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ABSTRACT. Herein we report the synthesis and application of a highly active and versatile
Pd/CVS-ZnO catalytic system. The two-step preparation of the catalyst includes chemical vapor

synthesis (CVS) of ultrapure ZnO nanotetrapods, followed by liquid-phase in-situ reduction of a



Pd precursor and deposition of polycrystalline Pd nanoparticles (~6 nm). The as-synthesized
catalyst was characterized using standard instrumental techniques. The catalyst was successfully
applied in four chemical reactions: Suzuki-Miyaura cross-coupling, reduction of nitroarenes,
decarbonylation and hydrodebromination of aromatic compounds, of which, the latter two are
reported for the first time for Pd/ZnO catalytic system. The catalyst showed excellent activity
within a wide range of substrates, delivering the products in high yields (70-99%). The
recyclability of Pd/CVS-ZnO catalyst was tested within two different approaches. Firstly, the
catalyst recyclability was examined in all four reactions, reusing the catalyst up to four times in
Suzuki-Miyaura cross-coupling reaction, as well as reduction of 4-nitrobenzonitrile, without
significant loss of yield. Furthermore, the catalyst was successively used in three different
reactions — showing a high degree of stability and delivering excellent product yields in all cases.
In addition to its excellent activity, versatility and stability, the Pd/CVS-ZnO catalytic system
also exhibited excellent recyclability over consecutive runs, which makes it a promising

candidate for future application in complex industrial processes.
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1. INTRODUCTION

The spotlight on catalysis and new catalyst development shines brighter each year. More than
90% of chemicals, such as fuels, fine chemicals, polymers and pharmaceuticals, rely intrinsically
on catalytic processes for their production. Catalysts also play a role in sustainability and
reducing the negative impact of industry on the environment. Therefore, there is a constant urge
for obtaining versatile catalysts exhibiting high activity, which are readily available, stable under
diverse reaction conditions and easily reusable.[1-4]

Pd-based catalysts are versatile and are employed extensively in academic as well as industrial
synthetic processes. Homogenous Pd catalysts exhibit excellent activities owing to their well-
defined and fully accessible active sites. However, inevitable product contamination and
difficulties concerning catalyst recycling can make them unsuitable for use, especially in
industries such as pharmaceutical.[5] Supported Pd nanoparticles (NPs) overcome these
drawbacks as they can be readily separated from the product and reused.[6] Pd-catalyzed cross-
coupling reactions are crucial carbon-carbon bond forming processes and are widely employed in
academic as well industrial synthetic pathways.[7-10] Pd-catalyzed reduction reactions have
extensive applicability, and are thus among the most studied in terms of Pd-based catalysis. For
example, the reduction of nitroarenes provides valuable aniline-based precursors used for the
production of various chemicals.[11-17] Furthermore, advances in heterogenous nitroarene
reduction methods are important for environmental protection, as nitroarenes are ubiquitous
water pollutants.[18] In addition to reduction reactions, many other useful Pd-catalyzed
transformations, such as decarbonylation and dehalogenation of aromatic compounds, are

applied in the synthesis of important compounds.[19]



ZnO NPs are cheap and simple to produce, non-toxic, environmental-friendly, and have good
chemical and thermal stability, making them an attractive candidate for heterogeneous catalyst
support.[20-22] Depending on the synthetic conditions, various shapes of ZnO NPs can be
obtained.[23-26] ZnO NP tetrapods can be obtained via chemical vapor synthesis (CVS).
Because CVS is conducted in the gas phase, it circumvents some drawbacks of liquid-based
methods, such as the persistence of impurities, thereby ensuring high crystal purity.[27] ZnO
tetrapods are rich in surface defects, such as oxygen vacancies, which have been shown to
promote strong metal-support interactions.[27-29]

