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A reusable ligand-free palladium catalyzed phosphorylation of aryl iodides using PdCl2/tetrabutylammo-
nium bromide is described. Functionalized triarylphosphines were obtained in good to excellent yields in
the absence of external reductants and supporting ligands.
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Phosphines are an important class of organophosphorus com-
pounds. They are often used as ligands in metal complex catalysis
and as intermediates in organic synthesis.1 Ligands play a key
role in stabilizing and activating the central metal atom and the
presence of functional groups on at least one aryl moiety of a phos-
phine-ligated metallic center can offer the advantage of optimizing
the catalytic properties. The numerous synthetic methods for the
preparation of triarylphosphines can be divided into four major
categories: Friedel–Crafts reactions,2 reaction of organometallic
reagents with halophosphines,3 nucleophilic substitution with
metallated organophosphines,4 and catalytic C–P bond formation.5

Research in the past years has focused on the catalytic synthesis
of phosphines and is still under full development. A significant
advancement in the synthesis of triarylphosphines came with the
development of transition metal catalysis based on palladium(0)
or nickel(0) complexes. In 1987, Tunney and Stille reported the
palladium-catalyzed synthesis of several aryldiphenylphosphines
by the cross-coupling of aryl halides with (trimethylsilyl)
diphenylphosphine or (trimethylstannyl)diphenylphosphine.6

After this Letter, research efforts have focused on this reaction
and remarkable progress has been achieved on improvements of
the reaction conditions using palladium.7 Similarly, nickel(0)-
catalyzed protocols have also been employed in the synthesis of
several tertiaryphosphines.8 Cristau et al. were the first to achieve
the nickel-catalyzed arylation of diphenylphosphine8c and
obtained a mixture of triphenylphosphine and tetraphenylphos-
phonium bromide salt upon reaction of bromobenzene with
diphenylphosphine (HPPh2) in the presence of NiBr2. Copper was
first used as a co-catalyst in palladium catalyzed phosphorylation
reactions.9 In 2003, copper-catalyzed palladium free phosphoryla-
tion methods were developed by Venkataraman and Van Allen10

and Buchwald and co-workers.11 However, in contrast to the
volume of literature that exists for the formation of aryl–nitrogen
and aryl–oxygen bonds using cross-coupling with transition metal
catalysts, only a few reports exist for the formation of aryl
phosphines.

In continuation of our recent works on palladium catalyzed
cross-coupling reactions,12 herein, we report the reusable ligand-
free palladium catalyzed phosphorylation reaction of aryl halides
with chlorodiphenylphosphine and dichlorophenylphosphine in
tetrabutylammonium bromide.

For optimization of the reaction conditions, we first performed
the phosphorylation of iodobenzene with chlorodiphenylphos-
phine as a model reaction in the presence of catalytic PdCl2
(5 mol %) in tetrabutylammonium bromide (TBAB) and the effects
of different parameters were studied. Several bases were screened
for this reaction. Initially, sodium hydroxide was utilized as base
and the reaction was carried out at 120 �C. Although monitoring
by TLC indicated the complete consumption of the starting materi-
als after 30 min, the isolated yield of product was moderate
(Table 1, entry 1). Then NaOH was replaced by several different
organic and inorganic bases, and NaOH was found to give the best
results. Other bases such as Na2CO3 and Ca2CO3 were inferior, and
Bu3N failed to promote the reaction (Table 1, entries 2–4). In the
absence of base, the starting material remained unchanged
(Table 1, entry 5). When NaOH was used as base, significant
amounts of triphenylphosphine oxide were observed, which
accounted for the lower observed yield. We found that the
production of triphenylphosphine oxide was minimized when
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Table 2
Phosphorylation of aryl halides with chlorophosphines in the presence of PdCl2 and
TBAB

+

PdCl2

NaOH
120 °C

Ph2PCl
or

PhPCl2
ArI

Ph2PAr
or

PhPAr2

n-Bu4NBr

Entry ArX PhnPCl3�n Time (h) Yieldc (%)Ref.

1a
I

Ph2PCl 0.5 9310

2a
I

Ph2PCl 1 906

3a
I

MeO
Ph2PCl 1.2 806

4a
I

O2N
Ph2PCl 1.5 7913

5a
I

Ph2PCl 6 8710

6a
S I Ph2PCl 1 906

7a
Br

Ph2PCl 24 —

8a
Br

O2N
Ph2PCl 24 —

9a
Cl

NC
Ph2PCl 24 —

10b
I

PhPCl2 3 8510

11b
I

PhPCl2 4.5 8214

12b
I

MeO
PhPCl2 5 7515

13b
I

PhPCl2 15 8016

14b
Br

O2N
PhPCl2 24 —

a Reaction conditions: aryl halide (1.0 mmol), chlorodiphenylphosphine
(1.0 mmol), n-Bu4NBr (0.5 mmol), PdCl2 (3 mol %), NaOH (2.0 mmol), 120 �C under
argon.

b Reaction conditions: aryl halide (2.0 mmol), dichlorophenylphosphine
(1.0 mmol), n-Bu4NBr (0.5 mmol), PdCl2 (6 mol %), NaOH (4.0 mmol), 120 �C under
argon.

c Isolated yield.

