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ABSTRACT: (Z)-2-Aryl-1-(2-cyanoethyl)ethenylphos-
phonates were synthesized by the hexamethylphos-
phoramide-promoted sequential transformation of
tetra-alkyl methanediphosphonates, by the action of
potassium tert-butoxide, and then by acrylonitrile and
aldehydes. C© 2002 Wiley Periodicals, Inc. Heteroatom
Chem 13:116–119, 2002; Published online in Wiley Inter-
science (www.interscience.wiley.com). DOI 10.1002/
hc.10004

INTRODUCTION

Functionalized ethenylphosphonates have attracted
much attention in synthetic chemistry, and their
synthetic application has been widely investigated
[1]. For example, they have been used for Diels–
Alder reactions, Michael additions, and the synthe-
sis of hetero- and carbocyclic compounds [1–3].
Numerous synthetic methods for their prepara-
tion have been reported [1,4–5]. However, conve-
nient methods for the synthesis of functionalized
ethenylphosphonates are still limited. Herein, we
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wish to report a “one-pot” synthesis of (Z)-2-aryl-
1-(2-cyanoethyl)ethenylphosphonates via a hexam-
ethylphosphoramide (HMPA)-promoted sequential
transformation. The cyano group is an important
functional group in organic transformations, and
cyano-containing compounds are useful intermedi-
ates for the synthesis of pyrimidines [6], tetrazole
analogues [7], thiazole derivatives [8], and Z-oxazo-
lines [9]. Therefore, the development of an effective
method for the preparation of the title compounds
would be valuable.

RESULTS AND DISCUSSION

In connection with our interest in the synthetic appli-
cation of sequential transformation of phosphonates
for the synthesis of perfluoroalkylated a-fluroro-a,b-
unsaturated esters [10], perfluoroalkylated 1-cyano-
1,4-alkadienes [11], and perfuoroalkylated unsatu-
rated nitriles [12], which would be difficult to pre-
pare by presently known procedures, we attempted
the following reaction (Scheme 1).

The phosphoryl stabilized carbanions 2, gen-
erated from the corresponding phosphonates and
potassium tert-butoxide in THF, were treated with
acrylonitrile, promoted by HMPA, to give the
Michael addition adducts 3 that were converted to 4
by a 1,3-proton shift. Then, 4 was reacted with alde-
hydes to give the products 5. The results are summa-
rized in Table 1.
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SCHEME 1 Reagents and conditions: (i) KOBut,THF 20◦C,
0.5 h; (ii) HMPA, acrylonitile, 20◦C, 2 h; and (iii) RCHO, 20◦C,
3 h.

In this sequence of reactions, the addition of
HMPA is necessary. In the absence of HMPA, the
yields of the desired products were rather low
(<10%). HMPA is a highly polar and aprotic solvent,
and is frequently used to accelerate organolithium
reactions [13]. In this reaction, the role of HMPA may
be to promote the phosphoryl-stabilized carbanions
2 to react much more easily with acrylonitrile, and
indeed the Michael addition adducts 3 were obtained
in high yields. Thus, the yields of the final products
were also high.

The configuration of the products was ascer-
tained on the basis of NMR spectra. It has been

TABLE 1 Data for (Z )-2-Aryl-1-(2-cyanoethyl)ethenylphos-
phonates

Compound R ′ R Z :Ea Yield (%)b

5a Et 3-CF3OC6H4 100:0 55
5b Et 4-FC6H4 100:0 70
5c Et 3-CH3OC6H4 100:0 54
5d Et 4-CH3OC6H4 100:0 47
5e Et C6H5 100:0 47
5f Et 2,4-Cl2C6H3 100:0 64
5g Et 4-CH3C6H4 100:0 51
5h Et 4-ClC6H4 88:12 66
5i Et 4-NO2C6H4 77:23 55
5j i -Pr 2-CH3OC6H4 100:0 50
5k i -Pr 3-CF3OC6H4 87:13 49
5l i -Pr 4-NO2C6H4 83:17 40

aThe ratio of E- and Z-isomers was estimated on the basis of NMR
spectrum.
bIsolated yields.

reported that when the vinyl H is cis with respect to
the phosphoryl group, the 3Jcis H,P equals 21 Hz, and
when the vinyl H is trans with respect to the phos-
phoryl group, the 3Jtrans H,P equals 41 Hz [14]. In our
cases, the 3JH,P values equaled about 46 Hz. Thus, the
configurations are ascertained to be Z.

