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REVIEW

Synthesis of a-aminophosphonates by the Kabachnik-Fields reaction
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ABSTRACT
The review discusses recent achievements in the development of more ecofriendly and economically
viable processes for the synthesis of biologically potent a-aminophosphonates via Kabachnik-Fields
reaction by three-component coupling of carbonyl, amine and hydrophosphoryl compounds.
These a-aminophosphonates exhibited promising antioxidant, antimicrobial and anticancer activ-
ity. Some recent developments on the synthesis of biologically active a-aminophosphonates in
the presence of various catalysts, in catalytic solvent medium, in catalyst-free solvent medium,
under solvent-free conditions, and reactions in solution are discussed. Miscellaneous reactions
are also included.
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Introduction

a-Aminophosphonates represent a fascinating class of mole-
cules with unique properties which have thrived structural
analogy to a-aminoacids[1] and significant biological activ-
ities. These molecular components act as peptide mimics,[2]

enzyme inhibitors,[3] antibiotics and pharmacological
agents.[4] These structurally diversified important scaffolds
have been synthesized by various routes: (i) addition of a P-
H function to imines and enamines[5] (ii) addition of a P-H
function to nitriles[6] (iii) Arbuzov and Michaelis–Becker
reactions[7] (iv) condensation of X-NH2 with acyl phos-
phorus species[8] (v) Curtius and Hofmann rearrangement
of substituted phosphonoacetic esters[9] and (vi) alkylation
of nucleophilic precursors such as Schiff bases.[10] Apart
from this wide range of synthetic methods for the synthesis
of a-aminophosphonates,[11] little effort has been made to
convert the readily accessible a-hydroxyphosphonates into
a-aminophosphonates. For the first time, a variety of a-ami-
nophosphonates were synthesized from a-hydroxyphospho-
nates in the presence of acidic alumina using microwave
irradiation.[12]

The interest in the synthesis and study of a-amino-
phosphonates emerged naturally from intense studies over
the last century. Among these synthetic methods, the
Kabachnik-Fields reaction appears to be the simplest and
most direct approaches.[13] This reaction proceeds via an
imine formed by the reaction of carbonyl compounds and
amines, where it is converted to the corresponding amino-
phosphonates by phosphite addition.

It is accepted that this one-pot reaction can be promoted
by acid or base catalysts, microwave irradiation or by heat-
ing.[14] Several acid catalysts, such as Lewis acids e. g.
BiCl3,

[15] or Al(OTf3),
[16] Bronsted acids such as sulfamic

acid,[17] or heteropoly acids,[18] and base catalysts such as
CaCl2

[19] and PPh3
[20] as well as other catalysts such as

ZnO,[21] TiO2,
[22] tosylchloride,[23] have been used to pro-

mote this reaction.

Mechanistic pathways for the synthesis of
a-aminophosphonates

Designing a-aminophosphonates is majorly carried through
a one-pot reaction.[24] This reaction was individually
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reported by both Kabachnik[25] and Fields[26] in 1952. An
alternative method is the so-called Pudovik reaction,[27] in
which a dialkyl phosphite reacts with the corresponding
imine (Scheme 1).

Plausible mechanism of the Kabachnik-Fields reaction

As noted above, the Kabachnik-Fields reaction is a three-
component reaction of hydrophosphoryl compounds with

ammonia, amines or other NH-compounds and aldehydes
or ketones. It represents an exclusive method for the forma-
tion of the a-aminophosphonates framework [N-C-P(O)].
However, the detailed mechanism of this reaction has not
been established. On the basis of kinetic studies, it was con-
cluded that the mechanism is dependent on the nature of
the reactants.

The main difficulty in the understanding of the
Kabachnik-Fields reaction mechanism is the determination
of the sequence of separate steps involved in this process. In
their initial studies, Kabachnik and Medved thought that it
was similar to the Rodionov reaction employed for the syn-
thesis of b-aminoacids or the Zelinsky reaction, i.e., the for-
mation of aminonitriles upon treatment of aldehydes with
ammonium cyanide.

RCHOþNH3þCH2ðCOOHÞ2 ��!RCHðNH2Þ
CH2COOHþH2Oþ CO2

RCHOþHCN
��!RCHðCNÞOH

��!NH3RCHðNH2Þ
CNþH2O

In another study, it was noticed that the pathway of the
Kabachnik-Fields reaction depends on the nature of the

Scheme 1. Formation of a-aminophosphonates by three-component (a) or two component (b) route.

Scheme 2. Imine mechanism proposed for Kabachnik-Fields reaction.

Scheme 3. a-hydroxy phosphonate mechanism proposed for Kabachnic-Fields reaction.

Scheme 4. Synthesis of a-aminophosphonates.
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substrates. The amine and hydrophosphoryl compound
form a complex in which either one of the partners may
react with the carbonyl compound. Often, the nucleophilic-
ity of the amine determines the reaction pathway. Weak
basic amines such as anilines, which can act as proton
donors, favor the formation of an imine, where the H-bond
is formed between the P¼O function of the phosphite and
the HN unit of the amine (Scheme 2).[28,29]

Cherkasov et al. proposed that the reaction of the more
nucleophilic cyclohexyl-amine, benzaldehyde and a dialkyl
phosphite takes place through the formation of hydroxy-
phosphonate intermediates. Here again an interaction was
substantiated to precede the addition of the dialkylphosphite
on the C¼O unit of the oxo-compound, in which a H-
bond is formed between the P(O)H moiety of the phosphite
and the nitrogen atom of the amine (Scheme 3).[28,30]

R. Gancarz and I. Gancarz proved that the formation of
hydroxyphosphonate is succeeded by a dead-end route
mechanism[31] via rearrangement of the corresponding
phosphate/phosphite. It can be said that in the Kabachnik-
Fields reaction a soft nucleophile (the dialkyl phosphite) and
a hard nucleophile (the amine) compete for the electrophilic
carbonyl compound. The softer the carbonyl compound the
faster it reacts with the softer P-nucleophile and the slower
it reacts with the harder amine nucleophile.[32]

If additional catalysts are used, both acids and bases can
have a positive influence on the reaction rate. Sometimes,
the chemical yield and the diastereoselectivity of the

formation of a-aminophosphonates are higher in two-com-
ponent systems using preformed imines. In this case, due to
the phosphonate/phosphite tautomerism the addition to the
imine could occur by either a four or five-membered transi-
tion state (Scheme 4).

