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Abstract

Synthesis of a novel three-dimensional mesoporous Pd-KIT-6 is carried out by a room temperature sol-gel method. The
synthesised material is well crystalline observed from the Small angle powder X-ray diffraction. Calcination at 550 °C for
8 h retains the structure. The particle sizes are in the micron range. Si/Pd ratio of the as-synthesized material is found to be
45 against the input ratio 100. Transmission electron micrograph reveals the presence of the porous hexagonal structure.
Thermogravimetric studies reveal that the KIT-6 (Korea Advanced Institute of Science and Technology number 6) undergo
less weight-loss compared to Pd-KIT-6, which indicates the material is more crystalline than its metal-free counterpart due
to the enhanced crystallisation rate. These results also supported by BET-surface area and Transmission electron microscopic
picture. The 960 cm™! band at Fourier transform Infrared spectroscopic analysis shows that the incorporation of Pd in the
framework. These FT-IR results also supported by Raman Spectroscopic analysis. Electron spin resonance spectroscopic
analysis shows that the Palladium is present in the +2 oxidation state in as-synthesized samples. Diffused reflectance Ultra-
violet—Visible spectroscopic results show that Palladium is in tetrahedral coordination. Microwave irradiated Suzuki—-Miyaura
(SM) cross-coupling reactions studied by using the Pd-KIT-6 catalyst in detail without any organic solvent at 100 °C for
10 min. The reaction carried out in the presence of phenyl iodide, phenylboronic (PhB(OH),), and K,CO; produce biphenyl,
with 98% yield. Change of halide to Phenyl bromide gave similar results, but Phenyl chloride gave lesser conversion (20%).
It is due to the electronegativity difference between the halides. A plausible reaction mechanism is also proposed.
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1 Introduction size distribution, geometries, compositions and selective

adsorption ability, making them highly valuable model

In the last decade, Mesoporous materials have an impor-
tant role in addressing some of the major problems facing
society in the twenty-first century, such as energy storage,
CO, sequestration, H, storage, therapeutics (for example,
drug delivery) and catalysis [1]. The size of the pores and
their distribution directly affect their ability to function in
a particular application [2]. There has been an increasing
interest in the design of ordered mesoporous transition
materials have attracted considerable attention because of
their fascinating unique properties such as high surface
areas, uniform and well-defined pore size, narrow pore
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systems for various research areas, the 2D hexagonal
(p6 mm) structures of mesoporous materials like MCM-
41 (Mobil Composition of Matter-41) and SBA-15 (Santa
Barbara Amorphous-15), have been invented and applied
in the fields of adsorption, catalysis, drug delivery, separa-
tion, sensing, cosmetic applications and biological studies.
KIT-6 (Korea Advanced Institute of Science and Tech-
nology-6) is a recently reported mesoporous silica with
may be described by the gyroid infinite periodic mini-
mal surface (IPMS) structure with cubic Ia3d symmetry
with two interpenetrating bicontinuous mesopore system
with tunable pore size. Both channel systems are inter-
connected by micropores. The interconnectivity can be
tuned [3]. Among many kinds of mesoporous silica with
different structures and porosities, KIT-6 was chosen as
a typical example with relatively large pores. In contrast
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to materials with 2D hexagonal symmetry, the 3D cubic
pore structure is highly branched and is highly accessible.
KIT-6 has attracted the researchers by its promising appli-
cations in catalysis. KIT-6 have characteristic features like
high thermal stability, higher surface area, tunable pores
with pore walls and large pore volume. The increased dif-
fusion rate of reactants and products during the reaction
had achieved a greater dispersion of the catalyst [4-7].
Cross-coupling reactions catalysed by palladium metal
have played an essential role in the field of organic syn-
thesis [8—15]. The 2010 year Noble prize to this reaction
in chemistry to signifies the importance of this field in
science [16]. The first and foremost SM cross-coupling
reaction using palladium as catalyst reported in the litera-
ture was between aryl halide (R-X) and aryl boronic acids,
and this method is significant in the carbon—carbon bond
development to be precise for the synthesis of unsym-
metrical biaryls. It is essential because these biaryls are
predominant components of pharmaceuticals [17]. They
are also present in many herbicides, alkaloids and materi-
als used in the field of engineering like liquid crystals,
molecular wires and mostly conducting polymers, exten-
sive use in the synthesis of useful organic compounds in
agrochemistry, nucleoside analogues, natural products,
pharmaceuticals and advanced materials [18-23]. The
homogeneous catalysts are having higher turnover num-
bers and high activity. However, homogeneous catalysts
cannot be separated easily from the reaction mixtures,
and there is a problem of potentially expensive complexes
which have to recycle. The product also may contain
residual metal contaminations. Even though homogene-
ous catalysts possess many advantages, it is difficult to
separate and recycle them [24]. As far as heterogeneous
catalysts are concerned, they can overcome these prob-
lems [25-28]. Microwave irradiation is in global trend for
eco-friendly synthesis in a green approach. When micro-
wave irradiation used over the conventional methods, the
reaction times have greatly minimised, and the product
yields maximised [29, 30]. The most vital objective in the
field of green chemistry was the disposal of the volatile
organic solvents resulted in organic synthesis. The use of
less energy uptake by the solvent-free organic reaction
reduces the solvent wastes, which simplified the products.
In the present work, we have described the synthesis of
Pd-KIT-6 catalyst by room-temperature sol—gel method and
its characterisation by various advanced analytical tech-
niques. The catalytic activity of Pd-KIT-6 in the presence
of PhB(OH),, R-X (chlorides, bromides, and iodides), and
K,COj; under microwave irradiation (SM cross-coupling
reaction) are studied. The catalytic performance of the
resulting materials in the SM cross-coupling reaction of
aryl halides with aryl boronic acids and the efficiency of
recycling the resulting catalysts are reported herein.
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2 Experimental

