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Easy preparation of small crystalline Pd,Sn nanoparticles in
solution at room temperature’

Vincent Dardun,? Tania Pinto,? Loic Benaillon,® Laurent Veyre,? Jules Galipaud,?< Clément Camp,?
Valérie Meille,*? and Chloé Thieuleux*?

We describe here a simple protocol yielding small (<2 nm) crystalline Pd,Sn nanoparticles (NPs) along with Pd homologues
for sake of comparison. These NPs were obtained via an organometallic approach using Pd,(dba)s-dba (dba =
dibenzylideneacetone) in THF with 2 equivalents of tributyltin hydride under 4 bars of H, at room temperature. The Pd NPs
homologues were prepared similarly, using Pd,(dba)s;:dba with 2 equivalents of n-octylsilane. These NPs were found
crystalline and very small with a similar mean size (ca. 1.5 nm). These NPs were finally used as nanocatalysts in solution for
a benchmark Suzuki-Miyaura cross-coupling reaction. The Pd,Sn NPs were found more active than Pd NPs analogues,
exhibiting remarkable performances with Pd loading as low as 13 ppb. This result demonstrates a beneficial effect of tin on

palladium in catalysis.

1. Introduction

Metallic nanoparticles (NPs) are central objects in
contemporary chemistry and their properties depend on their
shape, size and composition. As an example, many chemical
reactions are selectively catalyzed by metallic NPs! and
important efforts are thus currently directed toward the
preparation of specific NPs which activity can be correlated to
their exposed crystalline phases, the number of facets, edges or
corners.23 In this context, the development of specific
bimetallic alloyed NPs as for example Pd.Sn, systems have
attracted major attention as the addition of metalloid atoms
were found beneficial to enhance the catalytic performances if
compared to Pd systems for many reactions such as alcohol4-8
and formic acid electro-oxidation,® oxidation of dihydrogen into
hydrogen peroxide,19 reduction of nitrate!>12 and nitro-
functional groups!3.14 as well as oxygen,>16 or hydrogenation of
alkynes,1718 dienes,1%-22 and heterodienes?3. However, this is
not limited to tin and earth abundant metals could also be used
such as Cu?* or Fe?> for instance to enhance catalytic
performances of catalysts for Heck and Suzuki-Miyaura
couplings.
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Among the easiest standard routes used to generate Pd,Sn,
bimetallic NPs, one may mention their direct preparation onto
supports by chemical>13 or thermall42326 co-reduction of
adsorbed Pd(ll) and Sn(ll) salts or complexes. However, it is
extremely difficult to generate well-defined NPs exhibiting
controlled size and a unique Pd,Sn, phase. Alternatively, using
classical chemical solution protocols, PdxSn, bimetallic NPs can
also be prepared using surfactants or classical stabilizing agents
(phosphines and/or amines,® ammonium salts1911l for
example) and/or high temperature boiling solvents
(oleylamine,®11 ethylene glycol’”8 or polyethylene glycol,?!
ionic liquids8). Interestingly, monodispersed palladium-tin
alloyed NPs with tunable compositions and sizes prepared at
high temperature (260 °C) by co-reduction of tin(ll) acetate and
palladium(ll) bromide in the presence of oleylamine and
trioctylphosphine were reported and the specific Pdg3Sns; NPs
exhibited promising catalytic activity in Heck?’” and Suzuki-
Miyaura2® reactions, overpassing those of monometallic Pd NPs.
In this context, we investigated the development of Pd,Sn, NPs
using a simple procedure, avoiding the use of surfactant,
classical stabilizing agents or high temperature reaction
conditions as frequently encountered in the literature. We also
avoided the use of metal salts2® and/or biogenic synthesis3°31 to
avoid the introduction of halides or main group elements
(sulfur, phosphorous, nitrogen atoms...) that are not innocent
in catalysis and could lead to erroneous conclusions about the
effect of tin. We thus developed a synthetic route allowing to
generate metallic Pd;Sn NPs using BusSnH which acts as the tin
source to yield the alloyed NPs and ensures the stabilization of
the NPs via the presence of surface tributyltin fragments. For
sake of comparison, crystalline Pd NPs with similar NPs sizes
were also yielded using octylsilane in place of tin as Si atoms will
not be incorporated into the NP core and the presence of
surface octylsilane fragments will prevent the NPs aggregation.
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2. Results and discussion

