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The reaction of tri(2-pyridyl)phosphine with electron-de-
ficient alkynes in water proceeds under mild conditions (40–
45 °C, without catalyst, 4–5 h) with liberation of pyridine to
give (E)-pyridylvinylphosphine oxides in 45–56% yields, the
only exception being the reaction with cyanophenylacetyl-
ene, which affords the corresponding vinylphosphine oxide

Introduction

Generating zwitterionic species by the addition of terti-
ary phosphines to electron-deficient acetylenes and their
further transformations is a general and convenient strategy
for the synthesis of a diverse range of organic compounds.[1]

In these reactions, tertiary phosphines behave as both cata-
lysts and reactants.

Thus, nucleophilic phosphine organocatalysis is success-
fully employed in Michael β-addition of C-,[1c] N-,[2] O-,[1c,3]

and S-[1c] centered nucleophiles to electron-deficient acetyl-
enes. This strategy has also been used to direct the nucleo-
philic attack to the α- and γ-positions of the alkynes.[1a–1c,4]

The tertiary phosphines actively initiate isomerization of
conjugated alkynes to conjugated dienes[1a–1c,5] as well as
cycloaddition reactions of electron-deficient acetylenes with
dipolarophiles leading to carbocycles and heterocycles.[1]

As reactants,[6] tertiary phosphines in most cases react
with electron-deficient acetylenes to deliver stable phos-
phorus ylides.[6b–6j] Commonly, in all the above reactions,
the set of tertiary phosphines is limited to the most available
and stable triphenylphosphine and trialkylphosphines are
involved quite rarely.

Results and Discussion

Recently, we have shown that 1-acyl-2-phenylacetylenes
are stereoselectively reduced with triphenylphosphine in
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of Z-configuration in 40% yield. The reaction is likely
triggered by the zwitterion, the adduct of tri(2-pyridyl)-
phosphine to the electrophilic acetylenes, the carbanionic
center of which is then neutralized by a proton from water.
The intermediate phosphonium hydroxide finally decom-
poses to the product.

water at room temperature to afford (E)-1-acyl-2-phenyleth-
enes in high yields (83–91%; Scheme 1).[7]

Scheme 1. Synthesis of (E)-1-acyl-2-phenylethenes from 1-acyl-2-
phenylacetylenes in the system Ph3P/H2O.

Recently, the close heteroanalogue of triphenyl-
phosphine, tri(2-pyridyl)phosphine (1), has become avail-
able through the straightforward reaction between elemen-
tal phosphorus and 2-bromopyridine (Scheme 2).[8] This
tetradentate phosphine might be expected to interact with
electron-deficient alkynes in water in quite a different way
to that of triphenylphosphine.

Scheme 2. Synthesis of tri(2-pyridyl)phosphine (1) from elemental
phosphorus and 2-bromopyridine in the system KOH/DMSO.

Indeed, the reaction of 1 with a range of electron-de-
ficient alkynes 2a–e in water (40–45 °C, 4–5 h) takes an un-
usual direction to form stereoselectively functionalized (E)-
pyridylvinylphosphine oxides 3a–d in 45–56% yields, except
for cyanophenylacetylene (2e) which gives the correspond-
ing vinylphosphine oxide 3e of Z-configuration in 40 %
yield. The reaction is accompanied by liberation of the pyr-
idine molecule (Table 1).
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Table 1. Three-component reaction between 1, electron-deficient
alkyne 2 and water.[a]

[a] Reaction conditions: phosphine 1 (1 mmol), alkyne 2 (1 mmol),
H2O (8 mL), 40–45 °C, 4–5 h. [b] The yield was calculated on the
basis of alkyne consumed.

Because both phosphine 1 and acetylene 2 are solids that
are almost insoluble in water, the reaction actually initiates
in the three-phase solid-solid-liquid system. The crude
products are also insoluble in water, which allows them to
be easily separated from the aqueous phase. The products
are purified by the extraction of impurities by acetone.

Notably, homogenization of the reaction system with
tetrahydrofuran (THF) resulted in lower yields (ca. 20%)
of phosphine oxide 3a, with the major product being tri(2-
pyridyl)phosphine oxide (4; 55%), as exemplified by the re-
action of phosphine 1 with acetylene 2a.

Whereas the formation of the corresponding phosphon-
ium hydroxide is expected (see below), a contribution of
phase-transfer catalysis by this species to this reaction is
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plausible. The liberation of pyridine and the appearance of
amphiphilic phosphine oxides may also autocatalyze the re-
action.