The typical synthesis procedure is as follows [31, 32]
6.00 g of Pluronic P123 and 10 mL of 37 wt% concen-
trated HCI solution dissolved in 217 mL of double dis-
tilled water. After dissolution, 7.39 mL of n-butanol was
added to the above mixture and stirred for 1 h at room tem-
perature. 12.9 g of Tetraethylorthosilicate and Palladium
acetate (Si/Pd =100) are added to the above homogenous
solution, followed by stirring for 24 h at room temperature.
The final gel molar ratio is SiO,: 0.01 P123:1.38 BuOH:
5.05 HCI: 116.51 H,0:0.13 Pd (OAc),. The solid parti-
cles are centrifuged, washed with double distilled water
and methanol and dried at 100 °C for overnight. Finally, a
portion of the sample is calcined at 550 °C in the tubular
furnace for 5 h.

Powder X-ray diffraction pattern (XRD) analysis of the
samples are carried out by using Rigaku Corporation X-ray
diffractometer Ultima-IV, Japan using Ni-filtered Cu-K,
radiation source (1=1.5406 °A) with a 20 scan range of
0.7-80" at 40 kV and 30 mA. Morphology of the sam-
ples analyzed by TESCAN VEGA 3 LMU scanning elec-
tron microscope (SEM) operating at 10-20 kV. The pore
width and size of the samples analyzed by JEOL JEM-
2100 Transmission electron microscopy (TEM) instrument
using an acceleration voltage of 200 kV. Thermo Gravime-
try/Differential thermal analysis (TG/DTA) of the samples
is carried out by Regulus NETZSCH, STA 2500, and Japan
under an air flow at a heating rate of 10 °C/min. Nova-1000
Quantachrome used for the BET—surface area measure-
ments of the catalyst by nitrogen adsorption/desorptions
isotherms recorded at liquid nitrogen 77 K temperature.
The Fourier transform infrared spectroscopic (FT-IR) stud-
ies of the materials recorded on a PerkinElmer 200 s FT-IR
instrument at room temperature using KBr pellets in the
range of 4000 to 400 cm™~!. Raman spectroscopic analysis
is carried out on a Bruker senterra dispersive smaller scale
Raman spectrometer (Bruker Optik GmbH, Ettingen, Ger-
many outfitted with a confocal magnifying instrument, and
liquid nitrogen cooled charge coupled identifier by utilis-
ing a laser source of wavelength 532 nm and recorded in
the 50 to 1550 cm™! spectral ranges). JEOL JES FA 100
(Japan) used for Electron spin resonance analysis. UV—Vis
diffuse reflectance spectra of the samples recorded with
BaSO, as the reference on Thermo Scientific Evolution
300 UV-Visible spectrophotometer. X-ray photoelectron
spectroscopic (XPS) analysis was performed by using a
Thermo Fisher Scientific Theta Probe Spectrometer (East
Grinstead, UK) for elemental quantification.