Pd supported on ZnO (Pd/ZnO) catalyst was utilized for the first time by Iwasa et al. for the
methanol steam reforming process,[30,31] and it continues to be used for that purpose to
date.[32-34] This catalytic system (Pd/ZnO) has also been applied in synthetic chemistry.
Hosseini-Sarvari et al. synthesized the Pd/ZnO catalyst by the co-precipitation method. Pd and
Zn nitrates, used as precursors, are dissolved in water and upon rising the reaction pH to 8, a
precipitate is formed. After washing, drying and calcination, the catalyst was utilized in Suzuki-
Miyaura and Hiyama reactions,[35,36] Mizoroki-Heck and Sonogashira reactions,[37] for the
reduction of nitro-compounds,[38] and in C-O and C-N cross-coupling reactions.[36,39] Bao et
al. prepared the Pd/ZnO catalyst by the hydrothermal rout. Pd and Zn acetylacetonates were used
as precursors, polyvinylpyrrolidone served as the stabilizing agent and N,N-dimethylformamide
as the reduction agent. Precipitation and tuning of the ZnO morphology were done by adjusting
the reaction pH with NaOH, acquiring different shaped Pd/ZnO catalysts. Their performance was
compared in Suzuki-Miyaura cross-coupling reaction and reduction of 4-nitrophenol. All of the
catalysts exhibited excellent activities in both reactions.[40] Hu et al. grew ZnO nanowires on Zn

foil and placed them in an aqueous solution of Na,PdCls, allowing the reduction and deposition



of Pd NPs to take place. The recyclability of Pd/ZnO nanowire arrays was tested in the Suzuki-
Miyaura cross-coupling reaction and reduction of 4-nitrophenol, acquiring excellent results.[41]
In this study, we present a novel Pd/CVS-ZnO catalyst that exhibits excellent activity in
several important and diverse chemical transformations. The ZnO support was synthesized via
CVS method, which provide pure, highly crystalline ZnO nanopowder with tetrapod morphology
(Figure 1). Pd NP deposition was accomplished via a more classical, solution-based method.[42]
Catalyst characterization was achieved using TEM, HRTEM, SEM, XRD and ICP-QMS.
Specific surface areas (Sggr) were determined from nitrogen sorption isotherms acquired at 77 K.
The Pd/CVS-ZnO catalyst was tested in Suzuki-Miyaura cross-coupling reaction and reduction
of nitroarenes (Figure 1), two reactions in which Pd/ZnO utilization was previously reported by
the research groups mentioned above. In addition, the catalyst activity was examined in
decarbonylation and hydrodebromination of aromatic compounds, which to the best of our
knowledge has not yet been reported in the literature (Figure 1). Catalyst recyclability was also

tested, and it was found that it can be reused up to four times, without significant loss of activity.
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Figure 1. Synthesis and application of Pd/CVS-ZnO catalyst.

2. EXPERIMENTAL SECTION

2.1. Chemicals and Materials. Zn pieces (>99.98%) were supplied by Goodfellow. PdCl,
(>99.9%) was supplied by Sigma Aldrich. NaBH4 (>99%) was supplied by Fluka. All chemicals
and solvents were supplied by Sigma-Aldrich, if not stated otherwise. All chemicals were
directly used without further purification.

2.2. Preparation of CVS-ZnO Support.

As starting material, high purity Zn pieces (>99.98%) was used. Zn pieces were placed in a gas
flow reactor and the reactor was evacuated using a primary pump. The Ar and O, flows were set
at 1000 sccm and 900 sccm, respectively. The evaporation temperature of metallic Zn was
chosen to correspond to a Zn vapor pressure of 1 mm Hg (1.33 mbar). Formed in the gas-phase
at elevated temperature, CVS ZnO nanoparticles are finally collected on the stainless-steel net at

room temperature and in form of powder.



