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The Wittig reaction 
1. INTRODUCTION 

The condensation of a carbonyl compound with an alkylidenetriphenylphosphorane (1) to give an olefin 
and triphenylphosphine oxide, the so-called Wittig carbonyl olefination reaction or simply %‘itIig 
reaction’ (Scheme I), has become one of the favorites among the numerous methods of olefin 
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Scheme 1. 

tAddress correspondence to the author at: CIBA-GEIGY AG, Zentrale Forschungs-Laboratorien, CH-lMD Basel, Switzerland. 
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syntheses.* The Wittig reaction has several advantages: As a rule, no double bond isomerization occurs 
under the reaction conditions, i.e. the new C=C double bond appears exclusively at the site of the,former 
CO function. The starting materials, aldehydes or ketones and phosphonium salts derived from alkyl 
halides and triphenylphosphine, are readily available. The geometry of the double bond (E/z) may be 
influenced to a considerable extent by the choice of the reaction conditions.’ The main drawback of the 
Wittig reaction is its susceptibility to steric hindrance. Whereas aldehydes normally give olefins in high 
yields, ketones often react less satisfactorily. The Wittig reaction usually fails in the synthesis of a 
tetrasubstituted orefin. 

Stability and reactivity of phosphoranes 1 are intluenced to a great extent by the substituents at the 
ylid C atom. So-called non-stabilized phosphoranes prepared from primary and secondary alkyl- 
triphenylphosphonium salts (1, R3 or R ’ = H alkyl) are highly reactive. Stabilized phosphoranes bearing 
an electron-withdrawing group, which allowH delocalization of the negative charge (Y to phosphorus by 
resonance (1, R3 = COR, COOR, CN, SO,R), are less reactive and only weakly basic. The reactivity of 
benzylidenephosphorane and related aromatic phosphoranes (1, R3 = aryl) lies somewhere in between, 
these ylids are called moderate or semi-stabilized. 

For the preparation of olefins bearing electron-withdrawing, conjugating functional groups, it is 
advantageous to use the Horner or Wadsworth-Emmons modification of the Wittig reaction’ (Scheme 2). 

R’, 0 I _/Rx R’ 
c=o l 

Rf 
tRO$P-C, - ‘c-c’ 

R3 ? 

R‘ fv’ ‘R4 
+ IRO$P-O- 

2 
Scheme 2. 

Owing to their increased nucleophilicity, anions of phosphonates (2, R3 = COR, COOR, CN, . . .) often 
give higher yields of olefins than the corresponding stabilized phosphoranes. The work-up is also more 
convenient than in the classic Wittig reaction, however, simple alkyl phosphonate carbanions (2, 
R3/R4 = H, alkyl) fail to give olefins. Other modifications with carbanions of diphenylphosphine oxides, 
thiophosphonates or phosphonic acid amides have not found widespread application. 

Scope of the review 
The scope of this review is a survey of intramolecular Wittig reactions, in which a C=C double bond 

is formed by condensation of a CO function with an alkylidenephosphorane group incorporated in the 
same molecule (3). Many examples of intramolecular Wittig reactions are cited in the review of Zbiral on the 
synthesis of heterocycles with prosphorus-containing reagents’ and in the review of Vollhardt on bis-Wittig 
reactions in the synthesis of nonbenzenoid aromatic ring systems.‘j These older examples will be discussed 
only when needed to understand more recent results. Intramolecular alkylations of alkylidene- 
phosphoranes’ will not be treated, however, cycloalkene-forming reactions of carbonyl compounds 4 
bearing a phosphonate group’ will be included. 

-CeCH=PR 

‘d 
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Ring size and ring strain 
3 4 

It is commonly assumed that the first step of the Wittig reaction is the formation of a single bond 
between the ylid carbon (Y to phosphorus and the carbonyl carbon leading to an intermediate phosphorus 
betaine 5 (Scheme 3).’ However, 3’PNMR studies on the reaction of non-stabilized ylids and carbonyl 
compounds in salt-free solutions indicate the presence of oxaphosphetane 6 as the only intermediate. To 
account for these and other observations, a (TV+ r*J cycloaddition mechanism without the inter- 
mediacy of betaine 5 was postulated.* Although 5 cannot be observed directly, it can be trapped. Further 
experiments with isotopically labelled compounds proved a fast equilibrium between a zwitterionic 
intermediate like 5 and the oxaphosphetane 6 even at - 8oo.9 Scheme 3 represents one possible mechanistic 
interpretation which is in accord with the experimental facts. Formation of the intermediates is 
reversible in the case of stabilized and semi-stabilized ylids. 
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Scheme 3. 
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In an intramolecular Wittig reaction, a bicyclic oxaphosphetane 6 must be formed. It is therefore no 
surprise that cyclopropenes and cyclobutenes are not accessible by this reaction. The corresponding 
oxaphosphabicyclo[2.l.O]pentanes and [ZZO]hexanes would be excessively strained, although the P-O 
bond is much longer than a C-C single bond. lo The @zarbonyl alkylidenephosphoranes 7, hypothetical 

precursors of cyclopropenes, are hard to come by, because the corresponding acylethyl-triphenyl- 
phosphonium salts undergo Hofmann type elimination of triphenylphosphine on base treatment.“.” 
y-Carbonyl alkylidenephosphoranes 8 rather give cyclooctadienes by double condensation than cyclo- 
butenes.13 Triphenylphosphine elimination and formation of a cyclopropyl ketone can also occur.” 

RC+CH = P03 

bl 

RCCH2 CH2 CH=PB3 

8 

7 8 

As expected on the basis of the mechanistic interpretation shown in Scheme 3, the common 5-, 6- and 
also 7-membered rings are produced fairly easily by intramolecular Wittig reaction. The formation of 
medium- and large-ring cycloalkenes requires high dilution techniques, but can be readily accomplished. 

The oxaphosphetane 6 undergoes irreversible cleavage to the C=C double bond and triphenyl- 
phosphine oxide (Scheme 3). This last step is fairly exothermic. The Wittig reaction may therefore be 
used for the synthesis of highly strained cyclic oletins. As long as the carbonyl carbon and the 
phosphorus ylid carbon can come within reasonable distance from each other and react to give a single 
bond in a ring with five or more atoms, there are good chances that finally the strained cycloalkene is 
formed. 

2. CYCLIZATION OF PREFORMED CARBONYL ALKYLTRIPI’IENYLPIIOSPIIONIUM SALTS AND CARBONYL PIIOS- 

Carbocylic rings 
PIIONATES 

The first example of an intramolecular Wittig reaction with a carbonyl alkyltriphenylphosphonium. 
salt was reported in 1%2 by two independent groups. ‘*J’ The alkylidenephosphoranes prepared from 
S-benzoylpentyl- and 4-benxoylbutyl-triphenylphosphonium bromide’ with sodium ethoxide or butyl- 
lithium underwent ring closure to I-phenylcyclohexene (10, n = 4) and 1-phenylcyclopentene (10, n = 3), 
respectively. The next lower homologue, 1-phenylcyclobutene (10, n = 2) could not be obtained, and 
elimination of triphenylphosphine was observed. Benxoylethyl-triphenylphosphonium bromide (9, n = 1) 
gave a low yield of the bis-Wittig product, 1,4-diphenylcyclohexa-1,4-diene (11). 

_ OEt- 
o\ 

0$(CH2)nCH2603 Br - 
CH=CH 

\ I 
0 n: jL (CH21n 

9 10 11 

The intramolecular Wittig reaction is the method of choice for the synthesis of annulated bridgehead 
olefins 14 free of double bond isomers. The corresponding phosphonium salts 13 are readily accessible 
by alkylation of ketoesters 12 with a,o-dibromoalkanes followed by hydrolysis, decarboxylation and 
treatment with triphenylphosphine. With sodium hydride in dimethylsulfoxide, olefins 15-19 in- 
corporating cyclopentene or cyclohexene rings are then obtained in yields of 5066%. The cycloheptene 
ring in hydraxulene 20 was formed in 1% yield.” 

