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One-pot approach to Pd-loaded porous polymers
with properties tunable by the oxidation state of
the phosphorus coret

Xiaoyu Jiang,1® Wuxue Zhao,® Wei Wang,*® Fan Zhang,*” Xiaodong Zhuang,”
Sheng Han® and Xinliang Feng®

Two novel Pd-loaded heteroatom-linked microporous polymers PAd@N=P and Pd@N=P=0O were effec-
tively synthesized by one-pot Pd-catalyzed Heck coupling reactions of tris(4-vinylphenyl)amine with tris
(4-bromophenyl)phosphine and tris(4-bromophenyl)phosphine oxide, respectively. The Pd atoms loaded
into the networks of the resulting porous polymers originated from the Pd-catalyst used in the polymeriz-
ation, which was achieved under moderate reaction conditions. Besides the nitrogen atoms, the trivalent
phosphorus atoms bearing one lone pair of electrons and the pentavalent phosphorus atoms of the phos-
phoryl groups were used as the linkers for the formation of the frameworks of the porous polymers
Pd@N=P and Pd@N=P=0, respectively. The phosphorus atoms with different oxidation states in the
networks caused a dramatic variation in the physical and catalytic properties of the as-prepared porous
polymers. Pd@N=P and Pd@N=P=0 exhibit surface areas of 381 m? g~* and 684 m? g, respectively.
Both Pd-loaded porous polymers enable efficient Suzuki—Miyaura coupling reactions featuring short
reaction times and good yields, with the catalysts being highly stable and easy to recycle. The catalytic
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Introduction

During the past decades, carbon-carbon and carbon-hetero-
atom coupling reactions have made great progress in synthetic
organic chemistry. Among the varieties of coupling methods,
the Suzuki-Miyaura reaction is one of the most common and
efficient methods for the application of carbon-carbon bond
formation and it has been extensively investigated." However,
the practical application of these reactions on a large scale
remains a big challenge, typically due to the following three
reasons:>* (1) expensive catalysts with a requirement for a
large excess of ligands; (2) sensitivity of the catalytic systems to
air; (3) the difficult recovery of the product as well as the low
reusability and recycling of the catalysts. As one of the avail-
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activity of Pd@N=P=0 is higher than that of Pd@N=P.

able strategies of addressing these issues, researchers have
successfully combined Pd nanoparticles with various supports,
including porous silicon dioxide,* metal oxides,” carbon struc-
tures,® covalent organic frameworks (COFs)” and microporous
organic polymers (MOPs),® to develop heterogeneous catalysts.

Microporous organic polymers (MOPs), composed of C, H,
O, N and other main group elements, are a new class of
porous material with nano-scale porosity and they have
attracted tremendous attention due to their porous structures
associated with prominent physical properties and potential
applications, such as in light harvesting,” sensing,'® gas separ-
ation and storage,'™'? catalysis,®"® and energy storage and
conversion." According to different design strategies, MOPs
can be separated into the following four kinds: (1) conjugated
microporous polymers (CMPs);'*'® (2) hyper-cross-linked poly-
mers (HCPs);'”*® (3) covalent microporous organic frameworks
(COFs);***° (4) polymers of intrinsic microporosity (PIMs).>"*>
Conjugated microporous polymers (CMPs) represent one of
the fastest developing types of porous materials because of
their outstanding properties of good thermal and chemical
stability, high surface area and well-defined porosity.'® In par-
ticular, some CMPs which contain functional units such as
bipyridines,® metalloporphyrins,>*** and triazine rings®®*’
have been used to construct heterogeneous catalytic systems
by loading Pd nanoparticles onto the networks in one or two
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steps, which is much more effective and controllable than
those of traditional methods in the other porous supports.*$~°
Notably, phosphorus (P), as a light element with facile chemi-
cal modification, has been widely used for tuning the photo-
physical and electrochemical properties of functional
materials, such as, organic light-emitting diodes (OLEDs)*!
and electron transport materials (ETMs),*> and also construct-
ing various chelated ligands.?® Very recently, several P-contain-
ing porous polymers have been successfully achieved.***> In
these reports, the phosphorus atom acts as either a linker for
the formation of the cross-linked network, a functional moiety
to achieve phosphorescent emitters® or as a ligand of hetero-
geneous catalysts.”” The phosphorus atom, with different
valence states, has been used for tuning the luminescence pro-
perties of a functional material. However, as far as we know, it
has been used less for affecting the structural characteristics
of a porous material by changing the valence states of the het-
eroatoms (e.g. P) in the network. In this paper, we have suc-
cessfully developed an effective approach to synthesize two
novel Pd-loaded microporous polymers by a one-pot palla-
dium-catalyzed Heck cross-coupling reaction of tris(4-vinylphe-
nyl)amine with either tris(4-bromophenyl)phosphine or tris(4-
bromophenyl)phosphine oxide under mild experimental con-
ditions. This method of combining the palladium catalyst with
the in situ catalyzed polymerization, enables the confinement
of the nascent Pd particles in the polymer networks. The two
kinds of porous polymers exhibit remarkably different thermal
stabilities and porous structures. They exhibit high activities
for catalyzing Suzuki-Miyaura coupling reactions, even in
aerobic conditions, and they can be recycled and reused for at
least three cycles without significant deactivation. Their
porous structures also offer a steric influence for size-selec-
tively catalyzing substances with different molecular sizes. The
differences in the properties of the as-prepared polymers can
mainly be attributed to the phosphorus atoms with different
valance states in the networks.

