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ABSTRACT 
The challenge for single-atom catalysts in various C–C cross coupling reaction exists in the development of solid supporting 
materials. It has been desired to find a supporting material designed in molecular level to anchor a single-atom catalyst and 
provide high degree of dispersion and substrate access in aqueous media. Here, we prepared discrete cages of metal-organic 
polyhedra anchoring single Pd atom (MOP-BPY(Pd)) and successfully performed a Suzuki-Miyaura cross coupling reaction with 
various substrates in aqueous media. It was revealed that each tetrahedral cage of MOP-BPY(Pd) has 4.5 Pd atoms on average 
and retained its high degree of dispersion up to 3 months in water. The coupling efficiencies of the Suzuki-Miyaura cross coupling 
reaction exhibited more than 90.0% for various substrates we have tested in the aqueous media, which is superior to those of the 
molecular Pd complex and metal-organic framework (MOF) anchoring Pd atoms. Moreover, MOP-BPY(Pd) was successfully 
recovered and recycled without performance degradation. 

KEYWORDS 
metal-organic polyhedra, Suzuki-Miyaura cross coupling reaction, structure characterization, aqueous phase reaction, 
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1 Introduction 
The solid supporting materials of heterogeneous catalysts for 
C–C cross coupling reactions have been developed with the 
aim of enhancing the atomic efficiency of the active species and 
carrying out the reactions in aqueous media [1–9]. Particulate 
supports, such as nanocarbon supports (graphene, graphene 
oxide) [10–14] and nanoparticles (styrene or silica bead) 
[15–17], were successful for nanoparticle catalysts, but the 
challenge has been to anchor the single-atom catalysts in molecular 
supports to achieve higher catalytic efficiency [18–20]. This 
is because the molecular supports are mostly successful in 
amide polar aprotic solvents but lose their activity in aqueous 
media. Molecular supports have been combined with various 
solid supporting materials before and after anchoring a single 
metal species [2] but still have limited use in term of catalyzing 
the C–C cross-coupling reaction in aqueous media due to 
agglomeration of the particles, deterioration of the active species, 
and unpredictable leaching [21–24]. Metal-organic frameworks 
(MOFs) built by combining molecular supports and inorganic 
joints have also received attention due to their high periodicity, 
porosity, and dispersibility [25–28], but the lack of diffusivity 
for the solvated reactants and products throughout the pores 
makes it difficult to fully utilize the anchored atomic catalysts. 
We believe that ultimately small MOFs to the scale of a unit  

cell would overcome this diffusivity limit and provide vast 
opportunities as supports for single-atom catalysts in many 
organic coupling reactions. 

Metal-organic polyhedra (MOPs) constructed from organic 
linkers and inorganic joints have rigid and porous structures 
similar to those of MOFs, but the interconnecting site in each 
of the inorganic joint is terminated so that each cell exists 
independently as a discrete cage (Fig. 1) [29–33]. In particular, 
a Zr-based MOP is known to be stable in water [34, 35], similar 
to the Zr-based MOFs of UiO-66 and UiO-67 [36–38], and 
has a positively charged Zr-oxide cluster to strongly interact 
with water molecules in aqueous media (Fig. 1) [35, 39]. There 
are previous reports using pristine MOPs to catalyze various 
reactions [38, 40–42], but the present work aims to use of 
MOP as a supporting material for single-atom active species in 
the catalytic reaction. There are also some cases using MOPs to 
support single-atom active species for heterogeneous catalysis 
[43–45] and photocatalysis in organic solvents, but our work 
prepared chemically stable Zr-based MOPs to support a single- 
atom catalyst in aqueous media and used them for the C–C 
coupling reaction. 

In this study, we demonstrated that a discrete Zr-based MOP 
cage anchoring single-atomic PdCl2 successfully catalyzed Suzuki- 
Miyaura cross coupling reactions with high activity in aqueous 
media. Specifically, we prepared a Zr-based MOP using 2,2’-  
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Figure 1 Schematic diagram for the composition and structure of MOP- 
BPY(Pd) and its application to Suzuki-Miyaura cross coupling reactions 
in aqueous media. 

