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Preface

These days organophosphorus chemistry is one of the most dynamically developing 
fields of organic and organometallic chemistry. Organophosphorus compounds may 
be useful starting materials, intermediates and reagents (see the Michaelis–Arbuzov 
reaction, the Pudovik reaction, the Kabachnik–Fields condensation, the Wittig- and 
the Wadsworth–Emmons reactions, the Mitsunobu reaction, the Appel reaction, and 
the Hirao reaction) in synthetic organic chemistry. Phosphonium salts are applied as 
ionic liquids, tenzides or phase transfer catalysts. Achiral and chiral P-ligands are 
the components of transition metal (Pt, Pd and Rh, etc.) complexes that may serve as 
homogeneous catalysts. Further exciting fields are the discipline of optically active 
phosphines and phosphine oxides, as well as related derivatives, P-heterocyclic 
chemistry, and biologically active substrates used as plant protecting agents or phar-
maceuticals.

This book wishes to give a snap-shot on the recent developments and trends in 
organophosphorus chemistry. Chapters 1 and 2 survey the typical and novel syn-
thetic methods for the preparation of phosphine oxides and phosphinates along 
with phosphonates, respectively. Chapter 3 summarizes the present knowledge on 
biologically active organophosphorus compounds that is of special importance 
due to changes in the regulations in the use of plant protecting agents by the EU 
and US. In Chapter 4, optical resolutions that are the most suitable methods for 
the preparation of optically active phosphine oxides are discussed. Chapters 5 
and 6 give insights into the synthesis of α-hydroxyphosphonates and α-amino-
phosphonates, respectively, as biologically active substrates. The utilization of 
a versatile reagent, cyclic tri(propylphosphonate) (the T3P® reagent) in the syn-
thesis of phosphinic and phosphonic derivatives is demonstrated in Chapter 7, 
while Chapter 8 gives an overview on a fashionable P–C coupling reaction called 
the Hirao reaction with special stress on the green chemical accomplishments. 
The deoxygenation of phosphine oxides (Chapter 9) is important for two reasons: 
1.) to be able to recycle the phosphine oxide by-products, 2.) to provide P(III) 
ligands. The properties and synthesis of α-hydroxymethylenebisphosphonic acid 
(dronic acid) derivatives used against drug diseases are surveyed in Chapter 10. 
Chapter 11 reveals an important aspect of environmentally-friendly chemistry, as 
presents organophosphorus transformations that may be performed at ambient 
conditions. Chapter 12 comprises the recent results of P-heterocyclic chemistry 
introducing new heterocyclic systems. Microwave-assisted syntheses related to 
the organophosphorus field are included in Chapters 2, 5, 6, 8 and 9, while the 
ultrasound-assisted syntheses were accommodated in Chapter 13. Chapter 14 sum-
marizes the indeed exciting discipline of aromaticity and antiaromaticity within 

https://doi.org/10.1515/9783110535839-201
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VI   Preface

4- and 5-membered P-heterocycles. Last but not least, Chapter 15 guides the reader 
into the “empire” of special P-heterocycles, crown ethers containing phosphorus 
in the macroring.

György Keglevich – Editor
Department of Organic Chemistry and Technology

Budapest University of Technology and Economics
1521 Budapest

Hungary
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György Keglevich
1  Typical approaches for the preparation of 

phosphine oxides; a review on the synthetic 
methods applied in the last five years

Abstract: Phosphine oxides are an important class of organophosphorus compounds. 
Their synthesis involves the reaction of >P(O)Cl derivatives with organometallic spe-
cies. A similar substitution may also be performed in the sphere of P(III) compounds 
to be followed by oxidation. The Arbuzov reaction and the formation of the P–C bond 
by addition and coupling reactions are also often applied. Last, but not least there are 
special protocols for the preparation of phosphine oxides. The chapter begins with a 
discussion of the most interesting methods.

Keywords: synthesis, phosphine oxides, substitution at P, Arbuzov reaction, coupling 
reaction.

1.1 Metathetic Reactions
This approach relates to the preparation of α,α’-diarylacenaphtho[c]phosphole oxides 
from 1,8-bis(trimethylsilylethynyl)naphthalene in four steps. In the first step, the bis-
acetylene derivative was reacted with the Sato-Urabe low-valent titanium reagent to 
give a heterocyclic-titanium intermediate that was then treated with PhPCl2 to afford 
a phosphine oxide after oxidation. Then, the TMS groups were exchanged to bromine 
atoms, and the resulting dibromophospholes were converted to the bisaryl derivatives 
by Stille coupling (Figure 1.1) [1].

An efficient one-pot method was developed for the synthesis of polycyclic 
phospholanes. In the first step, norbornane-annulated aluminacyclopentanes were 
 prepared by catalytic cycloalumination of norbornenes. In the second step, the alumi-
na-heterocycles were converted to the corresponding phospholanes by reaction with 
PhPCl2. Oxidation afforded a series of cyclic phosphine oxides (Figure 1.2) [2].

1.2 Rearrangement Reactions
Tris(2-hydroxyphenyl)phosphine oxide (THPPO) was obtained from triphenyl phos-
phate (TPP) by treatment with lithium diisopropylamide (LDA) at ca. –85 °C. The reac-
tion takes place via metallation of the phenyl ring in the ortho position followed by 
migration of phosphorus from oxygen to carbon (Figure 1.3) [3]. 
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2   György Keglevich

Figure 1.1: Metathetic synthesis of a phosphole oxide by Ti P exchange.
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Figure 1.2: Metathetic synthesis of phosphole oxides by Al P exchange.
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Typical approaches to phosphine oxides   3

Y. Gololobov and coworkers reported a new type of phosphorotropic migration in 
the C3–N=C5 triad, which was accompanied by the isomerization of Ph2P–O–C3 into 
Ph2P(O)–C5. This sequence together with the preparation of the starting phosphinous 
ester are shown in Figure 1.4. On heating in DMF, the diphenylphosphinoyl group 
rearranges back to position 3 [4]. 

A reaction cascade leading to pyrrolo[1,2-a]quinolines with phosphine oxide func-
tion was developed starting by the phosphinylation of propargylic alcohols, followed 

O PO
3

O PO
3

Li

PO
3

OH
H2O

−80−−90 °C
iPr2NLi

Figure 1.3: A LDA-induced rearrangement of TPP to THPPO.
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Figure 1.4: A phosphorotopic Ph2P–O–C3 → Ph2P(O)–C5 migration.
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Figure 1.5: A sigmatropic propargyl → allene rearrangement.
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4   György Keglevich

by a [2,3]-sigmatropic rearrangement to give allenes that undergo stabilization by an 
intramolecular cyclization (Figure 1.5) [5]. 

The ester formed from the reaction of the adduct of methyl propargyl ether with 
pinacolone and phosphorus trichloride was stabilized by a spontaneous rearrange-
ment to the corresponding allene derivative. Chlorination of the allene led to an 
unstable chlorophosphonium salt that gave a dichlorophosphono-1,3-butadiene (A) 
undergoing cyclization to cyclobutene B on heating. Dialkyl- or diaryl-cyclobutenyl-
phosphine oxides (D) were obtained by thermal electrocyclization of intermediate C 
formed from dichlorophosphonobutadiene A in Grignard reaction. It was also pos-
sible to convert species B to target product D (Figure 1.6) [6]. 
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Figure 1.6: A propargyl → allene rearrangement followed by subsequent modifications.
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Figure 1.7: Cu-catalyzed Arbuzov reaction of aryl iodides with Ph2POEt.

 EBSCOhost - printed on 2/13/2023 3:27 AM via . All use subject to https://www.ebsco.com/terms-of-use



Typical approaches to phosphine oxides   5

1.3 Arbuzov Reactions
A Cu(I)-catalyzed version of the Michaelis–Arbuzov reaction of aryl iodides and the 
ethyl ester of diphenylphosphinous acid was developed to replace toxic transition 
metal (Ni and Pd) salts used earlier (Figure 1.7) [7]. 

Ortho-trimethylsilyl-aryl triflates were used as starting materials in Arbuzov reac-
tions to prepare aryl-diphenylphosphine oxides (Figure 1.8) [8]. 

In the multistep total synthesis of Herboxidiene methyl ester, one step involved 
an Arbuzov reaction of an allyl bromide derivative with Ph2POEt (Figure 1.9) [9]. 

The reaction of 1,1-dibromo-1-alkenes with Ph2POEt in the presence of Cs2CO3 in 
boiling toluene furnished alkynylphosphine oxides (Figure 1.10). The first step is the eli-
mination of HBr, followed by Arbuzov reaction of the aryl-bromoacetylene formed [10]. 

A 2,5-bis(phosphinoylmethyl)thiophene was prepared by the double Arbuzov 
reaction of 2,5-bis(bromomethyl)thiophene and Ph2POEt (Figure 1.11) [11]. 

Dibenzothiophene was converted to the corresponding bis(diphenylphos-
phinoyl)-dibenzothiophene sulfone in three steps, and to the bis(diphenylphos-
phinoylmethyl) derivative in five steps. The key steps were the introduction of the 
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Figure 1.8: Arbuzov reaction of aryl triflates accompanied by de-trimethylsilylation.
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6   György Keglevich
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Figure 1.11: Double Arbuzov reaction of 2,5-bis(bromomethyl)thiophene.

Figure 1.12: Dibenzothiophene functionalizations involving a double Arbuzov reaction.

Figure 1.13: Dibenzofuron functionalizations involving a double Arbuzov reaction.
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Typical approaches to phosphine oxides   7

P-functions into the heterocyclic intermediates by the Arbuzov reaction or by phos-
phinoylation (Figure 1.12) [12]. 

A four-step synthesis of 4,6-bis(diphenylphosphinoylmethyl)dibenzofuran 
including formylation, reduction, substitution, and Arbuzov reaction, together with 
the two-step preparation of 4,6-bis(diphenylphosphinoyl)dibenzofuran are also 
 described (Figure 1.13) [13]. 

Pillar [5]arene-based phosphine oxides were synthesized by the reaction of 
1,4-bis(bromoalkyoxy)benzenes and paraformaldehyde in the presence of boron 
trifluoride diethyl etherate followed by an Arbuzov-type bis-functionalization. The 
 starting material was also modified by the Arbuzov reaction (Figure 1.14) [14]. 

1.4 Hirao Reactions
The Hirao reaction involves primarily the P–C coupling of aryl halides and dialkyl 
phosphites in the presence of Pd(PPh3)4 catalyst to afford aryl phosphonates. In order 
to summarize the classical and novel aspects of this important chemical transforma-
tion, the Hirao reaction was reviewed [15, 16]. A variety of secondary phosphine oxides 
were used in a series of P–C coupling reactions involving a wide range of aryl iodides 
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Figure 1.14: Double Arbuzov reaction of 1,4-bis(bromoalkoxy)benzene derivatives.
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8   György Keglevich

in the presence of tris(dibenzylideneacetone)dipalladium(Pd2dba3) and Xantphos to 
furnish the secondary phosphine oxides in good yields. (Figure 1.15) [17]. 

The coupling of substituted halogenobenzoic acids with diphenylphosphine 
oxide was achieved by microwave irradiation using water as the reaction medium 
(Figure 1.16) [18]. 

Arylboronic acids may also be coupled with diphenylphosphine oxide using 
Pd(OAc)2/dppb as the catalyst (Figure 1.17) [19]. 

R
P

H

O

R'
ArI +
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, , , , , ,

CHO CO2Me CO2H CN
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, , , , , ,
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O Br

S O

Ar =

Ar

1)

2) R = Bn, R' = Cy

Me Bn tBu Me Bn MesCH2 Ph
R' Me Cy Me Cy Ph Ph Ph Cy Ph

Ph Ph Ph Ph Ph Ph Ph Ph Ph

Figure 1.15: The Hirao reaction of iodoarenes and secondary phosphine oxides.
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MW
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18−87%R = H, 4-MeO, 4-Me, 3-NH2
X = 4-Br, 4-I, 4-Cl, 3-Br, 3-I

+ Ph2P(O)H

Figure 1.16: The Hirao reaction of halogenobenzoic acids and Ph2P(O)H.
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Pyrazoles were phosphinoylated under the usual conditions using Pd(OAc)2 together 
with Xantphos as the P-ligand (Figure 1.18) [20]. 

The Pd complex of a cyclodiphosphazane-based pincer ligand was successfully 
applied as a new catalyst in the P–C coupling of aryl bromides with diphenylphos-
phine oxide (Figure 1.19) [21]. 

The above examples comprised the use of different Pd-catalysts.
The arylation of diphenylphosphine oxide with aryl halogenides was carried out 

in the presence of NiCl2⋅6H2O/Zn, applying 2,2’-bipyridine as the ligand in water 
under mild conditions (Figure 1.20) [22]. 
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R2
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R1 = H, MeO, MeS, Ph2N, F3CO, MeC(O)NH, Me, HOCH2, CH2=CH, F, Cl, MeOC(O), NC, NO2, Ph, R2 = H
R1 = H,  R2 = CF3, NO2

Figure 1.17: The Hirao reaction of arylboronic acids and Ph2P(O)H.
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THF
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Figure 1.18: The phosphinoylation of halogenopyrazoles by the Hirao reaction.
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Figure 1.19: Utilization of a special Pd-catalyst in the Hirao reaction.
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10   György Keglevich

A series of aryl-diphenylphosphine oxides were prepared by the [NiCl2(dppp)]-cataly-
zed coupling of aryl halides with diphenylphosphine oxide (Figure 1.21) [23]. 

P–C bond formation between aryl iodides and secondary phosphine oxides was 
possible at room temperature by combining Ni catalysis and visible light-induced 
photoredox catalysis (Figure 1.22) [24]. 

ArX +

70 °C
NiCl2⋅6H2O, Zn

2,2'-bipyridine, H2O

X = Cl, Br, I

ArX = I I

NH2

Br BrMe BrH2N
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H2N

HO BrH3CO Br

H3CO

Br
Br

Br
O

, , ,, ,

,

, ,

, ,, ,

etc.
,

Ph2P(O)H Ar P Ph
O

Ph
76−97%

Figure 1.20: Ni-catalyzed P–C couplings involving NiCl2 and 2,2’-bipyridine as the P-ligand.
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Figure 1.21: Ni-catalyzed P–C couplings involving NiCl2(dppm) as the catalyst.
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Phenol derivatives could also be coupled with diphenylphosphine oxide using 
NiCl2(dppp) as the catalyst, and a special phosphonium salt as the activating agent 
(Figure 1.23) [25]. 

P–H/C–CN cross coupling reactions of substituted benzonitriles and secondary 
phosphine oxides were also described utilizing a Ni catalyst (Figure 1.24) [26]. 

Arylboronic acids and secondary phosphine oxides may also be coupled using a 
Ni catalyst to afford tertiary phosphine oxides (Figure 1.25) [27]. 

After showing Pd- and Ni-catalyzed Hirao reactions, let us regard a few cases for 
Cu catalysis. 

The coupling of aryl iodides and secondary phosphine oxides is also possible in 
the presence of CuI as the catalyst and (S)-α-phenylethylamine as the ligand in the 
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MeP N
3
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K2CO3

100−120 °C

Ar = 4-PhC6H4, 4-C(O)MeC6H4, 4-CNC6H4, 4-MeOC6H4, 1-naphthyl, 2-naphthyl,

, MeO2C , Ph , ,

N , N , N ,

N

,

NC ,

N ,

CN

MeO

etc.

ArPPh2

O
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Figure 1.22: A P–C coupling promoted by a combined Ni- and photoredox catalysis.

Figure 1.23: Ni-catalyzed P–C coupling of phenols and Ph2P(O)H.
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presence of K2CO3 in boiling toluene (Figure 1.26-1) [28]. Under similar conditions, 
2-bromo-iodobenzene underwent a double phosphinoylation (Figure 1.26-2) [28]. 

A copper-catalyzed P-ligand-free Hirao reaction of ortho-bromophenols and 
secondary phosphine oxides was also elaborated (Figure 1.27) [29]. 

The Gilheany group has developed novel P-stereogenic BINAP derivatives. In the 
first step, R-BINOL was bis(trifluoromethanesulfonylated). Then, a diphenylphos-
phine oxide moiety was introduced (Figure 1.28) [30]. Establishment of another 
P-func tion was also made possible.

The bistriflate of BINOL could also be monophosphinoylated by reaction with 
phenyl-alkylphosphine oxides (Figure 1.29) [31]. 

The precursor 7’-butoxy-7-(diphenylphosphino)-8,8’-biquinolyl was synthesized 
from 7,7’-dihydroxy-8,8’-biquinolyl in three steps via Mitsunobu monoetherification, 
triflation, and phosphinoylation (Figure 1.30). The optically active species was utilized 
as catalyst in the enantioselective Suzuki–Miyaura synthesis of biaryl derivatives [32]. 
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Ar P

O

mostly 70−90%

Ar = Ph, 4-MeOPh, 4-Me2NPh, 4-MePh, 3-MePh, 2-MePh,
         4-PhPh, 4-CF3Ph, 1-naphthyl, 2-naphthyl, 2-(7-MeOnaphthyl),

N
Me,

Y1 = Y2 = Ph

Y1 4-MePh Ph Ph nBu
nBunBu tBuY2 4-MePh

Ar = Ph

Y1 Y1

Y2 Y2

Figure 1.25: Ni-catalyzed P–C coupling of arylboronic acids and secondary phosphine oxides.

Figure 1.24: Ni-catalyzed P–C coupling of arylnitriles and secondary phosphine oxides.
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Figure 1.26: Cu-catalyzed Hirao reactions of aryl halogenides.
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Figure 1.27: Cu-catalyzed Hirao reactions of ortho-bromophenols.

Figure 1.28: Modification of BINOL derivatives by the Hirao reaction.

Figure 1.29: The phosphinoylation of the bistriflate of BINOL by the Hirao reaction.
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63−90%
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MeO Me F H Br H

Figure 1.32: Oxidative P–C coupling involving a heterocyclic moiety.

Figure 1.30: Utilization of the Hirao reaction in the functionalization of a biquinolyl derivative.

Figure 1.31: Example for an oxidative P–C coupling.
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After the usual P–C coupling reactions, let us see a few oxidative versions.
2-Phenylpyridine took part in an oxidative P–C coupling reaction with diaryl-

phosphine oxides using 1 equivalent of 1,4-benzoquinone as the oxidant and Pd(OAc)2 
as the catalyst at 120 °C. A heterocycle-directed ortho-palladation is responsible for 
the regioselectivity (Figure 1.31) [33]. 

Another example for an oxidative P–C coupling is the silver-mediated phos-
phinoylation of benzothiazoles (Figure 1.32) [34]. 
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The double oxidative intramolecular cyclization of bis(phenylphosphinyl)-  p-terphenyl 
afforded the diastereomers of “twin” bis(dibenzophosphole oxides) (Figure 1.33) [35]. 

1.5 Phospha-Michael Addition
The phospha-Michael reactions involve the addition of a >P(O)H species, in most 
cases, to an electron-poor double bond. This approach may be used well for the pre-
paration of phosphine oxides.

An asymmetric Michael addition of diarylphosphine oxides to α,β-unsatura-
ted esters was performed in the presence of chiral magnesium(II) binaphtholates 
(Figure 1.34) [36]. 

The uncatalyzed addition of bis(pentafluorophenyl)phosphine oxide to acrylic 
and cinnamic acid amides afforded (2-carbamoylethyl)-bis(pentafluorophenyl)phos-
phine oxides (Figure 1.35) [37, 38]. 
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O

Ph Ph

Ph Ph
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THFR OMe

O

R OMe

OPAr O
Ar

Ar = Ph, 2-naphthyl, 3,5-diMePh
R = 4-MeOC6H4, 4-MeC6H4, Ph, 4-ClC6H4, 2-furyl, 3-pyridyl, PhCH=CH, c-C6H11

Figure 1.33: A double intramolecular oxidative P–C coupling.

Figure 1.34: An enantioselective phospha-Michael addition.
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(C6F5)2P(O)H + ArCH CHC(O)NR1R2 ~20 °C
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Figure 1.35: An uncatalyzed phospha-Michael addition.

Figure 1.36: An asymmetric phospha-Michael addition.

Figure 1.37: Phospha-Michael reaction of an unsaturated ketoester.

Figure 1.38: MW-assisted phospha-Michael addition to maleic acid derivatives.

Figure 1.39: Photo-catalyzed phospha-Michael addition.
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Figure 1.40: Phosphine-catalyzed phospha-Michael addition.
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Figure 1.41: Multiple phospha-Michael additions.

The asymmetric addition of secondary phosphine oxides to nitrostyrenes was also 
investigated (Figure 1.36) [39].

The mechanism and origin of enantioselectivity has been evaluated for a bicyclic 
guanidine-catalyzed phospha-Michael reaction between diphenylphosphine oxide 
and β-nitrostyrene by DFT calculations. 
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Figure 1.42: Pudovik reaction of quinolinyl-based imines.
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cat.

In another example, an enone derivative of methyl oleate was reacted with diphe-
nylphosphine oxide (Figure 1.37) [40]. This reaction was then extended to analogous 
triglyceride derivatives.

The author of this chapter, together with coworkers, investigated the microwave- 
assisted addition of >P(O)H species, including diphenylphosphine oxide, to maleic 
acid derivatives. There was no need to use any catalyst (Figure 1.38) [41]. 

Unactivated alkenes were hydrophosphinylated by reaction with secondary phos-
phine oxides under visible light photocatalysis (Figure 1.39) [42]. 

The trimethylphosphine-catalyzed addition of secondary phosphine oxides to 
vinylphosphine oxides led to 1,2-bisphosphinoylethanes. It is noteworthy that all the 
three components of the reactions are phosphorus compounds (Figure 1.40) [43]. 

Trofimov et al. carried out the addition of dialkylphosphines and dialkylphos-
phine chalcogenides to tris(4-vinylbenzyl)phosphine oxide under radical conditions. 
The trisphosphine functions were converted to the stable P-oxides (Figure 1.41) [44]. 

Figure 1.43: Asymmetric Pudovik reaction of imines.
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1.6 Pudovik Reaction
The transformations comprising the addition of >P(O)H species to C=O or C=N unsa-
turations are called the Pudovik reaction. A few examples are known for the addi-
tion of secondary phosphine oxides to imines to provide α-aminophosphine oxide  
derivatives.

New 4- and 2-quinolinyl-aminomethylphosphine oxides were synthesized 
by the addition of diphenylphosphine oxide to quinoline-derived Schiff bases 
(Figure 1.42) [45]. 

Phosphinylation of imines in the presence of a chiral magnesium BINOL 
phosphate allowed the synthesis of enantioenriched α-aminophosphine oxides. The 
conversion of two imine derivatives to two series of products is shown in Figure 1.43-1 
and 1.43-2 [46]. 

The addition of diphenylphosphine oxide to imines obtained from imidazole-  2-
carboxaldehyde and primary amines led to heterocyclic α-aminophosphine oxides 
(Figure 1.44) [47]. 

Beside the Pudovik reaction, the Kabachnik–Fields condensation may also 
provide α-aminophosphine oxides.

The double Kabachnik–Fields (phospha-Mannich) reaction of primary amines, 
two equivalents of paraformaldehyde, and the same amount of diphenylphosphine 
oxide afforded bis(diphenylphosphinoylmethyl)amines (Figure 1.45) [48, 49] that may 
be precursors of bidentate P-ligands after double deoxygenation. 
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Figure 1.44: Pudovik reaction of imidazol-based imines.

Figure 1.45: A Kabachnik–Fields reaction.
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Figure 1.46: Addition of Ph2P(O)H to acetylene derivatives.

Figure 1.47: Addition of Ph2P(O)H to a phosphinoylacetylene.

Figure 1.48: The addition of Ph2P(O)H to acetylenes combined by cyclization.

Figure 1.49: Benzophosphole oxides by combined addition and cyclization.
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Cherkasov et al. also studied the bis(Kabachnik–Fields) reaction [50] and recent 
results of the Kabachnik–Fields reaction including the preparation of α-aminophos-
phine oxides have been reviewed [51].

1.7 Addition to Acetylenic Derivatives
A highly regio- and stereoselective hydrophosphinylation of acetylenes in the pre-
sence of an immobilized rhodium-phosphine catalyst may be a useful method for the 
preparation of vinyl phosphine oxides (Figure 1.46) [52]. 

The addition of Ph2P(X)H to a diphenyl-alkynylphosphine oxide theoretically 
gives a mixture of four products, two different monoadducts (one of them formed as a 
mixture of isomers) and the double adduct. Without any additive, one of the monoad-
ducts was formed, while in the presence of tributylphosphine, the other monoadduct 
together with the bisadduct were the products (Figure 1.47) [53]. 

A series of benzophosphole oxides was synthesized from diphenylphosphine 
oxide and disubstituted acetylene derivatives utilizing a silver-mediated dehydroge-
native annulation involving a P–C and a C–C bond formation (Figure 1.48) [54]. 

Similar derivatives were prepared by another research group investigating a more 
diverse reaction model (Figure 1.49) [55]. 

This approach was utilized further to prepare additional benzophosphole oxides [56].
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Figure 1.50: Bisphosphinoylation utilizing the lithiation method.
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1.8 Lithiation Reactions
The lithiation of either arenes/heteroarenes or bromoarenes/bromo-heteroarenes 
gives useful intermediates that may be phosphinoylated by reaction with a >PCl deri-
vative following oxidation. It is also possible to apply directly a >P(O)Cl reagent.

Phosphine and phosphine oxide functions were introduced into a tetrathiahete-
rohelicene via the lithiation technique (Figure 1.50) [57]. 

Figure 1.51 shows the preparation of a bis(diphenylphosphinoyl)tetrathiahelicene 
via a double metallation followed by a double phosphinoylation [58]. 

A cyclic diimidazolophosphine was prepared by the double deprotonation of 
1,2-di(N-imidazolyl)benzene followed by reaction with dichloro-tert-butylphosphine. 
The dicationic diimidazoliophosphine was obtained by double quaternization with 
MeOTf. The oxidation of phosphines bearing proximal positive charges is not easy, 
but could be performed by m-CPBA in acetonitrile to afford the corresponding phos-
phine oxide. As an alternative, the diimidazolophosphine was oxidized directly, and 
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the phosphine oxide so obtained was quaternized with 1 or 2 equivalents of MeOTf. 
The monoquaternization was not selective (Figure 1.52) [59]. 

3-(2-Pyridyl)-[1,2,3]triazolo[1,5-a]quinolylphosphines afforded, after P-functiona-
lization, phosphine oxides that were transformed via a ring-chain isomerization to 
more stable phosphine oxides (Figure 1.53) [60]. 

Novel perfluoroalkylaryl and perfluoroaryl secondary phosphine oxides were 
synthesized in order to study the >P(O)H →P–OH tautomeric equilibrium. First, the 
bis[2,4-bis(trifluoromethyl)phenyl]phosphine oxide was prepared via the lithiation of 
the starting aromatics followed by reaction with Cl2PNEt2. The change in the P-func-
tion was achieved by reaction with cc. HCl, followed hydrolysis (Figure 1.54) [61]. 
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Figure 1.53: A ring-chain isomerization induced by P-functionalization.
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Two air-stable secondary phosphine oxides, namely 2-(tert-butylhydrophospho-
ryl)-1-aryl-1H-imidazoles were synthesized by lithiathion followed by P-functiona-
lization. The reaction was accompanied by a side-reaction giving rise to a tricyclic 
 phosphine oxide (Figure 1.55) [62].

A 4-diphenylphosphinoyl-4’-diphenylamino-biphenyl was synthesized via 
metallation and phosphinoylation of the corresponding aryl bromide (Figure 1.56). 
The end product is a high-performance deep-blue fluorescent emitter and green phos-
phorescent host [63]. 

Anthracene-9,10-diylbis(diphenylphosphine oxide) was also made available by 
this approach (Figure 1.57) [64]. 

Figure 1.55: P-functionalization of imidazoles via lithiation.
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Figure 1.58: Bislithiation followed by cyclization using ArPCl2.
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Figure 1.59: Synthesis of a bis(phosphinophenyl)-phenylphosphine oxide as a pincer ligand.

Figure 1.60: Synthesis of a bis(phosphinoyl)biphenyl by an organometallic approach.
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Bichromophoric dithieno[3,2-b:2’,3’-d]phospholes with polyaromatic hydrocarbon 
substituents were synthesized by the lithiation of dibromobithiophenes followed by 
the reaction of the intermediates so formed with arylphosphonous dichlorides. The 
phosphines obtained were oxidized to the corresponding P-oxides (Figure 1.58) [65]. 

Another new triarylphosphine oxide was utilized in the preparation of a palla-
dium pincer complex (Figure 1.59) [66].

The precursor of a new atropisomeric bis(phosphine oxide) derivative was syn-
thesized from 1-bromo-3-(trifluoromethoxy)benzene via P-functionalization,  coupling, 
and optical resolution (Figure 1.60) [67]. The series of reactions involved the formation 
of a Grignard reagent, a phosphinylation and lithiation.

A new bis(dibenzophosphole oxide) derivative was synthesized by the Yama-
guchi group utilizing the Grignard reaction and lithiathions (Figure 1.61) [68].
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Figure 1.62: Bis(Grignard reagents) in the synthesis of P-heterocycles.
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1.9 Grignard Reactions
Grignard reagents may also be the partners of >P(O)Cl or –P(O)Cl2 intermediates to 
afford a variety of phosphine oxides. Moreover, >P(O)OR or –P(O)(OR)2 derivatives 
may also be suitable starting materials.

A series of condensed phospholane oxides were prepared by the cyclization 
of 1,4-bis-Grignard reagents with phenylphosphonic dichloride. The use of the 
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Figure 1.63: Preparation of tertiary phosphine oxides from phosphonates.

Figure 1.64: Synthesis of tertiary phosphine oxides from phenylphosphonic dichloride.

Figure 1.65: Synthesis of a triarylphosphine oxide by the Grignard approach.

Figure 1.66: Synthesis of a fluoro-containing triarylphosphine oxide by the Grignard approach.
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1,5-dibromopentane-based bis(Grignard reagent) led to a hexahydrophosphinine 
oxide (Figure 1.62) [69]. 

Dialkyl phosphonates were converted to tertiary phosphine oxides by reaction 
with two equivalents of alkyl or aryl Grignard reagents in the presence of sodium tri-
fluoromethanesulfonate as an activator (Figure 1.63) [70]. 

The interaction of phenylphosphonic dichloride with perfluoroalkyl Grig-
nard reagents furnished the corresponding phenyldi(perfluoroalkyl)phosphine 
oxides. Surprisingly it was observed that one of the electron-poor P–C bonds could 
be hydrolyzed to give the corresponding phenyl-perfluoroalkylphosphine oxide 
(Figure 1.64) [71]. 

2-Oxazolyl-bromobenzenes were converted to the corresponding Grignard 
reagents that were then reacted with a half equivalent of phenylphosphonic 
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Figure 1.68: Grignard reagent-promoted ring opening of a chloro-oxaphospholene oxide.
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Figure 1.70: Utilization of the Grignard reaction in an asymmetric synthesis of tertiary 
phosphine oxides.
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 dichloride. The products may be regarded as phosphine oxide-linked bis(oxazolines) 
(Figure 1.65) [72]. 

In a similar fashion, bis(4-fluoro-3-trifluoromethylphenyl-)phenylphosphine 
oxide was prepared (Figure 1.66), and reacted with bisphenol derivatives to furnish 
poly(arylene ether phosphine oxides) [73]. 

Additional triarylphosphine oxides were also prepared from ArP(O)Cl2 and aryl-
magnesium bromide, and the resulting species were involved in polycondensation. 
The resulting poly(arylene ether phosphine oxide)-type plastics are of interest as 
novel materials [74]. 

A novel dianhydride monomer with a phosphine oxide function was prepared 
via the Suzuki coupling reaction of 4-(diphenylphosphinoyl)phenyl boronic acid syn-
thesized in two steps. The methyl groups in the aromatic ring of the Suzuki product 
were then oxidized to carboxyl functions, and dehydrated to the corresponding 
bis(anhydride) (Figure 1.67). This monomer was then used in polycondensation with 
bis(3-aminophenyl)phenylphosphine oxide [75]. 

In reaction with two equivalents of a Grignard reagent, a chloro-oxaphospholene 
oxide was transformed to 4-hydroxy-4-methyl-butenylphosphine oxides (Figure 1.68) 
[76]. 

A chloro-oxaphosphinine oxide was converted to aryl-phenylvinylphosphine 
oxides in a similar fashion by reaction with two equivalents of Grignard reagents 
(Figure 1.69) [77]. 

A D-glucosamine-based phosphinate was converted to chiral tertiary phosphine 
oxides by reaction with a Grignard reagent (Figure 1.70). High ee values could be 
attained [78]. 
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Another chiral auxiliary-based strategy was also developed for the synthesis of 
P-chiral phosphine oxides. According to this, P-chiral oxazolidines were formed in a 
 stereoselective manner that then underwent displacements with Grignard reagents to 
afford the desired phosphine oxides in high ee values (Figure 1.71) [79]. 

This chapter attempted to give an overview of the recently used approaches for the 
synthesis of phosphine oxides. One could see that the classical methods remained 
important, but new protocols were also elaborated.
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2  Methods for the preparation of 

phosphinates and phosphonates with 
a focus on recent advances

Abstract: Phosphinic and phosphonic acid esters (phosphinates and phosphona-
tes) are useful starting materials and intermediates in synthetic organic chemistry. 
Their traditional synthesis involves the reaction of the corresponding acid chlorides 
with alcohols in the presence of a base. This chapter aims at summarizing the alter-
native possibilities including the “greener” approaches for the synthesis of phos-
phinates and phosphonates, starting preferably from the corresponding acids. One 
of the possibilities discussed involves the conversion of acid to a more active inter-
mediate that may then react with the nucleophile efficiently. Other green methods 
involve the microwave (MW)-assisted direct esterification, or the alkylating esterifi-
cation. Besides these, other methods are also discussed, with the Arbuzov and the 
Hirao reactions being the most important. The majority of the methods discussed 
are suitable, with slight modifications, for both the preparation of phosphinates 
and phosphonates.

Keywords: phosphinates, phosphonates, esterification.

2.1 Esterification of Phosphinic Chlorides
The traditional, although not environmentally friendly, yet widely used method for the 
preparation of phosphinates (2) involves the reaction of phosphinic chlorides (1) with 
an alcohol or phenol as the nucleophile (Figure 2.1) [1–6]. To remove the hydrochloric 
acid formed, mostly a tertiary amine [7] was used in an apolar solvent. Alcoholates or 
phenolates may also be applied [8, 9].

Cyclic phosphinic chlorides (such as 1-chloro-3-phospholene oxide 3) may also 
serve as starting materials in the reaction with alcohols or phenols to afford the 
 corresponding alkyl- or aryl phosphinates (4) (Figure 2.2) [10–12].

Analogously, phosphonic acid dichlorides (5) may be converted to the correspon-
ding phosphonates (7) by reaction with two equivalents of the alcohol [13], or to phos-
phonic acid monoesters (8) by reaction with one equivalent of the alcohol, followed 
by hydrolysis of the phosphonic ester-chloride (6) intermediate (Figure 2.3) [14].
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2.2  Esterification of Phosphinic Acids Utilizing 
 Activating Agents

Transforming phosphinic acids into an intermediate with a better leaving group by an 
activating/condensating agent makes the nucleophilic substitution on the phospho-
rus atom feasible. Usually, a large excess of the alcohol is required, and the yields are 
dependent on the components being coupled. One such example is the activation of 
the phosphinic acid by reaction with dicyclohexylcarbodiimide (DCC) [15]. As a refine-
ment, the esterification of H-phosphinic acids (9) was reported in the presence of DCC 
and 10% of N,N-dimethylaminopyridine by applying a slight excess of the alcohol in 
THF. The phosphinates (10) were obtained in good yields (Figure 2.4) [16–18]. 

Phosphonic acid monoesters can also be synthesized from the corresponding 
phosphonic acids using DCC as the activating agent in the presence of trimethyla-
mine or pyridine as the base [19–21]. Alkyl- and aryl phosphinates were successfully 
synthesized by applying N,N’-carbonyl diimidazole [22] or uranium-based salts, such 
as N,N,N’,N’-tetramethyl-O-(benzotriazol-1-yl) [23] as the coupling agents. 

Figure 2.1: Traditional method for the synthesis of phosphinates.

R3OH

- TEA HCl or NaCl

+
TEA or NaOR

apolar solvent 

R1, R2, R3 = alkyl, aryl

R1

P
R2

ClO

R1

P
R2

OR3O1 2

P
O OY

P
O Cl

Et3N

toluene

25 °C 

50–95%

Y = Me, Et, Pent, Ph

+ YOH

3 4

Figure 2.2: The synthesis of alkoxy- and aryloxy-3-phospholene oxides by traditional routes.
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Figure 2.3: Simplest synthesis of phosphonic mono- and diesters.
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Trichloroacetonitrile is another activating agent that can be applied in the prepara-
tion of phosphate monoesters [24]. A MW-assisted variation was also described for 
the preparation of biologically interesting phosphate diesters (12) containing alkyl, 
benzyl, and prenyl substituents using pyridine as the solvent (Figure 2.5) [25].

A better option for an activating agent is propylphosphonic anhydride (T3P®) 
applied widely in synthetic chemistry [26] (see also Chapter 7). Cyclic phosphinic 
acids (13) could be esterified efficiently with a series of alcohols using 1.1 equivalents 
of the T3P® reagent at room temperature (Figure 2.6) [27].

The role of the T3P® reagent is to form a reactive mixed anhydride (15) from the phos-
phinic acid (Figure 2.7), which may then react with the alcohol at milder conditions [27]. 
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Figure 2.4: Esterification of H-phosphinic acids using DCC as the activating agent. 
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Figure 2.5: Trichloroacetonitrile-mediated esterification of phosphoric acid monoesters.

Figure 2.6: Esterification of cyclic phosphinic acids in the presence of T3P® as the activating agent. 
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Figure 2.7: The reactive intermediate formed from the 
phosphinic acid and the T3P® reagent. 
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With regard to the question if the two other units of the T3P® reagent may also be 
 utilized, it was found that in the case of more reactive phosphinic acids, such as 
H-phenylphosphinic acid, it is enough to use 0.66 equivalents of the T3P® reagent. 
Moreover, when applying a higher temperature of 85°C under MW conditions, already 
0.44 equivalents of the coupling reagent was found to be enough [28].

The Mitsunobu reaction utilizing the redox system of triphenylphosphine and a 
dialkyl azodicarboxylate is a mild and efficient method to condense a phosphonic 
acid with an alcohol providing a convenient route to mono- and diphosphonates [29]. 
Starting from a phosphonic acid monoester (16), mixed diesters (17) were obtained. In 
the example shown in Figure 2.8, the methyl ester function was cleaved by TMSBr to 
afford eventually another monoester (8).

A mild and efficient method for the esterification of alkylphosphonic acids (11) 
was developed using primary alcohols, iodine, imidazole and polymer-bound triphe-
nylphosphine (Figure 2.9). In this way, the triphenylphosphine oxide formed may be 
removed by simple filtration [30].

2.3  Special Activation of P-acids by Orthoesters, 
Orthosilicates, or Trialkyl Phosphites

Reactants, such as orthoesters (n=0), orthoformates/orthoacetates (n=1), and ketals 
or acetals (n=2) may undergo reaction with hypophosphorous acid (Figure 2.10) [31].

The reaction with orthoesters took place at room temperature, while the reac-
tion with ketals and acetals required higher temperatures to result in the formation of 
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Figure 2.8: Mitsunobu reaction in the synthesis of phosphonates. 

Figure 2.9: Esterification of alkylphosphonic 
acids using polymer-bound triphenylphos-
phine and iodine as the activating agent. 
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hypophosphorous acid esters (20) [31, 32]. The moderate yields can be explained by 
the decomposition of the esters. Yields could be improved applying trialkyl orthocar-
boxylates, such as MeC(OMe)3 in ionic liquids (ILs) (e.g. [bmim][PF6], [bmim][BF4], or 
[bmim][Cl]) [33].

Alkyl chloroformates were also used in the preparation of H-phosphinates (23). 
See the esterification of phenyl-H-phosphinic acid (21) with ethyl chloroformate 
(Figure 2.11-1) [34], or the reaction of the sodium salt of diphenylphosphinic acid (24) 
with methyl chloroformate accompanied by the elimination of CO2 (Figure 2.11-2) [35]. 

The use of allyl- or benzyl chloroformate in dichlorlomethane afforded the corres-
ponding esters in better yields [36].

H-phosphinic acids (9) may react with orthosilicates or aminoalkyl-alkoxysilanes 
to furnish H-phosphinates (10) in good yields (Figure 2.12) [37, 38]. 
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Figure 2.10: Esterification of hypophosphorous acid by orthoesters and related derivatives.
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Figure 2.11: Esterification of phosphinic acids by alkyl chloroformates.
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Figure 2.12: Esterification of H-phosphinic acids by orthosilicates or aminoalkyl-alkoxysilanes.
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In a similar way, trialkoxysilanes [(RO)3SiR’] or dialkoxysilanes could also be 
applied, showing a somewhat decreased reactivity. Trialkyl phosphites may also be 
effective esterifying agents, although this method is of limited use [39, 40].

2.4  MW-assisted Direct Esterification of Phosphinic 
and Phosphonic Acids

Phosphinic and phosphonic acids fail to undergo direct esterification by alcohols 
on conventional heating. Their direct esterification has only been reported in a few 
cases applying special catalysts, extreme reaction conditions, and long (up to 22 days) 
 reaction times, providing the esters in moderate yields [41–45]. According to a novel 
observation, the direct esterifications may take place under MW conditions. A series 
of phosphinic acids (27) underwent esterification with normal alcohols at 160–230°C 
on MW irradiation. The direct esterification of the reactive phenyl-H-phosphinic acid 
(27A) required a temperature of 160–190°C, and afforded the corresponding phosphin-
ates (28A) in good (73–90%) yields (Figure 2.13) [46]. The similar esterification of cyclic 
phosphinic acids, such as 1-hydroxy-3-phospholene oxides,  1-hydroxyphospholane 
oxides, and a 1-hydroxy-1,2,3,4,5,6-hexahydrophosphinine oxide (27B-D,  respectively), 
at 180–235°C gave the alkyl phosphinates (28B-D) in acceptable to excellent yields  
(54–95%) (Figure 2.13) [47–49]. The esterifications were more efficient with non-volatile 
and sterically non-hindered alcohols.

The MW-assisted direct esterification was also extended to the synthesis of phe-
nylphosphonic-diesters [50]. However, in these cases, the yields were low.

The only drawback of the method outlined above is the relatively high reaction tem-
perature required. To overcome this shortcoming, ionic liquids (ILs) were tested as addi-
tives. It was found, that a catalytic amount (10%) of [bmim][PF6] significantly enhanced 
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Figure 2.13: MW-assisted direct esterification of phosphinic acids.
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the esterification reactions: quantitative conversions were attained already at lower 
temperatures in shorter reaction times. One example is shown in Figure 2.14, Table 2.1.

2.5 Alkylating Esterification of Phosphinic Acids
Another possibility for the synthesis of phosphinates is the alkylating esterification of 
phosphinic acids by alkyl halides [1, 2, 51]. The acid (29) may be transformed into its 
sodium or potassium salt (30) that is reacted with an alkyl halide in the second step 
(Figure 2.15).

Table 2.1: Direct esterification of 1-hydroxy-3-methyl-3-phospholene 1-oxide (27B) in the absence 
or presence of 10% of [bmim][PF6] as the catalyst.

Entry R IL (%) T (°C) t (h) Yield (%)

 1 Me – 160 4 32

 2 Me 10 160 3 38

 3 Et – 160 4 30

 4 Et 10 160 3 60

 5 iPr – 180 4 22

 6 iPr 10 180 3 60

 7 nBu – 200 2 58

 8 nBu 10 180 0.5 83

 9 nPent – 220 2.5 82

10 nPent 10 180 0.5 94

11 iPent – 235 3 76

12 iPent 10 180 0.5 95

13 nOct – 220 2 71

14 nOct 10 180 0.33 85

15 nDodecyl – 230 2 95

16 nDodecyl 10 180 0.33 94

Figure 2.14: Direct esterification of phosphinic acids in the presence of a catalytic amount of an IL. 

P
O OH

Me

+
(15 equiv.)

MW
T / t / p

P
O OR

Me

ROH
- H2O 

27B 28B(R1 = H) (R1 = H)

 EBSCOhost - printed on 2/13/2023 3:27 AM via . All use subject to https://www.ebsco.com/terms-of-use



42   Nóra Zsuzsa Kiss and György Keglevich

The alkylating esterification of bis(cinammyl)phosphinic acid (31) was carried out 
in the presence of Ag2O. The intermediate obtained (32) was then converted into an 
[1,4]azaphosphinane 4-oxide (33) via ozonolysis, followed by reductive amination 
(Figure 2.16) [52].

The salt of an acid may also be the starting material that can be transformed to the 
corresponding phosphinates by reaction with alkyl halides in the presence of crown 
ethers as the phase transfer (PT) catalyst [53]. This is exemplified by the alkylation of 
the potassium salt of a hydroxy-dibenzooxaphosphorine oxide (34) with alkyl halides 
in acetonitrile (Figure 2.17) [54].

The alkylating esterification of phenyl-H-phosphinic acid (21) with alkyl halides 
may also take place in a homogeneous medium using triethylamine as the base under 
MW conditions (Figure 2.18) [55].

PT catalysis may be a more general tool to make such transformations more effi-
cient and environmentally-friendly. The alkylating esterification of cyclic phosphinic 
acids (27B-D) was carried out under PT catalytic and solvent-free conditions under 
MW irradiation using the alkyl halides in the presence of potassium carbonate as 
the base, and triethylbenzylammonium chloride (TEBAC) as the catalyst (Figure 2.19) 
[56, 57]. In case of using akyl halides with increased reactivity (e.g. R2X = BnBr), 
there was no need for the catalyst. However, when alkyl halides of normal reacti-
vity were chosen as reaction partners, the application of 5% of TEBAC increased 
significantly the yields of the phosphinates (28B-D). O-alkylation of the saturated 
 1-hydroxyphospholane oxides (27C) and 1-hydroxy-3-methyl-1,2,3,4,5,6-hexahydro-
phosphinine oxide (27D) resulted in a mixture of isomers. Thermally unstable cyclic 
phosphinic acids, such as 1-hydroxy-1,2-dihydrophosphinine 1-oxide (27E) and a 

R3X

- MX

R1, R2 = alkyl, aryl

M / MOH or
M2CO3

M = Na, K R3 = alkyl

R1

P
R2 R1 R2 R1 R2

OHO
P

OMO
P

OR3O
229 30

Ph

P

Ph

O

OH

+ BnBr

(2 equiv.)

Ag2O (1.6 eq.)

CHCl3

Ph

P

Ph

O

OBn
P NBn

O

BnO1.) ozonolysis

2.) reductive amination

31 32 33

Figure 2.15: Alkylating esterification of phosphinic acids. 

Figure 2.16: A special protocol utilizing an alkylation esterification and leading eventually to a [1,4]- 
azaphosphinane oxide. 
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34 35

Figure 2.17: O-alkylation of a phosphinic acid salt under phase transfer catalytic conditions. 

MW
80 °C / 5-30 min

TEA (1.1 equiv.)
no solvent

RX = EtI, nPrBr, iPrBr, nBuBr, iBuBr, iPentBr 

RX
(1.2 equiv.)

76–96%

+
H

P
Ph

OHO
21

H
P

Ph

ORO
36

Figure 2.18: Alkylating esterification of phenyl-H-phosphinic acid in a homogeneous medium.

+
solvent-free/acetone

R3X
K2CO3, TEBAC

Y1

Y2

R1, R2 = H, Me

MeR1MeR1

R3X = EtI, nPrBr, iPrBr, nBuBr, iBuBr, iPentBr, BnBr

Y1

P
Y2

OHO
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P
Y2

OR3O

Me

Cl
R2R1

Cl Cl
Me

MW/∆

B C FED

27 28

Figure 2.19: PT-catalyzed O-alkylation of cyclic phosphinic acids. 

3-hydroxy-3-phosphabicyclo[3.1.0]hexane 3-oxide (27F), could be transformed to the 
corresponding phosphinates (28E and F) by reaction with alkyl halides in the pre-
sence of K2CO3 in boiling acetone (Figure 2.19) [58]. 

A one-pot procedure was described for the synthesis of phenylphosphonic 
monoesters (38) via the monoalkylation of the phosphonic acids (37) (Figure 2.20) 
[59].
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The addition of phosphinic acids to terminal alkynes in the presence of a transi-
tion metal catalyst may also lead to phosphinates [60], as well as the reaction of 
phosphinic acids with diazoalkanes [61–65]. However, these methods are of lower 
importance.

2.6  Michaelis–Arbuzov Reaction of Phosphonous 
Diesters and Trialkyl Phosphites

The Michaelis–Arbuzov reaction is an elegant way to form phosphinates (R2YP(O)OR1, 
2), or phosphonates (R2P(O)(OR1)2, 7) via phosphonium salts (40) obtained by the reac-
tion of alkyl/arylphosphonous diesters ((R1O)2PY, Y = R, Ar), or trialkyl phosphites 
((R1O)3P) with alkyl halides (Figure 2.21) [66, 67].

The intramolecular Arbuzov reaction of 4-chloro-butylphosphonous diester (41) 
afforded 1-butoxyphospholane 1-oxide 42 (Figure 2.22) [68]. 

R2

P
Y OR1

O
P

R1O

R1O
Y

R2X

X = Cl, Br, I

- R1X 
P

R1O

R1O

Y

R2
X

Y = R, Ar, OR1 

39 40 Y

R, Ar
OR1

2

7

Cl
P

OnBuO

180 °C 
nBuO

nBuO
P

41 42

Figure 2.21: The synthesis of phosphinates or phosphonates by the Michaelis–Arbuzov reaction.

Figure 2.22: Cyclization by an intramolecular Michaelis–Arbuzov reaction.

1. Me4NOH 

MeCN, EtOH

2. nHexBr 

44–67% R = H, Me, Et, iPr 

R P
O

OH
OH R P

O

OH
OnHex

37 38

Figure 2.20: The monoesterification of arylphosphonic acids. 
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Aryl halides with decreased reactivity may be applied in the presence of Ni salts at 
higher temperatures [69, 70], while vinyl halides may react in the presence of Cu(I) 
bromide [71]. However, the reaction of alkynyl halides does not require the use of any 
catalyst [72]. The reaction of diphosphonites (43) with two equivalents of alkyl halides 
gave bisphosphonates (44) (Figure 2.23) [73].

Further examples on interesting Arbuzov reactions are provided in Chapter 1.

2.7 Synthesis of P-esters by the Hirao Reaction
The Hirao reaction is a widely used method to form a P–C bond by the coupling of 
an aryl or vinyl halide with a >P(O)H reagent, such as a dialkyl phosphite (45) in the 
presence of tetrakis(triphenylphosphine)palladium (Pd(PPh3)4) (Figure 2.24) [74] (see 
also Chapter 8). 

