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a b s t r a c t

We present a study of the use of chloro-functionalized mesoporous silicas as supports for immobilization
of Au(III) Schiff base complex, and use of this composite material as heterogeneous catalyst for homocou-
pling of aryl boronic acid. The catalyst was characterised by XRD, FTIR, UV–vis DRS, TG-DTA, etc. Catalyst
was initially tested using the coupling of phenylboronic acid with bromo benzene in the presence of
vailable online 13 April 2011

eywords:
chiff base
uzuki coupling
old

K2CO3 and with xylene as solvent. The reaction was also tested in the absence of the aryl halide and
K2CO3. The results indicate that in our catalytic system base is not needed for the activation of phenyl-
boronic acid, and its only role is to neutralize the boric acid. The optimized catalysts are also active in
the coupling of a range of aryl boronic acids, and after four catalytic runs they show virtually no drop in
activity.
omocoupling

. Introduction

Gold was believed to be chemically inert, and with very few
xceptions [1–4] the possibilities of homogeneous and heteroge-
eous gold catalysts for organic reactions were not considered.
ecent reports have shown that gold salts, specifically Au(III), can
ct as a Lewis acid catalyst for a large variety of reactions [5–8]. Gold
n homogeneous complexes [2,9] has shown possibilities for several
atalytic reactions, including asymmetric aldol condensation, and
he asymmetric hydrogenation of alkenes and imines [10,11]. More
pecifically, it has been recently shown [12] that Au(III) complexes
ere active and selective catalysts for carrying out the homocou-
ling of different aryl boronic acids. However, Au(III), unlike Pd
omplexes, was not able to catalyze cross-coupling reactions. The
raditional homogeneous catalysis causes major problems in purifi-
ation of the product and separation of expensive catalyst that leads
o environmental toxic wastes. Immobilized gold catalyst over solid
upport has been developed in order to overcome these problems
acing green chemistry [13–15].

The Suzuki reaction is by far the most versatile synthetic method
vailable for the generation of unsymmetrical biaryl compounds
hich are important building blocks in natural products and in

aterials sciences [13,16–22]. Biaryls exhibit a wide variety of

hysical and chemical properties [23,24] and possess versatile
pplications in pharmaceuticals, nonlinear optics [25], liquid crys-
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tals [26] and optically active ligands [27]. Various metal catalyzed
coupling reactions have been recognized as convenient one-step
method for assembling complex structures [16,28]. Suzuki cou-
pling has become increasingly popular due to its compatibility
with a variety of functional groups, the stability of organoboron
precursors, and the ease of working up the reaction mixture.
Pd–phosphine complexes [18,29–33] have been the most com-
monly used catalysts for the Suzuki reaction. However, alternative
ligands such as N-heterocyclic carbenes [6,34], imidazol-2-ylidenes
[35] and diazabutadienes [36] have been used in Suzuki coupling
reactions.

Our interest in this area led us to explore the activity of Au(III)
Schiff base complex and anchoring it onto the surface of MCM-
41, which can be easily separated from the reaction mixture.
MCM-41 is an inorganic support which has some advantageous
properties such as excellent stability, good accessibility, and the
fact that organic groups can be robustly anchored to the sur-
face [37,38]. Here in we report the synthesis of homogeneous and
heterogeneous Au(III) Schiff base complex and its catalytic activ-
ity in Suzuki homocoupling reaction. The comparative activity of
Pd(II) complexes with same ligands for the same reaction is also
studied.

2. Experimental
2.1. Materials and methods

All solvents and reagents were purchased from Aldrich and used
without further purification. The arylation products were char-

dx.doi.org/10.1016/j.molcata.2011.04.002
http://www.sciencedirect.com/science/journal/13811169
http://www.elsevier.com/locate/molcata
mailto:paridakulamani@yahoo.com
dx.doi.org/10.1016/j.molcata.2011.04.002


12 K.M. Parida et al. / Journal of Molecular Catalysis A: Chemical 342–343 (2011) 11–17

u(III)

a
a

s
t
2
V
T
i
w
l
s
T
o
t
a
a
2

2

u
(
a

Scheme 1. Schematic representation of the formation of A

cterised by comparison of their spectra and physical data with
uthentic samples.

