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In situ Generated Palladium Nanoparticles for Catalytic Dehalogenation of

Aryl Halides and Deboronation of Arylboronic acids
�
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Palladium nanoparticles in situ generated from palladacyclic complexes efficiently catalyzed the

deboronation of arylboronic acids and the dehalogenation as well as homo-coupling of aryl iodides in an

alcohol medium under basic conditions. Isotope labeled studies indicated that the �-elimination of alco-

hols provided the hydrogen source for the reaction.
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INTRODUCTION

Due to the necessity of both synthetic and industrial

applications, dehalogenation of aryl halides continues to be

a valuable chemical transformation.1 Among numerous

methodologies, the transition metal catalyzed conversion

of aryl C-X into C-H bonds represents an attractive process

to chemists due to its simplicity and effectiveness.2 In these

processes, the inorganic hydrides or molecular hydrogen as

hydrogen sources were usually employed.2,3 However, the

use of LiAlH4 or NaBH4 as the co-reagents might generally

lead to the reduction of ketones, nitriles or other function-

alities, resulting in the lower selectivity of reactions. Thus

development of mild reaction conditions has become an at-

tractive goal for this area of research. Recently, the use of

alcohols4,5 or formates5 for generation of hydrogen source

via �-elimination in dehalogenation has developed.

In the course of investigation on Suzuki-Miyamura

reaction, we found that palladium nanoparticles generated

in situ from palladacycles were excellent catalysts for

coupling of aryl halides with arylboronic acid in ethanol

solutions.6 As in most studies, some dehalogenation prod-

ucts from the starting halides were obtained, which en-

couraged us to examine the dehalogenation reactions.

Here we report the use of palladacycles 1-3 as catalyst

precursors for dehalogenation of aryl halides and aryl-

boronic acids.

RESULTS AND DISCUSSION

Preparation of Ligands and Complexes

The preparation of palladacyclic complexes 1-2 are

described in our early work,6a whereas complex 3 was syn-

thesized by a similar method. 4-Methoxy-2,6-dimethyl-

benzylideneamine was prepared by the condensation of

2,4,6-trimethylbenzaldehyde with 4-methoxy-2,6-dimeth-

ylaniline (Scheme I). The resulting imine ligand reacted

with (CH3CN)2PdCl2 under basic conditions at room tem-

perature for 38 h to provide the desired complex 3 in 80%

isolated yield. Characterization of the cyclopalladated prod-

uct was performed by nmr spectroscopy. The appearance of

signal 3.18 ppm with the integration of 2H in the 1H nmr

spectra was assigned to the methylene protons of Ar-CH2-

Pd resulting from the C-H activation with the metal ion.

Other spectral data are similar to those of the related com-

Journal of the Chinese Chemical Society, 2006, 53, 979-985 979

� This article is dedicated to Professor Kwang-Ting Liu ( ) for his retirement from NTU in 2006.

* Corresponding author. Tel: +886-2-2366-0352; Fax: +886-2-2363-6359; E-mail: stliu@ntu.edu.tw

N
Pd

Cl N
Pd

OMe

ClN
Pd

Cl

2 2 2

1 2 3



plexes.6

Solvent Effect on Dehalogenation

The palladacyclic complex 2 used for generation of

nanoparticles was prepared according to a previously pub-

lished procedure.6b Under basic conditions, complex 2 was

readily reduced to generate palladium nano-particles (Fig.

1) in ethanol solution via the �-elimination of alkoxy ligand

and reductive elimination (Scheme II).6a,7 The dimensions

of the particles are in the range of 70 ~ 200 nm. Such nano-

particles were slowly aggregated to form palladium black

in the absence of substrates. Thus the studies in this work

were carrying out the catalytic dehalogenation reactions of

aryl halides in the presence of these in situ generated palla-

dium nanoparticles. A survey of catalytic efficiency of var-

ious solvents was first undertaken on the dehalogenation of

p-bromoacetophenone.

