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Polystyrene-Supported PPh3 in Monolithic Porous Material: Effect 
of Cross-Linking Degree on Coordination Mode and Catalytic 
Activity in Pd-Catalyzed C-C Cross-Coupling of Aryl Chlorides 
Hikaru Matsumoto,[a] Yu Hoshino,[a] Tomohiro Iwai,[b] Masaya Sawamura,[b]* and Yoshiko Miura[a]** 

 

Abstract: Hybridization of porous synthetic polymer and 
sophisticated ligand play important role in transition-metal catalysis 
for chemical transformations at laboratory and industrial level. A 
monolithic porous polymer, which is a single piece with continuous 
macropores, are desired for high permeability, fast mass transfer 
property, high stability, and easy modification. Herein, we first develop 
a monolithic porous polystyrene containing three-fold cross-linked 
PPh3 (M-PS-TPP) for transition-metal catalysis. The monolithic and 
macroporous structure of M-PS-TPP was fabricated via 
polymerization-induced phase separation using porogenic solvent. 
Moreover, the M-PS-TPP was synthesized using different feed ratios 
of divinylbenzene (DVB) for site-isolation and mono-P-ligating 
behavior of PPh3. 31P CP/MAS NMR analysis revealed that the 
different selectivity of M-PS-TPPs was obtained in formation of mono-
P-ligation toward PdII. The macroporous properties and controlled 
mono-P-ligating behavior of M-PS-TPP facilitated a challenging Pd-
catalyzed Suzuki-Miyaura cross-coupling reactions of chloroarenes. 

Porous materials have received much attention for their 
potential in applications such as catalysis and gas separation and 
storage because of their controllable pore size and large surface 
area.[1] In particular, porous synthetic polymers have straight-
forward preparation, flexible chemical modification, high stability, 
and insolubility. This makes porous synthetic polymers attractive 
for energy efficient, cost-effective, and recyclable systems in 
laboratory and industrial processes.[2] During the past few 
decades, increasing demand for porous synthetic polymers have 
motivated the development of micro-,[3] meso-,[4] and 
macroporous[5] organic polymers. Among them, monolithic porous 
polymers, which consist of a single piece containing continuous 
macropores, have attracted much attention because of their high 
permeability, fast mass transfer properties, high stability, and 
ease of modification.[6,7] Monolithic porous polymers containing 
NHC,[8,10b] pyridine,[9] bipyridine,[10] pybox,[11] and phosphine[12] 
moieties have all been applied for transition-metal catalysis. 

The combination of materials science and organic chemistry 
has led to innovative chemical transformations in science and 
industry. Recently, Sawamura and co-workers developed a cross-
linked polystyrene(PS)-PPh3 hybrid, where three-fold vinylated 
PPh3 (TPP) was copolymerized (PS-TPP).[13] In the beaded PS-
TPP, the PPh3 unit was site-isolated and favored mono-P-ligation 
towards PdII. This resulted in excellent activity for Suzuki-Miyaura 
cross-coupling reactions of unactivated chloroarenes, which are 
typically challenging.[14] Further to the molecular design of the 
ligand, modulating the design of PS-TPP while maintaining the 
coordination behavior of the PPh3 unit is essential. In this context, 
the monolithic and macroporous structure in PS-TPP could 
provide a catalytic system with fast mass transfer. For efficient 
and practical chemical transformations, the PS-TPP system has 
three requirements: 1) selective mono-P-ligation, 2) monolithic 
and macroporous structure, and 3) fast mass transfer. This has 
not yet been achieved experimentally. 

Here, we report a monolithic porous PS-TPP (M-PS-TPP) 
where the PPh3 unit is arranged for site-isolation and mono-P-
ligation toward PdII (Figure 1). The monolithic and macroporous 
structure of M-PS-TPP was achieved via polymerization-induced 
phase separation using a porogenic solvent.[7] The PPh3 unit was 
carefully arranged in M-PS-TPP by varying the feed ratio of 
divinylbenzene (DVB) as a cross-linker to favor mono-P-ligation, 
while maintaining the macroporous structure. Measurement of 
physical properties (macroporous structure or diffusivity of 
reactants) and 31P CP/MAS NMR spectra were used to evaluate 
the molecular diffusion in the M-PS-TPPs and their mono-P-
ligating behavior. The M-PS-TPPs were applied to Suzuki-
Miyaura cross-coupling reactions of unactivated chloroarenes. 
The M-PS-TPPs showed excellent catalytic efficacy regulated by 
the macroporous structure and spatial density of PPh3. 
 