The catalytic activity tested by the following method.
A mixture of aryl iodide (1 mmol), PhB(OH), (1.5 mmol)
and K,COj; (1.98 mmol) in a microwave reaction vial and
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accumulation of 0.1 g of Pd-KIT-6 catalyst to the reaction
mixture. The flask was planted to heat at the 100 °C with
360 W in a microwave reactor (LG) for 10 min. After cool-
ing the reaction mixture to room temperature, the prod-
ucts analysed by Thin layer chromatography. When the
reaction completed, distilled water (5.0 mL) was added to
the above mixture and extracted with ether (5.0 mL)—the
organic level in dehydrated over MgSO, and concentrated
in vacuum. The unrefined product was further purified by
chromatography on a silica gel column to afford the pure
product.

2.1 NMR spectral analysis for biphenyl compound

'"H NMR (400 MHz, DMSO-d,, 25 °C, TMS): 8 7.59 (d,
4H), 7.43-7.39 (t, 4H), 7.33-7.30 (d, 2H) ppm; *C NMR
(400 MHz, DMSO-dj, 25 °C, TMS) 8 =141.2, 128.7, 128.6,
127.3, 127.2 ppm; Colourless solid; m.p. 68-70 °C.

3 Results and discussion

The powder low-angle XRD patterns of pure KIT-6 and Pd-
KIT-6 samples are presented in Fig. 1. With the incorpora-
tion of Pd into the KIT-6 framework, the intensity of the
peaks slightly decreases, and the peak positions are shifted
to lower values due to the enhancement of the pore width
[33]. The characteristic peaks of 211 and 200 plane cor-
respond to the cubic structure of pure mesoporous KIT-6.
XRD pattern of KIT-6 and Pd-KIT-6 show a single peak for
amorphous silica in the wide-angle region. Of course, it is
similar to the other reported data for mesoporous materials.
We did not observe any peak for amorphous Palladium.

—— Pd-KIT-6
—KIT-6

Intensity (a.u.)

T T T T T T
1.0 1.5 2.0 25 3.0 3.5 4.0

2 Theta (degree)

Fig. 1 Small angle and Wide angle (inset) XRD Pattern of KIT-6 and
Pd-KIT-6

SEM pictures (Fig. 2) show the small cubic crystals of
KIT-6 in the range of 10 um, and there is no significant
change in the morphologies of the crystals upon immobi-
lisation of Pd particles [34]. The Energy dispersive X-ray
analysis (EDAX) investigation results show that the presence
of Si, O, C and Pd elements in the as-synthesized samples,
the output Si/Pd =45 against input Si/Pd = 100. The images
show that there is an enrichment of Pd on the surface in the
morphology of the synthesised material [35]. The palladium
produces the active site in the material which improves the
activity per site.

The morphology of KIT-6 and Pd- KIT-6 catalyst are
investigated through TEM analysis, and the characteristic
patterns displayed in Fig. 3. The Pd-KIT-6 was found to
demonstrate an ordered three-dimensional hexagonal struc-
ture predictable with previous reports.

Thermogravimetric/Differential Thermal Analysis inves-
tigation was employed on as-synthesized KIT-6 and Pd-
KIT-6 displayed in Fig. 4. In as synthesised KIT-6, there
is an initial weight loss from 0 to 300 °C (9.7%) because of
the desorption of physisorbed water. Another weight loss at
350 °C to 600 °C (30%) as a result of decomposition of tem-
plate entrapped inside the pores of KIT-6 and in Pd-KIT-6
material there is an initial weight loss from 0 °C to 300 °C
(2.7%) due to physisorption and chemisorption of water and
another weight loss at 350 °C to 600 °C (60%) due to the
oxidative decomposition of the template occluded in the
pores of Pd-KIT-6. There is no weight loss of over 600 °C to
800 °C. KIT-6 and Pd/KIT-6 materials are thermally stable
even up to 800 °C [36].

