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Ion Exchange Method






Designing of Catalyst

Designing of catalyst by ion exchange method

Ion exchange method is consisting of three steps for the synthesis of PANPs
stabilized by zirconia supported TPA /LTPA. Step-I: TPA /LTPA is supported on
zirconia by incipient wet impregnation method. Step-II: Exchange of available
counter protons by Pd using soaking method. Step-III: Finally, this Pd exchanged
zirconia supported TPA /LTPA is converted to stabilized PANPs by reducing in
Parr reactor. Synthetic scheme by ion exchange method is given in scheme 1,
where, Hi([PWyO,] = 12-tungstophosphoric acid, TPA (H3PW12040) or Mono
lacunary tungstophosphoric acid, LTPA (H7PW11039).

PdNPs Stabilized by Zirconia Supported Heteropoly acids (Heterogeneous)
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Scheme 1 Synthetic scheme for stabilized PANPs via ion exchange method.
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CHAPTER 1

PdNPs Stabilized by Zirconia
Supported TPA: Synthesis,
Characterization and
Applications to C-C coupling

and Hydrogenation
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Abstract

The present article demonstrates a simple method for synthesizing the highly stabilized Pd(0) nanoparticles by using sup-
ported 12-tungstophosphoric acid as a stabilizer as well as a carrier. The obtained material was characterized by different
methods and the presence of nanoparticles on the surface of the carrier was confirmed. especially by TEM and XPS. As an
application, the use of material was explored for the well-known fascinating organic transformation, Suzuki-Miyaura cross
coupling reaction in aqueous medium as well as in neat H,O. It was found that the material shows an outstanding activity
as the heterogeneous catalyst (0.0096 mol% of Pd) for both aqueous medium (99% conversion, TOF 96958 h_l) and in neat
H,0 (89% conversion, TOF 46390 h™") towards biphenyl. The catalyst was recovered by filtration only, regenerated and
reused without any significant loss in conversion. Study shows that the present catalyst is truly heterogeneous and sustain-
able for the said reaction, in either of the medium. The viability of the catalyst was learned toward different substrates and
found to be excellent in almost all cases.
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Abstract

Stabilized Pd(0) nanoparticles by supported 12-tungstophosphoric acid (Pd(0)-TPA/ZrO,) was explored as a sustainable
recyclable catalyst for selective C=C hydrogenation of cyclohexene and crotonaldehyde. The catalyst shows an outstanding
performance [catalyst to substrate ratio (1:1.31 x 10%)] towards high conversion as well as 100% selectivity of the desired
product with high turnover number (> 10,000) and turnover frequency (> 2600 h™") for both the systems. The use of neat
water as a solvent and mild reaction conditions makes the present system environmentally benign and green. Moreover, the
catalyst could be recovered and reused up to five cycles without any significant loss in their conversion as well as selectivity.
The viability of the catalyst was evaluated towards different aromatic as well as aliphatic arenes and found to be excellent
in all the cases. The obtained selectivity, especially butyraldehyde, was correlated with the nature of the catalyst as well as
solvent and based on the study, a plausible mechanism for both the reactions was also proposed.
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Chapter 1 PANPs Stabilized...

As discussed in general introduction, surpassing advantages of heterogeneous
catalyst attract number of groups to design heteropoly acid stabilized nano
catalysts for various applications. In this context, we found few reports on Pd

nanoparticles stabilized by supported 12-tungstophosphoric acid (TPA).

In 2012, first time, Yamashita et al. synthesized stabilized Pd nanoparticles
stabilized via silica supported cesium salt of 12-tungstophosphoric acid
(Pd/Cs25H05PW12040/5i02) by photo-assisted deposition method. It was
found to be an active catalyst for the direct synthesis of hydrogen peroxide

from molecular H> and O» [1].

In 2016, Zhang et al. developed facile and green one-pot method for 12-
tungstophosphoric acid stabilized tri-component catalyst comprising of Pd
nanoparticles on macroporous carbon (Pd@H3;PMo01204/MPC). This
synthesized material was applied to promote the development of new

electrochemical sensors and electrode materials [2].

In 2017, Zhao et al. fabricated 12-tungstophosphoric acid stabilized palladium
nanoparticles on reduced graphene oxide (Pd/H3PW1204/RGO) by a simple
photoreduction one-pot method. Obtained material was utilized for effective
electrooxidation of ethylene glycol and glycerol [3]. In the same year, Zhang et
al. designed ex-situ decorated ordered mesoporous carbon with palladium
nanoparticles via 12-tungstophosphoric acid (Pd-H3PW12040-OMC). Its
efficiency was evaluated for sensitive detection of acetaminophen in

pharmaceutical products [4].

In 2018, Leng and Dai anchored palladium nanoparticles on 12-
tungstophosphoric acid attached melem porous hybrid (H3PW12040/ melem, as
stabilizing agent) by hybridization and post chemical reduction. The catalytic
efficiency of the synthesized material was evaluated for boosting capacity of

formic acid dehydrogenation efficiency [5].
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Zhang et al. in the same year developed tricomponent stabilized nanohybride
comprising of Pd, 12-tungstophosphoric acid and nitrogen doped hollow
carbon spheres (Pd/H3PW12040/NHCS). The designed material was applied

for selective electrochemical sensor for acetaminophen [6].

In this chapter, we are reporting the synthesis of Pd nanoparticles (PdNPs)
stabilized via Zirconia supported 12-tungstophosphoric acid (TPA/ZrOz) by
exchange method. The synthesized nanocatalyst, Pd-TPA/ZrO;, was
characterized by elemental analysis EDX, TGA, FT-IR, XPS, TEM, HRTEM,
STEM, BET and XRD. The efficiency of the catalyst was evaluated as a
sustainable heterogeneous catalyst for SM coupling in aqueous as well as neat
water, Heck coupling and hydrogenation of cyclohexene and crotonaldehyde
hydrogenation in water. Influence of various parameters such as catalyst
amount, temperature, pressure, time, base, solvent, solvent ratio was studied
for respective reactions to obtain maximum conversion. The catalyst was
regenerated, reused and the regenerated catalyst was characterized by EDX,
XRD, BET and XPS to confirm the stability of the catalyst. Scope and limitation
of synthesized catalyst was investigated towards different substrates. Activity
of the catalyst for the said reactions was compared with the reported systems.

Probable mechanism for crotonaldehyde hydrogenation was also proposed.
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EXPERIMENTAL
Materials

All chemicals used were of A. R. grade. 12-tungstophosphoric acid, zirconium
oxychloride, 25 % (w/v) ammonia, palladium chloride, iodobenzene,
phenylboronic acid, styrene, dimethyl formamide, potassium carbonate,
cyclohexene, crotonaldehyde, petroleum ether, ethyl acetate and

dichloromethane were obtained from Merck and used as received.
Catalyst Synthesis

Stabilized  palladium  nanoparticles by  zirconia supported  12-

tungstophosphoric acid (Pd-TPA /ZrO») was synthesized in three steps.
Step-1: Synthesis of Zirconia (ZrO2)

ZrO; was synthesized following the same method reported by our group [7].
Aqueous ammonia solution (12 % w/v) was added to aqueous solution of
ZrOCl>8H20 (10 % w/v) up to pH 8.5. The precipitates were aged at 100 °C on
the water bath for 1 h, filtered, washed with conductivity water until a chloride
free filtrate was obtained and dried at 100 °C for 10 h. The obtained material

was designated as ZrOz (Scheme 1).

Filter/
N Drying

10 % ZrOCl,8H,0a)

Zro,

(Hydrous)
¥ 100°C W

+ (1:1) NHy(,

Scheme 1 synthesis of zirconia.

Step-2: Synthesis of zirconia supported 12-tungstophosphoric acid (TPA/ZrO>)

TPA/ZrO; was synthesized by incipient wet impregnation method as reported

by our group earlier [8]. 1 g of ZrO; was impregnated with aqueous solution of
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TPA (0.3/30 g mL of double distilled water) and dried at 100 °C for 10 h
(Scheme 2). The obtained material was designated as TPA /ZrO:x.

It should be noted that reports [8-16] from our group confirmed that 30 %
TPA/ZrO: is best among whole series (10-40 % loading) and that is why it was
directly taken for this work.

HHH Incipient ©

o Wet Impregnation i,
000
1

ZroO ° L1
2 100°C,10h Zro,
Zro, TPA TPA/ZrO,

Scheme 2 Synthesis of TPA/ZrOs.

Step-3: Synthesis of Pd-TPA/ZrO>

Palladium(Il) was deposited on supported 12-tungstophosphoric acid via
exchanging the available protons of TPA [17]. 1 g of TPA/ZrO, was soaked
with 25 mL 0.05 M aqueous solution of PdCl, for 24 h with stirring. The
solution was filtered, washed with distilled water in order to remove the excess
of palladium and dried in air at room temperature. The resulting catalyst
(brown colored) was designated as Pd(II)-TPA/ZrO,. Finally, synthesized
catalyst was charged in a Parr reactor under 1 bar Hz pressure, at 40 °C for 30
min to reduce Pd(II) to Pd(0). The catalyst was removed from reactor and kept
in air to attain the room temperature. The obtained catalyst (black colored) was
designated as Pd-TPA /ZrOz (Scheme 3). The same procedure was followed for
the synthesis of Pd/ZrOx.
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Scheme 3 Synthesis of Pd-TPA/ZrO..

Catalytic Evaluation
C-C Coupling

SM coupling was carried out in a 50 mL glass batch reactor with a magnetic
stirrer. The reactor was flushed with Nz. In an experiment, aryl halide (1.96
mmol), phenylboronic acid (2.94 mmol), K2CO3 (3.92 mmol), C2HsOH: H20O (3:7
mL) and catalyst were charged into the glass batch reactor. Similarly, for Heck
coupling, initially, the glass reactor was flushed using Nz gas. In an
experiment, aryl halide (0.98 mmol), styrene (1.47 mmol), K2COs3 (1.96 mmol),
DME: H>O (3:2 mL) and catalyst were charged into the reactor.

In both the reactions, reactor was heated at desired temperature in an oil bath
with stirring, under N2 gas atmosphere. After completion of reaction, the
mixture was cooled and the organic phase was extracted by dichloromethane
as an extracting solvent. The organic phases were then dried with anhydrous
magnesium sulfate and analyzed by GC. The obtained products were identified
by comparison with the authentic samples and also purified by column
chromatography on silica gel with a mixture of ethyl acetate and petroleum

ether as an eluent and confirmed by 'H & 13C NMR.
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Hydrogenation

The catalytic hydrogenation was carried out using Parr reactor instrument
having three major components: The batch type reactor of 100 mL capacity
which is made up of S5-316, H: reservoir with electronic temperature and
pressure controller. In typical reaction, 9.87 mmol of cyclohexene with 50 mL of
water as solvent and catalyst were charged to the reactor vessel. The reactor
was flushed thrice with H> gas to remove any air present. 10 bar H> pressure
was applied for the reaction which was set at 80 °C with the stirring rate of
1700 rpm for 4 h. The continuous decrease in pressure inside the vessel was
utilized for determination of the reaction progress. After completion, the
reaction mixture was cooled to room temperature and then H> pressure was
released from the vent valve. The organic layer was extracted using
dichloromethane, whereas catalyst was collected from the junction of two
phases and recovered by centrifugation. The organic phase was then dried with
anhydrous magnesium sulfate and analyzed by GC. The obtained product was
identified by comparison with the authentic sample and also purified by

column chromatography on silica gel and confirmed by TH NMR.

For the optimization of parameters for maximum conversion, all the reactions
were carried out twice. However, under optimized conditions, all the reactions
were carried out thrice and the obtained results were reproducible with an

error of 1 %.
Conversion and selectivity of each product was calculated as follows:

, (initial mol%) — (final mol%)
Conversion = x 100
(initial mol%)

o moles of product formed
Selectivity = x 100
moles of substrate consumed

Further, Turnover Number (TON) and Turnover Frequency (TOF) was

calculated using the equation:
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moles of product
TON = v

moles of catalyst

TON

TOF = - -
reaction time

Leaching Test

Leaching is a negative property for any catalyst. Any leaching of catalyst from
the support would make the catalyst unattractive. So, it is necessary to study
the stability of polyanion onto support in order to reuse the catalyst. When the
HPA react with a mild reducing agent such as ascorbic acid [18], it develops
blue coloration, which can be used for the quantitative characterization for the
leaching of HPA from the support. In the current work, we have used this

method for determining the leaching of TPA from ZrO» supports.

Standard samples amounting to 1-5% of TPA in water were prepared. To 10
mL of the above samples, 1 mL of 10% ascorbic acid was added. The mixture
was diluted to 25 mL. The resultant solution was scanned at a Amax of 785 nm
for its absorbance values. A standard calibration curve was obtained by
plotting values of absorbance with percentage solution. In a typical reaction, 1
g catalyst was refluxed for 4 h with 10 mL of conductivity water. 1 mL of the
supernatant solution was then treated with 10% ascorbic acid. No development
of blue color indicates absence of any leaching. The same procedure was
repeated with water, methanol, glycerol and also with the filtrates of all the
reaction mixtures after completion of the reaction. The above procedure was
followed for all catalysts and no leaching was found. In the present case, the
absence of blue color indicates no leaching of TPA from support into reaction
medium. The study indicates the presence of chemical interaction between the
HPA and support, as well as stability of the resultant catalysts under reaction
conditions. Leaching of Pd in the reaction mixture was checked by using

atomic adsorption spectrometer AAS GBC-902 instrument.

Page | 67



Chapter 1 PANPs Stabilized...

RESULTS AND DISCUSSION
Catalyst Characterization

The gravimetric analysis shows 0.4 wt% of Pd in Pd(II)-TPA/ZrO; [19]. EDX
values of W (16.87 wt%) and Pd (0.47 wt%) are in good agreement with
calculated one (16.91 wt% of W, 0.4 wt% of Pd). Very low % of Pd indicates that
only the protons of TPA are exchanged [17]. EDX elemental mapping of the

catalyst is shown in figure 1.

Figure 1 EDX mapping.