2.1 NPs synthesis

To reach this goal, the Pd,;Sn NPs were obtained by introducing,
in a Fischer-Porter reactor, a THF solution of the palladium(0)
precursor, namely Pd,(dba)s-dba, and 2 equivalents of
tributyltin hydride (BusSnH), acting as the tin source and
stabilizing agent. The reactor was further pressurized to 4 bars
of H, at room temperature overnight, leading to the NPs
suspension.

The influence of the number of tin equivalents (1 or 2 equiv.)
was studied and 2 equiv. of tributyltin hydride were found to be
necessary to yield stable NPs. The use of 1 equivalent of Bu3zSnH
led to the rapid decantation of the NPs and extensive formation
of aggregates. The optimal preparation thus needs at least 2
equiv. of tin but it is interesting to note that no exogenous
stabilizing agent was needed. Note that the resulting NPs were
also found extremely stable in solution (up to one year).

We also investigated the role of solvent for such synthetic
route and THF was replaced by a non-polar solvent such as
toluene, yielding exactly the same bimetallic nanoparticles. The
complete conversion of the Pd precursor into particles was
monitored by UV-Vis spectroscopy and the characteristic band
of the starting Pd complex centered at 530 nm32 was no longer

observed in the resulting colloidal suspension (see Figure 1).
3
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Figure 1 — UV-Visible absorption spectrum of Pd»(dba)s-dba, palladlum and palladium-
tin colloids in THF with a Pd concentration of 40 pmol/L at 298 K

For sake of comparison, we investigated the room
temperature preparation of monometallic Pd NPs which exhibit
the same features (same NPs size, crystalline Pd(0), absence of
hetero-elements such as halides, sulfur, phosphorous or
nitrogen atoms). To yield these objects, we used Pdx(dba)s-dba
in toluene and 2 equivalents of n-octylsilane in a Fischer-Porter
reactor and the resulting solution was stirred under 4 bars of H;
overnight. Other Pd:Si stoichiometries were investigated here
(1 and 1.5 equiv.) yielding very similar Pd NPs exhibiting the
same mean size (1.5 nm). n-octylsilane was chosen as it is
known to stabilize efficiently metallic NPs in solution such as
Ru,33 Pt,3* Ni3®> and Co3¢ without decreasing the catalytic
performances of the resulting NPs. It is worth noting that H; is
not mandatory for such synthesis as n-octylsilane is reductive
enough to decompose the Pd precursor but the presence of H,
allows to fasten the reaction kinetics.

2.2 Microscopy analysis

2| J. Name., 2012, 00, 1-3

An in-depth characterization of the Pd,Sn and Rd NPs owas
performed by HRTEM and STEM-HAADFOEAUpIEE BRH FDS)
STEM-HAADF micrographs (Figure 2) showed the presence of
narrowly distributed and isolated spherical particles with a
mean size of 1.5 + 0.3 nm for both Pd or Pd,Sn NPs whatever
the solvent used (THF or toluene - see ESI for TEM pictures).
When EDS analyses were performed onto several single NPs
(see ESI — Fig. S5-A), a Pd/Sn ratio of 2+ 0.3 was found,
suggesting the formation of Pd,Sn. Thus, the excess of tin does
not translate into a modification of the NPs composition
towards lower Pd/Sn ratios. It is also worth mentioning that
neither Sn nor SnOy nanoparticles were detected by EDS or
HRTEM.

Count
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Size (nm)

05 10 15 20 25 a0
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Figure 2 — Size histograms and corresponding STEM-HAADF micrographs of Pd
(top) and Pd2Sn (bottom) nanoparticles (bar scales: 10 nm).