It is well known that the traditional Horner–
Wadsworth–Emmons (HWE) reaction results in the
formation of the thermodynamically favored E-
isomer [1]. Recently, a few Z-selective HWE reagents
such as methanedi(trifluoroethyl)phosphonoacetate
[15] and ethyl diphenyl phosphonoacetate [16] have
been reported. However, Z-isomers were formed ex-
clusively or predominantly in this HMPA promoted
sequential transformation. Unfortunately, there is no
readily apparent reasonable explanation to elucidate
the observed steroeoselectivity.

In conclusion, our methodology provides a
convenient and highly stereoselective synthesis of
the title compounds from commercially available
substances. The compounds are expected to be
useful intermediates in organic synthesis. It is
noteworthy that the HMPA-promoted sequential
transformation of tetra-alkyl methanediphospho-
nates, by the action of potassium tert-butoxide, and
then by acrylonitile and aldehydes gives Z-isomers
exclusively or predominantly.

EXPERIMENTAL

The IR spectra of liquid products were determined
as films on a Digilab FTS-20E spectrometer. 1H
NMR spectra were recorded on a Bruker AM-300
(300 MHz) spectrometer (values in ppm from SiMe4,
in CDCl3; J values are given in Hz). Mass spectra
were measured on a Finnigan GC-MS-4021 mass
spectrometer.

General Procedure for the Preparation of (Z)-
2-Aryl-1-(2-cyanoethyl)ethenylphosphonates

The solution of each tetra-alkyl methanediphospho-
nate (2 mmol) and potassium tert-butoxide (0.224 g,
2 mmole) in THF (20 ml) was stirred at 20◦C under
nitrogen for 0.5 h. Then HMPA (0.71 g, 4 mmole) and
acrylonitrile (0.106 g, 2 mmol) were in turn added to
the solution, and stirring was continued at 20◦C for
2 h, after which an aldehyde (2 mmol) was added
dropwise to the mixture. The mixture was stirred
at 20◦C for 3 h until the disappearance of aldehyde
(monitored by TLC) was noted. It was then acidi-
fied with 1 ml of 1 M HCl and concentrated. Then
water (20 ml) was added. The aqueous layer was ex-
tracted with diethyl ether (3× 20 ml). The combined
organic layer was washed with brine (3× 10 ml)



118 Wang and Shen

until neutral and was dried over Na2SO4. Evapora-
tion of the solvent gave a residue, which was puri-
fied by column chromatography with elution by light
petroleum ether (60–90◦C)–ethyl acetate (2:1) to give
the product.

(Z)-Diethyl 1-(2-Cyanoethyl)-2-(3-triflourometh-
oxyphenyl)ethenylphosphonate (5a)

Yield: 55%, oil; IR (neat): n= 2990, 2250, 1610,
1580, 1260, 1220, 1170, 1150, 1020 cm−1; 1H NMR
(CDCl3/TMS): δ= 1.10 (t, J = 7.1 Hz, 6H), 2.78–2.71
(m, 4H), 4.04–3.83 (m, 4H), 7.25–7.08 (m, 1H), 7.30
(d, J = 47.6 Hz,1H), 7.44–7.31 (m, 3H); MS: m/z 377
(M+, 17), 376 (31), 348 (11), 337 (100), 320 (42),
267 (29), 240 (42). Anal.: Calcd. for C16H19F3NO4P
(377.30): C, 50.93, H, 5.08, N, 3.71. Found: C, 50.56,
H, 5.28, N, 3.68.

