Journal of Catalysis 321 (2015) 62-69

. . . . =
Contents lists available at ScienceDirect JOURNAL OF
CATALYSIS
Journal of Catalysis
journal homepage: www.elsevier.com/locate/jcat e

Palladium nanocrystals stabilized by cucurbit[6]uril as efficient
heterogeneous catalyst for direct C-H functionalization of

polyfluoroarenes

Minna Cao, Dongshuang Wu, Weiping Su, Rong Cao ™

@ CrossMark

State Key Laboratory of Structural Chemistry, Fujian Institute of Research on the Structure of Matter, The Chinese Academy of Science, Fuzhou 350002, China

ARTICLE INFO ABSTRACT

Article history:

Received 6 August 2014
Revised 23 October 2014
Accepted 25 October 2014

Palladium nanocrystals (Pd NCs) featuring abundant surface defects are successfully synthesized by using
cucurbit[6]uril as a stabilizer. Employing the as-prepared Pd NCs as catalyst, an efficient approach to the
direct C-H functionalization of electron-deficient polyfluoroarenes has been developed. The stable Pd
NCs catalyst exhibits excellent catalytic activity and good recyclability with significantly low catalyst

loading. The catalytic procedure is insensitive to air and moisture and can be manipulated under ambient
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environment with operational ease. Mechanistic experiments have provided credible data to support a
heterogeneous catalytic mechanism of the present system.
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1. Introduction

In the recent years, the direct arylation via C-H bond activation
to afford the corresponding biaryl structural motif has become the
focus of synthetic chemists. Compared to traditional methods, the
approach to direct arylation can avoid the preparation of aryl orga-
nometallics with higher atom and step efficiency [1-4]. In this
regard, huge progress has been achieved with homogeneous catal-
ysis [5-8]. Homogeneous catalysis is generally accepted because it
is easily to tune the chemo-, regio-, and enantioselectivity of the
catalyst. However, the high catalyst loading, using expensive and
not easily to synthesized ligands, strictly required reaction condi-
tions (e.g., sensitive to moisture and water), and the difficulty of
catalyst separation from product created economic and environ-
mental obstacles to broaden their scope and commercialization.
Additionally, many direct arylation reactions require utilization
of unstable, toxic, and expensive phosphine ligands, whose price
is even beyond that of noble metal. When taking the high cost of
the whole procedure of homogeneous catalysis and the improve-
ment of the transformation efficiency into consideration, however,
it is still highly desirable to develop new catalysis systems featured
recycling, continuous processing, and ease of separation to offer
green and cost-effective alternatives for C-H functionalization.
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Metal nanocrystals (NCs) have shown excellent catalytic activi-
ties toward electrochemical catalysis, photocatalysis, and organic
synthesis because of their high-surface-to-volume ratio and quan-
tum size effects. In the past decades, researchers have made signif-
icant advances in the synthesis of well-defined NCs for organic
syntheses by modifications of preparation conditions, support
materials, and capping agents [9-17]. For instance, there is a long
history of synthesizing size-controlled noble metal NCs by cyclo-
dextrins through their ability to form inclusion complexes or
supramolecular adducts with organic molecules or metal precur-
sors. These metal NCs are active for hydrogenation reactions car-
ried out in aqueous or gas-phase media [18-20]. To date, great
achievements have been made in gas-liquid reactions such as
hydrogenation of nitroaromatics, as well as some simple liquid-
phase reactions with low activation energy such as Suzuki coupling
reaction [21-25]. Nevertheless, many organic syntheses in liquid
phase, for example, the direct arylation of electron-deficient poly-
fluoroarenes through C-H bond activation, have not been succeed
on metal NCs to date. The high activation energy for C-H bond
activation of this reaction puts forward much higher demands for
the NCs, that is, abundant active sites on the metal NCs and good
enough reusability [26,27]. Given the practical application for
industries, effective catalytic system using nanostructured
catalysts with simple catalytic procedure and good reusability
but without sacrificing catalytic activity still presents significant
and formidable challenges for organic synthesis, especially for
those that are only accessible in homogeneous catalysis.
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In this work, by using cucurbit[6]uril (CB[6]) stabilized palla-
dium NCs as catalyst, we report an efficient approach to the direct
arylation of polyfluoroarenes with aryl halides to construct biaryls.
The well-defined Pd NCs are characteristic of abundant surface
defects, and thus endows the Pd NCs with excellent catalytic activ-
ity. Due to the stabilization from cucurbit[6]uril, the surface
defects of Pd NCs have remained after catalysis. The stable Pd
NCs catalyst exhibits excellent catalytic activity and good recycla-
bility with significantly low catalyst loading. Additionally, through
this method, the catalytic reaction can be carried out under air con-
ditions with operationally simple procedures using significantly
low catalyst loadings, which exhibits a great potential in reducing
the overall cost of practical applications and is important to
pharmaceutical and green chemistry. In additional, we have car-
ried out mechanistic experiments to support a heterogeneous
mechanism of the present system in this work.