2.3. Synthesis of Pd/CVS-ZnO Catalyst.

Pd-deposition on as-prepared CVS-ZnO powder was carried out in line with previously
reported procedure.[42] A cuvette containing a suspension of CVS-ZnO (450 mg) in degassed
H,0 (7 mL) was purged with argon. Upon adding PdCl, (56 mg, 0.32 mmol) the cuvette was
sealed and heated at 140 °C for 0.5 h. Then, the reaction mixture was cooled to room temperature
and a solution of NaBH, (380 mg, 10.02 mmol) in degassed H,O (3 mL) was added dropwise,
under argon atmosphere. The reaction mixture was stirred at room temperature until the
production of hydrogen stopped. Afterwards, the cuvette was sealed again and the reaction
mixture was stirred (1000 rpm) and heated at 140 °C. After 24 h the solid product was
centrifuged and washed several times with deionized H,O. The catalyst was dried under vacuum
at 65 °C for 2 h, to obtain Pd/CVS-ZnO (466 mg).

2.4. General procedure for Suzuki-Miyaura cross-coupling reaction.

To a round-bottom reaction flask purged with argon and equipped with a magnetic stir bar and
a reflux condenser, 1a (30.3 mg, 0.15 mmol), 2a (20.1 mg, 0.165 mmol), Pd/CVS-ZnO (4.6 mg,
1 mol% Pd), Na,CO; (60.4 mg, 0.57 mmol), H,O (0.5 mL) and DMF (0,5 mL) were added. The
reaction mixture was purged with argon and heated at 65 °C for 5 h. The reaction mixture was
filtered through a thin layer of silica gel and the layer was washed with n-hexane (5 x 2 mL). The
organic layer was separated and washed with brine (1 %X 5 ml) and the solvent was removed
under reduced pressure, to afford 3a (29.9 mg, 99%) as a pale yellow solid.

2.5. General procedure for the reduction of nitroarenes.

To a round-bottom reaction flask equipped with a magnetic stir bar, 3a (29.9 mg, 0,15 mmol),
Pd/CVS-ZnO (4.6 mg, 1 mol% Pd) and MeOH (2.0 mL) were added and hydrogen was

introduced to the reaction mixture with a balloon for 4 h at room temperature. The reaction



mixture was filtered through a thin layer of silica gel and the layer was washed with CH,Cl, (5 x
2 mL). The solvent was removed under reduced pressure to afford 5a (25.4 mg, 99%) as a yellow
solid.

2.6. General procedure for the hydrodebromination of bromoarenes.

To a round-bottom reaction flask equipped with a magnetic stir bar, 6a (31.1 mg, 0.15 mmol),
Pd/CVS-ZnO (4.6 mg, 1 mol% Pd) and MeOH (2.0 mL) were added and hydrogen was
introduced to the reaction mixture with a balloon for 4 h at room temperature. The reaction
mixture was filtered through a thin layer of silica gel and the layer was washed with CH,Cl, (5 x
2 mL). The solvent was removed under reduced pressure to afford the product 7a (19.2 mg,
99%) as a white solid.

2.7. General procedure for the decarbonylation of aromatic aldehydes.

To a dry glass reaction tube purged with argon and equipped with a magnetic stir bar, 8a (27.3
mg, 0.15 mmol), Pd/CVS-ZnO (13.7 mg, 3 mol% Pd) and cyclohexane (1.0 mL) were added and
the sealed tube was heated at 140 °C for 24 h. The reaction mixture was filtered through a thin
layer of silica gel and the layer was washed with CH,Cl, (5 x 2 mL). The solvent was removed

under reduced pressure to obtain the product 9a (23,1 mg, 99%) as a white solid.

3. RESULTS AND DISCUSSION

3.1. Synthesis of Pd/CVS-ZnO Catalyst.

Pd/CVS-ZnO was prepared via a two-step synthetic process. Firstly, ZnO nanopowder was
obtained by vapor-phase-based method, namely chemical vapor synthesis (CVS). Low pressure
and high temperature allow metallic Zn atoms to transfer to gas phase, and the gas flow reactor

ensures that the combustion takes place in a controlled Ar/O, ratio. Such constant purging



guaranties conditions in which ultrapure ZnO nanotetrapod powder is obtained. Given the low
total pressure during the CVS process (50 mbar) — provided by primary vacuum pumping — the
synthesis conditions are considered as oxygen deficient.[27] To preserve from any external
contaminations, ZnO powders were maintained either under dynamic vacuum conditions (P <
10~ mbar) or supersaturated Ar-atmosphere during the storage, transport and handling. The
specific surface area was measured to be Sggr=29.4 + 1.0 mz/g.

