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The main synthetic routes towards vinylphosphonium salts and their wide applications in organic synthesis are discussed in this

review. Particular attention is paid to the use of these compounds as building blocks for the synthesis of carbo- and heterocyclic

systems after their prior transformation into the corresponding phosphorus ylides, followed by the intramolecular Wittig reaction

with various types of nucleophiles containing a carbonyl function in their structures.

Introduction

Vinylphosphonium salts have been known for a long time, al-
though significant interest in these compounds dates back to
1964, when Schweizer found that they can be converted to
phosphorus ylides by the addition of a nucleophile to the car-
bon atom at the B-position of the vinyl group (Scheme 1) [1].

Particularly widely used in organic synthesis are reactions in-
volving the addition of a nucleophile containing a carbonyl
group in its molecule to vinylphosphonium salt. A phosphorus

ylide thus generated undergoes a subsequent intramolecular

® @
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Scheme 1: Generation of phosphorus ylides from vinylphosphonium
salts.

Nu

Wittig reaction, leading to a carbo- or heterocyclic ring closure
(Scheme 2) [1-3]. This reaction can be considered as a general

method for the synthesis of carbo- and heterocyclic systems.
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Scheme 2: Intramolecular Wittig reaction with the use of vinylphosphonium salts.

Schweizer's discovery became the basis for the wide use of vin-
ylphosphonium salts in organic synthesis while stimulating the

development of methods for the synthesis of those compounds.

Wide synthetic application, particularly for the synthesis of
heterocycles found also 2-aminovinylphosphonium salts and
their derivatives. The preparation and synthetic use of these
compounds were presented by Drach, Brovarets and Smolii in a
comprehensive review in 2002 [4]. In this paper we will discuss
only the last reports on the synthesis and properties of
2-aminovinylphosphonium salts and their derivatives that were
not included in the above-mentioned review article.

Increasing interest in phosphonium salts is also due to their use
in drug design. It was demonstrated in the last decade that
lipophilic cations having a triphenylphosphonium residue in the
structure can be used as effective carriers of anticancer drugs,
antioxidants, or functional probes into the mitochondria [5-8].

Review

1. Synthesis of vinylphosphonium salts

1.1. Alkylation of phosphines with alkyl halides

One of the most common methods for the preparation of vinyl-
phosphonium salts 1 is the quaternization of vinylphosphines
with alkyl halides. Shutt and Trippett were able to alkylate
vinylphosphines with methyl iodide or benzyl iodide, although
attempts to use other alkyl halides, including benzyl bromide,
ethyl bromoacetate and ethyl iodoacetate, in the presence of
aprotic solvents provided only B-phosphonioylides 2 or poly-
meric phosphonium salts that were amorphous and unable to
crystallize. Such products may be formed as a result of a subse-
quent Michael-like addition of the starting phosphine to the
initially obtained vinylphosphonium salt 1 (Scheme 3). The for-
mation of the expected salt was faster than the side addition
reaction only in reactions with methyl iodide and benzyl iodide

[9].

A similar alkylation of isopropenyldiphenylphosphine with
methyl iodide in ether solution under a nitrogen atmosphere

leading to isopropenylmethyldiphenylphosphonium iodide (3)

®
PP BX PP x®
R 4 Ph
©9 p® _ o
1+ PhoP Phop” 17 X
R o Ph
R = CH,Ph, Me

Scheme 3: Alkylation of diphenylvinylphosphine with methyl or benzyl
iodide.

in a yield of 97% was described by Schweizer and Wehman
(Scheme 4) [10].
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Me Me 3

Scheme 4: Methylation of isopropenyldiphenylphosphine with methyl
iodide.

Vinylphosphonium salts can also be prepared by alkylation of
phosphines (usually triphenylphosphine) with allyl halide deriv-
atives and isomerization of allylphosphonium salts 4 thus ob-
tained under the influence of bases such as triethylamine or
sodium carbonate (Scheme 5) [11-13].

Vinyl halides are relatively less reactive alkylating agents.
However, the use of readily available vinyl triflates 5 for the
alkylation of triphenylphosphine in THF solution in the pres-
ence of a catalytic amount of (Ph3P)4Pd (1-3 mol %) gave the
expected vinylphosphonium salts in a yield of 62-89% and a
high stereoselectivity (Scheme 6) [14,15].

The proposed mechanism of this reaction is as described in
Scheme 7 [14,15].

Oxidative addition of the vinyl triflate to the catalyst results in
complex 6 that upon reductive elimination (an added phos-
phine) provides the vinylphosphonium salt and regenerates the
Pd(0) catalyst (Scheme 7).
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Scheme 5: Alkylation of phosphines with allyl halide derivatives and subsequent isomerization of intermediate allylphosphonium salts.
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Scheme 6: Alkylation of triphenylphosphine with vinyl triflates in the presence of (Ph3P)4Pd.

1.2. B-Elimination of B-phenoxyalkyl- or
a-haloalkylphosphonium salts

Schweizer and Bach described the synthesis of vinyltriphenyl-

PhsR@ PPh; . . . R
2 PhgP Pd “PPhs step of the reaction consisted in the p-elimination of the phenol
molecule (Scheme 8) [16].
Oorf
6 A similar reaction using B-phenoxyethylphosphonium salts 9
derived from benzyldiphenylphosphine or dibenzylphenylphos-
Scheme 7: Mechanism of alkylation of triphenylphosphine with vinyl phine required an alkaline environment and gave the expected

triflates in the presence of (Ph3P)4Pd as catalyst.
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7 8, 92%

Scheme 8: 3-Elimination of phenol from B-phenoxyethyltriphenylphosphonium bromide.

R o R
Ph/\'T/R . g~ OPh Ph/\\Pl@/\/OPh Br Eth;DitOO:c Ph/\\PT@/\ 5O
Ph Ph 9 Ph 10

R = Ph, CH,Ph

Scheme 9: B-Elimination of phenol from B-phenoxyethylphosphonium salts in an alkaline environment.

PPh OTf
H ’ (PhsP),Pd _ o
phosphonium bromide (8) by heating a solution of the
B-phenoxyethylphosphonium salt 7 in ethyl acetate. The final

vinylphosphonium salts 10 in good yields (Scheme 9) [16].

2712



Vinylphosphonium salt can also be synthesized by dehydro-
halogenation of a-bromoethylphosphonium bromide 13 in the
presence of lithium bromide in anhydrous dimethylformamide
(Scheme 10). a-Bromoethylphosphonium salt 13 was obtained
according to the three-step procedure, starting from the alkyl-
ation of triphenylphosphine with 1-bromoethylbenzene. The re-
sulting phosphonium salt 11 was then deprotonated to the corre-
sponding ylide 12, which in the last step was subjected to bro-
mination to give the expected a-bromoethylphosphonium bro-
mide 13 [10].

1.3. Peterson olefination of
a-trimethylsilylphosphonium ylides with aldehydes
An interesting alternative pathway to vinylphosphonium salts,
based on a Peterson-like olefination of a-trimethylsilyl
phosphonium ylides 15, was described by McNulty and Das
and by Lukaszewicz et al. The commercially readily
available iodomethyltrimethylsilane was reacted with tributyl-
phosphine at room temperature to give the corresponding
o-trimethylsilylphosphonium salt 14. The latter salt was depro-
tonated in the presence of s-BuLi under kinetically controlled
conditions, and the resulting ylide 15 reacted with aldehyde,
providing tributylvinylphosphonium salt derivatives 17 in good

Me Me .
® ©
PhoP + Br— — Php— Br —oth
P

h Ph
11
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yields via Peterson olefination through a silylated betaine 16.
The alternatively possible Wittig reaction to vinylsilane 18 can

be considered as a side reaction (Scheme 11) [17,18].

The transformation shown in Scheme 11 was proven to be a
general reaction with the possible participation of both electron-
rich and electron-deficient aromatic aldehydes, giving the ex-
pected vinylphosphonium salts 17 with high yields and stereo-
selectivity, favoring the formation of an excess of E-isomers
(Table 1) [17].

1.4. Electrochemical oxidative addition of triphenyl-
phosphine to cycloalkenes

Another effective method for obtaining vinylphosphonium salts
consists in the one-step electrochemical oxidation of triphenyl-
phosphine in the presence of cycloalkenes. The synthesis of
1-cycloalkenetriphenylphosphonium salts 19 was carried out in
the presence of 2,6-lutidine perchlorate and anhydrous potas-
sium carbonate under a nitrogen atmosphere in dichloro-
methane solution on a graphite anode and a cathode of stainless
steel at a constant current of 20 mA (Scheme 12). Depending on
the cycloalkene used, the target vinylphosphonium salt was ob-
tained in a yield of 53—66% [19].

® Me Me
PhsP—© ~— PhsP=(
Ph
12 Ph
BI’2

®
PhsP. - -
PP O L LB, (MelNC(H)=0
Ph —HBr
25-30%

® Me
PhyP—Br Br
Ph

13

Scheme 10: Synthesis and subsequent dehydrohalogenation of a-bromoethylphosphonium bromide.
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R :
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Scheme 11: Synthesis of tributylvinylphosphonium iodides via Peterson-type olefination of a-trimethylsilylphosphonium ylides with aldehydes.
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Table 1: Synthesis of vinylphosphonium salts by reaction of a-silyl ylides with aldehydes [17].

aldehyde vinylphosphonium salt E/Z ratio
(0] ) o
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Cl Cl
i PBu; 1°
us
/©)J\H /<j/\v 49:1
F F
(0] ® °
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Me Me
(0] ® °
PBus |
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MeO MeO
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H
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yield [%)]

90

95

92

91

85

90

85

99

90

75

77
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@ = cyclopentene, cyclohexene, cycloheptene, cyclooctene, norbornene

Scheme 12: Synthesis of 1-cycloalkenetriphenylphosphonium salts by electrochemical oxidation of triphenylphosphine in the presence of

cycloalkenes.

Since the oxidation potential of cycloalkene is higher than that
for triphenylphosphine, the suggested mechanism of formation
of the final 1-cycloalkenetriphenylphosphonium salts 19 is anal-
ogous to the reactions of the radical cation of triphenylphos-
phine with other nucleophiles (Scheme 13) [19].

