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Reaction of phosphazenes derived from aminophosphonates with acetylenic esters leads to conjugated phosphorus
ylides. The formation of these stabilized ylides is explained through a [2�2] cycloaddition reaction of the P��N
linkage of the phosphazene (1,2-addition) and the triple bond of the acetylenic ester followed by ring opening
of the azaphosphete intermediate. However, in the case of N-vinylic phosphazenes, the phosphazenes derived
from triphenyl- and trimethyl-phosphine react as enamines (1,4-addition) with diacetylenic esters, whereas in
phosphazenes derived from trimethylphosphine a 1,2-addition of ethyl propiolate to the P��N linkage of the
phosphazene is produced.

Introduction
Phosphazenes 1,2 represent an important class of compounds
and have attracted a great deal of attention in recent years
because of their broad range of uses in the construction of
acyclic compounds 3 and in the preparation of heterocycles.4

Likewise, it is well known that these substrates are a useful tool
for the construction of carbon–nitrogen double bonds (Aza–
Wittig reaction) 1,5 but it is less known that phosphazenes react
with acetylenic derivatives such as propargylic phosphonium
salts 6 or acetylenedicarboxylic acid esters 7 with formation of
conjugated phosphorus ylides through a formal insertion of the
triple bond into the phosphazene linkage (Scheme 1).

In this context, we have previously studied the [2 � 2] cyclo-
addition reaction of simple N-aryl- 8a,b and N-ethoxycarbonyl-
phosphazenes 8c derived from alkyldiphenylphosphines (1,2-
addition through the phosphazene linkage) with acetylenic
esters (diethyl acetylenedicarboxylate esters and ethyl propiol-
ate). However, when P-functionalized phosphazenes such as
β-enamino phosphazenes I (Scheme 2) were used, the presence
of a new functional group offers new reactive centres towards
the acetylenic triple bond and the reaction may have taken place
either through the phosphazene linkage or through the enamine
moiety, depending on the reactivity of the phosphazene. N-Aryl
β-enamino phosphazenes Ia (R1 = Ph) reacted with acetylenic
esters through the phosphazene group to give conjugated
phosphorus ylides II.9a However, when the reactivity of
the phosphazene group decreased by the introduction of
electron-withdrawing substituent in the nitrogen atom such as
N-benzoyl- 9b Ib (R1 = COPh) or N-ethoxycarbonyl β-enamino
phosphazenes 9c Ib (R1 = COOR) the reaction with acetylenic
esters took place through the enamine moiety to give function-
alized enamines III (Scheme 2), without altering the phos-
phazene group.

Following on from our previous studies on the reactivity and
the synthetic utility of phosphazenes, here we aim to explore

Scheme 1 General reaction of phosphazenes with acetylenic
derivatives.

the reaction of phosphazenes derived from aminophosphonates
with acetylenic esters. α-Aminophosphonates are very interest-
ing compounds as they can be considered as surrogates for
α-amino acids,10a and have been used as haptens in the gener-
ation of catalytic antibodies 10b and as enzyme inhibitors.10c,d

Moreover, the reaction of N-vinylic phosphazenes with acetyl-
enic esters is studied in order to test whether the introduction at
the nitrogen atom of a new functional group (a double bond)
conjugated with the phosphazene group could drive the process
either through the phosphazene linkage (1,2-addition) or
through the vinyl carbon atom (1,4-addition).

Results and discussion

Reaction of N-phosphorylalkyl phosphazenes 1 and 7 with acety-
lenic esters 2

Phosphazenes 1, derived from aminoalkylphosphonate, are
very unstable compounds.1e,11 For this reason, the phosphazene
was generated in situ by Staudinger reaction of diethyl azido-
methylphosphonate 12 with triphenylphosphine, and the
crude reaction mixture, without purification, was treated with

Scheme 2 General reaction of β-enamino phosphazenes with
acetylenic esters.
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dimethyl acetylenedicarboxylate 2a (R1��CO2Me) in THF at
room temperature to give conjugated ylide 4a, derived from
aminophosphonates, in good yield (Scheme 3, Table 1, entry 1).
The presence of phosphazene 1 in the crude reaction mixture
and the evolution of the process was monitored by 31P-NMR
spectroscopy.13 Compound 4a was characterized on the basis
of its spectroscopic data. Thus, the 31P NMR spectrum of
compound 4a showed absorptions at δP = 23.9 and 16.6 ppm
for the phosphonate and the phosphorus ylide group, while
the 1H NMR showed a doublet for the methylene group
(δH = 3.27 ppm; 2JPH = 16.1 Hz). 13C NMR displayed doublets
for the methylene group at δC = 47.9 ppm (1JPC = 163.2 Hz) and
for the carbon bonded to the phosphorus atom at δC = 57.5 ppm
with a coupling constant 1JPC= 119.4 Hz, and a double doublet
for the imine carbon at δC = 164.1 ppm (2JPC = 6.8 Hz, 3JPC =
20.4 Hz,). The formation of conjugated phosphorus ylide 4a,
derived from aminophosphonates, in a similar manner to
simple phosphazenes,8 could be explained through [2 � 2]
cycloaddition of the phosphazene linkage of 1a to the carbon–
carbon triple bond of the acetylenic ester 2a followed by an
electrocyclic ring opening of the unstable four-membered
phosphor heterocycle 3. The reaction was not limited to acetyl-
enic diester given that N-phosphorylalkyl phosphazene 1a
also reacted with monoester methyl propiolate 2b (R1 = H) to
afford functionalized aldimine 4b (R1 = H) (Scheme 3, Table 1,
entry 2).