The synthesis condition controlled within the CVS-flow reactor provide a strongly non-
stoichiometric ZnO — as reflected in a bright yellowish color of this powder. The absorption of
visible light and the resulting coloration has recently been established to result from point defects
present in the oxide’s crystal structure.[27] In line with the conditions afforded during the crystal
formation, oxygen vacancies were identified to be the main defects in this type of ZnO, both on
the surface and in the bulk. Point defects, in particular neutral oxygen vacancies (electron rich)
provide conditions to serve not only as exceptional nucleation sites but may also boost the metal-
support interaction affecting in final both, the catalyst stability and its overall activity.[43,44]

In the second step, the Pd-deposition on as-prepared CVS-ZnO powder was carried out in line
with previously reported procedure.[42] Upon addition of the reducing agent to an aqueous
suspension of the Pd precursor and CVS-ZnO, a black precipitate was formed. The suspension
was left overnight, under constant heating and vigorous stirring, to allow the deposition of Pd
NPs to take place. Afterwards, the formed Pd/CVS-ZnO catalyst was washed, dried and kept
either under dynamic vacuum conditions (P < 10~ mbar) or supersaturated Ar-atmosphere
during the storage, transport and handling. ICP-QMS analysis showed an amount of 3.5 wt% Pd
to be deposited on CVS-ZnO powder. The specific surface area was measured to be Sgpr = 41.6

+ 2.5 m?/g. Provided that very small Pd particles were deposited (mean size ~6nm), the addition



of a new phase at the surface of ZnO substrate creates additional heterogeneity and roughness
which results in a higher surface area. Moreover, during the liquid phase deposition of palladium
the ZnO nanopowder is exposed to rather aggressive conditions. Likely this may provoke the
etching of its surface and cause it to roughen that would also lead to an enhanced specific surface

arca.

3.2. Characterization of Pd/CVS-ZnO Catalyst.

The morphologies of CVS-ZnO and Pd/CVS-ZnO were characterized by SEM and TEM
microscopies. The representative SEM and TEM images of CVS-ZnO powder (observed to be
yellowish in color) are shown in Figure 2b and Figure 2c, respectively. As seen from SEM image
CVS-ZnO exhibits a strong degree of agglomeration with tetrapod-like structures of irregular
sizes. Closer inspection by TEM (Figure 2¢) confirms that the as-prepared nanoparticles of CVS-
ZnO are typically tetrapod-like structures with four needle-like arms that originate from the
center of the polyhedron. The length of the tetrapods arms has been observed not to exceed 60
nm while the corresponding diameter scale to lower than 30 nm. Such morphology is typical of
ZnO produced by combustion techniques and implies the presence of non-polar facets (10-10),
(11-20) to be strongly favored over the two polar faces (0001) and (000-1).[45]

TEM and HRTEM images representative of the Pd/CVS-ZnO catalyst are shown in Figure 2d
and 2e, respectively. Comparing TEM shown in Figure 2c and Figure 2d, a significant
morphological change can be observed to occur on ZnO upon Pd-loading. An average size of ~6
nm was estimated for Pd nanoparticles by electron microscopy (see the Supporting Information,
Figure S1). In HRTEM (Figure 2e), polycrystalline domains can be observed along with a family

of planes with distances of 0.224 nm. This d-spacing corresponds to Pd(111) planes and was
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previously reported in multiple studies.[46] Interestingly, the shape of Pd nanoparticles shown in
HRTEM in Figure 2e resembles to a truncated octahedron, the close-to equilibrium shape that is
typically observed for supported metallic nanoparticles obtained by co-combustion synthesis.[47]