Instead of Pd(PPh3)4, a Pd precursor/ligand system may also be used, when 
the active Pd(0) complex is formed in situ in the reaction mixture [75–77]. Different 
 catalysts have also been applied for incorporating other transition metals, such as 
Ni salts [78] or CuI, the latter together with proline [79]. However, the most beneficial 
 approach involves the use of Pd(OAc)2 catalyst precursor utilizing the excess of the 
trivalent tautomer form of the P-reagent under MW-assisted conditions. This protocol 
represents a greener approach [80–82].

P(OMe)2

P(OMe)2

+ MeI
PhH

P

P

O

O

OMeMe

OMeMe

∆

58%

(2 equiv.)

43 44 Figure 2.23: A double Michaelis–Arbuzov 
reaction.

YX +

5% Pd(PPh3)4 
base

90−100 °C, 20 min−3 days

base: Et3N, Bu3N, pyridine Y = aryl or vinyl 
X = I, Br
R = alkyl

toluene or
no solvent45 46

RO
P

OR

HO

RO
P

OR

YO

Figure 2.24: General scheme for the P–C coupling by the Hirao reaction.
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Phosphinates may also be synthesized by the Hirao reaction using ethyl alkyl-H-phos-
phinates (10, R2=Et) in reaction with aryl halides to afford aryl alkylphosphinates (47) 
(Figure 2.25) [83].

2.8  Cyclic Phosphinates by the Alcoholysis  
of  Phosphonium Salts

Cyclic phosphinates may be synthesized by the alcoholysis of the phosphonium salts 
(48 or 49) obtained in the McCormack cycloaddition of 1,3-dienes and phosphorus tri-
halides (Figure 2.26) [84]. Alcoholysis of the adducts led to 3- (28B) or  2-phospholene 
(50) derivatives [85, 86]. The solvolytic accomplishment applying the alcohol in an 
excess in the presence of sodium carbonate resulted in increased (up to 57–68%) 

+
solvent/co-solvent

ArX P
O OEt

RH

L = dppf, xantphos, polystyrene-supported Pd-NiXantphos

ArX = PhI, PhBr, PhCl, PhOTf, 2-Cl-pyridine, 2-Cl-pyrimidine, 2-Cl-pyrazine, etc. 

R = octyl, Cy, (CH2)4Ph 

47-86%

reflux or 110 °C
Pd(OAc)2/L

base
P

O OEt

RAr

10 47(R2= Et)

Figure 2.25: Synthesis of phosphinates by the Hirao reaction.
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Figure 2.26: Synthesis of cyclic phosphinates via phosphonium salts.
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yields [87, 88]. Saturated cyclic phosphinates (1-alkoxyphospholane oxides 28C) were 
obtained by a subsequent catalytic hydrogenation [89].

Other P-reactants, such as ROPX2, (RO)2PX, or ArOPX2 may also be used in the 
McCormack cycloaddition, which should be followed by a hydrolysis step  (Figure 2.27) 
[90–92].

2.9  Miscellaneous Methods for the Esterification 
of P-acids

2.9.1 The Atherton–Todd Reaction

The reaction of secondary phosphine oxides (52) with alcohols in the presence of 
carbon tetrachloride and triethylamine (called the Atherton−Todd reaction) gives 
phosphinates (2), while starting from H-phosphinates (10), phosphonates (7) may be 
obtained (Figure 2.28) [93].

A somewhat greener approach involves the chloroform-based Atherton–Todd 
reactions of alcohols with secondary phosphine oxides to provide phosphinates 
under milder reaction conditions [94]. Starting from chiral >P(O)H compounds, a ste-
reospecific coupling with alcohols gives rise to a variety of optically active phospho-
rus acid derivatives [93]. Heterocyclic phosphinic acids may also be used as starting 
materials, resulting in cyclic phosphinates [95].

R1 = H, Me

- HX P
OR2Y

X

R1 Me

P
OR2O

R1 Me
H2O

R2 = alkyl, aryl 

+ P

X

OR2Y

R1 Me

X = Cl, Br  
Y = Cl, OR2 51 28B

Figure 2.27: Another approach to obtain 1-alkoxy-3-phospholene oxides.
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Figure 2.28: Synthesis of phosphinates and phosphonates by the Atherton–Todd reaction.
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2.9.2  The Copper-catalyzed Esterification of P(O)OH Compounds 
with Phenols

A novel copper-catalyzed method involving the esterification of phosphinic and 
 phosphonic acids with phenols was described to furnish aryl phosphinates (53)  
and phosphonates (54) (Figure 2.29) [96].

Y
P

R1

OHO

Y
P

R1

OPhO
+ PhOH

Cu powder (50 mol%), CCl4 (4 equiv.) 
100 °C, 12 h 

CH2Cl2

Na2CO3 (2 equiv.), Et3N (1 equiv.)
73–94%

Y

OR2
R1 , Ar

Y

OR2
R1 , Ar29

8
53
54

Figure 2.29: Cu-catalyzed esterification of P-acids.

R1, R2, R3 = aryl, alkyl

R3COOOH or tBuOOH

R1

P
Y

OR2
R1

P
Y

OR2O

Y

OR2

R1, Ar 2

7

55

Y = R1, Ar, OR2 

Figure 2.30: Preparation of phosphinates and phosphonates by the oxidation of trivalent P-esters.

2.9.3 The Oxidation of P(III) Esters

Phosphinates (2) and phosphonates (7) may be obtained by the oxidation of the 
 corresponding trivalent species (55) by mild oxidizing agents (Figure 2.30) [97–99].

2.9.4  Fragmentation-related Phosphinylation of Strained 
P-heterocycles

H-Phosphinates (58) may be synthesized via the UV light-mediated fragmentation of 
suitable bridged P-heterocycle precursors (e.g. 7-phosphanorbornene derivative 56) 
in the presence of an alcohol that is phosphinylated by the low-coordinated fragment 
ejected (Figure 2.31) [100–103].
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2.10  Summary
Different approaches for the synthesis of phosphinic and phosphonic esters have 
been summarized. Besides the widespread method of converting phosphinic or 
phosphonic chlorides to the corresponding esters, it is also possible to deriva-
tize the phosphinic acids by activating them with the use of condensing agents, 
or to convert the acids to esters by alkylation, or by direct esterification under 
 MW- assisted conditions. Additional methods involve the Arbuzov reaction of phos-
phonous diesters or trialkyl phosphites, the Hirao reaction, and the alcoholysis of 
phosphonium salts.
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3  The importance of organophosphorus 

compounds as biologically active agents

Abstract: Phosphorus is one of the most important elements in living organisms  
[1, 2]. While, on the one hand, phosphorus compounds can sustain life (endogen 
compounds), cure or prevent illnesses (drugs), on the other hand they are capable 
of limiting the growth, or destroying undesired plants, insects and fungi (pesticides) 
or even humans (nerve agents). In this chapter, a brief summary of the evolution of 
bioactive organophosphorus chemistry, as well as the most important types of biolo-
gically active compounds, will be provided via demonstrative examples.

Keywords: bioactivity, endogen organophosphorus compounds, drugs, pesticides, nerve 
agents.

3.1  From Alchemy to up to date Organophosphorus 
Chemistry

The story of phosphorus began in the seventeenth century in the laboratory of the 
German alchemist Henning Brandt [3]. Like other alchemists of the time, he searched 
for the “Philosopher’s Stone”, a substance that was believed to turn basic metals to 
elemental gold. The fact that phosphorus could be isolated from urine clearly indi-
cated the biocompatibility of phosphorous compounds. In the eighteenth century, 
Hensing detected phosphorus in human brain [4]; at the same time, Scheele disco-
vered that it is also an important ingredient in the bones and teeth of animals [5]. 
During the 1800s, plant science studies recognized phosphorus to be essential for 
plant nutrition. The first patents on phosphate-containing fertilizers were also 
obtained at that time [6]. Lecithin, the first identified organophosphorus compound, 
was isolated from brain fat in 1811 [7]; however it was characterized as a P-containing 
lipid only in 1846 [8]. Another scientific milestone was the isolation of impure DNA 
(called “nuclein”) from human tissues by Miescher in 1868 [9]. The exact formula was 
not known at that time, but the presence of phosphorus in human tissues was con-
firmed. One of the most important molecules involved in energy transfer, adenosine 
triphosphate (ATP), was isolated from muscle extracts in 1929 by Fiske and Subbarow 
[10], and the significance of its high-energy bonds was reported by Lipmann in 1941 
[11]. The total synthesis of ATP was reported in 1949 by Todd [12]. In 1944, studies 
conducted by Avery proved that the DNA is the carrier of genetic information [13]. A 
decade later (in 1953), the structure of DNA and RNA was established by Crick and 
Watson [14].
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Nowadays, it is an accepted fact that organophosphorus compounds play an important 
role in living organisms. Almost all biological and biochemical processes, such as energy 
transfer and storing genetic information involve some kind of P-containing compounds. 
Milestones in the evolution of bioactive phosphorus compounds are summarized in 
Table 3.1.

3.2  Organophosphorus Compounds  
in the Living Body

Thousands of phosphorus compounds are responsible for the proper functioning 
of the human body [1, 15–17]. However, phosphorus accounts for ca. 1% of human 
weight, which shows that it has more biochemical functions than any other element. 
The largest amount of phosphorus is present in bones and teeth (ca. 85%), 14% located 
in soft tissues, and the remaining 1% can be found in blood and extravascular fluids.

3.2.1 Phosphorus in Bones and Teeth

The largest amount of phosphorus in the human body is located in the skeleton and 
the teeth. The main component is hydroxyapatite; however, the synthetic and biolo-
gical apatites differ from each other in their Ca/P molar ratio, cell dimensions and 
the composition of natural impurities. Hydroxyapatite in the body may also contain 
carbonates. As for the teeth, dentine contains ca. 72% apatite, the characteristic diffe-
rence from the mineral form is the OH–F substitution in certain amounts, which can 
decrease the acid solubility of dentine.

Table 3.1: Milestones in the evolution of bioactive phosphorus compounds.

Event Researcher Year

Invention of phosphorus Henning Brandt 1669
Discovery of phosphorus in human brain Hensing 1719
Isolation of phosphorus from bones and teeth Scheele 1770
Isolation of the first organophosphorus compound Vauquelin 1811
Isolation of impure DNA (nuclein) Miescher 1868
Isolation of ATP Fiske and Subbarow 1929
Significance of ATP demonstrated Lipmann 1941
Experiment demonstrating that DNA carries genetic  
information Avery 1944

Total synthesis of ATP Todd 1949
Structure of DNA and RNA revealed Crick and Watson 1953
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3.2.2 Phosphorus in Brain

In the brain, phosphorus is present in the second-highest concentration after the 
bones and teeth. Any mental activity involves a high amount of two main substrates, 
ATP and phosphocreatine (Figure 3.1). Other P-compounds are nicotinamide adenine 
dinucleotide phosphate, phospholipids, and sugar phosphates.

3.2.3 Phosphorus in Muscles

As muscle cells need a lot of energy to function properly, the main components of 
P-containing species are phosphocreatine and ATP (Figure 3.1). Besides the two major 
components, inorganic phosphates are also essential.

3.2.4 Phosphorus in Blood

In blood, besides the bicarbonate system, the HPO4
2– and H2PO4

– ions act as buffe-
ring agents; they are responsible for maintaining a pH of 7.4. Blood contains DNA, 
ATP, as well as phospholipids and 2,3-diphosphoglycerate (Figure 3.2). The latter 
compound competes with oxygen for hemoglobin, which explains its importance to 
the respiratory system.
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Figure 3.2: The structure of 2,3-diphosphoglyce-
rate and phospholipids.
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3.3 Organophosphorus Drugs

3.3.1 Elemental Phosphorus and Inorganic Phosphates

After Hensing detected phosphorus in the human brain, the use of elemental phos-
phorus as nerve medicine became common in the beginning of the nineteenth century. 
As phosphorus is a poison in elemental form, the first treatments using phosphorous 
often ended with death. Later, the use of inorganic phosphates, such as sodium and 
aluminum phosphates, as stomach antacids and mixtures of Na2HPO4 and KH2PO4 as 
laxatives became a common practice [1].

3.3.2 Phosphate Salts of Organic Drugs

There are a few drugs that are formulated as phosphate salts, due to their better 
compatibility with physiological pH or better solubility [1, 18]. Several examples of 
phosphate salts of well-known organic drugs are listed in Table 3.2.

3.3.3 Bisphosphonate Derivatives

Bisphosphonates are the most important class of organophosphorus compounds in 
the treatment of osteoporosis and the Paget’s disease (see also Chapter 10) [19–21]. 
They show high affinity for the Ca-ions of hydroxyapatite, and therefore can prevent 
Ca loss from bones. Bisphosphonic acid is isosteric with pyrophosphoric acid, but the 
P–C bond is hydrolytically stable (Figure 3.3).

The first generation of bisphosphonic derivatives, including etidronic acid, clo-
dronic acid, and tiludronic acid, were used as effective drugs to treat osteoporosis, but 
caused several serious side effects (Figure 3.4).

After the development of early bisphosphonates, members of the second genera-
tion appeared. These derivatives contain an aminoalkyl side chain, as in pamidronic 

Drug Function

Codeine phosphate Analgesic
Amphetamine phosphate Antidepressant
Histamine phosphate Anthelmintic
Diisopyramide phosphate Antiarrhythmic
Piperazine phosphate Anthelmintic

Table 3.2: Phosphate salts of some well-known organic drugs.
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acid and alendronic acid. The second-generation bisphosphonates have increased 
effectiveness and reduced side effects. The presently applied representatives of the 
third generation involve an N-containing heterocycle in the side chains. Two examples 
for this group are minodronic acid and zolendronic acid (Figure 3.5).

3.3.4 α-Aminophosphonate Derivatives

α-Aminophosphonate derivatives are considered the structural analogs of α-amino 
acids (Figure 3.6). Due to this similarity, α-aminophosphonates and related com-
pounds possess real and potential bioactivity [22]. Their derivatives have shown to 
possess various biological activities, for example they have been used as antibiotics, 
antiviral or anticancer agents, or enzyme inhibitors (see also Chapter 6). Beside their 
medicinal applications, α-aminophosphonates can be used as herbicides (such as 
glyphosate, see in Section 3.4.1), fungicides, and growth regulators in agrochemistry. 
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Peptidomimetic α-aminophosphonates can be applied as matrix metalloproteinase 
(MMP) inhibitors [21]. Derivatives showed activity toward MMP-1, 2, 3, 8, and 9. 
Examples of active molecules can be seen on Figure 3.7.

3.3.5 Anticancer Organophosphorus Drugs

On the basis of literature data, the use of a wide spectra of organophosphorus com-
pounds as anticancer drugs has been reported [21]. A part of these compounds are 
double alkylating agents (Figure 3.8), and they react with DNA or RNA, and create 
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Figure 3.6: The structure of α-aminophosphonic
acids and α-amino acids.

Figure 3.7: α-Aminophosphonates used as MMP inhibitors.
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Figure 3.9: P-containing anticancer drugs interacting with tumor cells.
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a crosslink between the two nucleic acid chains, preventing their duplication. 
N,N′,N′′-triethylenethiophosphoramide, discovered in the 1950s, acts as an alkylating 
agent, and has a broad spectrum of antitumor activity [23]. Due to its high activity, 
it is rather toxic. Cyclophosphamide, which acts in a similar manner as ThioTEPA, 
but has significantly less side effects, is one of the most widely used cytostatic drug 
[24]. Trophosphamide, a drug similar to cyclophosphamide, has a third N-mustard 
chain. Evofosfamide is a new-generation alkylating agent, and can be used to treat 
even hypoxia-activated tumors [21].

Other types of organophosphorus anticancer agents react with tumor cells 
(Figure 3.9) [21]. Apomine containing a bisphosphonate moiety induces apoptosis in 
cancer cells. Combretastatin phosphate is an example of drugs destabilizing microtu-
bules. Ruthenium-phosphine complexes, like Rapta-B show antiproliferative activity.

Anticancer activity of P-heterocycles was also studied on human cancer cells 
[25, 26]. A phophanorbornene derivative was shown to have curative effects against 
leukemia, lung cancer, colon cancer, and melanoma (Figure 3.10). The mode of action 
has not been clarified.

3.3.6 Antiviral Organophosphorus Drugs

Antiviral organophosphorus compounds can block the reproduction of viruses 
[1,  21,  27]. Foscarnet, an endogen pyrophosphate analogue works as a DNA poly-
merase inhibitor. It is used in the treatment of herpes, HIV, and other viruses. 
 Cidofovir, another DNA polymerase inhibitor has been found to be active against HPV, 
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 adenoviruses, and also herpes. Foscarnet and cidofovir are only available as an injec-
tion (Figure 3.11).

Another way of blocking the reproduction of viruses is to inhibit the viral reverse 
transcriptase enzyme (Figure 3.12). Adefovir and tenofovir act by this mechanism. 
Adefovir can be applied in the treatment of herpes and hepatitis-B, while tenofovir has 
been shown to be active against HIV and hepatitis-B. Both agents may be dosed per os.

3.3.7 Antistroke Organophosphorus Drugs

Poor blood flow in brain can cause cell death, a kind of stroke. PMPA is an effective 
inhibitor of important neuropeptidase enzymes in brain, and has an antistroke acti-
vity (Figure 3.13) [28].A research was conducted to find analogous agents [29].

3.4 Organophosphorus Pesticides
Modern agricultural plant protection practices comprise the parallel use of  herbicides, 
insecticides, fungicides, and rodenticides as the main type of pesticides [1, 30–32]. 
Pesticides need to be very toxic to the target, at the same time, safe for the user. Their 
effectiveness, low price, and environmentally-friendliness are also of importance. 
A huge number of organophosphorus pesticides have been used all over the world, 
from the 1950s until now. It has to be noted that the control and regulatory  measures 
imposed by the US and EU have completely changed the previous practices, and many 
pesticides have been banned.
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Figure 3.12: Organophosphorus viral reverse tran-
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3.4.1 Herbicides

The two main types of herbicides in use are the pre- and post-emergent herbici-
des, depending on whether undesired plants are present or not in the target area. 
DMPA is an early organophosphorus herbicide, introduced in 1958, used as a contact 
pre-emergent herbicide. Bensulide can be used as a pre- and also a post-emergent 
herbicide, with a residual action of 4–12 months. The discovery of glyphosate (men-
tioned in Section 3.3.4) in 1971 was a milestone event in the development of organo-
phosphorus herbicides [33]. Due to its low toxicity for mammals and the effecti-
veness against target plants, it is used in huge quantities all over the world as a 
post-emergent herbicide (Figure 3.14).

3.4.2 Insecticides

Organophosphorus insecticides, in most cases, act by inhibiting the cholinesterase 
enzyme. One of the first insecticides was the TEPP, a type of pyrophosphate, which is 
very toxic to humans, as it can easily be absorbed through the skin. On the one hand, 
it is very effective against a wide range of insects, while on the other hand, it is very 
dangerous for the user. Dichlorvos is used on pets in households, or to protect stored 
products in warehouses. Avenin is a phosphoric amide with a narrower selectivity. It 
is much less toxic than organophosphates (Figure 3.15).

Another type of organophosphorus insecticides is the group of thiophosphates 
(Figure 3.16). Parathion was one of the first insecticides with this structure discovered 
in the 1940s. Due to its high toxicity to humans, its use is prohibited. The toxic behavior 
could be somewhat decreased by the change of the ethoxy groups to methoxy units. 
However, the methyl parathion so obtained is not used either these days, although it 
was produced and applied widely earlier. Fenitrothion is much less toxic, however, it is 
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of limited use. Diazinon was introduced in 1952. This compound was used against flies, 
ants, and cockroaches in non-food buildings. Temefos is a much less toxic derivative, 
and it finds application even now. 

Dithiophosphates also show insecticidal activities (Figure 3.17). An early compound 
is phorate, which is a wide-spectrum contact insecticide with high toxicity to mammals. 
Phosmet can be used on plants and animals, usually against fruit flies and moths. It 
is very dangerous to bees, which limits its application. Dimethoate can be applied in 
households for the control of house flies or cockroaches, due to the low mammal toxi-
city. Malathion is one of the most commonly used and ever-green organophosphorus 
insecticides [34]. It is widely employed in agriculture and mosquito eradication.

3.4.3 Fungicides

Beside the well-known inorganic and organometallic fungicides, a few organophos-
phorus compounds also find application as fungicides (Figure 3.18). Kitazin P is a 
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Figure 3.17: Representatives of dithiophosphate insecticides.
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systemic fungicide. It inhibits chitin synthase enzyme to limit cell growth in fungal 
tissues. Another compound with fungicidal activity is Wepsyn, which is widely used 
in rose and apple cultures.

3.4.4  Rodenticides

A well-established widely used rodenticide is zinc phosphide (Zn3P2). Due to the 
acidic media in the stomach of mice and rats, phosphine gas is liberated from this 
agent. To protect mammals, usually 20% antimony potassium tartrate is mixed with 
zinc phosphide, which is an effective human emetic. Phosacetim is an acetylcholines-
terase inhibitor used as rodenticide (Figure 3.19).

3.5 Organophosphorus Nerve Agents
Organophosphorus nerve agents are among the most lethal poisons ever known in 
history (Figure 3.20) [1, 35]. Their development started in World War II, and unfortu-
nately continued after the war ended. Most nerve agents are volatile liquids or gases, 
and can be absorbed through inhalation as well as by eyes or skin. Their mechanism 
of action is the irreversible inhibition of the cholinesterase enzyme, causing fatal inju-
ries in the nervous system. Three extremely toxic agents, Sarin, Tabun and Soman, 
were developed in Germany during World War II. VX was discovered in the 1950s, 
and together with Soman, is perhaps the most dangerous nerve agent that has been 
produced and applied in large quantities during “biological wars”.

Figure 3.18: Organophosphorus 
 compounds with antifungal activities.

Figure 3.19: Phosacetim, a cholinesterase inhibitor rodenticide.

 EBSCOhost - printed on 2/13/2023 3:27 AM via . All use subject to https://www.ebsco.com/terms-of-use



64   Ádám Tajti and György Keglevich

The LD50 values of the pesticides and nerve agents mentioned in Sections 3.5 and 3.6 
are listed in Table 3.3.

3.6 Conclusions
Bioactive organophosphorus compounds are involved in thousands of biological and 
biochemical processes, as they are inevitable in maintaining a healthy body, in the 
medical treatments of a number of diseases, in fighting against undesired plants, 
insects or fungi, as well as in biological warfare. The purpose of this summary was to 
stir up interest in bioactive organophosphorus compounds by highlighting the most 
important families of the relevant compounds.
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4  Resolution of phosphine oxides

Abstract: P-Stereogenic compounds are among the most well-known ligands used in 
enantioselective catalysis. Besides its historical importance, the enantiomeric sepa-
ration of the P-chiral organophosphorus compounds is still the mainly used appro-
ach in preparing corresponding optically active derivatives. This chapter summarizes 
the optical resolution methods developed for P-stereogenic phosphine oxides and 
phosphinates.

Keywords: P-stereogenic, phosphine oxide, phosphinate, resolution, diastereomer.

4.1 Introduction
Since the pioneering work of Knowles and Horner, chiral organophosphorus compounds 
have been among the most important ligands used in asymmetric catalysis [1, 2]. Although 
there are many species bearing a chiral backbone, the P-stereogenic P(III)-compounds 
are of significance among the ligands used [3–10]. Moreover, the preparation and applica-
tion of P-chiral organophosphorus compounds are at its renaissance in the past decades 
as many novel compounds and methods continue to be reported in the  literature. 

As P-stereogenic organophosphorus compounds cannot be found in the natural 
pool of chirality, asymmetric synthesis and resolution of racemates are the two main 
sources of the corresponding optically active compounds [11, 12]. There is a wide variety of 
unsymmetrically substituted organophosphorus compounds, which can be prepared in 
optically active form: phosphines, complexes of phosphines, phosphine chalcogenides,  
phosphonium salts, and phosphoranes. From the large pool of synthetic methods, the 
optical resolution of P-stereogenic phosphine oxides and phosphinates was chosen as 
the main topic of this chapter. Moreover, the resolution of a few axially dissymmetric 
 phosphine oxides is also covered. There are several enantioselective syntheses, which are 
not part of the present work, and can be found in other reviews [6, 10, 13–20].

4.2  Resolution of Phosphine Oxides via  
the Formation of Covalent Diastereomers

Many enantioseparations of phosphine oxides have been elaborated via the forma-
tion of covalent diastereomers, in which case a covalent bond is formed between the 
resolving agent and the racemic compound during the resolution. There are several 
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examples when the P-stereogenic center is involved in the formation of the covalent 
bond. On the other hand, there are examples when the resolving agent is introduced 
to another part of the molecular scaffold.

In the resolution techniques developed for the enantioseparation of phosphine 
oxides, the formation of covalent diastereomers has a few drawbacks. A specific 
functional group is required in the racemic compound, which is suitable for the 
formation of the covalent bond. In a few instances, the scaffold of the resolving 
agent remains in the target molecule, but most of the methods involve the removal 
of the resolving agent. However, these steps often require demanding reaction 
conditions, and the optically active auxiliary cannot be recycled. Despite all these 
limitations, many methods for resolution via the formation of covalent diastereo-
mers have been elaborated over the decades, and novel methods still appear in the 
literature. 

Campbell and Way used (+)-phenylethylamine for the resolution of a phenyl- 
dibenzophosphole oxide bearing a carboxylic acid functional group. Amides were 
formed over the course of the resolution. The diastereomeric species were separated, 
and acidic hydrolysis afforded the enantiomer of the phenyl-dibenzophosphole oxide 
derivative (Figure 4.1) [21].
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Figure 4.1: Resolution of a phenyl-dibenzophosphole oxide derivative with 1-phenylethylamine.

Figure 4.2: Preparation of optically active trans-4-hydroxy-1-phenyl-2-phospholene 1-oxide with 
ω-camphanyl chloride.
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Bodalski et al. reacted racemic trans-4-hydroxy-1-phenyl-2-phospholene 1-oxide 
with (−)-ω-camphanyl chloride. The diastereomeric esters formed were separated 
by fractional crystallization, and subsequent hydrolysis led to optically active 
P- heterocyclic phosphine oxide (Figure 4.2) [22].

During the synthesis of novel dihydrobenzooxaphosphole-based ligands, Tang 
et al. elaborated the resolution of P-stereogenic t-butyl-hydroxy-benzodihydrooxa-
phosphole oxide. The phenolic OH group of the racemic compound was reacted 
with menthyl chloroformate, and both covalent diastereomers could be prepared in 
a pure form by crystallization. The hydrolysis of the corresponding carbonate inter-
mediate afforded the enantiopure dihydrobenzooxaphosphole core [23, 24]. Recently, 
the authors revisited and fine-tuned their original synthesis, and they found that the 
undesired diastereomer could be racemized in the presence of oxalyl chloride via 
the formation of a chlorophosphonium salt. Using this epimerization protocol, the 
overall yield of this process could be improved (Figure 4.3) [25].

In the literature, oxidative resolution methods involving a P(III)–P(V) transformation 
is of special interest. One variant of this approach relies on a Staudinger reaction between a 
P-chiral phosphine and an enantiomerically pure azide. The iminophosphorane diastereo-
mers were separated by either crystallization or column chromatography, and subsequent 
stereospecific hydrolysis afforded enantiopure phosphine oxides. In this reaction, a  sulfonyl 
azide having isoborneol scaffold was found to be the best resolving agent, but 10-cam-
phorsulfonyl azide was also used in a few instances. Several enantiopure dialkylaryl-, 
diarylalkyl-, and triarylphosphine oxides were prepared in this manner (Figure 4.4) [26, 27].

Keay and his research group extended this resolution method based on the for-
mation of covalent diastereomeric iminophosphoranes for the enantioseparation of a 
few axially dissymmetric biaryl biphosphine oxides (Figure 4.5) [27–30].
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Figure 4.3: Preparation of both enantiomers of t-butyl-hydroxy-benzodihydrooxaphosphole oxide.
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The enantiomers of a few 3,3′-disubstituted biaryl bis(phosphine oxides) were separated 
via the formation of covalent diastereomers. Axially dissymmetric diastereomeric esters 
or ethers were prepared by reacting the phenolic OH group with (S)-2-acetoxypropanoyl 
chloride or with an alcohol derived from Naproxen. The covalent diastereomers were 
separated by column chromatography followed by the removal of the chiral auxiliary 
(Figure 4.6) [31–33].

Another variant of oxidative resolution methods involves the formation of 
 diastereomeric phosphonium salts. Pietrusiewicz et al. reacted racemic cyclic 
 phosphines, such as phenyl-2-phospholene oxide or phenylhexahydrocyclo-
penta[b]phosphole with (−)-menthyl bromoacetate, and the phosphonium salts were 
separated by fractional crystallization. The optically active phosphine oxide was 
obtained from the  corresponding diastereomer under hydrolytic or Wittig-conditions 
[34, 35]. This methodology was also suitable for the preparation of a triaryl-phosphine 
oxide in enantiopure form (Figure 4.7) [36].

The menthyl bromoacetate was also a proper resolving agent for converting the 
P-chiral butyl phenylvinylphosphinite into a diastereomerically pure tertiary phosphine 
oxide in a Michaelis–Arbuzov reaction [37]. The chiral auxiliary could be removed by 

fract. cryst.
or

column chrom.

1.)

P
Ph

OTBS

SO2N3

THF
P Ph

R2R2
R1R1

N

OTBS

SO2

H2SO4
dioxane P Ph

R2
R1

O

R1 = Me, 1-Napht

MeMe MeMe

2.)

R2 = iPr, cPent, cHex, 1-Napht, 2-Me-1-Napht, 2-MeO-1-Napht,
2-Napht, 9-Phenantryl, 4-Ph-C6H4

Figure 4.4: Preparation of optically active P-chiral phosphine oxides via Staudinger reaction.

O

O

P(O)Ph2
P(O)Ph2

BINAPFu

S

P(O)Ph2

S
P(O)Ph2

BITIANP

P(O)Fu2

P(O)Fu2 Fu=
O

TetFuBINAP

Figure 4.5: Axially dissymmetric biaryl biphosphine oxides resolved via Staudinger reaction.

 EBSCOhost - printed on 2/13/2023 3:27 AM via . All use subject to https://www.ebsco.com/terms-of-use



70   Péter Bagi and Réka Herbay

decarboxylation using LiCl, DMSO, and water, and the tertiary vinylphosphine oxide 
prepared in this way served as a valuable intermediate for the preparation of dialkylaryl-
phosphine oxides (Figure 4.8) [37–39].

Imamoto, Johnson, and their co-worker also used menthyl haloacetate to prepare 
the diastereomers of tertiary phosphine oxides. According to their method, secondary 
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phosphine oxides were first deprotonated with NaH, and the anions formed were 
reacted with menthyl chloroacetate. The diastereomeric tertiary phosphine oxides 
were separated by fractional crystallization, and the menthol auxiliary, as well as the 
carboxylic group could be removed by hydrolysis and decarboxylation (Figure 4.9) [40].

Recently, Gilheany and his research group elaborated a dynamic resolution 
method for the preparation of optically active P-chiral tertiary phosphine oxides. In 
the original publication, they described an oxidative resolution method, as racemic 
phosphines were converted to optically active phosphine oxide [41], but racemic 
phosphine oxides were also used as starting materials in the subsequent publications 
[42–45].

During the reaction, racemic phosphines or phosphine oxides were reacted with 
hexachloroacetone or oxalyl chloride, respectively. It was proved, by NMR, that the 
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Figure 4.9: Preparation of optically active tertiary phosphine oxides from P-stereogenic secondary 
phosphine oxides with menthyl chloroacetate.
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enantiomers of the chlorophosphonium salts thus prepared dynamically intercon-
verted into each other, which was a prerequisite of a dynamic resolution [46]. The 
chlorophosphonium salts were then reacted with chiral alcohols to form the diaste-
reomeric species in unequal amounts. On heating, the diastereomerically enriched 
alkoxyphosphonium salts were converted to optically active phosphine oxides in an 
Arbuzov-type collapse.

The research group proved that the enantiomeric excess of the phosphine oxide 
products was limited by the diastereomeric excess of the alkoxyphosphonium salts, 
which depended on the chiral auxiliary used. Many chiral alcohols were screened 
for this reaction, and (−)-menthol was found to be the best auxiliary [42–44]. It was 
found that ee of the phosphine oxides could be improved by exploiting the different 
thermal decomposition rates of the alkoxyphosphonium salt diastereomers or by 
using acid-scavengers in the Arbuzov-collapse [44, 45]. Moreover, it turned out that 
Arbuzov-collapse of the alkoxyphosphonium salts involved retention of the P-chiral 
center, whereas the alkaline hydrolysis of the same species led to inversion. In this 
manner, both enantiomers of a given phosphine oxide could be prepared from the 
same diastereomeric intermediate (Figure 4.10) [44].

Considering the history of the preparation and application of P-stereogenic 
compounds, the synthesis of menthyl phoshinates is of special importance among 
the methods based on the formation of covalent diastereomers. According to Mislow 
and his co-workers, menthyl phoshinates were prepared by reacting phosphinic 
chloride with (−)-menthol in the presence of a base. The 1:1 mixture of diastereo-
mers obtained in this reaction was generally separated by crystallization. Menthyl 
phosphinates were also extensively used in transformations involving a P-chiral 
center. These investigations comprised the stereospecific nucleophilic displace-
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ment of the menthyloxy group by organometallic reagents, which reaction was key 
for the preparation of  optically active tertiary phosphine oxides [47–49]. The fact 
that Knowles followed this synthetic route during the synthesis of DIPAMP, a cor-
nerstone ligand used in  asymmetric catalysis, also underlines the significance of 
menthyl phosphinates (Figure 4.11) [50, 51].

Keglevich et al. also prepared a menthyl ester of a cyclic phosphinic acid. The 
1-[(1R,2S,5R)-menthyloxy]-3-methyl-3-phosphole 1-oxide was synthesized from the 
corresponding phosphinic chlorides and (−)-menthol. The diastereomers could not 
be separated under achiral conditions. However, diastereomerically pure compounds 
were prepared by complexation with TADDOL derivatives (Figure 4.12) [52].

The diastereomeric esters also became important molecules in the sphere of 
H-phosphinates, in which class of compounds the menthyl phenyl-H-phosphinate 
is the most well-known species. The preparation of menthyl phenyl-H-phosphinate 
was first reported by Emmick and Letsinger in 1968 [53], and the first separation of 
the corresponding diastereomers was published by Mislow and his co-workers [54]. 
The straightforward synthesis of menthyl phenyl-H-phosphinate involved the reac-
tion of phenylphosphonous dichloride and (−)-menthol in the presence of a base, 
which was followed by hydrolysis [53, 55]. Alternatively, MenthOPCl2 was first reacted 
with phenylmagnesium chloride and then water was added to the reaction mixture. 
This latter approach is more flexible, as different aryl groups can be attached to the 
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Figure 4.12: Preparation of the diastereomers of 1-[(1R,2S,5R)-menthyloxy]-3-methyl-3-phosphole 
1-oxide. 
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P-chiral center [56]. None of these procedures were diastereoselective, so the sepa-
ration of the diastereomers was important. The purification step was probably the 
biggest difficulty of this synthetic method, as the repeated fractional crystallizations 
of diastereomers required cryogenic conditions, and the yields were generally low 
[57]. Despite all of these drawbacks, diasteromerically pure menthyl phenyl-H-phos-
phinate was prepared on a multi-gram scale. This compound is still the subject of 
many current papers, as it is the key starting material for the preparation of several 
P-chiral compounds (e.g. secondary phosphine oxides) in stereospecific syntheses 
(Figure 4.13) [55, 56, 58–62].

In the recent years, Berger and Montchamp have contributed to the topic of 
P-stereogenic menthyl H-phosphinate chemistry. According to their multistep 
 synthesis, the cheap and environmentally friendly hypophosphorus acid was the 
starting material which was reacted with paraformaldehyde and (−)-menthol. The 
diastereomerically pure menthyl hydroxymethyl-H-phosphinate was obtained after 
one crystallization at 0 °C, but the yield was low (<15%). This simple process does 
not require either anhydrous or cryogenic recrystallization conditions. These advan-
tages make this approach attractive and the corresponding H-phosphinate could 
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be prepared on a multi-gram scale. In their publications, Berger and Montchamp 
emphasized the synthetic importance of the menthyl hydroxymethyl-H-phosphin-
ate by describing several stereoselective transfomations (Figure 4.14) [57, 63].

Considering the covalent diastereomers of phosphinates, (−)-menthol is 
the most frequently used chiral auxiliary, which fact can be attributed to its 
 availability and price. However, other alcohols were also employed in a few 
instances. Schmidt and his co-workers prepared and separated the bornyl ester 
of  methylphenylphosphinic acid [64]. Fernandez et al. applied diacetone- and 
 dicyclohexylide-D-glucose, (−)-borneol, (+)-isomenthol, and (+)-isopinocampheol 
for the synthesis of  phosphinate esters [65]. From this pool of chiral compounds, 
the D-glucose derivatives were the best auxiliaries, which compounds were also 
used in other studies allowing the preparation of several P-chiral phosphinic 
esters with a de above 90% [66–68]. It is noteworthy that the diastereoselectivity 
was dependent on the structure of the phosphinic chloride and on the reaction 
conditions, especially on the nature of the base (Figure 4.15).
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Figure 4.15: Preparation of diastereomerically pure phosphinate esters of D-glucose derivatives.
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4.3  Resolution of Phosphine Oxides via  
the Formation of Diastereomeric Salts

The number of resolution methods utilizing the separation of diastereomeric salts are 
significantly lower compared to the techniques based on the formation of covalent 
diastereomers. Generally, basic or acidic functional groups of the racemic compound 
are a prerequisite for the formation of diastereomeric salts, and these functional 
groups are often utilized for other synthetic transformation of the pure enantiomer. 
Although there are a few examples within the scope of chiral phosphine oxides, reso-
lution via the formation of diastereomeric salts is the main method for the enantiose-
partion of phosphonium salts [11, 12], as well as species bearing P(S)OH, P(Se)OH, or 
P(BH3)OH functional groups [69–74].

Ostrogovich and Kerek reported the optical resolution of l-(p-diethylamino-
phenyl)-3-methyl-2-phospholene 1-oxide with (+)-9-camphorsulfonic acid. The dias-
tereomeric salts were separated by fractional recrystallization from a mixture of 
benzene and hexane, and the optically active cyclic phosphine oxide was recovered 
by extraction (Figure 4.16) [75].

Horner and Simons elaborated the resolution of acyclic P-stereogenic phosphine 
oxides bearing amino functional group(s). Despite the fact that the corresponding 
phosphine oxides incorporated another C-chiral center, the separation of the corre-
sponding diastereomers could be effectively accomplished via salt-formation with 
(+)-(R,R)-tartaric acid (Figure 4.17) [76].
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Figure 4.17: Resolution of P-chiral phosphine oxides via the formation of diastereomeric salts.
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(−)-1-Phenylethylamine was used for the optical resolution of [methyl(1,1,3,3-tetra-
methylbutyl)phosphinoyl]acetic acid and 3-[methyl(1,1,3,3-tetramethylbutyl)phos-
phinoyl]propionic acid. Several recrystallizations of the corresponding diastereomers 
were necessary to prepare enantiopure phosphine oxides, which was homocoupled 
in a Kolbe electrolytic coupling reaction to form the precursors of P-stereogenic biden-
tate ligands (Figure 4.18) [77].

The optical resolution of a phosphonic ester bearing a terminal carboxylic group 
was elaborated with quinine or cinchonine. As the distereomeric salts were not crys-
talline, they were separated by column chromatography. The enantiopure phosphonic 
ester was recovered by extraction (Figure 4.19) [78].

4.4  Resolution via the Formation of Diastereomeric 
Molecular or Coordination Complexes

Considering all the examples shown in Sections 4.2 and 4.3, functional groups 
suitable for the formation of covalent diastereomers or diastereomeric salts were 
necessary for resolution. However, in the absence of these specific functional groups 
of the racemic compound, the phosphine oxide enantiomers may be prepared via 
the formation of diastereomeric molecular or coordination complexes, where only 
non-bonding interactions are responsible for the enantiomeric recognition.

The first resolution of phosphine oxides via the formation of a diastereomeric 
molecular complex is of particular historical importance, as it was the first proof that 
unsymmetrically substituted organophosphorus compounds can be separated into 
their enantiomers. In 1911, Meisenheimer and Lichtenstadt reported the resolution 
of ethylmethylphenylphosphine oxide using (+)-bromocamphorsulfonic acid as the 
resolving agent [79]. They also used the same methodology to prepare optically active 
benzylmethylphenylphosphine oxide with camphorsulfonic acid (Figure 4.20) [80]. 
It may be assumed that there is an H-bond between the sulfonic acid and the P=O 
function of the phosphine oxide.
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Figure 4.18: Resolution of [methyl(1,1,3,3-tetramethylbutyl)phosphinoyl]acetic acid and 
3-[methyl(1,1,3,3-tetramethylbutyl)phosphinoyl]propionic acid with (−)-1-phenylethylamine.
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Toda and his co-workers applied 2,2’-dihydroxy-l,l’-binaphthyl (BINOL) for the enan-
tioseparation of phosphine oxides and phosphinates. The corresponding P-chiral 
racemic compound and the BINOL were dissolved in benzene, and the diastereomeric 
molecular complexes precipitated. The diastereomers were purified by recrystalliz-
ations, and the enantiopure phosphinates and phosphine oxides were liberated by 
column chromatography. Interestingly, the efficiency of this resolution method was 
sensitive to the substituents on the P-stereogenic center. A few methyl arylmethyl-
phosphinates, ethylmethylphenylphosphine oxide, and ethylmethyl (3-methylphenyl)
phosphine oxide could be separated into their enantiomers with BINOL. In cont-
rast, the resolution was inefficient or no diastereomeric complexes were formed 
when  arylethylmethylphosphine oxides, methylphenylpropylphosphine oxide, ethyl 
methylphenylphosphinate, methyl or ethyl phenyl-H-phosphinate was the racemic 
compound. In a few instances, the intermolecular interactions were characterized by 
X-ray crystallographic methods (Figure 4.21) [81].
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Keglevich et al. found that TADDOL derivatives are efficient resolving agents 
for the enantioseparation of cyclic phosphine oxides. According to our method, the 
phosphine oxide and the resolving agent were co-crystallized. The diastereomeric 
molecular complexes were purified by several recrystallizations, and the optically 
active phosphine oxides were recovered by column chromatography. Interestingly, 
the solvent used for the crystallizations also influenced the enantiomeric recogni-
tion. In many cases, both antipodes of a racemic compound could be prepared with 
the same resolving agent by changing the solvent. X-ray crystallography confirmed a 
similar enantiomeric recognition pattern in the diastereomers, as a H-bond between 
the OH group of the given TADDOL derivative and the P=O function of the phosphine 
oxide was the main interaction in all of the molecular complexes prepared. These 
resolution methods were originally developed for cyclic phosphine oxides, and five- 
and six-membered heterocyclic P-oxides with various substitution patterns could 
be resolved with TADDOL derivatives (Figure 4.22) [82–89]. Recently, these resolving 
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agents were also applied for the enantioseparation of acyclic secondary and tertiary 
phosphine oxides.

The Ca2+ salts of the O,O’-dibenzoyl- and O,O’-di-p-toluoyl-(2R,3R)-tartaric acids 
were also applicable resolving agents for five- and six-membered heterocyclic phosphine 
oxides. The diastereomeric coordination complexes precipitated from the solution, were 
purified by recrystallizations, and the optically active phosphine oxides were liberated 
by extraction. These resolving agents can also be used for the enantioseparation of a 
few acyclic phosphine oxides (Figure 4.23) [84–91]. The Ca2+ ions determined the mode 
of binding within the diastereomers, as the coordination of the P=O group to the Ca2+ 
ion of the resolving agent was the main interaction over the H-bonds observed in all the 
other instances with tartaric acid derivatives. 

Besides the optical resolution of tertiary phosphine oxides, a few enantiosepara-
tion methods for secondary phosphine oxides were also elaborated. The importance 
of the secondary phosphine oxides lies in the fact that the P–H bond can be reacted 
in various substitution reactions without the loss of optical activity. Thus, optically 
active P-stereogenic moieties can be incorporated into other molecules. To the best 
of our knowledge, the tert-butylphenylphosphine oxide is the only derivative whose 
resolution was investigated in detail, despite the relatively large number of P-chiral 
secondary phosphine oxides.

Drabowicz et al. elaborated the resolution of tert-butylphenylphosphine oxide 
via the formation of diastereomeric molecular complexes using (+)-(R)-BINOL or 
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Figure 4.23: Resolution of P-stereogenic cyclic phosphine oxides and phosphinates with the Ca2+-
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(+)-(S)-mandelic acid as the resolving agent. Enantiopure (−)-(S)-tert-butylphenyl-
phosphine oxide could be obtained with mandelic acid, whereas only partial enanti-
omeric separation was achieved with BINOL (Figure 4.24) [92].

Pietrusiewicz, Minnaard, and their co-workers screened a few acidic resolving 
agents, among which the O,O’-dibenzoyl-(R,R)-tartaric acid was also found to be 
a suitable resolving agent for the optical resolution of the tert-butylphenylphos-
phine oxide. One equivalent of O,O’-dibenzoyl-(R,R)-tartaric acid was applied, and 
the diastereomers were separated by crystallization. Interestingly, one crystalliza-
tion was sufficient, and both enantiomers of the secondary phosphine oxide were 
obtained in enantiopure form. Single-crystal X-ray measurement confirmed that a 
H-bond between the P=O and the COOH functions was the main interaction within 
the molecular coordination complex (Figure 4.25) [93].

Recently, Minnaard et al. optimized further the resolution of tert-butyl-
phenylphosphine oxide with O,O’-dibenzoyl-(R,R)-tartaric acid. They found that the 
secondary phosphine oxide can be converted into a phosphinyl iodide derivative, 
which racemizes via a radical process. This racemization protocol was compatible 
with the resolution conditions, thus a crystallization-induced dynamic resolution 
could be elaborated. According to this method, the tert-butylphenylphosphine oxide 
was reacted with one equivalent of O,O’-dibenzoyl-(R,R)-tartaric acid, and the iodine 
was used in a catalytic amount to promote racemization. In this reaction, nearly all of 
the racemic starting material was converted to the corresponding single diastereomer, 
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Figure 4.24: Resolution of tert-butylphenylphosphine oxide with mandelic acid.

Figure 4.25: Resolution of tert-butylphenylphosphine oxide with O,O’-dibenzoyl-(R,R)-tartaric acid.
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from which the enantiopure tert-butylphenylphosphine oxide could be liberated by 
extraction (Figure 4.26) [94].

Pietrusiewicz reported a partial enantioseparation of 1-phenyl-2-phospholene 
oxide using also O,O’-dibenzoyl-(R,R)-tartaric acid as the resolving agent, but the 
exact conditions were not published [11].

Besides these examples of a P-chiral monophosphine oxide, the bis(phosphine 
oxides) were the main substrate scope of the diastereomeric complex formation with 
O,O’-dibenzoyl tartaric acid. In this manner, P-chiral bis(phosphine oxides) having 
different aryl backbones, such as l,2-bis(isopropylmethyl-phosphino)benzene dioxide 
[95], 1,8-bis(tert-butylphenylphosphino)naphthalene dioxide [96], and 2,7-di-tert- 
butyl-9,9-dimethyl-4,5-bis(methylphenylphosphino)xanthene dioxide [97], as well as 
1,1’-di-tert-butyl-2,2’-dibenzophosphetanyl dioxide [98] and DuanPhos dioxide [99] 
were separated into their enantiomers. All of the resolutions were accomplished by 
co-crystallization of the given racemic bis(phosphine oxide) and the O,O’-dibenzoyl 
tartaric acid. The diastereomeric molecular complexes so obtained could be purified 
by recrystallization, which was followed by extractive liberation. As both enantio-
mers of O,O’-dibenzoyl tartaric acid are commercially available, both antipodes of a 
few bis(phosphine oxides) were obtained (Figure 4.27) [96–99].

The O,O’-dibenzoyl tartaric acid is also a widely used resolving agent for the 
enantioseparation of axially chiral bis(phosphine oxides). Since its first appearance 
[100–103], this method remains practically unchanged. The solutions of the given 
racemic compound and the resolving agent were combined, and the corresponding 
diastereomeric complexes appeared on cooling. In many instances, a single crystalli-
zation afforded pure diastereomers, but the diastereomeric purity could be enhanced 
by recrystallizations if it was required. The enantiopure bis(phosphine oxides) could 
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be liberated by extraction. It turned out that the dibenzoyl tartaric acid is a unique 
resolving agent for the enantioseparation of axially chiral bis(phosphine oxides), as 
many compounds having various biaryl structures could be resolved [102, 104–115]. 
Moreover, the enantiomers of a few C-chiral and planar chiral bis(phosphine oxides) 
were also prepared by this method [100, 101, 103, 116–119]. However, other resolving 
agents, such as di-p-toluoyl-, di-p-methoxybenzoyl, or di[(phenylamino)carbonyl]- 
tartaric acid, or camphorsulfonic acid had to be used in a few instances [102, 109, 110, 
112–115, 118]. The X-ray analysis of a few diastereomers confirmed that a H-bond is the 
main interaction between the corresponding bis(phosphine oxides) and the resolving 
agent (Figure 4.28) [102, 111, 114].

4.5 Resolution by Chromatography
The separation of the enantiomers on a chiral stationary phase is also a technique 
for preparing optically active organophosphorus compounds, or any kind of chiral 
molecules. The flexibility of chiral chromatography makes the enantioseparation 
feasible within a large scope of racemic compounds. Chromatographic method 
development is relatively straightforward and quick compared to asymmetric syn-
thesis or optical resolution. In our opinion, chiral chromatography is a valuable 
technique in the early stages of a development of compounds, when time is the 
most crucial factor for the preparation of an optically active chiral compound. 
When a given optically active compound is needed on a larger scale, the  scalability 
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and productivity of this technique may become questionable [120–123]. Recent 
publications have shown that the cost of such enantiomeric purification may be 
decreased, especially when a supercritical fluid chromatographic technique is used 
[124]. This approach makes chiral chromatography viable in the industry, but the 
cost of equipment is beyond the financial limits of many research groups. Over the 
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decades, the enantiomers of many phosphine oxides were separated by chromato-
graphy on chiral columns. The applicability of this method was obvious when dif-
ferent preparative approaches failed to produce the corresponding organophospho-
rus  compounds in enantiopure form. The number of preparative chiral columns is 
increasing, which may indicate the spreading of this technique. Figure 4.29 shows a 
few selected examples of racemic phosphine oxides and phosphinates which were 
separated into their enantiomers on at least a 100 mg scale by chromatography on a 
chiral stationary phase [98, 125–130].