These polyfunctionalized ylides 4 present two potential
reactive centres capable of producing olefination reactions such
as the phosphorus ylide group (Wittig reactions) 14 and the
phosphonate group (Wadsworth–Emmons reaction).15 Due

Scheme 3 Reaction of N-phosphorylalkyl phosphazenes 1 and 7 with
acetylenic esters 2.

Table 1 Conjugated phosphorus ylides obtained 4, 6 and 9

Entry Compound R R1 Yield (%)

1 4a Phenyl COOMe 88 a

2 4b Phenyl H 76 b

3 6 Phenyl COOMe 65 b

4 9 Butyl COOMe 72 c

a Yield after purification by recrystallization with hexane–
dichloromethane. b Yield after purification by recrystallization with di-
ethyl ether. c Yield after purification by recrystallization with hexane. 

possibly to the stabilized character of the phosphorus ylide
moiety, they reacted neither with benzaldehyde nor with diethyl
ketomalonate, even when heating the reagents to 70 �C, in
order to obtain 1-azadiene 5 and the starting materials were
recovered. However, a selective olefination reaction was per-
formed with formation of conjugated ylide derived from tri-
phenylphosphine (R = Ph) 6, when compound 4a was treated
with diethyl ketomalonate in refluxing THF in the presence
of a base such as sodium hydride (Scheme 3, Table 1, entry 3).
Spectroscopic data were in agreement with the assigned
structure 6. Mass spectrometry of the compound showed
the molecular ion peak (m/z 589, 4%), while in the 31P NMR
spectrum the phosphorus ylide group resonated at δP =
16.5 ppm and the 13C-NMR spectrum of 6 showed very charac-
teristic doublets at δC = 69.1 ppm (1JPC = 111.3 Hz) and at
δC = 165.8 ppm (2JPC = 14.1 Hz) for the carbon directly bonded
to the phosphorus atom and for the imine carbon. In order to
explore the selective olefination reaction with ethyl ketomalon-
ate through the stabilized phosphorus ylide, we thought that the
substitution of triphenylphosphine for an aliphatic phos-
phine (tributylphosphine) could increase the reactivity of the
stabilized phosphorus ylide 4. Therefore, following the syn-
thetic strategy used before, we needed the N-phosphorylmethyl
phosphazene 7, derived from tributylphosphine (R = Bu).
Phosphazene 7 was generated in situ by Staudinger reaction of
diethyl azidomethylphosphonate 12 with tributylphosphine, and
the crude reaction mixture without purification was treated
with dimethyl acetylenedicarboxylate 2a (R1 = CO2CH3) in
THF at room temperature and with ethyl ketomalonate. How-
ever, 1-azadiene 5 (R1 = R2 = CO2C2H5) was not obtained and
conjugated phosphorus ylide 9 derived from tributylphosphine
was obtained. (Scheme 3, Table 1, entry 4).

Reaction of N-vinylic phosphazenes 10, 16 with acetylenic esters
2

Continuing with our interest in the reactivity of phosphazenes
with acetylenic esters, we explored the behaviour of N-vinylic
phosphazenes, since an adjacent double bond in conjugation
with the phosphazene moiety introduces the interesting prob-
lem of selectivity: i.e., reaction at the nitrogen (1,2-addition) or
at the γ-C-atom (1,4-addition). N-vinylic phosphazenes 10 were
easily obtained by reaction of phosphorus ylides and nitriles,5c

and the treatment of phosphazene 10a, derived from triphenyl-
phosphine (R4 = 2-pyridyl), with dimethyl acetylenedicarb-
oxylate 2a in HCCl3 at room temperature gave conjugated
phosphazene 11a, in good yield (Scheme 4, Table 2, entry 1).
Compound 11a was characterized on the basis of spectroscopic
data. A 31P NMR spectrum of compound 11a showed

Scheme 4 Reaction of N-vinylic phosphazenes 10 with acetylenic
esters.
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absorption at δP = 7.52 ppm, while the 13C NMR displayed
singlets at δC = 147.5 ppm for the enamine carbon bonded to the
nitrogen atom and at δC = 168.2 and 170.5 ppm for carboxylate
esters. The cis configuration of the ester groups on the C5–C6
double bond is supported by NOE experiments. However, when
the reaction was performed with phosphazenes 10b (R4 = Ph)
and 10c (R4 = 2-furyl), not only conjugated phosphazenes 11b,c
but also primary enamines 12b,c, as minor components
(Scheme 4, Table 2, entries 2–5) were isolated. Mass spectro-
metry of 12a (R2 = Ph) showed the molecular ion peak (m/z 337,
100%) is in agreement with the structure of compounds 12.
However, in the case of phosphazene 10d (R4 = 2-thienyl) only
primary enamine 12d (Scheme 4, Table 2, entry 6) was obtained.
The reaction cannot be extended to ethyl propiolate 2c since a
very complex mixture of products was obtained under similar
reaction conditions. The formation of conjugated phos-
phazenes 11 could be explained by Michael addition of the γ-C-
atom (1,4-addition) of phosphazenes 10 to the carbon–carbon
triple bond of the acetylenic ester 2a in a similar way to that
observed by the conjugative addition of the γ-C-atom (1,4-addi-
tion) of N-vinylic phosphazenes to simple 5b,d and unsaturated
carbonyl compounds.16 Hydrolysis of the phosphazene linkage
could give primary enamines 12b,c (Scheme 4, Table 2, entries
4, 5). Therefore, from a synthetic point of view, N-vinylic phos-
phazenes 10 can be considered as protected primary enamines
and therefore as synthetic equivalents of primary enamines 13
when they reacted with acetylenic esters. It is noteworthy that
primary enamines are very unstable unless conjugated with an
electron-withdrawing group at the β-carbon atom.17 For this
reason, it is interesting to develop new synthetic strategies
for the preparation of protected primary enamines without sta-
bilizing electron-withdrawing groups.

