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Palladium nanospheres of 2.4 and 3.8 nm diameter and nanocubes of 18 nm rib length were used to cat-
alyze a fluorometric Tsuji-Trost reaction for the transformation of a phenyl allyl ether to a fluorescent
phenol in the presence of triphenylphosphine, which was pivotal to the catalytic activity. Turnover fre-
quencies calculated per defect atoms were found similar for all nanoparticles, indicating that these atoms
are the active sites. However, kinetic studies combined with Pd leaching and transmission electron
microscopy analyses in the presence of various reaction components showed Pd leaching via oxidative
addition of a reactant, followed by nanoparticle growth depending on the PPh; concentration. The forma-
tion of largest particles was found for the fastest reaction with PPh;/Pd molar ratio of 4, in the range from
0 to 9. This study shows the validity of the atomic dissolution mechanism in the reaction of interest.

© 2011 Elsevier Inc. All rights reserved.

1. Introduction

Nanoparticle-catalyzed reactions for constructing C-C, C-N, and
C-0 bonds, which are traditionally carried out with homogeneous
catalysts, have attracted considerable attention in the past decade,
and were the subject of recent multiple reviews with detailed dis-
cussions on the ways to assess the reaction mechanisms and iden-
tify true catalytic species [1-12]. Most of the studies have been
devoted to Pd-catalyzed Heck [9,10,13-19], Sonogashira [20-24],
and Suzuki [2,25-31] cross-coupling reactions. Although a consen-
sus has been reached on the possibility of using metal nanoparti-
cles as catalysts, the debate persists as to whether the catalysis is
intrinsically heterogeneous and occurs via reactant adsorption on
the surface of nanoparticles or whether atoms leaching from the
nanoparticles promote the traditional homogeneous path. For
example, Suzuki reaction was suggested to proceed both via the
atom-leaching mechanism [25,26,28,29] and heterogeneously
[27,31], probably, on the surface of metal nanoparticles with defect
(edge and corner) atoms as active sites [27]. Controversial data
were obtained for the Heck reaction; defect sites on metal nano-
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particles were shown to be active sites for the heterogeneously cat-
alyzed reaction [13], while other works showed that nanoparticles
serve only as a reservoir for active molecular species [14-17]. In
Sonogashira reactions, apart from a heterogeneous mechanism
[22], atoms were proposed to leach from defect sites on the Pd
cluster, forming active homogeneous species, which recluster after
a catalytic cycle [20]. Atomic dissolution due to the oxidative addi-
tion of a reactant was suggested as well [21]. One of the premier
indicators of the leaching mechanism is the change in size and/or
shape of metal nanoparticles during catalysis [26]. If atom leaching
occurs, the nanoparticle can either grow larger due to Ostwald rip-
ening, when atoms detach from smaller clusters and reattach to
large ones [26], or become smaller, when the detached atoms
recluster in new nanoparticles [20]. A particular attention should
be drawn to active traces of palladium, either leached during a
reaction or present in the reaction components, as discussed in de-
tail in [1].

The nanoparticle-catalyzed allylic substitution, also known as a
Tsuji-Trost reaction (Fig. 1a), has been addressed in very few
works [4,32-36]. Pd/C [32] was shown to catalyze allylic substitu-
tion in water, and no Pd leaching to the solution was found via
inductively coupled plasma mass spectrometry. However, the
nanoparticle sizes before and after the reactions were not moni-
tored. For another Tsuji-Trost reaction, Pd/C was found inactive,
while Pd/montmorillonite allowed more than 90% product yield
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Fig. 1. (a) Tsuji-Trost reaction; (b) schematic of the method for fluorometric detection of palladium: phenyl allyl ether 1 is a non-fluorescent sensor, which develops
fluorescence upon converting to phenol 2 via Tsuji-Trost catalysis [35]. The reaction conditions correspond to the current work.

[33]. The presence of triphenylphosphine was shown to be pivotal
to the activity of some heterogeneous Pd catalysts, including Pd/C
[37]. Pd nanoparticles stabilized by xylofuranoside diphosphite
were active in enantioselective allylic alkylation [34], but the re-
ported transmission electron microscopy (TEM) images could not
verify whether sub-nanometer changes in nanoparticle size oc-
curred. Studies of Pd nanoparticles in allylic alkylation of different
substrates revealed that the metal activity and reaction mecha-
nism depend strongly on the nanoparticle-stabilizing ligands, as
well as on the reaction substrate used [38]. Recently, Koide et al.
reported an elegant study on fluorometric Pd detection via Tsuji-
Trost reaction, which yielded a fluorescent phenol 2 from a non-
fluorescent sensor, phenyl allyl ether 1 (Fig. 1b) [35,36]. The
reaction was catalyzed by a homogeneous catalyst Pd(PPhs),; pal-
ladium in catalytic converters and Pd black were detected as well,
but no detailed studies on the heterogeneous systems were
performed.

