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ABSTRACT: Palladium nanoparticles (Pd NPs) capped with a
certain protective group possessing stable reactivity of Pd-
catalyzed reactions has been quickly and easily synthesized.
The thiol—Pd*" complexes of C 1,—Pd*" and POSS—Pd*" are
prepared by the ligand exchange of acetate groups on Pd(OAc),
with 1-dodecanthiol and SH-POSS (polyhedral oligomeric
silsesquioxane), respectively. After thermal treatment at
120 °C for 30 min, the C;,—Pd>" and POSS—Pd*" turn into
C,,—Pd(0) and POSS—Pd(0) NPs through the reduction of
palladium cations with thiol groups. Unlike the well-known
metallic Pd NPs with constituent Pd atoms arranged in an
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orderly repeating pattern, the cores of these thial —Pd(0) NPs are composed of a disordered (amorphous) aggregation of Pd atoms
due to the steric hindrance caused by the affinity between in situ Pd atoms and thial groups. The relatively larger gaps between two
adjacent POSS moieties, formed by solvent permeation when one isobutyl group approaches another, can be employed as
transportation channels for reactants such as iodobenzene (IB). Thus, methyl trans-cinnamate is produced as soon as the reactants
of IB and methyl acrylate are added in the POSS—Pd(0) NP-catalyzed Heck coupling. In contrast, an activation time of ~1 h is
needed for C;,—Pd(0) NPs to replace these long-alkyl protective groups with iodobenzene.
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B INTRODUCTION

Palladium nanoparticles (Pd NPs) are the most widely used
transition-metal catalysts in modern organic synthesis, including
Heck, Stille, Suzuki, Sonogashira, and Buchwald—Hartwig
reactions.' > However, the separation of the Pd NPs from the
desired product, the stability to retain its activity, and the
reusability often complicate their applications." In this regard,
many efforts have been made to immobilize Pd NPs onto a
support (e.g, charcoal, silica, or alumina® ), resulting in high
catalytic activities, but the stability to Pd species' leaching is not
satisfactory.'® Alternatively, the encapsulation of Pd NPs by
polymers'' ™' or dendrimers'” ' has been reported, but these
Pd NPs require further mechanical stabilization against leaching
out or the breakage of the host.

Recently, a number of reports have been published on the
immobilization of Pd NPs via ligand/polymer anchoring® >* and
layer-by-layer assembly onto an organic solid support.>> However,
being a soft material, the ligand/polymer may not provide enough
robustness against metal leaching or for recyclability.”* In recent
years, the ionic liquids and the related solid ionic liquid phase
catalysis have been successfully used in Pd-catalyzed reactions.>> >’
In addition to the above-mentioned supported catalysts, de Vries
et al. discovered that palladacycles such as cyclic trimer of Pd-
(OAc), can be directly used to catalyze a ligand-free Heck
reaction.”* 3 In these studies, Pd** complexes and the product
of Pd(0) NPs can be dispersed by iodide ions, which are converted
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from iodobenzene. Interestingly, ligand-free Pd(OAc), pallada-
cycles can be used as a catalyst in the Heck reaction of aryl bromides
as long as the amount of catalyst is kept between 0.01 and 0.1 mol %.
However, iodide ion is not a strong stabilizer for Pd(0) NPs so as
to produce the low reactive precipitate of Pd black. Thus, a stable
ligand is still necessary for the design of a recyclable catalyst.
Polyhedral oligosilsesquioxane (POSS), the cyclic oligomer of
ladderlike poly(silsesquioxanes), consists of a 0.53-nm-diameter
cubical siloxane core and elght organic short arms stretched from
the corners of the core®' In organic solution, POSS can be
regarded as a molecular colloid with soluble organic groups to
disperse an inorganic core by steric stabilization.> Similar to
other structurally symmetrical molecules, POSS colloids can be
stacked up into ordered structures (colloidal crystals) after
removal of solvent, with evidence of low-angle-diffraction signals
shown in the wide- angle X-ray scattering (WAXS) patterns. In
our previous study,> we found the specific arrangement of alkyl
POSS molecules in a crystal. Like a metal crystal, alkyl POSS has a
hexagonal unit cell with a dimensional ratio ¢/a of 1.06. This
value is much lower than the expected 1.63 for a hard-sphere,
closed-packing mode. Considering the size of alkyl POSS, we
concluded that there are small cavities in an alkyl POSS crystal
that are occupied by solvent molecules. This result can be
attributed to the fact that POSS molecules tend to absorb solvent
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Scheme 1. Synthesis of C;,—Pd and POSS—Pd Amorphous Nanoclusters
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metal salts, and then they are transferred into the organic phase.
Different from hydrophilic metal salts, the palladium acetate
[Pd(OAC),] is a source of Pd salts that can be dissolved in many
organic solvents (e.g, toluene, tetrahydrofuran, methanol) be-
cause of its cyclic trimer [Pd;(u-O,CMe)s] capped with organic
acetate ligand. *+142 Relative to other water-soluble Pd salts, such as
palladium chloride (PdCl,) and disodium tetrachloropalladate
(Na,PdCl,),* * Pd(OAc), was therefore adopted for the pre-
paration of Pd NPs in a single phase without phase- transferrm%
agents. In addition to chemical reductants (e.g, NaBH,),""®

