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ABSTRACT

Four kinds of conjugated microporous polymers (CMPs) with imine structures

were synthesized by a Sonogashira coupling reaction followed by a postreaction

between aldehydes and amines. Palladium nanoparticles (Pd NPs) were suc-

cessfully supported on the CMPs to prepare Pd/CMP heterogeneous catalysts

and were used to catalyze the Suzuki–Miyaura coupling reaction. The number

of aromatic nuclei and nitrogen atoms in the CMPs highly affects Pd loading. In

the Suzuki–Miyaura coupling reaction, the Pd/CMP with good Pd NPs dis-

persibility and appropriate Pd content (Pd/CMP-NA) exhibited the highest

catalytic efficiency with 100% conversion and 95.4% yield which can be used for

many substrates. The Pd/CMP-NA heterogeneous catalyst was easy to recover

and still exhibited good catalytic efficiency after 5 cycles. To further understand

the catalytic mechanism of Pd/CMP-NA on the Suzuki–Miyaura coupling

reaction, we proposed a rational catalytic cycle. This paper provides an idea for

the structural design of CMPs used for Suzuki–Miyaura catalytic reaction.
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Introduction

The Suzuki–Miyaura coupling reaction refers to the

cross-coupling reaction of aryl or alkenyl boronic acid

with halogenated aromatic hydrocarbons or alkenes

under the catalysis of zero-valent Pd [1]. This reaction

was published in 1979 by Akira Suzuki, a 2011 Nobel

Prize winner, and is widely used to synthesize many

natural products and organic materials, such as

polyolefins, styrene and biphenyl derivatives, and

exhibits strong substrate applicability [2–7]. Homo-

geneous palladium catalysts have been widely stud-

ied by many scholars due to their excellent catalytic

performance, but they are expensive and difficult to

separate and reuse. At the same time, Pd species may

also cause pollution that is toxic to products, and

their practical application is largely limited [8–10]. In

contrast, heterogeneous catalysts can be recycled

through simple separation methods, overcoming the

shortcomings of homogeneous catalysis [11–15]. In

recent years, palladium nanoparticles (Pd NPs) with

small diameters (1–10 nm) have become the focus of

catalysis research because they exhibit high catalytic

efficiency in various organic solvents because of their

high surface to volume ratio and quantum size effect.

However, these Pd NPs are unstable due to their high

surface energy and are prone to form Pd agglomer-

ates, resulting in reduced activity or even deactiva-

tion, which limits their wide application [16–20].

Therefore, finding suitable support materials is a

great challenge in the field of heterogeneous catalysis.

Various materials, such as mesoporous silica, zeo-

lites, and porous organic polymers (POPs), have been

successfully used as heterogeneous catalytic carriers

so far [21–25]. Among these supports, POPs are

excellent scaffolds for various task-specific applica-

tions because of their high specific surface area,

structural diversity and fine dispersion of catalytic

sites [26, 27]. The lightweight, high intrinsic porosity

and structural stability enhanced the great potential

of these supports as heterogeneous organocatalysts.

Thus, POPs are considered promising support

materials [28, 29].

There are four categories of POPs, including

hypercrosslinked polymers (HCPs), polymers of in-

trinsic microporosity (PIMs), covalent organic

frameworks (COFs), and conjugated microporous

polymers (CMPs) [30–34]. Among them, CMPs are

organic porous materials that are composed of

completely conjugated molecular chains and have a

microporous structure [35]. CMPs are used in many

fields, including gas adsorption, heterogeneous

catalysis, chemical sensing and energy conversion

[22, 36–40]. CMPs exhibit several characteristics,

including a large specific surface area, high stability,

controllable and precise micropore size and volume,

etc., showing great application potential in the field

of catalysis [41]. Recently, the catalytic performance

of many CMPs containing functional units, such as

metalloporphyrins, bipyridines, triazines, and imi-

nes, has been enhanced by supporting Pd NPs on the

framework [42–45]. The Pengyao Ju group prepared a

salen-porphyrin-based CMP supporting Pd NPs

heterogeneous catalyst (Pd@SP-CMP). For the

Suzuki–Miyaura coupling reaction, Pd@SP-CMP

showed good catalytic efficiency (78%–99% yield)

and excellent stability in water or dioxane/water [46].