The reaction was monitored by 31P NMR and IR spec-
troscopic analysis of the solid phase particles dissolved in
CDCl3 prior to the analysis because both reactants and
products (except for pyridine) were almost insoluble in
water (liquid phase). 31P NMR spectra showed reduction in
the intensity of peaks of the initial tri(2-pyridyl)phosphine
(1) at –1 ppm and an increase in the intensity of new peaks
at ca. 20 ppm corresponding to vinylphosphine oxides 3a–
e. In the IR spectra, a reduction in the intensity of the ab-
sorption band of the acetylenic C�C bond (2198–
2200 cm–1) in the case of acylacetylenes 2a–d or the inten-
sity of the absorption band corresponding to C�C and
C�N bonds of initial cyanophenylacetylene (2e) (2270 cm–1

with a shoulder) was observed. The optimal process dura-
tion was found to be 4–5 h; no change was observed in the
spectra after additional heating of the reaction mixture for
a further 1–2 h.

Configurational assignment of the synthesized vinyl-
phosphine oxides 3 was performed on the basis of 1H spec-
tra and 2D NOESY data. Thus, doublets of ethenyl protons
at 7.45–7.50 ppm with 3JHP ca. 20 Hz and the cross-peaks
between the ethenyl and pyridine protons reliably support
the E-configuration of phosphine oxides 3a–d. A doublet at
δ = 6.20 ppm with 3JHP 32 Hz and the cross-peak between
the ethenyl and ortho-phenyl protons, observed in the spec-
tra of phosphine oxides 3e, indicate its Z-configuration.

A tentative mechanism for the reaction involves nucleo-
philic addition of 1 as a neutral nucleophile to the triple
bond to give zwitterionic intermediate A with a carbanionic
center trans to the phosphorus (according to classic nucleo-
philic addition to acetylenes[9]) (Scheme 3, Scheme 6). In
the case of acylacetylenes, the equilibrium between zwitter-
ions of E- (A) and Z- (B) configuration should exist, which
interconvert via allenic intermediate C (Scheme 3). Evi-
dently, the most stable intermediate should be zwitterion
B due to the attractive intramolecular interaction between
carbanionic center and the positively charged phosphorus
atom. Therefore, the reaction is expected to proceed via in-
termediate B because the equilibrium (Scheme 3) should be
shifted mostly to the right. After neutralizing the carban-
ionic center by a proton from water, phosphonium hydrox-
ide D is formed, which is in equilibrium with intermediate
hydroxyphosphorane E. The latter then decomposes to the
final product to release the pyridine molecule.

The elimination step (Scheme 3) could involve an intra-
molecular proton transfer from the OH group of phos-
phorane E to the basic nitrogen atom of the pyridine ring.
This makes the latter a much better leaving group. Such
a protonation would also explain the unexpected reaction
outcome as compared to the reaction of PPh3 with electron-
deficient acetylenes in water. With PPh3, no intramolecular
protonation can occur (as there is no basic site) and the
reaction thus proceeds through a different route.[7]

However, under similar conditions, in the case of di-
methyl acetylene dicarboxylate (5), the elimination of pyr-
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Scheme 3. Tentative scheme for the formation of (E)-vinylphos-
phine oxides 3a–d.

idine does not occur. Instead, competitive C–P bond cleav-
age in the intermediate phosphorane between tripyridyl-
phosphine and the acetylene counterparts takes place fol-
lowed by elimination of tri(2-pyridyl)phosphine oxide (4)
and proton transfer from the hydroxyl group to the ethyl-
enic moiety to afford dimethyl fumarate (6) in 25% yield
(Scheme 4).

Scheme 4. Three-component reaction between tri(2-pyridyl)-
phosphine (1), dimethyl acetylene dicarboxylate (5), and water.

In other words, the stereoselective reduction of the triple
bond under the action of the tri(2-pyridyl)phosphine/water
system, as previously found for the reaction of acetylenes
with PPh3/water,[7] is observed. The different reactivity of
electron-deficient acetylenes 2a–e and acetylene 5 in this re-
action is likely due to a better distribution of the negative
charge of carbanion-like counterpart of the transition state
D (Scheme 5) in the case of acetylene 5.