The influence of substituents on the phosphorus in phos-
phazenes can play an important role in their reactivity.5b,5d,18 For
this reason, we tried to prepare new N-vinylic phosphazenes
derived from aliphatic phosphines, since a higher reactivity
through the phosphazene linkage is expected. Reaction of the
phosphorus ylide derived from trimethylphosphine 14 and
nitrile 15b (R4 = Ph) and 15c (R4 = 2-furyl) led to N-vinylic
phosphazenes 16b,c (Scheme 5), whose formation can be
explained by construction and ring opening of azaphosphete
17, in a similar way to that reported for N-vinylic phosphazenes

Scheme 5 Preparation of N-vinylic phosphazenes 16b,c.

Table 2 Compounds 11, 12, 21, 22 obtained

Entry Compound R4 Yield (%) a

1 11a 2-Pyridyl 60
2 11b Phenyl 93 b

3 11c 2-Furyl 80 c

4 12b Phenyl 93 b : 88 d

5 12c 2-Furyl 80 c : 79 d

6 12d 2-Thienyl 54
7 21 2-Furyl 85
8 22 2-Furyl 94

a Yield after purification by flash chromatography. b Proportion 11a :
12a: 67 : 33. c Proportion 11c : 12c: 90 : 10. d Obtained from phos-
phazenes 16. 

10, derived from triphenylphosphine.5c Spectroscopic data were
in agreement with the assigned structure 16. The phosphorus
ylide group for 16c resonated in the 31P NMR spectrum at
δP = 9.56 ppm, while 1H-NMR and the 13C-NMR spectrum of
16c showed very characteristic data for CH�� at 6.10 ppm as a
singlet and at 111.4 ppm respectively. These unstable phos-
phazenes 16b,c were used without isolation for the following
purposes.

Reaction of these N-vinylic phosphazenes derived from
trimethylphosphine 16b,c with dimethyl acetylenedicarboxylate
2a in HCCl3at room temperature and even at low temperature
(�78 �C) gave conjugated enamines 12b,c (Scheme 6, Table 2,
entries 4, 5). As before, the formation of conjugated enamines
12 could be explained by Michael addition of the γ-C-atom
(1,4-addition) of phosphazenes 16 to the carbon–carbon triple
bond of the acetylenic ester 2a followed by hydrolysis of the
unstable phosphazenes derived from trimethylphosphine 18.
However, selective reaction through the phosphazene linkage
can be achieved when phosphazene 16c, derived from tri-
methylphosphine, is reacted with monoacetylenic ester. Treat-
ment of N-vinylic phosphazene 16c with ethyl propiolate 2c
gave conjugate phosphorus ylide 19 in good yield (Scheme 6).
This functionalized phosphorus ylide 19, derived from tri-
methylphosphine, proved to be unstable during distillation or
chromatography and therefore was not isolated in a pure form.
However, this unstable phosphorus ylide 19 was characterized
by its spectroscopic data. The phosphorus ylide group reson-
ated in the 31P NMR spectrum at δP = 9.29 ppm, while the 1H-
NMR spectrum of 19 showed a very characteristic doublet at
8.51 ppm with a coupling constant of 26.2 Hz corresponding to
the iminic compound. The formation of conjugated phos-
phorus ylide 19 could be explained through [2 � 2] cyclo-
addition of the phosphazene linkage of 19 (1,2-addition)
(Scheme 6).

Finally, we tried to study whether the stabilized phosphorus
ylide group 19, derived from trimethylphosphine, could be used
as an intermediate in the preparation of azatrienes 20. Selective
olefination reaction of compound 19 (Wittig reaction) was
explored. However, treatment of conjugated phosphorus ylide

Scheme 6 Reaction of N-vinylic phosphazenes 16 with acetylenic
esters.
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19 with p-nitrobenzaldehyde in refluxing toluene did not give
azatriene 20, but 1,4-dihydropyridine 21 was obtained instead
(Scheme 7, Table 2, entry 7). The formation of this compound
can be explained by electrocyclic ring closure of azatriene 20.
An oxidation reaction of 1,4-dihydropyridine 21 with p-benzo-
quinone led to the formation of pyridine 22 (Scheme 7, Table 2,
entry 8). It is worth noting that 1,4-dihydropyridines are com-
pounds with interesting therapeutic 19 and bioorganic 20 appli-
cations due to the fact that they can exhibit selective inhibitory
activities against type-N calcium channels and are used as rem-
edies for various diseases related to them.21 Pyridine com-
pounds derived from β-aminoacids are also useful heterocycles
not only for their biological activity 22 but also because the
pyridine nucleus is a structural unit appearing in many natural
products.23