Thus, in the analysis of the Kabachnik-Fields reaction the
important statement has been made that the aminoalkylation
of the hydrophosphoryl compounds might occur through a
step-wise formation of an imine and its subsequent involve-
ment in the Pudovik reaction.

Synthesis of a-aminophosphonates in the presence
of various catalysts

In recent years, solvent-free reactions have gained much
attention since this method was valuable not only for eco-
logical and economic reasons but also for operational sim-
plicity and to obtain high yields of products. Emphasis was
also done toward the development of clean and green chem-
ical processes. Due to this reason a library of a-amino-
phosphonates were synthesized via three-component
Kabachnik-Fields reaction by use of different carbonyl com-
pounds, amines and hydrophosphoryl compounds. The
a-aminophosphonate derivatives are represented by structure
1 in the general Scheme 5.

The detailed results are listed in Table 1.

Scheme 5. General scheme for the solvent-free catalyzed Kabachnik-Fields reactions studied.

Synthesis of a-aminophosphonates in presence of catalysts in solvent medium

Chandrasekhar et al.[42] developed a three-component reaction of aldehydes, amines and diethyl phosphite catalyzed by the
Lewis acid TaCl5-SiO2 affording the corresponding a-aminophosphonates (2) in good yields under mild reaction conditions.
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Table 1. N-Substituted a-aminophosphonates obtained by the Kabachnik-Fields reaction under solvent-free conditions.

Entry Catalyst R1 R2 R3 R4 Yield(%) Ref

1 Lewis acid Fe3O4 Ph Ph OEt OEt 94 [33]

4-MeC6H4 Ph OEt OEt 91
4-ClC6H4 Ph OEt OEt 92
4-BrC6H4 Ph OEt OEt 91
4-OMeC6H4 Ph OEt OEt 87
4-NO2C6H4 Ph OEt OEt 86
Picolinyl Ph OEt OEt 86
n-Pentyl Ph OEt OEt 76
Cyclohexanone Ph OEt OEt 79
Cinnamyl Ph OEt OEt 85
Ph 4-MeC6H4 OEt OEt 90
Ph 4-FC6H4 OEt OEt 91
Ph 3-Cl,4-FC6H3 OEt OEt 86
Ph 2,4-Cl2C6H3 OEt OEt 88
Ph 4-MeOC6H4 OEt OEt 92
Ph 3,4,5-(MeO)3C6H2 OEt OEt 93
Ph 4-NO2C6H4 OEt OEt 86
4-OMeC6H4 4-BrC6H4 OEt OEt 92
Ph 2-Pyridyl OEt OEt 82
Ph Piperidine OEt OEt 80
Ph Morpholine OEt OEt 79

2 Lewis acid choline chloride-2 ZnCl2 Ph Ph OEt OEt 96 [34]

3-BrC6H4 Ph OEt OEt 89
4-NO2C6H4 Ph OEt OEt 70
3-ClC6H4 Ph OEt OEt 85
4-MeOC6H4 Ph OEt OEt 98
4-OHC6H4 Ph OEt OEt 90
4-BrC6H4 Ph OEt OEt 92
2-ClC6H4 Ph OEt OEt 85
Ph PhCH2 OEt OEt 98
Ph 4-FC6H4 OEt OEt 70
Ph 4-ClC6H4 OEt OEt 87
3-ClC6H4 4-ClC6H4 OEt OEt 83
Ph 4-BrC6H4 OEt OEt 90
4-MeOC6H4 4-BrC6H4 OEt OEt 94
4-MeOC6H4 4-FC6H4 OEt OEt 80

3 Lewis acid MgFe2O4 Ph Ph OMe OMe 94 [35]

4-MeC6H4 Ph OMe OMe 90
2-MeOC6H4 Ph OMe OMe 91
4-ClC6H4 Ph OMe OMe 87
4-(CH3)2NC6H4 Ph OMe OMe 85
Phenylacetone Ph OMe OMe 81
2-Thienyl Ph OMe OMe 88
Cyclohexanone Ph OMe OMe 89

4 Lewis acid Yb(PFO)3 Ph Ph OEt OEt 90 [36]

Ph 2-ClC6H4 OEt OEt 86
Ph 3-ClC6H4 OEt OEt 90
Ph 4-ClC6H4 OEt OEt 84
Ph 4-FC6H4 OEt OEt 86
Ph 4-NO2C6H4 OEt OEt 84
Ph 4-CH3C6H4 OEt OEt 90
Ph 4-MeOC6H4 OEt OEt 92
2-NO2C6H4 Ph OEt OEt 93
3-NO2C6H4 Ph OEt OEt 90
4-NO2C6H4 Ph OEt OEt 95
4-ClC6H4 Ph OEt OEt 88
4-CH3C6H4 Ph OEt OEt 90
4-MeOC6H4 Ph OEt OEt 86
4-MeOC6H4 4-NO2C6H4 OEt OEt 90
Isopropyl Ph OEt OEt 50
Ph Cyclohexyl OEt OEt 55