2. Experimental
2.1. Materials

Cucurbit[n]uril was prepared according to literatures [28]. All
other reagents were commercial available and used as received
without further purification.

2.2. Instruments and characterization

X-ray diffraction patterns (XRD) were recorded with a Rigaku
D/max-2500 X-ray powder diffractometer with Cu Ko radiation
(4=0.154 nm). TEM and HR-TEM images were recorded by a FEI
Tecnai G2 F20 working at 200 kV. The samples were prepared by
placing a drop of product in water onto a continuous carbon-
coated copper TEM grid. Analysis of Pd content was measured by
inductively coupled plasma-atomic emission spectroscopy
(ICP-AES) on an Ultima 2 analyzer (Jobin Yvon). The gas chroma-
tography-mass spectrometry (GC-MS) measurements were taken
on a Varian 450-GC/240-MS. '"H NMR (400 MHz), and *C NMR
(100 MHz) spectra were recorded in CDCI3 solutions using a Bruker
Avance 400 spectrometer.

2.3. Catalyst preparation

CB|[6] (stabilizer, 398 mg, 0.40 mmol) and PdCl, (metal precur-
sor, 35 mg, 0.20 mmol) were mixed in distilled water (40 mL)
and stirred for overnight to obtain a uniform brown mixture. Then,
the mixture was adjusted to pH 1 by using 6 M hydrochloric acid
aqueous solution. The mixture was turned into black immediately
after NaBH, aqueous solution (76 mg in 20 mL water) was injected
quickly. The final product (denoted as CB[6]-Pd NCs) was separated
from solution by centrifugation after 3 h, washed twice with water,
and dried in an oven overnight.

For comparison, Pd NCs stabilized by other three common
cucurbit[n]uril have been prepared by the same reducing method
with CB[6]-Pd NCs, and the final products were donated as
CB[n]-Pd NCs (n=5, 7, 8).

2.4. General catalytic procedure and analyzes

A mixture of pentafluorobenzene (1.5 mmol, 1.5 equiv.), aryl
halides (1.0 mmol, 1.0 equiv.), sodium carbonate (2 mmol, 2
equiv.), acetic acid (2 mmol, 2 equiv.) and the as-prepared Pd
NCs catalyst (1 mol%) was added into a 35 mL pressure tube. Then,
2 mL mixed solvent solution of DMA/DMF (0.6/1.4) was added. The
reaction mixture was stirred at 140 °C for 24 h under ambient
atmosphere. After the reaction was completed, the solid catalyst

was separated by filtration, and the filtrate was diluted with water
followed by extraction with ethyl acetate (3 x 10 mL), and dried
over anhydrous Na,SO4. The solvent was removed by vacuum
rotary evaporation, and the crude product was directly analyzed
by GC-MS with n-dodecane as an internal standard. The product
was further purified by column chromatography (silica gel, ethyl
acetate/hexane gradient) for NMR.

Catalyst recycling experiments: Five recycles of the activity were
examined for the as-prepared Pd NCs catalyst. After the 1st run, the
catalyst was separated by centrifugation and then washed with
ethyl acetate (EtOAc) and water to remove adsorbed organic sub-
strate and salt, followed by drying overnight at 70 °C prior to being
reused. The catalyst was used for the 2nd run without further acti-
vation, and the same process was repeated for the next run.

Applications of hot filtration: Hot filtration was carried out after
2 h for the direct arylation of pentafluorobenzene with bromoben-
zene. The filtrates were further reacted under the same conditions
for another 20 h after fresh base and additive added. The yields
were analyzed by GC-MS with n-dodecane as an internal standard.

