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Abstract: The design and synthesis of polyhedra using coordination-

driven self-assembly has been an intriguing research area for 

synthetic chemists. Metal-organic polyhedra are a class of intricate 

molecular architectures that have garnered significant attention in the 

literature due to their diverse structures and potential applications. 

Hereby, we report Cu-MOP, a bifunctional metal-organic 

cuboctahedra built using 2,6-dimethylpyridine-3,5-dicarboxylic acid 

and copper acetate at room temperature. The presence of both Lewis 

basic pyridine groups and Lewis acidic copper sites imparts catalytic 

activity to Cu-MOP for the tandem one-pot deacetalization–

Knoevenagel/Henry reactions. The effect of solvent system and time 

duration on the yields of the reactions was studied, and the results 

illustrate the promising potential of these metal-organic cuboctahedra, 

also known as nanoballs for applications in catalysis. 
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Introduction 

Supramolecular chemistry is a dynamic and interdisciplinary 

field at the intersection of chemistry, materials science, and 

nanotechnology that facilitates the creation of intriguing 

architectures through both covalent and non-covalent interactions, 

enabling chemists to design and create functional materials with 

unique properties and applications.[1] Coordination-driven self-

assembly presents additional possibilities for generating 

structures with predetermined shape, size, and symmetry.[2] 

Employing this bottom-up methodology has enabled the design 

and synthesis of various nanoscopic metal-organic materials 

(MOMs), encompassing coordination networks, metal-organic 

frameworks (MOFs), and metal-organic polyhedra (MOPs).[3]  

Nanoballs, the molecular versions of faceted polyhedra, 

stand out as distinctive and fascinating structures within the realm 

of MOPs. Typically comprised of metal(II) paddlewheels 

interconnected at a 120° angle by angular bifunctional ligands like 

benzene-1,3-dicarboxylate (bdc) or its derivatives, nanoballs 

exhibit discrete architectures.[4] The typical structure is [M2(R-

bdc)2(L)2]12, where M(II) can be Cu(II), Cr(II), Mo(II), Ru(II), Rh(II), 

or heterobimetallic species. Here, R represents 5-OH, 5-OC12H25, 

5-t-Bu, 5-SO3
–, 5-NH2, or other similar variants, while L denotes a 

solvent axially coordinated or a mixture of solvents like H2O, EtOH, 

DMF, and DMSO.[5-7] Twelve pairs of dinuclear M(II)-M(II) 

paddlewheel units are linked together by 24 R-bdc units, forming 

a discrete cuboctahedral architecture featuring eight triangular 

and six square openings that lead into an inner cavity of 1.5-1.9 

nm in size.[6] Cuboctahedral structures derived from m-bdc 

measure approximately 2.5 nanometers in size and exhibit 

variability dependent on the size of their substituents.[4e] 

Nanoballs hold immense promise for a range of applications, 

including guest inclusion, adsorption and separation, drug 

delivery, sensing, and catalysis, owing to their precisely defined 

cavities and permanent porosity.[8] Moreover, the characteristics 

of these distinct frameworks can be altered through (a) the design 

of the ligand backbone[4e] and (b) post-synthetic functionalization 

of the peripheral ligand and metal paddlewheel units[6,7a,9a-b], 

leading to the emergence of intriguing features. These 

frameworks have been employed as molecular building blocks 

(MBBs) in the assembly of more complex materials such as MOFs 
[4a,9b-h], exfoliated into MOF nanosheets[9i], integrated into 

nanoball-polymer composites (such as polyurethanes and 

PMMA) and hybrid membranes[10], and solubilized in both polar 

and non-polar solvents.[10b,10f,11] Encapsulating nanoballs within 

the voids of other porous materials like mesoporous silica and 

MOFs[12], along with shielding their outer periphery[6,13a], has 

demonstrated the ability to bolster the stability of these structures. 

This approach prevents aggregation and collapse upon solvent 

removal.   