The Yaozu Liao group used nitrogen-rich CMPs to

support Pd to prepare a heterogeneous catalyst

with[ 94% catalytic efficiency after 6 consecutive

runs in the Suzuki–Miyaura coupling reaction [47].

The Lee group synthesized a CMP based on Pd

acetylide from palladium dichloride and trialkyne. A

heterogeneous catalyst supported by Pd NPs was

synthesized via a one-step pyrolysis of Pd-CMP,

producing a reaction yield higher than 95% for the

Suzuki–Miyaura coupling reaction [48]. Pd sup-

ported on CMP has achieved good results in the

catalysis of Suzuki–Miyaura coupling reaction.

However, previous materials, such as porphyrin, are

usually expensive, and the synthesis steps are

complicated.

In this study, four kinds of CMPs with different

numbers of aromatic nuclei and nitrogen atoms via

imine bonds were designed and synthesized. The

loading of Pd NPs on CMPs was discussed, and the

catalytic efficiency of the four Pd/CMPs for Suzuki–

Miyaura coupling reaction was confirmed. Finally,

we proposed a rational catalytic cycle to provide a

new idea for the structural design of CMP used as

heterogeneous catalyst.

Experimental

Materials

3,5-Dibromobenzaldehyde (A2), triphenylphosphine,

cuprous iodide, aniline, 8-aminoquinoline, n-
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hexamine, palladium acetate and sodium borohy-

dride were purchased from Shanghai Aladdin Bio-

chemical Technology Co., Ltd. 1,3,5-Tris(4-

ethynylphenyl)benzene (B3), 1,3,5-triethynylbenzene

(B3s) and bis(triphenylphosphine)palladium dichlo-

ride were purchased from Shanghai McLean Bio-

chemical Technology Co., Ltd. Unless otherwise

stated, all the chemicals were used without purifica-

tion and all polymers were synthesized under a

nitrogen atmosphere.

Characterizations

1HNMR spectra were obtained by using a 600 MHz

Bruker AV600 ? BH0055 superconducting NMR

spectrometer. Using Bruker BL. Tensor37 spectrom-

eter, FT-IR spectral analysis was conducted in the

range of 4000–400 cm-1. Using a 400 MHz Bruker

AVANCE III HD NMR spectrometer,
13CNMR spectra were obtained. The American MAC

ASAP 2460 system was used to measure nitrogen

adsorption and desorption isotherms at 77 K, and the

pore size distribution curve was calculated based on

the nonlocal density functional theory (NLDFT). The

ESCALAB250Xi Thermo spectrometer was used for

XPS measurements. The NEXION350X PE ICP–MS

spectrometer was used for confirming Pd contents.

We obtained scanning electron microscopy (SEM)

images by using a HITACHI S-4300 electron micro-

scope. High-resolution transmission electron micro-

scopy (HRTEM) and transmission electron

microscopy (TEM) images were obtained with a

Talos F200S. The EDS image was obtained with

SUPERX. Using a France Setaram Labsys Evo ther-

mogravimetric analyzer, thermogravimetric analysis

(TGA) was performed. Using a D8, Bruker-AES,

powder X-ray diffraction (PXRD) was performed.

The reaction mixture was analyzed using a GC122

instrument (Shanghai Precision Scientific Instru-

ment). GC conversion was determined by integrating

the feedstock and product peaks using preestablished

response factors.

Synthesis of CMPs

Synthesis of CMPs with CHO groups (Scheme 1)

3,5-Dibromobenzaldehyde (A2) (750 mg, 2.84 mmol),

1,3,5-tris (4-ethynylphenyl) benzene (B3) (717 mg,

1.89 mmol), Pd(PPh3)2Cl2 (99.6 mg, 0.14 mmol, 5%),

PPh3 (372 mg, 1.42 mmol, 50%) and CuI (27.1 mg,

140 lmol, 5%) were added to the reaction flask, tri-

ethylamine (90.0 mL) was injected under a nitrogen

atmosphere, and under reflux the reaction was car-

ried out for 24 h. When the system is cooled to room

temperature, the crude product was washed succes-

sively with three solvents (toluene, chloroform and

KI aqueous solution), then extracted with dichlor-

omethane Soxhlet for 24 h and vacuum-dried for

36 h. The yellow powder obtained was CMP1 with a

yield of 98.8%.

