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An efficient and reusable polyaniline nanofiber supported ferric chloride catalyst was developed and
characterized by FT-IR, UV–vis, XPS, TEM and XRD techniques. The catalyst was used in the selective
acylation of alcohols and amines employing acetic acid as an acylating agent to obtain the corresponding
acetates and acetamides in good to excellent yields.
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. Introduction

Heterogeneous systems have tremendous potential over the
omogeneous ones and through heterogenizing the catalyst certain
ractical limitations of the homogeneous system can be eliminated.
he most promising advantages of heterogeneous catalysts are easy
eparation from the reaction mixture, allowing recovery of the solid
nd eventually its reuse, provided that the recovered catalyst has
ot become deactivated during the course of the reaction. The het-
rogenization can be achieved by the immobilization of the soluble
atalyst onto an insoluble matrix usually polymers using a simpli-
ed protocol [1–5]. A recent development in the heterogenization
echniques includes microencapsulation [6–8] and incarceration
9,10] using polymers to contain the metal complexes inside the
olymer wrap via �-interaction and physical forces. However, the

engthy procedure and metal leaching are the major limitations in
he preparation of polystyrene and polystyrene-derived materials
or microencapsulation and incarceration technique. Consequently,
he easy synthesis and recycling of heterogenized catalyst with
deal recyclable numbers is a long-term endeavor target.
Among �-conjugate polymers, polyaniline (PANI) is one of the
ost widely studied conducting polymers for their excellent elec-

ronic and optical applications due to its environmental stability
nd interesting redox properties [11,12]. But only limited appli-

∗ Corresponding authors. Tel.: +91 40 27193510; fax: +91 40 27160921.
E-mail addresses: plikhar@iict.res.in (P.R. Likhar), sghosh@iict.res (S. Ghosh).

381-1169/$ – see front matter © 2008 Elsevier B.V. All rights reserved.
oi:10.1016/j.molcata.2008.12.011
cations are known as PANI-supported metal catalyst in organic
transformations [13–17]. We conceived the use of interactive PANI
prompted by its highly conducting and redox properties as a sup-
port that holds metal complexes securely during catalytic reactions.
Furthermore, its easy preparative protocol from non-expensive
starting material (aniline), controllable doping levels through an
acid doping/base doping process, inert nature and non-solubility
in most of the organic solvents and water are impressive qualities
for using it as support in heterogeneous catalysis. Herein, we dis-
close the improved method for the preparation, characterization
and evaluation of PANI nanofiber supported FeCl3 (PANIn–Fe) cata-
lyst in acylation of diverse alcohols and amines using acetic acid as
an acylating reagent under solvent-free conditions.

The acylation process of alcohols and amines to corresponding
acetates and acetamides using acetic acid is both economically and
environmentally advantageous. Though the acylation of alcohols
and amines can be brought about by the reaction of Lewis acid
reagents in conjunction with acetic acid, the Lewis acid is destroyed
in the workup procedure resulting in substantial waste production
[18,19]. Recently, research has been directed to overcome the above
problem which culminated in the development of insoluble solid
acids, such as, montmorillonite K10, KF–Al2O3, molecular sieves
[20–22], sulphated zirconia [23], zeolites [24], LaY and HY [25,26]

as catalysts. Previous reports using clay catalyst still utilizes acetic
anhydride as an acylating agent, while metal triflates are soluble
and difficult to recover and reuse in the process although acetic acid
is used as the acylating agent [27,28]. Therefore, there is a need to
develop a reusable and inexpensive heterogeneous catalyst for the

http://www.sciencedirect.com/science/journal/13811169
http://www.elsevier.com/locate/molcata
mailto:plikhar@iict.res.in
mailto:sghosh@iict.res
dx.doi.org/10.1016/j.molcata.2008.12.011
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Table 1
XPS data of FeCl3, PANI nanofiber and PANIn–Fe.

