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a  b  s  t  r  a  c  t

Dehalogenation  of  aryl  halides  was  demonstrated  using  polyaniline/zero  valent  iron  composite  nanofiber
(termed as  PANI/Fe0)  as  a cheap,  efficient  and  environmentally  friendly  heterogeneous  catalyst.  The
catalyst  was  prepared  via  rapid  mixing  polymerization  of aniline  monomers  with  Fe(III)  chloride  as an
oxidant followed  by reductive  deposition  of nano-sized  Fe0onto  the  PANI  nanofiber  using  the  by-products
(Fe(II)/Fe(III))  present  in the  polymerization  system  as  the  Fe  precursor.  The  catalyst  was character-
ized  by  various  physico-chemical  techniques:  ATR-FTIR,  FE-SEM,  HR-TEM,  XRD,  XPS  and  VSM.  A  mild
reductive  dehalogenation  process  of  a wide  range  of aromatic  bromides  was  explored  in the  presence  of
PANI/Fe0 catalyst.  The  catalyst  was  active  and  manifested  a high  reactivity  (84%  GC yield  of  naphthalene
for  7 h at  40 ◦C) with  four equivalents  of  t-BuMgCl.  Deiodination  reaction  was  proved  to  be  more  facile  in
comparison  with  their  corresponding  halides.  Kinetic  studies  at different  temperatures  (30,  40,  50,  and
60 ◦C)  revealed  an  overall  pseudo-first-order  behaviour  with rate  constants  0.00281,  0.00893,  0.01137
and  0.02421  min−1, respectively.  The  reaction  profile  diagram  of substrate  consumption  and  the  prod-
uct  formation  rate indicated  that  there  is no  additional  induction  period  was  involved  in  the  catalytic
cycle.  Activation  energy  (Ea)  was  calculated  to be  56.3  kJ/mol  through  Arrhenius  plot.  Several  deuter-

ation  experiments  were conducted  with  different  Grignard  reagents  to  understand  the mechanism  of
the reaction.  These  studies  explained  that  the hydride  incorporated  product  was  obtained  through  �-
hydride  elimination  of t-BuMgCl.  The  catalyst  was  tested  up to  three  cycles  whereas  the  full  conversion
of  the  product  was obtained  for a prolonged  period.  PANI/Fe0 could  be an  alternative  suitable  catalyst  for
dehalogenation  of  environmentally  poisonous  aromatic  halides.

© 2016  Elsevier  B.V.  All  rights  reserved.
. Introduction

Halogenated organic compounds (HOCs) are mostly ubiqui-
ous non-biodegradable pollutants in the environment [1–3]. A
arge number of HOCs are extensively used in chemical industry
1–3], and also naturally produced [4,5]. Typically, the majority of
ernicious brominated compounds, due to their persistence and

ame retardants in nature, are easily contaminated and often bio-
ccumulated in the food chain [1–3,6,7]. For the remediation of
OCs, it is very important to investigate the effective chemical pro-

∗ Corresponding author at: National Centre for Nanostructured Materials, Materi-
ls  Science and Manufacturing, Council for Scientific and Industrial Research (CSIR),
retoria, South Africa.

E-mail addresses: maityarjun@gmail.com, amaity@csir.co.za (A. Maity).

ttp://dx.doi.org/10.1016/j.apcatb.2016.09.027
926-3373/© 2016 Elsevier B.V. All rights reserved.
cess for the reclamation of hazards organic halides to less toxic
hydrocarbon compounds, and to diminish the resistant waste in
our eco-system.

In recent years, a considerable amount of work has been
reported for dehalogenation of organic halides e.g. photochemical
[8,9], oxidation [10,11], and biological processes [12,13]. Metal-
catalyzed reductive dehalogenation is one of the most efficient and
well-known alternative method in organic synthesis with various
available hydrogen sources. For examples, several methods have
been performed with highly expensive, toxic metals (e.g. Ni, Pd, Rh,
Ru), as well as environmentally noxious reductants (e.g. Bu3SnH,
formate, N2H4, NaBH4, Et3SiH, Zn, H2 gas, etc) [14–26]. Therefore,

the development of cost effective, and practical catalytic meth-
ods are needed to be explored using cheap, and readily available
reductant in combination with less toxic, and less expensive metal

dx.doi.org/10.1016/j.apcatb.2016.09.027
http://www.sciencedirect.com/science/journal/09263373
http://www.elsevier.com/locate/apcatb
http://crossmark.crossref.org/dialog/?doi=10.1016/j.apcatb.2016.09.027&domain=pdf
mailto:maityarjun@gmail.com
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atalysts. Consequently, several research groups have been investi-
ated the dehalogenation methods by employing iron as a catalyst
27–30]. However, iron-catalyzed dehalogenation is still to be a
emanding task, owing to the issues of environment concern, as
ell as cost effectiveness of the catalyst.