The above stated E-stereochemistry of the products 3a–d
derived from acylacetylenes is consistent with the proposed
mechanism (Scheme 3). However a puzzle remains regard-
ing the Z-stereochemistry of the cyanoethenylphosphine
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Scheme 5. Tentative scheme for the formation of dimethyl fumarate
(6).

oxide, which does not comply with the above rationale.
Clearly, the equilibrium between the zwitterions of A and
B types (see Scheme 3) is not as fast as with acylacetylenes
and, hence, this cyano derivative remains as the kinetic
product (Scheme 6).

Scheme 6. Tentative scheme for the formation of (Z)-vinylphos-
phine oxide 3e.

The stage of pyridine elimination from tri(2-pyridyl)-
phosphine oxides under the action of organometallic com-
pounds, water, and alcohols has also been observed.[10]

Conclusions

The one-pot stereoselective synthesis of functionalized
dipyridylphosphine oxides has been elaborated through the
straightforward reaction of available tri(2-pyridyl)phos-
phine with electron-deficient alkynes in water. The reaction
highlights novel facets of phosphine and acetylene chemis-
try that paves an ecologically benign way to a new family
of promising ligands[11] and building blocks for organic syn-
thesis.[12] Among such compounds are retardants,[13] drug
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precursors,[14] and ligands for the design of metallocomplex
catalysts applied particularly for hydrogenation of cyclohex-
ene, acetone, and cyclohexanone.[11b]

Experimental Section
General Remarks: 1H, 13C, 15N, 31P NMR and 2D NMR spectra
were recorded with an AV-400 Bruker BioSpin spectrometer and
referenced to HMDS (1H, 13C), MeNO2 (15N) and H3PO4 (31P).
All 2D NMR spectra were recorded by using standard gradient
Bruker pulse programs. IR spectra were recorded with a Bruker
Vertex 70 instrument. GLC analysis was carried out with an
Agilent 6890 N chromatograph, HP-5 column (5% phenyl methyl
siloxane phase), column length of 30 m, vaporizer temperature
250 °C, column temperature 125–270 °C, temperature increase rate
of 30 °C/min. Acetylenes 2a and 2e are commercial reagents (Alfa
Aesar), acylacetylenes 2b–d were prepared by reported methods.[15]

General Procedure for the Synthesis of Phosphine Oxides 3: A sus-
pension of finely divided tri(2-pyridyl)phosphine 1 (1 mmol) and
acetylene 2 (1 mmol) in water (8 mL) was blown with argon and
stirred at 40–45 °C for 4–5 h. The aqueous layer was decanted from
the dark solid obtained, the solid was solved in chloroform (3 mL)
and the solution was dried with MgSO4. After evaporation of the
solvent, the crude product was washed with acetone (5�0.5 mL)
and dried in vacuo to give vinylphosphine oxides 3 as white or
yellowish powders.

The relative content of the Z isomers of 3a–d or the E isomer of
3e in the crude product did not exceed 10%, with the total conver-
sion being 90–95% (1H, 31P NMR analysis; acetylene 2 could be
recovered by extraction with hexane). Pyridine was quantified by
titration of the aqueous layer against aqueous HCl or by GLC
analysis (after extraction of the aqueous layer with chloroform).

(E)-3-(Di-2-pyridinylphosphoryl)-1,3-diphenyl-2-propen-1-one (3a):
Yield 230 mg (56%); white powder; m.p. 159–161 °C. 1H NMR
(400.13 MHz, CDCl3): δ = 6.98 (m, 3 H, Hm, Hp, PhC=), 7.09 (m,
2 H, Ho, PhC=), 7.28 (m, 2 H, Hm, PhC=O), 7.34 (m, 2 H, H-5,
Py), 7.39 (m, 1 H, Hp, PhC=O), 7.45 (d, 3JP,H = 20.8 Hz, 1 H,
=CH), 7.74 (m, 2 H, H-4, Py), 7.83 (m, 2 H, Ho, PhC=O), 8.11 (m,
2 H, H-3, Py), 8.77 (d, 3J6–5 = 4.5 Hz, 2 H, H-6, Py) ppm. 13C
NMR (100.62 MHz, CDCl3): δ = 125.7 (d, 4JP,C = 3.1 Hz, C-5, Py),
127.8 (Cm, PhC=), 128.1 (Cp, PhC=), 128.4 (Cm, PhC=O), 129.2
(d, 2JP,C = 20.9 Hz, C-3, Py), 129.2 (Co, PhC=O), 129.4 (d, 3JP,C =
4.5 Hz, Co, PhC=), 133.4 (Cp, PhC=O), 133.9 (d, 2JP,C = 7.9 Hz,
Ci, PhC=), 136.1 (d, 3JP,C = 9.3 Hz, C-4, Py), 136.3 (d, 4JP,C =
1.5 Hz, Ci, PhC=O), 140.8 (d, 2JP,C = 8.7 Hz, =CH), 143.8 (d, 1JP,C

