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Abstract Palladium nanoparticles are dispersed and stabilized in or-
ganically modified silicate (Pd@MTES), and characterized by a number
of spectroscopic techniques, including FTIR, TEM, SEM, and XPS. The
catalytic effect of this material toward the hydrosilylation of aldehydes
and ketones is explored, and the scope of the reaction investigated,
with 26 examples provided. This reaction proceeds under neat condi-
tions via heterogeneous catalysis, and a mechanistic pathway support-
ed by DFT calculations is proposed.

Key words palladium nanoparticles, hydrosilylation, aldehydes, ke-
tones, heterogeneous catalysis, DFT calculations

The increasing involvement of heterogeneous catalytic
systems in the development of more efficient and environ-
mentally friendly chemical transformations, driven by the
emergence of industrial continuous processes, is an evolv-
ing area of catalysis.!? In fact, the development of active, se-
lective, and energy-efficient catalytic processes is believed
to be key to a sustainable future by accelerating the transi-
tion to a carbon-neutral society.> As continuous flow pro-
cesses, which offer many advantages over traditional batch
reactors, including a high surface-to-volume ratio, better
heat and mass transfer, and more control over reaction con-
ditions,* become more prevalent in the chemical industry,
there is a need for the development of a new generation of
catalysts compatible with these processes. Therefore, the
design, evaluation, and implementation of robust and selec-

tive heterogeneous catalytic processes controlled by solid
surfaces could have a tremendous positive impact on the
world.!

One approach compatible with these greener and sus-
tainable industrial practices consists of the heterogeniza-
tion of homogeneous catalytic methods through the disper-
sion or encapsulation of metallic nanoparticles in porous
matrices.>~1° This approach, in addition to offering a unique
high specific surface area and large pore volume, along with
the tunability of pore size, also enables easy product sepa-
ration and catalyst reusability.'’-1* Because of the rigid-
glassy nature of silica-based sol-gels, added to the fact that
they are extremely porous materials with high specific area,
nano-dispersed and stabilized metallic catalysts in organi-
cally modified silicates have been investigated as potential
catalysts for continuous flow processes.”1

As the second most naturally abundant element on
earth, it is only intuitive for silicon-based materials to be
widely used in a large number of consumer goods and com-
modity chemicals, including polymers (adhesives,> gels,!®
encapsulants,’” coatings,’® and sealants'®), semiconduc-
tors,?® and biomedical agents,?! to name just a few. As such,
hydrosilylation reactions have become increasingly popular
as a preferred method to produce organosilanes and orga-
nosilicons, and while the hydrosilylation of olefins and
alkynes is more prevalent,>?? a great deal of attention has
also been paid to the hydrosilylation of aldehydes and ke-
tones.?324
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Organically modified silicates (ORMOSILs) are meso-
porous structures with a uniquely large specific surface ar-
ea, high thermal stability, and large pore volume, along
with the convenience of tunable pore size.!?132526 Their
preparation is straightforward from readily available and
non-toxic hydrosilanes, with the presence of heteroatoms
at the organic linkers within these materials making them
effective stabilizers for metal nanoparticles.>?>?’ In our
continuous effort to develop catalytic systems compatible
with industrial flow systems,” we herein report a catalytic
system based on palladium nanoparticles dispersed and
stabilized in organically modified silicates (PdA@MTES) for
the hydrosilylation of aldehydes and ketones, operating un-
der heterogeneous catalysis.

Since ORMOSILs often generate polyhedral oligomeric
frameworks, they are among some of the relatively interest-
ing organic-inorganic hybrid materials because their mo-
lecular structures contain the smallest inorganic Si-O core
covalently bonded to organic substituents.®192829 In this
study, PA@MTES was prepared by dispersing a solution of
palladium nitrate dihydrate [(Pd(NO;),-2H,0] in a hydro-
lyzed and polymerized triethoxymethylsilane sol-gel, fol-
lowed by on-site reduction to Pd(0) with the addition of
NaBH, as previously described,>® and the obtained material
was characterized using a wide range of techniques. Figure
1 shows the FT-IR spectra of trihydroxymethylsilane, the
hydrolyzed and non-polymerized triethoxymethylsilane
(purple), and that of the resulting homogeneous condensed
sol-gel after the distribution and encapsulation of palladi-
um nanoparticles in the inner porosity of the three-dimen-
sional siloxane network (Pd@MTES, in red), respectively.

The signals observed in the FT-IR spectra of both trihy-
droxysilane and the organically modified silicate material
are in full alignment with the previously reported data

from the literature related to the characterization of organi-
cally modified silicate sol-gels.!®?-30 The broad signal at
~3331 cm™! attributable to v(OH) and the corresponding
bending band for v(Si-OH) at ~915 cm!, added to the bend-
ing vibration signals for v(O-Si-O) observed at ~1082 cm™!
and ~1042 cm™!, confirmed the presence of free hydroxy
groups connected to the silicon atom in the FT-IR spectrum
of trihydroxymethylsilane. Additional signals, including
those assigned to the stretching vibration of the methyl
groups bonded to silicon at ~2975 cm! for v(CHsp?) and at
~1269 cm™ for v(Si-C), together with the bending signals at
~776 cm! assigned to v[(Si)CHs], are further confirmation
of the complete hydrolysis of triethoxymethylsilane into
trihydroxymethylsilane.

After the dispersion of palladium nanoparticles and the
polymerization of trihydroxymethylsilane into a gel, the re-
sulting catalyst was characterized by FT-IR as well, with the
obtained spectrum provided in Figure 1. The assignment of
the respective signals in comparison to those observed in
the IR spectrum of the hydrolyzed and non-polymerized
triethoxymethylsilane (trihydroxymethylsilane) is also pro-
vided in Table 1. In fact, the respective signals associated
with the free hydroxy groups, namely the broad signal at
~3331 cm™! for v(OH) and the corresponding bending band
for v(Si-OH) at ~915 cm™!, are absent in the IR spectrum of
the material obtained after the polymerization and forma-
tion of the condensed sol-gel. However, the stretching sig-
nals for v(CHsp?), v(Si-C), v(0-Si-0), and the bending sig-
nals for v[(Si)CH;] were all present in both IR spectra, con-
firming the formation of the core siloxane matrix. This is a
clear indication that the polymerization of trihydroxymeth-
ylsilane was completed, and that the metal nanoparticles
are indeed dispersed and stabilized in the homogeneous
three-dimensional silicate network.!%2931
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Figure 1 FT-IR spectra of the trihydroxymethylsilane (purple) and the PA@MTES catalyst (red)
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Table 1 Comparative FTIR Data for the Sol-Gel Catalyst (Pd@MTES)
and That of Hydrolyzed and Non-polymerized Triethoxymethylsilane
(MTES)

Signal Trihydroxymethylsilane Pd@MTES
v(O-H) (cm™) 3331.72 -
vCHsp® (cm™") 2974.91 2970.03
v(Si-C) (cm™) 1269.62 1269.79
v(0-Si-0) (cm™) 1082.61 1111.64

1042.10 1012.10
v(Si-OH) bending (cm™") 915.64 -
v[(Si)CH5] bending (cm™") 776.76 763.89

The distribution of metal nanoparticles within this ma-
terial was analyzed by transmission electron microscopy
(TEM), while the surface morphology was explored using
scanning electron microscopy (SEM). TEM indicated that
the particles are generally of a small size, with a diameter of
approximately 2-5 nm, and uniformly distributed within
the siloxane network, as shown in Figure 2.

The SEM image (Figure 3a) of PA@MTES indicates that
the morphology of the surface of the catalyst is rough and
granular. A further study of the surface composition using
X-ray photoelectron spectroscopy (XPS) revealed signals
corresponding to silicon (Si 2p), carbon (C 1s), oxygen (O
1s), and palladium (Pd 3d) in the survey scan (Figure 3b),
with binding energies of around 102.67, 284.92, 532.12,
and 335.02 eV, respectively. The deconvolution of the Si(2p)
signal revealed superimposed peaks at 102.45 (Si 2p3/2)
and 102.79 (Si 2p1/2) eV (Figure 3c), characteristic of sili-
cones and siloxanes.*?

The C 1s XPS emission for the CH;-Si region of the sili-
cate matrix displayed two signals fitted to C-Si and C-0 at
284.8 and 288.22 eV (Figure 3d), respectively.®* While the
C-Si bond is an inextricable and expected part of the silox-
ane network,'? the C-0 can be attributed to the residual
and uncleaved ethoxy groups from methyltriethoxysilane,
used in the sol-gel preparation.

Figure 2 TEM micrographs of PdA@MTES

The preponderance of these data, added to the deconvo-
luted peaks of O (1s) at 532.33, 531.58, and 536.48 eV (Fig-
ure 3e) suggest that the surface of the catalyst is primarily
composed of organically modified silicate materials. It is
important to note, however, that the same XPS surface anal-
ysis for Pd (3d) shows two main peaks at binding energies
of 335.02 and 340.29 eV assigned to Pd 3d5/2 and Pd 3d3/2
(Figure 3f), respectively, suggesting the presence of metallic
Pd(0).3* Two additional peaks with much lower intensity at
binding energies of 334.93 and 341.61 eV were indexed to
Pd 3d5/2 and Pd 3d3/2, respectively, suggesting the proba-
ble presence of Pd(Il) species.>* Nevertheless, Pd(0) appears
to be the major palladium species (68.2%) on the surface of
the catalyst based on integration areas, with the overall pal-
ladium load estimated at 3.3% of the material by weight.