The synthesis process of CMP2 is similar to that of

CMP1. The light yellow powder obtained was CMP2

with a yield of 99.1%.

Synthesis of CMPs with imine groups (Scheme 1)

CMP1 (164 mg, 300 lmol) and aniline (27.9 mg,

300 lmol) were added to the reaction flask, and N,

N-dimethylformamide (10.0 mL) was injected. The

reaction was carried out at 120 �C for 48 h. When the

system was cooled to room temperature, the reaction

was removed and filtered. The crude product was

washed with solvent until the filtrate was colorless.

After extraction with dichloromethane Soxhlet for

24 h and drying in vacuum for 24 h, the orange

powder obtained was CMP-NA with a yield of 83.0%.

The process of synthesizing CMP-L, CMP-NN and

CMP-NAs was similar to that of CMP-NA, and yields

of 89.5%, 85.7% and 80.2% were obtained,

respectively.

Synthesis of Pd/CMPs (Scheme 1)

CMP-NA (30.0 mg) was added to palladium acetate

(9.00 mg, 400 lmol) in ethanol (3.00 mL), and stirred

for 12 h at room temperature. The solid obtained was

separated by centrifugation and washed with ace-

tonitrile. The obtained solid was added to a 4 mL

solution of sodium borohydride (46.8 mg, 1.24 mmol)

(water/ethanol (v:v) = 1:1) and stirred for another

8 h at room temperature. After filtering the solid, it

was washed with deionized water and ethanol and

dried for 24 h in vacuum. The dark brown powder

obtained was Pd/CMP-NA with a yield of 91.5%.

The process of synthesizing Pd/CMP-L, Pd/CMP-

NN and Pd/CMP-NAs was the same as that of Pd/

CMP-NA. The three kinds of Pd/CMPs were dark

brown powders, and the yields were 90.2%, 94.1%

and 90.2%, respectively.
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Experimental process of Suzuki–Miyaura
coupling reaction

Typically, phenylboronic acid (750 lmol), haloben-

zenes (500 lmol), Pd/CMP-NA (0.75 mol%) and

NaOH (750 lmol) were added to the reaction flask,

and the mixture was stirred in solvent (3.00 mL) for

1 h under 80 �C and nitrogen atmosphere. After

cooling the system to room temperature, the catalyst

was filtered and washed with ethyl acetate several

times, then dried and put into for the next cycle. The

organic layer was extracted and collected, the solvent

was evaporated in vacuum after water removal, and

the crude product was purified by column

chromatography.

Results and discussion

Synthesis process of CMPs containing imine
groups with different numbers of aromatic
nuclei and nitrogen atoms

CMP1 and CMP2 were synthesized by a Sonogashira

coupling reaction according to Scheme 1 as a material

for synthesizing CMPs with imine groups. The

structures of CMP1 and CMP2 were confirmed by

FT-IR spectra. The stretching vibration peak of –

C:C–H at 3274 cm-1 disappeared, which was

attributed to monomers B3 and B3s; a new peak of –

C:C– was generated at 2203 cm-1; and the stretch-

ing vibration peak of -C = O at 1697 cm-1 remained,

Scheme 1 Synthesis route of CMPs and Pd/CMPs.
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which was attributed to monomer A2 (Fig. S1(a, b)),

indicating that the two CMPs with CHO groups were

successfully synthesized.