= 88.7 Hz, =CP), 150.3 (d, 3JP,C = 19.5 Hz, C-6, Py), 154.3 (d, 1JP,C

= 132.5 Hz, C-2, Py), 193.1 (d, 3JP,C = 17.6 Hz, C=O) ppm. 31P
NMR (161.98 MHz, CDCl3): δ = 19.7 ppm. 15N NMR
(40.55 MHz, CDCl3) δ = –57.1 ppm. IR (KBr): ν̃max = 1665 (C=O),
1199 (P=O) cm–1. C25H19N2O2P (410.40): calcd. C 73.16, H 4.67,
N 6.83, P 7.55; found C 73.55, H 4.97, N 6.69, P 7.52.

(E)-3-(Di-2-pyridinylphosphoryl)-1-(2-furanyl)-3-phenyl-2-propen-1-
one (3b): Yield 180 mg (45%); white powder; m.p. 158–160 °C. 1H
NMR (400.13 MHz, CDCl3): δ = 6.40 (m, 1 H, H-3, Fur), 7.08–
7.14 (m, 6 H, H-4, Fur, Ph), 7.39 (m, 2 H, H-5, Py), 7.46 (d, 3JP,H

= 20.1 Hz, 1 H, =CH), 7.47 (m, 1 H, H-5, Fur), 7.77 (m, 2 H, H-
4, Py), 8.14 (m, 2 H, H-3, Py), 8.80 (d, 3J6–5 = 4.3 Hz, 2 H, H-6,
Py) ppm. 13C NMR (100.62 MHz, CDCl3): δ = 112.4 (C-3, Fur),
119.9 (C-4, Fur), 125.8 (d, 4JP,C = 2.6 Hz, C-5, Py), 127.8 (d, 4JP,C

= 1.3 Hz, Cm, Ph), 128.1 (d, 5JP,C = 1.8 Hz, Cp, Ph), 129.2 (d, 3JP,C

= 4.6 Hz, Co, Ph), 129.2 (d, 2JP,C = 21.1 Hz, C-3, Py), 134.0 (d,
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2JP,C = 7.3 Hz, Ci, Ph), 136.2 (d, 3JP,C = 9.6 Hz, C-4, Py), 137.4 (d,
2JP,C = 9.2 Hz, =CH), 146.4 (d, 1JP,C = 87.0 Hz, =CP), 147.3 (C-5,
Fur), 150.3 (d, 3JP,C = 19.2 Hz, C-6, Py), 152.5 (C-2, Fur), 154.1
(d, 1JP,C = 132.2 Hz, C-2, Py), 178.8 (d, 3JP,C = 18.8 Hz, C=O) ppm.
31P NMR (161.98 MHz, CDCl3): δ = 19.8 ppm. 15N NMR
(40.55 MHz, CDCl3) δ = –56.8 ppm. IR (KBr): ν̃max = 1644 (C=O),
1197 (P=O) cm–1. C23H17N2O3P (400.37): calcd. C 69.00, H 4.28,
N 7.00, P 7.74; found C 68.62, H 4.07, N 6.84, P 7.76.