The Wittig reaction usually fails on attempted condensation of highly substituted ketones with 
alkylidenephosphoranes other than methylidenephosphorane. It is therefore interesting to note that 
phosphonium iodide 21 yields 73% of the cycloalkene 22 on base treatment. The cyclopropyl olefin 23 
was prepared similarly.‘6 The remarkable synthesis of a tetrasubstituted double bond in compound 24 by 
intramolecular Wittig reaction was reported recently.” 

0 0 
NaH 

-_, -_, --_, 

COOEt OMsd 
(CH&,, CH,p;a, 



1720 K. B. BBXER 
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Strained cycloalkenes 
A number of “real” bridgehead olefins, which are of interest in connection with Bredt’s rule,i8 have 

been successfully prepared by intramolecular Wittig reaction from the corresponding ketophosphonium 
bromides. 

Olefins 25,26, and 27 belong to the class of bridged (E)-cyclooctenes. Like (E)-cyclooctene itself, 
they are stable and can be isolated at room temperature, but their double bond is highly strained and 
reactive. If during the Wittig reaction and the work-up oxygen and traces of acid are rigorously 
excluded, hii yields of pure bridgehead olefins (e.g. 57% of 27) may be obtained.” Bicyclo[3.3.l]non-l- 
ene 25 has also been prepared in the (-.)(SS)-co&uration starting with optically active bromoketone.m 
The homologous bridgehead olefin bicyclo[4.3.l]dec-l(9)ene 28 is less strained and less reactive, it has 
been prepared simihuly.r’ OlefIns 29-32, formally bridged (E)-cycloheptenes, cannot be isolated in the 
intramolecular Wittig reaction. They dimerize rapidly, but may be trapped, e.g. by 2Jdiphenyl- 
benzo[c]furan.p” Base treatment of ketophosphonium bromide 33 gave none of the expected dimers or 
trapping products from I-norbomene 34, formally a bridged (Qcyclohexene, thereby demonstrating the 
limits of the intramolecular Wittig reaction in the synthesis of strained bridgehead olefins.23 

25 26 27 26 29 

30 31 32 33 34 

Another example for the synthesis of a strained cycloalkene is reported in cyclophane chemistry. The 
double bond in the [2.1.21(1,2,3)cyclophane 36 was obtained by cyclization of the corresponding 
benzaldehyde-benzylidenephosphorane 3!Lr” 

OCH3 0CH3 37 36 

35 36 
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a,f3- Unsaturated ketones 
Phosphoranes stabilized by an a-CO group may undergo intramolecular condensations with reactive 

aldehyde functions. Cyclododecene-3-one 38 was obtained by cyclization of the preformed stabilized 
phosphorane-aldehyde 37 under almost neutral conditions. 25 

Substituted a,/~-unsaturated ketones are :better prepared by a Homer or Wadsworth-Emmons 
reaction, taking advantage of the increased nucleophilicity of carbanions of conjugated ketophos. 
phonates compared with the corresponding stabilized phosphoranes. 2,6-Diketophosphonates such as 39 
give high yields of cyclohexenones 40 on treatment with sodium hydride in dimethoxyethane. 26 2,5- 
Diketophosphonates lead to cyclopentenones: cis-Jasmon 42a and the related compounds 42b and e were 
prepared from phosphonates 41. z7 Cyclopenten-3-ones substituted in 1- and 5-position such as 43 and 44 
are also accessible by this reaction. 2s 

R 

P (OCH3) 2 ; CH2~ } 
0 0 O R 

O i- Pr 

n-Bu 

39 40 

0 0 0 
o 

p ( OEt)2 • b R: 
0 0 c R= , , ~ , .  

41 42 43 4~1 

Heterocyclic rings 
Many examples are known in which a heterocyclic alkene is formed from a phosphorane connected 

with a CO group by a chain containing a heteroatom. The o-hydroxybenzaldehyde derivatives 45 cyclize 
to dihydrobenzoxepin (46, n = 2) ~ and to the 8-membered ring in dihydrohenzoxocin (46, n ffi 3) on 
treatment with sodium alkoxide? ° Rearrangements under ring contraction yielding 2-methyl- a~ 
2-ethyl-2H-chromene 47 are observed, but can be suppressed by suitable reaction conditions. The 
analogous phosphonium bromide 45, n = 1 yields 2H-chromene (46, n= 1); 45 is not isolated, but 
prepared in situ by addition of the anion of o-hydroxybenzaldehyde to vinyltriphenylphosphonium 
bromide (vide infra ). 31 

[~ CHO 

O(CH2 )n CH21~1213 Br 

RONa 

~ R  

45 46 47 R=Me, Et 

o-Aminobenzophenone (48) reacts with propargyltriphenylphosphonium bromide (49) to give, after a 
proton shift, the aminovinylphosphonium salt $0. On reaction with sodium hydride in acetonitrile, 50 
cyclizes to 2-methyl-4-phenykluinoline (51). A number of related syntheses of substituted quinolines have 
also been repor ted ,  n 

0 L. • 
B; NaH ~ 

CH3CN 

48 49 5 0  51 
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Triphenylphosphonioacetates of cu-hydroxyketones (52a) condense to butenolides 53 already with 
triethylamine in methylene chloride. A related ‘diethylphosphonoacetate 52h was made directly from 
a-bromocyclohexanone and potassium diethylphosphonoacetate, however, the cyclization to 53 seemed 
to be less satisfactory.33 When 21-hydroxy-20-keto-steroids are treated with the mixed anhydride of 
trifluoroacetic and diethylphosphonoacetic acid followed by potassium carbonate, cardenolides such as 
54a are formed in high yield.” The corresponding 22-methyl-cardenolide 54b and related cardenolides 
had been synthesized before by intramolecular Wittig reaction.” The synthesis of cardenolide glycosides 
with halogen, alkyl, and alkoxy substituents in the butenolide ring has also been achieved by in- 
tramolecular condensation of the corresponding substituted diethylphosphonoacetatesX An analogous 
unsaturated lactam, the steroid pyrrolinone 55, was obtained from a 20-keto-2Lchloracetamide via the 
corresponding phosphonium chloride.37 

0 
0 

0 
R2. H 

R’ 
0 

R2 R’z 0 R2= H 

52 

a X: P+0,0; 

53 R’. R2. 0 

R’/ R2 - -(CH2 IL - 

b X: PO10Et12 

AcO 

54 b R = CH3 55 

The pyrralinone synthesis exemlrl&d with 55 is fairly gene&a-Aminoketones protected as. their 
diethylketals 56 are condensed with cudiethylphosphonopropionic acid 57 and then treated with sodium 
hydride in dimethoxyethane to give pyrrolinones 58. Diacetoneamine; a @uninoketone, and diethyl- 
phosphonoacetic acid give rise to the dihydropyridone 59.‘* 

R’ 
OEt 

x 

OEt ~OIOEt12 1. OCC 

R2 
+ CHCH3 

NH2 LOOH 
2. NaH 

56 57 58 59 

R’ = Et , R2 = H 

p = R2= Me 

In a recent synthesis of ( A)-N-methylmaysenine, ring closure of the -1Pmembered lactam was 
accomplished by an intramolecular condensation of compound 69 with a diethylphosphonoacetamide 
and an a&unsaturated aldehyde function. 39 A double condensation (a bis-Wittig reaction) was used in 
the synthesis of the &membered dilactide 62 with Cz-symmetry, an intermediate which is readily 
converted to (-)vermiculine. When the aldehyde phosphonate 61 with S-contlguration is treated with 
sodium hydride in tetrahydrofuran under high dilution conditions, the dilactide 62 is formed in 4% yield, 
along with some larger cyclic oligomers. No normal intramolecular ring closure to the corresponding 
g-membered lactone occurred. A stepwise condensation, which was shown to be feasible with a racemic 
model compound, proved therefore to be unnecessary.” 