Four kinds of CMPs with different numbers of

aromatic nuclei and nitrogen atoms via imine groups

(CMP-L, CMP-NA, CMP-NN, CMP-NAs) were pre-

pared by postreaction of CMPs containing CHO

groups with three kinds of amines (Scheme 1). The

structures of CMPs with imine groups were deter-

mined by FT-IR and solid-state 13C-NMR. Stretching

vibration peaks of –C:C– at 2203 cm-1 and a new

peak of –C = N at 1639 cm-1 were observed. The

double peaks of -NH2 at 3367 and 3282 cm-1 disap-

peared, and the stretching vibration peaks of –C = O

at 1697 cm-1 remained (Fig. 1a). Combined with the

solid-state 13C-NMR spectrum, in which the peaks of

–C:C– and –C = N at 90.4 and 158.3 ppm were

observed (Fig. 2), the results indicated that CMP-L

was successfully synthesized. Similarly, from the FT-

IR spectra of the other three CMPs with imine

structures (CMP-NA, CMP-NN, CMP-NAs), the

stretching vibration peaks of -C = N were generated

(Fig. 1b, c, d), and their solid-state 13C-NMR spectra

showed the peaks of –C:C– and –C = N (Fig. 2). We

can conclude that all CMPs with different numbers of

aromatic nuclei and nitrogen atoms via imine groups

were synthesized successfully.

X-ray photoelectron spectroscopy (XPS) was used

to measure the elemental composition in the CMPs

with imine groups. Taking CMP-NA as an example,

the C 1 s and N 1 s peaks at 283.1 and 397.1 eV were

observed in the survey spectra (Fig. S2 (a)). The dif-

ferent binding energies in the C 1 s spectrum at 284.4,

284.7, 284.9 and 285.5 eV were attributed to C–H,

Figure 1 FT-IR spectra of a CMP-L, b CMP-NA, c CMP-NN, and d CMP-NAs.
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C = N, C–C and C–N, respectively (Fig. 3a). In the N

1 s spectrum (Fig. 3(b)), two different binding ener-

gies at 399.6 and 400.5 eV were arisen from the C–N

and C = N bonds. All results further confirmed that

CMP-NA was synthesized successfully. The XPS

spectra of other CMPs having imine groups were

shown in Figs. S2–S5.

The porosity of CMPs with imine structures was

obtained by N2 adsorption/desorption isotherms

(Fig. 4 and insets), and we calculated the pore size

distribution by the nonlocal density functional theory

(NL-DFT) method. The adsorption curves of two

kinds of CMPs exhibited a type I sorption profile. The

Brunauer–Emmett–Teller (BET) surface areas of

CMP-NA and CMP-NAs were 74.8 and 73.5 m2/g,

and the pore size distribution was narrow at 1.4 and

1.5 nm, respectively. The low BET surface areas of

CMP with imine groups may be because of the large

steric hindrance between the postsynthesized imine

part and the CMPs that contained a CHO group

skeleton. The morphology of CMPs with imine

structures was characterized by SEM (Fig. 5a). The

CMPs with a large skeleton of B3 showed regular

sphere morphologies, while CMP-NAs with a small

skeleton of B3s did not show regular morphology.

Thermogravimetric (TG) analysis was carried out to

test the thermal stability of CMP-NA (Fig. S6). CMP-

NA started to decompose at 200 �C and showed a

weight loss of 3.1% at approximately 300 �C, which

may be due to the small molecules left in the pores of

CMPs. CMP-NA remained 71.3% at 800 �C, which

suggested its good thermal stability.

Synthesis of the Pd/CMP heterogeneous
catalyst

Four kinds of Pd/CMP heterogeneous catalysts (Pd/

CMP-L, Pd/CMP-NA, Pd/CMP-NN, Pd/CMP-NAs)

with different Pd contents were synthesized by

treating CMPs with palladium acetate followed by

reduction with sodium borohydride (Scheme 1). The

morphology of Pd/CMPs showed almost no change

Figure 2 Solid-state 13C-NMR spectrum of CMPs with imine

structures.

Figure 3 a C 1 s XPS spectrum of CMP-NA, b N 1 s XPS spectrum of CMP-NA.
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compared with that of CMPs (Fig. 5b). Judging from

the EDS SEM-mapping images (Fig. 5c) and the TEM

image (Fig. 6a), the Pd NPs were more uniformly

dispersed in CMP-NA and CMP-NAs, and there was

a small amount of Pd aggregation in Pd/CMP-L and

Pd/CMP-NN. To further confirm the crystalline

diffraction of Pd NPs, HR-TEM was performed. The

Pd NPs were in the crystalline phase with an inter-

planar spacing of 0.231 nm, corresponding to the

(111) plane of Pd NPs (Fig. 6b). The characteristic

diffraction plane at (111) was given in the corre-

sponding selected area electron diffraction (SAED)

pattern (Fig. 6c). The high-annular dark-field scan-

ning TEM (HAADF-STEM) pattern (Figs. 6d and e)

and the elemental mapping of Pd (Fig. 6f) further

demonstrated that the Pd NPs were uniformly

dispersed.

