcohol 242 as a direct precursor of a -substituted
acrolein.’3%2 |nterestingly, transmetalation of the
starting acetal 241 with Bu,CuCNL.i, gave access to
a vinyl cuprate reagent stable to room temperature
ready for the introduction of a -formylvinyl anion
equivalent to o,3-enones such as cyclohexenone
(Scheme 55).1%%2 This tin—lithium transmetalation
has also been used in the case of cyclobutenyltin
reagent 246, prepared from ketal 244. Lithiation of
246 and addition of the enone 247 gave coupled
adduct 248, a key intermediate in the synthesis of
cytotoxic germacranolide eucannabinolide (Scheme
56).131

Scheme 56
(0] OMs
1. nBU3SNMgCl _ nBusSn KaCOy
OMe 5 mscl OMe ~DMSO
OMe (68%) OMe (96%)
244 245
nBuzSn 1. nBuLi
E‘OMe 9 Ph_O_0O
OMe
246 247 \e o
(82%)

Ij[»OMe

248 OMe

p-lodoenones such as S-iodocyclohex-2-enone 249
can be transformed into the corresponding j-tri-
methylstannyl derivatives 250 by reaction with phen-
ylthio(trimethylstannyl)cuprate. Treatment of 250
with lithium diisopropylamide followed by addition
of tert-butyldimethylsilyl chloride afforded the silyl
enol ether 251. Transmetalation of this compound
with methyllithium and reaction with electrophiles
afforded substituted 1,3-cyclohexadienes 252, which
are direct precursors of g-substituted 2-cyclohex-
enones (Scheme 57).132
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Scheme 57
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Direct deprotonation on racemic dihydropyran 253
using tert-butyllithium afforded vinyllithium deriva-
tive 254, which reacted with aldehyde 255 to give
compound 256, an intermediate in the total synthesis
of ()-breynolide, an aglycon derivative of the potent,
orally active hypocholesterolemic glycoside breynin
A (Scheme 58).133

Scheme 58
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Q tBuli Q
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-/ \/
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255 H Suem H NO
L, |
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Kinetic g-deprotonation of S-sulfonyl-substituted
protected enones such as (E)-4-(p-toluenesulfonyl)-
butenone dimethyl ketal (257), takes place in a
stereoselective manner with formation of stabilized
(E)-vinyllithium 258. Reaction of this intermediate
with different alkyl halides gave stereoselectively the
corresponding E-sulfonyl enones 259 after acid hy-
drolysis, whereas the reaction with aldehydes yielded
3-sulfonylfurans 260 or even monoprotected enedi-
ones when acyl chlorides or isocyanates were used
(Scheme 59).1%* Similarly, sulfonyl acetal 261 acts as
a precursor of a g-formylvinyl anion equivalent,
affording the lithiated vinylic sulfone 262 according
to Scheme 59. Electrophilic trapping of 262 with
aldehydes, methyl iodide, and acyl chlorides afforded
the expected substituted vinylic sulfones 263.1%

2-Alkyl-3-phenylthiofurans 266 have been pre-
pared following a protocol that involves deprotonation
of vinyl sulfide 264 with sec-butyllithium to give
intermediate 265. Quenching this anion with an
appropriate aldehyde and final acid treatment affords
the desired 3-(phenylthio)furans 266 (Scheme 60).136

1-Vinyl-4-methyl-2,6,7-trioxabicylo[2.2.2]octane de-
rivatives 268 can be considered as carboxylate-
protected equivalent of the S-acrylate anion synthon.
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Scheme 59
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Thus, ortho ester 267 was metalated producing an
unsaturated homoenolate anion equivalent 268 which
stereoselectively intercepted electrophiles such as

Scheme 60
o o PhS
PhS\/\( SBuLi PhSWJ 1. RCHO A
j ) 2. H,0"
(0] Li O (56—69%) R O
264 265 266

alkyl halides, aldehydes, ketones, and lactones to
afford, after hydrolysis, -substituted acrylate esters
269 (Scheme 61).137 The higher yields were obtained
using the bromo derivative of 267.

Scheme 61
og/ , Li og/
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The mild experimental conditions of the palladium-
catalyzed Stille cross-coupling reaction,®? has been
exploited in the reaction of 3-iodobut-3-enoic acid
with acrolein vinylstannane derivative 241, which
affords conjugated dienic aldehyde precursor 270
without polymerization (Scheme 62).138 1-Tributyl-
stannyl-3,3-diethoxyprop-1-ene (241) has also been
used in coupling reactions with aryl bromides!® and
in acylation and sulfonylation reactions.'®® In a
related area, Suzuki cross-coupligs®? have been done
with the corresponding vinylboronates or vinylbo-
ronic acids.'38-d An example is shown in Scheme 62
with the cross-coupling of boronic ester 271 and
methyl (Z)-3-iodoacrylate conducted with a in situ
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Scheme 62

generated water soluble catalyst formed mixing pal-
ladium acetate and m-trisulfonated triphenylphos-
phine (TPPTS).138

C. Synthetic Equivalents of o,f-Unsaturated
Carbonyl Compounds

An alternative strategy for g-acylvinyl anionic
synthons is the use of saturated carboxylic acids,
esters, or amides 273 bearing an electron-withdraw-
ing function at the S-position. These systems can be
deprotonated with bases to give the corresponding
homoenolates and therefore react with electrophiles
to afford 3-substituted carbonyl compounds 274,
which could yield S-substituted o,5-unsaturated acrylic
systems 275 after elimination of the electron-with-
drawing group (Scheme 63).

Scheme 63
EWG\/YO Base EWG\/YO
X X
273
E EWG\(YO elimination EWO
E X X

274 275
[ EWG = ArSO,, ArSO, NO,, CN |

There are examples of this type of synthetic meth-
odology using systems 273 (X = OH) bearing sul-
fonel32140 or sulfoxide groups.'3%141142 The sulfone
group can be introduced by conjugated addition of a
sulfinic acid to an a,f-unsaturated carbonyl com-
pound® or by oxidation of 3-phenylthiopropionic
acid,’®® whereas the sulfoxide group is created also
by oxidation of the corresponding sulfide!®® or by
substitution using a lithiated methyl sulfoxide.41142
The sulfone group can be finally removed by base-
mediated elimination,'® whereas pyrolysis can be
used for the elimination of the sulfone and sulfinyl
groups.139141142 Example of the use of these systems
is the anion 277 as synthon type 179 (X = OH),
prepared by dilithiation of 3-(p-toluenesulfonyl)-
propanoic (R = R? = H or R! = Me, R? = H) and
butanoic (R! = H, R? = Me) acids 276, which react
with alkyl and acyl halides to give the corresponding
3-substituted unsaturated esters 278 and 279, re-
spectively, after esterification with methanol/hydro-
gen chloride and elimination of the sulfonyl group
with DBU (Scheme 64).14° When carbonyl compounds
are used as electrophiles, o,8-butenolides 280 are
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Scheme 64
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obtained after in situ lactonization with trifluoroace-
tic anhydride (TFAA) and base-promoted elimina-
tion.’* This methodology has been applied to the
synthesis of interesting butenolides as a precursor
of rosefuran, a derivative of (+)-umbelactone and (+)-
andirolactone.’*® The acylation process gives 1,4-
enedicarbonyl compounds 279 used, for instance, in
the synthesis of a precursor of the seco-acid of
pyrenophorin (210).24% The usefulness of the sulfo-
nylpropionic acid 276 (R* = R? = H) as butenolide
precursor, has also recently been demonstrated when
used in a key step for the synthesis of an analogue
of the dioxabicyclo[3.2.1]octane core structure of the
squalestatins (zaragozic acids).**® This type of furan-
2-ones 280 have also been obtained following the
same method but starting from the dianion of N-
monosubstituted 3-(phenylsulfonyl)propanamides.'#4

The nitro function can also be used as electron-
withdrawing group for the strategy shown in Scheme
63, as it has been demonstrated in the aldol reaction
of ethyl S-nitropropionate (281) with 4-acetoxypen-
tanal in the presence of diisopropylamine. Spontane-
ous elimination of nitrous acid gave the correspond-
ing p-substituted acrylate 282, which has been
employed in the synthesis of a mixture of p,L and
meso forms of pyrenophorin (Scheme 65).1452 Related

Scheme 65
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(0] Y\/ OAc (0}

/\)k OAc )\/Y\)J\
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with this methodology is the reported preparation of
4-hydroxy-2-cyclopenten-1-ones using 3-nitropropion-
yl chloride.**® Even the cyano group has been used
as activating-leaving group, in this case from ke-
tones.146

Ketone, aldehyde, and ester-protected compounds
bearing an homoenolate anion stabilized by an easily

Chinchilla and Najera

removable group by fS-elimination have been used
frequently as g-acylvinyl anion equivalents. In that
sense, ketals from acyclic (283, R? = alkyl) or cyclic
ketones 284, as well as acetals (283, R? = H),
cyclopropyl sulfones 285 and ortho esters 286 have

RO, OR
R'o_ OR' Q
EWG/\)<R2 R SO,A
n=1,2 o2
283 284
[EWG = ArSO,, NO,, CN |
R{_OR? RO_ OR
A ewe™~"or
SO,Ph
285 286
[R'=OR? alkyl | [EWG = ArSO,, R,NSO, |

been employed for the same previously shown depro-
tonation-reaction with electrophile-elimination strat-
egy, just adding a deprotection step prior to S-elim-
ination.

The sulfone group has been by far the most
frequently used carbanion stabilizing function'#” in
these S-acylvinyl anion equivalent precursors type
283,148—161 2841155,162,163 285,164—166 or 286_167—1711:) ThLIS,
for example, treatment of type 283 carbonyl-protected
sulfone 287, as synthon of methacrolein anion, with
n-butyllithium and the alkyl iodide shown in Scheme
66 afforded sulfone 288, which was deprotected with

Scheme 66
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Phso/\/k Me
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SO,Ph [n=13-16] SO,Ph
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0
_h
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aqueous acetic acid and desulfonylated with base to
give (£)-nuciferal (289).14%" This reaction using car-
bonyl-protected cyclic ketosulfones such as 290, as
synthon 180 (n = 2), and a a,w-bromoalkanol as
electrophile allowed the synthesis of cyclohexenonic
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long chain fatty alcohols 292, compounds exhibiting
influence on neurite outgrowth (Scheme 66).163

In addition, formal dialkylation at the S-position
of acrolein have been achieved by using the still
speculative dilithiated 1,1-dimethoxy-3-p-toluene-
sulfonylpropane 294 as a $-acylvinyl dianion equiva-
lent in the reaction with mono- and dielectrophiles,
giving dialkylated compounds such as 295 or car-
bocyclic derivatives such as 296 after base-induced
elimination (Scheme 67).16!

Scheme 67
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Another recent example of the synthetic use of
acetalic sulfones type 283 as -acylvinyl anion equiva-
lents is the opening of optically active epoxide 298
after lithiation of sulfone 297. Deprotection, oxidation
of the aldehyde, cyclization, and further DBU-
induced elimination of the sulfone group afforded
5-hexadecanolide 301, a pheromone of the queen of
the oriental hornet Vespa orientalis, after catalytic
hydrogenation (Scheme 68).16°

Scheme 68
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Selective nucleophilic substitution in indoles such
as the tricarbonyl chromiun complex 303 has been
achieved using the lithiated sulfone 302, a methyl
vinyl ketone anionic synthon. Oxidative quenching
with iodine, desilylation, and final acid and base
treatment gives the 3-substituted enone 305, which
is a precursor of the indole alkaloid clavicipitic acid
(Scheme 69).158

Protected y-oxosulfones such as 306 have also been
used in acylation reactions of their corresponding
lithium anions with ethyl chloroformate'®’ for the
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Scheme 69
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synthesis of 309, which is the y-hydroxybutenolide
moiety of strigol, a potent natural seed germination
stimulant (Scheme 70).152 Also lithiated compound

Scheme 70
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310 has reacted with acyl chlorides for the synthesis
of ene-1,4-dicarbonyl compounds 312.15°

Michael addition of the lithium anion of protected
ketosulfone 313 to substituted cyclopentenone 314
has been used for the stereocontrolled synthesis, after
deprotection and elimination, of 15-oxoprostaglandin
F; (316) (Scheme 71).1% Moreover, reaction of lithi-
ated reagents type 283 with aldehydes and ketones
has been developed as a method for the preparation
of a,f-butenolides 318 as is exemplified in Scheme
72. Thus, metalation of acetal 293 and reaction with
the carbonyl compound followed by hydrolysis af-
forded cyclic acetal 317, which was transformed to
butenolides 318 after oxidation with Jones reagent
and DBU-induced elimination of the sulfone group.'%°
In addition, these sulfonyl carbanions have been used
for the synthesis of 4-hydroxycyclopent-2-enones!*®
or 3-substituted furans 321, the last process being
illustrated in Scheme 72 and including two consecu-
tive a-deprotonations with o-alkylation and addition
to formaldehyde.

The nitro group has also been used as a carbanion
stabilizing group in reagents type 283. Thus, ni-
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Scheme 71
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troketal 322 was deprotonated with tetramethylguani-
dine (TMG) and reacted in a 1,4-addition fashion with

Scheme 72
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cyclohex-2-enone affording S-substituted enone 324
after in situ induced elimination with diisopropyl-
amine (Scheme 73).14%2 Even there are examples on

Scheme 73
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the use of phosphonium?7222 and arsonium?’% ylides
as -formylvinyl anion equivalents.

