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ABSTRACT 

Covalent organic frameworks (COFs) are emerging as a new class of photoactive organic 

semiconductors, which possess crystalline ordered structures and high surface areas. COFs can be 

tailor-made towards specific (photocatalytic) applications and the size and position of their band gaps 

can be tuned by the choice of building blocks and linkages. However, many types of building blocks are 

still unexplored as photocatalytic moieties and the scope of reactions photocatalyzed by COFs remains 

quite limited. In this work, we report the synthesis and application of two bipyridine- or 

phenylpyridine-based COFs: TpBpyCOF and TpPpyCOF. Due to their good photocatalytic properties 

both materials were applied as metal-free photocatalysts for the tandem aerobic oxidation/Povarov 

cyclization and α-oxidation of N-aryl glycine derivatives, with the bipyridine based TpBpyCOF 

exhibiting the highest activity. By expanding the range of reactions that can be photocatalyzed by COFs 

this work paves the way towards the more widespread application of COFs as metal-free 

heterogeneous photocatalysts, as a convenient alternative for commonly used homogeneous (metal-

based) photocatalysts. 
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INTRODUCTION 

A booming world population and economy puts an ever-increasing pressure on the environment. 

Together with growing concerns about pollution, global warming, and the finite supply of fossil 

resources, this has led to the development of many different green technologies. One promising 

avenue is visible light photocatalysis, which utilizes the energy of visible light and converts it into 

chemical energy for organic reactions through a catalyst.1–4 Based on whether the photocatalyst and 

the reactants exist in the same phase or not, it is classified as a homogeneous or heterogeneous 

photocatalyst, respectively. Typical examples of the former include metal complexes (mainly 

ruthenium and iridium complexes)5,6 and organic dyes (fluorenone, acridinium-based photocatalysts, 

xanthene dyes, etc.),7–10 whereas the latter category mainly contains inorganic semiconductors (TiO2, 

CdSe, WO3, ZnS, ZnO, etc.).11–15 However, homogeneous catalysts, and especially the precious metal-

based ones, have drawbacks such as high costs, difficult separation from the product, and low or no 

recyclability.  

In recent years, new, heterogeneous, polymer-based photocatalysts such as graphitic carbon nitride 

(g-C3N4),16,17 metal organic frameworks (MOFs),18,19 and porous organic polymers (POPs)2 have 

emerged to help eliminate these aforementioned deficiencies. Covalent organic frameworks (COFs) 

are a subclass of POPs, and like POPs, they are constructed completely from organic building blocks. 

Their defining characteristic is their long-range order and accompanying crystallinity. Due to their low 

weight, high specific surface area, and modular design, they have found application in diverse fields, 

such as gas sorption and separation,20,21 energy storage,22,23 sensing24–26 and heterogeneous 

catalysis.27–30 COFs hold a lot of promise as heterogeneous photocatalysts, with great recyclability due 

to their insolubility. Their extended π-conjugated frameworks, regular pore structures, and high 

surface areas are beneficial for obtaining high photocatalytic activities due to the good light absorbing 

capacity and high accessibility of their active sites. 31–33 Due to their tailor-made character, the optical 

properties and photocatalytic efficiency of COFs can be easily adjusted by the choice of building 

blocks.34–36 Nitrogen-rich moieties, when incorporated in extended frameworks, are known to confer 

significant photocatalytic activity. Whilst nitrogen-rich motifs such as triazines,33,37–39 porphyrins40–42 

and benzothiadiazoles43–46 have been applied extensively in metal-free heterogeneous photocatalysts, 

bipyridines and especially phenylpyridines have been less explored. Moreover, despite the advantages 

and the great amount of research currently being done on COFs as photocatalysts, the scope of 

reactions that are catalyzed by photoactive COFs is still quite limited. Mainly three reactions are 

studied: the aerobic oxidation of benzylamines, the hydroxylation of aryl boronic acids and the 

oxidation of sulfides. To expand this scope, we envisaged that the oxidation and subsequent 

transformations of N-aryl glycine derivatives would be feasible with COFs.  

Herein, we describe the synthesis of two bipyridine- or phenylpyridine-based COFs: TpBpyCOF and 

TpPpyCOF and their application as photocatalysts. To evaluate their efficacy, we applied these 

materials in the COF- and Lewis acid-catalyzed photocatalytic aerobic oxidation/Povarov cyclization, 

allowing for the easy synthesis of highly substituted quinolines. Moreover, the same substrates could 

be converted into α-dicarbonyl compounds, when the Lewis acid was omitted. The results described 

in this work broaden the scope of COF-catalyzed photocatalytic reactions and thus facilitate the 

advancement of these emerging materials as alternatives for homogeneous (metal-based) catalysts. 

 

 

  



RESULTS AND DISCUSSION 

Synthesis and characterization of COFs 

Two-dimensional (2D) COFs with one-dimensional open channels were synthesized by condensing 2,2’-

bipyridine-5,5’-diamine (Bpy) or 6-(4-aminophenyl)pyridin-3-amine (Ppy) with 1,3,5-

triformylphloroglucinol (Tp) by solvothermal synthesis as shown in Scheme 1. TpBpyCOF is already well 

known in literature47–51 and has been applied as a proton conductive solid state electrolyte,47 as a 

carrier material for palladium or cobalt to use as a heterogeneous catalyst for benzofuran synthesis48 

or for electrochemical water oxidation,49 as a fluorescence sensing material,50 and recently as a metal 

free photocatalyst for the production of hydrogen peroxide.51 The newly synthesized TpPpyCOF is the 

first COF synthesized using Ppy as a building block, and this material has potential, not only as a 

photocatalyst, but also as a platform to complex metals with its phenylpyridine moiety. Moreover, we 

improved the existing synthesis of Ppy, by employing a Suzuki coupling reaction followed by reduction 

(see SI, Section S1.4), instead of the four step approach used previously.52,53 Next to these materials, 

another COF was made by condensation of Bpy with 2,4,6-trimethoxybenzene-1,3,5-tricarbaldehyde 

(TpOMe), which is known to give imine-linked COFs with exceptional stability.54 While this COF has 

already been reported, it was synthesized via a mechanochemical reaction.54 Interestingly, during the 

acidic conditions of the solvothermal COF synthesis unexpected demethylation of this material took 

place, as signified by solid state NMR, and a COF was formed that corresponded with TpBpyCOF (see 

SI, Section S2.7). 

