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1. Introduction

Carbon-carbon bond forming reactions catalyzed by Pd
species, such as the Suzuki, Heck and Sonogashira couplings,
have been extremely important in the synthesis of pharmaceu-
ticals and functionalized materials for some time now [1-8]. To
promote these couplings, a wide range of homogeneous cata-
lytic systems have been developed, some of which have
achieved widespread acceptance due to their superior selectiv-
ity and activity, such that several have found industrial applica-
tions. Despite these achievements, the common usage of such
coupling reactions in industrial processes has often been hin-
dered by the complicated nature of the synthetic processes and
the difficultly in recycling the catalyst [9,10]. To overcome
these issues, a series of Pd-based heterogeneous catalysts have
been developed, using a variety of insoluble supports, such as
those based on carbon and silica [11,12]. However, carbon

supports are relatively difficult to modify owing to their inert
structures [13,14] and silica supports readily dissolve in alka-
line media [15-17]. Therefore, it would be greatly beneficial to
design highly stable, easily modified supports for the hetero-
genization of homogeneous catalysts.

Recently, porous organic polymers (POPs) exhibiting rela-
tively good stability and capable of unique functionalization
have emerged as an interesting class of materials with signifi-
cant potential in the fields of gas storage, separation and catal-
ysis [18-21]. In particular, POPs may act as highly tunable
platforms, through the introduction of specific active species,
for the development of extremely efficient heterogeneous cata-
lysts with applications to various organic transformations
[22-25].

More recently, we have shown that the stable, porous POP
polydivinylbenzene (PDVB) can function as a powerful, insolu-
ble support for the functionalization of catalytically active spe-
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cies as heterogeneous catalysts [26]. In the present work, the
rational synthesis of a POP containing phenanthroline ligands
was attempted, through the copolymerization of divinylben-
zene and vinyl-functionalized phenanthroline monomers under
solvothermal conditions. The phenanthroline ligand was se-
lected owing to its strong metal coordination ability and rela-
tively high chemical stability [27-31]. After metalation with
Pd(0OAc)z, the resulting heterogeneous catalyst exhibited excel-
lent activity and recyclability during the Suzuki, Heck and So-
nogashira coupling reactions.

2. Experimental

2.1.  Sample synthesis

Solvents were purified according to standard laboratory
methods; THF was distilled over sodium/benzophenone, DMF
was distilled over calcium hydride, and CHCl3 was distilled over
anhydrous CaClz. Divinylbenzene (DVB), azobisisobutyronitrile
(AIBN) and ethylbenzene were obtained from Tianjin Guangfu
Chemical Reagents, whereas 1,10-phenanthroline monohy-
drate, Pd(OAc)2, bromobenzene, phenylboronic acid, phenyla-
cetylene and ethyl acrylate were purchased from the Aladdin
Company, Ltd.

As shown in Scheme 1, a POP containing phenanthroline
ligands (POP-Phen) was synthesized by the copolymerization
of DVB with vinyl-functionalized phenanthroline monomers.
In a typical reaction, 2.0 g DVB and 0.5 g vinyl-functionalized
1,10-phenanthroline (V-Phen) were dissolved in 20 mL DMF,
followed by the addition of 0.05 g AIBN. The mixture was
subsequently transferred to an autoclave and held for 24 h at
100 °C. After washing with ethanol, a solid orange product was
obtained, denoted as POP-Phen herein [32].

The Pd-metalated POP (Pd/POP-Phen) catalyst was pre-
pared by treating the POP-Phen with Pd(OAc): in toluene. The
mixture was initially stirred overnight at room temperature,
followed by filtration of the solid product and washing with a
significant quantity of toluene. After drying under vacuum at
room temperature, the brown Pd-supported catalyst was ob-
tained. Inductively coupled plasma optical emission spectros-
copy (ICP-OES) determined that the Pd loading in the polymer
was approximately 5.0% by weight.