(E)-3-(Di-2-pyridinylphosphoryl)-3-phenyl-1-(2-thienyl)-2-propen-1-
one (3c): Yield 220 mg (53%); yellowish powder; m.p. 156–158 °C.
1H NMR (400.13 MHz, CDCl3): δ = 7.02 (dd, 3J4–5 = 4.9, 3J4–3 =
3.9 Hz, 1 H, H-4, thienyl), 7.09 (m, 1 H, Hp, Ph), 7.11 (m, 2 H,
Hm, Ph), 7.17 (m, 2 H, Ho, Ph), 7.41 (m, 2 H, H-5, Py), 7.52 (d,
3JP,H = 20.3 Hz, 1 H, =CH), 7.58 (dd, 3J5–4 = 4.9, 4J5–3 = 1.0 Hz,
1 H, H-5, thienyl), 7.71 (dd, 3J3–4 = 3.9, 4J3–5 = 1.0 Hz, 1 H, H-3,
thienyl), 7.80 (m, 2 H, H-4, Py), 8.15 (m, 2 H, H-3, Py), 8.83 (d,
3J6–5 = 4.5 Hz, 2 H, H-6, Py) ppm. 13C NMR (100.62 MHz,
CDCl3): δ = 125.8 (d, 4JP,C = 2.9 Hz, C-5, Py), 127.9 (Cm, Ph),
128.2 (Cp, Ph), 128.2 (C-4, thienyl), 129.2 (d, 2JP,C = 21.3 Hz, C-3,
Py), 129.2 (d, 3JP,C = 5.1 Hz, Co, Ph), 133.9 (d, 2JP,C = 7.3 Hz, Ci,
Ph), 134.5 (C-3, thienyl), 135.0 (C-5, thienyl), 136.2 (d, 3JP,C =
9.5 Hz, C-4, Py), 138.8 (d, 2JP,C = 8.8 Hz, =CH), 144.0 (d, 4JP,C =
2.9 Hz, C-2, thienyl), 144.9 (d, 1JP,C = 87.3 Hz, =CP), 150.4 (d,
3JP,C = 19.1 Hz, C-6, Py), 154.1 (d, 1JP,C = 132.8 Hz, C-2, Py), 184.3
(d, 3JP,C = 18.3 Hz, C=O) ppm. 31P NMR (161.98 MHz, CDCl3):
δ = 20.0 ppm. IR (KBr): ν̃max = 1631 (C=O), 1196 (P=O) cm–1.
C23H17N2O2PS (416.43): calcd. C 66.34, H 4.11, N 6.73, P 7.44;
found C 65.96, H 4.09, N 6.72, P 7.42.

(E)-3-[Di(2-pyridinyl)phosphoryl]-3-phenyl-1-(3-pyridinyl)-2-propen-
1-one (3d): Yield 200 mg (49%); white powder; m.p. 166–168 °C.
1H NMR (400.13 MHz, CDCl3): δ = 7.02 (m, 3 H, Hm, Hp, Ph),
7.08 (m, 2 H, Ho, Ph), 7.21 (m, 1 H, H-5, PyC=O), 7.41 (m, 2 H,
H-5, PyP=O), 7.43 (d, 3JP,H = 20.1 Hz, 1 H, =CH), 7.80 (m, 2 H,
H-4, PyP=O), 8.06 (m, 1 H, H-4, PyC=O), 8.13 (m, 2 H, H-3,
PyP=O), 8.59 (m, 1 H, H-6, PyC=O), 8.83 (d, 3J6–5 = 4.5 Hz, 2 H,
H-6, PyP=O), 9.04 (d, 4J2–4 = 2.5 Hz, 1 H, H-2, PyC=O) ppm. 13C
NMR (100.62 MHz, CDCl3): δ = 123.4 (C-5, PyC=O), 126.0 (d,
4JP,C = 3.0 Hz, C-5, PyP=O), 128.1 (Cm, Ph), 128.5 (Cp, Ph), 129.3
(d, 2JP,C = 21.0 Hz, C-3, PyP=O), 129.34 (d, 3JP,C = 4.4 Hz, Co,
Ph), 131.8 (d, 4JP,C = 1.8 Hz, C-3, PyC=O), 133.7 (d, 2JP,C = 7.6 Hz,
Ci, Ph), 136.2 (C-4, PyC=O), 136.4 (d, 3JP,C = 9.6 Hz, C-4,
PyP=O), 139.3 (d, 2JP,C = 8.8 Hz, =CH), 145.4 (d, 1JP,C = 87.7 Hz,
=CP), 150.5 (d, 3JP,C = 19.2 Hz, C-6, PyP=O), 150.8 (C-2, PyC=O),
153.6 (C-6, PyC=O), 154.1 (d, 1JP,C = 132.2 Hz, C-2, PyP=O),
192.5 (d, 3JP,C = 18.0 Hz, C=O) ppm. 31P NMR (161.98 MHz,
CDCl3): δ = 20.1 ppm. IR (KBr): ν̃max = 1671 (C=O), 1199
(P=O) cm–1. C24H18N3O2P (411.39): calcd. C 70.07, H 4.41, N
10.21, P 7.53; found C 69.87, H 4.30, N 10.13, P 7.30.

