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Abstract: A nanocatalyst comprising ultra-small palladium nanoparticles supported on nanodia-
monds (ultra-small Pd/rNDs) was fabricated via a reduction of palladium (II) salt on oxidized nanodi-
amond. The prepared catalyst was characterized using XRD, XPS, ICP-MS, AAS, and TEM/HRTEM
techniques, including STEM-EDS chemical mapping, which revealed that the modified material is a
combination of reduced nanodiamond decorated with palladium nanoparticles. The as-prepared
and well-characterized ultra-small Pd supported on rNDs displayed superb catalytic activity for
Suzuki-Miyaura cross-coupling reactions at low temperature without any toxic solvents, to obtain
the respective products in good-to-excellent yields (75-98%). The catalyst was easily separated from
the reaction solution and was reused four times without loss of catalytic activity or chemical stability.

Keywords: nanocatalysis; heterogeneous catalysts; Suzuki-Miyaura cross-coupling reactions; ultra-small
Pd; C-C bond formations

1. Introduction

Over the last thirty years, cross-coupling reactions mediated by palladium named
after Suzuki, Heck, Negishi, Miyaura, Kumada, Stille, Mizoroki, and Sonogashira have
transformed synthetic organic chemistry from a sequential pattern of slow, consecutive
reaction steps with protected substrates to the parallel production of vital precursors which
are linked jointly at a later stage in the procedure [1,2]. This is achievable because, in
addition to their broad adaptability, these reactions are typically tolerant of the existence
of functional groups in the coupling partners, avoiding the need for tedious procedures
to protect and deprotect functional groups in the reagents. A homogeneous Pd catalyst,
in general, facilitates the reaction between different carbon nucleophiles and a less reac-
tive organic electrophile, usually aryl halides [3]. However, homogeneous cross-coupling
processes have significant drawbacks, including poor reusability of the costly catalyst, and
contamination of palladium in the end product [4]. Removing palladium residual from
a pharmaceutical material in order to reduce its amount to the maximum accepted con-
centration limit requires a time-consuming and expensive purifying process [5]. Effective
heterogenization of the palladium catalytic species is obviously needed to produce selective
and reusable solid catalysts. This is necessary to avoid or limit product contamination that
results from using costly, non-reusable homogeneous Pd catalysts and their undesirable
propensity to persist in the end products.

As a synthetic approach, transition metal-catalysis is important in the development
of industrial reactions, particularly in the synthesis of fine chemicals. One of the most
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beneficial reactions in the organic synthesis, along with double bond hydrogenation, is
the catalytic creation of C-C bonds. Pd is the preferred metal for these processes, and
since the 1970s, numerous homogeneous catalytic systems based on Pd (II) or Pd (0)
have been explored, turning Pd into a crucial tool for complete synthesis and organic
transformations [6,7]. As a result, industrial interest in Pd-catalyzed C-C bond formation
has increased recently, leading to the issuance of several patents [8].

A new trend in heterogeneous catalysis is the modification of a neutral substrate
with an active catalytic center to observe new possible materials with high catalytic per-
formance [9]. Different forms of nanocarbon materials (fullerenes, nanotubes, nanodia-
monds (NDs) and graphene) deliver the possibility to combine functions of ligand and
substrate [10-13].

Carbon—carbon bond forming reactions, including Heck, Suzuki, Sonogashira, and
many others, have rapidly become one of the most effective tools in organic synthesis
for the assembly of highly-functionalized molecules [14-19]. These organic reactions are
generally performed under homogeneous conditions, which involve ligands to increase the
catalyst’s stability and range of reactivity [20,21]. Homogeneous catalysis in cross-coupling
reaction shows many disadvantages in large scale industrial and pharmaceutical synthesis
due to low reusability issues, possible contamination of metal components in the products
of the reaction, and complexity in catalyst separation from the reaction mixture [5,22,23]. To
overcome these issues, a promising solution is to use solid support for metal deposition to
employ an efficient catalyst providing unique stability, reactivity, and recyclability [24-26].