TGA curve (Figure 2) of TPA/ZrO, shows the 12.6% weight loss in the
temperature range of 70-100 °C indicating the loss of adsorbed water molecules
and then there is no weight loss observed up to 500 °C indicating the stability
of the supported catalyst. TGA curve of Pd-TPA/ZrO; shows the 13% weight
loss up to 150 °C due to the loss of adsorbed water molecules. No weight loss is

observed up to 500 °C indicating the stability of the catalyst up to 500 °C.
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Figure 2 TGA curves.

FT-IR spectra of TPA, ZrO,, TPA/ZrO; and Pd-TPA/ZrO; are shown in figure
3. TPA shows its characteristic bands at 800, 893, 987 and 1088 cm-
corresponding to W-O-W, W=0O and P-O stretching, respectively. FT-IR
spectrum of ZrO: indicates two bending vibrations at 1600 and 1370 cm-! for O-
H-O and H-O-H vibrations and weak bending vibration of Zr-O-H at 600 cm.
The FT-IR spectrum of TPA/ZrO; shows characteristic stretching vibration
bands of W-O-W, W=0 and P-O at 812, 964 and 1070 cm, respectively
indicating the presence of TPA. Whereas, Pd-TPA/ZrO, shows the
characteristic bands at 824, 945 and 1056 cm corresponding to stretching
vibration for W-O-W, W=0 and P-O but with significant shift may be due to
the change in the environment. Here, additional band corresponding to Pd-O

band is not observed, this may be due to the merging of band with Zr-O.
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Figure 3 FT-IR spectra of (a) ZrO», (b) TPA (c) TPA/ZrO: and (d) Pd-TPA /ZrO:.

To confirm the electronic state of the Pd, W and O high resolution XPS spectra
of TPA/ZrO; and Pd-TPA/ZrO, were recorded (Figure 4). TPA/ZrO; shows
(Figure 4a) a very intense peak at binding energy 532 eV corresponds to Ols as
it contains number of O atoms of TPA and ZrO: support, whereas Pd-
TPA/ZrO; shows (Figure 4d) the direct overlap peak between Pd3ps/2 and Ols
peaks at binding energy 532 eV, which is in good agreement with the reported
one [20], and cannot be assigned to confirm the presence of Pd(0). Hence, we
have presented instrument generated full spectra (Figure 4a & 4d) images,
supporting the presence of Pd(0). This is further confirmed by recording the
high resolution Pd3d spectrum (Figure 4e) which shows a low intense spin
orbit doublet peak at binding energy 335.6 eV and 340.2 eV correspond to
Pd3ds/2 and Pd3ds,2, confirming the presence of Pd(0) [5,21,22]. Two additional
high intense peaks at binding energy 331 eV and 345 eV attributed to Zr3ps,2
and Zr3p1/2, respectively [23].
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TPA/ZrOz shows (Figure 4c) a well resolved spin-orbit doublet of W4f7,> and
Wi4fs,> at binding energy 35.6 and 37.6 eV (spin-orbit splitting, 2.0 eV),
characteristic of W(VI), confirming the presence of W(VI). Pd-TPA /ZrO; also
shows (Figure 4f) a single spin-orbit pair at binding energy 35.7 and 37.7 eV
(spin-orbit splitting, 2.0 eV) confirming no reduction of W during the synthesis
[21, 24].

(a) Pd3§3’915 (b) 01s (c) waf

01s

0 300 600 900 1200 520 530 540 550 30 32 34 36 38 40

Binding Energy (eV) Binding Energy (eV) Binding Energy (eV)
(d) Pd3p3 O1s (e) Zr Pd3d (f) waf
\ ' 3pyys 7r W(VI) 4f;,

W(VI) 4f5),

0 300 600 900 1200 328 332 336 340 344 348 30 32 34 36 38 40
Binding Energy (eV) Binding Energy (eV) Binding Energy (eV)

Figure 4 XPS spectra of PATPA (a, b and c) and PATPA/ZrOs (d, e and f).

TEM micrographs of the Pd-TPA/ZrO; are displayed in figure 5(a-c). SAED
image 5a indicates the non-crystalline dispersion of PANPs in the synthesized
catalyst. Image 5(b-c) shows the dark uniform suspension in the amorphous
nature of the catalyst indicating the high dispersion of PANPs onto surface of
support. To further confirm, HRTEM micrographs were also recorded as
shown in figure 5(d-f), which clearly shows the uniform dispersion of PANPs

throughout the morphology, without aggregates formation, confirming the

stabilization of PANPs by TPA.
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Figure 5 (a) SAED, (b-c) TEM and (d-f) HRTEM images of Pd-TPA /ZrO..

For more insight of PANPs, an advance technique, STEM was utilized to probe
the behavior of PANPs. HAADF STEM image (Figure 6a) shows the highly
dispersed PANPs onto the surface. Whereas, elemental image of Pd (Figure 6b)
as well as overlapping image (Figure 6f) clearly indicate the presence of
isolated PANPs homogeneously dispersed without any cross talks between
them. The absence of Pd aggregates conclude that TPA/ZrO; is very much
capable to decrease the high surface free energy of PdNPs, by providing
combinedly the facility of high surface area for dispersion as well as stabilizing
nature. Elemental images (Figure 6b-e) confirm the presence of all possible

elements in the synthesized catalyst.
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Figure 6 (a) HAADF STEM, (b-e) elemental and (f) overlapping images of Pd-TPA/ZrOs.

The increase in surface area of the Pd(Il)-TPA/ZrO: (169 m?/g) as compared to
that of TPA/ZrO: (146 m?/g) indicates high uniform dispersion of the Pd on
the surface of TPA/ZrO; [17]. The observed drastic increase in the value of
surface area of Pd-TPA/ZrO: (203 m?/g) as compared to that of Pd(II)-
TPA/ZrOz (169 m?/g), conforming the reduction of Pd(Il) to Pd(0) and in good
agreement with the known fact that nanoparticles have higher surface area
than the parent one. It is very interesting to note down that in spite of different
surface area, the nitrogen adsorption desorption isotherms (Figure 7) are

almost similar for all systems confirming no change in the basic structure.

Page | 73



Chapter 1 PANPs Stabilized...

g

=100 -

bo

o 80 A

§

— 60 .

)

< 40 %roz
>

E 50 4 Pd(11)-TPA/ZrO,
g — Pd-TPA/ZrO,
d 0 I I I I

0 0.2 04 0.6 0.8 1
Relative Pressure (P/P,)

Figure 7 Nitrogen sorption isotherms.

The XRD patterns of TPA, ZrOz, TPA/ZrOz and Pd-TPA/ZrO; are shown in
tfigure 8. The XRD pattern of ZrO» shows the amorphous nature of the support.
The XRD pattern of TPA /ZrO does not show any characteristic diffraction line
indicating a high dispersion of TPA in a non-crystalline form on the surface of
TPA/ZrO;. In XRD pattern of Pd-TPA/ZrO,, absence of any crystalline peak
corresponds to Pd(0), is due to the very low concentration of Pd(0) on the

surface of the catalyst as well as high dispersion of PANPs on the surface of

TPA/ ZxOs.
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Figure 8 XRD patterns of (a) TPA, (b) ZrO- (c) TPA/ZrO and (d) Pd-TPA/ZrO».

In summary, FT-IR data shows that TPA structure remains intact even after
supporting onto the surface of ZrO; and post reduction, there is a strong
interaction (hydrogen bonding) between terminal oxygen of TPA with the
hydrogen of surface hydroxyl groups of ZrO.. The presence and oxidation
states of Pd(0) and W(VI) are confirmed by XPS. TEM, HRTEM and STEM

confirm the presence of homogeneously dispersed PANPs onto surface of ZrOs..
Catalytic Activity

SM Coupling

(i) Aqueous medium

To evaluate the efficiency of the catalyst for SM coupling, iodobenzene (1.96
mmol) and phenylboronic acid (2.94 mmol) were selected as test substrates.
Effect of different reaction parameters such as palladium concentration, time,
temperature, base, solvent and solvent ratio were studied to optimize the

conditions for maximum conversion.
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Figure 9 Optimization of parameters for SM coupling. Reaction conditions: (a) Effect of catalyst
amount- KoCOs (3.92 mmol), EtOH: H>O (3:7 mL), time (30 min), temperature (80 °C); (b) Effect
of time- catalyst (5 mg), K2COs (3.92 mmol), EtOH: H>O (3:7 mL), temperature (80 °C); (c) Effect
of temperature- catalyst (5 mg), K2CO;3 (3.92 mmol), EtOH: H>O (3:7 mL), time (30 min); (d)
Effect of base- catalyst (5 mg), base (3.92 mmol), EtOH: H,O (3:7 mL), time (30 min),

temperature (80 °C).

The effect Pd(0) concentration on the reaction is shown in figure 9a. The
reactions were carried out by varying the catalyst amount in the range of 25-5
mg with concentration of Pd(0) in the range of 37.4 x 10~ mmol (0.192 mol%) to
1.88 x 104 mmol (0.0096 mol%), respectively. Initially, the reaction was carried
out using (0.192 mol%) and conversion remain unchanged with decrease in the
concentration of Pd(0) up to 0.0096 mol%. This indicates that very low

concentration of Pd(0) is sufficient for the maximum % conversion.
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The influence of time on catalytic conversion was screened between 10 min to
40 min as shown in figure 9b. Initially, ~ 1.25-fold % conversion increase from
10 to 30 min of reaction time. Further, prolonging the reaction (40 min), no
significant effect on reaction conversion was observed. Hence, 30 min was

optimized for the reaction.

The effect of temperature was assesed between 60 to 90 °C and obtained results
are presented in figure 9c. It can be seen from the results that with increase in
temperature, the % conversion also increases. 99 % conversion was obtained at
80 °C. Further, increase in temperature does not show any effect on conversion.

Hence, 80 °C was considered as optimum for the maximum % conversion.

Effect of various bases was also carried out and obtained results are presented
in figure 9d. The study indicates that organic base triethyl amine (EtsN) is less
favorable for coupling reaction compare to that of inorganic base. The highest
conversion was found in the case of K2CO3; and NaOH compared to Na>COs.
As KoCOs is environmentally benign, easy to handle and non-hygroscopic in

nature compared to NaOH, further study was carried out with K2COs.

The effect of different solvents is shown in table 1.

Table 1 Effect of solvent

Solvent % Conversion
Toluene 5
Acetonitrile 47
Ethanol 53
H>O 42

Reaction conditions: Catalyst (5 mg), KoCOs (3.92 mmol), solvent (10 mL), time (30 min),

temperature (80 °C).

From the results it is clear that in case of ethanol the highest conversion was

achieved compare to acetonitrile and toluene. The results are in good
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agreement with reported one [17], stating that polar solvents tend to give the
best result for coupling reaction. Low conversion in case of water as solvent is
may be due to the low solubility of substrates. Hence, ethanol was selected as

an appropriate solvent for further study.

Finally, the effect of solvent to water (Ethanol: H,O) ratio was studied and
obtained results are presented in table 2. Obtained results show that initially,
with increase in ethanol amount the % conversion increases, this may be due to
the increase in solubility of substrates in ethanol. This trend was found from
ratio (1:9) mL to (3:7) mL. For higher ratio (4:6) to (5:5) mL, no significant
change in % conversion was observed. Maximum 99 % conversion was

achieved for (3:7) mL.

Table 2 Effect of solvent ratio

Ethanol: HDO % Conversion

1:9 75
2:8 82
3.7 99
4:6 99
5:5 99

Reaction conditions: Catalyst (5 mg), K2COs (3.92 mmol), time (30 min), temperature (80 °C).

From the above study, the optimized conditions for the maximum %
conversion (99) are: iodobenzene (1.96 mmol), phenylboronic acid (2.94 mmol),
KoCOs (3.92 mmol), conc. of Pd (1.88 x 104 mmol, 0.0096 mol%),
substrate/catalyst ratio (10429/1), C:HsOH:H2O (3:7 mL), time (30 min),
temperature (80 °C). The calculated TON is 10,325 and TOF is 20,650 h-1.

Further, the obtained product was purified by column chromatography on
silica gel with a mixture of ethyl acetate and petroleum ether as eluent. Isolated

yield (99%) was found to be the same with the conversion (99%) found by GC.
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From the obtained results of solvent ratio effect (Table 2), it is interesting to
note down that water has significant effect on % conversion. Hence, it was
thought of interest to study all reaction parameters by taking only water as a

solvent.
(ii) Neat Water

To evaluate the efficiency of the catalyst for SM coupling using water as
solvent, iodobenzene (1.96 mmol) and phenylboronic acid (2.94 mmol) were
selected as test substrates. Effect of different reaction parameters such as
palladium concentration, time, temperature and base were studied to optimize

the conditions for maximum conversion (Figure 10).
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Figure 10 Optimization of parameters for SM reaction in neat water. Reaction conditions: (a)
Effect of catalyst amount- K»COj3 (3.92 mmol), H2O (6 mL), time (1 h), temperature (100 °C);
(b) Effect of time- catalyst (5 mg), K2CO; (3.92 mmol), HXO (6 mL), temperature (100 °C); (c)
Effect of temperature- catalyst (5 mg), K2COs (3.92 mmol), H2O (6 mL), time (1 h); (d) Effect
of base- base (3.92 mmol), H>O (6 mL), time (1 h), temperature (100 °C).
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The effect of Pd(0) concentration was studied by varying the amount from 5 to
15 mg with concentration of Pd(0) from 1.88 x 104 mmol (0.0096 mol%) to 5.61
x 104 mmol (0.0288 mol%), respectively as shown in figure 10a. Obtain results
show that conversion remains unchanged with increase in the concentration of
Pd(0). This indicates that very low concentration of Pd(0) (0.0096 mol%) is

sufficient for the maximum 89 % conversion.

The effect of time was screened by varying the time from 30 min to 2 h (Figure
10b). Results indicate that initially, with increase in time (up to 1 h) %
conversion also increases. Further, prolonging of reaction (up to 2 h) has no

significant effect on conversion. Maximum 89 % conversion is obtained in 1 h.

Effect of temperature was studied from the range of 80-100 °C and the obtained
results are summarized in figure 10c. It shows that conversion increases with
increase in temperature and found to be maximum at 100 °C. Effect of various
bases was also carried out and achieved results are shown in figure 10d.
Similar to previous case, here also KoCOs was found to be the most suitable

base for the maximum % conversion.