Figure 4 The N2 absorption–desorption and pore-size distribution curves of a CMP-NA, b CMP-NAs.

Figure 5 a SEM images of CMP-L, CMP-NA, CMP-NN and CMP-NAs from left to right, b SEM images and c EDS SEM mapping for

Pd element images of Pd/CMP-L, Pd/CMP-NA, Pd/CMP-NN and Pd/CMP-NAs from left to right.
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XPS was used to reveal the interaction between Pd

and CMPs, and the oxidation state of Pd in Pd/CMPs

can be confirmed. In the XPS survey spectrum, the

diffraction peak of Pd was found at a binding energy

of 336.3 eV (Figs. S2(a)-(d)), and the N1s XPS spectra

showed the N-Pd peak at a binding energy of

399.1 eV (Figs. 7a and S7-S9(a)). The results above

indicated that the Pd NPs were successfully immo-

bilized on CMPs through imine groups. The Pd 3d

XPS spectra (Figs. 7b and S7-S9(b)) showed that the

binding energies of 335.0 and 340.3 eV were the

diffraction peaks of Pd 3d5/2 and Pd 3d3/2, proving

that the Pd in Pd/CMPs was Pd(0). The XRD patterns

of Pd/CMPs showed a wide diffraction peak at 20.68�
from the CMPs and sharp peaks at 39.26�, 45.62�,
66.62� and 80.34�, corresponding to the (111), (200),

(220) and (311) crystal planes of Pd, respectively

(Figs. 7c and S7–S9(c)). The FT-IR spectra of CMPs

and Pd/CMPs were measured (Figs. 7d and S7–

S9(d)). The stretching vibration peak of –C = N shif-

ted from 1626–1639 to 1551–1552 cm-1 after immo-

bilizing Pd on CMPs, which further proved the

successful synthesis of Pd/CMPs [49]. The Pd con-

tents of Pd/CMPs were confirmed by using ICP-MS

(Table 1). The CMP-NN with two aromatic nuclei and

two nitrogen atoms supported the most Pd, which

may be caused by the stronger p–p stacking interac-

tion and the greater number of sites for Pd to be

immobilized.

Catalytic efficiency of Pd/CMPs
in the Suzuki–Miyaura model reaction

Optimization of the model reaction using Pd/CMP-NA

To evaluate the catalytic efficiency of Pd/CMPs as

heterogeneous catalysts for the Suzuki–Miyaura

coupling reaction, the phenylboronic acid and p-

iodotoluene as model reactions using Pd/CMP-NA

was utilized (Scheme 2). We systematically studied

the effects of reaction time, base, base content, solvent

and temperature on the catalytic efficiency of Pd/

CMP-NA, and the results were shown in Fig. 8 and

Table 2. The conversion increased rapidly during the

first 5 min, and when the reaction time was extended

to 1 h, the conversion reached 99.0% (Fig. 8). In

addition, considering that bases exert a significant

effect, organic bases (Et3N, tBuOK) and inorganic

bases (Na2CO3, K3PO4
.3H2O, NaOH) were also tes-

ted. In the model reaction, NaOH showed the best

yield of 82.6% with a TON of 82.6. when the con-

centration was 1.5 eq (Table 2, entries 1–8), and

inorganic bases with stronger basicity led to higher

reactivity. Both aprotic and protic solvents were used

as solvents in the model reaction (Table 2, entries 5,

9–12), and the two-component solvent EtOH/H2O

showed the best performance, yielding 90.2% of the

target product (Table 2, entry 12). This may be

attributed to the presence of hydroxyl groups in the

alcohol molecule, as these groups provide a hydro-

gen bond donor, which facilitates the C–I bond

Figure 6 a TEM images of CMP-NAs, b HR-TEM images of

CMP-NAs, c selected-area electron diffraction (SAED) images of

CMP-NAs, d high-annular dark-field scanning TEM (HAADF-

STEM) images of CMP-NAs, e HAADF Pd images of CMP-NAs,

and f EDS TEM mapping for Pd element images of CMP-NAs.
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dissociation of the halide and facilitated the coupling

reaction [49]. In conclusion, the best reaction condi-

tions for Suzuki–Miyaura coupling using Pd/CMP-

NA as a heterogeneous catalyst were confirmed:

