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Abstract: Porous organic polymers (POPs) are composed of amorphously linked bonds with high surface areas. Urea
based porous organic polymer (UPOP) was synthesized by urea condensation reaction. Porous nature of UPOP was iden-
tified by Brunauer-Emmett-Teller (BET) analysis. To evaluate the possibility as heterogeneous catalysts, Pd was loaded
onto UPOP, namely Pd@UPOP. XPS analysis and element mapping data confirmed that Pd was supported on
Pd@UPOP, then Suzuki-Miyaura coupling reaction was performed with various aryl bromides. The optimized conditions
for the catalytic activity of PdA@UPOP are using mixture of (H,O:EtOH 3:1) (v/v) as a solvent and K,CO; as a base. In
this condition, reactions reached to 99% yields with Pd only 0.1 mol% under 1 h. Also, in recycling experiments, yields

were maintained above 90% during five runs.
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Introduction

As organic chemistry has become more sophisticated, cat-
alysts are required to have more functions for reaction rate
control, reduction of activation energy of reaction, and selec-
tive reaction progress. Therefore, developing an optimized cat-
alyst for the reaction is always an important issue. Although
homogeneous catalysts are usually highly active and selective,
these catalysts are hard to separate from the reaction mixture
and difficult to recycle for multiple runs. In these senses, het-
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erogeneous catalysts are often preferred. As prerequisites of
the heterogeneous catalyst, the structure should be stable, and
the transition metal should be well supported. The nitrogen-
rich polymers are considered to fulfill these prerequisites under
which the catalyst can be supported.'

Porous organic polymers (POPs) are noticeable materials
with special properties such as surface permanent porosity and
a large surface area. In addition, POPs have been recently used

>10 sensing,'"? light emitting,*""*'> and het-

in gas storage,
erogeneous catalysts'®? because of their ability to control pore
size and tune functional groups by easy chemical reactions.
Especially in recent years, significantly advances have been
made to use POPs as heterogeneous phase catalysts because

many reactions use expensive noble metals as catalysts. When
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noble metals are used as direct catalysts, noble metals may be
aggregated so reaction efficiency is lowered. In addition,
depending on the reaction, a ligand that changes the state of
electrons in a noble metal is required. In order to use the large
surface area of POPs as catalyst supports, attempts also have
been directed to prevent the aggregation of precious metals and
to manipulate the structure to change the electronic state of the
noble metals."'® In this regard, nitrogen-rich polymers could
be good candidates since they have a high affinity for metals.

A urea group, which has been reported long ago, have many
advantages since it can be formed by simple condensation
reaction under the mild condition without byproduct mole-
cules.”! Urea-based polymers can be synthesized with rela-
tively inexpensive starting materials and they have high
affinity with various solvents.? Moreover, since the structure
contains a large amount of N and O, many sites that can absorb
the transition metal are expected to be useful as heterogeneous
catalysts.

Suzuki-Miyaura cross-coupling reaction is one of the most
important reactions for building up C-C bonds. Since the C-C
construction is so useful, coupling reaction is widely in various
fields. This reaction is used in agricultural chemistry, elec-
trochemistry, pharmaceutical, natural products, and so on.
Most Suzuki-Miyaura cross-coupling reactions are performed
using palladium catalysts and the catalyst performance is
largely dependent on the ligand of palladium. Especially, in the
earlier days, the palladium loading performance of a phosphine
ligand was known to be excellent, and the electronic properties
of the phosphine ligand could be easily changed by controlling
the functional groups, therefore it has been widely used for the
Suzuki-Miyaura reaction.”>** However, phosphorus ligands are
less preferred due to their cost and toxicity. Recently, nitrogen-
based ligands have attracted more attention. Not only nitrogen-
based ligands can be synthesized with relatively economic
reagents but also steric and electronic properties of nitrogen-
based ligands are easily tunable by Schiff bases,”** hydra-

zones 2>

amines,’! etc.