To better understand the crystalline structure of the NPs,
HRTEM (Figure 3) was performed on various NPs on which
crystallographic arrangements were visible (see ESI — Fig. S6 &
S7). It is worth noting that XRD could not provide useful
information due to the small NPs size. For both types of NPs, the
crystallographic arrangements were observed, and the
diffraction patterns obtained by Fourier Transform fitted that of
Pd,Sn in an orthorhombic structure according to JCPDS file
n°04-004-2280 (see ESI — Fig. S7) and that of Pd in a hexagonal
structure according to JCPDS file n°01-720-0710 (see ESI — Fig
S6). The discrepancy between the Pd/Sn ratio introduced
experimentally in the reaction and that measured in the
particles is not surprising since Pd,Sn is one of the most
thermodynamically stable phase of all the Pd,Sn, series.37:38

This journal is © The Royal Society of Chemistry 20xx
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Figure 3 — Representative HRTEM pictures of Pd (top) and Pd,Sn (bottom) NPs.
The arbitrary numbers of the Fourier Transform refer to the vector used for
crystallographic indexation (Miller indexes of the reticular plans and angles are
shown in ESI-Fig. S6 and S7).

2.3 XPS study

XPS analyses were also used to confirm the oxidation state of
both Pd and Sn within the NPs and the influence of Sn onto the
oxidation state of Pd. The samples were prepared by wetness
impregnation of the Pd,Sn and Pd NPs colloidal suspensions
onto silica supports and further drying under inert conditions.
For the Pd NPs, the Pd colloidal suspension was impregnated on
SBA-15 that was dehydroxylated at 700°C under high vacuum
(10> mBar), whereas the Pd,;Sn NPs suspension was
impregnated onto non-porous silica beads, namely Degussasoo,
dehydroxylated at 500°C under high vacuum (10> mBar). Note
that the samples were introduced into the XPS set-up without
exposure to ambient air. Concerning the Pd NPs, the spectrum
exhibited a Pd 3ds. signal at 335.7 eV, corresponding to
Pd(0)(see ESI-Fig. S8).3240 A clear shift in the position of the Pd
3ds/, signal was observed for the Pd,Sn NPs (336.1 eV instead of
335.7 eV) which corresponds to a positive shift of 0.4 eV (Figure
4). Therefore, tin modifies the electron density around
palladium, a phenomenon reported on Pd,Sn nanotubes with a
similar positive shift of 0.5 eV.* Concerning tin XPS signature,
two signals corresponding to the 3ds,, and 3d3/; orbitals were
observed. These asymmetric signals were deconvoluted into
one major contribution at 487.1 eV and a minor one at 485.2 eV
(Figure 5).#1 The minor contribution was attributed to metallic
tin, Sn(0), presumably located at the core of the nanoparticles
in the Pd,Sn alloy. The major contribution was assigned to Sn**
coming from the tributyltin fragments at the surface of the NPs
and grafted on the silica surface. Indeed, an excess of tin is
needed to yield the bimetallic NPs and during the impregnation
of silica with the NPs suspension, such excess of tin precursor
could side react with surface silanols leading to =SiO-SnBus
surface fragments.

This journal is © The Royal Society of Chemistry 20xx
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Figure 4 — XPS spectrum and deconvolution of Pd 3d core levels of Pd;Sn colloids
impregnated on a Degussasoo support.
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Figure 5 — XPS spectrum and deconvolution of Sn 3d core levels of Pd;Sn colloids
impregnated on dehydroxylated silica.

2.4 DRIFTS study

To gather further data about the nature of NPs surface,
Diffuse Reflectance Infrared Fourier Transform Spectroscopy
(DRIFTS) analyses were performed. The samples were prepared
by the addition of an appropriate volume of the colloidal
suspension onto dehydroxylated silica*?43 to reach palladium
loadings between 0.5 wt% and 1 wt% and the solvent was
further evacuated under vacuum at 135 °C (Figure 6). For Pd
NPs, the DRIFT spectrum exhibited the characteristic vc.y
stretching vibrations of alkyl groups (vcsp3.4 from 2800 cm-? to
3000 cm1) suggesting that the Pd NPs are capped by octylsilyl
fragments. Some partially hydrogenated forms of dba were also
present as demonstrated by vcep?n stretching bands from
3000 cm! to 3100 cm-. The Pd,Sn NPs also exhibited surface
alkyl groups as shown by the characteristic vcsp3y vibration
bands from 2800 cm to 3000 cm, suggesting that the NPs are
capped by tributyltin fragments, while the same vcsp21 from the
dba were also visible. No Sn-H hydride signal was detected