1.5 eq NaOH was used as the base, and the reaction

was carried out in EtOH/H2O at 80 �C for 1 h

(Table 2, entry 9).

Effect of Pd content on Suzuki–Miyaura model reaction

The yield of the Suzuki–Miyaura coupling reaction

was greatly affected by the Pd content. When CMP-

Figure 7 a N 1 s XPS spectrum of Pd/CMP-NA, b Pd 3d XPS spectrum of Pd/CMP-NA, c XRD patterns of CMP-NA and Pd/CMP-NA,

d FT-IR spectra of CMP-NA and Pd/CMP-NA.

Scheme 2 Suzuki–Miyaura model reaction of p-iodotoluene with phenylboronic acid.

Table 1 Pd contents of the Pd/CMPs by ICP–MS

Pd/CMP Pd infeeda(wt %) Pd contentb(wt %)

Pd/CMP-NA 10 3.06

Pd/CMP-NA 20 5.68

Pd/CMP-NA 30 7.92

Pd/CMP-L 30 6.70

Pd/CMP-NN 30 8.54

Pd/CMP-NAs 30 7.76

aWPdðOACÞ2
/WCMPs 9 100%

bPd content in Pd/CMPs measured by ICP-MS
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NA loaded with different contents of Pd

(0.29 mol% * 0.75 mol%) was used as the catalyst,

the higher Pd contents produced a higher yield

(Table 3, entries 1–3). However, as the Pd content

increased from 0.75 mol% to 1.0 mol%, the yield

showed almost no change (Table 3, entry 4). There-

fore, a Pd/CMP-NA with Pd content of 0.75 mol% is

sufficient for catalyzing the Suzuki–Miyaura model

reaction. In order to confirm the role of Pd NPs

loaded on the CMPs, CMP-NA without Pd NPs was

used as catalyst for Suzuki–Miyaura model reaction,

and almost no corresponding catalytic product can be

obtained (Table S1, entry 1).

Effect of the chemical structure of CMPs on the Suzuki–

Miyaura model reaction

The effect of Pd/CMPs with different substituents

with the same Pd content on the model reaction was

discussed (Table 3, entries 4–6, Table S1). Pd/CMP-

NA showed the highest catalytic efficiency with a

yield of 94.3%. This may be because compared to the

other Pd/CMPs, the Pd NPs in Pd/CMP-NA were

dispersed more uniformly (Fig. 5(c)) and exhibited

higher atom utilization, which led to higher catalytic

efficiency [50]. We also discussed the effect of skele-

ton size on catalysis (Table 3, entries 4 and 7), the Pd/

CMP-NA with large skeleton showed higher catalytic

efficiency. This may be caused by the higher specific

surface area of Pd/CMP-NA with large skeleton,

which increased the reactive surface of the catalyst.

Figure 8 The conversion curve of p-iodotoluene in Suzuki–

Miyaura model reaction using Pd/CMP-NA as a heterogeneous

catalyst.