Chinchilla and Najera

A protected sulfonyl-substituted cyclopropanone
reagent type 285 has been used as a -anionic acrylic
ester synthon 179 (X = OPh). In this way, 2,2-
diphenoxy-1-(phenylsulfonyl)cyclopropane (325) can
be a-lithiated and reacts with alkyl halides to give
alkylated cyclopropyl sulfones 326, which were sub-
jected to hydrolysis with titanium tetrachloride fol-
lowed by elimination of the phenylsulfonyl group with
DBU affording o,8-unsaturated esters 328 together
with a certain amount of their S,y-unsaturated
isomers (Scheme 74).164

Scheme 74
PhO_ OPh 1oBuli PPOLOPR 4 Tic,
2. RCH,Hal R 2 H,0
SOPh  (56-87%) SO,Ph
325 326
O SO,Ph DBU j\/\/
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phOJ\/K/R (31-49%) PhO
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The carbanion of 2-[(2-methoxyethoxy)methoxy]-1-
phenylsulfonylcyclopropane (329) has been employed
as acrolein g-anion synthon for the synthesis of
p-alkyl substituted o,f-unsaturated aldehydes. In
this procedure, the starting sulfone 329, prepared by
oxidation of the corresponding sulfide, is lithiated and
reacts with alkyl halides to give cyclopropanes 330.
Hydrolysis of the MEM-protecting group with aque-
ous tetrafluoroboric acid afforded cyclopropanol 331,
which after treatment with sodium bicarbonate yields
trans-g-substituted «,3-unsaturated aldehydes 332
(Scheme 75).1% Similarly, 2-alkenyl-2-methoxycyclo-

Scheme 75
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1. nBuli or LDA HBF,
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propyl phenyl sulfones 333 can be converted to
unsymmetric dialkenyl ketones 336, suitables for
Nazarov reaction, by ring opening of the correspond-
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ing alkylated cyclopropanes and alumina-induced
elimination of the phenylsulfonyl group (Scheme
75).166

The homoenolate derived from methyl 3-phenyl-
sulfonyl orthopropionate (337) can be considered also
as a synthetic equivalent of a f-anionic acrylate
synthon 179 (X = OMe), useful for the synthesis of
butenolides. Thus, ortho ester 337 is metalated and
reacts with aldehydes and ketones to yield, after
hydrolysis, p-phenylsulfonyl y-lactones 338, which
are transformed into butenolides 318 by base-induced
elimination (Scheme 76).%67 This homoenolate has

Scheme 76
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also been used in an acylation reactions for the
synthesis of cytotoxic styryl lactones'®816® and also
in reaction with epoxides for the synthesis of a,f3-
unsaturated-o-lactones.’’%@ An example is the reac-
tion with chiral epoxide 339 for the synthesis of the
o,f-unsaturated-o-lactone unit of (+)-gonodiol 341
(Scheme 76).17% The same homoenolate has been
used for cyclopentannulation reactions with cyclic
enones.'’!2 A highly enantioselective version of this
process has been recently developed using the chiral
sulfonamide 342 as electron-withdrawing group on
an ortho ester type 286 (Scheme 77).171® Thus, reac-
tion of metalated sulfonamide ortho ester from 342
with cyclic enones and quenching with trimethylsilyl
chloride give silyl enol ethers 343a. These compounds
suffered stereocontrolled trimethylsilyl triflate-in-
duced cyclopentannulation affording ketones 343b,
which are transformed into enantiomerically en-
riched bicyclic cyclopentenones 343c, after reduction,
hydrolysis and elimination of the sulfonamide moiety.

There are a number of allylic reagents which, after
metalation, can act as equivalents of the important
acrolein g-anion synthon. These compounds can be
represented as species of the type 344 (Scheme 78)
and are characterized by the presence of groups
capable of further stabilization of a carbanionic center
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Scheme 77
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(bearing S, Se, or S0,).'”® In addition, after the
reaction of the created stabilized anion 345 with an
electrophile, they show a vinylic system (346), which
can be hydrolyzed to a carbonyl function. Further
elimination of the carbanion-stabilizing group allows
the final synthesis of S-substituted acroleins 347.

The first developed reagent of type 344 (X =Y =
S) was 1,3-bis(methylthio)propene (348), prepared by
reaction of epichlorohydrin with sodium methylthi-
olate, methylation of the hydroxy group, and elimina-
tion of methanol by lithium diisopropylamide (LDA).
Reaction of 348 with lithium diisopropylamide fur-
nishes an anion 349 which can be stored in solution
in a refrigerator without decomposition. Treatment
of this lithio reagent with aldehydes or ketones,
followed by mercuric ion promoted hydrolysis and
elimination of methanethiol afforded y-hydroxy-a,S-
unsaturated aldehydes 351 (Scheme 79).174 This
lithiated reagent has also been used for epoxide ring
opening reactions, 4175 in key steps for the total
synthesis of prostaglandins,’®177 as shown in Scheme
79 in the synthesis of aldehydes 353 by opening of
epoxide 352. Compound 353a has been used in the
total synthesis of prostaglandin F,,.17® Similar 1,3-
bis(phenylthio)alkene derivatives (344, XR = YR =
SPh) have been prepared by treatment of o,(-
unsaturated aldehydes and ketones with triphenyl
thioborate, a procedure which failed in the case of
acrolein and methyl vinyl ketone.'’® These deriva-
tives have been deprotonated and used as -acylvinyl

Scheme 78
RX AR mBuli _ RX YR __E"_ RX_YR
or LDA L'i+‘ \\/\/
E
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1. hydrolysis E~ 0}
2. elimination \/\f
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X=80,Y=0
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Scheme 79
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anion equivalents.’® Moreover, the phenylseleno
equivalent of compound 344 (XR = YR = SePh),
obtained by reaction of 1,3-dichloropropene with
benzeneselenolate, has also been employed for the
preparation of f-substituted o,3-unsaturated alde-
hydes after metalation, reaction with electrophiles,
followed by unmasking with hydrogen peroxide.t”®
3-Methoxy-1-phenylthiopropene (354), obtained by
reaction of epichlorohydrin with sodium phenylthi-
olate and further ring opening with sodium hydride
followed by quenching with methyl iodide, can be
lithiated and alkylated exclusively at the o-position
of the sulfur atom. The resulting products afford o,3-
unsaturated aldehydes after the above shown hy-
drolysis in the presence of mercuric chloride (Scheme
80).18 The lithio anion of this allylic starting material

Scheme 80
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354 has also been used for the ring opening of
epoxides such as (S)-epoxypropane driving to the
final preparation of 2H-pyran-2-ones such as para-
sorbic acid.*®!

Sulfenylation of a-enal acetals has shown to be a
route to the preparation reagents of type 344 (X =
S, Y = 0). Thus, acetals such as 356 proved suscep-
tible of SN2’ attack affording y-alkoxyallyl sulfide 357.
These types of compounds can act as equivalents of
the acrolein $-anion synthon by tert-butyllithium-
promoted alkylation and oxidative hydrolysis, as
shown in Scheme 81 for the synthesis of citral
(359).182 Using a similar reagent, (+)-nuciferal (289)
has also been obtained.8?

Chinchilla and Najera

Scheme 81
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Reagents of the type 344 bearing an electron-
stabilizing sulfone group (X = SO,, Y = O) have also
been prepared to serve, after deprotonation, as ac-
rolein -anion synthon. Thus, 1-benzyloxy-3-(p-tolu-
enesulfonyl)propene 360, obtained as a ca. 3:1 Z.E
mixture by reaction of (diethylphosphonyl)lithio(p-
toluenesulfonyl)methane with 2-benzyloxyethanal
followed by isomerization, can be lithiated and reacts
with aldehydes to give alcohols 361. Sequential
hydrolysis-cyclization, oxidation and DBU-mediated
elimination gives substituted butenolides 363 (Scheme
82).183.184 These kind of allyl sulfones have been also

Scheme 82
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employed for the synthesis of substituted furans.185186
In the cyclic version of this type of allylic sulfones, a
y-methoxyallyl sulfone 364 undergoes metalation,
followed by alkylation and hydrolysis to afford -sub-
stituted cyclic cyclopentenones 366.187-18% |n addi-
tion, a reagent type 344 (X = SO,, Y = S) has also
been used for the synthesis of -mono- and g,(-
disubstituted «o,S-unsaturated aldehydes,®® and
y-chloroallyl sulfoxides have been employed as latent
o,f-unsaturated carbonyl compounds.18%

An equivalent of the acrolein S-anion synthon is
the allyl anion 368, obtained by allylic deprotonation
of 4H-1,3-dioxin (367) with s-butyllithium. Reaction
of this anion with different electrophiles such as alkyl
halides, epoxides, ketones, or aldehydes provides
monosubstituted dioxins 369, which can be thermally
converted to formaldehyde and the desired o,S-
unsaturated aldehydes by a retro Diels—Alder reac-
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tion (Scheme 83).1%° Further alkylation of monoalky-

Scheme 83
P
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/ oA (51-95%
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347
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lated dioxins 369 gives also access to (E)-alkenones.!®!

The incorporation of an additional phenylsulfonyl
group to an allylic reagent type 344 (X =Y = SPh)
promotes high y-regioselectivity in the reaction of
their ambidentate anion with both “hard” and “soft”
electrophiles. Thus, the anion 371 of 1,1,3-tris-
(phenylthio)propene (370), which can be considered
as a g-lithioacrylic acid equivalent, reacts with elec-
trophiles to give the y-substituted adducts. Hydroly-
sis of the intact dithioacetal moiety serves to release
the latent carboxylate function and elimination of
thiophenol generates the corresponding -substituted
acrylic acids.121% In the case of the reaction with
aldehydes or ketones, cyclization and elimination of
thiophenol generates the corresponding butenolides,
as shown in Scheme 84 outlining the preparation of

Y\/

Te5%)

Scheme 84

PhS \/\(
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PhS SPh
A _CF3COMH _
SPh
z OH COCF3
NaHCO3 _DBU —
(63%) T@s%) o o

373

\/\r _nBuLi _
“or LDA

butenolide 373, which has been used as a precursor
of the pheromone (&£)-eldanolide.®® Even chemically
similar 1,1,3,3-tetraalkylthio-substituted propenes
such as 2-(1,3-dithian-2-ylidenemethyl)-1,3-dithiane
(374) can be lithiated and used now as an equivalent
of the g-hydroxy-g-lithioacrylic acid for the synthesis
of (+)-dihydrokawain (377) following the route out-
lined in Scheme 85.1%

The lithio derivative 381 of 2-diethylamino-4-
phenylthiobut-2-enenitrile (380) is also a practical
p-lithioacrylic acid equivalent. This reagent is pre-
pared by conversion of the amide 378 into the
corresponding S-methylthioamide 379 followed by
addition of potassium cyanide and elimination of
methanethiol upon heating (Scheme 86). v-Lithiation
of the obtained cyanoenamine 380 followed by treat-
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Scheme 85
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ment with an electrophile such as cyclohex-2-enone
afforded the 1,4-addition product, which is converted
into the 3-phenylthio-substituted acid 382 after hy-
drolysis. Oxidation to the sulfoxide and thermolysis
gives the corresponding a,(-unsaturated acid 383
(Scheme 86).1%2 A related method, but using a phenyl
sulfone, has also been published.'9%"
B-Trimethylsilyl-a,-unsaturated carbonyl com-
pounds are prepared via allylic sulfide 384, which are
considered as a precursor of a a-silylated g-acylvinyl
anion. Alkylation of compound 384 results in an
exclusive formation of a-adduct 385, which is con-
verted into 386 on treatment with sodium periodate
by a [2.3]-sigmatropic rearrangement. In addition,
silica gel-promoted thioallylic rearrangement of 385
followed by o-alkylation of resultant 387 enables
incorporation of two electrophiles in different posi-
tions of 384. Final oxidation of crude 388 allows the
synthesis of enones 389 (Scheme 87).1° Furthermore,
o-methoxyallyl sulfides are used as a similar ho-
moenolate dianion equivalents,’®” whereas 1-trim-
ethylsilyl-1,3-bis(phenylthio)propene can be employed
also as a silylated g-acylvinyl anion equivalent for

Scheme 86
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the preparation of functionalized o,f-unsaturated
acylsilanes.'%®

Allyldithiocarbamates have been used for the syn-
thesis of a,3-unsaturated aldehydes.**® For example,
allyldithiocarbamate 390 has been employed as
precursors of a acrolein S-anion synthon transforming
aldehydes into 4-oxygenated alk-2-enals. The proce-
dure involves deprotonation of compound 390 fol-
lowed by reaction with aldehydes in the presence of
titanium isopropoxyde at the o-site of 390. The
obtained compounds 391 are transformed into 392
upon heating and silylation. Reaction of the com-
pounds 392 with methyl iodide affords the corre-
sponding iodides 393, which are oxidized to the enals
394 by treatment with N-methylmorpholine-N-oxide
(NMNO) (Scheme 88).19% These types of enals have
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o, ~ 3
1. LDA
si N/ DA 16 M
AN 2. Ti(OPr), S NQ
S 3. RCHO R
390 (82-99%) 391

ODMPS O
1.4 )\/\/S N

2.CISiMe,Ph R hd
_R0Q0,
(80-89%) 392 S
ODMPS
ODMPS
Mel NMNO
— e - R)\/\/l -_ P /O
(70-76%)
393 394

been used as starting materials for the synthesis of
coriolic and dismorphecolic acids.9°

(E)-Enones can be prepared from different prop-
argylic alcohols. One procedure involves transforma-
tion of propargyl alcohol 395 into y-monosubstituted
allenic methyl sulfoxides 396, followed by deproto-
nation with methyllithium or lithium diisopropyla-
mide and reaction with alkyl halides to give substi-

Chinchilla and Najera

tuted propargylic sulfoxides 398. Desulfurization of
398 using 2-mercapto-1-methylimidazole (399) fur-
nished the corresponding final conjugated enones 340
(Scheme 89).2°° Another procedure involves 3-(tert-

Scheme 89
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butyldimethylsiloxy)allenyllithium 402, generated
from a 1-silylpropargyl alcohol 400 (Scheme 90). The
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procedure implies conversion of alcohol 400 to sily-
loxyallene 401 under the influence of a catalytic
amount of butyllithium. Addition of a stoichiometric
amount of this organolithium reagent to 401 yields
the silyloxyallenyllithium 402, which reacts with
alkyl halides to give (E)-a,5-unsaturated ketones 403
after hydrolysis.??12 The use of other related alkoxy-
allene®*®=f and N-propargylphosphoramide?®9 re-
agents have also been described previously as
p-formylvinyl anion equivalents.

V. B-Acylvinyl Cationic Synthons

The p-acylvinyl cationic synthons 404 or 405 belong
to the category of the considered unsaturated re-
agents of type a® 2 and therefore can be attacked by
nucleophiles providing g-substituted o,5-unsaturated
compounds. Precursors of these synthons are com-
pounds of the general formula 406 and 407, in which
a potential leaving group is attached at the $-position
of the a,f-unsaturated system. This strategy has
been traditionally used for the -functionalization of
o,f-unsaturated carbonyl compounds. These types of
systems can undergo reactions with nucleophiles to
achieve 3-substituted conjugated carbonyl compounds
following two different pathways. Generally, a vinylic
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substitution reaction by a 1,4-addition—elimination
mechanism takes place, although a 1,2-addition to
the carbonyl group followed by hydrolysis of the
vinylic function and dehydration is also possible,
specially starting from aldehydes or ketones of the
type 406 or 407 with X = OR or NR..