bipyridine-5,5’-dicarboxylate (BPYDC), hereafter MOP-BPY, 
and postsynthetically anchored PdCl2 to provide a material 
referred to herein as MOP-BPY(Pd) (Fig. 1). After characterization 
of MOP-BPY(Pd) and its dispersion in water, the Suzuki- 
Miyaura cross coupling efficiencies of MOP-BPY(Pd) were 
assessed in aqueous media for various bromophenyl derivatives 
and compared with those for the Pd anchored diester form 
of BPYDC (hereafter referred to as BPYDE(Pd), (BPYDE = 
2,2’-bipyridine-5,5’-diester)) and PdCl2 anchored MOF-867 
(Zr6O4(OH)4(BPYDC) [38, 39], hereafter referred to as MOF- 
867(Pd)). MOP-BPY(Pd) exhibits superior coupling efficiencies 
relative to BPYDE(Pd) and MOF-867(Pd) for derivatives having 
both an electron-withdrawing and electron-donating group. 
Moreover, we showed that MOP-BPY(Pd) can be recycled for 
repeated reactions. The results of this study show that single- 
atom catalysts can be supported by discrete cages of Zr-based 
MOPs which have high stability and strong interactions with 
water, thus expanding the catalysis of C–C cross-coupling 
reactions in aqueous media. 

2 Experimental 

2.1 Chemicals 

Bis(cyclopentadienyl)zirconium(IV) dichloride (CP2ZrCl2), 
N,N-dimethylformamide (DMF), tetrahydrofuran (THF), 
triethylamine (TEA), bis(acetonitrile)dichloropalladium(II) 
(PdCl2(CH2CN)2), Na2CO3, K2CO3, KOH, pyridine, 
4-bromoanisole, 4-bromoacetophenone, 4-bromobenzene, 
phenylboronic acid and acetic acid were purchased from Sigma 
Aldrich. 4-Bromophenol, 4-bromotoluene, 2-bromothiophene, 
4-bromobenzaldehyde, 4-bromoaniline and diethyl ether were 
purchased from Alfa Aesar. 2,2’-Bipyridine-5,5’-dicarboxylic 
acid (H2BPYD), diethyl(2,2’-bipyridine)-5,5’-dicarboxylate and 
acetonitrile were purchased from TCI. Methanol was purchased 
from Samchun. All reagents were used as received without 
further purification. 

2.2 Synthesis of MOP-BPY 

The MOP-BPY reaction was prepared by dissolving CP2ZrCl2 

(30 mg, 0.1 mmol) and H2BPYD (5 mg, 0.03 mmol) in DMF 
(1 mL) and THF (0.5 mL). Deionized (DI) water (150 μL) was 
added to the mixture, followed by reaction in an oven at 65 °C 
for 8 h. After the reaction, white powder was obtained and 
washed 3 times with DMF (10 mL) using a centrifuge. The  
MOP crystals were soaked in methanol for 1 day, and then the 

MOP cages were obtained via centrifugation and dried in vacuo. 
The synthetic yield of the MOP cage was 86%. The detailed 
crystallographic and characteristic information was provided 
in the previous reports [29, 37–39]. 

2.3 Synthesis of MOP-BPY(Pd) 

The as-synthesized MOP-BPY powder (59 mg, 0.05 mmol) 
and PdCl2 (CH2CN)2 (14 mg, 0.05 mmol) were dissolved in 
acetonitrile (2 mL). Followed reaction in an oven at 65 °C 
for 24 h, the supernatant was decanted by using a centrifuge 
and washed 3 times with acetonitrile (10 mL) and 3 times with 
methanol (10 mL). After washing, the solid was obtained via 
centrifugation and dried in vacuo. 

2.4 Characterization of materials 

The morphology and size of the MOP crystal and MOF were 
verified by field emission scanning electron microscopy (FE-SEM) 
with a JEM-7600F, JEOL. The powder sample was dissolved 
in DMF or methanol and dropped on the holder. Powder 
X-ray diffraction (PXRD) patterns were obtained by a Bruker 
D8 Advanced (TRIO/TWIN) at 40 kV and 40 mA. Scanning 
occurred at a 4 °/min scan rate from 5° to 45° with a silicon 
holder. Electrospray ionization mass spectroscopy (ESI-MS) 
was conducted on a triple quadrupole LC-Mass spectrometer 
(AccuTOF 4G+ DART) with samples diluted in methanol. 1H 
nuclear magnetic resonance (NMR) data were obtained by a 
Bruker Advance III HD500. Samples were digested and dissolved 
by sonication in a mixture of dimethyl sulfoxide-d6 (DMSO-d6, 
650 μL) and hydrofluoric acid (HF, 150 μL). The digested 
solution was used directly for 1H NMR. Fourier transform 
infrared (FT-IR) spectroscopy was performed on a Thermo 
Fisher Scientific Nicolet iS50. Sample data were analyzed for 
ATR diamond mode measurements with 64 scans at a resolution 
of 4 cm−1. The spectra were recorded in transmission mode. 
For inductively coupled plasma-optical emission spectroscopy 
(ICP-OES) analysis, 2.1 mL hydrochloric acid (HCl) and 0.7 mL 
of nitric acid (HNO3) were added to 200 μL of MOP-BPY(Pd) 
aqueous solution (0.5 mg/mL) and digested for 12 h at room 
temperature (RT). The sample was digested again through 
Whatman No. 41 filter paper, and 1 mL filtrate was collected 
in a glass vial for a further dilution (× 10) of 10 mL of aqueous 
solution. Samples prepared by this method were analyzed by 
ICP-OES (OPTIMA 7300 DV).  