In this work, to the best of our knowledge, we are first to report
a fluorometric Tsuji-Trost reaction catalyzed by Pd nanoparticles
of different shapes and sizes. The selected reaction is the one re-
ported by Koide for the transformation of phenyl allyl ether 1 to
phenol 2 (Fig. 1b) [35,36] due to its prospective application in
the simple Pd detection using a fluorometer or a handheld UV
lamp. The objective of this study is to establish whether the reac-
tion is heterogeneously catalyzed by surface Pd atoms or proceeds
through atomic leaching in the absence of other active traces of
palladium in the reaction mixture. The selected particles are nano-
spheres of 2.4 and 3.8 nm diameter, as well as nanocubes with
18 nm rib length. The range of sizes and shapes covers dispersions
varying from 5% to 40% with 13% to 0.1% of defect (edge and ver-
tex) atoms relative to total atoms in the nanoparticles. As the nano-
particles are well defined and there are no Pd impurities in the
reaction mixture, correlation of the catalytic activity with surface
statistics can be performed, which was found useful in active site
determination [13,27,39,40].

2. Materials and methods
2.1. Materials

The list of materials used for phenyl allyl ether 1 synthesis is pro-
vided in the Supplementary Content. For the nanoparticle prepara-
tion and Pd-catalyzed reactions, the following materials were used
as received: tetrakis(triphenylphosphine)palladium(0) (99%, Sig-
ma-Aldrich), bis(triphenylphosphine)palladium(Il)  dichloride
( = 99.9%, Sigma-Aldrich), triphenylphosphine (99%, Sigma-Al-
drich), dimethyl sulfoxide (DMSO, ACS spectrophotometric grade,

>99.9%, Sigma-Aldrich), buffer solution pH 7.0 at 20°C (0.12%
NaOH, 0.68% KH,PO, in water, Sigma-Aldrich), palladium(II)
chloride (solution, 5% w/v in dilute HCI, Acros Organics), poly(N-vi-
nyl-2-pyrrolidone) (PVP, average molecular weight 40,000, Sigma-
Aldrich), hexadecyltrimethylammonium bromide (CTAB, powder,
>98.0%, Sigma-Aldrich), and -ascorbic acid (puriss. p.a., >99.0%,
Sigma-Aldrich). Milli-Q water was used throughout the study. Alu-
mina (activated, weakly acidic y-Al,03, 150 mesh, 5.8 nm pore size,
surface area of 155 m?/g, Sigma-Aldrich) was calcined at 200 °C
prior to nanoparticle deposition.

2.2. Synthesis of phenyl allyl ether 1 and phenol 2

Phenyl allyl ether 1 (6-allyloxy-2,7-dichloro-9-[2-(hydroxy-
methyl)phenyl] xanthen-3-one) was synthesized from commer-
cially available 2/,7'-dichlorofluorescein and purified according to
known procedures [35,41]. Phenol 2 (2,7-dichloro-6-hydroxy-9-
[2-(hydroxymethyl)phenyl]xanthen-3-one) was prepared and
purified for the purpose of fluorometer calibration, using homoge-
neous Pd catalyst as described elsewhere [35]. The procedure de-
tails and 'H NMR data for the synthesized compounds are
provided in the Supplementary Content file.

2.3. Synthesis and characterization of Pd catalysts

2.3.1. Pd spheres

Size-controlled Pd nanospheres were prepared according to a
known method using poly(N-vinyl-2-pyrrolidone) (PVP) as a stabi-
lizer [42]. A larger particle size was obtained via stepwise growth
reaction [43].

For the preparation of 2.4-nm particles, 50ml of 2.0 mM
H,PdCl, solution was mixed with 0.222 g PVP solution in 117 mL
of ethanol/water (2/3 vol.), resulting in molar ratio of PVP mono-
meric unit to Pd of 20. The mixture was heated under reflux for
3 h in air and then cooled to room temperature. Fifty milliliters
of the resulting Pd-PVP nanoparticle colloids was set aside as seeds
for stepwise growth to prepare larger particles.

For the preparation of larger nanoparticles, a 0.6 mM H,PdCl,
solution was prepared in ethanol/water (2/3 vol.). The seed solu-
tion from the previous step (0.6 mM, 50 ml) was mixed with
50 ml of 0.6 mM H,PdCly, and the mixture was heated under reflux
for 3 h in air to produce the second-step nanoparticles. The 3.8-nm
nanoparticles were prepared in a similar way by using the second
step’s nanoparticles as seeds.

The obtained colloidal dispersions were dialyzed against water
using cellulose membrane with molecular weight cutoff of 3500 to
remove unreduced Pd?* and synthesis by-products.
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2.3.2. Pd cubes

Pd nanocubes were prepared according to the method reported
by Xu, using hexadecyltrimethylammonium bromide (CTAB) as a
stabilizer [44]. A 12.5mM CTAB solution (100 ml) and 10 mM
H,PdCl, solution (5ml) were mixed and heated at 95°C for
5 min, followed by the addition of 0.8 ml of 100 mM ascorbic acid
solution. The mixture was heated at 95-100 °C for 30 min and then
cooled. The colloidal dispersion was dialyzed against water.