(o} o
X Yo = X
*/\ﬂ/ Y\b LL/W x\ijz
o ( n* 0] ( n v
404 405

[Y = Hal, OR, NR, NR3, SR, SO,R]

Thus, the conjugate addition—elimination of nu-
cleophiles to activated vinyl halides is known for
many years,??? and the final configuration of the vinyl
halide is retained in many cases. The starting halides
type 406 can be prepared by addition of hydrogen
halides to conjugated ethynyl systems as exemplified
in the synthesis of methyl (E)-3-bromopropenoate
(408),%2%%2 whereas cyclic a,5-unsaturated ketone ha-
lides type 407 are obtained usually by addition—
elimination of halides to enones.?’%® Some selected
recent examples on the use of these vinyl halide
reagents 406 as equivalents of S-acylvinyl cations of
type 404 are shown in Scheme 91. Thus, compound

Scheme 91
Ph— T
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/\/COZMG Ph
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408 reacts with the lithio anion of alanine-derived
chiral imidazolidinone 409 affording diastereomeri-
cally enriched a,3-unsaturated ester 410 (>98% de),
which is a o-methyl-a-amino acid derivative em-
ployed in the preparation of some isotype-selective
antagonists for metabotropic glutamate receptors.?%*
Cuprates have also been employed for these reac-
tions,?%%2 for example azabicyclic compound 411 re-
acts with alkyl and aryl cuprates to give products 412
in studies toward the synthesis of epibatidine
analogues.?®® An example of the synthon type 405
(X = CHpa, n = 2) is s-iodocyclohexenone (249), which
undergoes reaction with zinc cuprates containing
functional groups?%6-2082 tg give S-substituted enones
such as 413.2%82 5-lodocyclohexenones and iodocyclo-
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Scheme 92
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pentenones have also been used in reaction with
phenylthio(trimethylstannyl)cuprate for the synthe-
sis of B-trimethylstannyl-o,3-unsaturated ketones.208°

Enol ethers of cyclic g-diketones can react with
nucleophiles in a 1,2-fashion and subsequent hy-
drolysis of the enol function followed by dehydration
yields B-substituted cyclic enones.”32.209-215 This pro-
cess can be seen as an apparent nucleophilic substi-
tution of an oxygenated moiety. Recent examples of
the use of this methodology are the reaction of
3-ethoxycyclohexenone (414) with lithiated 2-meth-
ylfuran (415), which yields the corresponding oS-
unsaturated ketone 416, in the first step toward the
synthesis of sesquiterpenolide (+)-decipienin A20% or
the reaction of 1,3-dioxin 417 with organolithium
compounds?'42 (Scheme 92). There is also a reported
example with a cyclobutenone derivative.?'%2 Related
with this methodology is the reaction of organomet-
alic reagents with S-phenylseleno-a,3-unsaturated
carbonyl compounds followed by acid hydrolysis.?*>?

An example of substitution reaction, but now the
hydroxyl acting as a leaving group, is the condensa-
tion of amino acids with indanone derivatives such
as 419, a methodology that has been recently used
for protection strategies in solid-phase synthesis of
peptides (Scheme 93).216

Scheme 93
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The phosphate group is also used as leaving group
in cationic synthons of the type 404217-219 and 405.20%a
The synthetic equivalents are prepared by deproto-
nation of g-keto esters such as 421 and quenching
with diethylphosphorochloridate affording enol phos-
phates such as 422. These types of compounds can
be treated with lithium dimethylcuprate giving alkyl
(E)-3-methylalk-2-enoates such as 423 (Scheme 94),
a compound used for the total synthesis of Latia
neritoides luciferin (424).2Y” The isoprenoid moku-
palide has also been prepared using this methodol-
ogy.218

Enaminones??® (406, X = R;N, Y = R) are known
to react similarly with organomagnesium and orga-
nolithium reagents acting thus as cationic synthons
of the type 404 (the so-called Benary reaction).??1222
The reaction proves to be general, offering an access
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Scheme 94
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not only to o,f-unsaturated ketones but also to o,f-
unsaturated aldehydes and esters, being also rather
stereoselective.??™ In the case of g-amino vinyl ke-
tones, the reaction seems to proceed through a 1,4-
addition—elimination mechanism.??** Example of the
use of this reaction is the preparation of -alkyl enone
427 from enaminone 426, intermediate in the total
synthesis of dihydrojasmone (Scheme 95).223
Scheme 95
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However, S-aminopropenals seems to react with
organomagnesium and organolithium compounds
mainly in a 1,2-fashion at the carbonyl group, as
depicted in Scheme 96.2°"® The use of toluene as

Scheme 96
0 2 OMgX OH
R2MgX 4 N
HJ\/\NR12 Hi}/\NRg HMR12
428 429 430
o)
—_— RZMNW H20 RZMH
431 432
H., .Me 1
o "N 1. R2MgX/CeCl RW
. 3
RJ\/\ 2. AcOH R O
_QE0,
433 (65-85%) 434

R'= Me, nBu, Ph
R? = Me, nPr, nBu, Ph

solvent when using Grignard reagents has proved to
increase the yield of the obtained final enones in
these type of reactions.?®® In addition, improved
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Scheme 97
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stereoselectivities in the synthesis of a,-unsaturated
ketones have been achieved when the reaction is
carried out with Grignard reagents in the presence
of cerium(l11) chloride, the starting enaminone 433
bearing a secondary amine framework (Scheme 96).2%
In this case, a trans relationship between the intro-
duced substituent and the carbonyl group is predomi-
nantly observed in final enone 434, probably induced
by a mechanism involving cerium oxygen—nitrogen
complexation and 1,2-addition followed by 1,3-car-
bonyl shift.

Trifluoromethyl enaminoenones 436, which can be
prepared by reaction of S-trifluoroacetylvinyl ethers
435 and sulfides with amines such as dimethyl-
amine,??® react with lithium derivatives of aromatic
or heteroaromatic compounds affording stereoselec-
tively the corresponding trifluoromethyl enones 437227
(Scheme 97). Moreover, the betaine 438, prepared
from ethyl propiolate and trimethylamine, reacts
with sodium salts of primary and secondary allylic
alcohols affording (E)-3-(allyloxy)acrylic acids 439,
suitable for Claisen rearrangements (Scheme 97).228

Sulfur-containing functions have also been used as
leaving groups in o,f-unsaturated carbonyl com-
pounds for addition—elimination reactions with nu-
cleophiles. Thus, the reaction of lithium dimethyl
cuprate with vinylsulfide 440 affords the s-methyl-
cyclohex-2-enone 441, which is an intermediate in the
total synthesis of (+)-a-cuparenone (Scheme 98).22°

Scheme 98
o) o]
74%
™S spTol (74%) ™S Me
440 441
SMe CN SMe
2 R2 CN
R ZSMe + /[ s — =z ‘
HN™ "R 1 s
1770 ; R 0] R
R Li Nz
442 443 444
SMe
2
R \CN
(30-92%) |
RN TR?
445
R! = Me, Ar; R? = H; R'-R? = (CH,),,, n=1,2
R® = Me, Ph

Similarly, oxoketene dithioacetals such as 442 un-
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Scheme 99
PhS(O)n~ - CO,Me (nBu3Sn)(2-thienyl)Cu(CN)Li,
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446
nBuzSn Z>co,Me
nBuzSn
447

dergo vinylic substitution reaction with some nucleo-
philes,?30a-235 as jllustrated in Scheme 98 for the
reaction of o,f-unsaturated g-lithioaminonitrile 443
with the compound 442, which allowed the synthesis
of pyridines 445 via cyclization of the intermediate
444 23 Moreover, ketene dithioacetals having electron-
withdrawing groups at the a position substitute a
methylthio group by a nucleophile?? and related
oxoketene N,S-acetals have been employed for these
addition—elimination reactions.?*% Even S-oxovinyl-
sulfonium salts have been described for nucleophilic
displacement reactions using alcoholates and phen-
olates.30P

There are also examples of nucleophilic displace-
ments of the sulfoxide group in a 1,4-fashion, as
illustrated in Scheme 99 with the reaction of vinyl-
sulfoxide 446 (n = 1) with a high order tin cuprate,
affording the geminal bis-stannane 447.2% This reac-
tion could be also carried out starting from vinyl
sulfone 446 (n = 2).2%6

The sulfone group has been a frequently used
sulfur-containing leaving group for these type of 1,4-
addition—elimination reactions.?®” The usual high
stability of these sulfones makes them easy to handle
starting materials. Accordingly, S-(p-toluenesulfonyl)-
o,f-unsaturated esters and amides 448 react regio-
and stereoselectively with organomagnesium com-
pounds and sodium malonate?3® or even sodium
alcoholates or thiolates?3® to yield S-substituted a,3-
enoates or enamides 449 or 450, respectively (Scheme
100). This methodology has been applied to the

Scheme 100
1
2 2
pmsozv/‘YY _R’MorR*XNa
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448 \ R R
R\/kn/Y or RZX\/}(Y
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451 MeS. A NH._~
g Ph
0
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synthesis of natural antifungal sinharine 452, start-
ing from sulfonyl acrylamide 451 (Scheme 100).2380
Examples of this type of substitution reaction on
dialkyluracils?®® and cyclic systems such as 3(2H)-
thiophenone 1,1-dioxides?3¢ have also been reported.
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Alkyl cuprates have been used as nucleophiles for
the substitution of the sulfonyl group in a,5-unsatur-
ated esters, as shown in Scheme 101 for the prepara-

Scheme 101
o]
SOzpTol  Me,CulLi
BF; Et,0
(76%)
453 454

tion of tricyclic lactone 454, an intermediate in the
total synthesis of the diterpenoid (+)-forskolin.?®®
Furthermore, functionalized copper—zinc organome-
tallics have also been employed in substitution reac-
tions on (phenylsulfonyl)methylidenemalonates.?4°
B-Sulfonylvinyl ketones have been used as equiva-
lents to vinyl ketones in substitution reactions by
heteronucleophiles’® and in Robinson annelation
reactions for the synthesis of hydrindanones.?41-243
Thus, the sulfone 455 reacts with enolate 456 giving
unsaturated diketone 457, which is a precursor of an
hydrindanol related to Vitamin D (Scheme 102).24?

Scheme 102
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In addition, vinyl sulfoxides undergo acid-catalyzed
addition—elimination reactions with five-membered
heterocyclic compounds to give (E)-4-arylbut-2-en-2-
ones such as 459, a methodology that has been
employed as key step for the synthesis of naturally
occurring furanocoumarin psoralen, starting from
sulfoxide 458 and furane (Scheme 102).244

Even alkyl- and aryltellurates can act as leaving
groups in 1,4-addition—elimination reactions. Thus,
(2)-p-trifluoroacetylvinyltellurides 460 have been
found to react with zinc cuprates affording o,S-
unsaturated trifluoromethyl ketones 461 with (E)-
configuration (Scheme 103).24%

Scheme 103
1 (0]
R'Te O R2,CuX 2/\)]\
NCNcF, (56-90%) RN "CFy
460 461

R' = nBu, Bu, Ph; R? = alkyl, vinyl, Ar
X = (CN)(ZnCl),, ZnCl

The palladium-catalyzed cross-coupling reactions?
between S-acylvinyl halides of the type 406 or 407
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and all the previously commented array of tin-,
boron-, or zinc-containing counterparts, is another
way of using these compounds as synthetic equiva-
lents of synthons of the type 404 or 405, the order of
reactivity being | > Br > CIl. The Stille coupling
reaction® is probably the most common of these
palladium-mediated reactions. Thus, (2E,4E)- or
(2Z,4E)-dienoic acids 464 can be obtained through
palladium-catalyzed coupling of (E)- or (Z)-3-iodoprop-
2-enoic acids 462 with vinyltin reagents (Scheme
104).246-24% This approach has been applied intermo-
lecularly, for the synthesis of some natural occurring
dienamides,'¢:248.249 eyven amide bond-anchored poly-
ethylenglycol (PEG) derivatives,?° or intramolecu-
larly for the synthesis of polyene macrolides such as
macrolactin A.?5 Similarly, it has been employed for
the synthesis of some Streptomyces metabolites such
as 2880-11 (466) from cross-coupling between alkenyl
bromide 465 and an aryl stannane (Scheme 104).25?
A further example is the coupling of 5-bromobuteno-
lide 467 with vinylic?>® and heterocyclic®® stannanes
for the preparation of furanones such as 468 (Scheme
105). Recently, a Stille reaction between a protected

Scheme 105
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p-bromo-y-hydroxybutenolide 469 and tributylvinyl-
stannane has been used as one of the steps in the
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total synthesis of the nonsteroidal anti-inflamatory
sesquiterpene manoalide (Scheme 105).2%

A racemic 5,12-DiHETE—8,9-cyclopentadiene Di-
els—Alder adduct 474, which is a potential precursor
of a member of the leukotriene families, has been
prepared by palladium-catalyzed ternary coupling
between S-chloroenone 471, vinylstannane 473, and
norbornadiene 472 (Scheme 106).2°¢ In addition,

Scheme 106
o] OH
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polyunsaturated acylsilanes 476 can be prepared by
coupling of (E)-3-iodosilane 475 with vinyl, aryl, and
alkenyl stannanes (Scheme 106).2%7

The Stille coupling, but now using vinyl triflates
instead of vinyl halides, has also been used for the
synthesis of different 2-substituted carbapenems?®
or 3-vinylcephems.?*® Example is the enol triflate 478,
prepared from the g-keto ester 477, which coupled
in situ with aryl stannanes to give carbapenems 479
(Scheme 107).2%8 In addition, 1,4-dicarbonyl-1,3-buta-

Scheme 107
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dienes have been obtained by the coupling of enol
triflates with o,5-unsaturated carbonyl compounds,?©
whereas these triflates reacted also with functional-
ized organozinc reagents under copper(l)-catalysis.?6*

The Negishi coupling reaction®? between alkylzinc
derivatives and -halogeno-a,-unsaturated carbonyl
derivatives have been employed as a stereoselective
route to butenolides of terpenoid origin, such as
mokupalide (481).262 The synthesis involves treat-
ment of the Grignard reagent of the homoallylic
bromide 480 with zinc bromide producing in situ a
homoallyl zinc derivative. Palladium(0)-catalyzed
coupling of this derivative with 4-bromofuranone 467
afforded mokupalide 481 (Scheme 108). Recently, a
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Scheme 108
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two step Negishi alkylation-alkynation of o,(-dibro-
moacrylates has been shown to proceed first at the
B-position. 8

Suzuki’'s cross-coupling reaction of organoboron
derivatives and organic halides under palladium(0)
catalysis,®? has allowed the employment of 3-bromo-
o,B-unsaturated carbonyl compounds as S-acylvinyl
cationic synthons.2%3264 One example is the reaction
of boronic ester 482, prepared by hydroboration of
the corresponding olefin, with methyl g-bromometh-
acrylate 483 in the presence of a base such as
thallium(l) carbonate to give stereoselectively ke-
toester 484 (Scheme 109). Similarly, when coupling

Scheme 109
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(E)-p-bromoacrylamides with alkenyl- and alkylbor-
onates, biologically active unsaturated amides such
as dehydropipernonaline or pipernonaline were pre-
pared.?%® Furthermore, this reaction has been em-
ployed in the preparation of ester 486, which is an
intermediate in the synthesis of the anti-inflamatory
and analgesic diterpenoid (+)-dihydroxyserrulatic
acid.?®® The preparation of this compound involves
the hydroboration of the olefin 485, followed by
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palladium(0)-catalyzed coupling with methyl -bro-
momethacrylate (Scheme 109). Recently, 4-aryl-(5H)-
furan-2-ones have been prepared by Suzuki coupling
of bromobutenolides such as 468 with arylboronic
acids, a strategy employed in the total synthesis of
the marine antibiotics rubrolides C and E.?%7

The asymmetric hydrogenation reaction of (Z2)-
didehydro-g-methyltryptophan (490) has been a re-
cent way of preparation of (2R,3S)-5-methyltryp-
tophan.?®® The synthesis of the starting didehydro-
amino acid derivative 490 involves a key Suzuki
coupling of boronic acid derivative 488, prepared from
bromide 487, and (Z)-vinyl bromoacetamidocrotonate
489 (Scheme 110).