J. Name., 2013, 00, 1-3 | 3


https://doi.org/10.1039/d2dt03476j

Published on 19 January 2023. Downloaded by Université Claude Bernard Lyon on 1/19/2023 1:24:25 PM.

Dalton Transactions

(expected at 1805-1809 cm-1)44.45 suggesting that the excess of
BusSnH was quantitatively evacuated under vacuum.#*

o 04 Pd colloid
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Figure 6 — DRIFTS spectra of the Pd (top) and Pd.Sn (middle) colloids and BusSnH
(bottom) impregnated on dehydroxylated silica.

From these data, and taking into account the only literature
precedent describing the preparation of PtsSn NPs in solution
using tributyltin hydride as tin precursor to yield Pt-Sn bimetallic
NPs,*> the following mechanism can be suggested for the Pd,Sn
NPs formation: (i) the fast decomposition of Pdy(dba)s-dba
under H; leads to low coordinated Pd atoms by partial
decoordination and hydrogenation of the dba ligand; (ii) these
"naked" Pd atoms then react with the tin precursor, facilitating
the alkyl-Sn bond cleavage, hence forming the Pd,Sn
nanoparticles by consumption of both Pd and Sn reagents,
leading to a bulk Pd,Sn phase till all Pd is consumed and
decorated by (alkyl)sSn surface fragments that prevent NPs
agglomeration.

2.5 Catalysis

The as-obtained Pd and Pd,Sn nanoparticles in solution were
further tested as catalysts for the Suzuki-Miyaura cross-
coupling reaction between 4’-iodoacetophenone (1 equiv.) and
phenylboronic acid (1.2 equiv.) in the presence of sodium
methoxide (1.5 equiv.) in ethanol at 60 °C under air (see Scheme
1 & Table 1).

The experimental conditions (nature of the base and solvent,
number of equivalents of reagents, temperature) were chosen
based on a literature precedent which had optimized such
parameters.*¢ The conversions and yields were determined by
GC (see ESI for representative chromatograms) and blank
experiments without catalyst were conducted to insure the
catalytic performances of these NPs. Importantly, Pd NPs
prepared in toluene or THF exhibited the same activity and TON,

5 & 0.2 - 2:10* mol% [cat] o]
B 15eq —ONa
= “OH O
0.35eq n-Cyp O
I -
1eq 12eq ~"OH 60°C

Scheme 1 — Suzuki-Miyaura cross-coupling reaction with 4’-iodoacetophenone
and phenylboronic acid in presence of sodium methoxide as base in ethanol.

4| J. Name., 2012, 00, 1-3

showing the absence of solvent effect. Preliminary. tests.were
performed using 0.2 mol% of Pd loadings®B&YROPY RHd Pd/SA
NPs were found highly selective (>99%) towards the cross-
coupling product. The catalytic activity of the catalysts was
further evaluated as TOFso which was calculated using the slope
of the conversion vs. time plots at ca. 50 % conversion to be far
from the induction period if any. At 0.2 mol% of Pd loading, the
Pd,Sn NPs exhibited a higher catalytic activity than that of
monometallic Pd NPs: TOFso = 22’000 h! for Pd,Sn vs TOFsg =
8’000 h't for Pd (see ESI, Fig. S11-right). The complete
conversion of 4’-iodoacetophenone was reached within 3-5
minutes leading to a TON of 500 (Table 1 - entries 1 & 3). This
result highlights the fact that the presence of tin is important to
enhance the catalytic activity of Pd.