In conclusion, the reaction of N-functionalized phos-
phazenes 1 and 7, derived from aminophosphonates, with acetyl-
enic esters takes place through the phosphazene linkage to
give N-phosphorylmethyl imines 4. However, in the case of
N-vinylic phosphazenes, the presence of an olefinic group in
conjugation with the phosphazene group opens new synthetic
pathways depending on the substituents at the phosphorus
atom. N-vinylic phosphazenes derived from triphenyl 10 or
trimethyl phosphine 16 reacted like enamines (1,4-addition)
with diacetylenic esters such as dimethyl acetylendicarboxylic
ester to afford conjugated phosphazenes 11 and 18. However,
N-vinylic phosphazenes derived from trimethyl phosphine
reacted through the phosphazene linkage (1,2-addition) with
monoacetylenic esters such as ethyl propiolate giving the conju-
gated phosphorus ylide 19. The selective olefination reactions
of N-phosphorylalkylimines derived from triphenyl 4 or trib-
utylphosphoranes 8 are produced through the phosphonate
group (Wadsworth–Emmons reaction) with the formation of
heterodienes containing the phosphorus ylide group 6,9.
Nevertheless, the selective olefination reaction of conjugated
phosphorane derived from trimethylphosphines (Wittig reac-
tion) led to the formation of heterocyclic compounds through
azatrienes. Heterodienes,24,25 1,4-dihydropyridines,19–21 pyrid-
ines 22,23 and functionalized phosphorus ylides 14 are important
synthons in organic synthesis and in the preparation of
biologically active compounds.

Scheme 7 Wittig reaction of ylide 19 with p-nitrobenzaldehyde.

Experimental

General

Chemicals were purchased from Aldrich Chemical Company.
Solvents for extraction and chromatography were technical
grade. All solvents used in reactions were freshly distilled from
appropriate drying agents before use. All other reagents were
recrystallized or distilled as necessary. All reactions were per-
formed under an atmosphere of dry nitrogen. Analytical TLC
was performed with Merck silica gel 60 F254 plates. Visualiz-
ation was accomplished by UV light. Flash chromatography
was carried out using Merck silica gel 60 (230–400 mesh
ASTM). Melting points were determined with a Electrothermal
IA9100 Digital Melting Point Apparatus and are uncorrected.
1H (300 MHz), 13C (75 MHz) and 31P NMR (120 MHz) spectra
were recorded on a Varian VXR 300 MHz spectrometer
using CDCl3 or CD3OD solutions with TMS as an internal
reference for 1H and 13C NMR spectra and phosphoric acid
(85%) for 31P NMR spectra. Chemical shifts (δ) are reported in
ppm. Coupling constants (J) are reported in Hertz. Low-
resolution mass spectra (MS) were obtained at 50–70 eV by
electron impact (EIMS) on a Hewlett Packard 5971 or 5973
spectrometer and by chemical ionization (CI) on a Hewlett
Packard 1100MSD. Data are reported in the form m/z (inten-
sity relative to base = 100). Infrared spectra (IR) were taken on
a Nicolet IRFT Magna 550 spectrometer, and were obtained
as solids in KBr or as neat oils. Peaks are reported in cm�1.
Elemental analyses were performed in a LECO CHNS-932
apparatus. Diethyl azidomethylphosphonate was synthesized
according to literature procedures.12

General procedure for the synthesis of conjugated phosphorus
ylides 4

To a solution of triphenylphosphine (1.18 g, 4.5 mmol) in THF
(10 ml) was added dropwise with stirring and with an ice-bath a
solution of diethyl azidomethylphosphonate. Phosphazene 1
was generated in situ and the presence of 1 in the crude reaction
mixture was monitored by 31P NMR spectroscopy.13 To the
crude reaction was added dimethyl acetylenedicarboxylate 2a
(4.5 mmol) or methyl propiolate 2b (4. 5 mmol) and the mixture
was stirred at room temperature for 10 h. The crude product
was concentrated under vacuum and the residual product was
crystallized with diethyl ether to afford the ylides 4

1,1,1-Triphenyl-2,3-dimethoxycarbonyl-4-diethoxyphosphoryl-
methyl-1,4-phosphazabutadiene 4a