1.5. Triphenylphosphine addition to a triple
carbon—carbon bond of acetylenedicarboxylic acid
esters

The addition of triphenylphosphine to acetylenedicarboxylic
acid esters in the presence of a nucleophile is a frequently used
method for the generation of unstable, highly reactive o,f-
(dialkoxycarbonyl)vinylphosphonium salts 20 (Scheme 14) that

are commonly used in further reactions without prior isolation

o £

PhsP =S~ PhsP

[20-28]. Their generation and subsequent transformations are

comprehensively discussed in section 2.3.2.

1.6. Synthesis and structure of 2-aminovinylphos-
phonium salts

1.6.1. 2-(/V-Acylamino)vinylphosphonium salts by imidoyla-
tion of B-carbonyl ylides: 2-(N-Acylamino)vinylphosphonium
halides 22 can be prepared by imidoylation of B-carbonyl phos-
phorus ylides with imidoyl halides in acetonitrile (Scheme 15).
The obtained salts 22 are stable, crystalline compounds that are
usually synthesized in good yields according to one of the three
procedures described by Mazurkiewicz et al. (Table 2) [29-31].
The first method (procedure A) consists in the addition of the
ylide to the solution of the imidoyl chloride (Scheme 15,

@ ©
PPh; CIO,
——, A |

19

Scheme 13: Suggested mechanism for the electrochemical synthesis of 1-cycloalkenetriphenylphosphonium salts.

c) Nu@
PhsP CO5R
PhsP + RO,C——CO,R + NuH _— —_—
R = alkvl RO,C H
-a 20

Scheme 14: Generation of a,B-(dialkoxycarbonyl)vinylphosphonium salts by addition of triphenylphosphine to acetylenedicarboxylates in the pres-

ence of nucleophiles.

R?2 2 Rp3 O 2 R3
® 5 4 RZ R3S R2 R® O
PhsP.© + RE_NR* MeCN @ ~A D
o o PhaP. o/&NR“ — PhSP%NAO
R? 4
R R'" R
X=Cl | 21 22

Scheme 15: Synthesis of 2-(N-acylamino)vinylphosphonium halides by imidoylation of B-carbonyl ylides with imidoyl halides.
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Table 2: Synthesis of 2-(N-acylamino)vinylphosphonium salts [31].

ylide imidoylating agent

R R? RS R* X
H H Me Ph |
H H Ph Me Cl
H H Ph Me Br
H H Ph PhCH» Cl
H Me Ph Me Cl
H Me Ph Me I
H Me Ph Me Br
H Me Ph Ph Cl
H Me Ph PhCH» Cl
H Me (CHy)5 Br

Me H Ph Me Cl

Me H (CH2)4 Br

@A mixture of stereoisomers in the ratio of 68:32.

X = Cl). The expected 2-(N-acylamino)vinylphosphonium salts
22 are formed in acetonitrile by a rearrangement of the primary
O-imidoylation reaction product 21 (Scheme 15).

The second method (procedure B) is based on the reaction of
ylides with imidoyl iodides that are synthesized in situ from the
corresponding imidoyl chlorides via the exchange of chlorine
for iodine in the presence of sodium iodide (Scheme 15, X =1I).

In the case of unstable or inaccessible imidoyl halides
(Scheme 16) it is also possible to use an imidoylating agent in
this reaction that is generated in situ from the amide or lactam
by using dibromotriphenylphosphorane in the presence of tri-
ethylamine (procedure C). Spectral evidences were provided
that both imidoyl bromide and N,N,N,N’-tetrasubstituted
amidinium salt 23 could act in this reaction as an effective
imidoylating agent [31].

Beilstein J. Org. Chem. 2017, 13, 2710-2738.

2-(N-acylamino)vinylphoshonium salts

procedure yield [%)] mp [°C]
B 91 133-134
A 71 238-239
C 71 242-243
A 64 273-275
A 66 140-141
B 85 196-198
C 802 196-198
A 72 192-193
A 87 175-177
C 79 205.5-206
A 99 resin
C 62 resin

1.6.2. Vinylphosphonium and 2-aminovinylphosphonium
salts via the addition of nucleophiles to 2-propynylphospho-
nium salts: In 1969 Stirling and Appleyard only postulated that
the reaction between the benzoate anion and 2-propynyltri-
phenylphosphonium bromide (24) led to a 2-benzoyloxyvinyl-
phosphonium salt 26 (Scheme 17) [32].

Several years later, Schweizer et al. discovered that the nucleo-
philic addition of amines to 2-propynyltriphenylphosphonium
bromide (24) involved propadienylphosphonium bromide (25) —
the tautomeric form of the starting phosphonium salt. The same
authors carried out a series of nucleophilic additions of amines
and hydrazine derivatives to 24 to obtain products with the pro-
posed structure of 2-aminovinylphosphonium salts 27 in equi-
librium with their tautomeric imine form 28 (Scheme 18).
Depending on the nature of the substituent R, the enamine or
the imine form predominated (Table 3) [33].

3
R%NH~R4 + PhyPBr+ EtN — RNy + EtNHBr
©
OPPh; Br
(0] ® 3
3 3 3
RN R\(/N\R“ BN, REN,
© —PhsPO = o
OgPhg Br Br —EB ®NEt; Br
23
R2 R2 R3 [S)
® RN ® Br
PhsP.O + Z TSRS ——  ppp PN + EtsN
° o) e Z>N"0
®NEt; B |
R R'" R

Scheme 16: Imidoylation of B-carbonyl ylides with imidoyl halides generated in situ.
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i
Ph ® o
O A PPh; Br
26

Scheme 17: Synthesis of 2-benzoyloxyvinylphosphonium bromide from 2-propynyltriphenylphosphonium bromide.

PPhaBr Boh,erS RNH ®
r__ . B
=/ =.=/Pph3 r - RN @g)Ph Bro
24 25 T(\ s
e S I
RN g RHN B} ®
P — -~ @
o = )= RHN 2 ~Pph, Br°
PPh, PPh,
28 27 e

Scheme 18: Synthesis of 2-aminovinylphosphonium salts via nucleophilic addition of amines to 2-propynyltriphenylphosphonium bromide.

Table 3: Products of reaction of 2-propynyltriphenylphosphonium bromide with amines [33].

product R 27:28 molar ratio  yield [%]  product R 27:28 molar ratio  yield [%)]
o CN
28a )I\ 0:100 86 27h >99:trace 60.5
Ph™ "NH—
NO, CONH,
28b 0:100 81 27i >99:trace 40
O,N NH—
OMe
28c Ph—NH— 0:100 60.5 27j @ 100:1 94
CO,H NH,
27d ( f 6:1 70 27k < f 100:1 59
CO,Et OH
27e @ 5:1 74 271 ( f 100:1 92
COPh
27f ( j 3:1 95 27m Ph 100:1 88
o]
27g HOZC@ >99:trace 78 27n 100:1 31
MeOJ\/
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In 2004 Mazurkiewicz and Fryczkowska discovered that the
same type of compounds can be obtained in good or even very
good yields by deacylation of 2-(N-acylamino)vinylphos-
phonium salts with methanol in the presence of DBU
(Scheme 19) [34,35].

Spectroscopic properties (IR, 'H and 13C NMR) and X-ray data
of the obtained 2-aminovinylphosphonium salts corresponded to
the enamine tautomeric form with the domination of B-iminium
ylide resonance structures. Furthermore, the authors did not
observe an imine tautomeric form of the synthesized com-
pounds as described by Schweizer ('H NMR). The isotopic
exchange of acidic protons using a D,O solution in CD3CN
revealed that the isotopic exchange of a proton in the a-position
was possible only in the presence of a strong base, such as, for
example, DBU [34-36]. In the case of a real tautomeric equilib-
rium between aminovinylphosphonium and a-iminoalkylphos-
phonium cations, the isotopic exchange should occur easily
(Scheme 20).

Beilstein J. Org. Chem. 2017, 13, 2710-2738.

Borodkin et al. have recently reported a new method for the
synthesis of 2-aminovinylphosphonium salts 30 by reaction of
(formylmethyl)triphenylphosphonium chloride (29) with aro-
matic amines in isopropanol in yields of 47-91% (Scheme 21).
The initially obtained imine form of the product underwent tau-
tomerization to a more stable enamine form, usually in E-con-
figuration. The obtained compounds, particularly the derivative
containing a carboxylic group in ortho position of the aromatic

ring, exhibited antimicrobial activity [37].

2. Vinylphosphonium salts in organic

synthesis

2.1. Vinylphosphonium salts in the intermolecular
Wittig reaction

Schweizer et al. developed a general method for the generation
of phosphorus ylides 31 by reaction of a variety of nucleophiles
with vinyltriphenylphosphonium bromide (8). The ylides were
then subjected to an intermolecular Wittig reaction with alde-
hydes or ketones without isolation. The anionic forms of the

3
o R o 9 . 0
N R! Cl~ RSNH oR )J\
PR )@ o * MeOH DBU_ ® *+ Ph” “OMe
R?  PPhsCl R?  PPhg

Scheme 19: Deacylation of 2-(N-acylamino)vinylphosphonium chlorides to 2-aminovinylphosphonium salts.

@ —_—
RINH P
\
R'" PPhs
R°NH Cle ylenic structure R2N CI@

R' PPhs R' PPhg
aminovinylphosphonium RZGILD\IH © u—lmlnoallﬁyl;t)ho?phomum
salt structure o) salt structure
@

R!'  PPh;
L ylidic structure |

B-iminium ylide structures

Scheme 20: Resonance structures of 2-aminovinylphosphonium salts and tautomeric equilibrium between aminovinylphosphonium and

a-iminoalkylphosphonium cations.

HoN
S
Ph;g—\(io
29

imine form 30

R= o,m,p-COzH, m-CszCOZH

e) (]
@ Phyp o Phyp [
3 3
2 G =" 5
iPrOH H R HoH R

enamine form

Scheme 21: Synthesis of 2-aminovinylphosphonium salts by reaction of (formylmethyl)triphenylphosphonium chloride with amines.
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nucleophilic agents used in these reactions were usually pre-
pared by reaction of sodium hydride or sodium ethoxide with a
proper nucleophile, such as diethylamine, piperidine, pyrrole,
ethanol, p-toluenesulfonamide, thiophenol and others.
Depending on the reactants used, Z- or E-stereoisomers of the
products 32 were obtained, but most commonly the reactions
resulted in a mixture of stereoisomers (Scheme 22). The yield
of the reaction was dependent on the kind of substrate and
ranged from 14 to 68% [38].