Nitrogen adsorption—desorption isotherms for the cal-
cined KIT-6 and Pd-KIT-6 represented in Fig. 5. In general,
for the uniform mesoporous KIT-6 material a clear capillary
condensation step would be observed as it has been reflect-
ing as its characteristic feature of the type-IV isotherm. The
hysteresis loop H1 observed at a relatively high pressure
which represents the distribution of channel-like pores and
narrow pore size. Table 1 represents the textural properties
of the surface area, pore volume and pore diameter of pure
KIT-6 and Pd-KIT-6 respectively. A sharp decrease in the
particular surface region of 974 m%/g to 651 m*/g. A slight
decrease in the pore volume of 0.89 cc/g to 0.43 cc/g and
there is no much change in the pore diameter. It confirms
that there is a significant increase in crystallinity on Pd
incorporation, probably due to enhancement in crystallisa-
tion rate [37].

Figure 6 provides information about FT-IR spectra of
KIT-6 and Pd-KIT-6 catalyst. The band at 3449 cm™! rep-
resents the —OH stretching vibration of water and defective
-OH groups [38]. The resolved band at 1093 cm™! relates
to asymmetric stretching of Si—O-Si vibration. A band at
962 cm™! is responsible for Si-O-H stretching vibration. The
occurrence of bands at 1080, 802 and 464 cm~! observed
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Fig.2 Scanning electron micrograph and energy dispersive X-ray analysis of KIT-6 and Pd-KIT-6
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Fig.3 Transmission electron micrograph of KIT-6 and Pd-KIT-6
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Fig.4 Thermogravimetry/Differential thermal analysis of KIT-6 and
Pd-KIT-6

due to the symmetric stretching and bending vibrations of
Si—O-Si groups individually. 1644 cm™~! depicts the bend-
ing vibration of the water. The band present in Pd-KIT-6 at
2932 cm~! is due to the presence of the template material.

The structural characteristic of Pd-KIT-6 catalyst was
examined further with Raman spectroscopy. In Pd-KIT-6
the peak at 414 cm™! relates to stretching vibration of Pd—O
[39] (Fig. 7).

ESR spectrum of Pd-KIT-6 is shown in Fig. 8 It indi-
cates typical hyperfine splitting of the presence of a broad
background signal, and at field centre 327 (mT), g value
is calculated as 2.004 which could be due to Pd**species
present silica matrix.

The Ultraviolet—Visible Diffuse Reflectance Spectra
(UV-Vis-DRS) of KIT-6 and Pd-KIT-6 analysed (Fig. 9) in
the specific range of 200—800 nm. The characteristic absorp-
tion peak at 226 nm is due to the presence of Si—O~ species
and the peak 380 nm is due to palladium present in tetrahe-
dral coordination.

The oxidation state of Pd-KIT-6 was clearly observed in
XPS analysis. Figure 10 show different peaks such as Pd, Si
and O. A high intense peak around 532.8 eV was attributed
to O1 s. The high-resolution XPS spectrum of the Pd 3d core
level includes two components. Pd 3d 5/2 and Pd 3d 3/2 cor-
responds to the binding energy of 342 eV and 336 eV which
is in agreement with the literature [40] displays the presence
of Pd species in the material. The measured binding energy
of 103.4 eV is assigned to Si 2p [41] Metal loading effect
was clearly understood by XPS analysis. The deconvoluted
spectrum of Pd metal was shown in inset Fig. 10. Presence
of Pd>* was clearly shown in the deconvoluted graph of Pd.