The use of heterogeneous catalyst has aroused a lots of atten-
ion compared to homogeneous catalyst with regard to catalyst
tability, handling and recyclability [31,32]. In recent years, nano-
ize metal catalysts are powerful effective tools in the catalytic
rganic transformation reactions [33–35]. However, the catalyst

ncorporated with nanofiber supported matrix enhances excel-
ent recycling efficiency [36]. In the development of sustainable
atalyst [37], current research trends have fascinated ample atten-
ion to find out alternative ways by using cheap, large-abundant,
nd non-toxic supported metal catalyst. On that note, iron-based
anomaterials are generally recovered from the reaction mix-
ure through simple magnetic separation [38,39]. It is noteworthy
hat all these properties of iron based magnetic nanoparticles
ffer unique advantages over their inorganic salts and complexes
40,41].

Furthermore, PANI/Fe0 or Fe3O4 nanocomposite particles, due
o its high surface area, have found potential application in water
reatment [42–46], corrosion resistance [47,48], fuel cell [49–51],
lectronic device manipulation [52,53], sensor [54,55], and fab-
ication [56]. Recently, Fe-PANI/SiO2 core-shell supported metal
anoparticles have shown their catalytic efficiency and recyclabil-

ty in organic synthesis [57]. Bhaumik et al. reported that PANI/Fe0

anofibers could be used for the removal of Cr(VI), As(V) and
ongo red (CR) dye [44–46]. The kinetics result followed the
seudo-second-order model whereas isotherm results fitted well
ith Langmuir model. The following two mechanisms for the

emoval of As(V) were proposed: (i) the adsorption process and
ii) the substitution of surface bonded OH− ligands produced by
he reaction of Fe0 and H2O/O2, whereas both adsorption and
eduction mechanisms associated with the removal of Cr(VI). For
R dye removal, the degradation mechanism involved through
eductive cleavage of the azo linkage of dye by nano-Fe0[46].
aspulat et al. [43] disclosed the photocatalytic degradation mech-
nism for the decolourization of textile dyes using Fe ions doped
ANI film, whereas Yue et al. [42] explained that the oxidation
egradation process involved for the removal of Rhodamine B.
haumik et al. [45] also investigated the adsorption behaviour
sing PANI nanofibers as a highly effective reusable adsorbent.
he kinetic data fitted well with pseudo-second-order and adsorp-
ion mechanism involved the ionic interaction between positive
harge adsorbents and negative charge dye. However, to the best
f our knowledge, no scientific study has been reported on the
atalytic reactivity of PANI/Fe0 composite nanofibers material for
he dehalogenation of aryl halides in the literature. Hence, iron(0)-
atalyzed transformations are still to be established for further
pplications in catalysis. This interest prompted our search to
xplore whether iron(0) decorated PANI nanofibers would be a
otential recyclable catalyst for reductive dehalogenation of aryl
alides.

As part of our current efforts aimed at developing the econom-
cal metal nanomaterials [45,58], herein, we report these findings
or reductive dehalogenation of aromatic halides using PANI/Fe0

omposite nanofibers. In this work, PANI/Fe0 composite nanofibers,
eterogeneous catalyst, were prepared via reductive deposition of
ano-sized Fe0 onto the PANI nanofibers matrix for the dehalo-
enation of aromatic halides. The catalytic activity was tested on
ifferent Fe0 loading catalyst, substrates, time and temperature.

he leaching and reusability tests were also conducted to know
he feasibility of the catalyst. Finally, a plausible mechanism was
stablished for the catalytic cycle.
ronmental 202 (2017) 207–216

2. Experimental

2.1. Chemicals

Aniline (ANI, 99%) monomer, anhydrous iron (III) chloride
(FeCl3) and sodium borohydride (NaBH4) were purchased from
Sigma-Aldrich, USA. The monomer was purified by vacuum distil-
lation prior to use and kept in the refrigerator. Ultrapure water was
collected from an EASY pure® II, UV-ultrapure water system, for the
preparation of catalyst and for the preparation of all experimental
solutions. Aryl halides, Grignard reagents and Bromoethane-2,2,2-
D3 were bought from Sigma-Aldrich, USA. All other chemicals used
were of reagent grade. All solvents used were dried according to
the standard procedures for the catalytic experiment.