X-ray diffraction patterns acquired on CVS-ZnO (green curve) and Pd/CVS-ZnO (red curve)
powders are compared in Figure 2a. Sharp and narrow diffraction peaks can be observed in both
diffractograms indicating a high crystal quality of powders. According to the X-ray profile
analysis, CVS-ZnO exhibits hexagonal, wurtzite structure. No extra diffraction peaks were
detected indicating that this ZnO is purely monophasic with crystals free of any impurities. The
lattice parameters are calculated by the Rietveld refinement analysis, to be a=b = 3.250 A, ¢ =
5.207 A. These values are consistent with the lattice parameters reported in literature and
database.[48] Upon Pd-loading (red curve), the ZnO-phase remains highly preserved with one
additional diffraction peak detected at 40.3° (indicated by star in red curve) in XRD spectrum of
Pd/CVS-ZnO. The value of 20 matches with the diffraction of (111) planes in metallic Pd which
is in agreement with crystallographic database.[49] Upon closer examination, two additional Pd
signals can be observed — a low intensity peak representing the (200) lattice at 46.6°, and a peak
at 68.0°, included in the ZnO peak found at 67.9°, which corresponds to the (220) lattice. Low
intensity of Pd peaks is in line with the low quantity of Pd loaded on CVS-ZnO surface as well
as with the small size of Pd particles observed in TEM. On the other hand, the relatively large
width of this peak indicates a polycrystalline phase of Pd particles — as also seen in HRTEM

images.
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Figure 2. (a) XRD patterns, (b,c) SEM and TEM images of CVS-ZnO nanopowders, (d,f) TEM
and HRTEM images of Pd/CVS-ZnO nanopowders. Diffraction peak typical of Pd (111) is

indicated by star in red curve.

3.3. Catalytic Performances of Pd/CVS-ZnO Catalyst.

Initially, we examined the catalytic activity of the Pd/CVS-ZnO catalyst in the Suzuki-Miyaura
cross-coupling reaction. The coupling between 4-bromonitrobenzene and phenylboronic acid
was chosen as the model reaction. The effects of catalyst loading in the Suzuki-Miyaura reaction
were initially investigated using a water/DMF solvent system at a temperature of 65 °C. In the
presence of 3 mol% of Pd and Na,COs as the base, the desired product 3a was isolated in
excellent yield (Table 1, entry 1). Decreasing the amount of Pd from 3 mol% to 1 mol% did not
lead to changes in the yield (Table 1, entry 2). However, further decreases to 0.5 mol% and 0.1
mol% of Pd resulted in only trace amounts of the desired product being isolated. (Table 1, enties
3-4). Notably, when Suzuki-Miyaura reaction was performed in EtOH/H,O solvent system, the

desired product was not detected.
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Table 1. Optimization of the reaction conditions for Suzuki-Miyaura coupling”

B(OH),
Br Pd/CVS-ZnO
0 = O
O,N DMF/H,0 =1:1 g N
1a 2a 65 oC:, 5 h, Ar 3a
entry Catalyst (mol%) Yield (%)
1 Pd/CVS-ZnO (3 mol%) 99
2 Pd/CVS-ZnO (1 mol%) 99
3 Pd/CVS-ZnO (0.5 mol%) trace
4 Pd/CVS-ZnO (0.1 mol%) trace

 Reaction conditions: 1a (0.15 mmol), 2a (0.165 mmol), Na,CO; (0.57
mmol), DMF (0.5 mL), H,O (0.5 mL), 65 °C, argon ” Isolated yield.