Much work on intramolecular Wittig reactions has been done in the field of penemic and cephemic 
acids. The 2,2dimethyl-3cephem4carboxylic ester 64 is obtained on cyclization of the stabilized 
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phosphorane 63. The aldehyde function is generated in situ by Komblum oxidation of the OH group?’ A 
mixture of 3-methyl-2- and 3cephem4carboxylic esters is formed from cr-thioketone 65.” Several 

examples of intramolecular Wittig reactions of keto-phosphoranes and keto-phosphonates have been 
reported for oxygen and carbon analogs of 65 and related azetidinones.” In a different approach, the 
1,34hiazine ring system (67) is constructed from chloroacetone and methyl a-thioformamidodiethyl- 
phosphonoacetate 66. Cycloaddition of azidoketene to 67 eventually leads to a cephemic ester.” 

DMSO 
R$NH 

. 0 

Ac2o 

0 

COOC(CH3)3 COOCH3 

63 R = 0CH2,00CH2 64 66 

CH3COCH2CI l iEtO)2;C\H-NHC=S - 

0 COOCH3 
CH3 

C00CH3 

66 67 

Construction of the penemic acid skeleton in 69 requires condensation of a stabilized phosphorane 
with the CO function of a thioester. In spite of the fact that thioesters and phosphoranes usually give 

” a-ketophosphoranes with loss of a thiol, this cyclization has been accomplished with a number of 
substituted thioaxetidinones.” Related Wittig reactions leading to carbapenemic esters (‘l-oxo-l-azabi- 
cyclo[3.2.0]hept-2-ene-2-carboxylates) have also been reported.” 

0 

0OCH2$NH d. H.CH3 

. 0 

: : 
CHICH3)2 

0 

66 69 
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The CO group of an ester function is much less reactive in the Wittig reaction than an aldehyde or a 
ketone. Normally, the formation of a stabilized phosphorane 70 with loss of the alcohol portion of the 
ester, i.e. acylation of the phosphorane, is observed (Scheme.4). 43*48 In the case of formic, oxalic, and 
diethoxy-, fluoro- and trifluoroacetic esters, enolether 71, the product of a “normal” Wittig reaction, may 
be found on reaction with semi-stabilized and stabilized phosphoranes.‘9 With a large excess of 
phosphorane in a dipolar aprotic solvent, a double condensation to yield the alkylated olefin 72 can be 
accomplished?’ 

fl 
,, ,R-i- C-R’ + R”Oii 

p03 

/ 

70 

P13P=CHR + R’COOR” c R’f=CHR + B3P0 

OR” 

71 

R% 
,CH2R 

%HR 

+ 2 03Po + 03P=CRR” 

72 

Scheme 4. 

As expected, phosphoranes 73 (n = 3,4,5) derive< from o-iodocarboxylic esters yield cyclic (Y- 
ketophosphoranes 74 by intramolecular acylatioti. 51 However, phosphoranes 75 (n = 2,3) derived from 
w-bromoalkanols cyqlize fairly readily to the corresponding enolether dihydrofuran and dihydropyran 
76, respectively, if a non-polar solvent such as toluene is used. 52 A series of benzofurans 77, chromenes 
78, and isochromenes 79 was prepared similarly.” 

n = 3.L.5 
03P=CH(CH21n COOEt - 

73 73 77 

n= 2.3 
03 P=CH(CH2), OtR - 

0 R 

75 76 76 79 

3. ADDITION OF FUNCTIONALIZED CARBONYL COMPQUNIEI TO WNYLPHOSPHONItJM SALTS AND VINYLPHOS- 

PHONATES 

Substituted alkylidenephosphoranes are accessible not only by base treatment of the corresponding 
alkylphosphonium salts, but also by addition of nucleophiles to vinylphosphonium salts. If the nucleo- 
phile contains a CO group, addition leads to a carbonyl alkylidenephosphorane suitable for cyclization 
(Scheme 5). 

-F,y + CH2=CH-$03 B; 
CH2- CH=P03 

l 

pO 
. 

-. 

Scheme 5. 
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A number of heterocyclic compounds have been synthesized according to this scheme, and a concise 
and well-presented compilation may be found in the review of Zbiral? For instance, the addition of the 
anion of an a-hydroxyketone 81 to vinyltriphenylphosphonium bromide 80 eventually leads to a 
2,Sdihydrofuran 82. su The anion of o-hydroxybenzaldehyde and 80 give 2Hchromene ?33.3154 Such 
addition-cyclization reactions can also be accomplish&d with substituted vinyltriphenylphosphonium 
salts 84. Addition of the anion of benzoin (81, R’ = R* = pI, R3 = H) to the methyl- and phenyl-substituted 
vinyltriphenylphosphonium bromides 84a-c leads to 2Jdihydro-2,3diphenylfurans 85. However, con- 
siderable amounts of the corresponding phosphoranes 86 are also obtained by an alternative addition 
reaction. a-Phenylvinyltriphenylphosphonium biomide (t&Id) does not undergo intramolecular Wittig 
reactions, probably because the intermediate semi-stabilized carbonyl benzylidenephosphorane is not 
reactive enough to undergo cyclization.56 

R’ 0 

R* x t CHZ=CH-P+03 0; _ 

RJ 
0- 

81 80 82 83 

84 

a R’ : CH3 R*. H R3. H 

b R’= 0 R*. H R3. H 

c R’. H R*. H R3 = CH3 

d R’= H R’: H R3. 0 

e d = CH3 R*. CH3 R3 = H 

0 R3 R’ R3 

0 0 

85 06 

Anions of a-mercaptoketones 87 add to unsubstituted (80) or @substituted (&I, 84e) vinyl- 
phosphonium salts to give 2,Sdihydrothiophenes 88:’ It was also possible to form 2,Sdihydrothiophenes 
89 with a tetrasubstituted double bond in acceptable yields from a-methylvinyltriphenylphosphonium 
bromide (84c) and the anions of some unhindered a-mercaptoketones, but other a-substituted vinyl- 
phosphonium salts react only with the less hindered a-mercaptoaldehydes (87, R’= H)?* These 
variously substituted dihydrothiophenes 88 and 89 are potential precursors for substituted butadienes by 
oxidation and pyrolysis of the resulting sulfones. @Mercaptoketones and aldehydes react with vinyl- 
phosphonium salts 80 and 84a to produce dihydrothiopyrans 90.5’ 

RL 
- 

R5 
ar 

R2 
S 

R6 R’ R’ 

a7 88 89 90 

R’.R*= H.CH3 R’ = H,CH3 

A great number of N-containing heterocycles have been prepared by addition reactions of nucleo- 
philes to vinylphosphonium salts. Dihydroquinolines 92 are formed from o-acetamido- or o-tosyl- 
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amidophenones 91 and vinyltriphenylphosphonium bromide go.60 3H-Pyrrolizine (%a) and I-methyL3H- 
pyrrolizine (94b) are obtained from 2-formyl- and 2-acetylpyrrole (93a,b), respectively.6’ 

Ethene-1,2-bistriphenylphosphonium bromide 95 also adds nucleophiles (Scheme 6). The intermediate 
phosphorane 96 loses triphenylphosphine, and the newly formed substituted vinylphosphonium salt 97 
can add an additional molecule of the nucleophile and give the disubstituted phosphorane 98. Such a 
sequence of reactions has been observed with 2-formylpyrrole (93a), which, after cyclization, produces 
pyrrolizine 99 and other compounds derived thereof!’ 

R’ R’ 

R2 

ti 
0 

O 
R : CO’+ 

+ CH2=CH-i&f3 8; - 

T” 

SO2 0 u CH3 

R 

91 80 92 

a R= H 

b R : CH3 

93 94 99 

0$‘-CH=CH&$ x ~~LcH=cH-x 
X- 

- 03P=CH-CHX2 

95 96 97 98 

Scheme 6. 