5 NP or KF/NP Ph Ph OEt OEt 82 [37]

4-CH3C6H4 Ph OEt OEt 84
4-MeOC6H4 Ph OEt OEt 86
4-ClC6H4 Ph OEt OEt 77
4-NO2C6H4 Ph OEt OEt 71
2-OHC6H4 Ph OEt OEt 67
Cinnamyl Ph OEt OEt 87
Ph Ph OMe OMe 83
4-MeOC6H4 Ph OMe OMe 85
Cyclohexanone Ph OEt OEt 76
Ph 2-MeC6H4 OEt OEt 61
4-MeOC6H4 2-MeC6H4 OEt OEt 68
Ph PhCH2 OEt OEt 70

(continued)
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Table 1. Continued.

Entry Catalyst R1 R2 R3 R4 Yield(%) Ref

Cyclopentanone Ph OEt OEt 64
6 Lewis acid Amberlite-IR 120 Ph Ph OEt OEt 90 [38]

4-MeOC6H4 Ph OEt OEt 81
3-MeOC6H4 Ph OEt OEt 92
2-MeOC6H4 Ph OEt OEt 87
4-MeC6H4 Ph OEt OEt 89
2-OHC6H4 Ph OEt OEt 91
4-FC6H4 Ph OEt OEt 87
4-N(CH3)2C6H4 Ph OEt OEt 70
4-(2,3-dihydroxypropoxy)C6H4 Ph OEt OEt 67
4-NO2C6H4 Ph OEt OEt 95
3-NO2C6H4 Ph OEt OEt 88
2-NO2C6H4 Ph OEt OEt 75
2-COOHC6H4 Ph OEt OEt 78
3,4-(MeO)2-C6H3 Ph OEt OEt 90
2-OH,3-MeOC6H3 Ph OEt OEt 95
3-MeO,4-OHC6H3 Ph OEt OEt 90
3-OH,4-MeOC6H3 Ph OEt OEt 87
3,4-CH2O2C6H3 Ph OEt OEt 92
3,4-CH2O2C6H3 4-OHC6H4 OEt OEt 98
3,4-CH2O2C6H3 2-OHC6H4 OEt OEt 79
3,4-CH2O2C6H3 2-MeOC6H4 OEt OEt 91
3,4-CH2O2C6H3 PhCH2 OEt OEt 81
Ph PhCH2 OEt OEt 87
Citryl Ph OEt OEt 11
Cyclohexanone Ph OEt OEt 78
Cyclohexanone PhCH2 OEt OEt 84

7 Lewis acid sulfamic acid (SA) 4-ClC6H4 Ph OEt OEt 94 [17]

Ph 4-MeC6H4 OEt OEt 76
4-ClC6H4 4-MeC6H4 OEt OEt 82
4-IsopropylC6H4 PhCH2 OEt OEt 86
4-IsopropylC6H4 4-MeOC6H4 OEt OEt 78
4-FC6H4 4-MeC6H4 OEt OEt 91
4-MeOC6H4 Ph OEt OEt 87
4-MeOC6H4 4-MeOC6H4 OEt OEt 89
2-Furyl 4-MeC6H4 OEt OEt 87
2-Thienyl 3-MeC6H4 OEt OEt 86
4-MeOC6H4 n-butyl OEt OEt 82
4-MeC6H4 Cyclohexyl OEt OEt 84
Ph PhCH2 OEt OEt 79
4-ClC6H4 4-MeOC6H4 OEt OEt 86
4-ClC6H4 PhCH2 OEt OEt 74
3,4CH2O2C6H3 3-MeC6H4 OEt OEt 87
4-MeOC6H4 diethylamine OEt OEt 86
Cinnamyl Ph OEt OEt —
Isobutyryl Ph OEt OEt —

8 Lewis acid TiO2 4-MeOC6H4 4-NO2C6H4 OEt OEt 98 [22]

4-MeOC6H4 Ph OEt OEt 98
Ph Ph OEt OEt 98
4-ClC6H4 Ph OEt OEt 98
3-ClC6H4 Ph OEt OEt 90
2-ClC6H4 Ph OEt OEt 87
4-MeC6H4 Ph OEt OEt 98
4-OHC6H4 Ph OEt OEt 98
4-NO2C6H4 Ph OEt OEt 95
2,6-Cl2C6H3 Ph OEt OEt 72
3-Thienyl Ph OEt OEt 90
Cinnamyl Ph OEt OEt 87
Isobutyl Ph OEt OEt 75
Cyclohexanone Ph OEt OEt 90
3,3-dimethyl-2-butanone Ph OEt OEt 55
Acetophenone Ph OEt OEt —
4-MeOC6H4 3-NO2C6H4 OEt OEt 87
4-MeOC6H4 3-CF3C6H4 OEt OEt 93
4-MeOC6H4 3-CNC6H4 OEt OEt 85
4-MeOC6H4 4-BrC6H4 OEt OEt 80
4-MeOC6H4 3-BrC6H4 OEt OEt 90
4-MeOC6H4 2-BrC6H4 OEt OEt 80
4-MeOC6H4 4-FC6H4 OEt OEt 80
4-MeOC6H4 3-OHC6H4 OEt OEt 93
4-MeOC6H4 2-OHC6H4 OEt OEt 95
4-MeOC6H4 4-MeC6H4 OEt OEt 70
4-MeOC6H4 3-MeC6H4 OEt OEt 87
4-MeOC6H4 2-MeC6H4 OEt OEt 85

(continued)
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Heydari et al.[43] developed a simple and efficient one-pot method to give N-(trimethylsilyloxy)aminophosphonate deriva-
tives (3) from aldehydes, hydroxylamines, and dimethyl trimethylsilyl phosphite in Lewis acid lithium perchlorate/diethyl
ether solution (LPDE) in high yields.