Cross-coupling reactions are extremely significant transformations with numerous
applications, including pharmaceutical synthesis and medicinal chemistry [27,28]. The
Suzuki-Miyaura reaction is the most commonly used cross-coupling reaction in indus-
try [29,30]. In the Suzuki-Miyaura reaction, organic electrophiles including triflates, aryl,
and alkenyl or alkynyl halides are combined with organoboron compounds in the presence
of a base [31]. Akira Suzuki and co-workers first reported the Suzuki-Miyaura reaction
in 1979, and it is now among the most extensively utilized cross-coupling reactions for
the synthesis of biphenyls because it is scalable and has high functional group tolerance
for application in industrial processes [29,32]. Most of the Suzuki-Miyaura coupling pro-
cesses use palladium catalysts, which are extremely reactive but costly due to palladium
scarcity [15,21]. Palladium salts are more expensive, and natural reserves will ultimately
run out because palladium is a non-abundant platinum group metal [33]. Palladium con-
tent should ideally be recovered at the end of the reaction to improve the sustainability
and environmental friendliness of palladium-catalyzed cross-coupling processes [34]. To
reduce the high costs, extensive research has been conducted on strategies for recovering
palladium content from used catalysts [35]. Palladium-catalyzed processes may become
more sustainable and “greener” with the use of catalyst recycling techniques [36]. Recycling
palladium catalysts is highly desirable since it allows for the recovery and reuse of “active”
Pd species. Moreover, separate “heterogeneous” and immobilized Suzuki catalysts have
been reported in earlier research [37].

To date, numerous studies have been undertaken to develop new nanocatalysts for
organic coupling reactions in which supports are based on polymers [38], cellulose [39,40],
zeolites [41], inorganic oxides [42—44], and activated carbons [45,46]. Additionally, in recent
years, carbon composites such as graphene [47-49], nanotubes [50,51], and NDs [52-55]
have attracted attention due to their specific properties for advanced catalytic applications,
especially their good thermal stability and high surface area. Due to their high surface
area, nanosized particles, high chemical stability, different carbonyl functional groups,
unsaturated bonds on their surface, and superhardness, diamond nanoparticles (NDs)
are intriguing candidates for numerous applications. In particular, they have attracted
a lot of attention as a promising catalyst material [55,56]. The NDs as a unit contain
diamond nanocrystal 4-5 nm in diameter and possess an onion-like carbon shape with
many functional groups [57,58]. Recently, many interesting research works have been
published that show the important role of NDs in catalysis fields [59,60].
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Notably, NDs have been found as a catalyst in a variety of gas and liquid phase reac-
tions, where NDs have been used as a catalyst with or without supported metal [61]. In this
context, metal deposition on NDs significantly improves catalytical activity and provides
other promising values for these materials. The use of NDs as a heterogeneous catalyst
is infrequent in comparison with other carbon materials (graphene, nanotubes, carbon
dots etc.) [62,63]. Consequently, nanodiamond supported metal nanoparticles including
platinum, palladium, nickel, iron, copper, and gold have been described. These catalysts
exhibited high catalytic activity in oxidative dehydrogenation [64,65], nitrobenzene reduc-
tion [66], aldol condensation [67], dehydration of alcohols [68], and hydrochlorination
reactions [69,70].

Nanodiamond supported Palladium nanoparticles demonstrated promising catalytic
activity in several important reactions, such as a hydrogenation deamination [55], hydro-
genation [71], C=C and C=C bonds, and hydroamination [72,73], where metal or surface
groups perform important role as active sites of reactions. A detailed study of the literature
shows that NDs are highly suitable as a robust support for the deposition of transition
metal nanoparticles [74]. NDs have the ability to restrict agglomeration on the surface, with
uniform dispersion of particles even via high temperature (600 °C) hydrogen reduction
processes [75], and demonstrate high activity due to surface arrangement, and the nearly
absolute absence of micropores [76,77].

Based on our continuing study examining carbon materials as substrates for chemi-
cal transformations, especially nanodiamond as a support with excellent properties, we
describe the preparation of Pd/rNDs based on palladium nanoparticles (0) on oxidized
nanodiamond and its superior catalytic activity in the Suzuki-Miyaura cross-coupling
reaction of aryl halide under benign conditions. This catalytic technique is an effective
multistep synthetic processes utilizing toxic and complex compounds.

2. Results and Discussion

Typically, in the synthesis of Pd/rNDs, the nanodiamond support was first oxidized,
and Pd nanoparticles were then immobilized via a reduction using PdCl, salt. The as-
prepared Pd/rNDs catalyst’s structural and morphological nature were investigated using
several characterization techniques such as X-ray diffraction (XRD), X-ray photoelectron
spectroscopy (XPS), atomic absorption spectroscopy (AAS), microscopic techniques in-
cluding transmission electron microscopy (TEM), inductively coupled plasma-mass spec-
troscopy (ICP-MS), high-resolution transmission electron microscopy (HRTEM), and high-
angle annular dark-field scanning electron microscopy (HAADF-STEM). (See SI for details
of techniques).