Finally, the effect of water amount on the reaction was also studied by keeping
all other parameters constant. Obtained results are presented in figure 11. From
the figure it is seen that with increase in the water volume up to 6 mL, the
conversion also increases. This may be due to the increase in the solubility of
substrates as well as base. However, with further increase in volume of water,
the conversion eventually decreases. This is because of the dilution of base [25].
Under the optimized conditions, 6 mL of water is found to be the appropriate

volume for the maximum % conversion.
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Figure 11 Effect of water: catalyst (5 mg), K2CO; (3.92 mmol), time (1 h), temperature (100
Q).

From the above study, the optimized conditions for the maximum %
conversion (89) are: iodobenzene (1.96 mmol), phenylboronic acid (2.94 mmol),
KoCOs (392 mmol), conc. of Pd (1.88 x 10* mmol, 0.0096 mol%),
substrate/catalyst ratio (10,429/1), H2O (6 mL), time (1 h), temperature (100
°C). The calculated TON is 9282 and TOF is 9282 h-1.

In addition, obtained product was purified by column chromatography on
silica gel with a mixture of ethyl acetate and petroleum ether as eluent. Isolated

yield (89 %) was found to be the same with the conversion (89 %) found by GC.
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Comparison of catalyst efficiency in terms of solvent medium

Effect of solvent medium on the reaction conversion also compared under the
optimized conditions of the respective media (Table 3) and results show that

catalyst is highly effective in aqueous medium compared to neat water.

Table 3 Comparison of catalyst activity in terms of solvent medium

Medium  Temp. (°C)  Time (h) % Conversion TON TOF (h1)

Aqueous 80 0.5 99 10325 20650

Neat water 100 1 89 9282 9282

Reaction conditions: lodobenzene (1.96 mmol), phenylboronic acid (2.94 mmol), catalyst (0.02
mg Pd, 0.0096 mol% Pd), K2COs3 (3.92 mmol).
Aqueous medium: C;HsOH: H>O (3:7 mL); Neat water: H2O (6 mL).

This difference may be due to the presence of ethanol in aqueous medium,
which helps organic substrates to solubilize easily in the reaction mixture for
the productive conversion. Whereas in case of water alone, substrates require

high temperature as well as prolong time for the same.
Heck coupling

To evaluate the efficiency of the catalyst for heck coupling, iodobenzene (0.98
mmol) and styrene (1.47 mmol) were selected as test substrates. Effect of
different reaction parameters such as palladium concentration, time,
temperature, base, solvent and solvent ratio was studied to optimize the
conditions for maximum conversion. As described in SM coupling, in the
present case also, all parameters were varied and results are shown in

respective figures (Figure 12).
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Figure 12 Optimization of Heck coupling. Reaction conditions: (a) Effect of catalyst amount-
K2CO; (1.96 mmol), DMF:H>O (3:2 mL), time (6 h), temperature (100 °C); (b) Effect of time-
catalyst (30 mg), KxCOs (1.96 mmol), DMF:H>O (3:2 mL), temperature (100 °C), (c) Effect of
temperature- catalyst (30 mg), K2COs (1.96 mmol), DMF:H>O (3:2 mL), time (6 h); (d) Effect of
base- catalyst (30 mg), base (1.96 mmol), DMF:H>O (3:2 mL), time (6 h), temperature (100 °C).

It should be noted that the explanation will remain the same as given in the

section of SM coupling (Aqueous medium).

The effect of different solvents was also studied and obtained results are shown
in table 4. Study indicates that maximum % conversion was obtained in case of
DMF compare to toluene and ethanol. This is in good agreement with the
reported one [26-28] , stating that polar, aprotic solvents tend to give the best
results for Heck coupling. Low % conversion is observed in case of water may
be due to the lower solubility of substrate. Hence, DMF was selected as an

appropriate solvent for further study.
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Table 4 Effect of solvent

Solvent % Conversion
Toluene 3
Ethanol 26

DMF 51

H>O 7

Reaction conditions: Catalyst (30 mg), K2CO; (1.96 mmol), time (6 h), temperature (100 °C).

Finally, the effect of solvent to water (DMF: H>O) ratio was assessed and data
are tabulated in table 5.

Table 5 Effect of solvent ratio

DMF: H,O % Conversion

1:4 12
2:3 50
3:2 99
4:1 81

Reaction conditions: Catalyst (30 mg), K2CO;3 (1.96 mmol), time (6 h), temperature (100 °C).

Obtained results show that initially, with increase in DMF amount the %
conversion increases, this may be due to the increase in solubility of substrates
in DMF. This trend was found from ratio (1:4) mL to (3:2) mL. For higher ratio
(4:1) mL, % conversion decreases, because of incomplete solubility of base in 1

mL of water. Maximum 99 % conversion was achieved for (3:2) mL.

The optimized conditions for the maximum % conversion (99) are: iodobenzene
(0.98 mmol), styrene (1.47 mmol), K2COs (1.96 mmol), conc. of Pd (1.13 x 103
mmol, 0.115 mol%), substrate/catalyst ratio (869/1), DMF:H,O (3:2 mL), time
(6 h), temperature (100 °C). The calculated turnover number (TON) is 860 and
turnover frequency (TOF) is 143 h'..
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Hydrogenation
(i) Cyclohexene hydrogenation

To evaluate the efficiency of the catalyst for hydrogenation, cyclohexene (9.87
mmol) was selected as test substrate. Effect of different reaction parameters
such as palladium concentration, time, temperature, pressure and solvent were

studied to optimize the conditions for maximum conversion (Figure 13).
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Figure 13 Optimization of cyclohexene hydrogenation. Reaction conditions: (a) Effect of
catalyst amount- cyclohexene (9.87 mmol), H>O (50 mL), time (4 h), temperature (80 °C), H
pressure (10 bar); (b) Effect of temperature- cyclohexene (9.87 mmol), HO (50 mL), catalyst
(20 mg), time (4 h), H» pressure (10 bar); (c) Effect of pressure- cyclohexene (9.87 mmol), H>O
(50 mL), catalyst (20 mg), time (4 h), temperature (80 °C); (d) Effect of time- cyclohexene (9.87
mmol), HO (50 mL), catalyst (20 mg), temperature (80 °C), H, pressure (10 bar).
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The effect of Pd concentration was evaluated by varying the catalyst amount
from 10 mg to 25 mg (substrate/catalyst ratio from 26259/1 to 10504/1
respectively). Initially, with increase in concentration of Pd, % conversion also
increases i.e. 10 mg to 20 mg (Figure 13a). Higher concentration of Pd would
means a higher number of active sites to tolerate the substrate and gives higher
conversion. With further increasing Pd concentration, the conversion remains

constant. The highest, 96 % conversion was achieved by 20 mg of catalyst.

Effect of temperature was screened from 60 to 90 °C and obtained results are
presented in figure 13b. Results show that % conversion increases with increase
in temperature from 50 to 80 °C as expected. Further increase in the
temperature shows no effect on the % conversion. 80 °C was optimized for

maximum % conversion.

Influence of hydrogen pressure was evaluated and obtained results are
presented in figure 13c. Initially, with increase in pressure from 7 to 10 bar, the
% conversion also increased linearly. Hence, the reaction is first order with
respect to Hz pressure. Further study for effect of high pressure was not carried
out as our main focus is to establish environmentally green process. Highest 96

% conversion was obtained for 10 bar H» pressure.

The effect of time was investigated by varying the reaction time from 2 to 5 h
(Figure 13d). obtained results show that initially with increase in time up to 4 h,
the % conversion also increases, which is in good agreement with the well-
known fact that as time increases, the formation of reactive intermediates from
the reactant increases, and finally converted into the products. On further
increasing the reaction time, the % conversion decreases. This might be due to

occurrence of reversible process.

Effect of various solvents were studied and obtained results are presented in
table 6. Comparatively, low % conversion was obtained in case of CH3CN-H2O

solvent system due to its oxidizing nature which resists the reduction of
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cyclohexene. Whereas, it was achieved maximum for IPA-H,O and CH;OH-
H>O systems and this may be due to their reducing nature. However, high %
conversion was obtained under the identical reaction conditions for neat water

as a solvent (i.e. 96 %). Hence, water was selected as a solvent for further study.

Table 6 Effect of solvent

Solvent
% Conversion
(20: 30) mL
CH3CN: H,O 84
IPA: H,0 93
EtOH: HZO 99
H,O (50 mL) 96

Reaction conditions: cyclohexene (9.87 mmol), catalyst (20 mg), time (4 h), temperature (80 °C),

Ho pressure (10 bar).

The optimized conditions for the maximum % conversion (96) are: cyclohexene
(9.87 mmol), H2O (50 mL), conc. of Pd (7.52 x 10#* mmol, 0.0076 mol%),
substrate/catalyst ratio (13130/1), time (4 h), temperature (80 °C) and H»
pressure (10 bar). The calculated TON is 12,604 and TOF is 3151 h'.

The obtained products from all the reactions were purified by column
chromatography on silica gel with a mixture of ethyl acetate and petroleum
ether as eluent. Isolated yields were found to be identical with the conversion
found by GC. The isolated products were identified by TH & 13C NMR (Figure
14, Biphenyl; Figure 15, Stilbene; Figure 16, Cyclohexane).

In similar way, for all the catalytic systems, products isolation and

identification were carried out.
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Figure 14 (a) 'H and (b) 13C NMR spectra of isolated product biphenyl.
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Figure 16 (a) '"H and (b) 13C NMR spectra of isolated product cyclohexane.
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(ii) Crotonaldehyde hydrogenation

From the above obtained excellent results of cyclohexene hydrogenation, it was
thought to investigate the efficiency of the catalyst towards selective

hydrogenation using another industrially important substrate.

Selective C=C hydrogenation of crotonaldehyde can yield n-butyraldehyde, an
industrially important chemical intermediate for n-butyl alcohol, 2-
ethylhexanol, trimethylolpropane (TMP), polyvinyl butyral (PVB),
pharmaceuticals, pesticides, antioxidants, flavors, synthetic perfumes,
vulcanization accelerators, crop protecting agent and many more. Considering
this, we have selected crotonaldehyde as the test substrate to evaluate the
efficiency of the catalyst towards selective C=C hydrogenation. In detail, effect
of different reaction parameters such as palladium concentration, time,
temperature, pressure and solvent were studied to optimize the conditions for

maximum conversion.
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As described in above section of cyclohexene hydrogenation, in the present
case also, all parameters were varied and obtained results are shown in

respective figures (Figure 17).
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Figure 17 Optimization of crotonaldehyde hydrogenation. Reaction conditions: (a) Effect of
catalyst amount- crotonaldehyde (9.87 mmol), H>O (50 mL), time (4 h), temperature (80 °C),
H> pressure (8 bar); (b) Effect of temperature- crotonaldehyde (9.87 mmol), H.O (50 mL),
catalyst (20 mg), time (4 h), H> pressure (8 bar); (c) Effect of pressure- crotonaldehyde (9.87
mmol), H>O (50 mL), catalyst (20 mg), time (4 h), temperature (80 °C); (d) Effect of time-
crotonaldehyde (9.87 mmol), H>O (50 mL), catalyst (20 mg), temperature (80 °C), H> pressure
(8 bar).
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It should be noted that the explanation is remain same as given in the section of
cyclohexene hydrogenation. Here, in all the cases, butyraldehyde was obtained
with 100% selectively. Whereas in case of EtOH: H>O (20:30) mL solvent system
(table 7), we achieved 91% conversion with 60% butyraldehyde and 40%
crotylalcohol selectively. An explanation for the same is provided in

mechanism section (afterward).

Table 7 Effect of solvent

% Selectivity

Solvent % Conversion
Butyraldehyde Crotylalcohol
IPA 100 100 0
H,0 89 100 0
EtOH: H,0
91 60 40
(20:30) mL

Reaction conditions: crotonaldehyde (9.87 mmol), solvent (50 mL), catalyst (20 mg), time (4 h),

temperature (80 °C), H, pressure (8 bar).

The optimized conditions for the maximum % conversion (89) are:
crotonaldehyde (9.87 mmol), H:O (50 mL), conc. of Pd(0) (7.52 x 10 mmol,
0.0076 mol%), substrate/catalyst ratio (13130/1), temperature (80 °C), H»
pressure (8 bar) and time (4 h). The calculated TON is 11744 while the TOF is
2936 h-l.

Control Experiments

In all the reactions, control experiments were carried out with TPA, ZrO»,
TPA/ZrO, PdCl,, Pd/ZrO: and Pd-TPA/ZrO> under optimized conditions in
order to understand the role of each component, and results are shown in table
8. It is seen from the table that TPA, ZrO> and TPA/ZrO; were inactive toward
the reactions. Almost same conversion was found in the case of PdCl,,

Pd/ZrO; and Pd-TPA/ZrO: in all reactions. This indicates that Pd is real active
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species responsible for the reactions. In order to confirm the formation of
homocoupling products, control experiments were carried out with
iodobenzene as well as phenylboronic acid also, and no conversion confirmed
that there was no formation of homocoupling products in both the C-C

coupling reactions. The same was also confirmed by substrate study also.