 

Scheme 1: Schematic illustration of the synthesized COFs. When TpOMe was condensed with Bpy a material largely 

corresponding to TpBpyCOF was formed (see SI, section S2.7 for more details). 

  



PXRD patterns of the synthesized materials indicated relatively sharp reflections (Figure 4a) pointing 

to a good crystallinity of the resulting COFs. The peaks around 2θ = 4° are assigned to the (100) plane 

and the smaller peak around 7° to the (200) plane. The broad peak around 25° corresponds to the 

(001) plane and originates from π- π stacking between the individual layers of the COF.55–57 SEM and 

TEM images of the COFs are shown in Figure 1a-b. TpBpyCOF and TpPpyCOF form large aggregates, 

with relatively rough surfaces. The TEM images (Figure 1b) show the crystalline honeycomb like 

structure. Bright-Field (BF) TEM images of TpBpyCOF and TpPpyCOF with their corresponding EDX 

elemental map of carbon, nitrogen, and oxygen demonstrate the uniform distributions of these atoms 

throughout the framework (Figure S11-13). The permanent porosity of the synthesized COFs was 

assessed by N2 sorption measurements at 77 K (Figure 2b). The calculated Brunauer−Emmett−Teller 

(BET) surface area for TpBpyCOF and TpPpyCOF were 879 and 755 m2/g, respectively. The resulting 

pore size distributions (PSDs) are given in Figure S1-2 and the pore diameters were 17.9 and 18.5 Å for 

TpBpyCOF and TpPpyCOF, respectively. The simulated PSDs are shown in Figure S40-41 and possess a 

similar mean pore diameter, but exhibit a much more narrow distribution than the experimental PSDs. 

 

Figure 1: (a) SEM; and (b) TEM images of TpBpyCOF and TpPpyCOF. 

Fourier transform infrared spectroscopy (FTIR) of these materials confirmed the completion of the 

reaction and the formation of β-ketoenamine linkages (Figure 2a and Figures S4-10). Disappearance of 

the characteristic absorption bands of the Bpy amino group (3180-3418 cm-1) and the Tp carbonyl 

(1632 cm-1) in the FTIR spectrum of TpBpyCOF points towards successful reaction. New peaks 

corresponding with the keto functionality are observed at 1604 (C=O) and 1564 cm-1 (C=C).47 The peaks 

around 1260 cm-1 correspond with the C–N bond.50 For TpPpyCOF, similar results were obtained, the 

characteristic amine absorption bands (3192-3443 cm-1) disappear and new bands corresponding with 

the C=O and C=C absorption, which are nearly merged in this material, appear around 1595 and 1568 

cm-1. For additional structural characterization, the N and C 1s XPS spectra were measured. The N 1s 

spectra of TpBpyCOF and TpPpyCOF are shown in Figure S14. The peaks at 398.8 and 398.5 eV for 

TpBpyCOF and TpPpyCOF, respectively, correspond to the C=N moieties (pyridinic nitrogens). The peak 

at 399.9 eV for both TpBpyCOF and TpPpyCOF correspond to the nitrogens of the enamine linkages 

(pyrrolic nitrogens). The N 1s spectrum of TpBpyCOF was deconvoluted in another smaller peak, at 

401.2 eV, which was assigned to quaternary nitrogens, formed through side reactions or protonation. 



The C 1s spectra of TpBpyCOF and TpPpyCOF were deconvoluted into three main peaks. One at 284.5 

and 284.8 eV, for TpBpyCOF and TpPpyCOF respectively, corresponding to the C-C moieties, another 

at 285.6 and 286.0 eV corresponding to the C-N moieties, and a third peak at 287.9 and 288.3 eV 

corresponding to the carbonyl moieties. 

 

Figure 2: (a, left) Overlay of the FTIR spectra of Bpy (top, blue), Tp (middle, orange) and TpBpyCOF (bottom, green); (a, right) 

Overlay of the FTIR spectra of Ppy (top, blue), Tp (middle, orange) and TpPpyCOF (bottom, green). Characteristic signals 

originating from the amino groups, aldehydes and β-ketoenamine linkages are marked in blue, orange and green, 

respectively. (b) Nitrogen adsorption/desorption isotherms at 77K of TpBpyCOF and TpPpyCOF. 