The general procedure was followed using dimethyl acetylene-
dicarboxylate 2a (0.64 g, 4.5 mmol) Recrystallization with hex-
ane–dichloromethane (10 : 1) gave 4a (2.25 g, 88%) as a yellow
solid; mp 152–153 �C (Found: C, 61.30; H, 5.87; N, 2.49.
C29H33NO7P2 requires C, 61.16; H, 5.84; N, 2.46%); νmax(KBr)/
cm�1 1727 (C��O), 1238 (P��O); δH(250 MHz; CDCl3; Me4Si)
1.01 (6 H, m, CH3), 3.18 (3 H, s, OCH3), 3.27 (2 H, d, 2JPH =
16.1, NCH2), 3.65 (4 H, m, OCH2), 3.88 (3 H, s, OCH3), 7.43–
7.78 (15 H, m, CHarom); δC(75 MHz; CDCl3) 16.1, 16.2, 47.9 (d,
1JPC = 163.2), 51.6, 57.5 (d, 1JPC = 119.4), 61.4, 61.5, 125.9 (d,
1JPC = 94.2), 128.2–133.9 (m), 164.1 (dd, 3JPC = 20.4, 2JPC = 6.8),
166.5 (d, 3JPC = 13.1), 168.3 (d, 2JPC = 14.6); δP(120 MHz;
CDCl3) 16.6 (PPh3), 23.9 (P��O); m/z (EI) 570 (M� � 1, 48%).

1,1,1-Triphenyl-2-methoxycarbonyl-4-diethoxyphosphoryl-
methyl-1,4-phosphazabutadiene 4b

The general procedure was followed using methyl propiolate 2b
(0.38 g, 4.5 mmol). Recrystallization with hexane–dichloro-
methane (10 : 1) gave 4b (1.75 g, 76%) as a yellow solid; mp 97–
98 �C (Found: C, 63.39; H, 6.10; N, 2.72. C27H31NO5P2 requires
C, 63.40; H, 6.11; N, 2.74%), νmax(KBr)/cm�1 1690(C��O);
δH(250 MHz; CDCl3; Me4Si) 1.05 (6 H, m, CH3), 3.37 (3 H, s,
OCH3), 3.27 (2 H, d, 2JPH = 15.1, NCH2), 3.72 (4 H, m, OCH2),
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7.41–7.70 (15 H, m, CHarom), 8.45(1H, dd, 3JPH = 25.1,
4JPH = 3.2, CH��); δC(75 MHz; CDCl3) 16.2, 16.3, 49.8, 55.4 (d,
1JPC = 117.9), 56.5 (d, 1JPC = 154.5), 61.4, 61.5, 125.1–133.9,
165.5 (d, 2JPC = 18.2), 169.3 (d, 2JPC = 15.4); δP(120 MHz;
CDCl3) 18.2 (PPh3), 23.7 (P��O); m/z (EI) 512 (M� � 1, 35%).

Synthesis of 1-triphenyl-2,3-dimethoxycarbonyl-6,6-diethoxy-
carbonyl-1,4-phosphaza-1,3,5-hexatriene 6

To a solution of HNa (0.14 g, 6 mmol) in THF (10 ml) to 0 �C
was added dropwise with stirring a solution of ylide 4a (1.71 g,
3 mmol) in THF (10 ml). The mixture was stirred to 0 �C for
1 hour, afterwards was added a solution of diethyl ketomalonate
(0.52 g, 3 mmol) in THF (2.5 ml) and was stirred at reflux for
50 hours. The crude was concentrated under vacuum and the
residual product was washed with water, extracted with di-
chloromethane and evaporated under vacuum. The residue was
purified by recrystallization with diethyl ether to afford the ylide
6 as a yellow solid (1.27 g, 72%); mp 150–151 �C (Found: C,
65.25; H, 5.48; N, 2.40. C32H32NO8P requires C, 65.20; H, 5.47;
N, 2.38%); νmax(KBr)/cm�1 1733 (C��O), 1728 (C��O), 1712 (C��
O), 1680 (C��O); δH(250 MHz; CDCl3; Me4Si) 0.88 (3 H,
t,3JHH = 7.2, CH3), 1.08 (3 H, t,3JHH = 7.2, CH3), 3.16 (3 H, s,
OCH3), 3.33 (2 H, q, 3JHH = 7.2, OCH2), 3.87 (3 H, s, OCH3),
3.97 (2H, q, 3JHH = 7.2, OCH2), 7.38–7.62 (16 H, m, CHarom);
δC(75 MHz; CDCl3) 13.4, 13.6, 50.0, 51.5, 59.2, 59.4, 69.1 (d,
1JPC = 111.3), 113.9, 124.0 (d, 1JPC = 94.2), 128.1–133.1, 148.7,
164.9, 165.0, 165.8 (d, 2JPC = 14.1), 166.6 (d, 3JPC = 13.6), 167.9
(d, 2JPC = 5.5); δP(120 MHz; CDCl3) 16.5; m/z (EI) 589 (M�,
4%).

Synthesis of 1-tributyl-2,3-dimethoxycarbonyl-6,6-diethoxy-
carbonyl-1,4-phosphaza-1,3,5-hexatriene 9