2.3.3. Preparation of supported catalysts

As industrial heterogeneous catalysts typically consist of a pow-
dered or granulated support with deposited metal nanoparticles,
the synthesized Pd spheres and cubes were deposited on y-Al,0s.
Dialyzed Pd colloids were stirred with the support and acetone
(5-fold volumetric excess as compared to the Pd colloidal disper-
sion) for 1 h. The clear top solution was decanted, and the remain-
ing slurry was air-dried overnight to give 0.3 wt.% Pd/Al;0s.

For comparison purposes, 0.3 wt.% PdCl,/Al,05 catalyst was pre-
pared via incipient wetness impregnation of alumina with H,PdCl,
solution.

2.3.4. Characterization

TEM images were recorded at 200 kV using a JEOL 2100 trans-
mission electron microscope. Samples were prepared by placing
a drop of the colloidal dispersions of nanoparticles onto a car-
bon-coated copper grid, followed by evaporating the solvent at
room temperature. Sizes of over 150 particles were examined per
grid. For the leaching studies, the reaction mixtures after catalytic
reactions were centrifuged; the supernatant was taken for TEM
sample preparation to examine the size of the leached nanoparti-
cles. To observe the changes in the nanoparticles remaining on
the support, the recovered catalyst was suspended in ethanol and
ultrasonically treated for 2 min to detach nanoparticles from the
alumina support; the top clear solution was taken for TEM analysis.
The size distribution histograms are presented for two indepen-
dently prepared batches of each catalyst. The data are reported
as average with one standard deviation.

Pd loading on the fresh and used catalysts was determined via
atomic absorption spectroscopy (AAS) using a Varian 220 FS
instrument after the metal dissolution in hot nitric acid. X-ray pho-
toelectron spectroscopy (XPS) was performed with a Kratos Axis 165
X-ray photoelectron spectrometer.

2.4. Catalytic reactions

Catalytic reactions were performed in 4 ml of 5% DMSO/pH 7
buffer solution with varying concentrations of PPhs (from O to
500 uM), 12.5 uM of the phenyl allyl ether 1, and a catalyst (from
0 to 560 uM Pd) under stirring at room temperature in air atmo-
sphere. Most of the experiments were performed at 0.22 mol/mol
substrate-to-Pd ratio (unless indicated otherwise); this ratio is
not the ratio of the substrate to the catalytically active Pd, but to
the total Pd. As this work will show, only a part of the introduced
Pd is catalytically active, such as leached atoms from low-coordi-
nated sites from the smallest particles present in the Pd sample.
The exact quantity of substrate to catalytically active Pd cannot
be estimated as the observed kinetics does not allow separating
kinetics of the atomic leaching, Ostwald ripening, and the catalytic
reaction. As a confirmation of the catalytic role of Pd in this partic-
ular reaction, Koide performed this reaction with only 0.5 mol%
Pd(PPhs),4 [35] but when Pd black was tested (which has particles
even larger than our tested nanoparticles with fewer low-coordi-
nated sites), the substrate-to-Pd molar ratio decreased to >0.005
[36], which is again an indirect indication that not all atoms are
active.

After a defined period of time, the reaction mixture was
centrifuged, and the clear supernatant was used to measure the
fluorescence intensity with a Cary Eclipse Fluorescence Spectro-
photometer, Varian. Some reactions were quenched by the addi-
tion of N-acetylcysteine in DMSO (12.5M equivalent of Pd),
which is a known poison for Pd catalysts, but no differences in
the fluorescent intensities were observed (less than 1%) as com-
pared to the solutions without the poison addition. Thus, the
experiments were performed without the poison. The spectropho-
tometer was calibrated using the purified phenol 2 in 5% DMSO/pH
7 buffer at different PPhs concentrations, which affected fluores-
cence. Phenol 2 exhibited maximum fluorescence at 525 nm.
New test tubes were used for each catalytic reaction to avoid pos-
sible contamination with Pd traces. None of the reactions, even
those catalyzed by Pd?*, showed shift of the fluorescence peak,
indicating that aromatic Claisen rearrangement did not occur
[45]. The reactions were performed at least three times to ensure
reproducibility, and the data are reported as an average with one
standard deviation.

3. Results and discussion
3.1. Effect of the nanoparticle size and shape

TEM images and particle size distribution histograms for syn-
thesized Pd nanospheres and cubes (Fig. 2) correlate with expected
values [42-44]. Pd nanospheres of 2.4 + 0.7 and 3.8 + 0.5 nm have
been characterized previously and were assigned an f.c.c. cubocta-
hedral structure [42,43]. The assumption is in line with the theo-
retical prediction of Pd nanoparticles having cuboctahedral shape
for the number of atoms larger than 561 [46,47], which corre-
sponds to the 2.4-nm Pd particle [42,43]. The Pd cubes were shown
to have an f.c.c. structure as well [39]. The “near-cube” length and
width are in the range of 17 +2 and 19 * 2 nm, respectively; thus,
due to the low aspect ratio, the cubes were assumed to have equal
ribs with the length of 18 £ 2 nm.