Heydari et al.[44] also prepared various hydrazinophosphonates (4) on the basis of three-component coupling of alde-
hydes, N,N-dimethylhydrazine and dimethyl trimethylsilyl phosphite via Lewis acid LiClO4-catalyzed tandem reactions under
moderate reaction conditions.

Table 1. Continued.

Entry Catalyst R1 R2 R3 R4 Yield(%) Ref

4-MeOC6H4 4-MeOC6H4 OEt OEt 98
4-MeOC6H4 2-CH3pyridyl OEt OEt 76
4-MeOC6H4 n-Propyl OEt OEt 85
4-MeOC6H4 1,2-ethelenediamine OEt OEt 50
4-MeOC6H4 3-amino,1-propanol OEt OEt 78
4-MeOC6H4 Morpholine OEt OEt —
4-MeOC6H4 Piperidine OEt OEt —
4-MeOC6H4 2-amino,2-phenylacetic

acid
OEt OEt 90

9 Lewis acid ZnO nanoparticles Ph Ph OEt OEt 83 [39]

Ph 4-ClC6H4 OEt OEt 70
10 Lewis acid Amberlyst-15 3-Indolyl 1-OH,2,6-Cl2C6H2 OEt OEt 84 [40]

4-(CH3)2NC6H4 1-OH,2,6-Cl2C6H2 OEt OEt 86
2-OHC6H4 1-OH,2,6-Cl2C6H2 OEt OEt 89
3-NO2�6H4 1-OH,2,6-Cl2C6H2 OEt OEt 92
2-OCH2phC6H4 1-OH,2,6-Cl2C6H2 OEt OEt 83
3-Indolyl 1-OH,2,6-Cl2C6H2 OMe OMe 89
4-(CH3)2NC6H4 1-OH,2,6-Cl2C6H2 OMe OMe 90
2-OHC6H4 1-OH,2,6-Cl2C6H2 OMe OMe 83
3-NO2�6H4 1-OH,2,6-Cl2C6H2 OMe OMe 88
2-OCH2phC6H4 1-OH,2,6-Cl2C6H2 OMe OMe 85

11 Bronsted as well as Lewis acid
sulfated polyborate

Ph Ph OEt OEt 98 [41]

2-ClC6H4 Ph OEt OEt 94
3-ClC6H4 Ph OEt OEt 95
4-ClC6H4 Ph OEt OEt 95
2-NO2C6H4 Ph OEt OEt 93
3-NO2C6H4 Ph OEt OEt 94
4-NO2C6H4 Ph OEt OEt 94
2-MeOC6H4 Ph OEt OEt 92
4-MeOC6H4 Ph OEt OEt 94
4-BrC6H4 Ph OEt OEt 95
4-MeC6H4 Ph OEt OEt 94
4-OHC6H4 Ph OEt OEt 93
2-Thienyl Ph OEt OEt 93
5-Me,2-Furyl Ph OEt OEt 95
Isonicotinyl Ph OEt OEt 90
Cyclohexyl Ph OEt OEt 95
Ph 4-ClC6H4 OEt OEt 97
Ph 4-BrC6H4 OEt OEt 95
Ph 4-NO2C6H4 OEt OEt 93
Ph 4-MeC6H4 OEt OEt 97
Ph PhCH2 OEt OEt 94
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Saidi et al.[45] reported a very mild, efficient and simple method for the synthesis of tertiary a-aminophosphonates (5) by
reaction of an aldehyde, a secondary amine and trialkyl phosphite in Lewis acid ethereal solution of lithium perchlorate, at
ambient temperature with short reaction times.

Ghosh et al.[46] synthesized a-aminophosphonates (6) from nitro-substituted anilines, aldehydes and diethyl phosphite by
employing 5mol% of In(OTf)3 as Lewis acid. The method was equally effective for the generation of a-aminophosphonates
from various carbonyl compounds and other amines.

Saidi et al.[47] described a novel and mild protocol for the one-pot, three-component synthesis of primary a-amino-
phosphonates (7) under solvent-free reaction conditions and in the presence of solid LiClO4 as Lewis acid from an aldehyde,
hexamethyldisilazane and trialkyl phosphite with high yields and within short reaction times.
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Kaboudin et al.[48] have developed a Lewis acid mediated simple, efficient, and possible industrial process for the synthe-
sis of 1-aminophosphonic acids by the treatment of aromatic aldehydes with ammonia and reaction with diethyl phosphite
which gives diethyl N-(arylmethylene)-1-amino-1-arylmethanephosphonates. The latter can be easily hydrolyzed to diethyl
1-amino-1-arylmethanephosphonates. This method is easy, rapid, and good yielding for the synthesis of 1-aminoalkyl-
phosphonates (8) from simple starting materials.

Heydari et al.[18] described a new and highly flexible procedure for the synthesis of a-aminophosphonates (9) from in
situ generated imines or iminium salts by use of the Bronsted acid dodecatungstophosphoric acid (0.5mol%) as catalyst in
dichloromethane at room temperature in short reaction times.

A new and highly flexible procedure[49] was described for the synthesis of a-amino-a-hydrazino-, and a-N-hydroxyami-
nophosphonates (9) by reaction between trimethyl phosphite and in situ generated imines (iminium salts, oximes, hydra-
zones, nitrones) by use of phenyltrimethylammonium chloride as catalyst (1mol%) in reagent grade dichloromethane at
40 �C.

