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Abstract: The Horner-Wadsworth-Emmons reaction is one of the most reliable and widespread synthetic tools for 
the stereocontrolled construction of ethylenic bonds. The versatility of the reaction makes it a valuable synthetic 
tool to prepare simple as well as densely functionalized and complex molecular scaffolds. This review is devoted to 
the recent evolution of the reaction, which considerably widens its product scope and synthetic potential. The main 
recent developments on the HWE reaction presented in this work comprise novel phosphonate reagents and se-
quential reactions involving the HWE olefination. Interesting applications, including access to challenging or com-
plex synthetic targets, relevant organic compounds and natural products are also highlighted.
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1. INTRODUCTION 

The Horner-Wadsworth-Emmons reaction (HWE) is one of the 
most employed methods for carbonyl olefination [1]. Its popularity 
is due to a combination of factors which include absolute positional 
selectivity, robustness, availability of starting materials and syn-
thetic versatility of the reactions products. A shallow inspection of 
the literature on the subject reveals that the number of publications 
concerning HWE reaction is constantly growing (Fig. 1) [2]. 

Fig. (1). Number of publications/year containing the term “Horner-
Wadsworth-Emmons” for the shown periods 

Depending on the starting materials, reaction products may be 
mono, di, tri or tetrasubstituted electron deficient alkenes, such as 
�,��unsaturated esters, ketones and nitriles. These kind of prod-
ucts, being themselves valuable, are also important synthetic inter-
mediates since they provide a convenient arrangement of three con-
secutive and diversely functionalized carbon atoms. Besides reac- 
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tions affecting other pending groups, basic HWE products offer a 
wide range of reactivity. The electron withdrawing group can be 
subjected to hydrolysis, redox reactions or organometallic addi-
tions, while the newly formed double bond is susceptible to electro-
philic and pericyclic additions as well as various allylic-type rear-
rangements. Finally, the EWG substituted alkene as a whole is gen-
erally a good Michael acceptor. 

Several features make the HWE reaction a good choice for or-
ganic chemists of many different areas. First of all, HWE is a much 
studied reaction, offering a handful of literature examples that ad-
dress distinct situations. The reaction is chemoselective, differenti-
ating aldehydes from ketones and offers complete positional selec-
tivity of the newly formed olefin. Its stereoselectivity has also been 
intensively studied, and several factors affecting the stereochemical 
outcome of a HWE reaction, such as base, solvent, counterion, 
temperature, catalysts, additives, nature of phosphonate ester and 
use of modified and chiral substrates are well known. The most 
accepted rationalization on the reaction mechanism, which implies 
an equilibrium between the anion, the diastereomeric carbonyl addi-
tion adducts and the corresponding oxaphosphetanes, has been 
tested to the point that the stereochemistry of the products can be 
selected just by altering the heating rate of the reaction (kinetic vs.
thermodynamic products) [3].  

In addition, HWE is a versatile reaction and accepts a variety of 
diversely substituted phosphonate and carbonyl partners, which 
makes it fit for convergent and linear synthetic designs. The re-
quired reagents are accessible by a variety of methods, either by 
inclusion of the phosphonate group in an existing molecule frame-
work or by modification of an already formed stabilized HWE rea-
gent, since these can participate in reactions that are common 
within dicarbonyl compounds such as ��alkylation, halogenation, 
Claisen-type acylation and Knovenagel reactions, among others. 

Finally, HWE olefination is a robust reaction, allowing the 
practitioner to choose among a wide assortment of solvents, bases, 
additives and reaction conditions, a possibility that clearly broadens 
the substrate scope and simplifies synthetic planning. Solvents of 
almost every type have been used as the reaction milieu: water, 
alcohols, acetonitrile, halogenated solvents, ethers, aromatic hydro-
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carbons, ionic liquids, and solvent free reactions are also known. 
Bases of all kinds and strengths, such as strong ionic bases (alkyl 
lithiums, metallated hexamethyldisilazane, LDA, sodium hydride 
and alkoxides), alkali metal hydroxides and carbonates and organic 
bases (trialkylamines, amidines and guanidines) are also routinely 
used in this reaction. The use of different additives is also frequent 
in order to improve the reactivity or stereoselectivity of the reac-
tion, common examples being the use of lithium salts in combina-
tion with organic bases, and phase transfer catalysts such as crown 
ethers which improve the solubility of Na/K bases in organic media. 

This myriad reaction possibilities makes the HWE reaction 
compatible with a large amount of additional functional and pro-
tecting groups (ether, silylether, acetal/ketal, amide, ester and even 
halogen, OH and NH groups), which explains its ubiquity in natural 
product’s synthesis. 

Its wide use has determined the emergence of several named 
protocols with well established use in certain known situations. 
Some of the more helped are listed in Table 1.

Being a long term much used reaction, the HWE olefination has 
not been the sole specific subject of reviews in the last 37 years. In 
spite of this, revision work on carbonyl olefinations [4], Wittig and 
related reactions [5], and phosphorus-stabilized carbanions has been 
published covering the reaction general applications, mechanism 
and stereochemistry [6]. Specific applications, as in the field of 
natural products synthesis [7] and green chemistry have also been 
revised [8].  

The present review covers the period 2000-2014 and focuses on 
the recent evolution of the HWE reaction, which has largely ex-
panded its ability to address synthetic problems related to diverse 
functionality, improved stereochemistry and molecular complexity. 
It comprises two main areas: the development and applications of 
novel functionalized phosphonate reagents and the use of the HWE 
olefination in one-pot, MCR and tandem reactions. 

2. MODIFICATIONS IN THE REACTION PARTNERS 

2.1. The Electron Withdrawing Group of the Phosphonate (Z)  
Although ketone, ester and nitrile are by far the most frequently 

used stabilizing groups in HWE reagents, many other EWGs have 
been employed for this purpose. The following subsection is de-

voted to non classical and also less frequent Z groups (Scheme 1),
which expand the product scope attainable through the reaction and 
lead to a wider structural diversity.  

2.1.1. C-based Z Groups 
While simple alkyl esters of phosphonoacetic and phosphono-

propionic acid are the most widely used HWE reagents, other acyl 
derivatives have also been used in olefination reactions. More com-
plex esters are frequently employed in the synthesis of macrolac-
tone natural products when HWE is involved as the cyclization 
step, and their use has been revised elsewhere [7b].  

Nagao has shown that hydrolysis of the ester to carboxylic acid 
in Still phosphonates has a deep impact on the stereochemical out-
come of the reaction. The reaction with simple alkyl, aryl, unsatu-
rated and ��branched aldehydes yields the olefinated products with 
E/Z ratios > 9:1 when performed with i-PrMgBr as the base [9]. 
The unexpected stereochemistry of the resulting olefins was attrib-
uted to thermodynamic control, due to the presence of Mg (II), 
since diastereoselectivity was diminished by employing BuLi as the 
base, but not by lowering the reaction temperature.  

Phosphonoacetamides are also used as HWE reagents, allowing 
for the direct preparation of �,��unsaturated amides, thus avoiding 
the need of functional group manipulation of the otherwise resulting 
ester moiety. These reagents are usually prepared by carbamylation 
of phosphonate anions [10], phosphorylation of amide carbanions, 
Michaelis-Arbuzov reaction [11], or amine acylation with 
��phosphonocarboxylic acid derivatives, being the two latter the 
most used. Although different coupling reagents have been em-
ployed for the synthesis of phosphonoacetamides from the parent 
acid, T3P was found to be more efficient than DCC, boric and bo-
ronic acids [12].

Kim employed an activated phosphonoacetic ester in a solution-
phase combinatorial synthesis of piperamide-like compounds 
(Scheme 2) [13]. The acylating agent 2b was reacted with different 
amines and the resulting phosphonoalkylamides 2c were submitted 
to HWE reaction with various aldehydes in a combinatorial manner. 
Since Girard’s reagent T (betaine hydrazide hydrochloride) is capa-
ble of acting both as acyl and carbonyl scavenger, it was used to 
remove the excess activated ester and aldehydes from the organic 
layer. The reaction products (2d) were obtained, with a few excep-

Table 1. HWE reaction protocols frequently found in the literature. 

Protocol Main Features Applications 

Traditional THF, NaH, BuLi (or other strong base) Synthesis of E olefins 

Still-Genari DCM, THF, use of bis(CF3CH2O) phosphonate Synthesis of Z olefins 

Ando DCM, THF, use of bis (ArO) phosphonate Synthesis of Z olefins 

Masamune-Roush DCM, THF, MeCN, organic base + Li+ salts Base sensitive substrates 

Paterson “wet” THF (ca. 40:1 THF/water), Ba(OH)2 Macrocyclizations 

Helquist DCM, MeCN, organic base, Zn(TfO)2 Diprotic phosphonate reagents 

Schmidt DBU, “salt free” Synthesis of Z olefins 

Z
R1

R2

OR1

R2

Z(RO)2OP
Base

-(RO)2PO2
-

+

R= alkyl, aryl R1, R2 = H, alkyl, (Het)aryl Z = EWG or unsaturated

Scheme 1. 
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tions, with high yields, mainly E diasteroselectivity and high purity 
without further purification.  

Reaction between phosphonoacetamides and ketones is less 
consistent in terms of yields and diastereoselectivity, as shown in 
the example presented in Scheme 3 [14].  

Suitably N-substituted phosphonoacetamides can also react in 
an intramolecular fashion. Dömling developed a four component 
Ugi reaction (Scheme 4) in which the aldehyde component was 
replaced by a 2- (or 3)-oxo aldehyde (4b and 4c), and the acid com-
ponent by a diethylphosphonoacetic acid derivative (4a). The ad-
duct of such MCR is ready for intramolecular HWE reaction, lead-

ing to highly substituted pyrrolidinones 4d and pyridines 4e [15]. 
Although some of the (unoptimized) yields are low, and certain 
substrates fail to give the desired transformation or react poorly, the 
sequence gives high purity products after filtration and is adaptable 
to a 96 well plate format.  

Ketones are customarily found as anion stabilizing groups, 
since their low reactivity allows for their coexistence with the 
phosphonate group in HWE reagents. Due to their higher reactivity, 
formyl phosphonates are not found as HWE reagents, although the 
precursor diethyl (2,2-diethoxy)ethylphosphonate is a commercially 
available compound. Interestingly, certain imino derivatives are 

2a 2b 2c

2d

(R1O)2OP

R2

O

O

N

O

O

(RO)2OP

R2

NR3R4

O

(R1O)2OP

R2

OEt

O
1) NaOH, EtOH

2) EDC, NHS, DCM

1) NHR3R4 (0,85 eq.), DCM

2) Girard's reagent T, MeOH
3) H2O/DCM

(RO)2OP

R2

N
H

O
H
N

O

NMe3
+Cl-

aqueous phase

organic phase

HO
N

O

O

+

1) t-BuOK, R5CHO (1,5 eq.), THF
2) Girard's reagent T, MeOH
3) H2O/AcOEt

N

H
N

O

NMe3
+C

l-
R5

aqueous phase

R2

NR3R4

O

R5
organic phase
237 examples

Scheme 2. 

O

R1

R2

OR3

O

O

R1

R2

OR3

CONR4R5 24-96%
26 examples
E selectivity: 67-100%

(EtO)2OP
NR4R5

O

NaH, THF

Scheme 3. 

4a

4b 4c

4d 4e

R1
NC

R2
NH2

R3 CO2H

PO(OEt)2
+ +

R4 CHO

O
R4

O

CHO

R5

R1
NH

N
PO(OEt)2O

O
R5

R1
NH

N
PO(OEt)2O

O
O R4

O

R4

R2
R2 R3

R3

R1

NH

N

O

O

R4 R2

R3

R1

NH

N

O

O

R5

R4

R2

R3

MeOH, rt. MeOH, rt.

Et3N, LiCl,
THF

Et3N, LiCl,
THF

13 examples
7-95%

11 examples
12-94%

Scheme 4. 
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stable enough to be used in HWE olefinations. One such example is 
2-diethoxyphosphoryl-1-dimethylhydrazonopropane, a modified 
phosphonate reagent developed by Petrosky. The hydrazone moiety 
acts in this case both as an anion stabilizing and a protecting group, 
bringing about a simplified homologation of polyunsaturated alde-
hydes [16]. More recently, methoxyimino phosphonates 5b were 
used in the synthesis of ��carbolines 5d [17]. The fact that 5b re-
acts with 3-acetylindole 5a instead of self reacting shows the lim-
ited electrophilicity of the oxime group in this context (Scheme 5).

A new HWE diazo reagent, 3-diazo-2-oxopropylphosphonate 
(6a), was evaluated for the olefination of aliphatic, aromatic and N-
protected amino aldehydes (6b,c) [18]. After suitable choice of the 
base and solvent, �,��unsaturated diazoketones 6d,e were obtained 
with high yields and complete E-selectivity (Scheme 6). These 
valuable unsaturated diazocarbonyl compounds were then trans-

formed, via Wolff rearrangement, to the corresponding 
�,��unsaturated amides 6f and esters 6g [19], advanced precursors 
of different alkaloids [20] (Scheme 6).  

�-Keto (cyanomethylene)triphenylphosphoranes 7b are key in-
termediates in the preparation of ��keto amides and esters, struc-
tural motifs present in many bioactive natural products and syn-
thetic peptides. Lee [21] reported an alternative synthesis of com-
pounds 7b, by HWE reaction of simple and functionalized alde-
hydes with diethyl (3-cyano-2-oxo-3-(triphenylphosphoranylidene)-
propyl)phosphonate 7a, a novel HWE reagent (Scheme 7). The 
olefinated products can be hydrogenated to yield 7c without affect-
ing the ��oxo-��phosphoranylidenenitrile. The same author, in a 
more recent paper [22], extended this synthetic approach to a phos-
phorane containing a t-butoxycarbonyl moiety (7d). HWE olefina-
tion of aldehydes with 7d led to excellent yields of the correspond-

5a

5b

5c 5d

(EtO)2OP
N

OMe

R2

N
Boc

R4
O

X N
OMe

R2

N
Boc

R4

X

33-98%
11 examples

N
R2

N
H

R4

X

BuLi, THF, 0˚ C

dichlorobenzene

240 ˚C, MW

X= 5-Cl, 5-MeO, 6-MeO
R2= H, Me; R4= H, Me, CO2Me

Scheme 5. 

6a

6c

6d

6e

6f

6g

O

RR'2NH, h�
NR'2

P

OO

EtO
EtO

N2

R O

NaH, THF, -78˚ C

O

N2

R
1. BnNH2, DBU,
THF, 24 h

2. Rh(OAc)4 2 mol%,
DCM, 12 h

N

Ph

R

O

R=alkyl, aryl
(50-91%, 10 examples)

R= CH2NHBoc, Ph

O

(EtO)2OP

N2

O

N2NCbzCHO

NCbz

ONCbz

OMeMeOH, h�
NaH, THF, 
   -78˚ C

coniceine,
indolizidine 167B,
indolizidine 209B

6a

6b

Scheme 6. 