Further tests were performed using a hundred-fold
decrease of the Pd loading (0.002 mol%) and the full conversion
of 4’-iodoacetophenone was reached within 4.5 h for Pd NPs
(TOFsp=20’000h"1) and 1.5 h for Pd,Sn NPs (TOFso = 37’000 h-1 -
see ESI and Fig. S11-left for TOF calculation) with a complete
selectivity toward the cross-coupling product (Table 1 - entries
2 & 4). Note that this complete selectivity towards the cross-
coupling product is not rare and can be obtained with other
standard Pd catalysts. To push further these interesting results,
a test at 5:10* mol% of Pd loading was conducted with Pd,Sn
NPs, yielding full conversion of 4’-iodoacetophenone within
40 hours (Table 1 - entry 5).

Decreasing further the Pd loading to 2:10% mol% led to
complete conversion of 4-iodoacetophenone after 3 days with
full selectivity towards the cross-coupling product (Table 1 -
entry 6) when the test was performed under inert atmosphere.
If performed under air as for all the other catalytic tests, no
conversion was observed, showing that at such low loading of
Pd, air exposure is detrimental for catalysis.

Table 1 - Pd and Pd,Sn NPs catalytic performances in the Suzuki-Miyaura cross-coupling
reaction.

Number Catalyst Pd loading  Yield (%) TON TOFse(ht)
(mol%)
1 Pd NPs 2101 >99 500 8 000
2 Pd NPs 2:10°3 90 45 000 20000
3 Pd,Sn NPs 2:10* >99 500 22 000
4 Pd,Sn NPs 2:103 >99 50 000 37 000
5 Pd,Sn NPs 5-104 >99 200 000 25000
6 Pd,Sn NPs 2:10* >99 500 000 11 000

Nonetheless, these results highlight that these Pd,Sn NPs in
solution are remarkable catalysts for Suzuki-Miyaura cross-
coupling reactions and the performance of Pd,Sn NPs was found
to overpass that of homologous Pd NPs, highlighting the
promoting effect of tin.

3. Conclusions

We thus described here simple protocols yielding small,
crystalline Pd,Sn nanoparticles and Pd NPs homologues using
an organometallic approach. This specific route allowed
yielding the targeted NPs at room temperature without the use

This journal is © The Royal Society of Chemistry 20xx
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of surfactants, classical stabilizing agents, biogenic conditions or
metal salts as to avoid the introduction of halides or main group
elements (sulfur, phosphorous, nitrogen atoms...) that might
play a role during catalysis.

These Pd and Pd,Sn NPs were obtained by reaction between
Pdy(dba)s:dba and n-octylsilane or tributyltin hydride
respectively under 4 bars of H, at room temperature overnight.
These NPs were further successfully used as catalysts for the
Suzuki-Miyaura cross-coupling reaction of 4'-
iodoacetophenone and phenylboronic acid. Both Pd and Pd,Sn
were found highly active and selective in the targeted reaction;
the performance of Pd,Sn NPs overpassing that of Pd NPs. Pd,Sn
NPs are indeed promising nanocatalysts for such a benchmark
Suzuki-Miyaura cross-coupling reaction, exhibiting very high
catalytic performances (TOF = 47’000 h-1 and TON = 500’000)
with a complete selectivity towards the cross-coupling product,
yielding the targeted product with a loading of Pd in solution as
low as 13 ppb. These well-defined Pd,Sn NPs are thus very
promising nanocatalysts in solution and could open the way to
the development of well-defined heterogeneous catalysts by
simple impregnation onto solid supports.

4. Experimental Section
4.1 General considerations

All air-sensitive experiments were conducted under an inert
atmosphere using an argon-filed MBRAUN Labmaster 130
glovebox or standard Schlenk line techniques under argon.
Glassware was heated in an oven at 90 °C and cooled down
under argon atmosphere prior to use. Toluene and THF were
distilled from sodium benzophenone ketyl radical, vacuum-
transferred to a storage flask and freeze—pump—thaw degassed
prior to use and stored under argon in a glovebox. Ethanol was
distilled over magnesium, vacuum-transferred to a storage flask
and freeze—pump—thaw degassed prior to use and stored under
argon in a Strauss flask. All other reagents were acquired from
commercial sources (toluene and THF (Sigma-Aldrich),
Pd,(dba)s:dba (Sigma-Aldrich), tributyltin hydride (Sigma-
Aldrich), 4’-iodoacetophenone (Sigma-Aldrich), phenylboronic
acid (Fluka), sodium methoxide (TCl), n-dodecane (Sigma-
Aldrich), ethanol (Carlo Erba) and used as received.