4.6 Conclusions
In this chapter, resolution procedures based on the formation of diastereomers were 
summarized. There is a wide variety of enantioselective synthetic methods developed 
for the preparation of P-stereogenic compounds, but the substrate scope of these 
methods is often limited. Moreover, there might be instances when the asymmet-
ric synthesis of a given chiral compound cannot be accomplished due to chemical 
reasons or functional group intolerance. In these instances, the resolution of the 
racemic compounds might be the only possibility to obtain the desired optically 
active derivative. Besides the phosphine boranes, the P-oxides are also stable com-
pounds, which are easy to handle. Phosphine oxides are also important precursors 
of chiral phosphines, and the stereochemical background of deoxygenation is also 
well known [131]. In our opinion, the resolution of P-stereogenic phosphine oxides is 
an attractive way for the preparation of the corresponding enantiopure chiral com-
pounds. Over the decades, many enantioseparation methods have been developed for 
chiral phosphine oxides and phosphinates. However, there is no generally applicable 
resolution method, although there are a few resolving agents that can be applied in 
a wider scope of racemic P-oxides. The resolution of such P-chiral derivatives which 
have functional groups suitable for substitution are of great importance. Moreover, 
resolution methods which also involve in situ racemization are also a hot topic. These 
facts also show that there are still challenges facing this field, and there is a need for 
developing novel enantioseparation techniques for this group of organophosphorus 
compounds.
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5  Synthesis of α-hydroxyphosphonates, 

an important class of bioactive compounds

Abstract: The synthesis of α-hydroxyphosphonates represents a hot topic in organo-
phosphorus chemistry due to the potential biological activity of these derivatives. 

The so-called Pudovik or Abramov reaction has been performed using a large 
number of catalysts, including bases and metal complexes. In the last two decades, 
“green” accomplishments were developed to avoid exotic catalysts, harsh reaction 
conditions and the excessive use of organic solvents in the reactions, and during the 
work-up procedures.

Keywords: α-hydroxyphosphonates, Pudovik reaction, green chemistry.

5.1 Bioactivity of α-hydroxyphosphonates
Since 1950, when the reaction between aldehydes and dialkyl phosphites affording 
α-hydroxyphosphonates was first reported, the method has attracted great interest 
(Figure 5.1). 

Insecticide O,O-dimethyl (2,2,2-trichloro-1-hydroxyethyl)phosphonate (1), com-
monly known as trichlorfon or metrifonate, is a well-known α-hydroxyphosphonate 
that was discovered in the 1950s, but is no longer in use due to its toxicity [1]. Compound 
1 shown in Figure 5.2 is a prodrug that is transformed to 2,2-dichlorovinyl dimethyl 
phosphate (DDVP) (2) and acts on flies, ticks, fleas and cockroaches by inhibiting 
acetylcholinesterase. As pyrimidyl carboxylic acids form a well-known family of her-
bicides, a new family of α-hydroxyphosphonates containing the pyrimidine scaffold 
was synthesized and tested as herbicides against amaranth pigweed [2]. In the study, 
compound 3 was shown to possess high activity against Amaranthus retroflexus. The 
most well-known bioactive property of α-hydroxyphosphonates is their antibacterial 
activity [3–6]. Quinoline-based α-hydroxyphosphonate 4 was found to be an efficient 
antibiotic agent against Gram positive (Staphylococai, Bacillus megtesium-I) as well 
as Gram negative (E. coli, Salmonella typhi and Proteus vulgaris) bacteria (Figure 5.2) 
[3]. Quinoline-3-carbaldehydes showed moderate activity, however, converting it to 
the corresponding  α-hydroxyphosphonate, the bioactivity increased significantly. 
Anellating a tetrazole ring to the ring of a 4-like compound, a new class of antibacte-
rial and antifungal α-hydroxyphosphonates (e.g. 5) was  synthesized [4]. It was found 
that the substituents in the benzene ring determined the efficiency of the compounds 
against the examined strains. Phosphonate 5 showed a remarkable activity against 
Gram positive Bacillus subtilis and Gram negative E. coli as well. With regard to cyto-
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toxicity, a family of α-hydroxyphosphonates bearing the hydroxy group in the aro-
matic ring was reported as potential anticancer agents [7]. The compounds prepared 
were tested on two human cancer lines (A594 and KB), and a few of the derivatives 
(including 6) showed remarkable activity against both cell lines. The positive tests of 
the application of α-hydroxyphosphonates as antioxidants promoted their versatile 
use in organic chemistry and biochemistry. Derivatives 7 and 8 showed a free radical 
scavenging activity nearly as high as ascorbic acid [8, 9].
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Tripeptides containing an α-hydroxyphosphonate moiety were tested as human 
renin inhibitors. By varying the amino acids and synthesizing the corresponding 
phosphine oxide analogs, the structure–activity relationship of the resulting species 
was evaluated. A few of the derivatives tested were found to be promising inhibitors 
of human renin [10].

5.2  Synthesis of α-hydroxyphosphonates from 
Aldehydes/Ketones and Dialkyl Phosphites

The synthesis of α-hydroxyphosphonates represents an “evergreen” field in 
organophosphorus chemistry. Two main approaches exist for the preparation of 
α-hydroxyp hosphonic esters (Figure 5.3). One of them involves the nucleophilic 
addition of  dialkyl  phosphites to an aldehyde or ketone (method “A”). The alter-
native route is the condensation of the corresponding oxo compound with trialkyl 
phosphite (method “B”).

Generally, both reactions are carried out in the presence of a catalyst (which is, 
in the majority of the cases, a base) under mild conditions. The denomination of 
the reactions is not consistent in the literature, as both of them are referred as the 
Pudovik, Abramov, or phospha-Aldol reaction.

Traditionally, the addition of dialkyl phosphites to ketones or aldehydes (method 
“A”) was catalyzed by alkali alcoholates, as they can deprotonate the >P(O)H reagent 
[11, 12]. The reaction may also be performed on heating without the application of any 
catalyst, but this method required relatively harsh conditions for the completion of 
reaction [13].

Another variation is when the addition is carried out under solvent-free 
 conditions and on the surface of a solid catalyst. For example, the addition may be 
performed on the surface of aluminum oxide [14]. By applying potassium fluoride 
with Al2O3, the reaction time of 72 h could be shortened to 30 min [15, 16]. Procedures 
involving  magnesium oxide [17], inorganic phosphates [18], a sodium-modified fluo-
roapatite [19], MoO2Cl2 [20], silica-supported tungstic acid [21], or polyethylene glycol  

O O
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Y1 = alkyl, aryl
Y2 = H, alkyl, aryl

R = alkyl

(A)
catalyst

HO

Y1
Y2 OR

OR
O (B)

catalyst
RO PP
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+PH+
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Figure 5.3: Possible approaches for the synthesis of α-hydroxyphosphonates.
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[22] are also solvent-free, solid-catalyzed methods. The use of paramagnetic magne-
sium ferrite (MgFe2O4) nanoparticles [23] or magnetic nanoparticle-supported guani-
dine [24] as the catalyst has also been reported.

The spread of green chemical principles and tools in organic chemistry could not be 
disregarded in papers published recently on the synthesis of α-hydroxyphosphonates. 
More and more studies are focusing on the application of simple and inexpensive cata-
lysts together with mild and solvent-free conditions [25] (Figure 5.4, Table 5.1).

The reaction of aldehydes and dialkyl phosphites has been carried out in the 
presence of barium hydroxide as the catalyst [26, 27]. Table 1/Entry 1 presents a 
 solvent-free procedure applying 10 mol% of Ba(OH)2 [27]. The work-up comprised ext-
raction, washing with hexane, and purification by column chromatography to afford  
α-hydroxyphosphonates in yields of 72–96%. The use of potassium phosphate (Table 5.1/
Entry 2) or potassium hydrogen sulfate (Table 5.1/Entry 3) as the catalyst provides a 
simple and inexpensive method [8, 28]. K3PO4 proved to be an efficient catalyst even 
in amounts as low as 5 mol% [28], while a quantity of 20 mol% of KHSO4 was neces-
sary to promote  the reaction [8]. In both cases, the work-up procedure involved ext-
raction, followed by column chromatography in the latter case. The KHSO4-catalyzed 
procedure was carried out in a series of different solvents, however, the highest yields 
were obtained under solvent-free conditions [8]. An interesting method is the ionic 
liquid (IL)-catalyzed reaction of aldehydes and diethyl phosphite (Table 5.1/Entry 4) 
[29]. An addition of 10 mol% choline hydroxide allowed the reaction to take place 
at 25 °C after 5–10 min. The desired products were obtained by extraction, and puri-
fied by recrystallization. In a few cases, the interaction of the starting components 
was ensured by grinding. One method (Table 5.1/Entry 5) involves the use of pipera-
zine as the catalyst [30], while another one uses sodium carbonate (Table 5.1/Entry 6)  
[31]. Both procedures were carried out at 25 °C, and reached completion within 10 
min. The work-up involved washing with water, extraction by ethyl acetate, and, in 
the former case, purification by chromatography. Microwave (MW)-assisted varia-
tions have also been reported for the synthesis of α-hydroxyphosphonates [32–35].  
Sodium carbonate present in an amount of 0.75 equivalents was an efficient catalyst 
under MW irradiation at 110 °C (Table 5.1/Entry 7) [32]. The crude product was ext-
racted with ethyl acetate, and recrystallized from acetone-pentane solvent mixture to 
provide the corresponding α-hydroxyphosphonates in yields of 71–88%.

1.) 26 °C, 2–240 min
cat.

solvent-free
O

OR

OR
PH+

O

Y2Y1

Y1 = alkyl, aryl
Y1 = H, alkyl, aryl

R = alkyl

2.) work-up
purification

HO O
OR

OR
P

Y2
Y1

Figure 5.4: Green protocol for the synthesis of α-hydroxyphosphonates.
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The reaction of aldehydes and dialkyl phosphites takes place rather easily, 
however, starting from ketones, the realization of the Pudovik reaction is challen-
ging due to the lower reactivity. In this case, procedures involving expensive and 
“exotic” compounds (such as rare earth metal complexes [36–40] or NbCl5 [41]) 
were developed. A few reactions catalyzed by common bases or acids required 
the reagents in an excess. α-Hydroxyphosphonates bearing a cyano group in the 
α-alkyl chain were synthesized by applying two equivalents of MgO (Table  5.1  /
Entry 8) [42]. Among the series of catalysts (NaOEt, Et3N, piperazine, K2CO3, 

Table 5.1: Details of novel “green” syntheses of α-hydroxyphosphonates from dialkyl phosphites and 
benzaldehydes (Entries 1–7) or ketones (Entries 8–12) (method “A”).

Entry Catalyst Amount of  
the catalyst Conditions Work-up 

procedure Yield (%) Ref

1 Ba(OH)2 10 mol% 25 °C, 4–10 min extr (CH2Cl2)
washing (hexane)
cryst (EtOAc-hexane)

72–96 [27]

2 K3PO4 5 mol% 25 °C, 4–8 min extr (CH2Cl2) 90–98* [28]
3 KHSO4 20 mol% 25 °C, 2–4 h extr (EtOAc)

chrom
82–91 [8]

4

N(CH2)2OH
Me

Me

OH

Me

10 mol% 25 °C, 5–10 min extr (EtOAc)
cryst (EtOH)

90–98 [29]

5
HN NH

1 equiv. grinding
25 °C, 2–10 min

washing (H2O)
extr (EtOAc)
chrom

78–96 [30]

6 Na2CO3 1 equiv. grinding
25 °C, 10 min

washing (H2O)
extr (EtOAc)

75–83 [31]

7 Na2CO3 0.75 equiv. MW
110 °C, 20 min

extr (EtOAc)
cryst (acetone- 
pentane)

71–88 [32]

8 MgO 2 equiv. 25 °C, 1–6 h extr (H2O)
chrom  
(Et2O-hexane)

70–82 [42]

9 Et3N 1 equiv. 40 °C, 2 h cryst (EtOAc) 75–89 [43]
10 Na-modified fluo-

roapatite
1 g/1.25 mol  
acetophe- 
none

20–25 °C,  
31–60 min
stirring with  
a spatula

washing (CH2Cl2)
cryst

80–98 [44]

11 BuLi 0.1 mol% 10 °C, 5 min
in hexane

quenching (EtOAc)
washing (hexane)
chrom

40–99 [45]

12 Ti(OiPr)4 5 mol% 30 °C, 15 min chrom 81–97 [46]

extr = extraction, chrom = chromatography, cryst = recrystallization, *calculated for the 
crude product
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Ba(OH)2) tested in the  reaction of γ-ketonitriles and diethyl phosphite, only MgO 
proved to be efficient. The reaction of ketones and dimethyl phosphite was also 
performed in the presence of one equivalent of triethylamine (Table 5.1/Entry 9) 
[43]. The crude product was recrystallized from ethyl acetate to afford the products 
in good to excellent yields (75–89%). The next method utilized sodium-modified 
fluoroapatite as an efficient catalyst (Table 5.1/Entry 10) [44]. The starting mate-
rials were stirred with a spatula. After 31–60 min, the crude product was washed 
with water and recrystallized. Organometallic compounds, such as butyl lithium 
(Table 5.1/Entry 11) [45], and titanium tetraisopropoxide [46] (Table 5.1/Entry 12) 
were also used for the activation of the >P(O)H reagent. According to the BuLi- 
catalyzed method, the work-up involved quenching with water, and washing with 
hexane. In both instances, purification of the crude products by column chromatog-
raphy afforded the desired products.

It can be seen from Table 5.1 that in most of the cases, α-hydroxyphosphonates 
were synthesized under mild and solvent-free conditions. The “green” aspects of the 
procedures were overemphasized, however, the excessive amount of organic solvents 
applied during the complex work-up procedures outlined above was disregarded. 
The crude product was usually washed with water and/or extracted with an organic 
solvent (Table 5.1/Entries 1–8), and this was followed by purification steps compri-
sing (re)crystallization (Table 5.1/Entries 1, 4, 7, 9, and 10) or column  chromatography 
(Table 5.1/Entries 3, 5, 8, 11, 12). These additional steps require the excessive use of 
organic  solvents, thus despite the reactions being solvent-free, the methods discus-
sed above [8, 27–32, 42–46] do not meet the requirements of green chemistry.

According to a benign method, the equimolar mixture of benzaldehyde deriva-
tive and dialkyl phosphite was stirred at reflux in a minimal amount of acetone in the 
presence of 10 mol% of triethylamine as the catalyst (Figure 5.5) [47]. Starting from 
sterically hindered ketones, the application of one equivalent of Et3N was necessary. 
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Figure 5.5: The greenest synthesis of α-hydroxyphosphonates.
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After the completion of the reaction (5–10 min in the case of electron-withdrawing 
substituents in the aromatic ring, and 90–120 min in the case of electron-releasing 
methyl or methoxy groups), some n-pentane was added to the reaction mixture. 
On cooling, the α-hydroxyphosphonate precipitated, and could be filtered easily. 
As a compromise, minimal amount (a few mLs) of solvent was used in the synthe-
sis, and further purification was unnecessary, saving the excessive use of organic  
solvents [47].

5.3  Synthesis of α-hydroxyphosphonates from 
Aldehydes/Ketones and Trialkyl Phosphites

An alternative route for the synthesis of α-hydroxyphosphonates involves the reac-
tion of the corresponding oxo compound with a trialkyl phosphite (Figure 5.2, method 
“B”). Due to the reduced atom efficiency as compared to the procedures applying 
dialkyl phosphite, this method is of less importance.

In contrast to method “A,” bases do not belong to the typical catalysts of this 
approach. Instead, different acids, including hydrogen chloride gas [48], camphor-
sulfonic acid [49], sulphamic acid [50], oxalic acid [51], tartaric or fumaric acid [52], 
and pyridine-2,6-dicarboxylic acid [53] are applied usually. Metal salts (ZnBr2 [54], 
Bi(NO3)3·5H2O [55]), organometallic compounds (TMSCl [56–58], and AuPd bime-
tallic nanoparticles [59]) were also used to promote the addition of trialkyl phos-
phite to oxo compounds. Lanthanide complexes and polyethylene glycol, previously 
mentioned as efficient catalysts for the Pudovik reaction using dialkyl phosphites, 
also promoted the addition of trialkyl phosphites to oxo compounds [60, 61]. Accor-
ding to an interesting method, the reaction was catalyzed by iodine in water [62]. 
Aromatic aldehydes and triethyl phosphite were stirred at 80 °C for 30–60 min. 
Washing the crude product with aqueous Na2S2O3 and brine solution, followed by 
extraction and column chromatography, led to α-hydroxyphosphonates in yields of 
89–96%. A similar,  β-cyclodextrin-catalyzed procedure was carried out in water at 
60–70  °C [63]. After 8–12 h, the reaction mixture was extracted, and washed. The 
crude product was purified by column chromatography to furnish the product in 
good yields (81–93%).

As in the case of method “A,” the reaction of oxo compounds and trialkyl  phosphites 
was also carried out under mild and solvent-free conditions (Table 5.2). Sonication 
and MW irradiation were used in many cases to promote the reaction [49, 50, 58, 64, 
65]. According to a benign method, the ultrasound-assisted reaction of aldehydes or 
ketones and trimethyl or triethyl phosphite took place without applying any catalyst 
(Table 5.2/Entry 1) [64]. The work-up included a simple recrystallization of the crude 
product to afford the α-hydroxyphosphonates in yields of 85–94%. Another approach 
is a KH2PO4-catalyzed synthesis under ultrasonic irradiation (Table 5.2/Entry 2) [65]. 
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The reaction was complete after 5–120 min at 25 °C. The crude product was poured 
on ice, and extracted with ethyl acetate. Guanidine hydrochloride was also found to 
be an efficient catalyst for the Pudovik reaction (Table 5.2/Entry 3) [66]. The work-up 
procedure was rather complex, as it comprised quenching, extraction, and column 
chromatography. The next procedure applied three equivalents of MgCl2 and one 
equivalent of Et3N to promote the addition (Table 5.2/Entry 4) [67]. The  reaction was 
carried out at 50 °C, and was complete after 2 h. The reaction mixture was  extracted 
with ethyl acetate, and the crude product was further purified by crystallization. Last, 
but not least, the reaction was also carried out in the presence of ammonium meta-
vanadate as the catalyst (Table 5.2/Entry 5) [68]. Applying 10 mol% of this salt, the 
reaction took place after 5–20 min at 25 °C. The work-up procedure included extraction 
and  chromatography. It is noteworthy that NH4VO3 did not promote the reaction of 
 aldehydes and dialkyl phosphites [68].

5.4  Syntheses of α-hydroxyphosphonates 
in Reductive and Oxidative Ways

The Pudovik reaction is not the only way to synthesize α-hydroxyphosphonates. α- 
Ketophosphonates may be converted to the corresponding α-hydroxy derivatives by 
reaction with organometallic compounds [69, 70]. One of the procedures  involved the 

Table 5.2: “Green” syntheses of α-hydroxyphosphonates from benzaldehydes or ketones and 
trialkyl phosphites (method “B”).

Entry Catalyst Amount of  
the catalyst Conditions Work-up 

procedure Yield (%) Ref

1 – – sonication
25 °C
10–35 min

cryst 85–94 64

2 KH2PO4 5 mol% sonication
25 °C,  
5–120 min

poured on  
crushed ice  
extr (EtOAc)

56–90 65

3 0.5 mol% 50 °C, 2 h
in H2O

quenching (aq. 
NaHCO3 and  
brine solution)  
extr (CH2Cl2)  
chrom

63–92 66

4 Et3N and MgCl2 3 equiv. and  
1 equiv.

50 °C, 2 h extr (EtOAc)
cryst 85–98 67

5 NH4VO3 10 mol% 25 °C,  
5–20 min

extr (CHCl3)
chrom 80–94 68

extr = extraction, chrom = chromatography, cryst = recrystallization

NH

H2N NH2 HCl

 EBSCOhost - printed on 2/13/2023 3:27 AM via . All use subject to https://www.ebsco.com/terms-of-use



Synthesis of α-hydroxyphosphonates, an important class of bioactive compounds   99

addition of trialkyl aluminum on the C=O group, followed by hydrolysis to afford the 
desired products with variable (35–85%) yields (Figure 5.6, method “A”) [69]. Accor-
ding to another method, a Grignard reagent (R2MgBr) was the partner in the addition 
step (Figure 5.6, method “B”) [70].

A unique approach is the introduction of the α-hydroxy group to the correspon-
ding α-alkyl phosphonates by oxidation (Figure 5.7) [71, 72]. Method “A” employed 
oxygen as the oxidizing agent in the presence of copper(II) chloride and 10 mol% 
of N-hydroxyphthalimide as the catalysts [71]. (The authors of this review note that 
the real reactant may have been air.) Presumably, the reaction takes place through 
a radical intermediate that is transformed into an α-hydroperoxyphosphonate. This 
is followed by treatment with triphenyl phosphine to afford the α-hydroxyphos-
phonates in yields of 53–73%. Further on, CuCl2, PPh3, and N-hydroxyphthalimide 
were replaced by a simple ionic liquid, 1-butyl-3-methylimidazolium hydroxide that 
made possible the efficient and green synthesis of α-hydroxyphosphonates (method  
“B”) [72].

Y = Et, cHex, C6H5, 4-MeC6H4, 4-MeOC6H4, 4-CIC6H4, 4-FC6H4
R1 = Me, Et, Ph, R2 = Me, Et

(A)
O2, CuCl2.2H2O, PPh3

(B)
O2, [bmim][OH], P(OEt)3

O

OHN

O R1R1
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OR2
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Figure 5.6: Synthesis of α-hydroxyphosphonates from α-ketophosphonates.

Figure 5.7: An oxidative synthetic route toward α-hydroxyphosphonates.

 EBSCOhost - printed on 2/13/2023 3:27 AM via . All use subject to https://www.ebsco.com/terms-of-use



100   Zita Rádai, Nóra Zsuzsa Kiss and György Keglevich

5.5  Synthesis of Optically Active 
 α-hydroxyphosphonates via the Pudovik Reaction

As the α-hydroxyphosphonates may have a chirality center on the α carbon atom, the 
selective preparation of one of the enantiomers is a real challenge. The easiest way to 
obtain optically active α-hydroxyphosphonates is the synthesis starting from chiral 
components [73]. The Pudovik reaction may be performed in the presence of an opti-
cally active catalyst, e.g. chiral organocatalysts [74–77], or metal complex catalysts 
with chiral ligands [78–84].

According to an elegant and simple method, squaramide was applied as the 
organocatalyst to enhance the asymmetric reaction of aldehydes and diphenyl phos-
phite [74]. The catalytic effect of squaramide is explained by the formation of H-bonds 
between the amino functions of the catalyst and the hydroxy and oxo functions of 
the starting components. The method resulted in the formation of (R)-α-hydroxyphos-
phonates in enantiomeric excesses (ee) up to 88% (Figure 5.8).

A variation of the above method is the cinchona diaminomethylene-malonitrile- 
catalyzed Pudovik reaction. This procedure led to the selective formation of the (S) 
enantiomer of the products in yields of 70–99% and ee values of 90–96% [75].

Japanese researchers performed the addition of dimethyl phosphite to aromatic 
aldehydes in the presence of an organophosphorus catalyst formed in situ from a 
chiral tetraaminophosphonium salt and KOtBu [76]. The reaction was performed  
at –98 °C, and the completion required 2–13 h. Excellent yields (91–99%) and ee values  
(94–99%) proved the high activity and selectivity of the catalyst used (Figure 5.9).

A series of chiral aziridinyl phosphonates were tried out as catalysts in the 
asymmetric reaction of aromatic aldehydes and triethyl phosphite [77]. Almost all of 
the tested aziridine-based compounds provided enantioselectivity to some extent, 
however, even with the more active catalyst shown below, only low to moderate ee 
values (17–44%) were attained (Figure 5.10).
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Figure 5.8: Asymmetric synthesis of α-hydroxyphosphonates catalyzed by squaramide.
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Figure 5.10: Chiral aziridinylphosphonates as catalysts in the Pudovik reaction.
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The next strategy for the synthesis of optically active α-hydroxyphosphonates via the 
Pudovik reaction involved chiral metal complexes. This method is more widespread 
than the application of chiral organocatalysts. A few examples are shown in Figure 5.11. 
Most of the procedures were carried out in the presence of Schiff base metal comple-
xes (e.g. 9 and 10), where the Al [78, 79] or Fe [80–82] was coordinated to the nonbon-
ding  electrons of the nitrogen atom. Catalyst 9 was applied in the amount of 10 mol% in 
order to enhance the enantioselective Pudovik reaction [83]. By adding one equivalent of 
potassium carbonate to the reaction mixture, the amount of the chiral catalyst could be 
reduced to 2 mol% affording the corresponding α-hydroxyphosphonates with high (93–
97%) ee values. Camphor-based Schiff base Fe complexes (e.g. 10) were found to be pro-
mising catalysts in the Pudovik reaction [81, 82]. Catalyst 10 promoted the formation of 
the (R) isomer of the corresponding α-hydroxyphosphonates with excellent ee values (up 
to 99%) [82]. The asymmetric Pudovik reaction of substituted aldehydes and dimethyl 
or diethyl phosphite was also performed in the presence of 5 mol% of BINOL-based Zn 
complex 11 [84]. Surprisingly, stirring the equimolar mixture of the starting compounds 
at –20 °C, an ee of only 16% was attained after 48 h, while by increasing the relative 
quantity of the P reagent to 10 equivalents, the ee values dramatically increased.

5.6  Miscellaneous Syntheses of Optically Active 
α-hydroxyphosphonates

α-Hydroxyphosphonates were acylated with 0.5 equivalents of achiral carboxylic 
acids in the presence of an optically active agent, (R)-benzotetramisole ((R)-BTM) and 

Figure 5.11: Selected examples of chiral metal complexes used in asymmetric Pudovik reactions.
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pivalic anhydride (Figure 5.12) [85]. The method provided the (S) enantiomer of the 
acylated hydroxyphosphonate selectively with ee values up to 99%, while the unreac-
ted α-hydroxyphosphonate was enriched in the (R) isomer. The ee values for the latter 
species fell in the range of 78–90%.

The organocatalytic synthesis of optically active α-hydroxy-β-nitrophosphonates 
was performed starting from the corresponding α-ketophosphonates that were reacted 
with nitromethane, where 5 mol% of cupreine or 9-O-benzylcupreine was the cata-
lyst (Figure 5.13) [86]. High yields (71–93%) and ee values (91–99%) were obtained 
with both catalysts. The absolute configuration of the major enantiomer was not  
determined.

According to an elegant method, the oxidation of the corresponding benzyl phos-
phonates to α-hydroxyphosphonates was carried out in the presence of a chiral cam-
phorsulfonic acid-based oxidant [87]. The first step involved deprotonation of the 
methylene group of the starting compound with sodium tetramethyl disilazane fol-
lowed by the treatment with (+)-8,8-(dichlorocamphor)sulfonyloxaziridine to afford 
the corresponding oxidized products in variable (25–47%) yields with high (86–99%) 
enantioselectivities (Figure 5.14).

Figure 5.12: Kinetic resolution of α-hydroxyphosphonates through acylation.
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5.7 Summary
The synthetic methods to provide α-hydroxyphosphonates relevant as biologically 
active substrates were surveyed. The most common procedures involve the reaction 
of oxo compounds with dialkyl phosphites or trialkyl phosphites. The former varia-
tion is an attractive model for green chemists. The best procedure involves not only 
the addition of a dialkyl phosphite to an oxo compound, but also an environmentally 
friendly work-up. Finally, a few reductive and oxidative approaches were discussed 
followed by enantioselective methods.
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6  Synthesis of α-aminophosphonates by 

the Kabachnik–Fields reaction and by 
the Pudovik reaction

Abstract: α-Aminophosphonates are of significant importance due to their biologi-
cal activity. The most widely applied synthetic routes towards α-aminophosphonates 
are the Kabachnik–Fields reaction involving the condensation of amines, oxo com-
pounds and >P(O)H species, such as dialkyl phosphites, and the Pudovik reaction of 
imines and >P(O)H reagents. By the double Kabachnik–Fields reaction, bis(amino-
phosphonates) have also became available. This chapter summarizes the synthesis of 
α-aminophosphonates and related derivatives through the two main routes as descri-
bed in the literature over the last five years.

Keywords: Kabachnik–Fields reaction, Pudovik reaction, α-aminophosphonates, 
bis(aminophosphonates).

6.1 Introduction
α-Aminophosphonic acids are considered as bioisosteres of the corresponding 
α-aminocarboxylic acids, in which the planar carboxylic group is replaced by a tetra-
hedral phosphonic acid functionality. Due to their versatile biological activity, they 
are important targets in biochemistry [1, 2], medicinal chemistry [3–6] and pesti-
cide chemistry [7–9]. The synthesis and application of α-aminophosphonic acid 
derivatives attracted considerable interest, comprising more than one thousand five 
hundred papers since 1952 (Figure 6.1). 

The most widely used synthetic routes to α-aminophosphonates are the 
 Kabachnik–Fields condensation and the (aza-)Pudovik reaction. This chapter is 
aimed at giving insights into the synthesis of α-aminophosphonates and related 
 derivatives surveying the literature data over the last five years.

6.2 Kabachnik–Fields Reaction
The Kabachnik–Fields (phospha-Mannich) reaction is a three-component condensa-
tion of a primary or secondary amine, a carbonyl compound (aldehyde or ketone) 
and a >P(O)H reagent, such as a dialkyl phosphite or a secondary phosphine oxide 
(Figure 6.2) [10–13].

https://doi.org/10.1515/9783110535839-006
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In general, there are two possible reaction pathways for the Kabachnik–Fields reac-
tion (Figure 6.3). One is when the carbonyl compound and the primary amine react 
with each other resulting in the formation of an imine (Schiff base) intermediate, 
and then the P-reagent is added on the C=N unit. According to the other route, 
the first step is the addition of dialkyl phosphites to the carbonyl group of the oxo 
component, to provide an α-hydroxyphosphonate, which undergoes substitution 
by the amine to furnish the α-aminophosphonate. On the basis of kinetic studies, it 
was concluded that the mechanism depends on the nature of the reactants [12–14].
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Figure 6.1: The number of publication on α-aminophosphonic acid derivatives (1952–2017). Science-
Direct keyword search on “α-aminophosphonic acid” and “α-aminophosphonate”.

Figure 6.2: General scheme for the Kabachnik–Fields reaction.
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Kabachnik–Fields reactions may be accomplished in many variations. These con-
densations are usually carried out in the presence of various catalysts and/or solvents 
[13]. They can be carried out under green chemical conditions, including microwave 
(MW)-assisted synthesis, which are also of special interest [15].

6.2.1  Kabachnik–Fields Reactions in the Presence of Catalysts 
and Solvents

Most of the papers published in the field of Kabachnik–Fields reaction since 2002 
suggest the use of special catalysts [16–25], such as metal triflates [17], lanthanide trif-
lates [17, 18], gallium(III) iodide [19], bismuth(I) nitrate [20], magnesium perchlorate 
[21, 22], samarium(II) iodide [23], indium(III) chloride [24] and phthalocyanine–AlCl3 
complex [25] etc. in solvents or under neat conditions. According to the  literature 
reports, catalytic approaches still dominated over the last five years (Table 6.1). The 
main goal is to find efficient, cost-effective, reusable and environmentally benign 
catalysts for the three-component synthesis of α-aminophosphonates. In the case of 
the condensation of aromatic amines, benzaldehyde derivatives and dialkyl phos-
phites, the use of triflates was still a common practice (Table 6.1, entries 1–3). In one 
case, the reaction was carried out with ytterbium triflate [Yb(OTf)3] in water using 
polyoxyethanyl α-tocopheryl sebacate (PTS) as an amphiphilic species (Table  6.1, 
entry 1), while in another instance, copper triflate was applied with a fluorous 
bis(oxazoline) ligands using acetonitrile as the solvent (Table 6.1, entry 2). Pentaflu-
orophenylammonium triflate (PFPAT) was also efficient as a new organocatalyst 
for the synthesis of α-aminophosphonates at room temperature (Table 6.1, entry 
3). Various diethyl(3,5-dibromo-4-hydroxyphenylamino) methylphosphonates were 
synthesized in a household MW oven using cerium(III) chloride heptahydrate as the 
catalyst in THF (Table 6.1, entry 4). A series of α-aminophosphonates were prepared 
via a Kabachnik–Fields reaction catalyzed by a gold–bipyridine complex (Table 6.1, 
entry 5). The three-component condensation of anilines, benzaldehydes and diphe-
nyl phosphite was elaborated in dichloromethane applying zinc(II) di(l-prolinate) as 
the catalyst (Table 6.1, entry 6). An efficient method has been developed for the syn-
thesis of α-aminophosphonates using a heterogeneous, reusable silica-supported 
dodecatungstophosphoric acid (DTP/SiO2) catalyst at room temperature (Table 6.1, 
entry 7). Polyaniline-methanesulfonic acid salt (PANI-MSA)-coated glass slide in 
hexane was also an effective catalyst in the reaction of various amines, aldehydes 
and dimethyl phosphite (Table 6.1, entry 8). A combination of [bmim][AlCl4] ionic 
liquid and ultrasonic irradiation was used as an alternative to conventional acid 
catalysts in the Kabachnik–Fields reaction (Table 6.1, entry 9). The ultrasound-as-
sisted synthesis of α-aminophosphonates is reviewed in detail by Bubun and 
 Keglevich in Chapter 13. In another case, 1,4-diazabicyclo[2.2.2]octane hydrochloride 
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([H-DABCO]Cl) quaternary ammonium salt was applied as the catalyst in methanol 
(Table 6.1, entry 10). Finally, a nonionic surfactant (Tween-20) catalyzed process was 
also reported in aqueous media (Table 6.1, entry 11).

Table 6.1: Catalytic Kabachnik–Fields reactions using solvents.

Entry Y Z R Catalyst Solvent T, t Yield 
(%)

Ref.

1 H, 4-Me, 
4-MeO, 2-Cl, 
3-Cl, 4-Cl, 4-F, 
4-NO2 

H, 4-Me, 4-MeO, 
4-Cl, 2-NO2,    
4-NO2

Et Yb(OTf)3   
(1%)

PTS/
H2O

25 °C, 
1 h

83–96 [26]

2 H, 4-Me, 
4-MeO, 4-Cl, 
4-NO2

H, 4-Me, 4-MeO, 
3-Cl, 4-Cl, 2-Br, 
4-F, 3-NO2,     
4-NO2, 3-CF3, 
4-CF3, 4-NMe2

Et Cu(OTF)2 (5%) 
with fluorous 
bis(oxazo-
line) ligands 
(5%)

DCM 25 °C, 
6 h

73–94 [27] 

3 H, 4-MeO, 
4-HO, 4-Cl, 
4-Br 

H, 4-Cl, 4-Br Me C6F5NH3(OTf) 
(PFPAT) (10%)

ACN 25 °C,  
1–2 h

85–95 [28] 

4a 3,5-diBr-4-OH 4-MeO, 4-Cl,   
4-HO, 3-NO2,   
4-NMe2, 2,4-
diCl, 2,4-diMeO

Et CeCl3·7H2O 
(5%)

THF 490 W,    
8–11 
min

89–94 [29] 

5 H, 4-Me, 
4-MeO, 4-Cl 

H, 4-Me, 4-MeO, 
4-Cl, 4-Br, 4-NO2

Et [AubpyCl2]Cl 
(5%)

ACN 40 °C,    
3–10 
h

85–95 [30] 

6 H, 4-Me,     
2,6-diMe, 
4-MeO, 4-Cl, 
4-Br, 4-I,  4-F, 
4-NO2

H, 4-Me, 4-MeO, 
4-Cl, 4-Br, 4-F,  
3-NO2, 3-HO,     
4-CF3, 4-NMe2

Ph Zn(l-Pro)2 
(10%)

DCM 25 °C,    
20–60 
min

87–98 [31] 

7 H, 3-Cl, 4-Cl, 
2,4,6-triMe,     
4-MeO, 4-NO2

H, 4-Me, 4-MeO, 
2,5-diMeO, 4-Cl, 

Me, 
Et, 
Bn

DTP/SiO2 
(20%)

ACN 25 °C, 
1 h

93–98 [32] 

8 H, 4-MeO, 
4-Br, 4-NO2

4-Me, 4-MeO,   
4-Cl, 4-OH,     
4-NO2

Me PANI-MSA- 
coated glass 
slide

Hexane 25 °C, 
3 h

73–98 [33] 

+

T, t
catalyst

+ P
O

H

OR

OR solvent

CH P(OR)2

O
NH2

Y

CHO

Z

NH

Z

Y

(continued)
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Bis(trifluoroethyl) esters of α-aminophosphonic acids were prepared as inhibitors of 
serine proteases by the reaction of benzyl carbamate, aldehydes and bis(2,2,2-trifluo-
roethyl) phosphite in the presence of trifluoroacetic acid (TFA) and acetic anhydride 
(Figure 6.4) [37].

The reaction of 3-methylaniline or tert-butylamine with pyrene-1-carboxaldehyde 
and dimethyl phosphite was also described in the presence of a catalytic amount of 
TFA (Figure 6.5) [38]. The pyrene-derived α-aminophosphonates obtained showed flu-
orescent properties.

Figure 6.4: Synthesis of bis(trifluoroethyl) esters of α-aminophosphonic acids. 

+
25 °C, 24 h

TFA
Ac2O

+ P
O

H

O

O
O

O

NH2 R CHO

R = Me, Et, nPr, iPr, iBu, Bn

CF3

CF3

O

O

N
H P

R
O
OO CF3

CF3

25–57%

Entry Y Z R Catalyst Solvent T, t Yield 
(%)

Ref.

9b H, 4-Me H, 2-Me, 4-MeO, 
2-Cl, 3-NO2,    
4-NO2 

Me [bmim][AlCl4] 
(10%)

MeOH 25 °C,    
5–10 
min

87–93 [34] 

10 H, 4-Me, 
4-MeO,  4-F

H Et [H-DABCO]Cl   
(1 equiv.)

MeOH 25 °C,    
10–30 
min

90–93 [35] 

11 H, 2-Me, 
4-MeO, 
4-Cl, 4-Br,      
2-NO2, 4-NO2 

6-Niroben-
zo[d]-[1,3]
dioxole-5-car-
baldehyde

Et Tween-20 
(5%)

Water 60 °C,   
25–60 
min

82–91 [36] 

Table 6.1: (Continued)

+
∆, 24 h

TFA
MeOH or ACN

+ P
O

H

OMe

OMe

CH P(OMe)2

O
NHY

Y NH2

Y = 3-MePh, tBu

CHO

Y = 3-MePh (28%), tBu (95%)

Figure 6.5: Synthesis of pyrene-derived α-aminophosphonates.

aUnder MW irradiation in a household MW oven. bUnder ultrasonic irradiation.

 EBSCOhost - printed on 2/13/2023 3:27 AM via . All use subject to https://www.ebsco.com/terms-of-use



Synthesis of α-aminophosphonates by the Kabachnik–Fields and Pudovik reaction   113

2-Cyclopropylpyrimidin-4-yl-aryl- and 2-cyclopropylpyrimidin-4-yl-benzothia zole-
derived α-aminophosphonates were obtained by the condensation of anilines or 
N-benzothiazole amines, 2-cyclopropylpyrimidin-4-carbaldehyde and dialkyl phos-
phites using phosphomolybdic acid (H3PMo12O40) as the catalyst in dichloromethane  
(Figure 6.6) [39].

The three-component condensation of amines, 2-alkynylindole-3-carbaldehydes 
and dimethyl phosphite was carried out applying a catalytic amount of BF3·OEt2 as a 
Lewis acid catalyst (Figure 6.7) [40]. 

Another example for the BF3·OEt2-mediated Kabachnik–Fields reaction involves 
the preparation of a series of α-aminophosphonates containing a pyrazole moiety 
(Figure 6.8) [41].
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Figure 6.6: Kabachnik–Fields reaction of 2-cyclopropyl pyrimidine-4-carbaldehyde. 
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Figure 6.7: Kabachnik–Fields reaction of 2-alkynylindole-3-carbaldehydes.
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Figure 6.8: Synthesis of α-aminophosphonates with a pyrazole moiety.
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In other instances, trialkyl phosphite was used instead of dialkyl phosphite as the 
P-component in the Kabachnik–Fields condensation. Only a few examples are intro-
duced in the following paragraphs. A series of α-aminophosphonates were syn-
thesized by the condensation of amines, aldehydes and trialkyl phosphites using 
 hafnium(IV) chloride in ethanol (Figure 6.9) [42]. 

The synthesis of α-aminophosphonates with an isoxazole ring was accomplished 
using trialkyl phosphites in the presence of iron(III) chloride in THF (Figure 6.10) [43]. 

A comparative study was reported by our group, where the possibilities for the 
Kabachnik–Fields reaction of benzylamine, benzaldehyde and triethyl phosphite or 
diethyl phosphite were investigated in water (Figure 6.11) [44]. It was found that in 
the case of trialkyl phosphites, p-toluenesulfonic acid (PTSA) had to be used as the 
catalyst. On the other hand, the reaction could be performed without any catalyst, in 
a solvent-free manner when diethyl phosphite was the P component.
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Figure 6.9: HfCl4-catalyzed Kabachnik–Fields reaction with trialkyl phosphites.
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Figure 6.10: FeCl3-catalyzed synthesis of α-aminophosphonates containing an isoxazole ring.

Figure 6.11: Kabachnik–Fields reaction with triethyl phosphite or diethyl phosphite.
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6.2.2  Kabachnik–Fields Reactions in the Presence of Catalysts 
under Solvent-free Conditions

More examples from the literature cover catalytic Kabachnik–Fields reactions under 
solvent-free conditions (Table 6.2). A series of new fluorinated α-aminophosphona-
tes was synthesized starting from fluorinated aniline derivatives, aldehydes and 
diethyl phosphite in the presence of BF3·OEt2 (Table 6.2, entry 1). In most cases, metal- 
containing catalysts were applied in the solvent-free Kabachnik–Fields reactions. For 
example, the three-component reactions of various amines, aldehydes and dialkyl 
phophites were performed with zinc acetate dihydrate (Table 6.2, entry 2). In another 
instance, a series of α-aminophosphonates was prepared in the presence of cadmium 
perchlorate hydrate (Table 6.2, entry 3). Nickel(II) sulfate hexahydrate was an efficient 
and reusable catalyst for the synthesis of α-aminophosphonates under mild condi-
tions (Table 6.2, entry  4). Micron-particulate aluminium nitride (AlN/Al) was also 
applied as a new heterogeneous catalyst in the Kabachnik–Fields condensation (Table 
6.2, entry 5). Acid supported magnetite nanoparticles (Fe3O4) also acted as novel and 
effective catalysts for the solvent-free synthesis of α-aminophosphonates (Table 6.2, 
entries 6 and 7). In one case, dehydroascorbic acid (DHAA; Table 6.2, entry 6), while 
in another case, phosphotungstic acid (PTA) was the acid component of the catalyst 
(Table 6.2, entry 7). Several α-aminophosphonates were synthesized in MW-assis-
ted reactions of 2-naphthyl- or 2-fluorenylamine, different aldehydes and dimethyl 
phosphite using a titanium dioxide-silica catalyst (Table 6.2, entry 8). Air-stable zir-
conocene bis(perfluorobutanesulfonate) was prepared and applied as a catalyst in 
the solvent-free Kabachnik–Fields reaction of amines, aldehydes/ketones and diethyl 
phosphite (Table 6.2, entry 9). A series of new pyrenyl-α-aminophosphonates was 
synthesized by the one-pot reaction of aryl/heteroaryl amines, pyrene aldehyde and 
diethyl phosphite in the presence of silica-supported polyacrylic acid (PAA; Table 6.2, 
entry 10). The preparation of quinoline-containing α-aminophosphonate derivatives 
was elaborated using a polyethyleneimine-grafted mesoporous nanomaterial as the 
catalyst (Table 6.2, entry 11). Acidic Amberlite-IR 120 resin was also an effective catalyst 
in the Kabachnik–Fields condensations, which were carried out in a household MW 
oven (Table 6.2, entry 12). Another acidic catalyst, such as triflic acid supported carbon 
was found to be suitable for the synthesis of various α-aminophosphonates (Table 
6.2, entry 13). Phenylboronic acid-catalyzed Kabachnik–Fields reactions of benzyl 
amine, aliphatic or aromatic aldehydes and dimethyl phosphite were accomplished 
in the absence of a solvent (Table 6.2, entry 14). The condensation was extended to 
aliphatic and aromatic ketones (Table 6.2, entry 15). A facile method was developed 
for the synthesis of tertiary and quaternary α-aminophosphonates using phenylphos-
phonic acid as the catalyst (Table 6.2, entry 16). 2,3-Dihydro-1H-inden-5-amine and 
2-aminofluorene were reacted with various aldehydes and dimethyl phosphite under 
MW conditions (Table 6.2, entries 17 and 18). In the first case, the condensations were 
catalyzed with molybdate sulfuric acid (MSA) (Table 6.2, entry 17), while in the latter 
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instance, polystyrene-supported PTSA was applied (Table 6.2, entry 18). Ionic liquids 
may also be important as catalysts in Kabachnik–Fields reactions. In one example, the 
condensations were performed using choline chloride·2ZnCl2 ionic liquid (Table 6.2, 
entry 19). In the next two instances, the utilization of 1-methyl-3- (ethoxysilylpropyl)-
imidazolium hydrogensulfate anchored on multiwalled carbon nanotube (MWCNT) 
and benzimidazolium-based dicationic acidic ionic liquid as catalysts was reported 
(Table 6.2, entries 20 and 21). A biocatalyst-, such as bakers’ yeast-mediated synthesis 
of α-aminophosphonates was also described (Table 6.2, entry 22).

A SiO2–ZnBr2-catalyzed variation of the Kabachnik–Fields reaction of 4-(4- 
chlorophenoxy)aniline, various aldehydes and diethyl phosphite was developed 
(Figure 6.12) [66]. The condensations were carried out under conventional heating, 
as well as ultrasonic and MW irradiation. The latter one proved to be more efficient, 
than the others, and the corresponding α-aminophosphonates were obtained in 
yields of 93–98%.

A wide range of α-aminophosphonates containing a 1,3,4-thiadiazole moiety was 
prepared by the three-component condensation of 2-amino-5-ethyl-1,3,4-thiadiazole, 
aldehydes and diethyl phosphite (Figure 6.13) [67]. The reactions were performed in a 
household MW oven using phosphosulfonic acid, as a reusable heterogeneous solid 
acid catalyst.

++ P
O

H

OEt

OEt
93–98%

O

NH2Cl
Ar CHO

Ar =
S N

Z
Z = 3-NO2, 4-MeO, 4-Cl, 3-OH

N
H

, , ,

MW
465 W, 4–8 min
SiO2-ZnBr2 (6%)

solvent-free

O

N
HCl Ar

P
O OEt

OEt

Figure 6.12: Kabachnik–Fields reaction of 4-(4-chlorophenoxy)aniline under MW conditions.
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A sulfonic acid-functionalized ionic liquid was synthesized and applied as the 
catalyst in the solvent-free synthesis of N-benzothiazolyl-α-aminophosphonates 
(Figure 6.14) [68].

2-Morpholinoethanamine was reacted with salicylaldehydes and dimethyl phos-
phite using gadolinium oxide nanopowder (nano-Gd2O3) under neat conditions 
(Figure 6.15) [69]. The condensations were performed in a household MW oven, and 
the corresponding α-aminophosphonates were obtained in yields of 93–99%. 

The reaction of various amines, 2,3-dihydrobenzo[b][1,4]dioxine-6-carbaldehyde 
and dimethyl phosphite was carried out in the presence of nano-TiO2 at 50 °C for 
10–15 min (Figure 6.16) [70].

l-Cysteine-functionalized magnetic nanoparticles were used as magnetic 
 reusable catalysts in the synthesis of α-aminophosphonates incorporating benzimi-
dazole, theophylline or adenine nucleobases (Figure 6.17) [71].
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6.2.3 Catalyst-free Kabachnik–Fields Reactions

Only a few examples have been reported on the catalyst-free Kabachnik–Fields 
condensations. A number of carbazole- and phenothiazine-based α-aminophos-
phonates were prepared by the reaction of aniline derivatives, bromo-9-ethyl-9H- 
carbazole-3-carbaldehyde or 10-ethyl-10H-phenothiazine-3-carbaldehyde and diethyl 
phosphite using polyethylene glycol (PEG) as a green reaction media (Figure 6.18) 
[72, 73].

An MW-assisted catalyst- and solvent-free Kabachnik–Fields reaction of amines, 
aldehydes and dimethyl phosphite was also described (Figure 6.19) [74]. The conden-
sations were carried out in a multimode MW reactor at 80  °C, and the corresponding 
α-aminophosphonates were obtained in yields of 40–98%.

An eco-friendly accomplishment for the synthesis of various α-aminophos-
phonates and α-aminophosphine oxides was developed by the Keglevich group 
(Figure 6.20) [75]. 
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Figure 6.19: MW-assisted catalyst- and solvent-free Kabachnik–Fields reactions.

The MW-assisted Kabachnik–Fields reactions of primary or secondary amines, para-
formaldehyde and ethyl octyl phosphite or alkyl phenyl-H-phosphinates were investi-
gated by our research group (Figure 6.21) [76, 77].

A series of new N-(2H-pyranonyl)-α-aminophosphonates and α-aminophosphine 
oxides was obtained in high yields under catalyst-free MW conditions (Figure 6.22) 
[78]. When dialkyl phosphites were used, the condensations were carried out in the 
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absence of a solvent. On the other hand, acetonitrile had to be used when diphenyl 
phosphine oxide was the P component.

The Kabachnik–Fields reaction of 2-(2-aminophenyl)benzothiazole, aromatic or 
heteroaromatic aldehydes and diethyl phosphite or ethyl phenyl-H-phosphinate was 
performed in a household MW oven without any catalyst and solvent (Figure 6.23) 
[79].

Ordónez and co-workers reported a catalyst- and solvent-free MW-assisted, highly 
diastereoselective synthesis of α-aminophosphonates by the condensation of chiral 
amines, alkyl or aryl aldehydes and dimethyl phosphite (Figure 6.24) [80].

(S)-α-Phenylethylamine was applied as a chiral building block in MW- assisted 
Kabachnik–Fields condensations with paraformaldehyde and various >P(O)H 
reagents affording the formation of optically active α-aminophosphonate derivatives 
(Figure 6.25) [81]. 

A convenient approach was elaborated for the synthesis of novel heterocyclic 
α-aminophosphonates starting from primary amines, 2-hydroxybenzaldehyes or 
2-hydroxyacetophenones and dialkyl phosphites (Figure 6.26) [82].

A wide range of α-ureidophosphonates was synthesized by the catalyst-free 
condensation of urea, benzaldehyde derivatives and diethyl phosphite in toluene 
(Figure 6.27) [83].
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6.3 Double Kabachnik–Fields Reactions
In the double Kabachnik–Fields (bis(phospha-Mannich)) condensation, a primary 
amine reacts with 2 equivalents of a carbonyl compound (aldehyde or ketone) and 
with 2 equivalents of a P-reagent, such as dialkyl phosphite or secondary phosphine 
oxide (Figure 6.28). This reaction is an elegant synthetic route for the preparation of 
bis(α-aminophosphonates) and related derivatives.