Kapoor et al.[50] described SbCl3 adsorbed on Al2O3 to be an efficient and recyclable Lewis acid catalyst for the promo-
tion of three-component coupling reactions of aldehydes (aromatic and aliphatic), amines (aromatic and aliphatic amines)
and esters of (S)-a-aminoacids) and dialkyl phosphites to afford the corresponding a-aminophosphonates (10) in high yields.
The ethyl ester of (S)-phenylalanine led to the corresponding a-aminophosphonate as (S,S)-diastereoisomer formed in pre-
dominance over the (S,R)-diastereoisomer.
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A new, convenient and highly flexible procedure[51] was reported for the synthesis of diethyl a-aminophosphonates (11)
in water by three-component, one-pot reaction of aldehydes, amines, tri/dialkyl phosphites in the presence of a low amount
of [Cu(3,4-tmtppa)](MeSO4)4 (0.16mol%) as a highly stable and reusable catalyst.

Rezaei et al.[52] described the highly efficient synthesis of a-aminophosphonates (12) via a three-component system com-
prising of aldehydes, amines and diethyl phosphite catalyzed by FeCl3�THF-solution as Lewis acid. This protocol was also
applied to the one-pot preparation of bis(a-aminophosphonates) (13). This method is advantageous because of the eco-
friendly mild reaction conditions and the high yields of the produced a-aminophosphonates.

Subba Reddy et al.[53] described the preparation of a-aminophosphonates (14) through the three-component coupling
reaction of aldehydes, amines, and diethyl phosphite by using 3D mesoporous aluminosilicate nanocages as Lewis acid
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catalyst which gave excellent yields with a high selectivity in a short reaction time due to the high acidity of the 3D pores
and a huge space in the nanocages.

Perumal et al.[54] have accomplished a simple and efficient method for the synthesis of a-aminophosphonates (15) from
aromatic aldehydes, diethyl phosphite, and aromatic or aliphatic amines using acidic potassium hydrogen sulfate as a catalyst
under solvent free conditions.

Novel a-aminophosphonates[55] (16) were synthesized by the three-component one-pot reaction of aldehydes, amines and
diethyl phosphite at room temperature in the presence of the ionic liquid ethyl ammonium nitrate as catalyst and solvent.
Among the various catalysts, the preparation of ethyl ammonium nitrate is an eco-friendly, cost effective and recyclable
catalyst.

Choudhary et al.[13] synthesized a-aminophosphonates (17) by the reaction between carbonyl compound, primary amine,
and substituted phosphite via Kabachnik-Fields reaction with high yields and in a short period, using Lewis acid H-beta zeo-
lite as a reusable catalyst.
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Borse et al.[56] described a convenient one-pot three-component synthesis of novel N-phenylisoquinolone-1-phosphonate
derivatives (18) by reacting aldehydes with substituted anilines and triethyl phosphite in acetonitrile using trifluoroacetic
acid as catalyst in good yields.

Doo Ok Jang and coworkers[57] developed an efficient three-component one-pot synthesis of N-silylated a-aminophosph-
onates and a,a-disubstituted a-aminophosphonates (19) using Yb(OTf)3 as Lewis acid catalyst at room temperature under
mild conditions.

A new series of a-aminophosphonates[58] (20) containing a bioactive indazole moiety was synthesized in two steps. In
the first step, the imine of the indazole component was synthesized and in the next step it was converted to a-amino-
phosphonates using chlorotrimethylsilane (TMSCl) and triethyl phosphite.

Reddy et al.[59] reported the one-pot three-component, Lewis acid PEG-SO3H catalyzed synthesis of structurally diversi-
fied a-aminophosphonates (21) by use of 4-(pyridin-4-yl)benzaldehyde and triethyl phosphite with various primary amines
with high yields by the Kabachnik-Field’s reaction.
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Chengjian Zhu et al.[60] have developed an efficient protocol for the construction of C-P bonds under formation of (22)
with high yields under mild conditions by employing the three-component reaction of an amine, an aldehyde and a dialkyl
phosphite, catalyzed by a gold complex.

A small library of structurally diversified a-aminophosphonates[61] (23) has been synthesized by reacting alkyl/aryl alde-
hydes, alkyl/aryl amines and alkyl/aryl phosphites in one-pot reactions catalyzed by the Lewis acid Amberlite-IR 120 resin.

A convenient synthesis of a-aminophosphonates (24) has been developed by Reddy et al.[62] who used 0.5mol % of phos-
phomolybdic acid (PMA, H3PMo12O40) as Lewis acid catalyst for the coupling of 2-cyclopropylpyrimidin-4-carbaldehyde,
anilines/benzothiazole amines and different phosphites in dichloromethane at room temperature in good to excellent yields
within short reaction times.

An efficient and robust method[63] has been developed for the synthesis of a-aminoalkanephosphonates (25) by treatment
of aldehydes, amines and triethyl phosphate at room temperature by employing L-proline as an organocatalyst at room tem-
perature. The products are formed in excellent yields (82-94%) within 30–45min.
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Che et al.[64] were designed and synthesized a series of novel a-aminophosphonates (26) containing a uracil moiety by
use of the Lewis acid, Mg(ClO4)2 as catalyst in a the Kabachnik-Fields reaction.

A convenient synthesis of a-aminophosphonates (27) has been developed by Reddy et al.[65] via a nonionic surfactant
Triton X-100 catalyzed coupling of aldehyde, amines and dialkyl phosphites at 70 �C in aqueous medium.

