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Abstract: ECE-pincer palladium(II) complexes
{ECE =[C¢H;3(CH,E),-2,6]", E=PPh, and SPh} teth-
ered to a trialkoxysilane moiety through a carbamate
linkage were immobilized on ordered mesoporous
silicas SBA-15 and MCM-41 using a grafting process.
The resulting hybrid materials were characterized by
IR spectroscopy, solid-state CP/MAS NMR (**C, *'P,
and *Si), and elemental analyses. These analyses
showed the integrity of the pincer-metal complexes
on the supports, which highlights their stability under
the applied immobilization conditions. An H-bond-
ing interaction between the carbamate carbonyl
group of the complex and free silanol groups on the
silica surface was also established. The hybrid mate-

rials were found to act as Lewis acid catalysts in the
aldol reaction between methyl isocyanoacetate and
benzaldehyde. SBA-15 modified with the PCP-pincer
Pd complex was used in up to five runs without loss
of activity. Control experiments showed the true het-
erogeneous nature of the catalyst in this reaction. Ni-
trogen physisorption data, XRD, and TEM/EDX
analyses of the hybrid materials revealed that the
mesoporous structure of these materials was retained
during the immobilization process as well as during
catalysis.

Keywords: aldol reaction; catalyst recycling; immobi-
lization; MCM-41; pincer complexes; SBA-15

Introduction

Catalyst separation from the product solution is an
important aspect of homogeneous catalytic processes
both from an economical and ecological point of
view. Amongst current methods to separate homoge-
neous catalysts from product streams are distillation
and selective extraction of products and catalysts.!! In
many cases these methods may turn out as unsustain-
able, however, due to the excessive use of energy and
solvents, and could, therefore, also be economically
less attractive. In this respect, heterogeneous catalytic
processes have obvious advantages due to the ease of
separation of the (insoluble) heterogeneous catalysts
from reaction products. Current research is directed
to merge the advantages of both catalytic approaches,
for example, by immobilizing homogeneous catalysts
on an insoluble support.>? In this way, properties
such as catalyst selectivity and activity could be com-
bined with ease of catalyst separation and catalyst
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reuse. A variety of insoluble supports has been used
for the immobilization of homogeneous catalysts.*!
ECE-pincer metal complexes {ECE=[C¢H;
(CH,E),-2,6], E=NR,, SR, PR, etc.} are often
highly stable and resistant to metal leaching due to a
strong M—C o-bond that is stabilized through metal
coordination by two heteroatoms (cis to the M—C
bond) forming two five-membered chelate rings.®!
ECE-pincer Pd complexes are known to catalyze a
large variety of C—C and C—X bond formation reac-
tions.*!”) The robustness of the ECE-pincer metal
complexes make them attractive candidates for pro-
cesses for which recycling and reuse is a prerequisite.
Various soluble supports have already been used for
the immobilization and recycling of pincer-based
metal catalysts, among which are hyperbranched poly-
mers,>!"l oligo(ethylene glycol),'”” dendronized poly-
mers,®! carbosilane dendrimers,'*! cartwheel mole-
cules,®"! polycationic dendrimers,!"® and soluble poly-
mers.'*7) Recently, we as well as others have report-
ed on the grafting of ECE-pincer metal complexes on
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silica and on their use in aldol-type!""! and Heck re-
actions.*”!

In a recent effort by our group to immobilize NCN-
pincer complexes on insoluble supports, we have used
para-triethoxysilane-functionalized pincer-metal (plat-
inum and palladium) complexes and immobilized
these on conventional silica gel via surface grafting.'®l
Although the heterogenized pincer Pd complexes
were found to be active in the aldol reaction of
methyl isocyanoacetate (MI) with benzaldehyde [Eq.
(1)], they showed a poor performance in terms of re-

Mod. silica,
[e] 10% (i-Pr)EtN (0]
OMe Ph
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Ph H o) CHQCIz, r.t. N
MeO,C
Mi cisl/trans oxazoline

cycling. For a series of conventional silicas differing in
macroscopic particle size (50 um-1.5 mm) and pore
diameter (15-50 nm) significant activity losses of
more than 50% between the first and second run
were observed for the heterogenized catalysts. No in-
dication could be derived for a relation between the
macroscopic particle size and average pore diameter
of the silicas, and the degree of catalyst leaching from
the support. Presumably during the reaction, attrition
of the catalyst took place due to partial hydrolysis of
the silica surface. As a result, part of the catalyst was
removed from the support in the form of small, diffi-
cult to separate by filtration and thus non-recyclable
silica particles.