7a 7b 7c

P

OO

EtO
EtO

PPh3

CN 1. NaH (1.3 eq), THF

2.
R1 R2

O

O

PPh3

CN

R1

R2

(58-93%, 8 examples)

Pd/C, H2

THF/MeOH

O

PPh3

CN

R1

R2

P

OO

EtO
EtO

PPh3
7d

CO2 t-Bu 1. BuLi, THF

2.
R1

O

O

PPh3

CO2 t-Bu
R1

(90-97%, 6 examples)

7e

Scheme 7. Ben
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ing functionalized olefins 7e with complete E selectivity (Scheme 
7).

Application of the vinylogy principle to simple HWE reagents 
such as TEPA or diethoxyphosphorylmethylketones leads to phos-
phonate reagents that can be generally used as C2n building blocks. 
��Phosphono crotonic, sorbic and octatrienoic acid derivatives are 
generally used. Despite of the large charge delocalization expected 
from the resulting anions, the HWE product distribution obtained 
through these reagents reflects a clear preference for the longest 
linear conjugated chain (Scheme 8).  

Simple dienylation of aldehydes using alkyl 4-(diethoxy-
phosphoryl)crotonate is generally performed in THF for sodium or 
lithium bases or in acetonitrile for organic bases. This approach has 
been used for the preparation of some intermediates in the total 
synthesis of Coumeperine [23], Gymnoconjugatins A and B [24], 
and the C1-C20 fragment of Aprylonine [25] (Scheme 9).  

Methyl phosphonocrotonic acid derivatives also find applica-
tion in the synthesis of natural products (Scheme 10). Although the 
E/Z selectivity achieved with such reagents is often poor and/or 
unpredictable, high stereoselectivity was achieved in some cases. 
Chakor reported the reaction of methyl 2-methyl-4-diethoxy-
phosphorylcrotonate with octanal with complete E-selectivity in his 
synthesis of Cyrmenin B1 [26]. The same phosphonate was em-
ployed in the HWE olefination of a chiral aldehyde towards the 
synthesis of Papulacandin D by Denmark [27]. In 2013, Shiina 
reported the first total synthesis of AMF-26, an anti-cancer drug 

candidate [28], which also includes a dienylation step using the 
same reagent. A ��substituted vinylogous phosphonate was em-
ployed for the construction of a precursor of (+)-Crocacin C, an 
antifungal agent [29]. Also in this case, complete E selectivity was 
reported. It is noteworthy that despite the different experimental 
conditions employed in these examples, all of them achieve the 
desired transformation with good yields and diastereoselectivity.  

Olefination of aldehydes with ��phosphonooligoenoic acid de-
rivatives 11a was recently studied by Wang [30] (Scheme 11). High 
yields and complete E-selectivity were achieved with benzalde-
hyde. Aliphatic aldehydes, regardless of the presence or absence of 
proximal branching groups and/or free and protected OH groups, 
exhibited E-selectivities of 85-90%, while conjugated aldehydes 
gave poorer yields of 11b.

Phosphoryl derivatives of sorbic acid have also been used in 
Srinivasarao’s synthesis of Apoptolidin D core [31]. The function-
alized vinylogous phosphonate 12b, which is also a diethyl phos-
phonoacetylacetate derivative, was developed to produce the conju-
gated triene system present in (-)-tirandamicyn C (12d) [32] 
(Scheme 12).

Benzylic an allylic phosphonates are considered as semi-
stabilized HWE reagents [5c]. These reagents are usually prepared 
by the Arbuzov reaction of the corresponding bromides, although 
an interesting variation of this method involving the corresponding 
alcohols and a Lewis acid promoter was recently reported (Scheme 
13) [33]. The method gives fair yields, except with strong EWGs in 

O

OEt
(EtO)2OP B-

O

OEt
(EtO)2OP

O

OEt
(EtO)2OP

O

OEt
(EtO)2OP

O

OEtR
RCHO

Scheme 8. 

HO

CHO

MOMO

CO2Et

MOMO

CO2H

(EtO)2OP CO2Et

1) MOMCl, NaH, DCM

2)

      NaH, MeCN (one pot)

1) Hydrolysis,

2) Recrystallization
       (iPrOH)

70% 93% E,E isomer

(EtO)2OP CO2Me

1) NaH, DMF 
    (high dilution)

2) Furfural

CO2Me

O

81% E,E isomer

O

OMe

OPMB

OTBS

MeO

OMTM

OMe

OPMB

OTBS

MeO

OMTM

(EtO)2OP CO2Et

CO2Et

 LHMDS, THF, -78˚ C

77%, E/Z = 12:1

Coumeperine

Gymnoconjugatin A and B

C1-C20 fragment of Aprylonine

Scheme 9. 
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the aromatic ring and is compatible with some important protecting 
groups such as MOM, which decomposes under Arbuzov’s condi-
tions. The reaction was rationalized as an acid promoted nucleo-
philic substitution, and was extended to allylic alcohols. 

Reaction of benzylic phosphonates and benzaldehydes is an es-
tablished method for the synthesis of substituted stilbenes and other 

molecules with extended � systems with many applications as mo-
lecular wires, OLEDS and fluorescent probes, among others. A 
typical example is found in the synthesis of precursors of push-pull 
tetrapyrazinoporphyrazines [34]. The requisite stilbenes 14c were 
prepared by HWE reaction between an electron rich benzaldehyde 
(14a) and an electron deficient phosphonate (14b) and, after oxida-

(EtO)2OP CO2Me
Octanal, BuLi,
  THF, -78˚ C CO2Me

n-C7H15

72%, E,E-isomer

Cyrmenin B1

1) O3, NaHCO3, DCM/MeOH, then Me2S,

2)                                                , 

LiOH, 4A MS, THF, reflux

(EtO)2OP CO2Et CO2Et

78%, E/Z=91:9

Papulacandin D

H
TBSO

H

OH

1) TPAP, NMO, DCM,

2)                                                       (3 eq.), 

     LHMDS, THF (0.05 M),-78˚ C

(EtO)2OP CO2Et

H
TBSO

H

OEtO

92%, single isomer

AMF-26

CHO

OMeOMe

Ph

(EtO)2P

O

OMe

O

LDA/THF, HMPA, -78˚C

OMeOMe

Ph OMe

O
(+)-Crocacin C

57%, single isomer

Scheme 10. 

11a 11b

(EtO)2P

O

OMe

O

R
n

RCHO, LHMDS,THF, -78˚ C

Yield: 78-87%
E/Z: 85-98%
n=1,2; R=H,Me

OMe

O

R
n

R

Scheme 11. 

12a 12c 12d

O O

(EtO)2OP
O

O

O

CHO
O O

O

O

O

NaH, THF, 0˚ C

93%

OH O

O

O

O
NH

12b

Scheme 12. 

13a 13b

OH P(OEt)3, ZnI2,

toluene, reflux
R

PO(OEt)2

R

11 examples
15-84%

R= Br, Me, MeO, NO2, CO2Me, MOMO, TBS, vinyl

Scheme 13. 
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tion and condensation with diaminomaleonitrile, afforded the corre-
sponding push-pull pyrazines 14d (Scheme 14). 

This reaction also finds application in the elaboration of poly-
mers by means of bifunctional starting materials. Hadziioannou 
informed the synthesis of a low bandgap macroinitiator by polym-
erization of tiophenecarbaldehyde 15a (Scheme 15) [35], in which 
the degree of polymerization was modulated by addition of variable 
quantities of a monofunctional 2-formylthiophene as end-capping 
agent. 

Allylic phosphonates can be prepared from allenyl phospho-
nates. Swamy studied the Pd(AcO)2 catalyzed reactions between 

allenyl phosphonates and aryl iodides (Scheme 16). Reaction be-
tween 16a and 2-iodobenzoic acid yielded a 4-phosphonomethyl 
isocoumarin (16b), an allyl phosphonate reagent [36]. When re-
acted with anisaldehyde, the olefinated product 16c was produced 
in fair yield. In 2013, the same group presented an alternative 
method for the preparation of allylic phosphonates trough a CsF-
mediated 1,2 addition of NH heterocycles 17b to allenyl phospho-
nates 17a [37] (Scheme 17). The resulting HWE reagent 17c was 
coupled with a series of 4-substituted benzaldehydes providing 
access to 10-(1-cyclohexylidene-3-arylallyl)acridinones 17d.

14a 14b 14c
14d

R2

PO(OEt)2

R1= C8-C12 n-alkyl
R2= SO2(CH2)7CH3, NO2

R1O

CHO

+
NaH, THF, MeOH

reflux

R2

R1O

64-73%
6 examples

R2

OR1

N

NNC

NC

Scheme 14. 

15a 15b

S
O

S
O

PO(OEt)2

C8H17C8H17

S

S CHO

C8H17 C8H17

n

KOt-Bu, THF, rt

Scheme 15. 

16a 16b 16c

O

O
P

O

O

O

PMPCHO, NaH

THF, reflux O

O

PMP

O
P

O

C

CO2H

I

Pd(OAc)2 (5 mol %),
CsF, DMF, 90˚ C

65% 50%

Scheme 16. 
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2.1.2. Phosphorus, Sulfur and Nitrogen-based Z Groups 

The phosphonate moiety can serve both as the leaving group in 
the elimination step of the HWE reaction and as the stabilizing 
group within the intermediate carbanion. Such biphosphonate rea-
gents are generally prepared in connection to their biological prop-
erties, since they are isosteres of naturally occurring phosphate 
sugars, nucleotides and lipids [38]. Schinazi presented a practical 
synthetic route to furanonucleoside prodrugs containing the 
pivaloyloxymethyl phosphonate group (18e) by means of a methyl-
enebis phosphonate salt derived from 18b [39], which was reacted 
with fluorinated nucleoside 18c under standard HWE reaction con-
ditions (Scheme 18) [40].  

Aminophosphonic acid 19c was designed by Bittman as a 
modification of FTY720, to be an allosteric inhibitor of sphingosine 
kinase 1, which is overexpressed in some cancer types. A key step 
in its synthesis was the olefination of the oxyrane containing alde-
hyde 19a with tetramethyl methylenediphosphonate, a commer-
cially available reagent (Scheme 19) [41].  

Mixed phosphorus compounds such as 20a were synthesized by 
Ortial [42], and their reaction with aldehydes and ketones was in-
vestigated. A variety of olefination products 20b, not easily acces-
sible via any other process, were obtained with high E-stereo-
selectivity (Scheme 20).

Non-geminal bisphosphonates can be used when the HWE reac-
tion is intended to occur twofold, particularly in semistabilized (i.e.

benzyl) HWE reagents. Selective HWE reaction of bisphosphonates 
with carbonyl compounds afford new phosphonate reagents, which 
can then undergo a second HWE olefination. This enables the 
preparation of nonsymmetrical diene derivatives, extending the 
product scope of the reaction. A recent example of this approach 
was reported by Lee [43], who synthesized a novel class of blue 
organic light-emmitting diodes (OLEDs) 21d based on biphenyl 
phosphonates 21a (Scheme 21).

Bipyridine-based bisphosphonates are useful starting materials 
for the synthesis of organic molecules bearing extended 
��conjugated systems. Among them, oligophenylenevinylene 
(OPV) derivatives have been extensively investigated due to their 
applications in the fields of photo- and electroluminescence, photo-
voltaism and nonlinear optics, among others. For example, Viau 
[44] reported the synthesis of new bipyridyl-based chromophores 
featuring extended oligophenylenevinylene ��conjugated back-
bones. After attempting different synthetic approaches, the best 
choice was a double HWE olefination of stilbene-derived aldehydes
with bisphosphonate 22a (Scheme 22). Two novel derivatives 22b
were thus prepared with high yields and complete E-selectivity. The 
same approach was employed to prepare some novel examples of 
such “push-pull” molecules [45]. Klein further enlarged the scope 
of the reaction to develop a novel series of functionalized 2,2´-
bipyridine ligands with either electron-withdrawing or donating 
end-capping groups designed for dye-sensitized solar cell applica-
tions [46]. 
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Stabilizing groups for HWE reagents also include sulphur func-
tionalities, where the S atom may adopt several oxidation states. 
Alkyl phosphoryl sulfonates have been used to introduce an alkoxy-
sulfonylvinyl group in Abouzid’s synthesis of peptidomimetics 23c,
with potential antiviral activity, from phenylalaninol 23a (Scheme 
23, A) [47]. The same reagent was used as an ethoxysulfonylethyl 
precursor of bioisosteres of sulphate esters in the synthesis of ana-
logues of the antithrombin-binding pentasaccharide domain of 
heparin. In this case, HWE was chosen because an alternative strat-
egy relying on a radical mediated reaction was not compatible with 
the phenylthioglycoside present in precursor 23d [48] (Scheme 23, 
B).

In 2012, Nagorny developed sulfonylphosphonates 24a to be 
used in the synthesis of polyenes by two-step sequential condensa-

tions (Scheme 24). Reaction of phosphonate 24a led to allylic 
phosphonate 24b, via a modified Julia olefination. The observed 
chemoselectivity was due to the higher acidity of sulfonyl group 
��protons. The resulting semistabilized HWE reagent underwent 
olefination under standard conditions affording 24c. The authors 
further exploited this sequence in the synthesis of ��parinaric acid 
[49]. A vinylogous diethylphosphonophenylsulfone was used to 
access a dienyl sulfone moiety in Srinivasarao’s studies towards the 
synthesis of Apoptolidin D core [31], showing how the nature of 
the sulfone substituent affects its reactivity. 

The cyclic bis-sulphoxide derived phosphonate 25a was used as 
HWE reagent for the olefination of functionalized aldehydes in a 
novel synthesis of ent-cispentacin 25c (Scheme 25) [50]. 
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A further example of sulphur-phosphonate reagents versatility 
is given by the use of a 1,3-dithiol-phosphonate in the synthesis of 
ruthenium complex 26c. Despite its resemblance with an umpolung 
compound, 26b behaves clearly as a HWE reagent, reacting with 
the quinoxalinquinone acceptor 26a with expulsion of dimethyl-
phosphate (Scheme 26) [51].  

N-Vinylpyrrole 27c was employed by Xiang for the synthesis of 
atorvastatin, a well known HMG-CoA reductase inhibitor. Phos-
phonate 27b, in which the N atom is part of a heteroaromatic nu-
cleus, was prepared from diethyl aminomethylphosphonate and 
diketone 27a, through a Paal-Knorr synthesis [52] (Scheme 27).

Another example is found in isoindolinone phosphonate reagent 
28b. This amidomethylphosphonate reacts with aldehydes either 
inter or intramolecularly, according to the chosen base/solvent sys-
tem (Scheme 28) [53].  

