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Abstract

A new covalent organic framework (COF) based on imine bonds was assembled from 2-(4-

formylphenyl)-5-formylpyridine and 1,3,6,8-tetrakis(4-aminophenyl)pyrene which showed 

interesting dual-pore structure with high crystallinity. Postmetallation of the COF with Pt occurred 

selectively at the N donor (imine and pyridyl ) in the larger pores. The metalated COF served as an 

excellent recyclable heterogeneous photocatalyst for decarboxylation difluoroalkylation and 

oxidative cyclization reactions.
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Introduction

As a green synthetic route to value-added chemicals, visible light promoted organic 

transformations have received substantial attention in the past years.1-3 One of the important 

research topics is to develop new photocatalysts that are both highly active and stable. 

Heterogeneous visible light photocatalysts are particularly promising for industrial 

applications because of the great recyclability compared to homogeneous ones.4 COFs, an 

appearing category of crystalline nanoporous polymer material, are found to be an excellent 

photocatalyst candidate group.5-8 Firstly, the extended, conjugated framework of COFs 

provides strong absorption in the visible range. Secondly, the ordered porous structure could 

facilitate mass, energy, hole, and electron transfer which are critical for photocatalysis. 

Thirdly, the structure and function of COFs can be tailored in a controllable manner using 

predesigned molecular linkers enabled by reticular chemistry. These structural features make 

COFs more promising than inorganic semiconductors.9-12 The superior photocatalytic 

performance of COFs has been demonstrated in hydrogen evolution,13-15 CO2 reduction,
16-22 and organic transformations.23-27

To enhance the photocatalytic efficiency of COF photocatalysts, the engineering of the COF 

structure has identified some critical factors such as chemical linkage,28-31 built in donor–

acceptor moieties,16, 32, 33 electronic structure of linkers13, 34, and so on. Alternatively, 

doping transition metal atoms into the framework can efficiently modify the photophysical 

properties of COFs. The d orbitals of transition metals offer additional charge transfer 

process such as ligand-to-metal charge transfer (LMCT) thus further broadening the visible 

light absorbance of the resulting COFs. Moreover, metal atoms are also able to facilitate 

electron charge transfer, and inhibit electron and hole recombination.26, 35-37
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In this work, we introduced 2-(4-formylphenyl)-5-formylpyridine (L2) as a COF linker for 

the first time, complementary to commonly used 2,2'-bipyridine38-41, porphyrin42-46, salen,
47-50 and catechol,51-53 to bind metals. Phenylpyridine derivatives have versatile metal 

binding modes such as simple pyridine coordination and cyclometallation, which could be 

an ideal platform to expand the coordination chemistry of COFs. A new stable imine COF 

was then constructed with 1,3,6,8-tetrakis(4-aminophenyl)pyrene (L1) as the amine linker 

(COF-UARK-49). Post-metalation with platinum leaded to COF-UARK-49-Pt, which 

displayed excellent photocatalytic performance towards decarboxylative difluoroalkylation 

and oxidative cyclization reaction.

Experimental Section

Synthesis and experimental procedures including: 1. The synthesis of COF linkers (1,3,6,8-

tetrakis(4-aminophenyl)pyrene (L1) and 2-(4-formylphenyl)-5-formylpyridine (L2)); 2. The 

synthesis of COFs (COF-UARK-49, COF-UARK-49-Pt, Py-2P COF and Py-2P-Pt) as well 

as structure simulation are provided in the Supporting Information. The details of 

photocatalytic reactions including general procedure for difluoroalkylation reaction, general 

reaction procedure for the oxidative cyclization reaction , and difluoroalkylation reaction 

with TEMPO are provided in the Supporting Information. All supporting figures, 

spectroscopic data of the products, and NMR Spectra are also available in the Supporting 

Information.

Results and Discussions

Synthesis and Characterization.