most Pd NPs are prepared from Pd salts using solvent reductants
(eg, alcohols,™ phosphmes,55 % and amines®>~ 59) that are
capable of reducing Pd salts by self-oxidizing. According to the
periodic table, thiol may also be expected to serve as a reductive
solvent because sulfur (thiol) exists in the same group as oxygen
(alcohol) and the same period as phosphorus (phosphine).
However, to the best of our knowledge, no reports mentioned
this concept. Therefore, we are motivated to study the thiol-
mediated reduction of Pd(OAc), with SH-POSS or C;,—SH in
the synthetic procedure shown in Scheme 1.

B RESULTS AND DISCUSSION

Thiol—Pd?** Complexes. Two thiol—Pd** complexes, Cj,—

Pd**, and POSS—Pd*" complexes, were prepared by dissolving

Wavenumber (cm™)

Figure 1. FTIR spectra of (a) Pd(OAc),, (b) Ci,—Pd*" complexes, (c)
C1>—Pd(0) NPs, (d) POSS—Pd*" complexes, and (e) POSS—Pd(0) NPs.

Pd(OAc), (0.11 g 0.5 mmol) and 1-dodecanthiol (SH—C,,,
0.10 g, 0.5 mmol) or 3-mercaptopropyl isobutyl polyhedral
oligomeric silsesquioxane (SH-POSS, 0.45 g, 0.5 mmol) in
argon-purged toluene (20 mL). The reaction mechanisms are
shown in Scheme 1. In the previous study on thiol—Pd**
complexes, Basato et al. reported that the cyclic trimer of
Pd(OAc),, Pd;(u-O,CMe)g, can react with 2 equiv of HSCH,C-
(O)Me to produce the full-sulfurligand complex
[Pd(SCH,C(O)Me),]5.* Although thiols can be efficiently
substituted for all acetate groups, the equimolar quantities of
Pd(OAc), and thiol ligands, such as C;,—SH and SH-POSS are
considered sufficient to provide a thiol monolayer for the
colloidal stabilization of 1—5-nm-diameter Pd NPs in solution.
The equivalent feed ratio of Pd(OAc), to thiols (mol/mol) was
used, and then the formation of partially thiol-substituted Pd*"
complexes was characterized by Fourier transform infrared
(FTIR) spectroscopy, ultraviolet—visible (UV—vis) spectros-
copy, and WAXS patterns.
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Figure 2. UV—vis sgectra of (a) Pd(OAc),, (b) POSS—Pd** com-
plexes, (c) C,—Pd*" complexes, (d) POSS—Pd(0) NPs, and (e)
Clz_Pd(O) NPs.

.dsmin9=1.1 nm for (101), _ % :
. ocing=0-82 nm for (1), o
. =0.48 nm for (113)
¥ 'spacing 1em

amorphous aggregation of Pd atoms _9:(0)
: Recycled POSS-Pd(0)

SH-POSS

Intensity (a.u.)
o
s =
Sar-
2o
c 2
C
813

o FT of i’-weighted EXAFS

(c) POSS-Pd(2+)
(b) C,,-Pd(2+)
. (a) Pd(OAc),
1 2 3 4 5 6
Scattering Vector q(A1)

Figure 3. WAXS patterns of (a) Pd(OAc),, (b) Cj,—Pd*" complexes,
(c) POSS—Pd*" complexes, (d) C;,—Pd(0) NPs, (¢) POSS—Pd(0)
NPs, and (f) recycled POSS—Pd(0) NPs.