The nanoparticles supported on y-Al,03 were tested in the reac-
tion presented in Fig. 1b. To ensure that the observed reaction rates
reflect the intrinsic kinetics, the absence of liquid-solid external
and internal mass transfer limitations was verified via the
Madon-Boudart test [48]. The most active particles were chosen
as faster reactions are more prone to mass transfer limitations.
Three catalysts with 0.15, 0.3, and 0.5 wt.% loading of Pd nanopar-
ticles of 2.4 nm size displayed the same activity at 15% conversion
per Pd quantity in the reaction (within 15% experimental error, at
500 uM PPhs), which ensured that the reactions proceeded in the
kinetic regime.

The fluorescence spectra recorded at different reaction times
exhibited maximum emission peak at 525 nm, which is in line with
results reported by Koide [35], and this observation was attributed
to the product formation. Two control experiments, with no cata-
lyst present and with only alumina (2500 ppm), revealed negligible
fluorescence intensity (less than 10 a.u. as compared to hundreds
a.u. in the catalytic experiments), indicating that the fluorescence
observed in the catalytic experiments is due to Pd presence in
the catalyst, with negligible activity of Pd traces (if any), which
are known to contribute to the observed activity [1]. Fig. 3 shows
an example of the kinetic curve obtained for the 2.4-nm spheres
at 500 pM PPhs. The fluorometer calibration was performed for
product concentrations from 0 to 12.5 uM, which corresponds to
100% conversion, and allowed for the conversion of the observed
intensities to the product concentrations. The plateau in Fig. 3
was reached at 35% conversion. As will be discussed in Section
3.2, the maximum conversion value depends on the PPh; concen-
tration and attained 100% when 200 pM PPh; was used, indicating
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Fig. 2. TEM images and particle size distribution for Pd spheres of 2.4 and 3.8 nm diameter and Pd cubes of 18 nm rib length used in the current study.

that the plateau is not a result of catalyst poisoning with the prod-
uct or the substrate.

A terminal alkyne (propargyl alcohol) may interfere with a Pd-
catalyzed deallylation reaction [36], and the allyl alcohol formed as
a by-product in the reaction from Fig. 1b is known to adsorb on the
Pd surface for further transformations [49,50]. To verify whether
the presence of allyl alcohol inhibits the reaction kinetics, several
experiments were carried out with 12.5 M substrate, 0 and
6.25 uM allyl alcohol, 56 uM Pd (2.4 nm spheres, 0.3 wt.% loading),
0.22 mol/mol substrate-to-Pd ratio, at 100 and 500 uM of PPh;
[50]. The kinetic curves obtained from 0 to 80 min of the reactions
with allyl alcohol fell within experimental errors of the curves ob-
tained with no allyl alcohol present (similar to Fig. 3). Thus, allyl
alcohol does not interfere with the catalytic reaction via competi-
tive binding with the catalyst.

Kinetic curves similar to that of Fig. 3 were obtained for all
tested nanostructures. As was systematically observed, product

concentration increases linearly with time after a short induction
period, less than 10 min, until a plateau is reached. The zero-order
regions (Fig. 4) were used to estimate the reaction rates. The rates
are provided in Table 1, along with turnover frequencies (TOFs)
calculated per total surface atoms and specific surface atoms. If
TOFs calculated per some specific atoms do not change with the
particle size and/or structure, they are considered to be the reac-
tion active sites [13,39,40,43]. Defect sites (vertex and edge atoms
on Pd f.c.c. particles) were claimed to be responsible for the cata-
lytic activity of the nanoparticles in Heck and Suzuki reactions
[13,43]; thus, they were selected as probable active sites. The dis-
persion values, provided in Table 1, account for the loss of one
plane of both Pd spheres and cubes due to the attachment to the
alumina support. The details of TOF calculations may be found in
the Supplementary Content. The surface statistics was determined
for ideal f.c.c. cuboctahedral and cubic metal crystal as described
elsewhere [5,51]. Remarkably, the turnover frequencies, calculated
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per the defect atoms, have similar values, indicating that these
atoms may be active sites [13,43], even though the cubes have a
different from spheres stabilizing agent (CTAB vs. PVP), which
may influence the activity [52]. An important assumption for pro-
posing defect sites as active sites for any reaction is that the nano-

particle size and shape do not change and no other active species
are formed. To verify this assumption, leaching studies were
conducted.