Table 8 Control experiment

SM Heck Hydrogenation
Catalyst
% Conversion?/’? % Conversionc % Conversiond/e
TPA
N. R. N. R. N. R.
(@P1.15, ¢6.92, 4¢4.62 mg)
YA O))
(203.85, €23.08, 4¢15.38 N. R. N. R. N. R.
mg)
TPA/ZrOs
N. R. N. R. N. R.
(@5, <30, 4220 mg)
PdCl, 99/84 96 94 /88
Pd/ZrO; 95/84 96 92/86
Pd-TPA/ZrO> 99/89 99 96,/89

Reaction conditions: SM coupling (a) Aqueous medium- iodobenzene (1.96 mmol),
phenylboronic acid (2.94 mmol), catalyst (0.02 mg Pd, 0.0096 mol% Pd), K2COs (3.92 mmol),
C2Hs0OH: H>O (3:7 mL), time (30 min), temperature (80 °C); (b) Neat water- iodobenzene (1.96
mmol), phenylboronic acid (2.94 mmol), catalyst (0.02 mg Pd, 0.0096 mol% Pd), KxCOs (3.92
mmol), HO (6 mL), time (1 h), temperature (100 °C). Heck coupling (c) iodobenzene (0.98
mmol), styrene (1.47 mmol), catalyst (0.12 mg Pd, 0.115 mol% Pd), K»2COs (1.96 mmol), DMF:
H>O (3:2 mL), time (6 h), temperature (100 °C). Hydrogenation (d) cyclohexene (9.87 mmol),
catalyst (0.08 mg Pd, 0.0076 mol% Pd), HO (50 mL), time (4 h), temperature (80 °C), H»
pressure (10 bar); (e) crotonaldehyde (9.87 mmol), catalyst (0.08 mg Pd, 0.0076 mol% Pd), H.O
(50 mL), time (4 h), temperature (80 °C), Ha pressure (8 bar). N.R.- No reaction.
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Leaching and Heterogeneity test

Before exchanging Pd with available protons of TPA/ZrO,, the leaching of
TPA from ZrO; was investigated after completion of the reactions, by treating
the aqueous layer with 10 % ascorbic acid solution and absence of blue colour
indicated no leaching of TPA. The leaching of PdNPs from support was
investigated for Pd/ZrO. as well as Pd-TPA/ZrO; in all reactions by
centrifuging the catalyst in between the reactions under optimized conditions
(Figure 18). In case of SM coupling, reaction was carried out for 10 min and 20
min in aqueous and water media respectively, centrifuged and then filtrate was
allowed to react up to 30 min and 60 min in respective medium. Similarly, in
case of Heck coupling, reaction was carried out for 3 h, centrifuged and then
filtrate was allowed to react up to 6 h. Whereas, in case of hydrogenation,
reaction was carried out for 2 h, centrifuged and then filtrate was allowed to
react up to 4 h. After that obtained reaction mixtures were extracted by
dichloromethane and analyzed by Gas chromatogram. In case of Pd/ZrO;, in
all reactions, obtained results show that there is significant change in %
conversion of the reaction after removal of the catalyst, indicates the presence
of active species in the reaction mixture which proves that there was leaching
of PANPs during the reactions. Whereas, in case of Pd-TPA/ZrO», in all
reactions, obtained results show that there is no significant change in %
conversion of the reaction after removal of the catalyst, indicates the absence of
active species in the reaction mixture which proves that there was no leaching
of PANPs during the reactions. However, minor change in % conversion may
be due to the instrument error (+ 1-1.5 %). In addition, product mixture was
also analyzed by AAS, and obtained results were below its detection limit
indicating no emission of Pd into the reaction mixture. The leaching of
palladium from the catalyst was also confirmed by carrying out EDX analysis
of the used catalyst. The analysis of the recycled PATPA/ZrO; catalyst did not
show appreciable loss in the Pd content (0.39 wt%) as compared to the fresh

catalyst (0.4 wt%). In the mixture whereas in case of Pd/ZrO;, recycled catalyst
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showed appreciable loss in the Pd content (3.69 wt%) as compared to the fresh
catalyst (6.05 wt%). This study indicates the stabilization of PANPs by TPA and
does not allow to leach it into the reaction mixture, making it a true
heterogeneous catalyst to recycle and reuse. Here, withholding of active species
onto support during the reaction show that present catalyst is of category C

[29] and truly heterogeneous in nature.
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Figure 18 Leaching test. Reaction conditions: SM coupling
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(@) Aqueous medium-

iodobenzene (1.96 mmol), phenylboronic acid (2.94 mmol), catalyst (0.02 mg Pd, 0.0096
mol% Pd), K2COs (3.92 mmol), C:HsOH: HoO (3:7 mL), temperature (80 °C); (b) Neat water-

iodobenzene (1.96 mmol), phenylboronic acid (2.94 mmol), catalyst (0.02 mg Pd, 0.0096
mol% Pd), KoCOs; (3.92 mmol), HO (6 mL), temperature (100 °C). Heck coupling (c)
iodobenzene (0.98 mmol), styrene (1.47 mmol), catalyst (0.12 mg Pd, 0.115 mol% Pd), KoCOs
(1.96 mmol), DMF: H>O (3:2 mL), temperature (100 °C). Hydrogenation (d) cyclohexene (9.87
mmol), catalyst (0.08 mg Pd, 0.0076 mol% Pd), HoO (50 mL), temperature (80 °C), H:
pressure (10 bar); (e) crotonaldehyde (9.87 mmol), catalyst (0.08 mg Pd, 0.0076 mol% Pd),
H>O (50 mL), temperature (80 °C), H» pressure (8 bar).
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Recyclability and sustainability of the catalyst
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Figure 19 Recycling test. Reaction conditions: SM coupling (a) Aqueous medium- iodobenzene
(1.96 mmol), phenylboronic acid (2.94 mmol), catalyst (0.02 mg Pd, 0.0096 mol% Pd), K.CO;
(3.92 mmol), C;HsOH: H>O (3:7 mL), time (30 min), temperature (80 °C); (b) Neat water -
iodobenzene (1.96 mmol), phenylboronic acid (2.94 mmol), catalyst (0.02 mg Pd, 0.0096 mol%
Pd), KoCOs (3.92 mmol), H>O (6 mL), time (1 h), temperature (100 °C). Heck coupling (c)
iodobenzene (0.98 mmol), styrene (1.47 mmol), catalyst (0.12 mg Pd, 0.115 mol% Pd), K.COs
(1.96 mmol), DMF: HO (3:2 mL), time (6 h), temperature (100 °C). Hydrogenation (d)
cyclohexene (9.87 mmol), catalyst (0.08 mg Pd, 0.0076 mol% Pd), H:O (50 mL), time (4 h),
temperature (80 °C), Hz pressure (10 bar); (e) crotonaldehyde (9.87 mmol), catalyst (0.08 mg Pd,
0.0076 mol% Pd), H>O (50 mL), time (4 h), temperature (80 °C), Ha pressure (8 bar).
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Sustainability of the catalyst is the key challenge for any process, and for the
same recycling test was studied for Pd/ZrO; and Pd-TPA/ZrO: (Figure 19). In
order to regenerate the catalysts, after reaction completion, the catalysts were
centrifuged, washed with dicholoromethane followed by consequent washes
with distilled water and finally dried at 100 °C for an hour to reuse it for next
catalytic run. Obtained results show the gradual decrease in the % conversion
in case of Pd/ZrO; during all the reactions, confirming the leaching of active
species PANPs from the support. In contrast, Pd-TPA/ZrO: did not show any
appreciable change in the % conversion up to five cycles for all reactions,
indicating that the catalyst was stable, heterogeneous, can be regenerated and
reused for further catalytic runs also. Here, TPA plays an important role by

stabilizing PANPs and makes the system sustainable.
Characterization of regenerated catalyst

In order to check the stability, the regenerated catalyst was characterized by

EDS, XRD, BET and XPS.

EDX values of Pd (0.46 wt%) and W (16.90 wt%) of regenerated Pd-TPA/ZrO»
is in good agreement with values of fresh catalyst (16.87 wt% of W, 0.47 wt% of
Pd) confirming no emission of Pd as well as TPA from ZrO». This indicates that
TPA plays an important role as a stabilizer to keep the Pd(0) active and also
prevent it to leach from the support. EDX mapping of the regenerated catalyst

is shown in figure 20.
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Figure 20 EDX mapping of regenerated Pd-TPA/ZrO..

XRD patterns of fresh and regenerated catalysts are shown in figure 21.
Obtained results revealed the retention of highly dispersed nature of the
catalyst. Absence of any characteristic peaks regarding PPd aggregates as well as

TPA clearly indicates the sustainability of the catalyst during the reaction.

(a)

Counts

(b)

10 20 30 40 50 60 70 80
2- Theta
Figure 21 XRD patterns of (a) Pd-TPA/ZrO; and (b) Regenerated Pd-TPA/ZrO:s.

The drastic decrease in BET surface area of regenerated catalyst (104 m?/g) is as
compare to that of fresh catalyst (204 m?/g) indicates that during the reaction
Pd(0) nanoparticles undergo aggregate formation. This is an expected and
known fact [30]. However, no change in nitrogen adsorption desorption
isotherm (Figure 22) as compare to that of fresh catalyst indicates that surface

phenomena remains intact even after the completion of the reaction.
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Figure 22 N sorption isotherms of fresh and regenerated catalysts.

XPS spectra of regenerated Pd-TPA/ZrO; is displayed in figure 23. The
spectrum of regenerated catalyst is found to be identical with fresh one (Figure
4), confirms the retention of Pd(0) active species as well as W(VI), which did
not undergo reduction during the reaction, indicating the sustainability of the

catalyst.

a Pd3d b waf
@)z (b) W(VI) 4f,,

3Py Zr W(VI) 4f5),

Pd(0) Pd(0)
3d5/2 3d3;2

330 335 340 345 350 30 32 34 36 38 40
Binding Energy (eV) Binding Energy (eV)

Figure 23 XPS spectra of regenerated catalyst.
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Viability of the catalyst

Under the optimized condition, the scope and limitations of substrates were

investigated by using different halobenzenes (Table 9).

Table 9 Substrate study for SM coupling

B(OH),

Pd-TPA/ZrO,
e
K,CO;, Solvent

%

, TON TOF (h-)
R X R’ Product Conversion
(a/b) (a/b)
(a) (b)
H 1 H 99 89  10325/9282  20650/9282
8 10  834/1043  1668/1043
Ho B H ()Y )
O~ 98* 10221 1022+
1 7 104,730 208,730
H a H {()¥{)
O~ 86* 8969+ 897
oH B H { ) { ) 100 98 10429/10221 20858/10221
NOo: Br H { V{ poe 99 4 103250417 20650/417
CcocH; Br H { )< p—e= 94 48  9803/5006  19606/5006

Reaction conditions: Halobenzene (1.96 mmol), phenylboronic acid (2.94 mmol), K>COs (3.92
mmol), conc. of Pd (0.0096 mol%), substrate/catalyst ratio (10429/1).
(@) Aqueous medium: C:HsOH: H>O (3:7) mL, 30 min, 80 °C. (b) Neat water: H,O (6 mL), time
(1 h), 100 °C. <Isolated yield. *Time (10 h).
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Coupling of iodobenzene with phenylboronic acid gives higher conversion
compared to bromobenzene and chlorobenzene as expected, because iodide is a
good leaving group due to its low electronegativity as well as big radius
compared to bromide and chloride groups, making the reaction more feasible
compared to bromide and chloride groups. The found reactivity order was Ph-I
>Ph-Br >Ph-Cl. Presence of strongly electron donating group like -OH is less
favorable for coupling reaction, though in case of p-bromophenol, high
conversion was obtained in both the media. This may be due to the complete
solubility of the substrate in reaction medium at optimized temperature which
facilitates the reaction. Substituted bromobenzene with strongly electron
withdrawing group such as -NO: facilitates the reaction, and hence p-
bromonitrobenzene gives the 99 % conversion in aqueous medium but almost
negligible in neat water because of its low solubility. Similarly, p-
bromoacetophenone gives the high conversion in aqueous medium due to the
presence of moderate electron withdrawing group -COCHs; but shows

moderate conversion in neat water may be due to its low solubility in water.

Similarly, under optimized conditions, scope and limitations of substrates for
Heck coupling were also investigated by using different halobenzenes and
styrene derivatives (Table 10). Coupling of iodobenzene with styrene gives
higher conversion compare to bromobenzene and chlorobenzene as expected.
The found reactivity order was Ph-I > Ph-Br > Ph-Cl. However, in case of
bromobenzene and chlorobenzene higher % conversion was achieved by
prolonging the reaction time. Coupling of iodobenzene with a-methyl styrene
(74 %) is lower compared to the coupling of iodobenzene with styrene (99 %).
This may be due to crowding effect of the methyl group. This study also
confirms that there was no formation of homocoupling products in both the C-

C coupling reactions.

Page | 103



Chapter 1 PANPs Stabilized...

Table 10 Substrate study for Heck coupling

Pd-TPA/Zr02 O R
e —
K,CO,, DMF:H,0 M.
100°C, 6 h

X

O

O~

X R Product % Conversion TON/TOF (h7)
I H Q \ O 99 860/143
72 626/104
poon ()
O 97* 843*/141*
12 104/17
a o {m
O 49* 426*/71*
74 643/107
I CHs Q
89* 773*/129*

Reaction conditions: Halobenzene (0.98 mmol), styrene (1.49 mmol), K2CO; (1.96 mmol), Conc.
of Pd (0.115 mol%), substrate/catalyst ratio (869/1), DMF: H>O (3:2 mL), time (6 h),
temperature (100 °C). *Time (10 h).

For hydrogenation, the efficiency of the catalyst was evaluated towards
different aliphatic and aromatic alkenes and obtained results are presented in
(Table 11). Ring size effect was observed for the activity of the catalyst.
Moreover, the catalyst was found to be active for selective hydrogenation of the
C=C bond without tolerating the C=0O bond when simultaneously present in

the substrates.
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Table 11 Substrate study for hydrogenation

Substrate Product % Conversion/Selectivity TON/TOF (h?)

O O 96 126043151
O O 72 9453 /2363

NP NP2 %86 11292/2823
ES é 479 10372/2593
X0 AN v89,/100 11685/2921

©/\/\ ©/\/\ 676,100 9978,/ 2495

Reaction conditions: Substrate (9.87 mmol), Conc. of Pd (0.0076 mol%), substrate/catalyst ratio
(13130/1), H2O (50 mL), temperature (80 °C), Hz pressure (210 bar and "8 bar), time (4 h).