Mercury drop test: A model reaction was added a drop of Hg(0)
after 8 h and then reacted under the same conditions for another
16 h. The yields were analyzed by GC-MS with n-dodecane as an
internal standard.

3. Results and discussion
3.1. Synthesis of Pd NCs catalyst

Pd NCs catalyst was prepared by reducing metal precursor in
the presence of cucurbit[6]uril. CB[6] is a hexameric macrocyclic
compound comprising six glycoluril units and twelve methylene
bridges. It belongs to a family of macrocyclic organic compounds,
cucurbit[n]uril (CB[n], n = 5-8), which are prepared by an acid-cat-
alyzed condensation reaction. The CB[6] molecules here are stabi-
lizer, which are capable of binding to other species through
electrostatic interaction, helping stabilize the Pd NCs from agglom-
eration. Due to the high surface energies, nanostructures generally
tend to aggregate, leading to the loss of the fascinating properties
for longtime storage and applications. Herein, the steric effect aris-
ing from the rigid cyclic structure of CB[6] can prevent the Pd NCs
from aggregation effectively. Therefore, the Pd NCs stabilized by
CB[6] sustain excellent catalytic performance without reactivation
even after longtime storage in air [29-33].

3.2. Catalytic performance of the as-prepared Pd NCs

The catalytic activity of the as-prepared Pd NCs was examined
by the direct arylation of pentafluorobenzene (1a) with bromoben-
zene (2a) as the model reaction. Selected results from the reaction
conditions optimization studies are listed in Table 1. Preliminary
results indicate that bases, solvents, and additives appear to be
key factors affecting the catalytic efficiency of the as-prepared Pd
NCs. The desired product was obtained in 39% yield if the reaction
was performed with Na,CO3 (2 equiv) as base in DMF (N,N’-
dimethylacetamide) (2 mL) (Table 1, Entry 4). Using acetic acid (2
equiv.) as additive affords a satisfied yield up to 82% (Table 1, Entry
10). Subsequently, the influence of solvent on the reaction was
investigated (Table 1, Entries 12-17). Solvent screening gave a
maximum yield of 96% in a mixed solution of DMA/DMF under
the reaction conditions detailed in Table 1 (Table 1, Entry 17).
Under such conditions, a remarkable 99% yield of the cross-coupled
direct arylation product can be achieved if the reaction is allowed
to proceed for a longer time to 26 h (Entry 18 in Table 1). In
addition, the effect of the catalyst loading was examined (Table 1,
Entries 19-22). If the amount of catalyst was reduced to 0.05 mol%,
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Table 1

Selected results from the optimization studies for CB[6]-Pd NPs catalyzed direct arylation of pentafluoro-

benzene with bromobenzene[a].

R F F F
. y +Br© CB[6]-PdNPs (1mol%) - O O
Base, Additive, solvent
F F 140 °C’ 24 h - -