Surprisingly, monooximes of crdicarbonyl compounds (100, Y = 0) and vinyltriphenylphosphonium 
bromide 80 yield I-hydroxypyrroles 101 (Y = 0), and none of the expected 6H-oxazines 102 (Y = 0). 
Monohydrazones of benzil (100, R = 0, Y = N0, NCH3, NCOOEt) were found to give 2,3-dihy- 
dropyridazines (102, Y = N0, NCH3, NCOOEt) except the benzoylhydrazone (100, R = 0, Y = NC0 0), 
which gave the corresponding 1-benzamidopyrrole (101, R = 0, Y = NCOld), A reasonable explanation 
for this differing behaviour is, that only compounds with (2)~configuration at the C=N bond can give 
6-membered heterocycles, but this suggestion needs further experimental verificationP 

100 

I 
YH 

101 102 

Vinylphosphonates add nucleophiles to give phosphonate carbanions ready to undergo Homer- 
Wadsworth-Emmons reactions, if the cu-position is stabilized by an electron-withdrawing functional 
group such as a carboxylic ester or a nitrile. When the nucleophile contains a suitable CO group, 
intramolecular cyclizations comparable to those of vinylphosphonium salts (Scheme 5) can be ac- 
complished. 

The anion of o-hydroxybenzaldehyde 103 adds to ethyl a-(diethylphosphono)acrylate (194). Cycl- 
ization leads to 3-ethoxycarbonyL2H-chromene 105 in a reaction related to the formation of unsubstituted 
chromene 83 from 103 and vinylphosphonium salt 80 mentioned above.64 a-(Diethylphosphono)acry- 
lonitrile (1%) reacts analogously.6’ Similar condensations have been accomplished with 2-hydroxybenz- 
aldehydes substituted with Cl, Br or OMe, but failed with the corresponding ketone, o-hydroxy- 
acetophenone (107).- That the reaction is not restricted to aldehydes is demonstrated by the formation 
of dihydrofuran 10s from 2-hydroxycyclohexanone and vinylphosphonate 104.@ 
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cl-to COOEt 
Nat-l 

COOB 

+ . 

OH POIOE1)Z 
THF 

103 104 105 

-JCN 
POlOEtI2 

106 107 106 109 

COOEt 

I \ 

% 
N I 

cool3 

Pyrrole-2-carbaldehyde 93a reacts not only with vinyltriphenylphosphonium bromide 80 (uide supra), 
but also with ethyl a-(diethylphosphono)acrylate 104. Ethyl 3H-pyrrolizine-2-carboxylate 109 is thereby 
formed.‘j5 2,5-Dihydrothiophene-3carboxylic esters 111 are obtained from a-mercaptocarbonyl com- 
pounds 87 and phosphonate 104 or fl-phenyl-, /Scyclohexyl-, and /3-n-propyl-vinylphosphonates 110.6’ 

Ft COOEt 

d CH=C’ 
COOEt 

‘PO10Et12 
R’ 

104 R’ = H 111 
67 

110 R’ = 0,0.CH3CH2CH2- 

Phosphorus ylids with cumulated double bonds undergo a variety of unusual reactions. When the 
ketene-phosphorane 112 is treated with 2-hydroxynaphthaldehyde (113), proton transfer to the ylid 
carbon in 112 generates triphenylphosphonioketene ((115). This highly reactive intermediate incorporates 
a vinylphosphonium salt partial structure capable of undergoing an intramolecular Wittig reaction with 
the anion of 113. The product finally obtained is the benzocoumarone 114. Benzoin and phosphorus ylid 
112 give 3,4diphenylbutenolide ‘116, and 2benzoylpyrrole leads to the bicyclic lactam 
rolizin3-one 117. Related cyclizations are observed with the keteneimine-phosphorane 
cumulene-phosphorane 119.68 
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BzP=C=C=O + 
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112 113 114 

03p: 
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Anions of ketoalkylmalonic esters (120) add to vinyltriphenylphosphonium bromide 89 to give the 
cyclic 5- and 6-membered (but no ‘I-membered) unsaturated malonic esters 121.@’ When cr-phenyl- 
thiovinylphosphonium Iodide 122 is condensed with diethyl (2-oxopropyl)malonate (120, n = l), vinyl 
thioether 123 is obtained, which can easily be hydrolysed to the corresponding cyclopentanone.” 

CH#CH2 lnCHICOOEt)2 

0 

n =1,2 
+ CH2=CH;03 EI; - 

COOEt 

NaH 

120 + 
,s0 

CHz=C, + 
P03 I- 

122 123 

Carbanions obtained on base treatment of 2-(a-oxoacyl)-19dithianes 124 react with vinyltriphenyl- 
phosphonium bromide 80 or the analogous methylated phosphonium salts 84a and 84~. Cyclo- 
pentenedione-monothioketals 125 are thereby formed.” 

I?’ R’ 

” 
NaH 

+ R’CH=CRh3 9; - 

0 80 R’. R3= H 

124 84a I+ = CH3 , R3= H 

84c d. H, R3= CH3 

125 

4. ADlNTIONOFENOLATJfSTOCYCLOPROPYLANDBUTADlENYLPHO!3PHONlUMSALTS 
Cyclopropylphosphonium salts 

As was shown in the preceding chapter, a carbonyl compound containing a nucleophilic functional 
group in suitable*position may be elaborated to a cycloalkene containing two more C atoms by reaction 
with vinylphosphonium salt 80 (Scheme 5). Three C atoms can be introduced by reaction with a 
cyclopropylphosphonium salt.” To assist the ring-opening of the cyclopropane by nucleophiles, an 
additional carbanion-stabilizing functional group geminal to the triphenylphosphonium group is neces- 
sary in general for a successful intramolecular Wittig reaction. 

I-Ethoxycarbonylcyclopropylphosphonium tetrafluoroborate 127 reacts with anions of B-keto-esters 
126 to give carbonyl alkylidenephosphoranes 128, which cyclize to cyclopentene-1,3-dicarboxylic 
esters 129P a-Formylcyclanones 130 yield the corresponding spiro-cyclopentenecarboxylic esters 131. 
Application of this reaction to 3-ethoxyd-formyl-5-methylcyclohex-2-en-l-one leads to the 
spiro[4.5]decane 132, an intermediate in a synthesis of j3-vetivone.74 

R,& Coon + p/t:, ef NaH 
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’ - [ R1~cooEt] - EtOOC 

-A_COOEt 
R’ R2 

128 127 128 129 
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n- CHO 
+ 127 
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KHz),., Et0 

@COOEt 

“%CH3 
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1-Ethoxycarbonylcyclopropylphosphonium tetrafluoroborate 127 is opened by a variety of carboxylic 
acid anions. The intermediate stabilized phosphorane-esters 133 cyclii to 4,Sdihydrofuran-3carboxylic 
esters 134.” This enolether formation corresponds to the cyclization of the non-stabilized phos- 
phorane-ester 75 (uide supru). 