Table 2 Suzuki–Miyaura model reactions of phenylboronic acid and p-iodotoluene using Pd/CMP-NA as catalysta

Entry Solventb Base Dosage (equiv.) Temperature (�C) Time (h) Yieldc (%) TONd

1 DMF/H2O Et3N 1.5 80 1 28.4 28.4

2 DMF/H2O tBuOK 1.5 80 1 71.8 71.8

3 DMF/H2O Na2CO3 1.5 80 1 47.7 47.7

4 DMF/H2O K3PO4
.3H2O 1.5 80 1 76.7 76.7

5 DMF/H2O NaOH 1.5 80 1 82.6 82.6

6 DMF/H2O NaOH 1.0 80 1 55.9 55.9

7 DMF/H2O NaOH 2.0 80 1 69.3 69.3

8 DMF/H2O NaOH 2.5 80 1 68.9 68.9

9 EtOH/H2O NaOH 1.5 80 1 90.2 90.2

10 1,4-Dioxane/H2O NaOH 1.5 80 1 69.3 69.3

11 DMF NaOH 1.5 80 1 29.2 29.2

12 Toluene NaOH 1.5 80 1 31.1 31.1

13 EtOH/H2O NaOH 1.5 RT 4 77.4 77.4

14 EtOH/H2O NaOH 1.5 50 1.5 77.2 77.2

15 EtOH/H2O NaOH 1.5 120 0.17 62.2 62.2

ap-iodotoluene (500 lmol), phenylboronic acid (750 lmol), solvent (3.00 mL), Pd/CMP-NA (1.0 mol% Pd content), N2

bThe volume ratio of two components solvent was 1:1
cIsolated yields based on p-iodotoluene
dTON = (moles of product)/(moles of metal in the catalyst)
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Suzuki–Miyaura coupling reaction of various substrates

catalyzed by Pd/CMP-NA

We tested various substituted aryl halides and

phenylboronic acids to explore the versatility of the

catalytic system. The Suzuki–Miyaura reaction

between various substrates using Pd/CMP-NA

under the optimal reaction conditions (Scheme 3) was

carried out. The catalytic conversion was up to 100%,

and the yield reached 95.4% with a TON of 127. The

reactivity of substituted iodobenzene was higher than

that of substituted bromobenzene (Table 4, entries

1–4) and obtained higher conversions (greater than

99.0%). In addition, the introduction of electron-do-

nating groups to iodobenzene decreased the conver-

sion of Suzuki–Miyaura coupling reaction (Table 4,

entries 4–6). On the other hand, when an electron

withdrawing group (either ortho- or para-substi-

tuted) was introduced to iodobenzene, 100% con-

version was achieved (Table 4, entries 7 and 8).

Furthermore, the conversion was slightly reduced

(83.5% and 91.5%) for the substituted phenylboronic

acids containing electron-donating or electron-with-

drawing groups (Table 4, entries 9, 10).

The heterogeneity test of Pd/CMP-NA

The heterogeneity of Pd/CMP-NA was demon-

strated by hot filtration experiments (Fig. S10). The

Pd/CMP-NA was filtered out when the reaction was

performed at 80 �C for 20 min, and the filtrate was

taken to measure the 98.6% conversion by GC. The

Scheme 3 Suzuki–Miyaura coupling reaction synthesis of different halogenated benzene with different phenylboronic acids.

Table 4 Suzuki–Miyaura

coupling reactions of different

substrates using Pd/CMP-NA

heterogeneous catalysta

Entry R1 X R2 Time (h) Conversionb (%) Yieldc (%) TONd

1 H Br H 2 95.1 81.2 108

2 p-Me Br H 2 86.5 80.0 107

3 H I H 1 100 95.1 127

4 p-Me I H 1 99.0 94.9 127

5 p-OMe I H 1 91.6 85.8 114

6 p-NH2 I H 1 92.5 83.9 112

7 p-NO2 I H 1 100 95.4 127

8 o-NO2 I H 1 100 92.3 123

9 p-Me I m-OMe 1 91.5 81.7 109

10 p-Me I p-CHO 1 83.5 72.1 96
aAryl halides (500 lmol), Arylboronic acids (750 lmol), NaOH (750 lmol), EtOH:H2O = 1:1(V:V),

3.00 mL, and Pd/CMP-NA (0.75 mol% Pd content)
bThe conversion is determined by GC
cIsolated yield based on aryl halides
dTON = (moles of product)/(moles of metal in the catalyst)