la 2a 3a

Entry  Base Additive™ Solvent! Yields (%)
1 NaOAc - DMA 16

2 KOAc - DMA 26

3 CsOAc - DMA trace

4 Na,CO; - DMA 39

5 K,CO; - DMA 11

6 Cs,CO;5 - DMA trace

7 NaOPiv - DMA 0

8 Na,CO; HCOOH DMA 0

9 Na,CO; PivOH DMA 0

10 Na,CO, AcOH DMA 82

11 K,CO; AcOH DMA 24

12 Na,CO; AcOH DMSO 0

13 Na,CO,4 AcOH NMP 35

14 Na,CO4 AcOH Toluene 0

15 Na,CO4 AcOH DMF 27

16 Na,CO, AcOH DMA/DMF (1/1) 60

17 Na,CO,4 AcOH DMA/DMF (0.6/1.4) 96 (93)

181 Na,CO;4 AcOH DMA/DMEF (0.6/1.4) 99

19[4 Na,CO4 AcOH DMA/DMF (0.6/1.4) 88

2001 Na,CO, AcOH DMA/DMF (0.6/1.4) 76

2161 Na,CO,4 AcOH DMA/DMF (0.6/1.4) 78

2208l Na,CO,4 AcOH DMA/DMF (0.6/1.4) 68

231 AcOH DMA/DMF (0.6/1.4) 0

24 Na,CO, AcOH DMA/DMF (0.6/1.4) 0

2511 Na,CO,4 AcOH DMA/DMF (0.6/1.4) 30

2601 Na,CO;4 AcOH DMA/DMEF (0.6/1.4) 66

271 Na,CO, AcOH DMA/DMF (0.6/1.4) 65

[a] Reaction conditions: The reactions were carried out in the air using pentafluorobenzene (1.5 equiv.),
bromobenzene (1 equiv.), base (2 equiv.), additive (2 equiv.), and 1 mol% catalyst, in a 0.5 M solvent
solution for 24 h under 140 °C, unless otherwise noted. [b] Determined by GC analysis relative to as an
internal standard (isolated yield in parentheses). [c] 26 h. [d] 0.5 mol% catalyst loading. [e] 0.25 mol%
catalyst loading. [f] 0.1 mol% catalyst loading. [g] 0.05 mol% catalyst loading. [h] Without CB[6]-Pd NPs
catalyst. [i] 1 mol% CB[5]-Pd NPs catalyst loading. [j] 1 mol% CB[7]-Pd NPs catalyst loading. and [k] 1 mol%

CB[8]-Pd NPs catalyst loading.

the yield only decreased to 68% (Table 1, Entry 22). The decrease in
the catalyst loading also afforded such good yield of the required
product, indicating that the as-prepared Pd NCs is a highly active
catalyst for the direct arylation of pentafluorobenzene. Control
experiments demonstrated that no reaction was observed in the
absence of the Pd NCs with or without Na,CO3;/AcOH (Entries 23
and 24 in Table 1), suggesting that the as-prepared Pd NCs actually
act as the real catalyst. Finally, we found that satisfied result was

obtained by reacting a ratio of 1a and 2a of 1.5:1, using 2 equiv.
of Na,COs3 as base in conjunction with 2 equiv. AcOH as additive
in a mixed solution of DMA and DMF (0.6/1.4) with 1 mol% of
the as-prepared Pd NPs catalyst in 24 h at 140 °C in air (Entry 17,
Table 1). Remarkably, the catalytic reaction is operationally simple
and insensitive to air and moisture.

Using the same preparation procedure, we also prepared Pd NCs
in the presence of CB[5], CB[7], and CB[8]. These three CB[n] (n =5,
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Table 2
The Pd NCs catalyzed direct arylation of fluoroarenes with various aryl halides.[a]

Fn X CB[6]-PdNPs (1mol% Fn
/\/ \ Ho+ X [6] s ( o) /\/ \
L \e Na,COj3, ACOH, 140 °C, 24 h o R
R DMA/DMF (0.6/1.4)
1 2 3
F F F F F F
LD O Lo
F F F F F F
3a, X=I, 74% 3b, X=lI, 81% 3¢, X=I, 70%
X=Br, 93% X=Br, 72% X=Br, 68%
F F F F F F
LD A LD
F F OMe F F F F
3d, X=I,61% 3e, X=1,53% 3f, X=I, 68%
X=Br, 62% X=Br, 58% X=Br, 50%
F F F F F F
F F F F F F
3g, X=1,79% 3h, X=I, 30% oy .
X=Br, 75% X=Br, 34% 3i, X=Br, 85%
F F F F R F
F F F F F
3j, 66% 3k, 66% 31, 75%
F
E F F
3m, 65% F F
° 3n, 60% 30, 62%

[a] Reaction conditions: The reactions were carried out in the air using fluoroarenes (1.5 equiv,), aryl halides
(1 equiv.), Na2CO3 (2 equiv.), AcOH (2 equiv.), solvent: DMA/DMF (0.6/1.4), and 1 mol% Pd NCs catalyst, in a
0.5 M solvent solution for 24 h under 140 °C; Isolated yields unless otherwise noted.