Multinuclear NMR spectroscopic studies were performed to obtain information about the local 

chemical structures of these materials. The 1H MAS NMR spectra (Figure 2a-b and Figure S15) of the 

three COF’s, TpPPyCOF, TpBpyCOF and ‘TpOMeBPyCOF’, exhibited three broad resonances between 

0-5 ppm, 5-10 ppm and 10-15 ppm. The resonance between 5-10 ppm is assigned to the aromatic and 

olefinic protons of the linker moieties, while the downfield shifted resonance between 10-15 ppm is 

attributed to the enamine 1H. The upfield resonance between 0-5 ppm is not an expected resonance 

considering the ideal chemical structure, and could be attributed to the terminal -NH2 groups or a 

composite resonance of strongly adsorbed water with the NH2 terminals, strongly adsorbed solvents, 

etc. In the case of ‘TpOMeBpyCOF’, the presence of the enamine 1H resonance and the absence of the 

methoxy resonance in the 1H-NMR spectrum (Figure S15) points towards an unexpected 

demethylation reaction during the COF synthesis. DQ-SQ NMR spectroscopy is a probe for the close 

spatial proximity between different nuclei (Figures 2g-h).58,59 The existence of correlations along the 

diagonal (autocorelations) indicate the appearance as pairs for the respective nuclei and the 

appearance of off-diagonal correlations (cross correlations) at the sum of the respective frequencies 



indicate their existence in close spatial proximity. The presence of the cross correlation (see Figures 

2g-h, indicated as NH-HAr/Ol) of the enamine resonance with the aromatic and olefinic 1H’s indicate the 

successful linking between the Tp and Bpy or Ppy linkers in TpBpyCOF and TpPpyCOF, respectively. 

The cross correlation between the upfield 1H resonance (0-5 ppm) and the aromatic/olefinic resonance 

(labelled as NH2-HAr/Ol) points towards its existence in the same phase and could be attributed to the 

existence of terminal NH2 groups. The 1H-13C CPMAS spectrum of all the COF samples exhibited the 

presence of carbonyl resonances around 185 ppm and multiple overlapping aromatic/olefinic 13C 

resonances between 108-151 ppm (Figure S16). In line with the 1H NMR spectrum, the methoxy 

resonances were absent in the the case of ‘TpOMeBpyCOF’, confirming its demethylation, and this 

material exhibited resonances similar to TpBpyCOF. The 1H-13C CP-HETCOR spectra (Figure 3d,f) 

evidenced the correlation of the enamine 1H resonance to the different 13C nuclei in both the linkers, 

further confirming the local chemical structure. The correlations of the enamine resonance to the Bpy 

or Ppy linkers are depicted by the blue horizontal bar, while the correlation to the Tp linker is indicated 

by the yellow, green, & cyan horizontal bars. Modelling of the chemical shielding parameters (GIPAW 

VASP) was performed and the theoretically estimated chemical shifts are in perfect agreement with 

the experimental spectra for TpBpyCOF and TpPpyCOF, allowing assignment of all resonances and 

confirming the local chemical structure of these materials (SI, Section S3.6).  

 

Figure 3: (a) and (b): 1H direct excitation spectrum of TpPpyCOF and TpBPyCOF. (c) 1H-13C CPMAS spectrum with spectral 

decomposition and (d) 1H-13C CP-HETCOR spectrum of TpPpyCOF. (e) 1H-13C CPMAS with spectral decomposition and (f) 1H-
13C CP-HETCOR spectrum of TpBpyCOF. (g) and (h) 1H-1H DQ-SQ NMR spectra of TpPpyCOF and TpBpyCOF. All the spectra 

were acquired at 18.8 T under 35 kHz MAS at a sample temperature of 295 K.  



The atomic structure of the materials was further determined through computational modelling (see 

Section S3), using the measured diffraction patterns as reference data. Through judicious comparison 

of the experimental diffraction patterns with a collection of calculated diffraction patterns, 

corresponding to different possible structure models, the most representative model was identified.60 

Moreover, by performing molecular dynamics (MD) simulations at operating conditions (1 bar, 300 K), 

peak broadening effects due to movement of the layers were effectively included in our calculated 

diffraction patterns for optimal comparison. The models were generated, starting from a hexagonal 

layer topology (hcb), combinatorically varying all flexible moieties in the layer geometry that might not 

be able to transition at operating conditions during the MD simulation, due to prohibitively large free 

energy barriers. Moreover, as typically only the nearest neighboring layer orientation is relevant due 

to screening effects, and to allow for different variations between subsequent layers, two-layer unit 

cells were constructed. The orientations of both the pyridine (py) moieties and the enamine linkages 

were considered (see Figure S32). The molecular interactions in these systems were modelled using 

system-specific force fields, derived using the QuickFF protocol (see section S3.1). Ultimately, this 

approach gave rise to a single optimal atomic structure for the materials, as visualized in Figure 4a, 

with excellent agreement to the experimental PXRDs. For TpBpyCOF, the optimal structural model has 

enamine linkages with an identical orientation in the same layer but inverted with respect to the layer 

above. The bipyridine is in a trans configuration and is inverted with respect to the layer above. For 

TpPpyCOF, the optimal structural model has enamine linkages with an identical orientation in the same 

layer but inverted with respect to the layer above. The pyridine unit is inverted with respect to the 

layer above and also switches position. The orientation of asymmetric moieties in COFs, such as the 

linkage and the configuration of bipyridine/phenylpyridine linkers are usually not modelled. However, 

by utilizing this methodology, we were able to obtain a more comprehensive understanding of these 

materials' configurations. Additionally, the good agreement observed between the modelled and 

experimental PXRDs provides evidence of the high crystallinity of these materials. 

 

Figure 4: (a) PXRD comparison for TpBpyCOF and TpPpyCOF between experimental measurements and calculated MD 

averages. (b) Simulation derived structure for TpBpyCOF and TpPpyCOF. 