In this study, we prepared POP containing urea group
namely, UPOP by one-step condensation polymerization of
1,4-phenylene diisocyanate with melamine, respectively. We
evaluated pore structure, structure properties, thermal prop-
erties of UPOP by SEM, TEM, BET, FTIR, NMR, TGA, and
XPS. The UPOP was immobilized with palladium for catalytic
performance for Suzuki-Miyaura cross-coupling reaction. We
optimized the reaction conditions and tested the recycling

capability of the as-prepared catalysts.

Zan, A)429 A35, 20183

Experimental

Materials. 1,4-Phenylene diisocyanate, melamine, dimethyl
sulfoxide (DMSO), palladium acetate, 4-bromoanisole, 2-bro-
moanisole, 4-bromotoluene, 2-bromotoluene, bromobenzene,
4-bromoacetophenone, and chloroform were purchased from
Sigma Aldrich Co. 2-Bromopyridine and 3-bromopyridine
were purchased from Toyko Chemical Industry Co. 1-Bromo-
4-nitrobenzene, 4-bromobenzonitrile, and 2-bromothiophene
were purchased from Alfa Aesar. All these chemicals were
used as received without further purification.

Synthesis of Urea-Based Porous Organic Polymer.
UPOP was prepared by adopting a urea reaction in a 100 mL
round flask. 2 mmol of melamine was melted in DMSO under
Ar condition then 3 mmol of 1,4-phenylene diisocyanate was
added in flask. Reaction was carried out at 150 °C with vig-
orous stirring under Ar condition for 24 h. After the reaction,
product was filtered by centrifugation and repeatedly washed
with ethanol. Product was dried in vacuo at 85 °C for 24 h,
then white powder is obtained (Figure 1) The entire procedure
for the preparation of Pd-supported UPOP is illustrated in
Scheme 1.

Immobilization of Pd on UPOP. UPOP (292.5 mg) was
added to a solution of palladium acetate (0.75 mg) in chlo-
roform (40 mL). The mixture was dispersed using ultrason-
icator for 3 min. After the mixture was stirred at 70 °C for 5 h,
the resultant solid was filtered and successively washed with
ethanol. The residue was dried in vacuo at 80 °C for 24 h, then

yellowish powder was obtained.

Figure 1. Digital photograph of as-prepared polyurea-based POP
(UPOP) synthesized by condensation between melamine and 1,4-
phenylene diisocyanate.
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Scheme 1. Synthesis of urea-based POPs and subsequent Pd-loaded
POPs for catalysts in Suzuki-Miyaura cross-coupling reaction.

Suzuki-Miyaura Cross-coupling Reaction. Pd@UPOP
(0.1 mol%) was added to a mixture of aryl bromide (0.2
mmol), phenylboronic acid (0.24 mmol), and base (0.2 mmol)
in solvent (4 mL). Reaction was carried out at 80 °C for 1 h
under air atmosphere. After reaction, the crude product was
extracted with diethyl ether and dried over anhydrous MgSO,
and evaporated under reduced pressure. The product was puri-
fied using column chromatography. GC analysis was per-
formed to determine the yield of reactions.

Recycle of Catalysts. Recycling experiment was carried
out in presence of Pd@UPOP (0.1 mol%), 4-bromoanisole
(37.4 mg, 0.2 mmol), phenylboronic acid (29.4 mg, 0.24 mmol)
and K;PO, (0.4 mmol) in solvent (EtOH 1 mL, H,O 3 mL) at
80 °C for 1 h under ambient condition. After the completion of
the reaction, the catalyst was separated from the reaction mix-
ture by filtration. Then, it was directly used in the next run
under the same reaction conditions.