Experimental section
Reagents and chemicals

Triphenylamine, 1,4-dibromobenzene, phosphorus oxychlor-
ide, methyl phosphonium iodide, NaH, and n-butyllithium
were purchased from Aladdin and Aldrich. All solvents were
dried before use. N,N-Dimethylformamide (DMF) was dried
with CaH, and then distilled under reduced pressure before
use. Tetrahydrofuran (THF) was refluxed with sodium. All air-
sensitive reactions were carried out in a nitrogen atmosphere
and performed with Schlenk techniques. The key building
blocks of tris(4-bromophenyl)phosphine,*' tris(4-formylphe-
nyl)amine,*® tris(4-vinylphenyl)amine,*® and tris(4-bromophe-
nyl)phosphine oxide® were synthesized by modified protocols
of the previous reports.

The Pd-loaded porous polymers were prepared via a typical
Pd-catalyzed Heck cross-coupling polymerization.
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Synthesis of the porous polymer PdA@N=P

Tris(4-vinylphenyl)amine (126.0 mg, 0.39 mmol), tris(4-bromo-
phenyl)phosphine (193.4 mg, 0.39 mmol), and K,CO;
(357.2 mg, 2.73 mmol) were used in a mixture of anhydrous
DMF (10 mL). The reaction mixture was treated three times by
freezing and thawing, and then tetrakis(triphenylphosphine)
palladium(0) (16.5 mg, 0.015 mmol) was added. The combined
mixture was treated two times by freezing and thawing again,
and then it was heated up and stirred at 120 °C for 72 h under
a nitrogen atmosphere. After the reaction mixture was cooled
to room temperature, the resulting precipitate was filtered and
collected to afford the crude product which had a yellow colour.
According to a typical workup for a porous polymer, the crude
product was sequently washed with water, chloroform, metha-
nol, and acetone several times and then treated by Soxhlet
extraction with THF for 24 h and dried under vacuum at 80 °C
for 4 h to give PA@N=P as a yellow solid (145 mg, 83%).

Synthesis of the porous polymer PdA@N=P=0

Using the reactants tris(4-vinylphenyl)amine (126.0 mg,
0.39 mmol), tris(4-bromophenyl)phosphine oxide (199.6 mg,
0.39 mmol), K,CO; (357.2 mg, 2.73 mmol) and tetrakis(tri-
phenylphosphine)palladium(0) (16.5 mg, 0.015 mmol) in 10 mL
of DMF, a similar procedure as mentioned above was performed
to give PA@N=—P=0O0 as a yellow solid (156 mg, 88%).