3.2. Leaching study

Leaching studies were performed for the most active 2.4-nm
particles, so that the influence of reaction components, if any, is
the most dramatic among the three nanoparticle samples. A 1-h
reaction with 56 pM Pd, 0.22 mol/mol substrate-to-Pd ratio and
50 uM PPhs yielded a product concentration of 3.0 £ 0.4 uM (24%
conversion). Moreover, the Pd loading on the alumina support (as
determined using AAS) decreased from 0.30x0.01 to
0.11 £ 0.02 wt.%. The TEM images obtained for the nanoparticles
leached to the solution and left on the support (Fig. 5) show that
the nanoparticle size increased from the initial 2.4+0.7 to
3.2+0.6 and 3.4 £ 0.6 nm, respectively, with the disappearance of
smaller nanoparticles. This most likely indicates that Ostwald rip-
ening occurs, when atoms detach from smaller nanoparticles and
reattach to bigger particles, as, for example, was similarly observed
in Suzuki reaction [53]. A similar size of nanoparticles after a reac-
tion in the solution and on the support indicates that there is no
preferential atom readsorption on nanoparticles in the presence
of y-Al,05 due to the support effects or mass transfer limitations.
In the case of 2.4-nm particles, more than 85% of surface atoms
are accessible to the reactants, assuming that the particles are ad-
sorbed through one of their (11 1) planes; thus, they may grow
similar to the free nanoparticles during Ostwald ripening. As the
experiments with only PPhs and the catalyst showed, PPhs causes
nanoparticle leaching (as discussed below), while the reaction sub-
strate is responsible for the atomic leaching of Pd atoms from low-
coordinated sites on Pd nanoparticles.

The nanoparticle growth may also indicate an excess of unre-
duced metal ions that can deposit on nanoparticles when reduced
[26]. Even though Pd(0) species are the active species in the reaction
(Fig. 1), Pd*>* may convert to Pd® in the presence of PPhs [36], which
was confirmed by 3'P NMR and cyclic voltammetry [54]. Indeed,
when the reaction was carried out with PdCl,/Al,03 (56 UM Pd,
0.22 mol/mol substrate-to-Pd ratio, and 50 uM PPhs), 2.2 M prod-
uct concentration was attained in 1 h (18% conversion). In compar-
ison, 2.4-nm nanoparticles under the same conditions allowed
3.0 + 0.3 uM product concentration (24% conversion). The reaction
solution after 1-h reaction was analyzed by TEM, and the formation
of 2.9 £ 1.1 nm nanoparticles was observed (Fig. 6). AAS of the solid
catalyst after the 1-h reaction showed only 0.11 + 0.02 wt.% Pd on
Al,05 vs. initial 0.3 wt.%, confirming palladium leaching to the solu-
tion. The shift in the fluorescence peak did not occur, indicating the
absence of a possible Claisen rearrangement catalyzed by Pd?* spe-
cies [45]. Palladium and gold nanoparticle stabilization with phos-
phines, including PPhs, is a known phenomenon [55,56]. In situ
formation of Pd nanoparticles from PdCl, supported on a polymer
was also found in a Suzuki reaction [57].

Table 1
Activity of Pd nanoparticles and turnover frequencies (TOF) calculated for all surface atoms and defect (edge and vertex) atoms. Calculation details are provided in Supplementary
Content.
Catalyst Rate, 1072x (mol/(molpq h)) Dispersion TOF per all Dispersion TOF per defect
(all surface atoms) surface atoms, (defect surface surface atoms (h™!)
(%) 1072x (h™1) atoms) (%)
2.4 nm spheres 5704 40 14+1 13 0.43 £0.03
3.8 nm spheres 3.7+04 33 11+1 9 0.43 £ 0.04
18 nm cubes 0.030 +0.001 5 0.57 +0.02 0.1 0.33+0.01

Reaction conditions: 56-puM Pd spheres (560-1M Pd cubes), 0.3 wt.% Pd/Al,03, 0.22 mol/mol substrate-to-Pd ratio (0.022 for the cubes), [PPh3] = 500 puM, [ether 1] = 12.5 M,

5% DMSO/pH 7 buffer solution.
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To verify whether the nanoparticle growth during a reaction
with 2.4-nm nanoparticles occurs due to the Pd?* reduction (as
PdCl, was used as Pd precursor) and deposition on existing nano-
particles, XPS analyses of the 2.4-nm catalyst before and after 1-h
reaction (50 uM PPhs) were performed. Both samples did not show
a shift in the Pd 3ds;, characteristic peak with the binding energy
of 334 eV, representative of metallic palladium. No peaks could
be assigned to palladium from PdCl, or PdO (336 and 338 eV,
respectively). Thus, either the reduction was complete during the
nanoparticle synthesis or unreduced ions were removed during
dialysis before deposition on the support. This indicates that the
nanoparticle growth during the nanoparticle-catalyzed reaction
did not occur through the deposition of unreduced metal ions. Fur-
thermore, the surface carbon-to-palladium mass ratio in the fresh

and used 2.4-nm catalysts, as determined from XPS, stayed approx-
imately constant at 4.0 0.3 nm, indicating that PVP did not leach
from the nanoparticles, which otherwise could lead to decreased
nanoparticle stabilization.