With the catalyst prepared and fully characterized, its
exploration as a potential catalyst for the hydrosilylation of
aldehydes and ketones could begin. The initial conditions
for this study were carried over from a previous report in
our lab, which dealt with the hydrosilylation of olefins us-
ing Pt@MTES as a catalyst in toluene as a solvent.”> A quick
optimization of the reaction conditions was undertaken,
using p-tolualdehyde and triethylsilane as starting materi-
als, as illustrated in Scheme 1, with the data obtained from
the evaluated conditions presented in Table 2.

(0] %t
—E
XY H Pd@MTES oI H
| + HSiEty ——— Et
M F Solvent
€ Me

Scheme 1 Hydrosilylation of p-tolualdehyde by triethylsilane in the
presence of PdA@MTES

While only a 23% yield was observed with 1 mol% of
Pd@MTES at room temperature for 18 hours in toluene (Ta-
ble 2, entry 1), the yield improved to 35% when the tem-
perature was raised to 60 °C (entry 2). Increasing the
amount of triethylsilane from 1 equivalent to 1.5, in relation
to the number of moles of p-tolualdehyde (entry 3), result-
ed in a modest improvement, with the reaction reaching
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Figure 3 (a) SEM image, (b) XPS scan survey, (c) Si(2p) XPS spectrum, (d) C(1s) XPS spectrum, (e) O(1s) XPS spectrum, and (f) Pd(3d) XPS spectrum of
Pd@MTES

Table 2 Exploration of the Reaction Conditions Using p-Tolualdehyde

completion when heated at 90 °C for 18 hours in toluene and Triethylsilane®

(entry 4). However, reducing the reaction time to 6 hours

negatively impacted the reactions (entry 5), with an in- Entry HSIEt,  Pt@WTES Solvent(1 Temp  Time Yield
crease in the amount of triethylsilane to 2 equivalents (en- (equivy®  (mol%)° M) O] (h) (%)

try 6) or the catalyst load to 2 mol% (entry 7) failing to have

.. . . 1 1.0 1.0 toluene rt 18 23d
any SIgnlﬁcant lmpact on the reaction outcome.

. L 2 10 1.0 tol 60 18 35¢
The use of other solvents, including isopropanol, THF, or oluene

. . . d
dioxane (Table 2, entries 8, 9, and 10, respectively), nega- 315 1.0 toluene 60 18 46
tively impacted the reaction outcome. Strikingly, this reac- 4 1.5 1.0 toluene 90 18 97
tion appeared to reach completion under neat conditions at 5 1.5 1.0 toluene 90 6 69¢
90 °Cin the presence of 1.5 equivalents of triethylsilane and 6 20 10 toluene 90 6 20¢

o ;
1 mol% catalystoload (entry 11). However, reducing the tem- ; 15 20 toluene 90 6 730
perature to 60 °C (entry 12) or the catalyst load by half (en-
.. . 8 1.5 1.0 iPrOH reflux 18 674
try 13) under the latest conditions appeared to negatively
impact the reaction. It should be mentioned that no reac- 9 15 1.0 THF reflux 18 55¢
tion was observed in the total absence of a catalyst, with 0 15 1.0 dioxane 90 18 65¢
only the starting materials present in the reaction mixture 1 15 1.0 neat 90 18 98
at the; t?nd. as indicgted by GC-MS (entry 14). As aresult, the 12 15 1.0 neat 60 18 67
COl’ldlthl:lS shown in entry 11 were selected for a fu1thgr 13 1s 05 neat % 18 a3
exploration of the reaction scope. The presence of the disi-
lane byproduct resulting from homocoupling of the silane “o15 none neat %0 8 MR
starting material in each of the reaction mixtures also indi- ’ Rte?Ct‘I%";W;fe performed under a nitrogen atmosphere, using 100 mg of
. . . -tolualdel e.

cates that the use of an excess of silane is necessary for opti- 4 n rehtionzhip to the number of moles of p-tolualdehyde.
mal reaction conditions. ¢ Percent yields determined by GC-MS, using tridecane as an internal stan-

dard.
9 The reactions did not go to completion, as indicated by GC-MS.
¢NR = no reaction.
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Figure 4 Exploration of the hydrosilylation of activated and deactivated aromatic aldehydes using triethylsilane. Isolated yields are given; NR = no
reaction, as only the starting material was observed in the GC-MS spectrum of the reaction mixture.

In order to evaluate the electronic effects of diverse
groups on this reaction, priority was given to substituted
benzaldehydes, which were seamlessly transformed into
their corresponding O-silylbenzyl derivatives under the op-
timal reaction conditions, as illustrated in Figure 4.

This reaction works well with activated systems, re-
gardless of the position of the electron-donating group on
the core benzaldehyde structure (Figure 4). In fact, reac-
tions involving a methyl group at the para- (1) or ortho- (2)
positions on the benzaldehyde structure produced very
good yields, similar to those observed for reactions with a
methoxy group at similar positions (3 and 4, respectively).
Even the reaction involving meta-anisaldehyde produced
product 5 in an 80% yield. However, the yield of the reaction
gradually decreased as the benzaldehyde ring became in-
creasingly deactivated, with reactions involving a fluoro
group at the para- (6) or ortho- (7) positions producing
about 78% and 72% yields, respectively. The reactions in-

| \ @/\
= 3 (85%) 4 (76%)

Me
Q/\ —OEt S‘
(63%) /©/\ (35%)
@A" : @
21 (32%) 22 (NR)
l\lfle Ph OMe
4
AN o1
| Me
MeO” NF 25 (55%)

volving 4-trifluoromethylbenzaldehyde (8: 62%), pyridine-
4-carbaldehyde (10: 39%), or 4-nitrobenzaldehyde (9: 35%),
all deactivated systems, produced much lower yields when
compared to benzaldehyde derivatives bearing electron-do-
nating groups, with the increase in deactivation inducing a
decrease in the obtained yield. However, the reaction sys-
tematically failed to produce the corresponding products 11
and 12 with either 3-chloroisonicotinaldehyde or 2-bro-
moisonicotinaldehyde respectively, with the starting mate-
rial being recovered at the end of each of these reactions, as
indicated by GC-MS analysis of the respective reaction mix-
tures.

This reaction also works well with several other hydro-
silanes, including diethylsilane, methyldiethoxysilane, tri-
isopropylsilane, and benzyldimethylsilane, as illustrated in
Figure 5. This catalytic system produced similar yields with
diethylsilane as it did with triethylsilane when involving
para- or ortho-tolualdehyde, as well as para- or ortho-ani-

Et OMe Et

I [
/©/\O/S|Et ©/\O/SII .
H H
MeO 15 (83%) 16 (76%)
Meo/O/\ (42%) \©/\

20 (43%)
/©/\ 23 (49%) J‘: 24 39°/)
e e
S S
Me

i
Me
N 27 (42%)

26 (60%)

Figure 5 Exploration of the hydrosilylation of activated and deactivated benzaldehydes using other hydrosilanes. Isolated yields are given; NR = no
reaction, as only the starting material was observed in the GC-MS spectrum of the reaction mixture.
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saldehyde as starting materials, as shown with products 13
to 16, respectively. It should also be mentioned that many
substrates produced the corresponding hydrosilylated
products with methyldiethoxysilane, but only compound
17 was purified and fully characterized. The other products
obtained from methyldiethoxysilane systematically decom-
posed during the purification process, regardless of wheth-
er silica or alumina neutral gel was used for chromatogra-
phy, with the hydrosilane being cleaved every single time.
In fact, none of the products described in this report could
survive purification on silica gel, and as a result, alumina
neutral gel was used for chromatography, with the Combi-
Flash apparatus enabling each compound to exit the col-
umn in no more than 10 minutes.

The yield of the reaction decreased significantly when
bulky silanes, such as triisopropylsilane (compounds 18 to
24) or benzyldimethylsilane (25 to 27), were used as re-
agents (Figure 5). In fact, this reaction could not produce an
isolated yield greater than 50% when triisopropylsilane was
used, and was also unable to produce any product with a
combination of triisopropylsilane and o-tolualdehyde, even
after several trials. It is conceivable that this failure might
be due to extreme steric issues resulting from the methyl
group being at the ortho-position to the reaction center on
the benzaldehyde. Consequently, it was concluded that the
only reason o-anisaldehyde was able to produce some prod-
uct 21 might be related to the fact that the oxygen atom of
the methoxy group angles the bulky methyl away from the
reaction center, allowing the process to proceed to a certain
extent. Furthermore, with triisopropylsilane as the reagent,
there was no real difference between activated (compounds
18-22) and deactivated (compounds 23 and 24) benzalde-
hydes. In addition, the yield of the reaction improved when
benzyldimethylsilane was used as the silylating agent, as il-
lustrated with compounds 25 to 27 in Figure 5.

The scope of the reaction was rather limited as far as ke-
tones are concerned. Acetophenone (28) produced only a
low yield, while activated 2'-methoxyacetophenone (29)
yielded a decent result, as shown in Figure 6. The steric hin-
drance generated by the methyl group of acetophenone is
likely to blame for the low yield in these cases. The situation
worsened when a deactivated system, including 4’-chloro-

Bt OMe =
Si—Et Si—Et
A 0”1 o071
| Et Et
28 (32%) 29 (50%)

Et
|

Et
| O/SI\—Et
Si—Et
S o~ |‘ Et
| Et
OaN g 2R O O
3 )

3 (NR

acetophenone and 4'-bromoacetophenone (not shown), or
4'-nitroacetophenone (32), was used as a substrate. In each
of these cases, the reaction systematically failed, and the
starting material was recovered each time, as indicated by
the GC-MS spectrum of each reaction mixture. The reaction
also failed to produce any product when 4'-iodo-2'-me-
thoxyacetophenone (31), which carries a deactivator at the
para-position and an activator at the ortho-position, was
used, with the starting material recovered at the end of the
reaction. A similar outcome was observed with any of the
benzophenone derivatives explored during this study, as il-
lustrated with compounds 33, 34, and 35 (Figure 6). The
steric hindrance created by the two benzene rings of the
benzophenones likely precluded the reaction from proceed-
ing. Additionally, some deactivated benzophenones (not
shown) were also explored under the optimal reaction con-
ditions, and each of these substrates failed to produce the
expected product, with the starting material recovered
each time.