Catalytic properties of the as-prepared porous polymers

As an example, a typical procedure is presented: to a reaction
tube boronic acid (1.2 mmol, 1.2 equiv.), potassium carbonate
(276.0 mg, 2 mmol, and 2.0 equiv.), aryl bromide or aryl chlor-
ide (1.0 mmol, 1.0 equiv.), PA@N=P (0.1 mol% Pd based on
arylbromide), ethanol (6 mL) and water (2 mL) were added and
then tube was sealed with a Teflon screw cap. All these
additions were done in air, and the reaction system did not
undergo any extra treatment, such as degassing. The reaction
mixture was stirred in a preheated oil bath (70 °C). The reac-
tion progress was monitored by TLC analysis. After cooling
down to room temperature, the product was extracted into
dichloromethane and washed with water to remove any potass-
ium carbonate. Further purification was done via column
chromatography over silica gel to afford the desired cross-
coupling products. In recycling tests, the catalyst was simply
washed with dichloromethane, water, and ethanol and then
dried, it was then used again directly after each cycle.

Characterization

Fourier transform infrared (FTIR) spectra were recorded with a
Spectrum 100 spectrometer (Perkin Elmer, Spectrum 100).
X-ray powder diffraction patterns were recorded with a trans-
mission geometry using a Rigaku X-ray diffractometer with
Cu-Ka irradiation (4 = 0.15406 nm) at 40 kV, 20 mA over the 26
range from 5 to 60°. Thermogravimetric analysis (TGA) was
measured by a TAQ5000IR with a heating rate of 20 °C min™"
under flowing N,. X-ray photoelectron spectroscopy (XPS)

This journal is © The Royal Society of Chemistry 2015
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experiments were carried out on an AXIS Ultra DLD system
from Kratos with Al Ka radiation as the X-ray source for the
radiation. Solid-state '*C CPMAS NMR was conducted on a
Bruker AVANCE III 300 Spectrometer. Samples were spun at
5 kHz in 4 mm zirconium rotor within a MAS probe. An acqui-
sition time of 20 ms, a contact time of 1 ms and a 6.5 ps pre-
scan delay were used. The recycle time was 2 s to obtain fully
relaxed spectra. Chemical shifts were externally referenced to
adamantane at 38.48 ppm. Elemental analysis was carried out
using inductively coupled plasma emission spectrometer (ICP)
analyses on an iCAP 6000 Radial. The fluorescence spectroscopy
emission spectra were obtained with a FluoroMax-4 spectropho-
tometer. SEM measurements were performed on a FEI Sirion-
200 field emission scanning electron microscope. Transmission
electron microscopy (TEM) characterizations were conducted
using a JEM-2100 (JEOL Ltd, Japan) with an accelerating voltage
of 200 KV. Nitrogen sorption isotherm measurements were per-
formed on a Micromeritics ASAP 2010 surface area and pore
size analyzer at 77 K. Prior to the measurement, the samples
were degassed in a vacuum at 200 °C for 12 h.

Results and discussion

The synthetic routes are shown in Scheme 1. Tris(4-vinylphe-
nyl)amine was polymerized with either tris(4-bromophenyl)-
phosphine or tris(4-bromophenyl)phosphine oxide using a
typical Pd-catalyzed Heck cross-coupling reaction to form a
yellow coloured precipitate, which was washed with water,
chloroform, methanol, and acetone and further purified with
THF to afford the porous polymers PA@N=P (yield: 83%) and
Pd@N=P=0O0, (yield: 88%), respectively. The components of
the resulting porous polymer samples were analyzed by induc-
tively coupled plasma (ICP) analysis, showing the presence of
the Pd element in the networks, with a content of 1.0 wt% and
0.89 wt% for PdA@N=—P and Pd@N=P=0O0, respectively. The as-
prepared polymer samples were almost insoluble in common
organic solvents, e.g. toluene, tetrahydrofuran, dimethyl-
formamide, dichloromethane, methanol, acetone etc.