Table 1
Effect of different reaction parameters on the coupling reaction of iodobenzene
(1.0 mmol) and chlorodiphenylphosphine (1.0 mmol) in the presence of tetrabuty-
lammonium bromide (0.5 mmol)

Entry Catalyst (mol %) Base (2.0 mmol) T (�C) Time (h) Yielda (%)

1 5 NaOH 120 0.5 60
2 5 Na2CO3 120 24 Trace
3 5 Ca2CO3 120 24 Trace
4 5 Bu3N 120 24 —
5 5 — 120 24 —
6b 5 NaOH 120 0.5 93
7b 5 NaOH 100 3 80
8b 5 NaOH 140 0.5 91
9b 3 NaOH 120 0.5 93
10b 1 NaOH 120 24 30
11b 10 NaOH 120 0.5 91
12b,c 3 NaOH 120 24 —

a Isolated yield.
b The reactions were carried out under an argon atmosphere.
c TBAB was removed from the reaction mixture.
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the coupling reaction was performed under argon (Table 1, entry
6). A temperature of 120 �C was optimal for this reaction (Table 1,
entry 1). When the reaction temperature was lowered to 100 �C,
the yield also decreased (Table 1, entry 7). Higher temperatures
(Table 1, entry 8) did not improve the conversion and yield of
the desired product. Next, the reaction was carried out with differ-
ent amounts of PdCl2 (1, 3, 10 mol %). As shown in entries 9–11, at
120 �C, 3 mol% of the catalyst was sufficient to catalyze the reac-
tion efficiently. In this case, the corresponding product was
obtained in 93% yield within 0.5 h (Table 1, entry 9). Finally, the
optimized reaction was performed in the absence of TBAB. How-
ever, when TBAB was removed from the reaction mixture, the reac-
tion did not occur (Table 1, entry 12).

Having the optimized conditions; aryl halide (1.0 mmol), Ph2PCl
(1.0 mmol), NaOH (2.0 mmol), PdCl2 (0.03 mmol) and TBAB
(0.5 mmol) at 120 �C under an argon atmosphere (Table 1, entry
9), the phosphorylation reactions proceeded efficiently for
iodobenzene and iodobenzenes bearing either an electron-
withdrawing or an electron-donating group at the para-position
(Table 2, entries 1–4). The methodology was further extended
to the coupling of sterically hindered aryl iodides such as 2-iodoto-
luene (Table 2, entry 5). We found that ortho-substituted iodide
also coupled well with this protocol. We also tried to use this
method for the coupling of chlorodiphenylphosphine with bromo-
and chlorobenzene. Although the cross coupling reaction pro-
ceeded efficiently for iodobenzenes, the reactions did not proceed
with bromo and chloro derivatives even with an electron-with-
drawing group at the para-position (Table 2, entries 7–9). These
reactions did not proceed even in the presence of PPh3 as ligand
or with increasing the amount of PdCl2 from 3 mol % to 10 mol %.

Instead of chlorodiphenylphosphine, we also examined this
method for the coupling of dichlorophenylphosphinewith iodoben-
zenes. The reactions proceeded efficiently and the corresponding
products were obtained in high yields (Table 2, entries 10–13).

The role of TBAB in this reaction is crucial. It is well established
that the presence of TBABnot onlymakes the catalytic system stable
by preventing the formation of palladium black17 but also acts both
as a reducing agent for the generation of Pd(0)12b,18 and as an ionic
liquid solvent to make the reaction mixture homogeneous.

The recyclability of this system was also examined in the reac-
tion of iodobenzene with chlorodiphenylphosphine. For this pur-
pose, after completion of the reaction and extraction of the
product using diethylether, iodobenzene, chlorodiphenylphos-
phine and base were added to the remaining layer containing Pd
(0)/TBAB and the reaction mixture was worked-up after 35 min.
Quantitative conversion to the corresponding phosphine was
observed for three runs. From the fourth run, a loss of the activity
of the system was observed (Table 3).

As shown in Table 1, entry 5, the reaction did not occur in the
absence of NaOH. Moreover, in a control experiment, we observed
that Ph2PO� was produced in the reaction of Ph2PCl and NaOH
under the reaction conditions.

According to the above observations, a proposed mechanism is
shown in Scheme 1.



Table 3
Recyclability of Pd(0)/TBAB in the reaction of iodobenzene with
chlorodiphenylphosphinea

Cycle Time (min) Yieldb (%)

1 30 93
2 35 91
3 45 89
4 70 81
5 90 80

a Reaction conditions: iodobenzene (1.0 mmol), chlorodiphenylphosphine
(1.0 mmol), PdCl2 (0.03 mmol), n-Bu4NBr (0.5 mmol), NaOH (2.0 mmol), 120 �C,
under argon.

b Isolated yield.
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Scheme 1. A possible mechanism for the palladium catalyzed C–P bond formation.
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In conclusion, we have demonstrated several examples of cross
coupling reactions between commercially available chlorophos-
phines and aromatic iodides.19 Functionalized triarylphosphines,
potentially useful as ligands in homogeneous catalysis, were
obtained with good to excellent yields by this method in the
absence of external reductants and supporting ligands.
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