2.2. �-Substituted Phosphonates 
Another source of diversity in HWE reagents is the introduction 

of an additional substituent on the phosphonate ��carbon (W 
group, Scheme 29). Introduction of a heteroatom or a functionalized 
carbon substituent leads to polyfunctionalized olefins and also al-
lows intramolecular reactions to take place. Both possibilities widen 
the scope of the reaction and provide access to more complex syn-
thetic targets. 

2.2.1. �-Halophosphonates 
Halo compounds are valuable both as synthetic intermediates 

and as biologically active compounds. Stabilized phosphonates 
possessing a ��halogen represent a practical approach for the syn-
thesis of halogenated olefins. (E)-��bromoacrylates are useful syn-
thetic precursors of trisubstituted alkenes, whose stereocontrolled 
preparation is a challenge in synthetic organic chemistry. A novel 
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reagent, methyl bis(2,2,2-trifluoroethoxy)bromophosphonoacetate 
30a, was developed by Kogen for the synthesis of such compounds 
(Scheme 30). HWE olefination of aromatic, aliphatic and conju-
gated aldehydes with 30a yielded the corresponding 
��bromoacrylates 30b. By a suitable choice of the reaction condi-
tions, high E selectivity (which in this case corresponds to a cis
disposition of the hydrocarbon chain) was achieved [54]. This 
methodology, together with Suzuki cross coupling, allowed for a 
new, concise synthesis of plaunotol, a natural product with antibac-
terial activity against Helicobacter pylori. Geraniol-derived alde-
hyde 30c was converted to E-bromide 30d, a direct precursor of the 

C1-C7 fragment of the target compound, with the desired stereo-
chemistry [55] (Scheme 30).

Chiral �,��unsaturated ketones are compounds with many ap-
plications in organic synthesis. Xu reported the synthesis of 31b
and its enzymatic resolution to novel chiral ��chloro-��hydroxy-
��ketoalkanephosphonates 31c,d. Their HWE reaction with ben-
zaldehyde enabled the preparation of several ��chloro-��hydroxy-
�,��unsaturated ketones 31f,e with high enantiomeric purity [56] 
(Scheme 31).

Triethyl ��fluorophosphonoacetate (F-TEPA) is employed in 
the preparation of (E)-��fluoro-�,��unsaturated esters [57], which 
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play an important role in the synthesis of various biologically active 
fluorinated compounds [58].  

Nucleosides containing one or more fluorine atoms either in the 
sugar moiety or in the base have drawn increasing attention, due 
both to their antiviral and anticancer activity and to the improve-
ment in the bioactivity and stability of the corresponding com-
pounds as a consequence of fluorine substitution [59], since isos-
teric replacement of hydrogen by fluorine atom in bioactive mole-
cules usually has a dramatic effect on their properties [60]. The 
HWE reaction of ��fluorophosphonates has been widely applied to 
the synthesis of fluorinated nucleosides, being the key step for the 
introduction of a fluorine atom in the normal or modified sugar 
moiety [59], generally with E stereoselectivity [61]. Two recent 
examples of such modifications are shown in Scheme 32. Lee de-
signed a series of fluorocyclopropanoid nucleosides 32c as confor-
mationally restricted analogues of acyclic nucleosides such as acy-
clovir [62]. These compounds where synthesized from 32b, which 
was obtained by fluoroolefination of silyloxy aldehydes 32a.
Fluorinated dideoxynucleosides are also compounds with improved 

antiviral activity as reverse transcriptase inhibitors. Chu reported in 
2002 the synthesis of a series of unsaturated nucleosides starting 
with 32e, which was obtained as the HWE product between F-
TEPA and isopropylidene D-glyceraldehyde 32d. A deprotection-
lactonization-reduction-acylation sequence (not shown) converted 
32e to an appropriate glycosyl donor for the synthesis of 32f [63]
(Scheme 32).

In 2012, Patrick informed the preparation of diethyl-2-
fluormaleate 33b and its cycloaddition reactions with azomethine 
ylides and nitrones as a straightforward method for the synthesis of 
ring-fluorinated heterocycles 33c,d. The fluoro olefin was synthe-
sized in a single step from ethyl glyoxylate and F-TEPA (Scheme 
33) [64].  

Fluoro olefins behave as isoelectronic and isosteric replace-
ments for amides [65]. In 2014, Sano reported the synthesis of rac-
34c as a surrogate for Cbz-Gly-ProOH dipeptide with a stereostable 
E amide linkage [66]. The key step was the HWE reaction between 
2-F-TEPA and 2-OBO-cyclopentanone (34b), which afforded 34c
with high yield and stereoselectivity (Scheme 34). 
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2.2.2. �-Aminophosphonates 
Stabilized phosphonates bearing a ��amino group are useful 

HWE reagents that allow for the direct synthesis of dehydroamino-
acids and ��aminoacids through reduction of the latter. This strat-
egy was applied for the synthesis of azatoxin S-analogs 35d.
Benzo[b]thiophene 35a was olefinated using N-boc-triethylphos-
phonoglycinate 35b, yielding dehydroaminoacid 35c. Asymmetric 
reduction was then used to establish the stereochemistry of the 
pyrido-oxazole ring fusion [67] (Scheme 35).

Trimethyl phosphonoglycinate derivatives 36a,e were em-
ployed as the key step to build the dehydroamino acid moiety of the 
alkaloids phenylahistin (36d) and isoroquefortine E (36g), respec-
tively, from a common aldehyde precursor [68] (Scheme 36). Both 

N-(��aminoacyl) dehydroaminoacids 36e,f where then elaborated 
into the diketopiperazine moieties common to both alkaloids. 

�,��Didehydroaminoacids have received considerable attention 
after their discovery in some naturally occurring oligopeptides [69]. 
Their presence within peptide sequences introduces conformational 
constraints, leading to applications in the study of enzyme mecha-
nisms and binding. The development of synthetic strategies for 
natural and unnatural �,�-didehydroamino acids is thus desirable. 
On the basis of the method developed by Schmidt [70], Cativiela 
investigated the HWE olefination of several 4-substituted cyclohex-
anones with commercially available 37b as a method for the syn-
thesis of novel �,�-didehydroamino esters 37c [71] (Scheme 37).
Such derivatives display axial chirality and were obtained as race-
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mic mixtures. The method was then extended to the synthesis of 
model dipeptides 37e containing an axially chiral �,�-
didehydroamino acid moiety. 

Z-Stereoselectivity had previously been observed in the HWE 
olefination of 2-iodobenzaldehydes with N-aryl-��phosphonyl-
glycines (38a) [72]. The resulting didehydrophenylalanine deriva-
tives 38b were subjected to Pd-catalyzed amination yielding N-aryl 
indole-2-carboxylates (38c). The specific formation of Z isomers in 
the HWE reaction was crucial to the success of the process. The 
reaction was also efficient for the preparation of N-acyl indole de-
rivatives from the corresponding N-acyl���phosphonylglycines 
(Scheme 38).

Dehydroaminoacids 39b derived from benzaldehydes give ac-
cess to isoquinolines through Pictet-Spengler reaction, as demon-
strated by Desai’s synthesis of sulphated tetrahydroisoquinoline 
antithrombin activators (39c) [73] (Scheme 39).  

2.2.3. Polyfunctionalized Phosphonates 
HWE reaction is especially suited for the construction of exo-

cyclic double bonds. In such cases, the olefinating reagent is gener-
ally a cyclic core bearing a phosphonate group. This reaction has 
found use in the preparation of ��methylene lactones and lactams 
with cytostatic activity. The olefinations were performed using  
3-phosphorylated lactones and lactams, which in turn could be ac-
cessed through functionalized phosphonoacetate derivatives.  

Janecki reported the synthesis of 5-hydroxymethyl-3-
methylidene butyrolactones 40d employing this approach (Scheme 
40). Stabilized phosphonates resemble dicarbonyl compounds as 
they can be alkylated by suitable halides. Thus, the requisite  
5-substituted-3-(diethylphosphono)butyrolactones 40a were readily 
prepared by alkylation of TEPA and subsequent oxidation to diols 
40b, which were cyclized to phosphonolactones 40c [74]. In 2008, 
the same author prepared ethyl 3-diethylphosphono-4-aryl-4-oxo-
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butanoates 40e by alkylation of TEPA with various 2-bromo-
aceto(or propio)phenones. This versatile HWE reagent was con-
verted not only to 3-phosphoryl lactones 40g through reduction and 
cyclization, but also to 3-phosphoryl-lactams 40j by reductive ami-
nation. Both cyclic products afforded the corresponding 3-methyli-
dene derivatives (40h,k) by reaction with formaldehyde polymer 
[75]. 

An alternative for the generation of 3-methylidene lactones 
and/or lactams relies on the fact that derivatives of 2-phosphono-
acrylic [76] acid 41a readily engage in Michael-type additions, 
behaving as the acceptor. Addition of nitroalkane salts to 41a fol-
lowed by Nef reaction of 41b yields 4-keto-2-phosphonobutyrates 
41c [77]. Reduction of 41c affords phosphonofuranones 41d, which 
were olefinated to �-methylidene lactones 41e [78] (Scheme 41).
�-Methylidene lactams 41g were available employing the same 
precursors, except that reductive amination was employed to obtain 
compounds 41f, also accessible by direct reduction of the nitroalka-
noate [79]. The method also allows for the preparation of N-

substituted enamides 42c if a primary amine is condensed with the 
carbonyl precursor (42a) and the reduction step is omitted [80] 
(Scheme 42).

Finally, enamine-mediated Michael addition to 43a affords 5-
keto derivatives 43b which, after a reduction-acylation sequence 
(43b-d) lead to the higher homologues (�-lactams 43e), further 
demonstrating the versatility of acrylic phosphonate precursors [81] 
(Scheme 43).

3-Substituted phosphonoacrylate derivatives also find applica- 
tion in the synthesis of other alkylidene heterocycles, using biden- 
tate nucleophiles. An example of this is the reaction of 44a with  
N-methylhydroxylamine affording 3-methylideneisoxazolinone de- 
rivatives (44d) [82], depicted in Scheme 44.

Acetamidomalonate (45a) shows a similar behavior, leading to  
cyclic products 45d through nucleophilic addition followed by in- 
tramolecular acylation to 45b [83]  (Scheme 45). Nitroalkane con-
jugate addition followed by reduction has also been used with these 
precursors [84].  
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Additionally, trialkylphosphonoacetates may also behave as 
Michael donors, giving straightforward access to �-phosphoryl-�-
lactones and lactams. Jørgensen described an organocatalyzed 
asymmetric version of this reaction (Scheme 46) which allowed for 
the straightforward synthesis of various substances embodying the 
3-methylidene-2-oxo heterocycle motif, leading to lactones (46e),
lactams (46g) and polycyclic lactams (46i) [85]. 

Intramolecular HWE reaction is a well established synthetic 
method to construct cyclic unsaturated systems. The synthesis and 
reactions of phosphorylated aldehydes have been reviewed earlier 
[86]. Several reports are available on the synthesis of substituted 
cyclohexene derivatives, while the cyclization of 2-diethoxy-
phosphoryl-6-oxoalkanoates leading to the corresponding five-
membered analogues is less documented. This may be due to the 
lack of efficient preparative methods for the necessary precursors. 
Krawczyk [87] reported a general method for the required t-butyl  
2-diethoxyphosphoryl-5-formyl pentanoates (47d), by Michael 
addition of Grignard reagent 47b to vinyl phosphonoacetates.  
Intramolecular HWE alkenylation of such precursors afforded  
5-substituted cyclopentene carboxylate esters (47e) in good yields 
(Scheme 47).

�-Phosphoryl cyclic ketones can also be employed to establish 
an exocyclic double bond and react with aldehydes without any 
noticeable self condensation side reactions. An intramolecular ex-
ample of this approach employing a masked aldehyde moiety al-
lowed for the facile preparation of a trans-bicyclic enone in a 
highly stereocontrolled fashion (Scheme 48). 

Phosphonates including an acetal moiety can also be used as 
precursors of the more reactive phosphonoaldehydes in  
intramolecular HWE reactions leading to cyclic alkenes. A recent 
example was reported by Fang [88], in which phosphonate 49b,
derived from D-xylose, reacts in an intramolecular fashion to give 
the corresponding cyclohexene carboxylate derivative (49c), an 
intermediate in the synthesis of Tamiflu and Oseltamivir (Scheme 
49). Interestingly, this approach was extended to the synthesis of 
structurally related new phosphonates, with enhanced antiviral  
potency (49d).

2.3. Miscelaneous Phosphonates 

In a recent paper, Beier developed a new HWE reagent, diethyl 
1-fluoro-1-nitro-methylphosphonate 50b, and studied its olefination 
reactions (Scheme 50). This acidic reagent is unstable to air and 
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bases and reacts with aldehydes in the presence of diisopropylamine 
even at -78 ºC. Reaction with ketones is sluggish or does not occur, 
while olefination of aldehydes proceeds with good yields. The re-
sulting 1-fluoro-1-nitroolefins 50c can be reduced to 1-fluor-1-
nitroalkanes easily [89]. Reagent 50b can also be alkylated with 
reactive halides or Michael acceptors.  

50a 50b
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RCHO, i-Pr2NH, 

THF, -78˚ C
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MeCN:H2O (2:1)

7 examples,
71-81%

E/Z= 65:35-98:2
50b

Scheme 50. 

Peters developed a HWE-based approach towards substituted 2-
quinolones (51d), a heterocyclic nucleus present in biologically 
active compounds and also a starting material of synthetic value. 
The method, depicted in Scheme 51, involves N-acylation of  
o-aminophenylketones (51b) followed by intramolecular HWE 
olefination of amidoketones 51c. The procedure involves mild reac-
tion conditions, good yields, and can be performed either in two 
steps or as a one-pot procedure. An additional advantage is its ap-
plicability to certain derivatives which were not readily accessible 
through previously reported methods. This procedure, however, 
could not be applied to 2-unsubstituted phosphonates, which yield 
the corresponding Knoevenagel products [90].  

Zhao and co-workers developed a similar method for the syn-
thesis of 4-substituted-3-halo-2-quinolones (52d) starting from  
2-halo diethylphosphonoacetic acids (52a, X= F, Cl, Br) and  
o-aminophenylketones (52b) [91] (Scheme 52).
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2-(Diethoxyphosphoryl)-2-fluoro-ethanethioic acid S-ethyl es-
ter (53b) was developed by Kajjout [92], and employed in the HWE 
olefination of aromatic aldehydes (Scheme 53). The resulting 
��fluoro��,��unsaturated thioesters (53c) were then reduced to the 
corresponding (Z)-��fluoroallyl alcohols (53d). The E/Z selectivity 
of the olefination step varies according to the nature of the substitu-
ents, but the E/Z mixtures obtained undergo isomerization during 
the ester reduction step, yielding exclusively the Z final products. 
This methodology, applied to O-glucosylated vanillin (53e), pro-
vided easy access to (Z)-��fluoroconiferin (53g), a strong lignin 
polymerization inhibitor. 