Powder X-ray diffraction (XRD) patterns of the heterogeneous
amples were obtained on Rigaku D/Max III VC diffractome-
er with Cu K� radiation at 40 kV and 40 mA in the range of
� = 0–10◦. The FTIR spectra of the samples were recorded using
arian 800-FTIR in KBr matrix in the range of 4000–400 cm−1.
he co-ordination environments of the samples were exam-
ned by diffuse reflectance UV–vis spectroscopy. The spectra

ere recorded in Varian-100 spectrophotometer in the wave-
ength range of 200–800 nm in BaSO4 phase. The thermal
tability of the material is also characterised by TG-DTA using
oledo-Mettler TG/DTA/851e. The metal loading and leaching
f the reaction solution were determined by atomic absorp-
ion spectroscopy (AAS) with a Perkin-Elmer Analysis 300 using
cetylene (C2H2) flame. Transmission electron microscopy (TEM)
nalyses were performed on Philips TECHNAI G2 operated at
00 kV.

.2. Preparation of MCM-41-Cl
MCM-41-Cl was prepared by co-condensation method [39]
sing C16H33N(CH3)3Br (CTAB) as template, tetraethyl orthosilicate
TEOS) as silica precursor and chloropropyltriethoxysilane (CPTES)
s organo alkoxysilane precursor.
Schiff-base complex within the pore channels of MCM-41.

2.3. Preparation of Schiff base ligand

The reactions were performed under inert atmosphere of dry
nitrogen using distilled dried solvents. Schiff base ligand (A) was
synthesized by co-condensation method taking isoniazid and acetyl
acetone in 1:1 molar ratio. In a typical experiment, 10 mmol of
isoniazid (1.37 g) was dissolved in 20 ml methanol. To this acetyl
acetone (10 mmol) was added and refluxed for 6 h. Then the react-
ing mixture was cooled and allowed to crystallize. Finally the ligand
was recrystallized from methanol.

2.4. Preparation of immobilized ligand on MCM-41

MCM-41-Cl (1 g) was added to a solution of Schiff base ligand
(0.123 g, 0.562 mmol) in dry toluene and the resulting suspen-
sion was refluxed for 48 h under inert atmosphere. The ligand was
thought to be heterogenized by the elimination of HCl. This can
be observed as the appearance of pale yellow colour in the reaction
mixture. The heterogenized ligand was filtered, washed thoroughly
with dry toluene and finally dried at 80 ◦C.
2.5. Preparation of MCM-41 immobilized metal complexes

Immobilized complex catalyst was prepared under dinitrogen
by conventional Schlenk-tube technique, the solvents were care-



K.M. Parida et al. / Journal of Molecular Catalysis A: Chemical 342–343 (2011) 11–17 13

F
p

f
(
i
u
T
t
t
1
i

2

(
t
w
b
u
u

3

3

3

t
o
s
a
a
M
o
a
c
w
i

ig. 1. XRD spectra of (a) MCM-41, (b) CP-MCM-41 and (c) MCM-41–Au(III) com-
lex.

ully degassed before use. Then, an ethanolic solution of HAuCl4
0.562 mmol) was added to a suspension of heterogenized ligand
n toluene (20 ml) at room temperature. The resulting mixture was
nder reflux for 12 h, then cooled to room temperature and filtered.
he solid was filtered, washed several times with ethanol and dried
o afford the respective heterogenized complex in almost quantita-
ive yields. AAS analysis shows that 0.30 mmol Au was anchored in
.0 g of immobilized complex catalyst. The preparation procedure

s summarized in Scheme 1.

.6. General procedure for Suzuki reaction

Aryl halide (15 mmol), phenylboronic acid (10 mmol), K2CO3
20 mmol) and Au catalyst (3 mg) were mixed in xylene. The mix-
ure was stirred at 80 ◦C in nitrogen atmosphere. The reaction time
as idealized as 24 h. Yields were determined, for various catalysts

y GC analysis (Shimadzu GC-2010) equipped with a capillary col-
mn (ZB-1, 30 m length, 0.53 mm I.D. and 3.0 �m film thickness)
sing flame ionization detector (FID).

