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Abstract—Pd(I1) complexes with N-ligands were synthesized and tested for Suzuki coupling reaction. These complexes were also
heterogenized on silica. The resulting site-isolated catalysts showed a high catalytic activity. The most stable complex was supported
N-(propyl)ethylenediamine, which did not display any notable leaching. The effects of reaction conditions and the nature of the
boronic acid derivative on the conversion of the starting compounds were studied.
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Palladium(II) complexes with nitrogen-containing
ligands are well-known catalysts for Suzuki coupling
reactions, which are of increasing importance for the
formation of C—C bonds.! We recently used Suzuki cou-
plings for the synthesis of bis-indenyl ligands for a chiral
titanocene catalyst.> Homogeneous Pd complexes pos-
sess high activity for this reaction; however, their disad-
vantage is that they are hard to remove and recycle,
leading to a contamination of products with the catalyst.
Thus, heterogenization of the catalysts is a logical step
to avoid these problems, as it allows for easy removal
from the reaction mixture. However, inorganic hetero-
geneous Pd catalysts show low stability due to leaching
of Pd from the surfaces.® In fact, in detailed studies it
was shown that in most cases, the leached homogeneous
Pd species is responsible for the catalytic activity.* A
promising strategy to obtain stable heterogeneous cata-
lysts is the synthesis of organic/inorganic hybrid materi-
als, containing Pd complexes with an organic ligand
anchored covalently on the support. This support may
be an organic polymer or an inorganic oxide (e.g.,
silica).> When these catalysts are immobilized on a cata-
lytically active material (e.g., zeolites), bifunctional
catalysts may be obtained, where active sites of one kind
are located in the zeolite pores and the Pd moieties on
the external surface.®
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Scheme 1. Synthesis of three different Pd(II)-complexes.

In this study, three ligands containing functional groups
for their immobilization were chosen, that is, N-[3-(tri-
methoxysilyl)propyl]-ethylenediamine (1), 2-(2'-pyridyl)-
ethyltrimethoxysilane (2), and 3-aminopropyltrimethoxy-
silane (3). Their Pd(II) complexes were prepared by
the reaction of [PdCl,(PhCN),] with the corresponding
ligand (Scheme 1) under reflux with i-PrOH.” All three
ligand-Pd complexes were not reported before for use
as Suzuki coupling catalysts.

In order to obtain a heterogeneous catalyst, the ligands
were first immobilized on the silica surface in toluene
(Scheme 2) and then metalated with [PdCl,(PhCN),].8
This strategy was chosen due to the very low solubility
of two of the resulting complexes (i.e., 4 and 6) in most
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(L) = (CH2)3NH(CH2):NH; (7), (CH2):Py (8), (CH2);NH; (9)

= (CH,)3;NH(CH,),NH,-PdCl, (10), (CH,),Py-PdCl, (11),
(CH,);NH,-PdCl, (12)

Scheme 2. Preparation of supported Pd(II)-complexes.

Table 1. Composition of immobilized catalysts'®

Ligand Loading (mmol/g) Surface density
(molecules/nm?)

Ligand Pd(1I) Ligand Pd(1I)
1 1.40 1.38 2.52 2.48
1.20 0.99 2.16 1.78
3 1.19 0.93 2.14 1.68

solvents, which made it very difficult to immobilize
them. As can be seen from Table 1, the loading of the
ligands in all cases was similar (somewhat larger in the
case of 4). Assuming the surface area of silica to be
330 m?/g and the estimated number of silanol groups
on the surface to be 4.9 + 0.8 molecules/nm?° we con-
clude that most of the silanol groups were replaced by
the ligand molecules.

The yields of the surface complexes of Pd(II) were
between 78% and 98% (the highest loading of Pd was
found for complex 10). Considering the density of the
ligand coverage (an average distance between their mole-
cules is 0.8-0.9 nm), it is evident that the Pd atoms in the
surface complexes 11-12 are bound to only one ligand
molecule. This distance excludes influence of neighbor-
ing catalyst molecules on the active site.

Immobilization of Pd(II) was confirmed by IR studies of
the samples. Spectra of the parent ligands contain strong
bands related to the stretching vibrations of Si-O-C
bonds at 1189 (asymmetric) and 771-807 (symmetric,
doublets) cm~!. In addition, the spectrum of ligand 2
contains a strong band at 789 cm ! related to the vibra-
tions of the pyridine ring, and medium doublets at 1434—
1473 (overlapping of CH, bending and scissoring, and
Py stretchmg vibrations) and 1568-1591 (Py stretching)
cm™

Formation of the complexes resulted in some changes in
the IR spectra. In 4, the band of CH, bending and scis-
soring vibrations shifted insignificantly (from 1459 to
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Figure 1. IR spectra of immobilized ligands 7-8 and Pd-complexes 10—
11.