Scheme 110
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This palladium-catalyzed cross-coupling reaction
can also be carried out using vinyl and aryl triflates
instead of halides, the order of reactivity being | >
Br > OTf. An example is shown in Scheme 111 for

Scheme 111
EtO,C OTf
M\)\ 9-BBN 492
Pd(PPh3)4/K3PO4
491 (65%)
~ pZ Pz
EtO,C
493

the reaction of g-trifluoromethanesulfonyloxy croto-
nate 492 with the organoboron derivative obtained
by hydroboration of olefin 491 with 9-BBN.?%° The
use of aluminum derivatives for the coupling of
p-trifluoromethanesulfonyloxy-a,-unsaturated es-
ters has also been reported.8®

The Sonogashira palladium(0)-catalyzed coupling
reaction®? of terminal acetylenes such as carbinol 495
and vinyl halides, such as methyl (E)-j3-iodoacrylate
(494), has been used in synthesis directed toward the
bicyclic core of the antitumor agents esperamicin and
calichemicin (Scheme 112).27° In addition, it has been
employed in the synthesis of natural anti-cancer
epoxycyclohexenone harveynone? or in the prepara-
tion of enynal 498 from iodoacetal 497 and trimeth-
ylsilylacetylene (Scheme 113).27* Moreover, this type
of cross-coupling reaction with a f-iodocyclopent-2-
enone has been used in the synthesis of PGB;
analogues?’? or, using (Z)-B-bromoacrylic acid (499),
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Scheme 112
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as a route to (2)-y-alkylidenebutenolides 500 (Scheme
113).27?> The mechanism involves formation of yneno-
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ic acid intermediate, followed by palladium(l1)-medi-
ated trans-addition of the carboxylate anion across
the carbon—carbon triple bond and final reductive
elimination. y-Alkylidenebutenolides such as ru-
brolides A, C, D, and E have been similarly prepared
by palladium-catalyzed coupling of (Z)-g-aryl-g-io-
doacrylic acids and alkynyl zinc derivatives, which
were obtained by lithiation of terminal alkynes
followed by addition of zinc bromide?”32 following a
previously reported methodology.?’3® Recently, 5-(1'-
alkynyl)butenolides have been prepared by coupling
of S-halobutenolides with terminal alkynes,?”* whereas
(E)-y-tributylstannylmethylidene butenolides have
been prepared by coupling of tributylstannyl 3-io-
dopropenoate derivatives with tributyltinacetylene.?”34

Vinylzirconium derivatives have also been used as
organometallic counterparts in palladium-catalyzed
cross-coupling reactions with g-halo-a,-unsaturated
carbonyl compounds. Thus, (E)-1-alkenylzirconium
compound 501, prepared by reaction of the corre-
sponding acetylene with Schwartz’'s reagent ZrH(CI)-
Cp2, undergoes in situ coupling with vinyl bromides
such as methyl (E)-f-bromomethacrylate (483) to

Scheme 114
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afford conjugated dienic ester 502 (Scheme 114).27
This type of coupling reaction has also been employed
in the preparation of naturally occurring dienamides
505, starting from (E)-f-iodoacrylamide 503 (Scheme
114)_275,276

VI. p-Acyldienyl Anionic Synthons

At least an example can be related to such d*
synthons, corresponding to an equivalent of the cyclic
anion 506 and involving a Stille coupling reaction.

Thus, 5-(trimethylstannyl)-2H-pyran-2-one (507) re-
acts with the enol triflate from cyclohexanone under
palladium(0)-catalysis affording pyran-2-one deriva-
tive 508, (Scheme 115) a methodology which has been
employed for the synthesis of cardiotonic agents
lucibufagins and bufadienolides.?””

Scheme 115
— Pd(PPhj),, LiCI —
507 (68%) 508

VII. y-Acyldienyl Cationic Synthons

Few reports exist on the use of synthetic equivalent
of the y-acyldienyl cationic umpolung synthon type
a* such as 509, sulfonyldienamides 512 being an
interesting case. These sulfones are stereoselectively
prepared from (2E)-pentadienamides 511 by an in
situ iodosulfonylation-dehydroiodination procedure,
and react with potassium hydroxide in methanol to
afford (2E)-4-methoxy-2,4-pentadienamides 513 re-
sulting from the Michael addition of the methoxide
anion to the vinyl sulfone moiety followed by dehy-
drosulfinylation (Scheme 116).2782 These final diena-
mides behave as electron-rich dienes in Diels—Alder
reactions giving highly functionalized adducts.

5-Bromo-2H-pyran-2-ones such as 514 can be con-
sidered synthetic equivalents of the y-acyldienyl
cationic synthon 510. These systems have been used

(0]
AN @
=
o b
509 510

in palladium-catalyzed coupling reactions such as the
Stille coupling between compound 514 and vinyltri-
methyltin (Scheme 116).278® These bromopyran-2-
ones have also been used in Negishi palladium-
catalyzed cross-couplings with alkylzinc reagents for
the synthesis of supellapyrone a sex pheromone of
the brownbanded cockroach Supella longipalpa,?78®
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as well as in Suzuki couplings with arylboronic
acids.?78

VIIl. &-Acyldienyl Anionic Synthons

As seen above, the g-acylvinyl anions of the type
179 are interesting carbanionic intermediates with
umpolung reactivity. Consequently, the d-acyldienyl
equivalents of cyclic and acyclic vinylogous anions
516 or 517 would be considered as d® synthons with

o
_N\n/x ©
0 -
516 517

umpolung reactivity,® suitable to transfer an o,3,y,0-
diunsaturated functionality to electrophilic reagents.

The generation of a d-anion on a o-acyldienyl
system has only been recently achieved by trans-
metalation of a dienic organotelluride.?”®® Thus,
(2E,42)-5-telluropentadienamide 519 was prepared
by condensation of (Z)--butyltelluroacrolein 518 with
a triphenylarsonium bromide amide derivative and
was treated with butyllithium at —100 °C to provide
dilithiated intermediate 520a. This species reacted
with aldehydes to give the corresponding (2E,42)-
hexadienamides 520b. When the lithiated intermedi-
ate 520a was treated with cerium chloride, the
created organocerium reagent was able to react also
with ketones (Scheme 117).

A masked cyclic 6-acyldienyl anionic synthon of the
type 517 has been used in one of the total synthesis
of taxol. Thus, the lithiated diene 521 reacts stereo-
selectively with aldehyde 522 to give, after desilyla-
tion-cyanide elimination, conjugated dienone 523

Chemical Reviews, 2000, Vol. 100, No. 6 1921

Scheme 117
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which bears rings A, C, and D of the taxol skeleton
(Scheme 118).27%b¢
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(1E,3E)-1,4-Bis(trimethylsilyl)buta-1,3-diene (524)
can be used for the preparation of J-silylated di-
enones 525 by electrophilic substitution reaction with
acyl chlorides in the presence of aluminum trichlo-
ride. These obtained dienones 525 are synthetic
equivalents of the synthon 516 and react similarly
with acyl chlorides to afford 1,6-dicarbonyl com-
pounds 526 with a conjugated diene structure (Scheme
119)280ab gand other polyenes.28%

Scheme 119
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(E)-N-isopropyl-5-(p-toluenesulfonyl)pent-4-enam-
ide (527), prepared from pent-4-enoic acid by stereo-
selective iodosulfonylation-dehydroiodination and fur-
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ther amidation, has been used as precursor of a
o-acyldienyl anion equivalent of the type 516 (X =
NHIiPr). The procedure implies intramolecular Michael
addition of deprotonated vinyl sulfone 527 to give a
lactam dianion intermediate which reacts at the
a-position relative to the sulfone group with electro-
philes such as aldehydes, alkyl halides, and epoxides.
Further ring opening, double bond isomerization, and
final 6-dehydrosulfinylation afford regio- and stereo-
selectively (2E,4E)-dienamides 528 (Scheme 120).28!
A related starting material, (E)-5-(p-toluenesulfonyl)-
pent-4-enoic acid (529), also acts as J-acyldienyl
anion equivalent after lithiation at the vinylic posi-
tion and reaction with carbonyl compounds. The
obtained acids 530 have been transformed into meth-
yl (2E,4E)-6-hydroxy-2,4-dienoates 531 by esterifi-
cation with trimethylsilyldiazomethane followed by
dehydrosulfinylation with DBU (Scheme 120).282

The dianions derived from (allylthio)acetates 532
have been also used as precursors of the d-acyldienyl
anion synthon 516. Thus, treatment of the allylic
system 532 with lithium diisopropylamide and sec-
butyllithium, followed by further reaction with alkyl
halides, gave a- and y-monoalkylated products 533a
and 533b. Reaction of the a-isomer 533a with lithium
diisopropylamide resulted in [2,3]-sigmatropic rear-
rangement and formation of the 2-mercaptocarboxylic
esters 534a, which are treated with methyl iodide
giving 2-(methylthio)carboxylic esters 534b. Oxida-
tion of 534b with m-chloroperbenzoic acid and ther-
mal dehydrosulfenylation afforded (2E,4E)-dienoates
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535, which are precursors of dienamides (Scheme
121).288
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Dienylstannanes have been used in Stille pal-
ladium-catalyzed cross-coupling reactions with vinyl
iodides?®@ or bromides®®* as d-acyldienyl anions.
Scheme 122 shows the preparation of dienic ester 537
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from (E)-f-stannylacrylate 536. Subsequent palladium-
catalyzed coupling with iodide 538 yielded a mixture
of tetraene double bond isomers 539, the all-E being
the C9—C25 fragment of the B2 selective bradykinin
inhibitor L-755,807.2%%2 Carbonyl-protected dienyl
stannanes have also been employed in palladium-
catalyzed coupling reactions,?”* whereas 5-trimeth-
ylstannyl-substituted dienic esters have been re-
ported to suffer copper(l) chloride-mediated oxidative
homocouplings.284

IX. 0-Acyldienyl Cationic Synthons

The possibility of a nucleophilic vinylic 1,6-substi-
tution on conjugated dienic carbonyl compounds
bearing a potential leaving group at the J-position
would allow the consideration of these kinds of
compounds as equivalents of the d-acyldienyl cationic
a® synthon 540.3 For example, ¢-iododienamides such

as 542, prepared from stannylsilylbutadiene 541
following the sequence outlined in Scheme 123, react
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Scheme 123

1. 1y (72%)

2. PhSCOCI (65%)
3. (CHap)4NH,
541 AgO,CCF; (63%)

nBugSn\/\/\S"\Ae3

Il A~ ND nPentMgBr
\/\/\f( NiCl,(dppe)

0 (68%)
542

WM NQ
o
543

with Grignard reagents such as n-pentylmagnesium
bromide in the presence of a nickel catalyst to afford
naturally occurring dienamides such as sarmentine
(543).1¢2852 Moreover, o-chlorodienyl ketones have
been employed in this type of substitution reaction
with sodium sulfide,?8%* whereas the sulfide group
has also been used as leaving group in substitution
reaction with amines2¢-¢

The sulfonyl group on dienamides has also been
used as a leaving group in addition—elimination
vinylic substitution reactions. Thus, the already
mentioned sulfonyldienamides 508, which can also
act as a y-acyldienyl cationic equivalent (see Section
V1), suffer nucleophilic substitution by sodium thio-
lates and Grignard reagents to give regio- and
stereoselectively (2E,4E)-dienamides 544. This meth-
odology has been applied to the synthesis of sarmen-
tine and an Achillea amide?®2 (Scheme 124). In

Scheme 124
;;Tolsoz\/\/\[(NR‘R2 NaSR®or Nu\/\/\[rNWRZ
R*MgHal
o) ol o
508 (22-65%) sa

R'=H; R? = Pr; R-R? = (CH,), n=4,5
Me M

e
R®=B Bﬁ
= Bn,

R* = Et, iPr, nBu, iBu, nPent, vinyl

addition, organocuprates have been used as nucleo-
philes in this vinylic 1,6-disubstitution reaction with
phosphate, 28 trimethanesulfonyloxy,?% and n-butyl-
telluride®®® acting as leaving groups, whereas sele-
nium dienoates reacted with organolithium com-
pounds to give dienic aldehydes and ketones in an
apparent 1,5-carbonyl transposition sequence.?1%
o-Aminodienylesters such as 545 react with benzyl-
amine producing interchange of the amine moiety,
which allows the isolation of dienic esters such as 546
(Scheme 125).287

Scheme 125
MeoN o~ ~ OMe BnNH, BnNH\MYOMe
\/\/\g/ (61%) o
545 546

The above seen palladium(0)-catalyzed cross-
coupling reactions® using halogenated equivalents
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Scheme 126

547

PdCl,(PPhjg),

DIBAL-H
(71%)

549

of the g-acylvinyl cationic synthon 404 can be ex-
tended using d-haloacyldienyl systems.?47:288 Thus,
the Stille coupling reaction between a ¢-iododiena-
mide and a vinylic stannnyl compound has been used
in the total synthesis of antiviral and antitumor
natural product onnamide A28 whereas d-iododi-
enoic acids have been used for the preparation of
retinoic acids with all-trans stereochemistry.?®& This
reaction, but employing 6-bromodienamide 547 and
different vinylic stannanes, has been used as a
method for the synthesis of naturally occurring
polyenamides.161252.289.290 For example, compound 547
has been coupled with stannane 548, with a prer-
educed palladium catalyst for the preparation of the
(+)-enantiomer of the antibiotic manumycin A (549)
(Scheme 126),2°* some of its analogues,?#°292 and also
the Streptomyces-produced biosynthetic precursor of
the antibiotic triamide asuka-mABA 25229
Negishi's palladium-catalyzed coupling of vinyl
halides and organozinc reagents® have been em-
ployed as an access to (2E,4E)-dienals.?®® using a
synthon type 540. Thus, (2E,4E)-5-bromopenta-2,4-
dienal (551), which can be efficiently prepared by
bromination of gluconaldehyde potassium salt (550)
and acid-mediated thermodynamic equilibration, re-
acts with in situ prepared organozinc compounds to
achieve stereoselectively dienals 552 (Scheme 127).