2.5 Suzuki-Miyaura cross coupling reaction 

For the Suzuki-Miyaura cross coupling reaction, MOP-BPY(Pd) 
(0.01 mol% Pd, 100 μg: Pd 0.147 nmol) was dispersed in 1 mL 
of water and 1 mL of methanol. Then, 4-bromoanisole (27.47 mg, 
0.147 mmol) or aryl halides (0.147 mmol), phenylboronic acid 
(23.28 mg, 191 mmol), and Na2CO3, (46.741 mg, 441 mmol) 
were added to the catalyst solution. For base screening, K2CO3, 
KOH, Na2CO3, and pyridine were used under the same con-
ditions. The catalytic reaction was allowed to react at 80 °C for 
6–12 h. The corresponding products were obtained by extraction 
using diethyl ether (2 mL × 3) and were analyzed using gas 
chromatography (GC, Younglin, YL6100GC). 

3 Results and discussion 

3.1 Preparation of MOP-BPY(Pd) 

Each MOP-BPY has four Zr clusters ([Cp3Zr3O(OH)3(CO2)3]+) 
at the vertices, and each Zr cluster is coordinated to three 
BPYDC units to form a porous tetrahedral cage (Fig. 1). In the 
synthesis of MOP-BPY, H2BPYDC and Cp2ZrCl2 were dissolved 
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together with a mixture of DMF, THF, and DI water, followed 
by heating at 85 °C for 8 h to give cubic crystals of MOP-BPY. 
The cubic crystals were formed via the periodic arrangement 
of MOP-BPY cages. The crystal structure of MOP-BPY was 
confirmed by PXRD, while the crystal shape was confirmed 
by FE-SEM. When these crystals were immersed in methanol, 
the MOP-BPY was unpacked and the resulting species were 
well dispersed as separated cages. These discrete cages were 
collected by centrifugation at 8,000 rpm for 10 min and then 
dried in vacuo. To anchor the PdCl2, dried MOP-BPY powder 
was immersed in acetonitrile containing 0.05 mmol of 
PdCl2(CH2CN)2 and left in a 65 °C oven for 24 h. The resultant 
was obtained by centrifugation and dried in vacuo. The 
MOP-BPY and MOP-BPY(Pd) samples were characterized 
by ESI-MS, 1H NMR spectroscopy, FT-IR spectroscopy, 
inductively coupled plasma atomic emission spectroscopy 
(ICP-AES), inductively coupled plasma mass spectroscopy 
(ICP-MS), and N2 sorption to determine their structures, 
compositions, molecular configurations and porosities. 

3.2 Characterization of MOP-BPY(Pd) 

The MOP-BPY crystal was characterized to confirm the structure 
of MOP-BPY, as it was formed by the periodic arrangement of 
MOP-BPY cages based on hydrogen bonding between Cl ions 
and μ2-OH groups in the Zr clusters (Fig. 2(a)). The structure 
of the MOP-BPY crystal was examined by PXRD. The sharp 
diffraction patterns indicate a high crystallinity of the crystal, 
which presents a high-degree of periodic order of MOP-BPY 
cages in the crystal. The positions of the diffraction lines in 2θ 
lower than 10° were well matched to those of a model structure 
having cubic unit cells composed of eight tetrahedral MOP 
cages packed at each octant position (Fig. 2(b)) [37–39]. The 
intensities of the diffraction line in 2θ higher than 10° are varied 
as the inter-distance of the cages highly affected by surroundings 
of the hydrogen bonding between Cl− ions and μ2-OH groups 
in the Zr clusters (Fig. S1 in the Electronic Supplementary 
Material (ESM)). The shape of the MOP-BPY crystals was cubic 