Comparison with reported catalyst

Catalytic activity of the present catalyst is compared with reported catalysts for
SM coupling in aqueous medium (Table 12) as well as in neat water (Table 13)
in terms of iodobenzene as one of the substrate. Li et al. [31], Hong et al. [32]
and Bai and co-worker [33] reported the reaction in aqueous medium with high
conversion but the catalyst amount was very high compared to the present
work. Gholinejad and co-workers [34], Veisi and co-workers [35] and Azadi
and co-workers [36] have reported the reaction in aqueous medium with high

conversion but they required higher concentration of palladium.
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Table 12 Comparison of catalytic activity for SM coupling with reported

catalyst in organic-water solvent mixture with respect to iodobenzene

Temp. % Conversion
Catalyst Pd (mol %) Solvent
(°C)/Time (h) /TON/TOF (h?)
C,Hs0H: H.O
PdCly(py)@SHS [31] 0.0188 60/0.17 96/5211/30,650
(3:2) mL
Pd-ScBTC NMOFs CHsOH: H,O
0.5 40/0.5 99/194/388
[32] (1:1) mL
C,Hs0H: H,O
Pd/C [51] 0.37 40/0.5 99/268/535
(1:1) mL
Oximepalladacycle C>Hs0H: HO
0.3 RT/0.3 95/317/1057
catalyst [34] (1:1) mL
Fe;04/Ethyl-CN/Pd C,Hs0H: H,O
0.2 RT/0.2 98/49/245
[35] (1:1) mL
C,Hs0H: H,O
G-BI-Pd [36] 0.45 80/0.084 98/219/2613
(1:1) mL
Pd-TPA/Zr02 CszOH: Hzo
0.0096 80/0.5 99/10325/20650
(Present catalyst) (3:7) mL
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Karimi et al. [37], Dutta and group [38], Siril and co-workers [39], Yang et al.
[40] and Dyson et al. [41] have reported the reaction in neat water (Table 13)
with high conversion but required more time comparatively for the completion
of the reaction. Sabounchei et al. [42] reported the reaction with high
conversion and fewer time but used high concentration of Pd. Overall, the
present catalytic system is superior to all the reported system in terms of

concentration of Pd(0), 0.0096 mol%, TON as well as TOF.

Table 13 Comparison of catalytic activity with reported catalyst in neat water

with respect to iodobenzene

Temp(°C)
Catalyst Pd (mol %) % Conversion TON/TOF (h)
/Time (h)
Mag-IL-Pd [37] 0.025 60/6 95 3798/633
Pd0-Mont. [38] 0.07 60/1 90 341/341
Pd-PANI [39] 0.01 90/4 86 8600/2150
Pd/PdO [40] 0.1 90/4 99 992/248
Pd-NP-PIL [41] 1.7 100/4 98 56/14
{[PhoPCH,PPh,-
0.134 80/0.34 93 712/2093
CH=C(O)(C10Hy)]PdCl>} [42]
Pd(0)-TPA/ZxrO,
0.0096 100/1 89 9383/9383

(Present catalyst)
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In case of Heck coupling (Table 14) also, activity of the present catalyst is
compared with reported catalysts in terms of iodobenzene as one of the
substrates. Shabbani and his co-worker [43] reported the reaction using
universal green solvent water with moderate reaction conversion and low
TON/TOF compare to the present report. Guo et al. [44], Patil et al. [45], Sajiki
et al. [46] and Zekri et al. [47] have reported the reaction using organic solvent
only with consumption of high mol% of Pd as active species as well as
comparatively lower % conversion. Here, the uniqueness of the present catalyst
lies in terms of the used reaction medium, water-organic solvent mixture

(DMEF: HxO), lower mol% of Pd, high % conversion as well as high TON/TOF.

Table 14 Comparison of catalytic activity for Heck reaction with reported

catalyst with respect to iodobenzene

%

Temp.
Catalyst Pd (mol %) Solvent Conversion/TON
(°C)/ Time (h)
/TOF (h?)
PATSPc@KP-GO [43] 0.792 H>O (10 mL) reflux/9 89/111.2/12.36
Pd/CNCs [44] 1.412 DMF (10 mL) 40/5 93/65.1/13
NO>-NHC-Pd@Fe3;0,
1.0 CH3CN (5 mL) 80/5 96/96/19.2
[45]
5% Pd/CM [46] 0.2 DMA 80/24 61/3050/127
PFG-Pd [47] 1.7 DMF (3 mL) 120/6 95/56/9
Pd-TPA/ZrO; DMEF: H,O
0.115 100/6 99/860/143
(Present catalyst) (3:2mL)
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In case of cyclohexene hydrogenation (Table 15), Liu et al. [48] reported very
high conversion at lower temperature with very small amount of catalyst but
they had utilized very high H> pressure (20 bar) for the reaction compared to
present work. Zhang et al. [49] reported the same reaction at 35 °C with very
low conversion, moreover use of catalyst amount is too high. Leng et al. [50]
achieved high conversion using formic acid as a solvent with very high amount
of the catalyst compared to the present catalytic system. Panpranot et al. [51]
achieved excellent conversion using supercritical CO; as a solvent at 60 bar
pressure (extremely high condition). Enumerated data of table 15 indicates that
the present catalytic system is best one of all reported one in terms of activity

under mild reaction conditions.

Table 15 Comparison with the reported catalyst with respect to cyclohexene

hydrogenation
Pd Temp. Pressure %
Catalyst Solvent
(mole%) °C) (bar) Conversion/ TON/TOF
SH-IL-1.0wt%Pd
0.02 Auto-clave 60 20 99/5000/5000
[48]
Pd/MSS@ZIF-8
0.1738  Ethyl acetate 35 1 5.6/560/93
[49]
(Proton
Pd@CN [50] 2.208 Formic acid 90 96/44/3.67
transfer)
Pd/SiOz [51] 0.091 COz (60 bar) 25 10 96/1097 /6582
Pd-TPA/ZxrO»
0.0076 Water 80 10 96/12604/3151
(Present catalyst)
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In case of crotonaldehyde hydrogenation (Table 16), Iwasa et al. [52] reported
100 % conversion at 200 °C temperature with very high amount of catalyst,
moreover selectivity of the desired product butyraldehyde was only 31 %.
Here, reason for the low selectivity was weaker adsorption of formed product
butyraldehyde onto surface of the catalyst, which easily gets disorb and
hydrogenated to form another products. Zhao et al. [53] achieved 100 %
conversion at 50 °C with very low amount of Pd, but they have used super
critical COz as solvent under 80 bar pressure (very harsh condition with 40 bar
H> pressure). Here, the use of CO; favours to obtain 100 % selectivity of

butyraldehyde.

Table 16 Comparison with reported catalyst with respect to crotonaldehyde

hydrogenation
% Conversion/ %
Pd TON/TOF
Catalyst Solvent  Temp. (°C) Selectivity of
(mol%) (b1
butyraldehyde
Fix bed
Pd/CeO: [52] 10 200 100/31 -
reactor
CO,
10 % Pd/C [53] 0.026 50 100/100 3789/7578
(80 bar)
Pd/PEG [54] 0.5 Ethanol RT 100/100 1277/851
Pd-TPA/ZrO,
0.0076 Water 80 89/100 11685/2921

(Present catalyst)

It is interesting to note down that no report was found in which the same
catalyst has been applied for both the C-C coupling as well hydrogenation
reactions with respect to iodobenzene and cyclohexene as one of the substrates,
respectively. The present catalyst is superior in terms of used concentration of

Pd, reaction time as well as TON in all reactions. Here, high activity of the
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present catalyst compared to reported catalytic systems, may be due to the high

efficiency of the PANPs.
Plausible mechanism
C-C coupling

In the present work, we are expecting the well-known mechanism, which
involves oxidative addition, transmetallation and reductive elimination [55].
During the oxidative addition and transmetallation steps, we could not isolate
the Pd(II) species due to the high rate of the reaction. The steric and electronic
characteristics of TPA are important for catalysis. In general, the oxidative
addition is governed by electronic factors, whereas the transmetallation and
reductive elimination processes are controlled by a mixture of both electronic
and steric effect [56]. Thus, TPA would achieve a suitable balance between
these two factors. The plausible mechanism for the C-C coupling is shown in

scheme 4.

Oxidative addition
Ar-X
X=Cl, Br, |

Reductive elimination
Ar-Ar’

1» — H+
@ — rdo)
@ — rdn

Ar’-B(OH),

KX )
Trans-metallation

0,

Scheme 4 Plausible mechanism for C-C coupling.
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Hydrogenation

It is well known that in case of Pd catalyzed hydrogenation, mechanism is
governed by palladium hydride (Pd-H) formation. In present system, we are
also expecting the same mechanism in which molecular hydrogen initially gets
adsorbed onto Pd surface to form Pd-H. This formed species subsequently
tranfer the hydrogen to unsaturate bond of prely adsorbed substrate over the
surface to form product. The plausible mechanism for cyclohexene

hydrogenation is shown in scheme 5.

No. of counter protons = 3

s

Scheme 5 Plausible hydrogenation mechanism.
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Crotonaldehyde hydrogenation

Mechanistic investigation has been carried out for crotonaldehyde
hydrogenation. Generally, crotonaldehyde on hydrogenation gives three
products (Scheme 6) (i) butyraldehyde (ii) crotyl alcohol and (iii) n-butanol. It is
well known that thermodynamic parameters favor the hydrogenation of C=C
over the C=0 bond [57] due to high activation energy of C=0O tolerance to yield
selectively butyraldehyde. However, C=O selectively can be reduced by either
designing the suitable bimetallic catalyst in which one of the metals having
oxidic species (acidic sites) would attract the lone pair of the carbonyl group, or
using the alcohols as preferred solvents which can easily activate the C=0O
bond. However, use of alcohols can arise the undesirable secondary effect such

as formation of acetals and hemiacetals [58].

Pd-TPA/ZrO
R 04“2/\/1\0+ Ao+ T o
H,0,4 h, 80°C
Crotonaldehyde Egbaer n-butyraldehyde Crotyl alcohol n- butyl alcohol

Scheme 6 Crotonaldehyde hydrogenation.

In the present work, we achieved single selective product that is butyraldehyde
instead of product mixture. There might be two reasons for the selective
reduction of C=C bond. (i) The presence of only water as a solvent instead of
any organic solvent as discussed above. Here, the absence of organic solvent
would not activate C=O bond and selectively produce butyraldehyde only. To
check the same, we have carried out the same reaction under optimized
condition using EtOH: H2O (20:30) mL as a solvent. Obtained results showed
91 % conversion with 60 % butyraldehyde and 40 % crotylalcohol selectivity,
indicating the activation of C=O bond for hydrogenation due to the presence of
EtOH as solvent. (ii) The high adsorption capacity of the catalyst towards the

substrates and initially formed products [59-65]. In the present case, initially
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formed product butyraldehyde get adsorbed on the surface of the catalyst, and
did not allow it to desorb for further hydrogenation to generate other product
butanol. Hence, we are expecting the well-known mechanism for both the

reactions. The proposed mechanism for both the reactions is shown in scheme

7.

Scheme 7 Plausible mechanism for crotonaldehyde hydrogenation.

For all the catalytic systems, we are expecting the same mechanism for both

the reactions and hence not included in the proceeding chapters.
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Conclusion

Designing of PdNPs stabilized by Zirconia supported TPA (Pd-
TPA/ZrOy) was carry out. FT-IR, XRD and BET reveal the retention of
Keggin structure, XPS confirms the oxidation states of Pd(0) and W(VI)
whereas TEM, HRTEM and STEM confirm the presence of
homogeneously dispersed PANPs onto surface of ZrO;

The catalyst exhibits outstanding activity for C-C coupling (SM and
Heck) and hydrogenation (cyclohexene and crotonaldehyde) under mild

reaction conditions (> 89 % conversion)

Leaching and heterogeneity test confirm the true heterogeneous nature
of the catalyst. The catalyst is regenerated and reused up to five cycles
(and can be used for more) without loss in activity. EDX, FT-IR, XRD,

BET and XPS of regenerated catalyst confirm the stability of the catalyst

Substrate study shows the viability of the catalyst towards different
functionality of the substrates as well as superiority of the present

catalyst with those of reported systems
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The outstanding activity of Pd-TPA/ZrO; in both C-C coupling and
hydrogenation, encourage us to design another catalyst for the same
applications as well as to investigate the effect of addenda atom on the reactions

(i.e. mono lacunary tungstophosphoric acid, PW11, later LTPA).

In literature, we found only one art on Pd nanoparticles stabilized by supported
LTPA. In 2002, Neumann et al. derived palladium nanoparticles from a
palladium substituted mono lacunary tungstophosphoric acid supported on y-
ALOs; by impregnation method [Ks[PdPW11039]12H>0/y-AlOs] and utilized
for base and solvent free SM coupling of cholorobenzene to obtain 99 % yield of

biphenyl at 130 °C in 16 h [1].

In this context, present chapter describes the synthesis of Pd nanoparticles
(PdNPs) stabilized by Zirconia supported mono lacunary tungstophosphoric
acid (Pd-LTPA/ZrO2) by exchange method. The synthesized material was
characterized by elemental analysis EDX, TGA, FT-IR, BET, XRD, XPS, TEM,
HRTEM and STEM. The efficiency of the catalyst was evaluated as a sustainable
heterogeneous catalyst for C-C coupling (SM and Heck) and hydrogenation.
Influence of various parameters such as catalyst amount, temperature, pressure,
time, base, solvent, solvent ratio was studied for respective reactions to obtain
maximum conversion. The catalyst was regenerated, reused and the regenerated
catalyst was characterized by EDX, FT-IR, XRD, XPS and HRTEM to confirm the
stability of the catalyst. Scope and limitation of synthesized catalyst was
investigated towards different substrates. Activity of the catalyst for the said
reactions was compared with the reported systems. Further, in order to
understand the role of addenda atom, the catalytic activity was compared with
Pd-TPA/ZxO; (Pd-TPA/ZrO;) and explained on the bases of acidity and

available protons (generated on removal of one “WO” unit from PW1).
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EXPERIMENTAL
Materials

All chemicals used were of A. R. grade. Anhydrous disodium hydrogen
phosphate, sodium tungstate dihydrate, acetone, nitric acid, hydrochloric acid,
zirconium oxychloride, 25 % (w/w) ammonia, palladium chloride, iodobenzene,
phenylboronic acid, styrene, dimethyl formamide, potassium carbonate,
cyclohexene, styrene, crotonaldehyde, petroleum ether, ethyl acetate and

dichloromethane were obtained from Merck and used as received.
Catalyst Synthesis

Palladium nanoparticles stabilized by zirconia supported mono lacunary

tungstophosphoric acid (Pd-LTPA /ZrO,) was synthesized in three steps.
Step-1: Synthesis of ZrO;
Zirconia was synthesized as discussed in chapter-1.