(Z)-Diethyl 1-(2-Cyanoethyl)-2-(4-fluorophenyl)
ethenylphosphonate (5b)

Yield: 70%, oil; IR (neat): n= 2990, 2250, 1600, 1510,
1240, 1050,1020, 970 cm−1. 1H NMR (CDCl3/TMS):
δ= 1.10 (t, J = 9.8 Hz, 6H), 2.79–2.67 (m, 4H), 4.02–
3.81 (m, 4H), 7.05–6.97 (m, 2H), 7.25 (d, J = 46.4 Hz,
1H), 7.51–7.45 (m, 2H); MS: m/z 311 (M+, 9), 310 (9),
282 (12), 271 (43), 254 (20), 174 (16). Anal.: Calcd.
for C15H19FNO3P (311.29): C, 57.88, H, 6.15, N, 4.50.
Found: C, 57.91, H, 6.03, N, 4.72.

(Z)-Diethyl 1-(2-Cyanoethyl)-2-(3-methoxyphen-
yl)ethenylphosphonate (5c)

Yield: 54%, oil; IR (neat): 2980, 2250, 1620,
1600, 1490, 1250,1050, 1030, 970 cm−1. 1H NMR
(CDCl3/TMS): δ= 1.08 (t, J = 7.1 Hz, 6H), 2.82–2.69
(m, 4H), 3.80 (s, 3H), 3.98–3.77 (m, 4H), 6.83 (d,
J = 8.2 Hz, 1H), 6.91 (t, J = 7.5 Hz, 1H), 7.26 (d,
J = 8.1 Hz, 1H), 7.36 (d, J = 40 Hz, 1H), 7.54 (d,
J = 7.6 Hz, 1H). MS: m/z 324 (M+ + 1, 17), 292 (54),
283 (78), 255 (26), 236 (55), 218 (16), 185 (26). Anal.:
Calcd. for C16H22NO4P (323.32): C, 59.44, H, 6.86, N,
4.33. Found: C, 59.30, H, 6.79, N, 4.48.

(Z)-Diethyl 1-(2-Cyanoethyl)-2-(4-methoxyphen-
yl)ethenylphosphonate (5d)

Yield: 47%, oil; IR (neat): n= 2980, 2250, 1610, 1510,
1260, 1180, 1050, 1030 cm−1; 1H NMR (CDCl3/TMS):
δ= 1.13 (t, J = 7.1 Hz, 6H), 2.78–2.68 (m, 4H), 3.80 (s,
3H), 4.00–3.83 (m, 4H), 6.85 (dd, J1= 6.9 Hz, J2= 1.8
Hz, 2H), 7.23 (d, J = 46.7 Hz, 1H), 7.49 (dd, J1= 11.5
Hz, J2= 2.7 Hz, 2H); MS: m/z 323 (M+, 40), 294
(10), 283 (30), 266 (9), 255 (17), 227 (31), 214 (10),

185 (45), 145 (100). Anal.: Calcd. for C16H22NO4P
(323.32): C, 59.44, H, 6.86, N, 4.33. Found: C, 59.32,
H, 7.05, N, 4.60.

(Z)-Diethyl 1-(2-Cyanoethyl)-2-phenylethenylph-
osphonate (5e)

Yield: 47%, oil; IR (neat): n= 3061, 2990, 2250, 1620,
1490, 1450,1240, 1050, 1020, 970 cm−1; 1H NMR
(CDCl3/TMS): δ= 1.10 (t, J = 7.1 Hz, 6H), 2.79–2.74
(m, 4H), 3.97–3.85 (m, 4H), 7.37–7.31 (m, 3H), 7.34
(d, J = 46.3 Hz,1H), 7.50–7.47 (m, 2H). MS: m/z 293
(M+, 20), 264 (30), 253 (91), 236 (42), 225 (38),
115 (100). HRMS: Calcd. for C15H20NO3P (293.30):
293.1181. Found: 293.1152.