2.2. Preparation of catalyst

The catalyst, PANI/Fe0 composite nanofiber with different Fe0

loadings, was prepared using our previously reported method
[44,58]. Firstly, the PANI nanofibers (PANI NFs) were prepared by
rapid mixing technique using FeCl3 as an oxidant at room temper-
ature. In briefly, 0.8 mL  of ANI monomer was syringed rapidly in
80 mL  of anhydrous FeCl3 solution in a 250 mL  conical flask. The
reaction mixture was  stirred for 5 min  to evenly distribute the
oxidant and monomers to prevent the secondary growth of the
polymer. Then, the reaction mixture was  kept without stirring for
2 days and followed by filtered, washed with water and acetone,
and finally dried at 60 ◦C.

Secondly, to support the Fe0, the prepared PANI nanofibers were
used as support without removing them from the polymeriza-
tion medium and polymerization by-products (FeCl2 and/or any
remaining FeCl3) as the source of Fe0. To prepare PANI/Fe0 com-
posite nanofibers, a freshly prepared sodium borohydride (NaBH4)
solution (100 mL)  was  added dropwise to the PANI-polymerization
system by mechanical stirring under a N2 atmosphere for 10 min.
The reaction mixture was stirred for another 20 min  and the
product (PANI/Fe0) was  filtered, washed with water and ethanol
and dried at 60 ◦C. To know the content of Fe0 in the com-
posite, leached solution (con. HCl) was analysed using ICP-OES
technique and it was  found to be 4.9% Fe0 loading in the com-
posite. To prepare other compositions of Fe0 loading the same
preparative methods were conducted using different concentra-
tions of NaBH4 solution. From now, we have labelled the catalyst as
follows: PANI/Fe0-1(1.02%), PANI/Fe0-2(4.9%), PANI/Fe0-3(9.97%),
PANI/Fe0-1(30.10%) and PANI/Fe0-1(70.06%). For catalytic activity
test, it was found that PANI/Fe0-2 catalyst was performed bet-
ter than other compositions. Therefore, PANI/Fe0-2 catalyst was
selected for different characterizations.

2.3. Characterization

The morphology and size of the PANI and PANI/Fe0-2 were
investigated by an Auriga Field Emission Scanning Electron Micro-
scope (FE-SEM; Carl Zeiss, Germany) and a JEOL JEM-2100 High
Resolution Transmission Electron Microscope (HR-TEM; JEOL,
Japan). A JEOL JEM-2100 HR-TEM instrument with a LaB6 fila-
ment operated at 200 kV was  used to obtain TEM images. Specimen
for HR-TEM was prepared by placing a drop of a dilute sus-
pension of the sample in 2-propanol on a copper grid. X-ray
diffraction (XRD) pattern of the PANI/Fe0-2 was performed using
an X-ray powder diffractometer with Cu anode (PANalytical Co.
X’pert PRO, UK), running at 40 kV and 30 mA,  scanning from 10◦ to

80◦ with a scan speed of 1◦/min. An Attenuated Total Reflectance-
Fourier Transform Infrared (ATR-FTIR) Spectrum 100 Spectrometer
(Perkin-Elmer, USA), with a germanium crystal was employed
to record the IR spectrum of the PANI/Fe0-2. For the IR mea-
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urement, the frequency range, resolution and number of scans
ere 600–2000 cm−1, 4 cm−1 and 10 cm−1, respectively. Elemental
apping and oxidation states of the elements of the PANI/Fe0-

 were obtained using X-ray photoelectron spectroscopy (XPS)
n a Kratos Axis Ultra device, with an Al monochromatic X-ray
ource (1486.6 eV). XPS curve fitting and background subtraction
ere accomplished using XPS PEAK 41 software. For analysis of