The analogy of vinylphosphonium salt 86 and cyclopropylphosphoium salt 127 is further demon- 
strated by the formation of dcarbethoxy-2,3-dihydro-I-benzoxepin 1% from the sodium salt of o- 
hydroxybenzaldehyde, and of 5,6-dihydroindolizine-7carboxylic ester 136 from the anion of pyrrole-2- 
carbaldehyde 93a.73 

COOEt 
EtOOC 

RCOO- + wps 
3 --ry”yj- 4-J 

127 133 134 

R = H, CH3. FCH2. 0, BCH=CH 

COOEt 

135 136 

The ring-opening of a cyclopropylphosphonium salt is also assisted by the phenylthio group. 
I-Phenylthiocyclopropylphosphonium tetralluoroborate 137 reacts with the anion of /Sketo-esters 126 to 
yield cyclopentenyl thioethers 138, which are hydrolysed to cyclopentan-3-onecarboxylic acids 139.% 

sO 0 

Pia, 
BFL + R, 

ry 

cootzt 

R2 

Base , RjR$ . t$ 

COOEt COOH 

137 126 138 139 

Butadienylphosphonium salts 
1-Ethoxycarbonylcyclobutylphosphonium tetralluoroborate 140 does not undergo clean ring-opening 

with nucleophiles.‘3 However, incorporation of four C atoms into a cycloalkene may be accomplished by 
reaction of a suitable nucleophile with 1,3-butadien-1-yltriphenylphosphonium bromide 142, the “viny- 
logue” of vinylphosphonium salt 80, Addition of an enolate 141 to 142 occurs at the S-position and leads 
to a propenylidenephosphorane 143, which cyclizes to a 1,6,6&substituted l$cyclohexadiene 144.” 
The reaction is fairly versatile and allows also the formation of ammlated cyclohexadienes such as 145 
from readily available ketones.” 

Q- ;03 BFL 
140 

COOEt 
145 .I /! 

co, 

141 142 
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The reaction seems to be restricted to the formation of 6-membered rings. The anion of 2- 
mercaptocyclohexanone 146 and butadienylphosphonium salt 142 gave none of the anticipated 7- 
membered heterocycle 148. An alternative cyclization reaction yielding 3-vinyl-4,5,6,7-tetrahydro- 
benzo[b]thiophene 147 and triphenylphosphine occurred.79 

+ 142 l m I ” + P0, co ‘\ 
s S 

146 147 146 

Intramolecular Wittig reaction of an enolate 141 and 2-ethoxy-1,3-pentadienyltriphenylphosphonium 
iodide 149 yields 3-ethoxy-5-methyl-13cyclohexadienes 150. Subsequent hydrolysis leads to a number of 
interesting substituted cyclohexenones 151. Attempts to condensate the corresponding 3-methoxy- or 
3-chloro-1,3-butadienyltriphenylphosphonium salt 152 ,with enolates were unsuccessful.@’ 

o- 

L *+ 
/fCH3 

It 7 4 \ 
R2 Et0 

F& I- 

141 149 150 151 

X =OCH3 .CI 

152 

POtOEtI2 PO(OEt 12 

141 ” 153 154 155 

As expected, enolates 141 add to diethyl 1,3-butadienylphosphonate 153 in the S-position. However, 
no intramolecular Wittig reaction is observed,78 and the simple product of a Michael addition, the 
substituted ketoallylphosphonate I54, is isolated. Lithium enolates of aldehydes (141, R’ = H) give rise to 
1,3cyclohexadien-2-ylphosphonates 155, probably by an aldol type cyclization followed by dehydration ’ 
of an intermediate allylphosphonate 154 (R’ = H).*’ The failure of butadienylphosphonate 153 to undergo 
cyclizations’ analogous to those of butadienylphosphonium bromide 142 is not surprising when taking 
into consideration, that phosphonates require an additional electron-withdrawing substituent at the a-C 
atom, if a Wittig-type reaction should occur.’ 

5ADDITION OF ALKYLIDENEPHOSPBORANES AND PHOSPHONATE CARBANIONS TO FUNCTIONALIZED CARBONYL 

COMPOUNDS 

In the preceding two chapters, formation of carbonyl alkylidenephosphoranes by addition of 
nucleophiles to electrophilic phosphonium salts was discussed. When phosphonium salts are depro- 
tonated, nucleophilic phosphoranes are formed. Their nucleophilicity may be exploited by alkylation 
with alkyl halides, acylation with acyl chlorides or thioesters, and related reactions with suitable 
electrophiles (Scheme 7). ‘9’ The newly formed phosphonium salt is deprotonated by the starting 
phosphorane, if the electrophile introduced acidifies the a-C atom. In this case, either two moles of 
starting phosphorane are consumed or an additional base must be added. 

When the electrophile contains a suitable CO group, carbonyl alkylidenephosphoranes and hence 
cycloalkenes- are formed. For instance, alkylidenephosphoranes add to the CO group of y- or S- 
enollactones 156 to give, after a proton shift, stabilized carbonyl phosphoranes 157 bearing an additonal 
CO group. These cyclize readily to cyclopentenones and cyclohexenones ISS, respectively. The reaction 
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8’ 
R-CH-Pbl3 X- 

+ - 
RCH2P03 X 

FYX 

/ 

. RCH=P03 

R’, $0 
C 

R-;H-P+P13 X- 

F 
Scheme 7. R-CH-&3 X- 

has been applied to some steroidal enollactones. 82 Similar or even better yields of 15s are obtained, when 
enollactones 156 are treated with the anion of dimethyl methylphosphonate 159.““3 

156 159 157 158 

3-Phenylaziridine-2-carboxylates 160 are in equilibrium with a small amount of the corresponding 
azomethine ylids 181. These ylids are trapped by addition of methoxycarbonyl- or cyano-methyl- 
idenetriphenylphosphorane 162, which combine with the electrophilic C atom to give the intermediate 
phosphorane-esters 163 after a proton shift. The stabilized phosphorane function in 163 now undergoes 
an intramolecular Wittig reaction with the ester CO group, and the enolether 3-methoxy-3-pyrroline 164 
is formed. The doubly activated aziridine 165 and the stabilized phosphoranes 162 react analogously and 
give a mixture of stereoisomers of the corresponding 3-pyrroline-2carboxylates related to 164. It is 
noteworthy that the same transformation can be accomplished also with 165 and the anion of diethyl 
cyanomethylphosphonate 166, albeit in lower yield.84 This is one of the rare examples reported in the 
literature of a Wittig-type reaction between a phosbhotite carbanion and the CO group of an ester.” 

X 

O-C\H>CH-COOCH3 d ---) 0Ct ,cHCOOCH3 . 

N i PI3P=CHx 0 

A ii 
162 X = COOCH3 

A 

160 161 X = CN 163 

R = 0,kH3)2CH -,KH3)3C- 

NCCH2PO(OEtIZ 

164 185 166 
,.Y 

Alkylidenephosphoranes add to pyrylium tetrafiuoroborates 167. The resulting phosphonium salt is 
deprotonated by the starting phasphorane to a new phosphorane 168, which is in equilibrium with its 
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open-chain form 169. Cyclization of 169 gives the substituted benzene 170.w 

R2 

R’ fi 
I ’ 

0; I?) 

+ B3P=CHR - 

BFi R 

167 166 169 170 

A double condensation of ethyl diethylphosphonoacetate 171 with glutaraldehyde 172 gives ethyl 
6-hydroxy-l-cyclohexenecarboxylate 173 .a It is reasonable to assume that the /3-oxyphosphonate 
obtained from 171 and one aldehyde group does not undergo the usual cleavage into olefin and 
diethylphosphonate, but is deprotonated at the a-C atom and then reacts with the other aldehyde 
function in an intramolecular Wittig reaction. 