The reusability of the catalyst was explored using p-
tolualdehyde and triethylsilane as reagents in the prepara-
tion of compound 1 under the optimized conditions (see
entry 11 in Table 2). The catalyst was recovered from the re-
action mixtures by centrifugation, followed by removal of
the supernatant through decantation at the end of each cy-
cle. Each catalyst was then sonicated for about 45 minutes
in THF, washed, and air-dried before the next run. To com-
pensate for the catalyst loss during each recovery, the
amount of substrate was adjusted for each cycle. The per-
centage yields were determined by GC-MS using tridecane
as an internal standard, in a similar fashion to the study in
Table 2.

The obtained results (Figure 7) indicate about a 14% de-
crease in yield from the first run to the second, about 7%
from the second to the third, and about a 12% drop in yield
from the third to the fourth cycle. After the fourth run, the
amount of the recovered catalyst became too small to be
used for another cycle. The decrease in yield appeared to be
primarily associated with blockage of the pores in the sol-
gel material, rather than a loss of catalytic activity. In fact,
the reduction in yield appeared to be more dramatic when
the catalyst was not sonicated between cycles. It is note-

Et

| OMe Bt
Si—Et Si—Et
071 071
Et Et
30 (NR) | 31 (NR)
Et

T |
Si—Et -Si—Et
Et

C&

Me Ol ¢}
Et
(O ®
=
34 (NR) MeO 35 (NR)

Figure 6 Exploration of the hydrosilylation of ketones. Isolated yields are given; NR = no reaction, as only the starting material was observed in the

GC-MS spectrum of the reaction mixture.
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Percent yields

1 2

il

3 4

Number of cycles

Figure 7 A study of the reusability of PA@MTES, using p-tolualdehyde and triethylsilane as reagents for the preparation of 1. The percentage yields

were determined by GC-MS, using tridecane as an internal standard.

worthy to mention that this catalyst showed no sign of
leaching when repeatedly heated for 18 hours in either THF
or toluene, as observed by analyzing the different filtrates
by atomic absorption spectroscopy and atomic emission
spectroscopy.

While the catalytic cycle for the Pd-catalyzed hydrosi-
lylation process in homogeneous catalysis is well-docu-
mented,?*3> the reactions described in this report proceed
primarily through heterogeneous or surface catalysis. As
such, it is anticipated that both starting materials are ab-
sorbed on the surface of the catalyst, enabling splitting of
the Si-H bond. This process allows the H* atom to attach to
the carbon, while the Si* group binds to the oxygen side of
the C=0 through rupture of the m-bond. This process can
occur via two possible paths: path 1, in which the H* atom
attaches first to the carbon of the carbonyl group followed

by the Si* group linkage to the other side, or path 2, in
which the Si* group binds first to the oxygen of the carbonyl
group, followed by the attachment of the H* atom to the
carbon on the other side of the n-bond.

In order to determine which path is kinetically favor-
able, DFT calculations were used to construct the free ener-
gy profiles for the two possible mechanistic pathways on
the Pd(111) surface, with the hydrosilylation of benzalde-
hyde by trimethylsilane used as a simplified model for the
calculations, as illustrated in Scheme 2.

In path 1, C-H bond formation to the adsorbed benzal-
dehyde occurs first in step 1a, leading to intermediate I1,
followed by O-Si bond formation in step 1b to yield the ad-
sorbed product. Conversely, in path 2, 0-Si bond formation
occurs first in step 2a resulting in intermediate 12, followed
by C-H bond formation to yield the adsorbed product

12

Scheme 2 Mechanistic pathways for the hydrosilylation of benzaldehyde used as a simplified model for calculations

© 2024. Thieme. All rights reserved. Synthesis 2024, 56, 2031-2046
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(Scheme 2). The kinetic analysis was also based on the as-
sumption that the dissociation of trimethylsilane is quasi-
equilibrated and therefore not kinetically relevant.

The lowest free energy state of the surface in the pres-
ence of 1 mol/L of both reactants and the product at the re-
action temperature of 90 °C was determined and used as
the starting point. Benzaldehyde and the product are both
expected to adsorb molecularly on the surface through in-
teractions involving the m-system and dispersion. This ad-
sorption on the clean surface proved to be associated with a
decrease in free energy of -0.23 eV for benzaldehyde and
-0.50 eV for the product. For both species, the benzene ring
adsorbs onto an ensemble of four Pd atoms, as depicted in
Figure 8, which has been shown in previous DFT studies to
be the most favorable adsorption site on Pt(111).36 The car-
bonyl group in benzaldehyde and the oxygen in the product
additionally interact with a fifth Pd atom. The maximum
coverage of benzaldehyde is estimated to be around 1/9 of a
monolayer, while the maximum coverage of the product is
1/12 of a monolayer due to its larger size. Structures of sat-
urated adlayers are shown for both species in Figure S1 in
the Supporting Information. At these higher coverages, the
adsorption free energy of benzaldehyde actually decreases
to -0.49 eV due to attractive lateral interactions in the ad-
layer, presumably dominated by dispersion, while the ad-
sorption free energy of the product increases to -0.41 eV
due to repulsive lateral interactions.

Trimethylsilane adsorbs by dissociating into atomic H*
and a trimethylsilyl fragment (Me,Si*), with H* sitting in a
3-fold site and Me;Si* on an atop site as depicted in Figure
8. The free energy for dissociative adsorption is -0.64 eV on
the clean surface when the Me;Si* and H* fragments are in-
finitely separated. It was estimated that the maximum cov-
erage of a mixed Me;Si*/H* adlayer is around 1/8 of a mono-
layer, with the corresponding structure of the adlayer
shown in Figure S1 in the Supporting Information. At this
higher coverage, the adsorption free energy decreases to
-0.58 eV due to repulsive lateral interactions in the adlayer.

Figure 8 Structures of benzaldehyde, the product, Me;Si*, and H* on
the Pd(111) surface

Ab initio thermodynamics®’ can be used to determine
the most favorable adsorbate coverage in the resting state of
the catalyst surface under the reaction conditions. The re-
sults (presented in Figure S1 in the Supporting Information)
indicate that the surface with 1/8 ML of Me,Si*/H* has the
lowest free energy normalized to the number of surface at-
oms, with a free energy of -0.070 eV/Pd. Therefore, the
Me,Si*/H* covered surface was used as the initial resting
state for the catalytic cycle. Furthermore, for benzaldehyde
to adsorb on the surface, it is necessary to remove one or
more molecules of trimethylsilane in order to make room
for it, resulting in a free energy penalty of 0.64 eV for each
molecule removed. The number of molecules of trimethyl-
silane to be removed was determined based on the estimat-
ed surface area occupied by adsorbed benzaldehyde. This
method is detailed in the Supporting Information and is
based on the projection of the Connolly surface of the ad-
sorbate onto the plane of the metal surface. Using this ap-
proach, 1.35 molecules of trimethylsilane must desorb in
order for benzaldehyde to adsorb, leading to a free energy
penalty of 0.76 eV and a net adsorption free energy of 0.53
eV. This procedure is used to compute the displacement
penalty for all intermediates and transition states.

The calculated transition state structures for the four
steps 1a, 1b, 2a, and 2b are depicted in Figure 9, along with
the structures of the two intermediates I1 and 12. The for-
mation of the C-H bond in step 1a proceeds via the transi-
tion state TS1a, reminiscent of hydride transfer to a carbon-
yl group, whereby the H atom is in transit between a Pd
atom and C1 while the O atom is in the process of forming a
bond with a second Pd atom. The Pd-H and C-H bond dis-
tances in TS1a were determined to be 1.66 and 1.57 A, re-
spectively, while the C-O and Pd-O bond distances were
1.28 and 2.21 A. The intrinsic activation free energy with
respect to infinitely separated benzaldehyde and H* was
found to be 1.11 eV, and the overall reaction appeared to be
uphill in free energy by 0.69 eV. The resulting intermediate
I1 displayed C-0 and Pd-O bond distances of 1.40 and 2.02
A respectively.

In the transition state for step 1b (TS1b), the Si and O sit
on adjacent Pd sites with a partially formed Si-O bond (Fig-
ure 9). As the reaction progresses, the Pd-Si and Pd-O
bonds break as the Si-O bond is formed. The lengths of the
Pd-Si and Pd-0 bonds increase from 2.38 and 2.02 A in the
initial state to 2.50 and 2.09 A in the transition state, re-
spectively. The Si-O bond in the transition state is 2.21 A
compared to 1.69 A in the final state. The free energy barri-
er to form the transition state TS1b from I1 and Me,Si* was
determined to be 0.41 eV, with the step being significantly
downhill in free energy by -1.29 eV.
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Figure 9 Structures of the transition states and intermediates in path 1 (top) and path 2 (bottom)

The second pathway begins with step 2a proceeding
through transition state TS2a in which a Si-O bond is
formed between Me;Si* and the O of adsorbed benzalde-
hyde (Figure 9). The Si and C1 sit on adjacent Pd sites, with
the Pd-Si bond breaking and the Si-O and Pd-C bonds
forming as the reaction progresses. The Pd-Si bond length-
ens from 2.38 A in the initial state to 2.54 A in the transition
state, while the Pd-C bond decreases from 2.55 to 2.22 A.
The Si-O bond is 2.16 A in the transition state and decreas-
es to 1.71 A in the resulting intermediate I12. The C-O bond
also increases in length as the reaction progresses, from
1.24 A in the initial state to 1.30 A in the transition state
and 1.36 A in the final state. The C1 atom in the final state
(I2) exhibits significant n-bonding with the oxygen atom
and the C2 atom in the adjacent ring, evidenced by short-
ened C-0 and C-C bond distances of 1.36 and 1.47 A, re-
spectively. The free energy barrier between TS2a and ad-
sorbed benzaldehyde on the Me,;Si*/H* covered surface ap-
peared to be 0.67 eV, and the step is significantly downhill
in free energy by -0.83 eV.