The color of the Pd(OAc), solution changes from yellow to
orange upon mixing with the C;,—SH or SH-POSS (see the
insert of Figure 2). This color change coupled with the following
FTIR and UV—vis studies support the formation of the
thiol —Pd** complex. As shown in Figure 1a, the FTIR spectrum
of Pd(OAc), displays two peaks at 1633.8 and 1601.4 cm ™',
representing the C—O stretching modes of the metal-bonded
U-acetate ion. By contrast, these two peaks weaken when the
Pd(OAc), is blended with equimolar C;,—SH or SH-POSS in
toluene (red square in Figure 1b and d), providing evidence to
support the release of low-vapor-pressure acetic acid for the
formation of thiol—Pd*" complexes (Scheme 1).*/#>%0~6*

A similar approach was reported previously by Kim et al. in the
investigation of the release of acetylacetone from the blend of
palladium acetylacetone and trioctylphosphine through FTIR
detecting a C=C stretching peak at 1630 cm ™" (enol form of
acetylacetone).> As for the UV —vis characterizations, the color
shifts of the solution in UV—Vis absorbances also reveal the
characteristics of metal complexes with distinct ligands. The
yellow solution of Pd(OAc), in toluene featuring a visible light
absorbance at 402 nm (Figure 2a) shifts to lower wavelengths
(<350 nm) and tails off in the visible region (~550 nm), resulting
in orange and yellow/orange solutions of POSS—Pd*" and
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Figure 4. (a) Pd K-edge XANES spectra and (b) Fourier transforms of
K3-weighted Pd K-edge EXAFS spectra of Pd(OAc),, Cy,—Pd*"
complexes, POSS—Pd * complexes, C;,—Pd(0) NPs, POSS—Pd(0)
NPs, and standard Pd foil.

C1,—Pd*" complexes by blending with equimolar SH-POSS
or C;,—SH (Figures 2b and 2¢).% In adition, in comparison with
an ionic crystal of Pd(OAc), (Figure 3a),""**% the WAXS
signals of the thiol—Pd** complexes at high scattering vectors
(g > 1) disappear in Figure 3b and c, an indication of amorphous
packing of Pd atoms, probably due to the inhibition of crystal-
lization using the long alkyl chain thiol (C;,—SH) or the bulky
siloxane cube thiol (SH-POSS).*~ % The C,,—Pd>" complex s
a nonmobile liquid at 25 °C; the POSS—Pd*" complex is a
powder at 25 °C, featuring crystallization of the POSS moieties
according to the three signals of a POSS crystal for the diffraction
planes of (101), (111), and (113) (Figure 3c).*

Thial—Pd(0) Clusters. Similar to the amine-mediated reduc-
tion of amine—Au(3+) complexes,66 the thiol-mediated reduc-
tion of the thiol—Pd*" complexes generates dark colloidal
thial—Pd(0) nanoclusters solutions in toluene under reflux
(~120 °C) for 30 min. This redox procedure, the combination
of the reduction of Pd*" complexes into Pd(0) clusters and the
oxidation of thiol anions (RCH,S™) to thials (RCH=S), is
achieved by the ligand-to-metal charge transfer from S~ (7
electrons) to Pd*™ (4d orbital).> >* As shown by FTIR spectra,
Figure 1c and e indicate the C=S stretching at 1256 cm™ ' which
is not intense and falls at lower wavenumbers because the C=S§
group is less polar than the C=0 group.®’

The significant features of the bulky, hydrophobic, and sym-
metrical POSS molecules tend to crystallize in methanol. These
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Figure S. (a) Bright-field images, (b) size distribution histogram, (c) electron diffraction patterns of the C;,—Pd(0) and POSS—Pd(0) NPs, and (d)

the atomic lattice fringe of the POSS—Pd(0) NPs.