2.2. Characterization
Nitrogen sorption isotherms at =196 °C were acquired using

Micromeritics ASAP 2020M and Tristar systems. The samples
were outgassed for 10 h at 100 °C prior to these measurements.
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Scanning electron microscopy (SEM) was performed using a
Hitachi SU1510 and SU4800 and transmission electron mi-
croscopy (TEM) was carried out with a Hitachi HT-7700. X-ray
photoelectron spectroscopy (XPS) spectra were acquired on a
Thermo ESCALAB 250 with Al K irradiation at 8 = 90° and the
binding energies were calibrated using the C1s peak at 284.9
eV. ICP-OES analysis was performed with a PerkinElmer plas-
ma 40 emission spectrometer and 'H NMR spectra were rec-
orded on a Bruker Avance-400 (400 MHz) spectrometer, with
chemical shifts expressed in ppm downfield from TMS at § = 0
ppm. 13C (100.5 MHz) magic angle spinning (MAS) NMR spectra
were recorded on a Varian infinity plus 400 spectrometer
equipped with a magic angle spin probe and a 4-mm ZrO: rotor.

2.3. Catalytic tests

In a typical Suzuki coupling, 1 mmol halide, 1.2 mmol phe-
nylboronic acid, 1.5 mmol K3P04-3H20, 0.01 g catalyst, 3 mL
water and 2 mL ethanol were reacted at 80-120 °C with con-
stant stirring. A typical Heck coupling used 1 mmol halide, 1.2
mmol vinylic substrate, 1.5 mmol KsP04-3H20, 0.01 g catalyst
and 5 mL NMP (1-methy-2-pyrrolidinone) at 130-140 °C. In a
typical Sonogashira coupling, 1 mmol halide, 1.2 mmol ben-
zyne, 1.5 mmol KsP04-3H20, 0.01 g catalyst and 5 mL solvent
were used at 120-140 °C. After each reaction, the catalyst was
removed by centrifugation and analyzed by gas chromatog-
raphy (GC-1690, Kexiao Co.) using a flame ionization detector
and a DB-1 capillary column.

3. Results and discussion

3.1. Characterization

Figure 1 shows the 13C MAS NMR and IR spectra of the PDVB
and POP-Phen samples. In the 13C MAS NMR spectra of the
POP-Phen, two peaks are seen at 163 and 175 ppm, both of
which are associated with C=0 and C=N bonds in the V-Phen
component [33-36]. The IR spectrum of POP-Phen displays a
strong band at 1698 cm-! that is assigned to the V-Phen C=0
bond [32]. These results indicate successful incorporation of
the 1,10-phenanthroline ligand into the sample. Furthermore,
TG analysis found that the mass loss of the POP-Phen occured
above 360 °C, associated with decomposition of the polymer
skeleton, indicating its superior thermal stability. N2 sorption
isotherms revealed that both POP-Phen and Pd/POP-Phen (Fig.
2(a)) generated a hysteresis loop over the relative pressure
range of 0.45 to 0.95, demonstrating the presence of mesopores
in the samples. The sample pore sizes were primarily distrib-
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Scheme 1. Structure and synthetic procedures for the preparation of Pd/PCP-Phen.
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Fig. 1. 13C MAS NMR (a) and IR spectra (b) of PDVB (1) and POP-Phen samples (2).
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Fig. 2. N; sorption isotherms (a) and pore size distributions (b) of POP-Phen (1) and Pd/POP-Phen (2) samples. The Pd/POP-Phen isotherm and pore
size distribution have been offset by 300 cm3/g and 0.70 cm3/g along the vertical axis, respectively, for clarity.

uted around means of 11.2 and 7.3 nm in the POP-Phen and
Pd/POP-Phen, respectively (Fig. 2(b)), as calculated by the
Barrett-Joyner-Halenda (BJH) method. The BET surface areas
of the specimens were estimated to be 574 and 462 m2/g. SEM
(Figs. 3(a, b)) and TEM images (Figs. 3(c, d)) of the POP-Phen
and Pd/POP-Phen give direct evidence of the abundant meso-
porosity, in good agreement with the N2 sorption results. Ob-

Fig. 3. SEM (a, b) and TEM (c, d) images of POP-Phen (a, ¢) and
Pd/POP-Phen (b, d) samples.

viously, the presence of mesoporous structures in the samples
is beneficial with regard to mass transfer during reaction.