[Et012 ~CHZCOOEt 
NoH 

+ OHCICHZ 13CH0 

0 OH 

171 172 173 

6. ADDlTIONOFPROPENYLlDENEPHOSPHORANRSTOa,/3-UNSA~~C~ONYL~OMPOUNDS 

The nucleophilic properties of propenylidenephosphoranes, i.e. phosphorus ylids conjugated with a 
C=C double bond, have also been exploited. On deprotonation of allyltriphenylphosphonium chloride, 
the propenylidenephosphorane 174 is formed. Compound 174 adds to a&unsaturated carbonyl com- 
pounds, e.g. to ethyl a-isopropylideneacetoacetate 175, in a Michael fashion. A proton shift in the 
intermediate vinylphosphonium enolate 176 then gives the carbonyl propenylidenephosphorane 177, 
which undergoes cyclization to ethyl 2,6,6 trimethyl-2J-cyclohexadienecarboxylate 178. A “normal’* 
Wittig reaction between 174 and 175 followed by electrocyclic ring closure of the intermediate hexatriene 
would give another cyclohexadiene isomer. This reaction path can therefore be excluded.” The ester 
function is not crucial: A number of substituted (including bicyclic) cyclohexadienes 179-185 have been 
prepared from the appropriate a&unsaturated ketone and propenylidenetriphenylphosphorane 174 and 
2-butenylidenetriphenylphosphorane 186, respectively. 3-Methyl-2-butenylidenetriphenylphosphorane 
187 does not react at the y-position due to steric congestion.“” 

COOEt 

/L/03 + l 

174 175 176 

179 160 181 182 183 

COOEt 

177 178 

COOEt 
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‘a & )&VP% m p03 

H 

184 185 188 187 

R = H, COOCH3 

Condensation of endocyclic a&unsaturated ketones with unsubstituted or substituted propenyl- 
idenephosphoranes gives rise to bridged bicyclic cyclohexadienes. For instance, bicyclo[5.3.l]undeca- 
7,9-dienes 188 (R = H, CHJ, 0) and bicycle [4.3.l]deca-6,8_diene 189 were obtained from 2cycloocten-l- 
one and 2-cyclohepten-l-one, respectively. This type of intramolecular Wittig reaction is also capable of 
producing highly strained dienes: 2-Cyclohexen-l-one and propenylidenephosphorane 174 gave rise to 
bicyclo[3.3.l]nona-1,3-diene 190, and 4-methylbicyclo[3.2.l]octa-1,fdiene 191 was generated from 2- 
cyclopenten-l-one and 2-butenylidenephosphorane 1%. Bridgehead olefins 190 and 191 are too strained 
to be isolated. They may be trapped as a mixture of Diels-Alder adducts with 1,5diphenylbenzo[c]furan, 
otherwise, only dimerization products are found.@ - 02 / 

R 
CD r - 

03 / 
188 189 190 191 

Similar cyclization reactions have been realized with other substituted propenylidenephosphoranes. 
Acrylic esters 192 and a variety of @?-unsaturated ketones were condensed to give 2fdihydrobenzoic 
esters 193. The corresponding acrylonitrile or acrylamide react alike.9o 3-Phenyl- or 2,3diphenyl- 
propenylidenetriphenylphosphorane 194 and 1 ,Sdiphehylpentadien-3-one 195 afforded cyclohexadienes 
l%?’ 

03P=CH-C=CH-COOR 
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2-Ethoxypropenylidenetriphenyiphosphorane 197 reacts smoothly with a variety of structuraIly 
different a&unsaturated ketones. The 2ethoxycyclohexadienes 198 formed are suitable precursors for 
the corresponding cyclohexenones .= 3-Methoxypropenylidenetriphenylphosphorane 199 failed to 
undergo a Michael addition to a&unsaturated ketones. A normal Wittig reaction yielding the open-chain 
trienes was observed insteadT3 

OEt 
d R3 R3 

Me0 
R2 

Np% 
RL RL 

197 198 199 
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Because of the relationship of phosphonium salts and phosphonates, one would expect that anions of 
allylphosphonates undergo Michael additions like the corresponding propenylidenephosphoranes. Indeed, 
the anion of methyl ddiethylphosphono-2-butenoate 2Oll and methyl vinyl ketone or mesityl oxide 
combine to 2,3-dihydrobenzoic ester 281. 94 The ester group in y obviously suffices to stabilize the 
carbanion Q to the phosphonate so that an intramolecular Wittig-type reaction can take place. Phos- 
phonate 208 and cycloocta-2,4,6-trienone afford the bridged dihydrobenzoic ester 202 which underwent 
base-catalyzed isomerisation to 203, an intermediate on the way to 1,5-methano1[10]annulene? 

R R 

( EtO12 ;CH2 CH=CH-COOCH3 
CH300C 

+ 

0 

R2 C=CHfi-CH3 - 

0 
CH3 

R = H,CH3 

200 201 

COOCH3 COOCH3 

202 203 

7. OXlDATiON OF BIBALKYLDENDH OBPHOBANES 

Oxidation of non-stabilized alkylidenetriphenylphosphoranes with molecular oxygen leads to aldehydes 
(or ketones) and triphenylphosphine oxide. These aldehydes react with unoxidized phosphoranes to give 
ole8ns in a Wittig reaction.% Ring 
ylidenephosphoranes (Scheme 8). 

F 
CH=PB3 

02 

L 
. 

CH=P83 

closure with formation of cycloalkenes is observed with bisalk- 

: cl::.., ] - (%I: 
Scheme 8. 

Cyclopentene, cyclohexene, cycloheptene, and some policyclic olefins with 5- to I-membered rings 
such as acenaphthene 204, phenanthrene 205, cis-octahydronaphthalene 2&I, or dibenzocyclohep- 
tatriene 207 were readily formed from the corresponding bis-ylids and molecular oxygen in dimethyl 
sulfoxide. Oxidation of the bisalkylidenephosphorane 288 derived from butane-l&bistriphenyl- 
phosphonium bromide lead to the dimerization product, 1Jcyclooctadiene 209. No cyclobutene was 
formed. Medium-sized cycloolefins cannot be obtained by autoxidation of the corresponding bis-ylids. 
For instance, oxidation of the bis-ylid 210 prepared from decane-l,lO-bistriphenylphosphonium bromide 
gave no cyclodecene, but the dimeric (Z,Z)-1,llcycloeicosadiene. Higher oligomers up to cyclo- 
hexacontahexaene were also isolated.” However, the synthesis of 9,9dichlorobicyclo[6.1 .O]non4-ene 
212, a formal derivative of (&,Z)-lJ-cyclooctadiene, was accomplished by oxidation of bis-ylid 211 
under conditions of high dilution.9B 
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208 209 210 

Cl Cl 

lb7 / 
211 212 

Stabilized phosphoranes are stable against air oxidation, but can be oxidized to the corresponding 
carbonyl compound with aqueous sodium periodate. Semi-stabii phosphoranes undergo dimerization 
to olefins: The benzylic triphenylphosphonium periodates are precipitated from an aqueous solution of 
the phosphonium halide and sodium periodate and then treated with a base. Application of this reaction 
to bis-phosphonium salts leads to good yields of aromatic cycloalkenes such as 244,205, and 297.99 

8. BI!+WI’lTIG REACTIONS 

A double intermolecular Wittig reaction of a dicarbonyl compound with a bisalkylidenephosphorane, 
termed bis-Wittig reaction: may lead to a cyclic diene (Scheme 9). Cyclic dienes are also formed on 
dimerization of a carbonyl phosphorane, if for some reason simple intramolecular cyclization cannot 
occur. In principle, either type of diierization reaction can also be accomplished with suitable 
phosphonate carbanions. 

CT: + :::r> - cl - CL,+ 0313 
Scheme 9. 

It is reasonable to assume that such double condensations occur stepwise, the second step being an 
intramolecular Wittig reaction of an olefin bearing a carbonyl and a phosphorane (or phosphonate) 
functional group. However, little is known about the exact course of the bis-Wittig reaction. Usually the 
bis-ylid is preformed from the corresponding bistriphenylphosphonium salt and base, and the dicarbonyl 
compound added in the second step. In some cases higher yields are obtained when the bis-ylid is 
generated in presence of the dicarbonyl compound. 

A recent review of bis-Wittig reactions in the synthesis of nonbenzenoid aromatic ring systems by K. P. 
C. Vollhardt contains all the relevant examples in the literature up to 1974.6 Only the principle reaction 
types will therefore be illustrated and newer examples cited. The classification according to ring size will 
be adopted as in Vollhardt’s review. ‘Dimerizations of carbonyl phosphoranes have been treated in part 
under earlier headings (see, e.g. 9 (n’= 1),“‘61,@ 208 and 21897). 