e content in the PANI/Fe0, the PANI/Fe0 was digested with 2 M
Cl. The filtrate was used to determine Fe content using an induc-

ively coupled plasma-optical emission spectrometer (ICP-OES,
pectro-Arcos, Germany). Analytical thin layer chromatography
as performed on aluminum sheets (Kieselgel 60 F-254) for cat-

lytic reaction. Dehalogenated products were isolated by column
hromatography on 100–200 mesh silica gels by using ethyl acetate
EtOAc)/hexane as eluent. GC analyses were performed with Agi-
ent 7890A gas chromatograph. 1H NMR  and 13C NMR  spectra were
ecorded on a Varian 400 MHz  INOVA system running VNMRJ 4.2A
oftware using a 55 mm indirect detection pulsed field gradient
oom temperature probe operates at 30 ◦C. Chemical shift values
�) for protons and carbon atoms were expressed in parts per mil-
ion (ppm) with respect to TMS. CDCl3 was used as solvent for NMR
pectra.

.4. Catalytic experiment

1-Bromonaphthalene (1 mmol, 207 mg), PANI/Fe0-2 (2.5 mol%,
8.6 mg), and dry toluene (2 mL)  were added in an oven-dried
chlenk tube under N2 atmosphere. Then, 4 mL  of 1(N) t-BuMgCl
as added drop wise to the reaction mixture at room temper-

ture. The resulting mixture was stirred at 40 ◦C for 7 h, and
hen quenched with saturated NH4Cl (2 mL)  at 0 ◦C. The reac-
ion mixture was extracted three times with EtOAc (20 mL)  and
ombined organic layer was dried over anhydrous MgSO4. The
rude product was purified by column chromatography on silica
el (100–200 mesh) using hexane as eluent to furnish naphthalene
s pure product. The purity of naphthalene was analysed by Gas
hromatogram, 1H NMR  and 13C NMR  spectroscopy.

. Results and discussion

.1. Characterization of the catalyst

An ATR-FTIR spectrum of the PANI/Fe0-2 catalyst showed the
ands at 1576, 1495, 1285, 1216, 1173 and 815 cm−1 which are
ssigned to the stretching vibrations of quinonoide (Q), benzenoid
B) rings, C N vibrational frequencies in Q-B-Q, C N vibra-
ional frequencies in B unites, B-NH+ = Q stretching and aromatic

 H deformation vibrations of linear PANI backbone, respectively
59,60]. These features indicated the presence of PANI moieties in
he PANI/Fe0-2 catalyst.

The SEM images of (a) PANI NFs, and (b) PANI/Fe0-2 cata-
yst are presented in Fig. 1. It was observed from Fig. 1a that
he as-prepared PANI NFs have a smooth surface with diameter
0–80 nm.  It was interesting to note that after the incorporation
f Fe0 nanoparticles, the diameters of the PANI NFs are increased
etween 70 and 140 nm (Fig. 1b) and have a rougher surface than
ure PANI NFs. TEM images of the prepared PANI/Fe0-2 catalyst at
wo different magnifications are depicted in Fig. 2. It showed that
he PANI/Fe0 is branched like structure and a closer observation
f PANI/Fe0 revealed that Fe0 with various size distributions are
acilely deposited onto PANI NFs matrix. The STEM (Fig. 2d) image

lso represented the distribution of Fe0 nanoparticles onto the PANI
etworks.

Fig. 3a illustrates the X-ray diffraction (XRD) pattern of the
ANI/Fe0-2 catalyst. It can be seen from Fig. 3a that two peaks
Fig. 1. SEM images of (a) PANI nanofibers and (b) PANI/Fe0-2 catalyst.

were observed, at 2�, of 44.79◦ and 65.15◦, which are in good
agreement with the (200) and (110) planes of Fe0 nanoparticles,
respectively [61,62]. The average grain size of the supported Fe0

particles was  found to be 14.17 nm calculated from the broaden-
ing of the (110) diffraction peak using the Scherrer’s equation. The
broad band centred at 2� = 20.34◦ confirmed the amorphous feature
of PANI NFs. This implied that Fe0 nanoparticles are successfully
embedded/deposited on the PANI matrix.