 
Figure 1. Schematic of the preparation of monolithic porous polystyrene(PS)-
threefold vinylated PPh3 hybrids (M-PS-TPP1–3) and controlled formation of 
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mono-P-ligated PdII complex by divinylbenzene (DVB) contents. PPh3 unit (set 
of yellow ball and three black nodes), mono-P-ligated PdII center (pink balls), 
DVB units (blue nodes), styrene (gray nodes), and PS chains (gray lines) are 
shown. 

 
TPP (2 mol%), DVB (x mol%), and styrene (100−x−2 mol%) 

were copolymerized in 1-octanol/toluene (50:10 v/v) using 2,2’-
azobis(isobutyronitrile) (AIBN, 1 wt.% with respect to total 
monomer) to give M-PS-TPPs.[7,13,15] The feed ratio of DVB was 
tuned to be x = 0.5, 1, and 2 mol% for preparing M-PS-TPP1, M-
PS-TPP2, and M-PS-TPP3, respectively. The monomer solution 
was incubated in a glass vial at 70 °C for 24 h. The resulting solid 
was removed from the vial and washed with anhydrous THF to 
give a self-standing M-PS-TPP (Figure 2a). The M-PS-TPPs were 
dried in vacuo at room temperature overnight, to give M-PS-
TPP1–3 as a white solid (83–86% dry yield) (Scheme 1a, Table 
S1, Supporting Information (SI)). FE-SEM observations revealed 
that dried M-PS-TPPs consisted of an agglomerate of globules 
which formed interstitial macropores (Figures 2b and S1). The 
pore size distribution of the dried M-PS-TPPs was evaluated, and 
the median pore diameter ranged from 242 to 627 nm (Figure S2, 
Table S2). Increasing the DVB content of the M-PS-TPPs 
decreased the median pore diameter and increased the surface 
area. FT-IR (Figure S3) and 31P CP/MAS NMR (Figures 3a and 
S6a,7a) spectra of the M-PS-TPPs confirmed the formation of the 
PS backbone (FT-IR peaks at 1600–1450, 1200–950, and 900–
650 cm–1) and coordinatively active PPh3 (NMR peak at −6 ppm) 
in the cross-linked network, respectively. The amount of PPh3 
incorporated into M-PS-TPPs was 0.18 mmol g–1 based on the 
TPP feed ratio (Table S1).[16] 

In anhydrous THF, M-PS-TPP1, M-PS-TPP2, and M-PS-
TPP3 had swelling volumes of 4.3, 3.7, and 3.6 cm3 g − 1, 
respectively (Table S1). From compression tests, the fracture 
stresses of THF-swollen M-PS-TPP1, M-PS-TPP2, and M-PS-
TPP3 were 0.29 ± 0.01, 0.37 ± 0.03, and 0.40 ± 0.01 MPa, 
respectively (Figures S4a,5, open rectangles). The increasing 
DVB content of the M-PS-TPPs was reflected in the decreasing 
swelling volume and increasing compressive strength in THF.[17] 

 

 
Scheme 1. (a) Synthesis of M-PS-TPPs and (b) loading of Pd (P/Pd 2:1; L = 
PhCN or solvent). 
 

 
Figure 2. (a) Photograph of THF-swollen M-PS-TPP1 and (b) FE-SEM image 
of internal structure of dried M-PS-TPP1. 
 

The loading of Pd was performed by the reaction of M-PS-TPP 
with [PdCl2(PhCN)2] (P/Pd 2:1) (Scheme 1b). The amount of 
PPh3-Pd complex in M-PS-TPP-Pd was ~47 mol% (molar ratio to 
total PPh3) as determined using ICP-AES (Table 1, SI). In the 31P 
CP/MAS NMR spectra of M-PS-TPP-Pd, new peaks attributable 
to the mono-P-ligated PdII complex [(M-PS-TPP)-PdII] (32–33 
ppm) and bis-P-ligated PdII complex [(M-PS-TPP)2-PdII] (24–25 
ppm) were observed (Figures 3b and S6b,7b).[13a] Using the 
Gaussian peak fitting method, relative peak intensities were 
calculated to determine the selectivity of mono-P-ligation. M-PS-
TPP1-Pd showed the highest relative peak intensity of the mono-
P-ligated PdII complex (95%). Increasing the DVB content of M-
PS-TPP decreased the relative peak intensities of the mono-P-
ligated PdII complex (79 and 76% for M-PS-TPP2-Pd and M-PS-
TPP3-Pd, respectively) (Table 1). The 31P CP/MAS NMR analysis 
clearly indicated the formation of mono-P-ligated PdII complex 
regulated by the DVB content of M-PS-TPPs. 