With the optimal conditions in hand, the substrate scope of the reaction was explored using
various aryl bromides 1 and boronic acids 2. Gratifyingly, various biaryl compounds bearing an
electron-rich group, such as methoxy, or electron-withdrawing groups such as nitro, cyano,
chloro and fluoro, were produced in excellent yields (99%) (Table 2, 3a-3f). Notably, the
products were isolated in sufficient purity following extraction, without the need for
chromatography. The catalytic activity of Pd/CVS-ZnO in the Suzuki-Miyaura cross-coupling
reaction is comparable with the activity of the previously reported Pd/ZnO catalysts (see the

Supporting Information, Table S1).[35,36,40,41]

Table 2. Substrate scope of the Suzuki-Miyaura coupling reaction®
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B(OH),

Br Pd/CVS-ZnO (1 mol%) R,
oo TEE 0
R, DMF/H,0 = 1:1 O
1 R,
2

65 °C, Ar R 3

338848

3a, 99% 3b, 99% 3¢, 99% 3d, 99% 3e, 99% 3f, 99%
TON=100 TON=100 TON =100 TON=100 TON =100 TON =100
TOF=20 TOF=50 TOF=6.2 TOF=33.3 TOF=6.2 TOF=6.2

9 Reaction conditions: 1a (0.15 mmol), 2a (0.165 mmol), Na,CO; (0.57
mmol), DMF (0.5 mL), H,O (0.5 mL), argon.

The catalytic activity of Pd/CVS-ZnO was further explored for the reduction of nitroarenes.
Compound 3a, obtained previously via Suzuki-Miyaura cross-coupling, was used as a model
substrate. The reduction of 3a was first examined using Pd/CVS-ZnO (3 mol % of Pd), H, (1
atm.) in MeOH at room temperature. The reaction was complete within 4 h, and the desired
product Sa was isolated in an excellent yield (99%). (Table 3, entry 1). A decrease in the catalyst
amount to 1 mol% of Pd did not impact the reaction efficiency negatively (Table 3, entry 2).
Meanwhile, when the amount of the catalyst was decreased from 1 mol% to 0.5 mol%, the
efficiency deteriorated, and product Sa was obtained in lower yield (Table 3, entry 3).
Prolonging the reaction time did not increase the yield of the desired product Sa significantly

(Table 3, entry 4).
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Table 3. Optimization of reaction conditions for the reduction of

nitroarenes”
Pd/CVS-ZnO
N02 H, (baloon) NH2
MeOH, r.t.
3a 5a
entry Catalyst (mol%) time (h)  Yield (%)
1 Pd/CVS-ZnO (3 mol%) 4 99
2 Pd/CVS-ZnO (1 mol%) 4 99
3 Pd/CVS-ZnO (0.5 mol%) 4 27
4 Pd/CVS-ZnO (0.5 mol%) 24 43

“Reaction conditions: (0,15 mmol), H, (balloon), “Isolated yield.

The reduction of nitroarenes bearing electron donating groups (-Ph, -NH,, -OH) and an
electron withdrawing group (-CN) at the para-position was performed under the optimized
conditions. The corresponding anilines were obtained in excellent yields (Table 4, 5a-5d). The
catalytic activity of Pd/CVS-ZnO in the reduction of nitroarenes is comparable with the activity

of the previously reported Pd/ZnO catalysts (see the Supporting Information, Table S2).[38,40]

Table 4. Substrate scope of nitroarene reduction®

NO, Pd/ICVS-ZnO NH,
/©/ (1mol%) /©/
R H, (baloon) R
3a, 4 MeOH, r.t. 5
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NH, NH, NH, NH,

Ph NH, CN OH
5a, 99%° 5b, 99%" 5¢, 99%° 5d, 99%°
TON =100 TON =100 TON = 100 TON = 100
TOF =25 TOF = 33.3 TOF = 33.3 TOF =4.2

“Reaction conditions: (0,15 mmol), H, (baloon), MeOH (1
mL). "Isolated yield.

Additionally, we examined the activity of the catalyst for the hydrodebromination of aryl
bromides. The reaction conditions were optimized using 2-bromonaphthalene (6a) as the model
substrate. It was found that the same reaction conditions used for the reduction of nitroarenes can
be used in the hydrodebromination reaction (Table 5, entry 3). Notably, when the reaction was

performed in the absence of H, the desired product was not formed.