Indeed, nanoballs have been extensively employed in gas 

adsorption and separation[5a,10a,10f,12c,13a-b], environmental 

remediation[13c], and as artificial ion channels for biomedical 

applications.[9b,13d-e] However, MOPs are still relatively 

underexplored compared to their MOF counterparts,[8b] warranting 

significant attention due to their aforementioned capabilities. The 

design and exhibition of divergent catalytic sites, notably acidic 

and basic sites, within a single system have emerged as a 

compelling aspect of MOF catalysts.[14] Typically, multiple 

catalytic sites are integrated into the robust architectures to 

ensure their compatibility. However, the creation of a catalytic 

system featuring multiple functionalities within a nanoball 

architecture for sequential synthesis remains unparalleled. 

Nanoballs hold promise as highly efficient catalysts due to their 

confined and precisely defined internal cavities, active metal sites, 

high symmetry, and diverse chemical and physical 

properties. Moreover, unlike MOFs and other heterogeneous 

catalysts, nanoballs can be solubilized thus affording the features 

of both homogeneous and heterogeneous catalysts within one 

system.[11b] 

While the method employed to produce nanoballs through 

the self-assembly of bdc derivatives might seem straightforward, 

it does not always exclusively yield these distinct architectures. 

Various outcomes can result from the process, including the 

formation of one-, two-, or three-dimensional coordination 

networks.[4c,8b-c,10b,15] The parameters affecting the self-assembly 

process encompass pH, concentration, temperature, solvent, as 

well as the steric and electronic effects of the 

substituents.[6,10b,15c,16] Thermodynamic principles tend to support 

structures that have minimal or no empty spaces, and numerous 

metastable products can emerge if the reaction is governed by 

kinetic control. Fundamental design guidelines prioritize 

upholding both the structural and functional compatibility among 

the building blocks, while also ensuring that interaction sites are 

appropriately positioned relative to each other. This guarantees 

the feasibility of constructing the desired discrete structure, and 

then suitable reaction conditions must be established.[10b, 11b] 

Iterative experimentation is crucial for determining the suitable 

reaction conditions. Leveraging insights from existing literature 

and employing intuitive reasoning can streamline the trial-and-

error process, ultimately reducing the number of attempts and 

facilitating the achievement of the desired structure.[11b]        

In this communication, we present a bifunctional discrete 

metal-organic cuboctahedron, Cu-MOP, synthesized from copper 

acetate and 2,6-dimethylpyridine-3,5-dicarboxylic acid, exhibiting 

Lewis acidic and basic functionalities. Cu-MOP is efficiently 

synthesized in high yield and serves as an effective catalyst in the 

deacetylation–Knoevenagel and deacetylation-Henry reactions. 

Results and Discussion 

Crystal Structure Description 

The thermodynamic stability of nanoballs over dinuclear 

copper(II) carboxylates in organic solvents is well-

documented.[11b] However, their stability notably decreases in 

aqueous solutions. Additionally, solvents like DMF, DMSO, and 

methanol enhance the kinetic stability of nanoballs with 

interconnected copper(II) paddlewheels compared to more labile 

dinuclear copper(II) complexes like copper(II) acetate. 

Furthermore, the self-assembly of discrete architectures is 

significantly influenced by factors such as concentration and the 

metal-to-ligand ratio, which are of utmost importance as 

established by the groups of Larsen and Volmer.[11b,16] In light of 

This article is protected by copyright. All rights reserved 

Au
th

or
 M

an
us

cr
ip

t 

 

 

 21926506, 2024, 8, D
ow

nloaded from
 https://chem

istry-europe.onlinelibrary.w
iley.com

/doi/10.1002/cplu.202400169 by O
ffice O

f Scientific A
nd T

echnical Inform
ation, W

iley O
nline L

ibrary on [20/08/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



RESEARCH ARTICLE    

3 

 

this understanding, we aimed to synthesize nanoballs constructed 

from copper(II) acetate and 2,6-dimethylpyridine-3,5-

dicarboxylate (L), a ligand characterized by Lewis basic pyridyl 

nitrogen atoms. By dissolving equal amounts of the two 

components in DMF and subsequently subjecting them to 

gravimetric diffusion with methanol at room temperature, we 

successfully obtained the discrete nanoball architecture. (Figure 

1). Over a span of 12 hours, blue rod-shaped crystals were 

obtained. The as-synthesized sample was subject to purification 

via multiple washes with a 1:4 mixture of DMF and CH3OH, 

followed by CH3OH alone, resulting in the isolation of pure Cu-

MOP with 73% yield. 

