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Abstract: A novel organocatalytic, direct synthesis of a-hydroxy
phosphonates via reaction of aldehydes and ketones with trimeth-
ylphosphite in the presence of catalytic amounts of pyridine 2,6-di-
carboxylic acid in water is reported. The method is simple, cost-
effective and environmentally benign.
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There has been a recent resurgence of interest in the devel-
opment of organocatalytic reactions.1 Catalysis with sim-
ple organic molecules can provide an attractive alternative
to organometallic catalysis, particularly in situations
where residual metals or ligands compromise the purity or
end-use of the product.2 Organocatalysts have afforded
important advantages in organic synthesis, for instance
they are, in general, operationally simple, nontoxic, less
corrosive, environmentally compatible, reusable, inex-
pensive, simple to isolate, and can be applied with less de-
manding reaction conditions (such as rigorously
anhydrous or anaerobic conditions).3 Recently, organo-
catalyzed reactions in water have received much atten-
tion.4 The use of water as a reaction medium has gained
considerable interest in organic synthesis due to its many
advantages from economical, environmental, and safety
standpoints.5 Reactions in water can facilitate access to
different reactivity and selectivity patterns compared with
those observed in common organic solvents due to the
unique physical and chemical properties of this solvent.6

It is a weak electrolyte at room temperature but dissoci-
ates to a greater extent on increasing the temperature, re-
sulting in higher concentrations of H3O

+ and HO– under
neutral conditions that can catalyze chemical reactions.7

a-Hydroxy phosphonates and the corresponding phospho-
nic acids display a wide spectrum of biological activity,8

and a-hydroxy phosphonic acid derivatives have been
shown to be very important inhibitors of important medic-
inal enzymes such as renin9 or human immunodeficiency
protease and polymerase.10 Many of these compounds
have attracted attention because of their antibacterial, an-
tivirus, antibiotic, and pesticidal activities,11 and some hy-
droxy phosphonates possessing potent antitumor activity

are used for the treatment of cancer.12 Furthermore, many
a-functionalized phosphonates, such as a-amino,13 a-ke-
to,14 a-halo,15 and a-acetoxy phosphonates16 are prepared
from a-hydroxy phosphonates.

The synthesis of a-hydroxy phosphonates has been inves-
tigated in the presence of Lewis acids and bases,17,18 alu-
mina and cesium fluorides,19 potassium fluoride on
alumina,20 Al-Li-BINOL complex (ALB),21 chiral AlIII

complex,22 lithium perchlorate in diethyl ether,23 guani-
dine hydrochloride,24 quaternary ammonium hydroxide
ion-exchange resin,25 titanium alkoxides,26 aluminum
(salen) complex,27 L-proline,28 L-prolinamide,29 HCl,30

and oxalic acid.31 However, despite satisfactory results,
some of the reported procedures required the use of haz-
ardous organic solvents, costly and toxic catalysts or cre-
ate byproducts and salt wastes that are not desirable from
a green chemistry point of view. It was found that in many
cases involving ketones, the yields were not always good
and mixtures of products were sometimes obtained due to
the low reactivity of ketones, retro-hydrophosphonylation
reactions,32 phospha-Brook rearrangements33 and other
competing processes.34 

Recently, Feng et al.35 found that titanium isopropoxide
[Ti(O-i-Pr)4] can catalyze the hydrophosphonylation of
ketones successfully. This method was suitable for a wide
range of substrates, and especially for functionalized ke-
tones. However, realizing the fact that metal-free organo-
catalysis has drawn considerable interest from chemists in
recent years and that metal-free homogeneous catalysis is
advantageous for designing suitable drugs that are free of
any metal content, it would be desirable to develop the hy-
drophosphonylation of ketones using metal-free Lewis
acid catalysts.36 Due to the problems mentioned above
and because of recent intense attention on environmental-
ly benign protocols, the search for new and efficient cata-
lysts that are able to promote organic reactions under
green conditions is of interest for the production of a-hy-
droxy phosphonates. In this regard, and in connection
with our previous work,37 we report here the synthesis of
a-hydroxy phosphonate derivatives in the presence of a
catalytic amount of pyridine 2,6-dicarboxylic acid (PDA)
in aqueous media. The catalyst can either be recovered or,
after separation of the product, the remaining aqueous lay-
er can be used directly in subsequent reactions. In our first
experiments, we examined the reaction of 3-phenylpropi-
onaldehyde and trimethylphosphite in aqueous media by
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using different catalysts such as MgO nanoparticles, cel-
lulose sulfuric acid, H3PW12O40 (PW), silica sulfuric acid,
sulfamic acid, and PDA. The results are collected in
Table 1.