POSS-capped metal NPs are able to be arranged into a complex
solid with the connection of excess POSS crystals; nevertheless,
the crystallization of metal-bonded POSS molecules is inhibited.
Thus, the yields of 76 and 82% for C,,—Pd(0) and POSS—Pd(0)
NPs (inset to Figure 3) are obtained after purification by
precipitation of thial—Pd(0) clusters in MeOH.* * These
precipitates are readily redispersed in nonpolar organic solvents
(i.e., toluene) to give homogeneous dark brown solutions. The
dilute brown solutions of the POSS—Pd(0) and C;,—Pd(0)
clusters feature their UV—vis absorbances (400—800 nm) of the
well-known surface plasmon resonances (Figure 2d and
e).>*%77% Unlike metallic Pd nanocrystals in the previous
reports,®> >*%77C the cores of the as-synthesized thial-Pd(0)
clusters are amorphous, based on the observation of one broad
amorphous peak (q) at 2.7 A™" in the WAXS patterns of the
C,,—Pd(0) and POSS—Pd(0) NPs (Figure 3d and e), corre-
sponding to the disordered aggregation of Pd atoms. Never-
theless, such a broad signal of WAXS spectra for metal NPs can be
attributed to their small sizes. Therefore, the further and direct
proof of this finding is performed by X-ray absorption spectros-
copy (XAS) and transmission electron microscopy (TEM).
XAS Spectra. XAS is a powerful and generally applicable
spectroscopic tool that provides element-specific information

regarding the atomic and electronic structure of molecular
species. Here, we compare XAS spectra of thiol—Pd*" com-
plexes, thial —Pd(0) clusters, Pd(OAc),, and a Pd foil. Figure 4a
shows the Pd K-edge spectra of X-ray absorption near-edge
structures (XANES) of Pd(OAc), and a Pd foil, indicating the
midpoints of normalized K-edge energies of Pd(0) at 24 354.1 eV
and Pd>" at 24355.7 eV, respectively.”' The midpoint of
normalized K-edge energy is very important to judge the oxida-
tion state because it tends to shift to higher energy with the
increased oxidation state.”'~’® Comparatively, the midpoints of
normalized K-edge energies of the thiol—Pd*" complexes are
similar to Pd(OAc),, whereas the thial—Pd(0) clusters shift to
the same position as a Pd foil (Figure 4a). In addition, Figure 4b
displays the Fourier transforms of the x’-weighted extended
X-ray absorption fine structure (EXAFS) at the Pd K-edge.
The main peaks from Pd(OAc), and Pd foil are located around
1.54 and 247 A (without phase correction), which can be
attributed to the adjacent oxygen (Pd—O) and palladium
(Pd—Pd) atoms, respectively. To compare with Pd(OAc),, the
Pd—O intensity for the C;,—Pd*" complex at 1.55 A decreases
while the Pd—S intensity at 1.97 A appears, indicating that the
acetate anions are replaced by thiols (Scheme 1). For the
POSS—Pd>" complex, the peaks of Pd—O and Pd—S shift toward

dx.doi.org/10.1021/cs200106s |ACS Catal. 2011, 1, 481-488
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shorter distances of 1.43 and 1.89 A, probably due to the slightly
distorted conformation of the bulk and partially sulfur—ligand
complex of [Pd;(u-O,CMe);(S-POSS);] (Scheme 1).”

After the thiol-mediated reduction, this steric effect on the
structural conformation is diminished by ring-opening of the
cyclic structure of [Pd;(u-O,CMe)e], and then, Pd atoms
aggregate into an amorphous NPs, with the evidence of the
similar Pd—O and Pd—S signals at 1.42 and 1.83 A for C,,—Pd-
(0) and POSS—Pd(0) NPs. Herein, C;,—Pd(0) and POSS—Pd-
(0) are similar to Pd(PPh;),, having a palladium atom
surrounded by bulky ligands. The shifts observed in the XANES
spectra clearly suggest that the thiol-mediated reduction is
achieved through the transformation from the thiol—Pd*"
complexes into thial —Pd(0) NPs (Figure 4a). The crystallization
of Pd atoms is inhibited by Pd—S bonds and thus results in
amorphous Pd(0) NPs 52637478

TEM Analysis. TEM is a typically applicable microscopic
technique that renders the element-contrastive images at a sig-
nificantly higher resolution than optic microscopies. Figure Sa and
b displays bright-field TEM images and size distribution of the
POSS—Pd(0) and C,;,—Pd(0) NPs, indicating the average sizes of
2.7 + 0.4 and 2.5 = 0.5 nm for POSS—Pd(0) and C;,—Pd(0)
NPs, respectively. POSS—Pd NPs have been reported.””** They
used water-soluble octa(tetramethylammonium)-polyhedral oligo-
meric silsesquioxane as an anionic ligand to disperse Pd cations
and stabilize Pd NPs. However, POSS—Pd NPs tend to aggregate
through the ionic interaction.