Scheme 127
KO o~ = H 1. PPhy'Br, (84%)
e gy (80%)
(0}

550 551

R\M\H/H

o
552

Br\/\/An/H

0]

RMgBr or RLi/ZnBr,

Pd(PPh3),
(53-89%)

[R = alkyl, vinyl, acetinyl, Ar]

In addition, Suzuki cross-coupling between ethyl
(2E,4E)-5-iodo-3-methylpenta-2,4-dienoate and vi-
nylboronic acids has been used for the preparation
of different retinoids.?®* Furthermore, Sonogashira
coupling of the d-bromoester obtained from dienyl-
stannane 553 and trimethylsilylacetylene afforded
dienic ester 554, which has been employed in the
total synthesis of the polyene 6,7-dehydro-stipiamide,
a compound which reverses the multidrug resistance
(MDR) of human breast cancer cells (Scheme 128).294
Recently, Stille and Sonogashira cross-coupling reac-
tions have been used for the stereoselective synthesis
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Scheme 128

/\/\/U\ 1. BI’2
nBusSn "2 HC=CTMS

Pd(PPhj),, Cul
(84%)

PPh3)4 Cul
nBuNHz

COzEt (64%)

CF,
N
N
S
CO,Et
557

of ethyl (13E)-trifluoromethylretinoate and analogues
such as 557 starting from ethyl (2E,4E)-5-iodo-3-
trifluoromethylpenta-2,4-dienoate (555) as shown in
Scheme 128 with a Sonogashira reaction.??4

X. &-Acyltrienyl Anionic Synthons

References on the use of synthetic equivalents of
the ¢-acyltrienyl anionic synthon type d” 558 are very

_/////X

0]
568

scarce. Thus, (6Z)-stannylated trieneamide 560 has
been stereoselectively coupled with (E)-dienyl iodide
559 under Stille palladium-catalyzed conditions in
the final step of the total synthesis of (—)-stipiamide
(561) (Scheme 129).2%4a

Scheme 129

nBusSn (e}

|+\\\N

OH

560

(78%)\ PACl,(MeCN),

Ph

561

XI. &-Acyltrienyl Cationic Synthons

Similarly as the case of the above seen -acyltrienyl
anionic synthon, references to the cationic counter-
part type a’ 562, are rare and centered in the
preparation of acyltrienylhalides for the Stille reac-

Chinchilla and Najera

tion. Thus, the synthesis of the antiviral bis-2-amino-
3-hydroxycyclopentenone diamide limocrocin (564)
has been achieved by palladium prereduced-catalyzed
cross-coupling reaction of 2 equiv of {-bromotriena-
mide 563 with (E)-1,2-bis(tributylstannyl)ethene
(Scheme 130).2522% Moreover, stannane 560 when

Scheme 130

nBus Sn/\/SnnBu3

PdCl,(PPh3),-DIBAL-H

/\/\/\/U\@

563 (59%)
HO
(0] H 0
&NM\\MM/U\N
H
o o]
OH
564

reacted with iodine afforded the corresponding io-
dotriene 565 which has been used in a Suzuki
coupling reaction for the synthesis of polyene anti-
biotic myxalamide A (567) (Scheme 131).2%

Scheme 131
| (0]

\\\N

565 566

Pd(OAC),

(“44%)| TppTS, PrNH

567

XII. Other Acylpolyenyl Synthons

w-Halogeno polyenol ethers have been metalated
and reacted with aldehydes and ketones to afford
different polyenals, the lithiated species being equiva-
lents of different acylpolyenyl anion synthons.2%
Recently, an acyltetramic acid polyene tributylstan-
nyl derivative 569 has been employed in a Stille
coupling reaction with iodoalkene 570 (Scheme 132).2%7
This polyene could be considered a synthetic equiva-
lent of a k-acylhexaenyl anionic synthon type d*! 568.

_/////X

(0]
568

Final deprotection using neat formic acid afforded
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Scheme 132
O OH
I\F"._0 H
Me-p NS SnnBuj + )
\ TBSO"
S Y H O
' 569 570
1. PdCI,y[P(furyl)s], (90%)
2. HCO,H (68%)
(0] OH
Me~y NGNS N~ F . _0 H
N o} HO H o

571

polienoyltetramic acid erythroskyrine (571), a myc-
otoxin which exhibits antibiotic action against some
Staphylococcus species. A similar polyene tin deriva-
tive has been employed in the synthesis of the
plasmodial pigment physarorubinic acid by Stille
coupling.2°8

XIll. Conclusions

This review has shown how extensive the search
for methodologies able to transfer the important
acylvinyl and vinylogous moieties has been, with a
special attention devoted to a- and S-acylvinyl anionic
synthons. Generally, all these systems allow achiev-
ing high stereocontrol in the final conjugated system,
especially in the acyclic series. Moreover, the devel-
opment of a series of palladium-catalyzed cross-
coupling reactions, which avoid carbonyl protection-
deprotection steps, has expanded enormously the use
of all these synthons beyond the traditional substitu-
tion reactions. However, the use of acylpolyenyl
synthons able to transfer this moiety for the synthesis
of a vast array of natural products is still rare
compared with their acylvinyl counterparts. Sub-
stantially more work in this field is warranted to
develop new reagents and methodologies capable to
give response to many synthetic challenges.

XIV. Acknowledgments

The general financial support by the Spanish
Ministerio de Educacion y Cultura is gratefully
acknowledged. We thank the referees for their inter-
esting suggestions.

XV.References

(1) (a) Rychnovsky, S. D. Chem. Rev. 1995, 95, 2021. (b) Norcross,
R. D.; Paterson, I. Chem. Rev. 1995, 95, 2041. (c) Najera, C;
Yus, M. In Studies in Natural Products Chemistry; Atta-ur-
Rahman Ed.; Elsevier Science; Amsterdam, 2000; Vol. 21, p 373.

(2) Dondoni, A., Ed.; Advances in the Use of Synthons in Organic
Chemistry; JAI Press Ltd.: London, 1993 and 1995; Vols. 1 and
2

(3) Seebach, D. Angew. Chem., Int. Ed. Engl. 1979, 18, 239.

(4) (@) Najera, C.; Yus, M. Trends Org. Chem. 1991, 2, 118. (b)
Najera, C.; Yus, M. Recent Dev. Org. Chem. 1997, 1, 67.

(5) Beak, P.; Meyers, A. I. Acc. Chem. Res. 1986, 19, 356.

(6) (a) Schmidt, R. R.; Talbiersky, J. Angew. Chem., Int. Ed. Engl.
1977, 16, 853. (b) Schmidt, R. R.; Talbiersky, J.; Russegger, P.
Tetrahedron Lett. 1979, 4273. (c) Schmidt, R. R.; Speer, H.
Synthesis 1979, 797.

(7) Schmidt, R. R.; Speer, H. Tetrahedron Lett. 1981, 22, 4259.

Chemical Reviews, 2000, Vol. 100, No. 6 1925

(8) Miyata, O.; Schmidt, R. R. Angew. Chem., Int. Ed. Engl. 1982,
21, 637.

(9) Miyata, O.; Schmidt, R. R. Tetrahedron Lett. 1982, 23, 1793.
(10) Clemo, N. G.; Pattenden, G. Tetrahedron Lett. 1982, 23, 585.
(11) Feit, B.-A.; Melamed, U.; Schmidt, R. R.; Speer, H. J. Chem.

Soc., Perkin Trans. 1 1981, 1329.

(12) Schmidt, R. R.; Kast, J.; Speer, H. Synthesis 1983, 725.

(13) Feit, B.-A.; Melamed, U.; Speer, H.; Schmidt, R. R. J. Chem.
Soc., Perkin Trans. 1 1984, 775.

(14) Feit, B.-A.; Haag, B.; Kast, J.; Schmidt, R. R. J. Chem. Soc.,
Perkin Trans. 1 1986, 2027.

(15) Feit, B.-A.; Dickerman, S.; Masrawe, D.; Fishman, A. J. Chem.
Soc., Perkin Trans. 1 1988, 927.

(16) Elbe, H. L.; Kdbrich, G. Tetrahedron Lett. 1974, 2557.

(17) Parham, W. E.; Boykin, D. W. J. Org. Chem. 1977, 42, 260.

(18) Sato, Y.; Takeuchi, S. Synthesis 1983, 734.

(19) Marino, J. P.; Floyd, D. M. J. Am. Chem. Soc. 1974, 96, 7138.

(20) Marino, J. P.; Floyd, D. M. Tetrahedron Lett. 1975, 3897.

(21) Marino, J. P.; Floyd, D. M. Tetrahedron Lett. 1979, 675.

(22) Marino, J. P.; Linderman, R. J. J. Org. Chem. 1981, 46, 3696.

(23) (a) Tsuda, T.; Yoshida, T.; Saegusa, T. J. Org. Chem. 1988, 53,
1037. (b) Li, G.; Wei, H.-X.; Willis, S. Tetrahedron Lett. 1998,
39, 4607. (c) Ramachandran, P. V.; Reddy, M. V. R.; Rudd, M.
T. Tetrahedron Lett. 1999, 40, 627.

(24) (a) Itoh, A.; Ozawa, S.; Oshima, K.; Nozaki, H. Tetrahedron Lett.
1980, 21, 361. (b) Shono, T.; Matsumura, Y.; Kashimura, S.;
Hatanaka, K. J. Am. Chem. Soc. 1979, 101, 4752.

(25) (a) Fikentscher, R.; Hahn, E.; Kud, A.; Oftring, A. DE Patent
3,444,098, 1985; Chem. Abstr. 1986, 105, 115538k. (b) Hoffmann,
H. M. R.; Rabe, J. Angew. Chem., Int. Ed. Engl. 1985, 24, 94. (c)
Ciganek, E. Org. React. 1997, 51, 201.

(26) (a) Basavaiah, D.; Rao, P. D.; Hyma, R. S. Tetrahedron 1996,
52, 8001. (b) Drewes, S. E.; Roos, G. H. P. Tetrahedron 1988,
44, 4653.

(27) (a) Oishi, T.; Oguri, H.; Hirama, M. Tetrahedron: Asymmetry
1995, 6, 1241. (b) Markd, 1. E.; Giles, P. R.; Hindley, N. J.
Tetrahedron 1997, 53, 1015.

(28) Hayase, T.; Shibata, T.; Soai, K.; Wakatsuki, Y. Chem. Commun.
1998, 1271.

(29) Drewes, S. E.; Khan, A. A.; Rowland, K. Synth. Commun. 1993,
23, 183.

(30) (a) Brzezinski, L. J.; Rafel, S.; Leahy, J. W. 3. Am. Chem. Soc.
1997, 119, 4317. (b) Brzezinski, L. J.; Rafel, S.; Leahy, J. W.
Tetrahedron 1997, 53, 16423 and references therein.

(31) Harrowven, D. C.; Poon, H. S. Tetrahedron 1996, 52, 1389.

(32) Diedrich, F.; Stang, P. J. Eds.; Metal-catalyzed Cross-coupling
Reactions; Wiley-VCH: Weinheim, 1998.

(33) Liebeskind, L. S.; Zhang, J. J. Org. Chem. 1991, 56, 6379.

(34) Liebeskind, L. S.; Fengl, R. W. J. Org. Chem. 1990, 55, 5359.

(35) Tempest, P. A.; Armstrong, R. W. J. Am. Chem. Soc. 1997, 119,
7607.

(36) (a) Negishi, E.-l.; Owczarczyk, Z. R.; Swanson, D. R. Tetrahedron
Lett. 1991, 32, 4453. (b) Negishi, E.-I.; Pour, M.; Cederbaum, F.
E.; Kotora, M. Tetrahedron 1998, 54, 7057.

(37) (a) Hollingworth, G. J.; Perkins, G.; Sweeney, J. B. J. Chem.
Soc., Perkin Trans. 1 1996, 1913. (b) Richecceur, A. M. E.;
Sweeney, J. B. Tetrahedron Lett. 1998, 39, 8901.

(38) Hodgson, D. M.; Witherington, J.; Moloney, B. A.; Richards, I.
C.; Brayer, J.-L. Synlett 1995, 32.

(39) Guaciaro, M. A.; Wovkulich, P. M.; Smith, A. B, I11 Tetrahedron
Lett. 1978, 4661.

(40) Smith, 111, A. B.; Branca, S. J.; Guaciaro, M. A.; Wovkulich, P.
M.; Korn, A. Org. Synth. Coll. Vol. VII, 271.

(41) House, H. O.; McDaniel, W. C. J. Org. Chem. 1977, 42, 2155.

(42) Shih, C.; Fritzen, E. L.; Swenton, J. S. J. Org. Chem. 1980, 45,
4462.

(43) Tokoroyama, T.; Aoto, T. J. Org. Chem. 1998, 63, 4151.

(44) Mase, N.; Watanabe, Y.; Toru, T. J. Org. Chem. 1998, 63, 3899.

(45) Branca, S. J.; Smith, 111, A. B. 3. Am. Chem. Soc. 1978, 100,
7767.

(46) Smith, 111, A. B.; Branca, S. J.; Pilla, N. N.; Guaciaro, M. A. J.
Org. Chem. 1982, 47, 1855.

(47) Gyorkos, A. C.; Stille, J. K.; Hegedus, L. S. J. Am. Chem. Soc.
1990, 112, 8465.

(48) (a) Anderson, J. C.; Pearson, D. J. J. Chem. Soc., Perkin Trans.
11998, 2023. (b) Funk, R. L.; Yang, G. Tetrahedron Lett. 1999,
40, 1073.