Solid acid catalysts such as sulfamic acid, cellulose sulfu-
ric acid, heteropoly acid, and silica sulfuric acid gave
moderate yields of the corresponding a-hydroxy phospho-
nates (entries 1–4). The use of MgO nanoparticles was
also examined whereby a low yield of product was ob-
tained (entry 5). PDA very efficiently gave an excellent
yield of the corresponding dimethyl 1-hydroxy-3-phenyl-
2-propylphosphonate in a shorter reaction time (entry 6).
This might be due to the solubility of PDA in water, which
could accelerate the carbonyl activation. Therefore, to ex-
plore the potential of PDA catalyst for this reaction we
carried out a more detailed study on the use of PDA. To
the best of our knowledge, there is only one report on the
application of PDA as a Brønsted acidic organocatalyst.38

In respect to the mechanism, we assume that the catalyst
generates a hydronium ion in water that activates the car-
bonyl group, which consequently undergoes nucleophilic
attack by trimethylphosphite. In the absence of catalyst,
when benzaldehyde was treated with trimethylphosphite
only a low yield (<40%) of dimethyl 1-hydroxy-1-phenyl-
methylphosphonate was obtained. Lowering the catalyst
loading from 10 to 5 mol% significantly reduced the yield,
and increasing the temperature did not result in any im-
provement. Consequently, 10 mol% PDA was used in
subsequent experiments. Having these data in hand, we
have applied this reaction to a range of aldehydes and ke-
tones; the results are summarized in Table 2.

As shown in the Table 2, the reaction of aromatic alde-
hydes and trimethylphosphite in the presence of PDA in
water at 50 °C, gave the target products in good yields in
a typical reaction time of 1–4 hours (Table 2, entries 1–5).
Electron-withdrawing groups on the aromatic rings of the
aldehydes make them less reactive, leading to lower
yields and requiring longer reaction times (Table 2, en-

tries 6–8). Aliphatic aldehydes reacted smoothly with tri-
methylphosphite under convenient reaction conditions to
give high yields of the corresponding a-hydroxy phospho-
nates (Table 2, entries 9 and 10). 2-Furaldehyde reacted
with trimethylphosphite to give a lower yield of the ex-
pected product (Table 2, entry 12).

In order to determine the reactivity of ketones, the reac-
tion was carried out with aromatic and aliphatic ketones,
and a moderate yield of the corresponding phosphonates
were obtained (Table 2, entries 13 and 16). Interestingly,
the a,b-unsaturated aldehyde selectively afforded the cor-
responding a-hydroxy phosphonates in good yield, with
no byproduct formation (Table 2, entry 11). This reaction
was also performed in a range of organic solvents, howev-
er, none of the solvents were found to be effective and
only trace amounts of products were formed. Clearly, wa-
ter, which leads to fast conversion and high yields of the
desired product, stands out as the solvent of choice. We
also examined the use of a range of solvents for the work-
up process and found that dichloromethane was optimal

Table 1 Hydrophosphonylation of 1 and 2 Using 10 mol% Catalyst

Entry Catalyst Time (h) Yield (%)a

1 sulfamic acid 4 70

2 silica sulfuric acid 3 70

3 cellulose sulfuric acid 2 60

4 H3PW12O40 2.5 75

5 MgO nanoparticle 2 50

6 pyridine 2,6-dicarboxylic acid 1.5 95

a Yield of isolated product.
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Table 2 Synthesis of a-Hydroxy Phosphonates from Various Alde-
hydes and Ketones

Entry R1 R2 Time (h) Yielda (%)(Ref.)