. Results and discussions

.1. Characterisation

.1.1. Powder X-ray diffraction
X-ray diffraction analysis was performed in order to investigate

he effect of incorporating gold complex on the texture properties
f the materials. In the XRD pattern of parent MCM-41 (Fig. 1a)
hows a very intense d1 0 0 = 38.85 Å diffraction peak at 2� ≈ 2.27
nd two other weaker peaks at 2� ≈ 3.99 and 2� ≈ 4.58 for d1 1 0
nd d2 0 0, respectively. All the peaks are well resolved indicating
CM-41 has a well defined hexagonal symmetry. The XRD patterns

f CP-MCM-41 and MCM-41–Au(III) complex are shown in Fig. 1b

nd c, respectively. However, after organo-functionalization (here
hloropropyltriethoxy silane) and metal complex loading, there
as a slight decrease in intensity and broadening of correspond-

ng peaks indicating a slight disorder in the organo-functionalized
Fig. 2. UV–vis spectra of (a) Schiff base ligand (A), (b) Au(III) complex, and (c) MCM-
41–Au(III) complex.

(here chloropropyl) and complex modified MCM-41. This is proba-
bly because the addition of organic group distorts the regular liquid
crystalline array of the template and lowers the long-range order-
ing of the MCM-41 mesostructure. This is not interpreted as a severe
loss of long range ordering of the silica framework [40,41]. In the
XRD pattern of the supported gold catalyst, the 1 0 0 reflection
is only present and shifts to a lower angle with respect to MCM-41.
Other reflections disappeared probably as a result of the contrast
matching between the silicate framework and organic moieties that
are located inside the MCM-41 channels [42].

3.1.2. UV–vis spectroscopy
The Schiff-base ligand, homogenous Au(III) complex and com-

plex anchored functionalized MCM-41 were characterised by
diffuse-reflectance UV–vis spectroscopy (recorded in 200–800 nm)
(Fig. 2). The complexes show several band maxima in the UV region
which might be due to intraligand � → �* and n → �* transition
in the heteroaromatic ring, azomethine group and charge transfer
transitions. Bands correspond to 400–500 nm region is due to d–d
transition of planer complexes and MLCT (metal to ligand charge
transfer bands). The diffuse reflectance spectra of both homoge-
neous and heterogeneous complex possess almost identical spectra
indicating that complexes maintain their geometry and electronic
properties after heterogenization without significant distortion.

3.1.3. FTIR spectroscopy
In the Schiff base ligand (A) IR spectra (Fig. 3b), a very inten-

sive band appears at 1691 cm−1 and a strong band appears at
1668 cm−1, which are assigned to the vibration frequency �(C O)
amide [43] and �(C N) azomethine [44]. For homogenous gold
complex (Fig. 3a), the band group corresponding to amide appear
shifted with 29–38 cm−1 towards lower frequencies, which indi-
cates the involvement of carbonyl group in coordination [45]. Also,
a shift towards lower values of �� = 66–77 cm−1 is observed for
the frequencies characteristic to azomethine group of homogenous
gold complex with Schiff base ligand (A). This suggests the involve-
ment of azomethine nitrogen in coordination with Au(III) ion [45].

In the IR spectra of the ligand, three mid intensity bands appear
at 1548, 1000 and 743 cm−1, which are assigned to vibration fre-
quency �(Py ring), Py ring bending and � (Pyring outside the plane),
respectively. Absence of any shift for these vibrational frequen-
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ig. 3. FT-IR spectra of (a) Au(III) complex, (b) Schiff base ligand, (c) MCM-41–Au(III)
omplex and (d) recycled catalyst.

ies discards the possibility of attachment of N atom of pyridine
ing. A broad band with its centre of gravity around 3425 cm−1

n the spectra of both ligand and complex may be assigned to
he combined mode of the stretching vibration of adsorbed water

olecule and NH2 groups. Appearance of the additional peak in
old complex around 2367 cm−1 may be due to adsorption of atmo-
pheric CO2. All data support the idea that in the gold complex,
he ligand works as tridentate NOO, being coordinated through
he azomethine nitrogen, enolic oxygen and carbonylic oxygen.
n the FTIR spectroscopic characterisation of the heterogeneous
omplex (Fig. 3c), the peaks due to the supports masks the spec-
ra of the immobilized complex. Absence of the N–H stretching in
he heterogenized complex (comparing with homogeneous) indi-
ates that complex binds to the support through the N atom of the
mide group. A shoulder near 3600 cm−1 represents the presence
f hydrogen-bonded, isolated and geminal silanols [46]. It can be
nalyzed that the band appears near 2942 cm−1 result due to the
–H stretching of the functionalized chlropropyl group.