Fluorinated aminophosphonates are mainly sought for their ap-
plications in bioorganic chemistry and because of the biological 

activities displayed by some of them. A straightforward two-step 
method to access such compounds (54d) is depicted in Scheme 54,
and involves reduction/deprotection of fluorinated vinylphospho-
nate 54c. The olefin substrates were prepared from fluoromethylene 
bisphosphonate 54a and chiral ��(dibenzylamino)aldehydes 54b
[93].  

Although asymmetric HWE reactions are scarce, some exam-
ples can be found in the literature. In 2002, Tanaka reported the 
synthesis of chiral 10-substituted benzo[b]fluorenones 55b by in-
tramolecular HWE olefination from axially chiral phosphonate 55a
(Scheme 55). Other diketones gave poorer results in terms of yield 
and asymmetric induction [94].  
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2.4. Other Electrophiles 
Although the vast majority of HWE reactions proceed through 

��oxiphosphonate�1,2-oxaphosphetane intermediates, in some 
cases the homologous ��oxi phosphonate�1,2-oxaphospholanes 
can lead to cyclopropane derivatives. This behavior can be ob-
served when an epoxide or a dioxine are used as the elecrophile 
instead of an aldehyde or ketone.  

Dioxines (56a) behave as masked 3-hydroxy-enones (56b),
since they can be isomerized to the latter either by cobalt or base 
catalysis. In 2002, Taylor studied the reaction between 56a and 
various HWE reagents 56c, obtaining moderate to excellent yields 
of the desired cyclopropanes 56f with the shown stereochemistry 
[95] (Scheme 56). The reaction has some limitations and fails when 
Z is a methyl ketone or a styryl group. The lowest yields were ob-
tained for triethylphosphonopropionate, which afforded a di-
astereomeric mixture of the products (not shown).  

Synthesis of cyclopropanes by HWE methodology employing 
oxiranes as the starting materials is a known procedure, although 
some practical drawbacks are found in large scale preparations 
when alkyl oxiranes are used as the substrates [96]. Merschaert 
developed an efficient synthesis of (R,R)-2-methylcyclopropane-
carboxylic acid (57c) from (S)-2-propylene oxide and TEPA 
(Scheme 57). The authors informed that the reaction outcome was 
highly dependent on the reaction conditions. The harsh conditions 
required to bring about reaction in 57a are in agreement with the 
chemoselectivity previously observed in the reaction of 19a
(Scheme 19).

3. CONSECUTIVE REACTIONS 

3.1. Sequential Reactions  
Sequential reactions introduce a significant modification in a 

chemical compound by means of a series of high yielding reactions 

with a predictable outcome and without the need of step by step 
purification. In spite of this, product isolation, solvent replacement 
and/or changes in the reaction conditions are often needed. It is a 
prerequisite for each step to deliver a high purity product in order to 
comply for the needs of a practical sequential reaction. HWE reac-
tion fulfills these requirements and finds use in some well estab-
lished sequential reactions. 

Asymmetric organocatalyzed functionalizations of aldehydes 
are important transformations. Among them, reaction of enols, 
enolates, enol ethers and enamines with nitrosobenzene, in the pres-
ence of a Lewis acid catalyst, lead to ��aminoxy derivatives, which 
can in turn be converted to highly valuable ��hydroxy compounds 
through N-O bond scission [97]. Although asymmetric aminoxyla-
tion-reduction of trialkyltin enolates using nitrosobenzene as the 
oxidant and BINAP-Ag+ complexes as catalysts had previously 
been reported [98], truly organocatalytic chiral ��aminoxylation of 
aldehydes was first described in 2003. Since then, it has been linked 
to consecutive reactions because ��(phenylaminoxy)aldehydes are 
highly unstable compounds, whose isolation and purification are 
cumbersome [99]. The aminoxylation/HWE sequence was devel-
oped by Zhong et al. with the aim of providing an expeditious ac-
cess to secondary chiral allylic alcohols [100]. The sequence, de-
picted in Scheme 58, involves the reaction between in situ gener-
ated ��aminoxyvaleraldehyde 58b and diethyl (2-oxopropyl)phos-
phonate, yielding the desired ��aminoxyenone 58d. The high opti-
cal purity of the resulting material indicated that racemization was a 
negligible process in the chosen experimental conditions, probably 
due to the different acidities of the oxidized aldehyde and phospho-
nate reagent. The resulting aminoxy compounds yield the corre-
sponding alcohols 58e after treatment with cupric acetate. This 
methodology was further refined by McMillan [101], who included 
the deamination step in the reaction work-up. In his syntheses of 
Brasoside and Littoralisone (Scheme 58), aldehyde 58f, derived 
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from (-)-citronellol, was subjected to D-Proline-catalyzed oxidation 
and olefinated in Masamune-Roush conditions. Subsequent deami-
nation took place during NH4Cl/MeOH workup of the reaction, 
delivering ��hydroxy��,��unsaturated ester 58g in 56% yield over 
three steps. 

Since then, asymmetric organocatalyzed aminoxylation/HWE/ 
reduction sequences have found much use in the synthesis of natu-
ral products, where polyfunctionalized carbon chains with definite 
stereochemistry are often needed [102]. In addition, the hydrolytic 
deamination step can be omitted when the desired product is the 
saturated ��hydroxy ester, since N-O bond cleavage occurs readily 
under heterogeneous hydrogenation conditions [103].  

Enantioselective ��amination of aldehydes is also a well estab-
lished synthetic procedure [104]. From the beginning it has been 
linked to one pot sequential processes, since the aminoaldehyde 
products are even more prone to racemization than the ��aminoxy 
compounds [105]. The reaction is conducted with D- or L-proline as 
the organocatalyst and DBAD (and other azodicarboxylates) as the 
electrophilic nitrogen source, leading to N,N’-bis(Cbz) protected 
��hydrazino aldehydes and ketones. In 2007, Kotkar reported the 
first HWE trapping of these reactive derivatives [106] (Scheme 59).
The amination/HWE product 59b was obtained in 80% yield, al-
though with 22% ee, showing the instability of the chiral centre in 
the intermediate aminoaldehydes. Different bases were assayed in 
order to decrease the racemization rate, and the Masamune-Roush 

protocol was identified as the optimal condition, working at low 
temperature and decreasing the exposure time without seriously 
affecting the chemical yield. 

The scope of these reaction sequences was further extended by 
the addition of an ester to aldehyde reduction step and by submit-
ting the resulting chiral ��substituted aldehyde to an additional 
��functionalization/HWE/reduction protocol, iteratively (Scheme 
60). Since either antipode of Pro can be used as the catalyst, this 
extension of the method gives access to both anti and syn 1,3-diols 
and 1,3-aminoalcohols. It should be noted, however, that di-
asteroselectivities can be lowered due to matched-mismatched ef-
fects on successive iterations (compare 60c and 60d) and that care-
ful selection of protecting groups is necessary in order to avoid 
diminished aldehyde reactivity [103a]. The strategy was investi-
gated by Kumar, who examined the stereochemical outcome of 
successive iterations [107]. In 2010, the same author reported an 
extension of this concept by combining aminoxylation and amina-
tion sequences in order to obtain syn and anti 1,3-aminoalcohols 
[108] (Scheme 60). Chemical yields for aminoalcohols 60i and 60j
were similar but, also in this case, the syn series showed a lower 
degree of asymmetric induction, behaving as the mismatched pair. 
More recently, various azabicyclic ring systems were synthesized 
by this approach [109]. 

Organocatalyzed ��functionalization of aldehydes followed by 
HWE reaction was also employed in Armstrong’s synthesis of qua-

59a 59b
R CHO R CO2Et

NCbz
CbzHN

R= Me, Et, Pr, i-Pr, 
      Bn, PMB

1) DBAD (1 eq.), L-Pro (10% mol), MeCN,

2) TEPA (1.5 eq.), LiCl (1.5 eq.), 
    DBU (1 eq.), 5˚ C

(1.2 eq)
6 examples

80-88%
92-99% ee

Scheme 59. 
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ternary ��vinyl-��aminoacids (Scheme 61). In this case, the elec-
trophile 61b was generated from N-(phenylseleno)phthalimide, and 
the resulting ��chiral aldehyde 61b was trapped as the E (61c) or Z
(61e) HWE adduct by employing either diethyl or diphenyl phos-
phonoacetate, respectively. The resulting allylic phenylselenides 
were transformed to the corresponding selenimides, which rear-
ranged spontaneously to the chiral ��aminoacids 61d and 61f.
HWE reaction’s stereoselectivity was crucial in order to obtain both 
optical antipodes of the desired products employing L-Pro as the 
only precursor of the asymmetric induction agent [110]. 

3.2. One Pot, Tandem and MCR Procedures 
One pot, MCR and tandem reactions represent the acme of 

chemical pragmatism, since they allow for consecutive reactions to 
take place without isolation and purification of synthetic intermedi-
ates, thus saving time and effort. Both tandem and multicomponent 
reactions are “one pot operations” being distinguished by the in-
tramolecular character of the former. The reverse, however, is not 
true, and many one pot reactions require modifications (tempera-
ture, solvent, catalyst addition) during their implementation. Al-
though all the examples discussed in the present section fall in one 
of these categories, a stern subdivision based on them would be 
both impractical and artificial. According to this, the sorting of the 
following examples is based on whether the modification of the 
reaction partners takes place before or after the HWE reaction, and 
the type of the accompanying reaction. 

HWE reaction can be performed with in situ generated alde-
hydes. In the example shown in Scheme 62, the preformed stabi-
lized phosphonate carbanion 62a is treated with an aminoacid ester 
(62b) in the presence of DIBAl-H at low temperature to produce Z-
dehydroaminoacids 62c. Lack of stereoselectivity led in this par-
ticular case to the unexpected compound 62d, as a result of nucleo-
philic cyclization of the E product during workup [111]. 

In 2009, a one-pot synthesis of 1,4-bis-styrylbenzenes was de-
veloped, involving Heck coupling of diethyl 4-iodobenzyl-
phosphonates (63a) with substituted styrenes (63b) followed by 
HWE reaction with benzaldehydes (63c) [112] (Scheme 63). The 
inverse two step sequence, starting with the HWE reaction and 
performing the chromatographic purification before the Heck cou-
pling, led to lower overall yields (50-65%) of 63d. The one pot 
version of the HWE/Heck sequence afforded even lower yields (43-
60%). 

Anderson prepared ��iminoaldehydes 64b through a 1,3-
rearrangement of O-alkenyloximes 64a. The reaction products were 
trapped by TEPA anion to yield ��imino-�,��unsaturated esters 
64c [113], which were then hydrolyzed to the corresponding amines 
(Scheme 64).

Fujioka presented a two step reaction sequence, depicted in 
Scheme 65, for the synthesis of four and five-membered heterocy-
cles 65c bearing a ��exocyclic double bond. The first step, a base 
induced Claisen-like acylation affords the stabilized cyclic phos-
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Scheme 61. 
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phonate 65b, and HWE reaction between the latter and an aldehyde 
ensues. The equivalent two step synthesis led to similar yields and 
stereoselectivity. The authors employed this protocol for the expe-
ditious synthesis of (±)-pseudodeflectusin from phosphonate ester 
65d [114].  

Umezawa developed a protocol for the one pot generation of a 
HWE reagent salt followed by HWE olefination in a three compo-
nent reaction mode (Scheme 66). Base-induced reaction of trimeth-
ylsilylmethyl phosphonate 66a with an acyl fluoride generates a 
��TMS phosphonoketone, which after fluoride-induced loss of the 
TMS group generates the corresponding stabilized anion 66b. Addi-
tion of an aldehyde allows the HWE reaction to proceed to the de-
sired enones 66c [115].  

Base-induced heterocyclization of diethyl N-(2-bromo-1-
benzyl)phosphonoacetamides 67a followed by one pot HWE reac-
tion of the resulting oxazolines 67b was a more effective route to 
(S,E)-2-(2-arylvinyl)-4-benzyl-4,5-dihydrooxazoles 67c than step-
wise approximations (Scheme 67). In all cases the products were 
isolated as single diastereomers and without loss of enantiomeric 
purity [116].  

Argade presented a one pot synthesis of 3,4-diaryl-2-(5H)-
furanones 68c involving a displacement reaction followed by tan-
dem HWE reaction (Scheme 68). This very convenient procedure 
employs triethylamine as the base and gives high purity products 
(>97%) with excellent yields. The intermediate phosphonoester 68b
was isolated in 92% yield performing the reaction in DCM at 0º C. 
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This sequence was employed for the synthesis of Cox-2 inhibitor 
Rofecoxib (R1=4-MeSO2Ph, R2=Ph) in multigram scale with 92% 
yield [117]. 

HWE reaction is mostly related to aldehyde or ketone olefina-
tion. Although phosphonate anions are capable of reacting with 
other electrophiles, such as esters, amides and amidines [118], these 
reactions proceed presumably through a nucleophilic acyl dis-
placement mechanism, leading not to olefinated products but to 
acyl phosphonates. Although amides are known not to participate in 
HWE reactions, some imides (69a) do. Couthon described some 
examples of this reaction (Scheme 69), which occurs spontaneously 
in the conditions leading to 69b [119], and extended this methodol-
ogy to other HWE reagents (Scheme 69, X= CN, CO2Et). Simple 
amides and more sterically hindered imides could not be olefinated 
in the same conditions.  

Some alkoxylamine-substituted phosphonates 70a can undergo 
microwave-assisted radical aromatic substitution leading to novel 
oxindole phosphonates 70b. Microwave-assisted HWE alkenylation 
of such compounds with aromatic aldehydes provides an easy ac-
cess to the corresponding alkenyl heterocycles 70c in good to high 
overall yields in short reaction times and with predominant E-
selectivity [120] (Scheme 70).

Stabilized phosphonate carbanions can also act as Mannich do-
nors. In the example depicted in Scheme 71, Wang demonstrated 
that the highly reactive 1-diethoxyphosphorylacetyl pyrrole 71a can 
be used in the stereoselective addition to protected imines (gener-

ated in situ from ��amidosulfones 71b) when the reaction is cata-
lyzed by a bifunctional chiral thiourea (71c). The resulting phos-
phono-Mannich bases 71d reacted with aldehydes in the presence 
of sodium methoxide, yielding the corresponding Z-aminoolefins 
71e, generally with high degrees of asymmetric induction. Interest-
ingly, the N-acylpirrole served both to enhance the reactivity of the 
phosphonate reagent and as a leaving group, being replaced by 
methoxyl under the reaction conditions [121]. E-olefins were ob-
tained when proazaphosphatrane (P(i-BuNCH2CH2)3N) was used as 
the base [122]. 

