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1 Introduction 

This review covers new methods for the synthesis of 
saturated and unsaturated hydrocarbons, with the 
emphasis being placed on practical and 
stereoselective methodologies. 

2 Saturated hydrocarbons 

The development of radical deoxygenations, 
dehalogenations, and deaminations continues, 
with methods using dialkyl phosphates and 
hypophosphorus acid as hydrogen sources' along 
with a new approach using N-phenyl- 
thioxocarbamate derivatives applied to sugars and 
nucleosides (Scheme 1)233 being reported. The direct 

S 

Scheme 1 

Cousins: Saturated and unsaturated hydrocarbons 

reductions of alcohols to alkanes using borohydride 
can be accomplished after initial phosphonium 
anhydride a~tivation,~ whilst selective 
deoxygenations of secondary allylic alcohols and 
acetates using triethylsilane in the presence of 
ethereal lithium perchlorate leave esters, isolated 
olefins, ketals, and tertiary alcohols unaffected 
(Scheme Z).5 

Scheme 2 

In an alternative approach to direct one-step 
deoxygenations of primary and secondary alcohols, 
constant current electrolysis of a mixture of alcohol, 
a phosphine, and tetraethylammonium bromide is 
found to give moderate yields of the corresponding 
alkane.6 Samarium iodide has been applied to a 
number of different structural classes to effect 
reductive transformations such as a-deoxygenations 
of unprotected aldonola~tones,~ deoxygenations of 
T ~ x o ~ ~ ~ ~ ~ ~  and hydrodehalogenations of alkyl 
halides." Other hydrodehalogenation methodologies 
which have been reported include the use of 
borohydride exchange resin with nickel acetate," the 
application of tri-n-butyltinhydride in aqueous 
media,12 the use of palladium mounted on poly(N- 
vinyl-2-pyrrolidine) with atmospheric pressure 
hydrogen in the presence of a base,13 and the 
utilization of aminoborohydride at room 
temperature in tetrahydr~furan.'~ 

and aldehydes can be affected with hydrogen in the 
presence of in situ generated nickel boride,15 whilst 
sodium hydrogen telluride is found to be effective in 
1,4-reductions on a range of substrates (Scheme 3).16 
The hydrogenation of a, P-unsaturated sulfones and 
phosphonates has been achieved with the activated 
binuclear palladium complex [ (But2PH) PdPBut2] in 

The 1,4-hydrogenation of a,P-unsaturated ketones 

NaHTe tc"" 
n n 

Scheme 3 
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moderate to good yields," and the asymmetric 
hydrogenation of unfunctionalized trisubstituted 
olefins has been realized, in good yield and with 
high stereocontrol, through the use of a chiral C2- 
symmetric titanocene catalyst. l8 

A simple, two-step reductive geminal dialkylation 
of a-unbranched aliphatic aldehydes via the 
corresponding geminal dihalide, using higher-order 
dialkyl-lithium cyanocuprates proceeds in good yield 
(Scheme 4).19 The carbozincation of alkenyllithiums 
leads to a-chloro-triorganozincates, which can then 
be monoalkylated selectively via an intramolecular 
nucleophilic substitution process in good yield in a 
one-pot reaction (Scheme 5).20 

1 2 

,OAc 

Br 
Zn. CrCb _/c2Hs C7H,5CH0 + C2HsC 

C7HlC tt 56% -- 
( E  :z, 91 :9) 

Scheme 6 

I 0 I 

65% 

Scheme 4 

( i )  EtMgBr 
(ii) I2 I 

Hept "XI, 
60% 

Scheme 5 

3 Olefinic hydrocarbons 

A study of the Wittig ethylidenations of a number of 
different ketonic substrates has demonstrated that 
reagents 1 and 2 are always (E)-selective, and these 
reagents have overcome some of the difficulties in 
the use of Wittig olefination procedures leading to 
trisubstituted double bonds2' @)-Selective 
alkylidenations of aldehydes using reagents derived 
from a-acetoxy bromides, zinc, and CrC13 are 
reported to proceed in moderate yields with variable 
selectivity (Scheme 6).22 

The stereoselectivity of the Peterson olefination 
procedure has been shown to be influenced by the 
choice of base and the silyl group in the synthesis of 
the anti-bacterial BRL49467, where a highly (E) -  
selective protocol is required (Scheme 7).23 

The methylenation of carbonyl compounds using 
a CH212, zinc, and TiC14 system can be accelerated 
considerably with the addition of catalytic PbC12, as 

I 

! 

N, 0 

4 
Y w - g g L o  OH (E:Z, 13:l) 

Scheme 7 

it promotes the formation of the reactive geminal 
dizinc intermediate CH2(ZnI)2.24 The asymmetric 
preparation of allylic alcohols can be achieved by 
the addition of the vinyl anion equivalent 3 to 
aldehydes, followed by fluoride-initiated 
desilylsulfinylation or thermal desulfinylation 
(Scheme 8).25 

Scheme 8 
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A number of methodologies for the 
stereoselective synthesis of trisubstituted olefins 
have been reported. Thus, reacting silyl nucleophiles 
with (2-phenylthiocyclobutyl)methyl benzoates or 
methyl ethers generates olefins in moderate yields 
with a high stereoselectivity (Scheme 9);26 
stereodefined trisubstituted alkenes can be prepared 
using a 1,Zmetalate rearrangement starting with 
phenylthioacetylene (Scheme and di- and tri- 
substituted alkenes are obtained in moderate yields 
using the reactions of vinyl radicals with electron 
deficient alkenes (Scheme 11).28 