) S] ]
PPhs Br + RZ Na®—>

o €]
_/—PPh3 + NaBr
RZ

8 31
RI_R?
T
R PR R
PhsPO + RZJ:{ R2 RZj_%Fg

32

Z=0,NH,N, S, C
R = Alk, Ar, Het
R!, R? = Alk, Ar, H

Scheme 22: Generation of ylides by reaction of vinyltriphenylphos-
phonium bromide with nucleophiles and their subsequent intermolecu-
lar Wittig reaction with aldehydes or ketones.

The reaction involving organocopper compounds as carbon
nucleophiles (R,CuLi, where R = vinyl, butyl, phenyl) is
another way of using vinylphosphonium bromide 8 in the inter-
molecular Wittig reactions (Scheme 23). Depending on the kind
of substituent R and the aldehyde used, the yield of obtained

® ©
PPhs Br + R,CuLi ——

8

—=PPh
"

Beilstein J. Org. Chem. 2017, 13, 2710-2738.

compounds 33 was in the range of 25-80%. The reaction pre-
dominantly provided the Z-isomer of the alkene [39].

An interesting pathway of generating ylides from vinylphos-
phonium salts turned out to be the reaction of the latter com-
pounds with Grignard reagents in the presence of CuBr-H,0 or
CuBr-Ag,CO3 (Scheme 24). The subsequent Wittig reaction
allowed to obtain substituted alkenes 34 in a yield of 68-94%
and in a good stereoselectivity. The configuration of products
depended on the nature of the substituent in the phenyl group of
the aldehyde. Electron-donating substituents favored the forma-
tion of E-isomers, while the presence of electron-withdrawing
substituents made the formation of Z-isomers more favorable
[40].

Vinylphosphonium salts can also be directly converted into the
corresponding ylides by potassium tert-butoxide and subjected
to the Wittig reaction as described by Yamamoto et al.
(Scheme 25). The transformation resulted in polyenes 35 of
Z-configuration in a relatively low yield of 10-36% [41].

2.2. Vinylphosphonium salts in the intramolecular
Wittig reaction

As was already mentioned, in 1964 Schweizer provided a
general method for preparing carbo- and heterocyclic com-
pounds 38 using vinylphosphonium salts [1,2]. The method
consisted in the reaction of oxygen, nitrogen and carbon nucleo-
philes 36 containing a carbonyl group in the molecule with vin-
ylphosphonium halides 37 (Scheme 26). In the following
chapter this general method for preparing a variety of carbo-
and heterocyclic systems using various types of nucleophilic

agents is discussed in detail.

R'CHO

R/ "t +PhgPO

33

R = Ph, CH,=CH, Bu
R'= Ph, pentyl, hexyl

Scheme 23: Intermolecular Wittig reaction with the use of vinylphosphonium bromide and organocopper compounds as carbon nucleophiles.

® )
1_//—PF>h3 Br~ + R2MgBr + R3CHO ——————
R

R'=H, Me
R2 = Ph, 4-MeOCgHj, Bn, Bu

CuBr-Ag,CO3

{:“ R3 +PhsPO

" CuBrH0

R3 = Ph, 4-(Me),NCgH,, 4-MeOCgHj, 4-FCgH,, 4-CICgH,, 3- or 4-NO,CgH,

Scheme 24: Intermolecular Wittig reaction with the use of ylides generated from vinylphosphonium bromides and Grignard reagents.
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R ) E) R
O PhgP ClO4
Ph/\N/'\7 LN Ph/\N/k/
+ PhsPO
t-BuOK/ THF
SO,Ph SO,Ph
35

R = Me, iPr, Bn

Scheme 25: Direct transformation of vinylphosphonium salts into ylides in the presence of potassium tert-butoxide and their subsequent Wittig reac-

tion with aldehydes.

00
” R’ X PR,
=0 B =0 37
Y Y.
‘2 —BH®  z©
36

R R
)=0 PR3 A .
Y, > *t (R*)3PO
\z—/ z
38
R'=H, Alk, Ar
Y = Alk, Ar

Z=0,S, NR? CR2R3
R2, R3 = Alk, Ar or electron withdrawing groups
R* = Ph, Bu

Scheme 26: A general method for synthesis of carbo- and heterocyclic systems by the intramolecular Wittig reaction from vinylphosphonium halides

and nucleophiles containing carbonyl function in the molecule.

2.2.1. Reactions with oxygen nucleophiles: In 1964 Schweizer
reported the synthesis of 2H-chromene (39) by reaction of
vinyltriphenylphosphonium bromide (8) with salicylaldehyde
sodium salt in a yield of 62—-71%, depending on the reaction
conditions (Scheme 27) [1].

o o CHO “
=/ O Na o

8 39

Scheme 27: Synthesis of 2H-chromene by reaction of vinyltriphenyl-
phosphonium bromide with sodium 2-formylphenolate.

In a similar reaction with the use of 3-hydroxy-2-butanone, 2,5-
dihydro-2,3-dimethylfuran (40) was obtained in a yield of 89%
(Scheme 28) [1].

Several years later, Schweizer et al. applied analogous reaction
conditions to the synthesis of 3-substituted derivative of
2H-chromene 41 and 2,5-dihydrofuran derivative 42 in yields in
the range of 30-58% and 36—71%, respectively (Scheme 29)
[42].

o Me. _OH Me
@ pr—
PPhs Br + I Nart b + PhgPO
:/ Me (0] Me 0O
8 40

Scheme 28: Synthesis of 2,5-dihydro-2,3-dimethylfuran by reaction of
vinylphosphonium bromide with 3-hydroxy-2-butanone in the presence
of sodium hydride.

An interesting example of the application of ylides derived from
vinylphosphonium salts in the enantioselective synthesis of
pyran derivatives was reported by Ley et al. in 2010. B-Hydro-
xyaldehyde 43 as the oxygen nucleophile was obtained here in
the asymmetric aldol condensation of 2-methylpropanal with an
aromatic aldehyde using a chiral amine as the catalyst. The
attack of the hydroxy group of the resulting enantiomerically
pure oxygen nucleophile 43 on vinyltriphenylphosphonium bro-
mide (8) in the presence of a base, providing an ylide as an
intermediate, followed by the intramolecular Wittig reaction
gave the corresponding 3,6-dihydropyran derivatives 44 in
yields of 34-56% and a high enantioselectivity of 95-98%
(Scheme 30) [43]. Pyran derivatives are structural elements of

many natural biologically active compounds [44-47].
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Scheme 29: Synthesis of 2H-chromene and 2,5-dihydrofuran derivatives in the intramolecular Wittig reaction with the use of vinylphosphonium salts

and an appropriate oxygen nucleophile containing a carbonyl group.
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o J 10 mol %)
A Me + H
H CFchOH Me Me CSQCO3, Me
DMSO DMSO Me

R =Cl, Br, CN, OMe, CF3, NO,

44

Scheme 30: Enantioselective synthesis of 3,6-dihydropyran derivatives from vinylphosphonium bromide and enantiomerically pure oxygen nucleo-

phile.

2.2.2. Reactions with sulfur nucleophiles: The generation of
phosphorus ylides in the reaction of vinylphosphonium salts
with sulfur nucleophiles was reported by Mclntosh et al.
(Scheme 31). Phosphorus ylides 45 thus obtained were then
converted to alkylated derivatives of 2,5-dihydrothiophene 46
as a result of the intramolecular Wittig reaction. The yields of
the product ranged between 6 and 95% [13].

2.2.3. Reactions with nitrogen nucleophiles: The reaction of
vinylphosphonium salt with 2-pyrrolocarbaldehyde in the pres-

ence of sodium hydride as described by Schweizer et al.

provided bicyclic pyrrole derivatives 47 in 25-87% yields
(Scheme 32) [2,42].

Similarly, Hewson and co-workers synthesized bicyclic
2-pyrrolidinone derivatives 48 from 5-acetyl-2-pyrrolidinone in
a yield of 40-68% (Scheme 33) [48].

In 1994 Burley and Hewson reported a reaction of vinylphos-
phonium salt with nitrogen nucleophiles, obtained by deproton-
ation of B-ketosulfonamides or f-ketoamides with sodium
hydride. The generated ylides 49 were then cyclized in the

®

3

R R4 R3__O @PPh3 R

R®  PPh; X 1 5
R1 SH 3 R S RS R" *¢” "R
45 46

R'=R*=R5=H, Me
R2 = H, Me, Ph
R3 = Me, iPr
X =Cl, Br

Scheme 31: Synthesis of 2,5-dihydrothiophene derivatives in the intramolecular Wittig reaction from vinylphosphonium salts and sulfur nucleophiles.
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Scheme 32: Synthesis of bicyclic pyrrole derivatives in the reaction of vinylphosphonium halides and 2-pyrrolocarbaldehyde.

%Ph v°
3
_NaH _ + PhgPO
X
X =8Ph, H
Y =Br, |

Scheme 33: Stereoselective synthesis of bicyclic 2-pyrrolidinone deriv-
atives in the reaction of vinylphosphonium halides and 5-acetyl-2-
pyrrolidinone.

intramolecular Wittig reaction to give 3-pyrroline derivatives 50
in yields of 55-90%. It is worth emphasizing that enantiomeri-
cally pure 3-pyrroline derivatives were produced from enantio-
merically pure B-ketoamides (Scheme 34) [49].

2.2.4. Reactions with carbon nucleophiles: The first reaction
of vinylphosphonium salts with carbon nucleophiles was re-

ported by Schweizer and O'Neill in 1965. The authors used
vinyltriphenylphosphonium bromide (8) and ketoesters in the
presence of sodium hydride to give the expected ylides 51. A
subsequent intramolecular attack of the ylidic carbon atom on
the carbonyl group in the Wittig reaction provided 5- or 6-mem-
bered alkenes 52 in yields of 51-69% (Scheme 35) [3].