Q

Scheme 1 Synthetic procedure for the porous polymers Pd@N=P and
Pd@N=P=0 where (a) is K,COs3, Pd(PPhs);, DMF, 120 °C, and 72 h (@®:
porous framework; ¢ : Pd particle).
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The chemical structures of the polymers were confirmed by
13C solid-state and *'P solid-state nuclear magnetic resonance
(NMR) spectroscopy. In the solid-state *C CP/MAS NMR
spectra (Fig. 1a), the resonance of the terminal vinyl carbon
atom of the tris(4-vinylphenyl)amine monomer at about
114 ppm was not detected for PdA@N=P or PdA@N=P=0. The
peak at approximately 148.0 ppm was attributed to the qua-
ternary N-C,, sites for both porous polymers.*® Two signals at
approximately 130.0 ppm and 147 ppm for the two polymers
corresponded to the carbon atoms of the ethylene
Car-CH=CH-C,, units and the C,~P sites, respectively.’ In
the solid-state *'P CP/MAS NMR spectra (Fig. 1b), for
Pd@N=P=0, a signal at 28.5 ppm arose from the -P=0O
moiety. While, in the case of PA@N=P, two signals at about
25.3 ppm and —7.0 ppm were observed, corresponding to qua-
ternary phosphonium and tertiary phosphine atoms, respect-
ively.*>** These results indicate that a high degree of
polymerization has been achieved by using the Pd-catalyzed
Heck cross-coupling reaction.

For comparison, the Fourier transform infrared (FTIR)
spectra  of  tris(4-vinylphenyl)amine, @Pd@N=P and
Pd@N=P=0 were collected and are shown in Fig. 2a. The
characteristic mono-substituted terminal C=C vibration peak
appears at about 910 cm™" for the tris(4-vinylphenyl)amine.’
While for PdA@N=P and Pd@N=P=0, the peak at about
910 cm™" disappeared, and a low-intensity peak at around
962 cm™* was observed, which is the characteristic vibration
peak of the bis-substituted C=C, indicating the complete con-
sumption of the tris(4-vinylphenyl)amine monomer after the
Heck cross-coupling reaction. The structures and thermal
stabilities of the polymers were examined using X-ray diffrac-
tion (XRD) and thermogravimetric analysis, respectively. The
XRD of Pd@N=P and Pd@N=—P=—O indicates amorphous
morphologies, which are typical for porous polymers formed
through metal-catalyzed coupling reactions (Fig. 2b). Thermo-
gravimetric analysis (TGA) (Fig. 2c) under a nitrogen atmos-
phere disclosed that both Pd@N=P and Pd@N=P=0 exhibit
a high thermal stability with only a 5% weight loss at 400 and
550 °C, respectively, which is the same as the previously
reported P-containing porous polymers.’” The good thermal
stabilities for these types of porous polymers could be reason-
ably assigned to their conjugated aromatic frameworks. The

300250200;5(0100500-50

120100 80 60 40 20 O -20 -40 -60
ppm) 5 (ppm)

Fig. 1 (a) *C CP-MAS NMR spectra of the Pd@N=P and Pd@N=P=0.

(b) 3'P CP-MAS NMR spectra of the Pd@N=P and Pd@N=P=0 (* attri-
buted to side bands*3).

Polym. Chem., 2015, 6, 6351-6357 | 6353


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c5py00576k

Open Access Article. Published on 14 July 2015. Downloaded on 8/27/2025 11:07:03 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

o
c

(€)1001

962 ——Pd@N=P=0 87.8%|
: —ran-r —ragero
s S -

10 15 20 25 30 35 4
2Theta(degree)

Intensity(a.u)
Weight (%)
3 8

Transmittance (%)
8

tris(d-vinylphenyl)amine

8

3000 2500 2000 1500, 1000
W: 1

favenumber (cm™) 100 200 300 400 500 600 700 80

Temperature ()

Fig. 2 Characterization of Pd@N=P and Pd@N=P=O0: (a) FTIR spectra
compared with tris(4-vinylphenyl)amine; (b) XRD patterns and (c) TGA
curves.

elemental components of the Pd@N=P and Pd@N=P=0
samples were further examined by mapping. Of note, the

elemental mapping images show uniform distributions of
carbon, phosphorus, and palladium elements in the network of