Scheme 9 

58% 

Scheme 10 

PhS OMe 

TiC&(OP+) 
81% 

R = n4llH23 

Scheme 12 

THF 
Et 

Scheme 13 

BuaLi 
-70°C to r.t. n-C4HQ ' \  n-C4HQ 

76% 

+ 

I 

Scheme 11 

85% 

Scheme 14 

BU' 
4 SO2Ph Bu3SnH <SO2ph respectively, via the stereoselective addition to the 

terminal olefinic group of these lithiated species 

Reported procedures for the synthesis of (2)- 
66% (Scheme 14).31,32 

( E  :z, 96:4) 
alkenes include the simple use of atmospheric 
hydrogenations of alkynes in the presence of a 
metallic nickel catalyst and  modifier^;^^ treatment of 
substituted 1,2-dithietane-l,l-dioxides, prepared 

In a new, and general, stereoselective, high 
yielding protocol, easily prepared phosphorus 
heterocycles have been used to synthesize P-keto 
phosphonoamidates, which after keto group 
reduction to the corresponding alcohol and cyclo- 
elimination generate trisubstituted olefins in high 
stereopurity (Scheme lZ).29 Stereoselectively 
alkylated olefins can be prepared by the reaction of 
organolithium reagents with epoxides at low 
temperature followed by elimination (Scheme 13).30 
Treatment of tantalum-alkyne complexes with 
lithium alkoxy olefins or lithioimines afforded 
trisubstituted olefins and (E)-allylic amines 

from the reaction of allenic sulfinates with-vinyl 
magnesium bromide, with lithium cyanide (Scheme 
15);34 and the cross-coupling reaction of (2)-vinylic 
tellurides with Grignard reagents mediated by lower 
order cyano cuprates (Scheme 16).35 

5,6-Disubstituted norbornenes have been 
prepared from palladium-catalysed cross-coupling 
reactions, and shown to undergo a retro Diels- 
Alder reaction to generate (Z)-olefins in good yield 
(Scheme 17).36 Polyfunctional di-substituted alkenes 
can be readily obtained by a cross-coupling reaction 
between (E)-  or (2)-alkenyl iodides and alkyl 
copper zinc reagents (RCu(CN)ZnI) with complete 
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Br- Et 
o -Tdyl-F-Ph TMP, NBS o -TolylrnPh 
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Scheme 19 Me 
Me 

LCN. 90% 

t 
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Scheme 15 

OnN--/=\TB(n-C4HO) + 
W I CuCN 

OZN? 75% 

Scheme 16 

Ph+Br + + Bu3SnCHpCH2 

IPd 

69% 71 % 

Scheme 17 

retention of the configuration (Scheme 18).37 
Styrenes have been smoothly prepared at room 
temperature from the highly selective cross- 
metathesis of terminal olefins using molybdenum 
~atalysis.~' 

NC(CH2)3C~(CN)ZnI 

+ 
1- \ CO*Et 

65% 

Scheme 18 

(E) -  and (Z)-Stilbenes were prepared using a 
Ramberg-Backlund type reaction of phosphonium 
salts with N-bromosuccinimide and 
2,2,6,6- tet rame t hylpiperidine with moderate 
selectivity (Scheme whilst (E)-stilbenes were 
obtained with a high degree of stereoselectivity from 
the reaction of (a-1ithiobenzyl)phosphine oxides 
with aldehydes (Scheme 20).40 

Scheme 20 

A modification of the Julia olefination procedure 
whereby p-hydroxy or acetoxy sulfones are treated 
with Sm1,-HMPA has been reported, but only with 
moderate ~tereocontrol.~~ Symmetrical alkenes have 
been obtained from lithiated sulfones in the 
presence of catalytic amount of an iron salt with 
moderate stereocontrol, whilst disulfones give rise 
to cyclic alkenes (Scheme 21).42 Lithiated tertiary- 
butyl alkyl sulfones eliminate easily in the presence 
of Pd(acac), to generate the corresponding olefin 
(Scheme 22).43 

R = C10H21 

Scheme 21 

( E  :Z, 84:16) 

Scheme 22 

Vicinal dibromides have been debrominated 
reductively with Sm12 to afford (E)-alkenes4 and the 
application of microwave irradiation to vicinal 
sulfonyloxy groups in pyranosides has been found to 
considerably increase the rate of reaction for 
generating unsaturated products.45 Desulfurizations 
of thiiranes with triethylborane and tributyl tin 
hydride at low temperature afford alkenes in good 
yield (Scheme 23).46 

Terminal olefins can be obtained in good yield 
from the simple reactions of benzylic, allylic, 
propargylic, and primary halides or mesylates with 
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S 4 Stereoselective simultaneous formation of sp3 and 
Ptl- OSiMepBu' sp2 centres 

122 Bu3SnH 

Ph- \ OSiMepBu' 

(E:Z, 6.6:l) 