XPS peaks FeCl3 PANI nanofiber PANIn–Fe

N – 398.9a, 400.2b 400.0a, 401.8b

Fe 2p3/2 713.6, 709.6c – 712.9, 710.0c

Fe 2p1/2 727.3, 724.9c – 725.7, 723.6c

a Binding energy of N 1s assigned to –NH–.
b Binding energy of N 1s assigned to –N .
c Binding energies of Fe in +2 oxidation state.

2.3.1.2. Acetic acid-4-nitro-benzyl ester (Table 3, entry 14). White
solid. M.P. 65–67 ◦C. Yield: 0.210 g (85%); 1H NMR (CDCl3, 200 MHz):
ı = 2.14 (s, 3H, CH3), 5.18 (s, 2H, CH2), 7.52 (d, J = 9.06 Hz, 2H,
Ar–H), 8.29 (d, J = 9.06 Hz, 2H, Ar–H); 13C NMR (CDCl3, 50 MHz):
P.R. Likhar et al. / Journal of Molecular

cylation, using acetic acid as acylating agent to achieve high atom
conomy.

. Experimental

.1. Materials and methods

Aniline monomer was distilled under reduced pressure. Other
eagents such as ammonium peroxydisulphate and FeCl3·6H2O
ere used as received. FeCl3·6H2O and acetic acid were purchased

rom s.d. Fine Chemicals, India. All alcohols and amines were
urchased from Aldrich or Fluka and were used without further
urification. ACME silica gel (60–120 mesh) was used for prod-
ct purification. All the solvents and chemicals were obtained from
ommercial sources and purified using standard methods.

Infrared spectra were recorded on a Thermo Nicolet Nexus
70 FT-IR spectrometer as KBr pellets. UV–vis spectra for sam-
les PANI nanofiber in N-methyl pyrrolidinone (NMP) solvent and
ANIn–Fe in nitromethane were recorded on a GBC Cintra 10e

V–vis spectrometer in the range 300–1050 nm with a scan speed
f 200 nm/min. X-ray photoelectron spectra were recorded on a
RATOS AXIS 165 with dual anode (Mg and Al) apparatus using

he Mg K� anode. The particle size and external morphology of
he samples were observed on a PHILIPS TECNAI F12 FEI transmis-
ion electron microscopy (TEM). X-ray powder diffraction (XRD)
ata were collected on a Simens/D-5000 diffractometer using Cu
� radiation. Thermogravimetric (TG), differential thermal anal-
sis (DTA) and the mass of the gas evolved during the thermal
ecomposition of the catalyst were studied on a TGA/SDTA Met-
ler Toledo 851e system using open alumina crucible containing
amples weighing about 8–10 mg with a linear heating rate of
0 ◦C min−1. Nitrogen was used as purge gas for all these measure-
ents. NMR spectra were recorded on a Varian Gemini (200 MHz),
Bruker Avance (300 MHz) or a Varian Unity (400 MHz) spectrome-

er using TMS as an internal standard and CDCl3 as solvent. Melting
oints were recorded on a Barnstead electrothermal 9200 instru-
ent and are uncorrected.

.2. Preparation of PANIn–Fe catalyst

The preparation of PANI nanofiber was achieved by using interfa-
ial method [29]. The polymerization occurred only at the interface
f water and toluene where the initiator ammonium peroxydisul-
hate was in the water phase and monomer aniline was in the
rganic phase. These PANI nanofibers were rapidly diffuses away
rom the reactive interface into the water layer.

In a typical procedure, 0.2 mL of aniline monomer was dissolved
n 10 mL toluene. Ammonium peroxydisulphate solution (1.0 M)
as added to this solution at 0 ◦C under supersonic stirring con-
ition (for PANI nanofiber, the small portion of precipitate formed
as collected by filtration and washed with distilled water until the
ltrate became colorless). Further, FeCl3·6H2O (8.1 g) dissolved in
0 mL of de-ionized water was added drop wise into the above solu-
ion over 10 min at room temperature. The quantity of FeCl3 used
or the preparation of PANIn–Fe catalyst was optimized using dif-
erent concentrations of FeCl3 solution based on the higher yields
f the acylated product obtained without any leaching of FeCl3 up
o five cycles of reaction. Yield of the acylated product obtained
emained same at higher concentration of FeCl3 (8.0 wt.% Fe) with
onsiderable leaching of FeCl3.