The calcined Pd-KIT-6 samples show a remarkable activ-
ity over the Suzuki—Miyaura reaction (Table 2). The reaction
of PhB(OH), with R-X accomplished by changing the nature

Table 1 BET surface area and porosity data

Mesoporous material Pore Average pore Surface
volume? diameter® (A) area®
(cclg) (m?/g)

KIT-6 0.89 36.62 974

Pd-KIT-6 0.43 36.61 651

“Pore volume evaluated from the N, adsorption—desorption isotherms
bPeak pore size determined from BJH pore size determination
“Surface area calculated using BET equation

Fig.5 N, Adsorption/Desorp-
tion isotherms and Pore diam- —eo— Pd-KIT-6
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Fig.6 FT-IR analysis of KIT-6 and Pd-KIT-6
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Fig.7 Raman spectroscopy analysis of Pd-KIT-6
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Fig. 8 Electron spin resonance analysis of as-synthesized Pd-KIT-6
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Fig.9 Ultraviolet—Visible diffuse reflectance spectra of KIT-6 and
Pd-KIT-6

of the substituent on the aryl halide. It is found that the reac-
tion with aryl chloride occurred relatively slowly, taking at
10 min and yield only 20% of the product, whereas, for aryl
bromide, the reaction took place in 10 min with 90% yield.
The response with aryl iodide is found to be most efficient
with 10 min of reaction time and yield 98%. Herewith the
electronegativity of halides is assumed to play an important
role.

The base is sophisticated in distinct steps of the catalytic
cycle. It accelerates the rate of transmetalation between pal-
ladium and boron reagent. To find the most efficient base for
the coupling reaction has been carried out in the occupancy
of a series of bases like K,COj;, Na,COj;, Li,CO;, Cs,CO3,
KF, K;PO,, KOH, and KO'Bu (Table 3). In the attendance of
K;PO,, KOH and KO'Bu the yields were low, while Na,CO;,
Li,CO;, Cs,05, and KF gave moderate yields. The results
show that the nature of the base much influences the cross-
coupling reaction. Best results have observed in the presence
of the K,COj; base concerning both time and product yield,
which was found to be 10 min and 98% respectively.

The reaction carried out by varying the changing of irra-
diation time for the sake of enhancing the reaction condition.
When MW irradiation time shortened to 2 min at 100 °C
with the maximum temperature at 300 W of power, the yield
of the biphenyl diminished to 80%. It observed that the yield
of biphenyl was declined to 92% and 84% when the irradia-
tion time was raised to 20 and 30 min respectively. It empha-
sised that the best yield acquired from the following set of
parameter MW irradiation at 100 °C, 300 W for 10 min with
Pd-KIT-6 as a catalyst and K,CO; used as a base (Table 4).

The reaction of aryl iodide with PhB (OH), has ana-
lysed by varying the amount of catalyst. It observed that
with an increase in the amount of catalyst from 0.02 to
0.10 g, a noticeable increment of 73 to 98% yield respec-
tively (Table 5). Thus, the prescribed amount of 0.10 g was
found to be the ideal for the composite with the contraction
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Fig. 10 XPS analysis of Pd-KIT-6

Table 2 Impact of substituents of R-Xs on SM cross-coupling reaction of PhB(OH), with R-Xs (Reaction conditions: phenyl iodide (1 mmol),
PhB(OH), (1.5 mmol), base (1.98 mmol), Pd-KIT-6 (100 mg), 360 W, 100 °C)

S. No. Aryl boronic acid R-X Base Time (min) Temp (°C) Power (W) Yield (%)
PhB(OH), Phl K,CO; 10 100 360 98
PhB(OH), PhBr K,CO; 10 100 360 90
PhB(OH), PhCl K,CO; 10 100 360 20

of PhB (OH), (1.5 mmol) with iodobenzene (1 mmol) at
100 °C. It emphasised that in the absence of the catalyst
there was no formation of products with the same reac-
tion conditions. The reaction conditions are Aryl iodide
(1 mmol), PhB (OH), (1.5 mmol), Base (1.98 mmol),
360 W, 100 °C).