7, 8) have the similar structural features but different physical and
chemical properties to give them distinct behaviors and appear-
ances as Pd nanoparticles catalyst stabilizer. The TEM and high-
resolution (HR) TEM images for CB[n]-Pd NCs (n =5, 7, 8) illustrate
that these three Pd NCs are uniformly dispersed but with different
morphologies as compared with Pd NCs stabilized by CB[6]
(Fig. S1). The shapes of the three CB[n]-Pd NCs (n = 5, 7, 8) are irreg-
ular and the small near spherical nanoparticles tend to gather
together, thereby decreasing the exposed surface area. The cata-
lytic performances for these three Pd NCs are tested by model reac-
tion. The desired product was obtained in 30%, 66%, and 65% yields
for CB[5]-, CB[7]-, and CB[8]-Pd NCs, respectively (Table 1, entries
25, 26, and 27). Such distinct catalytic performance of the CB[n]-Pd
NCs may be explained by the structure symmetry, cavity, and
volume size on different CB[n]s, which leads to strong or weak
interactions with the substrates. Generally, CB[n]s have superior
molecular recognition properties to form inclusion complexes

through hydrophobic binding or ion-dipole interactions with other
molecules, especially for CB[7] and CB[8] with relatively larger cav-
ities [34,35]. Herein, 'H NMR spectra were adopted to verify the
interaction between CB[n]s and substrates. As the stacked 'H
NMR spectra shown in Figs. S2 and S3, there is no obvious NMR
peak shift for CB[6] after the addition of various substrates, sug-
gesting no strong interaction between CB[6] and the substrates.
Maybe the interaction between CB[6] and aryl halides substrates
is too weak to form stable inclusion complexes. It is suggested that
CB[6] only serves as a stabilizer for Pd NCs and does not participate
the reaction. However, in the case of CB[5], CB[7], and CBJ[8], there
are evident peak shifts and broadened peak width in NMR spectra
(Fig. S2), indicating that CB[n]s (n = 5, 7, 8) have a stronger interac-
tion with the substrate than that of CB[6] does. Specifically for
CB[8], the 'H NMR spectra reveal encapsulation-induced upfield
chemical shifts for the aromatic resonances of substrate, which
are consistent with inclusion in the shielding hydrophobic cavity.



66 M. Cao et al./Journal of Catalysis 321 (2015) 62-69

B0 \'_
2 4 ﬁ\'
—— CBI[6]-PdNPs
- Pd/C
60 —o—PdCl,
= —a— Pd(OAC),
(2]
ke
2
> 30
0 - = =
] T L 1 1
1 2 3 4 5

number of catalytic cycles

Fig. 1. (a) Recycling of the as-prepared Pd NCs, Pd/C, PdCl,, and Pd(OAc), for direct
arylation of pentafluorobenzene with bromobenzene.

The strong interaction of CB[n] (n=5, 7, 8) with substrate might
hinder the full interaction between substrate and Pd NCs, resulting
a lower catalytic performance for CB[n]-Pd NCs (n=5, 7, 8) com-
pared to CB[6]-Pd NPs. Such phenomenon also has been reported
in the case of aromatic ring hydrogenation reactions by RaMe-
cyclodextrins supported Ru(0) NCs [36]. Therefore, as evidenced
from the above data and analysis, CB[6], which features the most
stable symmetric structure, moderate cavity size and suitable vol-
ume size among common stable CB[n] (n=5-8), should be the
most suitable nanocatalyst stabilizer for harsh reactive conditions
such as C-H bond activation.

With the optimized reaction conditions established, the sub-
strate scope of the direct arylation of fluoroarenes with various aryl
halides was investigated, and the results are summarized in
Table 2. As depicted in Table 2, this reaction catalyzed by the as-
prepared Pd NCs exhibits broad scope with respect to both the aryl
halide and the fluoroarenes components. Pentafluorobenzene can
be directly arylated by both aryl bromides and aryl iodides. Both
electron-rich and electron-deficient aryl halides are reactive
(Entries 3b-d and 3e-h in Table 1, respectively). Functional groups
are also tolerated including ester, carbonyl, cyano, and trifluoro-
methyl (Entries 3e-h, Table 2). Bromonaphthalene also gives good
yield of 85% (Entry 3i, Table 2). Tetrafluoro- and trifluoroarenes are
found to be efficient for the direct arylated reaction with bromo-
benzene as coupling partner. For example, 1,2,4,5-tetrafloroben-
zene and 1,2,3,5-tetrafluorobenzene can be obtained in good
yields of 66% and 75%, respectively (Entries 3j and 31, Table 2). Both
of these two tetrafluorobenzenes possess two potential reaction
sites, but the monoarylation products are preferentially generated
in the as-prepared Pd NCs-catalyzed system. Additionally, 1,3,5-
trifluorobenzene as less acidic trifluorobenzene also affords mono-
arylated product preferentially in moderate yields (Entry 3m-o,
Table 2).