The doping of FeCl3 into polyaniline nanofiber was achieved by

upersonic stirring condition at low temperature to avoid the reduc-
ion of ferric chloride. The pH value of the solution before and after
dding the solution of FeCl3·6H2O was ca. 10 and 2, respectively. The
olution was stirred for about 12 h. The resulting suspension was
eparated by centrifugation at 2800 rpm for 5 min and then washed
Scheme 1. Acylation of alcohols with acetic acid.

with distilled water several times so as to ensure that no free ferric
chloride was present in PANIn–Fe catalyst. Finally, PANIn–Fe cata-
lyst was washed with ethanol and ether three times and then dried
under vacuum for 24 h. The iron content in the catalyst was found to
be 19.9% by AAS analysis. PANIn–Fe catalyst was fully characterized
by FT-IR, UV–vis, XPS (Table 1), TEM and XRD techniques. Similarly
PANI–Fe catalyst was prepared following the literature procedure
[15] to compare the catalytic activity with PANIn–Fe catalyst. The
iron content in the PANI–Fe catalyst was found to be 11% by AAS.

2.3. General procedure for acylation using PANIn–Fe

In a typical acylation procedure, a mixture of substrate
(1.5 mmol), acetic acid 2 mL (39.21 mmol) and PANIn–Fe catalyst
(25 mg, 5 wt.% Fe) was stirred at 100 ◦C for an appropriate time as
shown in Schemes 1 and 2; Tables 3–5. On completion of the reac-
tion as monitored by TLC, the reaction mixture was cooled to room
temperature. Then the catalyst was centrifuged, washed several
times with ethyl acetate and the solvent was concentrated under
reduced pressure. The crude product was then subjected to a short
silica bed and hexane was used to elute the corresponding prod-
uct in high purity, which does not require any further purification
(all the crude acetamides product were purified using hexane/ethyl
acetate: 70/30 (v/v) as eluent). All the products were characterized
by using NMR and mass spectroscopy and compared with literature
data [30,31]. The characterizations of new compounds are given
below.

2.3.1. Characterization of the products
2.3.1.1. Acetic acid-4-phenoxy-benzyl ester (Table 3, entry 7). Oily liq-
uid. Yield: 0.207 g (91%); 1H NMR (CDCl3, 200 MHz): ı = 2.18 (s, 3H,
CH3), 7.39 (m, 10H, Ar–H); 13C NMR (CDCl3, 50 MHz): ı = 20.95,
74.42, 126.40, 126.81, 127.48,. 127.92, 128.24, 128.73, 143.07, 143.28,
170.30. Expected Mol. wt.: 242, observed ESI-MS Mol. wt. (M+Na):
265. CHN analysis for C15H14O3 (Calcd.): C, 74.36; H, 5.82. Found: C,
74.42; H, 5.79.
Scheme 2. Acylation of amines with acetic acid.
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= 20.83, 64.76, 99.99, 128.38,170.30. Expected Mol. wt.: 195, ESI-
S observed Mol. wt. (M+Na): 218. CHN analysis for C9H9NO4

Calcd.): C, 55.39; H, 4.65; N, 7.18. Found: C, 55.32; H, 4.61; N, 7.11.

. Results and discussion

.1. Characterization of PANIn–Fe

In the preparation of polyaniline nanofiber supported FeCl3 cat-
lyst, it was observed that ferric chloride acts as a Lewis acid
s well as weak oxidizing agent, thereby, resulting as a redox
eaction assisted by Lewis acid–base process. The preparation
f polyaniline nanofiber is the crucial step, which affects the
reparation and catalytic activity of PANIn–Fe catalyst. We observed
hat the preparation of polyaniline in the form of nanofiber could
e achieved by controlled addition of oxidant to the aniline at 0 ◦C
nd water dilution immediately. The polyaniline nanofiber formed
t an early stage in the polymerization process has high surface
rea, high conductivity and average diameter 30–35 nm. The addi-
ion of excess oxidant to the reaction resulted in the secondary
rowth of polyaniline and finally into an irregular shaped agglom-
rates of nanofiber and particulates. The PANIn–Fe catalyst was well
haracterized using FT-IR, UV–vis, XPS, TEM, XRD and TGA/DTA.