1457 cm™'). In contrast to 4, the correspondmg doublet
in the spectra of 5 shifted to 1448-1483 cm™ . Band of
the Py stretching vibrations shifted to 1568 1604 em .
In addition, a new band at 770 cm~' appeared.

After immobilization of 1 and 3 on the surface, the band
771-807 disappeared due to replacement of the Si-O-C
bonds onto Si-O-Si with a band at 797 cm ™' (Fig. 1).
Only a weak shoulder can be seen that corresponds to
a small number of remaining methoxy groups. For
immobilized 2, the band of the pyrldlne ring vibrations
was observed, but shifted to 743 cm™ . The bands at
1434 1473 cm_1 shifted 1n51gn1ﬁcantly (1434-1477
cm ™! in the immobilized ligand 8 and 1437-1478 cm™!
in the 1mm0blhzed complex 11), but the bands at
1568 1591 cm ™! changed their position to 1576-1598

1'(8) and 15691608 cm ' (11), which is an evidence
of complexation with Pd. For 9 and 12, these bands
appeared too weak to be detected.

Br R

R—B(OH), + I
COOH COOH

Tests of catalysts 4-6 for the Suzuki coupling reaction in
an isopropanol/water solution showed that the com-
plexes with monodentate ligands 5-6 have a higher
activity, while the complex with the bidentate ligand 4
appeared less active (Table 2). The activity of the immo-
bilized version (catalyst 10) was found significantly high-
er, which can be attributed to the effect of ‘site isolation’,
that is, the absence of interactions between catalyst mole-
cules,'? which is followed by a decomposition of the
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Catalyst R Solvent Base T (°C) Conversion, % (time, h)
4 Phenyl IPA/H,0 (1:9) Cs,CO; 80 1.9 (2), 16.6 (19)
4 Phenyl DMA/H,0 (1:9) Cs,CO; 90 1.5 (2), 18.6 (19)
5 Phenyl IPA/H,0 (1:9) Cs,CO; 80 100 (2)

6 Phenyl IPA/H,0 (1:9) Cs,CO; 80 90.4 (2)

10 Phenyl IPA/H,0 (1:9) Cs,CO; 80 80.1 (2), 99.9 (16)
11 Phenyl IPA/H,O0 (1:9) Cs,CO; 80 100 (2)

12 Phenyl IPA/H,0 (1:9) Cs,CO; 80 93.6 (2)

13 Phenyl IPA/H,0 (1:9) Cs,CO; 80 20.7 (2), 99.8 (16)
13 Phenyl Toluene Et;N 90 4.3 (2), 8.9 (22)
13 Phenyl DMA/H,0 (1:9) Cs,CO; 90 23.1(2)

13 Phenyl DMA/H,0 (1:9) Na,CO;3 90 55.5(2), 99.7 (22)
10 Phenyl Dioxane Et;N 80 2.0 (22)

10 Phenyl Toluene Et;N 90 18.2 (2)

10 Phenyl DMA/H,0 (1:9) Cs,CO; 90 89.6 (2), 97.7 (22)
10 Phenyl DMA/H,0 (1:9) Na,CO; 90 98.3 (2), 100 (22)
10 Phenyl DMA/H,0 (1:9) K,COs3 90 85.5(2), 99.8 (22)
10 Phenyl DMA/H,0 (1:9) Et;N 90 28.3(2), 94.6 (22)
10° Phenyl DMA/H,0 (1:9) Na,COs 90 100 (1)

10° Phenyl DMA/H,0 (5:6) Na,CO; 90 81.8 (2), 100 (22)
10 3-Hydroxyphenyl DMA/H,0 (1:9) Na,COs3 90 89.7 (2), 99.8 (22)
10 3-(Hydroxymethyl)phenyl DMA/H,0 (1:9) Na,CO; 90 97.6 (2), 100 (22)
10 4-(Hydroxymethyl)phenyl DMA/H,0 (1:9) Na,CO; 90 97.3 (2)

10 3-Carboxyphenyl DMA/H,0 (1:9) Na,CO; 90 89.1 (2)

10 4-Carboxyphenyl DMA/H,0 (1:9) Na,COs3 90 100 (2)

10 4-Formylphenyl DMA/H,0 (1:9) Na,CO; 90 46.1 (2), 57.1 (22)
10 3-Thienyl DMA/H,0 (1:9) Na,COj3 90 2.0 (2)

10 Vinyl® DMA/H,0 (2:9) Na,CO; 90 22.3(2), 49.8 (22)

#With 4-iodobenzoic acid.
® With 4-iodoanisole.
¢ Dibutyl ester.

complex and formation of less active Pd nanoclusters.'?
The significantly higher activity of the immobilized cat-
alyst proved that heterogeneous and not homogeneous
Pd contributed to its activity. The catalysts 11-12 dis-
played a higher activity as well, however a filtration
test'* indicated some leaching for them to occur (in con-
trast to catalyst 10, where the filtration test indicated no
detectable leaching). The concentration of homogeneous
Pd after reaction with catalyst 10 as determined by IPC
was found to be below reliable detection limits, while for
catalyst 11 it reached 3 ppm.