Bis-ylids 213 and 214 prepared in sifu from dimethyl ether and dimethyl sulfide a,a’-bistriphenyl- 
phosphonium bromide or chloride have been condensed with adiketones to furans 215 and thiophenes 
216, respectively. ‘O” When the cr diietone is 1,2-cyclobutanedione or a derivative thereof, interesting 
strained oxa- or thiabicyclo[3.2.0]heptadienes may be obtained.rO’ 

213 214 215 216 

In principle, 6-membered rings could-be formed from a 1,2-bisalkylidenephosphorane and a 1,4- 
dicarbonyl compound, from two 3carbon units, or from a l&bis-ylid and an adicarbonyl compound. 

l,%Bisalkylidenephosphoranes are not readily accessible. Ethane-1,2-bistriphenylphosphonium 
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bromide 217 and strong base give vinyltriphenylphosphonium bromide t?O and one equivalent of 
triphenylphosphine: The intermediate mono-ylid contains a nucleofugal triphenylphosphonio group fi to 
the negatively charged ylid C atom and therefore suffers elimination.‘02 However, bis-ylid 218 can be 
prepared from benzocyclobutene-1,2-bistriphenylphosphonium bromide and base and is reasonably 
stable, because triphenylphosphine elimination would generate a benzocyclobutadiene system.ro3 Con- 
densation of bis-ylid 218 with thiophene-2,3dicarbaldehyde 219 leads to a benzene ring: Bipheny- 
lene[2,3_b]thiophene 220 is formed, albeit in a yield of 0.9% only.‘@ 

a; 03;CH$H2;03 Bi - CHz= CH603 B; + 03p 

217 80 

218 219 220 

The 3-carbon bisalkylidenephosphorane 221 can be generated from propane-1,3_bistriphenyl- 
phosphonium bromide and base and shows normal reactivity and stability.‘” Keto-bis-ylid 222 formally 
containing one stabilized and one non-stabilized prosphorane functional group is obtained from acetone- 
1,3-bistriphenylphosphonium chloride, IM but neither 221 nor 222 have been condensed with 1,3- 
dicarbonyl compounds to build a 6-membered ring. 

An elimination reaction occurs with (E)- or (Z)-Zbutene-l&bistriphenylphosphonium bromide 223, 
which gives butadienyltriphenylphosphonium bromide 142 and triphenylphosphine.78;79.‘” In spite of the 
high propensity to undergo elimination, some intermolecular Wittig reactions with (Z)-223and aldehydes 
have been accomplished by in situ generation of the 1,4-bis-ylid,‘07 but successful examples of bis-Wittig 
reactions with 223 are not known. The corresponding saturated bis-ylid 224, obtained e.g. from 

03P=CHCH2 CH=P03 03P=CH$CH=P03 

0 

221 222 

Br 03&H, CH=CH CH2b03 6 - CH2=CHCH=&03 B, 

+ bgp 

223 142 

butane-1,4-bistriphenylphosphonium bromide and potassium t-butoxide, is fairly stable. Compound 224 
and adiketones 225 give 2,3dialkyl-1Jcyclohexadienes 226, which are difhcult to prepare free of 
isomers by other methods. Phenylglyoxal (225, R’ = 0, R2 = H) yields 2-phenyl-lZ-cyclohexadiene, but 
aliphatic a-ketoaldehydes fail to give the expected bis-Wittig products.‘OB Substituted naphtalenes may 
be formed from suitable rrdicarbonyl compounds and bis-ylid 227. ‘09 Compound 227 is best prepared in 
situ, because base treatment of o-xylylenebistriphenylphosphonium bromide still leads to a high 
proportion of triphenylphosphine by l&elimination. ‘lo Bis-alkylidenephosphorane. 227 and diethyl 
ketomalonate 228 gave ethyl 3-ethoxy-2-naphthoate 229. This represents a unique bis-Wittig reaction of a 
bis-ylid with a keto and an ester CO group.“’ 

R’ : CH3 R2 = CH3 

R’ 
kT3PW ,P03 + d-;-t-R’ - 

\ a R’ = CH3 R’. C2H5 

00 ’ I?’ R’/ R2 = -(CH$,, - n = 2.3, L 

224 225 226 
d;0 R2= H 
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The oldest reported example of a bis-Wittig reaction (and of any kind of intramolecular Wittig 
reaction) is the formation of benzocycloheptatriene 231 from phthalaldehyde 230 and the bis-ylid 22Lau 
Isomerization of 231 to its double bond isomer can be suppressed, when the bis-ylid is prepared with 
sodium amide in liquid ammonia and the Wittig reaction is conducted in diethyl ether and tetrahydro- 
furan. In an analogous reaction, cyclobutadiene-1,2dicarbaldehyde iron tricarbonyl 232 and bis-alk- 
ylidenephosphorane 221 generated in situ gave a mixture of two isomeric annulated cycloheptatrienes 
233, and with bis-ylid 222, annulated cycloheptatrienone 234 was formed.‘*2 

230 231 

co 0 0 

235 238 

FeK013 

232 

FelC013 

233 

03P=CH-i-CHZLi 

0 

Fe(C013 

234 

Phthalaldehyde 239 and bis-ylid 222 should give benzocycloheptatrienone 235 The same trans- 
formation can be accomplished in good yield by the lithium enolate 236 of acetonylidenetriphenyl- 
phosphorane in a combined aldol-type and intramolecular Wittig reaction.*r3 

The I-membered ring in benzocyclooctatriene 237 is formed in a bis-Wittig reaction between 
phthalaldehyde 23tt and bis-ylid 224. lo2 With bis-ylid 227, the corresponding dibenxocyclooctatetraene 
238 is obtained.“’ Diierization of the phosphorane prepared from o-formylbenzyltriphenyl- 
phosphonium chloride 239 and lithium ethoxide yields the same dibenzocyclooctatetraene ,238; no 
benzocyclobutadiene 240 or products derived thereof are found. ‘13 As expected, thiophene-2,3dicarbaIde- 
hyde 219 and bis-ylid 224 give the thiophenocyclooctatriene 241, and the analogous reaction with bis-ylid 227 
prepared in situ from o-xylylene-bistriphenylphosphonium bromide leads to cylooctatetraene 242 with 
annulated benzene and thiophene rings.“” 

230 227 238 239 

240 

237 242 
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Cyclobutadiene-1,2dicarbaldehyde iron tricarbonyl232 reacts with bis-ylid 224,227 and 243 to give 
the corresponding cyclobutadiene iron tricarbonyls 224,245 and 246 with annulated g-membered rings. 
As expected, no adduct was obtained from dialdehyde 232, (2)2-butene-1,4-bistriphenylphosphonium 
bromide 223, and base.‘u Cyclooctatetraene-Udicarbaldehyde 247 and 223 gave also none of the 
anticipated octalene 249, however, an open chain 2 : 1 adduct 248 was isolated in 5% yield.“‘j 

243 244 245 246 

a 1 - 1 

CHO 

l Gl,d=be, 246 
- CHO 

=% 
247 (2) - 223 

co 
I- 1-1 

- - 

249 

In analogy to the reactions cited above, one would expect the formation of cyclooctatetraenes 251 
from biphenyl:2,2’-bismethylidenetriphenylphosphorane 250 and adicarbonyl compounds. However, 
dibenzonorcaradienes 253 are formed by an alternative reaction pathway. The intermediate carbonyl 
benzylidenephosphorane 252 undergoes an intramolecular Michael addition in place of a Wittig reaction. 
Loss of triphenylphosphine then generates the 3-membered ring. “’ In the related biphenylene-1,8- 
bismethylidenetriphenylphasphorane 254, the two. phosphorane functional groups are further apart. 
Condensation withglyoxal therefore leads to the expected cyclooctatetraene 255.“* 

250 251 

252 253 
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0, ” x 0’ Ii 

- 
0 \ 3-: 0 
/ 

254 255 

9-Membered rings as in 257 are available from biphenyl_2,2’dicarbaldehyde 256 and bis-ylids 213,214 
and 221.“9*‘20 Two consecutive bis-Wittig’ reactions of biphenyl-2,2’-6,6’-tetracarbaldehyde 258 and 
propane-bisylidenetriphenylphosphorane 221 were used in the synthesis of the dihydrodibenzononalene 
259 I” Phthalaldehyde 238 and the unsymmetrical bis-alkylidenephosphorane 268 give 1,2:5,6_diben- 
zocyclononatetraene 261.‘zo*‘n Both 257 (A = CH*) and 261 have been deprotonated to the aromatic 1Olr 
anion, and 259 and butyllithium produced the presumably planar l&r dibenzononalenide dianion. 