Scheme 23 

dimethylsulfonium methylide, whilst unactivated 
secondary halideslmesylates proved unreactive 
(Scheme 24).47 The reactions of excess 
dimethylsulfonium methylide with terminal, allylic, 
or benzylic epoxides was found to lead to the 
corresponding one-carbon homologated allylic 
alcohols in good yields (Scheme 25).48 

4.1 Claisen rearrangements 

A useful protocol for preventing abnormal aromatic 
Claisen rearrangement products from forming has 
been reported and uses 1,1,1,3,3,3,-hexamethyl- 
disilazane or N,O-bis(trimethylsily1)acetamide to 
efficiently trap the normal products as their silyl 
ethers.@ Methodologies for the stereoselective 
preparation of silyl ketene acetals of a-siloxy esters, 
P-hydroxy esters, and a-amino esters have been 
reported and applied to the Ireland ester enolate 
Claisen rearrangement of allyl glycolates (Scheme 
26).65 

Scheme 24 

Me&-H2 (2eq.) 

HO B n o T O  89% 

Scheme 25 

Procedures for the preparation of functionalized 
olefins which have been reported include protocols 
for the dichloromethylenation of lac tone^,^^ the 
conversion of carbonyl compounds into vinyl 
iodides, 1, 1-diiodoalkenes, and 3,3-difluoropropene 
 derivative^,^'-^^ a simple preparation of conjugated 
nitro olefins from /I-nitro a l c o h o l ~ ~ ~  the generation 
of vinyl triflates from terminal alkyne~,'~ and the 
synthesis of vinyl triflones from aldehydes using a 
Peterson olefination p r ~ c e d u r e . ~ ~  The preparations 
of synthetically useful vinyl stannanes can be 
achieved: (i) using chromium-mediated additions of 
Bu3SnCHBr2 to aldehydes to afford (E)-alkenyl 
~ t a n n a n e s ; ~ ~  (ii) through the use of organocopper 
coupling chemistry to furnish 2-tributylstannyl- 
l - a l k e n e ~ ; ~ ~  (iii) via the Pdo-catalysed syn- 
stannylstannylations and syn -silylst annat ions of 
1 -alkoxy- 1 -alkynes and p henylthio- 1 - a l k y n e ~ ; ~ ~  (iv) 
via the Pdo-catalysed hydrostannation of 
disubstituted propargyl alcohols;59 and finally (v) in 
the preparation of (E)-2-methyl- 
1 -alkenyl t rime t hyls t annanes from terminal 
acetylenes.6o Procedures for the synthesis of vinyl 
silanes include the hydrosilylations of alk-1-ynes, to 
afford selectively either (E)-  or (2)-vinyl silanes 
using rhodium catalysis,61 the conversion of a 
molybdenum carbene complex into (E) -  or @)-vinyl 
silanes by the addition of organolithiums or 
Grignard reagents,62 and the preparation of 
1,l-bis(trimethylsily1)alkenes from the addition of 
(trimethyl~i1yl)~CBr~ to aldehydes using chromium 
~hemis t ry .~~ 

I 1 I I 

A - LTMP, TMSCl 93% 96:4 
B - LHMDS, then TBDMSCI 85% 3:97 

Scheme 26 

The utility of the [3,3]-Claisen sigmatropic 
rearrangement has been demonstrated with a 
number of different substrates, including the 
rearrangement of the cyclic keteneacetal4 in the 
synthesis of carbacyclin (Scheme 27),66 in the 
conversion of allyl N-phenylimidates, via N-silyl 
ketene N,O-acetals, into y,S-unsaturated anilides 
(Scheme 28),67 in the preparation of (E)-olefin 

C7H15 

C 7 H l S a  160"C,H+c 93% o+:o 
? 

4 

Scheme 27 

NPh 

Me 

Scheme 28 

NHPh NH 

the 

98.1:1.9 
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dipeptide isosteres with high stereoselectivity 
(Scheme 29),68 in the synthesis of a-allyl-/?-amino 
acids in good yields (Scheme 30),69 for the 
introduction of allylic side-chains onto peptides 
using Pdo catalysis and ZnCl,! (Scheme 31),70 and as 
the key sequential steps in the preparation of the 
antiviral ( - )-rei~wigin.~' 

Scheme 29 

( i )  LDA, TMSCI, -78% 
(ii) reflux 

177% 

rNHk 

92:8 

Scheme 30 

(i) LDA, ZnCb. Pdo 
(ii) CHzN2 

54% 

(1:l) 

Scheme 31 

The Claisen rearrangement has also found 
application in the regioselective and 
stereocontrolled 2-C and 3-C allylation of L-ascorbic 
acid,72 in the preparation of the (-)-yellow-scale- 
pheromone via a ring expansion of an eight- 

membered cyclic thionocarbonate prepared in a 
one-pot, four step reaction sequence (Scheme 32)," 
as the key part of the stereoselective synthesis of the 
trisubstituted @)-olefins from N-disubstituted 
dimethylammonium salts (Scheme 33)T and finally 
in the synthesis y ,  &unsaturated perfluor~ketones.~~ 

61 % 

Scheme 32 

Scheme 33 

ha-Claisen rearrangements have been applied in 
the synthesis of (-)-isoiridomyrmecin 5 with very 
high stereoselectivity (Scheme 34).76 They have also 
been used on carboxamides of isomerically pure 
(E)-  and (2)-crotylamines (with unfortunately little 
stereo~ontrol) ,~~ and on substrates generated from 
the acid-catalysed Michael additions of allylamines 
to acetylene carboxylates, where Lewis acids are also 
found to give satisfactory results, and the overall 
strategy can be applied to ring expansion reactions 
(Scheme 35).78 