in the reflection of the cubic unit cells (inset of Fig. 2(b)). 
Disruption of the hydrogen bonding in the MOP-BPY 

crystal disassembled and dispersed the MOP-BPY cages well 
in methanol or water (Fig. 2(c)). After PdCl2 metalation, the 
mass-to-charge (m/z) ratios of the resulting MOP-BPY and 
MOP-BPY(Pd) cages were determined by ESI-MS (Fig. 2(d)). 
Prominent peaks for the MOP-BPY cages were observed at 
m/z values of 890.00 and 1,780.00, corresponding to intact [0]4+ 
and [0]2+, respectively (where 0 is a MOP-BPY cage without Cl− 
ions). The MOP-BPY(Pd) sample showed m/z values of 890.00, 
978.3315, 1,022.995, 1,067.326, 1,111.658, 1,155.989, 1,780.00, 
1,957.391, 2,045.989, 2,134.652, 2,223.315 and 2,311.978, which 
are assigned to [0]4+, [2]4+, [3]4+, [4]4+, [5]4+, [6]4+, [2]2+, [3]2+, 
[4]2+, [5]2+ and [6]2+, respectively (where 2, 3, 4, 5 and 6 are the 
number of PdCl2 in MOP-BPY(Pd) cages). The average number 
of PdCl2 per cage was determined by the 1H NMR spectrum  
of MOP-BPY and MOP-BPY(Pd) both digested using HF  
(Fig. 2(e)). The positions of the NMR peaks indicate the presence 
of BPYDC and BPYDC(Pd) in the MOP-BPY(Pd) sample. The 
integration of the peaks confirms that the average number of 
PdCl2 per cage is 4.5, which corresponds well to the result from 
ICP-OES elemental analysis. The average number was varied 
depending on the concentration of the PdCl2 stock solution in 
metalation process. The number of PdCl2 per cage were 4.425 and 
2.4 in the doubled (0.11 M) and half (0.0275 M) concentration 
of the stock solution, respectively (Fig. S2 in the ESM). Moreover, 
the average number of PdCl2 was maintained the same after  
7 days in methanol, which indicates that there is no spontaneous 
leaching of Pd from MOP-BPY(Pd). The size of MOP-BPY(Pd) 
in methanol was measured using dynamic light scattering 
analysis. The average particle size was about 6 nm (Fig. S3   
in the ESM), which indicates that the MOP-BPY(Pd) cages 
surrounded by solvent molecules exist in discrete form. 

The metalation of Pd in MOP-BPY(Pd) was further con-
firmed by FT-IR spectroscopy (Fig. 2(f)). The absorption at 
approximately 1,410 and 1,016 cm–1, assigned to C–N and 
C=N stretching, was significantly decreased after metalation 

 
Figure 2 Characterization of MOP-BPY crystal, and MOP-BPY and MOP-BPY(Pd) cages. (a) A schematic of hydrogen bonding between Cl− ions and 
μ2-OH groups in a MOP-BPY crystal. (b) PXRD patterns of MOP-BPY crystal compared to its simulated pattern (inset: SEM image of MOP-BPY crystal).
(c) A schematic of a MOP-BPY(Pd) cage in water. (d) ESI-MS spectra of MOP-BPY and MOP-BPY(Pd) (6 types of MOP-BPY(Pd) cages with different 
numbers of Pd; [X] = the number of Pd in each cage). (e) Digested 1H NMR spectra of MOP-BPY and MOP-BPY(Pd). (f) FT-IR spectra of MOP-BPY and 
MOP-BPY(Pd). 
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compared to the absorption in the MOP-BPY sample. This 
indicates that PdCl2 is successfully anchored to the sp2 nitrogen 
in the BPYDC unit in MOP-BPY(Pd). The porosities of both 
MOP-BPY and MOP-BPY(Pd) samples were measured by 
acquiring N2 gas adsorption isotherms (Fig. S4 in the ESM). 
Compared to the MOP-BPY sample, the MOP-BPY(Pd) sample 
exhibits a significantly low amount of adsorption indicating 
that PdCl2 is successfully anchored.  

3.3 Degree of dispersion for MOP-BPY(Pd) 

The degree of dispersion for MOP-BPY(Pd) was tested in water. 
Three milligrams of dried MOP-BPY(Pd) was immersed in  
20 mL of water and well-dispersed using ultrasonication  
(Fig. 3(a)). It was speculated that a high degree of dispersion 
was achieved by the interaction between the positive charge in 
the metal oxide part of the MOP and the net dipolar nature of 
the water media. The degree of dispersion of MOP-BPY(Pd) was 
very high and remained unchanged for three months (Fig. 3). 
This allows the single-atom Pd catalyst heterogenized on MOP to 
be well suspended and thus able to catalyze long-lasting catalytic 
reactions in aqueous media without agglomeration. 