Recent investigations on the mechanism of opera-
tion of ECE-pincer palladium(II) complexes as homo-
geneous catalyst have shown that the NCN- and SCS-
pincer Pd complexes undergo isocyanide insertion in
the Pd—C bond and that the resulting cyclometalated
species are the actual catalytically active species.*!]
Remarkably, this insertion takes place for both the
neutral halide and the cationic aquo complexes. For
the PCP-pincer Pd complexes, no insertion was ob-
served, but replacement of the halide by a n'-coordi-
nated isocyanide generated the cationic, catalytically
active species. Finally, this study showed that there is
no need to generate a cationic palladium(II) species
by prior treatment of the neutral species with, for ex-
ample, Ag reagents (note that Ag halide salts are cat-
alysts themselves)?” for the ECE-pincer palladium
species to catalyze the reaction of Eq. (1).

In the present study, we have used our experience
to immobilize NCN-pincer palladium complexes for
the immobilization of the corresponding PCP- and
SCS-pincer palladium complexes on silica."® To this
end, complexes 1 and 2 (Figure 1) were synthesized!
and subsequently immobilized on silica-based support
materials. The choice of support depended on the re-
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Figure 1. Siloxane-functionalized ECE-pincer palladium(II)
chloride complexes.

action conditions, ease of functionalization of the sur-
face groups required for attaching the catalyst, as well
as on the chemical, mechanical and thermal stability
of the support.’! In the present study, we have used
the ordered mesoporous molecular sieves MCM-414
and SBA-15,! which fulfill most of the above-men-
tioned requirements and have been used extensively
by others.*! Moreover, their well-defined structure
may provide uniform active sites with well-controlled
steric effects of the support.””) The synthesis and char-
acterization of the pincer palladium-functionalized
MCM-41 and SBA-15 materials as well as their per-
formance in the reaction of Eq. (1) are discussed.

Results and Discussion

Immobilization of PCP- and SCS-Pincer Palladium
Complexes on Silica

The triethoxysilane-functionalized complexes 1 and 2
(Figure 1) were prepared from the corresponding
para-hydroxy ECE-pincer complexes as reported pre-
viously.””! These complexes comprise both a trialkoxy-
silane and an organometallic fragment covalently con-
nected through a carbamate linker. The presence of a
long, non-polar tail increases the solubility of these
complexes considerably. They are soluble in non-
polar solvents such as benzene or toluene, which
allows the use of common grafting protocols of homo-
geneous catalysts on silica in these solvents. This is of
importance to arrive at a uniform distribution of the
catalyst on the support.

Silica surface grafting of 1 and 2 was carried out
using SBA-15 or MCM-41. In a typical process, the
silica support was pre-treated by heating it at 100°C
under vacuum for two hours. The support was then
reacted with complexes 1 or 2 in toluene at 90°C for
20 h (Scheme 1). A continuous extraction (Soxhlet) of
the resulting material with boiling dichloromethane
was subsequently performed for 16 h in order to
remove any non-covalently attached material. After
drying under vacuum, the hybrid silicas 3 and 4, re-
spectively, were obtained as white solids. Subsequent-
ly, silica 3 was treated with 1,1,1,3,3,3-hexamethyldisi-
lazane (HMDS) to cap remaining unreacted surface
silanol groups with a trimethylsilyl functionality (silica
5).
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Scheme 1. Synthesis of hybrid materials 3, 4, and 5.

These materials were characterized by using IR
spectroscopy (DRIFT), CP/MAS NMR spectroscopy
(**C, #Si, and *'P), and elemental analysis. The impact
of the immobilization of 1 and 2 on the structure of
MCM-41 and SBA-15 was studied by powder X-ray
diffraction (XRD), transmission electron microscopy
(TEM), and nitrogen physisorption.

Characterization
IR Studies

Comparison of the IR (DRIFT) spectra of the pris-
tine silicas (SBA-15 in Figure 2) with those of hybrid
materials 3 (see Figure 2) and 4 pointed to a strong
decrease in the number of isolated free silanol groups
in the latter silicas. Comparison of the IR spectra of 1
and 2 with those of the hybrid materials 3 and 4 re-
vealed that signals corresponding to the C—H stretch-
ing, C=0 stretching, CNH group, and the N—H bend-
ing vibrations of 1 and 2 are present in the spectra of
3 and 4. The intensity of the signal for isolated free si-
lanol groups in 3 is further decreased in the spectrum
of 5 (see Figure 2), showing that at least part of the
remaining silanol groups in 3 became capped with a
TMS group in 5. By subtracting the spectrum of plain
SBA-15 from that of 5, a difference spectrum was ob-
tained (fop, Figure 3). In this difference spectrum, a
sharp decrease in the intensity of the signal at
3745cm™ was observed indicating that a large
number of silanol groups had reacted. Other signifi-
cant changes were observed for the carbamate C=0
stretching vibration. In 1 the ¥(C=0) amounted to
1734 cm™! (see Figure 3), which changed to 1725 cm™
in hybrid material 3, and to 1756 cm™' in TMS-capped
5 (see Figure 2).