4.2 Wittig rearrangements 

An enantioselective ester enolate [2,3]-Wittig 
rearrangement has been realized using chiral boron 
bis-sulfonamides to control stereoselectivity (e.e. up 
to 96%) with high threo preference but in only 
moderate yields (Scheme 36).79 Good asymmetric 
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(i) LHMDS, -78% 

(ii) 100°C 
0 H 

# 

b o  H :  

Scheme 34 

Et 

~TBDMS d.e. = 92% 

Scheme 35 

C02Me 

+ 
H0."C02Me 

83:17 

Scheme 36 

control has also been obtained in the [2,3]-Wittig 
rearrangement of chiral allyloxy-acetaldehyde 
hydrazones undertaken in the synthesis of 
y ,  6-unsaturated-a- hydroxyalde hydes and 
cyanohydrins (Scheme 37)" 

with a number of different substrates, such as the 
propargylic ether 6 with good stereocontrol in an 
asymmetric synthesis of Stork's prostaglandin 
intermediate 7 (Scheme 38),8' and on prop-2-ynyl 
ethers 8, where stereocontrol is realized by the use 
of the silicon groups favouring the required 
transition state in a general approach to 
leukotrienes (Scheme 39).82 

rearrangement reaction has been shown to 

The [2,3]-Wittig rearrangement has been applied 

A one-pot tandem [2,3]-Wittig anionic oxy-Cope 

OTBS 

(or$, 3:l) 7 

Scheme 38 

SiMes 
8 

QH 
80% BULi, -78°C 

OH I 

Scheme 39 

transform very rapidly (45 minutes at room 
temperature) bis-allylic ethers to 6, &-unsaturated 
aldehydes with good selectivity (Scheme 40).83 The 
[2,3]-sigmatropic rearrangement of P-phenyl- 
sulfonylpropargylic sulfenates provides a method for 
preparing 1,4-bis(phenylsulfonyl) 1,3-b~tadienes,~~ 
whilst repeated alternate additions of a diazonium 
salt and tetrafluoroboric acid at low temperature 
enables the conversion of ally1 4-methoxy- 
phenylsulfides into sulfonium ylides which 

Cousins: Saturated and unsaturated hydrocarbons 447 



Scheme 40 

Scheme 44 

p-silyl sulfone derivative 9 to generate 2-alkyl 
substituted 1,3-dienes in a straightforward coupling 
reaction, with either a nucleophile or an aldehyde, 
followed by an elimination procedure (Scheme 45).89 

then undergo [2,3]-Wittig rearrangement in high 
yield and good stereoselectivity (Scheme 41).85 A 
study of the aza-Wittig rearrangement of 
vinylaziridines has provided an interesting approach 
to tetrahydropyridines (Scheme 42).86 

(i) BuLi 

T s A c I  (ii) ICHfiiMg * 
Me3Si' 

9 

I Scheme 45 

A range of substituted buta-1,3-dienes can be 
prepared from 1,4-dichlorobut-2-yne via a 
hydroboration strategy (Scheme 46),% or by the 
regioselective palladium-catalysed cross-coupling of 
2,3-butadienyl carbonates with 9-alkyl- 
9-borobicyclo[ 3.3. llnonanes, 1 -alkenylboronic acids, 
or arylboronic acids (Scheme 47) .91 

no* 06% EtO LPJC 
BF4- 

R = 4-MeOCeH4 

Scheme 41 

Scheme 46 I1 
Scheme 42 

5 Conjugated dienes 

A facile elimination of allylic alcohols via the 
corresponding mesylates has been reported to 
provide a two step method for the preparation of 
terminal 1,3-dienes (Scheme 43).87 The coupling of 
2-bromomethyl-l,4-dibromo-2-butene with various 
aldehydes and ketones allows a simple entry to 
isoprenylated alcohols (Scheme 44),88 and 
2-(chloromethyl)-3-tosylpropene can be used via its 

i\ OH 64% 

Scheme 43 

Scheme 47 

2-Phenylsulfinyl or 2-phenylsulfonyl 1,3-dienes can 
be prepared stereoselectively in good yields using a 
Pd-catalysed addition reaction of thiophenol to 
conjugated enynes with a terminal alkyne followed 
by oxidation (Scheme 48)92 and l-substituted- 
1-ethoq dienes are obtained from the coupling 
reaction of l,l-diethoqbut-2-ene with a range of 
carbonyl electrophiles using the mixed metal base 
LICKOR (Scheme 49).93 
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SPh 

S 4 P h  

Scheme 48 

BuYi, Bu'OK (2eq.) 