Diffuse reflectance UV-Visible spectroscopy was performed to characterize the optical properties of 

the materials. The diffuse reflectance UV-Vis spectra of the COFs were measured and transformed 

through the Kubelka-Munk function to obtain the absorption spectra. These spectra exhibit absorption 

edges around 500 nm and the absorption tails extend beyond 850 nm (Figure 5a). It can be clearly seen 

that the absorption edge for TpPpyCOF is blue-shifted, compared to that of TpBpyCOF. The related 

Tauc plots (Figure 5b) were used to estimate the band gaps, which amounted to 2.10 and 2.23 eV for 

TpBpyCOF and TpPpyCOF, respectively, indicating that the substitution of a nitrogen atom in 

bipyridine to a carbon in phenylpyridine increased the band gap by 0.13 eV. The band gaps and density 

of states were calculated using the hybrid functional (HSE06) (Figure S35). The calculated band gaps 

were 2.09 and 2.14 eV for TpBpyCOF and TpPpyCOF, respectively, in good agreement with the 

experimental values. In both cases, the band gaps were quite small, allowing absorption of visible light 

and its conversion into useful chemical energy.  

 

Figure 5: (a) Kubelka-Munk absorption spectra; (b) Tauc plots; (c) Band structure; (d) EPR spectra of TpBpyCOF and TpPpyCOF. 

(e) EPR spectrum of DMPO-OOH• and (f) TEMPO produced by TpBpyCOF under visible light irradiation.  

Finally, the absolute positions of the valence band (VB) and conducting band (CB) of these COFs were 

estimated by linear sweep voltammetry under chopped light illumination.61,62 To this end, the COFs 

were mechanically exfoliated by grinding and coated on a working electrode. This was then used in a 

three-electrode setup, with an Ag/AgCl reference electrode and a Pt coil counter electrode. The anodic 

photocurrent was measured under chopped white light illumination and an applied bias which was 

swept from +0.4 V to -0.4 vs. Ag/AgCl. The resulting photocurrent decreased in magnitude and changed 

sign when going from +0.4 V to -0.4 V (Figure S16-17). The energy level of the conduction band can be 

determined from the potential at which this sign change occurs. The energy levels of the valence band 

can then be calculated using the equation: 𝐸𝐶𝐵 = 𝐸𝑉𝐵 − 𝐸𝑔 (Figure 5c).63 To perform the targeted 

Povarov reaction, the amines of the glycine esters need to be oxidized and oxygen reduced. The 

reduction potential of O2 is -0.62 V (vs. NHE)64 and the oxidation potentials for a representative N- aryl 

glycine ester, ethyl p-tolylglycinate is 1.30 V (vs. NHE).65 According to these potentials both COFs can 

reduce oxygen to the superoxide radical and both COFs are sufficiently oxidizing to accept electrons 



from a representative N-aryl glycine ester. Next to these direct electron transfer reactions, these COFs 

could also act as photosensitizers to generate singlet oxygen. Singlet oxygen can be produced by 

semiconductors, such as COFs, through two main mechanisms. In a Dexter type energy transfer 

mechanism, one electron reduction of O2 to O2
−• takes place, followed by one electron oxidation. 

Alternatively, Förster resonance energy transfer allows the transfer of the energy of the excited state 

of the COF to oxygen, through dipole-dipole interactions between oxygen and the electric field 

produced by the separated charges.66,67 Singlet oxygen is a powerful oxidizing agent and can oxidize 

the desired substrates, hereby allowing the desired reactions to occur. By using EPR-spectroscopy and 

TpBpyCOF as the model catalyst, the ability of this material to create activated forms of oxygen (O2
−• 

and 1O2) was confirmed. By stirring a suspension of the COF in acetonitrile with 5,5-dimethyl-1-

pyrroline-N-oxide (DMPO), under air and visible light irradiation, the EPR spectrum of DMPO-OOH•, 

generated by reaction between DMPO and photogenerated superoxide radicals, was detected (Figure 

5e).68 Using a similar methodology, with 2,2,6,6-tetramethylpiperidine (TEMP) as the spin trap, the 

production of singlet oxygen was demonstrated by the detection of the characteristic spectrum of the 

TEMPO free radical (Figure 5f). Moreover, both TpBpyCOF and TpPpyCOF gave EPR signals in the solid 

state that greatly increased under visible light illumination, signifying the photogeneration of electron-

hole pairs (Figure 5d).69 

 

  



Tandem oxidation/Povarov cyclization 

The prepared photocatalysts were applied towards the tandem aerobic oxidation/Povarov cyclization, 

which allows the synthesis of quinoline-fused lactones and lactams 4 from cinnamyl 2-(arylamino)-

acetates and acetamides 1 (Scheme 2). Quinoline-fused lactones and lactams are an important class 

of heterocycles and also serve as synthons for the synthesis of natural products and analogues such as 

Uncialamycin,70–72 Luotonin A,73 Camptothecin,74 and quinolinecarboxamides75,76 (Figure S42). The first 

report on this transformation used difficult-to-synthetize glyoxal imines 2 as starting materials with 

BF3·Et2O as a Lewis acid to catalyze the cyclization and stoichiometric DDQ to oxidize the intermediary 

tetrahydroquinoline 3.70 However, in situ generation of the imines from the corresponding, easily 

accessible and stable amines 1 proved to be much easier and can be achieved by a stochiometric 

oxidant such as Oxone.77 Tris(4-bromophenyl)ammoniumyl hexachloroantimonate, a radical cation 

salt, has also been used catalytically for this reaction with air as the terminal oxidant,78 however, it is 

a moisture-sensitive irritant.79 Moreover, tris(bipyridine)ruthenium/BF3·Et2O80 or rhodamine 

6G/HClO4
81 have been used as a photocatalyst/acid couple for this transformation. Nevertheless, a 

metal-free heterogeneous photocatalyst has not yet been reported for this reaction, whilst it can give 

many advantages, such as easy separation and catalyst recovery, avoiding toxic and expensive metals.  

 
Scheme 2: One-pot oxidation-Povarov cyclization. 

