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Abstract Organic reactions in aqueous media are being

developed because water is environmentally benign. The

Horner–Wadsworth–Emmons reaction is a modified Wittig

reaction for the synthesis of a,b-unsaturated ketones and

other conjugated compounds. Here we prepared high

molecular weight ketones by the Horner–Wadsworth–Em-

mons reaction of dimethyl-2-oxopropylphosphonate and

various aldehydes in water at room temperature. The pro-

duct was precipitated during the reaction process and was

separated readily by a simple filtration in 90–99 % yield.

Keywords Water � Green chemistry � a,b-Unsaturated

ketones � Horner–Wadsworth–Emmons reaction

Introduction

The Wittig reaction is an important method for the for-

mation of new carbon–carbon bonds in synthetic organic

chemistry and in natural products (Britton et al. 1996). One

of the modified Wittig reactions is the use of the inex-

pensive and non-toxic dialkyl-2-oxopropylphosphonates in

reactions involved in a,b-unsaturated compounds forma-

tion which was first introduced by Horner–Wadsworth–

Emmons (Wadsworth 2005; Wadsworth and Emmons

1961; Horner et al. 1959; Sano et al. 2002; Ando 1998;

Arai et al. 1998; Johnson and Zhang 1995; Blanchette et al.

1984). The Horner–Wadsworth–Emmons reaction is an

important method for the syntheses of a,b-unsaturated

ketones and other conjugated compounds. Other parallel

methods for production of a,b-unsaturated systems such as

Knoevenagel and aldol condensation have drawbacks such

as multiplicity of procedures, side reactions, high temper-

ature, low yield and low stereoselectivity (Choudary et al.

1999; Zumbansen et al. 2010).

Stereodefined synthesis of carbon–carbon double bonds

with high selectivity is critically important in organic syn-

thesis. The Wittig and related reactions have served as the

most powerful method in the construction of double bonds.

The Horner–Wadsworth–Emmons modification of the

Wittig reaction is especially widely employed in pharma-

ceutical synthesis. In general, the Horner–Wadsworth–

Emmons reaction preferentially gives stable E-a,b-unsatu-

rated esters and ketones, and therefore, it can be a superior

replacement for aldol condensation reactions (Roelfs et al.

2000; Tichit et al. 2002). However, various studies on

Horner–Wadsworth–Emmons reaction indicate some limi-

tation in reaction conditions such as the use of toxic solvents

and very strong bases [lithium diisopropylamide, Grignard

reagent, lithium bis(trimethylsilyl)amide, n-butyllithium,

sodium hydride, potassium bis(trimethylsilyl)amide] or

expensive catalyst, moderate yields and very low tempera-

ture to control stereoselectivity (Pihko and Salo 2003;

Rathke and Nowak 1985; Sano et al. 2003).

Presently, organic reactions in aqueous media have

attracted many researchers because water is a solvent with

advantages of environmentally benign and economically

affordable. As part of our ongoing program toward the

development of green chemistry, we have conducted different

organic reactions in water (Jafari and Ghadami 2015; Jafari

and Mahmoudi 2013; Jafari et al. 2009a, b, 2012; Ghadami

and Jafari 2015). Therefore in this paper the Horner–Wads-

worth–Emmons reaction was performed in water by available,

inexpensive NaOH as base, non-toxic dimethyl-2-
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oxopropylphosphonate and different aldehydes at room tem-

perature. Under this environmentally friendly conditions, an

excellent chemo- and trans-selectivity was observed in the

Horner–Wadsworth–Emmons reactions of dimethyl-2-oxo-

propylphosphonate and different aromatic aldehydes.

Experimental

General

Melting points were determined with a Buchi melting point

540 apparatus and were uncorrected. 1HNMR (400 MHz)

and 13CNMR (100 MHz) spectra were recorded on a

Bruker Advance 400 spectrometer in DMSO (d6) using

tetramethylsilane as internal reference. All chemicals were

purchased from Aldrich, Merck and Fluka. Distilled water

was used for all reactions.

General procedure

Aromatic aldehyde (1 mmol) was added to the test tube

containing NaOH (4 mL, 1 M) and dimethyl-2-oxopropy-

lphosphonate (1.1 mmol, 0.182 g), while the reaction

mixture was stirred and the stirring was continued at room

temperature for the prescribed time (Table 2) until the

reaction was completed (thin-layer chromatography). Then,

the ice water was added to the reaction mixture, and the

solid product was simply filtered off and washed with cold

water. The sole product was obtained after drying at room

temperature in high to excellent yield.