Figure 4 presents XPS data, in which the Pd/POP-Phen sam-
ple is seen to generate Pd 3ds,2 and Pd 3ds/2 peaks at 337.6 and
343.1 e V, values that are lower than those of Pd(OAc): (338.6
and 343.8 eV, Fig. 4(a)). At the same time, the Pd/POP-Phen
sample exhibits an N 1s peak at 400.0 eV that is obviously lo-
cated higher than that of the POP-Phen (399.3 eV, Fig. 4(b)).
These results strongly support coordination between
1,10-phenanthroline moieties in the POP-Phen and Pd species
[29].

3.2.  Evaluation of catalytic performance

Table 1 presents the Suzuki, Sonogashira and Heck coupling
reaction results over the Pd/POP-Phen catalyst. During the
Suzuki coupling, when bromobenzene and phenylboronic acid
were used as the reactants and a mixture of ethanol and water
was employed as the solvent, a very high yield of biphenyl (>
99%) was obtained in a short reaction time (30 min, entry 1).
In contrast, the corresponding Pd-based homogeneous catalyst
showed a very low yield (1.7%) under the same conditions
(entry 2). These results indicate that the Pd/POP-Phen catalyst
is very active for Suzuki coupling. More importantly, the
Pd/POP-Phen catalyst exhibited excellent recyclability. After
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Fig. 4. Pd 3d (a) and N 1s (b) spectra of POP-Phen (1), Pd/POP-Phen (2) and Pd(0OAc): (3).

five recycling trials, no significant loss of the catalytic activity gesting that there was no leaching of Pd from the catalyst. This
was observed (entry 3). In addition, no residual Pd species result may be reasonably attributed to the strong coordination
were detected in the filtered reaction mixture (results below between the Pd species and the phenanthroline moieties, as

the limit of detection of the ICP-OES analysis, <10 ppb), sug- observed in Fig. 4.

Table 1
Results of Suzuki, Sonogashira and Heck couplings over the Pd/POP-Phen catalysta.

R

;

X+ BOH), — R Suzuki

X + — — R O — O Sonogoshira

D g

R]@X + AR, —_— RIWRZ Heck

Reaction Entry Aryl halide Coupling substrate  Yield® (%) | Reaction Entry Aryl halide Coupling substrate  Yield® (%)

Suzuki 1 @Bf @BWHE 99 164 @I @7: 95
2c @—Br Q_B(OH)Z 1.7 17 OI ©_: 99
3d @Br Qi%mnm2 97 18 /‘1’@] @7: 99
s O O o O O= o
5 o~ )n C)mom, 96 20¢ ) O—= 96
6 NL‘OR: Qi%mnm2 99 Heck 21 @I A CO0Me 99
7 O}—@m <i>—3<nm2 99 22 —QI AC00Me 99
ge QI @B((ﬂ'ﬂg 98 23 /’OI A CO0Me 99
ge —@I Q_B(m’[h 94 24 @' ADCO0L 99
10¢ /O@—I @B((7H)z 99 25¢ @“ A CO0R 43
11¢ o}-@m Qi%mnm2 24 264 @‘I A C00Me 99
12f N(T@(Tl Q_B(OH)Z 32 27¢ @I /\© 99
13f \::NOH Qi%mm—n2 34 28¢ MO”‘ A C00Me 99

Sonogashira 14 @I @—: 99 298 O}‘@“’ ACO0Me 97
15¢ ) O—= 93

aSuzuki conditions: halidel mmol, phenylboronic acid 1.2 mmol, K3P04-3H20 2 mmol, catalyst 0.01 g, water 3 mL, ethanol 2 mL, 80 °C, 30 min; So-
nogashira conditions: halide 1 mmol, benzyne 1.2 mmol, K3PO4:3H20 1.5 mmo], catalyst 0.01 g, butanol 5 mL, 120 °C, 30 min; Heck conditions: halide
1 mmo], vinylic substrate 1.2 mmol, K3P04-:3H20 1.5 mmo], catalyst 0.01 g, NMP (1-methy-2-pyrrolidinone) 5 mL, 130 °C, 20 min.

bGCyield.