Step-2: Synthesis of supported mono lacunary tungstophosphoric acid (LTPA/ZrO2) by

incipient wet impregnation method

Sodium salt of mono lacunary tungstophosphoric acid [2] (Na7PW11039, later
Na7LTPA) and LTPA/ZrO: [3] were synthesized following the methods

reported by Brevard et al. and our group, respectively, as shown in scheme 1.

Sodium tungstate dihydrate (0.022 mol, 7.2 g) and anhydrous disodium
hydrogen phosphate (0.002 mol, 0.284 g) were dissolved in 15-20 mL of distilled
water and heated at 80 °C followed by the addition of diluted nitric acid to adjust
the pH to 4.8. The volume was then reduced to half by evaporation and the
heteropoly anion was separated by liquid-liquid extraction with 80-100 mL of

acetone. The extraction was repeated until the acetone extract showed the
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absence of NOs- ions (ferrous sulfate test). The extracted sodium salt was dried

in air. The resulting material was designated as Na;LTPA.

LTPA/ZrO2 was synthesized by wet impregnation method. 1 g of ZrO> was
impregnated with an aqueous solution of Na7LTPA (0.3/30 g mL-! of double
distilled water) at 100 °C followed by drying at same temperature in oven for 10
h. The obtained material (Na7;LTPA/ZrOz) was protonated with 0.01 N HC],
filtered, washed with double distilled water and dried at 100 °C. The obtained
material was designated as LTPA /ZrOx.

[ A=)

Na,WO
NaH,PO; 2 Na,[PWy;0;] =
Na,LTPA

Incipient Wet @
Impregnation 1 —

HHH
111 :
000 + E=====) HHH
Ll Protonation 1
7r0 0.01NHC, 000
2 Wash, Dry L1
zro, Na,LTPA Zro,
H,LTPA/ZrO, =
LTPA/ZrO,

Scheme 1 Synthesis of LTPA /Z1Os.

Step-3: Synthesis of Pd-LTPA/ZrO; by soaking and post reduction method.

Palladium was deposited on LTPA/ZrO> via exchanging the available protons
of LTPA. 1 g of LTPA /ZrO; was soaked with 25 mL of 0.05 M aqueous solution
of PdCl, for 24 h with stirring. The solution was filtered, washed with distilled
water in order to remove the excess of PdCl, and dried in air at room
temperature. The resulting (brown colored) material was designated as Pd(II)-
LTPA/ZrO:s. Finally, the synthesized material was charged into the Parr reactor
under 1 bar H> pressure, at 40 °C for 30 min to reduce Pd(Il) to Pd(0). The
obtained (black colored) material was designated as Pd-LTPA/ZrO,. The
synthetic scheme is presented in scheme 2. The same procedure was followed

for the synthesis of Pd/ZrOx.
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) ) 0

H H Soaking HHA MKW  Parrreactor
I _— | ==
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- — T
-O_
-O_
-O_
- — T

LTPA/ZrO, Pd(Il)-LTPA/ZrO, Pd-LTPA/ZrO,
® = Pd(ll) (Brown) @ = Pd(0) (Black)

Scheme 2 Synthesis of Pd-LTPA /ZrO..

Catalytic Evaluation

The C-C coupling and hydrogenation reactions were carried out following the

same procedure as mentioned in chapter 1.
RESULTS AND DISCUSSION
Catalyst Characterization

The gravimetric analysis of standard solution and filtrate showed 6.05 wt% and
0.72 wt% of Pd in Pd/ZrO; and Pd(Il)-LTPA/ZrO,, respectively [4]. For Pd-
LTPA/ZrO,, EDX values of W (15.57 wt%) and Pd (0.76 wt%) are in good
agreement with analytical one (15.19 wt% of W, 0.72 wt% of Pd). EDX elemental

mapping of Pd-LTPA /ZrO; is shown in figure 1.

Figure 1 EDX mapping of Pd-LTPA/ZrO:.
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Thermal stability of Pd-LTPA/ZrO; was evaluated by TGA and the obtained
curve is plotted in figure 2. Curve indicates 8.13 % weight loss in the temperature
range of 50 to 110 °C due adsorbed water molecule. Alongside, there was no
significant weight loss observed up to 500 °C indicating the high thermal
stability of the material.

100

96 A

92 4

% Wt

88 4

84 T T T T
0 100 200 300 400 500

Temperature (°C)

Figure 2 TGA curve of Pd-LTPA/ZrO..

The FT-IR spectra of ZrO>, LTPA, LTPA/ZrO,, Pd-LTPA/ZrO> are shown in
tfigure 3. ZrO> shows broad bands in the region of 1600, 1370, and 600 cm!
attributed to H-O-H and O-H-O bending and Zr-OH bending, respectively. FT-
IR spectrum of LTPA exhibits bands at 1088, 1042, 964, 903 and 810 cm
corresponding to P-O, W=0O and W-O-W stretching, respectively. Here, the
splitting of P-O bond is due to the lowering of symmetry around central hetero
atom phosphorus, indicates the formation of lacunary spices. Similarly,
LTPA/ZrO: exhibits bands at 1090, 1047, 964 and 812 cm! corresponding to P-
O, W=0O, and W-O-W stretching vibration frequencies, respectively. No
significant change in the bands indicate the retention of the Keggin unit in the
synthesized material. The spectrum of Pd-LTPA/ZrO; shows bands at 1092,
1049, 960 and 806 cm! corresponding to P-O, W=0O and W-O-W, respectively.
The slight shift in the bands may be due to the change in environment by Pd.
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Figure 3 FT-IR spectra of (a) ZrO», (b) LTPA, (c) LTPA/ZrO; and (d) Pd-LTPA/ZrO,.

The surface area of LTPA/ZrOz (224 m?/g) is found to be higher than support
ZrOz (170 m?/g), because of bulky anionic nature of LTPA [3]. The decrease in
surface area of Pd(II)-LTPA / ZrO2 (199 m?/ g) compared to LTPA / ZrO; indicates
the strong interaction of Pd with the loaded material. The drastic rise in surface
area of Pd-LTPA/ZrO> (213 m?/g) compared to Pd(I)-LTPA/ZrO; is the first
evidence for the presence of Pd(0) nanoparticles (PdNPs), due to the downsizing
of Pd during the reduction of Pd(II) to Pd(0). In spite of having different surface
area, the unaltered nature of the N2 sorption isotherms of LTPA/ZrO; and Pd-
LTPA/ZrO; (Figure 4) indicate the identical basic structure, the same is also

reflected by FT-IR analysis.
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Figure 4 N> sorption isotherms.

XRD patterns of LTPA, ZrO,, LTPA/ZrO; and Pd-LTPA/ZrO; were recorded
(Figure 5). XRD patterns of LTPA shows the characteristic peaks between 20
range of 20 to 35 degree. Whereas, the absence of all patterns corresponds to
LTPA in LTPA/ZrO: indicates the uniform dispersion onto surface of the
support. XRD patterns of Pd-LTPA/ZrO: did not reflect any diffraction
corresponds to LTPA as well as Pd, indicates the high degree of dispersion onto

surface as well as no sintering of Pd during the synthesis of the catalyst.

(a)

(b)

Counts

(c)

(d)

10 20 30 40 50 60 70 80
2° Theta

Figure 5 XRD patterns of (a) LTPA, (b) ZrO,, (c) LTPA/ZrO; and (d) Pd-LTPA /ZrOs.
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To confirm the electronic state of the Pd, W and O high resolution XPS spectra
of LTPA/ZrO; and Pd-LTPA/ZrO; were recorded (Figure 6). LTPA/ZrOz
shows (Figure 6a) a very intense peak at binding energy 532 eV corresponds to
Ols as it contains number of O atoms of LTPA and ZrO; support, whereas Pd-
LTPA/ZrOz shows (Figure 6d) the direct overlap peak between Pd3ps,2 and Ols
peaks at binding energy 532 eV, which is in good agreement with the reported
one [5], and cannot be assigned to confirm the presence of Pd(0). Hence, we have
presented instrument generated full spectra (Figure 6a & 6d) images, supporting
the presence of Pd(0). This is further confirmed by recording the high resolution
Pd3d spectrum which (Figure 6e) shows a low intense spin orbit doublet peak at
binding energy 335.9 eV and 340.5 eV correspond to Pd3ds/> and Pd3ds,>,
confirming the presence of Pd(0) [6-8]. Two additional high intense peaks at

binding energy 331 eV and 345 eV attributed to Zr3ps/2 and Zr3p1/2, respectively
[9]

LTPA/ZrOz shows (Figure 6c) a well resolved spin-orbit doublet of W4f7,> and
Widfs,> at binding energy 35.6 and 37.6 eV (spin-orbit splitting, 2.0 eV),
characteristic of W(VI), confirming the presence of W(VI). Pd-LTPA /ZrO> also
shows (Figure 6f) a single spin-orbit pair at binding energy 35.6 and 37.5 eV
(spin-orbit splitting, 1.9 eV) confirming no reduction of W(VI) during the
synthesis [7, 10].
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Figure 6 XPS spectra of LTPA /ZrO; (a-c) and Pd-LTPA/ZrO, (d-f).

Binding Energy (eV)

TEM micrographs of LTPA/ZrO; (Figure 7a-b) and Pd-LTPA /ZrO; (Figure 7c-

d) were recorded at various resolution. TEM micrographs of LTPA /ZrO show

the homogeneous dispersion of LTPA onto surface of the ZrO,. Whereas, figure

7(c-d) show the high degree of homogeneously dispersed very small isolated

PdNPs onto surface of support. SAED image of Pd-LTPA /ZrO; shows the non-

crystalline nature of highly dispersed PANPs in the synthesized material (Figure

7e). To further confirm, HRTEM micrographs were also recorded as shown in

figure 7(f-g), which clearly display the uniform dispersion of PANPs (particle

size, ~2 nm) throughout the morphology, without aggregates formation,

confirming the stabilization of PANPs by LTPA.
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Figure 7 TEM micrographs of LTPA/ZrO; (a,b) and Pd-LTPA/ZrO: (c,d), SAED image of Pd-
LTPA/ZrOs (e), HRTEM micrographs of Pd-LTPA/ZrO:; (c, d).

For more insight of PANPs, an advance technique, STEM was utilized to probe
the behavior of PANPs. Bright/dark field STEM (BF/DF-STEM) images (Figure
8a-b, respectively) show the highly dispersed PdNPs in the synthesized material.
Whereas, overlapping image (Figure 8c) as well as elemental image of Pd (Figure
8d) clearly indicates the presence of isolated PANPs homogeneously dispersed
without any cross talks between them. The absence Pd of aggregates conclude
that LTPA/ZrO: is very much capable to decrease the high surface free energy
of PANPs, by providing combinedly the facility of high surface area for
dispersion as well as stabilizing nature. Whereas images (8d-h) show the

presence of all the possible elements in the synthesized catalyst.
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Figure 8 (a) Bright field, (b) dark field STEM images of Pd-LTPA/ZrO,. (c) Overlapping, (d-
h) elemental images of Pd-LTPA /ZrO..

In summary, FT-IR shows the retention of Keggin structure even after
impregnation, soaking and post-reduction of the catalyst. The presence and
oxidation states of Pd(0) and W(VI) are confirmed by XPS while the presence of
homogeneously dispersed PANPs onto surface of ZrO; was confirmed by TEM,
HRTEM and STEM.
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Catalytic activity

SM Coupling

To evaluate the efficiency of the catalyst for SM coupling, iodobenzene (1.96

mmol) and phenylboronic acid (2.94 mmol) were selected as test substrates.

Effect of different reaction parameters such as palladium concentration, time,

temperature, base, solvent and solvent ratio were studied to optimize the

conditions for maximum conversion (Figure 9).
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100 4 91
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5
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Figure 9 Optimization of parameters for SM coupling. Reaction conditions: (a) Effect of
catalyst amount- KoCOs (3.92 mmol), EtOH: H>O (3:7 mL), time (30 min), temperature (90 °C);
(b) Effect of time- catalyst (10 mg), K2COs (3.92 mmol), EtOH: H>O (3:7 mL), temperature (90
°C); (c) Effect of temperature: catalyst (10 mg), K2COs (3.92 mmol), EtOH: H>O (3:7 mL), time
(30 min); (d) Effect of base- catalyst (10 mg), base (3.92 mmol), EtOH: H>O (3:7 mL), time (30

min), temperature (90 °C).
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The effect of catalyst amount is screened between 5-20 mg with concentration of
Pd(0) in the range of 3.38 x 10~ mmol (0.0173 mol%) to 1.35 x 10-> mmol (0.069
mol %), respectively, and obtained results are shown in figure 9a. Initially, = 1.09-
fold % conversion increase was observed from 5 to 10 mg of catalyst. With
further increase in the catalyst amount, conversion remains unchanged.

Maximum, 99 % conversion was achieved with 10 mg of catalyst.

The effect of time was studied between 10 to 40 min range as shown in figure 9b.
Initially, = 1.22-fold % conversion increase was observed from 10 to 30 min of
reaction time. Further, prolonging the reaction (40 min), no significant effect on

reaction conversion was observed. Hence, 30 min was optimized for the reaction.

The effect of temperature was evaluated between 60 to 90 °C and obtained
results are displayed in figure 9c. It can be seen from the results that with
increase in temperature, the % conversion also increases. 99 % conversion was
obtained at 90 °C. Further, increase in temperature has no significant effect on
conversion. Hence, 90 °C was considered as optimum for the maximum %

conversion.

Influence of various bases was also examined using various organic and
inorganic bases. Obtained results (Figure 9d) indicate that organic base triethyl
amine (Et3N) is less favorable for coupling reaction compare to that of inorganic
base. The highest conversion was found in the case of K>COs; and NaOH
compared to Na;COs. As K2COs is environmentally benign, easy to handle and
non-hygroscopic in nature compared to NaOH, further study was carried out

with K2CO:s.
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The effect of different solvents on reaction conversion is shown in table 1. From
the results it is clear that in case of ethanol the highest conversion was achieved
compare to acetonitrile and toluene. Low conversion in case of water as solvent
is may be due to the low solubility of substrates. The results are in good
agreement with reported one [11], stating that polar solvents tend to give the
best result for coupling reaction. Hence, ethanol was selected as an appropriate

solvent for further study.