The transition state for C-H bond formation in step 2b
also resembles a hydride transfer process, whereby the
bond between C1 and the surface breaks prior to formation
of the C-H bond. The H atom sits in a Pd, bridge site in the
transition state with a C-H bond distance of 1.62 A. The C1
atom exhibits a similar degree of n-bonding with the O and
C2 atoms in TS2b as in 12, with nearly identical bond dis-
tances of 1.35 and 1.47 A, respectively (Figure 9). In the fi-
nal state, these bonds both lengthen to 1.42 and 1.52 A due
to loss of the m-interaction upon completion of the C-H
bond formation. The free energy barrier to reach TS2b from
12 and adsorbed Me,Si* was determined to be 0.95 eV, and
the step is uphill in free energy by 0.24 eV.

The free energy profile for both pathways is depicted in
Figure 10, along with a second set of profiles depicting the
resting free energy profile. The resting free energy profile is
calculated based on the surface coverages of each interme-
diate or transition state under actual steady-state condi-
tions, rather than the standard state condition of saturated
surface coverage. Plaisance and Khezeli introduced this
quantity in a previous work, showing that it can be used to
determine the reversibility and degree of rate control of
each step as well as for identifying the resting state from
which each step proceeds.?®

2
TS1a TS1b

I=3 -
o - (&

Free Energy (eV)

o

o
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Figure 10 Free energy profiles for path 1 (red) and path 2 (blue). The
dashed lines indicate the resting free energy profiles and the arrows in-
dicate the total barrier of the rate-limiting step for each path.

Looking at the free energy profile, it can be seen that the
Me,Si*/H* covered surface is the resting state for both steps
of path 1. Step 1ais reversible since I1 is higher in free ener-
gy than the Me,Si*/H* covered surface, while step 1b is irre-
versible. Both steps are rate-limiting with almost identical
total barriers of 1.64 eV and 1.63 eV, respectively. For path
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2, step 2a proceeds from the initial resting state and is rate-
limiting and irreversible with a total barrier of 1.20 eV, and
step 2b is also irreversible and proceeds from the resting
state 12 with a total barrier of 0.95 eV. Overall, it can be con-
cluded that path 2 is the dominant hydrosilylation pathway
since the total barrier of its rate-limiting step (1.20 eV) is
significantly lower than that of path 1 (1.64 eV). This path-
way is favored because intermediate 12 has significantly
lower free energy than intermediate I1 involved in path 1
(Figure 10).

These calculations also suggest that the reaction should
be first order with respect to the aldehyde and negative or-
der with respect to the silane as the surface is covered by
the latter. This implies that the rate of the reaction could be
significantly improved if the silane concentration were kept
low, probably through gradual addition using a syringe
pump. The calculations also suggest that bulkier aldehydes
should be less reactive since they occupy more surface area
and thus require the desorption of more silane in order to
adsorb, while electron-donating substituents should make
them more reactive since TS2a and TS2b both appear to
have cationic character on the C1 position. In contrast, elec-
tron-withdrawing substituents should make them less re-
active. These latter predictions are in full agreement with
the experimental data as described above.

In conclusion, a heterogeneous catalytic system for the
hydrosilylation of aldehydes and ketones involving palladi-
um nanoparticles dispersed and stabilized in organically
modified silicate (PA@MTES) as a catalyst has been devel-
oped. The reaction conditions were optimized and the
scope of the reaction explored. This catalyst, prepared and
fully characterized in our laboratory, produced better yields
with electron-rich systems compared to the reduced yields
observed with electron-poor systems. The reaction also
yielded lower yields with either bulky aldehydes or bulky
silanes, with many ketones failing to produce any product.

A proposed mechanism suggested two possible path-
ways for the reaction, with DFT calculations indicating that
the pathway involving the formation of the O-Si bond prior
to that of the C-H bond (path 2) is energetically favored
over that proceeding via the formation of a C-H bond in the
first step, followed by O-Si bond formation in the second
(path 1). Overall, this work provides a unique insight into
the catalytic effect of palladium nano-dispersed and stabi-
lized in silicate sol-gel toward the hydrosilylation of alde-
hydes and ketones.

All chemicals and solvents were purchased from major chemical sup-
pliers and were used without further purification unless stated other-
wise. NMR data were collected on a Bruker Ascend™ 400 spectrome-
ter operating at 400 MHz for 'H and 100 MHz for '3C. The concentra-
tion of each sample was approximately 20 mg in 0.5 mL of CDCl,. The
NMR data were recorded at 300 K, with chemical shifts () reported in
parts per million (ppm) relative to TMS (8, 0.00 and 8. 0.0) used as

the internal standard, or residual chloroform (8 7.28 and &, 77.2),
and coupling constants (J) in hertz. The multiplicity for each signal is
listed as follows: s = singlet, d = doublet, t = triplet, q = quartet, quin =
quintet, m = multiplet. Structures were confirmed based on NMR data
including proton and broadband carbon 13. The IR experiments were
performed on a Nicolet iS20 FTIR spectrometer. XPS measurements
were performed using a ScientaOmicron ESCA 2SR X-ray photoelec-
tron spectroscope system equipped with a flood source charge neu-
tralizer. The powder samples were pressed into a little pellet and
fixed on the sample stage with double-sided carbon tape. Samples
were loaded into the load lock and pumped until the vacuum was be-
low 5 x 107 mbar, before they were transferred into the sample anal-
ysis chamber. All analyses were conducted with a mono Al Ko X-ray
source (1486.6 eV) at a power of 450 W, whilst the pressure in the
analysis chamber was maintained below 3 x 10~ mbar. A wide region
survey scan and high-resolution core level scans of all elements were
recorded and calibrated with C1s 284.8 eV as the reference peak. The
core level spectra were deconvoluted to obtain information on the
chemical state. SEM imaging and EDS analysis was conducted with a
FEI Quanta 3D FEG FIB/SEM dual-beam system interfaced with an
EDAX Apollo XL EDS detector. The powder samples were fixed on the
SEM stub with double-sided carbon tape and then coated with a thin
layer of Pt to avoid the charging effect during imaging and analysis.
The TEM imaging data are acquired on a JEOL 2011 TEM operated at
200 kV. TEM samples were prepared following the standard protocol:
grinding, mixing with ethanol into a suspension, ultrasonic bathing,
vortexing and applying to a holey carbon film supported by 300 mesh
Cu grids.

Computational Details

A free energy profile was constructed to visualize the kinetics of the
elementary steps and the overall catalytic cycle. Full details of the DFT
calculations carried out to construct this profile are given in the Sup-
porting Information. These calculations were performed using the Vi-
enna Ab initio Simulation Package (VASP),>® employing the Bayesian
error estimation functional with van der Waals correlation (BEEF-
vdW).% Transition states were found by performing a roughly con-
verged nudged elastic band calculation*! to obtain an initial guess, fol-
lowed by a dimer calculation*? to refine the transition state.

The free energies of intermediates and transition states were deter-
mined by adding vibrational contributions and a site coverage penal-
ty to the electronic energy E, computed by VASP,

(1) G® = Eq * Ezpye + Gyip — Nisfls

where Epyg is the zero-point vibrational energy and G, is the vibra-
tional free energy in the harmonic approximation, both computed
from a vibrational frequency calculation on the optimized structure.
A temperature of 90 °C was used for all free energy calculations. The
site coverage penalty implicitly accounts for the free energy penalty
to adsorb a species on a surface that is already covered with another
species A. In order to place a species on the surface that occupies ng
metal sites, a number ng/ns, of species A must first desorb from the
surface where n; 4 is the number of metal sites occupied by species A.
If the free energy of species A to desorb from the surface is - AG3%,
then the desorption penalty is —ngits, where ps = AGi%/ng 4 represents
the effective chemical potential of a metal site. The free energies of
the reactants and products in the liquid phase are computed by,

(2) Go = EO + EZPVE + Gotrans + Grot + Gvib
where G%,,s is the translational free energy at a concentration of 1
mol/L and G, is the rotational free energy in the rigid rotor approxi-

mation. The Pd catalyst is modeled as a periodic Pd(111) surface con-
sisting of four layers each containing a 6 x 4 surface unit cell. The ex-
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perimental lattice constant of 3.89 A was used for the fcc unit cell
from which the surface was cut, and the slabs were separated by 20 A
of vacuum. The bottom two layers of the slab were frozen during ge-
ometry optimization, while all other atoms were allowed to relax.
Calculations of the reactants and products in the liquid phase were
performed in a 20 x 20 x 20 A3 unit cell.