Aromatic Ru complexes are prone to nucleophilic attack by 
phosphonate anions, as demonstrated in Dalvi’s synthesis of Z-
enamide spirocyclic compounds 72c [123] (Scheme 72). N-benzyl-
N-methyl (diethylphosphono)acetamide was converted to its �6-
RuCp+ complex 72a by simple ligand exchange with 
[(MeCN)3RuCp][PF6]. Treatment of 72a with NaH gave rise to 
72b, which, after exposure to various aldehydes, led to 72c. The 
stereochemical outcome of the reaction is ruled by the presence of 
the CpRu group, leading to nucleophilic attack exclusively from the 
opposite face. The authors also explored an asymmetric version of 
the reaction by using the chiral ��substituted benzylamine precur-
sor 72d. Facial selectivity of the spirocyclization step led to the 
desired lactam 72e as a single stereoisomer. The reaction was un-
successful with acetone and cyclohexanone, and other ketones were 
not investigated. A decomplexation protocol leading to oxygenated 
functionalities in the cyclohexadiene ring (72f) was also employed. 
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Yu presented a synthesis of polysubstituted anilines in which 
trimethyl 4-phosphonocrotonate (73a) acts both as a Michael donor 
and HWE reagent, leading to a tandem addition-elimination-
annulation sequence (Scheme 73). The authors rationalized this 
reaction assuming an initial attack by phosphonocrotonate anion, 
leading to the expulsion of molecular nitrogen from azide 73b,
followed by intermolecular proton shift (73d-f), HWE reaction and 
aromatization to 73c [124]. The reaction was inhibited when R6= t-
Bu or OEt, due to diminished reactivity of the carbonyl, and when 
R6=H, probably because of competitive direct HWE reaction of the 
aldehyde. Analogous results were obtained when the corresponding 
4-triphenylphosphonium reagent was used instead of the phospho-
nate. 

As previously mentioned, phosphonoacrylates behave as Mi-
chael acceptors, thus providing an easy way of attaching the phos-
phonoacetate group to a nucleophilic molecule. This feature was 
exploited for the synthesis of benzazepine-10-carboxylic acid de-
rivatives (74c) [125] depicted in Scheme 74. The overall transfor-
mation consists of deprotonation of indole 74a NH followed by 
aza-Michel conjugated addition leading to a 3-indolyl-2-
phosphonopropionate 74b which then engages in an intramolecular 
HWE olefination. 

Despite their lower reactivity and poorer stereoselectivity in the 
HWE olefination, ketones can be useful in intramolecular HWE 
reactions. Kraus reported a tandem aldol addition/intramolecular 
HWE reaction that afforded polysubstituted cyclopentenols in a 
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single operation (Scheme 75) [126]. To meet this purpose they  
prepared the versatile aldehyde-containing phosphonate 75b (ethyl 
2-(diethoxyphosphoryl)-4-oxobutanoate) by ozonolysis of ethyl  
2-(diethoxyphosphoryl)pent-4-enoate 75a. When reagent 75b was 
allowed to react with the preformed kinetic lithium enolate of vari-
ous ketones (75c), 2,3-disubstituted ethyl 4-hydroxycyclo-
pentenecarboxylates 75d were obtained as the main products. The 
reaction showed diasteroselectivities ranging from 5.5:1 to 10:1, 
always favouring the 3,4-trans isomer. In some cases, the authors 

evidenced the presence of up to 5% of a secondary product in the 
reaction mixture, with the general structure 75h. Interestingly, 75h
is the only product when the starting ketones are ��tetralone or 
methyl cyclopropyl ketone. Products 75h would arise from the 
base-promoted ring opening of intermediate cyclopropanes 75g,
which would in turn been formed by the rare 1,3 elimination of 
diethyl phosphate anion from alkoxide 75e [127].  

Watson developed a method for the synthesis of (4H)-
quinolizin-4-ones 76d comprising olefination of ��ketopyridines 
(76b) followed by tandem acylation of the 3-(2-pyridyl)-propenoate 
intermediate (76c, Scheme 76). The desired quinolizinones 76d
were isolated in good to excellent yields with the exception of R=4-
NO2Ph, which led to decomposition products and R=4-TBSOPh, 
which was partially desilylated during the reaction [128].  

Corbet reported a one-pot sequence leading to thieno[2,3-
b]thiopyranones using ��keto-��xanthylphosphonates as the start-
ing materials [129] (Scheme 77). The one-pot procedure involves 
an initial HWE reaction followed by a base-promoted domino reac-
tion comprising intramolecular Claisen-type cyclization, thia-
Michael addition and ��elimination. According to the authors, after 
initial HWE reaction, deprotonation of adduct 77b by NaH gener-
ates carbanion 77c, which starts the reaction cascade by nucleo-
philic addition to the xantate group. This generates anion 77d,
which takes part of the Michael addition step leading to the bicyclic 
system 77e. Base-promoted elimination of EtOH then generates the 
isolated product 77f. Since the starting ��xanthylphosphonates can 
be easily prepared from ��xanthylphosphonates, the sequence pro-
vides facile access to 2,6-di and 2,6,6-trisubstituted 5,6-dihydro-
2H-thieno[2,3-b]thiopyran-4(3H)-ones. Reaction with aliphatic 
(including cyclopropyl), unsaturated and (hetero)aromatic alde-
hydes led to heterocycles 77f with very good to excellent yields in 
general. Reaction with cyclic ketones allowed for the synthesis of 
spirocyclic systems, although with poorer yields (24-55%) and 
longer reaction times, being the HWE reaction the rate-determining 
step. 

As previously mentioned, HWE olefination products behave as 
Michael acceptors, providing direct access to cyclic compounds. 
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Tang used this approach in his bioinspired synthesis of the 
pyrano[4,3-b]pyranone core of katsumadain A [130], depicted in 
Scheme 78. In this case, after HWE olefination of hemiacetal 78a
with phosphonoketone 78b, the resulting enone 78c undergoes a 
tandem oxa-Michael reaction to furnish 78d.

Shin demonstrated that HWE reaction products can be used for 
the large-scale production of pyrroles in a sequential manner em-
ploying the van Leusen pyrrole synthesis [131] (Scheme 79). In this 
case, judicious choice of the base allowed for the two steps to be 

performed in the same solvent, which was also used for the crystal-
lization of the products. The fair yields obtained in most cases with 
this reaction sequence are compensated by the fact that it renders 
valuable ��unsubstituted pyrroles 79c on a kilogram scale from 
nonexpensive starting materials [132]. 

Bench reported a tandem preparation of cyclohexadiene enami-
nonitriles from aryl methyl ketones and diethyl cyanomethylphos-
phonate [133] (Scheme 80). This methodology resembles a previ-
ously developed LDA promoted dimerization of �,��unsaturated 
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nitriles [134] but includes in situ generation of such reagents. Addi-
tion of arylmethylketones 80a to a preformed solution of cya-
nomethylphosphonate (80b) ylide leads first to the HWE reaction 
product 80c, which undergoes a dimerization/cyclization/tauto-
merization tandem sequence to afford 80g.

In 2005, Kawasaki reported a straightforward method for the 
preparation of 3a-allyl-substituted derivatives of hexahydropyr-
rolo[2,3-b]indole (81f), a tricyclic core present in many bioactive 
alkaloids [135]. 2-Allyloxyindolin-3-ones 81a were reacted with 
diethyl cyanomethylphosphonate as the C2N building block, yield-

ing 3,3-disubstituted indolinones 81d through a HWE-
isomerization-Claisen rearrangement sequence (Scheme 81), to-
gether with some oxi-Claisen rearrangement product (81e).

HWE reaction is also useful in generating polyene systems 
which are prone to pericyclic reactions. An example of this is 
Maier´s synthesis of (+)-Neosymbioimine, where the HWE gener-
ated diene 82b engages in a intramolecular Diels-Alder reaction, 
leading to dehydrodecalin 82c [136] (Scheme 82). 

The newly generated double bond can not only be involved in 
the subsequent [4+2] cycloaddition, but its formation induces a 
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favorable conformation for reaction to take place. Roush investi-
gated the stereoselectivity of a key TADA leading to (-)-Spinosyn 
A. In this case, the macrolactonization product 83b, arising from a 
high dilution intramolecular HWE reaction of 83a, undergoes cy-
cloaddition to yield 83c with excellent diasteroselectivity [137] 
(Scheme 83).

As shown previously (Scheme 49), intramolecular HWE reac-
tion is an evident disconnection to access the cyclic core of 
osaltamivir. In 2009, Ishikawa reported a three one-pot operations 
synthesis of this antiviral agent [138], one of them involving a tan-
dem nitro-Michael/HWE reaction (Scheme 84). The requisite nitro-
aldehyde 84a, prepared in the same one-pot operation by means of 
an organocatalyzed Michael addition [139], was treated with ce-
sium carbonate and vinylphosphonate 84c. The nitronate anion 84b
initiates the domino sequence, behaving as Michael donor and the 
anionic product 84d engages in the subsequent HWE reaction. This 
efficient approach is hampered by the fact that the reaction favours 
the formation of unwanted diastereomer 84f over 84e and that by-
products are also formed (84g, as a consequence of a double Mi-
chael reaction and 84h because of an anti disposition of the hy-
droxyl and phosphonate groups). Recycling of 84g and 84h back to 
the reaction sequence is possible, but at the expense of an additional 
operation [140].  

More recently, Weng refined this approach, using 84i as the 
Michael donor [141]. The reaction carried out on this substrate 
under Masamune-Roush conditions led to a more advantageous 
diastereomer distribution, favouring the desired epimer 84k. The 
unwanted diastereomer was isomerized to the desired product by 
the procedure developed by Ishikawa. This last example shows how 
HWE reaction versatility can be useful to further improve the effi-
ciency of an already powerful transformation.  

4. CONCLUDING REMARKS 

After more than 50 years, the HWE reaction has evolved as one 
of the most powerful methods for stereocontrolled C=C bond for-
mation. Features like robustness of the reaction, wide functional 
group tolerance, availability of a large variety of phosphonate rea-
gents, ease of introduction of the phosphonate moiety in advanced 
synthetic precursors and predictable stereochemical outcome have 
established the HWE reaction as a ubiquitous carbonyl olefination 
method. 

Recent innovation in this field includes the development and 
applications of novel functionalized phosphonates and the inclusion 
of the HWE reaction as a step within sequential reactions. The for-
mer considerably expand, enrich and diversify the product scope of 
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the original method. The latter exploits the reliability and versatility 
of this much studied reaction, and has led to one-pot, MCR and 
tandem reactions many of which now constitute well established 
synthetic protocols. All these recent advances significantly broaden 
the scope of the original method beyond the classical C2 building 
block paradigm and allow for an increasing number of applications 
of the reaction to challenging or complex synthetic targets, relevant 
organic compounds, synthetic intermediates and natural products. 
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ABBREVIATIONS  

Boc = tert-butytloxycarbonyl 
Cbz = benzyloxycarbonyl 
DBU = 1,8-Diazabicycloundec-7-ene 
DBAD = dibenzyl azodicarboxylate 
DCM = methylene chloride 
DMP = Dess-Martin periodinane (1,1,1-Triacetoxy-

1,1-dihydro-1,2-benziodoxol-3(1H)-one) 
Dppf = 1,1'-Bis(diphenylphosphino)ferrocene 
EDC = 1-ethyl-3-(3-

dimethylaminopropyl)carbodiimide 
EWG = electron withdrawing group 
F-TEPA = triethyl ��fluorophosphonoacetate. 
KDA = Potassium diisopropylamide 
KHMDS = potassium hexamethyldisilylamide 
LHMDS = lithium hexamethyldisilylamide 
NHMDS = sodium hexamethyldisilylamide 
NHS = N-hydroxy succinimide 
NPSP = N-(phenylseleno)phthalimide 
Mes = mesitoate (2,4,6-trimethylbenzoate) 
MTM = monomethoxytrityl 
NMO = N-methylmorpholine-N-oxide 
OBO = 4-methyl-2,6,7-trioxa-bicyclo[2.2.2]octan-

1-yl  
PG = protecting group 
PMB = 4-methoxybenzyl 
PMP = 4-methoxyphenyl 
POM = pivaloyloxymethyl 
rt = room temperature 
Selectfluor ™ = 1-(chloromethyl)-4-fluoro-1,4-

diazoniabicyclo[2.2.2]octane tetrafluorobo-
rate 

TBS = tert-butyldimethylsilyl 
TEPA = triethylphosphonoacetate 
TFE = 2,2,2-Trifluoroethanol 
TPAP = tetra-n-propylammonium perrhuthenate. 
TMG = N-N-N’-N’-tetramethylguanidine 

REFERENCES
[1] Horner, L.; Hoffmann, H.M.R.; Wippel, H.G. Phosphororganische Ver-

bindungen, XII. Phosphinoxyde als Olefinierungsreagenzien. Ber., 1958, 91,
61-63. (b) Horner, L.; Hoffmann, H.M.R.; Wippel, H.G.; Klahre, G. Phos-
phororganische Verbindungen, XX. Phosphinoxyde als Olefinierungsreagen-
zien. Ber., 1959, 92, 2499-2505. c) Wadsworth W.S.; Emmons W.D. The 
utility of phosphonate carbanions in olefin synthesis. J. Am. Chem. Soc., 
1961, 83, 1733-1738. d) Williams, J.M.J., Ed. Preparation of alkenes; Ox-
ford University Press: Oxford, 1996. e) Trost, B.M.; Fleming, I., Eds. Com-
prehensive Organic Synthesis; Pergamon Press: Oxford, 1999; Vol. 1. f) 
Murphy, P.J.; Brennan, J. The Wittig olefination reaction with carbonyl 
compounds other than aldehydes and ketones. Chem. Soc. Rev., 1988, 17, 1-
30. 

[2] Data obtained from Scifinder search engine employing “Horner-Wadsworth-
Emmons” as the search keyword. (https://scifinder.cas.org/) 

[3] Yu, J.S.; Wiemer, D.F. Temperature effects on stereocontrol in the Horner-
Wadsworth-Emmons condensation of �-phosphono lactones. J. Org. Chem., 
2007, 72, 6263-6265. 

[4] a) Blakemore, P.R. Olefination of carbonyl compounds by main-group 
element mediators. In: Comprehensive Organic Synthesis, 2nd ed.; Mo-
lander, G.A.; Knochel, P., Eds.; Elsevier: Oxford, 2014; Vol 1, pp. 516-608. 
b) Korotchenko, V.N.; Nenajdenko, V.G.; Balenkova, E.S.; Shastin, A.V. 
Olefination of carbonyl compounds: Modern and classical methods. Russ. 
Chem. Rev., 2004, 73(10), 957-989. 

[5] Edmonds, M.; Abell, A. In: The Wittig Reaction, in Modern Carbonyl 
Olefination; Takeda, T., Ed; Wiley-VCH Verlag GmbH & Co. KGaA: 
Weinheim, FRG, 2003. b) Rein, T.; Reiser, O. Recent advances in 
asymmetric Wittig-type reactions. Acta Chem. Scand., 1996, 50, 369-379. c) 
Maryanoff, B.E.; Reitz, A.B. The Wittig olefination reaction and modifica-
tions involving phosphoryl-stabilized carbanions. Stereochemistry, mecha-
nism, and selected synthetic aspects. Chem. Rev., 1989, 89, 863-927. 