Another example of the use of the enolate anion as a carbon
nucleophilic agent was reported by Fuchs, who obtained 1,3-
cyclohexadienes 54 by reaction of 1,3-butadienyltriphenylphos-
phonium bromide with enolate anions 53 derived from alde-
hydes or ketones in yields of 35-57% (Scheme 36). The
nucleophilic attack here was directed at position 4 of the diene

[11].

Hewson and MacPherson performed a reaction of vinylphos-
phonium salts with a cyclic diketoester in the presence of
sodium hydride which resulted in bicyclo[3.3.0]octenes 55 in

® o ®
PPhy Y
R1 R1 :< R? O@ PPh3 R Y
H,,,./Zzo _NaH_ H,,,,/Z:O __SPh HINfSPh . /Z:§ + PhgPO
RY 'NHX RY 'NX R | R” °N
© X 49 X 50

R = Me, CH,0H, iPr, Bn

R'= Me, Ph
X = COPh, SO,Ph
Y=1,Br
Scheme 34: Stereoselective synthesis of 3-pyrroline derivatives in the intramolecular Wittig reaction from vinylphosphonium salts and nitrogen
nucleophiles.
%Ph
o/ CO,Et
® o COEt J|\/>< 25+ PhsPO
PPhy Br + Me. -(CHy)~ NaH_  Me_ (CHy)4-COEt — g ~(CHpSOE
= \ﬂ/ CO5Et CO,Et
8 o} 52
n=1,2

Scheme 35: Synthesis of cyclic alkenes in the intramolecular Wittig reaction from vinylphosphonium bromide and ketoesters as precursors of carbon

nucleophiles.
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Scheme 36: Synthesis of 1,3-cyclohexadienes by reaction of 1,3-butadienyltriphenylphosphonium bromide with enolate anions.

82-97% yield (Scheme 37) . The latter compounds were further
used in the synthesis of natural compounds [50].

(o] ® O OzMe
COzMe PPh3X
o :/\ SR + Ph3PO
SR H
Me
Me R = Me, Ph
X=Cl |

Scheme 37: Synthesis of bicyclo[3.3.0]octenes by reaction of vinyl-
phosphonium salts with cyclic diketoester.

2.3. Other synthetic uses of vinylphosphonium salts

2.3.1. Deprotonated 2-aminovinylphosphonium salts in the
Wittig reaction: 2-Aminovinylphosphonium salts, which are
the addition products of amines to 2-propynylphosphonium bro-
mide [33] or can be obtained by deacylation of 2-(N-
acylamino)vinylphosphonium salts [34,35], have been found to
have several interesting synthetic applications, although they

have only relatively recently become known.

Deprotonated 2-aminovinylphosphonium salts can be em-
ployed in Wittig reactions with carbonyl compounds. Thus the

(0]

1 OEt
HT\J i H)S( RN R
o —_— =

MeLi/ THF, —78 °C,
—\® o ~PhsPO

intramolecular Wittig reaction of 2-(2-acylphenylamino)vinyl-
phosphonium salts 56 in the presence of sodium hydride provi-
ded quinoline derivatives 57 in 41-64% yield (Scheme 38) [33].

@ m PhsPO
NH

R = Ph, OMe, OEt

NaH
MeCN

PPh3 Br

Scheme 38: Synthesis of quinoline derivatives in the intramolecular
Wittig reaction from 2-(2-acylphenylamino)vinylphosphonium salts.

Palacios et al. used 2-aminovinylphosphonium salts 58 for the
synthesis of biologically active compounds or their precursors,
e.g., azadiene 59, which is a precursor of the important
y-aminobutyric acid (60) in the stercoselective synthesis
thereof. The intermolecular Wittig reaction of these salts 58
with glyoxylic acid esters gave a dextro or levo y-aminobutyric
acid with values of specific rotation +14° and —6°, respectively,
depending on the kind of chiral substituent R! that was used
(Scheme 39) [51].

NaBH,4 "NH

|
/v\cozEt

EtOH, -78 °C CO,Et
59
HCONH,/Pd
MeOH
NH»
where: R = (+}(R)-CHMePh, [alo?* = +14° ]
R' = (-)-(S)-CHMePh, [a]p?° = —6° CO,H
60

Scheme 39: Stereoselective synthesis of y-aminobutyric acid in the intermolecular Wittig reaction from chiral 2-aminovinylphosphonium bromides and

glyoxylic acid esters.
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y-Aminobutyric acid is a major neurotransmitter used to treat
epilepsy [52]. Analogs of this acid displaying antitumor activi-
ty, such as hapalosin, dolastatins, and caliculins were found in

natural marine products [53-55].

Palacios et al. also described the Wittig reactions of
2-aminovinylphosphonium salts with aldehydes and ketones in
THF in the presence of K,COj3 leading to allylamines 61, which
are an important class of compounds due to their biological ac-
tivities (Scheme 40) [56]. They are used, inter alia, as
chemotherapeutic agents, enzyme inhibitors, and antifungal
compounds [57-59]. The allylamine structure exists in numer-
ous natural products [60]. Moreover, allylamines are widely
used in the synthesis of compounds such as -aminohydroxyl-
amines, - and y-amino acids, pseudopeptides, spermidine de-
rivatives or five- and six-membered heterocyclic systems [56].

2.3.2. In situ generation of a,B-di(alkoxycarbonyl)vinylphos-
phonium salts and their further transformations: A signifi-
cant number of reactions of acetylenedicarboxylic acid esters
with triphenylphosphine and nucleophiles of a general NuH
structure leading to reactive a,B-di(alkoxycarbonyl)vinylphos-
phonium salts 20 have been described (Scheme 41). Depending
on the structure of the nucleophile used, the salts either convert
into resonance-stabilized, relatively stable ylides 62 or undergo

intramolecular nucleophilic substitution with the triphenylphos-

Beilstein J. Org. Chem. 2017, 13, 2710-2738.

phine departure to form products 63. The latter usually undergo
further cyclization involving one of the alkoxycarbonyl groups.
Ylides 62 also undergo some further transformations in certain

cases.

Formation of resonance-stabilized phosphorus ylides and
their further transformations: Phosphorus ylides are organic
compounds that are being used increasingly more often in the
synthesis of many naturally occurring compounds which exhib-
it biological and pharmaceutical activity [61].

A typical example of the generation of resonance-stabilized
phosphorus ylides 65 comprises triphenylphosphine, dialkyl
acetylenedicarboxylate, and arylsulfonic hydrazides providing
the corresponding ylides in high yields of 90 to 95% as two
rotational isomers 65” and 65’ (Scheme 42). The intermediate
product, formed by the addition of triphenylphosphine to
dialkyl acetylenedicarboxylate, is protonated here by arylsul-
fonic hydrazide as an NH-acid. The deprotonated form of the
NH-acid as a nitrogen nucleophile then attacks the B-position of
the vinylphosphonium salt 64, resulting in the expected reso-
nance-stabilized ylide 65 [62].

The corresponding ylides 66 were also obtained in high yields
of 90-94% in an analogous reaction by the use of aryl
hydrazines (Scheme 43) [62].

2
RAH o:<R RN RiNH
H | NaBH
Me™ XX 4»}(2003 Me)\/ARZ + Ph3PO 4, Me)\/\RQ
®PPh; B 61

R' = t-Bu, Bn, Allyl
R2= 4-Me-CGH4, 4-C|-CGH4

Scheme 40: Synthesis of allylamines in the intermolecular Wittig reaction from 2-aminovinylphosphonium bromides with aldehydes or ketones.

RO,C o
PhsP + RO,C—==—CO,R + NuH—= o— NS
PhsP  CO,R
20
RO,C  Nu RO, Nu RO,C  Nu
o _
Phs?  CO,R Phs?  CO,R CO,R
62 63

Scheme 41: A general route towards a,B-di(alkoxycarbonyl)vinylphosphonium salts and their subsequent possible transformations.
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Scheme 42: Generation of resonance-stabilized phosphorus ylides via the reaction of triphenylphosphine with dialkyl acetylenedicarboxylates and

arylsulfonic hydrazides.

0} O

PhsP +
OR

R = Me, Et
Ar = 2,4-N02C6H3, 4-N02C6H4

>\%/< ¥ Ar/NH
RO

OR
o o= PPh,
NHz ~ AcOEt NH
Ar” " N 0
H

Scheme 43: Synthesis of resonance-stabilized phosphorus ylides in the reaction of triphenylphosphine, dialkyl acetylenedicarboxylates, and aryl

hydrazines.

The same type of reaction but with the use of N’-formylbenzo-
hydrazide as an NH-acid leading to stabilized phosphorus ylides
67 with high yields was reported in 2012 by Hassanabadi et al.
(Scheme 44) [26].

In an analogous manner, Yavari and co-workers obtained reso-
nance-stabilized phosphorus ylides 68 via the reaction of
acetylenedicarboxylic acid diester with triphenylphosphine and
aromatic amines such as aniline, p-toluidine, 4-acetylaniline,
4-bromoaniline, 4-nitroaniline, 1-naphthylamine, 2-aminopyri-

dine, and 2-amino-5-bromopyridine in dichloromethane at room

() )
PhsP + >%< + Ph_ _NH,
RO or I NH
0]
R = Me, Et, t-Bu

O O

temperature in yields of 96-98% (Scheme 45). The resulting
ylides 68 were converted into aryliminotriphenylphosphoranes
69 (97-98%) and dimethyl fumarate or maleate at the boiling
temperature of toluene [63].

Recently, similar syntheses of resonance-stabilized ylides were
described using 5-fluoro-2,3-indoledione or 4-thiazolidine-2-
thione derivative as NH-acids and precursors of nitrogen
nucleophiles. The expected resonance-stabilized phosphorus
ylides 70 and 71 were synthesized in yields of 92-95%
(Scheme 46) [28].

OR
PPh,

H -~ Ph NH\N

acetone
\[or o RO

H
67

(o)

Scheme 44: Synthesis of resonance-stabilized phosphorus ylides via the reaction of triphenylphosphine with dialkyl acetylenedicarboxylates and

N'-formylbenzohydrazide.
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Scheme 45: Generation of resonance-stabilized phosphorus ylides in the reaction of acetylenedicarboxylate, triphenylphosphine, and amines and

their subsequent transformation into aryliminophosphoranes.
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Scheme 46: Synthesis of resonance-stabilized phosphorus ylides via the reaction of dialkyl acetylenedicarboxylates with triphenylphosphine and

2,3-indoledione or 4-thiazolidine-2-thione derivatives.