213 A=0 
256 257 256 259 

214 A = S 

221 A q CH2 

230 260 261 

Numerous examples are known for the formation of lo-membered and larger rings by the bis-Wittig 
reaction.6 Phthalaldehyde 238 and biphenyl-2,2’-bismethylidenetriphenylphosphorane 258 give (E,Z)-1,2: 
3,4:7,&tribenzocyclodecapentaene 262, which undergoes transannular ring closure on heating.‘*’ Thio- 
phene-2,3-dicarbaldehyde 219 and bis-ylid 288 are expected to yield the [lO]annulene 263, but this 
primary product proved to be too unstable to be isolated. A 18% yield of the corresponding phenanth- 
rene 264 formed by electrocyclic ring closure followed by a hydrogen shift was found instead.l” 

The synthesis of (E,E)- and (E,Z)-1,2:5,6:7,8-tribenzocycloundecapentaene 266 from homo- 
phthalaldehyde 265 and bis-ylid 258 has been reported. Experiments to prepare an aromatic [lllannu- 
lenium cation from 266 failed, but both the (E,E)- and the (E,Z)-isomer gave a blue “homoaromatic” 
anion with sodium methylsulfinylmethylid.125 (E,E)- and (E,Z)-1,2 : $6: 7,8: 11,12-tetrabenzocyclo- 
tridecahexaene 268 is formed from biphenyL2,2’dicarbaldehyde 286 and diphenylmethane-2,2’-bis- 
methylidenetriphenylphosphorane 267. The anion of (E,E)-268, a 14a system, shows some diatropic, i.e. 
aromatic character.‘“*‘26 

230 250 262 



1740 K. B. BECKER 

c( 
CHO 

‘&“O + 

219 

250 - 

CHO a/ + 250 
CHO 

265 266 

263 264 

0 
‘__, 

i @ 0 

I I,‘ 

256 267 266 

Tetrabenzo[ 12lannulene 269 has been synthesized from biphenyL2J’dicarbaldehyde 256 and 
biphenyl-2,2’-bismethylidenetriphenylphosphorane 250 (performed or generated in situ) by several 
groups.rn Recently it has been found that the highest yield (8%) of (E,E)-269 can be obtained from 
dialdehyde 256 and the dianion of biphenyl-2,2’-bis(diethyl methylphosphonate) 270. Compound 271 with 
two fused [12]annulene rings was obtained from biphenyl-2,2’,6,6’-tetracarbaldehyde 258 and two 
equivalents of bis-phosphonate 270 as a mixture of the (E,E,E;E)-and the (E,Z,Z,E)-isomer in 4.2 and 
0.4% yield, respectively.‘” U-Membered macrocycles were synthesized recently by bis-Wittig reaction 
of the bis-phosphonate corresponding to 222. r3* A bis-phosphonate containing to formyl groups was used 
in the preparation of bridged annulenes by consecutive his-Wittig reactions.‘w 

256 250 

8:; 

269 

270 256 271. 
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If bis-Wittig reactions would lead to strained cyclophanes, fourfold Wittig reactions involving two 
molecules each of dialdehyde and bis-alkylidenephosphorane are ohserved instead (Scheme 10). This 
does not contradict the statement made earlier thit the Wittig reaction allows the formation of strained 
double bonds. Because of the stepwise nature of the bis-Wit& reaction, one double bond is formed 
before the second CO and phosphorane group react with each other. Once the double bond is in place, 
CO and phosphorane group are too far away from each other for a successive interaction, and then react 
with another molecule. 

Condensation of terephthalaldehyde 272 and the p-xylene-bisylidenetriphenylphosphorane 273 pre- 
pared in situ with lithium ethoxide in dimethylformamide at -40” leads to a 15% yield of 
[2.2.2.2]paracyclophane-1,9,17,2Stetraene 274. ‘~9 The reaction has been extended to bis-alkylidene- 
phosphoranes substituted by iodine or bromine in the aromatic nucleus, to thiophene-2,S-bis- 
methylidenetriphenylphosphorane 275 and the naphthalenederived phosphoranes 276, 277, 278, and 
4,4’-biphenyldicarbaldehyde 279, 4,4’-bibenzyldicarbaldehyde 280, naphthalene_2,6dicarbaldehyde 281, 
thiophene-2,5-dicarbaldehyde 282, and furan-2,Sdicarbaldehyde 283. I”) In some reactions, small amounts 
of larger cyclophanes incorporating three molecules of dialdehydes and three molecules of bis-ylid were 
also found. Benzene-1,4-dipropenal 284 and anthracene-9,Khiipropenal 285 react with bis-ylid 273 to 
give [4.4.4.4]cyclophanes incorporating butadiene bridges, albeit in low yield.13’ 

CHO p % 

0 0 o+o - 
hi0 

272 

03P&P03 

275 

273 

276 

274 

277 

279 280 

284 282 X=s 

283 X = 0 

03pJQlC)-p03 
278 

281 
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Condensation of thiophene-2,Nismethylidenetriphenylphosphorane 275 with thiophene-2,5-dicar- 
baldehyde 282 or furan-2$dicarbafdehyde 2I?3 leads to the [24]annulene tetrasulfide 2% and its dioxygen 
analogue 287, respectively.‘32 [2.2.2.2]Metacyclophanetetraene 289 (all-(z) and (E,Z,Z,z)) and mixed 
meta/para- and ortholparacyclophanes 289 (all-(z)) and 290 (all-(z) and (E,Z,Z,z)) have also been 
prepared by 4-fold Wittig reaction. Again some larger cyclophanes from a 6-fold Wittig reaction were 
isolated.“’ Reaction of biphenyl-3,3’-dicarbaldehyde with biphenyl3,3’-bismethylidenetriphenyl- 
phosphorane gave [2.0.2.0]metacyclophanediene 291 in a normal bis-Wittig reaction.‘% 

/O\ c3 0 0 
\O/ 

286 x-s 

267 X=0 
288 / 0 \ a 0 0 

\ 0 / 

290 

/O\ c3 0 0 

\O/ 

291 

289 

o-o a 0 0 - 

CFold Wittig reactions are not restricted to aromatic his-alkylidenephosphoranes only. Diphenyl- 
methane_3,3’dicarbaldehyde 292 and propane-bisylidenetriphenylphosphorane 221 prepared in situ gave 
none of the expected [lS]metacyclophanediene 293, but, after hydrogenation, [S.l.S.l]metacyclophane 
294 with a 24-membered ring. 13’ [S.S]Paracyclophanetetraene 295 was prepared from bis-ylid 221 and 
terephtalaldehyde 272, albeit in low yield.‘% 

cl-lo CHO 

\ a d 0 

293 

0 
ICH2)5 0 43 0 l CH$5 0 
294 
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0 0 
+ 0-jP+-./--P03 - 

00 

0 0 

iH0 

272 221 

A 6-fold Wittig reaction has been accomplished with 1,3,5-benzene-tricarbaldehyde 2% and p-xylene- 
bisylidenetriphenylphosphorane 273 prepared in situ with lithium ethoxide in dimethylformamide at 
-40“. The cage compound 297 was isolated in 1.7% yield. 13’ Meanwhile, 6-fold Wittig reactions have 
been performed with trialdehyde 2% and a number of other aromatic bis-ylids.‘N 

296 273 297 
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