In order to analyze the content and chemical state of the N and Fe
in the PANI/Fe0-2 catalyst, X-ray photoelectron spectroscopy (XPS)
analysis was done. It can be observed from the survey scan of the
catalyst (Fig. 3a) that the presence of Fe 2p peak confirmed the
successful incorporation of Fe0 nanoparticles into the PANI matrix.
The core level spectrum of Fe 2p is also presented in Fig. 3b. The
Fe 2p spectrum could also be deconvoluted into peaks centred at
710.45 eV and 712.62 eV corresponding to the binding energies of
Fe 2p3/2, while peaks centred at 722.08 eV, 724.28 eV are associated
with Fe 2p1/2 binding energies [63]. The observed Fe 2p peaks are
in conformity with FeO, FeOOH and Fe3O4, which suggests that Fe0

nanoparticles deposited onto PANI matrix were enclosed by a thin
layer of iron oxides [64]. In addition a very weak satellite peak at
706.36 eV corresponding to Fe0 2p3/2 was barely detectable due to
the high surface sensitivity (less than 10 nm in depth) of XPS.

Fig. 3d represents the room temperature magnetic hysteresis
loop of the PANI/Fe0-2 catalyst. It was noted that the nonlinear hys-

teresis loops with saturation magnetization (Ms) of ∼22.1 emu/g
and nonzero remnant magnetization (Mr) demonstrated well pro-
nounced ferromagnetic property of the catalyst. This indicated the
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Fig. 2. TEM images of the PANI/Fe0-2 catalyst at two  different magnifications (a

asy separation of the catalyst after completion of the chemical
ransformation from the reaction vessel by applying magnetic field.

.2. Performance of the catalyst in different conditions

In the initial stage of the work, we commenced our investigation
o explore the dehalogenation reaction of 1-bromonaphthalene (1)
ith Grignard reagents (2),  as summarized in Table 1. To check

he effect of Fe0 loading in the catalyst for catalysis reaction, we
ave studied with EtMgBr under different PANI/Fe0 catalysts (see
I) and PANI/Fe0-2 was found to be effective furnishing the desired
roduct, naphthalene (1a), in 77% GC yield (Table 1, entry 1).

However, a minor amount of cross-coupling product (<15%) was
ormed with EtMgBr as a side product. To suppress cross-coupling
roduct, further studies were carried out with different alkyl Grig-
ard reagents (Table 1, entries 2 and 3). These studies revealed
hat t-BuMgCl was able to furnish the desired product in 58% yield
Table 1, entry 3) where no cross-coupled product was  obtained
Table 1, entry 3). However, lowering the temperature to 25 ◦C
id not improve the yield of the reductive product (Table 1, entry
). To enhance the efficiency of the catalytic system, the reaction
as optimized with various solvents (Table 1, entries 5 and 6).

his study indicated that toluene was found to be the best coun-
erpart solvent with tetrahydrofuran (1:2). Herein, we mentioned

hat no additional THF was used in this catalytic condition. These
ttempts furnished conversion up to 71% yield of product at 40 ◦C
or 5 h in toluene. This study encouraged us for further investiga-
ion to evolve the most suitable reaction condition. At this stage, the
d (c) STEM image of the PANI/Fe0-2 catalyst, and (d) chemical mappings of iron.

dehalogenation reactions were performed for 6 h and 7 h to furnish
the corresponding product in 76% and 84% GC yields, respectively
(Table 1, entries 7 and 8). Notably, this effort decided that 7 h reac-
tion time was  sufficient for completion of the reaction with high
product yield (Table 1, entry 8). Under similar condition, the reac-
tion was conducted at 30 ◦C which did not improve the yield of
the product (Table 1, entry 9). Further, it was  of interest to check
reactions with 2 equiv. and 3 equiv. of t-BuMgCl provided only 47%
and 63% yield, respectively (Table 1, entries 10 and 11). Hence, it
was decided to continue the studies with 4 equiv. of the t-BuMgCl
to drive the reaction towards dehalogenation with the suppres-
sion of the competitive cross-coupling process. However, 1.5 mol%
loading of catalyst afforded only 55% yield of the product (Table 1,
entry 12). Expectedly, additional two  control reactions were per-
formed without t-BuMgCl and catalyst furnished poor (<10%) and
no conversion, respectively (Table 1, entries 13 and 14). From our
optimization study, the dehalogenation reaction was established
using PANI/Fe0-2 (2.5 mol%) as catalyst and t-BuMgCl (4equiv.) as
reductant in toluene solvent to give high yield of product at 40 ◦C
for 7 h reaction time (Table 1, entry 8).