The initial reaction conditions, using 10 mol% BF3·Et2O in acetonitrile at room temperature and 

exposed to air, were chosen based on literature data80 (Table 1, entry 1-2). This gave moderate yields 

of 38% and 32% for TpBpyCOF and TpPpyCOF, respectively. When no Lewis acid was used, the 

formation of a side product, cinnamyl 2-oxo-2-(p-tolylamino)acetate 7a, was detected in 42% yield 

(Table 1, entry 5). To further optimize the yield and to avoid the moisture- and air-sensitive BF3·Et2O,82 

many different Lewis and Brønsted acids were screened (Table 1, entry 6-30). First, the easier to handle 

and heterogeneous BF3@silica was used, which also gave acceptable yields (Table 1, entry 6). However, 

Sc(OTf)3 gave the most promising results (Table 1, entry 14). When higher or lower amounts than the 

standard 10 mol% were used, lower yields were obtained (Table 1, entry 31 and 32). The screening of 

other solvents than acetonitrile such as PhCF3, EtOH, THF, CH2Cl2, DMF, HFIP, or 1,2-DCE (Table 1, entry 

34-41) all resulted in lower yields, except for nitromethane which also gave promising results (Table 1, 

entry 41). Nitromethane was then also screened with some other Lewis acids (Table 1, entry 42-43), 

however, this did not improve the yields and finally CH3CN was chosen because it is much less harmful 

than CH3NO2. Lastly, TpPpyCOF was again tested using Sc(OTf)3, as well as Ru(Bpy)3(PF6)2 and both gave 

worse results than TpBpyCOF (Table 1, entry 44-46). While TpBpyCOF and TpPpyCOF possess very 

similar surface area and optical properties, TpBpyCOF does show higher yields. It is likely that 



TpBpyCOF’s energy levels are more suited for singlet oxygen activation, hereby enhancing the catalytic 

activity.  

Table 1: Optimization of the tandem oxidation-Povarov cyclization.a 

 

Entry Photocatalyst Lewis acid Solvent Yield (%)b 

1 TpBpyCOF BF3·Et2O CH3CN 38 
2 TpPpyCOF   32 
3 [Ru(Bpy)3](PF6)2

c   22 
4 [Ru(Bpy)3](PF6)2

d   43 
5 TpBpyCOF No Lewis acid  /e 
6 TpBpyCOF BF3@SiO2  48 
7  1 eq. BF3·Et2O  26 
8  BF3·Et2O/TMSOTf  46 
9  TMSOTf  55 
10  Cu(OTf)2  19 
11  Bi(OTf)3  38 
12  TFA  41 
13  Dy(OTf)3  52 
14  Sc(OTf)3  61 
15  HN(OTf)2  45 
16  Zn(OTf)2  29 
17  AlCl3  25 
18  Ho(OTf)3  36 
19  Yb(OTf)3  49 
20  Er(OTf)3  40 
21  La(OTf)3  41 
22  Sm(OTf)3  49 
23  Eu(OTf)3  45 
24  HAuCl4·3H2O  33 
25  Gd(OTf)3  40 
26  In(OTf)3  40 
27  Ce(OTf)3  57 
28  CeCl3·7H2O  20 
29  TiCl4·2THF  9 
30  B(PhF5)3  14 
31  5 mol % Sc(OTf)3  32 
32  30 mol% Sc(OTf)3  39 
33  10 mol% Sc(OTf)3 CH3CNf 52 
34   PhCF3 27 
35   EtOH 5 
36   THF 17 
37   CH2Cl2 22 
38   DMF 12 
39   1,2-DCE 32 
40   HFIP n.r.g 
41   CH3NO2 60 
42  TMSOTf CH3NO2 57 
43  B(PhF5)3 CH3NO2 26 
44 TpPpyCOF Sc(OTf)3 CH3CN 49 
45 [Ru(Bpy)3](PF6)2

c   12 
46 [Ru(Bpy)3](PF6)2

d   42 
a Reaction conditions: 0.1 mmol cinnamyl p-tolylglycinate 1a, COF (10 mg) or [Ru(Bpy)3](PF6)2 (1 or 10 mol%),c,d 10 mol% Lewis acid, 1 mL 

CH3CN, 26 W CFL, 24 h, r.t. 
b Determined by 1H-NMR analysis using 1,3,5-trimethoxybenzene or mesitylene as an internal standard. 
c 1 mol%. 
d 10 mol%. 

e 42% cinnamyl 2-oxo-2-(p-tolylamino)acetate 7a was detected. 
f 5 mL CH3CN. 
g No reaction. 



With the optimal conditions at hand, the scope of the reaction was examined by reacting a wide range 

of substrates 1a-m with both electron-withdrawing (F, CF3, Br, I) and electron-donating (OMe, Me) 

substituents in various positions (ortho-, meta- and para-). The corresponding quinolines 4a-m were 

obtained in moderate yields (27-62%, Table 2). While full conversion of the starting materials was 

achieved in any case, side reactions and losses during isolation resulted in moderate isolated yields. As 

major side products were generally not observed in 1H-NMR and LC-MS analysis, it is thought that the 

substrates partly polymerize during the reaction to form insoluble oligomers, which lower the yield. 

When using meta-substituted aryls, mixtures of the 6- and 8-substituted regioisomers were observed, 

of which only the isomer 4e could be isolated in the case of the trifluoromethyl substituted quinoline. 

Substitution of the R2-group was also tolerated and both naphthalene and vinylene substituted 

quinolines 4j and 4k could be isolated with acceptable yields (39% and 35%). The photochemical 

synthesis of quinoline fused lactams had not yet been reported, and to our delight quinoline fused 

lactams 4l-m could also be synthesized and isolated in 47% and 31% yield.  