COF-UARK-49 was synthesized via imine condensation of L1 and L2 in a mixture solvent 

of 1,4-dioxane/mesitylene/3M AcOH (1/1/0.2, v/v) at 120 °C for 3 days (Scheme 1, see 

Supporting Information for details). The successful construction of the imine bond was 

evidenced by FT-IR spectroscopy and cross-polarization magic-angle-spinning (CP/MAS) 

solid-state 13C NMR spectroscopy. The IR spectrum of COF-UARK-49 showed the 

presence of C=N stretching vibrations at 1622 cm−1 and the absence of characteristic N–H 

stretching vibration at 3323cm−1 and C=O stretching vibration of at 1738 cm−1 of the two 

linkers respectively (Figure S1). The solid state 13C NMR spectra displayed the 

characteristic resonance for the imine carbon at 164 ppm (Figure S2). The crystallinity of 

COF-UARK-49 was investigated by powder X-ray diffraction (PXRD). As presented in 

Figure 1A, COF-UARK-49 revealed strong diffraction peaks at 2θ = 3.18, 4.90, 6.36, 7.90, 

and 9.76°, respectively.

To understand the structure of COF-UARK-49, eclipsed and staggered stacking structures 

which are commonly observed for 2D COFs were modelled in Materials Studio. The 

eclipsed structure resulted in acceptable consistency with the experimental PXRD patterns 

(Figure 1A). The interlayer distance deduced from 001 diffraction peak at 2θ = 24° of 3.7 Å 

is also consistent with the simulated value of 3.8 Å. Interestingly, the simulated AA stacking 

structure of COF-UARK-49 has two kinds of concave and convex square pores as a result of 

cis orientation of the adjacent imine linkage. The dual-pore structure of COF-UARK-49 was 

clearly evidenced by nitrogen adsorption–desorption experiment. As depicted in Figure 1B, 
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COF-UARK-49 showed a type IV isotherm, featuring a sharp uptake below P/P0 = 0.01 and 

a step between P/P0 = 0.10–0.20, indicating sequential pore filling of two types of pores. 

Nonlocal density functional theory (NLDFT) calculation showed two narrow pore size 

distributions at 2.58 nm and 3.06 nm, respectively, assigned to the concave and convex 

square micropores, respectively (Figure 1C). We also performed grand canonical Monte 

Carlo (GCMC) simulations of N2 adsorption in COF-UARK-49 (Figure 2). The simulated 

isotherm overpredict N2 uptake specifically in P/P0 > 0.1. This effect could be due to the fact 

that adsorption simulations are performed on pristine crystal structure whereas in 

experiments structural defects, pore blockage and/or residual solvents may be present and 

affect adsorption properties. Importantly, the simulation accurately predicts the position of 

the isotherm steps at ca. P/P0 = 0.01 and 0.1—indicating sequential pore filling of two types 

of pores. To further explore this effect, we took a few simulation snapshots from the 

positioning of N2 molecules inside the pores at different pressures (Figure 2). The snapshots 

reveal local ordering of N2 molecules in the corner of the small pores prior to formation of 

monolayer within the framework and ultimately pore filling at saturation loadings. The 

Brunauer–Emmett–Teller (BET) surface area and the total pore volume of COF-UARK-49 

were derived to be 1430 m2 g−1 and 0.897 cm3 g−1, respectively. It should be noted that, the 

isoreticular COF built from 4,4'-biphenyldicarboxaldehyde (Py-2P COF)54 or 2,2'-

bipyridine-5,5'-dicarbaldehyde (Py-2,2'-BPyPh COF)51 only has one type of pore at around 

2.8 nm. The subtle change of the linker structure could be a potential alternative strategy to 

heteropore COFs55-57. Besides, unlike Py-2P COF that quickly lost its crystallinity upon 

activation due to the disrupted synchronized offset stacking by the twisted biphenyl,54 COF-

UARK-49 is highly stable because of the less twisted nature of 2-phenylpyridine motif 

compared to biphenyl. Thermogravimetric analysis (TGA) under N2 proved COF-UARK-49 

to be thermally stable up to 480 °C (Figure S3).