 

 
Figure 3. 31P CP/MAS NMR spectra obtained from M-PS-TPP1 (a) before and 
(b) after reaction with [PdCl2(PhCN)2] (P/Pd 2:1). The relative peak intensities 
of free M-PS-TPP1, mono-P-ligated PdII complex [(M-PS-TPP1)-PdII], and bis-
P-ligated PdII complex [(M-PS-TPP1)2-PdII] were estimated using Gaussian 
peak fitting method. Asterisks (*) indicate spinning side bands. 
 
 
 
 
 
 
 
 



COMMUNICATION          

 
 
 
 

Table 1. The Pd Content and Relative Peak Intensity of 31P CP/MAS NMR 
Spectra. 

Ligand 
Pd content 
(mol%)[a,b] 

Relative peak intensity 

[(M-PS-TPP)-PdII]/[(M-PS-TPP)2-PdII][c,d] 

M-PS-TPP1 47 95:5 

M-PS-TPP2 47 79:21 

M-PS-TPP3 47 76:24 

[a] Molar ratio to total PPh3 of M-PS-TPP (0.18–0.19 mmol g–1). [b] 
Determined using ICP-AES. [c] The peak intensity of bis-P-ligated PdII was 
divided by two. [d] Determined using 31P CP/MAS NMR spectra. 

 
The microenvironment of M-PS-TPP1 favored mono-P-

ligation toward PdII rather than bis-P-ligation. The molecular 
design of the incorporated PPh3 was the same in all the M-PS-
TPPs, so the mono-P-ligating behavior should be affected by 
different DVB contents of the M-PS-TPPs. In the present system, 
increasing the DVB content induced an increasing number of 
cross-linking points in the PS network, resulting in the M-PS-TPPs 
shrinking and stiffening (Table S1 and Figure S5). It has been 
reported that bis-P-ligation toward metal leads to additional cross-
linking between polymer chains.[18] We confirmed the cross-
linking effect via bis-P-ligation on the swelling volume of M-PS-
TPP-Pd, however, no significant change was observed (± 3% 
change). M-PS-TPP2-Pd and M-PS-TPP3-Pd formed a certain 
amount of bis-P-ligated PdII complex (Table 1) and showed 
slightly higher compressive strengths (Figure S4b,5, filled 
rectangles). One explanation to the cross-linking via bis-P-ligation 
in the M-PS-TPPs is that the bis-P-ligated PdII complex formed in 
PPh3-rich domains of the macroporous PS.[19,20] The formation of 
the cross-linking complex (bis-P-ligated PdII complex) hardened 
the M-PS-TPPs without causing them to shrink. In the M-PS-TPP 
system, tuning the DVB content controlled the M-PS-TPPs 
swelling and hence the spatial density of PPh3 for selective mono-
P-ligation toward PdII. This should lead to enhanced catalytic 
activity. 

To assess the potential application of the M-PS-TPP system, 
[PdCl2(PhCN)2] (10 mol% Pd) and ligand (20 mol% P, P/Pd 2:1) 
complexes were employed for batch Suzuki-Miyaura cross-
coupling reactions between 4-chlorotoluene (1a, 0.05 mmol) and 
phenylboronic acid (2, 0.075 mmol) in the presence of 
tetrabutylammonium hydroxide (TBAOH, 0.150 mmol) (Table 
2).[21] Using M-PS-TPP1, M-PS-TPP2, and M-PS-TPP3, the 
yields of 3a were 87, 68, and 56%, respectively (Table 2, entries 
1, 2, and 3). The catalytic efficacy of the M-PS-TPPs-Pd could 
therefore be enhanced tuning the DVB content. Focusing on the 
morphological structure of PS-TPP, nonporous or beaded PS-
TPP[13a] were also employed for cross-coupling reactions (Figures 
S9 and S10, SI), which gave yields of 56 and 90%, respectively 
(entries 4 and 5). Using homogeneous TPP solution or a ligand-
free system, the production of 3a was not observed (entries 6 and 
7).[22,23] 

 
 
 
 

 
Table 2. Pd-Catalyzed Suzuki-Miyaura Cross-Coupling Reactions.[a] 

 

Entry Chloroarene 1 Ligand Product 3 Yield 
(%) 