'&OEt 

302coMe 
/ 

Scheme 49 

The selective preparation of protected (E,E)- and 
(E,Z)-hepta-2,4-dien-l-o1 has been reported using a 
Horner-Wittig elimination of easily separated syn- 
and anti-P-acetoxy triphenylphosphine A 
simple methodology for the preparation of 
conjugated (E,E)-dienes has been reported and uses 
a sequential coupling reaction between Grignard 
reagents in the presence of NiC12(dppe) and readily 
available (E,E)-l-bromo-4-phenylthio-1,3-butadiene 
(Scheme An enyne metathesis reaction 
involving the use of a ruthenium catalyst allowed 
the preparation of five-, six-, and seven-membered 
heterocycles containing the 1,3-diene moiety in good 
yields (Scheme 51).96 

PhS-Br + NiC12(dppe) 

(i) 2-thienyl MgBr 
51% (ii) 4-pentenyl MgBr I 

Scheme 50 

Scheme 51 

Palladium-catalysed Stille cross-coupling 
procedures using vinyl stannanes leading to 
1,3-dienes on the side-chains of a-amino acids, and 
1,3-diene derivatives of 3-iodobut-3-enoic acid have 
been reported (Scheme 52).97,98 The utility of the 

w S n M e 3  wco2" I NHAc 
+ , MeSi \ 

SiMe3 

Scheme 52 

SnMe3 i 

Tf Tf 

''H \ H 

(+)-pawarnine 

Scheme 53 

Stille cross-coupling has been demonstrated in a 
total synthesis of ( + )-papuamine (Scheme 53).99 

synthesis of dienyltrialkylstannanes, such as the 
simple, two-step preparation of (E)-  
1,3-butadienyl( tributy1)stannane from 3-sulfolene 
(Scheme 54),'O0 the use of 1,2-metalate 
rearrangements of 5-lithio-2,3-dihydrofurans with a 
suitable cyanocuprate (Scheme 55),"' the high 
yielding direct stereoselective stannylcupration of 
enynes with terminal alkynes (Scheme 56),*02 and 
the stereo- and regio-controlled Pd-catalysed 
hydrostannylation of enynes (Scheme 57).'03 

A number of reports have dealt with the 

Scheme 54 
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11 

Scheme 55 

Scheme 59 

Pd(PPhd4, NaOH I&% 
SiMe3 

(€,ZI€,€ = 933 

97:3 

Scheme 56 6 Non-conjugated dienes 

The application of the Stille cross-coupling reaction 
has been reported to allow the easy introduction of 
1,4-diene systems into the side-chains of a-amino 
acids containing a vinyl iodide (Scheme 60)y whilst 
the Pd-cat alysed cross-coupling of an allyl 
organozinc with 3-iodobut-2-enoic acid allows facile 
generation of a 1,4-diene moiety (Scheme 61).98 

C02Me 
Pd', Bu3SnH, PhH, r.t. ~ 

BuaSn R /A 80% 

R =  G:2 
Scheme 57 &SUBU3 + 

NHAc 

The stereocontrolled preparation of 2-substituted 1;; l-iodo-1,3-dienes has been achieved by the addition 
of methylmagnesium tributyltin to 6-phenylhex- 
3-enyne, followed by alkylation with an appropriate 
electrophile and conversion of the resulting 
stannyldiene by reaction with iodine (Scheme 58).'04 

vCozEt 
NHAc 

Scheme 60 

Ph - ZnBr + I uoH 

Ph Ph &OH 
65% 

overall Scheme 61 

Scheme 58 

A general stereoselective synthesis of the novel 
silyl-l,3-butadienes, 10 and 11, has been reported, 
and these compounds will no doubt find use in a 
number of applications such as intra- and inter- 
molecular cycloadditions.'" 

with the organoborane 12 with retention of 
stereochemistry in a palladium-catalysed reaction 
under basic conditions to generate trans-dienyl 
silanes (Scheme 59). lo6 

Finally, vinyl bromides have been shown to couple 

A one-pot palladium-catalysed reaction between 
terminal acetylenes, allyl bromide, and 
organostannanes has allowed elaboration of 
1-substituted 1,4-pentadienes in moderate yields, 
but better overall yields can be realized in two 
separate steps (Scheme 62).'07 

20% 

Scheme 62 
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Preparations of (E-l-alkeny1)ethylzinc reagents 
from the corresponding (2)-trialkenylboranes have 
been utilized in the cross-coupling reactions of zinc 
reagents with allylic halides to provide 1,4-dienes, 
regio- and stereo-selectively in the absence of a 
transition metal catalyst (Scheme 63).'08 

Scheme 63 

7 Polyenes 

Methodology for controlling the thermal 
electrocyclic ring-opening reactions of 4-alkyl- 
2-cyclobutene- l-carbaldehydes have been reported 
and allows the easy stereoselective preparation of 
(2,E)- or (E,E)-dienals at low temperature which 
can then be further elaborated to stereodefined 
trienes (Scheme 64).'09 The isomerizations of enyne 
esters to (E,E,E)-trienes in good yields using a 
simple trip henylp hosp hine - p henol catalysed 
protocol have been reported (Scheme 65)."' 