Measurements. FTIR spectra of UPOP and Pd@UPOP
were analyzed using VERTEX 80V FTIR vacuum spec-
trometer. Analysis was carried out in the frequency range of
400 to 4000 cm™. *C NMR spectrum of UPOP was analyzed
using DIGITAL AVANCE III 400 MHz Bruker NMR spec-
trometer using CDCl; as a solvent. Analysis was performed at
400 MHz for 128 scans. Solid NMR was performed under the
same condition. Thermogravimetric analysis (TGA) was per-

formed using Q50 (TA Instruments, USA) from 40 to 900 °C
at 10 °C/min under nitrogen atmosphere. Morphology was ana-
lyzed by scanning electron microscope (SEM, S-4300, Hita-
chi) and transmission electron microscope (TEM, JEM2100F,
JEOL). Specific surface area using Brunauer-Emmett-Teller
(BET) method was analyzed using BELSROP-MAX (Micro-
tracBEL, USA). The pore size was obtained by the non-local
density functional theory (NL-DFT) method. X-ray photo-
electron spectroscopy (XPS) spectra were obtained using K-
Alpha model of XPS spectrometer (Thermo Scientific, USA)
and elemental analysis was performed on carbon, nitrogen,
oxygen, and palladium. Inductively coupled plasma optical
emission spectrometer (ICP-OES, Optima 7300DV) analysis
was performed to measure the loaded amount of Pd. The yields
of cross-coupling reactions were analyzed using gas chro-
matography (Agilent 7980A, Agilent Technologies). The ana-
lytical temperature was 150 °C and diethyl ether at a flowing
rate of 6 mL/sec was used as a mobile phase.

Results and Discussion

Structural Properties. The synthetic route of UPOP is
shown in Scheme 1. UPOP was characterized using FTIR as
illustrated in Figure 2. The peaks observed at 3332 and
1640 cm™ are N-H group and C=O stretching of urea group,
respectively.”> The N=C=0 peak at 2270 cm™ disappeared
after reaction, meaning that the isocyanate group reacted to
become polyurea resulting in UPOP. FTIR spectra of
Pd@UPOP is also displayed in Figure 2. The peaks of
Pd@UPOP are same as UPOP, which indicates that the chem-
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Figure 2. FTIR spectra of UPOP and Pd@UPOP catalyst.
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peaks at 120.4 and 134.4 ppm are attributed to carbons at phe-
nyl ring. C6 peak at 153.7 ppm originated form urea group and

C7 Co C5 C4 C7 peak at 163.8 ppm is caused by carbons at melamine. All
[163.8] [153.7] [134.4] [120.4]

the peaks in UPOP match with polymers with similar struc-

j\ F‘{Nm ture."

NZ . .

N ﬁ Surface Properties. BET analysis for P/P, between 0 and
] N ]

1 were performed for identifying the surface area of products

“D

by N, adsorption-desorption at 77 K in Figure 4. The specific
surface area of UPOP was measured to be 125.28 m*/g. The
reason UPOP has a high surface area is that UPOP has a tri-
branched structure. Similar result was reported for urea-based

C7 Cé
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=

porous polymers synthesized by 1,3,5-triisocyanate and p-

200 ' 180 160 140 120 100 80 60 phenylene diamine, in which the surface area was 91-113 m%g.*'

ppm

Figure 3. Solid "C NMR spectrum of as-prepared UPOP synthe-
sized by condensation between melamine and 1,4-phenylene diiso-
cyanate.

The pore-size distribution of UPOP calculated using a non-
local density functional theory (NL-DFT) showed a wide
range of size upto several hundreds nanometers.
Morphology of UPOP and Pd@UPOP observed by SEM
and TEM are depicted in Figure 5 and Figure 6. Plate-type
ical structure of UPOP remains intact after loading of pal- structures are confirmed in UPOP using SEM and TEM. Ele-
ladium onto UPOP. Figure 3 shows “C NMR spectrum of mental mapping shows that four elements (C, O, N, Pd) are
UPOP where four strong peaks are witnessed. C4 and C5 homogeneously distributed in PA@UPOP, implying that the
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Figure 4. N, adsorption-desorption isotherms and pore-size distribution of UPOP at 77 K.

Figure 5. SEM microphotographs of UPOP at different magnifications: (a) x10 K; (b) x50 K.

Zan, A)429 A35, 20183
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200 nm

100 nm

Figure 6. (left) TEM microphotographs: (a, b) UPOP; (c, d) PA@UPOP catalyst. (right) Elemental mapping images of Pd@UPOP for C, O,

N, and Pd.

catalyst is successfully prepared.