Cu-MOP crystallized in a hexagonal P63/mcm space group. 

Its structure is composed of M24L24 cuboctahedra, wherein the 12 

dicopper units serve as vertices and the ligands from the edges. 

As anticipated, the structure resembles that of other discrete 

nanoballs documented in the literature, built from Cu(II) and bdc 

derivatives.[4,5] The average Cu-O bond distance for carboxylate 

is 1.90 (2) Å, while for Cu-O (water) it is 2.07 (2) Å. The average 

Cu-Cu distance is 2.63 (5) Å, consistent with previously reported 

dicopper paddlewheels. Each copper(II) paddlewheel unit 

features two solvent molecules modeled as water at the axial 

positions. Pyridyl nitrogen atoms adorn the structure's periphery, 

with the two methyl groups at the 2,6-positions forming a C-N-C 

angle of approximately 169°.  

The configuration of these two methyl groups is quite 

important, as efforts to achieve the nanoball architecture for 

pyridine-3,5-dicarboxylate consistently resulted in the formation of 

the 3D MOF structure, where the pyridyl nitrogen atoms bind to 

the copper(II) atoms to construct the network..[17] Furthermore, 

subjecting Cu(II) and L to hydrothermal reaction at 80 °C 

produces a mononuclear complex, whereas conducting the 

reaction at 140 °C results in a 2D network structure featuring a 

32-membered macrometallacycle characterized by a 

parallelogram-like (4,4) topology.[18] Hence, employing 

DMF/MeOH as the organic solvent at ambient conditions yielded 

the kinetically stabilized self-assembled discrete nanoball 

architecture. 

 

Figure 1. The (a) copper paddlewheel SBU, (b) 2,6-dimethylpyridine-3,5-

dicarboxylate linker (L), and (c) resulting Cu24L24 polyhedral cage. 

Powder X-ray diffraction (PXRD) measurements were 

conducted to determine the bulk phase purity of the compound. 

The results revealed a good agreement between the calculated 

and observed PXRD patterns (Figure 2a). Additionally, the 

framework exhibited thermal stability up to 220 °C (Figure S2) 

following the initial removal of solvent molecules as indicated by 

thermogravimetric analysis (TGA).  

Surface Area and Porosity Measurements 

Gas adsorption measurements were employed to 

investigate the permanent porosity of Cu-MOP. Traditional 

activation methods were not applicable to this material, as it 

exhibited no porosity after activation in methanol followed by 

evacuation for 12 hours at 60 °C. Consequently, activation was 

achieved through supercritical CO2 drying after solvent exchange 

using methanol, followed by heating the exchanged material at 

60 °C under dynamic vacuum for 10 hours. Surface area 

measurements were performed using CO2 at –78 °C. The 

Langmuir surface area depicted in Figure 2b was found to be 260 

m2/g, with a corresponding pore volume of 0.18 cm3/g. According 

to the DFT model, the pore size was determined to be 11.79 Å, 

consistent with observations from the crystal structure. At 1 bar, 

the CO2 uptake capacity was 43 and 30 cm3/g at 0 and 25 °C, 

respectively (Figure 3). 

 

Figure 2. Characterization of the Cu-MOP: (a) Comparison of the experimental 

(black) and calculated (red) PXRD patterns, and (b) Langmuir surface area 

measurements using CO2 adsorption-desorption isotherms at 195 K. 

 

Figure 3. CO2 adsorption-desorption isotherms at 273 K and 298 K. 