(9 Swem oxidatbn * kCHO 
OH (ii) EhN. -78 to 20°C 

92% 

Scheme 64 

3 c 0 2 m e  6TBS 

Scheme 65 

A simple one-pot stereospecific preparation of 
unsymmetrical (2)- or (E)-enediynes from (2)- or 
(E)-172-dichloroethylene and l-alkynes has been 
reported, using sequential palladium-catalysed 
coupling reactions (Scheme 66);"' pure (Z,Z,Z)- or 
(Z,E,Z)-conjugated trienes may then be 

Scheme 66 

subsequently produced through the use of zinc 
reduction. In a similar approach the palladium- 
copper coupling reaction between (E)-l-chloro- 
1,3-butadiene and l-alkynes, followed by 
stereoselective zinc reduction, furnishes trienes with 
high stereo purity (Scheme 67).l12 

PdCIZ(PhCN)2 
CUI. 85% 

Zn(Cu/Ag) + 
W c ! i H l l  

CSHl1 

Scheme 67 

The allylzirconations of alkynes has afforded 
intermediates which can be reacted with ally1 
chloride in the presence of copper salts to give 
stereodefined nonconjugated 174,7-trienes in good 
yield (Scheme 68).'13 The use of sodium amalgam 
induced reductive eliminations of allylic dibenzoates 
has been exemplified in a synthesis of leukotriene 
B4 (Scheme 69).'14 

CUCl 

BU- 

79% 

Scheme 68 

OTPS 0 
OTPS oms 

OTBS 

Scheme 69 
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Nitriles have been reacted with pentadienyl 
lithium to yield metalated 1-substituted trienamines 
which upon careful workup produce l-aminohexa- 
1,3,5-trienes with fairly good stereocontrol 
(Scheme 70).'15 

w' 
(i) Bu"Li 
(ii) R-CN 

R = 2-pyridyl 

Scheme 70 

A new approach to retinoids involving the 
addition of organometallic reagents to a variety of 
pyrylium tetrafluroborate salts has allowed the 
preparation of (2,E)- or (E,E)-dienals in a 
stereocontrolled manner (Scheme 71),'16 and in an 
extension of this approach to polyenes a direct route 
to trienals has been described whereby aldehydes 
are homologated by six carbon atoms by reaction 
with the 2-substituted 2H-pyran-based Wittig 
reagent 13 in good yields (Scheme 72).'17 

Scheme 71 

R = 3-pyridyl 

Scheme 72 

In an alternative synthesis of retinal the key step 
involved a Pd-catalysed rearrangement of the mixed 
propargylic-dienyl carbonate 14 to an allenyl 
aldehyde followed by subsequent reconjugation 
(Scheme 73)."* 

HBr, 0°C. 57% 1 

Scheme 73 

A variety of symmetrical carotenoids have been 
synthesized by first using a chromium assisted 
iodomethylenation of a diketone followed by a silver- 
assisted Heck reaction with good stereocontrol 
(Scheme 74).*19 The iodoacetal 15 can be coupled to 
tertiary allylic alcohols using Heck chemistry, and 
subsequently hydrolysed and dehydrated to provide 
substituted trienals regioselectively (Scheme 75).I2O 

R' 

I 

R 

Scheme 74 

Palladium-mediated coupling reactions of zinc 
bromide derivatives (generated from the enyne 16) 
with unactivated vinyl iodides have allowed facile 
preparations of polyenes with high stereocontrol 
(Scheme 76).121 
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Scheme 75 

Scheme 76 

In a new triply convergent synthesis of 
leukotriene B4, a stereocontrolled coupling reaction, 
ring-opening process, and elimination reaction 
involving the propargylic arsonium salt 17 and the 
furanose 18 affords an intermediate polyene in good 
yield, which is then further elaborated to the final 
product (Scheme 77).'22 

TsO %OH 

18 

Scheme 77 

8 Allenes 

A number of new approaches to aryl allenes have 
been published, including a simple conversion from 
benzopyrans using an anionic cleavage reaction 

(Scheme 78),'23 and the palladium-catalysed 
coupling reactions of stannyl allenes with either aryl 
iodides or aryl triflates in the presence of a copper 
co-catalyst (Scheme 79).'247'25 

Scheme 78 

Scheme 79 

The regioselective preparation of allenyl 
stannanes has been achieved using a reductive 
coupling reaction of propargylic bromides with 
tributylstannyl chloride in the presence of 
magnesium metal and lead bromide (Scheme 
A novel [3,3]-sigmatropic rearrangement of cyclic 
thionocarbonates has been used to prepare medium- 
ring heterocyclic allenes in moderate yield 
(Scheme 81).'27 

BuaSn 
- - <"" Bu3SnCI. MglPbBr, THF L e i  

Br 66% M8 

Scheme 80 

A number of approaches towards allenes have 
utilized functionalized alkynes and these include: 
the 1,6-addition of organocuprates to chiral eneynes, 
leading to allenes with moderate 
diastereoselectivity;'28 the hydrogenolysis of alkynyl 
cyclic carbonates to a-allenyl alcohols with 
triethylammonium formate and a palladium(o) 
catalyst in the presence of chelating diphosphines 
(Scheme 82);'29 and the cross-coupling reactions of 
organoboranes with propargylic carbonates with 
palladium catalysis to afford tetrasubstituted allenes 
(Scheme 83).13' 
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Scheme 81 

-0Ph 
~ T H P  THPO 

Me Me 

H W d ,  NEt3, Pd'. Ph2P(CH&PPhs 

l 7 ~  
t 

H Me 
HO Me 

Scheme 82 

A range of chiral alcohols have been converted into 
propargylic ethers which were then isomerized 
under base catalysis to generate optically active 
allenic 

A simple procedure involving 1,4-elimination 
from l-acetoxy-4-trimethylsilylbut-2-ynes using 
tetrabutylammonium fluoride has enabled the 
preparation of alkyl and aryl substituted 
1,2,3-butatrienes (Scheme 86),'% whilst the 
reduction of tetraalkylhexapentaenes with Zn- 
ZnClz affords 1,2,4,5diallenyl systems efficiently 
(Scheme 87).'35 