Li et al.[66] have reported an efficient protocol for one-pot synthesis of a-aminophosphonates (28) via three-component
reaction of aldehyde, amine and phosphite using only 2mol % HfCl4 as the catalyst. The NMR evidence strongly indicated
the catalytic roles of Hf4þ on the activation of aldehyde, phosphite, and imine intermediate.

Reddy et al.[67] reported camphor-derived thioureas as Lewis base organocatalysts for the reaction of 2-cyclopropylpyrimi-
din-4-carbaldehyde with amines, and diphenyl phosphite to yield the corresponding enantioselective a-aminophosphonates
(29) in 74–82% yields and 14–35% ee.
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A novel and robust method was developed for the synthesis of a-aminophosphonates[68] (30) by the three-component
condensation reaction of 5-amino-2,2-difluoro-1,3-benzodioxole, aromatic aldehydes, and diethyl phosphite. Silica-supported
boron trifluoride (BF3-SiO2) in ionic liquid ([bmim][HCl]) was used as Lewis acid at room temperature to give good to
excellent yields within short reaction times.

Jaiyeola et al.[69] described a new series of a-aminochromonephosphonates (31) (ACPs) which were obtained from chro-
mone based aldehydes, aniline derivatives and diethyl phosphite with RhBT as catalyst.

Synthesis of a-aminophosphonates in catalyst free conditions in solvent medium

Kaboudin et al.[70] described a simple, efficient, and feasible method for the synthesis of a-aminophosphonates (32) via a
three-component, catalyst-free decarboxylative coupling of aminoacids with aldehydes and H-dialkyl phosphite. Treatment
of aminoacids with aldehydes and diethyl phosphite in the absence of catalyst, base, and ligand give a-aminophosphonates
in moderate to good yields.
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Azizi et al.[71] described a simple and efficient catalyst-free method for the synthesis of a-aminophosphonates (33) via
condensation of amines, phosphites, and carbonyl compounds with high purity using glycerol as a solvent. The method
does not require a toxic catalyst.

Wang et al.[72] prepared new a-aminophosphonate N-derivatives (34), and their binding interactions have been investi-
gated by UV-visible and fluorescence emission spectrometry.

Fang et al.[73] reported the synthesis of a-aminophosphonates (35) as a mixture of two diastereoisomers in mod-
erate to good yield by the one-pot three-component reaction of chiral isopropyl (4 R,5R)-2-chloro-1,3,2-dioxaphospho-
lane-4,5-dicarboxylate with several aromatic aldehydes and diethyl phosphoramidate in CCl4 at �20 �C. When
acetophenone was used, the quaternary a-aminophosphonate was obtained in 62% yield and 67:33 diastereoisomeric
ratio.

Guo et al.[74] were designed and synthesized two series of thieno[2,3-d]pyrimidine derivatives (36) in which bioactive
a-aminophosphonate subunits were introduced at the N3 position through an N–N bond connection.
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A series of a-aminophosphonates[75] (37) containing aminophenol substituents have been synthesized via Kabachnik-
Fields reaction. DFT calculations on the B3LYP/6-31G (d,p) level have been used to analyze the electronic and geometric
characteristics deduced for the stable structure of the compounds and also correlated the principal quantum chemical
descriptors (HOMO, LUMO, MESP).

Song et al.[76] synthesized a-aminophosphonates (38) containing benzothiazole and fluorine substituents by Mannich-
type addition in ionic liquid media with high yield and short reaction time.

Heydari et al.[77] synthesized a-aminophosphonates (39) by one-pot, three-component coupling reactions of aldehydes or
ketones, amines and trimethyl phosphite in presence of trifluoroethanol as efficient and recyclable medium in high yields.
This protocol does not require the use of an acid or base catalyst.
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Synthesis of a-aminophosphonates under solvent free conditions

Min Xia et al.[78] prepared a-aminophosphonates (40) in good to excellent yields by the three-component coupling of alde-
hydes, amines and diethyl phosphite in a one-pot procedure under ultrasound-assisted solvent-free and catalyst-free condi-
tions.

A simple, efficient, inexpensive, eco-friendly and robust method has been reported for the green synthesis of a-amino-
phosphonates[79] (41) by the coupling of aldehydes/ketone, an amine and triethyl phosphite in the presence of sodium hex-
ane-1-sulphonate as a catalyst under ultrasound irradiation to furnish the desired product in good to excellent yield under
solvent-free condition. This catalyst provides clean conversion, greater selectivity and easy workup which make this protocol
practical and economically attractive.

Shingare and coworkers[80] demonstrated the successful implementation of ultrasound irradiation for the rapid synthesis
of a-hydroxy- and a-aminophosphonates (42) in the presence of the novel catalyst camphor sulfonic acid.
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A simple, efficient and general method[81] has been developed for the one-pot three-component syntheses of a-amino-
phosphonates (43) from aldehydes, amine and triethyl phosphite by employing CeO2 nanoparticles as catalyst under ultra-
sound irradiation and solvent-free condition. This catalyst provides cleaner conversion, short reaction time and high
selectivity which makes the protocol feasible and economical viable.

Miscellaneous synthesis of a-aminophosphonates

Xu et al.[82] described the asymmetric synthesis of a-aminophosphonates (44) under mild conditions of dialkyl phosphites
on aldimines derived from cinnamaldehyde by using the inexpensive chiral organocatalyst (R)-3,30-bis[4-fluorophenyl]-1,10-
binaphthyl phosphate in moderate yields (30–65%) and enantiomeric excess (8.4–61.9%).