In a typical experiment, complex 1, p-bromoaceto-

phenone and K2CO3 in a ratio of 1:200:400 were placed in

the flask under nitrogen atmosphere, followed by the ad-

dition of the solvent. During the reaction, the palladium

black was slowly precipitated, but the catalysis proceeded

smoothly. After the reaction, the dehalogenated products

were obtained by a simple workup procedure and identified

by 1H nmr spectroscopy. The differences in activity dis-

played by the solvent are summarized in Table 1. Results

from Table 1 clearly indicate that the alcoholic solvents are

essential for the reaction (Scheme I).4,6,7 A tertiary alcohol

like t-BuOH was ineffective in this reaction, indicating the

necessity of a �-hydrogen on alkoxy ligand for the reduc-

tion process.

Although less homo-coupling product was produced

in the methanol solution (entry 1, Table 1), the conversion

appeared to be lower. By the examination of various alco-

hols, ethanol was found to give the best result. For other

mixed solvent systems, such a solution in ethanol/THF de-

livered a similar outcome, but there was a poor result in eth-

anol/toluene (Table 1 entry 5). It was noticed that the yield

of the coupling product increases with the use of the etha-

nol/water mixture (entry 6, Table 1).

Effect on Catalyst Precursors

A survey of catalytic efficiency of the cyclopalladated

complexes was undertaken on the reaction of various aryl

iodides under similar conditions, and the results are pre-

sented in Table 2. Among various palladium complexes,
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there is no significant difference on the product distribution

and yields for the individual substrate. This observation

may be associated with palladium nano-particles as the ac-

tive catalytic species in the catalysis. However, there is a

difference on the formation of palladium particles from

each complex. The rate for the formation of nanoparticles

follows the order of 3 > 2 > 1.

Dehalogenation and Homo-coupling of Aryl Halides

Under the optimized conditions determined above, a

survey of catalytic dehalogenation on a broad sampling of

aryl halides and benzylic halides was performed, and the

results are listed in Table 2. The reactivity of halogens fol-

lows the general order I > Br > Cl, which is as expected

from most of the studies.
8

For iodides, reactions proceeded smoothly to give a

mixture of dehalogenated and coupling products in good to

excellent conversions. Representative examples are shown

in entries 1~11 of Table 3. In all instances except for o-

toluyl iodide, the product ratio of dehalogenation toward

coupling ones is about 3/2, showing that this catalytic sys-

tem is less selective than those of homogenerous ones.4f

The reason for o-toluyl iodide yielding the single dehalo-

genated product is presumably due to the steric hindrance.

Treatement of p-diiodobenezene under the same condtions

gave a mixture of benzene and biphenyl, but bromoiodo-

benzenes yielded the phenyl bromide only (entries 10 and

11), indicating that the bromo group is much less reactive

than the iodo one.

This catalytic system behaves less actively on debro-

mination of aryl bromides except for p-CH3COC6H4Br. Ex-

cellent conversion of p-bromoacetophenone into aceto-

phenone and 4,4�-diacetobiphenyl (3:2) was observed, but

other activated aryl bromides provided moderate conver-

sions under similar conditions, which is quite unlike homo-

geneous systems.2-4 As expected, dehalogenations run on

aryl chlorides resulted in less detectable reaction product

(entries 21-23). Clearly this catalytic dehalogenation cata-

lyst is quite sensitive to the halogens.

Another finding is that the palladium nanoparticles

appear to be active toward the dehalogenation of benzyl

bromide. Thus benzyl bromide and p-nitrobenzyl bromide

were dehalgenated to yield toluene and p-nitrotoluene, re-

spectively (entries 24-25). However, no direct coupling
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Table 1. Results of solvent effect on dehalogenation of p-bromoacetophenone

Products (yield)b

Entry Solvent system temp t (h)
Conv.