We believe that these shifts are indicative for the
presence of H-bonding interactions of the carbamate
carbonyl group with surface silanol groups in 3, which
consequently are much less present in 5. This observa-
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tion is consistent with previous observations made on
immobilizing related NCN-pincer complexes on
silica.l'™!
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4000 3500 3000 2500 2000 1500 1000

Figure 2. IR (DRIFT) of plain silica (SBA-15) and hybrid
materials 3 and 5.
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Figure 3. Difference spectrum between the DRIFT spectra
of 5 and SBA-15 (top) compared with IR spectrum of non-
supported 1 (bottom).

CP/MAS Solid State NMR Studies

BC and *Si solid-state NMR spectroscopy on 3, 4,
and 5 provided further information on the nature of
both the organic (spacer and metal-complex) and in-
organic part of these hybrid materials. All peaks cor-
responding to the CNMR spectra of the parent
complexes 1 and 2 were present in the *C NMR spec-
tra of the hybrid materials 3 and 4, respectively. The
*'P NMR spectrum of solid 3 (on SBA-15) showed a
single peak at 36.01 ppm, while for 1 a resonance at
33.4 ppm (solution NMR in CiD4) was found which
corresponds to a phosphine grouping coordinated to
palladium. Signals at 16 and 58 ppm in the *C NMR
spectra of all hybrid materials pointed to the presence
of EtO—Si groups.”” This supports the notion that not
all tethered palladium complexes became immobi-
lized via three Si(surface)~O—Si bonds, but rather
that grafting occurred through an average of less than
or equal to three bonds. The *’Si NMR spectrum of 5
indeed showed all three T" type signals at —59, —52,

2622 asc.wiley-vch.de
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Figure 4. CP/MAS solid-state *’Si NMR of 5 (inset: expan-
sion of —30 to —70 ppm region).

and —45 ppm, corresponding to T°, T% and T' types
of organosilica species, respectively [Figure 4, inset;
T"=RSi(OSi),(OEt);_,].

In addition, the latter spectrum also showed a
signal at 13.9 ppm, which can be assigned to Si-
(surface)—O—SiMe; groups derived from surface sila-
nols capped with a Me;Si grouping arising from
HMDS treatment of the hybrid material 3. Two sig-
nals were observed for the SiO, framework of 3 at
—108 and —101 ppm, respectively, corresponding to
Q* and Q® species [Q™=Si(0Si),,(OH),_,.], whereas
for 5 a signal at —108 ppm (Q* species) along with a
shoulder at about —100 ppm (decreased number of
Q’ species) was observed, which is in accordance with
the partial SiMe; capping of silanol groups (Q® spe-
cies) in 5 (vide supra).

Elemental Analysis

The palladium, sulfur, phosphorus, and carbon con-
tents of the grafted silicas were determined by ICP
analysis (Table 1). The E/Pd ratio (E=S or P) was
close to two for 4 as expected from its formula. In the
case of 3 and §, this ratio was found to be higher than
two, which could point to loss of Pd from the PCP-
pincer ligand during the grafting process. *'P NMR
analysis of these materials did, however, not show the
presence of free phosphine or of phosphine oxide
moieties. In addition, no Pd(0) formation was ob-
served during the immobilization reaction, which jus-
tifies the conclusion that the complex remained
intact. In the case of 5, an increase of the carbon con-
tent was found, which most likely is due to the cap-
ping of part of the free silanol groups of SBA-15 with
SiMe; groups.
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Table 1. Elemental analyses of the hybrid materials 3-5.

Sample  Wt.%C® (mmolg)™™  Wt.%Pd (mmolg™)  Wt.%E" (mmolg™)  E/Pd¥ C/EM
Calc. Found Calc. Found
3 4.96 (4.13) 0.82 (0.077) 0.85 (0.275) 2.0 3.6 18 15
4 1.71 (1.43) 0.43 (0.040) 0.28 (0.087) 2.0 22 15 16
5 7.66 (6.38) 0.57 (0.054) 0.58 (0.187) 2.0 3.4 - -

[l 9% by weight.

] In brackets, mmol per gram silica.
1" E=§ for SCS and P for PCP.
Atom ratio.