According to the literature, double Kabachnik–Fields reactions are usually 
carried out in various solvents, without any catalyst [84–91]. Nowadays, green che-
mical approaches, such as the catalyst- and solvent-free MW-assisted syntheses, have 
also became more and more popular [77, 92–96].
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6.3.1 Double Kabachnik–Fields Reactions of Primary Amines

Most of the papers published in the field of double Kabachnik–Fields reaction deal 
with the condensation of various primary amines, 2 equivalents of formaldehyde or 
paraform aldehyde and the same amount of dialkyl phosphites or secondary phosphine 
oxides (Table 6.3). In two examples, acidic or basic catalyst was used (Table 6.3, entries 
1 and 2). In one case, the three-component reaction was carried out in the presence 
of PTSA as the catalyst in toluene (Table 6.3, entry 1) [97]. In another instance, potas-
sium carbonate was applied as the catalyst without any solvent (Table 6.3, entry 2) [98]. 
The catalyst-free reaction of benzylamine with 2 equivalents of paraformaldehyde and 
diethyl phosphite was carried out in D2O (Table 6.3, entry 3) [84]. The catalyst-free double 
Kabachnik–Fields reactions were also performed using propargyl amine,  formaldehyde 
or paraformaldehyde and dimethyl phosphite (Table 6.3, entry 4) [85, 86].
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Figure 6.28: General scheme for the double Kabachnik–Fields reaction.

Table 6.3: Double Kabachnik–Fields reactions in the presence of catalysts and/or solvents.

aDeuterated paraformaldehyde (DCDO)n was applied.

Entry Y Z Catalyst Solvent T, t Yield  
(%) Ref.

1 Bn BuO PTSA (15%) Toluene 110 °C, 24 h 72 [97]

2 CH2=CHCH2, 
nBu, Bn, cHex

EtO K2CO3 (1.4%) – 100 °C, 4 h 78–84 [98]
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The three-component reactions of propylamine or 4-aminopyridine with 2 equivalents 
of both the heterocyclic aldehydes and the diethyl phosphite were elaborated without 
any catalyst in toluene (Figure 6.29) [87]. The corresponding bis(aminophosphonates) 
were synthesized in 73–95% yields.

The MW-assisted catalyst- and solvent-free double Kabachnik–Fields conden-
sation of primary amines, paraformaldehyde and various >P(O)H reagents, such 
as dialkyl phosphites, alkyl phenyl-H-phosphinates or oxaphosphorine oxide 
 derivatives, was described by our research group (Figure 6.30) [77, 92, 93].

Amino acid derivatives may also be the starting materials in the Kabachnik–Fields 
reaction. The condensation of 4-(aminomethyl)benzoic acid, 2 equivalents of paraform-
aldehyde and the same amount of dimethyl phosphite was carried out in THF, and 
4-[[bis[(dimethoxyphosphinyl)-methyl]-amino]-methyl]-benzoic acid was obtained in 
excellent yield (Figure 6.31) [88].
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The reactions of long-chain amino acids with 2 equivalents of paraformaldehyde and 
dimethyl or dioctyl phosphite were also described (Table 6.4) [88, 89]. The condensa-
tions were performed in THF or in acetonitrile, and the corresponding bis(α-amino-
phosphonates) were obtained in 81–95% yields.

The catalyst- and solvent-free MW-assisted condensation of α-, β- and γ-amino 
acid derivatives with 2 equivalents of paraformaldehyde and 2 equivalents of dialkyl 
phosphites was studied in our group (Figure 6.32) [94, 95]. 

Ethanolamine was reacted with 2 equivalents of paraformaldehyde and 2 equiva-
lents of dimethyl phosphite in THF, and the corresponding bis(α-aminophosphonate) 
was obtained in a yield of 96% (Figure 6.33) [88].

The double condensation of amino-terminated polyethylene glycol was accom- 
plished with 2 equivalents of formalin and dimethyl phosphite in THF (Figure 6.34) [90].
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Figure 6.33: Double Kabachnik–Fields reaction of ethanolamine.
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Table 6.4: Double Kabachnik–Fields reactions of long-chain amino acids.

Entry m R Solvent T, t Yield (%) Ref.

1 5, 10 Me THF 66 °C, 2 h 92, 95 [88]

2 5, 10 Oct Acetonitrile 82 °C, 3 h 81, 84 [89]
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(3-Aminopropyl)triethoxysilane was also applied as the starting material in the double 
Kabachnik–Fields reaction, and the bis(aminophosphonate) obtained was applied as 
a novel flame retardant (Figure 6.35) [91].

6.3.2  Double Kabachnik–Fields Reactions of Diamines 
and Dialdehydes

According to the literature, there are several particular examples for the Kabach-
nik–Fields condensation of diamines and dialdehydes also affording bis(amino-
phosphonate) derivatives. Milen and co-workers studied the one-pot reaction of  
p-phenylenediamine, 2 equivalents of aromatic aldehydes and the same amount of 
diethyl phosphite in the presence of propylphosphonic anhydride (T3P®) yielding 
diamine bisphosphonate derivatives (Figure 6.36) [99]. 

The three-component condensation of p-phenylenediamine or benzidine, various 
aldehydes and diethyl phosphite was also performed using a benzimidazolium dica-
tionic ionic liquid as the catalyst (Figure 6.37) [100]. The advantages of this method 
were the high yields and the reusability of the catalyst.

Cerium(III) chloride heptahydrate supported silica (CeCl3⋅7H2O-SiO2) was used as a 
catalyst for the double Kabachnik–Fields reaction of a 4,4’-sulfonyldianiline,  aldehydes 
and diethyl phosphite (Figure  6.38) [101]. The  condensation was carried out under 
 conventional heating and MW irradiation. The latter method proved to be more efficient.

Figure 6.34: Preparation of bis(aminophosphonates) incorporating polyethylene glycol moiety.
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Diamines were also reacted with 2 equivalents of 9-anthracenecarboxaldehyde 
and the same amount of diethyl phosphite in benzene without the use of catalyst 
(Figure 6.39) [102].

PEG-600 in water, as a green reaction media, was used in the three-component 
condensation of 4,4ʹ-dioxyaniline, 2 equivalents of aromatic aldehyde and 2 equiva-
lents of diphenyl phosphite (Figure 6.40) [103].

The catalyst- and solvent-free condensation of 2,6-di(aminomethyl)pyridine with 
formaldehyde and diethyl phosphite was studied at 100 °C. The tetramethylphospho-
nic octaethyl ester was obtained in a yield of 60% (Figure 6.41) [104].

A solvent- and catalyst-free MW-assisted method was developed for the one-pot 
reaction of a dialdehyde, 2 equivalents of aromatic amines and 2 equivalents of 
diethyl- or dibutyl phosphite (Figure 6.42) [105].

Figure 6.38: Synthesis of α-diaminophosphonates in the presence of CeCl3⋅7H2O-SiO2.
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Figure 6.36: T3P®-catalyzed Kabachnik–Fields reaction of p-phenylenediamine.
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6.3.3  An Insight into the Synthesis and Utilization of  
Bis(Aminophosphine Oxides)

In our research group, the catalyst-free MW-assisted double Kabachnik–Fields reac-
tion of primary amines, 2 equivalents of paraformaldehyde and the same amount 
of secondary phosphine oxides in acetonitrile was elaborated for the synthesis of 
 bis(aminophosphine oxides) (Figure 6.43) [93, 96].

The bis(phosphinoylmethyl)amines were utilized as precursors of bidentate 
phosphine ligands [93, 96]. The bisphosphines obtained after double deoxygenation 

Figure 6.39: Kabachnik–Fields reaction using 9-anthracenecarboxaldehyde.
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Figure 6.40: Double Kabachnik–Fields reaction applying PEG-600 in water.
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Figure 6.41: Catalyst- and solvent-free synthesis of a tetramethylphosphonic ethyl ester
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were converted to cyclic platinum complexes, which were tested as catalysts in the 
hydroformylation of styrene (Figure 6.44).

6.4 The Pudovik Reaction
The Pudovik (also known as aza-Pudovik) reaction of imines and >P(O)H reagents 
(such as dialkyl phosphites, alkyl phenyl-H-phosphinates or secondary phosphine 
oxides) represents a common synthetic route towards α-aminophosphonates, 
α-aminophosphinates and α-aminophosphine oxides [106]. In most cases, α-(aryl or 
hetaryl)-α-aminophosphonate derivatives were prepared by this reaction, starting 
from α-aryl or α-hetaryl imines, while aliphatic Schiff bases are used rather rarely [107, 
108]. Asymmetric syntheses of α-aminophosphonate derivatives were also described 
applying chiral starting materials or chiral catalysts. The most recent developments 
of the Pudovik reaction are summarized in the following section.

6.4.1 Pudovik Reactions of α-aryl Imines

6.4.1.1 Pudovik Reactions in the Presence of Catalysts and Solvents

α-Aminophosphonates bearing an N-indazole moiety were prepared by the addition of 
diethyl phosphite on the C=N unit of N-indazole imines. The reactions were  performed 
in ethanol with tetramethyl guanidine (TMG) as the catalyst (Figure 6.45) [109].
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Figure 6.43: The MW-assisted synthesis of bis(aminophosphine oxides).
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Figure 6.44: Utilization of bis(phosphinoylmethyl)amines as precursors of bidentate P-ligands.
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1,8-Diazabicyclo[5.4.0]undec-7-ene (DBU) was also checked as a catalyst in Pudovik 
reactions. The products were obtained in yields of 75–88%. The use of a large excess 
(4 equivalents) of both diethyl phosphite and DBU were necessary for the reaction 
completion at 60 °C after 24 h (Figure 6.46) [110].

New α-aminophosphonates were prepared by the reaction of an α-anthryl 
Schiff base with dimethyl phosphite in toluene applying CdI2 as the catalyst. 
The product showed only weak genotoxic and cytotoxic activity in in vivo tests 
(Figure 6.47) [111].
A nucleophilic carbene, such as 1,3-bis(2,6-diisopropylphenyl)imidazol-2-ylidene was 
also applied as an organocatalyst in the Pudovik reaction of (N-benzilidene)butyla-
mine and dimethyl phosphite in THF (Figure 6.48) [112].

A complex with Yb and Li central atoms was synthesized and used as a catalyst 
in the Pudovik reaction of aromatic imines. After a reaction at 40 °C for 6 h in aceto-
nitrile, the target compounds were obtained in yields of 42–99% (Figure 6.49) [113].
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Figure 6.45: Addition of diethyl phosphite to N-indazole imines catalyzed by TMG.
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Figure 6.46: DBU-promoted synthesis of α-aminophosphonates.

+

60 °C, 6 h
CdI2 (1%)

61%

toluene

N NH(MeO)2P

O
O O

(1 equiv)

P
O

H

OMe

OMe

Figure 6.47: Pudovik reaction catalyzed by CdI2.
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Figure 6.48: A nucleophilic carbene used as an organocatalyst in the Pudovik reaction.

Figure 6.49: Pudovik reaction catalyzed by a Yb- and Li-containing complex.

N +

P(OEt)2

NH

O
40 °C, 6 h

cat. (1 equiv)

Y = H, 2-Me, 4-Me, 4-MeO, 4-Cl, 4-Br, 4-NO2
Z = H, Me, MeO

42–99%

THF
Z Z

Y Y

cat.:

Li
N

N

N

N

Yb
(TMS)2N

(TMS)2N

(1.2 equiv)

P
O

H

OEt

OEt

A pyrazole-containing Schiff base was converted to the corresponding α-aminophos-
phonates by hydrophosphonylations using dialkyl phosphites and FeCl3 catalyst in 
THF. The target compounds were obtained in yields of 70–75% (Figure 6.50) [114].

TMG was a useful catalyst in the preparation of α-aminophosphonates with 
α-thiophene and N-carbazole moieties. The addition of dialkyl phosphites led to the 
products in yields of 78–86% (Figure 6.51) [115].

Figure 6.50: Hydrophosphonylation of a pyrazole-containing imine catalyzed by FeCl3.
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6.4.1.2  Pudovik Reactions in the Presence of Catalysts under Solvent-free 
Conditions

The addition of dialkyl phosphites to the C=N double bond of imines derived 
from amlodipine was performed in the presence of SnCl2·2H2O as the catalyst. The 
ultrasound-mediated procedure was compared with a control experiment carried out 
using conventional heating. In the case of sonication, the reaction times of 4–6 h 
could be shortened to 20–24 min. The products showed antibacterial, antiviral and 
antifungal activities (Figure 6.52) [116].

MoO2Cl2 was also used as an efficient catalyst in the Pudovik reactions of aro-
matic Schiff bases. After 5–60 min of reaction times at 80 °C, the α-aminophosphona-
tes were obtained in yields of 80–95% (Figure 6.53) [117].

Figure 6.51: TMG-mediated Pudovik reaction of imines with α-thiophene and N-carbazole moieties.
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Figure 6.52: Addition of dialkyl phosphites to imines derived from amlodipine.
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Figure 6.53: MoO2Cl2-catalyzed Pudovik reactions.
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6.4.1.3 Catalyst-free Pudovik Reactions in Solvents

A number of α-aryl and N-aryl aminophosphonates were prepared by the reaction 
of the corresponding imines with diethyl phosphite in ethanol. Despite the rather 
long (12–24 h) reaction times, only moderate yields (30–64%) could be reached 
(Figure 6.54) [118, 119].

A fluorescent aminophosphonate library was synthesized by the Pudovik reac-
tion. The Schiff bases incorporating potentially fluorescent groups were reacted with 
dibenzyl and diphenyl phosphites in THF (Figure 6.55) [120].

Figure 6.54: Pudovik reaction of aromatic imines with diethyl phosphite.

N

Y

+

Y

P(OEt)2

NH

O

Y = H, 2-OMe, 2-OH, 4-Cl, 2-NO2, 4-NO2
Z = H, 2-Cl, 4-Cl, 2-Br, 4-NO2,

∆, 12–24 h
ethanol

30–64%

Z Z(1 equiv)

P
O

H

OEt

OEt

Figure 6.55: Synthesis of aminophosphonates with fluorescent properties.
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Imines derived from anthracene carbaldehyde were reacted with dialkyl phosphites in 
refluxing diethyl ether or benzene. The α-anthryl-aminophosphonates were obtained 
in yields of 66–74% (Figure 6.56) [121].

Various P-reagents (diethyl phosphite, ethyl phenyl-H-phosphinate and diphenyl-
phosphine oxide) were added to imines incorporating an α-imidazole ring in boiling 
toluene (Figure 6.57) [122].

Schiff bases, prepared from quinoline derivatives, also served as starting mate-
rials in Pudovik reactions. Completion of the addition of P-species on the C=N bond 
required 2 h in boiling toluene (Figure 6.58) [123].

Figure 6.56: Pudovik reaction of anthryl-containing imines.
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Figure 6.57: Addition of >P(O)H reagents to imines with an α-imidazole ring.
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α-Thienyl-aminophosphonates were obtained by the Pudovik reaction of imines with 
α-thiophene ring and dimethyl phosphite. The components were refluxed in aceto-
nitrile for a rather long (72 h) reaction time (Figure 6.59) [124].

Imines bearing a benzothiazole moiety were reacted with dialkyl phosphites or 
diphenyl phosphite in toluene at reflux temperature for 8 h (Figure 6.60) [125].

6.4.1.4 Catalyst- and Solvent-free Pudovik Reactions

The addition of >P(O)H reagents to α-aryl imines took place under MW-assisted 
solvent- and catalyst-free conditions at 80–100 °C to afford α-aminophosphonates 
and α-aminophosphine oxides in yields of 68–97% (Figure 6.61) [126].

Figure 6.59: Pudovik reaction of imines with an α-thiophene ring.
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Figure 6.60: Imines with a benzothiazole ring as starting materials in the Pudovik reaction.
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Diethyl phosphite was added to a 2-hydroxyphenyl Schiff base; the reaction was 
carried out at 110 °C for 1 h. The corresponding 2-hydroxyphenyl α-aminophospho-
nate was reacted further without purification (Figure 6.62) [127].

In the synthesis of aminophosphonates containing an N-pyrazole moiety, unu-
sually large excess (130 equivalents) of diethyl phosphite was applied. In fact, this 
method cannot be considered as a green procedure. The products showed satisfactory 
insecticidal activities in bioassay studies (Figure 6.63) [128].

An imine derived from furan-3-carbaldehyde and propargyl amine was  converted 
to an aminophosphonate by a hydrophosphonylation reaction with dimethyl 
phosphite. The catalyst- and solvent-free addition was complete at 60 °C after 8 h 
(Figure 6.64) [129].

Figure 6.62: Synthesis of a 2-hydroxyphenyl α-aminophosphonate without catalyst and solvent.
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Figure 6.63: Preparation of N-pyrazol-containing α-aminophosphonates.
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Figure 6.64: Pudovik reaction of an α-furyl N-propargyl imine.
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An α-pyrazol and N-isoxazole containing Schiff base was reacted with dialkyl phos-
phites at 100 °C for 4–6 h. The aminophosphonates were obtained in yields of 70–75% 
(Figure 6.65) [130].

6.4.2 Pudovik Reactions of α-aliphatic Imines

α-Fluoroalkyl-aminophosphonates were also synthesized via a Pudovik reaction. 
Schiff bases derived from fluoroalkyl aldehydes were reacted with diethyl phosphite in 
the presence of BF3·Et2O in dichloromethane at room temperature (Figure 6.66) [131].

Pudovik reactions of α-aliphatic imines can also be catalyzed by MoO2Cl2. The 
reaction with diethyl phosphite was performed at 80 °C for 5–30 min. The desired 
α-aminophosphonates were obtained in yields of 95% (Figure 6.67) [117].

Figure 6.65: Addition of dialkyl phosphites to a Schiff base containing α-pyrazol and N-isoxazole 
moieties.
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Figure 6.66: Synthesis of fluoroalkyl-aminophosphonates.

Figure 6.67: Pudovik reaction of α-aliphatic imines catalyzed by MoO2Cl2.
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A terpene-type Schiff base was converted to an α-aminophosphonate by reaction with 
diethyl phosphite at 20 °C for 2 h (Figure 6.68) [132].

The hydrophosphonylation of (N-2-methyl-2-chloropropylidene)alkylamines with 
dialkyl phosphites was performed at room temperature. Depending on the substituents, 
prolonged (60 days) reaction times were necessary in a few cases (Figure 6.69) [133].

N-Sulfonyl and N-carboxylic imine derivatives were also applied as starting materials 
in the Pudovik reaction to prepare the corresponding α-aminophosphonates [134–137].

6.4.3 Stereoselective Pudovik Reactions

A phosphoric acid with 1,1’-bi-2-naphthol (BINOL) moiety was applied as the  catalyst 
in the asymmetric α,β-hydrophosphonylation of conjugated imines. The reactions 
were performed at room temperature for 24 h in xylene. The corresponding products 
were obtained in moderate yields (30–65%) and enantiomer excess values (8–62%; 
Figure 6.70) [138].

Another example for the asymmetric Pudovik reaction was carried out in the 
 presence of chiral Ti-complexes. The additions needed rather long (20–30 h) reaction 
times at room temperature in toluene to afford the chiral aminophosphonates in good 
yields (82–92%) and high enantiomeric purities (92–98%; Figure 6.71) [139].

Chiral quinine derivatives were also utilized as catalysts in the asymmetric hydro-
phosphonylation of aromatic imines. The desired products were obtained in excellent 
yields (93–99%) and ee values (91–99%) after the reaction at room temperature for 
12 h (Figure 6.72) [140].

Figure 6.68: Pudovik reaction of a terpene-type imine.
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Figure 6.69: The hydrophosphonylation of (N-2-methyl-2-chloropropylidene)alkylamines with 
dialkyl phosphites.
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Figure 6.71: A Pudovik reaction catalyzed by chiral Ti-complexes.
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In another case, (R)-menthyl-phenyl-H-phosphinate was added to the double bond of 
O-pivaloylated-D-galactosyl imines. In the presence of BF3·Et2O in THF at room tem-
perature, the addition afforded the desired products in yields of 45–88% and with de 
values of 75–90% (Figure 6.73) [141].
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The reaction of the same chiral phosphinate with chiral aromatic imines led to one pre-
dominant diastereomer. After a reaction at 80 °C for 8 h, the products were obtained 
in yields of 48–65%. The diastereomer excess was 62–98% (Figure 6.74) [142].

Figure 6.72: Asymmetric hydrophosphonylation of aromatic imines mediated by chiral quinine 
derivatives.
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Figure 6.73: Diastereoselective hydrophosphonylation of O-pivaloylated-D-galactosyl imines by a 
chiral phosphinate.
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6.5 Conclusion
In this chapter, the synthesis of α-aminophosphonates and related derivatives by the 
single and the double Kabachnik–Fields condensations, as well as by the Pudovik 
reaction was summarized. This field of organophosphorus chemistry has attracted 
much attention over the last five years. Although there is a wide variety of catalytic 
methods still being applied, the green accomplishments, such as the catalyst- and 
solvent-free reactions and the MW-assisted synthesis, come to the forefront of cont-
emporary research.
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7  The use of the T3P® reagent in the synthesis 

of phosphinic and phosphonic derivatives

Abstract: Cyclic tri(propylphosphonate), the T3P® reagent, made a significant 
 progress in the last decade. After utilizing it in the synthesis of peptides, it was 
applied in a series of organic reactions. This chapter summarizes the possible use of 
the T3P® reagent in organophosphorus syntheses. The T3P® reactant was useful in 
the esterification and amidation of phosphinic acids, as well as in different variations 
of the Kabachnik–Fields condensation to afford α-aminophosphonates. The scope 
and limitations of the use of the T3P® reagent is also summarized.

Keywords: T3P® reagent, phosphinates, phosphinic amides, α-aminophosphonates.

7.1 Introduction
Propylphosphonic anhydride (T3P®) is one of the most important organophospho-
rus reagents. T3P® was discovered and introduced in synthetic organic chemistry by 
Wissmann and Kleiner in 1980 [1]. Originally, it was applied as a coupling agent in the 
synthesis of simple peptide derivatives. Some advantageous properties of the T3P® 
reagent have been soon recognized. The model peptides were obtained in good yields 
and high optical purity. In addition, the anhydride has a good solubility in various 
organic solvents; solutions with more than 50% concentration can be prepared from 
the T3P® reagent in dichloromethane, 1,4-dioxane, tetrahydrofuran, ethyl acetate and 
N,N-dimethylformamide [1, 2]. The excess of the reagent and the “T3P®+H2O” adduct 
formed as the byproduct or even smaller fragments may be easily removed from 
the reaction mixture by alkaline extraction. The T3P® reagent shows low allergenic 
potential and low toxicity. There were no symptoms of intoxication in mice at a more 
than 2000 mg/kg oral dose according to biological examinations [3]. 

The T3P® reagent may be synthesized from propylphosphonic dichloride 
(Method  A) or propyl phosphonic acid (Method B) (Figure 7.1). In the first case 
(Method A), propylphosphonic dichloride was treated with 1 equivalent of water, 
and the mixture was heated to 80 °C. Then, the heating was followed at 80 °C under 
17 torr for 3 h, and under 5 torr for another 3 h. The crude polypropylphosphonic acid 
was obtained in an almost quantitative yield, whose distillation at 200 °C under 0.3 
torr afforded the final product as colorless oil [1]. In the second instance (Method B), 
propylphosphonic acid was heated with acetic anhydride at the boiling point for 24 
h, followed by the removal of acetic acid formed and the excess acetic anhydride. The 
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oligomeric residue was Kugelrohr distilled (300 °C/0.3 mbar) to give the desired trimer 
product in a yield of 72% [4].

The freshly prepared T3P® should be taken up immediately in an inert organic 
solvent to avoid hydrolysis. 

Beyond peptide chemistry, the T3P® reagent was successfully applied in different 
water elimination or condensation reactions. For example, preparation of alkenes 
from primary, secondary or tertiary alcohols under mild conditions [5], the direct con-
version of carboxylic acid amides into nitriles, or formamides into isocyanides [6], the 
N-benzylation of phenothiazine with benzyl alcohols [7], esterification of carboxylic 
acids with alcohols [8] and the synthesis of heterocyclic compounds via cyclization 
[9–11]. Furthermore, T3P® has also been utilized as a promoter in multicomponent 
reactions [12, 13], rearrangements [14, 15], synthesis of pharmaceuticals [16], spirocy-
cles [17] and natural products [17, 18].

Hitherto, the synthetic application of propylphosphonic anhydride (T3P®) has 
been summarized in two comprehensive articles [19, 20] and three short reviews [21–23].

This chapter focuses on the recently discovered T3P®-assisted preparation of 
organophosphorus compounds, such as phosphinates, phosphinic amides and a 
series of α-aminophosphonates.

7.2  T3P®-mediated Synthesis of 
Organophosphorus Compounds

7.2.1 T3P®-assisted Synthesis of Phosphinic Derivatives

Phosphinates are important organophosphorus scaffolds. It is known that the direct 
esterification of phosphinic acids does not take place on conventional heating. For this, 
alternative methods had to be developed for the esterification of phosphinic acids [24].
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Figure 7.1: Synthesis of the T3P® reagent.
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Keglevich and Jablonkai elaborated the efficient esterification of 1-hydroxy-3-methyl-
3-phospholene 1-oxide (1) with a series of acyclic alcohols under mild conditions 
applying 1.1 equivalents of T3P® (Figure 7.2) [25].

Then, two model compounds (1 and 3) were chosen for the detailed study of the 
T3P®-mediated esterification (Figure 7.3) [26].

It can be seen from Table 7.1 that the use of 1.1 equivalents of the T3P® reagent led 
practically to quantitative conversions. The utilization of a second unit of the T3P® 
reagent is also possible, but in the case of the less reactive hydroxy-methyl-3-phos-
pholene 1-oxide (1) using 0.66 equivalents of the T3P® reagent, MW irradiation was 
necessary. Applying only 0.44 equivalents of the T3P® reagent, the esterification is 
possible only with the more reactive phenyl-H-phosphinic acid (3), again under MW 
irradiation. 

The esterification of other five-membered cyclic phosphinic acids was also 
studied (Figure 7.4). The reaction of 1-hydroxy-3,4-dimethyl-3-phospholene 1-oxide 
(5A) with simple C1–C4 alcohols could be performed using only 0.66 equivalents 
of the T3P® reagent under MW conditions. However, in the case of the less reactive 
hydroxy-methylphospholane oxides (5B and 5C), it is better to use 1.1 equivalents of 
the T3P® reagent to obtain the phosphinates (6) in high yields.

2, 76–95%

P
OHO

Me

P
ORO

Me

R = Me, Et, nPr, iPr, nBu, iBu, sBu, Pent, iPent, 3-pentyl, 
cHex, Bn, 3-phenylethyl, 2-(1-naphtyl)ethyl, mentyl

2. ROH 
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Figure 7.2: T3P®-promoted esterification of 1-hydroxy-3-methyl-3-phospholene 1-oxide.

Figure 7.3: A detailed study of the T3P®-assisted esterification of selected phosphinic acids.
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Application of the T3P® reagent was also extended to the amidation of phosphinic 
acids. 1-Hydroxy-3-methylphospholene oxide (1) was converted to the corresponding 
amides (7) by reaction with primary and secondary amines using 1.1 equivalents of 
the T3P® reagent at room temperature (Figure 7.5). 

It is worth noting that this was the first synthesis of phosphinic amides directly 
from phosphinic acids.

The efficiency of these derivatization techniques lies in the fact that in the 
first step, the phosphinic acid is converted to a more reactive mixed anhydride (8) 
by reaction with the T3P® reagent (Figure 7.6) [27]. Then, the reactive intermediate 
(8) is  attacked by the nucleophile that may be butyl alcohol or butylamine. It was 

Table 7.1: The optimization of the esterification in the presence of the T3P® reagent.

Product T3P® (equiv.) Mode of heating Temp. (°C) Time (min) Yield (%)

H
P

Ph

OnBuO
4

1.1 – 25 30 95

0.66 – 25 30 91

0.44 – 25 30 79

0.44 ∆ 85 15 78 

0.44 MW 85 15 89

P
OnBuO

Me

2a

1.1 – 25 30 82

0.66 – 25 30 42

0.66 ∆ 85 30 56
0.66 MW 85 30 79

2. ROH 

25–85 °C, 15 min – 2 h 
1. T3P®/ EtOAc 

P
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P
Y2Y1 Y2

ORO

Y1

Y2

MeMe
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Me MeMe
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57–83 57–67 55–650.66 equiv. T3P®

Yield
(%)

65
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Figure 7.4: Esterification of five-membered cyclic phosphinic acids in the presence of the 
T3P® reagent.
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found that the amidation of intermediate 8 is a two-step process, while the esterifi-
cation follows a one-step protocol. The driving force for the esterification is higher  
(ΔH = –59.2 kJ mol–1) than that for the amidation (ΔH = –31.6 kJ mol–1), which is in 
accord with the experimental results.

7.2.2 The T3P®-assisted Synthesis of α-aminophosphonates

The α-aminophosphonates are potentially bioactive molecules as they are structural 
analogues of the α-amino acids. They can be used as antibiotics, antibacterial, anti-
cancer and antiviral drugs [28–30]. They can also be applied as herbicides, fungicides 
and insecticides in the agriculture industry [31–34]. Therefore, the synthesis of these 
valuable compounds is nowadays in the focus.

Milen et al. described a T3P®-promoted efficient synthesis of α-aminophospho-
nates under mild conditions (Figure 7.7) [35]. The one-pot three-component reaction 
of benzaldehyde, aromatic amines and triethyl phosphite at room temperature in the 
presence of 1 equivalent of the T3P® reagent led to the corresponding products (9) in 
high yields (80–96%).

The T3P®-assisted Kabachnik–Fields reaction was extended to several benzal-
dehyde derivatives as well (Figure 7.8). The different substituents did not have an 
impact on the yields (84–95%) of the products (10).

According to the mechanism suggested, T3P® is involved in the first step of the 
reaction as a dehydrating agent (Figure 7.9). The formation of the imine intermedi-
ate (11) from the aldehyde and the aniline leads to tripropyl-triphosphonic acid 
(“T3P®+H2O”) as the byproduct. In the next step, triethyl phosphite attacks the carbon 
atom of the imine function. Then, “T3P®+H2O” protonates the adduct so formed, and 
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Figure 7.5: Amidation of 1-hydroxy-3-methyl-3-phospholene 1-oxide using the T3P® reagent.
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the phosphonium salt (12) undergoes an Arbuzov fission to afford the α-aminophos-
phonate (13) as the product and “T3P®+EtOH” as the byproduct.

Bis(α-aminophosphonates) (14) were synthesized in a similar way (Figure 7.10) 
[36]. 4-Phenylenediamine was reacted with 2 equivalents of an aromatic aldehyde 
and 2 equivalents of triethyl phosphite in the presence of 2 equivalents of the T3P® 

26 °C, 5 min 

9, 80–96%

Ar = Ph, 4-MeC6H4, 4-PhC6H4, 4-FC6H4, 4-ClC6H4, 4-BrC6H4, 4-O2NC6H4, 
4-EtO2CC6H4, 4-MeOC6H4, 3,4-(MeO)2C6H4, 4-MeSC6H4, 2-Ph(OC)C6H4,
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Figure 7.7: T3P®-promoted condensation of benzaldehyde, aromatic amines and triethyl phosphite.

Figure 7.8: Kabachnik–Fields reaction of substituted benzaldehydes, aniline and triethyl phosphite 
in the presence of the T3P® reagent.

Figure 7.9: Proposed mechanism for the T3P®-assisted Kabachnik–Fields reaction of an aromatic 
aldehyde, aromatic amine and triethyl phosphite.
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reagent at 25 °C. It was found that using diethyl phosphite instead of triethyl phos-
phite, the condensation was slightly more efficient. Compare the yields of 66–87% 
versus 64–80%.

Terephtalaldehyde was also converted to bis(α-aminophosphonates) in reaction 
with 2 equivalents of the aniline derivatives and the P-reagents. Both triethyl phos-
phite and diethyl phosphite were suitable reactants (Figure 7.11). The corresponding 
products (15) were obtained in variable yields (46–95%) under mild conditions.

The T3P® reagent was successfully applied in the synthesis of dialkyl 
 (3-oxo-2,3-dihydro-1H-isoindol-1-yl)phosphonates (16) (Figure 7.12) [37]. The reac-
tion of 2-formylbenzoic acid, amines and triethyl phosphite or diethyl phosphite 
required 1.5 equivalents of the T3P® reagent. The one-pot condensation was 
carried out in boiling ethyl acetate to give the products (16) in yields of 52–92%. 
The substituents of the amines greatly influenced the yields.

26 °C, 3–9 h 

14, 64–87%
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P(O)(OEt)2HNNH2
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or
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26 °C, 1.5–5 h
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P(OEt)3 T3P®

P(O)(OEt)2
CHO

P(O)(OEt)2

or

HP(O)(OEt)2

ArHN

ArHN

Figure 7.10: The synthesis of bis(α-aminophosphonates) starting from 4-phenylenediamine using 
the T3P® reagent.

Figure 7.11: T3P®-promoted bis-condensation of terephtaldehyde with substituted anilines and 
P-reagents.
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7.3  Scope and Limitations of the Use of the 
T3P® Reagent

The T3P® reagent is indeed a powerful condensing agent. There are only two shortco-
mings. One of them is the relatively high price of this reactant (100 ml of a 1.63 mmol/
ml ethyl acetate solution costs 207 Euros [38]). The other disadvantage is the relatively 
low atomic efficiency that is the consequence of the fact that only one –PrP(O)O–  
unit is utilized from among the three P moieties of the reactant. It was shown in 
Section 7.2 that the more reactive phosphinic acids, such as 1-hydroxy-3-methyl- and 
3,4-dimethyl-3-phospholene oxides 1 and 5A, could be esterified efficiently in the pre-
sence of only 0.66 equivalents of the condensing agent. However, there was a need for 
a temperature of 85 °C under MW irradiation. In special cases, such in the reaction of 
the rather reactive phenyl-H-phosphinic acid (3), already 0.44 equivalents of the T3P® 
reagent is enough at 85 °C on MW irradiation [26]. 

7.4 Summary
The T3P® reagent received a number of applications in organic chemistry. This chapter 
summarized the recent results on the utilization of this elegant activating agent in the 
field of organophosphorus reactions, as exemplified by the derivatization of phosphi-
nic acids, and the different variations of the Kabachnik–Fields reactions.

Acknowledgment: This work was supported by the National Research, Development 
and Innovation Office (K119202).
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Figure 7.12: T3P®-assisted one-pot synthesis of (oxoisoindolin-1-yl)phosphonates.
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8 P–C couplings by the Hirao reaction

Abstract: The Hirao reaction that comprises a P–C coupling between an aryl halide 
and a dialkyl phosphite in the presence of a Pd(0) catalyst to afford the corresponding 
arylphosphonate ran a nice career in its 37 years. This chapter summarizes the bases, 
and the most important variations/extensions showing the synthesis of phosphinates 
and tertiary phosphine oxides besides phosphonates. The green chemical accomplis-
hments get a special stress.

Keywords: Hirao reaction, P–C coupling, phosphonate, phosphinate, phosphine 
oxide, green chemistry.

8.1 Introduction
The P–C coupling reaction of aryl, hetaryl and vinyl halides (or other derivatives) 
with Y1Y2P(O)H reagents, such as dialkyl phosphites (Y1,Y2 = RO), alkyl H-phosphi-
nates (Y1 = RO, Y2 = R, Ar) and secondary phosphine oxides (Y1,Y2 = R, Ar), means 
an important protocol for the synthesis of phosphonates, phosphinates and phos-
phine oxides, respectively [1, 2]. The original Hirao reaction involves the preparation 
of arylphosphonates. This was followed by different variations applying a series 
of >P(O)H reactants, preformed or in situ formed Pd(0) catalysts from Pd(II) salts, 
or other metal precursors (Ni and Cu) and mono- and bidentate P-ligands, bases 
(mostly amines), and solvents. In this chapter, the Pd-catalyzed accomplishments 
are in the focus. The green chemical approaches comprising phase transfer catalytic 
and microwave-assisted variations, along with P-ligand-free and solvent-free proto-
cols are also surveyed.

8.2 Hirao Reaction using the Pd(0) Catalyst
Hirao reported the first P–C cross-couplings comprising the reactions of aryl and vinyl 
halides with dialkyl phosphites in the presence of tetrakis(triphenylphosphine)palla-
dium (Figure 8.1). The phosphonates (1) were obtained in most cases in high yields, 
using triethylamine, tributylamine and pyridine as the base along with toluene as the 
solvent [3–5].
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It is generally believed that the mechanism of the Hirao reaction is similar to the C–C 
coupling reactions (Figure 8.2). The first step is the oxidative addition of the aryl deri-
vative (ArX) to the Pd(0) complex. The next step involves the ligand exchange, when 
the deprotonated (RO)2P(O)H replaces the X– anion of adduct 2. Finally, the corre-
sponding phosphonate (4) is formed by reductive elimination from intermediate 3.

The Hirao reaction was then extended to other models. The most important 
results are summarized in Figure 8.3 [6–37]. Substituted aryl and vinyl halide or 
triflates were reacted with dialkyl phosphites, alkyl H-phosphinates and secondary 
phosphine oxides utilizing the Pd(PPh3)4 catalyst in the presence of triethylamine, 

ZX +

90–100 °C, 0.2–64 h
5% Pd(PPh3)4

base

base: Et3N, Bu3N, pyridine
Z = Ph, 4-NH2C6H4, 4-HOC6H4, 2-(CH2OH)C6H4, 4-MeOC6H4, 4-MeC6H4, 2-MeC6H4,
       4-NHC(O)MeC6H4, 4-ClC6H4, 4-BrC6H4, 2-BrC6H4, 2-HO2CC6H4, 2-MeO2CC6H4,
       4-C(O)MeC6H4, 4-CNC6H4, 4-NO2C6H4, 1-naphthyl, 3-pyridyl, allyl, 1-cyclohexenyl,
       styryl, 1-phenylvinyl
X = I, Br
R = Et, iPr, Bu

toluene or
no solvent 1, 3–98%

P
O

H

RO

RO
P

O

Z

RO

RO

Figure 8.1: The first examples of the Hirao reaction.

Pd0Ln
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RO

Ar

PPd+2Ln

Ar
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OR
OR

+ basebaseH X P

O

RO
RO

H

XPd+2Ln

Ar

ArX

Reductive elimination Oxidative addition

Ligand
exchange

X = I, Br, OTf, etc.
L = phosphine ligand

23

4

Figure 8.2: Mechanism of the classical Hirao reaction.
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diizopropylethylamine or methylmorpholine in toluene, acetonitrile, DMF, THF or 
benzene as the solvent. The yields fell in the range of 18–98%, but were mostly high.

It is also possible that a Pd(0) precursor is used together with bidentate P-ligands. 
Typical combinations are Pd2(dba)3/dppf [38, 39], Pd2(dba)3/dppp [40, 41], Pd(dba)2/
dppp [42–45], Pd2(dba)3/BINAP, Xantphos, Josiphos and dppf [46].

8.3  P–C Couplings using a Pd Precursor/Ligand 
System

Instead of Pd(PPh3)4, Pd salts in combination with P-ligands could also be used. 
In this case, the active Pd(0) catalyst is formed in situ in the reaction mixture. Sta-
winski and coworkers compared different Pd precursor/PPh3 systems in the reaction 
of iodo- and bromobenzene with diethyl phosphite (Figure 8.4) [47]. From among 
the two Pd salts tested, Pd(OAc)2 was found to be the best. In the catalytic systems, 

Figure 8.3: Extension of the Hirao reaction.

ZX +

5, 18–98%

Y1

Y2 OiPr

28,3634 34 34 33 30 31

OBu

3122-24ref. 32
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Ph

OEt
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OEt

CH(OEt)2MePh

OEt

Ph

OBu
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Ph Bu

OEtOMe

36

Ph

OPr OEt

36

Et

OBu

36

Pr

2–10% Pd(PPh3)4
base

Hex

Z = Ph, 4-NH2C6H4, 4-MeOC6H4, 4-NHC(O)MeC6H4, 4-ClC6H4, 4-BrC6H4, 2-BrC6H4, 2-MeO2CC6H4, 4-C(O)MeC6H4,
       4-CNC6H4, 4-NO2C6H4, 2-naphthyl, allyl, 1-(4-tBu-cyclohexenyl), styryl, 1-heptenyl, etc.
X = I, Br, OTf
Y1, Y2 = Ph [28,35], 4-BrC6H4 [25], OMe [15], OEt [6-21,36,37], OiPr [6], OBu [6], OtBu [11,29]

base: Et3N, iPr2NEt, Me-morpholine
solvent: toluene, acetonitrile, DMF, THF, benzene

26,27

Y1

P
H

O

Y2

Y1

P
Z

O

Y2

X = I, Br
Pd(II) salt: Pd(OAc)2, PdCl2
anionic additives: Bu4N(OAc), Bu4NBr, Bu4NCl

+

60 °C, 1–24 h
Pd(II) salt/PPh3
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6, ~100%
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H
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Figure 8.4: Testing Pd(III) salts as Pd(0) precursors.
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ammonium salts were tested as additives, and it was found that the acetate ions 
promoted the P–C coupling.

The same research group investigated the reaction of aryl halides and triflates 
with dialkyl phosphites in the presence of Pd(OAc)2 using, this occasion, different 
P-ligands together with acetate additives (Figure 8.5) [48]. It was found that a smaller 
amount of the catalyst was enough in the case of KOAc additive.

As a heterocyclic phosphonate, 3-phosphonothiophene (7) was synthesized by 
the P–C coupling of 3-bromothiophene with diethyl phosphite using Pd(OAc)2 and 
dppf as the catalyst system, and NaOAc as an acetate additive in THF (Figure 8.6) [49].

The Pd(OAc)2/ligand system was often applied in the synthesis of arylphosphona-
tes, and this catalyst system was, in most cases, found more efficient than the classi-
cal Pd(PPh3)4 catalyst [50–60].

Aryl-imidazolium sulfuric derivatives were also suitable starting materials in 
coupling with dialkyl phosphites to afford the arylphosphonates (4) in high yields 
(Figure 8.7) [61]. However, the use of aryl-imidazolium sulfuric derivatives is not too 
practical from the point of view of atomic efficiency.

Montchamp and coworkers synthesized a series of phosphinates (8) by the reac-
tion of aryl derivatives and H-phosphinates in solvent/co-solvent systems (Figure 8.8) 
[62, 63]. It was assumed that the role of the co-solvent is to facilitate the  tautomerization 

Ar = Ph, 4-MeOC6H4, 2-MeC6H4, 4-FC6H4, 4-NO2C6H4, 1-naphthyl, 2-naphthyl,
        9-phenantryl, 3-pyridyl, 4-pyridyl
X = I, Br, OTf
R = Me, Et, iPr
L = PPh3, dppp, dppb, dppf, BINAP
acetate additive: NaOAc, KOAc, LiOAc, CsOAc, Bu4N(OAc)

+

60–68 °C, 0.5–32 h
Pd(OAc)2/L

acetate additive
Et3N
THF

ArX P
O

H

RO

RO
P

O

Ar

RO

RO
4, 63–98%

Figure 8.5: Testing acetate additives in the Hirao reaction.

+
THF

7, 72%

P
O

H

EtO

EtO
P

OEtO

EtOS

Br

60 °C, 24 h
Pd(OAc)2/dppf

NaOAc
iPr2NEt

S

Figure 8.6: Phosphonation of bromothiophene.

 EBSCOhost - printed on 2/13/2023 3:27 AM via . All use subject to https://www.ebsco.com/terms-of-use



162   Réka Henyecz and György Keglevich

+

Ar = Ph, 4-MeOC6H4, 3-MeOC6H4, 4-MeC6H4, 4-PhC6H4, 4-ClC6H4, 4-EtO2CC6H4,
         4-MeC(O)C6H4, 1-naphthyl
R = Et, iPr
L = dppp, dppf, XPhos
base: Et3N, iPr2NEt, Na2CO3, Cs2CO3, K3PO4
solvent: toluene, DMF, DMA, acetonitrile, THF, dioxane

solvent

reflux
Pd(OAc)2/L

base
Ar

O
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N

N

O O
P

O

H

RO
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P

O

Ar

RO

RO
4, 85–99%

Figure 8.7: Aryl-imidazolium sulfuric derivatives as “aryl” sources in the Hirao reaction.

+
solvent/co-solvent

ArX

reflux or 110 °C
Pd(OAc)2/L
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Ar = Ph, 3,4,5-triMeOC6H2, 2-ClC6H4, 4-MeO2CC6H4, 2-EtO2CC6H4, 4-CF3C6H4, 4-CNC6H4,
         4-NO2C6H4, 2-NO2C6H4, C6F5 , 2-pyridyl, 2-pyrimidyl, 2-Cl-pyrazine
X = I, Cl, Br, OTf
L = PPh3, dppf, dppe, dppp, BINAP, DPEphos, xantphos, polystyrene-supported Pd-nixantphos
base: iPr2NEt, pyridine, propylene oxide
solvent: toluene, DMF, ethanol, tertamyl alcohol, acetonitrile, ethylene glycol, dimethoxyethane
co-solvent: butanol, ethylene glycol, polyethylene glycol, polypropylene glycol, dimethoxyethane,
                       tetramil alcohol, 1,3-diphenylurea, methylcellulose, diglyme

8, 47–96%

Y1

Y2

octyl

OEt

chexyl

OEt

(CH2)4Ph

OEt

Me

OBu

CMe(OEt)2

OEt
P

O

H

Y1

Y2
P

O

Ar
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Figure 8.8: Utilization of the Hirao reaction in the synthesis of phosphinates.

of the >P(O)H species to the >P(OH) form. It was assumed that it is the trivalent form 
that reacts with the aryl derivatives. It is noteworthy that aryl chlorides could also be 
used in the coupling reactions.

In combination with bidentate P-ligands, Pd(OAc)2 was used in the synthesis of 
1,1-binaphthyl derivatives with a phosphinoyl function (9) (Figure 8.9) [64–74].

OTf
X

9

+

90–120 °C, 2–16 h
Pd(OAc)2/L

base

solvent
P
X

O

X = H, OH, OTf, NMe2, CO2Me, NHC(O)Me
Y = Ph, 4-MeOC6H4, 4-FC6H4, 3,5-diFC6H3, Me, iPr, cHex
L = dppp, dppb
base: iPr2NEt, NaHCO3
solvent: DMSO, toluene

P
O

H

Y

Y

Y
Y

10, 10–90%

Figure 8.9: Utilization of the Hirao reaction in the synthesis of tertiary phosphine oxides.
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Among others, diethyl phosphite, ethyl phenyl-H-phosphinate and diphenylphos-
phine oxide were reacted with arylboronic acids in the presence of Pd(OAc)2 and dif-
ferent P-ligands (Figure 8.10) [75]. The best results were obtained with dppp as the 
P-ligand and K2CO3 as the base.

8.4  P–C Couplings in the Presence of Cu and Ni 
Catalysts

Other transition metal catalysts, such as Cu and Ni catalysts, were also applied in P–C 
coupling reactions. Regarding cost, this variation is cheaper than the Pd-catalyzed 
accomplishment. Cu and Ni catalysts can be used in the Hirao reaction, when the aryl 
derivative and/or the >P(O)H species are reactive enough.

8.4.1 Cu-catalyzed P–C Coupling Reactions

Beletskaya et al. synthesized diethyl arylphosphonates (11) by the coupling of aryl 
iodides and diethyl phosphite in the presence of CuI as the catalyst precursor and 
N-ligands (Figure 8.11) [76].

The Cu-catalyzed P–C coupling of 2-haloacetanilides and dialkyl phosphites or 
diphenylphosphine oxide was described in the presence of CuI and N-methylpyrroli-
dine-2-carboxamide as the N-ligand (Figure 8.12) [77]. 

Another example may be the Cu-catalyzed coupling of oxazoline-substituted aryl 
bromides with different diarylphosphine oxides (Figure 8.13) [78].

Zhao and coworkers studied the P–C coupling reaction of aryl halides with an 
H-phosphinate, a secondary phosphine oxide and dialkyl phosphites in the pre-
sence of the CuI/N-ligand catalyst systems to provide the phosphorylated products 

ArB(OH)2
+

Y1

Y2

OEt OEt

OEt Ph

Ph

Ph P
O

90 °C, 24 h
Pd(OAc)2/L

base

solvent

Ar = Ph, 4-SMeC6H4, 4-MeOC6H4, 4-CF3OC6H4, 4-PhC6H4, 4-MeC6H4, 4-MeO2CC6H4, 3-CF3C6H4,
         4-CNC6H4, 3-NO2C6H4, 4-HOCH2C6H4, 3-MeC(O)NH, 4-NPh2C6H4, 2-naphthyl, 3-pyridyl

L = Ph3, dppp, dppb, bpy
base: Et3N, K2CO3, Na2CO3, Cs2CO3, K3PO4
solvent: dioxane, DMF, toluene, acetonitrile, dichloroethane

P
O

H

Y1

Y2
P

O

Ar

Y1

Y2

8, 20–95%

O

O

O

O

Figure 8.10: The use of arylboronic acids in the Hirao reaction.
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(8) in variable yields (Figure 8.14) [79, 80]. The reactivity of aryl bromides could be 
 enhanced via halogen exchange by the addition of KI.

Arylboronic acids may be suitable starting materials in the Cu-catalyzed  coupling 
with dialkyl phosphites to furnish arylphosphonates (6) in yields of 54–96% 
(Figure 8.15) [81].

Ar = Ph, 4-MeC6H4, 4-MeOC6H4, 4-BrC6H4, 4-MeC(O)C6H4
L = bpy, phenanthroline, Me-imidazole, TMEDA, benzoin-oxime,
       salicylaldehyde-oxime, salicylaldehyde-phenylhydrazone
base:K2CO3, Cs2CO3
solvent toluene, dioxane, DMF

+

100–130 °C, 5–30 h
CuI/L
base

solventArI P
O

H

EtO

EtO
P

O

Ar

EtO

EtO
11, 42–100%

Figure 8.11: Example for a Cu-catalyzed Hirao reaction.
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CuI/L

Cs2CO3

dioxane
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H

Y

Y

H
N

O

CF3
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Y Y
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12, 50–93%R1, R2 = H, Me, Br, NO2

L = N-methylpyrrolidine-2-carboxamide
Y = OiPr, OBu, Ph

Figure 8.12: Hirao reactions starting from 2-haloacetanilides.

R1, R2, R3 = H, tBu, iPr, CF3, Ph

Ar = 4-CF3C6H4, 3,5-diCF3C6H3

+

110 °C, 15–42 h
CuI/ DMEDA

Cs2CO3
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H

Ar

Ar
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Figure 8.13: Hirao reactions providing triarylphosphine oxides.
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8.4.2 Ni-catalyzed P–C Coupling Reactions

Zhang et al. described the coupling of aryl mesylates and tosylates with >P(O)H 
reagents, such as diarylphosphine oxides, H-phosphinates and diethyl phosphite in 
the presence of the NiCl2(dppf) catalyst system (Figure 8.16) [82]. Zn was added to the 
reaction mixture to promote the reduction of Ni(II) to Ni(0).

Aryl bromides were reacted with dimethyl phosphite and diphenylphosphine 
oxide in a similar way applying Ni catalysts (Figure 8.17) [83]. These reactions gave 
the best results in the presence of NiCl2(dppp) and K3PO4 in dioxane.

Phenol derivatives could also be involved in P–C coupling reactions after conver-
ting the hydroxy function to a better leaving group by reaction with bromotripyrroli-
dinophosphonium hexafluorophosphate (PyBroP) (Figure 8.18) [84]. 

The reactions of aryl halides with diphenylphosphine oxides were also carried 
out using the Ni(Zn) catalyst together with N-ligands in water (Figure 8.19) [85].