Hence, this effort prompted to check further scope of the reac-
tion with a variety of electron rich and electron deficient aryl
halides under optimized reaction condition, as summarized in
Table 2 . It is noteworthy that 1-bromonaphthalene and 1-bromo-

6-methoxynaphthalene afforded the desired product in excellent
isolated yield (Table 2, entries 1 and 2). However, electron-poor sub-
strates such as 4-bromobenzotrifluoride, 1-bromo-4-nitrobenzene
were found to be facile with high product yields, while the cor-
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Fig. 3. (a) XRD pattern of the PANI/Fe0-2 catalyst, (b) XPS survey scan of PANI/Fe0-2 catalyst, (c) Fe 2p XPS spectrum of the PANI/Fe0-2 catalyst and (d) Room temperature
hysteresis loop of the PANI/Fe0-2 catalyst.

Table 1
Screening conditions.a

Entry Catalyst RMgX Solvent Temp (◦C) Time (h) Yield (%)b

1 PANI/Fe0−2h EtMgBr THF 40 5 77 (<15)
2  PANI/Fe0−2h i-PrMgBr THF 40 5 30
3  PANI/Fe0−2h t-BuMgCl THF 40 5 58(0)
4  PANI/Fe0−2h t-BuMgCl THF 25 5 21(0)
5  PANI/Fe0−2h t-BuMgCl toluene 40 5 71(0)
6  PANI/Fe0−2h t-BuMgCl DMF 40 5 27(0)
7  PANI/Fe0−2h t-BuMgCl toluene 40 6 76(0)
8  PANI/Fe0−2h t-BuMgCl toluene 40 7 84 (0)
9  PANI/Fe0−2h t-BuMgCl toluene 30 7 68 (0)
10c PANI/Fe0−2h t-BuMgCl toluene 40 7 47 (0)
11d PANI/Fe0−2h t-BuMgCl toluene 40 7 63 (0)
12e PANI/Fe0−2h t-BuMgCl toluene 40 7 55 (0)
13f PANI/Fe0−2h none toluene 40 7 0
14g none t-BuMgCl toluene 40 7 (<10)

a Reaction Condition:1-bromonaphthalene (1 mmol), solvent (2 mL), catalyst (2.5 mol%), RMgX (4 equiv.).
b Yields measured by GLC analysis of the crude reaction mixture using undecane as internal standard. GC conversion of cross-coupling product shown in parentheses.
c With t-BuMgCl (2 equiv.).
d With t-BuMgCl (3 equiv.).
e Catalyst (1.5 mol%).
f Control without t-BuMgCl.
g Control without catalyst, GC conversion shown in parentheses.
h PANI/Fe0-2 catalyst (4.9% Fe).
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Table  2
Dehalogenation of Aryl halides with t-BuMgCl.a

Entry Substrate Product Time (h) Yield (%)b

1. 7 78

2.  5 82

3.  9 72c

4. 6 81c

5. 5 85

6.  16 65c

7. 8 74c

8. 24 56c

9. 12 58

10.  12 61

11. 16 71

12.  18 68

13.  48 67

14.  24 52c,d

a Reaction condition: Aryl halide (1 mmol), toluene (2 mL), PANI/Fe0-2 (2.5 mol%), 40 ◦C, t-BuMgCl (4 equiv.).
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b Isolated yield.
c Yields measured by GLC analysis of the crude reaction mixture using undecane
d With t-BuMgCl (8 equiv.).

esponding dehalogenation reaction with electron-donating aryl
romides furnished moderate yields (Table 2, entries 3–6). To check
he efficiency among the halides, 4-iodoanisole was proved to be

ore efficient in oxidative addition compared to 4-bromo- and

-chloroanisole (Table 2, entries 6–8). Notably, the catalytic reactiv-

ty of 1-bromo-2-methylanisole was taken longer reaction period
ith 58% yield of the product (Table 2, entry 9). The fact could

e explained by steric imposed due to the presence of methyl
ernal standard.

group at ortho position. Additional studies were checked with
highly electron-rich functionalized aryl bromides under standard
reaction protocol. It is interested to note that all these reactions
afforded the corresponding dehalogenation product with mod-

erate to good yields in longer reaction time (Table 2, entries
10–13). The dehalogenation reaction was further tested with 2,4-
dibromoanisole obtaining the corresponding reduction product in
52% yield (Table 2, entry 14).
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Fig. 4. Time-conversion plot of 1 catalyzed by PANI/Fe0-2 catalyst at 40 ◦C.