(49) Bachki, A.; Foubelo, F.; Yus, M. Tetrahedron 1997, 53, 4921.

(50) Paquette, L. A. Eur. J. Org. Chem. 1998, 1709.

(51) Paquette, L. A.; Doyon, J. J. Org. Chem. 1997, 62, 1723.

(52) Ficini, J.; Depezay, J.-C. Tetrahedron Lett. 1969, 4797.

(53) Manning, M. J.; Raynolds, P. W.; Swenton, J. S. 3. Am. Chem.
Soc. 1976, 98, 5008.

(54) Raynolds, P. W.; Manning, M. J.; Swenton, J. S. J. Chem. Soc.,
Chem. Commun. 1977, 499.

(55) Marino, J. P.; Farina, J. S. J. Org. Chem. 1976, 41, 3213.

(56) Marino, J. P.; Farina, J. S. Tetrahedron Lett. 1975, 3901.

(57) Negishi, E.-1.; Akiyoshi, K. Chem. Lett. 1987, 1007.

(58) Pour, M.; Negishi, E.-l. Tetrahedron Lett. 1996, 37, 4679.



1926 Chemical Reviews, 2000, Vol. 100, No. 6

(59) (a) Yu, L.-C.; Helquist, P. J. Org. Chem. 1981, 46, 4536. (b)
Herrmann, J. L.; Schlessinger, R. H. Tetrahedron Lett. 1973,
2429.

(60) Baraldi, P. G.; Barco, A.; Benetti, S.; Moroder, F.; Pollini, G. P.;
Simoni, D.; Zanirato, V. J. Chem. Soc., Chem. Commun. 1982,
1265.

(61) Baraldi, P. G.; Guarneri, M.; Pollini, G. P.; Simoni, D.; Barco,
A.; Benetti, S. J. Chem. Soc., Perkin Trans. 1 1984, 2501.

(62) (a) Petragnani, N.; Ferraz, H. M. C. Synthesis 1978, 476. (b)
Trost, B. M.; Leung, K. K. Tetrahedron Lett. 1975, 4197.

(63) Petragnani, N.; Ferraz, H. M. C.; Yonashiro, M. Synthesis 1985,

27.

(64) Hase, T. A. Umpoled Synthons; J. Wiley & Sons: New York,
1987.

(65) Néajera, C.; Manchefio, B.; Yus, M. Tetrahedron Lett. 1989, 30,
6085.

(66

=

(a) Reed, M. W.; Pollart, D. J.; Perri, S. T.; Foland, L. D.; Moore,
H. W. J. Org. Chem. 1988, 53, 2477. (b) Liebeskind, L. S.; Fengl,
R. W.; Wirtz, K. R.; Shawe, T. T. J. Org. Chem. 1988, 53, 2482.
(c) Sidduri, A.; Budries, N.; Laine, R. M.; Knochel, P. Tetrahedron
Lett. 1992, 33, 7515.

(67) Corey, E. J.; Melvin, L. S.; Jr.; Haslanger, M. F. Tetrahedron
Lett. 1975, 3117.

(68) Fuchs, P. L. J. Org. Chem. 1976, 41, 2935.

(69) Stork, G.; Ponaras, A. A. J. Org. Chem. 1976, 41, 2937.

(70) (a) Farina, V.; Krishnan, B. J. Am. Chem. Soc. 1991, 113, 9585.
(b) Furness, M. S.; Robinson, T. P.; Goldsmith, D. J.; Bowen, J.
P. Tetrahedron Lett. 1999, 40, 459. (c) Nishikawa, T.; Isobe, M.
Tetrahedron 1994, 50, 5621. (d) Khan, S. I.; Grinstaff, M. W. J.
Org. Chem. 1999, 64, 1077.

(71) Liebeskind, L. S.; Wang, J. Tetrahedron Lett. 1990, 31, 4293.

(72) Johnson, C. R.; Adams, J. P.; Braun, M. P.; Senanayake, C. B.
W. Tetrahedron Lett. 1992, 33, 919.

(73) (a) Bosse, F.; Tunoori, A. R.; Niestroj, A. J.; Grondwald, O.;
Maier, M. E. Tetrahedron 1996, 52, 9485. (b) Barros, M. T.;
Maycock, C. D.; Ventura, M. R. Tetrahedron Lett. 1999, 40, 557.

(74) Rossi, R.; Bellina, F.; Ciucci, D.; Carpita, A.; Fanelli, C.
Tetrahedron 1998, 54, 7595.

(75) Kamikubo, T.; Ogasawara, K. Chem. Commun. 1996, 1679.

(76) Graham, A. E.; McKerrecher, D.; Davies, D. H.; Taylor, R. J. K.
Tetrahedron Lett. 1996, 37, 7445.

(77) Krohn, K.; Freund, C.; Florke, U. Eur. J. Org. Chem. 1998, 2713.

(78) Rossi, R.; Bellina, F.; Mannina, L. Tetrahedron Lett. 1998, 39,
3017.

(79) (a) Johnson, C. R.; Braun, M. P. 3. Am. Chem. Soc. 1993, 115,
11014. (b) Zhao, D.; Xu, F.; Chen, C.; Tillyer, R. D.; Grabowski,
E. J. J.; Reider, P. J.; Black, C.; Quimet, N.; Prasit, P.
Tetrahedron 1999, 55, 6001.

(80) (a) Farina, V.; Roth, G. P. Tetrahedron Lett. 1991, 32, 4243. (b)
Saulnier, M. G.; Kadow, J. F.; Tun, M. M.; Langley, D. R.; Vyas,
D. M. J. Am. Chem. Soc. 1989, 111, 8320.

(81) Newhouse, B. J.; Meyers, A. |.; Sirisoma, N. S.; Braun, M. P;
Johnson, C. R. Synlett 1993, 573.

(82) (a) Rossi, R.; Bellina, F.; Carpita, A. Synlett 1996, 356. (b)
Bellina, F.; Ciucci, D.; Rossi, R.; Vergamini, P. Tetrahedron 1999,
55, 2103. (c) Rossi, R.; Bellina, F.; Bechini, C.; Mannina, L.;
Vergamini, P. Tetrahedron 1998, 54, 135.

(83) Plewe, M.; Schmidt, R. R. Synthesis 1989, 534.

(84) Barua, N. C.; Schmidt, R. R. Synthesis 1986, 1067.

(85) Schmidt, R. R.; Hirsenkorn, R. Tetrahedron Lett. 1984, 25, 4357.

(86) Barua, N. C.; Schmidt, R. R. Tetrahedron 1986, 42, 4471.

(87) Jatzke, H.; Schmidt, R. R. Liebigs Ann. Chem. 1991, 753.

(88) Hirsenkorn, R.; Schmidt, R. R. Liebigs Ann. Chem. 1990, 883.

(89) Jatzke, H.; Evertz, U.; Schmidt, R. R. Synlett 1990, 191.

(90) Datta, A.; Schmidt, R. R. Synlett 1992, 429.

(91) Datta, A.; Datta, D.; Schmidt, R. R. Tetrahedron Lett. 1992, 33,
8035.

(92) Datta, A.; Schmidt, R. R. Tetrahedron Lett. 1993, 34, 4161.

(93) Schmidt, R. R.; Betz, R. Synthesis 1982, 748.

(94) Schmidt, R. R.; Talbiersky, J. Angew. Chem., Int. Ed. Engl. 1978,
17, 204.

(95) Schmidt, R. R.; Talbiersky, J. Angew. Chem., Int. Ed. Engl. 1976,
15, 171.

(96) Schmidt, R. R.; Talbiersky, J. Synthesis 1977, 869.

(97) Schmidt, R. R.; Betz, R. Angew. Chem., Int. Ed. Engl. 1984, 23,
430.

(98) Barua, N. C.; Schmidt, R. R. Synthesis 1986, 891.

(99) Néjera, C.; Baldod, B.; Yus, M. J. Chem. Soc., Perkin Trans. 1
1988, 1029.

(100) Najera, C.; Yus, M. J. Chem. Soc., Perkin Trans. 1 1989, 1387.

(101) Caine, D.; Frobese, A. S. Tetrahedron Lett. 1978, 5167.

(102) Caine, D.; Samuels, W. D. Tetrahedron Lett. 1980, 21, 4057.

(103) Caine, D.; Frobese, A. S.; Ukachukwu, V. C. J. Org. Chem. 1983,
48, 740.

(104) Caine, D.; Ukachukwu, V. C. J. Org. Chem. 1985, 50, 2195.

(105) Caine, D.; Ukachukwu, V. C. Tetrahedron Lett. 1983, 24, 3959.

(106) Baker, W. R.; Coates, R. M. J. Org. Chem. 1979, 44, 1022.

(107) Imanieh, H.; MacLeod, D.; Quayle, P.; Davies, G. M. Tetrahedron

Lett. 1989, 30, 2689.

=

Chinchilla and Najera

(108) Imanieh, H.; MacLeod, D.; Quayle, P.; Davies, G. M. Tetrahedron
Lett. 1989, 30, 2693.

(109) Booth, C.; Imanieh, H.; Quayle, P.; Shui-Yu, L. Tetrahedron Lett.
1992, 33, 413.

(110) Zhao, Y.; Quayle, P.; Kuo, E. A. Tetrahedron Lett. 1994, 35, 3797.

(111) Dymock B. W.; Kocienski, P. J.; Pons, J.-M. Synthesis 1998, 1655.

(112) (a) Labadie, J. W.; Tueting, D.; Stille, J. K. J. Org. Chem. 1983,
48, 4634. (b) Labadie, J. W.; Stille, J. K. Tetrahedron Lett. 1983,
24, 4283.

(113) Baldwin, J. E.; Adlington, R. M.; Ramcharitar, S. H. 3. Chem.
Soc., Chem. Commun. 1991, 940.

(114) Baldwin, J. E.; Adlington, R. M.; Ramcharitar, S. H. Tetrahedron
1992, 48, 2957.

(115) Baldwin, J. E.; Adlington, R. M.; Ramcharitar, S. H. Synlett
1992, 875.

(116) Stille, J. K.; Groh, B. L. J. Am. Chem. Soc. 1987, 109, 813.

(117) Lai, M.-t; Li, D.; Oh, E.; Liu, H.-w. 3. Am. Chem. Soc. 1993,
115, 1619.

(118) Houpis, I. N.; DiMichele, L.; Molina, A. Synlett 1993, 365.

(119) Ermolenko, M. S. Tetrahedron Lett. 1996, 37, 6711.

(120) Liebeskind, L. S.; Stone, G. B.; Zhang, S. J. Org. Chem. 1994,
59, 7917.

(121) (a) Riches, A. G.; Wernersbach, L. A.; Hegedus, L. S. J. Org.
Chem. 1998, 63, 4691. (b) Mabon, R.; Richecceur, A. M. E.;
Sweeney, J. B. J. Org. Chem. 1999, 64, 328.

(122) Takeda, T.; Kabasawa, Y.; Fujiwara, T. Tetrahedron 1995, 51,
2515

(123) Takeda, T.; Sugi, S.-i.; Nakayama, A.; Suzuki, Y.; Fujiwara, T.
Chem. Lett. 1992, 819.

(124) shi, G.-g.; Cao, Z.-y.; Zhang, X.-b. J. Org. Chem. 1995, 60, 6608.

(125) Meyers, A. I.; Spohn, R. F. J. Org. Chem. 1985, 50, 4872.

(126) Boekman, R. K., Jr.; Starrett, J. E., Jr.; Nickell, D. G.; Sum,
P.-E. J. Am. Chem. Soc. 1986, 108, 5549.

(127) Bachki, A.; Foubelo, F.; Yus, M. Tetrahedron Lett. 1994, 35, 7643.

(128) Shih, C.; Swenton, J. S. J. Org. Chem. 1982, 47, 2825.

(129) Shih, C.; Swenton, J. S. Tetrahedron Lett. 1981, 22, 4217.

(130) (a) Parrain, J.-L.; Duchéne, A.; Quintard, J.-P. J. Chem. Soc.,
Perkin Trans. 1 1990, 187. (b) Beaudet, I.; Parrain, J.-L.;
Quintard, J.-P. Tetrahedron Lett. 1991, 32, 6333. (c) Marek, I.;
Alexakis, A.; Normant, J.-F. Tetrahedron Lett. 1991, 32, 6337.
(d) Launay, V.; Beaudet, I.; Quintard, J.-P. Synlett 1997, 821.

(131) still, W. C.; Murata, S.; Revial, G.; Yoshihara, K. 3. Am. Chem.
Soc. 1983, 105, 625.

(132) Piers, E.; Morton, H. E. J. Org. Chem. 1979, 44, 3437.

(133) smith 111, A. B.; Empfield, J. R.; Rivero, R. A,; Vaccaro, H. A;;
Duan, J. J.-W.; Sulikowski, M. M. J. Am. Chem. Soc. 1992, 114,
9419.

(134) (a) Néjera, C.; Yus, M. Tetrahedron Lett. 1987, 28, 6709. (b)
Najera, C.; Yus, M. J. Org. Chem. 1988, 53, 4708.

(135) Parrain, J.-L.; Beaudet, I.; Duchéne, A.; Watrelot, S.; Quintard,
J.-P. Tetrahedron Lett. 1993, 34, 5445.

(136) McDougal, P. G.; Oh, Y.-1. Tetrahedron Lett. 1986, 27, 139.

(137) Richardson, S. K.; Jeganathan, A.; Watt, D. S. Tetrahedron Lett.
1987, 28, 2335.

(138) (a) Duchéne, A.; Abarbri, M.; Parrain, J.-L.; Kitamura, M.;
Noyori, R. Synlett 1994, 524. (b) Genét, J. P.; Linquist, A.; Blart,
E.; Mouriés, V.; Savignac, M. Tetrahedron Lett. 1995, 36, 1443.
(c) Zhou, S.-M.; Yan, Y.-L.; Deng, M.-Z. Synlett 1996, 893. (d)
Burk, M. J.; Allen, J. G.; Kiesman, W. F. 3. Am. Chem. Soc. 1998,
120, 657.

(139) Iwai, K.; Kosugi, H.; Miyazaki, A.; Uda, H. Synth. Commun.
1976, 6, 357.

(140) (a) Bonete, P.; Najera, C. Tetrahedron Lett. 1992, 33, 4065. (b)
Bonete, P.; Najera, C. J. Org. Chem. 1994, 59, 3202.

(141) Bravo, P.; Carrera, P.; Resnati, G.; Ticozzi, C. J. Chem. Soc.,
Chem. Commun. 1984, 19.