This article is protected by copyright. All rights reserved 
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Catalytic Activity for Tandem One-Pot Synthesis 

In the realm of sustainable chemistry, multicomponent 

reactions garner particular interest due to their high efficiency, 

atom economy, and minimal waste generation.[14] The synergistic 

effects further enhance the prominence of multifunctional 

catalysts, thus attracting considerable attention. Given that Cu-

MOP encompasses Lewis acidic sites represented by copper(II) 

paddlewheels, which can be activated following solvent removal, 

along with Lewis basic sites on the ligand backbone in the form of 

pyridyl nitrogen atoms, we aimed to employ it as a catalyst in 

tandem reactions. 

We first utilized Cu-MOP as an effective catalyst for the one-

pot deacetylation–Knoevenagel condensation reaction. 

Deacetylation typically requires an acid catalyst, while the 

Knoevenagel condensation reaction is facilitated by a base, both 

well-documented in the literature.[19] Cu-MOP exhibits remarkable 

catalytic activity in this reaction, yielding benzylidene-

malononitrile through sequential deacetylation and Knoevenagel 

condensation reactions. The yield of the product was 92% using 

Cu-MOP as the catalyst in DMSO for 20 h. Control experiments 

without the catalyst yielded the product in negligible amounts. To 

establish the effects of the Lewis basic pyridinic nitrogen atoms, 

c-MOP4b containing only the bdc ligand and a physical mixture of 

the two reagents were also utilized as catalysts. The physical 

mixture was not heated due to the possibility of forming 

coordination architectures in DMSO. Table 1 shows that these 

reactions were not able to achieve the high yield obtained using 

Cu-MOP, indicating the synergistic effect between both types of 

active sites in the same catalyst architecture. 

 

Scheme 1. The one-pot deacetalization–Knoevenagel condensation reaction. 

Table 1. The yield of the product 3 using different catalysts. [a] 

Catalyst Yield of 3 (%) 

Cu-MOP 92 

c-MOP[4b] 35 

No catalyst Trace 

Physical 

mixture[b] 

42 

[a] Reaction conditions: 2 mmol of each substrate in solvent (2 mL) and the 

catalyst (50 mg) in a 10 mL reaction tube at a 70 °C under a N2 atmosphere for 

20 h. [b] The reaction was carried out at room temperature. 

Various solvents such as methanol, toluene, dioxane, 

tetrahydrofuran (THF), acetonitrile and dimethylsulfoxide (DMSO) 

at different temperatures were explored (Figure 4 and Table S4), 

and the highest yields were observed using DMSO as the solvent 

(62% yield, 50 °C, 12h). The effect of time duration and 

temperature on the yield of the reaction in DMSO was also 

evaluated, with the optimal results achieved using DMSO at 70 °C 

for 20 hours (92%). The enhanced yield observed with DMSO can 

be attributed to its higher polarity, which stabilizes the 

malononitrile anion intermediate.[20] 

 

Figure 4. Effect of variation of temperature and solvent on yield of the product. 

During the 12-hour period (Table 2), the yields are lower 

compared to MOF counterparts such as Cu-PCN-126 (99%) and 

PCN-124 (100%)[21], but similar to HNUST-6 and HNUST-8[22], 

which achieve 100% yields over a 48-hour period. Expanding the 

substrate scope, we utilized 4-Methoxybenzaldehyde 

dimethylacetal and attained a yield of 98% owing to increased ring 

electron density, facilitating faster aldehyde formation from the 

acetal. However, for 4-Bromobenzaldehyde diethyl acetal, 

minimal product was observed due to challenges in converting the 

aldehyde to the acetal. 

Table 2. Optimization of the time duration in DMSO at 70 °C. 

Time (h) Yield (%) 

4 30 

12 75 

20 92 

  

The recyclability of the catalyst was also evaluated and it 

could be used for at least four cycles without much significant loss 

in activity (Figure 5). The material showed good stability over the 

catalytic runs as evident from the PXRD patterns (Figure S4), 

however a slight loss in crystallinity of the Cu-MOP after the fourth 

cycle was observed. 

Based on the existing literature,[23] a potential reaction 

mechanism for the one-pot deacetalization-Knoevenagel reaction 

catalyzed by the bifunctional Cu-MOP catalyst can be proposed. 