In this study, the POSS—Pd(0) NPs using SH-POSS can be
dispersed in toluene, and their dispersion can be observed by
TEM images in Figure Sa. The broad halos in the electron
diffraction patterns of the C,,—Pd(0) and POSS—Pd(0) NPs
correspond to the amorphous aggregation Pd atoms (Figure Sc),
and these results are consistent with those from WAXS (Figure 3d
and e) and XAS (Figure 4b) analyses. When the high-energy
electron beam is transmitting through samples at the high
magnification of TEM images, the local heating can induce the
recrystallization of amorphous NPs into metallic NPs so that
atomic lattice fringes with a regular layer-to-layer distance of
0.212 nm are observed for a 4-nm-diameter POSS—Pd(0)
amorphous nanocluster (Figure 5d).5¥% Although these atomic
lattice fringes are produced by local heating, they can confirm that
the dark spots in the TEM images are composed of Pd atoms. As
reported by Kim et al,>>*~*” the Pd atoms can recrystallize at
300 °C to provide the more uniform size and the higher crystal-
linity of Pd NPs. The amorphous thial—Pd(0) NPs are consid-
ered to possess high catalytic reactivity to Heck coupling because
of the lower energy barrier to release Pd atoms in the step of
oxidative addition with IB (Scheme 2b). Thus, we used the
thial —Pd(0) nanoclusters directly, without further aging, to test
their applicability in Heck couplings.”®*>%~%3

Pd(0)-Catalyzed Heck Coupling. Heck reaction is the most
powerful and widely used for coupling of alkenes with organic
moieties bearing a suitable leaving group (e.g., halide, triflate,
or diazonium). The Heck coupling of IB and MA has been
frequently used as a model reaction (Scheme 2a) to study new
Pd catalysts.**®* This transformation follows four steps
(Scheme 2b): oxidative addition, 77-complexation, insertion/
B-hydride elimination, and reductive elimination.' > Herein, the
Heck couplings of IB and MA are performed in N-methylpyrro-
lidone (NMP) to give methyl trans-cinnamate (MC) by using
POSS—Pd(0) and C,,—Pd(0) NPs (Figure 6a).*>** In addition,
the tributylamine (TBA) is employed to trap the side product of HI

Scheme 2. (a) Reaction Scheme and (b) Mechanism for the
Heck Coupling of MA and IB To Give MC
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methyl acrylate  iodobenzene methyl trans-cinnamate
(MA) (1B) (mMc)
(b)  coome _ o
— reducative Pd(0) oxidative Ar—I
Ar eliminiatio catalyst addition 1B
MC base
HX/base T
| 5 § e
H- P/d( 2+) P S g Ar— —Pg@)
COOMe ~
SM |
s 3 s S
insertion &
B-H eliminati Pd NCS
COOMe
Ar—Pd<2+)
COOMe

in the form of an ammonium salt, and these Heck reactions are
performed at 75 °C due to low-boiling-point MA (T},~ 80 °C).

Although GC/MS analysis is typically used, we found it is
more convenient to qualitatively and quantitatively determine
the conversions of MA by the vinyl protons Hj, and Hg in 'H
NMR spectra (Figure 6a).3* Using POSS—Pd(0) and C12—Pd—
(0) NPs, the MC is produced in 100% selectivity; i.e., no cis form
is shown in the "H NMR spectra (Figure 6a). After 6 h, the
conversions of MA reach at least 99.7% (Figure 6b). Note that
using the C;,—Pd(0) NPs, the Heck coupling requires an
additional 1 h of actlvatlon time, probably resulting from the
exchanging thials for IB.”® Comparatively, using the POSS—Pd-
(0) NPs, the reaction occurs as soon as the reactants are mixed,
because the wider gaps between the bulk and thiol-functional
POSS provide molecular channels for transportation of IB.