(Z)-3-[Di(2-pyridinyl)phosphoryl]-3-phenyl-2-propenenitrile (3e):
Yield 132 mg (40 %); yellowish powder; m.p. 176–178 °C. 1H NMR
(400.13 MHz, CDCl3): δ = 6.20 (d, 3JP,H = 32.0 Hz, 1 H, =CH),
7.21 (m, 1 H, Hp, Ph), 7.23 (m, 2 H, Hm, Ph), 7.37 (m, 2 H, H-5,
Py), 7.49 (m, 2 H, Ho, Ph), 7.80 (m, 2 H, H-4, Py), 8.21 (m, 2 H,
H-3, Py), 8.76 (d, 3J6–5 = 4.5 Hz, 2 H, H-6, Py) ppm. 13C NMR
(100.62 MHz, CDCl3): δ = 111.4 (d, 2JP,C = 3.1 Hz, =CH), 113.9
(d, 3JP,C = 9.2 Hz, CN), 126.2 (d, 4JP,C = 3.0 Hz, C-5, Py), 127.9
(d, 3JP,C = 4.6 Hz, Co, Ph), 128.5 (Cm, Ph), 129.2 (d, 2JP,C = 21.4 Hz,
C-3, Py), 129.5 (Cp, Ph), 136.3 (d, 3JP,C = 9.9 Hz, C-4, Py), 136.8
(d, 2JP,C = 6.9 Hz, Ci, Ph), 150.7 (d, 3JP,C = 20.3 Hz, C-6, Py), 153.4
(d, 1JP,C = 135.8 Hz, C-2, Py), 156.3 (d, 1JP,C = 86.4 Hz, =CP) ppm.
31P NMR (CDCl3): δ = 17.4 ppm. IR (KBr): ν̃max = 2210 (C�N),
1191 (P=O) cm–1. C19H14N3OP (331.31): calcd. C 68.88, H 4.26, N
12.68, P 9.35; found C 68.55, H 4.21, N 12.73, P 9.69.
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Reaction of Tri(2-pyridyl)phosphine (1) with Dimethyl Acetylene-
dicarboxylate (5) in Water: A mixture of phosphine 1 (150 mg,
0.56 mmol), acetylene 5 (80 mg, 0.56 mmol) and water (5 mL) was
blown with argon and stirred at 40–45 °C for 4 h. The aqueous
layer was decanted from the white solid obtained. The solid was
dried in vacuo to give dimethyl fumarate (6), yield 20 mg (25%);
m.p. 100–102 °C. 1H NMR (400.13 MHz, CDCl3): δ = 3.81 (s, 3
H, Me), 6.86 (s, 1 H, =CH) ppm.

The aqueous layer was extracted with chloroform (3�3 mL) and
the extract was dried with MgSO4. After removal of the extractant,
the crude residue (120 mg) was analyzed by 1H and 31P NMR spec-
troscopy. Tri(2-pyridyl)phosphine oxide (4) was identified as the
major product in this residue (1H NMR spectra were consistent
with reported data[16]).

Supporting Information (see footnote on the first page of this arti-
cle): Spectroscopic data for all new products.

Acknowledgments

This work was supported by leading scientific schools by the Presi-
dent of the Russian Federation (grant number NSh-1550.2012.3).

[1] For reviews, see: a) X. Lu, C. Zhang, Z. Xu, Acc. Chem. Res.
2001, 34, 535–544; b) D. H. Valentine, J. H. Hillhouse, Synthe-
sis 2003, 317–334; c) J. L. Methot, W. R. Roush, Adv. Synth.
Catal. 2004, 346, 1035–1050; d) V. Nair, R. S. Menon, A. R.
Sreekanth, N. Abhilash, A. T. Biju, Acc. Chem. Res. 2006, 39,
520–530; e) L. V. Ye, J. Zhou, Y. Tang, Chem. Soc. Rev. 2008,
37, 1140–1152.

[2] I. Yavari, N. Hazeri, M. T. Maghsoodlou, S. Souri, J. Mol. Ca-
tal. A 2007, 264, 313–317.

[3] a) I. Yavari, A. Ramazani, Synth. Commun. 1997, 27, 1449–
1454; b) B. A. Trofimov, T. E. Glotova, M. Yu. Dvorko, I. A.
Ushakov, E. Yu. Schmidt, A. I. Mikhaleva, Tetrahedron 2010,
66, 7527–7532.