Nitrogen Physisorption

In order to gather information on changes in surface
properties at various stages of the synthesis of silicas
3, 4 and 5, the materials were studied using nitrogen
physisorption. The results are summarized in Table 2
and some selected isotherms are shown in Figure 5.

To ascertain the effect of the conditions of the im-
mobilization process on the ordered structure of
SBA-15, we refluxed pristine SBA-15 at 85°C in tolu-
ene for 24 h. The nitrogen physisorption isotherm
(Figure 5a) of the obtained product contained the
typical features: a high onset at low relative pressures
originating from the intra-wall microporosity, and hys-
teresis at higher values because of the ordered meso-
porous channels. The small relative pressure region
(p/po=0.69-0.71) in which the single-step capillary
condensation took place is a consequence of the uni-
form mesopore diameter of 8.7 nm. The BET surface
area and mesopore volume remained unaffected by
the treatment (entry 2, Table 2). Next, the impact of
the silanol capping treatment with HMDS was ad-
dressed by treating blank SBA-15. The isotherm (Fig-
ure Sa) showed that the characteristic SBA-15 fea-
tures were retained.

However, the porosity and average pore size diam-
eter had decreased to 0.49 cm’g™' SiO, and 7.8 nm,
respectively (entry 3, Table 2). The observed pore di-
ameter decrease could not account for the total po-
rosity decrease, and most likely some of mesopores of
SBA-15 became blocked. In addition, after the
HMDS treatment no micropore volume was present
anymore. Comparison of the nitrogen physisorption
results of pristine SBA-15 and functionalized material
3 showed that the BET surface area and mesopore
volume decreased from 518 to 442 m*g™" SiO,, and
from 0.73 to 0.62cm’g " SiO,, respectively (entry 4,
Table 2). The mesopore diameter had decreased from
8.7 to 82nm due to immobilization of complex 1
inside the mesopores of SBA-15. The steep capillary
condensation step and hysteresis loop of the isotherm
(Figure 5b) showed that the uniform character of the
cylindrical mesopores had been retained. The ob-
served mesoporosity reasonably matched the expect-
ed value of 0.58 cm’g™" due to the pore diameter de-
crease of 0.5 nm. Comparison of the textural proper-
ties of materials 3 and 5 showed that treatment of 3
with HMDS resulted in a decline of the micropore
volume from 0.05 to 0.00 cm’g ™" SiO,, and a further
decrease of the mesoporosity to 0.47 cm’g™' SiO,

Table 2. Nitrogen physisorption data of functionalized silica materials.

Material SBET[a] [mz.g71 SIOZ] dporc[b] [nm] Vmicm[C] [Cm3'g71 SIOZ] Vmexo[d] [CmS'g71 SIOZ] Vtot[e] [Cm3.g71 SIOZ]
1 SBA-15 518 8.7 0.09 0.73 0.78
2 SBA-15 (toluene) 504 8.7 0.09 0.71 0.75
3 SBA-15 (HMDS) 460 7.8 0.00 0.49 0.54
4 3 442 8.2 0.05 0.62 0.66
55§ 433 7.9 0.00 0.47 0.51
6 Safterrun1 416 7.9 0.00 0.45 0.49
7 5 afterrun 5 423 7.9 0.00 0.46 0.50
8§ MCM-41 975 43 0.01 0.86 1.03
9 4 966 4.1 0.00 0.76 0.95

=

Sger=BET surface area.

dpore =average pore diameter calculated using NL-DFT.
V niero = Micropore volume.

V.50 = Mesopore volume.

V. =total pore volume determined at p/p,=0.995.

=EE ==
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Figure 5. Nitrogen physisorption isotherms of SBA-15 after toluene or HMDS treatment (a), functionalized material 3 (b)

and 5 (c¢), and 5 after five catalytic runs (d).

(entry 5, Table 2). Finally, nitrogen physisorption re-
sults obtained after catalysis with material 5 (Fig-
ure 5d) showed that the textural properties remained
unchanged up to five catalytic runs.

The physisorption results in Table 2 (entries 8 and
9) show that immobilization of the SCS-pincer metal
complex 2 onto MCM-41, yielding functionalized ma-
terial 4, had little effect on the surface area and total
pore volume of the support. Also, the steep capillary
condensation mesopore-filling step characteristic for
cylindrically shaped mesopores was retained. Al-
though the narrow pore size distribution had been
preserved the pore diameter had slightly decreased
from 4.3 to 41nm upon immobilization of SCS-
pincer metal complex 2.