Table 5. Optimization of reaction conditions for the

hydrodebromination of bromoarenes”

Pd/CVS-ZnO

Br H
MeOH, r.t., 4 h
6a 7a
entry Catalyst (mol%o) Yield (%)
1 Pd/CVS-ZnO (5 mol%) 99
2 Pd/CVS-ZnO (3 mol%) 99
3 Pd/CVS-ZnO (1 mol%) 99

“Reaction conditions: (0,075 mmol), H, (baloon),
MeOH (2.0 mL), "Isolated yield.
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With the optimized reaction conditions in hand (Table 5, entry 3), the substrate scope for the
hydrodebromination of bromoarenes catalyzed by Pd/CVS-ZnO was investigated. Bromoarenes
bearing m,m-OMe, p-COOH and p-CN substituents were converted to the corresponding
dehalogenated products 7b—7d in near quantitative yields (Table 6). These results showed that
the electronic effects of the substituents on bromobenzene did not have an impact on the reaction
efficiency. In addition, the sterically hindered 2-bromobenzoic acid was successfully converted
into benzoic acid 7¢ (Table 6). Furthermore, indole 7e was obtained in good yield after

hydrodebromination of 5-bromoindole (Table 6).

Table 6. Substrate scope of the hydrodebromination

reaction®
(Bf)  PdI/CVS-ZnO H
O (1mol%) /@
R H, (baloon) R
6 MeOH, r.t. 7
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H H
MeO OMe

COOH
7a, 99%° 7b, 99%° 7¢, 99%P
TON = 100 TON = 100 TON = 100
TOF =25 TOF = 33.3 TOF = 16.7
H
H
T
H N
CN COOH
7d, 99%° 7c, 99%° 7e, 75%°
TON = 100 TON = 100 TON =75
TOF =33.3 TOF = 16.7 TOF =125

“Reaction conditions: (0,075 mmol), H, (baloon),
MeOH (2.0 ml) PIsolated yield “GC/MS yield (methyl
benzoate was used as an internal standard).

Finally, we used the Pd/CVS-ZnO catalytic system in the decarbonylation reaction. Relying
on our previous experience, we chose cyclohexane as the optimal solvent for this reaction.[50]
After optimizing the reaction conditions, the protocol consisting of Pd/CVS-ZnO (3 mol %) in
cyclohexane at 140 °C under argon atmosphere gave the best results. The desired biphenyl 9a

was isolated in an excellent yield (Table 7).

Table 7. Optimization of reaction conditions for the decarbonylation

of aldehydes®
Pd/CVS-ZnO
8a 140 °C, 24 h 9a
entry Catalyst (mol%) Yield (%)

18



1 Pd/CVS-ZnO (5 mol%) 99
2 Pd/CVS-ZnO (3 mol%) 99
3 Pd/CVS-ZnO (1 mol%) 11

® Reaction conditions: (0.165 mmol), cyclohexane (2.0 mL), argon
® Isolated yield

Having established the optimized reaction conditions, we explored the scope of various
aromatic and heteroaromatic aldehydes (Table 8). When 2-naphthaldehyde (8a) was used as the
substrate, the decarbonylated product 7a was isolated in a good yield. Decarbonylation of p-
nitrobenzaldehyde under optimized conditions provided the desired product 9b in excellent yield.
Moreover, 3-pyridinecarboxaldehyde, a more challenging heterocyclic aldehyde, was converted

to the decarbonylated product 9¢ in near quantitative yield.

Table 8. Substrate scope of the

decarbonylation reaction®

o) Pd/CVS-ZnO

(3 mol%) H
H ~ cyclohexane @

140°C
8 7a,9
H
O
7a, 70%" 9a, 99%?°
TON =23.3 TON = 33.3
TOF =1.0 TOF =14
H oM
I ] »
O,N N
9b, 99%° 9c, 99%
TON =33.3 TON =33.3
TOF =14 TOF = 1.4
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“Reaction conditions: (0,165 mmol),
cyclohexane (2.0 mL), 24h "Isolated
yield “GC/MS vyield methyl benzoate was
used as an internal standards). “GC/MS
yield naphthalene was used as an internal
standards).