SiMe3 I 
TBAF ~ ", c=c=c=c, A 

Ph' H 

&Ac - (t1.2) 

Scheme 86 

Scheme 87 
Scheme 83 

Propargylic mixed carbonates have been 
rearranged into allenic carbonyls compounds using 
palladium catalysis (Scheme 84),131 and the allenic 
moiety of enprostil has been introduced via a 
propargylic acetate using a Grignard reagent in the 
presence of a copper catalyst (Scheme 85).13* 

Me 

Scheme 84 

9 Alkynes 

The procedure for converting aryl methyl ketones 
into aryl ethynyl products using phosphoryl chloride 
and DMF has been extended to diphenyldiynes 
(Scheme 88),136 and the dehydrobromination of 
1,l-dibromoethylenes under mild conditions using 
DMSO and DBU has allowed the preparation of 
1-bromoarylalkynes in excellent yields 
(Scheme 89).13' 

A modification of the McKelvie-Corey procedure 
for converting 1,l-dibromoalkenes into 
1-bromoalkynes using NaHMDS for the elimination 
reaction, has led to a series of epoxy, cyclopropyl, 
and alkyl derivatives in good yields (Scheme 90)."* 
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R =  p--l 
OSiMepBu' 

Scheme 90 

The chiral synthon 19 has been used to prepare a 
series of optically active propargylic alcohols from 
the reaction of the derived a-vinyl anion with 
aldehydes followed by the /I-elimination of the 
sulfinyl and trimethylsilyl groups or by the thermal 
elimination of the sulfinyl group (Scheme 91).'39 

and aldehydes by reaction with lithium 
trimethylsilyldiazomethane generates the 
corresponding homologous disubstituted and 
terminal alkynes respectively in moderate to good 
yields (Scheme 92). 140 

Both cyclic and acyclic 1,5-diynes have been 
prepared using intra- and inter-molecular coupling 
react ions of Co2( C0)6-complexed propargyl radicals, 
in reasonable yields and with moderate 
diastereo~electivity.'~~ The preparation of a nine- 
membered cyclic 1,5-diene has been achieved 
through the cerium-assisted coupling reaction of a 
lithium acetylide with an aldehyde, affording a 
single diastereoi~omer.'~~ 

The (Colvin) rearrangement of aryl alkyl ketones 

10 Enynes 

(2)-Enynes and (2)-enediynes are reported to be 
easily generated by the dehydration of propargylic 

I 
Me3SC(LI)Nz o.-""" 6296 

Scheme 92 

alcohols with polyphosphoric acid trimethylsilyl 
ester (PPSE) (Scheme 93).'43 A straightforward 
procedure for coupling terminal alkynes to viny 
halides using Pdo catalysis in the presence of 
piperidine or pyrrolidine has furnished enynes i 
good yield (Scheme 94),'@ whilst a palladium- 

1 

catalysed elimination from propargylic carbonates 
produced conjugated enynes using mild and neutral 
conditions (Scheme 95).145 

H' 
(Z :E  ,100:O) 

Scheme 93 
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Scheme 94 

Scheme 95 

The palladium-copper catalysed coupling 
reaction of terminal acetylenes with a-amino acids 
containing vinyl iodide side-chains has been shown 
to readily introduce enyne groups (Scheme 96).97 
The zinc bromide derivatives of preformed (2)- or 
(E)-  1-stannyl-4-trimethylsilyl- 1-buten-3-ynes have 
been used in palladium-catalysed coupling reactions 
with a range of unactivated vinyl iodides and 
proceed in good yield with stereoretention, to afford 
terminal conjugated dienyne systems (Scheme 97).'*l 

-C02Et 

C02M PdCIdPPh&, CUI I 

X A c  #OH 62% jOHNHAc 

Ph &Me 

&, + Bu-H + Ph+SnBu3 

Ph p-c 
Scheme 98 

Scheme 99 

Scheme 96 

straightforward sequence of reactions starting with 
bromoboration of a terminal alkyne and subsequent 

allenic zinc chlorides has led to acyclic enyne-allenes 
or enediynes with tri- or tetra-substituted double 
bonds with a high degree of stereocontrol (Scheme 

+ Bn2N-1 Pdo coupling with acetylenic zinc chlorides and 
SiMe3 

Pd(PPh& 

SiMe3 1w-1497150 
B u 2 N d  

Scheme 97 

A three-component one-pot reaction involving a 
terminal acetylene, a 1-alkynyl stannane, and either 
an enone or an ally1 chloride, using a nickel catalyst 
generated from Ni (acac)2, afforded regio- and 
stereo-defined enynes and 3,6-dien-l-ynes 
respectively in good yields (Scheme 98).146,147 

catalysed coupling reaction of alkynyl cyclic 
carbonates with terminal alkynes (Scheme 99).14" A 

R 
Conjugated alkynyl a-allenols have been obtained 

readily in good yields from the palladium-copper 78% 

Scheme 100 
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An intramolecular Nicholas reaction on a 
dicobaltohexacarbonyl-complexed propargylic 
silylenol ether has enabled the preparation of the 
reactive bicyclic [7.4. llenediyne, and the surprisingly 
stable bicyclic enyne-allene 20 (Scheme lOl).’” 