According to Figure 6b, the slopes of time—conversion
profiles are 62.6 and 24.8% h™ ' for Heck reactions of 5 mmol
MA using 0.128 mmol Pd of POSS—Pd(0) and C,,—Pd(0) NPs,
respectively. Hence, the turnover frequencies are 24.45 and 9.69
mol reactant x mol Pd'~ h™’, respectively.”* Theoretically, the
first-order reaction rate is proportional to the concentrations of
the reactants. If the catalyst does not require activation or
deactivation during Heck coupling, the rate constant will be
constant. Thus, time—In([M],/[M]) curves should be linear
after mathematical integration. Figure 6b displays time—conver-
sion and time—In([M],/[M]) curves for the POSS—Pd(0) and
C,,—Pd(0) NPs. The line of the time—In([M],/[M]) plot with
aslope of 1.52 s ' indicates the excellent catalytic stability of the
POSS—Pd(0) NPs, and thus, the decay at high MA conversions
is simply attributed to the low concentrations of the reactants. In
comparison, the S curve in the time—In([M],/[M]) plot for the
C,—Pd(0) NPs suggests a complicated mechanism involving
activation and deactivation.

As mentioned above, high-molar-mass hydrophobic POSS-
protected Pd NPs are easily purified by precipitating in
MeOH.** ¢ Therefore, we can easily recycle the POSS—Pd
NPs. The thermogravity analyses (onset points and char yields at

dx.doi.org/10.1021/cs200106s |ACS Catal. 2011, 1, 481-488
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Figure 6. (A) 'H NMR spectra of reaction mixture and (B) time—conversion and time—In([M],/[M]) profiles of Heck reactions using catalysts of
POSS—Pd(0) and C;,—Pd(0) NPs. Reaction conditions: 75 °C; catalysts, 0.1 g POSS—Pd(0) or 0.035 g C;,—Pd(0) NPs (including 0.128 mmol Pd);
NMP, 30 mL; iodobenzene and methyl acrylate, S mmol each; tributylamine, 7.5 mmol.

700 °C in the Supporting Information) and the WAXS patterns
(Figure 3e and f) indicate that the as-synthesized and the
recycled POSS—Pd(0) NPs have similar composition and struc-
ture; that is, the POSS moieties are not repelled from the reczcled
POSS—Pd(0) NPs (see the Supporting Information).”> >°
However, the recycling yields of Pd NPs are about 50 wt % in
each cycle when either the as-synthesized or the recycled
POSS—Pd(0) NPs are used.**** This is because the structures
of remaining Pd species (i.e., tributyl ammonium iodide-capped
metallic Pd NPs, in the filtrate (MeOH —filtrate POSS—Pd)) are
different from those of the as-synthesized or the recycled
POSS—Pd(0) NPs with POSS-capped amorphous Pd NPs
(see evidence in the Supporting Information). Interestingly,
the catalytic reactivity of the MeOH—filtrate POSS—Pd can be
retained in at least four cycles of reuse by adding another charge
of IB, MA, and TBA at 75 °C for another 4 h. Nevertheless,
discussion of the catalytic characteristic of MeOH—filtrate
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POSS—Pd is beyond the scope of this paper. Regarding
MeOH—filtrate POSS—Pd, future work will hopefully clarify
this important catalytic concern.

B CONCLUSIONS

Similar to those methods by using reductive solvents (e.g,
alcohols, amines, and phosphines), the thiols such as SH-POSS
and C;,—SH can be used for the preparation of Pd NPs
such as POSS—Pd(0) and C,,—Pd(0) in toluene under reflux
(~120 °C) for 30 min, respectively. In this approach, the thiols
can be served simultaneously as reductants and protective groups
in the preparation of Pd NPs. The products of C;,—Pd(0) and
POSS—Pd(0) NPs are different from the well-known metallic Pd
NPs because their cores are composed of disordered aggregation
of Pd atoms due to the affinity between Pd atoms and thial
groups. The POSS—Pd NPs function as excellent and nanosized
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storage vessels of Pd atoms when employed in the Heck coupling
of iodobenzene and methyl acrylate at 75 °C to form methyl
trans-cinnamate. The results show first-order reaction of
POSS—Pd(0) NP-catalyzed Heck coupling without activation
or deactivation of Pd active sites because the wider gaps between
bulk POSSs render transportation channels for the input of IB.
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