[6] Gu, Y.; Tian, S. Olefination reactions of phosphorus-stabilized carbon nu-
cleophiles. Top Curr. Chem., 2012, 327, 197-238. b) Wadsworth Jr., W.S. 
Synthetic applications of phosphoryl-stabilized anions. Org. React., 1977,
25, 73-253. c) Boutagy, J.; Thomas, R. Olefin synthesis with organic phos-
phonate carbanions. Chem. Rev., 1974, 74, 87-99.  

[7] Nicolaou, K.C.; Harter, M.W.; Gunzner, J.L.; Nadin, A. The Wittig and 
related reactions in natural product synthesis. Liebigs Ann. Recueil., 1997,
1283-1301. b) Bisceglia, J.Á.; Orelli, L.R. Recent applications of the Horner-
Wadsworth-Emmons reaction to the synthesis of natural products. Curr. Org. 
Chem., 2012, 16, 2206-2230.  

[8] a) Odinets, I.L.; Matveeva, E.V. The application of green chemistry methods 
in organophosphorus synthesis. Russ. Chem. Rev., 2012, 81(3), 221-238.  

[9] Sano, S.; Takemoto, Y.; Nagao, Y. (E)-Selective Horner-Wadsworth-
Emmons reaction of aldehydes with bis-(2,2,2-trifluoroethyl)phosphono-
acetic acid. ARKIVOC, 2003, (viii), 93-101. 

[10] Tay, M.K.; About-Jaudet, E.; Colignon, N.; Savignac, P. Phosphonates �-
lithies, agents de transfert fonctionnel: Preparation de phosphonates �-
amides et d’amides �,�-insatures, �-substitues. Tetrahedron Lett., 1989, 45,
4415-4430. 

[11] a) Ando, K.; Nagaya, S.; Tarumi, Y. Bis(2-t-
butylphenyl)phosphonoacetamides for the highly cis-selective synthesis of 
�,�-unsaturated amides. Tetrahedron Lett., 2009, 50, 5689-5691. b) Gruber, 
N.; Mollo, M.C.; Zani, M.; Orelli, L.R. Microwave-enhanced synthesis of 
phosphonoacetamides. Synth. Commun., 2012, 42, 738-746, and references 
therein. 

[12] Scaravell, F.; Bacchi, S.; Massari, L.; Curcuruto, O.; Westerduin, P.; Maton, 
W. Efficient method to prepare diethylphosphonacetamides. Tetrahedron 
Lett., 2010, 51, 5154-5156. 

[13] Kim, S.; Lim, C.; Lee, S.; Lee, S.; Cho, H.; Lee, J.; Shim, D.S.; Park, H.D.; 
Kim, S. Column chromatography-free solution-phase synthesis of a natural 
piperamide-like compound library. ACS Comb. Sci., 2013, 15(4), 208-215. 

[14] Ando, K.; Tsuji, E.; Ando, Y.; Kunitomo, J.; Kobayashi, R.; Yokomizo, T.; 
Shimizu, T.; Yamashita, M.; Ohta, S.; Nabe, T.; Kohnod, S.; Ohishi, Y. 
Synthesis of 2-, 4- and 5-(2-alkylcarbamoyl-1-methylvinyl)-7-
alkyloxybenzo[b]furans and their leukotriene B4 receptor antagonistic activ-
ity. Org. Biomol. Chem., 2005, 3, 2129-2139. 

[15] Beck, B.; Picard, A.; Herdtweck, E.; Dömling, A. Highly substituted pyr-
rolidinones and pyridones by 4-CR/2-CR sequence. Org. Lett., 2004, 6(1), 
39-42. 

[16] Petroski, R.J.; Bartelt, R.J. Direct aldehyde homologation utilized to con-
struct a conjugated-tetraene hydrocarbon insect pheromone. J. Agric. Food 
Chem., 2007, 55, 2282-2287.  

[17] Markey, S.J.; Lewis, W.; Moody, C.J. A new route to ��carbolines based on 
6�-electrocyclization of indole-3-alkenyl oximes. Org. Lett., 2013, 15(24), 
6306-6308. 

[18] Pinho, V.D.; Burtoloso, A.C.B. Preparation of �,�-unsaturated diazoketones 
employing a Horner-Wads-worth-Emmons reagent. J. Org. Chem., 2011,
76(1), 289-292. 

[19] a) Bernardim, B.; Burtoloso, A.C.B. A two-step synthesis of the bioprotec-
tive agent JP4-039 from N-Boc-L-leucinal. Tetrahedron, 2014, 70, 3291-
3296. b) Pinho, V.D.; Burtoloso, A.C.B. Total synthesis of (-)-indolizidine 

Ben
tha

m S
cie

nc
e P

ub
lis

he
rs 

For 
Pers

on
al 

Use
 O

nly
 

Not 
For 

Dist
rib

uti
on

 



Recent Progress in the Horner-Wadsworth-Emmons Reaction Current Organic Chemistry, 2015, Vol. 19, No. 9      773

167B via an unusual Wolff rearrangement from an �,�-unsaturated diazoke-
tone. Tetrahedron Lett., 2012, 53, 876-878. 

[20] Bernardim, B.; Burtoloso, A.C.B. A two-step synthesis of the bioprotective 
agent JP4-039 from N-Boc-L-leucinal. Tetrahedron, 2014, 70, 3291-3296, 
and refs. 37-40 therein. 

[21] Lee, K. Diethyl [3-cyano-2-oxo-3-(triphenylphosphoranylidene)propyl] 
phosphonate: A useful Horner-Wadsworth-Emmons reagent for �-keto (cya-
nomethylene)triphenylphosphoranes from carbonyl compounds. Bull.  
Korean Chem. Soc., 2007, 28(10), 1641-1642. 

[22] Lee, K. A new synthesis of triphenylphosphorane ylide precursors to �-keto 
amide/ester and tricarbonyl units via Horner-Wadsworth-Emmons reaction. 
Bull. Korean Chem. Soc., 2010, 31(10), 2776-2782. 

[23] Wakasugi, K.; Nakamura, A.; Iida, A.; Nishii, Y.; Nakatani, N.; Fukushima, 
S.; Tanabea, Y. Novel and efficient method for esterification, amidation be-
tween carboxylic acids and equimolar amounts of alcohols, and amines util-
izing Me2NSO2Cl and N,N-dimethylamines; Its application to the synthesis 
of coumaperine, a natural chemopreventive dieneamide Tetrahedron, 2003,
59, 5337-5345. 

[24] Samala, R.; Patro, B.; Basu, M.K.; Kameswara Rao, N.S.; Mukkanti, K. 
Facile total synthesis of gymnoconjugatin A and B. Tetrahedron Lett., 2013,
54, 3624-3626. 

[25] Hong, W.P.; Noshi, M.N.; El-Awa, A. Fuchs, P.L. Synthesis of the C1-C20 
and C15-C27 segments of aplyronine A. Org. Lett., 2011, 13(24), 6342-
6345. 

[26] Chakor, N.S.; Musso, L.; Dallavalle, S. First total synthesis of cyrmenin B1. 
J. Org. Chem., 2009, 74, 844-849. 

[27] Denmark, S.E.; Regens, C.S.; Kobayashi, T. Total synthesis of papulacandin 
D. J. Am. Chem. Soc., 2007, 129, 2774-2776. 

[28] Shiina, I.; Umezaki, Y.; Ohashi, Y.; Yamazaki, Y.; Dan, S.; Yamori, T. Total 
synthesis and anticancer activity of AMF-26 targeting ADP-ribosylation Fac-
tor 1 (Arf1). J. Med. Chem., 2013, 56(1), 150-159. 

[29] Sirasani, G.; Paul, T.; Andrade, R.B. Concise total tynthesis of (+)-crocacin 
C. J. Org. Chem., 2008, 73, 6386-6388. 

[30] Wang, G.; Huang, Z.; Negishi, E. Highly stereoselective and efficient syn-
thesis of ��heterofunctional di- and trienoic esters for Horner-Wadsworth-
Emmons reaction via alkyne hydrozirconation and Pd-catalyzed alkenylation. 
Tetrahedron Lett., 2009, 50, 3220-3223. 

[31] Srinivasarao, M.; Kim, Y.; Li, X.H.; Robbins, D.W.; Fuchs, P.L. Studies on 
the synthesis of apoptolidin: Synthesis of a C1C27 fragment of apoptolidin 
D. J. Org. Chem., 2011, 76, 7834-7841. 

[32] Yadav, J.S.; Dhara, S.; Hossain, S.S.; Mohapatra, D.K. Total synthesis of 
(�)-tirandamycin C utilizing a desymmetrization protocol. J. Org. Chem., 
2012, 77(21), 9628-9633. 

[33] Barney, R.J.; Richardson, R.M.; Wiemer, D.F. Direct conversion of benzylic 
and allylic alcohols to phosphonates. J. Org. Chem., 2011, 76, 2875-2879. 

[34] Lee, B.H.; Jaung, J.Y.; Jang, S.C.; Yi, S.C. Synthesis and optical properties 
of push-pull type tetrapyrazinoporphyrazines. Dyes Pigments, 2005, 65, 159-
167. 

[35] Wetering, K.V.D; Brochon, C.; Ngov, C.; Hadziioannou, G. Design and 
synthesis of a low band gap conjugated macroinitiator: Toward rod-coil do-
nor-acceptor block copolymers. Macromolecules, 2006, 39, 4289-4297. 

[36] Chakravarty, M.; Swamy, K.C.K. Palladium-catalyzed coupling of 
allenylphosphonates, phenylallenes, and allenyl esters: Remarkable salt 
effect and routes to novel benzofurans and isocoumarins. J. Org. Chem., 
2006, 71, 9128-9138. 

[37] Kumari, A.L.S.; Srinivas, V.; Swamy, K.C.K. Reactivity of allenylphospho-
nates and allenylphosphine oxides toward 9-chloroacridines and acridone- A 
facile route to new N-substituted acridones. J. Chem. Sci., 2013, 125(6), 
1405-1417. 

[38] Borbás, A.; Herczegh; P. Synthesis of lipid II phosphonate analogues. Car-
bohydr. Res., 2011, 346(12) 1628-1632. 

[39] Pradere, U.; Amblard, F.; Coats, S.J.; Schinazi, R.F. Synthesis of 5’-
methylene-phosphonate furanonucleoside prodrugs: Application to D-2’-
Deoxy-2’-�-fluoro-2’-�-C-methyl nucleosides. Org. Lett., 2012, 14(17), 
4426-4429. 

[40] Vepsäläinen, J.J. Bisphosphonate prodrugs: A new synthetic strategy to 
tetraacyloxymethyl esters of methylenebisphosphonates, Tetrahedron Lett.,
1999, 40, 8491-4893. 

[41] Liu, Z.; Macritchie, N.; Pyne, S.; Pyne, N.J.; Bittman, R. Synthesis of (S)-
FTY720 vinylphosphonate analogues and evaluation of their potential as 
sphingosine kinase 1 inhibitors and activators. Bioorg. Med. Chem., 2013,
21, 2503-2510. 

[42] Ortial, S.; Thompson, D.A.; Montchamp, J.L. Mixed 1, 1-bisphosphorus 
compounds: Synthesis, alkylation, and Horner-Wadsworth-Emmons olefina-
tion reactions. J. Org. Chem., 2010, 75, 8166-8179. 

[43] Lee, K.H.; You, J.N.; Won, J.; Lee, J.Y.; Seo, J.H.; Kim, Y.K.; Yoon, S.S. 
Synthesis and electroluminescent properties of blue emitting materials based 
on arylamine-substituted diphenylvinylbiphenyl derivatives for organic light-
emitting diodes. Thin Solid Films, 2011, 520, 95-100. 

[44] Viau, L.; Maury, O.; Le Bozec, H. New 4, 40-oligophenylenevinylene func-
tionalized-[2, 20]-bipyridyl chromophores: Synthesis, optical and thermal 
properties. Tetrahedron Lett., 2004, 45, 125-128. 

[45] Chatterjee, T.; Sarma, M.; Das, S.K. Synthesis and photo-physical properties 
of methoxy-substituted �-conjugated-2, 2’-bipyridines. Tetrahedron Lett.,
2010, 51, 1985-1988. 

[46] Klein, C.; Baranoff, E.; Nazeeruddin, M.K. Convenient synthesis of 
functionalized 4,4’-disubstituted-2,2’-bipyridine with extended �-system for 
dye-sensitized solar cell applications. Tetrahedron Lett., 2010, 51, 6161-
6165. [47] Lasheen, D.S.; Ismail, M.A.H.; Abou, D.A.; Ella, E.; Ismail, N.S.M.; Eid, S.; 
Vleck, S.; Glenn, J.S.; Watts, A.G.; Abouzid, K.A.M. Analogs design, syn-
thesis and biological evaluation of peptidomimetics with potential anti-HCV 
activity. Bioorg. Med. Chem., 2013, 21, 2742-2755. 

[48] Herczeg, M.; Lázár, L.; Bereczky, Z.; Kövér, K.E.; Timári, I.; Kappelmayer, 
J.; Lipták, A.; Antus, S.; Borbás, A. Synthesis and anticoagulant activity of 
bioisosteric sulfonic-acid analogues of the antithrombin-binding pentasac-
charide domain of heparin. Chem. Eur. J., 2012, 18, 10643-10652. 

[49] Cichowicz, N.R.; Nagorny, P. Synthesis of conjugated polyenes via sequen-
tial condensation of sulfonylphosphonates and aldehydes. Org. Lett., 2012,
14(4), 1058-1061. 

[50] Aggarwal, V.K.; Roseblade, S.J.; Barrell, J.K.; Alexander, R. Highly di-
astereoselective nitrone cycloaddition onto a chiral ketene equivalent: 
Asymmetric synthesis of cispentacin. Org. Lett., 2002, 4(7), 1227-1229. 

[51] Chesneau, B.; Hardouin-Lerouge, M.; Hudhomme, P. A fused donor-
acceptor system based on an extended tetrathiafulvalene and a ruthenium 
complex of dipyridoquinoxaline. Org. Lett., 2010, 12(21), 4868-4871. 

[52] Gao, J.; Guo, Y.H.; Wang, Y.P.; Wang, X.J.; Xiang, W.S. A novel and 
efficient route for the preparation of atorvastatin. Chin. Chem. Lett., 2011,
22, 1159-1162. 

[53] Reyes-González, M.A.; Zamudio-Medina, A.; Ramírez-Marroquín, O.A.; 
Ordóñez, M. Synthesis of 3-alkylideneisoindolinones and isoindolones by a 
Horner-Wadsworth-Emmons reaction. Monatsh Chem., 2014, 145, 1001-
1007. 