(Z)-Diethyl 1-(2-Cyanoethyl)-2-(2,4-dichlorophe-
nyl)ethenylphosphonate (5f)

Yield: 64%, oil; IR (neat): n= 2990, 2250, 1630,
1590, 1470, 1240,1050, 1020, 970 cm−1. 1H NMR
(CDCl3/TMS): δ= 1.10 (t, J = 7.1 Hz, 6H), 2.79–2.62
(m, 4H), 4.03–3.78 (m, 4H), 7.17 (dd, J1= 8.3 Hz,
J2= 2.0 Hz, 1H), 7.16 (d, J = 45.6 Hz, 1H), 7.33 (d,
J = 2.0 Hz, 1H), 7.46 (d, J = 8.3 Hz, 1H); MS: m/z
362 (M+, 27), 361 (100), 326 (12), 298 (9), 270 (22),
252 (7). Anal.: Calcd. for C15H18Cl2NO3P (362.19): C,
49.74, H, 5.01, N, 3.87. Found: C, 49.84, H, 5.10, N,
3.97.

(Z)-Diethyl 1-(2-Cyanoethyl)-2-(4-methylphenyl)
ethenylphosphonate (5g)

Yield: 51%, oil; IR (neat): n= 2980, 2250, 1610, 1510,
1240, 1050,1020, 970 cm−1.1H NMR (CDCl3/TMS):
δ= 1.15 (t, J = 7.1 Hz, 6H), 2.34 (s, 3H), 2.77–2.72
(m, 4H), 3.99–3.83 (m, 4H), 7.14 (d, J = 8.0 Hz, 2H),
7.28 (d, J = 46.8 Hz, 1H), 7.39 (d, J = 8.0 Hz, 2H).
MS: m/z 307 (M+, 42), 278 (29), 267 (79), 250 (34),
239 (35), 211 (33), 198 (30), 129 (100). HRMS: Calcd.
for C16H22NO3P (307.32): 307.1337. Found: 307.1321.

Diethyl 1-(2-Cyanoethyl)-2-(4-chlorophenyl)eth-
enylphosphonate (5h)

Yield: 65%, oil, Z : E= 88:12; IR (neat): n= 2990,
2250, 1620, 1490, 1240, 1050,1020, 970 cm−1. 1H
NMR(CDCl3/TMS): δ= 1.16 (t, J = 7.1 Hz, 0.88×
6H), 1.40–1.35 (m, 0.12× 6H), 2.55–2.45 (m, 0.12×
4H), 2.77–2.70 (m, 0.88× 4H), 4.01–3.85 (m, 0.8×
4H), 4.18–4.13 (m, 0.12× 4H), 7.25 (d, J = 46.2 Hz,
1H), 7.44–7.28 (m, 4H). MS: m/z 328 (M+, 59), 327
(42), 326 (31), 287 (100), 270 (40), 231 (24). Anal.:
Calcd. for C15H19ClNO3P ( 327.74): C, 54.97, H, 5.84,
N, 4.27. Found: C, 54.81, H, 5.65, N, 4.39.
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Diethyl 1-(2-Cyanoethyl)-2-(4-nitrophenyl)ethe-
nylphosphonate (5i)

Yield: 55%, oil, Z : E= 77:23; IR (neat): n= 2990,
2250, 1590, 1520, 1350, 1240, 1040, 1020, 970 cm−1.
1H NMR(CDCl3/TMS): δ= 1.18–1.10 (m, 0.77× 6H),
1.43–1.32 (m, 0.23× 6H), 2.95–2.68 (m, 4H), 4.04–
3.89 (m, 0.77× 4H), 4.24–4.18 (m, 0.23× 4H), 7.51
(d, J = 58.2 Hz, 1H),7.52 (d, J = 8.5 Hz, 0.23× 2H),
7.65 (d, J = 8.5 Hz, 0.77× 2H), 8.21 (d, J = 8.8 Hz,
0.77× 2H), 8.29 (d, J = 8.6 Hz, 0.23× 2H); MS: m/z
338 (M+, 29), 321 (21), 309 (24), 298 (100), 281
(40), 265 (49), 247 (12), 228 (19). Anal.: Calcd. for
C15H19N2O5P (338.30): C, 53.26, H, 5.66, N, 8.28.
Found: C, 52.95, H, 5.79, N, 8.19.