Between 2007 and 2013 Anary-Abbasinejad et al. reported ap-
plications in similar syntheses of semicarbazones 72 [64] or ar-
omatic amides 73 [24] as the NH-acids and of 3-(arylsulfonyl-
hydrazono)butanoates 74 as the CH-acids [27]. Diastereoselec-
tivity of the reaction was found in the latter case (Scheme 47)
[27].

The generation of two isomers of phosphorus ylides was carried
out via the addition of triphenylphosphine to DAAD (dialkyl
acetylenedicarboxylate), followed by protonation of the inter-
mediate adduct 75 by 3-(3,5-dimethylpyrazol-1-yl)-3-oxopropa-
nenitrile (76) as a CH-acid. The expected resonance-stabilized
ylides 77 were obtained in high yields of 90-95% (Scheme 48)
[65].

The syntheses of resonance-stabilized phosphorus ylides 78
derived from 3-chlorotetrahydrofuran-2,4-dione were carried
out by Yavari and Nourmohammadian in good yields of
80-85% (Scheme 49) [22].

A facile route to N-acylated a,B-unsaturated y-lactams 80 was
reported by Asghari et al. The reaction of acetylenedicarboxyl-
ates with triphenylphosphine and N-acetylaminocyanoacetate
gave the corresponding ylide 79. The subsequent 1,2-proton
transfer followed by the elimination of triphenylphosphine and
ring closure via formation of the new C—N bond gave the final
y-lactam derivatives 80 (Scheme 50) [66].

In 2013 Mohebat et al. used 6-amino-N,N'-dimethyluracil as an
NH-acid and precursor of the carbon nucleophile in the synthe-
sis of resonance-stabilized phosphorus ylides 81 (Scheme 51).
The obtained ylides underwent further cyclization by the intra-
molecular acylation of the primary amino group to give the final
bicyclic products 82 in 85-90% yields [67].

The synthesis of resonance-stabilized phosphorus ylides via the
reaction of 4-amino-5-alkyl-2,4-dihydro-1,2,4-triazole-3-thione
with DAAD and triphenylphosphine was reported by
Mosslemin et al. [25]. The reaction of triphenylphosphine with
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Scheme 47: Synthesis of resonance-stabilized ylides derived from semicarbazones, aromatic amides, and 3-(arylsulfonylhydrazono)butanoates,
respectively.
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Scheme 48: Synthesis of resonance-stabilized ylides via the reaction of triphenylphosphine with dialkyl acetylenedicarboxylates and
3-oxopropanenitrile derivative.
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Scheme 49: Synthesis of resonance-stabilized ylides in the reaction of triphenylphosphine, dialkyl acetylenedicarboxylates, and
3-chlorotetrahydrofuran-2,4-dione.
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Scheme 50: Synthesis of N-acylated a,3-unsaturated y-lactams via resonance-stabilized phosphorus ylides derived from N-acetylaminocyanoacetate.
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Scheme 51: Synthesis of resonance-stabilized phosphorus ylides derived from 6-amino-N,N-dimethyluracil and their subsequent cyclization to

bicyclic compounds.

DAAD and triazole as the NH-acid and a precursor of the
ambident sulfur nucleophile gave the corresponding vinylphos-
phonium salt 83. The further attack of the exocyclic sulfur atom
of the triazolethione anion on the B-position of the vinylphos-
phonium salt led to the final phosphorus ylide 84 (Scheme 52).
The above-mentioned three-component reaction was completed
in a short period of time and allowed to obtain the final product
in high yields of 92-97% [25].

Esmaili et al. described the synthesis of functionalized, reso-
nance-stabilized phosphorus ylides 86 from vinylphosphonium
salt 85 generated in situ from triphenylphosphine, acetylenedi-
carboxylic acid ester, and 2-aminothiophenol in yields of
87-89% (Scheme 53) [23].

There were several reported examples of intra- or intermolecu-
lar Wittig reactions of ylides generated from dialkyl acetylene-
dicarboxylate, triphenylphosphine, and some nucleophiles.
Thus, Yavari and Asghari reported an interesting synthesis of
highly electron-deficient 1,3-dienes in the reaction of acetoacet-
anilide with DAAD and triphenylphosphine. The obtained
ylides 87 were first converted to cyclobutene derivatives 88 via
the stereoselective intramolecular Wittig reaction. The resulting
strained, four-membered cyclobutene derivatives underwent
electrocyclic ring opening at the boiling point of toluene to the
final 1,3-dienes 89 (Scheme 54) [21].

A similar type of highly electron-deficient 1,3-dienes 90 were
synthesized in yields of 78—87% in an analogous reaction with
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Scheme 52: Generation of resonance-stabilized phosphorus ylides in
the reaction of triphenylphosphine, dialkyl acetylenedicarboxylates,
and 1,2,4-triazole-3-thione derivatives.
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ethyl 4-aryl-2,4-dioxobutanoates with the corresponding vinyl-
phosphonium salt (Scheme 55) [68].

In a similar reaction employing ethyl 3-(1,2-dihydroquinoline-
2-ylidene)pyruvate (91), Yavari and co-workers obtained 4-(2-
quinolyl)cyclobutene-1,2,3-tricarboxylic acid triesters 94 and
isomeric cyclopentenone derivatives 95 with total yields of
87-94% and a ratio of 1:4 via the intramolecular Wittig reac-
tion. The addition of triphenylphosphine to a triple bond of
acetylenedicarboxylate followed by protonation of the adduct
by the NH-acid gave the expected vinylphosphonium salt 92.
The attack of the carbanion on the B-position of the phos-
phonium salt followed by two competitive intramolecular
Wittig reactions of the intermediate ylide 93 provided two final
four- and five-membered reaction products 94 and 95, respec-
tively (Scheme 56) [69].

Another example of the generation of heterocyclic compounds
via the intramolecular Wittig reaction is the synthesis of quino-

RO,C H NH;
o= o
PhsP  CO.R S
_ G

OR

Scheme 53: Synthesis of resonance-stabilized phosphorus ylides via the reaction of triphenylphosphine with dialkyl acetylenedicarboxylates and

2-aminothiophenol.
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Scheme 54: Synthesis of 1,3-dienes via intramolecular Wittig reaction with the use of resonance-stabilized ylides generated from acetylene-

dicarboxylates, triphenylphosphine, and acetoacetanilide.
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Scheme 56: Synthesis of 4-(2-quinolyl)cyclobutene-1,2,3-tricarboxylic acid triesters and isomeric cyclopentenone derivatives via resonance-stabi-

lized ylides in the intramolecular Wittig reaction.

line derivatives 99 from triphenylphosphine, acetylenedicar-
boxylic acid esters, and aromatic 2-acylamines. The reaction of
triphenylphosphine with DAAD and the 2-aminobenzophenone
derivatives gave the vinylphosphonium salt 96 with a nucleo-
philic amide anion as a counterion. The attack of the nitrogen
nucleophile on the B-position of the vinylphosphonium salt
resulted in the expected ylide 97. The subsequent intramolecu-
lar Wittig reaction in boiling toluene gave the 1,2-dihydro-
quinoline derivatives 98, which underwent dehydrogenation
into the corresponding 4-arylquinolines 99 in yields of 55-90%
(Scheme 57) [70].

In an analogous manner, Yavari and Mosslemin synthesized
furan derivatives from 2-hydroxyketones 100, triphenylphos-
phine, and dialkyl acetylenedicarboxylates. The intermediate

vinylphosphonium salt 101 was attacked here at the B-position
by the nucleophilic oxygen atom of the hydroxyketone anion.
The final product of this reaction was the expected furan deriva-
tive 102 that was formed by the intramolecular Wittig reaction
at room temperature in CH,Cl, in 70-81% yields (Scheme 58)
[71].

An interesting example of employing in situ generated ylides in
the intermolecular Wittig reaction was reported by Ramazani
and Bodaghi. The addition of triphenylphosphine to a triple
bond of acetylenedicarboxylic acid ester followed by the further
attack of the alkoxyl anion on a vinylphosphonium cation provi-
ded the corresponding resonance-stabilized ylide 103. The
subsequent intermolecular Wittig reaction with the highly elec-

tron-deficient carbonyl group of indane-1,2,3-trione (104) led to
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Scheme 57: Synthesis of 4-arylquinolines via resonance-stabilized ylides in the intramolecular Wittig reaction.
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Scheme 58: Synthesis of furan derivatives via resonance-stabilized ylides in the intramolecular Wittig reaction.

the formation of 1,3-indanedione derivatives 105 in yields of
63-70% (Scheme 59) [72].

Nucleophilic displacement of the triphenylphosphonium
group in a,B-di(alkoxycarbonyl)vinylphosphonium salts:
Coumarins are an important class of natural compounds [73].
Yavari et al. developed a method for the synthesis of
4-methoxycarbonylcoumarins by reaction of dimethyl
acetylenedicarboxylate and triphenylphosphine with substituted
phenols. The vinyltriphenylphosphonium salt 106 that is formed
as an intermediate product was attacked by the nucleophilic car-
bon atom of the phenolate anion, which led to the displacement
of triphenylphosphine. Finally, coumarin derivatives 108 were
obtained in yields of 40-90% as a result of intramolecular
lactonization of the intermediate fumaric acid derivatives 107

[74]. In an analogous manner, but using 3-aminophenol,

7-aminocoumarin was obtained in a yield of 90% (Scheme 60)
[63]. Similarly, 6-hydroxy- and 7-hydroxycoumarin derivatives
were obtained from hydroquinone and resorcinol, respectively
(Scheme 60) [75].

The same kind of reaction with the participation of 2,4-
dihydroxybenzaldehyde or 2,4-dihydroxy-3-methylbenzalde-
hyde was applied in 2010 by Gryko and Flamigni et al. for the
preparation of 6-formylcoumarin derivatives 109 that are used
in the synthesis of dyads 111 consisting of coumarin and corrole
units (Scheme 61). The latter synthesis took place by
condensation of formylcoumarins 109 with 5-(pentafluoro-
phenyl)dipyrromethane (110) [76].