XRD Analysis

The X-ray diffraction patterns for SBA-15 and corre-
sponding hybrid materials are shown in Figure 6 A.
The pattern of pristine SBA-15 revealed three well-re-
solved peaks located at 1.15, 2.0, and 2.3 degrees 20,
that could be indexed as the (100), (110) and (200)
diffraction lines, respectively, associated with a p6mm
hexagonal symmetry that is typical for SBA-15. Al-
though small variations between the d-spacing values

2624 asc.wiley-vch.de
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of the (100) diffraction line of the different samples
were found, the XRD results demonstrated that the
hexagonal symmetry was retained for all the function-
alized materials; not only after immobilization of the
complex and HMDS capping of the remaining hy-
droxys, but also after five runs of catalysis.

The XRD patterns for blank MCM-41 contained
four diffraction lines at 2.1, 3.7, 4.2, and 5.6 degrees
20. Again, these could be assigned to the (100), (110),
(200) and (210) lattices of the hexagonal lattice of
MCM-41, respectively (Figure 6B). Comparison be-
tween the patterns obtained for pristine MCM-41 and
functionalized material 4 shows that the long-range
order of the mesopores was not affected by the graft-
ing treatment.

TEM/EDX Analysis

TEM analysis of samples of 3 and 5 (SBA-15 materi-
als, Figure 7) as well as of 4 (MCM-41 material; not
shown) revealed that the hexagonal mesoporous
structures of both SBA-15 and MCM-41 had been re-
tained during immobilization and consecutive steps in
the preparation. Figure 7 shows two typical TEM
images of material 5 before catalysis and after five
catalytic runs. The images demonstrate that the or-

Adv. Synth. Catal. 2007, 349, 2619-2630
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Figure 6. A: XRD patterns of (a) SBA-15, (b) SBA-15(HMDS), (¢) 3, (d) 5, (e) 5 after run 1 and (f) 5§ after run 5; B: XRD

patterns of (a) MCM-41 and (b) hybrid material 4.

A
Figure 7. TEM of functionalized SBA-15 5 (A) and 5 after catalysis run 5 (B).

dered structure of the SBA-15 was retained. More-
over, with TEM no palladium clusters were found in
the samples, however, EDX elemental analysis dem-
onstrated that palladium as well as either phospho-
rous (for 3 and 5) or sulfur (for 4) are present in the
structures. This indicated that no Pd(0) was formed
during the immobilization and protection processes
and that the organometallic groupings 1 and 2 have
been molecularly immobilized.

Catalysis

As a test reaction for the catalytic properties of the
hybrid materials 3-5, the earlier studied aldol conden-

Adv. Synth. Catal. 2007, 349, 2619 -2630
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sation reaction between benzaldehyde and MI [Eq.
(1)] was chosen. For this reaction the ECE-pincer pal-
ladium(IT) halide complexes can be used as such (see
Introduction).?!

As a proof of principle, 250 mg of silica § which
correspond to 0.84 mol % of palladium loading were
tested. Catalysis using 1.6 mmols of both benzalde-
hyde and MI was run to 30 % conversion (Figure 8).

At this stage stirring was stopped and a small part
of the clear supernatant solution was removed and
stirred separately. At the same time stirring of the re-
maining reaction mixture was continued. It was found
that in the latter reaction mixture, catalysis in the
presence of the hybrid material went further to com-
pletion, whereas the rate of the reaction in the sample

asc.wiley-vch.de 2625
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Figure 8. Kinetic traces of aldol reaction [Eq. (1)], showing
catalysis only in the presence of silica 5; the supernatant
sample (see text) shows the same kinetic trace as the blank.

of the supernatant had considerably slowed down and
had become comparable to that of the blank reaction
(Figure 8), i.e., that of a homogeneous reaction with-
out added ECE-pincer Pd complex. These observa-
tions indicate that the activity in the parent reaction
and in the reaction mixture after sampling is associat-
ed with the catalytic activity of the (insoluble) hybrid
material, i.e., with Pd catalysis of the grafted PCP cat-
alyst, thereby demonstrating the true heterogeneous
nature of the catalyst.

Next, the recyclability of hybrid material § as cata-
lyst for the reaction of Eq. (1) was investigated. In
this series of experiments, 500 mg of 5, which corre-
spond to 1.67 mol % of palladium loading, were used.
Again 1.6 mmols of both benzaldehyde and MI were
utilized. Work-up in between cycles involved centrifu-
gation of the reaction mixture to separate the sus-
pended silica and removal of the clear supernatant so-
lution. The silica was washed twice with dichlorome-
thane and then reused in the subsequent run. In total
five consecutive runs were carried out. It was found
that the activity of the catalyst was fully retained over
these runs (Table 3, Figure 9). Comparison of the rate
of the aldol reaction catalyzed by homogeneous PCP-
pincer palladium complex [PdCI(PCP)] with that of
the hybrid material 5§ showed that the homogeneous

Table 3. Consecutive use of silica 5 in reaction of Eq. (1).