(Z)-Diisopropyl 1-(2-Cyanoethyl)-2-(2-methoxy-
phenyl)ethenylphosphonate (5j)

Yield: 50%, oil; IR (neat): n= 2980, 2250, 1620, 1600,
1490, 1250, 1240, 990 cm−1. 1H NMR (CDCl3/TMS):
δ= 1.08 (d, J = 6.2 Hz, 6H), 1.16 (d, J = 9.8 Hz, 6H),
2.82–2.72 (m, 4H), 3.82 (s, 3H), 4.60–4.53 (m, 2H),
6.82 (d, J = 8.3 Hz, 1H), 6.90 (t, J = 7.5 Hz, 1H),
7.32–7.27 (m, 1H), 7.33 (d, J = 40.9 Hz, 1H), 7.61
(dd, J1= 7.5 Hz, J2= 1.0 Hz, 1H) . MS: m/z 351 (M+,
7), 311 (13), 278 (15), 269 (36), 236 (100), 227 (49),
218 (12). Anal.: Calcd. for C18H26NO4P (351.38): C,
61.53, H, 7.46, N, 3.99. Found: C, 61.43, H, 7.71, N,
4.03.

Diisopropyl 1-(2-Cyanoethyl)-2-(3-trifluoromet-
hoxyphenyl)ethenylphosphonate (5k)

Yield: 49%, oil, Z:E= 87:13; IR (neat): n= 2980,
2240, 1620, 1580, 1260, 1220, 1170, 990 cm−1. 1H
NMR (CDCl3/TMS): δ= 1.01 (d, J = 5.9 Hz, 0.87×
6H), 1.09 (d, J = 6.2 Hz, 0.87× 6H), 1.23 (d, J = 6.2
Hz, 0.13× 6H), 1.30 (d, J = 6.2 Hz, 0.13× 6H), 2.68–
2.62 (m, 0.13× 4H), 2.82–2.71 (m, 0.87× 4H), 4.60–
4.55 (m, 0.87× 2H), 4.66–4.61 (m, 0.13× 2H), 7.21
(d, J = 45.5 Hz,1H), 7.43–7.16 (m, 4H). MS: m/z
405 (M+, 5), 363 (19), 348 (11), 321 (100), 304
(30), 281 (11), 268 (37), 240 (94). Anal.: Calcd. for
C18H23F3NO4P (405.35): 405.1317. Found: 405.1302.

Diisopropyl 1-(2-Cyanoethyl)-2-(4-nitrophenyl)
ethenylphosphonate (5l)

Yield: 40%, oil, Z : E= 83:17; IR (neat): n= 2980,
2250, 1600, 1520, 1350, 1240, 1110, 980 cm−1. 1H
NMR (CDCl3/TMS): δ= 1.31 (d, J = 6.2 Hz, 0.83×
6H), 1.24 (d, J = 6.2 Hz, 0.83× 6H), 1.31(d, J = 6.4
Hz, 0.17× 6H), 1.37 (d, J = 6.2 Hz, 0.17× 6H), 2.75–
2.67 (m, 0.17× 4H), 2.87–2.77 (m, 0.83× 4H), 4.68–

4.57 (m, 0.83× 2H), 4.83–4.77 (m, 0.17× 2H), 7.27
(d, J = 45.3 Hz, 1H), 7.47 (d, J = 8.6 Hz, 0.17× 2H),
7.65 (d, J = 8.7 Hz, 0.83× 2H), 8.19 (d, J = 8.8 Hz,
0.83× 2H), 8.28 (d, J = 8.8 Hz, 0.17× 2H); MS: m/z
366 (M+, 2), 324 (13), 309 (11), 282 (100), 265 (83),
247 (10), 201 (59). Anal.: Calcd. for C17H23N2O5P
(366.35): C, 55.73, H, 6.33, N, 7.65. Found: C, 55.68,
H, 6.23, N, 7.49.
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