The use of pyrocatechol or pyrogallol as reagents in reactions

with the analogous mechanism resulted in the formation of
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Scheme 59: Synthesis of 1,3-indanedione derivatives via resonance-stabilized ylides in the intermolecular Wittig reaction.
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Scheme 60: Synthesis of coumarin derivatives via nucleophilic displacement of the triphenylphosphonium group in intermediate
a,B-di(alkoxycarbonyl)vinylphosphonium salts.
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Scheme 61: Synthesis of 6-formylcoumarin derivatives and their application in the synthesis of dyads.
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mono-, di-, and tricyclic reaction products of phenol deriva-
tives with one or two vinylphosphonium salt molecules
(Scheme 62 and Scheme 63) [75].

In a similar reaction with 2-aminophenol, 1,4-benzoxazine de-
rivative 113 was obtained in a yield of 70% [63]. According to
the authors, the displacement of the triphenylphosphonium
group resulted from the nucleophilic attack of the amine group
of 2-aminophenol on the B-position of the vinylphosphonium
salt 112, followed by the 1,2-cationotropic proton shift to the
a-position and elimination of triphenylphosphine (Scheme 64)
[63]. It seems, however, that the direct displacement of the tri-
phenylphosphonium group by the attack of the amine group
on the a-position of the vinylphosphonium salt is more prob-
able.

Beilstein J. Org. Chem. 2017, 13, 2710-2738.

In an analogous manner, the reaction of ethyl 1H-perimidine-2-
carboxylate with acetylenedicarboxylic acid ester and triphenyl-
phosphine provided the 7-oxo-7H-pyrido[1,2,3-cd]perimidine
derivative 114 in a yield of 70% (Scheme 65) [77].

2.3.3. Other reactions of vinylphosphonium salts: Bonjouk-
lian and Ruden demonstrated that vinylphosphonium salts can
be used in the Diels—Alder reaction with dienes such as
isoprene, 1,3-butadiene, 2,3-dimethyl-1,3-butadiene, cyclopen-
tadiene, and 1,3-cyclohexadiene, resulting in cyclic phos-
phonium salts 115 in yields of 90-96% (Scheme 66) [78].

Gelmi et al. showed that vinylphosphonium bromide 8 in reac-
tion with 5-(4H)-oxazolones in the presence of triethylamine
formed 4-(2-phosphonioethyl)-5(4H)-oxazolones 116. The

o) (6]
OH | (o] | o
OH 0._0
2 MeO,C—=—CO,Me  MeO,C + MeOC

2 PhsP =
MeO,C CO,Me

eV Nco,Me 2

40% 35%

Scheme 62: Synthesis of di- and tricyclic coumarin derivatives in the reaction of pyrocatechol with two vinylphosphonium salt molecules.
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Scheme 63: Synthesis of mono-, di-, and tricyclic derivatives in the reaction of pyrogallol with one or two vinylphosphonium salt molecules.
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Scheme 64: Synthesis of 1,4-benzoxazine derivative by nucleophilic displacement of the triphenylphosphonium group in intermediate a,B-di(methoxy-

carbonyl)vinylphosphonium salt.
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Scheme 65: Synthesis of 7-oxo-7H-pyrido[1,2,3-cd]perimidine derivative via nucleophilic displacement of the triphenylphosphonium group in interme-

diate a,B-di(methoxycarbonyl)vinylphosphonium salt.
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Scheme 66: Application of vinylphosphonium salts in the Diels—Alder
reaction with dienes.

oxazolone ring opening with methanol and subsequent depro-
tonation with sodium methoxide converted phosphonium salt
116 into phosphorous ylide 117, which underwent an intramo-
lecular Wittig reaction that eventually led to pyrroline deriva-
tives 118 (Scheme 67) [79].

Gelmi et al. also conducted a number of syntheses of pyrrole
derivatives 120 from vinylphosphonium bromide 8 and proto-

nated 5-(4H)-oxazolones 119 (Scheme 68, R? = H) as well as
the so-called miinchnones 119 (Scheme 68, R3 = Me). The reac-
tion yields for the protonated oxazolones were ca. 40% and
48-53% in the reactions involving miinchnones (Scheme 68)
[80].

In 2007 Alizadeh et al. described an interesting reaction of a,f3-
di(alkoxycarbonyl)vinylphosphonium salts with the carboxyl-
ate anion. The reaction of triphenylphosphine with dialkyl
acetylenedicarboxylate followed by protonation of the adduct
121 by carboxylic acid provided the o,p-di(alkoxycarbonyl)vin-
ylphosphonium salt 122 with the carboxylate anion as a coun-
terion. The nucleophilic carboxylate anion then attacked the
phosphorus atom of the vinylphosphonium salt cation, resulting
in the removal of triphenylphosphine oxide and the formation of
a new C—C bond between the carbon atom at the a-position of
the phosphonium salt and the carbon atom of the carbonyl
group of the carboxylate anion. The obtained enone 123 was

® 0
Q o Q PPhsBr" )0 o ®
R172> 3. Et;N \%@ (3\ — 8 R /)\R2 MeO Na
LW TR T T RS R N MeOH
®
PhsP’ Br®
116
CO,Me o H o)
1 2 N 2 N
CH-PPh; R
117 118
R'=Me, Ph

R2 = Ph, 4-MeCgHy

Scheme 67: Synthesis of pyrroline derivatives from vinylphosphonium bromide and 5-(4H)-oxazolones.
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Scheme 68: Synthesis of pyrrole derivatives in the reactions of vinyltriphenylphosphonium bromide with protonated 5-(4H)-oxazolones or

munchnones.

then trapped by reaction with alkyl isocyanide, which finally led
to ring closure and the formation of dialkyl 2-(alkylamino)-5-
aryl-3,4-furanedicarboxylate 124 in a yield of 69-88%
(Scheme 69). The reaction was carried out for several hours at
room temperature in anhydrous CH,Cl, [81].

Recently, an interesting one-pot condensation of acetylene-
dicarboxylates with phosphines and 1-nitroso-2-naphthol or
2-nitroso-1-naphthol leading to 1,4-benzoxazine derivatives was
reported. The addition of triarylphosphine to an acetylenic ester
followed by protonation of the adduct by the naphthol deriva-
tive and the further attack of the resulting naphtholate anion on
the B-position of the vinylphosphonium cation gave the corre-
sponding ylide 125. The intramolecular Wittig-like cyclization
of the ylide 125 via the intermediate oxazaphosphetane 126 pro-
vided the final 1,4-benzoxazine derivatives 127 in good yields
of 72-87% (Scheme 70) [82].

Conclusion

Easily accessible vinylphosphonium salts are important reagents
and building blocks in organic synthesis mainly due to the con-
venience of their transformation into reactive ylides by addition
of a variety of nucleophiles, including carbon, nitrogen, sulfur,
and oxygen nucleophiles. The addition of a bifunctional nucleo-
phile with a carbonyl function to vinylphosphonium salts can be
considered as a general method for a new ring closure to carbo-
or heterocyclic systems of diversified size by the intramolecu-
lar Wittig reaction. Recently, significant attention attracts also
highly reactive a,B-(dialkoxycarbonyl)vinylphosphonium salts,
generated easily in situ from acetylenedicarboxylic acid diester,
triarylphosphine and a nucleophile. Depending on the structure
of the nucleophile used, the salts convert into the correspond-
ing resonance-stabilized, relatively stable ylides or undergo
intramolecular nucleophilic substitution with triphenylphos-
phine departure, usually followed by cyclization with the
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Scheme 69: Synthesis of dialkyl 2-(alkylamino)-5-aryl-3,4-furanedicarboxylates via intermediate a,B-di(alkoxycarbonyl)vinylphosphonium salts.
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Scheme 70: Synthesis of 1,4-benzoxazine derivatives from acetylenedicarboxylates, phosphines, and 1-nitroso-2-naphthol or 2-nitroso-1-naphthol in

the intramolecular Wittig-like cyclization.

engagement of one of the alkoxycarbonyl groups to carbo- or
hetereocyclic systems. 2-Aminovinylphosphonium salts have
also found several interesting synthetic applications, although

they have become known relatively recently.

References

1. Schweizer, E. E. J. Am. Chem. Soc. 1964, 86, 2744.
doi:10.1021/ja01067a061

2. Schweizer, E. E.; Light, K. K. J. Am. Chem. Soc. 1964, 86, 2963.
doi:10.1021/ja01068a059

3. Schweizer, E. E.; O'Neill, G. J. J. Org. Chem. 1965, 30, 2082—-2083.
doi:10.1021/jo01017a526

4. Drach, B.; Brovarets, V. S.; Smolii, O. B. Russ. J. Gen. Chem. 2002,
72, 1661-1687. doi:10.1023/A:1023320608504

5. Chalmers, S.; Caldwell, S. T.; Quin, C.; Prime, T. A.; James, A. M;
Cairns, A. G.; Murphy, M. P.; McCarron, J. G.; Hartley, R. C.
J. Am. Chem. Soc. 2012, 134, 758-761. doi:10.1021/ja2077922

6. Millard, M.; Gallagher, J. D.; Olenyuk, B. Z.; Neamati, N. J. Med. Chem.
2013, 56, 9170-9179. doi:10.1021/jm4012438

7. Stoyanovsky, D. A.; Jiang, J.; Murphy, M. P.; Epperly, M.; Zhang, X;
Li, S.; Greenberger, J.; Kagan, V.; Bayir, H. ACS Med. Chem. Lett.
2014, 5, 1304-1307. doi:10.1021/mI5003635

8. Le Trionnaire, S.; Perry, A.; Szczesny, B.; Szabo, C.; Winyard, P. G.;
Whatmore, J. L.; Wood, M. E.; Whiteman, M. Med. Chem. Commun.
2014, 5, 728-736. doi:10.1039/C3MD00323J

9. Shutt, J. R.; Trippett, S. J. Chem. Soc. C 1969, 2038—2043.
doi:10.1039/j39690002038

10. Schweizer, E. E.; Wehman, A. T. J. Chem. Soc. C 1971, 343-346.
doi:10.1039/J39710000343

11.Fuchs, P. L. Tetrahedron Lett. 1974, 15, 4055-4058.
doi:10.1016/S0040-4039(01)92082-9