After reduction of Pd(II) in the catalyst 10 to Pd(0),'?
the activity of 13 was lower, and leaching of Pd was
detected. Thus, the stability of the Pd(II) complex
appeared higher than that of the Pd(0) complex. For
this reason, we continued to work with catalyst 10
only.

Effect of the solvent on the activity of 10 was studied
with different solvent systems. The highest conversion
of phenylboronic acid was found using a DMA/water
mixture. In contrast to the data reported by LeBlond
et al., high water content in this mixture did not lead
to the homocoupling of phenylboronic acid.'® The con-
version in i-PrOH/water mixture was somewhat lower,
but higher than in toluene. Surprisingly, a very low cat-
alytic activity was seen in dioxane, while no reaction
occurred in DMA and THF. In contrast to a mixture
of i-PrOH/water, some insignificant leaching of Pd was
detected in DMA/water.

Comparison of different bases indicated that Na,COs is
the most favorable one. It seems that the nature of the
optimal base is unique for each catalyst and that no gen-
eral dependence exists (Artok and Bulut!” and Wesk-
amp et al.'® reported better performance of Cs,COj5 in
comparison to Na,COs, while Phan et al.>® found a
reverse dependence. However, they found a much higher
activity in the presence of TEA). This difference in the
activating effect of the base is caused by the formation
of a transition complex with Pd, which depends on its
coordination sphere.

The activity of 10 was also studied for the conversion of
different substituted boronic acids. In order to elucidate
the effect of the substituent in the aromatic ring, we
tested the catalyst for the coupling of phenylboronic
acids with hydroxy, hydroxymethyl, and carboxy groups
in 3- and 4-positions. The position of a CH,OH group in
the ring did not affect the conversion. For an electron-
withdrawing COOH substituent, the reactivity of (4-
carboxyphenyl)boronic acid was higher (Table 2). In
the case of an electron-releasing OH group, a high con-
version was observed for the 3-substituted ring, while no
cross-coupling product was detected for (4-aminophen-
yl)boronic acid pinacoline ester and (4-hydroxyphen-
yl)boronic acid (not shown in Table 2). Non-identified
peaks in the HPLC chromatograms of the reaction mix-
tures for these cases probably belong to products of
homocoupling of boronic acid and its deboronation,
while (4-bromophenyl)acetic acid remained uncon-
sumed. Earlier, Lei and Zhang reported much higher
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ability of (4-methoxyphenyl)boronic acid to homocou-
pling in comparison with non-substituted substrate even
in non-aqueous solution.!” The possibility of deborona-
tion of arylboronic acids with an electron-donor group
in the benzene ring under mild conditions was men-
tioned by Lapert?® and Lange,?! and the promoting
effect of silica for this pathway was reported by Schilling
and Kaufmann.??> We assume that the OH group in the
4-position favored these side-reactions.

The conversion of other boronic acids was low as well.
As reported earlier, the low conversion of (4-formylphen-
yl)boronic acid did not depend on the experimental
conditions.?* Only an insignificant conversion of 3-thi-
enylboronic acid was detected. Surprisingly, no reaction
occurred with (4-vinylphenyl)boronic acid. Recently, we
found that for most catalysts (except Pd(PPhs),), (4-
vinylphenyl)boronic acid does not react with arylbro-
mides in the presence of water, while its conversion in
non-aqueous solvent systems remains low.?* As to the
non-aromatic boronic acids, vinylboronic acid dibutyl
ester yielded moderate conversions, while cis-1-propen-
ylboronic acid did not react. (Reactions with 0% yield
are not shown in Table 2.)

The conversion of iodo-substituted aromatic com-
pounds was much higher than the bromo-substituted
ones. In the case of 4-iodobenzoic acid, the reaction
was completed within 1 h. For the reaction with 4-iodo-
anisole, we used a solvent system with lower water con-
tent in order to provide a sufficient solubility of all
reactants.

In summary, immobilized dichloro(/N-(3'-trimethoxysil-
yl)propyl-1,2-ethanediamine-N,N’)-Pd showed a high
activity for Suzuki coupling reactions, which makes it
a useful system for biaryl compound synthesis. Most
importantly, leaching appeared negligible. Future work
will be devoted to the understanding of leaching in
different solvent systems and to the use for other
reactions.
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