(142) Burke, S. D.; Magnin, D. R.; Oplinger, J. A.; Baker, J. P.;
Abdelmagid, A. Tetrahedron Lett. 1984, 25, 19.

(143) Reid, A. M.; Steel, P. G. J. Chem. Soc., Perkin Trans. 1 1998,
2795.

(144) Tanaka, K.; Wakita, H.; Yoda, H.; Kaji, A. Chem. Lett. 1984,
1359.

(145) (a) Bazukis, P.; Bazukis, M. L. F.; Weingartner, T. F. Tetrahe-
dron Lett. 1978, 2371. (b) Seebach, D.; Hoekstra, M. V.; Prots-
chuck, G. Angew. Chem., Int. Ed. Engl. 1977, 16, 321.

(146) Debal, A.; Cuvigny, T.; Larchevéque, M. Tetrahedron Lett. 1977,
3187.

(147) (a) Simpkins, N. S. Sulfones in Organic Synthesis; Pergamon
Press: Oxford, 1993. (b) Patai, S., Rappoport, Z., Stirling, C.,
Eds.; The Chemistry of Sulfones and Sulfoxides; J. Wiley &
Sons: Chichester, 1988. (c) Schank, K. In Methoden der Orga-
nischen Chemie; Houben-Weyl, George Thieme Verlag: Stut-
tgart, 1985; Vol. E11. (d) Rayner, C. M. Contemp. Org. Synth.
1994, 1, 191. (e) Rayner, C. M. Contemp. Org. Synth. 1995, 2,
409. (f) Rayner, C. M. Contemp. Org. Synth. 1996, 3, 499. (g)
Néjera, C.; Sansano, J. M. Recent Res. Devel. Org. Chem. 1998,
2, 637.

(148) (a) Julia, M.; Badet, B. Bull. Soc. Chim. Fr. 1975, 1363. (b)
Kondo, K.; Tunemoto, D. Tetrahedron Lett. 1975, 1007.



Acylvinyl and Vinylogous Synthons

(149) Cooper, G. K.; Dolby, L. J. Tetrahedron Lett. 1976, 4675.

(150) Fayos, J.; Clardy, J.; Dolby, L. J.; Farnham, T. J. Org. Chem.
1977, 42, 1349.

(151) Inomata, K.; Aoyama, S.-i.; Kotake, H. Bull. Chem. Soc. Jpn.
1978, 51, 930.

(152) Cooper, G. K.; Dolby, L. J. J. Org. Chem. 1979, 44, 3414.

(153) Nokami, J.; Ono, T.; Kurihara, H.; Wakabayashi, S. Chem. Lett.
1982, 607.

(154) Furst, A.; Labler, L.; Meier, W. Helv. Chim. Acta 1982, 65, 1499.

(155) Yoshida, T.; Saito, S. Chem. Lett. 1982, 165.

(156) Otera, J.; Mandai, T.; Shiba, M.; Saito, T.; Shimohata, K;
Takemori, K.; Kawasaki, Y. Organometallics 1983, 2, 332.

(157) Barre, V.; Massias, F.; Uguen, D. Tetrahedron Lett. 1989, 30,
7389.

(158) Semmelhack, M. F.; Knochel, P.; Singleton, T. Tetrahedron Lett.
1993, 34, 5051.

(159) Bonete, P.; Najera, C. Tetrahedron 1995, 51, 2763.

(160) Raina, S.; Singh, V. K. Tetrahedron 1996, 52, 4479.

(161) Bonete, P.; Najera, C. Tetrahedron 1996, 52, 4111.

(162) Yoshida, T.; Saito, S. Bull. Chem. Soc. Jpn. 1982, 55, 3931.

(163) Girlanda-Junges, C.; Keyling-Bilger, F.; Schmitt, G.; Luu, B.
Tetrahedron 1998, 54, 7735.

(164) Pohmakotr, M.; Ratchataphusit, J. Tetrahedron 1993, 49, 6473.

(165) Pohmakotr, M.; Pisutjaroenpong, S. Tetrahedron Lett. 1985, 26,
3613.

(166) Lee, J.; Lee, P. H. Tetrahedron Lett. 1996, 37, 9305.

(167) Carretero, J. C.; De Lombaert, S.; Ghosez, L. Tetrahedron Lett.
1987, 28, 2135.

(168) Surivet, J.-P.; Vatele, J.-M. Tetrahedron Lett. 1996, 37, 4373.

(169) Surivet, J.-P.; Vatele, J.-M. Tetrahedron Lett. 1997, 38, 819.

(170) (a) Carretero, J. C.; Ghosez, L. Tetrahedron Lett. 1988, 29, 2059.
(b) Surivet, J.-P.; Goré, J.; Vatéle, J.-M. Tetrahedron Lett. 1996,
37, 371.

(171) (a) Ghosez, L. Pure Appl. Chem. 1996, 68, 15. (b) Huart, C,;
Ghosez, L. Angew. Chem., Int. Ed. Engl. 1997, 36, 634.

(172) (a) Cristau, H. J.; Chabaud, B.; Niangoran, C. J. Org. Chem.
1983, 48, 1527. (b) Kim, S.; Lee, P. H. Tetrahedron Lett. 1988,
29, 5413. (c) Chabert, P.; Ousset, J. B.; Mioskowski, C. Tetra-
hedron Lett. 1989, 30, 179.

(173) Katritzky, A. R.; Piffl, M.; Lang, H.; Anders, E. Chem. Rev. 1999,
99, 665.

(174) Corey, E. J.; Erickson, B. W.; Noyori, R. 3. Am. Chem. Soc. 1971,
93, 1724.

(175) Carlson, R. G.; Mardis, W. S. J. Org. Chem. 1975, 40, 817.

(176) Corey, E. J.; Noyori, R. Tetrahedron Lett. 1970, 311.

(177) Newton, R. F.; Howard, C. C.; Reynolds, D. P.; Wadsworth, A.
H. J. Chem. Soc., Chem. Commun. 1978, 662.

(178) Cohen, T.; Bennett, D. A.; Mura, A. J., Jr. J. Org. Chem. 1976,

41, 2506.

(179) Reich, H. J.; Clark, M. C.; Willis, W. W., Jr. J. Org. Chem. 1982,
47, 1618.

(180) Wada, M.; Nakamura, H.; Taguchi, T.; Takei, H. Chem. Lett.
1977, 345.

(181) Tiedemann, R.; Narjes, F.; Schaumann, E. Synlett 1994, 594.

(182) Sato, T.; Okazaki, H.; Otera, J.; Nozaki, H. Tetrahedron Lett.
1988, 29, 2979.

(183) Craig, D.; Etheridge, C. J.; Smith, A. M. Tetrahedron Lett. 1992,
33, 7445.

(184) Craig, D.; Etheridge, C. J.; Smith, A. M. Tetrahedron 1996, 52,
15267.

(185) Craig, D.; Etheridge, C. J. Tetrahedron Lett. 1993, 34, 7487.

(186) Craig, D.; Etheridge, C. J. Tetrahedron 1996, 52, 15289.

(187) Jin, Z.; Fuchs, P. L. 3. Am. Chem. Soc. 1994, 116, 5995.

(188) Kim, S. H.; Jin, Z.; Fuchs, P. L. Tetrahedron Lett. 1995, 36, 4537.

(189) (a) Jin, Z.; Fuchs, P. L. J. Am. Chem. Soc. 1995, 117, 3022. (b)
Ogura, K.; lihama, T.; Takahashi, K.; lida, H. Tetrahedron Lett.
1984, 25, 2671. (c) Lansbury, P. T.; Britt, R. W. 3. Am. Chem.
Soc. 1976, 98, 4577.

(190) Funk, R. L.; Bolton, G. L. J. Am. Chem. Soc. 1988, 110, 1290.

(191) Funk, R. L.; Bolton, G. L. Tetrahedron Lett. 1988, 29, 1111.

(192) Dziadulewicz, E.; Gallagher, T. Tetrahedron Lett. 1985, 26, 4547.

(193) Dziadulewicz, E.; Hodgson, D.; Gallagher, T. J. Chem. Soc.,
Perkin Trans. 1 1988, 3367.

(194) Dziadulewicz, E.; Giles, M.; Moss, W. O.; Gallagher, T.; Harman,
M.; Hursthouse, M. B. J. Chem. Soc., Perkin Trans. 1 1989, 1793.

(195) (a) De Lombaert, S.; Lesur, B.; Ghosez, L. Tetrahedron Lett.
1982, 23, 4251. (b) De Lombaert, S.; Ghosez, L. Tetrahedron Lett.
1984, 25, 3475.

(196) Mandai, T.; Arase, H.; Otera, J.; Kawada, M. Tetrahedron Lett.
1985, 26, 2677.

(197) Mandai, T.; Moriyama, T.; Nakayama, Y.; Sugino, K.; Kawada,
M.; Otera, J. Tetrahedron Lett. 1984, 25, 5913.

(198) Degl'Innocenti, A.; Ulivi, P.; Capperucci, A.; Reginato, G.;
Mordini, A.; Ricci, A. Synlett 1992, 883.

(199) (a) Nakai, T.; Shiono, H.; Okawara, M. Tetrahedron Lett. 1974,
3625. (b) Hayashi, T. Tetrahedron Lett. 1990, 31, 4155.

(200) Baudin, J.-B.; Julia, S. A.; Lorne, R. Synlett 1991, 509.

(201) (a) Matsuoka, R.; Horiguchi, Y.; Kuwajima, I. Tetrahedron Lett.
1987, 28, 1299. (b) Leraux, Y.; Mantione, R. Tetrahedron Lett.

Chemical Reviews, 2000, Vol. 100, No. 6 1927

1971, 591. (c) Leraux, Y.; Mantione, R. Tetrahedron Lett. 1971,
592. (d) Leraux, Y.; Roman, C. Tetrahedron Lett. 1973, 2585.
(e) Carlson, R. M.; Jones, R. W.; Hatchzer, A. S. Tetrahedron
Lett. 1975, 1741. (f) Clinet, J.-C.; Linstrumelle, G. Tetrahedron
Lett. 1980, 21, 3987. (g) Corbel, B.; Paugham, J.-P.; Dreux, M.;
Savignac, P. Tetrahedron Lett. 1976, 835.

(202) (a) Truce, W. E.; Gorbaty J. Org. Chem. 1970, 35, 2113 and
references therein. (b) Rappoport, Z. Acc. Chem. Res. 1981, 14,
7.

(203) (a) Weir, J. R.; Patel, B. A.; Heck, R. F. J. Org. Chem. 1980, 45,
4926. (b) Piers, E.; Nagakura, I. Synth. Commun. 1975, 5, 193
and references therein.

(204) Ma, D.; Ma, Z.; Jiang, J.; Yang, Z.; Zheng, C. Tetrahedron:
Asymmetry 1997, 8, 889.

(205) (a) Lipshutz, B. H.; Sengupta, S. Org. React. 1992, 41, 135. (b)
Zhang, C.; Trudell, M. L. Tetrahedron 1998, 54, 8349.

(206) Yeh, M. C. P.; Knochel, P.; Butler, W. M.; Berk, S. C. Tetrahedron
Lett. 1988, 29, 6693.

(207) Knochel, P.; Chou, T.-S.; Chen, H. G.; Yeh, M. C. P.; Rozema,
M. J. J. Org. Chem. 1989, 54, 5202.

(208) (a) Knoess, H. P.; Furlong, M. T.; Rozema, M. J.; Knochel, P. J.
Org. Chem. 1991, 56, 5974. (b) Piers, E.; Morton, H. E. J. Chem.
Soc., Chem. Commun. 1978, 1033.

(209) (a) Barnier, J.-P.; Morisson, V.; Volle, I.; Blanco, L. Tetrahe-
dron: Asymmetry 1999, 10, 1107. (b) Moreno-Dorado, F. J.;
Guerra, F. M.; Aladro, F. J.; Bustamante, J. M.; Jorge, Z. D;
Massanet, G. M. Tetrahedron 1999, 55, 6997.

(210) (a) Fagnoni, M.; Schmoldt, P.; Kirschberg, T.; Mattay, J.
Tetrahedron 1998, 54, 6427. (b) Yamada, S.; Karasawa, S.;
Takahashi, Y.; Aso, M.; Suemune, H. Tetrahedron 1998, 54,
15555.

(211) Corey, E. J.; Crouse, D. J. Org. Chem. 1968, 33, 298.

(212) stork, G.; Danheiser, R. L. J. Org. Chem. 1973, 38, 1775.

(213) Tobin, P. S.; Basu, S. K.; Grosserode, R. S.; Wheeler, D. M. S. J.
Org. Chem. 1980, 45, 1250.

(214) (a) Smith 111, A. B.; Dorsey, B. D.; Ohba, M.; Lupo, A. T., Jr.;
Malamas, M. S. J. Org. Chem. 1988, 53, 4314. (b) Schinzer, D.;
Allagiannis, C.; Wichmann, S. Tetrahedron 1988, 44, 3851.

(215) (a) Kowalski, C. J.; Lal, G. S. J. Am. Chem. Soc. 1988, 110, 3693.
(b) Comasseto, J. V.; Lo, W. L.; Petragnani, N. Tetrahedron 1997,
53, 7445.

(216) Kellam, B.; Bycroft, B. W.; Chan, W. C.; Chhabra, S. R.
Tetrahedron 1998, 54, 6817.

(217) Sum, F. W.; Weiler, L. Tetrahedron Lett. 1979, 707.

(218) Sum, F. W.; Weiler, L. 3. Am. Chem. Soc. 1979, 101, 4401.

(219) Moorhoff, C. M.; Schneider, D. F. Tetrahedron 1998, 54, 3279.

(220) Patai, S.; Rappoport, Z. The Chemistry of Enamines; Rappoport,
Z., Ed.; Wiley: Chichester 1994; Chapter 10.

(221) (a) Benary, E. Chem. Ber. 1931, 64, 2543. (b) N&f, F.; Decorzant,
R. Helv. Chim. Acta 1974, 57, 1309, and references therein.

(222) Mukaiyama, T.; Ohsumi, T. Chem. Lett. 1983, 875.

(223) Abdulla, R. F.; Fuhr, K. H. J. Org. Chem. 1978, 43, 4248.

(224) Fontenas, C.; Ait-Haddou, H.; Bejan, E.; Balavoine, G. G. A.
Synth. Commun. 1998, 28, 1743.

(225) Bartoli, G.; Cimarelli, C.; Marcantoni, E.; Palmieri, G.; Petrini,
M. J. Chem. Soc., Chem. Commun. 1994, 715.