.1.4. Thermal analysis
The anchoring of the complexes was checked by TGA and DTA

easurements. The decomposition behaviour of the free complex
nd anchored complex has been compared in order to understand
he effect of anchoring (Fig. 4). The free complex decomposes dur-
ng heating to 650 ◦C in several welldefined steps. This behaviour
ndicates that the Au(III) complex decomposes in a relatively

elldefined manner and releases defined fragments, which read-
ly burn off. The characteristic mass losses related to water were
etected between 90 and 110 ◦C for all curves. The main mass losses

n the temperature range of 200–700 ◦C corresponds to the splitting
f the Schiff base molecules. DTA curve indicates that all weight loss
teps are exothermic in nature.
The anchored complex (MCM-41–Au(III) complex) shows some-
hat different decomposition behaviours due to covalent bonding.

he TGA curve of MCM-41 anchored complex shows less defined
teps of weight loss. Decomposition of the complex is complete at
Fig. 4. Thermo gravimetric and differential thermo gravimetric results of (a) homo-
geneous gold complex and (b) MCM-41–Au(III) complex.

900 ◦C. The shifts of the onset temperature of decomposition of the
anchored complex in comparison with free complex is due to the
mutual stabilization of propyl amino groups and the complexes and
are indirect proofs for the entrapment of complex moieties inside
the pore channels MCM-41.

3.1.5. TEM studies
Transmission electron micrographs of (a) MCM-41-41 and (b)

MCM-41–Au(III) complex are shown in Fig. 5. Both MCM-41 and
MCM-41–Au(III) complex feature an open-ended lamellar type
arrangement of hexagonal porous tubules. But in case of MCM-
41–Au(III) complex the channels are slightly less ordered due to
immobilization of the complex in the pore channels.

3.2. Analysis of Suzuki coupling reaction

3.2.1. Catalytic study
To test the reactivity of Au(III) complex for Suzuki coupling, reac-

tions were carried out between Br–Ph and I–Ph with a series of aryl

boronic acids. The general utility of the reaction conditions with a
variety of aryl boronic acid substrates (aryl = Ph, 4-MeOPh and 4-
MePh) and aryl halides (BrPh, IPh) was studied. We observed that
the expected cross-coupling product was not formed while the aryl
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was repeated with further addition of substrates in appropriate
amount under same reaction conditions. The recovered catalyst
is found to exhibit almost the same catalytic activity for homo-
coupling reaction. From Fig. 6, it is seen that there was almost
Fig. 5. TEM of (a) MCM-41 a

oronic homocoupling compound was obtained as the exclusive
roduct (Table 1).

Interestingly, the reaction also proceeds with the same conver-
ion and selectivity in the absence of the aryl halide and K2CO3.

hen the reaction is carried out without K2CO3, the only differ-
nce observed is the degradation of the catalyst. The base is known
o activate phenylboronic acid [47,48] however, our results indicate
hat with our catalytic system base is not needed for the activation
f phenylboronic acid, and its only role is to neutralize the boric
cid. We have also tested the reaction by taking KtOBu, sodium
cetate, and butyl amine as base. Under optimal reaction conditions
2CO3 is found to be best among all.

The effects of electron-donating and electron-withdrawing sub-
tituents in the boronic acid on reactivity are also given in Table 1. In
eneral, moderate to excellent yields and good selectivity towards
he homo-coupling product are found with Au(III) complexes. The
est reactivity is found with phenylboronic acid as the substrate. It
an be concluded that electron donating and electron withdrawing
ubstituent did not significantly change the yield.

For comparison purposes, Pd(II) complex with same ligand
as prepared and tested under the same reaction conditions, the

esults (Table 1) show that Pd-catalysts are highly selective towards
ross-coupling reactions, and only when the reaction was very
low, some homocoupling reaction between boronic acids also
ccurred.
.2.2. Heterogeneous activity and catalyst reuse
In order to ascertain whether the catalysts were behaving in a

ruly heterogeneous manner, we repeated several reactions and fil-

able 1
ummary of yields for Suzuki coupling reactions catalyzed by Au and Pd heteroge-

eous phases Ar–X + Ar′–B(OH)2
Au,Pd−→
Xylene

Ar′–Ar′
A

+ Ar′–Ar′
B

+ Ar′–OH
C

.