12.Font, J.; De March, P. Tetrahedron 1981, 37, 2391-2396.
doi:10.1016/S0040-4020(01)88895-5

13. Mcintosh, J. M.; Goodbrand, H. B.; Masse, G. M. J. Org. Chem. 1974,
39, 202-206. doi:10.1021/jo00916a017

14.Kowalski, M. H.; Hinkle, R. J.; Stang, P. J. J. Org. Chem. 1989, 54,
2783-2784. doi:10.1021/jo00273a003

15. Hinkle, R. J.; Stang, P. J.; Kowalski, M. H. J. Org. Chem. 1990, 55,
5033-5036. doi:10.1021/jo00304a013

16. Schweizer, E. E.; Bach, R. D. J. Org. Chem. 1964, 29, 1746-1751.
doi:10.1021/j001030a020

17.McNulty, J.; Das, P. Chem. — Eur. J. 2008, 14, 8469-8472.
doi:10.1002/chem.200801358

18.tukaszewicz, E.; Kupinska, A.; Majewski, P. Heteroat. Chem. 2013, 24,
298-308. doi:10.1002/hc.21094

19. Ohmori, H.; Takanami, T.; Masui, M. Tetrahedron Lett. 1985, 26,
2199-2200. doi:10.1016/S0040-4039(00)98961-5

20. Wilson, I. F.; Tebby, J. C. J. Chem. Soc., Perkin Trans. 1 1972,
2830-2834. doi:10.1039/P19720002830

21.Yavari, |.; Asghari, S. Tetrahedron 1999, 55, 11853—11858.
doi:10.1016/S0040-4020(99)00671-7

22.Yavari, |.; Nourmohammadian, F. Tetrahedron 2000, 56, 5221-5224.
doi:10.1016/S0040-4020(00)00400-2

23.Esmaili, A. A.; Ghereghloo, M.; Islami, M. R.; Bijanzadeh, H. R.
Tetrahedron 2003, 59, 4785-4788.
doi:10.1016/S0040-4020(03)00693-8

24. Anary-Abbasinejad, M.; Tahhan, S.
Phosphorus, Sulfur Silicon Relat. Elem. 2007, 182, 315-319.
doi:10.1080/10426500600919132

25.Mosslemin, M. H.; Anary-Abbasinejad, M.; Hassanabadi, A;
Bagheri, M. A. J. Sulfur Chem. 2010, 31, 135-139.
doi:10.1080/17415991003682617

26.Hassanabadi, A.; Mosslemin, M. H.; Salari, S.; Landi, M. M.
Synth. Commun. 2012, 42, 2309-2317.
doi:10.1080/00397911.2011.555904

27. Anary-Abbasinejad, M.; Talebizadeh, M.; Nikmehr, F. J. Chem. Res.
2013, 37, 385-387.

2736


https://doi.org/10.1021%2Fja01067a061
https://doi.org/10.1021%2Fja01068a059
https://doi.org/10.1021%2Fjo01017a526
https://doi.org/10.1023%2FA%3A1023320608504
https://doi.org/10.1021%2Fja2077922
https://doi.org/10.1021%2Fjm4012438
https://doi.org/10.1021%2Fml5003635
https://doi.org/10.1039%2FC3MD00323J
https://doi.org/10.1039%2Fj39690002038
https://doi.org/10.1039%2FJ39710000343
https://doi.org/10.1016%2FS0040-4039%2801%2992082-9
https://doi.org/10.1016%2FS0040-4020%2801%2988895-5
https://doi.org/10.1021%2Fjo00916a017
https://doi.org/10.1021%2Fjo00273a003
https://doi.org/10.1021%2Fjo00304a013
https://doi.org/10.1021%2Fjo01030a020
https://doi.org/10.1002%2Fchem.200801358
https://doi.org/10.1002%2Fhc.21094
https://doi.org/10.1016%2FS0040-4039%2800%2998961-5
https://doi.org/10.1039%2FP19720002830
https://doi.org/10.1016%2FS0040-4020%2899%2900671-7
https://doi.org/10.1016%2FS0040-4020%2800%2900400-2
https://doi.org/10.1016%2FS0040-4020%2803%2900693-8
https://doi.org/10.1080%2F10426500600919132
https://doi.org/10.1080%2F17415991003682617
https://doi.org/10.1080%2F00397911.2011.555904

28.Mokarrar, H.; Hassanabadi, A. Ind. J. Fundam. Appl. Life Sci. 2014, 4,
1269-1273.

29. Mazurkiewicz, R.; Fryczkowska, B.; Luboradzki, R.; Wiochowicz, A.;
Mol, W. Tetrahedron Lett. 2001, 42, 8725-8727.
doi:10.1016/S0040-4039(01)01892-5

30. Mazurkiewicz, R.; Fryczkowska, B.; Luboradzki, R.; Wtochowicz, A.;

Mol, W. Tetrahedron Lett. 2002, 43, 915.
doi:10.1016/S0040-4039(01)02216-X

.Mazurkiewicz, R.; Fryczkowska, B.; Gabanski, R.; Luboradzki, R.;

Wiochowicz, A.; Mél, W. Phosphorus, Sulfur Silicon Relat. Elem. 2002,

177, 2589-2598. doi:10.1080/10426500214561

32. Appleyard, G. D.; Stirling, C. J. M. J. Chem. Soc. C 1969, 1904—1908.
doi:10.1039/J39690001904

33. Schweizer, E. E.; Goff, S. D.; Murray, W. P. J. Org. Chem. 1977, 42,
200-205. doi:10.1021/jo00422a003

34. Fryczkowska, B. Study on the synthesis and properties of
2-(N-acylamino)vinylphosphonium salts and their derivatives. Ph.D.
Thesis, Silesian University of Technology, Poland, 2004.

35. Mazurkiewicz, R.; Fryczkowska, B.; Gabanski, R.; Grymel, M.;

Libera, J. Phosphorus, Sulfur Silicon Relat. Elem. 2008, 183,
1365-1378. doi:10.1080/10426500701642971

36. Mazurkiewicz, R.; Fryczkowska, B.; Gabanski, R. Wiad. Chem. 2005,
59, 249-274.

37.Borodkin, S. A.; Popov, L. D.; Milenkovi¢, M. R.; Milenkovi¢, M.;
BeloSevi¢, S.; Andelkovi¢, K.; Tsaturyan, A. A.; Shcherbakov, I. N.
Phosphorus, Sulfur Silicon Relat. Elem. 2017, 192, 1079-1083.
doi:10.1080/10426507.2017.1322592

38. Schweizer, E. E.; Smucker, L. D.; Votral, R. J. J. Org. Chem. 1966, 31,
467-471. doi:10.1021/jo01340a027

39.Just, G.; O’'Connor, B. Tetrahedron Lett. 1985, 26, 1799—-1802.
doi:10.1016/S0040-4039(00)94741-5

40.Shen, Y,; Yao, J. J. Org. Chem. 1996, 61, 8659-8661.
doi:10.1021/j0960899w

41. Takeuchi, H.; Fujimoto, T.; Hoshino, K.; Motoyoshiya, J.; Kakehi, A.;
Yamamoto, I. J. Org. Chem. 1998, 63, 7172—-7179.
doi:10.1021/jo980181b

42.Schweizer, E. E.; Wehman, A. T.; Nycz, D. M. J. Org. Chem. 1973, 38,
1583-1588. doi:10.1021/jo00948a029

43. Catalan-Mufioz, S.; Mdiller, C. A.; Ley, S. V. Eur. J. Org. Chem. 2010,
183-190. doi:10.1002/ejoc.200901145

44.Quinoa, E.; Kakou, Y.; Crews, P. J. Org. Chem. 1988, 53, 3642-3644.
doi:10.1021/j000250a052

45.Corley, D. G.; Herb, R.; Moore, R. E.; Scheuer, P. J.; Paul, V. J.

J. Org. Chem. 1988, 53, 3644—-3646. doi:10.1021/jo00250a053

46.Johnson, T. A.; Tenney, K.; Cichewicz, R. H.; Morinaka, B. I.;

White, K. N.; Amagata, T.; Subramanian, B.; Media, J.; Mooberry, S. L.;
Valeriote, F. A.; Crews, P. J. Med. Chem. 2007, 50, 3795-3803.
doi:10.1021/jm070410z

47.Gollner, A.; Altmann, K.-H.; Gertsch, J.; Mulzer, J. Chem. — Eur. J.
2009, 15, 5979-5997. doi:10.1002/chem.200802605

48.Boynton, C. M.; Hewson, A. T.; Mitchell, D.

J. Chem. Soc., Perkin Trans. 1 2000, 3599-3602.
doi:10.1039/b005516f

49.Burley, |.; Hewson, A. T. Tetrahedron Lett. 1994, 35, 7099-7102.
doi:10.1016/0040-4039(94)88236-3

50.Hewson, A. T.; MacPherson, D. T. Tetrahedron Lett. 1983, 24,

5807-5808. doi:10.1016/S0040-4039(00)94207-2

.Palacios, F.; Aparicio, D.; Garcia, J.; Rodriguez, E.;

Fernandez-Acebes, A. Tetrahedron 2001, 57, 3131-3141.
doi:10.1016/S0040-4020(01)00171-5

3

=

5

a

Beilstein J. Org. Chem. 2017, 13, 2710-2738.