Run % conversion after trans product
2h 4h 6h 24 h

1 20 36 50 - 83 %

2 20 34 45 - 84 %

3 20 36 41 96 84 %

4 - - - 96 84 %

5 21 36 52 92 83%
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Figure 9. Consecutive use of silica 5 in reaction of Eq. (1).

reaction (initial TOF 15 h™') was faster than the het-
erogeneous one (initial TOF 6 h™").

The supernatant reaction mixture for each of these
runs was tested for palladium and silicon contents
(Table 4). Some leaching of Pd on the ppm level was

Table 4. Elemental analyses of supernatant aldol reaction
mixtures catalyzed by 5.

Sample ppm Pd ppm Si Molar ratio Si/Pd
Run 1 348 856 9.3

Run 2 126 969 29.1

Run 3 144 728 19.1

Run 4 96 113 4.5

Run 5 115 447 14.7

found but also the presence of Si was observed in the
supernatant solutions. The amount of Si was larger as
compared to that of Pd. This indicates that the origin
of Pd is probably not the complex (which has a Pd/Si
ratio of 1) but rather some small particles of silica
itself that escaped separation from the solution.
Moreover, the fact that the activity remained constant
after each run indicated that leaching of the catalytic
species during these experiments was negligible.

TEM analyses carried out on a sample of § after
run 1 and after run 5 indicated that the structure of
the SBA-15 support was not damaged during catalysis.
Furthermore, zerovalent palladium clusters were not
observed in any of the investigated samples, i.e., no
decomposition had occurred. EDX measurements
confirmed that palladium and phosphorus were pres-
ent in the samples, supporting the presence of the
PCP-pincer Pd complex. Further evidence for the in-
tegrity and stability of the hybrid material 5 after
using it in the aldol reaction [Eq. (1)] over 5 runs
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comes from solid-state *'P NMR, which showed a
single peak at 42.3 ppm. This chemical shift corre-
sponds to that of the P-centre in a cationic PCP-
pincer Pd-complex with a coordinated isocyanide
ligand instead of a chloride as the fourth ligand. This
is consistent with our findings in case of the corre-
sponding homogeneous complex, i.e., in a reaction of
neutral [PACI(PCP)] with MI, the *'P NMR resonance
shifts from 31 ppm (neutral complex) to 42 ppm (cat-
ionic complex [Pd(PCP)(MI)]ClI).12!

Hybrid material 4 (with the SCS-pincer palladium
grouping) was found to behave in a similar manner as
5. Similar experiments involving about 200 mg of
silica 4 (0.48 mol % of palladium loading) confirmed
that catalysis in the first run took place only because
of the presence of 4 (Figure 10). However, upon recy-

. A
sampling -
40 B
. —=— solution with catalyst 4
- / —e— supernatant sample at 1h
é w —a— supernatant sample at 8h
g V4 —v— blank (no catalyst)
e 207 sampling/,// o
,’.’/' e -
,l'/ e / v
,"’ -0 —— -
Ve e
0 — 1l| T T T T
0 5 10 15 20 25

time [h]

Figure 10. Aldol reaction of Eq. (1) catalyzed by silica 4.

cling of 4, a decreased activity was found. This is most
likely due to catalyst deactivation and can be attribut-
ed to a low stability of the insertion complex that is
formed upon reaction of SCS-pincer Pd complex with
an isocyanide [see Eq. (2)]. Such insertion complexes
are not formed in the case of PCP-pincer Pd com-
plexes®! and, consequently, no deactivation is ob-
served for hybrid materials derived from these com-
plexes, i.e., for 3 and 5. In the case of hybrid material
4, a lower initial TOF of 11 h™! was observed whereas
with its homogeneous counterpart SCS-pincer palladi-
um complex [PdCI(SCS)] an initial TOF of 45 h™' was
found.