OTBS 

5% TCId.DABC0 1 
+ 

20 Scheme 101 

The isomerization of (2)- to (E)-enynes using 
trifluoromethane sulfonic acid at room temperature 
was found to be more readily accomplished when 
the acetylene group is protected as the 
dicobaltohexacarbonyl complex.’52 The readily 
prepared y-silylallenylborane 21 can be used to 
prepare enynes and enediynes with high geometric 
purity by reaction with simple alkyl and acetylenic 
aldehydes respectively, followed by an elimination 
step using Peterson olefination procedures to define 
the stereochemistries of the alkene bonds (Scheme 
102).1’~ 

Me3sk*< fi) RCHO 

I \  

KH 6 7 9 2 %  

/ / 

21 
R = n-C5HI1 

R = n-C5H 

Scheme 102 

Symmetric dienediynes have been prepared using 
a nickel-catalysed coupling reaction of 2,3-dichloro- 
1,3-butadiene with terminal acetylenes (Scheme 
103)’54 and conjugated dienynes are obtained 
with good regioselectivity from the monocoupling 
of (Z)-conjugated bis(eno1triflates) and 
trimethylsilylacetylene using palladium catalysis.”’ 
The coupling of unactivated allenes and 1-alkynes 
can be achieved using a rhodium-based catalyst with 
a high regio- and stereo-selectivity, leading to endo- 
(E)-enynes in good yields (Scheme 104).’56 

Scheme 103 

’n-C5H11 

Scheme 104 

Carbocyclization of 178-bis-trimethylsilyloctadiyne 
has been accomplished using a propargylic 
organozinc derivative to provide stereocontrolled 
1,4-enyne cyclopentanes with an exocyclic double 
bond ready for further elaboration (Scheme 105).’” 
Palladium-catalysed sequential coupling reactions of 
(E)-  and (2)-dichloroethenes with 1-alkynes afford 
(2)- and (E)-enediynes bearing different 
substituents on the alkyne groups (Scheme 106).15’ 

L 

SiMe3 

(iii) H30+ 
$+SiMe3 89% 

Me0 

Scheme 105 

50% L O H  

Scheme 106 

A large number of biologically active molecules 
containing the enediyne group have been isolated 
and a number of different synthetic strategies have 
been developed to prepare these interesting 
molecules. A convergent total synthesis of 
calicheamicin y l l  has been rep~r ted ,”~  and studies 
directed at calicheamicin and esperamicin type 
chromophores and aglycones include: the synthesis 
of an oxabicyclo[7.2. llenediyne via a Nozaki 
reaction using CrC1, and catalytic NiC1, to generate 
a single diastereoisomer (Scheme 107),16’ the use of 
a [2,3]-Wittig rearrangement to generate 1,5-diynes 
which are further elaborated to generate enediyne 
systems;’61 the use of straightforward cyclizations 
mediated by LiN(TMS)2 (Scheme 108),16, or 
initiated by caesium fluoride (Scheme 109);’63 and 
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Scheme 107 

€ 3 d M e 2 S 8  CHo 67% LiN(TMS)2 
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Scheme 108 

CsF, 18-C-6 
CHO 40% 

1-  
SiMe3 - \ +  OSiMe3 

Scheme 109 

the utilization of the Norrish Type I1 photochemical 
reaction in the highly efficient preparation of acyclic 
and cyclic enediynes (Scheme 110).'@ 

Scheme 11 0 

In an attempt to circumvent the use of the 
expensive (2)-dichloroethene and palladium 
catalysts, the direct self-coupling of trimethylsilyl 
propargylic bromide has been achieved using strong 
lithium bases with concommitant elimination to 
prepare acyclic (2)-enediynes (Scheme lll).16' 

(Z:€,2:1) 

Scheme 11 1 

Studies directed towards the synthesis of 
dynemicin-type compounds include: constructing the 
enediyne unit from a terminal acetylene derivative, 
generated from the addition of a magnesium 
acetylide in a 1,4-asymmetric induction and 
subsequently elaborated for a caesium fluoride 
mediated cyclization;'66 the use of a 
dicobaltohexacarbonyl propargylic alcohol in a 
cyclization reaction with a bridgehead enolate 
mediated by trifluoromethylsulfonic anhydride 
(Scheme l12);'67 palladium-mediated cross-coupling 
of the diiodoacetylene derivative 22 with (2)- 
distannylethylenes (Scheme 113),'68,'69 and acetylene 
anion addition to a conjugated aldehyde 
(Scheme 114).l7' 

OMe 
Ad = 1 -adamantyl 

0 

OMe 
Scheme 112 

I I 

ATBS I 

Scheme 11 3 
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f i  

Scheme 114 

Other studies published in this area have included 
the preparation of monocyclic dienediyne systems 
related to the neocarzinostatin chromophore 
starting from D-xylitol and using an aldol cyclization 
as the key step (Scheme 115);17' a description of the 
general strategies using dicobaltohexacarbonyl 
complexed acetylenes for the synthesis of enediyne 
antitumour agents;172 and the synthesis of 
enetetraynes using palladium-mediated coupling 
reactions starting with (Z)-dich~oroethylene~.'~~ 

Scheme 115 
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