52.Bryans, J. S.; Wustrow, D. J. Med. Res. Rev. 1999, 19, 149-177.
doi:10.1002/(SICI)1098-1128(199903)19:2<149::AID-MED3>3.0.CO;2-
B

53. Stratmann, K.; Burgoyne, D. L.; Moore, R. E.; Patterson, G. M,;
Smith, C. D. J. Org. Chem. 1994, 59, 7219-7226.
doi:10.1021/jo00103a011

54. Pettit, G. R.; Singh, S. B.; Herald, D. L.; Lloyd-Williams, P.; Kantoci, D.;
Burkett, D. D.; Barkoczy, J.; Hogan, F.; Wardlaw, T. R. J. Org. Chem.
1994, 59, 6287-6295. doi:10.1021/jo00100a034

55.Hamada, Y.; Tanada, Y.; Yokokawa, F.; Shioiri, T. Tetrahedron Lett.
1991, 32, 5983-5986. doi:10.1016/S0040-4039(00)79444-5

56. Palacios, F.; Aparicio, D.; Garcia, J. Tetrahedron 1996, 52, 9609-9628.
doi:10.1016/0040-4020(96)00498-X

57.Stutz, A. Angew. Chem., Int. Ed. Engl. 1987, 26, 320-328.
doi:10.1002/anie.198703201

58.Bargar, T. M.; Broersma, R. J.; Creemer, L. C.; McCarthy, J. R;;
Hornsperger, J. M.; Palfreyman, M. G.; Wagner, J.; Jung, M. J.
J. Med. Chem. 1986, 29, 315-317. doi:10.1021/jm00153a002

59. Patranyi, G.; Ryder, N. S.; Stutz, A. Science 1984, 224, 1239—-1241.
doi:10.1126/science.6547247

60. Cheikh, R. B.; Chaabouni, R.; Laurent, A.; Mison, P.; Nafti, A.

Synthesis 1983, 685-700. doi:10.1055/s-1983-30473

.Kolodiazhnyi, O. I. Phosphorus Ylides: Chemistry and Application in

Organic Synthesis; Wiley-VCH: Weinheim, Germany, 1999.

doi:10.1002/9783527613908

62. Anaraki-Ardakani, H.; Sadeghian, S.; Rastegari, F.; Hassanabadi, A.;
Anary-Abbasinejad, M. Synth. Commun. 2008, 38, 1990-1999.
doi:10.1080/00397910801997785

63. Yavari, |.; Adib, M.; Hojabri, L. Tetrahedron 2002, 58, 6895-6899.
doi:10.1016/S0040-4020(02)00758-5

64. Anary-Abbasinejad, M.; Anaraki-Ardakani, H.; Hosseini-Mehdiabad, H.
Phosphorus, Sulfur Silicon Relat. Elem. 2008, 183, 1440-1446.
doi:10.1080/10426500701670725

65. Anary-Abbasinejad, M.; Hassanabadi, A.; Esmikhani, N. J. Chem. Res.
2010, 34, 508-510. doi:10.3184/030823410X12828364537000

66. Asghari, S.; Tajbakhsh, M.; Taghipour, V. Tetrahedron Lett. 2008, 49,
1824-1827. doi:10.1016/j.tetlet.2008.01.063

67.Mohebat, R.; Anary-Abbasinejad, M.; Hajmohammadi, S.;
Hassanabadi, A. Synth. Commun. 2013, 43, 2833-2840.
doi:10.1080/00397911.2011.627105

68. Yavari, |.; Samzadeh-Kermani, A. R. Tetrahedron Lett. 1998, 39,
6343-6344. doi:10.1016/S0040-4039(98)01303-3

69. Yavari, |.; Adib, M.; Esnaashari, M. Monatsh. Chem. 2001, 132,
1557-1561. doi:10.1007/s007060170013

70.Asghari, S.; Qandalee, M.; Naderi, Z.; Sobhaninia, Z. Mol. Diversity
2010, 74, 569-574. doi:10.1007/s11030-009-9188-y

71.Yavari, |.; Mosslemin, M. H. Tetrahedron 1998, 54, 9169-9174.
doi:10.1016/S0040-4020(98)00554-7

72.Ramazani, A.; Bodaghi, A. Tetrahedron Lett. 2000, 41, 567-568.
doi:10.1016/S0040-4039(99)02066-3

73.Murray, D. H.; Mendez, J.; Brown, S. A. The Natural Coumarins:
Occurrence, Chemistry, and Biochemistry; Wiley: New York, 1982.

74.Yavari, |.; Hekmat-Shoar, R.; Zonouzi, A. Tetrahedron Lett. 1998, 39,
2391-2392. doi:10.1016/S0040-4039(98)00206-8

75.Yavari, |.; Adib, M.; Hojabri, L. Tetrahedron 2001, 57, 7537—-7540.
doi:10.1016/S0040-4020(01)00703-7

76. Tasior, M.; Gryko, D. T.; Pielacinska, D. J.; Zanelli, A.; Flamigni, L.
Chem. — Asian J. 2010, 5, 130-140. doi:10.1002/asia.200900345

6

=

2737


https://doi.org/10.1016%2FS0040-4039%2801%2901892-5
https://doi.org/10.1016%2FS0040-4039%2801%2902216-X
https://doi.org/10.1080%2F10426500214561
https://doi.org/10.1039%2FJ39690001904
https://doi.org/10.1021%2Fjo00422a003
https://doi.org/10.1080%2F10426500701642971
https://doi.org/10.1080%2F10426507.2017.1322592
https://doi.org/10.1021%2Fjo01340a027
https://doi.org/10.1016%2FS0040-4039%2800%2994741-5
https://doi.org/10.1021%2Fjo960899w
https://doi.org/10.1021%2Fjo980181b
https://doi.org/10.1021%2Fjo00948a029
https://doi.org/10.1002%2Fejoc.200901145
https://doi.org/10.1021%2Fjo00250a052
https://doi.org/10.1021%2Fjo00250a053
https://doi.org/10.1021%2Fjm070410z
https://doi.org/10.1002%2Fchem.200802605
https://doi.org/10.1039%2Fb005516f
https://doi.org/10.1016%2F0040-4039%2894%2988236-3
https://doi.org/10.1016%2FS0040-4039%2800%2994207-2
https://doi.org/10.1016%2FS0040-4020%2801%2900171-5
https://doi.org/10.1002%2F%28SICI%291098-1128%28199903%2919%3A2%3C149%3A%3AAID-MED3%3E3.0.CO%3B2-B
https://doi.org/10.1002%2F%28SICI%291098-1128%28199903%2919%3A2%3C149%3A%3AAID-MED3%3E3.0.CO%3B2-B
https://doi.org/10.1021%2Fjo00103a011
https://doi.org/10.1021%2Fjo00100a034
https://doi.org/10.1016%2FS0040-4039%2800%2979444-5
https://doi.org/10.1016%2F0040-4020%2896%2900498-X
https://doi.org/10.1002%2Fanie.198703201
https://doi.org/10.1021%2Fjm00153a002
https://doi.org/10.1126%2Fscience.6547247
https://doi.org/10.1055%2Fs-1983-30473
https://doi.org/10.1002%2F9783527613908
https://doi.org/10.1080%2F00397910801997785
https://doi.org/10.1016%2FS0040-4020%2802%2900758-5
https://doi.org/10.1080%2F10426500701670725
https://doi.org/10.3184%2F030823410X12828364537000
https://doi.org/10.1016%2Fj.tetlet.2008.01.063
https://doi.org/10.1080%2F00397911.2011.627105
https://doi.org/10.1016%2FS0040-4039%2898%2901303-3
https://doi.org/10.1007%2Fs007060170013
https://doi.org/10.1007%2Fs11030-009-9188-y
https://doi.org/10.1016%2FS0040-4020%2898%2900554-7
https://doi.org/10.1016%2FS0040-4039%2899%2902066-3
https://doi.org/10.1016%2FS0040-4039%2898%2900206-8
https://doi.org/10.1016%2FS0040-4020%2801%2900703-7
https://doi.org/10.1002%2Fasia.200900345

77.Yavari, |.; Adib, M.; Jahani-Moghaddam, F.; Bijanzadeh, H. R.
Tetrahedron 2002, 58, 6901-6906.
doi:10.1016/S0040-4020(02)00759-7

78.Bonjouklian, R.; Ruden, R. A. J. Org. Chem. 1977, 42, 4095-4103.
doi:10.1021/jo00445a024

79. Clerici, F.; Gelmi, M. L.; Pocar, D.; Rondena, R. Tetrahedron 1995, 51,
9985-9994. doi:10.1016/0040-4020(95)00571-O

80. Clerici, F.; Gelmi, M. L.; Trimarco, P. Tetrahedron 1998, 54,
5763-5774. doi:10.1016/S0040-4020(98)00264-6

81. Alizadeh, A.; Rostamnia, S.; Zoreh, N.; Oskueyan, Q. Synlett 2007,
1610-1612. doi:10.1055/s-2007-982540

82.Mohebat, R.; Abadi, A. Y. E.; Soltani, A.; Saghafi, M. ARKIVOC 2016,
No. 4, 1-9. doi:10.3998/ark.5550190.p009.543

License and Terms

This is an Open Access article under the terms of the
Creative Commons Attribution License
(http://creativecommons.org/licenses/by/4.0), which

permits unrestricted use, distribution, and reproduction in
any medium, provided the original work is properly cited.

The license is subject to the Beilstein Journal of Organic
Chemistry terms and conditions:
(http://www.beilstein-journals.org/bjoc)

The definitive version of this article is the electronic one
which can be found at:
doi:10.3762/bjoc.13.269

Beilstein J. Org. Chem. 2017, 13, 2710-2738.

2738


https://doi.org/10.1016%2FS0040-4020%2802%2900759-7
https://doi.org/10.1021%2Fjo00445a024
https://doi.org/10.1016%2F0040-4020%2895%2900571-O
https://doi.org/10.1016%2FS0040-4020%2898%2900264-6
https://doi.org/10.1055%2Fs-2007-982540
https://doi.org/10.3998%2Fark.5550190.p009.543
http://creativecommons.org/licenses/by/4.0
http://www.beilstein-journals.org/bjoc
https://doi.org/10.3762%2Fbjoc.13.269

	Abstract
	Introduction
	Review
	1. Synthesis of vinylphosphonium salts
	1.1. Alkylation of phosphines with alkyl halides
	1.2. β-Elimination of β-phenoxyalkyl- or α-haloalkylphosphonium salts
	1.3. Peterson olefination of α-trimethylsilylphosphonium ylides with aldehydes
	1.4. Electrochemical oxidative addition of triphenylphosphine to cycloalkenes
	1.5. Triphenylphosphine addition to a triple carbon–carbon bond of acetylenedicarboxylic acid esters
	1.6. Synthesis and structure of 2-aminovinylphosphonium salts

	2. Vinylphosphonium salts in organic synthesis
	2.1. Vinylphosphonium salts in the intermolecular Wittig reaction
	2.2. Vinylphosphonium salts in the intramolecular Wittig reaction
	2.3. Other synthetic uses of vinylphosphonium salts


	Conclusion
	References