ArX +

110 °C, 20–48 h
CuI/L
base

solvent

Ar = Ph, 4-MeC6H4, 4-ClC6H4, 4-BrC6H4, 4-NO2C6H4
X = I, Br
L = pyrrolidine 2-phosphonic acid phenyl monoester, proline, pipecolinic-acid
base: Cs2CO3, K2CO3, DMAP
solvent: toluene, DMF

OEt
OEt

OiPr
OiPr

OEt
Ph

Ph
Ph

P
O

H

Y1

Y2

Y1
Y1

Y2Y2
P

O

Ar
8, 24–91%

Figure 8.14: Additional examples for Cu-catalyzed P–C couplings.

ArB(OH)2
+

solvent

air
25 °C, 24 h
Cu salt/ L

base

Cu salt: CuO, Cu2O, Cu(OAc)2, Cu(OTf)2, CuCl2, CuBr2, CuCl, CuBr, CuI 
L = 1,10-phenantroline, TMEDA, DMEDA, hydroxyquinoline, 2-aminoaniline
base: Et3N, iPr2NEt, K2CO3, Cs2CO3, pyridine
solvent: toluene, acetonitrile, CH2Cl2, THF, DME, DMSO

Ar = Ph, 4-MeC6H4, 3-MeC6H4, 2-MeC6H4, 4-MeOC6H4, 4-PhC6H4, 4-FC6H4, 4-MeO2CC6H4, 
4-MeC(O)C6H4, 4-CF3C6H4, 4-CNC6H4, 3-NO2C6H4, 2-MeO-4-BrC6H3, 4-vinyl-C6H4, 
1-naphthyl, 2-naphthyl

R = Me, Et, iPr, Bn

6, 54–96%

P
O

H

RO

RO
P
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Ar

RO
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Figure 8.15: Arylboronic acids as starting materials in Cu-catalyzed P–C coupling reactions.
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ArX +

100–140 °C, 36 h
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Figure 8.16: Ni-catalyzed Hirao reactions including a bidentate P-ligand.
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1-naphthyl, 2-naphthyl, 3-quinolinyl, 5-indolyl, 2-pyrazinyl, 2-pyridyl
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+

Y = OMe, Ph

P
O

H

Y

Y
P

O

Ar

Y

Y

Figure 8.17: Additional P–C couplings in the presence of the Ni(II)/P-ligand catalyst system.
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Ar = 4-MeOC6H4, 4-PhC6H4, 4-MeC(O)C6H4, 4-CNC6H4, 1-naphthyl, 2-naphthyl,  2-quinolinyl, 
8-quinolinyl, 5-phenanthridinyl, 4-carbazolyl, 2-pyridyl
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8, 30–98%

Figure 8.18: Hirao reaction after activating the hydroxy group of phenols.
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A special Ni catalyst comprising dimethyoxyethane as the ligand was used in the P–C 
coupling of aryl/hetaryl chlorides and diphenylphosphine oxide. The triarylphos-
phine oxides (14) were obtained in acceptable yields (Figure 8.20) [86].

ArX +

70 °C, 15–24 h
Ni salt/ L

(Zn)
baseP

O

H

Ph

Ph
P

O

Ar

Ph

Ph

Ar = Ph, 4-NH2C6H4, 3-NH2C6H4, 2-NH2C6H4, 4-OHC6H4, 4-PhC6H4, 4-MeC6H4, 4-MeOC6H4, 
3-MeOC6H4, 4-ClC6H4, 4-BrC6H4, 4-IC6H4, 4-MeC(O)C6H4, 1-naphthyl, 2-naphthyl

X = I, Br

4-MeC6H4

4-MeC6H4

4-MeOC6H4

4-MeOC6H4

4-CF3C6H4

4-CF3C6H4

3,5-diMeC6H3

3,5-diMeC6H3

Y1

Y2

H2O

Ni salt: NiCl2*6H2O, Ni(OAc)2*6H2O, Ni(NO3)2*6H2O
L = bpy, pyridine, dibenzylethylenediamine, dianilinoethane, TMEDA

OEt

OEt

OEt

Ph
Ph

Ph

14, 75–97%

Figure 8.19: Ni-catalyzed Hirao reaction including N-ligands.
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O

H

Ph

Ph
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Ph

Ph

Ar = 4-MeOC6H4, 4-MeC6H4, 4-CF3C6H4, 4-CNC6H4, 3-CNC6H4, 2-CNC6H4,
         4-NHC(O)MeC 6H4, 1-naphthyl, 3-(N-Me-indolyl), 8-quinolyl, 2-benzothiazolyl
L = dimethoxyethane
base: K2CO3, tBuONa

DMF

14, 46–87%

Figure 8.20: Hirao reaction in the presence of NiCl2-dimethoxyethane.

ArB(OH)2 +

100 °C, 24 h
Ni precursor/L

baseP
O

H

Y

Y
P

O

Ar

Y

Y
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         4-FC6H4, 4-ClC6H4, 4-MeC(O)C6H4, 4-MeO2CC6H4, 2-naphthyl
Y = Ph, 4-MeC6H4, 4-MeOC6H4, 4-NMeC6H4, 4-FC6H4, Pent, OEt

Ni precursor: NiBr2, NiCl2, Ni(OAc)2, Ni(acac)2, Ni(PPh3)2Cl2
L = pyridine, bpy, dppp, TMEDA, 1,10-phenantroline
base: K2CO3, Cs2CO3, pyridine, Et3N
solvent: dichloroethane, dioxane, toluene, DMF

solvent
8, 50–97%

Figure 8.21: Ni-catalyzed P–C coupling reactions starting from arylboronic acids.
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Zhao et al. performed the reaction of arylboronic acids with different >P(O)H reagents 
in the presence of Ni catalysts comprising different N- and P-ligands (Figure 8.21) [87]. 
NiBr2 with pyridine as the ligand is a good choice for the catalyst, and the correspon-
ding products (8) were obtained in variable yields.

8.5  Green Chemical Approaches of the Hirao 
Reaction

8.5.1  Microwave-assisted and Phase Transfer Catalyzed P–C 
Coupling Reactions

“Greener” and more effective accomplishments of the Hirao reaction were elaborated 
in the past two decades. The widely used microwave (MW) and phase transfer cata-
lytic techniques offered advantages also in the coupling reactions under discussion.

The first MW-assisted Hirao reaction was reported to take place between aryl 
halides/triflates and diethyl phosphite using bis(triphenylphosphine)palladi-
um-dichloride as the catalyst, triethylamine as the base, and triethylsilane as the 
reducing agent (Figure 8.22) [88]. The coupling reaction was carried out in a Teflon 
autoclave using a domestic MW oven.

The cross-coupling of dialkyl phosphites with aryl and vinyl halides/triflates was 
also investigated in the presence of tetrakis(triphenylphosphine)palladium under 
MW irradiation (Figure 8.23) [89]. The best results (72–96%) were obtained using 
Cs2CO3 as the base in THF.

The MW technique was successfully applied in the synthesis of progesterone 
receptor antagonist P-containing 11β-aryl-substituted steroids (Figure 8.24) [90].

Several arylboronic acids and arylfluoroborates were reacted with dialkyl phos-
phites employing the Pd(OAc)2 or Pd(O2CCF3)2/dmphen catalyst system and p-ben-
zoquinone without the addition of a base (Figure 8.25) [91]. The authors assumed a 

ArX +

MW
3–22 min

PdCl2(PPh3)2
Et3N, HSiEt3

11, 13–97%

P
O

H

EtO

EtO
P

O

Ar

EtO

EtO

Ar = 4-MeC6H4, 4-MeOC6H4, 4-BrC6H4, 4-ClC6H4, 4-HO2CC6H4, 4-MeO2CC6H4, 3-MeO2CC6H4,
         2-MeO2CC6H4, 2-MeO2CCH2C6H4, 2-MeOCH2C6H4, 4-MeC(O)NHC6H4, 4-MeSO3C6H4
X = I, Br, Cl, OTf

toluene

Figure 8.22: The first Hirao reaction under MW conditions.
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1, 72–96%
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O
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RO

RO
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O
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RO

RO

Z = Ph, 4-MeOC6H4, 4-NO2C6H4, 1-naphthyl, 2-naphthyl, 9-phenanthryl,
       3-pyridyl, vinyl, 1-methylvinyl, 2-methylvinyl
X = I, Br, OTf
R = Me, Et, iPr, Bn

THF

Figure 8.23: MW-assisted P–C coupling in the presence of Pd(PPh3)4.

+

MW
150 °C, 30 min
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15, 19–52%
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Y = Me, OMe, OEt, OCH2CF3, Ph, 4-ClC6H4, OPh

O
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O Y1
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Figure 8.24: The synthesis of 11β-aryl-substituted steroids utilizing the Hirao reaction.

ZY +
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100–120 °C, 20–30 min

Pd(OAc)2or Pd(O2CCF3)2, dmphen
p-benzoquinone

1, 37–90%

P
O

H

RO

RO
P

O

Z

RO

RO

Z = Ph, 4-MeC6H4, 3,4-(MeO)2C6H3, 3-PhC6H4, 4-BrC6H4, 3-BrC6H4, 4-MeO2CC6H4,
       4-MeC(O)C6H4, 1-naphthyl
Y = B(OH)2, BF3K
R = Me, Et

DMF

Figure 8.25: P–C coupling of arylboronic acids and arylfluoroborates under MW conditions.

mechanism involving a “reoxidant for the regeneration of Pd.” The authors of this 
chapter believe that the use of an oxidant in the Hirao reaction is mistaken. Rather, a 
reductive agent should be used.

A new cyclodiphosphazane-containing Pd catalyst was developed and tested in 
the synthesis of triarylphosphine oxides from aryl bromides and diphenylphosphine 
oxide (Figure 8.26) [92]. The use of this exotic catalyst and Cs2CO3 as a base in aceto-
nitrile led to yields of 46–95% under MW conditions.

Beletskaya et al. investigated solid–liquid phase transfer catalyzed P–C coupling 
reactions (Figure 8.27) [93–96]. The beneficial effect of the triethylbenzylammonium 
chloride (TEBAC) catalyst was proved. The experimental data are listed in Table 8.1.
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14, 43–95%
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Ph
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Ar

Ph

Ph

Ar = Ph, 2-MeC6H4, 4-MeC6H4, 3-MeOC6H4, 4-MeOC6H4,
4-CNC6H4, 2-HOCH2C6H4, 2-naphthyl

MeCN
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O O
P P
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N
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P
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tBuHN
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Figure 8.26: A Hirao reaction catalyzed by a cyclodiphosphazane-containing Pd complex.

ArX +

T, t
Pd or Ni cat.

TEBAC
K2CO3P

O

H

Y1

Y2
P

O

Ar

Y1

Y2

Ar = Ph, 4-MeOC6H4, 4-MeC6H4, 4-ClOC6H4, 4-HO2C6H4,
         4-EtO2CC6H4, 4-CNC6H4, 9-Br-10-antracenyl
X = I, Br
For Y1Y2 P(O)H, catalyst and solvent, see Table 8.1.

solvent

10, 44–85%

Figure 8.27: A phase transfer catalyzed P–C coupling protocol.

Table 8.1: Hirao reaction in the presence of TEBAC as the phase transfer catalyst.

Y1Y2P(O)H Catalyst Solvent Temp.  
(°C)

Time  
(h)

Yield  
(%) Ref.

PdCl2, Pd(OAc)2 – or MeCN 60–80 6–64 52–86 [93, 94]

Pd(OAc)2/PPh3 
Pd(OAc)2/P(2-
furyl)3

MeCN 70–80 6–40 69–85 [94]

PdCl2

Dioxane 100 6

73

[95]PdCl2(PPh3)2, 
NiCl2(PPh3)2

50–75

PdCl2(PPh3)2 Dioxane 90–100 1.5–5a 55–67 [96]

P
O

H

EtO

EtO

O P
H

O

P
O

H

Y1

Omonosach.

Y1 = OEt, OBu, Ph,
cyclo-C6H11O,SugO

a In the case of the coupling with butyl glucofuranosyl phosphite, combination of the phase transfer catalytic and 
the MW techniques led to reduced (from 3 h to 14 min) reaction times.
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 The Pd(OAc)2-catalyzed phosphonylation of aryl bromides with diethyl phosphite 
required a reaction time of 64 h in the absence of added P-ligands, while the coupling 
with the more reactive iodides was complete after 6 h under the same conditions. In 
the presence of P-ligands, the P–C couplings were more efficient [94]. The arylation of 
6H-dibenzo[c,e][1,2]oxaphosphinine 2-oxide was performed in the presence of diffe-
rent Pd and Ni catalysts in dioxane. Both the P-ligand-free and the P-ligand included 
versions were efficient [95]. “Phosphorylated” monosaccharides were also applied as 
>P(O)H reagents [96]. 

Interestingly, the reaction of iodo- and bromobenzoic acids with diphenylphos-
phine oxide took place in water applying the Pd/C catalyst under MW irradiation 
(Figure 8.28) [97]. In this instance, the use of tetrabutylammonium bromide had no 
effect on the reaction.

8.5.2 “P-ligand-free” Hirao Reactions

Keglevich and Jablonkai realized that the transition metal-catalyzed P–C coupling 
reactions may take place in the presence of Pd(OAc)2 without any added P-ligand 
under solvent-free and MW-assisted conditions (Figure 8.29) [98, 99].

+

MW
180 °C, 1 h

Pd/C
base

X

COOH
R H2O

P

COOH

R

X = 3-I, 4-I, 3-Br, 4-Br, 4-Cl
R = H, 3-NH2, 4-MeO, 4-Me
base: Na2CO3, K2CO3, NaOH, Et3N

P
O

H

Ph

Ph

O

PhPh

17, 18–87%

Figure 8.28: P–C coupling in aqueous medium applying Pd/C under MW conditions.
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Figure 8.29: MW-assisted Hirao reaction using Pd(OAc)2 without an added P-ligand.
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The reaction of bromobenzene and 1.5 equivalents of the >P(O)H species (dialkyl 
phosphites, phenyl-H-phosphinates and diphenylphosphine oxide) was performed 
in the presence of 5% Pd(OAc)2 as the catalyst, and 1.1 equivalents of triethylamine 
as the base. The relevance of the MW technique was shown by comparative thermal 
experiments. In the case of diethyl phosphite, the conversion was almost complete 
at 120°C, but the best results (yields of 84–92%) were obtained at 150°C. The MW- 
assisted P–C couplings were also efficient in respect of reaction time (5 min to 1.5 h).

Then, the Pd(OAc)2-catalyzed “P-ligand-free” P–C coupling reactions were exten-
ded to substituted bromobenzenes (Figure 8.30). It was found that both electron- 
donating and electron-withdrawing substituents decrease the reactivity, as in these 
cases higher temperatures (175–200°C) were necessary to obtain arylphosphonates in 
good yields (69–92%) (Table 8.2). The methoxy- and alkyl-substituted bromoarenes 
turned out to be the least reactive; in these instances, occasionally, a temperature of 
200°C, and 10% of the Pd(OAc)2 catalyst had to be applied.

Hirao et al. described another “P-ligand-free” variation (Figure 8.31) [100]. Diethyl 
phosphite was reacted with 2-nitro-5-bromoanisole applying Pd(OAc)2 as the catalyst 
and Na2CO3 as the base in xylene. After a reaction time of 24 h, the corresponding 
arylphosphonate was isolated in a yield of 69%.

Xiao and his coworkers described the Pd-catalyzed coupling of an arylsulfinate 
salt and dialkyl phosphites using PdCl2 without the addition of a P-ligand (Figure 
8.32) [101]. 4-Methylphenylphosphonates were obtained in good yields (60–96%) 
applying silver carbonate as the oxidant under MW irradiation. Here, we note again 
the probable unnecessity of an oxidant during the Hirao reaction.

The Keglevich group found that NiCl2 may also be a suitable catalyst in the P–C 
coupling of brombenzene and different >P(O)H species (Figure 8.33) [102]. 

The experiments were carried out at 150°C under MW irradiation. Applying 1.5 
equivalents of triethylamine in the absence of any solvent, the reaction of diethyl 
phosphite and brombenzene required 2 h, but the formation of byproducts reduced 
the yield (67%). The use of K2CO3 as the base in acetonitrile was more advantageous: 
in the presence of 5% NiCl2 and after a reaction time of 45 min, the required product 
could be obtained in a yield of 92%. Using NiCl2 at 150°C, the alkyl diphenylphosphi-

19, 60–95%
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EtO
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+

Br P

O

OEtEtO

(1,5 equiv.)

MW
150–200 °C, 2–15 min
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Et3N

no solvent

Y = H, 4-MeO, 3-MeO, 4-Pr, 4-Et, 4-Me, 4-Cl, 3-Cl, 4-F, 3-F, 4-CO2Et,
       3-CO2Et, 4-C(O)Me, 3-C(O)Me

Y Y

Figure 8.30: P–C coupling of aryl bromides using Pd(OAc)2 as the catalyst.

 EBSCOhost - printed on 2/13/2023 3:27 AM via . All use subject to https://www.ebsco.com/terms-of-use



P–C couplings by the Hirao reaction   173

20, 69%

120 °C, 24 h
10% Pd(OAc)2

Na2CO3
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+
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OEtEtO

O2N O2N
P
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Figure 8.31: Another Pd(OAc)2-catalyzed “P-ligand-free” Hirao reaction.
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Figure 8.32: An MW-assisted P-ligand-free desulfitative phosphonation.

Table 8.2: P–C coupling of bromoarenes and diethyl phosphite.

Y Pd(OAc)2
(%)

Temp.
(°C)

Time
(perc)

Conversion
(%)

Yield (19)
(%)

H 5 150 5 99 93
4-MeO 10 200 2 80 69

3-MeO 10 200 2 93 79

4-Pr 10 200 2 86 71

4-Et 10 175 15 93 85

4-Me 10 175 10 86 73

4-Cl 10 175 10 95 83

3-Cl 10 175 10 95 87

4-F 5 175 5 99 91

3-F 5 175 10 100 88

4-CO2Et 5 175 15 100 89

3-CO2Et 10 200 2 93 81

4-C(O)Me 5 175 5 96 71

3-C(O)Me 10 175 5 100 92
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Figure 8.34: NiCl2-catalyzed Hirao reactions of bromoarenes with diethyl phosphite.
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Figure 8.33: P–C couplings using NiCl2 as the catalyst without added P-ligands under MW conditions.

nates were obtained in high yields (84–89%) from phenyl-H-phosphinates after an 
irradiation of 30 min. Diphenylphosphine oxide and other aryl-substituted secondary 
phosphine oxides were also suitable reagents in the “P-ligand-free” Hirao reaction 
under discussion. The NiCl2-catalyzed phosphonylation of substituted bromoarenes 
led to similar results as in the presence of Pd(OAc)2, but the scope of the aryl bromides 
was somewhat limited (Figure 8.34) [102].

Both Pd- and Ni-catalyzed “P-ligand-free” reactions are suitable for the coupling 
of bromoarenes and various >P(O)H species. Considering the reaction conditions, 
costs and safety issues, one can conclude that the use of Pd(OAc)2 is favorable, but 
the application of NiCl2 may be a good alternative too. These recent developments 
and extensions of the Hirao reaction mean a big step further, since there is no need 
for expensive and sensitive P-ligands. The authors of this chapter proved that in the 
“P-ligand-free” accomplishment, the excess of the >P(O)H reagent existing under a 
tautomeric equilibrium may serve as the P-ligand. The excess of the >P(O)H species 
may also promote the reduction of Pd(II) before entering the catalytic cycles.

Finally, a new catalyst-free method was developed for the reaction of  halobenzoic 
acids and secondary phosphine oxides in aqueous medium (Figure 8.35) [103]. 
4-Iodo-, 3-bromo- and 4-bromobenzoic acids were reacted with diaryl phosphine 
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oxides in the presence of K2CO3 at 180°C under MW conditions. The only limita-
tion of this green P–C coupling reaction is the low water solubility of the secondary 
 phosphine oxides.

8.6 Summary
This chapter may give a good overview on the present state of the art of the Hirao reac-
tion belonging to the important group of coupling reactions. The Hirao reaction utili-
zing a series of aryl derivatives and >P(O)H reagents along with a Pd, Ni or Cu catalyst 
gives access to arylphosphonates, tertiary phosphine oxides and related compounds 
that may be useful intermediates. The segment of chemistry outlined hides interes-
ting green chemical challenges, such as MW activation, solvent- and catalyst-free 
accomplishments, and even phase transfer catalysis.
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9 Deoxygenation of phosphine oxides

Abstract: The deoxygenation of phosphine oxides to phosphines is important in the 
preparation of P-ligands, and in the regeneration of phosphine oxide wastes. The 
possibilities for the deoxygenation are surveyed in this chapter. Hydrides may be sui-
table reagents, but silanes, such as PhSiH3, Cl3SiH, Me2SiH–O–HSiMe2 (TMDS) and 
[–MeSiH–]n (PMHS) form the real choice for reducing agents. TMDS and PMHS are 
cheap and user-friendly reagents, whose lower reactivity may be overcome by using 
them under microwave-assisted and solvent-free conditions. Mechanistic aspects are 
also discussed besides the special methods for deoxygenation.

Keywords: phosphine oxides, deoxygenation, phosphines, silanes.

9.1 Application of tertiary phosphines
Tertiary phosphines (PR3) are widely used as ligands in transition metal  complexes 
and as extractants, or as starting materials and reagents in various organic chemical 
syntheses [1, 2]. Favourable features making possible their applications include good 
coordination ability, strong nucleophilicity and oxygen binding ability. Their use as 
ligands in transition metal (Pd, Pt and Rh) complexes is important, as these species 
may be applied in homogeneous catalytic hydrogenations and  hydroformylations, 
as well as in hydrosilylation and palladium-catalyzed coupling  reactions [3].  Tertiary 
phosphines may be the starting materials for quaternary  phosphonium salts used 
as surfactants, ionic liquids or phase transfer catalysts. Typical examples for the 
 application of tertiary phosphines as reagents in various organic reactions include 
the Wittig reaction (formation of C=C bonds), the  Mitsunobu reaction  (formation 
of C–O or C–N bonds) and Appel-type reactions (formation of C–halogen bonds) 
[4–6]. The driving force of the reactions is the high affinity of phosphines towards 
oxygen. When a P–O bond is formed, ~400 kJ/mol energy is released. The  mentioned 
 reactions are of poor atom economy that is the consequence of the formation of 
the phosphine oxide byproduct that is a waste. Phosphines should be regenera-
ted and recycled. Reduction is the simplest method to regenerate phosphines from 
 phosphine oxides. 
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9.2 Synthesis of tertiary phosphines
Basically, there are three major methods for the synthesis of phosphines. The first of 
these possibilities comprises the substitution reactions of carbon electrophiles with 
alkali metal phosphides (Figure 9.1-(1A)), or substitution reactions of carbon nucleo-
philes with P−Cl derivatives (Figure 9.1-(1B)) [7]. The second route is the hydrophos-
phination of alkenes or alkynes (Figure 9.1-(2)) [8], while the third possibility is the 
reduction of phosphine oxides (Figure 9.1-(3)) [9].

9.3 Deoxygenation of tertiary phosphine oxides
The reduction of phosphine oxides is the simplest method to obtain phosphines. 
The P=O bonds are highly stable thermodynamically. With a bond energy of around 
502 kJ mol–1, the P=O bonds are more stable than other functional groups (e.g. the 
C=O moiety that is easily reduced by catalytically activated hydrogen or sodium 
borohydride) [10]. Depending on the nature of the reducing agent and on the pre-
sence of additives, the reduction may occur with retention or inversion of the stereo-
genic phosphorus atom.

(1)

(2)

(3)

Y1X + MPY2
2

A

- MX
Y1PY2

2
B

- MCl
Y1M + ClPY2

2

Y1 = alkyl, aryl
X = Cl, Br
Y2 = aryl
M = Na, K

Y1 = alkyl, aryl
M = Li, MgBr
Y2 = alkyl, aryl

C C + HP
H
C C P

C C HP C
H

PC
H

HP
bisadduct+

Y1

P

Y3

OY2
Y1

Y3

Y2 Preduction

Figure 9.1: Synthesis routes to tertiary phosphines.
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9.3.1 Deoxygenation of phosphine oxides by metal hydrides

Metal hydrides, such as aluminum hydrides (e.g. lithium aluminum hydride (LiAlH4) alone, 
or combined with cerium chloride (CeCl3), sodium aluminum hydride (NaAlH4), sodium 
aluminum tetrachloride (NaAlCl4) and di-isobutylaluminum hydride (DIBAL-H)) were 
employed for the deoxygenation of phosphine oxides [11]. The reduction of triphenyl-
phosphine oxide using LiAlH4 alone was not too efficient, as PPh3 was obtained in 
only a yield of 54% (Figure 9.2-(1)) [12]. However, the application of additives, such 
as Lewis acids led to better conversions. The use of CeCl3 together with LiAlH4 resul-
ted in a yield of 95% at a temperature of 40 °C after a reaction time of 30 min [13]. 

The LiAlH4–CeCl3 system associated with NaBH4 allowed the one-pot preparation of 
phosphine–boranes from phosphine oxides (Figure 9.2-(2)). Hence, the air-sensitive 
phosphines were stabilized as boranes [14].

The reduction of tertiary phosphine oxides is also possible using amine-assisted 
aluminum hydrides. The method is characterized by mild conditions, short reaction 
times, high efficiency and a wide substrate scope [15].

The direct reduction of phosphine oxides by borane complexes is also possible. 
Borane (used as different complexes) is much more user friendly than the metal 
 hydrides are, and its application leads to stable and easy to handle phosphine–boranes. 
 Triphenylphosphine oxide may be deoxygenated by reaction with alkylboranes at 
a temperature of 120–180 °C [16], but the reduction of strained five-ring phosphine 
oxides may be achieved with borane–dimethyl sulfide complex under mild conditions 
(25–65  °C). If the molecule has an unsaturation, besides the expected deoxygenation 
and phosphine–borane formation, partial reduction of the double bond may also take 
place (Figure 9.3). Therefore, the incompatibility with double bonds may be a  drawback 
of the borane reductions [17].

Ph
P

Ph

O

Ph

Ph
P

Ph
Ph

LiAlH4

80 °C / 4 h
LiAlH4, NaBH4, CeCl3 P

BH3

PhPh
Ph

25 °C

THF
(1) (2)

Figure 9.2: Deoxygenation of triphenylphosphine oxide by LiAlH4.

P

Me Me

O Ph

BH3 × SMe2
(5 equiv.)

CHCl3 P

Me Me

Ph

(27%)

H3B
P

Me Me

Ph

(73%, two isomers)

H3B

+

Figure 9.3: Reduction of five-ring phosphine oxides with the borane–dimethyl sulfide complex.
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The reduction with borane is dependent on the ring strain. While the reduction of 
the more strained five-membered cyclic phosphine oxides may take place, there is no 
reaction with the six-ring phosphine oxides.

Secondary phosphine oxides can be converted expeditiously to secondary 
phosphine–boranes by treatment with an excess (3–10 equivalents) of BH3·SMe2 or 
BH3·THF at room temperature. The expected products were obtained in moderate to 
good yields (40–100%). In a few cases, the formation of phosphinous acid–boranes 
was also observed, even in the presence of the large excess of the reducing agent 
(Figure 9.4). Selectivity towards the formation of secondary phosphine–boranes 
could be improved by the addition of a small amount of water to the reaction 
mixture.

This method was extended to the reduction of phosphine oxides with proximal 
α- or β-hydroxy groups. The placement of a hydroxy group in the vicinity of the P=O 
 function resulted in an intramolecular activating effect. The presence of a neigh-
boring α- or β-hydroxy group in the molecule is a key factor enabling the reduction. 
The lack of a proximal hydroxy group or its longer distance from the phosphorus atom 
may cause unreactivity of the P=O functions towards BH3 [18].

The mechanism of the deoxygenation of bridged phosphine oxides with boranes 
has been described. The oxygen atom of the bridging P=O function initiates a nucle-
ophilic attack on the boron atom of borane. This is followed by a hydride migration 
leading to an intermediate containing a pentacoordinated phosphorus atom. Finally, 
the intermediate with trigonal–bipyramidal geometry is stabilized by the elimination 
of BH2OH. After deprotonation, phosphine reacts with the excess of borane to furnish 
the phosphine–borane complex (Figure 9.5) [19].

P
H

R2

R1

R2

R1

O

R1, R2 = alkyl / aryl

P
H

BH3

R2

R1

BH3

P
OH

THF

26 °C / 0.25–2 h
BH3 × THF

or
BH3 × SMe2

Figure 9.4: The reaction of secondary phosphine oxides with borane complexes.

Figure 9.5: The mechanism of deoxygenation of phosphine oxides with borates.
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9.3.2 Reduction of phosphine oxides by silanes

9.3.2.1 Deoxygenation of Phosphine Oxides by Phenylsilanes

The use of phenylsilanes, such as PhSiH3, Ph2SiH2 and Ph3SiH as reducing agents 
have a long history. They have been applied for the deoxygenation of phosphine 
oxides since 1964. All of them could be used without any solvent. PhSiH3 was applied 
in the range of room temperature to 150 °C, while Ph3SiH at 300 °C [20, 21]. Obviously, 
PhSiH3 is the best choice that may utilize three hydrogen atoms during the deoxyge-
nation. However, PhSiH3 is rather expensive.

Phenylsilane reduced selectively the P=O bonds of a bis(secondary phosphine 
oxide) bearing two allyl groups. The resulting bisalkylphosphine underwent two con-
secutive intramolecular hydrophosphinations to form eventually the corresponding 
bicyclic tertiary phosphine (Figure 9.6) [22].

Unsaturated secondary phosphine oxides are important intermediates. The 
conventional method using phenylsilane can be applied well for the deoxygenation 
of secondary ethynylphosphine oxides to furnish the corresponding phosphines 
 selectively in yields of 55–75% (Figure 9.7) [23].

Phosphonates may be reduced to primary phosphines with phenylsilane or diphe-
nylsilane in the presence of tris(pentafluorophenyl)borane. The reaction was slow at 
room temperature. However, no change was observed at a higher temperature. The yields 
were generally better with phenylsilane than with diphenylsilane (ca. 95% vs. 25%) 
(Figure 9.8). The formation of unidentified byproducts could not be avoided [23].

Applying PhSiH3 in the reduction of five- and six-membered ring phosphine 
oxides, phosphines were obtained in yields of ≥85% (Figure 9.9) [24].

HP PH
O O

PhSiH3 HP PH
HP P

P P

Figure 9.6: Reaction of a bis(secondary phosphine oxide) with phenylsilane.

R1 P

O

H

R2

R1 P
H

R2

26–70 °C

MeO(CH2CH2O)4Me
or

THF

silane
R1 R2 Yield (%)
H i-Pr 65
H t-Bu 55
Ph i-Pr 70
Ph t-Bu 70
Ph Et 70

Figure 9.7: Deoxygenation of unsaturated secondary phosphine oxides with phenylsilane.
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The effect of the ring size of cyclic phosphine oxides on the rate of the reduction by 
silanes was investigated, as well as the influence of a 3-methyl substituent in the ring. 
It was found that the remote 3-methyl substituent on 1-phenylphospholane oxide had 
practically no influence. Six- and seven-membered phosphine oxides were reduced 
rather slowly, with less than 20% conversion after a 3-h reaction time (Figure 9.10) [25].

From among phenylsilanes, PhSiH3 is the reagent of choice that is a robust redu-
cing agent. The only drawback is the higher price of this reagent.

9.3.2.2 Deoxygenation of Phosphine Oxides using Trichlorosilane

Within silanes, perhaps trichlorosilane (Cl3SiH) is the most frequently used reagent 
in synthetic organic chemistry. Cl3SiH is rather volatile (b.p.: 31.8 °C) and corrosive; 
hence, it is advisable to use it together with a tertiary amine. As one variation, the 
reduction of triphenylphosphine oxide with Cl3SiH was performed in an autoclave at 
200 °C without any solvent (Table 9.1, entry 1). The reaction was also efficient in boiling 
benzene using 2 equivalents of Cl3SiH (Table 9.1, entry 2) [21]. It was observed that 
the need for 2 equivalents of Cl3SiH may be avoided by the addition of triethylamine. 
In these cases, the use of 1.1 equivalents of Cl3SiH was sufficient (Table 9.1, entry 3). 
Cl3SiH was not found to be efficient in the deoxygenation of 1-phenyl-2- phospholene 
oxide in benzene solution together with triethylamine, as the yield was low (24%) 

Figure 9.8: The reaction of phosphonates with phenylsilanes.
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Figure 9.9: Deoxygenation of five- and six-membered ring phosphine oxides with phenylsilane.
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Figure 9.10: Reactivity of the phosphine oxides according to the ring size.
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Table 9.1: Deoxygenation of different phosphine oxides by trichlorosilane.

a1.1 equivalents of NEt3 was measured in.
b3 equivalents of C6H5N was measured in.

Entry Starting material Product Silane Equiv. Solvent T ( °C) t (h) Yield 
(%) Ref.

1 Ph3P=O Ph3P Cl3SiH 2 – 200 2 90 [21]

2 Ph3P=O Ph3P Cl3SiH 2 PhH 78 2 98 [21]

3 Ph3P=O Ph3P Cl3SiHa 1.1 PhH 78 2 85 [21]

4 (C4H9)3P=O (C4H9)3P Cl3SiHa 1.1 PhH 80 2 92 [21]

5
P

O Ph

Me

P
Ph

Me

Cl3SiHa 1.1 PhH 78 2 24 [21]

6

P
O R

Me

R = Ph, Et, Pr, Bu, 
iBu, iPent

P
R

Me
Cl3SiHb 1.4 PhMe 110 2 91 [26]

7 Cl3SiH 5.9 PhH 0 3 ~100 [26]

8
P

O Ph

Me

P
Ph

Me

Cl3SiHb 1.4 PhMe 110 2 89 [26]

9

P
O Ph

Cl

Me

P
Ph

Cl

Me

Cl3SiHb 1.4 PhMe 110 2 96 [26]

10 MePhBzP=O MePhBzP Cl3SiHa – PhH 180–190 2 69 [27]

(A)

(A)

(Table 9.1, entry 5). It is noted that the low yield was probably due to preparative 
insufficiency, as Cl3SiH may be used well in the reduction of tributylphosphine oxide 
under similar conditions (Table 9.1, entry 4). The reduction of 3-phospholene oxides, 
phospholane oxides and a 1,2,3,6-tetrahydrophosphinine oxide was also performed 
with Cl3SiH together with 3 equivalents of C6H5N in boiling toluene for 2 h (Table 9.1, 
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entries 6, 8 and 9) [21]. A phenyl-3-phospholene oxide was deoxygenated efficiently 
by 5.9 equivalents of Cl3SiH at 0 °C, and phosphine so obtained reacted with dimethyl 
sulfide–borane to give the corresponding borane complex in a quantitative yield 
(Table 9.1, entry 7).

New platinum complexes of cis-Pt(L)2Cl2 type have been synthesized from these 
five- and six-membered cyclic phosphines [26]. Horner and Balzer reported the first 
study on the reduction of optically active phosphine oxides (Table 9.1, entry 10) [27].

Quin described the reduction of a 1-amino-3-phospholene oxide using trichlorosi-
lane-pyridine to afford eventually a chlorophospholene formed after the fission of the 
P–N bond (Figure 9.11) [28]. 

Cl3SiH is an especially useful reducing agent in the synthesis of P-chiral phos-
phines, as in these cases, phosphines may usually be obtained in high optical yields. 
The stereochemistry of the deoxygenation may depend on how Cl3SiH is used. The 
application of Cl3SiH alone, Cl3SiH–pyridine or Cl3SiH–N,N-diethylaniline resulted in 
retention of configuration at the phosphorus center, but the use of Cl3SiH–NEt3 led to 
phosphines formed with inversion of the P-configuration (Figure 9.12). 

In the deoxygenation of phosphetane oxides using a mixture of Cl3SiH–NEt3 as 
the reagent, retention of the P-configuration was observed for both the cis and trans 
isomer (Figure 9.13). This result is in contrast with those described for acyclic phos-
phines. The steric hindrance around the P atom may prevent the attack of the hydride 
anion from the more crowded side [29].

Figure 9.11: Reaction of a 1-amino-3-phospholene oxide using trichlorosilane-pyridine.
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Figure 9.12: Stereochemistry of the reduction of P-chiral phosphine oxides.
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There is an example for the use of triphenylphosphine in addition to Cl3SiH in 
the reduction of chiral phosphine oxides. The “electron-poor” phosphine used 
is suitable to capture the oxygen atom of the phosphine oxide deriving from an 
“electron-rich” phosphine. The reduction took place with retention of configura-
tion at the P atom [30].

During the reduction of bridged phosphine oxides with Cl3SiH, it was found that 
most of the reductions occurred with fragmentation releasing a phosphinite and 
cyclohexa-1,3-diene, that is a retro McCormack-like reaction (Figure 9.14). The ring 
strain in the pentacoordinated intermediate may be responsible for the phenomenon 
observed. The reactions performed in the presence of pyridine afforded the corres-
ponding phosphines exclusively. The Cl3SiH–pyridine complex does not act as the 
hydride donor, and the mechanism of this reduction does not involve a pentacoordi-
nated P-intermediate [31].

Deoxygenation with Cl3SiH under heterogeneous conditions was also possible 
[32]. The phosphine oxides were immobilized on silica, and then reduced to phos-
phines with good conversions. A phosphine oxide immobilized on polystyrene resin 
could be reduced quantitatively [33].

The reduction of triarylphosphine oxides by Cl3SiH in the presence of NEt3 can be 
promoted by microwave (MW) irradiation allowing a shorter reaction time of 10 min, 
and a yield of 83–95% [34]. 

As it was shown, Cl3SiH is a widely applied reducing agent to prepare phosphines. 
It is better to use this corrosive and volatile reagent together with pyridine or NEt3. The 
nature of the amine also has an impact on the stereochemistry of the reduction.

Figure 9.13: Reduction of chiral phosphetane oxides.
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Figure 9.14: Reaction of bicyclic phosphine oxides with Cl3SiH.
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9.3.2.3  Deoxygenation of Phosphine Oxides using Perchlorosilanes

It is interesting to note that perchlorosilanes (e.g. hexachlorodisilane (Si2Cl6)) were 
also described as reducing agents [35]. The reduction of a chiral tertiary phosphine 
oxide with Si2Cl6 took place with inversion of configuration (Figure 9.15).

However, the Si2Cl6 reduction of phosphetane oxides proceeded with retention of 
configuration at phosphorus. [36].

The two diastereomers of the P-chiral binaphthyl monophosphine oxides showed 
different reactivity and stereoselectivity in silane reductions. Si2Cl6 reduced the 
 diastereomers to give predominantly the corresponding phosphine with retention of 
 configuration. In a sharp contrast, the use of Cl3SiH–NEt3 led to racemization at the 
phosphorus center (Figure 9.16) [37].

1-Chloro-3-phospholene may be prepared by the reduction of 1-chloro-3-phospho-
lene oxide with Si2Cl6 at room temperature (Figure 9.17) [38].

Bn
P

Me

O

Ph

Si2Cl6

78 °C / 10 min

benzene
Bn

P
Me

Ph
(–) ee = 91%)-Cl3Si-O-SiCl3

Figure 9.15: Reduction of a chiral phosphine oxide using hexachlorodisilane.

Figure 9.16: Diastereoselectivity for the reduction of P-chiral binaphthyl monophosphine oxides.
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Figure 9.17: The deoxygenation of 1-chloro-3-phospholene oxide with Si2Cl6.
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Figure 9.18: Acid-catalyzed reduction of phosphine oxides with (EtO)2MeSiH.
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Figure 9.19: Reductions with triethoxysilane.

9.3.2.4 Deoxygenation of Phosphine Oxides by User-friendly Silanes

More user-friendly silanes are (EtO)3SiH, (EtO)2MeSiH, 1,1,3,3-tetramethyldisiloxane 
(TMDS) and polymethylhydrosiloxane called also as methylpolysiloxane ([PMHS or 
MPS] described by the formula [–O–SiH(Me)–]n) [39, 40]. These silanes are, however, 
not too reactive. 

Beller et al. studied the effect of different acids in the reduction of triphenylphos-
phine oxide with diethoxymethylsilane as the reducing agent (Figure 9.18) [39]. Without 
a catalyst, no reaction took place. Using benzoic acid as the catalyst, triphenylphos-
phine was obtained in a low yield. Surprisingly, the addition of the diphenyl ester of 
phosphoric acid as the catalyst resulted in PPh3 in a yield of 75%. Furthermore, varying 
the electronic properties of the P-acid catalyst by introducing an  electron-withdrawing 
substituent, such as NO2 or CF3 in the phenyl ring, the deoxygenation became quanti-
tative [39].

Tertiary phosphine oxides could be converted to the corresponding phosphines 
using triethoxysilane together with a catalytic amount of titanium(IV) isopropoxide 
(Figure 9.19). The reductions were carried out in tetrahydrofuran, and proceeded 
slowly at room temperature, but became complete after a 1-h heating at 67 °C, if the 
silane was used in a 3 equivalent quantity [40]. 

Starting from aryl-diphenylphosphine oxides, the use of triethoxysilane in the 
presence of titanium tetraisopropoxide in boiling benzene gave the corresponding 
aryl-diphenylphosphine in a yield of around 90% after 30 min [41].
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The reduction of triphenylphosphine oxide was also carried out with TMDS in the pre-
sence of different catalysts. Copper(II) triflate was an efficient catalyst in the reduc-
tion of the P=O group at 100 °C in toluene [42]. Without a catalyst, even applying 
TMDS in a large excess (12 equivalents), no deoxygenation was observed. The use 
of 15 mol% of the diphenyl ester of phosphoric acid promoted the deoxygenation in 
boiling toluene [39]. Using 10 mol% of Ti(OiPr)4 at 100 °C, triphenylphosphine was 
obtained in a high conversion. Later on, InBr3 was also described as a catalyst for 
P=O-reductions. In the presence of 1% of InBr3, the deoxygenation was quantitative 
at 100 °C [43] (Figure 9.20).

However, there is no need for any catalyst, as the deoxygenation of triphenyl-
phosphine oxide with TMDS can be implemented under MW heating in the absence 
of any solvent. After an irradiation at 200 °C for 6.5 h, the deoxygenation was quan-
titative. On traditional heating at 175 °C, the completion required more than one day. 
As there is no need for any catalyst, the MW-assisted protocol means a green chemical 
approach (Figure 9.21) [44, 45].
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Figure 9.20: The reduction of triphenylphosphine oxide with TMDS in the presence of different 
catalysts.
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Figure 9.21: Catalyst-free reduction of triphenylphosphine oxide with TMDS.
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Deoxygenation of cyclic phosphine oxides, such as 3-methyl-1-phenyl-2-phospholene 
oxide, was studied with TMDS using 1% of InBr3 catalyst in toluene at 100 °C [43]. This 
reaction could also be performed without the use of any catalyst in boiling toluene 
[46]. Under thermal- and MW-assisted conditions, the solvent- and catalyst-free reduc-
tion of 3-methyl-1-phenyl-3-phospholene-1-oxide was complete after a shorter reaction 
time (Figure 9.22) [44].

From among the “practical” reducing agents, PMHS was described for the deoxy-
genation of triphenylphosphine oxide. At 290 °C and without the use of any solvent, 
triphenylphosphine was obtained in a yield of 88% [20]. Regarding the application of 
PMHS, the relatively high temperature required is not too attractive. It was  observed 
that even using a large excess (12 equivalents) of PMHS in toluene, practically no 
deoxygenation occurred at 100 °C after 2 h. However, using Cu(OTf)2 as the catalyst 
at 100 °C for 15 h, the reduction of the P=O unit took place [42]. Applying 15 mol% of 
(PhO)2P(O)OH at 110 °C for 24 h, the reduction remained incomplete, and the phos-
phine was isolated in a yield of 35% [40]. Applying PMHS at a higher temperature of 
175 °C without any catalyst and under solvent-free conditions, the deoxygenation was 
complete after 17 h on conventional heating. In the MW-assisted variation, 8 h was 
enough to attain a good conversion (Figure 9.23). 

The first reduction of 3-methyl-1-phenyl-2-phospholene 1-oxide with PMHS was 
accomplished without any solvent at 250 °C [20]. Later on, this reaction was  performed 
in boiling toluene for 6 h [46]. The reduction of 3-methyl-1-phenyl-3-phospholene 
1-oxide was also studied under thermal- and MW-assisted conditions without the use 
of any solvent. These reductions were complete at 110 °C after 4 and 2 h, respectively 
(Figure 9.24) [45]. The outcome of the reduction of the dimethyl-3-phospholene oxide 
was better in boiling toluene.

TMDS and PMHS are user-friendly and cheap deoxygenating agents. Their 
relatively lower reactivity can be overcome by a solvent-free and MW-assisted 
 accomplishment.
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Figure 9.22: Reduction of phospholene oxides with TMDS.
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The deoxygenation of triphenylphosphine oxide was studied using a series of 
silanes comprising an aralkylsilane, arylsilanes, diarylsilanes, a disiloxane, a 
 polysiloxane and a disilane under solvent-free thermal- or MW-assisted conditions 
[45]. The  reactivity of the silanes was evaluated on the basis of the experimental data 
(Figure 9.25). The arylsilanes are somewhat more reactive than BnSiH3. This group of 
reactive silanes bearing three hydrogen atoms is followed by those  representatives 
bearing two hydrogen atoms, or only one proton per silicon moiety. The least reactive 
silane in this series is (1-napht)2SiH2. Its low reactivity is obviously the consequence 
of steric hindrance.
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Figure 9.23: The reduction of triphenylphosphine oxide with PMHS.
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Figure 9.24: The reduction of different phospholene oxides with PMHS.

PhSiH3 ~ NaphSiH3 > BnSiH3 > (4-MePh)2SiH2 > PMHS > (Ph2SiH)2 ~ TMDS > (1-napht)2SiH2

Figure 9.25: The reactivity of the silanes investigated.
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9.4  Mechanistic insights into the reduction 
of tertiary phosphine oxides by silanes

Three reaction pathways involving the reduction with Cl3SiH, Cl3SiH/Et3N and 
Cl3SiH/C5H5N were proposed [27].

Using Cl3SiH alone, the reduction of the P=O moiety occurs through a four-mem-
bered transition state to afford an ion pair as the intermediate that is stabilized 
by a proton transfer. In this protocol, the configuration at the P atom is preserved 
(Figure 9.26).

The deoxygenation with phenylsilane follows a similar protocol [24]. The  classical 
reduction scheme was refined by Pietrusiewicz et al. utilizing density  functional theory 
calculations [47]. The first TS afforded a covalent P–O–Si species that is  stabilized via 
a second TS by a proton transfer to furnish phosphine and the oxidated byproduct 
(Figure 9.27). It was proved that the model reaction between  tributylphosphine oxide 
and phenylsilane involves a nonpolar mechanism.

When triethylamine was used as the base, the zwitterion reacts with the HSiCl3–
NEt3 complex to form eventually phosphonium species with an inverted P atom 
through an intermolecular (SN2) hydride transfer (Figure 9.28-(1)). [27]. Using pyridine, 
the internal hydride delivery is similar to that shown in Figure 9.26 (Figure 9.28-(2)) [48].

It was supposed that the difference in basicity between triethylamine and pyri-
dine influences the reactivity of the corresponding complexes. Strong bases give 
phosphine with predominant inversion, while weak bases afford phosphine with pre-
dominant retention of configuration [49]. According to this theory, the HSiCl3–NEt3 
complex is dissociated, and reacts with the phosphine oxide to give a phosphonium 
intermediate. Its pentavalent form is transformed to another phosphonium interme-
diate that is stabilized by the loss of Cl3SiOH. As can be seen, the outcome is again 
inversion (Figure 9.29).

Figure 9.26: The reduction pathway using Cl3SiH as the reducing agent.
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Figure 9.27: The reduction pathway using phenylsilane.
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Triethoxysilane and PMHS was investigated in the presence of titanium(IV) catalyst 
in the reduction of phosphine oxides. A mechanism resulting in retention of configu-
ration was proposed [39]. 

The deoxygenation with TMDS was also investigated, and a mechanism based 
on electron paramagnetic resonance analysis and 29Si NMR was suggested. The main 
result of these studies is the evidence for the presence of a Ti(III) intermediate, which 
may be formed by single electron transfer (Figure 9.30) [50, 51].

9.5  Deoxygenation of phosphine oxides  
with other reducing agents

Other reagents and combinations have also been developed for the direct reduction of 
phosphine oxides. Samarium iodide/hexamethylphosphoric triamide (SmI2/HMPA) 
[52], TiCp2Cl2/Mg [53], Bi/TiO2 [54], SiCl4 along with a metal [55], sulfur derivatives 

Figure 9.28: Reduction pathways using HSiCl3–amine complexes.
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Figure 9.29: The reduction pathway using the HSiCl3–NEt3 complex.
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[56] and hydrocarbons associated with activated carbon [57] have also been applied 
to reduction. However, the procedures mentioned are not too attractive, since the 
reagents are rather expensive and/or difficult to handle. Regarding the reduction of 
triphenylphosphine oxide, SmI2 had to be applied in a large excess (22 equivalents) 
in HMPA as the solvent. Triphenylphosphine was obtained in a yield of 75% after a 
reaction time of 16 h (Figure 9.31) [52].

As a special method, the direct electroreduction of phosphine oxides in the 
presence of trimethylsilyl chloride was reported [58]. An electrochemical reduc-
tion that can be carried out under mild conditions is a highly promising procedure 
(Figure 9.32) [59].

9.6  Indirect reduction of phosphine oxides via 
 phosphonium salt intermediates

The direct scheme of the title protocol may be described by two main steps: activation 
of the P=O bond by a suitable reagent to form a phosphonium or a radical intermedi-
ate, followed by a hydride transport. The reducing agents may be involved both as the 
activator and as the reductant itself. The transformation starting with chlorination 
by oxalyl chloride is a widely studied procedure [60, 61]. The reduction of triphenyl- 
dichlorophosphorane obtained by the reaction of triphenylphosphine oxide with 
(COCl)2 was performed by hydrogenation at a high temperature and/or high pressure 
in the presence of a transition metal (Pt, Pd and Rh) catalyst (Figure 9.33) [62, 63].

Figure 9.31: The deoxygenation of triphenylphosphine oxide by SmI2.
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Figure 9.32: The deoxygenation of phosphine oxides by electroreduction.

P
R3

R2

R1

O

Me3SiCl
Bu4NBr
MeCN

P
R3R1

R2

R1, R2, R3 = alkyl / aryl

+ 2e–

 EBSCOhost - printed on 2/13/2023 3:27 AM via . All use subject to https://www.ebsco.com/terms-of-use



196   Tamara Kovács and György Keglevich

A one-pot transformation involving the treatment of various secondary and tertiary 
phosphine oxides with oxalyl chloride in toluene followed by reduction with NaBH4 
in diglyme was developed to form the corresponding phosphine boranes in good 
yields (Figure 9.34) [64]. The conversion of phosphine oxide to chlorophosphonium 
chloride may offer additional advantages beyond its easy reduction. The salt resul-
ting from the reaction of the phosphine oxide and oxalyl chloride could be separated 
by filtration. 

Interestingly, the use of alkylating reagents, such as methyl triflate or triethyloxo-
nium tetrafluoroborate (Meerwein’s salt) in the first step afforded alkoxy phospho-
nium salts, and after a subsequent reduction, phosphine boranes stereoselectively 
with inversion at the P-center (Figure 9.35) [65].