(%) Dehalogenation Coupling

1 MeOH reflux 12 60 41% 16%

2 EtOH reflux 2 100 59% 41%

3 i-PrOH reflux 12 93 70% 23%

4 EtOH/THF (1:1) reflux 12 76 61% 15%

5 EtOH/toluene (1:1) reflux 12 13 10% 3%

6 EtOH/H2O (1:1) reflux 12 88 25% 63%

7 t-butanol reflux 12 - - -

8 toluene reflux 12 - - -

9 acetonitrile reflux 12 - - -

a Reaction conditions: p-bromoacetophenone (1 mmol), K2CO3 (2 mmol) and 1 (2.5 � 10-3 mmol) in

solvent (2.5 mL). b Based on the 1H nmr integration with an internal standard.

Table 2. Product distributions from various palladacycles 1-3a

1 2 3
Substrate

dehalogenated:coupling dehalogenated:coupling dehalogenated:coupling

C6H5I 43 % : 21 % 42 % : 23 % 47 % : 31 %

p-CH3C6H4I 51 % : 35 % 51 % : 19 % 55 % : 15 %

o-CH3C6H4I 79 % : none 67 % : none 81 % : none

p-CH3OC6H4I 52 % : 16 % 69 % : 10 % 74 % : 8 %

a Reaction conditions: substrate (0.5 mmol), K2CO3 (0.6 mmol), and catalyst (0.005 mmol) in EtOH (2 mL) at

refluxing temperature for 12 h.



product was obtained from this kind of substrate.

Deboronation of Arylboronic Acids

In addition to the aryl halides, the arylboronic acids

can be deboronated very efficiently by palladium nano-

particles in ethanol (Eq. 1). It appears that the reactions

proceed to provide the deboronation product superior to the

coupling products (Table 4). In all instances, only a trace of

coupling products was formed.

The symmetrical biaryls via a self-coupling of aryl-

boronic acids was reported by Suzuki.9,10 Along with this

finding, several palladium complexes were reported to

have such kind of activity, but the reduced product was less

found in most instances. In this study, the aryl groups on

the palladium surface via the transfer from arylboronic acid

readily underwent the reductive elimination with hydride

instead of with another aryl group. By decreasing the con-

centration of alcohol, the yield of coupling products in-

creases (entry 7). It was noticed that the substituent has less

effect on this deboronation, i.e. quantitative yields were ob-

served in all substrates. Interestingly the use of p-bromo-

boronic acid yielded the polymeric material without the

formation of the reduced product.

Mechanistic Discussion

In order to investigate the reaction further, the deute-
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Table 3. Results of palladium nanoparticles catalyzed dehalogenation of aryl halides

Products (yield)
Entry substrate temp t (h)

Conv.

(%) Dehalogenation Coupling

1 p-CH3COC6H4I reflux 12 100 60% 40%

2 p-CH3COC6H4I reflux 10 86 52% 34%

3 p-CH3OC6H4I reflux 12 68 52% 16%

4 p-EtOOCC6H4I reflux 7 92 66% 26%

5 C6H5I reflux 10 64 43% 21%

6c C6H5I reflux 4 87 55% 32%

7 p-CH3C6H4I reflux 3 86 51% 35%

8 o-CH3C6H4I reflux 8 79 79% -

9 p-IC6H4I reflux 10 h 100
C6H5I (trace)

C6H6 (58%)
biphenyl (42%)

10 o-BrC6H4I reflux 6 h 63 C6H5Br (63%)

11 m-BrC6H4I reflux 8 h 85 C6H5Br (85%)

12 p-CH3COC6H4Br reflux 2 100 59% 41%

13 p-CH3OC6H4Br reflux 12 0 - -

14 p-NCC6H4Br reflux 24 24 19% 5%

15 C6H5Br reflux 12 0 - -

16 p-NO2C6H4Br reflux 12 40 40% -

17 3,5-(CF3)2C6H3Br reflux 12 12 12% -

18

Br

F3C

Cl

reflux 12 21
F3C

Cl

21%

-

19 1,3,5-Br3C6H3 reflux 12 45

m-C6H4Br2 (13%)

C6H5Br (10%)