0 SPh
OEt
O:S‘i/\/\NLO pa-cl —2Mh
0 H
OH SPh
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Conclusions

We have shown that ECE-pincer Pd complexes were
successfully immobilized on ordered mesoporous sili-
cas. During immobilization the integrity of both the
organometallic moiety and the inorganic support re-
mained unchanged. It was found that hybrid mesopo-
rous material 5 derived from PCP-pincer palladium
complex showed a good activity and recycling ability,
whereas the corresponding hybrid mesoporous mate-
rial 4 with the SCS-pincer palladium complex, in spite
of showing a similar initial activity in the first run,
had a poor recycling ability. Likewise, a good initial
activity together with a poor recycling ability was ob-
served in the experiments with immobilized NCN-
pincer palladium compounds.® It must be noted that
both NCN- and SCS-pincer palladium complexes un-
dergo a selective insertion reaction with MI, c¢f Eq.
(2). As the corresponding PCP-pincer Pd complex
does not suffer from such an insertion reaction, the
anchoring of this stable catalyst on a stable silica sup-
port like SBA-15 results in an excellent hybrid materi-
al §, which performs as a true heterogeneous catalyst
and can be recycled and reused up to at least five
times without loss of activity. Its decreased activity
(TOF 6 h™') as compared to that of its homogeneous
counterpart (TOF 15h™") is quite acceptable for an
immobilized catalyst. The fact that in consecutive cat-
alysis runs the structure and integrity of both organo-
metallic moiety and the inorganic support persisted,
nicely meets the objective set to merge properties of
a homogeneous and a heterogeneous catalytic system
into one sustainable hybrid catalyst.

Experimental Section

General Comments

Solvents were dried over appropriate materials and distilled
prior to use. All reagents were obtained from commercial
sources and were used without further purification. All si-
loxane materials were stored under a nitrogen atmosphere.
Compounds 1 and 2 were synthesized using a previously re-
ported procedure.”” *C (75.5 MHz), ¥Si (59.6 MHz), and
3P (121.5 MHz) CP/MAS (cross-polarization/magic angle
spinning) NMR spectra of 3 and 4 were recorded on a
Varian Inova 300 spectrometer (spinning rate 6000 Hz, con-
tact time for *C 1.50 ms, for °Si 3.0 ms, and for *'P 2.5 ms;
number of transients for *C 6068, for °Si 11336, and for *'P

OEt 0 s
Pd oM
oG~y o { BN M (2)
0] H N 0
OH
PhS 0
MeO
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3840). BC (188.6 MHz), »Si (149.0 MHz), and *P
(303.7 MHz) CP/MAS NMR spectra of 5 were recorded on
a Bruker AV-750 spectrometer (spinning rate 12 kHz, con-
tact time for C 2.048 ms, for °Si 10.24 ms, and for *'P
2.048 ms; number of transients for *C 30916, for »’Si 23484,
and for *'P 3920). FT-IR and DRIFT spectra were recorded
using a Mattson Instruments Galaxy Series FTIR 5000 spec-
trometer with SPECAC diffuse-reflectance assembly or
Perkin—-Elmer Spectrum One FT-IR spectrometer with Uni-
versal ATR sampling accessory. Gas chromatographic analy-
ses were performed with a Perkin—Elmer Autosystem XL
GC using a 30 m, PE-17 capillary column with an FID de-
tector. Microanalyses were obtained from H. Kolbe Mikroa-
nalytisches Laboratorium, Miilheim an der Ruhr, Germany.
Nitrogen physisorption was carried out at 77 K using a Mi-
cromeritics Tristar 3000 apparatus. The samples were dried
in helium flow for 14 h at 393 K prior to analysis. The pore
size distribution, micro- and mesoporosity were derived
from the adsorption branch of the isotherm using an NL-
DFT model developed by Jaroniec et al. for ordered meso-
porous silica supports with cylindrical pore geometry.”) The
total pore volume was determined at p/p,=0.995, whereas
the mesopore surface area was calculated with the t-method
using a thickness range of 0.35-0.55 nm.*” Powder X-ray
diffraction (XRD) patterns of MCM-41 and hybrid material
derived from it (4) were obtained from 1.5 to 10° 20 with a
Philips PW1710 setup using Cu-Ka radiation. XRD patterns
of SBA-15 and hybrid materials derived from it (3 and 5)
have been recorded using a Bruker-Nonius D8 Advance X-
ray Diffractometer using Co-Ka, radiation. Electron micro-
scopy analysis was performed using a Tecnai 20 microscope
operating at 200 kV and equipped with an EDX detector.

Synthesis of MCM-41

MCM-41 was prepared according to a reported procedure.”!!
Degussa Aerosil380 was used as silica source and the molar
composition of the synthesis mixture was 1:0.27:0.19:40
(SiO,:CTABr:TEAOH:H,0).

Synthesis of SBA-15

SBA-15 was synthesized following a literature procedure.!
An 8¢ portion of EO,,PO;EQO,, (P123) was dissolved in
250 mL. demineralized water at 40°C. After the solution
became clear, 48 g of concentrated HCl were added fol-
lowed by addition of 21.5 mL of TEOS. Subsequently the
mixture was stirred for 20 h at 40°C after which it was trans-
ferred to an oven for further reaction at 80°C for 48 h. The
product was collected by filtration, dried in air for 12 h at
80°C, and calcined for 6 h at 540°C.