3.4 Suzuki-Miyaura cross coupling reaction for MOP- 

BPY(Pd) 

Our initial studies on Suzuki-Miyaura cross coupling focused 
on the optimization of reaction conditions. We chose 
4-bromoanisole and phenylboronic acid as standard substrates 
and tested their reaction yields in different bases, temperature, 
reaction time and the amount of MOP-BPY(Pd) (Table 1). For 
the solvent, methanol was added to water in 1:1 volume ratio 
to increase the solubility of the substrates. Various bases were 
tested in the initial reaction condition (described in Table S1 
in the ESM), it was found that Na2CO3 showed the higher 
catalytic activity (78.7%) than K2CO3 (52.2%), KOH (35.4%), 
and pyridine (1.7%) (Table S1 in the ESM). We speculate that 
Na2CO3 has suitable cation size, solubility, and pKa than others 
in this reaction condition [46–48]. The amount of MOP-BPY(Pd) 
was varied to be 0.1 mol%, 0.05 mol%, and 0.01 mol% to   
the molar amount of substrates (Table 1, entries 1, 2 and 3). 
Interestingly, the reaction yield (90.4%) from 0.01 mol% of Pd 
atom was almost similar to that from 5 and 10 times more Pd 
amount (90.8% and 91.3% from 0.1 mol% and 0.05 mol% of 
Pd atom, respectively). The coupling reaction results in higher 
yield (90.4%) at 80 °C than that (31.3%) at 50 °C, which is due 
to the activation barrier of overall coupling reaction (Table 1, 
entries 4 and 5). In the shorter reaction time, the reaction yield 
was decreased (Table 1, entries 3 and 5). 

The catalytic activity of MOP-BPY(Pd) was compared with 
its molecular (BPYDE(Pd)) and extended form (MOF-867(Pd)). 
MOF-867 was synthesized from BPYDC and ZrCl4 to give 
homogeneous size (ca. 100 nm) of particles (Fig. S5 in the ESM). 
The Pd atom was anchored on MOF-867 in the same procedure  

used for MOP-BPY(Pd). The anchoring of Pd atom to the sp2 
nitrogen in BPYDC unit in MOF-867(Pd) was confirmed by 
IR and NMR spectra (Figs. S6 and S7 in the ESM). The Pd atom 
was also anchored to the sp2 nitrogen in BPYDE, which was 
also confirmed by IR and NMR spectra (Figs. S8 and S9 in the 
ESM). Then we compared the catalytic yields of MOP-BPY(Pd), 
BPYDE(Pd), and MOF-867(Pd) for various substrates of 
4-bromoacetophenone, 4-bromo aniline, 4-bromobenzaldehyde, 
4-bromophenol, 2-bromothiophene, 4-bromoanisole, 12 h 
(Table 2). 

The degree of electron donating and withdrawing effect for 
substitution groups of the substrates was quantified by ΔVC 
calculated from the difference between molecular electrostatic 
potential at the nucleus of para carbon of the Br-substituted 
benzene and that of benzene. The larger positive ΔVC value 
indicates the higher electron withdrawing effect while the larger 
negative ΔVC value shows the higher electron donating effect. 
The values of ΔVC are referred from the previous literature [49]. 
To enhance solubility of hydrophobic substrates (4-bromobenzene 
and 4-bromotoluene), 10 vol.% of DMF was added. In case  
of MOP-BPY(Pd), most of aryl bromides were converted to 
coupling products, regardless of the ΔVC value of the substrates 
(Table 2). Although the aryl bromides having electron- 
withdrawing effect (ΔVC > 0) usually induce the rate-limiting 
oxidative addition step [50], it is noteworthy to emphasize that 
the MOP-BYP(Pd) exhibited more than 90.0% yields for most 
substrates in aqueous media. Moreover, an electron-rich 
4-bromoanisole (ΔVC = −5.0) also showed high yield (91.2%) 
(Table 2, entry 6). Among substrates having negative ΔVC, 
hydrophobic 4-bromotoluene only yields in moderate (86.2%) 
(Table 2, entry 5). Even though it is known that the hydrolysis 
of arylboronic acids disturbs the coupling reaction [51], MOP- 
BPY(Pd) exhibited superior catalytic yields more than 90.0%. 
Additionally, the turn-over frequency (TOF) values of MOP- 
BPY(Pd), BPYDE(Pd), and MOF-BPY(Pd) were summarized 
in Table S2 in the ESM, indicating that MOP-BPY(Pd) shows 
superior TOF for all substrates. Consequently, these results 
indicate that MOP-BPY(Pd) catalyses various substrates in 
aqueous media. 