Pd@N=P (Fig. 3 and S2}) and Pd@N=P=O0 (Fig. S3 and S4t).
The porous structures of PA@N=P and Pd@N=—P=—O0 were
measured by nitrogen adsorption-desorption isotherm
measurements at 77 K (Fig. 4a). The nitrogen adsorption and
desorption isotherms revealed that both porous polymers
exhibit type II isotherms according to the IUPAC classification.
Pd@N=P possesses a much lower surface area (Brunauer—
Emmett-Teller (BET) value: 381 m* g~'; Langmuir surface
area: 481 m”> g~') and a smaller total pore volume (0.239 cm®
¢! than PA@N=P=0 (BET value: 684 m”> g~'; Langmuir

Fig. 3 (a) Typical scanning electron microscopy (SEM) image of
Pd@N=P and the corresponding elemental mapping images of (b)
carbon, (c) phosphorus, and (d) palladium in the selected area.
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Fig. 4 (a) Nitrogen adsorption—desorption analysis of the porous poly-
mers; (b) pore size distribution of the porous polymers.
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surface area: 702 m” g~'; total pore volume: 0.342 cm® g™').
The pore size distributions of Pd@N=P and Pd@N=—P=0
were calculated using nonlocal density functional theory
(NLDFT). As shown in Fig. 4b, the pore size distribution of
Pd@N=P mainly appears at 0.98 nm and, approximately, at
0.52 nm. Besides the peak at ~0.91 nm, remarkably intensive
peaks were also recorded at 0.45 nm and 1.67 nm for
Pd@N=P=0. These compare with most of the reported
CMPs, COFs, and MOFs which have small pores of less than
2 nm. The phosphorus(u) linker, bearing one lone pair of elec-
trons, projects toward the trigonal pyramid structure, and thus
likely endows the network of Pd@N=P with less rigidity.
Meanwhile, the phosphorus(v) atom of the phosphoryl group
in the network of PdA@N=P=O0 adopts a tetrahedral geometri-
cal structure with an increased rigidity, which would be favor-
able for the formation of a much more spacious scaffold.**°
On the other hand, in comparison with the building block tris-
(4-bromophenyl)phosphine,  tris(4-bromophenyl)phosphine
oxide, with a stronger electron-withdrawing phosphoryl group,
offers an enhanced polarity.** These structural and electronic
characteristics of the building blocks might benefit an
increased degree of polymerization for PdA@N=P=O0. Hence, a
much better thermal stability and a pronounced increase in
the surface area and pore size were achieved for PA@N=P=—0
in comparison to those of Pd@N=P. Moreover, the mor-
phologies and microstructures of PA@N=P and PdA@N=P=0
were investigated by transmission electron microscopy (TEM)
(Fig. 5). The alternating areas of light and dark contrast in the
TEM images revealed their disordered porous structural
natures.

In order to gain insight into the structural information, in
particular the state of the palladium element in the networks
of these polymers, X-ray photoelectron spectroscopy (XPS)
measurements were performed. They revealed two broad peaks
at 336.8 eV and 342.1 eV, as displayed in Fig. S4,f suggesting
the existence of both Pd(0) and Pd(u) in Pd@N=P and
Pd@N=P=0." On the basis of XPS analysis, the content of
the Pd element in both of porous polymers can be evaluated
as 1.10 wt% and 0.97 wt% for PA@N=P and Pd@N=P=0,
respectively, which are consistent with those values from the
aforementioned ICP analysis.

Pd-based catalysts have been extensively used in homo-
geneous systems for the formation of carbon-carbon or
carbon-heteroatom bonds.***” Owing to Pd being a high-cost,

Fig. 5 TEM images of (a) Pd@N=P and (b) Pd@N=P=0.