2-phenylpyridine derivatives are attractive ligands for transition metals such as Ir and Pt. In 

particular, Pt(II) complexes are promising photocatalytic centers for both energy transfer and 

electron transfer process.58, 59 We therefore firstly explored the Pt binding ability of COF-

UARK-49. The platination was conducted by heating cis-[PtCl2(DMSO)2] and COF-

UARK-49 in toluene at 50 °C overnight. The obtained COF-UARK-49-Pt showed identical 

PXRD pattern to that of COF-UARK-49, suggesting the preservation of crystallinity (Figure 

1A). The BET surface area and total pore volume was slightly reduced to 1320 m2 g−1 and 

0.774 cm3 g−1 respectively (Figure 1B). The Pt loading was determined to be 9.1% Pt by 

inductively coupled plasma mass spectrometry (ICP-MS) analysis. Because of the rich metal 

binding site of COF-UARK-49, various Pt coordinating modes are possible (Figure 3). To 

understand the coordination environment of Pt inside the framework, we performed both 

experimental and computational studies. First of all, EDX analysis revealed the relative ratio 

of Pt/Cl/S was close to 1/2/1 (Figure S4), thus excluding the cyclometallation modes (Figure 

3C and 3D) and the chelating binding modes by two nitrogen donors from adjacent COF 

layers (Figure 3E and 3F) that have been observed for Pd(II)60. Thus, only one N donor from 

the COF (imine or pyridyl N) contributes to the Pt complexation. XPS analysis of the N 1s 

binding energy revealed that three sub peaks at 397.2, 398.0, 399.2 eV fitted best for COF-

UARK-49-Pt, which are assigned to free imine, free pyridyl and Pt coordinated N 

respectively (Figures 4 and S5). Our attempts to study the potential competing binding by 
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imine and pyridine nitrogen to Pt of a model compound resulted in ligand decomposition to 

unidentified products. We therefore used the isoreticular COF constructed from 4,4'-

biphenyldicarbaldehyde, Py-2P, that only has imine nitrogen for comparison.39, 54 

Platination of Py-2P COF resulted in a Pt loading of 12.5% as determined by ICP-MS for 

Py-2P-Pt. Py-2P-Pt COF displayed two sub peaks in the N 1s XPS spectrum at binding 

energy of 398.0 eV for free imine N and 399.0 eV for Pt bonded N respectively (Figure S6). 

The complex [PtCl2(pyridine)(DMSO)] showed the N 1s binding energy at 399.0 eV (Figure 

S7). Therefore, it is not conclusive for the Pt coordination environment clarification with 

XPS analysis. Moreover, DFT calculations revealed that the Gibbs free energy difference of 

the two structures in Figure 3A and 3B was less than 1 kcal/mol (Table S1). We thus believe 

that both coordination modes of Figure 3A and 3B could be present in COF-UARK-49-Pt.

Pore size distribution analysis from the nitrogen isotherm revealed a pore size decrease to 

2.82 nm and less population of the larger pore compared to COF-UARK-49 while leaving 

the small concave pore intact (Figure 1C). This indicates that the platination took place 

exclusively at the convex pores. Based on the Pt loading amount, it is deduced that each of 

the convex pores is metalated with one platinum. It is also consistent with the experiment 

finding that using excess platinum precursor did not give higher platinum incorporation. 

Similar N2 adsorption behavior was observed for COF-UARK-49-Pt. The morphology of 

COF-UARK-49 and COF-UARK-49-Pt was studied by scanning electron microscopy 

(SEM). Both two COFs displayed uniform cubic-like morphology (Figure S8).

COF-UARK-49-Pt as a Photocatalyst for Organic Transformations.

Pyrene based COFs have shown intriguing photophysical properties that can be used for 

sensing and photocatalysis. The solid-state UV-vis diffuse reflectance spectrum showed that 

COF-UARK-49 has a broad absorption between 200–600 nm because of increased 

conjugation compared to the two linkers (Figure 5). Pt incorporation further expands the 

absorption band to ca. 700 nm, covering the whole visible spectrum range, making it an 

excellent system for visible-light harvesting. The band gap was calculated to be 2.24 and 

2.00 eV for COF-UARK-49 and COF-UARK-49-Pt respectively from the UV-vis spectra via 
the Tauc plot (Figures S10), demonstrating the key role of Pt in tuning the band gap. In 

addition, Pt(II) complexes with vacant axial coordination sites could offer great openings for 

both inner sphere and outer sphere interactions with substrates. We therefore set to 

investigate the photocatalytic activity of COF-UARK-49-Pt for the decarboxylative 

difluoroalkylation and oxidative cyclization reactions, both of which are believed to occur 

via electron transfer pathways.61-64

Gem-difluoromethylene group is an important fluorinated moiety broadly present in 

bioactive and pharmaceutical molecules, e.g. Maraviroc (HIV-1 therapeutic agent), 