Thermal Properties. Thermal stability of UPOP and
Pd@UPOP analyzed using TGA are shown in Figure 7. Struc-
tural stability at high temperature is an important issue for the
scaffold because the heterocyclic system may react at high
reaction temperature. We have designated the point where the
structure collapses at 5% as the degradation point. Figure 7
shows that the framework degradation temperatures are 263
and 266 °C for UPOP and Pd@UPOP, respectively. It was con-
firmed that the structure was not broken after loading of Pd
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Figure 7. TGA thermograms of UPOP and Pd@UPOP catalyst
under nitrogen atmosphere.

onto UPOP so that the decomposition temperature was the
almost identical to pristine UPOP.

Elemental Analysis. XPS analysis was performed for ele-
mental analysis and investigating interactions between pal-
ladium and other elements of PA@UPOP shown in Figure 8

N 1Is

Cls

Counts / s

1400 1200 1000 800 600 400 200 0

Binding Energy (eV)
Atom Theoretical atomic Measured atomic
) )
Cls 55 58.45
N 1s 35 30.97
O1s 10 10.58

Figure 8. XPS survey spectrum of UPOP and calculated element
contents of carbon, nitrogen, and oxygen.
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Figure 9. XPS (a) O 1s spectra of UPOP and Pd@UPOP; (b) N 1s
spectra of UPOP and Pd@UPOP; (c) Pd 3d spectra of Pd@UPOP.

and Figure 9. From the survey spectrum for UPOP in Figure
8, measured atomic percents are almost the same as the the-
oretical value. In Figure 9, the binding energy of N 1s of
UPOP and Pd@UPOP was shown at 399.6 eV. The binding

Zan, A)429 A35, 20183

energy of O 1s of UPOP and Pd@UPOP was 531.05 eV. There
is a slight shift of O is about in UPOP and Pd@UPOP due to
the interactions of Pd with the frameworks.?' The peak of Pd
3d;, was shown at 337.81 eV and Pd 3d;,, of PA@UPOP was
at 343.01 eV, respectively. The peak of Pd@UPOP was
assigned to the +2 oxidation state. Furthermore, compared with
Pd(OAc), (338.40¢V),” the shift of 0.59 eV occurred for
Pd@UPOP. 1t is assumed that this phenomenon is caused
because Pd is immobilized on the surface of the polymer as
reported elsewhere.”! As a result of the above data, it is con-
firmed that Pd is successfully immobilized in/onto the poly-
mer. To further study of the exact amounts of immobilized Pd,
ICP-OES analysis was carried out. ICP-OES confirmed that
the amount of Pd of UPOP was 0.96 wt%. It is the expected
result that Pd@UPOP contains a larger amount of Pd because
it has sufficient nitrogen atoms to coordinate with Pd in the
structure and internal space in the polymer in which Pd can
penetrate inside the pores.

Catalytic Performance of Suzuki-Miyaura Cross-
coupling Reaction. Suzuki-Miyaura reaction of 4-bromoan-
isole with phenylboronic acid was chosen for optimizing con-
dition of catalytic performance. Table 1 lists the yield data of
optimization study of PdA@UPOP. When the reaction of 4-bro-
moanisole with phenylboronic acid was performed with base
in the presence of 0.1 mol% of Pd@UPOP, the reaction was
carried out at 80 °C under aerobic condition for 1 h. To find
optimum reaction condition, the reaction was performed with
different bases and solvents. Pd@UPOP shows the highest
performance of reaction in H,O/EtOH (3:1 v/v). Among the
bases such as NEt;, KOH, K,COs, and K;PO,, satisfactorily
high enough yields were achieved for K,CO; and K;PO,
(Table 1, entries1-4). Further experiments were carried out to
select solvents with K,CO;. The solvents tested were H,O,
EtOH, DMF and their mixtures. Test results showed that both
Pd@UPOQOP had the highest yield when a mixture of water and
ethanol in a ratio of 3: 1 v/v was used as a solvent. Especially,
Pd@UPOP with K,PO; showed a performance of 95% under
the above conditions (entry 4). Because 4-bromoanisole hav-
ing methoxy group is so electron-rich that the reaction is dif-
ficult to proceed. However, Pd@UPOP containing only 0.1
mol% Pd can reach 95% yields under aerobic condition for
1 h. As a result, Pd@UPOP with the best yield condition was
chosen for further experiment with other aryl and heteroaryl
bromides.