Feasibility of the catalyst further emphasised by multiple
runs of the reaction on the same batch with the catalyst by
the help of the model reaction. Then after the completion of
the reaction process, the catalyst was recorded at the end of
each cycle and reused by the filtration, washed with DDW
2-3 times, then with diethyl ether and acetone several times,
the collected solid was dried in an oven at 60 °C for 12 h. It
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Table 3 Result of bases in consideration of the M.W.-assisted SM
cross-coupling reaction of PhB(OH), and phenyl iodide with Pd-
KIT-6 catalyst under solvent-free condition (Reaction conditions:
Aryl iodide (1 mmol), PhB(OH), (1.5 mmol), Base (1.98 mmol), Pd-
KIT-6 dosage=0.1 g)

S.No. Base Power (W) Tempnera— Time (min) Yield (%)
ture ( C)
1 K,CO; 360 100 10 98
2 Na,CO; 360 100 10 95
3 Li,CO; 360 100 10 86
4 Cs,CO; 360 100 10 82
5 KF 360 100 10 70
6 K;PO, 360 100 10 59
7 KOH 360 100 10 58
8 KO'Bu 360 100 10 52

observed that after each run of the cycle the catalyst amount
entirely recovered because of the filtration process. However,
as per the recovered amount of the catalyst, the reactants
precursors have been observed to run the next cycle. Despite
being very less amount of catalyst lost during each run.

Further, we have tested the reusability of the Pd-KIT-6
catalyst with the reaction of the aryl iodide, and PhB (OH),
was carried out for two successive consecutive cycles by
similar reaction conditions after the first reaction, the fil-
tration process separated the solid product. The yields for
the second and third cycles were found to be 97% and 95%
respectively. For the fourth and fifth cycles were found to
be 90% and 89% respectively. The catalyst has the capabil-
ity with the outcome of the reusability for at least up to five
cycles.

The SM cross-coupling reaction as shown in (Fig. 11)

the reductive elimination step, the essential product gained
along with the regenerate of the palladium catalyst. The
SM cross-coupling reaction was the organic reaction of an
organoborane with an organohalide to produce the coupled
product using a base and palladium-containing KIT-6 cata-
lyst. The mechanism commences with the oxidative addition
of the organohalide (R'-X) to the Pd (II) complex. Organo-
borane to plan a borate reagent originating its R group more
nucleophilic than replaces the halide on the palladium com-
plex. Transmetallation with the borate then follows where its
R? group takes over from the halide anion on the palladium
complex. Reductive elimination, at that moment hand over
the final coupled product (Bi-phenyl compound), regener-
ates the palladium catalyst and the catalytic cycle be able to
start over again.

4 Conclusions

The Pd-KIT-6 catalyst is synthesised by the room tempera-
ture sol-gel method, and various advanced techniques were
used to characterise the materials. The synthesised materials
are highly crystalline. The catalytic activity of this mate-
rial is studied in the solvent-free condition under micro-
wave radiation. We have optimised the reaction conditions
and also a plausible mechanism on its catalytic activity is
proposed.

Table5 M.W.-assisted SM

) ] e - . 3 S.No. Amountof Yield (%)
comes out of a three-step mechanism (i) oxidative addition Cr055‘09uP11“g reaction f’f catalyst (g)
(i1) transmetalation and (iii) reductive elimination [36]. In R-Xs with PhB (OH), yield
A o . dependence of the catalyst 1 0 _
the oxidative addition process, palladium catalyst couples  ;mount (Reaction conditions: 5 0.02 .
with the R-X which results in the formation of the organo- Aryl iodide (1 mmol), PhB )
palladium complex. In the transmetalation step, the base ~ (OH), (1.5 mmol), Base 3 0.04 82
. N . (1.98 mmol), 360 W, 100 °C) 4 0.06 86
activates the boron-containing in the reagent. The reaction
does not at all take place in the absenteeism of the base. In 3 0.08 92
6 0.10 98
Table 4 MW—mediaFed SM S. No. Catalyst Temperature  Power (W) Base Time (min) Yield (%)
cross-coupling reaction o)
conditions: R-Xs with
PhB(OH), s and its reaction 1 Pd-KIT-6 100 360 K,CO; 2 80
time 2 Pd-KIT-6 100 360 K,CO, 4 85
3 Pd-KIT-6 100 360 K,CO, 6 95
4 Pd-KIT-6 100 360 K,CO, 8 96
5 Pd-KIT-6 100 360 K,CO, 10 98
6 Pd-KIT-6 100 360 K,CO, 20 94
7 Pd-KIT-6 100 360 K,CO; 30 84
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Fig. 11 A plausible reaction mechanism for SM cross-coupling reaction in the existence of Pd-KIT-6
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