[54] Tago, K.; Kogen, H. Bis (2, 2, 2-trifluoroethyl)bromophosphonoacetate, a 
novel HWE reagent for the preparation of (E)-�-bromoacrylates: A general 
and stereoselective method for the synthesis of trisubstituted alkenes. Org. 
Lett., 2000, 2(13), 1975-1978. 

[55] Tago, K.; Kogen, H. A highly stereoselective synthesis of (E)-�-
bromoacrylates. Tetrahedron, 2000, 56, 8825-8831. 

[56] Xu, C.; Yuan, C. Enzymatic synthesis of optically active �-chloro-�-
hydroxy-�-ketoalkanephosphonates and reactions thereof. Tetrahedron,
2004, 60, 3883-3892. 

[57] Among others: a) Piva, O. A short access to �-fluoro-�, �-unsaturated esters. 
Synlett, 1994, 9, 729-731; b) Tsai, H.J.; Thenappan, A.; Burton, D.J. A novel 
intramolecular Horner-Wadsworth-Emmons reaction: A simple and general 
route to ��fluoro-�,�-unsaturated diesters. J. Org. Chem., 1994, 59, 7085-
7091; c) Patrick, T.B.; Lanahan, M.V.; Yang, C.; Walker, J.K.; Hutchinson, 
C.L.; Neal, B.E. New fluorobutenolide templates for synthesis. J. Org. 
Chem., 1994, 59, 1210-1212; d) Shinada, T.; Sekiya, N.; Bojkova, N.; Yo-
shihara, K. Stereocontrolled functionalization at the C-9 of retinal. Stereose-
lective synthesis of 9-trans-9-fluororetinal. Synlett, 1995, 12, 1247-1248.; e) 
Shen, Y.; Ni, J. A novel sequential transformations of phosphonates. Highly 
stereoselective synthesis of perfluoroalkylated �-fluoro-�, � -unsaturated es-
ters. J. Org. Chem., 1997, 62, 7260-7262. 

[58] Burton, D.J.; Yang, Z.Y.; Qiu, W. Fluorinated ylides and related compounds. 
Chem. Rev., 1996, 96, 1641-1715 and references therein. 

[59] For further information on fluorinated nucleosides, refer to Qiu, X.; Xu, X.; 
Qing, F. Recent advances in the synthesis of fluorinated nucleosides. Tetra-
hedron, 2010, 66, 789-843. 

[60] Liu, P.; Sharon, A.; Chu, C.K. Fluorinated nucleosides. Synthesis and bio-
logical implication. J. Fluor. Chem., 2008, 129(9), 743-766. 

[61] Sano, S.; Ando, T.; Yokoyama, K.; Nagao, Y. New reaction mode of the 
Horner-Wadsworth-Emmons reaction for the preparation of �-fluoro-�, �-
unsaturated esters. Synlett, 1998, 7, 777-779, and references therein.  

[62] Lee, Y.R.; Park, J.H.; Jeon, R.; Jeong, L.S.; Chun, M.W.; Kim, H.D. Design 
and synthesis of novel Fluorocyclopropanoid nucleosides. Nucleos. Nucleot. 
Nucl., 2001, 20, 677. 

[63] Lee, K.; Choi, Y.; Gumina, G.; Zhou, W.; Schinazi, R.F.; Chu, C.K. Struc-
ture-Activity relationships of 2’-Fluoro-2’,3’-unsaturated D-nucleosides as 
anti-HIV-1 agents. J. Med. Chem., 2002, 45, 1313-1320. 

[64] Patrick, T.B.; Shadmehr, M.; Khan, A.H.; Singh, R.K.; Asmelash, B. [3+2] 
Cycloaddition reactions of diethyl (E)-2-fluoromaleate. J. Fluorine Chem.,
2012, 143, 109-111. 

[65] Pierry, C.; Couve-Bonnaire, S.; Guilhaudis, L.; Neveu, C.; Marotte, A.; 
Lefranc, B.; Cahard, D.; Ségalas-Milazzo, I.; Leprince, J.; Pannecoucke, X. 
Fluorinated pseudopeptide analogues of the neuropeptide 26RFa: Synthesis, 
biological, and structural studies. ChemBioChem, 2013, 14, 1620-1633. 

[66] Sano, S.; Matsumoto, T.; Nakao, M. E-Selective Horner-Wadsworth-
Emmons reaction of 2-OBO-cyclopentanone for the synthesis of rac-N-Cbz-
Gly-�[(E)-CF=C]-Pro-OH dipeptide isostere. Tetrahedron Lett., 2014, 55,
4480-4483. 

[67] Gracia, S.; Marion, C.; Rey, J.; Popowycz, F.; Pellet-Rostaing, S.; Lemaire, 
M. Enantioselective straightforward access to benzo[b]thiophene analogs of 
azatoxin. Tetrahedron Lett., 2012, 53, 3165-3168. 

[68] Shangguan, N.; Joullié, M.M. Total synthesis of isoroquefortine E and 
phenylahistin. Tetrahedron Lett., 2009, 50, 6755-6757. 

Ben
tha

m S
cie

nc
e P

ub
lis

he
rs 

For 
Pers

on
al 

Use
 O

nly
 

Not 
For 

Dist
rib

uti
on

 



774      Current Organic Chemistry, 2015, Vol. 19, No. 9 Bisceglia and Orelli 

[69] Aminoacids, peptides and proteins in organic chemistry. In: Modified 
Aminoacids, Organocatalysis And Enzymes; Hughes, A.B., Ed.; Wiley-VCH 
Verlag GmbH: Winheim, 2009; Vol. 2.

[70] a) Schmidt, U.; Griesser, H.; Leitenberger, V.; Lieberknecht, A.; Mangold, 
R.; Meyer, R.; Riedl, B. Diastereoselective formation of (Z)-didehydroamino 
acid esters. Synthesis, 1992, 5, 487-490; b) Schmidt, U.; Lieberknecht, A.; 
Wild, J. Didehydroamino acids (DDAA) and didehydropeptides (DDP). Syn-
thesis, 1988, 3, 159-172; (c) Schmidt, U.; Lieberknecht, A.; Wild, J. Amino 
acids and peptides; XLIII. Dehydroamino acids; XVIII. Synthesis of dehy-
droamino acids and amino acids from N-acyl-2-(dialkyloxyphosphinyl)-
glycin esters; II. Synthesis, 1984, 1, 53-60. 

[71] Cativiela, C.; Díaz-de-Villegas, M.D.; Gálvez, J.A.; Su, G. Horner–
Wadsworth-Emmons reaction for the synthesis of unusual �,�-
didehydroamino acids with a chiral axis. ARKIVOC, 2004, iv, 59-66, and ref-
erences (1-3) therein. 

[72] Brown, J.A. Synthesis of N-aryl indole-2-carboxylates via an intramolecular 
palladium-catalysed annulation of didehydrophenylalanine derivatives. Tet-
rahedron Lett., 2000, 41, 1623-1626. 

[73] Al-Horani, R.A.; Liang, A.; Desai, U.R. Designing nonsaccharide, allosteric 
activators of antithrombin for accelerated inhibition of factor Xa. J. Med. 
Chem., 2011, 54, 6125-6138. 

[74] Janecki, T.; B�aszczyk, E.; Studzian, K.; Ró�alski, M.; Krajewska, U.; Jan-
ecka, A. New stereocontrolled synthesis and biological evaluation of 5-(1’-
hydroxyalkyl)-3-methylidenetetrahydro-2-furanones as potential cytotoxic 
Agents. J. Med. Chem., 2002, 45, 1142-1145. 

[75] Albrecht, A.; Koszuk, J.F.; Modranka, J.; Ró�alski, M.; Krajewska, U.; 
Janecka, A.; Studzianc, K.; Janecki, T. Synthesis and cytotoxic activity of �-
aryl substituted �-alkylidene-�-lactones and �-alkylidene-�-lactams. Bioorg. 
Med. Chem., 2008, 16, 4872-4882. 

[76] For the synthesis of phosphonoacrylate and 3-substituted derivatives, see 
Krawczyk, H.; Albrecht, �. Knoevenagel reaction of diethylphosphonoacetic 
acid: A facile route to diethyl (E)-2-arylvinylphosphonates. Synthesis, 2005,
17, 2887-2896. 

[77] Krawczyk, H.; Albrecht, �.; Wojciechowski, J.; Wolf, W.M. Spontaneous 
Nef reaction of 3-aryl-2-(diethoxyphosphoryl)-4-nitroalkanoic acids. Tetra-
hedron, 2006, 62, 9135-9145. 

[78] B�aszczyk, E.; Krawczyk, H.; Janecki, T. 2-Diethoxyphosphoryl-4-
nitroalkanoates. Versatile intermediates in the synthesis of �-alkylidene-�-
lactones and lactams. Synlett, 2004, 15, 2685-2688. 

[79] Janecki, T.; B�aszczyk, E.; Studzian, K.; Janecka, A.; Krajewska, U.; 
Ró�alski, M. Novel synthesis, cytotoxic evaluation, and structure-activity 
relationship studies of a series of ��alkylidene-��lactones and lactams. J. 
Med. Chem. 2005, 48, 3516-3521. 

[80] Albrecht, A.; K�dzia, J.; Koszuk, J.F.; Warzycha, E.; Janecki, T. New, di-
astereoselective synthesis of 1-alkyl-5-alkylidene-3-methylidenepyrrolidin-2-
ones. Tetrahedron Lett., 2006, 47, 2353-2355. 

[81] Albrecht, �.; Wojciechowski, J.; Albrecht, A.; Wolf, W.M.; Janecka, A.; 
Studzian, K.; Krajewska, U.; Ró�alski, M.; Janecki, T.; Krawczyk, H. Syn-
thesis and cytotoxic evaluation of �-alkyl or �-aryl-�-methyl-�-methylene-�-
lactones. Comparison with the corresponding �-lactones. Eur. J. Med. Chem.,
2010, 45, 710-718. 

[82] Janecki, T.; W	sek, T.; Ró�alski, M.; Krajewska, U.; Studzian, K.; Janecka, 
A. 4-Methylideneisoxazolidin-5-ones. A new class of �-methylidene-�-
lactones with high cytostatic activity. Bioorg. Med. Chem. Lett., 2006, 16,
1430-1433. 

[83] Deredas, D.; Albrecht, �.; Krawczyk, H. An efficient synthesis of �,�,�-
trisubstituted-�-diethoxyphosphoryl-�-lactams: A convenient approach to �-
methylene-�-lactams. Tetrahedron Lett., 2013, 54, 3088-3090. 

[84] Krawczyk, H.; Albrecht, �.; Wojciechowski, J.; Wolf, W.M.; Krajewska, U.; 
Ró�alski, M. A convenient synthesis and cytotoxic evaluation of N-
unsubstituted ��methylene-��lactams. Tetrahedron, 2008, 64, 6307-6314. 

[85] Albrecht, A.; Morana, F.; Fraile, A.; Jørgensen, K.A. Organophosphorus 
reagents in organocatalysis: synthesis of optically active �-methylene-�-
lactones and �-lactams. Chem. Eur. J., 2012, 18, 10358-10354. 

[86] a) Minami, T.; Motoyoshiya, J. Vinylphosphonates in Organic Synthesis. 
Synthesis, 1992, 4, 333-349. b) Iorga, B.; Eymery, F.; Mouriès, V.; Savignac, 
P. Phosphorylated aldehydes: Preparations and synthetic uses. Tetrahedron,
1998, 54(49), 14637-14677. 

[87] Krawczyk, H.; Albrecht, L. A novel and convenient synthesis of cyclopent-1-
enecarboxylates by an intramolecular Horner-Wadsworth-Emmons reaction. 
Synthesis, 2008, 24, 3951-3956, and references therein. 

[88] Shie, J.J.; Fang, J.M.; Wang, S.Y.; Tsai, K.C.; Cheng, Y.S.E.; Yang, A.S.; 
Hsiao, S.C.; Su, C.Y.; Wong, C.H. Synthesis of tamiflu and its phosphonate 
congeners possessing potent anti-influenza activity. J. Am. Chem. Soc., 2007,
129, 11892-11893. 

[89] Opekar, S.; Pohl, R.; Beran, P.; Rulí
ek, L.; Beier, P. Diethyl fluoroni-
tromethylphosphonate: Synthesis and application in nucleophilic fluoroalkyl 
additions. Chem. Eur. J., 2014, 20, 1453-1458. 

[90] Peters, J.U.; Capuano, T.; Weber, S.; Kritter, S.; Sägesser, M. A facile Hor-
ner-Wadsworth-Emmons route to 2-quinolones. Tetrahedron Lett., 2008, 49,
4029-4032, and references therein. 

[91] Zhao, S.; He, Y.H.; Wu, D.; Guan, Z. A new general approach to 4-
substituted-3-halo-2-quinolones. J. Fluor. Chem., 2010, 131, 597-605. 

[92] Kajjout, M.; Zemmouri, R.; Eddarir, S.; Rolando, C. An efficient access to 
(Z)-�-fluoroallyl alcohols based on the two carbon homologation of aromatic 
aldehydes by Horner-Wadsworth-Emmons reaction with 2-
(diethoxyphosphinyl)-2-fluoro-ethanethioic acid, S-ethyl ester followed by 
reduction with sodium borohydride, Tetrahedron, 2012, 68(15), 3225-3230. 

[93] Ka�mierczak M.; Kubicki, M.; Koroniak, H. Preparation and characterization 
of ��fluorinated-��aminophosphonates. J. Fluor. Chem., 2014, 167, 128-
134. 

[94] Bedekar, A.V.; Watanabe, T.; Tanaka, K.; Fuji, K. Intramolecular asymmet-
ric olefination of binaphthyl phosphonate derivatives of 1, 3-diketones. Tet-
rahedron: Asymmetry, 2002, 13, 721-727. 

[95] Kimber, M.C.; Taylor, D.K. An improved synthesis of cyclopropanes from 
stabilized phosphonates and 1,2-dioxines. J. Org. Chem., 2002, 67, 3142-
3144. 

[96] Delhaye, L.; Merschaert, A.; Delbeke, P.; Briône, W. A short and efficient 
synthesis of (R,R)-2-ethylcyclopropanecarboxylic acid. Org. Proc. Res. Dev.,
2007, 11, 689-692. 

[97] a) Momiyama, N.; Yamamoto, H. Lewis acid promoted, o-selective, nucleo-
philic addition of silyl enol ethers to N=O bonds. Angew. Chem. Int. Ed.,
2002, 41(16), 2986-2988. b) Momiyama, N.; Torii, H.; Saito, S.; Yamamoto, 
H. O-Nitroso aldol synthesis: Catalytic enantioselective route to �-aminooxy 
carbonyl compounds via enamine intermediate. PNAS, 2004, 101(15), 5374-
5378. 

[98] Momiyama, N.; Yamamoto, H. Catalytic enantioselective synthesis of �-
aminooxy and �-hydroxy ketone using nitrosobenzene. J. Am. Chem. Soc.,
2003, 125, 6038-6039. 