Tafluprost (ocular hypertension drug), and Gemcitabine (chemotherapy drug).65-68 However, 

using COFs as a (photo)catalyst for fluorination reactions remains to be explored.69, 70 We 

utilized COF-UARK-49-Pt to catalyze the decarboxylative difluoroalkylation reaction, 

which was found to be an efficient method of synthesizing fluorinated compounds. First, we 

optimized the reaction conditions (Table 1). We found that under the optimized reaction 

conditions, the model reaction between 1a and 2 proceeded smoothly to give 3a in 64% 
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yield in the presence of COF-UARK-49-Pt, illuminated with a blue LED light (Table 1, 

entry 2). Control reactions disclosed that both light and photocatalyst were crucial to the 

reaction efficiency (Table 1, entries 1 and 4). Under similar conditions, COF-UARK-49 gave 

a much lower yield of 23%, indicating important role of Pt in the framework (Table 1, entry 

3). The COF catalyst are recyclable for at least five runs without compromising the 

efficiency (Figure S11). A wide range of cinnamic acids were readily converted to the 

corresponding E-difluoroacetyl alkenes in good to excellent yields with high E/Z selectivity 

using COF-UARK-49-Pt as photocatalyst (Scheme 2). Cinnamic acids bearing both 

electron-donating (3d, 3e) and -withdrawing (3g-3c) substituents on the aromatic rings gave 

good to excellent yield. Halogen substitutions such as fluoro (3g) or chloro (3b) on the 

aromatic ring were tolerated without undesired dehalogenation. Nitro substitutions (3c) also 

remained intact during the reaction. The scope of the presented procedure also includes 

carbocyclic (3a and 3f) and heterocyclic (3h) difluorinated systems.

A plausible mechanism for this transformation is illustrated in Scheme 3 according to the 

literature.61 Upon COF-UARK-49-Pt light excitation, a single electron transfer (SET) 

reduction of RF-I by excited [COF-UARK-49-Pt]* generates one electron-oxidized species 

[COF-UARK-49-Pt]+ and radical •RF which reacts with the deprotonated α,β-vinyl 

carboxylate to generate I as a benzylic radical species. Its subsequent oxidation by [COF-

UARK-49-Pt]+ generates carboxyl radical intermediate II which furnishes the desired 

product with high E selectivity via decarboxylation. The generation of •RF radical during the 

reaction was demonstrated in a trapping experiment. In the presence of TEMPO as a radical 

inhibitor, no difluoroacetyl alkenes product was obtained, and TEMPO-trapped 

difluoroacetyl product was observed instead (Figure S12).

Motivated by the successful decarboxylation-difluoroalkylation, we extended our 

investigation on the photo-oxidative cyclization reaction using COF-UARK-49-Pt (Scheme 

4). After optimization of the reaction conditions, we were pleased to find that COF-

UARK-49-Pt readily catalyzed the reaction, giving 6a in 66% yield (Table S2). Likewise, a 

series of control experiments proved that COF-UARK-49-Pt was superior to COF-

UARK-49, emphasizing the importance of Pt within the COF (Table S2). The involvement 

of O2 in the reaction was confirmed by the low yield (7%, Table S2) when the reaction 

occurred under N2 atmosphere. As illustrated in Scheme 4, substrates with electron 

withdrawing groups, i.e., −F (4b), −Br (4c and 4d) are compatible with this protocol and the 

anticipated products were obtained in good to excellent yields (66–85%). It is worth noting 

that 3-fluoro-N,N-dimthylaniline provides two isomers with almost equal ratio (Scheme 4, 

6b). 1-N,N-dimethylaminonaphthalene produced the corresponding product in an excellent 

yield (82%, 6e). On the other hand, by using N-methylmaleimide instead of N-

phenylmaleimide, the desired products were obtained in 78% and 85% (6f and 6g), 

respectively. The recyclability of COF-UARK-49-Pt was also evaluated for oxidative 

cyclization reaction. The COF catalyst can be reused for at least ten runs without any notable 

loss of its catalytic performance (Figures S13 and S14).

