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ABSTRACT: Covalent organic frameworks (COFs) show great potential for many advanced applications 

on account of their structural uniqueness. To address the synthetic challenges, facile chemical routes to 

engineer porosity, crystallinity and functionality of COFs are highly sought after. Herein we report a 

synthetic approach that employs the Cadogan reaction to introduce nitrogen-containing heterocycles as 

the linkage in the framework. Irreversible indazole and benzimidazolylidene (BIY) linkages are 

introduced into COFs for the first time via phosphine-induced reductive cyclization of the common imine 

linkages following either stepwise or one-pot reaction protocols. The successful linkage transformation 

introduces new functionalities, as demonstrated in the case of BIY-COF, which displays excellent 
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intrinsic proton conductivity without the need of impregnation with external proton transfer reagents. 

Such a general strategy will open the window to a broader class of functional porous crystalline materials.  

INTRODUCTION 

As an emerging class of porous crystalline materials, covalent organic frameworks (COFs) are constructed 

from discrete molecular building blocks through covalent bonds into two dimensional (2D) or three 

dimensional (3D) extended networks.1-4 Unlike the classical linear chain polymers, the intrinsic porosity 

and crystallinity of COFs inherited from structural regularity endow them with superior potentials in gas 

adsorption,5 sensing,6 optoelectronics,7 and catalysis.8 Following the basic rules of reticular chemistry,9-

11 the rational design of COFs primarily relies on reversible covalent bonding formation, exemplified by 

the condensation reactions that furnish boroxines, boronate ester or imines.12-15 The reversible characters 

of covalent bonds impart error correction during crystallization,16 thus preventing the formation of 

amorphous polymer networks. Such reversibility, however, often diminishes the strength of the covalent 

linkages. Considerable efforts have been devoted to developing COFs with thermodynamically more 

stable linkages,17-18 including vinylene- and dioxin-linked COFs synthesized via Knoevenagel 

condensation19-21 and nucleophilic aromatic substitution reactions,22-24 respectively. Nevertheless, the 

feasible options to build robust yet reversible linkages are rather limited. An elegant strategy to improve 

the stability of COFs is to transform the reversible bonds into more robust linkages via postsynthetic 

modification. Most of the efforts have targeted the C=N bonds in imine-linked COFs, employing 

oxidation,25-27 reduction,28-30 or addition reactions.31 Despite those demonstrated successes, application of 

the linkage transformation strategy towards the construction of functional COFs remains largely 

underexplored. The end products from the imine bond transformation are limited to amides, amines and 

aromatic ring systems such as quinoline,31-32 thiazole,33-34 and oxazole.35-36 Versatile chemistry that allows 

for the introduction of new functional units via C=N conversion is thus highly desirable.  
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To this end, the reduction-induced cyclization involving o-nitroaryl imine intermediates, i.e. the 

Cadogan reaction, appears to be an excellent choice.37-38 In fact, Cadogan reaction has been widely 

adopted for the synthesis of nitrogen-containing aromatics.39 As illustrated in Scheme 1a, indazoles can 

be readily obtained from the reaction between o-nitrobenzaldehyde and arylamine, which firstly generates 

an imine intermediate, followed by an intramolecular reductive cyclization initiated by a trivalent 

phosphine reagent.38 The resulting COFs may inherit the biological activities of indazole linkage, such as 

antitumor, anticancer, antimicrobial, antidepressant and HIV-protease inhibition activities,40-43 thus 

inspire potential applications in medicinal chemistry. In a similar fashion benzimidazoles can be obtained 

(Scheme 1b).44 In both cases, reduction of an auxiliary nitro group by a phosphine reagent induces the 

transformation of aryl imine into heterocyclic aromatics with high fidelity. In this work, combining the 

dynamic imine chemistry and the Cadogan reaction, we have successfully synthesized an indazole-linked 

COF via both one-pot reaction and postsynthetic modification. In addition, this strategy imbued the 

discovery of a novel benzimidazolylidene (BIY)-linked COFs. The potential utility of this synthetic 

strategy was further highlighted by the excellent proton conductivity of the BIY-linked COF.  