Palladium(0) Nano-Dispersed in Organically Modified Silicate
(Pd@MTES)

The general protocol for the preparation of PA@MTES was based on a
modified version of previously reported methods,>® and consisted of
stirring vigorously methyltriethoxysilane (MTES) (27 g, 30 mL, 151.4
mmol) in about 10 mL of 0.05 M HCl until the solution became homo-
geneous. Next, a solution of palladium nitrate dihydrate
(Pd(NO5),-2H,0) (3 g, 0.113 mmol, 0.074 equiv) dissolved in 15 mL of
H,0 was added, and the mixture was stirred until a brownish homo-
geneous solution was obtained. About 22 mL of 1 M NaOH (0.05
equiv) was added to the mixture until the solution became basic, as
indicated by pH paper (pH ~ 8), and the mixture was then stirred until
gelation occurred. The resulting homogeneous and transparent gel
was allowed to air dry for 4 days. The dark xerogel obtained was re-
duced with a solution of sodium borohydride (ratio Pt/NaBH, = 1:10)
in 50 mL of THF/H,0 (1:1), and the resulting material was washed
with distilled water (2 x 100 mL) and THF (100 mL), and air-dried at
room temperature. This provided PA@MTES that was ready to be
used. The distribution of metal nanoparticles within this material
was analyzed by transition electron microscopy (TEM), while the
morphology of the surfaces was explored by scanning electron mi-
croscopy (SEM). Qualitative and quantitative chemical microanalysis
of this material was achieved using X-ray photoelectron spectroscopy
(XPS), which enabled an accurate determination of the metal content
as well as its chemical state.

Hydrosilylation of Aldehydes and Ketones

Most reactions were set up using 200 mg of the carbonyl-containing
starting material (aldehyde or ketone), 1.5 equiv of the appropriate si-
lane, and 1 mol% of PA@MTES under a nitrogen-saturated environ-
ment for 18 h. All the reactions were run under neat conditions, ex-
cept for those of some solid starting materials for which 500 pL of tol-
uene was added to enable effective stirring. Reaction mixtures were
monitored using a 200-MS GC-MS ion trap mass spectrometer or by
TLC on silica gel 60 F254 plates. All purifications were performed on a
Teledyne Isco CombiFlash Rf, using pre-packed alumina neutral col-
umns (surface area 14-170 m?/g, pore diameter 50-70 A, particle size
50-75 um), namely REDISepRF (48 g) from Teledyne Isco, or Flash-
Pure EcoFlex (50 g) from Buchi Corporation. Each purification was
achieved under gradient elution, using mixtures of hexane and ethyl
acetate.

Triethyl(4-methylbenzyloxy)silane (1)*443

p-Tolualdehyde (200 mg, 1.66 mmol) and triethylsilane (290 mg, 2.50
mmol) were stirred in the presence of 1 mol% of the PA@MTES cata-
lyst (having ca. 3.3% palladium content) (53.7 mg, 1.66-10-> mol) un-
der neat conditions and a nitrogen environment for 18 h. The reaction
mixture was then purified on a CombiFlash apparatus, on a neutral
alumina prepacked column, using a gradient elution from pure hex-
ane to a mixture of hexane/ethyl acetate (9:1). The product eluted af-
ter 7.30 minutes as a clear oil (331 mg, 84%).

1H NMR (400 MHz, CDCL,): 8 = 0.65 (q, ] = 7.2 Hz, 6 H), 0.97 (t, ] = 7.2
Hz, 9 H), 2.31 (s, 3 H), 4.68 (s, 2 H), 7.11 (d, ] = 6.2 Hz, 2 H), 7.20 (d, ] =
6.2 Hz, 2 H).

13C NMR (100 MHz, CDCl,): & = 3.6, 5.8, 20.1, 63.6, 125.3, 127.9, 135.5,
137.3.

GC-MS: m/z (%) = 237 (1) [M + HJ*, 219 (33), 207 (100), 105 (69).

Triethyl(2-methylbenzyloxy)silane (2)*

o-Tolualdehyde (200 mg, 1.66 mmol) and triethylsilane (290 mg, 2.50
mmol) were stirred in the presence of 1 mol% of the PA@MTES cata-
lyst (having ca. 3.3% palladium content) (53.7 mg, 1.66-10-> mol) un-
der neat conditions and a nitrogen environment for 18 h. The reaction
mixture was then purified on a CombiFlash apparatus, on a neutral
alumina prepacked column, using a gradient elution from pure hex-
ane to a mixture of hexane/ethyl acetate (9:1). The product eluted af-
ter 6.43 minutes as a clear oil (327 mg, 83%).

14 NMR (400 MHz, CDCl,): & = 0.61 (q, J = 7.0 Hz, 6 H), 0.98 (t, J = 7.0
Hz, 9 H), 2.25 (s, 3 H), 4.68 (s, 2 H), 7.10 (m, 3 H), 7.40 (d, J = 6.4 Hz, 1
H).

13C NMR (100 MHz, CDCl,): 8= 4.7, 6.9, 18.6, 63.1, 125.9, 126.7, 127.0,
129.9, 135.2, 139.2.

GC-MS: m/z (%) = 235 (7) [M - HJ*, 220 (28), 207 (100), 177 (10), 149
(12), 105 (79).

Triethyl(4-methoxybenzyloxy)silane (3)*>46

p-Anisaldehyde (200 mg, 1.47 mmol) and triethylsilane (256 mg, 2.20
mmol) were stirred in the presence of 1 mol% of the PA@MTES cata-
lyst (having ca. 3.3% palladium content) (47.4 mg, 1.47-10-> mol) un-
der neat conditions and a nitrogen environment for 18 h. The reaction
mixture was then purified on a CombiFlash apparatus, on a neutral
alumina prepacked column, using a gradient elution from pure hex-
ane to a mixture of hexane/ethyl acetate (9:1). The product eluted af-
ter 8.02 minutes as a clear oil (315 mg, 85%).

'H NMR (400 MHz, CDCly): § = 0.64 (q, J = 7.2 Hz, 6 H), 0.97 (t, ] = 7.6
Hz, 9 H), 3.77 (s, 3 H), 4.66 (s, 2 H), 6.85 (d, J = 6.4 Hz, 2 H), 7.24 (d, ] =
6.4 Hz, 2 H).

13C NMR (100 MHz, CDCl,): & = 4.6, 6.8, 55.2, 64.5,113.7, 127.8, 133.5,
158.8.

GC-MS: m[z (%) =252 (5) [M*], 223 (100), 136 (2), 122 (68).

Triethyl(2-methoxybenzyloxy)silane (4)*748

o-Anisaldehyde (200 mg, 1.47 mmol) and triethylsilane (256 mg, 2.20
mmol) were stirred in the presence of 1 mol% of the PA@MTES cata-
lyst (having ca. 3.3% palladium content) (47.4 mg, 1.47-10~> mol) un-
der neat conditions and a nitrogen environment for 18 h. The reaction
mixture was then purified on a CombiFlash apparatus, on a neutral
alumina prepacked column, using a gradient elution from pure hex-
ane to a mixture of hexane/ethyl acetate (9:1). The product eluted af-
ter 8.12 minutes as a clear oil (297 mg, 80%).

'H NMR (400 MHz, CDCLy): § = 0.66 (q, J = 7.2 Hz, 6 H), 0.97 (t, ] = 6.4
Hz, 9 H), 3.79 (s, 3 H), 4.76 (s, 2 H), 6.80 (d, ] = 6.8 Hz, 1 H), 6.96 (dd, ] =
6.8, 6.4 Hz, 1H),7.20 (dd, ] = 6.4, 6.6 Hz, 1 H), 7.49 (d, ] = 6.6 Hz, 1 H).
13C NMR (100 MHz, CDCl,): § = 4.6, 6.8, 55.1, 59.8, 109.6, 120.5, 127.0,
127.6,129.8, 156.1.

GC-MS: mz (%) = 251 (1) [M - HJ", 242 (5), 233 (100), 205 (57), 192
(10), 166 (23), 153 (9), 121 (7).

Triethyl(3-methoxybenzyloxy)silane (5)*°

m-Anisaldehyde (200 mg, 1.47 mmol) and triethylsilane (258 mg,
2.22 mmol) were stirred in the presence of 1 mol% of the PA@MTES
catalyst (having ca. 3.3% palladium content) (47.4 mg, 1.47-10- mol)
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under neat conditions and a nitrogen environment for 18 h. The reac-
tion mixture was then purified on a CombiFlash apparatus, on a neu-
tral alumina prepacked column, using a gradient elution from pure
hexane to a mixture of hexane/ethyl acetate (9:1). The product eluted
after 7.30 minutes as a clear oil (297 mg, 80%).

1H NMR (400 MHz, CDCl,): § = 0.70 (q, J = 7.2 Hz, 6 H), 1.09 (t, ] = 7.2
Hz, 9 H), 3.87 (s, 3 H), 4.81 (s, 2 H), 6.86 (d, ] = 7.2 Hz, 1 H), 7.00 (m, 2
H),7.33 (m, 1 H).

13C NMR (100 MHz, CDCl,): § = 4.6, 6.8, 55.0, 64.6, 111.7, 112.5, 118.4,
129.2, 143.1, 159.8.

GC-MS: m/z (%) = 252 (2) [M*], 242 (8), 226 (56), 193 (100), 122 (74),
91 (52).

Triethyl((4-fluorobenzyl)oxy)silane (6)>+45

p-Fluorobenzaldehyde (200 mg, 1.61 mmol) and triethylsilane (281
mg, 2.42 mmol) were stirred in the presence of 1 mol% of the
Pd@MTES catalyst (having ca. 3.3% palladium content) (52.0 mg,
1.61-10-> mol) under neat conditions and a nitrogen environment for
18 h. The reaction mixture was then purified on a CombiFlash appa-
ratus, on a neutral alumina prepacked column, using a gradient elu-
tion from pure hexane to a mixture of hexane/ethyl acetate (85:15).
The product eluted after 7.53 minutes as a clear oil (302 mg, 78%).