Recyclability of the Pd/CVS-ZnO catalyst was tested in all four reactions: the synthesis of 3d
via  Suzuki-Miyaura  cross-coupling  reaction, reduction of  4-nitrobenzonitrile,
hydrodebromination of 2-bromonaphthalene and decarbonylation of [1,1'-biphenyl]-4-
carbaldehyde (Figure 3). For the Suzuki-Miyaura cross-coupling reaction and catalytic reduction
of 4-nitrobenzonitrile nearly quantitative yields of the reaction products were obtained after four
catalytic cycles, with a slight decrease in yield after the fifth cycle. This decrease may be
attributed to small amounts of Pd leaching from the catalyst, as detected by ICP-QMS. The
analysis shows 0,98 ppm of Pd leaching after the first catalytic cycle. It was found that the
mechanism of Pd nanoparticles catalyzed C—-C coupling reactions can be homogeneous,
heterogeneous, or a mixture of those two mechanisms (oxidative addition at Pd NP surface
followed by leaching of the [Pd(Ar)X] species which goes through the homogeneous catalytic
cycle).[51-54] The loss of catalytic activity in the recyclability test of Suzuki-Miyaura cross-
coupling reaction could be the result of homogeneous or mixed (homogeneous-heterogeneous)
reaction mechanism. Thus, result of recyclability test implies that redeposition of homogeneous
palladium species on to the CVS-ZnO support is not efficient enough. Finally, for the catalytic

hydrodebromination of 2-bromonaphthalene and decarbonylation of [1,1'-biphenyl]-4-
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carbaldehyde nearly quantitative yields of the reaction product were obtained after three and two

catalytic cycles, respectively.

B Suzuki-Miyaura coupling
Il Reduction of nitroarenes
il Debromination reaction

Bl Decarbonylation of aldehydes

100 - 9999 99 99 99 99 99 99 99 99 99 99 99

80

60

Yield (%)

40 4

20

1 2 3 4 5
Reaction cycle number

Figure 3. Recyclability of Pd/CVS-ZnO catalyst.

Finally, as a proof of concept, compound 5a was synthesized in three reaction steps, using the

same batch of Pd/CVS-ZnO catalyst in each transformation (Scheme 1).
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Scheme 1. Proof of concept.

4. CONCLUSION

In summary, the Pd/CVS-ZnO catalyst was obtained in a two-step process: chemical vapor
synthesis of the ZnO support followed by the deposition of Pd in a liquid phase. The presence of
Pd was confirmed by using X-ray diffraction and ICP-QMS while the electron microscopy
observations indicated ~6 nm-sized Pd distributed over tetrapod-like ZnO particles. The catalyst
exhibited high catalytic activity in four diverse chemical transformations, including: Suzuki-
Miyaura cross-coupling, reduction of nitroarenes, decarbonylation and hydrodebromination of
aromatic compounds. The turnover numbers (TONs) for Suzuki-Miyaura cross-coupling,
reduction of nitroarenes and hydrodebromination of aromatic compounds are 100, with exception
of 7e obtained in the hydrodebromination of 5-bromoindole. The TONs for decarbonylation are
lower (TONs = 23.3-33.3) since more catalyst was required for the successful transformation.
The turnover frequency (TOF) were calculated for all Pd/CVS-ZnO catalyzed reactions, ranging
from 1.0 to 50, as a result of prolonged reaction time. Notably, the catalyst was applied to three
different reactions in a consecutive manner, withstanding various reaction conditions and
providing desired products in high yields. Leaching analysis indicated <1 ppm concentration of

residual Pd, suggesting the suitability of this catalytic system for the application in industries,
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such as pharmaceutical, which do not tolerate high concentrations of heavy metals in products
(no more than 10 ppm). The high activity and stability in diverse chemical reactions, amenability
to recycling and re-use in further transformations of the Pd/CVS-ZnO catalyst, make it an

adequate candidate for further examination and potential industrial application.
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