 

Scheme 1. Formation of a) indazole and b) benzimidazole via Cadogan reaction that involves cascade 

condensation and reductive cyclization  
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RESULTS AND DISCUSSION 

Synthesis of Indazole-Linked COF. The effectiveness of the Cadogan reaction for COF synthesis was 

initially investigated by a stepwise protocol involving the reaction between dinitro-substituted 4,4′-

biphenyldicarboxaldehyde (1) (Figure S1-S2) and 1,3,5-tris(4-aminophenyl)benzene (TPB, 2) (Scheme 

2). TPB-imine-COF was obtained under conventional solvothermal conditions using a mixture of 

mesitylene and dioxane (5.6:1, v/v) with acetic acid (8 M) as the catalyst (120 oC, 3 days). After washing 

with organic solvents and vacuum drying, the obtained TPB-imine-COF was subjected to reacting with 

P(n-Bu)3 in o-dichlorobenzene (ODCB) at 110 oC for 6 hours, which successfully produced the desired 

TPB-indazole-COF.  

Scheme 2. Synthesis of TPB-indazole-COF via stepwise or one-pot approaches. ODCB: o-

dichlorobenzene 
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The crystallinity of TPB-imine-COF and TPB-indazole-COF was verified by powder X-ray 

diffraction (PXRD) studies. The PXRD pattern of TPB-imine-COF exhibits prominent peaks at 2.25o, 

3.95o, 4.60o, 6.17o, 7.99o and 25.15o, which can be assigned to the (100), (110), (200), (210), (220) and 

(001) facets, respectively (Figure S12). TPB-indazole-COF displays similar diffraction patterns (Figure 

1a), with the most intense peak at 2.46o and other peaks at 4.13o and 25.21o, corresponding to the (100), 

(110) and (001) facets, respectively. Pawley refined patterns of the simulated structures of both COFs in 

their eclipsed stacking modes agree well with the experimental results, as indicated by the negligible 

difference spectra (Figure 1a and Figure S11). The TPB-imine-COF was assigned to the space group P6/m 

with optimized cell parameters of α=β=90o, γ=120o, a=b=45.56 Å, c=3.54 Å. The same space group was 

assigned to TPB-indazole-COF with a slightly different set of cell parameters of α=β=90o, γ=120o, 

a=b=42.94 Å, c=3.44 Å (Table S1), supporting that the framework structure was retained after linkage 

transformation.  
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Figure 1. a) Experimental and simulated PXRD patterns of TPB-indazole-COF, together with the Pawley-

refined and the difference spectra. Time-lapse b) FT-IR and c) PXRD changes of TPB-imine-COF upon 

reduction, showing the formation of TPB-indazole COF. XPS spectra of d) TPB-imine-COF and e) TPB-

indazole-COF. 
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Fourier transform infrared (FT-IR) spectroscopic studies further supported the successful chemical 

transformation. The FT-IR spectrum of TPB-imine-COF shows the characteristic C=N stretching mode 

at 1620 cm-1 and the absence of amino (3200-3500 cm-1) and aldehyde vibrations (1663-1730 cm-1), 

consistent with the formation of the imine-linked framework (Figure S13a). In comparison, the FT-IR 

spectrum of TPB-indazole-COF reveals the disappearance of both the imine vibration at 1620 cm-1 and 

the N-O symmetric (1340 cm-1) and asymmetric stretches (1525 cm-1), accompanied by the appearance 

of the indazole C-N stretching at 1380 cm-1 (Figure 1b and S13b). Moreover, the TPB-indazole-COF 

exhibits almost identical vibrational stretching modes to its corresponding indazole model compound (M1) 

that was synthesized separately by either stepwise condensation-reductive cyclization reactions or the 

one-pot Cadogan reaction (Scheme S2, Figure S3-S7, and Figure S13b). Those together indicated the 

reduction of nitro groups and the subsequent cyclization to give the indazole-linked COF in very high 

yield. 