.1.1. FT-IR spectroscopy
The characteristic vibrational absorbance of PANIn and PANIn–Fe

re shown in Fig. 1. The most important band in the spectrum of
ANIn are appeared at 1565, 1494, 1388, 1306, 1194, and 778 cm−1

nd are attributed to the stretching vibration of amines moiety
quinoid, �C N + �C C), imines moiety (benzenoid, �C C) units of the
olymers, deformations of the C–N bond, stretching vibrations of
he C–N bond, in-plane deformations of C–H bonds present in the
romatic rings of the undoped polymers and the out of plane defor-
ations of C–H bonds in 1,4-substituted aromatic ring, respectively

32,33].

The shift of quinoid and benzenoid units of the polymers after

oping with metal salt depends on the nature of metal ions.
he characteristic peak for benzenoid at 1565 cm−1 red shifted
581 cm−1 indicating the weakening of N Q N bond. Similarly
eak for quinoid at 1494 cm−1 shifted to 1503 cm−1. In PANIn–Fe,

Fig. 1. FT-IR spectra of [A] PANI nanofiber and [B] PANIn–Fe.
Fig. 2. UV–vis spectra of [A] PANI nanofiber and [B] PANIn–Fe.

a strong new peak at 1130 cm−1 was observed for the charged
polyaniline chain (C–Hin-plane bending).

3.1.2. UV–vis-DRS spectroscopy
Fig. 2 depicts the UV–Vis absorption spectra of PANI nanofiber

and PANIn–Fe in N-methyl pyrrolidine and nitromethane solution,
respectively. PANI nanofiber solution exhibits the absorption peak
(�max) due to �–�* absorption at 385 nm and PANIn–Fe solution
shows absorbance at 380, 327 nm. The absorbance at 380 nm is
comparable to those of PANI nanofiber but it is shifted slightly to
a shorter wavelength. Polyaniline chain with metal complexation
has less extended �-electron delocalization, therefore, has shorter
�-conjugation length. The absorbance peak at 327 nm observed for
the interaction of ferric chloride with PANI nanofiber.

3.1.3. X-ray photoelectron spectroscopy
The XPS survey scan of PANIn–Fe shows the presence of nitrogen

(400.0 eV) and iron (712.9 eV) as illustrated in Table 1. High resolu-
tion narrow scan of PANIn–Fe shows binding energy peaks at 712.9
and 725.7 eV corresponding to Fe 2p3/2 and Fe 2p1/2, respectively.
These peaks could be deconvoluted into two peaks each, i.e., 710.0
and 712.9 eV due to Fe 2p3/2 and 723.6 and 725.7 eV due to Fe 2p1/2.
The binding energy peaks at 710.0 eV (Fe 2p3/2) and 723. 6 eV (Fe
2p1/2) are characteristic of Fe in +2 oxidation state whereas, the
binding energy peaks at 712.9 eV (Fe 2p3/2) and 725.7 eV (Fe 2p1/2)
are attributed to Fe in +3 oxidation state. The binding energy peaks
observed for N 1 s at 400.0 and 401.8 eV are assigned due to –NH–
and –N , respectively [34]. The XPS data of PANIn–Fe supports the
fact that FeCl3 acts as a weak oxidizing agent to oxidize emeral-
dine PANIn, which further assists in the Lewis acid–base process.
This can be visualized by XPS analysis where changes in the inten-
sity of the peaks due to Fe (III) state and N in the form of amine
and imine are observed (Figs. 3 and 4). The binding energy peaks
of FeCl3 before doping appeared at 713.6 and 727.3 eV for Fe (III)

state correspond to Fe 2p3/2 and Fe 2p1/2 photoelectron transitions,
respectively. The increase in the intensity of binding energy peak at
710.0 eV (Fe 2p3/2) due to Fe2+ in PANIn–Fe catalyst, clearly suggests
that there is reduction of Fe(III) to Fe(II) when FeCl3 is supported
onto PANIn. The observed changes in the intensities of the binding
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ig. 3. XPS spectra of [A] FeCl3·6H2O and [B] PANIn–Fe. Change in population of Fe
III) and Fe (II) state after doping.