Initially, unsaturated Lewis acidic Cu sites catalyze the hydrolysis 

of benzaldehyde dimethylacetal to benzaldehyde. These Lewis 

This article is protected by copyright. All rights reserved 

Au
th

or
 M

an
us

cr
ip

t 

 

 

 21926506, 2024, 8, D
ow

nloaded from
 https://chem

istry-europe.onlinelibrary.w
iley.com

/doi/10.1002/cplu.202400169 by O
ffice O

f Scientific A
nd T

echnical Inform
ation, W

iley O
nline L

ibrary on [20/08/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



RESEARCH ARTICLE    

5 

 

acid sites then further interact with the carbonyl oxygen of 

benzaldehyde, activating it. Basic pyridyl sites on the framework 

deprotonate the methylene group of malononitrile, generating the 

malononitrile carbanion. Subsequently, the activated aldehyde 

carbonyl undergoes nucleophilic attack by the malononitrile 

carbanion, yielding the desired benzylidenemalononitrile through 

the loss of a water molecule with the regeneration of the catalyst 

for the next run. To unravel the detailed catalytic mechanism and 

gain deeper insights into the interactions of the substrates with 

the catalytic Lewis acidic/basic sites, we will carry out further 

theoretical studies in the future work.  

 

Figure 5. The recyclability tests demonstrating negligible loss in the catalytic 

activity over four cycles. 

To further demonstrate the generality of Cu-MOP for 

tandem reactions and expand its scope, we utilized it in the 

catalytic one-pot deacetalization-Henry reaction between 

benzaldehyde dimethylacetal and nitromethane. Remarkably, the 

material showed good catalytic activity for this reaction as well, 

generating high yields for the resultant β-nitrostyrene (91%, 

DMSO, 24 h) as shown in Table 3. The catalytic activity for this 

reaction is lower compared to the MOF counterpart MIL-101-NH2-

SO3H[24a] (99%), however it is comparable to the zeolite HNaY-

NS-SD[24b] (90%).    

 

Scheme 2. The one-pot deacetalization–Henry reaction. 

Table 3. The yield of the product 3 using different catalysts.[a] 

Catalyst Solvent Yield of 3 (%) 

Cu-MOP DMSO 91 

No catalyst DMSO Trace 

[a] Reaction conditions: 2 mmol of each substrate in solvent (2 mL) and the 

catalyst (50 mg) in a 10 mL reaction tube at a 70 °C under a N2 atmosphere for 

24 h. 

Hence, the synergistic effect of Lewis acid and basic 

character of the bifunctional catalyst on the reaction was 

established, and these cuboctahedra serve as a bifunctional 

nanoreactor possessing these active sites capable of interacting 

with the substrates, facilitating the efficient catalysis of the one-

pot tandem reactions. 

 

Conclusion 

To summarize, the synthesis of bifunctional copper 

cuboctahedra was accomplished successfully. Through careful 

design of the ligand and experimental parameters, discrete 

cuboctahedra were formed in significant yield via self-assembly. 

Furthermore, these structures possess both Lewis acid and base 

functionalities, rendering these bifunctional catalysts suitable for 

catalyzing tandem reactions. The discrete metallocuboctahedra 

demonstrated excellent yields in catalyzing the one-pot reaction 

between benzaldehyde dimethyl acetal and malononitrile, with 

DMSO as the optimal solvent for the reaction. The catalyst could 

be readily separated and recovered in high yields with good 

recyclability, displaying negligible loss in activity over four cycles, 

providing further advantages. Moreover, the scope of the 

catalysis applications was readily expanded to other reactions as 

well, and the Cu-MOP displayed good catalytic efficacy in the 

one-pot deactealization-Henry reaction between benzaldehyde 

dimethyl acetal and nitromethane as well. Such high catalytic 

efficiency and versatility across tandem reactions thus introduces 

these nanoball architectures as new platform for catalysis. 

Supporting Information 

The general methods, detailed procedure for synthesis and 

catalytic tests, FTIR and TGA data, and additional catalysis data 

have been provided in the Supporting Information. The authors 

have cited additional references within the Supporting 

Information.[26-36]  
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