9.7 Conclusions
The main protocols for the deoxygenation of phosphine oxides to phosphines involve 
the application of different reducing agents, such as hydrides, silanes and special 
reagents. The group of silanes is the most important and widespread. The corrosive 

Figure 9.33: Indirect deoxygenation of phosphine oxides.
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Figure 9.34: One-pot transformation of phosphine oxides to phosphine boranes
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Figure 9.35: Indirect stereoselective conversion of phosphine oxides to phosphine boranes.
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Cl3SiH and expensive PhSiH3 may be replaced by user-friendly Me2SiH–O–HSiMe2 
(TMDS) and [–O–SiH(Me)–]n (PMHS) under MW-assisted and solvent-free conditions. 
Possible mechanisms of the silane reductions and special methods for the deoxyge-
nations were also discussed.
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10  Dronic acid derivatives – An important 

group of phosphorus-containing drugs

Abstract: Hydroxy-methylenebisphosphonic acid (dronic acid) derivatives are im-
portant drugs against bone diseases. In this chapter, their way of action is summa-
rized briefly, and their rationalized syntheses are surveyed together with the actual 
mechanisms. Preparations in the presence of ionic liquid additives afforded the dro-
nic derivatives in record yields. 

Keywords: hydroxy-methylenebisphosphonic derivatives, dronic acid derivatives, 
synthesis, optimization, ionic liquids.

10.1  Structure, History and Utilization  
of Bisphosphonates

The bisphosphonic acid derivatives have two pentavalent tetracoordinate P-atoms, 
more precisely two phosphonate units and a P–C–P moiety, which gives them a 
metabolic stability. Their structure is analogous to that of pyrophosphoric acid that 
contains a P–O–P unit instead of the P–C–P moiety (Figure 10.1). The elimination of 
calcium from the bones is inhibited by bisphosphonic acids [1].

The bisphosphonic acid derivatives differ from each other in the substitution 
pattern of the central carbon atom. Special derivatives are tiludronic acid and clodro-
nic acid shown in Figure 10.2 [2, 3].

The real dronic acid derivatives contain a hydroxy group on their central carbon 
atom. Three groups may be distinguished according to the other substituent. The first 
generation of dronic derivatives does not have a nitrogen atom in the C-substituent.  
The representatives of the second and third generations have aminoalkyl or  
N-  heterocyclic substituents, respectively (Table 10.1) [2, 3].

Bisphosphonates are biologically active compounds, and their activity is highly 
dependent on the substituents. The members of the first generation are not efficient 
enough, and have an unfavorable side-effect profile, thus the second- and third- generation 
derivatives have appeared soon. Among the first-generation derivatives, only tiludronic 
and clodronic acids are used for therapeutic purposes even today. The second-generation 
pamidronic acid, alendronic acid and ibandronic acid are still in market. The most effec-
tive derivatives are the third-generation risedronic and zoledronic acid [2, 3].
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bisphosphonic acid 
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Figure 10.1: Structural similarity of bisphosphonic acids and pyrophosphoric acid.
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Figure 10.2: Structure of special dronic acids.

The synthesis of hydroxy-bisphosphonates was already investigated in the second 
half of the nineteenth century. The first compound synthesized was etidronic acid in 
1865 [4, 5]. In the early decades, the bisphosphonates were used as corrosion inhibi-
tor, complexing agent or water softener. Their biological activity was revealed in the 
middle of the 1960s, and etidronic acid was the first that got in market at the early 
1970s (Figure 10.3) [2, 3, 6–9]. 

In the beginning, the hydroxy-bisphosphonates were used to treat tumor diseases 
affecting bone tissue. Nowadays, they are considered the best drugs in the treatment 
of osteoporosis (Figure 10.4), Paget-disease and tumor-induced hypercalcemia, but 
they also have direct anticancer (breast, prostate and kidney) and antiparasitic effect 
[3, 6, 10].

Hydroxy-bisphosphonates are still in the focus, thus the investigation of their 
syntheses hides challenges.

10.2 Structure–activity Relationship
The structure of bones is not invariant; they are constantly changing, more precisely dis-
solving and re-forming. Osteoblasts (bone-building cells), osteocyte (the inactive form 
of osteoblasts) and osteoclasts (bone-degrading cells) are involved in the process [11]. 

1-Hydroxy-bisphosphonic acids have a tridentate functionality to enable the 
binding of Ca2+ ions, and to promote the affinity for species responsible for the accu-
mulation of phosphates in the bone tissues. The presence of the P–C–P moiety in 
the molecule is necessary to inhibit bone resorption. Monophosphates and molecules 
containing a P–C–C–P or a P–N–P moiety do not have an inhibitory effect on bone 
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Generation R Commercial name 

OH
HO

OX

HO

OY

O

O
P

PR

X, Y e.g.: H, Na 

First

Me Etidronic acid

Fenidronic acid

Benzidronic acid

3-Phenylpropidronic
acid

Second

H2N Pamidronic acid

H2N Alendronic acid

Me N

Me
Ibandronic acid

Third N
Risedronic acid

N

N
Zoledronic acid

Table 10.1: A few important dronic acid derivatives.

Etidronate

First clinical
use of

etidronate

1960 1970 1980
Pamidronate

Tiludronate

Zoledronate
Risedornate

Alendronate Ibandronate

1990 2000 2010

Figure 10.3: The discovery of different dronates [6].

resorption [12]. Beyond the attachment of hydroxy-bisphosphonic acids to the bone 
surface (physical effect), the bone resorption is also inhibited by their action on osteo-
clasts: they may induce cell death (apoptosis) of the osteoclasts (Figure 10.5) [12–15].

Depending on the side chains of bisphosphonates, they can cause apoptosis 
in two ways. In the case of the first-generation derivatives, nonhydrolyzable ATP 
 analogues may be formed [shown on the example of etidronate (Figure 10.6)], which 
eventually inhibit cell metabolism [16]. 
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Intracellular uptake of
bisphosphonate (BP) by

osteoclast during resorption
Loss of resorptive

function Apoptosis

BP

BP BPBone Bone Bone

BP

BP

BP

Figure 10.5: The effect of bisphosphonates on osteoclasts [15].

Figure 10.6: Nonhydrolyzable ATP analogs [16].
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Figure 10.4: Differences between a 
healthy and osteoporotic bone tissue. 

The members of second- and third-generation dronic acids inhibit the enzymes of 
mevalonate pathways (mainly the farnesyl pyrophosphate synthase), and thus prevent 
the synthesis of terpene and steroidal compounds, causing again apoptosis [16]. 

10.3  Possibilities for the Synthesis of Bisphosphonic 
Acid Derivatives

There are a number of possibilities for the synthesis of bisphosphonic acids. Three 
major synthetic routes are known for common bisphosphonates without a hydroxy 
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Figure 10.7: The simplest preparation of substituted methylenebisphosphonates (2).
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R' = R" = Me, Et 
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Figure 10.8: Another simple way to methylenebisphosphonates (2).

group at the central carbon atom (2). According to the first possibility, diiodomethane 
is reacted with 2 equivalents of trialkyl phosphite (in two consecutive Arbuzov reac-
tions), then the CH-acidic methylenebisphosphonate (1) formed may be alkylated on 
its central carbon atom (Figure 10.7) [17, 18]. 

Starting from aldehydes, bisphosphonates (2) may be obtained in an addition–
substitution reaction sequence. In the first step, dialkyl phosphite is added to the 
C=O group of aldehyde to give α-hydroxyphosphonate (3). Then, the hydroxy group 
of adduct 3 is mesylated with methanesulfonyl chloride to establish a good leaving 
group, and the intermediate so formed is reacted with a second molecule of dialkyl 
phosphite to furnish bisphosphonic acid (2) as the product (Figure 10.8) [19]. 

A special synthetic method of α-substituted methylenebisphosphonates (2) is based 
on the generation of an anion (5) from a phosphonate (4) by lithium  isopropylamide 
followed by its reaction with dialkyl chlorophosphate (Figure 10.9) [20]. 

The free acidic form of methylenebisphosphonic acids may be obtained by the 
acidic hydrolysis of the corresponding esters (2).

The syntheses of α-hydroxy-methylenebisphosphonic acid derivatives (8) may be 
divided into two main groups, called as “direct” and “indirect” syntheses [2, 20–23]. 

During the “indirect” synthesis, the corresponding carboxylic acid chloride 
is reacted with trialkyl phosphite (in Arbuzov reaction), then dialkyl phosphite is 
added to the carbonyl group of the resulting α-ketophosphonate (6). The hydrolysis of 
tetraalkyl bisphosphonate (7) so obtained leads to the target α-hydroxy-methylenebis-
phosphonic acid (8) (Figure 10.10) [24].
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The synthesis of the esters of etidronic, fenidronic and benzidronic acids (8,  
R = Me, Ph, PhCH2) was performed under microwave conditions [25, 26].

The most common “direct” preparation involves the reaction of the correspon-
ding carboxylic acid or its derivatives (acid chloride, anhydride or ester) with phos-
phorus trichloride and/or phosphorous acid (or in a few instances with phosphoric 
acid, phosphoryl chloride, phosphorus pentachloride or phosphorus trioxide). Upon 
the completion of the reaction, the target dronic acid (8) was obtained after hydrolysis 
and a suitable purification (Figure 10.11) [2, 20–23].

The “direct” synthetic route may be attractive as a consequence of the low price 
and the easy availability of the reagents, but the reaction has drawbacks as well. The 
reaction mixtures have a high degree of heterogeneity and often unstirrable. During 
the reaction, and the subsequent hydrolysis, intensive gas evolvement may occur. 
The data published are misleading and unreliable, as the required type and amount 
of the  P- reagents have not been clarified for long. The role of the P-reactants and the 
solvents has not been investigated either, and the mechanism has not been explored. 

R
O

OH
R

O

Cl

P(OR')3

O
R

P(OR')2

HP(OR')2 R
P(OR')2

O

P(OR')2

O

HCl/H2O
OH R

P(OH)2
O

P(OH)2

O

OH

O
R = Me, Ph, Bn
R' = Me, Et

Et2NH

6

O

7 8

Figure 10.10: “Indirect” synthesis of dronic acids (8).
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2) H2O/∆ 

R = alkyl, aryl, heteroarylCH2
Y = OH, Cl, OC(O)R', OR' 

R OH

HO

OH

HO
O

O
P

P OH

8

Figure 10.11: “Direct” synthesis of dronic acids (8).
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R' = Me, Et, Ph 
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O
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Figure 10.9: The third basic approach to methylenebisphosphonates (2).
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Moreover, the products prepared were not supplied with adequate criteria for purity. 
The most commonly used solvents are methanesulfonic acid (MSA), chlorobenzene, 
sulfolane and toluene, but in many cases, the synthesis of dronic acid derivatives was 
performed in the absence of any solvent. However, according to Keglevich et al., the 
major representatives mentioned above cannot be synthesized in good yields under sol-
vent-free conditions. A yield of 30–40% can be considered a good result if it relates to 
a pure product [2, 22, 27]. Remarkable and important results have been achieved by the 
authors of this chapter in the field of the syntheses of α-hydroxy-methylenebisphospho-
nic acids. The most important results are summarized in the next part [22, 23, 28–38].

10.4  Pioneering Results in the Synthesis  
of Hydroxy-methylenebisphosphonic Acids

The research was started with the investigation of the preparation of zoledronate 
(9) and risedronate (10) in MSA. The corresponding carboxylic acids were reacted 
with phosphorus trichloride and phosphorous acid in different ratios (Figure 10.12) 
[28]. It was proved that in MSA, the real P-reagent is phosphorus trichloride and its 
optimum amount is 3 equivalents. Phosphorous acid does not take part in the reac-
tion because of its low nucleophilicity, it is only an unnecessary ballast. The pure 
dronic acids were obtained in yields of 53% (zoledronic acid (9)) and 74% (risedro-
nic acid (10)) [28].

A putative reaction mechanism is proposed in Figure 10.13. In the first step, the 
heteroarylacetic acid is converted into the corresponding acid chloride, then it may 
be transformed to double phosphonium salt (12-1) by the action of two molecules of 
phosphorus trichloride via intermediate 11. The bisphosphonium intermediate 12-1 
may also exist as resonant structures 12-2 and 12-3, but form 12-3 it is not too probable 
due to the distortion around the pentavalent and pentacoordinated P-atom. Hydroly-
sis of species 12 may lead to the target dronic acids (9 and 10) [28].

O

OH

1) 80 °C/3 h 
PCl3 (3.1 equiv.)

OH

HO

OH

HO
O

O
P

P OH

R
R

MSA
2) H2O/∆ 
3) pH = 1.8 and recrystallization 

from HCl/H2O (9); 
pH = 2 (10)

N

N

N
9

10

R

Figure 10.12: Preparation of zoledronic (9) and risedronic acid (10) in MSA by an optimized method [28].
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The method was extended to the preparation of pamidronate (13-Na) [30],  alendronate 
(14) [29], ibandronate (15) [29], etidronate (16) [31] and fenidronate (17) [32].  Phosphorus 
trichloride was the only P-reactant applied in a quantity of 3.1 equivalents using MSA 
as the solvent (Figure 10.14). Involvement of MSA in the reaction was also proved  
(see later).

In the cases of second-generation bisphosphonates (13-Na)-15, the yields were 
46–58%, while in the synthesis of etidronate (16) and fenidronate (17), yields of 36% 
and 46%, respectively, were obtained [31, 32]. 

The mechanism shown in Figure 10.13 was refined, as it was also taken into 
account that MSA used as the solvent may react with the components of the reac-
tion mixture. It can activate the carboxylic acid via the formation of a carboxylic 
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acid–MSA mixed anhydride (18), which may be formed in two ways. The mixed 
anhydride (18) may be formed either by the reaction of acid chloride with MSA, 
or by the reaction of the starting carboxylic acid with methanesulfonyl chloride 
formed by the interaction of MSA and phosphorus trichloride. The reaction of 
 phosphorus trichloride and MSA may also lead to Cl2P–O–SO2Me (19) that is also 
an anhydride-type intermediate, and may attack the carbonyl group of the acid 
chloride or mixed anhydride (18) to afford adducts 20a and 20b, respectively, that 
may be stabilized by the loss of the leaving group, resulting in α-keto intermediates 
21a and 21b, respectively. The latter species (21a and 21b) may react with another 
molecule of Cl2P–O–SO2Me (19), then hydrolysis of the intermediates (22a and 22b) 
so formed furnishes the target dronic acid derivatives (8) (Figure 10.15) [30]. It was 
justified by quantum chemical calculations that the anhydride (18) is more reactive 
than the acid chloride [33, 34].

In the synthesis of dronic acid derivatives, the other frequently used solvent is 
sulfolane. The preparation of pamidronic acid (13), alendronate (14) and ibandron-
ate (15) was studied in this solvent. Surprisingly, when only phosphorous trichlo-
ride was the P-reactants, no dronic acid was formed. There was need to use both 
P-reagents (PCl3 and H3PO3) at the same time in a 2:2 or 3:2 molar ratio (Figure 10.16) 
[30, 36, 37]. 

In the case of pamidronic acid (13), alendronate (14) and ibandronate (15), the 
best yields were 63%, 52% and 83%, respectively. The experiments revealed that the 
solvent used has an important role, as determines, which P-reactant participates in 

Figure 10.15: A refined mechanism for the formation of dronic acid derivatives (8) starting from the 
corresponding carboxylic acid and phosphorus trichloride in MSA as the solvent [30].

22

19

R O

OH

OCl2P
19

SO2Me

R
Cl2P

O

O S(O)2Me
R

Cl2P

21

O S(O)2Me
Y

O

Cl2P O S(O)2Me

Cl2P O S(O)2Me
O

Y

H2O

19

-Y

MeSO3H + PCl3
-HCl

A

B

MSA

MeSO2Cl

MSA

MSA

18

PCl3

PCl3

R O

Cl

R O

O
S

O

O

Y

OH

HO

OH

HO
O

O
P

P OH

R

Y = Cl, MeSO3 
a b20

R

8

 EBSCOhost - printed on 2/13/2023 3:27 AM via . All use subject to https://www.ebsco.com/terms-of-use



208   Dávid Illés Nagy, Alajos Grün and György Keglevich

Figure 10.16: Preparation of pamidronic acid (13), alendronate (14) and ibandronate (15) in sulfolane.
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the synthetic sequence [30, 36, 37]. It was suggested that in the first step, the cor-
responding carboxylic acid may react with 1 equivalent of phosphorus trichloride, 
resulting in acid chloride as a more active starting material. In the case under dis-
cussion, the interaction of phosphorus trichloride and phosphorous acid may result 
in the formation of intermediates (HO)2P–O–PCl2 (23) and (HO)2P–O–PCl–O–P(OH)2 
(24). The reaction mechanism is similar to that shown in Figure 10.15. Instead of 
Cl2P–O–SO2Me (19), species (HO)2P–O–PCl2 (23) and (HO)2P–O–PCl–O–P(OH)2 (24) 
are the active  P-reagents which may react with the starting carboxylic acid or acid 
chloride (Figure 10.17) [30, 36, 37].

During the preparation of benzidronate (25) [33] and 3-phenylpropidronate (26) 
[34], unexpected results were observed, when MSA was the solvent (Figure 10.18). In 
contrast to our earlier experiences, lower yields were achieved, when only 3 equiva-
lents of phosphorus trichloride were used in MSA [46% for benzidronate (25) and 2% 
for 3-phenylpropidronate (26)], as compared to the cases, when phosphorous acid 
was also applied beside phosphorus trichloride. Using the P-reagents in quantities of 
3:1/3:2 or 2:3/2:4, benzidronate (25) and 3-phenylpropidronate (26) were obtained in 
yields of ca. 80% and 64%, respectively [33, 34].

As an explanation, again species (HO)2P–O–PCl2 (23) and (HO)2P–O–PCl–O–P(OH)2 
(24) were assumed as the nucleophiles, and not Cl2P–O–SO2Me (19) that would be reaso-
nable in MSA. The anhydride-type intermediate 19 may formed, but it may have a lower 
nucleophilicity than species 23 and 24 [33, 34]. 

Studying the synthesis of 3-phenylpropidronate (26) by B3LYP/6–31G(d,p)//PCM(ACN) 
calculations, it was found that (HO)2P– may be the attacking nucleophilic moiety of  
P-reactants 23 and 24 that reacts with the carbonyl group of the starting 3-phenyl-
propionic acid (27), 3-phenylpropionyl chloride (28) or 3-phenylpropionic acid–MSA 
mixed anhydride (29), which may be present as intermediates. The activation barrier 
is the lowest, when activated acid derivatives 28 and 29 react with the (HO)2P– moiety 
of the P-nucleophiles (23 and 24). Reaction of carboxylic acid (27) may be less favor-
able (Figure 10.19) [34].

Nowadays, the use of ionic liquids (ILs) is spreading in synthetic organic che-
mistry, as they are considered “green” solvents, but in many cases, the ILs were 
used as only additives or catalysts [38–41]. The synthesis of α-hydroxy-methylene-
bisphosphonic acid derivatives has also been investigated in ILs. We found that 
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there was no need to use the ILs (e.g. [bmim][BF4] and [bmim][PF6]) as a solvent, 
already smaller, catalytic amounts were also efficient. Their optimal amounts fell 
in a range of 0.1–0.6 equivalents. It was found that it is necessary to measure in 

Figure 10.17: The mechanism in sulfolane – a novel protocol.
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both phosphorus trichloride and phosphorous acid as the P-reagents (Figure 10.20) 
[35–38]. 

Pamidronic acid (13) and alendronate (14) were obtained in a yield of 72% and 
66%, respectively, in the presence of 0.3 equivalents of [bmim][PF6], or [bmim][BF4], 
respectively. The yields were almost independent of the ratio (2:2 or 3:2) of the P- 
reactants. In the case of ibandronate (15), the catalytic effect of IL was even more 
pronounced. When phosphorus trichloride and phosphorous acid were applied in 
amounts of 3:2 equivalents, an outstandingly high yield (90%) was reached in the 
presence of only 0.1 equivalents of [bmim][BF4]. The ILs caused the most signifi-
cant increase in the yield of alendronate (14), as it was increased from 0 to 66%  
(Figure 10.21) [35–38].

Differing from the case of other bisphosphonates, ibandronate (15) could be 
prepared in high yields also in the absence of any solvent or IL (~75%) [37]. It may 
be concluded that ILs may be advantageous in the synthesis of dronic derivatives. 
However, there is no general rule, which IL, and in what quantity should be measu-
red in.

It was assumed that the presence of an IL may increase the electrophilic character 
of the carbonyl group of the carboxylic acid derivatives (Figure 10.22) [35–38].
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10.5 Summary
In summary, the recent results achieved in the synthesis of hydroxy-bisphosphonic  
acids are stimulating. Many contradictions have been clarified, and the synthe-
ses of a series of dronic derivatives were rationalized and optimized. The role of the 
 P-reactants and solvents was explored, and novel reaction mechanisms were pro-
posed. The catalytic effect of ILs has been demonstrated in the syntheses of a few 
 α-hydroxy-methylenebisphosphonic derivatives. 

Acknowledgment: This work was partially supported by the National Research, 
Development and Innovation Office (K119202).
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11  P-Chemistry at ambient conditions: 

A recent update 

Abstract: This chapter offers an update on the recent developments in green syn-
thetic protocols in organophosphorus chemistry at ambient conditions, and covers 
the literature reported during the period of 2012–mid-2017. The role of solid-supported 
heterogeneous catalysts, nano-catalysts and low-cost homogeneous catalysts, chiral 
ligands, catalyst-free conditions, and also the ball-milling technique in accessing a 
diverse range of organophosphorus compounds at ambient conditions are discussed 
in detail. 

Keywords: organophosphorous reactions, green chemistry, ambient conditions, cata-
lysts, mechanochemistry.

11.1 Introduction
Organophosphorus compounds form an important class of chemicals with extensive 
commercial applications [1, 2]. As a result, the study and synthesis of organophos-
phorus compounds have undergone notable advances in recent decades [3–10]. These 
promising compounds can be used in organic syntheses as ligands for transition- 
metal catalysts [11–16], as organocatalysts [17–23], and also as building blocks for 
pharmaceutical and agricultural chemistry [24–30]. Thus, phosphorus–carbon and 
phosphorus–heteroatom bond formation remains a valid and active exercise in che-
mical research as a result of which new reactions are developed for the preparation of 
new families of organophosphorus compounds with potential multifaceted interest.

Since its first proposition in the 1990s until now, research on green and sus-
tainable chemistry has undergone considerable growth over the past 25 years, and 
become very popular among the researchers working in all branches of chemical 
sciences. Dedicated research endeavors have yielded innumerable green processes 
and products so far, and such well-documented quarter century of advances in the 
fields of green chemistry and green engineering have framed a solid platform for 
further explorations [31–33]. During the recent past, various greener pathways as 
alternatives to traditional chemical syntheses and transformations have been inven-
ted in diverse fields of chemistry to attain sustainability through newer concepts, 
such as step- and atom-economy and E-factor. Greener features in designing an alter-
native protocol for developing useful organic molecules and/or materials include 
the use of bio-renewable resources, benign reaction media (use of greener solvents 
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or no solvent), recyclable (magnetic) heterogeneous catalysts, or no catalyst at all; 
minimization of by-products or waste generation, with efficient isolation of the target 
product; and improving energy efficiency while performing a chemical reaction by 
judicious screening of reaction conditions capable of carrying out the transformation 
at ambient conditions or using microwaves, ultrasound, visible light and mechani-
cal mixing (ball-milling) as green alternatives for heating and activation of the reac-
tants. As part of such ongoing developments on green synthetic strategies, designing 
reactions under ambient conditions coupled with other green aspects has now been 
regarded as an emerging field of research in organic chemistry, and recent literature 
reports indicate the progress [32]. The present chapter is aimed at offering an update 
on the recent developments of synthetic protocols in organophosphorus chemistry 
(P-chemistry) occurring at ambient conditions reported during the period of 2012– 
mid-2017. 

11.2  Recent Advances in the Development 
of Synthetic Protocols in Organophosphorus 
Chemistry at Ambient Conditions 

11.2.1  Solvent-free Synthesis of α-hydroxyphosphonates using 
Solid-supported Heterogeneous Catalysts

Solid-supported heterogeneous catalysts have received considerable attention in 
organic synthesis during the recent past due to their manifold benefits in reducing 
and/or eliminating the use and generation of hazardous substances [34–44]. In 2013, 
there were two reports on the application of such heterogeneous catalytic systems 
in synthesizing α-hydroxyphosphonates via modified Pudovik reaction under sol-
vent-free conditions at room temperature. Vaccaro and group [45] made successful use 
of recyclable PS-BEMP (2-tert-butylimino-2-diethylamino-1,3-dimethylperhydro-1,3,2- 
diazaphosphorine supported on polystyrene), a polymer-supported organocatalyst, 
in accomplishing hydrophosphonation of aromatic and aliphatic aldehydes (1) with 
diethyl phosphite (2) under solvent-free conditions at 30 oC to give the corresponding 
α-hydroxyphosphonates (3) in almost quantitative yields without the need for further 
purification (Figure 11.1). Calculated E-factors for the transformations were found to 
be within the range of 11.6–14.6 (based on a 0.5 mmol scale), which is quite satisfac-
tory. This is to mention herein that even at this ambient temperature PS-BEMP, being 
strongly basic in nature, was found to facilitate the phospha-Brook rearrangement of 
the aldehydes with electron-withdrawing groups, such as 2-pyridylcarboxyaldehyde 
and 4-cyanobenzaldehyde, yielding the rearranged products as major components; 
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however, complete conversion into α-hydroxyphosphonates for these substrates was 
achieved by reducing the temperature to 4 oC and using acetonitrile as the reaction 
medium. In addition, the investigators applied their protocol to a large-scale reaction 
(50 mmol scale), that is a continuous-flow procedure that enables the reduction of 
the E-factor of the process by 92.7–96.3% to further improve the sustainability of the 
entire method [45]. 

Fluorapatite (FAP, Ca10(PO4)6(F)2) has recently attracted much attention for its 
potential application as an efficient catalyst in organic syntheses [47–51]. Interes-
tingly, FAP has an unusual property in that it contains both acidic and basic sites 
in a single crystal lattice. Ramananarivo et al. [46] prepared sodium-modified FAP 
(Na@FAP) and developed another straightforward and eco-friendly method for the 
synthesis of a series of α-hydroxyphosphonates (5) via the Pudovik reaction between 
carbonyl compounds (4) and dialkyl phosphites (2) using this new version of FAP, 
which they reported to be a highly efficient solid catalyst under solvent-free condi-
tions at room temperature (Figure 11.2). The products were purified without the need 
for column chromatography. . 

Both of these solvent-free protocols are advantageous over the available 
methods in terms of operational simplicity, efficiency, yields, ease of work-up, and 
catalyst reusability, making them much greener alternatives as a whole. Among 
 organophosphorus compounds, α-hydroxyphosphonates are of significant bio-

+

2 (1 equiv)
3 (96–98%)

1 (1 equiv)

solvent-free, stirred at 30 οC, 2.5–36 hOH

R

R = C6H5, 4-ClC6H4, 2-OCH3C6H4, 2-OCH3C6H4,
3-OCH3C6H4, 4-OCH3C6H4, 2-furyl, 2-thienyl,
n-pentyl, isobutyl, cyclohexyl, (E)-C6H5CH=CH

PS-BEMP (5 mol%)
OH

PR
O

OO

N
P N
NN

BEMP =

(EtO)2P(O)H

+

2 (1 equiv)4 (1 equiv)

solvent-free, vigorously stirred
at 20–25 οC, 1–1.5 min

5 (75–98%)

OR2

R1

R1,R2 = H, C6H5; H, 4-ClC6H4; H, C6H5CH=CH;
H, 3-NO2C6H4; H, 3-OCH3C6H4;
H, 4-OCH3C6H4

R1,R2 = CH3, C6H5; CH3, 4-OCH3C6H4; CH3, 4-NO2C6H4
R3

 = CH3, C2H5

Na@FAP
P

R1

R2

HO

O

O R3

O R3

FAP = Fluorapatite [Ca(PO4)6(F2)]

(R3O)3P(O)H

Figure 11.1: Solvent-free synthesis of diethyl α-hydroxyphosphonates (3) using a PS-BEMP catalyst. 

Figure 11.2: Solvent-free synthesis of α-hydroxyphosphonates (5) using Na@FAP as the catalyst. 
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logical and  pharmaceutical interest, and are used in the development of antiviral, 
 antibacterial and anticancer agents; pesticides; and inhibitors of various enzymes, 
such as renin, HIV protease, and polymerase [52–59]. Moreover, such compounds also 
find applications as useful precursors in the synthesis of various α-substituted phos-
phonates and phosphonic acids [60, 61].

11.2.2  Synthesis of Alkyl/Aryl-phosphonates/Phosphinates/
Phosphine Oxides 

Organo-phosphonates/phosphinates/phosphine oxides are useful organic com-
pounds finding immense applications in synthetic, biological, pharmaceutical, 
and material chemistry [62–70]. Moreover, arylphosphonate scaffolds are used 
in designing fuel cell membranes [71] and also materials with special optical 
 properties [72, 73].

Dhokale and Mhaske [74] demonstrated a metal-free, mild, and convenient aryl-
C-P bond forming reaction protocol for the straightforward P-arylation of diversely 
substituted aryl silyl triflates, (6) leading to the formation of arylphosphonates (7), 
arylphosphinates (9), and arylphosphine oxides (8) using cesium fluoride as a cata-
lyst under mild reaction conditions at room temperature in acetonitrile (Figure 11.3). 
In their proposed mechanistic approach (Figure 11.4), the investigators assumed two 
possible pathways: Path A, which followed a concerted type of mechanism involving 
the participation of a solvent molecule, while Path B followed a mechanism of Micha-
elis–Arbuzov type, both involving an aryne intermediate (10). However, the authors 
were of the opinion that Path B, involving fluoride ion participation, appears to be 
more appropriate, although a detailed study on the mechanism is warranted to clarify 
the situation. 

In another report, Geng et al. [75] accomplished a catalyst-free synthesis of a 
series of functionalized pyrazole derivatives (15) linked with phenylphosphine oxide 

7 (71–96%)

Si(Me)3

OTf
R

6 (1 equiv)
CsF (5.5 equiv), CH3CN, rt, 4–35 h

P
R

O
OR'

OR'

P
R

O
Ph

Ph

8 (68–83%)

P
R

O
Ph

OEt

9 (62–76%)

P(OR')3 (R' = Me, Et, Bu) (4 equiv)
Ph2P(OEt) (4 equiv)

CsF (5.5equiv), CH3CN,rt, 24–32 h

PhP(OEt)2 (4 equiv)

CsF (5.5 equiv), CH3CN,

rt, 16–30 h

R = H; 4,5-di-F; 3,6-di-Me;
3-OMe; 4,5-(OCH2O)

Figure 11.3: Synthesis of aryl-phosphonates/phosphinates/phosphine oxides made possible by 
facile aryne reactivity.
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via a Michael addition reaction between α,β-unsaturated pyrazolones (13) and the 
secondary phosphine oxide (14) in diethyl ether at room temperature in high yields 
(93–99%) (Figure 11.5). This protocol appears to be a promising and versatile green 
alternative for the synthesis of such biologically significant heterocyclic scaffolds. 

11.2.3  Synthesis of α-aminophosphonates via 
the  Kabachnik-Fields Reaction 

Kabachnik–Fields reaction (also known as phospha-Mannich condensation) has been 
enormously studied, and appears to be a powerful reaction to obtain α-aminophospho-
nates by the one-pot three-component condensation of primary or secondary amines, 
carbonyl compounds (aldehydes and ketones), and >P(O)H species, especially dialkyl 
phosphites [76–80]. α-Aminophosphonates and related derivatives are evergreen 
targets in the bio- and medicinal chemistry due to their versatile bioactivity [81–90]. 
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CH3CN

(–CH2CN)

P
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O

O

O

FTfO
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– TfOEt
or – EtF
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6 710

10
11 12

Figure 11.4: Proposed mechanisms for the transformation of aryl silyl triflates into arylphosphonates.

15 (93–99%)

N
N R1

O
R3

R2

+

13 (0.60 mmol) 14 (0.03 mmol)

Catalyst-free, Et2O (3 mL)

rt, 5–180 min
N
N R1

OH
R3

R2

P
O P h

P h

R1 = C6H5, 4-ClC6H4, 3-ClC6H4, 4-BrC6H4, 2,4-di-Cl2-C6H3, 4-OCH3C6H4,
4-CH3C6H4, 4-SCH3C6H4, 3,5-di-(OCH3)2C6H3, 3,5-(OCH2O)C6H3,
2-naphtyl, 2-furyl

R2 = CH3, CF3; R3 = C6H5, 4-BrC6H4, 4-ClC6H4

Ph2P(O)H

Figure 11.5: Catalyst-free synthesis of phosphinoylated pyrazole derivatives (15).
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A series of α-aminophosphonate derivatives (18) were prepared by Fang et al. [91] 
through the Kabachnik–Fields reaction of aromatic aldehydes (16), aromatic amines 
(17), and triethyl phosphite/diethyl phosphite at room temperature, using a biode-
gradable SO3H-functionalized ionic liquid (IL), 3-(N,N-dimethyldodecylammonium)
propanesulfonic acid ([DDPA][HSO4]), under solvent-free conditions, or in aqueous 
media (Figure 11.6).

Later on, Shaterian et al. [92] also reported an eco-friendly and novel method for the 
synthesis of another series of such compounds (18) by the one-pot Kabachnik–Fields 
reaction employing nano-TiO2 as a reusable heterogeneous catalyst under ambient and 
solvent-free conditions (Figure 11.7). The method is efficient, and provides excellent 
yields in short reaction times, which makes the protocol an environmentally friendly 
and economically valuable process for the synthesis of this class of compounds.  

In another report, Abdel-Megeed et al. [93] demonstrated the synthesis of a series 
of antimicrobial diphenyl 1-(arylamino)(pyridin-3-yl)methylphosphonates (20) with 
good yields by the reacting nicotinaldehyde (19) with aromatic amines (17) and tri-
phenyl phosphite in the presence of titanium tetrachloride as a catalyst in dichloro-
metane at room temperature (Figure 11.8).

18 (80–95%)16 (10 mmol) 17 (10 mmol)

+
rt, 20–60 min

R1 = H, 2-Cl, 4-Cl, 4-CH3, 4-OH, 4-OCH3, 4-NO2
R2 = H, 4-Br, 4-F, 2,4-di-Cl, 4-CH3, 3-NO2, 4-NO2

NH2
R2 P(OEt)3 or HP(O)(OEt)2+

(10 mmol)

R1 H

O
[DDPA][HSO4] (0.5 mL)

R1

PO
OEt
OEt
N
H R2

Figure 11.6: Synthesis of α-aminophosphonates (18) using a SO3H-functionalized IL, [DDPA][HSO4].

18 (85–94%)16 (1 mmol) 17 (1 mmol)

+
Solvent-free, rt, 9–35 min

R1 = H, 4-Cl, 4-CH3, 2-OH, 4-OH, 4-OCH3, 3, 4-di-OCH3, 3-NO2, 4-NO2
R2 = H, 4-Br, 4-CH3, 3-NO2, 4-NO2, (4-Cl,2-NO2)

NH2
R2 +

(1 mmol)

R1 H

O

R1

PO
OEt
OEt

P(OEt)3

Nano-TiO2 (10 mol%, 0.008 g) N
H R2

Figure 11.7: Synthesis of α-aminophosphonates (18) using nano-TiO2 as a catalyst under sol-
vent-free conditions.

20 (78–89%)19 (10 mmol) 17 (20 mmol)

+
CH2Cl2, rt, 24–32 h

R = H, 4-Cl, 4-CH3, 4-OH, 4-OCH3

NH2
R +

(15 mmol)
N

H

O

N
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OPh
OPh

P(OPh)3

TiCl4 (1 mmol) N
H R

Figure 11.8: Synthesis of diphenyl 1-(arylamino)(pyridin-3-yl)methylphosphonates (20).
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11.2.4  Synthesis of (2-amino-3-cyano-4H-chromen-4-yl)Pposphonic 
Acid Diethyl Esters

2-Amino-4H-chromene scaffolds represent a privileged structural motif, well 
distributed in naturally occurring compounds [94–96] with a broad spectrum of 
pharmacological efficacies that include antimicrobial [97], antiviral [98, 99], anti-
inflammatory [100], antimalarial [101, 102], sex-hormonal [103], antiproliferative 
[104], antitumor [105], and anticancer activities [106], and are also widely emplo-
yed in making cosmetics and pigments [107], and potent biodegradable agroche-
micals [108, 109]. As mentioned in earlier sections, phosphonates and their deri-
vatives also find immense applications in synthetic and medicinal chemistry. The 
wide range of promising biological activities and pharmacological properties of 
both phosphonate derivatives and 2-amino-4H-chromenes has led to attempts at 
synthesizing a variety of phosphonate derivatives coupled with 2-aminochrome-
nyl rings.

Rao Kolla and Lee [110] reported a room temperature method for the rapid and 
efficient synthesis of biologically relevant 2-amino-4H-chromen-4-ylphosphonate 
derivatives (23) by the one-pot three-component condensation of substituted salicyl-
aldehydes (21), malononitrile (or ethylcyanoacetate) (22), and triethyl phosphite in 
the presence of ethylenediamine diacetate as a catalyst in alcohol at room tempera-
ture (Figure 11.9). The research group of the author of this chapter [111] also developed 
an energy-efficient multicomponent one-pot procedure for the facile synthesis of a 
wide range of diverse (2-amino-3-cyano-4H-chromen-4-yl)phosphonic acid diethyl 
esters (23′) at room temperature by the reaction of salicylaldehydes, malononitrile 
(or ethyl cyanoacetate), and triethyl phosphite on the surface of a reusable heteroge-
neous MgO-nanocatalyst in aqueous ethanolic medium (Figure 11.10). The significant 
features of this eco-friendly green protocol include operational simplicity, easy reu-
sability of the catalyst, room temperature condition, energy efficiency, clean reaction 
profiles, and good yields. 

P(OEt)3

21 (1 equiv) 22 (1 equiv)

EtOH, rt, 2–3 h

(1 equiv)

EDDA (20mol%)

23 (62–90%)

R1 = H, 3-CH3, 5-CH3, 4-OCH3, 5-OCH3, 5-Br, 3, 5-di-Br, 5-NO2

CHO

OH
R1 +

R2

C N
+

O

R2

NH2

PO
O

O

R1

R2 = CN, COOEt

Figure 11.9: Synthesis of (2-amino-4H-chromen-4-yl)phosphonate derivatives (23) using ethylenedi-
amine diacetate as the catalyst.
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11.2.5  Synthesis of Vicinal Amphiphilic Phosphine 
Oxide Boronates

Phosphine-substituted borane and boronate esters have received enhanced interest 
recently for their promising applications in the emerging field of frustrated Lewis pair 
chemistry [112–115], and as organocatalysts or ligands in metal-catalyzed transforma-
tions [116–118], where the boron atom also has the ability to bind transition metals by 
acting as σ-acceptor ligand, thereby offering new fascinating possibilities in terms of 
controlling reactivity [119]. The enantioselective synthesis of optically active vicinal 
amphiphilic phosphine oxide boronates at room temperature was reported as a 
 significant research in organophosphorus chemistry [120]. The investigators elabo-
rated an efficient asymmetric β-boration of α,β-unsaturated phosphine oxides (24) 
using bis(pinacolato)diboron (25) to synthesize a series of boronate esters 26 in good 
yields (62–95%), and with high enantioselectivities (up to 96%) under ambient con-
ditions using a chiral catalytic system based on copper(I) and ligand (RC,SP)-Josiphos 
(Figure 11.11). Broad structural scope, functional group tolerance, mild reaction condi-
tions, and high enantiomeric excess are the major advantages of this elegant method. 

CHO

OH O

R2

NH2

PO O
O

NC R2
+ +

nano-MgO (15 mol%)

EtOH:H2O (1:1),rt
(4–24h)

R1 R1

21 (1mmol) 22 (1 mmol) (1.3 mmol)

R1 = H, 5-Cl, 5-Br, 3,5-di-Cl, 3,5-di-Br,
         5-Me, 5-OMe, 5-NO2
R2 = CN, COOEt

23' (yield: 68–92%)

(EtO)3P

Figure 11.10: One-pot synthesis of diethyl (2-amino-3-cyano-4H-chromen-4-yl)phosphonates (23′) 
using a nanocrystalline MgO catalyst. 
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Figure 11.11: Chiral Cu(I)-complex-catalyzed enantioselective synthesis of phosphine oxide boronates (26).
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11.2.6  Synthesis of Organophosphorus Compounds using 
Mechanochemistry under Ambient Conditions

Recently, mechanochemistry, i.e. chemical synthesis conducted by grinding the reac-
tants together under neat conditions, has attracted much attention as an alternative 
and green chemical approach [121–123]. This is a solvent-free technique [124–128]. 
Although the term mechanochemistry has been adopted recently, it was known to all 
early chemists as a hand-grinding technique. Today, this hand-grinding technique 
has been automated through a suitable equipment, called ball mill. Nowadays, ball 
milling has emerged as a powerful tool to realize chemical reactions by mechanical 
energy. Allowing a variety of reactions to occur at ambient temperatures and under 
solvent-free conditions, ball milling offers a greener route for initiating many chemi-
cal reactions; this method has been summarized in many review papers and book 
chapters [129]. Hence, organic reactions taking place under neat conditions by means 
of ball milling activation demonstrate significant advantages, including substantial 
improvements in energy efficiency as compared to conventional solution-based or 
microwave-assisted syntheses, short reaction times, straightforward work-up, quan-
titative yields, higher safety, and the potential for scale-up over other solvent-free 
techniques [130–134].

Marandi et al. [135] used the mechanochemical technique, and developed a cata-
lyst- and solvent-free protocol for the one-pot synthesis of a variety of functionali-
zed phosphorus ylides (31) and 1,4-diionic organophosphorus compounds (32) by 
the reaction of dialkyl acetylenedicarboxylates (27), triphenylphosphine (28), and 
diverse NH- and C-H activated acids (29 and 30) by grinding the reactants at room 
temperature (Figure 11.12). The products were obtained in excellent yields and with 
high stereoselectivity. The present protocol provides notable advantages, particularly 
the avoidance of the catalyst and toxic organic solvent, and hence ensuring safe and 
mild reaction conditions [135].

Recently, another study on the use of mechanochemistry in organophosphorus 
chemistry has been published. Wang and his group [136] elaborated the first sol-
vent-free synthesis of a series of C2-phosphonylated thiazoles/benzothiazoles (35) via 
the manganese(III) acetate-promoted C(sp2)-P cross-coupling reaction between thia-
zole/benzothiazole derivatives (33) and different organophosphorus compounds (34) 
including phosphine oxides, phosphinates, and phosphonates under ball-milling con-
ditions (Figure 11.13). Previously reported methods for such phosphonylated heterocy-
cles required palladium acetate and silver nitrate as catalysts, proline or 2,2′-bipyri-
dine as a ligand, K2S2O8 or di-tert-butyl peroxide as the oxidant, and acetonitrile as 
the solvent [137–140]. As compared to the earlier methods, the present ball-milling 
protocol offers several advantages, such as the solvent-free condition, the use of man-
ganese(III) acetate as a low-cost and eco-friendly catalyst, the use of air instead of any 
oxidant, and shorter reaction times with moderate to good yields up to 97%. 
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Figure 11.12: Catalyst- and solvent-free synthesis of phosphorus ylides (31) and 1,4-diionic organo-
phosphorus compounds (32). 
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R H +

Mn(OAc)3    2H2O (0.9 mmol)

33 (0.3 mmol) 34 (0.6 mmol) solvent-free condition
rt, 1.5h N

S
R P

O
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R' = C6H5, 4-FC6H4, 4-CH3C6H4, 4-BrC6H4, 3, 5-(CH3)2C6H3,
         naphthyl, cyclohexyl, n-butyl, OC2H5

Figure 11.13: Manganese(III) acetate-catalyzed synthesis of C2-phosphonylated thiazoles/benzothi-
azoles (35) via a C(sp2)-P cross-coupling reaction under ball milling.

As a scale-up, benzothiazole (6 mmol) and diphenylphosphine oxide (12 mmol) were 
reacted under the optimal conditions to furnish benzo[d]thiazol-2-yldiphenylphos-
phine oxide (35a) in a yield of 95% on a gram-scale (Figure 11.14) [136].

11.3 Conclusions
Organophosphorous compounds have gained spectacular interest recently among 
researchers, including synthetic chemists, medicinal chemists, pharmacologists, bio-
logists, and others working in interdisciplinary areas owing to their inherent biologi-

 EBSCOhost - printed on 2/13/2023 3:27 AM via . All use subject to https://www.ebsco.com/terms-of-use



224   Goutam Brahmachari

cal and physical properties. Synthetic organic chemists are, thus, deeply involved in 
exploring newer methodologies for the generation of organophosphorus compounds 
of both known and unknown skeletons and their analogs that may offer different 
kinds of physical and biological properties. With the advent of the concept of green 
chemistry approaches, chemists currently pay their attention to fulfill the expectations 
and to satisfy certain green chemical parameters in developing a new synthetic proto-
col, or modifying existing ones. As a result, a considerable development in the green 
synthetic approaches of organophosphorus compounds has taken place, highlighting 
various aspects of green chemistry during the last decade. The present chapter offers 
an update on such developments of synthetic protocols in organophosphorus chemis-
try at ambient conditions, reported during the period of 2012–mid-2017. Room tempe-
rature synthetic protocols for a variety of organophosphorus compounds, including 
α-hydroxyphosphonates, alkyl/aryl-phosphonates/phosphinates/phosphine oxides, 
α-aminophosphonates, vicinal amphiphilic phosphine oxide boronates, phosphorus 
ylides, and 1,4-diionic organophosphorus compounds, are discussed in detail. These 
green synthetic protocols offer new information to readers on the use of solid-sup-
ported heterogeneous catalysts, nano-catalysts, low-cost catalysts, chiral ligands,  
catalyst-free conditions, and also the application of ball mill as a part of mechanoche-
mical reactions. Mild reaction protocols for the synthesis of a wide range of biologi-
cally relevant phosphorus-containing organic compounds are documented, and the 
author hopes that this overview boosts the ongoing research in organophosphorus 
chemistry coupled with green chemistry objectives. 
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12  Recent developments in the synthesis  

of new P-heterocycles

Abstract: A number of new phosphorus-containing heterocycles have been isola-
ted and characterized in the recent years. The novel organophosphorus species con-
tain single rings and ring systems from four-membered up to nine-membered rings. 
Among the methods reported for their syntheses, a wide range of organic reactions, 
from nucleophilic additions through cycloadditions to the nowadays  fashionable 
ring-closing metathesis, can be found. In most of the cases, the heterocycles could 
be derivatized during their syntheses, but post-synthetic derivatizations were also 
found to occur. Beside the scientific impact associated with the isolation of new 
molecules, the significance of these new P-heterocycles is demonstrated by the bio-
logical applications reported, and by the transition metal (Au, Pt, Mo) complex-for-
ming abilities.

Keywords: synthesis, heterocycles, organophosphorus scaffolds, derivatization.

12.1 Introduction
Organophosphorus chemistry is a dynamically developing discipline expanding 
the available chemical space year by year [1–3]. The analogy between the classical 
heterocycles and their phosphorus analogs is undeniable. Moreover, the diverse 
coordination states of phosphorus give rise to various geometrical architectures, 
and apparently lend variety to the libraries constructed from P-containing  molecules 
[4]. Nowadays, the progress in chemical synthesis involves the application of 
new  up-to-date  synthetic methods in the construction of phosphorus-containing 
 compounds, particularly P-heterocycles [5, 6]. This chapter includes the synthesis 
of novel P-heterocycles developed in the past five years (2012–2017). The importance 
of P-heterocycles cannot be overstated. This class of molecules, among others, is part 
of an organic chemist’s toolkit for transition metal catalysis [7], and finds medical [8], 
agricultural [9], analytical, and biochemical applications [4].
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12.2 New four-membered P-heterocycles
Phosphaalkenes (1) have been used as building blocks for four-membered heterocy-
clic cations (Figure 12.1) [10]. Although P2C2 rings have been observed within polycy-
clic structures before [11], the molecule synthesized represented the first example of a 
structurally characterized 1,3-diphosphetanium cation and dication. The reaction of 
phosphaalkene 1 with methyl triflate led to a methylenephosphonium intermediate 
followed by cyclization with a second phosphaalkene (1) to give the 1,3-diphospheta-
nium salt (2). The latter could be alkylated further with a second molecule of MeOTf 
to form a diphosphetanium product (3) (Figure 12.1).

Four-membered phosphorus-chalcogen (Ch) rings with a P2Ch2 core (5) were syn-
thesized as the first representatives of such cyclic structures with trivalent phosphorus 
atoms (Figure 12.2) [12]. The chalcogens incorporated were sulfur and selenium. The pro-
ducts formed were prepared by the 1:1 addition of S(TMS)2 [bis(trimethylsilyl)sulfide] to 
Ar-PCl2 (4) in THF at room temperature. After a reaction time of 16 h the corresponding 
heterocycles (5) were obtained in good yields. An analogous synthetic procedure was 
used to get the seleno derivative, and the reaction of (ArPSe)2 with 2,3-dimethylbuta-
diene led to a six-membered Diels–Alder product (6). Besides, the success in preparing 
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Figure 12.1: Synthesis of diphosphetanium cationic (2) and dicationic (3) species.

Figure 12.2: Synthesis and reactions of new (ArP)2Ch2 cores (5).
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the (ArPS)2 ring provided access to an N-heterocyclic carbene (NHC)-stabilized phos-
phinidene sulfide (7) by reacting with 1,3-diisopropyl-4,5-dimethylimidazole-2-ylidene.

12.3 New five-membered P-heterocycles
The development of thieno[3,4-c]phosphole-4,6-diones (9, 10) as versatile building 
blocks was reported by Takeda et al. (Figure 12.3) [13]. The synthesis was carried out 
by the reaction of thiophene-3,4-dicarboxylic acid chlorides (7) or (8) with in situ 
generated [(Tipp)P(SiMe3)2] in diethyl ether to furnish the products (9, 10) in mode-
rate yields. The usefulness of the new compounds was demonstrated by converting 
them to new D-A-D (donor-acceptor-donor) functional molecules and low-bandgap 
conjugated polymers. In the latter case, the bandgap control was achieved through 
post-polymerization modification.

The Diels–Alder cycloadducts (12, 13) of 1,3-benzothiaphosphole (11) with 
butadienes and cyclopentadiene were synthesized (Figure 12.4) [14]. The starting 
heterocycle reacted with the dienes within 1–6 days at 60–65 °C to give dihydro-1H-
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ClOC COCl

[(Tipp)P(SiMe3)2]

Et2O

–78 °C to rt, 20 h S XX
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Figure 12.3: Synthesis of two thieno[3,4-c]phosphole-4,6-diones (9 and 10).
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and dienes.
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benzo[d]- phosphinino[2,1-b][1,3]thiaphospholes (12) and endo-/exo-1,4,4a-trihydro-
1,4-metha n obenzo[d]phosphinino[2,1-b][1,3]thiaphosphole (13), respectively, which 
were tra nsformed to air-stable sulfides (14, 15) by reacting with elemental sulfur.