The recyclability of the as-prepared Pd NCs catalyst was studied
by using the direct arylation of 1a with 2a as a model reaction. The
as-prepared CB[6]-Pd NCs catalyst showed good recyclability over
multiple cycles. As illustrated in Fig. 1, a sample of the Pd NCs has
been recycled five times without significant loss in catalytic activ-
ity. Both PdCl, and Pd(OAc), could catalyze the model reaction,
giving 67% and 62% yields, respectively. However, neither of the
two Pd salts is recyclable for the model reaction, like most of other
homogeneous catalysts (red curve with dot and blue curve with
triangle in Fig. 1). The commercial Pd/C only obtained 48% yield
for the first run, which significantly underperformed the as-pre-
pared Pd NCs catalyst. It is supposed that the commercial Pd/C

NCs have been sinter into large ones (TEM image in Fig. S4), leading
to the catalytic activity decreased dramatically to 3% for the second
run (black curve with square in Fig. 1). It is well known that the
stabilization of the nanocatalyst against agglomeration during
the catalytic procedure is of special importance, since the aggrega-
tion results in complete loss of catalytic activity. The as-prepared
CB[6]-Pd NCs still preserve nearly 90% of its original reactivity
for the fifth cycle, indicating that the CB[6] protected Pd NCs
catalyst is highly stable and recyclable under the harsh reaction
conditions. Such excellent activity and good recyclability success-
fully overcome the reusable problem for Pd salt as homogeneous
catalyst and the loss of catalytic activity problem for commercial
Pd/C caused by agglomeration during the catalytic reaction.
Simultaneously, the good catalytic performance of the reusable
Pd NCs catalyst greatly decreases the overall cost and improves
the efficiency of the synthetic process for practical application.

3.3. Catalytically active species

To identify the catalytically active species from the as-prepared
Pd NCs catalyzed system, Hg-poisoning and hot-filtration experi-
ment test were carried out. A model reaction was added a drop
of Hg(0) after 8 h and then heated more 16 h. No more products
were detected during the subsequent process with Hg(0) added
(Fig. S5). The result indicates that the amalgamation is formed on
the surface of the Pd NCs, resulting in catalyst poisoning and the
reaction ceasing. This suggests that the nature of catalytically
active species is Pd(0) in this work [37-39]. Hot-filtration experi-
ment was carried out for two hours for the model reaction to
remove all solid materials. The filtrate was further reacted and
monitored after fresh base and additive added. The filtrate gave
no products during the additional reaction time, suggesting that
all active catalytic species were removed by hot filtration. Such
results suggest that the catalytic process may occur on the surface
of Pd NCs, i.e., the direct arylation catalyzed by the as-prepared Pd
NCs is heterogeneous reaction pathways.

3.4. Characterization of the catalyst

In order to address the structural features of the as-prepared Pd
NCs catalyst during the catalytic reaction, TEM and HR-TEM
images of the Pd NCs before and after catalysis have been studied
(Fig. 2c-f). Typical TEM image of the as-synthesized Pd NCs is
shown in Fig. 2a, along with the obtained size-distribution histo-
gram (3.8 £ 0.3 nm), which is homogeneously dispersed. HR-TEM
image of an individual nanoparticle shows clear lattice fringes with
an interplanar distance of approximately 0.23 nm, corresponding
to Pd(111) planes (Fig. 2b). There are clearly many structural
defects on the surface of the as-prepared Pd NCs, indicated by
the corresponding fast Fourier transform (FFT) diffraction pattern
of the HR-TEM image (Fig. 2b, insert). Numerous researches
demonstrated experimentally and computationally that small NCs
possess a high percentage of surface atoms. The smaller the NCs,
the more abundant of step edges and corners or other defect sites
are on the surface. Surface defects, featured coordinative unsatura-
tion, have an excellent reactivity for the large adsorption energy to
preferentially adsorb the substrates and the strong bonding ability
with one or two atoms of the adsorbate, thereby enhancing the cat-
alytic performance [40-42]. Hence, the uniform dispersed small Pd
NCs catalyst exhibits unique excellent catalytic properties in this
work. As shown in Fig. 2c, most of the Pd NCs after catalysis main-
tain the uniform dispersion without obviously agglomeration, but
increase in size to about 10 nm caused by Ostwald ripening. The
HR-TEM images clearly show the distinct twin planes and stacking
faults, demonstrating that the defects on the surface of the Pd NCs
are maintained after catalysis (Fig. 2d and f). This demonstrates
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Fig. 2. TEM (a) and HR-TEM (b) images of the as-prepared Pd NCs before catalysis (insert is the corresponding FFT diffraction patterns of the square areas); TEM (c) and HR-
TEM (d and f) images of the as-prepared Pd NCs after catalysis; and (e) and (g) are the corresponding FFT diffraction patterns of (d) and (f), respectively.
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Fig. 3. XRD of CB[6]-Pd NCs before (black curve) and after catalysis (red curve). (For
the interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)