To establish which reaction mixture components played the
most significant role in palladium leaching, sets of experiments with
varying reaction components were performed at 0.22 mol/mol sub-
strate-to-Pd ratio. Fig. 7a shows the fluorescence development with
time for the reactions with 2.4-nm Pd nanoparticles and different
PPh; concentrations under other equal conditions. As PPh; may
quench fluorescence, as reported elsewhere [58], calibration curves
of product fluorescence at different PPhs concentrations were
obtained (Fig. 7b) and used to construct kinetic curves expressed
as product concentration vs. time (Fig. 7c¢). As seen from Fig. 7c,
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Fig. 7. Pd nanoparticle activity as a function of PPh; concentration: (a) influence of
the PPh; concentration on the fluorescence development during catalytic reactions;
(b) product fluorescence as seen from the calibration curves, and (c) kinetic curves
expressed as product concentration vs. time. Reaction conditions: 56 uM Pd,
0.22 mol/mol substrate-to-Pd ratio, 2.4nm Pd, 0.3 wt% Pd/Al,03, [ether
1]=12.5 uM, 5% DMSO/pH 7 buffer solution. Calibration solutions: different
purified product concentrations in 5% DMSO/pH 7 buffer solution at different
PPh; concentrations.

the presence of triphenylphosphine is pivotal to the reaction, but the
amount of accumulated product passes through a maximum at
200 pM of PPhs. At this PPh; concentration, 100% product formation
was obtained after 80 min of the reaction. Usually, triphenylphos-
phine is considered to be a poison of heterogeneous Pd catalysts,
adsorbing on their active sites [59], which does not explain
negligible reaction rates in its absence. Pd activity promotion by
the addition of PPhs followed by a drop in activity with an increase

in PPh; concentration was also found in nitrobenzene hydrogena-
tion by Pd supported on nanodiamonds [60]. In a Heck reaction,
addition of four equivalents of PPhs strongly retarded the reaction
rate [18]. Suzuki reaction inhibition with the addition of PPh3 was
attributed to the phosphine competing with a substrate for ligation
with Pd atom on solid surface [28]. In an allylic alkylation with Pd/C
catalyst, triphenylphosphine was suggested to act as a stabilizing
agent for Pd, generating a reactive Pd(0)-PPhs complex in situ [32].
A pivotal role of the presence of the triphenylphosphine was also
shown during allylic substitution using heterogeneous Pd catalysts;
however, the activity of heterogeneous catalysts was at least one or-
der of magnitude lower than the activity of homogeneous Pd(PPhs),
[37]. Pd particle size was not reported, and the trend could be attrib-
uted to the particles with low dispersions. The existence of an opti-
mum PPhs/Pd ratio was attributed to the formation of the most
stable and active palladium clusters with the ligand, which is most
likely to be the case in the current study as well. As discussed by
Jones [1], high amount of added PPh; can deactivate potentially ac-
tive leached species via overcoordination, which is in line with our
results and the hypothesis by Koide [36] that high ligand concentra-
tion leads to the formation of less active more coordinatively satu-
rated palladium species.

Remarkably, TEM images of 2.4-nm Pd nanoparticles found in
the reaction solution in the presence of 50 uM of PPh; (Fig. 5a),
200 uM of PPh; (Fig. 8a), and 500 uM of PPh; (Fig. 8b) reveal that
the fastest reaction with 200 uM of triphenylphosphine is concom-
itant with the formation of the largest particles (up to 10 nm,
including multiply twinned nanoparticles), which was not ob-
served for any other PPh; concentrations. Smaller particles grow
into the larger ones, as, for example, Figs. 2a and 7a show that
in the initial sample, ~17% of nanoparticles are smaller than
2 nm, while in the sample after the reaction, there is only 5% of
such particles. The trend corresponds to the Ostwald ripening
mechanism. Table 2 shows reaction rates and particle sizes for
the tested catalytic systems. Palladium leaching was confirmed
for the most active catalytic system with 200 uM of PPhs: AAS
measurements of Pd remaining on the support after 20, 40 and
60 min of the reaction (0.22 mol/mol substrate-to-Pd ratio)
showed the Pd contents of 0.21+0.02 wt.%, 0.12+0.03 wt.%,
0.08 + 0.03 wt.%, respectively, vs. 0.3 wt.% initial loading. Correla-
tion of the leached amounts with the reaction rates between two
closest data points in Fig. 7c (i.e., 0-20 min, 20-40 min, and 40-
60 min) reveals that ratio of the product concentration change to
the amount of the leached palladium in each time interval is
0.19 £ 0.02 uM product/wt.% Pd leached, which again confirms that
the reaction occurs via Pd leaching. Apparently, the reaction re-
quires that Pd atoms leach from Pd nanoparticles, forming active
species with triphenylphosphine (as there is no reaction without
the ligand), and redeposit on the nanoparticles leading to their
growth. Higher PPh; concentration likely leads to the improved
nanoparticle stabilization upon re-deposition and formation of
less-active catalytic species, as discussed above. XPS analysis of a
used Pd(2.4 nm)/Al,05 catalyst showed the presence of phospho-
rus on the catalyst surface at the P/Pd atomic ratio of 10. The
PPhs presence influences not only the atomic leaching but also
the formation of the most active catalytic species.