This journal is © The Royal Society of Chemistry 2015


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c5py00576k

Open Access Article. Published on 14 July 2015. Downloaded on 8/27/2025 11:07:03 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Polymer Chemistry

scarce resource, the development of reusable and recyclable Pd
catalysts, for example, for heterogeneous Pd-based catalysis, is
desirable when taking environmental, economic and safety
factors into account. In this respect, Pd@N=P and
Pd@N=P=0O were examined as catalysts for the Suzuki-
Miyaura coupling reaction. All reactions were directly per-
formed under aerobic conditions (in water/EtOH, with a base
of K,CO; at 70 °C, without the addition of extra ligands and
degassing treatment of the reaction system, and exposed to
air). As an example, with only 0.1 mol% of the PA@N=P cata-
lyst (the content is calculated relative to the aryl bromides), the
coupling reaction of phenylboronic acid with substituted aryl
bromides can smoothly occur in air, affording coupling pro-
ducts in a nearly quantitative yield within a very short time
after a simple workup procedure (entries 1-3 in Table 1) (for
the experimental details, see the Experimental section). It only
took 1.5 hours for most of the reactions to achieve the coup-
ling products in good yields, making such kinds of Pd-loaded
porous polymers among the most effective catalysts for Suzuki
cross-couplings.®® The superior catalytic performance of
Pd@N=P is presumably due to the triarylphosphine units in
the microporous structure, which might provide effective
binding sites for Pd atoms, and the adsorption of the reactants
into the porous channels by capillary condensation of the
micropores, which is where the catalytic sites are located. As a
comparison, Pd(PPh;), (1.3 mg, equal to the amount of the Pd
in 10 mg of the PA@N=P above) was seen to catalyze the reac-
tion of phenyl bromide and phenylboronic acid under the
same reaction conditions without the addition of extra
ligands, affording the cross-coupling product in a yield of only
55.4%. This result might be attributed to the deactivation of
the traditional catalyst [Pd(PPhj;),], as a reduced amount of the

Table 1 Suzuki—-Miyaura coupling reactions using Pd@N=P and

Pd@N=P=0?

— HQ —

X=Br/CI
Entry R Catalyst Yield (%)
1 H Pd@N=P/Pd@N=P=0 99.2/99.5
2 H Pd@N=P/Pd@N=P=0 99.0/99.3
3 H Pd@N=P/Pd@N=P=0 98.6/99.0
4 0-CH, Pd@N=P/Pd@N=P=0 60.3/65.3
5 m-CHs Pd@N=P/Pd@N=P=0 71.575.5
6 p-CH, Pd@N=P/Pd@N=P=0 80.4/89.2
7 p-CH,CH, Pd@N=P/Pd@N=P=0 53.2/55.6
8 p-CH,CH,CH, Pd@N=P/Pd@N=P=0 18.9/20.7
9 p-OCH, Pd@N=P/Pd@N=P=0 97.0/98.0
10 o-F Pd@N=P/Pd@N=P=0 80.5/82.5
11 m-F Pd@N=P/Pd@N=P=0 69.7/72.5
12 pF Pd@N=—P/Pd@N—P=—0 85.0/86.0
13 p-CHO Pd@N=P/Pd@N=P=0 11.0/14.0
14 H/X=Cl Pd@N=P/Pd@N=P=0 35.5/33.8
15 H Pd(PPh,), 55.2