In case of BPYDE(Pd), most substrates were undesirably 
coupled with phenylboronic acids, thus the reaction yields were 
lower than MOP-BPY(Pd) (Table 2, entries 2, 3, 5, 7 and 8). Only 
oxygen-containing derivatives (1, 4, 6) yielded nearly 90.0%, 
which could be involved in molecular recognition with the diester 
groups on ligand and phenylboronic acids via hydrogen bonding 
interaction [52]. In case of MOF-867(Pd), the catalytic activities 
were lower than MOP-BPY(Pd) for all substrates (Table 2, 
entries 1–8). We speculate that this is associated with steric 
hindrance of solvated substrates and reagents throughout pores 
arranged from the surface to the core of MOF [53]. Meanwhile, 
the electron deficient substrates were catalysed well with 
MOF-867(Pd) (Table 2, entries 1, 3 and 5). 

 
Figure 3 Photos showing the degree of dispersity for MOP-BPY(Pd) in water for 3 months. 
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Table 1 Suzuki-Miyaura cross coupling reactions for various conditions 
catalyzed by MOP-BPY(Pd)a 

Entry mol% (Pd) Time Temp. (°C) Yield (%)b

1 0.1 12 h 80 91.3 
2 0.05 12 h 80 90.8 
3 0.01 12 h 80 90.4 
4 0.01 4 h 80 78.7 
5 0.01 4 h 50 31.3 

aConditions: 4-bromoanisole (147 μmol), phenylboronic acid (191 μmol), 
Na2CO3 (441 μmol), 1 mL of MeOH + 1 mL of H2O, various temperatures 
(°C), MOP-BPY(Pd) (0.01 mol%–0.1 mol%). bGC yield. 

Table 2 Coupling efficiencies of various bromophenyl derivatives catalyzed 
by MOP-BPY(Pd), BPYDE(Pd) and MOF-867(Pd) for the Suzuki-Miyaura 
cross coupling reactionsa 

Catalyst Entry:  
R (or heterocycle) ΔVC

b MOP-BPY 
(Pd)c 

BPYDE 
(Pd)c 

MOF-867
(Pd)c 

1. 4-CHO 13.8 94.6 82.9 91.1 
2. 4-COCH3 9.7 98.6 93.8 95.8 
3. H 0.0 95.0d 83.8d 77.6d 
4. 4-OH −2.0 93.1 93.0 74.6 
5. 4-CH3 −3.3 86.2d 41.6d 65.8d 
6. 4-OCH3 −5.0 91.2 89.6 75.0 
7. 4-NH2 −9.0 90.1 53.3 78.2 
8. 2-Bromothiophene — 95.7 75.0 90.4 

aConditions: 4-bromoanisole (147 μmol), phenylboronic acid (191 μmol), 
Na2CO3 (441 μmol), 1 mL of MeOH + 1 mL of H2O, 80 °C, catalyst   
(0.01 mol%). bCalculated by Hammett parameter when it is substituted at 
a hydrogen in benzene [49]. ΔVC of bromothiophene is not found. cGC 
yields. dGC yield by solvent system of 0.8 mL of MeOH + 1.0 mL of H2O + 
0.2 mL of DMF with other conditions the same as in a. 