Grafting Procedure for Silica 3

In a typical procedure, 3 g of mesoporous silica (SBA-15)
were pretreated by heating at 100°C under vacuum for 2 h.
After being allowed to cool to room temperature, a solution
of 1 (0.28 mmol) in dry toluene (100 mL) was introduced.
The resulting mixture was stirred to form a suspension and
heated at 90°C for 20 h, after which the silica was allowed
to settle and the supernatant liquid was decanted. The silica
was washed twice with dry CH,Cl, (50 mL) and was subject-
ed to Soxhlet extraction using CH,Cl, for 16 h. Finally, it

2628 asc.wiley-vch.de

© 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

was dried under vacuum affording 3.2 g of solid 3. IR (KBr,
DRIFT): ¥=3065, 2982, 2939, 2902 (C—H, stretching); 1725
(C=0, stretching); 1514 (CHN group); 1438 cm ™' (N—H,
bending); CP/MAS “CNMR (75.5 MHz, 25°C): 6=38.62
(SiCH,), 16.68 (OCH,CH,), 29.4 (CH,), 40.27 (ArCH,P and
NHCH,), 58.61 (OCH,), 121.69, 129.15, 131.57, 132.8,
141.65, 153.94, 157.57 (ArC), 160.59 (C=0); CP/MAS
P NMR (121.5 MHz, 25°C): 6=36.01; CP/MAS *Si NMR
(59.6 MHz, 25°C): 6=-108.66, —101.34; anal. found: C
4.96, P 0.85, Pd 0.82 (molar ratio of P/Pd=2; found 3.6).

Grafting Procedure for Silica 4

Using 2 (15.2 mg, 0.021 mmol) and 0.5 g of MCM-41 gave
0.5 g of silica 4 in a similar procedure as for silica 3. IR
(KBr, DRIFT): ¥=2995, 2959, 2858 (C—H, stretching); 1726
(C=0, stretching); 1465 (N—H, bending), 1395 cm™'; CP/
MAS CNMR (75.5 MHz, 25°C): 6=8.01 (SiCH,), 17.18
(OCH,CHs;), 23.44 (CH,), 42.0 (NHCH,), 49.3 (ArCH,S),
59.73 (OCH,), 118.74, 127.29, 130.21, 132.63, 148.77, 152.11,
155.23, 162.95 (ArC), 165.45 (C=0); CP/MAS *Si NMR
(59.6 MHz, 25°C): 6 =—107.91, —99.64, —90.96; anal. found:
C 1.71, S 0.28, Pd 0.43; (molar ratio of S/Pd=2; found 2.17).

Synthesis of Silica 5

237 g of silica 3 was suspended in a mixture of hexane
(20 mL) and 1,1,1,3,3,3-hexamethyldisilazane (10 mL) and
stirred at ambient temperature for 20 h, after which the
silica was allowed to settle and the supernatant liquid was
decanted. The silica was washed twice with dry CH,Cl,
(50 mL) and dried under vacuum yielding 2.2 g of solid 5;
IR (KBr, DRIFT): ¥=3063, 2963, 2905 (C—H, stretching);
1756 (C=0, stretching); 1501 (CHN group); 1485, 1438 cm™"
(N—H, bending); CP/MAS *C NMR (188.64 MHz, 25°C):
0=-0.5 (SiCH,), 7.9 (SiCH,), 17.1 (OCH,CH3;), 22.6 (CH,),
432 (ArCH,P and NHCH,), 58.8 (OCH,), 117.5, 128.8,
132.6, 1451 (ArC), 1504 (C=0); CP/MAS *PNMR
(303.7MHz, 25°C): 06=302; CP/MAS ¥SiNMR
(149.0 MHz, 25°C): 6=-108.2, —59.4, —52.1, —45.5, 13.9;
anal. found: C 7.66, P 0.58, Pd 0.57 (molar ratio of P/Pd=2;
found 3.4).

Catalysis

The catalytic experiments were carried out using i-Pr,EtN
(Hunig’s base, 10 mol %) as a base, hybrid silica materials as
catalyst  (200-500 mg), and methyl isocyanoacetate
(1.6 mmol) and benzaldehyde (1.6 mmol) as reagents in
CH,CI, (5 mL) at room temperature. The reaction progress
was monitored by means of GC analysis using pentadecane
as internal standard. After each run, the complete reaction
mixture was centrifuged and the supernatant was separated.
The remainders were washed with CH,Cl, (2x20 mL) and
dried under vacuum. The obtained solid was used for the
next run.
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