[4] a) B. M. Trost, C.-J. Li, J. Am. Chem. Soc. 1994, 116, 3167–
3168; b) B. M. Trost, C.-J. Li, J. Am. Chem. Soc. 1994, 116,
10819–10820; c) B. M. Trost, G. R. Dake, J. Org. Chem. 1997,
62, 5670–5671; d) B. M. Trost, G. R. Dake, J. Am. Chem. Soc.
1997, 119, 7595–7596; e) C. Alvarez-Ibarra, A. G. Csaky, C.
Gomez de la Oliva, Tetrahedron Lett. 1999, 40, 8465–8467; f)
C. Lu, X. Lu, Org. Lett. 2002, 4, 4677–4679; g) D. Lecerclé,
M. Sawicki, F. Taran, Org. Lett. 2006, 8, 4283–4285.

[5] a) B. M. Trost, U. Kazmaier, J. Am. Chem. Soc. 1992, 114,
7933–7935; b) C. Guo, X. Lu, J. Chem. Soc., Chem. Commun.
1993, 394–395; c) C. Guo, X. Lu, J. Chem. Soc. Perkin Trans.
1 1993, 1921–1923; d) S. D. Rychnovsky, J. Kim, J. Org. Chem.
1994, 59, 2659–2660; e) Q. F. Zhou, F. Yang, Q. X. Guo, S.
Xue, Chin. Chem. Lett. 2007, 18, 1029–1032.

[6] a) C. Larpent, G. Meignan, H. Patin, Tetrahedron 1990, 46,
6381–6398; b) A. Ramazani, A. Souldozi, F. Marandi, A. R.
Kazemizadeh, Asian J. Chem. 2005, 17, 293–296; c) A. Ramaz-
ani, L. Dolatyari, A. R. Kazemizadeh, E. Ahmadi, Asian J.
Chem. 2005, 17, 297–300; d) I. Yavari, N. Zabarjad-Shiras,
Mol. Diversity 2006, 10, 23–27; e) R. Heydari, M. T. Magh-
soodlou, R. N. Yami, Phosphorus Sulfur Silicon Relat. Elem.
2008, 183, 2578–2583; f) A. Hassanabadi, M. Anary-Abbasine-
jad, A. Dehghan, Synth. Commun. 2009, 39, 132–138; g) S. M.
Habibi-Khorassani, A. Ebrahimi, M. T. Maghsoodlou, F. R.
Charati, M. A. Kazemian, P. Karimi, Phosphorus Sulfur Silicon
Relat. Elem. 2010, 185, 559–566; h) S. M. Habibi-Khorassani,

Eur. J. Org. Chem. 2014, 639–643 © 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjoc.org 643

A. Ebrahimi, M. T. Maghsoodlou, M. Zakarianezhad, H.
Ghasempour, Z. Ghahghayi, Curr. Org. Chem. 2011, 15, 942–
952; i) J.-C. Deng, S.-C. Chuang, Org. Lett. 2011, 13, 2248–
2251; j) J.-C. Deng, F.-W. Chan, C.-W. Kuo, C.-A. Cheng, C.-
Y. Huang, S.-C. Chuang, Eur. J. Org. Chem. 2012, 5738–5747;
k) A. I. Arkhypchuk, M.-P. Santoni, S. Ott, Angew. Chem.
2012, 124, 7896; Angew. Chem. Int. Ed. 2012, 51, 7776–7780.

[7] S. N. Arbuzova, T. E. Glotova, M. Yu. Dvorko, I. A. Ushakov,
N. K. Gusarova, B. A. Trofimov, ARKIVOC 2011, xi, 183–188.

[8] a) B. A. Trofimov, A. V. Artem�ev, S. F. Malysheva, N. K. Gus-
arova, N. A. Belogorlova, A. O. Korocheva, Yu. V. Gatilov,
V. I. Mamatyuk, Tetrahedron Lett. 2012, 53, 2424–2427; b)
B. A. Trofimov, N. K. Gusarova, A. V. Artem�ev, S. F. Malysh-
eva, N. A. Belogorlova, A. O. Korocheva, O. N. Kazheva, G. G.
Alexandrov, O. A. Dyachenko, Mendeleev Commun. 2012, 22,
187–188.

[9] J. I. Dickstein, S. I. Miller, in: The Chemistry of the Carbon–
Carbon Triple Bond (Ed.: S. Patai), Wiley, New York, 1978, vol.
2, p. 813–955.