Selected spectral data

4-(4-Nitrophenyl)but-3-en-2-one (Table 2, entry 1):

trans/cis isomer (100.0/0.0); yellow solid; melting point

116–117 �C; IR: t = 1691, 1668, 1594, 1509, 1419, 1335,

1255, 1182, 1110, 974, 860, 825, 746 cm-1; 1H NMR

(400 MHz, CDCl3) d = 8.29 (d, J = 8.8 Hz, 2H), 7.72 (d,

J = 8.8 Hz, 2H), 7.56 (d, J = 16.4 Hz, 1H), 6.83 (d,

J = 16.4 Hz, 1H), 2.45 (s, 3H).

4-Phenyl-but-3-en-2-one (Table 2, entry 2): trans/cis

isomer (100.0/0.0); bright yellow solid; melting point:

41–42 �C; IR: t = 1686, 1599, 1452, 1361, 1315, 1177,

982, 908, 750, 693 cm-1; 1H NMR (400 MHz, CDCl3)

d = 7.56–7.53 (m, 2H), 7.52 (d, J = 16.4 Hz, 1H),

7.40–7.38 (m, 3H), 6.72 (d, J = 16.4 Hz, 1H), 2.38 (s, 3H)

ppm; 13C NMR (100 MHz, CDCl3) d = 198.5, 143.5,

130.5, 130.0, 129.0, 128.3, 127.1, 27.5.

4-(3-Hydroxyphenyl)but-3-en-2-one (Table 2, entry 3):

trans/cis isomer (100.0/0.0); bright yellow; melting point

96–97 �C; IR: t = 3500–2500 (br, OH), 3075, 1624, 1576,

1489, 1362, 1249, 961, 777 cm-1; 1H NMR (400 MHz,

CDCl3) d = 7.51 (d, J = 16.4 Hz, 1H), 7.28 (t,

J = 8.0 Hz, 1H), 7.21 (bs, OH, 1H), 7.11 (s, 1H), 7.10 (d,

J = 8.0 Hz, 1H), 6.97 (d, J = 8.0, 1.2 Hz, 1H), 6.71 (d,

J = 16.4 Hz, 1H), 2.42 (s, 3H).

4-(4-Chloro-phenyl)-but-3-en-2-one (Table 2, entry 4):

trans/cis isomer (100.0/0.0); white solid; melting point

105–106 �C; IR: t = 1657, 1588, 1488, 1406, 1359, 1201,

1089, 1010, 976 cm-1; 1H NMR (400 MHz, CDCl3)

d = 7.48 (d, J = 8.4 Hz, 2H), 7.46 (d, J = 16.0 Hz, 1H),

7.37 (d, J = 8.4 Hz, 2H), 6.69 (d, J = 16.0 Hz, 1H), 2.38

(s, 3H); 13C NMR (100 MHz, CDCl3) d = 196.1, 141.8,

136.4, 132.9, 129.4, 129.2, 127.5, 27.7.

6-Phenyl-hex-3,5-dien-2-one (Table 2, entry 5): trans/cis

isomer (100.0/0.0); White solid; melting point 55–56 �C; IR:

t = 1651, 1615, 1449, 1363, 1294, 1253, 1149, 1074, 982, 819,

749, 692 cm-1; 1H NMR (400 MHz, CDCl3) d = 7.26–7.48

(m, 6H), 6.89–6.98 (m, 2H), 6.26 (d, J = 15.6 Hz, 1H), 2.31 (s,

3H); 13C NMR (100 MHz, CDCl3) d = 198.8, 143.7, 141.4,

135.9, 130.4, 129.3, 128.9, 128.6, 128.5, 127.2, 126.6, 27.3.

Table 1 The effect of different concentrations of NaOH on the reaction of benzaldehyde and dimethyl-2-oxopropylphosphonate at room

temperature in water

CHO

+
PO(OMe)2

O
NaOH (4 mL, ? M)

O

Water,
Room Temperature

Entry Concentration (M) Time (h) Conversion (%)

1 0 24 0

2 0.25 24 20

3 0.5 24 30

4 1.0 0.2 100

5 2.0 Immediate 100

6 4.0 Immediate 100

Reaction conditions: benzaldehyde (1 mmol), dimethyl-2-oxopropylphosphonate (1.1 mmol), water (4 mL), room temperature
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4-(4-Methylphenyl)but-3-en-2-one (Table 2, entry 6):

trans/cis isomer (100.0/0.0); white solid; melting point

32–33 �C; IR: t = 1664, 1607, 1513, 1255, 1177, 976,

801 cm-1; 1H NMR (400 MHz, CDCl3) d = 7.51 (d,

J = 16.4 Hz, 1H), 7.46 (d, J = 8.4 Hz, 2H), 7.23 (d,

J = 8.4 Hz, 2H), 6.70 (d, J = 16.4 Hz, 1H), 2.40 (s, 3H),

2.39 (s, 3H).