Time-lapse PXRD and FT-IR studies revealed further evidence of the structural transformation 

during the reductive cyclization. As shown in Figure 1c, the (100) facet of TPB-imine-COF undergoes a 

progressive shift from 2.25o to 2.46o within 4 hours, indicating a gradual lattice shrinkage as TPB-imine-

COF transforms to TPB-indazole-COF. Such changes corroborated with the FT-IR spectra which revealed 

monotonically diminishing NO2 vibrations over time (Figure 1b). No NO2 peaks were observed after 6 

hours, confirming the complete imine-to-indazole conversion.  

The successful conversion was cross-verified by X-ray photoelectron spectroscopy (XPS). The N 

1s signals at ~405 eV and ~398 eV in the XPS spectrum of TPB-imine-COF (Figure 1d) are ascribable to 

the NO2 and C=N moieties, respectively. Upon reductive cyclization, a new shoulder peak at ~401 eV 

associated with indazole N atoms was observed while the nitro signal disappeared completely (Figure 1e), 

indicating the full cyclization of imine and nitro groups and the formation of indazoles. The C 1s spectra 

showed signals from sp2 C and sp3 C for both TPB-imine-COF and TPB-indazole-COF, consistent with 

the expected structures (Figure S16). Solid-state 13C cross-polarization magic angle spinning (CP-MAS) 
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NMR spectra of the COFs are also consistent with such functional group transformations (Figure S14a). 

Both COFs possess permanent porosity and exhibit a type IV isotherm, as measured by N2 sorption 

experiments at 77 K (Figure S15). The Brunauer-Emmett-Teller (BET) surface areas of the TPB-imine- 

and TPB-indazole-COF were calculated to be 808 m2/g and 617 m2/g, and the pore size distributions 

simulated by nonlocal density functional theory (NLDFT) showed average pore sizes of 3.49 nm and 3.04 

nm, respectively (FigureS15, inset). Scanning electron microscopy (SEM) revealed spherical 

morphologies for both COFs (Figure S18). Diffuse reflectance UV−visible spectrum of TPB-indazole-

COF exhibits an extended absorption towards the longer wavelength (~550 nm), corresponding to a 

reduced optical band gap of 2.32 eV that results from the extended π conjugation in the indazole 

framework (Figure S19). The chemical stability of TPB-indazole-COF was tested by immersing the 

materials in different solvents. The crystallinity retains after soaking in DMF and H2O for 1 week. TPB-

indazole-COF also exhibits good stability in acid: only a slight broadening of the (100) peak was observed 

after soaking in HCl (9 M) for 7 days. However, it is less stable in base and the decrease of crystallinity 

was more pronounced after soaking in a NaOH (10 M) solution for 3 days (Figure S20). The susceptibility 

to strong acidic and basic conditions presumably stems from the low chemical stability of the indazole 

unit, as indicated by the 1H NMR results of M1 under acidic and basic conditions (Figure S21). 

TPB-indazole-COF could also be obtained using a one-pot method, attesting to the versatility of 

the Cadogan approach. When heating 1, 2 and PPh3 in a mixture of dioxane and mesitylene at 120 oC for 

3 days, the desired TPB-indazole-COF was obtained, despite a slightly lower crystallinity compared to 

the COF obtained from the stepwise synthesis (Figure S22). 

Synthesis of BIY-Linked COF: The successful synthesis of the indazole-linked COF using Cadogan 

reaction encouraged us to extend this methodology to COFs with other heterocyclic linkages, such as the 

benzimidazole unit. We employed the divalent 3,3'-dinitro-benzidine (4) and the trivalent 2,4,6-

trimethoxybenzene-1,3,5-tricarbaldehyde (3) as the precursors (Scheme 3b). We first attempted the 

stepwise approach and, to our surprise, the solvothermal condensation reaction led to the spontaneous 
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demethylation of the condensation product, as revealed by the solid-state NMR spectrum (Figure S14b) 

which matched well with a β-ketoenamine-linked COF.45 Presumably following the demethylation, the 

thus generated enol-imine form COF undergoes the well-known irreversible enol-keto tautomerization to 

give the COF product in the β-ketoenamine form as Ketoenamine-NO2-COF shown in Scheme 3b. This 

result contrasts the previously reported structure which assumed an imine form with full preservation of 

the methyl groups.46 Ketoenamine-NO2-COF did not undergo the subsequent reductive cyclization and 

failed to yield the desired benzimidazole COF.  