nergy peaks of amine and imine in N 1s is in consonance with the

bservations made in the binding energy peak of Fe in 3+ oxidation
tate. The reduction of Fe (III) state reflects the similar change in

1s signal from polyaniline to PANIn–Fe. Therefore, we postulate
hat the majority of the dopant molecules interact with the poly-

er matrix via Lewis acid–base complexation with the existence

Scheme 3. Complexation of FeCl3 with two different coordination

Fig. 5. TEM images of [A] polyanilin
Fig. 4. XPS spectra of [A] N 1s state of PANI nanofiber and [B] N 1s state of PANIn–Fe
(after FeCl3·6H2O doping). Change in N 1s state of amine and imine nitrogen.

of small fraction, which participates in redox reaction involving
the oxidation of reduced fragments of polyaniline. The probable

structure is shown in Scheme 3.

3.1.4. TEM
Fig. 5 shows a transmission electron micrograph (TEM) of a

polyaniline nanofiber and PANIn–Fe. Individual nanofiber can be

sites and possible role of PANIn–Fe in the acylation reaction.

e nanofiber and [B] PANIn–Fe.
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Table 2
Optimization of reaction conditions for the acylation of benzyl alcohol with acetic
acid using PANIn–Fea.

Entry X (wt.%) Temperature (◦C) Solvent Time (h) Isolated
yield (%)

1 2.5 100 – 3 32
2 5 100 – 2.5 86
3 8 100 – 2.5 87
4b 5 80 CH3CN 3 41
5c 5 Reflux CH2Cl2 25 72
Fig. 6. XRD spectra for [A] PANI nanofiber and [B] PANIn–Fe.

iscerned along with regions of metal salt (the darker images). The
iameters and lengths of nanofiber were found to be in the ranges of
0–35 and 200–300 nm, respectively before doping. Since there was
xcess metal salt in the solution, we believed that the metal salt also
enetrated within the individual nanofiber. The TEM photographs
uggested that, the surface morphology and size of fibers were
ransformed into relatively thick fibers after doping with FeCl3. It
as also clear from the TEM-images that all of the nanofiber had a
niform fibrous morphology before and after doping with FeCl3.

.1.5. XRD
The powder XRD patterns of PANI nanofiber and PANIn–Fe cat-

lyst were shown in Fig. 6. The XRD pattern of PANI nanofiber
as similar to that of particulate of PANI [29] and the intensity
f amorphous peak at 2� was found to be 20◦. In XRD pattern of
ANIn–Fe, we found that FeCl3 doping caused the alteration in d-
pacing and 2� value indicated the interaction of FeCl3 with the
urface of polyaniline nanofiber. The calculated crystalline size [nm]
f PANIn–Fe for 1st peak was found to be 26.5 and for 2nd peak was
ound to be 11.2 based on observed d-spacing values 14.820 and
.4118 and observed 2� values 6 and 20.1, respectively.

The thermal behavior of PANI nanofiber and PANIn–Fe was inves-
igated by TGA instrument at the heating rate of 10 ◦C/min in air.
ANI nanofiber were stable upto 111 ◦C while PANIn–Fe was stable
p to 135 ◦C indicated the increase in stability of PANIn–Fe after
omplexing with FeCl3.