Catalytic performances of Pd@UPOP were evaluated for
cross-coupling reaction with aryl and heteroaryl bromides as
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Table 1. Optimization of the Suzuki-Miyaura Cross-coupling Reaction of 4-Bromoanisole with Phenylboronic Acid Catalyzed by

Pd@UPOP
Pd@UPOP
H3COOBr + (HO)B Solvent, Base, 80°C HsCO
Entry [Of?‘;ags]t% 1 Base Solvent (mL) Yield (%)
1 NEt; H,O/EtOH (3:1) 28
2 KOH H,O/EtOH (3:1) 35
3 K,CO; H,O/EtOH (3:1) 95
4 K;PO, H,O/EtOH (3:1) 93
5 K,CO;, H,O 33
6 K,CO; EtOH 15
7 UPOP K,CO; H,O/EtOH (2:2) 66
8 K,CO; H,O/DMF (2:2) 59
9 K,CO; H,O/DMF (3:1) 89
10 K;PO, H,O 46
11 K;PO, EtOH 23
12 K;PO, H,O/EtOH (2:2) 31
13 K;PO, H,O/DMF (2:2) 35
14 K;PO, H,O/DMF (3:1) 35

listed in Table 2. To examine the capability of PA@UPOP as
a catalyst, we divided the experiment sets into three classes. In
the first group (Table 2, entries 1-4), the reaction was preceded
with aryl bromide having electron donating group (EDG). For
the second group (entries 5-8), aryl bromides have electron
withdrawing group (EWG). The third group is heteroaryl bro-
mides (9-11). Additionally, the reaction was carried out with
benzene (entry 7). It is well-known that aryl bromides with
EDG are more difficult for Suzuki-Miyaura cross-coupling
reaction than bromobenzene. Because functional groups
attached to the benzene ring push the electron to the benzene
ring, the benzene ring is in an electron-rich state, so the reac-
tant is stabilized.**

However, PA@UPOP works as an excellent catalyst for aryl
bromides with EDG. For the investigation of steric effect, -OCHj;
in ortho and para position (entries 1-2) and —CHj, in ortho and
para position (entries 3-4) were compared. For both cases, the
yield was greater for ortho-substituted aryl bromide due to ste-
ric hindrance. Also, -CHj; substituted aryl bromide has a higher
yield than —OCH; substituted one since —CHj is a weaker EDG
than —OCHj;. This means the more electron rich in the benzene
ring, the more difficult reaction proceeds.

Reaction with aryl bromides with EWGs such as 1-bromo-
4-nitrobenzene, 4-bromobenzonitrile and 4-bromoacetophe-
none provided yields almost 100% (entries 6-8). EWGs pull
the electrons from the benzene ring, which makes the benzene
ring unstable. Then the unstable aryl bromides will readily
react so yields become higher than EDGs.

The last reaction group is heteroaryl bromides having pyr-
idinic group (entries 9-10) and thiophene (entry 11). The reac-
tion with 3-bromopyridine produced the product in 97% yield
(entry 10). However, yield for 2-bromopyridine was 71%,
(entry 9). This result suggests that the closer heteroatom to Br
makes the reaction more difficult. Furthermore, yields for 2-
bromothiophene reached 100% (entry 11) because the electron
density is lower in the benzene ring due to a lower elec-
tronegativity of S than that of N. It is generally known that het-
eroatoms in the benzene ring make the reaction difficult to
proceed because of the high electron density in the ring. How-
ever, all of the reactions with aryl bromide reached above 90%
within 1 h and the reaction with heteroaryl bromide reached at
least 70% within 3 h. This is a remarkable result representing
that PA@UPOP is a highly efficient catalyst for Suzuki-
Miyaura cross-coupling reaction.