 We then turned to the one-pot route, envisioning that the reductive environment would promote 

in situ cyclization of the imine intermediate preceding the tautomerization. The feasibility of this 

transformation was firstly verified by a model reaction that involved heating 3, o-nitroaniline and P(n-

Bu)3 in ODCB. Interestingly, the product M2 was obtained as a tribenzimidazolylidene trisketone, the 

solid-state structure of which was confirmed by single crystal X-ray diffraction study (Scheme 3a). Both 

mass spectrum and NMR spectra of M2 were fully consistent with a highly symmetric ketone species 

with no methyl groups (Figure S8-S10). The effective synthesis of M2 verifies that following the 

formation of imines, the reductive cyclization readily occurs in the presence of P(n-Bu)3 and outcompetes 

demethylation, furnishing the transformation of imines into benzimidazoles. Demethylation and 

tautomerization nevertheless occur after cyclization, in a fashion similar to that observed in the formation 

of Ketoenamine-NO2-COF.  

Scheme 3. a) Illustration of the formation of M2 from the model Cadogan reaction. The X-ray structure 

supports demethylation and tautomerization steps following the successful reductive cyclization. b) 

Synthesis of BIY-COF: successful one-pot approach vs ineffective stepwise route. 
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The successful reductive cyclization encouraged us to proceed with the one-pot Cadogan COF 

synthesis, which generated the corresponding BIY-COF (Scheme 3b). The structure of BIY-COF was 

supported by various spectroscopic studies. Comparing the FT-IR spectrum of BIY-COF against that of 

the Ketoenamine-NO2-COF revealed the disappearance of the N-O symmetric (1340 cm-1) and 

asymmetric stretches (1525 cm-1) (Figure 2a). Furthermore, the C=C vibration peak at 1552 cm-1 in the 
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FT-IR spectrum of BIY-COF was similar to that in the spectrum of model compound M2, but distinct 

from that of the Ketoenamine-NO2-COF which appeared at 1572 cm-1 (Figure 2a). The formation of BIY 

linkage was also evidenced by comparing the XPS of BIY-COF and Ketoenamine-NO2-COF (Figure 2b 

and Figure S17). The N 1s signal at 405 eV in the XPS of Ketoenamine-NO2-COF, corresponding to nitro 

groups, disappeared in that of BIY-COF. A major N 1s peak at 400 eV was attributed to the BIY N atoms, 

while the shoulder at 398 eV may suggest the presence of small percentage of tautomeric benzimidazole 

ring system. 13C CP-MAS NMR spectroscopy revealed the disappearance of methyl carbon resonance, 

along with the resonances from the expected aromatic core (Figure S14b). 

 The PXRD of BIY-COF displays a series of prominent peaks, with the most intense one at 3.46 o 

and other peaks at 5.34 o, 9.65 o and 26.04 o, corresponding to the (100), (110), (210) and (001) facets, 

respectively (Figure 2c). The experimental PXRD pattern agrees well with the simulation based on the 

eclipsed stacking mode (inset in Figure 2c). Pawley refinement of the simulated structure with the P6/m 

space group yields the optimized cell parameters of α=β=90o, γ=120o, a=b=28.41 Å, c=3.44 Å. The 

permanent porosity of BIY-COF was confirmed by N2 sorption measurements at 77 K, with a BET surface 

area of 1023 m2/g (Figure S15). The SEM image of BIY-COF exhibits a fibrillar morphology with a width 

of 80 nm, which forms flower-like aggregates with a diameter of approximately 2 μm (Figure S18). Unlike 

TPB-indazole-COF, the BIY-COF shows excellent chemical stability, as indicated by the negligible 

change in position and intensity of XRD patterns after its dispersion in DMF, H2O, HCl (9 M), H2SO4 (9 

M in DMSO) and NaOH (10 M) solutions for 1 week (Figure S20b). 
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Figure 2. a) FT-IR of BIY-COF, Ketoenamine-NO2-COF and the model compound M2. b) XPS of BIY-

COF. c) Experimental and simulated PXRD of BIY-COF, together with the Pawley-refined and the 

difference spectra. 