3.5 Recyclability of MOP-BPY(Pd) 

The high stability of Zr-based MOP inspired us to test recyclability 
of the MOP-BPY(Pd) catalyst in the Suzuki-Miyaura cross coupling 
reaction. The recovery and re-dispersion of MOP-BPY(Pd) 
was tested (Figs. 4(a) and 4(b)). The MOP-BPY(Pd) initially 
dispersed in water was separated well using centrifuge (8,000 rpm) 
for 10 min (Fig. 4(a)) and re-dispersed again using sonication 
for 10 min (Fig. 4(b)). Using these behaviours, the recycle yields 
of MOP-BPY(Pd) was tested using coupling reaction between 
4-bromoacetophenone and phenylboronic acid in the presence 
of Na2CO3. After the completion of reaction, the resultant was 
washed with diethyl ether and water followed by recovering 
MOP-BPY(Pd) for next reaction. The recycle test was repeated 
three times. The initial reaction yield (98.6%) remained similar 
in second (98.6%) and third cycles (98.2%) (Fig. 4(c)). To assess 
the amount of Pd leached out of MOP-BPY(Pd) after each 
reaction, the Pd contents were measured by ICP-MS after 
removing the MOP-BPY(Pd) catalysts. The Pd contents after 
the 1st, 2nd and 3rd reactions were 114, 59, and 64 μmol/mL of the 
supernatant solution, which corresponds to 9.0%, 4.6%, and 5.0% 
of the Pd content (1,260 μmol/mL) existing on MOP-BPY(Pd) 
before the reaction, respectively (Fig. S11 in the ESM). These 
results indicate that there is partial leaching of Pd during the 
catalytic reaction but it is not significant considering the 
reaction yield remained almost the same after the 3rd reaction  

 
Figure 4 Reusability test of MOP-BPY(Pd). Snapshots of MOP-BPY(Pd) 
solution (a) after centrifuge and (b) re-dispersion. (c) Recyclability   
of MOP-BPY(Pd) for the Suzuki-Miyaura cross coupling reaction of 
4-bromoacetophenone with phenylboronic acid. 

cycles (Fig. 4(c)). We also ran the reaction using the supernatant 
after 1st reaction cycle, and found that there was no activity. We 
envision that Zr-based MOP-BPY can support various single- 
atom catalysts, thus catalyze other C–C coupling reactions with 
high activity, stability, and recyclability in aqueous media. 

4 Conclusion 
We have explored a MOP-BPY supporting single Pd atom as  
a new heterogeneous catalyst for the Suzuki-Miyaura cross 
coupling reaction. The structure and physicochemical features 
of MOP-BPY(Pd) was characterized, and the existence of 4.5 Pd 
atoms on each MOP cage was also revealed. Suzuki-Miyaura 
cross coupling reactions were performed with MOP-BPY(Pd) 
in aqueous solution. The catalytic activity of MOP-BPY(Pd) 
with various substrates were superior to those of BPYDE(Pd) 
and MOF-867(Pd). Overall the advantage of this catalytic reaction 
is due to the structure of MOP designed to anchor a Pd atomic 
catalyst as well as the discreteness of MOP cages well dispersed 
in the aqueous media. We envision that MOP-BPY(Pd) or other 
derivatives will be used for various catalytic reactions. 
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Section S1. Experimental section 

Chemicals: Zirconium chloride, N,N-Dimethylformamide (DMF), Tetrahydrofuran (THF), Triethylamine (TEA), 
Bis(acetonitrile)dichloropalladium(II) (PdCl2(CH2CN)2), acetic acid, phenylboronic acid, 4-bromoanisole, Na2CO3, K2CO3 and 
KOH were purchased from Sigma Aldrich. 2,2’-bipyridine-5,5’-dicarboxylic acid, Diethyl [2,2’-Bipyridine]-5,5’-dicarboxylate and 
acetonitrile were purchased from TCI. Methanol were purchased from SAMCHUN. All reagent were used as received without 
further purification. 
Synthesis of MOF-867: The MOF-867 was prepared by Zirconium chloride (0.035 mg, 0.15 mmol) and 2,2’-bipyridine-5,5’- 
dicarboxylic acid (0.036 mg, 0.15 mmol) in DMF (10 mL). And then acetic acid (0.69 mL) and TEA (30 μL) were added to the 
mixture, followed by reaction in Heating block at 120 °C for 18 h. After reaction, the supernatant was decanted by using centrifuge 
and washed with DMF (20 mL x 3) and methanol (20 mL x 3). After washing, the powder was obtained via centrifuge and 
dried in vacuo. 
Synthesis of MOF-867(Pd): The as-synthesized MOF-867 powder (18 mg, 0.05 mmol) and PdCl2(CH2CN)2 (14 mg, 0.05 mmol) 
was dissolved in acetonitrile (2 mL). Followed by reaction in an oven at 65 °C for 24 h. The supernatant was decanted by using 
centrifuge and washed with acetonitrile (10 mL x 3) and methanol (10 mL x 3). After washing, the solid was obtained via 
centrifugation and dried in vacuo. 
Synthesis of BPYDE(Pd): The BPYDE(Pd) reaction was prepared by dissolving Diethyl [2,2’-Bipyridine]-5,5’-dicarboxylate 
(16.517 mg, 0.05 mmol) and PdCl2(CH2CN)2 (14 mg, 0.05 mmol) in acetonitrile (2 mL). Followed by reaction in an oven at 65 °C for 
24 h, the supernatant was decanted by using centrifuge and washed with acetonitrile (10 mL x 3) and methanol (10 mL x 3). After 
washing, the solid was obtained via centrifugation and dried in vacuo. 
Characterization of materials: The morphology and size of the MOF were verified by field emission scanning electron microscope 
(FE-SEM) with JEM-7600F, JEOL. The powder sample was dissolved in methanol and dropped on the holder. The powder x-ray 
diffraction spectra (PXRD) were obtained by the Bruker D8 Advanced (TRIO/TWIN) at (40 kV, 40 mA). The scanning condition 
was set up 4°/min scan rate from 5° to 45° with a silicon holder. Samples were digested and dissolved by sonication in a mixture of 
DMSO-d6 (dimethyl sulfoxide-d6, 650 μL) and HF (150 μL). The digested solution was used directly for 1H NMR. Fourier 
transform infrared (FT-IR) spectroscopy was performed on a Thermo Fisher Scientific Nicolet iS50. Sample data was analyzed for 
ATR Diamond mode measurement and 64 scans with a resolution of 4 cm-1. Spectra were recorded in transmission mode. 
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Section S2. Supplementary figures of MOP- BPY and MOP-BPY(Pd)  