¢1 mg Pd(OAc)z and 0.9 mg 1,10-phenanthroline as a homogeneous catalyst.

dRecycled five times.

eReaction time 20 min.

fReaction conditions: halide 1 mmol, phenylboronic acid 1.2 mmol, KOH 2 mmo], catalyst 0.05 g, water 5 mL, 120 °C, 2 h.

8140 °C, 30 min.
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A series of substrates was applied to the Suzuki coupling
reaction over the Pd/POP-Phen catalyst (Table 1, entries 4-13).
Notably, the use of aryl bromides generated excellent yields
from both electron-poor and electron-rich reagents
(94%-99%, entries 4-10). However, in the case of the less re-
active aryl chlorides, the catalytic activity of the Pd/POP-Phen
was insufficient, affording relatively low yields (24%-34%)
even when the reactions were carried out at a higher tempera-
ture (120 °C), over a longer reaction time (2 h) and with a
higher catalyst loading (0.05 g, entries 11-13). Therefore, some
limitations still remain regarding the Suzuki reaction catalyzed
by the Pd/POP-Phen catalyst.

In Sonogashira coupling, the Pd/POP-Phen catalyst was also
found to be very active. Using iodobenzene as the substrate, a
yield of 99% was obtained (entry 14). This value is somewhat
higher than the yield of 93% obtained from the corresponding
homogeneous catalyst (entry 15). In addition, iodotoluene and
iodoanisole both gave yields of 99% (entries 17 and 18) and,
when aryl bromides were employed as substrates, the yields
were as high as 96%-99% even in the absence of the Cul
co-catalyst (entries 19 and 20). The absence of the Cul com-
pletely avoids the formation of the diyne by-product that is
usually formed from an acetylene homocoupling side reaction
[37-39]. After five recycling trials, a yield of 95% could still be
obtained from the catalyst (entry 16).

In the case of Heck coupling, the Pd/POP-Phen catalyst once
again exhibited very high activity and selectivity. As an exam-
ple, aryl iodides could be fully converted over short time inter-
vals of 20 to 30 min, giving yields up to 99% (entries 21-24 and
27). These values are obviously higher than that obtained from

the corresponding homogeneous catalyst (entry 25). When aryl
bromides were employed, the yields were still in the range of
97%-99% after 30 min (entries 28 and 29). The catalyst was
also found, once again, to be recyclable and produced a yield of
99% following five recycling trials (entry 26).

It is worth noting that the Pd/POP-Phen heterogeneous cat-
alyst exhibited higher activities than the homogeneous
Pd/Phen catalyst in these reactions, which may be attributed to
the differences in the reactant concentrations between the cat-
alysts. In the case of the heterogeneous catalyst, the catalytic
material is highly porous, resulting in a much higher reactant
concentration in the catalyst pores compared with that on the
homogeneous catalyst. During the Suzuki coupling, for exam-
ple, the bromobenzene concentration in the pores of the
Pd/POP-Phen catalyst was almost 14 times the concentration
in the Pd/Phen system. According to the Arrhenius equation,
higher reactant concentrations should give rise to higher cata-
lytic activity, which is consistent with previously reported re-
sults [40].

4. Conclusions

In summary, a novel strategy for the preparation of highly
efficient Pd-based heterogeneous catalysts using porous or-
ganic polymers containing phenanthroline moieties has been
demonstrated. This catalyst not only exhibits excellent catalytic
activity but also outstanding stability as well as superior recy-
clability in Suzuki, Sonogashira and Heck couplings. These
characteristics are important with regard to developing practi-
cal syntheses of fine chemicals in the future.
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