4-(4-Methoxyphenyl)-but-3-en-2-one (Table 2, entry 7):

trans/cis isomer (100.0/0.0); white solid; melting point

72–73 �C; IR: t = 1632, 1599, 1510, 1423, 1241, 1175,

971, 764 cm-1; 1H NMR (400 MHz, CDCl3) d = 7.62 (d,

J = 8.8 Hz, 2H), 7.50 (d, J = 16.4 Hz, 1H), 6.94 (d,

J = 8.8 Hz, 2H), 6.63 (d, J = 16.4 Hz, 1H), 3.88 (s, 3H),

2.38 (s, 3H).

4-(3-Nitro-phenyl)-but-3-en-2-one (Table 2, entry 8):

trans/cis isomer (100.0/0.0); white solid; melting point

102–103 �C; IR: t = 1672, 1616, 1522, 1530, 1264 cm-1;

1H NMR (400 MHz, CDCl3) d = 8.41 (s, 1H), 8.25 (d,

J = 7.6 Hz, 1H), 7.85 (d, J = 7.3 Hz, 1H), 7.61 (d,

J = 8.0 Hz, 1H), 7.55 (d, J = 16.0 Hz, 1H), 6.84 (d,

J = 16.0 Hz, 1H), 2.42 (s, 3H); 13C NMR (100 MHz,

CDCl3) d = 197.5, 140.1, 136.3, 133.7, 130, 129.4, 124.7,

122.6, 28.1.

4-(3,4-Dimethoxyphenyl)but-3-en-2-one (Table 2, entry

9): trans/cis isomer (100.0/0.0); white solid; melting point

59–60 �C; IR: t = 1667, 1620, 1595, 1507, 1422, 1364,

1251, 1161, 1137, 1019, 977, 879, 805, 744 cm-1; 1H

NMR (400 MHz, CDCl3) d = 7.48 (d, J = 16.4 Hz, 1H),

7.15 (d, J = 8.0, 1.6 Hz, 1H), 7.09 (d, J = 1.6 Hz, 1H),

6.90 (d, J = 8.0 Hz, 1H), 6.62 (d, J = 16.4 Hz, 1H), 3.97

(s, 3H), 3.94 (s, 3H), 2.39 (s, 3H).

4-(4-(Dimethylamino)phenyl)but-3-en-2-one (Table 2,

entry 10): trans/cis isomer (100.0/0.0); yellow solid;

melting point 96–97 �C; IR: t = 1673, 1575, 1356, 1164,

Table 2 Synthesis of a,b-unsaturated ketones in the presence of dimethyl 2-oxopropylphosphonate and NaOH (M) at room temperature

Ar
+

PO(OMe)2

O

NaOH (4 mL, 1 M) Ar

O

Room Temperature

H

O

Entry Aldehyde Time (h) Yield (%)
Observed

melting point 
(°C)

Reported
melting 

point (°C)
Ref.

1 CHOO2N immediate 99 116–117 117–118 Paul et al. 2005

2 CHO 0.2 90 41–42 42 Hayneset al. 2013  

3
CHO

HO

0.3 90 96–97 97–98 Haynes et al. 2013 

4 CHOCl 0.5 97 105–106 106–107 Paul et al. 2005 

5
CHO

1 93 55–56 – Blanchette et al.1984 

6 CHOMe 1.5 90 32–33 33–34 Paul et al. 2005 

7 CHOMeO 3 98 72–73 71–72 Paul et al. 2005 

8
CHO

O2N

4 97 102–103 – Bhagat et al. 2006 

9
CHOMeO

MeO

5 90 59–60 60–61 Paul et al. 2005 

10 CHOMe2N 8 90 96–97 97–98 Paul et al. 2005 

Reaction conditions: benzaldehyde (1 mmol), dimethyl-2-oxopropylphosphonate (1.1 mmol), water (4 mL), room temperature
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965, 804 cm-1; 1H NMR (400 MHz, CDCl3) d = 7.48 (d,

J = 16.4 Hz, 1H), 7.46 (d, J = 8.8 Hz, 2H), 6.69 (d,

J = 8.8 Hz, 2H), 6.56 (d, J = 16.4 Hz, 1H), 3.05 (s, 6H),

2.36 (s, 3H).