To verify whether the active species formation depends on the
origin of palladium species, in addition to the PdCl,-catalyzed reac-
tion discussed above in this Section, the reactions with two homoge-
neous complexes Pd(PPhs); and PdCl,(PPhs), were carried at
different PPhs concentrations (Table 3) at 0.5 mol/mol substrate-
to-Pd ratio. Pd(PPhs); complex shows the activity increase with
the ligand concentration increase from 200 to 500 pM, which re-
flects the trend in the dramatic nanoparticle activity increase with
the ligand concentration increase from 0 to 200 pM (Fig. 7c and Ta-
ble 2). However, the reaction rate with Pd(PPhs ), catalyst at 500 M
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Fig. 8. Size of Pd nanoparticles in the reaction solutions as a function of PPh; concentration: TEM images and size distribution for 2.4 nm Pd nanoparticles found in the
solutions after 1 h of the catalytic reactions (56 M Pd, 0.22 mol/mol substrate-to-Pd ratio, 0.3 wt.% Pd/Al,O3, [ether 1] =12.5 uM, 5% DMSO/pH 7 buffer): (a) with 200 uM
PPh; and (b) with 500 uM PPh;. Compare with the fresh catalyst (Fig. 2a) and the catalyst after the reaction with 50 uM PPh; (Fig. 5a).

Table 2
Catalytic activity and nanoparticle size as a function of PPh; concentration.

[PPhs] [PPhs]/[total ~ [PPhs]/[surface  Rate, 102 Nanoparticles
(nM) Pd] Pd] (mol/ in the reaction
(mol/mol) (mol/mol) (molpg h)) solution after

1-h reaction
(nm)

2.4-nm Pd spheres, 56 M Pd, 0.3 wt.%/Al,03

0 0 0 0.18+0.09 -

125 0.2 0.6 0.98 £0.21 -

50 1 2 4.1+0.02 3.2+0.6

200 4 9 15.0+0.7 33%1.8

500 9 22 57+04 3.1+£0.9

Homogeneous catalyst, 25 tM Pd(PPhs),

500 24 24 34+0.1 28+05

Reaction conditions: [ether 1] =12.5 uM, 0.22 mol/mol substrate-to-Pd ratio (0.5
for the homogeneous catalyst), 5% DMSO/pH 7 buffer solution, 1-h reaction. “-”"
means no data are available.

PPh; concentrationis (3.4 + 0.1) x 1072 mol/(molpq h), whichis 1.7-
fold lower per mole of total Pd as compared to the 2.4-nm particles
and 4-fold lower as compared to the amount of surface Pd atoms
(Table 2). Pd nanoparticles were found after a 1-h reaction carried
out with Pd(PPhs)4 (Table 3). The nanoparticles were also found after
a 1-hreaction catalyzed by PdCl,(PPhs),, even in the absence of PPhs.
It is known that the complex is able to undergo reduction to Pd(0) in
the presence of hydroxide anion [61]; Claisen rearrangement of the
reaction substrate catalyzed by Pd?* was not observed as the fluores-
cence peak did not shift. The complex shows similar activity to other
homogeneous catalysts, and its activity decreases when 500 uM
PPhs is added. The trend of decreasing activity with increasing ligand

Table 3
Catalytic activity of homogeneous Pd complexes.

Pd complex  [PPhs] [PPhs]/[Pd] Product Nanoparticles
(uM)  (mol/mol)  concentration in the reaction

after 1-h reaction solution after
(M) 1-h reaction (nm)

Pd(PPhs)s 200 12 0.77 £ 0.03 -

Pd(PPhs), 500 24 1.30+0.02 2.8+0.5

PdCl,(PPhs), O 2 1.40 +0.01 3.0+0.7

PdCl(PPhs), 500 22 0.47 £ 0.01 2.7+0.8

Reaction conditions: 25 M Pd complex, 0.5 mol/mol substrate-to-Pd ratio, [ether
1]=12.5 uM, 5% DMSO/pH 7 buffer solution, 1 h reaction. “~” means no data are
available.

concentration is concomitant with the trend observed for 2.4 nm Pd
nanoparticles, when their activity decreases as the ligand concentra-
tion was increased from 200 to 500 uM (Fig. 7c and Table 2). Most
likely, in this case, high ligand concentration leads to the formation
of less-active more coordinatively saturated palladium species as
proposed by Koide [36]. Comparing [PPhs]/[Pd] ratios and corre-
sponding activities from Tables 2 and 3, one can see that not only
the values, but also the trends are different for Pd nanoparticles,
Pd(PPhs)4, and PdCl,(PPhs),. Selection of a proper palladium precur-
sor for the in situ formation of Pd nanoparticles active in C-C cou-
pling reactions is known to have a very important effect on the
structure and catalytic activity of the nanoparticles [57]. Thus, the
presence of PPhs in the coordination sphere of Pd(0) is a necessary
condition for the reaction to occur, but the optimum [PPhs]/[Pd] ra-
tio depends on the origin of Pd atoms, with the most active ones
among the catalytic systems studied being the surface atoms of
2.4-nm Pd nanoparticles. As discussed in Section 3.1, defect sites
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are the potential sources of active Pd species, most likely due to their
lowest coordination number. The nature of the active catalytic spe-
cies is not addressed in the present study and should be explored
further.