.3. Kinetics studies

To get insight of the reaction mechanism, details kinetic inves-
igations were performed at different temperatures. In all cases,
he plot of ln[A] versus time ‘t’, depicted in Fig. 5, was fitted well

ith pseudo-first-order model ([A] = variable concentration (g/L)

f 1-bromonaphthelene at different time). The pseudo-first-order
ate constants (k) for dehalogenation of 1-bromonaphthalene and
-BuMgCl under standard condition at 30, 40, 50, and 60 ◦C were

ig. 5. Plot of ln[A] versus time for the debromination reaction of 1-bromonaphthalene at
onstants (k) were calculated. [A] = variable concentration (g/L) of 1-bromonaphthalene a
Fig. 6. Arrhenius plot for dehalogenation of 1 with PANI/Fe0-2 catalyst at different
temperatures.

0.00281, 0.00893, 0.01137 and 0.02421 min−1, respectively, where
R2 = 0.9743–0.9977. The reaction profile diagram for substrate con-
sumption rate and the rate of product formation is shown in Fig. 4
indicating the reductive dehalogenation reaction was kinetically

facile and exhibited no additional induction period. However, the
rate of catalytic efficiency of different 4-haloanisoles (Table, entries
6–8) indicated that the oxidative addition of aryl halide to catalyst is
believed to be the rate determining step of proposed catalytic cycle.

 different temperatures [30 ◦C (a), 40 ◦C (b), 50 ◦C (c) and 60 ◦C (d)] from which rate
t different time.
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Table  3
Control deuteration experiments.a

Entry RMgX D2O/H2O Product

1. D2O

2. H2O

3. H2O none

4.  H2O

a Reaction condition: 1-bromonaphthalene (1 mmol), THF (2 mL), PANI/Fe0-2 (2.5 mol%
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Fig. 7. Plausible mechanism for PANI/Fe0-2 catalyzed dehalogenation.

he activation energy for the dehalogenation reaction of 1 and 2
sing PANI/Fe0-2 was calculated using Arrhenius equation at four
ifferent temperatures in the range of 30–60 ◦C, as shown in Fig. 6.
he plot of lnk versus 103/T to the Arrhenius equation provided an
stimated activation energy of 56.3 kJ/mol (R2 = 0.92), which justi-
ed the catalytic reactivity of the PANI/Fe0-2 for dehalogenation.

n this regard, it is noteworthy to mention that a minor amount
f reduction product (<10%) was obtained without employment of
atalyst (Table 1, entry 14), which revealed a definite catalytic role
f the catalyst for present transformation reaction.

.4. Mechanistic investigation

Mechanistic investigation of dehalogenation of aryl halides

sing homogeneous iron catalyst was established by Czaplik and
o-workers [28]. The proposed catalytic cycle for dehalogenation
f aryl halide with t-BuMgCl is illustrated in Fig. 7. For example,

nitial oxidative addition of aryl halide with t-BuMgCl in the pres-
), RMgX (4 equiv.), 40 ◦C, 7 h.

ence of PANI/Fe0-2 catalyst is expected to generate intermediate A.
Involvement of intermediate A with t-BuMgCl gives the intermedi-
ate B in transmetallation process and rapid �-hydride elimination
afford the corresponding reduction product along with the forma-
tion of i-butene. However, a very small amount of cross-coupled
product (<10%) was obtained with EtMgBr via reductive elimination
step.