1 Ph H 1.30 9526

2 4-MeC6H4- H 2 8721

3 4-MeOC6H4- H 2 9121

4 2-ClC6H4- H 3 9427

5 4-ClC6H4- H 4 8027

6 4-NO2C6H4- H 3 6027

7 3-NO2C6H4- H 2.50 8523

8 4-CNC6H4- H 3 6537

9 PhCH2CH2- H 1.50 9527

10 n-Pr- H 2 9224

11 PhCH=CH- H 2 8527

12 2-Furyl H 2 6024

13 Ph Me 3 8035

14 4-MeOC6H4- Me 3 8335

15 -(CH2)5- – 2 7535

16 -(CH2)4- – 2.40 8035

a All the products are known compounds and were characterized by 
their IR and 1H NMR spectra and by comparison with authentic sam-
ples. All yields refer to isolated products.
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due to the poor solubility of PDA in this solvent. The ad-
vantages of using an organocatalyst would clearly be
higher if the catalyst could be efficiently recovered and re-
used. Thus, the reusability of the catalyst was examined
by treating 3-phenylpropionaldehyde and trimethylphos-
phite in the presence of 10 mol% of the catalyst in aqueous
media for three consecutive runs. The reactions proceeded
smoothly with minimum variation in the yield of the prod-
uct, as shown in the Table 3.

In summary, we have developed a method for the synthe-
sis of a-hydroxy phosphonates by reacting aldehydes and
ketones with trimethylphosphite in the presence of a cata-
lytic amount of PDA as a novel organocatalyst in aqueous
media. The simple experimental procedure, application of
an inexpensive catalyst, short reaction times and high
yields are the notable advantages of the protocol. In many
cases the products crystallize directly out of the reaction
mixture.

1H and 13C NMR spectra were recorded on a 500 MHz Bruker spec-
trometer in CDCl3 and DMSO using SiMe4 as an internal standard.
Chemical shifts are reported in ppm. The coupling constants (J val-
ues) are reported in Hz. Reactions were monitored by TLC (Merck)
or GC. Evaporation of solvents was performed at reduced pressure,
using a rotary evaporator. Melting points were measured using the
capillary tube method with a Bamstead Electrothermal 9200 appa-
ratus. IR spectra were recorded from KBr disks on a Bruker Tensor
27 FT-IR spectrophotometer. All solvents and reagents were pur-
chased from Aldrich or Merck with high-grade quality and used
without any purification.

Dimethyl 1-Hydroxy-1-phenylmethylphosphonate; Typical 
Procedure
A solution of benzaldehyde (0.106 g, 1 mmol), trimethylphosphite
(0.136 g, 1.1 mmol) and pyridine 2,6-dicarboxylic acid (0.0167 g,
0.1 mmol) in H2O (2 mL) was placed in a round-bottomed flask
equipped with a magnetic stirrer and heated at 50 °C for 1.5 h. After
completion of the reaction as indicated by TLC, the mixture was
cooled to r.t. and the product was extracted with CH2Cl2

(3 × 15 mL). The organic layer was dried over anhydrous Na2SO4

and concentrated to give an oily residue that crystallized to give the
title compound.

Yield: 0.216 g (95%); white solid; mp 86–87 °C.

IR: 3240 (OH) cm–1.
1H NMR (500 MHz, CDCl3): d = 3.7 (d, J = 10.3 Hz, 3 H), 3.74 (d,
J = 10.3 Hz, 3 H), 4.1 (s, OH), 5.06 (d, J = 13.2 Hz, 1 H), 7.3–7.5
(m, 5 H).

13C NMR (125 MHz, CDCl3): d = 53.7 (d, J = 7.5 Hz), 54.0 (d,
J = 6.7 Hz), 70.6 (d, J = 158.4 Hz), 126.9, 128.1, 128.2 (d,
J = 2.5 Hz), 136.2.

Catalyst Recycling
To investigate the reusability of the catalyst, after completion of the
reaction, the product was extracted with CH2Cl2 (3 × 15 mL) and
the aqueous layer was evaporated under reduced pressure to give
PDA, which was then washed with cool H2O (2 × 2 mL) and Et2O
(2 × 2 mL), successively, and dried at 100 °C for 1 h. The recovered
catalyst was reused consecutively three times with a minimum vari-
ation in the yield of the product. Alternatively, after extraction of
the product with CH2Cl2 (3 × 15 mL), the aqueous layer can be used
directly for subsequent runs.
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