1H NMR (400 MHz, CDCl,): & = 0.64 (q, ] = 8.0 Hz, 6 H), 0.97 (t, ] = 8.0
Hz, 9 H), 4.68 (s, 2 H), 6.99 (dd, Jyi = 8.1, Juvs = 8.7 Hz, 2 H), 7.28 (dd,
Juon = 8.1, Jug = 5.7 Hz, 2 H).

13C NMR (100 MHz, CDCl;): 6 = 4.6, 6.8, 64.2, 115.1 (d, ¥J_; = 21.2 Hz),
127.9 (d, 3 = 8.0 Hz), 137.2 (d, 4y = 3.0 Hz), 162.1 (d, 'Jc_; = 242.9
Hz).

GC-MS: m/z (%) = 239 (2) [M - HJ", 220 (5), 211 (37), 183 (68), 154
(44), 105 (100), 86 (69).

Triethyl((2-fluorobenzyl)oxy)silane (7)46-°

o-Fluorobenzaldehyde (200 mg, 1.61 mmol) and triethylsilane (281
mg, 2.42 mmol) were stirred in the presence of 1 mol% of the
Pd@MTES catalyst (having ca. 3.3% palladium content) (52.0 mg,
1.61-10-> mol) under neat conditions and a nitrogen environment for
18 h. The reaction mixture was then purified on a CombiFlash appa-
ratus, on a neutral alumina prepacked column, using a gradient elu-
tion from pure hexane to a mixture of hexane/ethyl acetate (85:15).
The product eluted after 7.50 minutes as a clear oil (279 mg, 72%).

H NMR (400 MHz, CDCl,): § = 0.66 (q, J = 8.0 Hz, 6 H), 0.98 (t, ] = 8.0
Hz, 9 H), 4.80 (s, 2 H), 6.96 (m, 1 H), 7.10 (m, 1 H), 7.18 (m, 1 H), 7.50
(m, 1 H).

13C NMR (100 MHz, CDCLy): 8 = 4.6, 6.8, 58.6 (d, 3|c; = 4.9 Hz), 114.8
(d, ZJep = 21.1 Hz), 124.1 (d, ¥ = 3.3 Hz), 1285 (d, 45 = 4.8 Hz),
160.0 (d, YJ_p = 243.7 Hz).

GC-MS: m/z (%) = 241 (6) [M + HT", 219 (4), 212 (27), 184 (100), 163
(6), 153 (76), 139 (6), 105 (53).

Triethyl((4-(trifluoromethyl)benzyl)oxy)silane (8)%>°!
4-(Trifluoromethyl)benzaldehyde (200 mg, 1.15 mmol) and triethyl-
silane (200 mg, 1.72 mmol) were stirred in the presence of 1 mol% of
the PA@MTES catalyst (having ca. 3.3% palladium content) (37.0 mg,
1.15-10-> mol) under neat conditions and a nitrogen environment for
18 h. The reaction mixture was then purified on a CombiFlash appa-
ratus, on a neutral alumina prepacked column, using a gradient elu-
tion from pure hexane to a mixture of hexane/ethyl acetate (85:15).
The product eluted after 5.50 minutes as a clear oil (207 mg, 62%).

H NMR (400 MHz, CDCl,): 8 = 0.42 (q, J = 8.2 Hz, 2 H), 0.58 (q, J = 8.0
Hz, 4 H),0.79 (t,] = 8.0 Hz, 3 H), 0.97 (t, ] = 8.0 Hz, 6 H), 4.71 (s, 2 H),
7.31 (m, 2 H), 7.50 (m, 2 H).

13C NMR (100 MHz, CDCl,): & = 4.4, 4.7, 6.4, 6.5, 64.0, 123.9 (d, ¥ =
4.7 Hz), 128.5 (d, 2 = 34.8 Hz), 145.5 (d, e = 222.5 Hz).

GC-MS: m/z (%) = 290 (4) [MJ*, 274 (15), 261 (27), 203 (46), 184 (21),
169 (100), 118 (38).

Triethyl((4-nitrobenzyl)oxy)silane (9)*>46

p-Nitrobenzaldehyde (200 mg, 1.32 mmol) and triethylsilane (231
mg, 2.00 mmol) were stirred in the presence of 1 mol% of the
Pd@MTES catalyst (having ca. 3.3% palladium content) (42.7 mg,
1.32-10-> mol) in 500 pL of toluene under a nitrogen environment for
18 h. The reaction mixture was then purified on a CombiFlash appa-
ratus, on a neutral alumina prepacked column, using a gradient elu-
tion from pure hexane to a mixture of hexane/ethyl acetate (8:2). The
product eluted after 7.60 minutes as a clear oil (124 mg, 35%).

TH NMR (400 MHz, CDCL;): § = 0.70 (q, J = 7.8 Hz, 6 H), 1.01 (¢, J = 7.8
Hz, 9 H), 4.85 (s, 2 H), 7.52 (d, ] = 8.0 Hz, 2 H), 8.22 (d, ] = 8.1 Hz, 2 H).

13C NMR (100 MHz, CDCL,): & = 4.43, 6.72, 63.7, 123.5, 1264, 127.2,
129.4, 149.0.

GC-MS: m/z (%) = 268 (2) [M + HJ*, 239 (42), 210 (61), 180 (100), 162
(53), 136 (77), 106 (17).

4-(((Triethylsilyl)oxy)methyl)pyridine (10)*’
Pyridine-4-carbaldehyde (200 mg, 1.87 mmol) and triethylsilane (326
mg, 2.80 mmol) were stirred in the presence of 1 mol% of the
PAd@MTES catalyst (having ca. 3.3% palladium content) (60.2 mg,
1.87-10~> mol) under neat conditions and a nitrogen environment for
18 h. The reaction mixture was then purified on a CombiFlash appa-
ratus, on a neutral alumina prepacked column, using a gradient elu-
tion from pure hexane to a mixture of hexane/ethyl acetate (95:5).
The product eluted after 8.20 minutes as a clear oil (163 mg, 39%).

TH NMR (400 MHz, CDCly): § = 0.60 (q, J = 7.2 Hz, 6 H), 0.91 (t, ] = 7.2
Hz, 9 H), 4.69 (s, 2 H), 7.20 (d, ] = 6.3 Hz, 2 H), 8.49 (d, ] = 6.3 Hz, 2 H).

13C NMR (100 MHz, CDCl,): 8 =3.4,5.7,62.2,119.7, 148.6, 149.5.

GC-MS: mfz (%) = 224 (20) [M + HJ*, 194 (100), 164 (74), 136 (14), 92
(13), 65 (21).

Diethyl((4-methylbenzyl)oxy)silane (13)°>

p-Tolualdehyde (200 mg, 1.66 mmol) and diethylsilane (220 mg, 2.50
mmol) were stirred in the presence of 1 mol% of the PA@MTES cata-
lyst (having ca. 3.3% palladium content) (53.7 mg, 1.66-10-> mol) un-
der neat conditions and a nitrogen environment for 18 h. The reaction
mixture was then purified on a CombiFlash apparatus, on a neutral
alumina prepacked column, using a gradient elution from pure hex-
ane to a mixture of hexane/ethyl acetate (95:5). The product eluted
after 6.40 minutes as a clear oil (295 mg, 85%).

H NMR (400 MHz, CDCl;): & = 0.54 (q, ] = 7.4 Hz, 4 H), 0.90 (t, ] = 7.4
Hz, 6 H), 2.25 (s, 3 H), 4.46 (s, 1 H), 4.66 (s, 2 H), 7.04 (d, ] = 7.4 Hz, 2
H),7.12 (d,J = 7.9 Hz, 2 H).

13C NMR (100 MHz, CDCLy): 8 = 4.6, 5.5, 6.0, 20.1, 63.0, 125.4, 127.9,
135.5,137.0.

GC-MS: m/z (%) = 208 (37) [M]", 175 (49), 149 (72), 118 (57), 105
(100), 89 (27).
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Diethyl((2-methylbenzyl)oxy)silane (14)>>>3

o-Tolualdehyde (200 mg, 1.66 mmol) and diethylsilane (220 mg, 2.50
mmol) were stirred in the presence of 1 mol% of the PA@MTES cata-
lyst (having ca. 3.3% palladium content) (53.7 mg, 1.66-10-> mol) un-
der neat conditions and a nitrogen environment for 18 h. The reaction
mixture was then purified on a CombiFlash apparatus, on a neutral
alumina prepacked column, using a gradient elution from pure hex-
ane to a mixture of hexane/ethyl acetate (95:5). The product eluted
after 6.30 minutes as a clear oil (264 mg, 76%).

H NMR (400 MHz, CDCl,): & = 0.55 (q, J = 7.8 Hz, 4 H), 0.90 (t, = 7.9
Hz, 6 H), 2.21 (s, 3 H), 4.47 (s, 1 H), 4.70 (s, 2 H), 7.09 (m, 3 H), 7.35 (d,
J=8.4Hz 1H)

13C NMR (100 MHz, CDCL): 8 = 4.6, 5.5, 6.0, 17.5, 61.4, 124.8, 125.6,
126.0,128.8, 134.1, 137.8.

GC-MS: mjz (%) = 208 (23) [M]*, 207 (100) [M - HJ*, 177 (17), 149
(20), 105 (25).

Diethyl((4-methoxybenzyl)oxy)silane (15)°2

p-Anisaldehyde (200 mg, 1.47 mmol) and diethylsilane (194 mg, 2.20
mmol) were stirred in the presence of 1 mol% of the PA@MTES cata-
lyst (having ca. 3.3% palladium content) (47.4 mg, 1.47-10-> mol) un-
der neat conditions and a nitrogen environment for 18 h. The reaction
mixture was then purified on a CombiFlash apparatus, on a neutral
alumina prepacked column, using a gradient elution from pure hex-
ane to a mixture of hexane/ethyl acetate (95:5). The product eluted
after 5.15 minutes as a clear oil (274 mg, 83%).