Polymer(Korea), Vol. 42, No. 3, 2018
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Table 2. Suzuki-Miyaura Cross-coupling Reaction of Aryl Bromides and Heteroaryl Bromides with Phenylboronic Acid Catalyzed

by Pd@UPOP in Water/EtOH

<jj>—Br‘+ (HO),B
R//

Pd@UPOP
Solvent, K,CO3, 80°C

Aryl bromide

Entry Product Time (h) Yield (%)
Name Structure

1 4-bromoanisole H3co©—Br H;CO O O 1 95
Br

2 2-Bromoanisole @ 1 91
OCH OCHj

3 4-Bromotoluene Hﬁ‘@*& H3C 1 99

4 2-Bromotoluene @[ 1 97

CH;

5 Bromobenzene @ 1 100

6 1-Bromo-4-nitrobenzene OZN@Br 02N 1 100

7 4-Bromobenzonitrile NCOBr NC 1 100

8 4-Bromoacetophenone o>—©78r 1 100

9 2-Bromopyridine \_ / \_ / 3 71

N N
10 3-Bromopyridine @Br \_ / 3 97
N N
11 2-Bromothiophene 100

éﬂ
w

Reactions were carried out by using aryl bromide (0.2 mmol), phenylboronic acid (0.24 mmol), K;PO, (0.2 mmol), and [Pd] (0.1 mmol%) in

solvent 4 mL (H,O: EtOH 1:3 (v/v)). Reactions were carried out in air.

This high catalytic activity is assumed to be due to two rea-
sons. First, UPOP has a large amount of N content (31%), so
it can support sufficient palladium atoms in frameworks.
Another reason is the high surface area of UPOP that enables
palladium can be well dispersed on a wider area so it provides
plentiful sites for the reaction.

Recyclability of Catalysts. The capability of recycling is a
significant issue of heterogeneous catalysts. The catalytic recy-
clability of PA@UPOP was evaluated by examining the reac-
tion between 4-bromoanisole and phenylboronic acid. The

Zan, A)429 A35, 20183

reaction was carried out under the condition of entry 1 in Table
2. After the reaction, the catalyst was centrifuged with ethanol
for separated from products and dried in vacuum oven during
1 h for recovering the catalyst. Subsequently, next reaction was
performed with recovered catalyst under the same condition.
Figure 10 shows that catalyst performance marginally decreased
with repeated runs due to the possible aggregation of Pd on the
UPOP. At 5" run, the yield was 90% which is an encouraging
result, implying that it can be sufficiently used as a hetero-
geneous catalyst.
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Figure 10. Recycling performance of Pd@UPOP catalyst in
Suzuki-Miyaura cross-coupling reaction. Reaction conditions: 4-
bromoanisole (2 mmol), phenyl boronic acid (2.4mmol), K,CO; (2
mmol), [Pd] (0.1 mmol%) in solvent 4 mL (H,O:EtOH 3:1 v/v) at
80 °C for 1 h and reaction was carried out in air.

Conclusions

POPs based on polyurea, UPOP is successfully synthesized
by condensation reaction. Its surface area, porosity, and ther-
mal stability are enough to be used as catalyst supports. Since
the UPOP is nitrogen-rich, they can hold Pd as to be efficient
heterogeneous catalysts for Suzuki-Miyaura cross-coupling
reaction. When Suzuki-Miyaura cross-coupling reaction is car-
ried out with 4-bromoanisole and phenylboronic acid, the opti-
mum conditions for both catalysts are the mixture of water/
ethanol (3/1) as the solvent with K,COj; as a base. Under these
conditions, the yield of coupling reaction using PdA@UPOP is
95%. Especially, the coupling reaction using Pd@UPOP
achieves above 100% yield when reacted with EWG and also
acquires satisfactory catalytic performance even when reacted
with EDG and heteroaryl halides. Considering the reaction
conditions with only 0.1 mol% of Pd under aerobic condition
for 1 h, it is a promising result. Furthermore, when Pd@UPOP
is reused upto five times, the yield maintains above 90%,
which is an excellent performance as a heterogeneous cat-
alyst.
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