Figure 1 displays the XRD pattern of a Pd/rND composite compared with a cubic
XRD pattern of basic nanodiamond corresponding to the crystal planes of (111), (220), and
(311). Pd NPs dispersed on NDs show other diffraction peaks at 26 = 46.9°, 54.8°, 81.1°,
and 99.4° assigned to (111), (200), (220), and (311) crystal planes of Pd [78].

As shown in the wide-scan XPS spectra of Pd/rNDs in Figure 2a, we can observe
sharp peaks corresponding to carbon and oxygen. Notably, an oxidized and reduced
nanodiamond are compared in Figure 2b,c, which show the sp? and sp? ratio of C-C bonds
of nanodiamond, and Figure 2c displays the peak of O=C-O at 288.3 eV. Figure 2d shows
the 3d line of Pd? and PdO [79-81]. XPS data clearly indicate the presence of Pd°, with
characteristic peaks at 334.42 and 339.69 eV, and for PdO at 336.67 and 341.93 eV. The Pd3d
binding energy for pure Pd is approximately 334.4. When Pd is oxidized, the Pd3d moves
from 335.42 to 336.67 eV; such an upward shift of more than 1 eV has also been found
elsewhere [79,82]. The relative intensities of the Pd 3d lines indicate that approximately
83% of Pd corresponds to Pd’ and 17% to PdO. The majority of Pd interacts with the surface
of NDs in the Pd’ form. The Pd® species are obtained during the reduction of Pd (II) to
Pd° [81,83].
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Figure 1. XRD analysis of NDs support and Pd/rNDs.
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Figure 2. XPS spectra: (a) Survey spectrum of Pd/rNDs; (b) C 1s spectrum of ND (hollow nanodia-
mond as support); (c) C 1s spectrum of Pd/rNDs; and (d) Pd 3d spectrum.
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TEM/HRTEM reveals that Pd NPs are homogenously dispersed on the nanodiamond
surface (Figure 3a—c). Spherical nanodiamond nanoparticles are small, <10 nm, and the size
of Pd NPs was found to be 5.3 &= 0.6 nm, homogenously distributed on the nanodiamond
surface without any agglomeration. The high-resolution image of the Pd/rNDs nanocom-
posite confirmed the oriented lattice of Pd NPs (Figure 3c). Along with TEM analysis,
scanning electron microscopy with EDS analysis confirmed the structure, morphology,
and elemental composition (see Figure S1). The HAADF-STEM analysis confirmed the
presence of Pd, C, and O (Figure 3d-h). Pd NPs dominate in the form of Pd® on the surface;
globular nanodiamond nanoparticles were also confirmed via XRD, TEM, HRTEM-HAADE,
and XPS.

20nm Pd,C,0
Figure 3. (a—c) TEM/HRTEM images of Pd/rNDs with gradual details of nanocomposite showing
palladium nanoparticles; (d) HAADF-STEM image and corresponding EDS elemental mapping for
(e) carbon, (f) palladium, (g) oxygen, and (h) carbon, palladium, and oxygen overlap.

The wt% palladium in Pd/rNDs nanocomposite was confirmed via ICP-MS, and the
palladium content was valued as 6.5 wt%.

3. Materials and Methods
3.1. Materials

Diamond (nanopowder, <10 nm particle size) was purchased from Sigma-Aldrich
modified via PdCl, (Reagent Plus) by Sigma-Aldrich. In synthesis, acids were used
(H2S04: HNO;3, sulphuric acid, 96% G.R. Lach: ner; nitric acid, 65% + pure, Penta, HC],
35% G.R., Lach: ner). Acetone was purchased from Penta. Reducing agents (sodium
borohydride and hydrazine) were purchased from Sigma-Aldrich, Saint Louise, USA. All
other chemicals and solvents (aryl halide, potassium carbonate, boronic acid) used for
organic reactions were purchased from Sigma-Aldrich and were used without any further
purifications.