Table 2: TpBpyCOF and Sc(OTf)3 catalyzed synthesis of quinolines 4a-m.a,b 

 
a Reaction conditions: 0.2 mmol substrate 1, 20 mg TpBpyCOF, 0.02 mmol Sc(OTf)3, 2 mL CH3CN, 26 W CFL, 24 h, r.t. 
b Isolated yields are reported. 

Next to these quinolines, a series of oxalic acid derivatives 7a-k could be synthesized by photocatalytic 

α-oxidation of the glycine derivatives 6a-k when no Lewis acid was present in the system (Table 3). For 

the α-oxidation of N-aryl glycine derivatives there had only been incidental reports of the occurrence 

of the α-dicarbonyl compounds as side products during photocatalytic reactions. 80 To the best of our 



knowledge, TpBpyCOF is the first photocatalyst used (homogeneous or heterogeneous) to study this 

reaction in more detail and examine the substrate scope. A wide range of oxalic acid derivatives 7a-k 

could be produced using TpBpyCOF, albeit in relatively low isolated yields (15-47%). These rather low 

yields were due to side reactions and losses by purification using reversed phase chromatography. For 

the trifluoromethoxy-substituted substrate 6l, no product could be isolated, due to the low stability of 

the starting material in solution. For thioester 6m, the oxidized end product was obtained, however, it 

could not be fully separated from impurities. The product resulting from oxidation of ketone 6n was 

obtained in only a very low yield (6%). For compound 6o no product was obtained, and degradation of 

the COF was observed as the nucleophilic amine attacks the β-ketoenamine linkage and solubilizes the 

COF.  

Table 3: COF catalyzed synthesis of oxalic acid derivatives 6.a,b 

 
a Reaction conditions: 0.2 mmol substrate 6, 20 mg TpBpyCOF, 2 mL CH3CN, 26 W CFL, 24-36 h, r.t. 
b Isolated yields are reported. 



To probe the mechanism of the oxidation/Povarov cyclization, several control experiments were 

performed. In the dark, under argon or without COF, no product was formed (Table 4, entry 2-4). In 

absence of a Lewis acid the oxalic acid derivative was formed (Table 4, entry 5). Thus oxygen, light, the 

COF and the Lewis acid were essential for the transformation. As proven by the EPR experiments 

(Figure 5e-f), TpBpyCOF is capable of photogenerating both superoxide radicals and singlet oxygen, 

and both these pathways could be feasible to generate the products. To study the role of oxygen, 

several quenchers were added (Table 4, entry 6-14). Using quenchers for the superoxide radical, p-

benzoquinone83 or nitro blue tetrazolium chloride,84 only a slight decrease in yield was observed. 

Similarly, iPrOH, a quencher for hydroxyl radicals,85 did not lower the yield significantly. However, 

when using quenchers for singlet oxygen, such as L-histidine,86 DABCO87 or sodium azide88 the reaction 

was inhibited effectively. This leads us to conclude that the key driver for this transformation is singlet 

oxygen. When quenching holes and electrons using KI89 and AgNO3
90, respectively, the yield was also 

lowered. In the presence of TEMPO91, a known radical scavenger, the yield lowered drastically (Table 

4, entry 14), suggesting the involvement of radical processes. Based on these control experiments and 

previous reports77,80,92 we propose the following mechanism (Scheme 3). Upon irradiation of the COF, 

singlet oxygen is produced by direct energy transfer93–97 or by sequential oxidation/reduction of 

molecular oxygen.98 The photogenerated singlet oxygen then oxidizes the amine 1 to the 

corresponding imine 2, hereby generating H2O2.99–101 The crude NMR spectra (Figure S43) clearly 

indicate the production of hydrogen peroxide, which is present in an approximately one-to-one ratio 

with the product 4. In absence of a Lewis acid imine 2 is further oxidized to the oxalic derivative 5. In 

presence of a Lewis acid, imine 2 undergoes an intramolecular aza-Diels-Alder reaction, which can 

either occur concerted (Path A) or stepwise (Path B).102 The resulting tetrahydroquinoline 3 is then 

further oxidized to the quinoline product 4. Lastly, reuse experiments were performed to ascertain the 

stability of TpBpyCOF in the reaction. Upon recycling the catalyst for five times, full conversion of the 

starting material was still achieved, however the yield had dropped to 45%, which is still 75% of the 

original activity (Figure S45). Moreover, while the main chemical linkages remained intact according to 

FTIR, the PXRD of the recycled material seemed to indicate that it had lost its crystallinity (Figure S46-

47). The loss of activity and crystallinity, while unfortunate, has been observed many times for 

photoactive COFs, and can be attributed to photobleaching, partial deactivation by singlet oxygen and 

also possibly side reactions with intermediates formed during the reaction.39,45,103–105 

Table 4: Control experiments for the Povarov reaction. 

Entry Conditionsa Result (%)b 

1 No modification 62 
2 In the dark n.r.c 
3 Under argon n.r.c 
4 No COF n.r.c 
5 No Lewis acid 42% 7a 
6 p-Benzoquinone 52 
7 Nitro blue tetrazolium chlorided 53 
8 iPrOH 51 
9 L-histidine 6 
10 DABCO n.r.c 
11 NaN3 n.r.c 
12 AgNO3 27 
13 KI n.r.c 
14 TEMPO 10 

a Reaction conditions: 0.1 mmol cinnamyl p-tolylglycinate 1a, 10 mg TpBpyCOF, 0.01 mmol Sc(OTf)3, 0.1 mmol of quencher. 
b Determined by 1H-NMR analysis using 1,3,5-trimethoxybenzene as an internal standard. 
c No reaction. 
d 0.015 mmol NBT. 