Based on literature reports,62-64 a plausible mechanism for the photo-induced oxidative 

cyclization is shown in Scheme 5. An SET from I to [COF-UARK-49-Pt]* generates the 

amine radical cation II, while [COF-UARK-49-Pt]* is reduced to the [COF-UARK-49-Pt]−. 
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In the presence of oxygen, the photoredox catalytic cycle of COF-UARK-49-Pt is completed 

via an SET oxidation, with the generation of a superoxide radical anion O2
•−. Deprotonation 

of II produces α-aminoalkyl radical III. Then III reacts with IV to generate radical V, and 

the latter then undergoes cyclization to form intermediate VI. Proton and electron transfer 

from VI to O2
•− yields the final product VII and HOO−. The HOO− will be afterwards 

protonated to yield H2O2 as the by-product. The significant inhibition of the reaction in the 

presence of KI as a hole scavenger, AgNO3 as an electron scavenger and 1,4-benzoquinone 

as a O2
•− radical scavenger supports the proposed mechanism (Table S2).

Conclusion

In summary, we reported here a pyrene-based imine COF with the incorporation of 2-

phenylpyridine as a new metal binding group on the pore wall. The COF-UARK-49 adopted 

an unprecedented hetero-pore structure that results from the cis orientation of the C=N 

linkages. It also showed selective metalation (Pt) of the larger pores and enhanced 

photocatalytic performance in decarboxylative difluoroalkylation and oxidative cyclization 

reactions after Pt loading. Although imine and pyridyl N had similar stabilization effect for 

Pt in this work, the well-known cyclometallation chemistry of 2-phenylpyridine derivatives 

could introduce interesting metallacycles decorated COFs if other metals are used (e.g. Ir).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
(A) PXRD pattern of COF-UARK-49-Pt (red line), COF-UARK-49 (blue line), with the 

simulated patterns for eclipsed (green line) and staggered (gray line) stacking; (B) N2 

isotherms at 77K; and (C) Pore size distribution.
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Figure 2. 
Comparison of experimental and simulated N2 uptake for COF-UARK-49. N2 favorable 

adsorption sites at different pressures are shown in the inset. Blue spheres represent N2 

molecules. Framework atoms are shown in ball and stick representation.
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Figure 3. 
(A–F) Possible coordination modes of Pt in COF-UARK-49-Pt (isomers are not shown).
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Figure 4. 
XPS spectra of the N1s binding energy of (A) COF-UARK-49-Pt, (B) COF-UARK-49.
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Figure 5. 
Solid-state UV-vis absorption spectra of two linkers, COF-UARK-49 and COF-UARK-49-

Pt.

Almansaf et al. Page 16

ACS Appl Mater Interfaces. Author manuscript; available in PMC 2022 February 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Scheme 1. 
Synthesis of COF-UARK-49 via imine condensation.
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Scheme 2. 
Substrate scope of decarboxylation-difluoroalkylation.
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Scheme 3. 
Proposed mechanism for the decarboxylation-difluoroalkylation reaction.
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Scheme 4. 
Photo-induced oxidative cyclization reaction catalyzed by COF-UARK-49-Pt.a

a A mixture of 4 (0.2 mmol) and 5 (0.1 mmol) in 1 mL DMF were illuminated with a blue 

LED light for 3 h in the presence of 5 mg (2.3 mol% based on Pt) of the catalyst. Yields 

were determined by HPLC.
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Scheme 5. 
Proposed mechanism for the photo oxidative cyclization reaction
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Table 1.

Optimization conditions of the reaction for the photo-induced decarboxylation-difluoroalkylation. 
a

Entry Cat. Yield (%)

1 None <2

2 COF-UARK-49-Pt 64

3 COF-UARK-49 23

4
b COF-UARK-49-Pt 0

5 [PtCl2(pyridine)(DMSO)] 7

a
1a (0.04 mmol), 2 (0.044 mmol), KHCO3 (0.044 mmol), CH3CN (1 ml) in the presence of 5 mg (5.8 mol% based on Pt) catalyst. Yields were 

determined by HPLC.

b
In dark.
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