that CB[6] plays a key role in stabilizing structural defects on the
Pd NCs surface and thus endows the reused Pd NCs catalyst with
maintained catalytic activity.

We further characterized the phase purity of the catalyst by
means of powder X-ray diffraction (XRD) (Fig. 3). The reflection
for the Pd NCs after catalysis is exactly the same as that of freshly
prepared one, appearing at around 40° 46° 68° and 82°,
corresponding to (111),(200), (220), and (311) crystalline planes
of the face-centered cubic (fcc) lattice (JCPDS NO. 46-1043). The

Experimental data
—O—fitting
—O—fitting

Intensity / a.u.

after catalysis

E T T . | T L LR PR
338 340 342 344 346 348 350
Binding Energy / eV

& T L T X T
332 334 336

Fig. 4. XPS of CB[6]-Pd NPs before (blue curve) and after catalysis (red curve). (For
the interpretation of the references to color in this figure legend, the reader is
referred to the Web version of this article.)

surface chemistry of the CB[6]-Pd NCs catalyst was subjected to
X-ray photoelectron spectroscopy (XPS) analysis to determine the
oxidation state of Pd NCs. Fig. 4 displays XPS peak deconvolution
results of Pd NCs catalyst before and after catalysis. The signals
at 334.8 and 335.3 eV can be assigned to zero-valent Pd before
and after catalysis, respectively [43]. No signal belongs to oxidized
state Pd, indicating that the Pd NCs remain the zero-valent state
after catalysis. Such results agree well with XRD results. The XPS
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Fig. 5. Proposed catalytic cycles for the as-prepared Pd NCs catalyzed direct
arylation of unactivated electron-efficient polyfluoroarene.

peak occurs a little shift to high binding energy after catalysis,
which may be attributed to the variation on surface electron distri-
bution after catalysis [44].

3.5. Presumable catalytic mechanism

According to the aforementioned results, we propose a plausi-
ble procedure for the catalysis. Fig. 5 illustrates that the catalytic
reaction may undergo four successive processes. Presumably, the
oxidative addition of aryl halides with Pd NCs forms the interme-
diate (I), then followed by an acid-mediated dehalogenation pro-
cess giving intermediate (II). Subsequently, a ligand substitution
process occurs in the presence of polyfluoroarene forming interme-
diate (III). Finally, a reductive elimination gives the desired cou-
pling product.

4. Conclusions

In summary, we have developed a simple and general catalytic
system for direct C-H functionalization of polyfluoroarene, by
which a broad range of substrates can be employed with satisfac-
tory yields of the product. The catalytic procedure is safe to air and
moisture using the as-prepared Pd NCs as catalysts with signifi-
cantly noble metal loading. And the Pd NCs can be effectively recy-
cled multiple times without obvious loss of activity. Such a Pd NCs
catalyst successfully overcomes the reusable problem of Pd salts in
homogeneous catalysis as well as the loss of catalytic activity prob-
lem of commercial Pd/C caused by agglomeration during the cata-
lytic procedure. Driven by all these advantages, the as-prepared Pd
NCs catalysts will benefit its applications for economical processes
in pharmaceutical industry and other benign chemical industries.
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