 



 

Scheme 3: Mechanism for the photocatalytic generation of quinolines 4 and glyoxal derivatives 5 by TpBpyCOF. 

 

CONCLUSIONS 

In this work, two bipyridine- or phenylpyridine-based COFs, TpBpyCOF and TpPpyCOF, were 

successfully synthesized and photochemically characterized. The use of bipyridine led to a smaller 

band gap compared with phenylpyridine, and the resulting TpBpyCOF was a more effective 

photocatalyst. This work entailed the development of the first heterogeneous photocatalyst for the 

aerobic oxidation/Povarov cyclization and α-oxidation of N-aryl glycine derivatives, which are 

important transformations to generate highly substituted quinolines and dicarbonyl compounds. Using 

TpBpyCOF as a recyclable photocatalyst, a wide range of quinoline-fused lactones/lactams and glyoxal 

derivatives could be synthesized. The findings of our study expand the potential use of COFs in 

photocatalysis, hereby advancing the development of these novel materials as alternatives for 

homogeneous (metal-based) photocatalysts. 

 

  



EXPERIMENTAL SECTION  

General procedures 

Unless stated otherwise all reagents and solvents were purchased from commercial sources and used 

without further purification. Dry tetrahydrofuran and dichloromethane were obtained using the 

MBraun SPS-800 solvent purification system. Dry N,N-dimethylformamide was obtained by drying over 

4 Å molecular sieves and storing for at least two days prior to use. The synthesis of the building blocks 

for the COFs and the substrates for the aerobic oxidation/Povarov cyclization and α-oxidation of N-aryl 

glycine derivatives are described in the supporting information. 

IR spectra of COFs and compounds were obtained in neat form with a Shimadzu IRAffinity1S WL FTIR 

spectrophotometer. Nitrogen adsorption-desorption isotherms were obtained using a Micromeritics® 

Tristar II. The samples were activated at 120 °C under vacuum overnight before measurements. Pore 

size distributions were calculated from N2 sorption isotherms using quenched solid density functional 

theory (QSDFT) in ASiQwin. Powder X-ray diffraction (PXRD) spectra were taken using a Bruker D8 

Advance spectrometer with a copper Kα radiation source (λ = 1.54056 Å) at 40 kV and 45 mA with 1 

°/s scanning speed. UV-Vis diffuse reflectance spectra were recorded in solid-state on a Perkin Elmer 

Lambda 1050 UV-Vis-NIR spectrophotometer. Photoelectrochemical measurements were performed 

in 0.2 M KCl/NaOH buffer (pH 12) or 0.06 M Na2B4O7·10H2O/NaOH buffer (pH 10) using an ALS-Japan 

Ag/AgCl 3 M NaCl reference electrode (+0.195 V vs. SHE), ALS-Japan Pt coil as counter electrode and 

the photocatalyst-coated FTO was used as working electrode. A Bio-Logic VSP potentiostat and EC-Lab 

software were used to record the measurements. White light was provided by a Philips Tornado T2 

CFL (23 W, 1450 lumen). XPS was used to investigate the chemical composition of the surface of the 

materials, using the PHI 5000 VersaProbe II spectrometer. This was equipped with a monochromatic 

Al Kα X-ray source (hν = 1486.6 eV) operating with a beam diameter of 200 µm at 50 W. All 

measurements were taken using an angle of 45° between the beam and the sample and under a 

pressure of 10-6 Pa or less. The binding energies were calibrated with respect to the C-C/C-H peak of 

the C 1s spectrum at 285.0 eV. Survey scans and high-resolution spectra were analyzed using Multipak 

(v 9.6.1) software. The high-resolution spectra were deconvoluted as Gaussian-Lorentzian peaks to 

identify the corresponding chemical bonds. BF-TEM images were taken using a high contrast aperture 

(HCA) in bright-field mode on a JEOL JEM-2200FS TEM with a 200 kV field emission gun and the in-

column energy filter (omega filter) at the UGent TEM Core Facility. The EPR spectra were recorded 

using a Bruker ESP300E spectrometer equipped with an HP 5350B microwave frequency counter and 

a Bruker NMR ER035M gaussmeter. A microwave power of 20 mW was used. The field was modulated 

at a frequency of 100 kHz with an amplitude of 0.1-0.2 mT. The time constant was 2.56 ms and spectra 

were taken by an accumulation of 20 scans of 10s each. The magnetic fields were calibrated using the 

spectrum of diphenyl picryl hydrazyl (g = 2.0036). For the solid state EPR spectra a regular NMR tube 

was charged with 5 mg of the material. For spin trapping TpBpyCOF (3.75 mg) was stirred in 0.75 mL 

of a 200 mM spin trap solution (DMPO or TEMP) in CH3CN, and illuminated for 10 minutes. The blanks 

were acquired by stirring the spin trap solution without COF for 10 minutes under visible light 

illumination. An aliquot of these suspensions was then used to charge 2 mm outer diameter and 1.4 

mm inner diameter sample tubes, overfilling the full length of the rectangular EPR cavity, which was 

then directly measured in the EPR spectrometer in the case of spin trapping with DMPO. As commercial 

TEMP, even after distillation, contained significant amounts of TEMPO, and TEMPO radicals are stable, 

the samples were illuminated for a longer time (2 hours) and then the spectra were taken. Direct-

excitation 1H, 1H-1H Double Quantum - Single Quantum (DQ-SQ), 1H-13C CPMAS and 1H-13C CP-HETCOR 

spectra were acquired on a Bruker Avance Neo 800 MHz (18.8 T) spectrometer equipped with a 1.9mm 