As mentioned in the experimental part, during the addition of
queous solution of ammonium peroxydisulphate (APS) to the ani-
ine solution, aniline micelles were formed in the medium and
imultaneously the aqueous solution of FeCl3 was added in the
olution. Thus Fe3+ ions also participated in the formation of ani-
ine micelles because amphiphilic nature of aniline (presence of
ydrophobic benzene ring and hydrophilic amine group). The above
escribed micelles are regarded as the “soft-templates”. The oxida-
ion polymerization of aniline was influenced by the hydrophilic
ature of FeCl3, a mild oxidant at the micelle/water interface and
he growth of the nanofibers was allowed by an accretion [35] or
longation process [36]. In general, the accretion or elongation pro-
ess is mainly controlled by the redox potential of the oxidant. The
edox potential of FeCl3 is about 0.76, which is much lower than
hat of APS [37]. Thus, the diameter of the composite nanofibers

s smaller if prepared in the presence of FeCl3, rather than oxi-
ized by APS alone. The composite nanofibers oxidized by APS and
eCl3 show smaller diameter, higher crystallinity, higher stability
nd high conductivity. The excess FeCl3 acted as dopant for the
ighly conducting nanofibers and adsorbed on the nanofibers by
a Alcohol (1.5 mmol), acetic acid 2 mL (39.21 mmol), and PANIn–Fe (X wt.%).
b Using acetic acid (1.1 equiv.) and CH3CN (3 mL).
c Using acetic acid (1.1 equiv.) and CH2Cl2 (5 mL).

ionic interaction and finally the diameter of the nanofibers were
increased (as observed in TEM images). Subsequently, it was found
that the composite PANIn–Fe is most stable, highly active and repro-
ducible catalyst compared to PANI–Fe [15] which has lower surface
area resulted into lower catalyst loading, lower catalytic activity
and less stable nanocomposite. Thus considerable leaching of FeCl3
was observed in PANI–Fe catalyst.

3.2. Application of PANIn–Fe in acylation reaction

We have studied the effect of Fe loading on the acylation of ben-
zyl alcohol with acetic acid in neat acetic acid and subsequent work
was focused on optimization of various reaction parameters such
as temperature, time and different solvent systems such as acetoni-
trile and dichloromethane (Table 2). It was observed that, 5 wt.% of
Fe afforded acylated product in high yield without leaching of Fe
(Table 2, entry 2). To examine the effective role of acylating reagent
using 1 equiv. amount in the acylation reaction of alcohols and
amines [38–43], we used 1.1 equiv. of acetic acid in dichloromethane
(5 mL) under same optimized reaction condition. It was observed
that, the reaction was smooth and gave good yields but the reac-
tion took prolonged time for completion (Table 2, entry 5). To study
the applicability, stability and scope of PANIn–Fe catalyst for the
acylation reactions, a wide range of structurally and electronically
varied alcohols (1.5 mmol) were subjected to react with acetic acid
(2 mL, 39.21 mmol) using 25 mg of PANIn–Fe at 100 ◦C to afford cor-
responding acetates in good to excellent yields (Scheme 1). The
results are summarized in Table 3. Various electron-rich, sterically
hindered benzyl alcohols underwent reaction with acetic acid at
100 ◦C for 2–3.5 h to afford the corresponding acylated products in
high yields (Table 3, entries 1–7). Alkylthio substituted benzyl alco-
hol also afforded the corresponding O-acylated derivatives in good
yield when treated with acetic acid (Table 3, entry 8). Acylation of
phenolic hydroxy group could not be facilitated under similar con-
ditions whereas selective acylation was observed with alcoholic
hydroxy group (Table 3, entry 9). Similarly in presence of donat-
ing group, the alcoholic hydroxy group was acylated selectively in
shorter reaction time (Table 3, entry 10). The excellent ‘electrophilic
activation’ was observed for alcohols having electron withdraw-
ing groups that decrease the nucleophilic property of the hydroxyl
group (Table 3, entries 11–14). In case of long chain alcohols, 2-
phenylethanol, the acylation was found at a relatively faster rate
with high yield (Table 3, entry 15).