(226) Hojo, M.; Masuda, R.; Okada, E. Tetrahedron Lett. 1989, 30,
6173.

(227) Sanin, A. V.; Nenajdenko, V. G.; Smolko, K. I.; Denisenko, D. I.;
Balenkova, E. S. Synthesis 1998, 842.

(228) Biuchi, G.; Vogel, D. E. J. Org. Chem. 1983, 48, 5406.

(229) Asaoka, M.; Takenouchi, K.; Takei, H. Tetrahedron Lett. 1988,
29, 325.

(230) (a) Junjappa, H.; lla, H.; Asokan, C, V. Tetrahedron 1990, 46,
5423. (b) Purkayastha, M. L.; Chandrasekharam, M.; Vish-
wakarma, J. N.; lla, H.; Junjappa, H. Synthesis 1993, 245.

(231) Gupta, A. K.; lla, H.; Junjappa, H. Tetrahedron 1990, 46, 3703.

(232) Dieter, R. K. Tetrahedron 1986, 42, 3029.

(233) Thomas, A.; Chakraborty, M.; lla, H.; Junjappa, H. Tetrahedron

1990, 46, 577.

(234) Bhat, L.; lla, H.; Junjappa, H. 3. Chem. Soc., Perkin Trans. 1
1994, 1749.

(235) Singh, O. M.; Junjappa, H.; lla, H. J. Chem. Soc., Perkin Trans.
11997, 3561.

(236) Imanieh, H.; MacLeod, D.; Quayle, P.; Zhao, Y.; Davies, G. M.
Tetrahedron Lett. 1992, 33, 405.

(237) Najera, C.; Yus, M. Tetrahedron 1999, 55, 10547.

(238) (a) Najera, C.; Yus, M. Tetrahedron Lett. 1989, 30, 173. (b) Blaya,
S.; Chinchilla, R.; Najera, C. Tetrahedron 1995, 51, 3617. (c)
Kim, D.-K.; Kim, Y.-W.; Gam, J.; Lim, J.; Kim, K. H. Tetrahedron
Lett. 1995, 36, 6257. (d) Hofslgkken, N.; Flock, S.; Skattebel, L.
Tetrahedron Lett. 1996, 37, 119.

(239) (a) Corey, E. J.; Da Silva Jardine, P.; Rohloff, J. C. 3. Am. Chem.
Soc. 1988, 110, 3672. (b) Corey, E. J.; Da Silva Jardine, P.
Tetrahedron Lett. 1989, 30, 7297.

(240) Tucker, C. E.; Rao, S. A.; Knochel, P. J. Org. Chem. 1990, 55,
5446.

(241) Haynes, R. K.; Vonwiller, S. C. J. Chem. Soc., Chem. Commun.
1987, 92.



1928 Chemical Reviews, 2000, Vol. 100, No. 6

(242) Haynes, R. K.; Vonwiller, S. C.; Hambley, T. W. J. Org. Chem.
1989, 54, 5162.

(243) Dancer, R. J.; Haynes, R. K.; Loughlin, W. A.; Vonwiller, S. C.
Aust. J. Chem. 1990, 43, 1375.

(244) Hayakawa, K.; Yodo, M.; Ohsuki, S.; Kanematsu, K. J. Am.
Chem. Soc. 1984, 106, 6735.

(245) Mo, X.-S.; Huang, Y.-Z. Synlett 1995, 180.

(246) Abarbri, M.; Parrain, J.-L.; Duchéne, A. Tetrahedron Lett. 1995,
36, 2469.

(247) Thibonnet, J.; Abarbri, M.; Parrain, J.-L.; Duchéne, A. Synlett
1997, 771.

(248) Abarbri, M.; Parrain, J.-L.; Cintrat, J.-C.; Duchéne, A. Synthesis
1996, 82.

(249) Abarbri, M.; Parrain, J.-L.; Duchéne, A. Synth. Commun. 1998,
28, 239.

(250) Blaskovich, M. A.; Kahn, M. J. Org. Chem. 1998, 63, 1119.

(251) Boyce, R. J.; Pattenden, G. Tetrahedron Lett. 1996, 37, 3501.

(252) Macdonald, G.; Alcaraz, L.; Wei, X.; Lewis, N. J.; Taylor, R. J.
K. Tetrahedron 1998, 54, 9823.

(253) Lattmann, E.; Hoffmann, H. M. R. Synthesis 1996, 155.

(254) Hoffmann, H. M. R.; Gerlach, K.; Lattmann, E. Synthesis 1996,
164.

(255) Coombs, J.; Lattmann, E.; Hoffmann, H. M. R. Synthesis 1998,
1367.

(256) Oda, H.; Kobayashi, T.; Kosugi, M.; Migita, T. Tetrahedron 1995,
51, 695.

(257) Degl’'Innocenti, A.; Capperucci, A.; Bartoletti, L.; Mordini, A.;
Reginato, G. Tetrahedron Lett. 1994, 35, 2081.

(258) Rano, T. A,; Greenlee, M. L.; DiNinno, F. P. Tetrahedron Lett.
1990, 31, 2853.

(259) Farina, V.; Kant, J. Synlett 1994, 565.

(260) Kim, H.-O.; Ogbu, C. O.; Nelson, S.; Kahn, M. Synlett 1998, 1059.

(261) Lipshutz, B. H.; Vivian, R. W. Tetrahedron Lett. 1999, 40, 2871.

(262) Kobayashi, M.; Negishi, E.-1. 3. Org. Chem. 1980, 45, 5223.

(263) Sato, M.; Miyaura, N.; Suzuki, A. Chem. Lett. 1989, 1405.

(264) Miyaura, N.; Ishiyama, T.; Sasaki, H.; Ishikawa, M.; Satoh, M.;
Suzuki, A. J. Am. Chem. Soc. 1989, 111, 314.

(265) Kaga, H.; Ahmed, Z.; Gotoh, K.; Orito, K. Synlett 1994, 607.

(266) (a) Uemura, M.; Nishimura, H.; Hayashi, Y. Tetrahedron Lett.
1990, 31, 2319. (b) Uemura, M.; Nishimura, H.; Minami, T;
Hayashi, Y. 3. Am. Chem. Soc. 1991, 113, 5402.

(267) Boukouvalas, J.; Lachance, N.; Ouellet, M.; Trudeau, M. Tetra-
hedron Lett. 1998, 39, 7665.

(268) Hoerrner, R. S.; Askin, D.; Volante, R. P.; Reider, P. J. Tetra-
hedron Lett. 1998, 39, 3455.

(269) Oh-e, T.; Miyaura, N.; Suzuki, A. J. Org. Chem. 1993, 58, 2201.

(270) Schreiber, S. L.; Kiessling, L. L. 3. Am. Chem. Soc. 1988, 110,
631.

(271) Suzenet, F.; Blart, E.; Quintard, J.-P. Synlett 1998, 879.

(272) (a) Tamura, R.; Kohno, M.; Utsunomiya, S.; Yamawaki, K.;
Azuma, N.; Matsumoto, A.; Ishii, Y. J. Org. Chem. 1993, 58,
3953. (b) Lu, X.; Huang, X.; Ma, S. Tetrahedron Lett. 1993, 34,
5963.

(273) (a) Kotora, M.; Negishi, E.-1. Synthesis 1997, 121. (b) King, A.
0.; Okukado, N.; Negishi, E.-1. 3. Chem. Soc., Chem. Commun.
1977, 683. (c) Ma, S.; Shi, Z.; Yu, Z. Tetrahedron Lett. 1999, 40,
2393. (d) Rousset, S.; Abarbri, M.; Thibonnet, J.; Duchéne, A
Parrain, J.-L. Org. Lett. 1999, 1, 701.

(274) Okukado, N.; Van Horn, D. E.; Klima, W. L.; Negishi, E.-I.
Tetrahedron Lett. 1978, 1027.

(275) Crombie, L.; Hobbs, A. J. W.; Horsham, M. A.; Blade, R. J.
Tetrahedron Lett. 1987, 28, 4875.

(276) Crombie, L.; Horsham, M. A.; Blade, R. J. Tetrahedron Lett.
1987, 28, 4879.

(277) Liu, Z.; Meinwald, J. J. Org. Chem. 1996, 61, 6693.

(278) (a) Bernabeu, M. C.; Chinchilla, R.; Najera, C.; Rodriguez, M.
A. Tetrahedron Lett. 1996, 37, 3595. (b) Shi, X.; Soares Leal,
W.; Liu, Z, Schrader, E.; Meinwald, J. Tetrahedron Lett. 1995,
36, 71. (c) Cerezo, S.; Moreno-Maiias, M.; Pleixats, R. Tetrahe-
dron 1998, 54, 7813.

-

Chinchilla and Najera

(279) (a) Huang, Y.-Z.; Mo, X.-S. Synlett 1998, 93. (b) Masters, J. J.;
Link, J. T.; Snyder, L. B.; Young, W. B.; Danishefsky, S. J.
Angew. Chem., Int. Ed. Engl. 1995, 34, 1723. (c) Masters, J. J.;
Jung, D. K.; Danishefsky, S. J.; Snyder, L. B.; Park, T. K.; Isaacs,
R. C. A.; Alaimo, C. A.; Young, W. B. Angew. Chem., Int. Ed.
Engl. 1995, 34, 452,

(280) (a) Babudri, F.; Fiandanese, V.; Marchese, G.; Naso, F. J. Chem.
Soc., Chem. Commun. 1991, 237. (b) De Girolamo, A.; Fian-
danese, V.; Marchese, G.; Punzi, A. Tetrahedron 1998, 54, 12399.
(c) Babudri, F.; Cicciomessere, A. R.; Farinola, G. M.; Fiandese,
V.; Marchese, G.; Musio, R.; Naso, F.; Sciacovelli, O. J. Org.
Chem. 1997, 62, 3291.

(281) (a) Caturla, F.; Najera, C. Tetrahedron Lett. 1996, 37, 2833. (b)
Caturla, F.; Najera, C. Tetrahedron 1998, 54, 11255.

(282) Caturla, F.; Najera, C.; Varea, M. Tetrahedron Lett. 1999, 40,
5957,

(283) Tanaka, K.; Terauchi, M.; Kaji, A. Chem. Lett. 1981, 315.

(284) (a) Clark, A. J.; Ellard, J. M. Tetrahedron Lett. 1998, 39, 6033.
(b) Wipf, P.; Coish, P. D. G. J. Org. Chem. 1999, 64, 5053. (c)
Piers, E.; Gladstone, P. L.; Yee, J. G. K.; McEachern, E. J.
Tetrahedron 1998, 54, 10609.

(285) (a) Babudri, F.; Fiandanese, V.; Naso, F.; Punzi, A. Tetrahedron
Lett. 1994, 35, 2067. (b) Greif, D.; Kropfgaus, F.; Pulst, M.;
Weissenfels, M. Synthesis 1989, 515. (c) Hojo, M.; Masuda, R.;
Okada, E. Chem. Lett. 1990, 2095. (d) Stachel, H.-D.; Zoukas,
T.; Husslein, M.; Nienaber, J.; Schorp, M. Liebigs Ann. Chem.
1993, 305. (e) Das, S.; George, M.; Mathew, T.; Asokan, C. V. J.
Chem. Soc., Perkin Trans. 2 1996, 731.

(286) (a) Bernabeu, M. C.; Chinchilla, R.; Najera, C. Tetrahedron Lett.
1995, 36, 3901. (b) Gesson, J.-P.; Jacquesy, J.-C.; Renoux, B.
Tetrahedron 1984, 40, 4743. (c) Huang, Y.-Z.; Mo, X.-S.; Wang,
L. Tetrahedron Lett. 1998, 39, 419.

(287) Koike, T.; Tanabe, M.; Takeuchi, N.; Tobinaga, S. Chem. Pharm.
Bull. 1997, 45, 27.

(288) (a) Boden, C. D. J.; Pattenden, G.; Ye, T. J. Chem. Soc., Perkin
Trans. 1 1996, 2417. (b) Hong, C. Y.; Kishi, Y. J. Am. Chem.
Soc. 1991, 113, 9693. (c) Thibonnet, J.; Abarbri, M.; Duchéne,
A.; Parrain, J.-L. Synlett 1999, 141.

(289) Alcaraz, L.; Macdonald, G.; Kapfer, I.; Lewis, N. J.; Taylor, R.
J. K. Tetrahedron Lett. 1996, 37, 6619.

(290) Macdonald, G.; Lewis, N. J.; Taylor, R. J. K. Chem. Commun.
1996, 2647.

(291) (a) Alcaraz, L.; Macdonald, G.; Ragot, J. P.; Lewis, N.; Taylor,
R. J. K. J. Org. Chem. 1998, 63, 3526. (b) Alcaraz, L.; Macdonald,
G.; Ragot, J.; Lewis, N. J.; Taylor, R. J. K. Tetrahedron 1999,
55, 3707.

(292) (a) Taylor, R. J. K.; Alcaraz, L.; Kapfer-Eyer, I.; Macdonald, G.;
Wei, X.; Lewis, N. Synthesis 1998, 775. (b) Grové, J. J. C.; Wei,
X.; Taylor, R. J. K. Chem. Commun. 1999, 421. (c) Wei, X.; Grové,
J. J. C,; Taylor, R. J. K. J. Chem. Soc., Perkin Trans. 1 1999,
1143.

(293) Vicart, N.; Castet-Caillabet, D.; Ramondenc, Y.; Plé, G.; Du-
hamel, L. Synlett 1998, 411.

(294) (a) Torrado, A.; Lopez, S.; Alvarez, R.; de Lera, A. R. Synthesis
1995, 285. (b) Andrus, M. B.; Lepore, S. D.; Turner, T. M. J.
Am. Chem. Soc. 1997, 119, 12159. (c) Thibonnet, J.; Prié, G;
Abarbri, M.; Duchéne, A.; Parrain, J.-L. Tetrahedron Lett. 1999,
40, 3151.

(295) Mapp, A. K.; Heathcock, C. H. J. Org. Chem. 1999, 64, 23.

(296) Soullez, D.; PIé, G.; Duhamel, L. J. Chem. Soc., Perkin Trans. 1
1997, 1639.

(297) Dixon, D. J.; Ley, S. V,; Gracza, T.; Szolcsanyi, P. 3. Chem. Soc.,
Perkin Trans. 1 1999, 839.

(298) Dixon, D. J.; Ley, S. V.; Longbottom, D. A. J. Chem. Soc., Perkin
Trans 1 1999, 2231.

CR9900174