[10] a) Y. Uchida, K. Onoue, N. Tada, F. Nagao, S. Oae, Tetrahe-
dron Lett. 1989, 30, 567–570; b) Y. Uchida, H. Kozawa, S. Oae,
Tetrahedron Lett. 1989, 30, 6365–6368.

[11] a) P. Espinet, R. Hernando, G. Iturbe, F. Villafane, A. G.
Orpen, I. Pascual, Eur. J. Inorg. Chem. 2000, 1031–1038; b)
J. A. Casares, P. Espinet, J. M. Martín-Alvarez, G. Espino, M.
Pérez-Manrique, F. Vattier, Eur. J. Inorg. Chem. 2001, 289–296;
c) S. A. S. Anaya, A. Hagenbach, U. Abram, Inorg. Chem.
Commun. 2009, 12, 128–130; d) L. Liu, Y. Wang, Z. Zeng, P.
Xu, Y. Gao, Y. Yin, Y. Zhao, Adv. Synth. Catal. 2013, 355,
659–666.

[12] a) E. Zbiral, Synthesis 1974, 775–797; b) M. Zablocka, A. Igau,
J. P. Majoral, K. M. Pietrusiewicz, Organometallics 1993, 12,
603–604; c) A. M. Maj, K. M. Pietrusiewicz, I. Suisse, F. Ag-
bossou, A. Mortreux, Tetrahedron: Asymmetry 1999, 10, 831–
835; d) D. J. Fox, J. A. Medlock, R. Vosser, S. Warren, J. Chem.
Soc. Perkin Trans. 1 2001, 18, 2240–2249; e) B. A. Trofimov,
L. V. Andriyankova, S. I. Shaikhudinova, T. I. Kazantseva,
A. G. Mal’kina, S. A. Zhivet�ev, A. V. Afonin, Synthesis 2002,
853–856; f) R. A. Stockland Jr., R. A. Taylor, L. E. Thompson,
P. B. Patel, Org. Lett. 2005, 7, 851–853; g) M. Oliana, F. King,
P. N. Horton, M. B. Hursthouse, K. K. Hii, J. Org. Chem.
2006, 71, 2472–2479; h) N. K. Gusarova, N. I. Ivanova, P. A.
Volkov, L. I. Larina, Synthesis 2008, 3523–3529; i) K. Hara, S.-
Y. Park, N. Yamagiwa, S. Matsunaga, M. Shibasaki, Chem.
Asian J. 2008, 3, 1500–1504; j) M. Ma, S. A. Pullarkat, M.
Yuan, N. Zhang, Y. Li, P.-H. Leung, Organometallics 2009, 28,
4886–4889; k) A. M. Gonzalez-Nogal, P. Cuadrado, M. A. Sar-
mentero, Tetrahedron 2010, 66, 9610–9619; l) E. V. Matveeva,
A. E. Shipov, P. V. Petrovskii, I. L. Odinets, Tetrahedron Lett.
2011, 52, 6562–6565.

[13] a) R. W. Stackman, Ind. Eng. Chem. Prod. Res. Dev. 1982, 21,
328–331; b) J. R. Ebdon, D. Price, B. J. Hunt, P. Joseph, F.
Gao, G. J. Milnes, L. K. Cunliffe, Polym. Degrad. Stab. 2000,
69, 267–277.

[14] a) R. K. Haynes, W. A. Loughlin, T. W. Hambley, J. Org.
Chem. 1991, 56, 5785–5790; b) S. J. Berners-Price, R. J. Bowen,
P. Galettis, P. C. Healy, M. McKeage, Coord. Chem. Rev. 1999,
185–186, 823–836; c) J. R. Luque-Ortega, P. Reuther, L. Rivas,
C. Dardonville, J. Med. Chem. 2010, 53, 1788–1798; d) A. N.
Kharat, A. Bakhoda, S. Foroutannejad, C. Foroutannejad, Z.
Anorg. Allg. Chem. 2011, 637, 2260–2264.

[15] A. S. Zanina, S. I. Shergina, I. E. Sokolov, R. N. Myasnikova,
Russ. Chem. Bull. 1995, 44, 689–694.

[16] G. E. Griffin, W. A. Thomas, J. Chem. Soc. B 1970, 477–479.
Received: September 24, 2013

Published Online: November 21, 2013