It was observed that primary alcohols undergo acylation at
a shorter period of time compared to secondary alcohols. It is
important to note that in acylation of both primary and secondary
alcohols, there was no by-product formation observed. Secondary

alcohols when subjected to reaction with acetic acid the corre-
sponding O-acylated products were obtained in high yields and
the results are summarized in Table 4. Sterically hindered diphenyl
methanol, cinnamyl alcohol and cyclohexanol also gave the acy-
lated products in high yields (Table 4, entries 3–5).
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Table 3
Acylation of benzyl alcohols with acetic acid using PANIn–Fea.

Entry Alcohol Product Time (h) Isolated
yield (%)

1 2.5,12 86

2 2.0 77

3 2.0 83

4 2.5 91

5 2.5 84

6 2.5 92

7 2.0 91, 94b,
83c

8 3.0 63

9 3.5 85

10 2.5 71

11 3.0 87

12 2.5 92

13 3.0 56

14 2.0 85

15 2.0 88

a
s
T
a
r
T

Table 4
Acylation of secondary alcohols with acetic acid using PANIn–Fea.

Entry Alcohol Product Time (h) Isolated yield (%)

1 1.5 86

2 2.0 77

3 1.5 72

4 0.5 95, 98b, 77c

5 2.5 67

acylated when acylating agent was used in excess [20]. The com-
parative studies of acylation using PANIn–Fe, PANI–Fe and FeCl3
as a catalyst are also depicted in Fig. 7 to see the effectiveness of
PANIn–Fe catalyst under identical experimental conditions. Though
a Alcohol (1.5 mmol), acetic acid 2 mL (39.21 mmol) and catalyst 25 mg at 100 ◦C.
b Yields using an FeCl3 catalyst (162 mg, 1.0 mmol).
c Yields using PANI–Fe (50 mg).

We next planned to evaluate the efficiency of the PANIn–Fe cat-
lyst for acylation of amines (Scheme 2), a series of amines were

ubjected to acylation reaction and the results are summarized in
able 5. The reaction of aniline and substituted anilines with acetic
cid gave the corresponding amides in excellent yields in shorter
eaction times under solvent-free conditions (Table 5, entries 1–8).
he presence of nitro group at para position of aniline and at ortho
a Alcohol 1.5 mmol, acetic acid 2 mL (39.21 mmol) and catalyst 25 mg at 100 ◦C.
b Yield using an FeCl3 catalyst (162 mg, 1.0 mmol).
c Yield using PANI–Fe catalyst (50 mg).

position of aniline affects the nucleophilicity and steric hindrance,
respectively and thus, the corresponding products are obtained in
low yields (Table 5, entries 7 and 8). Heterocyclic amine and cyclo-
hexyl amine with acetic acid also gave the corresponding product
in moderate yields (Table 5, entries 9 and 10). Benzyl amine, sub-
stituted benzyl amines and 2-phenethyl amine underwent reaction
with acetic acid and the corresponding acetamides were obtained in
good yields (Table 5, entries 11–15). In case of 2-aminophenol and 4-
aminophenol, only amine group was selectively acylated to form 2-
acetamidophenol and 4-acetamidophenol, respectively. PANIn–Fe
efficiently and selectively catalysed acylation of benzylic hydroxyl
and amines group in presence of phenolic group using acetic acid
and no other oxidation products of phenols were observed (reaction
condition: alcohol/amine (1.5 mmol), acetic acid 2 mL (39.21 mmol)
and catalyst 25 mg at 100 ◦C). This is in contrast to the results
obtained in the acylation of 2-aminophenol using acetic anhydride
as acylating agent wherein both hydroxyl and amine groups were
Fig. 7. Yields of acylated product using Cat: FeCl3 (in homogeneous condition); using
Cat: PANIn–Fe; Cat: PANI–Fe [15].
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Table 5
Acylation of amines with acetic acid using PANIn–Fea.