“Reaction conditions: 1 mmol aryl bromide, 1.5 mmol arylboronic
acid, 2 mmol K,COj3, 10 mg catalyst, and H,O/EtOH (1:3 v/v) at 70 °C
for 1-2 h.
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assistant ligand was used, which seems to be avoided in the
heterogeneous catalytic system of the as-prepared Pd-loaded
porous polymer. Such a phenomenon was also observed in the
other phosphorus-containing porous polymers for catalyzing
hydroformylations, which were just reported during the prepa-
ration of our manuscript.”* On the other hand, the catalytic
properties of the as-prepared porous polymers highly depend
on the porous structures, which were elucidated by their cata-
Iytic behaviors after using varying substrates. Taking PA@N=—P
as the catalyst under similar reaction conditions as those afore-
mentioned, the different substrates p-methyl-bromobenzene,
p-ethyl-bromobenzene and p-propyl-bromophenyl were reacted
with phenylboronic acid, affording the coupling products
p-methylbiphenyl, p-ethylbiphenyl and p-propylbiphenyl in
yields of 80.4%, 55.2% and 18.9%, respectively (entries 6-8,
Table 1). Obviously, increasing the size of the substituent
group in the p-position of the substrate directly led to a
decline in the yield of the corresponding cross-coupling
product as a consequence of the steric effect of the porous
structure of PA@N=P. Further, using a phenyl derivative with
the substituent group at the m- or o-position as the substrate
also resulted in remarkably different yields (entries 4 and 5,
Table 1), verifying the spacial effect of the porous network of
the as-prepared polymers on the catalytic behaviors.
Pd@N=P=0, with a larger average pore size than PA@N=P,
exhibits higher catalytic activities, indicating the space-con-
finement effect of the porous structure on the reactants.
Additionally, the coupling of phenylboronic acid with chloro-
benzene only gave a 35.5% yield (entry 14, Table 1), probably
due to the sluggish activity of the aryl chloride with respect to
that of the aryl bromide under the experimental conditions,
which might be improved by optimizing the reaction con-
ditions or performance under an inert atmosphere. In the case
of using 4-methoxy-bromobenzene and phenylboronic acid as
substrates, the yield of the coupling product is still very high
(98%, entry 9, Table 1). However, the coupling reaction
between p-bromobenzaldehyde and phenylboronic acid only
gave the coupling product with a poor yield of 11%. The
reason can probably be attributed to the deactivation of the Pd
atoms by the strong polar substrates in the polymer matrix.

The recyclability and reusability of these porous polymers
were examined by using phenyl bromide and phenylboronic
acid as substrates. The results demonstrated that the yields of
the cross-coupling products remained at more than 98% after
three continuous runs, and the catalyst could be readily recov-
ered by a simple treatment after each cycle and directly reused
in the next run, indicating that such kinds of Pd-loaded
porous polymers represent efficient and economic catalytic
systems.

To consider if the amount of Pd(PPh;), used in the
polymerization would have a significant effect on the content
of the Pd element in the networks and the porosities of the
resulting porous polymers, we also examined the polymeri-
zation of tris(4-vinylphenyl)amine with tris(4-bromophenyl)-
phosphine under 1% mmol and 8% mmol of the Pd(PPh;),
catalyst, comparing with that of 4% mmol of Pd(PPh;),. The
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loading amount of Pd in the resulting polymer samples, con-
firmed by the inductively coupled plasma (ICP) analysis, was
0.64 wt%, 1.0 wt% and 4.67 wt% with respect to the usage of
1% mmol, 4% mmol and 8% mmol of the Pd(PPh;), catalyst
for the polymerization. The yields of the porous polymers are
also increased when a greater amount of the Pd catalyst was
used, which was likely due to the enhancement of the degree
of the polymerization. Accordingly, the porous structures of
the resulting porous polymers also varied, and the polymer
product with the largest surface area was found in the case of
4% mmol of Pd(PPh;),. These results indicate that the amount
of the Pd(PPh;), catalyst used for the polymerization has a sig-
nificant effect on the characters of the resulting polymers,
including the content of Pd element loaded into the networks
(Fig. S5 and Table S17).

Conclusions

In summary, the Pd-loaded microporous polymers Pd@N=P
and PdA@N=P=O0, with P(m) atoms bearing one lone pair of
electrons and the P(v) atoms of the phorsphoryl groups as
linkers in the networks, respectively, were effectively syn-
thesized by one-pot Pd-catalyzed Heck coupling reactions. The
Pd-catalyst used for the in situ polymerization of the two
porous polymers serves as the source of Pd atom which is uni-
formly embedded in the network of these polymers.
Pd@N=P=O0 exhibits a much higher thermal stability, larger
surface area and pore size than Pd@N=P. These polymers
enable the effective catalysis of the Suzuki cross-coupling reac-
tion under aerobic conditions. The activities of the as-prepared
porous polymers exhibit pronounced size-selection properties,
confined by the spacial effects of the porous structures of the
networks. They showed excellent catalyst recyclability and re-
usability. The catalytic activity of PdA@N=P=0 is much higher
than that of Pd@N=P. The phosphorus linkers with different
valence states in the networks play a crucial role in the
different structures and properties of the two porous polymers,
which will be explored for building new material systems appli-
cable for transforming organic substrates to much more
complex structures with a wide scope.
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