 

Proton Transport Properties. COF-based proton conductive materials have recently received growing 

interest for their high surface areas and well defined pore sizes.47 Most of the reported examples are 

obtained by compositing a COF matrix with external proton transfer reagents.48-51 Few COFs have 

demonstrated intrinsic proton conductivity due to the lack of proton transfer moieties within the 

framework. Babu et al. is amongst the first to incorporate proton conductive benzimidazole units into a 
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COF that displayed high intrinsic proton conductivity.52-53 The new BIY-COF showcases a high density 

of ketones and BIY moieties that could act as proton acceptor and donors, respectively, alluding to its 

great potential as an intrinsic proton transfer material with high conductivity.  

To study the proton conduction of BIY-COF, electrochemical impedance spectroscopy (EIS) was 

carried out using compressed pellets under controlled humid environment. BIY-COF exhibit almost 

negligible proton conductivity at 35 oC under anhydrous conditions, as indicated by the noisy Nyquist 

plot (Figure S23). In contrast, the proton conductivity dramatically increases under humid conditions 

(Figure S24, 7.4×10-3 S/cm at 35 oC, 95% relative humidity, RH), indicating that water plays a significant 

role in proton transfer. The conductivity of BIY-COF increases with temperature and reaches a maximum 

value of 1.9×10-2 S/cm (95 oC, 95% RH) (Figure 3a), which is comparable to the highest values of the 

reported COFs with intrinsic proton conductivity (entry 6 and 11 in Table S4) and outperforms many 

COFs impregnated with extrinsic proton conductors. The excellent performance can be attributed to the 

formation of a stable proton network through the 1D channel formed by aligned pores, thanks to the proton 

donating and accepting characters of the new BIY unit. For comparison, we also measured the proton 

conductivity of Ketoenamine-NO2-COF at different temperatures It shows a much lower proton 

conductivity of 1.95×10-5 S/cm at 95 oC and 95% RH (Figure S25), due to the absence of benzimidazole 

and/or hydroxyl groups. EIS measurements were also carried out for TPB-indazole-COF and TPB-imine-

COF at different temperatures, revealing proton conductivity values of 4.59×10-6 S/cm and 3.41×10-7 

S/cm at 95 oC and 95% RH (Figure 3b and S25), respectively. The superior performance of BIY-COF 

highlights the crucial contributions of the proton donor and acceptor moieties to the COF’s intrinsic proton 

conductivity. BIY-COF and TPB-indazole-COF were subjected to further EIS studies at different 

temperatures, from which activation energy (Ea) were obtained. From their Arrhenius plots, Ea of BIY-

COF and TPB-indazole-COF were determined to be 0.24 eV and 0.33 eV (Figure 3c, d), respectively, 

revealing the Grotthuss-type proton transfer mechanism in both COFs where protons “hop” along the 

proton network through the wall of the framework.51, 54-55 The stability of both COFs under the EIS 
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conditions was confirmed by XRD and FT-IR studies (Figure S26 and S27), which revealed negligible 

differences before and after the measurement.  

 

Figure 3. Proton conductivity measurement. Nyquist plots of a) BIY-COF and b) TPB-indazole-COF at 

different temperature (95% RH). Arrhenius plot for c) BIY-COF and d) TPB-indazole-COF. 

 

CONCLUSION 

We have developed a new synthetic strategy that employs Cadogan reaction to introduce nitrogen-

containing heterocyclic units as both linkages and functional units in hitherto unreported COFs. As a proof 

of concept, indazole and BIY-linked COFs have been synthesized either stepwise or one-pot, via the 
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formation of nitro-containing imine intermediates and phosphine-induced reductive cyclization. This 

method offers versatile options to construct COFs with irreversible heterocyclic linkages via reversible 

imine bonds and presents conceivable opportunities to control COF’s band gap and other semiconducting 

properties. Taking advantage of the functionality of the Cadogan product, such as the excellent proton 

transfer properties of BIY, we have demonstrated the utility of this strategy in synthesizing COFs with 

excellent intrinsic proton conductivity. Future efforts in combining the Cadogan reaction motif with the 

reticular chemistry of COFs will open the door to a broader class of functional porous crystalline materials. 
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