H NMR (400 MHz, CDCL,): § = 0.55 (q, J = 7.2 Hz, 4 H), 0.89 (t, ] = 7.4
Hz, 6 H), 3.72 (s, 3 H), 447 (s, 1 H), 4.65 (s, 2 H), 6.79 (d, ] = 8.6 Hz, 2
H),7.18 (d,J = Hz, 2 H).

13C NMR (100 MHz, CDCL): 8 = 5.4, 5.5, 6.0, 54.3, 63.0, 112.6, 126.8,
132.2,157.7.

GC-MS: m/z (%) = 225 (27) [M + HJ*, 195 (32), 181 (11), 167 (20), 137
(12), 121 (100).

Diethyl((2-methoxybenzyl)oxy)silane (16)>>>*

o-Anisaldehyde (200 mg, 1.47 mmol) and diethylsilane (194 mg, 2.20
mmol) were stirred in the presence of 1 mol% of the PA@MTES cata-
lyst (having ca. 3.3% palladium content) (47.4 mg, 1.47-10-> mol) un-
der neat conditions and a nitrogen environment for 18 h. The reaction
mixture was then purified on a CombiFlash apparatus, on a neutral
alumina prepacked column, using a gradient elution from pure hex-
ane to a mixture of hexane/ethyl acetate (95:5). The product eluted
after 6.18 minutes as a clear oil (250 mg, 76%).

1H NMR (400 MHz, CDCl;): & = 0.55 (q, ] = 7.3 Hz, 4 H), 0.90 (t, ] = 7.2
Hz, 6 H), 3.74 (s, 3 H), 4.46 (s, 1 H), 4.75 (s, 2 H), 6.74 (d, ] = 7.6 Hz, 1
H),6.90 (t,] = 6.8 Hz, 1 H), 7.15 (t, ] = 7.6 Hz, 1 H), 7.40 (d, ] = 6.8 Hz, 1
H).

13C NMR (100 MHz, CDCL): 8 = 4.5, 4.6, 6.0, 54.1, 58.2, 108.5, 1194,
126.0, 126.6, 128.5, 155.1.

GC-MS: mjz (%) = 224 (45) [M*, 209 (30), 195 (35), 182 (27), 137 (16),
122 (100).

Diethoxy(methyl)((4-methylbenzyl)oxy)silane (17)>°

p-Tolualdehyde (200 mg, 1.66 mmol) and methyldiethoxysilane (335
mg, 2.50 mmol) were stirred in the presence of 1 mol% of the
Pd@MTES catalyst (having ca. 3.3% palladium content) (53.7 mg,
1.66-10-> mol) under neat conditions and a nitrogen environment for
18 h. The reaction mixture was then purified on a CombiFlash appa-

ratus, on a neutral alumina prepacked column, using a gradient elu-
tion from pure hexane to a mixture of hexane/ethyl acetate (9:1). The
product eluted after 7.08 minutes as a yellowish oil (267 mg, 63%).

H NMR (400 MHz, CDCl,): 8 = 0.14 (s, 3 H), 1.21 (t, J = 7.0 Hz, 6 H),
2.32(s, 3 H),3.80 (q,J = 7.0 Hz, 4 H), 4.79 (s, 2 H), 7.13 (d, ] = 6.4 Hz, 2
H), 7.23 (d,] = 6.4 Hz, 2 H).

13C NMR (100 MHz, CDCl3): & = 25.2, 28.1, 65.4, 71.4, 133.7, 136.0,
143.8,144.4.

GC-MS: m/z (%) = 254 (3) [M*], 237 (100), 208 (8), 132 (5), 105 (63).

Triisopropyl((4-methylbenzyl)oxy)silane (18)°¢

p-Tolualdehyde (200 mg, 1.66 mmol) and triisopropylsilane (395 mg,
2.50 mmol) were stirred in the presence of 1 mol% of the PA@MTES
catalyst (having ca. 3.3% palladium content) (53.7 mg, 1.66-10~> mol)
under neat conditions and a nitrogen environment for 18 h. The reac-
tion mixture was then purified on a CombiFlash apparatus, on a neu-
tral alumina prepacked column, using a gradient elution from pure
hexane to a mixture of hexane/ethyl acetate (9:1). The product eluted
after 6.10 minutes as a clear oil (162 mg, 35%).

H NMR (400 MHz, CDCl,): & = 0.97 (d, J = 7.3 Hz, 18 H), 1.07 (m, 3 H),
2.25(s,3 H), 4.71 (s, 2 H), 7.05 (d, ] = 7.8 Hz, 2 H), 7.16 (d, ] = 7.8 Hz, 2
H).

13C NMR (100 MHz, CDCLy): & = 11.0, 17.0, 20.1, 63.9, 124.8, 127.8,
135.2,137.6.

GC-MS: m/z (%) = 278 (3) [M*], 247 (4), 235 (100), 205 (43), 193 (27),
165 (5), 145 (27), 132 (33), 105 (73).

Triisopropyl((4-methoxybenzyl)oxy)silane (19)°’

p-Anisaldehyde (200 mg, 1.47 mmol) and triisopropylsilane (349 mg,
2.20 mmol) were stirred in the presence of 1 mol% of the PA@MTES
catalyst (having ca. 3.3% palladium content) (47.4 mg, 1.47-10-> mol)
under neat conditions and a nitrogen environment for 18 h. The reac-
tion mixture was then purified on a CombiFlash apparatus, on a neu-
tral alumina prepacked column, using a gradient elution from pure
hexane to a mixture of hexane/ethyl acetate (9:1). The product eluted
after 7.63 minutes as a yellowish oil (182 mg, 42%).

H NMR (400 MHz, CDCl,): § = 0.97-1.05 (m, 21 H), 3.61 (s, 3 H), 4.64
(s,2H),6.72(d,J = 8.4 Hz, 2 H), 7.14 (d, ] = 8.4 Hz, 2 H).

13C NMR (100 MHz, CDCLy): & = 11.1, 17.0, 54.0, 63.7, 112.5, 126.1,
132.7, 157.6.

GC-MS: m/z (%) = 294 (10) [M]*, 251 (67), 122 (100).

Triisopropyl((3-methoxybenzyl)oxy)silane (20)>?

m-Anisaldehyde (200 mg, 1.47 mmol) and triisopropylsilane (349 mg,
2.20 mmol) were stirred in the presence of 1 mol% of the PA@MTES
catalyst (having ca. 3.3% palladium content) (47.4 mg, 1.47-10-5 mol)
under neat conditions and a nitrogen environment for 18 h. The reac-
tion mixture was then purified on a CombiFlash apparatus, on a neu-
tral alumina prepacked column, using a gradient elution from pure
hexane to a mixture of hexane/ethyl acetate (9:1). The product eluted
after 6.30 minutes as a yellowish oil (186 mg, 43%).

1H NMR (400 MHz, CDCLy): § = 1.01 (d, J = 6.4 Hz, 18 H), 1.05-1.14 (m,
3 H),3.71 (s, 3 H), 4.74 (s, 2 H), 6.68 (dd, J = 2.3, 8.1 Hz, 1 H), 6.81 (d,
J=7.6Hz,1H),6.88(d,J=23Hz, 1 H),7.14(dd, ] = 7.8, 7.9 Hz, 1 H).
13C NMR (100 MHz, CDCly): § = 11.0, 17.0, 54.0, 63.8, 110.1, 111.3,
116.8, 128.1, 142.4, 158.7.

GC-MS: mjz (%) = 294 (17) [M]*, 251 (78), 223 (54), 193 (2), 121 (100).
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Triisopropyl((2-methoxybenzyl)oxy)silane (21)*°

o-Anisaldehyde (200 mg, 1.47 mmol) and triisopropylsilane (349 mg,
2.20 mmol) were stirred in the presence of 1 mol% of the PA@MTES
catalyst (having ca. 3.3% palladium content) (47.4 mg, 1.47-10-> mol)
under neat conditions and a nitrogen environment for 18 h. The reac-
tion mixture was then purified on a CombiFlash apparatus, on a neu-
tral alumina prepacked column, using a gradient elution from pure
hexane to a mixture of hexane/ethyl acetate (9:1). The product eluted
after 6.15 minutes as a yellowish oil (138 mg, 32%).

H NMR (400 MHz, CDCL,): § = 1.02-1.12 (m, 21 H), 3.72 (s, 3 H), 4.77
(s,2H),6.72(d,] = 7.8 Hz, 1 H), 6.90 (dd, ] = 6.8, 6.9 Hz, 1 H), 7.12 (dd,
J=6.7,7.5Hz, 1 H),7.49 (d,] = 6.6 Hz, 1 H).

13C NMR (100 MHz, CDCL): & = 11.1, 17.1, 54.0, 59.2, 108.3, 1194,
125.3,126.2,129.1, 154.8.

GC-MS: m/z (%) = 294 (6) [M[*, 251 (36), 221 (10), 193 (44), 155 (81),
122 (100).

((4-Fluorobenzyl)oxy)triisopropylsilane (23)5°
p-Fluorobenzaldehyde (200 mg, 1.61 mmol) and triisopropylsilane
(383 mg, 2.42 mmol) were stirred in the presence of 1 mol% of the
Pd@MTES catalyst (having ca. 3.3% palladium content) (52.0 mg,
1.61-10-> mol) under neat conditions and a nitrogen environment for
18 h. The reaction mixture was then purified on a CombiFlash appa-
ratus, on a neutral alumina prepacked column, using a gradient elu-
tion from pure hexane to a mixture of hexane/ethyl acetate (9:1). The
product eluted after 10.2 minutes as a yellowish oil (223 mg, 49%).