H/X/Y triple resonance probehead. The sample was filled in a 1.9mm ZrO2 rotor, and subjected to 35 



kHz magic angle spinning (MAS). Prior to the insertion into the probe, the sample filled rotor was 

subjected to vacuum treatment (75 mTorr) at 353K. Direct-excitation (DE) 1H (801.25 MHz) MAS NMR 

experiments were performed with an excitation pulse of 140 kHz radio-frequency (RF) field strength, 

accumulating 32 transients with a recycle delay of 3 s. 2D 1H-1H double-quantum–single-quantum (DQ-

SQ) correlation measurements were carried out using an excitation pulse of 140 kHz RF field strength, 

measured using the BABA sequence.106 The two-dimensional spectra were collected with 80 te 

increments of 28.6 µs and 16 transients in the direct dimension. 1H-13C CPMAS experiments were 

performed at a MAS rate of 35 kHz, using 12288 scans and a contact time of 1000 µs, a 1H contact pulse 

of 120 kHz RF field strength (100-70% ramped pulse), a square pulse of 50 kHz RF field strength on 13C 

and 60 kHz spinal64 1H decoupling acquisition were used. 1H-13C CP-HETCOR spectra were acquired 

with 400 scans in the direct dimension, 32 te increments of 28.57 µs. During acquisition, SPINAL64107 
1H decoupling was carried out, using a pulse of 60 kHz RF field strength. All the spectra were referenced 

to the adamantane 1H resonance at 1.81 ppm and the 13C (most downfield) resonance at 38.5 ppm, 

respectively. 1H-NMR and 13C-NMR spectra of solutions were recorded with a Bruker Avance III HD-400 

spectrophotometer at 25 °C at 400 and 100 MHz, respectively. The NMR was equipped with 1H/BB z-

gradient probe (BBO, 5 mm). All spectra were acquired through standard sequences available in the 

Bruker pulse program library and processed using TOPSPIN 4.1. An Agilent 1200 series HPLC system 

fitted with an Ascentis® Express C18 column (particle size 2.7 μm, length 30 mm, internal diameter 4.6 

mm) was used for HPLC(-MS) using a mixture of acetonitrile/water (5 mM NH4OAc) as the eluent. The 

HPLC was connected with a UV-Vis detector and an Agilent 1100 series LC/MSD-type SL mass 

spectrometer (ESI, 4000 V) using a mass-selective single quadrupole detector. Thin layer 

chromatography (TLC) for the analysis of reaction mixtures or gradient determination for 

chromatography was performed using glass-backed 0.25-mm Merck silica gel 60 F254 TLC plates, and 

visualized under UV light (254 nm). Column chromatography was performed with glass columns using 

silica gel (particle size 35-70 µm, pore diameter 6 nm) or on a Büchi Reveleris® X2 flash chromatography 

system (normal phase) or Grace Reveleris® X1 flash chromatography system (reversed phase), using 

prepacked Reveleris® silica or Reveleris® C18 cartridges.  

Synthesis of COFs 

The procedure to synthesize TpBpyCOF was modified from a literature procedure.47 An Agilent GC vial 

(size: 22.75 mm x 75 mm; 20 mm cap) was charged with 1,3,5-triformylphloroglucinol Tp (63.0 mg, 0.3 

mmol, 1 eq.) and 2,2'-bipyridine-5,5'-diamine Bpy (83.7 mg, 0.45 mmol, 1.5 eq.). Dimethylacetamide 

(DMAc, 4.5 mL) and o-dichlorobenzene (oDCB, 1.5 mL) were added via the sides of the vial, to flush the 

remaining solids from the walls. Then 0.6 mL of 6.0 M aqueous acetic acid was added and the vial was 

capped. This mixture was then sonicated for 10 minutes, flash frozen at 77 K in liquid N2 and degassed 

by three freeze-pump-thaw cycles, after which the vial was put under argon. After warming to room 

temperature the vial was placed in an oven pre-heated at 120 °C. The resulting red powder was 

collected via filtration and washed sequentially with copious DMAc-DMF-H2O-acetone-ethanol-THF. 

Further purification was done by Soxhlet extraction with methanol for 72 hours. Finally, the material 

was dried under vacuum overnight giving TpBpyCOF as a red powder (113 mg, 86%). 

For TpPpyCOF the same procedure with Ppy (83 mg, 0.45 mmol, 1.5 eq.) and Tp (63.0 mg, 0.3 mmol, 

1 eq.) was used, resulting in the title COF as an orange powder (103 mg, 79%). 

General procedure for the aerobic oxidation/Povarov cyclization of N-aryl glycine derivatives 

Typically, 20 mg TpBpyCOF, ScOTf3 (10 mg, 0.02 mmol, 0.1 eq.), 0.2 mmol of substrate 1 and 2 mL 

CH3CN were added to a small glass test tube. This was stirred under air and irradiated with a 26 W 

compact fluorescent lamp (CFL; ~10 cm distance) for 24 h. The reaction mixture was filtered over a 



filter paper and washed with acetone. The filtrate was then evaporated and the product was purified 

using column chromatography (SiO2, hexane/acetone: 10/1 or C18, gradient CH3CN/H2O: 30/70 – 

100/0).* 

*Reversed phase for 4c,e,h,k. 

General procedure for the α-oxidation of N-aryl glycine derivatives 

Typically, 20 mg TpBpyCOF, 0.2 mmol of substrate 6 and 2 mL CH3CN were added to a small glass test 

tube. This was stirred under air and irradiated with a 26 W CFL (~10 cm distance) for 24-36 h. The 

reaction mixture was filtered through a filter paper and rinsed thoroughly with acetone. The filtrate 

was then evaporated and the crude product was purified using column chromatography (C18, gradient 

CH3CN/H2O: 40/60 – 100/0 or 50/50 – 100/0). 
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