To a solution of tributylphosphine (0.91 g, 4.5 mmol) in toluene
(10 ml) was added dropwise with stirring and with an ice-bath a
solution of diethyl azidomethylphosphonate (0.97 g, 5 mmol).
The mixture was stirred at room temperature for 1 hour. To the
crude reaction was added dimethyl acetylenedicarboxylate 2a
(0.64 g, 4.5 mmol) and the mixture was stirred at room temper-
ature for 14 h, afterwards was added diethyl ketomalonate (0.52
g, 3 mmol) and was stirred at reflux for 47 hours. The crude was
concentrated under vacuum and the residual product was
recrystallized with hexane to afford the ylide 9 as a yellow solid
(1.55 g, 65%); mp 82–83 �C (Found: C, 58.92; H, 8.35; N, 2.67.
C26H44NO8P requires C, 58.98; H, 8.32; N, 2.65%), νmax(KBr)/
cm�1 1736 (C��O), 1710 (C��O), 1657 (C��O); δH(250 MHz;
CDCl3; Me4Si) 0.92 (9 H, t,3JHH = 6.7, CH3), 1.24 (3 H, t,3JHH =
7.1, CH3), 1.29 (3 H, t,3JHH = 7.1, CH3), 1.42 (12H, m, CH2),
2.27 (6H, m, PCH2), 3.62 (3 H, s, OCH3), 3.87 (3 H, s, OCH3),
4.18 (4H, m, OCH2), 7.69 (1 H, s, CH��); δC(75 MHz; CDCl3)
13.6, 14.3, 21.0 (d, 1JPC = 53.1), 23.9 (d, 3JPC = 16.1), 24.2 (d,
2JPC = 4.1), 51.0, 51.8, 60.0, 60.3, 69.0 (d, 1JPC = 99.2), 112.5,
151.7, 165.9, 166.0 (d, 2JPC = 13.1), 167.1 (d, 3JPC = 13.6), 167.2,
169.2 (d, 2JPC = 5.0); δP(120 MHz; CDCl3) 26.2; m/z (EI) 529
(M�, 5%).

General procedure for the synthesis of phosphazenes 11 and
enamines 12

To a solution of phosphazene 10 (5 mmol) in chloroform
(20 mL) was added dimethyl acetylenedicarboxylate (0.67 mL,
5 mmol), and the mixture was stirred at room temperature in an
atmosphere of nitrogen until TLC indicated the disappearance
of phosphazene. Evaporation of solvent under reduced pres-
sure afforded an oil that was separated on silica gel to give
compounds 11 and 12.

1,1,1,4-Tetraphenyl-5,6-bis(methoxycarbonyl)-3-(2-pyridyl)-2-
aza-1,�5-phosphahexa-1,3,5-triene 11a

The general procedure was followed using 1,1,1,4-tetraphenyl-
3-(2-pyridyl)-2-aza-1,λ5-phosphabuta-1,3-diene 10a (2.28 g).

Chromatographic separation (1 : 1, hexane–ethyl acetate) gave
11a (1.80 g, 60%) as a yellow solid; mp 171–172 �C (from hex-
ane–dichloromethane, 10 : 1) (Found: C, 74.33; H, 5.28; N,
4.63. C37H31N2O4P requires C, 74.24; H, 5.22; N, 4.68%);
νmax(KBr)/cm�1 1694 (C��O), 1241 (P��N); δH(250 MHz; CDCl3;
Me4Si) 3.74 (3 H, s, OCH3), 3.77 (3 H, s, OCH3), 6.45–6.97 (3 H,
m, CHarom), 7.18 (1 H, s, CH��), 7.20–7.60 (21 H, m, CHarom);
δC(75 MHz; CDCl3) 50.7, 53.0, 122.0 (d, J 75, C��), 127.8–147.5
(m), 157.6, 162.3, 168.2, 170.5; m/z (EI) 599 (M�, 50).

1,1,1,3,4-Pentaphenyl-5,6-bis(methoxycarbonyl)-2-aza-1,�5-
phosphahexa-1,3,5-triene 11b and methyl 5-amino-4,5-diphenyl-
3-methoxycarbonylpenta-2,4-dienoate 12b

The general procedure was followed using 1,1,1,3,4-penta-
phenyl-2-aza-1,λ5-phosphabuta-1,3-diene 10b (2.28 g). Chrom-
atographic separation (5 : 1, hexane–ethyl acetate) gave 11b
(1.67 g, 56%) as a yellow solid; mp 107–108 �C (from hexane–
dichloromethane, 10 : 1) and 12b (0.62 g, 37%) as a yellow solid;
mp 107–108 �C (from hexane–dichloromethane, 10 : 1). For
compound 11b (Found: C, 76.33; H, 5.38; N, 2.33. C38H32NO4P
requires C, 76.37; H, 5.40; N, 2.34%), νmax(KBr)/cm�1 1705
(C��O), 1407 (P��N); δH(250 MHz; CDCl3; Me4Si) 3.33 (3 H, s,
OCH3), 3.81 (3 H, s, OCH3), 6.75–7.83 (26 H, m, CHarom); δC(75
MHz; CDCl3) 50.4, 52.0, 126.2–132.8 (m), 137.1, 138.4, 142.7,
168.1, 170.2; m/z (EI) 597 (M�, 100). For 12b (Found: C, 71.33;
H, 5.70; N, 4.13. C20H19NO4 requires C, 71.20; H, 5.68; N,
4.15%); νmax(KBr)/cm�1 3424 (NH2), 1710(C��O), 1690 (C��O);
δH(250 MHz; CDCl3; Me4Si) 3.65 (3 H, s, OCH3), 3.73 (3 H, s,
OCH3), 4.75 (2 H, s, NH2), 6.86–7.26 (11 H, m, CHarom); δC(75
MHz; CDCl3) 50.9, 52.0, 91.4, 127.0–140.5 (m), 161.1, 169.9,
170.1; m/z (EI) 337 (M�, 100).