4.2 Synthesis

4.2.1 General procedure for synthesis of Pd NPs in solution. A dry
300 mL Fisher-Porter reaction vessel equipped with a magnetic
stirring bar was charged in a glovebox with Pd,(dba)s;-dba
(141 mg, 0.25 mmol of Pd), 100 mL of toluene (or THF) and
200 plL of a 1.8 M solution of n-octylsilane in toluene (or THF)
(0.37 mmol, 1.5 equiv. compared to Pd). The solution was
further degassed to remove argon, put under H, (4 bars)
atmosphere and stirred at room temperature for 24 h. The
reactor was depressurized, and the solution was stored under
argon in a Schlenk flask. This resulting brown solution contains

This journal is © The Royal Society of Chemistry 20xx
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2.45 umol/mL of palladium and was stored in a fridge, at +4°C
under inert atmosphere. DOI: 10.1039/D2DT03476J
4.2.2 General procedure for synthesis of Pd,Sn NPs in solution. A
dry 300 mL Fisher-Porter reaction vessel equipped with a
magnetic stirring bar was charged in a glovebox with
Pd,(dba)s-dba (86 mg, 0.15 mmol of Pd), 150 mL of toluene or
THF and 800 pL of a 0.37 M solution of tributyltin hydride in
toluene or THF (0.30 mmol, 2 equiv. compared to Pd). The
solution was further degassed to remove argon, put under H,
(4 bars) atmosphere and stirred at room temperature for 24 h.
The reactor was depressurized, and the solution was stored
under argon in a Schlenk flask. This resulting brown solution
contains 1 pmol/mL of palladium and was stored in a fridge at
+ 4 °Cunder inert atmosphere.

4.3 Characterization of the NPs

4.3.1 Transmission Electron Microscopy

Micrographs of palladium and palladium-tin colloids were
acquired at the “Centre Technologique des Microstructures”,
Université Lyon 1, Villeurbanne, France, with a JEOL 2100F
transmission electron microscope, using an acceleration voltage
of 200 kV under inert conditions using a specific sample holder.
The samples were prepared in a glovebox by depositing a drop
of colloidal solution on a copper grid covered by a carbon film
and let to dry.

4.3.2 UV-Visible spectroscopy

Pd,(dba)s-dba and palladium NPs were diluted in THF to obtain
arange of concentrations of 4:10->—4-10* mol/L in terms of Pd
concentration and put in a quartz UV-Visible cell equipped with
a J. Young valve in a glovebox. UV-Visible studies were
performed on a PerkinElmer Lambda 1050 apparatus equipped
by Tungsten filament and a D, arc lamp with a switch at
319.2 nm. The study was performed in absorbance mode with
1 scan at a speed of 266.25 nm/min. The detector used was a
photodemultiplier tube.

4.3.3 DRIFT spectroscopy

Preparation of the samples. The incipient wetness
impregnation (IWI) of Pd NPs was carried out under inert
conditions (glovebox) by adding the appropriate amount of a
colloidal solution (10 times 520 uL of a 8.2 umol/mL) onto
500 mg of silica SBA-157¢p (N, adsorption/desorption isotherm:
Vp: 1.05 cm3/g, asger: 880 m?/g, dpgimadss 8 nm) to reach
palladium loadings in the range of 1 wt%. The wet solid was then
stirred at room temperature overnight and finally the solvent
was removed overnight in vacuo (10° mbar) at room
temperature. For sake of convenience, the IWI of Pd,Sn was
carried out by adding 3 times 265 pL of a 23 pmol/mL onto
250 mg of SBA-15790. The same IWI technique was used for
Sn3BuH using 104 pL of a toluene solution of tin precursor
(BusSnH, 2 wt% of Sn) and 100 mg of SBA-157qo.