1H NMR (400 MHz, CDCl,): 8 = 0.99-1.11 (m, 21 H), 4.71 (s, 2 H), 6.92
(dd, ¥, = 8.6, = 8.5 Hz, 2 H), 7.22 (dd, 4Jy;_s = 5.9,] = 7.3 Hz, 2 H).

13C NMR (100 MHz, CDCLy): & = 11.0, 17.0, 63.4, 113.9 (d, ZJs = 21.2
Hz), 1262 (d, Jc¢ = 7.9 Hz), 1363 (d, 4Jc_¢ = 2.9 Hz), 160.8 (d, Jc_s =
242.6 Hz).

GC-MS: m/fz (%) =282 (2)[M]*, 239 (18), 199 (31), 163 (100), 127 (33).

((2-Fluorobenzyl)oxy)triisopropylsilane (24)506!
o-Fluorobenzaldehyde (200 mg, 1.61 mmol) and triisopropylsilane
(383 mg, 2.42 mmol) were stirred in the presence of 1 mol% of the
Pd@MTES catalyst (having ca. 3.3% palladium content) (52.0 mg,
1.61-10-> mol) under neat conditions and a nitrogen environment for
18 h. The reaction mixture was then purified on a CombiFlash appa-
ratus, on a neutral alumina prepacked column, using a gradient elu-
tion from pure hexane to a mixture of hexane/ethyl acetate (9:1). The
product eluted after 10.8 minutes as a yellowish oil (178 mg, 39%).

H NMR (400 MHz, CDCl,): § = 0.85 (m, 2 H), 1.02 (d, ] = 6.7 Hz, 18 H),
1.11 (m, 1 H), 4.82 (s, 2 H), 6.90 (m, 1 H), 7.12 (m, 2 H), 7.51 (m, 1 H).

13C NMR (100 MHz, CDCl,): 8 = 11.0, 17.0, 58.0 (d, ¥ = 6.4 Hz), 113.5
(d, 2Jer = 20.7 Hz), 122.9 (d, ¥ = 3.2 Hz), 1269 (d, ¥_s = 6.8 Hz),
127.1 (d, 3cp = 7.9 Hz), 127.7 (d, 2Jc_p = 18.5 Hz), 158.5 (d, Jo_p = 243.3
Hz).

GC-MS: m/z (%) = 282 (1) [M[*, 242 (13), 239 (23), 207 (8), 189 (29),
163 (100), 127 (31).

Benzyl((4-methoxybenzyl)oxy)dimethylsilane (25)5

p-Anisaldehyde (200 mg, 1.47 mmol) and benzyldimethylsilane (331
mg, 2.20 mmol) were stirred in the presence of 1 mol% of the
Pd@MTES catalyst (having ca. 3.3% palladium content) (47.4 mg,
1.47-10~> mol) under neat conditions and a nitrogen environment for
18 h. The reaction mixture was then purified on a CombiFlash appa-

ratus, on a neutral alumina prepacked column, using a gradient elu-
tion from pure hexane to a mixture of hexane/ethyl acetate (9:1). The
product eluted after 6.30 minutes as a yellowish oil (231 mg, 55%).

H NMR (400 MHz, CDCl,): § = 0.18 (s, 6 H), 2.27 (s, 2 H), 3.83 (s, 3 H),
4.67 (s,2 H), 6.91 (d, ] = 8.8 Hz, 2 H), 7.12 (m, 3 H), 7.27 (m, 4 H).

13C NMR (100 MHz, CDCL): & = -2.2, 26.8, 55.3, 64.8, 113.8, 124.3,
128.1,128.4, 128.5, 133.0, 139.1, 159.0.

GC-MS: m/z (%) = 286 (2) [M"], 271 (23), 195 (34), 183 (67), 137 (27),
122 (100).

Benzyl((2-methoxybenzyl)oxy)dimethylsilane (26)%
o-Anisaldehyde (200 mg, 1.47 mmol) and benzyldimethylsilane (331
mg, 2.20 mmol) were stirred in the presence of 1 mol% of the
Pd@MTES catalyst (having ca. 3.3% palladium content) (47.4 mg,
1.47-10-> mol) under neat conditions and a nitrogen environment for
18 h. The reaction mixture was then purified on a CombiFlash appa-
ratus, on a neutral alumina prepacked column, using a gradient elu-
tion from pure hexane to a mixture of hexane/ethyl acetate (9:1). The
product eluted after 6.10 minutes as a yellowish oil (252 mg, 60%).

1H NMR (400 MHz, CDCL,): & = 0.16 (s, 3 H), 0.21 (s, 3 H), 2.32 (s, 2 H),
3.88 (s, 3 H), 4.82 (s, 2 H), 6.90 (d, J = 8.2 Hz, 1 H), 7.04 (m, 1 H), 7.12
(m, 3 H), 7.28 (m, 3 H), 7.47 (d, ] = 7.2 Hz, 1 H).

13C NMR (100 MHz, CDCl3): 8 =-2.4, 1.1, 26.7, 55.2, 60.1, 109.8, 120.5,
124.2,128.0,128.1,128.2,128.4,129.2, 139.2, 156.3.

GC-MS: m/z (%) = 286 [M*] (0.9), 271 (12), 241 (32), 195 (67), 182
(100), 165 (18), 136 (7), 121 (47), 103 (30).

Benzyldimethyl((4-nitrobenzyl)oxy)silane (27)°162
4-Nitrobenzaldehyde (200 mg, 1.32 mmol) and benzyldimethylsilane
(298 mg, 1.99 mmol) were stirred in the presence of 1 mol% of the
Pd@MTES catalyst (having ca. 3.3% palladium content) (42.7 mg,
1.32-10-> mol) in 500 pL of toluene under a nitrogen environment for
18 h. The reaction mixture was then purified on a CombiFlash appa-
ratus, on a neutral alumina prepacked column, using a gradient elu-
tion from pure hexane to a mixture of hexane/ethyl acetate (8:2). The
product eluted after 9.20 minutes as a yellowish oil (168 mg, 42%).

H NMR (400 MHz, CDCLy): & = 0.24 (s, 6 H), 2.32 (s, 2 H), 4.79 (s, 2 H),
7.16 (m, 3 H), 7.28 (m, 2 H), 7.45 (d, J = 8.4 Hz, 2 H), 8.20 (d, ] = 8.4 Hz,
2 H).

13C NMR (100 MHz, CDCly): & = -2.3, 26.7, 63.8, 123.5, 124.5, 126.6,
128.4,138.6, 147.1, 148.6.

GC-MS: m/z (%) = 301 (2) [M*], 287 (6), 211 (55), 183 (23), 153 (72),
137 (100).

Triethyl(1-phenylethoxy)silane (28)5*

Acetophenone (200 mg, 1.66 mmol) and triethylsilane (290 mg, 2.49
mmol) were stirred in the presence of 1 mol% of the PA@MTES cata-
lyst (having ca. 3.3% palladium content) (53.6 mg, 1.66-10-> mol) un-
der neat conditions and a nitrogen environment for 18 h. The reaction
mixture was then purified on a CombiFlash apparatus, on a neutral
alumina prepacked column, using a gradient elution from pure hex-
ane to a mixture of hexane/ethyl acetate (9:1). The product eluted af-
ter 6.30 minutes as a clear oil (126 mg, 32%).

H NMR (400 MHz, CDCLy): & = 0.56 (q, J = 6.4 Hz, 6 H), 0.91 (t, ] = 6.4
Hz, 9 H), 1.42 (d,] = 7.0 Hz, 3 H), 4.86 (q, ] = 6.8 Hz, 1 H), 7.19-7.32 (m,
5 H).

13C NMR (100 MHz, CDCl,): & = 4.9, 6.8, 27.3, 70.7, 125.3, 126.8, 128.1,
147.0.
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GC-MS: m/z (%) = 236 (1) [M*], 222 (12), 207 (100), 164 (2), 135 (23),
103 (100), 77 (39).

Triethyl(1-(2-methoxyphenyl)ethoxy)silane (29)5°
2'-Methoxyacetophenone (200 mg, 1.33 mmol) and triethylsilane
(310 mg, 2.66 mmol) were stirred in the presence of 1 mol% of the
Pd@MTES catalyst (having ca. 3.3% palladium content) (42.9 mg,
1.33-10-°> mol) under neat conditions and a nitrogen environment for
18 h. The reaction mixture was then purified on a CombiFlash appa-
ratus, on a neutral alumina prepacked column, using a gradient elu-
tion from pure hexane to a mixture of hexane/ethyl acetate (9:1). The
product eluted after 7.09 minutes as a yellowish oil (177 mg, 50%).

H NMR (400 MHz, CDCL,): & = 0.57 (q, ] = 6.8 Hz, 6 H), 0.91 (t, ] = 6.8
Hz, 9 H), 1.37 (d, ] = 6.4 Hz, 3 H), 3.80 (s, 3 H), 5.23 (q, ] = 6.4 Hz, 1 H),
6.81(d,J = 6.8 Hz, 1 H), 6.95 (dd, = 6.8, 6.2 Hz, 1 H), 7.18 (dd, J = 6.2,
6.0 Hz, 1 H), 7.54 (d, ] = 6.0 Hz, 1 H).

13C NMR (100 MHz, CDCl;): 6 = 4.8, 6.8, 25.7, 55.2, 64.7, 109.8, 120.6,
126.0,127.4,135.5, 155.2.

GC-MS: m/z (%) = 265 (1) [M - HJ*, 253 (6), 240 (52), 217 (100), 189
(50), 165 (2), 135 (34), 120 (12), 103 (57).
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