Ar X Ar′ Au Pd

%A %B %C %A %B %C

Ph Br Ph 91 0 2 0 87 3
Ph I Ph 95 0 0 2 62 0
4-OMePh Br Ph 82 0 1 9 79 0
Ph Br 4-MePh 85 0 2 0 69 –
Ph I 4-MePh 85 0 0 0 67 0
Ph Br 4-OMePh 84 0 3 0 68 0
Ph Br 4-MePh 90 2 0 0 65 0

ondition: Aryl boronic acid (10 mmol), aryl halide (15 mmol), Au(III) or Pd(II) cata-
yst (3 mg) and K2CO3 (20 mmol) in xylene at 80 ◦C. Reaction time 24 h.
) MCM-41–Au(III) complex.

tered the catalysts under optimal reaction conditions, and allowed
the reactions to continue in the absence of catalyst. No additional
conversion was seen in any case after filtration of the catalyst. Fur-
thermore, small fractions of liquid were removed from reactions,
which were underway, rapidly filtered and added to a fresh mix-
ture of different coupling partners and base. In these cases, the fresh
mixture did not react, indicating that no catalytic activity could be
ascribed to the liquid aliquot from the first reaction. On the other
hand, the first reaction continued, indicating that the solid catalyst
remained active.

Again, we turn our attention to the reusability of present hetero-
geneous Au(III) complex. To test the stability and recycling ability
as well as leaching of gold metal from MCM-41 under reaction
conditions, recycling experiments were carried out using xylene
as solvent. The typical recycling procedure was as follows: after
the initial reaction, the catalyst was separated from the reac-
tion mixture, washed, dried under vacuum and the catalytic run
Fig. 6. Bar chart showing catalyst activity for MCM-41–Au(III) complex over several
recycle (homocoupling of phenylboronic acid with iodo benzene in K2CO3/xylene
at 80 ◦C).
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Scheme 2. The possible mechanistic pathway f

o change in catalytic activity even after fourth recycle. From
tomic absorption spectroscopy (AAS) analysis it was found that
etal content of the recycled catalyst remained unaltered indi-

ating no leaching of the metal from MCM-41. In this context,
he catalyst was removed from the solution after approximately
0% conversion at the reaction temperature. The isolated solution
id not exhibit any further reactivity under similar reaction con-
itions. These studies indicate that the loss of Au active site is
egligible, which could account for the preservation of catalytic
ctivity. IR spectra for the recycled catalyst has provided along
ith the fresh catalyst in Fig. 3d. Similar spectra suggest retention

f all types of properties of the recycled catalyst to that of fresh
atalyst.

.2.3. Reaction mechanism
The contrast selectivity can be explained by the mechanistic

ifference between gold and palladium catalyst. With regard to
he possible reaction mechanism Suzuki cross coupling involve an
xidative addition of phenyl halide to the palladium as the first
tep. Oxidative addition does not take place in gold complex and
omocoupling may occur through an “aromatic transmetallation”

rom boron to gold according to the mechanism proposed by Corma
t al. [12,49,50]. In a second step the gold complex binds to a second
romatic ring which finally gives biphenyl by reductive elimination
egenerating the original gold complex through ligand rearrange-
ent (Scheme 2).

. Conclusion

In summary, this work gives evidence that readily synthesiz-
ble gold complex supported on organically modified mesoporous
ilica can be advantageously employed to homocoupling of aryl
oronic acid. XRD patterns show mesoporosity is retained even
fter multiple synthesis procedure. FT-IR and diffuse reflectance
V–vis spectra confirm the formation of the complex. The gold
omplex shows high selectivity towards homocoupling of aryl

oronic acid, in contrast the palladium complex shows selectiv-

ty for cross-coupling. Furthermore the catalyst could be simply
ecovered and reused up to four cycles without a significant loss in
atalytic activity.

[

[
[

uki coupling using Au(III) Schiff-base complex.
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