Table 1 Effect of solvent

Solvent % Conversion
Toluene 12
Acetonitrile 20
Ethanol 71
HO 28

Reaction conditions: Catalyst (10 mg), K>COs (3.92 mmol), solvent (10 mL), time (30 min),
temperature (90 °C).

Finally, the effect of solvent to water (Ethanol: H>O) ratio was evaluated and

obtained results are presented in table 2.

Table 2 Effect of solvent ratio

Ethanol: HD O % Conversion

1:9 94
2:8 96
3.7 99
4:6 99
5:5 99

Reaction conditions: Catalyst (10 mg), K2COs (3.92 mmol), time (30 min), temperature (90 °C).
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Obtained results show that initially, with increase in ethanol amount the %
conversion increases, this may be due to the increase in solubility of substrates
in ethanol. This trend was found from ratio (1:9) mL to (3:7) mL ratios. For higher
ratio (4:6) to (5:5) mL, no significant change in % conversion was observed.

Maximum 99 % conversion was achieved for (3:7) mL.

From the above study, the optimized conditions for the maximum % conversion
(99) are: iodobenzene (1.96 mmol), phenylboronic acid (2.94 mmol), K2COs (3.92
mmol), conc. of Pd (6.77 x 10# mmol, 0.035 mol%), substrate/catalyst ratio
(2897/1), C:HsOH:H2O (3:7 mL), time (30 min), temperature (90 °C). The
calculated TON is 2868 and TOF is 5736 h-1.

Further, the obtained product was purified by column chromatography on silica
gel with a mixture of ethyl acetate and petroleum ether as eluent. Isolated yield

(99%) was found to be the same with the conversion (99%) found by GC.

As discussed in chapter-1, in the present case also, optimization of SM coupling
was carried out using water as solvent by varying various reaction parameters.
Obtain results showed low % conversion at high temperature with prolong
reaction time compared to aqueous medium. This may be due to the low
solubility of the organic substrate in water. Hence, aqueous medium was

optimized for SM coupling.
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Heck coupling

To evaluate the efficiency of the catalyst for heck coupling, iodobenzene (0.98
mmol) and styrene (1.47 mmol) were selected as test substrates. Effect of
different reaction parameters such as palladium concentration, time,
temperature, base, solvent and solvent ratio was studied to optimize the
conditions for maximum conversion. As described in SM coupling, in the present
case also, all parameters were varied and results are shown in respective figures
(Figure 10). It should be noted that the explanation will remain the same as given

in the section of SM coupling.
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Figure 10 Optimization of Heck coupling. Reaction conditions: (a) Effect of catalyst amount-
K>COs (1.96 mmol), DMF:H>O (3:2 mL), time (6 h), temperature (100 °C); (b) Effect of time-
catalyst (30 mg), KoCOs (1.96 mmol), DMF:H>O (3:2 mL), temperature (100 °C), (c) Effect of
temperature- catalyst (30 mg), KoCOs (1.96 mmol), DMF:H>O (3:2 mL), time (6 h); (d) Effect of
base- catalyst (30 mg), base (1.96 mmol), DMF:H>O (3:2 mL), time (6 h), temperature (100 °C).
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The effect of different solvents was studied and obtained results are shown in
table 3. Results indicate that maximum 72 % conversion was attained in case of
DMF compare to toluene and ethanol. This is in good agreement with the
reported one [12-14], stating that polar, aprotic solvents tend to give the best
results for Heck coupling. Low % conversion is observed in case of water may
be due to the lower solubility of substrate. Hence, DMF was selected as an

appropriate solvent for further study.

Table 3 Effect of solvent

Solvent % Conversion
Toluene 3
Ethanol 21

DMF 72

H2O 1

Reaction conditions: Catalyst (30 mg), K2CO; (1.96 mmol), time (6 h), temperature (100 °C).

Finally, the effect of solvent to water (DMF: H>O) ratio was evaluated and data

are presented in table 4.

Table 4 Effect of solvent ratio

DMF: H,O % Conversion

1:4 14
2:3 31
3:2 96
4:1 81

Reaction conditions: Catalyst (30 mg), K2CO; (1.96 mmol), time (6 h), temperature (100 °C).

Obtained results show that initially, with increase in DMF amount the %

conversion increases, this may be due to the increase in solubility of substrates
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in DMF. This trend was found from ratio (1:4) mL to (3:2) mL. For higher ratio
(4:1) mL, % conversion decreases, because of incomplete solubility of base in 1

mL of water. Maximum 96 % conversion was achieved for (3:2) mL.

The optimized conditions for the maximum % conversion (96) are: iodobenzene
(0.98 mmol), styrene (1.47 mmol), K2COs (1.96 mmol), conc. of Pd (2.03 x 103
mmol, 0.207 mol%), substrate/ catalyst ratio (483/1), DMF:HO (3:2 mL), time (6
h), temperature (100 °C). The calculated turnover number (TON) is 464 and
turnover frequency (TOF) is 77 h-l.

Hydrogenation

To evaluate the efficiency of the catalyst for hydrogenation, cyclohexene (9.87
mmol) was selected as test substrate. Effect of different reaction parameters such
as palladium concentration, time, temperature, pressure and solvent were

studied to optimize the conditions for maximum conversion (Figure 11).

The effect of substrate to catalyst ratio was evaluated by varying the catalyst
amount from 5 to 20 mg. Obtained results (Figure 11a) show that with increasing
the catalyst amount from 5 to 20 mg there was no effect on the reaction
conversion. Here, very small amount of catalyst i.e. 5 mg (0.0034 mol% of Pd)
has sufficient active sites and capable to tolerate very high amount of substrate
(substrate to catalyst ratio, 29177/1), clearly indicates the high efficiency of
PdNPs.

The influence of time was assessed between 1 to 4 h (Figure 11b). Initially, up to
2 h, with increasing time, ~ 1.14-fold % conversion also increases. Hence, 2 h is
the sufficient time for the maximum productive collision of the substrates to
yield cyclohexane. Further, increase in time (up to 4 h) has no influence on the %

conversion, Maximum 96 % conversion was achieved in 2 h.
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Figure 11 Optimization of cyclohexene hydrogenation. Reaction conditions: (a) Effect of
catalyst amount- cyclohexene (9.87 mmol), H>O (50 mL), time (4 h), temperature (80 °C), H
pressure (10 bar); (b) Effect of time- cyclohexene (9.87 mmol), H>O (50 mL), catalyst (5 mg),
temperature (80 °C), Hz pressure (10 bar); (c) Effect of temperature- cyclohexene (9.87 mmol),
H>O (50 mL), catalyst (5 mg), time (2 h), H> pressure (10 bar); (d) Effect of pressure-
cyclohexene (9.87 mmol), HoO (50 mL), catalyst (5 mg), time (2 h), temperature (50 °C).

The effect of temperature on reaction was screened in the region of 30-60 °C
(Figure 11c). Obtained results show ~ 1.71-fold increase in % conversion with
increasing temperature from 30 to 50 °C. Further, rise in temperature shows no
appreciable increase in % conversion. At higher temperature there are two facts
which resist the reaction conversion: (i) desorption of cyclohexene from the
surface of the catalyst and; (ii) lower adsorption rate of hydrogen onto surface of
catalyst [15, 16]. Hence, required activation energy was obtained in just 50 °C for

96 % conversion.

The effect of H» pressure was studied in the region of 7 to 10 bar (Figure 11d).

Obtained results show that % conversion increases from 80 to 96 % linearly.
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Hence, the reaction is first order with respect to H> pressure, which is in good
agreement with the reported one [17] stating that hydrogenation is always first
order with respect to Hz pressure. Further study for effect of high pressure was
not carried out as our main focus is to establish environmentally green process.

Highest 96 % conversion was obtained by applying 10 bar H> pressure.

Effect of various solvents were studied and obtained results are presented in

table 5.

Table 5 Effect of solvent

Solvent
% Conversion
(20: 30) mL
CHsCN: H O 63
IPA: H,O 95
EtOH: H,O 97
HZO (50 mL) 96

Reaction conditions: cyclohexene (9.87 mmol), catalyst (5 mg), time (2 h), temperature (50 °C),

H; pressure (10 bar).

Comparatively, low % conversion was obtained in case of CH3CN-H2O solvent
system due to its oxidizing nature which resists the reduction of cyclohexene.
Whereas, it was achieved maximum for IPA-H>O and CH30H-H:O systems and
this may be due to their reducing nature. However, it was miracle that higher %
conversion was obtained under the identical reaction conditions for neat water

as a solvent (i.e. 96 %). Hence, water was selected as a solvent for further study.

The optimized conditions for the maximum % conversion (96) are: cyclohexene
(9.87 mmol), H2O (50 mL), conc. of Pd (3.38 x 104 mmol, 0.0034 mol%),
substrate/catalyst ratio (29177/1), time (2 h), temperature (50 °C) and H»
pressure (10 bar). The calculated TON is 28010 and TOF is 14005 h-1.
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Control Experiments

In all the reactions, control experiments were carried out with LTPA, ZrO;,
LTPA/ZrO,, PdCly, Pd/ZrO; and Pd-LTPA/ZrO; under optimized conditions
in order to understand the role of each component, and results are shown in table
6. Itis seen from the table that LTPA, ZrO; and LTPA / ZrO; were inactive toward
the reactions. Almost same conversion was found in the case of PdCl,, Pd/ZrO>
and Pd-LTPA/ZrO: in all reactions. This indicates that Pd is real active species

responsible for the reactions.

Table 6 Control experiment

SM Heck Hydrogenation
Catalyst
% Conversion2 % Conversion® % Conversion¢
LTPA
N. R. N. R. N. R.
(32.31, 6.92, <1.15 mg)
VAL O))
N.R N.R N.R
(27.69, v23.08, <3.85 mg)
LTPA/ZrO>
N.R N.R N.R
(210, 230, <5 mg)
PdCl» 98 97 91
Pd/ZrO» 97 94 95
Pd-LTPA/ZrO; 99 96 96

Reaction conditions. (a) SM coupling: iodobenzene (1.96 mmol), phenylboronic acid (2.94 mmol),
catalyst (0.076 mg Pd, 0.035 mol% Pd), K2COs (3.92 mmol), C:Hs0H: H2O (3:7 mL), time (30 min),
temperature (90 °C); (b) Heck coupling: iodobenzene (0.98 mmol), styrene (1.47 mmol), catalyst
(0.216 mg Pd, 0.207 mol% Pd), KoCOs (1.96 mmol), DMF: H2O (3:2 mL), time (6 h), temperature
(100 °C). (c) Hydrogenation: cyclohexene (9.87 mmol), catalyst (0.036 mg Pd, 0.0034 mol% Pd),
H>O (50 mL), time (2 h), temperature (50 °C), H> pressure (10 bar). N. R. - No reaction.
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Leaching and Heterogeneity test

The leaching of LTPA from ZrO: (before exchanging Pd with available protons)
as well as leaching of PANPs from support was checked for Pd/ZrO: and Pd-
TPA/ZrO; in all the reactions following the same method as discussed in
chapter-1 (Please refer, Page No. 94-96) and found no leaching of either Pd or
LTPA from ZrO;. Whereas, in case of Pd/ZrO,, leaching of Pd was found,
recycled catalyst showed appreciable loss in the Pd content (3.53 wt%) as
compared to the fresh catalyst (6.05 wt%). The minor change in % conversion

(Figure 12) may be due to the instrument error (+ 1-1.5 %).

(a) SM Coupling (b) Heck Coupling
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Figure 12 Leaching test. Reaction conditions: (a) SM coupling- iodobenzene (1.96 mmol),
phenylboronic acid (2.94 mmol), catalyst (0.076 mg Pd, 0.035 mol% Pd), K2COs; (3.92 mmol),
CHs0H: HyO (3:7 mL), temperature (90 °C); (b) Heck coupling- iodobenzene (0.98 mmol),
styrene (1.47 mmol), catalyst (0.216 mg Pd, 0.207 mol% Pd), K»COs (1.96 mmol), DMF: H,O

(3:2 mL), temperature (100 °C); (c) Hydrogenation- cyclohexene (9.87 mmol), catalyst (0.036 mg
Pd, 0.0034 mol% Pd), H>O (50 mL), temperature (50 °C), H> pressure (10 bar).
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Like in case of Pd-TPA/ZrO: (Chapter-1), in the present case, it was also found

that LTPA stabilizes PANPs and does not allow to leach it into the reaction

mixture, making it a true heterogeneous catalyst falling in category C [18].

Recyclability and sustainability of the catalyst

Recyclability and sustainability for Pd/ZrO; and Pd-LTPA/ZrO; were studied

as described in chapter-1 (Please refer, Page No. 97-98) and the results are

described in figure 13.
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(b) Heck Coupling
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Figure 13 Recycling test. Reaction conditions: (a) SM coupling- iodobenzene (1.96 mmol),
phenylboronic acid (2.94 mmol), catalyst (0.076 mg Pd, 0.035 mol% Pd), K»COs3 (3.92 mmol),
CHs0H: H>O (3:7 mL), time (30 min), temperature (90 °C); (b) Heck coupling- iodobenzene
(0.98 mmol), styrene (1.47 mmol), catalyst (0.216 mg Pd, 0.207 mol% Pd), KoCOs (1.96 mmol),
DMF: H,O (3:2 mL), time (6 h), temperature (100 °C); (c) Hydrogenation- cyclohexene (9.87
mmol), catalyst (0.036 mg Pd, 0.0034 mol% Pd), HO (50 mL), time (2 h), temperature (90 °C),

H> pressure (10 bar).
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Obtained results show that, while Pd/ZrO, exhibited gradual decrease in %
conversion due to leaching of PANPs, Pd-LTPA/ZrO, displayed constant %
conversion up to five cycles for all reactions, as in case of Pd-TPA/ZrO; thereby

confirming the important role played by the support.
Characterization of regenerated catalyst

The stability of the regenerated catalyst was studied by its characterization also,

such as EDX, FT-IR, XRD, XPS and HRTEM.

For regenerated Pd-LTPA /ZrO;, the EDX values of Pd (0.71 %wt) and W (15.08
%wt) are in good agreement with the fresh one (0.72 wt% Pd and 15.19 wt% W),
confirming no emission of Pd as well as W from the catalyst during the reaction.
This indicates that LTPA plays an important role as a stabilizer to keep the Pd(0)
active and also prevent it to leach from the support. Elemental mapping is shown

in figure 14.