3.2. General Procedure for the Preparation of Oxidized NDs

A sample of 45 mg of diamond (commercially available nanopowder, 636428-1g,
Sigma-Aldrich) was suspended in a mixture of acids (HySO4 (96%): HNOj3 (65%), 4:1,
20 mL). This suspension was sonicated for 15 min and stirred for 24 h at 130 °C. The
resulting oxidized nanodiamond was centrifuged in glass vessels and washed many times
with DI water and acetone. The obtained product was dried at 60 °C in a vacuum oven.
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3.3. Synthesis of rNDs/Palladium Composite

A 50 mg sample of rNDs was added to 20 mL of distilled water and sonicated for
20 min, and then 1.5 mL of an aqueous solution of PACl, (10 mg. mL~!) was added. After
30 min of stirring the mixture, 3 mL of an aqueous NaBHj solution (15 mg. mL~!) was
added dropwise. The mixture was vigorously stirred for 30 min. The resulting solution of
composite was centrifuged and washed with water and acetone and dried in vacuum.

3.4. Preparation of Palladium Nanoparticles

Pd/NPs were synthesized via the reduction of Pd ions using hydrazine hydrate. The
palladium precursor (HyPdCly) was synthesized by adding 0.25 mmol of PdCl,, 3 mL
of 0.2 M HCl, and diluting to 125 mL with DI water. A 15 mL solution of Pd NPs was
synthesized via the reduction of H,PdCly (2 mM, 4.2 mL), using hydrazine hydrate solution
as a reducing agent (10 mM, 9.6 mL) in presence of polypyrrolidone (PVP, 1 wt%, 1.2 mL).
The resulting reaction mixture was then magnetically stirred for 1.5 h to obtain a final
sample of Pd NPs. Following that, the catalyst was filtered from the solution, washed with
ethanol and distilled water in order to remove the remaining NaBHy, and dried at 70 °C
under vacuum overnight.

3.5. General Procedure for Suzuki-Miyaura Reaction of Aryl Halide and Boronic Acid

A reaction mixture containing aryl halide (0.5 mmol), boronic acid (0.6 mmol), and
potassium carbonate (2 mmol) in solvent (water; water and ethanol mixture, 1:1; 5 mL)
was degassed for 10 min with Nj, and the Pd/rNDs composite was added to the re-
action mixture under a reflux system. The reaction mixture was stirred continually at
100 °C for an adequate reaction time (Table 1). Thin layer chromatography (TLC; silica
gel; n-hexane/ethyl acetate) was used to monitor the progress of the reaction. After the
desired time, the volatiles were extracted under low pressure and the residual material was
analyzed via gas chromatography and compared with standard samples.

Table 1. Optimization study of the Suzuki-Miyaura reaction between iodobenzene and phenyl

boronic acid catalyzed via Pd/rNDs.
1
Pd/rNDs, K,CO3 O |
I

=+ v
H,O:EtOH, 100°C O

Entry Catalysts Conversion (%)
1 - 0
2 ND 0
3 oxND 0
4 PdCl, (0.02 mmol) 72
5 0.02 mmol Pd NPs 80
6 Pd/rND (0.01 mmol Pd) 65
7 Pd/rND (0.025 mmol Pd) >99
8 Pd/rND (0.05 mmol Pd) >99

Reaction conditions: Phenyl iodide (0.5 mmol), phenylboronic acid (0.6 mmol), K,CO3 (2 mmol), water: EtOH
(1:1.5 mL), temperature 100 °C.

4. Catalytic Activity

The catalytic activity of a Pd/rNDs nanocomposite for the Suzuki-Miyaura reaction
was investigated. Initially, 1-iodo-benzene and phenylboronic acid were chosen as model
starting reactants in the presence of a base, K,CO3, and solvent system, H,O: EtOH, at
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100 °C (Table 1). After optimizing the reaction conditions, the range of catalytic activity
was investigated for various substituted aryl halides and boronic acid.

At first, the optimizing conditions show that the reaction without a catalyst or with
a non-metal nanodiamond did not proceed (Table 1). The ideal amount for quantitative
conversion of 1-iodo-4-methylbenzene was revealed as 0.025 mmol of Pd/rNDs catalyst
(Table 1, entry 7). The catalytic reaction, performed under described conditions with only
palladium NPs, demonstrated comparatively lower conversion (Table 1, entry 5). These
results indicate the importance of NDs as a substrate for palladium NPs deposition.

A detailed study of further substrate range was explored for substituted iodobenzene,
bromobenzene, and fluorobenzene with phenylboronic acid to obtain excellent yields of cor-
responding products (Table 2). It was shown that, in comparison to other functional groups
of substrates such as methyl- and methoxy- (Table 2, entries 2-6), electron-withdrawing
groups like nitro- and hydroxy- (Table 2, entries 7-11) showed slightly lower yields and
had longer reaction times. A high yield was obtained from all substrates with an electron-
donating and -withdrawing group at various ortho and para positions. Aryl bromides
interacted well with p-tolylboronic acid, resulting in an excellent yield of the desired prod-
uct. All results are compared with other heterogeneous catalysts (nanocomposites) applied
in Suzuki-Miyaura reactions (Table S1).