1,1,1,4-Tetraphenyl-5,6-bis(methoxycarbonyl)-3-(2-furyl)-2-aza-
1,�5-phosphahexa-1,3,5-triene 11c and methyl 5-amino-5-(2-
furyl)-3-methoxycarbonyl-4-phenylpenta-2,4-dienoate 12c

The general procedure was followed using 1,1,1,4-tetraphenyl-
3-(2-furyl)-2-aza-1,λ5-phosphabuta-1,3-diene 10c (2.22 g).
Chromatographic separation (5 : 1, hexane–ethyl acetate) gave
11c (2.05 g, 70%) as a yellow solid; mp 128–129 �C (from hex-
ane–dichloromethane, 10 : 1) and 12c (0.16 g, 10%) as a yellow
solid; mp 143–144 �C (from hexane–dichloromethane, 10 : 1);
For compound 11c (Found: C, 73.53; H, 5.18; N, 2.33.
C36H30NO5P requires C, 73.58; H, 5.15; N, 2.38%); νmax(KBr)/
cm�1 1694 (C��O), 1406 (P��N); δH(250 MHz; CDCl3; Me4Si)
3.35 (3 H, s, OCH3), 3.61 (3 H, s, OCH3), 5.90 (2 H, s, Hfur), 6.82
(1 H, s, CH��), 7.22–7.74 (21 H, m, CHarom); δC(75 MHz; CDCl3)
50.7, 51.9, 109.3, 110.3, 128.0–140.4 (m), 152.4, 168.0, 170.0;
m/z (EI) 587. For compound 12c (Found: C, 66.10; H, 5.20;
N, 4.20. C18H17NO5 requires C, 66.05; H, 5.23; N, 4.28%);
νmax(KBr)/cm�1 3509 (NH2), 1705 (C��O), 1665 (C��O); δH(250
MHz; CDCl3; Me4Si) 3.54 (3 H, s, OCH3), 3.72 (3 H, s, OCH3),
6.33 (1 H, dd, J 1.7, 3,5, Hfur), 6.69 (1 H, d, J 3,5, Hfur), 7.25–
7.77 (9 H, m, CHarom); δC(75 MHz; CDCl3) 50.7, 51.9, 109.3,
110.3, 128.0–148.1(m), 169.5, 169.8; m/z (EI) 327 (M�, 100).

Methyl 5-amino-3-methoxycarbonyl-5-(2-thienyl)penta-2,4-
dienoate 12d

The general procedure was followed using 1,1,1,4-tetraphenyl-
3-(2-thienyl)-2-aza-1,λ5-phosphabuta-1,3-diene 10d (2.30 g).
Chromatographic separation (5 : 1, hexane–ethyl acetate) gave
12d (0.93 g, 54%) as a brown solid; mp 122–124 �C (from
hexane–dichloromethane, 10 : 1) (Found: C, 63.02; H, 5.00; N,
4.10. C18H17NO4S requires C, 62.96; H, 4.99; N, 4.08%);
νmax(KBr)/cm�1 3425 (NH2), 1711 (C��O), 1680 (C��O); δH(250
MHz; CDCl3; Me4Si) 3.60 (3 H, s, OCH3), 3.72 (3 H, s, OCH3),
6.80–7.49 (11 H, m, CHarom); δC(75 MHz; CDCl3) 51.1, 52.2,
92.4, 126.8–141.7 (m), 153.4, 169.6, 169.8; m/z (EI) 343 (M�,
100).
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General procedure for the synthesis of N-vinylic phosphazenes 16

To a solution of benzyltrimethylphosphonium iodide (1.47 g,
5 mmol) in toluene (20 mL) cooled to 0 �C under N2 was
added dropwise a 0.5 M solution of potassium bis(trimethyl-
silyl)amide in toluene (2.5 mL, 5 mmol). The yellow solution
was stirred at room temperature for 4 hours, afterwards was
filtered under an inert atmosphere to remove the formed salts,
and solvents and reagents were eliminated under vacuum. Tolu-
ene (20 mL) was added to the ylide and cooled to 0 �C and a
solution of nitrile 15 (5 mmol) in toluene (10 mL) was added
dropwise and stirred at room temperature for 24 hours. The
mixture was evaporated under vacuum under an inert atmos-
phere, and the phosphazene 16 obtained was used without
further purification.

1,1,1-Trimethyl-3,4-diphenyl-2-aza-1,�5-phosphabuta-1,3-diene
16b

The general procedure was followed using 0.500 mL (5 mmol)
of benzonitrile. The reaction compound is unstable to distil-
lation or chromatography and therefore was not isolated and
used for the following reactions. δH(250 MHz; CDCl3; Me4Si)
of crude reaction mixture 1.60 (9 H, d, J 12.3, CH3), 5.84 (1 H,
s, CH��), 6.67–7.75 (10 H, m, CHarom); δC(75 MHz; CDCl3)
of crude reaction mixture 16.8 (d, J 67.6, CH3), 124.5, 128.7,
129.0, 140.3.