Figure 14 EDX mapping of regenerated Pd-LTPA /ZrO..

FT-IR spectra of fresh and regenerated catalysts are displayed in figure 15. The
spectrum of regenerated catalyst was found to be almost identical to fresh one,
without any significant shift in the bands. However, the bands intensity for
regenerated catalyst was slightly low compared to fresh one, may be due to the

sticking of the substrates, which had no effect on the efficiency of the catalyst.
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Figure 15 FT-IR spectra of (a) fresh and (b) regenerated Pd-LTPA /ZrO..

XRD patterns of fresh and regenerated catalyst are shown in figure 16. Obtained
results reveal the retention of highly dispersed nature of the catalyst. Absence of
any characteristic peaks regarding Pd aggregates as well as LTPA clearly

indicates the sustainability of the catalyst during the reaction.
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Figure 16 XRD patterns of (a) Pd-LTPA /ZrO; and (b) Regenerated Pd-LTPA/ZrOs.
XPS spectra of regenerated Pd-LTPA/ZrO; is displayed in figure 17. The

spectrum of regenerated catalyst is found to be identical with fresh one (Figure

6), confirms the retention of Pd(0) active species as well as W(VI), which did not
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undergo reduction during the reaction, indicating the sustainability of the

catalyst.

Pd3d waf
W(VI) 4f;/,
W(VI) af5 ),

Zr 3py

328 332 336 340 344 348 30 32 34 36 38 40
Binding Energy (eV) Binding Energy (eV)

Figure 17 XPS spectra of regenerated Pd-LTPA /ZrO..

Viability of the catalyst

Under the optimized condition, the scope and limitations of substrates were
investigated by using different halobenzenes (Table 7). Coupling of iodobenzene
with phenylboronic acid gives higher conversion compared to bromobenzene
and chlorobenzene as expected, because iodide is a good leaving group due to
its low electronegativity as well as big radius compared to bromide and chloride
groups. The found reactivity order was Ph-I >Ph-Br >Ph-Cl. Presence of strongly
electron donating group like -OH is less favorable for coupling reaction, though
in case of p-bromophenol, high conversion was obtained. This may be due to the
complete solubility of the substrate in reaction medium at optimized
temperature which facilitates the reaction. Substituted bromobenzene with
strongly electron withdrawing group such as -NO; facilitates the reaction, and
hence p-bromonitrobenzene gives the 94 % conversion. Similarly, p-
bromoacetophenone gives the high conversion due to the presence of moderate

electron withdrawing group -COCH.
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Table 7 Substrate study for SM coupling

R B(OH),
Pd-PW,,/ZrO,
K,COs, EtOH:H,0
. 90°C, 30 min
R
R X R’ Product % Conversion  TON/TOF (h?)
H I H 99 2868/5736
56 1537/3074
88 (5h) 2549/510
9 261/522
82 (10 h) 2376/238
OH Br H OH 92 2665/5330
NO; Br H NOz 94 2723 /5446
COCHs  Br H COCHa 86 2491/4982

Reaction conditions: Halobenzene (1.96 mmol), phenylboronic acid (2.94 mmol), K.CO3 (3.92
mmol), conc. of Pd (0.035 mol%), substrate/catalyst ratio (2897/1), C;HsOH: H>O (3:7) mL, 30
min, 90 °C.

Similarly, under optimized conditions, scope and limitations of substrates for
Heck coupling were also investigated by using different halobenzenes and
styrene derivatives (Table 8). Coupling of iodobenzene with styrene gives higher
conversion compare to bromobenzene and chlorobenzene as expected. The
found reactivity order was Ph-I > Ph-Br > Ph-Cl. However, in case of
bromobenzene and chlorobenzene higher % conversion was achieved by

prolonging the reaction time. Coupling of iodobenzene with a-methyl styrene
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(79 %) is lower compared to the coupling of iodobenzene with styrene (99 %).

This may be due to crowding effect of the methyl group.

Table 8 Substrate study for Heck coupling

X

oF

O

R
Pd-PW,,/ZrO, O
K,CO,, DMF:H,0 \ O

100°C,6h
X R Product % Conversion  TON/TOF (h?)
I H Q \ O 9 464/77
Q 76 367/61
Br H \
92* 444* / 44%
10 48/8
a u (O
52% 251*/25*
Q 79 381/64
I CHs \ O
88* 423% 42+

Reaction conditions: Halobenzene (0.98 mmol), styrene (1.47 mmol), K2COs (1.96 mmol), conc. of
Pd (0.207 mol%), substrate/catalyst ratio (483/1), DMF: H,O (3:2 mL), time (6 h), temperature
(100 °C). *Time (10 h).
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The scope for hydrogenation of different substrates was also evaluated and the
obtained results are enumerated in table 9. From the results it is clear that the
catalyst is dominantly viable for the selective hydrogenation of C=C including
aliphatic and aromatic compounds.

Table 9 Substrate study for hydrogenation

Substrate Product % Conversion/Selectivity TON/TOF (h1)

O O 96 28010/14005
O O 62 18090/9045

SN NN 74 21591/10780
=

99 28885,/14443

R X0 N 92/100 26843/13422

X o ~o
71/100 20716,/10358

Reaction conditions: Substrate (9.87 mmol), Pd (0.0034 mol%), substrate/catalyst ratio (29177/1),

H>0O (50 mL), temperature (50 °C), H» pressure (10 bar), time (2 h).
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Comparison with reported catalyst

Catalytic activity of the present catalyst is also compared with reported catalysts
for C-C coupling reactions (Table 10 & 11) in terms of iodobenzene and
hydrogenation reaction (Table 12) in terms of cyclohexene as one of the

substrates.

It is seen for SM coupling (Table 10), that present catalyst is superior in terms of

mol% of Pd, TON as well as TOF compared to all reported catalytic systems.

Table 10 Comparison of catalytic activity for SM coupling with reported catalyst

in organic-water solvent mixture with respect to iodobenzene

Temp. %
Catalyst Pd (mol %) Solvent (°C)/Time  Conversion/ TON
(h) /TOE (h)
C,Hs0H: H,O
Pd-ScBTC NMOFs [19] 0.5 40/0.5 99/194/388
(1:1 mL)
C,Hs0OH: H,O
Pd/C [20] 0.37 40/0.5 99/268/535
(1:1 mL)
Oximepalladacycle C>Hs0OH: HO
0.3 RT/0.3 95/317/1057
catalyst [21] (1:1 mL)
Fe;0y / Ethyl—CN / Pd C,HsOH: H,O
0.2 RT/0.2 98/49/245
[22] (1:1 mL)
C>Hs0H: HO
G-BI-Pd [23] 0.45 80/0.084 98/219/2613
(1:1 mL)
Pd-LTPA/ZI’Oz CHs0H: H,O
0.035 90/0.5 99/2868/5736
(Present catalyst) (3:7 mL)
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In case of Heck coupling (Table 11) also, present catalyst is found superior in

terms of the used solvent medium, mol% of Pd, % conversion as well as high

TON/TOF.

Table 11 Comparison of catalytic activity for Heck reaction with reported

catalysts with respect to iodobenzene

%

Temp.
Catalyst Pd (mol %) Solvent Conversion/ TON/
(°C)/ Time (h)
TOF (h?)
PdTSPc@KP-GO
0.792 H>O (10 mL) reflux/9 89/111/12
[24]
Pd/CNCs [25] 1.412 DMEF (10 mL) 40/5 93/65/13
NO>-NHC-
1.0 CH:CN (5 mL) 80/5 96/96/19
Pd@Fe3;04 [26]
5% Pd/CM [27] 0.2 DMA 80/24 61/3050/127
PFG-Pd [28] 1.7 DMF (3 mL) 120/6 95/56/9
Pd-LTPA/ZrO; DMEF: H,O
0.207 100/6 96/464/77
(Present catalyst) (3:2mlL)
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The efficiency of the catalyst with reported systems is enumerated in table 12
with respect to cyclohexene hydrogenation in terms of % conversion, TON as
well as TOF. Liu et al. [29] achieved 99 % conversion at moderate temperature
and very high H> pressure (20 bar) compared to present system. Zhang et al. [30]
performed the reaction at low temperature with very poor yield and with high
catalyst concentration. Leng et al. [31] reported the use of formic acid as proton
transferring agent to achieve 96 % conversion using high temperature and
catalyst amount compared to the present system. Panpranot et al. [32] obtained
96 % conversion utilizing supercritical COz as a solvent at 60 bar pressure (harsh
conditions). Obtain data shows that the present catalyst is best one amongst all
reported systems to till date in terms of used catalyst amount, TON as well as

TOF under mild reaction conditions.

Table 12 Comparison with the reported catalyst with respect to cyclohexene

hydrogenation
Pd Temp.  Pressure %
Catalyst Solvent
(mole%) °O) (bar) Conversion/ TON/TOF
SH-IL-1.0wt%Pd Auto-
0.02 60 20 99/5000/5000
[29] clave
Pd/MSS@ZIF-8 Ethyl
0.1738 35 1 5.6/560/93
[30] acetate
Formic (Proton
Pd@CN [31] 2.208 90 96/44/3.67
acid transfer)
CO2 (60
Pd/Si0O; [32] 0.091 25 10 96/1097 /6582
bar)
Pd-LTPA/ZrO,
0.0034 Water 50 10 96/28010/14005

(Present catalyst)
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Comparison study of Pd-TPA/ZrO: and Pd-LTPA/ZrO-

In order to compare the activity of the catalysts, both coupling and
hydrogenation reactions were carried out under identical experimental
conditions. Obtained results (Table 13) are compared in terms of % conversion,

TON/ TOF.

In case of C-C coupling, the results show that Pd-TPA/ZrO; is more active
compared to Pd-LTPA/ZrO». This can be explained on the basis of total acidic
sites. The high activity of Pd-TPA/ZrO; is attributed to its lower acidity
compared to Pd-LTPA/ZrO,. As base KoCO3 was used in the reaction, which is
necessary for the transmetallation step for the formation of product, gets
neutralized with acidity of the catalyst and lowers the rate of the reaction. As a

result, Pd-TPA/ZrO, is more active than Pd-LTPA / ZrO,.

Table 13 Effect of addenda atom on % conversion, TON/TOF

Total No. of SM coupling Heck coupling Hydrogenation
Catalyst acidity counter
% TON/ % TON/ % TON/
(mequi./g) | protons
Conv. | TOF(h1) | Conv. | TOF(h?!) | Conv. | TOF (h?)
10325/ 860/ 4377/
Pd-TPA/ZrO; 42 3 99 99 15
20650 143 2188
6466/ 608/ 28010/
Pd-LTPA/ZrO» 51 7 62 70 96
12932 101 14005

Reaction conditions: SM coupling- iodobenzene (1.96 mmol), phenylboronic acid (2.94 mmol),
K2COs3 (3.92 mmol), conc. of Pd (0.0096 mol%), substrate/ catalyst ratio (10429/1), C2HsOH: HO
(3:7 mL), time (30 min), temperature (80 °C); Heck coupling- iodobenzene (1.96 mmol),
phenylboronic acid (2.94 mmol), K2COj3 (3.92 mmol), conc. of Pd (0.115 mol %), substrate/ catalyst
ratio (869/1), DMF: HoO (3:2 mL), time (6 h), temperature (100 °C); Hydrogenation- Cyclohexene
(9.87 mmol), conc. of Pd (0.0034 mol%), substrate/catalyst ratio (29177/1), H>O (50 mL), time (2
h), temperature (50 °C), H» pressure (10 bar).

In case of C-C coupling, the results show that Pd-TPA/ZrO; is more active
compared to Pd-LTPA /ZrO:. This can be explained on the basis of total acidic
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sites. The high activity of Pd-TPA/ZrO; is attributed to its lower acidity
compared to Pd-LTPA/ZrO. As base KoCOs was used in the reaction, which is
necessary for the transmetallation step for the formation of product, gets

neutralized with acidity of the catalyst and lowers the rate of the reaction. As a

result, Pd-TPA /ZrO; is more active than Pd-LTPA/ZrOx.

In the case of hydrogenation, obtained results (Table 13) show that Pd-
LTPA/ZrO:> is more active than Pd-TPA/ZrOs. This can be explained on the
basis of number of counter protons. It is well known that for surface
phenomenon type catalytic hydrogenation, the formation of Pd-H is necessary,
higher the formation of Pd-H more the substrates collision for fruitful %
conversion. As Pd-LTPA /ZrO; consists seven hydrogen (in the form of counter
protons), which accelerate the formation of Pd-H to enhance the hydrogenation
rate, whereas Pd-TPA/ZrO: has only three counter protons and as a result it

activates the reaction moderately.

Activity order of the catalysts is:

C-C Coupling: Pd-TPA/ZxO, >> Pd-LTPA/ZxO,
Hydrogenation: Pd-LTPA/ZrO, >> Pd-TPA/ZrO,
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Conclusion

* Synthesis of PdANPs stabilized by zirconia supported LTPA (Pd-
LTPA/ZrQy) is carry out successfully by ion exchange method. FT-IR,
XRD and BET reveal the retention of Keggin structure, XPS confirms the
oxidation states of Pd(0) and W(VI) whereas TEM, HRTEM and STEM

confirm the presence of homogeneously dispersed PANPs onto surface of

ZrOo

* The overall catalytic evaluation including catalytic activity for C-C
coupling (SM and Heck) and hydrogenation under mild reaction
conditions (> 95 % conversion), leaching and heterogeneity as well as
activity and characterization of regenerated catalyst, showcase its

superiority in terms of performance and sustainability

* Viability towards different substrates displays efficient activity of the
catalyst as well as its broad scope of catalysis for all the three reactions.
Comparison study proves the high strength of the present catalyst

compare to the reported systems for the said reactions

*  Pd-TPA/ZrO:; presents superior catalytic activity towards C-C coupling
whereas Pd-LTPA/ZrO; shows towards hydrogenation compared to
each other. This is attributed to the removal of addenda atom, which
increases the total acidity (number of protons) and leads to the difference

in the catalytic activity
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