C6H6 (2%),

-

20 2-bromopyridine reflux 12 0 - -

21 p-CH3COC6H4Cl reflux 10 40 20% 20%

22 p-CH3OC6H4Cl reflux 12 0 - -

23 C6H5Cl reflux 12 0 - -

24 C6H5CH2Br reflux 6 50 50% -

25 p-NO2C6H4CH2Br reflux 11 78 78% -

a Substrate (1 mmol), 1 (2.5 � 10-3 mmol), K2CO3 (2 mmol) in ethanol (2.5 mL). b Ratio was determined by nmr

spectroscopy. c 1 (5.0 � 10-3 mmol).
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rium label experiments were examined. We studied the

catalytic debromination of p-bromoacetophenone in

CD3CD(OH)CD3. The obtained acetophenone was with

89% deuterium labeled (CH3COC6H4D). In addition, the

use of CH3CHODCH3/D2O as the solvent system does not

provide the deuterated product. These studies suggest that

the hydrogen source comes from the alcohol for the dehalo-

genation and a slow (or possibly no) exchange of metal hy-

dride within the protic solvents.

The possible catalytic pathway is outlined in Scheme

III. The palladium nano-particles catalyze the oxidation of

alcohols presumably via the �-elimination. Therefore the

alkoxy ligand readily undergoes elimination to provide the

hydride species on the palladium surface along with the

generation of the carbonyl compound (acetaldehyde). On

the other hand, the oxidative addition of aryl halides on the

metal surface produces the metal-aryl (M-Ar) functional-

ity. Upon the reductive elimination, both reduction and

coupling products might be obtained. However, the reduc-

tion products were predominately for the arylboronic acids

as the substrates, whereas both reduction and coupling

products were equally distributed for the aryl halides as the

substrates.

CONCLUSION

In summary, we report a new palladium nano-particle

catalyst for the reduction of aryl halides and arylboronic ac-

ids with the use of alcohol as hydrogen donors. The palla-

dium nano-particle generated in situ proved to be efficient

for the reduction of arylboronic acids and aryl iodides to

arenes under mild conditions. This catalyst can also induce

the homo-coupling of aryl halides resulting as the side

product for the reactions. Compared to the homogeneous

systems such as using an imidazolium salt/palladium/base

system as the catalyst,
4f the dehalogenation method devel-

oped in this work appeared to be less reactive but very se-

lective. In addition, reduction of benzylic halides can be

achieved by this catalyst. Current work involving the reac-

tivity difference between arylboronic acids and halides are

under investigation.

EXPERIMENTAL SECTION

General Information

All reaction, manipulation and purification steps

were performed under a dry nitrogen atmosphere. Tetra-
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Table 4. Results of deboronation of arylboronic acids

Products (yield)b

Entry substrate temp t (h)
Conv.

(%) Deboronation Coupling

1 Phenylboronic acid reflux 10 100 98% < 2%

2 Phenylboronic acid 40 oC 8 100 91% 9%

3 p-CH3OC6H4B(OH)2 40 oC 8 100 98% < 2%

4 p-CH3C6H4B(OH)2 40 oC 8 100 98% < 2%

5 p-FC6H4B(OH)2 40 oC 8 100 54% 46%

6 p-BrC6H4B(OH)2 40 oC 8 100 polymer

7 p-CH3C6H4B(OH)2

in toluene/EtOH

40 oC 8 100 52% 48%

a Reaction conditions: ArB(OH)2 (0.5 mmol), K2CO3 (0.6 mmol) and 1 (5 � 10-3 mmol) in ethanol (2

mL). b Based on the integration of 1H nmr within internal standard.
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hydrofuran was distilled under nitrogen from sodium ben-

zophenone ketyl. Other chemicals and solvents were of an-

alytical grade and were used as received unless otherwise

stated. Palladium complex 1-3 was prepared by the previ-

ously reported method.6b

Nuclear magnetic resonance spectra were recorded in

CDCl3 on either a Bruker AM-300 or AVANCE-400 spec-

trometer. Chemical shifts are given in parts per million rel-

ative to Me4Si for 1H and 13C nmr. Infrared spectra were

measured on a Perkin-Elmer 983G spectrometer (Series-II)

as KBr pellets, unless otherwise noted.