1,1,1-Trimethyl-4-phenyl-3-(2-furyl)-2-aza-1,�5-phosphabuta-
1,3-diene 16c

The general procedure was followed using 0.437 mL (5 mmol)
of 2-furonitrile (2.22 g). The reaction compound is unstable to
distillation or chromatography and therefore was not isolated
and used for the following reactions. δH(250 MHz; CDCl3;
Me4Si) of crude reaction mixture 1.51 (9 H, d, J 12.5, CH3),
6.15 (1 H, s, CH��), 6.40 (1 H, m, CHfur), 6.44 (1 H, d, J 3.2,
CHfur), 7.04–7.90 (6 H, m, CHarom); δC(75 MHz; CDCl3) of
crude reaction mixture 17.0 (d, J 68.0, CH3), 105.9, 111.4,
124.1, 127.7, 127.8, 140.3.

Ethyl 3-(1-furan-2-yl-2-phenylvinylimino)-2-(trimethyl-�5-
phosphanylidene)propionate 19

To a solution of phosphazene 16c (5 mmol) in toluene (20 mL)
was added ethyl propiolate (0.51 mL, 5 mmol), and the mixture
was stirred at room temperature under an inert atmosphere.
The reaction was monitored by 31P-NMR and after 2 hours the
total disappearance of phosphazene was observed. Evapor-
ation under reduced pressure afforded an oil, which is unstable
to distillation or chromatography and therefore was not isolated
and used for the following reaction. δH(250 MHz; CDCl3;
Me4Si) of crude reaction mixture 1.23 (3 H, t, J 7.1, CH3), 1.93
(9 H, d, J 13.8, CH3), 4.10 (2 H, d, J 7.1, CH2), 6.14 (1 H, s,
CH��), 6.26 (1 H, d, J 3.2, CHfur), 6.39 (1 H, dd, J 3.2, J 1.8,
CHfur), 6.93–7.53 (6 H, m, CHarom), 8.54 (1 H, d, J 26.4, CH��N);
δC(75 MHz; CDCl3) of crude reaction mixture 12.4 (d, J 60.4,
CH3), 14.3 (CH3), 57.8 (CH2), 109.5, 110.4, 114.8, 124.7–151.4
(m), 160.1 (COO), 167.8 (d, J 16.6, CH��N).

3-Ethoxycarbonyl-6-(2-furyl)-4-(4-nitrophenyl)-5-phenyl-1,4-di-
hydropyridine 21

To a solution of ylide 19 (5 mmol) in toluene (20 mL) under an
inert atmosphere was added p-nitrobenzaldehyde (0.75 g,
5 mmol), and the mixture was stirred at reflux until 31P-NMR
indicated the disappearance of the ylide. Evaporation of sol-
vent under reduced pressure afforded an oil that was separated
on silica gel to give compound 21. Chromatographic separation
(5 : 1, hexane–ethyl acetate) gave 21 (1.74 g, 84%) as a yellow
solid; mp 168–169 �C (from hexane–dichloromethane, 10 : 1)
(Found: C, 69.02; H, 4.30; N, 6.48. C24H20N2O5 requires C,

69.22; H, 4.84; N, 6.73%); νmax(KBr)/cm�1 3394 (NH), 1675
(C��O); δH(250 MHz; CDCl3; Me4Si) 1.18 (3 H, t, J 7.0, CH3),
4.05–4.11 (2 H, m, CH2), 4.77 (1 H, s, CH), 5.29 (1 H, d, J 3.5,
CHfur), 6.19 (1 H, dd, J 3.5, J 1.8, CHfur), 6.83–7.62 (11 H, m,
CHarom), 8.09 (1 H, d, J 8.8, CH��); δC(75 MHz; CDCl3) 14.3
(CH3), 46.0 (CH), 59.8 (CH2), 102.3, 109.8, 111.9, 114.6–153.5
(m), 167.0; m/z (EI) 416 (M�, 9).

Ethyl 6-furan-2-yl-4-(4-nitrophenyl)-5-phenylnicotinate 22

To a solution of 1,4-dihydropyridine 21 (1 mmol) in CHCl3

(10 mL) under an inert atmosphere was added p-benzoquinone
(0.10 g, 1 mmol), and the mixture was stirred at reflux temper-
ature until TLC indicated the disappearance of starting
material. Evaporation of solvent under reduced pressure
afforded an oil that was separated on silica gel to give com-
pound 22. Chromatographic separation (5 : 1, hexane–ethyl
acetate) gave 22 (0.39 g, 94%) as a yellow solid; mp 196–197 �C
(from hexane–dichloromethane, 10 : 1) (Found: C, 69.92; H,
4.40; N, 6.78. C24H18N2O5 requires C, 69.56; H, 4.38; N, 6.76%);
νmax(KBr)/cm�1 1713 (C��O); δH(250 MHz; CDCl3; Me4Si) 1.00
(3 H, t, J7.2, CH3), 4.00–4.08 (2 H, m, CH2), 5.47 (1 H, t, J 2.9,
CHfur), 6.14–6.18 (1 H, m, CHfur), 6.61–7.96 (10 H, m, CHarom),
9.19 (1 H, s, CH��); δC(75 MHz; CDCl3) 13.7 (CH3), 61.5 (CH2),
111.8, 114.9, 116.1, 122.5–151.1 (m), 165.3; m/z (EI) 414 (M�,
50).
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