Novel fluorinated spiro[oxindole-thiazolidinone] derivatives fused with phos-
phorus heterocycles were synthesized starting from 3’-(4-fluorophenyl)-4’H-spiro 
[indole-3,2’-thiazolidine]-2,4’(1H)-dione (16) (Figure 12.5) [15]. First, thiazolidine 16 
was reacted with 2-chloro-6-fluorobenzaldehyde, creating compound 17 containing 
an activated double bond. A Michael-type addition took place with diethyl phosphite 
in the presence of boron trifluoride diethyl etherate, followed by intramolecular nucle-
ophilic attack of the oxygen at the phosphorus atom, causing an O-P ring closure with 
the elimination of EtOH. The reaction led to spiro{indole-3,5’-[1,2]oxaphospholo[5,4-d]
thiazol}-2-one (19) in a good yield. Moreover, when the starting thiazolidinone (16) 
was reacted with hydrazine, hydrazone 20 was formed and this intermediate (20) was 
reacted with POCl3 in the presence of TEA, and the corresponding spiro{indole-3,5’- 
thiazolo[5,4-d][1,2,3]diazaphosphol}-2-one derivative (21) was obtained after hydroly-
sis in a good yield. 

The synthesized compounds were tested for antioxidant activity by the 1,1-diphe-
nyl-2-picrylhydrazyl method, and species 19 and 20 showed excellent activities in the 
range of 63–71%.

The synergistic 1,1-addition of unsaturated vicinal frustrated phosphorus-boron 
(P/B) Lewis pairs (FLP) with isocyanides afforded new heterocycles in moderate to 
good yields (Figure 12.6) [16]. In the first reaction step, the isonitrile ligands coordina-
ted conventionally at the boron atom that is the Lewis acidic site of compound 22, and 
this coordination was followed by a ring closure under thermodynamic control. The 
products (23) were isolated as mixtures of E/Z isomers.

The first example of an isolable diazadiphosphapentalene derivative (28) was 
synthesized and derivatized recently (Figure 12.7) [17, 18]. The heterocycle (28) was 
obtained in a four-step synthesis starting from a methyl tert-butyl imine (24) that 
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{indole-3,5’-thiazolo[5,4-d][1,2,3]diazaphosphol}-2-one (21).
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was deprotonated on the methyl group, and reacted with phosphorus trichloride in a 
nucleophilic substitution affording intermediate 25, which was successfully reduced 
by LAH. The formed P(III) moiety was protected by reaction with borane. The borane 
complex (26) was then converted to 27 azadiphosphole by reacting with KHMDS and 
PCl3, and further treatment of the intermediate (27) with KHMDS resulted in the for-
mation of diazadiphosphapentalene 28, which was stable in an inert atmosphere. 

To investigate the chemical properties of the new heterocycle, various reactions 
were performed (Figure 12.8). The diazadiphosphapentalene (28) could be oxidized (29) 
in the presence of TEMPO, fluorinated (30) and methylated (31) on the phosphorus atom, 
and converted to the complexes with borane (32) or PtCl2. Moreover, a photoinduced iso-
merization was also observed leading to a new diazadiphosphapentalene isomer (33) 
that was proven to be more stable and also could be transformed to borane complex 34.

A novel aromatic 6π electron ring compound, 2,4-diphospha-3,5-diaza-thiole 
(cyclo-SNPNP, 38), was obtained from SP(N3)3 (35) in gas phase at 1,000 °C under an 
Ar atmosphere by flash pyrolysis (Figure 12.9) [19]. The starting compound 35 was 
converted to the reactive 1,3-dipolar SPN intermediate (36) that underwent an inter-
molecular cycloaddition/dimerization leading to molecule 37, followed by a ring con-
traction with sulfur elimination, resulting in heterocycle 38. The expelled sulfur atom 
dimerized to disulfur (S2), which was detected by UV spectroscopy. The compound 38 
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Figure 12.6: Reaction of isocyanides with P/B FLPs.
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was isolated and deposited in a matrix at –257 °C. The product (38) was identified and 
characterized by IR spectroscopy and 15N isotope labeling. 

12.4 New six-membered P-heterocycles
Novel phosphaphenalenes (40) fused with various carbocycles and heterocycles were 
synthesized by a non-catalyzed reaction of lithiated arylnaphthalenes (39) with dichlo-
rophenylphosphane at 0 °C followed by quenching with hydrogen peroxide in order to 
obtain the air-stable phosphorus heterocycles (40) (Figure 12.10) [20]. The 3-thiophene 
derivative could be iodinated, brominated, and reduced to P(III) to form a gold complex.
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The first syntheses of 1-phenyl-1,4-dihydrophosphinoline-1-oxides (42) and 1,4-dihydro-
phosphinolines (43) have been described [21–23]. In the acid-promoted reaction, allenes 
(41) were initially transformed to (3-hydroxyalk-1-en-1-yl)diphenylphosphine oxides that 
were converted to the thermodynamically more stable fused compounds (Figure 12.11). 
The promotion could be achieved best with TfOH at 120 °C or with AlCl3 even at 20 °C, and 
the products were isolated in moderate to good yields. The mechanism of the reaction 
was studied by NMR and DFT calculations. The P(V) derivatives (42) were reduced with 
trichlorosilanes to form trivalent phosphines (43). The latter formed Pt and Pd complexes. 
Moreover, the dihydrophosphinoline-1-oxides (42) could be converted to triflate salts (44).

Phosphininofurans (46), representing a novel heterocyclic system, were synthesi-
zed in moderate yields by photochemical reaction of furanyl phosphonium-iodonium 
ylides (45) with acetylenes (Figure 12.12) [24]. A few years later the same approach was 
used for the synthesis of the isomeric compound (48) starting from 3-furyl analogs [25].
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Two novel polyfused P-centered heterocycles (53 and 54) were synthesized from 
2-iodophenyl-methylthioether (49) and diacetylenephenylphosphine oxide (50) [26]. 
Initially, a double-Sonogashira reaction afforded phosphine oxide 51. The latter was 
transformed to the key intermediate bis(3-iodobenzo[b]thiophen-2-yl)-phenylphos-
phine oxide (52) which was converted with moderate yields to 53 or 54 by a  double-Heck 
reaction with styrene or double-Ullmann reaction with N,N- dimethylethylenediamine 
(Figure 12.13).
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An iterative iodocyclization led to benzothiopheno-fused oxaphosphinines (57) [26]. 
Phosphonate (55) was at first partially hydrolyzed, followed by an electrophilic cycli-
zation promoted by methanesulfonic acid or N-iodosuccinimide to give benzo[4,5]
thieno-[2,3-c][1,2]oxaphosphinines (57) in good yields (Figure 12.14).

The complexation properties of ortho-(diphenylphosphino)phenyl isocyan-
ide (58) with gold(I), palladium(II) and nickel(II) chlorides was studied [27]. The 
application of NiCl2 promoted unexpectedly a head-to-tail dimerization of isocyan-
ide 58, leading to an organic dimer (59) as a new heterocyclic core in a low yield 
(Figure 12.15).

N-Benzyl-4-phenyldeoxyestrone-P-phenylphosphamide (60) was modified by a 
radical oxidative C-H amination with N-iodosuccinimide in dichloromethane, leading to 
the chiral P-stereogenic atropoisomeric derivative 61 in a high yield and diastereoselecti-
vity (Figure 12.16) [28, 29]. The starting compound was N-benzyl-4- phenyldeoxyestrone-
P-phenylphosphamide (60) and the ring closure went smoothly leading to the chiral 
P-stereogenic atropoisomeric 61 (Figure 12.16). The product was reported to have been 
used as a drug and diagnostic reagent in cancer therapy. Moreover, on changing the cou-
pling reagent to elemental iodine in the presence of PhI(OAc)2, the iodine atom could 
be inserted into the A phenyl ring (62). This could open the way to further modify the 
hexacycle by various coupling reactions.

The reaction of 5-fluoro-3’-(4-fluorophenyl)-5’-(trifluoroacetyl)-spiro[indole-3,2’- 
thiazolidine]-2,4’(1H)-dione 63 with methyl phosphonic diamide in refluxing ethanol 
containing a catalytic amount of piperidine affords a novel phosphorus heterocycle 
(64) fused with the spiro[oxindole-thiazolidinone] ring system [15]. The 1HNMR data 
indicated an equilibrium between the amino-imino tautomers (Figure 12.17).
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Cyanoacetohydrazide was reacted with 1,3-diphenyl-1H-pyrazole-4-carbaldehyde (65) 
to yield 2-cyano-N’-[1,3-diphenyl-1H-pyrazol-4-ylmethylidene] acetohydrazide (66) 
[30]. This intermediate reacted smoothly with diethyl phosphite at 70–80 °C in the 
presence of boron trifluoride diethyl etherate, resulting in the formation of the corres-
ponding novel oxadiazaphosphininyl-acetonitrile (67) (Figure 12.18). 

The formation of 67 could be explained by a P-H addition to C=N bond and sub-
sequent cyclization by the enol tautomer eliminating EtOH. The final step was an 
auto-oxidation affording pyrazolyloxadiazaphosphorine 67.
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Figure 12.16: Synthesis of estrone-derived atropoisomeric P-stereogenic phosphinamides (61, 62).
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Figure 12.17: Synthesis of spiro{indole-3,6’-thiazolo[4’,5’-d][1,3,2]diazaphosphinin}-2-one (64).
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Figure 12.18: Synthesis of pyrazolyloxadiazaphosphorine (67).
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The coupling of carbon monoxide and nitrogen monoxide at 68 FLP template was 
studied [31]. These experiments led to new phosphorus-boron heterocycles (69, 70), 
when the “Piers’ borane carbonyl” (68) was reacted with nitrogen monoxide at room 
temperature (Figure 12.19). The two major products were isolated in moderate yields. 

The synthesis of new phosphine-boronates was achieved through a unique rear-
rangement [32]. Initially, phosphoranyl dihydroborate (71) was generated and by an 
extraction with diethyl ether the new heterocycle was formed (Figure 12.20). The for-
mation of phosphine-boronate 72 was imagined by a double migration of the alkoxy 
groups from the phosphorus to the boron atom, as well as the migration of a hydrogen 
from the hydroborane to the phosphorus. This mechanism was proven by an experi-
ment with deuterated derivatives. This double ring expansion was also studied by the 
treatment of the dihydroborane 71 with but-2-yne. The formation of the butenylated 
derivative (73) showed the same hydroboration reactivity as the starting compound. 
The mechanism of this reaction is presumably analogous, as one hydrogen and two 
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Figure 12.19: Synthesis of novel phosphorus heterocycles (69 and 70) from 68 FLP template.
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Figure 12.20: Synthesis of new phosphine-boronates (72, 73).
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oxygen atoms of the corresponding phosphoranyl-substituted 2-butenyl(hydro)- 
borane quickly rearrange. The rearrangement was so rapid that the second hydrobo-
ration did not occur. This property of the heterocycles could be advantageous for a 
selective single hydroboration reaction.

The hitherto unknown phosphorus analog of cyanuric acid was synthesized by Suter 
et al. [33]. 2,4,6-Tri(hydroxy)-1,3,5-triphosphinine was obtained in a straightforward syn-
thesis involving the reaction of NaOCP and chlorodiisopinocampheylborane ((ipc)2BCl, 
74) at –40 °C, which initially led to the formation of the (ipc)2B-O-C---P phosphaacetylene 
and the phosphaketene (ipc)2B-O=C=P. Both compounds dimerized at room temperature 
either to phosphabutadiene or to an 1,3-diketone, respectively, followed by a ring expan-
sion by the reaction with a third OCP molecule forming the desired P3C3[OB(ipc)2]3 (75). 
The boronic protecting group could be removed with tert-butanol leading to heterocy-
cle 76, and the hydroxy groups were silylated, forming compound 77 (Figure 12.21). The 
borylated and the silylated derivative could be transformed to a Mo(CO)3 complex.

Recently, organophosphorus(III)-tellurium heterocycles were also isolated and 
their crystal structures were elucidated [34]. Applying new synthetic methods, the 
first examples of solid-state structures have been reported and the first representatives 
of ring systems containing equal numbers of alternating phosphorus and  tellurium 
atoms were synthesized. The reaction of supermesitylphosphorus  dichloride (78a) or 
 tritylphosphorus dichloride (78b) with Na2Te3 led to the new  tritelluratriphosphorinanes 
(79a,b) in low to acceptable yields (Figure 12.22). In both reactions the new  heterocycle 
was only a minor product, but isolable as a solid that was proven to be highly air 
 sensitive and slightly light sensitive. XRD analysis of heterocycle 79b shows that the 
P3Te3 ring crystallizes in the chair conformation, in which the bulky trityl ligands are 
able to take the sterically advantageous equatorial positions.
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Figure 12.21: Synthesis of 2,4,6-tri(hydroxy)-1,3,5-triphosphinine (76).
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12.5  New seven-, eight-, and nine-membered 
P-heterocycles

Seven- and eight-membered phosphorus heterocycles were synthesized by ring-clo-
sing metathesis [35]. Hitherto unreported benzo-fused oxaphosphocine and oxaphos-
phopine derivatives (82) were obtained from substrates with unsymmetrical alkenyl 
groups linked directly to a phosphorus atom (80, 81). Grubbs’ first-generation cata-
lyst was applied to the reagents under a nitrogen atmosphere at room temperature 
in dichloromethane for 5–8 h (Figure 12.23). The corresponding seven- and eight- 
membered products were isolated in excellent yields. The reaction was extended to  
different substituents in the benzene ring. Moreover, naphthalene or N,N’-diethyl-
pyrimidine-dione derivatives could also serve as reactants. A few of the compounds 
could be hydrogenated quantitatively, leading to their saturated analogs (83). 

The first synthesis of a diazaphosphocane (85) and a diazaphosphonane (86) 
was reported by a nucleophilic substitution reaction – an intramolecular aza-Michael 
sequence with N,N’-dimethyl secondary amines and a phosphonochloridate precur-
sor (84) in t-BuOH (Figure 12.24) [36]. The eight-membered ring (85) was stable, while 
the nine-membered diazaphosphonane (86) showed limited stability over a few days. 
The products were isolated as diastereomeric mixtures, as suggested by the 13C and 31P 
NMR data, and in the case of diazaphosphocane 85 those could be separated by flash 
chromatography.

The Woolins’ reagent (87) was applied for the synthesis of novel organophospho-
rus-selenium heteroatom compounds [37]. Trans-1,2-cyclohexanediamine was reacted 
with compound 87 forming a zwitterionic intermediate (88), followed by the addition 
of ortho-xylylenedibromide (Figure 12.25). The alkylating agent was attacked by the 
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Figure 12.22: Synthesis of tritelluratriphosphorinanes (79a and b).
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Figure 12.23: Synthesis of oxaphosphocine and oxaphosphopine derivatives (82 and 83).
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selenide anions, leading to 3-phenyl-1,5-dihydrobenzo[e][1,3,2]diselenaphosphepine 
3-selenide (89). The same product (89) was obtained when 1,3-cyclohexanediamine 
was applied in the first step of the reaction sequence.
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13  Ultrasound-assisted synthesis  

of organophosphorus compounds
Abstract: Compared to conventional methods, the application of ultrasonic 
 irradiation has many advantages in organic syntheses, such as faster and more 
 selective  reactions, as well as higher yields and cleaner products. Most of the 
 ultrasound- mediated  approaches satisfy the goals of green chemistry. In this 
chapter, the  ultrasound- assisted synthesis of various organophosphorus compounds 
 including α-aminophosphonates, α-hydroxyphosphonates, and their  derivatives 
using the Kabachnik–Fields condensation, the Pudovik, click, and other reactions is 
discussed.

Keywords: ultrasonic irradiation, α-aminophosphonates, α-hydroxyphosphonates, 
Kabachnik–Fields condensation, Pudovik reaction, click reaction.

13.1 Introduction
The use of ultrasonic irradiation in organic syntheses has led to significant 
 developments in the last decades. Ultrasound-mediated reactions may be more 
 advantageous as compared to their traditional thermal analogues in respect of 
 reaction rate and selectivity, as well as the yield and the purity of the products 
[1–4]. Organophosphorus compounds have been receiving continuous attention 
due to their potential biological activity (see also Chapter 3) [5, 6]. This chapter 
summarizes recent developments in the field of ultrasound-assisted synthesis of 
α-aminophosphonates, α-hydroxyphosphonates, and related derivatives.

13.2  Ultrasound-assisted Kabachnik–Fields 
Condensation

The Kabachnik–Fields condensation is a one-pot three-component condensation of 
an amine, an oxo compound and a P-reagent [7]. This reaction is generally applied 
for the synthesis of α-aminophosphonates [8] receiving continuous attention due to 
their potential pharmacological applications as anticancer [9], antithrombotic [10], 
antihypertensive [11], antiinflammatory [12], antiviral [13], antimicrobial [14–16] 
agents, and as antioxidants [17], or enzyme inhibitors [18]. A number of approa-
ches have been reported for the synthesis of these important organophosphorus  

https://doi.org/10.1515/9783110535839-013
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compounds (see also Chapter 6) [19–22]. Many of these processes require long reac-
tion times and/or harsh conditions. As a possible development, the ultrasonic irradi-
ation was tried out in a series of Kabachnik–Fields reactions.

13.2.1  Kabachnik–Fields Reactions Starting from Dialkyl 
Phosphites

A number of α-aminophosphonates were synthesized by the one-pot three-compo-
nent reaction of various benzaldehyde derivatives, substituted anilines and dialkyl 
phosphites at room temperature (Table 13.1). It should be noted that there were no 
temperature data in the references, and due to this, the results cannot be precisely 
compared with each other. Condensations were performed using nano-SiO2 as an effi-
cient and reusable catalyst in aqueous media under ultrasonic irradiation (Table 13.1, 
entry 1). Another simple and efficient protocol for the rapid synthesis of α-aminophos-
phonates was carried out in the presence of a catalytic amount of sulfonic acid-func-
tionalized Santa Barbara Amorphous-15 (SBA-15/SO3H) nano-composite under ultra-
sonic irradiation in ethanol (Table 13.1, entry 2). Graphene oxide was found to be an 

Table 13.1: Ultrasound-assisted Kabachnik–Fields reactions starting from benzaldehyde derivatives 
and substituted anilines at room temperature.

Entry R1 R2 R3 Catalyst Solvent t
(min)

Yield
(%)

Ref.

1
H, 4-MeO, 2-NO2,  
4-NO2, 4-Cl, 4-Me

H, 2-Cl, 3-Cl,  
4-Cl, 4-F, 4-Me, 
4-MeO, 4-NO2

Et Nano-SiO2 H2O 10–20 91–97 [23]

2 H, 3-NO2, 4-NO2,  
2-Cl, 4-Cl, 2-MeO

H, 4-Me Me Nano-SBA-
15-SO3H

EtOH 4–5 94–95 [24]

3
H, 4-MeO, 4-Cl, 
2-Cl, 4-Br, 2-HO, 
4-CH3, 2,5-diMeO

H, 4-I, 2-NO2,  
3-NO2, 4-NO2,  
4-C(O)Me, 4-CN

Et graphene 
oxide

– 5–30 76–98 [25]

4 H, 4-Cl, 2-Cl, 3-NO2, 
4-NO2, 2-MeO

H, 4-Me Me [MPIm]Cl@
SBA-15

EtOH 4–7 91–96 [26]

5 H, 4-Cl, 2-Cl, 3-NO2, 
4-NO2, 2-MeO

H, 4-Me Me [bmim]
AlCl4

EtOH 4–7 89–93 [27]

O

R1

NH2

R2

(R3O)2P H
O

))))))
rt, t

catalyst
R2

R1

H

N

O

P(OR3)2
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efficient catalyst for the rapid synthesis of α-aminophosphonates under the influence 
of ultrasonic irradiation (Table 13.1, entry 3). Methyl propylimidazolium chloride-im-
mobilized Santa Barbara Amorphous-15 ([MPIm]Cl@SBA-15) was also found to be an 
efficient alternative catalytic system under ultrasonic irradiation for the three-compo-
nent reactions in ethanol (Table 13.1, entry 4). Simultaneous application of ultrasonic 
irradiation and [bmim]AlCl4 also proved to be efficient in accelerating the reaction of 
aromatic aldehydes, amines, and dimethyl phosphite (Table 13.1, entry 5). 

In the presence of ultrasonic irradiation, 10 mol% BF3.Et2O was sufficient to cata-
lyze the reaction of 2-fluorobenzoaldehyde, 2-trifluoromethyl-4-bromoaniline and 
dialkyl phosphites at 75–80 °C under solvent-free conditions to afford the correspon-
ding α-aminophosphonates in good yields (Figure 13.1) [28]. 

Silica-supported zinc bromide (SiO2-ZnBr2) was also found to be an efficient 
catalyst for the synthesis of α-aminophosphonates starting from various aromatic 
 aldehydes, 4-(4-chlorophenoxy)aniline and diethyl phosphite at 50 °C (Figure 13.2) 
[29]. The comparative reactions performed in the absence of ultrasonic irradiation 
required 2–3 h for full conversion.

Another simple ultrasound-assisted protocol was developed for the synthesis of 
α-aminophosphonates containing an isoxazole moiety by the reaction of fluorobenzal-
dehydes, 3-amino-5-methylisoxazole and dialkyl phosphites (Figure 13.3) [30]. The reac-
tion took place at 70–80 °C in the absence of any catalyst under solvent-free conditions.

α-Aminophosphonates were also prepared by the condensation of substituted 
salicylic aldehydes, secondary amines and dialkyl phosphites in water (Figure 13.4) 
[31]. The reactions were carried out in the absence of catalysts under ultrasonic irra-
diation at room temperature.

Figure 13.1: BF3.Et2O-catalyzed ultrasound-assisted synthesis of α-aminophosphonates.
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Figure 13.2: SiO2-ZnBr2-catalyzed ultrasound-assisted synthesis of α-aminophosphonates.
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A series of bis(α-aminophosphonate) derivatives was synthesized by the Kabachnik–
Fields reaction at 45 °C in polyethylene glycol–water mixture as the solvent under 
ultrasonic irradiation (Figure 13.5) [32]. The compounds synthesized were screened 
for cytotoxic activity.

The Kabachnik–Fields reaction of ketones had to be carried out at a temperature 
of 70 °C for 2–3.5 h under ultrasonic irradiation to prepare the target products that 
were obtained in variable yields (Figure 13.6) [33].

Figure 13.3: Ultrasound-assisted synthesis of α-aminophosphonates containing an isoxazole moiety.
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Figure 13.4: Ultrasound-assisted catalyst-free synthesis of α-aminophosphonates from salicylic 
aldehyde derivatives and secondary amines.
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13.2.2  Kabachnik–Fields Reactions Starting from Trialkyl 
Phosphites

A number of methods have been reported for the synthesis of α-aminophosphonates 
using trialkyl phosphites as the P-reagent. Most of the methods involved substituted 
benzaldehydes, aniline derivatives and triethyl phosphite (Table 13.2). A simple and 
efficient ultrasound-assisted method was developed via the one-pot three-compo-
nent condensation of various aryl aldehydes, amines and triethyl phosphite using 
CeO2 nanoparticles as the catalyst under solvent-free conditions at ambient tempe-
rature (Table 13.2, entry 1). α-Aminophosphonates were also synthesized in the pre-
sence of a catalytic amount of thiamine hydrochloride under ultrasonic irradiation 
in water (Table 13.2, entry 2). Sodium salt of 1-hexanesulfonic acid also proved to be 
an efficient catalyst under ultrasonic irradiation for the rapid synthesis of α-amino-
phosphonates (Table 13.2, entry 3). Another simple protocol was also developed 
for the one-pot three-component condensation of benzaldehyde derivatives, ani-
lines and triethyl phosphite using silica-supported Fe3O4 nanoparticles containing 
phosphomolybdic acid and imidazole moieties (Fe3O4@SiO2-imid-PMAn NPs) as a 
magnetically recoverable heterogeneous catalyst. (Table 13.2, entry 4). A series of 
α-aminophosphonates was synthesized from aromatic aldehydes, aryl amines and 
triethyl phosphite at 30 °C in the absence of any catalyst and solvent (Table 13.2, entry 
5). Camphorsulfonic acid was also able to catalyze the reaction of aromatic aldehy-
des, aryl amines and triethyl phosphite under the influence of ultrasonic irradiation 
(Table 13.2, entry 6).

The synthesis of oxazaphosphinane derivatives was accomplished by the 
ultrasound- assisted three-component reaction of benzaldehyde, amino alcohols and 
triethyl phosphite. The condensation was carried out at room temperature in the 
absence of any catalyst and solvent (Figure 13.7) [40].

Starting from various aldehydes, urea or thiourea and triethyl phosphite, a series 
of α-ureidophosphonate derivatives was synthesized at 75 °C under catalyst- and sol-
vent-free conditions (Figure 13.8) [41].

α-Sulfamidophosphonates were obtained by a simple ultrasound-assisted 
one-pot condensation among benzaldehyde, sulfonamides and trialkyl phosphites at 
room temperature (Figure 13.9) [42].

Figure 13.6: Ultrasound-assisted synthesis of α-aminophosphonates from ketones.
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Table 13.2: Ultrasound-assisted synthesis of α-aminophosphonates using triethyl phosphite as the 
P-reagent.

Entry R1 R2 Catalyst Solvent T
(°C)

t
(min)

Yield
(%) Ref.

1 H, 4-Cl, 4-HO, 
4-NO2,  
4-Me, 4-MeO

H, 4-Me, 
4-MeO,  
4-HO, 4-NO2,  
4-Cl

Nano-CeO2 – rta 5–30 84–99 [34]

2 H, 2-Me, 4-MeO, 
4-NO2,  
2-Cl, 4-HO, 2,6-diCl

H, 4-Me, 
4-Cl, 
4-MeO

thiamine 
hydrochlo-
ride

H2O rta 3–9 85–95 [35]

3 H, 4-Me, 4-MeO, 
4-NO2,  
2,6-diCl, 3-Cl, 4-HO

H, 4-Me, 
4-MeO,  
4-Cl

1-hexane-
sulfonic acid 
sodium salt

– rta 12–20 86–94 [36]

4 H, 4-HO, 4-MeO, 
2-Me,  
4-Me, 2-Cl, 4-Cl, 
4-Br, 4NO2, 3-NO2

H, 4-NO2,  
4-MeO, 
4-Me

Fe3O4@SiO2-
imid-PMAn 
NPs

– rta 2–9 91–98 [37]

5 4-Cl, 2,4,5-triMeO,  
4-Me2N, 2-MeO-
5-Br,  
2-HO, 2,6-diCl, 
3,4-OCH2O-, 4-F, 
3,5-diF, 4-MeO

4-Cl, 4-Me,  
4-CF3O, 4-F

– – 30 0.33–0.75 80–99 [38]

6 H, 4-HO, 4-Cl,  
4-MeO, 4-NO2,  
3,4-OCH2O-

H, 4-Me camphor 
sulfonic acid

– rta 8–20 83–93 [39]

aNo exact temperature was provided.
rt: Room temperature.
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Figure 13.7: Ultrasound-assisted catalyst-free synthesis of novel oxazaphosphinanes.
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13.3  Ultrasound-assisted Pudovik Reactions

13.3.1  Synthesis of α-hydroxyphosphonates

α-Hydroxyphosphonates have potential pharmacological properties, such as antivi-
ral [43], antibacterial [44], anticancer [45], rennin inhibiting [46], pesticidal [47] and 
anti-HIV activities [48]. They are also used as important precursors in the synthesis 
of α-halophosphonates, α-ketophosphonates, α-aminophosphonates, α-thiocyanato-
phosphonates, α-azidophosphonates, and α-carboxyphosphonates [49]. Further data 
on the synthesis and reactions of α-hydroxyphosphonates can be found in Chapter 5. 
A number of ultrasound-assisted methods are also available to carry out the synthesis 
of this important scaffold under various conditions.

α-Hydroxyphosphonate derivatives were synthesized by the reaction of aldehydes 
with dialkyl phosphites or alkyl phenyl-H-phosphinates at 60 °C using 1,4-dimethyl-
piperazine (DMP) as a basic catalyst in tetrahydrofuran under ultrasonic irradiation 
(Figure 13.10) [50]. All compounds synthesized were screened for their in vitro and in 
vivo antioxidant activity.

Another simple and ultrasound-assisted protocol was developed for the syn-
thesis of α-hydroxyphosphonates by the reaction of aryl or hetaryl aldehydes and 
dialkyl phosphites at 50 °C using zinc oxide nano-sheets as the catalyst in ethanol 
(Figure 13.11) [51].

Figure 13.8: Ultrasound-assisted synthesis of α-ureidophosphonates.
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Amberlyst-15 efficiently catalyzed the reaction of substituted isatins and dialkyl phos-
phites to afford the corresponding α-oxindole-α-hydroxyphosphonates at 45 °C under 
solvent-free ultrasonic conditions (Figure 13.12) [52].

Sulfamic acid was employed as an efficient catalyst in the reaction of substituted 
benzaldehydes with triethyl phosphite at room temperature under ultrasonic irradia-
tion for the synthesis of α- hydroxyphosphonates (Table 13.3, entry 1). With the influ-
ence of ultrasonic irradiation, potassium dihydrogen phosphite (KH2PO4) also proved 
to be a suitable catalyst in the reaction of benzaldehydes and triethyl phosphite under 
solvent-free conditions (Table 13.3, entry 2). Camphorsulfonic acid was also used in 

Figure 13.10: Ultrasound-assisted DMP-catalyzed synthesis of α-hydroxyphosphonates.
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the synthesis of α-hydroxyphosphonates under solvent-free conditions at room tem-
perature (Table 13.3, entry 3).

The use of ultrasonic irradiation was also efficient in the synthesis of α-hydroxy-
phosponates by the reaction of ketones with trimethyl phosphite at room temperature 
without any catalyst or solvent (Figure 13.13) [55].

13.3.2  Synthesis of α-aminophosphonates

A number of α-aminophosphonate derivatives were synthesized by the reaction of 
imines derived from amlodipine. The Shiff-base was reacted with diethyl phosphite 
or dibutyl phosphite in the presence of a catalytic amount of SnCl2.2H2O in boiling 
ethanol under ultrasonic irradiation (Figure 13.14) [56]. All compounds synthesized 
were screened for antimicrobial activities, and a few of them showed antibacterial, 
antifungal or antiviral activities.

Figure 13.13: Ultrasound-assisted catalyst-free synthesis of α-hydroxyphosphonates from ketones 
and trimethyl phosphite.
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Table 13.3: Ultrasound-assisted synthesis of α-hydroxyphosphonates from benzaldehyde derivati-
ves and triethyl phosphite.

Entry R Catalyst t (min) Yield (%) Ref.

1 H, 4-Cl, 4-HO, 
4-Me, 4-MeO

NH2SO3H 20–35 89–98 [53]

2 H, 4-Me, 4-MeO, 
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KH2PO4 5–14 80–92 [54]

3 H, 4-Me, 4-MeO, 4-NO2,  
3,4-OCH2O-, 4-Cl, 4-HO

camphor sulfonic 
acid

8–12 85–93 [39]

aNo exact temperature was provided.
rt: Room temperature.
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Figure 13.14: Ultrasound-assisted SnCl2.H2O-catalyzed synthesis of α-aminophosphonates from 
imines.
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A simple and ultrasound-assisted TMSCl-mediated protocol was reported for the 
rapid synthesis of α-aminophosphonates by the reaction of triethyl phosphite and 
imines containing a pyrazole ring at room temperature under solvent-free conditions 
(Figure 13.15) [57].

Reactions between triethyl phosphite and imines bearing a piperazine ring were 
catalyzed by HCl to afford α-aminophosphonate derivatives under the influence of 
ultrasonic irradiation (Figure 13.16) [58].

Oxazepinephosphonates were synthesized by the ultrasound-assisted reaction of 
quino[2,3-b][1,5]benzoxazepines and triethyl phosphite in the presence of a catalytic 
amount of p-toluenesulfonic acid (Figure 13.17) [59]. The products were found to be 
active as antibiotics.

13.4  Ultrasound-assisted Click Reactions
Aminobisphosphonate derivatives containing a 1,2,3-triazole moiety were prepared 
by ultrasound-assisted click reactions of tetraethyl (2-(prop-2-yn-1-ylamino)-ethane-
1,1-diyl)bisphosphonate and azides (Figure 13.18) [60]. The reactions were carried out 
at 65 °C in the presence of sodium ascorbate and copper sulfate as the catalysts in 
aqueous tert-butanol.

Figure 13.17: Ultrasound-assisted catalyst-free synthesis of oxazepinephosphonates.
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Figure 13.18: Ultrasound-assisted synthesis of 1,2,3-triazole-aminobisphosphonates by a click 
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The same research group synthesized 1,2,3-triazole-funtionalized phosphonate 
derivatives of a series of coumarines by click reactions at 45 °C in the mixture of 
dimethyl-sulfoxide–water as the solvent (Figure 13.19) [61].

13.5  Miscellaneous Ultrasound-assisted 
 Organophosphorus Transformations 

Diethyl phenylcarbamoylphosphonates and phenylthiocarbamoylphosphonates 
were prepared by the ultrasound-assisted reaction of isocyanates or isothiocyanates 
and diethyl phosphite applying silica-supported cesium chloride (SiO2-CeCl3.7H2O) 
as  the catalyst under solvent-free conditions (Figure 13.20) [62]. A few compounds 
synthesized were found to be of antibacterial and antifungal activity. 

One-pot three-component reactions of various aldehydes, diethyl phosphite and 
isocyanates were carried out applying ultrasonic irradiation in the presence of a cata-
lytic amount of magnesium oxide at room temperature to afford carbamoyloxyphospho-
nates (Figure 13.21) [63].

An allylphosphonate was synthesized via the ultrasound-assisted intermolecu-
lar olefin cross-metathesis of dimethyl allylphosphonate and 1,3-diacetoxy-2-methy-
lenepropane using ruthenium complexes as the catalyst at 55 °C in dichloromethane 
(Figure 13.22) [64].

Figure 13.19: Ultrasound-assisted synthesis of phosphonate-functionalized coumarin derivatives by 
a click reaction.
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Imidazole-immobilized Santa Barbara Amorphous-15 (SBA-IM/SO3H) nano-composite 
with sulfonic acid functions was applied in the synthesis of 4H-chromen-4-yl-phos-
phonates. The target scaffold was prepared by the ultrasound-assisted three-compo-
nent reaction of salicylic aldehydes, CH-acid derivatives and triethyl phosphite under 
solvent-free conditions (Figure 13.23) [65].

Figure 13.21: MgO-catalyzed ultrasound-assisted synthesis of α-carbamoyloxy phosphonates.
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Figure 13.22: Ultrasound-assisted synthesis of an allylphosphonate.
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The phosphorylation of alcohols was carried out under the influence of  ultrasonic 
 irradiation. The Atherton–Todd reaction of alcohols, diethyl phosphite, carbon 
tetrachloride and triethylamine at room temperature afforded the mixed trialkyl 
phosphates (Figure 13.24) [66].

13.6  Conclusions
The aim of this chapter was to provide an overview about the recent developments in 
the synthesis of organophosphorus compounds under ultrasonic irradiation. Various 
reactions including the Kabachnik–Fields condensation, the Pudovik  reaction, 
the click and miscellaneous reactions were discussed. Ultrasonic irradiation can 
be applied efficiently to afford important organophosphorus compounds, such as 
α-aminophosphonates, α-hydroxyphosphonates, and related derivatives.

Acknowledgments: Bubun Banerjee thanks the Indus International University (Una, 
Himachal Pradesh, India) for their assistance, and the Kartha Education Society 
(Mumbai, India) for their financial support. Ádám Tajti thanks Gedeon Richter Talen-
tum Foundation and Pro Progressio Foundation for financial support.

References
[1] B. Banerjee, Ultrason. Sonochem., 2017, 35, 1.
[2] B. Banerjee, Ultrason. Sonochem., 2017, 35, 15.
[3] B. Banerjee, Aust. J. Chem., 2017, 70, 872.
[4] B. Banerjee, J. Serb. Chem. Soc., 2017, 82, 755.
[5] D. E. C. Corbridge, Phosphorus: Chemistry,Biochemistry and Technology; CRC Press: Boca 

Raton, 2013.
[6] V. P. Kukhar, H. R. Hudson, Aminophosphonic and Aminophosphinic Acids: Chemistry and   

Biological Activity; Wiley: Chichester, 2000.
[7] G. Keglevich, E. Bálint, Molecules, 2012, 17, 12821.
[8] P. Kafarski, M. Gorny vel Gorniak, I. Andrasiak. Curr. Green Chem., 2015, 2, 218.
[9] F. R. Atherton, C. H. Hassall, R. W. Lambert, J. Med. Chem., 1987, 30, 1603. 

Figure 13.24: Ultrasound-assisted phosphorylation of alcohols.

ROH + + NEt3 + CCl4 P
OEt

OEt

O
RO

)))))

R = Pr, Bu, (1-pyrrolyl)CH2CH2-, (2-thienyl)CH2-, 
(2-thienyl)CH2CH2-, (3-thienyl)CH2CH2-, 
(2-(5-terbutoxy)thienyl)CH2CH2-

toluene

52–95%

rta, 30–150 min
(EtO)2P

H

O

ano exact temperature was provided

 EBSCOhost - printed on 2/13/2023 3:27 AM via . All use subject to https://www.ebsco.com/terms-of-use



262   Bubun Banerjee, Ádám Tajti and György Keglevich

[10] F. R. Atherton, C. H. Hassall, R. W. Lambert, J. Med. Chem., 1986, 29, 29. 
[11] R. Rozenfeld, X. Iturrioz, M. Okada, B. Maigret, C. Llorens-Cortes, Biochemistry, 2003, 42, 

14785.
[12] R. D. Dillard, D. E. Pavey, D. N. Benslay, J. Med. Chem., 1973, 16, 251. 
[13] A. Peyman, W. Stahl, K. Wagner, D. Ruppert, K. H. Budt, Bioorg. Med. Chem. Lett., 1994, 4, 

2601. 
[14] L. Maier, H. Spoerri, Phosphorus Sulfur Silicon, 1991, 61, 69.
[15] H. Kleszczynska, D. Bonarska, K. Bielecki, J. Sarapuk, Cell. Mol. Biol. Lett., 2002, 7, 929. 
[16] J. Emsley, D. Hall, The Chemistry of Phosphorus; Harper & Row: London, 1976.
[17] H. Kleszczynska, J. Sarapuk, Cell. Biol. Mol. Lett., 2001, 6, 83.
[18] S. D. Lombaert, L. Blanchard, J. Tan, Y. Sakane, C. Berry, R. D. Ghai, Bioorg. Med. Chem. Lett., 

1995, 5, 145.
[19] R. A. Cherkasov, V. I. Galkin, Russ. Chem. Rev., 1998, 67, 857.
[20] H. Ghafuri, A. Rashidizadeh, H. R. E. Zand, RSC Adv., 2016, 6, 16046.
[21] B. R. P. Reddy, P. V. G. Reddy, B. N. Reddy, New J. Chem., 2015, 39, 9605.
[22] E. D. Matveeva, T. A. Podrugina, E. V. Tishkovskaya, L. G. Tomilova, N. S. Zefirov, Synlett, 2003, 

2321.
[23] M. A. Nasseri, M. Sadeghzadeh, J. Chem. Sci., 2013, 125, 537.
[24] S. Rostamnia, H. Xin, X. Liu, K. Lamei, J. Mol. Catal. A: Chem., 2013, 374–375, 85.
[25] T. Bhattacharya, B. Majumdar, D. Dey, T. K. Sarma, RSC Adv., 2014, 4, 45831.
[26] S. Rostamnia, H. Xin, J. Mol. Liq., 2014, 195, 30.
[27] S. Rostamnia, M. Amini, Chem. Papers, 2014, 68, 834.
[28] B.-A. Song, G.-P. Zhang, S. Yang, D.-Y. Hu, L.-H. Jin, Ultrason. Sonochem., 2006, 13, 139.
[29] M. R. Sivala, S. R. Devineni, M. Golla, V. Medarametla, G. K. Pothuru, N. R. Chamarthi, J. Chem. 

Sci., 2016, 128, 1303. 
[30] B. Song, S. Yang, Y. Hong, G. Zhang, L. Jin, D. Hu, J. Fluorine Chem., 2005, 126, 1419.
[31] R. M. N. Kalla, J. Bae, I. Kim, New J. Chem., 2012, 41, 6653.
[32] K. U. M. Rao, S. Namkoong, H.-C. Yu, J. Park, C.-M. Chung, S. Y. Oh, Arch. Pharm. Chem. Life 

Sci., 2013, 346, 851.
[33] M. Xia, Y.-D. Lu, Ultrason. Sonochem., 2007, 14, 235.
[34] S. M. Agawane, J. M. Nagarkar, Tetrahedron Lett., 2011, 52, 3499.
[35] P. G. Mandhane, R. S. Joshi, D. R. Nagargoje, C. H. Gill, Chin. Chem. Lett., 2011, 22, 563.
[36] K. S. Niralwad, B. B. Shingate, M. S. Shingare, Ultrason. Sonochem., 2010, 17, 760.
[37] M. Esmaeilpour, S. Zahmatkesh, J. Javidi, E. Rezaei, Phosphorus Sulfur Silicon Relat. Elem., 

2016, 192, 530.
[38] B. Dar, A. Singh, A. Sahu, P. Patidar, A. Chakraborty, M. Sharma, B. Singh, Tetrahedron Lett., 

2012, 53, 5497.
[39] P. V. Shinde, A. H. Kategaonkar, B. B. Shingate, M. S. Shingare, Tetrahedron Lett., 2011, 52, 

2889.
[40] B. Belhani, A. Bouzina, M. Berredjem, N.-E. Aouf, Monatsh Chem., 2015, 146, 1871.
[41] A. Bouzina, M. Berredjem, S. Bouacida, H. Merazig, N.-E. Aouf, RSC Adv., 2015, 5, 99775.
[42] B. Belhani, M. Berredjem, M. L. Borgne, Z. Bouaziz, J. Lebreton, N.-E. Aouf, RSC Adv., 2015, 

5, 39324.
[43] J. Neyts, E. De Clercq, Antimicrob. Agents Chemother., 1997, 41, 2754.
[44] H. Fleisch, Endocr. Rev., 1998, 19, 80.
[45] M. V. Lee, E. M. Fong, F. R. Singer, R. S. Guenett, Cancer Res., 2001, 61, 2602.
[46] D. V. Patel, K. R. Gauvin, D. E. Ryono, C. A. Free, W. L. Rogers, S. A. Smith, J. M. De  

Forrest, R. S. Oehl, E. W. Jr. Petrillo, J. Med. Chem., 1995, 38, 4557.
[47] P. Kafarski, B. Lejczak, J. Mol. Catal. B: Enzym., 2004, 29, 99.
[48] X. Zheng, V. Nair, Tetrahedron, 1999, 55, 11803.

 EBSCOhost - printed on 2/13/2023 3:27 AM via . All use subject to https://www.ebsco.com/terms-of-use



Ultrasound-assisted synthesis of organophosphorus compounds   263

[49] D. V. Patel, K. R. Gauvin, D. E. Ryono, Tetrahedron Lett., 1990, 31, 5591.
[50] S. Rasheed, K. Venkata Ramana, G. Madhava, D. Subba Rao, C. Naga Raju, Phosphorus Sulfur 

Silicon Relat. Elem., 2014, 189, 606.
[51] S. K. T. Basha, S. Rasheed, K. C Sekhar, C. N. Raju, Md. S. Ali, C. A. Rao, Phosphorus Sulfur 

Silicon Relat. Elem., 2014, 189, 1.
[52] K. U. M. Rao, G. D. Reddy, C.-M. Chung, Phosphorus Sulfur Silicon Relat. Elem., 2013, 188, 

1104.
[53] S. A. Sadaphal, S. S. Sonar, R. U. Pokalwar, N. V. Shitole, M. S. Shingare, J. Korean Chem. Soc., 

2009, 53, 536.
[54] P. G. Mandhane, R. S. Joshi, D. R. Nagargoje, C. H. Gill, Tetrahedron Lett., 2010, 51, 1490.
[55] A. Bouzina, N.-E. Aouf, Ma Berredjem, Res. Chem. Intermed., 2016, 42, 5993.
[56] S. Rasheed, K. Venkataramana, K. Chandrasekhar, G. Fareeda, C. N. Raju, Arch. Pharm. Chem. 

Life Sci., 2012, 345, 294.
[57] D. R. Nagargoje, P. G. Mandhane, S. B. Bhagat, N. M. Chavanc, P. V. Badadhed, C. H. Gill, 

Der Pharma. Chemica, 2011, 3, 1.
[58] P. G. Mandhane, R. S. Joshi, D. R. Nagargoje, A. V. Chate, C. H. Gill, Phosphorus Sulfur Silicon 

Relat. Elem., 2011, 186,149.
[59] S. S. Sonar, S. A. Sadaphal, V. B. Labade, B. B. Shingate, M. S. Shingare, Phosphorus Sulfur 

Silicon Relat. Elem., 2010, 185, 65.
[60] S. Liu, W. Bi, X. Li, X. Chen, L. Qu, Y. Zhao, Phosphorus Sulfur Silicon Relat. Elem., 2015, 190, 

1735.
[61] X. Li, X. Chen, J. Yuan, Y. Liu, P. Li, L. Qu, Y. Zhao, Phosphorus Sulfur Silicon Relat. Elem., 2015, 

190, 961.
[62] D. S. Rao, G. Madhava, S. Rasheed, S. K. T. Basha, M. N. L. Devamma, C. N. Raju, Phosphorus 

Sulfur Silicon Relat. Elem., 2015, 190, 574.
[63] B. Kaboudin, M. Fallahi, Tetrahedron Lett., 2011, 52, 4346.
[64] O. Sari, M. Hamada, V. Roy, S. P. Nolan, L. A. Agrofoglio, Org. Lett., 2013, 15, 4390.
[65] M. J. Nasab, A. R. Kiasat, Microporous Mesoporous Mater., 2016, 223, 10.
[66] B. Oussaid, M. Soufiaoui, B. Garrigues, Synth. Commun., 1995, 25, 871.

 EBSCOhost - printed on 2/13/2023 3:27 AM via . All use subject to https://www.ebsco.com/terms-of-use



https://doi.org/10.1515/9783110535839-014

Zoltán Mucsi, Imre G. Csizmadia, Nóra Zs. Kiss  
and György Keglevich

14  Computational study of the aromaticity 
and antiaromaticity of cyclic 
organophosphorus compounds  
containing a single phosphorus atom

Abstract: Organophosphorus chemistry has become one of the most rapidly develo-
ping research areas in organic and organometallic chemistry. Studies conducted in 
the last half century have revealed many interesting chemical structures, important 
intermediates, useful metal ligands, and biologically important pharmacophores. In 
this chapter, we have collected and analysed selected four- and five-membered antia-
romatic, as well as aromatic organic compounds containing a single phosphorus atom 
in the ring, which were considered, studied and prepared during the last decades.

Keywords: P-heterocycles, aromaticity, antiaromaticity, theoretical calculations, aro-
maticity indexes.

14.1 Aromaticity and Antiaromaticity
Aromaticity and antiaromaticity are characteristic properties of cyclic unsaturated 
hydrocarbons. Typical examples for aromatic 6π-electron containing unsaturated 
cyclic hydrocarbons are benzene and the cyclopentadiene anion. Similar examples 
for antiaromaticity are simple 4π-electron systems, such as cyclobutadiene and 
the cyclopentadiene cation. Heterocyclic analogues can also be constructed by the 
same way, involving N, or in certain cases B atom from the first period. Analogous 
heterocyclic derivatives from the second period may include a P and seldom an Al 
atom. These typical cases are summarized in Figure 14.1. The aromaticity (AR% > 0) 
and antiaromaticity (AR% < 0) together with the ring size show the pattern illustra-
ted in Figure 14.2.

The three families represent different patterns, and thus, different chemical 
 behaviours. It is clear that the area of rhomb is reduced as we go from homo to hetero-
atom-substituted rings. It is also interesting that at the “left corner” of 4-atomic rings, 
the antiaromaticity values are increasing on going from C, N to P, that is the antiaro-
matic character decreases on moving towards the aromatic region. Similarly, at the 
“right-hand corner,” the aromaticity decreases on going from C and N to P, that is the 
aromatic character decreases on moving towards the antiaromatic region. 
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Figure 14.1: Homoatom and heteroatom containing unsaturated ring structures exhibiting aromati-
city and antiaromaticity.
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Figure 14.2: Aromaticity (AR% > 0) and antiaromaticity (AR% < 0) patterns of four-, five- and 
six-membered rings of homo- and heteroatomic compounds.
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In contrast to benzene, the synthesis of cyclobutadiene has remained unsuccessful 
[1–8] in spite of nearly a century’s effort. The failure is explained by the new concept 
of antiaromaticity [6–8]. The synthesis of other compounds having antiaromatic cha-
racter have been a challenge for preparative organic chemists. The concept of π-aro-
maticity of benzene (1920s) [9–12] and heterocycles [13] had been known for long, 
but the antiaromaticity of cyclobutadiene (1965) was introduced only later [1–5]. The 
π-aromaticity (1979) [14, 15] was followed by the concept of σ-aromaticity (2004) [16] 
of metal clusters [9–16]. Beyond planar aromaticity, the concept of spherical aromati-
city (1978) [17] was also introduced with the discovery of the fullerene family. 

Aromatic stabilizing or antiaromatic destabilizing effects determine, whether a 
particular molecule is isolable or not. According to the well-known 4n+2 and 4n rules, 
it may seem trivial to distinguish between aromaticity and antiaromaticity. However, 
sophisticated and accurate theoretical and experimental investigations have often 
led to opposite conclusions. The precise quantification of aromatic characteristics of 
ring structures is not trivial. Quantitative methods are required to replace the initial, 
inexact descriptions. In most cases, these theoretical methods may be classified into 
four categories based on fundamentally different concepts:
(1) On energetic grounds, several methods are favoured. First of all, aromaticity 

(AM%) may be a useful parameter for classifying these methods [18]. Aromatic 
Stabilization Enthalpy (HASE) or Energy (EASE) values are also indicative [19–24], 
and homodesmic [20, 23, 25] hydrogenation [18] or isomerization (HISE) reactions 
[26] may also be suitable for the definition of antiaromatic destabilization.

(2) On geometrical grounds: The indices HOMA [27, 28], Bird [29]; and BDSHRT [30] 
are based on the analysis of geometrical data obtained experimentally or theo-
retically; however, this method is not suitable for the determination of the antia-
romatic character.

(3) On NMR characteristics: Magnetic shielding properties [31], such as nucleus inde-
pendent chemical shift (NICS) [21, 32], may also be good indicators of aromaticity/
antiaromaticity.

(4) Using reactivity criteria [23] to study the transition states (TS) of various reactions 
of aromatic and antiaromatic compounds may also provide useful information.

