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a b s t r a c t

4-Bromo and 3-bromobenzoic acids along with 4-iodobenzoic acid underwent P–C coupling reactions
with diarylphosphine oxides in the absence of any catalyst in water as the solvent under microwave irra-
diation. The phosphinoylbenzoic acids obtained were converted into the corresponding ethyl esters in
yields of 59–82%.

� 2015 Elsevier Ltd. All rights reserved.
A widely used method for the synthesis of arylphosphonates is
the Hirao reaction involving the P–C coupling of bromoarenes and
dialkyl phosphites in the presence of Pd(PPh3)4 as the catalyst and
triethylamine as the base.1,2 Subsequently, the reaction was
extended to other aryl derivatives and different >P(O)H reagents
including H-phosphinates and secondary phosphine oxides using
Pd(0)-, Pd(II)- and Ni(II)-catalysts with mono- and bidentate
P-ligands.3,4

It is a significant challenge to carry out the Hirao reaction under
‘green’ chemical conditions. The first step was taken when a cat-
alytic amount of water was added to a somewhat related coupling
reaction of dialkyl phosphites and substituted benzyl halides using
Pd(OAc)2/Xantphos and N,N-diisopropylethylamine in THF. The
corresponding benzylphosphonates were obtained in 71–98%
yields.5 It was a valuable observation that the coupling of
4-iodotoluene and diethyl phosphite was quantitative in MeCN–
H2O (1:1) at 25 �C applying Pd(PPh2(m-C6H4SO3M))3 (M = Na+ or
K+) as the catalyst, and triethylamine as the base.6 Next, the cou-
pling of substituted aryl halides and diisopropyl phosphite was
performed successfully in water (containing three molar equiva-
lents of iPrOH) using a ferrocene-based palladacycle with a
P- and an N-ligand, and applying KF at reflux temperature. One
equivalent of tetrabutylammonium bromide was also present in
the mixture as an additive and the yields of the arylphosphonates
fell in the range of 53–94%.7 The coupling of reactive
diphenylphosphine oxide with aryl bromides was also described
in water at 70 �C in the presence of NiCl2�6H2O as the catalyst
and Zn along with 2,20-bipyridine as the additives to afford
aryl(diphenyl)phosphine oxides in yields of 78–97%.8 A recent
exciting development was that halobenzoic acids and
diphenylphosphine oxide undergo P–C coupling in water at
180 �C under microwave (MW) irradiation in the presence of Pd/C
as the catalyst, and K2CO3 as the base.9 Interestingly, the authors
of this communication found that the Hirao reaction of aryl
bromides and different >P(O)H species, such as dialkyl phosphites
and secondary phosphine oxides took place in the presence of
P-ligand-free Pd(OAc)2 under solvent-free and MW-assisted condi-
tions.10,11 Recently, we have aimed at the simplification of different
catalytic systems under MW irradiation.12,13 Thus, it was a
challenge for us to try to elaborate a catalyst-free MW-
assisted variation of the Hirao reaction in water as the solvent.

The first model reaction was the coupling of 4-bromobenzoic
acid (1A) and diphenylphosphine oxide (2a) or di(4-methyl-
phenyl)phosphine oxide (2b)14–16 in water in the presence of three
equivalents of K2CO3 at 180 �C under MW irradiation. It was neces-
sary to carry out the P–C coupling reactions under a nitrogen atmo-
sphere to avoid the oxidation of the secondary phosphine oxide
reagents (2a and 2b). For the two cases (1. 1A+2a, and 2. 1A+2b),
the reaction times were 1 h and 3 h, respectively, and the products,
which were prepared and identified as the ethyl esters 4a and 4b,
were obtained in 78% and 73% yields, respectively, (Scheme 1,
entries 1 and 2).17,18 The esterification of the 4-phosphinoyl-
benzoic acids 3a and 3b, which had been isolated by precipitation,
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Entry Aryl halide P reagent Time (h) Yield of estera (%) 
1 1A 2a 1 78 (4a) 
2 1A 2b 3 73 (4b) 
3 1B 2a 1 82 (4a) 
4 1B 2b 3 80 (4b) 

a Regarding the transformation 1 → 4. 
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Scheme 1. Reactions of 4-halobenzoic acids with diarylphosphine oxides.