Kaur et al.[83] reported various chiral a-aminophosphonates (45) in excellent yields (94-97%) and diastereoselectivities
(93:7–99:1) by reacting chiral N-phosphonylimines with lithium phosphites.
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Sasai and coworkers[84] accounted the first example of a catalytic asymmetric hydrophosphonylation to imines using lan-
thanoid-potassium-BINOL heterobimetallic complexes (LnPB, Ln¼ lanthanoid metal) to afford optically active a-amino-
phosphonates (46) in good to high enantiomeric excess.

A novel and efficient method was described for the synthesis of various a-aminophosphonates[85] (47) with a quaternary
stereogenic centers embedded in isoindolinone motifs in high yields with excellent enantiomeric ratios (up to 98.5:1.5 e.r.)
via asymmetric hydrophosphonylation of in situ generated ketimines by employing BINOL-derived phosphoric acid as chiral
catalyst.

Cheng et al.[86] furnished the a-aminophosphonates (48) by one-pot three-component reaction of 2-arylalkanecarbal-
dehydes, p-anisidine, and di(pent-3-yl) phosphite in the presence of chiral Bronsted acid (S)-132 (10mol %) in cyclo-
hexane at 50 �C, with high diastereoselectivity and moderate to high enantioselectivity. This process combines a
dynamic kinetic resolution with the parallel creation of an additional stereogenic center. Cleavage of the p-methoxy-
phenyl and phosphonic ester groups with cerium ammonium nitrate (CAN) and TMSBr gave the a-aminophosphonic
acid in 54% yield.
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Wang et al.[87] synthesized a-aminophosphonates (49) in moderate yields and enantioselectivity by asymmetric one-pot
three-component reaction of aldehydes with p-methoxyaniline and diisopropyl phosphite in the presence of catalytic
amounts of chiral Bronsted acid (S)-75 and powdered 4Å MS in toluene at 40 �C. This reaction was further extended to the
chiral (Rax)- and (Sax)-1,10-binaphthyl-3-formaldehyde obtaining the a-aminophosphonates (50) in good yield and 94:6 and
80:20 diastereoisomeric ratio.
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On the other hand, asymmetric syntheses of a-aminophosphonates (51) were carried out under mild reaction conditions
by one-pot three-component reaction of aromatic aldehydes with 2-aminophenol and diphenyl phosphite catalyzed by chiral
N,N’-dioxide 138-Sc(III) complex in THF at Lewis acid �20 �C in good yields and with 80-87% enantiomeric excess.
Further, this can be used for large scale synthesis of these a-aminophosphonates.[88]

Ohara et al.[89] developed the a-aminophosphonates (52) by reacting various aldehydes with p-anisidine and di(o-methox-
yphenyl) phosphite, catalyzed by Zn(NTf)2 (10mol %) using 140 as chiral ligand in CH2Cl2 at �50 �C, in excellent yields
and with moderate to high enantiomeric excess.

Bhusare et al.[90] reported the enantioselective one-pot three-component reaction of aromatic aldehydes with several
para-substituted anilines and triethyl phosphite for the synthesis of optically enriched a-aminophosphonates (53) employing
(S)-1-acetyl-N-tosylpyrrolidine-2-carboxamide 142 as organocatalyst in glacial acetic acid at room temperature up to 71-90%
yield and with 73-92% enantiomeric excess.
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Bedolla-Medrano et al.[91] accomplished the synthesis of a-aminophosphonates by the one-pot three-component reaction
of benzaldehyde with (S)-a-methylbenzylamine and diethyl or dimethyl phosphite in the presence of 10mol % of phenyl-
phosphonic acid as catalyst at 80 �C under solvent free conditions, obtaining the a-aminophosphonates (54, 55) in good
yield, 80:20 and 76:24 diastereoisomeric ratio.

Todorov et al.[92] synthesized optically active, constrained a-aminophosphonates (56, 57) by the reaction of (R)-1-amino-
bicyclo[2.2.2]octane-2-carboxylic acid with benzaldehyde and dimethyl phosphite in the presence of triethylamine in metha-
nol with up to 34% yield and 60:40 diastereoisomeric ratio.

Bhattacharya and coworkers[61] reported the synthesis of a-aminophosphonates (58) by the one-pot three-component
reaction of piperonal with (R)-a-methylbenzylamine and dibutyl phosphite catalyzed by Amberlite-IR 120 under microwave
irradiation in 92% yield. Identical results were obtained using (S)-a-methylbenzylamine.
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Ando et al.[93] furnished the synthesis of (R,S)- and (S,S)-a-aminophosphonates (59, 60) by one-pot three-component
reaction of (S)-a-methylbenzylamine, benzaldehyde, octanal, and cyclohexanecarboxaldehyde with diphenyl phosphite by
employing magnesium dodecyl sulfate as catalyst at room temperature, in moderate yield and diastereoisomeric ratio.
Similar results were obtained when the reaction was carried out in the presence of Et3N or sparteine.

Miao et al.[94] described the one-pot reaction of di-n-propyl or diethyl phosphoramidate with methyl 2,3-O-isopropyli-
dene-b-D-ribopentodialdo-1,4-furanoside and dialkyl phosphites in the presence of acetyl chloride as dehydrating agent, to
afford the methyl 5-deoxy-5-(dialkylphosphono)-5-(dialkylphosphorylamido)-2,3-O-isopropylidene-b-D-ribofuranosides (61)
in moderate yield and diastereoisomeric ratios.