Previously, only aromatic phosphorus compounds (phosphinines and phospholes) 
appeared in the literature, which exhibited aromatic rings [13, 33–41]. Here we focus 
on the degree of aromaticity and antiaromaticity (Figure 14.1) of single P-heterocyclic 
structures with or without an additional (N or O) heteroatom, and we also discuss 
their synthetic consequences. Surprisingly, detailed investigations have shown 
many four-membered phosphorus compounds to be non-aromatic rather than anti-
aromatic. The three- [38, 39, 42, 43] and seven-membered rings containing a P atom 
[44], as well as the four-membered phosphazenes [45], are not covered in this study. 
Although phosphinine derivatives play a prominent role in organic chemistry, and 
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exhibit high, benzene-like aromaticity, six-membered aromatic P-heterocycles have 
also been left out of this chapter. It is surprising that, in most of the relevant articles 
on four- and five-membered P-heterocycles, their antiaromatic property was not 
usually mentioned and analysed; only in a few cases the problem was treated quali-
tatively (Figue 14.3) [34]. 

Third-row elements, such as P have different numbers of valence states (trivalent: 
λ3 or pentavalent: λ5), which results in an increased number of possible structures. 

All 4π-electron systems try to minimize their unfavourable antiaromatic electro-
nic effect to somehow decrease the significant destabilizing energy. A certain extent 
of stabilization may be attained in five different ways that promote the synthesis of 
these structures. 

The possibilities are the following:
(1) In transition metal complexes, where antiaromatic P-species are involved as ligands, 

the overall electronic structure may be modified to lead to aromatic species. 
(2) The electronic structure may be affected by exocyclic substituents resulting in 

stabilization. 
(3) In a few reaction sequences, antiaromatic species may be involved as TSs or reac-

tive intermediates that may be transformed to non-aromatic structures. Ceasing 
the antiaromaticity means the driving force for such transformations.

(4) The high instability and reactivity of antiaromatic compounds may be decreased 
dramatically if bulky substituents (e.g. tBu or Me3Si) are attached to the ring. Such 
systems could be isolated as stable structures. 

Figure 14.3: P-heterocycles discussed in the present review. The roman numbers refer to the chemi-
cal scaffold neglecting the substituents. 
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(5) In the absence of any external influence, the geometry of unstable cyclic scaffolds 
may be distorted, minimizing the non-beneficial overlap between the atomic 
orbitals (AOs) causing antiaromaticity.

For all these fundamental phosphorous-containing structures, the aromaticity and 
antiaromaticity parameters [18, 41, 46] {calculated at B3LYP/6-31G(d,p) [47]}, as 
well as nucleus independent chemical shifts {NICS; calculated at B3LYP/6-31G(d,p) 
[47, 48]} were calculated using Gaussian09 [49].

14.2  Four-membered Rings (Phosphetes  
I, II, III and IV)

14.2.1 λ3-Phosphete Structure (I)

In the case of the four-membered unsaturated rings with a single P atom (called 
λ3-phosphetes, I), the recognition of the antiaromatic character may be trivial due to 
the two genuine double bonds in a conjugated 4π-electron system. This ring is ana-
logous to that of cyclobutadiene, where there is a “homogenic” antiaromaticity due 
to the four pz AOs involved. The aromaticity parameters for these compounds were 
measured by the linear scale of aromaticity methodology [18, 24, 41, 46]. 

Compound λ3-PC3H3 (I) has a planar structure with two unequal C–P bonds, and 
exhibits a stretched cyclobutadiene-like structure, as showed by theoretical calcula-
tions [50, 51]. The aromaticity parameter (AR%) calculated for phosphete I is –77.4%, 
while the standard value for cyclobutadiene is –100% (Table 14.1) [18, 41, 46]. One 
may conclude that the degree of antiaromaticity is significantly influenced by the 
introduction of a P atom into the ring. 

Interestingly, the valence isomerization of cyclobutadiene and its P-analogue (I) 
showed structurally similar (square vs rectangle) TSs, implying that their antiaromatic 
character is comparable. In respect of phosphete I, the enthalpy of activation is some-
what lower (ΔH#

iso = 30.1 kJ mol–1) than that for cyclobutadiene (where ΔH#
iso = 35.1 kJ 

mol–1). It may mean that the P=C double bond is “weaker” than the corresponding 
C=C unsaturation. This also implies that the delocalization of the C=C π  electrons is 
more extensive than that of the P=C double bond [50].

Another theoretical study of the λ3-PC3H3 structure (I) led to the conclusion that 
species I is almost as antiaromatic as cyclobutadiene. The NICS value pairs for species 
I and cyclobutadiene are very close to each other. These values suggest that the incor-
poration of the λ3-P unit has only a slight impact on the antiaromaticity of the cyclo-
butadiene scaffold [52, 53].

These antiaromatic molecules are expected to be isolable synthetically if their 
antiaromaticity is reduced. This can be achieved either by association with a  transition 
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metal ligand sphere, or by structural modifications, which may lead to unique chemi-
cal scaffolds (involving a λ5 P atom). Not surprisingly, the λ3-P=C and λ5-P=C double 
bonds (as in I and II, respectively) differ considerably from each other. Interestingly, 
the poetic statement that the λ3-P atom is a “carbon copy” is quite correct [36], since 
the energies of isodesmic reactions and π-ionizations exhibited by the C=C and λ3-P=C 
double bond are rather close [54, 55]. In contrast, other studies have reported that the 
λ5-P=C scaffold may be characterized as an intermediate state between the zwitter-io-
nic and the genuine double bond system [56–58]. 

Regitz and co-workers [59] reported the first preparation of a λ3-phosphete 
scaffold. They synthetized Co-complex 3 from bis(trimethylsilyl)acetylene (2) and 
phosphacetylene 1 (that is a “phospha-alkyne”) (Figure 14.4) [52, 53]. In this case, 
the antiaromatic character was stabilized by the Co(I) ion, and the phosphete moiety 
was present as a metal ligand. Complex 3 was characterized by NMR spectroscopy. 
Simplified calculations for the complex without SiMe3 substituents suggested a high 
aromatic character of 77.4% [41].

Table 14.1: Various computed aromaticity parameters for compounds I–IV in comparison 
to cyclobutadiene.

(CH)4 I II III IV

X = Me X = F Y = S
X = F

Y = N
X = F

NICS(0)a 25.7 27.8 1.69 5.3 8.1 X X

NICS(1)a 17.5 19.9 5.1 10.7 13.7 – –

AR% (%)b –100.0 –77.4 –1.2 –41.1 –74.2 –26.8 –49.6

P
P P Y

X
X
XP

OX
X

aThe NICS values were computed at B3LYP/6-31G(d,p) level of theory [46]. 
bThe aromaticity percentages were calculated according to reference [46].

Figure 14.4: First synthesis of a λ3-phosphete scaffold stabilized as a Co-complex.
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However, a subsequent theoretical investigation concluded that structure I cannot 
be the intermediate for the conversion of 1 → 3 due to the forbidden dissociation of 
phosphete I to acetylene and phosphacetylene [53].

14.2.2 λ5-Phosphetes (II and III)

Computed structures of the λ5-PX2C3H3 molecules (II; X = Me or F) exhibit almost a 
C2V symmetry with a planar four-membered ring [51]. However, the species under dis-
cussion show different electronic structures, as compared to that of λ3-phosphete I 
[51]. Depending on the P-substituents, species II either shows no aromaticity (X=Me) 
or possesses moderate antiaromaticity (X=F) [60]. The aromaticity character and the 
NICS values are listed in Table 14.1. 

The practically non-aromatic character of II, when X = Me, allowed the  isolation 
of an analogous derivative (7) that was characterized experimentally (see later) 
[61]. Cyclobutadiene, and other sterically hindered cyclobutadiene derivatives were 
 observed typically as transient species [62]. The difference discussed above may be 
the consequence of the different electronic nature of the X substituents F and Me. 
In case of X = F, a contribution of pseudo π electrons from the two P–F bonds to the 
4π-electron rings may occur. The resonance structures of species II include  allyl-type 
and ylide-type substructures (Figure 14.5) [34, 63]. The electronic interaction on 
the ylide structure may be significant, causing a higher antiaromaticity parameter 
(–41.1%), as compared to the case of the non-aromatic dimethyl derivative (–1.2%), 
where no electronic stabilization is possible. It should be mentioned that the MO 
associated with the P–Me bond is closer to π-orbital energies, than that associated 
with the P–F bond [51].

A stable λ5-R2PC3H3 derivative (7) could be isolated [64] by carrying out the follo-
wing reaction sequence (Figure 14.6). The reaction of a chloro-containing phospha-
ylide (4) with AlCl3 gave dihydrophosphetium salt 5 as an intermediate that rearran-
ged to isomer 6. Cyclic phosphonium salt (6) yielded λ5-phosphete 7 by deprotonation 
with sodium bis(trimethylsilyl)amide [61, 64]. In this case, the presence of the fused 

Figure 14.5: Possible resonance structures of phosphate II.
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aromatic benzene ring stabilizes the four-membered ring, decreasing further the 
lower antiaromatic character of the parent λ5-phosphete ring.

It was shown experimentally that, despite all attempts at utilizing heat or UV 
 irradiation, λ5-phosphete 9 was not obtainable from λ5-diazaphosphinine (8) by the 
elimination of N2 (Figure 14.7). Heterocycle 8 featuring the >P=N-N=C< structural motif 
(as in the Staudinger–Meyer adducts formed from phosphines and diazo derivatives) 
is of high stability, and cannot be the precursor of phosphetes [64–66].

A close λ5-phosphete analogue, where the four-membered ring contains an addi-
tional nitrogen heteroatom (13), which is the subject of the next subchapter, is shown 
in Figure 14.8. Refluxing cyclic adduct 12 obtained from azide 10 and acetylene 11, 
the elimination of dinitrogen took place yielding azaphosphete 13 (Figure 14.8). This 
product exhibits four π-electrons, however, it can be regarded as a non-antiaromatic 
species, rather than an antiaromatic one. This is in accord with the fact that this aza-
phosphete could be prepared [67].

Figure 14.6: Synthesis of a stabilized λ5-phosphete.
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There is no experimental or computational support for the existence of the P-oxide of 
the phosphete (III). This species has a high antiaromatic character of –74.2,  suggested 
by the calculations, which is comparable with that (–77.4) of phosphete I. Eventually, 
the large instability of the P-oxide of phosphete III obstructs its synthesis. A related 
theoretical study involves only the thermodynamic parameters of the P-oxide of 
phosphete from the aspect of ring strain and hydrogen bond strength [67]. 

14.2.3 λ5-heterophosphetes (IV)

Heterophosphetes (oxaphosphetes, aminophosphetes and thiophosphetes) with 
a pentacoordinated P atom (IV) may have two distinctly different conformations 
(IV-A and IV-B). In one of them (IV-A), the phosphorus–heteroatom bond (P–Y) is 
equatorial, while in the other one (IV-B), the P–Y bond is apical. The interconver-
sion connecting them is called pseudorotation (Figure 14.9) [68–72]. In addition to the 
pseudorotation, heterophosphetes IV may undergo ring-opening reactions to form 
β- oxo-, amino- and thioxophosphorane 14 [68]. This ring opening is the reason that 
earlier synthetic attempts to prepare heterophosphetes of type IV failed, and always 
led to phosphoranes of type 14 formed by ring opening [68, 73–78].

The reversible transformation of heterophosphete IV-B to 14 may be regarded as 
a ring-chain valence tautomerism. The electronic effect in IV, i.e. the strong conjuga-
tion between the lone electron pair of Y and the pentavalent P results in the antiaro-
matic character of species IV. The bond order of P–Y increases, and the double bond 
may interact with the C=C double bond, causing an unfavourable cyclobutadiene-like 
resonance (Figure 14.9) [64]. It was shown that in spite of their structural similari-
ties, form IV-A exhibits a higher antiaromaticity (depending on the nature of R, –35% 
to –20%) than structures IV-B (–5% to +5%). 

With certain substituents, the IV-B conformer of the heterophosphete turned out 
to be non-aromatic rather than antiaromatic. One may fine-tune the antiaromaticity 
parameters of these compounds by varying the exocyclic substituents X and the ring 

Figure 14.9: Interconversion of conformers IV-A and IV-B by pseudorotation together with the 
ring-opened form.
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heteroatom Y [69]. The difference in the internal molecular symmetry of IV-A and 
IV-B may also contribute to the antiaromaticity [69]. During the decade of prepara-
tive attempts, only two related structures could be isolated [79–81]. Thiaphosphete 16 
having a spirocyclic form was prepared from heterocyclic phosphorane 15 by reaction 
with aryl thioisocianates (Figure 14.10-(1)) [79]. In solution, a ring chain equilibrium 
involving cyclic 16 and open chain form 17 may occur.

The other stable compound, azaphosphete 19, was prepared by the reaction of 
imino derivative 18 and an acetylene derivative (Figure 14.10-(2)) [80, 81]. The struc-
ture of spirocyclic 19 was established by X-ray crystallography, indicating a IV-B-type 
structure. The N···P distance in species 19 is considerably longer (2.17 Å) [80–82] than 
the sum of the covalent radii (1.06 Å + 0.75 Å = 1.81 Å). The long N–P bond length was 
in accord with an ionic-type connection between the P and N atoms [69], suggesting 
an equilibrium of azaphosphete 19 and phosphorane 20, which was substantiated by 
31P NMR. At a higher temperature, the ring-chain equilibrium was shifted to the ring- 
opened form (20) [80]. Compound 19 revealed a non-aromatic character (–4.3%) [69].

14.3 Five-membered Rings (V, VI and VII)
The aromaticity of phosphole derivatives (V) has been studied for long [83–92], and 
the generally accepted view is that on the basis of their bond length and spectral 
data (e.g. NMR) [83–85] they exhibit a rather low level of aromatic character [29, 93, 
94]. In this respect, the structural data are more reliable than the spectral ones. Their 
chemical properties (e.g. their reactivity in aromatic electrophilic substitution) also 
suggested a low degree of aromaticity [41–43]. The phosphole ring lacks the extensive 
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Figure 14.10: Synthesis of a spirocyclic thiophosphete (15) and azaphosphete (18).
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electron delocalization, as compared to the well-known S- and N-heterocyclic coun-
terparts (thiophene and furane), where there may be a certain degree of delocaliza-
tion. It is due to the pyramidality of the P atom that its lone pair is prevented from an 
efficient overlap with the pz orbitals of the sp2 carbon atoms. X-ray diffraction analysis 
showed that the P-substituent is by 66.9° out of the plane of the hetero ring in 1-ben-
zyl-phosphole. The aromaticity problem of phosphole derivatives (V) was studied in 
detail by Quin and Keglevich [95–108]. 

The aromatic stabilization energies of phosphole derivatives (related on skeleton 
V) were found to be as high as 30–60 kJ mol–1, which is considerably lower [4, 29, 93, 
94] than that of pyrrole derivatives (70–130 kJ mol–1) [18, 29, 93, 94]. The level of NICS 
values are on the edge of the aromaticity and non-aromaticity. The weak aromaticity of 
phosphole V (characterized by a Bird index of 35.5 and an AR% of 18.4%) (Table 14.2) 
may be attributed to the pyramidal geometry around the P atom preventing the par-
ticipation of its lone pair in delocalization [109–115]. These molecules exhibit a high 
inversion barrier [86–92]. 

The best synthetic method for phospholes (whose skeleton is marked in general 
by V, and exemplified by e.g. 23) was described by Mathey [116, 117]. In this method, 
various butadiene derivatives (21) were reacted with alkyl or aryl dihalophosphines, 
and a subsequent treatment of the phosphonium salts (22) so obtained by a strong 
base (DBU or α-picoline) furnished the target phospholes (23) (Figure 14.11/Method 
A). An alternative method utilizes the cycloaddition reaction of bis-alkyne 24 and 
PhPH2 to afford phosphole 25 (Figure 14.11/Method B) [118, 119]. 

Table 14.2: Various aromaticity parameters for phosphole derivatives V, VI and VII in comparison 
with pyrrole and borole.

pyrrole V VI VII borole

X = Me X = F X = H X = F

NICS(0) (ppm)a –15.9 –8.2 –3.2 1.8 –0.5 1.2 20.3

NICS(1) (ppm)a –11.5 –5.8 – 1.0 –2.3 0.0 12.1

BIRD indexb 59 35.5 – – – – –

AR%c 56.6 18.4 –30.4 –16.3 –13.5 –19.4 –59.3

N P P
H H

X
X

X O X H
BP

aThe NICS values were computed at B3LYP/6-31G(d,p) level of theory [46]. 
bThe BIRD indexes were taken from reference [29]. 
cThe aromaticity percentages were calculated according to reference [46].
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The synthesis of sterically hindered phospholes (28a–f) was elaborated by Quin and 
Keglevich as shown in Figure 14.12. 1-Chloro-3-phospholene 26 obtained from the 
corresponding 1-chlorophospholene oxide by deoxygenation was converted to aryl 
phospholenes 27 by reaction with the suitable Grignard reagents. Then, oxidation, 
the addition of bromine, deoxygenation and spontaneous aromatization (Method A), 
or a quaternization reaction with bromine and HBr elimination (Method B) led to the 
arylphosphole (28) [95–108].

Figure 14.11: Simple methods for the synthesis of the phosphole scaffold.
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Figure 14.12: Syntheses of phospholes with sterically demanding substituent on the P atom. 
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Theoretical and experimental studies revealed that a bulky substituent on the P atom 
has a significant planarizing effect on the P-pyramid, resulting in an electron deloca-
lization (Table 14.3). Hence, 2,4,6-trialkylphenylphospholes [40, 95–98] may possess 
a certain degree of aromaticity. The Bird index of aromaticity for 1-(2,4,6-triisopropyl-
phenyl)phosphole (28f) was found to be 40.4 [103], while that of the 1-(2,4,6-tri-tert-bu-
tylphenyl derivative (28f) was as high as 56.5 [103]. The aromaticity values calculated 
for arylphospholes 28a–e are summarized in Table 14.3. The percentage values are 
in good agreement with expectation and the previously reported data [29, 93, 94]. 
As can be seen, phenylphosphole (28a) is of a very weak aromatic character, but in 
accordance with earlier experiences, 2,6-ditert-butylphenyl phosphole 28e exhibits a 
significant degree of aromaticity, and species 28e may be considered as an aromatic 
molecule [96–108]. 

The sterically hindered phospholes, e.g. 1-(2,6-di-tertierbutylphenyl)phosphole 
(28e) and 1-(2,4,6-triisopropylphenyl)phosphole (28c), were involved in a sigmatro-
pic Ar[1,5]-rearrangement at a higher temperature yielding reactive intermediates 
26/27. The Diels–Alder cycloaddition of 2H-phosphole 26 with diphenylacetylene 
afforded phosphanorbornadiene 29e (Figure 14.13-(1)), while the “dimerization” of 
isomers 26 and 27 led to adduct 30c (Figure 14.13-(2)) [97], which adopts an endo 
geometry with relatively long and weak P–P and C–C bonds at the junction of the 
dimer [101, 102]. 

In spite of the stability of phospholes (V), phosphole oxide derivatives (in 
general VII, specifically 31 and 33) are unstable [41, 120–123], and undergo a regio- 
and stereospecific Diels–Alder dimerization to afford phosphole oxide dimers with a 

Table 14.3: Dependence of the aromaticity (AR, %) of arylphospholes 28 on the out of plane angle (α, °°).

Compound R1 R2 R3 αa AR%b

28a H H H 68.5° 8.0

28b Me Me Me 65.2° 16.2

28c i-Pr i-Pr i-Pr 62.6° c 16.6c

28d t-Bu Me t-Bu 58.0° 24.1

28e t-Bu t-Bu H 56.0° 26.2

P

R1

R2

R3

α

28a-e

aTaken from reference [91]. 
bTaken from reference [40]. 
cComputed at B3LYP/6–31(d,p) [56].
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7-phosphanorbornene ring system (32) (Figure 14.14) [120–131], or are isomerized to 
the corresponding cyclohexene-2-phospholene oxides 34 [41, 107].

Theoretical investigations revealed that the ceasing of antiaromaticity may 
be the driving force for different transformations and reaction sequences starting 
from phosphole oxides. Depending on the substituents, the antiaromatic charac-
ter of phosphole oxide 31 may vary between –11 and –20%. It means that the anti-
aromatic character of phosphole oxides (in general VII) may be fine-tuned by the 

Figure 14.13: Sigmatropic rearrangement of sterically demanding phospholes 28 followed by Diels–
Alder cycloaddition.
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Figure 14.15: Possible orientations of the phenyl ring in phosphole oxides. 

Figure 14.16: ”A”: Electronic effects depending on the different orientation of the aryl groups in 
35a–c. “B”: resonance structures (A, B and C) of 35a and 35c.

35c-A 35c-B

35a-B35a-A

B

35c-C

35a-C

t-Bu

no interaction weak interaction Strong interaction

PP C
C

P

PPPP P
OOOO

O

C

dp hybrid
orbital

dp hybrid
orbital

dp hybrid
orbital

H
H

H
P

P P P

O

O O O

H
H

H

H

H

H
O

PP

t-Bu

t-Bu

t-Bu
t-Bu

t-Bu

t-Bu
t-Bu

t-But-Bu
t-Bu

t-Bu

t-Bu

t-Bu

t-Bu

t-Bu

atomatomatom

35b 35c35a

A

atom atom
atom

Me

Me
Me

Me

Me

Me

H
H

H

H

O
P

pzorbital pzorbitalpzorbital

O

  P- substituents. The higher the antiaromatic character of the phosphole oxides is, 
the lower the activation enthalpy barrier is for the dimerization. Hence, the elimi-
nation of the antiaromaticity of the starting molecule may be the driving force for 
certain transformations. It was shown that the electronic properties of the phenyl 
group depend on the O=P–Cα–Cβ torsion angle. When the O=P–C–C torsion angle is 
parallel with the P=O unit (as shown on Figure 14.15-(A)), the phenyl group acts as 
an electron-withdrawing group, while, when the torsion angle is orthogonal with the 
P=O unit (as shown on Figure 14.15-(B)), the phenyl group behaves as an electron-re-
leasing substituent. In the latter case, a charge transfer may take place from the Ph 
ring towards the phosphole oxide ring. 
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The substituent of the P-aryl ring may influence the antiaromatic character of 
phosphole oxides (35a–c) [40]. In general, an electron-withdrawing substituent, e.g. 
the Ph group, as in phosphole 35a, increases, while electron-donating groups, e.g. 
the 2,4,6-triMeC6H2 and 2,4,6-tritBuC6H2 substituents, as in phospholes 35b and 35c, 
respectively, decrease the unbeneficial property under discussion. Hence, the antia-
romatic character of trialkylphenylphospholes 35b and 35c is lower than that in the 
phenyl case (35a). As Figure 14.16-(A) shows, these lower antiaromaticity values for 
phospholes 35b and 35c may also be attributed to the different position of the aryl 
group, as compared to species 35a. 

In the distorted arrangement of the aryl group (as in 35b and 35c), the pz atomic 
orbital on the C1 atom of the phenyl group is able to overlap with the dp hybrid orbital 
of the P atom. The phenyl group in phosphole oxide 35a behaves as an electron-with-
drawing group due to the absence of the resonance structures B and C (Figure 14.16-
(B)), while the bulky electron-donating aryl substituent (as in phosphole oxides 35b 
and 35c) may also be represented by resonance structures B and C (Figure 14.16-(B)). 
The aromatic stabilization energy for sterically congested phosphole oxide 35c is 7 kJ 
mol–1 [40].

14.4 Summary
The concept of aromaticity had been known for long, but the opposite phenomenon 
of antiaromaticity was explored only much later, only 15 years ago, in the context 
of P-heterocycles. In this chapter, the four- and five-membered P-heterocycles were 
systematically surveyed from the point of view of aromaticity and antiaromaticity, as 
compared to other species including cyclobutadiene, the cyclopentadiene cation and 
anion based on experimental data and quantum chemical calculations. On the one 
hand, the antiaromatic character may serve as a driving force for chemical transfor-
mations, while on the other hand, the antiaromaticity of a few species may be influ-
enced in different ways. The concept of antiaromaticity represents a new discipline in 
the study of P-heterocycles.
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15  Crown ethers containing phosphorus  
in the macroring

Abstract: Although the first phosphorus-containing macrocycles [(PNCl2)n, n=5, 
6, 7] were prepared by Stokes in as early as 1897 [1], intensive studies in this field 
 appeared only in the 1970s, a few years after Pedersen discovered the crown ethers 
and their unique complex-forming properties in 1967 [2]. In this chapter, we wish 
to  summarize the developments made in this field, and report on the crown ethers 
 containing phosphorus in the macroring and their various applications since 
 Pedersen’s discovery. 

There are two types of phosphorous-containing crown ethers, one in which a side 
chain contains it (so called lariat ethers), and the other, in which it is part of the 
macroring. We focus only on the latter, which is classified according to the type of the 
phosphorus compound(s) it contains. 

Keywords: crown ethers, phosphates, phosphines, phosphine oxides, phosphinic 
acids.

15.1  Hydrogen Phosphates, Phosphates,  
Thiophosphates, and Iminophosphates

A new series of macrocyclic ligands 1a–f (Figure 15.1), containing a proton- ionizable 
dialkyl hydrogen phosphate moiety with relatively low pKa values has been  reported 
by Bradshaw et al. These compounds were prepared by the hydrolysis of the 
 corresponding chlorides. These ligands – containing a proton-ionizable unit – held a 
lot of promise in the field of anion-free cation transport in liquid membrane systems. 
Compound 1d showed a good transport ability in the cases of Pb2+, Zn2+, Ag+, and 
alkali metal ions [3–5].

Extending this work, seven new enantiopure crown ethers containing a dialkyl 
hydrogen phosphate moiety (S,S)-2a – (S,S)-2g (Figure 15.2) were prepared by Kovács 
et al. The last steps of the syntheses were performed using optically active dialkyl- 
substituted oligoethylene glycols and phosphorus oxychloride followed by mild 
hydrolysis of the resulting macrocyclic chlorophosphates [6].

Pinchuk and Shtepanek et al. published the synthesis, characterization, and 
the complexation properties of the crown ethers 3a–c (Figure 15.3) containing a 

 EBSCOhost - printed on 2/13/2023 3:27 AM via . All use subject to https://www.ebsco.com/terms-of-use



Crown ethers containing phosphorus in the macroring   285

Figure 15.1: Racemic crown ethers containing a dialkyl hydrogen phosphate unit.
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Figure 15.2: Chiral crown ethers containing a dialkyl hydrogen phosphate unit.
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phosphate or an iminophosphate unit. These macrocycles were prepared by  treatment 
of  disodium salts of open-chain dibenzo-polyethers with RP(O)Cl2 [7–12].

The synthesis of monobenzo-11-crown-4 ethers 4a–d (Figure 15.4) containing a 
phosphorus (V) atom has been described by Podrognyi et al. The researchers also 
prepared crown ethers containing a phosphonit, as well as a phosphonate, and a 
 thiophosphate unit [13, 14].

Yurchenko et al. described the synthesis of dibenzo-22-crown-8 ether derivatives 
5a–c with two phosphorus atoms (Figure 15.5). Macrocycles 5a and 5b containing a 
phenyl or an adamantyl (Ad) group were prepared by Todd-Atherton reaction and 5c 
by oxidation of the corresponding phosphonate (R=H) [15].

The synthesis and characterization of bis(crown ether) 6 containing a diazadi-
phosphetidine ring (Figure 15.6) were carried out by Dutasta et al., who isolated and 
characterized both the cis and trans isomers of the bis-macrocycle 6. The macrocy-

Figure 15.3: Dibenzo-crown ethers containing a phosphate or an iminophosphate unit.
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Figure 15.5: Dibenzo-crown ethers containing two phosphorus atoms.
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Figure 15.4: Monobenzo-crown ethers containing a phosphate or a thiophosphate unit.
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Figure 15.6: Synthesis and transformation of crown ether containing a diazadiphosphetidine ring.
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Figure 15.7: Crown ethers containing one or two cyclophosphazene units.
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clization started from the diamine 7, which was treated first with hexamethyl-
phosphorous triamide), and then the resulting bis-macrocycle was subjected to in 
situ sulfurization to obtain 6. In addition to 6, two other macrocyclic compounds 
8a and 9 were also isolated and characterized. The researchers concluded that 8a 
was directly obtained from the sulfurization of its parent tervalent derivative and 9 
might be formed by the condensation reaction of 7 and 8a. The same group found, 
that in solution the thiophosphonic acid triamide 8a was very sensitive to  moisture, 
it hydrolyzed after only a few minutes exposing under open air to macrocyclic 
 phosphonic acid diamide 8b [16]. A few years later they reported the  synthesis 
of chiral bis-macrocycle 10 (Figure  15.6) having two  asymmetric  phosphorus 
centers. The diazadiphosphetidine derivative 6 was reacted with ethanol to form 
 macrocycle 10, which was isolated both in its chiral and racemic crystalline forms 
and  structurally characterized [17]. The large crown ethers containing two (40- and 
52-membered rings) and three (78-membered ring) phosphoramide units were also 
prepared. The crystal structure analysis showed that voids are minimized in the 
solid so that the macrocyclic cavity is filled up with part of the molecule itself or 
with a guest molecule, when the size of the macrocycle does not allow molecular 
folding for self- filling the cavity [18].

Numerous macrocycles containing cyclophosphazene units were synthesized 
since 1982, when natural polyamine-linked cyclophosphazenes were developed by 
Labarre and other researchers [19]. Spiro [20–25] (e.g. 11), dispiro [20, 26, 27] (e.g. 12), 
ansa [20, 28–32] (e.g. 13), dibino [20, 31–33] (e.g. 14) (Figure 15.7), and their substituted 
derivatives were also prepared. 

15.2  Phosphonic and Phosphinic Acids and Their 
Derivatives

The synthesis of numerous monobenzo-11-crown-4 ethers containing a  phosphonate, 
a thiophosphonate, or an iminophosphonate unit 15a–n (Figure 15.8) has been per-
formed by Podrognyi et al. The macrocycles 15k and 15l were prepared from the 
 corresponding macrocyclic phosphonites [13, 14]. 
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The synthesis, characterization, and the complexation studies of numerous dibenzo-
14-crown-5 ethers, and dibenzo-17-crown-6 ethers 16a–m containing a phosphonate, 
a  thiophosphonate, or an iminophosphonate unit (Figure 15.9) have been reported 
between 1968 and 1992 [5, 7–12, 34–44]. Yurchenko et al. described the synthesis of 16a, 
from which many other derivatives can be prepared by Todd-Atherton reaction, e.g. 
16d–f [40]. Yatsimirskii et al. found that the phosphoryl unit in the crown ether signi-
ficantly influences the complexation and transporting properties of 16b [45, 46], which 
forms as stable complexes with Li+ and Mg2+, as dibenzo-18-crown-6 ether forms with K+ 
and Ca2+ [41]. Chaikovskaya et al. reported that 16c generally forms less stable complexes 
with alkali and alkali earth metal cations than 16b [9]. The complexation and transpor-
ting properties of 16d,f were studied in the cases of Li+, Na+, K+, Ca2+ and Mg2+ [36, 47].

Pinchuk et al. reported the synthesis and the crystal structure of crown ether 17 
(Figure 15.10), which was found to be structurally similar to macrocycle 16b with a 
cavity size of 14-crown-5 ether, although the former is a 20-crown-7 ether [48, 49]. 
Yatsimirskii et al. reported the bisphosphonate-crown ether 18a [42] and Rybakova et 
al. the bisthiophosphonate-crown ether 18b, which extract Ag+, Hg2+

, and Pd2+ into 
CHCl3 from their aqueous solutions [5, 46].

The syntheses of 17- to 21-membered ring size crown ethers were described by 
Dutasta et al. The diaminophosphine sulfide derivatives (19a–e, 20a–d) (Figure 15.11) 
were prepared from the corresponding three-coordinated diaminophosphine  derivatives 
by the reaction with sulfur. The diaminophosphine oxide 19c was obtained either from 
the three-coordinated parent phosphine by reaction with N2O4 or from 19a by treatment 
with m-chloroperbenzoic acid [50, 51].

Figure 15.8: Monobenzo-crown ether containing a phosphonate, a thiophosphonate, or an imino-
phosphonate unit.
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Figure 15.9: Dibenzo-crown ethers containing a phosphonate, a thiophosphonate, or an 
 iminophosphonate unit.
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The same research group found that macrocycle 21 containing diaminophosphine 
oxide unit can be made more rigid by substitution at the nitrogen atoms with an 
 ethylene bridge to form compound 22 (Figure 15.12) [52].

Talanova et al. published the synthesis of phosphorus-sulfur-containing crown 
ethers 23a,b (Figure 15.13) and their complexes with silver ions. Treatment of these 
macrocycles with Ag+ picrate gave complexes in which the encapsulated Ag+ 
 coordinated mostly with the sulfide S atom [53].

Martin et al. described the synthesis of 16-membered macrocycles 24a–d 
(Figure 15.14) containing dithio- or trithiophosphonate units. These macrocycles were 
obtained by the reaction of the corresponding dithiophosphonites with  hydrogen pero-
xide (24a,b), or sulfur (24c,d). Macrocycles 24a and 24b could complex uranyl nitrate 
and SnCl4 [54]. The structure of macrocycle cis 24d in solid state was  determined by 
X-ray diffraction [55].

Figure 15.10: Benzo-crown ethers containing phosphonate or thiophosphonate units.
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Figure 15.11: Crown ethers containing a diaminophosphine sulfide or oxide unit.
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Yurchenko et al. described the synthesis of bis(hydrophosphoryl)dibenzo-22-crown-8 
ether 25a (Figure 15.15) [15]. They prepared 25b and 25c (Figure 15.15) by Abramov 
reaction starting from 25a. Macrocycle 25d (Figure 15.15) was prepared directly by 
macrocyclization, and it was the first phosphorus-containing crown ether, which was 
soluble both in organic solvents and H2O. Pinchuk et al. also studied the  complexation 
properties of ligand 25d. The same group found that the stability of alkali metal 
 complexes of 25d decreased in the order of Na+ > Li+ » K+ [56].

The ligand 26 containing two macrocyclic and two phosphonate units 
(Figure 15.16) was prepared by cyclizing the disodium salts of open-chain dibenzo- 
polyethers with adamantanediphosphonic dichloride [57, 58]. The large macrocycles 
27a,b containing two phosphonate units (Figure 15.16) was obtained in the reaction of 
a diphenoxy sodium salt with adamantanediphosphonic dichloride [57]. 

Figure 15.12: Creating more rigid conformation for a crown ether containing a diaminophosphine 
oxide unit.
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Dutasta et al. prepared a few macrocycles containing thiophosphonate units by 
a ring-opening polymerization method (Figure 15.17). The reaction of open-chain 
 intermediates (e.g. 28, 29) with methyl dichlorophosphine and elemental sulfur gave 
stable  thiophosphonates (e.g. 30, 31). Considering that the spontaneous ring-opening 
process of phosphonites was generally very slow, and the yield of the isolated  
macrocycles was rather low, the method needed to be improved. This was achieved 
by developing a stepwise controlled synthesis, starting from the ring-opening reac-
tion of phosphonite 32 with diethylene glycol (Figure 15.17) [59, 60]. Treatment of 
phosphadiols 28 and 29 with methyl dichlorophosphine and sulfur yielded 16- and 
 24-membered macrocycles 30 and 31. Both compounds existed in two diastereomeric 
forms: cis and trans for 30, cis,cis and cis,trans for 31 [61].

Szabó and Székely et al. synthesized numerous enantiopure crown ethers  containing 
a diarylphosphinic acid unit (Figure 15.18), by the hydrolysis of the corresponding esters 
[62–66]. They proposed that the two aromatic rings made the pseudo-18-crown-6 ether 
or the 21-crown-7 ether framework more rigid, resulting in higher selectivity for the 
 molecular recognition. The complexation properties were examined by ECD  spectroscopy 
in cases of compounds (R,R)-33a – (S,S)-33e [62, 67] (Figure 15.18). The enantioselective 
transporting ability with chiral amines in a bulk-liquid membrane cell was investigated 
in the cases of crown ethers (S,S)-34a – (S,S)-34e [64, 65] (Figure 15.18). In some cases 
both enantiomers of these macrocycles were synthesized. Szabó et al. also synthesized 
differently substituted achiral derivatives 35a–g (Figure 15.18) and determined their pKa 
values, which are very important factors for the transporting abilities [66]. 

Figure 15.15: Dibenzo-crown ethers containing two phosphonate units.
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Figure 15.17: Ring-opening polymerization producing macrocycles with thiophosphonate units.

O
O

O

OO
O

P P
Me

Me S

S
O

O
P

O
Me

HO

O

HO
O

O
OH

OHO
O

PMe 1) S8
2) MePCl2, S8

32

32,
S8

O

O

O
O

OH

HO

OO
O

P

P

29

MeS

S

Me

O

O

O
O

O

O

OO
O

P

P P

31

MeS

S

Me S

Me

MePCl2, S8

28 30

Figure 15.18: Crown ethers containing a diarylphosphinic acid unit.

O
P

O

OO
O

OH

O

R1

R2

R1

R2

n
33

*

*

*

*
O

P
O

OO
O

OH

O

C10H21
C10H21

n

R1 R1

R2 R2

34

* *

O
P

O

OO
O

OH

O

R1 R2

R3 R4

35

R1 R2

(R,R)-33a Me H

(S,S)-33b H Me

(S,S)-33c H n-octyl

(S,S)-33d H Me

(S,S)-33e H n-octyl

R1 R2 n

(S,S)-34a H H 1

(S,S)-34b H H 2

(S,S)-34c t−Bu H 1

(S,S)-34d NO2 H 1

(S,S)-34e t−Bu NO2 1

R1 R2 R3 R4

35a H H H H

35b NO2 H H H

35c NO2 NO2 H H

35d NO2 NO2 NO2 H

35e NO2 NO2 NO2 NO2

35f t-Bu t-Bu H H

35g t-Bu t-Bu NO2 NO2

 EBSCOhost - printed on 2/13/2023 3:27 AM via . All use subject to https://www.ebsco.com/terms-of-use



Crown ethers containing phosphorus in the macroring   293

15.3  Phosphine Oxides
A 15-crown-5 ether type macrocycle 36 (Figure 15.19) containing two phosphine oxide 
units and its Co2+ and Cu2+ complexes was synthesized by Bodrin et al. [68, 69]. The 
researchers also studied the complexation properties of 36 with alkali metal cations 
[70].

The synthesis of dibenzo-crown ether 37 (Figure 15.20) containing a phosphine 
oxide unit was described by Tsvetkov et al. They also reported that this ligand forms 
a stable complex with Li+ [71].

Some 18-crown-6 ether type macrocycles (38a–d) (Figure 15.21) containing two 
phosphine oxide units were prepared by Märkl et al. by oxidization of the correspon-
ding crown ethers having phosphine moieties [72].

Cram et al. prepared macrocycle 39 (Figure 15.22) containing two, and 
 macrocycles 40a–d (Figure 15.22) containing one triaryphosphine oxide unit(s) by 

Figure 15.19: Macrocycle containing two phosphine oxide units.
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a similar  procedure. Depending on the length of the glycol [2+2] (39) or [1+1] (40a–d) 
 macrocyclization took place. The two isomers of 39 were isolated and characterized, 
and their complexation properties of with alkali metal and ammonium ions studied 
by solvent extraction. They found that 40a–c with smaller cavity sizes were  selective 
for K+, and 40d with the larger macroring formed more stable complex with Cs+. 
Ligand 39 with two phosphine oxide moieties showed preference for Na+ [5, 73].

Newkome et al. prepared the macrocycle 41 (Figure 15.23) containing a 
 triarylphosphine oxide unit by oxidation of the corresponding crown ether having 
a phosphine moiety. The researchers reported a surprising phosphorus expulsion 
 reaction: when 41 was treated with the sodium salt of hexaethylene glycol, it gave the 
ring-contracted crown ether 42 (Figure 15.23) [74]. 

Figure 15.22: Macrocycles containing one or two triarylphosphine oxide units.
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15.4  Phosphonium Salts and Phosphoranes
Phosphonium salts 43a and 43b (Figure 15.24) were prepared by Märkl et al. [72]. 
Bisphosphonium salt 43a was obtained by methylation of the corresponding 
bisphosphine. The preparation of bisphosphonium salt 43b was carried out by 
macrocyclization of triethylene glycol α,ω-dibromide and α,ω-dibenzylphosphine 
derivative of triethylene glycol. Tetrabenzyl-substituted bisphosphonium salt 43b 
could be transformed to the parent crown ether containing two monobenzylphos-
phine units.

The synthesis, structure, and complexing properties of crown ethers 44a–e 
(Figure 15.25) containing a spirophosphorane unit was reported by Markovskii et al. 
These ligands were found selective for Li+ and the solubility of LiCl, NaCl, and KCl in 
the presence of 44a was comparable to that in the presence of 12-crown-4 ether and it 
decreased in the above order of the salts [75, 76].

Houalla et al. published the synthesis of the first stable macrocycles 45a and 
45b (Figure 15.26) containing two bicyclophosphorane units, which were prepa-
red by Atherton-Todd reaction from spirophosphoranes bearing P-H bonds [77, 78]. 
As a continuation of this work, numerous macrocycles containing one (e.g. 46), 
two (e.g. 47a–c), three (e.g. 48a–c) (Figure 15.26), and even four bicyclophospho-
rane units were synthesized. The macrocycles have different cavity sizes, various 
heteroatoms (S, Nt-Bu, NPh, NMe), and even d-xylofuranose units [79–86]. Typical 
examples can be seen in Figure 15.26. This work was driven by the hope that a 
macrocycle containing both Lewis acid and base centers is capable of recognizing 
both cations and anions.

Figure 15.24: Crown ethers containing two phosphonium units.
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15.5  Phosphites, Phosphonites, Phosphinites, and 
their Derivatives

The synthesis of crown ether 49 (Figure 15.27) containing two phosphinite units was 
reported by Powell et al. Complex 50 having a “Mo(CO)4P2” moiety was obtained 
by reacting 49 with Mo(CO)4(norbornadiene). The structure of complex 50 was 
 determined by single-crystal X-ray diffraction analysis. Addition of different RLi 
(R = Me, Ph, n-Bu, t-Bu, NEt2, Ni-Pr2,) reagents to this complex gave products of the 
type of fac-Mo(CO)3(RCOLi)-phosphinites, in which the Li+ is encapsulated by five 
oxygens, one of the RCO and four of ligand 49 [87].

Podgornyi et al. reported the synthesis of monobenzo-crown ether 51 (Figure 15.28) 
containing a phosphonite unit. From the latter macrocycle (51) they also prepared the 
corresponding crown ether having a thiophosphonate moiety, by the reaction with 
S8 [13].

Macrocycles 52a–c and 53a–b (Figure 15.29) containing a phosphoramidite unit 
with rigid structure were reported by Dutasta and Simon [50].

Yurchenko et al. reported the synthesis of crown ethers 54 and 55 (Figure 15.30) 
containing phosphite units [58, 88]. The complexation properties of macrocycle 54 
having aryloxy and adamantyloxy moieties were studied with Li+, Na+, K+, Ca2+ and 
Mg2+ [36].

An interesting approach to the synthesize various macrocycles with phospho-
nite units, including crown ethers 56a–d and 57d (Figure 15.31) was published by 

Figure 15.26: Crown ethers containing bicyclophosphorane units.
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Figure 15.27: Crown ether containing two phosphinite units and its complexes.
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Dutasta et al. The principal step of the synthesis was the ring-opening polymeriza-
tion of cyclic phosphonites (58a–d) in benzene solution. Detailed studies revealed 
the formation of dimeric and trimeric species along with higher polymeric ones [89]. 
Several factors influenced the polymerization, e.g. it was accelerated by R substitu-
ents in the following order: Ph<<Me<Et<i-Pr<t-Bu [59, 90]. The size of the ring is also 
influenced by this reaction [59]. The yields of dimers were very low (<1%) starting 
from phosphonites 58a–d (eight-membered rings) [60, 61]. In all cases the formation 
of two diastereomers (cis and trans) of 56a–d were observed. Heat or dilution shifted 
the equilibrium to the starting monomers [59, 91]. The proneness of these compounds 
to oxidation made it hard to isolate the corresponding compound containing phos-
phorus atom in PIII oxidation state. On the other hand, the reaction of a mixture of 
monomers, dimers, and oligomers with elemental sulfur resulted in the formation of 
stable compounds [59–61, 90, 91].

Martin et al. reported the oligomerization of trithiophosphoctanes 59a,b 
(Figure 15.32) in benzene solution. They synthesized the dimers 60a,b and isola-
ted the cis and trans isomers of the compounds. The reasearchers found that an 
equilibrium exists between monomers, dimers and oligomers. For instance, in the 
case of heating or diluting 60a the equilibrium was shifted toward the monomer 
59a [54]. 

In contrast to trithiophosphoctanes, diazaphospholanes do not oligomerize 
spontaneously [92]. The ß-chloroethyloxy substituent at phosphorus in compound 61 
(Figure 15.33) induced a quantitative and spontaneous ring-opening reaction leading 
to the ammonium salt 62. The reaction of the latter salt with alcohols or amines 
led to the formation of macrocycles 63a–e. Carbonyl (RhCl(CO)(PN2)) and ethylene 
(RhCl(C2H4)(PN2)) complexes of 63a–e with Rh+ containing alkoxy ligands were 
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also prepared and shown to be good precursors for the catalytic hydroformylation of 
olefins [93, 94]. 

The bicyclic phosphoramidite 64 (Figure 15.34) also undergoes a dimerization 
at room temperature. In this case only one isomer was obtained. The crystal struc-
ture analysis of phosphoramidite 65 (Figure 15.34) showed that this compound was 
formed by rupture and reformation of two P-O bonds [95, 96]. The orientation of the 
phosphorus lone electron pairs was trans compared to the main plane of the 10-mem-
bered ring.

Figure 15.33: Synthesis of crown ethers containing a phosphite unit. 
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15.6 Phosphines
Van Zon et al. reported the synthesis of two 18-crown-6 ether derivatives (66a,b) and 
a 21-crown-7 ether derivative (66c) (Figure 15.35) containing a phosphine unit [97]. 
The complexation of alkali metal cations and Rh+ with these macrocycles and their 
oxide derivatives was studied by NMR methods. It was found that the Rh+ complexes 
acted as catalysts for air- or moisture-induced oxidation.

The first examples of optically pure crown ether containing phosphine unit ((R,R)-
67a-(R,R)-67b) was prepared by Marinetti et al., by reduction of the corresponding 
phosphine oxide. The coordinating ability of (R,R)-67b toward transition metal ions 
has been observed through its reaction with the [(pcymene)RuCl2]2 complex, which 
quantitatively affords the Ru2+ complex of (R,R)-67b (Figure 15.36) [98]. 

The synthesis and characterization of an achiral (68a) and a few enantiopure 
((R,R)-68b-(S,S)-68d) crown ethers (Figure 15.37) containing a triarylphosphine unit 
were described by Szabó et al. The researchers prepared these compounds by the 
reduction of the corresponding phosphine oxides [99]. The platinum and rhodium 
complexes of the crown ethers 68b and 68c were synthesized and successfully used 
as catalyst precursors in asymmetric hydroformylation of styrene [100].

Ciampolini et al. reported the synthesis of the first 18-membered sexidentate 
macrocycles 69a–c (Figure 15.38) containing four phosphine units [101–103] with 
sulfide moieties [101, 104–110], or with two tertiary amino groups [111–114]. These 
macrocycles have five stereoisomers and all of them were isolated and  characterized. 

Figure 15.35: Crown ethers containing a phosphine unit.
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The compounds formed stable complexes with Co2+ and Ni2+, but they showed signifi-
cantly different coordinative behaviors according to the stereochemistry at the phos-
phorus and to the nature of X, as far as the coordination number and geometry of their 
metal complexes are concerned.

Bisphosphino-18-crown-6 ethers 70a–d (Figure 15.39) were prepared by Märkl 
et  al. [72]. The researchers oxidized these phosphines to get phosphine oxide 
 derivatives as well. It is interesting that 69c was reacted with methyl iodide to 
get the corresponding bis(methylphosphonium) salt, and bisphosphine 70b was 
 prepared by the reduction of the corresponding bisphosphonium salt having 
benzyl groups.

Crown ether derivatives containing two chiral phosphine units were  synthesized 
by Morisaki et al. In all cases first the borane-coordinated macrocycles were 
 prepared as precursors, because the free bisphospha-crown ethers are prone to 
 oxidation by air. The borane complexes could be easily decomposed by treatment 

Figure 15.37: Crown ethers containing a triarylphosphine unit.
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with organic amines such as 1,4-diazabicyclo[2.2.2]octane. The first two crown 
ethers of this type were (R,R)-71 and (S,S)-71 (Figure 15.40). Using these macrocycles 
Pd2+ and Pt2+ complexes were synthesized and characterized [115]. Later 12-crown-4 
ether type bisphosphino macrocycles (S,S)-72a and 15-crown-5 ether type (S,S)-72b 
were also prepared. Complex formation of the bisphospha-crown ethers  ((S,S)-72a 
and (S,S)-72b) with Pd2+ was carried out and the corresponding palladium(II) 
complexes were applied for the catalytic asymmetric 1,4-addition of arylboronic 
acids to α,β-unsaturated ketones [116]. As a continuation of this work the research 
team synthesized tert-butyl-substituted ligands (S,S)-72c-(S,S)-72f (Figure 15.40), 
(R,R)-73a-(R,R)-73c, (R,R)-74a-(R,R)-74c and (R,R)-75 (Figure 15.41) with diverse 
ring size and different structures. The complexing behavior of (S,S)-72a – (S,S)-72f 
(Figure 15.40) with alkali metal ions was investigated, comparing the results to the 
ones of benzo-18-bisphosphacrown-6 and benzo-18-crown-6 ethers [117, 118]. The 
crown ether (R,R)-75 containing pyridine unit exhibited chiral recognition ability 
for chiral ammonium salts and carboxylic acids. This is the first example of chiral 
recognition using  P-stereogenic macrocycle [119].

This research group also synthesized tetraphospha-crown ethers 76 and 77 
(Figure 15.42) containing four P-stereogenic centers in the ring. The tetraphospha-
18-crown-6 ether was obtained by a one-pot reaction from the lithiated secondary 
bisphosphine with diethylene glycol bis(p-toluene-sulfonate). On the other hand, 
P-stereogenic tetraphospha-24-crown-8 ether was synthesized by a stepwise 
method. The Pt2+ complex of 24-tetraphosphacrown-8 ether was also obtained, 
in which all phosphine units were chelate-coordinated to platinum outside the 
ring [119].

Oxaphospha-macrocycle 78 and azaphospha-macrocycle 79 (Figure 15.43) 
 containing two stereogenic phosphorus atoms were prepared by Wei et al. The two 
diastereomers of both bisphosphines were separated and characterized, and several 
Ni2+, Pd2+ and Pt2+ complexes were prepared and characterized [120, 121].

Newkome et al. synthesized macrocycle 80 (Figure 15.44) containing a triaryl-
phosphine unit, which was easily oxidized to the corresponding phosphine oxide [74]. 

Figure 15.40: Chiral crown ethers containing two P-stereogenic phosphine units.
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Figure 15.41: Chiral crown ethers containing two P-stereogenic phosphine units and aromatic 
moieties.
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15.7 Conclusion
This chapter is intended to summarize the synthesis, complexation studies, and 
applications of crown ethers containing phosphorus in the macroring, reported from 
the very beginning to 2017. 
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