Even though Pd atomic leaching and re-deposition are PPhs
dependent, the question remains as to whether the ligand is solely
responsible for the atomic dissolution. Two control experiments
with 2.4-nm catalyst (0.3 wt.% Pd/Al,03, 56 1M, 0.22 mol/mol sub-
strate-to-Pd ratio, 5% DMSO/pH 7 buffer) were carried out with 0
and 200 puM PPh; concentrations, without the addition of the reac-
tion substrate (ether 1). After 1 h of stirring, the catalyst was re-
moved by centrifugation and analyzed using AAS for Pd loading,
and solutions were analyzed using TEM. When no substrate and
no PPh; were present, 0.3 wt.% Pd loading on the catalyst was
found, indicating that leaching does not occur in the absence of
the catalytic reaction. When 200 uM PPh; was present without
the substrate, 0.23 wt.% Pd loading was found on the support,
but the solution contained nanoparticles of the same size as the
fresh catalyst (2.5+0.8 nm vs. fresh 2.4+ 0.7 nm). The value of
0.23 wt.% is higher than the value of 0.08 wt.% obtained after 1-h
reaction with 200 uM PPhs, 0.56 pM Pd, 0.22 mol/mol substrate-
to-Pd ratio, indicating again the leaching is more profound
in situ, when the reaction substrate is present, as compared to
the nanoparticle leaching caused by only PPhs;. Apparently, the
presence of triphenylphosphine contributes to the nanoparticle
leaching, but the presence of ether 1 is pivotal to the atomic leach-
ing (Fig. 8a). Atomic dissolution due to the oxidative addition of a
reactant was proposed earlier for the Sonogashira reaction [21] and
is confirmed in the current study for the fluorometric Tsuji-Trost
reaction. As the turnover frequencies were correlated with the
amount of defect (edge and vertex) atoms on the nanoparticle sur-
face, leaching of low-coordinated atoms on Pd surface is likely to
occur, which was proposed for a Sonogashira reaction [20].

As Ostwald ripening was found to happen only in the presence of
ether 1 and is PPhs-concentration dependent, the ether 1 is proposed
to bind to low-coordinated Pd® atoms on smaller Pd particles and
cause atomic leaching. Pd nanoparticles, thus, serve as a reservoir
of catalytically active species. Active species formation is PPhs
dependent; there is no reaction in the absence of phosphine, and
the reaction rate passes through maximum as PPhs concentration
increases. The further drop in activity as the PPh; concentration in-
creases is most likely due to the existing equilibrium between highly
coordinated Pd species and lower-coordinated species co-existing
with the free ligand. More coordinatively saturated palladium spe-
cies were also proposed by Koide as less active in the homoge-
neously catalyzed reaction [36]. After a catalytic cycle, Pd atoms
redeposit on the remaining nanoparticles, leading to their growth.
The proposed mechanism and observations should be considered
inlight of the studied reaction (Fig. 1b), and more reaction substrates
should be tested before a general conclusion on Tsuji-Trost catalysis
by Pd nanoparticles could be drawn.

4. Conclusions

A Tsuji-Trost reaction for the conversion of non-fluorescent
ether 1 to fluorescent phenol 2 (Fig. 1b) was successfully per-
formed using Pd nanospheres of 2.4 and 3.8 nm diameter and Pd
nanocubes of 18 nm rib length. The catalytic activity was corre-
lated with the amount of defect (edge and vertex) atoms on the dif-
ferent nanoparticle surfaces. However, TEM and AAS analyses,
combined with kinetic studies in the presence of different reaction
mixture components, showed that the reaction occurs through the
atomic dissolution via the oxidative addition of ether 1, probably to
the defect sites on the nanoparticles. Furthermore, 2.4-nm nano-
particles were found to be most active at the molar ratio of PPhs/
Pd of 4 in the range from 0 to 9, leading to the formation of

nanoparticles of up to 10 nm diameter, including multiply twinned
particles. The absence of triphenylphosphine was detrimental to
the reaction, but high ligand concentration also led to lower cata-
lytic activity. Homogeneous Pd(PPhs), catalyst was found to be less
active than the 2.4-nm Pd nanoparticles, indicating the formation
of other homogeneous active species in the nanoparticle-catalyzed
reaction. More detailed studies on the formed homogeneous active
species should follow, especially for a variety of substrates, but this
study, for the first time, demonstrates the validity of the atomic
dissolution mechanism in the Pd nanoparticle-catalyzed fluoro-
metric Tsuji-Trost reaction (Fig. 1b).
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