Very recently, Onys’ko et al.[95] carried out the synthesis of both enantiomers of a-amino-a-trifluoromethyl-c-oxobutane-
phosphonates (62, 63) in 80% yield and >90% enantiomeric excess, based on the enantioselective proline-catalyzed reaction
of a-iminotrifluoroethanephosphonate with acetone in DMSO at room temperature.
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Zhou et al.[96] afforded the syn- (64) and anti-a-amino-b-hydroxyphosphonates (65) in 56-86% yield, with 76:24 to 90:10
syn/anti-ratio and 60-98% enantiomeric excess for the syn-derivatives by the three-component reaction of dimethyl a-diazo(-
arylmethane)phosphonate with substituted anilines and 4-nitrobenzaldehyde in the presence of catalytic amounts of [Rh2(S-
PTAD)4]-168 complex inCH2Cl2at 40 �C.

Phospha-Mannich reaction

Aminoalkanephosphorus acids are usually prepared by reaction of a precursor with a P(O)–H bond, an aldehyde and a pri-
mary/secondary amine. The most common P–H reagents for the synthesis of the aminoalkane-H-phosphinic acids are hypo-
phosphorous acid, its esters or trivalent phosphines. However, employing a general procedure for their synthesis is a
limiting factor. Urbanovsky et al.[97] employed unusual conditions of the phospha-Mannich reaction of H3PO2 (sometimes
called Moedritzer-Irani-Redmore reaction), and the reactivity of H3PO2 as H–P precursor was tested for the synthesis of
aminoalkanephosphinic acids.

Catalytic hydrogenation of dehydroaminophosphonates

Methods based on conventional heating in organic solvents and with catalyst are still used for routine organic synthesis.
Other thermal and non-thermal activation techniques are also considerably used. Cativiela et al.[98] have employed an effi-
cient procedure for the synthesis of the vinyl phosphonate tripeptide dehydrophos. However, the efficiency of this method
proceeds via the Horner-Wadsworth-Emmons reaction to yield a dehydro-aminophosphonate residue at the C-terminal
position.
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Electrophilic amination

Taking the advantage of transition-metal-catalyzed couplings, Qiu Wang’s research group[99] coupled the benefits of copper
as catalyst for a-amination of phosphonates. They demonstrated this research output as a first example of CN bond forma-
tion which directly introduces acyclic and cyclic amines to the a-position of phosphonates in one step. The reaction has
been proven to work successfully at room temperature with as little as 0.5mol% of catalyst, and demonstrates the high effi-
ciency on a broad substrate scope. This strategy was inspired by pioneering studies on the electrophilic amination of arylzinc
reagents with hydroxylamines.

Addition of amines to enaminophosphonates

Although the addition of aldehyde and amines to phosphites is widely adopted to obtain phosphonates, simultaneously other
conventional methods are also gaining consideration due to their great value for the synthesis of alkanephosphonates and
phosphonic acids. N. Collignon et al.[100] described for the first time a valuable synthesis of a-piperidino- or a-morpholi-
noalkenylphosphonates, based on the Peterson olefination strategy. This methodology has been suitably improved for the
preparation of a new series of a-piperidino or a-morpholino substituted phosphonic acids.

Matveeva et al.[101] have found out that the catalytic variant of the Kabachnik-Fields reaction sufficiently increases its syn-
thetic potential. They demonstrated that recent improvements and developments with systematic search of (i) novel condi-
tions (micro reactor), (ii) reaction without solvent and (iii) novel catalysts [Mg(ClO4)2, p-TsOH, In(OTf)3-MgSO4, CdI2]
under ultrasonic irradiation at room temperature exhibits a simple product isolation procedure and improves the yields and
selectivity. Other advantages were the accelerated reaction rate, recovery and reuse with satisfactory yields, and the above
method was eco-friendlier than the classical methods.

Mario et al. [102, 103, ] have collected and published a review about the most relevant procedures reported up to now
on the synthesis of quaternary a-aminophosphonic acids either in racemic or in enantiopure form in a multigram scale and
were convinced that these synthetic moieties will be a fundamental key in the design of new peptides with improved
pharmacological properties.

Addition of lithiated bis(diethylamino)phosphine borane complex to enantiopure sulfinimines is another example of
usage of nucleophilic phosphorus reagents for the synthesis of a-aminophosphonic acids with high enantiomeric purities.
The stereoselectivity of the addition was elucidated by suggesting a transition state model where steric approach control is
an influential factor.[104]

Nevertheless, it is favorable to construct a-aminophosphonates by a one-pot method. i.e., via the Kabachnik-Fields reac-
tion due to its simplicity and efficiency. Thus, it is still the most widely used method. In extending the above method,
Mikolajczyk and Lyzwa[105] developed a new asymmetric synthetic methodology. They used, for the first time, organic sulfur
reagents e. g. the enantiopure sulfinimines as chiral reagents for the synthesis of a- and b-aminophosphonic acids.
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Conclusions

In this review article, a-aminophosphonates are reported to
exhibit diverse applications ranging from biomedical to the
development of new catalytic systems. An understanding of
the structure function correlation in the a-aminophospho-
nate molecule is important for designing and finding new
medications based on the knowledge of a biological target.
The literature reveals that the Kabachnik-Fields reaction rep-
resents a really powerful green new eco-friendly process and
tool for the preparation of a-aminophosphonates.
Simultaneously, chiral functionalized a-aminophosphonates
will remain the significant focus of chemical research.
However, the challenges in building these a-aminophospho-
nates with fine tuning of physical, chemical and biological
properties are diverse and require a multidisciplinary
approach to reach full understanding of these molecules.

This review is meant to serve as a guide for researchers
who are interested in the phosphorus chemistry area and
are in particular, specialized in a-aminophosphonate chemis-
try. It will, furthermore, be a source of information, inspir-
ation and encouragement for the scientific community who
are already involved in the magnificent chemistry of
phosphonates.
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