Table 3 Suzuki–Miyaura model reactions of phenylboronic acid

and p-iodotoluene catalyzed by Pd/CMPsa

Entry Catalyst Pd contentb (mol%) Yieldc (%) TONd

1 Pd/CMP-NA 0.29 41.5 143

2 Pd/CMP-NA 0.54 65.2 121

3 Pd/CMP-NA 0.75 94.9 127

4 Pd/CMP-NA 1.0 94.3 94.3

5 Pd/CMP-L 1.0 82.4 82.4

6 Pd/CMP-NN 1.0 76.8 76.8

7 Pd/CMP-NAs 1.0 90.2 90.2

ap-iodotoluene (500 lmol), phenylboronic acid (750 lmol),

NaOH (750 lmol), 80 �C, N2, 1 h
bPd content (Pd mole/substrate mole)
cIsolated yields based on p-iodotoluene
dTON = (moles of product)/(moles of metal in the catalyst)
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filtrate was further heated under the same reaction

conditions for 2 h without obtaining any coupling

product. The Pd/CMP-NA was added again to con-

tinue the reaction for 2 h, and the conversion was

increased to 100%, as measured by GC. These results

clearly indicated that Pd/CMP-NA was a heteroge-

neous catalyst and that a catalytic reaction carried out

by dissolved homogeneous Pd did not occur.

Cyclic characteristics of the Pd/CMP-NA heterogeneous

catalysts

The stability and recyclability of Pd/CMP-NA as a

heterogeneous catalyst for the Suzuki–Miyaura cou-

pling reaction were discussed. The conversion

showed almost no change after two cycles and was

maintained at more than 80% after 5 cycles (Fig. 9a).

The slight drop in conversion was due to the slight

exfoliation of Pd caused by vigorous stirring during

the catalytic process (Fig. 9b). The structure and

metal valence states of the reused Pd/CMP-NA were

also investigated. The FT-IR spectrum (Fig. S11) of

Pd/CMP-NA did not change after 5 catalytic cycles,

and the Pd 3d XPS spectrum (Fig. S12) showed

binding energies of Pd 3d5/2 and Pd 3d3/2 at 335.0

and 340.3 eV, respectively, indicating that the Pd in

Pd/CMP-NA remained Pd(0). TEM images showed

that after 5 cycles, Pd NPs in Pd/CMP-NA were

uniformly dispersed without obvious aggregation

(Fig. S13). SEM images showed that the morphology

of Pd/CMP-NA did not change after 5 cycles

(Fig. S14). The stability of Pd/CMP-NA as a

heterogeneous catalyst for the Suzuki–Miyaura cou-

pling reaction was very high.

Suzuki–Miyaura coupling reaction mechanism using Pd/

CMPs as catalysts

The possible mechanism the Suzuki–Miyaura cou-

pling reaction by using Pd/CMP-NA catalyst was

shown in Scheme 4. The Pd(0) supported on CMP-

NA underwent an oxidative addition reaction with

halogenated aromatic hydrocarbons to form the

complex (A) of Pd(II) and then underwent a metal

transfer reaction with alkali-activated phenylboronic

acid to form the complex (B) of Pd(II), and finally,

reductive elimination afforded the product and Pd/

CMP-NA, which was consistent with the mechanism

reported in a previous article [51].

Conclusions

In summary, four kinds of Pd/CMPs with different

Pd contents were synthesized and used as heteroge-

neous catalysts for the Suzuki–Miyaura coupling

reaction. More Pd can be loaded with stronger p–p
stacking interaction and greater numbers of nitrogen

atoms in the CMP support. The Pd/CMP-NA with

good Pd NPs dispersibility and appropriate Pd con-

tent showed the best catalytic efficiency with a yield

of 95.4% and a conversion of 100% in the Suzuki–

Miyaura coupling reaction. The Pd/CMPs showed

good substrate adaptability and recyclability, and the

yield was maintained at 80.2% after 5 cycles. To

Figure 9 a Recycling catalytic test for the Suzuki–Miyaura model reaction, b XPS survey spectrum of Pd/CMP-NA (black line) and Pd/

CMP-NA after the five runs of catalysis (red line).
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further understand the catalytic mechanism of Pd/

CMP-NA in the Suzuki–Miyaura coupling reaction,

we proposed a rational catalytic cycle. This study

revealed the structural design of the CMP-catalyzed

Suzuki–Miyaura coupling reaction.
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