Results and discussion

The conventional multistep preparation of a complex

molecule generally involves a large number of synthetic

operations, including extraction and purification processes.

This leads to the synthetic inefficiency as well as generation

of large amounts of waste. For instance, high molecular

weight aldehydes and ketones are important chemicals

usually prepared from condensation of short aldehydes or

ketones in a three-step process consisting of a base-catalyzed

aldol condensation, followed by the acid-catalyzed dehy-

dration of the b-hydroxy aldehyde or b-hydroxy ketone and

finally with a selective hydrogenation of the a,b-unsaturated

aldehyde. In this procedure besides the desired reaction,

several side reactions can take place such as self-condensa-

tions of aldehyde which is a potential problem (Roelfs et al.

2000). Therefore, the replacement of aldol condensation by a

one-step Wittig reaction seems appropriate solution to this

problem. In addition, it should be noted that recently, there

has been an increasing concern in regard to the tight legis-

lation on the maintenance of eco-friendly synthetic pathways

and processes (Tundo et al. 2000). But, volatile organic

solvents amount to over 85 % of the mass utilization in a

typical chemical manufacturing process, and as the recovery

efficiency is far from satisfactory, they are major contribu-

tors to the environmental pollution (Constable et al. 2007).

Thus, to remove organic solvents from the chemical process,

synthetic chemists are responsible for elimination of volatile

organic solvents or their replacement with non-flammable,

non-volatile, non-toxic and inexpensive solvents (Reinhardt

et al. 2008). Therefore, one should select solvents that will

have no or limited impact on health and the environment. As

a reaction medium, water complies with all the current

stringent requirements on sustainable chemistry. Conse-

quently, in this paper water was selected as the reaction

medium and the available, inexpensive NaOH was used as

the catalyst. For optimization of the catalyst concentration,

the reaction of benzaldehyde and dimethyl-2-oxopropy-

lphosphonate was checked with different catalyst concen-

trations at room temperature.

Based on the results of Table 1, the reaction of benzalde-

hyde (1 mmol) and dimethyl-2-oxopropylphosphonate

(1.1 mmol) in aqueous solution of NaOH (4 mL, 1 M) was

selected as a model reaction at room temperature. The cor-

responding solida,b-unsaturated ketone was obtained at 90 %

isolated yield after a simple filtration and washing with water.

Furthermore, under similar reaction conditions, a series of

a,b-unsaturated ketones have been prepared by the use of

different aldehydes in high to excellent yields (Table 2).

It was observed that both electron-rich and electron-

deficient aromatic aldehydes reacted efficiently and formed

trans-isomer of a,b-unsaturated ketones under this green
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Fig. 1 Proposed mechanism for the Horner–Wadsworth–Emmons

reaction in water (the broken lines show hydrogen bondings):

a Hydroxide ion converted dimethyl-2-oxopropylphosphonate to

active phosphonate carbanion and hydrated, b aldehyde activated

by hydrogen bonding, and c they are pushed near each other by

hydrophobic effect to react more easily
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condition. Excellent trans-selectivity of the reaction was

proved by 1HNMR and melting point observations. In all

cases, the reaction procedure was very simple and the

desired solid product was easily separated by cooling,

simple filtration, followed by washing with cold water and

drying at room temperature. Furthermore, the reaction of

acetophenone and cyclohexanone as ketone was also

studied and found that no reaction occurred under similar

reaction conditions.

The plausible role of water on excellent trans-selectivity

and in promoting the reaction is rationalized by the

mechanism described in Fig. 1. The hydrated phosphonate

carbanion was easily formed by aqueous hydroxyl ion.

Water molecule increased the electrophilic character at the

carbonyl compound by hydrogen bond formation between

water and the carbonyl oxygen atom of the aldehyde

(Butler and Coyne 2010). These two planar groups are

close to each other in minimal strict hindered to form

oxaphosphetane intermediate. The trans-a,b-unsaturated

ketones was produced after a pseudorotation, P–C bond

together with O–C bond cleavage.

Conclusion

We have developed a simple, safe and economic method

for selective trans-olefination between dimethyl-2-oxo-

propylphosphonate and arylaldehydes. This procedure was

performed for the first time in water. The multistep syn-

thesis in toxic organic solvent and harsh chemical condi-

tions was replaced with one-step reaction in water. In

addition, high yields of the products, excellent chemo-se-

lectivity, ease of workup and low cost make the above

method advantageous in comparison with other existing

methods.
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