 
Figure S1 PXRD patterns of MOP-BPY crystal compared to its simulated pattern 

 
Figure S2 Digested 1H NMR spectra of MOP-BPY(Pd) according to Pd concentration. 

 
Figure S3 Dynamic light scattering (DLS) curves of MOP-BPY(Pd) in methanol. 
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Figure S4 N2 sorption isotherms for MOP-BPY and MOP-BPY(Pd). Solid and open circles represent adsorption and desorption branched, respectively. 

Section S3. Supplementary figures for MOF-867, MOF-867(Pd) and BPYDE(Pd) 

 
Figure S5 SEM image of MOF-867 

 
Figure S6 FT-IR spectra of MOF-867 and MOF-867 (Pd) 
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Figure S7 Digested 1H NMR spectra of MOF-867 and MOF-867(Pd) 

 
Figure S8 FT-IR spectra of BPYDE and BPYDE(Pd) 

 
Figure S9 Digested 1H NMR spectra of BPYDE and BPYDE(Pd) 
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Figure S10 PXRD patterns of MOF-867 and BPYDE. 

Section S4. Supplementary data of Suzuki-Miyaura cross coupling reactions. 

 
Figure S11 Pd contents in supernatants after serial reactions. 

Table S1. Suzuki-Miyaura cross coupling reactions for various bases catalyzed by MOP-BPY(Pd)a 

 
Entry Base Yield (%)b 

1 Na2CO3 78.7 
2 K2CO3 52.2 
3 KOH 35.4 
4 Pyridine 1.7 

aConditions: 4-bromoanisole (147 μmol), phenylboronic acid (191 μmol), bases (441 μmol), 1 mL of MeOH + 1 mL of H2O, 80 °C, 4 h, MOP-BPY(Pd) 
(0.01 mol %), bGC yields. 

Table S2 TOF of MOP-BPY(Pd), BPYDE(Pd) and MOF-867(Pd) for various bromophenyl derivatives in the Suzuki-Miyaura cross coupling reactionsa 

 

Catalyst Entry:  
R (or heterocycle) ΔVC

b 
MOP-BPY(Pd)c BPYDE(Pd)c MOF-867(Pd)c 

1. 4-CHO 13.8 822 691 759 
2. 4-COCH3 9.7 751 782 798 
3. H 0.0 788d 698d 646d 
4. 4-OH -2.0 776 775 621 
5. 4-CH3 -3.3 798d 346d 548d 
6. 4-OCH3 -5.0 760 746 625 
7. 4-NH2 -9.0 792 444 651 
8. 2-Bromo thiophene N.A. 718 625 753 

aConditions: 4-bromoanisole (147 μmol), phenylboronic acid (191 μmol), Na2CO3 (441 μmol), 1 mL of MeOH + 1 mL of H2O, 80 °C, catalyst (0.01 mol %). 
bCalculated by Hammett parameter when it is substituted at a hydrogen in benzene [49]. ΔVC

b of bromothiophene is not found. cGC yields. dGC yield by 
solvent system of 0.8 mL of MeOH + 1.0 mL of H2O + 0.2 mL of DMF with other conditions the same as in ‘a’. 
 