Preparation of 4-Methoxy-2,6-dimethylbenzylidene-

amine

A methanol (15 mL) solution of the 4-methoxy-2,6-

dimethylbenzylaldehyde (10 mmol) and 2,4,6-trimethyl-

aniline (10 mmol) were added into a single-necked round-

bottomed flask equipped with a condenser. The reaction

mixture was stirred at reflux temperature for 24 h. After the

completion of the reaction, the product was purified by

distillation of the starting aldehyde and chromatographied

on silica gel with elution of hexane: Light yellow liquid

(90%): IR (KBr): 1630 cm-1 (�C=N); 1H NMR (CDCl3, 400

MHz): � 8.59 (s, 1H, -HC=N), 6.94 (s, 2H, Ar H), 6.66 (s,

2H, Ar H), 3.79 (s, 3H, -OMe), 2.56 (s, 6H, -Me), 2.32 (s,

3H, -Me), 2.19 (s, 6H, -Me); 13C NMR (CDCl3, 100 MHz):

� 163.4, 155.5, 146.1, 139.6, 138.5, 130.2, 129.8, 128.0,

113.3, 55.1, 21.2, 19.1.

Preparation of complex 3

To a round-bottomed flask with a stir bar was placed

palladium dichloride (0.71 mmol) and pre-dried aceto-

nitrile (10 mL) under nitrogen. The resulting mixture was

stirred at room temperature and the mixture turned yellow

immediately. After stirring for two days, the solvent was re-

moved to dryness. Then 4-methoxy-2,6-dimethylbenzyl-

ideneamine (0.71 mmol), excess of sodium acetate (110

mg, 10.4 mmol) and tetrahydrofuran (15 mL) were added.

The reaction mixture was stirred at room temperature for

another 38 h. Upon the removal of solvents, dichloro-

methane (20 mL) was added and the solution was filtered

through celite. The filtrate was concentrated and the resi-

due was washed with hexane (10 mL � 3) to give the

desired product as a brown solid (80%). IR (KBr): 1602

cm
-1 (�C=N); 1H NMR (CDCl3, 400 MHz): � 7.75 (s, 1H,

-HC=N), 7.04 (s, 1H, Ar H), 6.79 (s, 1H, Ar H), 6.61 (s, 1H,

Ar H), 3.78 (s, 3H, -OMe), 3.18 (s, 2H, -H2C-Pd), 2.39 (s,

6H, -Me), 2.28 (s, 3H, -Me), 2.28 (s, 3H, -Me); 13C NMR

(CDCl3, 100 MHz): � 163.5, 157.2, 145.8, 143.8, 143.6,

139.4, 131.3, 130.9, 127.6, 125.2, 113.3, 55.2, 23.1, 21.4,

19.8, 18.8; Anal. Calcd for C38H44Cl2N2O2Pd2·2H2O: C,

51.83; H, 5.49; N, 3.18; Found: C, 52.14, H, 5.10, N, 3.00.

Catalytic dehalogenation reactions

To a flask equipped with a refluxing condenser were

placed palladacycle complex (2.5 � 10-3 mmol), aryl halide

(1 mmol) and K2CO3 (2 mmol) in a ratio of 1:200:400 under

nitrogen atmosphere, followed by the addition of ethanol

(2.5 mL). The resulting mixture was heated to reflux with

stirring for a certain period of time. The reaction mixture

was filtered through silica gel (0.2 g) and the filtrate was

concentrated, then analyzed by 1H nmr spectroscopic

method. The yield was determined by the integration re-

spect to the internal standard. All aryl halides were ob-

tained from ACROS organics and used directly.

Catalytic deboronation of arylboronic acids

A mixture of ArB(OH)2 (0.5 mmol) and complex 1 (5

� 10-3 mmol) in ethanol (2 mL). K2CO3 (0.6 mmol) was

added to the above mixture. The reaction mixture was

heated at 100 oC for 8 h. Upon cooling, the reaction mixture

was filtered through celite (0.2 g) and the filtrate was col-

lected and concentrated. The obtained products were ana-

lyzed by 1H nmr spectroscopy.
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