Table 2. The catalytic activity of Pd/rNDs in the Suzuki reaction between aryl halides and
boronic acid.

Entry Aryl Iodide Boronic Acid Products Time (h) Yield (%) 2
| B(OH), O
O o o
B(OH),
| 4
2 ©/ O 1 98
B(OH),
! g
O -
| B(OH), O
1 /O/ O 1 90
B(OH),
5 90

¥
%

\
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Table 2. Cont.
Entry Aryl Iodide Boronic Acid Products Time (h) Yield (%) @
B(OH), O
6 ©/ O 1.5 95
o
B(OH), O
7 /O/ © O 15 86
HO
B(OH
(OH), NO,
- © S
NO,
B(OH), O
O,N
B(OH
(OH); o
: )ij © ® J .
_0O O,N
B(OH)2
(OH) CN
“ @ @ SR
NO
CN 2
B(OH), O
12 2 75
CN
B(OH), O
Pl

F

Reaction conditions: aryl iodide/bromide (0.5 mmol), boronic acid (0.6 mmol), K,CO3 (2 mmol), Pd/rNDs (10 mg;
0.02 mmol Pd), water: EtOH (1:1; 5 mL), temperature: 100 °C. ? Yield calculated using GC analysis with dodecane
as an internal standard.

4.1. Recyclability Studies

After completion of the model catalytic reaction (phenyl iodide (0.5 mmol), phenyl-
boronic acid (0.6 mmol), K;COj3 (2 mmol), 10 mg Pd/rNDs, water: EtOH (1:1; 5mL), 100 °C)
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the catalyst was centrifuged and further washed with ethanol four times to eliminate organ-
ics and dried at 50 °C under vacuum. The well-dried catalyst was furthermore included in
the next cycle of the reusability study.

4.2. Reusability of the Pd/rNDs Catalyst

The reusability of a nanocatalyst is the main factor for its effective and environmentally
friendly value in heterogeneous catalysis. In general, for Pd and Pt containing catalytic
reactions, a special condition (mainly nitrogen atmosphere) during separation is needed
to avoid the danger of fire. On the other hand, in case of Pd/rNDs, we observed that the
process of catalysis was highly stable, and it was possible to separate through centrifugation,
could be dried and applied multiple times without losing catalytic activity. Figure 4
shows that the Pd/rNDs nanocatalyst could be recycled up to five times without losing
its selectivity during the tested catalytic reaction mentioned in the optimizing section.
Additionally, TEM images (Figure S2b) of the recycled nanocatalyst revealed that the
stability of the composition and morphology of palladium NPs on a nanodiamond support
remained stable after five cycles. The AAS analysis showed only minimal (less than
0.01 mmol) palladium leaching.

B Conversion bod  Selectivity
100 -

80 -
60 -
40
20 -
0
1 2 3 4 5

No. of cycles

Conversion & Selectivity (%)

Figure 4. Reusability study of Pd/rNDs nanocatalyst for Suzuki cross-coupling reaction.

5. Conclusions

In conclusion, we effectively synthesized ultra-small Pd nanoparticles (~5 nm) sup-
ported on nanodiamond, applicable for organic transformations such as Suzuki-Miyaura
coupling reactions, for excellent yields with low catalyst loading. The demonstrated system
displays various superior properties in contrast to other methods, including high yield,
selectivity, short reaction time, and ideal recyclability of the catalyst: up to five cycles
without losing efficiency or selectivity. The reactions were carried out in a very simple
manner at ambient conditions, a low reaction temperature, without any toxic solvents, and
no inert atmosphere was needed; as well, this methodology is likely to find applications
in other important organic transformations. This environmentally conscious procedure
facilitates easy reusability and uses a benign reaction system which could lead to new
future exploration in heterogeneous C-C bond catalysis.
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Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/catal14010053 /51, Figure S1: SEM images with EDS mapping of (a) oxidized
nanodiamond and (b) catalyst Pd/rNDs; Figure S2: TEM analysis of (a) fresh prepared Pd/rNDs
catalyst and (b) Pd/rNDs catalyst after five cycles of Suzuki reaction; Table S1: Comparison of
selected heterogenous Pd catalysts used for Suzuki reactions [84-93].
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