To support the postulated mechanism, selected experiments
were performed with various Grignard reagents in the presence
of PANI/Fe0-2 catalyst. The reaction was tested using commer-
cially available EtMgBr with 1 under standard reaction condition
and quenched with D2O (Table 3, entry 1). There is no detectable
amount of deuterium incorporated in this condition. So, it was
concluded that hydride source must come from �-hydrogen of
complex intermediate B. To support the conclusion, identical reac-
tion was  examined with CD3CH2MgBr and quenched with H2O
(Table 3, entry 2). However, CD3CH2MgBr was  prepared from
bromoethane-2,2,2-D3 using known method [28]. Satisfyingly,
deuterium incorporated product, naphthalene-1-D, was obtained.
(confirmed by 2H NMR, see SI-G). Herein, we mentioned that
naphthalene-1-D gave the chemical shift (ı) at 7.84 ppm in 2H NMR
(61.39 MHz, see SI). However, 1H NMR  chemical shift (ı) values
of naphthalene-1-D [ı = 7.81-7.83 (m,  3H), 7.44-7.47 (m,  4H)] and
naphthalene-2-D [ı = 7.81-7.83 (m,  4H), 7.44–7.47 (m,  3H)] were
reported in literature [65]. These observations confirmed that deu-
terium (D) was  incorporated at �-position of naphthalene from
the complex B through �-hydride elimination process (Fig. 7).
Additionally, two  control reactions were done using different Grig-
nard reagents containing no �-hydrogen and these attempts did
not furnish any reduction product (Table 3, entry 3 and 4). Only
40% homo-coupling product was  obtained from 4-methoxyphenyl
magnesium bromide (Table 3, entry 4). The starting material, 1-
bromonaphthalene, was  recovered exclusively from both reaction
mixtures. In addition, to test the degradation byproducts during
the span of reaction, the reaction mixture was  analyzed after 1 h,
2 h and 7 h using GC (see SI-I). The results confirmed that there
was no degraded product observed with t-BuMgCl. Only dehalo-
genaed product was  noticed in GC after 1 h, 2 h and 7 h reaction

time. However, 1-Bromonaphthalene was  fully converted to naph-
thalene after 7 h reaction time.
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Table  4
Dehalogenation by three successive uses of same PANI/Fe0-2 catalyst.a

Entry Catalyst (mol%) Time (h) Yield (%)b

1st use 2.5 7 78
2nd use 2.5 16 75
3rd use 2.5 24 72

a Reactioncondition:1-bromonaphthalene (1 mmol), toluene (2 mL), PANI/Fe0-2
(2.5  mol%), t-BuMgCl (4 equiv.), 40 ◦C.

b Isolated yield.
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[33] Y. Zhang, X. Cui, F. Shi, Y. Deng, Chem. Rev. 112 (2012) 2467–2505.
[34] A. Grirrane, A. Corma, H. Garcia, Science 322 (2008) 1661–1664.
ig. 8. Time-conversion plot of three successive uses of same PANI/Fe0-2 catalyst.

.5. Re-uses of PANI/Fe0-2 catalyst for dehalogenation

To examine catalytic reusability, the catalyst was recovered
rom the reaction mixture simply by filtration after quenching with

ethanol and washed with acetone. After wards, catalyst sample
as dried under high vacuum for 24 h at 40 ◦C and employed for

ext cycle. The process was repeated until three cycles. To accom-
lish complete conversion in second and third cycles, the reactions
ere performed for prolonged time period of 16 h and 24 h, respec-

ively. These studies furnished the corresponding product with a
ield of 72–78% (Table 4, entries 1–3). However, leaching stud-
es (ICP-OES analysis) of liquid phase after completion of reaction
evealed that 0.1 ppm Fe was leached to the solution after first cycle
f the PANI/Fe0-2 catalyst. The time-conversion plot of three con-
ecutive uses of same catalyst was shown in Fig. 8. This attempt
mplied that modest deactivation of the catalyst was observed dur-
ng the span of reaction time.

. Conclusion

In summary, we successfully demonstrated the PANI/Fe0 based
atalyzed dehalogenation reaction of a variety of aryl halides
ith t-BuMgBr as a reductant under optimized reaction condition

ia �-hydride elimination. Only 2.5 mol% of PANI/Fe0-2 catalyst
as employed for this catalytic dehalogenation reaction, which is

inetically facile exhibiting activation energy of 56.3 KJ/mol. The
ecyclability tests of catalyst were performed up to three cycles
nd no significant Fe-leaching was observed after first cycle. The
atalyst deactivation was observed during the course of reaction.
asy preparation of catalyst, low catalyst loading, cheap and earth
bundant Fe-embedded nanocomposite material will be an alter-

ative catalyst for dehalogenation of environmentally recalcitrant
omplexed halogenated aromatics.
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