Entry P reagent Time (h) Yield of estera (%) 
1 2a 3 70 (7a)b

2 2b 6 59 (7b)b

a Regarding the transformation 5 → 7. 
b Benzoic acid was obtained as a by-product. 
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Scheme 2. Reaction of 3-bromobenzoic acid with diarylphosphine oxides.
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was carried out using thionyl chloride in boiling ethanol. Starting
from 4-iodobenzoic acid (1B), the outcomes were similar but the
overall yields of the two-step procedure were somewhat higher.
4-Phosphinoylbenzoic acid esters 4a and 4b were prepared in
yields of 82% and 80%, respectively (Scheme 1, entries 3 and 4).17,18
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Scheme 3. The synthesis of triarylphosphine

Table 1
Selected spectral data for the diarylphosphinoylbenzoic acid intermediates 3a, 3b, 6a, 6b

Intermediate 31P NMR (D2O)a dP (DMSO-d6)

3a 23.6 26.49

3b 23.6 26.59

6a 24.1 —
6b 24.0 —
9 23.9 —

a Obtained using a Bruker AV-300 spectrometer at 121.5 MHz.
The reaction of 4-bromobenzoic acid (1A) and diphenyl-phos-
phine oxide (2a) was also attempted under conventional heating
and similar conditions, but the desired P–C coupling reaction was
reluctant and incomplete. After heating for three hours at 180 �C,
the conversion was only 43%.

In the next stage, the analogous coupling reaction of 3-bro-
mobenzoic acid (5) with diarylphosphine oxides 2a and 2b was
investigated. Under similar conditions, longer reaction times (3 h
and 6 h, respectively) were required,17 and after the esterification
of intermediates 6a and 6b, the corresponding 3-phosphinoylben-
zoic acid esters 7a and 7b were obtained in 70% and 59% yields,
respectively18 (Scheme 2, entries 1 and 2). It is noted that the P–
C couplings discussed took place in a homogeneous (water) medi-
um. In the latter cases, a minor debromination side reaction also
occurred under the conditions applied.

Finally, a mixed diarylphosphine oxide, phenyl-(4-
methylphenyl)phosphine oxide (8), prepared by us for the first
time,14 was reacted with 4-iodobenzoic acid (1B) under similar
conditions to those applied above. After the usual esterification
of the intermediate 9, the corresponding 4-phosphinoylbenzoic
acid ester 10 was obtained in a yield of 62% (Scheme 3). The pro-
duct 10 is a triarylphosphine oxide with three different aryl groups.

The intermediates, diarylphosphinoylbenzoic acids 3a, 3b, 6a,
6b and 9 were identified by 31P NMR and IR spectroscopy and by
HRMS, as shown in Table 1. The mP@O and mC@O stretching vibrations
appeared at around 1180 cm�1 and 1684 cm�1, respectively.

The phosphinoylbenzoic acid esters 4a, 4b, 7a, 7b and 10 were
characterized by 31P, 13C and 1H NMR spectroscopy, as well as by
HRMS. With one exception (4a19), the triarylphosphine oxides 4,
7 and 10 are new compounds.

In conclusion, an environmentally friendly catalyst-free and
MW-assisted variation of the Hirao reaction is described, which
allows the synthesis of new phosphinoylbenzoic acid derivatives
in water.
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and 9

[M+H]+
found [M+H]+

required IR (cm�1)

323.0837 323.0832 760, 696, 1181, 1682
323.0844 323.0832 751, 694, 1180, 1687
351.1154 351.1145 750, 704, �1180, 1687
351.1157 351.1145 751, 695, 1180, 1687
337.0997 337.0988 758, 695, 1179, 1680
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