The Diffuse
Spectroscopy (DRIFTS) spectra of the solid samples were
collected from a Thermo Scientific Nicolet 6700 FT-IR

Reflectance Infrared Fourier Transform

J. Name., 2013, 00, 1-3 | 5
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spectrometer equipped with an MCT detector. The sample was
introduced into the cell under inert atmosphere in a glovebox.
The spectral resolution was 2 cm1, and 64 scans were recorded
at 298 K. The reported spectra are presented in an absorbance
format.

4.3.4 X-ray photoelectron spectroscopy

Preparation of the samples. A same impregnation method was
used for Pd and Pd,Sn nanoparticles. The Pd colloidal
suspension was impregnated on SBA-15;00 as previously
described in the DRIFTS section, whereas the Pd,Sn NPs
suspension was impregnated onto non porous silica beads
500°C, namely
isotherm: Vg:

Degussaspo (N2
1.57 cm3/g, ds BET-

dehydroxylated at
adsorption/desorption
200 m?/g, dpgimads: 31 nm) to reach palladium loadings in the
range of 0.2 wt%. The wet solids were then stirred at room
temperature overnight and finally the solvent was removed
overnight in vacuo (10> mbar) at room temperature.

XPS analyses were carried out on a PHI 5000 Versaprobe ll|
apparatus from ULVAC-PHI Inc. A monochromatized Al-Kq
source (1486.6 eV) was used with a spot size of 200 um. A
charge neutralization system was used to limit charge effect.
The remaining charge effect was corrected fixing the Si 2p peak
of SiO; from the support material at 103.5 eV. Spectra of Pd and
Sn regions were obtained using a pass energy of 27 eV. All the
peaks were fitted with CasaXPS software using a Shirley
background. Quantification was carried out using the
transmission function of the apparatus and angular distribution
correction for a 45° angle. Sensitivity factors were extracted
from literature?’, they integrate cross section and escape depth
correction. The preparation of the sample and their
introduction in the XPS set-up were carried out under inert
atmosphere.

4.3.5 Gas Chromatography

For GC analysis, a 8890 GC apparatus from Agilent equipped
with a HP5 (5% of phenylmethylsiloxane) column was used
(30 m length, 320 um of diameter, 0.25 um of thickness, and
1.08 min of deadtime). The injected volume was 1 uL with a split
ratio of 1:50, in an injection chamber at 250 °C and 12.76 psi.
The N, vector gas was at 2.9 mL/min at 12.76 psi, corresponding
to 46.2 cm/s. Initial oven temperature 70 °C (hold 1 min) and
then two ramps were applied: first ramp — 10 °C/min, next
temperature 120°C, second ramp —40°C/min, next
temperature 300 °C (hold 3 min). The flame ionization detector
(FID) was set at 300 °C, with a H; flow of 30 mL/min, air flow of
400 mL/min and a make up flow of N, of 25 mL/min.
Throughout the study, n-dodecane was used as GC internal
standard to obtain the GC yield for the cross-coupling reaction
products.

4.4 Catalytic tests

In an argon filled glovebox, a 50 mL Schlenk flask equipped with
a stirring bar was charged with sodium methoxide (82 mg,
1.5 mmol, 1.5 equiv.). Then, using an argon-vacuum line, 4’-
iodoacetophenone (246 mg, 1.0 mmol, 1.0 equiv.),
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phenylboronic acid (146 mg, 1.2 mmol, 1.2 equiv.),a;dedecane
(80 uL, 0.35 mmol, 0.35 equiv.), and 200RIL1B108PHAADIOWERE
introduced before the Pd or Pd,Sn colloidal catalyst was
injected. The reaction mixture was stirred for the indicated time
and temperature, before quenching with a mixture of
H,O/EtOAc [2:1] (ca. 0.2 mL per aliquot). The organic layer on
top was collected and purified on magnesium sulfate and celite
plug before GC analysis.
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