1 1a (R = p-Me) M-PS-TPP1 3a 87 

2 1a M-PS-TPP2 3a 68 

3 1a M-PS-TPP3 3a 56 

4 1a Nonporous PS-TPP 3a 56 

5 1a Beaded PS-TPP 3a 90 

6 1a TPP 3a 0 

7 1a none 3a 0 

8 1b (R = o-NO2) M-PS-TPP1 3b 85 

9 1c (R = m-NO2) M-PS-TPP1 3c 87 

10 1d (R = p-NO2) M-PS-TPP1 3d 89 

11 1e (R = p-COMe) M-PS-TPP1 3e 82 

12 1f (R = p-OMe) M-PS-TPP1 3f 61 

[a] Conditions: 1 (0.050 mmol), 2 (0.075 mmol), TBAOH (0.150 mmol), 
[PdCl2(PhCN)2] (0.005 mmol, 10 mol% Pd), Ligand (0.01 mmol, 20 mol% 
P), THF/MeOH (70:30 v/v, 1.45 mL), 40°C, 2 h. 

 
M-PS-TPP1-Pd showed macroporous properties and 

selective mono-P-ligation and exhibited excellent activity (87%) in 
the batch Suzuki-Miyaura cross-coupling reaction, where the 
turnover frequency (TOF) of M-PS-TPP1-Pd was 23 h−1.[23,24] The 
catalytic performance of M-PS-TPP1-Pd was comparable with 
that of beaded PS-TPP-Pd (90%), while the catalytic performance 
of nonporous PS-TPP-Pd was poor (56%). Diffusion experiments 
of reactants revealed that the apparent diffusion coefficients (D) 
of reactants were higher in all the M-PS-TPPs than in nonporous 
PS-TPP (Table 3 and Figure S12, SI). The macroporous structure 
of the M-PS-TPPs clearly enhanced the molecular diffusion of 
reactants in the catalytic system. The diffusivities in the M-PS-
TPPs were not significantly different, despite the M-PS-TPPs-Pd 
showing different catalytic efficacies (Table 2, entries 1, 2, and 3). 
When using the M-PS-TPPs-Pd in the Suzuki-Miyaura cross-
coupling reaction, the diffusivities of reactants were sufficiently 
fast, and selective mono-P-ligation was a more important factor 
affecting the catalytic efficacy. From these results, both the 
macroporous structure (Figures 2b and S1) and selective mono-
P-ligation (Table 1) of M-PS-TPP were essential to efficiently 
facilitate this challenging chemical transformation via cross-
coupling reaction. 
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Table 3. The Apparent Diffusion Coefficients (D) of Reactants in M-PS-TPPs 
and Nonporous PS-TPP. 

Ligand 
D (×10−9 m2 sec–1) 

1a 2 3a 

M-PS-TPP1 2.72 3.66 1.46 

M-PS-TPP2 4.14 4.68 2.49 

M-PS-TPP3 4.06 1.28 2.58 

Nonporous 
PS-TPP 0.07 0.19 0.06 

 

 
M-PS-TPP1-Pd was further examined in batch Suzuki-

Miyaura cross-coupling reactions of various chloroarenes (Table 
2). The M-PS-TPP1-Pd complex induced conversions for 
chloroarenes bearing electron-withdrawing groups, such as o, m, 
or p-substituted –NO2 (85, 87, and 89% yields, entries 8, 9, and 
10, respectively), and p-substituted –COMe (82% yield, entry 11). 
Moderate conversion of chloroarene bearing an electron-donating 
group, p-substituted –OMe (61% yield, entry 12), was observed. 
These results demonstrated the broad applicability of the M-PS-
TPP1 system for Pd-catalyzed Suzuki-Miyaura cross-coupling 
reactions. 

In summary, a monolithic porous PS-three-fold crosslinked 
PPh3 hybrid, M-PS-TPP, was synthesized via polymerization-
induced phase separation using a porogenic solvent. Tuning the 
DVB content in the M-PS-TPP arranged the PPh3 units for site-
isolation and selective formation of the mono-P-ligated PdII 
complex. The M-PS-TPP-Pd complex exhibited good catalytic 
efficacy in Suzuki-Miyaura cross-coupling reactions of 
chloroarenes, which was enhanced by fast molecular diffusion 
and selective mono-P-ligation. These insights into monolithic 
porous polymers featuring macroporous structures, fast 
molecular diffusion, and controlled coordination mode of 
supported PPh3 should be broadly extended to transition-metal 
catalysis. 
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mono-P-ligation of M-PS-TPPs facilitated 
a challenging Pd-catalyzed Suzuki-
Miyaura cross-coupling reactions of 
chloroarenes. 
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