[99] Brown, S.P.; Brochu, M.P.; Sinz, C.J.; MacMillan, D.W.C. The direct and 
enantioselective organocatalytic �-oxidation of aldehydes. J. Am. Chem. 
Soc., 2003, 125(36), 10808-10809. 

[100] Zhong, G.; Yu, Y. Enantioselective synthesis of allylic alcohols by the se-
quential aminoxylation-olefination reactions of aldehydes under ambient 
conditions. Org. Lett., 2004, (6)10, 1637-1639. 

[101] Mangion, I.K.; MacMillan, D.W.C. Total synthesis of brasoside and littorali-
sone. J. Am. Chem. Soc., 2005, 127, 3696-3697. 

[102] a) Yadav, J.S.; Ramesh, K.; Subba Reddy, U.V.; Subba Reddy, B.V. Al 
Khazim Al Ghamdi, A. The stereoselective total synthesis of (+)-18-
(6S,9R,10R)-bovidic acid. Tetrahedron Lett. 2011, 52, 2943-2945. b) Pu-
rushotham Reddy, S.; Venkateswarlu, Y. First stereoselective synthesis of 
cytotoxic (-)-kunstleramide. Tetrahedron Lett., 2013, 54, 4617-4619. 

[103] Kumar, P.; Pandey, M.; Gupta, P.; Dhavale, D.D. Organocatalytic stereose-
lective synthesis of passifloricin A. Org. Biomol. Chem., 2012, 10, 1820-
1825. b) Tripathi, D.; Kumar, P. Formal synthesis of tetrahydrolipstatin and 
tetrahydroesterastin. Tetrahedron: Asymmetry, 2012, 23, 884-890. 

[104] Bøgevig, A. Juhl, K.; Kumaragurubaran, N. Zhuang, W.; Jørgensen, K.A. 
Direct organo-catalytic asymmetric ��amination of aldehydes-a simple ap-
proach to optically active ��amino aldehydes, ��amino alcohols, and 
��amino acids. Angew. Chem. Int. Ed., 2002, 41(10), 1790-1793. b) 
Kumaragurubaran, N.; Juhl, K.; Zhuang, W.; Bøgevig, A.; Jørgensen, K.A. 
Direct L-proline-catalyzed asymmetric ��amination of ketones. J. Am. 
Chem. Soc., 2002, 124, 6254-6255. c) List, B. Direct catalytic asymmetric 
��amination of aldehydes. J. Am. Chem. Soc., 2002, 124, 5656-5657. 

[105] Rittle, K.E.; Homnick, C.F.; Ponticello, G.S. Evans, B.E. A synthesis of 
statine utilizing an oxidative route to chiral ��amino aldehydes. J. Org. 
Chem., 1982, 47, 3016-3018. b) Lubell, W.D.; Rapoport, H. ��Amino acids 
as chiral educts for asymmetric products. Alkylation of N-phenylfluorenyl 
��amino ketones. Synthesis of optically pure ��alkyl carboxylic acids. J. 
Am. Chem. Soc., 1988, 110, 7441-1455. 

[106] Kotkar, S.P.; Chavan, V.B.; Sudalai, A. Organocatalytic sequential 
��amination-Horner-Wadsworth-Emmons olefination of aldehydes: 
Enantioselective synthesis of �-amino-�,�-unsaturated esters. Org. Lett.,
2007, 9(6) 1001-1004. 

[107] Kondekar, N.B.; Kumar, P. Iterative approach to enantiopure syn/anti-1, 3-
polyols via proline-catalyzed sequential ��aminoxylation and Horner-
Wadsworth-Emmons olefination of aldehydes. Org. Lett., 2009, 11(12) 
2611-2614. 

[108] Jha, V.; Kondekar, N.B.; Kumar, P. Enantioselective synthesis of syn/anti-
1,3-amino alcohols via proline-catalyzed sequential �-aminoxylation/�-
amination and Horner-Wadsworth-Emmons olefination of aldehydes. Org. 
Lett., 2010, 12(12), 2762-2765. 

[109] Kauloorkar, S.V.; Jha, V.; Kumar, P. Synthesis of indolizidine, pyrrolizidine 
and quinolizidine ring systems by proline-catalyzed sequential ��amination 
and HWE olefination of an aldehyde. RSC Advances, 2013, 3, 18288-18291. 

[110] Armstrong, A.; Emmerson, D.P.G. Enantioselective synthesis of �-alkyl, �-
vinyl amino acids via [2, 3]-sigmatropic rearrangement of selenimides. Org. 
Lett., 2011, 13(5), 1040-1043. 

[111] Inguimbert, N.; Dhôtel, H.; Coric, P.; Roques, B.P. Unexpected formation of 
new chiral 3-amino-5-alkyl-2, 5-dihydro-1H-pyrrolin-2-ones from N-Boc-�-
amino esters. Tetrahedron Lett., 2005, 46, 3517-3520. 

[112] Flaherty, D.P.; Dong, Y.; Vennerstrom, J.L. A one-pot synthesis of 
unsymmetrical bis-styrylbenzenes. Tetrahedron Lett., 2009, 50, 6228-6230. 

Ben
tha

m S
cie

nc
e P

ub
lis

he
rs 

For 
Pers

on
al 

Use
 O

nly
 

Not 
For 

Dist
rib

uti
on

 



Recent Progress in the Horner-Wadsworth-Emmons Reaction Current Organic Chemistry, 2015, Vol. 19, No. 9      775

[113] Kontokosta, D.; Mueller, D.S.; Wang, H.; Anderson, L.L. Preparation of 
��imino aldehydes by [1, 3]-rearrangements of o-alkenyl oximes. Org. Lett.,
2013, 15 (18), 4830-4833. 

[114] Maegawa, T.; Otake, K.; Hirosawa, K.; Goto, A.; Fujioka, H. Method for the 
efficient synthesis of highly-substituted oxetan- and azetidin��dihydrofuran- 
and pyrrolidin-3-ones and its application to the synthesis of (±)-
pseudodeflectusin. Org. Lett., 2012, 14 (18), 4798-4801. 

[115] Umezawa, T.; Seino, T.; Matsuda, F. Novel one-pot three-component cou-
pling reaction with trimethylsilylmethyl-phosphonate, acyl fluoride, and al-
dehyde through the Horner-Wadsworth-Emmons reaction. Org. Lett., 2012,
14(16), 4206-4209. 

[116] Avalos-Alanís, F.G.; Hernández-Fernández, E.; Hernández-Romero, R.; 
López-Cortina, S.; Ordóñez, M.; García-Barradas, O.; Lagunas-Rivera, S. 
Practical and efficient synthesis of chiral 2,4-disubstituted oxazolines from 
�-phosphonoamides. Tetrahedron: Asymmetry, 2014, 25, 156-162. 

[117] Argade, A.; Desai, J.; Thombare, P.; Shah, K.; Gite, S.; Prajapati, V.; 
Pandey, B.; Jain, M.; Patel, P.; Bahekar, R. One-pot synthesis of 3,4-diaryl-
substituted-2-(5H)-furanone and its commercial application. Synth. Com-
mun., 2012, 1(42), 3140-3149. 

[118] Adler, P.; Fadel, A.; Rabasso, N. Strategies for the synthesis of �� and 
��amino vinylphosphonate. Tetrahedron, 2014, 70, 4437-4456. 

[119] Gourves, J.P.; Couthon, H.; Sturtz, G. Synthesis of 3,4-Dihydro-2H-
pyrido[1,2-b]isoindol-1-one and 3,4-Dihydro-2H-pyrido[1,2-b]pyrrolidin-1-
one functionalized at the C-6 position by an intramolecular Horner-
Wadsworth-Emmons reaction. Eur. J. Org. Chem., 1999, 12, 3489. 

[120] Teichert, A.; Jantos, K.; Harms, K.; Studer, A. One-pot homolytic aromatic 
substitutions/HWE olefinations under microwave conditions for the forma-
tion of a small oxindole library. Org. Lett., 2004, 6, 3477-3480. 

[121] Zhao, D.; Yang, D.; Wang, Y.; Wang, Y.; Wang, L.; Mao, L.; Wang, R. 
Enantioselective Mannich reaction of a highly reactive Horner-Wadsworth-
Emmons reagent with imines catalyzed by a bifunctional thiourea. Chem. 
Sci., 2011, 2, 1918-1921. 

[122] Chintareddy, V.R.; Ellern, A.; Verkade, J.G. P[N(i-Bu)CH2CH2]3N: Non-
ionic Lewis base for promoting the room-temperature synthesis of �,�-
unsaturated esters, fluorides, ketones, and nitriles using Wadsworth-Emmons 
Phosphonates. J. Org. Chem., 2010, 75, 7166-7174. 

[123] Pigge, F.C.; Coniglio, J.J.; Dalvi, R. Exploiting phosphonate chemistry in 
metal-mediated dearomatization: Stereoselective construction of functional-
ized spirolactams from arene ruthenium complexes. J. Am. Chem. Soc., 2006,
128, 3498-3499. 

[124] Liu, S.; Chen, W.; Luo, J.; Yu, Y. [3+3] Annulation of allylic phosphoryl-
stabilized carbanions/phosphorus ylides and vinyl azides: A practice strategy 
for synthesis of polyfunctionalized anilines. Chem. Commun., 2014, 50,
8539-8542. 

[125] Hewawasam, P.; Tu, Y.; Hudyma, T.W.; Zhang, X.; Gentles, R.G.; Kadow, 
J.F.; Meanwell, N.A. A practical and efficient synthesis of 6-carboalkoxy-13-
cycloalkyl-5H-indolo [2, 1-a] [2] benzazepine-10-carboxylic acid deriva-
tives. Tetrahedron Lett., 2014, 55, 1148-1153. 

[126] Kraus, G.A.; Choudhury, P.K. Phosphonate aldehyde annulation. A one-pot 
synthesis of �-hydroxycyclopentenoic esters. Org. Lett., 2002, 4(12), 2033-
2034. 

[127] a) Ayrey, P.M.; Warren, S. Extension of the Horner-Wittig reaction to the 
synthesis of E-alkenes with chiral substituents: Stereochemical control by 
acyl transfer. Tetrahedron Lett., 1989, 30, 4581-4584. b) Nelson, A.; Warren, 
S.J. Stereocontrol with phosphine oxides: Synthesis of optically active cy-
clopropyl ketones. J. Chem. Soc. Perkin Trans. 1, 1999, 23, 3425-3433. 

[128] Muir, C.W.; Kennedy, A.R.; Redmondb, J.M.; Watson, A.J.B. Synthesis of 
functionalised 4H-quinolizin-4-ones via tandem Horner-Wadsworth-
Emmons olefination/cyclisation. Org. Biomol. Chem., 2013, 11, 3337-3340. 

[129] Corbet, M.; Zard, S.Z. Facile and efficient one-pot synthesis of highly func-
tionalized thieno[2,3-b]thiopyran-4-ones from �-keto-�-xanthyl phospho-
nates. Org. Lett., 2008, 10(13), 2861-2864. 

[130] Wang, Y.; Bao, R.; Huang, S.; Tang, Y. Bioinspired total synthesis of katsu-
madain A by organocatalytic enantioselective 1, 4-conjugate addition. Beils. 
J. Org. Chem., 2013, 9, 1601-1606. 

[131] Leusen, A.M.V.; Siderius, H.; Hoogenboom, B.E.; Leusen, D.V. A new and 
simple synthesis of the pyrrole ring system from Michael acceptors and to-
sylmethylisocyanides. Tetrahedron Lett., 1972, 13(52), 5337-5340. 

[132] Chang, J.H.; Shin, H. Practical one-pot syntheses of ethyl 4-substituted-1h-
pyrrole-3-carboxylates from aldehydes. Org. Proc. Res. Dev., 2008, 12, 291-
293. 

[133] Bench, B.J.; Suárez, V.H.; Watanabe, C.M.H. An efficient one-pot synthesis 
of tethered cyclohexadiene enaminonitriles from methyl-ketones: An effec-
tive route to quinazolines. Bioorg. Med. Chem. Lett., 2008, 18, 3126-3130. 

[134] a) Mirek, J.; Adamczyk, M.; Mokrosz, M. Syntheses with unsaturated ni-
triles; I. Selective hydrolysis of 1-amino-2,6,6-tricyano-1,3-cyclohexadienes 
to 2,6,6-tricyano-2-cyclohexenones. Synthesis, 1980, 4, 296-299. b) White, 
D.A.; Baizer, M.M. Tetra-alkylammonium cyanides as nucleophilic and ba-
sic reagents. J. Chem. Soc., Perkin Trans. I, 1973, 2230-2236. 

[135] Kawasaki, T.; Ogawa, A.; Terashima, R.; Saheki, T.; Ban, N.; Sekiguchi, H.;  
Sakaguchi, K.; Sakamoto, M. Synthesis of diversely functionalized hexahy- 
dropyrrolo[2,3-b]indoles using domino reactions, olefination, isomerization  
and Claisen rearrangement followed by reductive cyclization. J. Org. Chem.,  
2005, 70, 2957-2966. 

[136] Varseev, G.N.; Maier, M.E. Enantioselective total synthesis of (+)-
neosymbioimine. Org. Lett., 2007, 9(8), 1461-1464. 

[137] Winbush, S.M.; Mergott, D.J.; Roush, W.R. Total synthesis of (-)-spinosyn 
A: Examination of structural features that govern the stereoselectivity of the 
key transannular Diels-Alder reaction. J. Org. Chem., 2008, 73, 1818-1829. 

[138] Ishikawa, H.; Suzuki, T.; Hayashi, Y. High-yielding synthesis of the anti-
influenza neuramidase inhibitor (-)-oseltamivir by three “one-pot” opera-
tions. Angew. Chem. Int. Ed., 2009, 48, 1304-1307. 

[139] Shen, H.; Yang, K.F.; Shi, Z.H.; Jiang, J.X.; Lai, G.Q.; Xu, L.W. Recyclable 
tertiary amine modified diarylprolinol ether as aminocatalyst for the sequen-
tial asymmetric synthesis of functionalized cyclohexanes and chromenes. 
Eur. J. Org. Chem., 2011, 2011(26), 5031-5038. 

[140] Magano, J. Synthetic approaches to the neuraminidase inhibitors zanamivir 
(Relenza) and oseltamivir phosphate (Tamiflu) for the treatment of influenza. 
Chem. Rev., 2009, 109, 4398-4438. 

[141] Weng, J.; Li, Y.; Wang, R.; Li, F.; Liu, C.; Chan, A.S.C.; Lu, G. A practical 
and azide-free synthetic approach to oseltamivir from diethyl D-tartrate. J. 
Org. Chem., 2010, 75, 3125-3128. 

Received: January 10, 2015         Revised: March 07, 2015          Accepted: March 11, 2015

Ben
tha

m S
cie

nc
e P

ub
lis

he
rs 

For 
Pers

on
al 

Use
 O

nly
 

Not 
For 

Dist
rib

uti
on

 