Entry Amines Product Time
(h)

Isolated
yield (%)

1 0.5 90

2 1.5 92

3 2.0 86

4 2.0 73

5 2.0 21

6 1.0 96, 98b, 89c

7 2.5 41

8 2.5 36

9 4.0 69

10 3.0 35

11 1.5 87

12 0.5 47

13 2.0 86

14 1.5 83

15 4.0 –

16 0.5 45

17 0.5 86

a Amine 1.5 mmol, acetic acid 2 mL (39.21 mmol) and catalyst 25 mg at 100 ◦C.
b Yield using an FeCl3 catalyst (162 mg, 1.0 mmol).
c Yield using PANI–Fe catalyst (50 mg).

Table 6
Recycling of PANIn–Fe catalyst in acylation of 4-nitrobenzyl alcohola.

No. of cycles Yield (%)b

Fresh 91
Run 1 91
Run 2 91
Run 3 91
Run 4 90
Run 5 90
a Reaction conditions: alcohol 0.229 g (1.5 mmol), acetic acid 2 mL (39.21 mmol)
and catalyst 25 mg at 100 ◦C for 2 h.

b GC yields.

the Fe loading on the polyaniline nanofiber (PANIn–Fe) and simple
polyaniline (PANI–Fe) was same. i.e. ∼5 wt.%, the yield of acylated
product is higher with PANIn–Fe. This might be due to the high con-
tent of Fe exposed on the surface of PANIn (polyaniline nanofiber has
higher surface area and higher conductance) and thus with enhance
Lewis acidic property. In homogeneous FeCl3 catalysed reactions,
though the catalyst activity was more compared to PANIn–Fe and
PANI–Fe, the loading of FeCl3 was also high and it is non-recoverable
and non-reusable catalyst. Thus FeCl3 is inferior catalyst compared
to PANIn–Fe. FeCl3·6H2O is also active for the acylation reactions
but it is not as efficient as FeCl3, PANIn–Fe and PANI–Fe because the
presence of hydrate molecules affect the acidity of catalyst [21].

3.3. Reusability of the PANIn–Fe catalyst

The recyclability and reusability of the PANIn–Fe catalyst was
tested for the acylation of 4-nitrobenzyl alcohol with acetic acid
up to five cycles. The results are summarized in Table 6, showed
that after every run, the yield of acylated product was unchanged,
indicated the fair stability of PANIn–Fe catalyst under experimental
conditions. Whereas in case of PANI–Fe catalyst, considerable leach-
ing was observed after two cycles only. This might be due to high
conductivity of polyaniline nanofiber, which did not allow FeCl3
to leach out from the system during catalytic reactions. The metal
leaching of PANIn–Fe and PANI–Fe catalyst was tested after every
run by analyzing their respective reaction filtrates using atomic
absorption spectroscopy. The salient features of this methodol-
ogy are as: Tables 3–5 successfully demonstrated the esterification
between acetic acid and several primary, secondary alcohols and
amines smoothly in good to excellent yield in presence of PANIn–Fe
catalyst (5 wt.%); easy preparation, handling, stability and mois-
ture insensitivity, easy recoverable and reusable makes the catalyst
highly cost effective and environmentally acceptable; several func-
tionalities in alcohols such as halogen, double bond, alicyclic and
4-nitrobenzyl were tolerated; in addition to several functionalities
in amines, heterocyclic and cyclic amines were also tolerated; acy-
lation of alcohol and amine in the presence of phenolic OH group
was achieved selectively.

Regarding the mechanism, whether the reaction takes place by
Lewis acid alone via intermediate A or Lewis acid assisted Brönsted
acidity, the acylation of benzyl alcohol was studied using HCl-
doped PANI and the reaction did not take place. In contrast, the
corresponding PANIn–Fe catalysed process afforded benzyl acetate
selectively in 86%. These studies indicate that the present reaction
may catalyse by Lewis acid as shown in Scheme 3 and not by Lewis
acid assisted Brönsted acidity.

4. Conclusion
In summary, PANIn–Fe was prepared, characterized and
explored the utility for the acylation of diverse primary, secondary
alcohols and amines with acetic acid to afford the corresponding
acetates and acetamides in good to excellent yields. PANIn–Fe catal-
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